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FOREWORD

The Chalk River Symposium onInelastic Scattering of Neutrons in Solids
and Liquids wasthe International Atomic Energy Agency!s second symposium
held on this subject. The previous one was held in 1960 in Vienna and the
very first international meeting in this field took place in 1957 in Stockholm,’
At the Stockholm meeting only 11 papers from six countries were presented;
this was the very beginning of a rapidly developing new branch of physics.
At the Vienna Symposium there were 50 papers from 12 countries. At Chalk
River 67 papers from 13 countries and three international organizations,
the European Atomic Energy Community, the Joint Institute for Nuclear
‘Research and the International Atomic Energy Agency, were presented and
discussed. In several other countries, either research in this field has al-
ready begun or preparations to start it are under way. This is an indication
that the interest in using inelastic scattering of neutrons as a method to
study the interval dynamics of solids, liquids and molecules is continuously
increasing. On the other hand, a deeper knowledge of the dynamic proper-.
ties of moderators plays an important role in the understanding of the
" process of thermalization of neutrons. The latter study is of special imi-
portance in promoting advances in nuclear reactor technology.

In the light of these developments the International Atomic Energy
Agency, with the co-sponsorship of the United Nations Educational, Scien-
tific and Cultural Organization, organized the Symposium at Chalk River
from 10 to 14 September 1962 on the generous invitation of the Government
of Canada and Atomic Energy of Canada Limited.

The proceedings now published contain all the 67 papers and the records
of the discussions.

_ SIGVARD EKLUND
December 1962 Director General



EDITORIAL NOTE

The papers and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency’s edi~
torial staff to the extent considered necessary for the reader’s assistance.
The views expressed and the general style adopted remain, however, the
responsibility of the named authors or participants.

For the sake of speed of publication the present Proceedings have been
printed by composition typing and photo-offset lithography. Within the limi-
tations imposed by this method, every effort has been made to maintain a
high editorial standard; in particular, the units and symbols employed are
to the fullest practicable extent those standardized or recommended by the
competent international scientific bodies.

The affiliations of authors are those given at the time of nomination.

The use in these Proceedings of particular designations of countries
or territories does not imply any judgement by the Agency as to the legal
status of such countries or territories, of their authorities and institutions
or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand-names
does not imply any endorsement or recommendation on the part of the Inter-
national Atomic Energy Agency.
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INTRODUCTION TO THE PROCEEDINGS
BY THE SCIENTIFIC SECRETARIES

The Proceedings of the Symposium on Inelastic Scattering of Neutrons
in Solids and Liquids consist of the full texts of the papers accepted, in the
original language in which they were submitted, together with abstracts of
these papers in English, French, Russian and Spanish, and a record in
English of the discussions held during the Symposium in connection with the
orally-presented summaries of the papers.

The papers have been grouped for the Procéedings in a similar way as
for the Symposium, The discussions were edited as little as possible but
full use was made of the forms "Participants' Contributions to Discussions"
which were completed by the participants themselves. Nevertheless, mainly
because the discussion was often so lively that occasionally speakers did not
use their microphones, some parts of the discussions have been lost for the
Proceedings. It also may happen that the published records contain some
inaccuracies due to the fact that in speeding up publication it was not possi-
ble to ask the participants to verify their remarks in the proof stage.

It was noted at the Symposium and can easily be seen from the papers
that various authors have used different symbols for the same quantity or
function, e. g. for the momentum transfer the symbols Q, K, k ‘may be
found. In this connection it should be mentioned that no attempt has been
made to standardize notations.
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THE MOSSBAUER EFFECT AND DYNAMICS OF
ATOMIC MOTIONS IN CONDENSED SYSTEMS *

K. S. SINGWI
ARGONNE NATIONAL LABORATORY, ARGONNE, ILL.,
UNITED STATES OF AMERICA

Abstract — Résumé — Annoranus — Resumen

THE MOSSBAUER EFFECT AND DYNAMICS OF ATOMIC MOTIONS IN CONDENSED SYSTEMS. This review
deals with those aspects of the Mdssbauer effect which concern chiefly the dvnamics of atomic motions in
solids and liquids, The subject matter is presented in a manner so as to bring out the similarity between the
phenomena of slow neutron scattering and y-ray resonance scattering,

EFFET MOSSBAUER ET DYNAMIQUE DES MOUVEMENTS ATOMIQUES DANS DES SYSTEMES CON-
DENSES. Le mémoire traite des aspects de 1'effet Mssbauer qui concernent avant tout la dynamique des
mouvements atomiques dans les solides et les liquides. L'auteur présente la question de maniére i faire ressortir
la similarité entre le phénoméne de la diffusion des neutrans’lents et celui de la diffusion résonante des rayonne-~
ments gamma. ‘

SOOEKT MOCEAYEPA ¥ [IVHAMVMKA OBWKEHMA ATOMOB B KOHIEHCHHX CUCTEMAX. Wagjaramres HEKOTODHe
acnexTH addexra MocGayepa , cBA3aHHNE, CJABRMM 06pa3oM,c auHaMmuxoft nsuxénux 4ATOMOB B TBEpDAHX Te-
3ax ¥ wuaKocTax. lleab - BHABUTH CXOACTEO ABXeHuH paccefsHUs MeNJeHHHX He[ATpoHOB M pesoHAaHCHOrO
paccesHua raumma-ayueit.

EFECTO MUSSBAUER Y DINKMICA DE LOS MOVIMIENTOS ATOMICOS EN LOS SISTEMAS CONDEN~-
SADOS. La memoria se ocupa de los aspectos del efecto MBssbauer que interesan especialmente a la dinimica
de los movimientos atémicos en los sdlidos y liquides. Los temas se presentan con mira§ a hacer resaltar la
similitud entre los fendmenos de dispersién de los neutrones lentos y 1a dispersién por resonancia de los rayos
gamma, r

I intend to confine my talk to those aspects of the Mdssbauer Effect
which are concerned directly with the dynamics of atomic motion in solids
and liquids.

That this is a second international conference on the ‘'Scattering of
Slow Neutrons by Solids and Liquids" is an indication of the fact that slow
neutron scattering has proved to be a very powerful tool in the study of the
dynamics of atomic motion in condensed systems, whereas its rival, the
resonance scattering of y-rays, has still to go a long way to prove its use-
fulness in this field of investigation. Nevertheless, a comparative study
of these two phenomena, which are so closely allied in principle, will be
a very useful one and it is to this task I mainly wish to devote myself in
this paper.

THE MOSSBAUER EFFECT

.Consider a nucleus A at rest which emits a y-ray of energy E,.

. y-ray

@~ ®

* Based on work performed under the auspices of the United States Atomic Energy Commission.



4 K.S. SINGWI
In the process of emission the nucleus receives a recoil energy R,
R = E2 [2Mc?, (1)

M being the mass of the nucleus and c the velocity of light. For a 129 keV
vy-ray from Ir19l the recoil energy R is 0.05 eV (R « Ey). If this y-ray
is to be reésonantly absorbed by a similar nucleus B at rest, it has to be
supplied with an energy equal to 2R, since energy R is also lost in the
process of absorption, i.e. an energy equivalent to 0.1 eV, which would
correspond to giving a relative velocity of nearly 2.3 X 104 cm/s - an.
enormous velocity.

If, however, 2R <T' the width of the line, the y-ray will be resonantly
absorbed by the nucleus B without giving' the latter any velocity. This does
not happen in the case of y-rays because the width I'~ 10™® - 10™ eV, For
optical transitions the condition 2R < I'is satisfied and we do have resonance
fluorescence. ) .

The nuclei are normally not at rest but move with thermal velocities,
obeying a Maxwellian distribution. This gives rise to what is known as the
Doppler broadening of the resonance line, whose mean value D is

D=~2@ER)}?, _ (2)

where € is the mean kinetic energy of the nuclei in the emitter. For nuclear
y-rays D £ R for a gas at room temperature. D increases with temperature
and this should, therefore, help in bringing about the overlap of emission
and absorption lines.

In 1957, Mdssbauer was investigating the resonance scalfering of 129
keV y-ray from Ir191 . For this transition R ~ 0.05 ¢V and D~ 0.1 eV
for room temperature. Thus at room temperature there is a considerable
overlap between the emission and absorption spectrum and, therefore, re-
sonance absorption could be observed. To reduce this residual scattering
Mossbauer cooled both the source and the absorber and expected a decrease
in the effect. Instead he found that resonance absorption increased. Having
ascertained that this was not a spurious effect, he.started looking for its

.explanation. A theoretical physicist referred him to LAMB [1] concerning
the resonance absorption of neutrons by nuclei bound in a crystal. This hint
was sufficient evidence for Mdssbauer who then explained his experimental
results on the basis of Lambts theory. In this single beautiful experiment
he found two things: (a) that a fraction of 129 keV y-rays, emitted by the
cooled source, did not show a measurable recoil energy loss; and (b) that
the very narrow v-rays did not display Doppler broadening. Their line width
corresponded to the natural line width which is ~ 5 X 1076 eV. For this
important discovery, Mdssbauer was awarded the’ ‘Nobel prize last year.

Mbssbauer discovered this important effect in 1957 and his results [2]
were published in 1958 in Zeitschrift fiilr Physik. This important discovery
remained unnoticed even after the publication of his paper, and even those
who noticed it perhaps did not believe in it because, after all, Mdssbauer
was then an obscure physicist. May I illustrate this by a small personal
story. In August 1958 I attended the Second United Nations Conference on
the Peaceful Uses of Atomic Energy. I stayed in Europe until the end of
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March 1959, and during this time I met many physicists but the work of
Mossbauer was never mentioned. It was not until April 1959, when I had
arrived at Argonne, that I first learned, with considerable surprise; about
the Mdssbauer Effect after a conversation with Dr. Lipkin. He then went
on to explain to me his own simple derivation of the famous Debye-Waller
factor [3] . .He stressed that it was this factor which is so important in the
Mdssbauer Effect. After listening to him for some 'time I had to tell him
that nuclear physicists discover things already known to neutron scatterers.
This was my first lesson in the Mdssbauer Effect. In late 1959 and 1960 there
was a flood of letters in the Physical Review about this effect and nobody
could have remained ignorant after having read Goudsmit's rejoinder in the
Physical Review Letters. '

THEORY

You are familiar with the derivation of the expression for the cross-
section for absorption of a y-ray of energy H. The formula is given in.
HEITLER's book [4], and is

o I'? |<n|ei5' 5|n°> |2

3
4 un, (By-E+e, - )2+ IT'2f4° @)

o, (E) -

where Eg is the energy difference between the final and the initial nuclear
states of the absorbing nucleus; €, and ¢, are, respectively, the energies
of the gtates |n> and |ny> of the interacting system of which the nucleus
forms part; I' is the natural width of the excited state of the nucleus and
&no is the statistical weight factor of the state |n¢>. hK is the momentum
of the y-ray and R is the position vector of the nucleus. oy is the resonance
absorption cross-section.

For reasons which will be obvious from what follows, it is possible
to rewrite (4) in a somewhat different form [5] which is

+wo

0, (E) = (0,T/4h) [exp(i(K- r- wt)-(I/20)|t]}G; (r, t)drdt, (4)

where hw = E - E; and G, (r,t)is VAN HOVE!s self-correlation function
[6] with which everyone is familiar and which gives in the classical limit
the probability of finding a particle at time t at position r, if the same par-
ticle was at origin at time, t = 0. The incoherent differential scattering
cross-section for slow neutrons is also proportional to the integral in (4)
withI" = 0, Thus we see a close similarity between the two phenomena of
slow neutron scattering and y-ray resonance scattéring.

The function G;(r,t) is Gaussian in a solid and in'a gas and is probably
not far from it in a liquid too. G,(r,t) has, therefore, the form

G, @ t)= 2yt ¥ exp (-r?/27() }. (5)

v(t) is the time-dependent width function. y(t) is known in the case of a gas
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and a solid. For liduids v¥(t) is not known but can be calculated on the basis
of certain models {7] . i

The mathematical procedure to calculate o, (E) from (4) and (5) is exact-
ly the same as we have in the case of neutron scattering and you are all
familiar with it. I will, therefore, not repeat it here but simply quote the
final result [5] .

' 7o' [ T e oW ,2Wf(1E-Eo|) }
% E) = 2 [ﬂ (E-E )2 +T?%/4 + expl-2W) 2(E-E( )F(T) th(2k5T>
(elastic part) (one phonon part)

+ higher phonon terms ], (6)

where 2W is the familiar Debye-Waller factor and is given by

ok

= $K%y(x) = (B°K® /2M) F(T). (7)
F(T) = bf (=) coth(—z-k—,f,—>dz (8a)
6 , . T 6p .

T la()] @

- where .
$(x) = ;T‘f (9)

0
F(T) = 32,6, for T « 6_,  (10a)
and

= 6T/k;0%, for T » 0. (10b)

The first term in (6) gives the cross-section for elastic scattering i.e.,
for a transition in which the v-ray has exchanged no phonons with the lattice
In other words it gives the probability for the Mdssbauer Effect. This proba-
bility is proportional to the D-W factor exp(-2W). It would increase as is
evident from (7) and (8) and (10) with the decrease in temperature, with the
increase in 6 and with the decrease in the recoil energy, which is con-
sistent with observations. The Mssbauer line is Lorentzian in shape with

_half width I". The second termn in (6), which corresponds to the wings of
the M&ssbauer line, is proportional to f(w). Hence a measurement of the
wings of the Mdssbauer line will givé the frequency distribution of the pho-
nons. In the case of neutrons, measurement of f(w) has successfully been
achieved but in the case of y-rays it has so far not been possible to do so
because of the very small value of the cross-section. The spread of the
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phonon spectrum is ~107? eV and the width of the line ~10™7 eV; and there-
fore to scan this spectrum with such a sharp line would mean a detection
efficiency of 107 . Such an experiment, if not impossible, is very difficult in-
deed. If, however, the Mdssbauer line is broad, like that in Dy ('~ 10-%eV),
it would be interesting to explore the singularities in f{w) which might not
be possible in the neutron case for lack of good energy resolution:

For high temperatures (T > GD/Z),' it is preferable to write 2W as

2W = (K°0" /M), T¢ 1/0” 5. (11)

If one measures 2W, (i.e. the recoilless. fraction) and plots it as a func-
tion of T, "any departure from linear dependence on T gives a measure of
the temperature dependence of{1 /w2 . This dependence is connected with
anharmonicity.

DIFFUSION

The space-time formulation of the absorption probability as expressed
by Eq. (4) is particularly suited for the study of the line shape in the pre-
sence of diffusion. In the case of simple diffusion

v(t) = 2D|t|, B¢ SY)
D being the diffusion coefficient. The line width is given by [5] ,
Ae =T+ 20K°D. (12)

In liquids where D ~ 10-5 ¢m?/s, the width due to diffusion is 1073 ~ 104 eV
which is much greater than I". It has so far not been possible to observe the
Mdssbauer Effect in liquids because of the very small value of the probability.

During recent years a study of the "'quasi-elastic' scattering of slow
neutrons in liquids has led to the belief that the motion of an atom in aliquid
is far from a simple diffusing behaviour. Our knowledge in this respect has
been limited because of poor energy resolution in the case of neutrons
(AE ~ 1078 _ 107 eV), which prevents 2 detailed study of the line shape.
This is, however, not the case with y~-rays for which the energy resolu-
tion is very high, In order to learn about the nature of diffusive behaviour,
one has-to know the line width and shape as a function of K, and for this
we will have to do scattering experiments with broad sources like Dy and
Tm. In this respect Mdssbauer experiments, though difficult, couldprobably
do better than neutrons and it would be worthwhile to do these experiments.

In the case of a solid at ordinary temperatures diffusion is negligible
and, therefore, the line broadening due to diffusion is small compared with
the natural line width. Very near the melting point diffusion broadening could
be of the same order as I' and even greater, It would be interesting to study
the line width as a function of temperature very near the melting point (in
fact such a broadening has been observed [8] in the case of Snll?), since
it would tell us how the time of residence T of an atom initslattice site varies
with temperature; It should be possible to do such an experiment,
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Recently an experiment has been done at Mol in Belgium [9] in which
Fe®T was diffused in between the layer planes of a single graphite crystal.
The Fe5? atoms have comparatively much larger freedom of movement and
hence greater diffusion constant in the basal plane than that along the C-axis.
A diffusion broadening of the M8ssbauer line at not too high temperatures
has been observed in this case and also the pronounced anisotropy in the
Debye-Waller factor, '

SECOND ORDER DOPPLER SHIFT

If wy is the frequency of the y-fay in the rest frame of the emitting
nucleus, the frequency wy in the laboratory frame is given by

v(t
w ~w0(1+—(—l COSGL—%—EQ—‘F.), (13)

where v(t) is the velocity of the nucleus, and a; is the angle between w(t)
and the direction of emission. Since the period of oscillation of the nucleus
is much less than its life time, the second term in (13) averages out to zero.
The quadratic term will remain and give rise to a shift in the energy of the
Y-ray. )

The relatlve shift is

CAE[E, 3, = (1/2cH)(Vv2 Y, . (14)
For a harmonic solid {10] w have
(1/E,) @E,/3T) = -(1/2Mc?) C,, (15)

CL is the lattice specific heat. Thus knowing the temperature variation of
the second order Doppler shift, it is possible to know from (15) the tempera-
ture variation of the Debye temperature 6p. )

The high temperature limit of (14) is interesting. For T » 8p,

{v2>, > 3kgT/M.

Hence at high temperature the relative shift in the M3ssbauer line is pro-
portional to T, the coefficient of proportionality is 3kg/2Mc?. This has been -
verified experimentally [11] .

A more interesting case is the one in which the Mdssbauer isotope forms
an impurity in a host lattice. It can be shown quite generally (without making
‘any assumption of the harmonic nature of the forces) that (12, 7] '

2
3kT h 1 } (16)

<V >av = 1+ 12M! kZTZ\a 2 >+0(T )

M! is the mass of an impurity atom and U is the potential energy of the crys-
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-tal in the presence of an impurity. From (16) it is evident that a measure-
ment of{ v2 3, from the second order Doppler shift gives the average value
-of the second derivative of U at the impurity. In the harmonic approximation
for a cubic crystal (16) becomes :

Py =—,—{1+20 1= &2 } (17)
+

where M is the mass of an atom in the host lattice, and v is a measure of
the change in the force constant when an impurity atom is introduced and
6. is the high temperature limit of 8p. Thus it is possible to measure 6o
directly (assuming vy = 0), thereby knowing whether the impurity atom is
more tightly or less tightly bound in a given host lattice. It has been found
{13] that Fed” in Be is more tightly bound than Fe’! in Fe. A full use of
Eq. (16) has not yet been made in interpreting the high temperature results
of the second order Doppler shift. Anharmonic effects will give a tempera-
ture variation of the "generalized force constant" (82U /ax%>".

INFLUENCE OF IMPURITY ATOMS ON LATTICE DYNAMICS

It is of interest to know how the dynamical properties of a lattice change
with the introduction of impurity atoms, e.g. what are the mean square
displacement and the mean square velocity of an impurity atom and how does
the frequency spectrum of the normal modes change? Unfortunately, not
much experimental and theoretical work has been done in this direction and
it is only very recently that attempts have been made. It is obvious that
much information in this field can be gained through a study of both neutron
scattering and M3ssbauer Effect. The former will suifer from the disadvan-
’ tage that interference between impurities on account of their large number
will make the interpretation of the results difficult.

When an impurity atom of mass m' is introduced in a host lattice of
atomic mass m, there will in general be a change in the force constants
too. If the introduction of an impurity does not change the harmoniccharacter
of the forces, the solution of the problem of normal vibration gives a spec-
trum which is equivalent to that of the perfect host lattice except a set of
discrete levels in the case m! < m, which are thrown out of the continuum
[14, 15, 16] . These discrete frequencies have recently been observed [17]
- through cold neutron scattering. No such experiment has been reported with
the M8ssbauer Effect. The one phonon spectrum as revealed by the wings .
of the M3ssbauer line should have a peak corresponding to the impurity mode.
However, veryhigh velocities would be needed to produce the required
energy shift ~10™2 eV. But it would indeed be a pure impurity spectrum.
It would also be interesting to measure the width of these localized impurity
phonons with the M8ssbauer Effect, In these experiments there are many
parameters which one could change, such as the 1mpur1ty concentration and
the temperature, and study their effect. -
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The spatial localization of the oscillations corresponding to these dis-
crete impurity modes has the consequence that a considerable part of the
energy of these oscillations is associated with the motion of the impurity
atom. On the other hand for a non-localized vibration, the energy assignable
to a single atom is of the order 1/N. Thus, in general, the contribution
of the discrete levels and the quasi-continuous spectrum to the displacement
of the impurity are of the same order. It would, therefore, be interesting
to study the probability of the Mdssbauer Effect for an impurity atom. The
total probability f can be written as a product of f; and {5, the former cor-
responding to the continuous part of the spectrum and the latter to the dis-
crete part.

Hence

f=11,. _ (18)

Let m! be the mass of an impurity atom and m that of the atom of the
host lattice. Define

€ = ((m-m')/m). (19)

"Let us assume that the force constant A(o, 1, ) between the impurity atom
at the origin and any other atom of the host lattice is given in terms of the
force constant in the ideal case Agy{o,r,) by

Afo,r,) = Aglo,ry) (1-7). (20)

If v > 0, the force constant decreases and if v < 0 it increases with the in-
troduction of the impurity. Under certain restrictions, it is possible to
solve the problem of normal vibrations using a perturbation method. I would
only quote a few interesting results [18] . )

Case (I). e »1i.e. m' «m; vy <e€ (in this case one gets discrete modes)
and T -0,

2

~ By 1 /mn\ 1oy
fy > exp {- 2mtc? h(w% >¥ (m (€~v)3/2 * (21)

The exponent in (21) varies asJ1/m’ i.e. the probability diminishes as the
mass of the impurity decreases. As the temperature increases f, falls off -
much more slowly than f; . The reason for this is that since wgjerete > Yomax’
the temperature excitation of these discrete modes occurs at much higher
temperature than does the excitation of continuous spectrum. And .

2 2
- Ey _ 1 2 gws)
f, = exp {- Zme? B(1-7)2 dwg 5o . (22)
. 0

f; is independent of m'.
‘Case (II) m!>m andy = 0. .
In this case f = 1 since there are no discrete states, and for T— 0
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' Ei 1, ,2.4 |+
f, = exp {-mlé, K1/ wo > fe| } : (23)

The exponent in (23) decreases as (1/J/m') with the increases in mass m!
of the impurity, thus giving rise to an increase in Mdssbauer probability.
By putting a heavy Mdssbauer isotope like Fed" in Be it is possible to in-
crease the Mdssbauer probability. Such an increase has indeed been ob-
.served [19] . From the study of the second order Doppler shift as we have
seen before, it has also been found that Fe® is more stiffly bound in a
bery]liumilattice than in an iron lattice [13] . Since the vibrations. of the
heavy impurity atom are preferentially in the low frequency range, this
enhanced effect disappears with increasing temperature. '

Let me remark that by using the standard quantum - statistical perturba-
tion theory it should be possible to calculated x2»,, and{ v2),, much more
simply than has hitherto been done [13, 18], without actually solving the
dynamical problem. In fact the derivation of Eq. (17) is much simpler than
given by MARADUDIN et al. [13].

DISPERSION RELATION FOR PHONONS

Everyone is aware of the success of the cold neuiron scattering ex-
periments in measuring the dispersion relation w = w(k) for the phonons.
I think the determination of the dispersion relation has been the greatest
contribution of neutron speciroscopy to crystal dynamics. The Mdssbauer
Effect is an extremely poor rival in this respect. At a first glance it might
‘appear that since the M&ssbauer line is very sharp (AE ~ 102 - 109 V)
one would be able to achieve a large energy resolution compared to neutrons,
but in actual practice it is not so. For y-rays the wave number k is much
larger than that of neutrons, and hence for a given spread in K = k-k' (i. e.
in q, the phonon wave number) a much better collimated beam of y-rays
is needed. This would mean an enormous reduction in intensity compared
with neutrons for the same effective energy spread. One should use the
Mo&ssbauer Effect where neutrons cannot be used for the reason of high
absorption coefficient as in the case of He3.

SCATTERING OF y-RAYS AND NEUTRONS IN LIQUID He?

The most interesting and as yet undiscovered prediction of LANDAU?s
theory [20] of liquid He3 is the existence of zero sound [21] . Propagation
of ordinary sound for which thermodynamic equilibrium exists over elemen-
tary volumes, small in comparison with the wave length of sound, is no
longer _possible when the mean free ‘path of collision of the particles is
R Agound - In other words the condition of propagation of ordinary sound is

wr « 1, o (24)

T being the collision time. In practice in all ¢ondensed systems condition
(24) is always satisfied. To violate (24) exceedingly high frequencies are
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needed, and that is why the effect has never been demonstrated. But for
liquid He® the collision time or the mean free path increases as (1/T%).

Hence for any given frequency, the wave length and the excitation mean free
path will become comparable at some temperature which, though low, is
attainable. From heat conductivity measurements 7 ~6 X 1013 /T2 i, e,

equal to 6 X 107 s, say for T = 0.01°K.

' Therefore '

wr> 1, (25)

for w > 108 /s, Thus forw ~ 108 s! and temperatures {0.01°K, wr > 1,
collisions can no longer maintain local thermodynamic equilibrium in volume’
elements small compared to A. Under these conditions a new sound propa-
gates as has been shown by Landau and called by him as zero sound. De-
monstration of this sound would be a great experimental achievement and
the verification of Landau's theory of Fermi liquid. Since Landau is seldom
wrong, the experimenter can be sure of rewards if successful.

Zero sound is an oscillatory distortion of the Fermi surface. It is a
collective oscillation of density exactly analogous to plasma oscillation.
Since it is accompanied by density fluctuations, it should be possible to
excite zero sound by a piezo electric crystal. The reason why it has so
far not been possible to excite this sound is that the frequency needed is
very high (> 109) even at very low temperatures of a tenth of a degree
absolute,

An indirect method can be proposed to observe the velocity of zero sound.
This method is old and is well-known, and consists in observing the Ray-
leigh scattering of light in He® . In addition to the main line one observes
satellite lines or what are known as the Brillouin components differing in
frequency from the main line by

u [Z]
=+ 2= in —
Aw 2 < wsin 2 (26)

u (2 X 104 cm/s) being the velocity of sound and 6 the scattering angle.
A calculation [22] showed that the scattering of visible light is extreme-

ly small and hence the effect will not be detected. However, since the sé¢at

tering increases rapidly with frequency as w* or w®, it is clear that increas-
ing the frequency of the radiation would considerably enhance the effect.
With the discovery of the M3sshauer Effe¢t, it is now possible to use y-rays
for which the scattering will be large because of high frequency and besides
the change in frequency Aw as given by (26) can be detected accurately. Thus
the Mdssbauer Effect would provide a possible method to measure the veloci-
ty of zero sound [23] . I do not know whether attempts are being made in

this direclion or not. In my opinion they are worth the effort. As early as

1960, Itried to convince some of my low temperature friends at Argonne
about these experiments without much success. With the increase intempera-
ture the attentuation of zero sound will increase and will lead to the broaden-
ing of the satellite lines. It would be interesting to know the life time of the
zero sound quanta as a function of temperature.
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It is also possible to excite the zero sound quanta by allowing the neu-
trons of velocity greater than the velocity of zero sound to be coherently
scattered in liquid He® at very low temperatires. The scattering cross-
section is given by the Fourier transform of the density auto-correlation
tfunction which can be computed {24] on the basis of Landau's theory. Un-
fortunately, in the case of He?, the capture cross-section for cold neutrons
of energy ~ 1°K is nearly 10% X 10-%¢ cm?2, whereas the scattering cross-
section is only 10-2 e¢m?, Because of this, even with the present highest
neutron flux available, it is not possible to do the scattering experiment
but some day it might be possible.

CONCLUDING REMARKS

I do not wish you to have the impression that the achievements of the
M8ssbauer Effect have after all not been very great. This might be true
in the field of lattice dynamics. I would, however, remind you that the Mdss-
bauer Effect is one of the most sensitive tools in Physics, the full potentiali-
ties of which still remain to be explored. And let us not forget that, be-
sides other things, it was this Effect which made possible the determination
{25] of the gravitational red shift in a terrestrial laboratory and the magni-
tude and the sign of the magneuc field [26] at the iron nucleus in ferromagne-
tic iron. -
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Abstract — Résumé — Ammoranus — Resumen

THEORY OF THE INFLUENCE OF PHONON-PHONON AND ELECTRON-PHONON INTERACTIONS ON
THE SCATTERING OF NEUTRONS BY CRYSTALS. As predicted by harmonic theory the coherent inelastic
spectrum of neutrons, scattered by a single, non-conducting crystal, for a particular angle of scattering con-
sists of a number of delta-function peaks superposed on a’ continuous background. The peaks correspond to
one-phonon processes in which one phonon is absorbed or emitted by the neutron; the background arises from
multi-phonon processes. When anharmonic forces (phonon-phonon interactions) are present, the delta-func-
tion peaks are broadened into finite peaks, while their central frequencies are shifted with respect to the har-
monic values. In the case of a metal there is in addition to phonon-phonon interactions an interaction bet-
ween phonons and conduction electrons, which also gives a contribution to the displacement and broadening
of the one-phonon peaks.

Continuing eatlier work of Van Hove ( who considered the relatively simple case of a non-conduct-
ing crystal in its ground state (T = 0°K) ), we have studied the shifts and widths of the scattering peaks as a
‘result of the above-mentioned interactions by means of many particle perturbation theory, making exten-
sive use of diagram techniques. Prerequisite to the entire discussion is the assumption that, independent of
the strength of the interactions, the width of each peak is small compared to the value of the frequency
at its centre; only then the peaks can be considered as being well defined with respect to the background to
higher order in the interactions, This condition is expected to be fulfilied for temperatures which are not
too high and values of the phonon wave vector which are not too large.

Our procedure yields closed formulae for the partial scattering function describing the pea'ks, which
can be evaluated to arbitrarily high accuracy. In particular an expansion for calculating the line shift and
line width in powers of u/d and in terms of simple connected diagrams is.obtained (u is an average atomic
or ionic displacement, d is the smallest interatomic or interionic distance in the crystal). Approximate calcu-
lations are performed to give some insight into the orders of magnitude of the effects under study.

THEORIE DE L'INFLUENCE DES INTERAC TIONS PHONON-PHONON ET ELECTRON-PHONON SUR LA
DIFFUSION DES NEUTRONS PAR DES CRISTAUX. Comme le prédit la théorie harmonique, le spectre de la
diffusion inélastique cohérente de neutrons par un monocristal non conducteur, pour un angle de diffusion
donné, se compose d'une série de pics de fonction delta, qui se superposent 2 un bruit de fond continu. Les
pics correspondent a des phénomenes 2 un phonon, dans lesquels un phonon est absorbé ou €mis par le neu-
tron; le bruit de fond provient de phénomenes 2 plusieurs phonons. Lorsqu'il existe des forces anharmoniques
(interaction phonon-phonon) les pics de fonction delta s'élargissent pour former des pics finis et leur fré-
quence centrale est déphasée par rapport aux valewrs harmoniques. Dans le cas d'un métal il y a, en plus
des interactions phonon-phonon, une interaction entre les phohons et les électrons de conduction, laquelle
contribue 2 déphaser et €largir encore davantage les pics-a un phonon.

Continuant les travaux de Van Hove (qui avait considéré le cas relativement simple d'un cristal non
conducteur 2 1'état fondamental,-soit T = 0°K) 1'auteur a 2tudi€ les déplacements et les largeurs des pics
de diffusion résultant des interactions indiquées plus haut, 2 1'aide de la théorie de la perturbation 2 plusieurs
particules, en ayant largement recours 2 la méthode des diagrammes. Il admet, avant tout examen du pro-

* This work is part of the research programme of the "Stichting voor Fundamenteel Onderzoek der
Materie”, which is financially supported by the Netherlands Organization tor Pure Scientific Research
(Z.W.0.).
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- bleme, que quelle que soit 1a force des interactions, 1a largeur de chaque pic est petite par rapport 2 la va-
leur de 1a fréquence en son centre; dans ces conditions seulement, on peut considérer que les pics sont bien
définis par rapport au bruit de fond, si les calculs d'interaction sont poussés jusqu'aux ordres supérieuss. On
estime que cette hipoth®se est réalisée tant que les températures ne sont pas trop €levées et que les valeurs
du vecteur d'onde des phonons ne sont pas trop considérables, '

La méthode appliquée par 1'auteur lui permet d'obtenir des formules fermées pour la fonction de diffu-
sion partielle décrivant les pics, qui peuvent étre calculées avec une approximation aussi pousée qu'on le
désire. L'auteur a obtenu notamment une expression qui permet de calculer le déphasage et la largeur des
raies en puissances de u/d et en fonction de diagrammes connectés simples (u étant le déplacement atomique
ou ionique moyen et d 1a plus petite distance interatomique ou interionique dans le cristal). Des calculs ap-
prochés donnent une idée de 1'ordre de grandeur des effets €wudiés.

TEOPMA BIMAAHMA BIAVMOAEACTBUA ©OHOH-GQHOH M SJEKTPOH-®OHOH HA PACCEAHVE HEATPOHOB KPMCTANIA-
MA. Kax np a3ano Teopuel ra , XOTepeHTHH! ChnexTp HeyNnpyroro paccesHus HeATPOHOB H& OoAM-

HOUHOM HeNnpoBoAsmeM KpUCTAJNe NP 3IAKAHHOM Yrie DACCESHUR, COREPEAT MUKM pelsTa-Oyuxumit, Hamo-
XEHHMX Ha HenpepHDHHH ¢oH. IMKM COOTBETCTBYDT OZHODOHOHMHHM NponeccaM, B KOTOPHX ORMH (OHOH No-
raomaeTosd MiM ucnyckaercs HeATpoHoM. $OH Bo3HMKAET B pe3YAbTATE MHOrOQOHOHHMX mpoueccos. Ecam
OpMCYTCTBYRT HerapMouuyecrue cuan (BsaumoneicTBus doHOH-QOHOH), TO ReALTA-OYHKUMM ymMPARTCH W
NpespalaDTCa B MAKCHMMYMN KOHeUHOW BEAMUMHH, 8 MX UeHTPalbHNe YacTOTH CMemanTcf MO OTHOMEHUD K

ra 3Ha . B cayvae ¢ metraadoM, nomumo ssaumonefcreufl aovepuuid QoHOK-QOHOH, HAGID-
Aaerca TaKwe BaauMmoznefcrue Mexzy (DOHOHAMM ¥ 3TEKTPOHAMKM NPOBOAMNOCTH, KOTOPOE NPUBOLAT X CMe-
WEHWUD U YUMDPeHUD OZHOGOHOHHHX MAKCHMYMOB.

fpononxan Gonee panue paGoTH Ban loda (xoropsit paccmatpwban cpaBRMTeNBHO NpocTolf cayuail He-
NPOBOAAMEro KPUCTANNA B €ro OCHOBHOM cocToanuu (T = O°K), MH MIyUMaM CMemeHUsa ¥ YUMPeHus MAKCU-
MYMOB PACCeAHNA B Pe3yAbTATE YROMIHYTNX BNme BaaumozelicTault MeTozamy Teopuy BO3IMYMEHW: MHOTMX
Tel, MMPOKO MCMOMLIYR METOAN AMACPaMM.

TlonyduenHne peayabTATH OOCYXAARTCA HA OCHOBE NPeANOJOXEHUA O TOM, UTO, HE3IABUCHMMO OT CUIN
BaauMoneflcTBME, MMPHMA KAXAOTO MAKCUMYMa Maja NO CPDABHEHMD C BeJUuMHOR uacTOTH B ero ueHTpe.
Toabko B 3TOM CAYYAE MAKCMMYMH MOIYT PACCMATDUBATLCA KAK XOpomo BaAendnmuecd Haz QomoM mpn
B3auMonefcTBMAX GoJlee BHCOKOro nopsaxa. [lpeanosaraetcs , WTO 2TO YCJOBMEe BHNOJNHAETCH ANA He
QUEeHb BHCOKMX TEMNEpPATyp X He OWeHb Gonburx sHadeHult Boanosoro Bexrtopa goxoHa.

Taxuk nmyTeM MM NOIYUANM IAKOHUSHHYD GOPMyNy AJR GYHNUMKM VAacTUUHOI'O DACCeAHMA, ONWCHBARNYD
MaXCHUMYMN, KOTODHE MOryT OMTb PACCUMTAHN CO CKOJb YrOZHO BHCOKOM TOWHOCTLH. B UaCTHOCTH, RAR BH-

YACHeHUA CMemeRus ¥ ymupeHus IMHMI noXyueHs Bup A B BUZE CT Holt 32 et W/d w B BURe
NPOCTHX CBAIAHKHHX avarpaM (u - cpelHee CMemeHue ATOME WUIM MOHA, d - HaWMeHblee DACCTOAHUE Mex-
LY aToMaMM UO¥ MOHAMM B KpUCTAJNe). BHNOZHEHM NPUONMXEHHNEe PacueTH, NabWile HEXOTOPOe NpeacTaBle-
HHE O MOPARKAX BEeIUUMH WAYWaeMoro HBJEHAS.

TEORIA DE LA INFLUENCIA DE LAS INTERACCIONES FONON-FONON Y ELECTRON-FONON EN LA
DISPERSION DE NEUTRONES POR CRISTALES. Como permite predecir la teorfa arménica, el espectro de
neutrones dispersados coherente e ineldsticamente por un monocristal no conductor consiste, para un 4ngulo
de dispersién determinado, en una serie de picos de functin delta superpuestos a un fondo continuo. Los picos
corresponden a procescs en que el neutrSn absorbe o emite un solo fonén; el fondo se debe a procesos de varios
fonones. Cuando intervienen fuerzas anarménicas (interacciones fonén-fonén), los picos de funcién delta se
emsanchan, convirtiéndose en picos finitos y sus frecuencias centrales se desplazan respecto de los valores
arménicos. En el caso de los metales, ademds de las interacciones fonén-fonén existe interaccién entre los
fonones y los electrones de conduccién, lo que también contribuye al desplazamiento y ensanchamiento de
los picos correspondientes a los procesos de un solo fondn.

Prosiguiendo trabajos anteriores de Van Hove (quien investigé el caso relativamente sencillo de un cristal -
no conductor en el estado fundamental (T = 0°K) ), el autor ha estudiado el desplazamiento y la amplitud
de los picos de dispersién resultantes de las mencionadas interacciones aplicando l1a teorfa de las perturba-
ciones originadas por partfculas mdltiples y utilizando ampliamente técnicas de diagramas.. Un requisito
indispensable para dicho estudio es la hip6tesis de que, sea cual fuere la intensidad de las interacciones, la
amplitud de cada pico es pequefia en comparacién con €l valor de la frecuencia en el centro; s6lo en tal'caso
puede considerarse que los picos estdn bien definidos respecto del fondo correspondiente a las interacciones
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de orden mds elevado. Cabe esperar que esta condicién se cumpla para temperaturas no demasiado elevadas
"y valores de vector de onda fonénico no excesivamente grandes.

El procedimiento del autor permite obtener f6rmulas cerradas de la funci6n de dispersi6n parcial que
describe los picos; éstos pueden evaluarse con el grado de precisién que se desee. En particular, se obtiene
un desarrollo pata calcular en potencias de u/d y en funcién de diagramas simples conectados el desplaza-

_ miento y 1a anchura de las rayas (u es el desplazamiento at6mico o i6rico medio y d es la distancia minima
interatémica en el cristal), El autor efectfia c4lculos aproximados para dar una idea del orden de magnitud
de los efectos estudiados,

1. INTRODUCTION

In this paper we shall consider the coherent, inelastic scattering of
slow neutrons by smgle perfect, non-magnetic crystals, In the case of an
harmonic, non- conductlng ¢rystal (whieh ean be conceived as a system of
non- mteractmg phnnpr}s) for a given angle of scattering the outgoing spec-
trum is a superposition of delta-function peaks, corresponding to one-phonon
processes, and a smooth background arising from multi-phonon processes.
The one-phonon peaks are particularly interesting from the point of view
of crystal dynamics; their locations follow simply from the conservation
rules for energy and momentum {1].

“. In any real crystal, however, anharmonic forces are present, which,
if small, can be interpreted as causing an. interaction between phonons, In
a conducting crystal the phonons interact both with each other and with the
conduction electrons. Both types of interactions show up in a most inter-
esting way in the peaks of the scattering spectrum. Their presence results
in a shift and broadening of these peaks, the .two effects being temperature
depe‘ildent. In addition to the contributions of the phonon-phonon and electron-

_'phofxon'processes, to the frequency shift of the phonons (self-energy effects),
there is a.temperature dependent contribution arising from thermal expan-
sion, Both contributions are inciuded in the observed shifts.

The above mentioned effects have been investigated experimentally by
LARSSON et al,[2] (aluminium) and by BROCKHOUSE et al,[3] flead) for
temperatures well above the Debye temperature.

The aim of ‘the present paper is to study the influence of phonon-phonon
interactions and electron-phonon interactions on the displacements and widths
of the scattering peaks by means of many particle perturbation theory.
VAN HOVE {4] has done this for a non-conducting crystal in its ground state,
i.e. at the absolute zero of temperature, using time independent perturba-
tion theory. The present author has extended Van Hove's approach to finite
temperatures and to conducting crystals (5, 6]. For that purpose time de-
pendent perturbation theory is more suited than the resolvent methods intro-
duced by Van Hove. A treatment of shift and width is of interest in the first

" place from the point of view of solid state physics and in the second place
from the point of view of many particle physics as a means of checking its
general predictions, '

Since we are primarily mterested in the peaks of the inelastic scatter-
ing spectrum, and not in the complete spectrum, it is important to construct
a theory which yields information about the peaks alone. This can only make
sense if the peaks are distinguishable from the background, Therefore our
treatment is restricted to the case, where, independent of the strengths of
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the interactions, the width of a peak is small compared to the value of its
‘central frequency. Only then can the peaks be considered as being well de-
fined with respect to the background to higher order in the interactions, and
it is possible to isolate a part of the scattering function which can be shown
to describe the desired peaks, This case is expected to be realized for tem-
peratures which are not too high {well below the melting point) and values of
the phonon wave vector which are not too large. The case of sharply distin-
guishable peaks is, of course, also the most interesting one from the point
- of view of the experimentalist,

1n the second section we haye developed the formalism, For convenience
we have restricted ourselves in this.section to the case of non-conducting
erystals. In the third section, the theory is extended to conducting crystals
to include electron-phonon coupling. Extensive use has been made of dia-
grams to represent the matrix elements. The use of the diagrams is illus-
trated in the Appendix for the familiar case of scattering by anharmonic
crystal, Here we present a simple derivation of the Debye-Waller factor
for a harmonic lattice, Finally the end of the Appendix is devoted to some
remarks concerning the work of BAYM |[7].

II. NON-CONDUCTING CRYSTALS
1. The Hamiltonian

Consider a finite, perfect, non-c¢onducting crystal of volume £, con-
taining N, unit cells, Let 1, designate the positions of the atoms in the
crystal; each vector gn' is the sum of an equilibrium position vector s +Rq,
and a displacement vector u,, where s is a crystal translation vector and
Ron the equilibrium position vector of atom n in the unit cell containing the
origin; n runs from i to n,, the number of atoms per unit cell..

The Hamiltonian of the crystal consists of two parts: the kinetic energy
of the atoms and a potential energy term. Expanding the potential energy in
powers of the displacements of the atoms from their equilibrium positions,
we can write the Hamiltonian as follows:

H=H®+ v, (1)

H®), the harmonic energy, includes all terms through second order in pro-
ducts of the displacements, V, the anharmonic eriergy, includes all terms
of higher order., The solution of the harmonic problem gives a description
of the vibrating crystal in terms of independent phonons, where each phonon
is characterized by a wave vector q and a polarization index j, the vector
q being defined up to the addition of 27 times a vector t of the reciprocal
lattice, Therefore q is restricted to the first Brillouin zone. The polari-
zation index j runs?)ver.all positive integers from 1 to 3n,. We denote the
-energy of the phonon qj by idgj (in this section we put h=1); Wq is periodic
in q-space with period 27I and remains unchanged when q is replaced by
-q.
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The excited states (phonon states) |g,~, Qi . Qe eeennn > of the har-
monic Hamiltonian will be defined by the following equation, which also
fixes the normalizing constants:

‘gp S’j'.v C_l”j"l . > A q]' q]n LR ‘ 0 > (2)

Here |0 designates the vacuum (no phonon) state, defined by Ag 10> =0
for all q;, We have introduced the creation and annihilation operators A%}
and Ag; for the phonon g;. They obey the usual commutation rules for bosons.
The displacement vector ug, of the atom of type n (mass M, ) can be ex-
pressed in these operators as follows: ’

= (vo/1673Mn)t Iy fqugy A g5+ A%g 1 ( ‘"’-ig;;") explig - s]. (3

In this equation v, = 2/ N, is the volume of the unit cell; the real vectors
eqw and f “1‘: determine the polarization and phase of the phonon qj. The
symbol fq stands for (§/ 87%)™* L ; (summation over one unit cell in reci-
procal space), and becomes J/dq in the limit of an infinite crystal.

If the anharmonic energy V is sufficiently small the notion of phonons
is still meaningful and V can be regarded as causing interactions between
phonons, The effect of V can in this case be investigated by means of per-
turbation theory. By substituting (3) in the expansion (1) we obtain for the
total Hamiltonian:

H=¢€o+ €p+Ho+V, = (4)

where €, and €, are the rigid lattice energy and zero point energy respec-
tively and Hy and V are given by the following equations:

Hp = Ij[q wq A AQj:V" L3 V@) (5)
with '
o ® ’ *
v Ty qp 0BG ‘.b;u’[A q,,* & -gm.,]. . ©
(Ag,;+ Afgla(d1 +... +du).
Here

B® .
Boj e -Gl - (Uv‘}@/zmx) <VO/87T> ( gy
1]1 )V
TarLepnZe o rne
Sp... 8l -n,..nl a,,, e $178,8"8,...,8-8,m...0,0,,.q,

e iy ® 5™
ﬂﬂxax g:ha 9u.|uau o fuay,

Xexp[iq2-('s2-sl)+iq3' (sy-5,) +... +iq - (su-s'l)]. (7)
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in which C{) is the v*th order derivate of the potential energy, evaluated
for the equilibrium lattice at temperature T. The subscripts (1'1,(12, e
stand for the x,y,z components, Because of the factor (wq,;,+.. )'
in eq. (6), B® can become infinite when one of the wq; u becomes zero
However, this situation corresponds to a pure translation of the crystal
as a whole and can be excluded explicitly. B() , then, turns out to be a
fihite quantity which in the limit Q—= is independent of the size of the crys-
tal, Note that the coefficients B{") and therefore the harmonic frequencies
Wg; are.temperature dependent as a result of thermal expansion, The gener-
alized delta-function A (q, +..+q,) occuring in (6) arises from the summa-
tion over si1. In the limit of large $2 it can be replaced as follows:

A(g) = Lp 8(q + 277), ) (8)

where 7T is a vector of the reciprocal lattice.

The relative strength of the various terms in (4) are measured by the

parameter u/d, the expectation value of the v’th order term V() being pro-
portional to (u/d)¥-2, Here u is an average atomic displacement for a given
temperature and d is the smallest mteratomlc equilibrium distance in the
crystal. .
It follows from (6) that each V()is a linear combination of products
of v annihilation and creation operators, which, when operating on a phonon
state, give either another phonon state or zero, Because of the factor
A(g,+..+q, )the new phonon state must have the same total wave vector,
mo ulo 21r'r as the initial one (conservation of pseudo- momentum)

2, The scattering function
The differential scattering cross-section at temperature T per unit

solid angle d{? and per unit interval of outgoing energy de€ of the neutron
for coherent scattering in the first Born approximation is given by [ 8]

d%,/dQde = a2<|ls| /lkol) ST<&w> , (9)

in which the scattering function Sy(kw), depending upbn k=ko-k and w,
the momentum and energy transfered from the neutron to the crystal, has
the following form

Sr(kd) = ZB)" Ly, exp(-BEy) LI<h|Te |42 F6(0 + By - B) . (10)

Here |¢> and |%> are initial and final excited states of the crystal; they
are eigenstates of the total Hamiltonian H, given by (4), with corresponding
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eigenvalues Ey and Ey - Z(8) = Tr[exp(-BH)] is the partition function for

the crystal (= 1/kgT). Finally Tx represents the operator for the neutron-
nucleus interaction:

Tg= Cpexplik-g, ]. _(11)
The scattering function in the form (10) depends on the exact, but com-
pletely unknown, excited eigenstates of the anharmonic crystal. Fortunately

we can get rid of this dependence by using the following representation for
the delta-function:

-_1_ -itx
6 (x) T f_e ‘dt.

Using Eq. (4) we then easily find
SHkw = (21rza)"’1jdt exp [ — itw]

XTr (exp[—(B +it) (Hy+ V)] T, explit(Ho+ V)] T) (12)

with
. Zg = exp[B(eg+ €2p)] Z(B) = Tr {expl—B(Ho+ V)] (13)
The variable t in this equation can be interpreted as time [8]. The appear-
ance of the trace in (12) shows that this result does not involve the exact
set of states |¢,>, bearing in mind that the trace is invariant under unitary
transformations. In the representation of the phonon states (2) the trace

takes the form:

Tr{exp[— B + it) (Hg+ V). T-cexplit (Ho+ V)] Tk}
= Do (ND™ 5y T e Onin .Gy lexp[-B +it) (Ho + V) (14)

XT.& explit (Ho+ V)] Ty Qe .. Gy > -
We want to calculate the matrix elements on the right hand side of (14)
by means of perturbation theory, For that purpose we need suitable expan-

sions for the various operators occuring in these matrix elements. The fol-
lowing expansions are substituted:

U, = explitHo] + Za=1 /6 dta /@ dtn-1 ... J¢ dty explity Hol V...

.. V expli(ta~tn-1)Ho] V expli{t—tn) Hol, (15)
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Ty = I, explik * rsp] = Ty explik * (s + Ron + usg7)]
= Cgexplic: (s + Rog ) [1+ik - g + ... + (Ym) (k- ud™+....], (16)

with

(n)

K-un= (v /167 Mot I fy wgt [Aqs + Atailk- (eg—ifg ) e'¥s . (17)

and similar formulae for U~ , Us and T-,, We have used the abbreviations
‘Ust = expltit(Ho+ V)] and Ug = Ujs = expl -B8(Ho + V)], Substituting the above
expansions in the trace on the right hand side of (12), we see that the oper-
ator in the matrix element (14) is a linear combination of products of oper-
ators V, Tig, expl+i (t{-ti-1)Ho) and expl - (Bi -Bi-1 ) Ho |, while each V,
Ty, and T-, is itself a linear combination of products of creation and anni-
hilation operators, )

3., The diagrams

We will represent the matrix elements, occuring in (14), by diagrams
and use the following conventions: each operator V,or better a term in some
V() in the matrix element corresponds to a vertex in the diagram (V -verten,
tex), The vertices occur in the same order from right to the left as the V's
in the corresponding matrix element, This order is important; it is given by
the ordered integrations in the expansions (15), etc., A phonon will be repre-
sented by a line, Each line entering a vertex (coming from the right) repre -
sents a phonon which will be annihilated at that vertex, each line leaving a
vertex (going to the left) represents a phonon which has been created at that
vertex. The total number of lines entering or leaving a V-vertex is equal
to the order v of the V() which corresponds to that vertex. Other types of
vertices, the neutron vertices, are associated with the operators Tx and
T-x. These vertices will be represented by a dot with a small circle around
it. In the neutron vertex, which represents the term in Ty proportional
to (k + uy )™, just m phonon lines join, The operators exp|[ +i (t; -ti-1) Hol

‘Ue

Fig.1

Sample diagram contributing to the matrix element (18).
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and exp| - (Bi -Bi-1) Hy) act on the intermediate states between the vertices,
In Fig, 1 we have drawn an example of a diagram corresponding to a par-
ticular choice of terms out of the operators V and Tikx in the matrix ele-
ment:

_ B
{dgig, 22, 91i1 |{'fd31 expl -(B-B1) Hol V expl[-B; Ho]}eXp[-itHo] Ty
0

t 2
x{ fdtzfdtl exp [ity Hy]l V expli(te-t1) Ho] V exp[i(t—tg)Ho]} (18)
v 1] o

X Tg|Qydis iy Bis)-

By joining the external lines at the left and right of a diagram continu-
ously, as is always possible since the set -of initial phonons is identical to
the set of final phonons, we can consider each diagram as being rolled onto
a cylinder. We define connectedness of a diagram or part of a diagram as
connectedness on the cylinder and call a connected part a component, For
instance the diagram of Fig, 1 consists of two components. According to
a well-known theorem the contribution of a diagram to a matrix element
can be simply determined from the contributions of its components. This
theorem was formulated for the present case in reference [5], where it was
used to prove that the contribution of all components without neutron ver-

tices only cancel the factor Zg in (12), This gives for the scattering func~
tion:

Sp(kw) = (2,1r)"1£ dt exp [—itw] £8euwR Tr { exp[— (B + it) (Ho+ V)] T

X explit (Ho+ V)] Ty J4» : (19)

where the symbol I jndicates that in calculating the trace only dia-
grams 8, which consist of components containing neutron vertices, must be
taken into account,

4. Elastic and inelastic spectrum, one-phonon diagrams

~ There are still two types of diagrams that contribute to the trace in (19),
First, the diagrams that consist of two components,each containing one neutron
vertex, These diagrams produce the elastic scattering spectrum, The par-

tial scattering function S-I@( kw) for elastic scattering, calculated from these
diagrams, can be shown to be:

'SPk = (873N /v) | g explix + Ron)

X E,Z(B) exp(—B Ey )< W |explix - wp) | > I & (86 () .
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The sum over Vof the term in absolute value signs is the Debye-Waller fac--
tor at temperature T for the anharmonic crystal, We can at once see from
this formula that the Bragg conditions are exactly valid for an anharmonic
crystal, Phonon-phonon interactions only affect the elastic scattering inten-
sity,

The second group of diagrams consists of one-component diagrams,
each of which contains both of the neutron vertices, These diagrams describe
the inelastic spectrum, Here we are not interested in the complete inelastic
spectrum, but in studying the scattering peaks, If these scattering peaks
are well-defined with respect to the background, i,e, if the width of each
peak is small compared to the value of its central frequency, a part of the
scattering function can be isolated which will describe the desired peaks.

Y

#_ﬂ)};p
o

e L'___ S,
N\
2

Fig. 2

General form of the one-phonon diagrams,

This isolated contribution, which will be called S{'( kw), can be obtained
by further restricting the summation in (19) to so-called one-phonon dia-
grams, These one-phonon diagrams have the general form shown in Fig, 2,
Each one-phonon diagram consists of a so-called chain of V-bubbles (the
shaded areas) connected by single phonon lines (g-lines), a chain beginnihg
and ending at a neutron bubble (the shaded areas containing a neutron vertex), -
A neutron bubble is not meant to belong to the chain, A bubble is defined
as a proper part of the diagram which does not contain any q-line and which
is only connected to the rest of the diagram by means of q-lines. In Fig, 1
phonon 3 belongs to the neutron bubble containing 7T.,, phonon 1 belongs to
the V-bubble between t; and tg . A chain is broken by cutting one of the gq-
lines; the definition of bubble is chosen in such a way that it is not possible
to break the chain by cutting only one line in a bubble, The V-bubbles have

a great resemblance to the proper self-energyv diagrams in field theorv. In-
deed, as will be seen later, the V-bubbles describe selt-energy etfects which

renormalize the energies of the phonons, However, due to the dissipative
character of the interaction, they also involve line broadening effects corres-
ponding to finite phonon lifetimes, The desired information about the loc-
ation and width of the peaks is fully contained in the chains of the one-pho-
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non diagrams and the neutron bubbles only contribute to the scattering inten-
sity. A more detailed discussion of the structure of the one- phonon diagrams
can be found in reference [5]. : '

We remark that the term "one-phonon-diagram' is somewhat mislead-
ing in the sense that such a diagram generally does not describe a pure one-
phonon process, in which the neutron excites or absorbs a single phonon
in passing through the crystal, The notion of n-phonon process has not such
a definite meaning for scattering by an anharmonic crystal as by an har-
monic crystal. We speak of one-phonon diagrams because they are the direct
generalizations of those diagrams which in the harmonic approximation ex-
actly produces the delta-function peaks in the scattering spectrum, In the
latter case S,{I( kw) describes only the one-phonon processes (see Appen-
dix), In the presence of anharmonic forces S 1*!{kw) is still expected to des-
cribe the peaks correctly, as long as they are distinguishable from the back-
ground, however, St (kw) now describes parts of the smooth background
as well,

In order to obtain an expression for the partial scattermg function St
(kw), which explicitly exhibits the effects we are interested in, we must per-
form a summation of the one-phonon diagrams in terms of the bubble func-
tions representing the contributions of the bubbles. Although very compli-
. cated, this summation can be carried out exactly by extending the methods
" of DYSON [9] and BELIAEV [10] to the case of arbitrary temperatures,

. The summation procedure is demonstrated in [3] for a group of soecial dia-
grams, We shall not write down the general results here but only consider
two special cases where the formulae take simple forms,

(a) Let us first consider the lowest order case, We then find the follow-
" ing set of equations:

g ) ey R T . < o] o

@) = (F8m 2A (ki) | Coy (uK§5) + Cop(wkii) | B (k) (20)
Axj) = Tr [exp(—BHo) T, ]C (21)
B(xj") = Tr [exp (-BHo) Ty Jc (22)

iZﬂiZ_[(ij-w) 6”-' + G:(b'o) (Kb)j]')] C?o) (Ku) ]1] l') = { l-exp (' Bw!_(.i )}-léjj”
it = . (23)

The subscripts j and j" in (21 and (22) indicate that the operators Ty and
T., must create a phonon kj and annihilate a phonon kj’ respectively. The -
subscript. C means that only connected diagrams must be considered in cal-
culating the traces, The funccdon G*() (kwjj) represents the lowest order
contribution (i, e, of order (u/d)?) of a V-bubble. To general order this
function has the form

GH(kwjy) = i] d™ expl-iwTt] Tr{UeU-TVEj U, Ej'}' C.nq (24)
J 1«

o

dmexpliwT] TrfUUV UV + Tri Uy V .
f expl }C.nq_ r{.e 51'1"}C

bk AT
0
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where Vkj contains a creation operator for the phonon kj, Vi contains
an annihilation operator for the phonon kj, and Vjj’ contains both, The
subscript C, nqg indicates that only connected diagrams involving no g-lines
contribuce to the traces in (24). Because of the irreducible character of the
diagrams contributing to G* (kwjj'), and expansion of this quantity in powers
of u/d converges rapidly for all values of w, while for any particular order
only a finite number of essentially different diagrams have to be calculated,
To lowest order in the interaction we have for a Bravais lattice

FL

Goylkwji) = ifd"r exp [ -iw7] Tr{UéO)U(_OT)V,S(?)U(TO)VEj(‘?)} ¢ na (25)
0

1%

[4) 4
_+ifd'r expliwT] Tr {UQ)US:)VJ?)ULO)VK;S)}C g T IT {U(e) V‘(iz}c'
£ = » g -

in which U((,).) = expliTHyk, etc.

1
!
|
t
H
1
|
!
|

Fig.3

Lowest order diagrams contributing to the traces in (24)
Strictly speaking, the lines representing the phonons gj and gj' do not belong to the diagrams
(q is equal to k), they have been drawn to indicate that the appropriate vertices
contain creation and/or annihilation operators for these phonons,

The basic diagrams which contribute to the three ctraces in (25) are

" represented in Fig., 3a, b and c. In addition to these diagrams, however,

- there are classes of related diagrams contributing to (25) which can be con-
structed from the three basic diagrams by breaking an internal phonon line
and letting it run around the cylinder an arbitrarv number of times ( see
Appendix A). By denoting the hermitian and anti-hermitian parts of G#()
VKW i) by Ay (kW ijj) and T'(0) (kwj;’) respective.y (G0 = Ayt iT'0)), we
finally find from this set of diagrams:

iy 3 3 _
Bl jj) = 18 ’r‘lr‘lz):jrb_B‘El)v a1l “dolp Bl ariy agip A% + 9z -X)
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y - .
{(1+fg1l'1 +1g9 io )[(w"wgljl""gzjz ) L-(w+ waij + wgziz) ]
- . [} P . -1
+2 (fqj, - fpip Y + gy, ~wgyi ) IP

4 . -1
+12 Jay Tiy By kir apine gy (1 + expl=Bugy, 1) {1 - exp-Bugy 1™ (26)

- (3 ' 3
Tio)(kw jj') = 187 Jq;,q0 Biy ,jo Bgl).-gm.-gzjz B(-E)j.gljl.gzjzA(‘ll"'Sz‘E)
X ((1+fqy5, + f92,-2)[6 (0~ Wygip = Wagig ) =8 (W+ wgyj; + Wepjp )]

+ 2 (fgljl - fc_12j2 ) 6 (w + wg1j1’w<_12j2)} (27)

with
ij = { exp[Bwqj] - 1} -

In (26) the subscript P means the Cauchy principal value, The interpreta-
tion of the quantities Ap (kwjj’) and I'o (kwWjj’) can be easily read off from
Eq, (23), If the anti-hermitian part were zero, G¥p)(xwjj’) would have real
eigenvalues and the functions C*q)(xwjj’} would have simple poles at vari-
ous values of w, giving rise to delta-function peaks in the scattering spec-
trum at positions W= Wkj + A(0) (kwj), Because of the anti-hermitian parts,
however, C¥o)kwj;’) cannot have poles for real w and the delta-function sin-
gularities are broadened into finite peaks with widths at half-maximum 2T,
In this case the shifts of the peaks are determined by the hermitian parts,
the widths by the anti-hermitian parts of G*©)(xwj;j’). In lowest order the
two, effects are independent of each other, Eq. (20) describe those peaks
whose central frequencies occur at positive values of w and which there-
fore can be considered to correspond to emission of phonons by the neutrons,
(Hence the subscript e on St,e(xw), Analogous equations hold for the ab-
sorption peaks, .

The lowest order formulae (26) and (27) for the shift and width of. the
peaks have recently also been found by KRIVOGLAZ and KASHCHEEV {11]
and by MARADUDIN and FEIN [12], using quite different methods, The
last mentioned authors have evaluated these formulae for a simple model
of a lattice: a face-centered-cubic lattice with central force interactions
acting between pairs of nearest neighbours only. This model was used to
approximate lead. They obtain the following results for longitudinal phonons
propagating in the [100] direction of g-space (T = 425°K): '

- Dw= 0005 , q=%q
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N

Tw, = 0007 , g=4gq

TJw, = 0,013 , gq=3q

Here q), and w; are the maximum values of the phonon wave vector and fre-
quency respectively. There is order of magnitude agreement between these
values and the experimental results of BROCKHOUSE [ 3}, however, adirect
comparison is not possible because the present model is too naive to repre-
sent lead, .

We finally remark, that the lowest order expressions for the shift and
width can also be obtained using more intuitive arguments based on the ex-
ponential decay of one-particle states [13], Only to lowest order in the coup-
ling can such simple techniques be expected to be reliable.

There is in addition to the diagrams a, b and c of Fig. 3, a diagram
of order (u/d¥ which contributes to the shift of the peaks (Fig, 3d), How-
ever, this diagram involves an intermediate optical phonon with wave vec-
tor zero or 277, We omit this contribution because it vanishes for lattlces
with certain symmetries, for instance for Bravais lattices,

(b) To general order in the interaction Egs (20-23) must be replaced
by more complicated ones |5]. As long as, independent of the strength of
the interaction, the widths of the peaks remain small in such a way that the
peaks are well-defined and distinguishable from the background, the func-
tions G* (kwjj ) (see (24)) describe the widths and locations of the peaks
correctly, However, in higher order in the coupling the shifts and widths
are no longer simply the hermitian and anti-hermitian parts of these quanti-
ties (compare Eqs (29) and (30)), Moreover the two effects of shifting and
broadening become interdependent in this general case,

If we consider a Bravais lattice and drop the polarization indices, the
following simple expression for the partial scattering function STW(kw)can
be obtained, valid to first order in the parameter I'(wq)/wq, but to general
order in the interaction (we put G* kw) = G, etc,)

&) QQ Q

ST kW) = oo agr e ¢ (0 +uwg + A2 +12° (28)

wit‘h the abbreviations:
A= Relwcll + (2G* o)} - wi, | (29)
L= Imlwg{l + (2G* fun}? - wgl, (30)

Q and Q'are intensity factors of a very complicated form dependent upon
kK and w, Therefore we shall not write down their explicit expressions here,
Like I"and 4, they depend on temperature, but they are independent of the
crystal colume $2 in the limit of a large crystal, We remark here that for
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typographical reasons the temperature dependence of the various quantities
C*, G#*, etc, has not been explicitly indicated.

III, CONDUCTING CRYSTALS

We will briefly consider in this section the case of a conducting crystal,
where, in addition to phonon-phonon interactions, the interaction between
phonons and conduction electrons contributes to the displacement and broad-
ening of the scattering peaks. '

We accept the following effective Hamiltonian for the electron-phonon
system: i

H=e + €0+ Hopt Hpe+ V+ W (31)

in which €, €p, Hop and V are giilen by (4), (5) and (6), while Hoe and
W have the following form: ’

0

x " )
Hoe = €xmo Ikmo Tkmo, W = w o, (32)
omdJg - = v=1

w® =Z‘ f b , LA (et ...qpt k -K).
—omm’ . jyJ Kk Qe Gy km,k m, qyiy.0- 93, d1 o+ 27X

* * *
Timo Ti‘m‘ [Aﬂxjx+ A-Sljl] s [Agyju + A-S”jy] . (33)

Here €xmo is the energy of a single Bloch electron, characterized by a wave
vector k, a spin index 0 and an index m distinguishing the Bloch bands,
Ikmo and Iymoare the creation and annihilation operators for this electron,In.
the above Hamiltonian Hop and Hee describe the free phonons and free Bloch
electrons and V and W are the phonon-phonon and screened electron-phon-
on interaction respectively, The relative strength of the various terms in
both V and W will be governed by the same parameter u/d. We will not
enter into a discussion of the derivation of this Hamiltonian here nor the
difficult question of validity (see [6])). We only mention that the foundations
upon which the Hamiltonian (31)rests are open to objection and that for this
reason it is difficult to decide, for instance, whether or not it makes sense
to include terms in the interactions up to general order in the ionic dis-
placements, At any rate we may consider the Hamiltonian as a model
Hamiltonian which will describe the system correctly at least in lowest or-
der in the interactions and for wave vectors which are not too small,
The coefficients b® with v > i are completely unknown; an expres-

sion for the first coefficient béxlrf,;_(m', g’ taking into account the screening ef-
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fects, has been derived by BARDEEN [14], In the limit of small ¢ and
considering only electrons within one Bloch band, he finds for a Bravais
lattice

bi.q = iBr (/367" Mpug) leg - (k-k")] (34)

where M and p are the mass and number density of the ions, Eg is the Fer-
mi energy and g is a unit polarization vector for the phonon gj.

The formalism developed in Section 1I for a non-conducting crystal can
be extended in a straightforward way to the case of a metal. Using diagram
techniques, formulae analogous to those of II. 4 are obtained. The bubble
function Gz(kwjj’), which describe the positions and widths of the peaks,
now has the form:

00
GH(kwjj) = ifd-r expl -iwT] Tr{ UgU-AV+W)k; Ur(V +W)g; 3¢, nq

[
- g

+ifd'r expl iwr] Tr (UglLAV +W)y; Ur (V +W)g } ¢, nq

[:]

+ Tr {Ue(v +W)L<.jj']c . (35)

with
U9=Ui5=exp[-B(Hop+H°e+V+W) +aNJ (36)
U,r= expl+it (Hop + Hoet V+ W) (37)

The electrons are described by means of a grand canonical ensemble; N
is the number operator for the electrons and o= uB, u being the chemical
potential. The various subscripts in (35) have the same meaning as in (24).
1t follows from (35) that in general the contributions to the shift and
width of the peaks arising from phonon-phonon interactions and from elec-
tron-phonon-interactions are not additive. In the calculation of G*(kwjj’) dia-
grams occur which involve both V-and W- vertices. These contributions are
only exactly additive in the case of a Bravais. lattice in lowest order in both
interactions, i.e. to order (u/d)2. In the latter case the contributions to
the shift and width of the phonon-phonon interactions are given by (26) and
(27). The analogous contributions arising from the electron-phonon inter-
actions can be found to be: '

e L@ Ak ok a0 koo
A ) (kw3) zej;l,kz P ke vai P ko kg gy Al T —)(w+qﬂo-q£20)p

+?z f bg).hr i, ~giflk 0 (38)
o Yk
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e 1 1 ‘
Tioy(&935") = ”Z f B kg -aPiky, o A (k17 g - ko).
oV ki,ko

(nhm- m_<_20) [} (w+ €k 1r€l£2(1) (39)

with
Nyo = {exp[Beyo- @] + 131

For long wave length acoustical phonons the Bardeen formula in the
form (34) is applicable. Neglecting Umklapp-processes and assuming that
the phonons are purely longitudinal or transverse, we find for the width of
the peak corresponding to a longitudinal phonon:

To(wk) fog = EEm Y 9rMps k< 2k  (40)

=0 k< 2kp

Use has been made of the formulae €y = n2k?/ 2m* and wq = 859, where m*

is the effective mass of the electron and s, the longitudinal velocity of sound;
kg is the radius of the (spherical) Fermi surface. Formula (40) gives values
for Tyg)/wg which are of the order 1073-1072 (in agreement with KRIVOGLAZ
[15) ) and hence are quite small, presumably much smaller than the values
arising from anharmonicities.

' If we admit Umklapp-processes, I'p) (kw) will display step-discontin-
uities, not only for « = 2kf, but also for those values of k which satisfy the
condition ig + 277 | = 2kf for any reciprocal lattice vector 7. For further
Eietails about this question we refer to the recent work of WOLL and KOHN

16] . .

Concerning the shift of the peaks, we should mention that only the tem-
perature dependent part is observable. It is to be expected that, owing to the
nature of the Fermi distribution of the electrons, this temperature depen-
dence of the shift as a result of electron-phonon interactions will be very
small and hardly observable. '
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APPENDIX

In this Appendix we shall illustrate the use of the diagrams introduced in this paper by applying them
to the familiar case of an harmonic crystal. At the end of the Appendix we shall devote some words to the
work of BAYM [17].
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For an harmonic crystal (without electron-phonon coupling) the diagrams that contribute to the trace
in (19) simply consist of the two neutron vertices and free phonon lines, There are two types of lines, (a)
lines which begin and end at the same neutron vertex (loops), and (b) lines which connect the two neutron
vertices on the cylinder (b-lines). In both cases the lines may encircle the cylinder an-arbitrary number of
times; a line which encircles the cylinder n times is said to have n turns. For instance diagram a of Fig. 4
has two b-lines having one and two turns; the loop has one turn. The lines of the diagram shown in Fig. 4b
have no turns.

Fig. 4

Diagrams contributing to the trace in (19) in the harmonic approximation,

It is convenient to go over to a reduced set of diagrams containing lines without turns. Let us restrict
ourselves for a moment to diagrams without loops. Consider the group of all different diagrams with n b-
lines, This group contains just one diagram with no turns. It is now a simple matter to prove that the total
contribution of this group of diagrams to S T (gw) can be obtained by just calculating the diagrafn without
turns but replacing for each b-line in this diagram the factor exp[ iwﬂj t] by DE&‘(L), the unpertubed phonon
propagator, which is given by: -

©) ‘ L L ’
Dqj (1) = Tr {expl -( B+it)Hol (Aqj*A=qj) expl itHo] (A-gj*Ag)}c (41)

_ explitwgj} + expl -(8+it) “’Qﬂ_
- . i-exp{ -8 wgj 1 (42)

Further calculation of the diagram with n b-lines with the help of (41) and (42) now leads directly to the
n'th term in the well-known phonon expansion, that is the term which corresponds to processes in which
only n phonons: are involved per single scattering event.

We now show that the loops on the neutron vertices yield the familiar Debye -Waller factor for an har-
monic lattice. For convenience we restrict ourselves to a Bravais lattice. Consider a diagram without loops.
Let the contribution of this diagram to ST ( k) be F (k). Consider further the group of all different dia-
grams which aonly differ from the original one in the presence of loops on the Ty - vertex ; the diagram be-
longing to this group only differ from each other in the number of turns of the loops. The total contribution
F* (kW) of the original diagrams and the associated group of diagrams is (see ( 16)):

F* (ke = F(kw) (128/22 01) [Tr{exp[ -8HOI(k- u0)2} - 12 _ (43)

For each loop the exponentials exp [ iqs sl occuring in (17) cancel out, so that the trace in (43) is indepen-
dent of § and hence can be taken outside the summation over s (F (K ) contains a summation over s). The
factor (221!) 7! is a combinative factor. As before, the subscript C means that in calculating the trace only
connected diagrams are involved. Application of the theorem to disconnected d'iagrams, mentioned in IL 3,
gives:

(44)

1 {expl-BHol (5-u0)2} 1e
Tr{ exp[ -B Hpl} ]

F'(M=F(w<u>“[-i

[
= F(xw(2)"1 {-.% <(&-uo)? >T}=F(5w)(-ww/u
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where we have used the familiar notation W for $ <(k-up)?>. Summing over ¢ from zero to infinity
we get for the total contribution F (k) of the original diagram plus the group of all different diagrams,
" which can be constructed-irom the original one by adding loops to the Tk vertex in all possible ways:

F' (k) = F(kw) exp [ -W] (45)

A second factor expl W1 arises from the loops on the T-x vertex. Together this gives the Debye-Waller
factor exp[ -2wW1].

) ©+0—0+a D+ a&——p+

A

Fig. 5

Graphic representation of the phonon expansion for scattering by an harmonic crystal.

In Fig. 5 we have graphically represented the pl30non expansion for an harmonic lattice. Here each
line represents a phonon with propagator function Dh?’ (t) while a factor exp[ -W] is associated with each
neutron vertex. The first diagram in this expansion, Being disconnected, corresponds to elastic scattering.
The diagram containing n lines describes the n-phonon processes.

Here briefly we shall consider the work of BAYM[7] , who, making use of complicated thermodynamic
Green's function methods, has given a formal treatment of neutron scattering by an anharmonic non-con-
ducting crystal. His discussion is based on the approximation that the crystal responds linearly to the forces
exerted by the neutron in.scattering. This approximation armounts to the assumption that each of the indi-
vidual phonons created or absorbed by the neutron develop in time in the same way as would a single phonon
interacting with the lattice at temperature T. This assumption is easy to translate into the language of the
diagrams introduced in this paper. The only diagrams which have to be considered in the calculation of the
trace in (19) are composed of neutron vertices and chains (i. e. phonon lines provided with V-bubbles), similar
to the way as the harmonic diagrams are composed of neutron vertices and free phonon lines. Or, in other
words, the present diagrams consist of the neutron vertices and a number of chains which begin and end
directly on the neutron vertices. Hence the diagrams shown in Fig. 2 are not included because of the pre-
sence of neutron bubbles, From this similarity in structure of both sets of diagrams it follows that the dia-
grams at hand can be evaluated (at least formally) as easily and in the same way as the harmonic diagrams.
The expansion of Baym can be immediately obtained from the diagrams shown in Fig. 5, provided we sub-
stitute for each line the perturbed phonon propagator quj.(t), given by

Dgjj!(t) = Tr {exp[ “(B+it)(Hp+ V)] (Agy * A"fgj yexpLit (Ho+ V)] (A-gf +A#Sj')} c (46)

and for each neutron.vertex a factor exp[ =W}, with

w= 4 Tr{eXD[ -8 (Ho+ V)] (xpup)? }/Tr{exp[-ﬂ(ﬂow)] } . (47)

Baym's final result (his formula (45)) then follows after some simple algebra, From (43), (44), (46) and (47)
we see that Baym's formula is obtained from the phonon expansion of an harmonic lattice by simple repla-
cing Ho by Ho+V (taking into account changes in the polarization indices). Of course, that this must be so
can be coricluded directly from the underlying assumption mentioned above. An extension of ‘his expression
for the scattering function to the case of conducting crystals is obtained by replacing Hy in the harmonic
phonon expansion by H, given by (31).

Finally we should mention that as long as the positions and widths of the peaks are correctly described
by the functions G (xujj) (see II) Baym's approximation only affects the intensity of the scattering.
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DISCUSSION

B.N. BROCKHOUSE: In your expressions for the intensities of the one-
phonon peaks, you show a quantity Q in the numerator. Is this the same as
the expression for the unbroadened phonbn and, if so, does it involve w, wy
or wy - A?

J.J. KOKKEDEE: QQ/I‘z is a measure of the height of the emission
peak above the background. It should be emphasized, however, that this
height is not a well-defined notion, owing to the fact that an exact distinction
cannot be made between one-phonon péaks and background. The class of
diagrams isolated do describe the peaks but they also describe parts of the
background as well. The function Q is a complicated, interaction-dependent
quantity which depends on the exact energy w. At lowest order in the inter-
action, however, it depends on the harmonic (unperturbed) frequencies. )y
at temperature T. At this order, Q is equal to QM where Qharm ig the.
corresponding intensity factor for the harmonic case,

I. WALLER: I would like to comment on this problem of calculating the
width and the shift in the one-phonon lines. As Fou know, there are two
schools of thought regarding the treatment of many-body problems. Some
use the method of temperature dependent Green’s functions while others
work with diagrams. As you mentioned in your paper, Kashcheev and
Krivoglaz, using temperature Green’s functions, arrived at a similar result
for the shift and the width. Where it is a question of going to higher approxi-
mations, I think both methods could very well be used, although it does not
seem to follow from the paper of Kashcheev and Krivoglaz that their result
is valid to the same degree of approximation as that of Dr. Kokkedee.
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What you really have to calculate to get this shift is the correlation func-
tions of the displacements, taking them at different times. In this approxi-
mation, the formula can be written in two parts, one containing the ordinary
temperature factor and the other the time correlations between the displace-
ments of two arbitrary nuclei, Of course, you can put it in a somewhat
simpler form where you have these correlations in the exponent and then
calculate them. Itshould also be pointed out that there may be other causes
for the broadening at high temperatures and that irregularities are intro-
duced in this case, owing to the formation of vacancies. These will certainly
be a contributory factor as the melting point is approached.

J.J. KOKKEDEE: As regards your comment on correlation functions,
it is true that my trace contains a correlation function, but it is not the
correlation function of the displacements. All the diagrams in Fig. 2 of my
paper have the same structure, consisting of a chain of self-energy dia-
grams connected by single lines which are attached to self-energy parts
which contain the operator Ty. It is only the chains themselves that are pro-
portional, it is only the chains that contribute to the correlation functions
of the displacements. The actual calculation of this correlation function for
the anharmonic case, however} requires the solution of the many-body pro-

_blem and therefore I do not see how it can be done more simply.

I fully agree with Professor Waller that the Green’s function method
is another effective means of handling a system of interacting excitation,
for instance phonons. As to its use by Kashcheev and Krivoglaz in connection
with the shift and width of the one-phonon peaks, these authors included only
‘quadratic and cubic anharmonic termms and hence their treatment is a lowest-
order treatment. A more general treatment of these effects by means of
Green’s functions has not yet been made and it is not easy to say which ap-
proach is simpler, the diagrammatic method or the Green’s function method,

K.E. LARSSON: In the expériment we see a one-phonon line which
broadens with temperature, It is always of interest to know what is the real
cause of such broadening, Can you, on the basis of your theory and your
calculations, estimate how much of the line broadening is due to true life-
time effects and what percentage is attributable to a shift in level distance,
i.e. the effect by which the energy distance between ''phonon levels' de-
creases with temperature.

J.J.J. KOKKEDEE: One cannot really speak of two separate and dis-
tinguishable effects, as you do. My formalism describes true lifetime effects
and includes the second type of effect to which you refer. There may be an
influence of the multi-phonon processes, in particular two-phononprocesses,
on the line shape, but this influence is of quite a different nature. The basic
assumption in my calculation is that all the contribution of the shift is a
purely lifetime effect of the phonon, Of course, this is true only under cer-
tain circumstances, i.e. where the peaks are sufficiently narrow and where
the influence of multi-phonon processes on the line shape is small, In other
words, it is true only in the case of temperatures which are not too high,
For higher temperatures, it would be necessary to construct a more in-
volved theory which would have to include primarily two-phonon processes
because, in certain cases, these can provide logarithmic singularities
centred on the delta function peaks and actually contribute to the broadening
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of the peaks. However, we have made no evaluations of this, All I am esti-
mating is the assumption that the broadening of the peak is essentially a
lifetime effect of one single phonon,

K.S. SINGWI: I think that what Dr. Larsson means is this: Since you
intend to compare the results obtained by theory with those from experiments
done at very high temperatures (i.e. near the melting point), you must bear
in mind that when you go to such temperatures in an anharmonic oscillator,
the phonon levels do not remain separated. The separation diminishes and
they come very close together. It is therefore difficult to know whether one
is dealing with a pure lifetime effect or with the fact that the density of the
levels has increased at high temperature, What you have observed might
conceivably be a transition not between two levels which have broadened but
between many levels.



PERTURBATION THEORY OF ANHARMONICITY
EFFECTS IN SLOW NEUTRON INELASTIC
SCATTERING BY CRYSTALS

H. HAHN
INSTITUT FUR REAKTORWERKSTOFFE KERNFORSCHUNGSANLAGE, JULICH,
FEDERAL REPUBLIC OF GERMANY

Abstract — Résumé — Amnotanas — Resumen

PERTURBATION THEORY OF ANHARMONICITY EFFECTS IN SLOW NEUTRON INELASTIC SCATTERING
BY CRYSTALS. An earlier perturbation treatment of the corresponding X -ray scattering problem is generalized
into a calculation of the effect of vibrational anharmonicity on the scattering of slow neutrons by crystals.

Of an expansion of the lattice potential in powers of the deviations from the thermally averaged sites,
the cubic terms are taken into account up to second order; only first order terms are kept in the quartic an-
harmonicities. All higher terms are neglected, In particular, formulae for the shifts and broadenings of the
one-phonon peaks in coherent scattering are derived in terms of the third and fourth order coupling coeffici-
ents. .

As in X-ray scattering, a simple quadratic relation exists between the shifted “effective frequencies”
of the long wavelength lattice vibrations and the isothermal elastic constants of the crystal, The lattice fre-
quencies of the harmonic approximation may be obtained by extrapolating to absolute zero the linear de-
pendence on temperature shown by the shifted frequencies above the Debye temperature.

THEORIE DES PERTURBATIONS APPLIQUEE AUX EFFETS D'ANHARMONICITE DANS LA DIFFUSION
INELASTIQUE DES NEUTRONS LENTS PAR DES CRISTAUX. L'auteur calcule l'effet des vibration anhar-
moniques sur la diffusion des neutrons lents par des cristaux; ce calcul est une généralisation de la théorie
des perturbations appliquée précédemment au probleme correspondant de la diffusion des rayons X.

I} tient compte des termes cubi {ues jusqu'au deuxizme ordre dans le développement du potentiel de
‘réseau selon les puissances des €carts par rapport aux positions pondérées thermiquement. Il ne garde que
les termes du premier ordre dans les anharmonicités quartiques. Il néglige tous les termes d'ordre supérieus.
En particulier, il obtient des formules pour les déphasages et pour 1'élargissement des pics 2 un phonon dans
la diffusion cohérente, en fonction des coefficients de couplage des troisitme et quatridme ordres. Comme
dans le cas de la diffusion des rayons X il existe une relation quadratique simple entre les "fréquences effec- -
tives"” déphasées des vibrations de réseau a grande longueur d'ondes et les constantes d'élasticité isothermes
du cristal. Les fréquences de réseau de 1'approximation harmonique peuvent €tre obtenues en extrapolant
jusqu'au zéro absolu la droite représentant les variations des fréquences déphasées en fonction de la tempéra-
ture, pour des valeurs supérieures 2 la température de Debye.

TEOPUA BO3MYUEHWA NON BIMAHVEM HETAPMOHWYHHX BO3IEACTBAM NPV HEAMPYMOM PACCEAHWA ME[LJIEHHHX
HEATPOHOB KPUCTANNIAMA. [na noacyera Banauus BUOGPALMOHHON HErapMOHMYHOCTM Ha paccesHue MemJeHHHX
He{TPOHOB KpUCTazNaMM ofoOmaeTcd NpuMeHeHHH! paHee MeTOA MayueHus BO3IMymeruit B cooTBeTCTBYDUEH)
npodJjieMe paccesHMs PeHTreHOBCKMX Jaydel*.

an paljloxeHu B CepUD NOoTeHUMala pPemeTKH NO CTENEeHAM OTKIOHEHUA OT TepMUNEeCKMX YCpeaHeRHHX
ROJOXEHMA WYJeHH TPeTherc paAla YNMTHBADTCA BMJOTH A0 BTOPOro NOPAAKA; UYTO Xe KacaeTcAd KBAApPaTUN~
HHX Herapuouu‘mocreﬂ, TO COXPAHARTCA TOJBKO UNE€HH NepBoro paza. Beemn uaeHaMmu BHCHWMX panoB npe-
Hedperamr.

B YacTHOCTH , BHBOAATCA GOPMYNM RN CABMIOB U pacmupeHuit NMUKOB eZMHUYHOrO QOHOHA NPU KOre-
PEHTHOM KWW, BHpAa B 2a CTH OT UMEHTOB CBA3N TpPeThero M NeTBepToro pamobd.

Kak v npu paccesum DeHTreHOBCKMX Jayuell, cymecTByeT npoeToe KBAAPATUYHOE COOTHOMERUE CRBK-
EYTHX "30dEeKTUBHNX 4acTOT" LIMHHOBOJIHOBNX BuOpaustit pemeTkn ¢ M3IOTEPMMUECKMMM KOHCTAHTAMM YNDPYro-
CTH KPUCTalda.B rapMOHMYHOM NPUGAMXEHMKM YACTOTH PemeTKy MOryT GHTb MNOJYYeHH NYyTeM 3KCTpPanoldsuuu

* X.Xan, "leiAtmpudt dop dvamx", 165 (1961) 569.
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A0 aBCOANTHOrO HYNa MX JuHeHnol 3aPMCUMOCTM OT TeMmneparypl, T.€. 3aBUCUMOCTH, Hadappaemol ans
COBMHYTHX YacTOT 3a NpefejaMy AeGaeBcKofl TeMmepaTypH.

APLICACION DE LA TEORTA DE PERTURBACIONES A LOS EFECTOS ANARMONICOS EN LA DISPER-
SION INELASTICA DE NEUTRONES LENTOS POR CRISTALES. El autor generaliza el método de las pertur-
baciones, anteriormente empleado para estudiar el correspondiente problema de dispersién de rayos X, aplicdn-
dolo al cdlculo del efecto de anarmonia vibratoria en la dispessi6n de neutrones lentos por cristales. )

El potencial de 1a red se ha desarrollado en potencias de las desviaciones respecto de los puntos térmi-
camente ponderados. Los términcs clibicos se consideran hasta el segundo orden; en las anarmonias cudrticas,
s6lo se conservan los términos de primer orden. Se prescinde de los términos mds elevados. En particular, el
autor deduce las férmulas de deplazamiento y ensanchamiento de los picos de un fonén en la dispersién co®
herente, en funcién de los coeficientes de acoplamiento de tercer y cuarto orden.

De igual modo que en la dispersién de rayos X, existe una relacién cuadritica simple entre las "fre-
cuencias efectivas” desplazadas de las vibraciones reticulares de onda larga y las constantes eldsticas iso-
térmicas del cristal. Es posible obtener las frecuencias reticulares de 1a aproximaci6n arménica extrapolando
hasta el cero absoluto 1a variaci6n lineal en funci6n de la temperatura que presentan las frecuencias despla-
zadas por encima de la temperatura de Debye.

1. INTRODUCTION

(a) This is an application of a perturbation method to neutron scattering
which has already been used to study the anharmonicity effects on the
scattering of X-rays by crystals [1] .

During the course of work, two other treatments of the same problem
appeared that led to expressions of the shifts and widths of the one-phonon--
peaks in terms of the third and fourth derivatives of the interatomic po-
tential. They made use of Green’s functions methods |2} or cf diagram
techniques [3]. It was thought worth while, however, to see how much in-
formation would be obtained from ordinary perturbation theory.

(b) First, some well-known results shall be recapitulated. According
to VAN HOVE [4] the differential cross-section for the scattering of slow
neutrons* by an ideal crystal* * is proportional to

4+ "
S(K,2)= % fdte““ ZeiE'AE<e‘i£‘ﬂ°(‘) elk gl (1)

-0

Here K is the difference between the wave vectors of the ingoing and out-
going neutron waves, fi{2 the corresponding difference in energy, N is the
number of atoms in the crystal, gqh (t) is the deviation at time t of the atom
"h" from its thermally averaged position Ah, with A the matrix formed
out of the three elementary translations of the lattice, and h a vector with
integer number components.

< >anh_means the thermal average, taken with the complete anharmonic
lattice Hamilton operator, H,which also governs the time dependence of g‘_‘
(t), so that, explicitly,

* The corresponding expression for the scattering of X-rays (see [1]) is given by the integrand of (1)

witht = 0.

** For the sake of simp‘licity, only Bravais lattices will be considered here.
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<Xh>anh. =< exp [-i 5 So(t) ] exp [1§ 92 (o) >anh.

_Tr {e®H . ! e-ik-gqme . eiﬁ'ﬂﬁ(")}

Tr {exp-8Hy
If the expansion (2)

1
B

h = 1 mn m n
o (.., Ah+gqgl,...)=9¢ (..., Ah,...) +2,§1’2¢” (.,AE,..)qi—qj

¢O -~ ~— v
o2
FhE, #HI aBabas +d B ¢EISE a2 o2
1k ikl
N ~ 7 ~— ~— J/
+ b3 b4

(3)

of the potential energy in powers of the displacement components * q ¥ etc.
is broken off with the second order terms, the so-called ''quasi-harmonic"
approximation results. In this approximation, the part of theé anharmonic
effects that arise from thermal expansion is taken into account by means.
of the temperature dependence of the lattice matrix, A = A(T). In the quas1-
harmonic case, the expression (2) is known [4] to become

oy = o Ko+ K- g2 HE-FO, (4)

where{ > means the thermal average, taken with the quasiharmonic

Hamiltonian, Hp = Ey; .. (+ ¢y) + ¢, , and the quasiharmonic time de-
pendences; this also applies to the following equations.
With the familiar relation

h 2 o "
m = A). - L elik-Am -iwk. M)t + -ik- A.‘E"’“"}
q - (t) f,x e (kA). SNMo ]Pkr e +b5)\

(M = nuclear mass) . (5)

between the displacements and the (time independent) creation and annihi-
lation operators for the quanta of the quasiharmonic eigenvibrations
("phonons''), plane waves with wave vector k, polarization vector e (k A)
p

A =1,2,3),xh > becomes
: A ik-Ah-lwt}
h 'Erm%m&'sﬂ Coner I (K- 9F {ene 1> e AL ST
<X_ > = g & el

(6)

* The first order coefficients vanish whenever each lattice point is a centre of symmetry, e.g. inall
Bravais lattices.
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withn =¢ b*b S = (e®® _1)-1 the average number of phonons k, X,

The first factor in (4) and (6) is the harmonic Debye-Waller factor.
Expansion of the second factor in powers of the exponent, on insertion of
(6) into (1), gives rise to the well-known decomposition of'the scattering
cross-section into its elastic, one-phonon, two-phonon,etc. parts, the one-
phonon part being sharply concentrated on the scattering surfaces defined
by a product of two é-functions expressing the conservation of energy and
quasi-momentum. :

The quasi-harmonic results constitute the zeroth order term of the
perturbation expansion that is to be described below.

2, THE PERTURBATION PROCEDURE

(a) A comparison with experiment of the theory of other anharmonic
crystal properties (e.g., the temperature dependence of the elastic constants
and the deviations from the rule of Dulong and Petit) has shown that it is a
good approximation to neglect the fifth and higher order terms in the Taylor
series (3) almost up to the melting point, and to make a perturbation ex-
pansion in powers of W = ¢3 + ¢4, in which ¢3 is taken into account up to
second order, while only first order terms are kept in ¢4. This corresponds

to an expansion in powers of { q02 %/ 1. (L = distance between nearest
neighbours) up to second order.

As the traces in (2) are invariant with respect to unitary transfor-
mations, the unperturbed wave functions may be used in computing them.
The perturbation expansion is then simply performed by inserting the follow-
ing expansions from Dirac perturbation theory into (2)

T
. R ot
o iEHor W) e"ﬂ“°{1+<;1—l)f W (t1)dty
0

. <_Ti)26/5dtlof’;tzw(tl)‘\“ﬁ(t2)+ } s

(7a)

t t1
et 1M (Hot W) {1 + i/hfW(tl)dtl + (i/8)2] dty [ate W(te) W (t1) + . }
0 0 0

Xei(tm)H°,
and (7b)
8 B1
e~B(Ho+ W) e'BHO{l -fd31w(51)+Jd31fd32W@1)W@2)+ } ,
0
' (7¢)

where

514 (t) = olHoMt o ~i(HoM)t (8a)
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and
W @) = ePHo we-8Ho - (8b)

and by collecting all terms up to second order in ¢3 and up to first order
in ¢4. (Egs 7c and 8b may be derived from 7a and 8a by replacing it/h by
B).

(b) The main interest is in the elastic and one phonon scattering, The
elastic scattering is at once seen from the considerations of VAN HOVE
[4] to be given by

Setastic (K, 2) = 6 (2)- N Lelkeal, [¢ oikoghoy |7,

The only effect of the anharmonicity here is to change the vibrational for:m-
amplitude £ e!X-28"(® %, entering the Debye-Waller factor [¢ S .m. |2
This changes only the intensities of the Laue-Bragg Maxima. The calcu-
lation of this effect (for which only the expansion 7c¢ is needed) has already
been carried out in connection with the X-ray scattering theory [1] and will
not be repeated here. (The Debye-Waller factors for neutron and X- ray
scattering are, of course, indentical (4].

(c) In treating the one-phonon-scattering by perturbation theory, one
clearly has to assume that the scattering surface of the quasiharmonic theory
is in practice still well defined and distinguishable from the background
even in the anharmonic case, the anharmonicity inducing only relatively
small shifts A (k, 2 ) and broadeningsy (k,A) to the & - function peaks that

S (k, 2) shows as a function of 2 in the case of quasiharmonic one-phonon-
‘ scattering:

A(E"")/w(g,xf"l’ .7(E’A)/w(5,l)« 1 . (Q)

There is, however, ‘an intricacy that remains to be taken acéount of when
using ordinary perturbation theory. From the analogous situation in the
theory of the natural (radiationinduced)width of spectral lines, one must
expect it to be impossible to obtain the complete shape of the broadened
line without taking all orders of perturbation theory into account to some
extent. For ¥ = A = 0; no ''broadened line'" function like the Lorentzian

L(Q)=(y/m) (1/I (2% [w+al)++d) (10)
possesses a regular expansion in poWers of vy and A, which quantities one

may expect to contain the perturbation at least linearly and in a regular
way. However, they do posses a singular expansion in powers of A if y— 0,

L(Q)yl ,T(R -0 EALE (2 -0)+EA 8 (Q-0) ...

which is just the Taylor series description of a shift + A of the § -function
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8 (2 - w). Thus, in the case of a pure shift* without broadening one would
not meet any serious difficulty in contenting oneself with the lowest order
of perturbation theory. One would just have to indentify with the frequency
shifts the coefficients of the § -functions in the expansions § (Rt w) £ c.8
(2 £ w) that one gets from perturbation theory (the lowest order of which
will only retain terms at most linear in A},

If, on the other hand, there is a (small) finite width ¥, then the lowest
order terms to appear in the perturbation expansion may, e.g. conjain a
summand proportional to y. It is clear that one cannot deduce the complete
shape of the broadened curve from this. One can, however, make a reason-
able assumption about the form of the function of Q* (w+A) and v describing
this curve, then make a singular expansion of the assumed function inpowers
of Aand vy at A = v = 0, check whether the function (or functional) appearing
in this expansion as a coefficient of v also appears as a factor of the pertur-
bation parameters in the expansion of S(k, £2), and determine ¥ by compari-
son,

(d) It will be assumed here that the (narrow) peaks proper are of
Lorentzian shape. This is an anaiogy to an assumption familiar from the
first treatments of the natural widths of atomic spectral lines, i,e. that
the asymptotic time dependence of the coefficients for the unperturbed states
must allow for an exponential decay. This means that the phonons are de-
caying into other phonons as a result of the perturbation and hence (asymp-
totically for large t) have the time dependence of damped oscillations. (The
small-time behaviour is of no interest here, since it only cuts off the outer,
long range tails of the Lorentzian and therefore only changes the background
intensity).

Bearing in mind that the Fourier transform of the Lorentzian function
(10) is

eriwmrt-yl o (1tiAt-ylt]). etiwt | © (10a)

one sees that the recipe for obtaining the shifts and widths of the one-phonon-
peaks is really very simple: 'carry out the perturbation expansion of (2) to
order ~ ¢%, ~ ¢4, collect all terms that are proportional to t or proportional
to |t | asymptotically for large absolute values of t and compare to the ex-
pressions of type (10a) that are expected to replace the §-function Fourier
transforms exp(*iwt) in the one-phonon-term of (6)."

(e) The perturbation calculation itself which is performed by the method
already applied to the X-ray case [1] will now be roughly sketched:

(2) can be re-written with (7a-c) up to terms ~¢35. ~ ¢4, as

3
B Dy, =XES - {f< [83(B1) + &4 (B1)]1X2> B - B>
0 .

* It will be seen below that this case would be realized to the order <qz>/Lz to which the perturbation
theory is carried here if there were no ¢, terms in (3).
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1 8 81 :
+fd31fdﬁ2<$a(31)$3(ﬁz X2y -<X5>fd31fd32<$3(31 ) (B2) >
% 9

0 0

] 1
+<{1 - of dB, 63(31)}-{;7 J dt 19 (T (1)) - 6305 (t)+T (XL

t
+5 [@rdl8 @ 62)) - 44 ( 6) + T (0, 1) XD
J @

t

+%'2f duf ated {lesa(a (t1)) - $a (G (t1) + T (3, t) )] - 95(F (t2)
o 0o
+ T (tg t) - ¢3 (4 (to)) - [03(E (L)) - ¢~ (F(ty) +T (tl’t))]}xh>
' (11)

with, e.g. Tt t) = [-1k-g°%t), qff(t,) 1.

(11) is entirely composed of quasiharmonic averages.

$3(t1), e.g. isequalto s.L ¢FFR 4F (t)d7 (t1)Fkk(t1) = ¢3(g (t1)),
as may be shown by inserting a factor of 1= exp (iHot/h). exp (-i Hot/h)
between the factors q of the original definition (8a). The analogous equation
holds for the ¢ (B) 's. ‘

The arguments § +I" found in some of the terms instead of the q arise
from the repeated application of

et B (1)) = {q%(tl)-»f'[v-is-g%), afl) 1} e kg
(12)

which follows from the fact that ''all the commutators of the form
(g (t1), gtz) 1 (or also (G (B1), § (B2)] ) [1] (13)

are pure c-numbers'' as a consequence of (5) and of the commutation'relations

[bliXJ b‘z’x‘] = 6kl£' k] 6Xx'; [bkxj b].SX] = [blix’ bl_(x] = o'

(13) is essential for the calculation of the quasiharmonic averages in (11).
They all have the form

@z <JJa o) Tla o) - X2 or (i) <[[a () - [Ja ) > (14)

(with a separate factor of {XI>),

First, because of (13), X!  can be written as [4]
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b oK a0 kgl ik {0000}, K a9k hon

;\f—_——l
(KL

il
@
|

(15)

where the commutator factor is a c-number and hence may be taken out
of the averaging brackets, so that the averages remain to be taken with
s! instead of X

Now, as has been proved in {1}, from (13) one obtains the equation

g
o gx.l.v'(%'qe(a”) 9 i
a; Bu)-e = - 'Ez Ky . [q- B ). §; (ﬁu)]}
"s(...kE, Ly 3"? g L
A 5o
~— " —

pure Number ccll . :
{ (16)

In the case of a product of §’s belonging to different B’s, the order
of the products must be reversed on replacmg the §’s by the operators

{3/ax + C}:
§(1)§(2)s={08/5c +c}, {3/ +ck S. (16a)

As (16) is also valid for imaginary B and since q(t) = g (—;;— ); the §’s may
also be treated by (16).

Since the dummy operators {S—K + C} are not affected by the average
and hence may be taken out of it, all that is necessary in order to compute
the averages (14) (with s2 instead of X2 ) is to apply the substitute product
of operators {d/3«x + C}to{ S >, where in S, v takes 6 values:

v=0 : B =0

N

v=1: B
v= 2 By
v =3 it; /A = B
v=24 : it,/h =8,
v=>5 it /A =84

g
and then set K‘E’- ilg (agk Sy0 - bgo 8, ) for (14a), KV = 0 for (14b) after all

the differentiations have been carried out. The average value{ $ > needed
for this has been shown [1] to be

E k§q—(ﬂ>)>
{S>=e <
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=exp{ z K5 I<V'<qs (B,)- 5(3.,:)>}

g v.e

g:‘ v el

where the averages { §, c";' > are easily computed with the aid of the normal
coordinate expansion (5) with B's instead of (it/fi)’s. The details of the calcu-
lation which is now straight-forward will be emitted here. Only two points
may be noted: :

(1) The terms in (11) which only contain parts of the e -bH expansion
can neither shift nor broaden the one-phonon-peaks, since they do not change
the harmonic time dependence, i.e. the harmonic energy levels, but only
the thermal weightings, They give rise to a temperature-dependent intensity
factor that changes the heights of the bne-phonon-peaks and is easily com-
puted. This will be given in full in a later paper.

(2) In the calculation of the widths and shifts.everything turns out as
expected in paragraph 2.d).

3. RESULTS

Disregarding some terms that are proportional to t but bear a factor
of 1/N when compared to the main terms, one finds for the shifts of freq-
uency w (k, A)

1 k -k k' -k’ € (w', T)
)= Ekk o ew, T)
Alk, 2) 4Nw(k, A) ¢x AN w' (17)
KN
¢EE k"
z A M A" (e_'+51 [P P
16Nw(k A) w" w0 e wk
EE g
AT
’ [ P
+2 wl -m * w+wl_wll j,

Here P/w means the principal value i, 1/w (1 - —S‘i’—“’L— Yof 1/w .
kk' k" mno i(k-Am + K- An + k% Ao
Y NMi z dJT]—; ejejegx-e ~ — - - = 2 (18a)
mno
ijk
and
k k' K'k" 1 mno K - Am+K-An+k® ~
R TS
ijkl.
mnop

ijkl

are the Fourier transforms of the third and fourth order coupling para-
meters. e (W, T) is Planck’s average oscillator energy hw &nd + 3 ).
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For the width of the emission and absorption peaks involving the fre-
quency w (k, A ) one finds

e 2
kKK
_ m %X 2 |
Y(E’A)_ISNw(k,h) : w w
w3 e
e
€' [ T .
x[ ot F){b (W-w' -W")-6 (WH +w*) :
[ ' v '
+2<w' o é (w+w-w):, . (19)

Here the case of two equal frequencies belonging to the same k but to differ-
ent' polarizations has been excluded for the sake of simplicity, This case
only occurs at the exceptional points where two of the quasiharmonic scatter-
ing surfaces (or all three of them) intersect, If, however, this intersection
is brought about purely by the symmetry of the lattice, there is in general
no difficulty even at these points. A more detailed discussion of this point
will also be given in a later paper. '

It can be seen from (17) and (19) that for a given k, A, the frequency
shift Aas well as the width v is proportional to T at high temperatures (y >
Opebye » € ® k - T ). So is the part of the quasiharmonic frequencies that
depends on temperature, as a result of the effect of thermal expansion,
Thus, by extrapolating to absolute zero the linear dependence on T shown
by the w + A for T > Bpepye , one gets the harmonic frequencies w(k,A).
From these the second order coefficients of the expansion of the lattice
potential ¢ in powers of the deviations 8- from the static equilibium po-
sitions Ah (defined by the minimum of ¢) can be deduced.

The shifted frequencies w + A found from neutron scattering are in
general not identical with those determined from X-rays scattering by the
method-given in [1]. (There, effective frequencies showing a temperature-
dependent shift as compared to the quasiharmonic ones were introduced
to describe just the temperature dependent intensity factor coming from
the perturbation expansion of e~8H that was omitted here). Yet for small
k, i.e. for long wavelength phonons, both the effective neutron and X-ray
frequencies become identical. It can be shown by the same method as has
been used in [1] that for long wavelengths (jlk | < 4 Komax

~

\ ‘
P (WA, = Z gtisotermal) o et Ky ks (20)
ij,rs

(p - macroscopic density N/VCrys[al): i.e. the squares of the shifted fre-
quencies both in the neutron and in the X-ray case are proportional to the
isothermal elastic constants. This prediction is in good agreement with
the experiments of HOMRYD, LARSSON and DAHLBORG [5] on aluminium,
as shown by Fig. 1.
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T T T T
0° 200° 400° 600° 8002 T [°K)
o \
Fig. 1
Temperature dependence of the shifted phonon frequencies w + A according to Eq.20 and according to[§]
. at small k.
(_._.)D: Cﬁfdiabatic) T/C‘il [ + : measurements by SUTTON,P.M., Phys.Rev.31 (1953) 516].
( ) : the curve computed ( from the adiabatic one) for the isothermal constant cglisotherm) T,

divided by the harmonic value C‘h according to Sutton).

0,%: points computed from the measurements of LARSSON et al. [4].

4, SUMMARY

It has been shown that the shifts and widths of the one-phonon-peaks
in neutron scattering induced by the anharmonicity of the lattice vibrations
can be obtained from a simple perturbation theory if a reasonable assumption
is made about the shape of the peaks, i.e. that this shape is described by
a Lorentzian function. Both shifts and widths are proportional to temper-
ature in the high temperature region. One can obtain the temperature inde-
pendent frequencies that would be seen if all anharmonicities were absent,
By extrapolating the linear dependence on temperature shown by the shifted
frequencies above Debye temperature, down to absolute zero.

The squares of the shifted frequencies of the long wavelengfh phonons
are proportional to the isothermal elastic constants of the crystal,
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DISCUSSION

I. WALLER: I would like to ask whether, using the same method, you
could not also get a temperature factor which would contain in its exponent
fourth-order terms in the momentum transfers. Have you considered what
these terms might be and whether they might be of some importance?

H. HAHN: Yes, this can be done. I have made such a calculation of
the temperature factor, especially for the case of elastic scattering, where
it is nothing more than an intensity factor. A slightly different factor is in-
volved in the case of one-phonon scattering but the problem is the same and
perturbation theory is reasonably applicable. I have also done this calcula-
tion in connection with the X-ray scattering work reported in the paper. The
Debye-Waller factors are identical for all types of scattered particles and
it is true that terms proportional to K* are obtained in the exponent of the
factor. I have not gone into the problem of the importance of these terms
but I recall a remark by Maradudin that they were not very important in a
special case that.-he had calculated. This would be in agreement,with the
fact that no-one ever seems to have observed them experimentally.

I. WALLER: It has been pointetl out by Singwi and Sjoelander that it
could be of interest to investigate the temperature factor in the case of in-
coherent neutron scattering.

H. HAHN: I agree. As soon as the momentum transfer becomes quite
large, those terms would have to be taken into account.

I. WALLER: With reference to your results for the temperature factor,
I would like to ask whether you could not get an equally good description of
the variations of this factor if you expressed its exponent in the Debye tem-
perature 6 in the usual way and considered the temperature-dependent 8
which can be calculated from the measured change of the elastic constants
for each temperature T. The Debye temperature might indeed vary with
the change in elastic constants in such a way as to give you a somewhat
similar result.. i .

H. HAHN: This is certainly true as far as the lower-frequency con-
tributions to the Debye-Waller factor are concerned (with anharmonic con-
tributions up to K¢ only). I am not sure that it is true when you depart from
the harmonic theory, because then you get different Debye temperatures.

K.S. SINGWI: I understand that Dr. Lowde and his group at Harwell,
working with some alkali halide, have determined the Debye-Waller factor
as a function of K% ‘and that they see a deviation (a K* term).

W. COCHRAN: Speaking as a co-author of the work on LiH to which
Dr. Singwi is referring, I do not myself consider that it demonstrates an
anharmonic contribution to the Debye-Waller factor.
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Abstract — Résumé — Amnoraims — Resumen

. 'THE CALCULATION OF DEBYE-WALLER FACTORS FROM THERMODYNAMIC DATA., Properties of -
‘crystals which depend primarily upon the lattice frequency spectrum can be related exactly within the quasi-
harmonic approximation. Such properties include thermodynamic quantities, e.g. heat capacity, thermal
expansion etc,, and the temperature dependence of the intensities of Bragg reflections; the latter is usually
expressed as the Debye-Waller factor. -

From analyses of appropriate heat capacity and thermal expansion data for simple crystals, it is possible
to calculate Debye-Waller factors and their dependences upon temperature and volume much more accurately
than they may be obtained by direct measurement. The importance of this is its possible use in the analysis
of complicated scattering processes.

An equivalent Debye characteristic temperature, @M, can be defined for cubic crystals, Its variation
with temperature is small: for T>@M/3, @M tends to a constant value which is usually less than characteristic
temperatures calculated from heat capacity data at either low or high temperatures. Anharmonic effects appear
to be small in the region T < 26M,

The general method of analysis will be illustrated with specific examples.

CALCUL DES FACTEURS DE DEBYE-WALLER A PARTIR DES DONNEES THERMODYNAMIQUES. On
peut, grice 2 1'approximation quasi-~harmonique, établir des relations exactes entre les propriétés des cristaux
qui dépend essentiellement du spectre de fréquence du réseau. Ces propriétés comprennent les quantités thermo-
dynamiques suivantes: la capacité calorifique, la dilatation thermique, etc., et les variations des intensités
des réflexions de Bragg en fonction de la température; cette derniere propriété est désignée habituellement par
le facteur de Debye- Waller.

En se fondant sur 1'analyse des données relatives 2 la capacité calorifique et a la dilatation des mono-
cristaux, il est possible de calculer les facteurs de Debye-Waller ainsi que leur variation en fonction de la
température et du volume, d'une manitre beaucoup plus précise que par 1a mesure directe. Ce qui est impor-
tant, c’est qu'on peut utiliser cette méthode pour 1'analyse de processus de diffusion compliqués. -

On peut définir une température caractéristique de Debye, équivalente-®M, pour les cristaux cubi ques.

. Elle varie tres peu en fonction de la température :pour T >@M/3, ©®M tend vers une valeur constante qui est
en général inférieure aux températures caractéristique calculées 2 partir des données relatives 2 la capacité
calorifique soit aux températures Elevées, soit aux basses températures. Les effets anharmoniques semblent
&tre faibles pour T-< 26M.

Les auteurs illustrent la méthode générale d’analyse par quelques exemples particuliers.

BHEEEH/AE KOJOOMIMEHTA INEBAA-BAJNNEPA U3 TEPMOAMHAM/YECKUX HAHHNX. CoficeTsa KpieTaamoB, KO~
TOPHE B NepBRYX OYepeab 3A4BMCAT OT WACTOTHOrO CNEKTPA PeWeTKM, MOryT ONTb TOYHO YCTRHOBJIEHH B
OpeAesax KBAIUraPMOHMYECKOr0 NPMOIMXEHNA. JTH CBoiCTBa BKANVADT TEPMMHOAMHAMMNECKME BeNWUMHN,

49
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TaKMe, KaK TeMIOeMKOCTh, TENIOBOe pacmMpesue U T.A., ¥ TEMNePaTyYPHYD 3aBACUMOCTbL MHTEeHCHMBHOCTeH
6perroBcKux otpaxeunit. Mocaeanss oO6KYHO BHpaxaeTcf koddduumentToMm lebas-Banaepa.

U3 paHHHX aHanMaIoB COOTBeTCTBYPme#l TENNoeMKOoCTM M JaHHHX TeNIOBOrd PacmMpeHus AN MPOCTHX
KPUCTAAJNOB MOXHO BHBeCTH KoddduuvenTH [leGas-Baisepa, a Taxxe YCTAHOBMTbh MX 3aBHCHMOCTH OT TEM-
nepaTypH M ofbeMa Gojee TOWHO, WEM OHM MOTYT OMTb NOJAYUCHH NPU HENOCPEACTBEHHOM M3MepeHun. nas-
HOE 3Zech - BOIMOXHOCTH MCROAB3IOBATHL UX MDY aHAJM3AX CJOXHHX NPOLECCOB pacCesHns.

OKBUBANEHTHAd XAPaKTepUCTMUeCKad aeGaeBCKOf TeunepaTypH 57 MOXET GHTb ONpeseneHa AnA Kyduuec-
KMX KPUCTAJd0B. Ee BapuaumMy B 38BUCHMOCTY OT TENMNEPATYDPH ABAANTCA HECOJBWMMH: :mnT>9"/3. o cTpe-
MMTCH K TIOCTOAHHOM BesvdumHe, KoTopag OGCHUYHO MeHbIE, YeM XapaKTepucTHdecKue TeMmnepaTyps, BHCUK-
TaHHHE M3 AAHHKX NO TENJOEMKOCTM KAX JIpH HMIKMX, TAX M NpM BHCOKMX Temnepatypax. Herapuonuuecxue
SOGEeXTH NpeAcTaBASOTCA HeSolbmMMM B paltoHe T<26“.

Oomit MeToa anammMsa GyAeT MPOMJARCTPUPOBAH CNEUMANBLKHMY NpPUMEpaMu .

CALCULO DE LOS FACTORES DE DEBYE-WALLER A PARTIR DE DATOS TERMODINAMICOS, Las pro-
piedades de los cristales que dependen principalmente del espectro de frecuencia reticular pueden relacionarse
con exactitud dentro de los limites de la aproximacién cuasi arménica, Estas propiedades comprenden par4-
metros termodindmicos como, por ejemplo, la capacidad calorffica y la dilataci6n térmica, etc., asf como

" la variaci6n en funci6n de la temperatura de la intensidad de las reflexiones de Bragg; esta dltima suele
denominarse factor de Debye-Waller,

El an4lisis de los datos correspondientes a la capacidad calorifica y a la dilatacién térmica de mono-
cristales permite calcular los factores de Debye-Waller y sus variaciones en functién de la temperatura y
del volumen con una precisién mucho mayor que la alcanzada por medici6n directa. La importancia de ello
estriba en su posible aplicacién al andlisis de procesos complicados de dispersifn.

Para los cristales del sistema ciibico es posible definir una temperatura caracterfstica de Debye equi-
valente®M, Su variacién con la temperatura es reducida: para T >@M /3, ©M tiende hacia un valor -cons-
tante que suele ser inferior a las temperaturas caracteristicas calculadas sobre 1a base de los datos relativos
a la capacidad calorifica a temperaturas bajas o elevadas, Los efectos anarménicos son, al parecer, reducidos
en la regién T < 26M.

Los autores aclaran el método general de an4lisis con ejemplos concretos.

"I. INTRODUCTION

In the Born approximation the scattering cross-section for awide variety
of processes may be conveniently described in terms of a generalized pair
distribution function G(r,t) [1]. G(r, t), for a monatomic crystal in the har-
monic approximation, is essentially determined by the thermal average over
all normal coordinates <ug (0) uf. (t) >t , ul(t)-is the o™ cartesian com-
ponent of the vector displacement u (t) of the ' atom from its equilibrium
position at time ft. u’is the corresponding vector displacement of a"i:ypica.l
atom at a site chosen as the origin of coordinates in the lattice,

A special case of the correlation tensor <ul (0) uf (t) >1 is involved in
the description of elastic scattering processes in crystalline lattices. The
familiar Debye-Waller exponent M(T) is easily shown to be just

M(T) = 4 Q, Qg {uqa(0) ug(0) >y, (1)

with Q = ks -kKin ,ksc and kip the wave vectors for scattered and incident
waves respectively. (The summation convention is used for Greek subscripts
throughout. ) Detailed knowledge of M{T) is therefore useful in the design
and interpretation of both elastic and inelastic scattering experiments |2, 3].
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For a monatomic lattice of cubic symmetry, M(T) is completely de-
termined by the lattice vibrational frequency spectrum |[4]. The well known
expression is

mm) = & ok [ o, mya, (2)

where:

11
€(w, T) = hw (—2-+ eh_Bw_._D'

In this expression N is the total number of unit cells in the crystal, G(w)the
vibrational frequency distribution function, wp the maximum lattice eig(‘en-‘
frequency, m the mass of a lattice atom, B = (kgI)-l. If the lattice has cubic
symmetry, but has n atoms per unit cell, then there will be n Debye-Waller
factors,i.e. M, s = 1,2,...n. These cannot be individually related to an
average over the frequency spectrum, but the latter determines an appropri-
ate linear combination of the M, [4]:

1N 1 ¥m G |
n va‘ R A ST (3)
=

Here my is the atomic mass of the st atom in the lattice unit cell, There
is, finally, an appropriate generalization for non-cubic lattices [4], but we
shall not consider these in this paper.

