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FOREWORD

Three and a half years have passed since the IAEA held its third Symposium on 
Neutron Inelastic Scattering in Bombay, India. During this period, studies o f  the dynamics 
o f  liquids, solids and magnetic systems by inelastic scattering o f  neutrons have resulted 
in the maturing o f  the theoretical aspects, and in more sophisticated interpretation o f  ex
perimental data. From the many laboratories where neutron scattering research was recently 
introduced, the first results have now been obtained. This situation was reflected in the 
very large number o f  abstracts submitted to the selection committee that prepared the pro
gram for the Fourth Symposium held in Copenhagen from 20 to 25 May 1968. In the 
event, 99 papers from 21 countries and two international organizations were selected for 
presentation. Because o f  this large number o f  contributions, 5 3 papers were summarized 
by seven rapporteurs. These papers were discussed in groups and the discussion is included 
in these Proceedings after the full texts o f  the contributions; the rapporteurs’ texts, however, 
have not been included.

Although the meeting concentrated on  experimental results and their interpretation, 
it was realized that experimental methods and techniques have been greatly improved during 
the last few years. Consequently, a Special Session was organized, devoted entirely to this 
topic. Several o f  the new experimental techniques are arousing interest.

Three prominent experts were invited to present review papers covering the advances 
o f  recent years. In addition, two invited papers on competitive, non-neutron techniques 
for dynamics studies were included in the program, thereby establishing a connection be
tween neutron inelastic scattering and nuclear magnetic resonance, optical and other 
techniques for investigating the dynamics o f  solids and liquids.

The Symposium was held at the kind invitation o f  the Danish Government. Gratitude 
is also expressed to the authors o f  the papers, the rapporteurs, the chairmen o f  sessions 
and the discussion participants for their contributions to the success o f  the Symposium.
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NEUTRON SPIN SCATTERING 
BY SPIN WAVES IN METALS

H. BJERRUM M0LLER
R IS 0  RESEARCH ESTABLISHMENT,
ROSKILDE, DENM ARK

Abstract

NEUTRON SPIN SCATTERING BY SPIN WAVES IN METALS. This paper reviews neutron scattering 
studies o f  spin waves in magnetic metals. In the rare earth metals such studies have given rather detailed 
information on the indirect exchange interaction and its relation to the electronic structure. Measurements 
on the iron group metals have so far given much less information and no effects which show unambiguously 
the itinerant character o f  the magnetic electrons have been observed, probably because spin-wave studies 
in iron group metals have only been possible for rather low wavevectors o f  the spin waves.

1. INTRODUCTION

The m etallic m agnetic elem ents may be divided into two groups; the 
rare  earth m etals and the 3d transition  m etals. The m agnetic mom ent 
on a rare  earth ion is due to the unfilled 4f shell, which is w ell shielded 
from  its environm ent by the 5s and 5p orb ita ls . The orb ita l angular 
mom entum o f the 4f e lectrons is th ere fore  not sign ificantly quenched in 
the m etal so that L , S and J are good quantum num bers and the ground 
state of the ion is determ ined by Hund's ru les . The d irect exchange 
between the lo ca lized  m om ents on the ions is negligib le, but they are 
coupled through the m edium  o f the conduction e lectron s by the indirect 
exchange interaction [1] which may be w ritten in the form

This interaction  is long range and o sc illa to ry  and, together with the 
strong anisotropy fo r ce s , which are a consequence o f the an isotrop ic 
charge distribution in the 4f shell, lead to the com plex  m agnetic structures 
illustrated in F ig. 1.

The situation in the 3d transition  m etals is much le s s  c le a r . The 
orb ita l mom ent on the 3d e lectrons is  essentia lly  com pletely  quenched 
and F erm i surface experim ents [2] have made it c lea r  that these electrons 
must be con sidered  as conduction e lectron s contributing to the transport 
p rop erties  and being e ffectively  deloca lized . On the other hand, the 
sim ple independent particle  m odel, which is used to d escribe  non-m agnetic 
m etals, must c lea r ly  be supplem ented with a rea lis tic  treatm ent o f the 
e lectron  interactions which give r is e  to the m agnetic state. These 
interactions may be taken into account in a reasonable way fo r  Ni [3], but 
in F e, for which the m om ents appear to be much m ore e ffective ly  loca lized , 
a sa tisfactory  treatm ent has not yet been given. A H eisenberg Hamiltonian 
o f the form  o f Eq. (1) is frequently used to d escribe  the exchange in ter
action  between the non-in tegral m om ents distributed around the transition

(1)
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F IG .l. Magnetic structure o f  heavy rare earth metals (after KOEHLER, W .C ., J. appl. Phys. 36 (1965) 1078).

m etal ions, although there appears to be little justification  fo r  this p ro ce 
dure from  a fundamental viewpoint.

In both groups an understanding of the magnetic properties  depends 
on a detailed knowledge o f the exchange interactions and these can best be 
determ ined from  a study o f the magnetic excitations or spin w aves. In 
the rare  earth m etals these may be thought o f as a p recess ion  o f the 
mom ent about the lo ca l d irection  o f m agnetic ordering, in such a way that 
a constant phase relation  is maintained between the magnetization vectors  
on the different ions. In the extrem e form  of the ferrom agnetic band 
m odel on the other hand the energy bands o f up and down spin are split 
by the exchange interaction as shown in F ig. 2a. The ordered  mom ent of 
the system  may then be reduced by s in g le -p artic le  excitations, in which 
a s in g le . e lectron  changes its к vector  and spin, o r  by co lle ctiv e  excita 
tions, which may be approxim ated as a linear com bination o f single -  
particle  excitations, and which are the spin waves o f the band m odel [4].
The allow ed values o f E and q for the single-particle  and co lle ctive  e x c i
tations are shown schem atica lly  in F ig. 2b. The interactions in the system  
may com plicate this sim ple m odel substantially, but it seem s that co llective  
spin-w ave excitations w ill exist for any reasonable m odel, and they are, 
o f cou rse , observed  in p ractice .

Inelastic neutron scattering, in which a neutron interchanges energy 
and momentum with a spin-w ave quantum, o r  magnon, provides the m ost 
pow erful technique fo r  the study o f m agnon-d ispersion  relations in so lid s , 
and it is the purpose o f this paper to review  the inform ation which has 
thereby been obtained on the magnetic interactions in m etals. A fter a 
b r ie f  d iscussion  o f the experim ental technique, the existing experim ental 
resu lts on the rare  earth and 3d transition m etals are review ed and
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FIG.2. (a) Ferromagnetic band model. The energy bands o f up and down spins are split by the exchange
interaction. Both bands are filled to the same level Ep. (b) Diagram showing the allowed values o f  E and 
q for single-particle excitations and collective excitations (spin waves).

discu ssed , and som e suggestions for  further w ork in this fie ld  are 
proposed .

2. EXPERIM EN TAL TECHNIQUES

The inelastic scattering o f neutrons resulting from  the creation  o f 
a single spin-w ave quantum (magnon) is subject to the conservation  
conditions fo r  energy and momentum

к = k j -  k 2 = T - q (2)

E = E X- E 2 =e(q)  (3)

w here k j and ¿ 2  are in itial and final neutron w avevectors and Ej and E 2 
are the associa ted  en erg ies , q is  the w avevector o f the magnon and e(q) 
is its energy, т is a re c ip ro ca l lattice vector , к is the neutron scattering 
v ecto r  and E is the energy tran sfer.

The m ost d irect method o f m easuring the d ispersion  relation e(q) 
is  th erefore  by d irect energy analysis o f the scattered  neutrons, by a tr ip le 
axis sp ectrom eter o r  by a tim e -o f-flig h t method. The natural variables 
o f such an experim ent are q and E. With the tr ip le -a x is  spectrom eter 
it is possib le  to vary one of these variab les, while the other is kept constant 
(constant-q method and constant-E  method [5]). The positions o f the 
neutron groups observed  in such scans determ ine the d ispersion  relation 
e(q), and the width o f the neutron groups gives the magnon lifetim es, 
provided that the instrum ental resolution  can be extracted . Any disturbance 
from  phonon scattering can generally  be elim inated by an appropriate 
ch o ice  o f the relative d irections o f  the polarization  v ectors  and к. The 
identification of the magnon peaks can also be accom plished  by applica 
tion of a m agnetic fie ld  [6].

In contrast to phonon scattering experim ents, it is n ecessary  to use 
sm all к v ectors  in magnon scattering because the scattered  intensity de-
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FIG.3. (a) Representation in it space o f inelastic neutron-magnon scattering in the (001) plane (not to scale),
(b) Expected angular distribution, o f  scattered neutrons for ideal resolution in the (001) plane and poor 
resolution perpendicular to it. (c) Observed angular distribution, corrected for background, for non-ideal 
resolution in the (001) plane and poor resolution perpendicular to it (after Ref. [8 ]) .

crea ses  strongly with increasing "ic, due to the m agnetic form  factor. As 
pointed out by Lowde [7], this lim its the energy tran sfer fo r  given in
com ing neutron energy, and this restriction  becom es very  severe  for  the 
m easurem ents o f high magnon energies where neutrons o f high energy 
must be used because o f this lim itation.

Another method which does not requ ire  energy analysis o f the scattered 
neutrons is the d iffraction  method, illustrated in F ig. 3. It con sists of 
m issetting the crysta l by an angle A0 from  a Bragg reflection , and 
m easuring the width Г  of the peak in the scattered  neutron intensity as a 
function of scattering angle, which is due to excitation o f m agnons. It 
follow s from  Eqs (2) and (3) that magnon scattering is only possib le  for 
q v ectors  lying on a surface (the scattering su rface) around the re c ip ro ca l 
lattice point. If the d ispersion  relation  is quadratic and isotrop ic , the 
scattering surface can be shown to be a sphere, the size  o f which depends 
on the m issetting in such a way that a plot o f sin2 (r /2 )  versus k f / k f  gives a 
straight line, from  which the constant D in the d ispersion  relation  e(q) = Dq2 
may be determ ined [8]. It is a lso  possib le  by su ccess ive  approxim ations 
to deduce the d ispersion  relations from  the m easurem ents o f the width Г  as 
a function o f the m isset angle A6, and higher ord er term s in the power 
expansion o f the d ispersion  relation e(q) may thus be determ ined [9]. By 
use o f polarized  neutrons it is possib le  to distinguish unam biguously the 
spin-wave scattering from  other scattering contributions [10] (see F ig. 4).

Since the d iffraction  method m easures only the cu t-o ff  o f the scattering 
in the horizontal plane (the scattering plane), very  coa rse  v ertica l c o ll i -
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FIG.4. Observed angular distributions o f  scattered neutrons with magnetic field applied in the direction o f 
the scattering vector and no field applied, for incoming neutrons polarized in the direction o f the scattering 
vector. The difference between these two measurements contains the magnon contribution only 
(after Ref. [10]).

mations can be used, so that the whole scattering surface is used to de
term ine a single q value at the tangential position . The diffraction  method 
th ere fore  gives higher intensities than the tr ip le -a x is  sp ectrom eter m ethod. 
It m ay also be m ore  accurate for very  sm all q v e cto rs , since the re latively  
poor v ertica l collim ation  in the trip le-axis sp ectrom eter gives an uncertainty 
in the determ ination o f q.

The sm all-angle  scattering method is a specia l case o f the d iffraction  
method fo r  which т = 0. F or a quadratic d ispersion  relation  e(q) = Dq2, 
it can be shown that magnon scattering gives a rectangular distribution of 
scattered  neutrons as a function o f scattering angle around the d irect beam .
If the neutron energy is written as dk2, the cu t-o ff angle can be shown to 
be ôc = d /D , which is independent o f the neutron energy. The whole rea ctor  
spectrum  can th erefore  be used and, since r -  0, the orientation o f the 
sam ple is unimportant so that a polycrystalline sam ple can be used. If 
the d ifference o f the scattered  intensity with the specim en m agnetized 
horizontally  and v ertica lly  in the plane perpendicular to the beam  is m ea s
ured, then background e ffects  subtract out to a high ord er  o f accu racy  [11]. 
Magnon lifetim es may a lso  be deduced from  m easurem ents o f sm all-angle  
scattering [12] by m easuring the width o f the cu t-o ff edge. F or a quadratic 
d ispersion  law, this width, co rre c te d  for instrum ental resolution , re fle cts  
an uncertainty in D due to a finite magnon life tim e. F or a non-quadratic 
d ispersion  relation , a num erical m ethod must be em ployed to calculate 
the angular distributions arisin g  from  scattering o f a beam  containing the 
com plete therm al spectrum  [13].
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3. RARE EARTH METALS

Many o f the rare  earth m etals have undesirably high capture c r o s s -  
sections fo r  therm al neutrons, and inelastic neutron scattering m easure
m ents are difficult if  not im possib le . How ever, Tb, Ho and E r are 
re la tively  favourable in this respect and have the additional advantage of 
a large m agnetic m om ent, so  that the-m agnetic scattering c ro s s -s e c t io n  
is la rge . M easurem ents ofthe magnon d ispersion  relations have th ere 
fore  been p erform ed  on T b [ 14] andE r[15] and an alloy o f T b - 10% Ho [16,17].
The experim ental d ispersion  relations are shown in F igs 5, 6, and 7.
These m easurem ents represent three different m agnetic structures, namely 
the ferrom agnetic structure (Tb at 90°K and Tb-10%  Ho at 110°K), the 
sp ira l structure (Tb-10% H o at 200°K) and the cone structure (Er at 4.2°K).

FIG.5. Experimental magnon dispersion relations in Tb along symmetry lines in the Brillouin zone at 
90° К (after Ref. [17]).

Since the magnon energies are low , it has been possib le  to m easure 
the magnon d ispersion  relations throughout the entire zone. In the case 
of Tb at 90° (F ig. 5) the magnon dispersion  relations have been m easured 
along all sym m etry lines o f the zone, and an analytical interpolation schem e
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FIG.6. Experimental magnon dispersion relations in Er at 4 .2 °K . The wavevector co-ordinates are 
measured from the nuclear reciprocal lattice points (after Ref. [15 ]).

FIG. 7. Experimental magnon dispersion relations in Tb-10%  Ho in the ferromagnetic and spiral phases. 
The full line for the ferromagnetic phase is derived principally from the experimental points o f  Fig. 14. 
The full line for the spiral phase is a weighted least-squares fit o f  the experimental points to Eq. (8). The 
resulting interplanar exchange parameters are given in Table I (after Ref. [17]).

has been developed to obtain magnon energies throughout the zone from  
these resu lts [18]. The lattice structure is  hep so the d ispersion  re la 
tion con sists  o f two branches, an acoustic and an optical one.

A ll the inelastic neutron scattering m easurem ents on the rare  earth 
m etals w ere perform ed  with tr ip le -a x is  sp ectrom eters . The scattering 
c r o s s -s e c t io n s  fo r  one-m agnon creation  have the form

dfidE2 - ~ УdE L (1 + e 2 )5 (к - r - q ) 6  (E -  e(q) ) (4)

fo r  the ferrom agnetic structure and

d M E
— ~ y
dE (1+ e " ) f i ( q ) 6 ( i c - T - q - Q )  + f 2(q)6 ( к - т - q  + Q)

+  4  (1  -  e g  ) f 3 (q  ) 6 ( к  -  T -  q  ) I  5 (E  -  e  (q  )) (5)
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for  the cone structure and the sp ira l structure with w avevector Q [19].
H ere em and eQ are the com ponents o f the unit scattering v ector  in the 
d irection  o f the m agnetization and sp ira l w avevector respective ly .

F rom  (5) it is  seen that the sp iral and cone structures give r ise  to 
three peaks in a constant-E  scan, separated by an interval Q. If a m ulti
domain sam ple is  used, two sets of three neutron peaks w ill be seen in the 
case  of the cone structure because the d ispersion  curve is non -sym m etric . 
The peaks have different weight factors f* (q), f 2 (q) and f 3 (q). F or the 
sp ira l structure f j  = f2 = f^1. F or the m easurem ents o f the sp ira l d is 
p ersion  relation (F ig. 6) a scan with к along Q was used so  that the centre 
peak was elim inated and the resolution  o f the rem aining two was p ossib le . 
In the case  o f a cone with sm all cone angle (as E r) f;i(q) is very  much 
la rg e r  than f2(q) and f3 (q) so in a m ulti-dom ain sam ple only two of the 
s ix  m odes are observab le , but the splitting in energy between these two 
is sm all and difficult to reso lve  in the case o f E r [15].

The fact that m ost o f the rare  earth m etals have a m arkedly non- 
sph erica l 4f charge distribution gives r is e  to an an isotrop ic crysta l field  
which acts on the lo ca lized  m om ents. This fie ld  is large in the rare 
earth m etals and has to be included in the Hamiltonian, which may then 
be written

i> j  '

b j „  -| g + (Jxi "iJyi ) (6 )

where J ( Ri - Rj )  represents the indirect exchange interaction between ions 
at %. and , and В and G are single-ion anisotropy param eters describ ing 
the tw o-fo ld  and s ix -fo ld  anisotropy respective ly .

The n on -spherica l distribution o f the 4f e lectrons a lso  introduces an 
anisotropy in the exchange interaction. This anisotropy is , how ever, not 
expected to be large [20] and should not have much influence on the magnon 
energies [21]. A nisotropy in the exchange should m anifest itse lf by rem ov 
ing the degeneracies in the magnon spectrum  over the hexagonal face of 
the zone and along the line KH [22]. The fact that such degeneracies are 
observed  in the experim ental magnon d ispersion  relations indicates that 
any anisotropy o f the exchange is  sm all so far as effects on the magnons 
are concerned.

The d ispersion  relations fo r  magnons propagating in the c -d irection  
can be regarded  as a single acoustic branch extending tw ice as far as 
the first B rillouin  zone if the points o f the optical branch are shifted from  
q to (2 îr /c )-q . If this is done, the d ispersion  relation fo r  this d irection  
is particu larly  sim ple. An approxim ate diagonalization o f the Hamiltonian 
then gives

e ( q ) = J (J (0 )-J (q ))2+2(B + 21GJ4)(J (0 )-J (q ))+72G J4 (B + 3GJ4)
-li

(7)

in the ferrom agnetic phase [21, 23]
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in the sp ira l phase [24], and

e(q) = i Jcos0 J (Q + q ) -J (Q -  q) + j (
k.

J (Q )-i(J (Q + q ) + J ( Q- q ) )

X J (Q )- ic o s 2 0 (J (Q +q) + J (Q - q )) -s in 20 (J (q )-2 B ) (9)

fo r  the cone structure [25] with cone angle 0. 
exp ression  may be approxim ated by [15]

F or sm all cone angle this

e ( q ' )  = J J (0 ) -J (q ')+  В cos  0 (1 0 )

which is  the exp ression  that was used to analyse the E r resu lts . In Eq. (10) 
q ' = Q - q  is defined with resp ect to the laboratory  co -ord in ate  system .
Later resu lts [26] on E r with im proved  resolution  indicate, how ever, that 
the anisotropy is so large that the approxim ations leading to Eq. (10) may 
not be rea lly  valid.

It has been assum ed in Eqs (8) and (9) that the s ix -fo ld  anisotropy is 
negligible in the sp ira l and cone phases.

F or other d irections in the cry sta l the expression s fo r  the d ispersion  
relations are m ore com plicated  and contain two F ou rier  transform ed 
exchange param eters

J(q)
■ I

J(R ¡)e iq-Rj
( 1 1 )

J '(q ) =^T J (R j)e iq' R'j (12)

Ri
w here unprim ed v ectors  lie  between ions in the sam e su b-la ttice  and prim ed 
v ecto rs  between ions in different su b -la ttices  [14, 21].

F rom  expression s (7), (8) and (9) it is possib le  to obtain the F ourier 
transform ed  exchange param eters J (0 )-J (q ) from  the m easured d ispersion  
relation , if  the anisotropy constants are known. F rom  the q dependence of 
the neutron group intensities [21] in Tb-10%  Ho at 110°K a value o f В was 
deduced which is about 70% o f that found from  torque m easurem ents for  
pure Tb [27]. On the other hand, the value o f G deduced from  the energy 
gap at q = 0 is about a factor o f six  grea ter  than that found by analysis of 
the m agnetostriction  data [27]. In interpreting the resu lts fo r  Tb and 
Tb-10%  Ho, the anisotropy constants derived from  the neutron m easu re
ments [21] at 110°K have been used, but sca led  with tem perature accord ing  
to the m a croscop ic  m easurem ents [27]. Fortunately, the values o f J(q) 
deduced from  the magnon d ispersion  relations are rather insensitive to 
variations in the anisotropy constants. In the case  o f E r the energy gap for 
q ' = 0 g ives the tw o-fo ld  anisotropy. It was found to be much la rg er  than 
that derived from  susceptib ility  m easurem ents, suggesting that h igher- 
o rd er  term s in the axial anisotropy are requ ired . The presen ce  o f such 
term s are a lso  n ecessary  to stabilize the cone structure [25].
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FIG.8. Temperature dependence o f the energy gap for 3 = 0 in Tb-lO 1?» Ho compared with the predictions 
o f  three different models (after Ref. [28 ]).

Since the energy gap at q = 0 depends only on the anisotropy constants, 
their tem perature dependence can be studied by m easuring the energy gap 
as a function o f tem perature. The resu lts of such m easurem ents [28] are 
shown in F ig. 8 com pared  with the predictions in three different m odels [25]. 
The solid  line gives the energy gap resulting from  sin g le -ion  crysta l field  
anisotropy o f the form  assum ed in the Hamiltonian o f Eq. (6), whereas the 
other two cu rves take into account anisotropy resulting from  
m agnetostriction .

The F ourier transform ed exchange param eters J(0) -J (q ) found from  
the experim ental m easurem ents (Figs 5 and 7) using Eqs (7) and (8) are 
shown in F ig. 9 fo r  Tb in the ferrom agnetic phase (90°K) and in F ig . 10 
fo r  Tb-10%  Ho in the ferrom agnetic phase (110°K) and in the sp ira l phase 
(200°K).

F rom  Eq. (11) we get fo r  the c -d ire ction
OO

J (0 )-J c (q) = 2 ^  J ¿ ( l -c o s | m c q )  (13)
m = 1

сwhere Jm are the interplanar exchange param eters, between planes o f 
atom s perpendicu lar to the с -a x is . F or other sym m etry d irections the 
F ou rier  transform ed exchange param eters can be exp ressed  in term s 
o f interplanar exchange param eters fo r  the sam e sub-lattice  and between 
the two su b -la ttices  [14].

The interplanar exchange param eters obtained from  Eq. (13) and the 
s im ila r  expression s fo r  other sym m etry d irections are given in Table I 
fo r  Tb at 90°K, Tb-10%  Ho at 200°K and E r at 4.2°K. The num ber o f 
interplanar exchange param eters determ ined is the minimum n ecessary  
to fit the data within the experim ental accu racy .

It is seen that the exchange interaction is long range (reaches at 
least 5 planes away) and oscilla tory  (som e interplanar exchange constants 
are negative), as expected from  an indirect exchange interaction . The 
o sc illa to ry  long-range nature o f the interaction  is  a lso  seen  from  
'in terlin ea r1 exchange param eters [18 ,29] and 'in teratom ic ' exchange 
param eters [ 18, 30] calculated from  the experim ental m easurem ents on 
Tb at 90°K.
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FIG.9. Fourier transformed exchange parameters for Tb at 90eK. The points are derived from Fig. 5 using 
Eq. (7) and similar equations for the a- and b-directions. The solid curve represents a weighted least- 
squares fit o f  Eq. (13) and similar equations for the a- and b-directions to the points. The resulting 
interplanar exchange parameters are given in Table I (after Ref. [17]).

FIG.10. Fourier transformed exchange parameters for Tb-10% Ho deduced from F ig .7 using Eqs (7) and (8). 
The resulting interplanar exchange parameters are given in Table I (after Ref. [17 ]).

In the absence o f s ix -fo ld  anisotropy the sp ira l (and cone) can be 
shown to be stable with w avevector Q if J(q) has an absolute maximum 
fo r  q = 5  [24]. The s ix -fo ld  anisotropy w ill, o f  cou rse , tend to prevent 
the form ation of a sp ira l structure by keeping the spins in the p re ferred  
d irection s. It is seen that such a maximum o f J(q) exists fo r  Tb-10% H o 
in the sp ira l phase at the right q value, whereas it is absent in all 
m easurem ents in the ferrom agnetic phase of Tb and Tb-10%  Ho. The
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TABLE I. INTERPLANAR EXCHANGE PARAMETERS 
All are given in m eV  except the J' for  the b -d irection , which 
are in (m eV )2.

a-direction

Tb 90 °K [14] 

b-direction с -direction

T b-10 °j0 Ho 
200°K

c-direction

Er [15]
4. 2°K

c-direction

J, 0.200 0.240 0. 305 0.212 0. 086

h 0.120 0. 040 0. 075 0. 017 -0. 036

h 0. 045 0.010 0. 005 0. 003 0. 018

h 0. 020 0.005 -0. 035 -0. 043 -0. 014

h
0. 005 0. 004

j ; 0.195 0.050

Ц
-0 .005 0.050

y , 0. 050 0. 010

j; 0.015 0. 010

Ц
0.010

strong change in J(q) at the transition  from  the ferrom agnetic structure 
to the sp ira l structure is believed  to be a result of the transition rather 
than the driving m echanism  fo r  the transition  [25].

In the indirect exchange interaction J(q) is d irectly  related to the 
conduction e lectron  energy band structure and is given by an expression  
o f the form  [31]

т/^\ - V  Tnr’ (k, k + q) [f (e n (k ))-f(en- (k + q))]
J(4> ~ L  S e n. ( l ? + q ) - e n(E) (14'

n. n', к

in the periodic_zone schem e. Here e_g(k) is the energy o f a B loch state 
o f w avevector к in band n, I nn. (k, k + q) is a slow ly varying function and 
f(e) is the F erm i-D ira c  distribution.

The peaks in J(q) in the sp ira l phase at position q = Q and q = T - Q, 
where т is the (001) re c ip ro ca l lattice vector , probably re flect the 
contribution o f a large number o f sm all energy denom inators in ex 
p ression  (14) for J(q) at q values corresponding to the separation between 
flat regions o f the F erm i surface [32-34]. The form er o f these peaks is 
respon sib le  for the stability of the sp ira l structure. The abrupt flattening 
o f those peaks at the ferrom agnetic transition  is ascribed  to the splitting 
o f the different spin bands by the ferrom agnetic exchange interaction [17].
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FIG.11. Temperature dependence o f  magnon energies in the c-direction in the ferromagnetic phase o f  Tb 
(after Ref. [17 ]),

(a) (b)
FIG. 12. (a) Temperature dependence o f  the Fourier transformed exchange parameters in the c-direction
in the ferromagnetic phase o f Tb. (b) J(O) - l ( $  divided by the ordered moment in the ferromagnetic phase 
o f  Tb (after Ref. [17 ]).

The magnon energies in the c -d ire c t io n  in Tb have been studied as a 
function o f tem perature [17]. The results are shown in F ig. 11 for five 
tem peratures in the ferrom agnetic phase o f Tb. The magnon energies 
are seen to d ecrease  with increasing tem perature due to m agnon-magnon 
interaction . It is useful to distinguish between those interactions originating 
in the exchange term s and those from  the crysta l fie ld  term s in the H am il
tonian, re ferrin g  to the correspond ing effects as exchange renorm alization  
and crysta l fie ld  renorm alization , resp ective ly . It can be shown [35] that 
the effect of crysta l fie ld  renorm alization  on the magnon energy is to in tro
duce a  tem perature dependence of the crysta l fie ld  anisotropy param eters 
s im ila r  to that observed  in m a croscop ic  m easurem ents [27]. The effect 
o f exchange renorm alization  can therefore  be found by com paring the 
F ourier transform ed exchange param eters obtained from  the experim ental 
d ispersion  relation , using the appropriate anisotropy constants. The 
resu lts of such an analysis are shown in F ig. 12, and it may be seen that
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the exchange fo rce s  at higher tem peratures sca le  generally  as the ordered  
m om ent, in a ccord  with the random phase approxim ation [36], although 
the detailed dependence on q a lso  changes somewhat. F rom  Eq. (14), it is 
c lea r  that the tem perature affects J(q) both through the change in energy 
o f the conduction e lectrón  states consequent on magnetization changes, and 
a lso  through the tem perature dependence o f the F erm i functions. It seem s 
likely  that the form er effect is responsib le  for the ov era ll changes o f J(q) 
with tem perature, while the latter produces the sharpening with increasing 
tem perature o f the Kohn-type kink in the d ispersion  curves at large q.

The magnon lifetim es in the ferrom agnetic phase o f Tb-10%  Ho have 
been studied [16] by m easuring the neutron group widths. The widths for 
the a lloy, shown in F ig. 13, are within the experim ental e r r o r  the same 
as those fo r  pure Tb, where the latter have been m easured at sm all and 
large  q. Since these widths are furtherm ore not observably  tem perature 
dependent, the prin cipa l m echanism  lim iting the magnon lifetim e is 
probably absorption by the conduction e lectrons [37]. This p ro ce ss  in
vo lves  a spin flip  by the electron , and the absorption may th erefore  de
cre a se  rapidly at cr it ica l w avevectors determ ined by the separation o f 
the F erm i surfaces of different spins. F or the fre e -e le c tro n  m odel, the 
width w ell above the cr it ica l q is given by [37]

A e(q) = c e (q ) /q  (15)
O -i

where с is a constant. This function, fitted at q = 0.72 A is shown in° 1F ig. 13. The widths fa ll rather abruptly at about q= 0.35 A '1 and this may

FIG. 13. Natural width o f  magnons propagating in the c-direction o f  ТЬ-Ю'Уо Ho at 110е K. The experimental 
resolution, which is always smaller than the natural width, has been extracted from the measurements 
(after Ref. [17]).
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FIG.14. Neutron groups and excitation energies in the c-direction o f  Tb-10 °jo  Ho at 110e K. Tlie scan used 
for these measurements was such that transverse phonons were not observed (after Ref. [17]).

re fle c t  the exchange splitting of the F erm i su rface . The residual broaden 
ing at low  q is  probably due to Umklapp p ro ce sse s  [38].

A m agnon-phonon interaction  has been observed  in Tb-10%  Ho [16], 
as shown in F ig. 14. At the cross in g  o f the magnon and transverse-phonon  
d ispersion  cu rves, there is a strong interaction leading to the creation  o f 
m ixed magnon-phonon m odes. The splitting at the cross in g  point o f the 
unperturbed d ispersion  cu rves is 1.7 m eV, which is approxim ately the same 
magnitude as has been observed  in a magnetic insulator [39]. The magnon- 
phonon interaction is much w eaker in pure Tb, and no coupling has been 
observed  in the a lloy between magnons and tran sverse  phonons propagating 
in the а -d ire ction , fo r  which the cross in g  o ccu rs  at much higher energy.

An anom aly has also been observed  in the magnon d ispersion  relation 
in the а-d irection  o f the Tb-10%  Ho alloy [16] with the ch aracteristic  form  
associa ted  with a resonant m ode and it has been ascribed  to a resonant- 
magnon mode arisin g  because the Ho m om ents, due to the sm aller  spin 
o f Ho, are coupled com paratively  weakly to the Tb host m om ents.

4. IRON GROUP METALS

Since the magnon energies in the iron  group m etals are much higher 
than those in the ra re -ea rth  m etals it has only been possib le  to m easure 
the magnon d ispersion  relation fo r  rather sm all w avevectors, due to the 
intensity prob lem s m entioned in section  2. F igures 15, 16, 17, and 18 
show the resu lts of-such  m easurem ents on Fe [40], F e-4%  Si [10 ,40 ],
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FIG.15. Experimental magnon dispersion relation in Fe at 295° K, measured with a triple-axis spectrometer. 
The broken line corresponds to the Heisenberg model with D = 281 meV A2 (after Ref. [40]).

FIG.16. Experimental magnon dispersion relation in Fe-4% Si at 295eK, measured with a triple-axis 
spectrometer and with the diffraction method with polarized neutrons. The solid line corresponds to the 
(110) data o f pure Fe (after Refs [40] and [10]).

hex Co [40, 41] and fee Co [6]. P relim inary  m easurem ents on C r-M n by the 
diffraction  method have a lso  been reported  [42]. The m easurem ents on 
F e-4%  Si w ere p erform ed  because this crysta l is ea sier  to obtain than
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FIG.17. Experimental magnon dispersion relation in hep Co at 295°K, measured with a triple-axis 
spectrometer and with the diffraction method with polarized neutrons (after Refs. [40] and [41 ]).

°Ph
2 7Г

FIG. 18. Experimental magnon dispersion relation in fee Co at 295°K, measured by a triple-axis 
spectrometer (after Ref. [6 ]).

pure Fe and it was assum ed that the 4% Si did not affect the magnon d is 
persion  relation . Surprisingly, this is not the case , as seen from  F ig. 16. 
No effects which show unam biguously that the m agnetic e lectrons have 
an itinerant ch aracter have been observed  in these magnon d ispersion  
relations, probably because o f the lim ited range o f magnon energies
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studied. The m erging o f the magnon branch into the s in g le -p artic le  e x c i
tations (see F ig. 2) has not been detected, and Kohn anom alies in the ex 
change due to the abrupt change in the e lectron  distribution at the F erm i 
surface have not been unambiguously observed  [43]. On the other hand, 
the ro le  of the conduction electrons in the exchange is m anifested in som e 
instance by its long-range and tem perature dependence.

The m easurem ents have been analysed using the phenom enological 
H eisenberg exchange Hamiltonian (1), which fo r  a B ravais lattice with 
negligib le m agnetic anisotropy gives the follow ing magnon d ispersion  
relation

F or sm all q a quadratic d ispersion  relation is th erefore  expected, 
and the deviations at la rger q from 'the quadratic d ispersion  relation are 
seen to depend on the range o f the exchange interaction. Equation (21) 
shows that /3 is la rg er  fo r  a longer range interaction.

Table I shows the resu lts o f the analysis in term s o f D and j3 o f the 
d ispersion  relations in Figs 15, 16, 17, and 18 and the resu lts o f other 
m easurem ents.

(16)

where

(17)

is  the F ourier transform ed  exchange param eter. 
A se r ie s  expansion fo r  sm all q gives

(18)

= Dq2 (l-|3q2 4 . . . ) (19)

where the exchange stiffness param eter D is

(2 0 )

and

(21)
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The values o f /3 fo r  F e, F e-4%  Si, hex Co and fee Co definitely indicate 
lon g-ran ge exchange in teractions, in agreem ent with predictions from  the 
itinerant m odel [47]. T hese observations are in m arked contrast to the 
resu lts fo r  m agnetic insulators [9 ,4 8 ], which follow  quite c lo se ly  the 
p red icted  behaviour fo r  nearest neighbour interactions only. On the other 
hand, it is perhaps surprising  that the results fo r  Ni do not show deviations 
from  a quadratic d ispersion  relation  fo r  sm all q.

The tem perature dependence o f magnon energies in Fe and Ni have 
been studied over  a wide range o f tem perature using a tr ip le -a x is  sp e ctro 
m eter [40], and sm all-angle  scattering [12]. The tem perature dependence 
o f  the stiffness constant derived  from  these m easurem ents is  shown in 
F ig . 19. An exp ression  o f the magnon energy in pow ers o f T gives leading 
term s in both T 2 and T 5̂ 2 for m etals [49]

D = D0 -  D j T 2 -  D 2T 5/2 (22)

The T 2 term  resu lts from  m agnon-electron  interaction and the T 5̂ 2 term  
from  m agnon-m agnon in teractions. The itinerant m odel should lead to a 
rather large  T 2 term  [49, 50], while it should be negligible in the lo ca lized  
m odel. The resu lts o f F ig. 19 w ere analysed in both m odels for  T <  0.4 Tc 
[12]. Although the data can be d escribed  by a T 5/ 2 law, the value thus 
obtained fo r  D2 /Do is  at least an ord er  o f magnitude la rg er  than expected  [47] 
fo r  sh ort-ran ge fo r ce s , as found from  m easurem ents o f the d ispersion  
relation  (see above). The lo ca lized  m odel th erefore  fa ils to give a consistent 
account o f these two experim ents. The itinerant m odel with both T 2 and 
T 5/ 2 term s g ives , how ever, a good fit to the data with a reasonable value 
o f D a /D 0[50].

Vtc

FIG.19. Temperature dependence o f the stiffness constant D for Fe and Ni obtained from small-angle 
scattering (circles) and triple-axis spectrometer measurements (squares) (after Refs. [12] and [40]).

T here is good agreem ent between the tr ip le -a x is  spectrom eter data 
and the sm all-angle  scattering data in F ig. 19, except fo r  tem peratures 
c lo se  to the transition tem perature where the tr ip le -a x is  resu lts show a 
value o f D tending to zero  at Tc , whereas the sm all-angle  scattering results 
seem  to give a finite value o f D at T c . Further, in the sm all-angle  sca t
tering experim ent significant scattering of spin-w ave character was ob -
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TABLE II. THE DISPERSION CONSTANTS D AND j3 OF IRON GROUP 
M ETALS AT 295°K
The stiffness constant D is given in units o f m eV  • A 2 and j3 in A2 .

Small-angle
scattering

Diffraction
method

Triple-axis 
spectrometry

D 6 D 6 D 6

Fe 256 ± 8 [43] 281 ± 10 1. 0 [40]

Fe (4«7o Si) 286 [10] 266 ± 15 3 .2  [10] 270 2 [40]

fee Co (8% Fe) 275 ± 16 

384 ± 20

[44] 

3 .1  [43]

371 [6]

hep Co 490 ± 20 3 .3  [41] 510 1. 8 [40]

Ni 403 ± 7 [43] 340 ± 45 

310 ± 40 

374 ± 20

[45]

[46] 

0 [43]

served  at tem peratures above the Curie point (in Fe up to T c + 20°K and 
in Ni up to T c + 2°K), w hereas no magnons w ere observed  above the Curie 
tem perature in the tr ip le -a x is  spectrom eter m easurem ents. The magnetic 
excitations near the Curie point in Ni are d iscussed  in a paper presented 
at this Sym posium  [51].

Only a few resu lts on line widths have been reported , showing a strong 
tem perature dependence o f the magnon lifetim es in Ni [7, 12] and Fe [12 ,40], 
but no detailed investigations have been perform ed . The results in Fig. 20, 
obtained from  sm all-angle  scattering m easurem ents [12], w ere com pared 
with th eoretica l calculations [52] o f the lifetim e due to magnon-m agnon 
interactions in a nearest neighbour H eisenberg ferrom agnet o f s p in f . In 
Ni the observed  lifetim e was very  much shorter than the calculated, 
w hereas the resu lts for  Fe agreed surprisingly  w ell. How ever, this 
m odel is not expected to be adequate fo r  m etals where the m agnon-conduction 
e lectron  interaction should be large.

Magnon interactions a lso  influence the neutron scattering c ro s s -s e c t io n  
by introducing an additional tem perature dependence, which may be 
d escribed  in term s o f a tem perature dependence o f the e ffective  spin Sefj . 
Due to the kinematic magnon interactions Seff is expected to vary as the 
m ean spin <\SZX  fo r  long wavelength spin waves in a H eisenberg fe r r o 
magnet [53]. R esults on Ni and Fe [12] show this additional strong tem pera 
ture dependence o f the scattering c ro s s -s e c t io n . In the case o f Fe, the 
c r o s s -s e c t io n  tends to decrease faster than <̂ SZ)>, whereas the result for Ni 
appears to be in better agreem ent with<(Sz >̂. A 'd ecrea se  of the scattering 
c r o s s -s e c t io n  due to kinematic magnon interactions has a lso  been observed  
in Tb.
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FIG. 20. The contribution A0Q o f the magnon lifetim e to the width o f the cu t-o ff edge o f  the measured 
angular distributions in Fe and №. Approximate average values o f  the inverse magnon lifetim e derived 
from these values o f  Д0О are indicated by the scale on the right-hand ordinate (after Ref. [12] ).

In an attempt to distinguish between the lo ca lized  m odel and the 
itinerant m odel, the variation  o f the stiffness constant D with alloy 
concentration has been m easured fo r  iron group alloys [11, 54, 55]. The 
resu lts show that, sin ce the sim ple loca lized  m odel with nearest neighbour 
interaction cannot explain the resu lts fo r  F e -C r , F e-G a and F e -A l system s, 
it is n ecessary  to take account o f band effects . The fact that previous 
m easurem ent on F e-N i could be explained in term s o f the lo ca lized  m odel 
is probably fortuitous [54].

5. CONCLUSIONS

Inelastic scattering o f neutrons is the m ost pow erful method at present 
available fo r  studying magnon energies and lifetim es in so lid s , and it has 
already been extensively  applied in elucidating the m agnetic interactions in 
m etals. It is  c lea r , how ever, that such studies are in an early  stage of 
developm ent and that many problem s rem ain to be solved.

The re la tive ly  low magnon energies found in the rare  earth m etals 
have allow ed the determ ination o f the magnon d ispersion  relation through
out the entire zone in Tb, with a correspondingly  detailed experim ental 
knowledge of the indirect exchange interaction . This w ork should c lea r ly  
be extended to a w ider range o f m ateria ls, m agnetic phases and tem pera
tu res. The application o f a m agnetic fie ld  in such experim ents, although 
experim entally  inconvenient, would give further useful inform ation on the 
exchange and anisotropy fo r c e s . A m ore detailed study o f the magnon 
en erg ies  and lifetim es as a function o f tem perature would provide further 
inform ation on the relation  between the conduction e lectron s and the m ag
netic in teractions. In particu lar, a study o f the magnon lifetim e in the 
ferrom agnetic phase should show the effect o f the ordering on the exchange 
splitting o f the energy bands. F rom  the conduction e lectron  energy bands, 
it should be possib le  to calcu late both the exchange coupling between the 
m agnetic ions and the damping o f the magnons through absorption  by the 
conduction e lectron s . F re e -e le c tro n  calculations have proved  to give a 
very  bad fit to the data. The prelim in ary  studies o f the interaction of 
magnons with phonons and im purities should be extended. It should also 
be p oss ib le  to make detailed m easurem ents on other ra re -ea rth  m etals.
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P relim in ary  m easurem ents have already been made on Ho. Probably 
the m axim a in J(q) are m ore pronounced in Ho, since it form s a period ic 
structure over the whole tem perature range o f ordering . M easurem ents 
on Gd and G d-Y  alloys would perm it studies o f the exchange interaction 
in ferrom agnetic and sp ira l structures, without having large anisotropy 
e ffects  present [25].

The m ajor prob lem  in the study o f magnon in the iron  group m etals 
lie s  in the extension o f the m easurem ents to higher en erg ies , so that the 
exchange fo rce s  may be studied in m ore detail and ch a racteristic  effects 
associa ted  with the itinerant nature o f the m agnetic e lectrons observed . 
Such an extension o f the m easurem ents involves form idable experim ental 
p rob lem s, but should provide essentia l evidence on the nature o f the in ter
actions which produce magnetic ordering in these m etals.
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D I S C U S S I O N

Yu. M. KAGAN: What is  the reason  fo r  such a strong tem perature 
dependence o f the F ou rier  com ponent o f the exchange integral in the case  
o f ra re -ea rth  m etals?

H. BJERRUM M 0L LE R : The strongest effect on the tem perature 
dependence o f the spin-w ave energies a ccru es  from  the fact that the 
z-com ponent o f the m agnetic mom ent d ecrea ses  as m ore and m ore spin 
w aves are excited, so that S¡ • Sj in the Hamiltonian d ecrea ses . In our 
analysis this effect has been included in the tem perature dependence 
o f the F ou rier-tra n sform ed  exchange param eter.

Yu. M. KAGAN: I should like to know why you believe that magnon- 
magnon interaction is  much le s s  than m agnon-electron  interaction.

H. BJERRUM M 0L LE R : We believe that m agnon-electron  interaction 
is  the im portant p rocess  in lim iting the lifetim e o f the magnons because 
o f the tem perature and wavelength dependence o f the line width, which
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is different from  what ought to be observed  fo r  the other possib le  
interactions.

R .A . COW LEY: Have you any idea o f the m icro sco p ic  orig in  o f the 
magnon-phonon interaction  in terbium ?

H, BJERRUM M 0L LE R : We are at the mom ent doing further m easu re
m ents on the m agnon-phonon interaction and it is  perhaps too early  to 
d iscu ss  its orig in  now. H ow ever, at present we believe that the m agnon- 
phonon coupling is  due to the modulation o f the exchange param eter in a 
phonon m otion. It m ay be enhanced by a m agnon-resonant mode observed  
at 4 m eV  in the Tb-10%  Ho sam ple, which would explain the large d ifference 
between Tb and Tb-10%  Ho.

B. N. BROCKHOUSE: If my m em ory o f the literature serves  me 
co r re c t ly , I do not think that thére is  much evidence fo r  (or against) a 
la rge  value fo r  the quartic constant j3 in the d ispersion  cu rves fo r  the 
spin waves in 3d m etals.

J . ALS-NIELSEN: The param eter |3 giving inform ation on the range 
o f interactions in the 3d m etals can a lso  be determ ined by the q dependence 
o f  c r it ica l scattering. In contrast with the sm all value o f /3 given in Table 
II o f the paper fo r  Ni, the c r it ica l scattering data indicate a higher value 
o f /3 fo r  Ni than fo r  Fe and Co. This shows that there are experim ental 
in con sisten cies  in the values o f /3 fo r  Ni.

R .I . SHARP: I am interested  to know why the tem perature dependence 
o f the Kohn effect is  much m ore prom inent in terbium  than in non-m agnetic 
m eta ls. Is it because the exchange integral J(q) appears d irect ly  in the 
exp ression  fo r  the magnon energy, o r  because Inn1 is  esp ecia lly  large fo r  
terbium  or  fo r  som e other reason?

H, BJERRUM M 0L LE R : The tem perature dependence o f the Kohn 
effect in Tb is , we b elieve , entirely  explained by the tem perature depen
dence o f the F erm i function and o f the magnon en erg ies.

A .R . MACKINTOSH: The essentia l d ifferen ce  is  that in this case 
the F erm i surface itse lf is  changing with tem perature, w hereas in the 
ca se  o f the phonon Kohn anom aly this is  not so.

H, M AIER-LEIBN ITZ: What do you think would be the chances (and also 
the im portance) o f m easuring the single-particle excitations shown in 
F ig . 2(b) o f your paper?

H. BJERRUM M 0L L E R : Unfortunately, I don't know the size  o f the 
band splitting. However, I think that the m erging o f the spin waves into the 
sin g le-particle  excitations takes place at som e magnon w avevector. The 
reason  why it has not been observed  is  probably the restriction  o f the 
m easurem ents to rather low values o f q and E. It would be interesting 
to observe  the m erging o f the spin waves into the s in g le -p artic le  excitations, 
and this would represent the firs t experim ent to show unam biguously that 
the m agnetic e lectrons have an itinerant character.

W. L. WHITTEMORE: M r. B jerrum  Mtfller noted that som e interesting 
m etals have large absorption c r o s s -s e c t io n s , and this leads to very  difficu lt 
o r  im possib le  experim ental situations. The new, h igh -e ffic ien cy  chopping 
system s to be d iscu ssed  at the Special Session concluding the Symposium 
may render such m easurem ents much ea s ie r . This, o f cou rse , presupposes 
that tim e -o f-flig h t techniques can be used fo r  determ ining the d ispersion  
cu rves . In this regard  it m ay be interesting to note that B rugger and 
co -w o rk e rs  at Idaho have dem onstrated the feasib ility  o f using the tim e- 
o f-fligh t technique fo r  d ispersion  curve m easurem ents.
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H. BJERRUM M 0L LE R : The advantage of the tr ip le -a x is  spectrom eter 
method is  that m easurem ents can be restricted  to a chosen d irection  in 
the cry sta l. This is  im portant in m easurem ents on the ra re -ea rth  
m etals, where the d ispersion  relation  is  not iso trop ic  and we are interested 
in knowing the detailed shape o f the d ispersion  relation  fo r  sp ec ific  
d irection s . With a t im e -o f-flig h t instrum ent one would have to se lect the 
data which correspon d  to these sp ecific  d irection s in the cry sta ls , and 
many item s of data would be w asted. I very  much doubt, th ere fore , whether 
the t im e -o f-flig h t method can com pete with the tr ip le -a x is  spectrom eter 
fo r  such m easurem ents.

B .N . BROCKHOUSE: O bservation o f the d ispersion  cu rves fo r  the 
lattice vibrations in the fee ferrom agnetic 3d m etals (Ni, Fe and som e 
a lloys) shows that these cu rves are rather sm ooth, with no obvious Kohn 
an om alies. On the other hand, the 3d e lectron  bands are fa ir ly  flat, 
with consequent very  high d en s ity -o f-s ta tes . Do not these two facts 
together suggest that perhaps the itinerant electron  m odel is  not very  good 
after a ll, and that low -ly in g  s ingle-particle  excitations may not be 
observable?

A . R .  MACKINTOSH: I think that the strongest evidence that 3d 
transition  m etal e lectrons are itinerant com es from  F erm i surface 
m easurem ents, the H aas-van Alphen effect, and so on. The Haas-van 
Alphen effect shows very  c lea r ly  that in F e, and m ore esp ecia lly  in Ni, the 
3d e lectron s are , in som e sense, itinerant.

A s regards the Kohn effect, the im portant feature is  not that the 
d en s ity -o f-s ta tes  is  high but that the relevant p ieces  of F erm i surface 
connected by q are flat. We are far from  absolutely certain  what the 
F erm i surface looks like in iron , but p ictures have been drawn and these 
p ictures do not have the great flat regions found in the rare  earths, or 
in chrom iun fo r  exam ple.

To my mind there can thus be little doubt that the 3d e lectrons are 
itinerant in som e way o r  other, and th erefore  that s in g le -p a rtic le  e x c i
tations must exist.
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Abstract

MAGNON ENERGIES AND EXCHANGE INTERACTIONS IN TERBIUM. The magnon density o f states, 
and hence the magnetic contribution to the specific heat, together with the exchange interaction between 
ions in the same sub-lattice have been calculated for Tb at 90°K, using experimental results obtained by 
inelastic neutron scattering.

The magnon d ispersion  relations fo r  Tb at 90°K along all sym m etry 
lines in the B rillouin  zone have recently  been published [1, 2]. In this 
paper an interpolation method fo r  determ ining the magnon energies 
throughout the zone from  these m easurem ents is  presented. This in turn 
is  used to calculate the magnon density o f states, and hence the m agnetic 
contribution to the heat capacity, and also the exchange interaction  between 
ions in the sam e hexagonal su b -la ttice .

It was shown in Ref. [1] that the magnon d ispersion  relations can 
be accounted fo r  by a Hamiltonian of the form

H = ^  J(R¡ - RjJSi • 

i<i

£  { в  Ŝ j - \  G [ (Sx]- + i Syj)6 + (SXj - i Syj)6] j (1)+
J

where J(R¡ - Rj) is  the exchange interaction  between ions at R t and Rj 
and В and G d escribe  the tw o-fo ld  and s ix -fo ld  an isotropies respective ly . 
We have used S to denote the total angular momentum operator. In 
diagonalizing Eq. (1) [3, 4 ] it is  convenient to con sider the hep lattice 
o f Tb as two inter-penetrating hexagonal Bravais la ttices and to introduce 
two F ou rier  transform ed exchange param eters

J(q) = £  J (Rj) e ^ j  

Ri .

J ' (q )  = £  J(RjO е ‘ я*г

(2)
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w here the sums in Eqs (2) are over all v ectors  from  one atom to other 
atom s in the sam e_sub-lattice (R^) and over all v ectors  to atoms in the 
other sub-lattice  (R j.), respective ly .

A nalysis o f the magnon d ispersion  relations [2] shows that the 
in d irect exchange interaction  in Tb is  o f very  long range, and the 
m easurem ents along sym m etry lines are not therefore  adequate by 
them selves to determ ine the interatom ic exchange param eters.
Consequently, a fitting procedure using such param eters does not provide 
a satisfactory  method of obtaining magnon energies throughout the zone 
and an analytical interpolation schem e was th erefore developed. The 
fundamental princip le  of this method is  that, because o f the sym m etry of 
the re c ip ro ca l lattice, constant energy su rfaces must meet the fa ces of 
the irredu cib le  B rillouin  zone norm ally. F urtherm ore, the constant 
energy contours on planes within the zone are continuous and analytical, 
and they may th erefore be approxim ated by sim ple analytical expression s. 
The m easurem ents and the sym m etry of the zone are sufficient to determ ine 
four param eters in such an analytical expression , and a constant energy 
contour is  th erefore represented  by a th ird -ord er  polynom ial or an 
e llip se .

A com puter program m e was written which uses as input selected  
points from  the d ispersion  relations along sym m etry lin es. F rom  this, 
analytical expressions fo r  the constant energy contours are constructed 
and plotted on the fa ces o f the irredu cib le  zone. F igure 1 shows such 
com puter plots fo r  the acoustic and optical magnon energies. The contour 
lines around those c r it ica l points which are not sym m etry points are r e 
presented by e llip ses  with the cr it ica l point at one focu s. The energies 
within the zone are calculated by interpolating in the sam e way on planes 
norm al to ГА. This determ ines the energies on a re latively  coa rse  m esh 
throughout the zone, from  which values at any point may be obtained with 
satisfactory  accuracy  by linear interpolation.

To check the accu racy  o f this method, the energies o f acoustic 
magnons w ere m easured at the centre o f the ГМ К plane and at a general 
point in the centre of the irredu cib le  zone. The resu lts w ere 9. 65 ± 0 . 1 
and 9. 85 ± 0 . 1 m eV, respectively , which may be com pared with the values 
9. 75 ± 0. 1 and 9. 70 ± 0. 1 m eV  obtained from  the interpolation method.
The magnon energy at an arbitrary point in the zone can th erefore apparently 
be obtained from  the interpolation method with an uncertainty very  little 
greater than that of the m easurem ents. The method has the advantages 
o f great speed and sim plicity , but is , in its present form , le s s  suited to 
the calculation o f phonon energies, where degeneracies between different 
branches cause d ifficu lties [5].

The density of states g(e)  may readily be constructed from  the energy 
contours on the planes norm al to ГА, since the area between two contour 
lines o f different energy is  proportional to the number of states in the 
plane between the two energies. The density o f states fo r  magnons in 
Tb at 90°K was determ ined in this way, and the resu lt is shown in F ig. 2 
which is  a com puter plot, sm oothed in som e p laces to elim inate spurious 
structure introduced by the method [5]. A number o f Van Hove singularities
[6] may be observed  in the density of states and these can be related to 
features of the d ispersion  relations." F or  exam ple, the pronounced peak 
at about 11 m eV  has its orig in  in m axim a in the AH and HL directions, 
while the peaks at about 9 and 12 m eV can be related to extrem a in the
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F IG .l. (a) Acoustic magnon energy contour lines in the unfolded irreducible zone for Tb at 90°К. 
(b) Optical magnon energy contour lines in the unfolded irreducible zone for Tb at 90° K.
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ENERGY (m *V)

FIG.2. Smoothed computer plot o f  the magnon density o f  states for Tb at 90°K. The density o f  states is 
normalized, so that the total number o f  states is one.

ГМ  acoustic branch and Г К  optical branch, resp ective ly . The energy 
gap at Г  is  also evident.

At tem peratures su fficiently  low  that renorm alization  o f the magnon 
energ ies may be neglected, the m agnetic contribution to the sp ec ific  
heat may be written

С R Г e 2 g (e )e x p (e /k T )d e  
J  k 2T 2 (exp(e /k T  - I f

We have recen tly  made m easurem ents o f magnon energies in Tb 
at 4. 2°K and these show that, apart from  e ffects  associated  with changes 
in the m agnetic anisotropy, the d ispersion  relations do not change
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m arkedly between 4. 2 and 90°K. At 90°K the h igh -energy magnons make 
the la rgest contribution to C M and, since these magnon energies are 
m ainly determ ined by the exchange fo rce s , we can use Eq. (3) as an 
approxim ation to the m agnetic sp ec ific  heat. We find

CM (Tb)go.K = 7 .3  ± 1 .0  J /m o le  degK (calculated)

It was found in p ractice  that CM is rather insensitive to changes in 
g (e ) , and the uncertainty quoted is  th erefore  alm ost entirely  due to the 
neglect o f ren orm alization  e ffects .

The m agnetic sp ec ific  heat may be estim ated by assum ing the relation
[ 7 ]

C m (Tb) = C(Tb) - C(Lu)

w here C(Lu) is  the heat capacity fo r  Lu, which is  non-m agnetic. F rom  
the published m easurem ents [8, 9], we find the result

CM (T b )90°K= 8 .5  ± 1 .0  J /m o le  degK (experim ental)

TABLE I. INTERATOMIC EXCHANGE PARAM ETERS (EXCHANGE 
BETW EEN ATOMS IN THE SAME SU B-LATTICE) FOR Tb AT 90°K

R Number of 
neighbours

Distance from 
central atom (A)

J(R)
(meV)

(a, 0 ,0 ) 6 3.60 0.0910

(0 ,0 , c) 2 5.69 -0 .0345

(a, a, 0) 6 6.24 0.0117

(a, 0, c) 12 6.73 0.0043

(2 a ,0 ,0 ) 6 7.20 0.0105

(a, a, c) 12 8.44 0.0051

(2 a ,0 ,c ) 12 9.18 0.0017

(2a, a, 0) 12 9. 52 -0 .0003

(3 a ,0 ,0 ) 6 10.80 0.0070

(2a, a, c) 24 11.09 0.0031

(0 ,0 ,2 c ) 2 11.38 0.0010

(a, 0 ,2c) 12 11.94 -0 .0022

(2a, 2a, 0) 6 12.48 -0 .0009

(a, a, 2c) 12 12.98 -0.0032
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The m ajor uncertainty in this value is  the assum ption that the lattice and 
e lectron ic  heat capacities o f Lu and Tb are identical. A llowing fo r  the 
uncertainties in the theoretica l and experim ental values, the agreem ent 
between them is satisfactory .

Since the d ispersion  relation  fo r  an arbitrary d irection  can be deduced 
from  the interpolation method, it is  p ossib le , without further m easurem ents, 
to obtain enough inform ation fo r  a com plete and unambiguous determ ination 
o f  the interatom ic exchange param eters. Since J ' (q) is  generally  com plex, 
it is  com plicated  to calculate the exchange between atoms in different 
su b -la ttices . We have th erefore  so far only calculated the exchange 
param eters fo r  atom s in the sam e sub-lattice  but plan to com plete the 
calcu lation  of the exchange in the near future.

The details o f these calculations m ay be found in Ref. [5] and the 
resu lts are presented in Table I and F ig . 3. The interatom ic exchange 
param eters have a m arkedly o sc illa tory  ch aracter, as expected from  
the th eory  o f ind irect exchange [10]. These resu lts are rather different 
from  those of Goodings [11] who was fo rced , through lack  o f experim ental 
data, to make certain  assum ptions about the form  o f J(R). In particular, 
he found J(0, 0, c) to be sm all and positive, whereas in this calcu lation  it 
is  rather .large and negative.

R (A)

FIG.3. Interatomic exchange parameters (interaction between atoms in the same sub-lattice) for Tb at 
90е К obtained from the interpolation method.
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Abstract

VIRTUAL MAGNON STATES IN DILUTE ALLOYS. The effect o f  magnetic impurity atoms on the 
spin-wave spectrum o f Fe and Ni has been studied with inelastic neutron scattering using the time -of - 
flight method. If weakly bound magnetic impurity atoms are randomly distributed in a ferromagnetic 
crystal, incoherent magnetic neutron scattering occurs with a resonance at the energy o f  the virtual 
level. From the width of this resonance the lifetim e o f the virtual state and from the energy the 
impurity-host to host-host exchange energy ratio can be determined. The magnetic origin o f  the 
observed resonance can be proved by repeating the measurements on magnetized samples.

In a Fe matrix the effects o f Mn, Er, V and Cr atoms were studied. In Fe(Mn) an anomalous 
broad resonance was observed at E0~2O m eV. The angular distribution o f the total scattered intensity 
has a maximum, indicating that S^n Ф 0 and that the density distribution o f  magnetic electrons o f iron 
atoms near the Mn impurity has changed. In Fe(Er) and Fe(Cr) low -lying virtual levels were observed, 
with 0.6 meV and 1 .6  meV energies, respectively. The results in N i(V ) and Ni(Cr) are also described. 
In Fe(V ) a virtual level could not be seen in the observed scattered neutron spectra. The temperature 
dependence o f  the lifetim e o f the observed resonances was also studied between 80°K and the Curie 
point o f  the samples.

INTRODUCTION

Inelastic neutron scattering studies have becom e in the last 
decade an effective  too l fo r  understanding the m icrodynam ics o f both 
non-m agnetic and m agnetic crysta ls . The frequency spectrum  of 
phonons and the d ispersion  relations of phonons and magnons have 
been m easured in many substances. H igh-flux rea ctors  and better 
equipment have increased  the sensitivity of neutron spectroscopy . This 
fact has made it possib le  to m easure the effect of im purity atoms on 
the phonon and magnon spectra . Several m easurem ents of this type 
have been reported  fo r  phonons, whereas the study of the spin-w ave 
(magnon) spectrum  perturbed by magnetic im purities in magnetic 
crysta ls  is at the very  beginning.

The effect of the m agnetic im purities on the spin-w ave spectrum  
of an ideal H eisenberg ferrom agnet has been investigated theoretica lly  
by severa l authors [1 -4] but very  few  experim ental facts are known as 
yet [5 -9 ]. Calculations with first-n eigh bou r interactions in cubic 
crysta ls  show that an s-type virtual spin-w ave state can be associated  
with the im purity if  the im purity-host exchange J1 is  sm aller than the 
host-host exchange J. The energy E s of this state lies  in the host 
spin-w ave band and is a monotonie function of J '/J .  If e = J '/J  d e -
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c rea ses , the virtual leve l o ccu rs  at low er energies. Since the lifetim e 
of a virtual leve l is inversely  proportional to the host density of 
states, its lifetim e w ill be the longer the low er the energy of a virtual 
level, that is , the sm aller  the value of e is associated  with it. These 
low -ly in g  virtual s -lik e  states are of particular im portance even in 
the m a croscop ic  therm odynam ic behaviour of the im pure ferrom agnet, 
since these states give r ise  to a large density of states at the low - 
energy part of the spectrum  where the density of spin-w ave states of 
the unperturbed crysta l is very  sm all.

Calculations by W olfram  and Hall [10] show that the energy and 
lifetim e of the virtual leve l depend on the tem perature. Near the Curie 
point Tc , the lifetim e is longer and the energy is slightly higher than 
at low tem peratures. In the results of Hone, Callen and W alker [11] 
this energy shift does not appear.

The presen ce  of weakly bound m agnetic im purities in a fe r r o 
m agnetic crysta l changes the neutron scattering properties of the 
system . The double-d ifferentia l scattering c ro s s -s e c t io n  has an in
coherent part with a Lorentzian-type resonance around the energy E s.
F or  neutron energy gain this c ro s s -s e c t io n  form ula, given by Izyumov 
and M edvedev [12], reads

dfidE = 2 t'ro'n ) ÍT0 tn(E0)] Feff [ 1 + <em )2] ~ rs2 + (E -  Es)'2 (1)

where к = к -  k0 and n(E0) is  the population fa ctor. The unit vector e 
points in the d irection  of i? and m in that of the m agnetic field  H and 
Г  is the width of the resonant level.

Feff (k ) is  an e ffective form  factor which is given by Izyumov as 
Feff (k ) = F 1 (k ) \Tŝ , -F ( k )\Ts, with S and F (k ) givingthe spin and form  factor 
unprimed fo r  the host and prim ed fo r  the im purity atom s, respective ly .

Recent resu lts of L ovesey  [13] give a m ore com plicated form ula fo r  
Feff (*)•

To study the properties of the virtual spin-w ave states, iron  and 
n ickel based dilute a lloys w ere chosen. In ferrom agnetic m atrices 
the m agnetic origin  of an observed resonance can be proved by m eas
urem ents in a m agnetic fie ld . This fie ld  dependence does not occur 
in antiferrom agnets, causing d ifficu lty  in the interpretation of data [7].
The im purity atom s were Mn, E r, and Cr in the Fe and V and Cr in 
Ni m atrix. In Fe (Mn) the NMR m easurem ents of Jaccarino et al. [14] 
indicate the existence of a low -lying  virtual level. In F e(E r) a level 
with very low energy, i. e. with very long lifetim e, is expected because 
of the screen ing effect of 5s and 5p electrons in Er which allows only 
an indirect exchange between the 4f m agnetic e lectrons of Er and the 
3d electrons of the neighbour Fe atoms and this exchange via the con
duction electrons is sm all.

MEASUREMENTS

The m easurem ents on'Fe(M n), F e(E r) and F e(C r) were perform ed 
in Budapest and those on Ni(V) and N i(C r) in Vinca. In Budapest a
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conventional tim e -o f-flig h t sp ectrom eter [15] with liquid N cooled  
B e -filte r  and curved slit chopper before  the sam ple w asoused. The 
spectrum  of in -going  neutrons was centred around 4. 25 A with a wave
length spread of ДХ/ Х = 12%. Data could be co llected  sim ultaneously 
at four angles in the horizontal plane. D etector banks w ere built up 
from  3 8 -mm diam eter BF3 g a s -filled  proportional counters, each bank 
consisting of a layer of 10 detectors . The average e ffic ien cy  of a bank 
fo r  the incident neutrons was 40%. The flight-path was 4. 52 m.

The tim e -o f-flig h t sp ectrom eter in Vinca a lso  operates with B e - 
filtered  neutrons, but with the slow  chopper after the sam ple. The arm  
of the sp ectrom eter can be moved in the vertica l plane from  0 -9 0 °.
The detector bank is com posed of 9 BF3 counters (25 m m  diam eter) 
in one layer.

The dilute alloys used as sam ples w ere all of the substitutional 
type with 3% im purity atom s except fo r  F e(E r) where, because of the 
lim ited solubility, 0. 4% E r was used. The oxygen content of this last 
alloy was m easured by activation analysis as 0. 017%.

The term

„ (F % _ i  ______ (T)__________
gl ' '  v TS2(T) + (E -  E s)2 1 '

in (1) d escr ib es  the shape of the virtual resonance. C ro ss -se ct io n  (1) 
a lso  depends on the effective  fo rm  factor and on the value of 1 + (em )2.
The observed  incoherent inelastic contribution from  the im purity atoms 
was studied in term s of these three fa ctors .

The m agnetic origin  o f the scattering can be proved by the m agnetic 
fie ld  dependence o f the c ro s s -s e c t io n . If one uses polycrystalline sam ples 
w ith,random ly oriented crysta llites , then without m agnetic field  
1 + (em )2 = 4 /3 , while with a m agnetic fie ld  perpendicular to the 
scattering plane and strong enough to saturate the sam ple, this fa ctor  
d ecrea ses  to 1.

The function g(E) is  norm alized  to 1. T herefore  the total intensity 
scattered  by the virtual level is proportional to the e ffective form  
factor.

The position  and width of the observed  resonance at a fixed  angle 
determ ine the param eters E s and Г and accord ing  to the theory [10]
Г  is a function of tem perature.

The m easurem ents w ere perform ed  as fo llow s. T im e-o f-flig h t 
spectra  w ere taken at different angles on the dilute alloy and at the 
sam e angles on the pure host crysta l. The m easured spectra  were 
com pared after correction  fo r  change in nuclear scattering due to 
im purities in the alloy, fo r  absorption and fo r  the variation in sample 
thickness at different scattering angles. C orrection s were taken also 
fo r  detector e ffic ien cy  and air ou t-scattering.

RESULTS

The scattering angles used at room  tem perature are listed in 
Table I. A result fo r  each alloy can be seen in F igs 1-4. In two cases 
the m agnetic fie ld  dependence of the observed  additional scattering by
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Alloy Angles

Fe(Mn) 7°, 12°, 18° 26°, 32°, 41°

Fe(Er) 10\ 16°, 25° 35% 40°

Fe(Cr) 17°, 23°, 29° CO СЛ ¡6 47°, 53°

Ni(V) 20°, 30°, '40°

Ni(Cr) 20°, 30°

l Fe

I WITHOUT 'Гу/ГН FIELD 
IN fe(M n)

L0RENT2 IAN WITH THt 
LFAST-SaU AH E FIT' 
PARAMETERS

Eo ■ (9,6 m eV  2r'i3,*mev

16 i t  20 22 гм \  A

F IG .l. Virtual level in Fe(Mn). The full line is the calculated curve with the parameters o f  the least- 
square fit. The intensity variation with the applied <?J_rn magnetic field is also plotted.

the alloy, i . e .  the d ifference between the scatterings with and without 
the m agnetic fie ld , is a lso  plotted in the figu res. As com pared with 
the intensity change of 25% expected fo r  m agnetic scattering, the 
changes w ere found to be between 20 ± 6 % in FeM n and 28 ± 13 % in 
N i(V).

The shape of the resonance was supposed to be Lorentzian and 
was fitted to the m easured data by the least-squ ares method with three 
fre e  param eters, Es, Г  and a norm alization constant, after folding the 
Lorentzian with our ingoing spectrum . F rom  the resu lts of Vashishta [16] 
fo r  b cc  and fee  host crysta ls , J 1 was calculated using fo r  J the value 
obtained from  the param agnetic Curie tem perature . The lifetim e of 
the virtual lev e l was calculated from  Г . The resu lts are sum m arized 
in Table II.

F o r  iron -b a sed  alloys the angular distribution o f the total intensity 
scattered  by the virtual level, i. e. the angular dependence of the 
e ffective  fo rm  factor  is given in F igs 5-7.

It is of interest to noté that in Fe(M n) around к ~  2. 5 A-1 the 
angular distribution has a maximum which does not fo llow  from  the 
data of C ollins and Low [17]. Thiso is not surprising since their data 
are given only fo r  the 0 < к < 1. 5 A-1 region, which is below  the
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FIG.2. T im e-of-fligh t spectrum in Fe(Er) at 10* 
with the ingoing spectrum (broken line) and the effect 
o f  ап^_[ rft magnetic field.

FIG.3. T im e-of-fligh t spectrum o f Fe(Cr) at &= 35° 
with the equivalent pure iron result.

WAV£L£NGTH <Âi

FIG.4. Virtual level in о Ni(V) and + Ni(Cr) after subtraction o f  the intensity scattered by Ni.
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TABLE II. PARAM ETERS OF THE OBSERVED VIRTUAL LEVELS 
FROM  THE LEAST-SQUARES FIT

Alloy Es
(meV)

2TS
(meV) J’ /J

r
(sec/10"13)

Fe(Mn) 19.8 13.4 0.16 0.5

Fe(Er) 0.67 0 .4 0.0056 16.5

Fe(Cr) 1 .6 1 .0 0. 013 6.6

Ni(V) 22.0 30.0 0.19 0. 23

Ni(Cr) 18.4 10.0 0.15 0. 64

FIG.5. Angular distribution o f  the total intensity o f  neutrons scattered by the virtual level in Fe(Mn). 
The broken line is the form-factor o f  pure iron.

FIG. 6. Angular distribution o f  the total intensity scattered by the virtual spin-wave in Fe(Er).

к range o f the present study. Present data im ply th erefore a n on -zero  
value o f S' on the Mn atom s. A ll the other effective fo rm  factors  are 
consistent with the values of F ' (к ) reported  in R ef. [17]. The intensity 
distributions fo r  F e(E r) and F e(C r) are given in F igs 6 and 7.

The tem perature dependence of the lifetim e of the virtual level 
was studied in F e (C r). The m easured leve l width as a function of 
tem perature d ecrea ses  when T ~  T c . T herefore  the lifetim e in
crea ses  when T approaches Tc . At the sam e tim e a sm all energy 
shift toward higher energ ies is  observed.
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FIG. 7. Angular distribution o f  the total intensity in Fe(Cr).

DISCUSSION

The resu lts are seen to prove the existence of virtual spin-w ave 
levels  in the a lloys studied. In each case when the energy was low er, 
the lifetim e was observed  to be longer, in agreem ent with the p re d ic 
tions. On the other hand, the lifetim e was always found to be shorter 
than the values predicted  fo r  H eisenberg iso la tors  (Table II). This 
fact can be put down to the presence of conduction electrons in the 
alloy.

The m etallic character of all the system s studied is re flected  in 
addition by the change in the e ffective  fo rm  factor  as com pared with 
the value calculated from  the form  fa ctors  of the free  atoms in the 
alloy. The maxim um , observed  in the Fe(M n) intensity distribution 
(F ig. 5), is  probably caused by the d ecrease  in the m agnetic electron  
density of Fe atom s with Mn nearest neighbours. In F e(E r) the 
intensity distribution shown in F ig . 6 re fle cts  the long-range magnetic 
e lectron  density perturbation around the im purity atom s.

The data in Ni(V) a lso  show additional m agnetic scattering as 
com pared with the scattering of Ni. The broad maxim um  in the Ni(V) -  
Ni inelastic spectrum  is observed  in the energy region  of the incoherent 
one-phonon peak. The total intensity of this additional effect cannot 
be explained by the scattering from  vanadium atom s alone, because it 
would requ ire at least /Uy = while from  Ref. [17] -  1 .4  ц в.
C lusters containing both the im purity and neighbour Ni atom s are 
assum ed th erefore  to form  the scattering unit. These clusters are 
random ly distributed and give r ise  to incoherent scattering.

The wide maxim um  superposed on the phonon spectrum  prom pts 
one to question the orig in  of the e ffect. T herefore  it was decided to 
study in addition to Ni(V) the N i(C r) system  where qualitatively the 
sam e result was expected. How ever, if the additional scattering is not 
connected with the phonons, the probability  to find the maximum at the 
sam e energy is very  sm all. In fact, a sm all shift of the N i(Cr) 
m axim um  tow ards low er energies was observed  ançl the width of this 
resonance is sm aller.

The in crease  in the lifetim e of the virtual spin-w ave state was 
observed  near T c . The m easured ratio of the width at room  tem perature

1 (ig = Bohr magnetons = 9. 273 X 1021 erg/G.
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to that at T ~  T c is  2, in good agreem ent with the resu lts of W olfram  
and Hall [10].
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INELASTIC SCATTERING OF POLARIZED NEUTRONS 
BY MAGNETO-VIBRATIONAL WAVES 
IN A SINGLE CRYSTAL OF bcc IRON

O. STEINSVOLL
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Abstract

INELASTIC SCATTERING OF POLARIZED NEUTRONS BY MAGNETO-VIBRATIONAL WAVES IN A 
SINGLE CRYSTAL OF b cc IRON. It has been predicted theoretically that the scattering o f neutrons by 
magneto-vibrational waves in a magnetic crystal should depend upon the polarization state o f the 
incoming neutrons. Our measurements on 'a single crystal o f  b cc  iron (Feo pfiSic M) have confirmed the 
theoretical expressions for the polarization effects. The widths o f  the inelastic diffuse reflections obtained 
by the diffraction method have been found to agree with the linear dispersion relation o f phonons, and the 
velocity o f  sound derived from our measurements agrees with values found by other types o f measurements. 
A direct proof has been given by using a flipper-chopper tim e-of-flight spectrometer that the polarization 
effects are connected with inelastic scattering processes. The different field and polarization dependence 
o f the magneto-vibrational and spin-wave scattering has been used to resolve the scattering components 
present in the composite diffuse reflections. In principle, it is then possible to find values o f the magnetic 
form factor for the ions for momentum transfers different from the reciprocal lattice vectors, and some 
preliminary results are presented o f  this new method.

1. INTRODUCTION

P ola rized  neutrons have been su ccessfu lly  applied in the study of 
spin-w ave scattering from  m agnetic substances [ I - ?]. The great 
advantage of using polarized  neutrons is  that by m agnetizing the sam ple 
along the scattering v ector  one separates that part of the inelastic 
scattering  which is  caused by spin-w ave scattering from  all other in
elastic  contributions.

F o r  a ferrom agnetic  substance like m eta llic iron , the main other 
in elastic contribution w ill com e from  neutrons being scattered  by elastic  
waves on the atom ic lattice. A ccord in g  to the experim ental geom etry 
the neutrons m ay create or annihilate phonons, the quanta of the 
vibrational states of the crysta l. The phonons are propagating in all 
d irection s on the ch em o-crysta llin e  lattice, but in a m agnetic crysta l
like iron  where a ll atom s have a m agnetic mom ent these vibrations 
w ill a lso  be seen on the m agneto-crysta lline lattice -  the orderly  a r
rangem ent of the m agnetic m om ents. The neutron w ill interact with 
both these lattices sim ultaneously by virtue of its m ass and magnetic 
mom ent. This gives r ise  to nuclear-v ibration a l and m agneto- 
vibrational scattering.

The phase d ifferen ce  between these two types of scattering effects 
w ill depend upon the polarization  state of the incom ing neutrons, s im ilar 
to e lastic  scattering from  m agnetic substances. This should give r ise  
to polarization  e ffects  fo r  the inelastic vibrational scattering when the 
sam ple is m agnetized vertica l to the scattering vector  [8 -11]. F o r  this 
fie ld  d irection  the spin-w ave scattering w ill, however, not be 
polarization  dependent.

45



46 STEINSVOLL

The inelastic scattering of polarized  neutrons by vibrational waves 
in a single crysta l of iron  has been studied both by the 'd iffraction ' 
method and by a flip p er-ch op p er tim e -o f-flig h t spectrom eter [12-14]. 
The m easurem ents have confirm ed the th eoretica l pred ictions about the 
polarization  dependence of vibrational scattering. The energy analysis 
of the scattered neutrons has proved that the polarization  e ffects  in the 
d iffuse reflection s are connected with an inelastic scattering p rocess .

An attempt has been made to study the ratio between the vibrational 
scattering c ro s s -s e c t io n s  fo r  the two spin states of the neutrons. A 
knowledge of this ratio would in fact give the m agnetic form  factor fo r  
the m agnetic ions fo r  momentum tran sfers  different from  the rec ip roca l 
lattice vectors .

2. THEORY

2. 1. P olarization  effects in vibrational scattering

The d ifferentia l coherent scattering c r o s s -s e c t io n  fo r  scattering of 
polarized  neutrons with creation  of vibrational quanta with w avevector 
q belonging to the vibrational mode s in the vicinity of a rec ip roca l 
lattice vector 2тгт of an iron  crysta l may be written:

d2q
dEdfi oc -j b z + 2 bp (P- Q)  + p2Q2 К • V;q s

(1)

X б [K  -  q -  2ff?] 6 [ (ft2/2 m 0) (k2 -  k2 ) + h w - ]

where b is the nuclear coherent scattering amplitude; p is the m agnetic 
scattering amplitude; P is the polarization  vector  of the neutron beam; 
k¡, (kf ) is the w avevector of the ingoing (outgoing) neutron beam;
К = k¡ -  k f

Q = [ m -  ê (ê • m)] (2)

ê = К / 1 К I , i. e. the unit scattering vector ; fn is the unit magnetization 
vector ; V-^s is the polarization  vector of the vibrational quanta created; 
f iw -j is  the energy of the vibrational quanta created ; q is the quasi
m om entum of the vibrational quanta; m Qis the neutron m ass; and 
2ttt is  a re c ip ro ca l lattice vector.

We have further:

Р oc f(K) (3)

where f(K ) is  the m agnetic form  factor fo r  the iron  atom s.
We see from  Eqs (1) and (2) that when m J_ ê, Q = m and Q2 = 1.

The two delta functions express the conservation  o f linear momentum 
(crysta l + neutron) and energy in the system . The sim ultaneous 
fulfilm ent of these two conditions together with the d ispersion  relation 
fo r  the q u a si-p a rtic les  (the phonons) involved, im poses upon the
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scattering certain  geom etrica l lim itations which w ill be treated below . 
In this case we may write E q .( l )  as fo llow s:

where the parenthesis takes care of the polarization  dependence and the 
factor ЩДЕ) determ ines the spatial dependence of the scattering. The 
scattering is only confined to certain  d irections in space [15-17].

2 .2 . D ispersion  law and scattering surfaces

F o r  sm all quasi-m om entum  values the quanta of the lattice v ibra
tions have a linear d ispersion  relation, and we can w rite:

where c s is the velocity  of the disturbance propagating through the 
lattice (= velocity  of sound). A Debye m odel may be assum ed in which 
the velocity  of the sound waves is independent of wavelength, d irection  
and polarization .

Equation (5) has to be fu lfilled  together with the follow ing equations:

The sim ultaneous solution of these equations tra ces  out a so -ca lled  
scattering surface in re c ip ro ca l space. F or  sm all energy and momentum 
tran sfers and creation  of phonons the scattering surface in re c ip roca l 
space is very  c lo se  to an ellipsoid  with the re c ip ro ca l point as a pole 
(or fo ca l point) and the sphere of re flection  as polar plane if the 
v e locity  of the neutrons is sm aller than the velocity  of sound in the 
crysta l [15]. The momentum vector  kf may end anywhere on the surface 
giving r ise  to a diffuse re flection  around the re c ip ro ca l lattice point. 
A ccord in g  to Lowde [16] the half width (sem i-an gle) of this re flection  is 
given approxim ately by the follow ing form ula:

where v is the velocity  of the neutrons, 20B is the Bragg angle fo r  the 
re flection  we are considering and ДФ is a sm all angle of m issetting 
o f the crysta l from  the Bragg position  Ф. F rom  the m easured width Г 
fo r  different values of ДФ we may calculate the param eter c s in the

Í1 (4)

и (q) = c sq (5)

(6)

К -  q -  2jtt = 0 (7 )

( 8 )
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dispersion  relation fo r  the phonons, E q .(5 ), and see whether it agrees 
with the results of other m easurem ents.

In F ig. 1 we have drawn the geom etry of the scattering p rocess  in 
r e c ip ro ca l space for  an angle of m isset ДФ = 12° from  the Bragg angle. 
A Debye m odel has been assum ed, and the scattering curves in the 
equatorial plane around the re c ip roca l lattice point ( 1 1 0 ) have been 
plotted fo r  vibrational scattering (the ellipse) and spin-w ave scattering 
(the c ir c le ). An isotrop ic  velocity  of sound has been assumed 
( c s = 6000 m /s )  and a value D = 266 m eV A2 fo r  the param eter in the 
spin-w ave d ispersion  relation  was used.

The Debye m odel assum ed above in the derivation of the form ulas 
and fo r  the drawing does not hold in the rea l case. The subscript s 
in the c ro s s -s e c t io n  form ula, E q .( l ) ,  ch aracterizes  vibrational quanta 
belonging to different vibrational m odes. The polarization vectors  
Vq*s are different fo r  the various m odes, which may be labelled lon gi- 
tudinál ( i )  and transverse (t) depending upon the approxim ate d irection  
of V7?, relative to q. The d ispersion  relations w ill be different fo r4 5

0 1 2 3 U 5

F IG .l. The geometry o f the inelastic scattering around the (110) reciprocal lattice point in iron. After a 
positive misset Дф from the Bragg position the conservation laws are fulfilled along the scattering curves 
drawn with heavy lines. The ellipse applies to vibrational scattering while the circle applies to spin-wave 
scattering.
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the various v ibrational m odes, and w ill a lso  depend upon the cry s ta llo -  
graphic d irection  in which q is pointing. In fact, we w ill get severa l 
scattering  su rfaces around the re c ip ro ca l lattice point, each belonging 
to a d ifferent vibrational m ode..

F rom  the stiffness m oduli, c ¡ j , fo r  iron , we m ay calculate the 
ve locity  o f sound fo r  the tran sverse  and longitudinal m odes of v ib ra 
tion. Depending upon the propagation d irection  in the crysta l the 
ve locity  of sound ranges from  5400 to 6400 m /s  fo r  the longitudinal 
m odes and from  3000 to 3900 m /s  fo r  the transverse m odes. This may 
be com pared with the ve locity  of the neutrons applied, X = 1. 07 A , 
i . e .  v = 3700 m /s . The scattering su rfaces should th ere fore  be 
closed  fo r  longitudinal vibrational m odes while they should be very 
wide and even open su rfaces fo r  the transverse m odes. C losed 
scattering su rfaces w ill give r is e  to diffuse re flection s with good 
angular definition.

3. EXPERIMENTS APPLYING THE DIFFRACTION METHOD 

3. 1. The experim ental set-up

The experim ents w ere perform ed  with an ordinary d iffractom eter 
fo r  polarized  neutrons (X = 1. 07 A ). A single crysta l of F e 0_g6Si0 04 
0 .6  cm  thick was used. The crysta l was cut with the [100] d irection  
norm al to the surface of the crysta l. In this way the crysta l could be 
kept in the sam e position  on the d iffractom eter and be m agnetized 
along equivalent [ 1 1 0 ] d irection s, either along the scattering vector  
o r  norm al to it. The crysta l was m agnetized by a perm anent magnet 
giving a fie ld  of 3500 Oe. The depolarization  in the crysta l was very 
sm all.

3. 2. The polarization  dependence o f the diffuse re flection s

The experim ents to con firm  Eqs (1) o r  (4) w ere perform ed  with the 
'd iffraction  m ethod’ . The diffuse re flection s around the re c ip ro ca l 
lattice vector  27гт^10̂  w ere scanned by the counter. F o r  each counter 
position  two m easurem ents w ere perform ed , with the rad io-frequ ency  
flipper On and with the flipper Off. A plot o f a typ ica l s e r ie s  of 
m easurem ents is  shown in F ig . 2. The low er part of this figure shows 
the m easured intensities when the m agnetic fie ld  is vertica l to the 
scattering v ector  and the m isset is  ДФ = 12°. As expected, we 
observe  diffuse re flection s  with sharp cu t-o ff angles on a slightly 
sloping background. The d ifferen ce  between the m easured intensities 
when the R. F . flip p er is O ff and On should give the polarization - 
dependent part of the vibrational scattering. This d ifferen ce  is plotted 
on the second insert from  the bottom  in F ig . 2. The polarization - 
dependent background is partly due tb d isord er  scattering and partly 
due to in elastic  scattering where the neutrons interact with other 
v ibrational m odes than the longitudinal.

The upper part o f F ig . 2 shows a s im ila r  scan where the m agnetic 
fie ld  is para lle l to the scattering vector . The polarization-dependent 
part of the diffuse re flection  is in this case  caused by spin-w ave
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29

FIG.2. The inserts at the top and bottom show the raw data obtained by scanning with the counter across the 
diffuse reflection when ДФ = 12” with 15 Ц? and T5JJÍ- Crosses apply to data for R.F. on, and points to R.F. 
o ff. Subtracting the two types o f  data from each other, one obtains the angular behaviour o f  vibrational 
and spin-wave diffuse scattering.

scattering and the d ifferen ce  in the m easured intensities with R .F .
Off and On is  plotted on the third insert from  the bottom  in F ig . 2. As 
expected, the two inelastic scattering p ro ce sse s  give r ise  to diffuse 
re flection s having different widths because the form  of the d ispersion  
relations is different. This is in accordance with F ig . 1.

3 .3 . E xperim ental determ ination of the d ispersion  relation

The diffuse re flection s when Hj_e w ere scanned by polarized  
neutrons in the way d escribed  above fo r  a se r ie s  of positive angles of 
m isset. The widths of the diffuse reflection s were estim ated, and the 
half widths, Г /2 , plotted against the angle of m isset, ДФ (see F ig. 3).
It is seen that the points are alm ost on a line. As the angle of m isset 
is  roughly proportional to the energy exchanged and the width p ro 
portional to the mom entum exchanged, this points to a linear dispersion  
relation .
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FIG.3. The estimated half widths, Г /2 , o f  the vibrational diffuse reflections plotted against the angle o f 
misset ДФ. The slope o f  the line through 7 experimental points and the origin gives C j» 6000.m /s as the 
sound velocity.

F rom  the slope o f the line through 7 experim ental points and the 
origin, the velocity  of sound can be estim ated using E q .(8 ). We find 
c *  6000 m /s . This is  in good agreem ent with the sound velocity  
calculated fo r  the longitudinal m odes of vibration. This indicates that 
the polarization-dependent diffuse reflection s when HJ_e are caused by 
vibrational scattering.

4. EXPERIMENTS APPLYING THE FLIPPE R-C H O PPE R

The features of the flip p er-ch op p er tim e -o f-flig h t spectrom eter 
have been described  elsew here [12-14]. We have applied this technique 
fo r  H i e  using a s im ilar  d isc-shaped  crysta l, F e Q g6 SiQ Q4 . The 
results of the m easurem ents are shown in F ig. 4, where fo r  com parison  
we also show the elastic  re flection  ( 1 1 0 ) as analysed by the apparatus.
The e lastic peak may be considered  as the resolution function fo r  the 
apparatus.

The m easurem ents give a qualitative p roo f of the fact that the 
polarization effects in the diffuse re flection s are connected with in
elastic scattering p ro ce sse s . It is seen that fo r  a positive angle of 
m isset, som e of the scattered  neutrons have been slow ed down, i. e. 
creation of vibrational quanta, w hereas the opposite is true fo r  a negative 
m issetting angle.
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FIG. 4. T im e-of-fligh t measurements o f  scattered neutron energies by a flipper-chopper spectrometer for 
vertical field, H Í  and missetting angles ДФ = ±4*. The neutrons are either slowed down or speeded up 
in the scattering process. The time analysis o f  the elastic reflection (110) is shown for comparison in the 
middle insert.

5. EXPERIM ENTAL DETERMINATION OF MAGNETIC SCATTERING 
AMPLITUDES FROM THE DIFFUSE REFLECTIONS

F rom  F ig . 1. it is  seen  that the scattering in a diffuse re flection  
originates from  a scattering surface in re c ip ro ca l space which surrounds 
the re c ip ro ca l lattice point. By studying the diffuse re flection s one 
has th erefore  a cce ss  to p ro ce sse s  with momentum tran sfers  which are 
d ifferent from  the re c ip ro ca l lattice v ectors . Increasing the angle of 
m isset gradually the scattering surface w ill expand. In princip le 
th ere fore , a great range of momentum transfers in a ll d irections should 
be a ccess ib le .

It is seen from  Eq. (4) that the c ro s s -s e c t io n  fo r  vibrational 
scattering is  dependent upon the magnetic fo rm  factor f(K) fo r  the 
m agnetic ions through the param eter p, the m agnetic scattering am pli
tude. F rom  the ratio between the scattered  intensities due to vibrational 
scattering fo r  positive  and negative polarization  it is th erefore possib le  
to find the value of f(K).
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It is found from  the form ulas and álso seen from  F ig . 2 that when 
H-Le, spin-w ave scattering still gives rise  to a diffuse reflection . The 
scattered intensity fo r  this field  arrangem ent may, however, be 
estim ated from  the intensity of the polarization-dependent spin-w ave 
scattering when H II e. Scanning the diffuse re flection s using polarized 
neutrons fo r  horizontal and v ertica l fie ld  arrangem ent on the sam ple 
crysta l makes it possib le  in princip le  to single out the intensity 
com ponents caused by vibrational scattering. Background intensity 
caused by other scattering effects has to be subtracted. F rom  F ig . 2 
it is  seen that som e of this background scattering is  a lso  polarization  
dependent and is probably caused by magnetic incoherent scattering.

B ecause o f the large experim ental difficu lties involved in such 
m easurem ents, our prelim inary values fo r  the form  factor obtained from  
vibrational scattering have large e r ro rs  and d iffer  very  much from  the 
values obtained in e lastic  re fle ction s . This d ifference is certainly  not 
due to any rea l physical e ffects , but is caused by the d ifficu lties in 
estim ating the co r re c t  background intensity. Looking away from  the 
large system atic e r r o r  introduced by such e ffects , our prelim inary 
values showthe right kind of variation across  the diffuse re flection s: 
the form  factor  d ecrea ses  fo r  la rger momentum tran sfers.

Several interesting problem s may be expected to be solved by such 
investigations. E specia lly  fo r  sm all scattering angles covalency 
e ffects  should show up in the form  factor  [18]. New experim ents are 
th erefore  being made under im proved experim ental conditions.

6 . CONCLUSION

Our work has shown the great advantage and potential use of 
po larized  neutrons fo r  inelastic scattering experim ents. The experi
m ental d ifficu lties are, however, much la rger than fo r  e lastic  scattering. 
With the ever in creasing  neutron fluxes available it seem s probable 
that p olarized  neutrons w ill in creasingly  be applied in the field  of 
inelastic scattering.
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D I S C U S S IO N

H. RAUCH: Y our elastic  flipper data show a background ratio sm aller 
than 1 : 2, while accord in g  to the structure fa ctor  it should be better than 
1 :3 .  Is it possib le  that this d iscrepan cy  is  caused by depolarization  within 
the cry sta l at your fie ld  o f only 3. 5 kOe, which seem s to be rather sm all?
In our m easurem ents on Co single crysta ls  we have seen that a field  
higher than 5 kOe is  n ecessa ry  to avoid depolarization .

O. STEINSVOLL: The flip p er-ch op p er data w ere obtained using a 
m agnetic fie ld  o f about 6 . 5 kOe a cro ss  the crysta l, and the depolarization  
was found to be low (=* 5-10% ). When the experim ent was perform ed  the 
sp ectrom eter was not too w ell optim ized as regards polarization and 
flipping e ffic ien cy . The crysta l was rather thick ( 6  m m ), giving r ise  to 
high extinction effects fo r  the case  o f e lastic scattering; how ever, these 
do not influence the inelastic scattering p ro ce s s e s . The prelim inary 
data shown should th erefore  be taken only as a proof o f the inelasticity  of the 
scattering p ro ce ss  giving r ise  to the polarization-dependent diffuse 
re flection s .

S .K . SINHA: You would nof in princip le expect the form  factor  obtained 
from  your experim ents to agree with that obtained from  Bragg scattering.
In fact a detailed investigation o f the d ifferen ce would be very  interesting 
in that it would enable one to study the deform ation o f the m agnetic e lectron  
distribution  due to the v ibrational m otion o f the atom .

O, STEINSVOLL: Y es, this w a s 'p rec ise ly  one o f the reasons why we 
started such m easurem ents. At our new rea ctor  we now have an ex p er i
m ental set-up  with a rotatable e lectrom agnet, and this arrangem ent w ill 
enable us to make m ore reliab le  co rre ction s  fo r  a ll the other scattering 
p ro ce sse s  than was possib le  in the experim ents reported  above.
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Abstract

NEUTRON SCATTERING INVESTIGATION OF THE DYNAMICS OF THE CRITICAL STATE IN IRON.
The inelasticity o f  critical scattering has been investigated in iron using the pulsed monochromatic neutron 
beam at the IBR-1 reactor in Dubna. The measurement covered the temperature range -2 . 5 x 1(T3<  r s  6 .5 x  10"3 
where r  e T /T c -  1 and the critical temperature was approached within r  < 5 x 10‘4. The slight temperature 
dependence o f the inelasticity was confirmed for q = 5 .7  x 10~2 A"1, but the observed diffusion constant was 
found to be temperature independent and higher ( f i  = 16. 5) than the value (ц = 11) reported earlier by other 
authors.

1. INTRODUCTION

Neutron scattering experim ents o ffer  one of the m ost pow erful m ethods 
fo r  the investigation o f the cr it ica l m agnetic state. Owing to its favourable 
m agnetic and neutron scattering p roperties , iron  has been extensively 
studied by this method.

The static p roperties  o f fluctuations, i. e. the tem perature dependence 
o f the corre la tion  range and the susceptibility  o f iron , have been m easured 
by severa l authors [ 1  - 4 ]  and the corre la tion  range and susceptib ility  w ere 
found to be I  ( r )  ~ t _0-6 8  ancj ) ,^,т - 1.зз . T E x / T c - 1, resp ective ly .

The dynam ics o f the m agnetic fluctuations w ere firs t  studied by 
Van Hove [5] who introduced a therm odynam ic spin diffusion m odel. This 
m odel p red icts a slow ing down o f the fluctuations near the Curie tem perature. 
A sim ilar  resu lt was obtained from  severa l m icro s co p ic  theories [6 - 8 ].

The cold  neutron experim ents o f Jacrot et al. [9] showed, however, 
an unexpected broadening o f the energy distribution even near the Curie 
point. Later, P a sse ll et al. [10] con firm ed this observation  and evaluated 
a tem perature-independent spin diffusion constant as

2 m Л /h  = 1 1 . 0  ± 0 . 6

This d isagreem ent between experim ental resu lts and theory suggests 
that som e o f the p ro ce sse s  involved have not been taken into account in 
the therm odynam ic fluctuation m odel. M arshall [11] and Brout [12] have 
pointed out that fo r  q f  > 1, where ftq is  the momentum transfer of neutrons 
in the scattering p ro ce ss , co lle ctiv e  excitations driven by fluctuation of 
m agnetization may occu r  even above the transition  tem peratures.

The sp in -w ave-lik e  behaviour fo r  re la tively  high momentum transfer 
above the Néel point was observed  by Nathans, M enzinger and P ickart [12] 
in antiferrom agnetic RbMnF3 . No sim ilar effect was found, how ever, in 
m eta llic ferrom agnets.
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Considering that in the recent inelastic scattering experim ents the 
c lo se s t  approach to the Curie point was т = 2 X 10 " 3 [10, 11], it was 
thought of in terest to investigate the tem perature dependence of the 
in elasticity  c lo s e r  to Tc .

2. EXPERIM ENTAL

The sp ectrom eter and the detection e lectron ics  together with the 
m ethods o f tem perature stabilization and hom ogenization have been 
already d escribed  in an ea r lie r  report [13].

The m oderated neutron beam  o f the pulsed rea ctor  IB R -1 is  m ono- 
chrom atized  by a magnetite m onocrysta l. The fir s t  order (111) re flection  
centred around the wavelength of 4. 10 Â is  used. A 24-m in Soller 
co llim ator  located between the m onocrysta l and the detector determ ines 
the wavelength resolution  o f the system .

The overa ll m od era tor-to -d etector  distance is  16. 10 m , while the 
sa m p le -to -d etector  vacuum flight path is  6 .40  m . The scattered, tran s
mitted or incident neutrons are counted by detectors o f 11 cm  X 13 cm  
su rface . In the firs t  set o f experim ents the detectors w ere located at 
fixed  angle -0 = 2. 16°. The pulses are tran sferred  to a multichannel 
analyser with channel width в = 16 /usee and dead tim e т = 25 /usee. The 
analyser stores  the counts o f a ll the higher ord er re flection s o f the m ono
crysta l and the fast neutron burst from  the rea ctor , too. The fast neutron 
burst determ ines the '0 ' m ark of the tim e sca le . A  0. 5 cm  thick, 10 cm 
long and 3. 5 cm  wide, zone-m elted  1 Puron ' iron  sam ple o f 99. 99% purity 
was used with a 3 cm  X 3 cm  surface exposed to the neutrons. The 
tem perature stability and hom ogeneity was found to be better than 0 . 2  deg 
during a 100-hour operation. The ratio of the scattered  to transm itted 
intensity showed a maximum at Tc = 1041°K. M easurem ents w ere p e r 
form ed  in 0. 5 deg steps around the Curie point from  T - T c = -1 . 5 to
1. 5°K and at tem peratures T c - 2. 5°K and T c + 6 . 5°K.

3. DATA EVALUATION

Since the count-rate correction s  and the choice  o f the energy and 
angular resolution  functions play a d ecis ive  ro le  in the evaluation o f the 
param eters o f inelasticity , the procedure used fo r  the evaluation o f the 
experim ental data w ill be described  in som e detail.

3 .1 . A nalyser dead-tim e correction s

In the case  of pulsed rea ctors  the count rate obtained during a 
rea ctor  pulse may be so high as to result in an appreciable counting loss  
fo r  analysers with conventional dead tim e. Thus it was n ecessary  to 
w ork out a suitable method o f dead-tim e correction . The dead-tim e 
co rrection s  w ere found to be especia lly  im portant in the m easurem ent of 
incident beam distribution.

Assum ing the neutron counts to have a Poissonian  distribution the 
num ber o f counts in the i th channel with correction  fo r  dead tim e is
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given by the form ula

Cj = N In Yj

where N is  the num ber of rea cto r  pulses and Yi is given by the 
equation

Y¡ = (N -  m i - i  -  m í-2 -  m i - 2 Y  ik ) / ( N -  m i - m i - i ) ;  К  = (т - 0) / t

w here m¡ is  the m easured num ber o f counts in the i th channel.
The validity o f the co rre ction  was checked by com parison  of the 

co rre cte d  spectrum  data with those m easured at a sm all count rate.

3 .2 . Background co rrection s

It was observed  that a m ajor fraction  o f the background o f the 
scattered  beam  is  due to diffuse incoherent scattering from  the c o l l i 
m ator p lates. W henever the background intensity originates from  the 
1 forw ard ' d irection , i. e. from  neutrons transm itted by the sam ple, 
the intensity has to be co rrected  by use of the form ula

nk = Nk '  B kf k

w here nk and Nk are the co rre cted  and m easured intensities, B k is  the 
background in the kth channel, resp ective ly , f k is  the (tem perature 
dependent) tran sm ission  fa ctor .

3. 3. D eterm ination o f the input beam  param eters

Assum ing a Г -type tim e distribution o f the neutrons which have 
le ft the m oderator, the probability  of a neutron count in the ith channel 
is

P (tj) ~  ^  t“  exp-j^ - t j /r  j- exp-J^- (t¡ -  tj - t 0) /p t 0 f(t¡ -  tj) ( 1 )
i=o

Here tj is  the tim e at which the neutron leaves the m oderator, 
t¡ -  tj ,= с X, to /c  = X0 is  the maxim um  o f the Gaussian wavelength 
distribution, and f(t¡ - tj ) is the co rrection  fo r  detector e ffic ien cy . The 
param eters a , t ,  p and t0 as determ ined by lea st-sq u a res  fit are 
a  = 0. 69 ± 0 .  07; т = 133 ±10  /usee, p = 8 . 7 ± 0 . 7 X 10‘ 3; t 0= 16420±16 /usee. 
The m easured distribution and the best fit are shown in F ig . 1.

3 .4 . C orrection  fo r  angular resolution

Owing to the finite dim ensions o f the sou rce , sam ple, detector and 
co llim ator , the m easured effect is  proportional to the value o f the 
scattering c r o s s -s e c t io n  averaged over all possib le  angles perm itted 
by the geom etry. The geom etry o f a system  determ ines a weight function
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A(tf) o f the scattering angles. Thus, the average c ro s s -s e c t io n  is  given 
by

m

a (tf) = J a(tf) A(tf)dtf A (\ )  a
k=l

The distribution function A(\)) was evaluated by the Monte C arlo method 
fo r  the geom etry described  in section  2. It proved to be sufficient to 
sum till m = 10. F igure 2 a shows the distribution function А(г>). In 
F ig . 2 b the c r o s s -s e c t io n  cr(tfav) is  com pared with the averaged 
сг(0 ) = Eor(iïk)A(i}J as a function o f the wavelength plotted on a tim e sca le . 
Since the intensity of each elem ent o f the scattered beam  is proportional 
to -û2 and its half width on the wavelength sca le  is  ц-д2, it is  not su r
prising  that the averaged c r o s s -s e c t io n  is  narrow er than the c ro s s -s e c t io n  
evaluated fo r  the average angle. In our case  the d ifference in half width 
is  about 30%.

