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I

Dear Cclleagues!

On the behalf of the Rector of the Technical University Dresden and as the chairman of
the organizing commitee I like to welcoms you at the

xv“‘ International Sysposium on Nuclear Physics

in Geussig.

About 15 years have been passed siuce the first small symposium on neutron induced
reactions held here in the same rooa. In this time every year scicutists froa many
countries met here for small symposia on topics like

~ peutron induced resctions,
~ nuclear reaction mechanisas,
~ nuclear theory,

- neutron generators etc.

In this year our meeting is mainly dealing with nuclear fission., It is one of the most
extensively studied nuclear processes which remsins an interisting field for
investigations.

Nuclear fission as a strongly collr:tive process plays a priucipal roie for the under-
standing of the Jynamics ia nuclear many-particle systems,

The study of fission dynamics are also stimulated by investigations of heavy ion
collisions,

Nuclear fission is of practical importance for nuclear energetics specifically.
Moreover, the prompt neutron spectrum and the average oumber of neutrons from the
spontaneous fission cf C£-252 and the U-235 fission cross section are some of the
admitted nuclear standards widely used as reference data in nuclear measuremeunts.
Organizing a meeting on nuclear fission in thiaz time we had also in mind that the IAEA
stopped the organization of the well-established Interunstional Symposia on Physics and
Chenistry of Pission several years ago. On the other hand, many scientists, especlally
at the INDC, expressed the real nesd of meetings on nuclear fission,

Last not least, it seems that the work carried out at the Techuicul University Dresuva
ou absolute measurements of fast-fission cross-sections, fission neutron spectra, and
fissioning resonances could be a justification for a meeting on nuclear fission here.
We are very glad ttat so much distinguished scientists from many countrias followed our
iovitation to Gaussig.

I hope that you will bave a pleasant stai and pany interesting sclientific and cultural
impressions here. With your help the XVt Nuclear Physics Symposiun is certain to be

a success!

D, Seeliger
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OF THE MECHANISM OF PISSION NEUTRON EMISSION

H, Mirten, D, Richter, D. Seeliger
Technische Universitidt Dresden, Sektion Physik, DD5-8027, Dresden, MommsenstraBSe 13

| 8 Neubert
Zentralinstitut fiir KEerunforschung Rossendorf, DUR-8C51 Dresden, PF 19

stract

This review represents the present knowledge of the mechanism of prompt fission neutron

eaission. Starting with a brief fission process characterization related with neutron

enission, possible emission mechanisms are discussed. It is emphasized t.at the

experimental study of special mechanisms, i,e. scission neutron emission processes,

requires a sufficiently correct description of emission probabilities on the base of the
n mechanism, i.e. the eveporation from fully accelerated fragments.

Adequate statistical-model approaches have to account for the complexity of nuclear

fission reflected by an intri~ate fragment Jdistribution.

The present picture of scission neutron emis:iyion is not clarified neither expe~imentally

nor theoretically, Deduced data are contradiu:tory and depend on the used analysis

procedures often involving rough discription:; of evaporated-neutron distributioms.

The contribution of two secondary mechanisms of fission neutron emission, i.e. the

neutron evaporation during fr nt accelerat.on and neutron emission due to the decay

of JHe after ternary fission, ls estinated,

We summarize the recent progress of the theoretical description of fissicn neutron

sgectra in the framework of statistical models considering the standard spectrum of

2520f(sf) neutrons especially.

The main experimental basis for the study of fission neutron emission is the accurate

measurement of emission probabilities as a function of emission energy and angle

(at least} as well as f::fnent parameters (mass number ratio and kinetic energy).

The present status is evaluated.