It will be noted that both Eqs (2) and (3) involve the integral

X(T) ) S_In L/(\)wm G‘f’:) e(w, T)dw, (4)

hereafter called the ''Debye-Waller frequency integral'; # = nN, the total
number of vibrating units in the lattice. (We assume in each case that G(w)

. W
is so normalized that jo G(w)dw = 31 )

It follows, therefore, that the sum (ug (0) ul (0) > is an essentially''thermo-
dynamic'' quantity, being a temperature dependent average over the lattice
frequency distribution, just like the heat capacity, the entropy, etc.. This
strongly suggests that experimental information on the heat capacity can be
correlated with M(T) data for the same substance. In the past, such cor-
relation has been attempted largely through the assumption of the Debye
distribution for the lattice frequencies., More recently, lattice dynamical
considerations have been used to compute both the heat capacity and the
Debye-Waller effect from the same lattice frequency distributidn, itself
derived either from an assumed lattice dynamical model (5] or from an
analysis of inelastic scattering [6]. Our purpose is distinctly different: to
use the general theory of lattice dynamics (in the quasiharmonic approxi--
‘mation) to correlate available thermodynamic data with M(T) values. In
particular, we shall outline an answer to the following specific question:
given thermodynamic data on heat capacity, thermal expansion, elastic con-
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stants, etc. for a particular substance (e.g. copper); how can one use that
data to accurately estimate M(T), and thence<{u$(0) ul(0) >r?

II. MOMENTS OF THE FREQUENCY DISTRIBUTION

The desired correlation of thermodynamic data with M(T) involves the.
moments of the frequency spectrum

—5. _1 “m S
Wi s fy @ G(w) dw, n >-3, (5)

In the high temperatui'e region the heat capacity can be expanded as a series
_in powers of 1/T2, with coefficients involving the positive even moments

W’ of the frequency distribution [7]. Given heat capacity data of accuracy
within 0, 5%, w? r_riay be obtained to an accuracy of about- 1%, and w*and w®
to within two or three per cent {8]. (If anharmonic effects are fairly large,
these limits must be increased. ) It is perhaps not so well known that ap-
propriate analysis of heat capacity data in the intermediate and high temper-
ature range will yield values of -2 and w-1, to essentially the same accuracy
(often 0. 2%) as the original heat capacity data [8]. In addition, lowtemper-
ature heat capecity data give the first few coefficients of the asymptotic
expansion ’

Cy=aT3i+b T+ cT™ .... . o (6)

It is not difficult to show that the Debye-Waller frequency integral X(T)
possesses low and high temperature expansions whose coetficients can be
directly related to certain of the moments w® and to the coefficients a,b....
of Eq. (6). : :

1. Low temperatures

x(m =35 e [ QL (e a, ™

where the first term represents the contribution of the zero.point energy.
The second term may be evaluated in the limit of very low temperature to
get the asymptotic expansion for X(T)-

by Lo/ b NS 2, Ty oty S p67 .
X(T) =5 v+ g7 <27rk3> 2[aT+50va+2]T..‘. (8)
where a, b, c... are the coefficients in the expansion (6).

2. High temperature

—2. B a \? A N~ Bg /h \*3
X(T) = kT \:w 2+-§§ (Eﬁ‘) 4.% <m>w2+ﬁ<k_ls'i‘> 104--] (9)
4 .

where use has been made of the standard expansion for x/(e* - 1) in powers

of x; the Byy are the signed Bernoulli numbers: By = %, By 5 - 310, ceeen
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"III. USE OF EQUIVALENT DEBYE CHARACTERISTIC TEMPERATURES

For several reasons it is convenient to make use of the Debye vibrational
frequency distribution as a standard reference; thus introducing various
characteristic temperatures @ (T, V). The variation of ® with temperature
may be related to'deviations of the actual lattice Q‘.(w) from the Debye distri-
bution and its variation with volume to.the effects of thermal expansion of
the lattice. Clarity of notation is essential, for there are, of course, many
different Debye characteristic temperatures, depending upon which physical
property of the lattice is being described. We shall use superscripts to de-
note ‘the property to which a given @ refers: @C for the heat capacity, @M
for the Debye-Waller frequency integral, etc. It is convenient to denote the
high and {ow temperature limiting values for the various dlstmct Debye@' s.
We use subscripts for this purpose: e.g., ac = hm eYT); o%= hm ® (T) ).

Unles_é otherwise specified, all @ values refer to a standard Volume, taken
. as Vy' = 'lrina Vr.
—»

' We define ®M(T) implicitly through the expression:

an n® [ 1 1 f* y
X(T) = =7 I:E+ o ov- 1dy}, (10)
with'x = @M(T)/T. Equation (10) is just the defining equation for X(T), evalu-
ated for the Debye reference spectrum. Available tables [9] of the function
x-1 J¥ y(ey~ 1J-1 dy may be used to determine M(T) from the aM(T).

One further device is useful in working with the moments of the actual
frequency spectrum, We define a Debye. cut-off frequency wp (n) such that,
for a given moment w" Tof the actual frequency spectrum, a Debye distribution
with this cut-off will yield the same b moment, i, e.

— _ 3 I L n+ 3§ = n>-3,
wo T3 (wp (n)] . Orwp(n) = [ 3 37 ]", nt o (11)
{The limits wp(-3) = lim wp(n) and wp (0) = Lim wp(n) exist.)

For any frequency distribution, a graph ot wp(n) against n can be determined,
and the deviation of this curve from a horizontal straight line reflecis the
departure of the lattice G(w) from the refereance (w?) distribution, Figure 1
shows the wp(n) curve for a well known modelof the f, c. ¢ lattice, LEIGHTON 's[10]
one parameter nearest neighbour model. The ratios wp(n) /wy, are actually
shown, wp, being the maximum allowed frequency of the lattice. Also shown
in Fig. 1 are five of the wp(n) values as determined for copper from available
thermodynamic data, (A somewhat arbitrary estimate wy; = 4,5X1013s-1 has
been assigned for convenience of representation.) It is significant that wp(-2)
and wp(-1) may be determined with great precision (~0.3%) from the thermo-
dynamic data.

We use the fact that limiting values of the different © (T) at high and
low temperatures are determined by particular wp(n):

k8 =h wp (-3); kg@S =hwp (2). (12)
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wp(n) for (a) Leighton's model of face-centred cube -o -.

(b) Copper, determined from thermodynamic data % .

It follows immediately from Eqs (8), (9), and (10) that we can add to this
list: :

k) =huwpy (-1); k@Y =t wp (-2). (13)

We now use Equation (10) and the wp (n) to obtain high and low temper-
ature expansions for ®M (T), which are most useful for the final estimation
of M(T) values from thermodynamic data. Using the fact that the leading
coefficient g in the heat capacity expansion (6) is a = (12/5) r4p kg(8§ )™ 3,
with kg@$ = hwp(-3), we obtain an asymptotic low temperature expansion,
the first two terms of which are

eM(T) = e [1 + 6,580 {1 -(@154)<§g>3} <T/®g/'i>2. .. ] . (14)

At high temperatures we get the rapidly converging expansion
M _ ~M 1 C ,-M\2 4
oM(T) = oV [1 oo JL<®°° /®,,> - 1}(@‘!‘0 /T)
1 : 4 M 6 _
+m {{wD(4)/wD(- 1)] —1}(@00/'1‘) + ...jl. (15)

The expansions (14) and (15) determine ®@M(T), within their regions of
convergence, and the use of Equation (10) yields M(T). Note that (15) is
significantly more rapidly convergent than is the corresponding high temper-
ature expansion for X(T), Eq. (9), or the corresponding expansion for ¢ (T)
[11]. In fact, for lattices which have been so far investigated, ©M(T)is within
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19, of eM for temperatures down to about @M/S. This is a relatively low
temperature for a solid, with the zero point energy typically several times
the thermal energy at such a temperature. We conclude that it is safe to
interpolate between the high and low temperature expansions to get ®M(T)
in the intermediate temperature region. It should be noted that the situation
is quite different for ©C (T) in the comparable temperature region, for which
the corresponding interpolation requires great care.

Iv. APPLICATIONS

It is of interest to apply the procedure as outlined to the Leighton nearest
neighbour model of the f. c. c. lattice, for which the moments are known|11].’
The variation of @€ (T) and ®M(T) is shown in Fig. 2, It is convenient to
employ ®m = hwm /kpas a reducing parameter, so that ©(T)/®y is plotted
against T/Gm . '
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@c(T) and @M(T) for Leighton's model of face-centred cube,
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One feature noted inthe figure should be quite generally true: the temper-
ature variation of @ (T)this is muchless marked than that of &°(T). The general
nature of this conclusion is supported by the shape of the wp (n) curves of
Fig.1, which are quite typical. The high and low temperature limiting values
of ®M(T) are determined by wp (-2) and wp (-1) respectively, while the corre-
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sponding values of ®C(T), on the other hand, are determined by wp(2) and
wD(-3), Several conclusions follow: (a) If one insists on describing the vi-
brational spectrum of an actual lattice by a one parameter Debye spectrum,
the error involved in the description of elastic scattering processes (X-ray,
neutron) will be less than that for the description of heat capacity; (b) Elastic
scattering data on M(T) will yield less detailed information about the actual
frequency spectrum G(w) than will heat capacity data. _

We next discuss an application of the procedure to an actual case of
some interest: copper. (The applicability of the quasiharmonic description
of lattice vibrations to a metallic crystal may be questioned; one can only
say that metals seem to behave, in their gross vibrational properties, in
a similar fashion to insulators. )’

In dealing with experimental data for actual crystals, correction must
be made for the effects of thermal expansion, This is most conveniently done -
by considering the volume dependence of @M(T)., For T < 0,3 @C, the effects
of thermal expansion are small, and it will suffice to consider the volume
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dependence of ®M , This is described [12] by the Grilineisen parameter v (-2),
where

1 - d d
v (n) = - o v av Inw™; 'y(-?) -V v 1neY,
v (-2) can be calculated from thermal expansion data [13] to within a few
per cent, We thus calculate the wp(n) from experimental data at fixed volume
Vg, and then modify the resulting ®@M(T, V,) values by using v (-2) and the

re1at1on

eM(T, Vip)/@M (T, Vo) = (Vo /V1) . v =v(-2) (16)

The results of the calculation for Cu are shown in Fig. 3. The wp(n)were
calculated using heat capacity data {14, 15], thermal expansion data[16-18]}
and compressibility data |18); they are shown in Fig.1l. The resultmg
eM (T, V) curve for fixed volume V, is shown as the dotted curve in Fig. 3
after correction for thermal expansion, using v (-2) = 1.9, we obtain the
final ®@M(T, V) curve as shown by the solid curve in Fig. 3.

A test of the thermodynamically predicted ®(T) function for Cu is pro~
vided by available X-ray data [5, 20, 21]. The experimental points are also
shown in Fig, 3. The agreement is well within the experimental error. We
may also conclude that anharmonic effects {which would vitiate some of the
general conclusions reached in the foregoing analysis [22]) appear tobe small
for temperature T < 26M,

Finally, we would emphasize that in this example and in others not here
discussed the Debye-Waller exponent M has been obtained much more pre-
cisely from good thermodynamic data than from direct elastic scattering
measurements. Such precise estimates should help to remove some of
the uncertainty in the interpretation of scattering measurements both with
X-rays and with neutrons,
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DIELECTRIC CONSTANTS AND LATTICE VIBRATIONS
IN IONIC CRYSTALS
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UNITED KINGDOM

Abstract — Résumé — AnpoTtanus — Resumen

DIELEC TRIC CONSTANTS AND LATTICE VIBRATIONS IN IONIC CRYSTALS. A number of relations
have been derived between the static and high-frequency dielectric constants of crystals and the frequencies
and polarization properties of optic phonons of small wave-number. The concept of "apparent charge” is im-
portant in this connection. It is a quantity which can be measured experimentally but is not the same as jonic
charge. It should be possible to determine apparent charges by a combination of the results of measurement
of reflectivity in the infra-red, and of neutron inelastic scattering.

CONSTANTES DIELEC TRIQUES ET VIBRATIONS DE RESEAUX DANS LES CRISTAUX IONIQUES. Les
auteurs ont obtenu un certain nombre de relations entre les constantes diélectriques statiques et les constantes
de haute fréquence des cristaux et entre les fréquences et les propriétés de polarisation des phonons optiques
ayant un nombre d'ondes faible. A cet égard la notion de<charge apparenté>>est tres importante. C'est une
quantité que 1'on peut mesurer expérimentalement mais qui n'est pas la méme que la charge ionique. Il devrait
étre possible de déterminer la charge apparente en combinant les résultats de mesures de réflectivité dans
le domaine infrarouge et de mesures de la diffusion inélastique de neutrons.

IVMOJEKTPMUECKME NOCTOAHHHNE W BUEPALMW PEUETKY B MOHHHX KPUCTAJIIAX. BHN BHBeneH PAL COOT-
HomeHwmit MEXAYy CTAaTMUYECKMMM M BHCOKOURCTOTHHMM AMJJIEKTPUYECKMMKM NOCTOAHHHMM KPHUCTAJROB ¥ 4YacTo-
Tamu 1 cBoficTBaMm MONAPH3IALUMK ONTUYECKUX POHOB C HEOGOJbLWMM BOJHOBHM UMCJIOM. B atolt cBaau umeer
3HayeHMe ofmee mpeacTABIeHuMe o 'xaxyuemca aapsae’, npeacraBaAbLEM COGO# BeIMuMHY, KOTOpasg MOXeT
OHTB N3MepeHa JKCHEPUMEHTAJBHO, HO He ABAAETCA a_apx:uou voHa. [lpeacTaBisdeTcs BO3IMOXHHM OnpeneanTs
Kary'nmﬁcx 3apAf NMOCPeRCTBOM KOMOMHALMM Pe3ayabTaTOB muepeuuﬁ woaddruMeHTa OTpaxeHuds uRdpa-xpac-
HEX anyuell u Heympyroro paccesnus HeliTpoHOB.

CONSTANTES DIELEC TRICAS Y VIBRACIONES RETICULARES EN CRISTALES IONICOS, Los autores
establecen una serie de relaciones eatre las constantes dieléctricas est4ticas y de alta frecuencia de cristales y las
frecuencias y propiedades de polarizacién de los fonones 6pticos de bajo nimero de onda, A este respecto,
es importante el concepto de "carga aparente”. Es una cantidad que puede medirse experimentalmente, pero
que no coincide con la carga i6nica. Los autores estiman que deberfa ser posibie determinar las cargas aparentes
combinando los resultados de la medici6n de la reflectividad en la dispersién infrarroja con los de la dispersién
ineldstica de neutrones, '

The dielectric properties of a crystal are closely related to the charac-
teristics of optic modes of vibration for which the'wave vector q is close
to zero. For example, for a cubic crystal such as an alkali halide,

2 .
: :g—% = %l-‘i- [ (0)/€ (o)) = [iw 2 /wle "
L

where €(0) and € (w) are the static and high frequency dielectric constants,
and w, and wt are the frequencies of longitudinal and transverse optic modes
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for which q » 0 (LYDDANE et al.[6]). It has been verified by neutron spec-
troscopy that this result holds for potassium bromide (WOODS et et al. [9]),
and for calcium fluoride ((CRIBIER et al. [4]). Generalisations of Eq Eq. (1)
have been made by various authors, COCHRAN [1] , KUROSAWA [5],
COCHRAN and COWLEY [2] . In this paper we shall merely quote relevant
results, with some extensions, and show how they may be used to relate
measurements made by two techniques, infrared spectroscopy and neutron
spectroscopy.

For simplicity we consider crystals whose symmetry is such that there
are modes of vibration in which all atoms move in a unique direction, such
as [100] for a cubic crystal. This reduces the problem to a one-dimensional
one. The equations of motion for an. undamped free vibration become

w2mkU(k)=ZM(kk')U(k') - Z,E ' (@)
where .. '
Uk)exp i (q* r - wt)
is the displacement of an atom of _type k, k =1.,...n),

Eexpi(g-r-wt)
is the macroscopic electric field, and
Pexpi(gq-r - wt)

is the polarization, assuming throughout that q » 0. Polarization, macros-
copic field and atomic displacements are related by

p-l@-lg, sz U (k) @3

[3

where v is the unit cell volume. The quantity Zy appearing in Equations

(2) and (3) may be called the apparent change, depending on the ionic charge
of an atom, its polarizability, and on the short range forces between the
. atoms. 'In the general case, not considered here, the apparent charges are
not scalar but tensor quantities (COWLEY [3]). Only for the unrealistic ''rigid
ion" model of a crystal, for which €(w) = 1, is Zx equal to the ionic charge.
) For transverse modes E = 0, so from Eq.(1) the transverse frequencles
(wr); are the n roots of the equation

Det. (M - mw?) = 0 ‘ ‘ (4)

where M.is a matrix of order n whose elements are the M(kk!) and m is
a diagonal matrix formed from the atomic masses. Let U;(k) and P; specify
the atomic displacements and polarization for a mode whose frequency is
(w)j, subject to the normalizing condition '
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kalUj () |* =ka_ =m. (5)
i .

Let €(w) be the dielectric constant for any frequency w. The following re-
sults can then be derived: .
(i) The classic dispersion formula is obtained as

n 2

4mv P;

m .((wT)?‘jr- w?) + ivjw
j=2

€(w) = €(w0) + (6)

This is usually written as

@) = e ) Tt o )

where p; is the oscillator strength, and each damping factor v; is assumed
to be very small. '
(ii) Eq. (1) is generalized to

€(0) % (wu)?
€() H w2 (8)
=2

Furthermore, Kurosawa has shown that

€W =ﬁ WL);? - w?

)% - w? (%)

j=2
It follows that.
e(y)=0 _ (10)

,{iii) The apparent charges satisfy a sum rule

2
= Z‘; AN - e(«o)Z((wL ) - ) (t1)
k ' i i

In these equations j = 1 denotes the acoustic mode, which does not con-
tribute.

It is well known that for an alkali halide there is a band of high
reflectivity in the infra-red between wy and w;. In other crystals the extent
of the splitting of the various transverse and longitudinal modes may be
expected to be a measure of the strengths of the various resonances. This
may be given quantitative expression by combining Equations (7) and (9),
to give
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ampy(wp)? g‘{ WL - r)? ),

€ (o) H{(“’T)jz - (WT)iz]
j#1

(12)

Since neutron spectroscopy can in principle give all the frequencies, it fol-
lows that oscillator strengths and the static dielectric constant canbederived
directly from the neutron measurements. Both the real and imaginary parts
of the dielectric constant as a function of frequency could be obtained, pro-
vided that the damping factor associated with each transverse optic mode
could be measured from the neutron energy spread.

It has generally been assumed that infra-red measurements give only
the frequencies (wr); . But if the pj are also measured, the frequencies
(wp)j can be derived by combining Egs. (7) and (10). Recently careful meas-
urements of the infra-red reflectivity of BaTiOj3 and of SrTiOg have been
made . (SPITZER et al. [7]). The following Table gives the frequencies Wr)y
and oscillator strengths 47p; which they found, and the frequencies (w );
which we have derived from their results. Frequencies measured by neutron
spectroscopy of SrTiOz (the subject of a separate paper by R.A. Cowley)
are given in brackets. The modes labelled (wy)y and (wy)y are degenerate
s0 that (wr )4 is not infra-red active.

TABLE 1

MEASURED FREQUENCIES AND OSCILLATOR STRENGTHS

BaTiO, SITIO,
i (wdj 44rpj (‘”L)j (“’T)j 41l‘pj (UJL)j
9 34cm | 2000 180 88(92) 300 175(168)
3 183 2.0 - 178(170) 3.6 - (267)
4 - 0 463 -(267) 0 460
5 510 1,0 735 546 1.9 810

If is of some interest to consider how apparent charges might be meas-
ured. In an alkali halide, the a.pparent charge is related to the effective
charge e¥* introduced by SZIGETI [8] b

Z =% (e(w) + 2) ex

Numerical values quoted by Kurosawa are a little greater ‘than the
electronic charge. Kurosawa has also attempted to calculate the Z¥ for
for BaTiOg In this type of crystal there are four independent values of
Zy, for although the three oxygen have equal ionic charges, they are not
all equivalent for displacement in a particular direction. (Only two of Zx,
Zyy and Zg; are equal for each oxygen). Equation (11) supplies one relation,
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and the conditionf Zy = 0 supplies a second. Further relations can in prin-
ciple be found by measurement of neutron inelastic scattering cross-section
for modes of wave number zero. The scattering cross-section in directly
proportional to lGj (g)l2 , where

QG; Q) = QZUj (k) b(k) éxp (iH - r(k)) (13)
K

where Q is the scattering vector, b(k) the scattering length (including the
appropriate Debye-Waller factor) and H is a vector of the reciprocal lattice.
When each atom is situated on a centre of symmetry, the Uj (k) are entirely
real and can be deduced from the measured cross-sections. The Zy may
in principle then be deduced from the equations

1
Py =< Z Z,U; (k).

k
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DISCUSSION

H. HAHN: I seem to recall a paper by Maradudin on the influence of
ahharmonicity on the dispersion relations, I would have expected his theory
to give a damping factor something like the one you assume,

W. COCHRAN: I think you are referring to a paper by Maradudin and
Wallace. I have not studied it very closely, but I have not been able to get
their result into the form of the simple classical dispersion formula which
I have shown.,
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Abstract — Résumé — Ammoramus — Resumen

PRACTIC AL ANALYSIS OF NEUTRON SCATTERING DATA INTO SELF AND INTERFERENCE TERMS..

Van Hove's original work emphasized the physical significance of the division of neutron scattering
data into two parts - one due to the motion of single atoms (self term) and the other due to the time depend -
ence of the well known pair correlation (interference term). Vineyard further emphasized the significance
of the "Gaussian" component of the self term. In this paper practical methods, involving modern computing
techniques, are discussed by means of which these divisions may be accomplished.

Examples will be quoted from the "scattering law" analysis of Be, Be O, graphite, heavy water, liquid
tin and snatowax including the derivation of the generalized frequency function. The direct interpretation
of the scattering law in terms of the physical behaviour of the scattering system can then be demonstrated.

ANALYSE PRATIQUE DES DONNEES SUR LA DIFFUSION DES NEUTRONES EN FONCTION DES TERMES
PROPRES ET DES TERMES D'INTERFERENCE. Dans ses travaux, Van Hove a insisté sur la signification physique
de la division des données sur 1a diffusion des neutrons en deux catégories :'la premi2re concernant les mouve-
“ments des atomes individuels (terme propre) et la deuxizme les variations de la corrélation de paires bien
connues en fonction du temps (terme d’interférence). Vineyard a insisté d'autre part sur la signification de
la composante gaussienne du terme propre. Dans son mémoire 1'auteur examine les méthodes pratiques (suppo=
sant 1'emploi de calculatrices modernes), permettant de faire ces divisions.

1l cite des examples de 1'étude, du point de vue de la loi de diffusion, de Be, de BeO, du graphite,
de 1'ean lourde, de 1'étain liquide et du santowax, y compris la détermination d’une fonction de fréquence
généralisée. 11 peut alors donner une interprétation directe de la loi de diffusion en fonction du comportement
physique du systeme diffuseur.

NPAKTMYECKAA PA3BMBKA LAHHMX MO PACCEAHMIO HEATPOHOB HA CAMOCTOATE/BHHIA M MHTEPOEPEHLMOHHLA
WIEHH. B ocHOBHOM Tpyae Bau Foda noavepxuBaeTcAa 3IHAYEHMEe DPA3IOMBKY HAKHHX OTHOCMTEAbBHO pacceaHus
HeﬂTPOHOB Ha ABe 4YacCTH: OAHA ¥3 HUX KacaeTcd RAHHHX O ABHWXEHWW OTAEJALHHX ATOMOB (cauocronre.\u;ﬂuﬂ
qgen), a apyras - xopomo u3iBectHod napuofl xoppeasumuu,B 23a C¢TH OT BP { nuTepdepeHUMORHISE
4zen). Boaee Toro, Baluapn nmoawepxusan 3saueHue rayccoBof cocraBHOM wacTH CaMOCTOATENLHOTO WAEHA.

Odcyﬂ&mcn npaxTudecKue MeTo, OCHOBAHKNE Ha MCNOJNb3OBAHMU COBDEMEHHHX C}IeTHO-pemmx MagmrH
M MO3BOJIANNME NPOM3IBECTH TAKYR PalOMBKY.

NipusonaTcs npumepn anamMaa "aaxoka pacceanus" Be, Be0, rpadura, Taxesoff BOAN, EMAXOr'O CIOBA
u "cnatopaxca", srapuas BHBOA OGoOmenHol OYHKUMM UACTOTH. JTO NMO3BOJAET BHABUTL BOIMOXHOCTH He-
NOCPeRCTBEHHOr'® TOIKOBAHMA 3JIAKOHA paccesHng, 8 3aBMCAMOCTH OT dnanvecxoro noseaeHns pacceusamleﬂ
cpean.

SEPARACION PRACTICA DE LOS DATOS RELATIVOS A LA DISPERSION DE NEUTRONES EN TERMINOS
PROPIOS Y TERMINOS DE INTERFERENCIA. Van Hove destacé en su trabajo original la importancia que reviste
desde el punto de vista prictico, la separaci6n de los datos relativos a la dispersién de neutrones en dos paneé:
una debida al movimiento de los ftomos (término propio) y otra debida a la variacién en funcién del tiempo
de la conocida correlacién de pares (término de interferencia). Vineyam{, por su parte, subray6 la importancia
de la componente "gaussiana” del término propio. ‘Enla presente memoria el autor examina procedimientos
practicos para efectuar esas separaciones utilizando modernos métodos de célculo.

Expone ejemplos del andlisis de la "ley de dispersién” del Be, Be O, grafito, agua pesada, estafio liquido
y Santowax, incluyendo la determinaci6n de la funcién de frecuencia generalizada, lo que permite explicar
1a interpretaci6n directa de la ley de dispersién en funcién del comportamiento fisico del sistema.
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1. INTRODUCTION

VAN HOVE [ 1] has given a general interpretation of neutron inelastic
scattering by solids and liquids, The first step in his method is to isolate
a scattering law which is a function only of the momentum and energy trans-
ferred in the scattering process, The function is then related via a double
Fourier transformation to functions representing the motion of the atoms
in the scatterer. The Van Hove transformation yields the so-called "'space-
time correlation" functions, G, (r,t) and Gy(r,t); the former corresponds
to the motion of a single atom while the latter corresponds to the relative
motion of a pair of atoms, Normally the sum of these two functions would
be obtained from the neutron scattering data. For the sake of clarity the
physical meaning of these functions is given in the Appendix.

The method of data analysi's suffers from two disadvantages. First,
both the G functions -and the original S functions have a complicated form
and cannot be understood without reference to a dynamical model of the
scatterer; consequently there has been no real advance through the trans-
formation from one function to the other, * Secondly, when dealing with ex-
perimental data a Fourier transformation is equivalent to an analysis in
terms of moments and a moment analysis is unsuitable for functions of
arbitrary shape. In particular it leads to errors when analysing non-peri-
odic functions with several maxima, such as frequency distributions.

Thus the merit of Van Hove's work lies in two features, First, it em-
phasizes that the function defined by the neutron cross-sections is the scat-
tering law; and secondly, it provides a framework within which the relation-
ship between dynamic models of the scatterer and the scattering law may
be established (it should be noted that the Fourier transformation of a
complete theoretical function does not involve the errors which arise in
the transformation of experimental data), ‘The procedure adopted here, there-
fore, is to analyse the scattering law in terms of dynamic (or structural)
features of the scatterer,

The major step in this direction is to separate the self and distinct or
interference functions. This branch of neutron scattering theory rests upon
the assumption of the independence of nuclear and atomic motions, Conse-
quently the scattering lengths of the target atoms can be considered as vari-
ables not affecting the atomic motions, and the separation into self and in-
terference terms is a priori possible and reasonable. The difficulty in
making this separation is that it is not possible, at present, to control the
nuclear scattering lengths and therefore the method must rest upon an ade-
quate theoretical understanding of the two functions, It is the purpose of
this paper to discuss how this step may be made within the framework of
existing knowledge and experimental results. Once the separation has been
accomplished, a more detailed discussion of each function is justified in
terms of specific dynamic features of the scatterer (see for example EGEL-
STAFF [2,3].

The method of calculating the self term will be described in Section 2
and the problems which arise when fitting the calculation to experimental

* In this connection it is useful to consider the analysis of scattering by a single crystal where the
G functions are not used and all the work is related to dynamic models of the crystal.
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data will be distussed. The following two sections will be devoted to a dis~
cussion of the interference term and properties of it which are important
in fitting to experimental data, The final justification of the numerical sepa-
ration of observed data into these two parts is the success which these meth-
ods have in explaining the measured scattering law, and so far a reasonable
degree of success has been achieved as is illustrated in companion papers
[7, 8] and the later sections of this paper.
The notation used in the following sections follows that given inl 2],

2, THE EVALUATION OF THE SELF FUNCTION

The structure of the self term has been discussed by VINEYARD [ 4]
who suggested that G, might be represented as a Gaussian function of r hav-
ing a time dependant width [W(t)]$. It can be shown (e.g. SCHOFIELDI 5J)
that this is equivalent to assuming that the atoms move in a symmetrical
parabolic potential, The terms in G, caused by departures from this simple
potential do not seem to contribute greatly to the magnitude of the scattering
law, and consequently the Gaussian approximation to G, is often taken as the
leading term in.an expansion of the self function. EGELSTAFF [ 2] shows
how W(t) is related to a '"generalized frequency distribution'" p(B) which may
be derived in principle from experimental data by the relationship:

Lim| S@8) | o= PO/ (1)

o

EGELSTAFF and SCHOFIELD( 6] show how S, (a,B) can be calculated from
p(B) and the Gaussian approximation and in practice their method of calcu-
lation is used in an iterative procedure to find p(g) from the experimental
data. A computer programme LEAP hasbeen writtenby McLatchieto evaluate
S, (@, B) from p{B).

In using Eq. (1) to obtainaninitial estimate of p{B) from the data, a re-
liable technique of extrapolation toa = o is required. One method is to use
a representation in which a straight line extrapolation is possible, Under
the Gaussian approximation the scattering law is a Fourier transform of
an exponential function and, if the distribution p(B) is confined to a limited
range of B values, the scattering law will be nearly exponential too, Thus
in many cases it is convenient to plot log (S/e) versus o and make a nearly
linear extrapolation to the origin.

A linear extrapolation of this kind is valid for B values at which p(8) is
non-zero; for larger 8 values the value of S comes from ''multiphonon'' con-
tributions and a graph of log (S/a) versus o will include a maximum and then
tend to zero as a » 0. A liquid diffusion scattering law always includes sig-
nificant "'multiphonon'' terms (since for diffusion p(8) has its maximum value
at 8 = 0) and consequently in this case, as a tends to zero, log(S/a) passes
through a maximum and approaches a constant value at o = 0. For this reason
it is unwise to use the extrapolation technique for the interpretation of "'quasi-
elastic' peak data on liquids and alternative methods have been discussed

by EGELSTAFF[3] .
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Sometimes p(B) for non-zero values of 8 may be éomposed of two fairly
distinct regions; denoted in the following by the subscripts 1, and 2, In this
case it is convenient to write:

Ss (e, B) = (1/ 2) f Bt &7 [Wi(0 + WOl gy
=f S1(B')52(B-Bf)d3
= &1 A (5(B) + Ey (B) + E2(B) + [E1(B)E; (B-NdB) (2)

where) is the Debye-Waller constant and the function E,; represents the
inelastic part of the scattering law Sa. Consequently both the terms E, and
E, will produce peaks in S if plotted as a function ofa. At values of 8 which
correspond to the second part of p(f) it is better to extrapolate S/a from a
straight line region due to Eg at large values of «, and ignore the "multi-
phonon'' part of E; occurring at lower values of . A numerical calculation
of this kind is shown in Fig. 1 which illustrates the points made above. *
This calculation is an extreme case but it illustrates the resolution broaden-
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Fig. 1

Iltustration of the type of scattering law which is obtained for a two component p(B) .
(a) The p(8) function employed is shown by the solid line while the dotted
line shows the p(B) that would be deducted if the data ata > 1.5 only
were used. .
(b) The scattering law at 8 values corresponding to the peaks and the trough
in p(8). i
(c) The log S/aplot for these B values.

* It is convenient to discuss such calculations in terms of a normalized frequency function p(8) which
has unit area, and is given by p(8) = (2/8) Sin h (8/2) p(8).
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ing effect which can arise if: (i) The large o part only is used i.e.a>1.5 in
this example; and (ii) Single values of o are used together with a calculated
extrapolation, e.g. o = 1 with calculation for Debye type of p(B8). In (i) the
frequency function obtained would approximate to the dotted line in Fig. la
which is similar to the original curve if considerably broadened. In (ii) the
same type of result is obtained but the broadening is greater than for (i) in
this example,

From an initial estimate of p(8) and a calculation pf'the corresponding
S/a curves, it is necessary, by comparison with the data, to derive a more
accurate distribution. Two factors have to be considered in doing this:
one is the resolution broadening effect discussed above and the other is the
effect produced by area conservation of the frequency distribution. The latter
factor means that to compensate for an error in the S calculated from the
initial estimate of p(B) a correction is needed to p(B) which is considerably
larger than the percentage error in S. Thus both of these factors imply that
the structure in p(B) will be underestimated by the initial estimate. Another
factor is that sometimes only part of the § range is covered by the experi-
mental data. This occurs for example in many experiments on the scattering
by hydrogenous molecules when vibrational levels are not observed. In such
cases the area due to the vibrational levels (if their energy is known from
other data) can be found from the slope of the curves at large a through the
method discussed by EGELSTAFF et al. | 7], {e.g. from the slope of Fig. 1lc
curves at @ from 2 to 4). '

‘Thus the 'recipe! for finding p(B) in each case depends upon the nature
of this function. In the cases of Be and Be0O (SINCLAIR [8] p(B) has a fairly
- simple shape and a satisfactory fit to the data was obtained after one iterati-
on. In the case of graphite (see Section 3 and Fig. 2) two iterations were
needed because, in addition to the shape, the range of p(8) has to be found.
This is equi\)al_ent to saying that for Be the amplitude of the S/a curves had
to be adjusted to fit the data whereas in the case of graphite both the ampli-
tude and slope had to be adjusted. R ’

A more complicated case is that of water discussed by EGELSTAFF
Lal.[ﬂ , where initial calculations were required to establish the magni-
tude of the vibrational component. Of similar kind is the data on Santowax
obtained by BRUGGER [9] . The slope of the lines on the Sj» plot required
~80% of the area of p(B) to be associated with vibrational modes. The part
of the distribution at lower 8 values has a shape similar to Fig. la. A high
peak near the origin was required to produce the wide separation between the
low B curves observed by Brugger (c.f. separation between 8 = 0.5 and
B = 0.1 curves in Fig. 1b). The general level of observed intensity between
B =1 and 2 required a similar region in p(f). It is interesting that curves of
the shape for 8 = 1 in Fig. 1b have been observed by Brugger | 9] for Santo-
wax at low temperature. After the main features of the distribution have
been established in this way, two or three iterations may still be needed
to get a reasonable fit in such complicated cases [7].

The discussion so far has concerned the fitting of the data to the
Gaussian approximation for G, and it has been shown that a wide variety
of different observed shapes can be explained on this basis. However, in
no case so far studied has unambiguous evidence been obtained that the an-
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(a) The structure factor Ig for graphite averaged over the a-resolution used
in the inelastic scattering experiments of Ref. [12] and [13] .
. (b) The damping term in the approximate interference calculation for the
case of room temperature graphite, evaluated using Eq. (6).

harmonic or nonsymmetrical terms in the potential are significant. Posi-
tive evidence is required that no matter what shape of p(8) is employed, the
experimental data cannot be fitted. The evidence available at present [see
e.g. papers by BROCKHOUSE [10], BRUGGER [9] and EGELSTAFF et al.
{7] ] suggests that the anharmonic terms may be most important at low val-
ues of & and contribute no more than ~ 10% of the scattering law at higher
values of @, To settle this question more precise data and further computa-
tions are required. '
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3. THE EVALUATION O} THE INTERFERENCE TERM USING ASYMP-
TOTIC FORMULAE

The majority of observed scattering laws contain a significant contri-
bution from the interference term S4. Thus although the calculated and ex-
perimental of 8¢ are in fair agreement, a reasonable account of the inter-
ference term is required to confirm that conclusion.

VINEYARD [4] and EGELSTAFF [2] have considered the asymptotlc
forms of S4. These limiting forms will be combined in this Section into
one formula and compared to experimental data for polycrystalline materi-
als. The formula will, however, be written in a general form.

It is convenient to write the asymptotic formula in terms of the inter-
mediate scattering functions Iy and I4. Vineyard's formula is:

Iyle) = I I (a) (3)

where 13 =f S{a,8)dB-1, and is derived on the assumption that the motion of
a pair of atoms is not correlated. This assumption is valid for atoms an
infinite distance and time apart and thus (3) is valid in the limit ¢ 0; t> .
Egelstaff's formula is valid for near classic systems and anya in the limit
t— 0. It is based on the fact that in forming the function Gy (r,t) the initial
motion of the ''distinct' atom is not important; since it only exists statisti- -
cally as a thermal cloud the t?2 term is missing (this contrasts with the for-
mation of G, where the initial motion of the atom at the origin sets up the
thermal cloud and gives the term proportional to t2 in G; ). Further, the
motion of the thermal cloud will be the same at first for both the "self" and
"distinct'" atoms - this leads to an identification of the coefficients of t in
G, and Gy. EGELSTAFF [2] writes his formula in terms of a time variable
y which includes the effect of quantum mechanical terms in the G function. '
Thus he writes:

Ig(e,y) =Iq exp (-Cy%/12) ' 4)

" where C ={° B2 Cosh (B/2)p(Bdg.
Equations (3) and (4) may be combmed into one equation if the Gaussian
approximation for Gy is employed i.e.

Ig =Ig exp { - af (y)) (5)

where f(y) takes the form in (4) as y -» 0 and becomes the width function de-
fined in Section 2 as y »%. To obtain the correct width function in this limit
it is necessary to make f(y) approach a ''diffusion" width function and to fix
the Debye-Waller factor { e %'} at its known value from the self term. At
shorter times f(y) should exhibit a behaviour similar to the solid. Thus the
difference between two Gaussian functions is chosen to yield the limit (4)
and, since this involves two parameters (which have to be determined from
the values of C and)), there are no disposable constants. If the diffusion
width function is of the type employed by EGELSTAFF and SCHOFIELD | 6l
the assumed form for f(y) is:
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fly) =2d(y? + c2)¥ - 2dc +(4g/p%) (1 - exp (-y2B2/4))
+(4/B3)(exp (-y282/4)-1) )]

and

g wwra{[ (o4 2) i) - (i) (72

32‘ _/2g) {[( _1u\-’g2>.2+%]*_ +<1 --%:%—2)}

g=1-d/c; u=2C/3+d/cd; v =(M2dc)/4

where disthe diffusion constant and c is the time delay for the diffusion process
both of which are determined by the self term. It is a simple matter to Four-
ier transform Eq. (5) using this form for f(y) and a double series of Gaussian
terms is obtained. A computer programme SLIM has been written by Heard
to evaluate S on this approximation using as input data the p(g8) employed
for the self term and a tabulation of 13

An alternative method of specifying 8, and Bghas some merits, The term
in (6) containing Bis similar to the analogous term-in the wiath function, and
by comparing it with the width function, a value 6f 3, could be chosen to give
the best fit. It is likely that this choice would be equivalent to making the
coefficient of y4 the same in both cases, and from this assumption altern-
ative definitions of B; and f;are obtained, i.e.:

3 -4
Bi g
(7b)
4 —
2 - =
By - 3C
The use of (7b) allows the Debye- Waller facor to take on the value:
X=4g2/u - 3/C - 2dc (7¢c)

For the solid this reduces toA C = 3, which is reasonably accurate in the
high temperature (i.e. classic) limit - for a Debye solid and an oscillator
the actual values are 3.6 and 2 respectively. This difference is probably
indicative of the accuracy to which the formula (6) represents the asymp-
totic formulae (3) and (4).

The sum S + S; has been calculated using the LEAP and SLIM computer
programmes and compared with experiment in several cases. An example,
for room temperature graphite, is shown in Figs. 2 and 3. Figure 2a.is a
curve of I§ (ref. [11] ) averaged over the a-resolution function used in the
experiments; the zero level in this diagram is somewhat arbitrary and com-
parison with the inelastic scattering suggests that it may have been set too
high, Figure 2b is the damping factor which multiplies Ig to give S4. The
self term S, has been calculated by the method described in the previous
section and an example is given in Fig. 3. Also shown in the figure is the
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Fig. 3

Comparison of calculation with experiment for the case of room temperature graphite;
this figure verifies that the use of Eq. (5) and (6) overestimates the amount of struc-
ture in the inelastic spectrum.

sum of self and interference terms compared to the data of EGELSTAFF
and COCKING [12] and of HAYWOOD and THORSON [ 13]. Clearly the data
and calculation disagree,

There are several qualifying comments to make about this result. First,
a recalculation using the (7b) definitions gave a 30% larger discrepancy;
secondly, readjustment of the base line of Fig., 2a could reduce the dis-
crepancy by 30%, and, thirdly, atomic motions in room temperature graphite
are not '"classical" as required by the theory, However, none of these factors
seem likely to eliminate this discrepancy altogether; similar discrepancies
are observed at other 8 values for room temperature graphite and also in the
case of heated graphite |12], The same calculation has been made for Be
and compared to the data of SINCLAIR| 8] but similar discrepancies are
observed. It is concluded that the asymptotic formulae allow too much struc-
ture to appear in the inelastic spectrum, In the next Section an explanation
of this effect for polycrystalline samples will be considered and liquid sam-
ples will be considered in later sections.

The physical effect being demonstrated here is that the damping with
time of the structure observed att = 0 as a result of the correlated motion
~ of atoms can be observed in the experimental data and is not confused with

the damping implied by the asymptotic results. It should be noted also that
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the De GENNES [14] narrowing effect is derived theoretically by the moment
method and hence is equivalent to the asymptotic damping discussed here.
Thus the present result is equivalent to saying that the De Gennes narrowing
does not account quantitatively for the observable narrowing in coherent
scattering data. An experimental test on this point would be, in fact, the
same as the test made above.

The virtue of the method described in this Section is that it ensures
that the moments of S4 are given correctly, even thodgh it disagrees with
experiment over the region covered in Fig. 3. In the following Section an-
other method will be described which does not satisfy the moment theorems,
but gives a reasonable latitude over the experimental range of o and B.

4, ONE PHONON CONTRIBUTION TO THE COHERENT TERM FOR POLY-
CRYSTALS.

The region of the scattering law covered by the data shown in Fig. 3
is dominated by the one phonon term in the phonon expansion for crystal
scattering, Thus the reason for the discrepancy illustrated by that Figure
can be understood by refercence to a simple one-phonon calculation.

EGELSTAFF [15] has calculated the one-phonon coherent scattering
law for a polycrystal and shown that for simple crystals it is the product
of the self term and a type of structure factor (Z). His formula reads:

z = E[7F(7)/2B7qq) (8)

When F(7) is the usual X-ray crystal structure factor for the reciprocal
lattice point Z, B is the volume per nucleus, ¢ is the wave number of the
phonon, and hQ is the. momentum transferred in the scattering process. In
order to conserve momentum the range of Q over which scattering is al-
lowed to take place is:

2T - q=Q=2TT7T+q 9)

Since a range of Q is allowed by (9) the scattering from each reciprocal .
lattice point will be spread along the axis ofa in Fig. 3. This means that
the peaks in the function I are smoothed out over the range given by (9).
In effect this reduces Ig to a value rather close to its average value of zero.

Vineyard's asymptotic limit corresponds to a- 0, which causes the one-
phonon term to be dominant, and in addition to 8+0, which causes the range
of Q in (9) to approach zero. Egelstaff's limit corresponds to the opposite
situation where a» o multiphonon terms are dominant and the integral of Sy
with respect.to 8 is all that can be observed. Thus the above remarks ex-
press the fact that the range of momentum transfer is restricted by the li-
miting conditions themselves, and, as conditions are varied away from either
limit, a finite range of Q space becomes available.

The quantitative effect of the condition (9) can be seen from the figures
in EGELSTAFF's paper |15]. The sum at (8) produces a rather smooth curve
(variations - 15%) except where only one or two values of 7 are allowed.
At large Q many values of 7 enter the sum and as Q is decreased the number
becomes less; thus at large e the scattering law is smooth and as ais de-
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creased it remains smooth until a point‘is reached where large steps appear.
The data of Fig. 3 are in the region where smooth behaviour is expected the
steps are expected to occur in the region a = 0. 05.

The behaviour of the sum at (8) will be considered in the region oflarge-
Q where it gives a,relatively smooth function. Since many values of renter
the sum in this region a uniform distribution of reciprocal lattice will be
assumed. In this limit the sum may be replaced by an integral viz:

7 = g—g dQ (with limits Qg T q) : (10)

The mean value of Q is written Qo and from (9) it is equal to 2 #7. Carrying
out this integration:
1+x 4

x2 X
l_x-1+3—+5—+etc. (11)

1
Z-Eg log

where g < Q, and x = q/Q,,

The derivation of this expression involves the implicit step of averaging
over the range Qo t g: and thus when Q - q the sum diverges. In practice
because of the close spacing of planes, averaging will normally take place
over a smaller interval and the asymptotic limit - 1 + X2/3 - will be valid
until Q approaches the difference between neighbouring values of 27T. Sev-
eral such expressions should be written down, one for each branch of the
dispersion law., However, this expression will be compared to data taken
at a fixed energy transfer and hence a fixed phonon frequency, and for that
frequency a suitable average q could be defined which is related to the fre-
quency by a suitable average velocity V.

This ratio x can be given in terms of V, as:

x2=(B/a)(kt/ 2MV2) (12)

where M is the mass of an atom in the system. The appearance of !/V2
in this formula implies that the average velocity is weighted towards those
for the transverse branches of the dispersion law. (In some circumstances
this may provide a method of measuring the velocity of sound as a function
of frequency.)

The formulae (11) and (12) give the expected fractional deviation of the
one phonon coherent term from the one phonon self term. Two examples of
the fit of this expression to the scattering law for Bel 8 | are given at Fig. 4.
The agreement with regard to shape is fair and the values of V usedto obtain
the fit are somewhat lower than those measured on a single crystal of Be
by SCHMUK et al. [16] for these energy transfers. However the increase
in the average velocity between = 7.5 and 8 = 2.5 is expected since the
transverse modes have energies 8§< 2. Thus the separation, via these cal-
culations, of the self and interference terms has been more successful in
this case than for the previous one.

In concluding this Section it should be pointed out that the damping func-
tion of Fig. 2b tends to zero at values of @ and 8 near the limits of the range
covered by the one phonon term, This shows that although it is necessary,
in principle, to switch from the methods of this Section to those of the previ-
ous one at large o and 8, only a small error would be found in using for-
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Comparison of calculation with experiment for the case of room temperature Be;

this figure verifies that the use of the smoothed coherent correction Eq. (11) gives

a reasonable estimate of the difference between the LEAP output and the observed
coherent scattering law.

mula (11) with the total self term for comparison with most data. Some care
is required at high in the use of (12), because at sufficiently high values
theB? factor should be offset by the damping effect of Fig. 2b.

" In applications where the moments of S(¢,8 ) are important, it will be
necessary to take account of these small discrepancies because the positive
and negative components in the damping function (Fig. 2b) cancel to make
the first moment of S; equal to zero.

5. APPLICATION OF PREVIOUS DISCUSSION TO LIQUIDS

The general features of the foregoing discussion are applicable toliquid
data. Calculations of the self term proceed from the Gaussian approximation
through the methods described by EGELSTAFF and SCHOFIELD [6}, and
the iterative procedure discussed in Section 2. The asymptotic formula of
Section 3 is applicable to liquids and when its predictions are compared
to the experimental data on heavy water [17], liquid tin [ 18] and sodium/| 19],
the results are essentially the same as those of Fig. 3. Thus momentum
damping in the intermediate region of miomentum transfer is impbrtant for
liquids as well as for solids. :

Damped phonon models for liquids have been suggested several times
and the discussion of Section 4 would be applicable to these models. The
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cormparison of the neutron scattering by solid and liquid sodium by COCKING
[19] and solid and liquid tin by COCKING and GUNER [ 18] has shown that a
broad region exists where the scattering laws for the two states are very
similar. In this region the formulae (11) and (12) should be adequate to dis~
cuss the coherent effects and may give a measure of the velocity of sound
in liquids at high frequencies. However tests on this point have not yet been
made, .

A preliminary calculation of the type shown in Fig. 4 has been carried
out for heavy water and is given in Fig. 5. The data in this figure have been
taken from Fig. 9 of reference [17b]. It shows that this technique gives an
account of S, for a liquid, but so far the calculation has not been extended
to all 8 values and therefore the general validity for heavy water is not
tested.

s
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1074
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o
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Fig.5
Comparison of experiment with a calculation for the case of room temperature heavy water,
using the method employed for solids.
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6. CONCLUSIONS

The calculation of the self and interference parts of the scattering law
has been considered. In the case of the self part an iterative procedure has
given reasonable fits to the experimental data and yielded frequency dis-
tributions for a number of materials. A simple approach to the interference
effect involving the behaviour of the one-phonon term has been shown to be
successful for polycrystals. The preliminary indications are that it should
also be successful for some liquids. An asymptotic formula was developed
from earlier work, but this can be shown to exaggerate the effect of the
structure in the interference term. However, it has the merit of satisfying
the moment theorems and hence may be of merit in applications (such as
the calculation of neutron spectra) where the moments are important and
some smoothing is implicit elsewhere in the calculations.

In this attempt to analyse the components of the scattering law, twoparts
of the work can be identified:

(i) The physical properties which give major contributions to the cross-sec-
tions are identified; and - .

(ii) These properties are studied individually, so enabling the neutron data
to be properly used and to be linked to information obtained from other sour-
ces. As a result of the complex nature of neutron data, most of the con-
clusions have to be tested by numerical calculations using a large computer.
Thus the use of these techniques is related to available computing techniques,
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the results, however, are sufficiently encouraging to warrant further studies
on the same lines.
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APPENDIX

PHYSICAL MEANING OF THE CORRELATION FUNCTIONS
FOR ISOTOPIC SAMPLES, USED IN THE ANALYSIS
OF NEUTRON INELASTIC SCATTERING DATA

1. The self functions

Sg(p, E) - the scattering law:
If momentum p is absorbed by the scatterer, Sgis the probability that an energy E(+) will be demanded
from the same source.

Ig(p, t) - the intermediate scattering function:
If momentum p is given to an atom at time t = O, Igis the fraction of that momentum still residing
on that atom at time t, I is the Fourier transform of S; with respect to E and is related to it in the
same way as a decay function is to a line shape,

G (1,1) - the space-time correlation function:
If an atom is at the origin at time t = O, Gq is the probability that it is at a distance r from the origin
at time t. G; is the Fourier transform of I with respect to p.
The parameter p is conveniently expressed in terms of the neutron energy and mass, in this case it is
related to the non-dimensional variable acass = p2/2 AT, where A isthe ratio of nuclear to neutron
masses and T is the temperature in energy units, o is the square of the momentum transferred, expressed
as a change in the. translational energy of the struck atom. The energy transfer E can also be given
in non-dimensional units as g = /T

2. The interference functions

Gg(r, t) - the space time correlation function:
If the origin is assumed to be on a given atom at time t = O, Gy is the probability that any other atom
is at a distance r from the origin at time t.

14(Q, t) - the interrnediate scattering functions
If the sample is thought of as an atomic grating, then 1is the scattering pattern of this grating as it
is seen from the above origin at time t. It is obtained from G by a Fourier transform with respect to r,
In the case of the interference functions, it is convenient to use a variable different from the actual
momentum p because in this case distances across the grating are being represented. The variable Q
is given in A-1andis related to pby HQ = p.

$4Q.w - the scattering law:
Correlation term to be added to the self term, necessitated by the fact tha[ the scattered neutron, which
has transferred momentum p to the scatterer, is being observed through an atomic grating. 1In line with
the change of momentum variable, it is conventional to use w for the energy transfer where Hw=E.
This function is the Fourier transform of 14 with respect to t.

3. The coherent function

(Ss + Sd:
The sum Sg + Sqhas valuable properties in certain limited cases. A typical example is that of scattering
by single crystals where Sg= ~S; over a large range of the variables, so making the coherent function
zero, This property is used in the measurement of dispersing laws. Similar properties of this function
can be used in the interpretation of liquid scattering (e. g. EGELSTAFF, these proceedings).
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DISCUSSION

N.A. TCHERNOPLEKOV: Could you clarify the physical meaning of
the function p (B) for substances like BeO? To what extent does this function
correspond to the frequency distribution function? ’

P. EGELSTAFF: In such cases p(B) is the Fourier transform of the
weighted sum of the velocity correlations for the two different atoms. 1t does
not reduce to the frequency distribution of normal modes except in special
cases. However, it has the character of such a distribution. Moreover, if
it can be separated by theory into the contributions from each type of atom,
enough information is available to carry out calculations of the kind des-

“eribed in the paper.

B.N. BROCKHOUSE: Are you saying that there are separate p (8) func-
tions for beryllium and oxygen in the example chosen?

P. EGELSTAFF: This depends on what you believe to be the dynamlcs
of beryllium oxide. I was not referring to beryllium oxide in particular but
,toAdiatomic molecules in general or to systems involving two atoms. In
principle, you have a different frequency distribution for the two atoms. In
certain special cases, it »flll be the same.

K.E. LARSSON: For a very large group of materials, namely solids,
it would seem that the phonon expansion formula should give accurate re-
sults for p(B). I am thinking in particular of the hydrogenous scatterers
in the solid state. Do you consider that ybur method of treating data, in-
volving the trouble of extrapolating to zero, is necessary and that it offers
anything new in these cases?

P. EGELSTAFF: This method is essential for coherent scattering
solids. In the case of incoherent scattering solids (such as the ones you



80 P.A. EGELSTAFF

menti_on), it provides a check upon the normal phonon expansion and can,
in principle, check the validity of the harmonic approximation.

K.S. SINGWI: You have a very simple expression for the interference
term obtained, by replacing the sum over T by an integral. As yoil know,
this is true only for a very large value of [1Q?. Therefore, what do you do
in the region where you make these extrapolations and where [Q? is not
very large?

COHERENT TERM

Y

SELF TERM

P. EGELSTAFF: I will reply by. reference to the following diagram:
We consider only the data in the unshaded region of the diagram, and here
MQ? is large enough for simple formula to be valid. Thus the interference
term is calculated and subtracted from the measured coherent term to give
the self term. The problem is now to extrapolate the self term through the
shaded region to @ =0. This problem was considered in the first half of this
paper. The behaviour of the coherent term in the shaded region of the dia-
gram is a separate question and will be considered in another paper we are
presenting at this Symposium eatitled ''Theory and interpretation of coherent
neutron scattering by liquids''.
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Abstract — Résumé — Amnotanns — Resumen

THE PERFORMANCE AND AUTOMATIC OPERATION OF THE LIQUID HYDROGEN COLD NEUTRON
SOURCE IN DIDO. A brief description is given of the design and operation of the liquid hydrogen cold neutron
source in the Dido reactor. Cold neutron gain factors under various conditions have been measured, and the
performance relative to the Bepo and EL 3 sources will be discussed. After initial cooling of the refrigerator
this source is operated automatically for periods of several days. The problems met in doing this and the tech-
niques employed will -be described.

COMPORTEMENT ET FONCTIONNEMENT AUTOMATIQUE DE LA SOURCE DE NEUTRONS RALENTIS

DANS L'HYDROGENE LIQUIDE, DU REACTEUR DIDO, Les auteurs décrivent bridvement I'agencement et le
fonctionnement de la source de neutrons ralentis dans 1'hydrogéne liquide, du réacteur.Dido. Ils ont mesuré
les facteurs de gain de neutrons lents pour diverses conditions, et examinent le rendement par rapport aux
sources Bepo et EL 3. Aprés un refroidissement initial du fluide réfrigérant, la source fonctionne automatique-
ment pendant des périodes de plusieurs jours. Les auteurs exposent les difficultés qu'ils ont rencontrées et les
techniques qu'ils ont employées pour parvenir i ce résultat,
' XAPAKTEPMCTVIKA 1 ABTOMATWMECKOE llEﬂCTBi/IE FALKOBOLOPOIHOIO WCTOYHMKA XOJOIHHX HEATPOHOB B
»+ AKTOPE "IAIO". Baetca xpaTikoe omucanue ycrpoltetsa w padoT mmcosonobonﬂoro WCTOYHMKA XOXOA-
wux HelTPOHOB peaxtopa "IMIO". MamepeHm sasHMe npouecca no.nyqéuun XONOAHHX HeATPOHOB B pasaMu-
Wax YyCINOBHMAX, OOCYXAADTCA XAapaKTepPHCTMKM WCTOYHMKOS, NONYWEeHHMX Ha peaxtopax BEPO u EL3. [ocae
NeyBUHAYAABHOMO OXNAXAEHME C MNOMOKRLD XO'JIOAHJXhHHR& 3TOT MCTONHMK padoTAN ABTOMATHYECKHM MO HECKONb-
xy aneft, [lano onucanue NPoSJeM, BOIHMKAREMX B Npouecce PacoTH.

. CARACTERISTICAS Y FUNCIONA MIENTO AUTOMATICO DE LA FUENTE DE NEUTRONES FRIOS DE
HIDR(’)GENO LfQUIDO DEL REACTOR DIDOQ. Los autores describen brevemente las caracteristicas y funciona-
miento de la fuente de neutrones frios de hidrégeno Ifquido instalada en el reactor Dido. Han medido los
factores de ganancia de los neutrones frios en diversas condiciones y examinan las caracteristicas de las fuentes
en relacidén con los reactors Bepo y EL 3. Después del enfriamiento inicial del refrigerador, la fuente funciona
automiticamente durante varios dfas. Los autores describen los problemas que se plantean y las técnicas ex-
perimentales utilizadas para resolverlos. ’

1. INTRODUCTION

Cold neutrons are commonly defined as those having energies below
0.005 eV. As the thermal neutron spectrum of a reactor is a Maxwell dis -
tribution corresponding to the temperature of the reactor moderator there
will be only a very small component of cold neutrons perhaps 1 or 2% of
the total thermal neutron flux. With such low fluxes of cold neutrons only
low resolution experiments are possible. An obvious way to increase the
cold neutron flux is to cool the moderator of the reactor,or part of it. Fig.1
.shows the calculated neutron fluxes which would be obtained at four different

83
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Maxwell distributions of neutron flux,

neutron wavelengths as a function of moderator temperature, assuming
the total) neutron flux is constant and is in thermal equilibrium with the
moderastor. These curves have been drawn for an experiment with constant
resolution, that is At o t, not for a constant time-of-flight interval At. This
is a more realistic picture for an experiment using, say, a rotor running
at various speeds as monochromator. The maximum flux which can be ob-
tained at any wavelength is the same, provided that the moderator tempera-
ture can be adjusted to the optimum value.

In practice one has to insert the cold moderator in an existing hole of
a reactor, so its volume will be severely limited and the neutrons are not
likely to reach thermal equilibrium with the cold moderator. In addition
it is not simple to vary the moderator temperature to any precise value
for a particular experiment. However, experiments with liquid hydrogen
moderator in a 4-in hole in the reactor Bepo [1] showed that a useful in-
crease of cold neutron flux could be achieved. The gain of 53 neutrons was
a factor 7, while at longer wavelengths the factor rose to 25. Such in-
creases are most valuable for cold neutron scattering experiments, even
though they are much lower than the maximum theoretically possible, and
so a second-liquid hydrogen moderator was designed and installed in the
reactor Dido.

2. GENERAL DESCRIPTION

The layout of the equipment is shown in Fig. 2, and details of the section
inside the reactor in Fig.3. The moderator chamber is a cylindrical vessel A,
with one end convex and one end concave, containing a cooling coil B. Liquid
and gaseous hydrogen, from the refrigeration plant is circulated through
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the cooling coil, keeping the chamber near 20°K, while the main volume of
the chamber is filled with liquid hydrogen by condensation of gaseous hydro-
gen under 70 psig pressure from a cylinder. The moderator chamber is
enclosed by a vacuum case C to provide thérmal insulation and also it is
strong enough to contain any possible explosion of the liquid hydrogen. As
the vacuum case is thick-walled, nuclear heating amounts to some 500W,
concentrated mainly in the end nearest the reactor gore; to remove this

heating a stream of carbon dioxide E is circulated round the tip of the appa-
ratus. Keeping the vacuum case cool is necessary not only to preserve its
strength and to prevent grain growth, but also to reduce the thermal radi-
ation heating‘of the surface of the moderator chamber.

The vacuum case acts as an evacuated flight path for neutrons scattered
from the moderator chamber in the direction of the reactor face. These
neutrons pass through a collimator, through beryllium and bismuth filters G,
and through a second collimator to the scattering apparatus [2] outside the
reactor. The liquid and gaseous hydrogen lines are conveyed out of the vacu-
um case separately along side tubes F, curved to reduce radiation streaming
The beryllium filter G is mounied on a turret, so that it can be moved out of
the neutron beam and replaced by open hole H, or by shielding material to
cut off the beam. The beryllium is cooled by liguid nitrogen to 77°K to im-
prove its transparency to cold neutrons; to convey liquid nitrogen into the
turret (which has to be rotated through 245° between its extreme positions)
eight turns of coiled pipes I are employed- the coils wind up as the turret
is rotated to one extreme and unwind as it is rotated to the other.

The refrigeration plant is situated in a building outside the reactor con-
tainment building. A Corblin 2CV250 diaphragm compressor takes hydrogen
at 5 psig from a static gasholder of 200 ft3 volume, and delivers the gas
at 1500psig and a flow of 20 ft3 /min to the liquefier. The liquefier of
the Joule-Thomson type, expands the high pressure gasto 15 psig and
the whole mixture of gas and liquid from the expansion valve passes along
the pipeline 60 ft long to the reactor, through the cooling coil of the moder-
ator chamber and back to the liquefier, Most of the liquid hydrogen evapo-
rates as it travels round the circuit, but the cold gas returning to the lique-
fier passes back through the low pressure sides of the heat exchangers. Thus
the liquefier operates as a balanced refrigerator, not as a conventional
liquefier in which the total heat of the evaporated hydrogen is discarded.
Liquid nitrogen for the liquefier is supplied continuously from a 450 gal(imp)
tank. To reduce thermal radiation heating of the long pipeline the section
outside the reactor building is surrounded by a radiation shield cooled by
the cold nitrogen gas evaporated by the liquefier. The section inside the
reactor building has a similar radiation shield cooled by cold nitrogen gas
evaporated by the beryllium filter.

3. SAFETY

The principal disadvantage of using liquid hydrogen as a cold neutron
source is its inflammability; the possibility of an explosion inside the re-
actor must be given serious consideration. A possible mechanism for an
explosion could be that air leaks slowly into the vacuum case and solidifies
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on the moderator chamber: under irradiation the solid oxygen is converted
to ozone, which is unstable. Spontaneous detonation of ozone could fracture
"the moderator chamber and initiate a hydrogen explosion. (Such ozone ex-
plosions have occurred in liquid nitrogen loops in reactors where oxygen
has been present as an impurity). A second possible mechanism could be
a fracture of the vacuum case admitting air suddenly; the liquid hydrogen
inthe moderator chamber would boil violently and might build up sufficient pres-
sure to burst the chamber., An explosion could be initiated by a static elec-
trical discharge produced by the bursting chamber. To render the system
safe so that the reactor cannot be damaged, it is necessary to ensure that
no air can enter the vacuum case to come in contact with hydrogen and form
an explosive mixture, or to make the vacuum case strong enough to contain
any possible explosion. The former remedy unfortunately becomes very

complicated in practice, so the latter remedy is adopted and the walls of
the vacuum case are made strong enough to contain any possible explosion,
Tests in which 300 cm3 of liquid hydrogen was exploded with various amounts
" of solid air in an 8-cm diam. tube showed that pressures up to 75 atm were
- developed[3]. To contain such explosions safely the vacuum case was made
of magnesium-zirconium alloy ZA with walls 6 mm thick.

If there is a sudden burst of air into the vacuum case, the maximum
amount that will condense in the cold parts of the apparatus (i. e. the moder-
ator chamber and the hydrogen circulating pipes) is limited by the amount
of liquid hydrogen in the chamber. 250 cm?® of liquid hydrogen boiling off
will condense only 10 g of solid air, which is only a few per cent of the
stoichiometric mixture to give complete combustion. An explosion under
these conditions would be very much less severe than those obtained in the
tests. On the other hand a small air leak into the vacuum case might pass
unnoticed, as the air would condense on the cold parts of the system without
appreciably affecting the vacuum. If the apparatus were run'for a long time
in this condition a considerable quantity of solid air might collect, even
exceeding the stoichiometric amount, and similar pressures to those
measured in the tests might be developed if an explosion were initiated.

To avoid such a large explosion a monitoring system is employed. The
diffusion pump which evacuates the vacuum case pumps into a closed 21
volume. Though most constituents of any air leaking into the vacuum case
will solidify on the cold parts of the apparatus, the helium, hydrogen and
neon in the atmosphere will not condense, but will be pumped out into this
closed 21 volume. The pressure of helium, hydrogen and neon which collects
in the closed volume will therefore be a measure of the amount of solid air
which has solidified inside the vacuum case. A Pirani gauge connected to
a simple transistor amplifier closes down the whole hydrogen loop if the
pressure in the closed volume rises above.250 um. This corresponds to
about 7 g of solid air (depending on the amount of hydrogen in the atmos-
phere locally); this amount of air is so small that the closed volume may be
evacuated several times during a long run without warming up the hydrogen
system to evaporate the air and the system will still lbe perfectly safe.

As an additional safeguard to prevent the compressor pumping hydrogen
into the reactor building if the hydrogen lines were broken by some accident,
isolation valves are provided on the lines where they enter the reactor buil-
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ding. There are four valves, one on the inlet and one on the outlet hydrogen
lines on each side of the wall. These valves are opened pneumatically and
closed by springs; they close automatically if the vacuum fails.

4. PERFORMANCE ON AUTOMATIC CONTROL

The liquid hydrogen'loop has been run for a total of more than twelve
hundred hours. Before the loop can be started up the charcoal cleaners of
the liquefier have to be regenerated for at least 12 h, and it takes 4 h from
first admitting liquid nitrogen to the liquefier before the loop is in a steady
state with the moderator chamber full of liquid hydrogen, ready for use as
a cold neutron source. It is intended to close down not more than once a
week, and eventually only once a month when the reactor is.shut down,  so
that cold neutrons will be available for all the time the reactor is running.
So far the longest run has been 200 h with the plant running on automatic
control, being left unattended overnight. At the end of such a period the
pPlant closes itself down without attention.

The requirements for such a piece of equipment to run automatically
are that it needs no adjustment, it feeds itself with hydrogen and liquid nitro-
gen, and that it is safe if any mishap occurs, such as a blockage or an
electricity failure. To reduce the need for adjustment the expansion valve
of the liquefier is made in the form of a capillary, 0.3 mm internal dia-
meter, instead of the more usual needle valve. As the bore of the capillary
is much larger than the annular gap of a needle valve to provide the same
flow resistance, there is less chance of its becoming blocked during the
run. A bypass needle valve is incorporated in parallel with the capillary
(this is necessary for the initial cooling down of the loop) and this valve
may be adjusted from day to day to compensate for any partial blockage of
the capillary. )

The hydrogen loop being a closed circuit there is no need to add hydro-
gen gas to the system once it has cooled down and reached its steady oper-
ating conditions. The feed of liquid riitrogen comes from. a 450 gal (imp)
storage vessel, and is controlled by a vapour pressure bulb at the top of
the liquid nitrogen bath of the liquefier. In case any mishap occurs when the
loop is running unattended, relief valves are provided on all sections of
the circuits so no dangerous high pressures can build up. The most com-
mon fault is a blockage in the loop, restricting the flow of liquid hydrogen.
This causes the loop to warm up, and the consequent out-gassing from sur-
faces which had condensed out traces of air operates the vacuum monitor,
which switches off the hydrogen compressor and so closes down the plant.
The only serious fault which is not covered is a high pressure hydrogen
burst in the liquefier room. ‘But all the electrical equipment in that room
is flameproof, so even if the compressor continued running until the gas-
holder was empty the local concentration of hydrogen in the atmosphere
would cause no harm,

Tests have been carried out to discover the reasons for shut-downs,
and the chief trouble appears to be due to impurities in the hydrogen gas
supply, particularly nitrogen. At first sight it would appear that the hydro-
gen in the closed circuit should become more pure as time goes on, im-
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purities being removed by the two charcoal traps at 77°K and 20°K in the
liquéfier. But it appears that these low charcoal traps do not remove the
impurities completely, but only delay their progress round the circuit, Ni-
trogen is first of all absorbed at the beginning of a charcoal trap; after a
time it is carried through to the end of the trap, where it is evolved into
the gas stream again. The nitrogen particles are carried round the loop
in liquid hydrogen, and are deposited where the hyd~ogen boils. The loop
usually blocks with solid nitrogen at the point where most of the hydrogen
boils, that is inside the moderator cooling coil, and not in the liquefier
where the pipes are much smaller in bore. Longer runs should be obtained
when a new more efficient charcoal cleaner is installed outside the lique-
fier.

5. MEASUREMENT OF COLD NEUTRON INTENSITY

To observe the gain in cold neutron flux when using the liquid hydrogen
source, the neutron spectrum was measured with and without liquid hydro-
gen present, The neutron beam from the beryllium and bismuth filters was
passed through a curved slot chopper. The neutrons transmitted by the
chopper spinning at a given speed are roughly monochromatic and are
counted by a BFjdetector immediately behind it. By varying the rotor speed
the wavelength range from 4 to 102 was covered; at lenger wavelengths the
neutroun flux without the liquid hydrogen source was too small to be counted
easily. _

The gains observed are shown in Fig. 4. The lower curve {(full circles)
was obtained with the chamber full of normal hydrogen (75% ortho-hydrogen),
the upper curve {open circles) using hydrogen with its para-hydrogen content
enriched. This was prepared by passing normal hydrogen over ferric hy-
droxide catalyst at 20°K; its composition was not measured, but it would
probably contain a few per cent ortho-hydrogen.

gain in cold neutrons
H 0 O N @ O
T

1 A ] ]

4 6 8 . 1O
neutron wavelength (A)

Fig.4
Gain in cold neutron flux.
The liquid hydrogen source raises the flux of 44 neutrons by a factor 4,

the flux of 104 neutrons by a factor of 7.5 with normal hydrogen, or 8.4
with enriched para-~hydrogen.
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6. COMPARISON WITH EL3 AND BEPO

. The gains in cold neutron flux at various wavelengths in Dido are com-
pared with Bepo and EL3 [5] in the following table.

TABLE I

GAIN IN COLD NEUTRONS

54 7.54 104
Dido (n-H,) 5.2 7.3 .5
(p-H,) 5,4 7.9 8.4
Bepo 7 20 25
EL3 (H,) 6.6 (19)
(2/3H,,1/3D,) 8.1 (16)

From these figures Dido cold neutron source appears less efficient
than either of the others. There are several reasons for this and the follow-
ing factors which effect moderation may be noted.

(i) Bepo graphite temperature was 400°K; Dido heavy water tempera -
ture is 335°K. If the cold neutron beam emerging from both cold moderators
has the same mean temperature, the gain in Bepo will appear to be 1.4
times the gain observed in Dido.

(ii) The cold moderator in EL3 is in a hole 6 inches in diameter, while
the holes in Bepo and Dido are only 4 inches in diameter. When space has
been taken by a thick-walled vacuum case and the necessary gap for ther-
mal insulation, the diameter of the moderator chamber in EL3 is 10.6 cm,
while the diameters in Bepo and Dido are less than 8 cm. EL3 has there-
fore the advantage of size.

(iii) In Bepo the hydrogen moderator is in the centre of the core, sur-
rounded by fuel elements, and in a nearly isotropic flux of thermal neutrons.
Many of the neutrons emerging in the beam from the reactor will have been
scattered from the surface of the liqliid hydrogen and will have suffered only
one or two collisions. (This is one good reason why moderation is far from
complete although the dimensions of the chamber are many times greater
than the neutron mean free path in liquid hydrogen). In Dido, however, and
in EL3, the moderator chamber is outside the reactor core where there
is a considerable neutron flux gradient. In the absence of the liquid hydro-
gen moderator the neutron beam comes from a point in the heavy water
moderator of the reactor some 15 cm nearer to the reactor core than the
point of origin when the chamber is full of liquid hydrogen. At the latter
point the thermal neutron flux is perhaps only half its value inside the heavy
water. Thus Dido cold moderator has to gain a factor two before the cold
neutron flux is increased at all.

(iv) The ideal shape for a cold moderator would be a large sphere, im-
mersed in an isotropic flux of thermal neutrons, with a relatively small
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hole from the centre from which a neutron beam may emerge This would corre-
spond to the geometry of a '"black body'' furnace. In practice the size of
the sphere of ¢cold moderator is limited by the dimensions of any hold avail-
able in a reactor, by the refrigeration capacity available, and by absorption
of neutrons by the substance used as cold moderator., The size of the hole
from.whicli-the neutron beam emerges is made as large as the moderator
chamber (or larger) to obtain the most intense beam of neutrons (at the ex-
pense of angular resolution). So a 'black body'' geometry is not possible,

The design of moderator chamber in Dido is a compromise; the whole
area of the chamber is viewed by the collimators, but the central part of
the chamber is made concave so that it acts as a rudimentary "black body"'
source. Most of the neutrons emerging from the central portion of the
surface will have travelled through several centimeters of liquid hydrogen,
and will not simply have been scattered from the surface after one or two
collisions. Thus moderation to the low temperature should be more complete.
It is not possible to check the improvement effected by this design without
replacing the chamber by one with convex surfaces.

(v) Absorption of neutrons by liquid hydrogen will tend to reduce the
efficiency of the cold moderator, especially as cold neutrons are prefer-
entially absorbed. It is difficult to measure this effect, as altering the ab-
sorption crovss-vsection invariably entails altering other parameters. Ex-
periments on the similar loop at Saclay with hydrogen-deuterium mixtures |5]
have shown that the flux of 4. 45A neutrons is increased as hydrogen is di-
luted with deuterium, and reaches a maximum for about 60% deuterium,
However at neutron wavelengths greater than 5. 62 the smaller absorption
in deuterium is balanced by the smaller efficiency of deuterium as a moder-
ator, and pure liquid hydrogen gives the highest cold neutron flux. Experi-
ments were make at Harwell by varying the ortho and para-hydrogen content
of our moderator. For thermal neutrons ortho and para-hydrogen have the
same cross-section, but for cold neutrons the ortho-hydrogen cross-section
rises to 100 b per molecule, the para-hydrogen cross-section falls to 4 b
per molecule. Though the absorption cross-section is not altered, the amount
of absorption in para-hydrogen will be less than in ortho-hydrogen as the
neutron path length will be smaller because there are fewer collisions. This
effect is shown by the two curves in Fig, 4. Hydrogen enriched in para-
hydrogen content gives a higher cold neutron flux than normal hydrogen, and
the difference is greatest at long wavelengths where absorption has the
greatest effect. Para-hydrogen may be a very good moderator for providing
cold neutrons; thermal neutrons are-scattered with a high cross section
(and thus moderated to very low energies) but when they reach low energies
the neutrons are no longer scattered appreciably and so can escape easily.
Thermal neutrons will not be absorbed greatly nor will the cold neu-
trons, for they escape so quickly. In fact para-hydrogen should act more
or less as a cold neutron filter, scattering (and moderating) thermal
neutrons, but allowing cold neutrons to pass freely. Para-hydrogen has
another good feature as a moderator, as the para to ortho transition which
may occur, when a neutron is scattered takes a large amount of energy from
the neutron. The performance of such a moderator has not yet been investi-
gated fully.
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7. CONCLUSIONS

By using this liquid hydrogen loop in Dido we have increased the flux
of 4A neutrons by a factor 4, and the fluxes of longer wavelength neutrons
by rather greater factors. The value of this increase |2] is that it not only
increases the statistical accuracy of results of neutron scattering experi-
ments, or reduces the length of experiments, but it incréases the cold neutron
flux without increasing the background of ¥-rays and fast neutrons. This
increase of the counts-to-background ratio is a great asset. For experi-
ments with good resolution, long counting times are still necessary to
achieve the necessary statistical accuracy, so it is a great advantage if the
cold neutron source runs unchanged for long periods. The liquefier requires
a day for regeneration and starting up, and the most convenient length of
time for running the cold moderator is one month, so that it is closed down
only when the reactor is not operating. At present the average run is only 54
but with planned improvements it is hoped to extend this to a full reactor
operating period of 24 d.

The gain in cold neutron flux is rather less than measured with the'loop
in Bepo, but this is largely due to the arrangement of the cold moderator
relative to the core of the reactor. To obtain greater effeciency the Dido
installation would require a larger hole in the reactor so that a more so-
phisticated shape of cold moderator could be employed, and the moderating
material could be changed to one of lower moderating efficiency but with
negligible absorption, such as liquid deuterium, An installation in a tan-
gential hole in a reactor would be a considerable improvement; the thermal
neutron flux gradient would be perpendicular to the axis of the moderator
chamber, (instead of parallel to the axis). and also the background of y-rays
would be much smaller than in a radial hole.

However, the thermal neutron flux of Dido is 4 X 1013 n/cm? s at the
end of the hole being used (which is, 20 times as great as that in Bepo),
and with the liquid hydrogen moderator in operation a very intense source
of cold neutrons is available for inelastic scattering experiments, with a
relatively low background.

ACKNOWLEDGEMENT

We would like to thank Drs. E. Bretscher. H. London and P, A, Egelstaff
for their encouragement and advice, and the statf of the Nuclear Physics
and Research Reactors Divisions for their assistance with the testing and
installation of the loop.

REFERENCES

{1] BUTTERWORTH H. . , EGELST AFF P, A,, LONDON H. and WEBB F.J., Phil, Mag. 2(1957) 917.
(2] HARRIS D.H.C., COCKING S.J., EGELSTAFF P.A. and WEBB F.J., "A cold neutron monochromator
and scattering apparatus”, these proceedings. a
{3] WEBBF.]., "Technology and uses of liquid hydrogen”, Chap.8, Pergamon Press, to be published.

{4) WEBBF.J., Nucl. Sci. Engng 2 (1961) 120. :
[5] JACROT B., Colloquium on Pile Neutron Research, PNR 49, Vienna (1960).



LIQUID HYDROGEN COLD NEUTRON SOURCE IN DIDO 93
DISCUSSION

W. WHITTEMORE: Could you comment on the differences between the
Saclay results and those you obtained yourself with the liquid-hydrogen, cold-
neutron source? )

J. WEBB: The collimation has been improved so that only the central
portion of the chamber is now viewed and the gain in cold neutrons is there-
fore higher,

W. WHITTEMORE: ‘How many hours, or days, do you run at a time?

J. WEBB: 200h is the longest run so far. The average of the last few
runs has been about 100h., We would like to run for a complete reactor cycle
of 24d; most of our failures lately have been quite trivial, such as oil-leak-
age from the compressor,

W. WHITTEMORE: Surely, after 200h, all your liquid hydrogen would
be in the para state so why do you speak of diluting it with para?

J. WEBB: The rate of conversion to para-hydrogen is so slow that even
after 200h an appreciable fraction of ortho-hydrogen would remain, perhaps
10 - 15%, The spectrum measurements on normal and para-hydrogen were
carried out within a few hours, so no alteration of the ortho- and para-
‘hydrogen content would have occured.

W. WHITTEMORE: Is there any evidence that para-hydrogen is con-
verted to ortho-hydrogen in the gamma-ray field or the neutron field? You
would then get ortho-hydrogen at the end of a long run and the addition of
para-hydrogen might make a significant difference.

J. WEBB: We have no evidence of this at all. I do not think the cross-
sections are large enough for that,

G. SQUIRES: In view of the larger scattermg cross-section of ortho-
hydrogen, would it not be advantageous to use 75% ortho-hydrogen in a
smaller volume of moderator, rather than a larger volume of pure para-
hydrogen?

J. WEBB: Ortho-and para-hydrogen have comparable cross-sections
for thermal neutrons, so there is some minimum volume which can be used
to provide the first stage of moderation below reactor temperature. How-
ever, it may be true that a smaller volume of ortho-hydrogen would provide
a greater over-all moderating efficiency than a larger volume of para-hydro-
gen, There are few experimental data on the subject, and no calculations
have been made.

W. WHITTEMORE: Do you have any information to indicate whether
your cold neutron spectrum is in equilibrium with the source? The results
we presented two years ago* indicated that a para-hydrogen container
6 inches in diameter does not give an equilibrium spectrum.

J. WEBB: Our measurements of the neutron spectrum from our Bepo
liquid hydrogen source showed a peak corresponding to the reactor tempera-
ture, with a pronounced tail on the low energy side. This curve could not be
analysed as the sum of two Maxwell distributions. Similarly, Van Dingenen’s
specirum measurements on methane and liquid hydrogen at 20° K departed
widely from Maxwell distributions. In no case has perfect thermal equili-
brium at the moderator temperature been observed.

* "nelastic Scattering of Neutrons in Solids and Liquids”, AEA, Vienna (1961) 421,
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N. W. TCHERNOPLEKOYV: What is the energy release in the Dido mo-
derator? I have a second question regarding the discrepancy between your
results and those obtained with the French EL-3 reactor using normal hydro-
gen or a mixture of hydrogen and deuterium as moderator; could this dis-
crepancy be due to the moderator volume being too small?

J. WEBB: The nuclear heating is of the order of 25 W in Dido. In answer
to your second questioh, I think it would be true to say that at long wave-
lengths the moderating efficiency of the deuterium is too small, so that with
this hydrogen/deuterium mixture the chamber is in, fact too small to provide
the optimum flux of cold neutrons.
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A NEW APPARATUS FOR INELASTIC, QUASI-ELASTIC AND ELASTIC COLD NEUTRON MEASUREMENTS
A new chopper apparatus for use at the Brookhaven ‘High Flux Beam Reactor is now under construction, It is
a three-element phased rotor system, The rotors are 80 cm in diameter, Tun at a maximum speed of*
15000 rev/min, and are desighed to give three neutron bursts of monochromatic neutrons per revolution, Two
rotors spin about a horizontal axis whereas the third operates vertically, The system can be operated with
either one, two or three of the chopper elements, depending on the type of measurement that is completed.
For inelastic measurements where the neutron gains energy, a double rotor system will be most useful, For
this configuration the burst time and wave length spread (full widths at 1/2 maximum) will be 16 ysand 0,16 &
for 4 & incident neutrons, and the intensity at the sample (4 x 1.6 cm) will be 2 X 106 n/s, For quasi-elastic
and elastic neutron measurements the three-rotor configuration will be best suited. The corresponding burst
- time and wave length spread can be as small as 8 us and 0,04 & giving an intensity of 104 n/s on a sample
of (4 X 0.8 cm), The wave length and time resolution are adjustable between the above two limits in such
a way as to obtain the maximum neutron intensity for a given experiment.

UN NOUVEAU APPAREIL POUR LES MESURES DE DIFFUSION INELASTIQUE , QUASI-ELASTIQUE ET
ELASTIQUE DES NEUTRONS LENTS. Un nouveau sélecteur destiné au réacteur 3 haut flux de Brookhaven
est actuellement en construction. II s’agit d'un dispositif 3 trois rotors déphasables. Les rotors ont un diamétre
de 80 c¢m, tournent 2 une vitesse maximum de 15000 tours par minute et sont congus de maniére 3 fournir
trois bouffées de neutrons monochromatiques 3 chaque tour. Deux rotors tournent autour d'un axe horizontal,
le troisi€éme, autour d'un axe vertical. Le dispositif peut fonctionner avec un,_deux ou trois é1éinents, selon
le type de mesure que l'on se propose de faire. Pour les mesures de diffusion inélastique oi les neutrohs gagnent
de I'énergie, un dispositif 3 deux sotors sera trés utile. Pour cette configuration, la durée et a dispersion de
la longueur d'onde -(largeur totale 3 mi-hauteur) seront respectivement de 16 uset 0,16 A pour des neutrons
incidents ayant une longueur d'onde de 4 A; I'intensité de la bouffée sur 1'échantillon (4 X 1,6 cm) sera de
2 x 10° n/s. Pour les rhesures de diffusion quasi-€lastique et €lastique, la configuration 3 trois rotors conviendra
parfaitement, La durée de la bouffée et la dispersion de longueur d*onde correspondante peuvent atteindre
des valeurs aussi faibles que 8 ps et 0, 04 &, ce qui donne une intensité de 104 n/s sur un échantillon de
4 x 0,8 cm, La longueur d'onde et la résolution en temps peuvent tre ajustées entre lesi deux limites sus-
ymentionnées, de maniére 3 obtenir I'intensité de flux maximum pour une experience déterminée.

HOBHA [IPMEOP LNA M3MEPEHMA HEYMPYTOr'0, KBASUYNIPYIOr'O M YNPYIOTO PACCEAHMA XONOMHMHX HEATPO-
HOB. B BpyxxefiBeHe HA peaxTope C NYYKOM 0OJbmOR MHTEHCHBHOCTM CGTPOMTCRE HOBMH npepupateab. OH
npeacTaBiaseT cobofl TpexdNeMeHTHYD cda3vPOBAHHYD POTOPHYD CMCTeMy. POTOpH amameTpoM 80 cu BpamapT-
ca ¢ maxcuMaapHol cxopocTs® 15 000 060POTOB B MMHYTY. OHM NPeAHA3RAUEHN QR NOJYUYEHUA TPeX BCMM-
WEeX MOHOXPOMATUUECKMX HellTPOHOB 3a OOMH OG6OPOT. Nsa poropa BpaumapTcA BOKPYI rOPM3OHTANBHRX ocelf,
‘rpe'ruﬂ neﬂcraye‘r B BE€DTUKAJBHOM HAMpPABJCHWM. CucrtemMa MoxeT pafoTaTh C OLHUNK, ABYMS NMIKW TpeMs dae-
MEHTAMA NpPEPNBATENs, B 32BUCMMOCTH OT JANIAHMPOBAHHMX MaMepeHut. [lpu M3MeDeHuM Heynpyroro pacces-
HAS, B KOTOPOM HEHTPOH nosyyaeT 3Heprup, Haubogee 2QPeXTMBHA cucTeMa ABYX poTopoB. lpu ranot xo-
'CTPYKUMU BPeMs BCMNINM ¥ WHTEPBAN AJAMEN BOJHM (AJMHMA HA TNOJOBUMHY BHCOTH) OYAYT DARBHH 16 Mxcex
0,16 A aaA nagapmmx HeTpoHoB ¢ zauHo#t BoaHH 4An WHTeHCMBHOCTH Ha obpasne (4x1,6 cM) Gyaer
paBHa 2:10°® wellTPOHOB B ceKYHAY. [lia M3IMeDeHMs KBa3uyNpyroro u ynpyroro paccesHus HeflrpoHoB Iyume
BCEro noaxoaMT KOHCTPYKUMA H3 Tpex POTOPOB. Cooraerc-rnymme BpeMsa BCNNIKM ¥ MHTEpPBAL AJUHH BOJ=

* Work supported by the United States Atomic Energy Commission.
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HH MOT'YT OHTb YMEHbMEHH AO BeauyuH 8 Mxcex M 0,04:\, NaDOMX MHTEHCMBHOCTHL Ha obpasue (4x0,8 cu),
PaBHYD 10* HellTpoHoB B cexynay. [JauHa BOJHK ¥ pa3pemeHve BpPEMEHV OTPEryIMpoBAaHH MEXLY LBYMa yno-
MSHYTHMM TpegesaMy TaKuM o6Pa3oM, YTOOH MOJYUMTH B NAHHOM ONHTE MAKCUMAIBHYD MHTEHCUBHOCTbL Helt-
TPOHOB., '

NUEVO APARATO PARA MEDICIONES INELASTICAS, CUASI ELASTICAS Y ELASTICAS DE NEUT RONES
FRIOS, Se estd construyendo un nuevo selector mecdnico destinado al reactor de flujo intenso de Brookhaven,
El aparato es del tipo de tres elementos rotores en fase, Los rotores, de 80 cm de didmetro, giran a una velo-
cidad mdxima de 15000 rev/min y se han disefiado de modo que emitan tres rifagas de neutrones monocro-
mdticos por revolucién. Dos de los rotores giran alrededor de un eje horizontal, mientras que el tercero lo
hace verticalmente. El sistema puede funcionar con uno, dos o tres elementos selectores, segin el tipo de
medicién que se quiera efectuar, Para las mediciones ineldsticas en que los neutrones ganan energia, lo mds
indicado es utilizar un sistema de dos rotores. En este sistema, la duracién de las rdfagas serd de 16 sy el
ensanchamiento de longitudes de onda (amplitud plena a la mitad del valor maximo) de 0,16 A para neu-
trones incidentes de 4 A; la intensidad en 1a muestra (4 X 1,6 cm) serd de 2 X 106 n/s. Para las mediciones
cuasi eldsticas y eldsticas resultard mas apropiado el sistema de tres rotores. La duracién de las rafagas y
el ensanchamiento de longitudes de onda pueden llegar a un minimo de 8 s y 0,04 3, respectivamente,
lo que representa una intensidad de 104 n/s en una muestra de 4 X 0,8 cm. La longitud de onda y la resolucién
en tiempo pueden graduarse entre los dos limnites citados, de modo que se obtenga la intensidad neutrénica
maxima para un experimento determinado,

1. INTRODUCTION

A new time-of-flight neutron spectromieter for research in the solid
and liquid state physics is under construction for use at the Brookhaven High
Flux Beam Reactor. The system consists of three rotors spinning at a max-
imum speed of 15 000 rpm with a constant phase angle relative to each other,
and produces bursts of monochromatic neutrons at the sample. The scat-
tered spectrum is analysed by the time-of-flight method using a multi-
channel time analyser.

In order to obtain optimum neutron intensity and resolution for a given
experiment, it is important to be able independently to change the burst
time At and wavelength spread AX of the neutrons falling on the sample.
For processes in which the incoming neutron gains energy and results in
a large change in neutron velocity, a small uncertainty in the burst time,
At, is more important than a small wavelength uncertainty, AX. (Thisis
the principle underlying various cold neutron apparatuses using a nitrogen-
cooled berylliumfilter as a rough monochrometer, followed by a simple
slow chopper time-of-flight spectrometer). The opposite is true for meas-
urements where the neutrons lose energy. In an experiment where the scat-
tering is elastic or quasi-elastic, the wavelength resolution AX/A,, and
the time resolution At/t, should be equal to obtain maximum resolution and
intensity simultaneously. Ay is the most probable wavelength in the neutron
burst incident on the sample, and t; is the time it takes those neutrons to
travel the distance between the sample and the detector.

The spectrometer under construction will be used for elastic or quasi-
elastic and inelastic scattering measurements. It was found necessary to
adopt a three-rotor system in order to.obtain the versatility required for
the planned experiments. One, two or three-rotor configurations can be
used depending upon the intensity and resolution requirements of the meas-
urement.A one-rotor system will be most useful for experiments requiring
maximum intensity. The two-rotor system is most useful for energy gain
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inelastic scattering measurements, whereas for quasi-elastic and elastic
scattering the three-rotor configuration is the best one. The rotor system
will give bursts of monochromatic neutrons with, = 3.5 A and longer, de-
pending upon the speed of rotation of the rotors.

2. GENERAL CONS IDERATIONS OF MULTI-ROTOR SYSTEMS

The qualitative understanding of the operation of a multi-rotor system
is straightforward. The steady flux of reactor neutrons is chopped by the
first rotor into a periodic burst of neutrons having a broad energy spec-
trum, This burst then travels some distance to a second rotor, which has
a fixed phase relation to the first. When it opens, the second rotor passes
only a band of energies, related to the time-of-flight of the neutrons be-
tween the two rotors, the relative phase of the two rotors, and the open
time.

The transmission of neutrons through a rotor system which can con-
sist of one more rotors, is a function of the angular position, y, of the slit
of one of the rotors relative to the direction ofthe incoming beam of neutrons
and their wavelength, A . Let us call this function T (y,A). As a rotor sys-
tem generally is constructed to give a maximum transmission for neutrons
with a finite wavelength Ay, the transmission of a wavelength A can be given
as a function of A-Ao and is called T (y,A-X ). By evaluting the integral
S T(v,A-Ay) dv with its proper limits one gets a function T (X -Ag). This
functionis called the chopper function and gives the wave-length distribution of
neutrons inthe outgoing pulse. The time distribution of the outgoing neutrons at a
particular point inthe rotor system is achieved by performing the integrations of
Ty, -Ag) overA -Ay and putting y=w.t where w is the angular velocity of the rotors.
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Schematic representation of two-rotor systems.
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The calculation of general analytical expressions for T (A -Ay) and T(t)
is quite difficult. A great simplification is achieved, however, by consider-
ing only a set of neutrons travelling along paths parallel with the axis of the
rotor system. This approach is meaningful because, in practice, the inci-
dent neutron beam is well collimated. T (X -Ag) and T(t) at the exit pupil of
the rotor system, (at the point where the neutrons leave the last rotor)have
been calculated for different rotor combinations, It is assumed that the di-
mensions of the incoming neutron beam and the slit in the rotors are equal.
T A -2o) and T(t) are symmetric functions. Only one half of each has to be
considered. The results are given below.

Fig.1 shows a schematic representation of two-rotor svstems. Each
rotor has one slit which is fluted in such a wav as to insure that the chop-
ping of the beam will be performed by the smaller opening. The rotor sys-
tem is thus equivalent to a system consisting of two moving slits placed a
distance, 2L, apart. Two different cases have to be considered: Case A -
the rotors rotate in the same direction (the two chopping slits move in oppo-
site directions); Case B ~the rotors rotate in opposite directions {the two
chopping slits move in the same direction).

In Case A thefcalculations show that the chopper function T (A -Ag) is
described by two parabolas:

n-d 1/ mwrL \2 2] h.d
2T [1'2 h-d ) A o) J°§ Aro S Torh
(1)
' n-d 2mwrL 2/ mwrL ¥ 2
= - Ng) + & -
T(ro)= ¢ o[ 2- TR ) + H(REF) 00
h-d 2-h-d
merg)t-)to < mwrl °
In Case B the chopper function is triangular in shape:
_n-d mwrL | ' h-d
T (A 4) = 225 [1- e ,‘-Ao:\og AR T (2)

The symbols used are:
2d = slit width,
r = radius of the rotor,
2L = distance between the chopping points of the rotor system,
w = angular velocity of the rotors,
m = mass of the neutron,

h = Planck’s constant,
n=number of neutron bursts per revolution,

The time distribution T(t) calculated at the last chopping point in the rotor
system is the same for both cases and is given by
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T(t) = n-h-d/2rmwrL{ 1l-(m/2d)t] . (3)

T(X-Ay) and T{t) for the two cases A and B are shown in Fig.2. They
have been plotted in such a scale to make the area under the functions equal
for a particular case. This is consistent with the requirement that the values
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Calculated time and wavelength distributions of the output pulses for two-rotor systems,
The time distribution refers to the last chopping point.

of the definite integrals f T(t) dt and [ T (A -Ap) d(A-Ag) are the same. The
full width at half maximum for T(t) and T(A-Ao) can easily be calculated from
their analytical expressions. They are:

Case A AX = 2d-h/mwrL,
At = 2d/wr .

Case B AMX = d-h/muwrL , (4)
At = 2d/wr_l.

As seen from these expressions, AA can be changed independent of At
by changing the distance between the two chopping points in the system. In
Case B, AX is one-half the value of AA in Case A. The total transmitted
intensity, however, is the same in both cases because the peak transmission
in Case B (T, = d/7r) is a factor of two greater than in Case A,

It should be mentioned that system A described above where the two ro-
" tors spin in the same direction and are separated by a distance 2L is equi-
valent to a system containing only one rotor with a diameter 2L, provided
the peripheral speeds of the rotors are the same and that the angular ve-
locity of the large rotor is a factor of L/r smaller than that of the small ro-
tor. However, in order to obtain the same duty cycle for the two systems,
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the large rotor would require more slits than the small rotor, the tactor
again being L/r. As the transmitted intensity for a given system and ther-
mal flux is of special importance, it is necessary to take this into account
when comparing different rotor configurations. When the incoming neutron
spectrum is Maxwellian, the number of neutrons falling on the sample per
s is,

I= 7\, exp - (7\0> —_T Tmax AN (5)

©g = thermal flux n/cm?s at the source,
selected wavelength of the instrument,
Ay = characteristic wavelength of the neutron spectrum,
area of the chopping slit of the rotors,
£ = distance between the chopping point of the system,

Thax = transmission at the wavelength Ay,

AX = full width at half max of the wavelength distribution.
In deriving the formula above it is assumed that the angular dimension of the
neutron source seen from the position of the last chopping point is always
larger or equal to the angular dimensions of the first chopping point seen
from the same position. This condition assures that the area of the source
is large enough to ''fill" the chopper system with neutrons.

Although the two-rotor systems discussed above transmit the same in-
tensity in both cases when the distance between the slits is the same, the
wavelength resolution of B is a factor of two greater than A, Therefore, in
order to get the same AX and At for both Cases A and B, the distance be-
tween the chopping slits must be twice as large in Case A as in Case B. This
will, however, decrease the intensity by a factor of eight,- as seen from the
formula above. The same improved wavelength resolution can also be
achieved by decreasingthe slit width by a factor of two and keeping the dis-
tance between the chopping points unaltered. In this case, the intensity will
be only 1/16 of the original one. The time resolution will also be improved
by a factor of two, and this explains the difference in intensity decrement
for the two possible ways of changing AAX.

In the discussions above concerning the intensity and resolution prop-
erties of a two-rotor system, it has been assumed that the rotor speed has
been kept constant. It is obvious that the wavelength and time resolution,
which can be improved by increasing the speed of the chopping slits, is by
far the most superior method as far as intensity is concerned. Here the de-
crement in intensity varies linearly with the decrease of At and AA, as is
easily seen from the intensity formula. In the foregoing examples the inten-
sity decreased as the fourth power, when AX and At werebhanged by cutting
down the slit width. This illustrates the well-known faét that the largest pos-
sible velocity of the moving slits g1ves the optimum performance for chop-
per systems.

One way of increasing the relatlve speed of the slits is to have a pair
of adjacent slits moving in opposite directions. The ‘calculation of T(X -Ag)
and T(t) for this chopping system shows that the main improvement’ is
achieved when an extra slit is added at the second rotor of the two-rotor sys-
tem, whereas very little is gained by adding a slit to the first one. A chopper
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PHASED ROTOR SYSTEM
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Schematic rtepresentation of a three-rotor system and calculated time and wavelength distributions of the
output pulse. Output pulse distributions for one-rotor and two-rotor systems are also shown, The time dis-
tributions refer to the last chopping point.
system consisting of three moving slits is equivalent to the rotor system
in Case A, plus an extra slit at the last chopping point.
Fig.3 shows a schematic diagram of such a rotor system. The chopper
function, T(A-Ay) and the time function, T(t) at the last chopping point are
both triangular in shape and are,

T(A-Ag) = n.d/27rr [ 1 -mwrL/h-d,(X-Xg)]
(6)

T(t) = n-h-d/2mrmurL[1-(rw/d)t] .
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From these functions the expréssions AX, and At are calculated to be,

AX = h-d/ muwrL,
(7
At = dfwr .

The symbols used are the same as explained above. It is seen that the val-
ues of AX and At, as well as the intensity, have decreased by a factor of
two with the addition of the extra moving slit at the last chopping point.

If this three-slit system is compared with a system consisting of two
slits moving in the same direction (Case B), it is found that both systems
are equivalent as time, wavelength and intensity are concerned. However,
the geometrical dimensions (2d and 2L) of the three-slit system will be
twice as large as the two-slit one.

3. THE BNL ROTOR SYSTEM

It is clear from the discussions above that optimum intensity and reso-
lution are obtained with the highest possible speed of the slits. There is,
however, an upper limit for the speed, (v, =wr), which can be obtained
at the rim of the rotors. This limit is set by the strength of the rotor ma-
terial used. As w and r can be chosen independently, a high v, can be a-
chieved in two ways: either rotors with a large diameter and smaﬂér an-
gular velocity w or vice versa. Experience at Brookhaven in the design and
construction of fast choppers has shown that as the rotor spveed is increased,
failure always occurs first at the periphery of the rotor. Since the stress
at the periphery of a rotor is proportional to w2r, a rotor with a large dia--
meter is best suited for obtaining the maximum velocity of the ‘slits. An-
other advantage of large rotors (spinning perpendicular to the neutron path)
is that for such rotors one can readily incorporate a large amount of ma-
terial to stop unwanted neutrons. This is important, especiallv for fast neu-
trons, which cause a high background in thé measurements. In the logical
design of a large diameter chopper, the material with high stopping power
for fast neutrons is placed in the centre of the rotors, because these ma-
terials have poor mechanical strength. The chopping action of the slow neu-
trons must be perfomed at the periphery, and fortunately the newly devel-
oped Mg/Cd alloy (10% Cd) with its high strength-to-weight ratio is quite
suitable. :

The system evolved at Brookhaven consists of three rotors, each hav-
ing a diameter of 80 cm (Fig. 4), two rotors spinning on a horizontal axis
and ‘one on a vertical axis. The vertical rotor acts both as a chopping de-
vice and rotating collimator. It consists of an upper and lower disc ma-

. chined from high strength Al forgings. The discs are bolted together with
a ring 5-cm thick made of a Mg/Cd alloy (10% Cd) in between. Three equal
slits spaced 120° apart are made ‘in the ring with a height equal to the thick-
ness of the ring., The paths of the neutrons are perpendicular to the rotor
axis and travel trough its centre. Between the Mg/Cd ring and the centre
are three identical pieces of a hydrogenous material. As these pieces are
closer to the rotor axis their strength is sufficient to take up the forces.
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Fig.4

Schematic representation of the proposed three -rotor system
for the Brookhaven High Flux Beam Reactor.

With this type of rotor, a maximum and nearly constant amount of hydro-
genous .material is in the paths of the fast neutrons travelling through the
rotor. ’ .

The horizontal rotors consist each of a disc made of the Mg/Cd alloy
mentioned above. The slits, also spaced 120° apart, have the same dimen-
sion as the slits in the vertical rotor. The paths of neutrons through the
"horizontal rqtors' are parallel to their spinning axis. One of the horizon-
tal rotors and the vertical rotor will be mounted in such a way that their
slits are adjacent.and move by each other in the opposite direction. The
distance between the two horizontal rotors can be varied to change the wave-
length resolution. Each rotor will be driven by a synchronous motor unit
described below.

The analytical expressions for T(A -Ag) and T(t) for this system are
given above. A factor of three enters in the numerator because the system
gives three pulses per rotor revolution. T(A -A¢) and T(t) are plotted for
three different rotor configurations in Fig.3. The scale used is such to
make the area of the two distributions equal for a particular configuracion.
The comparison is made for rotors with the same slit width. In the three-
rotor configuration, the distance between the two ''horizontal rotors’ is
chosen to be twice the diameter of the vertical rotor. The expressions for
the full width at half maximum for T(X -Xq) and T(t), the latter calculated
with reference to the last chopping point, are shown in Table I, together
with the expressions for the maximum value of T(X X;3), which corresponds
toA = Ko . ’
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TABLE 1

EXPRESSIONS FOR FULL WIDTH IN THREE-ROTOR

CONFIGURATION
Rotor configuration “a AN T max
One rotor (II) ‘h 2 3.d/2
(Vertical) 2/rw 2d-h/mor f2mr
Two rotors (I + II) d/w d+h/mwr? 3-d/2nr
Three rotors (1 + II + IIT) | dfw d+h/mwrL 3-d/2nmr
TABLE II

COMPARISON OF CALCULATED NEUTRON INTENSITY
FOR THREE DIFFERENT ROTOR CONFIGURATIONS

Rotor configuration At (ps) AX(R) In/s)

One rotor (II)

6
(2= 2r=80cm) 25 0.25 8.105
Two rotors (I + II) [
(2=2r=80cm) 125 0.125 410
Thi tors (I + II+ IIT
ree rotors ( ) 12.5 0.063 5.10%

(2=4r=160cm)

Table II gives a comparison of the calculated neutron intensity on a
sample (5 X 1.25cm) for three different rotor configurations when the in-
strument is used at the Brookhaven High Flux Beam Reactor. These fig-
ures are based on a thermal flux of 5X 10" n/cm?2 s, the design flux at the
bottom of the cold neutron beam hole. To estimate the flux of 4 A neutrons
a Maxwellian distribution was assumed. The angular frequency of the ro-
tors i§ chosen to be 1250 s°1, ‘which corresponds to a selected wavelength
Ao= 4A, Finally, the following values of the rotor parameters have been
used:

1.25 cm ,
40 cm , (8)
1.25X 5 cm.

2d
r
A

The formula (5) is used in the intensity calculations. For the configu-
ration of the equipment at the Brookhaven High Flux Beam Reactor the an-
gular dimensions of the neutron source seen from the position of the sample
are always larger or equal to the angular dimensions of the entrance pupil
seen from the same position for any rotor configuration and position. The
transmitted intensity is then independent of the position of the rotors and
depends only on the distance between the entrance and exit pupil of the in-
strument.
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The normal flight path using 4A incident neutrons is 160 cm. Under
these conditions no overlap can occur in the scattered spectrum from suc-
cessive neutron bursts., With this flight path the flight time for 43 neutrons
will be ~1600us, Using the values of At from Table II, the time resolution
for the 160-cm flight path is 1-1.5%. The corresponding values of the wave-
length resolution AX /Ao is seen to be 1.5-6%, depending upon which rotor
configuration is used. The value of At given in Table II is as mentionéd
above, and is calculated with reference to the last chopping point. In prac-~
tice, the sample has to be placed a certain distance behind the last rotor,
It is clear that the separation should be a minimum because the burst time
at the sample will be larger than the values given in Table II, due to the
spread in wavelength, AX, of the neutrons in the burst. For the Brookhaven
apparatus, this effect will increase our burst time at the sample by about
10%. There will also be a spread in time because of contributions from the
finite channel widths in the time analyser and finite thickness of the neutron
detector. For the analyser and detectors planned, these time uncertainties
are less than 1%.

4, THE DRIVING SYSTEM

The driving system has been designed in cooperation with the Bogue
Electric Manufacturing Company of New Jersey. Each rotor drive unit con-
sists of two electric motors mounted in tandem. A wound two-pole induc-
tion motor driven from the mains brings the rotor up to 3600 rpm. At this
speed, the induction motor is uncoupled by an electromagnetic clutch, and
a synchronous induction motor will take over the driving., The speed of this
motor can be set anywhere between 3600 - 15000 rpm,

Power to the synchronous induction motors will be provided by gene-
rators - one for each motor ~ mounted on a common shaft directly driven
by a DC motor, which receives power from a 50 kW AC-DC motor genera-
tor set. A manual phase alignment can be perfomed by adjusting the stator
of the generator with amicrometer screw. The final adjustment will be made
by means of an eddy current brake, which is constructed as an integral part
of the high speed motor. The brake will be modulated by a feedback system
that will sense the relative pdsition of the rotors and maintain relative phase
swing between the rotors less than #0.3°. '

The controls for the driving system allow for completely automatic
start-up, speed control and automatic shut-down of the system.
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DISCUSSION

W. KLEY: What energy range is covered by your phase rotor system?
K. OTNES: The rotor system will be used for incoming neutrons in the
wavelength range of 3.5 A < A < w, which corresponds to energies lower
than about 6.5 mV,



A COLD NEUTRON MONOCHROMATOR
AND SCATTERING APPARATUS
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Abstract — Résumé — Ammoraums — Resumen

A COLD NEUTRON MONOCHROMATOR AND SCATTERING APPARATUS: A narrow band of neutron
wavelengths (41§ and greater) is selected from a collimated neutron beam obtained from the Dido reactor
at Harwell. These neutrons are scattered by various samples and the energy transfer of the scattered neutrons
measured using time -of-flight techniques.

The neutrons, moderated by a liquid hydrogen source in the reactor pass through first a liquid nitrogen-
cooled filter, then a single crystal of bismuth and finally they are "chopped” by a magnesium-cadmium high-
speed curved slot rotor. In this apparatus the wavelength spread of 0. 34 at 4. 14 is determined primarily
by the Be-Bi filter, while the time spread (8 us) is determined by the rotor.

The moiochromated neutron bursts from this rotor are scattered by a sample and detected in one of
two counter arrays. When studying liquid or polycrystalline samples an array of six BF, counter assemblies
(each 2inchesX 24 inches in area)are used covering'scatter angles from 20° to 90°. This array is placed below the
neutron beam. Above the line of the neutron beam is a second array consisting of three scintillators 2 inches
in diameter, which is used for the study of single crystal samples.

The output of each counter is fed into a tape recording system which has 500 time channels available
for each counter. This apparatus has bedn used to study neutron scattering from several gaseous, liquid and
crystalline samples and the most recent measurements are presented in other papers in these proceedings.

MONOCHROMATEUR ET APPAREILLAGE POUR LA DIFFUSION DE NEUTRONS LENTS. Les auteurs
extraient une bande étroite de neutrons ( 4 A et plus) d*un faisceau collimaté de neutrons produits par le
réacteur Dido de Harwell. On fait diffuser ces neutrons au moyen de divers échantillons et on mesure le trans-
fert d*énergie des neutrons diffusés par la méthode du temps de vol.

Les neutrons ralentis par de 1'hydrogéne liquide plac€ dans le réacteur passent d’abord dans un filtre
refroidi 3 1'azote liquide, puis dans un monocristal de bismuth. Finalement, un rotor i rainures courbes en
magnésium et cadmium, ayant une vitesse de rotation élevée, les laisse passer par bouffées. Dans cet appareil,
le filtre Be-Bi sert 3 déterminer la dispersion de la longueur d*onde (comprise entre 0,3 4 et 4, 1A) et le rotor,
1a dispersion en fonction du temps (8 us). :

Les bouffées de neutrons monochromatiques provenant du rotor sont diffusées par un échantillon et
détectées dans l'une de deux séries de compteurs. Lorsqu'on €tudie des échantillons liquides ou poly-
cristallins, on emploie une série de compteurs BFy (dimensions: 2 X 24 pouces) couvrant des angles de
diffusion variant de 20 3 90°. Cette série est placée en-dessous du faisceau de neutrons, Au-dessus de 1*axe
du faisceau neutronique se trouve la deuxiéme série comprenant trois scintillateurs (diamétre 2 pouces) pour
€wdier des €chantillons de monocristaux,

Chaque compteur agit sur un systéme d’enregistrement 3 bande magnétique qui comporte 500 canaux
utilisables pour'chacun des compteurs. Les auteurs se sont servis de cet appareil pour étudier la diffusion des
neutrons ‘dans plusieurs échantillons gazeux, liquides et cristallins. Dans d*autres mémoires présentés au
Colloque ils donnent les résultats des demi€res mesures faites.

MOHOXPOMATOP INA "XONOIMHHX" HEATPOHOB W NPUBOP ANA PACCEAHMA. Ysxaa nosocka neHTPORHEX

BOMH (4An donee) oTGMpAETCA M3 KOJIMMMPOBAHHOIO nyuxa He#iTPOHOB, mNoJyuaeMoro B peaxrtope "IMIO"
» Xapysxnae.

OTH HellTPOHH pacceMBADTCE PAIMMYHHMU ofpa3naMit, & OTA&YA IHEPrUM paccesHHHX HeATpPOHOB Ma-
MepAerca ¢ RoMollbd OTCOPA YACTMI METOAOM BPEMEHM npoleTa.

* At present attached to Atomic Energy of Canada Ltd., Chalk River, Canada.
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HeﬂTPOHH, 3aNeAdleHRNe ¢ NOMOMbER XUAKONO BOALOPOAHONO' MCTOYHYKA B peaKTope, npoxXoAdAT 4epel
DepBHA GUALTD M3 TMAKOrO AIOTHOrO OXIAANTENS, 3aTeM yepea MOHOKpucTanmMuecxuil BUCMYT, #, HaxoHel,
oHu "npepusapres" c noMomsd MIONHYTOro nasa M3 MarHWA U KaaMua B DOTope, padoTavmeM Ha Goabmol
CKOPOCTM. B 31-0)" npu6ope IJIMHN BOJHM oT 0,3 no 4,1 A onpenenapTes B NEpBYR ouepeab € NOMOMbD
duaprpa Be-Bl, Toraa xax Bpems pacnpocrpaHesus (8 Mxcex) onpenenfeTca POTODOM.

MoHoXxpoMMpopanHHe BenHMmKu HeATPOHOB pacceMBapTCA 06pPa3uaM ¥ ZeTEKTUPYDTCH B ofHOH Ma ABYX
CHCTEM cqeTunkoB. IIpn MIYUEHVMM TMAKMX WIM TOIMKPUCTALINYECKUX OOPA3UOB UCAOABIYETCH CUCTEMA CYeT-.
uuKoB 6 BFs (nuomazr 5x60 cM), OXBATHBADmMAR MHTEpBAJ yrjoB paccesHua 20-90°. OHa nomemaercs
non Heﬂ'rpomnm NYVUKOM . Han ﬂeﬂ'rpom-mu NYUKOM HAaXOAUTCA BTOpag CUCTEMA CYETHYWKOB, cOCTOAmad M3

© TPEX CUMHTMILATOPOB AMAMETPOM 5 CM, KOTOP2f MCHNOJb3YETCA AJNA M3YUEHUH MOHOKPUCTANIMYECKUX ofpas-
HoB.

BuXOA xaxAoro cueTuMra NOAKANNEH K JeHTe 3anucHeanuell CACTEMH, KOTODas MMEET AIA KaxAoro
cueTunxa 500 XPOHMPYDIMX KaHANoB. JTOT ANNApaT NPUMEHANCA NPV M3YWEHMH HeATPOHHOrO paccesHus B
OeloM pafle ra3oo0PasHHX, XMAKMX M KPUCTANIMYECKMX OGPAa3LOB.

*MONOCROMADOR Y APARATO DE DISPERSION PARA NEUTRONES FRIOS. De un haz colimado de
neutrones, emitido por el reactor Dido de Harwell, se selecciona una estrecha banda de longitudes de onda
neutrénicas (4 4 y mayores). Estos neutrones son dispersados por varias muestras yla energfa por ellos cedida
se mide segiin el método del tiempo de vuelo.

Los neutrones, moderados por una fuente de hidrégeno liquido situada en el reactor, atraviesan primero
un filtro refrigerado por nitrégeno liquido, seguidamente un monocristal de bismuto, siendo, por Gltimo
"interceptados” por un rotor de ranura curva, de magnesio-cadmio animado de gran velocidad. En este aparato
el ensanchamiento de longitud de onda (0,3 A a 4,1 A) queda principalmente determinado por el filtro de

Be-Bi, y el de tiempo (8 ps), por el rotor.

Lasrdfagas de neutrones monocromaticos provenientes del rotor son dispersadas por una muestra y detec=
tadas en uno de dos dispositivos de recuento. Cuando se estudian muestras liquidas o policristalinas, se utiliza
un dispositivo de seis contadores (de BFy de superficie unitaria) de 2 pulgadas por 24 pulgadas para dngulos,
de dispersién comprendidos entre 20° y 90°. Este dispositivo se coloca debajo del haz neutrénico. Por encima
del eje del haz, se instala otro dispositivo integrado por tres centelleadores de 2 pulgadas de didmetro, que se
utiliza para estudiar muestras monocristalinas,

Las sefiales emitidas por cada contador se transmiten a un grabador de cinta que dispone de 500 canales
de tiempo para cada contador. El aparato se ha utilizado para estudiar 1a dispersién de neutrones por varias-
‘muestras gaseosas, liquidas y cristalinas. Las mediciones mésrecientes se exponen en ofras memorias presen -
tadas al Simposio.

1. INTRODUCTION

Cold neutron scattering experiments are now used frequently in studies
of the solid and liquid state, because cold neutrons possess certain im-
portant properties of value in this field of research. First, the energy trans-
ferred in an interaction is often of the same order of magnitude or greater
thanthe incident cold neutron energy and thus small energy transfer measure-
ments are easy to make. Further, neutrons of sufficiently long wavelengths
do not suffer Bragg reflections by crystals which may give rise to large
backgrounds in some experiments. In this paper a machine is described
with which the scattering from polycrystallme samples, liquids and single
crystals have been studied.