Two approxim ations im plied in the above calculations have to be 
pointed out. F irst , the beam incident on the Soller co llim ator is  taken 
to be iso trop ic . This approxim ation is  reasonable since the angular 
d ivergence o f the beam  before  the m onocrysta l is greater than that of 
the co llim a tor . Secondly, Xj is  assum ed to be independent of since 
the m osa ic spread of the m onocrysta l is not greater than that o f the 
co llim ator.

3. 5. D istribution function o f scattered neutrons

Assum ing the in elastic scattering to be due to the diffusive m otion 
o f spins, the c r o s s -s e c t io n  fo r  sm all-angle scattering near Tc is  given 
as

a (X ¡, Xs ; Kj, ц )AXS = const. X ¡zx ' (K ^ j /2тг)2 + zx ĵ M2z2 + (x -x -1)2
-1

ДЛ5
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FIG.2b. The scattering cross-section:--------- without angular integration;-------------- with angular integration.

where x = X ¡/X s, being the incident and Xs the scattered  wavelength; 
z = x + x "1 - 2 cosi5; and ц. = A2m /h  is the spin diffusion coefficien t.

Considering that X0 = ct0; = c (t i-t j)  and As = (t j-tj - jPrÍj) / (  1 - jPp) 
where i R is  the ' reduced flight path1 ; = I/L, S. being the sa m p le -to -
m oderator, and L the m od era tor-to -d e tecto r  distance, the experim ental 
curve was fitted to the distribution function

l = c

X.fttj.t j.t,)

Since in the neighbourhood o f the Curie point K2 does not play any 
im portant part in the evaluation o f the diffusion param eter, its values 
w ere rep laced  by those obtained from  angular distribution m easurem ents 
as

t “ e x p | - t j / T  e x p í - [ ( t i - t j - t0) /p t0]2| ^ A ka(-úk, t ¡, t¡ ; t e, K j . í i )

K?(TC) = 0; K j(Tc - 2 .5 ° )  = 4 X 10'4; K?(TC + 6 .5 ° )  = 5. 7 X 10‘ 4

A ll calculated and m easured distributions w ere norm alized  to unit 
area.
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4. RESULTS AND DISCUSSION

B efore  evaluating the diffusion param eters by the method d escribed  
in the previous section , the distribution m easured at Tc was com pared 
with that m easured at Tc - 2. 5°K and at T + 6. 5°K using S m irn ov 's  
statistica l test [14]. The distributions m easured above and below  the 
Curie point w ere found to be broader than that m easured at Tc . The 
re liab ility  o f the d isagreem ent with the Curie point curve was higher 
than 90%. Then, the norm alized  distribution (2) was fitted to the 
experim ental curves making use of K f values listed  at the end o f the 
previous section . The calculations yielded a tem perature-independent 
diffusion constant:

a = 16.5

The best fit and the experim ental curve fo r  T c is shown in F ig. 3.
The disagreem ent between the diffusion constant evaluated from  the 

present m easurem ent and the values reported  by other authors can be 
attributed m ost probably to the different p rocedures of data evaluation, 
particu larly  to the fact that no correction s  fo r  angular resolution  have 
been made in the ea r lie r  calculations of the diffusion constant. It is 
apparent from  F ig. 2a that, without co rre ction  fo r  angular resolution , 
we would have ц = 13, a value which is c lo se  to the recently  reported  
jLt =11 [10]. Of cou rse , other reasons, like d ifference in sam ple purity, 
m ay a lso  explain som e of the disagreem ent.

CHANNEL NUMBER

FIG.3. Scattered neutron distribution: measured counts and the best-fit curve at T =TC.

Finally, it is  o f in terest to note that in this experim ent q f > 2 .5 ,  
thus the tem perature-independent diffusion constant is  related to p rocesses  
occu rrin g  within a region  of a radius sm aller than the corre la tion  length. 
With the present experim ental technique it would be difficu lt to get any 
inform ation about p ro ce sse s  fo r  which q f < 1.
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D I S C U S S IO N

J. A LS-N IELSEN : Is the v ertica l collim ation  taken into account in 
your resolution  function A (6)?

J . GORDON: Y es, it is .
J . ALS-NIELSEN: You say that you neglected the corre la tion  in the 

resolution  function between energy tran sfer and momentum tra n sfer . Could 
you please enlarge a little on your reasons fo r  doing this, because it seem s 
to me that this procedure can be a source o f e r ro r ?

J . GORDON: We do not believe that it-leads to seriou s system atic 
e r r o r  fo r  the follow ing reason s. F irst , if  neglect of the corre la tion  played 
an im portant ro le , the scattered distribution m easured by the 'left-hand ' 
and 'right-hand ' detectors  would be d ifferent. No such d ifferen ce  could be 
observed  within the experim ental e r r o r . Secondly, the system atic e r ro r  
partia lly  can ce ls  out when the distribution functions m easured on both 
detectors  are  added.

R .D . LOWDE: I would like to pin you down a little m ore c lo se ly  about 
exactly  what happens to the diffusion constant as the tem perature passes 
through Tc , as this question is  far too im portant to be lumped into the r e 
m ark that there is  a tem perature-independent diffusion param eter. There 
a re  dangerous myths in circu lation  about the m atter already, since the 
analysis given at the A gen cy 's  1962 Chalk R iver Symposium by the Saclay 
w o r k e r s 1 was only purely p relim inary  and has only just been com pleted 
in a little-know n a rtic le  by Konstantinovic (Bull. B oris  K idric Inst. Г7 
(1966) 329). The position  appears to be that the diffusion coefficien t goes to 
zero  if  one m akes both К and T -T c sufficiently  sm all sim ultaneously.
A re  you able to contradict this?

J . GORDON: Not at the m om ent, I 'm  afraid , since our own in vesti
gations have not yet been taken far enough.

J . KONSTANTINOVIÓ: Perm it m e to add a few w ords in connection 
with M r. L ow de's  question. It is  not certain  that a scattering angle of 2. 5° 
(which is  the one in question) is  sm all enough to test the scattering 
approxim ation. The instrum ental resolution  is  a lso  not good enough, fo r  
the uncertainty regarding the incident spectrum  appears tw ice in the r e 

1 Inelastic Scattering of Neutrons in Solids and Liquids (Proc. Symp. Chalk River, 1962) 2, IAEA, 
Vienna (1963) 317.
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suiting diffusion coe ffic ien t. F urtherm ore, we do not know the relationship 
linking the width o f the m easured spectrum  with the widths o f the incident 
and Lorentzian spectra . It appears that the diffusion coefficien t d ecreases 
as the Curie point is  approached, but in view o f the above considerations 
and o f the fact that the co rre ction s  made are very  large it is  not possib le  
to be certain  about this.

R .D . LOWDE: You mention co llective  m odes above the Curie tem pera 
ture: these w ere firs t  exp licitly  d iscussed  by Kawasaki in another insu f
ficiently-know n paper which appeared in 1963 (P rog , theor. Phys. 29 
(1963) 156).

H. RAUCH: Why is  your cr it ica l scattering spectrum  not centred 
around the e lastic line o r  your calculated line shown in F ig . 2b?

J . GORDON: The shift in the maxim um  o f the scattered distribution 
as com pared  with the prim ary  one is  caused by the folding p rocesses  
involved. The exponential term  in the Г -distribution  function governs the 
shift.

H. RAUCH: I would stress  that, especia lly  at the Curie point, it is 
n ecessa ry  to take an average over the sam ple tem perature even when the 
range is  only 0. 2°C , and to include in this the tem perature variation o f к 
as w ell. This gives a diffusion constant c lo s e r  to that reported  in the 
literature.

T . SPRINGER: A s far as we know, the Curie tem perature T c depends 
on the purity, the crysta lline structure and the d islocations and internal 
s tre sse s , etc . o f the sam ple. The presence o f im purities o r  defects would 
thus induce a certain  broadening o f Tc , which could have a marked effect 
on the resu lts o f experim ents very  c lo se  to that point. This width o f T c 
could, fo r  exam ple, sm ooth out a fast change of the diffusion coefficien t 
with T c lo se  to T c . Was this considered  when the conclusions from  these 
data w ere d iscu ssed?

J . GORDON: At the Curie tem perature we should be above the annealing 
tem perature, and so the d islocations and internal s tresses  should not 
play any im portant part in the broadening. H owever, im purities may cause 
som e additional broadening of the energy distribution, as is  mentioned 
in the paper.

T . RISTE: At the m eeting o f the A m erican  P hysica l Society held in 
Washington in A pril 1968, D r. C ollins presented som e recent w ork by the 
Brookhaven group on c r it ica l scattering in iron . The data w ere obtained 
at an extrem ely  high resolution , and the resolution  correction  was ca rried  
out with the method o f C ooper and Nathans. If I rem em ber co rre ct ly , the 
tem perature independence o f the diffusion constant was con firm ed and its 
n um erical value agreed with the resu lts o f ea r lie r  w ork at RisçS by P a sse ll 
et a l.
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Abstract

INELASTIC CRITICAL NEUTRON SCATTERING IN TERBIUM. The critical neutron scattering above 
the Néel temperature Tj^ in Tb has been measured using both double-axis and triple-axis spectrometry. 
The parameters o f  the magnetic susceptibility and the spin relaxation function have been deduced in the 
temperature range 0. 005 ¿  (T -Т эд )/Т ^  4  0. 06. Both the inverse correlation range Kr and the long 
wavelength susceptibility x(Q) obey temperature power laws, with the exponents v = 0.66± 0 .02  and 
у  = 1.33 ± 0. 02. respectively. The results for the relaxation function show that thermodynamic slowing 
down of the spin fluctuations does occur in Tb when the temperature approaches the critical temperature.

INTRODUCTION

A neutron scattering experim ent has been carried  out to study the 
c r it ica l behaviour of the rare  earth Tb above the N éel tem perature. The 
m agnetic structure of Tb has previously  been investigated by neutron 
d iffraction  techniques [1, 2] . In the tem perature region from  216 to 
226°K Tb exhibits a m agnetic phase with a sp ira l structure. In the 
sp ira l phase the spins are ferrom agnetica lly  aligned within the hexa
gonal planes of the hep lattice, but rotate fro m  plane to plane. The 
diffraction  of neutrons from  the sp ira l structure appears as satellite 
peaks to the nuclear B ragg reflection  peaks, displaced in the d irection  
of the hexagonal axis.

Short-range regions of sp ira l.o rd er  pers ist in the d isordered  para
m agnetic state above the N éel tem perature TN = 226°K. These regions 
give r ise  to broader and much less  intense satellite peaks -  the 
cr it ica l scattering. We have exam ined the longitudinal component of 
the cr it ica l scattering around a satellite of the (002) reflection . By 
m easurem ents of the cr it ica l scattering using both tr ip le -a x is  sp ectro 
m etry and double-axis spectrom etry , it has been possib le  to deduce the spatial 
spin corre la tion  param eters and the spin relaxation param eters for 
tem peratures in the range 0. 005 ¿  (T -T N)/T N < 0. 06. Results of 
cr it ica l scattering using a double-axis spectrom eter have been reported 
prev iously  [3, 4].

The experim ental procedure and details of the data analysis are 
d escribed  and the resu lts are d iscussed  on the basis of the relevant 
th eories . Special attention is given to the variation of the relaxation 
function as the tem perature approaches TN . The results show that 
therm odynam ic slow ing down of the spin fluctuations o ccu rs  in the 
c lo se  vicin ity  of the c r it ica l tem perature, as predicted  by the theory. 
P relim inary  results on this effect have been published previously  [5].

63
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CRITICAL SCATTERING CROSS-SECTION

The c ro s s -s e c t io n  fo r  neutrons scattered m agnetically from  a 
w avevector к to a w avevector k ' and from  an energy E to an energy E ', 
is  generally expressed  by the form ula,

d-ôdËT = hU ;̂ к №1 i (л»--k^;sa0<K’  ̂ w
aB

where К = к -  к 1 and ñu = E -  E ' = h 2/2 m (k 2 -  k '2). a and ¡3 denote the 
C artesian co -ord in ates x, y and z, the z -a x is  being along the sp ira l 
axis. The response function S “ 8(K, u ) is the F ou rier  tran sform  over 
space and tim e of the spin pair corre la tion  function, i. e.

S “ S(K, и ) = (2тг )_
«О

J  dt ^  exp(iK • R -iu t) < S “ (0) S| (t) > (2)

It is a reasonably good approxim ation in Tb to assum e only sca la r  in ter
actions between the spins, in which case only term s with a and 0 
identical contribute to the c ro ss -s e c t io n . With К in the d irection  of 
the hexagonal axis, Eq. (1) further reduces to the sum of the two identical 
longitudinal term s Sxx and Syy . The follow ing calculations are confined 
to this_case and the indices w ill be omitted.

S(K, и ) contains a static term , giving the B ragg scattering, and a 
d iffusive term , d escrib ing  the cr it ica l scattering. The diffusive term , 
S d(K, и ), may be written in the follow ing fo rm  [6]

^  X (it) F(¡U ) (3)

Here x (K ) is the w avevector dependent susceptib ility , which gives the 
m agnetic mom ent response to a sinusoidal m agnetic fie ld  with wave
v ector  K. F(K, u ) is the w avevector and frequency-dependent relaxation 
function. The F ou rier  tran sform  of F (K , u )  over u , f(K , t), d escrib es  
the decay in tim e of the m agnetic m om ent_response, when the sinusoidal 
fie ld  is suddenly switched off at t = 0. If К equals the sp ira l w avevector 
Q of the ordered  structure and if  the fie ld  d irection  is  in the basal plane, 
then the m agnetic mom ent distribution created by this fie ld  w ill be 
m ore like the ordered  structure than that fo r  any other w avevector K, 
and the susceptib ility  w ill achieve its maxim um  value x(Q )- When the 
fie ld  is switched off, the spin ordering with w avevector К = Q w ill 
decay m ore slow ly than that fo r  any other value of K.

Defining a deviation w avevector q with co -ord in ates q x,q y  and qz
as

5 " ? 002 -  Q -  К
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the susceptib ility  is expanded to second order in q around its maximum 
value fo r  q = 0

X(K) (к2 + q ï  + q* + síq*)"1 = (<c2 + q 2) - 1 (4)

The anisotropy param eter a is introduced to account fo r  the sym m etry 
prop erties  of the hexagonal lattice and /q = <ci(T) is the inverse 
corre la tion  range.

A ssum ing an exponential tim e decay f(K, t) = exp (- Г (К , T ) |t |) fo r  
large tim es, F(K, u ) w ill be a Lorentzian in и fo r  sm all energy trans
fe r s . Г (К , T) is expanded to second ord er in q around its minimum 
value as

Г (К , T) = T(Q, T) + A*(Q, T ) • (q2 + q2) + A Z(Q, T) • q 2 (5)

The c r o s s -s e c t io n '(1) fo r  scattering around the (002-Q ) satellite 
with sm all energy tran sfer is thus reduced to

oc T l ^ + q 2) - 1 • Г ( К ,Т ) / (Г 2(К ,Т ) + u 2) (6)

Equation (6) contains 5 param eters to be determ ined from  experim ental 
data: the inverse corre la tion  range^ /q (T), the anisotropy constant a 
and the tim e decay param eters r (Q , T), A X(Q, T) and AZ(Q, T).

MEASUREMENTS 

Scan types

The m easurem ents were perform ed  at the DR 3 rea ctor  at R is0 .
Both tr ip le -a x is  and double-axis spectrom etry  w ere used to study the 
c r it ica l c ro s s -s e c t io n .

A tr ip le -a x is  sp ectrom eter may be set to count neutrons scattered 
with a certain  w avevector q and a certain  energy tran sfer u , both 
subject to the lim itations of the resolution  of the apparatus. The 
m easurem ents w ere ca rried  out using a num ber of different types of 
scan . In F ig . 1 the three different types of scan perform ed  with the 
tr ip le -a x is  sp ectrom eter are schem atically  indicated. These were 
ш-s ca n s  fo r  q = 0, and q -sca n s in the x and z d irection  fo r  w = 0.
B elow  each scan in F ig . 1 are shown three diagram s, which schem ati
cally  illustrate the scattering configuration at the centre and in the 
wings of the scan. In the follow ing, these scans are named type I, II 
and III scans. The type III scan is asym m etric due to overlapping with 
the nuclear (002) peak. The intensity distribution in these scans are 
the resu lt of a folding of the c ro s s -s e c t io n  (6) and the instrum ental 
resolution  function, which w ill be d iscu ssed  later.

The tr ip le -a x is  sp ectrom eter scans w ere not sufficient to deduce 
the c r it ica l param eters, m ainly because both x (K ) and F(K, u )  depend
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F IG .l. The five different scan types used in the experiment. The three diagrams below each scan illustrate 
the scattering configuration at the centre and in the wings o f  the scan. The scans are numbered I -  V .
Notice that, for a double-axis spectrometer setting, neutrons representing different wavevector transfers are 
accepted by the neutron counter.

on q. T herefore  two independent scans were perform ed  without energy 
analysis (types IVand V). In these scans, which are also taken along 
the x and z d irections, all neutrons scattered in a certain d irection  are 
accepted by the counter. But such neutrons represent different q 's  
and correspondingly different energies, as sketched in F ig . 1. The 
c ro ss -s e c t io n  for a double-axis spectrom eter setting is thus the integral 
of Eq. (6) over q and и , taken along the d irection  of S'.

The tr ip le -a x is  spectrom eter m easurem ents were carried  out with 
a fixed incom ing neutron wavelength of 2. 14 A . In the double-axis 
spectrom eter m easurem ents the neutron wavelength was 1. 56 A . 
H igher-order neutron contamination was elim inated by means of a 
ve locity  se lector .

Tem perature m easurem ents

The m easurem ent of the tem perature and the tem perature control 
have previously  been described  in connection with a study of the long- 
range magnetic o rd er in Tb [2]. The tem perature control kept the 
tem perature of the sam ple stable to within ± 0. 05°.

The therm ocouple voltage corresponding to the cr it ica l tem perature 
was determ ined by least-squ ares fitting of a tem perature power law to 
the m easured long-range order versus tem perature curve, after c o r r e c 
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tion fo r  c r it ica l scattering and background [2]. The best fit corresponds 
to TN = 225. 85 ± 0. 05°K.

DATA ANALYSIS

The resolution  function

If the tr ip le -a x is  sp ectrom eter is set at cj0 and u 0, the scattered  
intensity I(q0, u0) is

I(q0,u 0) = c  J  H{q -  q0, w -  u0) c r (q ,u )d q d u  (7)

fo r  any c ro s s -s e c t io n  cr(q,w ). R(q -  qQ, u -  uQ) is the instrum ental 
resolu tion  function, as given by the collim ation  and the m osa ic  spreads 
of the crysta ls . The resolution  function is difficu lt to calculate 
accurately , but fortunately the B ragg -sca ttering  c r o s s -s e c t io n  is  a 
6 -function  in q as w ell as in w, and R can th erefore  be m easured with 
high accu racy  by the line p ro files  o f the (002-Q ) lon g -ra n g e -o rd er  
B ragg peak.

In the analysis of the cr it ica l data, the m easured resolution  function 
was approxim ated by the analytical expression ,

R (qx, qy. qz, u ) °c e x p [-  (q2/ o2) -  (q2J o 2z)}

(8)

X [(q2/ct2 + U2/ o l + B(qx/c7x) (ю /аш) +1 Г 1 -A ]

The values of the param eters in E q .(8 ) were

crx = 0. 475 X 10-2 Â "1 crz = 1. 365 X 1СГ2 A = 0. 045

CTy = 5. 45 X 10~2 А-1 аш = 0. 0525 meV В = -  1. 943

In the у and z d irections the m easured line p ro files  w ere nearly  Gaussian 
in shape and the peak positions w ere independent o f the settings of the 
other variab les . T here is , how ever, a strong correla tion  between q x 
and u , which is a ch a ra cteristic  feature of the tr ip le -a x is  spectrom eter 
and is known as the focu ssing  e ffect in phonon and magnon investigations. 
The corre la tion  is given in Eq. (8) by the c r o s s -t e r m  in qx and u . 
F urtherm ore , the line p ro files  in qx and u had m ore intense tails than 
those of a Gaussian function, and it was appropriate to approxim ate the 
q x and и dependence of R as a Lorentzian  function, cut off by subtraction 
o f a constant A.

The resolution  function fo r  the double-axis sp ectrom eter was w ell 
approxim ated by a product of exponentials in the variables qx, qy and 
qz . The width param eters, s im ila r  to those of <ry and ctz in Eq. (8), 
w ere

crx = 1. 04 X 10“ 2 A-1 сту = 4. 80 X 10-2 A-1 <jz = 1. 71 X 10-2 A-1
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Unfolding procedure

The data analysis of the cr itica l scans was perform ed  on an IBM 
7090 com puter, using an iteration  procedure. The way in which each 
scan  type depends on the c r it ica l param eters was firs t  considered . Due 
to the effect o f the resolution  function, a ll param eters influence the 
shape of each scan, but one o r  two param eters are the m ost significant. 
These are indicated in Table I.

F o r  each type o f scan, prelim inary values were se lected  fo r  4 of 
the param eters, and a least-squ ares fit to the m easured intensities of 
the rem aining param eter in the folded c ro s s -s e c t io n  was perform ed. 
This p rocedure was continued until internal consistency was obtained 
fo r  a ll 5 param eters over the tem perature range of the m easurem ents.

An exam ple of the analysis of a type I scan is shown in F ig. 2. The 
filled  c ir c le s  are the m easured intensities and the full line is the best 
fit o f the folded c ro s s -s e c t io n , fo r-h r(Q , T ) = 0. 108 m eV. The dashed 
line is the unfolded intensity, which displays the im portance of the 
resolution  correction .

TABLE I. PARAM ETERS IN THE DATA ANALYSIS

Scan type Most significant parameter Least-squares fit parameter

Triple-axis
spectr. scans I Д 0 .Т ) T (Q ,T )

II к jand Л* *x
III Kj /a  and Az Az

Double-axis
spectr. scans IV Ki к 1

V Ki/a a

RESULTS

The resu lts fo r  the 5 param eters in the c r it ica l scattering c r o s s -  
section  are given in F igs 3, 4 and 5.

The low er part of F ig . 3 shows the inverse corre la tion  range as a 
function of tem perature in a double logarithm ic plot. <сх(Т ) is found to 
vary as a pow er law,

Ki(T ) = 0 .39  [(T -  TN)/T N] 1' (9)

with v = 0. 66 ± 0 .02 . The uncertainty exp resses the statistica l scatter 
and does not involve possib le  system atic e r ro r s  from  the m easurem ents. 
The upper part o f F ig . 3 shows the anisotropy param eter a. This is 
within the experim ental uncertainty found to be independent of tem perature, 
with an_average value a = 0 .47 ± 0 .01 .

T(Q, T ) is  shown in F ig . 4. This figure displays the important 
resu lt that the spin fluctuations in Tb becom e slow  when approaching
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Energy transfer huo (meV)

FIG.2. Inelastic critical scattering at (T -T N) /T N = 0.0217 in a constant <f= 0, variable w-scan (type 1 scan). 
The dashed-dotted line is the background count rate.

Temperature -  l. ^
TN

FIG.3. Lower part: Inverse correlation range versus temperature in a double logarithmic plot. The straight 
line verifies the power law Kj= 0.39 [ (T -T N) /T N] y, with v  = 0. 66 ± 0 .02 .

Upper part: Anisotropy parameter a versus temperature. This parameter is independent o f  tempera
ture within the experimental uncertainty, with an average value a = 0 .47  ± 0 .01 .
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Temperature Tn

FIG. 4. Temperature variation o f the time decay parameter Г((Т, T ). The results o f the conventional theory 
are also shown.

Temperature T~Tk
TN

FIG.5. Temperature variations o f  the time decay parameters and a ‘z. The filled square point o f  A z  

is the result o f w-scans for qz f  0.

the c r it ica l tem perature. This feature is expected from  theory and is 
known as therm odynam ic slow ing down. The three points, shown close  
to TN , w ere not unfolded because no broadening was observed  of the 
corresponding scans relative to the width of the resolution  function.
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T h ere fore  the points are depicted at zero  energy, but it must be noticed 
that they are subject to the uncertainty of the resolution  function width 
which is =* 0. G05 m eV. Any detailed conclusion  about how F(Q, T) 
tends to zero  fo r  T -* TN can therefore  not be drawn from  these resu lts .

F igure 5 gives the two dim ensionless diffusion param eters 
A* = 2mAx/ti and A* = 2mA Jb.. A* is the m ost difficult param eter 
to deduce of the five , due to the interrelation  with Kj in the c r o s s -  
section  com bined with the strong qx -  ш corre la tion  in the resolution 
function. R eliable resu lts could not be obtained c lo se  to T N, but the 
resu lts at higher tem peratures seem  to indicate that A* is nearly  zero  
independent of the tem perature. A* d ecrea ses  slightly with increasing  
tem perature from  a value about 4 at Tn . As a check of the determ ina
tion of A|, 4 u -s ca n s  w ere taken fo r  q z =0. 07, 0. 10, 0. 13 and 0. 15 A-1 , 
resp ective ly . The shape of these scans depends m ore sensitively  on 
A z than the type III scans, but at the cost of intensity. The average 
value of A *, as determ ined from  these scans, is shown as a filled  
square in F ig . 5. The agreem ent with the resu lts of the type III scans 
is good.

The unfolded peak intensity I0(q = 0, и = 0), shown in F ig . 2, is 
p roportional to Tx (Q, T ) /r (Q , T ). It is expected, that Tx (Q, T) obeys 
a tem perature pow er law, Tx T) ос [(T -  TN ) /T N ] ~f, with у = 4 /3  
fo r  the H eisenberg m odel and 7  = 5 /4  fo r  the Ising m odel, calculated 
in both cases fo r  nearest neighbour interaction only. Tx (Q, T) is 
shown in F ig . 6 in a double logarithm ic plot, as calculated from  the 
unfolded peak intensities of the type I scans and T(Q, T ). A lea st-

I i i
50

I I I » I
0.01 Q02

Temperature

Q05 Û10

FIG. 6. Temperature variation o f T x $ ,T ) ,  measured as the product o f  the unfolded peak intensities 
lo (see anc* ^(Q*T) from Fig.4. The straight line in the double logarithmic plot verifies the power
law T x(Q ,T ) «  [ (T -T N) /T N]" y ,  withy = 1.33 à 0 .02 .
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squares fit of a power law to the points gives the exponent y  = 1. 33 ± 0. 02, 
in excellent agreem ent with the result of the H eisenberg m odel.

B ecause of the involved p rocess  of analysis it has not been possib le  
to determ ine reliab le  uncertainties in the cr it ica l param eters due to 
system atic e r r o r s . The sensitivity of the results to the background 
leve l and to changes in the other param eters has been tested and from  
this it was concluded that m ost of the results are reliable within 5%.

DISCUSSION

The theoretica l evaluation of cr it ica l param eters and exponents has 
so  far only been ca rried  out fo r  the Ising m odel and fo r  the isotrop ic  
H eisenberg m odel, both with nearest neighbour interaction only.
Although Tb is known to have highly an isotrop ic and long-range fo rce s , 
the c r it ica l exponents m easured fo r  Tb are in excellent agreem ent with 
those evaluated fo r  the H eisenberg m odel. Thus the theoretica l values 
fo r  v and y  are 0. 69 ± 0. 02 and ~  4 /3 , respective ly  [7], com pared 
with the m easured values v = 0. 66 ± 0. 02 and y  = 1.33 ± 0. 02.

The anisotropy param eter a can be estim ated to 0. 4 in the m olecular 
fie ld  approxim ation, assum ing exchange interactions to third nearest 
neighbours only. Incidentally, this estim ate is insensitive to the values 
of the three exchange interactions, when the condition fo r  the stability 
of a sp ira l structure is utilized. This estim ate is  in reasonable agree
ment with the m easured value of a = 0. 47 ± 0. 01.

There is no satisfactory  theoretical understanding of the fluctuation 
rates with tim e near a secon d -ord er  phase transition  [6], but the 
results fo r  Г(С$, T) can be com pared with the conventional theory [5, 6] 
which pred icts that fluctuations should slow  down fo r  therm odynam ic 
reasons as the tem perature is low ered to the cr it ica l tem perature.

Approxim ating the u -dependence of F(K, u ) by a truncated L orent- 
zian, T(Q, T) is expressed  in term s of the second and fou rth -order 
m om ents as [6]

/  2\3/2
г « - т ) = 7  7 Т Т / 2 d * »

2ч/з <w >

These two mom ents have been evaluated [5], using the exchange and 
anisotropy param eters fo r  Tb determ ined from  the m easured magnon d ispersion  
relations [8, 9]. The theoretica l results are indicated in F ig . 4. This 
theory co rrectly  predicts the asym ptotic value r(Q,oo ), within the 
lim its set by the uncertainties of extrapolating the experim ental results 
and the present knowledge of the exchange and anisotropy param eters.
The theory, however, pred icts values fo r  P(Q, T) which are too sm all 
by an order of magnitude fo r  tem peratures (T -  TN)/T N = 0. 06. We 
conclude that, while the conventional theory is invalid except at infinite 
tem peratures, dynam ical slowing down .of fluctuations does occu r at a 
se con d -ord er  phase transition, but that this effect is confined to an 
extrem ely  narrow  tem perature range (T -  TN)/T N < 0. 02. Therm odynam ic 
slow ing-dow n was not observed  in cr it ica l neutron experim ents on Fe 
[10, 11], but has recently  been reported  fo r  Ni [12] and RbMnF3 [13].
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D I S C U S S IO N

J. GORDON: Have you any explanation why the diffusion constant 
A z r is e s  as the c r it ica l tem perature is approached?

O .W . DIETRICH: The theory does not predict therm odynam ic slow ing- 
down e ffects  fo r  the h ig h er-ord er  expansion coe ffic ien ts  o f the decay 
param eter Г  (К). F rom  the sim ple theory, Г (К) is  expected to be in verse ly  
proportional to the susceptib ility  X(K), and thus from  the K -dependence 
in X(K) alone we expect Г  (Q) and Л to sca le  as Л = r (Q ) / /c | . The m easured 
ratio o f r (Q ) к2 does in fact in crea se  when approaching T^ .

A .G . SJÜLANDER (Chairm an): F rom  talking to P ro fe sso r  R esibois  
about the tim e dependence o f the sp in -corre la tion  function very  c lo se  to 
the Curie point, I got the im pression  that asym ptotic exponential decay in 
tim e may not o ccu r . If so, this would introduce a tem perature-dependent 
diffusion constant, though entailing an exponential decay in the corre la tion  
function. Would you com m ent on this?

O .W . DIETRICH: The asym ptotic behaviour o f the tim e decay o f the 
corre la tion  function is  re flected  in the shape o f the frequency distribution 
fo r  sm all energy tran sfers  (F ig . 2 o f  the paper). We cannot detect any 
deviation from  a Lorentzian shape in the unfolded frequency distributions 
and thus the exponential tim e decay is  justified  within the experim ental 
uncertainty.
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P . -A . LINDGARD: May I com m ent on the point ra ised  by M r. G ordon? 
In the presence o f anisotropy the decay coe ffic ien t is  (in the conventional 
theory  using 1/X (Q -q) ~  к \ + q 2) given by T(q) = A {k| + qz (1 + B k 2 )} = 
r (Q ,T ) + A(Q, T )q 2, where Ki is  the sh ort-ran ge ord er param eter and A 
and В are constants expected to vary slow ly with tem perature. T herefore , 
at Tc r (Q , T c ) = 0, but A(Q, T c) Ф 0, The tem perature variation  from  
these values is  expected to be proportional to the inverse susceptib ility . 
H ow ever, it would not be too surprising if  the agreem ent with the convention
al theory  proved to be w orse  fo r  A(Q, T) than fo r  Г  (Q, T ). One would 
expect that co rrection s  due to spin -w ave-type excitations, ch aracterized  
by a certain  wavelength dependence, would influence A(Q, T) rather than 
T (Q ,T ).

This provides a link with Mr. SjOlander's rem ark . A s mentioned 
by M r. D ietrich , the presence of additional poles in the relaxation  function 
might explain the unexpected tem perature dependence o f the effective 
diffusion constant. H owever, a d irect com parison  between the experim ent 
and the alternative theory of R esibois  (which is  valid, as far as I know, 
only fo r  the lim iting case  o f infinitely long-range, infinitely weak fo rces ) 
may not be very  relevant.

D. B ALLY: Did you, M r. D ietrich , co rre c t  your data for  the vertica l 
d ivergence of the beam or  only for its height?

O .W . DIETRICH: The fou r-d im ensional resolution  function was 
m easured on the B ragg-peak p ro files . This function contains a ll the r e 
solution co rrection s  which have to be made to the m easured intensities.

R .D . LOWDE: Allow  me to do you the serv ice  o f em phasizing that 
your new figure fo r  y, nam ely 1.33, rea lly  is  an im proved figure for  this 
quantity (which you gave previously , in R ef. [5] of your paper, as 1. 20), 
and is  not just a m isprint;

O .W . DIETRICH: Thank you.'
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Abstract

SMALL-ANGLE CRITICAL MAGNETIC SCATTERING OF NEUTRONS IN Co. Angular distributions 
o f  the small-angle critical scattering o f  1 .25  Â neutrons in cobalt have been measured at temperatures up 
to 150°С above the Curie point for a large range o f  scattering vectors (k= 0.03 -  0 .6  Á 1) .  The experi
mental data show that the asymptotic form o f the instantaneous spin pair correlation function at large 
distances is that predicted by Fisher. The temperature dependence o f the interaction range inferred from 
experimental data by using the Fisher correlation function is in agreement with theoretical predictions.
The exponents o f  the temperature dependences o f  the reduced magnetic susceptibility and correlation range 
are found to be smaller in cobalt than in iron. The critical scattering data are in agreement with classical 
susceptibility measurements. The angular distributions at relatively large values o f  the scattering vector 
show the limited validity o f the asymptotic spin correlation function. The variation with к o f  the position 
o f  the maximum scattered intensity as a function o f temperature is discussed.

INTRODUCTION

Neutron scattering has proved to be a useful too l fo r  the investigation 
of se con d -ord er  phase transitions in m agnetic m ateria ls. During the 
last few  years, c r it ica l neutron scattering m easurem ents have been ca rried  
out in an increasing  num ber of la b ora tories . An u p -to-date review  of the 
recent resu lts can be found in J a cro t 's  lectu res at the International Course 
on the T heory  of Condensed M atter, T rieste , 1967 [1 ].

F rom  the ferrom agnetic m etals o f the fir s t  transition  group, iron  and 
n ickel have been investigated in som e detail. Inform ation has been obtained 
on the spatial and tem poral behaviour o f spin fluctuations in these f e r r o 
m agnetic m etals. Some resu lts on cobalt w ere reported  in our previous 
com m unications [2, 3 ] . The aim of the present paper is  to supplement 
these resu lts with m ore detailed and accurate data on the instantaneous 
spin corre la tion  function -y(r) =<̂ !§o ' ^ t^x» obtained from  the angular d is tr i
bution m easurem ents o f the scattered neutrons. We have focused  our 
attention on the corre la tion  function behaviour at large distances to check 
F ish e r ’ s pred ictions [4] about its asym ptotic form  experim entally and to 
determ ine the tem perature dependence o f the susceptib ility  by a method 
different from  the c la ss ica l ones. To get inform ation about the correlation  
function at interm ediate d istances, the m easurem ents have been extended 
up to re la tive ly  large scattering  angles.

EXPERIM ENTAL METHOD

A high-purity polycrystalline cobalt sam ple 0.2 cm  thick was heated 
by d irect radiation in a vacuum aluminium oven capable o f tem peratures

7 5
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up to 1300°C. The system  used fo r  sam ple tem perature regulation and . 
stabilization has been described  in Ref. [5 ]. Near the cr it ica l point the 
uncertainty in the sam ple tem perature was estim ated to be ±0 .5 °C  con 
sidering the tem perature dependence of the scattered intensity at the 
sm allest angle o f m easurem ent. The angular distributions w ere m easured 
using a 1.25 Â m onochrom atic neutron beam . The resu lts w ere analysed 
within the static approxim ation. No correction  fo r  in elasticity  of scattering 
was made because data on the spin fluctuations relaxation in cobalt are 
m issin g . A ssum ing the relaxation tim e of spin fluctuations in cobalt to be 
not le ss  than that in iron  as determ ined by P a sse ll et al. [6 ], the expected 
changes in intensity due to the inelasticity  o f the scattering ought to- be le ss  
than 5% at rela tively  sm all angles.

A ccord in g  to the explored angular range, Soller co llim ators  with 
cadm ium  slits  with 10 ', 30' and 60' horizontal angular d ivergences have 
been used. At the sm allest scattering angles the resolution  correction s  
(which appear to be very  im portant) have been calculated by assum ing a 
linear variation o f inverse scattering intensity plotted against к2, the 
square o f the scattering v ecto r . The calculations w ere made using angular 
resolution  functions with Gaussian form s o f experim entally determ ined 
half-w idths. At la rg e r  scattering angles the resolution  co rrection s  w ere 
made by Gaussian unfolding, using a su ccess ive  approxim ation technique.

EXPERIM ENTAL RESULTS

The co rre cted  values o f the inverse m easured intensity fo r  the sm allest 
scattering angles are shown in Fig. 1 plotted against к? fo r  severa l tem peratures 
above the c r it ica l one. F or  iclessthan 0.1 Â the results obey p ractica lly  a 
linear dependence. This can be considered  as a consequence of the 
validity of the asym ptotic corre la tion  function in O rnstein -Zern ike form  
7 (r ) ~  r '2 (e "kir /r ) ,  where the param eters ^  and k ^1 represent the effective 
range o f d irect interaction and the effective  range o f corre la tion s , r e 
spectively . H ow ever, this is  not the unique possib ility , because F ish er has 
recently  argued [4] that the corre la tion  function could have the asym ptotic 
fo rm  Y(r) ~  e‘ kir / r 1+,> leading also to a p ractica lly  linear dependence of 
the resu lts in F ig . 1 at sm all r¡. Because of the experim ental e r ro rs  it is 
very  difficu lt to decide in favour of one of these corre la tion  functions in a 
d irect way by analysing the negative curvature o f the distributions shown in 
F ig . 1. An indirect method o f analysis has already-been used fo r  j3- 
brass [7] and iron  [8 ]. It con sists in com paring the tem perature de
pendences of the corre la tion  range and of the z e ro -f ie ld  susceptibility . The 
reduced z e ro -f ie ld  susceptib ility  x0 is  expected to vary  as x0 ~ (1  ■ Tc /T)'y 
and the corre la tion  range as kj1 ~ ( T - T C) 'U, so that 7 / 2  ̂= 1 -^ /2  [4 ].

The interpretation of the data fo r  к2 s 0.01 Â' 2 has been perform ed  by 
m eans of a F ish er and B urford fir s t -o r d e r  approximant [9] in the follow ing 
form :

x" 1 (K, T) = rj [ kj + к2 /(1  - n /2 ) ] 1_I, /2 (1)

where х(к, T) is  the reduced scattering intensity, related to the spin c o r r e 
lation function by F ou rier  inversion . The reduced z e ro -f ie ld  susceptibility  
is  x(0, T ). Equation (1) correspon ds to an O rnstein -Zern ike corre la tion
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F IG .l. Inverse o f  the corrected scattered intensity plotted against square o f  the scattering vector.

function when 17 = 0. Using a method of su ccess iv e  approxim ations fo r  
determ ining r\, it was estim ated that r) = 0 .1 0 ± 0 .0 5 . The tem perature 
dependences o f the in verse  corre la tion  range and o f the inverse reduced 
susceptib ility , taken out from  the experim ental data using Eq. (1), are 
shown in F ig , 2. The value 7  = 1.19 o f the reduced susceptib ility  exponent 
in cobalt agrees with m a croscop ic  resu lts ( 7  = 1 . 2 1  [1 0 ] and 7  = 1 . 2 0  [1 1 ]) .
It should be noted that the c r it ica l ind ices 7  and v o f cobalt are con s id er 
ably low er than those obtained fo r  iron  and n ickel by the sam e method of 
c r it ica l neutron scattering . Our experim ental data fo r  iron , obtained with 
the sam e experim ental device  and analysed by the sam e technique as fo r  
cobalt, y ie ld  the values 7  = 1.34 and 2v = 1.39 leading to r) = 0.07 [8 ] .  The 
c r it ica l neutron scattering in n ickel has given 7 = 1.30 [1 ].

The in d ices 7  and v should be connected with the exponent /3 o f the 
tem perature dependence o f the spontaneous m agnetization near T c by the 
relation (see  R ef. [12] fo r  re feren ces)

2)3 = 3i/ - 7  (2)

obtained by assum ing the equality o f the cr it ica l ind ices below  and above 
T c . The value /3~ 0 .34  fo r  cobalt fo llow s ,from  Eq. (2 ). To our knowledge, 
d irect determ inations o f the exponent /3 fo r  cobalt have not yet been 
reported . H ow ever, the spontaneous m agnetization data reported  fo r  
cobalt [11, 13 ], if plotted on a logarithm ic sca le  against (T c - T), exhibit 
a constant slope /3 0.4 fo r  T /T c < 0 .995 . (It should be noted that the data
from  R efs [11, 13] show that below  Tc cubic cobalt and n ickel obey 
practica lly  the sam e reduced equation of state, while M flssbauer effect
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FIG.2. Temperature variations o f  the reduced susceptibility and o f the correlation range.

m easurem ents showed that /3 — 0.33 in n ickel fo r  T /T c < 0.99 [14].) The 
spontaneous m agnetization data [11] suggest that the index £S fo r  iron  is 
sm aller than in cobalt and nickel, so that the value /3 ~ 0 .3 7 , follow ing 
from  neutron scattering data fo r  iron  by Eq. (2), appears plausible.

In F ig . 3 the re c ip ro ca l o f the corre la tion  ranges fo r  Co, Ni and Fe, 
obtained from  neutron scattering m easurem ents, is  plotted against 
(T/TJ -1) as akj (a being the nearest neighbour d istances: 2.55 Â in Co,
2.50 Â in Ni and 2.52 Â in Fe at tem peratures near Tc ). The data for  
cobalt and iron  [8] have been obtained with the sam e device , while fo r  
n ickel we used data from  Ref. [15] where a somewhat different m easuring 
technique was used.

The solid  lines in F ig . 3 represent the theoretica l predictions fo r  akj 
obtained in severa l approxim ations (De Gennes and Herpin [16] in the mean 
fie ld  approxim ation, E lliott and M arshall [17] and F ish er and B urford [9] 
fo r  the i  spin Ising m odel fo r  fee and bcc la ttices).

Although the Ising m odel is  an ov er-s im p lified  representation of the 
rea l physical picture, the results of F isher and B urford [9] are capable 
o f d escrib in g  the values as w ell as the tem perature dependence (they 
predict 2v ~ 1 .2 9 ) o f the observed  corre la tion  ranges.

The tem perature dependence of the interaction range is  plotted against 
T /T c in F ig. 4 as г® / г 2с (r lc being the value of гх at T = T£ ). The solid 
line represents the dependence r 2 ~  T '1 roughly predicted  by all the 
theories considered  above. The values plotted in F ig. 4 have been deduced 
from  the sam e experim ental data by assum ing fir s t  rj = 0 and then.ri = 0.1.
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FIG.3. Temperature dependence o f  the inverse correlation range in Co, Ni, Fe(see text for explanation).

T/Tr

FIG.4. Temperature variation o f  the interaction range obtained by assuming ц = О (О) and т) = 0 .1  (• ).
The solid line is the dependence r̂  — T "1.

It appears that taking the n on -zero  value of r) into account cancels out 
alm ost com plete ly  the deviations from  theoretica l in the tem perature 
dependence of ^  observed  over the years in all m easurem ents o f c r it ica l 
scattering interpreted  by m eans of the O rn stein -Z ern ike corre la tion  
function.

The th eoretica l values o f the interaction  range rj are rather in sen s i
tive both to calcu lation  m ethods and to the crysta l la ttice . F or  the above- 
m entioned calcu lus approxim ations the results range between rlc /a  = 0.408 
(m ean fie ld  [16]) and rl c /a  = 0.448 (b cc  Ising f  spin [9 ] ) . .  A ll these ca lcu 
lations pred ict the equality (within 2%) of the interaction  ranges rlc fo r  
cobalt and iron .

The absolute values of the interaction  ranges can be deduced either 
from  the absolute m easurem ents o f the differentia l c ro s s -s e c t io n  o r  by 
com parison  of the relative scattering m easurem ents with m agnetic 
susceptib ility  data.

By using the m easured values of the susceptib ility  [10, 11] (giving 
X0 = 10 at T -T c ~  7.5°C) together with our data on the corre la tion  range 
к J1, the value rlc /a  = 0.43 ± 0.04 fo r  cobalt has been obtained from  E q .( l ) .  
The im p recis ion  is  due m ainly to the uncertainty in the value o f r\ used in 
this calculation.
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The sam e procedure has been applied fo r  iron  by using the magnetic 
susceptib ility  data [18, 19] (indicating x0 = 1013at T -T c ~  5°C) together 
with our data fo r  the corre la tion  range. It has been found that 
rl c /a  = 0.39 ± 0. 04. The d irect determ inations of rlc in iron , perform ed 
by calibrating the c r it ica l scattering c ro s s -s e c t io n , y ield  the values 
rlc /a  = 0.42 ± 0.02 [20] and r l c /a = 0 .3 8  [21 ].

A  cro ss -v e r ifica t io n  of these data has been possib le  by com paring 
the intensities scattered by iron  and cobalt fo r  the sam e experim ental 
set-up . The ratio o f the d ifferentia l c ro s s -s e c t io n s  of cobalt and iron  at 
Tc fo r  the sm allest scattering angles has been found to have a constant 
value of ~  2 /3 , i . e .  the squared calculated effective  param agnetic moment 
ratio of cobalt to iron . It follow s that the interaction ranges at Tc have 
approxim ately the sam e value in both these ferrom agnetic m aterials. The 
la rg er  value o f the interaction range in cobalt than in iron  reported 
e a r lie r  [3] was due to considerable evaporation o f the cobalt sample during 
the lon g-tim e m easurem ents which was not taken into account.

By considering again the inverse angular distributions in F ig. 1, we 
note that the isotherm  fo r  T = Tc in tersects the other ones. This effect has 
been observed  fo r  iron  too [2] and it has found a qualitative theoretical 
basis in the recent calculations of F ish er and B urford [9 ]. However, the 
experim ental data show a stronger than th eoretica lly  predicted к dependence 
o f the maxim um  scattered  intensity shift tow ards higher tem peratures (Fig.5),

FIG.5. Logarithmic plot o f  the temperature shift o f  the maximum 
scattered intensity against the value o f the scattering vector.

This is  not surprising  because the data in F ig . 5 re fe r  to large scattering 
angles where a deviation from  the linearity  of the data in F ig. 1 is  observed. 
This deviation is not predicted  by the theoretica l calculations made in 
R ef. [9] (m ost probably because they neglect the interaction between m ore 
distant neighbours). It points out the lim its of the validity of the asymptotic 
corre la tion  function and can be described  by including а к4 term  in the 
in verse d ifferentia l c ro ss -s e c t io n . F rom  the uncorrected  data fo r  large 
scattering angles, the prelim inary figure o f about 30 Â2 was obtained for
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the ratio between the coe ffic ien ts  o f the к4 and кг term s in the angular 
distributions at tem peratures near the cr it ica l one, by neglecting the non
zero  value of r¡. This figure, which is  a m easure of the im portance of the 
long-range couplings in the spin system , is  to be com pared  with the 
reported  values of 29 Â2 fo r  iron  and 110Â2fo r  n ickel [16].

M ore com plete resu lts concern ing the spin pair corre la tion  function 
in cobalt w ill be published.
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D I S C U S S IO N

J. ALS-NIELSEN: The scaling law 2 P = 3v - у  (Eq. (2) o f  your paper) 
w o rr ie s  m e, because it does not hold fo r  the tw o-d im ensional Ising m odel, 
fo r  which an exact solution ex ists, o r  for the three-d im ensional Ising 
m odel, fo r  which fa ir ly  accurate values have been found by se r ie s  expan
sion techniques. Would you ca re  to com m ent on this?

D. B ALLY: The у  and v param eters, determ ined from  analysis o f the 
experim ental data using F ish e r 's  resu lts , correspon d  to the rea l f e r r o 
m agnetic and not to the sim plified  m odel; that is , the in itial m odel is  not 
so restr ictiv e  fo r  a ll the con clu sion s.

T . SPRINGER: M r. B a lly 's  cu rves showing the tem perature dependence 
o f the scattered intensity fo r  a fixed scattering v ector  к c lo se  to T c prompt 
me to mention that at our laboratory  Dr s F . M aier and N. Stump have found 
the sam e qualitative behaviour fo r  n ickel, nam ely: (1) the ch a racteristic  
shift o f  the position  o f the intensity maximum with changing к ; and (2) 
the second peak shown at sm aller  к values. Interpreting this peak as
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being due to spin waves with a square d ispersion  law, one can extract the 
stiffness constant, and its value agrees quite w ell with the resu lts obtained 
by Stringfellow  at Harw ell.

J . GORDON: We have observed  that phonon scattering, which in creases  
with tem perature, may a lso  cause an effect s im ilar to this shift of inten
sity maxima with changing к . It would be a good idea to perform  inelastic 
scattering investigations in ord er to separate the phonon and magnetic 
c r it ica l scattering e ffects .

R .D . LOWDE (Chairm an): You mentioned, M r, Bally, in your ora l 
presentation, that you are interested  in examining your "secon d  m axim um ". 
This maximum is  believed  to be due to the spin w aves, which are still 
v e ry  prom inent at that point below the Curie tem perature. O riginally 
confined to a very  sm all angle, they broaden out and cut a cro ss  the scattering 
angle, thus producing firs t a r ise  and then a fa ll in the intensity. This is  
in fact what you term  the "secon d  m axim um ".

A good way o f studying this -  which we have adopted at Harw ell -  is 
to use the sm all-angle  scattering technique, involving the taking of d if
feren ce  counts. Indeed, addressing h im self to this very  problem , 
Stringfellow  has recen tly  made a study o f these phenomena in iron  and 
n ickel. He exam ines the spin-w ave scattering by means o f d ifference count
ing, and c o r re c ts  fo r  the c r it ica l magnetic dependence using the th erm o
dynam ic d iscussion  o f the F rench  school, which we find adequately fits the facts.

We thus have here a method of separating this kind o f scattering into 
com ponents before  we start asking what happens to the individual com ponents 
as a function o f various fa ctors .
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Abstract

SPIN CORRELATIONS IN ONE, TWO AND THREE-DIMENSIONAL HEISENBERG PARAMAGNETS. The 
spin correlations < ? 0 (Û )'sTr(0 > within a finite lattice o f several thousand classical spins have been 
calculated by solving numerically the equation o f motion of an initially random set of spins interacting 
through nearest-neighbour Heisenberg exchange interactions. Previous results on a simple cubic lattice 
have been extended to include all neighbours with separations up to three lattice spacings. The Fourier trans
formation over space and time to give the wavevector and frequency dependent scattering function ^ ( q ,  u), 
may now be made to within a resolution in frequency of order 2JS/fi. This function is closely related to 
the neutron scattering cross-section involving a momentum transfer hq and an energy transfer fiw, and the 
calculations are compared with experimental measurements by Windsor, Briggs and Kestigian on a single 
crystal o f RbMnF3. Since the Hamiltonian o f this salt is well known, this comparison may be made on an 
absolute scale without further parameters.

Similar calculations with a square lattice in two dimensions and with a linear chain have proved 
rather easier to compute with accuracy, on account o f the smaller number o f neighbours which contribute 
appreciably to the correlations within a given time. The results for a linear chain are compared with the 
quantum mechanical calculations o f Carboni and Richards on a linear chain o f ten spin half-particles.

1. INTRODUCTION

Van Hove [l] showed that the w avevector and frequency dependent 
scattering function .S^c^u), which is  c lo se ly  related to the neutron inelastic 
scattering c r o s s -s e c t io n  involving a momentum tran sfer -hq and an energy 
tran sfer hu, may be expressed  as the F ou rier  transform ation  over space 
and tim e o f the pair corre la tion  functions <( Sq (0) • 3r (t) . These functions
give the probability  that any given spin in a lattice is  para llel to a neigh
bouring spin distant Й observed  at a later tim e t, and provide a m ore 
physical description  o f the dynam ics o f a spin system .

In the present case  of a H eisenberg paramagnet at infinitely high 
tem peratures, certain  properties  <of the corre la tion  functions are known 
from  theoretica l considerations. These properties have recently  been 
review ed by M arshall and Lowde [2] . In particu lar, the method of m o
ments [2, 3] g ives an expansion o f the corre la tion s useful at sm all tim es, 
while the diffusion method [3-5] g ives an approxim ate expression  fo r  the 
corre la tion s  appropriate to large tim es.

The present method sets up a com puter m odel o f a H eisenberg para 
magnet consisting o f a few thousand c la s s ica l spins interacting through 
nearest-neighbour exchange fo r c e s . The equation o f motion o f an initial 
random  set o f spins is  then solved n um erica lly  and the pair corre la tion s 
between an initial set o f spin d irection s and the current d irections evaluated 
as a function o f tim e fo r  various types o f neighbour. Some prelim inary 
resu lts  using the method have been given in an ea r lie r  paper [6]. The e x 
tension o f the method to finite tem peratures has been given by Vineyard,

8 3
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Watson and Blume [7], while Carboni and R ichards [8, 9] have solved the 
form idable d ifficu lties o f a quantum m echanical calculation in the case  
o f a linear chain o f ten spins. In the present paper the method and the 
resu lts fo r  a sim ple cubic lattice w ill be d iscu ssed . Space forb ids m ore 
than a b r ie f d iscussion  o f the resu lts in one and two dim ensions.

2. THE CALCULATION

An array  o f spin v ecto rs  o f unit length was indexed accord ing  to a 
sim ple cubic, square, o r  linear lattice. The size  o f the a rra y  used was 
a com p rom ise  between statistica l a ccu ra cy  o f the resu lts and computing 
tim e and was not in this case  lim ited by storage capacity. A set o f initial 
spin d irection s correspond ing to an infinite tem perature was constructed 
using a pseudo-random  num ber generator. The random  ch aracter of the 
spin d irection s produced was in a ll ca ses  checked by evaluating the averages 

Sa )a n d ^  S Í )  with a = x, y and z, which approached the values 0 and | 
resp ectiv e ly .

The equation o f motion o f the spins is  determ ined by the com m utator 
o f each individual spin ^ R with the Hamiltonian

I h - i u r -  w

In the ca se  o f a nearest-neighbour, iso trop ic  exchange Hamiltonian

2 j3 i- Sj (2)
i>)

it is  found that the com m utator vanishes unless site R equals either i or  
j so that the sum over a ll pairs of spins reduces to a sum over those sites 
R 1 nearest neighbour to R, and the com m utator can be evaluated to give 
the c r o s s  product

S . « „  (3)
R'nnR

During a short finite At the change A ? r in the unit v ecto r  on site R is  
then given by

A S r = - - ^ p  At £  SR X SR, + О (At)2 (4)
R'nnR

When the spin changes ASR have been evaluated fo r  a ll spins in the lattice, 
the spin v e cto rs  are updated and the whole procedure repeated. It is  con 
venient to m easure tim e in units of ii/2JS , the p recess ion  tim e o f a spin in 
the m olecu lar fie ld  o f a neighbouring spin. F o r  the motion to be accurately  
follow ed, it is  n ecessa ry  that the tim e increm ent At be a sm all fraction  of
this unit as each evaluation of Eq. (4) introduces an e r ro r  of ord er
^ z(2JS A t/h )2 in the spin d irection s, where z is  the num ber o f nearest 
neighbours. In n early  a ll the resu lts presented here the value At = 0.005
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tim e units has been used which, if  the m otion is  follow ed fo r  say four 
com plete  units of tim e, introduces a cum ulative e r r o r  o f o rd er  6% in the 
spin d irection s . P eriod ic  boundary conditions w ere applied and to avoid 
any spurious e ffects  resulting from  this procedure the pair corre la tion s 
con sidered  w ere lim ited  to neighbours whose separation was le s s  than 20% 
o f the lattice dim ension.

In a c la s s ica l system  the expectation value occu rrin g  in the expression  
fo r  the pair corre la tion s  may be interpreted as a straightforw ard average 
taken over  a ll neighbours o f the sam e type occu rrin g  in the lattice . Since 
the individual term s in the expectation value are o f o rd er  unity, the 
sta tistica l a ccu ra cy  o f the resu lts depends on the num ber o f term s in the 
a verage . If the lattice contains N spins and if  there are  Z R neighbours 
o f separation R to any given spin, then the statistica l a ccu ra cy  o f the 
expectation value w ill be (N Z R)‘  ̂ . This may be reduced by a factor n¡ 
by repeating the calcu lation  n tim es with different initial spin configurations 
and averaging the resu lts together. This procedure is  in fer ior  to an 
in crea se  in lattice s ize , if  this is  possib le , but is  useful if com puting tim e 
considerations necessitate  the breakdown o f the calculation  into separate 
stages, o r  if  storage capacity is  lim ited.

To find the scattering function from  the pair corre la tion s , it is  n e ce s 
sary  to p erform  num erical F ourier transform ations over space and tim e. 
The space transform  g ives a q and t dependent corre la tion  function

This function is  related to the relaxation function [2] , since it d escr ib es  
the response o f the spin system  to a perturbation o f w avevector q. In 
p ractice  it is  only possib le  to perform  the sum over R in the transform  over 
a lim ited num ber o f neighbours whose pair corre la tion s  have been com puted. 
At sm all tim es this is  not a seriou s lim itation since the corre la tion s  decay 
rapid ly  with distance, how ever, as the tim e is  in creased  the contribution 
to the sum from  the m ore rem ote neighbours becom es appreciable. This 
may be seen by considering the com puted function fo r  q = 0 which is  sim ply 
the sum o f the corre la tion s  over a ll neighbours ER<(S0 (0). SR (t) )>. C on ser
vation o f total spin requ ires  that, i f  a ll neighbours are included, this must 
be independent of tim e with the value S(S + 1). In practice  it fa lls  o ff from  
this value only a fter som e ch a ra cteristic  time t i  which in crea ses  as the 
num ber o f neighbours included in the sum is  in creased . The computed 
space tran sform  is  thus only reliab le  at tim es up to t j .

The scattering function 5^(q,u) can be obtained from <  5.^(0). §g(t) > 
by a F ou rier  transform ation  ov er  a ll tim e

(5)
R

where

(6)

R

eo



T A B L E  I. SPIN CO R RE LA TIO N S Z R< S0(0) • SR (t) > F O R  A SIM PLE  CUBIC PA RA M A G N E T

2JS
t x T T

R = 000 100 110 111 200 210 211 220 221 222

0 .0 1.000 0 .000 -0 .0 0 1 -0 .0 0 4 -0 .0 0 4 0 .0 3 4 0 .0 0 4 -0 .0 3 1 0.062 0.006

0 .2 0 .926 0 .073 -0 .0 0 4 -0 .0 0 3 -0 .0 0 2 0.030 0 .0 1 7 -0 .0 2 6 0.049 0.008

0 .4 0 .736 0.250 40.006 +0.001 +0.005 0.020 0 .0 3 4 -0 .0 1 4 0 .0 3 4 0.008

0 .6 0 .503 0 .424 0 .048 0 .010 0 .020 0 .0 1 2 0.040 +0.001 0.018 0.006

0 .8 0 .308 0.511 0 .129 0.020 0 .039 0 .0 1 3 0.036 0 .011 0.008 0.006

1 .0 0.180 0.498 0 .223 0.035 0 .0 5 8 0 .0 2 4 0.040 0 .0 1 4 0.011 0 .0 0 4

1 .2 0 .110 0 .4 2 4 0.298 0.055 0 .072 0 .046 0 .0 2 5 0 .013 0.022 0.001

1 .4 0 .076 0.335 0 .332 0.079 0.077 0 .073 0 .0 3 2 0.013 0 .028 -0 .0 0 2

1 .6 0.060 0.265 0.328 0.101 0.072 0 .1 0 4 0.056 0.017 0 .022 -0 .0 0 1

1 .8 0.050 0 .217 0 .3 0 4 0.115 0.063 0 .136 0 .0 8 6 0.020 0.011 0 .005

2 .0 0.043 0.185 0.272 0 .117 0.058 0 .162 0 .1 1 2 0.025 0 .007 0 .013

2 .2 0 .037 0.163 0.241 0 .111 0.056 0 .181 0 .1 2 5 0.027 0 .012 0.017

2 .4 0 .0 3 4 0.144 0 .2 1 6 0.102 0 .0 5 4 0 .196 0 .128 0.028 0.019 0 .017

2 .6 0 .031 0.128 0.198 0 .093 0.050 0.202 0.128 0.030 0.023 0 .016

2 .8 0 .028 0.115 0.180 0.085 0 .0 4 1 0.203 0 .133 0.031 0.031 0 .012

3 .0 0 .025 0.105 0.161 0 .080 0 .0 3 2 0.205 0.137 0 .025 0 .0 5 4 0 .006

3 .2 0 .023 0.095 0.143 0 .076 0.028 0.203 0 .136 0 .0 2 2 0 .0 7 4 0.003

3 .4 0 .020 0.089 0.126 0.070 0.030 0.192 0 .1 3 7 0.029 0.097 0 .0 0 4

3 .6 0 .016 0 .082 0.113 0 .062 0.036 0.163 0.140 0 .0 4 4 0.108 0.009

3 .8 0 .013 0 .076 0.107 0 .054 0.036 0.137 0.149 0.060 0.116 0.017

4 .0 0 .013 0 .068 0.103 0.049 0.038 0.119 0 .137 0.072 0.119 0.026

ERROR 0.005 0 .013 0.018 0 .0 1 4 0 .013 0 .025 0 .0 2 5 0.018 0.025 0 .0 1 4

ZR 1 6 12 8 6 24 24 12 24 8

W
IN

D
SO

R
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D ifficu lty  o ccu rs  in evaluating the integral as in practice  the corre la tion s 
may only be com puted up to som e finite tim e t0, and the decay o f the 
corre la tion s  at large tim es may be rather slow . A sim ple truncation of 
the integral at tim e t 0 is  unsatisfactory since this creates spurious 
structure in the tran sform . While an extrapolation o f the pair corre la tion s 
to infinite tim es with the t " id tim e dependence predicted by diffusion 
theory  in d dim ensions is  quite possib le , this is  hardly worth while since 
in p ractice  t 0 is  com parable with the ch aracteristic  tim e t i  defining the 
tim e over which the space transform  is  re liab le . In these circum stances 
the resolution  o f the energy transform  is in any case  o f the ord er  of 
h7r/to and the truncation problem  may be solved by including in the inte
grand o f Eq. (7) a fa ctor  sin (Trt/t0)/?rt/t0 , This factor reduces to zero 
at t = t 0 and provides a degree o f smoothing consistent with the truncation 
[Ю].

3. RESULTS FOR A SIMPLE CUBIC LATTICE

The pair corre la tion s  presented in Table 1 and shown in F ig . 1 w ere 
obtained by averaging the resu lts o f som e 32 runs each with different 
in itial spin configurations and with lattices containing between 1000 and 
4096 spins. The num ber o f neighbours whose corre la tion s w ere calculated 
was variable and although neighbours out to 111 w ere always included, 
those between 200 and 222 w ere included in only about half the runs, and 
their corre la tion s  are th erefore  le ss  accurate.

FIG. 1. The R and t dependent spin correlations for a simple cubic lattice. The curves are multiplied by 
the number o f neighbours Z^.

It is  seen that, allowing fo r  statistica l e r ro r , a ll the corre la tion s are 
positive . This is  a lso  observed  in the resu lts fo r  one and tw o-dim ensional 
la ttices and appears to be a general resu lt at infinite tem peratures. At 
tim e zero  the resu lts con firm  that a ll corre la tion s other than the se lf term  
are ze ro . At sm all tim es they con firm  the predictions o f the mom ents 
theory  [2] that the se lf -co rre la t io n  function is  parabolic with a curvature 
equal and opposite to that o f the nearest-neighbour function, while the 
curvature o f corre la tion s  with other neighbours is  vanishingly sm all. The 
decay o f the corre la tion s  at large tim es is  c lo se  to that predicted by the
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FIG. 2. The If and t dependent correlation function for a simple cubic lattice, for various values o fcf, 
in units o f  ТГ/ a Q, along the 111 direction.

theory of spin diffusion in a quasi-continuous medium [ l ] , where the c o r 
relations have the form

<3o(0).*SR(t )> =  aoS (S  + l ) e x p ( -R 2 /4îrAt)(47rAt)'3/2 (8)

where a0 is  the lattice constant. A greem ent with the computed corre la tion s 
is  very  poor at sm all tim es but at the largest tim es computed there is  fa ir  
agreem ent if a diffusion constant Л = (0. 35 ± 0. 03)2JSaQ is  assum ed. The 
coe fficien t here is  c lo se  to the value 0 .33 predicted by the theory o f M ori 
and Kawasaki [4].

F igure 2 shows the corre la tion  function^ S.^(0)-S^f(t) y  evaluated 
using Eq. (5) with the summation lim ited to the 125 neighbours within a 
cubic shell with corn ers  at 222. The fact that the curve fo r  q = 0 rem ains 
within 10% o f unity fo r  tim es up to 2. 6 units o f h /2JS indicates that over 
this period the contribution from  m ore distant neighbours than those included 
is  not im portant. The irregu larities  in this curve and the fact that it 
passes above unity at sm all tim es are due to a statistical e r ro r  o f about 
8%. This is  much la rg er  than the e r ro r  on the pair corre la tion s since a 
sum over many term s, each with its own e rro r , is  involved. At finite q 
the correla tion  function decays with tim e and shows features of the 
exp (-A q ;!|t I) dependence predicted by diffusion theory. In particular the 
steepest gradient o f the curves is  nearly proportional to q2 fo r  sm all values 
o f q and suggests a diffusion constant A = 0. 25 2JSao. However other 
features in the cu rves dem onstrate breakdown o f diffusion theory. At sm all 
tim es the corre la tion  function has zero  gradient at a ll q v ectors  as predicted 
by the m om ents theory. A lso the function is  period ic in q and near the zone 
boundary has an o sc illa to ry  structure with negative reg ion s . Although the 
statistica l a ccu ra cy  o f this structure is  questionable, the much m ore a c 
curate resu lts obtained in case  o f a linear chain a lso  show these features.

F igure 3 shows the function S (̂Ûtu) obtained by F ou rier  transform ation 
o f the pair corre la tion s  over tim e. The cu rves have only a very  sm all 
statistica l e r r o r  but the truncation o f the corre la tion s at to = 4fi/2JS
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FIG.3. The R and w  dependent correlation function for a simple cubic lattice, in units o f  (2JS)~ l .

cau ses the resolution  in energy to be lim ited to about 2JS. The curve 
labelled  R = 0 represen ts the neutron scattering function from  a poly 
crysta llin e  specim en at large w avevectors [6], and since it represents 
a c r o s s -s e c t io n , it is  n ecessa r ily  positive .

Lastly  the F ou rier  transform  over tim e o f <( S_^(0). S¡f(t))>, o r  equivalently 
the space transform  o f Sf(R, ш), g ives the Van Hove scattering function 
S (̂q, u). The dashed cu rves o f F ig . 4 show the com puted tran sform s for 
various 5 v ectors  along the 110 d irection  in re c ip ro ca l space, and have been 
sca led  so that they may be com pared with experim ental m easurem ents 
by W indsor, B riggs and Kestigian [l l] on param agnetic RbM nF3 . This 
sim ple cubic antiferrom agnet has la rgely  nearest-neighbour H eisenberg 
in teractions (J = 0. 28 meV) and a large spin (S = 5 /2 ) and so approxim ates 
c lo se ly  to the present Hamiltonian, and since the scattering function was 
m easured on an absolute sca le , it can be com pared with theory without 
any adjustable param eters. The solid  cu rves in the figure follow  the 
G ram -C h arlier  s e r ie s  suggested by C ollins and M arshall [12] which has 
the calcu lated  area , second and fourth m om ents. Although the com puted 
tran sform s have a statistica l e r r o r  o f o rd er 8% and a resolution  in energy 
o f o rd er  2JS o r  1 .6  m eV, they show good agreem ent with both the mom ents 
theory  and with the experim ental resu lts . The com puted scattering 
function shows a width in energy varying considerably  with the d irection  
o f 5  within the zone. A com parison  with experim ent throughout the 110 
plane o f re c ip ro ca l space is  shown in R ef. [11].

4. RESULTS FOR A SQUARE LATTICE AND A LINEAR CHAIN

Figure 5 shows the pair corre la tion s  calcu lated fo r  various neigh
bours on a square lattice and on a linear chain. The square lattice con -
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4lio (Xf1 4OOI (X)—0 0 -0 2

FIG. 4. The "cf and w  dependent scattering function for various values o f  cf along the 110 direction in RbMnF3 
(dashed curve). The zone boundary is at 1. 04 Â"1 and q vectors at the centre o f each range have been used 
in the calculation. The solid curve follows the Gram-Charlier expansion with the calculated moments. The 
points are experimental measurements on a RbMnFg single crystal at 3 .5 T N-

tained 2500 spins and was averaged over eight separate runs with different 
in itial spin configurations to give a statistica l accu racy  of ord er  0.7%  for 
each neighbour. The linear chain contained 4000 spins and was averaged 
over 5 runs to give 0 .7%  accu racy  a lso .

The m ost striking change as the co-ord ination  num ber is reduced is 
the much sm aller num ber o f neighbours which contribute appreciably to the
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FIG.5. The pair correlation functions for a square lattice (A), and for a linear chain (B).

corre la tion s  at a given tim e. This greatly reduces the amount o f com pu
tation involved, and means that the space tran sform s may be evaluated 
with much greater a ccu ra cy . In both la ttices som e structure may now 
be seen in the corre la tion  functions which in many ca ses  can be identified 
with a particular p ro ce ss . In the linear chain resu lts fo r  exam ple, a 
spin may diffuse to the adjacent site then back again to the orig inal site 
giving a bump in the se lf-co rre la t io n  function at the sam e position  as the 
peak in the second-neighbour function. This type o f p rocess  is  m ore  p ro 
bable in lattices with a sm all co-ord ination  num ber and provides an ex 
planation fo r  the very  slow  decay o f their corre la tion s  at large tim es. .

The various F ou rier  tran sform s of the corre la tion  functions have a ll 
been calculated but space lim itations forbid  a full d iscussion  here. The 
linear ch ain¿■’’’(Й , u) tran sform s are d irectly  com parable with the resu lts 
o f Carboni and R ichards [8, 9] fo r  the sp in -half ca se . There is  rem arkable 
agreem ent with their resu lts particu larly  if  a spin value [ S(S + l)]i = 
rather than one half is  assum ed.
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D I S C U S S I O N

A. RAHMAN: Perm it me first to congratulate you on this m ost 
interesting p iece  o f work, and then to enquire about a technical point: how 
did you satisfy  you rse lf that the sim ple a lgorithm  you have used is  efficient 
enough?

C .G . WINDSOR: The cr iter ion  fo r  accurate evaluation of the spin 
m otions is  that A t «  ft/2JS. This condition was checked by halving the 
At used and observing that the spin motion was changed by only a negligible 
amount.

R . D .  LOWDE: You a lso  have the sum ru les, which te ll you for  
instance that ( S  (-7c) • S (ic,t) )> should be independent of tim e, and the 
com putation can be checked against these.

C .G . WINDSOR: The sum w ill be independent o f tim e if  the contribu 
tions from  the neighbours not included in the calculation are negligib le.
The sim ple cubic resu lts o f F ig . 2 do not show significant deviations until 
tim es o f o rd er  3ft/2JS.

R .D . LOWDE: W ill you please com m ent on the range o f к over  which 
the diffusion approxim ation appears to hold in your resu lts?

C .G . WINDSOR: The diffusion approxim ation is  ch aracterized  by an 
exponential decay o f <( S .q (0) • Sq(t) у  with in itial gradient proportional to 
q2 . This dependence was roughly satisfied  by the calcu lations fo r  q 
v e c to rs  as high as 0. 5 тг/а0.
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P.-А. LIN D G A R D
RIS0 RESEARCH ESTABLISHMENT, 
ROSKILDE, DENMARK

Abstract

LINE SHAPE OF THE MAGNETIC SCATTERING FROM ANISOTROPIC PARAMAGNETS. The frequency 
dependence o f the cross-section for magnetically scattered neutrons for low-energy transfer (fiw <<kT) is 
conventionally expressed by F“ ®(i?, w ), the Fourier transform o f the normalized relaxation function. The 
second and fourth moments with respect to w o f F ( i t ,  и  ) have been evaluated in the high-temperature 
lim it for anisotropic materials described by a Hamiltonian containing Heisenberg interaction and axial 
anisotropy. A discussion, using the moments and the Gram-Charlier expansion, is given o f the frequency 
dependence o f F(k , tu).

Significant deviations aré to be expected from the Gaussian line shape at large к values and from 
the Lorentzian line shape at small к  values and at high temperatures. The results are compared with 
exact Ising model calculations and with measurements in the paramagnetic phase o f rare earth metals, 
experimentally determined exchange and anisotropy parameters being used. As a first-order temperature 
correction, it is taken into account that the moments are proportional to Т /х  (к, T), where х ( к ,  T is 
the wavelength-dependent susceptibility.

1. INTRODUCTION

R ecently  a number o f m easurem ents on the d isordered  phase of 
m agnets having a large  axial anisotropy, notably the rare-earth  m etals, 
have been reported  [1, 2]. Consideration is  here given to the effects 
this anisotropy w ill have on the interpretation of the experim ental resu lts . 
The frequency dependence of the param agnetic and cr it ica l neutron 
scattering is  conventionally [3-5] analysed by means o f certain  analytic 
approxim ations fo r  the observed  line shape, i . e .  a Gaussian o r  a cu t-o ff 
L orentzian  function. The mom ents o f these functions can then be deter
mined and related to the basic  spin Hamiltonian. R ecently M arshall 
and C ollins [6] have d iscu ssed  fo r  the Ising m odel to what degree 
co rre ction s  to the Gaussian approxim ation fo r  the param agnetic line 
shape could be provided if a G ram -C harlier expansion1 was used instead. 
They obtained a significantly better fit to the exact line shape. The 
coe ffic ien ts  in the expansion are determ ined by the m om ents of the spin- 
relaxation  function higher than the second. This method is  here used for 
estim ating the line shape fo r  the H eisenberg magnet with axial anisotropy.

2. AN E XA C TLY  SOLVABLE MODEL

The tim e dependence of the sp in -relaxation  function can be exactly 
solved  fo r  an Ising Hamiltonian with axial anisotropy and at high 
tem peratures:

(1)

i < j i

1 This is an expansion in the derivatives o f the Gaussian function.
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A s  and H2 com m ute, the tim e dependence of any operator p(t) is  given 
as the product of the two time-dependent functions gi (t) and g 2(t) giving 
the tim e evolution with respect to and H2 respective ly : p(t) = p gi(t)g2(t ) . 
The frequency dependence of P(w) is  th erefore  given as the folding of the 
F ou r ie r  tran sform s of g-^t) and g2(t):

P(u) = J ' e lbJtp(t)dt = p J ' G-^u1) G2(u- У  )du' (2)

The neutron c ro ss -s e c t io n  fo r  param agnets is related to the spin 
relaxation as fo llow s [5]:

d2a V  -  a > V  f „  + ^
dñ d7  ^ L,  ̂ “ 8 '  L J  R ^ - Р ' ^ Т Г ^ Г  W

c S  n, p

In the momentum space the sp in -relaxation  function is  defined as

6
' /V ft —> Г* s \H  /V —► -\H fl -t- 4

RaB(K, t )= / dX<e S ( - K , 0 ) e  S ( K, t ) >  (4)

о

It is  convenient to write
aS -

i- .a B ,-*  ~ o c 0 .-*  ~ав. ->  N y  ( k ) лхВ,-* . .R (к, t) = R (k,0)  X f  (к, t) = — í (к, t)

in term s of the wavelength-dependent susceptib ility  xa^M - f a8(K, t) 
contains the full tim e dependence; it is norm alized  at t = 0 and is inversely  
proportional to the wavelength-dependent susceptibility .

The F ou rier  transform  is denoted

FaS(K,u)= / V B(k, t je ^ d t  (5)

The tim e-evolution  functions with resp ect to Hj and H2 have p rev i
ously [ 7, 8] been calculated at high tem peratures:

д а , -  ,. V  “ M' 2JMÇ ( K, t ) = ^ g Me ; u M = - ^ — ; a = x or  y (6)

g M is  the probability  o f finding the total spin M o f neighbouring spins to 
a given site.

s
,, 3 v  , , т ( т + 1 ) ,  Шт' D , „  .

f2 (K’ t)= 2[2STT) L  ( 1_ S(S+ lT  6 : ш™ = ъ ( 2 т + 1 )
m= -S

a = x o r  у (7)
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f “ V  » t) = 1 otherw ise. F]™ (к , ш) is w ell approxim ated by a Gaussian, 
and the neutron c r o s s -s e c t io n  is th ere fore  proportional to

d2a S(S+1)  T „2%c, %----------------s------- ----------- - ( 1 -  к2)б(ш)dfide T - T,

(8)

- 2 r—i

Ч Щ т г Х  [S(S+ 1) - m (m  + !)]
rn = -S

-Cw-wm)/2<cj2>t

(  2  7T< CO2  >  J )  ■

F o r  a p o lycrysta l an e lastic peak w ill be observed  together with a sm eared - 
out distribution of evenly spaced crysta l fie ld  lev e ls . F o r  a large  crysta l 
fie ld  splitting com pared with the exchange broadening, the second d is tr i
bution w ill be d iscrete  and the method of m om ents is  not n ecessary ; how
ever, fo r  a sm all crysta l fie ld  splitting com pared with the exchange 
broadening, the line shape will be c lo se  to a Gaussian and the deviation 
may be determ ined by a G ram -C h arlier expansion. In F ig .l  is  shown a 
com parison  of line shapes, one based on a d irect calculation of E q .(8 ), 
the other obtained by a G ram -C harlier expansion by m eans of second and

FIG .l. The line shape for the Ising model with axial anisotropy. The good fit provided by the Gram- 
Charlier expansion gives confidence in the method for this type o f  problem.
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fourth m om ents of F aB(K, u) with respect to H i + H^, easily  obtained from  
f “ 3 and fg® . They are

<u2> =<U2>i+<U2>2

and

<u4 > = < ( / >  + < u 4> + 6 < u 2> < > 2>N /  N X N 1̂ 4 X2

3. HEISENBERG INTERACTION WITH AXIAL ANISOTROPY 

The Hamiltonian is  H = Hj+ H2 + H3 , where

H 3 = '  I 2 J iJ *< S i+ S i + S i 'S ?  
i< j

H2 does not com m ute with H3 . T herefore  the frequency distribution of 
the c ro s s -s e c t io n  is  no longer a sim ple folding of the separate d is tr i
butions fo r  H2 and H} +H 3 . Equation (8) is  no longer valid, although we 
expect it to give the qualitative features as fo llow s (the exchange in ter
action and the anisotropy are assum ed to be of com parable magnitude):

FIG.2. The half-width F̂  for the Gram-Charlier approximated line, the corresponding Gaussian half
width and the (dimensionsless) shape parameter а$ as functions o f  the anisotropy (for к = 1 A in the x and 
z-directions, T = 660eK). The experimental half-width at 660°K (o) and the T = «  theoretical value (+) are 
shown. The lower scale shows the ratio o f  the anisotropy energy to the exchange energy (D/2J(0)) in per cent.
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(1) A narrow  central peak around u = 0 proportional to (1 - к ). The 
width of this peak is  m ainly determ ined by the exchange interaction  (H3).

(2) A broader peak proportional to (1 +й ), the width of which is 
determ ined m ainly by the width of the crysta l fie ld  le v e ls . F o r  a p o ly 
crysta l we th ere fore  expect the com bination o f these contributions as a 
'L oren tz ia n -lik e ' line shape with a narrow  central peak and large (truncated) 
w ings. .This was observed  in erbium  by Holden et al. [1].

F o r  a detailed analysis we are confined to the method of m om ents.
The second and fourth m om ents of F “ s (k, u) have been calculated fo r  this 
purpose. The latter has not prev iously  been reported  fo r  the present 
Hamiltonian

2

Zf
i<i

2 2
2 ч aa _ Xg jU

(9)

,2\“ .  Xg2̂ 2 . 2
3kTxzz (<?) ^  'ex

/  4 4a a  <C0 > =
2 2 

Xg и 
ЗкТх“ “ (к ) < “ 4>ex + 1 ( 4 X - 3) 8X

3
o ík • m

[D (7 -4e  )

(1 0)

+ -Íd 4(1 2 X - 17) a = x or  y

16X  Y-1 2 2 3 ¿к • m
3 ^  + ^от^)(1 e )

w here <(u n X x  are the well-know n mom ents fo r  the pure H eisenberg 
interaction  [8], X = S(S+ 1 ) and in the m olecular field  approxim ation at 
high tem peratures
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A s a  f ir s t -o r d e r  tem perature dependence o f the m om ents the inverse 
proportionality  to the wavelength-dependent susceptib ility  is  taken into 
account [10, 5]. In a recent experim ent on the cr it ica l scattering from  
terbium  [2] the general prediction  of the 'therm odynam ic slow ing-dow n' 
was verified ; how ever, the detailed tem perature dependence did not 
fo llow  that of the in verse susceptib ility . An experim ental investigation 
o f the tem perature dependence of m om ents at T > T C would be valuable.

F rom  the expressions fo r  the m om ents we notice that the peak 
proportional to (1 - к2) has a line shape c lo se  to that expected fo r  pure 
exchange interaction , the w ings, how ever, being somewhat truncated 
because of the anisotropy that enters in m om ents higher than the second.
In particu lar we note that the width goes to zero  as к2 fo r  sm all ic . The 
width proportional to ( l  + к 2 ) does not vanish at iT = 0 in the p resen ce  of 
an isotropy. In a neutron scattering experim ent it is  probably not easy to 
separate the contributions from  the a a (a = x or y) and the zz part.
T h ere fore  it may be convenient to con sider m om ents o f the m ore involved 
function

-*■ '\~l aS -» a0  -*S(k, u )=2  ̂ ( ôa8- Ka KB))c (k)F (k, u)
aS

which is  the one d irectly  m easurable. These m om ents are obtained 
from  Eqs ( 9 ) - ( l l )  by perform ing the summation and norm alization . The 
m om ents of S(k , u>) contain kz te rm s, introduced by the first
fa ctor  in S(k , u); such term s are , o r  cou rse , not present in the line width 
because of the fundamental sp in -sp in  relaxation.

F o r  a d iscu ssion  of the line shape using the m om ents we ch oose  as 
an exam ple terbium , fo r  which both the param agnetic scattering [1] and 
the exchange param eters are known2 . F igure 2 shows the variation  of 
the line shape as m easured by as = ‘(y  -1 as a function of the
d irection  o f ~k and the magnitude of the anisotropy. In agreem ent with our 
previous anticipations,the total line shape fo r  ic = (к, 0, 0) tends to becom e 
m ore  ’ L oren tz ian -lik e1 (as in crea ses) as the anisotropy in crea ses , w here
as that fo r  к = (0, 0, к ),which does not contain the central peak, becom es 
b roader and m ore  squ are-like  (as d ecrea ses) with increasing anisotropy.
We further note that a s ~ 0  fo r  D = 0, indicating that the pure exchange- 
broadened line shape at к = 1Â is  nearly, but not exactly Gaussian. The 
dependence on the d irection  of к is fo r  this distribution due to the anisotropy 
o f the (hep) la ttice . F urtherm ore , the figure shows the line width F^ /2  
at half m axim um  fo r  the G ram -C h arlier  approxim ated line and that ob
tained in the Gaussian approxim ation (calculated at T = 660°K). The e rro r  
introduced in the second mom ent as determ ined by the Gaussian approxi
mation and the m easured half-w idth is in general fo r  |as | $ 1 about

For the exchange and anisotropy parameters a 9-parameter least-squares fit to the terbium 
dispersion relation at 90°K is used [9 ] .  Listed by increasing bond length they are: = 35; 46;
-12; 9; 13; -10; 2; 6 ( x i O '3 meV); D = 0 .3 9 m eV . A good agreement with this value for the 
anisotropy parameter is obtained from the susceptibility measurements by Hegland et al. [11] when 
these are analysed at high temperatures on the basis o f Eq. (11) instead of on the basis o f the (extrapo
lated) difference in the paramagnetic transition temperatures.
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4 0 X û s %. This becom es a very  substantial e r ro r  at the sm aller к values 
(up to at least half the B rillou in  zone). At sm all к values as tends to 
infinity fo r  k ~*0 fo r  the pure H eisenberg interaction , as an indication o f 
a L orentzian  line shape. A s is  seen from  expressions (9) and (10),  this is 
not the ca se  in the p resen ce  of the anisotropy^ where as tends to a finite 
value, although the peak proportional to (1 - к ) shows the 'dynam ical' 
narrow ing o r  slow ing-dow n. F inally  a com parison  is  made with the ex
perim ental half-w idth for terbium  at 660°K from  Re f . [ l ]  interpreted as 
(<ш2 ^experimental 4 )1 / 2  _ rpjjg ag r e ement with the theoretica l value 
fo r  T = 660°K is p oor, while it is  considerably  better fo r  the infinite 
tem perature value. This fact supports the conclusion  in R ef. [2] that 
the m om ents of F “ s(ic ,u ) rem ain at the lim iting high-tem perature value 
in a la rge  tem perature range, and only in a narrow  region  c lo se  to the 
transition  tem perature Tc are they reduced to zero  as a consequence of 
the 'therm odynam ic' slow ing-dow n.
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D I S C U S S I O N

C. G.  WINDSOR: B. Rainford at Harwell has m easured the scattering 
widths from  cerium  m etal at severa l tem peratures and finds that relaxation 
via the conduction e lectrons gives the dominant contribution to the width. 
Could this p ro ce ss  explain your terbium  widths in excess  o f the theory?

P . -A.  LINDGÂRD: I agree that the rare  earths are far too com plicated
to be described  by the Hamiltonian which I have used, and a fa ir  com parison  
with observed  line widths must take account of a ll relaxation m echanism s.
In the case  o f terbium , how ever, unlike ceriu m , the exchange broadening 
is  expected to be the dominant feature.





MAGNETIC EXCITATIONS IN NICKEL
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Abstract

MAGNETIC EXCITATIONS IN NICKEL. The Fourier transform o f the spin correlation function 
<^SQ Sr (t)\> has been measured by means o f neutron scattering, and its evolution studied as the temperature 
is carried through the order-disorder transition point from the low to the high-temperature extreme situations. 
The correlation is exhibited in detail over the complete Brillouin zone for the range o f energies up to 
0.11 eV at 0 .5 , 0 .9 , 1 .1  and 1.6  times T c. At the highest temperature the distribution is well explained 
by the elementary theory o f Stoner paramagnetism if  an exchange enhancement calculated in random- 
phase approximation is introduced. At low temperature the correlation shows a sharp ridge corresponding 
to spin-wave excitations; below 60 meV the spin-wave peaks all fall close to a parabola extrapolated from 
the quadratic dispersion law o f previous low-energy determinations, but at higher energies they fall away 
from this parabola in a manner agreeing with the calculation of Thompson and Myers. As the temperature 
is taken through the phase-transition point, critical enhancement o f the susceptibility such as would be 
predicted using the random-phase approximation is not observed. The approach to criticality from either 
side is characterized instead by a pronounced anticipation o f the features o f  the susceptibility on the other 
side o f  the Curie point. Away from a region closely confined to the origin, the transition through Tc is 
smooth; indeed the correlation functions at 0 .9  Tc and 1.1 Tc are strikingly similar. In the critical region 
the susceptibility is dominated by spin-wave-like peaks rather than paramagnons; it is suggested that the 
explanation might lie in the existence o f  large fluctuations o f the band splitting near T .

INTRODUCTION

The excitations of electrons in the transition metals are 
of perennial interest, since it is such a complex task to under
stand them theoretically. Quantitative calculations of their 
spectra are nowadays beginning to appear in increasing 
numbers , illustrating a variety of different mathematical treat
ments, and it is much to be hoped that comparison of these with 
experiment will illuminate the problem. For instance, the 
comparison may indicate to what degree the electron interactions 
and correlation effects distort the picture presented by the 
simple non-interacting-electron one-particle theory [1] . The 
ferromagnetic transition metals are of special significance in 
this connexion, since they exhibit in the same substance the 
paramagnetic state» the ferromagnetic state with an energy 
splitting between spin-up and spin-down bands, and the still 
obscure "critical" phenomena of the passage (as a function of 
temperature) through the phase transition.

In this paper we present some further results of our study 
of the magnetic electrons in nickel from this point of view, 
using the powerful technique of neutron scattering.

According to the simple theories of non-interacting elect
rons, the excitations above the ground states of transition metals 
that are paramagnetic at low temperature are normally confined to 
a well-defined region of wave-vector—frequency space. Fig 1a
actually drawn for ferromagnetic nickel, will serve as an example

1 01
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where the principal feature illustrated is that large-energy 
excitations cannot be achieved at small K. The band splitting 
in ferromagnets, however, introduces the complication that the 
excitations with and without spin flip have different character; 
those without spin flip have, for each spin sub-band, a nature 
similar to those of figure 1a, while those with spin flip are 
lifted or depressed by Д on the energy scale. Both types of 
excitation also give rise to the so-called collective modes, in 
the latter case the spin wave modes. (We ignore the plasma modes 
at present, which are normally so high in energy that they need 
not be discussed in the work at hand). Figure 1b shows the 
excitations with spin reversal as calculated for nickel along 
the [100] axis by Thompson & Myers [2] from a non-interacting 
electron theory. The generalised susceptibility ;>c(K,u.O 
[defined as dM(K,Lo)/dH(K,w) ] is governed by these "excitations, 
and in non-interacting one-electron theory for metals at 0cii is 
non-zero only in regions derived as for figuré 1 .

(a) lb)

F IG .l. Regions o f  non-zero spin correlation in a material like nickel at low temperatures, according to 
simple non-interacting electron theory, (a) for the zz correlation; (b) for the xx and yy correlations. 
(Based on Ref. [2 ]).

It can be shown that the generalised susceptibility ,
the spin correlation function

( 1 )

and through the latter the neutron cross-section as a function 
of momentum transfer tiK and energy transfer two

-  f M Z^7k)|F(K)|2 Ç ^ ““( K , . ) ,  ( 2 )

are all interrelated functions, so that in particular i  or ^  can 
be obtained in detail from the neutron scattering [5]. [Sqs (1 ) 
and (2 ) employ conventional notation throughout, with ix=x,y,z; 
eq (2 ) is written for the restricted case of a cubic magnet not 
having preferred domain directions in the ordered state]. We 
have used this fact to determine Çi"tK,w) for nickel over a 
range of temperatures from 0.lf6Tc to 2 >5TC » and present some of 
the results helow. The whole Brillouin zone has been covered 
for a range of energies up to 0.1 1 eV, and data are set out in 
detail for temperatures of 0.46, 0 .9Ó, 1.10 and 1.62 times Tc •
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We have previously investigated the behaviour of jc"(K,t«j) 
in nickel at 1.62TC [4]* The generalised susceptibility was
shown to give a good absolute fit out to ¿KmaJC with calculations 
for a free-electron gas with an effective intra-atomic Coulomb 
repulsion parameter I{ff = 0.4eV and susceptibility enhancement 
taken into account through the random-phase approximation [5*6].
A fit of comparable quality over the whole Brillouin zone was 
later found, employing a five ¿d-band model in tight-binding 
approximation with I<¡k the only adjustable parameter [7] • The 
susceptibility at 1.bTc is thus fairly well understood using the 
itinerant-electron model of Stoner with RPA exchange enhancement. 
On the other hand, our early measurements of the temperature 
dependence of the scattering, covering a limited range of К and 
w, indicated that the critical divergence of the enhancement 
factor predicted by RPA theory for temperatures approaching the 
transition point was essentially absent [8] ; the scattering 
changed smoothly and continuously through Tc and into the 
ordered region [9] • Those studies, in fact, suggested that the 
currently available theories are satisfactory at the highest 
temperatures but break down totally as the Curie temperature is 
approached.

The spin wave energies at very small wave-vectors in 
nickel have already been accurately measured, both by neutron 
scattering [10-12] and by thin-film ferromagnetic resonance [1 3] . 
These methods have given among other things the stiffness coeff
icient D in the quadratic dispersion law Esw=  DK2+ 0(K4) , and 
recent measurements on nickel by Stringfellow [12] shov.' that D 
varies from a value 0 .403±0 .007  eV Я2 at room temperature (0 .4 б т с ) 
to about a third of this value near the Curie point. The so- 
called diffraction technique has been used by Pickart et al [11] 
to extend the observed range of К to about O.^Â-1; no departure 
from the quadratic frequency dependence was observed. In the 
present study we are able to extend the range of the observed 
K's considerably beyond what has previously been attained.

Thompson and Myers succeeded in fitting the observed 
spin-wave stiffness of nickel, employing in their calculation 
reasonable input parameters. It would appear, therefore, that 
simple theories are adequate to describe nickel at the easily 
understood extremes of high and low temperatures, but unsatis
factory for the intermediate region.

THE EXPERIMENT

Our time-of-flight spectrometer at PLUTO [14] was used to

?ive some ~105 incident neutrons sec-1 of energy 14-9 meV 
X = 2 .3 4 Â) at a resolution E0/ dE0 of 14 and a pulse repetition 

frequency of 550 sec-1. Scattered neutrons were detected as a 
function of their flight time over а 22Я cm path by 8 pairs of 
scintillation counters at different scattering angles; the vert
ical and horizontal angular divergences of each counter pair 
were 1.5° and 0-75° respectively. The sample was an isotopic 
60Ni single crystal of effective volume 1 .5  cm? , and was mounted 
(in a furnace, except for the room temperature measurements) so 
that the equatorial plane of the detectors was a (100) plane. At 
each temperature some 56 time-of-flight spectra were taken for 
different crystal settings, normalised together, and placed on 
an absolute scale by means of a vanadium-sample calibration run.
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The data at each temperature were sorted, according to the 
mean values of К and и corresponding to the time channels, into 
the compartments of a mesh of spacing 0.1 A"1 in К and 5 meV in tiw. 
(The instrumental resolution at, for instance, a neutron energy 
gain of 32 meV was 0.1 A' 1 in К and 4 meV in пы, so that this mesh 
is rationally related to the parameters of the spectrometer).
Mean values of were then derived for each compartment from 
eq(2), approximating the atomic form factor F(k) analytically by 
exp -O.O4K2 (K in A'1 ). Since Â is periodic in the reciprocal 
lattice, the scattering vector К may be replaced by the wave
vector q reduced to the first Brillouin zone, and this reduction 
was performed. Anisotropy in the degree that would justify a ' 
four-dimensional treatment was not found, and so finally all data 
at the same К were collapsed onto the single variable К with a 
resulting improvement in the statistics.

RESULTS

Figure 2 shows the data for one particular time-of-flight 
setting as recorded at seven different temperatures. It refers 
to an arrangement, shown inset at the top of the figure, in which 
the scattered neutron wave-vector passes through the 200 recip
rocal lattice point at an energy gain of J2 meV to give the q and 
and u  dependence shown in the lowermost scales. The magnetic 
scattering at this setting is largely concentrated in the small-q 
region. Two spin-wave peaks are clearly seen at either side of 
the local origin of qat^Tc; these gradually broaden with increase 
of temperature, cros"sing Tc apparently continuously, until at the 
highest temperatures they merge into a hump having just a slight 
dip at the smallest q vectors.

Comprehensive contour diagrams of at four temperatures 
are given in figure J. The spacing of the contours is logarithmic, 
each contour representing double the scattering intensity of the 
adjacent contour; an evenly spaced set of contours would imply an 
exponential change of the function. Some of the structure in the 
diagrams arises from the statistical error inherent in the scatt
ering measurements, which is of order 2 .5 scale units. The ridge 
at low energies in figure some trace of which is seen in each 
diagram, is due to coherent nuclear scattering from phonons.
(6rNi has a nuclear 0‘coi, of 1 barn and no nuclear-spin disorder 
scattering).

DISCUSSION

The spin-wave region

At 0.5TC the scattering shows a well-defined ridge, which 
in the energy range up to 60 meV corresponds closely to the spin- 
wave parabola extrapolated from the low-energy measurements [12] . 
At higher energies the line of the ridge curves over in strik
ingly good agreement with the calculation of Thompson and Myers
[2], whose results are shown in the figure for the symmetry 
directions [100] and [110] on the assumption that there are 0.6 
holes per atom in the Jd band. Thompson and Myers’ calculation 
was fitted to a D of 0.^90 eV A2 , so that of course the 
parabolic part is bound to be satisfactory; however, beyond the 
quadratic region the behaviour of their dispersion law is 
dictated by the supposed band structure of nickel.
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FIG. 2. Neutron tim e-of-flight spectra taken with a nickel crystal at various temperatures. The incident 
wavevector and the direction o f  scattering are shown in an inset at the top. The magnetic scattering is 
concentrated in the double peaks around the position q = 0, with a phonon peak to the right and an elastic 
peak to the extreme right.
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FIG.3. Contour maps o f  the measured spin correlation function $£  /¿  a0I(q, ¡J) for nickel at four different 
temperatures, with high (H) and low (L) regions marked. The contour labels are expressed in units o f  
10“ 2eV~3 atom-1 .

There is some suggestion of an unforseen second ridge at 
about two-thirds the energy of the acknowledged spin-wave one. 
Our present data are insufficiently extensive to decide whether 
or no this is real.

The spin-wave intensity undoubtedly comes from d**+ 
but these functions should give little else over the remainder 
of figure Ja. The conspicuous bank of intensity in figure 3a 
which can be seen building up towards the low-energy region» 
and which is represented by a set of roughly horizontal contour 
lines» may accordingly on our present understanding be attrib
uted to a .
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Paramagnetism

Turning directly to the diagram for 1.6tc at (d), a 
comparatively simple distribution is seen that is known [7] to 
be in reasonable agreement with the tight-binding five-^d-band 
calculation for the paramagnetic phase by Allan et al employing 
a susceptibility enhancement (in random-phase approximation) of 
J. The theoretical contours, not reproduced here, themselves 
produce a low-energy bank of intensity with horizontal contour 
lines reminiscent of those that were remarked upon at figure ¿a. 
Above Tc there is no difference between and , and it is 
interesting to see that something qualitatively recognisable as 
this bank of intensity along the axis of abscissae persists 
throughout the whole temperature range covered in the investig
ation. Thére can be little doubt that it corresponds to the 
excitation of electrons by thermal agitation in such a way that 
the electrons involved remain close to the Fermi surface.

Spin waves at elevated temperatures

At (b), 0.90^ , M(T)A(0) is O.59; Л(Т)/Д(0) might be 
expected to be about 0*5 • Both renormallsation of the spin 
wave energy and broadening of the line are apparent at (b), 
while the outstanding thing about (b) and (c) taken together is 
their close similarity. Indeed, such limited measurements as 
we have taken at temperatures very close to the Curie point 
suggest that there is a completely steady and continuous 
evolution from (b) to (c). At 0.90TC a parabola for the 
stiffness^ constant 0.203 eV Â2 (half the value for room temper
ature) Is drawn to represent the long-wavelength results of 
Stringfellow at that temperature [12] , and is seen to join 
smoothly on to the renormalised magnon ridge. Very near Tc 
itself, Stringfellow finds at small q that Esw(T)/Esw(0) is about 
«5O.3, while from figure ¿d for intermediate q's it is evidently 
about a half and for large q's about 0.8-0.9*

At 1.10TC , although the conception of clear-cut spin-wave 
peaks at constant К has apparently been lost, there still remain 
peaks in the distribution-in-q at constant to ; the residual ridge 
in Л is so unmistakable that one would confidently draw a partial 
dispersion curve. So far as these vestigeal spin-wave-like 
phenomena are concerned, the main consequence of raising the 
temperature far above Te seems to be that the ridge dies away 
gently, after a degree of movement yet to be investigated, into 
the general detail of the paramagnetic susceptibility.

The critical region

The smooth transition from (b) to (c) [8,9] is one of the 
more remarkable features of the data. Until recently, the 
theoretical prediction would have been that with lowering of the 
temperature from infinity enhancement of the susceptibility 
would take place in the way discussed by Doniach and Engelsberg 
and by Berk and Schrieffer [1 5] . According to this view the 
limitless increase of the enhancement factor would compress the 
correlation function more and more towards the axis of abscissae, 
creating a sharply peaked surface on which could be identified 
the dispersion curve of a new quasiparticle, the paramagnon.
This situation, as described by the random-phase approximation,
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would become more and more pronounced as the critical temperature 
wae approached, until on passing the actual transition point 
band splitting would ebSuptly set in and two-thirds of the 
susceptibility (the xx and yy parts) would begin to be lifted 
out of the top of the diagram.

However, so far as can be discerned, none of this happens 
in the manner that used to be envisaged.

A qualitative explanation

As long ago as 1963, Kawasaki [16] published an account of 
collective modes at elevated temperatures in the Heisenberg 
ferromagnet in which the very phenomena we have described were 
forseen. According to his formulae! a 'Heisenberg substance' 
with the constants of nickel would suffer only a slight reduction 
of D on attaining the Curie temperature» and some kind of broad
ened modes would persist into the paramagnetic phase. The 
discussion was based on Mori's statistical-mechanical theory, 
with the central physical idea that the spin motions are 
determined with regard to what appear to be the local conditions 
of equilibrium. Thus local regions of short-range order at and 
above the Curie temperature act as miniature ferromagnets and 
support forms of motion on a local scale that have much in 
common with the dynamics of the ground etate.

Clearly the corresponding idea in the theory of metals 
at high temperatures is that of a local, fluctuating band 
splitting. As the Curie temperature is approached from above» 
the band splitting Undoubtedly undergoes fluctuations of mean 
value zero but of boundlessly increasing magnitude. At temp
eratures where this effect is marked* it would follow that on 
a local scale a paramagnetic metal makes extensive excursions 
into the ferromagnetic phase region, and that its susceptibility 
consequently pafctakes more strongly of the character of the 
ordered state than has hitherto been conceded. Likewise on 
approaching Tc from below one could say that the collapse of 
Д(Т) and the divergence of its fluctuations tend to work in 
opposite directions, so that in the upshot the spin wave peaks 
Just below Tc are at higher energies than would otherwise have 
been thought.