3, Introgiction

Fission neutron emission was found and roughly explained in 19.9, i.e. a short time
after the discovery of nuclear fission (Ref, 1 and references therein), Stimulated by
urgent nuclear data needs for practical purposes, prompt neutron spectra from difrerent
figsion reactions have been measured., They could be described assuming neutron evapora-
tion from fully accelerated fragments on the base of rather simple statistical models®™",
Early measurements of angular correlatioas between fission fragnents and promptly emitted
neutron55'7 corroborated the stated supposition as the main emission mechanism,

In connection with Bohr’s and #heeler’s hypothesis that "hydrodymamical" distortions
appearing at scission might cause a special emission component, i.e, the so~called
scission neutrons, several groups carried out more detailed investigations of the
mechanism of fission neutron emission on the base of different methods of angular-corre-
lation noasurementse'zo. Deduced characteristics of scission neutrons are comtradictory
and appear to be dependent on the description of the main compoment (see chapter 3).
Scission neutron emission was studied in the framework of different 1node1521'25 including
diabatic effects close to scission, This illustrates the connection with fission dynamics
and, therefors, the difficulty of such investigations,

Inspito of the recent progress in the theoretical description of prompt fission neutrono
eaission on the base of complex statistical models (cf, chapter 4) the full picture of
fission neutron emission is not clear. We try to show contradictions of experimental and
theoretical results and to give outlooks for further studies, We emphasize the require-
ments to be met in experiment and theory,

As recommended by an IAEA Counsultants’ Ieetin326 concerning the standard neutrom spectrum
from 2520!(.!) the investigation of neutron emission in fission by the measurement of
multiple~differential emission probabilities is very important for the clarification of
open fundamental problems of the mechanism as well as for practical purposes like the
development of modelr,
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Scheme of the fission process indluding possible mechanisms of prompt neutron emission

2, Time evolution in fissa2g and

promot Deut rop

The understanding of prompt fission neutron emission requires some basic problems to be
solveds

1)

i1)

diabatic single-particle excitation due to rapid changes of deformation (descent
from the saddle point to scission point, snapping-in of the fragment neck end

after acission),

dissipation of excess deformation (at scission) into intrinsic excitation (main

source of fragment excitation),



ii1) correlation of fragment excitation with the scission configuration which defines a
complex fragment probability distribution as a function of nucleon numbers N and 2
(A=Z+N), total kinetic energy TKE, excitation energy EX, angular momentum I, etc.,

iv) neutron emission models fcr different mechanisas,

Pission dynamics have been treated in the framework of difrerent kinds of models. One
extrems, the adiabatic model, excludes excitation at scission?’. Assuming that the energy
at scission is shared among all degrees of freedom accordirg to the laws of thermal
equilibrium, one deals with the other extreme (statistical model)za, i.e, strong single-
particle excitation during the descent from saddle point to scission point (viscous
transition). Several intermediate models have been proposed29'33. They account for the
coupling of the fission mode to different collective degrees of freedom and/or intrimsic
degrees of freedom. The assumptions made are different and partly contrary., However, all
these models are suited to describe the general features of nuclear fission, but it is
not possible to obtain a sufficiently quantitative agreement with experimental data on
fragment distributions. In any case, the consideration of shell effects is of fundamental
importance for the understanding of fission and, specifically, the diversity of scissionm
configurations. The shell energles of complementary fragments define the ratio of their
excess deformation at scission and, therefore, the value of their final excitation enmergy
(see below). Different studiea22'23'3“'36 of single particle excitation due to the rapid
change of puclear potential resulted in the qualitative conclusion that this appearance
should be considerable, Nevertheless, quantitative estimations are quite uncertain.
Purther, it is likely that the degree of single-particle excitation is correlated with
the scission configuration defined by elongation (TKE) and mass asymmetry (AL / AH)
mainly.

The dissipation occuring during the descent from saddle point to scission can be of
different types (onme-body or two-body dissipation). Negele et 31.30 studied the evolution
of the fissioning system by the use of the time-dependent-Hartree-Fock (TDHF) method.

The transition time between saddle point and scission was found to be imn the order of
some 10~ 21g (~3.10"21s, cf, scheme). The corresponding rapid change cf deformation
might give rise to a considerable single-particle excitation and, consequently, "scission
neutron® enission22'23. l&dler25 si>died the fest-particle emission in the framework of
TDHF for scissioning nuclear systems {catapult mecheuism) recently. Nevertheless, all
hitherto published theoretical treatments of scission neutron emission give some first
clues for an understanding and are far from a reliable description of energy and engular
distributions.