To produce an intense beam of cold neutrons it is necessary to maintain
a cold moderating source in the reactor. The results of using liquid hydro-
gen as the moderator have been known for some time [1] and with this in-
formation at hand a liquid hydrogen loop was designed and installed in the
Dido reactor at Harwell, Neutrons from this source pass through a berylli-
um polycrystallinefilter, which serves two purposes. First the fast neutron
background in the beam'is virtually eliminated and secondly the sharp "cut-
off'"" at 3.94 4 is used to improve the energy resolution of the neutron burst
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emerging from the rotor. The neutrons then pass through a single crystal
of bismuih, which further reduces the fast neutron and y-ray intensity of
the beam. The neutrons then emerge from the reactor face andare "'chopped'”
by a high speed curved slot rotor, giving a pulse of 8us duration (at 28 300
rpm) and removing neutrons outside a given velocity band. These neutrons
are scattered by the samples along a convenient flight path into the detectors.
A signal derived from a magnetic pick-up [2], on the rotor drive system,
is used to trigger a time analyser and hence the time-of-flight of the scattered
neutrons is obtained. The analyser is of the multiple input type allowing
simultaneous measurements to be made at six different angles by coupling
to it the outputs of detectors spaced from 20° to 90° about the sample.

This machine came into full operation in 1961. Numerous experiments
have been planned;some of those completed are presented at this conference
[3,4,51. In this paper details of the construction and performance of the
construction and performance of the apparatus are given followed by a section.
on data presentation. Some possible improvements for the future are sug-
gested.

2. DESCRIPTION OF THE APPARATUS

A schematic diagram of the apparatus is shown in Fig. la. Fig. 1b is
a photograph of the apparatus as seen from the reactor floor level. Details
of the components of the apparatus are as follows.

2a, The liquid hydrogen source

The thermal neutron spectrum in a reactor such as Dido has a Maxwell
distribution of velocities corresponding to the moderator temperature, say
325° K, which means that only 11 % of the total thermal neutron flux lies
below 0,005 eV. This means that to achieve good statistical accuracy one
must accept long counting times, and in a high resolution experiment the
background due to fast neutrons and v-rays tends to obscure the scattered
moderator of the reactor (or part.of it): if the thermal neutron flux could
be brought into equilibrium at 30°K, the flux of neutrons of 0. 005 eV energy
would be increased by a factor 18. The liquid hydrogen loop in Bepo [1]
showed that though one could not achieve such high increases with a cold
moderator limited to dimensions of only 8 cm, the gain in cold neutron flux
was still useful. The increases measured were a gain of a factor 7 for
neutrons of 5 A wavelength, rising to a factor 25 for neutrons of 10 A wave-
length. :

The installation of a similar liquid hydrogen moderator in Dido was a
much more complicated task, entailing byilding a closed circuit hydrogen
refrigeration plant outside the reactor building, and conveying the liquid
hydrogen to the reactor, along a vacuum-insulated pipeline some 60 ft long.
More details of this apparatus are given in another paper [ 6 ] . The moder-
ator chamber is a hemisphere 8 cm diameter, with a concave end; it holds "
200 cm? of liquid hydrogen. The gain in cold neutron flux is shown in Fig. 2a,
a factor of 4 at 4 A, rising to a factor 8 at longer wavelengths.
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Graph of gain in flux versus neutron wavelength when liquid hydrogen is in pile.

2b. The filters

Two filters are employed. The first a beryllium polyérystalline block
of 12 inches in length scatters from the beam neutrons satisfying the Bragg
Law (n A = 2d sin 6), passing on only those neutrons of wavelength greater
than twice the maximum plane spacing of the beryllium lattice. This berylli-
um "cut-off" occurs at 3.94A. The loss in intensity of neutrons of wave-
length greater thanthis due to inelastic scattermg is reduced by cooling the
filter to liquid nitrogen temperatures. The second filter is a 4in long single
crystal of bismuth. As well as removing fast neutrons and yrays from the
beam the bismuth also diffracts from the beam the neutrons which satisfy
the Bragg condition from the plane spacing and particular orientation of
the crystal. This leaves a "'hole' in the spectrum which can be used to
further reduce the neutron band with passed by the rotor. (See sect1on on
performance of apparatus),

A facility is built into the filter assembly so that the filters can be
rotated out of the beam allowing an unfiltered beam to be used for alignment
of single crystals for phonon frequency dispersion experiments,

2c. The rotor system

The rotors used in this apparatus are made from ZW6 magnesium alloy
with 10% cadmium added. Curved slot rotors are used, the present slot
shapes following a circular arc which is considered to be a sufficient ap-
proximation to the ideal curve (an Archimedes spiral). The radius of curva-
ture is a function of the ratio of the neutron speed to the tip speed of the
rotor NS/TS and the diameter of the rotor. Rotors of 10in and 8 in diam,
are used. Three different rotors have been used on this apparatus. The
high resolution rotor has 12 slots of width 0. 1in and operates at 37 500 rpm,
This rotor is found to distort after prolonged use and it was estimated that
the lifetime of the rotor would be about 2000 h. A rotor of slightly lower
resolution but same slot dimension was made which operates at 30 000 rpm,
thus considerably reducing stresses set up in the rotor and prolonging the
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lifetime indefinitely. A low resolution rotor has also been used which has
3 slots of  in width and operates at 18 700 rpm.

The driving system employed is one which has been well tried andtested.
It has been described fully by EGELSTAFF et al, [7]. Briefly it consists
of a 40 W 3 phase hysteresis motor driving a main shaft, the rotor being
suspended below this by a 3/32in diam. wire 6 inches in length. The main
shaft is suspended in a magnetic field and located in gas journal bearings,
and the rotor is hung inside an evacuated steel tank. A vacuum seal is made
along the length of the 3/32 in diam. wire.

A crystal oscillator followed by a 200 W power amplifier and a phase
splitting circuit is used to supply the 3 phase power to the motor, 'The per-
formance of this type of rotor system regarding stability, etc. is more than
is required in a single rotor system but the reliability experienced in the
running of other machines [8] .justified the selection. The present cold neutron
rotor system has been operating continuously for seven months at the time
of writing this paper, the only stoppages being to change the rotor when
different neutron burst characteristics have been required.

2d. The detectors and time analysing equipment

One arrangement of detectors consists of 6 groups of BF3 counters
mounted to detect neutrons scattered into angles of 20°, 30°, 45°, 60°, 75° and
90°. The detectors are mounted below the neutron beam and situated in a
tank of boron and polythene shielding so that the flight path of the scattered
neutrons along cadmium lined collimators is 1,28 m. The detectors covering
the three smaller angles each consist of 2 BF3 counters 1in diam. and
12 inches in length mounted side by side so that the detector area is
12in X 2in. The larger angles of scatter use 4 BF3 counters making the
detector area 24 in X 2in without worsening the angular.resolution of the
detectors which is £ 1°. This assembly is used to study the neutron scatter-
ing from polycrystals, liquids and gases.

The second arrangement consists of three neutron scintillation counters
of 2in diam, mounted above and at 83°, 85° and 90° to the neutron beam
centre line. They are enclosed by a tank of water with a cadmium-lined
centre collimating hole. These detectors are lithium fluoride zinc sulphide
and boron plastic zinc sulphide scintillators of the type described by
STEDMAN {9] and HARRIS [10] using pulse shape discriminators as de-
scribed by WRAIGHT [11]. These counters provide high angular resolution
and due to the high efficiency for small thickness of this type of detector
(50% at thermal energy) plus an extended flight path of 2.2 m, the time-of-
flight resolution is high. This arrangement is used for studying phonon
frequency dispersion relations in smgle crystals.

The output of each detector is fed into one of the 31 inputs of a time
analysing magnetic tape recording machine of the type described by HALL
[12) and manufactured by EMI. Each input of the analyser has 512 time
channels associated with it which can be varied from 2 us to 16us. Since
only seven inputs are used (six for scattered detectors and one for the moni-
tors), the recorder is coded so that the remaining inputs are used to record
the information from other samples mounted on a 4 position sample changer.
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The time analyser receives its ’start’ pulse from a magnetic pick-up
mounted at the top of the main rotor drive shaft. A stop pulse is similarly
derived which resets the time analyser 25us. before the start pulse arrives,
If a neutron event is detected between the ’start’and ’stop’ pulse times, it
will also reset the time analyser. The number of time channels used in
practice is dependent on the rotor period since all the ’start’ to ’stop’ pulse
time is analysed. Usually from 300-500 timing channels are employed. The
paralysis time of the recorder is 10ms, thus two neutrons cannot be ana-
lysed from one burst through the rotor. In practice the total scattered count
rates never exceed 1 count per 20 revs of the rotor,

Each neutron therefore has associated with it a detector number and a

_time channel number. This information is coded and recorded onto 16 track
magnetic tape of lin in width, Reels of tape can record continuously for
48 h and the required data obtained by ''playing back' on an analysing ma-
chine of 1024 channels. ’Playback’ time is approximately 20 min for each
pair of inputs. The data is then transferred to punch paper tape (2 min)
which can be fed directly into a Feranti Mercury computer.

2e. Sample mounting

Samples are fixed in the heam about 10 in from the rotor tip. Plain
samples are inclined at 45° to the.oeam and cover the beam area 2in width
X 1in high, scattering approximately 15% of the beam. A sample changer
can be used for room temperature samples so that four samples can be
studied together. The samples (cycled 4 times per h) usually include one
empty sample container and one calibration sample,

Individual samples are mounted in vacuum furnaces tooperate at temper-
atures up to 1000°C. Cryostats are also used to study cold samples. For
single crystal phonon dispersion measurements “he crystals are mounted
in a goniometer.

3. PERFORMANCE OF THE APPARATUS

As shown in Fig.2 (a) the 4 A flux is increased by a factor of 4 when
the liquid hydrogen is used. The effect of this increase in cold neutron flux
is well illustrated by the results given in Fig. 2 (b), which gives the spectrum
of neutrons scattered through 75° by hydrogen gas at room temperature.
The dotted peak A represents the spectrum of incident neutrons, the hori-
zontal dashed line the background of fast neutrons and y-rays. Ina 4 h run
without the aid of the liquid hydrogen source the open circles were obtained;
they are barely above the background level. In a 4 h run with the liquid
hydrogen source in operation the full circles were obtained; the peak B of
neutrons scattered inelastically is clearly seen. Thus the use of a liquid
hydrogen cold neutron source can not only improve the counting rate in an
experiment, the data is also greatly improved by the increase in counts-to-
background ratio.

By calculation it can he shown that the amount of inelastic scattering
of neutrons wavelength 4 A can be reduced by a factor of 4 if the beryllium
filter is cooledto liquid nitrogen temperatures. Measurement of the 4.1 A
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Scattering of neutrons from a sample with and without liquid hydrogen in pile.

flux through the rotor with filter at room temperature and when cooled, show
that this has been achieved.

The theoretical burst width at the rotor centre for a parallel beam
falling on the NS/TS = 3 rotor is £ 4us (half width at half height). In this
apparatus the beam divergence is normally £ 0. 8" and this increases the
pulse width to + 8us. At monitor 1, which is 22 cm from the rotor centre,
the pulse length is + 10us and at the sample which is normally 20 cm from
monitor the pulse is + 12 us. At the 1.3 m detectors the pulse width for

" elastically-scattered neutrons is £ 50us or + 39 us/m. Since the mean time-
of-flight is 1040 us/m the resolution of the incident beam is AT /T = £ 3. T%.
On the other hand the beryllium edge is defined (see Fig, 3) to £ 0. 8% using
the 1.3 m detectors and £ 0. 5% using the 2. 2m detectors.

- A comparison of the neutron pulse lengths measured at monitor 1 for
the three choppers is given below. .

- The NS/TS = 2 1/2 rotor gives a longer pulse than the NS/TS = 3 rotor
because it cannot be run at a speed high enough to use the beryllium-bismuth
filter spectrum properly. This rotor is mainly useful for studies at longer
wavelengths of 5 to 64, and here the pulse length is + 20 us because there
is no reduction in width due to the beryllium and bismuth filters.

Curves of the neutron energy transmission measured on the second
monitor, for two rotors (NS/TS = 3 and 4) are given in Fig.3. The curve
for the low resolution rotor clearly shows how the proper use of a hole
produced in the spectrum by a single crystal (in this case bismuth) can
improve the resolution of a rotor,

Distance errors in the scattered flight path arise from the finite sample
and detector size. The maximum error due to BF; detector thickness is
2%. When considering sample size the maximum error for neutrons scattered
elastically through the sample is zero at zero angle ot scatter rising to 4%
at 90° of scatter. Averaged over the whole beam the errors are less than
the maximum of course., As previously mentioned for phonon dispersion



NEUTRON MONOCHROMATOR AND SCATTERING APPARATUS

115

1100 Legend
tow resolution
NS _aat 312rps
1000 T5
—~ ——High resolution
NS _
900} Ts = 3at 475rps
) Ir\
\
800 { 1
I
700t Be cut off () v Yei reflection
3958 '\, \
]
g I
5 600 | \
o
0 0-294
500+ \\
[
\
400 \
\
3OOL ‘l
200
100
N
r 1 1 1 N L
150 160 170 180 190 200 210 220 230 240
Channel No.
Fig.3
Curves of transmission of two rotors,
TABLE I
Rotor NS/TS Operating Time spread Flux of 4.1 A neutrons at
speed of neutron burst sample without hydrogen source
23 37500 rpm +12ps 5% 10% neutrons/min
3 28 300 rpm + 10 ps 6x 109
4 18700 rpm + 19 ps 1.1 % 108

measurements scintillation detectors are used of 1 mm thickness and in this
arrangement the distance error is entirely due to the sample size.

The neutron:flux of 4. 14 incident on the sample is 6 X 10° neutrons/min
for the NS/TS = 3 rotor (see Table I). With liquid hydrogen in the pile this
becomes 2.4 X 10° neutrons/min, For samples scattering 10% of the beam
isotropically the neutron flux scattered into each counter of area 48 in is
400 neutrons/min. A typical experimental count rate for one such detector
is 100 cpm. The flux of neutrons of wavelength 8 & incident on the sample
is about 4 X 10% neutrons/min using the hydrogen source.
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Background measurements made with blank samples and cadmium in-
serted in the beam showed that there was no time dependent background
except that due to scattering from the sample container and this almost
entirely in the region of the elastic peak. In many experiments the back-
ground is taken as that level observed in time channels in the region corres-
ponding to very large energy gain (0.5 eV).

Fig. 2b shows the scattering obtained from a gaseous sample. Even
in this case where a broad spectrum results the counts/background ratio
is good. Figs.4a and 4b show the scattering spectrum from vanadium and
methyl alcohol in which elastic peaks are clearly separable from the in-
elastic region and background,

Counts

1 N
100 200
Channe! No.

Fig.4a

Scattering from vanadium on detector at 45°.

Counts

Channel No.

Fig.4b

Scattering from fnethyl alcohol on detector at 45°.
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4. DATA ANALYSIS AND PRESENTATION

The method of simultaneous measurement of the scattered neutrons at
several scatter angles has obvious advantages. To make full use of these
advantages a careful inter-calibration of the various detector efficiencies

is required. The incoherent elastic scattering of vanadium metal has been
employed for this purpose. For the present low neutron energies the Debye--
Waller factor for room temperature vanadium deviates by only ~ 2% (for
90° scatter) from unity. Hence the near isotropic elastic scattering provides
a simple method for comparison of the detector efficiencies.

The standard 1lin diam. 70 c¢m hydrogen pressure-enriched B10 y
filled proportional counters have stable and consistent efficiencies and the
variation of the efficiency with neutron energy has been calculated from
their known {filling and geometry.

The incident time-of-flight and spectrum shape is conveniently obtained
using the two monitors in the incident beam. The second is placed at the
same distance from this sample as the detectors and so gives a clear picture
of the time distribution of the incident neutrons as it would appear at the
detectors. The first monitor is also used to measure the incident beam-
integrated flux., Assuming the scattering cross-section of vanadium the
results for other scatters may be evaluated as absolute differential cross-
-section.

- Experimental results as counts per channel versus channel number are
normally converted by the computer programme to units more useful for
analysis. For example counts corrected for background, can scatter and
detect efficiency variation or the cross-section for a given process. ‘In
the case of single crystal work the computer will find the position of the
phonon peaks and evaluate errors.

5. CONCLUSIONS

An instrument has been described which provides information on the
scattering of neutrons of long wavelength over a wide range of scatterin,
angles. Certain experiments using neutrons of wavelength greater than 6
are made possible by the increase in flux available using a liquid hydrogen
source, The out-of-pile apparatus has proved very reliable; servicing and
routine maintainance being confined entirely to reactor shut-down periods
allowing continuous operation of the machine at other times.

.Certain improvements are planned. The design and manufacture of a
rotor with slots cut to an Archimedes spiral is under way. A rotor tank
is seen to be installed which will allow the sample to rotor tip distance to
be reduced to less than 3in. Both these modifications will improve the reso-
lution of the machine, The addition of several more detectors isalsoplanned.
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DISCUSSION

D.W. CONNOR: I have two questions:

(a) What is the length of your bismuth single-crystal filter?

(b) Have you any transmission data for this filter? v

S.J. COCKING: Our bismuth filter is 4in long. I have the results of

transmission measurements made at various selected neutron energies and
will let you have them privately.



YCTAHOBKA JUlfl M3YUEHWA PACCESHMSA
XOJIOOHHX HEWATPOHOB

B.B. I'OJMKOB, ¢.J. HAIMPO, A. DKATYJIA, E.A. SAHVK
O6beauReHEKH MHCTUTYT 4nepHNX Mccaepopanutt, IYEHA

CCCP
Absfract — Résumé — Annorannst — Resumen

INSTALLATION FOR STUDYING THE SCATTERING OF COLD NEUTRONS. Using the pulsed fast reactor
in the Joint Institute ior Nuciear Research, an installation was set up to investigate the spectrometry of cold
neutrons. The moderator, adjoining the reactor reflector, and the beryllium filter were at the temperature
of liquid nitrogen. The scatterer, located at a distance of about 0. 6 m from the moderator, was irradiated
by flashes of cold neutrons, whose diration was determined by the lifetime of the neutrons in the “moderator
and the dispersion of the times-ot-flight over a distance of 0. 6 m. The frequency of the flashes was 8/s.
The steep beryllium edge of the spectrum, lying around 200 ps, was used for spectrometry in the quasi-elastic
range. The energy of the scattered neutrons was determined by the time-of-flight over the distance between
scatterer and detector, which was about 10 - 40 m.

ZnS + B 0, scintillation detectors with surfaces of 300 and 2 000 cm? were used and the efficiency, for

- fast neutrons, was about 60% .

INSTALLATION POUR L’ETUDE DE LA DIFFUSION DES NEUTRONS THERMIQUES. A 1'aide du réacteur
3 flux pulsé de neutrons rapides de 1'Institut unifié de recherches nucléaires, les auteurs ont mis au point
une installation pour la spectrométrie des neutrons thermiques. Le ralentisseur contigu au réflecteur du réac-
teur et le filtre de béryllium sont maintenus 3 la température de 1'azote liquide. Le diffuseur, placé i en-
viron 60 cm du ralentisseur, est irradi€ par une bouffée de neutrons thermiques dont la durée est déterminée
par la vie moyenne des neutrons dans le ralentisseur et par 1°étalement des temps de vol nécessaires pour
parcourir la distance de 60 cm. La fréquence des bouffées est de 8/s. Pour la spectrométrie dans la région
quasi-élastique, on utilise la bande en bordure du spectre qui correspond au béryllium et s'étale sur environ
200 ps. ~L‘énergie> des neutrons diffusés est déterminée par la durée du parcours entre le diffuseur et le détecteur.
Les auteurs ont utilisé des détecteurs 3 scintillation 3 ZnS ¥ 1B,04 ayant des surfaces de 300 et 2000 cm?
et dont I'efficacité 3 1'égard des neutrons thermiques est d' environ 60%.

YCTAHOBKA MNIA M3YYEHWA PACCEAHMA XOIOIMHHX HEATPOHOB. Ha 6ase mMmyancHoro GHCTPOro peaxTopa
OOBENMHEHHOrO MHCTUTYTa AAEPHMX Mcclenopanuit co3aaxa yCTAHOBKA AN CNEKTPOMETDPMM XOIORHKX Hef-
TPOROB. 3aMenaMTels, NPUMMKADOMI X OTpaxaTeaD peaxTopa, M OepUlIMEBMA $UALTP HAXORATCA NpM Teume-
patype muaxoro asota. Paccemsarenb, noMemeHHH{i HA pPacCTOAHMM OKOJO 0,6 M OT. 3aMealMTeas, o6ay-
vaetTcs Bemumxolt Xodoamux HefiTPOHOB, ANMTEABHOCTH KOTOPOH onpeielserca BpeMmeHeM Xn3nu HeliTponom
B laMesmuTese ¥ pa3cpocOM BPeMEH fnposera paccTosHna 0,6 M. Yacrora Becrmmex - 8 pas B cex. HAas
CNEXTPOMETPUK B XBasuynpyrofl o6zacTu uenoasayercs KPyTod Gepunamessit xpall cnexrtpa, IanuManmmit
OXoA0 200 Mxcex. 3Heprua paccesREMX HeHTPOHOB onpejelseTcd NO BPeMeHy NpPojeTa PACCTOAHME pPacCen-
BATEJb ~ feTe KTOP,cocTasasmmero 10-40 . Monoapaynres CHMHTMANAWMONENE AETEeXTOPH Ha OCHoBse
Zn8 + B1°0, niomazs® 300 u 2000 cM? ¥ IQPeXTHBHOCTLD X TeNJOBHM HeiTponam oxono 60%.

INSTALACION PARA ESTUDIAR LA DISPERSION DE NEUTRONES FRIOS. - En el reactor ripido pulsante
del Instituto Central de Investigaciones Nucleares se instald un espectrdmetro para neutrones frios. El1 modera-
dor, contiguo al reflector del reactor, y el filtro de berilio se mantienen a la temperatura del nitrégeno 1i-
quido. El difusor, situado a uncs 0, 6 m del moderador, se irradia con rdfagas de neutrones frios, cuya duracién
se determinn eni funcidn de la vida de los neutrones en el moderador y de la dispersidn de los tiempos de
vuelo.en una distancia de 0, 6 m. La frecuencia de las rifagas es de 8 por segundo. Para. la espectromezrl’a
en la region cuasieldstica, se utiliza la variacién brusca del espectro del berilio, que es de unos 200 ps. La
energfa de los neutrones dispersados se determina por el tiempo de vuelo en la distancia que media entre
el difusor y el detector, a saber,10 a 40 m. Los autores utilizan detectores de centelleo a base de ZnS + 9B ,0,,
de una superficie comprendida entre 300 y 2000 cm?, y cuya eficacia respecto de los neutrones térmicos,
es del orden de 60%.
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B HacrTofllee BpeMs MCCIeZOBaHNS HeHTPOHHHX CIEeKTpPOB, BO3HU-
Kapmux NpU pacCesHMM XOJOAHHX HeATpoHOB, BexyTCH, KaxK NpaBUJO,
Ha OOHUYUHHX peaKTopaX HeNpepHBHOro ZeilcTBUa. OCHOBHAaf TPYAHOCTH
TaKyX 3KCIEPUMMEHTOB 3aKibdyaeTcsd B Majofi MHTEHCUMBHOCTH pPAaCCeSHHO-
ro ny4yxKa XOJOAHHX HeiTpoHOB. B HacTosameM COOOWEHVMM ONMCHBaeTCs
ycTaHOBKa AJd M3MepeHMH ¢ XOJOAHHMM HefiTpoHamMu, MCHOJB3yDmAs
MMNYJALCHNIA peakTOp Ha OHCTDPHX HellrpoHax (MBP)JlaGopaTopum Heli-
TpoHHO# ¢U3MKK OGBeAVHEeRHOro MHCTMTYTa SAepHHX McclenoBaHuit.

OTa yCTaHOBKA MNO3BOJAET NOJYYaATh NOTOK XOJNOAHHX HeATpOHOB,
ofecneunBapmmiAi MHTEHCUMBHOCTL pPacCesHHOr'O Iydyka BO MHOro pas 6OJb-
my», 4YeM Ha peaKTopax HeNpepHBHOro neicTBUA C CeJeKTODaMu.

PeaRTop WUBP ycTaHOBJEH B LieHTpe 3ala pasMepaMy 10x10 m,cre-
HH M HOTOJIOK KOTOPOroO CcJyXaT samuToll peakTtopa. AKTUBHAsS 30Ha
peakKTopa BMeCTe C OTpaxaTelieM M, opraHaMu peryiaupoBaHUd UMeeT pas-~
MepH npuMepHO 25x25 cM. PeakTop reHepupyer HedTpOHH nepuoanyec-
KMM{ MMOYJbCAaM{ C NOJYmMPUHOM OKoJNO 36 MKCEK NIpU HacTOTe NOBTOpe-
HMa 8,3 pasa B CeKyHAY. CpeaHsas Tenaosasg MOMHOCTb peaKTopa paBHA
1 xBT; cooraercrnymmuﬁ cpenuuit Buxonm HeillTpoHOB 4,5x10'3 1/cek.
Majas akTuBHas 30Ha WEPa naeT BO3MOXHOCTbL 3HAUNTEJIBHO Conee 3=
deKTUBHO MCNONB3OBATh HEeHTPOHH, poxaapmMecs B PeaKTope, YeM BTO
LOCTYNHO Ha OCHUHHX peaKTopax Ha TeNJOBHX HeliTpoHax. VIMOyJbcHoOe
BHAeJeHNe MOWHOCTY NPUBOAMT K MaJoif BeanuuHe $oHa B oxpyxammnx
NnOMemeHUsIX BO. BpeMs uaMepeHuit. .

Ins BHBOZA HelTPOHHHX NYUYKOB B 3amyUTe MMeeTCs HECKOJBKO Ka-
HaJOB, TPM M3 KOTOPHX B HacTosflee BPeMs 3aHATH ycTaHOBKoi#l nas
ONHTOB C XOJOAHNMM HefiTpoHamu.

4500 cm '

T : i ]
|

BAKYYMHb I
HEMTPOHOBOA
SOPOBAHY YMHb 1

CUAHTWNNALIMOHHL 1A
HACOC LETEKTOP

IAMEANMUTE b

Jiy

HENOABWIKHAA 30HA PEAKTOPA

Puc.1

CxeMa YCTaHOBKM AJs M3MepeHMH ¢ XOJXOAHHMM HeitTpoxHamu

CxeMa YyCTaHOBKM NpUMBeAeHa Ha puc.l. BHCTpHe HelTpOHH M3 pe-
aKTopa NnonalapT HA 3IaMeisanTeds, uMmepmuii pasmepum 30x30x5 eM3 u
ycTaHOBlenHnit Ha paccTosHMM 5 cM OT oTpaxaTeds peakTopa.

B KauecTBe 3aMmeaanreas uénonnaosanc; napadyH MIM DTUJIOBRIL
cnUpT. BONOTHY® 3a 3aMezaMTeJeM NOMemeH GJOK NOJMKDUCTaJIMYecKo-
ro Gepuaiaus pasMepoMm 24x12x12 em3®, apasomuiica PUILTPOM XOJOLHHX
HellTpoHoB. Pacnounoxenve O6epuiavs BIJIOTHY® K 3aMefINTENR yBeau-
yuBaeT NOTOK XOJOAHHX HEHATPOHOB B HECKOJNBKO pas IO CPaBHEHUB CO
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cayyaeM, Korza Gepnanauii HaxoauTesd BAaAM OT 3aMeRJMTeNd. BHUrpum
B MHTEHCHMBHOCTM CBf3aH C TeM, YTO OepuaauiAi urpaeT poJb OTpaxaTe-
Jf TEeMJOBHX ¥ OHCTPHX HeliTpoHoB. XoXonHHe HeTpPOHH, AJS KOTOPHX
Gepuaauii nmpoapadeH, BHBOAATCH U3 IIYGHUHH 3aMellspmero Gioka. 'sa-
MeZauTeJb-Gepuaiuit’, rze NJIOTHOCTh TENAOBHX, a 3HAUMT M XOJOA-
HHX HefATDOHOB, CYyMEeCTBEHHO BHNle, YeM Ha Kpab IoJOro 3aMelJMTeld
NPV OTOZBUHYTOM GepuilMM. PacrnonoxeHve QUIbTpa BHJIOTHYD K 3aMezn-
IUTEJP NOBHmAET IIPMMEch TEMIOBHX HelATpOHOB, M ¢ 2TOMf ToukM 3pe-
HUS OHO HEBHIOZHO. JTY TDYAHOCTDH MOXHO B HpUHuMIEe oGoiiTu, ocra-
BUB OKOJIO 3aMelJuTeds CJo# Gepuanvsa ToamuMHoll B HecKOJBKO cCaHTHU-
METpPOB M NOMECTUB OCTAIBHYD YacTh (¢MIBTPaA NOCPEeAMHE MEXAY 3a-
MegauTereM ¥ o0pas3iioM.

Kax Gepuaamifi Tak ¥ saMezJMTeNb HAaXOAATCA B HEHONMJIACTOBOM
KpuocTaTte, 3aJMBKa KOTODOrO XUIKMM a30TOM NPOM3BOAUTCHA AMWCTAKIM-
OHHO M3 DKCIEPUMEeHTAJNBHOro 3aja. OXJaxAeHVe 3aMeliauTeds U Ge-
PUAIMA IO TEMNePaTypPH IMAKOro asoTa yBeauuMBaeT B 10 pas MHTEH-

CMBHOCTD XOJOJHHX HeliTpoHOB. 3aMeTUM, YTO NIpPY MCIOJHL3IOBAHMU B
KayecTBe 3aMelJuTedd 3TUIOBOrO CIMPTa MHTEHCHMBHOCTD XOJIOZHHX
HeliTpOHOB BoapacTaeT mpuMepHo Ha 30% MO CpaBHEHUD C 3aMeAJATe-
Jem U3 napaduHa.

3a KpMOCTATOM Ha OCHU NyYyKa Ha paccTofsHuM 60 CM OT 3aMenau-
Teasg ¥ 35 CM OT KOHUA GepuiavMeBOro PUIBTDAa HAXOAWTCH NJaTdhopMma,
Ha KOTOpoif pacmnoloxXeHH o6pasln. AVMCTAHUMOHHO MOXHO BBOAUTH B Ny=-
YOK XOJOAHHX HeHTPOHOB OAMH M3 ABYX OOpPa3lOB ¥ KaIAMUEBYD 3aCJOH-
Ky. [locienusasa NpeKpHBAEeT NYYOK . XOJOAHHX HeATPOHOB nepen oGpas- -
LOM C LeJpd M3MeDeHUa (oHa, UAYWLEro Ha AETEKTOp.

KpuocTaT M o6pa3lil Co BCeX CTOPOH OKPyXeHH samuToit us xa-
OMMA 1M Kapouia Gopa ToJmuHo#i 3 cM.

CoO CTOPOHH aKTUBHO 30HH KpPMOCTAT 3aKPHT napapuHoBOit cTeH~-
xo#f ana ymeHbmenus ¢PoHa OHCTPHX HeATpOHOB, MAymMX Ha o6paseln.
B saumTe KpuMocTaTa UMERTCS TPW OKHAa, NO3BoJgDmMEe NPONYyCKATb Heif-
TPOHH, paccesdHHHE Ha yrad 75 u 30°, M BHBOAUTL B SKCIEPUMEHTAJb=-
HHIt 3an npaMmofl Ny4yox HelAiTPOHOB, NpomeAmMX Yepes OepUIaMeBHit
dnapTp. HellTpoHH, paccesHHHe Ha ofpasue Ha yroa 75°, npoxoadr
no KOAJMMM3LUMOEHOR Tpyle, OKpyXeHHON KapOuAOM Gopa M KaIMUeM M
BaKyyMUpPOBaHHOM ZO ~ 1 MM PT.CT., Yepe3 3amMMTHYD CTEHYy 3aja pe-
aKTopa B QPKCNEePMMEHTAJBHHIA 3as, I'Ae pacnoloxeH nerteKTop. Illpoaer-
Hasg 0a3a OoT ofpas3na no geTeKrtopa 10 -45 M. [lng 3amuTH AeTeKTOopa
OT mpaMoro nyuxa HefiTpoHoB M y-ayue#f B saje peaxTopa NOMENEHH
cBUHell U napaduH ¢ GOopoM.

Ians pervcrpalvMyM HEeHTPOHOB MCHOJb3YETCHS CHMHTHIIALMOHHHNA Ie-
TeKTOp Ha ocHoBe cMecu ZnS (Ag) + B0, (cuunTunnnTop T-1).

CuMHETHAIMPYRIMiA Hmopomox o6JyazaeT HauGoapmed >PPEKTUBHOCTHD
AdS perueTpalMM TeNIoBHX HefiTpOHOB mpu pasMepe sepeH 300 - 500 Mx.
Tlnockuit caolli taxoro nopomxa ToJummHoM 0,7 MM (noBepXxHOCTHAas MHJIOT-
HOCTE ~ 80 Mr/em2) umeer opPeXTMBHOCTh K TENJOBHM HeliTpoHaMm 20%
npu >@PeRTUBHOCTM K y-iydyaM Co®° ~ 1074%. Baarozaps GoabmoMy CBe-
TOBOMY BHXOLY CLMHTUIJNATOPA BCe 3axBadyeHRHHe GOPOM HeATpPOHH pe-
TMCTPUPYDTCS - MHTErpadpHas XapaKTepPUCTHKA LeTeKTOpa MMeeT NJIATo.
YTOOH MOJYUMTH -Goabmy® 3OHEeKTMBHOCTH, BMECTO €CTECTBEHHOro Gopa
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OHJI MCHOJBb3OBaH GOp, oGorameHHH MaoromoM BI° no 90%. CodexTHB-
HOCTb J3TOTO AEeTeKTopa K TenioBHM HeliTpoHam 50%.

B HacTodmee BpeMs Ha YCTAHOBKE UCNOJB3YDTCA ABa LAETEKTOpa
¢ ZnS (Ag) + BA°0,. llpu paGoTe Ha AaMHEe NpoJeTa DPACCESHHHX HeH-
TPOHOB ~ 10 M MCNOAB3YETCH AETEKTOP miomaap® 300 cM2, colpaHHHH}
Ha OZHOM QOTOYMHOXMTEJNE C auMamMeTpom QoToxarola 200 mm (puc.2 a).
llpy Goapmmx NPOJNETHRX Ga3ax MCNoAb3yeTcs MAETEKTOpP MNJIOMAAbE
2000 cm2 (pmc.Z 6), B KOTOPOM NPY HAJWYMM BO3AYWHOI'O CBETOBOZA
YeTHpe moroyMHoxMTenx BKJIDUEHN B ‘¢XeMy oTGopa coBnazeHuft.

ANFOMUHUI

CUMHTUANATOP T-1

POTOYMHOMMUTE Nb

Punec.2

a) CxeMa AeTeKTopa mjomazned 300 cMm?2
6) Baox-cxema HeTeKTopa ILIOmAAbD
2000 cm2:

- CHMHTUAJATOP}

- POTOYMHOEUTEND

- KaTOZHHIA NOBTOPUTEJD;

- IBYXKAHAJbBHHIA CYMMATOD M YCUIMTEJb;
EVUCKPUMMHATOP;

- BpeMeHHoll aHaauM3aTop;

~ GJOK BHCOKOI'O HANpSXeHWUd;

- cxXema coBlazieHuit;

- CBETOBOZ M OTpaxaTesb CBera.

O O~NOOd WM -
!

CxeMa coBnazeHuii yMeHpmaeT UYBCTBATEJABHOCTDh HNETEKTOpPA K
Y~Zy4YaM, BH3HBADIMM CHUHTUMIAALMM HEeNOCPeUCTBEHHO B (POTOYMHOXM-
Teadax, a Taxxe K myMmam POY. OPDEeKTUBHOCTH ITOI'O KETEeKTopa K Te-
NJIOBHM HeliTpoHam Bcero sumb Ha 104 xyze, uem y zerextopa, B kO~
TOopoM ®3Y paGoTabT B HENOCPEACTBEHHOM KOHTAKTE CO CUMHTUIISTOPOM.
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OZHMM M3 MEPBHX NPeABAPUTENBHHX ONNHTOB Ha YCTAaHOBKE SABMUJOCH

M3yuyeHMe SHEpreTUUECKOro paclpefelleHNs NyuKka HeRTpOHOB, mnpomen-
mero ¢uabTpP.

$002)

15000 1 ¥

10000 -

%50 N KAHANA
40 16 83 52 45 1073 3

Puc.3

CrnexTp HeiATPOHOB nocJe GepuJlnd, W3MepPEeHHHA
Ha paccTOfABEMM ~ 16 M OT KpuocTarta.
HuxHada xpuBasg - QOH.

Ha puc.3 mnpeiacTaBieH CNEKTP HeHATPOHOB mocie Gepuaaus, us=-
MepeHHHl Ha paccTOdHMM 16 M OT KpuocTaTa Np¥ MOMOmM 256-KaHaJbH0
BPEMEHHOI'0 arRaJumzaTtopa. Kak BUMAHO M3 pUCYHKa, oTHomeHue dpdexTta
K GOHY B O6JACTM XOJOAHHX HellTpoHoB cocTaBageTr 100 : 1, xopomo
paspemeHH kpucradgorpaguieckre naockocty (100), (100) m (002).

BUIHO TaKxe CYmEeCTBOBAHME AOBOJBHO GOJbMOA KOMIOHEHTH Tenio-
BuX HellTpoHoB ( okoiq 20% oT xoJdozumx HelliTponoB). BBUAY Gonpmoro
npocaurMBaHWsg TENJIOBHX HeATPOHOB,ONMCHBaeMas YyCTAHOBKa B €€ HH-
HEmHEeM BUAEe MaJIO IPUroAHa AJS M3YUEeHUSs HeYyNpyroro paccesHud Xo-
JOOHHX HeATPOHOB M MCMOJB3IYETCs B HACTOAmMee BpeMS AJA M3YUYEHUS
KBa3UYNpyroro paccesHns Ha EUIAKOCTAX.

Iasa onpenelleHUs OCHOBHHX XapaKTePUCTUK YCTAHOBKM MCIOJb3O=-
pajcs c6pasell BaHaIuMsg ToamuHo#t 6 MM ¥ paGouelt naomazem 70 cMm2.
Ha puc.4 npeacTaBiIEH CHEKTP HeATPOHOB, yNpyro paccesHHHX Ha Ba-
HaauMy Ha yroa 75°, cHATHIt npy noMomy ZeTeKTopa naomanbp 2000 cM?
U 256-KaHAJBPHOTO BPEMEHHOrO aHAJIM3aTopa ¢ mMpMHO# kKaHaja 64 m/cac,
PaccrogHMe oT ofpas3nia KO AeTeKTopa 45 M. B MakcuMyMe nvka XOJIox-
HHX HelTPOHOB MH MMeau ~ 4 oTcueTa/MMH-64 Mxcek. OTHomeHue 3ddex-
Ta K $oHy 3 : 4. .

BpeMeHHas NOJymMpyHA HAKJIOHA GepUIMeBON rpaHMUN AZOCTUraeT
100 Mxcekx, T.e. paspemabmas CNOCOGHOCTH YCTAKOBKM B OOJACTHU IHEp~
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) .
100 150 200 N RAHANA
68 58 52 3HEPMMA(10~338)
Puc.4

Crnekrp HeflTPOHOB; yNpyro pacceasHHA Ha BaHaauM.

Paccrossine oT o6Gpaszna no AeTeKkTopa ~ 45 M,.lIu-
pYHA KaHalla BPEMEHHOro aHajmsartopa 64 MKCceK.
IlpoBaa Ha KpUBOi, OTMeueHHOU cTpeskoil, cBa3aH
¢ HajuMuMeM ofpa3la aJOMMHUS TOopmMHOA 6 MM Ha

nyTH nyuxa. '

ruu 0,005 3B paBHa 0,5%. HaGamnaeMuit HAKJIOH GePUJIIMEBOl I parRMIM
B OCHOBHOM OGYCJOBIE€H BpEeMEHEM XM3HM TEIJOBHX HeiiTpoHoB B 3amen-
anrtege.

Kax BuaHo M3 NpuBeneHHHX pe3syabTraToB, WUBP aBagercs nepcne=-
KTUBHOI ycTaHOBKOI Zua uccaenoBanuil ¢ xoJoxummu HefiTpoHamm. llo-
TOK pacCCesHHHX HeliTPOHOB, MOJYUEHHHI Ha ONUCHBAaeMoii ycTaHOBKe,
npuMepHo B 10 pa3 Goabme npu paspemapmeil cI1oCo6HOCTU B OO0JACTH
XOJOLHHX HEATPOHOB B 5 -10 pas ayume# no CpaBHEHMD ¢ ADPYCMMM aHa-
JOrMUHHMM YCTAHOBKAaMW, pPaGOTABDmMMM HA peaKTopax ¢ IOCTOSHHOM
MORIBHOCTHD.

DISCUSSION

B.W. BROCKHOUSE: What is the 0.5% resolution you quote? Is this
in wavelength ? ) .

J.JANIK: Yes. It comes from the width of the beryllium cut-off, as
measured with vanadium.

W. WHITTEMORE: What were the specifications of the moderator and
what is its length in the beam direction?

J. JANIK: The dimensions are given in the paper: 30 cm X 30 cm X5 &1
The length in the beam direction is 5 cm. We used paraffin, but experiments
were also done with solid CH3;OH and as a matter of fact we think there is
some increase in intensity with methyl alcohol.

W. WHITTEMORE: What is the pulse length of the filtered beam for
thermal neutrons? . ‘

J. JANIK: It is about 120 ys - about five times longer than the fast-—
neutron pulse.
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H. PALEVSKY: I don’t understand why you say the resolution is five
times better than for a cold-neutron facility. Your burst time is 120 us,
as compared to 20 us for chopper systems, but your flight path is 45 m and
with choppers it is 5 m. Neglecting detector uncertainty you should, there-
fore, have a factor of (20/120) X (45/5) = 1.5 times better than chopper
systems, . '

B.W. BROCKHOUSE: If the 0.5% wavelength resolution quoted by
Dr. Janik is correct, then he is also correct in saying the improvement
is by a factor of five because typical filter-chopper resolutions are about 3%.

H. PALEVSKY: Well, 3% is what you get when you use a thick BF;
counter because the resolution is all in the time-of-flight of the neutrons
over the detector; using a scintillation counter the resolution is down to
about 1%.

J. JANIK: Perhaps the factor of five is over-estimated; however, the
very thin scintillation detectors we used give some improvement as com-
pared with "conventional' apparatus. .

W. KLEY: Might I suggest that the rather large thermal contamination
you have with such a device could be avoided by using better collimation and
a thermal neutron rotor phased with the reactor pulse?

J. JANIK: We are planning to do just that.






IBO/HOM CIEKTPOMETP MEIJEHHHX HEATPOHOB
" HA PEAKTOPE UEP

W.U.BOHIOAPEHKO,B.I .JIM®OPOB,M.H .HMUKOJIAEB,B.B.OPJIOB
B.A.IIAPQEHOB,B.A.CEMEHOB,B .\1.CMUPHOB,B.® . TYPUMH'

¢$31, MOCKBA, CCCP

Abstract — Résumé — Amnoranus — Resumen

A DOUBLE SLOW NEUTRON SPECTROMETER The neutron spéctrometer described in the paper is in-
tenided for measurements of the angular and energy distribution of monochromatic slow neutrons, inelasti-
cally scattered by liquid and solid bodies. Experiments of this type permit detailed information to be obtained
conceming the dynamics of the atoms in various aggregate states of a substance.

The spectrometer is based on the time -of-flight method. The pulse source of neutrons is the IBR (1)
reactor. A mechanical interrupter, rotating synchronously with the disc of the IBR and having a prescribed
phase shift, serves as the monochromator. A special phasing system ensures a phase stability better than 0. 5.
The neutrons scattered by the sample are recorded by a scintillation detector set at a given angle to the neutron
beam. The resolving power of the spectrometer is ~ 15 ps/m.

The paper gives a detailed description of the construction of the spectroscope and its characteristics.

SPECTROMETRE DOUBLE POUR NEUTRONS LENTS. Le spectrométre neutronique décrit dans le mémoire
est destiné 3 mesurer la distribution en énergie, la distribution angulaire et la diffusion inélastique des neutrons
lents monochromatiques dans des liquides et des solides. Les expériences de ce genre permettent d'obtenir
des renseignements détailiés sur la dynamique des atomes dans de divers états de la matiére.

Le spectroméué est fondé sur 1a mesure du temps de vol. Comme source pulsée de neutrons on a utilisé
le réacteur IBR-1. Le systéme monochromateur était constitué par un interrupteur mécanique en rotation
synchronisée avec celle du disque du réacteur IBR, avec un déphasage déterminé. Un dispositif spécial de
déphasage assure 1a stabilité de la phase 3 0,5 prés. La diffusion des neutrons par 1'échantillon est enregistrée
3 I'aide d'un détecteur 3 scintillations disposé sous un angle déterminé par rapport au faisceau de neutrons.
Le pouvoir de résolution du spectrométre est d’environ 15 ps/m.

Les auteurs décrivent en détail 1a construction du spectrométre et donnent des indications précises sur
ses caractéristiques. \

IBOMHOWA CTMEKTPOMETP MELJEHHHX HEATPOHOB. Omucwpaemst B nokzaze uweffTpounnit cnexrpomeTrp npean-
HadHaueR zaa uaMepenni axepréfuuecxnx W YyraosHX pacnpenciieHult MOHOXPOMATHNECKMX MeXJEHHHX Hefl-
TPOHOB, HEYNPYro PACCERHHHX XWMAKMMM U TBEDAMMM TelaMu. JKCNEePUMEHTH TaxXoro POAA NO3BOJADT NO-
IYUUTH AeTANBHYD MHOOPMALMD O AMHAMMKE ATOMNB B PAIAMYHHX ArperaTHHX COCTOSHMAX BemecTBa.

CnexTpoMeTp OCHOBAH HA ME@TOZe BPEMEHU NpoleTa. MMIYJLCHHM MCTOUHMKOM HeHTpoHoB sBigeTes
peaxrop MEP[i]; MOHOXPOMATOPOM CIYEMT MeXaHWYecKuid npepHBATENb, BPamaDmMi#cAd CUEXPOMHO C RMCKOM
peaxTopa ¢ 3afaHHHM CABMIOM dasn. CneunanbHafs crcTeNa Ga3upoBKM o6ecneuMBaeT CTAGMIbHOCTH (A3,
TyQmyn 0,5?. HeltTponH, paccesHHHe o6pasnoM, PerMcTPUPYPTCH CUMHTUANAUMOHHHEM ZEeTEKTODOM, pacno-
JaraeMuM Moa 3JaZaHHMM YrIoM k nyuxy HeliTpoHoB. Paspemammas cnoco6HOCTL CNEXTPOMETpa cocTasadeT
~ 15 wmxcex/um.

B goxamaze aaHO NOAPOGHOE OMMCAHWE KOHCTDYKIMW CMEXTPOMETPA M -€r0 XapaKTepUCTHK.

ESPECTROMETRO DOBLE PARA NEUTRONES LENTOS. Los autores describen un espectrdmetro neutrd-
nico destinado a la medicidn de las distribuciones energéticas y angulares de neutrones monocromiticos len -
tos, dispersados ineldsticamente en liquidos y sélidos. Los experimentos de esa indole permiten obtener infor-
maci6n detallada sobre 1a dindmica de los dtomos en distintos estados de agregacidn de la materia.

o El__espec_trémetro se basa en 1a medida del tiempo de vuelo. Como fuente pulsante de neutrones se
emplea el reactor IBR-1. Actia como monocromador un interruptor mecinico, que ’g’ira sincrénicamente
con el disco del reactor IBR'con un defasaje prefijado. Mediante un sistema especial de regulaci6n se obtiene
una estabilidad de fase superior a 0,5°. Los neutrones dispersados por la probeta se registran con un detector
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de centelleo-colocado en un 4ngulo determinado con relacién al haz neutrdnico. El poder de resolucién del
espectrdmetro es del orden de los 15 gs/m. :

Los autores describen en detalle la construccion del espectrémetro y proporcionan indicaciones precisas
sobre sus caracteristicas,

BBEJEHVE

UayueHue yriaosoil M DHEPreTUUECKON 3ABMCUMMOCTM MeIJEeHHHX Heli-
TPOHOB, HEYNDPYI'o DPACCeAEHHX XUIAKMMYM U TBEPAHMU TeJaMM IOo3BOJIeT
NOJNYYNTE AETaJAbHYD MHGOPMALMD O AMHAMMKE ATOMOB B XUIAKMX M TBED-
anx Teasax (2,3 ). [lpoBelesne SKCHEPUMEHTOB IO ONpPEAEIEHUD ABAXIH

=

daQ gE
TPYZHOCTSIMU, CBSA3AHHHMM C HEOOGXOAMMOCTHO MNOJYUEHUS UHTEHCUBHOT'O
MMIYJIBCHOTO IIyUYKa MOHOXPOMaTUUYECKMX HelTpoHOB. MaMepeHVe yxaszaH-
HOi BEJMUMHH CTaJO BO3MOXHHM TOJIBKO B NOcJelHMe oA, KOrZa pase—
BATHE TEXHNWKM CIEKTPOMEeTPUM MEeNJEeHHHX HEHTDOHOB NO BPEMEHUM Npo-
Jeta AOCTUNIO TAKOr0o YPOBHS, KOTOPHIA NO3BOJUJI CO3AATH T.H. ABON=
HHe CHEeKTPOMETDPH", TO3BOJSBlMEe OCYWEeCTBUTE aHaaus (IO BpPeMeHU
npoJieTa) DHEPrMM HeliTPOHOB Kax NalawmMX Ha ofpasell, Tak u pac-
CeSHHHX VM IOA AAHHHM YI'JIOM.

B nacTodmee BpeMd YyXe CO3JAHH NepPBHE YCTAHOBKM TAKOTO TiMa
{2,3]. OHM paccuMTaHs Ha paGOTy Ha NYYKAX HEHTDPOHOB, BHXOASWMX
U3 PEaKTOpPOB NOCTOAHHOK MomHOCTM. LJaA NOJAYYEHMS UMOYJIBCHOI'O Nyd-
Ka HelITPOHOB B 3TUX YyCTAHOBKaX CJYXAT clleUMalbHHE IIPEPHBATEJIN
( Bpamammuitcs xpMcTann, MexaHUUecKMi! npepHBaTeab). ITH yeTpoiicTpa
Ha 2=-3 NOpfAKa CHUXABT MHTEHCUBHOCTH HeATDPOHHOT'O IMyYyKa.

OnucHBaeMsii HUXe ABOWHON CHEeKTpOMeTp pacuMTaH AJS pabGoTH HA
VMIIyJIBCHOM UCTOUYHMKE HEHTpoHOB. B HameM ciyyae TaKUM MCTOUYHMKOM
ABJASETCH VMIYJILCHHIA DeaKToOp Ha OHCTpHX Helitponax (MBP). OH moa-
BOJITET CO3ZATh CPABHUTEJNBHO NPOCTOM MO KOHCTPYKUMM IpUGop, o6ia-
mapuyvii BHCOKOM CBETOCMJON M XOPOWMM paspemeHVMeM IIPM MaJIOM YPOBHE
dona. IlocaenHee OGCTOATEILCTBO OGYCJIOBIEHO TeM, UTO BO BpeMs
perveTpauvid HeHTPOHOB MOWMHOCTB pPeaKTopa paBHA HYJIL.

AHaJM3 3HepPry¥ HeATPOHOB, MaZamuMX Ha ofpasell, IPOM3BOANTCS
IO BPEMeHM INpoJeTa OT 3aMeAJuTedsd (pachHoJOXeHHOTrO Yy aKTUBHOM 30-
HH peaKTopa), 10 MeXaHVWUYecKOoro IpepHBaTedid. AHAJM3 JHepPrum Hel=
TPOHOB, PacCCesHHHX Ha ofpaslle, OCYyWEeCTBJISETCA IO BPEMEHM HNpoJeTa
oT ofpas3lia A0 INETEeKTOPa, PaclOJOXeHHOTO HOoJ 3afaHHEM YTJOM.- -

mppepeHIMANBHEX ceYeHUuit pacceaHns CONPSXEHO ¢ GOJBUMMU

II. OIMCAHME YCTAHOBKU

CxeMa oOmMCHBaEMOM YCTAHOBKM INpeAcTaBJeHa Ha puc.l.

B axTuUBHOIt 30He pearTopa (1) reHepupyRTCH KOPOTKME MMIYJIBCH
GHCTPHX HelTpoHOB. OTY HeHTPOHH 3aMelismTes B cjoe napaduua (11).
Buumezmue M3 napaduHa MeLJCHHHe HEMTDOHH, NPOXOAS 4Yepes KOJNIMMU~
pypmue yertpofietsa (2), (3) u (4), nomamawr Ha porop (5) MexaHu-
YeeKOr'o IpepHBATENs, KOTODHI MOXeT GHTL VCTAHOBJEH Ha DACCTOSHUMU
8,5 - 14 M oT cBeTsamelica nosepxHoeTy MEPa. B 3aBUCUMMOCTU OT 3a=-
LOAHHOI'O CABUIa IO OTHOMEHU® K MOMEHTY MMIyJbca MOIHOCTM peaxTopa,
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Puc.1

O6mast ecxemMa YCTAHOBKU:

1 — peaxTop UBP; 2 M 3 — KOJJMMaATODH; 4 — KOHYCHHEe KOJJIu-

MaTopH; 5 — poTop Mex.lpepHBaTeds; 6 — oGpasen;7 — JOBYm-

Xa; 8 — gmerexTtop; 9 — OGeToHHHII AoMMk; 10 — 256-KaHaJdbHHIA
aHammsaTop; 11 — mapagpuHOBas xaccera.

pOTOp MPONYyCKaeT TOJBKO HEATPOHH ONpelelleHHOW 3Hepruu Ey = AE,.3TH
MOHOXpOMaTHUeCcKUe HEHTPOHH pacceuBapTCI Ha ofpasue (6), ycTaHOB-
JIeHHOM 3a POTOPOM Ha paccTosHuM 25 €M OT ero UeHTPa, W PervcTpu-
py®nTCcHa IOA ONpefeJeHHOM YrJyoM 6 neTekTopoM (8). OHeprus paccesH-
HHX HeATPOHOB ompefeiseTCs N[O BPEMEHUW IpoJeTa Npy moMoumy 256-xa-
HaJbHOI'O BPeMeHHoro aHaJmaartopa (10).

IeTexTop MOXeT GHTh PaCIOJIOXeH HAa paccTosHMu 3 -10M or o6pasua
nox yraom 10 - 155° k HanpabjeHMK HEATPOHHOIo Nyuyka.

MMnyabCHI! MCTOUHUMK HeliTpoHOB

PeakTop UBP MoxeT reHepupoBaTh HEMUTPOHHHE MMIYJIBCH JUGO TIPH
Kag¥ZOM NPOXOXAEHUM MOABMXHOM YACTU aKTMBHOM 30HH uepes HENOABUE-
Hy® 4acCTh, JMGO IPY KaXAOM LEeCATOM NPOXOoxAeHun. CIeKTPOMeTp pac-
cyuTakR Ha paGoTy B nocluenHeM pexume. [Ipn 3TOM yacToTa caelOBAaHMUA.
UMOYJABCOB ~ 500 uMn/MuH. JIMTENBHOCTH uMOyibca — 36 Mmxcex (mo-
gymvpriHa) . dopMa MMOyJibca npuBereHa B paGoTte |1]. Cpenuaa uHTeH-
CMBHOCTb HellTpoOHOB nmpu MomHocTM 1 KBT, Ha KoTopo#t O6muHO paGo=-
rTaeT peakrop, cocTaBaseT 4,5:1013 HeliTp/cex. PasMep akTMBHON 30-
HH 40X 45 cm2.[lapadvHoOBag KacceTa, UCHOJL3yeMag B KauecTBe 3aMef~
JUTEJNIT, VMEET TOJmMUHY 5 cM. dopma HEeHTPOHHOTO MMIOYJILCA NOCHe 3a-
MeRJieHNs IpvBeheHa HUXE.
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MexaHnuYecKuil npepHBaTedb

MexaHnuecKuit npepHBaTeNb NPEACTABAAET COGOH CHUCTEMYy U3 IBYX
KOHYCHHX KOJJVMMaTODOB, POTOpa C ABMraTelleM IOCTOSHHOI'O TOKa U
dasupymuero ycrpofictra. PoOTOp MeXaHMUECKOro NPEPHBATEJS MMEEeT
BEPTUKAJbLHYD NOLBECKY ¥ BpallaeTCs CHMHXDPOHHO C OCHOBHHM JAMCKOM
WUBPa ¢ onpeaeJyedHHnM cABUI'OM ¢ashn. YacToTa BpalleHMda PoTOpa MOXeT
GHTH paBHOM, IMG0 KpaTHOU (n= 1,2,4) YacTOTe CJIENOBAHUS VMIYJb=
COB MOWMHOCTH PEaKTOpa, T.&. POTOP MOXET BpamaTbCi CO CKOPOCTAMM
500, 1000, 1 2000 o6/MuH. BpameHue OCYWleCTBISETCS ABUraTeleMm
NOCTOSHHOI'O ToOka Tuna 4 MU-12C (p = 1,35 BT, n = 5300 06/MuH,

Ug = 1106, I = 16a, Ugpas = 26 B), IMTaeMHM OT [ABYX CEJEHOBHX

BHNpaMutedeit tuna BCA-111A. Cxema mMuTaHusg NpeaycMaTpPUBaeT OJduv-
TeJbHYD paloTy ABurarteds. CKOPOCTb BpaleRus poTopa MOXET MEHATh=
¢ IyTeM M3MeHeHMsd HaIpPAXeHWUs, NOZAaBAeMOro Ha OOMOTKY AKOPS.

B HacTosmee BpeMs palGoOTH BeAyTCS B MHTepBaJe 3HEPruii MoHO~
" XpoMaThuyecKkux HeitpoHos 0,02 - 0,3 2B, Oua paGoTH B 2Tolk o6aacTu
pHepruit ucnouamrsyerca potop N 1 ¢ mapamerpaMu, NIPUBEAEHHHMM B
Tabxa.l. llean poTopa CABMHYTH IO OTHOUIEHMH® K €r'o OCU TakK, UTO 3a
OZMH OGOPOT POTOP NPONYCKAEeT TOJBKO OAHY NAUKy HeATPOHOB. dyHK~
uMa nponyckasms poropa,'paccanaﬂuas no dopMysaM M3 paGoTH 4],
npeAcTaBleHa Ha DPHUC.Z.

F ) )

1.0

08

0.6

—

0.4 1

0.2
i
0 1000

T T T T

T T T T
2000 3000 4000 5000
Puc.2

¢yHKLME NpoNycKaHusa poTopa npy n = 1000 06/MUH.

T T T T

T T
6000 7000 v, M/ceK

Ins npoBeleHMs McciaeaoBaHU ¢ MOHOXpoMaTUuecKuMu HeflTpoHammu,
JexamuMy BHe YKa3aHHOrO BHEE MHTepBaJa 9Hepru#l, GYyAYT MCIOJb3O=~
BaThCH DPOTOPH APYro#ft KOHCTPYKUMH.

NapaMeTpH 3TUX POTOPOB TaKxe NPMBEIeHH B TaGa.l. Porop M2
npefHa3HauYeH AJS paGoTH C HeMTpoHaMu, VMMENRIVMMM DHEpruM B o0JacTH
0,001 — 0,02 »B, potop M3 — axns paGoTu B oGaacTtu BHme 0,3 2B.

KoHCTpyxUMs MeXaHMYECKOro INpepHBaTesd NpeaycMaTpuBaeT GHCTPYD
B3aVMO3aMEHAEMOCTh POTOPOB.



TaGanua 1

KoxaumaTtop
: nprHa Pamuyc Paamep
fop: ﬂnaﬁ;Tp, weau, Kezzﬁ ¢:§xa KPUBU3 - naxeTta, Matepuan | KOHCY=- | L . _
p - i meau A, W M2 HOCTB pran
meamn
i 200 1,5 31 | [lpamo- - 100 x 100 | Terunaxc 46 | Huxeas
_ yrolbHAS
2 200 1,5 31 Vsornyras 3 100 x 100 l'eTrHake 46 Huxeas
fno paauycy
3 200 0,5 65 | LPEMOyrob- - 100 x 100 | Terunaxc 46’ | Huxems

-

-

o

HOHOJIYIH XMHHAXTIW JLIAWOJINIIO UOHMOLY

1€1



132 'B.T'. IMOOPOB u up.

Cuctema $as3mpoBKW

BaxHoif XapaKTepUCTUKON CHeKTpoMeTpa fABJSeTCH TOUHOCTEH INOZA-—
RepxaHusa 3afJaHHOi pasHoeTH $as MexAy POTOPaMy NPEPHBATENS U MM=
myJbcaMy MOHIHOCTM peaKTOpa. B ONUCHBAEMOM CIEKTPOMETPE CUHXPO-
HU3alMsg BpalleHus poTopa U ero $asuvpoBKa OCYNMECTBJAJACH C IIOMONMBI
CcIeNMaJbHON cHUCTEMH cradunmaaunm O0GOPOTOB U ($a3vipOBKH.

Hig cratuimsauyy OGOPOTOB NUTaHWE ABUIATENSA OCYNECTBISAJOCH
gepes JIEKTPOMANMHHENI yveuantTedap SMY-12A. HanpsxeHue Ha OOGMOTKY
BO30YXIACHVA 3JJEKTPOMANMHHOIO YCHUINTEJs NORAETCH C TaXOor'eHepaTo-
pa, YKpeNJeHHOro Ha OAHOM OCM ¢ POTOPOM NpepHBaTElNsS. B KauecTse
Taxoresepartopa ucnoJsayvercs cedbcuH Cli-221. OcviulecTBJEHHAss TaKUM
o6pasoM oO6paTHasg CBA3b O0ecCNeyrBaeT NOCTATOUHYKD CTAOMJIBHOCTH OGO=
pPOTOB poTOpa.

JanpHelimas cTabuianaauus o6opoToB M dasupoBaHMe poTOpPa NPOU3=-
BOAYTCS C NOMOmBD cJeaymmeil cucTeMH. Ha ooHOM BaJy C POTOPOM yC=-
TAHOBJI€EH TEKCTOJMTOBHI ANCK AvaMeTpoM 200 MM, IO OKDPYXHOCTU KO-
TOPOro pacnoJoxeHn 32 PaBHOMEPHO- OTCTOfANMX ADPYr OT APYyra yceuyeH-
HHX NEepMaJiioeBHX ceKTopa. IJVMHa Kaxaoro cexroba cocrasaser 30 MM,
yroa 3,6%. Yriaosoe pacCTOfHVE MEXAY LeHTPaMM poTopoB — 11,25%.
‘4 BNeKTPOMATHMTA, PACHOJOXEeHHHe nmox 90° APYyr no OTHOWEHUD K APY-
'y, YyCTaAHOBJEHH TaKuUM 06pbasoM, UYTO lepMaJjioeBHe CeKTopa INIpU Bpa-
mMeHUy AVICKa MOoOYEepPeZHO NPOXOAAT MEeXAYy NOJnCaMy 3TUX MATUHUTOB.
Ha O6MOTKM 3JEKTDOMATHUTOB NOAANTCH MMIYJBCH TOKa ¢ YACTOTOM.B
32+n-pasa (n = 1,2,4) npepnmanpuweit YacTOTY NOBTOPEHUS VMIYIbCOB
MONHOCTU peaKTopa. NIANTENBHOCTH MMIYJBCOB TOKa BHODPaHa TaxKuM O0-
pasoM, UTO NpPM BPalleHVWM POTOPa € 3aLAHHOM KPATHOCTBO OTHOCUTEJb-
HO YaCTOTH CJHEeAOBaHMA MMIIYJIBCOB MOWHOCTM, OHA PaBHA BPEMEHM Npo-
XOXAEHUA NMepMANllIOeBOro CEeKTOopa MEexAy NoJRcaMy 2JEeKTpPOMarHuTa.
Ecau poTop BpamaeTcs C TaKoi CKOpPoCThH M (as3oil, UTO NnepMaJoeBHe
CeKTOopa NPOXOAAT Uepe3 IMoJHCa MArHUTOB KakK pa3 B MOMEHYT IoJaudu
MMIOYJAbCa TOKAa, TO CUCTEMa INPAKTUUYECKM HEe BJIMAET Ha CKOPGCTH Bpa-
meHus poropa. Ecay xe poToOp HauMHaeT OTCTaBaTh no ¢dasze, nepMall=
JloeBHe CEeKTOPa B MOMEHT MMIYJbCa TOKa He GYAYT HaXOAM1bCH TOUHO
MexAy IOJPCaMy MarHMTOB. BeJefcTByEe 3TOr0 B MOMEHT MMNyJbca TOKa
Ha pPOTOp 6yZeT BosAeicTBOBATH HAONOJHUTEJNBHHIA KPYTAMI MOMEHT.
lloa neilcTBMeM 2TOro MoMeHTA pPa3HOCTb (a3 MEXAY IPOXOXAEHMEM Ilep-
MAJJIOEBHX CEKTOPOB Uepe3 IoJpCca 3IJEeKTPOMArHMTOB M MOMEHTamMy o=
Aaydy MMIOYJbCOB TOKa OYyAeT YMEHbHAThCI M B KOHIE KOHHOB o6paTuTCs
B HyJdb. TO %Xe 6yaeT IPONCXOANTL M NpY onepexeHMU dasH. Taxum o6-
pa3oM onucaHHas CUCTEMa B NPUMHUMIE ofJajaeT CBOMCTBOM aBTohasn-
POBKMU . .

MoxHO mnoKas3aTh, YTO IIYTEM COOTBETCTBYKIEro noactopa napaMeT-
posB CUCTEMH MOXET GHTh OGecicYeH YCTONUMBHII DexVM aBTODHa3MPOBKM,
Ip¥ KOTOPOM JBGOM caABur ¢asu, He NpeBHIADHMIA HEKOTOPYD 3aJaHHY®
BEJMUUYNHY, aBTOMATUUYECKM CBOAMTCA K HYJID 3aTYVXaPNUMY KOJOOGAHUSIMU
dasH BOKPYr HYJEBOTro 3HayeHusa. SCHO, UTO IpexeJibHas BeJdVWUUHA

casura ¢asH He MOXET MpPEeBHmMATH MOJOBUMHH YIJIOBOI'O DACCTOSHUS MEX-
Iy LeHTpaMyM CeKTOpoB (B HameM cJiayyae 5,62°). B HameMm cJaydae mnpe-
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ZeJ aBTOMATUMUECKOX pPeryavMpoBKM (DasH omnpenelsics UMEHHO 3TOl Be-
JUYVHON .

Iasa Toro, q:odm MOXHO OHJIO OCYyWecTBUTHh pasmpoBaHue poTopa
N0 OTHONEHMK K MMOYJbCaM MOWHOCTM DeaKTopa, Ha OIHOM BaJy € OC-~
HOBHHM IMCKOM WEPa ycTaHaBJuBaJCS APPAJKMUHMEEBHN IANCK, Ha IO-
BEPXHOCTU KOTOPOro OHJIO HaHeCeHO 128 paBHOMEPHO OTCTOAUWMX APYT
OT ZAPyra MarHWTHHX PUCOK. PaAoM € AMCKOM yCTaHaBJMBAJCS MAI'HUT-
HH A&TYMK, UMMIOYJIBCH C KOTOPOIO, IOCJe COOTBETCTBYKIEro Iepecue=
Ta, IlogaBaJuch uepes GOJOK 3alePEXKV M YCUINTEJNDb MOIHOCTKM Ha dJeK-
TPOMarHUTH CcUCTEMH (PasvpPoOBKU. ’

Baox 3allepxKu nosBoJseT OCYmMECTBAATh CABUI ba3H poTopa OT-
HOCUTEJBhHO MMIVJLCOB MOWMHOCTW peaxkTova Ho 4 MceKk ¢ marom 32 MKCeK.
Boabmue BPeMeHa 3aZEDKKM OCYHECTBJIAPTCS C IOMONBKD Nepexoha OT
OAHOTO NMEePMAJJICEBOTO CEeKTOoDAa K IDVIOMV.

HenoabayeMmas cucteMa aBTodasmMpoBKM IO3BOJSET KOPPEKTHUPOBATH
dasy 32 pasa-3a onuH OGODPOT POTOPa, YTO MNO3BOJSET O06ECHEUUTH BH="
COKY® cTabuarHocTs dasn. ToyHocTh PA3ZUPOBKM IPY MCIOJB3 OBAHUMN
ZaHHOM cuCTeMH onpezesseTcCs TOUYHOCTHI M3rOTOBJEHMS AWMCKA U yCTa-
HOBKM 3JeKTDPOMArBMTOB. [IpMHUMIMAJBHEM B ONUCAHHON BHme cUCTeEMe
$a3upPOBKM SABJIAKTCS MHOIrOKpATHAS Koppekumsa ¢asH 3a OAMH o60poT
poropa ("ymMHOxenMe"”) M npaAmMas MMIOYJIbCHAA BJEKTPYMYECKas CBA3b Baja
WUBPa ¢ BaJgoM poTopa. :

lleTexTop

B BHINOJHEHHHX K HACTOSNEeMy BPEMEeHY MeTOAMYECKMX U3IMEPEeHMAX
MCIOJAB3OBAJCAE AETEKTOP cocToamuil M3 36 GOPHHX CUYEEUYMKOB TUNA
CHMO=5, pacnoJoxeHHHX B ABa paza. CueTyuky OHJIM pa3CUTH Ha I'PYNNOH
Mo 4 mMTYKM B Kaxaoh. C IOMOWbK HECJOXHOM DPaAZMOCXEMH E€MKOCTU OT=-
AeJbHHX IPYyNN CYEeTUUMKOB OHJM pa3lZelleHH. lIPYMMeHeHVe 3TOM CXEeMH
BKJIDUYEHMA 3HAUMTEJbHO YIYUYMMJIO XapPaKTepuCcTUKKM AEeTexTopa N0 cpaB=
HEHVD C -OGHYHHM NapaJlelbHHM COeIUMHEHMEeM CUEeTUMKOB. llIomans Ae-
TexTopa 1600 cM2. OPPeKTUBHOCTHL K Héﬁrponam ¢ 9Hepryven 0,03 3B
~ 25%. B panpHeilmeM crneKTpoMeTp G6yZeT pPaGoTaTh CO CUMHTUJIJIAUMOH=

HHM ZeTeKTopoM |5]. '

JamnTa

Iaa cHuxeHVs $oHA HEATPOHOB, PACCEAHHHX OT CTEH NOMEmMeHUs U
OKPYXaDUMX IPEeAMETOB, POTOP U ofpasell OKPYXeHH 3amMToX M3 Kai-
MU ¥ cmecu napaduHa ¢ Kapbumom 6opa. LeTEeKTOp NOMEmMEeH B cle=-
UMAJNBHY® CETOHHYKR 3alLMUTY, & B HENOCPEACTBEHHOM GAM3OCTU CUYETUU~
KM C 4=X CTOPOH 3aKpPHTH KaiMHeM M PKPaHOM M3 OOpPHOro napaguHa.
CTeHxy xaHada B GeTOHHOR saumTe, BeAywero K ReTEKTODY, BHJIOXEHH
U3HYTPU KacceTaMy M3 GOPHOr'o napaduHa.

3. XAPAKTEPCTUKN CIIEKTPOMETPA

B npuGanxeHMM TpeyroasHo#t GOpMH MMIyJbca GHCTPHX HeliTpoHOB
nposefie pacueT GOPMH VMMAYJIbCa TENNOBHMX HeHTPOHOB. PeayasTaTH
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dopMa mMMIyJIbca TENJOBHX HeliTpoHOB peakTopa UEBP
' (pacuernas xpupas).

pacueTa NnpefcTaBleHH Ha puc.3. lMprHa UMOyabca TENJOBHX HeATPOHOB
Ha NOJOBMHE BHCOTH cocTasiaeT 135 mxcex.

Miamepenye XapaKTepUCTHK CIEKTPOMETPa NDOBELEHO Ha npoJeTHOMA
fa3ze OT MCTOUYHUKA TEIJOBHX HeiiTpoHoB no npepwmeBaTtens 11 M. IIpo-
JeTHas 06as3a OT poTOpa ZO AETeKTopa paBHaJach 5,3 M.

Ha puc.4 npusoauTca dopMa CHEKTPaJbHOI JUHUM, CHEKTPOMeTpa
IpY CKOPOCTHM BPalleHMsS POTOPa MeXaHUMYeCcKOoro npepuBaTeds n = 500
06/MyH. JIMTENBHOCTDH HEATPOHHOIO UMIOyJbCa poTopa paBHa 150 Mxcek
Ha noJoBNHe BHCOTH. [MMpUHa KaHaja aHaJausaTtopa 80 Mkcexk. Casur
dasn BHGPaAH TaK, UYTO OHEPrUsE MOHOXPOMATUYECKMX HEATPOHOB
E,= 0,03 3B, ’ '

Laa cpaBHEHMS Ha. DTOM X€ DUCYHKe INpeACTaBJIeHA pacueTHasd Gop-
Ma CHEeKTPaJbHOH JuHMM. [IDM pDacueTe He VUTEHH HACTAGMIBHOCTH ha-
3H, DacCXOIMMOCTH NyuKa HEMTPOHOB M KOHEUHHE pasMepH ZAeTEKTOopa.
InprvHa Ha NOJOBMHE BHCOTH pacueTHON KpHBOM cocTaBigeT 290 MKCeK,
YTO HAXOAMTCH B YAOBJISTBODUTEJBHOM COrJjlacvy C JKCNEDUMEHTAaJBHHM
3HaueHvieM 330 MKCeK. YIMPEeEMWe CHREKTPaJbHOA JMHUM OGYCJOBJISHO B
OCHOBHOM HeCTaGUJIBHOCTHH dash.
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OKCHepVMeHTAaJbHAS U TeopeTnyeckas HOpPMH cnerc'rpa.nbﬂoﬁ JUHUN .

Ha puc.5 npusesieHn CcHeKTpaJbHHE JMEMU AJg OG0POTOB POTOpPA
n = 1000 o6/MMHE 1 n = 2000 0oG/MuH.

XapakTepUCTHUKOIX paGoTH CUCTEMH (Da3suMPOBKM ABAAKNTCS NPUBELCH-
Hie Ha puc.6 xpuBklie W = W(t-t. )zas oSopoToB poTopa n = 500 o6/MuH -
U n = 2000 o6/MuH. (W — BerOATHOCTHL perucTpalmm dasm ¢o{t); © —
BPEMS MEeXAYy CTapTOBHMU mmnynbcamu WEPa 1 poTopa).

AccyMeTDVA KOMBHX BH3BaHA TEM, UTO CHUCTEMa $a3MPOBKU CO3=
AaeT Ha BaJy KpoMe ¢asupynliero MOMEHTa CUJI NOCTOSHHHI YCKOpSwmui
WM TopMO3amuit MOMeHT cud (1M3-3a HecOBEPIIEHCTBA CUCTEMH CUHXPO-
HU3ALMM) .

PacdeTHas MHTEHCHBHOCTb MOHOXPOMATMUYECKMX HEHTpPOHOB, Nazam-
mMXx Ha ofpasell, paBHaf ~ 10S5neiliTp/cex Xopomo corsacyercs ¢ aKche-
NeprvMeHTaJdbHHMY 3HAYEHUAMUM, NPUBENEHHMM HUXE.

B Ta6x.2 npuBeleHH 3KCIEPMMEHTAJbHHE xapaxrepncruxu CIEKTPO=-
MeTpa, InepecUMTaHHHE ANA cayvyas, Korza IpPoJeTHHe PacCTOAHMA Ha
l-M ¥ 2-M nJgeyax cCIeKTpoMeTpa PaBHH 10 M.
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BHBOJH

UccaenoBaHMe XapaxTepuUCTUK CIeKTpoMeTrpa IokKasajo, YTO OH JaeT
Xopomyie BO3MOXHOCTM AN MIYUEHUSA OVNHAMMKK ATOMOB B Pa3JNYHHX
arperaTHHX COCTOSHMAX BemecTsBa. Ha cnexrpomeTrpe HaMedeHO oCcy=-
WEeCTBUTH IIporpaMmy MO N3YUSHUD (U3IUKU TBEPAOrO TeJa U XUAKOCTEH.

Das yAydYmeHUs XapaKTePUCTUK CIeKTpoMeTpa MNPOBOAUTCS DPaboTa
10 YBEJWUYEHUK MHTEHCHMBHOCTY MOHOXPOMATUUECKUX HEITPOHOB, CHUXE~
HVD (QOHA, COBEPMEHCTBOBAHMKN CHCTEMH Derucrtpauvuy U JaJdbHelmeMy
YIyJYlleHnD (pas3vpoBKU.

B saxJaonueHNe aBTOPH BHpaxapT 6JaaroZapHocThk A.M. JedlyHCKOMY
u $.Jl. llanvupo 3a BEMMAHME K pafoTe U LeHHHe coBeTH; ll.C. HieMH~ '
meBY, CIPOEKTUPOBaABIEMYy MEXaHMUYEeCKY® yYacTh npubopa,u H.Ill. Kapao-
By = 3a paszpaGoTKy CHUCTeMs cTabuimaaunr o0OPOTOB.

Ta6auua 2
n Aty At A T T
06/MuH MKCeK/M MKCeK/M rpan HeliTp/cex MKCEK
500 30 17 0,2 ~ 4-108 80
1000 20 9 0,27 ~ 2105 32 .
2000 14 4,6 0,3 ~ 10°% 16
n - YMCJO OGOPOTOB B MUHYTY;
Atg - TOAYUMPMHA CHNEKTDPaJbHOM  JMHMM, QOPMUPYEMOi POTOPOM Ha
1-ff nponérHoit Gase (MoHOoXpoMaTusauusd HelATpoHOB, naza-
BIMX Ha o6pasen);
At - TnoJdymupyHa GYHKLMJ DaspemeHus Ha 2-# npoaérHoit Gase;
Ap - TNoJdyuMpvHa GYHKUMM GA3MPOBKU;
Ju - MWHTEHCHMBHOCTb MOHOXPOMATHMUYECKMX HEMTpoHOB Ha o6pasle
L35 HauGoJjee BEepPOATHOH CKOPOCTM CHEKTpa 3aMelJeHus;
T = mMpPUHA KaHalJa adHaJu3aTopa.
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THE TRANSMISSION OF THERMAL NEUTRONS
THROUGH A LARGE SINGLE CRYSTAL OF BISMUTH
AT LIQUID NITROGEN TEMPERATURE
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Abstract — Résumé — Anmoranusn — Resumen

THE TRANSMISSION OF THERMAL NEUTRONS THROUGH A LARGE SINGLE CRYST AL OF BISMUTH
AT LIQUID NITROGEN TEMPERATURE. The transmission of a bismuth filter, at the temperatute of liquid
nitrogen, was measured using a slow chopper and a flight path of 5.4 m. The filter is made of two "single
crystals”, each 20 cm long and 5 cm in diameter. According to specification of the manufacturer each "single
crystal” consists of maximum three of four columns of single crystals. In the energv range from 25 - 10 meV,
the transmitted intensity is about 30% of the expected value. In the range from 5 meV to lower energies,
the transmission is of thie order of 60 - 70%.

A cadmium ratio of 5000 was measured, The actual cadmium ratio may still be higher since the measure-
ment was not made with a really fast neutron collimator. In spite of many coherent dips in the transmission
curve, the performance of the filter is rather satisfactory for the production of a thermal neutron beam that
is predominantly free from fast neutrons and y-rays.. Possible applications of a filtered neutron beam are dis-
cussed, '

TRANSPARENCE AUX NEUTRONS THERMIOUES D*UN GRAND MONOGRIST AL DE BISMUTH A LA TEM-
PERATURE DE L'AZOTE LIQUIDE. On a mesuré la transparence d'un filtre de bismuth, 2 la température
de 1’ azote liquide, en utilisant un sélecteur lent et une base de vol de 5.4 m. Le filtre'était composé de
deux <« monocristaux > chacun avant une longueur de 20 cm et un diamétre de 5 crmi. D®aprés les indications
du fabricant, chacun des <« monocristaux > comporte au maximum trois ou auatre colonnes de monocristaux,
Dans la gamme d*énergie de 25 4 10 meV, I'intensité transmise représente environ 30% de la valeur prévue.
Dans 1a gamme d'énergie inférieure & 5 meV, la transparence est de I"ordre de 60 3 70%.

On a mesuré un rapport cadmium de 5000. Il se peut que le véritable rapport cadmium soit encore plus
élevé, du fait qu'il n*a pas encore été mesuré au moyen d*un collimateur spécialement congu pour les neutrons
rapides. Malgré un grand nombre dinflexions cohérentes dans la courbe de transparence, le rendement du filtre
est assez satisfaisant pour’la production d*un faisceau de neutrons thermiques qui soit pratiquement libre de

" neutrons rapides et de rayons gamma, Le mémoire examine les applications possibles d*un faisceau de neutrons
filtrés, ' : ' ‘ !

MPONYCKAHVE 'I'Ermosux'm:nwponos YEPEJ KPYMHEA MOHOKPMCTAJLT BUCMYTA MPY TEMIEPATYPE FLKOrO
A30TA. MNponycxhaa ¢NOCOGHOCTh BMCMYTOBOro (MAbLTPA M3YYamACH ¢ noMombD CEREeKTOpa MenJeHHHX Helt~
TPOHOB ¢ TpaexTopuell nosera 5,4 M npu TeMnepaType XMAXOro a3oTa. PMALTP MITCOTOBIEH M3 ABYX "oau=-
HOUHHX Xxpuctaznop” pamno#t 20 M auamerpoM. 5 o xaxawmi. Coraacho ONMCAKMD M3IrOTOBUTENS, Kaxauit
"OmMHOUHMHA KXPMCTANA" COCTOMT MAKCUMYM W3 .TPEX MM YEeTHPEX CTOUGMKOB ORMHOWHMX XpUCTanioB. B aua-
najone sHepruft ,or 25 po 10 Map MHTEHCHBHOCTD NPOMyWEHHOro M3IYUEeHUA COCTABALET OXOIO 30% oxmpae-
molt ne.guunn'u. B npene.nax's M3B M HWXe BeaMUMHA npony’ckanun cocTasaseT 60-70_1;.

) Viauepemioe KazumueBoe oTHOomeHue - 5 000. leflcTsuTeapHoe KaaMueBOoe OTHONEHWE MOXET ONTh BHIE,
NOCKOALKY MIMEPEHHME NPOMIBOAMAOCH G€3 KoaIMMaTopa oncTpux HeATponoB. HecMoTpA Ha HAJMuKE xoré-
peﬂrx;ux nboé'uos nlxpuaoﬂ NpPonycKaHua, XapaxTepuctvra Omuﬂ'pa' ’ynon.'xe'raopae"'r TpeGoBaHMAM NoaAyYe-
HUA TyuKa TEemIOBMX HeATpOoHOB, NOYTH CBOGOAHOIO OT GHCTPHX HeATpoHoB M y-njqeﬂ. O6cyxnapres Bo3-

MOXHOCTU NpPMMEHEHHS OTPUIBTPOBAHHOrO KEATPOHHOrO mywxa.

TRANSMISION DE NEUT RONES TERMICOS A TRAVES DE UN MONOCRIST AL DE BISMUTO DE GRAN
TAMANO A-LA TEMPERATURA DEL HIDROGENQ LIQUIDO. Se -midi la transmisién por,un filtro de bismuto,
a la temperatura del nitrégeno liquido, utilizando un periédico lento y una trayectoria de 5,4 m, El filtro
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consistié en dos "monocristales”, de 20 cm de longitud y 5 cm de didmetro. Segiin las especificaciones del
fabricante, cada "monocristal” estaba formado por un maximo de tres a cuatro columnas de monocristales,
En el intervalo de energlas comprendido entre 25 y 10 meV, la intensidad transmitida es de alrededor del
30% del valor esperado, Entre 5 meV y energias mas bajas, la transmisién es del orden del 60 - 70%,

Se midié una razén de cadmio de 5000. La razén de cadmio efectiva puede ser aiin mis elevada, ya
que las mediciones no se han efectuado con un verdadero colimador de neutrones ripidos. A pesar de muchas
inflexiones coherentes en la curva de transmisién, el rendimiento del filtro es bastante satisfactorio para la
produccién de un haz de neutrones térmicos practicamente libre de neutrones ripidos y de rayos gamma, En
la memoria se examinan las posibles aplicaciones de un haz de neutrones filtrados,

I. INTRODUCTION

‘In the last four years a new type of filter consisting of large single
crystals has been used by BROCKHOUSE [1] and LOWDE [2]. These filters
are operated at low temperature and they pass preferentially low energy
neutrons, so a thermal neutron beam is produced which is comparatiyely
free from fast neutrons. An attenuation of resonance and fast neutrons down
to 10-4 was reported. Thus, this type of filter ought to be considered since
it would help to suppress background which surely facilitates many beam
hole experiments.

For the understanding of the function of these filters, we have to con-
sider all the etfects that lead to an attenuation ot the thermal neutron beam
by passing through a single crystal. The diverse cross-sections are:

(1) Neutron capture,

(2) Incoherent scattering,

(3) Paramagnetic scattering,

(4) Imperfections in the crystal which give rise to incoherent scattering,

(5) Laue-Bragg scattering,

(6) Thermal diffuse scattering.

From this list it is clear that one has to choose a material which does
not capture the neutrons nor gives rise to incoherent scattering. For a few
materials there are rather good single crystals available which also do not
show any considerable paramagnetic scattering. We therefore have to con-
sider inthe discussiononly the lasttwo cross-sections, namely the Laue-Bragg
and the thermal diffuse scattering. Since only a few Laue-Bragg peaks should
show up in a large single crystal (which may consist of a few single crystals),
the neutron spectrum should not be obstructed too badly. They take out a
few narrow bands which can be neglected for all practical purposes.

A great part of the loss of intensity arises from the inelastic coherent
and incoherent scattering which covers a large energy range and therefore
' “has an important effect on the shape of the spectrum. These cross-sections
_depend very strongly on temperature and this effect can be used to generate
high transmission through a crystal.

The thermal diffuse scattermg cross-section can be estimated by :

5 diffuse _ 6tota.1 _ elastic |  elastic
th scattering coherent ~ ~ incoherent

(1)

At short wave length the total elastic scattering can be approximated

by :
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total

elastic ,
scattering/4 KW [1 - 4KV ] (2)

+ 6. =
incoherent

elastic
coherent

with W = (3h%/47°m, k6)[6(x)/x + 1/4]

and ¢(x) 1/xfx§ de/e -1.

0" )
With (1) and (2) we find the following approximation for the thermal diffuse
scattering cross-section:

total
scattering.

diffuse IKEW & total -

2 7"2
th scattering 8 7w/ 6

é

In Table I we have listed all the important figures for a comparison of the
various filter materials being in use now:

TABLE [
COMPARISON OF VARIOUS FILTER MATERIALS

Materiel | & 1o | 8 scattering W(295° K) W(TT K) W(295%) 8 gt K
w(TT)
(mb) (b) [cm?] [em?] ®)
Bi 34 9 1.48 x 10 0.416 X 10 3,57 2.97/\*
Be 10 7 0.49 x 0% | 0.348 x 10® 141 1. 92/
Si0, 160 10 1.08 x 1018 0.443 x 10" 2,42 3.5/ %
2 neutron neutron y-rays neutrons
thermal resonance ~2 meV ~2 meV
(cm)
Bi 40 0.35 4.5 x 1078 3.8x 107 2.2 x 104
Be 14.2 0.35 ] 4.8x 107 0.356 1.25x 10-2
5i0, 36 0.35 7 x 10 | 8.6x 1078 1.2 x 10°

In the above table the length of the different filters was chosen in such a
way that the transmission of thermal neutrons is 35% for all filters,

From the data of Table I it is obvious that beryllium is the best ma-
terial for the attenuation of resonance neutrons, while for stopping y-rays,
bismuth is, of course, much more effective. Therefore, the best beam hole
filter will be a composition of bismuth and beryllium as it was actually used
by Lowde and his co-workers., The most difficult part is to obtain relative
large single crystals of beryllium. Quartz is a good filter for resonance
neutrons, but does not attenuate sufficiently the y-beam that is emerging
from the beam hole. On the other hand, the absorption is not negligible for
low energy neutrons. i )

The present study of the transmission of single crystals of bismuth was
performed to check the applicability of such a filter for a double chopper
facility at Ispra, which is designed for the energy region of 100 M.eV to
subthermal neutrons. ‘Apart from this, an attempt is being made to discover
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whether the filter can be used for the measurement of very small absorption
cross-sections by detecting the capture of y-rays. At present, the filter is
used for a parity experiment using the reaction Be?(n,a)a. It is also pro-
posed to use the bismuth-filtered beam for routine work to determine the
graphite content in uranium-graphite pellets. '

II. MEASUREMENTS AND EXPERIMENTAL RESULTS

The transmission experiments were carried out using a straight slit
chopper and a flight path of 5.4 m. The layout of the experimental condi-
tions is shown in Fig.1l. The chopper is made out of a stack of aluminium
-and boron plastic plates. This compact rotor guarantees a low background
of fast neutrons, The neutrons from the reactor were pre-collimated by a
"water-shutter''. A block of 10 cm of lead was placed in the beam to reduce
fast neutrons and vy-rays that have a serious influence on the plateau of the
BF3 counters in an ''open beam'' run (without a bismuth filter in the neutron
beam). The bismuth was packed in aluminium and cylindrical pieces of
sinteredboron carbide (1-cm thick and 10-cm long). For the transmission
experiments we used two pieces of bismuth, 20-cm long and 5-cm diam. each.
According to specifications given by Metals Research (England), each piece
consisted of maximum 3 or 4 columns of single crystals of bismuth. This
specification showed a promising aspect: that the coherent peaks .should not
obstruct the neutron spectrum too much.

In Fig. 2 the measured time-of-flight spectra are given for the following
conditions:

(a) Open beam (bismuth filter not in the neutron beam),

(b) 40 cm of bismuth at room temperature,

(c) 40 cm of bismuth at the temperature of liquid nitrogen.

In Fig.3 the expected and measured transmission of a 40~cm long bis-
muth filter is given. From the data it is obvious that the transmission is
relatively far from what one would expect of a real single crystal without
imperfections. The coherent dips give a considerable reduction in intensity.
The transmitted intensity is only about 30% of the theoretical value in the
energy range from 25 - 10 meV, The total intensity of the filtered beam
increased by a factor of 4, cooling it to the temperature of liquid nitrogen.

In Figs.4 and 5 the equivalent data are given for a single piece of 20 cm
of bismuth. This crystal was chosen for a separate measurement since it
showed a transmission that was higher by a factor of 2 compared with the
other one. The transmission is about 40% of the expected one. This crystal
can be considered as having a rather good performance. Below 5 meV, the
transmission is of the order of 60-70%.

The measurements mentioned above were carried out under an angle of
collimation of 1°. Since the influence of the coherent dips in the spectrum
is dependent on the collimation a measurement was carried out with 1/3°
collimation. For this measurement the lead was withdrawn from the reactor
channel and replaced by a collimator of 20 cm in length, made out of an
array of 15X 15 channels, each of 1 mm? area. The result of this measure-
ment is given in Fig.6.
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Fig.2
Neutron spectra measured with a chopper facility as indicated in the insert,
In the figure are represented:
(1) The spectra obtained with bismuth-filter at room temperature (warm filter o) (40 cm long)
(2) The spectra obtained with liquid nitrogen-cooled filter (cooled filter x)
(3) The spectra obtained without Bi-filter (open beam o)
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Fig.3

Transmission of 40 cm bismuth at liquid nitrogen temperature,
The heavy line is the expected behaviour; the points are the experimental values,
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Neitron spectra measured with the same facility as- mdxcated in Fig.2,
but with a different length of the fiiter (20 cm)
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Transmission of 20 cm bismuth at liquid nitrogen,
The dotted line is the expected behaviour; the points are the experimental values,
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Transmission of 20 cm bismuth at liquid nitrogen.
The collimator was 0.3,

The cadmium ratio of the 40-cm long bismuth filter was also measured
under this condition. The cadmium ratio was as high as 5000. The real value
for the cadmium ratio is most probably still higher since for the measure-
ment no real fast neutron collimator was used.

Having the cadmium in mind, one can state that the bismuth filter shows

a rather satisfactory performance in spite of the coherent dips that show
up in the thermal energy region.
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DISCUSSION

P. EGELSTAFF: I would like to make an historical comment on the
subject of this paper. As reported in J. nucl. Engng 1 (1954) 57, a quasi-
single-crystal filter was used with the Harwell slow chopper for exactly
the same reasons as described in this paper. This filter was in‘ade‘by slow-
cooling a melt of bismuth so that crystals of 1 to 3 cm in length were formed.
(No special precautions are necessary to get crystals-of this size to grow
in bismuth.) The extinction observed in a (quasi-single-crystal) block of this
cast bismuth is very large as shown by the cross-section we published in

J. sci.Inst. (1954), and this simple material seems to be somewhat more
effective than the samples reported on today.



HEKOTOPHE BOIIPOCH MOHOXPOMATW3ALM
MEIJEHHHX HEMATPOHOB
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Abstract — Résumé — AnnoTanas — Resumen

PROBLEMS ASSOCIATED WITH THE MONOCHROMATIZATION OF SLOW NEUTRONS. The paper sets
out the result of calculations to determine the shape of the spectral line of twin-rotor, pulsing, slow-neutron
monochromators, -as a function-of the shifts in the phases between the rotors. Consideration is also given :6
the possibility of using certain light elements as slow-neutron filters.

QUELQUES ASPECTS DE LA MONOCHROMATISATION DES NEUTRONS THERMIQUES. Les auteurs

exposent les résultats de leurs calculs relatifs 3 la forme du spectre des monochromateurs 3 impulsions et 3
deux rotors- pour neutrons thermiques en fonction de la distance et du déphasage entre les rotors. Ils examinent
également 1a possibilité d*utiliser certains éléments légers comme filtres 4 neutrons lents.

HEKOTOPHE BOMPOCH MOHOXPOMATU3ALMM MENNEHHHX HEATPOHOB. MNpupeaens peayabTaTh pacyeta GOPMH
cnerTpansHol IMHMM ABYXPOTOPHHX NyJbCUPYRUMX MOHOXPOMATOPOB MEANEHHHX HeATPOHOB B 3ABACHMOCTH
OT PaCCTOAHMA M caBura ¢das Mexsy poTopaMu. Paccuo’rpena TAXEE BO3IMOXHOCTD MCNOAbLIOBAHUA HEXOTOPMX

AErKMUX JJEeMEeHTOB B KadeCTBEe QUIBTPOB MERJNEHHNX Heﬂ'rponoa.

ALGUNOS PROBLEMAS DE LA MONOCROMATIZ ACION DE NEUTRONES LENTOS. Los autores exponen
los resultades de sus cdleulos relativos a la forma de la linea espectral de los monocromadores pulsantes de
des rotores para neutrones lentos en funcién de la distancia y del desfasamiento de los rotores. Examinan
asimismo la posibilidad de utilizar algunos elementos ligeros como filtros de neufrongs lentos.

BBEJIEHVE

CTPYyKTypa BemMecTB, a TaKfe BONPOCH TepMalusauuy HeATpoHOB B
HacToOflee BpeMd MMPOKO MUCCIEAYHTCH € IOMOMBE M3YyUEHMS paccedgHus
MOHOXPOMATHUUYECKMX MEIJEHHHX HEATPOHOB. B 3TMX MCCIEAOBAHMAX fpU-
MEHANTCHA Pa3HHe TUNH MOHOXPOMATOPOB, & MMEHHO: KpMCTaLIMuecKHue
MOHOXPOMAaTOPH, OYJbBCUPYRMMUE OZHODOTOPHHE ¥ MHOI'OPOTODHHE MeXa-
HHYECKME CeJNEeKTOPH, MeXaHMUecCcKMe MOHOXPOMATOPH C KBa3WHEIpPepHB-
HEM NYYKOM, (UIBTDH MeRJEeHHHX HefATpPOHOB.

Ina GOJBMMHCTBA YNOMSHYTHX BHIl€ MOHOXDOMATOPOB B JMTEpaType
MMEDTCH AOBOJBHO NOJHHE XapPaKTepPUCTUMKM. B 3TOH paGoTe GYAyT pac-
CMOTPEHH JMIb HEKOTOPHE BOIPOCH, CBA3aHHHE C MOHOXpoMaTusauueit
HellTpOHOB, IO HameMy MHEHMD, HEAOCTATOYHO OCBelleHHHE B JUTEpa-
Type. HafeHa (GopMa CHEKTPAJbHOT'O pacNpefeleHWs HeATPOHOB U (QOp=-
Ma HeTPOHHOM BCHHIKY HOYJbCHMPYBIETO ABYXPOTOPHOT'O NpepHBATENS
HefiTPOHOB; ONMCAHO OMHO M3 BMUAOM3IMEHeHuIA MOHOXpoMaTopa ¢ OChHB
BpPAmEHMs, NapaJjielbHol HeiTPOHHOMY NYUKY; NDMBEAEHH COO6PaxeHus
110 HOBOAY BOIMOXHHX (MJILTPOB MEZJEHHHX HelAiTpoHOB.
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I. ¢OPMA HEATPOHHO/ BCIHIIKU Y ®OPMA CIEKTPAJIBHOI'O PACIIPELEJEHWA

HEATPOHOB [1PEPHBATEIA (MOHOXPOMATOPA) HEMTPOHOB COCTOANETO U3
IBYX POTOPOB C IIIOCKMMU LEJAMU ’ :

B nocuneanee BpeMd B pAjxe pa6oT GHJM ONMCAHH MeXaHudYecKue Mnpe-
pHBaTeJM HellTpOHOB, cocrodamue 13 [ABYX M HECKOJBKUX POTODOB
l1, 2, 3]. B atux padoTax M3IJOXEHH JMOh KadyeCTBEHHHE NpeuMymecTBa
MHOT'OPOTOPHHX cucTeM. Huxe npuBoaMTCA pacueT GYHKLMM NPONycKaHMs
M HeiTPORHO BCHHEKM AJS ABYXPOTOPHOI'O NpepHBATeld C NAOCKUMM
measMu., XOTH ITA CHUCTEMa ABALETCH camoit mpocTolt, onucanHmi Huxe
METOA MOXHO PacCHpOCTPaHUTh 6€3 0Cco00oro TPyZa M Ha ABYXPOTODPHHE
npepuaarexx C NPOPMIVPOBAHHHMM WMEJsIMU .

1. Pacuer HeliTponHoff BemmmKM M QYHKLMM NPONYyCKaHWS AJS OLHOTO
poropa

3Ta sagzava GHaa yxe paccMOTpeHa B pafe paloT u BHEpBHE yC-
NemHO pemeHa B paGore B.M. MocToBOro M ap.[4]. 3necs Mu ee pac-
CMaTpPMBaeM JMIb AZJS TOro, UYTOOH NPOUNINCTPUPOBATE METOXA pacuera
Ha OpPOCTOM NpuUMepe M UYTOOH MCIOJNb3OBATH HEKOTOPHE PEe3yJbTATH pe-
meHUsa AJA EBYX POTOPOB. :

IIng npoCcTOTH PacCMOTPMM DOTOP € onHol menbL, Bpamapmelica mo
4acoBOit CTpemxe OTHOCUTENBHO ocv O, NEePNeHAMKYIAPHON K IJOCKOCTH
yeprexa (puc. 1). CucTeMa KOOPAMHAT U, W HENmOoABUXHa, cucTema ¥, X

B ot
-

IR TIn ] L TTRATATANRET N0

Puc.l

CucTeMy KOOPAMHAT, KOTOpHE WMCNONB3YOTCH Npu pacueTe HelTponHO
BCIHMKY, ¥ GYHKUUM NPOMYCKAHWS OLHOPOTOPHOIC NpepHBaTeNs
(mvpuna wean S, = 2g).

XEeCTKO CBf3aHa ¢ poTopoM. HasoeeM ee Bpamawmeitcs. MoMeHT BxoOXa
HefilTpoHa B meap. oGoaHaueH yepes to . OpaMHaTH Uu (t0 ) u b Haszo-
BeM nmapameTpaMyM BXoZa. C NoMombo IpeolpasoBaBusi KoopnMHaT (y,x)=

(u, w) Haxoaum,npu ycxoemm ot, « 1 (w — yraosad CKOpOCTH POTOPA),

u = Ro, + b. : , (1)

B nanbxeﬁmem.ycnonumcs{ BCE€ KOOPAMHATH MIMepATh B €AVHULAX paauyca
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poropa. Toraa (1) moxmo 3amucaTs TaK:

U=g,+B, _ (1a)

_u _b
rne U= R 7 B = R *

C nomompd npeoSpasobanua (U,W) - (¥,X)MoxHo Zoka3aTh, YTO TpaeK-

Topua HeliTpoHa Bo Bpamammelica cucTeMe xoopauHaT (npu wty<< 1)
- napagoJa: ’

wr
Y=T

T
X2+w<t0+§>x+ B 4+ wty, (2)
2R i
rae T = ==, V = CKOPOCTS HeliTpoHa.

YTOOH HedlTpoH npomés Yepes mesib, €0 TPAaeKTODUS He AOJXHA
nepeceKkaTh CTEHKU Heiu, T.e. — S £ Y < + S npu~-1< X < + 1. 3710
ycaoBMe M omnpenesseT COBOKYNHOCTh mapaMmeTpos Bxoaa B(t, ), a,cxne-
nosaTedapHo,u U (t,), npyM kKoTOpHX HeATpoHH GYAYT NpPONYWEHH POTO-
poM {mpexmojaraeTcs, UTO MATepMal POTOPa AGCOJNDTHO HENPO3padeH
Lid HeTpoHOB) . EcJaM 060O3HAUMTH HauGoJbllee 3HAUeHMe NapamMeTpa

( 1 . I
Bxoma U tO,T) yepes UB ; a HavMeHbWee 3HaueHue 4Yeped Uy, TO

IefteTByDmAsS mMMPUHA MEJM B MOMEHT t, ONpeneJMTCHd CJeAyBIuM obpa-
30M:

AU (to,7) = UL (to,7) - Uf (to,m). (3)

‘MOXHO BMIETBH, YUTO MHTEHCUBHOCTH HeﬁTpOHOB Cc naHHOMK CKOPOCTHD
NPpOoNOPpLUOHaJNbHA '

toMmax
fAUI(tO ,T) dt,
tomin

U, cliegoBaTelbHO, (QYHKUUA NpoNyCKaHUsS poTOpa, ONMCHBaKIas OTHO-
CUTEJBHYKR NPO3PaAYHOCTH POTOpPA B 3aBUCUMOCTU OT V,

"tomax
2R ‘

£! <'r= T) ~fAUI (t,,1) dt,. (9)
£y Min

MonuepkHeM eme pa3, UTO t,=— MOMEHT BXOXa HelTpoHa B menn. Bxoa-
HHe mapaMeTpH cBeleHH B Tada.l. [Ipy HaxoxzaeHur GOPMH BCIIHIKHK
( meficTBymmeit mupyHE mesM) noTpeSyeM, UTOGH
11
< Uy > Uy (5)
C nomomp® Tadaunm 1, ypaBHenuit (3) m (5) noaxyuaem caexymmue
BHDAaXeHMS AJA HeWTPOHHOM BCIHUINK:



TABJMLA 1
SHAUEHVA BXOIHHIX [APAMETPOB [JA OIHOI'O POTOPA
1 1
£ Uk t, Us
tos-%'r U11=~S-w'r<1+2%$+wt0
T 1
t, < - 5 Uy, = 8 + wty
3 T wr to \2
T < tos 3 U12=—S+-é-(%-:r— + oty
- T 1 1 .2 5
t »- 3 Ulp = § - ar ( +2 5 4 o
% < t, Uys = = S + ot

061

‘ud

YNHIELI T

dr u
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ang - osT s
S T 3 . Ly .
-;-Esto 5_51, AUI=ZS+(M<1+2—>,
3 T
- E T < tox - 2 AUI==23 -'E- —-E» (6aJ
T T £\ wr/1  to\2
‘E‘sto <§, AUI =2S-M<1+2?§-§- -2——;>
z S_z = - ).
zvs 6, <« o "2 AUI = 28 uyr<1 + 21>,
S 4s
Rasg ST« -
L[5 _x I _ o -or(l _£32
(-5 M)Tstos.z, AUt = 28 -5 -29 5 (6 )

-1 ‘[Ts 3 : 2
EstO s<.-®7_'§‘>1’ AIJI =28 - wr{1l +2-0>-—<———9 .

Qyuxumu IPONyCKaRUdg lIJIﬁ ITUX ABYX cJayvyaeB Ha.unexm C MNOMOWBD
“dopmyan (4):

1l -=2 npn 0 € 2z & %
£(2)= - (7)
‘ z v
13§- 2(1-2)2(14:2—,) npu

rae z = fﬁl ~\[1
: 4S v

2. Pacuer HelfiTpoHHON) BCIHmKKM aJs8 cayyas ABYX POTODPOB

(o)

<z <1,

.

' BaaumHoe pacroJioxeHVe poTOpoB M MX ¢as npu wt = O noxasaHo
Ha puc.2. laa pacueta npelicTeynmell mean B cayvae ABYyX POTOPOB He-

lmn
HEATPOHBI\ /mz

Pyc.2

BaaumHoe pacnojioxeHue poTOPOB B ABYXPOTOPHOM
npepHBaTeJe HelATPOHOB.

o6XoAMMO HaliTW napameTpd BXoza AJif BTOPOro poTOpa
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in PR | 11 ax
Ecun 0603HAUNTH Uﬁ MEeHblI€e M3 ABYX 3HAYEHHUMK UB 7 UB , a Uﬁ

6oJapmee MX ABYX 3HayeHuit U; )24 Ug » TO zeilcTBypmas wMpyHA meJaun
in Max
AUty ,t) = U - R, - (8)

‘IpH YyCAOBUM, HUTO

UMinaUma‘x. - (9)

B B

PYHKILMA NPOIMyCKAHUSA
YHKIL pony t,, Max

. £(7) ~fAU(’c0 sT)dt, . o (10)

to Min,

NapaMeTpn Bxoaa B poTop II B MOMEHT BXoZa HeTpoHa BO BTODYD
mesb, paBHHK €, , MOTYT ONTHL 3aOUCaAHH B Takoit xe dopMe, Kaxk U nax
nepBOr'o poTopa B MOMEHT t,, ecau :

t, =t0+-2—}3v+—)‘--'rsto+a'r, (11)

rae

A3

c,,=1+§§_ ] (11a)

n 1
Mtak, mpu t = t,;, U (t,) = U (t, = ¢,).

HalinennHe TaxyM o6pa3oM NapaMeTpH BXoZa AJS BTODOrO poTopa CBe=-
ILeHH B Ta6a.2.
Insa cpaBHeHWs BXOAHHX NapaMeTpPoB O6OMX POTOPOB Ype3BHuallHO

. YOOGHH AvarpamMMH, NpuBeneHHHe Ha puc.3 u 4. Pe3yabTaTH CpaBHEHUS
napaMeTPOB ¢ NOMOmMBY JITUX AMATrpPaMM NpPeACTABAESHH HAa puc.S5 u 6.

Uenonpays maHHKHE prc.5 M 6 M ypaBHeHUZ(8 - 10) ,HoaydYuMm cJae-
AyDIME BHpaxeHUS AJ8 WHMPUHH gzedAcTBybmei mesrt (POPMH BCIHEKH) ¢

. 23
npu as —2 u TS T &
_S_zx._ < -1re AU = 25 4 2ut, 2aar ;
a7 at < t0‘\ 5 Ty = + el + W + cowt;
' (12 a)
1+ o S T v
- 5 16%65—51 AU:ZS"'M—ZU)tO;

g
=

l
N
A
Q
'y
o)
=
a
A

gl



TABJIMLOA 2.
3HAYEHMS BXOIOHHX TIAPAMETPOB IJif1 BTOPOI'O POTOPA
t, Uy to Up
Uzl=-s-m<1+2‘—sﬂ-—:ﬂ\+ . .
t°<-gT_GT ’ tp € -3 -at|Uz1 =8 +w (t;, +at)
+ o (t, + ot) :
wr t at\?
g'r-a'r‘stoos U22=-S+T<%-—3-—:-—> +
T
<z -or +® (6, + at)
. Ulo = 5 - wr (142 ST
'Co>-§—0,T
= - at § t, Upg = - S+ (to + at) + o (ty + at)

HOHOdIYAH XNHHAITHW MATTYEULYWOIXOHOW MOOdLOY ENdOLOMIH

o

€61
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Ugx
A 20
_Un Y2 1 portop
Uy, U2 i
]
% _av X t
2 2 o
A <0
L
Uy Uy I
] [}
U2 . 1
1
b by
-3 . B to
Pnc.3

IviarpaMMu ZJs CpPaBHEHUS HUXHUX NapaMeTpoB BXoZa HeﬁTpOHOB. .

Ugx
oLE-2
u u u
il 12 13 1 POTOP
Ua Y22 Uz q
. —
-3 z 3 h 9 t
=T > z't AT 2 «T °
-25a4s50
Uy U2 Uiz 1
Uz N V22 Y I
I —
23 3o X b t
2 < 2 T—-&T 7 7 L34 o
0=x=2
Uy Uy2 U3 I
Un . Y2 - U2y 1
3. 3 T T t
2 -t 2‘! 2 T 2 o
otz2
Un U2 U3 1
Uy . uxp» u23 -
T 1
.3 T 3 T t
2'(—4‘( 2 @«T 2‘( 2 o
Puc.4

- IvarpaMMH AJiS CpPaBHEHMSA BEpXHMX NapaMeTpoB BXoAa HelTpOHOB.

S T 3 '

- S -3 -oT st s 5T-ar, AU=2$+(D’I‘[(1+20_,)+2-%0],
_3. _ _l+a at A1 £ 4at \2,
>T—ars t,< 5T s AU=23——2<E__A_T__)’

(1206)
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[]
Upx

_lea to
—2 h 4

L]
Uz L uyp

16k o to
2

Puc.5

3aBHCMMOCTH HUXHMX NapaMeTpoB BXoZa
HeliTpOHOB OT BpeMeHu tg.

Upx

*=-2
u2q u13

LY P . to
-2SA50
U1 U22 U2 K]

to

i

Un U2 Ua2 U23

-3 _Lea - t
3T A °

un

Puc.6

3aBUCUMOCTE BEPXHMX NapaMeTpPoB BXOAA
HeliTPOHOB 0T BpemeHn t;.
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- L = _wtl ot - .
> T<t<2, AU= 28 2<2 2>-2u)t0 wr;

T S. T P ‘

-z-st0<;—§, . AU=2$—2w’to-wT;

npu -—2<a<0 u S 16 S

LI o 2-a) 2

1 s 1l 4+a - ot (1 _ 4 at)
<2’°‘\/E>"‘t°“ 2 T au=2s -5 (3 -2

) (123)
-lta [ _3 ar (L _ t)®
5 T < t0<1,<m 2>, AU:ZS—?<§—?>—2mtO—M;
. .8

npy O € a < 2 u TS =

S T 3 _ Xo).
-;-E to( - 2 » AU = 28 + Wt <1+2T>’

-3q < -L(1ta AU:ZS—‘EG—B)Z

2 2 2 2 T (12 r)

ST T wt /1 T\
—§-<1+a>< t0< 7 ~art, AU = ZS——é-<E- a —;r-‘) — Wwt-Zawt-2ut,

T-ar st sE-2, AU = 28 = an— 2awr —20t, .
2 0" w2 0
S 16 S
npu O<as2 u m<—c<m2
l_,ﬁ _lya_ wT /1 to\2;
T<2 ay‘[) stﬁ 2 T, AU = ZS—?<.2_._?> H)
_z - v
z (1+a) sty z T Ot e ) (12 1)
- 25 - (L _ --—0>2-U.)T - 2auwt - 2wtg.
npu 2 «a u 2au0
S = T _ 1 229_
-6--2-<t0<-2-.<1+a.>, AU ZS+(1)‘1'< + /)
' (12 e)
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3. Oynxmud NponycKamud Add cayyas ABYX POTOPOB

Mocile METerpvpobBaHus BHpaxenus (10) noiaydenu cieiybmue BH-
PaxeHMs Ausa PYHKIMU NPOMYyCKaHUA:

pH : 0« |al 2 " 0sz s

N~

2
£y (z,0) =1 - 22* -4 lal 22 48 %+Z—+J—3—>z4;

2
(13 a)
npu ' 0s lal «2 u 3<sz2<1 4 llal
1+—2-
» 2
f> (Z:a) =E‘ ";-Zl 1 - 2z1 1+£1:
3 To z
1 4
_ 2 (13 6)
rae -zl = 2 ( 1+ |al );
2
1
npu a > 2 un zZ & 5T;|
fa (z,a) = (1 - 2{alz2)2. (13 B)

Ilis pacueTa ¥ NOCTPOEHUA QYHKuUMH NPONyCKa®us YAOGHO Kiaccu-
duIMpoBaTh MX He MO NapaMeTpy o {(z), a4 NO MapaMeTpaM B MU y ;
B M y - napamMeTpH, KOTODHE ONPeneJARTCA. U3 BHPAXCHNN:

= A _I.g_11
a=1+2g "7 =8 -z
(14)
A T S
P=1l+2gs ¥Y=753 528"

HeTpyAHO BMAETH, 4YTO y NPONOPLUMOHANBHO OTHOMEHUKD BDEMEHM
3ana3gHBaHUg BTOPOTO POoTOPa K AJMTENBHOCTM BCIHIKM OAMHOYHOTO
poTopa. YxasaHHas KJIacCUPUKALMA JEerKo NPOMBBOAUTCSH, E€CIM Mccle-

AoBaTh HepaBEHCTBA LJA y M Z, COlepxamuecs B (13)} [oxy4eHH cae-
LyDll¥ie BHpaxeHus:

B<2

: - 4
-anl Y‘LZ_gl pig¥: s Yﬁ2622‘_y_°

£ (Z:,G.) =1 B42°

3
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(npm

f (z,a)== 1,
: npu
npu

f (Z,Q.) = f2
npm
£ (z,a) = f npu
o

f (Z,c),) = f2
npu
f (z,a) = f5 npn
£ (z,a) = fy
b (z,a) =f,
f (z,a) = f2
£ (z,0) = £
£ (z,a) = £,
£ (z,a) = £,

B.ll. BEPTEBHMA wu ap.
na X 2 <X
Ysz pit BTZ‘Z GB’
B g+2 1
7Sys g e 2 (1,
4 Y 4 B+2<Z {4
B B +2 1 y . .
T <€Y< vy sz{z,szasa’
B + l-Ql-y(Z-ﬁ) Y.
n €sy<sB mm——__z_e 6265,
g Y 2 L.
Y €7 Lus £ € 2% < 75
E \[x' 1411 y(B+2)
z < Jid < 2 sy Y\PT -/,
4 vy<sB it B\ < 51 2 ‘ :
-2 B 1 l+y(B+2).
7 SYsz ma5<zZs 512 )
<-—-—2- nna-\‘.—<z2<Y+%
Y 3 ) <52
pi=2
Y"]" Y
mpn y €1 ons 22<z2<z;
1
npu Esyslnna%,szzs%;
npn vy <+ zan Yez2 X
2 4 S o
1 <] aas £<ZZ<1.
nin 2'51\ A Z €53
mpu 1 <y<2 aas ¥ < z2 g X
P Y . T T ?
1 Y 2 1.
npm Yy € 3 Aag Esz 27
o 1- l< <.'1+4 +1.
npn 0<y< 5 A4 Z\Z\_——L—4 :
. Y 1+\/1+4y.
mpu  pey< 2 nag '\/-56 s 221
2 o1,
npu y €« 0 pag 0 < z sz,
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B>2
7 2 -1
£ (z, a) = £, npuYsp_i_nMxB_z<za<B\;2’
npu y <€ % nnxafrz < 22 g % 3
£ (z,0) = £, 1
8 B+2 .
4<Y< 4 IIJIHB+ < Z 64,
p”‘—‘Y<B'22 nnai-sz2<g-;

I
2}

£ (z,a) , '
J - -
npu————sysﬁnam 1+YB(-522) 1<Z<./g';

p-2 Y 2 ¢ X
npu Osys 1 ans Esz <B+2
£ (z,a) = £,
: -2 B X 2 1,
npm 7 S Y €T ang 8 <22 <7
g-2 ) 1 1+J1+y(f5+2)
npu T SY€§ M S <z Sz
£ (z,a) = £,
g X 1+‘}1+Y(5+3)
npu <y < ANA <€z <
I<SYSP B 51z
f (z,a) = £, npu y6?4——2 ana Bl_-as 22 g Y+ 2 |

Ppagukn nas cayvaee B = 1,2,4,10 U pasHHX y (.0;<'y < B)npen-
CTaBIEHHK Ha puc. 7 - 10.