CONCLUSIONS

We have documented in figure 5 the fact that a simple 
account can be given of the susceptibility of nickel at both 
the low and high temperature extremes» but that elementary 
molecular-field-theory ideas fail entirely to explain the 
phenomena associated with passing through the order-disorder 
transition point. Materially away from the origin of (K,u>) 
space the transition from well-defined spin waves to paramagnetic 
disorder takes place in a completely smooth manner, the 
predictions of "criticality" as hitherto taken from theories 
using the random-phase approximation being correct only for the 
initial stages of the departure from the temperature extreme 
(T=0 or oo ). The effects were foretold by Mori and Kawasaki.
It would seem likely that the current theories of magnetic 
metals essentially lack, in this connexion, the concept of a 
fluctuating, or locally fluctuating, band splitting.
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D IS C U S S IO N

H. BJERRUM M 0L LE R : The tim e-o f-flig h t method has been su ccessfu l 
in the m easurem ents on Ni above a ll, I think, because the d ispersion  relations 
fo r  magnons in different d irections are m ore or le ss  identical, at least for 
the sm all q region  studied in the experim ent.

In the case  o f ra re -ea rth  m etals this is  not the case , and the t im e -o f-  
flight method would not be so su ccessfu l there.

R .A . COWLEY: To what extent are your resu lts inconsistent with 
the loca lized  H eisenberg m odel? Since S (ic,u) on the H eisenberg m odel 
is  still quite uncertain, it seem s difficu lt to decide which aspects o f your 
resu lts are associated  with general magnetic phenomena and which are 
pecu liar to the itinerant electron  m odel.

R .D . LOWDE: T here is  one big qualitative d iscrepancy with the 
distributions o f the H eisenberg m odel, and that is  in the к dependence of 
the energy widths at sm all к in the param agnetic state, where the lo ca lized - 
e lectron  m odel requ ires к2 and the electron  gas к . We obtain к.  To fit 
the facts even roughly in the param agnetic state the H eisenberg description  
requ ires  an altogether excess ive  range of fo r ce s , covering som e tens of 
interatom ic d istances. It is , o f cou rse , true that in the low er tem perature 
regions the H eisenberg theory would give som e broad distribution o f in 
tensity, and it would be interesting to know this; but failing a dram atic 
turnabout in the theory o f m agnetism , the question a rises  how much effort 
should go into 're scu in g 1 a m odel when it patently does not apply. We are, 
in fact, making calcu lations fo r  both m odels and detailed com parisons with 
theory  w ill be available eventually.
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C .G . WINDSOR: Further to D r. C ow ley 's  question, I would point out 
that, fo r  nearest-neighbour H eisenberg param agnets, both experim ent1 
and th eory 2 show that the diffusion region  with Lorentzian line shapes 
and widths proportional to q 2 extends to half the zone boundary distance.
In param agnetic n ickel, Lorentzian line shapes have been observed  only 
at l/2 0 th  o f the zone boundary d istance. This can be explained only in 
term s o f very  long-range H eisenberg in teractions.

T . RISTE: Y our observation  o f s in g le -p a rtic le  m odes even at room  
tem perature is  very  interesting, M r. Lowde, and I should like to know 
with what degree o f certainty you can a scr ib e  the general intensity to this 
kind o f excitation  rather than, for exam ple, to m ultiple-phonon scattering.

R .D . LOWDE: With the isotope o f n ickel used, the nuclear c r o s s -  
section  is  only 1 barn and phonon scattering and m ultiple-phonon scattering 
can be definitely  excluded as explanation o f the intensity.

T . RISTE: I should a lso  like to com m ent on the fact that you only 
exam ined among the tran sverse  spin corre la tion  functions.
You seem  to have forgotten xy-type corre la tion s , which a lso  make a 
contribution, as is  evidenced by the fact that the spin-w ave c r o s s -s e c t io n  is 
polarization-dependent and that polarization  resu lts from  the scattering of 
an in itia lly  polarized  beam .

R .D . LOWDE: We have not "forgotten " xy-type corre la tion s . In an 
experim ent with unpolarized neutrons we m easure ХхУ + X.yx, which is 
ze ro .

1 Windsor, Briggs, Kestigian, Proc. phys. Soc. (in press).
2 These Proceedings 2, SM-104/112.
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Abstract

SPIN WAVES AROUND THE NEEL TEMPERATURE IN MnO. The spin-wave spectrum has been 
investigated in antiferromagnetic MnO near the Néel temperature by inelastic scattering o f cold neutrons 
using the tim e-of-flight method. No abrupt change was found in the spectrum during the phase transition. 
The average lifetim e o f  magnons is a monotonical function o f  the temperature even around T ^ =  125° K.
In the 110-125° К range the average energy change o f  scattered neutrons at a fixed angle decreases with 
increasing temperature. In the same temperature range an additional high intensity coherent elastic peak 
is tob e  seen with а к value half that o f  the [111] antiferromagnetic super-reflection. It is known from 
classical and neutron diffraction data that the extraordinary temperature anomaly in the heat capacity and 
the disappearance o f the rhombohedral distortion of the crystal occur also in the range from 110 to 125°K.

The comparison o f measured tim e-of-flight spectra at T < T^ and T > TN clearly shows the existence 
o f  co llective spin-excitations in the paramagnetic phase.

INTRODUCTION

Inelastic neutron scattering is  a useful too l fo r  the study of the 
dynam ics of param agnets. Much work of this kind has been ca rr ied  out 
on different m ateria ls [1 -3 ] . Am ong them antiferrom agnetic MnO is  of 
considerable  in terest because the m agnetic sh ort-ran ge ord er p ers ists  
even at tem peratures much higher than the N éel point and the heat capacity 
exhibits an extraordinary anomaly around the tem perature of the phase 
transition . The value of the N éel point was found to be about 117°K from  
susceptib ility  o r  heat capacity and 125°K from  neutron diffraction  
m easurem ents.

The firs t  inelastic scattering studies on param agnetic MnO showing 
the e ffect o f sh ort-ran ge ord er  on the scattered neutron spectra  w ere 
ca rr ied  out by B rockhouse and Iyengar [3 ]. The cold  neutron scattering 
work o f Satya Murthy, Venkataraman, Usha Deniz, Dasannacharya and 
Iyengar [4] proved the existence of co llective  spin excitations even in 
sam ples at room  tem perature.

The aim of the present w ork was to study the change of the spin-w ave 
excitations around the phase transition  point.

EXPERIM ENT

The m easurem ents w ere ca rr ied  out on a polycrystalline MnO sam ple 
prepared by decom posing MnC03 at 1000°C under a dry hydrogen atm os
phere to powder fo rm  and p ressin g  it into bricks, then sintering in the 
sam e atm osphere at 1000°C fo r  2 hours. The sam ple was placed in a liquid 
N2 cryostat where its tem perature could be varied between ~  90°K and 
room  tem perature. Inelastic neutron scattering spectra  of the sam ple were 
taken on a conventional type tim e-o f-flig h t spectrom eter using a cooled

111
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TABLE I. SCATTERING ANGLES AND TEMPERATURES USED 
IN THE EXPERIM ENT

Scattering 
angle (Q)

Temperatures (K°)

18° 109, 140

25° 109, 116, 120, 125, 132, 140, 270

35° 109, 118, 124, 130, 136, 143

41° 109, 118, 124, 130, 136, 143

47° 109, 118, 124, 130, 136, 143

53° 109, 118, 124, 130, 136, 143
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B e -filte r  and a sem i-m onochrom atizing, curved chopper before  the sample. 
The scattering angles and tem peratures are listed in Table 1. The results 
are co rrected  fo r  background, a ir ou t-scatterin g  and detector e ffic ien cy . 
Some of the resu lts are plotted in F igs 1 -2 . F igure 1 shows three runs at 
t>= 25°. One o f them is  far below, the other fa r  above T N. The third curve 
was m easured at T near T N. It shows an extraord inarily  high elastic  peak. 
The к value associated  with this coherent m aximum is  half that of the [111] 
antiferrom agnetic su p er-re fle ction . The inelastic parts o f the spectra  are 
very  s im ilar , but the break occu rr in g  on the low  energy side of the spectra  
shifts with in creasing  tem peratures to low er en erg ies . In F ig . 2 the resu lts 
obtained at T ~  T N are shown. As the angle in crea ses  tow ards the [111] 
re flection  at about 49°, the inelastic magnon peak shifts to sm aller energ ies 
in agreem ent with the quasi-m om entum  conservation  law, averaged over 
the p o lycrysta l [5 ]. A ccord in g  to this relation the contribution to the 
scattering  from  a set of lattice planes, characterized  by the re c ip ro ca l 
lattice  ve cto r  r , is  restr icted  to the interval

k(0, u) - q(u) S27TT S k{0, u) + q(u) (1)

with sharp breaks at k(û, u)-q(u) -  2ir r  o r  к(тЗ, u) + q(u) = 2 тгт where \> is  the 
scattering angle. Making use o f these equations, a point of the average 
d ispersion  relation  can be determ ined from  the m easured position  of the 
break in a tim e -o f-flig h t spectrum  taken at a fixed angle [6 ] .

RESULTS

The inelastic part of the observed  tim e -o f-flig h t spectra  was analysed 
using Eq. (1) fo r  the calculation o f points in the average d ispersion  curves 
from  the breaks m easured at different scattering angles. The change in 
the slope of this break is  strongly related to the change in the lifetim e of 
magnons. In F ig . 1 this break is  w ell pronounced and with r is in g  tem pera 
tures it shifts tow ard sm aller  energy changes. F igure 3 shows the average 
energy of the in terval in which the break  o ccu rs  as a function of tem pera 
ture at two scattering  angles. The shift with ris in g  tem peratures o ccu rs  
under TN only. In the param agnetic phase no change in the position  o f the 
break could be observed . The shift o ccu rs  in the sam e tem perature 
interval as that observed  fo r  the decreasin g  rhom bohedral distortion  [7 ]. 
The altering position  of the break, which is  severa l m eV, definitely 
re fle c ts  the change in the average d ispersion  relation and cannot be ex 
plained by the sm all variation o f the rhom bohedral d istortion  angle. The 
d ispersion  curves at two different tem peratures are plotted in F ig. 4. The
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curve at 141 °K, thus above, is  found to be at low er energies than that at 
109°K, thus below  TN = 125°K. The d ifference in energy between the two 
cu rves, at a fixed  value o f q, is  about 3 m eV.

The change in the slope of the inelastic break in the tim e -o f-flig h t 
spectrum  is  a m easure of the change in the lifetim e of m agnons. As seen 
in F ig . 5 , this quantity is  within experim ental e r r o r  a m onotonical function 
o f tem perature, without abrupt change around TN.

The e lastic  peak intensity has also been studied at the angles and 
tem peratures given in Table I. B esides incoherent nuclear scattering, 
the [111] antiferrom agnetic su p er-re fle ction  was also observed . The 
tem perature dependence of the su p er-re fle ction  intensity is  plotted in F ig . 6 . 
In addition to this coherent e lastic peak, in a sm all tem perature region 
around TN, a second peak was also observed  at the [ i i f ]  angular position , 
as seen in F ig . l .  The tem perature dependence o f this second reflection  
is  also plotted in F ig. 6 . The sam ple was cooled  down to about 105°K and 
slow ly  warm ed up to higher and higher tem peratures. At each point the 
peak intensity was m easured after holding the sam ple at the same tem pera 
ture fo r  two hours.

FIG. 5. The change in the slope o f  the break FIG. 6. The intensities o f  the [111] and [ H i ]

with temperature. reflections at different temperatures.

DISCUSSION

The inelastic spectra  above TN are s im ilar  to those observed  at 
T < TN. This shows that co llective  spin excitations exist in the p ara 
m agnetic phase. The variation o f the lifetim e around TN is  slow  without 
any irregu larity  within the experim ental e r r o r . This resu lt indicates that 
if q is  not too sm all, spin waves are not appreciably influenced by cr it ica l 
fluctuations. The case  of long wavelength spin waves, i . e .  sm all q 
values, could not be studied owing to the rela tively  sm all resolution  of 
the t im e -o f-flig h t spectrom eter and because of the m ore com plicated  
scattering  patterns around = 49°.

The average d ispersion  curves are seen to be different at 109 and 
141°K. The slope o f the cu rves above q ~  1 A " 1 is  the sam e within the 
experim ental e r r o r  in both ca ses , but due to the change in the anisotropy 
term , a shift g reater than 3 m eV  is  observed  in the d ispersion  relation . 
This change of the anisotropy energy o ccu rs  in the tem perature region 
o f the decreasin g  rhom bohedral distortion .
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The N éel tem perature of MnO was found to be 125°K (F ig . 6 ). Around 
this tem perature an additional coherent e lastic peak was observed , with 
[ i i i J  M iller ind ices in the m agnetic unit ce ll. This peak could be observed  
between ~  116 and ~  126°K. R em em bering that susceptib ility  and sp ec ific  , 
heat m easurem ents gave TN = 116°K while from  the [111] su p er-re fle ction  
line m easured by neutron diffraction  T N ~125°K , the tem perature interval 
between these two values is  seen to be that of the new reflection  at tí = 25°.

The possib le  existence of two phase transitions, one of f ir s t  order at 
a low er tem perature and a second of second ord er at a higher tem perature, 
seem s to be com patible with present data and consistent with considerations 
based on group theory  [8 ].

A C K N O W L E D G E M E N T S

The authors are indebted to P ro fe sso r  L . Pál fo r  helpful d iscussions 
and to M r. G. K onczos fo r  preparing the sam ples.
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D I S C U S S IO N

T . RISTE: Have you com pared  your observed  d ispersion  law above 
T N with the predictions o f the dynamic scaling laws?

N. KROÓ: Unfortunately we have had no time to make this com parison  
yet, but we intend to p erform  it as soon as possib le .

R .D . LOWDE (Chairm an): It is  fascinating to see the anom alous b e 
haviour o f MnO around the Néel tem perature documented in increasingly 
c lea r  detail. The ordered  state of this substance at low tem peratures is 
one in which the firs t  neighbour shell makes no contribution to the magnetic 
energy (if we ignore fluctuations), because the interactions to the neighbours 
can ce l out in pa irs. At higher tem peratures, however, this cancellation is 
inexact, and in the region  o f the Néel tem perature the first neighbours in 
particu lar may be expected to exert a good deal of influence. Thus, as the 
N éel point is  approached from  above, it would not be surprising if other kinds 
o f fee ordering proved to play som e part, in addition to the kind that is 
destined to take over with further low ering of the tem perature. Perhaps 
an explanation along these lines would account fo r  your data without 
the n ecess ity  of supposing that there are two transition points.
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Abstract

EXCHANGE INTEGRALS IN MAGNETITE. From available experimental data the values o f  the three 
average nearest-neighbour magnetic exchange integrals in magnetite have been calculated. The calculation 
is based upon the results o f  Brockhouse and Watanabe, Alperin et al. and Dimitrijevic et al. Brockhouse and 
Watanabe measured the energy o f the acoustic magnons at the zone boundary in the [001] direction by means 
o f  a triple-axis neutron spectrometer. They also found the energy o f  the lowest optic magnons for zero 
wavevector. For small magnon wavevectors, cf, the theoretical expression for the acoustic branch may be 
expanded in powers o f  cf. Using the 'diffraction m ethod', Alperin et al. and Dimitrijevic et al. measured 
the coefficient o f  the quadratic term, a2, o f  this expansion. The result o f  the present calculation is 
JAA= -1 .5 2  ± 0.46 meV, JAB= -2 .4 2  ± 0 .04  meV and Jgg = 0.31 ± 0.07 meV. Here ^ ga n d  Jgg are the 
average magnetic exchange integrals between nearest neighbour A-A ions, A -В ions, and B-B ions respectively.

This result has been compared to earlier determination o f  JAgand Jjjg where it was assumed that JAA 
vanishes. The conclusion o f  this comparison is that all three exchange integrals should be taken into account 
on interpreting spin-wave data on magnetite. The exchange integrals JAAand Jgg have been studied as a 
function o f a2. It has been found that Jgg is almost independent o f  a 2, while exhibits a very strong 
dependence on it.

Based upon the exchange interaction constants o f  the present investigation, the com plete spin-wave 
dispersion curve has been computed for the [001] direction. There is a good agreement between the computed 
curve and the experimental points given by Watanabe and Brockhouse.

1 . INTRODUCTION

The structure o f magnetite at room  tem perature is  known to be the 
cubic spinel structure with space group Fd3m -0^ . Eight of the tetrahedral 
sites (A  sites) are occupied by Fe3+ ions and sixteen of the octahedral sites 
(B  sites) are occupied  by an equal num ber of Fe3+ and F e2+ ions. Above 
the V erw ey transition  tem perature at 119°K a rapid exchange of e lectrons 
takes p lace [1 -3 ] . This exchange is  so rapid that all ions at the В sites 
m ay be con sidered  equal. Thus one m ay expect three types o f nearest- 
neighbour exchange interactions between m agnetic ions: one between the 
ions of the A sites, another between the ions at different types o f sites 
and the third type between the ions o f the В sites.

It has ea r lie r  been assum ed that the interaction  between a pair of ions 
of the A sites is  neglig ib le, and that the interaction between a pair of ions 
o f the В sites is  sm all com pared to the interaction between the ions of 
different types of s ites . The aim of the present investigation was to check 
this hypothesis, using published experim ental data on the spin-w ave 
d ispersion  cu rves.

The spin-w ave d ispersion  relation  for magnetite has been computed 
by severa l authors [4 -7 ] . In som e of this w ork it has either been assum ed 
that a sim ple relationship existed between the exchange integrals o r  that

*  Work sponsored jointly by Institutt for Atomenergi, Norway and Reactor Centrum Nederland.
* *  On leave from Institutt for Atomenergi, Kjeller, Norway.
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both the A -A  and the B -B  interactions vanish. Without any restriction s of 
this kind Kaplan [7] has given the expressions fo r  the acoustic and the firs t  
optic branch of the spin-w ave d ispersion  relation fo r  sm all spin-w ave 
m om enta. G lasser and M ilford [5] have calculated the general form ula 
fo r  the spin-w ave energies in the [1 0 0 ] d irection .

F or pure magnetite the spin-w ave d ispersion  curve has been observed  
prev iously  by inelastic neutron scattering techniques [8 -1 4 ]. E xperim ents 
em ploying the d iffraction  method have been perform ed  to m easure the 
acoustic branch fo r  sm all spin-w ave momenta [8 -1 2 ]. Using a tr ip le -a x is  
instrum ent B rockhouse and Watanabe [13] have m easured the entire acoustic 
branch and the low er energy parts o f two of the optic branches at room  
tem perature. At 77°K A lperin  et al. [9] and T orr ie  [14] have m easured 
the acoustic branch. Their results are not essentially  different from  those 
at room  tem perature.

2. THEORY

As mentioned in the introduction, the entire spin-w ave d ispersion  
curve has been calculated by G lasser and M ilford [5 ]. F rom  their analysis 
it fo llow s that the energy, EQ, o f the low est energy optic branch at zero  
magnon momentum is

E 0 = 1 2 J AB ( S a ' 2 S b ) ( ! )

H ere JAB is  the m agnetic nearest-neighbour exchange interaction constant 
between an ion at an A site and an ion at a В site . SA is  the spin of the 
A site ions, Sg is  the average spin of the ions at the В sites. This equa
tion determ ines JAB uniquely.

Further, the energy E a o f the acoustic magnons at the B rillou in -zone 
boundary in the [1 0 0 ] d irection  is

Ea - 6 JAB (Sa -2Sb ) - 4(JaaSa -Jbb SB)

- { ^ J a b Í S a  + ^ - ^ J a a Sa + J b b S b H ' - ^ S a V *  (2 )

H ere JAA and JBB are the m agnetic exchange interaction constants between 
a pair of A site ions and a pair of В site ions, resp ective ly . The expressions 
fo r  Ea and E0 are derived fo r  zero  external magnetic fie ld .

F or sm all magnon w avevectors, c?, the expression  fo r  the energy, E, 
of the acoustic branch may be expanded as follow s:

E = (h2 /2 m 0) (a 0+ a 2 q2 + a4 q4 +. . . ) (3)

where m 0 is  the m ass of the neutron. F or zero  m agnetic fie ld  aQ vanishes.
F or  a2 Kaplan [7] gives the expression

(11 /2 )J  S S -J  S2 -2J S2
4 1 '  AB А В АА A BB В 2 . . .
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where a is  the lattice constant. This equation m ay also be obtained from  
the general equation fo r  the energy o f the acoustic branch given by 
G lasser and M ilford [5 ].

3. RESULTS AND DISCUSSION

F rom  available data on pure magnetite it is  possib le  to determ ine the 
th ree-n earest-neighbou r m agnetic-exchange interaction  constants. F or  
pure magnetite B rockhouse and Watanabe [13] have m easured E 0= 58 ± 1 m eV  
and E a= 75± 1 m eV. By means of the d iffraction  method the quantity a 2 
o f Eq. (3) has been determ ined by severa l authors [8 -12 ]. The ex p er i
mental values range from  243 [10] to 330 [12 ]. JAA and JBB can be found 
as a function of a2, using the values of E a and E 0 m entioned above. F rom  
the resu lt o f this analysis shown in F ig . 1 it is  found that JBg is  alm ost 
insensitive to variations in a2 , while Jaa depends very  strongly on it. This 
is  also re flected  in the large standard deviation that has been found fo r  JAA. 
In com parison , the shift of JAA due to variations o f Ea and E0 within the 
uncertainty lim its is  o f no sign ificance.

FIG. 1. Exchange constants JAA and as functions o f  a2 for different values o f  E0 and Ea. The full 
curves represent JA A , the dashed lines represent Jgg. Curves 1 ,2  and 3 are computed for Ea = 74, 75 and 
76 m eV, respectively. For all o f  these E0 = 58 m eV. Lines A and В coincide with the curves calculated
for Ea = 75 and for E0 = 57 and 59 meV respectively.

The value o f reported  by R iste et al. [8 ] and Ferguson  and Sáenz[10] 
are both at the low er lim it o f the range o f experim ental values. They requ ire 
an antiferrom agnetic exchange interaction  which is  stronger than the A -B  
in teraction . This is  not in accordance with what is  generally  expected. 
E xcluding those two resu lts because o f this, what rem ains are the values 
reported  by Jacrot and C rib ier  [12] (a 2 = 330), A lperin  et al. [9]
(a 2 = 297 ±15) and D im itrijev ic  et al. [11] (a 2 = 285 ± 1 5 ). These
determ inations are a ll p erform ed  at room  tem perature. The result 
o f Jacrot and C rib ier  is  at the upper lim it o f the range of experim ental 
values. It leads to a value o f JAA c lo se  to zero , which is  in agreem ent 
with the assum ption made in m ost o f the w ork published hitherto [ 6,7, 13,14]. 
A s nothing has been stated about the a ccu racy  of this determ ination, it is
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not possib le  to te ll what weight it should be given. It has therefore not been
used. The mean value of the two rem aining determ inations of a2 is
a = 291 ±1 1 .

2
It can be mentioned that in their d iscussion  A lperin  et al. [9] obtained 

their value by a least-squ ares fit 'o f  a quartic spin-w ave curve (Eq. (3)) to 
their experim ental data. The fit would not im prove significantly on taking 
h ig h er-ord er  term s into account. With a quadratic fit only, they get a 
value of a2 agreeing with the result of Ferguson and Sáenz [10].

Assum ing a2 = 291 ± 1 1 , JAA and JBB have been calculated. The result 
is  given in Table I. The standard deviations are based upon the standard 
deviations in E , E Q and a2. F or com parison, the values of the exchange 
interaction  constants quoted by G lasser and M ilford [5] and T orr ie  [14] are 
also included in this table.

TABLE I. NEAREST-NEIGHBOUR MAGNETIC EXCHANGE 
CONSTANTS IN F e3 0 4

The standard deviations are given in units of the last decim al.

Source JAA(meV) 1АВ( т е у ) JBB(meV)

Present work -1.52(46) -2.42(4) 0.31(7)

Glasser and Milford [5] 0 -2 .4 0.24

Torrie [14] 0 -2.20(22) 0.6(6)

In agreem ent with ea rlie r  resu lts, the A -В  interaction is  found to be 
the largest. The B -B  interaction  is ferrom agnetic and an order of m agni
tude sm aller. The A -A  interaction, however, is antiferrom agnetic and 
m ore  than half of the A -В  interaction. This result is  not in accordance 
with e a r lie r  assum ptions [4, 5, 13, 14], but agrees with predictions based 
upon m olecu lar field  theory made by Néel [15].

E a rlier  authors [4 -6 , 13, 14] have, assum ing either that JAA= 0 o r  that 
*]да = Jgg = 0 , attempted to fit computed d ispersion  curves to the data of 
B rockhouse and Watanabe [13 ]. The latter assumption has not led to a 
sa tisfa ctory  fit fo r  all w avevectors. G lasser and M ilford [5] used both 
the acoustic and the first optic branch of Brockhouse and Watanabe in their 
determ ination of JAB and JBB . F or this purpose they f ir s t  determ ined the 
best JAB. As a correction  they applied JBB = -JAB /1 0 . They obtained a good 
agreem ent between their calculation and the experim ental data. T orr ie  [14] 
lim ited h im self to the acoustic branch to obtain J^  and JBB. The agreem ent 
he obtained between calculation and experim ent is  good fo r  this branch, but 
his exchange integrals im ply that E0 = 53 ± 5 m eV. On the other hand, the 
exchange integrals quoted by G lasser and M ilford [5] lead to a2= 315. This 
shows that all three exchange integrals should be taken into account when 
interpreting the experim ental data on magnetite.

Based upon the exchange integrals o f the present investigation, the 
com plete spin-w ave d ispersion  relation for  the [0 0 1 ] d irection  has been 
com puted. This is  shown in F ig . 2. In this figure the experim ental points 
given by B rockhouse and Watanabe have also been indicated. A s in the 
w ork of G lasser and M ilford, there is  a good agreem ent between the ca lcu 
lated curve and the experim ental points.
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FIG. 2. Computed spin-wave dispersion curve in the [001] direction. The curves are based upon the values 
o f  the exchange integrals given in Table I. The experimental points are those given by Ref. [1 3 ].

N um erical calcu lations show that the agreem ent does not change 
sign ificantly  on varying the value o f JAA . H ow ever, from  F ig . 1 we see that 
JAA takes a value significantly  d ifferent from  zero  in the region  where 
experim ental values o f a2 have been reported . The conclusion , th erefore , 
is  that also JAA should be taken into consideration  when d iscussing  
m agnetite.

N um erical analysis a lso shows that the optic branch that in tersects 
the energy axis at 70 m eV  (F ig . 2) is  m ost sensitive to variations in JAA.
To establish  a better value of J , this branch should be m easured.

AA
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D IS C U S S IO N

W. BALTEÑSPERGER: Exchange constants cannot at present be 
calculated from  a p r io r i theory, and I would like to draw attention to the 
possib ility  o f other m easurem ents capable o f providing further inform ation 
on exchange. The phonon spectrum  of a magnetic substance is  weakly 
dependent on the magnetic state, i. e. the spin corre la tion s, and the theory 
o f this effect (on which a publication is  to appear in H elvetica Physica 
Acta) involves the first and second derivatives of the exchange constants 
with respect to the d istances and the angles between the atom s, including 
non-m agnetic atom s, which ca rry  the superexchange interaction . The 
dependence o f the exchange constants on volum e can be obtained from  
pressu re  m easurem ents. The changes in the phonon spectrum  with magnetic 
o rd e r , how ever, show how the exchange param eters vary  with other 
structural deviations. The relative change o f the phonon frequency is  only 
o f the ord er of 1 0 ' 3 to 1 0 " 2 .

K. T . MÔGLESTUE: The exchange integrals can be calculated if one 
knows the e lectron ic  configuration of the solid . M easurem ent o f the m agne
tic  exchange constants a lso  provides a check on that part o f the calculated 
interaction  arising  from  the unpaired e lectron s .

R .D . LOWDE (Chairman): You spoke about the sensitivity o f the 
calcu lated magnon spectrum  to the param eters you put in. I think I may 
have m issed  your indication o f what those frequencies would have becom e 
if  you had used a w ider range o f cred ib le  J values. You re jected  som e 
J 's  and I wonder whether that rejection  can be justified  by the answ er you 
get.

K. T . MÜGLESTUE: In the low er range we had a2 values equal to about 
240, im plying that Jaa is  la rger than J.AB . I can im agine, intuitively, that 
such an AB structure would no longer be stable, thanks to the strong 
A interaction .
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Abstract

MAGNETIC EXCITATIONS IN COBALTOUS OXIDE. Neutron inelastic scattering experiments on 
single-crystal cobaltous oxide (CoO) show that magnetic excitations exist in this material both above and 
below the transition temperature (293° K). The measurements were made with a triple-axis crystal spectro
meter at the NRU reactor, Chalk Rivet. In the paramagnetic phase, two distinct bands o f excitations have 
been observed. These correspond to transitions between the spin-orbit levels o f  the Coz+ ion. The ratio 
o f  the measured transition frequencies (0. 61) and the temperature dependence o f the intensities o f  the bands 
support this assignment. The spin-orbit coupling parameter, -2 .1 3  ± 0. 05 (1012 cps) is only 40% o f the 
free-ion value, possibly because o f a dynamic Jahn-Teller effect. Two bands o f excitations have also been 
observed in the antiferromagnetic state, but their origins are believed to be quite different from those des
cribed above. They correspond, respectively, to transitions from the ground state o f  the C o2+ion to its 
conjugate (j = 1 /2) state and to the lowest state o f  the next spin-orbit level (j = 3 /2 ). At the temperature 
o f  the experiment (110° K) the latter transition is the lower o f  the two transitions at approximately 5 (1012 cps). 
Both transitions exhibit weak dependence on wave vector. A spin-wave model for these magnetic excitations 
leads to a next-nearest-neighbour exchange constant o f  0. 35 ±0. 02 (1012 cps), and indicates that the 
nearest-neighbour exchange constant and the tetragonal distortion are both small. The transition temperature 
o f  this model in the molecular field approximation is 240° K, in reasonable agreement with experiment.

1. INTRODUCTION

At high temperatures cobaltous oxide (CoO) is paramagne
tic and has the rocksalt crystal structure. Below 293 К (the 
Neel temperature, TN ), it distorts to an antiferromagnetic 
tetragonal structure in which the atomic magnetic moments are 
arranged in ferromagnetic sheets parallel to (111) crystallo- 
graphic planes [1,2,3,4]. The orbital magnetic moment of the 
Co2^ ion is not completely quenched by the crystalline field, 
and there are several low-lying excited states of the system 
which might be expected to influence its magnetic properties 
significantly, as discussed by Kanamori [5] and by Tachiki [б].

In section 2 we present experimental results for the 
dispersion relations of both phonon and magnon excitations at 
temperatures above and below TN . A discussion of the phonon 
excitations will be given elsewhere [7 ]; here we shall consider 
possible interpretations only of the magnetic excitations, above 
Tjj in section 3 and below TN in section 4.

2. EXPERIMENTS

The determination of the magnon and phonon dispersion 
relations was performed by observing the coherent, inelastic 
scattering of slow neutrons by single crystal specimens [в], 
with the aid of a triple-axis crystal spectrometer mounted at 
facility C5 of the NRU reactor, Chalk River. The spectrometer 
was operated throughout in its constant ¡J mode [9], where is

123
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the momentum change suffered by the scattered neutrons, and 
measurements were made of excitations having reduced wave vectors 
q along three directions of high symmetry, (00Ç), (ÇÇ0) and 
(«О: 27rÇ/a is a coordinate of q and a is the lattice constant.
In this paper we shall for convenience refer to symmetry axes 
and wave vectors appropriate to the high temperature cubic phase 
of CoO, even when dealing with the low temperature tetragonal 
phase. Owing to the small size of the distortion, and the multi
domain character of our specimen, we are unable to distinguish 
between excitations propagating along the a or с axes.

Some typical scattered neutron distributions are shown 
in Figs. 1 and 2._ In Fig. 1 the results of scans with a wave 
vector transfer, Q, of (2,2,0)2тг/а at 425°K and 110°K are shown. 
The results clearly show the presence of some scattering with a 
frequency of about 5 (1012 cps) at both temperatures, and further 
scattering with a frequency of 7 at 110°K. Figure 2 shows two 
distributions obtained at 110 K, for wave vectors close to the
(002) reciprocal lattice point. It does not seem possible to 
understand all our measured distributions in terms only of the 
phonon spectrum of CoO [7J. In particular, the peaks Ml and M2 
are incompatible with any reasonable description of the normal 
modes, and are therefore believed to arise from magnetic excita
tions. The peak marked Lft however arises from scattering by 
the longitudinal acoustic phonon propagating along the (00Ç) 
direction. The initial results in the paramagnetic phase were 
obtained for q along the cube body-diagonal (Л), at a temperature 
of 330 K. Subsequent measurements for the other two high sym
metry directions (Л,2) were made at 425°K, and Fig. 3 is a com
posite of all these high-temperature results. The complete 
results at 110°K are shown in Fig. 4.

NEUTRON GROUPS 
C0BALT0US OXIDE

F IG .l. Observed neutron groups for two constant-Q scans at 110'K and 425“ K. The peaks are believed to 
arise largely from magnetic scattering and show the decrease in intensity at a frequency o f  7 .0  at 425"K. 
The rise in intensity at low frequency at 425*К is associated with the paramagnetic scattering.
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NEUTRON GROUPS - COBALTOUS OXIDE

FIG.2. Two distributions obtained at 110° K. The peaks labelled M l and M2 are from the magnetic 
excitations and LA from the longitudinal acoustic normal mode o f  vibration.

EXCITATIONS IN PARAMAGNETIC COBALTOUS OXIDE

FIG.3. The experimental results in the paramagnetic phase o f CoO. The results for the [005] and [££0] 
directions are at 425°К and [£££] at 330°K. The circles arise from sharp peaks, and the bars from broad 
peaks. The thin vertical bars indicate broad distributions o f  low intensity. The solid lines are a shell model 
best fit to the phonon dispersion curves. The magnetic curves are then seen to be a flat branch at a frequency 
o f  4 .8  and a weaker branch at about 7 .8 .

S tan d ard  g r o u p - t h e o r e t i c a l  m ethods w ere used  in  c o n ju n c 
t i o n  w ith  th e  c h a r a c te r  t a b le s  o f  K o s te r  [ lO J , t o  l a b e l  th e  
v a r io u s  b ra n ch e s  o f  th e s e  s p e c t r a  t h a t  c o u ld  be  i d e n t i f i e d  w ith  
phonon e x c i t a t i o n s .  C o n s id e r a b le  e x p e r im e n ta l d i f f i c u l t y  was 
e x p e r ie n c e d , h ow ev er , in  m aking a ss ign m en ts  w ith in  th e  fr e q u e n cy  
ra n ge  4 .5  t o  7 .5  x  101 3 c p s , ow ing t o  th e  m a g n etic  s c a t t e r in g  
in  t h i s  r e g io n .  We s h a l l  l a b e l  th e  low er  and upper b roa d  
bands Ml and M2 r e s p e c t i v e l y .  A t 110 K, b o th  bands gave r i s e
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EXCITATIONS IN COBALTOUS OXIDE AT I IO 'K

FIG.4. The com plete experimental results at 110°K. The circles arise from sharp peaks in the scattered 
distributions, while the bars represent the broad peaks. The thin lines connecting the bars indicate the 
presence o f  weaker intensity near the broad peaks. The labels are the standard group theoretical labels for 
the phonon branches in the NaCl structure. The solid lines show a best-fit shell model to the phonon 
dispersion curves, and the dotted lines a magnon model with only second-nearest-neighbour interaction.

to neutron scattering of comparable intensity, but at 425°K the 
intensity from the upper-band was only just observable. The 
lower frequency band was still readily observed, however. The 
variation in the intensity of these bands as a function of 
momentum transfer was difficult to determine because of the 
presence of phonons with similar frequencies. However, where 
phonon scattering is likely to be unimportant, the intensity 
decreased somewhat as the momentum transfer increased.

3. MAGNETIC EXCITATIONS ABOVE THE NEEL TEMPERATURE

At 425°K, two broad bands of magnetic excitations are 
observed (Fig. 3), with the higher frequency band M2, at 
7.8 x 1012 cps, much less intense than the lower band Ml at 
about 4.8 x 10 cps. These bands may be understood in terms 
of the single ion energy level diagram of Co2+ in CoO, as shown 
in Fig. 5. The ground state 4 F configuration of the free ion 
is split by the cubic field to give а Г4 orbital triplet of 
lowest energy. The spin orbit coupling then further reduces 
the twelve-fold degeneracy (S = 3/2) of this effective I = 1 
state to give three states with quantum numbers j = Ü + S =
5/2, 3/2, 1/2. The lowest of these is the j = 1/2 Kramers 
doublet. Since both bands of excitations show little dispersion, 
a description of them in terms of the properties of a single 
ion is reasonable. A simple interpretation of the results is 
then obtained (see Fig. 5) by identifying the Ml and M2 bands 
with transitions A, between the j = 1/2 and j = 3/2 levels, and
B, between the j = 3/2 and j = 5/2 levels, respectively. The 
latter transition is weaker both because there are fewer ions 
in the j = 3/2 state than in the j = 1/2 state at 425°K, and
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ENERGY LEVELS O F  C o  
P H A S E

IN THE PARAMAGNETIC

(U N IT S  IOl2 c p s )

i=

i- Ь

! 8

FIG.5. The energy level diagrams o f  C o++, in the paramagnetic state, showing the effects o f  the cubic 
crystal field, and the spin-orbit interaction.

also because its higher frequency leads to a smaller neutron 
scattering cross-section. The ratio of the frequencies of the 
two bands, on this picture, should be 0.60, independent of the 
numerical value of the spin-orbit coupling parameter, X . 
Experimentally, we obtain 0.61 ± 0.07. However, to give the 
observed energies, this scheme requires a reduction in the value 
of X from -5.4 (1012 cps) for the free ion, to -2.13 in the 
crystal.

4. MAGNETIC EXCITATIONS BELOW THE NEEL TEMPERATURE

4.1 Molecular Field Approximation

In the antiferromagnetic state, the results show two 
almost constant-frequency branches (Fig. 4), again suggesting 
that the results may be explained largely by the single-ion 
properties. The effect of applying a molecular field to the 
unperturbed spin-orbit states of Co + is shown in Fig. 6. The 
degeneracy of all the j multiplets is removed to give a compli
cated energy level spectrum. The calculation is performed 
within the molecular field approximation by introducing a 
Heisenberg exchange interaction, Js, between next-nearest neigh
bours (nearest neighbours do not contribute to the molecular 
field); the single ion Hamiltonian is thus

- 2“*X £.S + 2JSZ3 < S > SZ (4.1)



128 BUYERS et al.

MOLECULAR FIELD THEORY OF 
THE ENERGY LEVELS OF CoO

FIG. 6. The energy levels o f  the ground-state multiplet o f  C o 2+ in the antiferromagnetic state, as a 
function o f  second-nearest-neighbour exchange parameter. The arrow shows the value o f  J2 which gives 
the correct splitting for the lowest two states in CoO. The spin-orbit coupling parameter is \  = -2 .1 3 х 1 0 1г 
cps, and the tetragonal distortion is not included. The numbers at the right-hand side give the Z component 
o f  the total angular momentum, j = I  + S, o f  each state.

where Z2 is the number of next-nearest neighbours and K. S У is 
the thermal average value of Sz :

< S > = ^  < n I Sz I n > ехр(-ЕпДт)/ exp (-En/kT)

n n
(4.2)

For any given value of J3 , a self-consistent set of energy 
levels En is determined by an iterative procedure. An exchange 
interaction J3 = Ó.347 ±0 .0 2  (1012 cps) leads to two energy 
levels lying 4.5 and 7.8 (1012 cps) above the ground state, as 
shown in Fig. 6. These correspond quite closely to the energies 
of the two bands observed experimentally, and essentially perfect 
agreement may readily be obtained by adding a small term c£| to 
the Hamiltonian (4.1) to represent the tetragonal distortion.
A suitable value for the constant с is -0.7 - 0.2 (1012 cps).
The values of J2 and с given by Kanamori [5] are 0.45 and -3.0 
respectively.

4.2 Spin Waves in CoO

If we restrict the exchange interactions to be of the 
Heisenberg form between first and second nearest neighbour Сог+
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ions only, then an appropriate Hamiltonian for the magnetic 
electrons in the Г4 state is

£(i)-S(i) + c¿ (i)2 ] + ^  j(ij) S (i) - S( j
ID

j)

(4.3)

The spin waves may then be calculated with the help of pseudo
boson techniques (see, for example, Grover [ll]).

The results, neglecting the nearest neighbour exchange 
interaction Ji, are shown in Fig. 4. It is seen that there is 
reasonable agreement with experiment although the theory pre
dicts too large a dispersion. An estimate of Ji may be obtained 
from the paramagnetic susceptibility measurements of La 
Blanchetais [l2j, since this quantity depends on the sum of Ji 
and JB : we obtain Ji = 0.021 (1012 cps), which is indeed much
smaller than the molecular field result for J2 . Recalculation 
of the magnon frequencies including this nearest neighbour 
constant Ji showed only small changes (< 0.2 x 1012 cps) from 
the Ji = 0 results. Strictly speaking, the magnon dispersion 
relation is more complex than described above, since the spin 
direction is not quite along the tetragonal axis (the deviation 
is about 10°). The anisotropy which gives rise to this 
deviation [13] will also split the doubly degenerate spin wave 
modes for each domain into two separate branches. However, it 
is expected that these splittings will be quite small, probably 
about 0.2 x 1012 cps. The origin of the broad scattered neu
tron distributions associated with the magnetic excitations 
below Тц is probably the slightly different frequencies of these 
modes, and also the fact that if Ji ?  0 then the frequencies of 
modes in different domains will also be slightly different. ’

5. DISCUSSION

Perhaps the most striking feature of the above results 
and analysis is the unusually low value of the spin-orbit 
coupling constant ^ which has been invoked to understand the 
magnetic excitations. It seems difficult to understand how the 
covalent bonding of the Co2+ to the neighbouring oxygen ions, 
or the interaction with higher states, can reduce it to only 40% 
of the free-ion value. This reduction of the spin-orbit para
meter may constitute evidence for a dynamic Jahn-Teller effect 
as described by Ham L14J.

In the antiferromagnetic phase, the results are in good 
qualitative agreement with a model involving an almost negligible 
nearest neighbour exchange constant Jx = 0.0 21, a second 
nearest neighbour constant J2 = 0.347 and a tetragonal distor
tion parameter of -0.7 (all quantities in units 1012 cps). 
Agreement might well be improved by including states of higher 
energy than the lowest two, since interaction with such higher 
states would tend to reduce the dispersion of the upper band.

No striking experimental evidence was obtained for a 
magnon-phonon interaction. The absence of the effect is seen 
to be reasonable when the mechanism for the coupling of magnons
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and phonons is considered. These may interact because the 
electrostatic field of the ions is altered by the presence of a 
phonon, and this in turn disturbs the energy levels. In the 
cause of U02 where a strong interaction was observed [15J л the 
anisotropy from the crystal field in the ground state is com
parable with the molecular field energy. In CoO, however, this 
is not the case as the distortion energy is only about 15% of 
the molecular field energy. Since the magnon-phonon interaction 
in U02 is about 20% of the anisotropy energy, we expect a 
magnon-phonon interaction in CoO of about 0.15 (1013 cps), a 
value well below the experimental resolution.

Further detailed experiments are needed to achieve a 
more complete understanding of the magnetic properties of CoO. 
Experiments at much greater resolution might well separate the 
different branches which contribute to the broad bands of exci
tations seen at present, and in this connection, a single domain 
specimen would be most valuable. More detailed checks of the 
theory would be provided by measurements both of higher 
frequency excitations and of the temperature dependence of the 
magnetic excitations particularly in the range 110°K to room 
temperature. It is planned to attempt some of these experiments 
in the near future.
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D I S C U S S IO N

C .G . WINDSOR: The sp in -orb it interaction  in CoO could be found 
independently, could it not, by analysis o f the susceptib ility  at high 
tem peratures.

R .A . COW LEY: Kanam ori et a l. attempted this, but since the ex 
change constants are unknown, the resu lt obtained is  am biguous.

C .G . WINDSOR: Can you explain the low value fo r  J-l /J 2 com pared 
with the value o f about unity found in MnO?

R .A . COW LEY: Not in detail, but I see no reason  to expect the 
exchange in CoO to be the same as in MnO. If the interaction is  largely  
superexchange through the 0 2 ions, it is  not surprising that the 90° in ter
action of nearest neighbours is  sm a ller than the 180° interaction  of next- 
nearest neighbours. Further, the ferrom agnetic d irect interaction  is 
likely  to be la rger fo r  the c lo ses t neighbours. Adding these two effects 
it is  perhaps possib le  to understand why |ji| < | J 2 1.
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Abstract

PARAMAGNETIC SCATTERING OF NEUTRONS BY TRIVALENT RARE-EARTH IONS IN AN 
OCTAHEDRAL CRYSTAL FIELD. The energy distribution of neutrons scattered by trivalent rare-earth 
compounds has been measured at room temperature. The paramagnetic lines, corresponding to 
transitions within the ground-state multiplet o f the rare-earth ion split by the octahedral crystal field, 
are superposed on the nuclear parts o f the energy distribution. Experimental conditions and computa
tional methods are described to determine the position and shape o f the paramagnetic lines. The 
resulting values o f  the crystal field splitting and the paramagnetic line width are discussed.

1. INTRODUCTION

The properties  of param agnetic salts have been investigated in a 
num ber of ways, ch ief of which are param agnetic resonance experim ents 
and susceptib ility  m easurem ents including the study of anisotropy. The 
disadvantages of these m ethods are that single crysta ls  are requ ired  fo r  
accurate work and certa in  substances cannot even be investigated because 
there are no allowed transitions between the levels which give r is e  to 
param agnetism . M oreover, im purities could affect the resu lts , a fact 
which is of great im portance in substances such as the ra re  earths which 
are often not available in the highly purified  condition.

One of the m ost versa tile  experim ental methods has proved  to be 
d irect m easurem ent of energy levels by inelastic scattering o f therm al 
neutrons, where the d ifficu lties and restriction s  m entioned above do 
not exist. We used this technique to investigate severa l ra re -ea rth  
com pounds in the param agnetic state. There are three main interactions 
which con trol the prop erties  of the ra re -ea rth  ion in a crysta l: (i) the 
Coulom b interaction  between e lectron s, which has the e ffect of coupling 
the individual angular m om enta into total orbita l and spin angular momenta 
L and S; (ii) the sp in -orb it interaction , which couples L and S to give J; 
(iii) the crysta lline e le c tr ic  fie ld , which partly ra ises  the (2 J + l)-fo ld  
degeneracy of a given J. In the ra re -ea rth  transition  group, the unfilled 
e lectron  shell is an inner 4f shell, so  that the interaction with the 
e le c tr ic  fie ld  of neighbouring ions is  sm all and usually com parable with 
the energy of therm al neutrons. Thus, when neutrons are m agnetically 
scattered  from  the ra re -ea rth  ions, the scattered neutrons leave the 
sam ple with d iscre te  energies corresponding to the crysta l field  
splittings.

1 3 3
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Up to the present, crysta l field  splittings have been observed  by 
the inelastic neutron scattering method in a great number of rare -earth  
com pounds. H ow ever, analysis of the m easured energy distributions has 
not always given satisfactory  resu lts. In section  2 an experim ental 
procedure is proposed  to evaluate both the position  and the shape of the 
param agnetic part exactly . This is exem plified  in section  3 fo r  the case 
of CexYi-xAs. We have chosen compounds where x takes the values 1 
and 0. 7 to investigate especia lly  the effect o f param agnetic exchange 
broadening. This is  shown in section  4, where it is found that the sp in - 
lattice interaction has to be taken into consideration  fo r  the interpretation 
of line widths at room  tem perature.

2. EXPERIM ENTAL DETAILS

The inelastic scattering of slow  neutrons by polycrystalline para
m agnetic solids provides inform ation about both the dynam ics of the 
crysta l lattice and the param agnetic behaviour. If one is interested 
only in the latter, the question of how to separate param agnetic scattering 
from  other inelastic com ponents, such as vibrational scattering a r ises .
In som e cases one may base such a separation m erely  on the different 
response of the param agnetic and vibrational cro ss -s e c t io n s  to an external 
m agnetic fie ld . H owever, when a magnetic field  is applied, the behaviour 
of the energy levels is thereby m ore com plicated than in the case of 
single crysta ls , where the lines diverge linearly.

The best method fo r  distinguishing between param agnetic scattering 
and vibrational scattering is provided by the double-d ifferential c r o s s -  
sections them selves. If the coherent scattering of neutrons does not 
constitute the m ajor part of the vibrational scattering, the latter can be 
com pletely  treated by the incoherent approxim ation [ 1 ] whose c r o s s -  
section  is given by

g£iüc = const BÍÜÚ L  Q* (n+ 1 ± 1 ) e_2W(Q) (1)
díídw u k0 2 2

where g(u ) is the phonon frequency distribution function; к and k 0 denote
the wave num ber of the scattered and incom ing neutrons, Q is the
momentum transfer, n is the B ose-E instein  occupation number and 
e - 2W(Q) D ebye-W aller factor. The param agnetic scattering c r o s s -
section  can be expressed  in the form  [2 ]

d2 crPara к i i25 5 ^ -  .  оо»«1й  ¡F(Q)|2 P0 |O) (2)

w here F (Q) is  the magnetic form  factor and Pq (w) is  the sc attering law which 
d escr ib es  the param agnetic behaviour of the ra re -ea rth  compounds.
We ca ll particular attention to the fact that c ro ss -s e c t io n s  (1) and (2) 
are strongly Q dependent. T herefore , if at least two energy distribu
tions are m easured at different scattering angles в , one can extract 
the param agnetic scattering function from  the m easured spectra .
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To dem onstrate this, it is  useful to sum up cro s s -s e c t io n s  (1) and
(2) into a total c ro s s -s e c t io n  f(Qjj ,U j) defined as the num ber of neutrons 
scattered  due to one-phonon and param agnetic p ro ce sse s :

f(Q ij,U j) = a (Q¡j. Wj ) giUj) + 0 (Q .j , u j )PQ (uj ) (3)

The coefficien ts  a and 0 may easily  be derived from  Eqs (1) and (2), 
s till paying regard  to the detector e ffic ien cy , i is the running index 
attached to the energy distributions m easured at different scattering 
angles, while the index j denotes the channel num ber of the experim ental 
spectra .

It w ill be seen from  Eq. (3) that an exact solution must take into 
consideration  the Q dependence of the param agnetic scattering law 
1^3 (u). H owever, in the high-tem perature region  Pq (u) is expected 
to be near Gaussian in shape [3] and the Q dependence may be neglected. 
We have reliab le  experim ental evidence that this supposition is true fo r  
the C e ^ . j A s  compounds.

3. APPLICATION TO CERIUM COMPOUNDS

We report in this section  on experim ental results of the trivalent 
ra re -ea rth  compounds Ce As and C e 0 7Y0 3As having a NaCl structure.
The lattice constant of CeAs has a value of 6 . 074 A [4] which is 
dim inished by a fa ctor  of 0. 032 fo r  C e0 ^f0 3 A s. B ecause of the octa
hedral e lectrosta tic  fie ld  of the neighbouring charges, the ground 
state F5 /2  o f the Ce3+ ion splits into a double state Г7 and a quartet 
Г8 . This means that with therm al neutrons just one crysta l fie ld  
transition  can be observed , since at ordinary tem peratures only the 
low est multiplet is  populated. Thus we may expect very  c lea r  and in
contestable experim ental resu lts.

The experim ents w ere perform ed  at room  tem perature by means of 
a rotating crysta l tim e -o f-flig h t sp ectrom eter at K arlsruhe with 4. 04 Â 
incident neutrons. The polycrystalline powder specim ens w ere in the 
form  of flat 50 m m  X 30 mm X 3 m m  plates set up in the transm ission  
position . T im e -o f-flig h t spectra  w ere m easured at sixteen scattering 
angles 0 ranging from  10° to 90° and typ ical ones are shown in F igs 1 
and 2. The main features observed  are : (i) a pronounced component 
o f q u a s i-e la stic  scattering, which is  found to be strongly dependent 
upon the momentum transfer Q; (ii) from  F ig . 2 it may be seen very  
c lea r ly  how the param agnetic scattering law PQ(w) is superposed on the 
phonon frequency distribution function g (u ). At sm all scattering angles, 
a single peak appears in the tim e -o f-flig h t spectrum ; with increasing 
scattering angle в this peak splits into a pair of twins, thus dem onstrating 
the d ecrease  in the param agnetic scattering due to the form  factor as 
w ell as the in crease  in the vibrational scattering; (iii) F ig . 1 shows an 
unusually large count rate at large energy tran sfers . This effect is 
neither caused by sam ple im purities nor is it o f m agnetic origin  and at 
present we can o ffer  no convincing explanation fo r  this.

The analysis of the tim e -o f-flig h t spectra  was ca rried  out accord ing 
to the method described  in section  2. Since neutron scattering data fo r
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energy transfer (meV)

F IG .l. T im e-of-fligh t spectrum o f CeAs at 15' 
and 84“ scattering angles.

energy transfer (meV )

FIG.2. T im e-of-fligh t spectrum o f Cee j  T(  ] 
As at 15“ and 84“ scattering angles.

the m agnetic fo rm  factor  o f cerium  are not yet available, we used the 
approxim ation given by T ram m ell [5] and calculated by Blum e, Freem an 
and W atson [6 ]. The resulting param agnetic scattering functions Pq(u) 
are presented in F ig . 3. The position  of the param agnetic line indicates 
that the crysta l fie ld  splitting has a value of 12. 2 ± 1. 0 m eV in CeAs, 
which is consistent with previous m easurem ents [7, 8 ], and a value of 
12. 5 ± 1. 0 m eV in Ce0 7 Y0 3 A s. The equality of the crysta l fie ld  
splittings is  rem arkable and seem s to con firm  the idea o f a sim ple 
poin t-charge ion ic m odel fo r  the calculation of energy lev e ls . The
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param agnetic line width has a value o f 2. 5 meV fo r  CeAs and 2. 3 meV 
fo r  Ce0 . 7 Y 0 .3 AS. We shall d iscu ss this in the next section.

4. INTERPRETATION OF THE LINE WIDTH

To obtain m axim um  resolution  of the spectrum , the experim ents 
should be designed as far as possib le  to m inim ize a ll contributions to 
the line width. There are two m ajor causes of the broadening of 
param agnetic line widths: (i) the interaction between the param agnetic 
ions and the lattice ; and (ii) the interaction  between the various ions 
them selves. The m echanism  of sp in -la ttice  interaction is one in which 
the therm al vibrations of the lattice give a fluctuating crystalline 
e le c tr ic  fie ld . T o avoid this interaction it is  best to work at low 
tem peratures. How ever, at these low tem peratures usually only the 
low est doublet state is populated so that the crysta l fie ld  splitting 
cannot be m easured with the chosen incom ing neutron wavelength. The 
second  broadening p ro ce ss  a rises  from  the interactions between the 
d ipoles. Above the N éel point this broadening shows no dependence 
on tem perature and can only be reduced by separating the magnetic 
ca r r ie r s . Two main types of interaction between the ions have been 
recogn ized , the d ipole -d ipole  and the exchange interactions. Usually 
the d ipole -d ipole  interaction is negligible in param agnetic salts and 
only the exchange interaction has to be taken into consideration.

Susceptibility m easurem ents fo r  CeAs [9] show m agnetic ordering 
below  7. 5°K, indicating an exchange o f 1 m eV at m ost. When rep lacing 
30% of the cerium  ions by yttrium , the exchange fo r  Ce is  dim inished 
[ 1 0 ] and is expected to be sm aller than the threshold value fo r  magnetic 
ordering . F igure 3 thus provides d irect inform ation about the exchange 
in C eA s. The half-w idth of the param agnetic scattering function PQ (u )
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may be d escribed  by

Г  = Г г2 + Г ? + Г 2 (4 )M ex si in . '  '

where Г х and 1^ denote the half-widths of the exchange and sp in -lattice  
broadening respective ly . r in is the half-w idth associated  with the 
instrum ental resolution  function and amounts to 1 .4  meV in the range of 
the param agnetic line. Гех can now be evaluated by applying Eq. (4) to 
the param agnetic scattering functions shown in F ig . 3. Its second 
mom ent <(ft2u 2 >̂ex has a value of about 1 meV2 and is in good agreem ent 
with estim ates based on m olecular field  expressions [7].

The sp in -la ttice  interaction  is generally  treated as giving relaxa
tion effects ch aracterized  by a relaxation tim e t ,  which is a m easure 
of the rate at which a spin rev erses  d irection  and either takes from , 
or gives to, the lattice a quantum of energy. Since relaxation p rocesses  
give half-w idths of the ord er of 1/2жт s e c -1 , our data on ceriu m  arsenide 
com pounds suggest an ord er of magnitude o f about lO- *3 se c  fo r  the 
sp in -la ttice  relaxation tim e at room  tem perature.

5. CONCLUSION

With the aid of therm al neutron scattering we investigated the 
crysta l fie ld  splitting in param agnetic salts. The position  as w ell as 
the width of the resulting lines are in good agreem ent with sp ectro 
s co p ic  data and estim ates on exchange and sp in -lattice  interaction. 
The exchange and sp in -lattice  interactions are derived from  the 
com parison  of the line widths between the pure ra re -ea rth  compound 
and the diluted one having nearly  0°K ordering tem perature.

M ore detailed inform ation about the sp in -lattice  interaction  could 
be obtained by working at various tem peratures. At present there is 
in creasing  in terest in the relaxation behaviour of exchange-coupled  
ion clu sters  which may have shorter relaxation tim es than isolated 
ions. M oreover, there is considerable evidence that the possib ility  
of m agnetic orderin g  is determ ined by the balance between crysta l 
fie ld  and exchange fo r ce s  [11]. Further experim ental work on mixed 
CexYj.xAs com pounds is currently in p rogress  to illuminate som e of 
these questions.
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D I S C U S S IO N

C .G . WINDSOR: I should like to know in greater detail how you w ere 
able to separate the m agnetic contribution to the scattering from  the 
phonon contributions.

A . FURRER: It can be seen from  Eq. (3) that both the v ibrational and 
the param agnetic scattering c ro s s -s e c t io n s  have their own ch a ra cteristic  d e 
pendence upon the momentum tran sfer Q o f the scattered neutrons. T h ere 
fo re , if  i denotes the num ber o f energy distributions m easured at different 
scattering angles, the unknown functions g(Uj) and P g(U j) can be evaluated 
by solving the system  o f i equations fo r  every  channel num ber j .  However, 
this p rocedure is  only applicable to high tem peratures, where the p ara 
m agnetic scattering function is  a lm ost constant over the whole Q region ,

T . RISTE: This paper, among others at this session , has dem onstrated 
the need fo r  a re liab le  method o f extracting the m agnetic intensity com p o 
nent. I should like to point out that such a method, involving the use o f a 
polarized  beam , is  now available. If you bring the beam  to the sam ple 
with the polarization  along the scattering v ecto r , the m agnetic scattering 
o ccu rs  with com plete  polarization  rev ersa l. This is  true fo r  scattering 
in connection with any kind o f m agnetic substance, and applies equally w ell 
to e la stic , inelastic, coherent and incoherent scattering. Thus the magnetic 
com ponent m ay be extracted  by analysing the polarization  o f the scattered 
beam . Moon, K oehler and m yse lf expect to be publishing a paper on the 
subject in due cou rse .

A . FURRER: The fact that the polarization  o f the scattered neutrons 
can be analysed constitutes in general the m ost pow erful evidence fo r  the 
existence of m agnetic scattering . H owever, fo r  the case  o f ra re -earth  
salts, the method you d escrib e  might not be su ccessfu l. The fact is  that 
a cry sta l field  transition  within the ground state multiplet o ccu rs  without 
involving a change in the total angular momentum o f the atom . T h ere fore , 
on grounds o f spin conservation  I believe that the polarization of the 
scattered  neutrons w ill be maintained.
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Abstract

INVESTIGATION OF THE DYNAMICS OF WATER MOLECULES IN CRYSTALLO-HYDRATES BY NEUTRON 
INELASTIC SCATTERING. Translatory and rotatory frequencies o f crystallization molecules o f  water were 
determined by the neutron inelastic scattering method in several crystallo-hydrates. The results are compared 
with those obtained from infrared and nuclear magnetic resonance experiments.

1. INTRODUCTION

C rysta llized  compounds containing w ater have been studied by the 
neutron inelastic scattering method (INS) by Boutin et al. [1 ], P rask  and 
Boutin [2 ], and B ajorek  et al. [3 ].

The present INS study con cern s the follow ing com pounds: ice , L i2S04. H20 , 
LiC104 .3H 2 0 , NiS04. 7H20 , NiS04. 6H20 , L iC l.H 20 , and La2Mg3(N03)12. 24HzO. 
In these com pounds both the configurations o f w ater m olecu les and the types 
o f hydrogen bonds d iffer  significantly (see  section  2 ) and it was thought that 
these d ifferen ces might be re flected  in the INS spectra . It was also felt that 
an INS study of La2Mg3(NOj)12. 24H20  might furnish som e useful data fo r  a 
better understanding of the ro le  played by this substance in nuclear 
polarization .

Section 2 gives inform ation on the structure of the substances. Section 3 
d escr ib es  the experim ental method applied. Section 4 presents the results 
obtained and a d iscussion  m ainly based on their com parison  with other INS 
data but a lso with those obtained by in frared  techniques.

2. STRUCTURE OF HYDRATES INVESTIGATED

Inform ation on the structure of the compounds in question is  given in 
this section  from  the point of view  of the cry sta llo -ch em istry  of hydrogen 
and in particu lar of hydrogen bonds. Detailed inform ation is  given in the 
re feren ces .

*  Structural Research Laboratory o f the Jagiellonian University, Cracow.
* *  Chemical Physics Laboratory o f  the Jagiellonian University, Cracow.
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The m ost com plete data on the structure of ice  are those from  neu- 
tronographic studies [4 ]. The crysta l is  com posed  o f an infinite th ree- 
dim ensional lattice  o f hydrogen bonds. Each oxygen atom in this lattice 
is  in the centre o f a tetrahedron. Hydrogen atoms are either statistically  
o r  dynam ically situated in two positions between oxygen atom s (F ig . 1).

The L i2S04 .H 20  structure was studied by X -ra y  d iffraction  [5 -7 ] and 
by neutron diffraction  [8 ,9 ] . The H 20  m olecu les are mutually bound by. 
hydrogen bonds, form ing a one-dim ensional chain of bonds . . 0 - - H . . .  . 0 - - H . ., 
s im ilar  to that in ic e . The rem aining hydrogen bonds of water m olecu les 
connect this chain to S04  tetrahedrons. This configuration, rather 
exceptional fo r  hydrates, is  re flected  in many physical p roperties  of 
LijSO^H^O [10 ]. W ater m olecu les in this crysta l are structurally  equiva
lent (F ig . 2). The 21 axis joins two such m olecu les in the elem entary ce ll .

In LiC104 . 3H20  the hydrogen bonds, accord ing to neutron diffraction  
data [11], are c losed , joining Li(OH2 )6 octahedrons with C104 tetrahedrons 
(F ig . 3) ( L Í - - 0 - - H . . .  0 --C 1 ). A ll water m olecu les are connected together 
by the 6 3-sym m etry  axes and are structurally  equivalent.

F IG .l. The structure o f  ice . Large circles — oxygen atoms, small circles — hydrogen atoms. Hydrogen 
positions are occupied with a 50% probability.

FIG. 2. Hydrogen bonds in the Li2so4 structure. Og * oxygen atoms o f  water molecules, 0 ? -  oxygen 
atoms o f S04 -  tetrahedrons.
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FIG.3. A projection o f the LiC104 .3H 20  structure along the hexagonal axis.

FIG.4. The structure o f  LiCl.D O. Model a: hydrogen atoms may jump between two positions. Model b: 
statistical distribution o f hydrogen atoms in either one or another position.

In L iC l.H 20  the hydrogen bonds are also c losed  and they join  О and 
Cl atom s together (0 - -H . . . .  Cl) (F ig . 4). P relim in ary  neutron d iffraction  
studies [1 2 ] led  to the conclusion  that there are two different orientations 
o f w ater m olecu les in the L iC l.H 20  cry sta ls .

The crysta llo -h yd ra tes  NiS04. 7H20  and NiS04 .6H 20  have not yet been 
studied neutrono graphic ally. On the basis of rôntgenographic studies [1-3-16] 
one may accept that in NiS04. 6H20  the hydrogen bonds join  together the 
Ni(OH2 )6 octahedrons and S 0 4 tetrahedrons, form in g  c losed  hydrogen bonds 
N Í - - 0 - -  H. . . . 0 - - S .  It is  suggested that in NiS04 7H20  the additional 
w ater m olecu le  enters in between, form in g  N Í - -0 - -H . . . . 0 - - H .  . . . 0 - - S  
bonds.

3. EXPERIM ENTAL METHOD

The m easurem ents w ere p erform ed  on a tim e -o f-flig h t spectrom eter 
fo r  inelastic, incoherent scattering of neutrons [17] installed at the IBR 
pulsed rea cto r  at Dubna. The m ajority  o f m easurem ents w ere made with 
the follow ing param eters o f the spectrom eter:

Duration of slow  neutron pulse ~  200 ¿¿sec
Path length: m od era tor-sam ple  2 0 .4  m
Path length: sam p le -d etector  1 . 76 m
Fixed energy of scattered neutrons 5.0 m eV
Resolution dX/X in the energy tran sfer region  from  5 m eV  to 110 m eV
3.5%
Scattering angle 90°.
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P olycrysta lline sam ples, whose thickness was ~  1 mm (approxim ately 
85% of neutron transm ission ), w ere placed in a cryostat which allowed 
m easurem ents to be perform ed at any tem perature between that of liquid 
nitrogen and room  tem perature.

The scattered neutron intensity m easured in this spectrom eter is, 
after making the n ecessary  correction s  and after norm alization to a constant 
value of incident neutron flux, proportional to the c ro ss -s e c t io n  d2cr /d fidE  
(with phonon creation). The results are presented in the form  o f scattered 
neutron intensity versus analyser channel number (with background sub
tracted  after making a sm ooth line from  it). The energy tran sfers  w ere 
obtained from  the peak values as w ere the frequencies of corresponding 
phonon peaks in c m '1 . These frequencies are shown in the tables below 
together with the data o f other authors obtained either by INS o r  i. r. 
techniques.

4. RESULTS AND DISCUSSION

4 .1 . Ice

Our INS resu lts are presented in F ig. 5 and in Table I. The peaks are 
distributed into three groups, corresponding to H20  rotational motion 
(group III), H20  translational motion (group II), and bending deform ation 
of the hydrogen bond (group I). It is  interesting to note that group I appears 
as a distinct and intense band fo r  the two substances only (ice  and 
L i2 S04 .H 2 0 ) fo r  which there is  a chain of hydrogen bonds between pairs of 
H2 О m olecu les, and is  either much weaker o r  even does not appear fo r  
hydrates in which the hydrogen bonds are closed .

In Table I our data are presented together with other INS data of 
Burgman et al. [18] and with i . r .  data of Giguere and Arraudeau [19] fo r  
com parison . There is  good agreem ent between the two INS resu lts . The
i. r . data show the appearance o f m ore peaks, though som e of them are 
very  weak. In particular, in the translational vibration region  (group II) 
there are five peaks in i. r . and only three in INS. Of the five i. r . peaks 
only two, i . e .  one at 154 cm " 1 and one at 225 cm"1 , are distinct and 
com pletely  form ed  as peaks. Their agreem ent with INS is  good. It should 
be pointed out that accord ing to an analysis perform ed  by Springer [20] 
there are nine optical m odes fo r  the ice  tetrahedron lying below  three 
librational m odes. What in Table I are called  groups I and II should be 
covered  by these nine frequencies. In fact, if one takes into account both 
INS and i. r . resu lts there are nine frequencies in groups I and II which 
have been dem onstrated experim entally.

As concerns group III, the INS data show the appearance of a fa ir ly  
broad band with a maximum value at 601 cm " 1 (peak g). On its left shoulder ' 
there are certainly  som e unresolved peaks around 800-900 cm " 1 . The high 
intensity of peak g may arise  only from  hydrogen m otions. We consider 
that the 601 cm " 1 corresponds to H 2 0  twisting (as its intensity in i. r . is 
very  sm all) and the i. r . peaks around 800-900 cm ' 1 to two other rotational 
m odes of H2 0 , in agreem ent with suggestions of Giguere and Arraudeau [19]. 
It should be pointed out that, accord ing to estim ations of C ross et al. [21], 
the torsional frequency in the ice  tetrahedron should be 570 cm "1, which is 
quite c lo se  to our value of 601 cm ' 1 .
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4 .2 , LÍ2 SO4 .H 2 O

As seen from  F ig . 6  and Table II, the peaks, as those fo r  ice , are 
distributed in three groups arising  from  hydrogen bond deform ation 
(group I), H20  translational m otion (group II), and H 20  rotational m otion 
(group III). In Table II the INS data o f P rask  and Boutin [2] and the i. r. 
data of J. M. Janik et al. [22], M iller et al. [23] and Shukarev et al. [24] 
are also presented.

Group I, i . e .  low -frequ en cy  hydrogen m otions, appears, as shown by 
P rask  and Boutin [2 ], in many INS spectra  of hydrates. A s d iscussed  in 
section  4.1, this group appears also in the INS spectrum  o f ic e . It is  
believed  that these m otions are connected with deform ations o f hydrogen 
bonds at which atom s m ove perpendicu larly  to the chain of hydrogen bonds.
It should be pointed out that this low frequency band is  very  pronounced in 
L i2 S04 . H2 0 , as in ice , this perhaps being connected with a s im ilar ity  of 
in te r -H 20  hydrogen bond structure in the two substances.

We interpret the three INS peaks belonging to group II, in agreem ent 
with th eoretica l pred ictions o f C ross  et al. [21] (m ore  p re c ise ly  with the 
statement that translatory  H20  m otions should appear in the region  125 to 
200 c m '1), as arising  from  H20  translations. There is  a lso a possib ility  
that one of these frequencies (probably that a t’235 cm '1 , i . e .  frequency e 
in our spectrum ) correspon ds to m ethyl-oxygen  stretching. This stretching 
frequency  usually appears between the translational and rotational ones as
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TABLE I. PEAK FREQUENCIES IN ICE OBTAINED IN VARIOUS 
EXPERIMENTS

Burgman et Giguere and
This work al. [18] Arraudeau [19]

INS INS i.r . Interpretation
Temp. 77°K Temp. 268 .6°К Temp. 113°K

(cm 'i) (cm -1) (c m '1)

Group I

a 57 52 70 - 80 Î hydrogen

b 69 - 6 9 loo г
bond
deformation

с  87 ~  86 122

Group II

d 159 154

190

h 2o -
transi.

e 215 210

225

259

f 291 275 295

Group III
g 601 632 570

800 H20 -ro t . (T)
Two of these

840 peaks are

900
H20 -ro t . (W, R)

estim ated by Sartori et al. [2 5 ]. Although the value obtained by Sartori e ta l. 
is  evidently too high (637 cm"1 ), a sequence: translational vibrations, MeO 
stretching, librational vibrations seem s probable. Another possib ility  
suggested by Shukarev et al. [24] is  that the i . r . peak at 480 cm ' 1 c o r r e 
sponds to MeO stretching.

There are argum ents fo r  believing that the frequencies indicated in 
the table by asterisks arise  from  internal vibrations o f SO4 groups. As 
shown in the i. r . study of J. M. Janik et al. [22 ], a ll these peaks appear 
p ractica lly  unchanged in dry L i2 S04 which does not contain H20  m olecu les . 
The intensities o f corresponding peaks in INS spectra  do not con flict with 
the assum ption that they are not connected with hydrogen atom m otions.

There rem ain three frequencies belonging to group III which we 
believe  are caused by three types o f rotational m otions of H gO m olecu les 
(rock ing, tw isting and wagging).

The sharp peak at 343 cm " 1 in our INS spectrum  is  so strong that it 
evidently a rises  from  hydrogen. It is  surprising  that this peak was not 
observed  by P rask  and Boutin [2 ]. The sharpness may be treated as proof 
of the flatness o f the corresponding phonon branch, which, on the basis
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c h a n n e l n u m b er  

FIG. 6. The INS spectrum o f LigSO^. H20 .

o f arguments given in the paper o f J. A. Janik et al. [26], should be a ch a ra c
te r is tic  o f phonons connected with HgO librational m otions (tw isting).
It should be pointed out that the b a rr ie r  value fo r  tw isting obtained in nmr 
m easurem ents by H olcom b and Pederson  [2 7 ] im plies fo r  the twisting 
frequency a value of 365 cm -1, in fa ir ly  good agreem ent with our value of 
343 cm "1. Of the other two peaks (h and j), one at 556 cm " 1 appears also 
in i . r .  and, as pointed out by J. M. Janik et al. [22 ], is  shifted to low er 
frequencies (~  495 cm "1) fo r  the deuterized substance. We believe that 
the two peaks arise  from  two other H 20  rotational m otions, wagging and 
rocking.

4 .3 . LiClO j . ЗН9 О

It should be pointed out that the three water m olecu les in this substance 
are structurally  equivalent, as are the two in L i2 S 0 4 .H 2 0 .  T herefore  we 
may com pare the two substances, while stressin g  the fact that L i2 S04. H^O 
has a hydrogen bonded z ig -za g  structure of water m olecu les, whereas 
hydrogen bonds in LiC104 . 3H20  are closed .

F igure 7 and Table III present our INS resu lts . The peaks are d is tr i
buted in three groups. There is  slight evidence of a low -en ergy  hydrogen 
bond deform ation peak (group I). The i .  r . data of J. M. Janik et al. [22] 
and o f Shukarev et al. [24] are presented in Table III fo r  com parison  and 
fo r  help in interpreting peaks.

As the H2 О m olecu les in the LiC104 . 3H20  crysta l are all in the same 
crysta llograph ic positions, there should be three translational peaks of the 
H 20  groups. F rom  the five peaks of group II, 128, 157, 209, 277 and
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TABLE II. PEAK FREQUENCIES IN CRYSTALLINE L i2 S04  ,H 20  
OBTAINED IN VARIOUS EXPERIMENTS

This work 
INS 

Temp. 77°К 
(cm -1)

Pjask and 
Boutin [2] 

INS
Temp. 293° К 

(cm-1 )

J.M . Janik 
et al. [22] 

i. г.
Room temp. 

(cm -1)

Miller 
et al. [23] 

i . г. 
Room temp. 

(cm -1)

Shukarev 
et al. [24] 

i. г. 
Room temp. 

(cm *1)

Interpretation

Group I

a 76 

b 103 107

Hydrogen
bond
deformation

Group II

с 164 

d ’ 186 203

H20 -
transl.

e 260 260

Group III

f 343

367

H20 -rot(T )

?

g 448 4 1 4 1  -  
438J '**

437* 435*
V S 0 4

480 480 480 LiO

h 556 524 580 577 570 HjO-rot

i 617* 672* 6381  *  
650J 646*

6321 „ 
642 j " V S 0 4

j 769 832 835 H O-rot

к 1014* 1019* 980* V S 0 4

1280 * 1120* 1110* V S° 4

304 cm '1 , ■ which are observed  in the INS spectrum , three doubtless arise  
from  H20  translations. It is  possib le  that either the 277 cm ' 1 o r  304 cm ' 1 
peak correspon ds to the MeO stretching frequency.

The peak at 380 cm "1 probably a rises  from  H20  twisting, in view  of 
its sharpness and intensity. It should be noted that such a peak, although 
situated at various positions fo r  various hydrates, appears in a very  
sim ila r  shape fo r  L i2 S 0 4 .H 2 0 , NiS04 ,6 H 20  and NiS04. 7H2 0 , and its 
interpretation in L i2 S04 .H 20  was strongly con firm ed by agreem ent with 
nm r experim ent, as pointed out in section  4.2. N uclear m agnetic resonance 
studies fo r  LiC104 . 3H20  perform ed  by P ietrzak  [28] give 350 cm ' 1 as the 
tw isting frequency, in fa ir ly  good agreem ent with the present study.

Other rotational peaks of H20  groups are probably those at 456 cm -1 

and 515 cm -1 . The i. r . spectrum  shows a broad band with maximum at 
c ir c a  550 cm " 1 in this region . This broad band is  shifted tow ards low er
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channel num ber

FIG. 7. The INS spectrum o f LiC104.3H 20 .

frequencies after deuterization, so it must contain rotational H20  peaks, 
but probably overlapped on C104 internal frequ en cies.

The peak (j) at c ir ca  617 cm " 1 (INS) is , owing to its coincidence with 
i . r .  fo r  both LiC104 ,3 H 20  and fo r  w ater-free  LiClC^ , ascribed  to the 
vibration of the C104 ion. This peak and another one seen in i. r . at 
1090 cm " 1 are indicated by asterisks in Table III.

4 .4 . NiSQ4 .7 H 2Q and NiSQ4 . 6 H2Q

Our INS results fo r  NiS04 . 7H20  and NiS04 . 6H20  are presented in 
F igs 8  and 9. The peaks are distributed in two groups, one arising, we 
believe, from  rotatory m otions and the other from  translatory vibrations.
No group I, connected with hydrogen bond deform ation, was observed  fo r  
either substance. In Table IV the INS peak values and the i. r . data of 
J .M . Janik et al. [22] are presented together with those of Gamo [29].

It should be pointed out that vibrations of H 20  groups in bothNiS04 .7H20  
and NiS04 .6H 20  lie  in a higher frequency region than those fo r  L i2 S04 .H 2 0 .

The two spectra , that fo r  NiS04. 7H2 О and that fo r  NiS04 . 6H2 0 , are 
very  s im ilar  (in fact alm ost identical), suggesting the sam e features of 
H 2 0  dynam ics in the two substances and hence a negligible effect of the 
seventh H20  m olecule . As no extra peaks appeared after introducing the 
seventh water m olecule , it may be deduced that this water m olecule has a 
sm ooth spectrum , suggesting a much weaker bonding than other H20  
m o lecu les .
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TABLE III. PEAK FREQUENCIES IN CRYSTALLINE LiC104 . 3H20  
OBTAINED WITH INS AND i. r.

Janik Shukarev
This work et al. [22] et al. [24]

INS i . г. i . г.
Temp. 113°K Room temp. Room temp. Interpretation

(cm-1) (c m -1 ) (c m * 1)

Group I

a 90

Group II

b 128

с 157 Three o f

d 209 these frequencies
should be

e 277 H O -  transi. 2
• f 304

Group III

g 380 H O -rot. (T) 
2 V

h 456
I  H O-rot.

i 515 Broad band ~550 Broad band ~  550 J 2

j 617* 625 * m \  *  
630 J V  -CIO 

4 4

к 866 938 Î

1090 * 1080 , * v  -CIO
3  4

As seen from  Table IV, in the low er frequency region (group II) there 
are three peaks in our INS spectrum  (denoted a , b , с ) which either all 
arise  from  H 20  translations or, possib ly , с corresponds to an MeO 
stretching.

The peak g at 981 cm " 1 is  the only one in the INS spectrum  which we 
m ay attribute to the internal vibration in the S04  group (if this interpretation 
is  co rre c t) . This is  certainly  due to a domination of these seven H20  groups 
over  only one S04 in NiS04  . 7H2 (w hereas in L i2S04 .H 20  this is  not the case). 
Other S04 frequencies are seen only in i. r . [22]. They appear at about the 
sam e positions as in L i2 S04 .H 20  and as in w ater-free  N iS04 . A ll peaks 
attributed to S04 groups are indicated by asterisks in Table IV.

We interpret the peak at 469 cm ' 1 (d) as H20  twisting in view  of its 
sim ilarity  to the corresponding one in L i2 S04 .H 2 0 , in its intensity, 
sharpness, and shift in the deuterized substance. The two other frequen
c ies , e and f , which, as we believe, arise  from  two other Щ О rotational 
m otions also appear in the i. r . as weak bonds which disappear after
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c h a n n e l  n u m b er

FIG.8. The INS spectrum o f NiSO . 7H O.
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FIG.9. The INS spectrum o f NiS04 . 6H20 .
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TABLE IV. PEAK FREQUENCIES IN CRYSTALLINE NiS04. 7H20  
OBTAINED WITH INS AND i. r .

Janik
This work et al. [22] Gamo [29]

INS i . г. i .r .
Tem p. 77°К Room temp. Room temp. Interpretation

(cm '1 ) (cm -1) (cm -1)

Group II

a 215 H2o -

b 244 -translations

с  358

Group III

d 469 470 H20 -ro t . (T)
and v  -SO 

2
e 617 615

630 *

H 20 -ro t . (W) 

v  -SO
4 4

f 770 790 760 H O-rot. (R) 2

g 981 9 9 0 \ *  
1100 j v  -SO

1 4

FIG.10. The INS spectrum o f  LiCl. Нг<Э.
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TABLE V. THE INS PEAK FREQUENCIES IN CRYSTALLINE 
L iC l.H 20

This work 
INS 

Temp. 77e К 
(cm "1)

Interpretation

Group II

a 130 H O-translation?
b 156 î

с 218 H O-translation
2

d 259 Î

e 350 MeO stretching

Group III

f 529

g 634 H20-rotations

h 727
-

i 951 I overtones ?
j 1121 J

deuterization. It is  hard to determ ine the shifts as the NiS04 . 7D^O spectrum  
d iffers  in too many details from  that of NiS04. 7H2 O.

4 .5 . L iC l. H2Q

It should be pointed out that owing to the large absorption c r o s s -  
section  fo r  neutrons of Li and Cl, the scattered neutron intensity d is tr i
bution may in this case be alm ost entirely  attributed to H 2 0  m olecu les.

The INS spectrum  obtained by us is  presented in F ig. 10. As there 
are no reliab le  i. r . data fo r  this substance, the interpretation may be 
made only on the basis o f an analogy with other INS spectra  of hydrates.

It is  evident that two quite intense peaks (a) and (c) belonging to what 
was called  group II fo r  previous substances, arise  from  H20  translations. 
Peak e m ay perhaps be connected with LÍO stretching.

A broad maximum which form s group III has its peak value at 529 cm " 1 
(f) and it probably contains all rotational frequencies of H20  groups.

Table V presents all INS peak values and their rough interpretation.

4 .6 . La2Mg3(N 03 )12.24H 20

The INS spectrum  is presented in F ig . 11. Table VI presents f r e 
quencies corresponding to peak values. On the basis of an analogy with 
INS spectra  of other hydrates we believe that the observed  peaks of group II,
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c h a n n e l  n u m b er

FIG* 11. The INS spectrum o f La Mg„(NO ) .24H .O .
12

TABLE VI. PEAK FREQUENCIES IN CRYSTALLINE 
L a 2 Mg3 (N03 )12 . 24H20

This work 
INS 

Tem p. 77°К 
(cm *1)

Janik et al. [22] 
i . г.

Room temp. 
(cm "1)

Interpretation

a 161

Group II

b 202 H20-translations

с 298

d 387

Group III

e 460 

f 516

Broad band at 430
H20-rotations

g 653 Broadband ar 620

i . e .  those at 161, 202 and 198 cm"1, arise  from  H20  translations, and 
peaks belonging to group III, i . e .  those at 387, 460, 516 and 653 cm '1, arise  
from  H 20  rotations. As there are probably four unequivalent situations 
o f H20  m olecu les in the crysta l, we may expect m ore peaks than those 
observed  and interpreted  as translational and rotational. It is  possib le  
that they have not been resolved .
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An i . r .  m easurem ent of this substance was made by J .M . Janik et al. 
[22 ]. The i . r .  spectrum  shows in the sam e frequency region  two broad 
m axim a, one at ~ 430  cm ' 1 and the other at ~ 6 2 0  cm "1, in rough 
agreem ent with our INS data.

A ll peaks d iscu ssed  are probably connected with hydrogen m otions and 
not with internal frequencies of N0 3 groups, as the latter ones appear at 
frequ en cies higher than 700 cm "1.

It should be pointed out that a knowledge o f the rotational levels  of 
H 20  m olecu les in L a 2Mgg (NOa )12. 24H20  m ay be of som e im portance in 
attempting to understand its use fo r  polarization  of nuclei. F rom  the point 
o f view  of polarization  experim ents it is  im portant to know the magnitude 
of splitting of the ground lev e l of torsiona l vibrations of water m olecu les 
around the с -ax is  ( i .e .  the axis in the m olecu lar plane). To evaluate this 
splitting it is  n ecessa ry  to know the b a rr ie r  to rotation. It is  possib le  to 
obtain this from  the torsiona l frequency . We assum e that this frequency 
lie s  in the region  280-650 cm"1 , i . e .  the energy region  48-80 m eV. 
A ssum ing further that the potential energy has the form

V= I  V0( l  + cos  2ф) (1)

we might, by using tables of eigenvalues of the Mathieu equation given in 
the paper o f Stejskal and Gutovsky [30], evaluate the b a rr ie r  from  the 
torsiona l frequency, but only fo r  the frequency region  corresponding to 
energies 35-50 m eV . It is  th erefore  n ecessa ry  to extrapolate the b a rr ier  
versu s frequency dependence to higher en erg ies . As it was found in the 
region  35-50 m eV  that b a rr ie rs  evaluated from  the potential (1) and those 
obtained from  harm onic potential d iffer  by a constant value of 2 0  m eV, we 
assum e that this is  valid fo r  energies up to 80 m eV . On the basis o f this 
assum ption, we obtain the resu lt that b a rr iers  correspond ing  to torsiona l 
peaks lying in the energy region  48-80 m eV  are 350-900 m eV . The 
splitting o f the ground leve l estim ated on the basis of form ulas given by 
Das [31'] is  2 X 1017 - 5 X 1010 m eV.
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D I S C U S S I O N

O .K . HARLING: In our recent inelastic downscattering studies on ice  
we found that the centroid o f the torsional band was located at considerably  
higher e n e r g ie s ,»  93 m eV.
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Abstract

DISPERSION RELATION FOR SKELETAL VIBRATIONS IN DEUTERATED POLYETHYLENE. The low- 
frequency vibrations in polyethylene have been studied previously, utilizing the incoherent scattering 
technique which yields an amplitude-weighted density o f  states. In the present work the dispersion relations 
have been obtained directly by observing the coherent scattering from a deuterated sample. This represents 
the first such measurement on a crystalline polymer. A target in which the molecular chain axes were 
approximately parallel was prepared by stretching polycrystalline material. The FWHM o f  the rocking 
curve for the (002) reflection was measured to be 9°. Constant-Q and constant-E scans were made on the 
University o f  Michigan triple-axis spectrometer at room temperature to observe phonons propagating along 
the chain direction. The resulting dispersion curve for the v s mode follows generally the calculated curve 
o f  Tasumi and Krimm with systematically lower frequencies. The maximum frequency o f  1.36 X 1013 Hz 
agrees with the cu t-o ff frequency determined previously from the incoherent scattering spectrum.

1. Introduction

The molecular and lattice dynamics of polyethylene 
(Fig. 1(a).) have heretofore been studied extensively by 
infrared absorption and Raman scattering Cl], and by in
coherent neutron scattering [ 2-6J. The general features 
of such data are in fair agreement with those predicted 
by dispersion curves based on the assumption of infinite 
non-interacting chains. This model, however, is not able 
to explain either the frequency splitting observed in the 
optical data or certain peaks in neutron spectra. Conse
quently, a crystalline model in which two planar chains 
pass through each orthorhombic unit cell in the c-direction 
(Fig. 1 (b).) has been the basis for recent calculations of 
the c-direction dispersion relations and polarization vectors 
£7,8]. Low-frequency dispersion curves are shown in Fig. 2. 
Good agreement has been attained for the optical q=0 fre
quencies and splittings and for the maximum frequencies of 
the transverse and longitudinal lattice vibrations as ob
served in the incoherent neutron data. Other structure in 
neutron spectra has been identified with certain q=0 inter
cepts of the calculated dispersion curves [5,6j. Detailed 
comparison of theory with the shape of experimental frequency 
spectra has, unfortunately, been less successful. In the

*  Work supported in part by the US National Science Foundation under grant number GK1943.
*  *  National Science Foundation Graduate Fellow.

+ Visiting Scientist from Bhabha Atomic Research Centre, Trombay, Bombay, India.
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FIG.1. (a) Polyethylene single chain; (b) polyethylene unit ce ll in the ab plane; (c) reciprocal lattice in 
the c-direction for uniaxially oriented polyethylene. Off-axis reciprocal lattice points are smeared into rings 
concentric with the c-axis.

work reported here, a deuterated sample was used in con
junction with standard coherent scattering techniques to 
measure directly the dispersion relations for the predomi
nantly longitudinal skeletal vibrations. This is the first 
such measurement on a polymer.

2. Experiment

The target, whose dimensions were 4 in. x .9 in. x 
.08 in., was prepared by pressing granules of 98% deuter
ated material for five to ten minutes at 160°C and later 
stretching to 500% elongation. This process produced a 
specimen in which the c-direction of crystallites are 
approximately oriented along the stretch direction. A 
neutron diffraction rocking curve using the (002) reflection 
disclosed the "mosaic" to be 9°; the a- and b- axes are 
randomly oriented perpendicular to с [ 9 ] .  The reciprocal 
lattice appropriate to this uniaxially oriented target is 
shown in Fig. 1. (Note the similarity to pyrolytic graphite
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REDUCED WAVE VECTOR COORDINATE

FIG.2. Calculated deuterated polyethylene low-frequency c-direction dispersion curves [7] for single chain 
(left) and crystal (right). The labelling o f modes is that o f Ref. [8 ].

[lo].) Unambiguous results may be obtained only when the 
momentum transfer Q lies along â so that only vibrations 
with a longitudinal component are visible.

Because of screw symmetry about the с-axis, the 
structure factor zone is twice as large as the Brillouin 
zone, making it convenient to utilize a double-sized zone, 
i.e. qmax=2*/c, in performing experiments. This and the 
relatively small direct lattice constant in the c-direction 
(here taken to be 2.54 8 £7]) restricts the choice of re
ciprocal lattice points around which to work.

Although there are four branches in the frequency 
region of interest, the structure factor for two of these 
is identically equal to zero for 3  in the c-direction 
because of the demand of symmetry that equivalent atoms in 
the two chains be exactly out of phase. Structure factors 
for the remaining two branches based on the polarization 
vectors of Lynch [ 7 ]  are displayed in Fig. 3. in view of 
this, the main effort was directed toward observation of 
the upper mode, •J'if.

Scans were made at room temperature using the 
University of Michigan triple axis spectrometer which 
was operated in downscattering to various fixed final 
energies (28.2 mev, 30.4 mev, 66.1 mev). Since the 
dispersion curve under primary consideration was known 
to reach its maximum frequency somewhere in the center, 
it was appropriate for purposes of focussing to divide 
the curve at its maximum and to treat the two parts 
separately. The Qz region beyond the (002) point was 
chosen for investigation of the first portion of the
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REOUCEO WAVE VECTOR COORDINATE

FIG.3. Calculated [7] structure factors for modes and The quantity plotted is proportional to

!  £  (scattering length) X (polarization vector component in c-direction) |. The structure factors
I atoms in J
\unit cell '

for modes v  ̂ and v  ̂  are zero.
5 9

curve and regiohs beyond the (001) and (003) points for 
the other.

The measurement was complicated by several factors:
1) the small signal to background caused by the small 
amount of target material, by the relatively high fre
quencies involved, and by the strongly decreasing (calcu
lated) structure factor for д-*ах >0.3; 2) the appreciable 
incoherent cross section of deuterium; and 3) the large 
mosaic of the target. In spite of (1) and (2), it was 
generally possible to obtain reasonably good single phonon 
peaks with either constant-^ or constant-energy transfer 
modes of scanning. This was expected on the basis of 
calculations performed using the resolution function 
formulation of Cooper and Nathans C u b  a simple model for 
the dispersion surface off the с-axis, and a gaussian 
representation of the mosaic. Calculated phonon widths 
were found to be in reasonable (10%) agreement with those 
observed. The mosaic and the relatively large slope were 
shown to be responsible for the experimental observation 
that constant-energy phonons tended to be superior to those 
obtained by constant-Q, especially for small values of 
energy transfer. Further, the possible frequency- or 
q-shift in the peak position attributable to the mosaic was 
assessed to be negligible under "focussed" conditions, but 
appreciable for small € under defocussed conditions. (In 
this case, "focussed" means operating beyond a (00-t) re
ciprocal lattice point, rather than in front of it.
Focussing in the full sense cannot, of course, be achieved 
easily in a case such as this.)

3. Results and Discussion

The collected data are shown in Fig. 4. Good con
sistency is observed between points obtained by the two
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FIG.4. Comparison o f experiment with calculated [7] v a and dispersion curves.

types of scan and between points obtained using different 
analyzer energies. Except where indicated, the estimated 
uncertainties in q or £ due to statistics and resolution 
are comparable with or smaller than the size of the filled 
circles. As may be seen, the points lie on a rather 
smooth curve. Comparison with the corresponding calcu
lated У 5a curve {_7j shows that while there is reasonable 
overall agreement the experimental frequencies tend 
systematically to be lower than those predicted. A dis
agreement of this sort is not surprising since the force 
field used in the calculation was derived on the basis of 
optical data alone.

Beyond q=0.8 Чщах» data diverges from the calcu
lation by failing to level off, and at first sight there 
seems to be a disagreement between theory and experiment. 
The discrepancy appears to be further enhanced when one 
notes that an infrared band has been observed near the 
frequency of the calculated <3=qmax intercept, and has been 
established as belonging to the appropriate symmetry 
species by a dichroism measurement [ l 2 j . Closer exami
nation, however, suggests that the discrepancy is probably 
more apparent than real. Now the branch would have 
strictly transverse polarization if the single chain model 
were applicable. The presence of interchain forces mixes 
in a weak longitudinal component especially for large q 
as indicated in Fig. 3. Thus, in the region q ¿  0.8 qmax» 
both Ĵ 5a and >ga have somewhat comparable structure 
factors, and although that for has a higher value,
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the advantage is offset by the extreme flatness of the 
dispersion curve in this region. On this basis, it is 
conceivable that in our experiments >^a disappears beyond 
0.8 qmax» an<3 that >^a appears via its longitudinal com
ponent. Unfortunately, the observed intensities are too 
weak to substantiate this statement quantitatively.

The maximum frequency observed was 1.36 Í .01 x 10^
HZ (452 t 3 cm-1) at q= 0 .3 4  qmax. The position is,in 
excellent agreement with calculation. Although thè fre
quency is 1% lower than calculated, the ratio .86 of the 
measured deuterated to normal polyethylene peak frequencies 
(using Myers' j 4 , 6 j  value of 525 cm--*- for (CH2)n obtained 
from incoherent scattering) is in agreement with the calcu
lated fv,ej ratio.

4. Conclusion

The dispersion relation for skeletal vibrations in 
deuterated polyethylene has been measured using a uni- 
axially oriented sample and found to be in fair agreement 
with theory. It is expected that the method used here 
can be extended to other chain polymers in order to pro
vide a test for force fields derived from optical data. 
Further details of the lattice vibrations will become 
accessible when polymer crystals of sufficient size 
become available.
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D I S C U S S I O N

G .S . PAW LEY: The appearance o f only two m odes o f vibration with 
acoustic behaviour fo r  long wavelengths seem s to me indicative of an e r ro r  
in the calculation.

L . A .  FELDKAM P: The reason  fo r  the pecu liar behaviour of the 
calcu lated  Vg curves is  the follow ing: in the m atrix transform ation  from  
internal (valence) fo rce  constants to Cartesian fo rce  constants, a sm all 
amount o f com puter truncation e r r o r  occu rred , with the result that the 
C artesian fo rce  constants do not quite satisfy  the sum ru le. The sim ilar 
calcu lation  o f Tasum i and Krim m  [8 ] was perform ed  w holly in internal 
co -ord in a tes  and hence the d ifficu lty  did not a r ise .

J . W. WHITE: Have you seen any of the other m odes o f polythene 
indicated by the calcu lations and the neutron incoherent scattering spectrum ?

L . A .  FELDKAM P: To the extent that the calculated e igenvectors are 
nearly  c o rre c t , we have seen the branches which it is , in princip le, possib le  
to see (c f. F ig .3 ). It is  conceivable that som e phonons belonging to Vg could 
be seen with the method used by Dolling to obtain inform ation about the 
tran sverse  branch in pyrolytic graphite; how ever, the presence o f non
zero  incoherent scattering coupled with the probable flatness o f v$ is  the 
likely  reason  why our efforts in this d irection  have so far not been s u c c e s s 
ful. The optic branches seem  to be out o f reach  because o f their high 
frequ en cies and relative flatness.

J . W .  WHITE: Have you any data on the tem perature dependence o f the 
phonon group widths?

L . A .  FELDKAM P: No. This did not seem  to be a fruitfu l task because 
the usual d ifficu lty  o f subtracting the contribution from  resolution  is 
substantially in creased  when dealing with a target such as th is.

J . W .  WHITE: This w ork is  o f basic interest to those concerned with 
polym er dynam ics. I should like to congratulate the authors, and can 
already substantiate their view that studies o f this kind should be and w ill be 
extended by announcing that we have been able to m easure the corresponding 
acou stic  m odes in fu lly deuterated and oriented polyoxym ethylene, using 
tim e -o f-flig h t m ethods.
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Abstract

FREQUENCY DISTRIBUTIONS OF SYNDIOTACTIC POLYVINYLCHLORIDE. The incoherent neutron 
scattering cross-section for a harmonic crystal can be determined from a set o f  frequency distributions. We 
compute these frequency distributions for crystalline, syndiotactic polyvinylchloride. We use the force con 
stants introduced by Opaskar and Krimm for the saturated hydrocarbons. We also include a diagonal torsional 
force constant o f  0. 06 mdyn A /rad2 . We ignore intermolecular forces in this calculation except for the 
inclusion o f  an с г dependence in the frequency distributions at small e. We present representative ca lcu l
ations to indicate the resolution needed to determine the details o f  the frequency spectra.

INTRODUCTION

The incoherent neutron c r o s s -s e c t io n  fo r  a harm onic cry sta l is

/  dt e1€t/h E Cs e ' Zs(0)+Zs(t) (1)dSide 27rhk -»  s

where ftk and ñk' are the in itial and final neutron m om enta, e is the energy 
tran sfer , is the incoherent scattering length o f the sth atom in a unit 
ce ll , and N is  the num ber o f unit ce lls .

The function Z¡ (t) is  just

Z .W  -  S Z > % y  '/2) K .K > G-„r ( C ) . - ^  . - ■ /»  (2)

and Gsa), is given by

G„y (C ) = 4  E i f  * « ) 7 *  Œ )«(e -b4  И )) • (3)

The indices j and cf re fe r  to the phonon branch and w avevector respectively ; 
T“ s (4) is  the <*th com ponent o f the dynam ical m atrix  eigen vector; the 
norm alization  is such that

L t “ * (5 )y “ '(3> = 6... (4)

and Uj (cf) is the phonon frequency.
*  Work supported by the US National Science Foundation Grant No. GK 1709.

**  US Atom ic Energy Commission Predoctoral Fellow. Present address: Department o f  Mechanical Engineer
ing, Ohio State University, Columbus, Ohio.
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FIG. 1. Syndiotactic polyvinylchloride chain structure and internal co-ordinates.

We compute the G 's as given in Eq. (3) for  syndiotactic polyvinyl
ch loride , (CH2 CH Ci)n.

CALCULATIONS

Syndiotactic polyvinylchloride in the planar conform ation has the 
structure shown in F ig. 1. We take the bond angles to be 109°28'. We 
use the following bond lengths

Except r[C -C ü] , these values agree with the values quoted by Schacht- 
schneider and Snyder [1] for polyethylene. We use the force  constants 
introduced by Opaskar and Krim m  [2] for the saturated hydrocarbons.
In addition we use a torsion  force  constant of 0. 06 mdyn A /ra d 2. This 
torsion  force  corresponds essentially to that found in polyethylene [3, 4] .

We ignore the in term olecu lar fo rces  in computing the norm al fr e 
quencies of this m olecu le . The in term olecular fo rces  are rather weaker 
than the intram olecular fo rce s . We expect that the ch aracteristics  o f the 
frequency distribution should not be affected by this approximation except 
fo r  sm all e. This was found to be the case for  polyethylene [3, 4] .

This m olecule has C2v sym m etry. This sym m etry perm its us to use 
the phase between equivalent atoms in adjacent chem ical repeat units 6C in 
p lace o f the phonon w avevector

where qc is the component of the phonon w avevector along the chain axis.

r[ C-H] = 1. 093À 

r[ C -C ] = 1. 54Â  

r[ C -C i] = 1. 798 Á
(5)

= 26c (6 )
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FIG.2. Single-chain polyvinylchloride dispersion relations (Fr = 0.06 mdyn -A /ra d 2),

F IG .3 , S in g le-ch a in  polyv iny lch loride  dispersion relations (Fr = 0 .0 6  mdyn -A /r a d 2),
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The phonon d ispersion  relations are shown in F igs 2 and 3.
If we take the 3 -ax is  to lie  along the chain, we can profitably  define 

tran sverse  and longitudinal frequency distribution as fo llow s:

C £(e) = G*3 (e)

C?T(e) = \  {С ^ (е) + C|2 (e )} (7)

Since С ^ (е) and G ^fe) are alm ost equal, we only need G t(e ) and G t(c) 
to determ ine the c ro s s -s e c t io n  for stretched sam ples [3, 4] . The frequency 
distributions for  HI and H2 (see F ig. 1) are essentia lly  equal and we plot 
these in F igs 4 and 5. The frequency distributions for  H3 are plotted in 
F igs 6  and 7.

DISCUSSION

We can see from  Fig. 2 that the Vis torsion  m ode lies  entirely below
0. 006 eV. This m ode has never been d irectly  observed  and it a rises  from  
our inclusion o f a rather arbitrary torsional fo rce  constant of
0. 06 mdyn A /ra d 2 . We have th erefore  not included the frequency distribu
tion curve belovf 0. 006 eV. In this region  we sim ply extrapolate the ca lcu 
lated curves to zero  as e2 .

It would be m ost useful to have m easurem ents o f the frequency d is
tribution fo r  these very  sm all energy tran sfers . We might point out that 
this is equally true for polyethylene in which there is also considerable 
structure at very  low values of e.

FIG .4 . S in g le-ch a in  polyv iny lch loride  transverse (H 1 or H2) hydrogen frequency function.
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FIG.5. Single-chain polyvinylchloride longitudinal (H1 or H2) hydrogen frequency function.

FIG. 6 . S in g le-ch a in  polyvinylch loride transverse (H s) hydrogen frequency function.
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FIG. 7. Single-chain polyvinylchloride longitudinal (H3) hydrogen frequency function.

One other p iece  o f experim ental data which would be quite valuable 
is a m easurem ent o f the D ebye-W aller fa ctor, e 'Zŝ  , fo r  К oriented 
p ara lle l and perpendicular to the chain axis. F rom  our frequency d is tr i
bution, we calculate the (0) factors at 100° К to be 

T ransverse  orientation:

W 0) = Z H2<0 > = 0. 035A2K2 (8 )
ZH3 (0) = 0. 022 Â2 K2 (9)

Longitudinal orientation:

Z h i ( 0 )  = ^ з ( 0 )  = ° -  021 ^  ( 1 0 )
Z H3 (0) = 0. 022 Â2 K2

A pproxim ately 50% o f the transverse coefficien ts  and 10% o f the longitudinal 
coe ffic ien ts  are contributed by the m odes below  0. 006 eV . Thus the m ea s
urem ent o f these coefficien ts  w ill provide us with inform ation about the low 
lying m odes fo r  which our calculation  is open to question.
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D I S C U S S IO N

H. PRASK: On what inform ation did you base your ch oice  o f fo rce  
constants, and did your calculation give agreem ent with Q = 0 frequencies 
obtained by Raman and in frared  m easurem ents?