Ternary fission is connected with the preferred release of neutron-enriched light nuclei
due to the neutron excess in the neck of the scissioning nucleusz?. Cheifetz et al,

found that about 11 % of alpha-particles from 292Cf(sf) are originally emitted as n~-
unstable sﬂe nuclel decaying in an alpha-particle and a neutron with a half-lite of about
8.10'223. Such neutions are predominantly directed in the equatorial plame obviously

(see paragrsph 5.1. ).

Two simultaneous processes occuring after scission within some 10'205 are of special
interest: the fragment acceleration in the Coulomb field and the dissipation of excess
fragment deformation energy into intrineic excitation,

Neutron emission can occur in this time, The corresponding energy and angular distribu-
tion is dependent on time obviously. Neutron evaporation during fragment acceleration
was investigatea’?~*! on the base of arbitrary assumptions concerning the excitation
energy as a frn.iion of time, The study of post-scission dynamics by Samanta et al.“‘?
resulted in an estimation of the dissipated energy depending on time (ome-body friction),
This was the base of a new calculation (see paragraph 5.2,). Purther, it can be suggested
that non-equilibrium neutron emission might occur within about 10'2 s after scission, but
this mechanism seems to be of much lower order of magnitude than in particle~-induced
nuclear reactions. Speakiag in terms of the exciton nodol“3 s the exciton number of a



fragment during its excitation should be less than the average one and much higher than
1. A value close to 10 was roughly estimated from experimental data on the high-energy
vend” of fission neutron spectra“4 45 (ef. paragraph 6.).

The main mechanism of fission neutron emission, i.e. neutron evaporation from the fully
accelerated fragments, comes into action after the excitation of the originally strongly
deformed fragments (2 10° s) Thc main souarces of fragment excitation energy = are

- the excess fragment deformation at scission Ep,

- the "velocity" of collective degrees of freedom at scission,

- & contribution due to diabztic single-particle excitation before scission as
already discussed,

(in the case of induced fission) the excess excitation energy at the saddle
point of the fission barrier ("heat" energy divided among the complementary
fragments according to thermodynemics).

Ey contributes to the fragment excitation energy EX mainly, It is strongly dependent on
shell effects32_'_“6’“7 which are a function of nucleon numbers on the other hand, The saw-
tooth curve of EX(A) which is typical for low-emergy fission of actinides is a conse-
quence, Hence, the average numbers and average energies of the de-excitation products, i.
e. neulrons and y-rays mainly, ere similar functions of A, The total excitation energy
botal = E,"‘ + Eg of the complementary fragments is

;’t‘om <%. TKE) = E(%) + BXy - TEE o

(Q - energy release for the given mass split, Egy - excitation energy of the fissioning
compound nucleus)., The ratio E?f / K; (see Pig. 2) demonsirates the shell influence for
different scission configurations defined by A, / 4, and TKE (asymmetry and elongation

respectively).
vﬂr—’—l"‘ — ‘j
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The excitation energy distributions of complementary fragments deduced from experimental
data on neutron aultiplicity and 1-0:1:-10::"'8 149 (cf. Pig. 2) cen be assumed to have
nearly identical widtn®

o2x (A, TKE) % o3x (A, TKE) (2)
The theoretical description of neutron evaporation from fully accelerated fragments



requires the application of a statistical-model approach. As reviewed in Ref., 50, several
attempts considering the complexity of fragment configurations up to a certain degree are
known from literature (cf, paragraph 4.Z.).

In fact, all the fission neutron components mentioned above are superposed, Only the

He neutron emission can be investigated by means of a-n-coincidence measurements
sopmtolyzs.

Neutron evaporation from fully accelerated fragments is the predominant one. As outlined
above, this wsain component has to be attributed to a diversity of fragment configurations
covering excitation energies up to about 50 Ilevso. Consegnently, an experimental study
of secondary components like scission neutrons is very difficult and have to be based on
accurate measurements of multiple-differential emission probabiliiies of fission neutrons
2nd a detailed theoretical description of the main component, These requirements will be
founded in paragraph 4. more cleu‘ly.’

3» Scigsion neutrons - figction or reality?
52

Scission neutron emission might be interpreted as an extreme case of ternary Lissioa’“.
The yields of light charged particles are well-koown (in total uearly 3.10'3 per
fission). As emphasized above, scission neutrons cannot be separated experimentalliy. The
the-)rym'zs concedes the possibility of scission neutron emisslon, but doesn’t allow to
estimate the order of magnlitude of the yield.