Kax BMAHO M3 B3THX DPUCYHKOB, npy y = O cucTeMa ABYX DOTOPOB
padoTaeT KaKk MexaHWuecKMil npepHBaresb. I'PaHWUHAA CKOPOCTH yBeJu-
unpaeTcad (yMeHbmaeTcs z) ¢ yBeJMUEHMEM DPACCTOSHUSA MEXAY POTOPAMM
(Goarmme B). Mo Mepe yBeJMUEHMA mMapaMeTpa y NPOUCXOAUT Bce GOJb-
mee orpaHMueHVe MNpPONycKaeMHX cKopocTelf He TOaBKO CHMU3Y, HO M
cBepxy. B cayuae OTHOCUTEJNBHO GOJabmMX £ KM y CUMCTEMa ABYX POTOPOB
padoTaeT Kak MOHOXpoMaTop. YeM Goabme B, TeM MeHblle MMPUHA JMHUM
mpY ZAaHHOM y. 3Ta 3aBMCMMOCTH XOpPONO MAJNBCTpUpyercs Ha puc.ll.

N3 Bcero cxkasaHHOI'o CHEAYET, 4YTO OAHUM U3 AOCTOMHCTB ABYyX-
POTOPHOI'O NpepHBATENf ABJASETCH BO3IMOXHOCGTH M3IMEHEHUA IO EeNaHUD
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fl(2)

1 g0 pst
wogsue gL
s it B;:w A b

0,5

0 01 02 03 04 05 06 07 08 09 102

Puc.7
OYHKUMSA NPONYCKaHU# ABYXPOTOPHOro NpepHBATENS NPy B = 1.
Kpubag IV - QYHKLUMS NPONYCKAHWS ANS OZHOPOTOPHOTO.
npepsbBaTtens (NpMBeneHa nis CpaBHEHUA) .

f(2)

0,5

0 01 02 03 04 05 06 07 08 09 1.0 Z

Puc.8

OYHKUVA NPONYyCKAHUA ABYXPOTOPHOI'O NpEepHBATENS HEATDPOHOB
npy B = 2: KpuBaa V - QYHKUMS NPONYCKAaHMS
OZHODOTOPHOI'O NpepHBaTesd.

¢yHKUMM NPONyCKaHMS NyTeM M3IMEHEeHWA $aszoBoro CABUIa& M WU3IMEHeHUd
PACCTOAHUA MEXAY POTOpPaMu. . : g2

Ha pue.12 noxaszaHH GYHKUUM NPONYCKAHUS, YMHOXEHHHE  Ha -
OIVHOUYHHX DPOTOPOB ¢ pazsuycaMM R = r, R = 2r ¥ IBYXPOTOPHOrOG mpe-
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f(z)
B=4
OS(SL

<zg="

oy
P
w -
N

w

Syeg ey

05 it

Vi

Vv,

T T T T T T T L
0 0) 02 03 04 05 06 07 08 09 10 Z

Prec.9

dyHKUMA NPONYyCKaHud HeliTponoB npu B = 4. KpuBag VI -
GYHKUMA NpONyCKaHUs OAHOPOTOPHOTO TNpepHBaTeJd.

f(z2)

0,54

0 0l 0203 0405 06 07 08 08 10 Z

Puc.10

®YHKIMS NpPONyCKaHMA ABYXPOTOPHOTO “-.IpepHBaTeas npu B = 10.
KprBag VI - QYHKUMA NPONYCKaHUS OLHOPOTOPHOIO
npepHBaTeds HEATPOHOB.

pHBaTels ¢ DamMycaMyM DOTOPOB R, = R =r égm onHolt ¥ Toit xe AU~
TeJBHOCTU BCHHIKY. VIMEHHO Npon3BepeHue (-g-f (2)) aBusgeTca Beu-
4MHO# NMPOMOPUMOHANEHOA MHTEHCMBHOCTM OPONYCKaeMHX HeATPOHOB. Bua-
HO, YTO NpU IPUMEDHO ONHMX M TexX ®xe (OoHe WM paspemeHuH 0O BpeMeHu
MHTEHCUBHOCTh HeiTpOHOB Gosbme B chayyae NBYXPOTOPHOI'O NpepHBa-
Tend. .
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3aBMCHMOCTD IIOJOXEHUA MaKCUMyMa (PYHKLUU
NPpONyCKaHUd OT B M Y.
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S
OYHKIMA NPONYCKAHMA POTOPa, YMHOXeHHad Ha E—, (Opu ozuHaxosoit
JANTeABbHOCTV HelATPOHHOr'C MMIyabca):

xpuBasgs I n[JIg poTopa ¢ pénuycom R = r;

wpuBag II naug poropa C paauycoM R = 21 ;

xpnBag III Ang ABYXPOTODHOI'O IpepHBaTeld
¢ paguycamy poTtopoB R, = R, = r.

OnHolt 3 BaxHelmux TpyaxocTeff aByXpoTopHOR cucTeMH aBlferTCH
noxzepxanue NOCTOoAHCTBRA (PaA30BOre capura. JTO OUEHp XOPOHMO MJIAJD=-
eTpupyeTcs CuibHOM 3aBucMMOCTHD (GYHKUMM NpOIyckaHWA Ha puc.ll.
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II. PACYET MOHOXPOMATOPA HEATPOHOB, COCTOSUIET'C U3 HECKOJBKAX
IVCKOB, C MPONONBHOA OCBI0 BPAUEHWA

‘ [lepBHit MOHOXPOMATOP MenJEHHHX HeliTPOHOB OHJI HMOCTPOEH eme
JlaHMHIOM U COTPYyIHMKaMu |5 ). MoHoxpoMaTop NpeAcTaBiasy] colOM ABA
KaZMMEBHX [/CKa, KOTOPHE OHJM DAaCNOJOXEeHH APYyr OT Zpyra Ha He-
KOTOPOM PacCTOAHMM M BpaljlaJuch Ha ofmeM Baxy.

B nyckax OHAM Npope3aHH paavaJbHHe menu. [lyTeM uaMeHeHud
OTHOCHUTEJBHOI'0 YrIOBOI'O CMELEHWs AMCKOB MOXHO OHJO IIponycKaTh
HeATpoHH Toit uau mMHOM ckxopocTu. OmHako Takoif MoHoxpomaTop mHpo-
nycKaJ He TOJbKO HefATPOHH ¢ 3anaHHOi cKOpoCTBD, HO U HeATPOHH ¢
KpPaTHHMM CKOPOCTAMA . IlIS ycTpaHeHMs 3TOro HejocTaTKa Havyajiu M3-
FOTOBJSTH MOHOXPOMATOPH JTOIO TUNA CO CIJIOMHHM poTopoM [6], [7];
IpU STOM Npope3ajy MIM IIOCKME NpOJOJbHHE MeJu NOoJA YrJioM K oGpa-
sypmeit potopa, MJM BUHTOOGpPa3HHe, MO (GOPME TPAEKTOPUM HEHTDPOHOB
B CHUCTeMe KoopauHaT, cBasaHuoll ¢ poropom. UTo6H moayuuTs Goaee
WIM MeHee YAOBIETBOPUTENBbHOE pa3pelleHWe, POTOP TaKOr'o MOHOXpOoMa-
TOpa ZOJXEH uMeThr auameTp 200 - 400 MM, mJaMHYy Ao 1000 MM, Bpa-
maTbes ¢o cKopocTh® 10 000 o6/MMH.

My npoaHAIM3IUPOBAJAM NPUHUMI PAaGOTH MOHOXpOMaTopa HeHTpOHOB
TaKoro TWUIA M NYTeM HECJIOXHHX reoMeTpUMYeCKMX pacueToB NoKas3aiu,
uTO He O6S3aTeJbHO AelJaTh POTOP CHJomHMM. Kak 6yAeT moxa3saHo miee,
oouuit Bec poTopa MOXET GHTL yMEHBbleEeH II0 CPABHEHUD CO CIJIOMHHM B
HECKOJBKO pa3, a 3TO NO3IBOJAAET YMEHBUUTh O0BEeM paGOTH IPM MU3ro-
ToBJIEHMM poTopa. M3 doTooTTUCcKa paGoTH Xoarta /HopBerus/ Ham U3-
BECTHO, YTO OIMH M3 PAaCCMOTPEeHHHX HaMM BapuaHTOB MOHOXpoMaTopa
ocymecTBJeH (ABa AMCKa Ha KOHUAX BaJa), HO AMCKM UMEDT HeGOJbmOe
KoJuyecTBo medelt, 4TO GHIO B ITOM cJyyae CBA3aHO C TpeGOoBaHUAMU
SKCIepUMeHTa. )

1. YpapHeHue TpPaAeKTOPUM HeRATPOHOB

PaccMOTpYM ypaBHEHME TPaeKTOPMM B CHUCTeMe oTcueTa, cbBsg3aHHoH
¢ potopoM (puc.13). IlycTe poTOop BpamaeTcs IO HANPaBJIEHMD 4acoboft

Pue.13

CucTeMH KOOPAMHAT, KOTOPHE MCIOJAL30BAaJUCh AJA
HaXOXIeHUs TpaexTopuu HelTpona.
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CTPEJKM C YrJioBOif CKOPOCTBE ( OKOJO NPOAOJLHON OcCu; HEHTPOH JNeTUT
~ CO CKOPOCTBR V TapaJleNbHO OCY BpalleHWs Ha DaccTodHMU R oT Hee.

Torza TpaeKkTopusa HeTpPoHa B CUCTEMe OTcueTa, KOTOpas BpamaeTrcs
BMeCTe C DPOTOPOM, €CThb BMHTOBafg JMHMA. C NOMOWBD BSJIEMEHTAaPHHX
1peofpa3oBannit B GOJBIMHCTBE NPaKTUUYECKUX cClyuaeB BUHTOBYR JMHUD
¢ ZOCTATOYHOM -TOYHOCTHR MOXHO 3aMEHMTh Ha NpPIMYKH C HAKJIOHOM K
o6pasymiueii: ' '

w
X==-R—zm=+~-oaz,
v
(2,1)
Yy = R.

TakyM xXe 0o6pa3oM MOXHO MOJYYMTh eme aBa NOJEe3HHX COOTHOome-
HUA:

1. YpaBHEeHME TPAEKTOPUM AJS HEATDPOHOB, JEeTAMWX NOA yrioM (6,9)
K ofpasywomeit:

e
]

-2z (R, - L 6 Cos o),
v ®
_ (2,2)
¥ = Rg.,

ans cayvas ¢ =0, X = 2z (- a + 8).

2. YpaBHeHuMe TpaeKkTOopuM HeflTpoHOB aNa cayuas, KQria OCh 'poTOpa
HNOBEPHYTa Ha yrod o B naockoeTy (z,Xx1):

x=2(-a+6+y). (2,3)

Us cooTHomenuft (2,1) - (2,3) cxeayeT, 4TO

a) xaxzolff ckxopocTH HellTpoHa COOTBETCTBYeT ONpeneeHHNIA HaxiDH
npamoit 3 : .

6) yraoBas pacXOAUMOCTH NyuyKa HeTPOHOB NPUBOAMT K TOMY,
YTO OOVMHAKOBHIA HAKJIOH TpaeKTOpuHi O6yayT MMeTh HeATDPOHH pPasHHX
cxopocTeii; .

B) M3MEHATH CKOPOCTh HEATPOHOB, NpPCXOAZAIMX Uepe3 mefib, MOXHO
JUGO IIyTEeM U3IMEeHeRus w, Ju6o vy.
OTCcBAA CcJenyeT, YTO KOHEeUHHe pa3MepH meJu NPUMBOAAT K pa3dfpocy B
BEJMUMHAX YTJOB a, T.€. DaspemeHye MO CKOPOCTHAM IPOIOPLUAOHANIBHO

A ‘.
?% ~ iL’ rae L - pauHa portopa, 2SS - mWYMPWHA MEeJu.

~

2. MaxcuMaJbHO BO3MOXHOE KOJMYECTBO meneﬁ

Porop,cocrtToamum#h M3 gByx aAucKOB. Knue-
MaTuuecKas KapTuHa, MOACHAKNAS 3TOT ciayvail, Msao6paxeHa Ha puc.l4.
PaspemeHye IO CKOPOCTAM B 3TOM cJiyudae OGYCJIOBJEHO o6meft zuvHo#t L
Juip TOTZa, KOrZa TPaeKTODPUM C HaKJOHOM 3a npezejamy Aa He npo-
XOAAT 4Uepe3d cocenHne meam. Oas sToro, Kak BUAHO M3 PUCYHKA,He-
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///

7 4

23

2s

Ly l2 ly

Puc.14

lles ABYXAMCKOBOTO MOHOXpoMaTopa HeATpoHOB
U TPaeKTOpUM HENTPOHOB.

06x0aMMO, uTOOH B (£, + £,) < 28 + 2a, rme £, - AJIMHa nepBOro
aucKa, £, - paccTosHME MeXAy IMCKaMM, 28 - mMpUHA melu, 2a - pac-

' 28
cTosHMe MexRy measamu. Tax kak B = 7 T
1

2a 1
s aK . (2,4)

3Hag MMHMMAJBHOE pPacCTOSHWE, MOXHO ONpPeAeNuTh MaKCUMaJbHOe KO-
JuyecTBO mexeit

2T R L
K <5 0" | (2,5)

PoTop ¢ TpeMsa U YeTHPHM A AMCKAEAMMU . CHaua~
Jna paccMOTPWUM PoTop M3 Tpex auckoB (puc.15).

PaapemenVe GyneT OGYCIOBIEHO AJWHOH poTopa Javme B TOM chyvae,
ecau TpaeKTopuum HeATpoHOB 1 ¥ 2 He NPOXOAAT Yepe3 COCeAHMEe meaw,
T.E.

By (£,+8,) €« 25+ 2,
: ’ (2:6)
Bo (£, + £y + L5 + £,) < 28 + 2a.

2s 28

T.k. B, =.-[1- s a By = m , To ypaBHeus (2,6) MOXHO
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Puc.15

llea TPeXAUCKOBOTO MQOHOXPOMATGPA M
TPAEKTOPUM HEATDPOHOB.

NpUBECTH K TAKOMY BUAY:

é;)}: 3 (_2,78.)
2a » La

3s ————zl+£2+za. (2,76)

Ilna onpeneieHus MaKCHMAJBHOTO KOJMYeCTBa meaeid HeoGxoaumo
MCNONb30BATh HauboJee x¥eCTKOoe M3 3TUX ycuoBuid. Ilpy sTOM noiayuae

2TR
K< 25+ 2a

W3 coorrnomernmit {2,7) caexyeT, UTO WMPUHA NmeaM DaBHA NPOMEXYTKY
(2 8 = 2a) aump torza, Korma £, = £, W by = £y + £y + £g. To-
JO¥MB AJa unpuMmepa L, = by = by = bg = £, noxyuum, 4TO obmas AAM~
Ha poropa Ly = £y + £, + L5 + £, + L5 = 74,

Ecau Ha paceTossHuu £, NOMECTHUTh YETBEPTHH AnCK IJMHOA £,
TO, pACcCMaTPUBad CUCTEMy OMCKOB KaK KOMOMHAIMD ABYX HMCKOB ¢ ddder
TUBHOH AJvHOMK Ly ¥ f,, Noayuum, 4To 25 = 2a Jauvmb npu Ly = fg

(2,4).

OTecDAa MOXHO CHEJATh BHBOL, WTO U3 YeTHpex NMWCKOB AJuHOM
47 MOXHO MOCTPOMTH MOHOXPOMATOp, Da3peleHMe KOTOpPOro omnpezexsercs
povHo#t L, = Ly + £g 4 £ = 15 £, ecan £, = L. BeayclOBHO, npu=
BéJleHHHe BAaPUAHTH C HEeCKOJABKMMM IMCKaMM He SABIARTCA €ZUHCTBEHHO
BO3MOXHEIMM . :

Mpocreimnit MOHOXpoMAaTOp TaxKoro TUMNA M3roTOoBJeH B VHeTUTyTE
¢navkn AH YCCP. Ero nmapaMeTpH TaxKoBH: XABa Aucka auaMeTpoMm 600 MM
M ToamMHOM 60 MM DaCHOJIOXEHH Ha paccTOoAHMM 680 MM (Mexny BHem~
HMMM noBepxHocTamM) . llean pazavaldbpEHe MMEDT MMPUEY 2 MM, BHCOTY
80 mM. KoumuecTBo mezeit 48; exopoceTh BpameHus no 3000 06/MuH.
PaaMmepn myuxa 40 x 80 mMm. KoamuMaTop K MOHOXpPOMATOpPy uMeer 17
meanett ¥ UBrOTOBJNEH U3 KaAMMEBHX INJacTUH. [MCKM MITCOTOBJIEHH U3
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TEKCTOIMTA; meJy OGAMIOBaHH KagMuWeM ToJammHoil 0,35 MM. BHGODP cKoO-
PocTU HelAITPOHOB OcCymecTBASETCA IYTEM 3alaHUA Yria OCH BpameHusd
K nazapmeMy IOY4YKYy M M3MeHEeHMeM CKOPOCTW BpaueHUsd.

III. BO3MOXHHE SMIBLTPH HEATPOHOB

NpuMeHeHVe NOIMKPUCTAJINYECKUX BemecTB AJd PUIbTpauuy Men-
JeHHHX HelTpOHOB NOJYyYMJIO mMPOKOE pacHpoCTpaHeHUe NIpu. uccie-
AOB2HUM HEYNpyroro paccesuus HefAiTporoB. B kauecTBe GMIABTPOB NpU-
umenamce C, Be, BeO, Pb, Bi m HekoTOpHe apyrve BewecTtBa. Ecamu
YCJHOBHO CUMTATh, YTO AJA PUABTPOB HNOAXOAAT JMMb Te AApa, ¥y KOTO-
PHX CcedyeHMe 3axBaTa MeHbme 200 MuammGaps, TO, NO-BUIAUMOMY, - AJ4
GUILTPanUMY HeATPOHOB MOXHO MCIIOJNb30BaTh TaKMe JJEeMeHTH, Kak D,
Be, C, 0, F, Mg, Si, P, Zr, Pb, Bi. He uCKJINYEHO MCHNOJB3OBaHUE
n coeanHenuit aTMx dJeMeHETOB. Y MCNOJB3YEMHX B HacTodmee BpeMd
¢UABTPOB I'PaHUYHas AJMHA BOJHH JEXUT B o6JacTu oT 4 A0 7 A. Bos-
MOXHO, UYTO Cpeny Has3BaHHHX OJEMEHTOB MJM MX COeAMHeHuit B Gy-
aymeM GyRyT HalileHH BemecTBa MNO3BOJADIME NOJYYUTH A I'P BNIOTH
Ao 18 A.

B xavecTBe (MIbTPa MOXeT OHTh MCIOJNL3OBAHO TaKxe HelTpOHHOEe
3epkayo. VaBeCTHO, YUTO NpPEREJbHHH Yrodl OTpaxeHUs

Na
an=)t T (3:1)-

rde .- A - NIuHA BoJHH; N - umcyo szep B KYOMUECKOM CaHTUMETpe;
a - aMUIMTYZAa KOrepeHTHoro paccesHus HefiTpoHoB. Tak Kax NpuSam-
3UTEJNbHO BHMNOJHAETCA YyCJOBUE

1 npu 8 < enp H

R, (e)
(3,2)

R, (8) =0 mpu. - 8 B 6hp

rae Rx (6) - koodpdULMEHT oTPaxeHMs NOA YrJioM 6, TO NOA HaHHHM

yrioM B OTPaxeHHOM CleKTpe OyaeT OOpPHB, cooTBeTCTBynmuit A rp
AJs HaRHOTO yraa. Pe3KocTh 3TOro OGPHBA 32BUCHUT OT CTENEHM KOIIU-
MaguMy nyuxa HefiTpoHoB. YUMTHBAS, YTO IR 6 A nNpedeabHHi yroa
OTPaxXeHus COCTaBJIAET HECKOJBKO AECATKOB MUHYT, MNPUMEHEHME TAKOIO
¢ruabTPa, NMO-BUAMMOMY, BO3IMOXHO AJA A > 6 A .
C nomompp 3epKaJ HeTPYAHO OCYWEeCTBUTH .Myabcupybuuit GuUALTP
- M, TaKMM o0pa3oM, cZesaTh BO3MOXHHM NPUMEHEHWE MeTona BDPEeMeRn
npoigeta. CxeMa Takoro nyiascupymmero ycripoficTBa nokKazaHa Ha
pvc. 16. IlpennoyoxuMm, YTO KOJIMMaLUS MYyUYKa TaKOB&, UTO NYYOK
MOXEeT CUMTATBLCSH NapadjeJbHHM, llyeTs mupusa KHCTOuHMKA HeliTpOHOB
2 S,.a yroa nazedus 6. Ha paccTtosumum D OoT 3epkaJja pacHoJOXEH
 KOJUIAMATOP AJMHON £ ¥ mMpuHOM mesy 2 S Tak, YTO B HeEro nonazamT
HellTPOHH, OTpaxeHHHe NoA yrJjoM 63 C - CUETUMK.
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noj
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Puc.16

Cxema nynbcupymmero ¢uabTpa HellTpPOHOB, OCHOBAHHOI'C Ha
npUHLMIE oTpaxenns HeATPOHOB' OT 3epkanbHoll MOBEpPXHOCTH.

HeTpyZHO BUZeTh, YTO OTDaxeHHHA mydox ( "HeTpommmit 3aHQMKﬂ
GYyZeT CKOJIB3IUTH MO ey C yraoBolt ckopocTe® 2 w, e€ciy 3epKaJo
BpamaeTesd CO CKODPOCTBH o . OTchAa cJeiyeT, UYTO CKOPOCTh CUeTa B
cueTuMKe GYyZeT TPeyroJbHOH GyHKuMell BpeMeHU:

_ S
I(t)=0 . Bas lt] > G

(3,3)
1 -1+

S
§Au D + £) Ang lt] < ZTTEr:fET.

I(¢)

C noMomp® dopmys (3,3) u (3,2) Herpyaso HailTu cHeKTPaJbHY® OT-
paxaTeJbHYyD CHOCOGHOCThL B TeueHuMe Bemmmxu ( puc. 17):

J)

Puc.17

OTpaxaTeJdbHas CHNOCOGHOCTDH HYJAbCHMPYRMEIrO 3€pKaJbHOTO
$UIALTPa B 3aBMCHMMOCTM OT AJMHH BOJHH He#TpoHa.
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I(x) =0 npu P W

-2 (3,4)
I(x)=§<1--ﬂ—> A o€ A< A3
I()\):il >"0<)"<)‘-2§
I =1 npu PN D

s
Ay =61»\/}q-a=<9

Orcwaa BMAHO, UTO

T T S T
Na’ >‘2=62\/;Ia_(9 +D+z>\/;1a :

S
"5 (3,5)

- OOHAKO B peaJbHHX YCJIOBMAX CJEAYET YUMTHBATL YIJOBYD pac-—
XOAMMOCTE Najablero nyuyxa. O6mMIA BUA 3aBUCHMMOCTW OTpaxaTelbHON
CNOCOGHOCTY OT ZAJMHH BOJHH He M3IMEHWTCH, HO Claz CTaHeT GoJjee
modoruMm. Paspemenue yxe Gojee He onpexeasercs gopmynoit (3,5);
npy ZOCTATOUHO GoJbmolt yraosoil pacxoaumocTu

T.e. He 3aBMCUT OT PaACCTOSHMA MEXAY 3E€pKaJoM M IpPYMeMHOH weapm.
lns yBesudeHVs CBETOCMJE NprOopa cileAyeT HNPYMEHATH MHOTOLENeBHe
xoJqumumaTopi. Ilo cBetocuyae B obxacty 6 - 10 A,6e3yCIOBHO, NyJdbCHU~-
pyBpuMii sepxadpHii QUABTP YCTylNaeT MHOI'MM M3BECTHHM npuéopaMm, on-
HaKo MyJabCUpPyouMiA GUIBTP He CJOXEH AN USOTOBJIEHMA U MO3BTOMY B
pife caydyaeB MOxeT HaliTu npuMeHeHue.
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SCINTILLATION COUNTERS
FOR NEUTRON SCATTERING EXPERIMENTS
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Abstract — Résumé — Annotamus — Resumen

SCINTILLATION COUNTERS FOR NEUTRON SCATTERING EXPERIMENTS. Scintillation counters dis-
cussed in this paper are of two types: (i) LiF or B,O, fixed with zinc sulphide in varving composition, (ii) Li
containing glasses of varying composition.

The ideal composition of each type for ncutron scattering experimenrs and their relative sensitivity
16 neutrons and y-rays are considered. The ZnS type can be used with a y-ray pulse shape discriminator and
practical experience of its use in a multi-counter time -of -flight experiment is described. The Li glass has
higher y-background but also higher neutron efficiency. Performance fxgures of a scintillator containing 25%
by wt. Li,O and 1 mun thick will be given.

COMPTEURS A SCINTILLATIONS POUR LES EXPERIENCES DE DIFFUSION NEUT RONIQUE. Les compteurs
" & scintillations étudiés sont de deux types: i) LiF ou B,O, fixé par du sulfure de zinc en composition variable,
ii) verres contenant du lithium en composition variable,

Les auteurs examinent la composition idéale de chaque type de compteur pour les expériences de dif-
fusion de neutrons, ainsi que leur sensibilité relative aux neutrons et aux rayons gamma, On peut utiliser
le compteur & ZnS avec un discriminateur de forme pour rayons gamma; les auteurs décrivent 1’expérience
qu’ils ont de son emploi dans une expérience de temps de vol i plusieurs compteurs, Le compteur verre-Li
a un mouvement propre plus élevé pour les rayons gamma mais une meilleure efficacité vis-i-vis des neutrons.
Les auteurs donnent quelques chiffres concernant le fonctionnement d'un scintillateur contenant 25% en poids
de Li,O et ayant une épaisseur de un milliméire,

CIMEHTWILIAIVORRKE CUETIMKMA A JKCNEPYMEHTOB C PACCESHMEM HEATPOHOB. B goxaage o6cysaavres
CUMHTHANAUMORHNE CUeTUMKMA ABYX TWMIIOB: a) cueTunkH, Hanonsenune LiF nan Bz0g, ¢ cyxnduaoM uMHRA B
PasiMNHHX DPONOPUMAX, M O)CUETUMKM M3 cTexaa, cofepxamero Li B pasiMuHHX NPONOPUMAX.

PacexaTpusanTes MaealbHHe NPONOPLMM ANS KAXACIO THIA B OUNHTAX € PACCEAHNEM HelATpOHOB M OT-
HOCHMTeNbHAS YYBCTBUTENLHOCTL CHETYMKOB X HefiTponam M y-IyvaM. HeflTpoHHHe CUETWMKM Tuna Zns MOTYT

ONTE MCHOJNB3IOBAHH C WMMAYSBCHMM AMCKPHMARATOPOM y-Xydell; TCE MX Op B 3K TAX
10 M3MepeHUN BpeMeR¥ npoleTa HefATPOHOB ¢ MCNOABIOBAHMEM HECKONBKMX CUETYMKOB. CYeTUMKM W3 CTexia
e L1 o6aanepT Gonee BHCOXMM (HOHOM y-MIAYUEHWS, HO TaKxe M Goxee BHCOXOH SPPEXTUBHOCTHD NO OTHO-

Derup X HelTponaMm. ByayT npuBeneHH ZAHEMe, XAPAXTEPUIYDIOME CUMETUIIAATOP TO 1 v,
malt 25 pec % Li, 0.

CONT ADORES DE CENTELLEO PARA EXPERIMENTOS DE DISPERSION NEUTRONICA. Los contadores
de centelleo examinados en esta memoria son de dos tipos :
a) de LiF o B,O, mezclado con sulfuro de cinc en proporciones variables;
b) de vidrios litiados de diversas composiciones.

Los autores estudian la composicién ideal de cada tipo para experimentos de dispersién neutrénica,

" asf como su sensibilidad relativa a los neutrones y a los rayos gamma, El tipo de ZnS puede utilizarse con

un discriminador de amplitud de impulsos para rayos gamma; los autores describen la experiencia adquirida
con su empleo en un experimento de tiempo de vuelo realizado con varios contadores, El vidrio litiado pre-

% At present attached to Atomic Energy of Canada Ltd., Chalk River, Canada.
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senta una actividad de fondo m4s elevada para los rayos gamma, pero también una mayor eficiencia en el
registro de neutrones. En la memoria figuran cifras relativas al rendimiento de un centelleador de 1 mm
de espesor, que contiene 25% en peso de litio.

1. INTRODUCTION

The choice of neutron detectors for a particular scattering experiment
is not usually clear cut. This is because, in different experiments, different
weight may be given to the various features of small thickness, attainable
efficiency, shape of sensitive area, gamma sensitivity, overall size and
shape, complexity of assembly and so on. One very important factor is the
nature of the "background' radiation. For example, in the case where a
substantial epithermal neutron background is present, increasingthethermal
neutron efficiency above about 40% may involve increasing the epithermal
efficiency by such a greater factor that the overall statistical error of a
measurement may be increased through worsening the signal to background
ratio. The useful neutron efficiency is defined as the efficiency when the
detector is biased (or otherwise set up) so that the gamma efficiency has
a suitably low value, and this in turn depends on the ambient gamma flux.

Also, some experiments require rectangular detectors which can be
assembled adjacent to one another, giving a uniform geometry with varying
scattering angle. In this, and some other situations, adequate shielding of
detectors can be a problem.

It is the purpose of this paper to describe two types of scintillator which
possess different advantages, and to assess the merits of these detectors
in neutron scattering experiments. The {wo types are (i) scintillators based
on ZnS (Ag) as the phosphor, and (ii) glass scintillators, with the emphasis
on those containing lithium.

The first of these to be developed was the ZnS (Ag) type. ZnS (Ag) was
chosen because of its low response to y-radiation. The earliest version used
ZnS (Ag) in fused B,0; glass [1] . This requires a high temperature to fuse
the B, O3 and resulted in damage to the ZnS (Ag) phosphor. SUN [2] used
boron in the form of a low melting point organic borate polymer. Sun’s plastic
is difficult to prepare in a clear, colourless glass form, but new plastics [3]
are satisfactory in this respect. However, this type of scintillator suffers
from the disadvantage that it is relatively opaque, due to the high refractive
index of the zinc sulphide, and the necessity to use small grain sizes of zinc
sulphide. This limits the useful thickness to about 1/2 mm. For example,
the light transmission of a typical scintillator is about 10%.

For the photomultiplier to "see' scintillation occurring on the far side
of the scintillator, it would be advantageous to use lithium instead of boron,
which has a higher disintegration energy (4.8 meV instead of 2.8 meV).

This should give more light in the actual scintillation resulting ina
greater probability of detection by the photomultiplier. However, the cross-
section of Li6é is only a quarter of that of B10 , so with a given thickness of
scintillator, less neutrons are absorbed. In fact, lithium, owing to the strong
electrovalent character of its bonds forms no stable organic compounds,
and only inorganic compounds with high melting points. Therefore, zinc
sulphide cannot be mixed into any glass-like lithium compound. This problem
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nas, however, been overcome by STEDMAN [4] who has made pressed slabs
of LiF, ZnS (Ag) with perspex as the transparent bonding material. Because
of the lower cross-section of lithium, there is little to choose between the
two types on the basis of efficiency.

The outstanding advantage of the zinc sulphide type of scintillator is
that a very effective form of gamma discrimination may be employed [3, 5]
in order to obtain good working neutron efficiency. Other features are the
small thickness (1/2 nim) and the fact that manufacture in substantial areas
and other than circular shapes is possible. For example, rectangular de-
tectors are in use coupled to the photomultiplier by being spaced a few inches
from the photocathode on a shaped can with a highly reflective surface. This
simple method of mounting the sample is practicable because gcvod pulse
height resolution is not required, since the discrimination is on a pulse
shape basis rather than an amplitude basis, and in any case because, owing
to the opacity of the scintillator, the neutron pulses are already of widely
varying amplitudes.

The glass type of scintillator can contain e1ther lithium or boron, as
both form suitable oxides. The basic difference from the zinc sulphide type
is that the scintillators are clear, produce a peak in the amplitude distri-
bution and, therefore, discrimination is on an amplitude selection basis.
For the glasses tested so far there is insufficient pulse shape difference
to utilize for shape discrimination. For this reason, care has usually to
be taken in the use of these glasses to preserve good pulse height resolution.
Also, because the glasses are clear and readily transmit the scintillation
light, much greater thicknesses can be used than with ZnS types, The obtain-
able efficiency is therefore not intrinsically limited. .

The choice between lithium and boron glasses depends upon the appli-
cation; boron glass has a higher efficiency per unit length, but much lower
pulse height than the lithium glass. These factors will be considered indetail
later.

2. SCINTILLATORS CONTAINING ZINC SULPHIDE (SILVER-ACTIVATED)

Pulse shape discrimination

The big advantage of the ZnS scintillator lies in the significant difference
in pulse shape arising from y-ray and a-particle excitation. Photographs
of the decay of the phosphor using a fast oscilloscope type 1239 (2 nS rise
time) and a 56 AVP photomultiplier (Fig.1la) showed the pulses due to gamma
rays to the sharp pulses, width less than 20 nS and the neutron pulses long,
ragged pulses decay time about 0.3 us. An efficient circuit which discrimi-
nates against narrow pulses has been developed by WRAIGHT [5] . This
circuit has also been found to reduce other backgrounds due to gamma sensi-
tivity of the photomultiplier, tube noise, etc. The bias curve with the dis-
criminator is given in Fig. 1b showing the supermr y-discrimination com-
pared to the normal method of Fig. lc. :

‘Choice of lithium fluoride or boron plastic

Comparisons of the relative efficiencies of boron plastic and LiF scin-
tillators have been made by STEDMAN [4] and HARRIS [7] . Stedman®s. com-
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H.T. bias curve for LiF/ZnS scintillator using pulse shape discriminator,

parison was made using a boron plastic type considerably inferior to that
used in the comparison made by Harris. The latter reports LiF to be 25%
more efficient to 0.03 eV neutrons than boron scintillators when pulse shape
discriminators are not used. Tests have been made recently using the dis-
criminator described by WRAIGHT et al. [3], and a neutron detection
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efficiency of 48% at 0.03 eV was obtained for a boron scintillator whilst
the best efficiency achieved for a LiF type was 52%. Thus the pulse shape
discriminator gives a bigger improvement to the boron than to the lithium
type.

Each type has certain advantages. The composition of the boron type
is such that more intimate contact exists between the absorber material
and the zinc sulphide. This is because the zinc sulphide is embedded in the
boron plastic, whereas in the other type both the zinc sulphide and the ab-
sorber are embedded in perspex.

The main advantiage of the lithium type is that it is stable in the atmos-
phere, whereas atmospheric moisture decomposes the glass-like boron
plastic. Although a straight forward method of manufacture has been deve-
loped for the boron type so that the scintillator is never exposed to the at-
mosphere [3] , they still have to be handled carefully in use to preserve
the sealing.

Choice of ZnS particle size

The range of a-particles in the boron plastic is 5 um approximately.
Therefore the grain size of the ZnS should be of this order or smaller. When
the grain size used becomes very small the optical transmission of the scin-
tillator will be too low. SUN {2] and STEDMAN [4] have reported that vary-
ing the grain size in the range 5-15 um produced no attendant change in per-
formance of their scintillators. Bias curves obtained for neutrons when two
different bands of ZnS grain sizes are used with boron plastic are shown
in Fig.10. The samples available were coarse filtered with sizes from 5-10
um or finely filtered powder containing 5-15 um grain sizes. The graphs
shown illustrate the superiority of the smaller grain size since the neutron
detection efficiency for the same gamma ray efficiency (the working point)
is 50% greater.
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Scintillator thickne.s s

Since the scintillator consists of a mixture of materials differing marked-
ly in refractive index the light is scattered many times before leaving the
scintillator and hence the scintillator has a poor optical transmission. Thus
neutrons absorbed at the front surface of a scintillator will give rise to
smaller pulse heights than those absorbed nearer the photo-cathode. In the
limit, increasing thickness leads to a lower neutron detection efficiency
the front layer acting merely as neutron shielding.

WRAIGHT [3] has derived an equation showing that the amount of light
(P) reaching the photo-cathode of a photo-multipher from a boron plastic
scintillator varies as:

P=ec¢™ _e% /vy
where
p =m(l - f)p
v =[Kf +1(1 - f)]p
m = const X T(na),

f = fraction by weight ZnS,

p = density of scintillator,

K = light attenuation factor due to ZnS,

1 = light attenuation factor due to boron plastic.

The theoretical curve of relative light output as a function of thickness
wheref =0.65 and neutron energy is 0,067 eVis shown in Fig. 2. Experimental’
points obtained by measuring the efficiency of three scintillators of various
thickness are also shown. This graph shows that greatest thermal neutron
detection efficiency is obtained with the boron plastic scintillators in the
range 1/4 to 1/2-mm thickness.

Sun and Wraight have shown a ratio of ZnS: boron plastic of 2 to give
the best relative light output and for all tests this has been used.

. Performance of the detector

The boron ZnS and LiF ZnS scintillator are in use on the Cold Neutron
Scattering Apparatus at Harwell (17] . Discs of 2-in and 3-in diam. about
1/2-mm thickness have replaced a bank of BFjdetectors in that part of the
apparatus where a better definition of the scattered flight path was required.
They give about the same neutron detection efficiency as 9 cm of B!® F3 at
70 cm H (~50% at 0.03 eV) and have a background only 0.6 times the back-
ground of a BF3 bank having the same area exposed to the neutron beam
which was previously used.

- Thirty scintillators have been in use on the Scattering Law Apparatus
[18] at Chalk River. This apparatus consists of a multi-rotor velocity se-
lector producing bursts of monoenergetic neutrons which are scattered from
a sample placed at 45° to the beam. The scattered neutrons are detected
- at various angles (from 10° - 160°) by scintillation detectors placed in an



SCINTILLATION COUNTERS IN NEUT RON SCATTERING 177

37 x EXPERIMENTAL
POINTS

RELATIVE LIGHT OUTPUT

0 0s 10
THICKNESS ¢ mm) ‘

Fig.2

Graph of relative light output versus scintillator thickness for neutrons of 0,067 eV-

arc 1.3 m from the sample. The neutron energies of interest in this experi-
ment range from 0.004 eV to 0.4 eV and the number of neutrons scattered
from the sample into a particular detector is small (~10-30 n/min). There-
fore ideally a detector is required which has a low background and is almost
100% efficient over this range. In fact, for most measurements there is no
point in striving for efficiencies greater than 60-70% at 0,025 eV (falling
as 1/V to 20-25% at 0.4 eV) because this can only be won at the expense
of a proportionately larger increase in the background due to fast neutrons
which are always present in any such experiment. The background due to
y-rays in this apparatus is quite small (~0.25 mr/h at the detectors) and
they can be biased off without any loss in efficiency. )
Two sizes of scintillator have been used 4 3/4 in? on a 5-in photomulti-
plier EMI 9530B and 6 in X 3 in on a 2<in photomultiplier EMI 9514B, each
coupled by means of a light guide. The scintillators are backed with 62%
B, O3 glass 1/2«in thick which absorbs both neutrons penetrating the scin-
tillator and those incident from the rear of the detector. Hence elaborate
shielding round the photomultiplier is not necessary. The square detectors
are described in detail by STEDMAN [4] and the rectangular detectors by
HARRIS [7] . The 6-in X 3-in detectors were a special design in which a poor
light collection geometry was accepted in order to allow a close side by side
packing of the detectors. This entailed a loss in the neutron detection effi-
ciency; the average detector efficiency for this design is 30% at 0.025 eV. In
the design ofthe4 3/4 in? detector the major requirement was for the best
spossible neutron detection efficiency. A graph of efficiency V energy for
this detector is shown in Fig, 3. The efficiency was calculated by measuring
the count rate when neutrons are scattered from a standard vanadium sample
into the detector. This figure is compared with the number detected by a
fission chamber of known efficiency versus energy placed in the beam prior
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Efficiency versus time of flight for 43 square LiFZnS scintillators.

to the sample. This technique has been used previously by EGELSTAFF
et al. [18] . ‘ _

All scintillators used in this apparatus are coupled to a pulse shape
discriminator [5] . The most striking effect of using these circuits is the
large reduction in non-neutron background achieved, in some cases from
50 t0-3 counts/min.

The variation in neutron detector efficiency across the detectors was
foun'd. to be good. For the oblong detectors the efficiency in the cornersbeing
75% of that in the centre and for the square detectors this efficiency ratio
was better than 90%. A comparison of the detection efficiencies of five diffe-
rent scintillators was made and the relative efficiency found to vary by only
5% if the same photomultiplier was used: when complete detectors are com-
pared however variations of 30% in relative detection efficiency have been
‘observed.

3. GLASS SCINTILLATORS

‘Ideally a scintillator would absorb all incident neutrons and give a large
pulse height and good discrimination against background radiations. For a
given application, in this case the detection of scattered neutrons with ener-
gies below 1 eV, the considerations affecting these properties, (for example
whether to use lithium or boron as the absorber) must be individually re-
viewed. The first part of this section is devoted to this.

(a) Lithium orboron

The main factor affecting the efficiency of a glass scintillator is the
product of the cross-section of the capturing nucleus and its concentration
in the glass, i.e. a macroscopic absorption factor (subsequently denoted
by A in Table I). '

The cross-section of boron is four times that of lithium, the thermal
cross-sections (o) being for boron 3840 b and for lithium 950 b. At present
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TABLE 1

PROPERTIES OF GLASSES INVESTIGATED

22
Glass type | cZomeX10” |, _CXg R E.keV | e% | P, kev
g 100
Boron glasses:
Gl 0,90 34.6 0,091 208 5 10.5
G5 0,99 38.0 0.044 100 5 5.1
Lithium glasses '
GS 20 0,79 1.5 0.336 1610 15 241
HP 349 . 127 12.1 0.335 1605 7 112

greater concentration of lithium atoms can be obtained in glass, than of
boron atoms; this is largely owing to the valency of lithium being unity against
three for boron. Table I shows the absorber atom concentration, C, for
some high-lithium and high-boron glasses, and the resulting absorptionfactor
A,

Further, in favour of lithium glasses is the fact that larger pulses are
obtained than with boron glasses. This is because the available energy in
the disintegration is greater for lithium (4.79 meV against 2.31 meV), the
fact that the ionizing particles have less specific ionization giving a greater
pulse height for a given energy loss, and also because in general lithium
glasses have a larger scintillation efficiency. These effects are also re-
presented-in Table I. R is the ratio of the pulse height E for neutron de-
tection (measured in terms of the energy of an electron which would produce
a pulse of the same amplitude) to the actual energy of the ionizing particles.
"e'is nominally the efficiency of the glasses relative to Nal(Tl) for electron
excitation (values given are from [8, 14] ; the experimental conditions for
the measurement of this factor appear to have been similar) and 'p" is the
product of "e''and E giving a measure of the absolute amplitude of the pulses
approximately equal to the equivalent electron energy in Nal(Tl). An ex-
planation of the glass numbers is given below Table II.

In practice the pulses from the best boron glasses are not far removed
from noise, so if the required detection efficiency can be obtained without
excessive glass thickness, lithium glasses would appear preferable.

A high concentration of absorber atoms is desirable so that thin sheets
of glass may be used, so reducing the y-ray efficiency relative to the neutron
efficiency. For example E for lithium glasses has been stated as about
1600 keV, but an electron of this energy has a range of approximately 3 mm,
and so might }eave a piece of thin glass, e.g. 1-mm thick, before dissipating
all its energy. In fact, the maximum energy imparted to anelectron scattered
at an angle ¢ to the original photon direction is 2mc? cot? ¢(~cot2 ¢ meV).
For a 1-mm piece of glass, y-radiation incident normal to the glass, and
assuming roughly straight electron tracks,the maximum electron energy
which can be dissipated in the glass by a primary Compton scattered electron
is approximately 1 meV. With glasses of this thickness, since there is a
high probability of Compton electrons of maximum energy leaving the glass,
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TABLE II

COMPOSITION OF VARIOUS GLASSES

Molar Ratios A
Glass Li,O e%
: . %Wt
Li, 0 Al,04 MgO SiO, Cep0y |
V4 3.3 0,26 10,0 0,17 13,5 8
G8 3.3 0.68 ' 10,0 0.09 11,7 9
HP89 2.0 7.0 10,0 0.24 5.9 15
GS1 2.0 3.5 6.5 10,0 0,217 5.6 13
G CL3 1.0 5.2 10,0 0.10 3.1 14
GS20(HP346) 5.9 L9 0.97 10,0 0,13 16, 8 15
HP349 10,3 L9 10,0 0,12 . 27,0 1

the familiar Compton distribution is not observed, but rather a distribution
falling smoothly from a high value at low amplitude to cut-off at a higher
amplitude. .

Thus, although BROOKS [10] reports lithium glass as having greater
sensitivity to high energy y-rays than boron glass, since his remarks were
based on lithium glass 1.5 in thick they would not apply to the thin glass
considered here. Although the ideal conditions of straight electron tracks
and normal incidence of y-radiation are not fully realised in practice, it is
clear that, 1-mm thickness of lithium glass would have lower vy-sensitivity
than a similar boron glass scintillator. Since as will be seen later the re-
quired neutron efficiency for slow neutron scattering experiments can be
obtained with glasses of this thickness lithium is the automatic choice in
this case.

(b) Glass composition

The most satisfactory composition of the glass has been considered
by several authors. The cerous ion has been reported as the only activator
producing cathodoluminescence in glasses [9, 11] . GINTHER [8] and
ANDERSON [14] have developed lithium-aluminium-magnesium silicate
glass, while VOITOVETSKII [12] has found a lithium-calcium silicate glass
successful.

‘The ideal glass would possessthe greatest neutron capture efficiency
and the greatest pulse height efficiency obtainable in one glass, and also
be perfectly clear to its emitted light. To some extent these requirements
are contradictory, for example the absorption and emission spectra overlap °
slightly, and VOITOVETSKII [12] has found it helpful to reduce the cerium
molar concentration from 0.1 to 0.06 on increasing the glass thickness from
0.1t01.0 em.

The greatest neutron capture efficiency is obtained by incorporating
the maximum amount of Li®, though with the glasses known at present, thi‘é
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leads to a reduced pulse height. The present limit of lithium content (glass
HP349, 27% LiyO) is set by the glass becoming cloudy.

The greatest pulse height efficiency for a given glass is obtained by
increasing the cerium content, though beyond a certain value.set by the con-
version of some cerium to the quadravalent state, and possibly by concen-
tration quenching, the efficiency falls again. In order to incorporate a high
cerium loading without reaching this limiting value it is necessary to melt
the glass under strongly reducing conditions [9,11,13] .

The addition of aluminium and magnesium oxides appears to have several
effects. One, which may be connected with producing a certain order in the
glass facilitating energy transfer to the emitting centres, is an increased
pulse height efficiency. This is supported by the fact that some of the more
efficient glasses show a tendency to devitrify by crystallization; for example,
crystals of forsterite, 2MgOS:0; tend to form in the pouring of glass of
composition GS1. Also it appears possible to incorporate more cerium with-
out reaching the limiting value [13, 14] and. without preventing all the batch
components from dissolving [15] . The former also leads to greater pulse
height.

Table II shows for some of the best glasses made so far the composition
in molar ratios with the % by weight of Li,O, and the efficiency "'e' of TableL
The molar ratios are for convenience normalized to 10 mol 5i02. Glass
numbers prefixed by G apply to the glasses of Ref. [8] . Those prefixed
by GS are made by Levy West Laboratories Litd. Those prefixed by HP are
described in Ref. [14] . V4 is the glass of Ref.[12] .

Examples of the neutron efficiencies obtained for l-mm thickness are;
for glass GS20, 82% at neutron energy 0.025 eV .and for glass HP349E 35%
at 1 eV. The letter "E' denotes the use of enriched lithium, 96% Li®, as
is used for GS20.

(¢) Tests on glass specimens (containing 96% enrichment in Li6)

Tests were made to demonstrate the variation of gamma-ray sensitivity
of the glass with thickness. Samples were irradiated in a field of 5 mr/h of
y~rays from a Co8® source and the number of pulses of amplitude equal to
pulses due to neutron capture were recorded. The results were as follows:

Thickness of glass mm 1.5 3 6 9

Count rate due to Co80 8 110 182 240
gamma rays counts/s

These tests, together with the theory discussed previously, indicate
the superiority of glass in the range of 1~mm thickness. '

Further tests were carried out in 4 different samples of lithium glass
of thickness 1 t0 11/2 mm. Each sample was coupled in turn directly onto
the photo-cathode of a 2-in diam., 11 stage EMI photomultiplier (type CV2318).
The assembled detector was then placed in the 0,067 eV diffracted beam
of a neutron crystal spectrometer. A 3/4-in diam. collimator was placed ‘
immediately in front of the detector. The differential bias curve obtained
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TABLE III

PERFORMANCE OF SCINTILLATING LITHIUM GLASS

% L; O caleulated Detection efficiency Resolution
Sample from neutron
L of 14 mm at 0.2 eV of n, a peak
transmission
14 mm HP8IX %o 30% 12%
1} mm 344E 15. %% 5% 1%
14 mm 346E 13. 2% ‘ 50% 16%
1 mm 349E 26, 2% 5% 32%

for sample HP89X using a 100 channel pulse height analyser is shown in’
Fig.4. The background was obtained by inserting a piece of cadmium in the
beam immediately prior to the crystal,

) The resolution of the n, @ peak, given by the full width at half height
divided by the peak pulse height, is 12% for sample HP89X. This was achieved
without the use of a light guide or the special selection of a photomultiplier
of particularly uniform photo-cathode response. The tests were repeated
for three other samples and the results included in Table III.

It is seen that the resolution broadens as the lithium contentis increased.
This can probably be overcome by improved manufacture techniques since
there is no obvious reason for the broadening depending on the lithium con-
centration. In fact the 349E sample had centres of cloudiness due to some

"constituent not being completely dissolved. A further point is that the per-
centage by weight of Liy O in the glass is not always completely controlled
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by the manufacturing process. In the case of the 344E glass a Lip O content
of 17.8% was claimed by the maker, for 349E 27% and for 346E 16.9% was
stated to be added in the melt but lower figures were deduced from neutron
transmission measurements.

The HP89X sample has been compared with a BF 3 counter in a crystal
spectrometer on the Bepo rveactor at Harwell. In this apparatus where the
.gamma-ray flux is less than 0. 25 mr/h inside the detector shield the glass
was found to have a counts to background ratio of 65 compared to 32 for the
BF3 counter. The glass is therefore preferred to the BF: counter in this
apparatus. On the cold neutron apparatus in Dido, however, the counts
to background ratio of a 3-mm thick glass specimen was measured as 0.4: 1
compared to 14:1 for a BF3 assembly, This is attributed to the high y-back-
ground found in this apparatus (~1 mr/h) and because the resolution of this
glass was poor (~25%).

4. CONCLUSIONS

Two types of scintillator have been discussed, particularly in relation
to their use for slow neutron scattering measurement. They have different
characteristics, and different criteria govern the choice of composition,
However, for both types Li® has been chosen in preference to B, In the
case of the zinc sulphide type this is primarily because the lithium version
is chemically inert and thus more rugged than the boron plastic version.
For the glass scintillators, lithium is chosen because, (though it has alower
cross-section than boron), scintillators of high efficiency may be made I-mm
thick, and for this thickness the greater neutron pulse height of lithium leads
to a lower efficiency.

The important advantage of the zinc sulphide type is the low efficiency
to y-radiation which is obtained by the use of pulse shape discrimination.
These scintillators automatically have low efficiency to fast neutrons be-
cause their thickness is limited by opacity to 10 mg/cm? Lib giving 52%
efficiency at 0.03 eV, falling to 20% at 0.2 eV. In the measurement of these
figures, a pulse shape discriminator was used so that 5 mr/h of Co® ~-rays
registered less than 1 count/min.

The main features of the lithium glass scintillators are that thickness
is not limited by opacity and thus larger thicknesses may be used, though
at the expense of increased y-ray efficiency. Also owing to the clarity of
the glass, which gives a well resolved peak for neutron events, the detection
efficiency may be simply measured since it is (very closely) equal to the
transmission. The use of a high Li® content gives good efficiency, for
example l-mm thick scintillators of G520 glass give 82% efficiency to 0.025 eV
neutrons and of HP349E glass 35% at 1 eV, The former might typical'y count
100/min in a 5 mr/h field of Co%Y y-radiation incident from the front com-
pared to 1 count/min for the ZnS type.

Either of these types of scintillator are attractive, depending on the
particular experimental conditions. Owing to their small volume it is easier
to shield them from an isotropic fast neutron background than would be the
case with BF, counters, which would be quité thick for comparable efficiency.

Further develol:')ment of the zinc sulphide type would best be directed
towards improving the electronic aspe’c’ts -of the pulse shape dis¢criminator;
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for example to use a faster photomultiplier than the ''Venetian-blind" type
normally used, and a correspondingly faster discriminator circuit. The
glass would be improved if a composition containing more lithium can be
developed (though there is only room for an improvement of about 1.5 here)
and if compositions could be found giving usable pulse shape differences for
neutron and gamma-ray excitation. The high lithium type would also be more
attractive if their resolution could be improved; there does not seem any
basic reason why this could not be done.

ACKNOWLEDGEMENTS

The authors wish to thank Messrs. D.G. Anderson and T.P. Flanagan
of the British Scientific Instruments Research Association who manufactured
most of the glass specimens, Messrs. C. Thorpe and S.P. Jones of the
British Glass Industry Research Association, who also made some glass
specimens and Mrs. B. Brooks who assisted in the measurements. Dr. P.A.
Egelstaff is thanked for his advice throughout these’i}lvestigations.

REFERENCES

[11 PALEVSKY, H., MUETHER, H.R. and STOLOVY, A., Nuclear Instrum. 1 (1957) 92.

[2] SUN, K.H,, MALMBERG, P.H. and PECJAK, F.A., Nucleonics 14 No, 7 (1956) 46.

[3] WRAIGHT, L.A., HARRIS, D.H.C. and EGELSTAFF, P.A., to be published.

[4] STEDMAN, R., AECL Rept, CRRP-931,

[5] WRAIGHT, L.A., Harwell Memo. AERE-M833,

[6] EGELSTAFF, P.A., COCKING, S.]. and ALEXANDER, T.K., "Inelastic Scattering of Neutrons in Solids
and Liquids”, IAEA Vienna (1961) 165,

[7] HARRIS, D.H.C., Harwell Rept AERE-R3688.

[8) GINTHER, R.J., IRE Transact, Nucl, Sci., NS-7No. 2-3 (1960) 28.

[9] GINTHER, R.J. and SCHULMAN, J].H., IRE Transact. Nucl, Sci., NS-5 No. 3 (1958) 92.

[10] BROOKS, F.D., Neutron time of flight methods, EANDC Symp., Saclay, ed. J. Spaepen (1961) 389.

[11] ANDERSON, D.G., DRACASS, J. and FLANAGAN, T.P., Instruments 6n measurements, Proc. 5th
Int. Conf., Stockholm, ed. H. Von Kock and G. Ljundberg (1960) 616,

[12] VOITOVETSKII, V.K. and TOLMACHEVA, N.S., Atomnaya Energiya, 10 (1961) 504.

[13] VOITOVETSKII, V.K., TOLMACHEVA, N.S. and ARSAEV, M.I., Atomnaya Energiya, 5(1959) 321 and
472, : .

[14] ANDERSON, D.G,., DRACASS, J., FLANAGAN, T.P. and NOE, E.H., B.L.S.L.R. A, Rept., A.79 (1962). °

[15] BISHAY, A.M., J. Amer. Ceramic Soc, 44, 5, p.231.

[16] BOLLINGER, L.M,, THOMAS, G.E, and GINTHER, R.J., Nuclear Instrum,, to be published.

[17] -HARRIS, D., EGELSTAFF, P.A., COCKING, S.J. and WEBB, F.J., A cold neutron monochromator
and scattering apparatus, see these Proceedings.

[lé] EGELST AFF, P.A. f.i_a_l.,'lnelastic Scatutering of Neutrons in Solids and Liquids, IAEA, Vienna (1961).

DISCUSSION

N.A. TCHERNOPLEKOV: What is used as the activator in the lithium
glass scintillators to which you refer? Secondly, has material been published
anywhere on the technology of manufacturing the boron scintillators and -
lithium glasses with a high percentual content of lithium to which you refer?

B. HAYWOOD: The activator used was cerium in the form of the cerium
ion. Reports were published at a Stockholm conference in 1960 on the manu-
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facture of glasses containing 6% Li, O. Reports on glass with the highest
content of lithium should shortly be published by Mr. D.G. Anderson of the
British Scientific Instrument Research Association.

W. WHITTEMORE: At General Atomic we have been using plastic scin-
tillators for a number of years to detect thermal neutrons, but we have had
enormous difficulty with the y-rays. Our problem here is that we get a prompt
pulse of y-rays'from our linear electron accelerator, which saturates the
crystal and electronics for as long as a thousand micro-seconds. Do you
have any information on methods by which this effect may be reduced or
the neutron/gamma response improved?

B. HAYWOOD: I am afraid I have not. One gets the best results from
these scintillators if they are kept dark for about 10 or 12h immediately

" after being made. 1 should imagine you are getting the same sort of effect.
You get a bright flash of light and this leaves the zinc sulphide activated.

H. PALEVSKY" Do you find any difference in the position of the Compton
edge for the cobalt line, or in the relative pulse heights of the neutrons and
gamma rays as you change the concentration of lithium?

B. HAYWOOD: No. The lithium concentration has practically no effect
on the y-rays.

B. JACROT: There are two English firms making this scintillator glass.
Have you compared these two products?

B. HAYWOOD: No. It all comes from the same source, actually.

B. JACROT: Why does one glass have higher content of lithium than
the other?

B. HAYWOOD: There are two retail outlets.

W. CLAESER: Have you actually used these Li® -glasses in scattering
experiments? 1 am asking this because we have tried to use some lithium
glasses we got from an English firm, and got a much larger background
than with ZnS scintillators.

‘B. HAYWOOD: We have not used Lié -glass in scattering experiments
because we would expect a high background from y-rays. The advantage
of the ZnS detectors in this respect is that by use of the pulse-length dis-
criminators described, the y-ray sensitivity can be reduced by several
orders of magnitude.

H. PALEVSKY: I don’t understand why - if the glass is as good as the
data in your paper indicate.

B. HAYWOOD: Well, for most practical purposes the y-ray flux is the
thing. If one can reduce the y-ray background by one order of magnitude,
or even two or three orders of magnitude, this is much more advantageous
than increasing the efficiency, and an efficiency of 60% for thermal neutrons
is really about as high as you can go without becoming offensively efficient
for fast neutrons, which are always present.

H. PALEVSKY: Was Mr. Glaeser thinking of the y-ray background?

W. GLAESER: Yes. We have used the detector behind the crystal, where
the y-ray background is much lower than with a chopper, and there we have
such a large background of y-rays that we found scattermg experiments out
of the question, -

P. EGELSTAFF: The y-ray curve for lithium glass shown in this paper
was obtained with a Co® gsource. In the case of the gamma field in the neigh-
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bourhood of a reactor the energy spectrum is such that a long 'tail' of
gamma pulses extends over the region of the neutron pulse. With sensitive
neutron scattering experiments the neutron-to-gamma sensitivity of the
detector should be 10* and this cannot at present be achieved with the lithium
glass. »

H. PALEVSKY: But that isn’t exactly correct. The point is, if you're
scattering y-rays off a sample, they’ve lost energy. ‘

P. EGELSTAFF: They are degraded y-rays but they’ve originated from

many different areas in the general gamma field, as it were, that the detec-
tor is placed in. o
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Abstract — Résumé — Ansoramua — Resumen

LIQUID DYNAMICS FROM NEUTRON SPECTROMETRY. Recent experiments carried out at Chalk River
on the dynamics of liquids using neutron inelastic scattering are reviewed, including one by Sakamoto et al,
in which the Van Hove self-correlation functions in water at 25°C and 75°C 'were determined, and another in
which the correlation functions in liquid argon near its triple point were studied,

The possible occurrence of short wavelength phonons in classical liquids is discussed, in analogy with
their existence in the quantum liquid He4, and in connection with incomplete experiments on liquid tin,

DYNAMIQUE DES LIQUIDES PAR LA SPECTROMETRIE NEUTRONIQUE, Le mémoire décrit les expériences
faites récemment 2 Chalk River sur la dynamique des liquides d*aprés la diffusion inélastique des neutrons, Il
analyse notamment une expérience effectuée par Sakamoto et ses collaborateurs, au cours de laquelle ont &té
déterminées les fonctions d'autocorrélation de Van Hove dans 1'eau 2 25°C et & 75°C, ainsi qu*une expérience
ayant pour objet d*étudier les fonctions de corrélation dans 1'argon liquide aux environs de son point triple,

Les auteurs discutent I'existence éventuelle de phonons de courte longueur d*onde dans les liquides
classiques, du fait de leur existence dans le liquide quantique 4 He et compte tenu des résultats d*expériences
incompletes avec 1*étain liquide,

MIPOIMEAMAKA HA OCHOBAHMM HEATPOHHOA CMEKTPOMETPM)I. PaccMaTPMBADTCS HeZABRME INCOCPUMEHTH,
BROosnennxe » Yox PuBep, N0 AMHAMMKE XMAKOCTE! C MCMNONBL3OBARMEM HEYNPYTOro paccesHus HeATpOHOS,
BKIDVAA DKCNePUMEHT CaKOMOTO M AP. B OZHOM SKCHEPUMEHTe OHAM ONpeReleRN QYHKIMM CAMOKOPpeNdupMu
Ban Topa B Bome npy Temmeparypax 25 C u 75°C, a B aApyroM - nayvamich QYHKIMM KOPPelAUMM B IMAKOM
aprose oxoao ero rpoiiroft rowm.

O6cyxnaercd BONPOC O BOIMOXHOM HaaMiMyM KOPOTKOBO X B KJa. X TMAKOCTAX HO

AHANOIMM ¢ MX CYWEeCTBOBAHMEM B KBAHTOBOM XMAKOM He* M B CBA3M C HENOUHHMW IKCNEPUMEHTAMA HA EMA~
KOM oxose.

ESTUDIO DE LA DINAMICA DE LIQUIDOS POR ESPECTROMETRIA NEUTRONICA, Se revisan los ex~
perimentos efectuados recientemente en Chalk River para estudiar la dinfmica de 1fquidos por dispersién in-
eléstica de neutrones; entre los experimentos figura uno de Sakamoto y colaboradores en el que se deter=
minaron las funciones de autocorrelacién de Van Hove en agua a 25° y 75°C, y otro en el que se estudiaron las
funciones de correlaci6n en argén liquido en las proximidades de su punto triple,

En relaci6n con experimentos con estafio lfquido adn sin terminar, se discute la posibilidad de que en
los liquidos cldsicos aparezcan fonones de onda corta, que existen en el l{guido cufintico 4He,

X ’?‘ Now at Department of Physics, McMaster University, Hamilton, Ontario.
w= Visiting scientist from Reactor Centrum Nederland, Petten, Netherlands, now returned,
wHE Visiting scientist from Atomic Energy Establishment, Trombay, Bombay, India. Supported by the
Colombo Plan.
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a

1. INTRODUCTION

In this paper we present'an experimental review of the more recent
Chalk River work on the dynamics of liquids. The work has beeninspired
by the philosophy that one should attempt to deduce information directly from
the experiments, as far as possible by inversion procedures rather than by
comparison with calculations based on models which are almost certain to
be much over-simplified.

At the time the paper was scheduled for the Symposium we hoped to be
able to discuss the results of two new experiments: one an experiment to
determine the pair correlation function in liquid argon, and the other, on
liquid tin, to study the question of the existence of photons inliquids. Because
of circumstances beyond our control, the experiments were not finished in
time for the Symposium and we present here preliminary and incomplete
results of the experiments,

‘ We first briefly review the familiar notation and ideas of the VAN HOVE
[1]formalism for discussing the dynamics of classicalliquids. The fundamental
variables are the momentum transfer or wave vector transfer Q= |Q| and the
energy transfer fiw, The scattering function, S(Q, w), the intermediate scatter-
ing function, I{Q,t), and the correlation functions, G; (r,t) (the self-correl-
ation) or G(r,t) (the pair-correlation), are linked by the Fourier transform-
ation equations

G(r, t) =1/27r2fI(Q, 1) (sinQr/Qr) Q% dQ,
0 o (D
(Q, t) =fS(Q,w) cos wt dw

-0

and their inverses,

2. THE SELF-CORRELATION FUNCTION FOR THE PROTONS IN WATER

The first experiments were carried out on water, in which it was found
that there exists a quasi-elastic component to the scattering which, however,
is only quasi-elastic; there is an energy broadening, and this broadening is
related to the diffusion of the atoms in the liquid [2]. Fig. 1 shows energy
distributions obtained several years ago [3], with curves for water at 6°C
and at room temperature, and for ice at -50°C. The distribution for water
at room temperature is broader than that for water at 6°C which, in turn,
is broader than that for ice. The pattern for ice represents-strictly elastic.
scattering broadened by the instrument resolution function, so that it is
actually the resolution function for the other patterns. The width as a function
of temperature varies somewhat as the experimental coefficient of self-dif-
fusion for water, but is a little smaller, and a theoretical interpretation of
these facts was given on the basis of the specific nature of the diffusive
motions,

A little later it was proposed by other workers, first by HUGHES et al.
(4] at Brookhaven, that in fact the quasi-elastic peak is not broadened but
split. Now the statistics in Fig. 1 are not very good, and while it is not likely
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ENERGY DISTRIBUTIONS

ENERGY (1072 eV)
Fig.1

Energy distributions from water at 6°C and 24.5°C and from ice at -50°C (open circles) [3].

that the broadening is in fact interpretable as a splitting of the line into three

components, it is perhaps conceivable. However, the curves shown in Fig. 1 _
are Lorentzian functions broadened by Gaussian resolution, with a single

parameter (the width of the Lorentzian) fitted to the distribution in eachcase.

Thus the curves apparently have shapes close to the Lorentzian shape ex-

pected for a broadened line,

It was exceedingly difficult to understand how the components of the split
line could simulate this behaviour in the two patterns of Fig.1 as well as in
several other patterns at different temperatures and Q’s [3]. It was, in any
case, difficult to understand why the splitting should have been observable
in the Brookhaven experiments and not in the Chalk River experiments, in
view of the facts that the resolutions in the two series of experiments were
the same, about 3X 1074 eV, and that our experiments utilized a line method
rather than the edge method employed at Brookhaven.

More recently, work has been carried out on water at 25°C and 75°C
by SAKAMOTO et al.[5] using a resolution of about 2 X 10-4eV. Fig. 2 shows
a wavelength distribution, one of about 20 taken at 25°C (though not to the
same statistical accuracy) using 4. 063 neutrons and the rotating crystal spec- .
trometer [6]. The arrows on either side of the elastic position show the pre-
sumed positions of the two extra components of the quasi-elastic line. The
other arrows indicate the positions of other sharp lines also reported [4].
No evidence for any of them was visible in the patterns.

From distributions such as that shown in Fig. 2, the scattering functions
5(Q, w) for water at 25° C.and at 75° C were constructed [5]. The parts of
the functions involving small energy transfers are shown in Fig.3. The
broadening with increasing Q that is expected from diffusion and the strong
increase in that broadening with increasing temperature, are both visible.

The Van Hove transformations were carried out on these data 17], and
the self-correlation functions for the protons were obtained as shown inFig. 4.
There is not much that one can say directly from these curves, but it is
perhaps pleasant to have a mapping of the motions of the atoms in this way.
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Fig.2

Wavelength distribution of 4.06 A neutrons scattered by room temperature water
(SAKAMOTO et al, [5]). The resolution function, as measured by elastic scat-
tering from vanadium, is shown as open circles.

From the curves of Fig.4, the mean square distance in which the atom
moves as a function of time can be computed. This is perhaps better carried
out by means of a mathematical trick [5], using data further back in the
transformation process, namely the intermediate scattering function. (The
mathematical trick is of such a nature that a fairly accurate value for the
mean square displacement is obtained.) In Fig. 5 the mean square distance
which the atom has travelled from its position at the origin at time zero, is
plotted as a function of time. On such a log-log plot calculations for various
simple models appear as. straight lines. Fig.5 shows calculated lines for
several models: for a gas of mass one atoms at room temperature, for a
gas of mass 18 atoms at the two temperatures, and for atoms obeying the
diffusion equation [1, 8] with coefficients of self-diffusion equal to those
measured at the two temperatures by means of nuclear magnetic resonance
[9]. For times greater than a few times 10-12 s the experimental points agree
with the calculations for simple diffusion. It is more inf_ormative, however,
to look at the ordinate (displacement)2 scale. For both temperatures it ap-
pears that the diffusion equation is obeyed after the atoms have undergone
mean square displacements of about 5.&2, roughly corresponding to Root
Mean Square displacements of one intermolecular separation.
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The scattering function $(Q, w) for water at 25°C and 75°C (SAKAMOTO et al, [5)).
The resolution functions are shown as dashed curves.

3. THE SCATTERING FUNCTION FOR LIQUID ARGON

Wavelength distributions of 4. 064 neutrons scattered by liquid argon
under its own vapour pressure (550 mm pressure, equivalent to a temper-
ature of 84.5°K) have been measured for about twenty angles of scattering
between 17° and 110° using the rotating crystal spectrometer |6]. Typical
distributions at three angles are shown in Fig. 6, together with similar pat-
terns taken with the specimen container empty. For both series, the fast
neutron background was monitored at short intervals by inserting cadmium
in the beam, and has been subtracted. The approximate magnitudes of the
fast neutron backgrounds are indicated by the horizontal straight lines. The
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(SAKAMOTO et al. [5)).

as a function of time

1% 19 ISNOHXMD0¥d "N 4

61



LIQUID DY NAMICS FROM NEUTRON SPECTROMETRY 195

LIQUID ARGON R
T 84-5°K: 550 mm : 1
$-335
1
L [
2 3 4 5 3
>
[
n .t
21
w ER
— - SPECIMEN B CONTAINI ¢ £ 80-75° |
Zt o- TRANSMISSION x
(EMPTY CONTAINER)
a l ]
w
@
i 4
b .
S | et Ty it e st e
© - . . . . .
o 2 3 4 5 5
z
| o
.. S opantt, oot tapust rertoreeett totey sttt P T ':_:-:A.m 1
2 3 4 5 i 6
X (ANGSTROMS)

Fig.6

Energy distributions from liquid argon at three angles of scattering.

resolution at the incoming energy was .approximately 2% in Wavelength or
2X10-4eV, \

Fig.7 shows an idealized picture of the scattering function for liquid
argon at 84, 5°K, obtained from patterns similar to those of Fig. 6.

For convenience of the ordinate and abscissa scales, the data are pre--
sented ag S(Q, A') instead of S(Q,w). Resolution functions are shown for Q=0
“and Q= 2A™1

We had considerable difficulty from more or less trivial causes in these
experiments, and they have taken quite a lot of time. This was partly due
to a mistake in the basic design which may be worth recounting. In all our
experiments we have been very concerned with the influence of multiple
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Fig.7

Scattering function $(Q, )f) for liquid argon.

scattering, and in this experiment we took good care that there was very
little; in fact we estimate that multiple scattering amounts to only about 3%
of the primary scattering at larger Q's. We achieved this low level by putting
horizontal cadmium absorbers in the argon specimen chamber, as suggested
to one of us by Dr. G. H. Vineyard [private communication], but in eliminating
multiple scattering we also eliminated too much of the primary scattering.
As a result the statistics are not as good as we would have wished, and the
background subtractions are not as accurate. Wot only this but the counting
times were so long that difficulty was encountered in getting sufficiently

compatible experimental results, due to equipment failures and changes.
Nevertheless, we think that the results are sufficiently accurate that we will
have errors of only 5%, or at worst 10%, in the transformed quantities in -
the regions of interest.

Fig. 8 (a) shows the full width at half maximum of the curves of Fig. 7,
corrected for resolution, and plotted as a function of @, with barsindicating
estimated errors in W and resolution in Q.

Fig.8 (b) shows the integrated intensity. At small Q the scattering comes
largely from the incoherent component of the scattering cross-section. In
this region the width has approximately the value 2ADQ?expected {2] from
diffusion, using the value of the coefficient of self-diffusion D=1.53 X103
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(a) Energy width of scattering function, corrected for resolution; -
(b) Integrated intensity as function of Q.

cm? /s measured by CINI-CASTAGNOLI and RICCI [10]. (It should be pointed out,
however, that other workers [11] have given values about 30% higher).

At larger values of Q, in the region of the first diffraction peak, the
scattering is predominantly coherent, and the coherent narrowing of the
energy distribution is visible. In the region of Q@ = 1. 54! the width makes
a transition between the two types of behaviour as the scattering changes
from predominantly incoherent at small Q, to coherent in the vicinity of the
peak.

The narrowing of the distribution due to coherence, predicted by
DE GENNES [12] and observed earlier in liquid lead [13], is striking. (This
entire phenomenon, it should be noted; is outside the scope of the convo-
lution approximation [8].)

We hope to complete these experiments by extending the range of Q,
and to have in the near future, complete scattering and correlationfunctions
for liquid argon near the melting temperature,

4, A SEARCH FOR PHONONS IN LIQUID TIN

- 'Finally we discuss an experiment designed to study the question: '"Is a
liquid dynamically like a solid in any realistic and quantitative sense?' From
the experiments of LARSSON et al,[14] in particular, it is known that the
frequency distribution (in the sense of EGELSTAFF [15]) for the liquid, must
be very similar to that for the solid. In our view, however, this fact does
not provide ‘an answer to the question posed; a liquid has roughly the same
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volume as the corresponding solid, the potentials between the atoms in the
liquid are the same as those in the solid, so the motions are necessarily
constrained in much the same way and the Fourier components of the motion
must be nearly the same for the two. The real question can be posed as:
""Does there exist in a classical liquid something akin to the dispersion re-
lation for the normal modes of a solid?" Since a liquid is isotropic the dis-
persion curve - if it éxists - can depend only on the magnitudes of Q. v

For the quantum liquid He* it is known that such a dispersion relation
exists. Experiments by PALEVSKY et al.[16] at Stockholm, YARNELL et al,
[17] at Los Alamos, and HENSHAW et al.| 18| at Chalk River, are in very
good agreement as to the form of the curve, Fig.9 shows the points of
Yarnell et al.as crosses and of Henshaw and Woods, as closed circles. The
integrated intensity (structure factor) of the liquid as measured by HENSHAW
[19] is also shown, as open circles. The dispersion curve starts at small
Q with the slope given by the measured velocity of sound, shows a maximum
at the position of the first zone boundary™in the liquid, falls rather sym-
metrically on the other side of the zone boundary to a minimum near the
structure factor maximum, then rises again towards a possible second maxi-
mum near the structure factor minimum, all in rather close analogy to the
behaviour of the dispersion curve in a crystal.
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The dispersion curve and integrated intensity for liquid He,

The question to be answered by the experiments is: "Can we see atleast
vestiges of such a dispersion curve in a classical liquid?" We know that longi-
tudinal sound waves can be propagated in a liquid so we know that the initial
part of the dispersion curve exists. We know that for at least some solids,
at temperatures near the melting temperature, the phonons for wave vectors
near the zone boundary are very much energy-broadened due to shortlife-

* The spherical zone is defined to contain one degree of freedom per atom. For liquid helium at1. 15K
this leads to a value 1. 09A-1 for the zone boundary.



LIQUID DYNAMICS FROM NEUTRON SPECTROMETRY 199

times for the phonons. In a liquid the lifetime of a phonon' can hardly be
longer than that for the corresponding phonon in the solid, so we expect any
phonon groups near to, or beyond, the first zone boundary, to be very broad
at best. o

Liquid tin was selected as the subject for the experiments because it
is a convenient material whose scattering is almost completely coherent,
and especially becuase of the fact that one can reduce multiple scattering
effects in liquid tin by dissolving cadmium in it without much altering other
properties of the liquid. This is discussed in detail later.

Fig. 10 indicates the main facts known a priori about the "dispersion
curve' in liquid tin. It must start off at small Q with the slope given byothe
velocity of sound in liquid tin,2464m/s, and at the "zone boundary", 1.28A™%,
should have an energy certainly no greater than that Corresponding to the
Debye temperature of solid (white) tin, 170° K. If we accept a prescription
of MOTT [20], the Debye temperature of the liquid would be expectied to be
110° K corresponding to the quantum energy indicated in the figure. The dis-
persion curve would then be expected to bend over symmetrically about the
zone boundary and take a small energy near the position,~ 2. 221 , of the
main diffraction peak.
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Fig. 10

Information on “dispersion curve” in liquid tin and experimental constructions.

On the figure we have plotted several lines which correspond to the
energies and wave vectors which would be observed in conventional experi-
ments at energy loss for several outgoing energies,E!, at a scattering angle
of 10°, perhaps the minimum reasonable scattering angle one can use. (At
smaller angles similar lines would occur to the left of those shown, atlarger
angles, to the right.) Even for E! = 36. 2 meV we could not observe phonons
on the linear part of the dispersion curve, altaough we could within the first
zone.

The experiments are made difficult by the fact that we wish to study the
region of Q before the first diffraction peak, the very region that one ordi-
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narily considersto have almost zero primary intensity. Indeed under ordinary
conditions most of the scattering observed in this region is multiple scatter-
ing, so to study phonons in liquids one must try to minimize the multiple
scattering, and then make a reasonably accurate correction for what remains.
In our experiments we used a thin specimen of tin {transmission~’87%) in
which sufficient cadmium (0. 78%) was dissolved to lower the transmission
to about 50%. Cadmium dissolves in liquid tin to any amount, the two sub-
stances are both metals with approximately the same atomic weight, and
we hope that the cadmium acts in liquid tin simply as another isotope but
one that converts the tin to an isotopic form which has a large absorption
and therefore for which the multiple scattering is reduced [21].

To take background we place a duplicate empty specimen container at
the position of the specimen, and at the same time place in the beam a thin
cadmium absorber with approximately the same transmission as the speci-
men, This is done automatically at each spectrometer position and back-
ground is subtracted directly from the signal point-by-point. By this means
we obtain a background correction which takes accurate account in one oper-
ation of the fast neutron background and of container and air scattering.

Fig. 11 shows a preliminary set of results obtained at Q = 1. 4]1.'? and
1.8k (after background subtraction) using the constant Q method and the
triple axis spectrometér [6]. The dashed curves represent multiple scatter-
ing computed in an approximation which assumed that two scatterings
occurred, both at angles of scattering of 90°, and that the energy distribution
for each scattering was that for a tin gas at 250°C. Even with this improved
specimen, most of the scattering seems to be'multiple scattering. If sharp
phonons existed in the liquid we calculate that they should be seen with the
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intensity and approximate shape indicated by the triangles. At Q = 1. Y.S8

it is clear that there are no sharp phonons in the region of interest but, as
discussed earlier, we do not expect sharp phonons anyway. At Q = 1, 4A-1
there are no sharp phonons below about 10 meV which at any rate is above
the Mott estimate, The statistics and accuracy of the experiments done so
far do not allow more definite statements to be made. We have patterns with
better statistics but the experiments were interrupted before the absolute
normalization necessary could be carried out. We hope that the completed
experiments will allow convincing evidence to be produced for what we think
is the case; that there are no sharp phonon groups near the zone boundary,
but rather a continuous distribution of intensity (with perhaps some slight
structure). We think that the quasi-elastic. scattering observed in Fig. 11
is probably just the result of an extremely broad phonon line, a line so
broadened that there is little sense in calling it a phonon at all.
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DISCUSSION

B, MOZER: What was the incoming neutron energy in your experi-
ments? ‘
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B.N. BROCKHOUSE: About 5mV.

K.E. LARSSON: Have you made any estimate of the damping necessary
for complete disappearance of the phonon in your tin experiments?

B.N. BROCKHOUSE: I don’t think that any of the theoretical estimates
mean anything when you have that kind of damping. Perhaps Dr. Hahn might
like to comment on that.

H. HAHN: My simple perturbation approach starting from a harmonic
solid does not apply here.

B. MOZER: A theory that might give some of the answers for liquid
metals might be to treat the metal as a two-component plasma: quantum
electrons and classical ions. Then all the formalism developed by Landau
and others on plasma oscillations will give estimates of the broadening of
these oscillations {"phonons") from individual particle effects and will also
yield the ''phonon" dispersion relation. Bohm and Staver used this success-
fully to get a frequency spectrum of longitudinal modes in solids in reason-
able agreement with experiment.

H. PALEVSKY: I think one has to be a little careful in making this
type of comparison, saying that a liquid such as liquid helium represents
real phonons and then comparing it to another system. In his oral presenta-
tion Brockhouse mentioned a zone boundary in helium and compared it with
a solid, but this is really not quite right because, unlike what normally hap-
pens in solids, the origin of these excitations in liquid helium has nothing
to do with order in space. I think this is well known. L :

B.N. BROCKHOUSE: I doubt that phonons in solids have very much
to do with the order either. What does have to do with the order is the per-
fect repetition of the dispersion curve of the phonons. At the beginning a
disordered system must show some tendency towards a dispersion curve
and this is what we are looking for in the classical liquid.

P. EGELSTAFF: British theoreticans with whom I have spoken agree
that you will get a dispersion curve in a disordered solid - say in something
like a glass. In this connection it may be rather interesting to try to measure
the dispersion curve for a glass by the technique you are suggesting, to
find whether you can see these 7 =0 phonons in a disordered material.

B.N. BROCKHOUSE: Unfortunately this is even harder because for
one thing the frequencies are higher. We have thought of this too.
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Abstract — Résumé — AmmoTauus — Resumen

INTERPRETATION OF COHERENT NEUTRON SCATTERING BY LIQUIDS. The thermal motion in liquids
differs from that in solids (collective modes only) and gases (single particle modes only) by having both col-
lective and single particie modes of equal importance. Coherent neutron scattering offers a powerful tool forstudying
the properties of these modes, in particular the interactions between them, and such effects are shown to be
important at low momentum and energy transfers, It is shown also how the damping of longitudinal sound waves
is large for the frequencies excited by the neutron interaction and should be observable experimentally, Quali-
tative comparisons are made between the theoretical predictions and the experimental data on liquid lead and
tin, which indicate profitable directions for future work.

INTERPRETATION DE LA DIFFUSION COHERENTE DE NEUTRONS PAR LES LIQUIDES, Le mouvement
thermique intervenamt dans les liquides différe de celui qui se produit dans les solides (modes collectifs seule -
ment) et les gaz ( modes de particules simples seulement) du fait que 1'on y observe des modes collectifs et
des modes de particules simples d'importance égale, La diffusion cohérente des neutrons constitue un excellent
moyen d'étude des propriétés de ces modes, notamment de leurs interactions réciproques. Le mémoire montre
que ces effets sont importants pour de faibles transferts de quantité de mouvement et d' énergie. Il explique
aussi pourquoi 1'amortissement des ondes sonores longitudinales est intense pour les fréquences excitées par
1" interaction des neutrons et devrait pouvoir étre observé dans des expériences, Il contient des comparaisons
qualitatives entre les prévisions théoriques et les données expérimentales relatives au plomb et 3 1'étain liquides,
qui permettent de déterminer 1'orientation des travaux futurs,

OFLACHERMA-KOTEPERTHOTO PACCEARMA HEATPOHOB B XWIKOCTAX. TennoBoe ABMXEHME B XMIKOCTEX OT-
AM4aeTed OT TAXOBOrO B TBepaHX Terlax (TOoabXO KoLNEXTUBEHE QOpMH) ¥ B rasax (Toasxo B GopMe OTAeXH-
HMX 4&CTHL) TeM, YTo OpM TElIOBOM ABMXEHMM B FUIKOCTAX OLMHAKOBO BAXHYD DOJB MrDANT KOLNEKTUB=
HMe QODMH I 2 ¥ GOpPMH & oTReIbHNX WacTull. KorepeaTHoe pacceasue nellTporon mpesoccrtaB-

IgeT MOMEOE CPEeACTBO AN Mayuennus cpofleTs aTX QOPM ZBMXEHMA, B WacTHoCTH BlaumozellcTeuit mexny
aman. Noxasaro, ro Taxue >PPENTH UrpabT BAXHYD POAL OPW HM3KOK MOMEHTE M Repexoaax areprvs. Tax-
Xe NOXA3aHO, UTO JAaTyXaHWe NPORONBHHX 3BYKOBHX BOJH SBJISETCS 3HAUMTENBHHM A4 YacTOT, BO3CyX~-
aeHHMX HefiTDOHHNM BaauMoseicTBMEM, M €ro MOXHO HACIDASTH IKCHEPUMEHTAUbHO. [APTCR KOIMYECTBEHHHE
CPaBHEHMS MEXAY TeOopeTH Opexuo. M ONMTHMMM NAHHHMM HAa TMAKOM CBMENE W IMIXOM ONOBE.

9T cpa oTK p TUBH AJd Oyaymell paGoTH.

INTERPRET ACION DE LA DISPERSION NEUTRONICA COHERENTE EN LOS LIQUIDOS, La agitacién
térmica en los Ifquidos, a diferencia de la que se produce en los s6lidos (modos colectivos inicamente) y en
los gases (modos de partfculas aisladas dnicamente), se caracteriza por presentar modos colectivos y de par-
tfculas aisladas de igual importancia. La dispersién neutrdnica coherente constituye un instrumento eficaz para
estudiar las propiedades de dichos modos, en particular sus interacciones; se ha observado que esos efectos
son importantes cuando la cantidad de movimiento y las transferencias de energfa son bajos. Se ha demostrado
también que el amortiguamiento de las ondas sonoras longitudinales es elevado para las frecuencias excitadas
por interacciones neutrénicas y se estima que deberfa poder observarse experimentalmente, Se han efectuado
qoniparaciones cualitativas entre los valores predichos por la teorfa y los datos experimentales obtenidos en el
caso del plomo y del estafio liquidos, lo que abre un camino interesante para trabajos futuros en esa esfera,

1. INTRODUCTION

The theory of liquids has suffered from the lack of a model which ade-
quately represents the thermal motion of the atoms. One reason for this is
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that macroscopic experiments average over many of the details of thermal
motion and so the data obtained do not usually provide an exacting test of
rival models. With the advent of cold neutron scattering techniques it is
possible to study the thermal motions in liquids on a microscopic scale and,
in principle, more exacting tests of models are possible. To make such a
test it is necessary to relate specific features of the neutron scattering pat-
tern to the behaviour of parameters in the model. '

As an example consider the problem of finding a model to describe the
basic modes of diffusion. Traditionally the models fall into two classes,
first those based on the ideas of jump diffusion in solids and secondly those
based on the ideas of Brownian motion. Macroscopic experiments are ana-
lysed in terms of a diffusion equation which is based on the assumption that
the time-scale involved is sufficiently great that only an average over the
thermal motion is needed. On the other hand microscopic experiments pro-
vide information on the interaction of atoms and hence on the length of time
(tg) over which the motion has to be averaged to justify the use of the diffu-
sion equation. In a recent paper EGELSTAFF [1] analyses the experimental
neutron data (viz. data on the half-width of the quasi-elastic peak) to derive
this time, t;, and shows how it is related to the two classes of models.
Since the temperature dependence of t; is opposite for the two cases, the
basic type of model required can be deduced from measurements of t,.

EGELSTAFF [1] concludes that the present experimental information
favours a modified version of the Brownian motion model. In this-model
the liquid is imagined to be composed of an assembly of ''spinning globules'.
Each globule consists of approximately 50 atoms in a disordered close-
packed structure, and the motion of its centre of gravity is Brownian.

Another aspect of the model which can be studied by neutron scattering
is how collective and single particle modes interact. In a liquid the collec-
tive modes are those associated with the transmission of acoustical waves
while the single particle modes are those associated with diffusion. The
interactions between these modes can be seen through the damping of the
collective modes. : i :

Qualitative predictions can be made for the various models. The glob-
ule model suggests strong damping for wavelengths of the order of a globule
diameter, while crystal models suggest strong damping for frequencies of
the order of the jump frequency. EGELSTAFF's [1] discussion shows that
these effects are of similar magnitude near the melting point and that the
method of distinguishing between them is through their temperature depend-
ence.

Coherent neutron scattering is sensitive to the collective modes of the
scattering system, and a qualitative discussion of this type of scattering is
given in Section 2.  This indicates the important regions of momentum and
energy transfer, and that the relatively long time behaviour of the system
only is observable in coherent scattering. New formulae are introduced in
Section 4 to give methods of obtaining semi- quantitative information about
the damping constants for longitudinal waves, Throughout this paper the
predicted behaviour is compared to that observed in liquid lead and tin.
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2. GENERAL REMARKS ON COHERENT SCATTERING

Owing to the complex nature of coherent scattering phenomena, it is
convenient to choose. a representation suited to the problem in hand rather
than use a general formulation. Two examples have been discussed’in an-
other paper at this conference (EGELSTAFF (2]). For the present discus-
sion, which will be concerned with the large position (r) and time (t) be- .
haviour of the Van Hove correlation function Gg(r,t), the following method
seems most useful. ‘

The instantaneous pair correlation function g(r) is thought of as repre-
senting the distribution of density fluctuations seen from a given atom. The
Van Hove function describes the damping of these fluctuations and may be
written:

Galr, 1) - go = (g(r) ; go) F(r,t) (1)

where, since isotropic systems are being considered, the distance 'r'" is a

scalar and gy is the average density. The damping has been specifically
contained in the function F(r,t), defined at Eq. (1).
Eq. (1) may be Fourier-transformed with respect to "'r' and "t" to give:

Sa(Qw) = [ 13(Q - Q') R(Q', ») dQ' (2)

where 13 (Q) = [ 54(Q, w) dw, (and hence [R(Q, w) = 6(Q)), hQ and hw are the
momentum and energy transfer, and R is the double Fourier transform of
F. Thus experimentally the function R will be observed with a "resolution"
width given by the structure factor 1'3. The most convenient point to study
it would seem to be at the first maximum in 1Y, gvhich for many liquids is
roughly Gaussian in shape and has a width ~ 0. 5A°1,

The damping function F(r,t) may be separated qualitatively into two
components, in the same manner as is usually done for Van Hove's "self'
term. One part includes the short time motion which will affect F(r, t) prin-
cipally at small ''r'" and thus give a contribution to R which is spread over
a wide range of w and Q. In Eq. (2), therefore, the short time damping of
the density fluctuations blurs out the fluctuations in I% so giving a rather
small contribution to the integral. In this region the experimental cross--
sections will be due almost entirely to the self term. This is in accord
with the experimental observations of EGELSTAFF [2] and of COCKING and
GUNER [3] which show that at energy transfers of about half the Debye tem-
perature the peaks of I‘g cannot be observed and the cross-section is approx-
imated by the self term. For this reason, at medium to high frequencies,
it is possible to observe the frequency distribution only, rather than a dis-
persion law, This phenomenon is well known in the case of polycrystal scat-
tering, where the momentum conservation condition Q+ g 22772 Q - q
allows the coherent cross-section to be averaged over a broad region of the
structure factor. The form of Eq.(1) implies analogous behaviour for all
systems.

The second component of F is a long time one associated with diffusion
and expected to have a form similar to that obtained in self-diffusion. This
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component gives a term in R which is confined to a narrow range of Q and
w. Consequently the peaks of Id will be observed at low w over a range com-
" parable to that of the self-diffusion function. This is in accordance with
experimental observations, particularly those of BROCKHOUSE and POPE [4]
and of TURBERFIELD [5] on liquid lead. These experiments were carried
out at a peak in the function I§ and they show that energy broadening in co-
herent scattering is similar to that for self diffusion. A similar observation
is possible at the minimum in Ig near Q = 0. At this point Ig is negative
and the contribution from Egq. (2} will cancel the positive contribution from
the self term. Thus the coherent.cross-section (which is the sum of Sy and
S¢) should not show a '"quasi-elastic" peak at low Q. The observations of
COCKING and GUNER [3] on liquid tin show how these two terms cancel
almost completely.

Thus Egs. (1) and (2) are convenient for a qualitative discussion of the
behaviour of the interference and coherent cross-sections. The improve-
ment through the use of Eq. (2) rather than, for example VINEYARD!®s [6]
approximation, lies in the convolution integral, which broadens the peaks
in Ig when R is a broad function of Q. For a quantitative discussion it is
necessary to define F(r, t) over a range of ''r'' and 't", and this is possible
in principle for specific liquid models. However there is one component of
F(r, t) which can be evaluated from classical theory. This is the damping
of that part of the density fluctuations caused by longitudinal sound waves.
It may be shown that for crystals where the damping is small the cross-
section for this effect cannot be observed unless the neutron velocity is
greater than the velocity of sound. However with the substantial damping
that occurs in a liquid a significant cross-section is possible. 'This question
will be considered in Section 4.

3. GENERAL ANALOGUE OF THE DISPERSION LAW

In order to discuss the propagation of cooperative modes in a liquid it.
is desirable to define an experimentally-accessible quantity which can be
thought of as a "dispersion law'" and which reduces to the normal mode
dispersion law in the case of a polycrystal. A convenient guantity in this
respect is the width (A Q) of R(Q, w) taken from a plot of this function against
Q at fixed w. Since R(Q, w) is observed experimentally as a convolution with
Ig, it is only possible to measure its width at the peaks in Ig, in particular
at the most prominent peak. This width (AQ versus w) has the character of
a dispersion law and reduces to the normal mode one for a polycrystal as
required above.

At the present time the range of experimental data is not suff1c1ent to
allow this quantity to be evaluated properly*. However an attempt was made
to evaluate the order of magnitude of the velocity of propagation of coopera-
tive modes from existing data on liquid metals and this suggested that it
was of the same order as the velocity of sound as expected.

% New data on liquid argon (BROCKHOUSE et al.) and liquid sodium (RANDOLPH et al. ) may reverse
this situation. :
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4. 7 = 0 CROSS-SECTIONS FOR A LIQUID

A convenient starting point is to consider the one phonon cross-section
for inelastic scattering by a crystal associated with the origin (i.e. 7 = 0)
of reciprocal space. This cross-section is easily written down from the
work of WEINSTOCK [7}, for an energy transfer much less than the sample
temperature, as:

9
d(izgw = a (k'[k) * exp(-2w)- Z
where Z = T/2Mc? 6§ (Q-q) 6 (w - cq) . (3),

T is the temperature in energy units, "a'" is the coherent scattering

length, "k" and "k'" are the incident and scattered neutron wave numbers,
. n

exp(-2w) is the Debye-Waller factor, "q" is the wave number of the phonon,
M is the nuclear mass and '"'c¢" is the velocity of sound. The 6§ -functions
express conservation of momentum and energy and limit the scattering to

the following condition:

Q/a> c/v : (4)
where "v'" is the neutron velocity (this follows from the standard rule that
vQ > w for scattering to take place), :

The interesting feature of this formula is the absence of an explicit
dependence on momentum transfer, so that it does not vanish in the limit"
Q — 0. In this limit the integral of Z over w at constant Q gives the usual
result of cross-section proportional to T times the compressibility. In
the same limit it can be shown that the two phonon cross-section goes to
zero as @7, and for this reason it will not be considered here (however in
order to preserve constant Q as Q — 0 it is necessary to allow v = o, and
this is very far from normal experimental conditions so that the two phonon
term should be calculated properly in some practical cases).

The origin of reciprocal space (T = 0) is a good scattering point for a
liquid and the cross-sections will be given by the same expressions as for
a solid. But unlike the solid the mean free path of longitudinal waves in a
liquid is short and consequently the conservation of momentum and energy
will not be given by the delta functions at Eq. (3). Scattering is allowed in
this case over a range of Q and w and is possible even when the condition
(4) is not satisfied. In principle both the energy and wave number of the
phonon will be complex quantities but for simplicity it will be assumed that
the wave number is real and the energy complex. This means that the
second delta function of Eq. (3) must be replaced by a Lorentzian, i.e.:

Z 2 (T/2Mc?)- (1/1r). s/[(W-cQ)P? +s?] (5)

where "'s" is the reciprocal of the phonon life-time. This formula is based

upon the assumption that (w- ¢Q) varies much more rapidly (as a function of -
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Q for fixed w) than either ''s" or Q, so allowing these quantities to be taken .
as constants when integrating the Lorentzian. This assumption willbe shown
to be poor in practical cases, so that Eq.(5) has a qualitative significance
only, The error in its use is probably ~cQ/w.

In addition this formula is based on the s1mp1e (dispersion) law w = cq;
in practice a more complicated dispersion law holds which can lead to sub-
stantial changes in the magnitudes predicted by Eq. (5).

5. EVALUATION OF THE LONGITUDINAL WAVE DAMPING CONSTANT

In considering the transmission of sound waves through a liquid metal
it will be assumed that the thermal conductivity is sufficiently high that the
system is isothermal and the damping is given entirely by the viscosity.
Then the relation between frequency and wave-number of the waves is found
to be:

= (Wa +iw2)/(wac§+ic§) : (6)

where o is Maxwell!'s relaxation time and c; and c; are the sound velocities
at very high and very low frequencies respectively.
Thus:

et = [B+(4/3)G]/p, ci = B/p, a = n/G ' (7)

where B and G are the bulk and rigidity modulii respectively and-n is the
viscosity coefficient. This equation reduces to the ideal fluid results of
STOKES [8] at low frequencies and the elastic continuum results of MAX-
WELL [9] at high frequencies, and is derived [10] by arguments analogous
to those used by FRENKEL [11]. It shows how the waves are transmitted in
the région where both viscous and elastic effects are important. v

For simplicity in discussing Eq, (6) it will be assumed that q is complex
and w.real. The square of the imaginary component of gq is readily evalua-
ted as: .

Gmag. o = 2LELE [ 1+ BO-BE 4] e

a®ci(u+B) (u+1)28
2,2 2.

where u =u; , B= E§- < 1. from (7).
1

Inspectmn of this equation shows that the imaginary part of "'q'" varies as
w? at low frequencies and is independent of w at high frequencies. The im-
portant factor is the ratio of the imaginary part of q to w, and this ratio is
plotted in Fig. 1 for a value of 8 of 0. 5. The peak will come near u=1 for
any value of B and shows that the absorption is high for periods of the order
of the Maxwell relaxation time. In Table I the critical frequencies corres-
ponding to u=1 are given for lead and tin compared to typical values which
can be obtained in neutron experiments (for the momentum transfer case a
sound velocity of 2 X 10%m /s was assumed). i
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VALUE OF FREQUENCY IN UNITS OF CRITICAL
FREQUENCY

Fig.1

Damping factor for longitudinal waves in a liquid plotted as a function of frequency.
The value of the frequency is given in units of the critical value ¢,/ac,.

It can be seen that neutrons can excite (or de-excite) sound waves in
this critical region of large absorption, and for this reason.Egq. (5) for the
cross-section will be valid to order of magnitude only. However, the ex-
amination of this region with cold neutrons should be especially valuable
in testing liquid models.

TABLE I

CRITICAL FREQUENCIES FOR ABSORPTION OF LONGITUDINAL
SOUND WAVES, COMPARED TO COLD NEUTRON FREQUENCIES

: Lead Tin Neutron energy Neutron momentum
Case — o . ° -1
340°C 250°C transfer 1 meV transfer 0.54
Frequency
1012 ¢ /sec 2 6 1.5 10

In the introduction it was pointed out that absorption at certain fre-
quencies was predicted by the liquid diffusion models; in this section the
same phenomenon has been derived from another point of view., Near the
melting point the critical frequencies calculated from the diffusion models
are of the same order as those given in Table I, but the temperature varia-
tion is different (this is discussed by FRENKEL [11]). However in one
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simple case good 'agreement is obtained for the critical damping predicted
by both methods; this is the case of a compressed gas. For this example
the peak in Fig. 1 comes at a wavelength (1. ) given by:

A= nfep. (9)

The spinning globule diffusion modél predicts the globule diameter (2r) to
be (where '"d" is the diffusion constant):

2r = T/nd = (47r3c%p?)/3n or r =~ n/cp (10)

since for a gas, the diffusipn constant is equal to n/p and the squared velo-
city of sound is equal to T/p X volume). Thus Ay and r are equivalent.

6. COHERENT CROSS-SECTIONS OF LIQUID LEAD AND TIN

The coherent inelastic cross-section of lead over the temperature range
from melting point to 520°C, has been measured for low momentum trans-
fers by EGELSTAFF {12]. At the lowest scatter angle studied the cross-
section was found to be nearly independent of temperature. This observa-
tion is unusual since cross-sections normally contain a temperature factor
as at Eq. (5). However from Eq. (8) the width"s" is proportional to viscosity
at low frequencies, and hence decreases as the temperature is raised. This
effect will decrease the cross-section with temperature and offset the nor-

-mal increase. Even a qualitative result is of some significance here, be-
cause in the high frequency region the damping varies as the reciprocal of
viscosity which increases with temperature. Thus the qualitative nature of
this result suggests that the experiment is being done in the region covered
by the lower frequency side of Fig. 1 (this in turn means that the peak of
Fig. 1l comes a little higher than the value given in Table I).
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Fig.2
Comparison of liquid T = 0 cross section with the experimental data [3} on liquid tin.
The theoretical curves correspond to taking q real and w complex or the reverse, and

the difference between them indicates the present theoretical uncertainty (this Fig-.
: was kindly supplied by S.J. Cocking).

[
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COCKING and GUNER {3] have measured the inelastic cross-section of
- liquid tin at 240°C for low momentum and energy transfers. Assuming that
the low frequency region of Eq. (8) is applicable to this case the width "s"
reguired in Eq. (5) can be readily evaluated. Comparison of the tin data
(6Aneutrons scattered through an angle of 20°) with the predictions of Egq. (5)
is given in Fig. 2. The lowest momentum transfer data has been chosen
since this should offer the best comparison with the theory. This figure
shows that the theoretical cross-section has the right general shape but the
absolute value is substantially less than the experimental one. Several de-
ficiencies in the theory have been pointed out and these may account for this
discrepancy. In particular this result could be taken as confirmation that
the experiment is being conducted near the peak of Fig. 1, so requiring a
,special theory. Alternatively there may be other terms coming from the
long time behaviour of F(r,t) - Eq. (1) - which are not completely cancelled
by the self term at the values of momentum transfer employed in the experi-
ment. Again this would require a detailed theoretical discussion.

7. CONCLUSIONS

The discussion of Section 2 showed that significant contributions to the
interference term in neutron scattering are to be expected at low momentum
and energy transfers. In this region the scattering should be analysed in
terms of the long time motion of the atoms in the liquid. Two types of
motion were emphasized, one the "single particle” diffusive modes and an-
other the "collective' longitudinal modes. In the scattering pattern these
two effects have different widths, the damping of the longitudinal modes by
interaction with the diffusive modes produces a width one or two orders of

.magnitude greater than that due to diffusion alone. This can be seen by
comparing Eq, (5) with the simple diffusion cross-section (e. g, VINEYARD
[6]). Using the low frequency expression for s (i.e. s = aciQ?) the two ex-
pressions are of the same form but the widths differ by the order of magni-
tude of the ratio of the kinematic viscosity to the diffusion constant. This
ratio is between 10 and 100 for liquid metals in the range of a few hundred
degrees above the melting point.

Near Q = 0 only the broader term can be observed and this was dis-
cussed in detail. At present the theoretical cross-sections are right only
in a qualitative sense and more detailed calculations are required before a
quantitative comparison is made. At the first peak of I, usually near
Q= 2&'1, both terms should be important, and this would lead to a two com-
ponent shape for the energy transfer distribution. A distribution of this
type is suggested by the results of PALEVSKY [13] on liquid lead and tin
and of COCKING and GUNER [3] on tin, taken at the principle peak in IY for
these liquids. In this case the broad component may spread into the low Q
region and hence add a considerable background to the 7=0 cross-section,
An extension of the longitudinal mode calculated to T3 0 is thus indicated,
and may account for some of the discrepancy shown in Fig, 2,

The results given in this paper are a continuation of the attempt to re-
late features of the neutron scattering pattern to specific features of liquid
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models. The main contribution has been to show that there is a region of
coherent scattering which should be sensitive to the model and to identify
the most important properties which affect this region. Considerable further
work on these lines, both experimental and theoretical, ‘is required to estab-
lish the detailed properties which must be incorporated into a successful
liquid model.
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DISCUSSION Y ‘

P, SCHOFIELD: I would like to make a few.comments regarding the
coherent scattering of neutrons in liquids, There are, as I see it, two dis-
tinct problems to be considered: (a) the effect of interference on the ''quasi-
elastic" scattering (a question to be answered here is whether neutrons can
detect the presence of clusters of atoms moving together - the "globules'
of Egelstaffts theory*); and (b) the inelastic stattering and the possibility
of detecting local thermal excitations in the liquid corresponding to the
correlated motions of sets of atoms. Let us consider (a) and (b) in turn.

(a) In considering this problem, it is best to work with the pair dis-
tribution function G4 (R, t). This can be written [VINEYARD, Phys. Rev 110,
(1958) 999].

Gq (R, t)=fg(§' JH(R', R, t)dR! (1)

where g(R) is the static pair distribution function and H(R', R, t) is the prob-
ability t};;t, given an atom A at the origin at time zero, an atom B at R' at
time zero, moves to R in time t,

In the convolution approximation the motion of atom B is assumed to
be independent of the presence of atom A, and H(R!, R, t) is replaced by the
self-correlation function G; (R-R',t). The most obvious defect of this ap-

* BGELSTAFF, P,A., "Advances in Physics", 11 (1962) 203,
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proximation is a geometrical one: if the distance of closest approach of
two atoms is a, then if atom A has moved to R" in time t, atom B is ex-
cluded from a sphere of radius a around R" at this time,

It can be demonstrated fairly simply that the effect of modifying the
convolution approximation to take account of this exclusion is to narrow
S(Q, w) in energy at the peaks in the structure factor I(Q), and to broaden
it in the valleys. This is in agreement with the data obtained by de GENNES
from consideration of the energy moments of S(Q, w)l''Inelastic Scattering
of Neutrons in Solids and Liquids'', IAEA, Vienna (1961)239].

In order to see whether neutrons can detect clusters of atoms which
move together, it is necessary to perform detailed calculations on this im-
provement of the approximation in which the minimum restriction is imposed
upon the independence of the motion of atom B with a model in which, if
atom A moves to R", the probability of B being in the neighbourhood of R"
is greatly enhanced. - i

(b) In his paper, Dr. Egelstaff proposes the use of the classical theory
of damped waves in liquids, as given by Frenkel * - in the neutron scattering
theory. Such an attempt was made by Butterworth and Marshall at the Stock-
holm conference, but this theory failed as it did not take account of diffusion.
I should now like to show how the formalism can be cast in such a way that
the Frenkel theory might be used.

We consider now the intermediate function I4(Q, t). Th1s can be written
in the form

14(Q 1= [6(®) expliQ B)I<exp(i@-u(t) yak (2)

where u(t) is the displacement of the atom originally at R and {.. >R denotes
a restricted thermal average - being the Boltzman weight average integrated
over all momenta, and the positions of a]l but two of the atoms, the separa-
tion of these being equal to R. At t=0, u(t) =0, while at long times the re-
stricted average must fall off exponentially in time in the same way as
L (Qt), i.e. at long times )

{1, (Q 1)} ei@8® 3 5C(Q,R) (3)

We may expect that C(Q, R) tends to unity fairly rapidly as R increases, and
hope that it is not too different from unity for all R. We can then make a
! quasi-phonon! expansion of I4(Q, t) by expanding the left-hand side of (3)
in powers of Q Retaining the first two terms, we obtain

L(Qt)=1,(Q t)fg(g)eig-ﬁ (1+1Q <u(t) )rdR (4)

(In the case of a solid, (4) contains the one-phonon peak correctly. ) Note
that the second term in the integral is of order Q2 since [g(R)<u(t) >p dR
vanishes.

In (4) we have an expression which should certainly be valid for small
Q, in which we have introduced just one new function into the theory, namely

* FRENKEL, J., "Kinetic Theory of Liquids", Ileford (19486) .
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u(t) Dp. As a function of time, this is the mean displacement of an atom,
driginally at R, given another atom at the origin at time zero.

It is tempting to identify {u(t) Dg with the displacement of the Frenkel
theory, but I cannot at present completely justify such a step.

P. EGELSTAFF: The analysis you propose seems to be consistent
with mine and in particular it could be used to interpret the suggested "ex-
perimental dispersion law' for a liquid.
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N

FREQUENCY SPECTRUM OF LIQUIDS AND COLD NEUTRON SCATTERING. An important question which
arises in connection with slow neutron scattering by liquids is: does there exist a trequency spectrum for liquids
analogous to that in solids? The answer to this question is given by showing that the width function ¥(t) of
the Gaussian space -time self -correlation function Gg(r,t) can be expressed, by using the frequency spectrum
of the velocity auto-correlation function, in a form which is formally identical with that of a harmonic solid.
Thus a knowledge of the frequency spectrum of the velocity auto-correlation function should enable one to
calculate slow neutron scattering by liquids as has been emphasized by Egelstaff and co-workers,

Using a stochastic model of a liquid, the frequency spectrum f(w) of the velocity auto-correlation function
is calculated for water at 300°K and for liquid lead at 620°K. In the case of water a maximum in f(w) corre-
sponding to hw 75'K is predicted. For lead the maximum also occurs at nearly the same w-value, There also
occurs a minimum in f(w)in both cases.

Larsson and Dahlborg have observed a maximum in f(w) at the above predicted w -value. A recent obser-
vation in liquid lead of Cotter et al.probably confirms our prediction too.

SPECTRE DE FRI-‘IQUENCES DES LIQUIDES ET DIFFUSION DE NEUTRONS FROIDS, Dans le domaine de la
ditfusion des neutrons lents par des liquides une question importante se pose: existe-t-il un spectre de fréquences
pour les liquides analogue au spectre pour tes solides? On peut repondre 4 cette question en montrant que la
fonction de largeur y(t) de la fonction gaussienne spatio-temporelle d'auto-corrélation Gg (1,1) peut etre ex-
primée, en employant le spectre de fréquences dé la fonction d'auto-corrélation des vitesses, sous une forme
qui présente le méme aspect formel que celle d'un solide harmonique. Par conséquent, la connaissance du
spectre de fréquences de 1a fonction d'auto-corrélation des vitesses devrait permettre de calculer la diffusion
des neutrons lents par les liquides comme 1'ont souligné Egelstaff et ses collaborateurs,

Les auteurs calculent, 3 1'aide d'un modéle stochastique, le spectre des fréquences f(w) de la fonction
d'auto- corrélation des vitesses dans 1'eau 2 300K et dans le plomb liquide 3 620 K. Dans le cas de 1'eau ils
prévoient un maximum de la fonction f (w) correspondant 3 hw75"K. Dans le plomb, le maximum se manifeste
3 une valeur i peu prés analogue, Il existe aussi un minimum de la fonction f(w) dans les deux cas.

Larsson et Dahlborg ont observé un maximum de la fonction f(w) 3 la valeur d'w prévue ci-dessus, Des
observations faites récemment dans du plomb liquide par Cotter et al, confirment vraisemblablement les prévi-
sions des auteurs. T '

YACTOTHNA CMEKTP MANKOCTER ¥ PACCEAHVE XOJONHHX HEATPOHOB. B CBE3M C M3yWeHMEM pacCesHMs
MenIeRHRX BeﬂTpOBOB XUAKOCTHEMM, BOJIHMKAeET paxuui BOmpoC: cymecTBYyeT I ~4aCTOTHNA CHEXTP AJL XA~
ltoc‘ren, aRanornaHiit CHexXTpy Iua TBepaux Tex? OTBeT Ha 3TOT BOMPOC BHTEKaeT U3 Toro gdaxra, UTO
Qyuxous mvpurd y(t) camoroppeampymmeit ¢yHsmm npocTpascTBo-BpeMs laycca Gs(g,_t) MoxeT OMTH BNpa-
XeHa NyTeM MCNOoJNb3OBAHME WACTOTHOIO CHEKTpa anro’xoppe.mpymeh QYHKLMM CKOPOCTM B QopMe, XoTopas
dopuansso HUEEeRTUIRA POPMEe rapMc 0 T

P 0 Texa. Taxum o6pa3oM, 3IHAHME YACTOTHOrO CHEXTpa

aBTC p A pyucman POCTH NOIELHO HO3IBOJAWTL BHWUMCIMTbL paccesHMe MeAJeEHMX HeliTpoHOB WMA-
KOCTAMM, Kax 3T0 OTMevaxu drexbmradd M Apyrue.

C' mOMOmBD CTOXACTHUECKOH MOENM WUIKOCTH, WACTOTHISA cnexTp f{w) aBTOROPpeNAUMORHOA PyHNIMM
CROPOCTHM BHUMCASETCA AJS BOAM npu 300°K ¥ Add xMANOro CBMHUA Npu 620°K. JAA BOOK NPEABMAMTCS
MaxcuMyu £ (w), coorpercTBymmuil fiw npu 75°K.[asa CBMHUA MAKCUMYM TaKxe MMeeT MecTO nouTH npu Tolt
*¥e PeauwvHe. B o0oux cayvasx MMeeT Taime MecTo MimmMyx f{w).

* Based on work performed under the auspices of the United States Atomic Energy Commission.
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llapccon v HaxsGopr HaGuppaau MaxcumyM f{w) npu BHmEyNOMaHyTo# npeamolaraeMmoff Beanuune w.
Nocreanne raGmopenus KOTTpa M Zp. Npu pacoTe ¢ YUAKMM CBMHLOM, BUAMMO, TaKXe NOATBEPRAART HAMM
OpPeAnoJoTeRns . '

ESPECTRO DE FRECUENCIAS DE LOS iJIQUIDOS Y DISPERSION DE NEUTRONES FRIOS. Una cuestién
importante que se plantea respecto de la dispersién de neutrones lentos por los liquidos es la siguiente: ¢Existe un
espectro de frecuencia de los liquidos anilogo al de los sélidos? Para contestar a esta pregunta, basta demostrar
que la funcién de amplitud y(t) de la funcidn gaussiana de autocorrelacién espacio-tiempo Gs(r,t) puede
expresarse, utilizando el espectro de frecuencias de la funcién de autocorrelacién de velocidad, en forma
idéntica a la correspondiente a un s6lido arménico. Es decir, si se conoce el espectro de frecuencias de la
funcidn de autocorrelacién de velocidad, se debe poder calcular la dispersién de neutrones lentos por los liquidos,
como han sefialado Ege'lstaff y colaboradores.

Los autores calculan, utilizando un modelo estocdstico de liquido, el espectro de frecuencia f(w) de la
funcién de autocorrelacidn de velocidad, en el caso del agua a 300°K y del plomo liquido a 620 K. Predicen
para la primera un maximo de f(w) correspondiente atw75"K. En el caso del plomo, el maximo se presenta
tambi€én para el mismo valor de w, aproximadamente, Ademds, en ambos casos f (w)pasa por un minimo.

Larsson y Dahlborg han observado un miximo de f(w) para el valor de w previsto por los autores, Al
parecer una comprobacion recientemente efectuada por Cotter y colaboradores en el caso del plomo liquido
también confirma la previsién de los autores acerca de este meral,

1, INTRODUCTION

The theory of slow neutron scattering by an interacting system in terms
of the space-time correlation function has been given by VAN HOVE |[1}.
The scattering cross-section can be written in the following form

% _ .k 2
dodw Nk_o Zeon Scon (kW) + ady Sinc(ﬁ,w)}, (1)
where '
Scon (kW) = %, f e‘_‘f-i‘“’"G(_r,t) drdt, | (2)
and
Sinc (k,w) = % f eilk--w0 G (r, t) drdt. (3)

aconand a4, denote, respectively, the coherent and incoherent scattering
lengths, N is the total number of atoms in the scattering system. hw and
hk are, respectively, the energy and momentum transfers given by

K = Ko-K, (4)
and
ro -2 ado1d) (5)
2m ?
where k¢ and k denote, respectively, the incident and final wave vectors of

a neutron of mass '‘m!

The introduction of the G functions by Van Hove was mainly due to the
fact that they could be interpreted directly in terms of physical terms, In
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fact, such an interpretation has helped and guided many authors, during
recent years, to propose dynamical models of the liquid state, which would
explain the salient features of slow neutron scattering, For many purposes,
as we shall see in the sequel, it is convenient to analyse the space transform
of G(r,t),i.e.

F(k,t) =fei5'£ G(r, t) dr. (6)

The scattering functions Scon (5,w) and Sjy¢ (k,w) are then simply the time
transforms of F(k, t) and F (k, t), respectively.
The F-functions are defined by

1 e R fe RS
Flg,t) = BCeEBO) | eleRi0), o
and
1 y )
F, (k,t) = N )2:<e ik.Ry(0) e‘f’Bl(‘)>T. (8)

Here Ry(t) is the position vector of the M atom in the Heisenberg represen-
tation.¢. ..S; means that both quantum mechanical and statistical averages
should be taken. From the above definition, it follows that

F(k,-t) = F" (x,1), (9)
E(k,-1) = K (. 1). (o)
For t = 0, we have from (7) and (8)
F(k,0) = 1 + [eltrg(r) dr, (11)
and R
Fy(k, 00 = 1, (12)

where g(r) is the instantaneous pair correlation function,

For 1t = «» both F(k,t) and F; (k,t) tend to zero except in the case of a
solid, in which case they tend to a finite limit. A consequenceof this is that
both Scon (ﬁ, w) and Sinc(ﬁ,w) have a 8(w) singularity. In a liquid where diffusion
cannot be neglected we do not have any elastic scattering in the sense we
have in a solid. What we do have is a-pronounced peak with a finite width
around the incident energy. The width of this so-called '‘quasi-elastic' peak
depends sensitively on how these F'-functions tend to zero for |t| - w. On
the other hand scattering corresponding to large energy transfers will mainly
depend on the properties of these functions for small times.