J .E . LYNCH: The internal co -ord in ate  fo rce  constants used are those 
o f Opaskar and Krim m  fo r  PVC. This set of constants is an augmented 
vers ion  (including the carbon -ch lorin e  stretching constant) o f the w e ll- 
known set by Schachtschneider and Snyder fo r  the saturated hydrocarbons.

B. N. BROCKHOUSE: To what extent are the patterns fo r  such m ateria ls 
as this, o r  fo r  the polyethylene dealt with in the preceding paper, fixed 
by sym m etry o r  by w ell-know n bond constants? Is there any hope o f using 
the incoherent neutron resu lts to adjust the fo rce  constants and hence to 
im prove the m odels? It seem s to me that, fo r  this to be possib le , the in itial 
m odel must be fa ir ly  c lo se  to the truth.

J .E .  LYNCH: The d ispersion  relations, at least as regards the 
S c = 0  and Sc = ir in tercepts, are  generally  quite insensitive to the sym m etry 
o f the m olecule fo r  the saturated hydrocarbons. This explains why the 
b asic  fo rce  constants used here reproduce the m easured in frared and 
Raman frequencies quite w ell fo r  a large num ber o f m olecu les o f different 
sym m etry . These a re  w ell-know n fo rce  constants (Schachtschneider and 
Snyder; Opaskar and K rim m ).

The incoherent neutron resu lts should certa in ly  be used to im prove 
o r  determ ine the fo rce  constants which affect the low est frequency m otions, 
such as the internal rotation fo rce  constant o r  the carbon -carbon  stretching 
constant.
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Abstract

AN INVESTIGATION OF THE POLYPEPTIDE, POLY - L - GLUT A MIC ACID, USING NEUTRON INELASTIC 
SCATTERING. The polypeptides are synthetic polymers o f  amino acids with many similarities to natural 
proteins. In a large number o f cases, one o f the conformations for both the synthetic and natural proteins 
is the a  - helix. The simplest o f  the synthetic polymers with no side chains is polyglycine and the simplest 
o f  the synthetic polymers with a small side chain (methyl group) is polyalanine. Dispersion curves have 
been computed by Gupta for both o f  these polymers. Polyglutamic acid is similar to polyalanine in that 
the composition o f  the basic residue and radius o f  helix is the same. Polyglutamic acid has a more 
com plicated side chain which will contribute a number o f additional natural frequencies that are expected 
to be essentially independent o f  conformation. On the other hand, the dispersion curves already derived 
for polyalanine in the a -h e lix  form should be correct in many specific details for polyglutamic acid.

An experimental study has been undertaken for polyglutamic acid at room temperature using the 
techniques o f  inelastic neutron scattering. In the first measurements, ’co ld ’ neutrons from a reactor were 
used to investigate the energy level structure up to “  3 kT for both conformations o f  the polymer. In 
addition, the scattering of monoenergetic high-energy neutrons ( > 0.15 eV) provided- by an electron Linac 
was used to study energy levels above 3 kT. These latter measurements permit comparisons to be made 
between the calculated and measured results for a much larger range o f  frequencies (and hence permit a 
check for a larger number o f dispersion curves). This extension o f the experimental results to higher fre
quencies has made it possible to check on the earlier assumption that only the lower frequencies are altered 
when the conformation is changed. This assumption underlies the evaluation o f changes in internal energy 
with conformation from only the 'co ld ' neutron data, as is done with the present data.

An experiment was performed to evaluate the frequencies associated with motion o f water molecules 
adsorbed on the sodium salt o f  polyglutamic acid. The water was present only to the extent o f  about one 
m olecule to each two or three residues. A number o f  distinct frequencies attributable only to the adsorbed 
water were observed which indicate a variety o f  bonding o f the water m olecule to the host polypeptide.

I. INTRODUCTION

Although the sim plest of the polym ers is polyethylene, the sim plest 
of the b iopolym ers is polyglycine, which is a m em ber o f the polypeptide 
fam ily. The polypeptides are synthetic polym ers of amino acids. As such 
these exhibit many prop erties  of natural proteins, including the possib ility  
usually to exist in one or m ore  conform ations. It was early recognized 
that the a -H elix  form  of polyglutam ic acid (PGA) p ossessed  many sim ilar
ities to the con form ed structure of DNA and RNA. It is  therefore not sur
prising  that PGA as w ell as many of the polypeptides have received  continuing 
attention and that continued e ffort is d irected  toward m easurem ent of bond 
strengths, particu larly  those involved with m olecu lar conform ation. The 
purpose of the investigation reported  here is to apply the technique o f therm al 
neutron inelastic scattering to som e o f the problem s connected with b io - 
po lym ers .

1 7 5
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II. GENERAL DISCUSSION

Three of the polypeptides, p rogressin g  from  the sim plest with no 
side chain to one with a sim ple m ethyl side chain and, finally to one with a 
com plex side chain, are polyglycine, polyalanine and polyglutam ic acid.
These and many other polypeptides have been extensively studied by Raman, 
in fra -red  and X -ra y  techniques. The structure has been identified and 
location  of many of the frequencies associated  with the com plex m olecular 
structure has been found. A suitable d iscussion  o f these and other facets of 
the problem  has been given by Gupta et al. [1 ] . P hysical chem istry m easu re
m ents have been perform ed to attempt to evaluate the bond strengths, p artic
ularly those which are altered in the p rocess  o f changing conform ation such 
as a -H elix  to ran d om -co il in PGA.

It has been noted [2 ]  that the energy transfer bands on which m ost 
reliance can be placed for m^ny structural studies are generally those due 
to: (1) NH stretch  J3310 cm and 700 crp ); (2) NC = О out-of-phase mode 
(Am ide I, 1630 cm and 1685 -^.700 cm ) and (3) NH out-of-p lane deform a
tion (Am ide II, 153 0 - 1560 cm ). It m ay be noted that these all lie in a 
range of neutron energies from  ~  0.1 - 0. 3 eV. For a study of polypeptide 
conform ation Miyazawa [3 ]  has shown that a large range of frequencies in 
the Amide group (CONH) is im portant. He has identified ^nd evaluated nine 
characteristic  energies ranging from  Am ide A (3280 cm  ) to Am ide VII 
(206 cm  ). Of considerable interest is the fact that Miyazawa^ notes that 
only a few of the low est frequencies (in the range 200-600 cm  ) have inten
sities which vary significantly with conform ation (structural transitions) of 
the m olecu le . A s will appear below , it m ay be that changes in intensity of 
the higher frequencies also accom pany changes in conform ation. This will 
be one of the interests in studying the scattering patterns for neutrons with 
higher energies (E > 0. 1 eV) since in the end one hopes to derive a proper 
phonon distribution to describe  each conform ation and, from  these, to derive 
the bond strength.

Of considerable assistance in analyzing neutron inelastic scattering 
m easurem ents are d ispersion  curves calculated for  a specific polypeptide. 
Gupta et. al. [1 ]  have been instrumental in making such calculations for 
several b iopolym ers specifica lly  for use in com paring theory with neutron 
scattering resu lts . Although polarization  vectors  are not available, the 
d ispersion  curves are available for  polyglycine [ 1 ] and prelim inary results 
as w ell for  polyalanine [4 ]  in the planar zigzag conform ation. When poly
alanine d ispersion  curves are available for the a -H elix  conform ation it w ill 
be highly instructive to com pare these with neutron resu lts. Since it may 
be some additional time before  sim ilar theoretical results are available for 
polyglutam ic acid, the d ispersion  curves for  the a -H elix  conform ation of 
polyalanine m ay profitably be com pared with these m easurem ents since many 
sim ilarities undoubtedly exist between these two m olecu les in the a -H elix  
conform ation. The m ajor d ifference lie s  in the com plexity of the side chain 
and its interactions. The calculations of Gupta indicate some^changes in 
intensity to be expected for Am ide frequencies above 600 cm as the con for
mation is changed.
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HI. EXPERIM ENTAL RESULTS AND DISCUSSION

A s d iscu ssed  above, polyglutam ic acid (PGA) and its sodium salt 
(N a-PG A) are m em bers o f the polypeptide fam ily  with rather com plex  side 
chains. In the con form ed structure (a -H elix) the m olecu le  assum es a 
helica l structure with about 3. 7 residues per helix. Neutron inelastic scat
tering o ccu rs  predom inantly from  the bound hydrogen in the m olecu le . In 
an ea rlie r  study [5 ] ,  "c o ld "  neutrons were used to study the frequency d is 
tributions of PGA and N a-PG A . These data w ere analyzed to yield  approxi
m ate frequency distributions (in  the single phonon approximation) and, from  
these, the appropriate therm odynam ic quantities and som e estim ates o f the 
strength of conform ational bonds. F or convenience F igure 1 shows the m ore 
prom inent frequencies for PGA and N a-PG A. The com position  of a residue 
is  shown in this F igure as w ell.

F IG .l. Frequency distribution g(u) o f  PGA and its sodium salt derived in the one-phonon approximation.
The ordinate is in arbitrary units. The abscissa and the noted frequencies are expressed in wave 
numbers (cm -1 ).

In a pair of experim ental runs using a cold  neutron energy gain scatter 
ing technique, the neutron spectra  for "d ry " and "w et" Na-PGA w ere studied. 
F igure 2 shows these resu lts . The sm all weight of adsorbed water was rem o' 
in a vacuum furnace (~  50" C) after the "w et" specim en was run. The quantity 
of water corresponded  to an average density of about one water m olecule per 
five or six residu es, so it is m ost likely  that single m olecu les o f water in ter
acted with the large host m olecu le . An average d ifference curve is shown in 
F igure 2. One can view this resulting curve as the sum o f (1) the in terac
tions between the water m olecu le  and the host m olecu le , as w ell as ( 2 ) any 
enhanced m otion o f the host m olecu le  made obvious by the presence of the 
water. Since no d ispersion  curve is available for the host m olecule , we are 
not able to condiment on (2 ). The d ifference curve shows a large peak at 
about 550 cm  together with distribution o f other peaks for low er energy.
In som e degree the appearance o f this curve is sim ilar to that for the scat
tering o f liquid water It w ill be rem em bered  that the usual m odel for liquid 
water con sid ers  that the m olecu le  executes torsional m otion essentially about 
the oxygen m olecu le , bending the two hydrogen bonds (each  hydrogen atom in
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FIG.2. Neutron spectra for'dry1 and 'w et'N a-P G A . The difference spectrum is due to adsorbed water.
The identified peaks are expressed in wave numbers (cm "1).

one m o le cu lj bonded to other m olecu les). Since this peak in the present case 
at 550 cm  is so c lo se  to that in liquid water, one m ay suspect that m ost 
atom s o f the individual water m olecu les  adsorbed on N a-PG A tend to be 
tightly bound and that the m olecu le  executes hindered rotations (torsional 
motion) m uch the same as in liquid water. The large number o f low er fr e 
quencies (probably connected with other arrangem ents o f binding) present a 
qualitative p icture somewhat different from  that in liquid water and m ust 
await a norm al m ode calculation  before com plete interpretation.

R eference to F igure 1 shows that cold  neutron scattering results 
b ecom e im p recise  fo r  energy transfers greater than about 600 cm . No 
substantial gain in intensity is possib le  by heating the specim en (to take 
advantage o f the Boltzm ann factor) since the elevated tem peratures w ill 
destroy  the b iom olecu lar conform ations^ To investigate the energy transi
tions in these higher regions (>  600 cm  — 0. 075 eV), warm neutron sources 
w ill generally be needed. jA technique using incident neutrons with energy 
up to ~  1. 0 eV (~  8000 cm  ) has been developed using an electron  Linac as 
a neutron source [ 6 ] .  A program  for applying this technique to the study of 
polyglutam ic acid has been initiated. The fir s t  resu lts w ere obtained for 
scattering at a number o f angles (30* -  120*) and for  incident neutron energies 
of 0.179 and 0. 257 eV. T ypical resu lts are shown in F igures 3 and 4, where 
the evaluated data are presented as a function of energy transfer.

A s was noted in Section XI, no d ispersion  curves exist for polyglutam ic 
acid  nor for the a - H elix conform ation o f polyalanine (which might be sim ilar 
even though the side chain in polyalanine is  sm aller). T herefore , it w ill 
not be possib le  to identify with certainty the prominent peaks seen in F igures
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PIG.3. Energy exchange cross-sections o f  PGA for neutrons with E0 = 0 .179 eV scattered at 90”. Tentatively 
identified peaks are expressed in wave numbers (cm -1 ).

ENERGY TRANSFER - eV

FIG.4. Energy exchange cross-sections o f  PGA for neutrons with Eo -  0.257 eV scattered at 30°. Tentatively 
identified peaks are expressed in wave numbers (cm ’ 1).

3 and 4. However, using the theoretical w ork of M iyazawa [3 ]  and Gupta 
et al. [ 1 ], we have attempted to make assignm ents for the frequencies 
shown in the F igures. These are listed  in the Table. When sim ilar data 
exist for Na-PGA it w ill be instructive to investigate the intensity o f the 
listed  frequencies to evaluate any change in these with conform ations.

Data of the type exhibited in F igures 3 and 4 (when sufficiently num er
ous and when m easured for both PGA and Na-PGA) can be used to derive a 
Scattering Law [7 ] .  The extrapolation technique [7 ]  (which evaluates a quan
tity proportional to the m olecu lar frequency distribution) can be used above 
V  = 600 cm  (see  F igure 1) to supplement the frequency distributions 
already derived using cold  neutrons [5 ] .  These data, when available, may 
make it possib le  (1) to integrate the therm odynam ic quantities over the full 
range of frequency jind (2) to check Gupta's suggestion [4 ]  that the frequen
c ie s  above 600 cm  m ay vary in intensity as the m olecu lar conform ation is 
changed.
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TABLE I. TENTATIVE ASSIGNMENT OF FREQUENCIES 
FOR SCATTERING IN PGA OF EPITHERMAL NEUTRONS

v{ cm ) Assignment

350 С = О rocking or C -C  torsion

410 C -C -C  deform ation

500 С = О out of plane bend (Am ide VI)

620 Skeletal deform ation along helix

660 Am ide V; N -H  out of plane

780 CH^ rocking

960 (CH^ twist)

1050 C -C - stretch

1150 C -C  stretch

1310 CH^ wag

1535 N-H deform ation and C -N  stretch (Am ide II)

IV. SUMMARY

1. The observed neutron scattering pattern for an isolated water m o le 
cule gives evidence that the m olecule is tightly bonded to N a-PGA.

2. High energy m onoenergetic neutrons (> 0.1 eV) give scattering patterns
which indicate num erous w ell defined excitations in PGA. Using 
the same neutron probe fo r  PGA and Na-PGA should make it possible 
to study d irectly  any change in intensity o f the higher frequencies
(> 600 cm  ) with change in conform ation.
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D IS C U S S IO N

L .J . SLUTSKY: At least when one is  dealing with a solution, one 
would expect a m olecule not altogether in the h elica l form  to consist of 
alternating helica l and c o il  segm ents; one might further expect that 
the non-helica l segm ents would be m ore likely  to form  in ter-m olecu lar 
hydrogen bonds. T h erefore , because o f the co -op era tive  nature o f the 
transition  it is  not possib le  to p roceed  d irectly  fi-om a low concentration 
o f water m olecu les, helica l segm ents o r  protonated -COO" groups to a 
neglig ib le  concentration o f adjacent water m olecu les, h elica l units, etc .

W. L . WHITTEMORE: I doubt whether this rem ark  applies to our 
ca se , where we used the dried  sam ples exclusively .

J .W . WHITE: Could you explain the lack o f correspondence between 
the energies o f the peaks you observed  using different incident energies 
in your downscattering experim ents?

W. L. WHITTEMORE: The individual peaks show a generally  consistent 
behaviour with momentum transfer, as has been dem onstrated by plotting 
a scattering law fo r  these data obtained at severa l angles and two incident 
en erg ies .
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J .W . WHITE: At a given incident energy, do the spectra change 
greatly  with scattering angle? How do you overcom e the effects o f 
multiphonon scattering at the high momentum tran sfers  involved in your 
experim ents?

W .L . WHITTEMORE: By using sm all momentum tran sfers we can 
reduce the effects o f multiphonon p ro ce sse s . To obtain the data, very  
sm all scattering angles are required fo r  the large incident energies.

J . J , RUSH: In F ig . 1 o f your paper, showing the frequency distributions 
derived  from  the cold -neutron  work, you indicate a number of 'peaks' 
below  250 c m - 1  . P resum ably the indicated maxima are taken from  Raman 
o r  in frared  m easurem ents, but it seem s to me that the resolution and 
statistica l accu racy  o f the neutron m easurem ents do not justify  the assign 
ment o f any peaks in this region .

W .L . WHITTEMORE: The listed  frequencies are indeed those reported 
by w orkers using optical techniques. They indicate regions where it 
seem ed reasonable to look fo r  evidence o f the existence o f peaks, but I 
adm it that little such evidence em erges.

J . J. RUSH: With re feren ce  to your "baking" the water out o f your 
sam ple at 50° C, .what is  the m elting o r  decom position  point o f the compound? 
Is there any possib ility  that the resulting changes in the spectra  are due to 
som e other change in the sam ple?

W .L . WHITTEMORE: Our biophysicist friends te ll us that 'd ry ' 
sam ples w ill not be affected  by tem peratures somewhat in ex cess  o f 50° С . 
Thus, our treatm ent o f the specim en was quite gentle!

G. JANNINK: The ordered  a configuration is  probably associated  
with singularities in the acoustic frequency spectrum  (assum ing that the 
random  distribution o f the residues does not affect acoustic m odes).
In the c o il  configuration these singularities vanish. This effect should be 
observable  if the experim ent w ere perform ed at a one-phonon level, but 
it would seem  to be washed out at the tem perature at which you operate.

W .L . WHITTEMORE: I believe that you are right; in any case this 
can be checked by using better instrum ental resolution  and low er sample 
tem peratures.

H. M AIER-LEIBN ITZ: The usefulness o f a ll w ork in this fie ld  would 
seem  to be ham pered at present by poor resolution, and I wonder what 
resolution  we should aim  at. I should also be interested to hear pa rtic i
pants' view s on what is the im portance o f observing peaks fo r  various 
m omentum tran sfers .

W .L . WHITTEMORE: I con sider that resolutions of 1-5% in energy 
would be a useful goal. In rep ly  to your second point, it is  quite likely  that 
the different m odes of motion w ill exhibit a quite different dependence 
on momentum exchange. M easurem ent of this dependence can therefore 
help in the assignm ent o f the individual peaks.

H .H . STILLER: Changes in confirm ation w ill m ostly affect the low - 
frequency m odes, fo r  instance the hindered rotations o f atom ic groups 
involving large num bers af atom s. We have estim ated that to observe 
this a resolution  o f at least 10' 5 eV would be requ ired . As to m easurem ents 
with finite momentum tran sfers , I think they are im portant, because 
different к -dependencies make it possib le  to identify different m otions.

J .W . WHITE: V ery  interesting chem ica l inform ation could be extracted 
from  the momentum transfer dependence o f inelastic scattering spectra 
at high as w ell as at low energy tran sfers . F or example the d ispersion  
(or  lack  o f it) o f in tram olecu lar m odes is  o f particular in terest.
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I would like to point out, how ever, that multiphonon p ro ce sse s  may- 
set a lim it to the usefulness o f this w ork, esp ecia lly  fo r  incoherent 
scattering. Low -angle scattering experim ents should be perform ed  now, 
fo r  dow nscattering with energy tran sfers  up to 500 m eV, in ord er  to see 
what can be done with selected  m olecu les .

O .K . HARLING: It certa in ly  appears that к -dependent m easurem ents 
o f inelastic neutron scattering spectra  are useful. These m easurem ents 
can best be perform ed  by dow nscattering fo r  energy changes much la rger 
than kT . It would a lso  appear particu larly  im portant to be able to m easure 
the scattering distributions to sm all к , so that good extrapolations can 
be made to к = 0 (where multiphonon effects w ill be ze ro ). This kind of 
operation  is  o f cou rse  inherently d ifficu lt because it requ ires  large incident 
en erg ies , up to severa l eV fo r  the higher m olecu lar v ibrational frequencies, 
and at the sam e tim e needs sm all scattering angles and very  high resolu tions. 
Hot sou rces  in rea cto rs , associa ted  with instrum ents o f the type reported 
in my paper (SM -104/81) and e le c tron -a cce le ra to r -b a sed  spectrom eters  
such as those at G eneral A tom ics and the R ensselaer Polytechnic Institute, 
are  particu larly  suitable fo r  these types of m easurem ent. The a cce le ra to r - 
based instrum ents, in particular, appear to be very  com petitive and have 
not yet been refined to the sam e degree as the rea cto r-b a sed  equipment.

G .C . SUMMERFIELD: I should like to com m ent further on the m ulti
phonon question. In the neutron c r o s s -s e c t io n  at these high energy and 
momentum tran sfers , the multiphonon contributions from  the low -en ergy  
m odes can e ffective ly  shift the positions of the h igh -energy singularities 
in the frequency  distribution, as w ell as broadening them . Thus, the 
singu larities observed  in this c r o s s -s e c t io n  do not correspon d  d irectly
to the singularities in the frequency distribution, and one cannot sim ply 
in terpret the peaks in the c r o s s -s e c t io n  as being singularities in that 
distribution .

W .L . WHITTEMORE: This point is  a valid one, and indicates the 
rea l reason  fo r  perform ing these m easurem ents fo r  large energy tran sfers  
under conditions giving low mom entum  tra n sfers .

L .J . SLUTSKY: One should bear in mind that, even in the p erfectly  
h e lica l form  with which we are dealing, a 'c ry s ta l' contains som e 1 0 0  unit 
c e lls . T h ere fore , when d iscussing 's in gu larities ' in the frequency d istribu 
tion, we should rem em ber that there is  a definite upper lim it to the F ou rier 
com ponents of the spectrum , which are in fact independent of the chain- 
length, boundary condition and accidents o f lo ca l environm ent. I do not 
believe  that we should expect to find singularities in the sense that we 
find them in crysta llin e  so lids .

H. H. STILLER: I wonder whether, with these large and com plicated  
m olecu les , the observation  o f large energy tran sfers is  rea lly  im portant.
The h igh -frequency m odes are  in general optica lly  active . I th erefore 
con sid er that, in future, neutron investigations should be concentrated 
rather on very  sm all energy tran sfers , which can a lso  be done in 
upscattering.

W .L . WHITTEMORE: Even though the optica l m easurem ents produce
-  so I understand -  data fo r  cj = 0, the neutron data yield inform ation 
on the 'fla tn ess ' o f the optica l branch. This would be at least one reason 
fo r  continued h igh -energy neutron m easurem ents on these com plicated  
m olecu les .
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H. PRASK: As I understand your resu lts to date, you have not been 
able to do the m easurem ents on the Na-PGA salt to v er ify  whether the 
downscattering m easurem ents are con form ation -sensitive  fo r  the two 
different PGA conform ations.

Have you com pared your downscattering resu lts on PGA with in frared 
and Raman m easurem ents, to ascertain  whether the neutron resu lts give 
any new inform ation on the h igh-frequency m odes in this polypeptide?

W .L . WHITTEMORE: This com parison  has not been made yet.
G. CAGLIOTI: It has been generally  im plied during this d iscussion  

that the optic branches o f internal m odes are extrem ely  'fla t1. This 
might w ell not be the case  if  the in term olecu lar fo rce s  are large . An 
experim ental study o f this point seem s to be desirable .

W .L . WHITTEMORE: This would constitute an exam ple o f the value 
o f neutron m easurem ents in the h igh-energy transfer region . Such 
m easurem ents should o f cou rse  be made fo r  sm all momentum tran sfers , 
so as to reduce the effect of multiphonon p ro ce sse s .
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Abstract

LATTICE DYNAMICS OF HEXAMETHYLENETETRAMINE. The frequencies o f the normal modes o f vibration o f 
the organic molecular crystal deuterated hexamethylenetetramine (DHMT )have been measured using inelastic neu
tron scattering techniques. The measurements were made along the high symmetry directions [ 00Ç], [C £fl, [££0] and 
t i i  Й at 296 °K, using the triple- axis spectrometer in its constant-^ mode o f operation at the NRU reactor. Chalk River. 
DHMT is a simple molecular crystal which crystallizes in a body-centred-cubic structure. The molecules 
have cubic symmetry, and it is believed that the intramolecular forces are much stronger than the interm ole- 
cular ones. The molecules can thus be considered as rigid units with three translational and three librational 
degrees o f  freedom. For any general wave-vector there will thus be six normal modes, each comprising 
both translational and librational components. The effect o f  the librational components can be seen in the 
very different neutron group intensities observed along similar directions in reciprocal space, e. g. (200)-»
(221) and (330)-»(331). The frequencies o f  certain triply degenerate modes are (units 1012 cps):
H15( l .  96 ± 0 .0 4 ); His (0- 95 ± 0 .0 2 ); Г'15 (1. 06 ±0 .04). Cochran and Pawley have proposed a simple model 
for normal hexamethylenetetramine and calculated dispersion curves in the symmetry directions. The 
present results indicate that the model is a reasonable approximation and, by fitting the observed frequencies, 
the parameters o f  the model for DHMT can be determined.

1. INTRODUCTION

In many molecular crystals the intramolecular forces are 
thought to be much stronger than the intermolecular ones. In 
these cases the molecules may be considered as rigid units 
having three translational and three librational degrees of 
freedom. The lattice dynamics of such crystals has only recent
ly been developed, and it is of interest to determine to what 
extent the dynamics of such crysta Is can be described within the 
framework of conventional phenomenological theories. Hexamethy
lenetetramine (HMT) (СНз)6N4 is a highly symmetric organic 
molecular crystal which crystallizes in the body-centred cubic 
structure. I¿ has space group i^3m, and the molecule also has 
the symmetry 43m. Reiman [l], Infra-red [2] and X-ray diffrac
tion L 3 J measurements indicate that treating the molecules as 
rigid units is a good approximation for HMT, the lowest intra
molecular vibration frequencies being a factor of five higher 
than the- intermolecular vibration frequencies. The present 
paper describes measurements of the frequencies of these inter- 
molecular or lattice modes of the molecular crystal deuterated 
hexamethylenetetramine (DHMT). The dispersion curves are 
analyzed in terms of a simple dynamical model, from which may be 
calculated the normal mode frequency distribution function.

2. EXPERIMENT

2.1 Experimental Details

Single crystals were grown from 98% deuterated DHMT 
powder by slow evaporation of a saturated solution in ethyl
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alcohol. The specimen used in the experiment consisted of three 
single crystals having a total volume of 3-4 cms3 . Since HMT 
sublimes slowly at room temperature the specimen was sealed in 
an aluminum can. The crystals were oriented with the [lïo] 
axis vertical, and the measurements were carried o'ut at 296°K on 
the triple-axis spectrometer at NRU reactor Chalk River. The 
incident and scattered neutron beams are in the horizontal plane 
in this system. The constant momentum transfer mode f4 J with 
neutron energy loss was used throughout.

2.2 Discussion of Results

Since the molecules have six degrees of freedom, for a 
general wave-vector there will be six normal "lattice" modes, 
each having both translational and librational components. To 
assign the measured frequencies to the correct modes, a dynami
cal model proposed by Cochran and Pawley [5] for normal HMT was 
used in the initial stages. Using this model the "inelastic 
structure factor", which is the principle term in the coherent 
one-phonon scattering cross-section, is calculated for the 
deuterated material. This quantity is compared with the 
observed neutron group intensities, and assignments of the ob
served frequencies are made to obtain approximate agreement 
between the two. A least-squares fit to the observed frequen
cies is then carried out using these assignments, and new 
inelastic structure factors are calculated. One such iteration 
was needed to achieve satisfactory agreement between the calcu
lated structure factors and the observed neutron group intensi
ties. The dispersion curves obtained in this way are shown in 
Fig. 1. Measurements were made along the Д, A, 2 and D direc
tions. Connected error bars are shown on two points in the D 
direction, indicating that the neutron groups for these pairs of 
points were not experimentally resolved. The experimental 
accuracy of all other frequencies is typically 2 or 3%.

Group theoretical labels have been assigned to the branches 
on the assumption that the molecules are centrosymmetric. In 
effect this assumes a point group symmetry 0^ instead of the 
actual T^ symmetry. Reasons for making this assumption and its 
effect on the labelling scheme will be discussed in section 4.
All branches with subscript 1 (except AJ) are pure translation
al modes, while branches with subscript 2 (together with 
Д J) are pure librational modes with the axis of libration 
parallel to the direction in which q is changing along any 
particular branch. Thus, for example, Di is a pure transla
tional mode with polarization vector parallel to[00l], while Da is a 
pure librational mode with axis of libration parallel to [ooi].
All other branches are of mixed translational-librational 
character, the proportion of each type of displacement varying 
with wave-vector. Certain branches, including all branches 
representing pure libration, are shown as dashed lines in Fig.
1; the structure factor calculations indicate that none of 
these modes should be observed with the crystal in the present 
orientation (except by possible spurious double scattering 
processes [6J). Indeed Cochran [7 J has pointed out that if the 
momentum transfer vector Q is parallel to a symmetry axis of 
the molecule then a pure librational mode cannot be observed.
The lack of experimental points on the ДеО, Л30 and 2з 0 branches
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INTERMOLECULAR MODES IN DHMT AT 296eK

> t— -1 1 1 _._L----1 I_____ I_____L _ i_ J_____1 1 1  l i . l .

00.1 0.20.30.4 Q5 0  02 0.4 0.6 0.8 I0Q5O.4O.3O.2O.1 0 

REOUCED WAVE VECTOR COORDINATE £

F IG .l. Intermolecular modes at 296* К in DHMT. The experimental observations are shown as squares, 
circles and triangles, the various symbols being used to provide simple differentiation among the branches. 
Points appearing more than once in the figure are shown as filled points. Solid and dashed lines represent 
the best least-squares fit to the experimental results; the dashed lines refer to modes which cannot be 
observed with the crystal in the [1 Î0 ] orientation.

(0 indicates optical, A indicates acoustical) as Ç *  0 in Fig.
1 arises from the experimental difficulty of observing these 
particular modes. These modes become mainly librational as 
Ç — 0, and despite the prediction of favourable structure factors 
by the model, very long counting times have been necessary for 
their observation. The experimental points are seen to lie 
generally on smooth curves, and so it might be hoped that a 
comparatively simple model could be used to interpret them.

3. THEORETICAL ANALYSIS

Theoretical models for the dynamics of molecular crystals 
have been proposed by Hahn and Biem [в], Biem [э], and by 
Cochran and Pawley [5]. Using the known values of elastic con
stants and of the triply degenerate librational mode 14s to 
estimate the unknown model parameters, the latter authors have 
calculated the dispersion curves of normal HMT in symmetry
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directions. The model postulates force constants representing 
forces and couples exerted on a molecule by its' first and second 
nearest neighbours only. Because of the high symmetry of this 
crystal, the number of independent parameters is reduced to 
twelve. On making the additional assumption that the molecules 
are centrosymmetric, the number of parameters is further reduced 
to ten, five for each type of neighbour and a further reduction 
to eight parameters is achieved by imposing certain equilibrium 
conditions. Using this model, a least-squares fit has been 
made to the experimental frequencies, and the best fit is shown 
in Fig. 1 by the solid and dashed lines. It can be seen that 
the overall fit is quite good, with Дг , Д5, Ai and Si. branches 
being fitted very closely. The fit is poorer for the ЛзА, 230 
and D3A branches however and the frequency of the mode P5 is 
not predicted very accurately. Similarly the agreement between 
the measured and calculated frequencies of the optical mode ГхБ 
at Ç — 0 is only fair. The values of the parameters obtained 
for this fit are shown in Table I, and the parameters used by 
Cochran and Pawley for normal HMT are also given for comparison.

Using the parameters from the best fit, a frequency dis
tribution for the lattice modes of DHMT has been calculated by 
the extrapolation procedure of Gilat and Raubenhelmer [10J.
The distributions for the translational and librational compon
ents of the modes are shown in Fig. 2. The librational 
frequencies are seen to lie in a band extending from 1.0 0 to
1.30 (1012 cps), but there are tails to the librational distri
bution arising from the modes of mixed character. The compara
tively narrow band of librational frequencies, which lies on the 
low frequency tail of the translational frequencies, emphasizes 
the fact that the model tends to produce either almost pure 
translational or almost pure librational modes. Comparatively

TABLE I. MODEL PARAMETERS

P aram eter , B est F it\ V a lu es frçjm
- -  T. I f(This work) Ref. L 5 J

A 6.39 + 0.08 5.0

В 0.33 + 0.04 0.123

Q 0.86 + 0 .21 0.495

R -1.03 + 0.13 0.495

A' 3.80 + 0.10 4.0

B' -0.06 + 0.03 0.123

Q ’ 1 . 1 0 + 0.33 0.495

R 1 0.36 + 0.19 . 0.495

The parameters are in units of 103 dynes cms- 1 . The 

notation is that of reference [5]. The values quoted from 

this reference are for the model from which the published 

dispersion curves have been calculated.
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PARTIAL DISTRIBUTION FUNCTION FOR DHMT 

AT 296° К

FREQUENCY V (Ю12 cps)

FIG. 2. Distribution functions for translation^ and librational components o f lattice modes in DHMT.

few modes, at least in symmetry directions, are of significantly 
mixed character. The total frequency distribution shown in 
Fig. 3 is seen to be dominated by the librational component, 
with the translational component providing a smaller high fre
quency tail. The arrows shown on Fig. 3 indicate the movement 
of prominent features if the distribution is calculated using 
the parameters obtained from the fit for DHMT, but with the mass 
and moment of inertia of the molecule appropriate to normal HMT. 
This displaced frequency distribution is then appropriate to 
normal HMT on the very plausible assumption that the intermol
ecular forces are unchanged on replacing deuterium by hydrogen. 
Measurements of the frequency distribution of normal HMT have 
been made by Веска [ll] and by Btihrer et al. [ 12J using the 
inelastic incoherent scattering of neutrons from powdered 
specimens. While certain features of these measured distribu
tions can be correlated with the calculated distribution for 
normal HMT (not shown), the overall shapes of the calculated 
and measured distributions are rather different.

The calculated frequency distribution for normal HMT has 
been used to compute the temperature variation of the heat 
capacity Cv and the derived Debye temperature 0D , and the
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FREQUENCY DISTRIBUTION FUNCTION FOR DHMT 
AT 2 9 6 'К

FREQUENCY, V  (Ю12 cps)

FIG.3. Calculated frequency distribution function for lattice modes in DHMT.

HEXAMETHYLENETETRAMINE

Ш<£ID
6
CEШO.s
ÜJ

T E M P E R A T U R E  e K

FIG.4. Temperature variation o f the heat capacity Cy and Debye temperature 0D calculated for HMT,
compared with the observed heat capacity Cp.

results are shown in Fig. 4. The heat capacity Cp of normal 
HMT has been measured by Chang and Westrum [13 ], and their 
observations are shown as the dashed line on Fig. 4. It can be 
seen that the calculated heat capacity saturates at quite low 
temperatures and at higher temperatures the measured heat capa
city is much larger than the calculated value, the difference 
increasing with increasing temperature. This discrepancy arises 
mainly because at higher temperatures the measured heat capacity 
includes contributions due to the excitation of relatively high 
frequency intramolecular modes of vibration, and these modes 
are specifically excluded from the model on which the calculated
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heat capacity is based. More surprising is the fact that at 
low temperatures the calculated Cv is significantly greater 
than the measured C p . In making this comparison is must be 
remembered that the heat capacity has been calculated from a 
frequency distribution appropriate to 296°K; and also that the 
frequencies used for the long wavelength acoustic modes are very 
dependent on the model since the experimental measurements are 
not very accurate in this region. Nevertheless the discrepancy 
between the calculated and measured heat capacities seems too 
large to be accounted for by these approximations and may imply • 
an unusually large temperature dependence of the normal mode 
frequencies. The variation of 6D with temperature is also 
unusual, since it reaches a constant value at a rather low 
temperature.

4. DISCUSSION

To obtain better agreement between the measured and 
fitted frequencies, several improvements to the model may be 
made. For example the assumption of molecular centrosymmetry 
could be removed, thus adding two more adjustable parameters. 
Recent calculations by Pawley [l4], however, based on Kitaigor- 
odskii's interatomic potential functions [15], indicate that 
the assumption of centrosymmetry is a very good one for normal 
HMT. Those force constants which would be zero in a centro- 
symmetric molecule are estimated to be about 1% of the small 
force constants in Table I. It is therefore physically reasona
ble and expedient to utilize this higher symmetry (O^) in carry
ing out the group-theoretical analysis and mode labelling shown 
in Fig. 1. No additional degeneracies are introduced as a re
sult of the higher symmetry, and indeed, the analysis based on 
Tj [16J leads to remarkably similar results. Further discussion 
of these matters will be given in a future publication.

I
The ran ge  o f  in te r m o le c u la r  f o r c e s  may b e  ex ten d ed  t o  

in c lu d e  m ore d is t a n t  n e ig h b o u r s , a ga in  ad d in g  more a d ju s t a b le  
p a ra m eters  t o  th e  t h e o r y .  H ow ever, from  th e  s t r u c t u r e  o f  th e  
c r y s t a l  i t  w ou ld  be  e x p e c te d  th a t  n e ig h b o u rs  more d is t a n t  than  
next nearest would have a very  weak effect. A further variation  would 
be t o  in tr o d u c e  in te r a t o m ic  r a th e r  than in te r m o le c u la r  f o r c e s .
If such forces, between atoms on different molecules, are pos
tulated with force constants as adjustable parameters, then the 
large number (22) of atoms in the HMT molecule will introduce a 
very large number of constants, unless drastic assumptions are 
made regarding which interatomic bonds contribute to the inter- 
molecular forces. A further possibility is to assume a specific 
analytic expression [l5j, containing few constants, for the 
interatomic or intermolecular potential, and calculate the 
necessary force constants by direct differentiation of the po
tential. This approach has been used by Pawley [17] for other 
molecular crystals. Since comparatively few adjustable para
meters may be needed, this procedure could be the most useful 
one.

These approaches are essentially all variations of the 
same model, and all may be expected to improve the agreement 
with the experimental frequencies shown in Fig. 1. An additional 
branch, having rather weak intensity, and not shown in the 
figure, has been observed in the 2 direction however. The
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branch has a frequency of 1.70 x 1012 cps at Ç = 0.05, decreases 
in frequency as Ç increases, crossing the 2i branch and appear
ing to become degenerate with the 23 0 branch near N4 . None of 
the models mentioned above appears able to predict such a dis
persion curve, and alternative explanations are being considered. 
The branch may arise from a small second crystal, misoriented 
relative to the bulk of the specimen, although no evidence of 
such a crystal has been detected in examinations of the Bragg 
reflections. The possibility that it is a mixed inter-intra
molecular mode appears unlikely due to its low frequency. The 
branch may be due to a defect mode of the 2%  hydrogen in the 
crystal. Using the frequency distribution of the DHMT host 
lattice, it is hoped to calculate such defect modes in order to 
check this possibility. Some evidence of this additional branch 
has been observed in other symmetry directions, and further 
experiments are planned to attempt to elucidate its behaviour 
and origin.

5. SUMMARY

Measurements of the frequencies of the normal modes of 
vibration of deuterated hexamethylenetetramine have been des
cribed, and the experimental results presented. A simple 
theoretical model has been fitted to the observed frequencies. 
With the parameters determined from the fitting procedure cal
culations of the frequency distribution and of the temperature 
variation of the heat capacity and the Debye temperatures of 
both deuterated and normal HMT have been made. Improvements in 
the model are discussed, and possible explanations for an 
"additional" branch which has been observed are mentioned.
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D I S C U S S IO N

E .E . SANDOR: Since M r. Pow ell som e years ago made very  e x 
tensive and accurate m easurem ents on the therm al diffuse scattering of 
X -ra y s  by hexamine single crysta ls , I wonder whether he is  considering 
calculating the therm al diffuse scattering distribution expected on the basis 
o f his neutron m easurem ents. It would be interesting to see whether this 
would agree better with the m easurem ents than the resu lts of ea r lie r  c a l
cu lations. It would a lso  provide a kind o f ind irect check  on the co rrectn ess  
o f his m odel.

В. M. POW ELL: I agree that the calcu lation  o f the therm al diffuse 
scattering o f X -ra y s  by DHMT would be a useful, although indirect, check 
on the co rrectn ess  of the m odel, and I intend to ca rry  out these ca* ulations.

E .E . SANDOR: Is it possib le  that the predom inance o f pure tran s
lational and librational m odes in the frequency spectrum , as com pared 
with the relative unim portance o f m ixed m odes, is  partly the result of 
assum ing that the cry sta l is  cen trosym m etric? Would a non -cen trosym m etric  
treatm ent not a lter this predom inance?

В. M. POW ELL: I do not think that the assum ption o f cen trosym m etry  
is the so le  reason  fo r  the predom inance o f alm ost pure m odes. I have a 
sim ple non -cen trosym m etric  m odel of HMT, using interatom ic fo r ce s , and 
this m odel shows an effect very  s im ilar  to the present one -  i . e .  it a lso 
tends to produce few significantly m ixed m odes.

G. S. PAW LEY: It should be pointed out, in connection with M r. Sándor's 
f ir s t  rem ark , that fo r  com parison  o f experim ental X -ra y  diffuse scattering 
with that calculated fo r  any m odel, the two-phonon scattering must be 
included. This calculation  has been done fo r  the m odel proposed by 
Cochran and m y se lf1 and should be published soon.

I now have two questions fo r  M r. Pow ell. F irst, did the p rocess  of 
im proving the inelastic scattering c ro s s -s e c t io n s  a fter m odel fitting cause 
any alterations in mode assignm ents?

В. M. POW ELL: It's  not so much a question o f changing assignm ents 
as using the c ro s s -s e c t io n  to make the assignm ent in the first p lace.

1 See Ref.[5 ] of the paper.
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One might see perhaps a whole group, and one then decides, on the basis 
o f the c ro s s -s e c t io n , which frequency belongs to which branch.

G. S. PAW LEY: W ell, that is very  encouraging in connection with 
any future w ork on m ore com plicated system s.

My second question is : what variation in frequencies is  n ecessa ry  to 
account fo r  the sp ecific  heat variation observed? This should then be 
com pared  with the resu lts o f Веска and Cruickshank from  X -ra y  structure 
analysis.

В. M. POW ELL: The difference between the calculated sp ecific  heat 
C v and the m easured sp ecific  heat Cp is  approxim ately 1 0 % at low tem pe
ratures. The ch aracteristic  tem peratures introduced by Веска and 
Cruickshank a lso  vary  by approxim ately 10% between 300 and 30° K. The 
tem perature variation o f the norm al mode frequencies which is  im plied by 
this variation thus seem s large enough to explain the discrepancy between 
the calcu lated and m easured sp ecific  heats.

W. COCHRAN: I would like to draw the attention o f M r. W hittemore 
and other practitioners o f the art o f inelastic incoherent scattering to 
M r. P ow ell's  resu lts . The m odel should certain ly  make possib le  an 
accurate calculation  of the spectrum  and might make possib le  an assessm ent 
o f the im portance o f multiphonon p ro ce sse s .

R . STOCKMEYER: Have the elastic  constants and the optical 
frequencies been m easured fo r  deuterated hexamine, or did you extrapolate 
the values from  those known from  ord inary hexamine?

В. M. POW ELL: The e lastic constants and optical frequency have not 
yet been m easured fo r  deuterated hexam ine. The values of the elastic 
constants have not been used in the least-squ ares fit and the optical f r e 
quency used is that m easured in the experim ent. The e lastic constants 
then obtained from  the fit agree quite w ell with those o f norm al hexamine. 
The m easured optical frequency in deuterated hexamine, when scaled  
to apply to norm al hexamine, agrees with the m easured frequency in 
norm al hexamine to within ~  1 0 %.

R. STOCKMEYER: You have shown d ispersion  curves in which the 
librational and translational branches c r o s s . In my study of the very  
s im ilar  case  o f adamantane I have found that the assum ptions made r e 
garding the sym m etry o f the m olecular fo rce  field  (e .g . the assumption 
o f a superposition  o f central interatom ic fo rces ) decide whether o r  not 
the branches split. Do you consider the cross -p o in ts  to be w ell confirm ed 
irresp ectiv e  o f this?

В. M. POW ELL: I am surprised that any m odel fo r  a crysta l such as 
hexamine o r  adamantane splits up the librational and translational branches, 
except possib ly  in specia l d irection s. I would expect that a ll branches 
w ill generally  be o f mixed translational-librational ch aracter . In the 
present fitting no assum ption as to the character of the m easured fr e 
quencies was m ade. It is  only by looking at the eigenvectors o f the fitted 
m odel that the ch aracter o f any given branch can be decided. As I said 
in the paper, branches are generally of mixed character, but in certain 
h igh -sym m etry  d irection s branches representing a pure type o f d isp la ce 
ment do o ccu r .

G. CAGLIOTI: R everting to the m atter o f the 'fla tness ' o f the internal 
m olecu lar m odes and looking at the d ispersion  relations fo r  interm olecular 
m odes which you obtained, I wonder whether it would be fa ir to say that 
in this system  the 'fla tness ' o f the u versu s  q d ispersion  relation  for
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the h igher-frequency  optic branches is confined to a range of about two 
frequency  units.

В . M. POW ELL: The pure librational in term olecu lar m odes actually 
show le ss  d ispersion  than the range you have indicated. In general one 
would expect the h igher-frequency  intram olecu lar m odes to show even 
le s s  d ispersion , but I do not know p rec ise  values fo r  this.

J .W . WHITE: Have you been able to see any o f the h igher-energy 
in tram olecu lar m odes? I wonder whether the sam e in tram olecu lar fo rce  
law would d escr ib e , even qualitatively, the sm all d ispersion  which would 
be expected in their ca se .

В. M. POW ELL: The low est in tram olecu lar mode frequency is  about 
10 13 cp s , and I have not looked at frequencies as high as th is. I have 
seen no evidence fo r  these in tram olecu lar m odes in the frequency range 
(up to 3 X 1012 cps) used in the experim ent.

G .S . PAW LEY: The resu lts reported  in this paper have been used in 
a lea st-sq u a res  fitting o f a m odel using the 6 -exp  o r  Buckingham atom - 
atom potential function. The nitrogen atom interactions w ere assum ed 
to be the sam e as the carbon  atom interactions. One feature o f the fit
ting is  that the optic mode at zero wave num ber is  consistently  too high 
when the rest o f the d ispersion  curves are w ell fitted.





SLOW-NEUTRON SCATTERING AND 
ROTATIONAL FREEDOM OF METHYL GROUPS 
IN SEVERAL ORGANIC COMPOUNDS

S.B. HERDADE
IN ST IT U T O  DE ENERGIA ATÓM ICA,
SAO PAULO, BRAZIL

Abstract

SLOW-NEUTRON SCATTERING AND ROTATIONAL FREEDOM OF METHYL GROUPS IN SEVERAL 
ORGANIC COMPOUNDS. The total cross-sections o f CH3NO,, (CH3) 2C 02, (CH3) 2S0, (CH3C 0 )20 , 
CH3CH, (CH3) 2SiCl2 and dimethyl polysiloxane (silicone o il) have been measured for neutrons with 
wavelength \n in the range 5 -  10 Â. The scattering cross-sections per H atom, o s/H , may be approximated 
by straight lines o s/H  = as + bs Xn> f°r ^n >  ® An empirical correlation is observed to exist between 
the slopes bs and the barrier heights for internal rotation o f CH3 groups in the molecules, and a calibration 
curve is plotted using some of the experimentally determined slopes and published values o f barrier heights 
determined by other methods. From the slopes 12.3 £ 0 .5  b /A -H  for (CHs) 2SiCl2, and 12.3 ± 0 .3  b /A -H  
for dimethyl polysiloxane, it is concluded that the internal rotation o f CH 3 groups in these compounds is 
practically free. An average barrier height o f ~ 1 kcal/m ole is estimated for (CH3C 0 )20 , from the 
experimentally determined slope 10.8 ± 0 .3  b /Â -H .

INTRODUCTION

Total c r o s s -s e c t io n  m easurem ents may be still con sidered  a useful 
com plem entary technique to other m ore  advanced methods in the study 
o f the dynam ics o f hydrogenous groups in m olecu les by inelastic scattering 
o f  slow neutrons [1-4], F or  co ld  neutrons (E n«  0,025 eV) the total 
scattering c ro s s -s e c t io n s  o f hydrogenous com pounds, as a function of 
neutron wavelength, can be approxim ated by straight lines with slopes 
determ ined by the inelastic scattering involving an energy gain by the 
neutrons from  the m olecu les in populated excited  states.

The slope o f the scattering c ro s s -s e c t io n  per H atom , crs/H , o f am 
m onium com pounds was found to be a sim ple function o f the b a rr ie r  fo r  
hindered rotation o f the NH4 ion in the crysta l [5], An em pirica l ca lib ra 
tion curve plotted fo r  these com pounds has been used to estim ate the 
b a rr ie r  heights fo r  internal rotation o f m ethylbenzenes [5], on the basis 
that the СНз groups and the NH4  ion have approxim ately the same 'e f 
fective  rotational m a ss ' fo r  neutron scattering.

In the present paper, a new calibration  curve is  presented fo r  methyl 
com pounds in the range 0 to 3 k ca l/m o le . This curve is  utilized to evaluate 
the internal rotational freedom  o f CH3 groups in acetic  anhydride, dim ethyl- 
d ich loro -s ila n e , and dim ethyl-polysiloxane (silicone o il).

EXPERIM ENTAL RESULTS AND DISCUSSION

The total neutron c r o s s -s e c t io n s  o f nitrom ethane, acetone methyl 
acetate, d im ethyl-sulphoxide, acetic  anhydride, aceton itrile , dim ethyl - 
d ich loro -s ila n e  and dim ethyl polysiloxane (silicone oil) have been m easured
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TAB LE  I. CORRELATION BETWEEN COLD-NEUTRON SCATTERING CROSS-SECTION SLOPES AT ROOM 
TEM PERATU RE (296° K) AND BARRIERS TO INTERNAL ROTATION FOR SEVERAL M ETHYL COMPOUNDS

Compound

Wavelength 
range of 

least-squares 
fit 
(A)

Scattering
cross-

section
slopes

(b /A -H )

Barrier heights 
from 

literature 
(k ca l/m ole)

Method

c h 3n o 2 6 .0  -  8 .0 12.9 ± 0 .6 0.0063 [9] fi- wave

CH3C = CCH3 4 .0  -  11.0 12.4  ±  0 .3  [3] < 0 .0 1  [10]

m -, p- xylene, 
toluene, 
mesitylene

4 .0  -  11.0 11.4  t  0 .3  [5] 0 .190 -  0.540 [11, 12]
Low temperature 

heat capacity

(CH3) 2CO 7.0  -  10.0 11.6 ± 0 .3 0 .783 [13] ¿i-wave

(CH3) 2C 0 2 7.0  -  10.0 10.6 i  0 .4 1.17 [14] /i-wave

o-xylene 4 .0  -  11.0 9 .5  ± 0 .3  [5] 1.850 [11]
Low temperature 

heat capacity

(CH3) 2SO 6.0  -  10.0 8 .0  ±  0 .3 2 .9  [15] jj-w ave
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FIG. 1. Neutron scattering cross-sections per hydrogen atom o f nitromethane, acetone, methyl acetate 
and dimethyl-sulphoxide in the neutron wavelength range 5 to 10 Â . Slopes were calculated by a weighted 
least-squares fit to the data. Only statistical errors are indicated.

as a function o f neutron wavelength in the range 5 to 10 Â (0. 0035 to
0. 0008 eV) using a curved slit slow -neutron  chopper and tim e -o f-flig h t 
sp ectrom eter [6 , 7] in operation  at the IE A-R1 resea rch  rea ctor . A ll 
sam ples w ere in the liquid state, at room  tem perature (296° K) and w ere 
contained in aluminium ce lls  such as to present a thickness o f 0. 25 cm . 
The num ber o f m olecu les  per square cen tim etre, n, o f  each sam ple has 
been determ ined from  the m easured internal dim ensions o f the c e lls  and
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the density o f the liquid at room  tem perature. The internal dim ensions 
o f the ce lls  w ere checked by m easuring the total c ro s s -s e c t io n  o f H 20 , 
and com paring the resu lts with the corresponding data published in the 
Barn Book [8] .  Uncertainties in the n values amount to about 3%.

Scattering c ro s s -s e c t io n s  per H atom , crs /Н , w ere calculated by 
subtracting the absorption c ro s s -s e c t io n  [8 ] from  the total c ro ss -s e c t io n  
per m olecule  and dividing the resu lt by the num ber o f H atom s in the m o
lecu le . Results fo r  nitrom ethane, acetone, methyl acetate and dim ethyl - 
suphoxide are presented in Table I and plotted in F ig . 1. Slopes were 
calculated by a weighted least-squ ares fit to the data. Only statistical 
e r r o r s  are indicated. Included in Table I are  results obtained by Rush 
et a l. [3, 5] fo r  d im ethyl-acetylene and m ethyl-benzenes.

Due to the large incoherent scattering c ro s s -s e c t io n  o f hydrogen,
Bragg scattering is  in general not observed  in hydrogenous sam ples. 
N evertheless, the coherent scattering c ro s s -s e c t io n  o f nitrogen is ap
preciab le  so that, fo r  CH 3N 02, a liquid d iffraction  break is  observed 
at about 8 . 2 A . This coherent scattering introduces an additional u ncer
tainty in the slope of the scattering c ro s s -s e c t io n  curve. The wavelength 
range o f least-squ ares fit to the data o f CH 3NO2 (6 . 0  to 8 . 0  Â) does not 
include the Bragg break.

Table II and F ig . 2 present the resu lts fo r  d im eth yl-d ich loro-silane, 
dim ethyl-polysiloxane, and acetic  anhydride.

An em pirica l correla tion  may be established between the c ro ss -s e c t io n  
slopes and the average b a rr ie r  heights fo r  internal rotation o f the methyl 
groups in the m olecu les . C orrection s fo r  other low -frequency motions 
o f the m olecu les in the liquid state would result in a sm all reduction in the 
slopes attributed to internal rotation, but these co rrection s  are difficult to 
estim ate. A calibration  curve (slopes versu s b a rr ie r  heights) fo r  methyl 
com pounds, using the data from  Table I, is  presented in F ig .3 . The 
values fo r  the b a rr ie rs  heights w ere taken from  m icrow ave spectroscopy  
and low -tem perature heat-capacity  m easurem ents published in the literature 
[9 -15]. Using this calibration  curve and the c ro s s -s e c t io n  slopes obtained 
fo r  d im eth yl-d ich loro-silan e, d im ethyl-polysiloxane (silicone o il), and 
ace tic  anhydride, the average b a rr ier  heights fo r  internal rotation o f methyl 
groups have been estim ated fo r  these com pounds and are presented in 
Table II.

TABLE II. ESTIMATED BARRIER HEIGHTS FOR INTERNAL 
ROTATION OF C H 3 GROUPS IN DIMETHYL-DICHLORO-SILANE, 
DIM ETHYL-POLYSILOXANE (SILICONE OIL) AND ACETIC 
ANHYDRIDE

Compound

Wavelength range 
o f least-squares 

fit 
(A)

Scattering
cross-section

slopes
(b /A -H )

Estimated
barrier
heights

(kca l/m ole)

(CH3)2 SiCl2 6.0 -  10.0 12.3 ± 0 .5 ~ 0

Dimethyl-
polysiloxane 5 .0  -  10.0 12.3 ± 0.3 -  0

(CH3C 0 )20 6.0 -  10.0 10.8 ± 0.3 -  1
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FIG.2. Neutron-scattering cross-sections per hydrogen atom o f dimethyl-dichloro-silane, dimethyl- 
polysiloxane (silicone oil) and acetic anhydride in the neutron wavelength range 5 to 10 A.  Slopes were 
calculated by a weighted least-squares fit to the data. Only statistical errors are indicated.

D im eth y l-d ich loro -silan e  is  used in the preparation o f s ilicone polym ers 
such as d im eth yl-polysiloxan e. The internal rotation o f methyl groups 
in these com pounds seem s to be free , as had already been predicted 
[16-17].

The average b a rr ie r  fo r  internal rotation o f the CH 3 groups in acetic 
anhydride has been estim ated to be ~  1 k ca l/m o le .
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FIG.3. Calibration curve (slopes versus barrier heights) for methyl compounds covering the range from 
0 to 3 kca l/m ole . Black circles correspond to measurement with the IEA-R1 chopper and tim e-of-flight 
spectrometer presented in this paper; open circles and the horizontal bar correspond to measurements by 
Rush et al. with a crystal spectrometer.

The b a rr ie r  fo r  internal rotation of.the C H 3 group in aceton itrile  is  
expected to be zero . N evertheless, proton m agnetic resonance m easu re
m ents [18] resulted  in a b a rr ie r  of 2 .6  k ca l/m o le  fo r  CH 3CN in the solid 
state (low tem peratures). This b a rr ie r  has been attributed to in term olecu lar 
fo r c e s  within the crysta l.

The neutron scattering c ro s s -s e c t io n  trs /Н  versu s Xn, fo r  aceton itrile , 
is  presented in F ig . 4 as m easured in the liquid state at room  tem perature. 
The slope 12.6 ± 0 .3  b /Â -H  correspon ds to a free  rotation o f the CH 3 group, 
probably indicating that the influence o f in term olecu lar fo r ce s  is  negligible 
fo r  this compound in the liquid state.

As a ll substances in this paper can be considered  as non-associated  
liquids, this last com m ent may be a lso  extended to them.
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FIG.4. Neutron-scattering cross-section per hydrogen atom o f  acetonitrile in the neutron wavelength 
range 4 to 10 A. Cross-section slope for Хд > 6.5  Â has been determined by a weighted least-squares fit 
to the data. Only statistical errors are indicated.
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D IS C U S S IO N

J . J. RUSH: I have one o r  two com m ents on this paper. F irst o f all, 
it should be pointed out that such a correla tion  of c r o s s -s e c t io n  slopes versu s 
rotation b a rr ie r  is  only reasonable if the b a rr ie r  shapes are the same 
in each ca se . The c ro s s -s e c t io n  variations are dependent, not d irectly  
on the b a rr ie rs , but on the energy states below the b a rr ie r  available for  
energy-gain  scattering by the cold  neutrons. There is  a lso , as M r. Herdade 
said, a contribution from  w hole-m olecu le  m otions.

Secondly, I would like to mention that since I com pleted my own total 
c r o s s -s e c t io n  w ork at Columbia, Leung and T aylor have extended these 
m easurem ents to a system atic study o f c r o s s -s e c t io n s  versu s  tem perature. 
T heir resu lts á lso  show an excellent em pirica l corre la tion  with the fr e e 
dom  o f rotation o f amm onium ions and m ethyl groups. In view of this,
Leung, T aylor and m yself have perform ed som e sim ple c ro s s -s e c t io n  
com putations in an attempt to put this crude but somewhat useful method 
on a sem i-quantitative basis. We have assum ed a harm onic o sc illa to r  
m odel fo r  the torsiona l oscilla tion  and optica l translational m odes, and a 
Debye spectrum  fo r  the acoustic m odes; we have used data on a ser ies  
o f amm onium salts and m ethyl-substituted crysta ls  fo r  neutron and i . r .  
data. In a lm ost every  case  we are able to reproduce the tem perature and 
wavelength dependence of the c ro s s -s e c t io n  to within 10-15%.

T . SPRINGER: I understood M r. Rush to say that a theoretica l c o r 
relation  was established between the scattering c ro s s -s e c t io n s  and the 
b a rr ie r  heights: was this done assum ing a cosin e-shaped  angular dependent 
potential fo r  the hindered rotations, this potential d irectly  connecting the 
torsion a l frequency with the b a rr ie r  height?

J . J. RUSH: Perhaps I did not make m yself quite c le a r . In our c r o s s -  
section  calcu lations we did not use rotational b a rr ie rs ; we assum ed 
single frequencies fo r  the torsional and translational m odes and calculated 
c ro s s -s e c t io n s  using the peak energies assigned from  neutron and i . r .  
spectra . I don't believe that a m ore sophisticated approach is  justified  
fo r  fitting such integral data on re latively  com plex  solids.
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Abstract

COHERENT INELASTIC NEUTRON SCATTERING BY MOLECULAR GASES: MEASUREMENTS ON 
q r 6 AND ROTATION-VIBRATION COUPLING CALCULATIONS FOR CD4. Two investigations o f neutron 
scattering by molecular gases are presented. In the first measurements o f  the scattering law for room 
temperature hexafluoroethane (CgFg) gas, performed at the MTR velocity selector, are reported, as ob
tained for scattering angles between 4. 8° and 90 e. The scattering law shows several inelastic scattering 
maxima o f small amplitude. One at approximately 11 meV is interpreted as due to energy transfer with 
the internal torsional vibrational mode previously unobserved due to both Raman and infrared inactivity.
This is to be compared with 8 meV which has been reported from analysis o f  specific heat data for liquid 
and solid QFg, and about 12 m eV inferred from vibrational relaxation measurements. Another, less well- 
defined, at 27 meV is thought to correspond to the doubly-degenerate infrared-active rocking mode. Another 
band centred at approximately 17 m eV is possibly due to two-quantum process involving several vibrational 
modes.

The zeroth Placzek moment (diffraction pattern) is extracted from the data -  it substantiates the 
staggered structure determined by other techniques. The first and second Placzek moments are computed 
from the data. Measured half widths are extracted from the data and show what appears to be a de Gennes 
narrowing. Multiple scattering effects are evident even though the target transmission was quite high (95%).

The second investigation is a theoretical study. The scattering law for slow neutron scattering by 
molecular gases is considered for processes in which one vibrational quantum is exchanged. Formulas are 
derived using the technique of invariant imbedding and without the usual approximation of separating the 
intermediate scattering function for rotational and vibrational motions. These formulas permit rigorous 
quantum m echanical calculation of the scattering law for both spherical and diatomic m olecules, for both 
coherent and incoherent scattering. Calculations for CD4 gas are presented and compared to the calculations 
and experiments o f  West, Brugger and Griffing. The effect o f  the separation o f rotational and vibrational 
scattering functions is discussed.

The present paper deals with two aspects o f the coherent inelastic 
scattering o f neutrons by m olecu lar gases. The firs t  part d escr ib es  ex
perim ents perform ed  at the MTR ve locity  se le c to r , in which the inelastic 
scattering c r o s s -s e c t io n  fo r  hexafluoroethane (C 2F6) was m easured. The 
second part d escr ib es  related calcu lations o f the effects o f  m olecu lar r o 
tation on the c r o s s -s e c t io n  o f deuterom ethane (CD4 ) fo r  p rocesses  in which 
one quantum o f energy is exchanged with an internal vibrational m ode.

*  Work supported in part by the US National Science Foundation and by the US Atom ic Energy Commission.
* *  Address at the time o f the experimental portion o f this work, Phillips Petroleum C o . , Idaho Falls, Idaho. . 

t  US Atom ic Energy Commission Predoctoral Fellow.
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HEXAFLUOROETHANE

Several features of the scattering from  gaseous C2F6 are o f interest.
Due to the fact that selection  ru les prevent its observation  by either in frared - 
absorption or Raman scattering m ethods, the frequency o f the internal to r 
sional vibration  has not been d irectly  determ ined. F requencies o f internal 
torsional oscilla tion  appear to be o f interest from  the standpoint o f better 
understanding fo rce s  between unbonded atom s in m olecu les . The effects o f 
the coherent scattering on the qu asi-e lastic  (r ig id -m olecu le ) scattering and 
the v ibration a lly -in elastic  scattering, although understood in princip le , are 
o f in terest because o f the difficulty o f calculating the c ro s s -s e c t io n s . The 
use of the method o f neutron inelastic scattering to investigate m olecular 
m otions requ ires  refinem ent o f present calculational methods and, it is 
hoped, the developm ent of useful approxim ations.

M easurem ents of the c ro s s -s e c t io n  fo r  gaseous ethane (C^Hg) by Straker 
[1] and by Strong and B rugger [2] have shown the torsional frequency in that 
m olecu le  to be 33 m eV, which is in good agreem ent with the results o f other 
methods o f m easurem ent. C2F6 has rece ived  le s s  attention than C 2H6. How
ever, the frequencies o f all internal vibrations have been d irectly  m easured 
[3 -5 ] except the torsional frequency [6 ] . These are given in Table I, as

TABLE I. NORMAL MODES OF C2 F 6a

Species Notation Frequency Degeneracy A ctiv ity  b
-1cm meV

A-,lg *1 lltlT 178 1 R

КIg
v2 808 101 1 R

A,lg v3 3U8 1+3.5 1 R

Alu ' ’ It 89 11 1 Inactive

A2u Z5 1117 139.5 1 I

A „ 2u Z6 Tilt 89.3 1 I

Eg VT 1250 156.3 2 R

Eg 619 TT.lt 2 R

Eg 3T2 1*6,5 2 R

Eu v10 1251 156.3 2 I

Eu '’ l i 523 6 5 .lt 2 I

Eu V12 2 1 6 27 2 I

2 Data from Ref. [ 5 ] ,  except for the torsional frequency u4 which is the result o f the present work. 
131 = infrared, R = Raman.
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TABLE II. INTERATOMIC DISTANCES 
IN C2F6a

О
C-F 1.33 A

о
C-C 1.51 A

о
F .. .F 2 . 1 6 A

о
C. . .F 2.3U A

о
F .. .F gauche 2.76 A

о
F .. .F trans ЗЛ9 A

^  CCF h-1 О
 CO
 О

a
Data from Ref. [1 1 ].

taken from  R ef. [5] . W hile early  sp ecific  heat data ( 7 ,8 ] from  the solid  and 
liquid gave a b a rr ie r  height against internal torsion  which can easily  be in ter
preted to yield  a torsional oscilla tion  frequency o f 8 . 5 m eV , it is felt [9] 
that condensed-phase data are not n ecessa rily  applicable to the m olecule 
in the gas phase.

A value o f approxim ately 100 cm " 1 (12. 4 meV) fo r  the frequency of 
torsional oscilla tion  has been in ferred  from  vibrational relaxation m easu re
ments [10] on C2F6 gas.

C2F6 is structurally  s im ilar  to ethane [11, 12] and consists o f two fu lly- 
fluorinated methyl groups, CF3 , connected by a single carbon bond. The 
methyl groups are oriented in a staggered configuration. Table II gives 
interatom ic distances fo r  the various types o f a tom -pa irs in the m olecu le .
The torsiona l oscilla tion  con sists  o f rotations o f the CF3 groups relative to 
one another, about the carbon bond.

Using a carbon  m ass o f 12 amu and a fluorine m ass o f 19 amu, the m o
ments o f inertia calculated from  the data o f Table II are

IA = IB = 273.2 amu A2 

Ic = 179. 2 amu Á 2

The S a ch s-T e ller  effective  rotational-translational m asses o f carbon and 
fluorine on CjFg are resp ective ly

Mc = 114. 8  amu 

MF = 63. 8  amu

w hile the m olecu lar m ass' M = 138 amu. The scattering from  both carbon 
and fluorine is  totally coherent, with c ro ss -s e c t io n s  from  BNL-325,

crc  = 5. 5 b 

ctf = 4 .0  b

both scattering lengths having the sam e sign.
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EXPERIM ENTAL INFORMATION

M easurem ents o f the c ro s s -s e c t io n  of C^Fg w ere perform ed  at the MTR 
ve locity  se le cto r  [13] . The target m ateria l was orig inally  supplied by the 
DuPont Company and kindly transm itted to us by D r. Charles E. Hathaway 
o f the U niversity o f Oklahoma. Infrared and m ass spectrogram s indicated 
that the sam ple was o f extrem ely  high purity, containing le ss  than 0 . 0 1 % 
o f both C2 HF5 and CF3 C F 2 C1. About 0. 1% a ir  was evident, probably in tro
duced when the sam ple was transferred  to the m ass spectrom eter.

Two sets o f  data w ere accum ulated. In the fir s t , 15 banks o f 1 0 B F 3 
detectors w ere used at scattering angles between 15° and 105°. A He 
atm osphere [14] was maintained around the target and in the scattered 
flight paths. The incident neutron energy was 20. 1 m eV with an e la stic - 
scattering resolution  o f 1. 1 m eV FWHM. The target was held in an alum i
nium cylinder o f 2. 00-in. d iam eter, 5. 5 in. high, with 0. 020-in. w alls.
The cylinder axis was perpendicular to the scattering plane. An evacuated 
dummy was used during background counting. At the target pressu re  of 
131 lb /in 2 abs and tem perature, 302°K, the average target area density for  
the 1 .4 -in . wide beam , was computed from  the target m ass to be 
10 . 6  X 10 20 m o le cu le s /cm 2 . The m easured target transm ission  fo r  the 
incident energy was 95 + 1% which corresp on d s roughly to the attenuation 
computed assum ing e lastic scattering and using the data o f Table II,
37. 7 b /m o le cu le . (N eglecting in terference scattering gives 35. 0 b /m olecu le . )

In the second set o f m easurem ents, two banks o f He3 detectors w ere 
used at scattering angles of 4 .8 °  and 8 . 2°, in an evacuated flight path [2] .
The target container was essentia lly  identical to that used in the firs t s e r ie s  
except that 0 . 0 2 0 -in . cadm ium  d iscs w ere included at 1 -in . v ertica l in ter
va ls to reduce m ultiple scattering [2] . M easurem ents w ere made at incident 
energies o f 39. 6  and 50. 0 m eV , with e la stic -sca tterin g  resolution  o f 1. 9 and 
2 .7  m eV FWHM respective ly .

Only the data at 50. 0 m eV and 8 . 2° are d iscu ssed  below : the in e lastic- 
scattering amplitude was too low and the background too high to allow the 
inelastic scattering to appear c lea r ly  fo r  the other conditions.

The m ore  com plete inform ation, presented below in the form  o f the 
scattering law , was derived from  the firs t  set o f data. The m ost distinct 
indication o f the torsiona l oscilla tion  frequency was obtained in the second 
set o f m easurem ents. W e d iscuss firs t  the resu lts o f the 'la r g e  angle1 
data, that is , the firs t set, then the sm all-an gle  inform ation.

DATA TREATM ENT

A fter background subtraction the data, which w ere proportional to 
Э2 ст/ЭЛЭХ, the d ifferentia l c r o s s -s e c t io n  per unit scattered-neutron  w ave
length X, w ere reduced to the sym m etric form  o f the scattering law

о a a2 „  о a Эе к ^ Эе
dQdX ЭПЭе ЭХ = Т— е 2 S(K,e) 

Ко ЭХ

H ere, e is  the neutron energy gain, ftK is the momentum transfer and
I Зе/ ЭХ j is the Jacobian transform ing between energy and wavelength. 
The c r o s s -s e c t io n  and thus the scattering law w ere norm alized  using
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к AFIG, 1. Scattering law of QFg gas versus к for various €, »

FIG. 2. Scattering law o f Ĉ Fg gas versus € for various к, < ,meV.— -
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k ,A  ------- •-

FIG. 3a. Half-width at half maximum o f the quasi-elastic peak o f Q Fj gas.

FIG. 3b. Zeroth Placzek moment (diffraction pattern) oi CjF6 gas. Solid line, exact calculation without 
Debye-Waller factors; crosses, data moment; solid points, approximate moment Eq. (6).

the known target area density and detector e ffic ien cy , and the m easured 
beam m onitor counting rate, to give the resu lt in b a rn s /m olecu le . The 
scattering law was then plotted against к fo r  som e thirty values o f the 
energy transfer from  0 to 35 m eV. F igure 1 shows the sym m etric s ca t
tering law fo r  a few values o f the energy tran sfer. E rror  bars re fle ct 
statistical e r r o r s  only.

On the curve fo r  e = 0 arrow s designate the expected locations o f 
e lastic scattering peaks due to the aluminium target holder. Smooth 
curves through these data w ere drawn by hand, averaging severa l sets 
fo r  neighbouring values o f e in the range o f la rger energy transfers where 
this procedure led  to im proved statistical a ccu racy . The scattering law 
was then replotted against e for various values o f к, as shown in F ig . 2, 
using points read from  the smooth curves o f S (« ,e ) versu s к. No e rro r  
flags are appended to these curves since these are difficu lt to estim ate.
It is felt that the presentation o f S versu s e fo r  fixed к1 s is m ore appro
priate fo r  the present purposes than that o f S versu s к fo r  fixed e ’ s.
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DISCUSSION

Several features o f the scattering from  C2F 6 are o f note from  F igs 1 and
2. The influence o f in terference scattering is plainly evident, as a m odu
lating effect on the scattering law for  all energy tran sfers . The energy- 
transfer width o f the ' q u a s i-e la s tic ' peak, which is due to translational and 
rotational m otions of the m olecu le , is seen to in crease  with increasing m o
mentum tran sfer. Several m axim a appear in F ig. 2 for  energy transfers of
11, 16-20, and 26 m eV , which becom e unresolved at the la rg er  momentum 
transfers due to translational-rotational broadening. These features are 
now d iscussed  in greater detail.

The elastic  peak width, presented as the half width at half m axim um ,
W , divided by к, is shown in F ig. 3a, plotted against к. In the sense o f an 
e ffectiv e -m a ss  calcu lation , as that o f K rieger and Nelkin [15] or M cM urry
[1 6 ], the scattering law should be the sum of severa l Gaussians 
with widths W given by

W = [(4  In 2) (ft2K2/2M eff $)]$ (2)

w here ¡3 = l / k BT, and Meff is the effective  m ass o f the sca tterer . Using 
the S a ch s-T e ller  m asses o f С and F given above, two values are obtained 
from  Eq. (2)

W = 1. 16 к fo r  С
(3)

= 1, 56 /с fo r  F

where к is in Â -1 and W in m eV. Using the m olecu lar m ass as the effective  
m ass

W = 1. 06 к (4)

E xcept fo r  the points at к = 1 .0  and 1. 5 A '1, W /к  varies  between 1. 16 and
1. 56 fo r  к up to 5 Â"1. The treatm ent o f m olecu lar rotations by the e ffective - 
m ass approxim ation is supposed only to apply fo r  d irect scattering; we p re 
sume the 'lo w ' points to be due to the influence o f in terference scattering, 
although possib ly  due to hindrance o f the free  translations. The widths have 
been co rre cte d  for experim ental resolution  and the plotted points are the 
square root o f the d ifference between the square o f the resolution  width and 
the square o f the observed  width.

The three low est P laczek  m om ents [17] o f exp(j3e/2) S(K,e) have been 
derived from  the data. These are defined

n even

n odd
(5)

2 J 1 e11 cosh  ^  S (ic ,e )de

2 J  en sinh —  S (k ,e) de
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and have been obtained by num erical integration o f functions o f the form  
S(/c,e) = exp [polynom ial in e] which w ere fitted to the data so as to give 
le s s  than about 5% e rro r  in the com puted in tegrals.

The mom ent o f ord er ze ro , eô", which is  the d iffraction  pattern, is 
shown in F ig . 3b. A lso  shown are an approxim ate calculation , assum ing 
a Gaussian shape,

як S(k , 0) W (тг/ln  2)  ̂ . (6)

and an exact calculation  using the structural data given ea rlie r . Agreem ent 
is  seen to be excellent between the integral data mom ent and the exact ca l
culation, which gives us confidence in our norm alization (and in the con 
sisten cy  o f the B N L-325 c ro s s -s e c t io n s ). A lso , the data v erify  the stru c
ture which was determ ined by electron  d iffraction  [11, 12] . The approxi
mate m om ent, E q .(6 ), is low at la rger к presum ably because the large  e 
contributions are not accounted for.

Com paring F igs 3a and 3b, the m axim a and m inim a in the widths W /k 
are found approxim ately at the minima and m axim a o f FÎT, thus showing a 
de Gennes [18] narrow ing e ffect. The 'lo w ' points occu r  where 7s" in creases 
due to constructive in terference of waves scattered  from  all pairs o f nuclei .

FIG.4. First Placzek moment o f CZF6.

The firs t  mom ent ë  is shown in F ig. 4. P laczek  [18] has found that the 
in terference scattering does not contribute to ë so that fo r  the present case 
using P la czek 1 s results

ê = ¿  [2 стс /  M c + 6aF/M F] ^  

= 0. 359 к2 b - m eV / steradian

( 7 )



SM—104/88 213

о л
w here к is in A '1. This relationship is shown in F ig. 4 along with the 
corresponding value computed using the S a ch s-T e ller  m asses given ea rlie r , 
for  which

e = 0.0776 к2 (8)

The firs t  mom ent o f the data was fitted in the range 1. 5 § к s 3 .5  to the 
function

e = 0. 131 к2 (9)

which lie s  between the exact and S ach s-T eller  approxim ate values. At 
к = 1, ê is c lo s e r  to the P laczek  value, which m ay re fle ct  the sm all im 
portance o f v ibrationally  inelastic scattering fo r  sm aller к, or  m ay be 
due to the influence o f multiple scattering. F or к > 3 .5 , the data firs t  
mom ent is low er than the fitted line, perhaps because the integration of 
the data was truncated beyond 35 m eV.

FIG. 5. Zeroth, first and second Placzek moments o f CjF6 from the data.

The second P laczek  m om ent, computed sim ilar ly  from  the data, is 
shown in F ig . 5 with the zeroth  and firs t  data m om ents. P la czek ’ s theory 
indicates that the second mom ent is o f the form

V  gss‘
Z_j
s ,s '

h4K4
4M .M ,

-<eiK-(bs-bO> + h2
M M, <eiK' (bs (¡? -R )(K -p .)> (1 0)

w here ^ У denotes an average over system  quantum states, p s is the 
momentum operator fo r  the sth nucleus, b s is the position operator for
the sw nucleus M s its m ass, and ass, is the c ro s s -s e c t io n  fo r  scattering 
from  the ss* pair. The firs t  term  is o f order к4 . In an expansion of



214 CARPENTER and LURIE

the second term  of E q .(lO ) the leading term  is \(ic."ps)(ic • ps, ) > = ук^(р8 •ps,> 
which is  o f o rd er  к2 , and exhibits no in terference e ffects ; the data 
second m om ent has been fitted to the function = 7. 33 к2 . The point 
at к = 1, which fa lls  above the fitted function, may be high because of 
m ultiple scattering or due to the fact that no resolution-broadening 
correction  was made in these m om ents. The latter correction  is sm all 
except at к = 1.

The behaviour o f S(K.,e) as a function o f e fo r  fixed к, as in F ig. 2, is 
best d iscussed  with re feren ce  to the data o f Table I. M odes of frequency 
v12, 27 meV have been identified in the in frared spectrum , and as one of 
the frequencies o f sym m etry species  E . We attribute the maximum around 
26 m eV as due to exchange o f one quantum of vibrational energy with these 
sam e m odes.

The rather broad peak around e = 16 to 20 m eV may. possib ly  be due 
to severa l effects involving two quanta o f energy exchange. It is noted 
from  Table I that v3 - v12 = 16.5 meV and v g - v y2 = 19. 5 meV so that this 
peak may represent severa l two-quantum p rocesses  in which, fo r  example, 
the neutron (gaining energy) d e -excites a mode o f frequency v3 and excites 
a mode o f frequency v12. The c ro s s -s e c t io n  for  all possib le  such p rocesses  
involving v3, v 9, and v12 has been computed ea r lie r  [19] . It is too sm all to 
account fo r  the peak by two orders o f magnitude. Multiple scattering one- 
quantum events may possib ly  be the cause, but the magnitude of this effect 
has not been computed.

FIG.6. Cross-section ô 2 a / d ^ id k  o f Ĉ F6 , for incident energy 50.0 m eV, scattering angle 8 .2 °.

The peak at 11 m eV is attributed to energy exchange with the torsional 
oscilla tion  m ode, hitherto not d irectly  observed . The c ro s s -s e c t io n  for  
inelastic scattering, exchanging one quantum with that mode has been ca lcu 
lated [20] and is  found to be approxim ately equal to the area under the 
11-m eV  peak o f F ig . 2, although the calculated area is low er by about a 
factor o f 2. This m ay be due to over-op tim istic  treatm ent o f the data 
shown b rie fly  in F ig. 1. The 11-m eV  torsional frequency corresponds 
c lo se ly  with the vibrational relaxation result o f re feren ce  [10] .
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That the 11-m eV peak cannot be a quantum -rotational peak such as 
is observed  for light m olecu les has been established by calculations for  
rigid  m olecu les , approxim ating the sym m etric-top  C2F 6 by a sph erica l- 
top [21] having m om ents o f inertia equal to the mean o f those o f C2F g, and 
a linear m olecule [22] o f s im ilar mom ent of inertia. The scattering law 
appears nearly Gaussian in both ca ses .

It is noted that the observed  scattering law is not w ell represented 
by a Gaussian in its w ings, but appears too broad, probably due to m ul
tiple scattering in this rather thin target.

In F ig. 6 the results of the sm all-angle scattering experim ent are given 
fo r  incident energy 50. 0 meV and scattering angle 8. 2°. The data are p re 
sented as the c ro s s -s e c t io n  per unit scattered neutron wavelength. No ab
solute norm alization was possib le  in this case , and only an approxim ate 
background subtraction was made, the background having been determ ined 
from  the data at channels corresponding to very  large energy tran sfers . A 
prominent peak at a final energy 39. 6 m eV (energy transfer 10. 4 meV) is 
c lea r ly  the sam e as that found in F ig. 2 at 11 m eV. The 26-m eV  peak of 
F ig. 2 is found here at final energy 25. 5 m eV (energy transfer 24. 5 m eV).
The 16-20-m eV  band is m erely  suggested, which might be taken to indicate 
that it was present in the 'la r g e  angle' data due to greater m ultiple scattering 
in that target, or  that it depends quite strongly on momentum transfer к, 
which was chosen to be sm aller in the sm all-angle  experim ents in order to 
reso lve  the inelastic peaks better.

ROTATION-VIBRATION COUPLING CALCULATIONS FOR CD4

In calculations o f the scattering law fo r  m olecular gases, one must 
take into account each degree of freedom  o f the m olecu le . The usuai ap
proach to such calculations is to evaluate the interm ediate scattering 
function for each motion (that is , translation, rotation, vibration) sepa
rately . The influence of possib le  coupling1 between m otions is usually 
thought to be sm all and therefore  is  ignored. In this section  o f the paper 
we describe  an attempt to explicitly  evaluate the scattering law fo r  one- 
quantum p rocesses  without the approxim ation o f separating the in ter
mediate scattering function fo r  rotational and vibrational m otions.

EXPRESSION FOR THE SCATTERING LAW

The sym m etric scattering law fo r  slow -neutron  scattering from  a 
system  o f m olecu les is given form ally  by the w ell-know n Zem ach  and 
Glauber form ula [23]

aw<X „ц > t (11)

1 The 'coupling' spoken o f here is that which is associated with the neutron interaction, not that in 
which rotation and vibration are coupled in the molecular Hamiltonian [28].
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which d escr ib es  a scattering event with momentum gain hi? to the neutron 
and energy gain e . H ere ¡3 = l / k BT , and the therm ally  averaged in ter
m ediate scattering function is

<Х„й>т = ^ Р . < ^ . | е ш^ е ^  K > O f |eiHt/fi е ’ ^ ^ )  (12)
fi

with aw = АуАр+ ê^C2 . H is the Hamiltonian o f the system , A v is the bound 
coherent scattering length and C„ is the bound incoherent scattering length 
o f the yth atom whose position is r v, and P¡ is the Boltzm ann factor.

The vector  position  o f the i/ th atom can be expressed  as

? „  = R + b „ + 3 „  (13)

where Й is the position  o f the centre o f m ass, b „  is the equilibrium  vector  
displacem ent o f the vth atom from  the centre o f m ass, and uy is its instan
taneous displacem ent from  equilibrium .

Assum ing that the Hamiltonian is com pletely  separable we can rew rite 
Eq. (12) as

x \ x 4trans , ч RV

The translational part is  w ell known. The rotation -vibration  part cannot 
be com pletely  separated since a ll o f the operators in do not com 
mute. Usually in com putations, how ever, they are com pletely  separated 
and a therm ally  averaged interm ediate scattering function is  evaluated for  
each m otion. A greem ent o f resulting computations with experim ent has 
prev iou sly  been taken as evidence that this assum ption is not too drastic 
[24] .

If we make the assum ption that rotations occu r on a time sca le  that is 
long com pared  to v ibrations, we can w rite

where by(t) is  the usual H eisenberg operator and

У ^ < е Л е“ ' Ч - Л е -“ Л > т (16)

Equation (16) can be reduced using a set o f norm al m ode displacem ents to 
the Z em ach -G lauber resu lt [23]

у  = TT у (X)
I'M i l  HJ 

X.
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where

со

= exp [(к • f  + ( к ■ y ff1 f  ] coth ^  ein“ ^ e nhĉ S/2
П = - «

X I  (17)
ln V 2 ^ sin h  (bux $/2) J ]  ( '

and w here In(X) is the m odified B esse l function, and y ^  is the m ass 
weighted amplitude fo r  the ¡/h nucleus in the Xth norm al m ode. In appro
xim ation we keep only the firs t  term  in the sm all argument power se r ie s  
expansion o f the B esse l function, and we rep lace  the D ebye-W aller fa ctor  
by unity. Including term s up to one-quantum and ignoring a ll term s in
volving products o f excited states the vibrational fa ctor  becom es

V ^ H [ z 2( f 7 « ) ( ^ ' T « )  (18)

w here X

= ( h /4uixsinh ■■ ■■■■■ J exp ( i u xt - hu^/3/2)

If this expression  w ere inserted into the therm al average (E q .(1 5 )), 
and the whole thing evaluated d irectly , we would have an essentia lly  exact 
result

■ Mt) -к • b, ' M t)Z 2 (K •7<Х))(к - W .  -ix-
У и ) e X'T

(19)

Using the technique o f im bedding invariant param eters [20] , the one-quantum 
term s have the form

— ^ ------< е ^ ^ )  \  \ (20)
дсгда' ' a = a = О

w here d„(t) = b„(t) + a Z y ^ K  The therm al averages in E q .(20) above 
c lea r ly  have the sam e form  as in the rigid  rotor  problem  and therefore 
can be evaluated exactly [25] .

W e shall examine the case o f the spherica l m olecule and give the r e 
sult fo r  the other c lass  o f m olecu les fo r  which rigorou s calculations are 
feasib le , nam ely the linear m olecu le . Using the well-know n m atrix e le 
ments fo r  the spherical m olecu le , Eq. (20) can be evaluated and the one- 
quantum part o f the rotation-vibration  interm ediate function becom es

<X > '8 = exp {-ith к2 /2 М  - t2*2/ 2M  j3} Pj Ц1 t  /  ,
JJ*

X (2J + 1) (2J' +1) eIt(Ej‘ Ej,)/Ti ^ Z 2Q ^ (k , í )
ÍX

(21)
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where

z 2 q > ^ >  = - j i b -  { j í (Kb^  j ü(Kb^  рД ‘ ^ к = а- - о  (22)

an explicit expression  fo r  Q is given in the Appendix.
A fter F ourier transform ation, the one-quantum scattering law for 

spherica l m olecu les is

s , ( i ? ’ e )  =  b  e S e / 2 ) > I  P J ( 2 J +  ( 2 J ' 1  1 }

JJ'

( У  e x p { - (e + E R -E j  +E j. -ftux)2g /4 E R} I k  f )
L  4tjx sinh hux/3/2 e ) J 4 V̂ K,S>)
x « (23)

where

E r = h2 к2 / 2M

F or the linear diatom ic m olecule the result is somewhat sim pler 
since there is only one mode [26] and the displacem ents are colinear 
with the bond. The one-quantum part o f the scattering law is

S' (к, e ) = I P 4  е 6е/2У  а У  P. (2J + 1) . , h- * 47tEr N I 4uh smh
v i i  J Г

sinh (hu@/2)

(b v-7v) exp (e + E r - Ej +E r  -tiu )2 j- e ‘ 6tl̂

Х ^ (2 Л  + 1)(26ВЦ- i f  [C™’ ]2 (*b„)

Kb„

Û ((Kbv) .  i u b  ч' (cbu JÊ + i (24)

CALCULATIONS FOR CD4 GAS

Using form ula (23) derived above, calculations have been perform ed 
fo r  CD4 gas. Experim ents have also been perform ed for CD4 [5] and the 
vibrational m otions have been observed to contribute to the scattering law 
fo r  high energy transfers (above about 72 m eV). Although the calculations 
of G riffing [21] are  generally in excellent agreem ent, there is som e d is 
agreem ent at the energies where vibrations are im portant.
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A s pointed out by W est, B rugger and G riffing [21] , only two frequencies 
w ill contribute to the scattering law as m easured, the trip ly  degenerate 
m odes o f 0. 123 eV and the doubly degenerate 0. 135 eV m odes. Calculations 
accord in g  to E q .(24 ) o f  the scattering law fo r  those energy transfers reported  
in R ef. [2] above 72 m eV are shown in F ig. 7. A lso  shown are the data and 
G riffin g 's  calculation from  Ref. [21] .

*г(Д-2)
FIG. 7. Scattering law for CD4 gas. The dashed line and the data are from Ref. [2 1 ]. The solid line is 
the result o f the present work.

The present calcu lation  appears to agree somewhat better with the data 
than G riffin g 's  calculation. Statistical e rro r  in the data in this experi
m entally d ifficu lt region  m akes com parison  against the m easurem ents not 
too m eaningful. We note, as stated in Ref. [21] , that the disagreem ent 
between calcu lation  and experim ent at sm all к is probably an experim ental 
e ffect. A m inor e rro r  exists in G riffing1 s norm alization of the d isp lace
ments fo r  the trip ly  degenerate m odes. This probably affects those ca lcu 
lations at the highest energy transfers so that a d irect com parison  of the 
present resu lts with those o f G riffing is not meaningful at this tim e either. 
Nonetheless we believe that the present theory represents an im provem ent 
in the calculation since it properly  accounts, to low est order in к2 , fo r  the 
coupling in the interaction between rotational and vibrational m otions.
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The expression  Q in E q .(22 ) evaluated fo r  CD4 gives the follow ing 
resu lts

APPENDIX

Qdd-(K^ >  =
j2l(*b) ^ 2  

b2 {j^ C jC g P *  + Ц + 1) Ц + 2) P jC gC gC g+ü íi + l)

X t(P i+ r  c5P{) (CgCj +C 2 C9) - c 8 c 9Pt ]

+ ( i  + l ) [ ( P | + 1 - C5P£ ) ( C 6 - с ^ з -  c 2c 4 - с 5с гс 2) / с 7

к.

X { Щ  C jCg + (Í + 1) (P£ + 1 - CgP*) c 2c 9}

- Jt + i (Kb)b -M Kb) к {eq C g  pt + ( i  + i ) ( P i+1 -C gP jjC jC g}

+ j| + 1 (<cb)K2 C j C ^ j  

<3¿j(K. i )  = K2C2( í j É(Kb)/Kb - j£ + 1 (icb))2

The constants Cj through Cg have the follow ing definitions
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C 7 = C25 - 1

c 8 = (C 3 - C5C2) /C V

C 9 = ^ 4  " ^5 C ])/C 7

The arguments fo r  the Legendre polynom ials are all C5 . The n orm al
m ode eigenvectors used are those given by Pope [27] . Other param eters 
used in the calculations are : b = 1. 093 X 10"s cm , I = 10. 66 X 10'40 g c m 2,
C c = °- A c = °- 664 X 10"12 c m ' C d “ - ° -  399 x  10' 12 c m < A d = 0. 677 X 1 0 '12cm .
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O. J . EDER: Could you please com m ent on the kind o f rotational 
spectrum  which you expect from  a vibrational-rotational transition?

J .M . CARPENTER: We have looked at the spectrum  fo r  the one- 
quantum p ro ce sse s , as broadened by the rotational m otion, and it appears 
s im ila r  to the spectrum  fo r  scattering by a rigid  m olecule , exhibiting the 
sam e sort o f rotational sideband at sm all momentum tra n sfers .
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O .J . EDER: Did you do any calcu lations on translation-rotation  
interaction?

J .M . CARPENTER: No, the treatm ent applies to the dilute, fre e ly - 
translating gas. Of cou rse , with this assum ption, ce n tre -o f-m a ss  tran s
lational motion is  independent of rotational motion and the translational 
interm ediate scattering function is  r igorou sly  separable.

G .S . PAW LEY: Can you explain in greater detail the p rocess  of 
"co llis io n  narrow ing"?

J .M . CARPENTER: It is  rea lly  very  difficu lt to d iscu ss this matter 
on a theoretica l basis at the present stage in our investigations. However, 
it seem s m ore o r  less  sa tisfactory  to think o f the phenomenon as a p rocess  
in which m olecu les in the vicin ity  o f the one with which the neutron is 
collid ing form  with that m olecule a la rger  system , so that the scattering is 
no longer associated  with a single m olecule and the shape o f the c r o s s -  
section  is  a ltered . Under certain  conditions, the effect is  to narrow  the 
line. I em phasize that our conclusion  as to the reason  fo r  the line n ar
rowing .is tentative, pending v er  if ica tory  calcu lations.
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Abstract

THE MOLECULAR DYNAMICS OF METHANE IN ARGON. The inelastic and quasi-elastic scattering 
o f 5 .3  Â neutrons has been studied for the system methane in argon at 86°K. The experimental data have 
been taken for two concentrations (1 .6  and 3 .2  molar °]o) and six scattering angles. A discussion o f the 
changes in the scattering pattern as compared to scattering experiments on pure methane performed under 
comparable conditions is presented.

A comparison with our experimental data is made, using a new approach for the rotational motion o f the 
methane m olecules. We assume that the methane molecules rotate nearly freely at short times and undergo 
rotational diffusion at long times, while discussing the centre-of-mass motion in terms o f a modified 'itinerant 
oscillator m odel'. The data are consistent with the view that the argon atoms forma 'cag e ' around the methane 
molecules in which the rotation is continuously but weakly hindered and where the long-tim e translational 
motion can be described by simple diffusion, but for the short-time behaviour some new approach is needed.

1. INTRODUCTION

Recent investigations o f hydrogen in argon and neon [ l ]  have provided 
evidence o f  a rather broad loca lized  frequency spectrum  and a strong 
broadening o f the q u a si-e la stic  peak not typical fo r  argon, but caused by 
the sp ecific  dynam ical properties o f hydrogen in argon.

We now chose to investigate methane in argon and com pare the results 
with those obtained fo r  pure liquid methane, again taking advantage o f the 
alm ost only incoherently  scattering methane m olecu les  and the large d if
fe ren ces  in the scattering c ro s s -s e c t io n s  o f methane and argon. In the 
case  o f  hydrogen in argon there is a region between the q u asi-e lastic  peak 
and the orth o-p a ra  peak (E rot(J = 1) = 14. 7 m eV) where we could see the 
c e n tre -o f-m a ss  m otion o f the hydrogen m olecu les w ell separated from  
its rotational m otion. As we shall see in section  2, this is no longer true 
fo r  CH4 in argon, due to the much sm aller separation o f the rotational 
leve ls  (E rot(J = 1) = 1. 3 meV) caused by the sm all rotational constant o f 
methane. The question o f how methane m olecu les  behave in the solid  and 
liquid state, o r  as a solvent in different host la ttices has been investigated 
by in frared , Raman sp ectroscop y  [2 -8 ] and neutron scattering techniques 
[9 -12 ] .

In section  2 we w ill d iscu ss severa l m odels for  the rotational and 
translational m otion and give the experim ental details in section  3. In

* Work performed in the Solid State Physics Division at AERE, Harwell, UK.
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section  4 the experim ental results are presented together with the con 
clusions from  a com parison  o f m odel calculations with the experim ental 
data.

2. THEORY

The general form alism  o f van Hove [13] extended to m olecu les gives 
fo r  the double-d ifferentia l scattering c r o s s -s e c t io n  o f slow  neutrons the 
expression

Э2 а к' 1
kQ 27Г dt exp { - i tot}

1 ,  o c

+ У  y ' a r c o h a ? c o h F „ ( Q , t )

1 aa

lm

The dash at the summation sign indicates sum m ation fo r  different indices 
only, kQ, k' denote incident and scattered neutron w avevectors, hw and 
hQ energy and momentum transfer, a ly the scattering length o f the 7 th 
nucleus in the 1 m olecu le , a n d F (Q ,t )th e  interm ediate scattering 
function.

In E q .( l )  we have neglected spin corre la tion s within a m olecu le  
follow ing Zem ach and Glauber [14] and Sinha and Venkataraman [15] 
who showed that these effects are negligible as long as the rotational 
constants o f m olecu les are sm all com pared to kT.

The three term s in E q .( l )  describe  the incoherent scattering o f the 
individual nuclei, the intram olecu lar coherent scattering and the in ter- 
m olecu lar coherent scattering.

One usually defines the first two term s as incoherent m olecu lar 
scattering and fo r  methane they w ill give the main contribution to the 
c r o s s -s e c t io n

2

ï ï à h  =  V 0 h  f e x p {  * i U t } X  X  ( a “ coha i8 coh> +  бав a n n c>  F l l  < Q .t )  ( 2 )

1 aa a8

If we now co lle ct  the scattering of all possib le  pairs o f nuclei in a single 
methane m olecu le , we find

ЭЧ  = k
Э!Г2Эи k0 2~  Г  exp { -iw t} [4 (a2 ,+ a 2 . )F  (Q ,t)in J p coh pine pp

+ (a2 + a2 . ) F (Q, t) + 12 a2 F ,(Q ,t )  + 8 a  a F (Q ,t)] (3)
c  coh с  inc c c  pcoh pp* p coh с  coh pc
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One can usually s im plify  this expression  by neglecting the interaction 
between different m odes o f m otion o f the m olecu les  considerably . At' 
tem peratures where m ost o f the m olecu les are in their vibrational ground 
state this assum ption has only to be cr it ica lly  considered  for  the in ter
action  between ce n tre -o f-m a ss  m otion and rotational m otion, but is 
gen era lly  believed  to hold true fo r  spherica l top m olecu les since the 
an isotrop ic fo r ce s  are sm all. With these assum ptions in mind', we can 
w rite the interm ediate scattering function as a product consisting o f a 
rotational and a translational part, while finding that the vibrations of 
the m olecu les in the ground state only give r ise  to a vibrational D ebye- 
W aller fa ctor .

F s (Q , t) ■Tk a8 +6 aa2 ) 
coh coh a6 inc

F tr(Q ,t )F r° ‘ (Q ,t)F vi^(Q ,t) 
s afl a о

(4)

a ,6

2 .1 . V ibrational m otion o f the methane m olecu les

Pope [16] has given the contribution o f the vibrations to the in ter
m ediate scattering function without change in the vibrational state as

F ^b (Q ,t) = exp { - 2 W avf }  (5)

with
2 w :âb- « 4 s  (6>

with Ca being the magnitude o f the eigenvector corresponding to the Xth 
vibrational state at the a^11 nucleus with the eigenfrequency ux .

F o r  the position  o f an atom o' in a m olecule  1 we have

R, = R, +b, +u,la  1 la  la

—♦ —У
where Rj is the ce n tre -o f-m a ss , b ia the equilibrium  position  o f the atom 
a and ula the vibrational displacem ent from  the equilibrium  position .

2 .2 . Rotational m otion o f the methane m olecu les

Sears [17] introduced fo r  rotational m otion a rotational distribution
function Gs(£^, П, t) in term s o f rotational relaxation functions Fj(t) and
the rotation m atrices D lm, n

J  dtt0J  di2 exp { - iQ b a (0)} exp { iQ b a(t)} GS(Q0, П, t) (8)
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where

G ,(n 0,n ,t )  ( t ) D ^ n ( M - 1)
1

m, n

=y. i i l i p l  (t)y  d 1 ( iî)D 1’!! (n„) (9)
L ,  8 j r 2 m ,n > nix' ’  in ^  O'
1 . Цm, n

With the norm alization and initial conditions

y G , ( n0 *n 't ) d n = l  ■ (10)

GS(Q0,Í2 ,0 )=  «(ПОЗ1) (И )

This im plies

Fmn(°> = Sm.„ fo r  all 1 (12)

Using the orthogonality o f the rotation m atrices  and writing fo r

Foo (°) = F1(t) (13)

one finds

F™l(Q ,t) = ^  (21+1) j^ Q bJ  j^Qbg) Fj (t) (14)
1 =  0

where are the spherica l B esse l functions o f o rd er  1.
It is  convenient to d iscu ss the rotational behaviour in term s of 

Fj^t). In F ig . 1 we show the c la ss ica l lim it o f the relaxation function 
F ^t) fo r  liquid methane obtained by Gordon [18] by F ou rier  inversion  
o f the in frared  data by Ewing [7]. Gordon pointed out that the conclusions 
drawn from  both in frared and Raman experim ents are consistent with 
each oth er. As one can see by inspection, the methane m olecu les appear 
to rotate essentia lly  free ly  in tim e intervals o f about 10"13se c , while for 
interm ediate tim e regions from  1 - 3X 10‘ 13sec  the hindering produces a 
significant effect and fo r  tim e intervals la rg er  than 3X 10‘ 13 sec the r o 
tational m otion can be described  by a random reorientation  p ro ce ss . The 
resu lts fo r  higher rotational relaxation functions show qualitatively the 
sam e behaviour and are th erefore  not shown. To gain a deeper under
standing o f the rotational m otion o f methane m olecu les , we have ca lcu 
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lated the rotational relaxation functions fo r  severa l m odels using m - and 
J-d iffusion  m odels introduced by Gordon [18], the results by Sears fo r  
c la ss ica l free  rotation and a m odel which com bines free  rotation fo r  short 
tim es with rotational diffusion fo r  long tim es. In the m -diffu sion  m odel 
a free  rotational step is term inated by random izing the com ponents o f the 
angular momentum J o f the m olecu lar rotation, while keeping its magnitude 
J and the spatial orientation o f the m olecule unchanged. In the J-d iffusion  
m odel the magnitude o f J is distributed over a Boltzmann distribution in 
addition to random izing the com ponents of J.

FIG .l. Classical free rotational relaxation functions o f  order 1: (1) is a model for free rotation (2) is a model 
for free rotation at short times and rotational diffusion for long times with Dr = 0 .5  X 10u  s e c '1. The 
empirical values for the relaxation function for liquid methane (ooo) and rotational diffusion (— ) adjusted 
to the long-tim e behaviour o f  the experimental CH4 data; the m-diffusion model by Gordon [18] .

=  1 .0 , r = ÆÜT t/fi (B .. .  rotational constant).

The rate l / r 0 determ ines tim e intervals after which interactions 
term inate the free  rotation o f the m olecule and fo rce  it to change its r o 
tational state accord ing to the m - o r  J -d iffusional behaviour. The number 
o f m olecu les which are in their (n+1) diffusion step at a tim e t is given 
by a P oisson  distribution.