2. VELOCITY AUTO-CORRELATION FUNCTION
In what follows we shall be dealing with _only the function K (_K_, t) corres-

ponding to the self motion of an atom. Il is convenient to express it in terms
of a velocity-correlation function. F; (k,t) can be written as [2];
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F (k,t)= o Hin'ne/2M exp [-k2y (1) + Ky (t)...... 1, (13)

where

71(t) =f(t - ) ¥ (0)V, (1) Dpdty (14a)
0

and
t Yy ty
o (t) =ﬁ1t1 dt, ... [dt, <vx(t4)v,<(t3)v,<(t2)v,<(t1)>T—%[71(t)]2. (14b)
0 0 0 .

v denotes the velocity of the atom and v, its component along the vector «.
In (13) terms of order k* and higher correspond to higher order velocity
correlation functions as is evident from (14b). In the Gaussian approximation
all these higher order terms are omitted.

An expansion of the type (13) would be useful if only the first few terms
are important, in other words if the non-Gaussian correction is small. Now
we know that in the case of a harmonic solid, and in the case of a particle

diffusing according tothe Langevin equationall v forn > 1vanish. We also

know that for both very small and very large times G, (r, t) for a liquid is
a Gaussian function, and it is only in the intermediate time range that it is
non- Gaussian. It was our conjecture |2 |that on account of the random character
of the motion of an atom in a liquid, all ¥, for n > 1 would be small and hence
the Gaussian approximation should be good. This indeed is the case as has
been demonstrated, within their experimental error, by the recent work of
POPE et al. {3].

The y-functions occuring in Egs. (13), (14a) and (14b) have the following
general properties; the details of their derivation are given in [2].

) For t— o

Ynlt) =Dt - Cp, (15)

where D, and C, are some constants. In particular

Dy =- i{-’N—I + f v, (0) v, (t)> dt, (16)
. 0 .
and
C1=- [t<n v o yat. (17)

0

For t— 0, we can expand ¥,(t) in a power series in'{' and it turns out
that - '
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7, (t) - 2, (18)

In the classical case, however, v (t) starts as t®and not as t*, since in
classical mechanics velocities have a Gaussian distribution and are uncor-
related with forces acting at the same time.

3. GAUSSIAN APPROXIMATION

In this approximation the scattering is completely determined by the
function 7, (t) given by (14a). v; (t) as it stands is a complex function. Since
in the case of a liquid it is not possible to calculate F (k, t) explicitly, re-
course is taken to assuming a certain reasonable form of F; (x,t) to compute
the scattering function Syc(k,w). It is, however, not very convenient to deal
with a complex F, (k,t). If one assumes some real function for F, (k, t} then,
as shown by SCHOFIELD [4] one violates the principle of detailed balance. .
The way out of this difficulty is to make use of the fluctuation-dissipation
theorem, according to which the real and imaginary parts of Fs (k, t) are
related as follows [5]:

+

+ 0
fe‘i““ Im F; (k, t)dt= - i tanh(Bw) fe'i“'"Re.Fs (x, t) dt (19)
where
h
Brm
kT

Eq. (19) implies the following relation
Im F (x,t) = - tan(BS) Re F. k £) (20)
5 I dt s v
Let us now introduce a new function H;(x,t), defined by
H, (k, 1) = F, (k, t +i). (21)
Expanding F; (x, t +if) in powers of § and making use of (20) we have
L d ' d
Hy(k, t) = explBzr) F (k, t) = sec(Bgp) Re F, (x,1). (22)

Hg(k,t) is thus -real énd: an even function of 't' . The scattering function
Sinc(k,w) can now be written as



220 K.S. SINGWI et al.

- .
Sinc(k, W) = €8, 2% feB“’ H,(k, t) dt, v (23)

where the integral is an even function of w. The exponential factor e in
(23) is essential to satisfy the condition of detailed balance
From (21) and (14a) we have

H, (k, t) = exp(-«?p (1)), (24)
where
p (1) =71 (t +if), (25a)
and
n=- +1/3f(t 1) <v(0). 1) dty . (25b)
Now
g_:.;’. = (%: Yilt+if)= 1/3 v (0).v(t +iB)) . (26)

By making use of the fluctuation-dissipation theorem on the velocity
correlation function above and performing the integration we have

pW=p@+1/3 [ (t-t)sec(BIReCy(0). vit) Dydts.  (27):
0 v

It was shown in [2] that to a high degree of accuracy p (0) is given by

h2

p(0)= gM:k—BT (28)

If we now retain only the first term in the expansion of the differential oper-
ator in (27), and further if we replace Re {v(0).v(t)>; by its classical analog
{¥(0).v(t) >°:’ we have
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2 T
P )= g + 1/3 [ (- )<x@). v(t) ), dta. (29)
0

Eq. (29) should be a very good approximation for most liquids. The first
- term in (29) for slow neutron scattering is negligibly small and can be con-
sidered to represent a purely quantum mechanical correction |5] to p (t) at
t=0, '

4. SPECTRAL REPRESENTATION

From the foregoing it is thus clear that to calculate the scattering func-
tion Sj,.(k, w) in the Gaussian approximation all that is necessary is the
lcnowledg-é of the velocity auto-correlation function. It is very often useful
and convenient to work in terms of the frequency distribution of this auto-
correlation function.

Let us define two frequency spectra which are related to the real and
imaginary parts of the velocity auto-correlation function in the following
way

©

m v (0). v0) > =32 [ wf(w) sin(ut)dw  (30)
and ° w
Re {v(0). v(t) >T = %ﬁ fg(w) cos{wt)dw, (31)
0

Making use of the fluctuation-dissipation theorem Eq. (20), it follows from
(30) and (31) that

g{w) = Bw coth{Bw) f(w). (32)

On integrating both sides of Eq. (30) with respect to't','t' going from 0toc,
it is easy to show that

ff(w)dw= 1. (33)
°
The expression for v; (t), on using (30) and (31) becomes

‘Yi {t) =%II f—gﬁ {coth(Bw)[l-cos wt]-i sin wt} dw. A ‘ (34)
0

If we compare the above expression with the corresponding expression for
a harmonic solid it is seen that the two expressions are identical except that
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in each case the meaning of f(w) is different. In the case of a solid f(w) is
the frequency distribution of the normal modes; whereas in the case of a
liquid it is the frequency distribution of the velocity auto-correlation func-
tion. In a harmonic solid the two are identical. It must be emphasized that
the particular form of v; (t) given by (34) is not a consequence of the har-
monic nature of the motion but is a result of the fluctuation-dissipationtheo-
reom.
The corresponding expression for p (t) is

p(t)— /f(w)t nh{Bw>dw+2M fwsfrfﬁ)(ﬁw [1-coswt] dw. (35)

The above form of p(t) (in their notation W(t)) has also been derived by
EGELSTAFF and SCHOFIELD [16].
The inverse transforms using (30) and (31) are

f(w) = %f {v(0). v(t)) sinwtdt, . (36.3'1)
0
and
£( )=%t—""%(ﬁi) Re (X(O)_.X(t)>Tcos wt dt, : (365): |

where in (36b) use has been made of relat1on (32)

Therefore
f(O)- 31rk T fRe(v(O) ‘v(t)> dt,
or
f<0>_-'v211fn1)~, ()
since

D= 1/3fRe <!(0).z(t)>Tdt. v

If we assume that{v(0}. v(t)>T decreases rapxdly enough for t — «, then
it follows from (36b) that f(w) can be expanded in powers of w?,
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f(w) = N:D + Cauw? +C4w tooe.. (38)
where
2 o
Con® S7igT Z) f Re {v(0).¥(t)); t2nat, (39)
: 0

The function f(w) starts with a constant value £(0) given by (37) and goes as
w? for small w. The curvature at the origin is determined by the value Cg.
f(w) is real and positive, Assuming that (X(O).'X(t))T has time derivatives
which are continuous everywhere and tend to zero for t » + «, it thenfollows
from (36) that f(w) decreases more rapidly than any power of 1/w for w— o ,

It would obviously be very desirable to know f(w) for a liquid from the
experimentally determined scattering function S(x,w).

Now

+ o0

Sine (k, W)= 7 fe'i“.exp{-nzyi t) +o(4§4)} dt. (40)

Integrating the Root Mean Square of (40) twic@ and remembering that the
integrand tends to sero for t—» + «, we have [6]

S(e,0) = 5+ o7 f {71 (t)+n2(71<t))2} iy o (4. (41)

In the limit of small momentum transfer (41) becomes

+

WSk, w) k2 = 21r f‘Y (t)e™ " at

Limk -0 ]

B % 1/3 f<2(0).z(t) Spel¥tdt  (from 14a)

= h/4M wi(w) [1+coth Bw], . (42)

using (36a) and (36b).

On comparing the above expression with that of EGELSTAFF and
SCHOFIELD (6] one finds that our f(w) is identical with their p (v). Ina purely
incoherent case f(w) can be obtained by extrapolation from measurements of

S(k, w) for small values of k. Such a procedure has been adopted by Egelstaff
and his co-workers.
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The actual form of f(w) depends on the nature of the motion in a scatter-
ing system. For example, if in a liquid we assume the motion of the atoms
to be governed by the Langevin equation, f(w) has then a lL.orentzian shape
with a width kgT/MD. In the case of a harmonic solid f(w) ~ w?* with a sharp
cut off at w = wp . If a liquid could be characterized for large values of w as
a disordered solid and for small values of w as a system obeying Langevin’s
equation, we should expect f(w) for a liquid to be intermediate between these
two extremes. That is to say f(w) would start at w = 0 with a value £(0) and
vary as w® for small values of w. It might have a minimum for a certain
value of w and would then increase reaching a certain maximum beyond which
it would smoothly decrease and tend to zero.

In the case of a stochastic model |7] of a liquid given by the authors,
the funcuon fw) has been computed 1or water at 300°K for values of the pa-
rameters occurringinthe model which give the best fit with the scattering
data of LARSSON and DAHLBORG |8]. We get a maximum in f() for an
w-value corresponding to 75°K. Larsson and Dahlborg have attempted to
extract an f(w) from their scattering data and they do find a maximum at the
said value of w. We know from our computations that an incident spectrum
corresponding to beryllium-filtered neutrons, as a result of integrationover
it, gives a broad maximum in the scattered spectrum in approximately the
same w-region. Such a maximum does not occur with an incident mono-
chromatic beam, And, hence, any agreement between our calculated f(w)
and that of Larsson and Dahlborg could be fortuitous if the latter in their
calculation did not take into consideration the shape of the incident spectrum.

It should be clearly understood that we have here been discussing a fre-
quency spectrum which corresponds to the hindered translatory motions only
of the water molecules, In reality the motionis much more complexinvolving
hindered rotations and vibrations of the molecule, which would also show
up as broad peaks in f{w). It would be difficult in practice to separateun-
ambiguously the f(w) for hindered translations from a complete f(w).

In the case of liquid lead |7] the stochastic model gives a maximum in
f(w) for w corresponding to 80°K, The parameters chosen in this case were
those which gave the best fit with the experimental results of BROCKHOUSE
and POPE [9] and of TURBERFIELD [10], Recently COTTER et al.[11]
have reported a peak at an energy gain of approximately 7.5 X 10-3eV in the
scattered spectrum in liquid lead for beryllium filtered neutrons scattering
at 90°.

As remarked ealier the integration over the incident spectrum can give
rise to a broad maximum, thus making an interpretation of the maximum
reported by Cotter et al. rather difficult.
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DISCUSSION

B.N. BROCKHOUSE: I think the diagram you drew in your oral pre-
sentation is misleading for the case of jump-diffusion, representing non-
Gaussian behaviour, since you are averaging over all the atoms inthe liquid.
In this case your diagram does not therefore cover all the physical facts.

K.S. SINGWI: When I drew the curve flat I didn’t mean that it is really
flat; but the change that has occurred in the mean square displacement in
this short time is very small compared with the chango that has really oc-
curred. So in any case it is not going to make any difference to the scattering
except that it will give you comparatively larger broadening in one casethen
in the other. I don’t know how the Gaussian and the non-Gaussian question
came in, but you can have an entirely Gaussian plot of p(t). ActuallyIworked
solely in the Gaussian approximation and p(t) in our paper is based purely
on the Gaussian approximation., Now another thing, with Dr. Brockhouse’s
conception of simple diffusion, in the case where C is positive instead of
negative he will have to make the Fourier transformation and then he will
‘get a very funny sort of S(Q,w), in the shape of a fairly broad quasi-elastic
line. .

P. SCHOFIELD: The intercept C given by Dr. Singwi does not deter-
mine the variation of the width of the quasi-elastic peak with Q®. The deter-
mining feature here is how p(t} approaches its asymptotic linear behaviour.
However, in.the theory of Rahman, Singwi and Sjolander, this is related
to C. In fact, one can show that

e _ro1 810
c f0t<v(0).v(t)>dtf dw

bw dw

i.e. it covers the whole range of v, and hence is related to the overall inten-
sity of the peak. The half-width on the other hand is determined by the very-
low-frequency part of f(w).

K.S. SINGWI: I agree with you. In fact it is possible to show that the
main contribution to C comes from small values of w and that A Xa, where
A is the width of f(w) for small w and a is the curvature of f(w) for w=0.

A. SJOLANDER: There are two basic considerations I would like to
stress. The first is whether G, (r,t) is very near to a Gaussian function
or not. If it is Gaussian, this will probably have an important effect as to
the type of stochastic motions we have in the liquid. I don’t think énough
experimental evidence is available as yet to determine this. The second
question concerns the frequency function introduced by Egelstaff, which
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showed a diffusive as well as a vibrating part. If a deep dip occurs in bet-
ween, this should indicate that two types of motion are going on simultane-
ously without essentially interfering dynamically. I doubt whether it is
settled that such a deep dip really exists.

K.S. SINGWI: The expansion in K?, discussed in my paper, is of practi-
cal utility provided terms containing K* and higher powers of K? are small,
I understand from the recent experimental work of Brockhouse and Pope
that the K* term is only a few per cent and hence the non-Gaussian correc-
tion is small, As regards your second question I have the feeling that the
two types of motion are not quite independent and this would lead to the
fiiiing-up of the valley in f(wj

B.N. BROCKHOUSE: Yes, the non-Gaussian component should not be
more than 10%.

P. SCHOFIELD: And is this also on a time scale that is long compared
with the case of platinum?

B.N. BROCKHOUSE: Well, I don’t think it is relevant as far as the
upper limit is concerned because the jump diffusion only has to occur to
a very small amount to contribute. The frequency need only be very small
and so the amount of the other component that grows in can be very small
and it is very difficult to see it.
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Abstract — Résumé — Amporanns — Resumen

STUDIES OF LIQUID SODIUM BY INELASTIC SCATTERING OF SLOW NEUTRONS: The scattering 4,14
neutrons by liquid sodiumn at 108°C, 153°C and 198°C has been compared with scattering from solid sodium
(80°C) at six scatter angles between 20" and 90°, Sodium provides a simple monatomic liquid with coherent
and incoherent scattering cross-section 1,55 and 1.85 b respectively. Due to the rahge of momentum transfers
covered it is possible to distinguish and discuss coherent and incoherent effects separately, Three interesting
features of the scattered spectra are evident: ' .

(a) The near elastic scattering is largely incoherent and in the liquid state show broadening by diffusive
motion less than that expected from a simple (Fick's Law) model. Comparison with estimates from alternative
interpretations by Egelstaff and Schofield and by Rahman, Singwi and Sjslander are presented. Q

(b) The wide spreading sprectrum for solid and liquid are similar.

(c) At high scatter angles coherent effects appear near the elastic peak and-a direct test of Vineyard's
“convolution” approximation is made.

£T UDE DU SODIUM LIQUIDE PAR LA DIFFUSION INI:ZLASTIQUE DE NEUTRONS LENTS. L'auteur a
comparé la diffusion de neutrons de 4,1A- de longueur d'onde par du sodium liquide aux températﬁres de 108,
153 et 198°C, 1 la diffusion dans du sodium solide (80°C) pour six angles de diffusion compris entre 20 et 90°,
Le sodium fournit un liquide monoatomique simple ayant des sections efficaces de diffusion cohérente
et incohérente de 1,55 et de 1,85 b respectivement, Etant donné la gamme d'impulsions considérée, il est
possible de distinguer les effets cohérents et incohérents et de les examiner séparément. Les spectres de diffusion
présentent trois caractéristiques intéressantes;

a) La diffusion quasi-élastique est dans une large mesure incohérente et accuse, 3 l'état liquide, moins
d*élargissement dil au mouvement de diffusion qu'un modgle simple ne le laissait prévoir (loi de Fick). L'auteur
compare ses observations aux estimations découlant d'autres interprétations données par Egelstaff et Schofield et
par Rahman, Singwi et Sj6lander. ) i

b) Le spectre de dispersion large est semblable pour I'état solide et 1'état liquide.

c) Pour les angles de diffusion ouvents il apparait des effets de cohérence au voisinage.des pics élastiques;
I'auteur essaie de vérifier directement 1'approximation de "convolution” de Vineyard.

WCCIENOBAHME FMAKOINO HATPUA METOIQIOH HEYTIPYTOI'O PACCEmﬂ MEJJIEREHX HEATPOHOB. Paccesume
nefitponos ¢ pauHoff BommM, pabuoff 4,1 A B mamKoM maTpMM o TemmepaTypax 108, 153 u 198°C gmrmo
CPABHEHO ¢ paccesaueM B TBepaoM Hatpuu (opm 80°C) AIA WECTM YrioB paccednus, lexamux Mexay 20 M
90°. Harpuit naeT DPOCTYD MOHOATOMHYD XMAKOCTb € KOI€PEHTHMM ¥ HEXOrEPEHTHMM NONEPEUHMMA Cede-
HUAMU paccesHug cooTsercTsesEo 1,55 u 1,85 OapnoB. Biarogaps pacOMOTPEHHOMY OMANAIOHY nepe-~
HOCA MOMEHTOP NPEeACTABARETCS BOSMOXHMM ONO3HATL U OGCYAMTH DA3ZETbHO KOTeépeHTHHE M HEKOrepeHT-
HMe BoaneflcTBug. Bugs Cq TPU MHTEp OCOGEHHOCTH CHEXTPOB DACCERHMS:

a) ToutH ynpyroe paccesHue RBISETOR B IHAWATENbHON Mepe HEXOTEDEHTHNM W B XHMAKOM COCTOSHMH OG-
HAPYxMBAET CIAroAaps AMIOYHAMPYRLENY ABMXCHMD MEHBECE DACHMPERME, WeM 3TOro MOXHO OHEIO OM
oxuzaTh Aag npoctoff Mozesu (saxon Ouxxa). llaeTcs CpABHERME PeIYALTATOB B CBETE NPEANOJO-

xeuvil, caemaunMx 2ureancraddom v lModuabaoM, a taxwe PaxuauoM, CHErBM U ChelanZepoM.
6)  [poxo pacnpocTpaReRHNe CRENTOPN XS TBEPROTG ¥ XMIKOrO COCTOSHMH AHANOTMIHM.
B) Ipu Gonee IRANMTEABHHX YTEAX PACCESEMS XOTepeHTHMe BOdAEACTBUS HAGANARDTCS BOIMIM yupyroro
nvxa; OpoOM3IBEeReHa HeNoCPenCT. £ npoepepxa npUG no Mertoxy Baitaapaa.
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ESTUDIO DEL SODIO LIQUIDO POR DISPERSION INELASTICA DE NEUTRONES LENTOS. El autor compara
la dispersién de neutrones de 4,14 por sodio liquido a 108°C, 153°C y 198°C, con la dispersidn por sodio sSlido
(a 80°C) en seis dngulos comprendidos entre 20" y 90°, El sodio constituye un lfquido monoatémico simple cuyas
secciones eficaces de dispersion coherente e incoherente se elevan a 1,55y 1,85 b, respectivamente, Debido a
la gama de transferencias de cantidad de movimiento observada, es posible distinguir los efectos coherentes
e incoherentes y estudiarlos separadamente. Cabe sefialar tres particularidades interesantes de los espectros de
dispersidns ' ’

1. La dispersién cuasi eldstica es en gran parte incoherente y en el estado 1iquido presenta un ensancha-
miento por movimiento de difusién menor que el que cabe esperar de un modelo sencillo (Ley de Fick). El
autor hace una comparacidn con los cdlculos realizados basindose en otras interpretaciones de Egelstaff y
Schofield y de Rahman, Singwi y Sj6lander. .

2. Los espectros, considerablemente ensanchados, son anilogos para el estado sGlido y para el estado
1iquido. .

3. Para dngulos de dispersién grandes, se observan efectos coherentes en las proximidades del pico elds-
tico; el autor efectia una comprobacién directa del método de aproximacién de Vineyard por "circonvolucién”,

INTRODUCTION

The ideal liquid for studying the diffusive motion of atoms by slow neu-
tron scattering would have incoherent scattering properties and the scat-
tering atoms would be in a simple (chemically -unbound)state. Such a liquid
is not readily available; liquid vanadium would fulfil these conditions but
is a very troublesome subject for experiment. Liquid sodium has therefore
been chosen for experiment as a monatomic liquid with a high ratio of in-
coherent to coherent cross-sections (1.85 and 1.55 b respectively). Further,
_neutron absorption is low (g, = 0.5 b at 2200 m/s) and the macroscopic dif-
fusion coefficient and the static structure factor from X-ray measurements
are known.

A principle object of the present work was the study of the near elastic
peak to provide data on diffusive motion in the liquid state. The liquid has
therefore been studied at three temperatures 108°C, 153°C and 198°C where
the values of the diffusion coefficient are 4.4, 6.3, 8.3 X 1075 cmﬁ/s [1] re-

spectively. R .

The use of slow neutrons (wavelengths 4.0A and 4.5A) enables the region
of small momentum transfer to be studied and in this region the coherent
effects can be, to some extent, separated from the near elastic peak.How-
ever, in order to gain more detailed information on the coherent effects in
the liquid state, similar comparative measurements were made on theé solid
and liquid states of a metal with predominantly coherent scattering. Tin
was chosen for this purpose and the results on it are reported in the fol-
lowing paper by COCKING (''Comparative studies of slow neutron scattering
by solid and liquid tin"). Data over the wider scattered energy spectrum
has been obtained and a comparison of this spectrum for the solid and liquid
will be made. .

At the highest scatter angles used in this work the near elastic peak is
markedly affected by coherent scattering effects and here a test of VINEYARD
convolution approximation [2] has been made.

EXPERIMENTAL METHOD

The sodium sample (99.99% pure) was contained in a 0.010-in wall stain-
less steel cylinder 1.5-indiam.by 3-in long in an atmosphere of helium. For
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safety this cylinder was in turn sealed in a helium filled cylinder also with
0.010 in stainless steel walls, Small heaters mounted at the ends maintained
the sample at the required temperature within 1°C. Measurements were

magde with the sample at r‘oomtemperature and at 80°, 108°, 153°C, using
4 OA incident neutrons and 198°C using 4. 54 mc1dent neutrons The measure-
ments at 80° and 108° were made to examine the solid and liquid stateswithin
a small temperature difference from the melting point, 97.5°C.

This sample was supported in an evacuated enclosure in the neutron
beam so that the beam crossed parallel to a diameter of the cylinder. An
identical empty container maintained at the sample temperature was used
to measure the scattering from the container. The sample absorbed ~6%
of the incident neutrons and scattered ~10% as solid and ~16% as liquid.

The incident neutron selector and time-of-flight apparatus used is de-
scribed in the paper by HARRIS et al. (""A cold neutron monochromator and
scattering appa.ratus Y. The ve1001ty spectrum of the neutrons scattered by
the specimen as solid and liquid were measured at scatter angles of 20°,
30°, 45°, 60°, 75° and 90°.

Unfortunately the 11qu1d hydrogen loop Wthh gives a large increase in
slow neutron flux was not operating at the time of this work so that the sta-
tistical accuracy of these measurements (shown by the scatterer of the points
in Fig.1) is not_high. For the same reason measurements at a longer wave-
length than 4. 5A were not practicable.

RESULTS

In Fig. 1 the scattered spectra from the solid (80°C) and the liguid (108°C)
are shown plotted as corrected counts per time channel versus time-of- -~
flight. The ordinates ("corrected counts') are the experimental counts per

" time channel after correction for counter background and sc¢atter by the
container; small factors to correct for the different efficiencies of the
six detector arrays are included and the calculated efficiency variation with
energy of the detectors has been allowed for. Finally the incident beam mo-
nitor reading is used to give the results for solid and liquid normalized to
the same number of incident neutrons.

Similar results taken at 155°C and 198°C are not shown in full here. They
are used in detail in analysis of the diffusion broadening.of the near elastic
peaks, and at larger energy transfers they confirm conclusions drawn from
the data of Fig.1.

Several effects are apparent in Fig. 1, viz:

(2) The similarity of the broad energy spectrum for solid and 11qu1d'

at energy transfers greater than about 4 meV;

(b) The broadening of the near elastic scattering for the liquid over

the elastic peaks in the solid; :

(c) As the two highest scatter angles used, the shape and intensity of

the near elastic peaks in the liquid are markedly affected by co-
herent effects. These three effects are discussed separe,fcely.

BROAD ENERGY SPECTRUM FOR THE SOLID

First we discuss the coherent effects expected in the inelastic spectrum
for the solid. As shown (from EGELSTAFF’S [3] theory) in the following
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paper by COCKING the coherent scattering appears for the polycrystalline
solid with a rather sharp step at an energy transfer given by Q + q = 277

(hQ is the momentum transferred to the neutron, 'q' is the wave number
of the phonon excited and 7= 1/d where 'd' is the crystal plane spacing).
tq' can be calculated using the approximation q = cw where 'c' is the velo-
city of sound in the solid and hw is the energy transfer to the neutron. The
coherent scattering extends from Q + g = 277 and the intensity which is

maximum at the position Q + q = 277 falls with decreasing scatter angle.
The region @ +q = 277 to Q - q = 277 is marked for the three higher angles
in Fig.1, for the plane in sodium having the highest spacing [the (011) plane}

In comparison with the distinct steps observed for tin (see following
paper by COCKING) the steps in sodium are expected to be small since the
coherent cross-section is relatively small and for tin two planes with al-
most coincident spacings contribute to the cross-section.

If Fig.1 the highest angle detector (6 =90°) shows a rise in cross-sec-
tion in the region expected and for 6 = 75° a small edge at the position where
Q * g = 277. In other detectors no coherent effect can be distinguished.

Other planes in sodium can be shown to contribute to the scattering
less than the plane discussed.

The incoherent part of the inelastic spectrum can be calculated using
the method of EGELSTAFF and SCHOFIELD {4} if a frequency distribution
of vibrational modes is known. The vertical lines on Fig. 1 give the results
of such a calculation where the frequency distribution calculated by BHATIA
[5] for sodium has been used. The normalization to the experimental results
has a possible error of + 40%. The points on the calculated spectra are
within + 15% of the experimental values except in the region near energy
transfers of 2 meV where the calculated spectra are 50% too high.Better
agreement is obtained using a frequency distribution calculated by JOSHI
[12] but calculations using this data are not yet complete.

BROAD ENERGY SPECTRUM FOR THE LIQUID

‘As already discussed, coherent effects are small compared with the
incoherent scattering. Thus for the present, we disregard small differences
between the interference effects in the solid and liquid for energy transfers
greater than ~4 meV. The marked similarity of the spectra from the solid
and-liquid then suggests that similar motions of the atoms in the two phases
exists in this energy region. This idea is consistent with the small change
in specific heat on melting, Further the sinall change in density on melting
(~2%) suggests that the interatomic forces are not markedly different in
the two phases.

The results on tin suggest that while the high energy part of-the scat-
tered spectra arising from coherent scattering are similar for solid and
liquid, the liquid actually gives increased scattering in the low energy region.
This conclusion is confirmed in the results of Fig.1 where the liquid shows
slightly higher total counts.

ELASTIC SCATTERING FROM THE SOLID

Coherent elastic scattering.by the sodium sample falls outside the angu-
lar range of the present detectors. The elastic peaks for the solid therefore
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arise from incoherent elastic scattering and small contributions from the
inelastic spectrum. The inelastic spectrum is calculated using the Bhatia
frequency distribution and is subtracted from the experimental results.
(This contribution is marked in Fig. 1).

The remaining elastic peaks fall in amplitude as the scatter angle in-
creases, by the Debye-Waller factor. The observed peak heights are con-
sistent (within 4%) with the Debye-Waller factor calculated from the Bhatia
spectrum. The shape of the elastic peaks is taken as a measure of the reso-
lution of the apparatus.

QUASI-ELASTIC SCATTERING FROM THE LIQUID

Several theoretical models [4, 6, 7] have been suggested for calculation
of the broadening of the near elastic peak due to diffusive motion of the atoms
in a liquid. These calculations are first made ignoring the interference ef-
fects which arise with coherent scatterers. VINEYARD [2] has suggested
an approximation in which the interference term is expressed as a product
of the cross-section calculated assuming.incoherent scattering and the static
structure factor.

In Fig. 2 the static structure factor for liquid sodium at 110°C is shown.
This curve has been derived from recent X-ray scattering measurements
by ORTON and WILLIAMS [8] who give results covering the whole tempera-
ture range of the present work. The values of momentum transfer for elas-
tic scattering at the six scatter angles used are also marked on Fig.2. It
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Static structure factor calculated from X-ray scattering measurements [8].
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is clear that while marked coherent elastic scattering is expected for the
two higher angle detectors as observed, the lower angle detectors will have
small coherent elastic contributions in comparison with the incoherent elas-
tic scattering. The analysis of the four lower angle detectors is considered
first. The broadening of the near elastic peaks has been predicted by the two
theoretical models and has been calculatéd for the present experimental
conditions and folded with the experimental resolution function. These cal-
culations have been compared with the observed results.

' Calculations ‘using the broadening predicted by Fick’s Law for diffusive
motion[2] gave a greater broadening than those observed. This is in agree-
ment with the results of measurements reported on other liquids [9, 10].
Calculations have therefore been made using the theory of EGELSTAFF and
SCHOFIELD [4]. In the expression given by these authors a parameter 'c'is
introduced, in addition to the diffusion coefficient. A full discussion of the
interpretation of the parameter c¢ is given in these authors’ paper, and by °
EGELSTAFF [11]. A single value at each temperature for the parameter
rct has here been chosen which gives the best fit to the experimental data
at all scatter angles. Results taken with the sample at 155°C are compared
with the predictions using ¢ = 1.3 X 10712 g in Fig. 3. Similar comparisons
are made for the other sample temperatures, the agreement between calcu-
lated and observed data being comparable to that shown in Fig.3. (Note:
the high intensity on the energy loss side for 6 = 45° is found at thetwohigher
temperatures used and is unexplained.)

CALCULATED DIFFUSION BROADENED
PEAKS AND EXPERIMENTAL DATA .
SODIUM AT I53°C
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Fig.3

Experimental data on quasi -elastic peaks (points) compared with calculations
using theory of EGELSTAFF and SCHOFIELD [4] (full lines).

The choice of the correct 'base' level for the 'quasi-elastic' peak is
always a difficulty in interpreting measurements such as these. Since the
'bound' contributions from the incoherent scattering and the coherent scat-
tering (see the results on tin) both give a small and continuous spectrum
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across the elastic region, the base levels (shown in Fig. 3) have been chosen
in the wings of the quasi-elastic peak. This particular choice gives the
greatest uncertainty in making a comparison between theory and experiment.

The values of the parameter tc' which gives the best fit to the experi-
mental data at the three temperatures are given in Table I. (The present
values are lower than the values derived by EGELSTAFF [11] from preli-
minary data by the present author. The trend of increasing values of 'c!
with increasing temperature is the same for both data.)

Also tabulated are the values of the parameter corresponding to the
parameter c for the models of 'free diffusion' and for 'jump diffusion' as
calculated by Egelstaff. The trend with increasing temperature is more
reliable for the calculated values than their absolute values. It is clear that
the experimental values for 'c'tend to increase with increasing temperature
favouring the idea of the dominance of 'free diffusion' in liquid sodium at
these temperatures. )

In Figs 4(a) to (d) results are shown for four detectors at the higher
scatter angles with the peak calculated for incoherent scattering, using the
parameters which gave the best fits for the lower angle peaks (dashed line).

F CALCULATED PEAKS WITH COHERENT SCATTER
AND EXPERIMENTAL OATA

-

247meV T FIGURE 4a
: Sodum at 153C

<—Enerqy  transfer—e

Fig.4

Experimental data on quasi-elastic peaks (points) compared with calculations
using theory of EGALSTAFF and SCHOFIELD [4] (broken lines) and including
interference effects using "convolution approximation” {21 (full lines).

The incoherent s coherent scattering (full lines) is calculated using Vineyard®s
approximation. The incoherent scattering used is that shown (full lines), the'
static structure factor is taken from the X-ray data [8]. The arrows give
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TABLE 1

CALCULATED AND EXPERIMENTAL PARAMETERS
(in units of 10712 g)

235

Temperature

*c’(exptl data)

T (jump diffusion)

*c'(free diffusion)

108°C
153°C

198°C

1..0x0.4
1.,.3%0,4

1.6+ 0.5

3.6
2.9

2.2

1.9
2.5
3.1

the position of the main peak in the static structure factor, here referred
to as [1 +v(Q)]max. where the major coherent effects are expected in the con-
volution approximation. The agreement with the experimental data is within
the expected uncertainty in 4(b) and 4(d) where [1 +v(Q)]nax.falls within 1 meV
of the elastic position. The agreement becomes less satisfactory when
[1+5(Q))max, 0ccurs at higher energy transfer.

CONCLUSIONS

Spectra of neutrons scattered by the solid and liquid states of sodium
have been compared. In the spectra at energy transfers greater than~4 meV,
incoherent scattering dominates. For the solid, this region of the spectrum
may be calculated within the present experimental error using the frequency
distribution given by BHATIA [5]. The corresponding spectrum for the liquid
is similar to that for the solid suggesting that the frequency distribution of
motions of the atoms in the two phases are similar for times less than
~1,5 X 10-13 g, :

Due to the range of momentum transfer used, coherent effects are un-
important for near elastic scattering at the lower scatter angles. Here the
experimental quasi-elastic peaks have been compared with predictions. of
the theory of Egelstaff and Schofield and values for the parameter 'c!, the
interaction time, at three temperatures have been derived. The trend of
‘c' increasing with increasing temperature suggests the dommance of 'free
diffusion' in the liquid. .

At the highest scatter angles, where coherent effects appear in the
quasi-elastic scattering, a test of Vineyard convolution approximation is
made. It is shown that the approximation gives agreement with the observed
data when the coherent effects appear at small energy transfers.
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COMPARATIVE STUDIES OF SLOW NEUTRON
SCATTERING BY SOLID AND LIQUID TIN

S.J. COCKING AND Z. GUNER*
NUCLEAR PHYSICS DIVISION, AERE, HARWELL, DIDCOT, BERKS.
UNITED KINGDOM

Abstract — Résumé — Annoramus — Resumen

COMPARATIVE ST UDIES OF SLOW NEUTRON SCATTERING BY SOLID AND LIQUID TIN, The scattering
of 4,04 and 6.2 neutrons by tin as solid (210°C) and liquid (240 C) has been measured. The scattered spectra
at six scatter angles between 20° and 90" was analysed by time-of -flight methods.

At the longer wavelength the low intensity elastic scattered peaks are used to derive the incoherent cross-
section for tin (0,04 £0.01 b).

Sharp steps in scattered spectra for the solid can be identified and similar but broadened steps for the
liquid aré¢ seen. Using a theory due to Egelstaff, the steps for the solid can be interpreted as the excitation of
particular phonons. The single phonon theory for the solid is modified to atternpt to account for the different
behaviour of the liquid. The appreciable scattering obscrved in the liquid at low energy transfers is not ex-
plained in this way, :

ETUDE COMPAREE DE LA DIFFUSION DE NEUTRONS LENTS PAR DE L'ET AIN SOLIDE ET DE L'ETAIN
LIQUIDE. Les auteurs ont mesuré la diffusion de neutrons de 4,03 et de 6,21& de longeur de'onde dans de 1*€tain
4 1'état solide (210‘C)et de 1'eta1n 3 I'étar liquide (240‘C) IIs ont analyse par des méthodes du temps de vol
les spectres de diffusion pour six angles de diffusion compris entre 20’ et 90°,

Pour la plus grande longueur d'onde, ils ont utilizé les pics de diffusion élastique 3 faible intensité pour
déterminer la section efficace incohérente dans 1'étain (0,04 £0,01b),

On peut observer des paliers étroits dans les spectres de diffusion pour 1'état solide et des paliers analogues
mais plus larges pour 1'état liquide, D'aprés une théorie €rablie par Egelstaff, on peut interpréter les paliers
‘pour 1'état solide comme étant dus 3 1'excitation de phonons particuliers. La théorie du phonon simple pour
1'état solide a été modifiée pour essayer d'expliquer le comportement différent de 1'état liquide, La diffusion
appréciable observée dans 1'état liquide pour de faibles transferts d'énergie ne s'explique pas pour autant,

CPABHWTEILHOE WCCIENOBAHVE PACCEAHWA MEANEHHHX HEATPOHOB TBEPINM M ¥MIKMM OJOBOM. Bixo M3~
MEpeRo paccesHue Beﬂrpox-xon ¢ niMHo# BoaHH, coorBercTBymmelt 4,0 u 6,2 A oxmosox B TBepaoM (210°C)
u xuaxoM (240°C) cOCTOAHMAX. BHAM NPOAHAIM3IMPOBAHM NO METOLY BpEMeHW NpoieTa CHeXTPH pacceaaud
npy WecTH yriax paccesHuMs Mexxy 20 u 90°.

Npy Gonee 3HANMTEJBHHX AJMHAX BONH NWMKM YNPYroro paccesaus Huaxofl MHTeHcHBHOCTM OMmM uc-
DNONB3OBAHK RAS TOTO, WTOCH BHBECTM HeXOrepeHTHoe NomepewHoe cedenue aif oxosa (0,04 + 0,01 Gapk).

OnosHapaeMn pe3xve KOrepeHTHHWe NMKKM AdS TBEPAOro COCTOAHME, ARANOTMYHNE, HO DACUMpPeHHME NMKH,
BMLHM AJA XMAKOTO COCTORHMA. Ha ocHOBaHMKM Teopuu Jreapcradda STM NMKM AJA TBEPAOro COCTOAHUA
MOT'yT OHTH OXapaXTepU3OBaHH KaX BO30YXIeHne OCOOMX (PoHOHOB. MaMeHAeTca eaMRas Teopus QOHOHOB AAL
TBEPAOro COCTOSHMA C LEALD AATb OOBACHEHHE PAIJNMUHMEM NOBERCHUAM XMAKOCTHA. OITHM OyTeX He O0h-
ficHAeTCA 3aMeTHOEe paccedHMe, HACIDAAEMOE B XMAKOM COCTOSHMM NpPY NEpeHocax Maamx suepruf.

ESTUDIO COMPARATIVO DE LA DISPERSION DE NEUTRONES LENTOS POR ESTANO $OLIDO Y Licuipo.
Los autores han medido la dispersién de neutrones de 4,08 y 6,23 por estafio sélido (210°C) y liquido (240°C).
Han analizado, por el método del tiempo de vuelo, los espectros de dispersidn en seis dngulos distintos, com-
prendidos entre 20° y 90°,

En el caso de la longitud de onda mds elevada, utilizan los picos de dispersién eldstica de baja intensidad

para deducir 1a seccidn eficaz incoherente del estafio (0,04 0,01 b).

* Attached from Turkish Atomic Energy.

2317
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En el estano séhido es posible identificar saltos acusados, en tanto que en el estafio liquido sé observan
saltos andlogos, pero de base mds ancha. Aplicando una teorfa debida a Egelstaff, es posible atribuir lossaltos
correspondientes al estafio sGlido a la excitacién de detcrminados fonones. Para poder aclarar el comportamiento
diferente del estafio 1iquido, los autores modifican la teorfa del fonén inico correspondiente al sélido. Sin
embargo, queda sin explicar la considerable dispersién observada en el estafio lfquido en el caso de trans-
ferencias de baja energfa.

1., INTRODUCTION

Several studies of liquids using the technique of slow neutron scattering
have been reported, for example on water, lead and tin. Hydrogenous liquids
have the advantage in interpretation that the scattering is largely incoherent
but have the complication of the effect of chemical binding of the hydrogen
in comparatively complex molecules. Metals, while providing in some cases
a simple monatomic liquid, have usually a large coherent component in the
scattering, . . e

In this paper and in the previous paper by HARRIS ('"Studies of liquid
sodium by inelastic scattering of slow neutrons'') the liquid states of tinand
sodium have been studied using the scattering of cold neutrons ( > 44 wave-
length) and have been compared with the results from the solid metals.

The first measurements were made on sodium for which the coherent
and incoherent scattering c'ross-sec_’tions are 1,55 b and 1. 85 brespectively.
In interpreting the results with sodium. it became clear that further under-
standing of the effect of the coherent scattering was needed. Similar studies
on a liquid having predominantly coherent scattering were therefore under-
taken, and for experimental convenience tin was chosen. One result of this
work was a measurement of theincoherent cross-section oftin (viz.0.04+0. 01 b)
so that the coherent cross-section comprises > 99% of the total cross-section
(4.6 b). . , _

At the long neutron wavelengths used, it will be shown that coherent
elastic scattering is not possible at the angles of scatter used and because
the incoherent cross-section is small for tin, elastic scattering is virtually
absent. .

The differential cross-section and average energy transfer for the scatter-
ing by metals has been compared, by EGELSTAFF [2, 5], with calculations
based on simple models. Our more detailed measurements will be compared
to the same models, and ‘the liquid model will be shown to be inadequate at
low energy transfers.

EXPERIMENTAL METHOD

The tin specimen was contained in a 0. 010-in wall stainless steel cylinder
of 1.5-in diam. by 3-in long. Small heaters mounted at the ends maintained
the sample at 210°C or 240°C for the solid and liquid state studies respectively
(tin melting point 232°C). This sample was supported in an evacuated enclosure
in the neutron beam so that the beam crossed parallel to a diameter of the
cylinder., An identical empty container, maintained at the sample temper-
ature, was used to measure the background scattering.

The incident neutron selector and time-of-flight apparatus used is de-
scribed in the paper by HARRIS et al. ("A cold neutron monochromator and
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scattering apparatus'). The velocity spectrum of both 4. 0A and 6.2Aneutrons
scattered by the specimen as solid and liquid were measured at scatter angles
of 20°, 30°, 45°, 60°, 75° and 90°. .

The transmission of the sample was measured roughly at both wave-
lengths. At 4. 04 incident neutron wavelength the sample absorbs 14% of the
incident neutrons and scatters 16% at 210°C (solid) changing sharply on melt-
ing to 32% at 240°C. With 6. 24 incident neutrons (greater than twice the
largest plane spacing for solid tin) the change of transmission on melting
is smaller - the sample absorbed 22% of the beam and scattered 10% as solid
(210°C) and 13% as liquid (240°C).

RESULTS

The results of these measurements are shown in Figs. 1and 2. The ordi-
nate (‘'corrected counts'’) are the experimental counts per time channel after -
correction for counter background and scatter by the container; small factors
to correct for the different efficiencies of the six detector arrays are included
and the calculated efficiency variation with energy of the detectors has been
removed. Finally the incident beam monitor reading is used to give there-
sults for solid and liquid normalized to the same number of incident neutrons.

In Fig. 3 the static structure factor for liquid tin derived from recent
X-ray measurements {1] is shown together with the diffraction lines for
solid white tin (body-centred tetragonal structure), It is seen that for elastic
scattering the values of momentum transfer lie below the region of the main
peak in the structure factor. For this reason little elastic scattering is ex-
pected to be observed in either solid or liquid cases. From a comparison

_of the small elastic scattered intensity for the solid with that from a thin
vanadium sample the incoherent cross-section 0.04 t+ 0. 01 b for the tin was
derived, taking the incoherent cross-section for vanadium to be 5. 1 b. The
discussion which follows will relate principally to the results taken with
6.2A neutrons, because they are simpler to interpret and there may be ap-
preciable multiple coherent scattering present in the results with the 4,04
neutrons. '

The scattering from the solid in all detectors extends to energy transfer
of 25 meV corresponding to a temperature of 290°K (the Debye temperature
for white tin is 190°K). At lower energy transfers the scattered spectra for
the solid are marked by a sharp fall, the scattering being nearly zero below
this "cut-off'. The sharp "cut-offs' are explained in the next section; below
the "cut-off", destructive interference makes coherent scattering negligible.

The spectra for the liquid show a broadly similar shape and spread to
the solid but the sharp "cut-offs' are now broadened. An interesting and
surprising result is the appreciable scattering at small energy transfers
down to almost zero energy transfer. Since on melting the special order of
the solid is destroyed, one is tempted to suggest that in the liquid the de-
structive interfererice is no longer complete and as a result incoherent
scattering is seen. However, the appearance of incoherent scattering in
the liquid should lead to a strong elastic peak and no increase in the elastic
scattering is seen on melting.
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SOLID DIFFRACTION PEAKS
SHOWN BELOW
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Fig.3

Static structure factor for liquid tin at 245°C.

In the following section a simplified calculation of the cross-sec¢tion is
presented. The cross-section is expressed as a product of two terms. The
first term is the cross-section calculated from the "incoherent approximation"
while the second term gives a structure factor for the coherent scattering.
Presentation of the results as the structure factor allows the data on the
solid to be understood and emphasises the marked difference in the results
on the liquid. ‘

THE ONE- PHONON CROSS-SECTION FOR A POLYCRYSTAL

A simple theoretical treatment for inelastic scattering of slow neutrons
by polycrystals was given in an eurly paper by EGELSTAFF [2]. Starting
from the expression by WEINSTOCK [3] [Eqs (35)-and (36)] for the coherent
differential cross-section of a microcrystal for single phonon absorption,
he performs an average over all orientations of Q and q with respect to 277
(definitions below). The resulting expression for the cross-section of the
polycrystalline solid is

d% _ ocoh
dGam’ -~ 4r - 12 : (1)
where
I= (B/4M7*Xk'/K)e2Y[(Q%x q?) fw(1-x)}(dq/dw) (2)
and

Z = E(WFT/ZB'T 2q)

Bis the volu;ne per nucleus in the crystal;
M is the mass of the scattering nucleus;
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k' and k are the scattered and incident neutron wave numbers ;
hw and hq are the energy and momentum of the phonon;

X = exp {hw/KBT};

K-k .

T is the reciprocal lattice vector of a given plane;

¥, is the structure factor for the plane including the multiplicity.
Equation (2) may be written as

I = (1/2m) (k'/k)e™“™(Q* w)(x/(1-x)]p (W)

where p (w) is the frequency distribution of normal modes. It may be shown
{2] that (o, /47)1 is the cross-section in the "incoherent approximation'. Z
may then be seen as a struciure factor for coherent scattering from the poly-
.crystal. When the summation is made over several planes the form factor
approaches the value unity as expected.

It is therefore convenient in presenting our resulis to isolate the struc-
ture factor by dividing the observed cross-section by the cross-section calcu-
lated using the incoherent approximation. For the frequency distribution
p (W) we have used the Debye approximation p(w) = 3w? /wp where wp is the
frequency corresponding to the Debye temperature. This approximation
should be satisfactory for the low energy part of the spectrum, discussed
later.

DISCUSSION OF THE POLYCRYSTALLINE STRUCTURE FACTOR (Z)

The permissible range of Q for energy gain from a phonon is illustrated
in Fig.4. The vectors Q, q and 277 must form a triangle to satisfy the con-

Fig.4

Construction to illustrate condition for single phonon coherent scattering.

dition Q + g = 277 . It is clear therefore that the permissible range of Q
is given by Y

Q-9g<2mr<Q+q.
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Using a fixed incident energy, each scattered energy g1ves for each
scatter angle definite values for vector Q and for w and theretoré from the
dispersion relation w = w(q) a single value for q for each branch of the dis-
persion relation. Thus at scattered energies below a certain value given
by Q + g = 277 coherent single phonon inelastic scattering is not possible.
In addition the scattering falls again to zero at the upper limit Q-q = 27 7.
This upper limit is usually beyond the limit of the spectra observed here,
that is, beyond the upper limit of the frequency distribution, p(w). A step
in the structure factor occurs for each value of 7. For tin the planes are
sufficiently separated so that in the 6, 2A results only the two planes at
277 = 2.13 and 2. 22A-1 need be considered.

(a)
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Fig.5

Polycrystalline structure factor for 90° scatter angle (incident energy - 2.1 meV).

In Fig. 5(a) the polycrystalline structure factor is shown for the first
plane in solid tin (277 = 2. 13A‘1) for scattering through 90°for 6. 2& incident
neutrons, Only one of the two closely spaced planes in tin is shown for clarity
of presentation.

In calculating q the assumption w = c¢q has been made, where c is the
velocity of sound (c = 2470 m/s |4] has been used for both longitudinal and
transverse modes.) The components due to longitudinal and transverse
phonons (taken parallel and perpendicular to q, respectively) is also shown.
It is clear that under these conditions the sharp rise in the cross-section at
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Q + q =277 corresponds to longitudinal phonons. In Figs.1 and 2 the position
of the sharp rise predicted at Q + q = 277 is marked with arrows for the
first two planes of tin; the position of the fall at Q - q = 277 is also marked
where relevant.

The experimental shape for the polycrystalline structure factor is shown
in Fig. 5(b). The agreement with the calculations of Fig. 5(a)is qualitatively
correct but in unsatisfactory quantitatively.

In practice the longitudinal and transverse components should be calcu-
lated separately.

The contributions from longitudinal modes may be calculated byinclud-
ing in Eq.(1) the factor cos?6, where 6 is the angle between Q and g,i.e.

cos § =[(277)*-Q%*-q, %]/2Qq,

The contribution from transverse modes is obtained similarly using the
factor (1 - cos?26t) where

cos 6= [(277)*-Q* - q; 1/2Qq,

q, and q, are obtained usingw = ¢, q, or w=cp gy . Calculations based on
these results are given in Fig. 5(c) where the transverse sound velocity is
-less than the longitudinal velocity. A factor of 0.7 between the two has been
used, which is the calculated ratio for the bulk solid. The effect of the lower
transverse velocity is to increase and displace the transverse component
to yield a sharply peaked curve similar to that found in the experimental
results,

The difficulty of dssigning the absolute scale for the experimental results
(possible error of + 45%), the uncertainty in the correct sound velocity to
use and the assumptions made in deriving the theoretical expression make
‘an exact comparison of experiment and calculation meaningless. However,
the general features of the present results of the scattering by the poly-
crystal may be understood in terms of the usual formulations of neutron
scattering by solids. We now test the possibility of modifying this theory
to account for the results for the liquid.

STRUCTURE FACTOR FOR THE LIQUID

We follow the approach of EGELSTAFF’S ''pseudo-phonon'' model [5]
in which the idea of "phonons' in the liquid is retained. The static structure
factor of Fig.3 is then taken to be a continuous distribution of the value of
27T . .

The polycrystalline structure factor Z(zF, /2Bt Qq) then becomes

(1/2Qq)f 277 [d +y (277 )d(277)

where |1 +¥(277)] is the static structure factor of Fig.3. The limits ofmte-
gration are taken as Q + q and Q - q where q is given by w = cq.

At large values of Q and w the structure factor approaches the value
unity as required in the incoherent approximation. In the limit as w0, i.e.
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near elastic scattering the liquid structure factor reduces to the static
structure factor {1 + v(Q)]. However, the near elastic scattering is domi-
nated by the effect of diffusive motion which cannot be treated by the single
"phonon' approximation which we are using here. The present discussion
is therefore restricted to the results at energy transfers greater than 1 meV.

So far only the known spacialdistribution of atomic positionsinthe liquid
has been used, but in addition there will be further broadening of the liquid
structure factor by the diffusive motion of the atoms. We take the broadening
in energy to be given roughly by the half-width of the Lorentzian function
given by Fick’s Law, viz. 2hDQ2([5] (where D is the diffusion coefficient).
Over the range of Q of interest here, i.e. at energy transfersbelowthe sharp
drops in the scattered intensity, the broadening in energy due to diffusive
motion is of the order 0.2 meV. Thus the calculated structure factor is very
little changed by including the effects of diffusive motion.

0 + LiQUID ¢ EXPERIMENTAL )
‘++++++¢/++
L)

5
SCATTER ANGLE =90°
41
A
I '
I
3 [ SOLID (EXPERIMENTAL )
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Comparison of calculated structure factor and experimental results at two angles,

The calculated structure factors including this estimated diffusive broad-
ening are shown for two scatter angles in Fig. 6. The smearing of the sharp
"cut-off" of the solid is apparent. Also in Fig. 6 are the liquid structure
factors derived from the experimental results. These are derived, as ex-
plained above, by dividing the observed cross-section by that predicted by
the incoherent approximation using a frequency distribution p(w)~ w?as for
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the solid in the region where the present ''phonon'' calculation can be con-
" sidered to have some meaning (taken as hw > 1 meV} The experimental results
show a marked increase in the structure factor at low energy transfers, this
increase becoming continuously more pronounced as the scatter angle de-
creases. Clearly the calculations given are quite inadequate to explain the
present experimental results,
Further discussion is reserved until more analysis of the results is
completed, ) - ’

BRIEF DESCRIPTION OF RESULTS WITH 4. 0A NEUTRONS

The experimental results taken with 44 neutrons show broadly a similar
behaviour to the results already described. The cut-off for the polyerystal-
line scattering {calculated positions marked with arrows in Fig. 1) appears
in the expected position at scatter angles less than 75°. The scattering ap--
pearing below the cut-offs is probably due to mulii-phonon scattering. The
agreement with the present simple theory for the high peak at @ = 75°is not
satisfactory. At 0 = 90° the two lower spaced planes appear as Bragg scatter-
ing, the inelastic peak at this angle being associated with the third plane in
solid tin, .

In the liquid, for which the structure factor does not fall to zero at low
energy transfers, appreciable inelastic scattering is again seen.

At 0 = 90° the momentum transfer for elastic scattering is equal to the
value for the first peak of the structure factor of Fig.3 and the strong elastic
peak is seen in the experimental results.

CONCLUSIONS

Experimental data on the scattering of cold neutrons by solid.and liquid '
tin are compared to approximate calculation for single phonon coherent
scattering by a polycrystal and its extension to liquids. The cross-section
is represented as a coherent structure factor times the cross-sectionderived
using the incoherent approximation. The structure factor gives a step in the
cross-section corresponding to the appearance of the different planes in the
crystal, analogous to the steps seen in the total cross-section arising from
the appearance of Bragg scattering from the crystal planes. Steps corres-
ponding to the planes in tin are demonstrated in the present experiment. The -
calculated structure factor gives an acceptable description of the experi-
mental results for the polycrystalline solid. More detailed interpretation
would be possible with results on a solid having a simple Bravais lattice for
which dispersion relations were available, aluminium being a possible ma-
terial,

The experimental results on the liquid are similar to those obtained with.
solid tin at high energy transfer, but show much more scattering at low
energy transfers., . This result cannot be explained using the calculated
structure factor for a ''pseudo-phonon'' model together with the assumption
of a Debye frequency distribution of modes in the liquid. This conclusion
is similar to that of the early work of EGELSTAFF [5] who compared differ-
ential cross-sections and average energy transfers with the predictions of
these models.
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DISCUSSION
(On the two foregoing papers)

B.N. BROCKHOUSE: It should be pointed out that Vineyard's con-
volution approximation contravenes the second moment theorem very badly,
especially in the region of small or medium momentum transfer, The second
moment theorem is so soundly based theoretically that it is almost incon-
ceivable that it should be wrong, and in any case it was experlmentally veri-
fied several years ago. *

P, EGELSTAFF: The results on sodium and tin which Mr, Cocking
has just used to test the Vineyard approximation may also be used to test
the de Gennes narrowing effect. This effect is based on the moment theo-
rems and essentially arises from the fact that the t2 term is absent from
the time exXpansion of the interference function. In order to see the 2 term
one has to work in the multiphonon region, and hence de Gennes! narrowing
would not be observed in the one-phonon region. The fact that a strong effect
is observed only a few millivolts from the zero energy transfer position
shows that the narrowing is much stronger than predicted by de Gennes,

K.S. SINGWI: It is true that the convolution approximation violates
the condition that Dr. Brockhouse has mentioned, but in all fairness to
Vineyard, I must say that it is riever meant to be applied in the entire region.
It is true only in the region of small @, and in that reglon I have a feeling
it should not be really much at fault.

P, SCHOFIELD: I might point out that, apart from v101at1ng the mo-
ment theorem, the convolution approximation also fails at long times. In
fact one can show that it can only be true if I; (Q, t) falls off exponentially
with time at all times.

S. COCKING: May 1 add a more elementary point here. Sodium is a
favourable case for testing the convolution approximation since the ionic
radius is small compared with the lattice spacing.

B.N. BROCKHOUSE: With regard to what was said by Dr. Singwi, I
must say that in my view it is in the region of small. Q that the convolution
approximation fails especially badly.

* BROCKHOUSE and POPE, Phys. Rev, Lett, 3 (1962) 259,
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Abstract — Résumé — Anmoramms — Resumen

SCATTERING OF NEUTRONS BY LIQUID BROMINE. Neutrons of 0,037 eV and 0.0088 eV were scattered
from a thin sample of liquid bromine at room temperature, and the energy distributions of the scattered neutrons
measured at angles from 10" to 160° by the time -of -flight method. The angular distribution contirms the
results of a previous study by Caglioti,

Spectra were expressed in the form of the "scattering law™ S(q 8) of Egelstaff and analysed to derive the
generalized frequency distribution p(B) of atomic motions in the liquid. The function p(8) has a broad smooth
peak centred at B~0.3, and shows no evidence for discrete levels in the measured range 0<B < 0.8; the general
shape of the curve supports the "quasi -crystalline” picture of the liquid. Difficulty in the absolute normalization
of p(8) is discussed. =

DIFFUSION DES NEUTRONS PAR LE BROME LIQUIDE, Des neutrons de 0,037 eV et 0,0088 eV ont été
diffusés par un échantillon mince de brome liqude 4 la température ambiante; on a mesu-€, par la méthode
du temps de vol, les distributions d'énergies des neutrons diffusés, pour des angies compris entre 10° et 160°,
La distribution angulaire confirme les résultats d'une étude antérieure faite par Caglioti,

Les spectres ont éte exprimés d'aprés la « loi de dispersion> S(a, B) d'Egelstaff et analysés pour déter-
miner la distribution généralisée des fréquences p(8) des mouvements atomiques dans le liquide. La fonction
p(8) comporte un pic large et i faible pente dont le centre est- 3 8~ 0,3 et ne présente aucune indication
de niveaux discrets dans la gamme rthesurée 0 < 8 < 0,8; la forme générale de la courbe confirme 1'image
«<quasi cristalline>> du liquide. Les auteurs examinent les difficultés qui s'opposent 2 1a normalisation absolue
de p(8).

PACCEAHME HEATPOHOB VIKVM EPOMOM. Heltrponu ¢ :meprueﬁ (;,037 u 0,0088 3B paccenMBamnch TOH-
KMM O0paspoM Xuaxoro SpoMa npv KoMHaTHoH Temmeparype, MaMepasoch pacnpeaelenue dHeprvit paccesEANX
HellTporoB npu yraax or 10 Ao 160° MeTOZOM BpeMeHM NpoleTa. YraoBoe paclpeneleHue NORTBEPEIaeT
Pe3yIAbTATH IDpeAHAymMX MccleaoBanuit KarmvorTu.

CnexTpy 6Mm BMpaxenH B dopme "aaxona paccegung” S (a,B) Jreabcradde M aHaIM3IMPOBAIMCH AIR
BUPENeHUS 06OOmMEeHHOrO pacmpeseleEMs ¥acToT p {p) aAbuxennmdl atomos B mmaxocTH. dymxmusa p (B) umeer
mupoxuit raagxuil DMK, COOTBETCTBEHHO 3HAYeHMD B X 0,3 M He NOKA3NBAET HMNAKMX NAHHMX AARK AMCKPeT-
HEX YpoBHeff B W3MepEeHHOM ananasoke 0 < B < 0,8; ofmas xoHdMrypaumd NeTay NoaTBepxaaer "KpaIMKpU-—
cTanmMgecKyn" KapTURY xuméoc'm. PaccMaTpuBaeTcs npodleMa afcoanTHo#t nopmaamszawmu p (B).

DISPERSION DE NFUTRONES POR BROMO LIQUIDO. Los autores han estudiado la dispersién de neutrones
de 0,037 eV y 0,0088 eV en una muestra de bromo 1iquido de espesor reducido, a temperatura ambiente, La
distribucién energérica de los neutrones dispersos fue medida para dngulos comprendidos entre 10° y 160°,
mediante el método del tiempo de vuelo, La distribucién angular confirma los resultados obtenidos en un
estudio anterior por Caglioti.

Los espectros fueron expresados en la forma correspondiente a la “ley de dispersién” S(x,8) de Egelstaff
y analizados para derivar la distribucién generalizada de frecuencias p(8) de los movimientos atémicos en el
1fquido. La funcidn p(8) tiene un pico poco pronunciado, cuyo méximo corresponde a 8 = 0,3 y no parece
presentar saltos en el intervalo 0 < 8 < 0,8 medido; 1a forma general de la curva confirma la descripcion del
fquido como "cuasi-cristalino”. Los autores examinan las dificultades que presenta la normalizacién absoluta
de 1a funcidn p(8).
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1. INTRODUCTION

Studies by neutron scattering of molecular motions in liquids have been
confined mainly to monatomic liquids, such as molten metals [1] and lique-
fied inert gases {2, 3]. Investigation of polyatomic liquids has concentrated
largely on light and heavy water, in which the hydrogen atoms do most of
the scattering.

A point of considerable mterest in the case of diatomic molecules is
the extent to which vibrations:and rotations in the gas phase can still occur
in the liquid. Energy levels for these processes may be difficult to observe
even if they are present, as they may be greatly broadened by thermal mo-
tions of the molecules; De GENNES [4] has given some guidance on neutron
energies to be used in such a search. There is also much interest in the
details of diffusive motion, e.g. whether this occurs continuously or in a
series of jumps, and whether the diffusing units are single molecules or
large rotating groups-as suggested by EGELSTAFF [5]. A further property
to be investigated is the relationship between the solid and liquid phases
of a substance, and the charges which occur on melting.

One previous study of neutron scattering by liquid bromine was made
by CAGLIOTI et al.{6], using a crystal spectrometer. From the angular
distribution of coherently scattered neutrons they computed by a Fourier
transformation the molecular density distribution function p (r). The major
peak in this quantity showed clearly the presence of the second atom in each
molecule, and gave an interatomic distance in good agreement with other
measurements in the solid and gaseous states. It was shown that the main
features of the parent solid were preserved during the melting process, As
no analysis of the distribution of inelastically scattered neutrons was made,
it was not possible to study molecular motions in detail, though it was shown
fromthe available free volume that the molecules could not be freely ro-
tating.

The aim of the present experiment was to search for rotational and
vibrational levels in liquid bromine and to study the diffusion process. Such
results could then be compared with those from studies of water and mon-
atomic liquids.

2. THEORETICAL TREATMENT

The theoretical developments of EGELSTAFF and SCHOFIELD [7] will
be briefly described here, ‘with the application to the present work.

The experimental data, when correctly normalized, give the double
differential scattering cross-section as a function of scattering angle and
the energy ¢ = E'- E which is transferred in the collision. This is related
to the "scattering law' S(o, B) for the material by:

Ste. B - d‘;s; () Jar e g

The dimensionless quantities ¢ 'and B are related respectively to the mo-
mentum change hQ and the energy change hw by
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where M is the mass of the scattering atom and ¢, its bound scattering cross-
section, k and k'are the initial and final wave numbers of the neutron, kg
is Boltzmann’s constant and T the absolute temperature. Expression of the
data in the form of S{z, 8) has the advantages of reducing the number of
explicit variables from three to two and including implicitly the condition
of the thermal equilibrium of the scatterer. Further analysis is conveniently
performed in terms of S(a, 8).

Although the space-time correlations of the atoms are related to the
scattering law by a Fourier transformation (8], it is preferable to obtain
them by other means, as the range of ¢ and 8 which can be covered experi-
mentally is too small to make direct transformation an accurate method.
Egelstaff shows that a useful alternative procedure is to obtain the quan-
tity [S(e, B)/alo = LW [S(a,B)/a] for all available 8. In practice this is
done by plotting log !S(e, B) /o | against @ at constant B and extrapolating
the linear portion of the plot'to ¢ = 0. This method separates the ''self" and
“interference' terms of S(a, 8) |9]; interference effects, which are impor-
tant only for distances of the order of one atomic spacing, cause the curves
to rise rapidly as o tends to zero but are not significant in the linear region.

The quantity p{B) = B*|Ss (@, B) /o Jo, where Sg is the "'self' portion of
S(o,B), is related by Fourier transformation to the velocity autocorrelation
function of the molecules; p(B) has been called the ''generalized frequency
distribution'' of the molecular motions and shows characteristic variations
with B for different states of matter. For a liquid it shows the general nature
of the motions, in particular whether rotational or vibrational levels are
present. Information on diffusion can be derived from the behaviour of p(8)
as B0, but it is difficult to make accurate measurements in this region.

3. EXPERIMENTAL METHOD

The experimental apparatus has been described in detail |10}, and only
a brief outline will be given here, A system of four phased rotors produces
bursts of monoenergetic neutrons, collimated to a beam size of 1 1/2-in
wide by 1-in high. Twenty scintillation detectors are placed around the tar-
get at angles from 10° to 159°, with a flight path of 1,30 m. Pulses from
each detector are time-sorted into 270 channels of width 6u s and recorded
on magnetic tape, which is scanned after a 24-h run. Pulses from three fis-
sion chambers in the line of the beam are also time-sorted, for calculation
of beam intensity, velocity of the incident neutrons and transmission of the
sample. )

Fig.1 shows the bromine sample holder. The liquid was contained with-
in a teflon ring of internal diameter 2 1/2 in and thickness 0.2 in, with a
small filling hole sealed by a teflon screw. Teflon film 0.002-in thick,backed
for further strength by 0, 005-in vanadium foil, made up each of the two
faces. This containing assembly was clamped between aluminium rings.
The sample and an empty duplicate were automatically interchanged every
15 min, to allow accurate subtraction of background.
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Fig.1

Bromine scatteting specimen.
The specimen is in the form of a thin circular disk, oriented at
45° 1o the neutron beam. Flight path to the detectors is 1.30 m.

The incident neutron energies were 0.037 eV and 0. 0088 eV (A = 1.49
and 3. 06A), with about 200 h of running time at each energy. Transmission
of the bromine layer was 86% at 0.037 eV and 74% at 0. 0088 eV. At the
higher energy, the standard deviation in neutron arrival times at the sample
was 3.5us, and their incident energies was 0. 6%.

An absolute cross-section scale was established by comparing the known
scattering cross-section o, with the total number of scattered neutrons; to
obtain this quantity the net count in each detector was multiplied by sin 6
and plotted against 8, and the smoothed curve integrated numerically over
all angles. The absolute detector efficiencies had been previously deter-
mined by measuring the almost completely incoherent scattering from va-
mnadium.

4. RESULTS

Typical spectra obtained with 0. 037 eV neutrons are shown in Fig. 2.
Backgrounds wereverysignificant, with the ratio (net count/background)
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Time -of -flight spectra.
The net scattered intensity and the background are shown, for detectors
at 82° and 142° to the beam. Incident neutron energy was 0,037 eV,

equal to 0,93 at-142° and 1,03 at 85°, Owing to the poor statistics and the
good energy resolution in the incident pulse, resolution corrections were
not applied to these spectra, )

Such data were converted to the form of S{a, 8) and analysed to derive
the frequency distribution function p(8), in the manner described in Section
2. Plots were prepared of S(o, 8) versus o at constant 8, i.e. for each
time channel or averaged group of three time channels. Some typical ex-
amples are shown in Fig.3. Points for which o was less than 0. 02 were
ignored in the straight-line extrapolations, because a measured angular
distribution (to be discussed below) showed that such points would contain
significant coherent contributions. In fitting the straight lines, the slopes
of the lines were constrained to vary smoothly with 8.
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Scattering law for bromine at 20°C.
Plots of (§/ct) versus ccare shown for some representative values of 8. The
intercept of each fitted straight line is the quantity [S/a], for the given B,

The final results were the averages from two series of measurements
at 0,037 eV, each lasting about 100 h; data taken at 0, 0088 eV could not
be used in this way as « was always less than 0, 02, Data with 3 +ve and -ve
were treated separately and the resulting extrapolations compared later as
a check on consistency of the results, Corresponding extrapolations were
always consistent within estimated errors and no distinction was made be-
tween them in producing the final smoothed curve of [S(a, 8)/a ], versus
8. From this smoothed curve was formed the function p(8) = B2[S{e, B)/a lp;
it is shown in Fig. 4, with estimated uncertainties which are believed to be
rather conservative. .

Angular distributions of the total number of scattered neutrons were
obtained by summing the counts in each detector. The resulting distribution
from 0, 088 eV neutrons is shown in Fig. 5, where the abscissa is the value
of a for elastic scattering at the given angle. For comparison is shown the
curve of Caglioti et al. measured with neutrons of 0. 15 and 0.091 eV. As
the agreement is quite good, the present results confirm their picture of the
structure of this liquid.
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Frequency distribution for liquid bromine.
This curve of p(8) was prepared from a smoothed plot of [S/al,
versus B. Estimated uhcertainties in the curve are shown,

5. DISCUSSION

Egelstaff shows from the moment theorems of PLACZEK [11] that

28 ston B/2) (Ss(e, @)/ loaB = 1 ,
0

where S (¢, B) is the "self" term only, i.e. interference terms have been
excluded. The area enclosed by the function p(B) should therefore be less
than unity, but that contajned by the present curve, integrated to 8= 0.9
.only, is 2,1, A similar tendency towards over-estimation of p(8) has arisen
in studies of Dy,O [12] and UO,[13]. Three possible explanations for such
a discrepancy are the following:

(1) The abolute cross-section scale in the experiment is too high by
a factor of 2 or more;
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Angular distribution.
The full curve is the angular distribution of the total scattered intensity
for incident neutrons of 0,0088 eV, with the results of Caglioti shown

for comparison. The two curves have been arbitrarily normalized.

(2) The procedure for extrapolation of S(a, ) /a curves has not com-
‘pletely removed coherent contributions;

(3) Multiphonon effects at high energy transfer are keeping p(8) high
at high B.

The absolute cross-section scale is based on the published scattering
cross-sections for bromine and for vanadium (used to calibrate the detec-
tors), and seems unlikely that this scale could be incorrect by more than
40%. Further experimental and theoretical work is needed to check the other
two possibilities. Small errors in [S(, 8)/a }; at large 8 would cause sig-
nificant errors in p(B8), owing to the large scaling factor g2,

Results so far have shown no evidence of discrete levels in the liquid,
Although this-may be due to inadequate statistical accuracy, it seems clearthat
there are no dominant levels in the range of energy transfer covered. Ro-
tational levels of the bromine molecule are probably too closely spaced to
be resolvable., The vibrational level in the free bromine molecule occurs

~
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at 0.04 eV [14], corresponding to B = 1,6 at room temperature., To extend
the presently explored range of 8, measurement is needed at higher neutron
energies,

The general shape of p(8) is similar to that found prevmusly for H,O
[15] and D20 [12], and is nearer to that expected for a solid than for apure-
ly diffusing system. . It therefore supports the '"quasi- crysta].hne model
of a liquid,

Further work on bromine will include measurements at higher values
of energy transfer, in a search for discrete vibrational levels. The problem
of the incorrect area under p(B) will be studied more closely.
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DISCUSSION

K.E. LARSSON: In the elements you have used in your investigation
there is a large percentage of coherent cross-section. One would imagine
that the spectra you presented on nickel at several angles should be a mix-
ture of the incoherent scattering picture and an integral over the coherent
one-phonon peaks. Would not these coherence effects also affect the other
results you have shown? :

.B. MOZER: Not to a significant extent.
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N.A. TCHERNOPLEKOV: I should like to make an observation which
to some extent answers Dr. Larsson's question. If we compare the results
of the study of inelastic scattering on natural nickel carried out by Dr. Mozer
and Dr. Otnes with tne results we ourselves obtained on an alloy of nickel
isotopes of zero coherent-scattering amplitude, we see that the critical
points of the specira coincide, and that there is also good agreement as
regards the position of the peaks and their width. In the case of nickel that’
should not be regarded as unexpected, since it possesses a 70% incoherent
cross-section. Of course, when we say that the critical points coincide,
it _muét_ be borne in mind that we have the results of Dr.Mozer's and
Dr:Otnes' work before us in the shape of a diagram only.

B.N: BROCKHOUSE: Can you verify in any way that it is a localized
mode ydu observe, and not a flat band in Q-space?

~ B. MOZER: Well, that's what it is when there are a lot of impurities

and you are really into an alloy system. We are going to try and look at
this with 4 modification of the M&ssbauer experiment and we will look at
a 0:1% alloy The only oiher evidence I could tind now, apart’'ifrom theoreti-
cal calculatlon to prove that such things exist was the work by J.P.Schiffer
on a,lka.h halides, and subsequent measurements have confirmed that this
_is exactly what he sees. The concentration of the hydrogen ions in that
- system is 10Y7 so it is a well-defined localized mode and the mass ratios
are so large that it just sits there and bounces back and forth.

‘On the other hand, there is no evidence at all that what we observed
was in fact an optical band.

SOOI WALLER: I think it is very interesting that it has been possible, in
this way, to see localized modes in metals. This method of Schiffer was
. limited to substances where strong dipole moments are connected with these
vibrations.
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Abstract — Résumé — Aunoranus — Resumen

NEUT RON SPECTROMETRY WORK AT THE CNEN, In this communication the main features of the
triple axis spectrometer recently installed at the Ispra-1 reactor are presented, Preliminary results in the quasi
elastic angular distribution of 14 A neutrons scattered in liquid bromine are shown and briefly discussed.

LA SPECTROMET RIE NEUT RONIQUE AU CNEN. Dans ce mémoire, 1'auteur décrit les principales carac-
téristiques du spectrométre triaxial installé récemment au réacteur Ispra-1. Il donne et examine briévement les
résultats préliminaires des expériences sur la distribution angulaire quasi €lastique de neutrons de 1,4 R diffusés
dans du brome liquide.

PABOTH N0 HEATPORHOA CIEKTPOMETPVYM B HKAD. B 9TOM COOGHEHMM NDUBOAATCA OCHOBHHE XApAaKTe-
PHCTUIM TPEXOCHOrO CNEXTPOMETDA, YCTAHOBIEHHOTO HeAABHO Ha peaxTope "Mempa-1". MoxasupamTes M
KpaTKo O6CYyXfanTCg NPEZBAPUTENbHHE PEIYIALTATH 00 KBAIUYNPYroMy YyrIOBOMY pachpefelesusn 1,4R nell-
TPOHOB, DACCEAHRNX B XMIUNOX GpoMe.

TRABAJOS DE ESPECTROMET RIA NEUTR_()NICA REALIZADOS EN EL CNEN. la memoria describe las
principales caracteristicas del espectrémetro triaxial recientemente instalado en el reactor Ispra-1. Asimismo,
expone brevemente los resultados iniciales de las determinaciones de distribucién angular de neutrones de
1,4 A dispersados en forma cuasi eldstica por bromo lfquido.

A conventional triple axis spectrometer has been very recently put in-
to operation at the 5 MW CP-5 type reactor of the Ispra Centre.

The spectrometer, shown in Fig.1l, allows automatic measurements
of neutron scattering in solids and liquids at fixed values of the momentum
(or of the energy) transfer, through programmed increments of the scatter-
ing angle ¢, the analysing angle 25, and the orientation angle ¥ of the (crys-
tal) sample. Furthermore the spectrometer may be easily converted into
a nominal double axis unit and into an instrument suitable for the beryllium
filtered detector technique.

In the design of such a spectrometer particular care was taken in order
to keep the ratio background signal as low as possible. To this end, we found
it convenient to provide a bulky shielding 60-cm diam. all around the counter,
and to adjust the counter efficiency to the wavelength so as to make it as di-
rectional as possible.

Preliminary results on phonon peaks by a brass crystal, showed a back-
ground level of approximately 2 counts/min when a counter 15-cm long, 5-cm
diam., filled with enriched BF3 at a pressure of 70 cm Hg was utilized; a
background level as low as 0.4 counts/min was reached with a counter of
the same characteristics, but filled with natural BF;, during some mea-
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Fig.1

The triple axis spectrometer in operation at the Ispra-1 reactor.

surements on the molecular modes of liquid bromine performed with the
inverse beryllium filter technique *.

A preliminary analysis was undertaken on the quasi-elastic scattering

in liquid bromine at room temperature with the following purposes:

(a) To study the reliability of the information on the radial distribution
function of a diatomic liquid obtained utilizing the static approxi-
mation through the usual Fourier inversion of a conventional neu-
tron diffraction pattern;

{b) To devise a dynamical model of the liquid based on known
values of macroscopic parameters, useful for an understanding
of the behaviour of the liquid during a time controlled by the energy
resolution of the experimental set-up.

An angular distribution of the intensity diffraé¢ted by a cylindrical sample

2-cm diam, was obtained by pivoting the analysing spectrometer set at the

h,

* The measurements quoted above will be reported el
with J.J. Antal and M. Antonini.

at their letion; they were performed
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wavelength of 1.4 A associated with the neutrons impinging on the liquid
sample. The energy resolution (full width at half maximum)of the mono-
chromating and analysing spectrometers were set at AEg 1.4 10%eV and
AE,~ 2,3 107 Sev respectively [1] . Therefore the quasi-elastic angular
distribution is physically connected with a sort of time average [2] of the
VAN HOVE®s [3] correlation function G (r,t) over a period At of the order
of 1.3 X 10%s,

The quasi-elastic angular distribution obtained for liquid bromine is
shown in Fig, 2. At present the pattern reaches a maximum value of the
wave-vector transfe'r Q= 5. 85A'1 .
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Fig,2

Angular distribution of 1.4A neutrons quasi-elastically scattered from liquid bromine at oom temperature,

The bars represent the experimental data, corrected for the contribution of the quartz container. The dashed

horizontal line is the estimated level of multiple and incoherent scattering. The full line, labelled u?=0.6

2, is the fit obtained through the model discussed in the text, The lines labelled 0,06 A2 and 0.07 &2 show

how sensitive if the fit to the choice of the mean square value 6u® of the nuclear displacement associated

with the solid-like part of the self correlation function. The fit and the experimental data have been arbi-
trarily normalized at the (triangular) point corresponding to Q = 541,

A comparison of the present, limited amount-of data with the corres-
ponding conventional distribution [5] confirms that, even for a heavy li-
quid element, the neutron scattering process is mainly inelastic, with the
exception, perhaps, of events associated with wave-vector transfers under-
lying the first diffraction peak [6] . Therefore it appears that since the scat-
tering angle is not uniquely related with the wave vector transfer when dea-
ling with monochromatic neutron radiation [4, 7] , an experiment should
be performed measuring the iniegrated intensity associated with all of the
possible energy transfers at any fixed value of the momentum transfer.
Measurements of this sort could help to clearly establish some limits on
the re11ab1.11ty of the static approximation whe¥ used in conjunction with the
determination of the radial distribution function of a liquid,

An attempt to fit the experimental data of Fig. 2 has been done utili-
zing VINEYARD’s convolution approximation,c.f.Eq(14) of [4] together with
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a model of the liquid which, in its simplicity, is perhaps .appropriate to
the nature of the information obtainable by this kind of technique. The Fou-
rier transform of the self-correlation function in liquid bromine is assumed
to be made up of two contributions, gas-like plus solid-like, weighted (in
analogy with the vacancy theory of liquids [8]) on the basis of the knowledge
of the molar volumes of solid bromine at its melting temperature and liquid
bromine at room temperature. In the gas-like term (wt. 23%), the effective
mass of a bromine  atom is assumed to be 6/5 times the nuclear mass
[9] . The solid-like Gaussian self corrélation function (wt. 77%) is tentative-
ly assumed to have a width 2u independent of time, whose value is left
free in order to optimize the fit. The interference effects due to instantan-
eous space correlations among nuclei within the liquid are supposed to be
conveniently expressed by the conventional neutron diffraction pattern [5] .
In comparing the experimental points (Fig.2) with the average of Vineyard’s
expression over the energy resolution function of our spectrometer, no
attempt was made to put the intensity data in an absolute gcale.

There are reasons to think that the relatively small discrepancies be-
tween the experimental data and the fit could be partly attributed (a) to the
use of the static approximation we implicitly made when specifying the inter-
ference effects and (b) to the assumption of a time-independent mean square
nuclear displacement 6u2 associated with the solid-like contribution,

It appears from Fig.2 that the quality of the fit depends sensitively on
the amount of local relaxation one attributes to the structure of.the liquid
through the value of y?. In the present case the latter should be about 0.065 A%
in order to produce a reasonable fit. This amount is much larger than the
one computed on the basis of a Debye model of the system, and could be
partly explained by hindered rotations.

As we mentioned above, experiments are now under way at Ispra to
explore other regions of the (Q,w) space, so as to reach eventually a more
detailed picture of the molecular motions possibly present within this liquid.
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Abstract — Résumé — Annoranua — Resumen

DYNAMICS OF LIQUID HYDROGEN BY NEUTRON SCATTERING. The total scattering cross-section of ‘
liquid para -hydrogen for neutrons below about 0.014 eV is found to conform approximately to the Schwinger-
Téller theory for para-hydrogen gas, indicating very weak intermolecular forces. A minimum of about 3 b
per hydrogen atom is reached at about 0,014 eV as a result of coherence of scattering from oppositely oriented
atoms in the molecule. A sharp rise with increasing neutron energy above this threshold corresponds to inelastic
collisions in which the neutron spin is reversed and the molecule is thus converted from para- to ortho-hydrogen,
absorbing the energy difference between the J=0 and J=1 ground rotarional levels of the para and ortho states,’
Preliminary measurements of the neutron energy loss in both energy regions confirm these interpretations and
are being continued for more detailed investigation of liquid dynamics.

~ETUDE DE LA DYNAMIQUE DE L'HYDROGENE LIQUIDE PAR LA DIFFUSION NEUTRONIQUE. La section
efficace totale de diffusion des neutrons dans du para-hydrog2ne liquide pour une énergie inférieure 1 0,014 eV
concorde approximativement avec les résultats donnés par la théorie de Schwinger-Teller pour le para-hydro-
géne gazeux, ce qui montre que les forces intermoléculaires en présence sont trds faibles, Cette section effi-
cace atteint un minimum d*environ 3 b par atome d'hydrogéne 4 0,014 eV environ, par suite de la diffusion
cohérente sur des atomes ayant des orientations opposées dans la molécul€, L'augmentation brusque qui se
produit au-dessus-de ce seuil correspond 2 des collisions inélastiques dans lesquelles le spin est inverséz la
molécule d'hydrogene est ainsi transformée de la forme para 2 la forme ortho, absorbant la différence d'énergie
entre les niveaux fondamentaux de rotation J=0 et J=1 des états ortho et para, Des mesures préliminaires de
la perte d'énergie neutronique dans les deux domaines d'énergie confirment ces interprétations; les expériences
se poursuivent en vue d'une étude plus détaillée de la dynamique de 1'hydrogéne liquide.

IMHAMMKA FAOKONO BONOPOIA TPV PACCEAHMM HEATPOHOB. Hafizeno, WTo nomepeuHoe cedeHMe PacCeaEMs
neflTponos ¢ smepruelt nuxe 0,014 31eXTPOHBOIBT XMANKMM NAPABOAOPOROM COOTBETCTByeT OPMOIN3INTENBHO
Teopuu [Burrep-Teanepa AJA NapaBoROPOAHOrO rasa, NPU ITOM BHABJIEHH OVEHb cJalHe MexXAyMoIexy-
JgpHHe cuuH. [puSausuTeasHo npu 0,014 3P AOCTHUIHKYT MMHMMYM NpPUMEpHOo B 3 .0apHa HA ATOM BoOAOpOAA
B peayapTaTe KOrEPEHTHOCTH DPACCEAHME OT MPOTUBONOJOXRO OPMEHTHPOBAHHHX ATOMOB B ZaHHOM Mozexy-
ze. Kpyrofl cxaqox ¢ yBeanuerueM sHeprvyn HeATPOHOB Hal BTMM NOPOrOM COOTRETCTBYET HEYNPYrMM CTOA-
KHOBORUAM , B xoTopMx HellTponHHHl cnuH felaeTca OGPATHHM M MOJeXyJa TaxuM o6pa3OM npespamaeTcs
u3 mapa B OpT pon, norzomad Pa3’HMUOY IHEPruM Mexxy J = O ¥ J = 1 OCEOBHEX BpAmATENLEMX

Yposnenuil napa- u opro=cocTOsHMH,. NpeaeapuTedbREHe M3IMepeHus NOTepU JIHEPruu HeliTpoHaMK B O0OMUX
dHepreTMYeciix paloHAX NOATBEDAMIM ITY MHTEPIpPeTAUD. ONNTH NPOZOIXADTES.

ESTUDIO DE LA DINAMICA DEL HIDROGENO LiQUIDO POR DISPERSIGN NEUTRONICA. Los autores
comprueban que la seccidn eficaz total de dispersién del para-hidrégeno liquido correspondiente a neutrones
de energfa inferior a 0,014 eV se ajusta aproximadamente a la teorfa de Schwinger-Teller relativa al'para-
hidrégeno gaseoso, lo que indica la intervencién de fuerzas intermoleculares muy débiles. A unos 0,014 eV
se alcanza un minimo del orden de 3 b por dtomo de hidrégeno, resultante de 1a dispersién coherente por dto-

* Work performed at General Dynarnics / General Atomic. .

263



264 A.W. McREYNOLDS and W, L. WHITTEMORE

mos orientados en direcciones opuestas en la molécula, Al aumentar l1a energfa neutrénica por encima de ese
valor umbral se observa un incremento brusco que corresponde a los choques ineldsticos en que el espin neutré-
nico es invertido, con lo que la molécula de para-hidrégeno se convierte en molécula de orto-hidrégeno, -
absérbiendo la diferencia de energia existente entre los niveles rotatorios fundamentales J=0 y J=1 de los
estados para y orto, Las mediciones iniciales de 1a péndida de energfa neutrénica en ambas regiones energéticaé
confirman estas interpretaciones, Dichas mediciones continiian efectuindose con miras a investigar con mds
detalle la dindmica de’los liquidos. '

I. INTRODUCTION

Liquid hydrogen has several special features of structure and dynamics
which distinguish its neutron scattering properties from those of other liquids,
and also of other hydrogenous materials. In general these result from its
being a molecular liquid, characterized by strong binding between the two
atoms of the molecule but by relatively weak inter-molecular forces, so
that its behaviour is similar to the gaseous form.

"~ In all other hydrogenous solids and liquids, the nuclear spins may be
considered completely randomly-oriented. The large difference in the singlet
and triplet scattering amplitudes, ag = -23.67 X 10-13 ,and a; = 5,40X 10-13¢cm,
respectively, therefore leads to a large incoherent and small coherent cross-
section. Since liquid hydrogen exists in the two forms of ortho (parallel
nuclear spins) and para (anti-parallel nuclear spins) coherent scattering is
much more important. In para-hydrogen, destructive interference of the
scattered waves leads to a low total cross-section.

The effect of weak intermolecular binding is that the individual molecule
is relatively free in both translational and rotational motion. Evidence from
specific heat measurements indicates that the molecule rotates rather freely
in liquid and even in solid state. The quantum mechanically- allowable ro-
tation states are given by the equation

E = (h? /ma?)J(J + 1) = 0.015(J/2)(J + 1) (1)

where even J values correspond to the para state and odd to the ortho state,
as given in Table I. In addition, there is to be expected a continuum oftran-,
sitional energy levels, corresponding to the motion of the molecule within
the shallow potential well determined by the surrounding molecules. Levels
corresponding to relative vibrations of the two atoms in a molecule of course
occur at energies substantially above the rotational energy levels.

TABLE 1

ENERGY LEVELS OF LIQUID HYDROGEN

J E
Para Ortho eV
0 -0
1 0.015 , |
2 0. 045
3 0. 090
4 : 0. 150
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These general aspects of the dynamics of liquid hydrogen have been
investigated experimentally by the scattering of low energy neutrons from
an electron linear accelerator. The present paper discusses the general
features of neutron scattering in liquid H, as compared to H, gas, and parti-
cularly the conclusions which may be derived from the simple measurement
of total scattering cross-section. The accompanying paper reports further
and more detailed information from inelastic scattering measurements.

II. NEUTRON SCATTERING FROM GASEOUS HYDROGEN

There was a gpecial and fundamental interest in the study of neutron
scattering from molecular hydrogen very early in the history of neutron
physics to determine the spin dependence of n-p interactions. For scattering
of thermal neutrons - energy in the range 0,025 eV - from H; molecules,
reference to Table I shows that four different elastic or inelastic scattering
interactions are energetically possible:

00 para-para (elastic);

0—-1 para - ortho (inelastic);

1-1 ortho-ortho (elastic);

1 -0 ortho - para (inelastic).

On the basis of an assumed spin dependence of the n-p interaction SCHWINGER
and TELLER [2] derived the theoretical relation of total cross-section to
neutron energy for each of these four cases, as shown in Fig. 1. Two ofthese -
cases, para - para and ortho - ortho, correspond to simple elastic scattering
in which no rotational energy level is concerned. The two inelastic cases,
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para - ortho and ortho - para, combine two effects. The neutron is scattered
with reversed spin orientation, having exchanged with one of the hydrogen
atoms, but with negligible energy associated with the spin reversal. At the
same time, however, the molecule must gain or lose an amount of energy
equal to the difference between the-J = 0 and J = 1 ground rotational states
of the para and ortho orientation. The cross-sectionfor scattering from para-
hydrogen therefore has a threshold at the energy necessary for excitation
of the first rotational level. Above the threshold the cross-section rises
rapidly with increasing probability of inelastic scattering; below, the cross-
section is much lower than the 20 b free H value, as a result of destructive
coherence between the scattered amplitude from the oppositely-oriented
hydrogens.

The curves, as shown in Fig. 1 are of course only gualitatively correct,
as they were based on values of the scattering amplitudes only inaccurately
known at the time, but were sufficient to demonstrate the spin dependence
of n-p scattering. More careful measurements of the molecular cross-
sections were later made by SUTTON, LONG et al. [3] for the purpose of
more precise determination of the individual scattering amplitudes. These
measurements were carried out intentionally at energies low enough (4] to
avoid inelastic scattering by excitation of rotational levels, and on H, gas
to avoid possible effects of inter-molecular binding. No measurements have
been previously made, however, on liquid hydrogen, or on gaseous para-
hydrogen in a higher range of incident neutron energy. '

Referring again to Fig. 1, it is seen that the effects of inter-molecular
binding on translational motions may be investigated by neutron -scattering
in the low energy region, where no rotational excitation occurs; the degree
of hindrance of rotational motion should be revealed particularly by the
sharpness of the threshold, as well as by the form of the cross-sectioncurve
‘with increasing energies.

A liquid nitrogen temperature paraffin moderator was used to increase
flux of the low energy neutrons, and liquid hydrogen as a cold moderator
was briefly investigated [4] .

III. TOTAL CROSS-SECTION MEASUREMENTS

The general experimental method has been described elsewhere and
is here only briefly outlined; Neutron pulses of about 5 X 10!® neutrons were
produced in a Pb target by bombardment with an 80 mA beam of 24-28 meV
electrons from the linear accelerator, and were moderated in a small block
of liquid nitrogen temperature polyethylené’. Time-of-flight over a 3 meter
path from source to BF; detectors was recorded on a 256 channel recorder,
with 16, 32 or 644s channels. For energy calibration, primarily a more
precise determination of the average emission time of the neutron pulse
from the cold moderator, the positions of the 0. 005, 0,010, 0.015, and
0. 020 eV Bragg diffraction cut-offs in iron were determined by transmission
of the beam through a polycrystalline sample.

The liquid hydrogen samples were in flat aluminium containers of se-
veral thicknesses ranging from 8 to 40 mm, placed inside a previously des-
cribed [5] vacuum cryostat with multiple aluminium and stainless steel
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walls, and so arranged that samples of different hydrogen thickness and
dummy containers of the same aluminium wall thickness could be inter-
changed by rotation of the cryostat., Two types of samples were studied, the
75% - 25% ortho-para mixture which characterizes room temperature hydro-
gen and which persists, in approximately this ratio, for a reasonable time
after liquefaction, and the approximately 99. 75% para-hydrogen mixture,
which is the equilibrium distribution to which the liquid reverts with a half-
life period of several hours, in the absence of catalysts. In all cases measure-
ments were made on the liquid at its boiling point of approximately 20. £K
for normal atmospheric pressure. To obtain these two distributions, there-
fore, the samples were liquified either immeédiately- before measurement
or a period of several days before.

Figure 2 shows the total transmission cross-section versus energy for
these two mixtures, which are indicated as ortho-para and as para, respect-
ively. The insert on that figure shows data determined with higher instru-
mental resolution over the restricted energy range 0.010t00.020eV inorderto
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a) ) . ’ b)
' Fig. 2

(a) Theoretical elastic (0 —» 0) and inelastic (0 — 0) scattering cross-sections
of para-hydrogen molecules calculated in 1937 by SCHWINGER and TELLER
{2]. Doppler broadening is neglected.
(b) Theoretical elastic (1 —» 1) and inelastic (1 — 0) scattering cross-sections
~of ortha-hydrogen molecules calculated by Schwinger and Teller.

investigate the sharpness of the threshold for inelastic scattering. For.com-
parative purposes Fig. 1 includes two lines, labelled para-Hz gas and ortho-
H2 gas, and representing the results of SUTTON, LONG et al. (3] . The solid
portions of these lines are curves of the Schwinger-Teller form best fitted
to their experimental data, over the energy range of their measurements,
.and the dotted portions are extrapolations to higher and lower energies, still
followmg the Schwinger-Teller form. It should be noted that these curves
apply to the hypothetical, but experimentally unobtainable, pure para and
ortho gases, whereas our data apply to the mixtures as described above,
and in the ortho-para case to a somewhat indeterminate mixture ratio, since
reversion to the para state was taking place slowly during the several hours
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of the experiment, These differences are not significant, however, to the
qualitative conclusions derived. :

IV; DISCUSSION OF RESULTS

A general comparison of the experimental data of Fig. 2 with the theo-
retical curves of Fig. 1 indicates that the neutron scattering properties of
H, liquid approximately follow those predicted for Hz gas by the Schwinger-
Teller theory,

For incident neutron energies too low to excite the first rotational level,
scattering by the para-hydrogen molecule is an elastic process for which
the total cross-section is

0o, 0 = ko o(3a1 + ap)*

where ko, o is an energy dependent factor as derived by Schwinger and Teller,
ap and aj are the singlet and triplet scattering amplitudes, and the combi-
nation 3a; + ap is proportional to the coherent scattering amplitude. Using
the more recent value 3, 74 X 10713 for the coherent scattering amplitude
(6] , the curve shown in Fig. 2 would be lower by about 10%. If the molecule
were completely bound, this total cross-section should be increased by the
reduced mass factor (3/2)2, The fact that experimental data for the liquid
agree rather closely with the values for para-hydrogen gas may be taken
as an indication that translational recoil motion of the para molecule is
practically unaffected by binding forces. Effects in ortho-hydrogen for low
incident neutron energy are similar but somewhat more difficult to interpret,
for several reasons. The total cross-section is the sum of an elastic scatter-
ing term 031, ; and an inelastic term 01, ¢ , the latter representing ortho-
para conversion, with neutron energy gain, which is possible at all incident
energies. The measured values also 'represent an average of ortho and para
molecules in a ratio of approximately 75% - 25% but not accurately known,

At higher energies, in the range 0,010 to 0. 020 eV there is a sharp
rise in the liquid para-hydrogen cross-section, evidently corresponding
to an additional term 04 ; for inelastic scattering by para-ortho conversion.
The theoretical form of the og, 3 term for Hy gas is shown in Fig.1. Although
the energy required to raise the molecule to the ortho ground state is 0, 015
eV, the threshold neutron energy is (3/2). 015 = 0,023 eV, since conservation
of momentum for collision of the mass 1 neutron and mass 2 molecule re-
quires that at threshold 1/3 of the energy remains in translational motion
of the neutron and recoil molecule, Differences between the experimental
data and the theoretical curve are to be expected both in sharpness and in
position of the threshold.,

Even in the case of the gas, the curve in Fig. 1 is derived on the as-
sumption of a stationary molecule and takes no account of Doppler broaden-
ing. Since at the boiling temperature of 20, 4°K, kt = 0, 0017 eV, the shape
of the minimum should be significantly modified by Doppler effect. For
liquid, inter-molecular binding forces are expected to introduce further
broadening, increasing according to the extent of hindrance of rotation of
the molecule. The measurements shown in Fig. 2 were not at very high re-
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solution, and no attempt has been made to correct for Doppler broadening;
however, preliminary higher resolution measurements in the region of the
threshold, shown in the insert at the top of Fig,.2, show a sharpriess which
qualitatively indicates free rotation, - :

The position of the cross-section minimum for liquid para-hydrogen
is definitely below the 0, 023 eV value expected for a free gas, and more
nearly at 0,015 eV. This would indicate that the molecule is bound in the
sense that, for an inelastic neutron collision, its centre of mass is fixed
with respect to the surrounding molecules, allowing the neutron momentum
to be transferred to the entire system and the neutrons total kinetic energy -
to go into raising the molecule from the J = 0 para to the J = 1 ortho state.
This conclusion seems somewhat in conflict with the free molecule behaviour
at lower neutron energies and indicates the need for more carefully quanti-
tative measurements near the cross-section minimum, _

The sharp minimum of the neutron scattering cross-section of liquid
para-hydrogen is similar in shape to the minimum in the cross-section of .
metallic hydrides. There is, in fact a strong analogy between these cases.
In the case of zirconium hydride, it was shown {7, 8} that, since the indi-
vidual hydrogen atoms are isolated from each other, being isotropically -
bound at the centre of a tetrahedron of zirconium atoms, they act as inde-
pendent oscillators with discrete energy levels at multiples of 0,13 eV. The

“hydrogen atoms bound in a metallic hydride were thus shown to act as an
Einstein crystal.and to behave very closely in accordance with the Fermil[9]
bound harmonic oscillator-theory. The present experiments show that, since
the individual hydrogen molecules are nearly isolated from each other, being

" weakly bound to the surrounding liquid; they act as independent rotators,

with the discrete energy level 0.015 eV. The hydrogen molecules bound in
the liquid are thus shown to behave very nearly in accord with the Schwinger-
Teller theory for a free molecular gas.

V. LIQUID HYDROGEN MODERATORS AND FILTERS.

Liquid hydrogen is an almost uniquely useful moderator to serve as a
source of cold neutrons, The present results verify several significant points
concerning its moderating properties. From 0,015 eV up through the thermal
energy range, it is seen that liquid para-hydrogen has a high cross-section
for inelastic scattering by which the neutron loses a relatively large amount,
0.015 eV, of its energy., More important fér the low temperature moderating
properties, even below the 0.015 eV threshold, there is an effective means
of neutron energy loss, since the molecules behave approximately as a free
gas of mass 2 scatterers. More precisely, there is a continuum of very
low_energy states of tranlational motion, so that a mechanism exists for
the neutron to reach thermal equilibrium with the moderator. This is in
contrast to other hydrogenous moderators, all of which are solids at 20°K
and therefore lack low energy states for energy exchange with neutrons.

It should also be noted that liquid hydrogen has some uniquely useful
properties as a filter for slow neutrons. The cross-section minimum of
liquid para-hydrogen is in the vicinity of 0,015 eV and is lower by a factor
of 8 to 10 than the cross-section above 0,060 eV. While beryllium filters
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can be used to transmit neutrons in the energy range 0 to 0. 005 eV, aliquid
para-hydrogen filter extends this range three-fold to 0 to 0,015 eV, If has
already been possible to work in this range with single crystal filters such
as lead and quartz, but with the considerable disadvantage that the filter
transmission is not a smooth function of energy but depends in a complicated
way on the energy and the orientation of filter crystals. The liquid hydrogen
cross-section is, of course, a smooth function of energy and independent
of direction, Although there are some disadvantages in the requirement of
a double-walled storage cryostat and some safety precautions, these may
in many cases be warranted by the favourable filter characteristics. Astill
higher energy ''cut-off'' of the filter could be attained by using gaseous para-
hydrogen, for which the inelastic threshold is at 0,023 eV, In this case,

a rather large volume of filter would need to be maintained at low temper-
ature, to retain the para-state.

VI. CONCLUSIONS

From the observed total neutron scattering cross-section of liquid para

and ortho-hydrogen, it may be concluded that:

(1) The cross-section of liquid para-hydrogen agrees generally with
the Schwinger-Teller theory for gaseous para-hydrogen, indicating
weak intermolecular binding in the liquid, in particular,

(2) Agreement with the gaseous values in the region, 0 to 0,015 eV,
of coherent elastic.scattering indicates freedom of translational
recoil motions.

(3) A sharp rise in cross-section at gbout 0, 015 eV corresponds to in-
elastic scattering by para to ortho conversion, acconipanied by
neutron spin reversal, and indicates freedom of rotation of mole-
cules.

(4) Both para- and ortho-hydrogen should act as effective neutron mode-
rators even at neuiron energies too low for excitation of rotational
levels, since neutron energy can be absorbed by nearly free recoil
of molecules,

VI, FURTHER MEASUREMENTS

Although the total cross-section measurements give a good qualitative
picture of the liquid dynamics, two types of more difficult measurements
are clearly of value. Measurements with polarized neutrons, to observe
the spin reversal of scattered neutrons, would more clearly verify the inter-
pretations and distinguish between elastic and inelastic scatterings. but would
be difficult for inténsity reasons. A more quantitative picture of the spectrum
of vibrational energies of molecules in the liquid, and of the degree of hind-
rance of rotations, can be obtained from the differential scattering cross-
section as a function of angle and energy. Measurements of this type are
described in an accompanying paper.
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DISCUSSION
(On paper by G. Caglioti and P. Ascarelli)

B.N. BROCKHOUSE: I would just like to comment that I don't think
you are actually using the Vineyard convolution approximation - what you're
using is certainly not forbidden by the moment theorem because you are
applying it to the quasi-elastic part of the scattering only. The Vineyard
approximation applies to the whole scattering pattern and this is forbidden
by the moment theorem. I think recent experimental data suggests that the
approximation you are using is not too good, but it is not absolutely for-
bidden,

K.S. SINGWI: I do not understand your comment. When the question
of Vineyard convolution approximation came up I said that for small Q, small
energy transfer, and when the time is large and the distance is large, the
approximation should give good results. It seems you do not agree? Or do
you?

B.N. BROCKHOUSE: It is a question of energy transfer and not mo-
mentum transfer.

K.S., SINGWI: It is both. If Q is small, R is large. It means that when
the atoms are far apart then the self part is quite good. That is whatImeant.

A, SJOLANDER: In your experiment, Dr. Caglioti, you average over
a fairly long time, so one might expect simple diffusion theory to give rea-
sonable agreement. Have you tried this most simple model and, if so, have
you found bad agreement?

G. CAGLIOTI: This attempt to fit the experimental results should
be regarded as preliminary. Since the agreement of our simple model with
the present amount of data may be regarded as satisfactory, we have not
yet tried any other models, but it is possible that we will have to have re-
course to other models when more experimental data is suitable.
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Abstract — Résumé — Amnoranas — Resumen

NEUTRON INTERACTIONS IN LIQUID PARA- AND ORTHO~-HYDROGEN, An experimental method is
described which utilizes a simple Fermi-type chopper and conventional time -of-flight techniques in con-
junction with an electron linear-accelerator pulsed neutron source to study inelastic scattering of thermal
neutrons from liquid para- and ortho-para-hydrogen, The overall general agreement between theory and
experiment supports the concept thatthe molecules in liquid hydrogen behave nearly asthey wouldin a "perfect”
gas. For liquid ortho-para-hydrogen, however, the extra broadening of ‘the energy distribution of scattered
neutrons suggests that some effects of the liquid state may be present, Similar observations on para-hydrogen
indicate that, in this liquid as well, the motion of the molecules is affected by weak intermolecular forces.

INTERACTIONS NEUTRONIQUES DANS L'ORTHO-HYDROGENE ET LE PARA-HYDROGENE LIQUIDES. Les
auteurs décrivent la méthode expérimentale, fondée sur 1'emploi d'un sélecteur simple de Fermi et de tech-
niques classiques de temps de vol, qu'ils ont employée pour étudier, au moyen d’une source de neutrons pulsés
produits par un accélérateur linéaire d'électrons, la diffusion inélastique des neutrons thermiques dans du para-
hydrogéne et de 1'hydrogéne ordinaire liquides. La concordance générale entre les résultats théoriques et ex-
périmentaux confirme 'hypothése selon laquelle les molécules dans I'hydrogene liquide se comportent 3 peu
prés comme dans un gaz < parfait>, Toutefois, pour I'hydrogéne ordinaire liquide, le plus grand élargissement
de la distribution d'énergies des neutrons diffusés donne 3 penser qu'il pourrait se produire certains effets de
1"état liquide. Des observations semblables sur le para -hydrogéne indiquent que, dans ce liquide également,
le mouvement des molécules est influencé par des forces intermoléculaires faibles,

HEATPOHHHE B3AVMOREACTBMA B RMOKOM MAPA- i OPTOBOAOPOIE. O ercs P TanpHu

METON, TPM KOTOPOM MCMOABIYEeTea NmpocTod MpepHBaTeNb THOA depPMM M OGHUHME METOAM BPEMEHM mpole-
T8 B CBR3U C ucnonbsosuuéu 30eXTPOHHOrO IMHeAHOro ycKOpUTels B KavecTBe NYALCUPYRmEro HCTOUHMKA
HEATPOHOB LIA M3YUEeHHA HEYNPYIroro PACCERHWS TENIOBHMX HeATPOROB XMAKMM Dapa- ¥ OPTONAPABOAOPO —
AoM. Xopomee COOTBETCTBME TEOPUM M IKCHEPUMEHTZ NOATBEPEAZAET KOHUESOUMD O TOM, WTO MOJEKYAM B
TUAXOM BOZOPORE BEAyT ce6s IMOUTH TAK Xe, KAK ecau OH OHM OMiM "uMaeanpnsu” rasoum. [lag xmaxoro
opromapasosopoaa dHepreruueckuit cnextp pacceanHux KelTpoHOB yBemnuMBaeTcs, XaKk molaraercs, B

Pe3ayanTaTte HEXOTOPOrO BIMSHAS XMAKOrO COCTOSHUA BemecTBa. To xe Haé 3a papa P

YXAIWBADT, WTO B STOH XMANOCTH ABMXEHME MOJEKYd TaKXe HAXOAMTCS NOZA BIMTHWEM CIACKX MEXMOJEKYy-
XAPHEX  CHI.

INTERACCIONES NEUTRONICAS EN PARA-HIDROGENO Y ORTO-HIDROGENO LIQUIDOS. Llos autores
describen un método experimental en el que se utiliza un selector sencillo tipo Fermi y el procedimiento
cldsico del tiempo de vuelo, junto con un acelerador lineal de electrones como fuente pulsada de neutrones,
para estudiar la dispersién ineldstica de neutrones térmicos por para-hidrégeno y orto-para-hidrégeno liquides.
La concordancia general entre los resultados obtenidos experimentalmente y los valores tedricos confirma la
" hipdtesis de que las moléculas se comportan en el hidrégeno liquido casi como si se tratara de un "gas perfecto™
Sin embargo, en el caso del orto-para-hidrégeno liquido, €l considerable ensanchamiento de la distribucién
energética de los neutrones dispersos sugiere la intervencién de algunos de los efectos correspondientes al
estado liquido. Observaciones andlogas en el caso del para-hidrégeno indican que, tambi€n en este liquido, el
movimiento de las moléculas se ve afectado por fuerzas intermoleculares débiles,

) .
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INTRODUCTION

The techniques of neutron inelastic scattering have been applied to the
study of liquid para-hydrogen and liquid ortho-para-hydrogen. This pre-
liminary report covers the early phases of this research. An important
goal is to investigate the respect in which the behaviour of liquid para and
" liquid ortho-para-hydrogen differs from a perfect gas. In order to do this,
certain aspects of the scattering system have been examined theoretically
to select proper experimental conditions.

THEORY

The scattering of low energy neutrons from liquid hydrogen has been
investigated theoretically by G. SARMA [1] . His treatment utilizes the for-
malism of VAN HOVE [2] to describe, in Born approximation, the scatter-
ing by a system of particles subject to the assumptions that (a), the Hamil-
tonian is independent of the spins and (b), there are no correlations between
the position and orientation of a particular molecule nor between the orien-
tations of different molecules. Moreover, the hydrogen molecule is approxi-
mated by a simple rigid rotator and thus possesses the rotational states

Ej = (h? /ma?)J(J + 1) = 0.015(J/2)(J + 1)eV (1)

where m is the proton mass and a = 0.75 A, the distance between the two
protons in the hydrogen molecule. Consideration of the vibrational modes
is neglected since the incident neutron energies in the range of interest are
much smaller than the minimum energy necessary to excite the lowest of
these modes.

Under the above assumptions, the differential cross-sections for '667
herent" and "incoherent' scattering may be written respectively as the four-
dimensional Fourier transforms of the "distinct' and '"self' parts of the
Van Hove pair distribution function G(r, t). The differential "coherent" cross-
section, which accounts for that part of the coherent scat’éering arising from.
different molecules, is negligibly small, so.that the 'incoherent' cross-
section alone defines the scattering. Direct comparison between theory and
experiment depends on the form of Gs(r, t). As a first approximation, Sarma-
considers the case where intermolecular forces may be neglected and takes
for Gs (_r_, t) the auto-correlation function of a perfect gas. With this model
the differential "incoherent” cross-section takes the form:

1

he K2 ']2

oo - 5, -5, - BX]
d#¢__(, m X o eyplm o 3 L (2)
dQdE Tk T/ Dk, K K ThEK

In this expression K = k - k;, where k; and k are the neutron wave vectors
before and after scattering. The term f;_, ;. 1s a function of Ka/2 (and there-
fore of angle) and its value depends strongly on the initial and final states
of the hydrogen molecule; i.e. upon the transition considered.

In the para and ortho-meodifications of liquid hydrogen, all ofthe mole-
cules are assumed to be in their lowest states (J = 0 and J = 1, respectively).
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Thus, for incident neutron energies less than 0.1 eV, the following are the
only values of f;_, pthat need be considered:

f

= 2
040 4pg A

2
coh’ Bb
f0 —1 = 12p0 Amcoh B%

f1—»1 = 4p; (A%:oh * 2/3A ncoh)(B2 + 2B2) (3)

f1 —0 (4/3)131 Aizncoh Bf

fiog = (4/3)p1A%con (2B + 3B3)

Here p; is the statistical weight of the ‘'molecules in the state J and the B’s
are spherical Bessel functions of the argument (Ka/2). These values of f
can differ by several orders of magmtude because of the difference in the
values A2y = 3.57 X 1072 b and A% ;n =1.59 b.

The numerator of the exponent in Eq. (2) expresses the conservation
of energy in terms of the energy transfer hy = (EI- - E;) and the momentum
transfer hK. Expressing these in terms of energy, i.e.:

ho - (Ep - Ej)=Ey - E- (Eyr -~ Ep)
(4)
n2K? = 2m(E + E, - 2/EE, coso)

where E; and E are the initial and final energies of the neutron and ¢ is the
angle of scattering, Eq.(2) can be rewritten:

-1/2 172 A
o _arkgT) E/B) Aty 0r)  O[b(E, - 20y +3[EE, coso) - B
dQdE [E +Ey - 2/EE; cosg) 8kgT(E + Ey - A/ EEq cosg) ‘
(5

Thus, takes on its maximum value when

d?g
dQdE
= 1/3(Ey - 2AE;; + 2/EE, cos o) (6)

is in agreement with what one would expect from simple classical consider=
ations. The exponential term in Eq. (5) describes an intrinsic broadening
associated with each of the scattering components and, as a consequence
of the initial assumptions, this broadening is due entirely to the thermal
motions of the hydrogen molecules.

Inasmuch as our initial measurements have been obt ained with ¢ = 90 deg,
further consideration will be limited to this special case, Eq.(5) then re-
duces to

1/2 1
d?o _ _1/9 (E £ 9$(Ey - 2AEy ) - EP?
dQdE !, - 4(2nlp T) ) (E +Eo W2 *P ™7 gryT(E + Ey)

(7
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If the average energy after scattering,

E = (Ep - 2aEpy)/3

is assigned to all values of E, except in the numerator of the exponent, the

exponential in Eq.(7) is a simple Gaussian with its full-%idth at half-maxi-
mum given by

5€ = (4/3)(2k3TIn2)"? (& + B, )2 ®

To the same degree of approximation and letting ¢ = 1/3(E, - 2AEp,) - E,
. we can integrate (7) obtaining

do | 8B -2aEp )" (%) @)
dQ ' en/a 3 3Eg il 2,

where the argument Ka/2 has the value 0. HEy ~AEp;/ 2)1/2 when the ener-
gies are expressed in units of milli-electron volts (meV):

The broadening 6 £ depends both on the incident neutron energy and on
the transition considered. This dependence is shown in Fig.1 where the
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Fig.1

Theoretical broadening of the distribution in energy of neutrons
’ scattered by liquid hydrogen.

énergy broadening for 90 deg scattering is plotted as a function of E; for
the various scattering components. It is seen that in all cases the broadening
is quite large for all but the lowest energies. The dotted portions of the two
lower curves represent the energy ranges where the incident neutron energy
is insufficient to excite these transitions.

In applying Eq.(9) to the case of para-hydrogen, it is necessary tocon- .
sider only the two scattering components associated with the transitions
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0 - 0 ("elastic') and 0 » 1. By substituting the appropriate values of fj_p
from Eq.(3) with py =1 into Eq.(9), the magnitudes of the partial cross-
sections at ¢ = 90 deg for these scattering components are easily calculated.
The results are shown in Fig.2 as a function of the incident neutron energy.
The "elastic" component is proportional to A%ey and is so small that ten
times its value has been plotted. It is of interest to note that both cross-
sections vanish for particular values of E;.
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Theoretical differential cross-sections for scattering at 90° from para -hydrogen,
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Theoretical differential cross-sectiofis for scattering at 90 from ortho -para -hydrogen.

Fig.3 shows a similar plot of the differential cross-sections evaluated
at ¢ = 90 deg for the various components scattered from ortho-para-hydrogen.
In this case all of the transitions listed in Eq.(3) are possible and the curves
shown were calculated assuminga 2:1 ortho~to-paramixtures(i.e.p =0.67
and pp = 0.33). Although this relative concentration has not been measured .
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for the present experiment, this assignment is reasonable for the present
experimental conditions.

It should be noted that the approximations made in the derivation of
Eqgs.(8) and (9) are not generally valid. When E = 0 or when its value is small
and comparable with the expected broadening, the representation of a scat-
tered component as a simple Gaussian is not sufficiently accuraté. In such
cases an exact evaluation of Eq.(7) has been made in comparing theory with
the experimentél results. An example of such an analysis is shown in Fig.4
where the scattering components, (0 >1), (1-0), (12}, and (00, 1 > 1),
are exhibited for 0.065 eV neutrons incident on ortho-para-hydrogen.

{O—=1) ORTHO -PARA HYDROGEN _{
Eo = 65SmeV

20

N oA N O

de
e ¢ = w/2 ARBITRARY UNITS

| 1 N
4 8 2 16 20 24 28 32 36 40 44 48 52 56

SCATTERED NEUTRON ENERGY - meV

Fig.4

Four components of the scattering from ortho -hydrogen at 90° for neutrons with £, = 65 meV.

EXPERIMENT

The experimental method employed is closely related to the conventional
double chopper, the essential difference being the substitution of an electron
linear accelerator pulsed neutron source for the first chopping element.
A schematic drawing of the experimental arrangement is shown in Fig.5.
Five us bursts of high energy neutrons are produced when electrons from
the accelerator strike an electron-neutron converter. A fraction of these
are moderated and directed towardthe chopperlocated 2.8 m from the moder-
ator. The neutrons transmitted by the chopper strike the sample and those
scattered at 90 deg are detected by a BF3 counter bank 1.6 m from the
sample. The time distribution of the scattered neutrons is recorded by a
256-channel analyser operated with 16 yus channel widths.