While fo r  a number o f non-spherica l m olecu les Gordon could fit 
experim entally determ ined F^t) and F2(t) data very  w ell using these m odels, 
we found that neither o f these m odels could d escribe  the rotational b e 
haviour o f the spherica l methane m olecu les in the liquid state satisfactorily . 
The param eter t 0  is  the only variable param eter in the calculations and 
was chosen so as to fit the experim ental Fj(t) data fo r  sm all t values. 
Gordon's rotational diffusion m odels are in principle 'c o llis io n  m odels ' -  
m -d iffusion  without an instantaneous energy transfer and J-d iffusion  with 
instantaneous energy tran sfer -  and show a long-tim e behaviour o f the 
relaxation functions much m ore like a free  rotation over the tim e sca le  
that cold  neutrons can observe  than a random reorientation, depending, 
o f cou rse , on the co llis ion  rate. This indicates that fo r  spherica l m o le 
cu les the hindering is not caused by 'c o llis io n s ' but is a much weaker con 
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tinuous hindering p rocess  which appears to random ize the m olecu lar 
rotation in tim e intervals o f  about 3X 10"13 se c .

The J -d iffusion  m odel calculations are not shown in F ig . l  because 
we could not bring them to show the right sh ort-tim e behaviour without 
becom ing negative fo r  long tim es. We show fo r  m -diffusion  the ch aracter
is t ic  d ifferen ces between the exponentially decaying relaxation function of 
liquid methane and the shape o f the m -diffu sion  relaxation function which 
decays much m ore  slow ly. F o r  calculating the rotational part o f the in ter
m ediate scattering function, we use two approaches:

(i) We assum e that methane m olecu les rotate free ly  in liquid argon 
and treat them quantum m echanically

(ii) We assum e that the methane m olecu les rotate free ly  in liquid 
argon at short tim es and perform  rotational diffusion at long tim es.

F o r  the rotational relaxation functions we find in the first case  (see 
G riffin g1 [19] and Sears [17]

Fj101 = У  ( 2 j g1)+(2 J + 1 )e3tp { - B j ( j  + l ) /k T }  exp { l u j j t }  (15)
rot L— 1

U

Z rot = ^ ( 2 j + l ) 2 exp { - B j ( j  + l ) /k T }  (16)
j

Ujj = B [ j ( j  + l ) - J ( J  + 1)] (17)

The dash at the summation sign indicates that ( jJ l)  must fu lfil the triangle 
relations [20].

F o r  the second case we take

Fj(t) = F j(t) - [1 - exp {-1 (1+ 1) D t }] (18)

where F^t) stands fo r  the c la ss ica l lim it o f the rotational relaxation 
function fo r  free ly  rotating m olecu les obtained by Sears [17]

l
, x , , n2k T t 2 \ Г n2k T t2l

[ 1 - — f —  J ex p { - - 2 T 7
11 =  1

(19)

The rotational diffusion constant Dr governs the deviations from  the 
free  rotational behaviour o f the m olecu les . As an exam ple we presented 

= 0 .5  X 10 12s e c '1 in F ig . 1.

1 The author wishes to thank G. Griffing for a computer program for methane which was used in the
calculations after modification to include simple diffusion.
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If one assum es the Stokes expression  to hold (which d escrib es  the 
m otion o f a m olecu le  under the influence o f a v iscou s fo r ce  and torque), 
we find fo r  the ratio o f  the rotational to the translational diffusion 
coefficien t

Dt /D tt - 0 . 7 5 b  (20)

F o r  Dtr = 2 .4 5 X  10'5 cm 2 s e c '1 and b = 1.093 A ’1 one gets 
D r =2 0 .15  X 1012 s e c '1 .

If we assum e our picture o f the rotational relaxation p rogress  Eq.(18) 
to be a fa ir  one, then the q u asi-e lastic  peak should be broadened by r o 
tational diffusion, this broadening being angle independent. Since we did 
not observe  any broadening fo r  the 20° scattering angle, the next question 
is , which broadening would we have observed  within our experim ental 
resolution  and the statistical accu racy  o f the data. This puts an 
upper lim it on  the rotational diffusion constant and we found that 
D Í 0 .2 X  1012 s e c '1 .

It is  obvious that in the solid  an expression  o f this kind cannot be 
expected to be right fo r  m olecu les  which can rotate, since it im plies that 
there is rotational m otion only if  there is also translational m otion . On 
the whole one can expect such a c la ss ica l relation to hold better fo r  heavy 
m olecu les at tem peratures where higher rotational states are excited.

F o r  methane in argon at 86°K rotational states with J< 5 are probable 
and we found that the quantum m echanical treatm ent o f free  rotations gave 
a reasonable result (F ig . 3).

2 .3 . C en tre -o f-m a ss  m otion o f methane m olecu les in argon

As is  w ell known, the sim ple diffusion m odel d escr ib es  the lon g-tim e 
behaviour o f the m olecu lar dynam ics fa ir ly  w ell. If we take the c la ss ica l 
form  o f the se lf -co rre la t io n  function and co rre c t  it to firs t  o rd er  in ft for  
quantum m echanical e ffects  (see  Schofield [21] we find fo r  the translational 
part o f Ss(Q ,u)

< 2 1 >

This form  o f the scattering law w ill only be valid in the vicin ity  o f the 
q u asi-e lastic  peak. The deviations o f the half-width o f the qu asi-e lastic  
peak from  the sim ple behaviour

Д и = 2 DQ2 (22)

does not show up fo r  the Q -values o f our experim ent fo r  
D = 2 .4 5 X  10 '5 cm 2 s e c '1 .

One might expect to im prove the theory by using m ore  com plicated 
m odels and we are at present investigating the results o f using the 
'advanced itinerant o sc illa to r  m odel' o f Damle et al. [22] fo r  an im purity 
p rob lem .
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FIG.2. Comparison o f the quasi-elastic scattering patterns for (a) liquid methane at 92e K with solid methane 
at 89е К and (b) the liquid system methane (1.6%) in argon at 86е К with solid methane at 89* K. Solid 
methane is shown by the full line in both figures. Incident time o f flight 1336 jisec/m ; scattering angles 
20°, 30° , 45e , 60° , 75° and 90°.
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3. EXPERIM ENTAL TECHNIQUE

3 .1 . Apparatus and sam ple

The experim ent was perform ed on the cold  neutron tim e-o f-flig h t sp ec
trom eter at DIDO Harwell, described  by H arris et al. [23] . A neutron 
beam rem oderated in a liquid H2 cham ber, filtered  by a coo led  poly 
crysta lline Be block  and a Bi filte r  is chopped and m onochrom ated by a 
curved slot ro to r .

We used 5 .3 -Â  neutrons in our experim ent. The BF3-cou n ter banks 
w ere arranged 1. 27 m from  the sam ple at angles o f 20°, 30°, 45°, 60°, 75° 
and 90°.

The m ethane-argon sam ples have been prepared by freezing  a known 
amount o f pure argon into an evacuated cylinder and adding a known amount 
o f CH4 . The cylinder was heated slightly and the gases CH4 and argon 
w ere allowed to m ix . A fter filling the sam ple and cooling  it down to 86°K, 
the sam ple was left fo r  tw enty-four hours to obtain therm al equilibrium .
A rough m easurem ent o f the vapour p ressu re  showed that the vapour 
p ressu re  o f the liquid system  CH4 in argon is low er than both the vapour 
p ressu res o f argon and methane, this indicates that CH4 and argon form  
a solution at the concentrations considered . The concentrations used in 
ou r experim ent w ere 1 .6  and 3 .2  m ol.%  o f CH4 in argon.

A chem ical analysis showed that the concentrations quoted agreed in 
all our sam ples to within 1% with the figures quoted. A typical analysis 
o f the argon gas provided by the m anufacturer showed that the degree o f 
purity was 99.995% . It was produced from  99.95%  argon treated with 
heated m etallic calcium , then liquified and evaporated into cy linders, 
generating its own p ressu re . The methane used was 99% pure.

The sam ple holder was built o f twelve stainless steel tubes (0 .2 5 -in . 
outer d iam eter and 0 .0 0 4 -in . wall thickness) arranged in an overlapping 
m anner with 0 .2 1 5 -in . mutual separation, giving an approxim ate effective 
thickness o f 0. 214-in. The angle between beam and sam ple was 45° . The 
o v era ll s ize  o f the sam ple was la rg er  than the beam (2 in. X 1 in .) .  The 
sam ple was mounted in a liquid nitrogen cooled  cryostat and kept at a 
tem perature o f 86°K. He gas with a pressu re  o f 400 mmHg was used as 
a heat exchange m edium . Using the vapour pressu re  o f argon as an indi
cator o f the tem perature, a heater was switched autom atically into our 
cooling  system  thus keeping the tem perature within 8 6 ± 0 .3 °K . T em pera 
ture and p ressu re  o f the sam ple w ere recorded  throughout the experim ent. 
R egular checks of the transm ission  o f the sam ple showed no significant 
changes. The transm ission  fo r  our sam ples w ere approxim ately 92 and 
84% respectively .

We used these two concentrations to find out if  there is any concentration- 
dependent effect in our resu lts, but apart from  an in crease  in multiple 
scattering our results w ere independent o f concentration. We w ill follow  
up this point and investigate multiple scattering, having in this case an 
identical geom etry  fo r  two different scattering pow ers in our sam ple.

A prelim inary result fo r  the shape and s ize  o f the multiple scattering 
is  shown in F ig . 3 fo r  the 90° counter.
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FIG.3. A comparison o f  the complete scattering pattern o f  solid methane (ooo) at 89eK and methane in 
argon at 86° К (•••) with a model calculation using simple diffusion and the quantum mechanical treatment 
for free rotations for two scattering angles. Incident time o f flight 1336 jisec/m .
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3 .2 . Data co llection  and processing

The neutron pulses o f seven BF3-cou n ter banks and three m onitors 
have been stored  on m agnetic tape as a function o f their tim e o f arrival 
with respect to a start pulse from  the rotor.

During a run o f approxim ately 48 hours the input o f every  single 
BF3-cou n ter bank has been coded differently at 12-h intervals to check 
the consistency  o f the data taken and to perm it the re jection  o f data in 
which, e . g . , a counter had failed , without losing  all the data. The m ag
netic data w ere then converted onto data c a r d s .

The p rocessin g  o f the data consisted in subtracting 'background 
counts' from  'sam ple counts' channel by channel, norm alizing fo r  the 
incident flux, correctin g  fo r  relative d ifferences in the counter banks 
and the counter e ffic ien cy .

-
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FIG.4. The scattering pattern for methane (1.6%) in argon at 86°K for six scattering angles. Incident time 
o f flight 1336(jsec/m ; T = 86"K.

4. RESULTS AND CONCLUSIONS

In F ig . 2(a) we show the results fo r  the q u asi-e lastic  scattering 
c r o s s -s e c t io n  fo r  six  scattering angles fo r  liquid methane at 92°K as 
com pared to solid  methane at 89°K, and in F ig . 2(b) a com parison  o f the 
qu asi-e lastic  scattering o f the liquid system  methane (1 .6% ) in argon at
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86° К with solid  methane. One can see that the qu asi-e lastic  behaviour 
o f methane in argon shows a c lea r  broadening (D = 2 .4 5 X  10"5 cm 2 s e c '1) 
but is still m ore  pronounced than the q u asi-e lastic  scattering o f liquid 
methane. This can be explained only partly by the slightly higher diffusion 
coefficien t o f methane (D = 2 .7 X  10“5 cm2 s e c '1 at 98°K). Since the de
crea se  o f the qu asi-e lastic  peak is  governed by the D ebye-W aller factor 
to which the translational and rotational m otions contribute, we have to 
conclude that either the rotations o f methane in argon at 86° К are m ore 
free  than the rotations in liquid methane at 92°K, o r  that the CH4 m o le 
cu les are not distributed random ly in the argon m atrix but tend to form  
clu sters .

It is obvious from  the data shown in F igs 3 and 4 that the diffusional 
scattering is not sufficient to d escribe  the translational part o f the sca tter 
ing law. We should also co rre c t  our data using the rotational relaxation 
functions deduced from  in frared absorption and Raman scattering m easu re
ments fo r  CH4 in argon to d iscuss the translational m otion unambiguously. 
F o r  the time being we can say that none o f the relaxation functions shown 
in F ig . 1 d escribes the rotational scattering much better than the quantum 
m echanical treatment o f the free  rotations. The data show, how ever, that 
the rotations are slightly hindered. The fact that the c la ss ica l rotational 
relaxation functions described  are not adequate may stem partly from  the 
approxim ate way o f going from  c la ss ica l m echanics to quantum m echanics 
which produces the highest e r ro r  fo r  low  population num bers.

In a forthcom ing paper on liquid methane at severa l tem peratures we 
w ill use the experim entally determ ined rotational relaxation functions and 
try  to find a m odel fo r  the ce n tre -o f-m a ss  m otion.
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Abstract

STUDY OF THE FREQUENCY DISTRIBUTION IN UNSTRETCHED AND STRETCHED RUBBER BY NEUTRON 
INELASTIC SCATTERING. A neutron inelastic scattering study o f unvulcanized natural rubber in the normal 
state and stretched to about five times its original length was performed using tim e-of-flight techniques in 
the pulsed reactor IBR at JINR, Dubna. The energy analysis was performed with a beryllium filter and in some 
o f  the experiments with the additional Bragg reflection from a large single-crystal o f zinc to obtain a better 
resolution. Scattering together with the strain o f the sample both parallel and perpendicular to the scattering 
vector was studied.

The results were analysed in terms o f the frequency distribution function, assuming single-phonon 
scattering to be dominant. The density o f the low-energy modes was found to be reduced by stretching. This 
may be attributed to the unlinear change o f  elastic constants in stretching, making the initial slope o f  the 
dispersion curves more steep. The high-energy modes were found to stay almost unchanged. An additional 
band o f  frequencies was found in the region of 10-12 meV in the case o f  the strain parallel to the scattering 
vector. This can be attributed to flattening o f the dispersion curves in this energy region. Summarizing, 
one may say that the stretching o f the sample shifts part o f the low-epergy modes to higher energies, probably 
by making the dispersion curves more steep in the beginning and bending them more flat in the 10-12 meV 
region for phonons travelling in the direction o f  the strain.

1. IN T R O D U C T IO N

The pecu liar e lastic behaviour o f  rubber has been studied very  ex 
tensively  [1 ], using a variety  o f experim ental techniques. While it has 
been possib le  to d escribe  the m a croscop ic  properties rather accurately 
both for  an understanding and fo r  the technical use o f rubber, the be 
haviour at the m icro sco p ic  o r  atom ic leve l has not been studied very  much 
using d irect m ethods at the atom ic lev e l. As the inelastic scattering o f 
neutrons o ffe rs  a method which gives d irect view  of the atom ic o r  m ole 
cu lar dynam ics, it was considered possib le  to gain som e new inform ation 
using this technique.

2 3 7
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Natural rubber was selected  fo r  the m ateria l to be studied. It is a 
c is -p o ly m e r  o f isoprene:

CH2 H

The basic  form ula (C5H8)n shows that the scattering w ill be alm ost com 
pletely  due to hydrogen atom s, so that the frequency spectrum  w ill readily 
be given by the inelastic scattering pattern.

When unvulcanized natural rubber is stretched, its long m olecu les 
tend to orient them selves in the d irection  o f strain, thus producing regions 
o f rather high sym m etry. This is often called crysta llization  o f rubber 
upon stretching. This behaviour is quite typical o f natural rubber and not 
so c lea r ly  observed  in vulcanized and many synthetic rubbers. In the 
crysta llized  form  the interaction o f neighbouring m olecu les is  different 
from  that o f  uncrystallized  regions. This w ill not effect the high-frequency 
vibrations o f the m olecu les but w ill certainly  change the low -frequ en cy  ones 
which are in term olecu lar in nature. X -ra y  studies have shown conclusively  
that the crysta lline regions extend no m ore  than a few hundred A units even 
in the d irection  o f the m olecu lar chains. As the average length o f the 
polym er chain is  much greater, each single m olecu le  must contribute in 
severa l crysta llized  regions. Thus rather large unoriented regions b e 
tween the crysta llites  w ill be le ft. In these regions no large changes in 
the dynam ics are expected. This fact w ill make the effects seen in the 
inelastic scattering pattern rather sm aller than the actual change in the 
vibration  spectrum  in the crysta llized  dom ains.

Natural rubber can be crysta llized  as w ell by cooling it below  room  
tem perature. The rate o f crystallization  depends on the tem perature, 
having its maximum value at -22°C . Thus cooling a rubber sam ple to this 
tem perature w ill produce a m ore o r  le ss  com pletely  crysta llized  m a
ter ia l after a few hours.

Based on these facts, the program  fo r  this study was as fo llow s.
A rubber sam ple was cooled  to -22°C, allowed to crysta llize  and then 
cooled  quickly to liquid nitrogen tem perature to quench the therm al 
m otion leading thus to a better resolution  in the experim ent. This p ro 
vided the re feren ce  spectrum  o f the vibrations in crysta llized  rubber.
Then the rubber sam ple was cooled  down to liquid nitrogen tem perature 
from  room  tem perature, firs t  unstretched and then stretched, giving 
thus two spectra  which had the only d ifference that the sam ple was
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stretched in between. The stretched sam ple was m easured with the 
strain  parallel with and perpendicular to the scattering vecto r  by rotating 
the sam ple around the horizontal axis.

2. EXPERIM ENTAL METHOD AND RESULTS

M easurem ents w ere done using the tim e -o f-flig h t sp ectrom eter at 
the pulsed rea ctor  IBR-1 o f the JINR [2] . This instrument has a very  
high resolution  as in the analysing device  a large single crysta l o f Z r  is 
used in addition to the conventional Be filte r . The high resolution  o f the

FIG. 1. Lay-out o f the experiment. 1. IBR pulsed reactor; 2. moderator; 3 . shielding; 4. evacuated tube; 
5. collimator; 6. cryostat; 7. sample holder; 8. cooled Be; 9. Zn monocrystal; 10. borated paraffin 
shielding; 11. BFs counters.

instrum ent was utilized only in the firs t  m easurem ent on therm ally  c ry s ta l
lized  rubber. The rest o f the m easurem ents w ere perform ed  using the 
conventional B e-filter  detector m ethod, i . e .  placing the detector im m ed i
ately after the Be filte r . This method g ives, o f cou rse , a higher count 
rate . It was used fo r  the better statistical a ccu racy  thus obtainable and 
as the effects expected w ere m ainly in the low -en ergy  region  o f the 
frequency spectrum .

The lay -out o f the experim ent is shown in F i g . l .  The sam ple was 
held in a liquid nitrogen cooled  cryostat [3] . Its position  could be turned 
round the v ertica l axis so that the sam ple could be placed so that the 
change o f the w avevector (Q) in the scattering p rocess  was (approxim ately) 
either para lle l o r  perpendicu lar to the stress  in the sam ple. M easure
ments w ere made at a scattering angle o f 90°, the sam ple being placed 
at 45°. The tran sm ission  o f the sam ple was 0 .9 . The stretching o f the 
sam ple was done in the sam ple holder. It was stretched to slightly m ore 
than 4 tim es the orig inal length and then folded to 4 layers  so that the 
amount of m aterial in the beam was the sam e as b e fore .

The resu lts o f the m easurem ents are given in F ig . 2 which shows the 
scattered  intensity from  crysta llized  natural rubber. Frequency spectra
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o f  unstretched and stretched rubber derived from  m easurem ents are 
shown in F ig . 3. These do not reproduce the fine details which can 
be seen  in F ig . 2 because these m easurem ents w ere done with low er r e s o 
lution using the Be filte r  alone.
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FIG.2. Scattered intensity from crystallized natural rubber.
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Figure 2 includes a large num ber o f  details o f the frequency spectrum  
o f  rubber. The two h igh -energy peaks with energies o f 161 and 97 m eV 
are known from  in frared  m easurem ents and are assigned to C-H rock ing.

In stretching one does not expect the h igh -energy m odes to be much 
affected because o f their in term olecu lar nature. We th ere fore  studied 
the low -en ergy  part o f the frequency spectra  o f stretched and unstretched 
rubber. Unfortunately, the effect is  rather sm all. T here seem s to be 
le s s  and le s s  low frequency ( e ~  3 - 5 meV) when one goes from  unstretched 
to stretched rubber and from  the Q parallel to the Q perpendicular p o 
sition s. This could be the .effect o f stiffening o f the surrounding o f a 
m olecu le  by the orientation produced by the strain.

In addition there seem s to be change in the region  o f 10-12 m eV . An 
additional band o r  a new concentration o f frequencies seem s to be observed  
in this region  in the stretched rubber when Q is  para llel to the strain . This 
might be produced by the flattening o f the d ispersion  curves in this energy 
region .

Sum m arizing, one m ay say that stretching the rubber seem s to shift 
part o f the low -en ergy  m odes to higher en erg ies , probably by making the 
d ispersion  curves m ore  steep in the low -en ergy  part (< 5 meVJ.and p ro 
ducing som e flattening o f the d ispersion  cu rves in the 10-12 m eV  region  
fo r  phonons having their polarization  vector  in the d irection  o f the strain.
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D I S C U S S IO N

W. GISSLER: Have you observed  any broadening o f the e lastic line 
originating from  the damped m odes in the am orphous state?

E .H . TUNKELO: The e lastic line m ay be slightly broadened. How
ever, the broadening, i f  any, is  o f the sam e ord er  as the experim ental 
resolution , and fo r  that reason  we did not wish to say anything about it in 
the paper.
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It is  custom ary to begin a con feren ce  sum m ary with a com plaint about 
the im possib ility  o f review ing so many papers (in this case  over one hundred) 
and an apology fo r  the inadequacy o f o n e 's  e fforts  to do so . I am happy to 
follow  this convention and to rem ind you that the follow ing rem arks are 
nothing m ore  than a personal opinion about the present state o f the art and 
scien ce  o f in elastic neutron scattering, illustrated where appropriate by 
re feren ces  to w ork presented at this Symposium, o r  to papers published 
since the last IAEA Neutron Scattering Symposium in Bom bay. These 
rem arks w ill n ecessa rily  be b iased by my own in terests, which are those 
o f a solid  state physicist, p rim arily  in terested in m etals, and with a lim ited  
com petence in the techniques o f neutron scattering.

We have som e reason  fo r  con siderin g  ou rselves as a priv ileged  
m inority  among those scien tists who study the p roperties  o f condensed 
m atter, since inelastic neutron scattering is  the m ost expensive experim ent 
in the fie ld . Our justification  fo r  spending so much tim e and m oney is , o f 
cou rse , that it is  also incom parably the m ost pow erful method o f obtaining 
in form ation  about the dynam ics o f condensed system s. The neutron interacts 
su fficiently  strongly with the nuclei and m agnetic m om ents that the scattering 
from  reasonably sized  sam ples is  norm ally  easy to m easure, but su fficiently 
weakly that the distribution o f the scattered  neutrons contains inform ation 
about the unperturbed system . The energ ies and m om enta ch aracteristic  
o f the excitations in condensed system s are com parable with those o f therm al 
neutrons, so that both the energy and momentum change o f the neutron in 
the scattering p ro ce ss  may readily  be m easured. A detailed study o f the 
scattering c ro s s -s e c t io n , as a function o f energy and momentum tran sfer, 
then allows the determ ination o f the tim e dependent pair corre la tion  func
tions, which play a central ro le  in the descrip tion  o f the dynam ics o f the 
system . To provide a satisfactory  physical descrip tion  o f the system , we 
must construct a m odel which pred icts the dynam ical m otion o f its con 
stituents from  a knowledge o f the fo r ce s  between them, and com pare the 
resu lts with experim ent. Such m odels may readily  be constructed  for  
sim ple, highly ordered  system s, but becom e le s s  satisfactory  as the co m 
plexity in crea ses  o r  the degree of orderin g  d ecreases .

I shall th erefore  begin by d iscussing  phonons in m etals, which generally 
have sim ple crysta l structures. Their e lectron ic structures are also sim ple if 
the conduction e lectron  wave functions are derived from  atom ic s and p 
states, because the conduction bands aré then alm ost parabolic and the e le c 
tron ic structures can be d escribed  in term s o f a weak pseudo-potential. 
C alculations o f phonon spectra  in which the pseudo-potential is determ ined 
from  firs t prin cip les m eet with variable su ccess  and Kagan [1] showed us 
that it is  n ecessa ry  to take into account non-pair fo rce s  to stabilize the 
crysta l structure of, for  instance, Sn. The phonon spectra  o f m etals con 
tain im p licitly  a great deal o f in form ation about the conduction electrons, 
and Schneider and Stoll [2] have used the d ispersion  relations fo r  sim ple 
m etals to determ ine em p irica l pseudo-potentia ls, which in turn may be used
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to calcu late other e lectron ic  p roperties , such as the d istortion  o f the F erm i 
surface and the transport p roperties , with a considerable  degree o f su ccess . 
A particu larly  in teresting se r ie s  o f experim ents on d isord ered  binary and 
ternary  alloys o f T l, Pb and Bi has been ca rr ied  out by Ng and B rockhouse
[3]. To a good approxim ation, the phonon spectra  in these alloys appear 
to depend only upon e lectron  concentration, which im plies that the pseudo
potentials fo r  the three m etals are probably rather s im ilar . An approxim a
tion which is  norm ally  made in the calculation o f phonon spectra  in sim ple 
m etals is  the use o f som e form  of fre e  e lectron  d ie lectr ic  function, and this 
leads to e r r o r s  in  the pred iction  o f Kohn anom alies, which are due to 
singu larities in the d ie le ctr ic  function at w avevectors determ ined by thé 
true F erm i su rface . The behaviour o f the Kohn anom alies in the P b -T l 
system  [3 ] is  in agreem ent with the predictions o f the rig id  band m odel, 
and such experim ents are o f particular in terest to m etal ph ysicists because 
they provide one o f the few  ways o f obtaining explicit in form ation about the 
F erm i surface o f d isord ered  a lloys. The d ie le ctr ic  function re fle c ts  the 
quantization o f the e lectron  energy leve ls  in a m agnetic fie ld  and Cowley 
[4 ] has calculated the resulting change in the phonon energ ies and lifetim es 
fo r  K, which is  a good approxim ation to the fr e e  e lectron  m odel. These 
e ffects  requ ire  very  la rge  m agnetic fie lds but should nevertheless be ob 
servab le  in favourable ca ses .

The flat F erm i su rfaces ch aracteristic  o f transition  m etals give r is e  
to large  anom alies in the d ie lectr ic  function and hence in the phonon spectra , 
and these have recen tly  been studied as a function o f e lectron  concentration 
in the N b-M o system  by P ow ell, M artel and W oods [5]. In this Symposium 
Sakamoto and Hamaguchi [6] have shown that the addition o f a sm all amount 
o f  Ni to Cu perturbs the phonon spectrum  significantly, despite the sim ilarity  
between the d ispersion  relations fo r  the pure m etals. In this connection, 
it seem s su rprising  that m agnetic orderin g  has such a sm all effect on the 
phonon spectra  o f the 3d transition  m eta ls. F or  instance, De Wit and 
B rockhouse [7] observed  only a very  sm all d ifferen ce  between the p ara 
m agnetic and ferrom agn etic  phases o f Ni, despite the fact that the F erm i 
su rface  is  known to be drastica lly  m odified  by the transition . It appears 
that the d ie le ctr ic  function must be la rge ly  determ ined by states sufficiently 
fa r  from  the F erm i lev e l to be little affected  by the m agnetic ordering . The 
a p r io r i calcu lation  of the phonon d ispersion  relations fo r  a transition  m etal 
is  a form idable  task because the d -e le c tron s  preclude the use o f a pseudo
potential fo r  representing the e lectron -ion  coupling, and the d ie lectr ic  
function must a lso  be calcu lated from  fir s t  p rin cip les . A form alism  for 
perform in g  such calcu lations has recen tly  been presented by Sinha [8] 
how ever, and further d iscu ssed  in this Symposium by Cohen, M artin and 
P ick  [9].

These th eoretica l m ethods may a lso  be applied to insulators and jn ay  
th ere fore  be used to justify  phenom enological m odels, like the shell m odel 
and its extensions, and to calculate from  fir s t  p rin cip les  the param eters o f 
such m odels, which have been extensively  used to in terpret the data on the 
d ispersion  relations o f non-m etals which have been presented at this 
Sym posium . A new and interesting prob lem  in lattice  dynam ics is  presented 
by the m easurem ents o f Brun et al. [10] and the e a r lie r  resu lts of Lipshultz 
et al. [11] on the quantum crysta l 4He. In this case , the zero -p o in t v ib ra 
tions o f the atom s are so  large  that the conventional energy expansion about 
the equilibrium  positions cannot be used, and new th eoretica l m ethods have
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th ere fore  been developed. The agreem ent between theory and experim ent 
is  not at present particu larly  good, and rapid developm ents in both may be 
anticipated.

In the Bom bay Symposium, E lliott and Maradudin [12] em phasized the 
e ffica cy  o f neutron scattering fo r  studying the lo ca l and q u a s i-lo ca l phonon 
m odes which are produced by the addition o f a sm all amount o f im purity 
with a very  different m ass from  that o f the host, and since then a con s id era 
ble num ber o f experim ents have been perform ed  in this fie ld  [13]. In this 
Symposium, Nicklow et al. [14] and A ls-N ie lsen  [15] have presented the 
f ir s t  resu lts on coherent scattering from  lo ca l phonon m odes due to  light 
im purities. The fo rm e r  authors have shown that the 'q-dependence o f the 
scattered  intensity is  in a ccord  with the sim ple m a ss -d e fe ct  theory and that 
the m ode is  highly loca lized , but the changes in the band m odes in both 
ca ses  make it c lea r  that fo r ce  constant changes o ccu r, and this is  in a g ree 
ment with previous experim ents on q u a si-lo ca l m odes. A related  ex p er i
ment is  that o f B uyers and Cowley [16] on m ixed crysta ls  o f KBr and R bBr. 
Phonons rem ain  w ell-defined  excitations in such a system , though con sid era 
bly broadened, but the theory o f concentrated d isordered  system s is  ex trem e
ly  d ifficu lt, and it is  not th erefore  surprising  that there is  substantial d is 
agreem ent between experim ent and theory in this case .

As the number o f atom s in the unit c e ll in crea ses , a transition  o ccu rs  
from  solid  state physics to physica l chem istry  and my com petence as a r e 
view er declines rapidly. It would c lea r ly  be desirable  to study com plicated  
m olecu lar crysta ls  by coherent neutron scattering from  s in g le -cry s ta l 
sam ples, but this is  usually techn ically  im possib le  at present, so we must 
generally  be satisfied  with frequency distributions deduced from  incoherent 
scattering, to which the hydrogen atom s make the dominant contribution. 
There is  c lea r ly  much useful in form ation  about m olecu lar dynam ics to be 
obtained from  such studies, how ever, particu larly  i f  the background from  
coherent scattering, multiphonon p ro ce sse s  etc. can be re liab ly  subtracted.
In this resp ect, the resu lts o f Pow ell [17] on deuterated hexam ethylene- 
tetram ine are of particu lar im portance. As w ell as being the firs t  detailed 
study o f the d ispersion  relations in a m olecu lar crysta l by coherent 
scattering, these experim ents provide the param eters fo r  a m icro sco p ic  
m odel o f  the vibrations o f this m ateria l. F rom  this m odel, the incoherent 
scattering by norm al hexam ethylenetetram ine can be calcu lated and com pared 
with experim ental resu lts on polycrystalline sam ples, as a test o f the methods 
o f interpretation norm ally used in such experim ents.

A great extension in our knowledge of magnon d ispersion  relations has 
o ccu rred  since the Bom bay Symposium, and this has had an im portant effect 
on the understanding o f m agnetic interactions in so lid s . The ra re -ea rth  
m etals have been studied in m ost detail because, in som e ca ses , their strong 
m agnetic scattering and convenient range of magnon energies outweighs 
the disadvantage o f the high neutron absorption. The magnon d ispersion  
relations in ferrom agnetic Tb have been m easured in great detail, as d es 
cribed  by M ille r  [18], and Houmann [19] has used the resu lts to construct 
a density o f states and deduce the in terion ic exchange fo r c e s . The in ter
actions o f magnons with other excitations have also been studied. In 
addition, the d ispersion  relations have been examined in the sp ira l phase 
o f Tb [18] and in the cone phase o f E r by W oods, Holden and Pow ell [20].
The situation in the m agnetic transition  m etals is  not so happy because the 
very  high magnon energies at present preclude m easurem ents at large w ave-
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v e cto rs . An im portant contribution has been made by Kom ura, Lowde and 
W indsor [21] who have m easured the spin corre la tion  function fo r  Ni over 
a wide energy and momentum range. By plotting their resu lts in term s of 
contour m aps, they have been able to observe  the departure o f the magnon 
d ispersion  relation  from  a parabola in the ferrom agnetic  phase, and the 
p ers isten ce  o f m agnon-like behaviour through the transition . In m agnetic 
insu lators, the resu lts can generally be interpreted  in term s o f short-range 
exchange constants although, fo r  various technical reason s, few com plete 
d ispersion  relations have so far been m easured. The short range o f the 
m agnetic fo r c e s  in insulators make them suitable fo r  the quantitative study 
o f  lo ca l m odes, and the firs t  m easurem ents by coherent scattering on 
loca lized  m odes outside the continuum w ere made by Buyers et al. [22] 
on MnF2 doped with Co.

It has becom e apparent in recent years that neutron scattering provides 
one o f the m ost powerful techniques fo r  studying phase transitions. The 
p ers isten ce  o f the crysta lline order through m agnetic transitions is  ex p eri
m entally convenient, and im portant developm ents have recently  occu rred  
in m easuring the tim e dependence o f the fluctuations in the c r it ica l region .
At this con feren ce  D ietrich  and A ls-N ielsen  [23] presented further studies 
o f the phase transition  in Tb and, by paying extrem ely  carefu l attention to 
the experim ental resolution  o f their apparatus, they w ere able to observe  
the predicted  therm odynam ic slow ing down o f the c r it ica l fluctuations at 
the transition  tem perature. This phenomenon has also been studied by 
Nathans, M enzinger and P ickart [24]. The dynam ical behaviour o f the spins 
near the transition  is  very  poorly  understood, and the assum ption o f an 
exponential tim e decay is  c lea r ly  much too crude, since spin-w ave peaks 
have been observed  in the param agnetic phase o f RbMnF3 [24] and, even 
m ore  strikingly, in C oF2 by M artel, Cowley and Stevenson [25]. Whether 
excitations are actually seen as peaks at finite energy transfer in the 
d isordered  phase seem s to depend on the degree of damping, but even when 
they are not observed , incipient co llective  o sc illa tory  behaviour is  frequently 
present, as in the experim ents on Ni mentioned ea r lie r  [21], and must be 
taken into account in the theory. In d isp lacive fe r r o e le c tr ic s , the co llective  
m odes may be little damped, but Buyers et al. [26] have shown that the 
c r it ica l scattering in KDP may be interpreted in term s o f a heavily o v e r 
damped osc illa tory  m ode.

When all o rd er is lost, both theory and experim ent becom e difficult, 
and our understanding of liquids is still rela tive ly  prim itive. They may 
be divided into the ca tegories  o f sim ple, m onatom ic liquids and com plex, 
m olecu lar liqu ids; but unfortunately even sim ple liquids are not, in p ractice , 
particu larly  sim ple. At short tim es a vibrational, so lid -lik e  behaviour 
appears to dominate, while over long periods a diffusional gas-lik e  b e 
haviour is observed , and the problem  is to construct a theory which en
com passes these two lim its while interpolating satisfactorily  between them.
In this connection the com puter calcu lations, o r  "com puter experim ents", 
o f Rahman [27] are particu larly  im portant, because they give much m ore 
detailed inform ation about the corre la tion  functions o f a fa ir ly  rea listic  
system  than the neutron experim ents are at present able to. They indicate 
that heavily damped longitudinal phonons exist in a liquid at large w ave- 
v ectors  and have a d ispersion  relation connected with the structure factor. 
T ransverse  fluctuations are also im portant, in agreem ent with experim ental 
observations. It would seem  m ost profitable in the future to test fundamental
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th eories  and m odels against these calcu lations b e fore  applying them to the 
experim ental resu lts on rea l liqu ids. As d iscu ssed  by L arsson  [28], in 
coherent scattering  from  m olecu lar liquids gives valuable in form ation  on 
the rota tion -v ibration  spectra  o f the m olecu les and, at sm all en erg ies , on 
the hindered rotations.

The m ost striking techn ical innovation which has been presented in the 
con feren ce  is  the use o f autocorrelation  methods in t im e -o f-flig h t  sp e ctro 
m etry  [29-31]. By allowing a large  in crea se  in the duty cy c le , these 
techniques give a correspon d in g  in crea se  in intensity which p rom ises  to 
extend considerably  the range o f experim ents which can be p erform ed  by 
the tim e -o f-flig h t  m ethod. In general, techn ical p rog ress  is  proceeding 
through refinem ents and developm ents in existing methods and equipment 
and o f these the m ost significant, o f  cou rse , is  the construction  o f an 
in creasing  num ber o f high flux re a cto rs . B ecause o f its great flex ib ility , 
the tr ip le -a x is  crysta l sp ectrom eter w ill probably rem ain  the m ost pow er
ful method fo r  the study o f the energies and life tim es o f excitations in 
so lid s . T here have been recent im provem ents in m ethods o f calculating 
and m easuring the resolution  function fo r  the instrum ent [32, 33] and these 
have been cru cia l in interpreting experim ents on inelastic c r it ica l scattering 
and the life tim es o f excitations. Hot sou rces  [34], which are particu larly  
useful fo r  the study o f h igh -energy excitations, and cold  sou rces  [35] fo r  
h igh -resolution  experim ents are being developed, while existing fluxes are 
being utilized m ore  effic ien tly  by im provem ents in m onochrom ators and 
the in creasing  use o f 3He d etectors . A re la tively  cheap method o f in 
creasin g  count rates is  by taking pains to grow  b igger and better crysta ls , 
fo r  use both as m onochrom ators and sam ples, and this is  an aspect of 
experim ental technique which has not in the past been given the em phasis 
which it d eserves .

It has been c lea r  fo r  som e tim e that the m easuring o f the positions 
o f neutron groups is  subject to the law o f dim inishing returns, and we have 
frequently been warned that hard tim es are just around the corn er fo r  
neutron sca tterers . Fortunately there is  a trem endous amount of interesting 
in form ation  to be obtained from  line shapes and in tensities, and in this 
Symposium we have seen a trend tow ards such m easurem ents, which I 
expect to continue strongly. Line widths te ll us about interactions between 
excitations, while intensities give, fo r  exam ple, phonon eigen vectors, as 
d escrib ed  by Cochran [36], and inform ation about m agnetic anisotropy and 
magnon renorm alization . We may expect to see m ore  extensive studies of 
lo ca l m odes and d isordered  alloys, with particu lar em phasis on the effect 
on the excitations o f changes and d isorder in the fo r ce  constants. The use 
o f p olarized  beam s in m agnetic m easurem ents w ill in crease  and the study 
o f magnons in transition m etals w ill be extended to higher energies, where 
it is hoped that the m erging o f magnons into s in g le -p a rtic le  excitations may 
be c lea r ly  dem onstrated. The effects on the excitation spectrum  o f changes 
in the therm odynam ic environm ent o f the sam ple w ill be further studied by 
the application o f  m agnetic fie lds o r  p ressu re . P relim in ary  experim ents 
on the e ffects  o f p ressu re  have been reported  at the Symposium by Quittner, 
Vukovich and Ernst [37]. I believe that there w ill be an increasing p re 
ponderance o f experim ents which use coherent scattering from  single 
cry sta ls , even fo r  the study o f com plex  m olecu lar so lid s . In all o f these 
experim ents a ccess  to a h igh-flux rea ctor  w ill be a great advantage, but I 
do not fee l that anyone with originality, im agination, patience and a m ore 
m odest rea cto r  has any reason  to despair.
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The explanation o f those experim ental resu lts which have already been 
obtained clea rly  requ ires  substantial developm ents in the theory. B ecause 
o f the ease with which band structure calculations can now be perform ed  
and the reliab ility  o f the resu lts , firs t  princip les calcu lations o f fo rce  
constants and phonon spectra  in non-m etals and transition  m etals, and of 
the indirect exchange interaction  and magnon spectra  in ra re -ea rth  m etals, 
are now conceivable . On a m ore  fundamental level, the theory o f quantum 
crysta ls  and its application to 4He requ ires further developm ent. The 
problem  o f excitations in d isordered  system s is  very  poorly  understood 
and neutron scattering gives the m ost explicit experim ental inform ation on 
this question. Further investigation o f the effect o f long-range fo r c e -  
constant changes and finite concentration on lo ca l m odes is  requ ired , and 
this is  related  to the general problem  o f the propagation o f excitations 
through a system  with d isordered  fo rce  constants. The tim e dependence 
of the cr it ica l fluctuations at phase transitions and the dynam ics o f liquids 
need further theoretica l study. In this rep sect, com puter calculations on 
fa ir ly  large system s o f the type described  in this con ference by Rahman 
[27] and W indsor [38] are likely to prove o f great assistance in constructing 
a fundamental theory.

The value o f con feren ces devoted to inelastic neutron scattering has 
som etim es been questioned and it is  true that, since it is  such a versatile  
technique, its practitioners em brace a wide spectrum  o f in terests. However,
I believe that the subject still has sufficient coherence that we all have much 
in com m on, and I have found som ething of in terest in alm ost all o f the 
papers which I have diligently listened to while gathering m ateria l fo r  this 
sum m ary. In particu lar the session  on developm ents in technique and the 
opportunities fo r  in form al d iscussions have been valuable, I am sure, for 
all o f us, and are alm ost enough in them selves to make these sym posia 
worth continuing. It has been a great p leasure fo r  those o f us working in 
Denmark to w elcom e our colleagues from  other countries to this Symposium. 
We hope that they enjoyed their v isit and we look  forw ard to seeing them in 
Copenhagen again.
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Abstract

ON-LINE COMPUTER-CONTROLLED TRIPLE-AXIS NEUTRON SPECTROMETERS AT THE HFIR . 
Twocomputer-controlled triple-axis neutron spectrometers have been constructed and installed at horizontal 
beam ports o f  the High Flux Isotope Reactor (HFIR). These spectrometers have been designed to provide 
maximum flexibility for use in many different types o f  investigations. The monochromator cavity contains 
both a polarizing and a non-polarizing crystal, and since either crystal can be selected and accurately 
positioned by external controls, the spectrometers can be modified relatively quickly for experiments requiring 
either polarized or unpolarized neutrons. Each spectrometer is controlled on-line by its own computer, a 
Programmed Data Processor-8 (PDP-8), through pulsed motors that drive up to six spectrometer-axes. The ad
vantages o f  this system lie in the flexibility o f  experiment control by stored programs on magnetic tape, which 
are brought into the fast memory when the conditions o f  the experiment dictate it. In addition to controlling the 
spectrometer, each computer has interfacing that allows control o f  auxiliary equipment such as shutters, 
velocity selectors, electromagnets, strip-chart recorders, and temperature controllers.

Completely automatic c ry s ta l spectrom eters have re ce n tly  Ъееп in 
s ta lle d  at two o f  the fou r  h orizon ta l beam ports o f  the High Flux Isotope 
B eactor (HFIR) at the Oak Ridge N ational Laboratory. These spectrom eters, 
which are t r ip le -a x is  instruments o f  the type developed by Brockhouse, 
have Ъееп designed to  provide maximum f l e x i b i l i t y  fo r  use in  a wide v a r i
e ty  o f  neutron sca tte r in g  in v e s tig a t io n s . E ither p o la r ize d  or unpolarized 
neutrons can Ъе obtained r e a d ily  on monochromatization, and the th ird  ax is 
can be used fo r  e ith e r  p o la r iz a t io n  or energy a n a ly s is .

A schematic diagram, which in d ica te s  the main components o f  these 
spectrom eters, i s  shown in  F ig . 1 . The rea cto r  beam tubes have an in side  
diameter o f  fou r inches and extend in to  the bery lliu m  r e f le c t o r  to  a p o s i
t io n  where the thermal neutron f lu x  is  c lo s e  to  10^5 neutrons/cm ^/sec. 
C ollim ators w ith in  the beam tube can e a s ily  be in s ta lle d  and removed, and 
two p orts  through the shutter a llow  the s e le c t io n  o f  neutron beams with 
d if fe r e n t  dim ensions. There i s  a la rge  ca v ity  between the shutter and 
monochromator sh ie ld , where a d d itio n a l c o llim a tin g  s l i t s ,  neutron f i l t e r s ,  
and v e lo c i ty  se le c to rs  can be in s ta lle d , and th is  a u x ilia ry  apparatus can 
be provided with extern a l c o n tro ls  f o r  s e le c t io n  and adjustm ent. When the 
shutter i s  c lo se d  and the beam tube i s  f i l l e d  with water, access i s  per
m itted to  th is  ca v ity  during re a c to r  opera tion . A l l  three primary axes o f  
the spectrom eter can be moved continu ou sly  and au tom atica lly  through large 
an g les. The neutron energy from the monochromating c ry s ta l can be varied

*  Research sponsored by the US Atom ic Energy Commission under contract with Union Carbide 
Corporation.
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over an unusually large range, because the sca tte r in g  angle (29^) can Ъе 
changed from -12° to  +120°. The sca tter in g  angle from the specimen (Ф) 
has a range from - 90° to  +15 0 ° , and the sca tter in g  angle from the analyz
ing c ry s ta l (29д) ranges from -100° to  +130°. The beam stop  is  mounted on 
an arm attached d ir e c t ly  t o  the monochromator sh ie ld , so that i t  moves 
sim ultaneously with the monochromatic beam.

F IG .l. Schematic diagram o f triple-axis neutron spectrometer at the HFIR.

A cut-away diagram o f  the monochromator sh ie ld , which co n s is ts  o f  
fou r major se c t io n s , i s  shown in  F ig . 2 . The dome o f th is  sh ie ld  is  made 
o f  Brookhaven con crete , a h igh -den sity  concrete mixed with s te e l aggre
gate, and i t  is  sta tion a ry . The sh ie ld  contain ing the e x it  port f o r  the 
monochromatic beam is  mounted on a ¡4-0-mm gun mount and can be rota ted  pre
c is e ly  to  vary -the angle o f  sca tter in g  from the monochromator. This r o ta t 
ing s e c t io n  o f  the sh ie ld  is  a lso  mainly o f  Brookhaven con crete , hut the 
cen tra l p a rt, which absorbs the main beam from the HFXR, i s  laminated 
s t e e l  and borated  p a ra ffin . The dome is  supported on a sta tion ary  cen tra l 
base o f  Brookhaven con crete , and the e n tire  u n it shown in  the fig u re  f i t s  
snugly in to  a saddle sh ie ld  o f  Barytes con crete , which mounts against the 
re a c to r  sh ie ld  around the beam p o r t . As shown in  the fig u re , the large 
monochromator sca tte r in g  angles can be obtained without sh ie ld in g  problems 
by a system o f  wedges that form part o f  the ro ta t in g  section  o f the 
sh ie ld .*  These wedges are mounted on two cam tracks in  the sta tion ary

This system .of wedges i s  very sim ilar to  the system f i r s t  designed fo r  a 
t r ip le -a x is  spectrom eter at Brookhaven National Laboratory by A. Kevey.
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dome, so that -with r o ta t io n  o f  the sh ie ld , each wedge is  l i f t e d  v e r t ic a l ly  
ahove the in cid en t Ъеат from the r e a c to r . T h erefore , at a l l  p o s it io n s  o f  
the monochromator sh ie ld , clearance has Ъееп provided fo r  a neutron Ъеат 
with a square cross section  two inches on a s id e . The vo id  in  the sh ie ld 
ing around th is  Ъеат is  a p ie  cut with an angle o f  about 2 0 ° . The wedges 
are made o f  laminated s te e l and horated p a ra ffin , and they have Ъееп care
fu l l y  ad justed to  g ive clearance between adjacent wedges o f  approxim ately
0.025 in ch .

FIG.2. Cut-away drawing o f  monochromator shield. (Although only one monochromator is shown, both 
a polarizing and a non-polarizing crystal can be attached to the monochromator plug.)

The minimum sh ie ld in g  in  any d ir e c t io n  through the monochromator 
sh ie ld  i s  approxim ately 36 in ch es . Consequently, since  there is  a r e la 
t iv e ly  large ca v ity  fo r  the monochromator, the sh ie ld  i s  quite massive, 
extending 92 inches in  diameter and 86 inches in  h e igh t. The t o t a l  weight, 
in clu d in g  the saddle sh ie ld , is  approxim ately 8 1̂-, 000 pounds, and the weight 
o f  the ro ta t in g  se c t io n  i s  about on e -th ird  o f  the t o t a l -  The e n tire  sh ie ld  
i s  mounted on a tw o-inch  s t e e l  ba se -p la te  that is  supported on r o l le r  
sk ids, so that i t  can Ъе moved away from the re a c to r  w a ll. Accurate repo
s it io n in g  can Ъе accom plished e a s ily  Ъу s te e l support tracks and guide 
track s th at have Ъееп c a r e fu lly  in s ta lle d  in  the f l o o r .

The ca v ity  fo r  the monochromating c ry s ta l is  a cy lin d e r  that i s  18 
inches high with a diameter o f  18 in ch es . This r e la t iv e ly  la rge  ca v ity  
was designed to  permit the in s ta lla t io n  o f both  a p o la r iz in g  c ry s ta l and a 
n on -p o la r iz in g  c r y s t a l .  These c ry s ta ls  are suspended below  the monochrom
ator  plug and c o n tro lle d  ex tern a lly  from the top  o f  the p lu g . E ith er 
c ry s ta l can Ъе se le cte d  and p os ition ed  accu ra te ly  Ъу the externa l c o n tro ls , 
and when access to  the c ry s ta ls  or to  the ca v ity  is  necessary, the mono
chromator plug can Ъе removed from the sh ie ld  with an overhead crane. The 
monochromator plug i s  m echanically  connected, to  the ro ta t in g  se c tio n  of 
the sh ie ld  through an angle d iv id e r , which requ ires the monochromating
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c ry s ta l to  ro ta te  at o n e -h a lf the angular r o ta t io n  o f  the e x it  c o l l im a to r . 
The p o la r iz in g  c ry s ta l in  current use i s  an a l lo y  o f  92$ co b a lt  with Щ> 
ir o n , and i t  is  mounted between the p o le  p ie ce s  o f  a small permanent mag
n et. The en tire  magnet assembly can be lowered to  a p o s it io n  below  beam 
height when a p o la r ize d  beam is  not used. The n on -p o lariz in g  monochromat- 
ing c r y s ta l  (u su a lly  bery lliu m , z in c , or germanium) is  mounted on a stand
ard goniom eter head, which can be ra ised  above beam height when not in  use. 
S ince any type o f  s l i t  system, in clu d in g  a magnetic guide f i e l d ,  can be 
in s ta lle d  e a s ily  in  the e x it  co llim a to r , the spectrom eter can be converted 
very  qu ick ly  f o r  use with e ith e r  p o la rize d  or  unpolarized n eutrons.

The i n i t i a l  operation  o f  one spectrom eter has been lim ited  prim arily  
to  in e la s t ic  sca tte r in g  in v es tig a tion s  using unpolarized neutrons, whereas 
the oth er spectrom eter has been used as a p o la rize d  beam instrum ent. Each 
spectrom eter is  d ir e c t ly  in te r fa ce d  to  i t s  own computer, a Programmed Data 
P rocessor -8  (PDP-8 ) ,  and i t  is  c o n tro lle d  by programs stored  on a magnetic 
tape unit (DECtape 55)• The in te r fa c in g  includes a n a lo g -t o -d ig ita l  con
v e r te rs , d ig ita l- t o -a n a lo g  con verters , and in terru pt re g is te rs  f o r  the 
purpose o f  c o n tro ll in g  a u x ilia ry  equipment such as sh u tters, rad io  f r e 
quency c o i l s ,  electrom agnets, histogram p lo t t e r s ,  and temperature c o n tro l
l e r s .  The various axes o f  the spectrom eter are driven  by S lo -sy n  pulsed 
m otors. The angles Ф, ty, 9 , and 29д are changed by 250 in -o z  m otors, and 
the ro ta t in g  monochromator sh ie ld  is  driven  through the angle 29ед by an 
l800 in -o z  m otor. The sm aller motors usu ally  operate at speeds t o  vary 
the angles at a rate  o f  45°/m in, while the la rge  motor varies  29до at 
6 °/m in . However, these angular rates are determined by the program and 
they can be changed e a s i ly .  The ba sic  motor drive  programs are those o f  
Busing, Levy, and th e ir  a ssoc ia tes  [1 ] ,  and the programs a lso  permit s ta r t 
ing  and stopping at lower speeds to  reduce wear on the gears.

Several computer programs have been w ritten  fo r  various experim ental 
tech n iques. These include the "constant Q" and "constant E" methods o f 
operation  (in clu d in g  f l ip p in g  techniques f o r  use with p o la r ize d  n eutron s), 
c a lcu la tio n  o f  focu sin g  e f f e c t s ,  ca lcu la t io n  o f  dominant h igher order 
sca tte r in g  p rocesses , and automatic data c o l le c t io n  and p rocessin g  fo r  form 
fa c to r  measurements. Although the it-000-word fa s t  memory is  s u f f ic ie n t ly  
la rge  to  conta in  in d iv id u a l programs such as the "constant Q" method, i t  
i s  not s u f f ic ie n t  fo r  a l l  o f  the d es ired  programs. T h erefore , they are 
stored  on an a u x ilia ry  magnetic tape u n it , which is  r e la t iv e ly  slow but 
possesses a large ca p a c ity . The programs are c a lle d  in to  the fa s t  memory 
on ly when the con d ition s o f  the experiment d ic ta te  i t .

The spectrom eter th at has been used f o r  in e la s t ic  sca tte r in g  in v e s t i
gations with unpolarized  neutrons i s  shown in  the photograph o f  F ig . 3- 
To reduce background s ca tte r in g  from en tering  the neutron d e te c to r , three 
s p e c ia l sh ie ld s have been in s ta lle d . The sh ie ld  at the e x it  c o llim a to r , 
which i s  borated  p a ra ffin  enclosed  in  B oral, reduces background from a ir  
sca tte r in g  in  that reg ion  and from sca tte r in g  by the e x it  c o llim a to r  and 
S o l le r  s l i t s  b e fo re  the sample. The sh ie ld  around the sample specimen is  
made from B oral and must be in s ta lle d  to  absorb the theim al neutrons s ca t
te re d  by Bragg r e f le c t io n s  th at occur in  random d ir e c t io n s . With la rge  
s in g le  c ry s ta ls  as specimens, the random Bragg sca tte r in g  not on ly co n tr ib 
utes to  the background o f  the experiment, but i t  i s  a seriou s ra d ia tion  
hazard to  person nel. The sh ie ld  around the analyzing c ry s ta l was formed 
from B¡jC in  epoxy and i t  reduces the number o f  stray  neutrons that might 
en ter the d e te cto r  from any d ir e c t io n . With the sh ie ld in g  arrangement 
shown in  the photograph, the background not a ssoc ia ted  with sca tte r in g  
from the sample i s  approxim ately one neutron per minute. A low tempera
ture cry osta t i s  shown mounted on the sample t a b le . This cry o sta t allow s
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FIG .3. Photograph o f  trip le-axis neutron spectrom eter at beam port HB-3 o f  the HF1R.

p re cise  p o s it io n in g  o f  a s in g le  c ry s ta l at any temperature down to  the 
liq u id  helium reg ion . Continuous and automatic r o ta t io n  o f  the specimen 
about a v e r t ic a l  ax is is  accom plished with a separate 50 in -o z  pulsed 
motor that turns the cryosta t with respect to  i t s  mounting brack et.

The second spectrom eter, which i s  p resen tly  used in  i t s  p o la rized  
beam mode o f operation , u t i l i z e s  the (200) Bragg r e f le c t io n  o f a th in  
rectan gu lar 0-92 Co-0 .08 Fe sin g le  c ry s ta l as monochromator and p o la r iz e r . 
The p o la r iz a t io n  o f the beam (neutron moment up) i s  maintained by a mag
n e tic  c o llim a to r , which is  constructed  with bar magnets and s o f t  iron  
sheets and produces a magnetic f i e l d  o f  about 200 gauss in side the c o l l i 
mator. A radio  frequency c o i l  i s  used to  f l i p  the moment d ir e c t io n  o f  the 
p o la rize d  neutrons, and th is  c o i l  i s  lo ca ted  in  a m agnetica lly  sh ielded  
guide f i e ld  region  o f  approxim ately 110 gauss. The f l ip p in g  r a t io ,  which 
represents the e f f i c ie n c y  o f  p o la r iza t io n  and f l ip p in g , has been measured 
to  be 90 w ith a beam З/'Ч— in . square and 120  with a beam l /i)~ in . square.
An electrom agnet capable o f  producing a magnetic f i e ld  o f  2b  k ilogauss in  
а ЗЛ  - in .  gap is  lo ca ted  on the specimen ta b le , and fo r  f l e x i b i l i t y  o f  
operation  the magnet can be rotated  about a h orizon ta l ax is t o  provide 
e ith e r  a h orizon ta l or v e r t ic a l  magnetic f i e l d .  For some experiments 
a d d itio n a l guide f i e ld  se c t io n s , co n s ist in g  of' small permanent magnets 
and s o f t  iro n , have been required to  rotate  the d ir e c t io n  o f  p o la r iza t io n  
from v e r t ic a l  to  h orizon ta l and from h orizon ta l to  v e r t ic a l .  The system 
is  id e a lly  su ited  to  in v es tig a tion s  in  which the p o la r iza t io n  o f the s ca t
tered  beam is  analyzed, and energy analysis is  performed sim ultaneously.
A number o f  experiments have demonstrated the power and v e r s a t i l i t y  o f  
p o la r iza t io n  an alysis techniques in  in v e stig a tio n s  o f  incoherent s c a t te r 
ing, paramgnetic s ca tte r in g , magnon sca tte r in g , and magnetic structure 
a n a ly s is .
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Abstract

McMASTER UNIVERSITY NEUTRON CRYSTAL SPECTROMETERS. Three crystal spectrometers o f  
unusual and differing designs have been constructed over the past five years. The spectrometers feature 
new design principles, which at once greatly decrease cost and improve instrument flexibility. In parti
cular, the angular ranges o f  most variables extend upwards o f  1Л50. Extensive use is made o f  com m ercial 
machinists* rotary tables; these are available with accuracy o f  a few hundredths o f  a degree and a backlash 
o f a tenth, at modest cost.

Analysing spectrometers employ two side-irradiated helium three counters mounted on arms ~  15 cm 
in length which move within cylindrical shielding. One counter records signal, the other background.

Crystals are copper slabs, normally used in reflection from (200) or (220) planes. The mosaic spreads 
were increased by mechanical deformation. Extensive studies o f  different methods o f deformation have been 
made; the best appears to involve repeated bending and straightening o f  the crystal round a vertical radius 
(~  90 cm) at room temperature. Improvements in reflectivity by a factor o f  four, and integrated reflectivities 
o f  ~  10 minutes o f  arc have been obtained. The theoretical lim it has not been reached, however.

At the McMaster University reactor two instruments use the same original beam, one o f  them an 
unconventional multiple-axis spectrometer which offers the possibility o f  use o f  multiple analysers.
Borated water in iron tanks (protected by magnesium ingots) is used for shielding.

An instrument at the NRU reactor at Chalk River employs a dual monochromator deep within the 
experimental hole. After double reflection from {220 } planes o f  two parallel crystals, the now mono- 
energetic beam emerges along its original direction. The specimen is at a position fixed in space, thus 
making spectrometer construction simple. Because o f  the double reflection the beam should be more than 
usually monochromatic and the background low.

(Double monochromators using two polarizing crystals (e .g . Fe) may provide the long-sought improved 
(over cobalt) monochromator for polarized beam work.)

Both spectrometers are fully automatic with all the usual capabilities. The control units employ 
IBM (0-24) card punches as card readers. Extremely simple logic permits com plete non-linear control o f 
six independent variables, in one or two analysing spectrometers.

I . INTRODUCTION

This paper describes a line of neutron crystal spec
trometers of unusual characteristics. The design principles 
employed are directed towards mechanical and electrical sim
plicity, flexibility in operation, ease of construction and 
repair. Design, supervision of construction, assembly and 
testing of the instruments were largely carried out by 
graduate students. Commercial components intended for non- 
scientific applications were used whenever possible. Capital

*  Post-doctorate Fellow (1966-7), now at Rutgers University, New Brunswick, New Jersey, USA.
Now at Argonne National Laboratory. Some o f  this material formed part o f a Ph.D. thesis (1966).
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costs were low in comparison with those for other instruments 
which have been built. The instruments (and the principles 
and procedures used in their design) are especially suited 
for Universities or Research Institutes which are isolated or 
lack extensive supporting facilities.

A program of improvement of monochromator crystals has 
been carried on with considerable success. By mechanical de
formation the reflectivities of copper crystal have been 
improved by factors of four or more without much increase in 
the angular widths of the reflections. A factor of about 
two remains before the theoretical limit is reached.

Particularly for the McMaster installation the design 
was partly dictated by the rather limited space available 
close to the reactor.

II THE McMASTER UNIVERSITY INSTALLATION

The layout of the installation, which at present in
volves a powder diffractometer and an unconventional multiple- 
axis spectrometer, is shown in Fig. 1. The McMaster Univer
sity Reactor is a light water-moderated reactor of swimming 
pool type, which is usually operated at 2 megawatts with a 
central flux of ~  2 x lO1  ̂ n/cm2/sec. The simple beam tube 
(3 inch diameter) commences within a re-entrant bismuth plug 
which reduces the fast neutron and gamma content of the beam. 
(It also reduces the slow neutron beam considerably, we think, 
and needs re-design). The simple gate (of cast iron, lead 
and borated plastic) is raised and lowered by a commercial 
chain pulley arrangement.

The large iron shielding tanks, made of 1/4 inch plate 
and welded construction, are filled with a solution of 0.5% 
borax in water .They are protected by magnesium ingots immersed 
in the solution and connected with the iron tanks. A current 
flows in such a direction as to prevent the iron going into 
solution.

Provision has been made to take off a monoenergetic 
beam by reflection from a fairly transparent monochromator 
(A1 and Si have been used) to supply the fairly conventional 
powder diffractometer shown at the bottom of Fig. 1. The 
monoenergetic beam is brought out through a horizontal slot 
(8 cm. high) in the tank. The fixed take-off angle (38.7° at 
present) can be changed, though with some difficulty.

The instrument has lately been modified from the 
state shown in Fig. 1 to include an auxiliary third axis, in 
addition to the ordinary detector. An aluminum crystal is 
used as monochromator at all times and need not be changed 
The instrument is then used for powder work in the ordinary 
way. A perfect crystal is mounted on the auxiliary axis.
For studies of rocking curves, etc. the beam is successively 
diffracted in parallel position by the monochromator, the 
specimen and the auxiliary perfect crystal into the detector. 
Rocking of the specimen crystal gives its true rocking curve
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u nbroaden ed  by th e  m onochrom ator (p r o v id e d  th a t  th e  i n t e r 
p la n a r  s p a c in g s  o f  th e  specim en  and th e  p e r f e c t  c r y s t a l  a re  
th e  sa m e ).

The w h ite  beam from  th e  r e a c t o r  c o n t in u e s  th rou g h  a 
t h r e e  in ch  a p e r tu r e  t o  th e  m onochrom ator f o r  th e  se con d  in 
s tru m en t. S in ce  t h i s  i s  (a t  p r e s e n t )  th e  f i n a l  in stru m en t 
in  th e  s e r i e s ,  a c o p p e r  m onochrom ator c r y s t a l  i s  u sed  h e r e . 
The m onochrom ator i s  m ounted on a h a l f - a n g l in g  m echanism , 
w h ich  in  tu rn  i s  m ounted on a la t h e  bed a lo n g  th e  l i n e  o f  
th e  w h ite  beam. The d e s ig n  i s  somewhat s im i la r  t o  th a t  o f  
th e  Chalk R iv e r  r o t a t in g  c r y s t a l  s p e c tro m e te r  [ 1 ] .  When th e  
m onochrom ator i s  moved a lo n g  th e  la t h e  bed  and th e  h a l f 
a n g lin g  m echanism  i s  s u i t a b ly  a d ju s t e d ,  th e  m o n o e n e rg e tic  
beam p a s s e s  th rou g h  h o r iz o n t a l  s l o t s  in  th e  ta n k s  t o  th e  
f i x e d  specim en  p o s i t i o n  S w ith in  th e  c i r c u l a r  s h ie ld in g  ta n k .

The specim en  i s  mounted on a m o t o r -d r iv e n  and ca m -in 
d exed  r o t a r y  m a c h in is t 's  t a b l e .  The specim en  i s  o b se rv e d  
by a n a ly z in g  s p e c t r o m e t e r (s )  w h ich  a re  c o n s t r a in e d  t o  move 
on a la r g e  m achined c a s t in g  o f  d ia m e te r  9 0 .2 2 1  in c h e s  ( c i r 
cu m feren ce  7 .2  m e t r e s ) .  A s t e e l  m a c h in is t 's  r u le  s t r e t c h e d  
around th e  c a s t in g  re a d s  th e  a n g u la r  p o s i t i o n s  (0) o f  th e  
a n a ly z e r s  d i r e c t l y  in  f r a c t i o n s  o f  a d e g re e  (1 cm. = 0 .5 0 ° ) .  
The a n a ly z e r s  a re  moved by m o t o r -d r iv e n  spur g e a rs  w h ich  en 
gage a s ta n d a rd  24 p i t c h  s t e e l  r a c k ,  c i r c u l a r l y  m ounted on 
th e  c a s t i n g .  W ith th e  ch osen  d ia m e te r  o f  th e  ra ck  c i r c l e ,  
ea ch  t o o t h  in  th e  ra ck  r e p r e s e n ts  0 .2 0 °  in  0 .

The h a l f - a n g l in g  m echanism  f o r  th e  m onochrom ator i s  
a m o d if ie d  v e r s io n  o f  one d e s c r ib e d  e a r l i e r  [ 1 ] ;  i t  u ses  
s t e e l  b a l l  b e a r in g s  t o  a c h ie v e  th e  h a l f  a n g lin g  in s te a d  o f  
r o l l e r  b e a r in g s . The r o t a t i o n  o f  th e  h a l f - a n g l e r  i s  co u p le d  
t o  th e  m otion  a lo n g  th e  la t h e  bed  by t e l e s c o p i c  r o d s  w hich  
p a ss  th rou g h  a secon d  h o r iz o n t a l  s l o t  in  each  o f  th e  tanks 
from  th e  specim en  p o s i t i o n  t o  th e  h a l f - a n g u la r . Thus th e  
m onochrom ator c r y s t a l  i s  a lw ays p r o p e r ly  o r ie n t e d .  I t  was 
o r i g i n a l l y  hoped th a t  th e  en erg y  w ould  be c o n t in u o u s ly  v a r i 
a b le ;  so  f a r ,  h ow ever, i t  has been  n e c e s s a r y  t o  k eep  th e  
s l o t s  f i l l e d  w ith  s h ie ld in g  m a t e r ia l  in  o r d e r  th a t  th e  b a ck 
ground m ight be a c c e p t a b le  ( 0 .4  cpm) .

The a n a ly z e r s  (o r  d e t e c t o r s )  a re  n o t  m e c h a n ic a l ly  
c o u p le d  t o  th e  specim en  p o s i t i o n ;  in s te a d  th e y  a re  c a r r ie d  
on w h ee ls  w h ich  move in  c i r c u l a r  v -g r o o v e s  c u t  in  th e  la r g e  
c a s t i n g .  Thus th e  a n a ly z e r s  a r e  c o n s t r a in e d  t o  v iew  th e  
specim en  from  th e  d e s ir e d  a n g le . T h is  m ethod o f  c o n s t r u c t io n  
i s  e x tre m e ly  f l e x i b l e  and p r o v id e s  la r g e  a n g u la r  c o v e ra g e  
( -1 6 0 °  < 0 < 1 6 0 ° ) .  The in stru m en t c o u ld  r e a d i l y  be  c o n v e r 
te d  t o  e n t i r e l y  d i f f e r e n t  u s e s ,  such  as a cu rv ed  c r y s t a l  
s p e c t r o m e te r .

The in t e n t  in  th e  o r i g i n a l  d e s ig n  had been  t o  u se  
many a n a ly z e r s  f o r  a s in g le  sp ecim en . So f a r ,  t h i s  has n o t  
been  d o n e , f o r  o p e r a t io n a l  r e a s o n s . Up t o  te n  a n a ly z e r s  
c o u ld  be u sed  w ith  th e  e x i s t i n g  d e s ig n s ,a n d , in d e e d , th e  
r e c o r d in g  c a p a b i l i t y  f o r  te n  d e t e c t o r s  was p r o v id e d  in  th e  
o r i g i n a l  in s tr u m e n ta t io n .
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Aside from the casting discussed above, all angular 
motions in the three instruments are provided by machinist's 
rotary tables. Sixteen of these are used in various applica
tions, ranging from six-inch tables [B. Elliott, U.K., load 

50 kg., ^$ 2 0 0  each] to twenty-five inch tables [Troyke, 
U.S.A., load ~-500 kg, $1500 each]. All have precisions 
of better than 0.02° or 0.03° and backlash of less than 0.1°.

The tanks and other apparatus were designed with a 
particular view toward flexibility in future use. They can 
be re-assembled in various configurations. The end tank 
(extreme right) has provision for bringing out a white beam, 
and also for installation of a third instrument, which would 
employ the double monochromator principle (§ III), but with 
the two monochromators reflecting in the vertical plane.

FIG. 2. Schematic layout (not to scale) o f the spectrometer at the NRU reactor. The double monochromator 
uses (220) planes o f  copper in reflection. The monitor counter is a 235U fission counter.

Ill THE McMASTER UNIVERSITY SPECTROMETER AT CHALK RIVER

A spectrometer of unusual and successful design was 
installed at hole E2 of the NRU reactor at Chalk River in 
June, 1967, and has been in continuous use since then. The 
schematic diagram is shown in Fig. 2. The spectrometer em
ploys a double monochromator in which the monoenergetic beam 
is reflected in succession from two matched crystals in paral
lel positions. The crystals are rigidly mounted on a mach
inist's table deep within the reactor hole. The initial 
collimator (C0)is about twice the width of the outgoing col
limator (C^). A reflected beam is obtained for scattering 
angles (20M ) of ~ 60° to 120°, which are changed by rotation 
of the table.

For the monochromators used, (220) planes of copper,
the limits are 1.28 A < X < 2.21 Â or 50.1 meV > E >16.7 meV.

о о

The most useful features of the spectrometer arise 
from its simplicity and resulting low cost. Because only the
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monochromatic beam emerges from the reactor hole, the shield
ing required is comparatively modest. The specimen position 
is fixed in space independent of the incident energy, and 
as a result, the design of the rest of the apparatus is 
greatly simplified.

In addition, the beam should be of unusual purity 
because of the double reflection, and the background should 
be unusually low. We have not yet fully realized these ad
vantages, partly because of some errors in design. It would 
be better if a Soller slit collimator were inserted in С , 
and a set of horizontal Soller slits placed between the €wo 
monochromating crystals. It is necessary for the reflecting 
planes of the crystals to be accurately parallel, but the two 
crystals should not have any other principal planes parallel 
to each other. The existing monochromators are, in fact, 
aligned parallel in both ways; as a result a weak contami
nant is present, produced by double reflection from (331) 
planes. This last defect is particularly annoying because we 
had actually thought of this difficulty, and then forgot it at 
the crucial stage. We hope to change the instrument to con
form to these ideas in the near future.

The loss in intensity occasioned by the use of the 
double monochromators depends on the efficiencies of the two 
monochromators. Considerable efforts were made to obtain as 
high efficiencies as possible (§V). We believe our losses 
to be of the order of factors of 3, depending on the wave
length. While this apparatus was under construction we learned 
of a somewhat similar project being undertaken by R. Stedman 
at Studsvik, Sweden. The detailed arrangements are, however, 
very different.

IV THE ANALYZING SPECTROMETERS

The analyzing spectrometers used in both instruments 
are shown to scale in Fig. 3, with a horizontal view in Fig.
2. Two detectors are used, which view the analyzing crystal 
through identical Soller collimators; one counts Bragg- 
scattered neutrons, the other diffusely-scattered neutrons.
The first gives the signal, the second gives a result which 
approximates the background and which indicates certain types 
of contaminant peaks.

Cheap and standard components were used as far as 
possible because it was intended to build a considerable 
number of the analyzers for use in multiple detector systems. 
The small and simple solid state amplifier/discriminators are 
mounted close to the detectors,which move inside the fixed 
boron/paraffin shielding. Separate drives are used for the 
crystal and detector tables; half-angling is electrical.

The Soller collimators used are considerably modified 
versions of a Chalk River design. They are produced by milling 
parallel slots in brass or aluminum plates using ganged jewel
lers saws. They are quite cheap. Slit spacings of 0.6 mm 
are produced with lengths up to 20 cm. or more. Cadmium-
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FIG.3. The analysing spectrometer (to scale).

plated steel shim stock is used for the separators. Separators 
can be easily inserted or removed, and are used in the numbers 
needed for the angular acceptance desired.

V MONOCHROMATOR CRYSTALS

In the absence of extinction the figure of merit for 
the reflectivity of a crystal is easily seen to be given by 
the approximate expression

X3 L  i f o l l
sin20

where L is a length, either a measure of the maximum permiss
ible size, from physical considerations, for a crystal which 
removes neutrons only weakly from the beam, or a characteristic 
length for removal of neutrons from the beam by absorption, 
scattering etc., Fq is the usual elastic structure factor (i.e. 
the scattering length b for a crystal with one atom per unit 
cell), and V  is the volume of a unit cell. Of metallic crys
tals Be is far and away the most promising monochromator 
according to this criterion. Of other metallic crystals 
with natural isotopic content which are easily obtainable 
as large crystals, Cu offers probably the best possibilities; 
though not quite as good as Fe, it is considerably better 
than A1 and still more so than Pb (at room temperature).

Large copper slabs (5 cm x 15 cm x 1.2 cm), obtained 
from Research Crystals Inc. of Virginia, were used as mono
chromators. The crystals were oriented with (200) or (220) 
major faces.
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FIG.4. The intensity o f 1 .30 -A  neutrons Bragg-reflected from a (200) plane o f copper crystal, in parallel 
position with the' monochromator (the 220 plane o f  a comparatively perfect silicon crystal), as a function of 
the orientation o f the copper crystal, for the copper crystal as received and after several deformations.

The crystals were studied by rocking them in parallel 
position against the (220) plane of a comparatively perfect 
silicon crystal. Some results for one such crystal are shown 
in Fig. 4. With the full beam (left), some of the reflected 
neutrons miss the detector. With a smaller diameter beam 
(right), the detector collects nearly all the scattered neut
rons and an absolute reflectivity can be obtained:

R = г(ф Ы ф  =

where I is the main beam intensity measured with the detector 
in the Straight-through position (0=0), and ф is the crystal 
orientation angle.

From Fig. 4 several features can be seen. As received, 
the crystals often showed greater rocking curve widths for the 
large beam than for the small, indicating the presence of large 
scale misalignment of different parts of the crystal. The 
reflectivities (R) of the crystals as received were quite low- 
typically 1 or 2 minutes of arc, (see Table I).

The crystals were deformed in various ways, including, 
among others, those listed in Table I, with considerable in
creases in reflectivity resulting. The widths of the rocking 
curves also increased. Obviously deformation could profitably 
be continued at least to the point at which the small and 
large beam curves had similar widths. Saturation occurred, 
however, and often no improvements were effected beyond a 
certain number of deforming operations. Bending of the crys
tal was carried out in the plane normal to the reflecting 
plane and to the plane of reflection, in order to minimize 
residual effects after straightening of the crystal again.
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TABLE I

Integrated Reflectivities and Mosaic Spreads (FWHM) of Some
о

Deformed Copper Crystals (X=1.30 A)

Crystal and 
Major Plane

Deformation
Type

Stress, 
(Lb/in )

Rocking Curve 
Width (Min.) 

W

Reflecti
vity (Min.) 

R

1 (200) As Received 9
+

2 2.4
+
4. 0.2

Straight Press 5000 25 T 2 8.2 0.2

2 (200) As Received 17
+
_L 2 7.5

+
0.2

2-36" Radius 2000 20
T

2 8.7 0.2
Bends _L _L

6-36" " " 2000 32
T

2 9.5
T

0.5

3 (200) As Received 12
+
_L 2 1.6

+
0.2

6-48" Radius 500 14
T

2 5.5 0.5
Bends

Straight Press 2000 16 + 2 6.4 + 0.5
2-36" Radius 600 14 2 6.8 0.5

Bends 4.
2-36........ 4000 20

T
1 2 6.6

T
X 0.5

Straight Press 10,000 23
T

2 6.8
T

0.5

4 (220) As Received 14
+
_L 2 1.2

+
0.2

2-36" Radius 400 22
T

2 6.6
T

0.2
Bends 1 4.

1-36" " 1300 22 X
_L 2 6.9 0.2

1-36" " 2000 22
T
I 2 7.3

T

_1_ 0.2
3-36" " 2000 24

T
1 2 8.7

T
Д. 0.5

3-36....... 4000 32
T
1 2 8.9

f
0.5

1-24....... 3500 31
T

2 8.5
T

0.5

5 (220) Initially 250 28
+

2 8.1
+

0.5
Straightened + 4 .

2-36" Radius 800 32 2 10.0 0.5
Bends 1 1

1-36" " 3500 27
T 2 8.4

T
0.5

After each bending the crystal was straightened by a straight 
press at the same stress as that used for the bending.

Calculations of the integrated reflectivities expected 
for an ideally imperfect absorbing crystal were carried out 
following Bacon and Lowde (see ref [2]). The results are shown 
in Fig. 5. If the mosaic width is identified with the width 
of the rocking curve, then the measured reflectivities can 
also be plotted. It can be seen that tlxe measured values 
lie much too low - by a factor of about two. The model of an 
ideally imperfect crystal - one in which, there is a Gaussian 
distribution of "mosaic blocks" and no primary extinction - 
does not seem to hold very well. It is probable that calcu
lations for this model give the maximum possible reflectivity
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FIG. 5. The measured and calculated integrated reflectivities for a number o f copper crystals, plotted as a 
function o f  the widths o f  the rocking curve (for the small beam). Where the same symbol is used more than 
once it indicates the same crystal in different states o f  deformation.

and thus give an upper bound to the theoretical reflectivity. 
At the same time inadequacies in the experiments probably 
tend to lower measured reflectivities. Even so, the possible 
gain of an additional factor of two in reflectivity is worth 
considerable effort, especially in view of the fact that any 
improvement is squared or cubed, since more than one mono
chromator is used in the apparatus.

More complete results will be presented elsewhere. 
Additional work remains to be done.

VI CONTROL UNIT AND ELECTRONICS

The electronics are comparatively conventional and 
will not be described here. The control units offer complete 
non-linear control [1] of up to six variables (eg 20,0,ф 
etc). They are based upon IBM 0-24 card punches which are 
used as card readers.

The duplicating feature of the punches includes "read
ing" of cards. Each lateral advance of the card provides 
potentially 12 bits of information, corresponding to the 
twelve horizontal rows on the card. A punch in a certain row 
instructs a certain motor-driven variable to move one in
crement in a particular direction. Thus the twelve rows pro
vide for instructions to six variables to move in one of two 
directions, right or left. Since a particular variable can
not move in two directions at once, many combinations are 
forbidden as instructions for movement of variables. These 
"forbidden combinations" can be used as operational instruc
tions, e.g. "count", "insert filter", "turn on magnet",
"skip to new card" etc. No auxiliary store is employed; 
the card advances laterally one column, the instructions in 
it are executed, and then the card advances to the next 
column, etc. This simple logic makes the control unit re
liable and cheap.
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As far as the control unit is concerned the nature of 
the variables concerned, or the increments in which they move, 
does not matter. In the spectrometers described hère, single 
increments of 0.1° in the angular variables are employed.
Thus in "constant Q" and similar applications, round-off er
rors of up to 0.05° are encountered. The six variables give 
the usual non-linear capabilities for two analyzing spectro
meters, or capability for three-dimensional work with a single 
spectrometer.

VII THE DOUBLE MONOCHROMATOR

In the double monochromator arrangement the two crys
tals are similar and in parallel position. A neutron re
flected from the planes of a particular "mosaic block" in 
the second crystal has been reflected from a "mosaic block" 
in the first crystal whose planes are exactly parallel to 
the mosaic block originally considered.

The integrated reflectivity for the combination is thus 
given in terms of the reflectivities of the individual crys
tals by

R = 
С

r -^ф) г 2 (ф) dф

The expression bears out the intuitively obvious "rules-of- 
thumb" that, for best results, the two crystals should be 
arranged exactly parallel and have approximately equal rocking 
curves г±(ф) = г±(ф-фо1).

we let x
If the rocking curves are assumed to be Gaussian and

ф - ф̂, then 

rx (x)
/2 ¥  a.

exp (-
etc.

=R_ andwhere R. is the integrated reflectivity. If R=R,-is_
0=0jl~02 then the integrated reflectivity of the comeination is:

Ч+-00

R = 
С 2iro

exp (- r) dx

R_

a
1

2 / tt

The ratio of the reflectivity for the double monochromator 
to that for a single component R /R, is given by the expres
sion c

- = 0.663 £ .
0 2 / ?  W

where W is the F.W.H.M. of the rocking curve.
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If the rocking curve were square rather than Gaussian 
then the ratio Rc/R would haye the value R/W.

It should be noted that the "width" of the combined 
rocking curve is smaller than that of the individual curve , 
for Gaussians by a factor /2". Thus, the resolution will be 
improved over that obtained with the corresponding single 
monochromator.

For the two crystals (#4, #5) which were used in the 
Chalk River instrument,the results of Table I show that

о
for a wavelength of 1.30 A. For the wavelengths 1.28 < X <2.
employed in the instrument, the ratio should be considerably 
better.
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Abstract

THE BATTELLE NORTHWEST ROTATING CRYSTAL AND PHASED CHOPPER SLOW NEUTRON 
SPECTROMETER. A hybrid spectrometer consisting o f a phased chopper and rotating crystal is described. 
This system combines the advantages o f  a crystal monochromator with the tim e-of-flight method o f  analysing 
scattered neutron spectra. A coarse chopper, 80°Jo transmission, is phased with the rotating crystal to provide 
suppression o f order contamination and reflections o ff unwanted planes as well as a substantial reduction in 
background due to fast neutrons and incoherently scattered slow neutrons. The chopper can also be used to 
convert the spectrometer to a tim e-of-flight diffractometer.

The monochromating section o f this spectrometer permits the selection o f neutron energies from 
~ 15 to ~  1000 meV. This wide range o f operating energies is achieved with conservative operating con
ditions for the rotors which have functioned with high reliability. Burst widths at the sample positions o f 
8-12 psec are obtained for typical operating conditions. Collimator angles from 0 .08e to 1. 75e are readily 
available. Copper and aluminium single crystals have been used in the crystal rotors. These are usually 
oriented so that the 001 axis is the rotation axis. This orientation provides four reflections from the (200) 
or the (220) planes per revolution and permits use o f even narrower spacing planes like the (240).

Intensities are adequate for typical inelastic scattering experiments even at energies o f  ~  0.5  eV 
where most phased chopper systems cannot operate or do so with rather poor resolution. For example, at
0.25 eV the pulsed beam intensity is ~  5.6  x Ю 4 neutrons/min with Д E0 = 1.46% and a A t0 o f 12 /jsecat 
the 4-m  detector bank. The scattered neutron spectra are analysed by tim e-of-flight simultaneously at
11 angles in the range from 15“ to 165°. High pressure 3He counters are used for detectors. The performance 
and operating experience with the spectrometer is discussed. Typical experimental results are shown.
Possible areas for improvements are described.

I . INTRODUCTION

The B a tte lle  Rotating Crystal T im e-of-F iigh t S p e ctro m e te r^  
(RXS) uses a ro ta tin g  c ry s ta l monochromator and a phased chopper to  
produce a high q u a lity , pu lsed , monochromated beam. This hybrid 
system has now been in  su cce ss fu l operation  fo r  sev era l years. Im
provements in  performance over the o r ig in a l con figu ra tion  have been 
obtained by various refinem ents. These include development and use 
o f  b e tte r  t im e -o f - f l ig h t  (TOF) d etectors  and the add ition  o f a 
movable long f l ig h t  path. Performance and ty p ica l re su lts  with the 
present con fig u ra tion  w i l l  be presented here, along with p o s s ib i l i 
t ie s  fo r  future improvements.

I I .  DESCRIPTION OF THE SPECTROMETER

A. General Arrangement

The schematic diagram o f  F ig . 1 shows the general arrange
ment o f  the mechanical components o f  the RXS. A white beam is

*  Work performed under US Atomic Energy Commission Contract AT(45-1)-1830.

2 7 1
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obtained fo r  th is  spectrom eter from one o f  the Hanford pro
duction  re a cto rs . A pulsed monochromatic beam is  obtained fo r  
TOF sca tte r in g  stu d ies by the combined a ction  o f  a mechanical 
chopper and a ro ta tin g  s in g le  c ry s ta l. The chopper, which 
operates in  phase w ith the c ry s ta l r o to r , has a duty c y c le  o f 
about 4%. At 6000 rpm the chopper bursts are я,Ю0 vis wide.
With the 2 m f l ig h t  path between chopper and c ry s ta l th is  pro
v ides adequate time re so lu tio n  to  prevent s ig n if ic a n t  r e f le c t io n  
o f  neutrons from unwanted cry s ta l planes and to elim inate order 
contam ination. At th is  modest speed o f  6000 rpm f i r s t  order 
neutron energies up to  0 .5  eV can be se le cte d  w ithout other

MECHANICAL
f l C H O P P E R i

|AT 6000 R
I'w m sss
STEP PLUG*

TRIPLE A X I S  
SPECTROMETER

HIGH PRESSURE  He 
TIME OF FLIGHT COUNTERS 

15° -165°

B0RATED PARAFF IN

MOVABLE DETECTOR BANK 
M A X IM U M  FLIGHT PATH 4 METERS

F IG .l. Plan view o f Battelle Northwest rotating crystal spectrometer.

Bragg contam ination. Increases in ro to r  speed to  9000.rpm permit 
use o f  neutrons w ith  energies to  ^1.0  eV. I n i t i a l  energies 
down to  ^0.015 eV can be used but emphasis has been in  the tenth 
eV range. An important fu nction  o f  the coarse chopper, and one 
which grea tly  improves the qu a lity  o f  the monochromated beam, is  
the reduction  in  the number o f  neutrons which can be incoh erently  
sca ttered  from the ro ta tin g  c ry s ta l. The cost in  in te n s ity  fo r  
using th is  m echanical s e le c to r  i s  20% fo r  ty p ic a l operating 
en erg ies. In ad d ition  to  se le c t in g  c ry s ta l planes with d if fe r e n t  
sp acin gs, the energy re so lu tio n  can be varied over a wide range 
with S o lle r  s l i t  co llim a to rs . Each co llim a tor  is  about 1.5 
m long and perm its a maximum beam s iz e  o f  5 x 10 cm. N ickel or 
s t e e l  shims can be in serted  to vary the collim ation from 1.75° to 
0 .0 8 °.

The pulsed Bragg beam i s  sca ttered  from the sample and the 
sca ttered  neutron sp ectra  are analyzed by TOF in  the convention
a l manner. Scatterin g  d etectors  are in sid e  a com pletely 
sh ie ld ed  sca tte r in g  chamber. The TOF d etectors  can be loca ted  
at any angle from 15° to  165° on f l ig h t  paths o f  1 and 1 .5  m. A 
movable f l ig h t  path i s  a lso  a v a ila b le  which has a maximum sample
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to d e tector  d istance o f  4 m. This long f l ig h t  path can be used 
at sca tter in g  angles o f  15°, 90°, or 150°. I t  is  p a rt icu la r ly  
valu ab le  in  look in g  at sm all angles or sm all к s ca tte r in g  where 
the b est p o s s ib le  r e so lu tio n  fu nction  is  d e s ira b le .

B. C rystal Monochromators

Optimum monochromators fo r  ro ta tin g  c ry s ta l spectrom eters 
are more d i f f i c u l t  to  obtain  than fo r  station ary  c ry s ta l ar
rangements. A d d ition a l requirements l ik e  high mechanical 
strength  must be met. I t  is  d e s ira b le , in  an arrangement lik e  
the RXS, to  ro ta te  about an ax is o f  high symmetry; fo r  example 
the 001 d ir e c t io n  fo r  a cub ic c ry s ta l.  This permits the se 
le c t io n  o f  sev era l d if fe r e n t  d spacing planes merely by ad ju st
ing the phase o f  the chopper and c ry s ta l r o to r s . In th is  way 
one can a lso  obta in  more than two monoenergetic bursts per revo
lu t io n . In order fo r  th is  s e le c t io n  to be su c ce s s fu l, a mono
chromator must be obtained which has good r e f le c t io n  p rop erties  
from the sev era l planes o f  the same type which come in to  the 
Bragg con d ition  during one revo lu tion  and the same must hold
true fo r  any other se t o f  planes which is  to  be used with the
same o r ie n ta t io n  o f  the monochromator. The monochromators we 
are using on the RXS are p r in c ip a lly  cy lin d ers  o f  aluminum and 
p la tes  o f  copper. The aluminum cy lin ders are 10 cm high by
3 .8  cm in  diameter and are rotated  about the cy lin d er  ax is which
is  a lso  the 001 crysta llograp 'n ic  d ir e c t io n . This arrangement 
permits use o f  the (220) , (200 ), and (240) planes in  trans
m ission . The copper c ry s ta l is  a p la te  0.75 cm th ick , 4 .5  cm 
w ide, and ^9 cm high. I t  is  cut with the (200) plane p a r a lle l  to
the fa ce  o f  the p la te  and i s  a lso  rotated  about the 001 d i
r e c t io n . This geometry gives good re su lts  w ith the (220) planes 
which are in  the transm ission  mode.

Although the monochromators we are using on the RXS are 
adequate, we know that su b sta n tia l improvements are ach ievable .
We are cu rren tly  using a bery llium  monochromator on the B a tte lle
3-Axis Spectrom eter[ which has two to  three times b e tte r  re
f l e c t i v i t y  than the copper and aluminum cry s ta ls  used on the RXS. 
U nfortunately i t  is  d i f f i c u l t  to  obta in  good bery llium  cry s ta ls  
and we have th ere fore  used another approach. S ingle  c ry sta ls  
l ik e  copper can be e a s ily  obtained with rather high p e r fe c t io n .
In fa c t ,  th is  p e r fe c t io n  is  one o f  the main problems with th e ir  
use. Secondary e x tin c t io n  can be very severe in  even th in  p la tes  
o f  copper. Thin slabs (^1.5 mm) o f  a s im ilar  s in g le  c ry s ta l to 
that used fo r  the ro ta tin g  c ry s ta l monochromator, mentioned above, 
ex h ib ited  in creases in  r e f l e c t iv i t y  o f  a fa c to r  o f  two when 
deformed p la s t i c a l ly .  By making com posite c ry s ta ls  composed 
o f  th in  copper s labs we have produced higher in tegra ted  
r e f l e c t i v i t i e s  and mosaics ta ilo r e d  to  the needs o f  the 
spectrom eter. A com posite c ry s ta l composed o f  two copper 
s la b s , each 0 .20 cm x 2 .5  cm x 10 cm, was fa b rica ted  fo r  
use as a ro ta t in g  c r y s ta l.  The two slabs were ca r e fu lly  
o r ie n te d , and then p lo tte d  in  an aluminum sleeve  with a 
low m elting p oin t a llo y  o f  bismuth and th in . This monochromator 
had approximately 50% greater r e f l e c t iv i t y  in  transm ission  than 
a s in g le  c ry s ta l slab  o f  about the same s iz e .  In d ica tiv e  o f  
what may be accom plished with th is  slab  technique is  the resu lt  
obtained at our laboratory  by S m i t h t 3 ]  who used 5 co ld  worked 
slabs o f  copper c ry s ta l to fa b r ica te  a com posite monochromator
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w ith a t o t a l  th ickness o f  0 .9  cm. This com posite had an in te 
grated r e f l e c t iv i t y  o f  ^3 times that o f  an equal s in g le  thickness 
o f  unworked copper c r y s ta l.  Measurements were made in  the trans
m ission  mode using the ( 200) plane and with the slabs ad justed 
fo r  a 0 .3° m osaic. The performance o f  th is  5 slab  com posite is  
comparable w ith  that obtained w ith  a good beryllium  c ry s ta l.

C. T im e-o f-F ligh t D etectors

Good TOF d etectors  fo r  in e la s t ic  s ca tte r in g  should combine a 
number o f  c h a ra c te r is t ic s  which include high e f f i c ie n c y ,  good 
s ig n a l to  n oise  r a t io ,  low inherent background, r e l i a b i l i t y ,  ease 
and re p ro d u c ib ility  o f  ca lib ra t io n  as w ell as a small c o n tr i
bution  to  the re so lu tio n  fu n ction . The la t te r  requirement means 
that the counter must be s u f f ic ie n t ly  th in  in  space and the 
e le c tr o n ic  j i t t e r  must not be excessiv e .

A fter  studying the a v a ila b le  p o s s ib i l i t i e s ,  we obtained high 
pressure 3He p rop ortion a l counters made to  our s p e c i f i c a t io n s .  
These counters have 8 atm o f  h igh ly  enriched 3He, severa l percent 
methane and ^0 . 1  atm krypton which i s  used to  improve the pulse 
height d is tr ib u t io n  by in creasin g  the stopping power o f  the 
f i l l i n g  and fo r  matching the gas gain o f  the various counter tubes. 
The re so lu tio n  element due to  the thickness o f  these counters is  
unimportant fo r  the A m f l ig h t  path. E lectron ic  j i t t e r [4] is  
^0.75 ys and th ere fore  i s  n e g lig ib le . Operating ch a ra cte r is t ic s  
-of these counters seem to  leave l i t t l e  to  be des ired . Their 
pu lse  height d is tr ib u t io n , F ig . 2, is  very sharp with a FWHM fo r  
the thermal peak o f  ^12% fo r  a s in g le  counter tube. They can be 
set to  w ith in  ^1 % o f  the same operating e f f ic ie n c y  merely by use 
o f  an o s c i l lo s c o p e .  E ffic ie n cy  fo r  0 .1  eV neutrons is  68% 
compared to  15% fo r  the prev iou sly  used 2 atm BF  ̂ tubes.

CHANNEL NUMBER

FIG.2. Pulse height distribution o f 5-8 atm sHe counters. Solid curve is neutron response and dashed 
curve is response for a 2 mR/h 13TCs source.
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For ty p ic a l experiments with the RXS 5 counter tubes are 
used at each sca tte r in g  angle to  g ive  a d e te cto r  s o l id  angle o f  
гъ0.022 sr . Thirty tubes must be used at 4 m to  obta in  approxi
mately the same s o l id  angle. Since high e f f ic ie n c y  counters o f  
th is  type are expensive th is  i l lu s t r a t e s  one o f  the problems 
in volved  in  using longer f l ig h t  paths. Other problems in  
in creasin g  the f l ig h t  path are the need fo r  b e t te r  sh ie ld in g  
sin ce  the background goes up with the square o f  the f l ig h t  path 
w hile the s ig n a l remains constant assuming a fix e d  d e tector  
s o l id  angle. For la rge  area d e tectors  o f  the type required at 
d istances l ik e  4 m the inherent or unshieldable background 
component can become an important problem. We have found that 
the lower operating vo lta ges o f  the ^He counters con tribu te  
g rea tly  to reduction  in  spurious backgrounds.

D. T im e-o f-F ligh t D iffra c t io n

I t  i s  in te re st in g  that the RXS system which i s  designed fo r  
in e la s t ic  s c a t te r in g , is  a lso  su ited  fo r  TOF d i f f r a c t io n  measure
ments. By brin ging  the second co llim a tor  to the zero degree 
p o s it io n  the RXS can be operated as a TOF d iffra ctom eter . D if
fr a c t io n  measurements can be made with a sample p laced in  the

0 .8Â 0.9A
(311)

4
B A C K G R O U N D

0 л:
120 130 140 150 160

C H A N N EL  N U M B E R  (8 MS/CHANNEL)

FIG.3. Part o f  diffraction pattern obtained with chopper o f  RXS at 6000 rpm. Sample is 1 .75 -cm  thick 
slab o f  polycrystalline aluminium.
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normal sample p o s it io n . With the angular spread o f  the counter 
banks decreased fo r  adequate angular r e so lu t io n , TOF d i f f r a c t io n  
spectra  can be obtained sim ultaneously fo r  a range o f  Bragg 
angles i f  d es ired . This has the advantage that most o f  the 
various c ry s ta l planes can be observed at a Bragg angle where 
neutrons w i l l  be coming from the most in tense part o f  the reactor  
spectrum. Data can, o f  course, be combined from the various 
sca tter in g  d etectors  by computer technique so that shorter 
running times are p o s s ib le  than fo r  s in g le  angle TOF d i f 
fractom eters .

With the present coarse chopper and no m od ifica tion s  we 
have obtained a time re so lu tio n  A t /t  o f  ^4% fo r  0.025 eV neutrons 
w ith a chopper speed o f  6000 rpm and TOF d etectors  p laced in  the
1 .5  m d e te cto r  p o s it io n s . This r e so lu tio n  is  adequate to  sepa
ra te  the (222) and (311) r e f le c t io n s  in  a p o ly c ry s ta llin e  
aluminum sample at a sca tte r in g  angle o f  44°, F ig . 3. Higher, 
chopper rpm and use o f  the 4 m f l ig h t  path would improve the time 
re so lu tio n  by a fa c to r  o f  ^2. Running time fo r  data o f  the 
q u a lity  shown in  F ig . 2 i s  only a few minutes using a 10% s c a t -  
te r e r . I t  i s  c le a r  that count ra te  can e a s ily  be traded fo r  
r e so lu tio n  by the ad d ition  o f  a sim ple low speed chopper or by 
in se r t io n  o f  a d d ition a l co llim a tion  in to  the e x is t in g  chopper.
I f ,  in  a d d itio n , TOF d if f r a c t io n  data is  accumulated sim ultane
ou sly  at a number o f  sca tter in g  an gles, a com petitive  d i f f r a c t o 
meter r e s u lts .

In ad d ition  to the added ca p a b ility  o f  being able to  use an 
in e la s t i c  s ca tte r in g  spectrom eter fo r  d i f f r a c t io n ,  which might be 
o f  con siderab le  advantage to  sm all la b ora tor ies  which cannot 
ju s t i f y  two separate instruments or two separate reactor  beam 
h o le s , there may be unique advantages to such an arrangement in  
sp e c ia l cases. For example, i f  the sample is  d i f f i c u l t  to move 
which might be true fo r  high pressure c e l l s  or low temperature 
experiments and i t  is  d esired  to  have both d i f f r a c t io n  in fo r 
mation from the sample, then the m ultipurpose spectrom eter could 
have con siderab le  advantages.

I I I .  SPECTROMETER PERFORMANCE

In the design  and operation  o f the RXS high re so lu tio n  has 
been emphasized. F igs. 4 and 5 show some ca lcu la ted  re so lu tio n  
on downscattered neutrons and on energy change fo r  an in i t i a l  
energy o f  0 .25 eV. The S o lle r  s l i t  c o llim a tio n  i s  0.139° which 
approaches the best (0 .0 8 °) angular r e so lu t io n  a v a ila b le . The 
monochromator i s  Cu (220) in  transm ission . R esolutions are given  
fo r  counter banks at a 15° sca tter in g  angle, f l ig h t  paths are
1 .5  and 4 .0  m, ro to r  speeds are 6000 rpm and a 3 .8  cm x 10 cm 
sample is  assumed. Measured in te n s ity  under these operating 
con d ition s  is  5 .6  x 101* n/min on the sample. This is  not a high 
in te n s ity  but i s  adequate fo r  many s ca tte r in g  experiments.

Figure 6 presents raw data taken with a ^10% sca tter in g  
sample o f  ZrHg 5 . Running time was 2 days. T im e -o f- fl ig h t  
data are shown fo r  the 30° counter bank at a f l ig h t  path o f
1 .5  1  and fo r  the 15° counter bank at 4 .0  m. These sp ectra  were 
obtained sim ultaneously w ith  counters o f  about the same s o l id  
angle , 0 .02  s r . The one phonon v ib ra tion  peak in  the metal
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FIG.4. Resolution on scattered neutron energy, Ef.
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C H A N N E L  N U M B E R  - 4 | i S E C  P E R  C H A N N E L

FIG. 6. T im e-of-fligh t data for ZrHfl g in 1 .5 -m  counter bank at 29.6® and in 15® counter bank at 4 .0  
Eq = 0 .247. Insets show one phonon peak with channels summed in groups o f three and monitor spectrum 
with TOF distribution o f  beam incident o f  sample.

hydride is  c le a r ly  reso lved  in  both the 1 .5  and 4 .0  m counters.
However, the re so lu tio n  fu n ction  at the in e la s t ic  peak i s  only 
''-17% o f  the measured width in  the 4 m counter w hile i t  is  ^30% 
in  the 1 .5  m counter. This s o r t  o f  r e so lu tio n  i s  e x ce lle n t  by 
present standards fo r  slow neutron in e la s t ic  s c a t t e r in g .[5] The 
t im e -o f - f l ig h t  d is tr ib u t io n  in  a th in  monitor counter placed in 
front o f  the sample is  a lso  shown on Fig. 6 . Counts from the 
monitor are delayed 300.8 \i sec . The width o f  the e la s t i c  peak 
in  the 4 .0  m counter is  only 2.5 vis la rg er  than that o f  the 
m onitor which is  4 .5  m away. This in d ica tes  the sm all magnitude 
o f  the i n i t i a l  energy spread which was 1.46% = AEQ/E0 , and the
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r e la t iv e  independence between i n i t i a l  energy spread and i n i t i a l  
time spread o f  the monochromatic beam in  a ro ta tin g  c ry s ta l 
spectrom eter under some operating co n d itio n s . Because o f th is  
lim ited  co r r e la t io n  i t  i s  sometimes p o s s ib le  to  sim ultaneously 
approach optim ization  o f  the i n i t i a l  energy spread, the time 
spread and the r e p e t it io n  ra te . With mechanical v e lo c i ty  se
le c to r s  the i n i t i a l  energy spread and time spread are c lo s e ly  
co rre la te d  and the same f l e x i b i l i t y  fo r  op tim ization  is  not 
a v a ila b le . Furthermore, should pulsed magnetic coherent s ca t
terin g  become p r a c t ic a l  then i t  w i l l  be a simple matter to  fu lly  
e x p lo it  th is  advantage o f  the c ry s ta l TOF spectrom eters.