The repetition rate of thé accelerator and the rotational speed of the
chopper are operated at the same frequency and the energy of the neutrons
incident on the sample is determined by the phase of the accelerator pulse
with respect to the instant that the chopper is open. This phase can be con-
tinuously varied electronically by changing the delay of the chopper control
pulse which triggers the accelerator. In practice, the useful range of energies
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Fig.5

Experimental arrangement for neutron inelastic scattering measurements
using an electron linear accelerator.

is limited by the available intensity and the chopper transmission function
but extends from ~0.0005 eV to ~0.25 eV,

For the present measurements, -the apparatus outlined above has been
- used to select those incident energies which eliminate one or more of the
scattering components. In order to facilitate the discussion these energies
are summarized in Table 1. In the case of para-hydrogen the scattering
is effectively due to a single component for the incident energies chosen,
For E; <0.030 eV, the neutron energy is insufficient to excite the first ro-
tational level while above this threshold the (0 - 1) is predominant due to
the very small cross-section of the "'elastic" (0 - 0) scattering. The situation
with ortho-para-hydrogen is more complicated since at least one inelastic
component is present in addition to the "elastic" (0 » 0, 1 — 1) scattering.

TABLE I

SELECTED OPTIMUM INCIDENT ENERGIES, E,, TO REDUCE
CERTAIN CONTRIBUTIONS TO THE SCATTERING AT 90 DEG.
FROM VARIOUS ROTATIONAL LEVELS IN LIQUID HYDROGEN

Scatterer ~ Ey(eV) Contributions
<0.030 0—0
p-H ~ 0. 065 0—1
~0.170 0—0
< 0.030 1—1, 00, 1-0
o-p-H 0.030> 0.060 1-1, 050, 150, 01
~0.170 1-1, 00, 12




280 : W. L. WHITTEMOREand H. R. DANNER

The instrumental resolution was measured over the range of incident
energies employed by measuring the elastic scattering from a thin sheet
of vanadium. AT is the width at half maximum for the observed scattered
distribution and T is the flight time for the flight path from the scatter to
the detector. The values found forA T/T vary between 0.05 and 0. 10 depend-
ing upon the exact experimental conditions; i.e. chopper speed, beam di-
vergence, and moderator used as the neutron source. Although the resolution
is inadequate for many applications, it is satisfactory in the case of liquid
hydrogen due to the large intrinsic thermal broadening associated with the
various scattering components. Finally, the calibration of the energy scale
was determined by measuring the different flight times for elastic scattering
from vanadium over different known flight paths with other experimental
conditions held constant.

Fig.6 shows the measured distribution of initially mono-energetic
0,065 eV neutrons scattered at 90 deg from a sample of liquid para-hydrogen
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Experimental data for 0.065 eV neutrons scattered by a 1 mm layer of para-hydrogen.
Theoretical predictions based on a perfect gas model are also shown,

having a nominal thickness of 1 mm. Here, as in all subsequent measure-
ments, the data have been corrected for the background measured with cad-
mium interposed between the moderator neutron source and the chopper.
This method of measuring backgry'%nd was adopted because it includes the
moderation of the general ''fast' deutron background by the sample. It does
not, however, account for the elastic scattering from the container which
appears as the relatively sharp peak centered at E, in the data. The dashed
curve represents the predicted theoretical scattering corrected for instru-
ment resolution and plotted with an arbitrary normalization. Though the
experimental and theoretical curves agree in position, the observedbroaden-
ing, 0.020 eV, is approximately 20% greater than the predicted value of
0.017 eV. R
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Similar representations of the scattering from ortho-para-hydrogenare
shown in Figs. 7and 8 where the incident neutronenergies were0.065eV and
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Experimental data for 0,065 eV neutrons scattered by a 1 mm layer of ortho-para-hydrogen.
Theoretical predictions based on a perfect gas model are also shown.
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Experimental data for 0.04 eV neutrons scattered by a thin layer of ortho-para -hydrogen.
Theoretical predictions based on a perfect gas model are also shown,

0.040eV réspectively. Comparable measurements have also been made utilizing
higher incident neutron energies and in all cases the observed broadening
is greater than predicted on the basis of s perfect gas model. Although the
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theoretical curves were plotted in Figs.6, 7 and 8 with arbitrary normali-
zation, it may be useful for future reference to compare for two cases the
relative theoretical and experimental values. For E; = 0,065 eV and for
the peak of the scattered neutron distributions

<deE> /(dQ)dE - =1.93 and ~3.7

respectively for the theoretical and experimental curves.

Since the sample thicknesses were chosen to have a neutron transmission
greater than or equal to 0.85, the effects of multiple scattering are believed
to be small in most of the cases examined. This assumption has been re-
inforced by measuring the distribution of neutrons scattered from a sample
. of para-hydrogen having half the thickness used in obtaining the data inFig. 6.
The observed widths agree within the experimental error. On the basis of
these considerations, the observed additional broadening of the distributions
appears to be a feature of the liquid state of hydrogen.

DISCUSSION

The overall agreement between theory and experiment supports the
generally accepted concept that the molecules in liquid hydrogen behave very
nearly as they do in a ''perfect'' gas. The absence of appreciable binding
forces is evident from the agreement between the observed and calculated
energies of the various scattering components. Such would not be the case
if even moderate binding forces were operative, since then the effective
mass of the recoiling molecule would be increased with a substantial re-
duction in the energy of the recoiling molecule. The position of the scattering.
distribution peaks is thus relatively sensitive to the recoil mass. More-
over, any tendency of liquid hydrogen to exhibit solid state characteristics
would be reflected in a reduction of the width of the scattered distribution.

The present data, though not sufficiently accurate to permit final con-
clusions, indicate that the scattering components are broader than one would
expect from the "'perfect' gas model. One interpretation of this additional
broadening is that the effective translational energy of a hydrogen molecule
in the liquid state is larger due to molecular interactions. Theoretical con-
clusions of PAULING [3] and measurements of Raman spectra [4] support
the supposition that the molecules in liquid hydrogen rotate freely. However,
the motion of the hydrogen molecules may involve at least two different
aspects of the liquid. On the one hand, if there are general nearest-neighbour
collisions between molecules, additional broadening of all scattering compo-
nents should be observed. On the other hand, if the main effect of the liquid
state is to reduce the lifetime of the excited states thus introducing a further
lack of sharpness in the excited levels, then the (0- 0) scattering distribution
in para-hydrogen should not be additionally broadened but all other neutron
interactions involving excited states should exhibit extra broadening. Nuclear
magnetic resonance measurements [5] of the dependence .of the nuclear
relaxation time on different concentrations of ortho-hydrogen have shown
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that an interaction exists between ortho and para-hydrogen molecules. In

- view of this interaction, the final state of the neutron scattering event which
consists of a single ortho-molecule surrounded by para-molecules is not
well defined and may be an explanation for the extra broadening observed
in the present experiment on para-hydrogen. The broadening of the distribu-
tion from ortho-para-hydrogen (Fig.7) appears to be greater than that from
para-hydrogen (Fig.6). Nuclear magnetic resonance measurements have
provided clear evidence that the ortho-ortho quadrupole interaction is very
strong and much stronger than the ortho-para interaction. This strong ortho-
ortho interaction could be the mechanism by which neighbouring molecules
interact and hence give an extra broadening to the distribution in energy of
neutrons scattered by ortho-hydrogen. A future experiment on the "elastic"
scattering (0 = 0) of neutrons in para-hydrogen with Ey < 0.030 eV should
provide considerable clarification of these effects and may give evidence
of an interaction of para-molecules with other para-molecules, an inter-
action which cannot be studied directly by the techniques of nuclear magnetic
resonance. The experiment has not been performed as yet with the present
experimental arrangement due to the very small cross-section of the (0 = 0)
scattering in para-hydrogen.

The positional discrepancy between experiment and theory shown in
¥ig. 8 has not been confirmed by repeating the measurements. A crude esti-
mate of multiple scattering indicates only a small effective displacement
of the peak to be expected for this scattering (with perhaps the main effect
being an enhanced low energy tail). A definitive check on this will be made
by observing the scattering from a thinner scattering layer. Assuming the
validity of the discrepancy, .an explanation is that the liquid state of hydrogen
alters the relative cross-sections for excitation and de-excitation. If this
explanation is correct, the data of Fig.8 indicate that the (0 1) transition
is enhanced and/or the (1 - 0) transition is suppressed in liquid ortho-para-
hydrogen. The relative cross-sections for scattering by para-hydrogen and
ortho-para-hydrogen, noted in the previous section for Eg = 0.065 eV, offer
additional evidence that the liquid state affects the magnitude of the partial
cross-sections.
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DISCUSSION

D.G. HURST: I might mention that calculations of the complete type
shown on the screen during Mr. Whittemore®s oral presentation were done
by us a great many years ago in connection with measurements in heavy
hydrogen. At that time this Gaussian approximation looked very attractive
since calculations had to be done by hand, but it never quite gave the ac-
curacy required. Iam wondering whether you have any figures for the error
introduced by this approximation,

W,L. WHITTEMORE: I don’t have them at my fingertips, but I have
some calculations with me. Perhaps we could show you in some detail that
the Gaussian approximation is reasonably good, but when dealing very close-
ly with the excitation of the various levels, one has to be just a little bit
careful. In the case of hydrogen, however, since the molecule is very light
and thermal effects are very great, you smear over any sharp excitation
levels, in the same way that in the paper that Dr. McReynolds presented,
although there is a sharp onset in the total cross-section, it is still smeared
out, mainly owing to the thermal effects. I suppose one has the same kind
of phenomenon here. :

D.T. GOLDMAN: Is there any evidence on how well Sarma®s theory
agrees with experiment in the case of gaseous hydrogen?

W.L., WHITTEMORE: Not as yet. I would very much like to make such .
a comparison, but we have used liquid measurements only.

P. EGELSTAFF: There may be a simple explanation of the fact that
the observed width in liquid hydrogen is greater than that given by Sarma®s
model,. Since the observations indicate that your experimental conditions
are such that the liquid looks like a gas, the width may be calculated from
the moment theorems; and these give the width as 2 k(k is the averagekine-
tic energy in the system). This is always greater for a liquid than a gas
owing to zero point motion. '

W.L. WHITTEMORE: We haven't yet put this to the test, but will do
s0 in due course when the statistics of the data are improved.

K.S. SINGWI: I was just going to say what Dr. Egelstaff has said. 1
would also like to know what is the difference in the position of the maximum
as computed theoretically and as you have seen. '

W.L. WHITTEMORE: I am afraid that’s not a meaningful experimental
question at the present time. I would say that the patterns overlap within
the statistics at the present time. They agree, but within statistics which
are rather poor.
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Abstract — Résumé — Annoranun — Resumen

SLOW NEUTRON SCATTERING BY BENZENE, We have calculated the scattering of slow neutrons by the
benzene molecule, The calculations are carried out within the framework of the time dependent formalism
of Zemach and Glauber, Detailed account is taken of the effects of the molecular vibrations on the neutron
scattering. Among the results explicitly calculated are the slow neutron total scattering cross-section as a

. function of energy and the energy angular distribution of singly scattered sections.

DIFFUSION DES NEUTRONS LENTS PAR LE BENZENE. Les auteurs ont calculé la dittusion des neutrons
lents par les molécules de benzéne, Ils 'ont fait en se fondant sur le formalisme dépendant du temps, mis au
point par Zemach et Glauber, Ils ont tenu soigneusement compte des effets des vibrations moléculaires sur la
diffusion neutronique. Parmi les résultats calculés de fagon explicite, il faut citer la section efficace totale
de diffusion des neutrons lents en fonction de 1'énergie ainsi que la distribution angulaire.

PACCEAHME MEJUIEHHHX HEATPOHOB BEH30JIOM. ABTODM ONpezeamau DACCEAHMe MenJdeHHHx RefTpoHoOB
Mozexynolt Geuaonma. Pac4eTH Npou3BEZEHH B DaMNAX 38BMCAMEro OT BPEMEHM GOPMALBHOTO MEXaHW3Ma no
3eMmaxy u TnaySepy. MoapoSHo yuuTHBaeTcs BosaelleTBMe MONeKyIApHHX BMOpauMi Ha paccesuue RelTpomos.
OnpenesieHR ofmue nNONEpevHHe CEYEHWA PACCefsHUR MEeRNeHHHX HeATPOHOB B 3aBMCHMMOCTU OT IHEpPruM M
Yyraopoe pacnpegeleHNe JHEPryMM 1O OTAEALHO BHOPAHHHM CeYeHMAM.

DISPERSION DE NEUTRONES LENTOS POR EL BENCENO. Los autores han calculado la dispersion de
neutrones lentos por la molécula de benceno, Los cdlculos se han efectuado con arreglo a las férmulas de
depeﬁdencia del tiempo de Zemach y Glauber. Se han tenido debidamente en cuenta los efectos ejercidos
por las vibraciones moleculares sobre la dispersién neutrdnica, Entre los resultados explicitamente caleulados,
figuran la seccién eficaz total de dispersién de neutrones lentps en funcién de la energla y la distribucion
energética angular de las secciones dispersadas aisladamente,

INTRODUCTION

Inelastic neutron scattering data and the corresponding Scattering Law,
S(a, B), are now becoming available for many moderators at several tem-

peratures. .

The difficulty connected with the Scattering Law is related to the cir-
cumstance that it is not possible to cover the entire range of the o and B
space at the present stage of development of the experimental techniques.
From the point of view of reactor calculations, it would be desirablé to ob-
tain Scattering Laws at large values of @ and 3. In this respect, analytical
and semi-analytical expressions for the Scattering Laws could be very use-
ful for interpolating the experimental data and for extrapolating them to
larger values of ¢ and .

285
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In this paper we present a theoretical calculation of the scattering of
slow neutrons by benzene. We expect that an understanding of neutron scat-
tering by benzene would provide a reasonable basis for a guantitative under-
standing of scattering by polyphenyls,

In Section I we give a summary of the results obtained in a previous
paper [1] in which the time-dependent formalism of ZEMACH and GLAUBER
[2] is used to study the effects of the molecular vibrations on the neutron
scattering by benzene, '

In Section II curves representing the total neutron scattering cross-sec-
tions as a function of energy and at different temperatures are shown. The
effects of the translations and rotations are included in an approximate man-
ner, .
In Section III the Scattering Law in benzene is discussed in the poly-
atomic gas approximation. The relative curves are shown and compared
with experimental results of BRUGGER [3] for some polyphenyls.

I. SCATTERING OF NEUTRONS BY PROTON BOUND IN BENZENE

. For a molecule consisting of ny hydrogen atoms, the general expression
for the cross-section per hydrogen atom for transfer to final momentum K of-
a neutron with initial momentum K, is given, in the notations of ZEMACH

,and GLAUBER [2] (h = Planck’'s constant = 1) and upon the assumption that
the scattering is completely incoherent, by

t

d B Ob f jer IH
d__IS O'(_IS - K.O)_ 82 KOnH J dt e kE=1 Xk(ﬁ: t): ) (1)

where o} is the bound atom n-p cross-section, € = (K2 - Kﬁ)/Z represents the
energy transfer and k = K - K4 the momentum transfer.

The function ¥y(x,t), which contains the dependence of the scattering on
the dynamics of the atoms in the molecule, is given by

Xy (i 1) = (e SO Tam®

(2)
where r, (t), the time-dependent position operator of the kth nucleus in the
molecule at the time t, satisfies the Heisenberg equation of motion

i S () = o (VH - Hrw(t), | (3)

in which H is the molecular Hamiltonian. The symbol{......... >T means
that an average is to be taken over the equilibrium distribution of initial
states of the molecule and over molecular orientation,

From EQq. (2) the relevance of the molecular dynamics for the neutron
scattering becomes clear. The precise calculation of the momentum trans-
fer cross-section requires a detailed knowledge of the molecular dynamics.
In general, it is at best extremely difficult to describe the motion of a hy-
drogen atom moving in the actual force field of all its neighbours. If we
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ignore interactions between molecules, between vibration and rotation, and
use the harmonic approximation for internal molecular vibrations, the dy-
namical problem is well defined and can be solved in principle. Neverthe-
less, the calculation of the neutron scattering is still a very complex prob-
lem. Its complexity lies in the dependence of the scattering on the time-
dependent nuclear displacements rather than on the dependence of the dis-
placements on time. However, the large mass and moments of inertia of
_ the benzene molecule allow us to make an approximation which considerably
simplifies the problem of calculating do/dK. As pointed out in our previous
paper [1], this approximation consists in neglecting the contributions to
rk(t) from translations and rotations during the time of interaction between
the neutron and the molecule. This is equivalent to neglecting the contri-
bution to the inelastic scattering which results from excitation of transla-
tional and rotational degress of freedom by the neutron. We shall show
later how to account in an” approximate manner for the contribution of rota-
tions and translations. These contributions become 1rnportant for small
energy and momentum transfers.

At this stage, the problem we must consider is that of the harmonic
vibrations of hydrogen bound in benzene and their interaction with slow neu-
trons. 'We consider a molecule composed of N atoms, and denote by u(t)
the displacement of the kth atom from its equilibrium position at time t.
Following ZEMACH and GLAUBER [2], for small vibrations we separate
the displacements into normal modes and introduce the corresponding ex-
pression into Eq. (2). The thermal average indicated in Eq.(2) can be car-
ried out by using a well-known theorem due to BLOCH [4]. The result is

2
t Ti(t) - T} . ,
Xy (k5 t) =exp 2M [ ik(t) - Thae(0) :’ N } > (4)
where M\ is the mass of the kth atom, e = k/k and the symbol<........ 2

means that an average over molecular orientation is to be performed The
tensors I,(t) are related to the normal modes of vibration by

3N-6 0 2
& Talt) e = E glt) le, < , (5)
where
— _-iwit
g(t) (n,+l)e +n,e j (6)
. wj

and (K = Boltzmann's constant = 1)
= (T - 1) (M
is the background of thermally-eéxcited oscillators of frequency wj. In Egs.

(5), (6) and (7) w; and Csk) are the frequency and the amplitude vectors, re-
spectively, of the kth part1cle in the jth normal mode of vibration.
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Now the problem is to bring Eq. (4) into a form which will allow us to
evaluate the Fourier transform appearing in Eq. (1). We first consider the
average over molecular orientations indicated in Eq. (4). The approxima-
tion which we make consists in setting

2
Xyl t) = explgue e [Ty (t) - T (O g >, - (8)

This amounts to averaging the molecular motion over molecular orientation
before computing the cross-section instead of averaging the cross-section
after having computed it for a particular orientation. Using Eq. (5) and do-
ing the average required for use in Eq. (8) gives the result

3N-6
e, Tl e, 2, =35 I gj(t)<C(jk)>2 . (9)

At this point the approximation, Eq.(8), is not necessary but since it will
be made in the final analysis, nothing essential isldst inmakingthis approxi-
mation now, :

By introducing the notations
-3N-6
k) \2
P =3 - (e (10)
Eq. (9) becomes

<gEI‘kk(t) g£>g = fg(w,t) Py (W) dw . (11)

By putting Eq. (11) into Eq. (9), we obtain

.
Xy (K, t) = exp {-QEM-I-( f Py (@) [g(w, t) - glw, 0) ] dw } . (12)
0

Fina]_ly, for the case where My is independent of' k, we make the approxi-
mation that i

;™ :
x(k, t) " nn 2 Xy (ks 1) - 13)
with X (k, t) obtained from Eq. (12) by replacing p, (w) by
m

1 "H
plo) = 0k, Pulw) . (14)

Now the equation for the scattering of neutrons by benzene is formally
equivalent to the equation for the incoherent scattering of neutrons by atoms
bound in an isotropic cubic crystal having one atom per unit cell. The ad-
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vantage of having Eq. (5) cast into the form of Eq. (11) is that in this case
there exist extensively developed methods [5, 8, 7] for carrying out the
Fourier transform indicated in Eq. (1). It remains only to determine the
values of the frequencies wj and amplitudes gfj) in order to evaluate the
scattering cross-section. This has been done in our previous paper, {1].
For the details of these calculations,. the reader should refer to the men-
tioned reference. There numerical calculations of the benzene kernel were
carried out using IBM-7090 code SUMMIT [8].

II. TOTAL SCATTERING CROSS-SECTION PER HYDROGEN ATOM;BOUND
IN BENZENE :

The scattering kernel is integrated numerically to yield the total scat-
tering cross-section per hydrogen atom bound in benzene. The total scat-
tering cross-section per hydrogen atom bound in benzene at 300°K is plotted
in Fig. 1 in two cases: ‘
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. . . ) ) ) .
Total scattering cross-section a 300°K per hydrogen atom bound in benzene versus energy.

- (a) The effects of translations and rotations are neglected;
>+ (b) These effects are taken into account as free translations and rota-
; tions, the latter being treated in the short collision timme approxi-
mation. ' )
The effective mass, M*, associated with the translations is determined by

[1]

. M* = . — = 15.04. (15)
3N-6 ny W 2 :

Ny j=t k=1 =3
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which gives M* = 15, 04 neutron masses. The mass M* associated with the
rotations and translations differs from the effective mass introduced by
KRIEGER and NELKIN [9], which turns out to be 21. 3 neutron masses. The
behaviour exhibited in Fig. 1 is what one expects on the basis of qualitative
physical considerations. )

In Fig. 2 the total scattering cross-section per hydrogen atom bound in
benzene is compared with the preliminary experimental values obtained by
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Total cross-section at 300°K per hydrogen atom bound in benzene,

PAULI and ANTONINI [10]. The temperature is again 300°K. The agree-
ment between theory and experiment is generally quite good. The low value
for the calculated cross-section at 0. 003 eV is attributed to errors in the
computation procedure. Further investigation of the long wave length cross-
section is being carried out. In this connection we remark that at suffi-
ciently low energies the measured cross-section should be proportional to
the wave length A. Because of the large mass of benzene, however, one
must go to -energies much smaller than 0. 001 eV before one reaches the
region where the A law is valid. The same statement appiies to other heavy
molecules.

In Fig. 3 the total scattering cross-sections per hydrogen atom bound
in benzene at three different temperatures (300°K, 600°K and 900°K) are
plotted. The influence of the Doppler effect is evident at low energies, Here,
however, we do not know of any experimental results with which to compare.
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Total scattering cross-sectlon per hydrogen atom bound in benzene at different temperatures,

Ili, SCATTERING LAW PER HYDROGEN ATOM BOUND IN BENZENE

vWe now turn our attention to a more detailed study of the Scattering
Law for hydrogen atoms bound in benzene. The differential energy trans-
fer cross-section, Eq. (1), can be written as

&0 _Kop 1 f iet
IEAR K 4n 37 dt " x(k. 1) . (16)

It is a function of Ey, E, 8, T, which are, respectively, the incident neu-
tron energy, the final neutron enei‘gy, the scattering angle in the laboratory
system and the temperature of the scatterer (measured in units of energy).
The dependence on T and on the physical state of the scatterer is contained
in x{x, t). By applying the condition of the detailed balance and introducing
the new dimensionless variables {11, 12],

o = (K2 +K2 - 2 JKK, cos ) __«?
2MT 2MT

(17)
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where M is the mass of the-atom in units of neutron mass, one gets from
Eq. (16)

d’c _ K _-g2 O :
TEAN “Ky ¢ aar @B (18)

where the dimensionless quantity S(e, B) is the Scattering Law.

Let us now construct the expression of S{a, 8) on the basis of the theo-
retical model for the scattering by benzene described in Section I. For this
purpose we start by approximating x(k, t), deflned by Eq. (13), as a product
of two terms, i.e. as

X(k, 1) = Xpp (K t) Xylk, t) ’ - (19)

~where xg r (x,t) and xy (, t) are associated, respectively, with the rotations
and translations and with the vibrations. Now we may approximate the fac-
tor Xg 1 (k,t) by means of the short collision time approximation, at the
same time making the "phonon' expansion of the factor xy(k,t). Under these
assumptions, we obtain

XRT(K t) = exp[mv”= (it - th)jl ;

(20)

2
Xy (6 t) = exp {5 br)-wO) |,

where M*, the mass associated with the rotations and translations, was
evaluated in a first approximation in Section 1I, and

v(t) =<e Fkk(t) KS

3N-6 Ny
1 H 2
=3 I gt oo L (c@"> (21)

with g; (t) glven by Eaq. (6).
. The "phonon' expansion for the function X(k,t) consists snnply in set-
ting

2
Xy(k, t) = exp [-"2—2 7(0)} [1+‘—‘2— Yty + ... } . (22)

Introducing the first of Egs. (20) and Eq. (22) (in which only the first two
terms of the ''phonon" expansion are indicated) into Eq. (16), making use
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of Egs. (17) with M =1 and separating the result of the integration as in Eq.
(18), we obtain for the function S(a, B) the expression

% ¥ 2 :
S(e, B) = /4—1\?“—1 exp [-:11\% <#§ + 2 )] exp [-v(0)Ta]

' 3N-6 . .
2Ta A e cosh (M* B o + }
{1+ 3 jEx wj. wi/T a 2 e (23)

which can be written in 2 more compact form as

S(a, 8) =5 (e, B) e "O™ [1+C(a, )1 . (24)

Sg(a, B) is the Scattering Law for an ideal monoatomic gas having mass M¥*.
The factor exp [-¥(0)Ta] is the Debye-Waller factor associated with the-
vibrations. One had at 300°K [1]

3N-6 a. wi/T
1 A] e +1
=3 —_ —— =20.19. 25
7(0) 3 jz=;l wj ewj/T -1 ; ( i )

C(a, B) depends on both the vibrations and the mass M* associated with the
rotations and translations, In Eq.(23) we explicitly exhibit only the terms
representing zero and one-quantum transitions. In the actual computations,
however, all transitions whlch contribute significantly to S(e, 8) are taken
into account. ) .
In Fig. 4 we compare the theoretical results for a benzene gas with the
room temperature data taken by BRUGGER [3] for solid Santowax-R. For
comparison, we also give S(«, B) for a monoatomic hydrogen gas.

DISCUSSION

For all values of B which we have considered, the theoretical S(a, B)
curves for free benzene molecules agree reasonably well for @ > 2 with
" Brugger's room temperature data on Santowax-R. The disagreement that
persists for ¢ < 2 is to be expected. For such low values of o, the Scatter-
ing Law is much more sensitive to the differences in the solid Santowax-R
and the gaseous benzene that we have considered.

It would be interesting to compare the model considered in this paper .
with the liquid Santowax-R data that exists at temperatures above room tem-
perature, and with liguid benzene Scattering Law data which does not yet
exist in any great quantity. Such comparisons are currently being under-
taken.

" We conclude by remarking that the theory just presented appears to be
sufficiently realistic and accurate to account for the thermalization of neu-
trons in organic-moderated reactors. This is expected to be the case since.
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Scattering Law at 300°K for benzene.

the neutron spectrum in a reactor is not very sensitive to the behaviour of
S(a, B) in the region of a(a < 2) where our theory has difficulty. This ex-
pectation is borne out by the accuracy with which we can calculate such in-

tegral properties as the total cross-section.

A more realistic treatment,

including liquid and solid state effects, is required to understand the meas-
ured S{a, ) curves at low values of «.
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VICCIENIOBAHVE HEYIIPYT'OT'O PACCESIHMSI XOJIOLHBIX

HEATPOHOB HA HEKOTOPHX BOJOPOINOCOINEPXAIMX
BEIECTBAX

M.T'. 3EMIAHOB 1 H.A.YEPHOIUIEKOB
OPIEHA JIEHMHA MHCTATYT ATOMHOM SHEPI'MM VM. WU.B. KYPUATOBA
AKAIEMMM HAYK CCCP, MOCKBA
CCCP '

Abstract — Résumé — Amporanusa — Resumen

A STUDY OF COLD NEUTRON INELASTIC SCATTERING ON CERTAIN HYDROGENOUS SUBSTANCES.
_Working with a beryllium filter for separating the spectral line of cold neutrons, and-using the time-of-flight
method, the authors studied the spectrum of inelastically.scattered cold neutrons in benzene, diphenyl and
in irradiated and non-irradiated polyethylene.
The results obtained are compared with the results of optical measurements,

ETUDE DE LA DIFFUSION INELASTIQUE DES NEUTRONS FROIDS DANS CERTAINES SUBSTANCES CON-
TENANT DE L"HYDROGENE. -Les auteurs ont étudié, par la' méthode de 1a mesure du temps de vol, le spectre
de diffusion inélastique des neutrons froids dans ¢ benzol, le diphényle et le polyéthylene irradié et non irradié,
en utilisant un filtre de béryllium pour mieux faire apparaitre 1a bande spectrale de ces neutrons.

Ils comparent les données obtenues aux résultats des mesures optiques.

VICCIENOBAHVE HEYINPYTOI'O PACCEAHMA XOJOMHHX HEATPOHOB HA HEKOTOPHX BOZOPOIOCOJEPKAIMX
BEMECTBAX. [pv nomomy Gepuamienoro ¢uibrpa AJE BHAEJEHVME CHeXTPAJbHON MMAVMM XOJOAHMX HeATpoHOB
W MeTOZa Bpemenu mpoxera ONJ MCCIEAOBAH CHEXTP HEYUPYTO PACCEAHHMX XOIOAENX HeAATpoHOB Ha Genaoxe,
mMpeHnNe, OSIYYEHHOM ¥ HEOOJIYNEHHOM NMOMId3TUIEHE.

Tionyuexnne ZaHHME CPABHMBADTCA C DE3YIBLTATAMM ONTUNECKMX M3MepeHui,

ESTUDIO DE LA DISPERSION INELASTICA DE NEUTRONES FRIOS EN ALGUNAS SUSTANCIAS HIDRO-
GENADAS, Los autores utilizaron un filtro de berilio que permite poner de relieve 1a raya espectral corres-
pondiente a los neutrones frios, para estudiar por el método del tiempo de vuelo el espectro de los neutrones
lentos dispersos inel4sticamente en el benceno, el difenilo y el polietileno irradiado y sin irradiar.

Comparan los datos obtenidos con los resultados de las mediciones Spticas.

1. BBEJIEHME

Hccanenopanue HeYNPYyroro paccesHus XOJOAHHX HEMTPOHOB Ha BO=-
Jopoaocogepxamyx BelecTBax - GEeH3oJe, ANPEeHWIe U INOJNd THUJIEeHe
npezcTaBafeT ABOAKMIA mHTepec., C OZHOM CTOPOHH, NOJUDEHUJH U IIO=
JMITUIIEH NPUOOpeTamnT BCE Bo3pacTakiuiee 3HAUEHME KaK MATepuaJh 3a-
MeaJMTeJde B PEeaKTOPOCTPOEHMM, ¥ pelleHUe 3aad4 TepMaM3alymy Heli-
TPOHOB B YKa3aHHHX BemeCTBaX TpelfyeT NPIMOro MUCCJISZOBAHMA IIPO=-
LleCCOB Heynpyroro Baaumoneicreus. C apyro#f CTOPOHH, M3IyUeHUe
HEeYNpYyToro PaccCessHus XOJOAHHX HEHTPOHOB BemeCcTBOM OTKOHBAET HO-
‘BHE€ BO3MOXHOCTM ‘AJS IONYUEHMUSA AKOHOJHUTENBHOM MHPODMALMM O CIeKTpe
BO3C0y%xneHuil, T.e€. O AVHAMMKE BelecTBa, U RIS DPIL2 BOLOPOAOCO~
RepxamMx BelecTB (NpenejbHle, HenpeledbHHEe M apoMaTUUecKue yriee-
BOZOPOAN) NOJyUeHUE Takoil MHPOPMAUMK UMeeT G6OJbIOe IpaKTUUIecKoe
n TeopeTUUeCKOe 3HAUeHMe. /[0 NOCJeZHerc BpPEeMeHM AMHAMUKA yKa-
3aHHHX BemeCTB MCCIenoBaJach, I'JABHHM O6Gpa3oM, KakK IIO M3MEDEHHUD

297



298 "M.I'. 3EMIAHOB v H.A. YEPHOIMEKOB

TeMIEePATYDHOH . 3aBUCUMMOCTH MX TENJOEMKOCTU, TaK U CHEeKTPOB IlO=
rJIomeHnsa MHPPAKPACHOIO U3JYUYEHUS M CHEeKTPOB KOMOMHAIMOHHOI'O pac—
ceguusa. OAHAKO, KaK M3BECTHO, AaHHHE IO TEeMIepaTypHOl 3aBMCHMMOCTH
TENJIOEMKOCTY He [O03BOJISNT NPOBOAUTHL OLHO3HAYHOE BOCCTAHOBJIEHMHE
CneKTpa KoJeGaHWM §03€=-CHCTEMH, a B ONTHUYECKUX U3IMEepeHUIX uccie-
AOBaHMD M MHTEpNpeTalUVy NOABEPrawTcs, IJaBHHM 06pa3oM, BHCOKO=-
9HEepPreTMYecKre nepexond, OTBevYanmye BHYTPU MOJJEKYJIADPHHM ABUXE-
HUAM. V3yuyeHne HU3IKOIHEPreTHUECKMX IepexXOoNOB, OTBEUYAKIMUX MESXMOJC -
KYJSIDHHM ABUXEHUAM, ONTHUECKVMM MeToZaMy 32TPYAHEHO, NpUUYeM 3TO
CBA3AaHO KaK C anmapaTyPHHMM, TaK M NPUHIMIMAJIBHO (M3NUYeCKUMU
npuunnamu. [loaToMy MCCleZoBaHMe HEYNPYyroro paccesHuUsd HeliTpOHOB
Ha BOZOpPOZOCONEpXamMX BelleCTBaX NpeacTaBiaseT Goabmoii MHTepec,
OCOGEHHO B 0OGJIACTM MAJIBIX DHEepruii.

IIpn 2TOM cJjexyeT OTMETUTH OCOGEHHOCTM HMHPODMalUUM, KOTOPYD
HECEeT CNeKTP HeiiTPOHOB, DACCEAHHMX HEYNPYr'o Ha YrJeBOAODPOIHHX
coeaviHEeHUAX. [IOCKONBKY B COCTAB PAcCMATPMBAEMHX COEAUHEHuMI BXo=-
aaT atoMl H 1 C, cuiIbHO pasjvyampuvecs 10 Macce M aMIIMTyZAaM pac-
cesaHud HeUTPOHOB, TO KaszaJoCh OH, MHPopMauusd o6 ONTUUYECKON vacTy
cnexTpa KoJeGaHuii LoJxHa OHThL 6oJee NOCTOBEPHOI, Tak Kaxk cedeHUe
B3ayMoZelicTBUA ¢ BOAOPOZOM GoJbme, YeM C YTJIEePOAOM, M BOLOPOR
NPUHMMAET y4yacTue B OCHOBHOM B ONTMYECKUX KoJeGaHuax. B mpotuBo=-
NOJIOXHOM HaNpaBJEHUU AeHcTBYeT (aKTOD 3aCeNeHHOCTH ypoaaeﬁ ( dpax=-
TOP Bonbumaﬂa), KOTODHIA NDUBOAMT K TOMYy, UTO GOJble BO3ICYXIEHH,
HaNpUMep, aKycTHUEeCKUWE KoJeGanus U, CIeNOBATENbHO, CEUEHMEe He-
YyOpyroro s3auMmoneiicTBUA C HUMM BHume. KpoMe Toro, HeoGXOAMMO OT=-
MEeTHUTb, UYTO MCHOJAL3OBaHME SKCIEDVMEHTAJbHHX Pe3yJabTATOB ANl pe-
mMeHUsT o6paTHOM 3azauy BOCCTAHOBJEHMs CHEKTpa KoJgebaHuifi no cnexk-
TPY HeYNpyro PACCEsHHHX HeHTPOHOB A yrJieBOLOPOAOB HEBO3MOXHO.
OHO HEBO3MOXHO M3=-32 He3HaHus a priorl cooTHOmWEHAA MeXAy BEKTO-
PaMM NOJAPUIATVN fékf) LIf PasiMUYHHX KoJeSauuii, BXomsuMx B ofmee
BHpaxeHue AJs cedeHus Heynpyroro paccesHus [1] :

d%c ol [ df G -
dde ¢ Zf FGOAT 21wy (1) 6[e-hwa(f)]..

nOCKOJIbe Ha BEKTOpPI NOoJadpusalunn HAaJOXeHO €eIMHCTBEeHHOE - O PaH =~

YyeHue }:\E&(?)l2=l. CnenoBaTEJBHO, AJA YCTAHOBJEHUS CIEeKTpa

o
KOJeGanui ua HefITPOHHOIO SKCNEPUMENTa HEOGXOAVMO NPUBIEUYEHUE
MOIENBHHX NpeAcTaBJeHMil o AMHaMuKe yriesozopoxos. IloaTomy aHa-
JN3 DKCHEPUMEHTAJBHHX HNaHHHX IO HEYIPYroMy pacCefHMD XOJOIHHX
HelfTpoHOB Ha GeHsone, AudeHude v OGIYUEHHOM M HEOOCAYUYEHHOM NOIM=
3TUJeHe G6yAeT orpaHMUYeH KadyeCTBEHHHM CDABHEHMEM C pPe3yibTaTaMy
ONTUYECKUX MCCJIEeNOBAHUI M Dpe3yJbTaTaMM TEODPeTUUYECKUX paGoT.

2. MPOBEIEHVE DKCIEPMMEHTA U BBENEHVE IONPABOK

VaMepeHns Heynpyroro paccesHWs XOJOAHHX HEUTPOHOB Ha o6pas-
nax OeHaoJjga, audennsa, HEOGJIYUYEHHOTO M OOJAYUYEHHOr'O NOJMITUJEHA
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OuJO BHIOJHEeHO B VA3 mm. U.B.. KypuatoBa Ha yCTaHOBKE, CMOHTH=-
‘poBaHHONI Ha peaxTope UPT=1000 |[2] . IlepBMuHAf JMHUS XONOIHEX
: HeATPOHOB BHZEJAJNACH C NOMOWBD (UILTPA M3 NOMMKDPYCTAJNINYECKOIrO
 Be, aHaiM3 pacCesHHHX HelTPOHOB npoBoauica mox yraom 90° x na=-
-, JapHeMy OYyYKY 110 BpeMeHY NpoJieTa C IIOMOIbD MEeXaHUUYECKOI'O IIpe-
puBaTend ¥ 128-KaHaJdbHOI'O BPEMEHHOI'O aHaauzaTopa. O6pasus c

tommuuoi# 0,1 cM yecTaHaBiMBamMchk IOX yraom 45° x nanapmeMmy OYYKY,
X TeMnepaTypa cocTaBJaduaa 20°C. las o6eCneueHUs MaKCUMAIbHOTO

. . Ae ,
paspemeHus HeTPOHHOT'O CIEKTpOMeTpa == 6 + 7% Bechb MCCIENOBAaH~-

HHI VMHTepBaJl DHEepruil paccesHHHX HeMTpPoHOB oT 5:10™3 po 2-10~% 3B
pas6uBamcs Ha 5 yYacTKOB, KaxOii 13 KOTOPHX M3yvalcs OpU Co=-
OTBEeTCTBYLUMX CKOPOCTAX BpalieHVMS MEeXaHMUECKOr'O IIpepHBATEld, Bpe=-
MEHHHX 3aZepx¥Kax Ha MarHUTOCTPUKLUMOHHHX JVMHMAX, WMPUHAX KaHAJIOB
BPEeMEHHOI'O aHaJmM3aTopa ¥ T. 4. [locde ydyeTa UCKAXeHUl, BHOCUMEBIX
dYHKIMel NPOIyCKaHMS MeXaHWUeCKOI'O NpepHBaTeds, AAaHHHE IO OT=
LeJbHHM cepUsAM U3MepeHMi Ha OCHOBaHMM NOKaszaHuit MoHuTOopos "cmu=-
Bameh"ZApyr ¢ ApPyroM. 3aTeM B HNOJYyYeHHHE pPe3yJIbTATH BBOAWJMCH
monpaBKM Ha OTKIOEeHME >HPEeKTUBHOCTU AETEKTOpa OT 3aKoHa 1/v u
Ha ocJalleHVe pacCefHHHX HEATPOHOB BO3AYXOM, HaxoAdleMcs MexXny
IpepHBaTeJEeM M AeTEeKTOpoM. [lonpaBka Ha zedopMauy® OGPA3LOM CHEK=-
Tpa NajapmMX ¥ pacCesHHHX HelTPOHOB He BBOAMUJACE, TaK KaK AJd
YrIeBOLOPOXOB OHAa Mata. leiicTBMTEeNBHO, BHpaxeHUE AJA M3MEDPIEMOro
CHeKTpa NocJe MHTErPUMPOBAHMSA IO TOJIMHE O6paslia-MMeeT BUL:

d®o(Ag,n) 1 -exp{J2N[oy (A) +'o; (M)] d}

I()\O"A’) = IO(A'O) deA. J'2N[G[ (l0)+ o_a (A.)] s
rne Jb(xo) - CIeKTPaJbHafd JMHUA XOJOAHHX HEelTDPOHOB;
420 (M\,)\) ~ ceuenne Heympyroro paccesHUS;
andax
o, (xo) - TOJHOE ceYeHWe AJA XOJOIHHX HENTDPOHOB;
a.(r) - ceyeHVe NOrJomMeHWA AOJAA PaccCesHHHX HellTPOHOB;
N - NUOTHOCTDh fILED;
d - TOJmWHA ofpasua.

. [Ipn TmpezmnonoxeHuu, UTO Jj{Ay) = b (A~ Aep) M rToammue oGpasua
~ 0,1 cM, nonpaskxoif MOxXHO NpeHeGpeub, TakK Kak Or (Ag)» o3 (A) u
1» exp{ -J2N[o (A) + 02 (A)]d }-

3. PE3YILTATH U3MEPEHW/A M OBCYXIEHVE

a) Feusox. MoJexyia GeHaoJa sBAgeTCS OLZHOR M3 npocrefimmux
MHOT'OATOMHHX HLMKJINYECKMX MOJEKYI, U NODTOMY €e CINeKTP KaX B KOH-
A€HCHUPOBAHHOM COCTOSHMM, Tax M B Nnapax NOAPOGHO McciemoBalcs
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TEOPeTHUYEeCKM ¥ BKCIEPVMMEHTAJbHO. JTa MoJeKyJa NDPMHAAJIEXUT K TO-
yeyxolt rpynne Dy, , AN KOTOPOH CnpaBessmp anbTepPHA TMBHHIA 3afpeT,
T.€. YaCTOTH, NnpodBifbmMecd B KOMOMHAIUMOHHOM CHNEKTpEe, LOJXHH
OTCYTCTBOBATH B MHPPAKDPACHOM CIEKTpe M HaoGopoT. UBBECTHO, YTO
AN LEeHTPOCHMMMETPUYHHX MOJEKYJ MOT'YT CYWMEeCTBOBAThH MEPEXOLH, 3&a-
npemeHHNe KaK B MHPpPAKPaACHOM CHEKTpe, TaKk M B KOMOMHALUMOHHOM. B
ciyuyae MOJEKYJIH O€H30Ja PacCuUMTaHO NEeBATh TAKUMX HEAKTUBHHX OCHOB-
HHX YacCTOT, NONYYEHHHX K3 CHMMMETDUM MOJEKYJH, KOTOPHE OZHaKoO B
SKCIEepVMEeHTEe HeNoCpeXCTBEHHO He HaCJDAaJucChb. B CBR3M C BTUM cJe=-
OyeT OXMAaTh, YTO HeTPOHHOCKOmVYeCKVWe MCCIENOBAHMSA CHEKTpa GeH-
30J1a AOJNXHN OCHADPYXMTb TaKue 3anpelleHHHe JdHepreTUyecKue Nepexo-
AH.

CHET / KAHAA

Puc.1

CnexTp HelITPOHOB, pACCEAHHHX Ha XMAKOM OeH3oJje.

Ha puc.l npencrasaeH cunexTp HeATpPoHOB, paCCesHHHX Ha ofpasle
XUIKOrO GeHaoJa npu TeMmuepatype 20°C, noaydyeHHHM 8 TeueHune ~ 180
4acoB paGOTH YCTAHOBKM. VIHTEHCMBHOCTbL OTJOXE€HA B 3ABMCHMMOCTM OT
AJAHH BOJHH DPacCesHHOro He#iTpoma; paapemeHue cCHeKTpoMeTpa MO
BPEMEHM IIpoJeTa yKa3aHO TpPeyroJdbHNKaMM, CTpPeJKaMu OTMeYeHO NOo-
JOXeHVe JVHWUHA, TMOJYyUYEeHHHX B CHEeKTpPaxX KOMOMHAUMOHHOI'O pPaccesHUd
¥ CHEeKTpaxX MOTJomeAVs WHPPaAKpPaCHOTO NIJAYYEHUd [3,4,5].

llpexne Bcero cuenyer OTMETUThb, YTO MAKCHUMYM IIpPU Axx 4 A
(XH= 3, 952 A), cooTmeTcTByDmMA ynpyroMy pacCesHMD NEPBUUHON JMHMM
XOJIONHHX HeHTpOHOB, NPOABAAESTCH B CHEKTPE CJAG0, NPUYEM MO MHTEH=-
CHBHOCTY CpaBHMBaeTCd CO CJACHM MaKCHMMyMOM B NEeDPBMUHOR JMHUMK
(puc.2), cooTBeTcTBYRIUM cHucTeMe mnuockocteit Be(1ll).

Takoe V3MeHeHHe B CHNeKTpPe, OUEeBUAHO, OOBSICHIETCH TEM, UTO
B XMIKOM GeH3oJe B 0oOJNaCTM MaJHX 3Hepruift nMeercs Goasmad NJIOT-
HOCTB YPOBHell, cBA3aHHad KaxK ¢ KBA3UPOHOHHHM CIEKTPOM, TakK M
C BpamaTelbHHMMA COCTOSHMAMM MOJEKYJ, a TaKXe C HaJMuneM CUJIBHOIrO
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Puc.?2

CnexTpalbHaf JMHAS HeRTPOHOB, (PUJIBTPOBAHHHX NOJM-
KPUCTAJINYECKMM GEePUIIIMEM .

ENGOY3NOHHOTO ABUXEHMA. IIODTOMY CevyeHMe Heynpyroro paccesHUs
XOJOLHHX HEeATPOHOB OKa3HBaeTCs CPaBHUMHM C ceUYeHMeM ynpyroro
paccesHUs, a 3TC NPUBOAMT K PasMHTUPD NMKa YNPYyroro paccesHUd.

HDasee M3 cpaBHEHUA Pe3yJAbTATOB ONTUUECKUX MccaenoBaunult co

CIEKTPOM HEYNpYr'o paccesHHHX HelTPOHOB ciaeayeT, UTO BCE YPOBHHU,
npogBagblMecd B ONTUYECKOM clNeKTpe GeH3oja, NposSBUINCH U B Heill-
TPOHHOM. OTJiMuMe 3aKJpyaeTcs JUmb B TOM, UYTO JWHUM ¢ YACTOTAMU
63 n 63 el (Ayg =2,68 n 2,60 ), cooTBeTCTBYDIME BpAmMATEIbHHM
KoJeGaHUAM BOKDPYr NJOCKOCTHOH ocu M ocu wecToro nopsaka, He pas-
pemeHH, a JMEMA v = 405 eM™! {(Ayxy = 1,23 A), o6nunO caabo mposp-
Japmascs B ONTUKe, B HefAiTPOHOM CHeKTpe NpPosBMIACh OTUETIMBO.
OcTaJapHHE 3anpemeHHNe vyacToTH (538, 1008, 1160, 1190, 1145, 1520
M 1854 cMm}) HaGiozaTe He yZAJoCh M3-3a HELOCTATOUHOTrO paspeme-
HAS YCTAHOBKM M MaJoll cTaTucTHMUecCKof TOUHOCTM BKCNEDPUMEHTAJBHHX
pPesyabTaToOB.
Ho Hapsazy ¢ MakKcuMMyMaMmMy CHeKTpa Heynpyro paccesHHHX He#TpoHOB,
KOTOpHE COBNAZABDT MO NOJOXEHWD C JMHUAMU ONTMUYECKMX CHEKTPOB,
~ HabJaponaeTrcs 2 MaKcUMyMa,He OCHapPyXeHHHe paHee ONTUUYECKUMU Me-
ToZmaMM. 3TO MaKCyMy™M npu iy = 1,304 (v=360em™1) u ouens mupoxuit
MaKCHMMYM 0Py Ay = 2,90 A (v= 50 oM~1), pacnoloxeHHHI Mexny ypoB-
HAMM BpailaTeJBHHX KOJNeCaHuil BOKPYI NJAOCKOCTHHX Ocelf ¥ OCHM mecTo-
ro nopsaaxa.

6) Iuderun. DKCNEePUMEHTAJNLHHI CHEKTD Heynpyro paccesHHWX Heit-
TPOHOB Ha ofpa3le NoJMKpucradamiyeckoro auderusa npencTablieH Ha
puc.3. Kak 1 B cayvae GeH3oJa, pe3yJbTaTH ONTUYECKUX MccleroBaHuit
cnekTpa IaudeHUJa, JIABHHM O6Pas3oM N[O AENOaAPU3AUMK JUHUHA KoMOU-
HauMoHHOTO paccesHus [3], yxasaum Ha pUCyHKe cTpelxamMd. B npo-
THBONIOJOXHOCTH G€H30Jy, B HeATPOHHOM cnekTpe IMPeHMIA PE3IKO BH-
paxeHa OGJACTh YNPYroro paccesHus HeATpOHOB nepsMyHOi JMHUN
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CYET / KAKAN

—_
T

Puc.3

CnekTtp HeﬁTpOHOB, pacCedHHHX Ha MNOJUKPHUCTAJINUYECKOM IudpeHude.

(XH = 3,64wAM 4 A). HakaoH nepensero $POHTA OCHOBHOI'O MaxcuMyma
YyIpyroro paccesHud npu'xﬂ ~ 4 A onpesengeTcs TOJABKO paspemeHueMm
HeUTpPOHHOrO CHeKTpoMeTpa, M, CJIeAOBATENLHO, NDU TeMnepaType 3Ke-
nepyMeHTa, KoTopas Ha 50° HUXe TeMInepaTypH niaBleHuUs andeHusa
anpdys3voHHoe IBUXeHMe B AudeHuNe nNpaKTUUYECKH OTCYyTCTByeT. M3 co-
OTHOMEHUA OPAMHAT MaKCHMMYMOB YINPYroro paccesHus Ipu Ay = 3,64 A
M Ay = 4A, KOTOpPO€ He CUJIBHO OTJUYaAEeTCss OT COOTHOmMEHWS OPIAMHAT
B NepBUYHON JMHMM, MOXHO CHeJaTh 3aKJDYEeHMWE,. UTO NJIOTHOCThH YPOB-
Hell B TBepaoM zubeHudae B o6JacTU MaJnx 3Hepru#t BGausu 1073 3B
He3HauMTedbHa. Tak xe, Kak U B cJydae GeH3oja, B CNEKTPe Heynpy-
r'c pacCesHHHX Ha AudeHus e HelTPOHOB HApPALY C JAMHWUAMM, MNPOABJISD-
myMMcs B ONTUUYECKMX CHNeKTpax, HabapaapnTcH JMEMWA, KOTOPHE B ONTU-
YeCKMX CHEeKTpax OTCYTCTBYNT. B cnexTpe audbeHuJa 3TH JMHUKA pac-
nojoxedd OpU Ay = 2,23A (v = 104 om~1) u A, = 3,254 (v=34cm™1).
Ha puc.3 5TM JMHMM yKasaHM cTpedrxaMu co 3HaxoM (?) XoTs npupoza
9TMX MaKCHUMYMOB elle He YCTaHOBJIeHa, OAHAKO, HEOGXOAMMO OTMEeTHTH,
YTO M B ONTUUECKOM M B HeITPOHHOM cIleKTpaX GeH30oJa IPOSBAANTCSH
MaAKCHUMYMH IIDM YKAa3aHHHX HJWHaxX BOJH.

B) HeoGayuenusit u oGayueHH:l MOJMITUIEH. B KxayecTBe oGpasuos
GHJI MCNOJb3OBAH IJEHOYHHN MOJAMITUIEH HM3KOI'O HABJEHUA CO CPEIHUM
MOJIEKYIAPHHM BecoM ~860%. OaMH M3 06Dpa3uoB MOJMITHMIAEHA OHJ OGIydYeH
B peaxKTope MHTerpajgpHo# mo3oit okoJso 500 Mpazn, UTO COOTBETCTBYyeT
o6pa3zoBaHu® » 10% COMBOK Mexay UenoYKamu MoJuMepa. JxCNepMMeHTalb-
HHE pPe3yibTaTH NO UIMEPEeHUD CHEeKTPOB HEYNPYyro paccegHHHX Hel-
TPOHOB Ha ofpasnax NOJAMITUJEHA NPEeACTABJEHH Ha puc.4 U Ha puc.5.
Ina yao6cTBa CpaBHEHMS CHEKTPH HOPMUPOBAHH Ha OAMHAKOBY®D MHTEH=
CHMBHOCTB B MaKCUMyMe yHpyroro paccesHus npu Ay = 4A 1 Bech uc-
clenoBaHHMIA MHTepBaJ OJMH BOJH pacCCEAHHHX HeATpoHOB pasluUT Ha
ABe yactu: ob6xaactk oTr 0,7 mo 1,2 A (puc.4) u o6aacts oT 1,2 no
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CnekTp HeATPOHOB, PACCeSHHHX Ha OOJYYEHHOM U HEOOJYUEHHOM
NoAUBTUJIEHE B MHTepBaJe AJAUH BOJH oT O,7A no 1,Z2A.
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CnexTp HellTPOHOB, PACCEAHHHX Ha OGJIYYEHHOM U HeOoGJIyYeHHOM
MoOJMBTUIEHe B MHTepBaJe AJUH BOJH oT 1,24 mo 4,5A.
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4,5A (puec.5). Kax ¥ npexze, CTpeJKamu YyKa3aHH NOJOXEeHWd JMEuil,
OGHApPYREHHHX B ONTHUYECKMUX CIEeKTpax NoaudTMaeHa [6,7,8]. Ws cpas-
HEeHUs Pe3yabTaTOB ONTUUYECKMX WcCcaeZOoBaHMHA cO CIeKTpoM Heynpyro
paccesHHHX HeATpoHOB (puc.4) MOXHO 3aKJDYMTH, YTO CHEKTP He-
yupyro paccesHHHX HeATPOHOB B 3HAYMTEJbHOH CTENEHNW NOBTOPAET
onTH4eckut CnexTp, T.e. JMHMAM NOTJICMEHMT MHOPAKDPACHOLO M3iyde- .
HUA U JMHUAM CIEeKTpa KOMOMHAUMOHHOI'O pacCefHUs COOTBETCTBYDT
coBnajammue B Npezejlax pa3pemeHus MaKCHMyMH He#TpoHHoro cnextpa.

Tpy 5TOM B HeATPOHHOM CHEKTPe NPoABIARTCH JUHWM, KOTODHE B ON-
TUYECKOM CHNEeKTpe KJacCUuPUUMPYRTCd KaK OvYeHp cJalHe, a RIS pAna
6IM3KO PaCHOJOXEHHHX JUMHMH ONTMYecKoro cnektpa (i, = 0, 745+0,7804)
U3-3a HEeNOCTATOYHOCTWU pas3pemeHus HeATPOHHHIA CHeKTp zaer oruéap-
myw. Kax Buano ua pvc.4 B MHTepBaJe AJIMH BOJH pacCesHHHX Heil-
TpoHoB oT 0,7 gmo 1,2 A He HaGmppaeTcs 3ameTHOro pasauumnsg Mexny
CIEKTPaM/ HEOOJYUYEHHOr'o ¥ OOGJAYYEHHOI'O MNOJMUITUJCHA M HelTpoHHOTO
CIHeKTpa ¢ OoNTUYecKUM. Takoe oTaVuMe NPOABIASeTCH B 0o6JacTV OOJBEUX
AJMH BOJH PacCesHHHX HeATpOHOB ¢ Xy > 1,24 (pre.5). B aToil obnac-
T ofpamaeT Ha ceSs BHMMaHNE Nepexos OT YyNpyroro paccesnunsa {Mak-
CYMYMH TIpy Ag = 4 ¥ 3,64 A) x HeYNnpyromMy paccesHub. QTHomeHue
MHTEHCUMBHOCTEH YNPyroro paccesHus K Heynpyromy coctaBiseT 3:1.
Takoe COOTHOmMEHVE IOBOPUT O TOM, UTO KaK B OGJIYYEHHOM, TaK U B
HEOGJYUYSHHOM MOJM3TUIIEHEe UMeeTCd 3IHauuMTeJdbHad MJIOTHOCTH YDOBHeH
B OGJACTU MAaJHX 3Hepruil, cBA3aHHHX BO3MOXHO C BpalieHWEM CEerMeHTOB
MOJUMEPHHX Leneil. 3TOT pPe3yIbTAT HAXOAMTCH B COTNJACUMM C PesyJab-
TaTamy MCCIenOBaHVSA JMHMIA ANEpPHOro MArHUTHOIO Pe3OHAHCa Ha NOJU-
3TUleHe, rje AJd OCBACHEHUSR Mandﬁ WVPDUHH BSKCIEPMMEHTAJbHO Ha-
CADAAEMHX JVHMIA NPUXOAMTCSH TNpeAnoJaraTs HajJduuMe B NOJMDTUJEeHe
cuCTeMH HU3KOJHEepreTHYeckuMx yposHell [9].

B ynomMHaBmuXcs pafoTaxX MO UCCIAeJOBAHUMKN ONTHYECKUX CIEKTPOB
NOJAMDTUIIEHA UMERTCH YKasaHud Ha OGHapyXeHWs cJalHX JMHMA ¢ yacTo-
TaMu ~150 oM™l 1 ~200 cM~1(cooTBeTcTByDUME Ay =1,94 W 1,714).
Kax BuaHo U3 puc.5, B HellTDOHHOM CNEKTpPe HeOOJIYUYEHHOTo M Oo6Jy-
YEHHOI'0 MOJMITUJEHA MNPOABAARTCI ABA MaKCHMMyMd, KOTOPHE MOXHO CUu=-
TaTh COBNAZaBWUUMKM B NpezelaX pPa3pemeHUs ¢ pe3yiabTalaMu ONTU-
YeCKMX MCCIeZOoBaHWM. DTO JMHMM Ipu Ay = 2,048 u Ay =1,78 4
(onTuveckue YacTOTH v =135 u v= 184 eM~l. OpHaxo CTPYyKTypa Helj-
TPOHHHX CHNEKTDOB GoJlee CJOXHad. B 5Toff CcBA3M NpencTaBasiIoCh OH
XeJlaTeJIBHHM NPOBECTU CPaBHEHWUE pe3ydbTaTOB HeHTPOHHOro Mucclie-
IOBaHUA CIeKTpa NOJMITUIEHA B paccmMaTpuMBaeMoifi oGJacTV LJIMH BOJH
C TEeOPEeTUYEeCKMMM, PAOGOTAMKM 1O AMHAMUKE BHCOKOAHW3OTPOMHHX lernoyey-
HHX MATEpUaJIOB, KOTOpPHE MCIOJb3IYDLTCH LJS OCBICHEHUS TeMnepaTryp-
Holt saBucumocTy TemioemxocTs [(10,11]. OzHako, MOZenwp HOJMDTHUIEHA,
NOJOXeHHAs B OCHOBY TE€ODPETUYECKOro aHamsa padoTst [10], B xoTopoit
UCTUHHASA CTPYKTYDPa KpPUCTAJINYEeCKMX obJacTell NoJMdTUJIeHa NpuGav-
¥aeTcd TeTParoHaldbHoOil pemeTkoH, He yuUMTHBaeTCs HaJauMuMe amopdHoH
a3l 1 pemeHus AMHAMUUYECKOMW MaATPULH HEyCTOMYMBH II0 OTHOHMEHMD K
BHOOPY CUJIOBHX NOCTOSHHHX, Aajexa oT ZeiicrBureamHoctu. Caeno-
BaTelbHO, CpaBHeHME JAaHHHNX HeTPOHHOrO BDKCNEepUMMeHTa ¢ 3TOH Teo-
pueli He mpencTaBaseTCT YOeANTEIBHEM :
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B cnexTpe Heynpyro paccesHHHX HeliTpoHoB mpu Ay > 1,24 na-
pany ¢ JMHMAMU npU Ay =2,04 B Ag=1, 78 A npogsiageTrcda eme paa
MAKCMMYMOB: OTYETJMBHIA MaKCUMyM NpPU Ay = 1,514 (vx264 enm~1) n
B OOTYyYEeHHOM ¥ B HeOOJYYEHHOM IOJUITUJIEHE, U MAKCHMYMH ODpU
A = 2,20 n Ag = 2,94A, KOTOpPHEe §oJdee OTUYETJIMBO NPOSABJANTCHA B
CIEeKTPe HEOGIYYEHHOI'0 MOJMITHIEHA. B cnexTpe OGIYUYEHHOTO HOJM~
9TUJIEHa NpPOSBAfETCA TaKke CJalHiA MaKCuMyM Upu 2,634A(v x 64 em™1).
B kaxoit cTeneHM YKa3aHHHE MAKCUMYMH CB8i3aHt C OCOOEHHOCTSIMM
( cuHrynapHocTamy) QOHOHHOIO CHEKTDa NOJMITUIEHA [0 Pe3yIbTaTaM
HAHHOI'O DKCINEPVMEHTa, CYAUTh TPyHHO. YTO ke kacaercs pas3iuuud B
CreKTpe Heynpyro paccesHHHX HelATpOHOB Ha HeOGJYYE€HHOM U OGJay-
YeHHOM MNOJNITUJIIEHe, TO KaxK BHUAHO U3 puc.4 ¥ 5, 3HAUMTEABHOIO
pa3JMuMfi B JTUX CnexkTpax HeT. HaCawzapres Jumub cjalHe pacxox-
AeHNST MEXAY CNeKTpaMu, KOTODHE NPOABJIAKNTCS JUIb B AJMHHOBOJHO=-
BOll YacTM cueKTpa M TpPeSyDT, NO-BUANMOMY, Gollee NeTajdbHOI'O UC~
cJiefOBaHNd . :

3AKNIKYEHVE

B pesyanTaTe MCCJeZOBaHUA CHEKTPOB HeYyINpyro pacCesHHHX Heli-
TPOHOB Ha ofpasuax OeH3oga, AupeHnsa, HEOCJIYUEHHOro M OCJyYeH=-
HOr'0 NMOJMITUJIEHA NpU TeMnepartype 20°C, YyCTAHOBJERO  HaJNUKe B
HEUTPOHHHX CNeKTPax YyKa3aHHHX BeNecTB paAa ocobeHHocTeil, He npo=-
ABAADMMXCA B UX ONTHUUECKMX CheKTpax. YTOUHEHWE DHEPreTUYECKOro
NCJOXEHUSI 3TUX ocobeHHocTell M ycTaHOBJIEHME UX UPMPOAH TpPeCyBT,
¢ oaso#t CTODOHH, yBeJYeHUs paspemeHUs HelATPOHHOrO crnexTpoMeTpa
O BpPeMeEM NpoJieTa ¥ 3HAYUTEAbHOrO CYXeHWa nepBUYHOR cnexTpanas-
Holfi JvHMM XosoAHHX HellTpoHOB, ¢ Apyro#f cTopoHH, nposeseHMs K3-
MEpeHUf cNeKTpa HEeYNpyro paccefHHHX HeATPOHOB Npy pPa3JUYHHX TEM-
nepaTtypax BHI€ ¥ HUXe TeMNepaTyYpPH NJaBleHWs M Temnepatypw Tj,.

ABTODH BHpaxapT NpuM3HaTelbHOCTh M.M. IleB3Hepy 3a NOCTOAH-
HHA MHTepec K paGoTe M y4YacTMe B OOCYXIEHMM DPEe3yJabTaATOB,
MaexyTtenxo I'.d., Komaposy M.A. n Urnamesy A.C. 3a moMomp B Ipo-
BeJleHU/ J3KCIepPVMeHTa.
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DISCUSSION

D.T. GOLDMAN : Your results on polyethylene were very interesting,
" mainly because so little detailed work on neutron scattering has been done
-on this substance. You have concentrated on the acoustical energy region,
and this is actually the most important one from the chemical point of view
because it has been shown that the specific heat as a function of temperature
is most sensitive to the acoustical vibrations for a good portion of the range,
whereas the optical vibrations do not make a contribution until you get to
rather high temperatures, or at least to room temperatures and above, It
would therefore be very interesting if these measurements could also be
performed at higher energies where the neutron scattering would give infor-
mation on the optical scattering and verify the very few optical measure-
ments now being made,

N. A, TCHERNOPLEKOV: I do not quite agree with you. On the assump-
tion that polyethylene can be considered as a crystal, we have indeed made
measurements with regard to the optical mode - I am referring here to the
optical range of atomic vibrations - and the results have been included in
our curves, However, I do not think it is worthwhile using neutrons for the
study of this region because they cannot compete with the old and reliable
optical methods. I agree with you,of course, that the study of this lower part,
where neutrons are most advantageous, is very interesting, butunfortunately
the amount of information we have received in this way is as yet small, We
shall have to improve our methods of study considerably.
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INELASTIC SCATTERING OF THERMAL NEUTRONS FROM DOWTHERM "A". The angular and energy
distributions of neutrons scattered from room temperature samples of Dowtherm "A" have been measured using
a few different initial neutron energies in the range from 10210 101 eV. -

The experiment has been performed with a rotating crystal specttometer as pulsed monoenergetic beam
source and a 16 X256 - channel time analyser for timing of the scattered neutrons. With this arrangement data
for several angles have been taken simultaneously.

Results are represented in the form of differential cross-sections and also in the "Scattering Law" form.
Physical interpretation with the aid of the space-time correlation tunction of Van Hove is discussed.

DIFFUSION INELASTIQUE DE NEUTRONS THERMIQUES PAR LE DOWTHERM "A". L'auteur a mesuré
1a distribution angulaire et le spectre d*énergie de neutrons diffusés par des €chantillons de Dowtherm "A" 2 la
température ambiante, en employant des neutrons dont 1'énergie incidente variait de 1022107 eV.

L'expérience a €té faite 3 1'aide d'un spectrometre 2 cristal tournant, employé comme source mono-
énergétique pulsée, et d'un analyseur en temps de 16X 256 canaux. Ce dlsposmf a permis de recueillir si-
multanément des données pour différents angles.

Les résultats sont présentés sous 1a forme de sections efficaces différentielles et aussi sous la forme d'une
loi de diffusion. L'auteur discute 1'interprétation physique de ces résultats 2 1'aide de la fonction de comélation
spatiotemporelle de Van Hove.

HEYNPYPOE' PACCESIHME TEIUIOBHX HEATPOHOB HOYTIPMOM "A". Yraoswe ¥ aHepreTHdyecxkue pacnpefme-
nenMst HeHTPOMOB, pPacCesHHNX ofpasuamu AOyTopMa "A" npu KomuaTHOM TemnepaType, OHIM M3IMEPEHH
OpM Pa3MMUHMX MCXORHMX DHEPrHAx HefiTpoHOB B npenesax oT 1072 o 1071 as.

ONHT HpvBOAMNCH HA CHEKTPOMETDEe ¢ BpamaymuMcs KpUcTallom, xoTopull npezcrasazeT codolt uc-
TOUHMK NYALCHMPYIMEro MOHOBHEPreTHHECKOre Myuxa i BpemeHsoH mroroxanansu anammsatop 16 x 256 aas
OonpefeNeHUs BpPEMEHW NpoJeTa pPacCeaHEMX He#TPOHOB. OXHOBPEMEHHO € DTVM ONJM NOJYUYEHH AAHHHe AJA
HECKOJBKKX Yrios paccesdHMA.

PeaynbTaTH NPeACTABIEHH B BuAe AMddepeHIMaTbHIX cevennft, a Taxwe B Buze 'jarona paccesmua”,
OScyxnaerca ux Qu3MNeCKas CYMHOCTb M COrJacoBaHue ¢ MpocTpPaHcTBeHHOH BpemerHof dynxmvelt Ban Togda.

DISPERSION INELASTICA DE NEUTRONES TERMICOS POR EL DOWTHERM "A". El autor ha medido la
distribuci6n angular y energética de neutrones dispersados por muestras de Dowtherm "A" a temperatura am-=-:
biente, para una serie de energfas iniciales de los neutrones comprendidas entre 10 y 0tev,

El experimento se ha realizado con un espectrémetro de cristal rotativo, que se ha utilizado como fuente
pulsada de haz monoenergético, y un analizador de tiempo de 16 X 256 canales para el cronometraje de los
neutrones dispersados. Con este dispositii/o, se han obtenido simultdneamente datos correspondientes a diferentes
4ngulos.

El autor expone los resultados en forma de secciones eficaces diferenciales y también en forma de "ley

de dispersién”. Estudia la interpretacién fisica del fenémeno con ayuda de la funci6n de correlacién espacio-
tiempo de Van Hove.

I. INTRODUCTION

In the past few years considerable effort has been spent on méasurihg
the influence of chemical binding on the scattering of slow neutrons. In this
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way much information about. many-particle systems such as solids, liquids
and gases has become available.

The information about scattering behaviour is of primary interest for
reactor physics because the binding effects determine the slowing down of
neutrons in the energy region where the spectrum shape is most important.
Data of moderators like H,0, D,O, graphite, beryllium and terphenyl have
been measured with the phased-rotor systems at Chalk River and Idaho Falls
(1,2]. :

Of similar interest for organic moderated and cooled reactors are the
chemical compounds diphenyl, diphenyloxyd and the eutectic mixture ofboth
called Dowtherm "'A".

In continuing the series of experiments with moderators several samples
of Dowtherm "A' and diphenyl have been studied using a rotating crystal
time-of-flight spectrometer. The selected materials have the advantage of
easy handling and of being primarily incoherent scatterers.

A few incident neutron energies, 0.019, 0.032 and 0.078 eV have been
used. For each energy the scattered intensities were taken simultaneously
at several angles. Usually the seven detector angles 20°, 40°, 60°, 70°, 80°,
100° and 120° were realized. Examples of results are presented as raw data
and in the converted form as differential scattering cross-section per solid
angle and time-of-flight. Results as far as now available are also repre-
sented in the well known scattering law form S(a, 8). S(a,B) [3] is different
from the function S{x, w) defined by VAN HOVE [4]. Energy change is measured
in units of KgT, B = hw/KzT, where hwis the energy change and KgT is the
temperature of the sample in energy units. Momentum transfer is represented
by @ = h2k2 [2MKpT, where k = k - kKo is theé difference of initial and final
wave vector of the neutron and M is the mass of the principal scattering
nucleus. Furthermore the detailed balance factor is extracted with the con-
sequence that S{e, 8) is even in 8.

The determination of the generalized frequency distribution p(g) pro-
posed by EGELSTAFF [5] was tried.

A
II. EXPERIMENTAL ARRANGEMENT

" Apparatus

Bursts of monoenergetic neutrons have been producted with a rotating
crystal using a neutron beam from the reactor Diorit at Wiirenlingen., A
preliminary description of the spectrometer has been given earlier {6] .
The general layout is shown in Fig.1l. The rotating single crystal fulfills
two tasks. Firstly, due fo the Bragg reflection at the planes of the crystal
it produces monoenergetic neutrons in a selected direction and secondly,
due. to its spinning, it chops the beam and delivers short pulses for the time-
of-flight measurements. The present measurements are done with a copper
crystal usually spinning at 14 200 rpm, using two (111) reflections per re-
volution. The advantages of this device are its simplicity, the fact that there
is almost no time-dependent background and the possibility of using several
incident energies simulfaneously. Principally the last feature allows to take
all information needed for scattering law calculations in one single run.
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Schematic diagram of the rotating crystal spectrometer at the reactor '
Diorit, Wiirenlingen, Switzerland.

In scattering experiments the sample position was 2.65 m behind the
crystal. For a primary energy of 0.032 eV the pulse width at this position
was 22 us and the intensity about 1.5 -10% n/em?s, The performance of the
machine was tested continuously with two BF; monitors in the monochromatic
beam. One was a short distance in front of the sample and the other 2 m
behind it. With these monitors energy, resolution and intensity of the in-
coming neutrons could also be measured,

The scattered neutrons are detected with a set of 5 in diam. scintillation
counters positioned at a distance of 2 m from the sample and at angles of
20°, 40°, 60°, 70°, 80°, 100° and 120° with respect to the monoenergetic
beam. The signals of each detector were fed intoa group of 256 channels
of a 4096-channel magnetic core time sorter, using 8 yus channel width.

The detector efficiencies have been determined by scattering from vanadium.

Scattering samples

For liquid Dowtherm "'A" sample containers consisting of an aluminum
frame 0,06 cm thick covered with 0.03 cm thick windows of aluminum have
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been made. The surface of the sample was 5 cm broad and 15 ¢m high, so
that the full beam cross-section could be used. The transmissions of our
samples varied between 90 and 75% for different incident energies and dif-
ferent horizontal inclinations to the beam. Diphenyl which is solid at room
temperature was heated slightly above melting point and cast in a similar
frame.

III, MEASUREMENTS AND RESULTS

Before scattering runs were started, a flux map at the sample position
was taken and the detector efficiencies were determined. Usually 20-h runs,
10 h for sample in and 10 h for background, were made. Fig.2 shows the
results of a typical sample and background run.

12 ks 103 ) DOWTHERM "A" 20°C
e SAMPLE
Ex=0.0MeV BACKGROUND
ok 2 |? 70°
|  2BEAM B
| i MONITOR s
4 " i
J - -Wf R SO
v ] T A 1 A} L] T T T T T T T 1
3 fu03
2f 20° 2|03 80°
z
Z .
<« z
6 14+ * U [
5 '_."..'V._
"z‘ et N
) T T T T T T ]
8 .
2lx103 _' 40° 2|03 100°

T A e v

2 w0 | 4 | S0 ' 0 | w0
TIME CHANNEL (8usec).
Fig.2
Raw scattering curves for an incident energy of 0.079 eV and seven scarttering angles,
These data wete obtained in 20 h, 10 h for sample in and 1 h for background,
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The principal steps in conversion of the experimental data,

Memory content of the time analyser was punched on paper tape.. This
tape was fed directly into a computer. A computer programme has been
written with which the data were normalized for equal initial intensity and,
if necessary, also for equal background at small and large neutron velocities.
Then data were converted to differential scattering cross-sections and finally
to the scattering law form S(a, 8). These steps are demonstrated in Fig. 3
for the results at an angle of 70° and an energy of 0.032 eV, No smoothing
‘of the .statistics and no corrections for the finite energy resolution have been
done. The S-values as far as now available are shown in Fig.4 and 5. In
-these diagrams the results of two incident energies and seven different scat-
tering angles are plotted for fixed B-values as parameters. This kind of
plot is a good check of the reliability of the data.
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Scattering law for Dowtherm "A" at room temperature represented per molecule,
IvV.. DISCUSSION AND CONCLUSIONS . ,

No significant differences between the room temperature scattering data
for Dowtherm "A" and diphenyl have been observed. The diphenyl cross-
sections are somewhat higher for 8§ =i0 and decrease more rapidly with in-
creasing B-s for small B-s. Also there is no clear-indication of resonance
bands in the data. : i s : .

The exact way to determine the space-time self-correlation function
G;(r, t} of Van Hove is to make double Fourier transformations of the measured
differential scattering cross-sections. Because-we have measured only a
limited range of energy and momentum transfers the results of such trans-
formations would be doubtful. Instead we have tried the method of Egelstaff



SCATTERING OF THERMAL NEUTRONS FROM DOWTHERM "A™ - 313

TEMPERATURE 21°C

™ ®» 0032ev ) 2 0.032ev
B positive 1, no79ey B negative |, gp79ev
o —-05 510 r @ 05 1 5 0
" E “ 3 o
SF s . sf A
B AIA. [ N
L A=01 i . B=10
SCALE xt SCALE x1
VE 107
2 r o %% °
5‘ se iy, 5‘ o 4 A.. s % o
[ L -
. . R
M =02 =2
107k SCALE x10 ) 102k SCALE x10
5: 5E ° 20 ° o
C . .,
i e AL ., ° ¢ °
T I “u . B=z14
102 8203 , 103k SCALE %10
wooE SCALE x10 woE ‘
S st S sf
QT o T 2
w [ w - o "°u0 o0
g | a oo g ° 4 & o
= A‘.‘AA"“.zo‘,o z N
= -~ A
210% . olos K 3‘045 B=16
£ = |
¥ sf " scALE x10° 3 SCALE x10°
i [ o s AOAOO
I s° %5 i ° 4 o
i " ,vo 5[ 3
R URTUT L SR 07 ® p-18
5¢ =06 sF SCALE x10°
° : =
L' SCALE x10 i ..
L ° °
A o At s R
5 00 ,, 6|
10 E o W0 h o0 8y 10 £ ‘ B=20 5
5k s oL ©§f SCALE x10
l . B=08 : [ o :
i SCALE x10°, o« L <«
It 111l 1 111kl ! 1 11 8 1218) 1 | O I W N )
o1 05 1 5 10 ot 5
- Fig.5

Scarttering law for diphenyl at room temperature,

to extrapolate S/a to @ = 0 for different fixed . Multiplication of the limit
[S/ala=0 with 62 yields a generallzed frequency distribution p(8) which is
directly related to the velocity correlation function of the system. There
is'a fair agreement between solid and liquid data. The curves also show
two peaks. In the region of the last peak several infra-red absorption bands
have been found. But at present the uncertainties of the most points are too
large as to draw more serious ‘conclusions.

Measurements at other initial energies are in progress and measurements
w1th higher temperatures are planned
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DISCUSSION

W. KLEY: I do not quite understand your technique of obtaining back-
ground data by removing the scattering sample from the impinging beam,
We have found that if the sample is taken out of the beam the fast neutron
background is also removed and therefore cannot be detected.

W. GLASER: I can only say that this is the usual technique for measur-
ing background in other time-of-flight experiments as well. In background
measurements account must of course be taken of the empty sample con-
tainer in the beam. The monochrontatic beam is a very pure one, so there
is only a very small fast neutron background. We have made corrections
for differences in sample background in the beam and outside it.

B.N. BROCKHOUSE: One of the attractive features of the rotating
crystal spectrometer used by Dr, Gldser is that the fast neutron background
is time-independent, so that a variety of ways are available for dealing with
it, ‘

W. KLEY: Yes, but with the technique described by Dr. Glaser you
not only produce thermal-neutron pulsed beams but you also get a continuous
background of fast neutrons, When you put the sample in the pulsed beams,
you have the continuous background of fast neutrons which is then seen by
the detector as long as the sample is in the beam. When you take the sample
out, 'you remove the fast neutron background.

W. GLASER: That is true, but there will be a difference between these
two sorts of background and since the background is not time-dependent you
can inake a very good correction for these effects, The results would be
somewhat better than with a fast-chopper system for example.

P. K. IYENGAR: I think Dr, Kleyt!s point is that you could have cut the
beam, say with a cadmium shield, and then have taken the background which
would include the fast neutron effects.

"©  B.N. BROCKHOUSE: I think it would be appropriate at this point to
present a brief report on work which has been done by my collieague
L.N. Becka on rotational transition in cyclohexane,

A number of ''globular" organic compounds*, which undergo phase
changes that are believed to be of rotational nature, have been studied using
the rotating crystal spectrometer** at the NRU reactor at Chalk River, The

* TIMMERMANS,J. phys. and chem. Sdlids, 18, (1961) 1.

st

%% BROCKHOUSE, B.N. "Inelastic Scattering of Neutrons in Solids and Liquids”, IAEA, Vienna (1961)113,
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results for cyclohexane are sHown in the figure below. At 1I5°K, below the
transition at 186°K, the patterns show strorg elastic peaks and at least two
inelastic peaks (at 6.2 and 10meV). The fact that the elasti¢ peaks for the

4 CYCLOHEXANE

INTENSITY (ARBITRARY UNITS)

35 40 . . 20 ZIS 3.0
X' (R)- WAVELENGTH OF SCATTERED NEUTRONS

Fig.1

Wavelength distributions for cyclohexane at two angles and at temperatures
above and below the transition,

two angles are not greatly different shows that the Debye-Waller factor is
normal, and therefore that the molecule is not in rotation. At 215°K the
Debye-Waller factor is greatly reduced, especially at the larger angle. Thus
the proton motion is very great and the molecule is presumably in rotation.
Since the two peaks also disappear, they must represent rotational levels.

Other substances studied were 2-2-dimethylbutane and 1-4-diazo-
bicyclo-(2. 2. 2)-octane, with differing but interesting results. A full report
is being submitted to J, chem, Phys,






A STUDY OF THE DIFFUSIVE ATOMIC MOTIONS
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Abstract — Résumé — Aunoramusa — Resumen

A STUDY OF THE DIFFUSIVE ATOMIC MOTIONS IN GLYCEROL AND OF THE VIBRATORY MOTIONS
IN GLYCEROL AND LIGHT AND HEAVY WATER BY COLD NEUTRON SCATTERING. The cold neutron scat-
tering studies of the vibrational and diffusive properties of light and heavy water have been continued at the
Stockholm reactor. Vibrational “frequency spectra” have been derived from observations on heavy water up
to 350°C. The damping of the molecular vibrations and rotations is very strong at the higher temperatures.

A study has been performed on the quasi-elastic and inelastic scattering from glycerine, a hydrogenous
liquid showing a strong variation of its viscosity with temperature. The diffusion constants that may be deduced
from the experiment are several powers of ten larger than those calculated from the Einstein - Stoke or from
the Eyring formulas using the measured viscosity. The variation of line width with temperature shows a tendency
opposite of that for water, which indicates that for glycerine jump diffusion might be the most important
process. The broad inelastically-scattered spectrum from glycerine shows similarities to the spectra derived from
the measurements on light and heavy water.

éTUDE DES MOUVEMENTS ATOMIQUES DE DIFFUSION DANS LE GLYCEROL ET DES MOUVEMENTS
DE VIBRATION DANS LE GLYCEROL, L'EAU LOURDE ET L'EAU LEGERE DU FAIT DE LA DIFFUSION DES NEU-
TRONS FROIDS. Les auteurs ont continué les recherches entreprises an réacteur de Stockholm par la méthode
de diffusion des neutrons froids sur les propri€tés de diffusion et de vibration des eaux lourdes et 1égeres. Ils
ont déterminé€ le spectre de fréquence des vibrations 2 partir d*observations faites sur I'eau lourde, pour des
températures allant jusqu'a 350°C. L'amortissernent des vibrations et des rotations moléculaires est tr2s intense
pour les températures €levées,

Une étude a &té faite sur la diffusion quasi-élastique et inélastique dans la glycérine; 1a viscosité de ce
liquide hydrogéné varie beaucoup en fonction de la température. Les constantes de diffusion que 1'on peut
déduire des expériences sont de plusieurs puissances de 10 supérieures 2 celles que 1'on obtient en employant
la mesure de la viscosité dans les formules de Einstein-Stokes ou de Eyring. La variation de la largeur de la
raie en fonction de la température accuse une tendance opposée 2 celle que 1'on observe pour 1'eau: elle
montre que pour la glycérine, la diffusion par sauts pourrait bien €tre le processus le plus important. Le large
spectre de diffusion inélastique dans la glycérine présente des similitudes avec les spectres découlant des me-
sures faites dans 1'eau lourde et dans 1'eau légere.

VIYYERVE IM¢OY3IVIOHHHX OBUXEHMIA ATOMOB B TMUEPYHE ¥ KONEBATENBHHX [BVFEHWH B T'MUEPVHE
¥ JETKO# ¥ TAXENOA BOJE NPY NOMOMM PACCEANMA XONOAHHX HEATPOHOB. Ha CTOKIOZBMCKOM peaxTope OMamM
npogoxenr Meeo Buépa u mddyInorHEX cBoficTB o6nuHolt u Tawenoft posm MeTozoM pace
CesHMi xoloauMx Heftrpouos. M3 nadmnnenus saz Taxenofl Bozoi npu Temmepatypax zo 350°C Snam muBe-
ReRd suSpamoHHMe "cnexTpPH wacTOT". OYEHbL OMIBHOE rameHne MONeKyIspHHX KozeCanm#t u spameruil Ha=
6appaerca opk Golee BHOOKMX TeMmepaTypax. ’

Hochenosadvis KBAIMYNPYTOro W HEYNPYrore paccednus OHIM NpondBeleHH HA raMllepuxe, T.e. CO=
Repxamell BOROPOR TMMNOCTH, BAIKOCTH KOTOPOR CHMABHO M3 TCE B 3a TH OT TeunepaTypH.
Koaddmumen T mMODyInu, KOTOPHE MOIYT ONTH MOJYVEHH M3 ITUX IKCMEPMMEHTOB, NMPEBHUADT H3 KHECKONLXO

® Now at the Royal Institute of Technology, Stockholm, Sweden.
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NOPAAKOB 3HAUERMH, MOACWMTANHME No Qopmyuam Dixmrefina-Croyrxa uaw Sfipusra npu nomomy M3IKepenus
BAIXOOTH. MaMePeRMA WMDUEN CNEKTPAIbHOR IAHUM B IABACMMOCTM OT TEMNEPATYPH BHABIADT TEHASHIMD,
DPOTHBONONOXHYD TEHAEHUMM LUK BOAM, YTO YKAIWBAET HA TO, UYTO HauGofiee BAXHMM NPOUECCOM AXS TiM=

HepuHA MoxeT OHThL mbdysus crxauxamu., CneKTp Heynpyroro paccefivi AJS FIMNEpMHA HeCKOJbLKO CXOoneRr
©O cnexTpaMy, NOIydeHHMMM M3 omiToB ¢ xerxoft u Taxexofl mopoft.

ESTUDIO POR DISPERSION DE NEUTRONES FRIOS, DE LOS MOVIMIENTOS ATOMICOS DE DIFUSION
EN GLICERINA Y DE LOS MOVIMIENTOS DE VIBRACION EN GLICERINA Y AGUA LIGERA Y PESADA. Han
seguido en el reactor de Estocolmo los estudios sobre las propiedades de vibracién y difusién del agua ligera
y pesada por dispersién de neutrones frfos. Se han determinado los “especttos de frecuencia™ vibratorios basin-
dose en las observaciones realizadas con agua pesada hasta 350°, lleg4ndose a la conclusién de que el amorti-
guamiento de los movimientos vibratorios y rotatorios moleculares es muy acusado a temperaturas elevadas.

Se ha realizado un estudio sobre la dispersién cuasi el4stica e ineldstica por glicerina, lfquido que con-
tiene hidrégeno y cuya viscosidad varfa considerablemente con la temperatura. Las constantes de difusién que
se han podido deducir experimentalmente superan en varias potencias de diez a las calculadas segiin las for-
mulas de Einstein-Stoke o de Eyring, utilizando la viscosidad medida. La variacién de la anchura de la raya
en funcién de la temperatura presenta une tendencia opuesta a la del agua, loque indica que en el caso de la
glicerina el proceso mis importante. consiste probablemente en una difusién discontinua. El espectro ensanchado
de dispersién ineldstica correspondiente a la glicerina presenta analogfas con los espectros deducidos de las-
mediciones realizadas con agua ligera y pesada. '

INTRODUCTION

Recently a considerable effort has been devoted to the study of the nen-
tron spectrum scattered from light and heavy water. Various techniques
involving the crystal spectrometer {1}, the mechanical monochromator [2]
and cold neutron techniques 3] have been used to collect experimental data.
The reason why these two liquids have been studied experimentally in so
much detail are their importance as moderators in reactors and the hope
that ihe complete understanding of the fundamental atomic motions in these
liquids would make it possible to calculate the thermal and near thermal
equilibrium neutron spectrum in a reactor {4, 5].” The observed differential
neutron crosse.sections have, however, proved to be very complex and dif-
ficult to understand in full detail I6, 7, 8abec]. On the time scale of about
10-12 g within which the slow neutrons perform their interaction with the
atomic motions, different kinds of either atomic or molecular motions in
a hydrogenous scatterer may contribute to the scattering with different sta-
tistical weights. To elucidate these phenomena it was thought to be of great
interest to investigate a hydrogenous liquid, the viscosity of which should
vary very strongly with temperatu~e. A good substance’is glycerol for which
the viscosity varies from 15 poise at room temperature to a few centipoise
at 130°C. Accordingly the self diffusion coefficient should vary greatly over
this temperature region, if the simple type of random walk formulae, like
the Stoke-Einstein or the Eyring formulae, were to be valid for this case.
As such a variation of the diffusive motions in an incoherently scattering
liquid is advantageously studied by the neutron scattering technique an ex-
tensive study of the cold neutron scattering from glycerol was undertaken
at the Stockholm reactor. )

Earlier [9] a series of néutron scattering measurements on light water
in a temperature range from -10°C to +92°C, and on heavy water from -10°C
to +300°C, have been undertaken. These results will also be shortly discus-
sed in this report. :
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1. TECHNIQUE OF MEASUREMENT AND INTERPRETATION OF DATA

In all the measurements to be discussed here a beryllium-filtered neu-
tron beam was used as ingoing spectrum with the idea that the sharp edge
at 3.95 A should operate as the monochromatic "line" in the study of the
diffusive motions in the scatterer and the whole cold neutron spectrum as
an approximation to the monochromatic beam in the study of the oscillatory
motions in the scatterer. If accurate results are to be obtained in the study
of line widths a careful examination of the shape of the line measured in
straight transmission has to'be carried out [10, 11] (compare detailed dis-
cussion on this subject carried out in the pp. 58-62 of [10], and in pp. 372-374
of 111). Such a measurement gives all the details about the instrumental ef-’
fects. As all the line width data to be discussed later to a large degreé de-
pend upon the accurate and careful interpretation of instrumental effects,
a detailed discussion of the line shape studies will be given. Similarly the
possible effects of the wide ingoing spectrum on the interpretation of the
inelastically-scattered spectrum will be given careful attention.

{(a) Width of the quasi-elastic line

Many measurements {1, 12, 13] have shown that the effect of the diffusive
motions on the ingoing neutron line is to broaden it. For many liquids like
water, glycerol and liquid helium in their respective lower temperature
regions this broadening is very small. The interpretation of the experimen-
tal line as a folding of two functions, the resolution and the very small natu-
ral width, depends therefore critically on the shape of the ingoing neutron
line. At the other temperature end, high temperatures, the natural line
width is much larger than the resolution width and the main problem here
is to separate the diffusive line from the intense inelastically-scattered
spectrum. Particularly for the small natural line width reglon it is desirable
to have a high resolution.

The slow chopper time-of-flight apparatus used at the Stockholm reactor
has been described in detail earlier [3] . The resolution has, however, been
increased considerably by changing the detector. The detector formerly
consisted of a BF detector battery of an effective thickness of 6.5 cm. By
using much thinner BF; counters filled to twice the pressure, 1150 mm Hg,
the thickness of the detector battery, now consisting of 41 counters with an
effective area of 19X 20 cm? at the end of a 3 m flight path, is only 3.1 cm.
The percentage time resolution dt/t, due to flight time through the detector
is thus decreased from 2% to 1%. The overall resolution of the instrument
is at present 20 us/m or 2% at 4 A. In earlier work with this- apparatus the
corresponding figure was 30-40 us/m. The effect of this increase of resolu-
tion is illustrated in Fig. la The sharp beryllium cut-off at 3.95 Ais re-
placed by two, one at 3.95 A rising to 70% of full intensity and another at
about 4.05 A corresponding to the combined crystalline cut-off's of aluminium
and iron in the beam. This aluminium and iron scatters out about 30% of the -
neutrons from the beam in the region between 4.05 and 3.95 A as indicated
in the figure. In Fig. 1b, is given an example of the scattering picture from
glycerol at 96°C and 60° angle of observation still showing the dip in the
intensity at about 4 A. Obviously only the part of the break corresponding
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Fig.1

(a) The shape of the break region of the cold neutron spectrum observed
in straight transmission, Also given is the spectrum expected for
infinitely good resolution.

(b) The shape of the break region as observed in quasi-elastic scattering
from glycerol at +96°C and 60° angle of observation, The definition
of the observed width value is shown as the time difference between
A and B,

1o the 3.95 A beryllium break should be used in the interpretation of the line
width. The following procedure of analysis was therefore adopted:

Each neutron energy in the theoretical neutron spectrum, i(E) ~E dE,
indicated in Fig. la is supposed to be broadened according to a Lorentz func-

tion,

1
_Ea\2
£25.2 770
1+(EAE >
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The result of the folding of this Lorentz function and the spectrum E dE
including the step at 4.05A is a broadened break similar to the one given in
Fig.la or b. This broadened spectrum is converted to time-of-flight scale
and again folded with a resolution function assumed to be Gaussian,

)

This of course aga}n broadens the break and again tends to smear out the
step between 3.95 A and 4.05 A Using an electronic computing machine a
great number of theoretical line shapes were calculated for a constant re-
solution width At but for various values of the width AE of the Lorentz func-
tion. Finally the natural line width 2AE could be plotted as a function of the
full width of the different lines. This full width includes the widths of the
two breaks at 3.95 and 4.05 A and is readily found from a plot of the calcula-
ted line. With the calibration curve of 2AE as a function of full line width
the only procedure that is necessary to do in order to get the natural line
width 24K, from an %bservation like the one given in Fig. 1b is to draw the
tangent to the 3.952 A part of the break and extrapolate the top part of the
curve until it intersects the tangent which determine the top point (A) of the
tangent. Then the inelastically-scattered spectrum is extrapolated in under
the quasi-elastic ""line" antil this extrapolated spectrum part intersects the
tangent, which determines the bottom point (B) of the tangent. At higher
sample temperatures when the quasi-elastic spectrum merges intothe in-
elastic spectrum over a wide energy region this separation becomes very
difficult and puts a limit to the method of separating the inelastic and quasi-
elastic spectra. The time distance between the top and bottom points read
ajong the time-of-flight axis gives the full line width. Using the calibration
curve, 2AFE is then found directly. In this way a correction has been made
for other scattering materials than beryllium in the beam. The remaining
weak point is that a Lorentz shape is assumed for the natural line broad-
ening.

(b) Interpretation of the inelastically-scattered neutron spectrum

As shown by many scattering experiments on hydrogenous liquids neu-
trons are scattered into energy regions far from the ingoing one. An example
is given in Fig.2 where the complete scattering pictures from glycerol at
temperatures of 20°C and 130°C for an angle of observation of 60° are given.
The observed neutron energy gains ranges from 0 to 100 mV. Obviously the
shape of the inelastically-scattered spectrum in an energy range up to about
20 mV might be affected by the width of the ingoing spectrum ranging from
0 to 5 mV with a width of about 2 mV. Above 20 mV the observed spectrum
should correspond closely to the spectrum observed if all the primary neu-
trons were conc¢entrated in a line at the centre of gravity of the cold neutron
spectrum. To investigate the effect of the width of the primary spectrum on
the shape of the inelastically-scattered spectrum one has to fall back on
some model for the scattering process and calculate the scattered spectrum
for different ingoing energies. As the stochastic model of a liquid developed
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The complete neutron spectra scattered from glycerol at 20°C and 180°C
and an angle of observation of 60°,

by RAHMAN, SINGWI and SJOLANDER [8c] had a certain success in ex-
plaining the cold neutron scattering results on water, this model was used
for the present investigation. The energy region within which this model
seemed to be so relatively successful just happens to be the energy region
of interest here, i.e. from 5 to 20 mV. The reason for this is that the Debye
temperature of many liquids falls in the range of 0-15 mV. There is also
another reason why this model is preferred for this discussion namely that
it includes so many features typical of a solid. As is alredy known, and

will be shown again in this paper, liquids show many properties typical of
a solid when studied on a time scale of 10-13 to 1011 g. To investigate what
the effect of the broad ingoing spectrum might be on the shape of the in-

elastic spectrum in the energy transfer region 0-20 mV, this spectrum was
calculated using the equation

o k hw 4o
do 2 k 2gT 1 [ -jwt -
e~ Vimck, ® 27rfe e Plta S

+o0
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where k, k, are the scattered and ingoing wave vectors, lw is the energy
transfer, x =k- kg, T is the sample temperature and p(t) is the width func-
tion of the self correlation function. The form chosen for p(t) is one in which
both diffusive and vibratory modes of atomic motion are represented [8c] .
. Bffectively three constants enter into the theory for p(t), namely a Debye
temperature of frequency, wp, a frequency w' below which no vibratory
modes occur and a damping factor I', which describes how fast the vibratory
energy in a mode is dissipated. This same model has also been used to
calculate line widths for comparison with the present experimental data
on glycerol. In this way the values for the three constants wy, w' and T,
which corresponds to the best fit to the line width data, were also used to
calculate the inelastically-scattered spectrum. In this theory w'/wp is the
factor which mainly determines the line width,~while'I" determines the shape
of the inelastic spectrum. For this reason computations were made for
two values of I namely I" = 2.0 (strong damping) and I'= 0.5 (somewhat weaker
damping). The values used for wp = 2.0 - 1013 and w* = 0.2 : 1013 rad/s (com-
pare the line width data to be presented later in this paper). Computations -
were made for three cases:

.(a) All the ingoing neutrons assumed concentrated in a line at A = 4 f&,

(b) All the ingoing neutrons assumed concentrated in a line at the centre
of gravity of the cold neutron spectrum A = 4.7 A, and

(¢) The ingoing energies divided into a large number of lines in the cold
neutron range and each energy weighted properly according to the
shape of the ingoing cold neutron spectrum. All the contributions
at a given mark on the energy transfer scale are then added.

The scattered spectra were calculated for 30°, 90° and 120° angle of
observation, )

The results of this computation are given in Fig, 3. The interesting
conclusion of this computation is that it does not matter if a whole cold neu-
tron spectrum or a neutron line at the centre of gravity at 4.7 A is used
as ingoing spectrum. Another way of stating this result is, that the average
value of the cross-section & (E- E!) for energy transfer from E to E!, where
E is in the cold neutron region and E! is a fix energy in the inelastic scat-
tering region, is to a good approximation proportional to the cross-section

o(E-E") for energy transfer from the average energy, E, in the cold neutron
spectrum to E'. It is, of course, impossible to say something about the
range of validity of this resuit. On the other hand, if all the neutrons were
concentrated at 4A the 1nelast1cally-scattered spectrum would have a dif-
ferent shape. In the analysis of the inelastically-scattered spectrum we
theréefore assume that the whole cold neutron spectrum is concentrated at
4.7 A.

As the measurements show that both glycerol and water have many pro-
perties in common with solids as seen by cold neutrons, the inelastically-
scattered neutron spectira are used to derive frequency spectra for the
atomic vibrations on the basis of some simple solid state model. The model
we have been using connecting the neutron cross-section and the frequency
spectrum is the phonon expansion model. The cross-section for inelastic
neuiron scattering is then given by [14]
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Calculated inelastically-scattered neutron spectra from a substance of the glycerol type for three different

assumptions about the ingoing neutron spectra, showing that the calculated spectra agree almost exactly at

three angles of observation if either the ingoing wave length is 4.7 & or if the whole cold spectrum is used
as ingoing with the appropriate weighting,

. ‘
aas = ohe 13 o (-3 T-zw>zi—a @) (2)

where several symbols have the same meaning as inEq.(1). 2W is the Debye-
Waller factor, and the G, are certain functions of the energy transfer hw.
In the series of terms the first, the one phonon term, might be written:

2.fW) _ @ fw)

B
: o 28 sinh &
2M * 2w . S8inh 2k T 2

2WG, = (3)
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where ¢ = hK?/2MkyT with M = the mass of the scattering atom andp = tw/k,T:
f(w) is the frequency spectrum, which is the object of the study. As follows
from (2) and (3) the frequency spectrum is obtained from the measured ener-
gy distribution I(p) at the angle of observation ¢ from;

1) KB’ 1) L gy ey - y(,0). (22)

As 2W cc_)nfains a factor proportional to a, it is seen that f(w) is obtained
from I{p) only in the limit a-0. All the multiphonon terms included in {8, a)
disappear in the limit of observation in the forward direction. This fact
was discussed earlirer/for instance by EGELSTAFTF [15] .

As shown by Fig. 2 the observed neutron spectra ranges ouf to energies
of 100 mV, i. e. much higher than what would correspond to the observed
Debye temperatures corresponding to 10-15 mV. Therefore the correction
for multiphonon terms as well as the effect of the Debye-Waller factor should
cover only the low part.of the spectra, i.e. the energy range 5-20 mV, If
the form (2a) is used over the higher energy transfer region, 20-100 mV,
the€ multiphonon terms must tend towards zero because of the high apparent
Debye temperature which must be associated with these high frequency mo-
des. Therefore, if the observations are made at a small angle, say 30°,
and if the ingoing energies are small, the k-values and therefore the a-
values become small in the low energy transfer region, and as a first ap-
proximation to the frequency spectrum we use

)~ 1)k, [ k) (w/k)exp(hw/ ks T) - 1) (4)

No correction has yet been made for possible coherence effects.

II. OBSERVATIONS ON GLYCEROL
(a) Measurements

With the improved time-of-flight instrument at the Stockholm reactor .
R1 a series of observations were made on the neutron spectra scattered
from glycerol at angles of observation, ¢, of 30,60, 90 and 130°, A wide
temperature range was also covered in that the observations were made
at -7, +20, +61, +96 and +130°C. As the viscosity of glycerol is very sensi-
tive to any water contient, a chemical analysis of its water concentration
was made before and after measurements and found to be 0.25%. The sample
holder consisted of an aluminium container with 1 mm thick walls giving
a sample size of 7X 10 cm? and a sample thickness of 0.2 mm corresponding
to about 90% transmission. Round the fhick outer rim of the container could
be wrapped either a heating coil or thin pipes through which cooling liquids
could be circulated (alcohol by dry ice or liquid nitrogen). The whole sample
container was installed in a vacuum vessel with aluminium walls. The tem-
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peratuie was measured by thermocouples and electronically controlled. The
runs made at -7°C require a particular explanation.

It is known that glycerol has a freezing point of -89°C, where it goes
over into a glassy state. If it is heated up very slowly it is maintained in
this crystalline state up to +17°C, where a melting point is found {16] . There-
fore it is possible to study glycerol both in the solid and the highly viscous
liquid state at one and the same temperature. We made this measurement
as follows. First the liquid was cooled down to -7°C by alcohol-cooling and
runs were made-at 30, 60 and 90° angle of observation. The sample was
then cooled down to -120°C by circulating liquid nitrogen round the sample
holder. Then it was allowed to heat up from -120°C to -7°C in about 30 h.
It was then maintained at -7°C by circulation of cold alcohol and runs were
made at the same angles of observation as mentioned above. From previous
laboratory experiments we had found out what speed of heating up was al-
lowed to really maintain the crystalline state. Series of runs were always
made with and without sample to find the background corrections. The data
corrected for (a) background were further corrected for detector efficiency
(b) and chopper transmission (c¢). The only instrumental effects left are then
the effect of the time resolution and the ingoing spectrum width, whichwere
discussed in Section I. A typical example of primary data corrected for the
instrumental effects, a, b and c is given in Fig. 2. i

(b) Line width data - diffusive motions

The primary data thus obtained naturally divide into the quasi-elastic
part and the inelastic part as shown by Fig.2. The quasi-elastic part was
treated as described in Section Ia. The experimentally observed line widths
are all collected in Fig. 4, where the observed values of 2AE, are plotted
as a function of k2. As is well known the value of the line width tends to-
wards the value 2hD«?2, when k ténds to zero. Thus the slope of the tangents
to the curve at the origin, equal to 2hD, gives values for the diffusion con-
stant at the different temperatures. These values are plotted versus 1/T
in Fig. 5. Two important facts are noticed:

(1) The value of D measured in this'way is 100 times larger than pre-
dicted by the Eyring formula

kT

b 2rn

(5)

in a temperature region near room temperature. In formula (5) r is the
radius of the molecule, 4A, and n is the viscosity, 15 poise at room
temperature. At 130°C the calculated value and the measured are about
equal, if one uses a value of 4 centipoise for n. The latter value of n is an
extrapolation of measured data [17] . This would indicate that the neutron
does not only observe the motion of the whole molecule but also - and per-
haps mainly - the individual motion of the scatterer, the hydrogen nucleus,
at room teniperature. Another and still stronger indication in the same
direction is that the width of the quasi-elastic peak observed at - 7°C is the
same in the liquid and in the crystalline states. The curve at 266°K of Fig. 4
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The experimentally-determined natural line width of the quasi-elasticallyscattered neutron.
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error sources, '

o 50

£

o

o

= 20

£

=

8 10

8 D(T)=6210%F* cndyg
[3]

s 051

£}

£

o 02

o

01 25 30 35 40
(1m)10°
Fig.5

Self diffusion constant of glycerol as derived from the slope at the origin of
the tangent to the line width curves of the previous figure.
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is identical in the solid and liquid phases. This can only happen, if the
neutron mainly observes the proton motion, because the molecular motions
must be rather different in the solid and liquid cases.

(2) As shown by Fig.5 the temperature variation of D may be described
by a function D(T) = 62 - 10°5 exp(Eo/kpT) cm?/s with E; = 0.13 eV. This
corresponds to an activation energy of 3000 calories/mol. The value ob-
served at 130°C seems, however, to deviate from this law, indicating a
more rapid variation of the observed D at higher temperatures. This seems
to be in conformity with the idea that at 130°C and higher temperatures the
neutron is observing the motion of the molecule as an entirety, because
then the observed temperature variation of D should be described by Eq. (5).

The temperature variation [17] of n is very strong as ln n varies approxi-
mately as T -3,

Lately several models (8, 18] for the diffusive motions in liquids have
been proposed and worked out. One of these models is the stochastic one
developed by Rahman, Singwi and Sj6lander. The cross-section in this model
is‘described by Eq. (1). The important magnitude is the width function p (t)
describing the square of the deviation of an atom from the origin, where it was at
time zero, Inthe present theory it is assumed that the atoms perform vibrations
and that these vibrations have a Debye distribution with a characteristic Debye
frequency, wp. Below acertainfrequency, w', all of the modes go into diffusion. .
By this artifice the condition found experimentally, that only a fraction of
all the degrees of freedom are used up in diffusion, is automatically full-
filled. In the wave picture it also agrees with the observation that no low
frequency transverse modes can be propagated through a liquid. All the
motions are damped and the damping is characterized by the damping con-
stant I'. One of the variables, wp, was determined directly by measure-
ment of the angular distribution of quasi-elastically-scattered neutrons -
from room temperature glycerol using a three axis crystal spectrometer.
The result was wp = 2.0 - 1013 rad/s corresponding to an apparent Debye
temperature, 8p, of 150°K, and this value was used in computations using
Eq.(1). As it is assumed that the damping is strong and a certain saturation
of the parameter I" has occurred if I'= 2, this value was used. The value
of I" has a very small influence on the line width. The determining factor
is w?'. A series of computations was made of the cross-section. The full
width of the calculated curve was then found on two extreme assumptions
regarding the mass, M, of the scattering unit namely M = 92 which is the
molecular mass of glycerol C3Hs (OH); and M= 1, the proton mass. The
best fits are shown in Fig.6. It will be seen in Fig, 6a that a good.fit is found
with w'- 0.45 rad/s at 96°C and with w!=0.2 rad/s at 20°C for M = 92. The
result of the computation with M = 1 is seen in Fig.6b. The parameter !
now tases the values 0.10 rad/s at 96°C and 0.04 rad/s at room temperature.
According to the conclusions from the values of the diffusion constant, it
would be most logic to use a low mass value at 20°C and mass 92 at 96°C.
However, the ratio of the calculated quasi-elastic to inelastic cross-sec-
tions for M =1 does not agree with experiment, while the same ratio for
M = 92 seems to be in better agreement with the observations. On the whole
it does not seem that the theory used here is able to explain the observed
facts. : ‘
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Examples of calculated line width curves of the quasi-elastic neutron peak of
glycerol based on the Rahman-Singwi-Sjslander theory at two temperatures,
20°C and 96°C. Experimental values taken from the present investigation

are also s‘hown.
(a) Computation for mass 92,
(b) Computation for mass 1,

An interesting quantity in this connection to study is p(t). In Fig. 7
p(t) is given for two of the cases considered. It is to be noticed that with
the assumption of mass 92 the amplitude of the thermal cloud is small, p(t)
being about 0.017 ¢« 10-16 cm2 corresponding to an amplitude of 0.13 A at
room temperature. At a mass value of 1 the same amplitude should be of
the order of /2 i.e. 1.4 A according to Fig. 6b. A direct measurement of
the angular distribution of quasi-elastically scattered neutrons from glycerol
at room temperature gave a value for this amplitude of 0.15 - 0.20 A. Be-
cause of the difficulties to separate true quasi-elastically from inelastically-
scattered neutiron intensity there is a relatively large uncertainty in this
value. The amplitude of 0.15 & is to be considered as a lower limit. Thus
a mass value intermediate between 1 and 92 ought to give the best agree-
ment with observation. This should be equivalent to the statement that a
complex motion consisting in both free proton or radical motion and motion
of the whole molecule should agree best with the observation.
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The width function p(t), which is a measure of the mean square displacement of an atom, for glycerol
corresponding to the values of the parameters wpw’ and T giving the best fit with the experimentally ob-
served line widths,

(a) Computation for mass 92,
(b) Computation for mass 1.

In this connection it is to be remembered that the ultrasonic relaxation
time measurements [17] on glycerol give results of the order of 1079 s in
the temperature region -7°C to +20°C. This is a time much too long to be
observed with the neutron technique, which again supports the idea that the
neutron only observes the motion of some lighter parts of the heavy molecule.

Another way of discussing the line width data has been proposed by
EGELSTAFF [19] . In this representation 2AE is plotted as a function of
k2D. This is shown in Fig. 8. As shown by Egelstaff the line widths would
vary with temperature in two different ways if the diffusive motion should
be of the type free diffusion involving a continuous motion of the molecules,
or if it should be of the jump diffusion type. If the latter should be the case
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The experimentally observed line widths for glycerol plotted as a function of «*D.

‘the deviation of the line width curves from the line AE = 2hDk? should de- .

crease with increasing temperature at a constant value of Dx? . If the oppo-
site was true, i.e. if free diffusion was the dominating process the line
width curves should deviate more and more from the line AE = 2hDx? with
rising temperature. As seen from Fig. 8 it appears that the jump diffusion
process is dominating at lower temperatures and that perhaps the free dif-
fusion process could take over the role as the main process at the higher
temperatures, > 130°C. This conclusion is a very good agreement with the
picture that at lower temperature only the jumping motion of the protons
is observed by the neutron, while at the higher temperatures the motion
of the large molecule as an entirety is observed.

It is worth noticing that if the jump diffusion is the dominating process
the limiting value of the line width for large k-values is 2hfry, where 7 is
the cycle time or period of the random walk-like diffusion process:

02

T *ED (6)
For the lowest temperatures studied here, -7°C and +20°C, it is possible
to derive these time values from the line width curves of Fig.4. At -7°C
one finds 7y = 1.8 - 10711 s and at +22°C the result is.7; =0.9 - 10711 s, Com-
bining these exper1mentally determined 7¢ -values with the D .values from
Fig.5, which are D=2 - 10-6 cm?2/s at -7°C and D=4 . 10-6 cm?/s at +20°C,
one finds in both cases for the distance 1 covered in the time Ty the value
1.5 & which happens to be almost exactly half the measured ‘hydrogen bond
distance in glycerol [19]. At these low temperatures most of the mean time
To might be considered as a residence time .The gradual change of the shape
of the curves might indicate that the importance of the transit time, 7,
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from one vibratory position to the next one gets an increasing importance.
This conclusion is in conformity with the idea that at lower temperatures
mainly the proton motions are observed, while at the higher temperatures
the motion of the whole molecule is observed.

(c) Inelastic spectrum - vibratory motions

On the theoretical basis discussed in Section Ib frequency spectra,
f(E), for the vibratory motions of the scattering units were derived from
the broad inelastically-scattered neutron spectra of which Fig. 2 gives two
examples. Formula (4) used to derive f(E) of course corresponds to a first
approximation. Fig.9 gives examples of such spectra derived from observa-
tions on liquid glycerol at temperatures of -7, +61 'and +130°C. The angle
of observation was 30°. The spectra derived from other angles do not differ
appreciably from the 30° observations. As will be seen from the figure there
is a tendency of structure in the low energy region, E < 0.04 eV, while the
spectrum of higher vibrational energies is very flat. The structure at lower
energies gets more and more smeared out with increasing temperature,
again in agreement with the idea, that at higher temperatures the diffusive
molecular motion is superimposed on the motion of some lighter parts of
the molecule. This idea gets further support from the frequency spectra
derived from the observations on glycerol made at 30° angle of observation
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Fig.9

Frequency spectra derived from inelastically-scattered neutronspectra obtained
from liquid glycerol at temperatures of -7, 461 and +130°C.
Angle of observation is 30°,
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Frequency spectra of glycerol in solid and liquid phase derived from measurements
at -7°C at an angle of observation of 30°,

and at -7°C in the solid and liquid phases. These spectra are shown in Fig.
10. The spectrum derived from the crystalline state observation shows a
rich structure with peaks at 6, 15, 19 and 27 mV. These peaks are effec-
tively lost in the liquid phase. A tendency of peaks shifted towards lower
energies is noted. The corresponding two spectra derived from observa-
tions at 90° angle do not show such a large difference between the solid and
liquid state specira in that the crystalline state spectrum is more similar
to the liquid state spectrum. This could mean that some, of the peaks in
the 30° spectrum have coherence origin because the k-values are small
just in the energy region where the peaks occur [15] . :

III. OBSERVATIONS ON LIGHT AND HEAVY WATER

A series of observations [9] on the scattered neutron spectra from light
water in a temperature range from -9°C to +92°C and on heavy water from
-9°C to +300°C has been performed at angles of observation of 30° and 90°.
Samples of 30% transmission were used, i.e. 0.2 mm samples of Hy0 and
2.0 mm samples of D3O. In the high temperature range for D,0 a sample
container ¢onsisting of 23 hypodermic needles of an outer diameter of 2.9 mm
made of stainless steel and with a wall thickness of 0.2 mm was used. Its
construction is shown in Fig. 11. Because of difficult background problems
‘with the sample container of stainless steel, giving Bragg reflections as
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Fig.11

Sample container for the scattering experiments on D,O at high temperatures.
(a) artists’ view of sample container
(b) cross-section of the container
@) hypodérmic needle,
(2) framework of stainless steel,
(3) weldings,
(4) stainless steel filling lines for D,0.

well as incoherent scattering within the cold neutron region near 4‘&, the
quasi-elastic scattering could not be studied with confidence. Therefore
only vibratory properties derived from the inelastically-scattered neutron
spectra will be discussed here. ) C

Examples of neutron spectra scattered from D20 at 20°C, 155°C and
300°C at 90° angle of observation are given in Fig. 12. The extremely high
observed intensity in the cold neutron range, 0-5 mV, pai'ticularly at room
temperature, depends upon the fact that the structure factor happens to have
a peak in the corresponding region of k-values as indicated by the top part
of the figure. In all spectra of this kind only the part found above 6 mV was
used to calculate i‘requency spectra according to Eq. (4).

A series of examples of frequency spectra derived from the measure- -
ments on light water at 30° angle of observation are given in Figs 13 and
‘14. In Fig. 13 is given the resulting frequency spectra derived from runs
on HpO at -3 and +2°C, i.e. just below and just above the melting point. As

" shown the two spectra coincide. This is taken as an indication that at least
near the melting point the vibratory motions in water closely resemble the
motions in ice, In itself this observation is a justification for the use of
the simple phonon formula (4). As the temperature is raised, the peak of
the high energy vibratory modes, hindered rotations, is shifted towards
lower energies. (Fig. 14). Empirically it is found that in the temperature
range 0- 100°C the product EmaxX Ts/? = constant = 34, where E_,, is the
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Frequency spectra derived from neutron spectra observed in H,O at +2°C
and ice at -3°C showing an exact coincidence,
Angle of observation 30°,

energy of the peak in electron volts and T is the temperature in °K. The
low lying part of the spectrum, E < 0.04, is smeared out when the tempera-
ture risés (compare the results on glycerol) but its structure seems to be
left unchanged as the peaks do not shift. The observations on Dg O are very
similar as shown by Fig..15. It is interesting to note that even in this case
the hindered rotation peak is shifted towards lower energies as the tempera-
ture is increased. The product rEn{;xX T%2is again found constant and = 26.
If the ratio is taken one observes that (Emaxu,of (Emax)p,0= 1.34, which is
not far from 2 as it should be, if the H and D nuclei were the scattering
centra and the motion was simple harmonic vibration,

As to the low frequency part of the spectra, E < 0,04 eV, it could be
distorted by two effects: ' l ‘

{1) The width of the incoming cold neutron spectrum,

(2) Coherence effects.