From F ig . 6 i t  is  c le a r  that a su bsta n tia l p r ic e  is  paid in  
s ig n a l to background (S/N) whenever the f l ig h t  path i s  in creased . 
For constant s o l id  angle and assuming no improvement in  sh ie ld 
ing the background in creases as the f l ig h t  path squared. Since 
improving the re so lu tio n  in volves spreading the s ign a l over a 
la rger in te rv a l in  tim e, and most backgrounds are more or le s s  
time independent, th is  a lso  a cts  to  decrease the S/N. These 
problems are w e ll i l lu s t r a te d  in  F ig . 6 where in  going from a
1 .5  to  4m  f l ig h t  path the s ign a l (the one phonon ZrHg  ̂ peak) 
is  spread out by a fa c to r  o f  2 .5 and the counter s iz e  is  
increased by a fa c to r  o f  7. Without b e t te r  sh ie ld in g  the S/N 
should change by a fa c to r  o f  19 and i t  a c tu a lly  does change by 
approximately th is  amount as can be seen from the fig u re .

The RXS has been in  su cce ss fu l operation  fo r  sev era l years 
and has performed w ith high r e l i a b i l i t y .  The monochromating 
s e c t io n  co n s is t in g  o f  c ry s ta l and chopper ro to r  has been p r a c t i
c a lly  trou b le  fr e e . Rotor bearings have shown no s ig n if ic a n t  
wear even on ro to rs  which have run more than a year. Experi
ments have been su cce s s fu lly  run over a wide range o f  operating 
co n d itio n s . R esults fo r  s ca tte r in g  from water at i n i t i a l  
energies up to  0.61 eV w i l l  be presented in  another sess ion  o f  
th is  symposium.
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Abstract

THE CHALK RIVER ROTATING CRYSTAL SPECTROMETER. The Chalk River rotating crystal spectro
meter previously described by Brockhouse has been modified in several major respects. The most significant 
changes were (1) the replacement o f  the beryllium filter by a single-crystal-quartz filter to allow passage o f 
the com plete thermal spectrum. (2) the installation o f a phased rotating collimator to eliminate higher order 
and other undesirable reflections, (3) the use o f  an axis o f  rotation o f  high symmetry o f  the rotating crystal to 
allow selection from a large variety o f  incident-neutron energies, (4) the use o f  a 2 .5  cm diameter rotating 
crystal to improve resolution. (5) the replacement o f  the 10BFS neutron detectors by 3He detectors to improve 
both resolution and intensity characteristics and (6) the use o f  magnetic tape recording with a direct computer 
connection to improve the data handling. Under present operating conditions the apparent tim e-of-flight 
width o f a small-angle vanadium pattern for neutrons o f incident wavelength 3.71 Â is about 36 (is compared 
with 76 ps obtained using 4.04-Â  neutrons before these changes were made.

1. INTRODUCTION

Neutron spectrometers for inelastic scattering studies 
of atomic and magnetic spin motions in condensed systems are 
generally one of two basic types: pulsed-beam, time-of-flight
instruments and crystal spectrometers. The choice between 
these types of spectrometer depends largely on the particular 
experiment to be done. In order to pulse the beam in an 
acceptable manner the time-of-flight spectrometer must use only 
a very small fraction (~ 1%) of the available neutrons of the 
desired energy. This loss is offset both because scattered 
neutrons of all energies may be detected simultaneously and 
also because an array of detectors may be used at a very large 
number of scattering angles about the specimen. Such spectro
meters are therefore most useful when the neutron scattering 
function, S, is desired for a large and continuous range of 
energy transfers (Лш) and momentum transfers (A(î) . On the other 
hand a crystal spectrometer usually observes just one energy at 
one scattering angle at any one time (it is possible to extend 
these somewhat but the practical limit appears to be about three 
analyser-detector systems). This disadvantage is offset by the 
relative simplicity of the apparatus, the ease of data handling 
and, particularly, the ability to program the spectrometer so 
that it can record neutron energy distributions at a preselected 
value of the wave vector transfer Q. (Time-of-flight machines 
can in principle also give constant Ф results but the expense 
and effort involved are prodigious). The crystal spectrometer 
is thus most useful in those situations where it is desired to 
have distributions over a small range of energies at certain 
particular values of Q.

281
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Since the first rotating crystal spectrometer was con
ceived and built by Brockhouse ll,2j several similar instruments 
have come into operation throughout the world. Although in 
principle they are not as versatile as phased-rotor time-of- 
flight spectrometers and, in addition suffer loss of intensity 
because of the normally low reflectivity of the rotating crystal 
itself, nevertheless there are certain advantages over the multi
chopper unit: 1) because the neutron beam is deflected at the
rotating crystal through the angle 2Sm (see Fig. 1) the specimen 
is not in line with the main beam from the reactor, and fast 
neutron backgrounds are therefore generally easier to keep low;
2) beam areas can generally be made much larger than with multi
chopper systems; 3) the apparatus is simpler, more reliable, and 
very much cheaper than a corresponding multi-chopper system.

The principles, design considerations, and operating 
characteristics of both the Chalk River triple axis spectrometer 
and the rotating crystal spectrometer have been discussed in 
detail by Brockhouse L2j. This report describes the present 
state of the Chalk River rotating crystal spectrometer. Major 
changes have been made to the monochromating system, the detec
tor system, and the data handling system which have improved 
the resolution, intensity and the utility of the instrument.

Some of the performance characteristics of this instru
ment are given in the compilation of Brugger and Harker [з].
These characteristics were obtained using 10BF3 rather than 3He 
detectors and 2Sm = 120° rather than 105 and are therefore now 
slightly different.

2. DESCRIPTION OF THE SPECTROMETER

Figure 1 shows a schematic diagram of the spectrometer.
The neutron beam from the reactor passes through a 180 cm long,
5 cm x 5 cm collimator and a filter of 35 cm of single crystals 
of quartz, located within the reactor shielding and cooled with 
liquid nitrogen to a temperature of about 80°K. This filter 
has a transmission of about 55% for 1.8 К neutrons and a high 
attenuation of epithermal and fast neutrons.

The beam then passes through a thin monitor counter and 
the rotating collimator before being Bragg-reflected by the 
rotating aluminum single crystal monochromator. The rotating 
collimator and crystal are driven in phase at a speed of 8000 
rev/min by similar hysteresis synchronous motors which are 
supplied by the same 400 cycles/sec motor-generator. The rota
ting collimator, of honeycomb construction, is 5 cm long. The 
slits are made of brass plated with 0.05 mm of cadmium and are 
encased in an aluminum cylinder which rotates with the collima
tor in order to reduce the effects of air friction. The 
openings through the collimator are 3 mm in width x 12 mm in 
height. The rotating collimator is connected to its motor by 
a flexible coupling and the whole assembly (motor and collimator) 
is mounted so that it may be rotated about its vertical axis 
to adjust the phasing relative to the rotating crystal. A
vernier scale provides fine adjustment. Through suitable 
phasing of the collimator and monochromator it is possible to 
eliminate, almost entirely, all reflections except the one 
desired. This arrangement allows use of a monochromator
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spinning about an axis of high symmetry, thereby facilitating 
the changing of monochromator plane and, hence, incident neutron 
wavelength. A subsidiary, but nevertheless significant, advan
tage of the rotating collimator is that it reduces by over 95% 
the "white radiation" caused by thermal diffuse scattering from 
the monochromator. This contamination can make a significant 
contribution to the observed intensity [2 ] because in the absence 
of the rotating collimator it occurs at all times and not just 
in the bursts.

F IG .l. Schematic diagram o f  rotating crystal spectrometer.

The present monochromator consists of a cylindrical 
aluminum single crystal, 6 cm long and 2.5 cm in diameter. 
Mounting is by means of a shaft through a hole drilled through 
the long axis of the crystal. The shaft rotates in small sealed 
ball bearings secured in the end plates of a cylindrical 
aluminum housing and is coupled to the lower end of the drive 
motor. A mirror attached to the other end of this motor re
flects a light beam onto a photocell twice per revolution.
The resultant pulses start the electronic timing circuits which 
measure neutron time-of-flight. The monochromator crystal now 
in use has. a mosaic spread of about 0.25°. Since it is oriented 
with a (110) plane horizontal, reflections from the (111),
(002), (220), and (113) planes, etc. are readilyoavailable.
The Bragg angle, 20m , (see Fig. 1) is set to 105° but can, if 
desired, be increased to a maximum angle of 150 . The collima
tion between the monochromator and specimen can be varied but 
is typically about 0.75°.
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The n e u tro n  w a v e len gth  i s  d e term in ed  b y  th e  m easured 
t i m e - o f - f l i g h t  betw een  th e  two m on ito r  c o u n t e r s  Ml and M2 
(F ig . 1) in  th e  d i f f r a c t e d  beam. T hese a re  e n r ic h e d  uranium  
f i s s i o n  c o u n te r s  w ith  an e f f i c i e n c y  o f  2 x  10- 4 . O nly one fa c e  
o f  ea ch  co u n te r  i s  c o a te d  w ith  uranium  and th e  fa c e s  a re  f l a t  
t o  b e t t e r  than  1 mm. The geom etry  o f  th e s e  m o n ito rs  d oes  n o t ,  
t h e r e f o r e ,  make any s i g n i f i c a n t  c o n t r ib u t i o n  t o  th e  m easured 
tim e w id th  o f  th e  n e u tro n  b u r s t  a t  th e  specim en  p o s i t i o n .

The specim en  t a b le  i s  e q u ip p ed  w ith  an a n g u la r  s c a le  
and v e r n ie r  and can  be  m an u ally  s e t  and lo c k e d . I t  i s  s u i t a b le  
f o r  m ounting sp ecim en s in  a c r y o s t a t  o r  fu r n a c e , i f  r e q u ir e d .
W ith 28m a t  105  ̂ th e  s c a t t e r in g  a n g le  Ф, a t th e  sp ecim en , can 
b e  v a r ie d  from  0 t o  abou t 95 . For 20m = 1 5 0 ° , Ф can  v a ry  
from  4 5 ° t o  1 4 0 ° . The d e t e c t o r  bank i s  330 cm from  th e  s p e c i 
men and c o n s i s t s  o f  s i x  c o u n te r s  w ith  t h e i r  lo n g  a x is  v e r t i c a l .  
Each o f  th e s e  has an a c t i v e  le n g th  o f  abou t 40 cm, a w id th  o f  
3 .8  cm and a t h ic k n e s s  ( in  th e  beam) o f  1 .5  cm. They are  
f i l l e d  w ith  e ig h t  a tm osph eres o f  3He p lu s  two a tm osph eres o f  Kr 
and o p e r a te  a t  1950 v o l t s .  T hese d e t e c t o r s  have a s i g n i f i c a n t l y  
h ig h e r  s e n s i t i v i t y  and make a much s m a lle r  c o n t r ib u t i o n  t o  th e  
r e s o l u t i o n  w id th  than  th e  6 .3  cm d ia m e te r  l 0 BF3 d e t e c t o r s  w hich  
th e y  r e p la c e  [ 2 ] .  A la r g e  p a r t  o f  th e  im provem ent in  r e s o l u 
t i o n ,  as d is c u s s e d  in  s e c t i o n  4 , can  b e  a t t r ib u t e d  t o  th e s e  new 
d e t e c t o r s  .

A b lo c k  d iagram  o f  th e  e l e c t r o n i c  com ponents o f  th e  
system  i s  shown in  F ig .  2 . The t im in g  s c a le r  and tim e d e la y  
s c a le r  c i r c u i t s  w ere  d e s ig n e d  by  R .A . M cNaught. The m a g n etic  
ta p e  system  u se s  a P o t te r  905 ta p e  t r a n s p o r t  w ith  24 t r a c k  
m a g n etic  t a p e . The s t a r t  p u ls e  from  th e  r o t a t i n g  c r y s t a l  
g a te s  a 4 .0  o r  2 .6 7  m eg a cy c le  c r y s t a l  o s c i l l a t o r  in  th e  t im in g  
s c a l e r .  When a n e u tro n  i s  d e t e c t e d  in  one o f  th e  s i x  3He 
c o u n te r s  o r  in  m o n ito r  c o u n te r s  Ml and M2, th e  number o f  ch a n n e ls  
e la p s e d  s in c e  th e  s t a r t  p u ls e  as w e l l  as th e  co u n te r  i d e n t i f i c a 
t i o n s  number i s  en cod ed  and w r i t t e n  on th e  m a g n etic  ta p e  as a 
b in a r y  num ber. A v a r i e t y  o f  ch a n n e l w id th s  a re  a v a i la b le  b u t 
8 ias i s  u s u a l f o r  th e  p r e s e n t  a p p a r a tu s . The ta p e  runs c o n 
t in u o u s ly  d u r in g  r e c o r d in g  a t  a sp eed  o f  abou t 1 .2  cm p er  
s e c o n d ; a t  t h i s  sp eed  a r e e l  o f  ta p e  c o n v e n ie n t ly  r e c o r d s  f o r  
somewhat more than  24 h o u r s . A t p r e s e n t  512 tim e ch a n n e ls  
a re  u sed  p e r  d e t e c t o r  ch a n n e l. The e l e c t r o n i c  system  c o u ld  be  
u sed  w ith  up t o  30 d e t e c t o r s  and 1024 tim e ch a n n e ls  p e r  d e t e c t o r ,  
b u t o n ly  8000 ch a n n e ls  o f  d a ta  can  b e  re a d  o f f  th e  ta p e  a t  one 
p a s s .  The d a ta  s t o r e d  on th e  m a g n e tic  ta p e  i s  rea d  o f f ,  u s u a l ly  
d a i l y ,  v ia  a te le p h o n e  c a b le  c o n n e c t io n  t o  a D i g i t a l  Equipm ent 
C o r p o r a t io n  PDP-1 com p u ter, lo c a t e d  abou t 600 m eters  from  th e  
s p e c tr o m e te r  [ 4 J . The r e a d in g  o f  a ta p e  f o r  one d a y 's  run  ta k e s  
a bou t 20 m inu tes a t  a ta p e  speed  o f  75 cm p e r  s e c o n d . The 
s p e c t r a  may be  d is p la y e d  and s im p le  o p e r a t io n s  such  as a d d it io n  
and s u b t r a c t i o n  o f  s p e c t r a  may be  c a r r ie d  ou t b e f o r e  th e y  a re  
punched o u t on p a p er ta p e  f o r  fu r t h e r  a n a ly s is  on th e  CDC 
G -2 0 -3 1 0 0  com puter system  ( s e c t i o n  3 ) .  A number o f  s c a le r s  
and a ty p e w rite r  r e a d -o u t  r e c o r d  t o t a l  co u n t f o r  each  d e t e c t o r ,  
and c o u n t in g  r a t e  m eters  r e c o r d  the t o t a l  co u n t r a t e  in  th e  3He 
and m o n ito r  c o u n te r  c h a n n e ls . A 100 ch a n n e l k i c k s o r t e r  can  be  
s e t  t o  r e c o r d  th e  f i r s t  100 ch a n n e ls  o f  th e  tim e d i s t r i b u t i o n  
from  any p r e s e le c t e d  d e t e c t o r  o r  co m b in a t io n  o f  d e t e c t o r s . The 
ch a n n e l w id th  i s  in d ep en d en t o f  th a t  s e l e c t e d  f o r  th e  m a gn etic  
ta p e  u n it  so  th a t  i t  i s  p o s s i b l e  t o  d is p la y  e i t h e r  a p a r t  o r  th e
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FIG. 2. Block diagram o f electronics.

whole of any spectrum. The spectrum stored in the kicksorter 
is not usually used in data analysis but rather for monitoring 
the experiment and for calibration purposes.

Figure 3 is a plot of position along the entire flight 
path for neutrons reflected from various planes in the rotating 
crystal vs time. This diagram is used to determine the 
optimum spacing between the rotating collimator and the rotating 
crystal and also to determine the amount by which the collimator

3<

TIME . I FRAME
t t+ 3750 /is

FIG.3. Rotating crystal-rotating collimator phasing diagram for a fee crystal (in this case aluminium) 
with (110) plane horizontal and 20 = 105' .
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assembly must be rotated to change from one crystal plane to 
another. Time measurements along the horizontal line marked 
"rotating collimator" may be expressed in terms of angular 
rotation of the collimator assembly (180 = 1 frame = 3750 |_is)
and, by means of the vernier scale, the desired adjustment may 
be made. In practice, a "rocking curve" of intensity in the 
counters is then done with a scaler. Identification of planes 
may be verified from a time distribution obtained in the monitor 
counters. Stability of the phase relation between the rotating 
crystal and collimator has been found to be adequate, once set, 
and only occasional small adjustments to the phasing are 
required. The need for these is determined by the intensity 
in the monitor counters in the diffracted beam.

Elastic scattering from a vanadium specimen in con
junction with the peaks in the monitor counters is used to give 
the final calibration. It is, of course, necessary for this 
to be consistent with the calibration deduced from the geometry 
of the spectrometer.

3. DATA HANDLING

Simple operations on the recorded spectra such as 
additions of runs, subtraction of background, and plotting can 
be carried out using the PDP-1 computer. More complex opera
tions such as conversion of time-of-flight (wavelength) distri
butions to energy distributions and location of peaks is done 
using the CDC G-20-3100 computer system. Programs are available 
which allows this machine to take the paper tape output from 
the PDP-1 and perform the required analysis.

Time-of-flight distributions are readily converted to 
energy distributions through the relation N(X)dX = N(E)dE with 
the k'/k0 factor in the expression for the cross-section being 
removed at the same time.

The location of peaks in the distributions is done (1) 
by finding the highest count in the spectrum, (2) testing on 
each side of this high count until, on the basis of a suitable 
statistical criterion, the wings level off or begin to rise 
again, (3) determining the centre of gravity of this peak on 
the basis of both flat and sloping backgrounds, (4) storing 
this section of the spectrum separately and (5) finding a new 
peak by locating the highest count in the remainder of the 
spectrum. A statistical criterion is involved to determine 
which of these peaks are significant. The energy and width of 
each acceptable peak is calculated and printed out. The 
system works best for those peaks which are statistically well 
defined and which are a small number of channels (about five) 
wide.

The output of this data handling program includes most 
of the conventional features such as addition, subtraction, and 
normalization of spectra, summing arbitrary groups of channels, 
plotting and line printer output of both time-of-flight and 
energy distributions.
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In its present arrangement the instrument is most useful 
for those experiments which involve a continuous distribution 
of neutron energy transfers up to about 25 meV. It may also be 
used of course for the observation of energy transfers far in 
excess of this and it has been used successfully in experiments 
involving the observation of discrete peaks in solids and in 
liquid helium.

Table I shows the full widths at half height of neutrons 
scattered from vanadium at several angles of scattering using 
incident neutrons of three different energies, and compares 
these widths with those calculated on the basis of the 
expressions given by Brockhouse [2 ]. The improvement in the 
width of the vanadium pattern over those in ref. [2] is 
considerable and has been brought about mainly through the 
reduction in size of the rotating crystal and the use of the

4 . PERFORMANCE

TABLE I

Time width of distribution, in usee, for neutrons 

elastically scattered from vanadium.

X = 3 .7 1  Â X = 2 .2 7  Â X = 1 .4 7  Â

Ф — H О
0 45° 90° 10° 45°

ОО<J) 10° 4 5° Ф О
0

O bserved 3 4 33 36 27 27 29 - 22 24

C a lc u la te d 3 4 3 39 46 25 25 31 19 19 22

R e fe re n ce [ 2 p 76c - 60 - - - - - -

R e fe re n ce [ 3 ] d - 56b - - 36e - - 24f -

a The parameters used in the calculation, Ref. [2], were:

L0 = 690 cm, Li = 79 cm, L3 = 330 cm, R^ = 0.9 cm,
Ad  = 0.75 cm, o>m = 836 rad/sec, 6C = 0.01 rad, Ô = 

0.004 rad, Дч = 0.3 cm, and 20„ = 105°.'  to Ш
b X = 4.05 Â

с Ф = 15°

d Principal differences between these and measurements in 
top row were the use of 10BF3 detectors and 2Sm = 120°

e X = 2.48 Â

f X = 1 . 6 1  Â



288 WOODS et al.

3He detectors. In addition to the wavelengths shown in Table I 
neutrons of wavelength 1.22 Â, obtained using a (115) reflection 
from the monochromator have also been used successfully although 
the intensity is low in this case. Examples of energy distri
butions of initially 1.47 Â neutrons scattered from liquid 
helium are given in another paper presented to this Symposium 
[5].

5. CONCLUSION

This paper has described the present status of the Chalk 
River rotating crystal spectrometer and some of its performance 
characteristics. The improvements described make the instrument 
very useful particularly for those experiments in which the 
scattered neutrons have a continuous distribution over a small 
range of energies.
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Abstract

THE DOUBLE-CHOPPER NEUTRON SPECTROMETER AT ISPRA. This paper contains a description 
o f the new double-chopper facility which is operated in the EURATOM research centre at Ispra. The 
instrument was designed for use in solid and liquid state research. It consists o f two phased triple-slotted 
rotor discs, both are made o f  heavy material (K-m onel) and have a diameter of 29 cm . These rotors are 
able to reduce fast neutron and gamma radiation to such an extent that no filters or additional rotating 
collimators are needed. Each rotor is coupled to a reluctance motor driving unit by means o f  a thin flexible 
steel rod. The motor shaft o f  each driving unit runs on oil-lubricated precision ball-bearings. Rotor and 
driving motor are included within the same vacuum case so that no rotating seals are needed. The maximum 
operational speed was set to 22 000 rev/m in corresponding to a safety factor o f  about 2 against yield stress 
in the rotor material. The width o f  each curved fluted slot is 12 mm at one end and increases linearly to 
36 mm at the other end. The a .c .  motor o f  the first chopper unit is fed from a frequency generator which 
itself is driven by a frequency-stabilized d. c . motor. The second chopper unit is driven by a pulsed d .c .  - 
a .c .  thyristor power converter, the pulsation frequency o f  which is derived from p ick -up  signals coming 
from the first unit. Thus there exists no connection at the power side between the two motors and beating 
problems are avoided. The phase angle between the chopper discs can be changed by shifting the control 
pulses coming from the first chopper.

The neutron beam o f the 5-MW Ispra-I reactor is being collimated and can be switched o ff  by means 
o f  steel-lead shutters. Measurements are done simultaneously at twelve angular positions using 3H e-or 
BFg -counters. The analyser system consists o f a PDP-8 computer with a special 12-input tim e-of-flight 
converter.

INTRODUCTION

Neutron scattering experim ents done within the last decade have 
shown that m easurem ent o f the inelastic com ponent gives essentia l in fo r 
m ation on the dynam ics o f m atter. The full pow er o f the method demands 
m easurem ents o v e r  a la rg er  part o f neutron energy and momentum space. 
This is possib le  if  one can do scattering m easurem ents with neutrons o f 
different in itial energies and under different scattering angles.

Several experim ental m ethods to select m ono- o r  quasi-m onochrom atic 
neutrons from  the therm al spectrum  o f a rea ctor  are known. The instru 
ment described  in this paper belongs to the group o f m echanical neutron 
se le cto rs  and is based on the princip le  o f using two slotted ro tors  to chop 
a continuous beam o f neutrons tw ice . By a suitable choice  o f the phase 
d ifferen ce  between the two ro tors  it is  possib le  to se lect neutrons o f a 
certa in  energy. The method has been d iscu ssed  in detail by Lowde [ 1] .

One o f the m ain prob lem s with m echanical se le c to rs  is the follow ing: 
one wants to se lect a certa in  neutron energy from  the therm al spectrum  
but one a lso likes to keep down the fast neutron and gam m a-ray  background. 
To m eet the shielding requ irem ents, one m ay introduce filte rs  with high 
c r o s s -s e c t io n  fo r  fast neutrons and gamma radiation, e .g .  bism uth o r  
quartz. H ow ever, such filters  w ill also reduce the intensity o f therm al

2 8 9
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neutrons. O bviously, the sim plest way is to use rotors  which fu lfil both 
requ irem ents, selection  and shielding, sim ultaneously. This can be done 
by the use o f heavy rotors  with curved slots which stop gamma radiation 
as w ell as fast neutrons. The running o f heavy and also phase-coupled  
ro tors  presents technical d ifficu lties which have led to the developm ent 
o f instrum ents with m ore  than two ro to rs . In this case , fast neutron 
shielding and slow  neutron selection  is not done by the sam e ro to rs , and 
gam m a-ray  elim ination is  usually neglected. In the present paper a version  
which uses only two heavy ro tors  w ill be described .

DESCRIPTION OF INSTRUMENT AND ASSOCIATED EQUIPMENT

The m ain parts o f the sp ectrom eter fa cility  (F ig . 1) are a co llim ator 
with variable collim ation  angle, a rotating lead shutter which m ay eventually 
accom m odate som e filte r  m ateria l, a sliding lead door connected to the 
safety system  o f the facility , the tw o -ro to r  system  fo r  energy selection , 
a suitable sam ple holder and finally a shielded counter system . The 
energy analysis o f the scattered neutrons is made by the tim e -o f-flig h t 
method ov er  a flight path between 1 to 2 m . As detectors we use BF3 
o r  He3 counters. An advantage o f m u ltip le -rotor  system s as com pared 
to tr ip le -a x is  spectrom eters  lie s  in the possib ility  o f detecting scattered 
neutrons under different scattering angles and fo r  all energies 
sim ultaneously. F o r  this purpose the counters are arranged within one 
la rge  shielding block  which allows the sim ultaneous detection o f all neutrons 
which are scattered into a 9 0 °-se cto r ; in addition scattering is  also o b se rv 
able at 135°.

F o r  the storage o f data obtained under up to 12 different scattering 
angles we use a PD P -8 com puter1 with a specia l 12-input tim e-o f-fligh t 
con verter [2] . This con verter associa tes a channel number corresponding 
to the t im e -o f-a r r iv a l o f a neutron with a num ber identifying the counter 
which was involved. This inform ation -  a single 12-bit word fo r  each o f 
up to 12 counters -  is then sent d irectly  to the com puter without using any 
additional interface e le ctron ics . The observation  tim e interval can be 
shifted by a p reselected  delay, and the total number and the widths of 
channels are also variab le . A ll operations are synchronized by a 4-M Hz 
quartz controlled  c lock . The con verter is able to accept severa l neutrons 
o f  the sam e chopper burst unless their t im e s -o f-a r r iv a l fa ll within the 
e ffective  dead tim e o f the analysing system  (less  than 50 ,usec). A specia l 
tim e -o f-flig h t program  [3] allows accum ulation o f data in 3072 channels 
which may be sub-divided, it con tro ls  print-out o r  punching o f stored  data 
and it displays the data in various ways on an o sc illo s co p e .

The essential parts o f  the sp ectrom eter are the two chopping ro to rs . 
They are made o f K -m onel (2 /3  Ni and 1 /3  Cu), have a diam eter o f 29 cm  
with a thickness o f 9. 6 cm  at the centre decreasing to 3. 2 cm  tow ards the 
edge. Each ro tor  weighs 32 kg. T hree curved and fluted slots are cut 
a cross  the diam eter, the openings are 20 mm high and 12 and 36 mm wide, 
with corn ers  rounded o ff to reduce undue s tresses  in the rotor m aterial.

The rotation o f a heavy rotor  d isc at high speed presents m ajor 
techn ical problem s because o f the high stored energy and possib le  g yroscop ic  
e ffe cts . In the present case the follow ing solution was chosen (F ig . 2):

1 Manufactured by Digital Equipment Corp. Maynard, Mass., USA.



292 KREBS

The chopper d isc is  suspended free ly  on a thin shaft, thus it behaves ap
proxim ately  like a g y roscop ic  pendulum and does not create  strong non- 
axial e ffects  upon the bearings. M oreover, the m otor is  kept under 
vacuum , thus avoiding rotating seals with high c ircu m ferentia l speeds.
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The ro tor  o f the driving m otor runs on high p recis ion  ball bearings which 
are lubricated  by o il droplets delivered  by a vacuum -tight o il circu lation  
system . The amount o f o il is  con trolled  carefu lly  by o il-f lo w  m eters and 
the bearing tem peratures are m onitored constantly by therm ocouples which 
are connected to the safety sw itch -o ff system  o f the facility . Should the 
thin shaft break, e .g .  due to a bearing fa ilure, three em ergency bearings 
have been built in which allow the chopper d isc to spin to rest as free ly  as 
p oss ib le . The functioning o f these safety bearings has been checked 
thoroughly during the test period  of the facility .

The low er  part of the vacuum  housing of the driving unit is  equipped 
with two m ovable com bined le a d -s te e l rings which are acting as protection  
in case o f a ro tor  exp losion . F o r  this case -  which could set free  up to 
80 000 m .k p  o f rotational energy at 22 000 re v /m in  -  also additional p ro 
tection  dev ices have been constructed : heavy lead rings around the chopper 
housing, heavy con crete  b locks and som e steel w ire expansion devices 
holding rings and b locks together. Tow ards the rea ctor  an automatic 
beam  shutter is  built in, which in its open position  contains an inclined 
d isc  o f a high strength A l-a llo y  able to stop sm all fragm ents with a high 
im pact v e loc ity  which might a rrive  before  the door could be c losed .

The safety fa ctor  o f the chopper d isc against yield stress  is  2 at 
22 000 re v /m in  without considering s tress  concentrations around h oles , 
it d ecrea ses  to 1. 5 at 25 000 re v /m in  [4] . At this speed the acce leration  
at the rim  o f the d isc correspon ds already to 100 000 g. The cr it ica l 
ve lo c it ie s  o f the rotating part o f  each chopper unit have been calculated
[5 ], the m ost im portant second cr it ica l speed o f bending, corresponding 
to a str in g -lik e  v ibration  o f the thin shaft lie s  at 29 500 re v /m in . This 
value lie s  w ell above the maxim um  operational speed which -  fo r  safety 
reason s -  has been chosen as 22 000 rev /m in . The driving heads them 
selves have been tested to w ork up to 40 000 rev /m in .

FIG.3. Block diagram o f the electrical driving system.
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The e le c tr ica l driving system  is the follow ing (F ig .3 ) . Both chopper 
units are equipped with identical 1 .5 -kW  synchronous reluctance m o to rs2 
which are w a ter-coo led  and run in vacuum . The m otor o f chopper 1 is 
fed from  a d .c .  m otor h f-gen erator se t2. The frequency is  kept constant 
to better than 0. 1% by an analog-digital regulation dev ice3 which con trols 
the pow er o f the d .c .  m otor. With pick-up signals obtained from  chopper 1 
the pulsation frequency o f a d . c . - a . c .  th yristor pow er con verter [6] is 
con tro lled . The output o f this converter drives chopper 2. In this way 
no beating problem s on pow er leve l o ccu r  between the two choppers. M ore 
o v e r , it is  also easy to shift the phase between the two d iscs  sim ply by 
shifting the con trol pulses com ing from  chopper 1.

SPECTROM ETER CHARACTERISTICS

The two m onel d iscs  have a radius o f r  = 14 .5  cm , the radius of 
curvature o f the three slots is  R = 35 cm . The entrance openings have 
a width o f a = 1. 2 cm  and the distance between the chopper centres is 
D = 200 cm . Thus the full width o f a neutron pulse at half height is

The standard deviation o f the distribution o f the neutron tim es-o f-flig h t 
in the pulse which arrives  at the detector in a distance x from  the centre 
o f  the second chopper is  given by [7]

where At is the 'open tim e1 o f the entrance slot (At = 2Дт). The second 
term  in this form ula is  due to the spreading-out in tim e o f  the pulse as 
it travels away along the flight path. Since the standard deviation o f a 
triangular pulse is related by ст = ДтДГб to its half width Дт, the full 
width at half maximum o f a triangular tim e distribution as m easured at 
x becom es

72 /usee at 11 000 rev /m in  (3 .4  m eV) 

36 /jsec at 22 000 re v /m in  (13 .6  m eV)

o r , with t = x /v 0 = x /2R u ,

2 Manufactured by Elettrorava, Torino-Savonera, Italy.

3 Manufactured by Bompard-Danielli & C o ., Torino, Italy.
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F o r  the present system  (with x = 210 cm) we obtain then the follow ing 
values

and A rx / t x= 0 .06 , independent o f w. F o r  x > >  D this value would go down 
to 0. 04.

F igure 4 shows a tim e -o f-flig h t spectrum  as m easured in the d irect 
beam  at 11 140 rev /m in  without sam ple and at a distance o f x = 210 cm  from  
the centre o f the second chopper. The observed  half width is  Д т = 170 /usee, 
which com pares w ell with the calculated value above.

F o r  the case  o f inelastic scattering by a p rocess  with sharp energy 
tran sfer from  E 0 to Ef one obtains still a broadened peak. Its standard 
deviation is given by [7]

s and у are the distances between sca tterer  and the centre o f the second 
chopper and sca tterer  and detector resp ective ly . This expression  m ay 
be rew ritten as

A t x

166 /usee at 11 000 rev /m in  (3. 4 meV) 

83 /usee at 22 000 rev /m in  (13 .6  meV)

■ to'

J T ,  = 170 usee

DIRECT BEAM 

11 HO rev /m in  

E0 = 3,5 meV

0 50 100 150 200 250
16 psec-chan ne ls

FIG.4. T im e-of-fligh t distribution in the direct beam.

and leads, with s = 60 cm , у = 150 cm , E0 = 3 m eV and Ef = 28 m eV, to a 
value o f Дту = 104 jusec at 11 000 re v /m in . This corresponds to a r e s o 
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lution broadening o f A T y / t y  = 0 .16  for the observation  o f a sharp energy 
tran sfer  o f 25 m eV . F o r  dow n-scattering from  E Q=10 m eV to Ef = 5 meV 
this value would be 0 .1 1 . H owever, with the help o f the Дту -form ula  
experim ents can be co rre cted  fo r  this broadening.

The neutron intensity at the sam ple position  is  given by

‘=s(?Hïb(-ï)5
Using fo r  Or the therm al flux at the entrance to the beam  tube 
(2X  1013 n cm "2 sec"1 ), one obtains at the sam ple position  (E mK40 meV)

105 n /cm 2 min at 11 000 re v /m in  (3 .4  meV)
i= :

10s n /cm 2 m in at 22 000 re v /m in  (13 .6  meV)

Finally, F ig . 5 shows the tim e-o f-fligh t spectrum  o f Ca(OH)2 under a 
scattering angle o f 90° and m easured with 5 3H e-counters in para llel. 
The m easuring tim e in this case was 160 m in.

16 usee -  channels

FIG. 5. T im e-of-flight spectrum o f Ca(OH)2.
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Abstract

MEASUREMENT OF THE VIBRATIONAL SPECTRA OF MOLECULES BY MEANS OF THE DOWN 
SCATTERING OF NEUTRONS. A fast chopper has been used in conjunction with a beryllium-filtered 
detector to measure the down-scattering cross-section o f  a number o f samples. An expression is derived 
for the overall resolution function which gives values o f  less than 15% in energy in the range 20-100 meV. 
The data is reduced to the form o f the scattering law and is then compared with values obtained from an 
assumed form o f  the frequency distribution using the program LEAP. This program can be used to calcu
late the scattering law along the locus o f  the observed points in Q, w space. Data is presented for 
ammonium chloride, zirconium hydride, water and benzene. In the case o f water, the agreement 
with the Haywood frequency distribution is good except that the hindered rotation peak appears at a 
slightly lower energy.

INTRODUCTION

The ideal detector fo r  m easuring therm al inelastic neutron scattering 
c ro s s -s e c t io n s  is  one with a high e ffic ien cy  o f detection fo r  neutrons in a 
sm all energy band, the mean value o f which can be varied  at w ill. A good 
approxim ation to these conditions is provided by an arrangem ent consisting 
o f an analysing crysta l and a detector. This is  the method used in the 
tr ip le -a x is  spectrom eter and it is equally applicable to a system  which 
uses t im e-o f-flig h t fo r  the prim ary energy selection . It does,how ever, 
give rather a poor ov era ll e ffic ien cy  because in general to get the required 
energy resolution , only a sm all angular spread can be used whereas there 
are many experim ents in which only a coa rse  resolution  in momentum 
tran sfer is n ecessary . Several experim ents have th erefore  made use of 
the properties o f the beryllium  cu t-o ff to provide a window detector which 
accepts only neutrons with energy between zero and 0.005 eV . Thus 
B rockhouse [1] used an incident m onoenergetic beam from  a crysta l 
sp ectrom eter and filtered  a beam o f  the neutrons scattered in the sam ple 
by passing it through a b lock  o f polycrystalline beryllium  which rem oved 
all those with, energy greater than 0. 005 eV . The ratio o f filtered  to 
incident flux then gave a m easure o f the dow n-scattering c ro s s -s e c t io n .

An alternative technique used by Webb et al. [2] makes use o f the 
pulse o f  therm alized neutrons that a rises  when a pulse o f fast neutrons 
is  produced in an a cce lera tor  target surrounded by m oderating m ateria l. 
These polyenergetic neutrons are allowed to pass down a long flight tube 
to the sam ple position so that their tim e o f arriva l is a function of their 
energy. The scattered neutrons are then filtered  and detected on a tim e- 
o f-fligh t sca le .

299
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A third technique, which uses a rea ctor  and neutron chopper in place 
o f  the a cce le ra tor  and m oderating b lock  o f the second technique, is -p o s 
s ib le . The purpose o f this paper is  to d escrib e  the considerations involved 
and to report on som e resu lts obtained with such a system . It is  felt that 
this arrangem ent has considerable  advantages ov er  the firs t  method 
m entioned because the whole range o f incident energies is co llected  
sim ultaneously, and because intensity is  available at higher energies 
(up to 0 .5  eV in the present case ), while intensities with a crysta l m ono
ch rom ator are lim ited because of dim inishing crysta l r e fle c t iv it ie s . On 
the other hand, it has advantages ov er  the a cce le ra to r  case  in that the 
range o f energies exam ined can be varied  by altering the chopper speed, 
the sharp cu t-o ff o f  the transm ission  function guarding against overlap , 
and also in that it has a useful focusing effect due to the scanning action 
o f the chopper. Further, even the present rather prim itive arrangem ent 
com pared  quite favourably in intensity and resolution  with the a cce lera tor  
experim en t.

These techniques are basica lly  dow n-scattering experim ents and 
th ere fore  the availability o f intensity and resolution  fo r  large energy 
changes, without the handicap o f the Boltzm ann fa ctor, make possib le  
investigations otherw ise im practicable  using neutrons. A m ajor d is 
advantage is  that with a sm all final energy, the momentum transfers 
becom e large  fo r  large  energy transfers and the results are  th erefore 
in creasin g ly  sm eared  out due to multiphonon effects . Further with only 
a single value o f momentum change fo r  each energy change the extrapo
lation technique o f E gelstaff [3] cannot be used to obtain a frequency 
distribution d irectly . However these d ifficu lties can to som e extent be 
ov ercom e , in favourable ca ses , using the program  LEA P [4] .

The experim ent d escribed  becam e possib le  because o f the availability 
o f  a fast chopper [5] on the E l hole o f the HERALD R eactor at AWRE 
A lderm aston . This rea ctor  is  a 5-MW(th) ligh t-w ater-m oderated  
sw im m in g-pool type and although the therm al flux at the sou rce  position  
is  only 1013 n cm"2 sec*1 , the epitherm al flux is  re latively  high. Due to 
the property  o f choppers that the overlap  distance (the distance from  the 
chopper at which the fast neutrons from  one pulse catch up with the slow 
ones from  the previous one) is independent o f ro tor  frequency, it was p os 
s ib le  to run the chopper at a fraction  o f the design speed while still using 
the 10-m  flight station. The longer burst tim e that this produced was in 
fact desirab le  because, while in creasing the intensity o f the pulse, it was 
still rather le s s  than the tim e spread due to the v e locity  spread o f the 
slow  neutrons travelling  from  the sam ple to the detector. An essential 
feature o f the design  was th erefore  to keep the sam ple as c lo se  to the 
detector as p oss ib le . T his involved using the shortest possib le  p iece  o f 
beryllium  consistent with adequate attenuation o f therm al and epitherm al 
neutrons. Thus to reduce the tran sm ission  o f unwanted neutrons by 
m ultiple scattering , i . e .  'd iffu sion 'th rou gh  the filte r , it was constructed 
from  1 -in . slabs o f  beryllium  separated by a 0 .0 0 5 -in . thick layer  o f 10B. 
Using this arrangem ent 12 cm  o f Be w ere sufficient and, although ideally 
the filte r  should be coo led , with this length only som e 40% o f the cold  
neutrons are lost by therm al diffuse scattering.

A s this type o f experim ent is  m ainly useful fo r  polycrystalline o r  
am orphous sam ples, a large  sam ple s ize  is  not an em barrassm ent. Thus 
the sam ple can be placed at a sm all angle to the beam  (0 = 15°) so that the
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prim ary  scattering (oc th ick n ess /s in ô ) is  in creased  relative to the m ultiple 
scattering (oc th ickness, if  one assum es that the firs t scatter is iso trop ic ).

APPARATUS

The general layout o f the apparatus is  shown in F ig . 1. It is  situated 
on a radial hole that looks d irectly  at the rea cto r  co re  through 4 in. o f  
lead and 4 in . o f  beryllium .

F IG .l. Experimental arrangement.

The ro tor , which is  constructed  from  depleted uranium, duranickel 
and steel, is  10 in. in d iam eter and is  designed to rotate at speeds o f up 
to 15 000 re v /m in . It contains two perpendicular sets o f seven straight 
s lits , each slit being 2 in. deep by 0 .060  in. w ide. When these lie  parallel 
to the beam  d irection , they line up at one edge with a s im ila r  set mounted 
within the beam  tube. The latter taper from  4 in. high by 0. 22 in. wide 
near the beam  plug to 2 in. high by 0 .040  in. wide at the exit and serve  to 
define the angular d ivergence o f  the beam . When the ro tor  is  rotating in 
the appropriate d irection , this arrangem ent transm its neutrons in the 
range o f re c ip ro ca l v e lo c ity  between zero  and 1 .6 9 X  10"2 X P  jusec/m , 
where P is  the ro to r  period  in jusec and where the penetration o f neutrons 
through the corn ers  o f the slit has been allowed fo r  by use o f an e ffective  
radius [6 ] , R1 = R - ( l /E ) where E is  the m a croscop ic  rem oval c r o s s -s e c t io n  
o f  the ro tor  m ateria l. In the firs t third o f this range o f re c ip ro ca l ve locity  
the tran sm ission  is  constant while in the rem aining part it drops steadily 
to ze ro .

The neutrons from  the ro to r  pass down an evacuated flight tube 9.5 m 
long where they are firs t  collim ated  down to 4 in . high by 1 in. wide and 
then tra verse  a para lle l plate fiss ion  cham ber. Beyond this m onitor the 
beam  reaches the sam ple and a fraction  o f it is  scattered  tow ards a 
beryllium  filte r . T hose neutrons with energy le s s  than 0.005 eV pass 
to the d etector. C oarse collim ation  is  provided by the 10В between the 
slabs o f the filte r .

The detector is  a lithium flu orid e -z in ó  sulphide screen , view ed by 
a photom ultiplier, the gam m a-pulses being elim inated by.pu lse-shape 
discrim ination  [7] . The active layer  was a total o f 8 in. from  the m id 
point o f the beam . Beyond the sam ple the residual beam was allowed to 
pass on to a rem ote beam trap . The whole arrangem ent was shielded 
with bo rated wax.
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RESOLUTION OF THE SYSTEM

The overa ll resolution  o f the beam  is  made up from  various con tri
butions which arise  as fo llow s:

(a) T erm s giving r ise  to a tim e uncertainty independent o f the energy 
o f  the incident neutron.

(1) The uncertainty due to the opening tim e o f the slits com bined with 
that due to the uncertainty in the flight-path length after scatter.

T hese effects must be considered  together because there is som e 
corre la tion  between the tim e the neutrons are transm itted and the part o f  
the sam ple which they strik e . An accurate calculation would be tedious 
because o f the com plicated  geom etry  so a m easured value o f the overa ll 
pulse length Ata taken from  an observation  o f the gamma flash, is used.

Ata = 1. 25 X 10"3 P

where P is  the ro tor  period . If it is  assum ed that the scan tim e Atb is 
given to a good approxim ation by

л+ - d p  
b 2 j r L x

where d is the width o f the beam at the sam ple position and L x is the 
flight-path length, then the com bined uncertainty can be written

i t * .  ( 1 .  2 5 X 1 0 - »  P f -  (D

where t 2  is  the average re c ip roca l ve locity  after scatter and the sign 
depends on the d irection  o f rotation.

(2) The uncertainty due to the length o f the tim ing channel, Atj = 40 /usee 
in this ca se .

(3) The uncertainty due to the range o f re c ip roca l v e loc ities  tran s
m itted by the filter

t 3 =  Д  t 2 L 2

w here L 2 is  the distance from  sam ple to detector and Дт2 is the range in 
re c ip ro ca l v e lo c itie s .

(b) The term  due to the uncertainty in the energy change due to the 
range o f final en erg ies , Д Е 2.

(c) The term  due to the uncertainty in the incident tim e o f  flight due 
to the uncertainty in L j

Atj A L j
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To proceed  further we requ ire values o f the average transm itted energy 
E 2, the rm s deviation in the final energy cr(E2), the m ean final re c ip ro ca l 
v e loc ity  t 2 , and the rm s deviation in the final re c ip ro ca l v e locity , <t ( t2 ) .  
T hese m ay be defined in term s o f the distribution in energy o f the detected 
neutrons, f(E2)> as fo llow s.

0.005 0.005

V /  E 2 f( E 2 > d E 2 / /  f (E 2 > d E 2 
0 0

0.005 0.005

cr2(E 2) = J  E^f(E2)d E 2/  J  f(E2)d E 2- ( E 2) 2 
0 0

and s im ila r ly  fo r  and c (t2), where here the lim its o f integration are now 
1000 /Lisec/m to oo and the distribution  is  ca lled  f ' ( T 2 ) .

If f (E 2) is defined to a r ise  from  a d iscrete  energy change fiw = E^- E2, 
it m ay be expressed

f(E 2)d E 2= e ' /£ (x -E2)dx,e(E 2 ) I(E j) S(Q ,u) dE2A П (2)

w here E(x, E2 ) is  the rem oval c r o s s -s e c t io n  at a point x a fter the scatter; 
e (E 2 ) is  the detector e ffic ien cy ; 1(E)) is  the incident flux; Es(E j) is the 
total scattering c r o s s -s e c t io n  o f the sam ple; S(Q ,u) is  the scattering law
fo r  the sam ple and ДГ2 is the acceptance angle o f the beryllium  filte r . Now
fo r  fiu > >  0.005 eV and fo r  scattering through 90°

Q 2 oc E i  + E 2

and th erefore  Q and hence S(Q, u) do not vary  significantly over  the range 
o f integration. Further we can assum e that the e ffic ien cy  o f the detector 
does not vary  significantly with E2, and also that I(E j) and are
constant ov er  the range con sidered .

Thus we can w rite fo r  any value o f u

f(E 2)oc e 'E(E2)t / E 2 (3)

and

f ' ( T ) o c  е ' £ (т2> ‘ т -4  (4)

where t is the length o f the Be filte r . If we make the assum ption that the 
rem oval c r o s s -s e c t io n  is due entirely  to the residual c ro s s -s e c t io n  of 
beryllium , the means and variances m ay be calculated num erically , making 
allowance fo r  the contribution from  the penetration o f neutrons with energies
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lying between the two low est Bragg edges. The results o f this calculation 
are as follow s

Ê 2 = 0 .034 eV 

ct(E2)= 0.0014 eV 

t2 = 1330 /usec/m  

ct( t 2 ) =440 jusec/m

We m ay now express the overa ll resolution  function

Au _ h(*J + E 2 )4At2 hu  + E 2 | 1
w ftw \l (7 2 .3 f

A L ! 
- L 1 J

AE с
(E 2+hu)2 (5)

The form  o f the overa ll resolution  width is  shown in F ig . 2 in which ДЕ 
re fe rs  to full width at half height where it can be seen that the energy un
certainty dom inates at low energy while the tim e uncertainty dominates 
at high energy.

ENERGY (cV)

FIG.2. Energy resolution at two chopper speeds.

EXPERIM ENTAL RESULTS

Neutrons scattered  from  the sam ple which pass through the Be filter  
w ere record ed  by a 400-channel tim e -o f-flig h t analyser. A  typ ica l run 
took about three days. The tim e -o f-flig h t data was co rrected  fo r  constant 
background, stream ing o f e lastica lly  scattered  neutrons through the Be 
filte r  and the incident neutron spectrum . The co rrected  data was then 
converted to the scattering law S(Q ,u), defined as follow s

k0 d^ff оS(Q, u) =A — (6 )
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where kQ is  the incident neutron w avevector; к = scattered neutron w ave- 
v ector ; d2cr/dfid т = double-d ifferentia l scattering c r o s s -s e c t io n  on tim e- 
o f-flig h t sca le ; т =tim e taken by neutrons to travel one m etre; and A is 
a constant.

F rom  the scattering law, the frequency distribution has been obtained 
by using the one-phonon expansion form ula [8] .

w here e"2W is the D ebye-W aller fa ctor; kB is the Boltzm ann's constant; and 
T is  the absolute tem perature.

Using the above m ethod, the inelastic scattering from  sam ples o f 
NH4C1, Z rH 2, H20  and benzene have been investigated. The fast neutron 
chopper was run at two different speeds, v iz  500 and 900 rev /m in , to 
obtain m ore  flux at low  o r  high incident energies resp ective ly .

The in elastic scattering c ro s s -s e c t io n  was m easured at ambient and 
liquid n itrogen tem pera tu res . T hree main leve ls  at 0 .024 , 0 .046  and 
around 0.185 eV w ere found. L evels thought to be com bination leve ls  o f 
those at 0 .024  and 0 .046  eV w ere also indicated around 0 .065 , 0 .09  and 
0 .13  eV .

At liquid nitrogen tem perature (~100°K) the peak at 0. 046 eV was 
m ore  prom inent and was shifted tow ards the higher energy side by about
1 m eV . The width o f this peak was a lso reduced at 100°K and was just 
la rg e r  than the experim ental resolu tion . The m ain ob ject o f using this 
sam ple was to com pare the perform ance o f the apparatus with other 
m eth od s. The resu lts w ere found to be in good agreem ent with B rockhouse
[1 ] , Venkataraman [9] and Janik [10] .

The tim e -o f-flig h t  spectrum  o f NH4C1 at liquid nitrogen tem perature, 
co rre cte d  fo r  background and the incident spectrum , is  given in F ig . 3.

(V)

n h 4c i

]

OlieV:2

s
0024 «V

010 30 SO TO
CHANNEL NUMBER

110

FIG.3. T im e-of-fligh t spectrum for NH4C1 at liquid nitrogen temperature (chopper speed 900 rev/m in).
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CHANNEL NUMBER ( 40 M sec/CHANNEl )

FIG.4. Raw time-of-flight data for ZrH2 (chopper speed 500 rev/m in).

ENERGY(eV)

FIG.5. Scattering law S(Q ,w ) for ZrH2.

ENERGY (eV)

FIG. 6. Frequency distribution fo rZ rH 2 .
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Z rH 2

The m eta llic  hydrides are exam ples of a lloys in which the m otions o f 
one com ponent are th eoretica lly  sim ple to analyse. The fact that the 
neutrons are scattered  by hydrogenous m ateria ls in a sim ple m anner 
m akes neutron scattering a very  useful technique in the study o f the nature 
o f hydrides.

The neutrons are scattered  m ainly by the hydrogen atom s and the 
m a jority  o f  the m odes are involved in the optica l v ibration . B ecause o f 
the sm all percentage o f acoustic m odes the width o f the op tica l peak is  
on ly slightly dependent on 'Q ' .

Many w orkers [11, 12] have found optica l leve ls  in the Z r -H  system  
with H /Z r  ratios varying from  1 .0  to 2 .0 . The frequency reported  fo r  
the optica l lev e l is  about 0.137 eV (which is  cla im ed to be inactive in 
in frared ). Pelah et a l. [13] in their cold  neutron experim ent a lso report 
a continuum o f acoustic v ib ra tion s .

A typica l tim e-of-flight spectrum  is  shown in F ig . 4. The spectrum  
shows the optica l peaks, the e lastic  stream ing through beryllium  filter , 
acoustic m odes and two beryllium  Bragg edges at large  tim es o f  flight.
As the elastic  scattering from  Z rH 2 shows coherent e ffects , the data 
had to be co rre c te d  fo r  the neutron diffraction  patterns o f  Z rH 2 . A 
separate experim ent, using a double-axis crysta l sp ectrom eter, was p e r 
form ed  to c o r re c t  the raw data fo r  coherent e lastic stream ing through the 
Be filte r . Neutron diffraction  data shows that ZrH 20 is  с phase and has 
a body -cen tred -tetragona l structure. The peak positions are m arked in 
F ig . 4. C orrected  data is  shown in the form  o f the scattering law (F ig .5). 
F igu re 6 shows the frequency spectrum  derived from  the scattering  law 
using E q .(7 ). To calculate f(w), a rough value of the D ebye-W aller fa ctor  
is  first calculated from  the position  o f the optica l peak, from  the Einstein 
m odel [1 4 ], using the relation

w here n = x ( l  - x )"1 ; x = e x p (- f t /k BT ), U 2 is the m ean square displacem ent 
Z r  and H atom s; and m is  the m ass o f hydrogen atom .

U2 is  related to the D ebye-W aller fa ctor  by

w here a =h2Q 2/2 m k BT .
A prelim inary  value o f  A. = 0 .182 is  obtained by taking m = 1 and 

hio = 0.137 eV and a rough frequency distribution is  obtained. This f(u) 
is  fed into LEA P [4] which n orm alizes the area under f(w) to unity and 
then calcu lates a value o f X given by

mu2 U2 = (n+|) hu (8 )

2W Q 2U2 a \e = e = e

(9)

0
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The new value o f A. is used to calculate f(u) again, using E q .(7 ). The 
p ro ce ss  is iterated until the value o f X obtained from  E q .(9 ) is  the same 
as used in E q .(7 ). A final value o f A. = 0 .24  is  obtained.

As shown in F ig . 6 the frequency spectrum  con sists  o f two main 
portions. T here are som e acoustic m odes extending up to about 0.022 eV 
and an optica l peak at 0.137 eV . The acoustic m odes have an area of 
nearly  1%. The ratio o f  areas under the two parts o f  the spectrum  de
pends exponentially on the D ebye-W aller fa ctor  used. Although the acoustic 
m odes have very  sm all weight, they affect the integration (9) to a great 
extent.

The acoustic m odes in F ig . 6 show two peaks around 0. 015 and 
0. 018 eV, but there m ay be large  uncertainties in this region  due to the 
coherent e lastic co rre ction .

FIG. 7. Raw data corrected for background and the incident spectrum, showing optical levels in ZrH2 
on tim e-of-flight scale (chopper speed 900 rev/m in).

To study optical leve ls  in ZrH2, the chopper was run at a higher 
speed (900 rev /m in ) to obtain better resolution  at high en erg ies . F ig . 7 
shows the tim e -o f-flig h t spectrum  corrected  fo r  background and the 
incident spectrum . The positions and energy widths of optica l levels  
are given below  and are com pared with those given by other w orkers 
(T ables I and II).

It should be noted that in spite o f the low  c ro s s -s e c t io n  at the incident 
energies it is the 0 .005 eV c ro s s -s e c t io n  (80 b) that governs the chance 
o f m ultiple scattering and so the sam ple was designed to give 10% scattering 
at this energy.

h 2o

A number o f experim ents have been perform ed on light and heavy 
w ater [17, 18] . M ost o f these use cold  neutrons and energy levels around
0. 01, 0. 022 and 0. 0 5 -0 . 07 eV have been observed  [19, 20] .
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TA B LE  I. PEAK POSITION (eV)

Source 1st Level 2nd Level 3rd Level

Pelah [13] 0.134 ± 0.015

Whittemore [11] 0 .14 0.28

Hailing [12] 0 .1 4  ± 0.0025 0.278 ± 0.0096 0.411 ± 0 .019

Present work 0.137 ± 0.002 0.27 ±0 .005 0.41 ± 0 .010

TAB LE  II. WIDTH (m eV)

Observed Resolution Corrected Whittemore
[11]

Harling
[12]

First level 
0.137 eV 27.8 16.4 22.9 ± 5 .4 18 26.4  ± 0 .6

Second level 
0 .27  eV 73.5 45.8 56. ±18 22 52.2  ± 3 .7

Third level 
0 .41  eV 112.5 86. 72. ± 25 72 ± 6

The low -en erg y  lev e ls  (0 .01  and 0.022 eV) are attributed to acoustic 
and optical m odes o f m otion with the m olecu le  as a dynam ic unit and the 
broad peak around 0 .06  eV is  due to hindered rotation o f the H20  m olecu le  
in the fie ld  o f surrounding m olecu les . In in frared  data [21] vibrational 
peaks are found at approxim ately 0. 2 eV and around 0. 37 eV to 0 .45  eV . 
F o r  these v ibrational leve ls  the population fa ctor  e_tlш̂ вт w ill be so 
sm all that they can only be studied by energy lo s s  m easurem ents. E gelstaff 
and Schofield  [22] attributed about half the total num ber o f  degrees o f fr e e 
dom to the vibrational m odes and about a third to the hindered rotations. 
The num ber o f acoustic m odes is  much sm aller, while that o f diffusive 
m odes is  n eglig ib le .

A w ater sam ple giving approxim ately 15% scattering has been studied 
using the inverted filte r  technique at room  tem perature. The sam ple was 
placed at 25° to the incident beam  and the scattered  neutrons w ere detected 
at 90° . A broad peak around 0 .06  eV was detected. Energy tran sfers  
around 0 .0 2 , 0 .2  and 0 .4  eV w ere also indicated. H aywood's data [16] 
was used to calcu late the scattering law S(Q ,u), using six  phonon term s, 
fo r  the 90° scattering angle. In the calculation o f S(Q, w) half the weight 
is  given to the m odes around 0 .02  and 0 .06  eV and two delta functions at 
0 .2  and 0 .43  eV with a weighting o f 0 .16  and 0 .33  resp ective ly  are added 
using LE A P. The scattering law thus calculated has been com pared with 
the experim ental points in F ig . 8.
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Since H20  has a much b igger D ebye-W aller fa ctor  than Z rÜ 2 and there 
are large  Q values associated  with large energy tran sfers  at 90°, the two 
delta functions at high energies cannot be observed  as sharp peaks in the 
double-differential scattering c ro s s -s e c t io n . This fact is  also shown by 
LEA P calculations on Haywood's data, with which the present results show 
good agreem ent.

BENZENE

Inelastic scattering o f neutron from  liquid benzene has been studied 
by severa l authors [15] . But it has been v ery  difficult to study all the 
possib le  energy tran sfers using one experim ental technique. B offi, M olinari 
and Parks [23] form ulated a m odel fo r  liquid benzene in which the vibrations 
w ere treated exactly with the aid of the phonon expansion form ula [24] . The 
rotational and translational m otions w ere treated using the reduced m ass 
form alism  suggested by K re iger [25] and on the perfect gas m odel. The 
BM P m odel pred icts som e m odes o f vibration  c lo se ly  spaced around
0. 38 eV and w ell separated from  the next highest set o f  vibration  m odes 
which spread from  about 0 .1  to 0 .2  eV . The low est norm al vibration was 
predicted  to be 0 .05  eV . The BMP m odel also gives a peak around 0.01 eV 
due to the approxim ate treatm ent o f the rotational and therm al m otions. 
F rom  Raman spectra  in solid  benzene energy levels  at 0.008 and 0.012 eV 
are known [26], probably due to torsional vibrations o f the benzene m o le 
cu les in the fie ld  o f its neighbours. In the present experim ent a liquid 
benzene sam ple with 15% scatter at room  tem perature was used. The 
scattering law S(Q ,u) thus m easured is shown in F ig .9. At the low er 
energy values there is very  good agreem ent with the scattering law using 
P(|3) given by .G lâser [15] . S(Q,u) was calculated with LEAP using two 
phonons. E xperim ental results agree w ell with the BM P m odel at higher 
energy tra n sfers . This can be expected sin ce, due to the uncertainty 
princip le, at large  energy values the observation  tim e is sm all. Hence 
the neutrons ob serve  the scattering system  as that described  by a 'gas ' 
o f  harm onic o sc illa to rs , which is  essentia lly  the BM P theory [20] .
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The energy leve ls  around 0 .38  eV cannot be observed  separate from  
the multiphonon background in this experim ent, as explained fo r  H 20  
sam ple.

ENERGY (eVÎ

FIG. 9. Scattering law for benzene.
......... Experimental points
_____ Glaser [15]

BMP model [23]

CONCLUSION

The experim ent provides a very  good method fo r  studying inelastic 
scattering o f neutrons from  solids and liqu ids. Some energy tran sfers  
which cannot be studied using cold  neutrons are a ccess ib le  in this ex p eri
m ent. The technique is  particu larly  usefui fo r  m olecu lar phases which 
only exist at low tem peratures.

The energy resolu tion  o f the apparatus in the energy range o f 0.028 
to 0. 2 eV lie s  between 10 and 15% which com pares very  w ell with other 
m ore  sophisticated experim ents. Im provem ents can be made by using 
la rg e r  flight paths and higher chopper speeds. E lastic scattering back 
ground can be reduced by using a longer beryllium  filte r  at liquid nitrogen 
tem perature. A lso  the co rrection  is  made m ore  easily  fo r  incoherent 
s ca tte re rs .

The technique has proved useful fo r  p relim inary  in elastic studies o f 
new substances and fo r  m easurem ents where a range o f  momentum tra n s
fe rs  is  not required.
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Abstract

THE SPECTROMETER FOR THERMAL-NEUTRON INELASTIC SCATTERING STUDIES AT THE IBR 
PULSED REACTOR. The design o f  the spectrometer for studies o f  inelastic coherent scattering o f  thermal 
neutrons by single crystals at the IBR reactor is described. A polychromatic pulse neutron beam is scattered 
by a single-crystal sample and the energy o f  scattered neutrons is analysed by three analysing single crystals 
(for three different beams o f scattered neutrons). The tim e-of-flight technique is used to measure the 
incident neutron energy. The spectrometer is adapted for simultaneous structure and lattice dynamics 
studies of solids. Special features o f this spectrometer and its applications are discussed.

1. INTRODUCTION

Two m ethods are com m only used fo r  neutron investigations o f the 
phonon d ispersion  relations o f so lid s : (i) the tr ip le -a x is  crysta l sp e c 
trom eter method; and (ii) the tim e -o f-flig h t (TOF) method [1, 2] . Both 
m ethods can be applied at steady-state neutron so u rce s . H ow ever, with 
pulsed neutron sou rces , like the IBR rea ctor  at the Joint Institute of 
N uclear R esearch  in Dubna, only the TOF method can be used e fficien tly . 
It has been applied at the IBR rea ctor  fo r  phonon-dispersion  relations 
m easurem ents in bismuth single cyrsta ls  [3 ,4 ] . In these experim ents, 
thé pulsed neutron beam was m onochrom ized  by a zinc single crysta l and 
then scattered on the bismuth single crysta l.

The energy o f the scattered  neutrons was analysed, using the tim e- 
o f-fligh t technique. The geom etry  o f this experim ent w ill be called 
'd irect geom etry '. The intensities o f phonon peaks w ere rather low. 
H ow ever, because the background at the IBR rea ctor  is very  low , it was 
possib le  to ca rry  out the experim ent and to m easure som e d ispersions 
re la tion s .

To in crease  the intensity o f phonon peaks, the possib ility  o f using 
'inverted  geom etry ', suggested by F . L . Shapiro, was studied. Z inc, 
copper, aluminium and bismuth single crysta ls  w ere used as sam ples 
[5, 6] . As com pared with the 'd irect geom etry ', the intensities o f the 
phonon peaks w ere increased  by a fa ctor  o f 5.

313
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On the basis o f the above-m entioned m easurem ents, Sosnowski [7] 
proposed the design o f an 'inverted geom etry ' spectrom eter fo r  coherent 
inelastic scattering o f therm al neutrons to be used at the IBR pulsed 
rea ctor  at Dubna. In the meantime (1963-65) Buras et al. elaborated 
the TOF method fo r  crysta l-stru ctu re  analysis o f powdered and single 
crysta ls  [8 -11] . Buras discussed also the possib ility  o f sim ultaneous 
studies -  using one sam ple -  o f  structure and lattice dynam ics o f solids 
by applying the tim e -o f-flig h t technique [12, 13] . At the sam e tim e Janik 
et al. [14] developed the 'inverted geom etry ’ method fo r  incoherent in 
elastic  scattering o f neutrons enabling frequency distribution m easu re
ments to be made at the IBR reactor .

In the present paper the princip le o f an 'inverted geom etry ' TOF 
spectrom eter fo r  m easurem ents of d ispersion  relations with sim ultaneous 
checking o f the structure is  d escribed . The design o f this spectrom eter 
and its applications are discussed b rie fly .

2. THE PRINCIPLE OF THE SPECTROMETER

Figure 1(a) shows schem atically  the 'inverted  geom etry ' TOF sp e c 
trom eter. A polychrom atic pulsed neutron beam from  source P passes 
co llim ator Cx and is scattered by the s in g le -cry sta l sam ple S o f known 
orientation in the laboratory  system . The energy o f the incident neutrons 
is  a function o f tim e and can be m easured using the tim e-o f-flig h t technique. 
The energy o f in elastica lly  scattered neutrons can be fixed fo r  a certain  
m easurem ent by a proper setting o f the angle 0A and in that way the d e 
tector  record s  neutrons o f a w ell-defined energy. The pulses from  the 
detector are fed to the multichannel tim e-an a lyser triggered  by the 
pulsed rea ctor . Knowing the length o f the flight path, the scattering 
angle 0Д and the m easured dependence o f neutron intensity on time

PULSED
SOURCE

SPECIMEN

F IG .l. (a) The principle o f  the 'inverted geometry' tim e-of-flight spectrometer, (b) The principle o f 
measurement in reciprocal space. k0 = incident neutron wavevector; kj = scattered wavevector;

~t  -  reciprocal lattice vector; "cf -  phonon wavevector; Q = momentum transfer.
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(m easured by the detector connected to the m ultichannel tim e-an a lyser), 
the energies and m om enta o f neutrons be fore  and after the scattering can be 
easily  found.

The energy and momentum conservation  laws -  using the conventional 
notation -  are as fo llow s:

Q  = ko'ki = T+q ’ W

h2k 2 h2 k2
ehu = —  (2)2 m 2 m

where e = +1 and e = -1  fo r  the neutron energy lo s s  and gain, resp ective ly . 
The corresponding re c ip ro ca l lattice  diagram  is  shown in F ig . 1(b). The 
v e c to r  is fixed fo r  a certain  m easurem ent. The d irection  o f k 0 is 
fixed  throughout the experim ent but, as stated above, its length depends 
on the neutron flight tim e between the sou rce  and the sam ple. By a proper 
ch o ice  o f  ф and /3 and the length o f k1 one can study phonon-d ispersion  
relations along any chosen  d irection  in the re c ip ro ca l space.

F o r  the situation shown in F ig . 1(b) Eqs (1) and (2) tran sform  into the 
follow ing form ula:

ftuT= 2- m { q 2 + 2qr sin|3 (cot|3+cotcp)+T2[ - l  + 2 sin|3 cos|3(cot/3 + cotcp)]} (3)

As an exam ple, a typ ical set o f uT(q) curves fo r  a copper single crysta l 
fo r  t = [200] and q in the [020] d irection  is  shown in F ig . 2.

In this ca se : /3=90°, and curves fo r  scattering angles q> = 30°, 45°, 
90°, 135° are presented.

FIG.2, Diagram o f cjt  (q) for a copper single crystal for r  = [2 ,0 ,0 ]  and q in the [020] direction 
where 0= 90c and <p = 30e , 45e , 90® and 135°. The additional curves represent phonon-dispersion relations 
for copper.
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The prin cip les o f focusing fo r  the tr ip le -a x is  spectrom eter have been 
elaborated in R efs [15 - 18] . The results presented in R ef. [17] have been 
adapted to our case , as presented below .

The v ector ia l d ivergency o f the vecto r  k0 (F ig .1 (b )) is parallel to kQ 
(fo r  an ideal collim ation) and the follow ing equation holds:

n • бк0 = 0 (4)

w here n is  the v e c to r  norm al to k0 (F ig .1 (b )). By differentiating Eqs (1) 
and (2), one obtains

k 0j - 6k0 =0 (5)

FOCUSING

FIG.3. The focusing principle

F ocusing takes place if  Eqs (4) and (5) are satisfied  sim ultaneously, i . e .  
i f  the vecto r

is  para lle l to n.
F ocusing fo r  the analyser (see F ig . 3) takes place if

is  parallel to d A, where dA is norm al to the analysing plane.
The triangle OAD corresponds to E q .( l ) .  T here are two straight 

lin es, para lle l to n and 3A, passing through points 0 and D respective ly .
They c ro s s  at E . The vecto r  g = (m/ft)Vw is shown as vecto r  GA. Focusing 
takes place if  conditions (6) and (7) hold sim ultaneously, i . e .  if points G 
and E overlap .

If the experim ent is set up so that q is  para llel to the chosen d irection  
[hkl] in the re c ip ro ca l space, then v ecto r  k0 is also parallel to the d irection  
[hkl] . In this case gykp.

The above d iscussion  shows that the focusing princip le can be applied 
to the inverted geom etry  TOF spectrom eter in a s im ilar  way as to the tr ip le 
axis spectrom eter.
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3. DESCRIPTION OF THE SPECTROM ETER

The inverted geom etry  perm its m easurem ents to be ca rr ied  out in a 
convenient way fo r  severa l scattering angles sim ultaneously. F igure 4 
shows the design o f the in verted -geom etry 'T O F  sp ectrom eter enabling 
m easurem ents at three different angles to be ca rr ied  out sim ultaneously. 
The c ircu la r  shield (3) has a window fo r  the incident beam co llim a tor (2) 
and another window fo r  three co llim ators  KII. It is set up on the base (9). 
The shield (3) has a v ertica l hole. The specim en  table (10) is  mounted 
in its low er part. T hree arm s o f  the sp ectrom eter RI, RII, RIII have a 
com m on axis (7) which is  situated below  the specim en  table. The arm s 
are mounted on three ca rria ges  running on one ra il. C ollim ators KII 
determ ining the scattering angles cp are located  on sp ecia l arm s RI, RII, 
RIII. Each arm  is  equipped with an analysing system  consisting o f the 
table S and the arm  RA connected with a shielded detector (26). The 
coupling between table S and arm  RA is  1 : 2. The specim en  table is 
adapted to bear heavy arrangem ents (<?f a few hundred kg) if n ecessa ry .

The positions o f the specim en  table (10), the arm s RI, RII, RIII and 
the arm  RA connected with the table S are con trolled  by a sp ecia l rem ote 
con tro l system , in accordance with a preset p rogram . The sp ectrom eter  
can be also con trolled  d irectly  by a com puter and the m easured data can 
be sent to a com puter.

A sp ecia l co llim ator fo r  structure investigations can be mounted in 
the shield (3). In this way the sp ectrom eter  can be used sim ultaneously 
fo r  studies o f lattice  dynam ics and structure.

4 . INTENSITY AND RESOLUTION

The resolution  o f the TOF sp ectrom eter  described  is determ ined 
partly by the width o f the therm al neutron pulse from  the m oderator. As 
is  known from  previous experim ents, the shape o f the neutron pulse is 
a sym m etric . Experim ents at Dubna [19, 20] have shown that the width 
o f the therm al neutron pulse can be decreased  significantly by poisoning 
the m oderator with a substance which strongly absorbs therm al neutrons. 
The neutron peaks then becom e alm ost sym m etrica l.

B aséd on the ea r lie r  resu lts , the neutron intensities fo r  the described  
sp ectrom eter  working at a large  pulse rea ctor  o f a mean power 1 MW can 
be ca lcu lated . The resu lts o f calculations presented in this paper have 
been based on the follow ing assum ptions:

Distance between m oderator and sam ple 15 m
Sample volum e 50 cm 3
C ro ss -se c t io n  o f the beam 4 cm X  4 cm
E fficien cy  o f the detector 35%

The calculations led to the follow ing resu lts :
(a) F o r  inelastic scattering

countsintensity o f the phonon peak at maximum 103 —J ^ 1 h X 64 /us channel
signal to background ratio 10

resolution  (ДХ = half width o f the peak) 1. 5%



FIG.4. Plan lor me spectrometer: (a) vertical section;
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(b) horizontal section.
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(b) F o r  e lastic  scattering
3 countsintensity o f the B ragg 's  re flection  8 X 1 0 ,  . .J 66 1 m m X  64 ms channel

signal to background ratio 100

resolution  (ДХ = half width of the peak) 1%
À

5. SUMMARY

The TOF sp ectrom eter described  perm its various investigations to 
be ca rr ied  out:

(1) M easurem ents o f phonon-dispersion  curves with good resolution  
and intensity

(2) Simultaneous studies o f the influence of static external fie lds on 
la ttice  dynam ics and structure o f solids [12, 13]

(3) Simultaneous studies o f the influence o f pulse external fields on the 
internal dynam ics and structure o f solids [7] .

In this experim ent the pulses o f the external field  (external m agnetic 
field) can be synchronized with the neutron pulse. Phase shifts between 
the two pulses can also be applied and used fo r  transient effect studies 
[12, 13] .
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Abstract

THE 'SMALL к ’ METHOD OF NEUTRON MOLECULAR SPECTROSCOPY. In slow neutron inelastic 
scattering experiments at the MTR it has been shown that discrete peaks can be observed in the neutron 
inelastic scattering spectra by observing the spectra at small momentum changes fiK . Similar peaks are not 
observed in data at higher momentum changes because the widths o f  the elastic and inelastic peaks which 
are proportional to i/ k^t /M  are large enough to overlap. Here T is the absolute temperature and M is the 
effective mass. Lowering T and increasing M narrows the peaks :o  some extent, but often the former change 
induces a phase change in the sample under study. The most effective way to narrow the peaks so that they 
do not overlap and can be observed as discrete peaks is to make к small. In the MTR experiments this is 
achieved by observing the scattering at smaller angles and with incident neutrons o f a higher energy.
Because the inelastic scattering intensity is small compared to the elastic scattering, much care must be given 
to suppressing the background, multiple scattering, and air scattering. Data showing the transitions between 
librational levels in liquid neopentane will be shown to demonstrate the effectiveness o f  the small к method 
o f neutron molecular spectroscopy.

1. INTRODUCTION

Thermal neutrons have unique c a p a b il i t ie s  as probes to  study the in tra 
m olecular v ib ra tion s  o f  m olecu les. Many experiments have been d irected  
toward these stu d ies as is  demonstrated by past p u b lica tion s  [ l ]  and the 
number o f  papers on the su b ject presented at th is  meeting. Many o f  the 
experiments have used co ld  neutrons because o f  th e ir  a c c e s s ib i l i t y  and 
r e la t iv e  good energy r e so lu t io n . Others have used warmer neutrons at e a s ily  
a c c e ss ib le  sca tte r in g  an gles. New inform ation  about m olecules has been 
obtained from these experim ents, but the data have sometimes been d iscou r
aging when the experiments were d ire c te d  at observing intram olecu lar v ibra tion  
tra n s it io n s  unhindered by in term olecu lar fo r c e s .

The d es ire  to  observe intram olecu lar v ib ra t io n a l tra n s itio n s  has led  us 
to  a new experim ental approach. In th is  approach the experimental equipment 
is  arranged so that the in e la s t i c a l ly  sca ttered  neutrons in the energy 
exchange ЛЕ range o f  in te re s t  w i l l  undergo as sm all a momentum exchange Ьк 
as is  com patible w ith  instrum ental r e so lu tio n  and counting s t a t i s t i c s . Small 
k ' s  are requ ired  because the width o f  a tra n s it io n  peak is  d ir e c t ly  proportion  
to  к. To reach sm all k ' s  i t  is  necessary to  use warm in ciden t neutrons (50 to  
100 meV) and observe the in e la s t ic  sca tte r in g  at sm aller than usual sca tter in g  
angles. This approach which we r e fe r  to  as the "sm all к" method has made i t  
p o s s ib le  to  re so lv e  intram olecu lar tra n s it io n s  [2 ] which are unobservable by 
in fra red  methods and appear only as broad bands in previous neutron scatterin ; 
experiments [3 ] .

*  Work performed under the auspices o f  the US Atomic Energy Commission.
* *  Temporary research assignment at MTR sponsored by Associated Western Universities. Present address, 

University o f  Utah, Salt Lake City, Utah.
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In Section  2 the th e o r e t ic a l ba sis  fo r  the sm all к method is  o u tlin e d , and 
in  S ection  3 a few th e o r e t ic a l neutron sca tter in g  law curves are presented to
demonstrate i t s  r e la t iv e  e ffe ct iv e n e s s  over p r io r  methods. Section  d e ta ils
some o f  the experim ental d i f f i c u l t i e s  which had to  overcome in  p e r fe ct in g
the method. An example o f  actu a l data fo r  l iq u id  neopentane is  given and
discu ssed  in  Section  5-

2. THEORY

In order to  descr ibe  intram olecu lar v ib ra tion s  we s h a ll  use the McMurry- 
R u ssell [it] sca tte r in g  model which was o r ig in a lly  developed fo r  w ater. At 
the same time we use i t  to  i l lu s t r a t e  the к dependence o f  the widths o f  the 
intram olecu lar v ib r a t io n s . This model p re d ic ts  that when near thermal 
neutrons are sca ttered  from a gas o f  v ib ra tin g  m olecules the sca tter in g  
law at sm all values o f  к w i l l  be :

Латг

(e + bt ) 2 (в -  eT)2
im

А  ira
where

S = °bv/lrtKBT 

_

a “  гм ^т 

я =-  KgT

(1)

and

аМ
6 (e )

V T  T

6
В sinh (— ) 

t  ¿

In these equations Sy is  the sca tte r in g  law fo r  the vth atom, a, v is  
the t o t a l  bound atom cross s e c t io n  fo r  the vth atom, i s  Boltmann's 
constan t, T i s  the absolute tem perature, e- 2w is  the Debye-Waller fa c to r ,  
t represents a p a rt icu la r  v ib ra t io n a l s ta te , 1^ is  a B essel fu n ction  o f  
the second k in d , M is  the e f fe c t iv e  mass in u nits o f  the mass o f  the 
neutron and ÏT i s  the amplitude fa c to r  fo r  the tth  v ib ra t io n  which has 
been o r ie n ta tio n  averaged.

From these equations we see that when the neutrons e x c ite  or d e -ex e ite  
a p a rt icu la r  v ib ra t io n  o f  energy BTi the sp ectra  o f  in e la s t i c a l ly  sca ttered  
neutrons w i l l  show peaks centered near energies EQ +_ BT>- A q u a s i-e la s t ic  
peak centered at EQ w i l l  a lso  be present. In most m olecules there is  not 
ju s t  one v ib ra t io n  o f  but there are many v ib r a t io n s , each w ith a BT.
The sp ectra  o f  in e la s t i c a l ly  sca ttered  neutrons should then show the 
e la s t i c  peak at EQ and the many in e la s t ic  peaks at t  Whether the
sp ectra  do show these peaks or only bands o f  overlapping peaks depends 
upon the energy r e so lu tio n  and the inherent width o f  the peaks.
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Equation 1 shows th at the inherent width at h a lf  maximum o f  each 
peak is

/т
P Œ к * T7M

Here p i s  the f u l l  width at h a lf  h e igh t. This inherent width a r ises  from 
the r e c o i l  motion imparted to  the m olecules and might be considered  as the 
" r e c o i l  r e so lu tio n "  inherent in  the sca tter in g  process in  con strast t o  the 
energy re so lu tio n  e a r is in g  from the lim its  o f  the experim ental equipment. 
To d is tin g u ish  between two ad jacent peaks in  the sp ectra  which are 
separated by an energy Л8 = 8, -  Sg, requ ires that Л8 > /p z +. e^/KgT. Thus 
to  observe separated peaks, the experiment must be arranged so that both 
adequate energy re so lu tio n  and r e c o i l  r e so lu tio n  are achieved. In many 
experiments the energy re so lu tio n  is  good but the r e c o i l  re so lu tio n  is  
not f in e  enough.

(H) , X'1

F IG .l. к versus E0 for a S corresponding to an energy exchange, ДЕ, o f 0 .033 eV.

Equation 2 shows that sm aller r e c o i l  re so lu tio n  can be achieved by 
ad ju sting  severa l con d ition s o f  the experiment. The temperature o f  the 
sample can be lowered or the e f fe c t iv e  mass o f  the sample can be increased . 
However, any but moderate decreases in  temperature usually  change the phase 
o f  the sample w hile the e f fe c t iv e  mass o f  the sample can on ly  be increased 
by changing the phase or com position  o f  the sample. Thus both o f  these 
adjustments change the nature o f  the experiment. The on ly parameter that
remains to  be ad justed  is  the momentum exchange. So in the "sm all к" method
the experiment is  arranged to  make к sm all enough so that the peaks w i l l  not 
overlap in  the neutron s ca tte r in g  sp ectra .

The r e la t io n  o f  к to  the experim ental parameters is  :

к2 = Jp-r (2Eq + 6 KgT -  2 /  Eq(Eo + g KgT) cos 0)

For a f ix e d  sm all sca tter in g  angle 0 , there is  an in cid en t energy Е 
which g ives minimum к fo r  the d esired  BT. To get to  sm aller к va lu es, 
one needs sm aller s ca tte r in g  angles and warmer in cid en t neutrons. This 
i s  d isp layed  g ra p h ica lly  in  F ig . 1 vhei>e 8 was se le cte d  to  correspond to  an 
energy exchange o f  33 meV, one o f  the 8T's  o f  the neopentane experiment [2 ] .
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A program has Ъееп -written fo r  the PDP-8 computer so that sp ectra  can 
be generated from Equation 1. In th is  program

6
-2w _ M 6vt C° Sh {T - ]

6 6XP 2M3C T S
В sinh 

t  ¿

Multiphonon terms are ignored. To demonstrate how the sm all к method 
allow s in d iv id u a l sta tes  to  be observed, we used th is  program to  generate 
sp ectra  fo r  severa l ty p ic a l  se ts  o f  experim ental con d ition s . These spectra  
are shown in  F ig . 2 as reduced p a r t ia l  cross section s  [5 ] which are 
p rop ortion a l t o  sca tte r in g  law. The parameters were se le cte d  t o  represent 
neopentane in  the gaseous phase. Here T = 300°K, M = 29.5 and K-gT 0T = ДЕ 
= 26, 33, Ul and 51 meV. The Ul and 51 meV tra n s it io n s  are bending modes 
observed in  in fra red  and Raman spectra  [ 6 ] ,  w hile the 26 and 33 meV 
tra n s it io n s  are methyl l ib r a t io n a l tra n s it io n s  re ce n tly  observed w ith  the 
sm all к method [2 ] .  The W values are ones se le cte d  to  f i t  the neopentane 
data.

In F ig . 2 we note that with co ld  in ciden t neutrons at a ty p ic a l  
s ca tte r in g  angle o f  6o° only a broad band contain ing a l l  fou r tra n s ition s  
is  expected in  neutron energy gain . A sim ilar  band is  present when co ld  
neutrons are sca ttered  at I o . Thus one cannot improve upon a co ld  neutron 
experiment by going to  sm aller an g les. At an in cid en t energy o f  50 meV 
and a sca tter in g  angle o f  7 -9 ° , the two l ib r a t io n a l tra n s it io n s  are ju s t  
separated in  neutron energy gain but not in  energy lo s s .  The spectra  at 
Eq = 100 meV and 6 = 1 °  have improved the r e c o i l  r e so lu tio n  so that a l l  
fou r peaks are w e ll reso lved  in  energy gain and the l ib r a t io n a l peaks in 
energy lo s s .  The f in a l  example in  F ig . 2 i s  an extreme case in  which 
E0 = 1000 meV and 9 = 1 ° .  Here a l l  peaks are w e ll reso lved  in  gain and 
lo s s .

3 . FITTING

Neutron Energy Chonge ДЕ

FIG. 2. Theoretical S( | к |, lia;) versus Ef showing improved recoil resolution with higher incident neutron 
energy and small scattering angle.
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In F ig . 2 and a lso  from Equation 1 we note that w hile the r e c o i l  
r e so lu tio n  improves as к decreases , the absolute peak in te n s ity  o f  each 
peak decreases. The lower peak in te n s ity  is  one o f  the lo s se s  that must 
be accepted to  re so lv e  the peaks.

U. EXPERIMENTAL CONSIDERATIONS

While the r e c o i l  re so lu tio n  improves with decreasing к , most o f  the 
other con d ition s o f  the experiment d e te r io ra te . Absolute energy re so lu tio n  
is  more d i f f i c u l t  t o  achieve as the in cid en t energy is ' in creased . The . 
in te n s ity  o f  in e la s t ic  sca tter in g  dim inishes as к decreases making 
s t a t i s t i c a l  accuracy more d i f f i c u l t  to  ach ieve. While the in e la s t ic  
s ca tte r in g  d ecrea ses , the e la s t i c  sca tte r in g  in creases making the experiment 
more se n s it iv e  to  m u ltip le  sca tter in g  and to  a ir  s ca tte r in g .

A ir s ca tte r in g  is  r e la t iv e ly  more troublesom e in  these small angle 
s ca tte r in g  experiments than in  experiments at la rg er  angles because to  
p la ce  sh ie ld in g  so that the d etectors  see on ly the sample and not the 
beam path b e fo re  and a fte r  the sample is  more d i f f i c u l t .  Neutrons in  
the in cid en t beam which sca t te r  from a ir  in  the path tend to  broaden 
the q u a s i-e la s t ic  peak and produce a continuous background o f  in e la s t ic  
sca tte r in g . The most e f fe c t iv e  way to  e lim inate th is  background is  to  
have an evacuated path [7 ] f o r  both the in cid en t and the sca ttered  beams.

M ultip le s ca tte r in g  in  the sample causes another background o f  
in e la s t i c a l ly  sca ttered  neutrons which tend to  mask the peaks. The 
m u ltip le  sca tte r in g  can be suppressed by using th in  samples or by p lacin g  
neutron absorbing spacers [7 ,8 ]  in  the sample. S ince the desired  s ca tte r 
ing is  at sm all an g les , an "egg cra te " type g r id  o f  spacers in  the sample 
should be most e f fe c t iv e  w hile not s e r io u s ly  shading the counters from 
the sample.

The compromise as to  the b est energy r e s o lu t io n , r e c o i l  re so lu tio n  
and counting ra te  must be decided fo r  each sample and each experim ental 
instrum ent. -

5. EXAMPLE OF DATA

The sm all к method o f  neutron m olecular sp ectroscopy  has evolved out
o f  a decade o f  s ca tte r in g  neutrons from m olecules at the MTR. The
experiment p resen tly  employs the MTR phased chopper v e lo c i ty  s e le c to r  [9] 
which d e liv e rs  bu rsts  o f  m onoenergetic neutrons ad ju stab le  between 15 and 
150 meV. A sm all angle evacuated f l i g h t  path [7 ] has been b u il t  which 
spans angles o f  3° to  10°. Small angle f l ig h t  paths f i l l e d  with helium
[7 ] were t r ie d  and found to  be an improvement over a ir  but s t i l l  
u n sa tis fa cto ry .

Sample conta in ers fo r  both  m olecular gases and m olecular liq u id s  have
been made. The gas conta in ers [7 ] are cy lin d ers  5 cm in  diameter and 12
cm lo n g ; the aluminum w alls o f  these containers are 0.025 cm th ic k . The 
pressure o f  the gas in  the container i s  ad justed so that the samples have 
a transm ission  near 0 .9 . To suppress m u ltip le  s c a tte r in g , 0.05 cm th ick  
cadmium spacers are p la ced  in  the container perpendicu lar to  the axis
2 .5  cm d istance apart.

The liq u id  containers [2 ,1 0 ] are arrays o f  th in  w alled  aluminum tu bes , 
about 0.05 cm ID. These tubes run h o r iz o n ta lly  and are stacked one above
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another. The tubes are sea led  to  a common m anifold at each end. Between 
each pa ir  o f  tubes is  a 0.007 cm space in  which is  p laced  a 0.005 cm th ick  
sheet o f  gadolinium m etal. This gadolinium absorbs neutrons in i t i a l l y  
sca ttered  v e r t ic a l ly  and th ere fore  helps to  suppress m u ltip le  sca tte r in g .

Using the sm all < method, data fo r  ethane [ 7 ] ,  propane, liq u id  
neopentane [2 ] and tetram ethyl s ila n e  have been obtained. F ig . 3 shows 
a se t o f  data fo r  l iq u id  neopentane at room tem perature. The in cid en t 
energy was 51 meV and'the sca tter in g  angle was 7 -9 ° .

0 20 40 60 80 100 120
Final Neutron Energy Ef (meV}

FIG.3. Scattered neutron intensity versus final neutron energy compared to a theoretical intensity plus an 
assumed multiple scattering contribution. Data points to the left o f the elastic peak are averaged over equal 
energy increments o f  1 meV.

T ran sition  energies are extracted  from these data by f i t t in g  spectra  
generated from Equation 1. However, t o  include the e f f e c t  o f  energy 
re so lu tio n  a computer program convolutes th is  spectrum with an energy 
re so lu tio n  spectrum. A re so lu tio n  broadened th e o r e t ic a l ca lcu la tio n  
which has been converted from Sv to  " in te n s ity "  is  shown in  the lower 
part o f  F ig . 3. The f i r s t  s te p .in  f i t t in g  the data is  to  ad just the 
e f fe c t iv e  mass and S values in  Equation 1 to  g ive  a good f i t  to  the 
experim ental e la s t i c  peak. Then th is  e f fe c t iv e  mass and S are held 
constant w hile the 8T's  and 7 (6 T) 's  are ad justed to  g ive  the b est f i t  
to  the in e la s t ic  s ca tte r in g . In f i t t in g  Equation 1 to  the e la s t i c  peak 
o f  the liq u id  neopentane data, i t  was found that an e f fe c t iv e  mass o f  
U5 was requ ired  fo r  a good f i t ,  while in  gaseous neopentane data, which 
has been obtained but is  not presented h ere , a value o f  29.5  was requ ired . 
N ote.that the l ib r a t io n a l modes are separated in  both energy gain and 
energy l o s s . This separation  has not been achieved in  previous experiments 
[3 ] .

For the given  in cid en t neutron energy o f 51 meV, the d iffe re n ce  in 
к re so lu tio n  between the angle o f  7 -9 ° , at which the data o f  F ig . 3 was 
taken, and 1*.8°, which is  the lowest obtainable with the present apparatus, 
i s  qu ite  sm a ll. T h ere fore , although data were obtained at an angle o f



SM—104/92 329

It.8° fo r  neopentane, the 7 .9 °  data is  presented because i t  is  s t a t i s t i c a l ly  
b e t te r . The other experim ental parameters were se le c te d  as a compromise 
between adequate r e c o i l  r e s o lu t io n , adequate energy r e s o lu t io n , and 
reasonable count ra te s . The sm all к con d ition s a tta in ed , coupled with 
the la rge  e f fe c t iv e  mass o f  neopentane, were ju s t  adequate t o  observe the 
two p r in c ip le  methyl group l ib r a t io n a l  t r a n s it io n s . Data at even sm aller 
k ' s  would be necessary to  provide b e t te r  sep aration  o f  the fou r  observed 
s t a t e s .

6. CONCLUSIONS

The previous section s  have ou tlin ed  the sm all к method o f  neutron 
m olecular spectroscopy  and demonstrated with data i t s  a b i l i t y  to  observe 
d is c r e te  v ib r a t io n a l tra n s it io n s  unobservable by other methods. The samples 
so fa r  stud ied  are the more favorab le  ones in  which on ly a few r e la t iv e ly  
w idely  spaced tra n s it io n s  are p resen t. While these data were obtained 
w ith  a phased chopper v e lo c i ty  se le ctor ,- the sm all к method is  not 
lim ited  to  th is  instrum ent. Recent te s ts  have shown that a t r ip l e  axis 
spectrom eter can a lso  be employed. Rotating c ry s ta l spectrom eters and 
LINAC chopper systems should a lso  be good.

As more com plicated sp ectra  are stu d ied , data at even lower values 
o f  к w i l l  be requ ired . These k ' s  can only be reached at very sm all 
s ca tte r in g  angles with hot neutrons. Since very good energy re so lu tio n  
w i l l  be needed w hile the in e la s t ic  s ca tte r in g  w i l l  be weak, the most 
in ten se source o f  neutrons w i l l  be needed.
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Abstract

THE PROPERTIES AND PERFORMANCE OF THE HOT NEUTRON SOURCE AT THE FR2 REACTOR.
For certain classes o f  neutron scattering experiments it is desirable to increase the neutron intensity at 
energies above the Maxwellian peak o f  a reactor spectrum considerably. This can be done by i n s t a l l i n g  a 
p iece o f  moderator having a high temperature, a so-called hot source, at the tip o f the beam tube. In our 
experiments we used graphite as material for the hot source. The possible gain in neutron intensity attainable 
with a hot source was studied in a mock-up experiment for various sizes and temperatures o f  the graphite 
block using the pulsed neutron technique. The agreement o f  the measurements with calculations o f  the 
rethermalization properties o f  the graphite block based on transport theory was quite satisfactory.

A plug carrying a graphite cylinder, 18 cm in diameter and 18 cm  in height, was installed at the FR2 
reactor. With proper thermal isolation a graphite temperature o f  about 1700 'к  was reached by nuclear 
heating only. Spectrum measurements at this temperature and systematic studies o f  the properties o f  the 
hot source are under way. An increase in neutron intensity o f  about a factor o f  7 is expected at a neutron 
energy o f 0 .3  eV . The source will be first used for phonon dispersion measurements.

1. INTRODUCTION

W hile in general the scattering of slow  neutrons has proved to be a 
valuable method fo r  studying the structure and dynam ics of condensed 
m atter, it is  only recently  that carefu l studies of an optim alized use of 
given neutron sou rces  w ere started. By building 'c o ld ' sou rces into 
resea rch  rea cto rs , e. g . , considerable  gains in the useful neutron flux 
below  5 m eV  w ere obtained.

F or  a great range of p rob lem s it is o f advantage o r  even n ecessary  
to work also with higher incident energies (up to 0. 5 eV) than hitherto 
available with sufficient intensity. Such problem s are, e . g . ,  neutron d if
fraction  fo r  la rger momentum tran sfers , the study of high excitation 
energies o f m olecu lar system s, so lid s  and esp ecia lly  m agnetic system s 
by inelastic neutron scattering and the determ ination of space -tim e c o r r e 
lation functions from  the dou b le-d ifferen tia l scattering  c ro s s -s e c t io n , to 
mention only a few  exam ples.

H igher fluxes at the energies o f in terest can be reached by shifting 
the M axwellian spectrum  of a rea ctor  to a higher tem perature. This can 
be achieved by inserting  a hot m oderator b lock  into the norm al reactor 
m oderator. T herm al neutrons are 're th erm a lized 1 in the 'hot sou rce ' and 
can be extracted  by a beam  tube.

It is  the aim of the present paper to d escribe  the w ork done to develop 
and test a hot sou rce  fo r  the FR2 resea rch  rea ctor  at K arlsruhe. In
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section  2 the general concept and preparatory  studies are sum m arized 
shortly . In section  3 the general layout of the hot sou rce  is  d escribed . 
Furtherm ore the ch oice  of appropriate m ateria ls and the problem  of nuclear 
heating and nuclear heating experim ents are d iscu ssed . F inally the safety 
prob lem s are m entioned. In section  4 m easurem ents o f retherm alized  
sp ectra  and the resulting gain in useful neutron flux are d iscu ssed .

2. STUDIES ON RE THERMALIZATION IN A HOT MODERATOR

There are essen tia lly  four param eters which determ ine the neutron 
gain o f a hot neutron sou rce : the therm alization  properties  o f the hot 
m oderator m ateria l, the geom etry o f the sou rce  block , the tem perature 
o f the hot m oderator and the position  in the rea ctor  where the hot neutron 
sou rce  is  to be installed.

To understand the dependence of the neutron gain of a hot sou rce  on 
these param eters m ore  quantitatively both experim ental and theoretica l 
studies have been ca rr ied  out.

e

6

2

FIG. 1. Calculated temperature dependence o f 
the gain (for a graphite sphere o f  10 cm  radius).

1250 1500 И 50
T (°K>

Only a few  m ateria ls like graphite, beryllium , beryllium  oxide and 
perhaps som e m etal hydrides can be used as high-tem perature m od er
a tors . The properties  of m etal hydrides have to be studied in m ore detail 
b efore  such an application can be envisaged. Although sim ple arguments 
show that Be and BeO have slightly better m oderating properties than 
graphite, the tech nolog ica l problem s in handling these m ateria ls are 
greater than fo r  graphite. B ecause o f the excellent therm al shock r e 
sistance, the graphite b lock  used fo r  the hot sou rce  w ill not be therm ally  
destroyed  by tem perature changes during rea ctor  start-up and shut-down. 
A lso  the behaviour o f graphite in high radiation fie ld s  at high tem peratures 
is  w ell known. Calculations resu lt only in a gain of about 30% fo r  beryllium  
com pared to graphite. F or  these reasons graphite was chosen as hot 
sou rce  m ateria l.

The p oss ib le  arrangem ent of a hot sou rce  in a rea cto r  was sim ulated 
and retherm alized  sp ectra  w ere studied in a system atic manner fo r  a range 
o f d iam eters of the graphite b lock  (d= 11-20 cm ) and a range o f tem peratures 
(T  = 910 - 1560°K).

C alculations of the spectra  w ere done with a sp ecia l version  of the 
program  THERMOS [1] and the code TRAKAS written fo r  the reth erm ali-
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zation prob lem  in sph erica l geom etry  which calculated the d irected  flux 
using rea lis tic  scattering kérnels. The agreem ent between experim ental 
and theoretica l resu lts was quite satisfactory . This fact was taken as 
justification  fo r  using the calcu lational m ethods mentioned fo r  optim alizing 
the param eters of a hot sou rce . The follow ing resu lts w ere obtained: 

Increasing the radius of a cy lin d rica l hot sou rce  (20 cm  high) from
5.5 to 10 cm  leads only to an in crease  in the experim entally determ ined 
gain o f about 15%. This means that the dim ensions of a hot sou rce  can 
be fixed  by other aspects like the radiating area requ ired o r  the space which 
is  available in the rea ctor .

A s shown in F ig . 1, the tem perature dependence of the gain is  weak 
fo r  energies below  0.2 eV. F or  higher energies the gain in crea ses  with 
in creasing  tem perature.

Above 0.2 eV  the intensity gain has been found to be nearly  porportional 
to the ratio of the therm al to the epitherm al flux {Ф̂ /Феpi), while below  this 
energy it is  nearly  independent of this ratio.

The neutron intensity of a hot sou rce  is  determ ined practica lly  only 
by the height o f the therm al flux. T herefore  the highest neutron intensity 
can be reached if the hot sou rce  is  installed at the position  of maximum 
therm al flux.

3. TECHNICAL LAYOUT OF THE HOT SOURCE AT THE FR2

3. 1 .  E xperim ental set-up

Starting from  the conclusions of the studies m entioned above, a concept 
o f a hot sou rce  fo r  the given conditions at the rea ctor  FR2 was developed.
A sim ple construction  was sought, based on the idea o f heating the source 
b lock  by nuclear heating rather than a com plex e le c tr ica l heating system  
in a high radiation flux.

(a) Hot sou rce  plug

A horizontal beam tube (R6) ending 30 cm  inside the outer re fle cto r  
wall was available. The therm al flux at the tip of the beam tube is 
5 X 1013 n cm '2 sec"1 . The inner d iam eter of this tube is 35.4 cm . It is  
reduced near the re fle c to r  by n ecessa ry  installations to 27 cm , but o ffe rs  
the possib ility  of inserting a fa ir ly  large m oderator block . F igure 2 shows 
a schem atic view  of the design of the whole hot sou rce  plug with auxiliary 
equipment.

The hot sou rce  plug con sists  essen tia lly  o f two separate parts:
The shielding part is  a conventional construction  made from  stainless 
s tee l filled  with heavy con crete  and occu p ies only the outer part of the 
beam hole in the b io log ica l shield. A space of 31 cm  in length between 
this part and the beam  shutter of the R6 channel in front o f the plug is 
reserv ed  fo r  the withdrawn sou rce  cham ber. Thé hot source cham ber, 
o f 0 .4 -cm  wall thickness (F ig . 3), is  manufactured from  a com pact ingot 
o f AlM g3. The cham ber is tightly flanged to a 9 -cm  diam eter aluminium 
tube of 300-cm  length which serves two purposes, carrying the source 
cham ber and allowing the extraction of the neutron beam . C ollim ators of 
different c ro s s -s e c t io n s  can be inserted  into this tube. The outer end has
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proper sealings, connections fo r  the vacuum system  and grom m ets fo r  the 
tem perature con trol d ev ices . The aluminium tube is  supported by ball 
bearings in the shielding plug. This construction  allows the hot sou rce  
container to be easily  drawn back behind the beam  shutter during norm al 
rea cto r  operation if desired , e .g .  fo r  safety requ irem ents.

Heat rem oval from  the outer parts of the hot sou rce  container is  
achieved by an air c ircu it available in the beam  tube. The air flow  can be 
varied  up to 400 m3 /h .

therm ocouples molybdenum
cladding

FIG.3. Hot source chamber.

(b) Hot source

Because o f the low  im provem ent com pared with other m oderator 
m ateria ls mentioned in section  2 , we decided to use nuclear-grade graphite 
fo r  the sou rce  m ateria l.

A cylinder 18 cm  in diam eter and 18 cm  high with a re -en try  hole 
( 1 0  cm  diam eter, 1 0  cm  depth) was chosen as a reasonable geom etry  fo r  
the available conditions at the rea cto r . Although the dim ensions of the 
hole m ay not be optim al, this geom etry  in crea ses  the gain com pared to 
a plane geom etry . The b lock  was machined from  one p iece  of re a c to r - 
grade graphite with a density of 1.73 g /c m 3.

3.2.  N uclear heating

F rom  the available neutron flux and 7 -flux  data fo r  the sou rce  position 
a sp ec ific  heating rate fo r  graphite o f about 0.05 to 0.1 W /crr? has been 
estim ated; this m eans a total heating rate of about 200 to 400 W fo r  the 
whole graphite b lock . To attain tem peratures above 1000°K with such low 
heating rates requ ires a carefu l therm al isolation . A  prelim inary  design 
using as much as 1 0  m olybdenum heat shields around the sou rce  has been
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rep laced  by an arrangem ent using carbon w ool as the main iso la tor . Carbon 
w ool of low  density (~0.1  g /cm ?) has been found to be an excellent therm al 
iso la tor  [2 ] .  B esides the advantage in neutron econom y, this technique is  
much m ore  flex ib le  and poses few er m echanical and constructional problem s 
than the multiple molybdenum sheet design.

The graphite cy linder was surrounded by 15 carbon w ool la yers  each 
about 2 mm thick. The w ool layers serve  sim ultaneously as a support fo r  
the graphite b lo ck  in the sou rce  cham ber. A schem atic cut showing the 
graphite b lock , the therm al isolation  and the container is  given in F ig . 3.