-

™
0
9
¥s :
) :
c
g, g
: ‘
4
3
3
2
2
1
1
. 06z 004 006 008 00 o2
o 002 & o [T 1) 7] EeVv
Eev :
Fig.15
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Frequency spectra for D,O at the temperature 155°C and 300°C
at angles of observation of 30" and 90°,

Concerning the first point it was shown in Section Ib that if 4.7 A is taken
as the ingoing neutron energy in the evaluation of f(E), there are probably
not any serious errors produced in the low energy part of f(E). Concerning
the coherence effects it is more difficult to say anything definitely. If, how-
ever, the results on HyO and D, O, presented in Figs 14 and 15, are com-
pared it seems improbable that the peak at 7 mV in the case of H20 could
be produced by some coherence effects as the coherent scattering in HyO
is about 4% and in D, O about 80%. The peak in Dy O should then appear much
higher than in HyO which is not the case. The same argument might be used
for the energy band round 20 mV. To further elucidate the situation in this
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low lying energy region examples of frequency spectra derived from Dy O
runs at 155°C and 300°C are given in Fig. 16. As will be seen the spectra
derived from 30° and 90° angle of observation do not agree in the energy
range, E < 0.035 eV, Inthe phonon model, which is of course doubtful at
these high temperatures, it is quite clear that the observations should not
coincide until this spectrum part has been corrected for multiphonon terms
and the Debye-Waller factor. From the intensity distribution in the quasi-
_elastically-scattered peak in D3O at 90° angle of observation (Fig. 12) and
the assumption that D,0 and H,0 have the same Debye temperature at room
temperature, namely [12] 8p = 135°K, one may estimate that the Debye tem-
perature of D,O at 300°C is about 6p = 75°K. This is a very low value com-
pared to the sample temperature, 573°K, why a very large effect of multi-
phonon terms should arise. A correction for these terms would decrease
the spectrum part between 6 and 15 mV, but the peak at 7 mV would not
disappear. It should be noted, that the instrumental resolution in the energy
range, 0-40 mV, is as good as 2 - 4%.

O
Ice at -3C
observed
trequency spectrum
f(w)
02 . .
- Dispersion relations for
044 ice along the crystallographic
] c- axis
05
03
q10 k"
us- Disvpersion relations
] along the crystallographic
0% a-axis
02{
i v T — e
12 3 4 w10 s .
Fig.17

Low energy part of observed frequency spectra for H,0 at -3°C and +2°C
compared with the calculated dispersion relations for ice.

Finally it is of interest to compare the low energy part of the frequency
distribution observed at the temperatures of -3°C and +2°C in.HyO with cal-
culations of the dispersion relations in-ice by FORSLIND [21] . Using theé
elastic constants of ice he finds dispersion relations (Fig. 17) with resulting
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concentrations of acoustic vibrations in an energy range round 7 mV and
a concentration of optical vibrations round 20-25 mV. These regions exactly
coincide with the observed peaks at 7 mV and 25 mV on ice at -3°C and
water at +2°C, which again strengthens the idea of resembling a liquid of
this kind to a solid. As shown by Fig. 14 the frequency spectrum of water,
rich in detail near the crystallization point, is quickly smeared.out, so that
already at room temperature this smearing has reached a sort of satura-
tion nature. This would mean that in water with its low 'viscosity the motions
of the molecules are so vivid already at +20°C that the more distinct pro-
tonic motions are masked by the chaotic diffusive motions of the molecules
as enlireties. The same type of conclusion was drawn from the study of the
diffusive motions in glycerol, where, because of the high viscosity values,
the gradual inset of the molecular motions is spread over a larger tempera-
ture region.
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" DISCUSSION

W. KLEY: With regard to the latter part of your paper, I think it is
extremely interesting that the ''frequency distribution" of light and heavy
water should show such a similarity, However, in the case of DO the
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measurement may not give the true frequency d1str1but10n, since it is im-
possible to reach all q values in reciprocal space by means of the cold-
neutron technique, Should this fact have only a small effect on the frequency
distribution, the technique might-be used for any poWder sample that scat -
tered neutrons coherently,

K.E. LARSSON: I quite agree w1th your statement, The spectra in light
and heavy water really do look similar and some contribution may well be
made by coherence effects, However, in this early stage of experiment and
theory in the field of coherent inelastic scattering of neutrons, at least as
far as scattering from liquids is concerned, all we can do is make a guess
and hope that the result is correct to zero order.

P. EGELSTAFF: I think that the multiphonon effect mlght be of suffi-
ficient importance to distort your frequency distribution in the neighbour-
hood of the broad hindered-rotation peak. It might have the effect of moving
the mean energy to somewhat higher value, I would be interested in your
comments on this. I would also like to ask for further details on how you
evaluated the Debye-Waller factor when deducing the frequency spectrum
from the one-phonon formula, since it is important to take the correct vi-
brational contribution to this factor.

K.E. LARSSON: According to measurements which were reported at
the previous Symposium in Vienna*, we found a Debye temperature of 130°K
for water at room temperature, Only the low-frequency motions in the water
spectrum (fiw >30meV) could have contributed to building up this Debye-
Waller factor of @p = 130°K, However, the measurements of the frequency
spectra in ice and water (-2°C and + 3°C) show that the spectrum naturally
divides into two parts, one for fiw < 30-40meV and another for w> 30-40 meV.
The lower one, describing the acoustical and perhaps the optical modes of
motion, is corrected for the Debye-Waller factor and multiphonon effects.
The upper part, corresponding to the hindered rotation band, is not cor-
rected at all since this part would have a @p of about 1200°K in the Debye
model, Atthis high Debye temperature the multiphonon terms and the Debye-
Waller factor are small and therefore no correction is made. For thisregion
T << ©®p. The curves on Dy;O at +155° and +300°C show that only the
fiw < 30-40meV region needs a correction, Of course, I am fully aware that
my procedure is only a zero-order approximation. The curves presented
are not fully corrected or final ones, They are intended solely to give an
idea of the main features involved.

P. SCHOFIELD: I do not think that there is any contradiction between
the statements of Dr, Larsson and Dr, Egelstaff. The multiphonon contri-
bution increases as you go up in energy and this has the very effect des-
cribed by Dr. Egelstaff. It tends to produce greater intensity further down in
the spectrum, hence th€ effect of shifting the peak downwards in Dr, Larsson's
observations,

S. COCKING: For the benefit of the experimentalists, I would like to
comment that the technique invelving the use of highly pressured samples-
and a large number of narrow tubes is very valuable, It opens up the possi-
bility of measurements at high temperatures and pressures, e.g. at the

* Op.cit., p. 329
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critical point for many materials, At Harwell we have completed tests on
several tube sizes. In our design, a continuous tube is wrapped back on it-
" self to cover a large sample area. The containing tube, being of light gauge,
is used as its own heater element,

K.E, LARSSON: I would like to point out, however, that in using this
hypodermic-needle type of stainless steel container, you often run into
trouble with Bragg reflections in the region of the incoming energies. This
is the reason, for example, why we did not study the quasi-elastic scattering
at higher temperatures,

P. SCHOFIELD: Have nuclear magnetic resonance measurements been
made on glycerol in the solid and liquid phases at the same temperature?
It would be interesting to see if such measurements support the hypothesis
of the protons hopping. )

K.E. LARSSON: No such measurements have been made, as far as I
know. .

K.S. SINGWI: I think there is enough evidence about what Dr. Schofield
was asking because the spin lattice relaxation time has been observed in
glycerine in great detail under various conditions of temperature and I think
the value you get from Dr. Larsson's data for the cycle time 7; comes out
nearly the same as the correlation time which you get in the formula for the
spin lattice relaxation time in glycerine in nuclear magnetic ‘resonant experi-
ments. . ’

K.E. LARSSON: Yes, this cycle time is about 1.9 x 10-11 g, .



THE MOTION OF HYDROGEN IN WATER*

P.A. EGELSTAFF, B.C. HAYWOOD AND I. M. THORSON
ATOMIC ENERGY OF CANADA LTD., CHALK RIVER, ONTARIO
CANADA

Abstract — Résumé — Annorayuss — Resumen

THE MOTION OF HYDROGEN IN WATER. Recent measurements of neutron scattering by water are
combined with our previously published work, and analysed in terms of a generalized frequency function p(8),
and "non-Gaussian” components. The theoretical calculations are performéd with the LEAP programme using
the methods of Egelstaff and Schofield. Diffusive, rotational and vibrational components can be seen in the
frequency distribution and the change of the first two with temperature observed.

MOUVEMENT DE L'HYDROGENE DANS L'EAU. Les auteurs font la synthese de mesures faites récemment
sur la diffusion des neutrons par 1'eau et de résultats précédents et ils en font 1"analyse sous forme d'une fonction
de fréquence généralisée p(B) et de composants non gaussiens, Ils font les calculs théoriques au moyen du
programme LEAP fondé sur les méthodes de Egelstaff et Schofield. Il est possible de sé€parer les composantes
de diffusion, de rotation et de vibration dans la distribution de fréquences ainsi que les variations des deux
premitres composantes en fonction de 1a température.

JIBURERME BOMNOPOIIA B BOME. Mocaennve namepeHns paccednns HeTPOHOB BoRolt oSbemuHeHH ¢ Hamell
npemuaymet omySmscopanHoft padoTof v anamM3VpPYDTCs € TOUKM 3peHMSs OGOSmeHHO# DYHKIMM YACTOTH P (8)
n "serayccopcxumy” Tamu. TeopeTn pacueTH BHNOIHEHH C TIOMOmBD nporpaMuu LEAP ¢ nc-
_noJb3oBAHVWEM METOROB Mreascrada n Cxoduibaa. B pacnpeneseHuy YacToT HadaprapTesd AMGIYIUOHHHE,
BpamaTenbHMe M KolXeGaTelbHHe KOMMNOHEHTH, M HalleHO, WTO MepBHe ABA M3MEHADTCS B 3ABUCMMOCTU OT
TeMnepaTypH.

EL MOVIMIENTO DEL HIDROGENO EN EL AGUA. Los autores combinan los resultados de mediciones
recientemente efectuadas con los datos contenidos en un trabajo anterior y los analizan expresidndolos como
funcién de frecuencia generalizada p(8) y como componentes "no gaussianos™, Los célculos tedricos se han
realizado segfin el programa LEAP aplicando los métodos de Egelstaff y Schofield.

En 1a distribucién de frecuencias, es posible observar componentes de difusi6n, rotacién y vibraci6n, asi
como la variacién de las dos dltimas en funcién de la temperatura.

INTRODUCTION

The thermal neutron scattering cross—sections of water have been
measured over a wide range of neutron energies and angles of scatter by
EGELSTAFF et al. [1] and HAYWOOD and THORSON [2]. Although the
aim ' of these measurements was to provide input date for neutron spectrum
calculations in light water reactor systems, nevertheless it is of interest
to analy_se'_these data to see what information about molecular dynamics is
contained therein, B ’

This discussion will be divided into three parts. First the technique
of analysis and its application {0 room temperature light water. Secondly
the behaviour of water at 150° C compared to room temperature, andthirdly

* Joint project between AECL, Chalk River and AERE, Harwell,
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the comparison of light and heavy water. It will be concluded that the hin-’
dered rotation level previously stated [3] to be at ~0.06 eV, is very broad
and asymmetric and extends to ~0.15 eV, probably mixing with the vibra-
tional level at ~ 0.2 eV and making the application of the KRIEGER and
NELKIN [4] approximation rather unsatisfactory. The position in energy
.of this level decreases with increase of temperature or mass, A level at
an energy of ~0.015 eV is observed which is due to the motion vof a greoup
of molecules. An initial estimate of the frequency distribution for proton
motions in water is derived for water at room temperature and 150° C.

ANALYTICAL TECHNIQUE

It is not expected that the diffusive motions in water will seriously effect
the other motions discussed above because of the time scale for diffusion
is much longer than that for rotation. This can be demonstrated conveniently
by reference to the generalized frequency distribution of EGELSTAFF [5]
In this distribution the diffusive motion appears as a sharp peak near the
origin, the width of which may be discussed theoretically [6] in terms of
the time for diffusion. On a simple model the peaks due to other motions
would be broadened by folding the diffusive peak with them. Reference to
Fig. 3a shows that this extra broadening would be a small effect.

Nevertheless, the interactions between molecules will be strong and
this will lead to broadening of the peaks in the frequency distribution corres.
ponding to particular motions, as seen in Fig, 3a. These same interactions
should lead to anharmonic contributions to the motions of atoms and mole- -
cules in water. Thus the effect of interactions can be observed in two ways,
first through the shape of features in the frequency distribution and secondly
through terms in the cross-section in addition to those obtained from an
harmonic approximation calculation.

Treatment of the problem along these lines requires a reliable method
of deriving the frequency distribution from the data. This is true even when
the iterative procedure suggested by EGELSTAFF et al. [1] is used, be-
cause the rapid convergence of the iterations depends upon a good initial
estimate of this distribution. In the original method of EGELSTAFF [5, 1]
the cross-sections were converted to a scattering law per unit of squared
momentum transfer (S/a), A linear plot of this quantity against momentum
transfer squared (o) for a given energy transfer (8) was extrapolated to zero
momentum transfer. The intercept on this axis gave the first approximation
to the value of the frequency distribution at that value of the energy transfer,
One difficulty with this method is that for water the function S/« is notlinear
over the experimental range of « . However, for areasonable range of values
it is roughly exponential, as shown in a companion paper (EGELSTAFF [7]).
Thus extrapolations of log S/a versus o will be used here, and some typical
examples are shown at Fig. 1 compared to a theoretical calculation des-
cribed later. (Further details of the analysis of the data are given in an Ap-
pendix. )

At the low values of 8 and @ where the diffusion term is important, this
method of extrapolation is unsatisfactory. Also at higher values of § where
more than one type of atomic motion may be important the plots will be simi-
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Examples of extrapolation of water data to zero momentum transfer, The curves have been displaced from

one another for the sake of clarity, The solid lines are the "best” curves through the experimental points,
while the dotted lines have been calculated from an initial estimate of p(8) and are used for guidance in
drawing the solid line. Curves are for water at 150°C,

lar to the upper curve of Fig. 1b. In this case the extrapolation is strongly
dependent upon the theoretical model used. However, rough calculations show
that the B-range considered here is sufficiently below the region of the vi-
brational levels (which is the most important region for this effect) so that
this effect is not large. Thus all the data will be treated as at Fig. 1.

The magnitude of the vibrational levels will affect the slope of the curves
of Fig. 1. As shown later the variation of the ratio of areas in the rotational
to vibrational sections of the frequency distribution alters the slope of these
curves. Thus in effect, the Debye-Waller factor for the vibrational states
is determined by measuring the amplitude of the rotational term as a func-
tion of momentum transfer,

The calculations of S as a function of @ can be made through the use
of the harmonic approximation in the way described by EGELSTAFF and
SCHOFIELD [8]. Over the entire range of 8 the anharmonic terms average
to zero, but over the range of B being considered here they may give a purely
positive or negative contribution to the value of S. In addition since they de-
pend strongly on momentum transfer the slope of the lines in Fig. 1 may
be modified by these terms. An approach will be adopted in which an attempt
is made to fit the data using the harmonic approximation only, and if a fit
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is not obtained the difference between calculation and experiment will be
attributed to anharmonic effects.

At low values of @, several effects combine to distort the result. These
effects may be listed as follows:

(1) Interference term in scattering law,

(2) Experimental resolution,

(3) Multiple scattering in sample,

(4) " Anharmonic terms as discussed above.

The first three of these effects are of the same sign and produce a sharp
. rise in the value of S/o at low @ which can be easily distinguished empiri-
cally. It is probable that the anharmonic terms would have their maximum
effect at low values of @ and 8 because this corresponds to a range of atomic
movements over which the harmonic approximation breaks down), but this
is not certain for a complicated molecule like water. In any case a sharp
rise of S/a at low values of @ will be disregarded.

INTERPRETATION OF ROOM TEMPERATURE WATER DATA

The first question to be considered in interpreting these data is the
ratio between the low energy (rotational) and the high energy (vibrational)
parts of the frequency spectrum. If water were composed of free molecules
(H30) in which the rotations took place about an axis nearly passing through
the position of the oxygen atom, then this ratio would be almost unity. This
is assumed in the NELKIN model of water [3]. On the other hand if water is
congidered as a crystalline hydride with similar structure to ametal hydride,
then the ratio would be nearly zero. Probably the structure of water
lies between these two extremes and the observed ratio will depend upon
the nature of the intermolecular bonds. :

The validity of the harmonic approximation will be assumed to show
how this step in the analysis is made. Write:

S, B) =feiﬁt exp(-a . wi(t))dt. (1)

where w(t) is a width function as used by VINEYARD [10]. This function may
be divided into components due to rotation and vibration (denoted by R and
V respectively) as follows:

w(t) = Wy (t) + Wy, (t)
(2)
=wy (t) + Ay - Uy (t)

where Ay is the Debye-Waller constant for vibrational modes, and Uy(t)

contains the time dependance of the width function. Thus a "phonon'' ex-
pansion of the vibrational term gives: .

S(a, ) = €™V [Sg(a, B) +O(aB)) 3)

where Bis the valuk of 1/8% averaged over the vibrational spectrum, and
Sg is the scattering law for the rotational part of the frequency spectrum.,
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Now if the two parts of the frequency spectrum are fairly well separated
then there will be a range of @ and B for which Sy is nearly independent of
the shape of the rotational spectrum and the terms O(x 3) are not very im-
portant. In this situation the variation of S(z, B) with  will be determined
by exp(-a Ay), and hence can be used to give the value of Ay. This will be
related to the ratio (G) of low to high energy parts of the frequency speetrum
if the vibrational spectrum is confined to narrow ranges of frequency and
can be represented as a set of é-functions of pre-determined position and
relative size. In this case:

1 ap )
A HTGZFZ Coth B /2. @)

where a, is the relative amplitude and B, is the position of the nth vibra-
tional level,
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At Fig. 2 these points are illustrated by numerical computations. Fig. 2a
shows the several types of frequency distributions used; Fig. 2b shows the
relative shapes obtained with the four é-function (Nelkin) model of water
compared to a model in which é-functions for the vibrations are combined
with the observed curve for rotations, and Fig. 2c shows the shapes obtained
with observed rotational curve when combined with 6-function or rectangular
vibrations. It can be seen that for the range of B covered and for the para-
meter o between 4 and 16 the detailed shapes of the rotational and vibra-
tional specira are not very important. However the slope of the lines in 2¢
is less than that of 2b due to the ratio G being changed from 1 to 0. 42 be-
tweenthe two calculations. Fig. 2d shows the experimentaldata of EGELSTAFF
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Comparison of calculated curves for G = 1 and 0,42 with the experimental data.

et al, [1] compared to the calculations for these two ratios, Considering
only the region between o = 4 and 16, the ratio G = 0.42 gives a better fit
to the data, This is confirmed by a similar test at values of B other than
those shown. Thus the intermolecular bonding in the water is intermediate
between the two limits quoted above.

An initial estimate of the frequency spectrum of water can be obtained
by the extrapolation method using the data of HAYWOQOD and THORSON [2],
as explained in an appendix. These data are given in Fig. 3a and the values
of (S/a) calculated from them are given in Fig. 3b (in these calculations
a value of G = 0.42 was used). In both Figs. 2d and 3b the rise near the
origin of @ can be seen clearly and is discarded for the reasons given above.
However, for o >2 the calculated curves are in reasonable agreement with
the experimental ones. Some discrepancies clearly exist however which
may be reduced by further iterations, but it seems probable that differences
of about 20% in the cross-sections could remain unexplained and must be
attributed to anharmonic or non-symmetrical terms in the potential,

The frequency spectrum of Fig. 3a shows several interesting features,
One is the existence of a clearly distinct diffusion peak near the origin. The
value at 8= 0 is determined by the diffusion constant, and the line has been
drawn up to the calculated 8= 0 value from the last experimental point. An-
other feature is the existence of a peak at 8 = 0.6 so far unexplained. The
peak at 8 ~ 3,5 is now seen to be quite broad and extends to 8 = 6; possibly
it merges with the vibrational peak expected from infra-red experiments
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to be at 8 = 8. If the distribution is divided into the two regions 8 > 9 (which
covers the major vibration peaks at 8~ 20) and 8< 9, the ratio of these two
parts is = 1 for a value of G = 0.42 (as previously defined). This result sug-
gests that the peak at 8 = 3.5 previously ascribed to the hindereéd rotation
of single molecules, is due to a more complicated motion probably involving
several molecules. It is possible that the hindered rotation of a single mole-
cule is coupléd to the 8 = 8 vibration which corresponds to the expansion
and contraction of the angle between the hydrogen bonds.

Alternatively the vibrational part of the spectrum could have an ampli-
tude corresponding to G = 0.42, if the lower part of the spectrum (8 < 7)
corresponded to acoustical vibrations as in a crystalline lattice. The broad
peak might then be a vibration of the tetrahedral unit proposed by BERNAL
and FOWLER (11], and the ratio G = 0, 42 would be explained by appropriate
bond strengths within the tetrahedron. If this explanalion were correct the
suspected phase transition at 42° C would be worth investigation by neutron
techniques.

COMPARISON OF FREQUENCY DISTRIBUTIONS OF WATER AT ROOM
TEMPERATURE AND 150°C -

The extrapolation technique has also been employed for the data of
HAYWOOD and THORSON [2] on water at 150° C with a frequency spectrum
as given in Fig. 4. Initial calculations using the LEAP computer programme
and this distribution show agreement with the experimental data about as
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Fig. 4

Frequency spectrumn of water at 150°C via extrapolation technique,
The inset shows a comparison of calculation with experiment for
S/o as a function of a for p=1,0,
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good as in Fig. 3b provided a value of G = 1 is used. An example is given
in the inset to Fig. 4.

If further calculations confirm that G~ 1 at 150°C, it would indicate
that the molecule is more free to rotate at this temperature than at room
temperature as expected from the density difference. Again it is possible
that the lowest vibrational level (which occurs for 8~ 5) is coupled with the
rotational states. These facis suggest that the peak,forﬂB ~ 2 is due to rota-
tion of a single molecule.

It is interesting to note that for the same intermolecular forces the
rotational peak should move to higher energy as the temperature is raised.
Comparison of Figs.3b and 4 shows that the value of Bkt corresponding to
the main peak is approximately independent of temperature., This shows
either that different motions are involved or that the intermolecular forces
have weakened considerably. Both possibilities may occur since water ex-
pands considerably over this temperature range. An alternative explanation
on a crystal model leads to the same effect due to expansion of the lattice.
The peak at 3~8.5 in Fig. 4 is at a value of BkT similar to that of the cor-
responding peak in Fig. 3b.

Finally the diffusion peak near the B origin has increased with tem-
perature due to the sharp increase of the diffusion constant, but it still re-
presents only a small fraction of the area of the frequency spectrum, (it
should be noted that EGELSTAFF et al, [1] in Fig. 4b of their paper, plot
the wrong value of the diffusion constant for 150° C water; if the correct
value of the diffusion constant is used a sharp peak at the origin can be
inferred from their data too), This means that the ''effective mass' for dif-
fusion is equal to the mass of many molecules at this temperature, as at
room temperature.

ANALYSIS OF D2 O SCATTERING LAW AT ROOM TEMPERATURE

The interference terms in the scattering law for Dy O can be evaluated
empirically from the sharp rise of log (S/a) near a« -0, After selecting a
region of & over which the interference terms are negligible the data for
H20O and B2O can be compared. This comparison demonstrates that the
scattering law for D,O at B < 1 is significantly larger than that for Ha O, The
difterence is not observed at values of 8~3.

This affect can be explained by assuming that the frequency distribu-
tion for oxygen in heavy water is concentrated at low values of 8 compared
to the range of B for the deuterium frequency distribution. BUTLFR |[12]
has developed a model for Dy O similar to Nelkin’s model for H; O but as-
sumes in addition that the oxygen can be represented as a nearly perfect
gas. BUTLER®’s [12] calculated scattering law is in reasonable accord with
the measured values of EGELSTAFF et al. |1] (see Discussion),

Thus over the measured range of ¢« and 8 the D, O data involves two
different frequency distributions and hence cannot be interpreted without
further assumptions, In this paper only the higher 8 regionwill be considered
where the oxygen contribution is small, and thus a part of the frequency
distribution for deuterium may be obtained from the data. This region in-
cludes a broad peak at 8= 2.5 or BkT=~0.06eV, compared to 0.09eV inHO.
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The ratio of these values is =2 as would be expected either for the rotation
of a single molecule or for the optical modes in a crystal.

The analysis-of the peak at S= 0. 06 in the D, O data is comphcated by
the influence of the oxygen frequency distribution. However if this peak is
due to the rotation of groups of molecules the distributions for oxygen and
deuterium would be similar. If the metal hydride type of model is considered
the frequency distribution for oxygen would be mainly confined to lowj val~
ues, and would be similar to the deuterium distribution in this region (since
this is the region of acoustical modes}. Thus both models suggest similar
assumptions which could form the basis of further calculations.

COMPARISON WITH OTHER DATA

LARSSON and DAHL.BORG {13] have evaluated a frequency distribution
for water at several temperatures from results of their experiments on the
scattering of beryllium-filtered slow neutrons. These results cover a sec-
tion of the scattering law taken along a line in energy-momentum space in
which the energy change was almost proportional to the square of the mo-
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Comparison of spectrum of Fig.3b with that of LARSSON and DAHLBORG[13].
The arrows show the position of peaks seen in infra-red spectra [15],
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mentum change. The frequency distribution was derived from these results
by assuming that water is a solid and using a formula mentioned by PLACZEK
[ 14]. While this frequency distribution has some similarities with those

derived by EGELSTAFF et al. [1] and HAYWOOD and THORSON [2] there
are significant differences. A comparison between Fig. 3a and the results
of Larsson et al. is shown in Fig, 5. The latter results have beenrenormalized
to give the best agreement with the absolute scale of Fig. 3a in the region
B=1to B=2.5,

From Fig. 5a we can see that the position of the peak of the distribution
is at B ~ 3,5 or BkT = 0,09 eV, while Fig. 5b peaks at 8 = 2.5 BkT = 0,065eV,
Raman spectrum measurements [15] attribute a broad level centred about
0.07 eV to a hindered rotation of a single water molecule and this fits in
-equally well with either set of results. A broad energy level attributed to
"hindered translation" of a water molecule at 0.02 eV is also seen in optical
absorption spectra and this agrees with the weak level at § = 0. 9 found by
Larsson et al. better than with the peak centred around 8 = 0.6 found by
Haywood et al. The level in Hy O at 0. 0066 eV found by Larsson may corre-
spond to a very weak level at 0.0075eV reported by BOLLA [16] but not
mentioned by other workers [15, 17]. It would be expected that such astrong
level in the neutron scattering would be seen in the Raman spectrum unless
the motions involve a symmetrical group of molecules,

The discrepancies between the two frequency distributions found by
neutron scattering may be due to the different methods of evaluation of p(B)
used. Compared to the method used here, Larsson et al. make more as-
sumptions and take data over a much smaller range of momentum trans-
fer. However even allowing for the difficulties in both experiments it is
not easy to account for the discrepancies, The difference may be due to the
difference in the anharmonic terms in the cross-sections but work is still
needed to clarify these questions. )

CONCLUSION

The experimental data analysed here differ from optical data on water
(and also from other neutron experiments [3, 13]) in providing, for each
value of the energy transfer, a wide range of momentum transfers. In prin-
ciple this enables anharmonic or non-symmetrical terms in the potential
to be studied, but in practice due to the smallness of these effects their
study is rather complicated. In addition to precise and extensive measure-
ments it is necessary to have an elaborate set of computed data to com-
pare with these measurements. The discussion in this paper has indicated
how this can be done and that the above effects produce < 20% changes in
the cross-section of water over most of the range studied.

Measurements over a wide range of momentum transfer also allow the
generalized frequency function to be determined with reasonable accuracy.
In this paper only the main features of this function have been considered
and how they vary with temperature and isotopic composition.

This discussion suggested that room temperature water was part way
between a free molecular system and a crystalline hydride, whereas at
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150°C it was nearer to the free system. Interpretation of the data as a
relatively free molecular system seems to be only about as successful as
an interpretation of water as a (relatively) bound molecular crystalline
system. New calculations are required which are based on these models
and give definite predictions of the shape and magnitude of the frequency
distribution. Comparison of such predictions with the measured values would
be very useful.

Analysis of neutron energy loss data (which mainly determines the peak
in Fig. 3a) has given a higher energy to the hindered rotation of the water
molecule than the energy gain data [ 3, 13]. This difficulty is not yet ex-
plained.

The work reported heré has indicated the value of these techmques and
the data which may be obtained by their use. A considerable extension of
this work is needed to utilize them properly and also to understand the re-
sults,

APPENDIX

METHOD OF ANALYSIS OF SCATTERING LAW DATA

The early work on the scattering law described by EGELSTAFF [1] was analysed in the following manner;
individual values of S were plotted on an S versus time-channel or S versus energy transfer plot and a smooth
curve drawn through the points. From this curve values of S at fixed B may be picked off and after being
divided by the approximate o are plotted as (S/d) or log (S/c) versus a and extrapolated to o= 0, From these
values of Lmb s/c, curves of p(8) can be drawn up. This method was “was also used by HAYWOOD and THORSON [2].

The above method suffers from the disadvantage that in drawing the smoothed cirve small ‘effects which are
present at the same value of energy transfer at each angle of scatter may be averaged out. In the present
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Values of (S/c), for D,0 at 22°C, obtained at two incidem energies,



356 . P.A. EGELSTAFF et al.

method the raw data at each time channel (i.e. at tixed energy -transter values) are plotted in the form log
(S/a) versus o and extrapolated to oo =0. These individual values ot Lim $/c are converted to p(8).

o0
The results of HAYWOOD et al. [2] have been reanalysed by this method and new values of p(B)evaluated.
Results for positive and negative values of 8 and for various incident energies are compared on a graph of
(S/c), versus B, and an example for room temperature D, O is given at Fig. 6. Figs. 3a and 4 are simplified
versions of these plots in which representative points are shown superimposed on a smooth line through data
tor the type shown at Fig. 6. As can be seen by a comparison of Fig. 3a of this paper and Fig. 10 of [2] better
resolution is obtained in interesting regions of B8 by the present method.
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DISCUSSION

P.A. EGELSTAFF: I would like to presént the figure below which com-
pares our data for D; O with some recent calculations by Butler (see
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Comparison of calculation and experiment for room temperature D,0 at 8= 1.
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Ref.[12] ). Butler used a model in which the molecules were assumed to be
free and it can be seen that the result of his calculation agrees with experi-
ment. This is in contrast to the result described by Thorson for H, O. One
possibility is that, owing to the smaller amplitude of the D's, a D; O mole-
cule appears to be free in a situation where the larger amplitude of a hydro-
gen atom vibration would cause the binding effects to show up. :
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Abstract — Résumé — Anmoraumsa — Resumen

THE SCATTERING LAW FOR ROOM TEMPERATURE LIGHT WATER. The Hanford triple-axis crystal
spectrometer has been used to measure the Egelstaff scattering law for light water at 22°C for neutron wave
vector changes up to 14 X-1and energy transfers in the range 0.05 to 0.25 eV. The values of initial neutron
energy were 0.15, 0.20, 0.30, and 0,40 eV, and scattering angles ranged from 4°to 72°. Scattering by a va-
nadium sample at 7TK served to establish the spectrometer resolution and efficiency functions.

The scattering law S(a, 8) and the generalized frequency distribution p(8) derived from it are in-substan-
tial agreement in the overlap region with results obtained by Haywood and Thorson at ChalkRiver. The function
P(B) has been extended to B 10 to include the region occupied by the lowest molecular vibration level near
8 = 8. In this region the measured p(8) has a low sloping plateau, indicating that the vibrational peak has
been smedred out by broad ilistrumental resolution. The normalization integral of the measured p(8) is higher
than its theoretical value. ‘

LOI DE DIFFUSION DANS L'EAU LEGERE A LA TEMPERATURE AMBIANTE, Les auteurs ont employé
le spectromgtre 2 cristal triaxial de Hanford pour mesurer 1a loi de diffusion d'Egelstaff dans 1'eau légere 2
la température de 2%, pour un vecteur d‘ondes neutroniques pouvant atteindre 14 A1 et pour des transferts
d'énergie compris entre 0,05 et 0,25 eV. L'énergie neutronique initiale était de 0,15, 0,20, 0,30 et 0,40 eV
et les.angles de diffusion étaient compris entre 4° et 72, La diffusion par un &chantillon de vanadium 2 77K a
permis d'établir 1a résolution du spectrometre ainsi que les fonctions d’efficacités.

La loi de diffusion S(cx,B8) et la distribution des fréquences généralisée p(8).qui en dérive concordent
bien dans la région de recouvrement avec les résultats obtenus par Haywood et Thorson, 3 ChalkRiver. La
fonction p(B) a été étendue 2 B~ 10 de manilre 2 englober la région occupée par le plus bas niveau de vibra-
tions moléculaires, qui se trouve dans le voisinage de B = 8. Dans cette région, la distribution p(8) mesurée
comporte un domaine 2 pente douce, ce qui indique que le pic de vibrations a été effacé 2 cause de la réso-
lution large des instuments, L'intégrale de normalisation de la distribution p(8) mesurée est plus élevée que
sa valeur théorique, ‘

3AKQH PACCESHMA HEATPOHOB JNETKOA BONO! KOMHATHOM TEMIEPATYPH. ‘Xondopackwii TpexocmNH xpucTan-
IMYecKkuit cneXTpOMeTp MCHOXBIOBAJCH LIS WIMEpeHUs C Nedasn onpedeleEMs 3aKOHA paccednuMs dredb-
mradda ang Jerxod mozm npy Temnepatype 22°C npv U3MEHEeHMAX BOJHOBOro Bextopa He#iTpoHa ao 14 A-*
M fieperocax aHepr¥M B Opegexmax oT 0,05 zo 0,25 9. Beauunsn nepsoHavaxbHEof dHepruu HelATpoHOB
owau: 0.15; 0,20; 0,30 u 0,40 a8, a yrIN paccesHusa MeHsIMch oT 4 fo 72°, PaccesHue oGpa3uoM
BAHAAMA AANO BO3IMOXHOCTE YCTAHOBMTHL pajPemapmyd CHOCOCHOCTL CNEKTpoMeTpa U IdderTMBHEE QYHKIMMU.

3axon paccesnus S (a,B8) u oSobmennoe pacnpemenenve uacToTH p (B), PuBeneHHHe B De3yabTaTe
3ITOr'0 OuNTAa, HAXOAITCS B CYmMECTBEHHOM COOTBETCTBUM B palloHe NepexpHTUA ¢ Pe3yABTATAMA, NOTY-
deunsuy Xefisymom u Topconon » Yox Pusep, Symxima p (B) pacmmupena no B %10 u oxeartuBaer o6naeTs,
COOTBETCTBYINIYD CAMOMY HM3XOMY YPOBHD MOJeKyaapHod BuMOpammu npubavsuTensHo P=8. B atolt oSmacty
“anepenuag p (B) uMeeT HaxJORHOEe NIATO, NOKA3NBAA, YTO BMUODAIMOHHNN MUK, K DAIMAINBAETCS BBULY

fl pas # 5
BEIMUMEN,

™M Tpmbopa. Wurterpan HopMamMaaimmu uamepennof p (B) mume Teopernuecxoid
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LEY DE DISPERSION DEL AGUA LIGERA A TEMPERATURA AMBIENTE. Los autores han utilizado el
espectrémetro de cristal triaxial de Hanford para determinar la ley de dispersi6n de Egelstaff en el caso dél
agua ligera-a 22°C, con variacién del vector de onda neutr6nica hasta 14 }™! y transferencias de energfa del
orden de 0,05 a 0,25 eV. Los valores de la energfa neutrénica inicial fueron 0,15, 0,20, 0,30 y 0,40 eV, y los
dngulos de dispersién variaron de 4° a 72, La dispersi6n por una muestra de vanadio a 77K (25"C) haservido
para determinar el poder de resolucién del espectrémetro y las funciones de rendimiento,

La ley de dispersién S(qx, 8) y la distribucién de frecuencia generalizada p(B) derivada de la misma
concuerdan esencialmente en la regién de superposicién con los resultados obtenidos por Haywood y Thorson
en Chalk River. La funcin p(8) se ha ampliado hasta B ~ 10 a fin de incluir la regién ocupada por 1os niveles
de vibracién molecular més bajos, en las proximidades de 8 = 8. En este intervalo, la distribucién p(8) medida
presenta un rellano de pendiente poco acusada que indica que los picos de vibracién han sido difuminados por
el escaso poder de resoluci6n del instrumento. La mtegral de normalizaci6n de los valores medidos de p(8)
es superior a su valor tedrico,

I. INTRODUCTION

Slow-neutron scattering measurements on light water provide significant
information in two distinct areas. One is the area of nuclear reactordesign,
in which a kmowledge of the slow-neutron differential (in angle and energy)
scattering cross -section of important moderator and coolant materials is
required for accurate calculation of neutron-thermalization effects. The
second area is the physics of liquids, for which the same scattering cross-
section provides detailed information on the motions of the hydrogen atoms
present [1] .

A number of workers have reported inelastic differential scattering
experiments on water, in which relative scattered intensities were obtained
[2, 3, 4, 5] . More recently, absolute cross-sections have been measured
for water and other materials [6, 7, 8]. The present paper contains the
results of work of the latter type, in which are covered larger energy trans-
fers than hitherto reported.

II. THEORY

VAN HOVE [1], SCHOFIELD [9) and EGELSTAFF [10] have shown that
the scattering cross-section for an isotropic material may be written

d?c (B3 E,,
c(ds‘:d_)ﬁ 29). 41;1:'1‘(‘5') e-8/25(a, |g))

o < 8PS _ m(E; +E, -2[E; B, Jcosg) (1)
2MkT MkT
. B = ER'_EL
kT

where E; = initial neutron energy, E; = final neutron energy, ¢ = scattering
angle, oy, = bound cross-section of principal scattering atom, k = Boltzmann’s
constant, T = absolute temperature of sample, m = mass of neutron, M =
mass of principal scattering atom and Ap = momentum transfer. The quan-
tity S(e, B), the so-called 'scattering law", in general depends only on the
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arrangement and motion of the atoms in the scatterer. Because scattering
by protons with randomly oriented spins is almost completely incoherent,
S for water is sensitive only to the motion of individual hydrogen atoms.
a and 8 are dimensionless variables proportional to the square of momentum
transfer and the energy transfer, respectively [10]. They are scaled to
similar relevant physical quantities of atoms in the scatterer and thus have
magnitudes of order unity. The present cross-section results will be given
in terms of S(e, B) because of its convenience and also to facilitate com-
parison with previous work,

Valuable information about the motions of the atoms in the scattering
system is contained in the generalized frequency spectrum p(8), introduced
by EGELSTAFF [11].

o) = lim [S2=B]. ()

The function p(B) is the Fourier transform of the velocity correlation func-
tion of the atoms of the scattering system -and is very closely related to
the phonon frequency spectrum in the case of a solid scatterer. By extension
to fluid scatterers, p(B) provides a rough picture of the frequency spectrum
associated with translational and rotational motions as well as the vibra-
tional ones. The limiting value of S/a required in Eq. (2) may be obtained
by extrapolation of plotted curves of In (S/a) versus o [8]. A check on the
accuracy of p(B) is furnished by the PLACZEK first moment theorem [12],
which gives

Zf ( )s;nh( 2) a8 - 1. (3)

III. APPARATUS

The basic instrument is a triple-axis crystal spectrometer (Fig. 1).
The first axis is heavily shielded and has an available range of approximately
-15° to +30° Bragg angle. The Bragg angle for the crystal at this axis is
changed manually by a shaft which penetrates the shielding blocks? The sec-
ond rotation axis (sample axis) mounted on and outside of the rotating shield-
ing allows a rotation of about 80°. The analysing spectrometer rotates about
the second axis and can reach Bragg angles of approximately 45° in either
direction. Vertical-axis crystal rotations are performed by commercial
precision rotary tables, upor which are mounted interchangeable precision
goniometers which provide for manual orientation and positioning of the
crystals. All angular settings can be made to within a few 0, 01°, a much
greater precision than required for the low resolution experiments reported
here. '

The spectrometer is equipped for automatic programming of arm angles
by selected angular increments between two preselected angles. It can be
operated by means of a selector switch in either of two modes of operation:
(1) at a given scattering angle the analysing spectrometer moves through
a sequence of Bragg angles to record an energy distribution, or (2) at a
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Schematic diagram of the Hanford triple -axis crystal spectrometer.

given Bragg angle of the analysing spectrometer an angular distribution about
the scattering sample is taken., Automatic recording of the spectrometer
arm angles, neutron counting data, and elapsed counting time of each count-
‘ing interval is done by an electric typewriter.,

The monoenergetic beam of neutrons incident on the scattering sample
passes through a thin boron chamber to monitor the incident flux, The boron
is a very thin and uniform layer cathodically sputtered on aluminium foil
and has a detection efficiency of 5 X 10-% at 0.1 eV, Thus it has a very good
1/v efficiency at all energies of present interest. The detector for the ana-
lysing spectrometer is a bank of three BF; counters in borated paraffin
shielding, These detectors have a calculated efficiency of 25% at 0.15 eV, -

The water sample holders have 0,001-in brass windows stretched over
" knife edges. They were intended to produce a uniform sample of known thick-
ness. However, subsequent thickness measurements using an electrically
contacting micrometer have shown that the nominal 0.030-in thick sample

bulges t0 0.037 in (averaged over the neutron beam), and the nominal 0, 013-in
sample bulges to 0.020 1n. .

IV. EXPERIMENTAL PROCEDURE AND DETAILS

Beryllium monochromating crystals were used at both the first and third
rctation axes of the spectrometer. The (0002) planes were used in the ana-
lysing crystal for all of the runs and in the monochromating crystal for most
of the runs. However, because of the presence of appreciable half-order
contamination in the 0.4 eV incident beam, additional runs were made using
the (1120) planesin the monochromating crystals. The energy scales of
the spectrometer were determined from narrow quasi-elastic scattering
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peaks observed in both first and second order in the analysing spectrometer,
as shown in Fig, 2.
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Energy distributions of scattered neutron intensity for water for initial energy of 0.20 eV and scattering angles
of 10" and 50°. The peak at 0,05 eV is due to 2nd order reflection by the analysing crystal, The points re-

present raw data uncorrected for non-Bragg background in the analysing spectrometer and for scattering from
the empty sample holder and environs, which are shown separately by solid and dashed lines, respectively, -

Except for a few isolated points, the scattering law results to be pre-
sented below are based on angular distribution data taken for selected initial
and final energies, However, in order to take angular distribution data for
which energy resolution effects can be ignored, it is necessary to make pre-
liminary energy distribution runs at fixed scattering angles in ordertolocate
the energy regions strongly influenced by the quasi-elastic scattering peaks.
These peaks are shown in Fig. 2, from which it can be seen that, for an
initial energy of 0.2 eV, the range of final energies permissible without
energy resolution corrections is 0,075 to 0.15 eV, For higher initial ener-
gies the permissible range is smaller, because the quasi-elastic peaks are
observed with poorer resolution in both orders.

The water scattering runs were made for initial energies 0.15, 0. 20,
0.30, and 0.40 eV and for scattering angles ranging from 4° to 72°, Wave
vector changes up to 14 A-1l (o a 16) and energy transfers up to 0.25 eV
( |B|~ 10) were cover~d. The sample temperature was 22°+2° C.
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All of the present results on water were obtained with the 0.037-in thick
sample mounted perpendicular to the incident beam. A few runs were made
with the 0,020-in sample, and shape differences of the order of 5 to 15%
were indicated. However, these differences were not very significant statis-
tically and no attempt was made to use data from the thinner sample for
multiple scattering corrections. At the energies used in the present experi-
ments the thick-sample transmission ranged from 77 to 85%.

The resolution of the monochromating spectrometer and the resolution
and sensitivity of the analysing spectrometer were obtained by a series of
energy distribution and angular distribution measurements of the scattering
from a vanadium sample 0, 253-in thick, The vanadium was cooled to the tem- -
perature of liquid nitrogen to reduce one-phonon scattering to only a few
percent of the elastic scattering even for the largest energy and scattering
angle employed. Furthermore, the spectrometer energy resolution was
broad enough to include a substantial fraction of the one-phonon scattering
together with the elastic scattering. Thus the angular distribution for cold-
vanadium elastic scattering should be isotopic. for a very thin sample. The
measured angular distributions, when corrected for absorption and multiple
scattering are substantially isotropic, as shown in Fig. 3 for the case of
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Fig.3
Angular distribution of elastic scattering of 0.15 eV neutrons from 0,25 in vanadium sample at 77K, Ob-

served and comected data points are shown. The curved line relative to the horizontal line gives the multi-
ple scattering and absorption correction factors computed with a neutron transport code,

0.15 eV. In the figure, the observed scattering (corrected for background)
and the observed scattering corrected for multiple scattering and absorption
are plotted for each scattering angle. The straight line is fitted to the
average of the corrected points, and the curved line in relationship to the
straight line shows the magnitude and angle dependence of the correction
factor. This result also establishes that the analysing spectrometer sensi-
tivity is independent of scattering angle. These corresction factors for
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absorption and multiple scattering for vanadium were computed by means
of an S, transport theory code [13], s

. The scheme used for determining the scattering cross-section of water
relative to the known scattering cross-section of vanadium is based on the
following assumptions:

(1) The resolution functions for the monochromatmg and analysmg spec-
trometers are Gauss1an°

(2) The thin boron monitor has 1/v sensitivity;

(3) The water cross-sections being measured and the detector effi-
ciencies are slowly varying functions within instrumental energy
and angular resolution;

(4) The cold-vanadium scattering cross-section is perfectly elastic,
isotropic, and. mdependent of energy.

Under these assumptions it is a straightforward matter to derive the fol-
lowing expression for the scattering law

Sla, B) =F(E;) e®/2 Cy(E\~ E,, ) (4)

where the sensitivity factor F(E;) is given by

_ kToyny 1
F(B2) = Torgnm G, (B 1A(E) (5)

and where Cy(Es® E,, ¢) = normalized water scattering counts, o = total scat-
tering cross-section of vanadium, o= bound total scattering cross-section
of hydrogen, ny = area density of vanadium atoms in sample, ny = areaden-
sity of protons in water gample, Cy(E3;) = normalized vanadium scattering
-counts, and A(E;) = energy width (standard deviation) of the vanadium elastic
peak. Cx(Ey> E,, 9) and Cy (E;) are each the number of accumulated scat-
tered counts normalized to a fixed standard number of accumulated incident
beam monitor counts. This normalization is done primarily for convenience
in data handling, but it also has the further advantage that the factor
(Ep [E, Y2 in Eq. (1) is cancelled because of the 1/v monitor efficiency. To
determine F(E,) it is necessary only to obtain an energy distribution of the
vanadium elastic peak and measure its height and width. In Fig. 4 the energy-
distribution corrected for background is shown for the case of E;y =0,15 eV
and scattering angle ¢ = 16° . The energy widths A(E;) are obtained from
such curves. The peak values, howéver, are obtained from corrected angular
distribution curves, as in Fig. 3, to get better averaging, It is not necessary
to know the individual energy resolutions of the monochromating and ana-
lysing spectrometérs, crystal reflectivities, or the sensitivity of the BFy
detectors. In this manner F(E;) was mesasured at 0.05, 0.10, 0.15, 0,20,
and 0.25 eV. A smooth curve was then drawn to obtain interpolated values
(see Fig. 5). In calculating F(E,), values of 5.1 -and 81b were used for oy
and oy, respectively.

In order to find the resolution for E;y and E; separately, additional
measurements were made of vanadium elastic scattering, using high reso-
lution in the analysing spectrometer to determine the resolution of the mono--
chromating spectrometer. The resolution of the analysing spectrometer
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The analysing spectrometer sensitivity function KE,) defined by Eq.(5) in the text,
The size of the plotted dots indicates the statistical error of the measured values,
The plotted curve is used for interpolation,

was then obtained by unfolding it from the overall resolution function ob-
tained under conditions of standard resolution. The resulting full width at
half maximum of the Bragg angle are 0.5° for the monochromating and 1. 3°
for the analysing spectrometer. For most of the energy region covered these
Bragg-angle widths lead to values of 20 to 40% for AB/B (full width at half
maximum).

The dimensions of the collimator slits are such that except for very
small scattering angles, the angular resolution for the scattering angle is
2.0°. The angular spread in the vertical plane is 4.6°. These are full widths

- at half maximum.

Cadmium and gadolinium filters were used to determine the amount

of order contamination in the Bragg diffracted beams. Less than 2% of the
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monitor counts of the incident beam were due to high-order neutrons. Since
the scattered beam may be expected to have even less than this, it was not
checked for higher orders. Unfortunately the otherwise highly desirable
beryllium (0002) planes are susceptible to half-order contamination when
conditions for multiple Bragg scattering are satisfied [14]. Filter measure-
ments of the incident and scattered beams indicated that only approximately
5 to 10% of the count in both beams were due to half-order neutrons when
the initial energy was 0.15, 0.20, or 0.30eV, However, at an initial energy
of 0.4 eV about 53% of the monitor counts in the incident beam were due to
0.1 eV neutrons, while almost none appeared in the scattered beam. The
net result of the order measurements was that, except for the runs at0.4eV,
no order corrections were made since (a) the effects are small and (b) they
partially cancel out due to the presence of contamination in both incident
and scattered beams. At 0.4 eV incident energy, the full correction indi-
cated by the filter measurements was done. In addition two check runs at
0.4 eV and one at 0.3 eV incident energy were made, using the beryllium
(1120) planes of the monochromating crystal. These planes do not reflect
half-order neutrons. The results obtained agree to within about 20% of the
corrected results obtained with the (0002) planes.

Empty sample-holder runs were made for the water and cold-vanadium
cases to correct for scattering by air and the sample holder windows .
Throughout the series of experiments periodic measurements of the scat-
tering from room-temperature vanadium were made to check the stability
of the equipment. In most cases the duration of the run and the individual
counting periods was arranged so that the spectrometer stepped through
approximately three complete cycles of arm motion. Control of counting
time was by preset monitor count. In each run background data were taken
at each spectrometer step by automatically shifting the analysing crystal
several degrees away from the Bragg position.

V. RESULTS AND DISCUSSION

The water scattering data corrected for background, empty sample hol-
der and order contamination (when necessary as discussed above) were then
reduced by means of Eq. (4) to the scattering law S(a,8), which is plotted
in Figs. 6 and 7 versus o for various fixed values of B. For 8 = -2.1, =3.0,’
-6.9, -7.9. and -8.8 there is more than one independent determination of
S(a,B). At B = -2.1 and -3.0, most of the results were obtained for E; =
0.2 eV, but a few came from E; = 0,15 eV, At B = -6.9 results were ob-
tained for E; = 0..3 eV with beryllium (0002) planes and beryllium (1120)
planes. At 8= -7.9 three determinations were made: for E, = 0.3 eV with
10002) planes, for E; = 0.4 ev (0002) planes which required a large order
correction, and for E; = 0,4 eV with (1126) planes At = -8.8 resultswere
obtained for E; = 0,4 eV with both types of crystal planes, The level of dis~
agreement, which is approximately +15%, is a fair measure of the system-
atic errors due to multiple scattering, order contamination, possible struc-
ture in the analysing crystal reflectivity, energy resolution effects, vari-
ations in sample thickness, and variations in the stability of the counting
.electronmics,
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In order to obtain the generalized frequency distribution p(B8) defined
in Eq. (2), plots of In S/a versus o were extrapolated by eye to « = 0. Sample
- curves are shown in Fig. 8, In the extrapolation greatest weight was given
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Illll
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Fig.8

Curves of $/a for various values of a, extrapolated to a = 0,
Uncertainties in the extrapolation due to statistical and
systematic errors are indicated by dashed lines,

to the points for intermediate values of o, since the air scattering cor-
rections are large for small ¢, Crude error estimates including systematic
effects have been made for the extrapolated values.

The spectrum p(B) obtained in the manner described above is plotted
in Fig. 9 together with the results of HAYWOOD and THORSON [8]. In the
region of overlap near the hindered rotation peak at 8 =3, the agreement
with their results appears to be quite satisfactory. The present resulis give
a sloping plateau without structure near 8 =8, which corresponds to the low-
est molecular vibration level of 0.2 eV in water. Since the resolution in
B is approximately 30%, no large amount of structure can be expected,

‘ Despite the surprisingly good agreement between the two sets of re-
‘sults, the situation is not completely satisfactory. The trouble is that the
normalization integral in Eq. (3) is too high by at least 46% when calculated
from the p(8) curve plotted in Fig. 9. Three possible reasons for this diffi-
culty can be suggested at once. The first is that the increasingly broad re-
solution in B as B increases may distort the broad hindered-rotation peak
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The generalized frequency spectrum p(8) for water at 22°C.
Present results are compared to those of HAYWOOD and THORSON [8] .
The resolution in the present work is indicated by triangles,

centred near B =3, and cause it to be partially shifted to higher values of
B where it is giver much more weight in the integral. This it may not be
valid to neglect energy resolution effects as was done in the present ana-
lysis. A second contributing cause may be multiple scattering. The présent
results have not been corrected for multiple scattering in the water sample.
Crude estimates of this correction indicate that it may be as large as 15%.
However, the correction cannot be adequately made experimentally with our
sparse thin-sample data, and we have not yet had an opportunity to do the
multigroup transport calculation necessary to make it theoretically. The
third possible source of difficulty may be a systematic error in the S/a ex-
trapolation which leads to an overestimate of p(8). Unfortunately it is diffi-
cult to make an independent estimate of this kind of error.
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QUASI-ELASTIC SCATTERING BY ROOM
TEMPERATURE LIGHT WATER*
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Abstract — Résumé — Annoranusi — Resumen

QUASI-ELASTIC SCATTERING BY ROOM TEMPERATURE LIGHT WATER. The energy width and inte-
grated intensity of the quasi-elastic scattering péak of light water at 22°C have been measured on the Hanford
triple-axis crystal spectrometer at & number of scattering angles for neutrons of energy 0.10, 0.15, and 0 25ev.
The energy resolution was 7, 11, and 10%, respectively. Wave-vector transfers ranged from 1to 7 A'l

The quasi-elastic peak was assumed to have a Lorentzian shape in correcting the observed peaks for
resolution. When plotted versus the square of the wave-vector transfer, both the corrected line width and
integrated intensity exhibit systematic differences correlated with the energy of the neutrons used. In general,
the present widths are greater than those obtained with cold and thermal neutrons, Neither the simple classical
model nor the Singwi-Sjdlander model for self-diffusion in water give completely satisfactory agreement with
the present results,

DIFFUSION QUASI-ELASTIQUE DANS L'EAU LEGERE A LA TEMPERATURE DU LABORATOIRE. Les
auteurs ont mesuré la largeur et la valeur intégrée du pic de diffusion quasi-€lastique dans 1'eau légere 2 22°C,
en employant le spectrometre triaxial 3 cristal, pour un certain nombre d'angles de diffusion et pour des
neutrons ayant des énergies de 0,10, 0,15 et 0,25 eV, La résolution en énergie était de 7, 11 et 10% respecti-
vement. Le vecteur d*onde variait entre 1 et 7 AL

On a supposé que le pic de diffusion quasi élastique avait une forme lorentzienne lorsqu'on a corrigé
les pics observés pour tenir compte de 1a résolution. Si 1'on porte sur un diagramme les largeurs de raies corri-
gées et la valeur intégrée de 1'intensité en ordonnée, et les tranferts du carré du vecteur en abscisse, on cons-
tate que les raies et 1'intensité présentent des différences systématiques qui sont en corrélation avec 1'énergie
des neutrons utilisés. D'une manijtre générale, les largeurs de raies sont plus grandes que celles qu'on obtient
avec des neutrons froids ou thermiques. Ni le modele classique simple, ni le modele de Singwi-dela.ndér
d*autodiffusion dans 1'eau ne donnent une concordance entizrement satisfaisante avec les résultats indiqués
dans le mémoire,

KBASWYMPYTOE PACCERHME HEATPOHOB B NETKOA BONE NP KOMHATHON TEMIEPATYPE. OSmepretyn-
HYeckKas mMpMEA M OOMAR MHTEHCMBHOCTh B MMKe KBA3UYNPYTOro paccesnus HelTpoHoR Jerxoft mogo#t npu
22°C pamMepaInch HA XOHPOPACKOM TPEXOCHOM KPUCTALIMNECKOM CNEKTPOMETPE NPH HECKONBKMX Yriax pac—
cesuvs HeltTpoHOR ¢ aHeprued 0,10; 0,15 u 0,25 3B. OxHepreTHyecKas paapemaxmas CHOCOOHOCTb COCTABIS=
&8 coorseTcTBEHHO 7, 1l u 101’. Wauenenus BOJHOBOrc BEKTOPa koleSallch B npezedax oT 1 no 7 ) S

Npeanosarazoes, uTo KBasMynpyru#t nux umeer dopuy JlopeHTua, ¥ 3TO YNMTNBANOCH MPH PAa3 PEmEHUK
HaGIoAaeMux mMKOB. IIpn COCTABIERMM T

Q¥ B 34 T OT KBagpaTa BOJHOBOIO BEKTOPA Kax CKXOp—
PexTipopaHHas mMpuHAa JMHMH, TaxK U ofmags MHTEHCUBHOCTH NOXAINBADT cucTeMaTUNeCKe pa’sauuni, Ko-
TOpHe CBS3AHK C 3Eeprvefl MCNOAL3OBAHKMX HeliTpoHOB., B ofmex noayueHHas mMpuHAa JuAMA apaseTcs
3HauMTeasHO Goxmmelt, uem mMpura JMHMA, nolyueHHas ¢ MOMOMBLI XOJNOAHNX M TERIOBux HefTpoxon. Hu
HPOCTAR XIACCHNECKAN MOAEIb, HM MOZens CHRArBM-Chelanzepa 23a caomuddyaun B BOZE He RADT NOIHOCTHD
YROBIETBOPMTEIBLHOTO COOTBETCTBMA C HACTOSIMMA De3YIBTATAMM,

DISPERSION CUASI ELASTICA POR AGUA LIGERA A TEMPERATURA AMBIENTE. Los autores han medido
la amplitud energética y la intensidad integrada del pico de dispersi6n cuasi eldstica del agua ligera a 22°C,

* Work performed under Contract No, AT(45-1)-1350 for the United States Atomic Energy Commission.
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utilizando el espectrométro de cristal triaxial de Hanford en varios 4ngulos de dispersién para energfas neutr6-
nicas de 0,10, 0,15 y 0,25 eV. El poder de resolucién fue de 7, 11 y 10%, respectivamente. Los desplaza-
mientos de los vectores de onda fueron del orden de 1 a TA™,

Al corregir los picos observados para tener en cuenta el poder de resolucién de los insttumentos, se
supuso que el pico cuasi eldstico responde a una ecuacién de Lorentz. Cuando se las representa enfuncién
del cuadrado del desplazamiento del vector de onda, tanto el ancho de lfhea cortegido como la intensidad
integrada presentan diferencias sistemd4ticas que guardan una relaci6n con la energfa de los neutrones empleados.
En general, los anchos asi obtenidos son superiores a los correspondientes a los neutrones frios y térmicos.
Ni el modelo cl4sico de dispersién simple fii el de Singwi-Sjblander de autodispersién en agua concuerdan de
un modo completamente satisfactorio con los resultados obtenidos por los autores.

I. INTRODUCTION

Inelastic differential scattering of slow neutrons in general provides
detailed information about the structure and dynamics of the scattering ma-
terial [1, 2]. Since scattering by light water is almost completely due to
incoherent scattering by hydrogen, the inelastic differential cross-section
is sensitive only to the motions of the constituent hydrogen atoms. Several
years ago BROCKHOUSE found that the scattering cross-section for water
as a function of final energy could be considered to consist of two overlap-
ping components [3]. The first component covers a wide energy region and
is attributable to a broad spectrum of fast atomic motions, such as rotations
and vibrations.The second component is a rather narrow energy peakcentred
at the incident energy; it is attributable to a slow diffusive motion.In the
present paper only the latter component, the quasi-elastic peak, is con-
sidered. ) ,

A number of experimental studies of the quasi-elastic scattering by
light water have been reported [3, 4, 5, 6, 7, 8, 9]. Those studies were done
with either thermal or cold neutrons and covered the region of small values
of momentum transfer. The present paper reports on experiments performed
with neutrons of somewhat higher energy and correspondingly larger values
of momentum transfer. )

II. THEORY

The property of quasi-elastic scattering which has attracted most in-
terest is its energy width. Theoretical considerations show that in general
the width may be expected to be a function of the self-diffusion coefficient
and of the square of the momentum transfer H2Q2 [1,2]. A number of models
for the diffusion process have been proposed [2, 3, 10, 11]. Most of these
models predict that the quasi -elastic peak broadens as the momentum trans-
fer (or scattering angle) increases, particularly in the region of small values
of momentum transfer. The simplest model [2, 3], which corresponds to
classical continuous diffusion, predicts that the line shape 'is Lorentzian
with a full width at half maximum given by

AE = 2 1 DQ2, (1)

A more coinplex model, in which a molecule oscillates for a mean time 7,
and then diffuses by continuous motion for a mean time 7;, has been sug-
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gested by SINGWI and SJOLANDER [10]. For T, > T, the process reduces
to continuous diffusion andthe width is given by Eq.(1). For the other ex-
treme case in which 7; << 7, the line shape is again Lorentzian and the width
is given by ' ’ ’

o o-2W
=7 Ty DQ2> 2)

where e-2W is the Debye-Waller factor (defined immediately below).

The classical diffusion model starting with a Gaussian ''cloud' of finite
size [2] predicts that the angular dependence of the integrated quasi-elastic
peak intensity is

AE

Lt = per2W =1 e-Q"u’ . (3)
where I is the integrated intensity in the forward direction and 6u? is the
initial mean-square radius of the diffusing Gaussian cloud. The finite size
of u is presumably due to vibrational and rotational motions which are very
rapid on the diffusion time scale. The model of SINGWI and SJOLANDER{10]

also gives an integrated intensity in accordance with Eq. (3) when 7; << 7,.

III. EXPERIMENTAL DETAILS

The experiments were performed with the Hanford triple-axis crystal
spectrometer [12]. For an initial energy of 0.147 eV a series of energy
distribution runs was made at scattering angles of 3°, 10°, 20°, 30°, 40°
and 50°. A preliminary analysis of these experiments has been reported
earlier [13]. In these runs beryllium (0002) planes were used in the mono-
chromating spectrometer and aluminium (200) planes in the analysing spec-
trometer. The energy resolution was 11%. Subsequently, two brief series
of runs were made at initial energies of 0,100 eV and 0,247 eV for scat-
tering angles of 3°, 10°, 20° and 30° with resolutions 7% and 10% respec-
tively. For these two series beryllium (1120} planes were used in the mono-
chromator and beryllium (1013) planes were used in the analyser. In all
of the runs listed above the water sample thickness was 1.7 mm; the thick-
ness of each aluminium window of the sample holder was 0.03 mm. Finally,
in order to check the effect of sample thickness, runs were made for an
initial energy of 0.146 eV at scattering angles of 4° and 40°, using a water
sample 0.9 mm thick between brass windows 0.03 mm thick. In these thin

" sample runs beryllium (1120) and 1013) planes were used with an energy
resolution of 11%. The sample temperature was 22 + 2°C, The sample was
mounted perpendicular to the incident beam.

A few energy distribution measurements of elastic scattering were
also made employing a vanadium sample of 6.4 mm thickness to obtain the
spectrometer resolution. However, it turned out that the resolution widths
obtained with vanadium were very slightly larger than those obtained for
water at small scattering angles, i.e. 3° or 4°,Perhaps the inelastic (phonon)
scattering by vanadium broadened the elastic peak slightly. In any case the
widths obtained from water scattering at small angles were used as reso -
lution widths in the analysis of the data. :
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An appropriate balance between intensity and resolution was obtained
in the various series by varying the number of cadmium strips forming Soller-
type slits in the analysing spectrometer. The incident beam was monitored
with a thin boron chamber, while the scattered neutrons were detected with
a bank of three BF; tubes. Subsequent measurements with cadmium and
gadolinium filters showed that order contamination effects amount to only
a few percent at the energies used. Background was measured by auto-
matically rotating the analysing crystal a few degrees away'from the _Bragg
position, For water runs at small scattering angles using the sample holder
with aluminium windows, air scattering was determined by removing the
sample holder., For water runs using the brass windows, correction runs
were made with an empty sample holder.

IVv. DATA AND ANALYSIS

In Fig.1 are shown three typical energy distributions, which have been
corrected for non-Bragg background and air scattering. Since the incident
energy is well above thermal energy, the low inelastic plateau is located
mainly at energies lower than the initial value. The usual broadening of
width and decrease of peak intensity with increase in scattering angle ob-
served in line studies of the quasi-elastic peak [3, 5, 6, 8] is evident here.
The shape of the spectrometer resolution function, as given by the curve
‘obtained at a scattering angle of 3°, is Gaussian.

The method of analysis of the quasi-elastic peak used here is the semi-
intuitive approach of BROCKHOUSE [3], who suggested that the peak may be
isolated by subtracting off the inelastic component. In our first attempt the
subtraction was carried out by drawing in a smooth interpolation of the in-
elastic component and fitting the remaining peak to a Gaussian function by
means of a least-squares computer programme. However, this scheme
failed because the wider peaks had tails too high to be well represented.
This characteristic of the data, as well as theoretical considerations [3],
suggested that the true shape of the quasi-elastic peak may be approximately
Lorentzian. Thus the analysis of the present data is based on the assumption
of a Lorentz line shape. .

Since the convolution of a Gaussian and Lorentzian function was not
found to be convenient for computation, the least-sqixares fitting programme
was generalized to include several of the lowest-order Hermite functions
as well as the Gaussian to represent the broadened quasi-elastic peak and a
linear term to represent the inelastic component. The width of the peak de-
termined by the Hermite functions is then tentatively taken as the measured
width of the resolution-broadened quasi-elastic peak. From the ratio of this
measured width to the resolution width, it is then possible to determine the
ratio of the true (Lorentz) width to the resolution width, This operation
is facilitated by appropriate graphs based on tables [14] of the function ¥ (x, t),
the convolution of Lorentzian and Gaussian functions. The shape of the fitted
peak in the wings is then checked for consistency with the shape of the con-
volution function determined by the tentative value for the measured width.
If the shapes are not consistent, the linear function representingthe inelastic
component is adjusted (usually downward) graphically, and the widths are
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Representative quasi-elastic peaks for 0.15 eV neutrons at scattering angles of 3°, 20" and 40", Background

subtractions have been made as well as corrections for air scattering for the 3° case. Each correction was

approx1mate1y 40 to 50 units on the intensity scale shown, The plotted curves were fittéd by a least-squares
programme,

)

modified accordingly. In practice only one step of the iteration process is
required to produce satisfactory agreement. When such an adjustment of
the linear function is required, the statistical error estimates of the pa-
rameters of the peak produced by the programme are augmented-manually
to take into account the additional uncertainty introduced. These adjustments
of the error estimates are quite generous, ‘since the entire concept of ‘sub-
tracting the inelastic component is rather tncertain. For the narrow peaks
found at small angles of scattering, the statistical error dominates, while
‘for the broadened peaks found at larger angles, the uncertainty due to the
" position of the linear term dominates. :
The area of each observed peak (omitting the linear function) is also
computed by the programme as a measure of the integi'ated intensity in the
~quasi-elastic peak. In principle, this scheme gives the‘integ'rated intensity
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independent of any assumptions about the true line shape. However, it is
subject to error when a substantial part of the area is in the tails and the
data do not cover the tails completely. When the linear function requires
manual adjustment to produce a consistent shape, the calculated area is
modified accordingly. Here again rather generous allowance is made for
uncertainty in the process of subtracting the inelastic component.

In the analysis of the data the true width and integrated intensity have
not been corrected for multiple scattering. Despite the rather large thick-
ness of the 1.7 mm sample (transmission ® 70%), rough estimates show
that these corrections are only 3 to 5% for the cases covered. The effect
on the peak width is small because a large fraction of the twice scattered
neutrons are completely removed from the neighbourhood of the peak by
broad inelastic scattering. The effect on the shape of the angular distribution
of the integrated intensity is small because the difference in path length for
neutrons at the various scattering angles is small. These conclusions are
verified by the data taken at 0.15 eV using the 0.9-mm thick sample.

" TABLE I

QUASI-ELASTIC SCATTERING DATA AND RESULTS FOR WATER AT22°
The quantities tabulated are: Ej = neutron energy, t = sample thickness,
¢ = scattering angle, Q2 = square of wave vector transfer, (AE), = directly
observed width of quasi-elastic peak, I =observed intensity at peak maxi-
mum, AE = true width of peak, I,,.= integrated intensity of peak

Ey LI ¢ Q? (AE) L AE Line
(eV) (mm) (deg) (A-2 (10-3 eV) (arbitrary) 107% ey (arbitrary)
3 0.13 - 5.8+0.1 270 £ 8 .- 1.0 +0.03
10 1.46 6.740.2 292 £ 5 1.7+0.4 0.94 + 0,04
0.1 L7 20 5.82 7.840.4 165 £ 6 2.7£0.7 0.82 £ 0.06
30 12.9 11.140.7 114 £ 8 8.0+ 1.0 0.82 £ 0.17
3 0,20 16.8 + 0.3 690 + 17 - 1.0 +0,024
: +
10 2.15 17,2 £ 0,83 650 + 12 0.9 g': 0.97 + 0,02
+0.8
: 20 | 88.56 20.0 40,3 560 & 10 58 10 0.98 £ 0.024
0. 147 LT 30 .| 19.10 21.840.9 320 £ 14 . 8,6+ 1.5 | 0.6440.04
40 | 33.2 25,3+ 1.1 178 £ 10 14.1% 1.8 0.41 £ 0.03
50 50. 7 24.1+3.3 95+ 15 12.3+ 5.3 | *0.21  0.06
4 0,35 |- 16.3%0.5 133 £ 4 _—- 1.0 % 0.02
0. 146 0.9 40 33.2 23.4 12,2 25 12,2 + 8.3 0.46 £ 0,10
3 0.33 24.0+0.8 98+3 .- 1.0 0,04
10 3.63 26.8:1.2 | 1044 5.2+2.4 1.18 + 0. 04
S271 L7 20 14,3 31,0:8,0 88 £ 5 12,0 £3.6 | 1.18%0.12
30 31.9 42.5+5.6 50 £ 5 28,0 £ 8.0 0.74 £ 0,12
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The results of the analysis are given in Table I, which also contains
other pertinent experimental information, i,e. the initial energy, sample
thickness, and scattering angle and the square of the wave vector transfer
Q? in Columns 1 through 4. In Columns 5 and 6 the observed width and peak
intensity of each resolution-broadened peak are given. The derived values
of true width and integrated intensity normalized to unity in the forward
direction are given in Columns 7 and 8.

V. RESULTS AND DISCUSSION

The integrated intensities and line widths obtained in the analysis de-

. scribed above are plotted as functions of Q2 in Fig, 2 and Fig. 3, respectively.
It can be seen that the results obtained at 0.10 and 0.15 eV are in good agree-
ment, However, the results obtained at 0.25 eV show a systematic deviation
from the others, despite very large uncertainties, Furthermore it must be

! I
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Fig.2

Integrated intensity Iipe of quasi-elastic peaks versus Q2 for 0.10, 0.15 and 0,25 eV neutrons. For each
energy the intensity has been normalized to that obtained at a scattering angle of 3°, The plotted lines are
given by I = I, e~Q%u® with the indicated values of u.
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The full width at half maximum AE of quasi-elastic peak as a function of Q%, The solid line corresponds to
the simple diffusion model with D = 3.7 X 10 Scm?/s. The dashed line corresponds to the Singwi-Sjclander
formula with 7, = 0.82 x 107 s and D= 1.8 x 10-Scr? /s.

noted that for small values of Q2 the widths obtained are approximately twice
as large as those determined with cold neutrons and thermal neutrons [3, 4,
5,6, 7, 8,9]. Similarly the values found for the cloud size parameter u are
about half as large as those obtained with slower neutrons [3, 7]. Thus the
values of AE and u appear to depend systematically on the energy of the
neutrons used in the experiment. This suggests the possibility of appre-
ciable systematic error in the experiments or the analysis scheme.
"Temporarily ignoring this difficulty, one may reasonably treat.the plot-
ted results in two ways. The first is to give appropriate weight to all the
plotted points in Fig.3 and represent them in the simplest manner, i.e.with
a straight line having the form of Eq.(1). Such a line has been drawn by eye
inFig.3.It corresponds to a classical diffusion coefficient D= 3.7X 10-5cm2/s,
a value which is 50% to 100% greater than those obtained in neutron scat-
tering experiments [6, 7, 8] and in tracer and nuclear magnetic-resonance
experiments [15, 16, 17]. The second method of treatment is to ignore the
. discrepant results at 0.25 eV and to fit the concordant results at 0.10 eV and
0.15 eV. Since the width shows a tendency to saturate at large Q32 Eq. (2)
is appropriéte. As shown by the dashed line on the graph, a satisfactory
fit is obtained for D = 1.8 X 10-5cm2/s, 7o = 0.82 X 10-13 s and u = 0.17 A,
the value of u having been obtained from the fitted line for 0.15 eV in Fig. 2.
While the indicated value of D is quite satisfactory, the value for 7, is ex-
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tremely small compared to the characteristic times of various physical
processes in water [10]. .

The preceding discussion shows that neither of the suggested alterna-
tive interpretations of the present results is completely satisfactory. This
leads back to the possibility of systematic error in the experimerit or ana-
lysis. It is clear that the line widths are unexpectedly large.Possible causes
of overestimation of the line widths are multiple-scattering, an energy de-
- pendence of the spectrometer sensitivity which distorts the measured peak,

a non-Lorentzian line shape, and incorrect estimates for the subtracted in-
.elastic component,

There are, however, limits on the magnitude of the first three of the
possible difficulties listed above. Each will be discussed in turn. First,
multiple scattering has been shown experimentally to have a negligible effect.
Second, there is no evidence for instrumental distortion, since the observed
peaks have reasonably symmetrical shapes and are not displaced in position.
Furthermore, similar results have been obtained with different monochro-
mating crystals and different crystal planes. Third, an attempt has been
made to evaluate the effect of line shape by trying a Gaussian in a few cases.
However, this has given even greater line widths.

The fourth of the suggested causes of difficulty, i.e. incorrect esti-
mates of the subtracted inelastic component, is hard to discuss quantitative-
ly. Large allowances have already been made for uncertainty in the magni-
tude of the subtracted inelastic component on the assumption that it can be
represented approximately by a linear function within the instrumental re-
solution., However, low-frequency vibratory motions corresponding to energy
transfers of 0.006 to 0.010 eV [7] may give rise to a peak having a width
comparable to the instrumental resolution, Such a peak would be almost
inextricably superimposed on the true quasi-elastic peak due to diffusion

. and would cause overestimation of the diffusive peak width. It would also
lead to a Debye-Waller factor corresponding to a small value of the cloud
size parameter u, since the observed peaks would be sensitive to short-
time motions occurring prior to true diffusion. In view of this possible source
of difficulty, a definite knowledge of the behaviour of the diffusive component
of the quasi-elastic peak at large values of Q2 must await experiments at
higher resolution.
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DISCUSSION
(on the previous two papers)

K.S. SINGWI: Since your incident neutron energy is so high, I would
expecc that all you were seeing was the gas-like behaviour of water mole-
cules. In such a case there is no justification for analysing the quasi-elastic
scattering in terms of diffusion, which is a form of long-term molecular
behaviour, Were you trying to make a guess?

D. A, KOTTWITZ: I agree, but it is tempting to attempt this analysis,
even though it is hard to know what kind of mass to use in the gas model.
I am sure it would be greater than 1 and less than 18, but it would be difficult
to give an exact figure.

K.E. LARSSON: What are the transmissions of your samples?

D.A. KOTTWITZ: 'About 70%. However, we did work with a much thin-
ner sample and the result on the widths were precisely the same, The rea-
son is that most of the high removal in the thick sample is due to removal
from the peak. We are dealing with something exactly like an absorption
cross-section. There is very little probability of its reappearing in the peak
upon second scattering, Owing to the thickness of the sample, there is very
little broadening. This has been checked experimentally and by calculation,

D.T. GOLDMAN: I think Dr. Singwi would agree that, in principle, it
is possible to perform this experiment to get the diffusive motion but that
the high energy makes it very hard to get the necessary energy resolution.

D. A, KOTTWITZ: That's right, if we could do it at a higher resolution,
it would be quite feasible. ‘
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Abstract — Résumé — Aprotauus — Resumen

QUASI-ELASTIC SCATTERING OF COLD NEUTRONS IN WATER. Thg authors discuss the results of
investigations carried out with a cold-neutron spectrometer into the quasi-elastic scattering of cold neutrons
in water. The neutron source was a pulsed fast reactor, Measurements were made with resolutions of up to
0.5% and an energy of 5 meV.

DIFFUSION QUASI-ELASTIQUE DES NEUTRONS THERMIQUES DANS L'EAU. Les auteurs exposent les
résultats de leurs recherches sur la diffusion quasi-élastique des neutrons thermiques dans 1'eau, qu'ils ont faites
2 1'aide d'un spectrometre A neutrons thermiques. Comme source de neutrons, ils ont utilisé un réacteur 2
flux pulsé de neutrons rapides. Le spectromue avait un pouvoir de résolution de 0,5% et les neutrons avaient
une énergie de 5 meV.,

KBA3UYNPYTOE PACCESIHVE XOJOIHHX HEATPOHOB HA BOHE, B Roxiage vaiaramres PEe3IYILTATH UC=
carexoBannft Kaaaninpyroro paccesHne XOIOLHHX HelTpoHOB Ha BOLE, NPOBEAREHHHX OPK NOMOmM CHEXTPO=
MeTpa xozomHuX He#ATPOHOB. B KavecTBe MCTOWHMNA HellTPOHOB MCHOABIOBAH WMAyabcHw! OMcTpuit peaxtop.
UaMepenus sunoanens c paspemennem no 0,57- fip¥ 3HePruu 5 MUAAMIAEXTPOHBOJBT.

DISPERSION CUASI ELASTICA DE NEUTRONES FRIOS EN AGUA. Los autores exponen los resultados de
sus investigaciones sobre la dispersién cuasi eldstica de neuwones fifos en agua, efectuadas con ayuda de un
espectrémetro de neutrones frfos. Como fuente de neutrones, utilizaron un reactor répido pulsante. Las medi-
ciones se efectuaron con un poder de resolucién de 0,5%, como méximo, y una energfa de 5 meV,

B nociensvé T'OAH GHIO NPOBENEHO HECKOJABKO MCCJIeLOBAHMIA HefiT-
DOHHHX CHEKTPOB, BO3HMKAKNMX IIPM PacCefHUM XOJOAHHX HeATpoHOB B
"pozme {1-7]. B 3Tux pafoTax 3HAUMTEJBHOE BHUMaHME YACJIEHO KBa3W-
yOpyroMy paccesHUbD, T.€. DacCegHMD ¢ nepezadell sHepruu, Maiaoit
IO CPaBHEHMD C dHeprvell namammero nelirpona. Teopus [8,9] npea-
CKa3HBAEeT, UYTO IDPM KBa3UYNPYI'OM DacCedgHUM MOHODHEepreTUUeCKUX
HeATPOHOB B EMAKOCTM O06pa3yeTcHs CIEKTD, vMenmuili JopeHLOBY mopmy'
¢ IoJymMprHOHi
I' = 2hx2D, (1)
rge h# ~ M3sMeHeHMe MMIyJabca IpY paccesHru, D = BSHOEKTUBHHA KO-
spduiMenT aBromuddysun. Kiaaccuueckre MeTORH HART AJS KOPOUIMEH=
Ta mupdysuM MOJEKYI BOAH B BOLe 3HaueHnue D=1,85+10"5¢m ¥cex.Ana-
JM3NPYA KBasUyNpyroe paccesEre XOJOXHHX HeATpoHOB Ha BOXe,pai=
JMYHNE aBTOPH NPUXOAAT K HECOrJacyRmMMCs BHBOAAM, NOJNydYas 3IHAUE-
HMS D B mpepexax oT D<O0,1D§ aoD=D, [5]. HexoToprHe aBTOPH yC-
MaATPUBANT TaKXe B CIEKTPax DPacCesHHHNX HeATpoOHOB mUKM, COOTBETCT=
ByRmHUe Hepefave OUEHL MAJHX IUCKPETHHX Nopuuii smepruu (nopsanxa
5+10*58) [1,2]; ApyTMe aBTODH He HAXOZAT TAKMX IMKOB [4=7].
B ¢BA3M ¢ OTMEUEHHEMM NPOTMBOPEUMAMM NPEACTABIAIOCE WHTEpPEC~

HHM NIPOBECTM MBMEpPEeHMUS CIEKTPOB HeATDPOHOB, DacCesHHHX Ha BOZe,

383
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C pagspemeHueM, 3aMeTHO JyulMM Da3pemeHus, AOCTUTCHYTOrO B paGoTax
[1—7]. B HacrodmeM ZokJake coofmLapnTCs NPEeABAPMTEJbHHE DPe3yibTa-
TH TaKMX M3MEePeHMil, BHNOJHEHHX Ha MMIYJILCHOM GHCTPOM peaxTope
O0benAMHEHHOr'0 MHCTUTYTA SAEPHHX Mcclezobanuit. Mcmoanesopasmascs
SKCHepUMEeHTaJbHAS YCTAHOBKA omMcaHa B ZoKJaazZe [10].

Ha caoit Boam ToimmHoit oxoso 0,3 MM HampaBiAJCcsS UMIYJALCHENA Iy-
JOK HEeATPOHOB, (MIBTPOBAHHHX GepuiimeM. HeillTpoHH, paccesHHHe Ha
yrox 75 % 10°, perMcTpMpoOBaJMCh LETEKTOPOM, YCTAHOBICHHHM HA DaC=
croaumMn 17 uam 45M oT ofpasua. Has usMepeHus crexTpa HelATpoHOB,
nazampmyx Ha oGpasell, MCHOJAB3IOBAJOCH YHNPYIoe paccesHWe Ha BaHaAUW,
PeaynpTaTH M3MEpeHMA NpM TemmepaType BoAH 25°C npuBeZeHH Ha puc.l
n 2., V3 KpMBHX BHUTEeH GOH, AJA HAXORZEHUS KOTOPOro nazammuii Ha

80001
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SO0
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y

58 52 . 50 IHEPrUf {07 ev

Puc.1

CnexTp HeflTpoHOB, paccesHHHX Ha BaHazvMu (kpuBas 1l)u

pone (xpuBas 2). PaccTosHMe OT o6pasna LO AETEKTOpa

~ 45 M.[IlnpyHa KaHaJla BPEeMEHHOI'O aHaJM3aTopa - 64 MKCEK.

I[[yHKTVPHHE KPUBHE IIPOBEAEHH II0 3KCIEePUMEHTAJBHHM TOY-

xaM. CniomHHe KDYMBHE INPOBEZEHH IO TO4YKaM,MClpaBJjeH-
HHM Ha nponyckasme Al. :
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ofpasel OYYOK NepPeKpHBaJcg KaammeM. $or OHI NpuMMepHo B 4 pasa
MeHbme s3dpexTa. B peayabTaTe BHECEHa TakKxe NOlpaBKa Ha paccesHue
amoMMHEMeM (Ha OYTH DPACCeSHHOrO IyuKa HaxoAulach NJACTHHKA alkMU-=
HUS ToJmuHOR oxoso 6 MMm. [lompaBxa pacuMTHBAJACH NO M3MEPEHMIM
NPONYCKaHUS aHAJOMUHHX AJNMUHUEBHX JMCTOB, BHIOJHEHHHM Ha 6ase
45 m(puc.3). ’ .

Kax BuzHO M3 xpuBoit 1 (puec.l), noaymipuHa HaKJIOHA GepUIIMEBOro
Kpas COCTaBIfeT~120 MKCEKYHA, UTO OPYU PACCTOSHUM 45 M COOTBETCTBY-
eT DSHepPreTUYeCKOMY paspemenum 3+107°3B nds HeliTpoHOB ¢ sHeprueii
B paltone 5,2°107° 5B. OTY BeJMUMHY HYRHO CPaBHMBATH C NpPeAEIbHHM
paspemenueM 2+107% 3B, MCHONB3OBAHHHM B NpPEeRHAYymMX pagotax l4].
CpaBHeHue xpusix 1 u 2 (puc.2) NOKA3HBAET, BHE BCIKOI'O COMHEHUS,

N
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CnexTp HeATPOHOB, pPaCCEeAHHHX CJOEeM BOAH ToJammHo 0,3 MM.
KpuBas 2 cHATa Ha pacCTOSHUM OT ofGpa3sua KO ZeTexTopa 45 M3
KpuBad 3 -~ Ha paccTtosgHunm 17 m. [IlyHKTMpPHas KpuBas IOKa3H-
BaeT QOPMYy CIeKTpa. HelTPOHOB,YNpyro pacCesHHHX Ha BaHAAUM
Ha paccToaHuu 45 M.Bce KpuBHe KchnpaBJleHH Ha nponyckanue Al.

UTO IIPM pacCessHMM Ha BOZE€ JMHUA 5,2‘10'333 ymupsgeTrca, [Naaga xoam-
YEeCTBEHHOM OLIEHKM HYEHO MCXOAMTL M3 BHPAXEHUd MAJS 3aBUCHMOCTHU
ckopocTt cuera N(t) paccesmmNx HefATPOHOB OT BpeMeHM mpoJgera +:

E,

N(t)at = at§E [ F(E')o(E"W(ELE)aE", (2)
0
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rae F(E')dE'- cmexTp nazammero Ha o6pasel NOTOKA}

o(E') - ceueHMe pacCesHMI Ha o6Gpasle;

W(EVE)AE - cneKTp paccesHHHX HeliTpOHOB nus nepsuuHoil sHepruu EL

B Teopuu kBasuynpyroro paccesunus [8,9.] W (ELE) - aopenunosa
pesoHaHRCcHAd xpusBas ¢ mupusofl Ha nomoeumne BHcoTw ' [1). HAam ompe-
ZeneHus I' MOXHO BOCNOIBL3OBATHCA DACCTOAHMEM OT CEPeNMHH Gepuiine-
BOro Kpas IJs BaHaaMa X0 MAKCUMyMa pacnpeieleHMs AJS BOAH. J3TO
paccTOsHME CJOXHHM oGpa3oM 3&8BUMcUT OT I' u saxoxos F(EY) u d(EY.
MNockoapky nocJefHVe B HaHHOR paGoTe He M3yuaJMCh, DTOT NYTh Ka-
3aJCsg HaM HEONHO3HAYHHM, M MM IDeANOUIM ONMpAThCA Ha 3IHAUEHUE
xorapudMmuueckoil npoussomuo#t N'(t)/N(t) B menrpe GepuaameBoro
Kpasd. 3HauyeHue npouasozmoit caabo sasueur ot cmexrtpa F(E')0(E')3;
nodaras F(E')o(E')» E!,HeTPyAHO NOIYUMTH CleLyvhiee BHpaxeHue AIs
I', sBifPmeecs XOPOMUM NPUGIUEEHMEM:

T = 8E, /w[’ﬁ{f}) t0+5] (3)

3necwy E, ,ty ~ doHeprua M BpeMa npoleTa AAR GEepUIIMEro Kpafd; INOA
N(to) cuaeayeT NOHMMATh CKOPOCTh cyeTa npu t = t, , 3a BHUETOM OOA-
JOXKM, He cBsS3aHHON ¢ kBasuynpyrum paccesHueMm. OLEHKA IOXJIOXKH -
He MOXeT OHTh IIPOBEASHa OAHO3HAYHO, Tax Kaxk HefACHO, sBiageTcs Ju
yuacTOK Kpusoit B uHTepBaze 0,93 - 0,99 Mcex "xBocToMm cnekTtpa'
KBa3Uynpyroro paccesHusa, WY 3L4eCh NPOABIARBDTCH AMCKPEeTHHE JHep-
reTuueckre nepexoxd. Ecau NpUHATH NepBoe, a TaKke NpeHeGpeub Col-
cTBeHHOH mupuuoit Gepuammeporo kpas (uTo aas paccTtosnus 45 M He
6YyAeT NJIOXMUM NPUCIMEEHMeM), TO Noiaydaercs 3HaueHuUe:

r = (5 +1)10~* 3B.
Bo BTOPOM INPEANOIOXSHUU IIOJiJIO)KKa BHUIE, U
' = 3.10"% oB.

MoxrHo npuHATE I = (5 % 1).10-% ©B, ueMy Ipu yriae paccesHus 75°
(x2 = 3,7-A"2) coorBeTcTBYeT D = 0,5D,.

Ham pesyibTaT HE OTIMYaeTCd OT NOCAELHMX HAHHHX Jlapccona U Jadp=-
Gopra [7], momyumBmMx npu KoMHaTHOM TemmepaType Auf X2 = 3,7.A2
sHauepme I' = (6 + 1) . 10™% =B.

B sakiamyeHMe OCTaAHOBMMCS Ha BONpPOCe O MaJHX AMCKPETHHX Nepe-
Zayax SHeprMu. Bo MHOI'MX M3 NPOBeACHHHX HaMu ABYX - TPEX-AHEBHMX
cepnii MaMepeHuit B clneKTpaX BOAM3aM GePUIIMEBOrO Kpas HPOABMIMUCH
cryneébxn COOTBETCTBYDIME NlepezavyaM SHepruu ~ 2,4 ¥ 6.10°% 3B.
BHCOTH CTYNEeHeK COCTABJAAMM HECKOJBKO NPOLEHTOB OT NOJAHO! MHTeH-
CHBHOCTHA NPM AAHHOM BpeMeHM npoJdeTta. lloJoxeHWs M BHCOTH CTyNe-
HEeK B Pa3JMYHHX CEePUAX MIMEeDeHuit corsjacoBHBaJMCB, B TOM YMcJae
M B M3MepeHMAX Ha Gasax 45 u 17 M (puc.2). [IpM CYMMMpPOBAHMM BCeX
cepuli CTYNEeHbKM, OIHAKO, CrIaXMBajJuMchb. XOTA BTO MOXET OGBACHATH-
cq apefibamy annapaTypH, B HacTofmee BPEMS BONPOC O HAJIMUYUM MIU
OTCYTCTBUM CTYINEHEK OCTAETCS OTKDHTHM.
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DISCUSSION

A, SJOLANDER: At what temperature was this experiment done?

J. JANIK: Al the curves shown in the paper are for room temperature,
I would merely point out that for lower temperatures the broadening is
smaller, ’ ‘

K.S. SINGWI: Do you have any data for width as a function of scattering
angle? With your high resolution such data would be valuable for a number
of reasons.

J. JANIK: No, I do not. We could have changed the angles to 30° but
we did not make any experiments along those lines, Our findings are for one
angle (75°) only, :

P.A. EGELSTAFF: I wonder if the theoreticians present would like
to consider ways of constructing a model which would show the small steps
on the side of the quasi-elastic peak, I raise this point because any simple
model, e.g. one based on a Gaussian Gs(r,t), would lead to expressions
in which the diffusive term is folded with the "'phonon" terms. Consequently,
small steps due to ''phonon-like' energy levels would have the same width as
the diffusion peak and would not be observed as steps.

I would also like to point out that at these Q values, a Lorentzian line-
shape is probably a very poor assumption, If the line~shape turned out to
be nearly Lorentzian for the Q value used in this experiment, it would in-
dicate that more than one diffusive mode was being observed.

J. JANIK: Perhaps I should mention that since the theoretical quasi-
elastic distribution (as shown in Fig, 4) fits the experimental data very well,
the inelastic steps, if real, must have a verysmall intensity and appear as
a "fine structure'' only in the''quasi-elastic background",
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Abstract — Résumé — AnnoTauun — Resumen

CALCULATION OF THE INELASTIC SCATTERING OF NEUTRONS FROM POLYETHYLENE AND WATER.
A model for the calculation of the scattering of thermal neutrons from chemical system was proposed by
Nelkin., This model considered the actual dynamics of the scattering system as composed of a set of oscillatory
motions, each describable by a Hamiltonian which commuted with each of the others. It was then possible
to express the differential scattering cross-section in closed form. This model has been used to calculate the.
' scattering of neutrons by watet. Some care must be taken in performing the nurnerical integration over angle
and energy. The scattering model has been extended to the calculation of neutron scattering from polyethylene
CpHon. Analogous levels of polyethylene can be noted at0.089 eV, 0.182 eV, 0,354 eV, and 0.533 eV. The
differential and total cross-sections have been calculated for the scattering and the latter has been seen to be
in reasonable agreement with experiment at room temperature. Scattering kernels have been calculated for
a number of temperatures and where possible the results have been compared with experiment. In addition,
neutron flux spectra and diffusion lengths have been calculated using the equations of reactor physics. Compa-
rison of these Fesults with experimental data indicates that such integral measurements are indicative of at
least the gross features of the scattering system and should be analysed in conjuction with the detailed diffe-
rential cross-section results. '

CALCUL DE LA DIFFUSION INELASTIQUE DES NEUTRONS PAR LE POLYETHYLENE ET L'EAU. Nelkin

a proposé un modele pour calculer la diffusion de neutrons thermiques dans des syst¢mes chimiques. Dans
ce modele on considere que la dynamiqueréelle dusysteme de diffusion se compose d'un ensemble de miou-
- vements oscillatoires, chaque mouvement pouvant &tre décrit par un hamiltonien commutant avec chacun
des autres. Il est alors possible d'exprimer la section efficace différentielle de diffusion sous une forme fermée.
Les auteurs ont employé ce modele pour calculer la diffusion des neutrons par 1'eau. Il faut prendre quelques
précautions lorsque 1'on fait 1'intégration numérique par rapport aux angles et aux énergies. Le modele de
diffusion a &€t€ étendu aux calculs de la diffusion des neutrons par le polyéthylene CpHopn. On note des niveaux
analogues 2 0,089 eV, 0,182 eV, 0,354 eV et 0,533 eV, Les auteurs ont calcul€ les sections efficaces diffé-
rentielle et totale pour la diffusion et ils ont constaté que la seconde est en bon accord avec l'expérience 2 la
température du laboratoire. Is ont calculé des noyaux de diffusion pour un certain nombre de températures et,
chaque fois qu'il était possible de le faire, ils ont comparé les résultats aux expériences. De plus, ils ont
calculé les spectres de flux de neutrons et les longueurs de diffusion en se fondant sur les Equations de la phy-
sique des réacteurs. En comparant ces résultats et les données expérimentales, on constate que ces Imesures
intégrales donnent au moins des indications générales sur les caractéristiques du systtme de diffusion et qu'il

conviendrait de les analyser en tenant compte des résultats détaillés relatifs aux sections efficaces différen-
tielles.

PACYET HEYIPYror0 PACCEAHMA HEATPOHOB MOJM3TWIEHOM M BOIIOA. Moaeas ANS BHUMOJeHMS DACCEdHUS
TENJIOBMX HEHTPOHOB XMMMYECKMMM COEIMHEHWAMYM OMIA npeaioxeHa HeNbXuUHOM. 3TA MOJeXd DACCUMTNBAIA
EefiCTBUTENLHYD AMHAMMKY pacceuBarmell cucTems, cocTosmel n3 HaGopa KoeGATEIbHRX xsuxenuit, xaxaoce
M3 XOTOPHX XapaXTepusyeTcs aMMIBTOHMRHOM M MOXeT-GMTH 3AMEHEeHO APyTuM. I[locle 3TOro CTANO BO3=
MOXHO OnpeneUTh RUbDEPEHUMANBHOE CEUEHMe pPACCeAHMS B IAKPHTNX (opMax. OTA MOZelh MCHOABIO=
BANACH ANS TOrG, WTOOK NONCYATATh paccesine HeATpoHoB Bomo#. CaeayeT YAeIMTH HEXOTOPOE BHMMARME

% Operated by the General Electric Company for the U, S, Atomic Energy Commission,
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WMCLeHHOMY VHTErPUPOBAHMD 0O YTIaM M dHepPruaM. Mozelb paccesHUS NPUMEHAJACH X BHNUWICACHHMD He i
TPORHOr'O paccednns no.vms'ru.uei-lou CnHone MOXHO OTMETMTD aHAJNOIMUHHE YpPOBHM DACCEAHMA NOJMI THICHOM
mpm 0,089; 0,182; 0,354 u 0,533 9B, BNuM BHCUMTAHN auddepeHUMATLHNE odwme ceveHus, ¥ B OOCIeR-
HeM OuNJO OGHAPYXCHO ABHOE COBMAAEHME C ONHTOM NpU KOMHaTHOM Temmepatype. Paccenpamumecs 4HacTHOH
OHIM NOZCUMTAHH RJL LEJOro pAAA TEMIEPATYP, M TAM, I'Ae ITO BO3IMOXHO, Pe3yabTATH OMIM CPABHEHN ¢
ONHTHEMK, Kpose TOro, CHeXTPH HeliTPOHHOrO NOTOXA M AMMHM ZnddY3MH ONIM BRCUMTAHM C NOMONBD YpPRB-
HeHult peaxTopHO# (M3ukM. CpapHeHMEe ITHX DEIYIBTATOB C DIKCNEPUMEHTAIBLHMMM JAHHMMW NIOKAIHBAET,
9UTO Tanve MHTerpalbHHE WIMEPeHRWS YKA3HBamT, No kpalHell mepe, Ha sBHNE OCOGEHHOCTK pacceusammeft

CHCTEMN ¥ ROJNXHH OHNTH NpPOAHAMA3MPOBAHH B COYETAHUM C NOAPOCHEMM peayIbTaTamy AMddepeHlalbROro
cevenns,

CALCULO DE LA DISPERSION INELASTICA DE NEUTRONES POR POLIETILENO Y AGUA. Nelkin propuso
un modelo para calcular la dispersién de neutrones térmicos por sistemas quf micos. Con arreglo a este modelo,
la dindmica real del sistema dispersante se consideraba compuesta por una serie de movimientos oscilatorios
cada uno de los cuales podia describirse por un hamiltoniano que conmuta con los hamiltonianos de los otos
movimientos oscilatorios. Ello permitiria;i expresar la seccién eficaz diferencial de dispersién en forma cemada.
Los autores han utilizado este modelo para calcular la dispersién de neutrones por el agua. Debe procederse
con cierto cuidado al efectuar la integracién numérica respecto del 4ngulo y de la energf a. El modelo se ha
utilizado también para calcular la dispersién de neutrones por polietileno (GpHop). A0,089 eV, 0,182 eV,
0,354 eV y 0,533 eV, se observan niveles anilogos en el polietileno. Se ha calculado la seccién eficaz dife-
rencial y total de dispersin y la iiltima parece concordar satisfactoriamente con los resultados de experimentos
realizados a temperatura ambiente. Se han.calculado los picleos de dispersi6n para varias temperaturas y,
cuando es posible, los resultados se comparan con los de los experimentos. Ademds se han calculado los espec-
tros de flujo neutr6nico y las longitudes de difusién utilizando para ello las ecuaciones de fisica de reactores.
La comparacién de estos resultados con los datos experimentales muestra que tales mediciones integrales cons-
tituyen por lo menos un fndice de las caracteristicas generales del sistema dispersante y deben analizarse
conjuntamente con los resultados detallados relativos a les secciones eficaces diferenciales.

I. INTRODUCTION

Theoretical methods for the calculation of the inelastic scattering of
thermal energy neutrons by chemically bound systems have been proposed’
in the past few years. They are of special importance in predicting the
.properties of reactor systems where the interaction between the slowing-
down neutron flux and the moderator must be known. Since the wave length
of a neutron with an energy in the thermal range is of the order of molecu-
lar distances (= one A), it is necessary to properly take into account the
chemical binding effects of the scatterer. Furthermore it can be shown
that except for a factor of the ratio of the square root of the final energy
to the initial energy, the scattering cross-section is a function solely of
the energy change and the momentum transferred. Thus from a knowledge
of the inelastic scattering cross-section, it is possible to derive informa-
tion about the chemical system. This can be seen from an examination of
the four-dimensional Fourier transform, G(r,t) of the differential cross-
section, d?¢/dQdE, first introduced by VAN HOVE (1]

o1 iwt-K-n ¥ _d%c 4 o
Glr. V) = Gaypn fe k dodE K (1)

where

K = k-kj, the momentum transfer
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and hE = (h%k? /2m) - (h®k,/2m), the energy change.

If we write the cross-section as made up of a "self" part, and a "distinct"
part, and correspondingly, G(r,t)=G(r,1t) +Ggy(r, t), Van Hove showed that
in the limit ast - 0,

Ge(r, 0) = 8(x), Gylr, 0)=g(r)

where g(r) is the correlation function of the scatterer, which is customarily
measured in X-ray diffraction experiments., For a wave length appropriate
to molecular distances, the energy of the electromagnetic radiation is too
large. to be affecied by the chemical binding effects of the scatterer, which
corresponds to the t =0 limit given above. Neuirons, on the other hand,
have wave lengths and corresponding energies of just such a nature to be
- of use in determining the extended correlation function G(r, t). In this paper
we shall be interested primarily in a calculation of the scattering process
and then illustrate the necessity for using a proper model of scattering in
calculation reactor fluxes, -

In Section 2, a summary of the modified Nelkin water model is given
together with some comparisons of predicted scattering cross-sections with
experimental data. In Section 3 the polyethylene model is discussed. In
Section 4 a method for the calculation of neutron fluxes is outlined and com-
parisons of theory and experiments presented. Section 5 consists of a brief
discussion of diffusion lengths and suggestions for further endeavour.

2. WATER . .

Since water is one of the most common reactor materials, a large num-
ber of theoretical and experimental investigations of neutron scattering have
used water as a target. In a purely theoretical sense this is somewhat un-
fortunate because the complicated nature of the liquid system makes precise
analysis difficult.

As noted above, the neutron scattering is a function of the p_ropertiés
of the scattering system. NELKIN [2] replaced the complicated phonon spec-
trum of water [3] by the four distinct energy groups given in Table I, corre-
sponding to an interaction Hamiltonian separable into four distinct com-

TABLE 1

ENERGY LEVELS OF WATER AND POLYETHYLENE

Energy levels

Nature of level . H,0 CpHap
Hindered rotational 0,06 0. 089
Vibrational 0. 205 0. 187
Vibrational 0.474 0. 354
Vibrational 0. 488 0. 533
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ponents, on hindered rotational and three vibrational. These correspond,
respectively, to the circular motion of the H-O-H molecule about its centre
_of mass in the field of the other molecules, and to the three degrees of free-
dom of the H-O bond in the molecule. To these motions must be added the
free movement of the entire water molecule, Since an exact treatment of
the 0.06 eV hindered rotational level is quite lengthy, Nelkin replaces this
by a vibrational level of different mass. '
Nelkin approximated the intermediate scattering function introduced
by ZEMACH and GLAUBER [4], X(R,t)

d®c  k f -wt
dOdE " 27k, J e XK (2)

by a product of the X!'s corresponding to the translation of the entire water
molecule, the hindered rotational state and each of the vibrational states,
separately averaged over initial states of the system. Since the approxi-
mation of harmonic motion for each of the degrees of freedom was made,
using the formalism of ZEMACH and GLAUBER {4], similar functional
forms for the intermediate scattering function result. For ease in calcula-
tion it was further proposed to treat only one mode oscillation exactly at a
time, considering the other oscillations in either the high energy transfer
or zero energy transfer limit., Thus for water there are three natural re-
gions corresponding to energy transfers of AE<0.205¢eV, 0.205< AE<0.481
eV and 0.481< AE £ 0.8eV. Above an energy transfer of about 0.8 eV, the
scattering is treated as that from a gas of free hydrogen atoms. Taking
the time transform of the intermediate scattering function, the resulting
equation for the differential cross-section is

(] -K2 /2A e-nw/2‘r
deE 27rEK2 .

“2"” (3)

< > - 25K=[‘E Bo w45

where the undefmed parameters are given in some detail by NELKIN [2]*,

. The total cross-section as a function of incident energy was computed
by integrating the results obtained from the numerical evaluation of Eq. (3).
Some care must be taken in choosing the integration scheme to avoid the
problems associated with numerical evaluation of integrable singularities
[5]. The results are shown in Fig.1l., To calculate the scattering from
water, the individual hydrogen cross-sections were doubled and added to the
oxygen cross-section (4 b). The agreement between experiment and theory
for large incident energies was fixed by the choice of parameters but the
comparison over the whole energy range shown is quite good. Also included
is the calculated cross-section treating the scatterer as a system of a free
gas of hydrogen atoms. '

* In this original work Nelkin defined his regions corresponding to the incident neutron energy, rather
than to the transfer energy.
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Total cross-section for the scattering of neutrons by water,

A much more selective test of the quantitative accuracy of any scatter-
ing theory is the accuracy with which differential cross-sections are deter-
mined. A large body of such experimental data for water has been measured
by EGELSTAFF (6] who reports his results in terms of the dimensional-
less quantities

_ E; + Bf - 2uJE{Es
) T

@ > the momentum transfer

E¢ - E;

=T the energy transfer (negative for an energy loss)

and the symmetric scattering law

d®?c(Ei- Eru) Bi g
S(a, B) = 304 T & ©

An example of such a comparison, albeit the most satisfactory we have de-
termined thus far, is shown in Fig, 2. -

Additional comparisons between theory and experiment using Egelstaff's
representation directly were also undertaken. One such example is shown
in Fig.3. We see that the comparison looks reasonably close except for
small . This is inevitable in any theory which uses the free translation
approximation since for a free gas kernel, S/a—0 as a—0. This is there-
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The differential cross-section of water as a function of the cosine of the scattering angle
for initial neutron energy of 0.14 eV and final energy of 0.06 eV.
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The ratio $/a as a function of a for the scattering of neutrons by room temperature water.

fore visual evidence for the need for including diffusive effects which are
apparent at small momentum and energy transfers.

The cross-section for the scattering from water at 150°C was then cal-
culated in order to compare with some available data [7]. In Fig.4 we see
that the disagreement between theory and experiment is greatest for small a,
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The ratio S/a as a function of a for the scattering of neutrons by water at 150°C.

3. POLYETHYLENE

A study of the scattering from polyethylene was initiated since this sub-
stance is commonly used in reactor assemblies, due to the similarity in the
chemical structure of each. This similarity has made it possible to extend
the vibrational model of water to the case of polyethylene,

The chemical structure of the polyethylene is that of along-chain organic
molecule with the generic formula C,H,, [8]. Thus, it seemed possible to
treat the individual component of the molecule, i,e. the H-C-H radical in a
manner analogous to the representation of the water H-O-H molecule. To do
this it was necessary to determine the frequency spectrum of the polyethy-
lene molecule. We examined the data of NIELSEN and WOOLETT [9] for
solid polyethylene and inferred the various energies of phonon excitation
from their results. On the basis of their data, there appears to be reason-
ably well-separated energy levels at energies of 0.089 eV, 0.187 €V, 0.354 ¢V
and 0.533 eV. These energies are given in Table I, and are listed along-
side their possible analogous water levels. The total cross-section was
then calculated assuming that each of the four levels corresponds to a nor-
mal mode of oscillation of the hydrogen atoms of the polyethylene molecule.
This is an especially simple model and involves the selection of only one
arbitrary parameter, chosen so that at high neutron energies (E, > 0.8eV),
the total cross-section be the same as that from a free proton gas. This
takes the form of 1=1/M+1/m, where M is the total mass of the CH, group
(14) and m, is the effective vibrator mass. There are now four regions,
given by

Region I AE <0.187 eV,

Region II 0.187< AE <0.354 €V,
Region III 0.354 < AE< 0.533 eV,
Region IV 0.533 < AE £ 0.8 eV.

In each region the translational motion is treated in the high energy limit
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and one of the vibrational modes is treated exactly, in complete analogy to
the method used for water-scattering, The differential cross-section is
again given by Eq. (3) with the parameters defined by Table II. )
The parameters listed in Table II have been used to calculate the néu-

tron cross-sections. The total neutron cross-section calculated by the pro-
gramme was compared with the experimental data of BACH et al. [10]. These
results agree quite well with earlier data of RAINWATER et al. and have
much smaller statistical errors associated with them. The comparison is
shown in Fig. 5 where we have plotted the data of Bach et al.- and the theore-
tical cross-section. It is apparent that calculated results are in quite good

TABLE II

PARAMETERS ENTERING INTO THE EQUATION FOR THE
SCATTERING OF NEUTRONS BY POLYETHYLENE

Region [ AE<0.187 eV

m=M =14
E=T=0,0255eV
Al =yt 4 (r mywy tanh w/2T)7!
ayt=(dmy) N(w,  + w v Y
A=0.195eV
B =4 my wy/2T
=1.06 eV
my =1.08

w = wg = 0,089

Region II 0.187 eV<E <0.354 eV

1/m=1/M+ 1/4m,

M = 3.294

E=4m,T+MEy/M+4amy £ =(1/e“V T, yoyu;
=0.0422 eV

AT =(amy T [wy ! + wy 4 (4w tanh wy/2T) Y

A =0.422 eV

B=4myw, sinh w;/2T

= 13.89 eV

w=w, =0,182
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TABLE II(cont'd)

Region III 0.354 eV KAE<0.533 eV

/m=1/M+ 1/2my
m = 1,868
E=[T/M)+(E, + E,/4my)] m

= 0.0603 eV

-1 _ -1 -1 -1
A"t =(4my) ! [wy © +(w,p tanh w, /2T) 7]
A=0.916 eV
B = 4my w, sinh w, /2T = 187.6 eV

w=w, =0.35¢4 eV

Region 1V 0.533eV<Eg1eV

¥Ym=VYM+3/4m,

m = 1.302

E=T/M+ Yamy (E, + El +E;)m
=0.0977 eV

A=4m, wy tanh wy /2T
= 2.296 eV

B = 4my wy sinh wy /2T
= 3.967x 10 eV

wy = 0,533 eV

agreement with the experimentally-measured total cross-sections, a re-
sult not necessarily expected due to the naiveté of the model. The signifi-
cance of these results is being investigated, but it would be of great benefit
in this line to have available some differential cross-section measurements,

Fig. 6 presents an illustration of the various results for the ratio S(e, 8)
/a as a function of @ for B = 3. 2 using different theoretical forms of the
scattering cross-section. For comparison we have indicated Egelstaffts
experimental water results, The sensitivity of the calculations to the choice
of the scattering kernel is evident.

4. FLUX SPECTRA

A critique of scattering models might be divided into two general cate-
gories, differential and integral portions. The details of the differential
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considerations have been described in the previous two sections, The total
cross-section, an integral quantity, has also been discussed. In this section
the direct application of calculated scattering cross-sections to reactor flux --
spectra will be described. In this sense, the reactor itself performs an
integral measurement of the cross-section, In performing calculations of
flux spectra there arises the question of how well the reactor physicist is
able to predict the observed behaviour of the reactor. This will not be dis-
cussed in this paper, except to say that infinite medium-thermal neutron
specira appear to be able to be predicted quite satisfactorily, and these cal-
culations will be described in this section. )

The infinite medium thermalization equation for energy E less than the
energy of any source neutron is

E.
[Ea(E)+Es(E)1¢(E)-[ Z(E' »E) ¢ (E") dE' = S(E) (4)

where I, and I are the absorption and scattering cross-sections, IL(E!—-E)
is the cross-section for scattering from energy E! io the range dE about E .

S(E)=j Z(E'-»E)¢(E') dE?
Ee )

is the source of neutrons scattered from energies above E. to energies be-
low E¢, ¢(E) is the neutron flux, and E¢ is a cut-off energy chosen so that
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Infinite medium spectrum for material with 1/V absorption and 8y = 0.1,
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the scattering from energies below E; to energies above E. can be neglected,
E. is also below the energy of any source neutron, If all quantities in (4)
are evaluated at n values of E(=E;), and the integral replaced by a sum, the
n equation

n

[Za(:)+ E(B) 6] - ) B(B;-E;) 6(E;) A= S(E:) (5)

=
are obtained. This represents a system of n linear equations in n unknowns
(the ¢(E;)) and can be solved by direct matrix inversion to obtain the flux

spectrum ¢(Ei). FExamples of flux spectra calculated with each of the ker-
nels are shown in Figs. 7 and 8. Fig. 7 shows the infinite medium spectra
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001 0.0! 0.l 1
ENERGY, eV

o=

Fig.8

Infinite medium spectrum for material with 1/V absorption and By = 0,08.

for a region with only 1/V absorption and By =0.1. By =Z(kT)/ E:‘ () is the
ratio of the macroscopic absorption cross-section at kT to the asymptotic
(high energy) macroscopic hydrogen scattering cross-section). Fig. 8 shows
‘these spectra for a region withfy=0.8, It is apparent from these graphs
that the use of the different kernels yields quite different results and there-
fore experimental comparisons are needed. This is further evidenced by
the large differences in averages over these spectra of a unit 1/V cross-
section., These figures are shown in Table III and can be seen to be quite
different.

BEYSTER et al, [12] have measured infinite medium spectra in pure
and poisoned water and polyethylene moderators. Fig,9 shows Beyster's
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TABLE III

AVERAGES OF UNIT 1/V CROSS-SECTION

0. 625
’0.025 eV
. /; —® $(E)dE
Vo= 0. 625
¢(E)dE
0 .
Kernel <1/V>;By ofgp=.1 <1/V>;By ofp=.8
Mass 1 .1826 L5217
water 7593 4901
Polyethylene L7292 .4585

$(E), FLUX (ARBITRARY UNITS )

r T T T T T T T T T T T T TTTT
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3.15 barns/H atom
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Calculated and experimental neutron spectra in boric acid.
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experimental points as measured in various concentrations of boric acid.
Also shown are the spectra as calculated on the basis of the free proton and
bound water scattering models. All curves are normalized to the same 1/E
high energy dependence. These curves show that the free proton kernel is
not adequate to calculate specira in water while the water kernel is much
better able to predict these spectra. Furthermore, calculations of Beyster's

experiment is borated polyethylene (see Figs, 10 and 11) show that the water
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Fig.10

Calculated and experimental neutron spectra in borated polyethylene (5.74 b/H atom).
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Calculated and experimental neutron spectra in borated polyethylene (10.45 b/H atom),
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kernel should not be used to calculate polyethylene spectra, but that the
model created specifically for polyethylene must be used.

Thus we see that infinite medium-thermal spectra are quite sensitive
to the form of the scattering kernel. Kernels are available for the predic-
tion of these spectra with reasonable precision.

5. DIFFUSION LENGTHS

We have seen that the water and polyethylene kernels described above
"yield good results when used to predict infinite medium spectra. This, how-
ever, is a test of only the B, scattering kernel. In order to get some idea of
the ability of these models to predict the angular distribution of the scatter-
ing law, some diffusion length calculations have been done. These serve
as a test of the transport cross-sections.,
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Fig.12

Diffusion lengths'of water and polyethylene as a function of temperature,
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Following the methods of CALAME [13] diffusion lengths in water and
polyethylene have been computed for a range of temperatures. In these cal-
culations the water and polyethylene kernels as well as the mass 1, free
gas kernels were used. For water and polyethylene, the transport cross-
section was computed from: :

Oy =(1-ﬁ)os=foo(E—>E)dE-fcrl(E—>E‘) dE? .

Results of these calculations are given in Fig, 12 where comparisons are
given with the results of ROCKEY and SKOLNIK [14] and ESCH [15]. From
these curves it is apparent that the water kernel is able to give a reasonable
description of the temperature dependence of the diffusion length, but the
polyethylene model does not seem adequate except at room temperature.
This lack of agreement is probably due to the fact that the temperature in-
creases, the structure of polyethylene changes and the room temperature
phonon excitation frequencies are no longer valid. Since no data on these
frequencies for hot polyethylene were available the room temperature values
were used for the calculation of kernels at all temperatures, Thus the need
for experiments on hot polyethylene is indicated to permit the calculation
of improved scattering kernels.
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Abstract — Résumé — Amiommm — Resumen

SYSTEMATIC STUDY ON TOTAL NEUTRON SCATTERING CROSS-SECTIONS OF HYDROGEN CON-
T AINING MOLECULES. In addition to the previously reported results of total scattering cross-section measure -
ments with hydrogen containing molecules ["Inelastic Scattering of Neutrons in Solids and Liquids”, [AEA,
Vienna (1961)] some new data for NHy, H,S (gases) and CHy (liquid) were obtained. The results for gases
were compared with the theory of Krieger and Nelkin. The same comparison in the case of liquid CH, led to
the conclusion that CH, molecules rotate freely in the liquid state.

New measurements of the scattering cross-sections of CH,SH molecules in the gaseous and liquid state
were also performed. The results do not confirm the previously reported data, i.e, they do not show any
existance of peaks connected with the hindered internal rotation. However, a comparison with the theory of
Krieger and Nelkin and the theory of Kolos gives evidence of inelastic transitions between successive energy
levels of the hindered rotation, '

ETUDE SYSTI::MATIQUE DES SECTIONS EFFICACES TOT ALES DE DIFFUSION NEUTRONIQUE DANS
LES MOLECULES HY DROGENEES. Les auteurs ont obtenu quelques résultats complémentaires sur les mesures
de sections efficaces totales de diffusion neutronique dans les molécules hydrogénées telles que NH,, H,S (gaz)
et CH, liquide. Ils comparent les résultats relatifs au gaz aux prévisions de la théorie de Krieger et Nelkin.
La méme comparaison dans le cas de CH, liquide permet de conclure que les molécules de CH, tournent
librement 3 1'état liquide. 3

Les auteurs ont aussi fait de nouvelles mesures des sections efficaces de diffusion dans-les molécules de
CH,SH 2 1'état gazeux et 3 1'état liquide. Leurs résultats ne confirment pas les données qu'ils avaient signalées
antérieurement: ils ne révélent pas la présence de pics liés 3 1a rotation interne amortie. Toutefois, une com-
paraison avec la théorie de Krieger et Nelkin et avec la théorie de Kolos fournit la preuve de 1'existence de
transitions inélastiques entre les niveaux d'énergie successifs des états de rotation amortis.