With this arrangem ent a graphite tem perature o f 1050-1300°K was 
reached, depending slightly on the occupation o f nearby fuel elem ent 
positions. In a further set-up  molybdenum fo ils  (0.25 jum) w ere packed 
between the w ool layers , leading to graphite tem peratures of 1500-1650°K. 
The tem perature r ise  near the graphite centre during a typ ica l heating 
experim ent can be seen from  the follow ing table.

t(h) 0 1 2 3 4 5 26

T(°C) - 220 340 430 520 610 1270

In this experim ent the hot source had been pushed into its position  
during norm al rea ctor  operation, i . e .  the rea ctor  pow er at t = 0 was 
44 MW. Inspection of the hot sou rce  cham ber after severa l nuclear heating 
runs showed no v is ib le  changes of the graphite b lock  and the carbon w ool.

3 .3.  Safety aspects

The tem peratures o f the container and the graphite b lock  are con 
tinuously con trolled  and record ed  by severa l therm ocouples. Because the 
heat fluxes to be rem oved from  the outer surface o f the container are 
re la tive ly  sm all (about 0.2 W /cm 2 ), the wall tem perature can be held at 
80°C by the air cooling  system  (350 m 3/h ). Conventional eh rom el-a lu m el 
therm ocouples are used fo r  these tem perature m easurem ents. The graphite 
tem perature is  m easured by P tR h-Pt elem ents which are protected against 
p oss ib le  ch em ica l reactions with graphite by molybdenum claddings. The 
vacuum  (1 0 '5 T orr) o f the total system  is continuously con tro lled . Two 
rotating pumps are available, o f which norm ally  only one is operating. 
F ailure o f this pump autom atically connects the second one to the system .

Sudden m echanical damage is believed to be avoided by high safety 
fa ctors  in the m echanical layout. L ong-tim e effects are detectable early  
enough by the con tro l system . A nitrogen flooding system  is available to 
d ecrease  the tem perature of the hot parts of the source to a to lerable  lim it 
in the case  o f an accident rapidly.

4. EXPERIMENTS

4 . 1 .  Spectrum  m easurem ents

F or  the p ra ctica l application o f thç hot sou rce  the ratio of the intensity 
I S(E, T) of the neutron beam  extracted from  the sou rce  to the intensity I0(E)
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of the beam  extracted  from  the sam e beam tube without sou rce  is of 
in terest. This ratio m ay be defined as the 'gain ' g(E, T):

x ) = *s (E« T )
gl ’ J I„(E)

where E is  the energy and T is  the tem perature.
C learly  g depends not only on the Maxwellian part o f the spectrum  but 

also, e sp ecia lly  at higher energies, on the l / E  part. F or the source 
arrangem ent d escribed  above g(E, T0 ) may be le ss  than one if T0 is  the 
norm al tem perature of the rea ctor  m oderator. Although the scattering 
experim ents to be installed at the sou rce  w ill use crysta l m onochrom ators, 
we p re ferred  to use the t im e -o f-flig h t technique with a m echánical chopper 
to study the energy dependence of the sou rce  intensity. This avoids 
otherw ise n ecessa ry  co rrection s  fo r  crysta l re flectiv ity  and higher o rd ers .

The chopper used for the m easurem ent is a conventional system  having 
a ro tor  o f 2 5 -cm  diam eter running at 7350 rev /m in . The slit system  of 
the rotor  is  exchangeable. F or the present m easurem ents a specia l slit 
system  was constructed which has an energy independent transm ission  in 
the range from  0.01 to 5 eV. The e ffective  slit width was 1 mm giving a 
pulse width At = 7.64 ¡лse c . A flight path 550 cm  in length with a 1-in. 
diam eter BF3 -cou n ter bank was used. The energy-dependent intensity 
o f the neutron beam  was determ ined from  the tim e -o f-flig h t spectra  by a 
standard com puter program , making the n ecessary  co rre ction s  fo r  r e s o 
lution, detector e ffic ien cy  and so on.

4 . 2 .  D iscussion  o f results

F igure 4 shows the converted tim e -o f-flig h t spectra  of the extracted 
neutron beam . The curve labelled  T = 330°K represents the spectrum  of

FIG.4. Experimental spectra.
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the beam  from  the channel without the hot sou rce . F rom  this m easurem ent 
the ratio o f 0th/$ epi was determ ined to be 32. The two other curves w ere 
obtained from  the m easurem ents at graphite tem peratures of 1030 and 
1540°K respective ly .

It can be seen from  these curves that the m axim a of the spectra  are 
not shifted to the M axwell peak energies corresponding to these tem pera 
tures and that the shape of the hot spectra  in the low energy range is  not 
M axwellian. This is  because the graphite b lock  is  too sm all fo r  the 
neutrons to com e into therm al equilibrium  at the graphite 's tem peratures. 
F igure 5 presents the gain fa cto rs  g(E, T) fo r  the two tem peratures of the 
hot sou rce  accord in g  to the definition stated above fo r  the case of negligibly

Energy (eV )------^  FIG. 5. Gain for various temperatures.

sm all flux gradients at the sou rce  position . The curve labelled  1500°K (M) 
shows the th eoretica l gain if com plete retherm alization  at 1540°K had been 
accom plished . Up to about 200 m eV the gain fo r  the tem perature of 1030°K 
is  slightly higher than that fo r  1540°K. The gain reaches its maximum 
value o f 5 fo r  1030°K at an energy of 240 m eV  and of 7.3 fo r  1540°K at an 
energy of 330 m eV  respectively .

The agreem ent of these results with our theoretica l calcu lations is  
quite good (F ig . 1). F rom  the calcu lations it can be concluded that using 
tem peratures o f the graphite m oderator below  1000°K does not y ield  an 
im provem ent in gain at any energy. A tem perature of 1000°K is  a reasonable 
low  tem perature lim it fo r  a graphite sou rce . Much higher tem peratures 
are only of in terest fo r  am plifying the neutron intensity at energies above 
0.3 eV.

F or  the present installation of the hot sou rce  in the FR2 the overa ll 
reduction  of the gain has been estim ated from  m easured flux gradients to 
be about 1.5.

5. CONCLUSIONS

The experim ents d escribed  show that a relative sim ple hot sou rce  
construction  using a sm all graphite m oderator can im prove the neutron
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intensity above 0.1 eV  available in a reactor beam considerably . Although 
the gains can be up to a fa ctor  of 7 o r  even m ore , depending on the ratio 
^th/^epi an  ̂ sou rce  tem perature, it should be rem em bered  that the 
absolute flux per unit energy is still low com pared to fluxes available below
0.1 eV  in a Maxwellian of room  tem perature. Scattering experim ents 
with m on o-en ergetic  neutrons above 0.1 eV becom e feasib le  with the 
hot sou rce  d escribed . Depending on the requ ired energy resolution  the 
useful energy range extends practica lly  up to 0.3 eV.
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Abstract

THE DESIGN AND PERFORMANCE OF THE HERALD COLD SOURCE. A liquid hydrogen/deuterium cold 
source has been installed in one o f  the tangential beam tubes o f the reactor HERALD at AWRE, Aldermaston. 
The design and construction o f  the refrigerator and cold  source assembly are described and the operating 
experience is outlined. Measurements have been made o f the neutron spectra from ambient sources and from 
cold  sources using apparatus installed at both ends o f the beam tube. On the long-wavelength apparatus for 
defect studies (Reading University team) the neutron spectra were measured in the range 6-15 A using a 
mechanical velocity selector. At the other end o f the tube the inelastic neutron scattering apparatus (Birmingham 
University team) was used to measure the-neutron spectra between 4 and 8 A using high resolution tim e-of- 
flight equipment. The total cold  neutron intensity transmitted by the cold  beryllium filter was also recorded 
on the latter apparatus. Initially measurements were made on a series o f ambient temperature sources to 
establish a reference point from which to estimate the overall gain and the gain as a function o f  wavelength. 
Measurements were also made on a number o f mixtures ranging from 100% liquid hydrogen to 100% liquid 
deuterium.

An optimum mixture has been found. The fluxes obtained from the cold source are 20 -  30 times 
greater than from ambient sources. The gain is independent o f  wavelength in the range 6 -1 5  Â . By referring 
measurements on all mixtures to the flux from liquid hydrogen, comparisons are made with the results obtained 
by other groups.

1. INTRODUCTION

The ratio (R) o f neutron flux from  equilibrium  distributions at T j , and 
at a wavelength X , to that at T2 is  given by

If T j = 20°K and T2 = 320°K, the values o f R at 5, 10 and 15 A are resp ective ly  
R(5) = 43, R(10) = 164 and R(15) = 209. The achievem ent o f gains o f this 
o rd er  in resea rch  rea ctors  would provide relatively  intense sou rces  o f long- 
wavelength neutrons fo r  neutron beam w ork.

The firs t  use o f liquid hydrogen as a co ld  m oderator was by 
Butterworth et al. [1] in BEPO and subsequently by the sam e group [2] in
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DIDO. Jacrot [3] has made m easurem ents on severa l liquid hydrogen/ 
deuterium m ixtures in a m oderator cham ber in the EL3 rea ctor  at Saclay.
A liquid deuterium sou rce  and two hydrogen/deuterium  m ixtures have also 
been studied by Cocking and Webb [2] .

In providing a cold  source in HERALD fo r  long-w avelength neutron 
work, it was decided to make a flex ib le  system  to allow a sim ultaneous 
study o f the cold  m oderator to be made. The firs t phase o f this study has 
been com pleted and is  described  in this paper.

The system , described  in section  II, has a 4. 9 - litre  cham ber in a 
tangential tube, as opposed to the radial tube arrangem ents in DIDO and 
EL3. A m ajor advantage o f this system  is  that source m odifications can 
be made without disturbing the neutron beam instrum ents. The HERALD 
sou rce  is  view ed by two instrum ents -  a t im e-o f-flig h t chopper and a 
m ultislit, m ultidisc ve locity  se le c to r  -  and m easurem ents have been made 
o f a num ber o f  hydrogen/deuterium  m ixtures.

2. THE HERALD COLD SOURCE

HERALD is  a 5 -MW pool rea ctor  re flected  on two sides by 7. 5 cm  of 
beryllium . The cold  sou rce  is  inserted  into a tangential beam tube (see 
F ig . 1). To achieve this, the centre section  o f the original straight-through 
tangential tube was cut out and plates welded over the end o f the beam tube 
stubs. The sou rce  is  suspended within the rea ctor  tank in this centre section. 
W ater is  expelled from  the gap G between the crad le  and the beam tube stub 
by a flex ib le  aluminium diaphragm when the cradle is  p ressu rized  to 15 lb /in 2 
with helium gas. About 0. 020 in. o f w ater rem ains at the interface I between 
the sou rce  b lock  and the crad le . This arrangem ent allows the shapes and 
sizes  o f cold  cham bers to be changed without disturbing the m easuring 
equipment at either end o f the beam tube.

B ecause o f the tangential geom etry, it was possib le  to use a large 
sou rce  cham ber and to examine the m oderation by liquid deuterium under 
m ore favourable conditions than with the sm aller cham bers used in ea r lie r  
experim ents. The re frigera tion  pow er available lim ited the sou rce  volum e 
to about 5 litre s . This volum e, although still sm aller than desirable , was 
considered  acceptable since it was the intention to examine not only pure 
deuterium but a lso  deuterium /hydrogen  m ixtures. To lim it the gam m a- 
heating, 7 cm  o f lead shielding was interposed between the source assem bly 
and the beryllium  re fle cto r .

The sou rce  cham ber was made o f aluminium in the form  illustrated in 
F ig . 1. T here are two re-entrant tubes let into the cham ber on the axis of 
each neutron beam tube.

The need to vary the com position  o f the mixture in the source cham ber 
made it n ecessary  fo r  the sou rce  to be cooled  indirectly . Thus heat is tran s
ferred  from  the independent source system  to the main re fr ig era tor  circu it 
via a heat exchanger. The heat exchanger is  situated just below the water 
surface in the rea cto r  tank and is  connected to the source cham ber by two 
pipes 1. 9 cm  in diam eter. C irculation  and rem oval o f the heat load o f about 
300 W is  achieved by natural convection  arising from  the large variation of 
density o f liquid hydrogen with tem perature.

The aluminium sou rce  is  connected to the stainless steel heat exchanger 
using friction -w elded  transition  p ie ces . During operation o f the source the 
vacuum jacket is  isolated , the vacuum being maintained by a charcoa l ad-



SM—104/116 343

L

<—»
6*5 CMS

F IG .l. Sections o f  the cold source on HERALD. The Fermi chopper is mounted on C1G and views that part 
o f  the cold source S indicated by the arrows B. The neutron velocity selector views the area indicated by the 
arrows A . The overall dimensions o f the cold source are quoted, the source chamber itself having aluminium 
walls about 0 .7  cm  thick. Tubes L link the cold source with the heat exchanger. V is vacuum jacket.
P and Q are inlet and outlet for the He gas etc.

so rb e r  attached to the heat exchanger. It is  found that 1 litre  o f ch arcoa l 
w ill maintain a sa tisfa ctory  vacuum fo r  severa l w eeks. The sou rce  system  
is connected to a 2 -m 3 ballast volum e so that the gas charge can be con serv ed  
The pressu re  in the ballast d ecrea ses  from  5 to 2 atm as the sou rce  fills  with 
liquid. ' Gas sam ples from  the ballast w ere analysed by m ass spectrom etry  to 
determ ine the hydrogen/deuterium  content and the resu lts fo r  m ixtures used 
in the se r ie s  o f experim ents are given in Table I.

TABLE I. CONCENTRATIONS OF COLD-SOURCE MIXTURES

H2 Dz HD H D

0.87 97.82 1.24 1.49 98.44

8.03 87.23 4.52 10.29 89.49

25.87 67.77 5.67 29.70 70.60 a

29.94 60.03 9 .26 34.57 64.66

27.69 43.21 29.00 42.19 57.77

33.65 39.52 26.76 47.03 52.90

54.75 18.92 26.16 67.83 32.00

100 0 0 100 0

a Studied only by incident beam monitor -  integrated counts.
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The re fr ig e ra to r  was designed and m anufactured by E lliott Automation 
Ltd and is  a liquid nitrogen p re -co o le d  Jou le-T hom son  cascade system  of 
the L inde-H am pson type with a capacity o f 600 W. It operates at a p ressu re  
o f 60 atm using m odified o il lubricated co m p re sso rs . Alumina and liquid 
nitrogen ch arcoa l beds are used to purify the gas. The whole o f the gas flow 
through the re fr ig e ra to r  is  passed to the heat exchanger where heat is  r e 
m oved from  the secondary  (sou rce ) system  by the boiling o f hydrogen on the 
re fr ig era tor  side o f the exchanger.

3. THE TIM E -O F -FLIG H T  CHOPPER APPARATUS

The apparatus set up on the C1G hole is  designed fo r  cold  neutron 
scattering  experim ents. It was convenient to use this instrum ent fo r  
assessm ent o f the perform ance o f the co ld  sou rce . The neutron beam passes 
through a steel co llim a tor  1 m long and 6 . 25 cm  in d iam eter. This is  em 
bedded in iron  shot con crete  and can be flooded to shut o ff the beam . Beyond 
the co llim a tor  is  a 30 -cm  length o f polycrystalline beryllium  coo led  with 
liquid nitrogen which serves  to scatter out o f the beam  all neutrons with 
wavelengths le ss  than 4 Â . The filtered  beam is  then further collim ated  
by a 6. 25 cm  X 2. 75 cm  aperture in a 30 -cm  b lock  o f barytes con crete . O ver 
the exit o f  this is  mounted a 235U fission  cham ber which is  re fe rred  to as the 
incident beam m onitor and which has a sensitive layer o f 10 m g /cm 2. Beyond 
the m onitor the beam  is  m onochrom ated and pulsed by a h igh -speed  F erm i 
chopper. A second fiss ion  cham ber (re fe rred  to as the chopped beam 
m onitor) m easures the residual beam which then passes along a 2. 92-m  flight 
path to a 5 -cm  d iam eter BF3 counter. The t im e -o f-flig h t spectra  have a 
wavelength resolution  o f 7%,

4. THE MECHANICAL NEUTRON VELOCITY SELECTOR

From  the G1C end o f the tangential beam tube the cold  sou rce  is  viewed 
by a m echanical ve locity  se le cto r  which transm its neutrons with se lected  
wavelengths between 6 and 15 Â depending on the speed o f rotation. The 
apparatus is  m ainly as d escribed  by C lark et al. [4] .  The wavelength 
resolution  is  5%. The effective  solid  angle subtended by the sou rce  at the 
detector is  10"4 steradians. With this collim ation  the area o f the co ld  sou rce  
view ed is  within the re-entrant tube re fe rred  to in section  2 above.

5. RESULTS AND DISCUSSION

The two neutron instrum ents used in the present w ork  have different 
acceptance angles and are designed to w ork  in different wavelength ranges. 
The F erm i chopper view s a large area  o f the sou rce , w hereas the neutron 
ve locity  se le c to r  accepts only neutrons em erging from  a re-entrant tube.

F igure 2(a) shows the spectra  m easured with the F erm i chopper between 
4 - 7 Â fo r  a num ber o f different sou rces . The structure observed  in the 
spectra  is  attributed to the B ragg edges arising  from  neutron scattering in 
the aluminium used in the co ld  sou rce  construction. This was con firm ed by
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restrictin g  the collim ation  to view  only the re-en trant hole in the sou rce , as 
a result o f which the structure disappeared.

F igure 2(b) shows spectra  m easured with the neutron ve locity  se le c to r . 
Between 6 - 15 Â the wavelength dependence em pirica lly  is  found to be 
I(X) = 4 . 44  X 104 exp ( -0.  69X). This shape is  due in part to se lective  tran s
m ission  o f neutrons by m ateria ls used in the construction  o f the sou rce  and 
beam tube.

WAVELENGTH —  ANGSTROMS

FIG.2. (a) Neutron flux spectra recorded on C1G. The H20  source is the 2 .5 -cm  slab o f  ambient water.
The numbers on the other curves give the hydrogen composition in atomic °Jo for the cold sources.
(b) Neutron flux spectra on G1C. The gas source was the source chamber S filled with hydrogen gas at 
68 lb /in 2 and ambient temperature. Fluxes quoted in (a) and (b) are for the beams emerging from the 
monochromators.

The resu lts on a num ber o f liquid H2:D2: HD m ixtures are presented in 
two ways in F igs 3 and 4. T o com pare with the w ork  o f previous authors, the 
geom etries  o f the various ambient sou rces  are elim inated by plotting gains 
with resp ect to a su b -coo led  sou rce  o f 100 at.% liquid hydrogen. The m ixtures 
in the figures are specified  as at.% hydrogen, the actual m olecu lar contents 
being given in Table I. F igure 3 shows a marked d ifferen ce between the 
resu lts obtained on C1G and G1C fo r  atom ic H concentrations le ss  than 40%.
It is  thought that this d ifferen ce  is  due to the individual parts o f the sou rce  
being view ed. In G1C the neutrons originate from  a sm all volum e at the 
centre o f the sou rce , where one would expect the neutrons to be m ore fully 
m oderated than fo r  any other region . H ow ever, i f  there is  insufficient 
hydrogen in this region, the chance o f scattering neutrons into the beam tube 
w ill be rela tive ly  sm all. T oo high a concentration  o f hydrogen on the other 
hand w ill lead to a depression  o f the total neutron density through absorption 
by hydrogen. The neutrons accepted by C1G are due in large part to leakage 
from  the surface o f the cold  sou rce . B ecause the leakage spectrum  a rises  
from  neutrons having suffered few er co llis ion s  in the sou rce , a greater 
proportion  o f hydrogen is  needed to obtain the optimum m ixture.
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COM PO SIT IO N -ATOMIC */o HYDROGEN

FIG.3. Flux gains relative to 100°/о liquid hydrogen sources as a function o f composition. Closed circles 
are results on G1C, the error bars giving the spread o f  results at 7, 10 and 13 A. Open triangles are results 
on C1G obtained with the incident beam monitor (integrated counts), the error bars giving the spread o f 
results over an extended period. Crosses and open squares represent Saclay results at 6 .5  and 4 .5  A respectively. 
The open circles are the Harwell results at 4 A.

WAVELENGTH -  ANGSTROMS

FIG. 4. Flux gains relative to 100% liquid hydrogen, as a function o f wavelength. The curves labelled 
C , G, H and S represent results obtained on C1G, G1C, at Harwell and at Saclay respectively. The numbers 
following the letters give the composition o f  the sources in at. °}о hydrogen.
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F igure 4 shows that the flux gains over liquid hydrogen fo r  the 
H /D  m ixtures are not very  wavelength dependent between 4 - 1 5  Â. This 
is  what one expects since the mean diffusion length fo r  absorption to occu r  
is  much la rg er  at all wavelengths between 4 - 5 Â than the mean diffusion 
length between scattering events. The d iscrepan cies  in the values o f the 
gains observed  on C1G and G1C, c lo se  to 7 Â and fo r  hydrogen concentrations 
le ss  than 40%, are related  to the e ffects  already seen in F ig . 3.

The present resu lts are com pared  with prev iou sly  reported  w ork  at 
H arw ell [2] and at Saclay [3] in F igs 3 and 4. In the sm a ller  volum e o f the 
DIDO sou rce  liquid hydrogen produces better therm alization than liquid 
deuterium because o f the higher scattering c ro s s -s e c t io n , w hereas hydrogen 
absorption is  not significant in such sm all volum es. S im ilar resu lts would

WAVELENGTH — ANGSTROMS

FIG.5. Flux gains over an ambient H20  source, measured on C1G and G1C (labelled С and G respectively). 
The numbers quoted give the compositions o f  the cold sources in at. % hydrogen.

be expected from  the Saclay sou rce  because the volum e is  only slightly 
b igger than that o f the DIDO sou rce . Indeed this is  observed  at 6 A where 
the resu lts fa ll on the sam e curve as the DIDO values. At sh orter w ave
lengths, how ever, the Saclay resu lts d iffer in a rem arkable way from  what is 
observed  here, and there is  no obvious explanation fo r  this.

One o f the d ifficu lties in com paring co ld -so u rce  perform an ce and 
theory is  the specifica tion  o f the gain. Simple theory re fe rs  to gain factors 
between two tem peratures o f com pletely  therm alized  sou rces . E xp eri
m entally not only is  the extent o f therm alization  o f the co ld  sou rce  unknown, 
but so is  the therm alization  o f the ambient sou rces  to which one w ishes to 
re fe r  a m easured gain fa ctor . M easurem ents have been made upon the 
neutron spectra  scattered  in C1G and G1C by a 2. 5-cm  thick slab o f w ater 
positioned perpendicu lar to the beam tubes. V arious gains over this ambient 
H20  sou rce  are plotted in F ig . 5, and it is  seen that the gain is  independent of 
wavelength between 6 - 10 Â. The gain fo r  the liquid hydrogen over the 
ambient sou rce  is  2 0 - 25. A ssum ing that the ambient sou rce  is  p roperly  
m oderated at 313°K, this gain fa ctor  suggests that the effective  tem perature 
o f the liquid hydrôgen sou rce  is  about 50°K. The absence o f a wavelength 
dependence in the 6 -8  Â region  is  roughly in agreem ent with this conclusion .
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DISCUSSION

W .C . HAMILTON: In his presentation, P ro fe sso r  B rockhouse enquired 
as to the nature and cost of the Brookhaven M u lti-spectrom eter C ontrol 
System . The total system  — including com puter, in terfacing and personnel 
costs  fo r  much of the system  program m ing — required  about $500 000. We 
are at present operating nine independent experim ents, so that the cost of 
each one is  about $50 000. We use an SDS 920 com puter with 16 000 w ords 
o f 8-Msec co re  m em ory  and a 32 000-w ord  drum . There are a CRT display 
unit, two m agnetic tape drives and individual input-output typew riters. I 
might add that this com puter is quite obsolete , and a s im ila r  system  could 
now be built fo r  le ss  — or , alternatively, a much m ore sophisticated and 
convenient system  could be obtained fo r  the sam e cost.

J. M. CARPENTER: May I address a question to M r. Ham ilton? Has 
the use o f a single com puter to serve  all the instrum ents been found d is 
advantageous? What happens when the com puter is  out of action fo r  reasons 
such as reprogram m ing o r  serv icin g?

W. C. HAMILTON: We do not fee l that the drawbacks outweigh the 
great advantages in our particu lar experim ental environm ent. There is 
very  little downtime fo r  reprogram m ing o r  serv icin g : and the few  hours 
p er month that are requ ired fo r  this are always arranged to co in cide  with 
a rea ctor  shut-down. U sers ' program s are assem bled on another com puter 
and can usually be run im m ediately . System s changes, when they are 
n ecessary , are made during the shut-down; we are indeed making som e 
extensive changes in the system  at the present tim e, and this is  not leading . 
to any m ajor d ifficu lties . We usually have about one failure of the system  
per month due to a u s e r 's  e r r o r . Of cou rse  we have to be carefu l and we 
are carefu l, but the m em ory-p rotection  hardware now available on many 
com puters would allow us to be som ewhat le s s  so.

J. J. RUSH: I also should like to put a question to M r. Ham ilton, and 
perhaps also ask M r. M ozer to com m ent. Is it not true that with the SDS 
system , which, by the way, we are also using at the National Bureau of 
Standards, the cost per instrum ent d ecrea ses  as the num ber o f instrum ents 
con trolled  r ise s ?

W. C. HAMILTON: We can add an additional experim ent fo r  the cost 
of an additional in terface - i . e .  about $10 000. F or  exam ple, when I needed 
an automatic X -r a y  d iffractom eter, I added it to the existing system  fo r  
this sum. Each experim ent o f cou rse  requ ires  som e additional com puter 
m em ory, but owing to the structure of our softw are this is  not a seriou s 
lim itation .

B. M OZER: When you buy a large com puter the basic p rice  per 
station is  determ ined by the cost of the com puter itse lf. Adding stations 
is  re la tive ly  inexpensive. If you have num erous con trol operations at one 
station, e .g .  sev era l angle con tro ls , sam ple tem perature con trol o r  t im e- 
o f-fligh t sequencing, then I think the sm all com puter system  would be 
p referab le .

J. ALS-NIELSEN: The tr ip le -a x is  spectrom eters  at Ris^ are going to 
be con trolled  by PDP 8S com puters. The cost o f a PDP 8S is  now about 
$10 000. The cost of the auxiliary e lectron ic  equipment (d ig itizers , 
am plifiers , in terface) is about $15 000, and so the total cost per instrum ent 
seem s to be appreciably low er than at Brookhaven. H ow ever, expenditure 
on m anpower fo r  program m ing the com puter is  not included in these figu res .
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O .K . HARLING: I am going to com m ent on a method o f achieving very  
highly m onochrom atic neutrons which has recently  been published by 
D r. Kottwitz o f our laboratory . By using double B ragg d iffraction  
("U m w eganregung") he has dem onstrated, fo r  exam ple, that fo r  rather 
p erfect germ anium  crysta ls  double B ragg m onochrom atization  can be used 
to sim ulate norm ally  forbidden re fle ction s . He finds that there are at 
least 100 useful operating points in the energy range 3-50 m eV  which are 
re la tive ly  free  from  in terference . Wavelength resolutions of ДХ/Х “  10 '4 
are achievable in good crysta ls , but this resolution  can be decreased  by 
use of c rysta ls  with m osa ic  structure. It seem s that this method, which 
gives p re c ise ly  ca lcu lable energies and does not requ ire very  sophisticated 
gon iom eters and angle variation, m ay be useful both fo r  p rec ise  d eterm i
nations of crysta l structure and eventually fo r  very  p rec ise  inelastic 
scattering  work.

I a lso have a question fo r  the authors of paper S M -104/131: What is 
the intensity on the sam ple at Ê = 0.1 o r  0.2 eV  and what is  the energy 
spread ДЕ0 /Е  0?

J. SOSNOWSKI: The intensity of the pulsed m onochrom atic beam 
incident upon the sam ple, under conditions of 'd ir e c t1 geom etry  and at a 
mean pulsed rea ctor  pow er o f 3 kW, was 104 n /s , with a neutron w ave
length X0 of 2 A. The half-w idth of th is peak ДХ/Х was 0.06 A.

G. CAGLIOTI: Paper SM -104/52 by the M cM aster group brings out a 
point of general in terest: it shows the gain in re flectiv ity  which can be 
obtained by m echanical treatm ent o f the single crysta ls  used in this work. 
The prov ision  of this treatm ent is in fact equivalent to in creasing  the flux 
of whatever rea ctor  is  being used, and it would be very  helpful if firm s 
involved in crysta l production could look into the m atter.

B .N . BROCKHOUSE: B eryllium  crysta ls  are potentially better than 
any others fo r  our purposes, and I think it would indeed be a good idea if 
a num ber of leading firm s would get together and launch quite a substantial 
program  with a view  to providing us with the m ost perfect Be crysta ls 
that can be produced.

J. J. RUSH: My com m ent concerns the use of a fitter to cut out high- 
energy neutrons in the rotating crysta l sp ectrom eter. Neutron trans
m ission  m easurem ents on single crysta ls  of MgO by the Mol group som e 
tim e ago and by H olm ryd at Argonne show that this m ateria l is  an excellent 
filte r  fo r  use between about 1 and 2 .5  A, which is  an im portant region fo r  
this technique. If one is  going to use a filte r  rather than shielding, I fe e l 
that MgO would be a good m aterial.

A . R . MACKINTOSH: M ost people would now agree that tr ip le -a x is  
sp ectrom eters  are m ost suitable fo r  studying solid  single crysta ls , but I 
should like to ask about their perform ance relative to rotating crysta l 
sp ectrom eters  when liquids are being investigated. Specifica lly , I should 
like to ask M r. Cowley, who has up -to-date  experience with both types of 
apparatus, whether he fee ls  that his recent experim ents on liquid helium 
would have been perform ed  m ore o r  le ss  easily  and efficien tly  with a 
tr ip le -a x is  spectrom eter, located o f cou rse  at the sam e beam port at which 
his rotating crysta l spectrom eter is  placed.

R. A . COW LEY: I personally  should have p re ferred  to perform  the 
whole experim ent on a tr ip le -a x is  sp ectrom eter. This is  largely  because 
the raw data would have been much c lo s e r  to what we requ ired and would 
have needed far le s s  p rocess in g  than was ca lled  fo r  in the case  of data 
from  the rotating crysta l spectrom eter.
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O .K . HARLING: I quite appreciate the reasons fo r  M r. C ow ley 's 
ch oice , but all they rea lly  prove is  that he and M r. W oods have a trip le  - 
axis sp ectrom eter which is  better than their rotating crysta l sp ectrom eter. 
At B attelle Northwest we are also doing the sam e 4He experim ent and have 
a choice  between a very  good rotating crysta l sp ectrom eter and a good 
tr ip le -a x is  instrum ent located at com parable beam h oles . In our case it 
is  c lea r  that we w ill try  this experim ent firs t  with our hybrid rotating 
cry sta l system . We expect to be able to go to about 25 A "1 as com pared 
with about 91 A’ 1, which was the figure reached in the Chalk R iver work.

R .D . LOWDE: Just in case Mrt Cow ley might be thought to be 
disparaging the rotating crysta l spectrom eter generally, I also should like 
to speak in favour o f that instrum ent. It is without the principal weakness 
o f m ultichopper m achines, which is that the latter are in -lin e  instrum ents 
and have background problem s resulting from  leakage o f the main beam  to 
the specim en area; it is  also without the principal weakness of the tr ip le 
axis spectrom eter, which is  that it is  difficu lt to make the analyser r e s o 
lution low when low resolution  is  requ ired . On the other hand, as 
M r. H arling has shown, by the use of large m onochrom ating crysta ls  the 
continuously-variable incident energy can be extended without d ifficu lty  up 
to values approaching 0.5 eV, while a large num ber of scattering  angles 
can be m easured sim ultaneously. M oreover, a rotating crysta l sp e c tro 
m eter can easily  be integrated into a ser ies  of su ccess ive  instrum ents fed 
by the sam e neutron beam .

J. J. VAN LOEF: M r. Harling, did you use the m echanically  deform ed 
crysta ls  as a m onochrom ator crysta l in the rotating crysta l spectrom eter, 
and did th is give you the tim e resolution  of about 10 u see  which you ind i
cated in paper S M -104 /81?

О. K. HARLING: Let me take this opportunity o f em phasizing that the 
m ateria l we used was copper, which we p re fer  to beryllium  fo r  this 
purpose. We norm ally  take a num ber o f thin slabs o f copper fo r  use as 
deform ed crysta ls  in our rotating cry sta l spectrom eter. This system  works 
w ell and we do get tim e resolu tions of the kind m entioned. H ow ever, the 
actual data shown in this paper w ere obtained with a single thick slab of 
copper.

J. J. VAN LOEF: Does a crysta l consisting of severa l thin slabs of 
copper p ossess  m echanical strength adequate to withstand rotation at
10 000 rpm ?

O .K . HARLING: Y es. We em bed the slabs in a low -m eltin g  Zn-SN 
alloy and put this inside an aluminium alloy sleeve . One can also deform  
single slabs as described  in the paper, and the crysta l is  then strong 
enough fo r  rotation speeds in ex cess  of 10 000 rpm .

H. M AIER-LEIBN ITZ (C hairm an): I personally  am convinced that 
there is  a great future fo r  com posite  o r  lam inated crysta l system s.

B. N. BROCKHOUSE: It should be pointed out that M r. Harling is 
com paring 'im p roved ' copper crysta ls  with what one might term 'u n im p roved ' 
o r  'as re ce iv ed ' beryllium  cry sta ls . Now, w ork can be done to im prove 
beryllium  crysta ls  on the sam e lines as copper ones with the d ifference 
that, while we are a fa ctor  of about 2 o r  less  away from  the ultimate as far 
as copper is  concerned, we are still a fa ctor  of 8 o r  10 away in the case of 
beryllium  — meaning that the latter has in fact much the greater potential.

F . W EBB: I am going to report a few resu lts on beryllium  filters  
which are, I think, of in terest in connection with paper SM -104/117 by
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M essrs  B eg and R oss. B eryllium  filte r  transm issions have been ca lcu 
lated using a sim ple Monte C arlo program , assum ing isotrop ic  e lastic 
scattering with constant c ro s s -s e c t io n . Results fo r  rectangular slabs, as 
used in filte r  detector m ethods, show that fo r  dim ensions around
10 X 5 X 0.8 cm  the transm ission  due to multiple scattering is  com parable 
with the d irect transm ission . F or the slabs used by Beg and R oss, which 
w ere 2.5 cm  thick, the total transm ission  would be three o r  four tim es as 
large as that calculated from  the c r o s s -s e c t io n . Results have also been 
obtained fo r  cy lin drica l geom etries.

M. G. ZEM LYANOV: At our Institute we are using deform ed single 
crysta ls  of iron  s ilic id e  as crysta l m onochrom ators. F or neutrons with a 
wavelength in the region  o f 1.1 A, deform ation of the single crysta ls  results 
in a th ree- or fourfold  in crease  in the m onochrom atic neutron intensity by 
com parison  with a single crysta l o f lead.

I should also like to say a few w ords about 3He neutron detectors .
These instrum ents cannot be used in all c ircu m stan ces. If the energy of 
the scattered  neutrons is  very  low the counting e ffic ien cy  fo r  these neutrons 
w ill be le ss  strongly dependent on pressu re  than that fo r  fast neutrons 
(background being proportional to p ressu re ). In such cases  it m ay w ell be 
better to use BF3 detectors .

B .N . BROCKHOUSE: Frankly, I don't see how there can be conditions 
under which a 3He counter w ill not work.

Regarding crysta l re flectiv ity  m easurem ents in general, there is , I 
think, an unfortunate tendency to represent these in term s of a com parison  
with som ething e lse . What we need are quotations of absolute re fle ctiv ities , 
always accom panied by a statement of the wavelength at which the r e f le c t i
vity m easurem ent was made.

H. M A IER -LEIBN ITZ(C hairm an): I quite agree with this latter rem ark
B. DORNER: It seem s to me that 3He counters may not be the m ost 

suitable fo r  use with tr ip le -a x is  sp ectrom eters . With these instrum ents 
the thickness o f the counters is  not of great im portance. To reduce the 
background reg istered  by such a spectrom eter, the d iscrim in ator level 
must be ra ised  fo r  the 3He counter, owing to its sensitivity to gamma radia 
tion. But in creasing  the d iscrim in ator leve l low ers the neutron counting 
e ffic ien cy . I wonder if that is  why M r. Stedman and his team at Studsvik, 
w here they had a background of only 7 counts per hour, used BF3 counters.

D .K . ROSS: In his presentation of our paper on the Herald Cold 
Source (S M -1 0 4 /l 17), M r. B rockhouse appeared to be in som e doubt con 
cern ing the variation of the gain with hydrogen/deuterium  m ixture. The 
general behaviour can be explained qualitatively in term s of the volum e of 
m oderator. To take advantage of the low  absorption of deuterium , a large 
volum e must be used. Thus, the sm all sou rces  give the best gain at 
100% H2, while the very  large sou rces constructed at Grenoble give the 
highest gains yet m easured. The Herald source of 5 litres  is  in an in ter 
m ediate position  and gives a maximum gain fo r  an H 2/D 2 m ixture. The 
d ifference between the spectra  at the two ends of the Herald beam  tube 
indicates the im portance of a probe tube fo r  a D2 sou rce .
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Abstract —  Résumé

DESCRIPTION AND NEUTRON CHARACTERISTICS OF A NEUTRON GUIDING TUBE AT THE EL3 
REACTOR. A neutron guiding tube can provide a more intense and better filtered beam o f slow neutrons 
than could be obtained by classical method (crystal filters). Such a device is under construction at the exit 
o f a channel o f the EL3 reactor in CEN Saclay.

A short summary o f  the operating principles o f a guiding tube is followed by the description o f the 
mechanical and technical characteristics o f the Saclay apparatus. This is a bent rectangular (20 mm x 50 mm) 
tube constructed from nickel mirrors. The radius o f  the curvature is 835 m, the total length o f the tube 
is 30 m. The biological protection consists o f a water pool 17 m long and 2 m x 2 m in cross-section. The 
measurements have shown that the background at the experimental post is due to neutrons escaping through 
the imperfect reflecting surface o f  the tube. It could easily be eliminated by light shielding (Cd or Li).
The neutron energy spectrum measured by the tim e-of-flight method at the exit o f the tube confirmed the 
theoretical prediction: it contains only thermal and cold neutrons. The intensity distribution in a horizontal 
plane is homogeneous for cold neutrons (E < 5 meV) and asymmetric for thermal neutrons (filter effect).
The average neutron flux in the beam is 2 .3  x 107 n cm "2 sec"1 . For cold neutrons, the transmission o f  the 
device is 95%.

DESCRIPTION ETCARACTERISTIQUES NEUTRONIQUES DU TUBE CONDUCTEUR DE NEUTRONS 
INSTALLE PRES DU REACTEUR EL3. Un tube conducteur de neutrons a pour but de fournir un faisceau de 
neutrons lents intense et mieux filtré que ceux obtenus par les méthodes classiques (filtres cristallins). Un 
tel appareil vient d'être construit à la sortie d*un canal du réacteur EL3 au centre d*études nucléaires de 
Saclay.

Après un bref rappel des principes du tube conducteur de neutrons, le mémoire décrit les caracté
ristiques mécaniques et techniques de 1*appareil du CEN de Saclay. C'est un tube courbe, de section 
rectangulaire (20 x 50 mm) formé par l'assemblage étanche de miroirs nickelés. Le rayon de courbure est 
de 835 m, et sa longueur totale de 30 m. La protection biologique est assurée par une piscine d'eau légère 
de 2 m 2 de section et de 17 m de long. Les mesures ont montré que le bruit de fond dans le local expéri
mental provient uniquement des neutrons diffusés par les imperfections des surfaces réfléchissantes du tube 
conducteur de neutrons. Il peut être facilement éliminé par des protections légères (cadmium ou lithium).
Le spectre en énergie mesuré par la méthode du temps de vol à la sortie du guide est conforme à celui 
prévu théoriquement: il n'est composé que de neutrons thermiques et froids. La distribution en intensité 
dans un plan horizontal est homogène pour les neutrons froids (E < 5 meV) et dissymétrique pour les neutrons 
thermiques (effet filtre). Le flux moyen du faisceau est de 2 ,3  x 107 n /cm 2*s. La transmission pour les 
neutrons froids est de 95%.

INTRODUCTION

Une technique nouvelle permettant d 'obten ir un faisceau  pur et intense 
de neutrons lents a été récem m ent d écrite  [1 -3 ] . L 'id ée , fondée sur le 
phénomène de réflex ion  totale m is en évidence par P erm i [4, 5] est de 
constru ire  des tubes conducteurs de neutrons (notés TCN dans ce qui suit) 
analogues dans leur principe aux guides de lum ière. P lusieurs appareils 
de ce type ont déjà été réa lisés  [6 -8 ] .
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Le TCN de Saclay a été construit com m e un prototype: il  perm et de 
d isp oser  d'une maquette en grandeur rée lle  utilisable pour des con trôles 
expérim entaux sur les  conditions m a térie lles  optim ales de réalisation  
d'un TCN. P ar la  suite, i l  fourn ira  un fa isceau  de neutrons fro id s  plus 
intense et m ieux filtré  que celu i obtenu par le s  m éthodes c lass iqu es (filtre s  
cr ista llin s ou m écaniques) u tilisées ju squ 'a lors .

Dans la  p rem ière  partie de cet exposé nous rappellerons brièvem ent 
la théorie du tube conducteur de neutrons, et ce  qui en fait son originalité 
par rapport aux procédés c lass iqu es. L es caractéristiqu es physiques et 
m écaniques sont décrites  dans la  deuxièm e partie. Enfin les  p rem iers  
résultats expérim entaux sur le  fonctionnem ent de l'a p p a re il sont exposés 
dans la dern ière partie.

1. PRINCIPES DU TUBE CONDUCTEUR DE NEUTRONS

1. 1. Rappel d'optique neutronique

Il est possib le  de définir pour les  neutrons une optique analogue à 
l'optique géom étrique (ré fraction  et réflexion ) u tilisée dans le  cas de la 
lu m ière  [9 ]. Il faut pour ce la  définir l'in d ice  de ré fraction  pour les 
neutrons. La théorie  de la  ré fraction  et de la  ré flex ion  des neutrons lents 
de longueur d 'onde X à la  surface d'une substance établit l 'e x p ress ion  de 
l 'in d ice  de ré fraction  sous la  form e [10-12]

• n=1_x2 Nasoh (1)

N est la  densité des atom es constituant le  m ilieu  réfractant et acoh leur 
amplitude de diffusion cohérente. L es phénom ènes d 'absorption  peuvent 
être négligés dans la  m ajorité  des ca s . P our la  plupart des substances 
acoh est p ositif et, par suite, l 'in d ice  de ré fraction  n est in férieu r à l'unité 
de l 'o r d r e  de quelques 10"6 . Le phénomène de ré flex ion  totale peut a lors 
prendre naissance, d'une m anière analogue à ce  qui se produit dans le cas 
de la  lu m ière, ou plus exactem ent des rayons X  (com pte tenu de l 'o r d r e  de 
grandeur de l 'in d ice  de ré fraction ).

Soit в l'angle  entre la  d irection  des neutrons incidents de longueur 
d 'onde X et la  surface du m ilieu  réfléch issant, l'angle  lim ite de ré flex ion  
totale est a lors

ec = N/2(l-n) = a\  (2)

où a = •JNacoh/27r est un coefficien t caractéristiqu e du ré fle cteu r . Sa valeur 
pour quelques m atériaux est donnée dans le  tableau I. La valeur de 6C 
étant tou jours très  fa ib le, la  réflex ion  totale se produit sous incidence 
rasante. E lle  est donc très  sensible à l'é ta t de surface du ré flecteu r.

Dans le  cas d'un ré fle cteu r idéal, la  valeur du facteur de ré flectiv ité  
R varie  en fonction  de l'angle  d 'in cidence в suivant la  form ule



TABLEAU I. VALEURS DE (1 -n ) E T  DE a  POUR QUELQUES 
M ATERIAUX POUVANT SERVIR DE REFLECTEUR

Réflecteur (1-n) x 105 а х  103 
(rad/A)

a
(min/A)

Al 3 0,82 2,82

Verre 6 1,09 3,78

Cu 10 1,41 4,87

Ni 15 1,73 5,96

58Ni 21 2,05 7,07

Il est égal à l'unité pour в < 6C. Il a été établi expérim entalem ent [13] que 
la  profondeur de pénétration du fa isceau  de neutrons dans le  m ilieu  
réfléch issan t était de l 'o r d r e  de

d = 100 X (4)

1. 2. Tube conducteur de neutrons idéal

Les ré flecteu rs  peuvent être assem blés pour fo rm er  un tube à parois 
ré fléch issan tes. L 'u tilisation  du phénomène de ré flex ion  totale perm et 
a lors  de «g u id e r »  un fa isceau  de neutrons lents. P lu sieu rs types de tubes 
peuvent être conçus.

1. 2. 1. Tube conducteur droit

La disposition  la  plus sim ple est un tube réfléch issant droit. Il perm et 
a lors  d 'é lo ign er les  expériences de la source de bruit de fond (réacteur) 
tout en conservant une intensité im portante: en effet, le  fa isceau  se 
propageant dans le tube par ré flex ion  totale, i l  con serve  tout le long du 
tra jet le m êm e angle solide П = 4 8*.

L 'intensité transm ise par un tube conducteur droit d 'ouverture a et 
de longueur L peut être ca lcu lée  de la  façon  suivante:

Le nom bre de neutrons par seconde et par é le ctron -v o lt  à la  sortie  
du tube conducteur peut s 'é c r ir e  sous la  form e

%  = 1(E) T(K) (5)

1(E) est la  densité de flux par stéradian à l'en trée  du tube. Dans le cas 
où la  répartition  du flux Ф(Е) peut être  con sidérée  com m e isotrope et 
m axw ellienne avec une tem pérature d 'équ ilibre  T, 1(E) s 'é c r it



T(K) est le  facteur de transm ission  du tube. Sa valeur dépend du rapport

-  f l c(E)
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K = (?)

,(E ) est l'angle  lim ite de réflexion  totale pour les  neutrons d 'énerg ie  E.

est l'an g le  caractéristiqu e du tube.

(8 )

F IG .l. Variation: a -  du facteur de transmission T (K )/T  ; b -  de la divergence angulaire (У0* pour un 
tube conducteur droit, en fonction de K.

La variation du facteur de transm ission  T(K) en fonction de K est 
donnée sur la  figure 1. L es rem arques suivantes peuvent être fa ites: 

Dans le cas lim ite où le tube est un collim ateur non réfléch issant 
(K = 0) le facteur de transm ission  devient

T(0) = sn =  T 0 (9)

Í2 est l'angle  solide du collim ateur.
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P our le s  valeurs 0 < K < 1, le ca lcu l m ontre que T(K) varie  de la 
valeur T0 à la  valeur 4T0 . L orsque K s 1 le  facteur de tran sm ission  varie  
suivant la  form e

T(K) = 4 K 2 To (10)

et l'in tensité  transm ise par le  tube conducteur devient

Í l = I ( E ) 4 K 2 T0 (U >

Le gain par rapport à un co llim ateur non réfléch issan t de m êm e géom étrie  
est

G = 4K2 (12)

P our un tube en n ickel de 10 m de long et de 10 cm 2 de section , le  gain 
théorique est de 20 pour une longueur d'onde de 5 Â . La d ivergence 
angulaire du fa isceau  a varie  aussi avec la valeur de K (fig . lb ) . P our 
K < 1 e lle  est sim plem ent <*= 0* et pour К * 1 e lle  vaut a = 0 (E ) .

1 .2 .2 .  Tube conducteur courbe

L 'u tilisation  d'un TCN droit perm et donc d 'é lo ign er les  spectrom ètres  
neutroniques du cœ u r du réacteu r. Le bruit de fond (neutrons rapides, 
rayons y) d écro ît ainsi en fonction  de la  distancé. En plus, si le TCN 
est courbé i l  « f i l t r e »  le  fa isceau :

En effet, si le  tube conducteur a un rayon de courbure et une longueur 
te ls  qu'aucun neutron ne puisse so r t ir  sans avoir subi au m oins une 
réflex ion  totale, le s  neutrons rapides et le rayonnem ent y  ém is par le 
cœ u r du réacteu r sont a lors  com plètem ent diffusés par les  p arois  du tube 
et absorbés dans la  p rotection  qui l'en tou re . Le fa isceau  transm is par 
le  guide courbe est uniquement com posé  de neutrons len ts; le  tube co n 
ducteur courbe joue ainsi un rô le  de filtre .

Le fa isceau  étant transm is par réflexion  totale, la  propagation ne 
pourra  se fa ire  que si certa ines conditions de réflex ion  sont rem p lies .
C es conditions sont exprim ées par l'équation angulaire du tube conducteur 
cou rbe . E lle  peut se ca lcu ler  de la  façon suivante:

Soit un tube ré fléch issan t, de section  rectangulaire (la rgeu r a, 
hauteur b avec b > a) courbé dans le  plan horizontal avec un rayon de 
courbure p (fig . 2). Un neutron passant par un point P de la  fa ce  d 'entrée 
et dont la  d irection  de propagation fait un angle 0 avec l 'a x e  du tube dans 
le  plan horizonta l tom be sur la  fa ce  concave avec un angle 0a . Un ra ison n e
ment géom étrique sim ple établit la  form ule

Р- ^ = - ^ Ч  (13)CO S  0a COS 9  v '

Les angles lim ites de ré flex ion  totale des neutrons étant tou jours très  
petits dans le  dom aine d 'énerg ie  con sidéré  ic i  ( 10"1 à 10"4 eV) l'équation 
(13) peut s 'é c r ir e

02 = 02+ ^  (H )
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L 'équation (14) entraîne les  rem arques suivantes:
a) quand x=a, l'angle d 'entrée в est égal à l'angle d 'incidence 0¡ sur la

face convexe et (14) m ontre que 0a > в
b) Quand x = a et в = 0, l'angle d 'incidence 0a prend la valeur particu lière

0*. C 'est l'an gle  caractéristiqu e du tube conducteur courbe:

?.,2 = _2a 
P

(15)

L !équation (14) peut a lors s 'é c r ir e

2 ? , x i - 0 + — i a a (i6 )

FIG.2. Géométrie du tube courbe montrant les relations entre les paramètres du tube.

C 'est l'équation angulaire du tube conducteur courbe. La condition de 
propagation est

°  s  ea -  ec  ( X ) ( 1 7 )

Le tube étant courbé dans un plan horizontal un écart X  est créé  entre l'axe  
du faisceau  d irect et la sortie  du guide de longueur L, donné par

La longueur L pour laquelle aucun neutron ne peut sortir  du tube sans 
être ré fléch i ou diffusé au m oins une fo is  est appelée longueur de vision  
d irecte  et notée Lj :̂

L i=  2рв* (19)

Pour cette longueur l 'é ca r t  X  vaut 4a.
Dans le cas d'un tube conducteur courbe idéal (géom étrie  parfaite des 

surfaces ré fléch issan tes, réflectiv ité  nulle pour 0a > вс et égale à l'unité
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pour 0a < вс ), on peut m ontrer que l'in tensité  transm ise s 'é c r it  sous la 
form e

Ц  = 1(E) 4K2 T T(K) avec TQ = S0;i (20)

Cette expression  d iffère  de ce lle  obtenue dans le  cas du tube réfléch issant 
droit ($1 .2 .1  (11)) par le term e T(K), dont la  valeur dépend du rapport 
K = 0c (E )/0 * .

Le ca lcu l m ontre que T(K) peut se m ettre sous la  form e suivante:

a) Si К £ 1

b) Si K > 1

2 9T(K) = -  K2

2 2 T (K )= -  K 1 - 1 l Y /2
' k V  .

(21)

La figure 3 m ontre la  variation  du facteur T(K) en fonction de K. P our des 
valeurs de K élevées, la  transm ission  du tube courbe est équivalente à 
ce lle  d’un tube droit. Pour K = 1 elle est égale aux deux tie rs  de ce lle  du 
guide droit de m êm e dim ension. La transm ission  diminue ensuite rap ide
ment. La variation de cette transm ission  avec la longueur d'onde fait que 
le  TCN courbe est un « f i l t r e  p a sse -b a s»  en énergie.

1 .2 .3 . Tube conducteur bicourbe

L 'e ffe t  de ce filtre  peut être  encore accentué en utilisant un TCN 
com posé de deux parties à courbure opposée. Dans ce cas on peut m ontrer 
que le  facteur de transm ission  T(K) prend les  valeurs suivantes:

a) Si K s 0, 707

b) Si 0, 707 < K ¿  1

c) Si K > 1

T(K) = 0 

T(K) i * (22)

T(K) = I  K2

La variation de ce facteur de transm ission  est portée sur la figure 3.
Les neutrons de longueur d'onde X te lle  que K s 0,707 sont élim inés du 
fa isceau . Cet effet perm et d 'obten ir un fa isceau  de neutrons de longueur 
d'onde X te lle  que K = 1 sans harmonique X /2 . Pour les neutrons de grande 
longueur d'onde (K > 1) la  transm ission  est la m êm e que dans le  cas d'un 
TCN à courbure sim ple (21b et 22c).

1 .3 . Effets des im perfections sur la transm ission

Dans le  cas d'un TCN rée l, les  im perfections des parois r é flé ch is 
santes, inévitables à l 'é ch e lle  du phénomène con sidéré , entraînent que la 
réflectiv ité  (éq . (3)) est in férieure à l'unité pour des angles 0a £ 0C(E). 
L 'évaluation quantitative de l 'e ffe t  de ce s  défauts sur l'intensité transm ise 
est délicate.
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FIG.3. Variation du facteur T(K) pour un tube courbe et un tube bicourbe.

Qualitativem ent le s  défauts qui affectent la  transm ission  d'un TCN 
sont de deux sortes :

a) Les im perfections m icroscop iqu es de la  surface (m icrogéom étrie ), 
dont l 'e ffe t  est proportionnel au rapport de leur ta ille  à la  longueur d'onde 
des neutrons. Cet effet varie  com m e l/X . (L a section  e ffica ce  de capture 
des atom es constituant le  m iro ir , qui varie  com m e l / v  = X, est un effet 
négligeable pour la  m ajorité  des su bstances.)

b) L es « e f fe ts  g éom étriq u es»(m a crogéom étrie ). Les neutrons étant 
ré flé ch is  sous incidence rasante, l'in tensité  ré fléch ie  est très  sensible 
aux défauts de géom étrie  du ré flecteu r: ondulation de la  surface, défaut 
d 'alignem ent des m iro irs , approxim ation de la courbure par une ligne 
b r isé e .

En p rem ière  approxim ation les  pertes dues à ces  défauts peuvent 
être p r ises  en com pte en attribuant un coe ffic ien t de ré flectiv ité  global 
R < 1 aux parois du tube. Si un neutron entre dans le  guide sous un angle 
te l qu 'il fa sse  n réflexions sur les  parois avant de so rtir , a lors la  tra n s
m ission  pour ce  neutron est Rn .

P our un tube ré fléch issan t droit, le  nom bre de réflex ions pour un angle 
d 'in cidence в est donné par Q

n = k avec k = ^  (23)

P our un tube courbe i l  faut distinguer entre deux types de réflexions 
suivant la  valeur de K (fig . 4).

Si K s 1 le s  neutrons ne peuvent subir des ré flex ion s que sur la  paroi 
concave du guide. Le nom bre de réflexions de ce  type (ré flex ion s  en 
guirlande) est a lors  dans le  cas d'un tube de longueur égale à L j
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Réflexion en guirlande K í  1

K = 1
Réflexion en zig-zag K >  1

FIG.4. Les différents types de réflexions dans un tube conducteur de neutrons.

Si K > 1 le s  neutrons peuvent subir en plus un autre type de réflex ion  
selon  la valeur de leur angle d 'in ciden ce : ils  peuvent être ré fléch is  
alternativem ent sur la  paroi concave et sur la  paroi convexe (ré flex ion s 
en zigzag). Le nom bre de ré flex ion s est donné dans ce  cas par

La variation  du nom bre de ré flex ion s (24 et 25) en fonction de la  valeur 
de k est portée sur la  figure 5, pour tro is  valeurs du param ètre x /a . L ors  
du passage des réflex ion s en guirlande aux réflex ions en zigzag, le  nom bre 
de ré flex ion s passe brusquem ent de la  valeur 1 à la  valeur 2 (pour une 
longueur de v ision  d irecte).

1 .4 . Avantages du tube conducteur de neutrons

L 'orig in a lité  d'un tube conducteur de neutrons par rapport aux 
procéd és c lass iqu es (co llim ateu rs non réfléch issan ts, filtres) est liée  à 
l'u tilisa tion  du phénomène de ré flex ion  totale et à la  courbure.

1. 4 .1 . Utilisation du phénomène de ré flex ion  totale

Dans le  cas d'un tube ré fléch issan t idéal, tout neutron d 'énerg ie  E 
entrant à l 'a b s c is s e  x avec un angle в te l que la  relation 0a s ©c (E) soit 
satisfaite est «g u id é »  jusqu 'à  la  sortie , indépendamment de la  longueur 
du tube. Cet effet perm et d 'é lo ign er la  zone expérim entale de la source 
de bruit de fond (réacteu r et hall du réacteu r). De plus, grâce au gain 
de p lace lié  à cet éloignem ent, le  nom bre d 'appareils  peut être augmenté 
autour d'un réacteu r.

A cause de l'augm entation de l'an gle  solide par réflex ion  totale 
(П = 40^) l'in tensité  transm ise par un tube conducteur de neutrons est plus 
é levée que dans le  cas d'un co llim ateur non réfléch issan t. Cet effet, 
relativem ent faible pour les  neutrons therm iques, devient im portant pour 
les  neutrons fro id s .

2 (25)n.zz



362 F ARNO UX et al.

FIG. 5. Nombre de réflexions en fonction de K = 6/Ô* pour différentes valeurs de x /a , pour un tube 
conducteur de longueur L ♦

1 .4 .2 .  Avantages lié s  au rayon de courbure

Pour un tube réfléch issan t courbe de longueur égale à L i, aucun 
neutron ne peut so r t ir  sans avoir subi au m oins une réflex ion . C eci entraîne 
une diminution du bruit de fond, le s  neutrons rapides et le rayonnem ent 
y  du cœ u r étant d iffusés par le s  parois du tube et absorbés dans la  p r o 
tection . Cet effet est am élioré  si le  tube conducteur a une longueur égale à 
2ЬХ, ca r  toute la prem ière  partie du tube est une sou rce  de bruit fond.

La courbure introduit donc un effet filtre  p asse -b a s  en énergie qui 
peut être ca ra cté r isé  par le  rapport K:

L es neutrons d 'énerg ie  E tels que К > 1 se propagent dans le guide en 
subissant les  deux types de ré flex ion s : zigzag si 8a > в* et guirlande si 
0a< в*. La répartition  de ces  neutrons à la  sortie  du tube conducteur est 
hom ogène en fonction  de x /a  (fig . 6).
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Pour le s  neutrons d 'énerg ie  plus grande te ls  que К £ 1 la  propagation 
se fait uniquement par réflex ion  en guirlande sur la paroi concave. A la 
sortie  du tube la  répartition  de ces  neutrons est d issym étrique en fonction  
de x /a  (fig . 6).

FIG. 6. Distribution théorique de l'intensité en fonction de l'abscisse de sortie. Elle est proportionnelle 
h  l'angle solide permis w(E,x).

2. CARACTERISTIQUES DU TUBE CONDUCTEUR DE NEUTRONS
DE SACLAY

2 .1 . Implantation

Le TCN de Saclay est courbe. Il est implanté à la  sortie  du canal Hg 
de la pile E L3. Le collim ateur placé dans le  canal définit deux fa isceaux. 
L 'axe  de chacun des fa isceaux fait un angle de I o dans le  plan horizontal 
avec l'a x e  théorique du canal. La divergence angulaire vertica le  est la 
m êm e dans le s  deux ca s : 2, 9 X 10'2 rad ( I o 4 0 '). Dans le plan horizontal 
e lle  est de 2 X 10"2 rad ( I o 10') pour le  prem ier fa isceau  et de 1,6 X 10‘ 2 
rad (55 ') pour le  second. C e lu i-c i est réserv é  pour la  construction 
u ltérieure d'un autre guide qui doit en principe transm ettre un fa isceau  de 
neutrons therm iques (X ~  1 à 2 A).

Le p rem ier tube conducteur a été ca lcu lé  pour transm ettre un fa isceau  
de neutrons fro id s  (E < 5 X 10"3 eV ). Pour en augmenter le  flux une source 
fro id e  sera  p lacée dans le  canal H5. Ce sera  une boucle à hydrogène 
liquide [14].

L 'obturateur de deux fa isceaux est constitué par un barillet en fonte 
de 80 cm  d 'épa isseu r, p ercé  de deux canaux. Il tourne dans un bâti m éta l
lique rem pli de béton de forte  densité, qui occupe entièrem ent la  niche 
du canal.
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2 .2 . C aractéristiques physiques
fc

La section  du tube conducteur est rectangulaire: largeur 20 mm, 
hauteur 50 m m . Cette section  a été déterm inée par la  ta ille  des échantil
lons étudiés par le s  physiciens. Le n ickel a été ch o isi com m e ré flecteu r. 
C 'est en effet le  m atériau courant pour lequel l'angle  lim ite de réflex ion  
totale est le  plus grand:

ec(\) = 1,73 X 10'3 X X soit 6' par À (26)в
rad A

Le rayon de courbure p = 835 m a été fixé pour que K = 1 (éq . 21) pour 
X = 4 A (E = 5,11 X 10"3 eV) et donc K > 1 pour le s  neutrons fro id s . C eci 
fixe  la  valeur de l'angle  caractéristique

0* = 6,92 X 10‘ 3 rad

et la  longueur de v ision  d irecte  Lx = 11,6 m.
La longueur totale du tube conducteur est L = 30 m . E lle est te lle  

qu'aucun neutron ne peut so rtir  du guide sans avoir subi au m oins deux 
réflex ion s totales (L  = 2,5 L-j). E lle a été im posée par la  n écessité  d 'avo ir  
une bonne a ccess ib ilité  sur une longueur assez grande (au m oins une fo is  
L x ) pour effectuer les  m esures technologiques.

Pour ce la  le TCN est com posé de deux parties: la  p rem ière  a une 
longueur de 17 m  et traverse  l'en cein te étanche du hall du réacteu r. Cette 
partie est rendue peu a ccess ib le  par la protection  biologique (fig . 7). La 
deuxièm e partie du tube conducteur a une longueur de 13 m . E lle est abritée 
dans un lo ca l extérieur au hall du réacteur ( f ig . 8 ). Aucune protection  
n'étant n écessa ire  pour la  partie extérieure, e lle  est très  a ccess ib le .
C eci perm et d 'e ffectu er des m odifications techniques sur le  guide pour en 
étudier le s  influences sur la transm ission  du TCN.

La protection  biologique de la  p rem ière  partie est assurée par une- 
p iscine d'eau lég ère . Sa section  moyenne est de 2 m X 2 m et e lle  entoure 
entièrem ent le  guide. La protection  est ren forcée  près du réacteur par 
un tunnel constitué par des b locs  de béton de forte  densité de 20 cm  d 'é p a is 
seur. La piscine constitue une protection  e ffica ce  contre les  neutrons 
d iffusés par le s  parois du guide, et form e un écran  protecteur pour les 
expérien ces p lacées à l'ex trém ité  du guide contre le bruit de fond venant 
du fa isceau  d irect.

2 .3 . C aractéristiques mécaniques

La réflex ion  totale se produisant sous incidence rasante, l'é ta t de 
surface m icroscop iqu e  (rugosité) et m acroscop ique (ondulation) de la 
couche réfléch issante a une im portance qu 'il est d iffic ile  de ch iffrer .
A ussi un soin tout particu lier a - t - i l  été apporté à la  réalisation  de la 
couche réfléch issante, de son support et de la  m écanique de soutien.

2 .3 .1 .  Tube réfléch issant

Le tube conducteur de neutrons fro id s  est form é par la  juxtaposition 
d 'élém ents ré fléch issan ts rectilign es. Ils sont constitués par quatre dalles
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FIG. 7 . Partie du TCN intérieure au hall du réacteur. C ette partie est p la cé e  dans un bac m éta llique 
qui peut être rem pli d 'eau  pour assurer la protection  b io log iq u e . Les poutres en granit sont reliées entre 
elles  par des flasques m étalliques solidaires des vérins de rég la ge . C e u x -c i ,  p lacés dans des tubes, 
dépassent le  niveau de l 'e a u . Au fond, la  bride d 'é ta n ch é ité , c ô té  réacteur, porte le  tube d e  pom page du 
TC N .

de v e rre  m éta llisé  de 20 m m  d 'épa isseu r et de 340 m m  de longueur qui 
sont assem blées par co llage  pour fo rm e r  un parallélépipède creu x  de 
20 m m  X 50 m m  de section  in térieure (fig . 9). Avant le  montage ces  dalles 
de v e rre  subissent un traitem ent optique pour a ssu rer une parfaite
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FIG. 8 . Partie du TCN extérieure au hall du réacteur. La paroi du hall du réacteur sert de fond pour la 
p iscine de p rotection . L 'extrém ité  de Г  é lém en t réfléchissant qui traverse la paroi du h all se trouve à 
1 ,5  fois la  longueur de vision d irecte  de la fa ce  d 'en trée  du T C N . A ucune protection  b io log iqu e n 'est 
nécessaire pour ce tte  partie. Les poutres de soutien sont reliées entre e lle s  par des m échanism es de précision 
qui perm ettent des déform ations contrôlées de l 'en sem b le . On distingue au prem ier plan les deux vérins 
verticaux pour le  réglage de l'assiette et du n iveau. Le vérin de réglage transversal est p la cé  derrière le  
support.

planéité de la surface (ondulation moyenne in férieure à deux franges sur 
100 m m  et rugosité moyenne in férieu re  à 5 X 10"d цт).  E lles sont ensuite 
revêtues par évaporation sous vide d'un dépôt de n ickel pur (99,99%) de
0,15 yum d 'épa isseu r.

P our a ssu rer la  courbure dans le plan horizontal l'angle  entre chaque 
élém ent de 340 m m  de longueur est de 4 X 10"4 rad (8 4 "). Les élém ents 
sont rég lés  deux par deux en labora to ire . Le couple ainsi form é est co llé  
sur une dalle de v e r re . C e lle -c i  est fixée sur une platine m étallique qui 
porte les  param ètres de réglage. L 'ajustage en translation est de 
± 0,01 m m , l 'é ca r t  entre chaque élém ent est in férieur à 0,04 mm et la 
p récis ion  sur l'angle  ± 0,25 X 10"4 rad (± 5").

A près la m ise en place et le réglage, la  platine m étallique est sce llée  
sur la poutre de soutien, assurant ainsi une parfaite tenue m écanique de 
l 'en sem ble . Les élém ents réfléch issants sont co llé s  entre eux par une 
co lle  souple, ce qui rend le  tube conducteur parfaitem ent étanche. C eci 
(et l 'ép a isseu r  des dalles de v erre ) perm et de fa ire  le  vide à l'in térieu r 
du tube pour év iter l'absorption  par l 'a ir  des neutrons lents.
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FIG. 9 . Elém ent réfléchissant doub le . L’ angle entre les deux élém ents est de 4 X 10“ 4 rad. Après réglage 
ces deux élém ents sont co llé s  sur une d a lle  de verre. C e l le -c i  est fixée  sur une platine m étallique qui 
porte les vis m icrom étriques de réglage.

2 .3 .2 .  Support des élém ents réfléch issants
Le maintien dans le  tem ps des réglages de p récis ion  des élém ents 

réfléch issants ( $ 2 .3 .1 ) est étroitem ent lié  à la  qualité du support. Pour 
ce la  la poutre de soutien est form ée d'un m atériau particu lièrem ent inerte: 
le  granit. Il présente une dureté uniform e, i l  est exem pt de tensions 
internes et indéform able une fo is  m is en p lace . Son coe fficien t de d ila 
tation therm ique est fa ib le . De plus son excellente planéité sim plifie  le 
réglage des élém ents ré fléch issan ts . Par contre c 'e s t  un m atériau frag ile  
et de dim ensions lim itées, com paré à d 'autres types de support (béton, 
a cier , alliage lég er ). Les caractéristiqu es physiques du granit choisi 
sont indiquées dans le tableau II.

TABLEAU II. CARACTERISTIQUES PHYSIQUES DU GRANIT 
CHOISI POUR LA POUTRE DE SOUTIEN DES ELEMENTS 
REFLECHISSANTS

Dureté (é ch e lle  de Mohs) 7 '

C oe ffic ien t  de d ilatation therm ique 6 ,7  x 1 0 "6

D ensité 2 ,7 1

M odule d*Young 6545 k g /m m  2

Planéité ± 0 , 5  m m /m
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La poutre de soutien est constituée par l'a ssem blage  d 'élém ents de
3 m à 4 m de longueur et de 200 mm X 200 mm de section . Deux types 
de lia ison  ont été retenus: pour la partie qui se trouve dans le hall du 
réacteu r six  élém ents sont lié s  rigidem ent entre eux par des flasques 
m étalliques ( f ig . 7). Ils form ent ainsi une poutre continue de 17 m de long. 
E lle  rep ose  sur des fûts s ce llé s  dans le  so l du hall du réacteu r par l 'in te r 
m édia ire  de vérins de rég lage. Ces vérins restent a ccess ib le s  après la 
m ise en place de la  protection  biologique. Pour la partie extérieure c 'e s t  
une solution de poutre deform able qui a été choisie  (fig . 8). E lle est 
fo rm ée  par tro is  élém ents de 4 m de longueur re lié s  entre eux par des 
rotu les. E lles sont supportées par une m écanique de p récis ion  com posée 
de deux vérins verticaux portés par une table à m ouvem ents c ro is é s .
Le m ouvem ent longitudinal est libre  pour perm ettre le jeu de la dilatation 
therm ique; le  mouvem ent tran sversa l est lié  à un vérin . Les déplacem ents 
re la tifs  de chaque poutre sont repérés par des com parateurs m écaniques 
au centièm e de m illim ètre . L 'en sem ble  de cette m écanique de p récis ion  
perm et de m od ifier le  réglage de l'en sem ble  des élém ents réfléch issants 
portés par une poutre et de reven ir à la position  in itiale avec la  p récis ion  
requ ise.

3. MESURES SUR LE TCN

L es m esu res neutroniques effectuées sur le  TCN ont eu pour but la 
déterm ination du spectre  total transm is, et la vérifica tion  de l 'e ffe t  de 
filtre  p a sse -b a s  en énergie . La construction  en deux étapes a perm is 
d 'e ffectu er ces m esu res en deux points du TCN: au bout de 1,5 et de 2,5 
longueurs de v ision  d irecte . L 'a cce ss ib ilité  de la  partie extérieure au 
hall du réacteur et la  conception du montage des élém ents réfléch issants 
ont perm is d 'apporter des m odifications techniques sur cette partie du 
TCN et d 'en m esu rer les  effets.

3 .1 . M esure du flux m oyen

Le flux neutronique m oyen (intégré sur toutes les  énergies) transm is 
par le  TCN a été m esuré par détecteurs à activation. Ce sont des feu illes 
d 'o r  de 50 м т  d 'épa isseu r et de 20 X 50 mm p lacées à la  sortie  du guide.
L es résultats sont le s  suivants, pour une pile à 14 MW:

M esure au bout de 1,5 L i 2,5 L i

Flux m oyen (n /cm 2 • s) 2,63 X 101 2, 32 X 107

La transm ission  moyenne pour une longueur de vision  d irecte  est de 88%. 
E lle est de 75% pour tout le guide (30 m ). Le résultat de la m esure à 
l'a id e  de détecteurs d 'o r  de 5 mm X 5 mm et de 50 /лт d 'épa isseu r d isp o 
sés sur toute la  surface de sortie  du TCN (tableau III) m ontre la  d issym étrie  
du fa isceau  en intensité entre le côté des réflex ions en guirlande (position  
horizontale de 0 à 5 mm) et le  côté des ré flex ion s en zigzag (position  h o r i
zontale de 15 à 20 m m ). Cette m esure est con firm ée par les résultats 
obtenus par tem ps de vol (fig . 10).
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TABLEAU III. ACTIVITE (juCi/g) DES DETECTEURS D 'OR EN 
FONCTION DE LEUR POSITION

FIG.10. Répartition de l'intensité totale en fonction de l'abscisse de sortie.

3 .2 . Etude de la distribution de l'in tensité en fonction de la  longueur d'onde

Cette étude a été faite par tem ps de vol. Le disque de chopper a un 
diam ètre de 350 m m . Il porte deux fentes de 2 mm de large et de 20 mm 
de haut, sur un rayon m oyen de 140 m m . La base de tem ps de vo l a une
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F I G .l ib .  D istribution I (\ ,x ) au bout de 2 . 5 Ц .
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longueur de 2,50 m . Le détecteur est constitué par une batterie de neuf 
com pteurs à BF3 de 240 X 125 m m  de surface utile.

La m esure par activation m ontre que l'in tensité est constante dans 
une bande vertica le  (tableau III), ce  qui a été con firm é par des m esures 
p rélim in a ires  par tem ps de vo l. La répartition  de l'in tensité  en fonction  
de la longueur d'onde a donc été étudiée seulem ent dans une bande h o r i
zontale de 20 m m  de haut, centrée sur la  fenêtre de sortie  du guide, en 
déplaçant le chopper de 2 m m  en 2 m m .

3. 2. 1. M esures sur le  TCN à sim ple courbure

La répartition  de l'in tensité  totale, bruit de fond soustrait, en fonction 
de l 'a b s c is s e  de sortie  x est indiquée sur la  figure 10 pour les  deux 
longueurs du TCN. Pour le  TCN de longueur égale à 1,5 longueur de v ision  
d irecte  L x, la  variation  de l'in tensité  totale est de 76% entre le  côté 
guirlande et le  côté zigzag. Pour le  TCN de longueur égale à 2,5 Lx, une 
perte im portante apparaît du côté guirlande, due au fait que les neutrons 
sortant à cet endroit subissent un nom bre de réflex ion s plus élevé.

L 'analyse du fa isceau  par tem ps de vo l m ontre que l 'e ffe t  de filtre  
est très  net. La distribution de l'in tensité  en fonction de la  longueur d'onde 
et de l 'a b s c is s e  de sortie , I(X, x), est présentée sur le s  figures l i a  et 11b 
en tenant com pte du bruit de fond et de l 'e ff ica c ité  des com pteurs. E lle 
est con form e aux ca lcu ls  théoriques (fig . 12a, 12b et 12c) en ce qui

Unité arbitraire

o Théorique R = 1

•  Théorique R s 0,93

♦  Expérimentale

x /av4
FIG Л  2a . Distribution I(A. = 2Á , x /a ) 0 0.1 0.2 0.3 0.4  0.5
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concerne l 'e ffe t  de coupure en fonction de l 'a b s c is s e  de sortie . La d is tr i
bution I(X, x) obtenue au bout de 1,5 L 1 pour X = 2Â et X = 3Â (fig . l ia )  m ontre 
que pour cette longueur des neutrons d iffusés dans la  p rem ière  partie du 
tube peuvent en core atteindre la  fenêtre de sortie .

FIG.13. Distribution de l'intensité dans le plan horizontal.

La répartition  de l'in tensité  pour une a b sc isse  de sortie  x donnée, 
m esurée dans un plan horizontal, en fonction  de l'an gle  de sortie  в est 
indiquée sur la  figure 13 pour tro is  positions de la  fente du chopper: 
x = 0 à 2 m m  (côté  guirlande), x = 8 à 10 m m  (m ilieu) et x = 18 à 20 mm 
(côté  z igzag). La distribution obtenue du côté guirlande présente une 
anom alie pour le s  angles de sortie  в < 2,5 X 10‘ 3 rad. L 'analyse en fonction  
de la  longueur d 'onde m ontre que la  perte existe  pour toutes les  longueurs 
d 'onde. E lle  est due au grand nom bre de ré flex ion s subies par le s  neutrons 
sortant du côté  guirlande sous de très  petits angles et à l'im portan ce  
relative des défauts d 'alignem ent des élém ents ré fléch issan ts.
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Le nom bre de neutrons transm is par cm 2 , par s et par eV  est porté 
sur la  figure 14 pour le s  deux longueurs du TCN. Le spectre  présente un 
m axim um  pour l 'én erg ie  E = 1,67 X 10‘ 3 eV . La d écro issa n ce  pour les 
énergies in férieu res est une conséquence de la lim itation angulaire apportée 
par le  co llim ateur en pile ( § 2 .1). Cet effet devient im portant dans le  plan 
horizonta l à partir  de E = 1,67 X 10"3 eV, com m e le  m ontre le  spectre  
théorique (fig . 15) ca lcu lé  pour un coe ffic ien t de réflexion  R = 1.

La com paraison  des sp ectres  obtenus au bout des deux longueurs 
(1 ,5  Lx et 2,5 Lj ) donne la  transm ission  en fonction de la  longueur d'onde 
pour un TCN de longueur égale à 1 L j (F ig . 16). E lle d écro ît régu lièrem ent 
à partir  de X = 5 Â . Le nom bre m oyen de réflex ions, qui passe par un 
m axim um  pour X = 4 Â, augmente en effet avec la  longueur d'onde pour 
X > 4 Â . Pour X < 5Â la  transm ission  présente une irrégu larité . Un essa i 
d 'interprétation  des courbes I(X, x) obtenues pour un TCN de longueur 2,5 Lj 
conduit à prendre deux valeurs pour le coefficien t de ré flex ion  global:
R = 0,93 pour X < 5 Â et R = 0,98 pour X i .5  Â  (fig . 12a, 12b et 12c). Le 
coe ffic ien t de réflex ion  obtenu lo r s  d'une étude prélim in a ire  sur la  r é 
flectiv ité  de m iro irs  de n ickel est de R = 0,99 ± 1% pour des m esures fa ites 
avec cinq ré flex ion s. L 'in terprétation  théorique plus détaillée de cette 
tran sm ission  est en cou rs .

L 'a cce ss ib ilité  de la  partie du TCN extérieure au hall du réacteur 
(fig . 8) et la  m écanique de p récis ion  qui lui est associée  (J 2. 2) a perm is 
de con trô ler  l 'e f fe t  de certains défauts de réglage sur l'in tensité transm ise: 
le  défaut d 'alignem ent a été c ré é  en déplaçant transversalem ent un élém ent
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FIG. 15. Intensité transmise théorique pour un coefficient de réflexion R = 1.

FIG.16. Transmission du tube conducteur pour une longueur de vision directe.
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FIG. 17. Défaut d*alignement sur 1 élément. Variation de l'intensité transmise.

FIG. 18. Défaut angulaire macroscopique. Variation de l'intensité transmise en fonction de 1*angle
0 entre deux éléments réfléchissants, o
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double. La tran sm ission  (fig . 17) varie  de 1% environ pour un déplacem ent 
de 0,15 m m  v e rs  l 'e x té r ieu r  de la courbure et de 2% pour un déplacem ent 
de 0,15 mm v ers  l'in té r ieu r  de la  courbure.

En déplaçant transversalem ent la  rotule de lia ison  de deux poutres en 
granit, les  élém ents réfléch issan ts restent en p lace sur la  poutre. Seul 
l'an g le  entre le s  élém ents situés à l'ex trém ité  de chaque poutre varie .
La courbure idéale de la surface ré fléch issan te  (donnée par l'angle 
e0 =4,07 X 10"4 rad entre le s  élém ents réfléch issan ts d roits  de 340 m m  de 
longueur) est déform ée . Un défaut par ondulation m acroscop ique est ainsi 
c r é é . La variation de la transm ission  en fonction de l'an g le  entre les  
élém ents réfléch issan ts  situés à l'ex trém ité  des poutres est portée sur la 
figure 18. La tran sm ission  est constante pour 0 < 0 < 4 ,0 7  X 10‘ 4 rad et 
varie  de 10% pour 0 = -4 ,07 X 10 '4 rad.

3 .2 .2 . TCN à double courbure

La partie du TCN extérieure au hall du réacteur a été rég lée  ensuite 
en courbure opposée à la partie in térieure par sim ple retournem ent des 
élém ents réfléch issan ts doubles (fig . 9). L 'en sem ble  constitue un TCN 
bicourbe dont la p rem ière  partie a une longueur de 1,5 L j et la deuxièm e 
partie une longueur de 1 L j .

FIG.19. Distribution en intensité totale à la sortie du TCN bicourbe.

La m esure m ontre que la  répartition  de l'in tensité totale à la  sortie  
du guide (fig . 19) est plus hom ogène que dans le  cas du TCN à sim ple 
courbure. L 'analyse de l'in tensité  en fonction de la  longueur d'onde et de 
l 'a b s c is s e  de sortie  (fig . 20) m ontre que les  neutrons de longueur d'onde 
X = 2 Â ne sont plus tran sm is. La répartition  des neutrons de 3 et 4 Â 
de longueur d'onde sem ble en d ésaccord  avec la  th éorie . Cependant une 
analyse détaillée des conditions de réflex ion  dans le TCN bicourbe m ontre 
que la répartition  I(\, x) pour les  longueurs d'onde proch es de la longueur 
d'onde de coupure telle  que К = 1 (éq . 21a) dépend de la  longueur de la 
partie en courbure opposée (fig . 21).
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FIG.20. Distribution de l'intensité I(A-.x) à la sortie du tube conducteur bicourbe.

F IG .21 . Distribution de l'intensité à la sortie du TCN bicourbe pour \ = 4A .
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3 .2 .3 .  Bruit de fond

La m esure a m ontré que le bruit de fond dans le  laboratoire  était dû 
uniquement à des neutrons therm iques. Il d isparaît totalem ent lorsque les  
com pteurs sont recou verts d ’une feu ille  de cadm ium  de 0,8 mm d 'épa isseu r. 
Ce bruit de fond provient des neutrons diffusés par le s  im perfections de la 
surface réfléch issante pour le TCN à sim ple courbure. Les m esures de 
radioprotection  [15] ont déterm iné une valeur moyenne de 3,5 X 103 n /c n i - s  
en neutrons therm iques au contact des élém ents ré fléch issan ts dans le 
laboratoire . La dose gamma au contact, près de la sortie  du guide, est 
de 2 m rem /h  et provient essentiellem ent de la capture dans le  v e rre  de 
neutrons d iffusés. Le bruit de fond est deux fo is  plus élevé dans le cas 
du TCN bicourbe et une protection  contre les  neutrons therm iques est a lors 
n écessa ire  tout le long du guide.

CONCLUSION

Les m esures ont m ontré que le TCN constituait un filtre  p a sse -b a s  en 
énergie e ffica ce  tout en conservant une bonne transm ission . E lles  ind i
quent qu 'il n 'est pas utile de con stru ire  un guide courbe trop long pour 
obtenir cet effet: 1,5 fo is  la  longueur de vision  d irecte  sem ble constituer 
une bonne dim ension. L 'utilisation  d'un TCN bicourbe conduit à l 'é l im i
nation totale de l'harm onique de longueur d 'onde de coupure telle  que K = 1. 
M ais la  répartition  en intensité à la  sortie  de ce  TCN est a lors  fonction de 
la  longueur de la  partie en courbure opposée. Une interprétation théorique 
plus poussée des résultats et de l'in fluence des défauts sur la  transm ission  
est en cou rs.

Des m esures de transm ission  vont être effectuées sur un TCN de 
section  c ircu la ire  (diam ètre 30 mm) constitué par des tubes en n ickel 
(longueur 340 mm) obtenus par e le c t r o -form age.

Le TCN constitue un filtre  p asse -bas  en énergie e ffica ce  et nouveau: 
sa coupure ne dépend que de ses param ètres géom étriques. Il donne ainsi 
naissance à un nouveau type de fa isceau  de neutrons lents, dont les 
caractéristiqu es peuvent être adaptées au m ieux à l'u tilisation . Les 
avantages particu liers lié s  à l 'em p lo i de ce fa isceau  vont tran sform er, en 
les  am éliorant considérablem ent, le s  conditions de trava il autour du 
réacteur.

Lorsque la  boucle fro ide  entrera  en fonctionnem ent, le  TCN de Saclay 
constituera ainsi une sou rce  intense de neutrons fro id s . E lle sera  utilisée 
pour étudier la dynamique des m ilieux condensés et en particu lier celle  
des substances m agnétiques. Son em ploi est aussi envisagé pour étudier 
la  diffusion des neutrons therm iques par les  m acrom olécu les .
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A NEUTRON CRYSTAL SPECTROMETER WITH 
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Abstract

A NEUTRON CRYSTAL SPECTROMETER WITH EXTREMELY HIGH ENERGY RESOLUTION. In the 
following the spectrometer proposed by Maier-Leibnitz is described. At the end o f  a neutron guide tube with 
a total length of 35 m the white neutron beam falls vertically on the (111) planes o f  a silicon single crystal.
One half o f  the backscattered monochromatic neutrons enters a total-reflecting con ical tube o f nickelled glass 
plates and is focused on the sample. The scattered neutrons fall veritcally on the (111) planes o f  the silicon 
analyser crystal. This analyser is built up o f about 2000 small slices o f silicon which are adjusted to the inner 
surface o f  a sphere. The solid angle from the sample to the analyser is about 1/15 o f  4 тг. Due to the finite 
size o f  the sample and the inaccurate adjustment o f the silicon analysers, the neutrons are not ideally focused on 
the sample by the analyser. A large amount o f  them pass beside the sample and enter a counter. The window 
o f  the counter is about 4 times larger than the sample. By Doppler-shifting or by changing the temperature o f  
the monochromator the energy o f the monochromatic neutrons can be varied. In this way a change o f  neutron 
energy of the order o f 10~6 to 10"1 eV can be measured. It is intended to measure hyperfine splitting in solids. 
Two thirds o f  the spin-incoherent cross-section is connected with nuclear spin-flip scattering o f  neutrons.
Changes o f energy o f  the nuclear spin are compensated by the neutron.

1. INTRODUCTION

A neutron sp ectrom eter  with extrem ely  high energy resolution  has 
recently  been built at Munich. It is  to be used fo r  resea rch  in the fie lds o f 
solid  state and liquid state ph ysics . The sp ectrom eter is  based on the fact 
that the energy resolution  o f a single crysta l is  very  good when 0, the 
B ragg angle, is  near o r  equal to 90°. A sm all change in the neutron energy 
can easily  be detected  by m oving the crysta l in the d irection  o f the neutron 
beam o r  by changing its tem perature. In this com m unication a descrip tion  is 
given o f the instrum ent together with som e experim ents perform ed  to test 
the energy resolution  o f single crysta ls  when 0 is  near o r  equal to 90°.

2. THE ENERGY RESOLUTION OF SINGLE CRYSTALS NEAR 90°

The energy resolution  o f  a single crysta l is  given by the logarithm ic 
derivative o f the B ragg equation

t = 2k sin 0 (1)

w here т =n2ir/a; к = 2т/Х", n is  the ord er  o f re flection ; a is  the distance o f 
reflectin g  planes; and X is  the wavelength of the neutrons. Hence,

H k  1 г1т
^  = £  dE /E  = ctan 0 d0 + —  (2)
К  ú  T
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When в is  rep laced  by the angle a between the т and Ic vector

a = 90° - 0
and we get

dk /k  = tan ada + (dт / т )

o r  fo r  sm all values o f a

dk/k  = ada +{йт/r ) 5 ° > a > d a
o r

dk /k  = (d a 2/8 ) + (d r /т  ) a = 0 da  < 5°

avl
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(3)

(4)

(5)

F IG .l. Backscattering in к space, a f O ,  perfect crystal.

/V* /д «. [2Л4,

-Щ  ' T

FIG.2. Backscattering in к space, a =  0, perfect crystal.

FIG.3. Backscattering in к space, a  = 0, mosaic crystal with mosaic spread ц ,  О = origin o f  к space; 
к = in-going neutrons; k' = out-going neutrons; = Bragg-reflected volume o f к space; 2дкх = collimation- 
o f  neutron guide tube; = volume lost if  backscattered into neutron guide tube.

The representation  o f Eqs (4) and (5) in the re c ip ro ca l lattice is  shown in 
F igs 1 and 2 fo r  a p erfect crysta l. F igure 3 shows the backscattering fo r  a 
m osaic crysta l. It is  c lea r ly  seen that a m osaic crysta l does not give any 
intensity advantage when a = 0 and da  «  10”2 rad. In F igs 1, 2 and 3 the 
collim ation  is  given by a neutron guide tube.

Each re c ip ro ca l lattice point is surrounded by a finite volum e within 
which B ragg scattering is  p ossib le . The width o f this volum e in the d irection  
o f the correspond ing t  vector  is  called  d T .  d T  depends on prim ary extinction, 
particle  s ize , and variations in the lattice param eter. F o r  a p erfect lattice 
dT is  two tim es the half width o f the well-know n Darwin curve [1] in the к 
representation  when 0 = 90° .

dT
T

16 it NCF
(6 )

where F is  the structure fa ctor ; and Nc is  the num ber o f unit ce lls  p er cm 3. 
Values o f d r / т  are o f the ord er  o f 10"4 to 10-5 .
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3. EXPERIM ENTAL RESOLUTION OF LEAD AND SILICON SINGLE
CRYSTALS

Figure 4 shows an experim ental device  to test E q .(4 )[2 ], a and da have 
the sam e magnitude and are 1. 7 X 10” 2 rad. F igure 5 shows the intensity o f 
two s ilicon  cry sta ls  as a function o f the d ifference in tem perature. F igure 6 
shows the sam e experim ent with lead cry sta ls . The shift o f  the curves is  due 
to the a ccelera tion  o f the neutrons in the gravitational fie ld  o f the earth. The 
energy gain between the two cry sta ls  is  about 3. 8 X lO "7 eV . The half width 
o f  the s ilicon  curve is  m ainly due to the firs t  term  in Eq. (4). In the ca se  o f 
lead, the half width is  mainly due to large irregu la rities  o f  the cry sta ls .
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Equation (5) was tested with the experim ental set-up  shown in F ig . 7. A 
white neutron beam , em erging from  a bent neutron guide tube (section  4), 
penetrates a s ilicon  crysta l perpendicu larly to its (111) planes (a = 0). In 
the transm itted spectrum  there are dips at the position  khw =Thkl /2 . A 
rotating counter device , which at the sam e tim e acts as a coa rse  chopper, is 
placed behind the crysta l. In the open position  the prim ary beam  again 
enters a guide tube. At the end o f this tube a second s ilicon  crysta l is  
adjusted. The neutrons which are backscattered  from  this crysta l are 
detected by a counter which rotates into the d irect beam and is  shielded with 
cadmium from  the prim ary beam . The tim e between the open position  o f the 
chopper and the counting position  o f the counter is  proportional to tw ice the

FIG. 7. Backscattering apparatus.

Av(^^-) FIG.8. Transmission curve o f a silicon single crystal.

length o f the flight path. In the case o f two identical crysta ls , there are no 
neutrons backscattered  from  the second crysta l. When changing the lattice 
param eter o f one o f the crysta ls , neutrons can be re flected  from  the second 
crysta l.

F igure 8 shows the intensity versus the velocity  o f the second crysta l, 
which was m oved by a conventional loudspeaker used in M ossbauer e x p e r i
m ents. Two curves are shifted due to a sm all d ifference o f tem perature o f 
the cry sta ls . The half width o f the curves (folding o f two curves) is
4. 5 c m /s e c  o r E  = 2 .9 X  1 0 '7 eV (E = 2 X 10~3 eV).

4 . THE NEUTRON GUIDE TUBE

In low -intensity  experim ents a sm all background is  desirab le . F o r  this 
reason  a bent neutron guide tube was built at the Munich R esearch  R eactor.
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The reflectiv ity  o f a neutron m ir ro r  depends cru cia lly  on its surface sm ooth
n ess. Since our investigations showed that the re flectiv ity  o f ground and 
polished m ir ro r  g lass is  excellent, we used this g lass as w all m ateria l.
Plane g lass plates 270 mm X 900 mm and 25 mm X 900 mm w ere glued 
together to make rectangular tubes with an open area o f 25 X 250 (± 0.01)m m , 
These g lass tubes w ere p laced in a vacuum tube. They w ere adjusted to a 
bent tube with a total length o f 35 m and a radius o f curvature o f 2860 m.
The distance fo r  d irect sight from  the rea ctor  co re  is  24 m . Great care  
was taken to rem ove d islocations between the g lass tubes. Since no filter  
was em ployed at the entrance o f the tube, this tube is  a strong sou rce  of 
background radiation along the length o f d irect sight. F o r  this reason  a 
large shield was built up around the tube. The intensity and background 
m easurem ents showed that a bent neutron guide tube is  an excellent device 
to get a high-intensity neutron beam far from  the rea cto r  (outside o f the 
rea cto r  hall) with practica lly  no background o f fast neutrons and 7 - rays 
in the d irect beam . The cadm ium  ratio, m easured with a 12 -cm  long 
en rich ed -boron  counter, is  d ifficu lt to m easure and is  certainly  better than 
108. A d irect m easurem ent o f the lo ss  in intensity is  not p oss ib le . In a 
large energy in terval the m easured spectrum  agrees with the calculated 
one to within an e r r o r  o f about 15%. This large e r r o r  in the calcu lation  is  
due to the unknown anisotropy o f the therm al flux at the entrance o f the 
neutron guide tube. The em erging neutron beam is  divided in three parts. 
T h ere fore , three distinct experim ents are possib le  at the sam e tim e. One 
o f these beam s is  used fo r  the new backscattering spectrom eter.

5. THE BACKSCATTERING SPECTROM ETER (F ig . 9)

The experim ental build-up o f the sp ectrom eter was finished only som e 
w eeks b e fore  the Sym posium . T herefore  we can report here only m easu re
ments o f background and prim ary  m onochrom atic intensity. We shall give 
here no m ore  than a rough description  of the spectrom eter. M ore details 
w ill be reported  in a la ter paper.

The resolution  o f a single crysta l, caused by the d ivergence o f the 
neutron beam , is  fou r tim es better fo r  exact backscattering (Eq. (5)) than fo r ' 
backscattering with a finite angle a o f the ord er  o f d a /2. F urtherm ore, the 
intensity in the a = 0 position  is  the sam e as in the a =/= 0 position . F o r  this 
reason , the m onochrom ator and the analyser crysta ls  are adjusted in the 
a = 0 position . The problem  o f obtaining nearly exact backscattering o f the. 
m onochrom atic neutrons without in terfering with the d irect beam is  solved 
with the help o f a 'neutron sw itch '. A sm all neutron guide tube, made o f 
g lass plates and with an open area o f 20 mm X 20 mm is  adjusted to the 
exit o f the large neutron guide tube described  in section  4. The neutrons 
em erging from  this tube enter a second total re flectin g  tube with an open 
area o f 20 mm X 40 m m . The latter tube is  adjusted asym etrica lly  to the 
fo rm er  tube. A s ilicon  single crysta l is  mounted on a ve locity  drive (loud
speaker) and adjusted with the ( 1 1 1 ) planes perpendicularly  to the prim ary 
beam at the end o f this tube. One half of the backscattered  neutrons leave 
this tube at the sw itch. They enter a converging tube with n ickelled  g lass 
w alls, which en larges the neutron flux per cm 2, and strike the scattering 
sam ple. The scattered  neutrons fa ll perpendicu larly  on the (111) planes o f 
the s ilicon  analyser. This analyser is  built up o f about 2000 s lice s  o f 
s ilicon , each 20 mm in diam eter and 0. 5 mm thick. The (111) planes are 
p ara lle l to the surface to an accu racy  o f about 1. 5 X 10~3 rad. They are
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glued to the inner surface o f  a sphere which has a radius o f 1. 3 m and 
extends about 1 /15  o f the whole solid  angle. The centre o f the sphere 
co in cides with the scattering sam ple. The neutrons backscattered  from  the 
analyser are not ideally  focused  on the sam ple because o f the finite s ize  o f 
the scattering sam ple and the inaccurate adjustment o f the s ilicon  crysta ls . 
So even in the case  o f a large total c r o s s -s e c t io n  o f the sam ple, enough 
neutrons by -p a ss  the sam ple and are detected by a counter behind it. The 
background reg istered  by the counter, a 95% enriched end-window boron  
counter (p ressu re  700 T o rr , d iam eter 2. 5 cm , active length 12 cm ), is

Top view

outgoing noutrons

Anolyser

3 ^

ingoing noutrons
tube junction

FIG. 9. Backscattering spectrometer.

about 1. 5 counts per minute. This is  excellent in view o f the fact that the 
prim ary  beam  with a total flux o f about 107 n /s e c  passes the counter at a 
distance o f about 1 cm . The m onochrom atic intensity is  about 2500 n /m in . 
We hope that in specia l ca ses  a count rate o f between one and ten neutrons 
per minute w ill be obtained.
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A NEUTRON SPIN-FLIP CHOPPER 
FOR TIME-OF-FLIGHT MEASUREMENTS
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Abstract

A NEUTRON SPIN-FLIP CHOPPER FOR TIME-OF-FLIGHT MEASUREMENTS. It is possible to change the 
direction o f  neutron polarization with high efficiency by means o f a resonance spin-flip device, when Co-Fe 
single crystals are used as polarizer and analyser in a polarized neutron spectrometer. The neutron intensity 
reflected by the analyser goes to a value close to zero when the spin-flip device is on. Switching the spin-flip 
device on and o ff periodically, one obtains a chopped, monochromatic and polarized neutron beam behind 
the analyser. The duty cycle  and the repetition rate o f the neutron bursts can be determined electronically 
over a wide range. Therefore considerably higher repetition rat's are possible than with m echanical choppers. 
This is of special interest for measurements o f small neutron energy changes as in the case o f quasi-elastic and 
critical magnetic scattering. Repetition rates up to 20 kc were used, however, this value can be further 
increased. The duty cycle  can be adjusted electronically to any value < 1. For high repetition rates and 
favourable duty cycles the above-mentioned device yields a higher peak intensity and the same ox an even 
better resolution than expensive two-chopper systems. The energy resolution is determined by the double 
crystal reflection, in our case ЛХА = 1.3% . Other factors (e .g . length o f the resonance co il, thickness o f 
the detector, disturbances due to the switching process, channel width o f the multichannel analyser e tc .), 
which influence the time resolution decrease with At2/T  as the tim e-of-flight (T) increases. For our apparatus 
A t2 had the value o f 52 (Jsec. The neutron energy can be varied from about 60 meV to 5 meV by changing the 
Bragg position (and the resonance parameters). The background turned out to be favourably low as the sample 
was not directly in line with the reactor beam tube.

1. INTRODUCTION

O ver the last few y ea rs  we have been developing a method fo r  the 
production o f chopped, m onochrom atic and polarized  neutron bursts by 
means o f a neutron sp in -flip  chopper [1 ,2 ] .  The repetition  rate and the 
duration o f the bursts can be e lectron ica lly  determ ined over a wide range. 
T h ere fore  it is  possib le  to use very  high repetition  rates and optim al burst 
widths, which is  o f  great advantage com pared to the usual tw o-chopper 
system s, esp ecia lly  when m easuring sm all changes o f neutron energy 
(q u a si-e la stic , c r it ica l scattering). The advantages are higher peak in 
tensity and higher resolution .

The available resolution  and the chopper transm ission  fo r  m echanical 
choppers (see  R ef. [3 ]) is  essentia lly  lim ited by the in creasing  stress  
im posed on m ateria l at high rotation speeds. The experim ental set-up fo r  
m echanical m ultichopper system s is  much m ore intensive than the spin- 
flip  chopper described , which does not require any m oving parts.

2. THE NEW METHOD

F o r  the perform ance o f this method a resonance sp in -flip  device [4] 
located between the p o la r ize r  and analyser o f a sp ectrom eter fo r  polarized 
neutrons is  switched on and o ff period ica lly , a p rocedure intended to produce 
the requ ired neutron bursts.

387
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The neutron inténsity behind the analyser is  given by [5]

Ice  l + ( l - 2 P 12)P p P A (1 )

where Pp, PA are the polarization  e ffic ien cy  o f the p o la r izer  and analyser 
and P12 is  the probability o f the sp in -flip  device .

Pp and PA are near 1 if  magnetized Co(92%) - Fe(8%) single crysta ls  
((111) o r  (200) re flection ) are used as p o la r ize r  and analyser. Pl2 also 
approaches 1, i f  the resonant c o il  is  operated with the resonance frequency 
o f the neutrons within the guide field  uL = 2;uH0/ft (ц is  the magnetic moment 
o f the neutron, H0 is the magnetic field  strength o f the guide field ) and, 
sim ultaneously, the amplitude Щ of the oscilla ting  field  (Hj perpendicular to 
H0 and Нг «  H0) fu lfils the condition Hj = hv//ul (v is  the neutron velocity ,
1 is  the length o f the co il) [4 ]. From  Eq. (1) it can be seen that, fo r  the ideal 
case  (Pp _ PA P 12 " 1 ), the intensity behind the. analyser drops to zero  when 
the sp in -flip  is  on, whereas fo r  the sw itch ed -off sp in -flip  the whole intensity 
(I0) behind the analyser ex ists, being only determ ined by the crysta l re fle cti
v ities [6 ], the beam collim ation  [7] and the incident intensity.

The intensity behind the analyser averaged over many cy c le s  is  given by 
the product o f I0 and the modulation ratio

where ^  is  the tim e o f one period , when the sp in -flip  is  switched off, and 
t0 is  the tim e o f period  (t0 > tj); l / t 0 = vSF is the repetition  rate. This 
equation is  valid fo r  t 1>A t (At is  the resolution  o f the whole apparatus). The 
modulation ratio determ ines the form  o f the bursts. F o r  T SF every  value <1 
can be e lectron ica lly  adjusted. T SF can be chosen much higher than the 
corresponding value (T CIl) fo r  m echanical choppers (Tch= Nd/2?rr S 0. 02; 
where d is  the width o f the chopper s lits , N is  the num ber o f s lits , and 2я-г 
is  the chopper periphery).

The peak intensity ( I m) behind the analyser, being essentia l fo r  tim e- 
o f-fligh t m easurem ents, is  given as:

w here т is  the channel width o f the multichannel analyser.
Com pared with m echanical dev ices , this has the advantage that vSF 

can be chosen much higher than the repetition rates o f m echanical choppers 
(ych S 1000 c ). The repetition  rate o f the sp in -flip  chopper is lim ited by 
the resolution  vSF < 1 /A t and in the case  o f inelastic scattering by the super
position  of the scattered neutrons com ing from  different neutron bursts 
(y SF < V q/ L A v ; where L  is  the flight path target-detector, A v is  the velocity  
change o f the neutrons, and v0 is  the ve locity  of the elastic scatteredneutrons). 
It can be recogn ized  that fo r  an optim al layout o f the apparatus and fo r  
certain  m easurem ents repetition  rates o f 50 000 cy c le s  and higher are 
p ossib le .

The tim e resolution  o f the device is  influenced by the energy resolution, 
som e uncertainties fo r  the p lace of the neutron sp in -flip  and those fo r  the 
neutron path.

tsf ti / t o (2 )

( 3)
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The energy resolution  influenced by the double crysta l re flection  and the 
beam collim ation  is  approxim ately given as:

A tK = cotg (4)

where i) is  the B ragg angle, Ai> is  the d ivergence caused by the first 
co llim ator and С is  the factor describ ing  the im provem ent o f the resolution  
by double reflection  (fo r  our apparatus С = 0. 8).

If the sp in -flip  device is  switched off, part o f the neutrons is already
within the co il . This effect causes an uncertainty o f the slope of the neutron 
burst given by [1]

A tSF1 = l /2 v  (5)

This contribution can be reduced by using a sh orter c o il  (this requ ires 
a higher Hĵ  and th erefore  a m ore expensive e lectron ic set-up . A suitable 
excess  o f the firs t  oscilla tion s o f the chopped sine burst d ecreases
AtSFi(AtSFi -» Atgp1].; see F igs 2 and 4) [1].

The firs t  and last oscilla tion s o f the sine burst do not fu lfil the resonance 
conditions which cause's a further uncertainty. F o r  our apparatus

^ t SF2 — 2. l / f L (fL = uL/27r) (6)

This contribution can a lso  be reduced by using a m ore difficu lt e lectron ic 
system  and a la rger flight path.

During the reduction o f the two last-m entioned factors no loss  o f inten
sity o ccu rs , on the contrary higher repetition rates (and th erefore higher 
peak intensity) are p ossib le . A loss  o f intensity only o ccu rs  on reducing A tK 
further.

Other contributions to the resolution  -  the uncertainty given by the 
neutron detector (AtD = b /v ;  where b is  the effective  detector thickness) and 
the channel width (A tv) o f the multichannel analyser -  are the same as fo r  
m echanical choppers.

3. EXPERIM ENTAL SET-U P

The m easurem ents w ere executed at the tangential beam hole o f the 
TRIGA Mark II rea ctor  on the existing polarized-neutron  sp ectrom eter [8] 
at a rea ctor  pow er o f 250 kW. F igure 1 shows the experim ental set-up . 
F o r  the firs t experim ents arrangem ent A was used. The usual two- 
axis spectrom eter was varied  only by setting the BF3 counter v ertica l to the 
neutron flight-path in ord er  to d ecrease  the detector uncertainty. This 
arrangem ent was mainly used fo r  an exact study o f the chopped beam . F or  
further studies a longer flight path was built up with a much la rger BF3- 
detector battery and a m ore efficient neutron shielding (arrangem ent B), 
which can also be used fo r  scattering experim ents.

The m ost essentia l param eters fo r  the equipment are : d ivergence o f 
the beam -hole  co llim a tor  Дт> = 2 7 .5 ';  B ragg-angle = 25° 20' ( X = 1. 5 Â);
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p o la r ize r  and analyser: С о-F e  single crysta ls  (80 X 20 X 3 m m ) in the 
re flectin g  position  ((200) plane); m osaic spread |3 = 12 '; distance between 
p o la r ize r  and analyser, 150 cm ; m agnetic guide fie ld : H0 = 71 O e; r e s o 
nance co il : resonance frequency, 207. 0 kc; length 1 = 1 5  cm ; c r o s s -  
section, 6X 3.8 cm ; inductance, 3.7 X 1 0 '3 H; amplitude o f the oscilla tin g  field  
Hj = 5. 32 Oe (215 m A eff ); flight path: arrangem ent A: flight path L = 215 cm ; 
detector, RSN-108S (perpendicu lar to the beam ); detector area, 5 cm 2; 
effective  detector thickness b = 4 cm ; e ffic ien cy ,22%; arrangem ent B : flight 
path,320 cm ; detector, 19 units FHZ 8; detector area,300 cm 2; effective 
thickness b = 2 cm ; efficien cy , 16%.

The neutron polarization  fo r  the stationary operation  was P = 98 ± 1%, 
the flipping probability  P12 = 97±1% .

The resonance co il was operated in connection  with a ser ie s -reson a n ce  
c ircu it . The e lectron ic  gate, chopping the sinus signal fo r  the co il, is 
d escribed  in detail in R ef. [1] .  The repetition  rate can be varied  between 
0 and 2 0 kc (50 kc), the modulation ratio between 0 and 1. F igure 2 shows 
the chopped sine signal before  (a) and behind the pow er stage (b) fo r  two 
repetition  rates and switching ratios.

4. EXPERIM ENTAL RESULTS

Figure 2(c)  shows the m easured neutron bursts corresponding to the 
sine bursts as shown above (a and b ). The in crea se  in the intensity fo r  
in creasing  repetition  rates is  c lea r ly  seen . The tim e -o f-flig h t noted 
(analyser -  detector) is  related to the beginning o f the burst. F o r  neutrons 
arriv ing  within a burst the distance to the left slope must be subtracted.

F igure 3 shows the m easured peak intensity as a function o f the rep eti
tion rate. The m easurem ents are made with a channel width o f 2 yusec and a 
modulation ratio o f 0. 5. The existence o f a saturation value is  caused by the 
resolution . If higher values o f the modulations ratio are chosen, the satu-
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FIG.2. Sine bursts at the input (a) and output (b) o f the power stage and resulting neutron bursts
(c) for two repetition rates (1 .5 , 5 .0  kc) and two modulation ratios (0 .2 , 0 .5 ) (note the different scales
o f  the abscissa).

ration value in crea ses , in this case  the intensity between the bursts does not 
d ecrea se  to the background value. On the right-hand sca le  the absolute 
intensity, norm ed to an incident flux ф0 = 1 X v  = 2. 58 X 105 n cm -2 s e c ’ 1 is  
shown. This allow s a com parison  to the intensity o f a com parable two- 
chopper apparatus (M TR chopper [9, 10]).

F igure 4 shows the resu lt o f the m easurem ents at a cy c le  o f 8. 3 kc 
and a modulation ratio 0. 5 by using arrangem ent B. F rom  these m easu re
ments the tim e resolution  is  found by optim al Gauss approxim ation. In our 
arrangem ent A t / T  =4. 3% (T = L /v ) , which agrees very  w ell with the th eoreti
ca l value (4%). The wavelength resolution  is  determ ined by the double
cry sta l re flection  and is  A X / A =  1.3%, being also an im provem ent com pared
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FÏG.3. Measured peak intensity (arrangement A) as a function o f  the repetition rate.

with the M TR chopper. The unsym m etric peak is  caused by the unsym m etric 
sine burst within the c o il  (see  (F ig . 2(b)).

The flux at the p lace o f the target was a lso  m easured as 5 0 n cm "2 s e c ”1 
(the m easurem ents w ere made at a modulation ratio o f  0. 5). In relation  to 
the sam e incident flux this means an in crease  o f a fa ctor  o f 2 com pared  with 
the MTR chopper [10].

5. DISCUSSION OF THE RESULTS

It has been shown that it is  possib le  to produce neutron bursts o f various 
modulation ratios and extrem ely  high repetition  rates by means o f the spin-

*to}

FIG. 4. Measured neutron burst for arrangement В and determination o f  the resolution by means o f  a 
least-squares fit.
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ñ ip  chopper developed. The in tegral intensity, the peak intensity and the 
resolution  are better than with m echanical choppers. A lso  the experim ental 
set-up  is much sm a ller . The use o f the sp in -flip  chopper is  o f particu lar 
advantage when m easuring sm all neutron energy changes. The fact that 
chopped, m onochrom atic neutrons are nearly polarized  in total is  very  useful 
fo r  various experim ents.

>  s p i n - f l i p
( a  I  t e r n  a t i n g - c h  o p p e  d )

FIG. 5. Further possibilities for the use o f  spin-flip choppers.

F o r  optim al adjustment the background is  sm all, esp ecia lly  as the 
target does not stay in d irection  to the beam hole co llim a tor . Further im 
provem ents (s t ill higher intensity and better resolution) on the device de
scrib ed  are possib le  by fitting a sh orter co il, by shortening the distance 
between the p o la r ize r  and the analyser, o r  by using a stronger guide field , 
a m ore expensive e lectron ic  set-up  and the m ore suitable Gd neutron 
detector [11, 12] .  This perm its a further in crease  in intensity at the rate 
o f  a fa ctor  o f 2.

By varying the B ragg angle (Hi must a lso be varied  equally) and possib ly  
a lso  by using magnetite single crysta ls  the energy o f the m onochrom atic 
neutrons can be varied  to a great extent. Further poss ib ilities  to in crease  
the scattered  intensity in a s im ila r  way are shown in F ig . 5.

In F ig . 5(b) the target is  p laced into the neutron beam com ing from  the 
p o la r ize r . The in elastic scattered  neutron intensity is  re flected  into the
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detector by a curved magnetic m irro r -sy s tem  used as an analyser. In 
the set-up  shown in F ig . 5(a) two magnetic m irro rs  are used as the po larizer, 
as w ell as the analyser. The spin -flipping is  perform ed  by chopping a lter
nately adiabatically and non-adiabatically. This case  produces a very  high 
neutron-intensity, although the energy resolution  is  not very  good.
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Abstract

TIME-OF-FLIGHT SPECTROMETER USING AN ELECTRONIC CHOPPER FOR POLARIZED SLOW 
NEUTRONS. In a diffractometer for polarized slow neutrons the neutron spin resonance method is ordinarily 
used for flipping the neutron polarization. By varying the magnetic field across the flipper co il, it is possible 
to pulse the flipping device into or out of resonance at short intervals. One then obtains a continuous beam 
but with short periods o f  reversed neutron polarization. When this beam is reflected from a crystal by a 
polarization dependent scattering process (elastic or inelastic) one obtains short periods o f  increased neutron 
intensity which can be used for tim e-of-flight measurements o f the scattered neutron energies. A tim e-o f- 
flight spectrometer utilizing this principle has been built and tested on spin-wave and magneto-vibrational 
scattering from a single crystal o f  b cc  iron.

1. INTRODUCTION

In a d iffractom eter fo r  polarized  slow  neutrons the neutron spin r e 
sonance method is  ord inarily  used fo r  revers in g  the polarization  vector  
with resp ect to the m agnetic fie ld  [1]. The polarized  beam is passed through 
a solenoid  situated in a hom ogeneous static m agnetic fie ld . The solenoid 
ca rr ie s  an R . F .  current with frequency equal to the L arm or p recess ion  
frequency o f the neutrons in the fie ld . At optimum current the polarization  
vector  is  flipped.

The action o f  the flipping device may be interrupted in a num ber o f 
ways. F or  instance, the flipping device may be brought out o f resonance 
by superposing an extra m agnetic fie ld  on the static fie ld  a cross  the flipper 
co il. We have introduced such an extra fie ld  by passing an e le c tr ic  current 
through an extra co il wound around the flipper co il. The current in this 
chopper co il is pulsed and adjusted so that the flipping device  is  tuned out 
o f resonance fo r  short periods of tim e. In this way we obtain periods of 
rev ersed  neutron polarization  in a polarized  beam  o f constant intensity.

Utilizing a beam  with chopped polarization  fo r  the studies o f p o la riza 
tion dependent scattering p ro ce sse s .(e la s t ic  o r  inelastic) has been suggested 
[2]. By such scattering one obtains short periods o f in creased  (or d e 
creased ) neutron intensity which by suitable e lectron ic arrangem ents can 
be used fo r  tim e -o f-flig h t analysis o f the scattered neutron energies.

It has been shown [3, 4] that spin-w ave and m agneto-vibrational 
scattering from  m agnetic m ateria ls depend upon the polarization  o f the 
incident neutron beam . By a suitable ch oice  o f the sam ple m agnetization 
para lle l or  norm al to the scattering vector , it is possib le  to separate the 
two scattering p ro ce sse s . A sim ilar separation  procedure is  also app lic
able in the case o f scattering experim ents with a beam o f chopped 
polarization .

395
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We have built a t im e -o f-flig h t spectrom eter utilizing the flip p er- 
chopper princip le outlined above and tested it on inelastic scattering from  
a crysta l of b cc  iron .

The main advantage of our set-up is that by using an e lectron ic means 
fo r  chopping the neutron beam , the repetition  rate may be made severa l 
o rd ers  o f magnitude higher than fo r  m echanical choppers. In som e o f the 
experim ents to be described  below  the duty cycle  o f the spectrom eter 
actually approaches the th eoretica l lim it fo r  sim ple tim e-o f-flig h t m easu re
ments where the corre la tion  technique is  not applied. The lim it is , o f 
cou rse , the repetition  frequency at which one gets overlap  at the counter 
position  between neutrons belonging to different bursts.

2. THEORY

The theory o f the flipper-ch opper and our results of prelim inary tests 
on e lastic  scattering have been extensively d iscu ssed  elsew here [5 -8 ], but 
a few rem arks should be made about the physical param eters involved.

Let us assum e that a polarized  beam passes a flipper device . Having 
passed the flipper, the polarization  has been changed to P '

P< = (1 - 2k12)P  (1)

where k 12 Is the flipping e ffic ien cy  o f the device . To get com plete rev ersa l 
o f the polarization , k12 must equal one. This takes place fo r  a certain  
com bination o f the values of the R. F . frequency u and the magnetic field 
strength H j.

It may be shown [5] that changing the m agnetic field  by a certain  amount 
ДН while the R. F . frequency and the current are kept constant at their 
optimum values w ill detune the flipping dev ice . The polarized  beam then 
passes unaffected through the solenoid. F or a co il about 10 cm long and 
a neutron wavelength o f 1 Â the value o f ДН is  about 10 Oe.

Let us assum e that the neutron flight tim e through the co il is T. 
Changing the fie ld  ДН in steps from  zero  at tim e t = 0 and back again after 
tim e t = T has the effect that the polarization  o f the outgoing beam changes 
accord ing to the follow ing form ula

P ' = î(co s3 ï  -  3 cos  Ï ) P  ( O s ï s  2тг) (2)

where ¥ = я-t/Т .
The width at half maximum, t i ,  o f this pulse o f reversed  polarization 

is th erefore Ц = T. If the fie ld  pulse does not last as long as T , the b e 
haviour of the polarization  is  not as sim ple as in the equation above and the 
peak value of the reversed  polarization is  reduced. The transit tim e, T, 
o f the neutrons through the co il is  therefore  a lim iting value for the pulse 
width.

In an actual experim ent it is  difficult to make the extra field ДН change 
like a step function. There w ill always be a certain  r ise  tim e т for the 
field , and this o f cou rse  adds to the width o f the pulse. The power output 
o f the available R. F . generator sets a low er lim it fo r  the length of the
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flipper co il which may be used. With unlim ited R. F . pow er resou rces  it 
may be shown, how ever, [7] that the physica l width o f the neutron beam 
actually is a low er physica l lim it fo r  the e ffective  length o f the flipper co il.

Let us fo r  sim plicity  assum e a 100% polarized  beam  and that the 
flipping device w orks without introducing any depolarization  under static 
conditions. Let us also assum e that we are using an e lastic  re flection  
from  a m agnetic crysta l as the analysing scattering p ro ce ss .

A beam  with chopped polarization  is converted at the sam ple to short 
periods o f in creased  or decreased  scattered  intensity. The ratio between 
the two intensities w ill be equal to the flippiing ratio fo r  the scattering 
p ro ce ss  under static conditions. R eal background scattering from  the 
crysta l, apparatus etc. must be subtracted.

The sim ple theory outlined above w ill, o f cou rse , have to be m odified 
when a whole se r ie s  o f polarization-dependent inelastic scattering p ro ce sse s  
contribute to the scattering, each p rocess  with its own set o f c r o s s -s e c t io n  
values, a f  and fo r  up and down spin. Applying a flip p er-ch op p er, it is 
still possib le  to separate the different scattering contributions by their 
degree of inelasticity . The scan of an e lectron ic  tim e analyser may be 
tr iggered  by the flip p er-ch op p er pulse, and the flight tim e o f the scattered 
neutrons from  the sam ple may be m easured after a certain  flight path, L. 
During the intervals between the bursts we w ill m easure a background 
intensity proportional to, say, £ a j which w ill be sm eared  out over the 
tim e channels and must be con sidered  as ' b ack grou n d '. Each inelastic 
p ro ce ss  w ill give r is e  to short periods o f in creased  intensity proportional 
to a¿. The peaks w ill th ere fore  ride on a rela tive ly  high background.

Let us assum e that the inelastica lly  scattered  neutrons from  a certain  
m agnetic crysta l have a spread of energies from  E2 to E 2. A fter having 
passed the flight path, L, the neutrons w ill arrive  with a spread in tim e 
ranging from  tj to t2. We may then arrange the tim e scan o f the time 
analyser so  that it keeps scanning fo r  a tim e somewhat la rg er  than a tim e 
|tj -  t2 I. The repetition  frequency o f the flip p er-ch op p er may then be 
in creased  to a value somewhat sm aller than |tx - t2|"1. In this way severa l 
bursts o f in creased  intensity may be loaded into the flight path and the duty 
cy c le  o f the apparatus is  very  high. With this choice  of param eters one 
does not get overlap  between the slow  and the fast neutrons in the different 
bursts at the counter position . The length o f the flight path has, o f cou rse , 
to be chosen so that one is  able to reso lv e  the different energy groups in 
which one is  interested.

In fact, the duty cy c le  o f the apparatus is  then c lo se  to the theoretical 
lim it fo r  such a set-up.

The tim e scan o f the analyser may then actually be triggered  by a 
chopper pulse which belongs to a neutron burst severa l periods behind the 
burst that w ill be reg istered  during the scan o f the tim e analyser. F or  such 
an arrangem ent it is p ra ctica l to use the position  of a peak o f polarization - 
dependent e lastic  scattering as the re feren ce  tim e to which the position  of 
the in elastic peaks are com pared. A lso , it is  p ractica l to have a variable 
delay tim e between the triggerin g  pulse for the tim e analyser and the chopper 
pulse so  that the in elastic spectrum  may be p laced at a favourable position  
in the tim e ' w in d ow '.

When the resonance flipper is  working in the pulsed mode as part of a 
t im e -o f-flig h t  spectrom eter, there w ill a lso  be other fa ctors  influencing 
the burst duration as reg istered  in the tim e analyser. B ecause o f the finite
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collim ation  o f the beam  o f neutrons from  the p o la rizer , the wavelength 
spread in the beam  w ill introduce a certa in  spread in tim e, A tc . The width 
A s o f  the detector also introduces an uncertainty in tim e, Atd. The un
certainty in tim e because o f the final width o f the tim e channels may be 
made negligib ly  sm all as com pared  to the other uncertainties in an actual 
ca se . The main contribution to the tim e spread o f the burst w ill th erefore  
com e from  the finite length o f the flipper co il.

3. DESIGN

A m ultipurpose tim e -o f-flig h t  spectrom eter, MISS, fo r  m agnetic 
in elastic  scattering studies has recen tly  been built and installed  at the new 
2-M W  rea cto r  JEEP II at IF A, K je ller . It includes the p ossib ility  o f using 
both a m echanical chopper and a flip p er-ch op p per fo r  energy analysis of 
the scattered  neutrons from  m agnetic sam ples (see F ig . 1).

FIG.2. The flipper co il and chopper co il geometries.

The m on och rom a tor /p o la r izer  crysta l [C o(Fe)] is  situated in a shield 
drum which allow s the ch o ice  o f different wavelengths of the polarized  beam . 
The R. F . flipper and m agnetic chopper is  built inside the radiation shield 
with m agnetic shields around. The R. F. o sc illa to r  is  conventional with 
tubes. Around the flipper c o il  is wound an extra saddle-shaped chopper 
co il (F ig. 2). Current pulses in the chopper co il sets up a sm all magnetic 
fie ld  ДН which adds to the static fie ld  a cross  the flipper co il. The current 
com es from  a tran sis torized  power supply which is excited  by a conventional 
double-pu lse generator (F ig . 3). The square pulses may have variable 
amplitude, duration and repetition  rate so that the current pulses may be 
adjusted to the optimum value. There is  a variable delay tim e between the 
triggerin g  pulses fo r  the e lectron ic  t im e -o f-flig h t analyser (TMC,
4 X 256 channels) and the main pulses fo r  the chopping circu it.

The sam ple is  situated inside an electrom agnet which may be rotated 
both around a vertica l and a horizontal axis. In this way the sam ple may 
be m agnetized either along the scattering vecto r  o r  norm al to it. With 
the electrom agnet in the vertica l position  a sm all permanent magnet is 
enough to guide the polarized  beam a cross  the gap between the flipper and 
the magnet. In the horizontal position  a twisted guide fie ld  of iron  plates 
has to be inserted  in the gap.
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The shielded flight arm  is  connected to the magnet table and may rotate 
around it driven by a m otor. It consists o f severa l sections so that its 
length may be varied . At the end o f the flight arm  there is  a counter bank 
o f 3 3He counters in the v ertica l position  whose total sensitive area is 
7. 5 X 15 cm 2.

Behind the electrom agnet the polarization  o f the transm itted beam  
through the electrom agnet may be m onitored by a sm all d iffractom eter.

The m onochrom atic beam  may have a c ro s s -s e c t io n  up to 4 cm  X4 cm , 
but in the experim ents to be reported below  it was collim ated  down to
2 cm  X 2 cm  by m eans o f B 4 C -p lastic .

FIG.3. Block diagram o f the electronic circuit for the flipper-chopper tim e-of-flight spectrometer.

4. EXPERIM ENTAL TESTS

The spectrom eter has been tested using inelastic scattering from  a 
single crysta l o f b cc  iron , F eo g6 S i0 04. The crysta l was d isc-shaped  3 cm  
in diam eter and 6 mm thick. The [100] d irection  was norm al to the plane 
o f the d isc . The crysta l was mounted in a holder which allowed the e le c tro 
magnet to be rotated around it, magnetizing the crysta l norm al to o r  para llel 
to the scattering v ector  ( i .e .  along equivalent [110] d irections).

It is  known that the diffuse reflection  around the (110) re c ip ro ca l 
lattice point originates both from  polarization-dependent spin-w ave [9] and 
m agneto-vibrational [4] scattering. F or Й |[ e spin-w ave scattering is  
polarization  dependent, and fo r  H J_e m agneto-vibrational. In the latter 
case  elastic  scattering and m agnetic d isord er scattering w ill also depend 
on the polarization . The position  o f the e lastic peak in the tim e analyser 
may be used as a re feren ce .

By m issetting the crysta l fo r  H J_e (v e rt ica lfie ld ), a certa in  angle 
ДФ away from  the B ragg setting, Ф, a diffuse re flection  with a certain  angular 
width, Г , may be seen by the d iffraction  technique using a polarized  beam . 
During our experim ents the flight arm  was always m oved to the d irection  
pointing tow ards the m iddle o f the diffuse re flection  fo r  the given angle of 
m isset.
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The sense o f rotation by the angle ДФ o f the cry sta l determ ines whether 
one has creation  or annihilation o f q u asi-p artic les  during the scattering. The 
energies o f the scattered  neutrons should a ccord in g ly  be decreased  o r  in 
creased  when com pared  with e lastic  scattering.

The sensitive area o f the counter bank was about 3° in the vertica l 
d irection  and 1. 3° in the horizontal d irection  at a distance o f 310 cm  from  
the sam ple during the experim ents. The wavelength o f the incom ing 
polarized  beam was X = 1. 07 Â (as 270 ц s e c /m ). The polarization  was 97%. 
The m agnetizing fie ld  was 6 kG. 256 channels w ere used with either 2-ц  sec 
o r  l -м se c  channel widths. The duration o f the current pulses was 35 м se c .

In F ig . 4 we show resu lts o f the prelim inary tests fo r  the vertica l fie ld  
arrangem ent (H J_e), i. e. vibrational scattering. The e lastic  peak has 
been co rre cte d  fo r  dead tim e in the tim e analyser. It may be seen  that
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the flipping ratio  in the e lastic  (110) re fle ction  from  iron  is  rather sm all 
(=: 1. 5) as com pared  to the .expected value o f 3. 5. This is  m ainly due to 
the strong extinction effect in the rather thick crysta l, but also to som e 
depolarization  o f the beam  during the transit. The neutron scattering 
c ro s s -s e c t io n s  fo r  inelastic scattering are, how ever, so sm all that there 
w ill be no extinction in that ca se . The resu lts are in qualitative agreem ent 
with the fact that fo r  ДФ = +4° there is  creation  and fo r  ДФ = -4 ° annihila
tion  o f vibrational quanta in the crysta l. F o r  the positive m isset the 
scattered  neutrons are slow ed down and fo r  the negative m isset the neutrons 
are speeded up.
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Figure 5 shows the experim ental resu lts fo r  the horizontal fie ld  
arrangem ent (H || e), i . e .  magnon scattering. The positions o f the in 
e lastic  peaks show that the scattered  neutrons have su ffered  changes in 
v e locity  fo r  positive and negative m issetting  angles in the sam e d irections 
as observed  above. The only d ifferen ce  is  that fo r  the negative angle of 
m isse t (magnon annihilation) there is  a drop in intensity; the peak is  
negative. This is , how ever, a w ell-know n feature o f magnon scattering 
using po larized  neutrons [3] and is  due to the fact that fo r  magnon annihila
tion  the scattering  c r o s s -s e c t io n  fo r  a neutron beam  with positive p o la r iza 
tion  is  zero . Our prelim inary  resu lts , th ere fore , show a good qualitative 
agreem ent with the e ffects  to be expected  fo r  such a set-up.

F igure 6 gives a s im plified  view  o f the behaviour o f the scattering 
c r o s s -s e c t io n  during a pulse o f rev ersed  neutron polarization  fo r  spin-w ave 
scattering.
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FIG. 6. Schematic picture o f  the polarization effects in spin-wave scattering from m etallic iron.

F o r  the sm all angles o f m isset used above the applied v ertica l co llim a 
tion  and the tim e resolu tion  w ere too relaxed  to give any d irect inform ation 
about the scattering surface fo r  vibrational and spin-w ave scattering. 
Scattering from  the whole surface in r e c ip ro ca l space was accepted by the 
counters, and the energy d ifferen ces w ere too sm all. F or  horizontal fie ld  
arrangem ent, i. e. spin-w ave scattering, the m isset was increased  to 
Д Ф = 8 °. In this case  it is  known from  experim ents with the d iffraction  
m ethod on a s im ila r  crysta l that the sph erica l scattering surface is  alm ost 
5° w ide. A part o f the scattering surface should th erefore  be ' s liced  o ff ' 
in our geom etry, and the energy d ifferen ces involved should be so large 
that one could expect to see som e details. In fact, from  F ig. 7 it is  seen 
that the t im e -o f-flig h t spectrum  o f the inelastica lly  scattered  neutrons fo r  
ДФ = 8° seem s to con sist o f overlapping peaks. The total width has in 
crea sed  relative to the elastic, peak. The data from  the d iffraction  ex 
perim ents [9] fo r  ДФ = 8° leads to expected neutron fligh t-tim es o f 
t 1 = 280 M s e c /m  and t"  = 303 ц s e c /m  fo r  neutron groups in this d irection . 
F o r  the flight path used the in elastic peak should be about 70 ц se c  wider 
than the elastic  peak. This is  in fa ir  agreem ent with F ig. 7.
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During the experim ental run fo r  ЛФ = 8° the sp ectrom eter had a duty 
cy c le  c lo se  to the lim iting value fo r  this sp ecia l experim ent. It is  seen 
from  F ig . 7 that the inelastic spectrum  alm ost fi lls  the tim e window o f 
width 256 m s e c ; only enough tim e channels are le ft on both sides to allow 
the determ ination o f the background. The spectrom eter was then pulsed 
at 260-Msec in tervals. A delay tim e o f 60 /usee had to be introduced between

C h a n n e l  n u m b e r

FIG. 7. T im e-of-fligh t spectrum o f  neutrons scattered with creation o f  spin waves for ДФ = +8® . The 
elastic peak is shown for comparison. The channel width was 1 jjsec and the time between chopper pulses 
260 jjsec.

the tr igger  pulse and the chopper pulse in ord er to p lace the spectrum  in the 
m iddle o f the tim e window. The data shown in F ig . 7 was co llected  over 
37 hours. The nuclear vibrational scattering which is  still present fo r  
horizontal fie ld  arrangem ent is partly respon sib le  fo r  the high background.

5. DISCUSSION

During the prelim inary tests the resolution  o f the apparatus chosen 
was rather low . The width at half maxim um  o f the elastic  peak was 
Г  к 50jusec, although the current pulse was only 35 Msec w ide. The la rger
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value o f the burst duration has its orig in  in the fa ctors  mentioned in the 
section  above. With the neutron wavelength applied and the chosen length 
o f the fli-ght path the tim e resolution  is  th erefore  6%. With the possib le  
further in crease  in the flight path and a shorter current pulse duration 
the resolution  m ay be in creased , but at the expense o f the absolute in 
tensity and the s ize  o f the in elastic peaks (above the background). A m ore 
accurate calcu lation  o f all the fa ctors  involved in the resolution  fo r  this 
type o f apparatus has been initiated.

Using polarized  neutrons the intensities obtained from  the ususal 
p o la r ize r  crysta l, C o(F e), is  low  com pared with the ordinary m on och ro 
m ator crysta ls  such as copper and zinc. In this apparatus we gain, how ever, 
because o f the very  high duty cy c le  o f the flip p er-ch op p er. On the other 
hand, we re ly  on a polarization  effect so that the amplitude of the r e g is 
tered  peaks above the 'background ' w ill in the firs t  p lace depend on the 
rela tive  c ro s s -s e c t io n s  o f scattering fo r  neutrons o f up and down spin, on 
the polarization  o f the beam and on the flipping e ffic ien cy .

S im ilar experim ents are planned at the sam e apparatus using the 
m echanical chopper. A d irect com parison  o f the resu lts is  then p ossib le .

6. CONCLUSION

Our experim ents have shown that a flip p er-ch op p er tim e -o f-flig h t 
sp ectrom eter is  feasib le , and that it gives resu lts consistent with other 
m easurem ents when applied to polarization  dependent in elastic scattering 
p ro ce s s e s . The resu lts may be taken as the m ost d irect p roo f fo r  the fact 
that the polarization  dependent diffuse re flection s are connected with in 
e lastic  scattering phenomena.
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Abstract

CORRELATION-TYPE TIME-OF-FLIGHT SPECTROMETER WITH MAGNETICALLY CHOPPED POLARIZED 
NEUTRON BEAM. The transfer function o f a system which is the conventional tim e-of-flight distribution 
function, is proportional to the cross-correlation function involving a random signal and the response o f the 
system to it. An experiment using this technique is described. The chopped monoenergetic, polarized neutron 
beam is produced by a polarizer-analyser Co(Fe) single-crystal system with a spin-flipper between the crystals. 
The flipper is switched o ff and on, following a binary pseudo-random sequence. Pulses from the detector are 
stored in the first half o f  the memory o f a conventional multichannel analyser. At the end o f  the measurement 
the cross-correlation function is computed in a few seconds with the use o f a special plug-in unit o f  the analyser 
and stored in the form o f discrete values in the second half o f the memory. The neutron economy, the reso
lution and the effect to background ratio o f the correlation spectrometer are much better than in the conven
tional tim e-of-flight method.

1. INTRODUCTION

Neutron spectrom etry  initiated a new era in the study o f the m ic r o 
dynam ics o f condensed system s. One o f its well-know n methods, the tim e- 
o f-fligh t technique, is  particu larly  suitable fo r  cold  neutron scattering 
experim ents which y ield  inform ation on sm all energy excitations in solids 
and liquids which is  otherw ise alm ost unobtainable. This technique requ ires 
period ic  chopping o f the continuous neutron beam . In the m oderate energy 
resolution  case  the transm ission  e ffic ien cy  o f the chopper is  usually o f the 
ord er  o f 1СГ3, thus the conventional t im e-o f-flig h t technique o ffe rs  very  p oor 
neutron econom y which gets even p oorer  i f  one tr ies  to im prove the energy 
resolution . In many cases  one does not get any valuable inform ation because 
o f the sm all e ffect to background ratio.

Application o f the corre la tion  technique in tim e-o f-flig h t spectrom etry  
[1 -3 ] results in a substantial im provem ent in neutron econom y and energy 
resolution . In section  2 the essentia l features o f the method are described  
and the conventional tim e -o f-flig h t technique is  com pared with the corre la tion  
method. In section  3 the experim ental set-up and the resu lts o f som e ex p eri
mental tests o f the method are reported .

2. PRINCIPLE OF THE METHOD

The princip le o f corre la tion  type tim e-o f-flig h t spectrom etry  (CTFS) is 
very  sim ple. The m onoenergetic neutron beam incident on the sam ple is 
random ly modulated and the neutrons are counted at a given scattering angle 
by a suitable detector placed at a given distance from  the sam ple. The tim e
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dependence o f the counts is  reg istered  and its c r o s s -c o r r e la t io n  with the 
modulating random function is  calculated. The c ro s s -co r re la t io n  function is 
p roportional to the tim e -o f-flig h t density function.

Let s(t) be the reg istered  intensity o f the scattered  neutrons without 
modulation and x(t) the modulating random function. The state o f the neutron 
m odulator can be ch aracterized  by the random function

W h en x(t) = 1 o r  -1 , the m odulator is  open o r  c losed , respective ly .
Denote by h (t)d t the probability  that a neutron scattered by the sam ple 

w ill be counted in the tim e interval (t, t + dt) if  it c r o s s e s  the m odulator at 
tim e t = 0. The density function h (t) is  d irectly  related to the scattering 
function and it has to satisfy  the conditions

The intensity o f  the neutron counts at any tim e t can be expressed  in the 
form

xM ( t ) = i  l+ x ( t ) (1)

h(t) = 0 (2 )

i f  t < 0 and
00

(3)
о

+ 00

(4)

w here sB(t) is  the background intensity. If one assum es that

(5)

then the c r o s s -c o r r e la t io n  between y  (t) and x (t), w ritten as

(6 )

has a very  sim ple form

+ OO

(?)

w here i 0 = E {s (t )}  is  the averaged intensity and R ^ t ) = E {x ( t ) x ( t  - r ) }  is  the 
a u to -corre la tion  function o f  x (t ) . The background, fortunately, can cels out



since there is  no corre la tion  between x (t) and sB(t). If x (t ) is  a random  
p ro ce ss  with au to -corre la tion  o f the form

* W T) = 6 (Ÿ ) = а6 и

w here n is  a constant with tim e dim ension, then

V T> =1*0 “ h(T) <8>

and it is  apparent that the c r o s s -c o r r e la t io n  function R yX( r )  is  exactly  p rop or
tional to the tim e -o f-flig h t  density function.

Ideal random modulation corresponding  exactly  to white n oise , how ever, 
can be never achieved, but it may be w ell approxim ated by a suitable binary 
random m odulation. In this ca se  the state o f the m odulator does not change 
in a tim e interval sh orter than a given elem entary interval, say 0, and thus 
the au to -corre la tion  function o f x (t ) has the form

R^Ít ) =

Inserting Eq. (9) into Eq. (7) and neglecting the sm all variation  of h (t) within 
the tim e interval 6, one gets again

V T) ~ | i ° e h ^ )  ( 10)

In p ractice  the neutron counts are stored  in the channels o f a m em ory 
block  con trolled  by a c lo ck  generator. Let в be the tim e interval between 
the consecutive c lo ck  pu lses. The q th channel o f the m em ory is  opened and 
the ( q - l ) th is  c losed  by the qth c lo ck  pulse. Each pulse generates sim ulta
neously a random binary num ber (0 o r  1) which determ ines whether the 
neutron m odulator w ill be in the closed  o r  open state during the tim e interval 
0 follow ing the c lo ck  pulse.

In this mode o f operation the num ber o f counts in the qth channel can be 
expressed  by the equation

1- I t  I g

I t  I >
(9)



The random binary num ber x q can be written in the form

(12)

w here the random num bers . .  i , x^, xq+1, . . . have the follow ing p roperties :

The c r o s s -c o r r e la t io n  function

is  seen again to be proportional to the tim e -o f-flig h t density function h¡, i. e.

In practice , how ever, an ideal random se r ie s  o f the num bers 0 and 1 
cannot be produced because o f the obvious fact that the length o f the series  
is  lim ited by the finite num ber o f the channels available in the m em ory. It 
is  p ossib le , how ever, to use, instead o f the ideal random ser ie s  o f infinite 
length, a pseudo-random  sequence o f finite length. Pseudo-random  binary 
sequences can be easily  generated by a multistage shift reg ister  driven by 
c lo ck  pulses [4 ]. If one uses a suitable log ica l feedback, a d -stage shift 
reg is te r  produces a period ic  binary sequence with period  length n = 2d - 1. 
Let us denote the binary num bers o f this period  by

E { z x .} = R (i) q q-j zx'J'

Rzx(j) = i  (j = ° . 1--------q-1) (13)

(14)

where the num bers Vk = ± 1 (k =1, 2, . . . ,  n) have the 'pseudo-random ness' 
p rop erties  given by
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and satisfy  the period ic ity  requirem ent

(17)

In actual m easurem ents each channel o f  the m em ory  is  opened 
p eriod ica lly  and if  the num ber o f channels is  n = 2d - 1, then the tim e interval 
between two su ccess ive  operations o f the sam e channel w ill be sim ply n0. 
The num ber o f counts accum ulated in the kth channel after N operations is  
given by

This last condition can be alm ost always satisfied  by the appropriate ch oice  
o f  the channel num ber n. Introducing the notation

N

i = l

The estim ate o f the c r o s s -c o r r e la t io n  function R zx(j) can be written in the 
form

N

(18)

where
n - 1

i = о

if
hj = 0 fo r  i ê n

(19)
p=l

and making use o f the p eriod icity  o f Vq) one finds that

П “ 1

(20)

n

(21 )

k = l

It is  easy to show that

(2 2 )

where f is  the intensity ratio o f the background to the effect, i. e.

f  =
E {s B(t)} b0

(23)
E { s ( t ) }  i0
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It should be noted that the non-m odulated part o f the scattered neutrons gives 
an additional contribution to the background. It is  apparent from  Eq. (22) that 
the estim ate (21) is  d istorted  and the background, though highly reduced, is 
not averaged out com pletely .

Using som e generalized 'pseudo-random ness' properties o f the sequence 
Vk(k = 1, . . . ,  n), the variance o f the estim ate r n(N, j) can be calculated. The 
result o f the calcu lation  can be written in the form

Dir"W J ,t ’ ïîïr ,i+2fl+ï î î ï ~  (24)

where

n -1

ô =e2^T h * á l (25)

i = 0

The relative root-m ean -squ are  deviation o f the estim ate rn(N, j) is 

D {r  (N, j)}

E {r  (N, j)}
2 (6+2f) 
i Th2e 2

o J
l + ±  n

2 ( l + f )  , 
h.e j 4:ORR

(26)

w here T = Nn0 is  the total m easuring tim e. This form ula d iffers from  that 
proposed e a r lie r  by M oguilner et al. [1 ]. Fortunately, the d ifference 
further in crea ses  the advantages o f the correla tion  technique over the 
conventional t im e -o f-flig h t method. This can be seen im m ediately i f  one 
com pares the relative rm s deviation o f rn(N, j)  with that o f hj в m easured 
by the conventional method. In the tim e -o f-flig h t technique the relative rm s 
deviation o f the e ffective  counts (total counts minus background) in the 
channel is  given by

TF

(2f + h)8) n

y r h V
(27)

and thus the inequality

TF

CORR

n(2f + hj0 
2 (2 f+ 6) l +¿  n hJ

i + î i - i »  1 (28)

holds in alm ost all ca ses , in other w ords the corre la tion  method has under 
the same conditions a much better resolution  fo r  the amplitudes 
hj9 (j = 0, 1, . . . ,  n -1 ) within the given energy resolution  than the conventional 
technique. This advantage can be exploited fo r  the analysis o f fine details 
in the tim e -o f-flig h t spectra .
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The schem e o f the experim ental arrangem ent can be seen in F ig . 1.
F o r  the m odulation o f the incident neutron beam a flip p er-ch op p er proposed  
and tested  su ccessfu lly  by severa l authors [5 -7 ] was used . The flip p er- 
chopper was placed between two Co(8% Fe) m onocrysta l slabs m agnetized in 
the d irection  o f easy m agnetization. The thickness and the effective  area 
o f the crysta ls  w ere 2. 5 mm and 2 cm  X 3 cm , resp ective ly . F o r  the 
experim ents the transm itted (111) re flection  o f wavelength 1 .2  Â was used. 
The degree o f polarization  was m easured by means o f a 0. 3-m m  thick iron  
fo il and. the shim ratio was found to be pj p2 = 0. 98.

3. E X P E R IM E N T

MEMORY
2 5 5 + 1

CHANNELS

F IG .l. Scheme o f the experimental set-up: P and P2 are the monocrystal slabs, F is the flipper,
S is the sample and D is the neutron detector.

The m onoenergetic, po larized  neutron beam , re flected  by the firs t 
cry sta l is  re fle cted  in the sam e way by the second one when the sp in -flip p er 
between the cry sta ls  is  switched o ff. When the flipper is  ’ on1, it rev erses  
the neutron spins and the intensity a fter the second crysta l is  expected  to be 
p ra ctica lly  ze ro .

If the o sc illa to r  o f the flip p er is  con tro lled , i. e. kept in the 'on 1 o r  'o ff ' 
condition by a binary pseudo-random  generator, the polarized  neutron beam 
after the second cry sta l is  m odulated in tim e in a pseudo-random  way. The 
modulation is , how ever, not com plete  since the shim ratio and the spin- 
flipping probability  are p ra ctica lly  always sm aller  than unity. The depth of 
the modulation can be expressed  by the form ula

M
2Pj P2 f)

w here rj is  the sp in -flipp ing probability . In our case  r) = 0.75 and th erefore  
M ~  0. 63. The sm all value o f r) can be explained by the shortness o f the 
flip p er  c o il  length and the inhom ogeneities in the fie ld  o f the perm anent 
magnet used in the flipper. The length o f the flip p er c o il  was chosen  to give
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£ <к e v x (Vx is  the neutron velocity ) in o rd er  to obtain neutron pulse trains 
o f nearly  rectangular shape.

The b lock  diagram  o f the e lectron ic system  fo r  the pseudo-random  
excitation  o f  the flipper c o il  is  shown in F ig . 2. The r f  o sc illa to r  is  o f the 
tuned L -C  anode c ircu it type. The flipper co il is  inserted into the anode 
c ircu it o f the output pow er am plifier tube. Good pow er e ffic ien cy  is  achieved 
in an anti-resonant mode o f operation through equalizing by the reactive 
com ponent o f the c o il  admittance.

FIG.2. Block diagram o f  the electronic system for the random excitation o f the flipper co il.

The damping tim e o f the r f  field  in the flipper c o il  has to be much 
sm a ller  than u in ord er  to obtain sharp neutron pu lses. This can be achieved 
by a con trolled  attenuator which is  an e lectron ica lly  switched dynamic 
resistan ce , form ing a p ara lle l c ircu it with the flipper co il . To obtain the 
maximum spin -flipping probability  both the amplitude and the frequency of 
the r f  fie ld  are continuously variab le . The m ost im portant flipper data are 
listed  in Table I.

TABLE I. FLIPPE R  DATA

C oil length: 4 .0  cm  Static magnetic field: 345 Oe

C oil diameter: 1 .8  cm  rf magnetic field: 2 0 -5 0  0e

Number o f turns: 18 Frequency range: 0 .8  -  1 .2  Mc/sec

Damping and rise tim e: 2 X 10"6 sec

To test the operation o f the flipper as a neutron beam chopper, three 
intensity m easurem ents w ere ca rried  out: one ( Joff) in the turned o ff state, 
another ( Jon) in the turned on state and a third ( Ja) with the excitation o f the 
flipper c o il  con tro lled  by a 25-kHz square-w ave generator, i . e .  when in 
every  second 40-/iisec period  the flipper was in the on state. The good a gree 
ment o f the intensity o f j a with -| ( j ofj- + Jon) was p roo f o f  the proper operation 
o f the flipper.

The m onoenergetic polarized  modulated neutron beam is  scattered by 
the sam ple to be investigated. The scattered neutrons are detected by a set 
o f BF3 counters at the end o f the flight path o f length L . The whole m easuring 
system  is  con trolled  by intervention o f the digital co rre la to r  K O RA LL-A  [8] 
which is  a p lug-in  unit o f  the N TA -512-type multichannel analyser.
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The neutron detector counts are stored  in the firs t  section  o f the 
512-channel fe rr ite  c o re  m em ory  o f the analyser. Shift pulses from  the 
c lo ck  generator are fed into the address reg is te r  o f  the m em ory, thus the 
channel width is  equal to the tim e interval 0 between the subsequent pulses 
o f  the c lock  generator. The value o f 0 can be chosen  from  the se r ie s  20, 
50, 100 and 200 /usee.

When the num ber o f counts in any channel o f the m em ory  attains a 
preset value, K O R A LL-A  stops the m easurem ent to start the computing 
operation in which accord ing  to Eq. (21) it com putes the values

n
Nnrn( N , j ) = N ^ u kVk_.

k = l

(j = 0, 1, . . . ,  n - 1)

Ц.104

3 . 1 0 '

г.ю1*

ио1*

0 -2Ojisec

CHANNEL NUMBER

■¿Wv
1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  

CHANNEL NUMBER

FIG.3. T im e-of-fligh t spectra o f  monoenergetic neutrons measured by (A) the correlation and (B) the 
conventional methods.

w here Nuk is  the num ber o f counts stored  in the к th channel o f the first
m em ory  section  and n = 255.

The value o f N nrn(N, j) is  tran sferred  into the (j + l ) tfl channel o f the 
second half o f  the m em ory. On term ination o f the total computing period  
o f about 3 s e c , n d iscre te  ordinate values o f the c ro s s -co r re la t io n  function 
are stored  in the second part o f the m em ory in a form  ready fo r  any o f the 
conventional read-out operations. The num ber o f counts in each channel o f 
the firs t  section  rem ains unchanged during the com puting operation, thus 
the m easurem ent can be continued by making use o f the data co llected  in the 
preceding run.

To test the operation  o f the corre la tion  spectrom eter, firs t  the tim e- 
o f-fligh t spectrum  o f the m onoenergetic polarized  beam was m easured. The 
flight-path length L was 120 cm  and two runs w ere ca rr ied  out, one with 
20 and another with 50 ¡usee channel width. F o r  com parison , in F ig . 3 the 
c r o s s -c o r r e la t io n  function (A) is shown along with the tim e-o f-flig h t 
spectrum  (B) m easured under the sam e conditions by conventional technique.
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T o  show the e ffic ien cy  o f the corre la tion  technique, m easurem ents w ere 
ca rr ied  out in the presen ce  o f a large background ( f~ 0 . 56). The expected 
advantages o f the corre la tion  technique over the conventional method are 
im m ediately seen from  F ig . 3. The peak value o f the c ro ss -co r re la t io n  
function is  about 60 tim es higher and, even m ore im portant, its peak to 
background ratio is  about 16 tim es la rg er  than the corresponding values o f 
the tim e -o f-flig h t spectrum  m easured in the conventional way.

The ch a ra cteristic  features o f corre la tion  type tim e -o f-flig h t 
spectrom etry , namely, the very  good neutron econom y and the large effect 
to background ratio, o ffe r  prom ising new perspectives in the m easurem ents 
o f sm all e ffects  (im purity scattering etc. ).

One o f the m ost im portant problem s in the further developm ent o f the 
corre la tion  technique is  to in crease  the transm ission  e ffic ien cy  o f the 
modulating system . The flip p er-ch op p er e ffic ien cy , as estim ated from  the 
re flectiv ity  o f the m onocrystal slabs and the modulation depth, is about 
10~2. This value is  rather sm all, thus it seem s useful to im prove the 
modulation technique. A very  prom ising method was proposed and tested by 
Mook and W ilkinson [9] . The princip le o f this method is  very  sim ple. The 
neutron beam  re flected  by the (111) planes o f a lithium titanium fe rr ite  
m onocrysta l is  alm ost com pletely  modulated when the magnetization d irection  
in the crysta l is  rapidly altered by an external magnetic fie ld . Since, in this 
case , the neutron beam su ffers only one reflection  in the m odulator, the 
transm ission  e ffic ien cy  is  expected to be higher by a factor o f 10 than that in 
the flip p er-ch op p er case .

F inally, it is  o f in terest to note that the corre la tion  technique may 
becom e, because o f its good neutron econom y and sm all background to effect 
ratio, a pow erful too l in t im e -o f-flig h t neutron d iffraction  m easurem ents.
In this case  the polyenergetic neutron beam can be modulated at random by a 
m echanical chopper s im ilar  to that used by M oguilner et al. [1 ].
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Abstract

THE USE OF A PSEUDO-STATISTICAL CHOPPER FOR TIME-OF-FLIGHT MEASUREMENTS. The 
method of pseudo-statistical pulsing has been applied only to reactor-kinetic measurements so far. Ohanian, 
Perez and Uhrig proposed this method for tim e-of-flight measurements with pulsed accelerators. Comparative 
studies have shown, however, that it is not possible to give general arguments in favour o f  either the pseudo- 
statistical or the conventional tim e-of-flight method. Which o f the two methods may be preferred depends on 
the kind o f experiment. Pseudo-statistical pulsing may be especially advantageous for scattering experiments 
with thermal neutrons.

This paper is intended to give a description of a 'statistical' chopper and the method o f measurement with 
this instrument. The different influences on the accuracy of the measurements are discussed and compared to 
those in a conventional tim e-of-flight experiment. A few examples o f  pseudo-statistical experiments have been 
simulated on a computer. It is shown that a statistical chopper is advantageous for tim e-of-flight spectra 
consisting o f a number o f peaks which are o f  main interest and have amplitudes greater than the average 
amplitudes o f the spectra. Further, the method is advantageous in all cases where the background is very high.
A preliminary experimental arrangement is described.

1. INTRODUCTION

P seu do-sta tistica l pulsing o f a neutron source so far has been applied 
mainly to reactor-k in etic  m easurem ents. R ecently it was proposed to use 
this method also fo r  t im e -o f-flig h t m easurem ents with pulsed a cce le ra tors  
[1] . Detailed studies show that general arguments in favour o f the pseudo- 
statistical pulsing com pared  to the conventional tim e -o f-flig h t technique 
cannot be given. Which o f the two methods is su perior depends on the form  
o f the tim e -o f-flig h t distribution to be m easured.

The aim o f the present paper is  to show that fo r  slow neutron inelastic 
scattering experim ents with a 'fe w -lin e ' tim e -o f-flig h t spectrum  pseudo- 
statistica l pulsing may o ffe r  advantages. A possib le  apparatus to cut the 
continuous neutron beam from  a rea ctor  into a sequence o f p seu do-sta tistica l 
pulses is  a m echanical chopper with an appropriate transm ission  pattern.

The firs t  part o f the paper d escr ib es  the princip le o f the method. The 
different influences on the accu racy  o f the m easurem ents are d iscu ssed  and 
com pared to those in a conventional t im e-o f-flig h t experim ent. A few typical 
pseu do-statistica l experim ents have been sim ulated on a com puter to support 
the theoretica l investigations.

In the second part the layout and perform ance o f a m echanical chopper 
built fo r  pseu do-sta tistica l pulsing w ill be described . A few prelim inary  
m easurem ents done with this apparatus are d iscussed .
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2. PRINCIPLES OF PSEUDO-STATISTIC AL PULSING

2 .1 . P rop erties  o f p seu do-statistica l binary signals
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A sequence o f p seu do-statistica l binary signals may be generated with 
a feedback sh ift -re g is te r  [2 ] . If such a reg is ter  consisting  o f n stages is  
triggered  by a c lo ck  pulse with frequency 1 /  At the output can be a sequence 
o f signals with values +1 and -1 . The period  o f this sequence is  T = (2n - 1) At.
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F1G.1. Pseudo-random signal functions S^(t) for N = 15.
_______ output o f  a shift register with four storage devices
_______ signal function o f  a statistical chopper.

The sw itching from  +1 to -1 and v ice  v ersa  o ccu rs  after integral m ultiples 
o f At. Within the period  T the widths o f the signals are distributed nearly 
sta tistica lly . A sequence o f signals S(t) fo r  a re g is te r  with n = 4 is  shown 
in F ig . 1 by the full line. The function SN(t) sa tisfies the condition

NAt

SN(t)dt = At, N = 2 - 1
o'

(1)

The autocorrelation  function o f SN(t) is  defined by

NAt

V T ) ' í ¿ r  / s» (t)s» ( , +T>*
0

(2 )

F rom  E q .( l )  follow s
NAt

(3 )

It is  easy to show that the function

V t )  = N + ^ (T)
is  the resolution  function o f the p seu do-sta tistica l pulse experim ent.

(4)



2 .2 . Generation o f a p seu do-statistica l pulse sequence with a chopper
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A sequence o f p seu d o-sta tistica l pulses can be generated with a rotating 
d isc o f angular frequency и and radius r  made from  neutron absorbing 
m ateria l and having an appropriate pattern o f slits and brid ges . The width 
o f both are in tegral m ultiples o f ruAt. F o r  an infinitely sm all neutron beam 
such a device has a transm ission

T(t)=T(1+sNR(t)) (5)

w here I0 is  the intensity o f the continuous beam and the su perscrip t R 
indicates that S^(t) con sists  o f rectangular pu lses.

In p ractice  a finite beam width has to be used. A convenient ch oice  
is  a width equal to the sm allest slit-w idth . In this case  S^ft) in Eq. (5) has 
to be rep laced  by a trapezoidal function S jr (t) shown in F ig . 1 fo r  n = 4 by 
the dashed cu rve . Relations (1) to (4) are valid too fo r  S^r (t).

2 .3 . Determ ination o f the t im e -o f-flig h t distribution

If the statistica l pulsed beam im pinging on a sam ple is  m onochrom atic 
and the sam ple 's  scattering prop erties  in a fixed d irection  are d escribed  by 
a tim e -o f-flig h t distribution F (t ')  the num ber of neutrons arriv ing at the 
detector in the tim e elem ent dt is

NAt NAt

z ( t ) d t = ^ - |  I '  F ( t ') d t '+  J  SN( t - t ')F ( t ') d t '|  dt+udt (6)
о о

w here u is  a tim e-independent background.
F(t) may be reconstructed  by c ro s s -co r re la t in g  the count rate Z(t) 

with SN(t)

NAt NAt

N̂(t )=  Ñ ¿ t /  SN(t)Z (t+ T )d t /  cPN( T - s ) F ( s ) d s + !  (7)
о 0

The c r o s s -c o r r e la t io n  ^N(t) is  essentia lly  the tim e -o f-flig h t distribution 
folded with the resolution  function cp^t - s).

In p ra ctica l applications Z(t) is  counted by a multichannel analyser of 
width Дт. N eglecting resolution  co rre ction s  the count rate o f the kth channel 
in a conventional chopper experim ent with pulse width At is

I0Fk =Z(Tk)A tA r  - U (8)

The correspond ing result o f a statistica l experim ent is

mN
Y"1 2U

^ k  = m  (N + l ) L  SN iZ i+k " N+l (9)
1 =  1
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H ere it is  assum ed that At = т Д т  and Uk = U = u • А т. F rom  Eq. (9) follow s 
that the influence o f the background is  reduced by a fa ctor  2 /(N + l) com pared 
to a conventional chopper experim ent. This is  sim ply because a statistical 
chopper is  transparent to neutrons about half o f the m easuring tim e, w h ere
as a conventional chopper only during the fraction  1 /N  o f the total tim e.

2 .4 . T im e resolution

When F (t) is  strongly varying within the interval At, the resolution  
co rre ction  in Eq. (7) cannot be neglected . The resolution  function cpN(t) can 
be calcu lated from  E q .(4 ). F o r  a rectangular signal function Sj§(t) the 
result is  a triangle with half-w idth At

«  1,1 ■ ( 1 + ы )  ( * ■  i t 1+ N / V At fo r  t § At

(10)

<&(*) = 0

Tr TrF o r  a trapezoidal signal SN (t), cpN (t) cannot be d escribed  by a sim ple 
analytical expression  but the second part o f Eq. (10) is  valid

<p£ (t) = ( l  +— )̂ ( - ^ j  

q g (t )  = 0

F rom  Eqs (10) and (11) follow s that the tim e resolution  o f a pseu do-statistica l 
chopper experim ent with fixed At does not depend on the num ber o f s lits . 
ф£ (t) and ф^г (t) are com pared  in F ig . 2. ф  ̂ (t) is  identical to the resolution  
function o f a chopper with one slit o f  width At. ф£г (t) resem bles a Gaussian 
with a half-w idth t «1 .4 5  Д^

9i

fo r  111 S 2At

(11)

fo r  111 ê 2At
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2 .5 . Statistical accu racy

The statistica l e r r o r  o f Fk can be deduced from  Eq. (9)

?  Г 2 2 Г—5"

AFX = 5№ÏTlL SNi(Z-« +и«>} = +mNU)| (12)
1=1

where Z tot is  the total count rate o f the experim ent and I0 was taken to be 1. 
If we express Z tot by the average value of Fh

Z  = m N Í ^  F + u }  
tot L 2 J

where
m N

F = V  E mN i
i = l

we get

дч ■¿{(¡тц?г)5!(,”г+¥тг)}Ш (13>
The absolute statistica l e r r o r  is  the same fo r  a ll channels and only d e ter
mined by the total o f a ll scattering and background events at the detector.

F o r  a rectangular signal function (^Ni4) 2 = S2 = 1. F o r  S ^  the 
average S^is 2 /3 . In the latter ca se  the sta tistica l e r r o r  is  sm a ller  than 
fo r  a rectangular signal function. This e ffect is  com pensated, how ever, by 
the p oorer  tim e resolution . F rom  E q .(2 ) follow s a c lo se  relation  between 
resolution  and statistica l a ccu racy :

4 = ( 1 + ^ ) ф„ ( ° ) - * Г ф„ ( 0> (14)

If t f is  the half width o f <p(t), the follow ing approxim ate relations hold

1 1 /2  1 /2  
t ~  =  and AF, t „  ~  Z , + mNU) 15
^  g  2 к ' t o t  ' ' '

F o r  experim ents with different S(t) but equal total count rates the product 
AF - t ^ i s  constant.

F o r  a com parison  o f statistica l e r ro rs  in statistica l and conventional 
chopper experim ents we assum e fo r  s im plicity  that the channel width o f the 
tim e analyser is  equal to the width o f the sm allest chopper slit (m = l ) .  AFk 
fo r  a conventional chopper experim ent is given by

AFk = (Fk + 2U )1/2 (16)
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AF. 
g " AF

F ro m  E qs (13) and (16)

k  statist

k convent

N
N+l

N+l /2S I F  +

Fk + 2U

1/2

( 1 7 )

P seu do-sta tistica l pulsing w ill th erefore  be su perior to the conventional 
method, i f  g < 1, o r

F > 2 S N f F  + ^ L -  
k N +1 V N + l - 2U (18)

If N »  1 and S2 = I ,  then F,, > |  F - 2U.
Û  K  О

F o r  negligible background pseu do-sta tistica l pulsing is  only advantageous
4 ___

fo r  Fk > — F but it w ill be generally  advantageous when the background is
2 —higher than — F .

160

b)

Д0

background 2

100 ÏÎÔ ÏÏ5
channel num ber •

U 0 60 60

FIG.3. Determination o f  a tim e-of-flight distribution with a statistical chopper: (a) without background;
(b) with a very high background U = MF. The error bars to the right indicate the statistical error o f  the 
experiment. The error bar to the left in (b) indicates the error for a conventional tim e-of-flight experiment.



2 .6 . Com puter sim ulation o f scattering experim ents
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F o r  the quantitative interpretation o f a p seu do-sta tistica l pulse ex p eri
ment a num ber o f questions, e. g. the influence o f the finite channel width 
Дт and o f m > 1 on the final result, are of in terest. These e ffects  may 
d iffe r  from  those in a conventional t im e -o f-flig h t experim ent because different 
averages are included. These questions have been investigated in the context 
o f the present w ork  and num erically  checked by com puter-sim ulated  ex p er i
m ents. B rie fly , the result is  that using a channel width Дт o f the analyser 
equal to the pulse width At m ay cause considerable  e r r o r s  which are greater 
than in a conventional t im e -o f-flig h t  experim ent if  F (t) is  strongly fluctuating 
ov er  a few channels. But fo r  Дт = A t/4  only deviations o f the ord er  o f 1% 
from  the resolution  function have been found if  a 6 function was assum ed fo r  
F (t). F rom  these calcu lations the conclusion  can be drawn that a channel 
width o f A t/4  w ill be sufficient fo r  a ll p ractica l ca ses .

F igure 3 gives an exam ple fo r  a m easurem ent with a statistica l chopper 
sim ulated on a com puter. N was chosen  as 63, a tim e-a n a lyser  with 
252 channels (m=4) was used and the average count rate was 400 counts per 
channel. The full line in F ig . 3(a) represents F(t) fo r  ideal resolution , the 
points are the resu lt o f a c r o s s -c o r r e la te d  'm easurem ent' without background. 
Statistical e r r o r s  have been  sim ulated too fo r  the count ra tes. F igu re 3(b) 
shows the resu lts when a background o f 800 counts per channel is  assum ed.
In spite o f the high background a ll peaks are w ell reproduced. The indicated 
e r r o r  on the left side o f F ig . 3(b) would be obtained in a norm al chopper 
m easurem ent. D eterm ination and subtraction o f the background would still 
in crea se  this e r r o r .

3. EXPERIM ENTAL EQUIPMENT

3 .1 . The ro tor

A pseudo-random  binary sequence o f reasonable length should be used 
to approxim ate a statistica l distribution o f slit widths and achieve a high 
suppression  o f background (E q .(9 )). N=7 was chosen, giving 127 basic
steps in the p seu d o-sta tistica l pattern. In o rd er  not to weaken a neutron 
absorbing ro to r  m ateria l with such a large num ber o f s lits , an aluminium 
ro tor  (AlM g7) was chosen  with attached absorber sheets. The rotor , a 
d isc o f equal radial and tangential s tress , has a d iam eter o f 51 cm  and is 
0. 3 cm  thick at the outside and 2. 5 cm  thick tow ards the cen tre . The disc 
and its shaft are manufactured out o f one p iece  o f m ateria l. With great 
p rec is ion  two pseudo-random  sequences with n=7 w ere m illed  onto one side 
o f the d isc (F ig . 4b). B ecause o f these dim ensions the basic  slit has a 
maximum width o f 0. 63 cm . The absorbing m ateria l was cast into these 
m oulds, which are 4. 5 cm  high, 0. 05 cm  thick at their outer d iam eter and
0. 2 cm  at their inner diam eter, allowing the use o f the statistica l chopper 
fo r  energies up to 100 m eV by decreasin g  eventually the height o f the window.

F o r  both the d isc and absorbing m aterial the speed o f rotation is  lim ited 
due to и ~  •Jo/p w here ct is  the tensile yield  strength and p the sp ec ific  weight. 
Some aluminium base a lloys do not only have a sm all neutron c ro s s -s e c t io n , 
but a lso  allow high values fo r  u. Unfortunately cadmium as a good stopping 
m ateria l does not.
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FIG.4a. Experimental layout.

Much better results w ere achieved with a gadolinum ox ide-epoxy  m ixture 
we developed. Up to 50 meV the stopping pow er fo r  slow neutrons is  better 
than that o f a Cd fo il o f the sam e thickness, w hereas the m echanical p rop er
ties mentioned above are better by a fa ctor  o f 4.

In producing the absorbing pattern a few points must be carefu lly  taken 
into consideration :

(a) The m ixture should contain a high percentage o f hom ogeneously 
absorbed GdgC^ pow der, avoiding a ir  pockets o r  trapped solvent. This is 
obtained by separately  m ixing both epoxy com ponents with Gd2C)̂  powder 
under vacuum .

(b) The tensile y ield  strength o f the finished absorber plate should not 
be reduced by the absorbed Gd20 3 pow der. This demands an epoxy with 
maximum coh esion . The plates are glued onto the d isc by an epoxy o f 
maximum adhesion, which should also have a certa in  flex ib ility  to reduce 
s tress  due to d ifferen ces in modulus o f e lasticity  o f absorber and d isc .
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To reduce balancing prob lem s, two pseudo-random  sequences w ere 
chosen  and the Gd2C>3 epoxy m ateria l was m ixed to have the sam e sp ecific  
weight as aluminium. A fter having horizontally  cast the absorbing m ateria l 
onto the m oulds and having glued it onto the d isc, the latter is brought back 
to its orig ina l shape with a tu rn er 's  lathe.

3 .2 . D riving system

U ltra -p rec is ion  ba ll bearings w ere used and placed as c lo se  to the d isc 
as p oss ib le ; In the d irection  o f the axis they are kept under an initial s tress  
by a spring system  which brings their clearan ce  to zero  at a ll different 
operation tem peratures. The d isc with shaft and bearings is  placed into 
vacuum and the lubrication  is  taken ca re  o f by a sp ecia lly  designed system .
A flex ib le  coupling is  used to connect the m otor to the d isc .

The accu racy  n ecessa ry  fo r  this type o f neutron chopper demands a 
h ysteresis  synchronous m otor and d irect drive . The three-phase m otor 
used (E linco G1148) was p laced outside the evacuated housing to avoid 
lubrication  and heat d issipation  p rob lem s. The 0 .4 -c m  diam eter connecting 
shaft passes through the housing w all by a self-a lign in g  sea l. The nom inal 
speed o f the ro to r  follow s from  u>n = тг/( 127 - At) and is  7382 rev /m in . F or  
a cce lera tion  a 3-phase pow er am plifier (200 V, 2 A) is  fed by a conventional 
RC generator. At nom inal speed the RC generator is  switched to a quarz 
o sc illa to r  o f fixed frequency. The latter system  maintains the angular 
frequency uno f the d isc with great a ccu racy . The long-tim e fluctuations o f 
un are le s s  than 10~4 . E lectron ic tem perature sw itches are attached to the 
b a ll-bearin g  holders to stop the chopper in case  o f defective bearings o r  
lack  o f lubrication .

3 .3 . T im e -o f-flig h t  sp ectrom eter

A schem e o f the scattering experim ent is  shown in F ig . 4a. A m ono
energetic neutron beam re flected  from  a Be crysta l is  pseudo-random ly 
modulated by the chopper and subsequently scattered by the sam ple. The 
t im e -o f-flig h t o f the neutron from  the sam ple to the detector is  m easured 
with a tim e-an a lyser  triggered  by the signal mentioned above.

As was shown in the th eoretica l d iscussion , it is  desirable to assign  at 
least 4 tim e channels to each basic  slit width At. At is  32 /usee in our ca se . 
F o r  p ra ctica l reasons we used a 1024-channel analyser with 4-/usec channel 
width (m = 8) thus supplying 1016 active channels during a period  T . By 
triggerin g  two tim e-an a lysers  alternatively, no inform ation is lost and the 
fram e overlapping can be used to synchronize the two separately taken 
sequences.

4. EXPERIM ENTAL RESULTS

Using an incident m onoenergetic neutron beam o f 42 ± 0 .2  meV from  
the m onochrom ator crysta l, severa l m easurem ents w ere made to test the 
generated p seu d o-sta tistica l pattern and the long-tim e perform ance o f the 
chopper in scattering experim ents.

The tim e-dependent transm ission  T(t) o f  the chopper was m easured 
with a detector at the sam ple position  d irectly  behind the chopper (F ig . 4a).
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channel number------

FIG.5. (a) Signal function S(t); (b) auto-correlation function 0 (r ) .

FIG.6. Vanadium: (a) count rate Z(t); (b) cross-correlation #(t).

The signal function S(t) evaluated from  T(t) is  shown in F ig . 5(a). The 
intended trapezoidal distribution is  extrem ely w ell reproduced. The auto
corre la tion  function ф(т) calculated from  S(t) is given in F ig . 5(b). As an 
insert in F ig . 5(b) the m easured resolution  function cpE(t) is  enlarged and 
com pared  to the th eoretica lly  expected function cpTr(t). The agreem ent of 
both is  excellent.
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Outside the corre la tion  peak the deviations of ф(т) from  zero  over 
the whole period  do not exceed  1% which is  the mean statistica l deviation of 
the m easured S(t). Within this lim it no undesired corre la tion s appear. F rom  
this resu lt it is  concluded that the perform ance o f the apparatus is  suf
ficien tly  p erfect fo r  scattering experim ents.

FIG.7. Phonon measurements in platinum: (a) count tate Z(t) for detector 3 (5 h); (b) cross-correlation 
^(t) o f detector 3, (c) phonons at neighbouring scattering angles; (d) part o f  the determined scattering 
surface in the 111 plane o f  the reciprocal lattice; (e) corresponding point o f  the 111 transverse branch 
derived from (d).

Several prelim inary scattering experim ents from  incoherent and coherent 
scattering sam ples have been conducted. The result o f an 8-hour scattering 
run with a 2-m m  thick vanadium target using a flight path o f 220 cm under 
a scattering angle of 45° is  given in F ig . 6. F igure 6(a) shows the m easured 
distribution Z(t) which resem bles a statistical noise distribution. The 
calculation o f the c ro ss -co rre la tio n ;//(r  ) y ie lds the distribution shown in 
F ig.G (b) which shows the w ell-know n inelastic scattering pattern o f vanadium 
in down scattering. The statistical fluctuations o f F (t) are in agreem ent
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with the predicted  ones accord ing  to Eq. (13). The detailed analysis o f the 
m easurem ents is  in p ro g re ss . A firs t  exam ple o f m easurem ent o f phonons 
by coherent scattering is  shown in F ig . 7. B ecause o f the high absorption 
c r o s s -s e c t io n  o f Pt, the use o f the conventional t im e-o f-flig h t technique 
was u nsuccessfu l in detecting the phonons shown despite much longer counting 
tim es. The advantage o f the statistica l chopper is  here m ainly due to the 
cancelling  o f the la rg er  background.

5. CONCLUSIONS

The resu lts presented dem onstrate that a m echanical chopper with an 
appropriate tran sm ission  pattern can be used fo r  pseudo-random  tim e- 
o f-fligh t scattering experim ents. The th eoretica lly  predicted  prop erties  o f 
such a device  have been experim entally con firm ed. T here is  a large num ber 
o f  applications in inelastic neutron scattering w here pseu do-statistica l 
pulsing w ill definitely o ffe r  advantages over the conventional t im e -o f-flig h t 
technique.
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Abstract

A NEW HIGH-EFFICIENCY TIME-OF-FLIGHT SYSTEM. To overcom e the low efficiency with which 
the usual Fermi chopper tim e-of-flight system utilizes the available neutron source, a new system has been 
developed which increases ttie efficiency by one or more orders o f  magnitude in many practical cases o f 
interest. Several experimental models have been tested successfully. The principle o f  the new technique 
is based on continuous beam modulation and depends for its success on special apparatus for the detection and 
manipulation o f the data.

In place o f  the singly pulsed beam produced by a Fermi chopper, a continuous train o f  pulses is produced 
by the new system. Several methods can be employed to derive the tim e-of-flight distribution f(t) for the 
scattering data. A convenient method has been to synthesize f(t) from the Fourier amplitudes and phases 
determined for an appropriate number o f  different impressed sinusoids. In another version, a chopper with 
progressively increasing slit and spacing widths gave results which were successfully analysed by a standard 
auto-correlation technique. Traditional considerations o f  overlaps are no longer valid for these new modula
tion techniques since the overlap produced is a necessary feature o f  the system.

We have performed extensive analyses o f  the relative accuracy with which the scattering pattern f(t) 
can be determined with the new and conventional systems. If the scattering pattern consists o f  a small 
peak in the presence o f  a broad distribution, the experiment has to be examined in detail to evaluate the 
improvement offered by the new method. For a small bump in the valley between two enormous peaks, the 
conventional system may be preferred. However, for the large number o f experimental cases involving a 
number o f  relatively narrow peaks, the increase in accuracy in terms o f  signal to noise power is proportional 
to the ratio o f  duty cycles for the two chopper systems. For almost any case connected with neutron inelastic 
scattering, the high-efficiency chopper system offers a substantial improvement over that with the conventional 
Fermi system.

IN T R O D U C T IO N

The c h a r a c te r is t ic  o f  the F e r m i ch opper [ 1 ]  is  to p rov id e  short, 
iso la ted  b u rsts  o f  neutron s sep arated  by  long tim e  in terva ls  during w hich  
the tran sm itted  n eutron s a r r iv e  at the d e te c to r . A l l  o f  the standard t im e s -  
o f - f l ig h t  tech n iq u es have sh ared  in com m on  a low  e ff ic ie n cy  fo r  u tiliz in g  the 
s o u rce  o f n eu tron s, using on ly  on the o r d e r  o f  0. 1 to 0. 5% o f the availab le  
n eu tron s. In the past, the e ffo r t  to re d u ce  the long ex p erim en ta l running 
t im e s  fo r  high r e so lu tio n  e x p erim en ts  has b een  d ire c te d  tow ard  secu rin g  
e ith er la r g e r  sca tter in g  sp e cim e n s  and la rg e r  beam  a p ertu res  (o f  c o u r s e , 
o rg a n ic  c r y s ta l  sp e c im e n s  a re  n o to r io u s ly  sm all, as are  m any other s p e c i
m e n s ) o r  m o r e  p ow erfu l n eu tron  s o u r c e s . The new F o u r ie r  ap proach  d e s cr ib e d  
in th is paper has b een  d ev e lo p e d  to  use m u ch  m o r e  e ffic ie n tly  the ex istin g  
n eutron  s o u r c e s . F r o m  the co n s id e ra tio n s  shown b e low , the gain in detection  
e ff ic ie n c y  can  in som e c a s e s  be a la rg e  fa c to r  o v er  that o f p resen t standard 
ch op p er  con fig u ra tion s  w hile m aintaining la rg e  beam  a p ertu res  and p o s s ib ly  
in cre a s in g  the tim e re so lu tio n .

429
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G E N E R A L  CONSIDERATION OF TH E HIGH E F F IC IE N C Y  CH O PPER 
SYSTEM  (Н Е С S)

The new system  is  b a sed  on the notion  o f  u sin g  a fu lly  m odu lated  
neutron  b e a m . C o n sid era tion s  o f pu lse  o v e rla p  have tra d ition a lly  d icta ted  
that the p e r io d  betw een  p u lse s  should be  at lea st as long  as the t im e -o f - f l ig h t  
o f  the s lo w e st n eutron . In the new system , a m a jo r  am ount o f ov erla p  
is  p rod u ced  and is  a n e c e s s a r y  featu re  o f the sy stem . F o r  c la r ity , co n s id e r  
a ty p ica l co ld  neutron  sca tter in g  system  w hich  p ro d u ce s  a t im e -o f - f l ig h t  
sca tter in g  pattern  f ( t ) . T o  put the resu ltin g  sca tter in g  pattern  in the p ro p e r  
p e rsp e c t iv e , one can  note that th is pattern  re p re s e n ts  the re sp o n se  o f  a 
sca tter in g  sy stem  (co n s is t in g  o f  a neutron  so u rce , s c a tte r e r , and d etector  
system ) to  an im p u lse  sign al (p u lse  w idth is  ~  At). T h is re sp o n se  f(t) is 
s im p ly  the tra n s fe r  fu n ction  o f  the sca tter in g  sy stem . The tra n sfe r  function  
can a lso  be  obtained  equ ally  w e ll by  studying the steady-state  re sp o n se  of 
the sam e sy stem  to  a num ber o f  d iffe ren t, im p re s se d  sin u soida l s ign a ls .
F o r  the neutron  sca tter in g  ca se , th is is  equ ivalent to using a phased d e tector  
to d e r iv e  the F o u r ie r  am plitudes A and p h ases tp o f the sca tter in g  
re sp o n se  fo r  each  o f the im p re s se d  s in u so id a lly  vary in g  sign a ls . With these 
am plitudes and p h a ses , the sca tter in g  pattern  f(t) can  be re p re se n te d  as

f(t) = A cos(o ) t + <p ) . (1)^  n n ^nn

It w ill a lso  r e su lt  fr o m  the an a lys is  that on ly  a lim ited , g e n e ra lly  sm all 
num ber n o f individual fr e q u e n c ie s  (u su a lly  far le s s  than 100) need be 
used to apply E q . (1) even  to com p lica ted  scatterin g  pa ttern s. In subsequent 
an a lyses , the e ffe c t  of щ and Ш -  CO.-íü. /  n on the sca tter in g
pattern  w ill be d is cu ss e d 1?13^  should be noted that Ш е Ь  earn m od ula tion  is 
p rod u ced  b y  a chopping w heel with u n iform ly  spaced  teeth  together w ith  a 
sta tion ary  com b having the sam e spacing  of teeth, the beam  ap erture can be 
m u ch  w ider than the tooth s iz e . T h is  r e su lts  in a re la t iv e ly  sm all chopping 
w heel w hich  can  p rod u ce  high chopping fr e q u e n c ie s  and a la rg e  beam  a p ertu re .

A num ber o f  v a r ia tio n s  to the above ap proa ch  fo r  d eriv in g  the sca t
ter in g  pattern  are  p o s s ib le , u tiliz in g  c r o s s  c o r r e la t io n  tech n iques. The 
c r o s s  c o r r e la t io n  C ^ ^ (r )  [ 2 ]  o f  an im p re s se d  sign al f  (t) and a resp on se  
sign al fg (t -T )  w here т  is  a v a r ia b le  delay, is  p ro p o rt io n a l to the tran sfer  
fu nction  and is  g iven  as

+ T

С А В (Г )=  Ш  fA (t ) fB( t -r )d t  . (2)
T 1 ■* oo Jо

A p p lica tion  o f E q . (2) w ill p rod u ce  the tra n sfe r  fu nction  o f a lin ear 
sy stem  when white n o ise  (o r  its equivalent) is  u sed  as the input signal and 
c r o s s  c o r r e la te d  w ith the sy stem  re sp o n se . LuBow  [ 3 ]  has shown how white 
n o ise  can be app lied  to v a r io u s  r e s e a r c h  p ro b le m s  using c o m m e r c ia l  appara
tus ava ilab le  fo r  p e r fo rm in g  c r o s s  co r r e la t io n . In the analogou s ca se  for  
neutron sca tter in g  stu d ies, the input used is  e ither (a) p u lses  o c cu rr in g
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"r a n d o m ly "  in tim e [4 , 5 ] ,  o r  (b) a rap id , s u c c e s s iv e  ap p lica tion  o f a num 
b e r  o f  fr e q u e n c ie s  (a  s has b een  done in th is la b o ra to ry ) and the output re sp o n se  
is  c r o s s  c o r r e la te d  w ith (a ) or  (b) to obtain  f(t). If the input sign al is  
freq u en cy  m od ula ted , the ap p lica tion  o f c r o s s  c o r r e la t io n  tech n iq u es is  
e ss e n tia lly  a m o d ifica tio n  o f (b) in w hich  a band o f fr e q u e n c ie s  is  im p re s se d  
on the sy stem  sequ en tia lly  in an e ffic ie n t  m ann er.

In attem pting to c a r r y  the technique fo r  a n a lys is  o f  e le c t r ic a l  s ign a ls 
o v e r  to the co rre sp o n d in g  p rob lem  fo r  neutron  sign a ls , one fin ds a funda
m en ta l d if fe r e n c e . N eutron  beam  m od ula tion  is  p ro p o rt io n a l to  (1+ coscot) 
and the dc te rm  cannot be e lim in ated  by  an analog f ilte r  p r io r  to sca tter in g  
w h ereas  it can  be  in the e le c t r ic a l  c a s e . T h is  d iffe re n ce  lea d s to s ign ifican t 
co m p lica tio n s  in the ap p lica tion  o f  pu lse  c o m p r e s s io n  tech n iques and the 
resu ltin g  co n s id e ra tio n s  o f  sign al to n o ise .

D E T A IL S  O F PU LSE CO M PRESSED  SIGNALS

It w ill be  u se fu l to c o n s id e r  f ir s t  th ose  t im e -o f - f l ig h t  sign a ls that 
c o n s is t  o f  a few  n arrow  (d e lta -lik e )  peaks. T h is  is  not as r e s t r ic t iv e  as it 
f ir s t  m igh t seem  sin ce  (a) 'm any t im e -o f - f l ig h t  e x p erim en ts  g ive  r is e  
d ir e c t ly  to  such s ign a ls , and (b) any rea son a b ly  beh aved , a rb itra ry  function  
f(t) can  be re p re se n te d  as a sum o f individual de lta  fu n ction s. T h us, we w ill 
co n s id e r  b e low  som e u sefu l fea tu res  o f  a t im e -o f - f l ig h t  sca tter in g  pattern  
con s ist in g  o f  a sm all num ber o f  d e lta -lik e  fu n ction s.

E quation  (1) show s that a fu nction  f(t), w h ich  in the p re se n t exam ple 
is  a v e ry  n arrow  peak, can be re p re se n te d  by  an equ ivalent set o f  a m p li
tudes and p h ases. F ig u re  1 illu s tra te s  the fa c ts  that the phase <p is  a

FIG .l. Amplitude and phase for Fourier components o f a narrow pulse: (a) a delta-like tim e-of-flight 
function full width At; (b) phase as function o f frequency for a delta-like function; (c) amplitude as 
function o f frequency for a peak o f width At.
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linear function o f frequency w and the amplitude A slowly d ecrea ses .
The amplitude is  constant for a delta function and, for a narrow, delta -like
peale, it has a G aussian-like dependence on frequency with a width at half
m aximum ~  1/ At where At is  the width o f the function f(t). Of interest is
the fact that the slope dip/du) is a constant equal to the tim e-o f-flig h t T.
Further, if F ourier com ponents are determ ined for frequencies up to a
m axim um  f , then the minimum width o f the reconstructed  function
f^(t) cannot43e*les8 than The function f (t) is approxim ated by
sin7rf t /ir f  t, which h a s ^ fie  lobes of decreasing amplitude and zero m ax m ax , , . . .c r o s s  over points (when f t is  an integer). In addition to f , Af
also im poses a lim it on the representation of f(t). If a finite num l^r n of
frequencies is  included во that Af ~  f / n, then the representation  of f(t)
w ill be p eriod ic  with period  l/A f.

A variety o f techniques is  available to reduce the useless side lobes. 
Am ong these are the W iener filter [6 ]  o r  a sampling technique [7 ]  to 
evaluate f (t) in the useful central region  and, in the region  outside a 
width o f ~*2/f , only at the zero c ro s s  over points o f f (t) which occur
p eriod ica lly  oiPêoth sides o f  the central peak separated Ь у Г At = 1 /f 
It m ay be useful to observe  that application o f the W iener filter in the 
frequency dom ain is  extrem ely  sim ple. A s a consequence, it is  easier to 
apply this filter to the F ourier com ponents o f f(t) than to the results 
obtained by c ro s s  corre la tion  where a large m atrix  m ay be involved.
E ither o f the two above techniques im proves considerably  the appearance of 
f  (t) and can be used rega rd less  of whether one or m ore  delta -like functions 
are involved in f(t). (It m ay be noted that c ro s s  corre la tion  with a clever 
choice  o f a "random " im pressed  signal m ay give a result that autom atically 
includes the equivalent of a Wiener f i lt e r .)

A m ore  com plicated  situation a rises  for the case of two delta-like 
peaks, appearing at flight tim es and t^, respective ly . The Fourier 
transform  for  these two delta pulses is

F rom  Eqs (3) and (4) we see that the amplitude R now depends on frequency 
and that it ranges from  a maximum value o f (A  + B) to a minimum of 
(A - B ). The phase dependence on frequency is m ore  com plicated . For 
the case where A — B, the shape of <p versu s ш is generally sim ilar to 
that fo r  a single delta function but with a sm all frequency dependent m odula
tion which disappears for A = B.

F(joo) = Aexp(iidt^) + Bexp(iwt2) = C(otí) + iS(w)

W riting F(joJ = Fe"'5, we have

(3)

A sincot^+ В sincot^
(4)
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The representation  of sharp peaks in term s o f their amplitudes and 
phases is  helpful from  m any points of view . The generally  period ic  behavior 
o f amplitude and phase m ay greatly  reduce the number of m easurem ents 
needed. Frequently it is  possib le  to extrapolate these data to to = 0 to 
elim inate the negative under shoot which is proportional to f . / f  
Although the c ro s s  corre la tion  technique does not perm it co'ncentraffon on 
a sm all frequency range, the F ourier method easily  allows these m easu re
m ents in regions resulting in inform ation on the fine structure uninhibited 
by a la rge , slow ly varying com ponent in f(t). This rem ark applies as w ell 
to sharp, resonance absorption va lleys in transm ission  cu rves. Of parti
cular interest is  the fact that the F ourier method m akes available amplitude 
and phase data for the higher harm onic content o f som e form s of beam 
m odulation. This feature can be used to extend the effective f without
increased  chopper speeds provided that the modulated beam  is appropriately 
rich  in the desired  harm onic frequ en cies.

E F FE C T OF NOISE ON PULSE COMPRESSED SIGNALS

Noise in the signal f(t) con sists  of: (1) neutrons that leak into the 
detector incoherent with the m odulated signal; (2) statistical fluctuations in 
the signal due to finite counting statistics; and (3) specia l e ffects  that result 
from  the p ro ce ss  of F ourier synthesizing the signal. Extensive analysis of 
this noise has been based on both th eoretica l developm ents and a com puter 
program  that applies noise to typical experim ental ca ses .

The resu lts o f the noise calcu lations can be sum m arized in the 
follow ing statements o f the relative e rro r  (R .E .) :

V  a 2 N( t) + EB. ' Y T T " “ I

+ в.'
R .E . (F erm i) = — — -----   (6)

N(t) are the signal counts at time t in f(t) for a F erm i chopper 
experim ent;

£N(t) are  the corresponding total signal counts;

В are uncorrelated  background counts on a time scale com patible 
with N(t);

В = £Bj, are the total background counts;

a  is the ratio o f duty cy c le s  for HECS and standard system s;

S are the total signal counts for HECS; and

S(t) are the HECS counts (derived  by F ourier synthesis and c o r r e s 
ponding to N(t) ) at tim e t in f(t) where

S = ZS(t).
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It should be noted that the relative statistical e r ro rs  for HECS are 
dependent only on the total number o f neutrons counted and not on the number 
o f individual frequencies used provided a sufficiently large number is used.
A com puter program  has shown that usually 50-100 frequencies are sufficient 
to reproduce f(t) to an accu racy  of ~  0.1% at all tim es of interest. If this 
number of F ourier com ponents is used, then the accuracy  of the F ourier 
reproduction  o f f(t) w ill be governed m ainly by the statistical p recis ion  of 
the data and w ill depend only on the total number of neutrons counted. C onsider
able freedom  is thus available in perform ing the experim ental m easurem ents.

EXPERIM ENTAL VERIFICATION OF THE HIGH EFFICIENCY SYSTEM

Several experim ental verifica tion s of the HECS have been made at 
Gulf G eneral A tom ic. In one system , a chopper having a ser ies  of varying 
width teeth and gaps was used to frequency m odulate a beam  of neutrons.

0 20 W  60 80 100 120 140 160

CHANNEL NUMBER

FIG.2. Bragg reflections for two neutron energies obtained by cross-correlation.

In one m anifestation of this, a beam  of neutrons was selected  by a copper 
crysta l and analyzed by this chopper. F igure 2 shows the signal obtained 
by c r o s s  corre la tion  (E q. 2) o f the detected signal and the m onitor signal, 
both signals accum ulated in a t im e -o f-flig h t analyzer. Since the crysta l 
was set to give roughly equal com ponents of firs t  and second order scatter
ing, two peaks are observed , as is  expected. This same technique has been 
applied to the m easurem ent of the M axwellian distribution of the neutron 
beam  em erging from  the TRIGA rea ctor . The resulting c ro ss  corre la tion  
has given a spectrum  like that obtained using a F erm i chopper [8 ] .

In another m anifestation of the HECS, a chopping wheel with uniform  
spacing of 120 teeth was rotated at a number o f different frequ en cies. The data 
w ere co llected  in four time sequenced and phased counting channels. For 
each frequency, these four bits of data have been analyzed to provide the 
amplitude and phase inform ation. Using a copper crysta l to select a single 
m onoenergetic beam , resu lts have been obtained for the phase and am pli
tude which are p re c ise ly  as predicted  in F ig . 1. The exactly linear depen
dence o f the^phase on applied frequency gives as its slope a value of
0. 523 x 10 sec , exactly  as expected for the Bragg angle used. In another 
experim ent, the B ragg angle was set to give roughly equal quantities of
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f ir s t  and second order scattering (at energies o f ~ 0 .0 2  and 0 .08  eV). 
Using the sam e experim ental system  and analysis, one obtains the resu lts 
shown in F ig . 3. Here one sees the expected variation of amplitude due to 
in terference o f the two pulse trains. The phase data depends on frequency 
about as shown in F ig. 3 except for a sm all in terference d iscu ssed  ea rlier .

Й 0.8э
t  0.4
a.
3 0** 0 5 10 15 '20 25 30 35 40 45 50 55 60

GUÜ000 RADS/SEC)

FIG.3. Amplitude versus frequency for an experimental case o f  two monoenergetic beams o f neutrons.

FIG.4. T im e-of-fligh t spectrum f(t) for two monoenergetic Deams 01 neutrons synthesized from the 
amplitude and phase data.

If one uses Eq. (1) to transform  tjie data, the two peaks shown in F ig. 4 
occur at flight tim es 0. 520 x 10' and 1. 05 x 10‘  sec, as expected, for the 
flight path of — 2 m eters  and consistent with the phase and amplitude data.
The width of the peaks corresponds to the minimum opening tim e of the shut
ter as in all tim e -o f-flig h t experim ents. Since f was not zero and thus 
the sm all frequency term e in Eq. (1) w ere not usecl, a large negative under
shoot o ccu rs  for large regions of the tim e dom ain. The undershoot disappears 
as this ratio is made zero, a condition made possib le  in this case by a suit
able extrapolation to f ~  0 o f the m easured data for amplitude and phase.
This facility  in manipulating the data in the frequency domain is a significant 
advantage o f the F ourier m ethod.
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Pulse com pression  techniques notably in the form  of F ourier syn
thesis applied to tim e-o f-fligh t studies result in im proved utilization o f the 
available neutron fluxes for many applications. Important features o f the 
system  are listed  here, where points 5 through 8 m ay represent particular 
advantages of the F ourier synthesis com pared to c ro ss  correlation .

1. The effect o f unmodulated background noise is  significantly reduced 
com pared to the F erm i system .

2. N oise from  a single point of f(t) sp ills  over to all other tim es but 
is rela tively  sm all.

3. W ell developed filtering techniques are available for significantly
reducing the side lobe structure present when 1 /f is com parable
to the peak widths investigated.

4. The pulse com pressed  system  is usually preferable  to the standard 
one although the im provem ent m ay not be large in every  case; for 
som e spectra, the new system  im proves the sign a l-to -n oise  ratio 
nearly as m uch as the ratio of chopper duty cy c le s . At Gulf General 
A tom ic, this ratio was 120 in som e exam ples

5. By selecting the frequency domain carefu lly , one can investigate the 
fine structure in the desired  f(t) independent o f (a) any slowly vary
ing com ponents present, and (b) whether the fine structure is positive 
or negative

6. A lim ited number of Fourier com ponents (and hence m easurem ents) 
are needed for a suitable determ ination of f(t).

7. Determ ination of a few w ell chosen F ourier com ponents w ill allow
evaluation o f a natural line width provided fm ax suitably large.

8. Large values o f f are obtainable without sa crifice  in availablemaxaperture.

SUMMARY
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DISCUSSION

H. M AIER-LEIBN ITZ (Chairm an): Let m e say a few  w ords com paring 
the ord inary tim e -o f-flig h t m ethod ,pseudo-statistica l pulsing and the F ou rier  
method proposed  by W hittem ore. I have d iscu ssed  the m atter with som e 
of the authors of the papers and I hope they agree with m e.

F irst, con sid er a regu lar sequence of short pulses (F ig . A (a)), with a 
t im e -o f-flig h t  spectrum  totally contained between two subsequent pulses 
(F ig . A (b)). By the p seu d o-sta tistica l method, in ord er to make better use 
of the neutron beam, one introduces many m ore  neutron pulses in a random  
sequence (F ig . A (c)). A count at tim e t (F ig . A(d)) m ay be given by any of 
the e a r lie r  pulses as shown in the figu re . We now plot, fo r  each count, all 
the tim e d ifferen ces so obtained, and from  the wrong answ ers we get a 
continuous background, constant except fo r  statistica l fluctuations. Super
im posed  on this, the co r r e c t  count pulse assignm ents w ill show the desired  
t im e -o f-flig h t  spectra  (F ig . A (e)). Our descrip tion  shows c lea r ly  the source 
o f the fluctuations. In the norm al evaluation procedure the background is 
autom atically subtracted but the fluctuations rem ain.
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It is  evident that the method w ill be good fo r  m easuring the position  
and the shape of re la tively  high peaks, esp ecia lly  if the total area o f the 
t im e -o f-flig h t  curve is  not large in com parison  with the area under the 
peaks. The method is  also very  good, as has been shown by Skôld, when 
the distribution contains a large  background which is  not due to the pulsed 
neutron beam  itse lf. A background o f this kind becom es much le ss  im 
portant if  the num ber o f pulses is  in creased .

F rom  our descrip tion  it also appears that the t im e -o f-flig h t curve, on 
the basis of the assum ptions we have made so far, is  quite fre e  from  
distortions that might be caused by the method of evaluation. F or  instance,
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the position , width and intensity of the peaks w ill be as w ell defined as in 
a norm al t im e -o f-flig h t experim ent with the sam e pulse shape.

H ow ever, in the ord inary tim e -o f-flig h t technique pulse widths are 
also made variable up to rather long durations. F or narrow  peaks, this 
introduces e ffects  of integration, and the evaluation im p lies  som e unfolding; 
thus there w ill probably be no ov era ll gain in accu racy  fo r  such peaks, and 
there m ay indeed be uncertainties introduced by the evaluation. N everthe
le s s , fo r  a broad distribution, as represented by the shape of a M axw ell
like spectrum , there w ill be an advantage because the neutron intensity is 
h igher with long pu lses.

We now com e to the paper by W hittem ore. I shall try  to expose the 
essentia l points o f the method described  in the paper, without w orrying 
about the lo ss  of generality.

The neutron pulse spectrum  is sinusoidal o r  triangular (F ig . B(b)), 
and m easurem ents are ca rr ied  out one by one at frequencies d iffering  each 
tim e (F ig . B (b )-(d )). Each m easurem ent is perform ed  in, say, four channels 
fo r  one pulse period . This y ields the average count rate (integral of the 
tim e -o f-flig h t  cu rv e )- which is  the sam e fo r  all freq u en cies - and, fo r  each 
frequency, the amplitude and phase angle o f a sine o r  quasi-s in e  component 
(F ig . B (f)). F rom  a large number of such com ponents (say  50), F ourier 
synthesis o r  som ething sim ilar  can be applied to recon stru ct the t im e -o f-  
flight curve (F ig . B(a)), with fluctuations due to the counting statistics and 
som e uncertainties due to the synthesis, the nature of these being w ell 
known from  other work.

The overa ll a ccu racy  of the method should be com parable to that of 
the statistica l pulsing m ethod. It w ill have to be tried  out, o f cou rse , 
in ord er  to see whether there are any hidden d ifficu lties . In som e cases 
it may be a drawback that m easurem ents m ust be ca rried  out one after the 
other and not sim ultaneously, but this is  what happens in m ost w ork on 
crysta l structure fo r  instance.

There may be advantages if  the amount of inform ation is  lim ited to, 
say, the position  and width of peaks. A suitable ch oice  o f frequencies can 
then be made, and time can be saved by not m easuring the others.

In m y opinion the main advantage of the method — and this is  especia lly  
im portant when re latively  fast neutrons are used — lies  in the fact that 
frequencies m ay be reached which correspon d  to pulse widths of only a few 
m icrosecon d s . The fact that the 'p u lses ' are regu larly  spaced m akes it 
possib le  to define them by a static and a m oving cam , each having many 
slits  o f equal width (about 1 m m ).

N. KROÓ: I have with me som e figures which I calculated by way of a 
com parison  between c la ss ica l tim e -o f-flig h t m ethods and our statistical 
corre la tion  t im e -o f-flig h t method.

If you have a very  sharp peak in your spectrum  (i. e . the p re ferred  
case) and your effect-to -backgrou n d  ratio is  1, then the integral num ber of 
counts in the effect is  50% of the total, with the other 50% representing the 
background. In such a case the relative e ffic ien cy  of the new m ethod, 
com pared to the c la ss ica l t im e -o f-flig h t procedure, can be d escribed  by a 
fa ctor  of 12.

With the effect-to -backgrou n d  ratio 1 as before, but with a very  broad 
distribution, the relative e ffic ien cy  of the new method is  given by a fa ctor  
of 56.
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Assum ing a large  maximum, representing about 90% of the counts, and 
a sm all m aximum beside it accounting fo r  the other 10%, the relative 
e ffic ien cy  of the new method is  9.4.

F inally, if  you have a rea lly  sm all peak — amounting to only 2% o f the 
total counts — and your integral effect-to -backgrou n d  ratio is  0.05, then 
you w ill get an e ffic ien cy  fa ctor of 3.5.

We th erefore have no doubt that in all p ractica l cases  the new method 
is  su perior to the c la ss ica l one.

Another point o f im portance is the se r ie s  of pseudorandom  num bers in 
one sequence. The m ore pseudorandom  num bers there are per sequence, 
the better the resu lts w ill be from  the statistical point o f view . The figures
I have been quoting w ere associated  with a 255-term  pseudorandom  
sequence. If the num ber of term s is  in creased  the figures becom e better 
still.

We w ere, incidentally, using a 255-term  pseudorandom  sequence fo r  
the sim ple reason  that we had a 256-channel analyser, which could easily  
be converted into a 255-channel instrum ent. To be m ore exact, we had a 
512-channel analyser which we divided into two parts, using the second 
one, with appropriate m odifications, as a com puter to calculate the c r o s s 
corre la tion  function. When the m easurem ent was stopped, the c r o s s 
corre la tion  function appeared im m ediately  on the o s c illo sco p e  screen .



442 DISCUSSION

W. GLASER: I find that M r. K roo 's  estim ate o f the statistical e rro rs  
is  very  s im ilar  to the one we have given in our paper (S M -104 /67). I 
cannot judge, how ever, whether the figures he has just given are in a g ree 
ment with our conclusions. The form ulas we quote have been verified  by 
severa l scattering experim ents.

I think I should com m ent again on the question of background, which 
may have ra ised  som e d ifficu lties. The pseudo-statistica l method is 
better than the conventional t im e-o f-flig h t method in respect of the 
signal-to-background ratio sim ply because of the availability o f useful 
neutrons fo r  half o f the m easuring tim e, whereas in the conventional 
technique they are available for  only a sm all fraction  o f the tim e (assum ing 
the sam e background per unit tim e).

In principle the statistical method cannot be better than a stationary 
method such as that involving a tr ip le -ax is  spectrom eter in cases  where 
neutrons of one energy only, scattered in one d irection  (on e-tim e channel), 
have to be m easured. But as soon as the advantages of the tim e-o f-flig h t 
technique are fully exploited, nam ely by m easuring severa l energies and 
severa l momentum transfers sim ultaneously, the statistical method is 
su perior to the stationary method, also in resp ect of the s ig n a l-to - 
background ratio.

A. V. VIRJO: A ccord ing  to my ca lcu la tion s1, the estim ate of the 
statistica l e r ro r  of a c ro ss -co rre la t io n  m easurem ent given in paper 
SM -104/6  is too optim istic. The reason fo r  this, I believe, is  that the 
statistica l nature of the scattering p rocess  itse lf is  not accounted fo r  in 
the estim ate. I also have doubts regarding M r. K roo 's  proposition  that 
it is  p ossib le , by in creasing the length N of the pseudorandom  sequence, 
to im prove the accu racy  (where background is involved). It is  true that 
when N is  in creased  the c ro s s -co r re la te d  background w ill be suppressed, 
but at the same tim e the m easuring time is  increased  too . An analysis 
with a fixed  m easuring tim e shows, in fact, that the relative accuracy  with 
which the tim e -o f-flig h t spectrum  is  obtained (with background subtracted) 
does not depend significantly on N fo r  N » l ,  N determ ines only the amount 
of fram e overlapping.

B. DORNER: I would point out to M r. V irjo  that the m easuring tim e 
is  quite independent o f the tim e of one pseudorandom sequence. If you 
in crease  the length of that sequence you only im prove your m easurem ent 
to the extent that the background mentioned by M r. M aier-Leibn itz, which 
is caused by the c ro ss -co r re la t io n  method itse lf, is  flattened out. The 
m easuring tim e w ill remain the sam e.

Commenting now on the cam  wheel which is  run fo r  a certain  time at 
one speed and then fo r  a further period  of tim e at a different speed, it 
seem s to me that if  there is a background varying slow ly with tim e (and 
we are d iscussing  experim ents with high background), som e F ourier 
com ponents w ill be enhanced and others reduced. I believe, therefore, 
that the wheel can be used only under conditions of constant background.

W .L . WHITTEMORE: I should like to em phasize that M r. S teinsvoll's  
system , described  in paper SM -104/65, represents the best exam ple I 
have seen of an optim ized F erm i-type chopping system . It makes alm ost 
the best possib le  use o f the tim e available.

1 VIRJO, A . , Statistical analysis o f  a cross-correlation chopper for tim e-of-flight measurements, 
Nucl. Instrum. Meth. (in press).
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0 .  STEINSVOLL: Our m ost recent m easurem ents, shown in the last 
figure o f the paper, illustrate this point regarding optim um  use o f tim e.
The in elastic spectrum  fills  the tim e window of width 256 u see ,  and the 
chopper gives pulses at in tervals of 260 /usee. This is  equivalent to a 
m echanical chopper operating at 240 000 rpm .

W. L. W HITTEMORE: Several points can profitably  be made in 
com paring the F ou rier  synthesis technique with the c r o s s -co r re la t io n  and 
standard techniques.

1. In the h igh -e ffic ien cy  system s the usual incoherent background 
noise is  reduced to n early  zero , but the statistica l fluctuation in this 
background as w ell as the signal becom es the new noise in these new 
system s.

2. The F ou rier  method perm its the m echanical chopper to be co n 
structed  with uniform  spacing o f teeth. This, in turn, allows one to use a 
beam  much w ider than the tooth s ize . Consequently, the F ou rier  method 
m akes it possib le  to achieve short pu lses ( = 1 (Lisec) and wide beam s with 
a re la tive ly  sm a ll-d iam eter chopping wheel, com pared to what would be 
requ ired in the c ro s s -c o r r e la t io n  system .

3. Modulation of the beam  with a pattern rich  in higher harm onics and 
analysis of the scattered  beam fo r  F ou rier  com ponents at these harm onics 
revea l a significant advantage o f the F ou rier  system  over the c r o s s - 
corre la tion  system .

4. The F ou rier  system  w ill be advantageous fo r  the m odulation with 
a cry sta l chopper because the cry sta l m odulator can be made a part o f a 
resonant c ircu it  with significant sim plifications in its switching.
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