CHCTEMATYYECKOE M3YYFBUE TOJHHX MNONEPEYEMX CEYEHWA PACCEAHWA HEATPOHOB LNA MOJEKYIl,CONEPXA-
X BONOPOA. B gomo. x M pamee pe3yIbTaTaM n3MepeHuit NOJHOro MNONEPEYHOrO CeveHMN

paccesius HefATPOHOB ANY MOJEKYd, COAePXalMX BOROPOA ('rp_ymi CuMnosuyMa MO ReYNpyroMy paccesruo
HellTponoB B TBepANX M EMAXMX Tedax, Bexa, 1960 ros), ONIM MOJYYEHH HEKOTODHE HOBHE RaHENE AR
NHy, H,S (B rasoo6pasnox coctoguuu) u CH, B XnaXOM cOCTOSHMM). Pe3yabTaTd Az ra3os OHIM comocrams-~
aAexsd ¢ Teopuelt Kimrepa y Hemxmua. Taxoe xe cpaBReHue ANR xuzakoro CH, NPMBOAMT K J&KADYEHMD, TTO
B XMAKOM COCTOSHUN MOJNEKYJIR CH4 BpamaptTcid CBOGORHO.

' BHIM npoBeneHN TaKxe HOBHE M3MEePeRVs NoNepevyHMX cedenuil paccedgunma modexya CHgSH B rasoco6paa-
HOM M XWAKOM COCTOSEMAX. PeaynpTaTH KX He NOATBEPXAANT COOCMEHHHX DaHEe NAaHHHX, T.€. OHM He yxa-
JHBAKT HA HaJdMuMe NMMKOB B CBR3K C 38A€DXAHHHM BHYTPEHHUM Bpameguex. Tenm ue MeHee, CpaBHEHVe C
Teopuelt Kpure‘ba u Hemenua u ¢ Teopuelt Konoca yxasnwpaeT Ha Haauuue HEYNPYTyMX NEePEXOAOB MexXAy
nocleAOBATENbHHMM YPOBHAMM JHEPruy 3JIaZepPpxaHHHONO BpameHud. '

ESTUDIO SISTEMATICO DE LAS SECCIONES EFICAGES TOT ALES DE DISPERSION NEUTRONICA DE
MOLECULAS QUE CONTIENEN HIDROGENO. Ademds de los resultados referentes a la medicién de las sec-
ciones eficaces totales de dispersion neutrénica de las moléculas que contienen hidrégeno dados a conocer
anteriormente ( Actas del Simposio sobre dispersién ineldstica de los neutrones en los s6lidos y los liquidos,
Viena, 1961), los autores han obtenido algunos nuevos datos relativos al NH,, SH, (gases) y CH, (liquido).
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Han comparado los resultados referentes a los gases con los predichos por la teorfa de Krieger y Nelkin. Esta
misma comparacién, efectuada en el caso de CH, liquido, permite deducir que el movimiento de rotacién
de las moléculas de CH, en estado liquido es libre,

Los autores han realizado nuevas mediciones de las secciones eficaces de dispersién de las moléculas
de CH,SH en estado gaseoso y liquido. Los resultados no confirman los datos anteriormente comunicados, es
decir, no muestran la existencia de picos asociados a la rotacidn interna restringida. Sin embargo,la com-
paracién de la teoria de Krieger y Nelkin con la de Kolos revela la existencia de transiciones ineldsticas
entre los niveles energéticos sucesivos de la rotacién restringida.

INTRODUCTION

Continuing the measurements of total cross-sections for scattering of
slow neutrons by molecules of gases and liquids [1, 2] some new data for
gaseous and liquid NHj3, gaseous and liquid H,; S gaseous and ligquid CH3SH,
and liquid CH, were obtained. The results for gases were compared with
the theory of KRIEGER and NELKIN[3] . The results for liquids led to some
conclusions concerning the molecular rotation in the liquid state. The re-
sults for CH3z SH molecules led to a revision of the formerly-reported data
[1] and gave some suggestions as to the internal hindered rotation of the
molecules. All experiments were performed by using a slow chopper and
a time-of-flight technique applying a simple transmission rhethod [4] .

RESULTS FOR GASEOUS NHy AND H, S

The purpose of the measurements was to prove the .wvalidity of the
KRIEGER and NELKIN [3] theory for the scattering cross-section deter-
mination in the thermal energy region. The previously reported data do not
give a definite answer to this problem. The experimental data of MELKONIAN
[5] for gaseous CH, fit very well the Krieger and Nelkin theory. A similarly
good agreement obtains in the case of gaseous CyH, [1] . The results of
JANIK et al. [1, 6] for gaseous NH3 confirm also the validity of the Krieger
and Nelkin theory. RUSH et al. [7], however, obtained a systematic devia-
tion from the theory for these molecules. Finally the experimental points
of HEINLOTH [8] for H, O vapour deviate considerably from the Krieger
and Nelkin theory.

Fig. 1 presents our new results obtained for gaseous NH3 molecules,
which again well confirm the validity of the Krieger and Nelkin theory.

Fig. 2 shows our experimental results for gaseous Hy S molecules. The
small but systematic deviation from the theory is in this case in the same
direction as that obtained by Heinloth for Hy O vapour, It might be suspected
that in view of the similarity of the geometrical structure of H, O and H, S
molecules, the disagreement between theory and experiment has the same
origin in the above two molecules, and may come from the approximative
character of the Krieger and Nelkin theory.

RESULTS FOR LIQUID CH,, NH3 AND H,S
It is well known that thé neutron scattering cross-section for molecules

of liquid H, O is much higher than that determined from the Krieger and
Nelkin theory and also much higher than the cross-section for gaseous HyO.
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Total neutron scattering cross-section per proton of NH, molecule versus neutron energy,
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Total neutron scattering cross -section per proton of H,0 molecule.

This situation is shown in Fig. 3. The increase of the cross-section at the
transition from gas to liquid might in this case be explained as arising from
a hindrance of molecular rotations in liquid caused by the association.

In view of the symmetry of the CHy molecules, and in view of the lack
of any association in liquid CH, it might be suspected that the molecules
rotate freely in this substance in the liquid state. Fig. 4 shows our results
for liquid CH, which are in perfect agreement with the Krieger and Nelkin
theory for the gaseous substance, which confirms the above suggestion.

Our results for liquid NHz and H, S which are presented tvogether with
the results for gases in Figs. 1 and 2 show the effect of a hindrance of mole-
cular rotation in the liquid NHz, which again might be explained by the as-
sociation of the substance, and a rather small effect of this hindrance for
liquid Hy S which is in agreement with the look of any evidence of hydrogen
bond in this substance.

RESULTS FOR GASEOUS AND LIQUID CHgSH

As presented in the appendix to the paper of JANIK et al. [1] the re-
ported peaks in the cross-section versus neutron energy curve for CH3 SH
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Total neutron scattering cross -section per proton of CH, molecule (liquid).
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molecules appeared to have been caused by Bragg-scattering which occurred
in the walls of the vessels. Our new results, which do not show any peaks
either for the gaseous or for the liquid substance, are shown in Fig. 5. It
appears that the cross-section curves for the gaseous and the liquid CH; SH
practically coincide. It seems natural to assume that due to a lack of as-
sociation the hindered rotation frequency in the liquid CH3SH is not changed
as compared with that in gas. It can also be seen from Fig. 5 that the ex-
perimental points lie above the Krieger and Nelkin curve which was obtained
when applying a reasonable value of 1270 cal/mol. for the hindered rotation
barrier height [9], It is again natural to assume that the inelastic effects
which in the calculations based on the Krieger and Nelkin theory are not
taken into account, play a significant role. Due to the fact that at the tem-
perature of the measurements, 360°K, the higher levels of hindered rota-
tion are excited, thus giving a variety of possible inelastic transitions and
to the fact of splitting of these levels, the total cross-section curve does
not show any peaks. : :

It should be pointed out that a similar behaviour and a similar evidence
of inelastic effects was also reported for the gaseous CHz OH [10]. In this
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Total neutron scattering cross-section per proton of CH,SH molecule.

" case, however, the experimentally-obtained curve for the liquid substance
lies above that for the gas, which might be explained by the known fact that
the association in the liquid CH3z OH significantly changes the hindered rota-
tion frequency (from ca. 300cm-! to ca. 600cm1),
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DISCUSSION#*

P. SCHOFIELD: I think the deviations you get from the Krieger-Nelkin
theory must be due in part to the method of approximation of the Sachs-
Teller mass, tensor. This approximation is worst for highly asymmetric
molecules and this is in conformity with the trend observed in your com-
parisons of experimental results with calculations.

% See also discussion on the paper by D. Bally et al.entitled "The Scattering of slow neutrons from
hydrogen and ethylene!
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J.A. JANIK: If I understand correctly, you mean this difference between
theory and experiment must arise from the approximative character of the
Krieger-Nelkin theory, and it may be as you suggest. However, the Krieger-
Nelkin theory assumes that there is no interaction between rotation and vi-
bration and it may be that in the case of these molecules this should betaken
into account.

P. SCHOFIELD: Yes, but this wouldn't be so important at the higher
" energies. I think the major error in small molecules, for example H,S,
may well be due to the form of averaging the mass tensor.
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Abstract — Résumé — Ammoramma — Resumen

INELASTIC SCATTERING OF NEUTRONS BY METHY L- ETHYL- AND n-AMYL ALCOHOLS. The energy
transfer spectra of methyl-, ethyl- and n-amyl alcohols in the liquid state at room temperature have been
measured by cold neutron scattering and beryllium detector methods. A description is given of the apparatus
used for the latter measurements.

The principle feature observed in each case is a broad band of energy transfers from 0 to 50 mV. At
higher energies there is some indication of the excitation of a level at 170 mV in the neutron energy loss
spectra. This corresponds to the molecular vibrational mode in which the hydroxyl group bends with respect
to the C~O bond observed by I-R spectroscopy at 170 mV, The C-O bond stretching mode at 128 mV was not
observed, .

The O - 50 mV band is discussed in relation to previous measurements of the variation of total cross-
section for long wavelength neutrons and optical measurements of free and hindered'internal rotation in alcohol
molecules,

DIFFUSION INELASTIQUE DES NEUTRONS DANS LES ALCOOLS METHYLIQUE, ETHYLIQUE ET
n-AMYLIQUE. Les spectres de transfert d*énergie des alcools méthylique, éthylique et n-amylique ont €t€
mesurés 3 1'état liquide et 3 la température ambiante, au moyen de la diffusion de neutrons lents et par des
méthodes de détection au béryllium. Les auteurs décrivent 1'appareil employé pour ces derni¢res mesures.

La caractéristique principale observée dans chacun des cas est une large bande de transferts d'énergie
allant de 0 3 50 mV. Pour des énergies supérieures, quelques indices donnent 3 penser que le niveau de 170 mV
est excité dans les spectres de perte d'énergie des neutrons, Ceci correspond au mode de vibration moléculaire
dans lequel le groupe hydroxyle se déplace vers la liaison C-O observée par spectroscopie infrarouge 3 170 mV.
Le mode d’extension des liaisons C-O 3 128 mV n'a pas €té observé,

Les auteurs érudient la.bande de 0 3 50 mV en fonction de mesures précédentes de 1a variation de la
section efficace totale des neutrons 2 grande longueur d'onde et des mesures optiques des rotations libres et
des rotations internes amorties dans les molécules d'alcool.

HEYMIPYT'0E PACCEAHME HEATPOHOB B METWJIOBOM, JTWIOBOM M HOPMANILHOM AMMNIOBOM CIMPTAX. Wamepens
CHEXTPM NEepeHoCa JHEPrMy B METHIAOBOM, ODTHIOBOM M HOPMAIBHOM AMMIOBOM COMPTAX B XMAKOM COCTOSHMM
npu xoMuaTROR TeMmepaTypDe METOROM PACCERHMA XOJOAHMX HEHTDOHOB M ¢ NOMONBD GEPMIIMEBOTO HETEXTOPA.

B

llaeTcs omucanme npuSopa, UCHOONBI HOTO RAg

OTmunTensHolt wepTodl B KxaxzoM cIyvae gBIfeTCH HAMMUME MMUPOKOfl OGJACTM meperoca SHEpruM or
O 2o 50 up. Mpy Goabmvx 3IHEPryAX OTMevaeTcf BO3OYXAeHWe YPOBHE 170 MB B CHEKTPAX NOTEPU IHEPruu
HefiTpoHoB. 3TO coOTBeTCTBYeT YPOBHD Kolesauuil Moliexyn,IDM XOTODPGM FMAPOKCUIBHAL rpynna cag3aHa
¢ rpyanoit C-0, uadapaasmelica ¢ nomompb uHdpaxpacHoit cmexrpocromuu npu 170 MB. BuTanyTas dopMa
cpasn C-0 npu 128 'MB He HAGIDRAAACEH. '

OScyxnaeTcs 00JaCTh NEepeKoca IHEPruk oT 0 %o 50 MB B cBaaM ¢ NPeAMAYIMMN KIMEDERUAMH PasaMi-
HMX BEJIMUME NOINHX NOMepeyRMx ceveHuit paccesnus HediTpoHOB ¢ SoIbmmMM A BONK ¥ ONT

HM3MEPeHUAMN CBOGORHNX W HECBOGOAHHX BEYTpPeHKMX BpameHvd B Molexylax cmMpTa.

DISPERSION INELASTICA DE NEUTRONES POR LOS ALCOHOLES MET{UCO, ETILICO Y n-AMILICO. Los
autores han medido los espectros de transmisién de energfa de los alcoholes metflico, etflico y n-amilico en
estado 1fquido a la temperatura ambiente por el método de dispersién de neutrones frios y del detector de
berilio. Describen los aparatos utilizados para llevar a cabo esas mediciones.

La particularidad mds notable que se observa en cada caso es una amplia banda de transmisiones de
energfa de 0 a 50 mV, Para energfas mds elevadas, hay indicios de la excitacién de un nivel a 170 mV en el
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-espectro de pérdida de energfa neutrénica, Ello corresponde al modo vibratorio molecular en que el radical
hidroxilo se desplaza respecto al enlace G-O, observado por espectroscopia infrarroja a 170 meV, No se ha
observado el modo tensor del enlace C-O a 128 mV.

Los autores estudian la banda 0 - 50 mV en relacién con mediciones anteriormente efectuadas de la
variacién de la seccién eficaz total para neuttones de onda larga, y con mediciones Gpticas de movimientos
rotatorios libres y restringidos en las moléculas de alcohol,

INTRODUCTION

The dynamics of alcohol molecules have been extensively studied by
the 6p1:ica1 techniques of infra-red and Raman spectroscopy and results of
this work are summarized by HERZBERG [1]. The frequencies of the vari-
ous vibrational modes of the simplest aliphatic alcohol, methanol, have
been measured and compared in both vapour and liquid phases. More recent
interest in the behaviour of hydrogenous liquids as thermal reactor modera-
tors has led to investigations of the neutron-scattering characteristics of
organic molecules including the lower alcohols. Thermal and cold neutron -
scattering data are more sensitive to the lower energy transitions (< 0.1 eV)
associated with translational and rotational motion of the molecules.

NASUHOGLU and RINGO [2] have measured the total scattering cross-
sections as a function of neutron wavelength between 5A and 20A of a series
of the lower alcohols, and BRUGGER and EVANS [3] have reported inelastic
scattering neutron spectra of ethyl and n-amyl alcohols by their spinning
sample technique. )

" This paper describes measurements of the inelastic scattering of neu- -
trons by liquid samples of methyl-, ethyl and n-amyl alcohols at room tem-
perature using the complementary techniqués of cold neutron scattering and
the beryllium detector methods. The former measures the scattered neutron
spectrum in the elastic and energy gain region, while the latter covers the
energy loss spectrum from 40 mV to 230 mV.

EXPERIMENTAL DETAILS
(a) The beryllium detector apparatus

The beryllium detector apparatus, similar to that described by WOODS
et al. [4], consists of an array of seven low pressure (40 cm Hg) B0F; pro-
portional counters shielded by a polycrystalline beryllium filter and mounted
on the arm of the Dido High Intensity Crystal Spectrometer. A schematic
layout of the apparatus is shown in Fig. 1. ’

The scattering sample is mounted in the diffracted beam, energy Eo,
produced by the single crystal monochromator. Neutrons scattered through
90° 1 5° in the horizontal plane enter the beryllium filter, but only . those.

- having a scattered energy, E', less than the beryllium Bragg cut-off, pass
the filter and are detected.

With the present shielding arrangement the spectrometer arm can be
moved in 1°, 20 min or 6 min increments through 30° to 60° with respect
to the direction of the collimated reactor beam incident on the monochroma-
tor. For these experiments an aluminium single crystal was used. Thecrys-
tal table is connected by a 1:2.tape and drum drive to the spectrometer arm,
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Schematic of the Dido Crystal Spectrometer using the "beryllium detector” method.

and the monochromator mounted on this table can be oriented by remotely-
. controlled electric motors to bring (111), (220), or (331) planes into the
Bragg condition. By this means the incident neutron energy, Eo, can be
varied from 15 mV to 350 mV. .

A U?2¥fission chamber monitors the intensity of the diffracted beams,
and a remotely-controlled cadmium shutter between the monitor and the
sample is used for background measurements. The highest measured mono-
energetic neutron rate at the sample position is 7 X 108 neutrons/s over
an area of 10cm? at Eo=30mV.

The count rate in the beryllium detector per count from the momtor
(which has a 1/Veff101ency dependence over most of the range) is propor-
tional to 820/d Qe (ko/k') 410, where ko and k' are the incident and scat-
tered neutron wave vectors, 92 G/I-)Qae the differential cross-section and

- @&, the bound atom scattering cross-section of the nucleus.

- The mean energy transferred to the neutron by the scattering process
is € =E'- Eo. where E' has been calculated to be 0.0034 eV taking into con-
sideration the efficiency of the "end-on'' BFg counters, the residual cross-
section of the beryllium filter below the cut-off and the ky-! dependence of
the differential cross-section. The practical upper energy limit of the ap-
paratus ig determined by the count to background ratio which falls rapidly
in the region of 0,10 to 0.25 eV, because of decreasing reactor spectrum
intensity and poor monochromator reflectivity of planes with high Miller
indices. .

As the beryllium filter has a small but finite transmission above 0.005
eV the possibility of spurious peaks in the measured inelastic spectrum due
to strong Bragg reflections cannot be discounted. This effect is only im-

" portant for coherent scatterers but nevertheless each saxhple is checked
by replacing the filter by a collimator and cbmpa}ring the distributions ob-
tained.
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The operation of the spectrometer is fully automatic, the output data
being produced in the form of punched paper tape which allows data pro-
cessing to be carried out directly by computer. The results are finally ob-
tained in the form of a tabulation of normalized counts per monitor count -
against energy transfer, €. The data processing includes multiplication by
the detailed balance factor, exp(e/ ZkBT) to give a cross-section proportional
to the scattering law S(K, E) that is even in E.

Because the scattering from protons is largely 1ncoherent there are no
important interference effects in the observed cross-section which is gov-
erned only by the average dynamics of the individual atoms. No correction
has been made for scattering from carbon and oxygen in the present ex-
periments.

(b) Cold neutron scattering apparatus

The cold neutron apparatus is described fully by HARRIS et al. inapaper in’

these proceedmgs entitled "'A cold neutron monochromator and sca scattering appa-
ratus”. The particular features relevant to these experiments were a mean
-incident energy of 5 mV, 8us timing channels, and counters at 20°, 30°, 45°,
60°, 75° and 90°. An automatic sample changer brought the three alcohol
samples and a vanadium standard into the scattering position in sequence
for 10 min counting periods.

The results shown in this paper were all obtained w1th liquid hydrogen
condensed into the cold neutron source described in a paper in these pro-
ceedings by WEBB and PEARCE entitled ''The performance and automatic
operation of the liquid hydrogen cold neutron source in Dido".

(c) Samples

For the cold neutron scattering experiments, referred to as CN in this
paper, the samples were used in transmission for scattering through angles
of 20° to 90°. The sample cans consisted of a pair of plates of pure alumi-
nium with a 0.020 in recess milled on the inner face of one to form the alco-
hol vessel. Each plate had a 2 in X 1.5 in window milled to 0.030 in thick
and were assembled by bolting together with an indium wire gasket to form
a liquid-tight seal.

For the beryllium detector experiments, referred to as ELB in th1s
paper, the samples were used in reflection for scattering into the detector
at 90°. In this case the sample can was formed by milling the recess into.
cadmium metal in order to reduce the scattering from material behind the
alcohol film.

The thickness of the samples were designed to give about 15% scattering.
For n-amyl alcohol the effective thickness had to bé reduced by including
a 0.012 in aluminium foil in the recess with the alcohol.

RESULTS

Fig. 2 shows a series éf spectra obtained by the CN method for MeOH.
The recorded counts per timing channel have been corrected for background,
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relative efficiency of the counters at the six different angles and for thetime-
of-flight dependent efficiency of each counter. Also included in Fig. 2 is the
curve given by the vanadium standard at 90°. The vanadium scattering is
assumed to be wholly elastic in the peak so that the curve shows the incident
spectrum velocity analysed at the counter position.

Fig. 3 shows similar results at two angles, 20° and 75°, for each of

the three alcohols.

Fig. 4 shows the results obtained for MeOH by the beryllium detector

method using (220) and (331) monochromator planes. Here the curves are
plotted in a form proportional to the energy symmetrical scattering law
S(K, €). For direct comparison the 90° CN results, plotted in the same form,
are shown by open points. The results obtained with the (331) monochro-
mator planes are also plotted in the inset on an expanded vertical scale and
in this case the detailed balance factor has not been removed from the data.

The following features appear in the spectra:
(i) A quasi-elastic peak which decreases in amplitude and broadens
with increasing scattering angle. This effect is less pronounced

for the higher alcohols.
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Scattered spectra for methyl, ethyl and n-amy! alcohols at scatter angles of 20° and 75°,
(ii) A broad band of energy transfers up to 50 - 100 mV. The shape of
this distribution does not vary appreciably with angle but is flatter
] .and less intense with respect to the quasi-elastic peak for the higher
alcohols.
(iii) A slight rise in the spectrum in the 170-220 mV region observed
in the ELB measurements of MeOH and EtOH.
DISCUSSION

‘(a) ”I‘he quasi-elastic peak

The broadening of the incident spectrum in the near elastic region‘is
characteristic of diffusive motions involving small energy transfers, i.e.
characteristic of the long time behaviour (~10-12s). In the case of a simple
diffusion molecule obeying Pick’s Law the broadened width of a §-function
incident spectrum measured at half-maximum would be AE = 2ﬁD| 5]2 where
K is the scattering wave vector given by K = k' - ko (kg and k' are the incident
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Results for methyl alcohol at room temperature using the "beryllium detector” method.

and scattered neutron wave vectors, and D is the self diffusion coefficient).

Recent studies of the diffusion broadening in the case of water and liquid
metals have shown that the self diffusion coefficients derived by neutron
methods are the same as the values obtained by macroscopic measurements
if very small values of K are ezhployed. At higher K the half-width is less
than that given by the above formula,

' AE was obtained from each spectrum by measuring the widths in energy
at half-maximum from corresponding alcohol and vanadium peaks, after
subtracting the estimated "'rotational' scattering in the quasi-elastic region,

- and assuming that the observed shape is aLorentzian cross-section broadened
by a Gaussian resolution function. Fig. 5 shows the results plotted against
IKol where Ko is the scattering vector of elastically-scattered neutrons
of the mean incident energy. The error bars include estimates of the error
introduced by subtracting away the "rotational'' inelastic distribution as well
as an error due to statistical scatter of the cross-sections. Also shown on
the graph are two lines given by 2HDKO0? using macroscopic values of the
self diffusion coefficients obtained for methyl- and ethyl alcohol by PARTING-
TON, HUDSON and BAGNALL [5] .

The experimental points for methyl alcohol are in reasonable agree-
ment with their value of D=2.1X 10°5 cm?s}, but those for ethyl alcohol ex-
ceed the predicted value by a factor of 2. In the case of amyl alcohol the
observed value is about 1.0 X 10°cm?2s~!, By comparison of viscosities, and
also the variation of D with increasing molecular weight shown by Partington
et al., the macroscopic self diffusion coefficient of n-amyl alcohol is ex-
pected to be less than the n-butyl alcohol value of 0.50 X 10-5cm?2s-1,

The macroscopic measurements [5] were made with molecules labelled
by substituting a deuteron for the proton in the hydroxyl group. A C4 tracer
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method was also used for MeOH and gave a similar value of D. If the same .
process was being observed by neutron scattering the experimental curve
should approach the predicted line asymptotically asl K|—0. The accuracy
of the present results is not sufficient to show whether this happens in the
case of ethyl- and amyl alcohols. The results do suggest that for times of
the order of 107125 in the higher alcohols the hydrogen atoms (which govern
the neutron scattering behav1our) are more mobile than the parent mole-
cule,

(b) "Rotation' spectrum

NASUHOGLU and RINGO [2] deduced from the magnitude and variation
of the total scattering cross-section per hydrogen atom for wavelengths 5A
to 20A that in MeOH the hydrogen atoms behaved as if bound to a point mass
< 6 a.m,u. From this they concluded that the methyl group was still com-
paratively free to rotate in the liquid state. Their identification of the methyl
group depended on a comparison with the cross-section in the higher alcohols
in which the majority of the hydrogens are in methylené groups, and also
of the behaviour of the hydroxyl hydrogen atom in water. Optical spectro-
scopy [1] of the vibrational levels involving this group show pronounced
frequency shifts between vapour and liquid phases and support the view that
the hydroxyl group is involved in polymer bonding wh1ch would impede rota-
tion of the whole molecule in the liquid.
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;The possibility that the spectra might be explained on a point mass
model was tested by calculating the shape of a perfect gas spectrum of mass 1
a_'nd}‘r;nass 3 and comparing these with the observed distributions (Fig, 2).
The absolute scale for this comparison is arbitrary. Clearly the model is
inade't';uate because perfect gas scattering is strongly dependent on scattering
angle. Internal rotation of the methyl group with respect to the hydroxyl
group has been observed inthe infra-red spectrum of MeOH vapour [6] but
at lower excitation energies this motion is hindered by a potential barrier
which converts it into a torsional vibration. The height of this potential de-
duced from the infra: red spectrum is about 60 mV while the value obtained
by thermal measurements is 160 mV [7]. Whichever value is taken few free
rotation states will be populated at room temperature (kg T = 25.3 mV) and
the important motions would be torsional oscillations or hindered rotations.
KOEHLER and DENNISON [8] suggested that the I-R absorption band at
270 an’l, corresponding to 33 mV, was the 1-0 transition of the torsional
oscillator. No evidence of this tran51t10n appeared in the neutron scattering
spectra.

The marked change in shape in the ethyl- and n-amyl alcohol''rotational"

- spectra suggest that the methyl group is not alone responsible, and that
hydrogen atoms in the methylene group, CH,, which are expected to be more
restrained from free rotation also contribute,

(c) Vibration spectrum :

The experimental ELB results shown in Fig, 4 for methyl alcohol give
no indication of excitation of levels at 128, 131 and 145 mV observed in
Raman spectroscopy and assigned to C-O stretching, and two CHy rocking
modes respectively [1]. Above 160 mV a rise in the spectrum suggests that
some or all of the O-H bending at 170 mV and two CHj stretching vibrations
at 181 mV may be excited.

A similar pattern is seen in ethyl alcohol, the only other case studied
in sufficient detail. In neither case is the rise marked even allowing for the
pers1stence of a background of scattering that appears to be assomated with
the "rotational" band.

CONCLUSIONS

The use of the complementary techniques of energy gain CN and energy
loss ELB scattering has enabled the neutron spectra of the three alcohols
to be studied in detail over a wide range of energy transfers. The principle
features of these spectra are a quasi-elastic peak and a broad ' rotatlonal"
bend. In comparison the well known internal vibrational modes of the alcohol
molecules are shown to have a small effect, and in two possible cases no
excitation was apparent.

The origin of the band between 0 and 100 mV which dominates all other
" processes in the lower alcohols at large scattering angles has been tenta-
tively assigned to rotations involving principally the methyl group, but no
correlation has yet'been found with the hindered internal rotation observed
by optical spectroscopy.
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The discrepancies noted in the cases of ethyl and n-amyl alcohol which
give self-diffusion coefficients derived from the broadening of the quasi- °
elastic peaks that are higher than the corresponding macroscopic values,
contrasts with the case of water [9] and liquid metals [10] in whichobserved
coefficients are lower in the same region of momentum transfers.
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DISCUSSION*

P.A. EGELSTAFF: I would like to ask a question for clarification. Were
the diffusion constant measurements on ethylalcohol made by tracer tech-
niques with respect to the oxygen and carbon?

J. WEBB (on behalf of D. H. Saunderson and V.S. Rainey): No. The
measurements on methyl and ethyl were done using deuterium as the tracer,
and with methyl alcohol carbon was used.

K.E. LLARSSON: Fig. 2 shows spectra obtained at 90° and other fairly
big angles. I suppose it would rather be difficult to analyse the quasi-elastic
line in such cases so as to get the diffusion broadening? It would be very
interesting to hear something about the method you used. )

J. WEBB: The method was very simple. The large error bars on the
graph of diffusion broadening included a generous allowance for the uncer-
tainty - it was merely done graphically.

K.E. LARSSON: Could you reasonably separate this quasi-elastic peak
from the inelastic background at 90° or so?

J. WEBB: Well, it certainly becomes very difficult at the end.

% See also discussion on the paper by D. Bally et al. entitled "The Scattering of slow neutrons from
hydrogen and ethylene”.
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Abstract — Résumé — Amnoranun — Resumen

MOLECULAR MOTIONS IN LIQUID METHANE. The molecular motions of methane in the liquid
state are studied using the beryllium detector method. The rotational motions are found to be completely
free at 102°K. A symmetrical splitting of the level L=1 is observed. A comparison of the experimental results
with transition probabilities calculated only from degrees of degeneracy gives good agreement for transitions
AL =2 and for those transitions A L=1which have L=2 as the initial state. These transitions, therefore, appear
to be rather independent of L. Furthermore, the experiments indicate that with respect to their translational
motions the molecules behave as in a gas.

MOUVEMENTS MOLECULAIRES DANS LE METHANE LIQUIDE. Les auteurs ont étudié les mouvements
moléculaires du méthane 4 1'état liquide, en employant la méthode du détecteur au béryllium, Is ont trouvé
que les rotations sont complétement libres 4 la température de 102°K, Ils ont observé, une séparation symeé -
trique du niveau L=1. Les résultats expérimentaux ont ét€ comparés aux probabilités des transition calculées
en se fondant uniquement sur les degrés de dégénérescence; 1'accord entre eux est bon pour les transitions
ALz2 et pour les transitions AL=1, dans lesquelles Lz=2 a 1'état initial. Il semble donc que ces transitions
soient indépendantes de L. De plus, les expériences montrent qu'en ce qui concerne les mouvements de trans-
lation, les molécules se comportent comme les molécules d'un gaz,

MONIEKYJIAPHHE [BWKEHMA B XAOKOM METAHE. [lpy nomomm oepu.u.nuepor-o NeTEeKTOopa M3y4YaDTCca Molexy-
JAPHHE ABMXGHMSA B YUIKOM MeTaHe. BNIC yCTAHOBIEHO, 4TO npu 102°K ppamaTelbHNe ABMXEHNME COBEPNEHHO
cBoGoARH. HaGapzaeTca CHMMETDWUHOE pa3flBOEHME YPOBEKA L = 1. CpaBHeHME 3KCNEPUMEHTAJBHNX De3ylb-
TATOB C BEPOATHOCTHLD NEepexoAa, MNOACHYMTAHHOMK TONBKO HA OCHOBAHWM CTeNeHM BHDOXAEHUS, AAeT XOpOmyD
CcorjacopaHHOCTh AXA nmepexosoB AL»2 u znd Tex mepexomoB AL = 1, xoTopHe B KauecTBe MCXOINHOIO
cocToaums uMenT L » 2., [looTOMy 3TM NEPEXOAH, NO-BUAMMOMY, Hé 3aBucaT oT L. Bosee Toro, sxcmepu-
MEHTH YKa3NBADT, YTO B OTHONEHMM CBOMX NOCTYNATEBHHX ABMXEHuH MOIEKYIN XMAKOCTM OCIANaRT TAKAMA
xe caoﬂcnaim, K&K M MOJEKYJH rasa. i ) ) ) ’

MOVIMIENTOS MOLECULARES DEL MET ANO LIQUIDO, Los autores estudian los movimientos mole -
culares del metano en estado lfquido por el método del detector de berilio. Han comprobado que los movi-
- mientos de rotacién son completamente libres a 102°K; asimismo han obtenido un desdoblamiento simétrico
del nivel L=1, La comparacidn de los resultados experimentales con las probabilidades de transicién calcu-
ladas dnicamente en funcién de los grados de degeneracién da resultados satisfactorios para las transiciones
AL=2y para las transiciones A L=1 cuyo estado inicial es L= 2, Por tanto, estas transiciones parecen ser
bastante independientes de L, Ademds, los expérimemos muestran que las moléculas se comportan como en
un gas, en lo que respecta a sus movimientos de translacién.

1. INTRODUCTION

Le but de cette recherche était d’abord d’observer des transitions entre
les états de rotation pure de la molécule CHy. Bien que ces rotations aient

423
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pu 8tre étudiées indirectement dans les spectres optiques de vibration [1],
une observation directe est intéressante, surtout si elle peut &tre comparée
% des observations faites & des températures inférieures, ou 1%on peut s’at-
tendre & trouver un certain emp&chement des rotations. Des 1930, PAULING -
[2] avait déja supposé 1’existence d’un emp&chement de ce genre pour ex-
pliquer une anomalie du type A observée & 20,4°K dans la chaleur spécifique
du méthane solide [3]. Plus tard, des mesures en résonance protonique
{4, 5] ont cependant révélé que ce changement de phase se produit sans donner
naissance aux rotations libres, ét que eces dernikres apparaissent progres-
sivement 2 des températures plus élevées (~ 65°K). Les résultats d*une in-
vestigation neutronique du CH, solide au dessus et en dessous de 20°K sont
présentés dans une autre communication 4 ce congres.

Le second objectif &tait 1°étude des translations dans 1’°état liquide. On
peut en effet s*attendre a ce que le méthane liquide se comporte beaucoup
moins comme un cristal que 1’eau ou les métaux liquides puisque 1’inter-
action entre les molécules est certainément faible (en vertu de la symétrie
tetraédrique, le moment octupolaire est le premier moment multipolaire
électrique non nul). :

2. METHODE EXPERIMENTALE

Nous avons mesuré la distribution en énergie des neutrons diffusés au
moyen d’une méthode innovée par BROCKHOUSE [6] et par STILLER et
DANNER [7]. On place 1’échantillon dans un faisceau de neutrons d'energle
Eg tandis qu'un filtre est inséré entre 1’échantillon et le détecteur, de sorte
que seuls les neutrons d’énergie inférieure a 1’°énergie de coupurle Ef du
filtre peuvent atteindre le détecteur. Le nombre N{E;) de neutrons comptés
est proportionnel &

N(E,) xj::R(Eo - e)dej(ff S(e -E)dE (1)

ozt R(E; - €) est la fonction de résolution de 1’appareil et S(e -E) est la distri-
bution en énergie des neutrons diffusés. Par cette méthode intégrale, un
pic dans la distribution en énergie des neutrons diffusés est transformé en
un seuil de la courbe N(Eo),

L*appareillage utilisé est représenté a la figure 1. On change 1?énergie

Figure 1

Dispositif expérimental
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des neutrons incidents par rotation discontinuye du cristal monochromateur M.
Les plans réflecteurs, d’espacement 9, 963A sont les plans [001] du ther-
mica* . K; et K, sont des collimateurs d’égale divergence (4,4 -+ 10-3 rad.).
L*échantillon de CH, liquide (pureté: 99,9%), d*une épaisseur de 1 mm,
-est obtenu par condensation dans un réservoir P, maintenu a4 -171°C. Les
neutrons diffusés sont observés en réflection sous un angle ® = 70°.
Comme filtre F nous utilisons un bloc de Be de 7 cm de longueur. Sur
la figure 2, la courbe B, qui représente la transmission du filtre, présente

I I I T

NE(Eg) B

-
1 | | 1
10 n 12 13
position du monochromateur @
| ! | | | ]
7 65 6 55 5 45 4
— .
Eo(x10%ev)”
Figure 2

Courbe A : taux de comptage dans le faisceau incident en fonction de 1'angle d'incidence sur les plans’
réflecteurs, le filtre étant inséré entre le monochromateur et le détecteur.
Courbe B : transmission du filtre .

* Pour plus de détails, consulter [7,8}
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deux coupures importantes a des énergies respectives Ef = 6,32 et 5,20 meV.
De la transmission mesurée, on déduit* que la largeur 4 mi-hauteur 2Ae€
est égaie 20,15+ 2 meV a Ep = 5,2 meV. Enfin, le détecteur Z est un comp-
teur proportionnel 3 BF;.

Deux difficultés apparaissent lorsqu’on utilise cette méthode pour des

neutrons froids:

- a) Les réflections d’ordre supérieur du monochromateur ne permettent
plus de contr8ler le flux des neutrons incidents au moyen dun mo-
niteur.

b) Pour chaque position du monochromateur, non seulement les neu-
trons ayant perdu une énergie E’ > E; - E; peuvent atteindre le dé-
tecteur, mais encore ceux ayant perdu des énergies E’> n?E, - E;
(n=2,3,...),

La premigre difficulté a été surmontée en effectuant une normalisation

des mesures prises 2 intervalles de temps égauk *,. Quant A la seconde dif-
ficulté, on montrera ci-dessous qu’elle ne joue pas dans notre cas parti-
culier.

3. RESULTATS EXPERIMENTAUX

Les résultats expérimentaux sont donnés aux figures 3, 4 et 5 dans
lesquelles les cercles représentent la différence entre les intensités dif-

5000 {— \ -
N ’ o Ig- 1, -1000

\ o N(Eg)

4000 (—

3000 —

2000

22 2 20 19 1 W 16 B 14 13 2 1 10
-—
. Eo(meV)
Figure 3

Résultats expérimentaux.
Les cercles O représentent la différence entre 1'intensit€ observée I et le bruit de fond I (mesuré avec le
réservoir vide) pour différentes valeurs de 1"énergie E, des neutrons incidents. Les points . représentent
les mé€mes données normalisé€es.

% Pour plus de détails, consulter [7,8].
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6000
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4000

0—2 0—=2

3000 . | | : |
Figu&. 4 Eo{meV)

Résultats expérimentaux.

— T T T |
o 1,-1,

o NE,)

6000

5000

4000

3000 .
1—~0
1 | . A l
65 6 55 5 45 . o
. E
Figure 5 o(meh

Résultats expérimentaux.
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fusées I; et le bruit de fond I, {mesuré avec le réservoir vide), tandis que
les points représentent les mémes données normalisées N(E;). Les courbes
montrent douze seuils ca_.ractérisés par un nombre romain, mis entre pa-
renthtses lorsque la résolution des seuils est quelque peu incertaine.
On donne dans le tableau I les transferts d*énergie Ej - Ef correspon-
dant aux différents seuils (pour E; on choisit la valeur pour laquelle ily a

.

TABLEAU I

TABLEAU DES ENERGIES E, AUXQUELLES SE PRODUISENT
LES DIFFERENTS SEUILS ET DES TRANSFERTS D’ENERGIE,
Eo- Ey OU E, - E, CORRESPONDANT AUX DEUX COUPURES

DU FILTRE

Marche Ey 240¢€) Eq-Eg 1 Eo-Eg 9E o E 20y
1 19,8 1,15 14,2 170 160

I 17,3 0,98 T 11,6 148 84

m 14,2 0,70 8,5 121 60

11,5 0,55 5.8 102 37

v 10,3 0,45 5,10 3,90 817 217

VI 9,1 0,37 3,90 2,75 6 18

v 8,15 0,32 2,95 - 1,80 68 14
viu 7,40 0,27 2,20 1,05 61 10,7
6,05 - 0,21 0,85 0,20 49 6,5
X 5,30 0,16 0,10 1,15 42 4,4
X1 4,92 0,14 0,28 1,43 ) 39 3,8
Xa 4,25 0,13 0,95 2,10 32 2,5

changement de pente). L.es nombres de la troisitme colonne représentent
les valeurs calculées de la largeur a mi-hauteur, 2A€, de la fonction de
résolution pour les différentes valeurs de Ey. On voit que pour Ej > 11 meV
la résolution de 1°appareil ne permet pas de distinguer entre les deux cou-
pures du filire. On prend donc dans cette région une valeur de Ef moyenne
entre E et Ep. Dans les sixieme et septidtme colonnes, on donne les trans-
ferts d’énergie 9 E0 E¢ (le thermica ne donne pas de réflection du second
ordre) et les valeurs correspondantes de la largeur & mi-hauteur 2A€3 de
la résolution. On constate que ces transferts d’énergie peuvent seulement.
contribuer 2 N{E;) sous la forme d’un socle, puisque tous les seuils sont
plus étroits.

4. DISCUSSION

a) Niveaux de rotation

On a comparé les transferts d'énergie observés avec les énergies des
transitions entre les niveaux de rotation BL(L +1) calculées pour la molé-
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cule libre (B = 0,647 meV [9]). Les fleches dans les figures 3, 4 et 5 in-
diquent les énergies Eg pour lesquelles un seuil dans N(E;) résulterait de
1*excitation de telles transitions. Pour E; < 11 meV, les grandes et les pe-
tites fleches correspondent respectivement aux coupures Eq et Ep. Les
nombres indiqués donnent les valeurs du nombre quantique L associés aux
deux niveaux impliqués dans la transition.

Les seuils I & VI peuvent s’interpréter sans aucun doute comme ré-
sultant de transitions entre des états de rotation libre de la molécule CH,.

Les positions des seuils VII, VIII et XII peuvent &tre expliquées par
une décomposition symétrique du niveau L = 1 d’une quantité + 0,36 meV,
puisque, d’une part, la transition 1 = 2 se trouve exactement au centre des
seuils VII et VIiI, et puisque, d’autre part, le seuil XII se trouve déplacé
de la transition. 1 — 0 par une énergie égale a la moitié de la distance entre
VII et VIII. Cette décomposition du niveau L. = 1 ne peut pas &tre observée
dans les transitions de ce niveau vers des états avec L > 2, comme on peut
le voir en consultant 1a colonne 3 du tableau I. )

Enfin les seuils IX, X et XI résultent probablement de la superposition
de plusieurs effets, parmi lesquels éventuellement des transitions entre
le niveau L = 0 et les deux composantes du niveau L = 1 et peut~&tre aussi
une transition entre ces derniéres, et certainement les pics élastiques re-
latifs aux deux coupures en Ey et Ep.

b) Etude des transitions entre les niveaux de rotation

Un examen des figures 3, 4 et 5 révele 1’absence de certaines transi-
tions. Une étude rigoureuse de 1*intensité relative des différentes transi-
tions exigerait le calcul des éléments de matrice pour cestransitions.Comme
ce serait extr@8mement compliqué, nous calculerons ces intensités en tenant
" compte uniquement des autres facteurs, c’est-a-dire la polulation thermique
des niveaux et leur dégénérescence. En comparant les nombres obtenus
avec les intensités observées on doit pouvoir déduire quelque information
concernant la dépendence en L des éléments de matrice.

A cette approximation, la probabilité d’une transition L, = L, s’écrit

W(La, Ly) = We (La){(l - W,) E W, (L)W, (Ly)
W, [Wo (L)W, (Ly) + Wa(L)Wy(Ly) + 3/4 Wi (L)W, (Ly)
+1/4 WilLa)Wa (L) } @)

W,, est la poulation thermique du niveau initial. S est le spin nucléaire total
de la molécule et peut prendre les trois valeurs 0, 1 ou 2. W (L) est la dé-
générescence.de 1'état S, L. W, est la probabilité pour que le spin d'un pro-
ton soit renversé lors de la diffusion du neutron; sa valeur est 0,655%. La
premiere sommation dans la parenthese s’étend aux transitions AS = 0; la
seconde (terme entre crochets)aux transitions AS = + 1. Les W, (L) ont été
calculés par la théorie des groupes [10]. Si on tient compte des différents
modes de vibration de la molécule, ils prennent les valeurs dutableaull[11].

% Pour plus de détails, consulter [8].



430 S. HAUTECLER et H, STILLER

TABLEAU I

DEGENERESCENCE DE L'ETAT DE SPIN NUCLEAIRE TOTAL S
ET DE NOMBRE QUANTIQUE ROTATIONEL L

L 0 1 2 L 0 1 2

¢ 2 3 5 6 182 741 455
1 6 45 15 T 210 1035 525
2 30 108 75 8 306 1275 165
3 42 231 105 9 342 1653 850
4 90 351 225 10 462 1953 1155
5 110 561 215 11 506 2415 1265

La troisieme colonne du tableau III donne les probabilités de transition cal-
culées au moyen de la formule (2).
TABLEAU HI

PROBABILITES W(AL) DES TRANSITIONS L,— Ly, ET DES INTENSITES
CALCULEES, I(AE),POUR L'EXCITATION DES TRANSITIONS AE

AE E
(mev) L W(AL) I(AE) (meV) AL W(AL) I(AE)
1.29 0l 30 12 g1 4195
9. 06 215
24 3633
2.59 12 397 136
10,35 78 2424 78
23 2195
43 8~9 | . 1269
3.88 02 o
11.65 325 5518 208
5.18 3-4 3119 47 1ot 132
a 4=5 5570 a6 12.94 910 372 9
6 13 | 186
1011 170
. 56 5195 o 14,23 4 1812 169
: 03 162 ‘

Avec notre technique expérimentale, 1'intensité I(AEM) d’une transition
avec un changement d’énergie AE, est proportionnelle &

- .
w
(AB,) | EW(@E,)
si W(AE) est la somme des probabilités pour toutes ces transitions AL qui

conduisent au m8me changement d*énergie AE. La probabilité W(AE ) pour
la diffusion élastique a été estimée en comparant la hauteur I(AE,) du pic
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élastique (figure 5).a la hauteur I, = I({AE3) de la marche V (figure 4):
- 3
IAE)/UAEy) = [W(AE,) + L W(AE,)]/0,8 W(AE,).
ve

"Le facteur 0,8 au dénominateur représente la transmission relative du filtre
A Epp, puisque AE3a V se réfere 2 Efy, tandis que AE; se réfere A E;.On
trouve. alors W(AE,) & 2 500.Les valeursde I(AE) données dans la quatrieme
colonne du tableau III ont été calculées avec cette valeur de W(AEy).

Nous comparons dans la figure 6 les hauteurs relatives calculées I,
aux hauteurs relatives observées I, des différentes marches. L*accord

T T T T T T T T T T

+ lobs.

o ]

cale.

of— . + 4

visvie i v v ' o )
! | L ! L ! ; 1 L !
129 129 259 388 su8 776 1035  ME5 1234 %23
259 388 647 906
Figure 6

Comparaison des hauteurs calculées et observées des différents seuils,

est généralement bon, excepté pour les marches VI et VII + VIII, qui sont
causées par, ou qui contiennent une contribution de la transition 1+ 2.Le
bon accord indique que pour les transitions AL = 2 et AL = 3, ainsi que pour
les transitions AL = 1 qui ont un moment angulaire initial L. > 2, les élé-
me'nt's de matrice ne dépendent pas fortement de L. et AL. Le désaccord pour
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la transition 1 = 2 ne pourrait 8tre que trés partiellement expliqué par une
erreur sur l’estimation de la probabilité W(AE;) de la diffusion élastique.
Comme par ailleurs des mesures sur le méthane solide ont révéléla pré-
sence a cet endroit d'un spectre de vibrations cristallines, on pourrait peut-
8tre expliquer ce désaccord en supposant que 1*intensité observée contient
une contribution due a-des vibrations cristallines résiduelles. S’il n'en était
pas ainsi, on devrait -admettre que 1’élément de matrice pour cette transition
a une valeur nettement différente de celle des autres éléments de matrice.

¢) Mouvements de translation

La superpbsition des. différents effets au voisinage des coupures du
filtre ne permet pas une détermination précise de la hauteur et de la forme
du pic élastique. Si on suppose une forme donnée par la courbe en poin-
tillés dans la figure 5, on trouve une largeur a mi-hauteur de 1,62 meV,
ce qui correspond & une valeur de la largeur intrinseque 2 AE, du pic élas-
tique de 1,60 meV¥ mais 1’incertitude sur cette valeur ne permet pas d’obte-
nir des informations détaillées sur les mouvements de translation.

Pour des molécules qui se déplacent librement, la largeur A mi-hauteur
du pic élastique est donnée par [12, 13].

2AE, = 2 h DK?

ou D est la constante de diffusion.AvecK ~ 2k. sin o/2= 1,80?&"121E0= 5,20 meV
ontrouve pour la constante de diffusion2 -171C la valeur D= 3,8 - 10-5cm? sec'l.

Malheureusement la diffusion dans le méthane:liquide n’a pas été me-
. surée. On peut la déduire de [14]. -

D = kT/37Rn

si pour la viscosité n & -170C on prend la valeur [15] 1,42 . 10-3 poise. R est
le rayon effectif de la molécule. On trouve D=4,2 - 105 cm? sec™l avec

=(3 s - A
R 4WN> 2,49 A.

'Cette valeur du coefficient de diffusion est en assez bon accord avec celle
que nous pouvons déduire de la largeur du pic élastique.
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DISCUSSION*

H. HAHN: Although Dr. Stiller forbade me to mention it, I want to say
that the beryllium filter method used here and in many of the other experi-
ments was actually applied independently by Dr. Stiller at the same time

.as Dr. Brockhouse was using it.

H.H. STILLER: I should just like to mention that, in calculating the
transition probabilities, it is necessary to take into account the distribution
of the spin states on the rotational levels and the probability of spin flip
during scaitering.

-P.A. EGELSTAFF: You mean the evidence for the spin-flip process
actually occuring is quite strong?

H.H. STILLER: Yes.

* See also discussion on the paper by D. Bally et al. entitled "The Scattering of slow neutrons from
hydrogen and ethylene”.






SCATTERING OF SLOW NEUTRONS
BY GASEOUS METHANE*

G.W. GRIFFING
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Abstract — Résumé — Agnorauus — Resumen

SCAT TERING OF SLOW NEUTRONS BY GASEOUS METHANE. Slow neutron scattering by molecular
gases is discussed. The most detailed comparison between theoretical and experimental results has been on
gaseous methane which shows conclusively that the quantum nature of the rotational levels must be explicitly
taken into account to obtain agreement with the experimental results, It is also shown theoretically that inter-
ference scattering, that is interference scattering between two distinct atoms of the molecule, has an effect
which can be observed. This effect has been observed experimentally in methane and apparently also for
propane. It is pointed out that the theory makes quite definite predictions at smaller momentum transfers than
has been measured, Thus experiments at smaller momentum transfers are needed.

DIFFUSION DES NEUTRONS LENTS DANS LE Mi‘THANE. GAZEUX, L'auteur €tudie la diffusion des
neutrons lents dans les gaz moléculaires, Il compare de maniére détaillée les résultats théoriques et expéri-
mentaux relatifs au méthane gazeux; il en conclut qu'il faut tenir compte explicitement de la nature quantique
des niveaux de rotation pour obtenir un bon accord avec les résultats expérimentaux, Il montre également
d’une maniére théorique que la diffusion d'interférence, c'est-i-dire la diffusion entre deux atomes distincts
de la molécule, a un effet qui peut étre observé. Cet effet a été effectivement observé expérimentalement
dans le méthane et aussi, semble-t-il, dans le propane, L’auteur indique que la théorie permet de faire des
prévisions certaines pour des transferts d'impulsion inférieurs 3 ceux qui ont été mesurés, Par conséquent, il
faudra procéder 3 des expériences pour des transferts d*impuision plus petits,

PACCESHVME MEMMIEHHHX HEATPOHOB PA3OOEPA3HHM METAHOM. FaceMaTpuBaeTcs paccesHMe MeIJERHMX
HEﬂTPOHOB B MOJEKYJNAPHHX rasax. TmaTelbHoe CDABHeHWe TeopeTHUYEeCKMX M ONHTHKX AAHHHX, NOXYNeHHMX
Apu padore ¢ razoo0pa3HHM MeTaHOM, ONpejAeleHHO NOKA3WBAEeT, WTO KBAHTOBAS MPUpoAA BpamaTedbHHNX
YPoBHell nosxua OHTH, G€3yCIOBHO, DPUHATA B pacyeT, YTOOM AOCCHUTBCA COOTBETCTBUA TEOPETUUECKMX
ZayHEX ¢ ONMTHHMM. Teoprsa Taxxe yKasMBaeT Ha BO3IMOXEOCThL perucrpaunn aefctens MHTepdepPeHUMOHROrC
Paccesnua, T.e. PACCEAHMA MEXAY ABYMA ONpPeNelCHHHMKM aTOMAMW MOJEKyIR. 370 aeflcTBMEe OTMeueHO B
OonNTEe C METARHOM W, ONEBMAHO, MOXET HACADAATLCH B ONHTE C OPONAHOM . YxasnpaeTcs H& TO, 4TO TeOopMd
NPeACKAIHBAECT HAJAMUYME MOMEHTa nepenayyd eme MeHbOUX MMINYJAbLCCOB HEM Te, KOTOpHE yxe ORI 3aMepeHNM .
ﬂonvepxunae'rca HeoOXOAMMOCTh nansueﬂmnx ONHTOB B 3TOM HANpaBJeHWH. ’

DISPERSION DE NEUTRONES LENTOS EN EL MET ANO GASEOSO. El autor estudia la dispersién de
neutrones lentos por gases moleculares. La comparacién mdis detallada entre resultados tedricos y experi-
mentales, que se ha realizado en el caso del metano gaseoso, demuestra de manera concluyente que la natura-
leza cudntica de los niveles de rotacién ha de tenerse explfcitamente en cuenta para lograr concordancia
con los resultados experimentales, El autor también demuestra tedricamente que la dispersién por interferencia,
esto es, la dispersién por interferencia entre dos 4tomos distintos de 1a molécula, ejerce un efecto observable,
Este efecto se ha comprobado experimentalmente en el metano y también, segiin parece, en el propano. El
autor sefiala que la teoria permite formular previsiones muy concretas acerca de transmisiones de cantidad de
movimiento interiores a las que se han medido, por lo que es preciso realizar experi'memosrelativos ala
transmisién de cantidades de movimiento més reducidas. '

* Work performed under the auspices of the United States Atomic Energy Commission,
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~I. INTRODUCTION

Precise theoretical formulae for the partial differential cross-section
for the scattering of slow neutrons by molecules were presented by ZEMACH
and GLAUBER [1] severalyears ago. At the time there were no experimental
results available so they had to be content with making comparisons 2] with
experiments on the differential cross-section (angular distribution) of .
‘methane., Later KRIEGER and NELKIN [3] made use of the formulas of
Zemach and Glauber to derive approximate formulas contairing the mass-
tensor introduced by SACHS and TELLER [4]. The formulas of Krieger and-
Nelkin have been much used in the analysis of the experimental results. For
many of the experimental results their formulas are apparently sufficient.

When some experiments on the scattering 6f slow neutrons by gaseous
methane, which were conducted at the Materials Testing Reactor, were
analysed [5] it was found that there were serious disagreements between
the experimental results and the results predicted by the use of the formulas
of Krieger and Nelkin. This discrepancy indicated that a quantum description
of the rotational levels was needed.

In deriving their formulas Zemach and Glauber. introduced operator
representations which permitted the sums over the final molecular states
to be taken consistent with the conservation laws. However this procedure
did not result in formulas which are convenient for numerical purposes.
Consequently the author [6] formulated the problem so that operator repre-
sentations were used for the translational and vibrational modes but not for
the rotational mode. This procedure resulted in formulas which are quite
convenient for numerical purposes.

In Section Il the theory is presented and discussed. Analytical expressions
for a spherical molecule (methane) are obtained for the case in which vi-
brational levels are not initially excited nor is the incident neutron energy
sufficient to excite them. The methods used can be applied to obtain ana-
lytical expressions for any type molecule. It might be of interest to remark
that to obtain a given numerical result for a spherical molecule using these
formulas takes about an order of magnitude more computing time than the -
time to get the corresponding result using the formulas of Krieger and Nelkin.

In Section III the theoretical results are presented. Comparisons with
the available experimental results shows there is satisfactory ag'reement.
Of particular interest is that an influence of the gain of energy from the
rotational levels is predicted and is observed in the experiments. It is also
shown that with an appropriate incident neutron energy-the influence due to
an energy loss to the rotatignal levels can be observed. It is predicted that
the influence of interference scattering from carbon-proton and proton-proton
pairs can be observed. There are convincing indications that such an effect
has been observed [7].

Section IV mainly recommends additional experiments which would be
helpful for a further understanding of the scattering by gaseous methane.

It also points out a need for scattering experiments on ligquid and solid
methane.
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II. ANALYTICAL EXPRESSION FOR THE PARTIAL DIFFERENTIAL
CROSS-SECTION AND S(x2, €) ' ’

The partial differential cross-section for the process in which the
neutron momentum changes from ko to k with an energy transfer € in a col-
lision with a molecule which simultaneously undergoes a transition from
an initial state ¢; tog a final state ¥; has been shown by Zemach and Glauber
to be given by

0y (B, €,0)=(2m)1 £ ay”.ﬁk/ko)e'i€‘<fi/vv' >dt,
v,V
with
auu'= AuAu'+ 8 177 C v Cv' 2
and

Cilvwy =B (g |explin - x

-_— =V

e >
X<yl exp(-ik v |y >

In (1) A, and C, are the bound coherent and incoherent scattering lengths
of the vth nucleus and r, its position vector, The scattering angle is given
by 9, and k is the momentum change of the neutron during the collision. The
initial and final total energy of the molecule are denoted by Ei and Ef and
the initial energy of the neutron is given by E,. The system of units are

such that h has unit magnitude, @he quantity to be compared with the ex-
perimental observations is the partial differential cross-section obtained

by summing over all final states and taking a thermal average over all initial
states in (1), that is :

o(Eg, €, 0)= Ef piosi (Ko, €, 0), ‘ (2)
1’.

where p; is the probability that the struck molecule is in a givenv initial state.
In our formulation we will assume that the total energy of the initial
state of the molecule is given by the sum

(E)i = (E[ )i + (E, )i + (Ev)i’

where (E;);, (E:)iand (Ey)i are the initial energy of the translational,
roational, and vibrational modes of the molecule. A similar assumption
is made for the total energy of the final state. Thus in both the initial and
finaltotal energy the interaction energy between the rotational and vibrational
modes is neglected. As a consequence of this assumption the molecular wave
function can be written as a product ‘

Uy,

of the wave funbtions for the translational, votational and vibrational modes
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for both the initial and final molecular states.. The position vector ry of the
vth nucleus is given by the sum

1y =R+b,+V,

with R being the molecular centre of mass, b,the displacement vector of
the equilibrium position of the vth nucleus from the centre of mass, and
V, the displacement vector of the vth nucleus from its equilibrium position.
It will be assumed at the outset that rotational and vibrational effects are
separable so (fi]vu') in (1) can be written as a product given by

tilvw S=<(ti|vw >l<fi]w.>l<fi]w )v , (3)
where: |

ol vy = exp L1t U(E, ), - (B < W) |explic- R @) >
X W) lexp (-ik R @),

and similar expression for those qﬁantities referring to the rotational and
vibrational modes. In order to.avoid confusion it should be pointed out that
i and f on the left hand side of (3) refer to the initial and final molecular
states while i and f in the various brackets on the right hand side refers to
the initial and final states of ‘that particular mode. For example i and f in
: (f1|VV' > refer to the initial and final states of the translational mode.
Analogous interpretations are given in the remaining expressions.
Introducing the Hamiltonian operators H; and H, associated with the
translational and vibrational modes and gssummg the final states of each
mode form a complete set, the summation over the final states of these
modes is performed. The summation over the rotational states is considered
later. With the understanding that the only final state summation remaining
is that over the rotational state, (3) reduces to .

Ctijow!D = (filvv’k((\l/v)ilei'—‘i’”(t) e'g pL @), >
XKW )|l EY RO @), ' (4)

where R(t) and V(t) are the Heisenberg operators corresponding to the po-
sition coordinate of the centre of mass and the position displacement due
to vibration.

Since the molecule with which the neutron collides can have any given
orientation it is necessary to average (4) over the initial molecular orient-
ations. The dependence upon molecular orientations is contained in the
rotational and vibrational factors of the product in (4). The assumption is
made that the average of the product with respect to molecular orientations
is equal to the product of their averages. This assumption has been in-
vestigated for gaseous methane [8] in which the rotational states were treat-
ed classically, the molecule was in its ground vibrational state, and the
energy of the neutron was insufficient to excite the vibrational levels., For
that case, it was found that this assumption is a good approximation., The
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justification of this assumption for the case in which the rotational states
are to be treated quantum-mechanically is based partly on this result but
more conclusively upon comparison of the numerical results with the ex-
periments. )

Zemach and Glauber have evaluated the thermal average of the ex-
pectation value of the translational mode in which the, translational energy
of the molecule is distributed according to a Boltzmann distribution, Their
result is

<(‘l/t)i ]e ik «R(1) e-iK-R(O) I (‘/Jt )i>T = exp [-K2(it+‘t2T)/(2M)] (5)

in which the temperature T of the gas is expressed in units of Boltzmann’s
constant and M is the mass of the molecule.

Zemach and Glauber have also evaluated the thermal average of the
expectation value of the vibrational mode. If it is assumed that the mole-
cules are in their ground state and that the neutron does not have sufficient
energy to excite a vibrational state their result is

W) el Y0 e kYOl =7 exp - (4w [(k- Cy™)2+ (5-9_,5"))2]

where CfM) is the amplitude vector of the vth nucleus andAth vibrational
mode and w, the angular frequency of the Ath mode., Krieger and Nelkin have
averaged over the molecular orientations in an approximate manner by aver-
éging in the exponents of the exponentials. Their result is

<(¢’v)i]ei5'l/"t)e-iﬁ W) ](‘/’v hDT.0* exp(-k2y w) (7)
where Y= B U020 (C,M 4, NP

If necessary this average can be taken in a more exact manner. However
it is easily shown that averaging the exponent of the exponentials is correct
up to second order in an expansion of the exponential in powers of [(k - Cf*) )2
/(44%)]. This is sufficient for our comparisons with experiment. _

Consideration is now given to the rotational term {fi{vv! >, in (4). It is
necessary to sum over the final states, perform a quantum mechanical aver-
age over molecular orientations, and take a thermal average over the initial
states. It might appear expedient to introduce the Hamiltonian operator H,
which permits an immediate sum of the final rotational states. However
subsequent considerations of the resulting expectation values has led to the
partial differential cross section being expressed by a classical description
with a series of quantum corrections in which each are given by an expansion
of a suitable parameter. As a result the expression for the cross-section
appears quite formidable for numerical purposes. This is true for the linear
molecule considered by Zemach and Glauber and the subsequent generali-
zation to symmetric and asymmetric molecules by VOLKIN [9].

The procedure adopted by the author is to evaluate

) lexp (ik - 0,) | @ ), DLW ) lexp (i - b | @), D>

occurring in (fil vy which then must be averaged over all possible initial
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orientations with respect to K and summed over all possible final orient-
ations, RAHMAN [10] has done this for linear, spherical, and symmetrical
molecules, Since we are primarily interested in gaseous methane, which
is a spherical molecule, only the results for this case will be given. There
are four distinct combinations for the scattering from the nuclei of methane.
These are v and v’/ denote scattering from the same proton, v and v/ scatter-
ing from different protons, v and ¥/ scattering from a carbon nucleus and
a proton, -and v and v/ scattering from the carbon nucleus. The results listed.
in the above order are:

) Iexp(m b ) (E) > <, >f]exp< ik-b,)| ) >=[(25+1)/(2j+ 1)]

i+l
Xk 13"‘“” (8a)

’

0y exp(ic - )| (€ ) > L, )l expl-ik )| (¥, ) > = [2(27+ 1)/ 25+ 1))

E ]I{J(b) 333 (by) -3 Blby)...}; (8b)

<(\llr)ilexp(i£'hu)l (Yr)f > <(Yr)rflexp('i£‘bu')l (\Yr)i> = sz(Kbp); (80)
28 ) Jexp (ix b)) | ()5 D> < )¢l expl-ik by | (% ) > = 15 (84)

where j and J are the quantum numbers for the initial and final rotational
states, j,(x) is the spherical Bessel function of order n and argument X,
and the choice of terms in the summation in (8b) is from |j-J| to (j+J). It
is assumed that the initial rotational states are distributed according to a
Boltzmann distribution for a spherical top given by [11]

B_(5) = {(2j+ 1) expl-j(j+ 1)/2IT} / {D(2j+ 1)2expl-j(j+ 1)/ (2IT)]}
! (9)
where I is the moment of inertia.
The partial differential cross-section is obtained by inserting (4) into
(2) and performing the time integration. The result for methane is "

6(Ey,€,0)= 40' (Eo, €,6)+ 120 p(Eo, €, 6)+80CP(E0, €,0)+ 0cc(Eg, €, 0)
(10)
where p denotes a proton, p' a different proton, and C the carbon nucleus.
In (10) .

Gpp = ape2m) ™ (i /ko) [(2700) /(TKP)F exp(-Poy,p)

X ,-EJ exp[-(e+a)? /(2T«2 /M)] [(2J+ 1)/ (2j+ 1)]

X = kb
) 20
Br(i) 5.5 Ja(kbp).
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g _+=a

op= 2pp27) L (/) (27M) / (T *)]F exp(-K2 ppr )

pp'(

Xz exp[-(e +a)2/(2TK2/M.)1[2(2J+1j/(2j+1)] .

XBT(J) {Jo( b p)3 Jl( b,)-3 Jz(Kb ).

ZaC (2m)™ (i fkg) (200 (TR )] exp(-K 2 1cp)
X exp {-[(e+ (k2 /(2M))]/(2Tk2 /M)} j, (kb, ),
and
Occ= acd2m)? (k/ko) [27M/ Tk exp(- k% 2c)
X {exp - [(e+ (K /(2M))]/ (2T«® [ M)}

where

G+, J(J+1)
@= [2M 21 l.

If the momentum transfer k and the energy transfer € are considered
to be independent variables then multiplying (10) by (ko/k) exp [€/(2T)] de-
fines the function

S(k2,€) = S (K2, €)+ 50 (62, €)+S,c(k2, €) +Sec (K2, €) (11)

oo

where . .
Spp(K* .,€) = (ko /) exp [€/(2T)) 0pE g, €, 8)

and the other terms are similarly defined. It is easily verified that S(k2, €)
is an even function of € for a fixed value of k2, Thus S(k2, €) satisfies the
condition of detailed balance [12]. This function is useful to check on the
con51stency of the experxmental results as wellas the numerical calculations.

SCHOFIELD [13] has mentioned that besides the condition of detailed
balance it is necessary that the moments of the energy transfer e for a fixed
momentum transfer be satisfied. While this statement is true it should bhe
mentioned that the expressions developed here cannot be expected to obey
the moment theorems. For simplicity let us suppose

S (x2,e)=e-€/2Ts (x2, ¢€) (12)

then it can be proved from general considerations and with suitable riorm-
alization that

f S1(¢, e)de = 1. (13)

This is the zero moment of the energy transfer. On the other hand in the
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analytical formulation the energy transfer € must be greater than or equal
to the negative of the incident neutron energy E(. Since the assumptions in
the theory require that the incident neutron energy be smaller than the energy
of the vibrational levels and in addition these levels are not populated it
cannot be expected that even the zero moment be obeyed. However, if
S1(x2, €), for a given momentum transfer, decreases rapidly so the integral
from -wog to -Ep is negligible compared to the integral from - E; to % it
would be obeyed in that sense. The situation regarding the higher moments
is much more critical. Thus, in general, if physical inforination is to be
obtained from' the moment theorems it is necessary for experiments to be
conducted over all initial energies and also the theoretical models to be valid
for all initial energies. '

III, RESULTS

The value of the parameters that were used in the computations are
given in the Appendix.

{a) The partial differential cross-section

The computed partial differential cross-section for a selected example
is compared with the experimental results in Fig, 1 together with results
obtained by using the mass-tensor approximation method of Krieger and
Nelkin., First, it should be noted upon comparing the two theoretical re-
sults the necessity of treating the rotational levels quantum-mechanically.
Even for an incident neutron energy as large as 70. 6 meV it was found there
is still considerable deviation at an angle of 16.3°. However, as the scatter-
ing angle increases for a given incident neutron energy, the deviations be-
tween a quantum and a classical treatment decrease. The general situation
is illustrated by comparing the graphs for 16, 3° and 26. 0°

In comparing the theoretical results withthe experiments itisnecessary
to recognize that the experimental results represent the integrated con-
tributions from a counter bank which has a horizontal spread of +3. 5% about
the quoted scattering angle as well as a somewhat smaller spread in the
vertical. This together with other effects such as the beam size will tend
to broaden the width and depress the peak of the cross-section curve. In
F'ig. 2 the experimental results have been normalized so that the main peak
is approximately the same magnitude as the theoretical results. As can be
seen, the experimental width is broader due to the above-mentioned effects
as would be expected. On the other hand, as can easily be seen in Fig, 1, if -
the rotations are treated classically the resulting theoretical curve is
broader than the experimental curve. This discrepancy stimulated the work
on treating the rotations quantum mechanically,

Of particular interest in Figs. 1 and 2 is the small peak indicated by an
arrow on the left hand side of the main peak. This is due to a gain in energy
by the neutron from the rotational levels, It might be expected that a similar
influence due to a loss of energy to the rotational levels would be present,
The appearance of an influence of the rotational levels on the cross-section
due to energy gain and the non-appearance of such an influence due to energy



SCATTERING OF SLOW NEUTRONS BY GASEOUS METHANE 443

100
METHANE
Ey = o.ozsz;v /\
60 Ao = 1.803 A
[ ]
I i
60 -
:‘*\\
— id \\.
S 40 {a \
a i
g i
a / \o16.30
w /1 A\
(12} L]
ot 20 l—.,i 3

(G/mol
;”

o
<
a0 /5/,'\
b L
& 26.0°
20
ol %
. [/ "%
o, o™
o] —P'-“ﬁ
[ ]
05 25

) 1.5 . 20
Scattered Neutron Wave Length (A)

Fig.1
The experimental and computed partial differential cross-sections shown as a function of the scattered neu-
tron wave-length, The solid line curve presents the results when the quantum nature of the rotational levels
are considered, The dashed curve presents the results when the rotations are treated classically, The arrow

indicates the maximum of that portion of the curve that is influenced by the rotations, The temperature of
the gas is 21°C,

loss in these figures is qualitatively easy to understand. The importance of
a possible rotational transition in the collision of a neutron with the molecule
must depend on the relative population of the initial level. Suppose the
Boltzmann distribution function has been normalized so

;TrBT(J') =1,

and Rj(AE) is a function whose value is equal to the relative population of.
the initial level j with AE being a specified energy difference between that
level and some possible final level. Let us define the function P(AE) as

P(AE)= I'R;(AE), (14)

v

where the normalization is so that P{0)= 1 and the prime on the summation
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indicates that the sum is only over those states with the specified AE. For
example, suppose AE = 12 meV for which the possible transitions are 9-"8,
5-3, and 4- 1; then if the gas is at 21°C one finds P(AE) = 0. 323. Supposing
that the gain of energy by a scattered neutron is entirely due to rotational
transitions, this P(AE) can be plotted as a vertical line on a graph of P(ARE)
versus the scattered neutron wave-length at a wave-length of 1, 48A. Such
reasoning was used by the author to predict where an influence due to an
energy gain might be expected to be observed, Such a case is shown in Fig.4,
where both an influence due to a gain and loss of energy is present. Un-
fortunately, there are no experimental data to confirm this case.

Although the above simple argument is convenient to use, it is .only a
guide and in some cases might be misleading. To formulate the argument
more correctly suppose interference scattering is neglected. Then it can
be shown that the cross-section for the transition from j to J of the rotational
mode is proportional to -

k4 . A
G [T+ /I B E 5Ten,)

Setting the function Fy (AE) equal to this expression and defining the im-
portance function I(AE) of a possible energy transfer AE as i



SCATTERING OF SLOW NEUTRONS BY GASEOUS METHANE 445
I(AE) = I'F, (AE) : ‘ (15)
]

gives the importance of a possible rotational transition in a collision of a
neutron with the molecule, In (15) the importance function I{AE) is normal-
ized so that I{0)= 1 and the prime onthe summationhasthe same significance
as before. The importance function has been plotted on Fig. 3 to avoid con-
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The computed partial differential cross-section shown as a function of the scattered neutron wave-length for
three selected temperatures, The vertical lines terminated by a dot are a plot of the importance function
which is discussed in the text. They are plotted for a temperature of 21°C,

\

fusing Figs. 1 and 2. It illustrates in a striking manner the reason for the
appearance of an influence due to an energy gain and its absence for an
energy loss in Flgs 1 and 2. An additional example of the 1mportance
function has béen plotted‘on Flg. 4 which illustrates the reason for the ap-
pearance of a feature due to both an energy gain and an energy loss,

In the actual physical situation each of these lines are broadened by
the translational motion of the molecule which gives the resulting structure
of the cross-section curve. The broadening increases as the scattering angle
increases. It should be noted that the appearancé of a single importance
line causes no apparent anomaly in the cross-section curve, but instead it
is necessary for a number of the importance lines to be in close proximity
for the influence of the rotational states to be observed.
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If the cross-section of the gas is compared at two temperatures it would
be expected that the main peak would be lower and the width greater for the
higher temperature. In addition the small peak due to an energy gain from
the rotational levels would be expected to be higher and its width broader
for the higher temperature. This is illustrated in Fig. 3 where the computed
cross-sections are shown for temperatures of 115°C, 21°C, and -85°C with
a scattering angle of 16. 3°C and incident energies of 15 and 25.2 meV.

(b) The function S(k2, ¢)

If the function S(k?, €) as given by (11) is divided by (ob/47), where o}
is the bound hydrogen cross-section, the resulting function is identical to
the function considered by EGELSTAFF and collaborators {14], Their dis-
cussions are in terms of dimensionless parameters e = k% (2MT)] and
g= le/2T)]. If the theory of Krieger and Nelkin was used tc determine
S(k2, €) these parameters would be very convenient since the resulting S(a, )
would not depend explicitly on the sample temperature. However, the intro-
duction of such parameters in (11) would not eliminate its:explicit tempera-
ture dependence in the theory presented here which forms a fundamental
difference in theoretical predictions. Instead of these variables it is much
more convenient to discuss S(k2, €) as a function of the dimensionless para-
meter (kb,)? for a specified e since this parameter appears as the argument
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of the spherical Bessel functions and is particularly convenient for the dis-
cussion of interference scattering which is observed.

In Fig. 5, S(x2, €) is shown as a function of kby)? for a few selected
values of the energy transfer €. To orient the reader, if Fig.2 is consulted,
the energy transfers correspond to scattered neutron wave-lengths of 2. 36A,
2.13A, 1.97A, 1.76A and 1. 45A for consecutive increasing values of the energy
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S(x?, & shown as a function of (kbp) ? for a few selected values of the energy transfer,
The experimental points are for ¢ = 0,0. The temperature of the gas is 21°C,

transfer. The curves that are shown are extended to approximately one order
of magnitude smaller in momentum transfer than the experiments that have
beenperformed, One feature of interest in this figure concerns the asymptotic
value of S(k?, €) as (Kbp)2—> 0 with € 7‘ 0. This is the quantity needed to de-
termine the generalized frequency distribution function introduced by
EGELSTAFF ({14, 15]. It would be thought that the curve labelled
€=3X10"%eV surely has reached its asyinptotic slope value. However, per-
forming calculations at smaller values of (kbp )2 shows that this is not the
case forthe curve bends and approaches more nearly the slope of € = 6X10-3 eV,
This suggests that caution must be exercised in the application of the methods
of analysis introduced by Egelstaff. )

A feature in Fig, 5 of particular interest concerns the influence of inter-
ference scattering as given by the second and third terms of (11) represent-
ing proton-proton and carbon-proton scattering, Confining our attention to
zero energy transfer, the interference scattering is mainly responsible for
the dip in the curve for values of (Jcbp)2 lying between 5 and 15 and the sub-
sequent hump between 15 and 30. Examining the contributions of the proton-
proton and cérbon-proton terms it is found that there is a tendency for these
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terms to cancel for values of (kbp ¥ <5, to give a negative contribution of
about 10% of the total for 5< (kbp)? < 15, to give a positive contribution of
about 10% of the total for 15 < (kby)2 < 30, and for {kbp 2 > 30 the behaviour
to be more complicated. This behaviour can be understood in terms of the
spherical Bessel functions occurring in the theory.

The experimental data for € - 0. 0 bas been plotted on Fig. 5. Since there
are considerable scatter in the experimental data it is not possible to con-
clude conclusively that the effect due to interference scattering has been
observed, However, data for energy transfers of 3X 1073 eV and 6X 10 3eV
supports such a conclusion. In addition, it would be expected that scattering
results on gaseous propane should also show this effect. An examination
ind’cates that this is the case. There was no difficulty experienced at small
momentum transfers in comparing the theoretical results of this paper with
the experimental results which was experienced in [5] where a comparison
was made with the results of the mass-tensor formulation.

In Fig.6, S(k2,¢) is shown as a function of € for various values of
(Kbp)2. Neglecting deviations of the order of 5% due to interference scatter-

104
A
N
Y
\Y
= :"
2 L\
g 10—
w 1L I\Y
— . W MR LY o
@ LR ' i
2 RN AN —
- VAN [0
E p— 08
s |\ s
<102 \ _04 - .
. . ——
- — i 0.2 N
) AN
ol \\ TR NN
) . \\\
. NN
o} 5 10 15 20
€ (meV) ’
Fig.6

S(x?, &) shown as a function of ¢ for a few selected values of (x?b,)?.
N P
The temperature of the gas is 21°C,

ing, considering (13) and making an expansion of exp (-€/2T) then to second
order in powers of (€/2T)

Q .
2 [ S(k?,e)de=1, . (15)
S

Thus if S(k2, €) decreases sufficiently rapidly as € increases for a fixed
momentum transfer.the area under the curves will be a constant This is
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-found to be the case for the curves with (Kbp)2 <1 as expected., The small
hump on the (KbP }? = 10 curve near € =0 is due to the influence of interference
scattering.

IV, CONCLUDING REMARKS

It has been shown that to explain the experimental results on the scatter-
ing of slow neutrons by gaseous methane it is necessary to take into account
the quantum nature of the rotational levels. There are further experiments
that would be desirable on gaseous methane. Below the vibrational threshold
it would be of interest for experiments at smaller momentum transfers to be
done so as to check further characteristics of the curve of SQC2, €) withe # 0
which are predicted in Fig. 5. Experiments at incident energies large enough
to excite the vibrational levels would be of interest so that the importance
of their influence on the scattering could be assessed.

Methane should be a very suitable substance for investigations of the
liquid state. Investigations by Raman spectra techniques [16] indicates that
the molecular rotations are rélatively unhindered by intramolecular inter-
actions. Thus it would appear the essential difference between the gaseous
state and the liquid state would be in the restrictions on the molecular trans-
lational motion in the liquid state. Since the scattering by the gaseous state
is well understood it would constitute a great aid in the analysis of experi-
ments on liquid methane, Recently STILLER and HAUTECLER [17] have
performed scattering experiments on liquid methane and observed a number
of rotational transitions., ’

Finally scattering experiments on solid methane should be done. Such
experiments would be helpful in understanding the liquid state. Experiments
by Raman Spectra techniques [16] indicate that the rotations are still rela-
tively free in the solid state. PAULING [18] proposed that the A-point at
20°K in the specific heat curve was due to the cessation of the rotations.
Subsequent experiments using nuclear magnetic resonance absorption
techniques [19] indicated that this could not be the explanation. It would
appear that neutron scattering experiments would be well suited to make a
significant contribution.
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APPENDIX

The value of the parameters {3] [11] [20] used in the computations were Cc = 0, A(f =0.64%x 10" cm,
Cp,=2.52%x10712 cm, AP=0.42X10‘” em, bp=1.093x107% em, ypp=6.266x10"1% em?, yc=2.1875%
1820 em?, M=26.757x10"% g, and 1=5.330x10"% g cm?.
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DISCUSSION«*

J. JANIK: To what extent is the symmetry of CH,; molecules necessary
for your calculations? In other words do you consider it possible to extend
the calculations to other, less symmetrical, molecules?

G. GRIFFING: Yes. The methane molecule is a spherical top and this
fact is used. The methods can be used for any type of molecule. '

D.T. GOLDMAN: Have you investigated the walidity of the Krleger-
Nelkin expression in the case where k2 is very high? Krieger and Nelkin
make the approximation that the average over orientation can be removed
into the exponential. This corresponds to an expansion in powers of k2, keep-
mg only the first term. This would seem to indicate that the theory cannot
bé applied where k% is high.

G. GRIFFING: If you go to sufficiently high momentum transfer, which
is equivalent to saying, if the angle or the energy is large enough, I always
found that the Krieger-Nelkin expression seemed to be very good.

* See also discussionon the paper by D. Bally et al. entitled "The Scattering of slow neutrons from
hydrogen and ethylene”.
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Abstract — Résumé — Annoranua — Resumen

THE SCATTERING OF SLOW NEUTRONS FROM HYDROGEN AND ETHYLENE. The angular distribution of
1.61'A wavelength neutrons scattered from hydrogen and ethylene has been measured.

For ethylene the pressure was varied from 15 to 60 atm and for hydrogen from 60 to 110 atm, The in-

vestigated angular range was between 5 and 90", The experimental results obtained have been compared
with the differential cross-section calculated using the Krieger-Nelkin formulae.

DIFFUSION DES NEUTRONS LENTS PAR L'HYDROGENE ET PAR L'ETHYLENE, Les auteurs ont mesuré
1a distribution angulaire des neutrons ayant une longueur d'onde de 1,61 A diffusés par de I'hydrogéne et par
1'éthyléne,

115 ont fait varier la pression de 1'éthyléne de 15 4 60 atm et celle de 1'hydrogéne de 60 i 110 atm. Le
domaine angulaire étudié érait compris entre 5 et 90", Les résultats des expériences ont été comparés aux
sections efficaces différentielles calculées au moyen des formules de Krieger-Nelkin.

O PACCEAHMM M.E).'IJ'IEHHHXAHEﬂTPOHOB BONIOPOIOM ¥ 3TWIEHOM. BHAC M3MEpPeHO YrioBoe pacnpeneleHue
PACCEAHHHX B BOZOPONE M 3ITUIeHe HEATPOHOB ¢ AAMHOR Boanm 1,61 A. )
_lna sTuneHa naBIeHKMe UIMEHANOCH B npegexax 15 - 60 ar, a Aas Bogopoaa - 60-110 ar. 06~

cuenobanuit yraosod auvanason saxapyaaca Mexzy 5 u 90°. llonyueHHHe AaHHNE CPaBHEHN C pacyeTaMmy
no dopMmynam Kpurepa-Heaxuna aas AnddepeHuUaNbHMX NOREPeuHHX ceueHud.

DISPERSION DE NEUTRONES LENTOS POR HIDROGENO Y ETILENO. Los autores han medido l1a distri-
bucién angular de neutrones de longitud de onda igual a 1,61 A, dispersados por hidrégeno y etileno,

En el caso del etileno, la presién vari6 de 15 a 60 atm y en el del hidrégeno, de 60 a 110 aum. Llos
autores han explorado dngulos comprendidos entre 5’ y 90°, Comparan los resultados experimentales obtenidos
con el valor de la seccién eficaz diferencial calculado con ayuda de las férmulas de Krieger-Nelkin.

" 1. INTRODUCTION

The angular distribution of 0.073 eV neutrons scattered from different
gases was studied by ALCOCK and HURST {1, 2, 3]. The experimental results
were analysed according to a semi-classical theory. The differential cross-
sections, corrected for "outer effect' and for molecular vibrations, agree
with the measured ones for the gases Oy, N3 and CF4. The experimental
points for carbon dioxide show a strong disagreement between experiment
and theory at angles smaller than 20°. This disagréement was assigned to
the fact that the gas is near the liquid phase. The measured angular distri-
bution for methane was not compared with a theoretical curve., Later on’
POPE [4], ZEEMACH and GLAUBER [5], KRIEGER and NELKIN [6]'develop—
ing the quantum theory of the neutron scattering from molecules used the
ALCOCK and HURST results for methane [3] as a test for the theoretical
curves. Recently RANDOLPH et al.[7] has measured the differential partial
cross-section of 0.015 eV to 0.142 eV neutrons scattered from methane and
compared the experimental results with the theoretical curves [5, 6].
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The Krieger-Nelkin formula for angular distribution of scattered neu-
trons was compared with the experiment only in the case of a spheric top
molecule, It was interesting to compare the same formula with the experi-
mental results obtained in the scattering of neutrons from a molecule having
a symmetry different from the spheric top, e.g. the ethylene molecule [8].
Using the Krieger-Nelkin formula, JANIK et al.[9] calculated the neutron total
cross-section of ethylene and obtained a good agreement withthe MELKONIAN
results [10]. The agreement between the calculated neutron total cross-
section of hydrogen [6] and the measured one in the energy range from
0.05 eV to 0.5 eV [11] is not so satisfactory. This is due to the mass
tensor approximation. In order to eliminate the error resulting from the
use of a Maxwellian distribution for the rotation of hydrogen molecules, an
effective temperature T' different from the sample temperature was in-
troduced.

The purpose of the present work is to compare the measured neutron
angular distribution for ethylene and hydrogen with that obtained from the
Krieger-Nelkin formula. »
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The schematic drawing of the experimental device.
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II. EXPERIMENTAL PROCEDURE

The scheme of the experimental device is illustrated in Fig.1l. The
energy of the monochromatic neutron beam incident on the sample was of
~(0.059 £ 0.004) eV. The investigated angular range was between 10° and 90°.
A monitor located in the monochromatic beam serves as time-basis for the
counter placed on the spectrometer arm. The scheme of the sample vessel
is shown inFig.2. The thickness of the sample vessel walls was of (0.8 + 0.02)mm.
The pressure range was between 15 atm and 60 atm for ethylene and be-
tween 65 atm and 110 atm for hydrogen. The sample pressure remained
constant during the period of a cycle of measurements. In order to verify
the pressure constancy the full sample vessel was weighed before and after
every cycle of measurements,

Sample .- Cadmium collimatar

{ B"F counter

e e I

Soller-type collimator
(40-30")

Fig.2

The scheme of the sample vessel (A) and filling device (C).

The sample vessel weight was 150 g and the weighing was made on an
analytical balance with a precision better than 0.005 g. The studied ethylene
had a purity of 99.95%.. The more important impurities were ethan (0.03%)

. and nitrogen (0.005%). Hydrogen had a purity of 99.9%, the more important
impurities being oxygen and water vapour.

The measured background with the empty sample vessel was corrected
for the absorption of neutrons in the sample. For this purposethe BOUTRON-
MERIEL formula [12] was used. The tabulation shows that for the studied
samples the correction factor is practically constant in the angular range
between 0° and 90°. For this reason the incoherent background of the
empty sample vesscl was corrected by using a constant factor whose value
is equal to the average transmission of the gas. The average transmission
of the studied gases was between 0.57 and 0.88 for ethylene and 0.8 and 0.87
for hydrogen. The relatively smalltransmissions make the study of multiple
scattering of neutrons desirable. The calculations of ALLCOCK and HURST
[2] for a sample geometry different from the present sample shows that
the correction factor for double-scattering is practical isotrope. A similar -
result was obtained also in [7]. An angular dependence of the double scat-
tering is obtained by applying VINEYARD'’S calculations [13]. These cal-
culations point to a relative simple expression for double-scattering on a
plane sample. But if the formula for a plane sample is used to calculate
the double-scattering of a cylindrical sample whose average thickness is
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equal to that of a plane sample, a value larger than the real one is obtained.
For this reason the correction for double-scattering was not considered in
the present measurements.

IIl. EXPERIMENTAL RESULTS

The expression of the differential cross-section was calculated using
the Krieger-Nelkin formula:

c(8) = X o)

M \/2 rede k. M !
o ® = 2oz ) [T ibxdexm( y, Jexp [ ppa(evgfl ).
, ,

1

I T
2m ko

ekl =g (@) E-
where 6 is the scattering angle in the laboratory system, by, is the distance
between the nuclei v and v’, M, is an equivalent mass of the v nucleus and
wy 1S a constant which depends on the molecular vibrations, a,, = A} + C}
aye = Ay Ay, Ay and G, being the coherent and incoherent neutron scattering
lengths of the v nucleus. :

1. Ethylene
For hydrogenous substances the differential cross-section is practically
reduced to the incoherent contribution of hydrogen. Using the usual values

of Ay, Gy, Ay and C; the following values for a,,, were found:

8y = 6.577X 10°%4 cm?; ace = 0.41 X 1024 cm;

Hj

a. .. =-0.269X 1024 cm?; 0.176 X 102 cm,

HC ayn

The coefficients a,, (v ¥ v’) being small compared to ayy and having an op-
posite sign, the sum of the interference terms may be neglected in the for-
mula {1]. The contribution of carbon at the incoherent differential cross-
section was calculated in the approximation in which the vibrational factor
exp| - k? v,,,] is equal to unity. Using the following yalues for the interatomic
distance and for moments of inertia: begr = 1,353 A 1,=5.752 X 1040 g, cm?;
Iy~ I,=30.96 X 104 g.cm? the value M, = 19.45 m was found. The & (6)
calculated in this approximation is practical isotrope and equal to 5% from
&y (10°). For this reason the experimental points will be compared with
Sy (6) only.

The differential neutron cross-section éyy (6) was calculated using the
following values of molecular constants & = (4 yyy m)™! = 0.1055 eV and
My = 5.8109 m*. The theoretical curves and the experimental points are
represented in Fig.3. As can be seen, in a large pressure range (froml5atm
to 60 atm) the experimental points are in agreement with the calculated
curves. This shows that the Krieger-Nelkin formula is alse applicable to

* These values were kindly placed at our disposal by Dr. J. Janik.
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a molecule whose symmetry is different from the spheric top. A similar
result was recently obtained by STRONG et al.[14].
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Fig.3
The angular distributions of neutrons scattered by ethylene at four different pressures.
The theoretical curves does not include the carbon contribution.

2. Hydrogen

Using the values My = m/0.2944 and® = 0. 1656 eV [6] the differential
cross-section for two temperatures (the effective temperature T' = 289°K
and the sample temperature T = 300°K) was calculated.
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The angular distribution of neutrons scattered from hydrogen at two pressures,
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Although the differential neutron cross-sections differ from one another
with about 2% in this temperature range, the angular dependence remains
practical unchanged. In Fig.4 are represented the theoretical curve calcu-
lated for TV = 289°K and the experimental points for pressures of 65 atm
and 110 atm. The good agreement between the calculated angular distribution
and the measured one shows that the mass-tensor approximation may be used
for such a purpose even in the case of molecules with a great rotational con-
"stant B. ‘ ) V ,

As it was expected for hydrogen as well as for ethylene the rise of pres-
sure does not lead to a diminution of the intensity at small angles because
the ''outer effect'' is negligible. For ethylene at the room temperature the
pressure of 60 atm is near the critical point. The agreement between the
calculated &gy (6) and the experimental angular distribution of neutrons shows -
that the influence of the deviation of the gas from ideal state on the formula
[1] is not important for hydrogenous molecules.
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DISCUSSION

P. EGELSTAFF: I would like to make a general remark regarding the
last few papers. The Krieger-Nelkin model replaces the rotational part of
the scattering by a perfect gas term using an effective mass, The vibrations
are allowed for by modifying the Debye-Waller factor. If the experimental
results are taken in a region where this model applies, it seems to me that
this automatically means that they do not include the basic information that
one wishes to obtain on the physical properties of the scatterer. Would any
theoretician like to comment on this point, please?

D.T. GOLDMAN: Yes, The detailed physical properties of the nucleus
cannot be determined unless the energy resolution gets very much better.
On the other hand an understanding of the nature of the rotations themselves
extends our knowledge of 'physical systems.
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Abstract — Résumé — Annorauus — Resumen

THE INELASTIC SCATTERING OF COLD NEUTRONS BY METHANE, AMMONIA AND HYDROGEN. The
differential cross-sections for the scattering of 4 A neutrons through angles of 20°, 30°, 45°, 75 and 90" have
been measured on the Harwell cold neutron apparaius for three gases at room temperature - methane, ammobnia
and hydrogen. Methane and ammonia gave similar results; at the smaller angles the spectrum of scattered
neutrons consisted of a quasi-elastic peak of roughly the same wavelength as the incident neutrons, but several
times broader, and an inelastic peak at shorter wavelengths. At larger scattering angles the quasi-elastic peak
moved to shorter wavelengths, and merged into the inelastic peak, which remained at the same wavelength.
These peaks are consistent with scattering from a perfect gas of mass 16 or 17, together with inelastic scattering
in which neutrons gain energy at the expense of molecular rotations. The short wavelength edge of the inelastic
peak is the same for all scattering angles, as it is determined by the Boltzmann factor (corresponding to room
temperature) governing the excitation of the molecular rotations. (At room temperature the excitation of
molecular vibrations is negligible. ) For hydrogen even at small scattering angles the incident spectrum is
broadened considerably, as would be expected for scattering from a gas of mass 2, and the peaks due to
scattering by' molecular rotations and molecular translations overlap.

DIFFUSION INELASTIQUE DES NEUTRONS FROIDS PAR LE MfSTHANE, L'AMMONIAC ET L'HYDROGENE.
L'auteur a mesuré les sections efficaces différentielles de diffusion de neutrons ayant une longueur d*ondes de
44, aux angles de 20", 30°, 45", 75° et 90°, avec l'appareil 3 neutrons froids de Harwell, dans trois gaz
différents (méthane, ammoniac et hydrogéne), i la température ambiante. Le méthane et 1'ammoniac ont
fourni des résultats semblables; aux petits angles, le spectre des neutrons diffusés consiste en un pic quasi-
élastique se produisant pour i peu prés les mémes longueurs d*ondes que les neutrons incidents, mais plusieurs
fois plus larges et en un pic in€lastique pour les longueurs d*ondes plus courtes. Pour les angles de diffusion
plus grands, le pic quasi-élastique se déplace vers les longueurs d'ondes plus courtes et disparait dans le pic
inélastique qui, lui, reste situé A 1a méme longueur d’ondes. Ces pics concordent avec les résultats relatifs
i la diffusion dans un gaz parfait de masse 16 ou 17 ainsi qu'avec une diffusion inélastique dans laquelle les
neutrons gagnent de 1'énergie aux dépens des rotations moléculaires. Le versant du pic inélastique situé dans
les longueurs d'ondes courtes est le méme pour tous les angles de diffusion étant donné qu'il est déterminé par
le facteur de Boltzman (correspondant a la température du laboratoire) régissant 1'excitation des rotations
moléculaires. (A la température du laboratoire, 1'excitation des vibrations moléculaires est négligeable. )
Pour 1'hydrogéne, méme aux petits angles de diffusion, le spectre incident est élargi considérablement comme
on peut s'y attendre pour la diffusion dans un gaz de masse 2, et les pics dus & la diffusion par des rotations
moléculaires et translation moléculaire se recouvrent. )

HEYMPYI'OE PACCEAHVE XOJIOIHHX HEATPOHOB B METAHE, AMMOHVY Y BOOOPOLE. [udxbepenuualpHHe no-
nepevnHe cedeHMs paccesuus HeATpoHos c¢ gamsol Bozum 4 A npu yraax 20,30,45,75 u 90° naMepeHK HA
YCTRHOBKE MO NPOMIBOACTBY XOMNOAHHX HeHTpOHOB B Xapyaade aisa Tpex rajoB: METAHA, AMMOHMI M BOLOPOAA
(Bpm xommaTHO# reunepa"rype) . LRua merana v AMMOHMA NONYYEHH OAMHAXOBHE De3yAbTATH; NPM MEHbLEMX
yraax chnexTp pacCesHHMX HeATPOHOB COCTOAN M3 MAKCHUMYMAa KBaSKYNpyroro paccesnua HefATpoHOB npu-
CIM3IUTENLHO OLHMX % TEX ¥e ANMH BONH, XAX M GOMOADAMDYDmMe HeHTDOMN, HO 3TOT CHOEKTP B HECKOABKO
Pa3 mMpe ¥ MMeeT MAKCMMYM HEYNpPYroro paccesHMAs B o6IacTv Golee XODOTKMX BosH. [Ipu Goasmmx yraax
pacceanuyg ‘MAKCUMYM KBAIMYNpPYroro pacCcesHusd CABMralcd B o6IACTb Golee KOPOTKMX BOJH M CAXBARICH C
MaxKCMMyMOM HeyNpyroro paccesHus, XoTopwil ocTaBazca B oAHOM M Tolt xe obmacTv. JTH MAKCHMYMM corza-
OyWTCA ¢ pacceAHMEM B MACANLHOM ralde c Macco 16 wam 17 BMecTe ¢ HEyNPyruM pPaccedHHeM, B peayibra-
T€ KOTOPOro HefATPOHN NMOXYUaDT 3HEPruo 3a cuer bpamennit Mozexyn. I'paHMua OGIACTH XOPOTKUX BOIH
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MaKCHMyMa HEYNpyroro pDacCesHMf ORHA U T4 Xe Al BCEX YrioB DACCEAHHA, KAK U onpeReleHo xoaddu-
uMeHTOM FOJIbUMAaHA, PEryaMpyomyM BoasyxaeHue ppamenwit mozexya. (TIpu KoMEaTHOH TeMnepaType MOXHO
npe#teGpeyp BOICYXAEHUEM KoaeGanui uo.nelcy.u.) Jlns BopoponAa Aaxe Np¥ HeSOAbmMX );r.nax paccedHng cnexTp
SoMCapaAMpYyRmMX 4AaCTHI 3HANMTENBHO pacmupeH, KaK MOXHO 6uao 6H aAMAaTh OpU paccefHMM B raje C
Maccolt 2, a MAKCUMMYMH NepeKpHBADTCS OJNAOLAPA BPANEHMD MOJEKYN M WX NepeMemeHnm. ‘

_DISPERSION INELASTICA DE NEUTRONES FRfOS POR METANO, AMONIACO E HIDROGENO. En el
aparato para neutrones frios de Harwell se han medido, a temperatura émbiente, las secciones eficaces diferen -
ciales de dispersiGn de neutrones de 4 & en dngulos de 20°, 30°, 45°, 75° y 90°, correspondientes a tres gases:
metano, amoniaco e hidrégeno. El metano y el amoniaco han dado resultados anilogos; en los Angulos pequefios,
el espectro de los neutrones dispersados consiste en un pico cuasi eldstico de longitud de onda aproximadamente

. igual a la de los neutrones incidentes, pero varias veces mds ensanchado, y en un pico ineldstico para menores
longitudes de onda. En los 5ngulos de dispersién mayores, el pico cuasi eldstico se desplaza hacia las longitudes
de onda mis cortas y se confunde con el pico inelastico, que permanece en la misma posicién. Estos picos son
compatibles con la dispersién por un gas perfecto de masa 16 § 17, acompafiada de dispersidn inelastica en que
los neutrones ganan energia a expensas de las rotaciones moleculares, El borde del pico inelistico correspondiente
a las ondas cortas es igual para todos los dngulos de dispersidn, puesto que queda determinado por el factor de
Boltzmann que rige la excitacion de las rotaciones moleculares (a temperatura ambiente, la excitacidn de las
vibraciones moleculares es despreciable). En el caso del hidrdgeno, el espectro de los neutrones incidentes
resulta considerablemente ensanchado, incluso para pequefios dngulos de dispersién, como suele ocurrir en la
dispersién por ungas de masa 2, y los picos debidos a la dispersidn por rotacién molecular y traslacién molecular
se superponen.

INTRODUCTION

Many experiments have been performed to investigate the effect of mole-
cular rotation on neutron scattering, but in none of the experiments have
rotational effects been clearly separated from effects due to.translations
and vibrational motions of the molecule. Recent detailed measurements on
methane [1] and propane [2] suggest that rotational effects are present,
and GRIFFING [3] has explained the results theoretically assuming dis-
crete rotational levels, but their presence is a matter of inference rather
tharn observation.

This paper describes preliminary measurements of the differential scat-
tering cross-sections of three gases - methane, ammonia and hydrogen -
at room temperature for 5 meV neutrons, in which molecular rotation effects
have been observed. As the spacing of the lowest rotational levels in ammo-
nia, for example, is only 2.5 meV, and at room temperature the most popu-
lated levels would give transitions around 25 meV, it is only by using such
low energy neutrons that rotational effects can clearly be observed.

Methane was chosen for these experiments as it has a spherically sym-
metrical molecule - the rotational levels cannot be investigated directly by’
infra.red spectroscopy. Ammonia has a simple molecule, a symmetrical
top, and it has been the subje_ct of detailed infra-red examination. In addition
it is suitable for future investigations on the hindrance of molecular rota-
tions in the liquid state as it can be liquefied at room temperature by the
application of only 8 atm. pressure. In experiments on hydrogen it was hoped

" to observe directly the transition from ortho-hydrogen to para-hydrogen.
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APPARATUS

".The neutron scattering apparatus described by HARRIS et al. [4] was
used to measure the differential scattering cross-sections of methane,
ammonia and hydrogen at room temperature for neutrons of about 0,005 eV
energy at scattering angles of 20°, 30°, 45°, 75° and 90°. In the first ex-
periment ammonia was contained at a pressure of 4 atm. (absolute) in a
cylinder of aluminium-magnesium alloy, 5 cm diam., the walls of which
were turned down to 0,75 mm thickness over the central 5 cm of their length.
(A preliminary run was made with the cylinder evacuated, and the small
contribution due to scattering from the walls subtracted from the subse-
quent results), The ammonia sample scattered about 10% of the incident
beam. Only about 5% of the scattered neutrons were multiplely-scattered,
and this effect has been neglec{ed. For calibration of the efficiencies of
the five counter arrays, so that absolute cross-sections could be determined,
the ammonia sample was replaced by a sheet of vanadium as a standard com-
parison sample. These first measurements were made using a low resolution
rotor running at 280 ¢/sec. '

The first experiment suffered from the disadvantage that the width of
the incident neutron spectrum was comparable with the broadening expected
in scattering from a perfect gas of mass 17. Further measurements were
therefore made on ammonia, and also on methane and hydrogen, using a
high speed rotory-r (625 c¢/sec) with higher resolution. Aluminium cylinders,
similar in dimensions to that used in the first experiment, were filled with
methane to apressure of 3atm (absolute), with ammonia to 4 atm (absolute)
and with hydrogen to 6 atm (absolute). The methane and ammonia samples
scattered about 10% of the incident beam, but the hydrogen sample scattered
only 7%, so the hydrogen results obtained has smaller statistical accuracy.
A four-position rotary sample changer carried the samples, and rotated
each sample into the beam in turn for a ten minute counting period. In each
run two gas samples were counted, together with the evacuated cylinder
and the calibration sample.

"~ The use of vanadium in the first experiment as a comparison sample
is not ideal, as the vanadipm was in the shape of a sheet, while the ammonia
sample had the shape of a cylinder. Thus different counter arrays may have
had different views of the vanadium sheet and the ammonia sample. This
leads to uncertainties in the relative magnitude of the results at different
angles. In the second experiment a specimen of terylene (Melinex) film was
used as the calibration sample to determine the relative efficiencies of the
five counter arrays. The film, 0.001 in thick, was wound in a spiral on two
grooved plates, rather like a photographic film in a developing tank. The
terylene film was distributed fairly evenly over the volume of a cylinder
the same size as the gas specimens, so each counter array would see the
same amount of this comparison sample as it did of the gas samples. The
‘scattering from terylene is not perfectly elastic, but ignoring inelastic scat-
tering introduces an error of less than 1% in the relative efficiencies of the
counters. This error could safely be ignored, as greater errors arose due
to variations in counter efficiencies between the different runs.

The total cross-section of the terylene comparison sample was not
measured, so it is not possible to deduce the absolute differential cross-
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sections of the gases. However the preliminary experiment on ammonia
showed that the measured differential cross-sections were of the correct
order of magnitude. The relative cross-sections at different angles deduced
from the higher resolution measurements by comparison with the terylene
sample should be of greater accuracy.

PRELIMINARY MEASUREMENTS ON AMMONIA

The incident neutron spectrum transmitted by the rotor was measured
by scattering from vanadium, and is shown in Fig. 1. Vanadium scatters
almost entirely elastically and isotropically, so the results from all five
counter arrays lie on the same curve. (A correction has been applied for
absorption in the vanadium sheet). With the rotor running at 280 c/sec
the number of neutrons transmitted was a maximum, though the shape of
the incident spectrum was complicated by the presence of a sharp dip at
1100 ys/m due to a Bragg reflection from the bismuth crystal in the beam.

Fig. 1 also shows the results of scattering from the ammonia sample.
Scattering at 20° shows a "'quasi-elastic' peak centred at 1000 ys/m, about
twice as broad as the peak in the incident spectrum. At 500 ys/m there is
a separate peak, corresponding to a neutron energy gain of about 0.02 eV.
At 30° the quasi-elastic peak has moved to 900 us/m; the energy gain peak
has grown in magnitude, but its position is unchanged. At 45° the quasi-
elastic peak has almost disappeared, and at 75° and 90° it has completely
merged into the energy gain peak. All the curves have the same high energy
limit at about 200y s/m, and all have a long tail on the low energy side (only
part of which is shown in Fig. 1).

These results have been compared with the computed cross-sections
for a perfect gas of mass 17. To take account of the width of the incident
neutron spectrum, the spectrum scattered elastically by vanadium has been
approximated as shown by the dotted curve, by four components centred
at 1000, 1100, 1200 and 1300 yus/m. The scattering due to these for com-
ponents has been added together, This method of approximating the incident
spectrum and introducing experimental broadening into the computed perfect’
gas curves is equivalent to neglecting the time-broadening if the incident
neutron burst, and assuming the whole width of the vanadium curve is due
to the spread of neutron velocities. The only parameter normalizing these
curves is ratio of the cross-section of ammonia [5] to the bound-atom-sec-
tion of hydrogen.

MEASUREMENTS ON METHANE, AMMONIA AND HYDROGEN

The results of the higher resolution measurements on methane, ammonia,
and hydrogen are shown in Figs. 2, 3 and 4 respectively. In this experiment-
the incident spectrum was measured by a monitor counter in the neutron
beam, at the same distance from the sample as the counters detecting scat-
tered neutrons. This would be the spectrum observed at any of the counter
arrays of the specimen scattered perfectly elastically. The width of the inci-
dent spectrum is only one sixth of the minimum broadening introduced by
scattering from any of the gases. The results for ammonia show the same
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Inelastic neutron scattering from ammonia (low resolution).

qualitative features as observed in the pi‘eliminary experiment. The results
for methane are identical with those f/r ammonia within the experimental
error. The scattering from hydrogen is quite different in its general ap-
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Fig.2

Differential scattering cross-section-of methane.

pearance; at all angles thereis a single broad spectrum of scattered neutron
energies, and no appearance ¢f an elastic peak. '

The scattering from perfect gases of mass 16, 17 and 2 respectively,
has been computed and compared with the results. The width of the incident
spectrum, though less important in these high resolution experiments, has
been included in these computations as before by taking three bands of in-
cident velocities, centred at 101¢, 1040 and 1070 us/m, and calculating the
weighted mean of the perfect gas scattering. The absolute differential cross-
section of the terylene comparison sample is not known, so an arbitrary
normalization factor has been applied to the results on each gas to compare
them with the perfect gas cross-sestions. Even in the range of energies
where vibrational and rotational effecis are not obvious in the scattered neu-
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Differential scattering cross-section of ammonia.

tron spectrum, their effect on the translational scattering must be con-

sidered. A Debye-Waller factor has therefore been included, multiplying

the perfect gas cross-sections. The magnitude of the Debye-Waller factor

was estimated from the mean energies of rotational and vibrational transi-
tions in the three gases.

DISCUSSION

The preliminary results- on ammonia show clearly that part of cold neu-
tron scattering resembles scattering from a perfect gas, and part is quite
different. The quasi-elastic peak at 20° is very similar to scattering from
a gas of mass 17, and at higher angles the quasi-elastic peak moves to
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Differential scattering cross-section of hydrogen.

higher enérgies as would be expected in gas scattering. There is some dis-
crepancy in the magnitudes of the quasi-elastic peaks; the peak at 30° is
higher than that at 20°. This is assumed to be caused by inaccuracy in the
normalization, due to the different geometry of the ammonia and vanadium
samples, Apart from the quasi-elastic peaks, there is a separate energy

gain peak, which for all scattering angles has its maximum at about 500us/m. '
The peak corresponds to energy gains in the range 10 to 100 meV, which
is just the range occupied by rotational transitions in a molecular gas at
room temperature. The energy gain peaks are therefore presumably due
to molecular rotations giving up energy to the neutrons. At 20° and 30° the
rotational effects and translational effects are well separated. The high
energy limit'is set by the Boltzmann factor corresponding to room tem-
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perature. Vibrational transitions are in the neighbourhood of 100 meV, and
so would not be excited at room temperature (kT =25 meV).
in the higher resolution measurements the normalization of the perfect
gas curves is arbitrary, and the choice of Debye-Waller factors is approxi-
‘mate, but clearly the quasi-elastic peaks observed at low angles in methane
and ammonia are due to the translational motions of the gas molecules. At
higher angles, where the translational peaks merge into the energy-gain
peaks, and in scattering from hydrogen, where there is no separation of
the translational effects at any angle, there is a considerable area of the
curve unexplained by perfect gas behaviour. This is in the region where
the energy gain is of the correct magnitude to be attributed to molecular

rotations.
A simple way of analysing the rotational part of the scattering curve
is to make use of the function p(B) suggested by EGELSTAFF [6] . This func-

tion is defined by
p(B) =6%Lim 7 § (@, B) &

‘where S, is the "'self'"' part of the scattering law. For scattering fromhydro-
gen atoms the interference part of the scattering law can be neglected. Since
the hydrogen cross-section is much larger than nitrogen and carbon cross-
sections, S, may be assumed to represent the scattering of the whole mole-
cule as observed in these experiments. The value of p(8) may be deduced
directly from the experimental results at the five different scattering angles

using Eq. (1). .
This step has-been performed for ammonia; the results are shown in
Fig. 5. For small values of 3, that is in the neighbourhood of the quasi-
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elastic peak, it becomes increasingly difficult to extrapolate S/a to @ =0.
There is almost a delta function in p(g) at B =0, representing the perfect
gas behaviour; and therefore the data at 8 values less than a resolution width
(i.e. B < 0.1) are of no value to this analysis. However at slightly larger
values of § the curve passes through a minimum #nd increases sharply as
the origin is approached. At the higher values of 8 the data are not sensitive
to the resolution function.
The function p(B) is related to the velocity auto-correlation function,
and so it may be calculated readily by assuming a suitable theoretical model.
"EGELSTAFF has derived it for a hard sphere model [7]. Ammonia was
approximated by a spherical molecule, with its moment of inertia the mean
of the principal moments of ammonia, and p(8) evaluated from the expres-
sion (which is accurate for 8 # 2) -

2
where Z? = h%/IKT,

The result is shown in Fig. 5: the normalization is arbitrary. p (8) shows
a peak in the region of 8= 0.4, as does the experimental curve, but at higher
B's it falls off rapidly.

SCHOFIELD [ 8] has suggested an improved model, in which the velocity
correlation of a hydrogen atom moving on the surface of a rotating sphere
is considered. This leads to a p(B) of the form (for 8} 2)

. p(B)~p* e-BY2z?

This expression has a maximum in the right region, but it still falls off too
rapidly as B increases, though less rapidly than Egelstaff's formula.

GRIFFING [3] has obtained the differential scattering cross-section
of methane by assuming discrete rotational transitions, His treatment seems
to approximate to a classical model in the range of B observed in these ex-
periments. Any divergence would be expected at small values of 8 compa-
rable to the spacing of the discrete rotational transitions, that is 2.5 meV
which corrésponds to 8= 0.1, Thus the p (8) derived from his calculations
would be similar to those of EGELSTAFF [7] and SCHOFIELD[S8].

To test how sensitive the differential cross-section is to the exact shape
of p(8), the differential cross-section for scattering through 20° was com-
puted from the expression (2) for p (8) to which was added a perfect gas term
(M= 17). The calculated cross-section had a peak at GOOuS/m, but its width
was much smaller than the rotational peak observed in the experiment. In
particular it fell to half its peak value at 470us/m, and to zero at about
300us/m. The experimental curve only falls to zero below 200us/m. This
is reflected by the difference in the p(8) curves.

Further computations are necessary to check that the curve of p(8) de-
duced by extrapolating the experimental results to @ = 0 is sufficient to ex-
plain scattering results at all energies and all angles. If it is justified it
may imply that the moment of inertia to be used in these models is much
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larger than expected, or that the vibrational levels are very broad é.nd ex-
tend into the rotational region.

CONCLUSIONS

These experiments show the type of results which can be expected from
the- scattering of cold neutrons by simple molecules. In particular, the
effects of translational and rotational motions of the molecules are clearly
separated. In comparison, measurements at higher neutron energies (15 meV
to 142 meV) on methane [1] and propane [2] do not show this clear separa-
tion, though the results cannot be explained on a perfect gas model, and
molecular rotations and vibrations have to be included to give tolerable
agreement with theory. Thus measurements with cold neutrons will be most
useful for detailed examination of the effect of molecular rotations on neu-
tron scattering. .

Analysis of the results for ammonia shows that the neutron scattering
cannot be explained on two simple models of the rotating molecule; in parti-
cular the observations for large energy transfers are inconsistent with the
theoretical models. Further experiments of higher statistical and absolute
accuracy, and further computations are necessary to show whether the effect
of molecular rotations on cold neutron scattering can be adequately des-
cribed by a classical model, or whether discrete rotational levels must be
considered,
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DISCUSSION
P. SCHOFIELD: With regard to the shape of your p(8), might it not
be that this type of molecule is of the same nature as the pathological case

which Egelstaff demonstrated in presenting his first paper*?

* "Practical analysis of neutron scattering data into self and interference terms", See these Proceedings.
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P. EGELSTAFF: You mean this case of the sharp peak at the origin?

P. SCHOFIELD: Yes.

J. WEBB: For what reasons?

P. SCHOFIELD: Well, in presenting his first paper Dr. Egelstaff
showed this peculiar frequency distribution with a very sharp peak and then
something else of much higher energy, and he showed that in this case the
extrapolation procedure broke down completely and you got smeared-out
distribution.

J. WEBB: The extrapolations are quite easy at the high values of .

P. SCHOFIELD: They might be easy but wrong.

J. WEBB: Yes, that might be true.

G. GRIFFING: I have two comments. (1) You normalize p and until you
put your experimental results on an absolute basis it is incorrectto conclude
that you are experimentally getting higher values than are yielded by my
computations in the region of energy gain. (2) We have run an identical ex-
periment at the Materials Testing Reactor, at the'same incident energy
as you had, and we found no evidence of the expeérimental results being
higher than the theoretical results. Indeed we should expect the contrary
to be the case, bearing in mind resolution effects.

J. WEBB: Yes, I might mention one point about our normalization. {n
our first experiments, we put a sheet of vanadium in the beam and measured
the scattering at the various angles, but this is not really satisfactory as
the vanadium was a sheet and our gas samples were cylinders so one could
never be sure that each of the counters viewed exactly the same sample.
In our later work, therefore, we replaced this vanadium by a scroll of

"terylene film, which gave very nearly elastic scattering - a result which
seems rather surprising in view of the polythene results that were presented
yesterday - and we used this as an isotopic elastic scatterer to calibrate
the relative efficiencies of our counters., Unfortunately, we didn't measure
the absolute scatiering from the sample but in the more accurate measure-
ments, which we hope {o do in a few weeks! time, this will, of course, be
done, '

H. STILLER: I wonder whether the occupations due to spin states have
been taken into account in these calculations; it is a surprising fact that
if the spin states are taken into account, then specifically the high-energy
rotational states are occupiea much more (by a factor of 1.5 or so) than
one would expect from thermal occupation and ordinary degeneracy. I think
this might explain the discrepancy between the experimental results and
the theoretical ones.

~J. WEBB: Certainly, we have made no allowance for this at all,
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