The average energy and the yieid of scission neutrons deduced from expcrimental data
cover the ranges 1.65 to 3.4 MeV and 5 to 25 %, respectivelys-zo (cf. review iu cer. 50),
The dependence of the scission neutron yield on TKE obtained by different autnors
exhibits strong contradictions (Pig. 2).

' - T T v\‘\ T T T Fis. 3
\\;“KE) The scission neutron yield Vsc
F ° " . versus TKE (¢ - Ref, 19,
‘\\ x - Ref, 13, & = Ref, 18)
B 0 . ] for 252¢e(st) (dached line -
> o ‘\‘ total neutron yield, coutinuous
y, line - fragment yield).
L' B ] = p
/ .:OGOO‘:.D.U.s.a%:..
0 D_L.._L‘. L $ i

The analysis of the guoted works has been based on rather rough approximations for the
description of the center-of-mass (CMS) neutron spectra (evaporation component),

The non-adequate theoratical treatment of the main fission neutron component gives rise
to systematic errore in the analysis of scission neutron data. Therefore, one has to
question the truth of earlier data, It is indicated that scission neutron yields higher
than about 10 % should be understood as "fiction", New results amrd outlooke are presented
below,

ncl

Oafculatiou of fission neutron emission probabilities considering all possible emission
mechanisms are infeasible at present, It was emphasized above that the description of



the main mechanism, i,e. evaporation from fully accelerated fission fragmeats, is a
complex task due to the nezessary consideration of many characteristics of fission and
fission neutron emission:

i) complex fragment distribution as discussed in paragraph 2, item (iii), i.e,
P(Bx, I,A,2,TEE) depending on the characteristics of the fissionipz nucleus,

ii) cascade neutron emission from highly-excited, neutron-enriched fragments in
competition to y-emission.

The fragment distribution P cannot be derived from tission theory completely and/or with
sufficient accuracy (cf. Ref. 32). Therefore, one has to consider experimental data and/
or special assumptions.

The CMS spectrum €(€) is calculated in the framework of either the Weisskopf formalism &
(without P(I) consideration) or the Hauser-Feshbach theory57. In any case, the level
density 8(U,I’) o® the residual nucleus with excitation energy U and angular momentum
I' and the transition probabilities, i.e. the inverse cross section S, of compound-
nucleus formation or the transmission coefficients respectively, have to be taken into
account, Using the Weisskopf ansatz one can approximately consider the influence of the
spin distribution on spectrum shape if assuming & (U,I) = £ (U, 1-0)58. The emission of
fission neutwons is not isotropic in the center—-of-mass system (CMS) of the fragments
due to th: fragment spin53. This influence is often neglected. The average spin amounts
to abont (6 - 8)4°" yielding a CMS anisotropy close to 10 %°°,

The function ¥(&), i.e. CMS angular distribution, has been assumed to be independent on
€ in Refs. 4,50 and 51. According to the classical description of angular distributions
of particles emitted from compound nuclei with a given average angular momentum53, it is
likely that tne anisotropy is nearly proportional to E (cf. paragraph 4.4.).

The comp.ex statistical-model approach to fission neutron emission based ou the main
mechanism can be stated by the following relation:

e(é’.—&:L. 2, TKE)

SRR R XCE PR R NGRS N 3

i.e. the emission probability is calculated for a fixed fragment configuration defined
by A&, 2, andl TKE, The sum over i (emission step index) means consideration of cascade
emission,

The transformation of the CMS distribution into the laboratory system LS is carried out
by the use of the formula

N(E,0) dEAQ = -‘E‘ ® (£,) dEdR, (4)

£-E+Er-2-4E-Ef-coae. (5)
Ef-%-m-(*-%;n) (e)

(E,@ are the LS energy and angle respectively; A" is the mass number of the fissioning
nucleus).

where

The weighted concentration taking into account the fragment occurance probability
P(A,2,TKE) yields LS emisgion probabilities for eligible fragment parameter bins.
Specifically the total distributions N(E,8) sad N(E) can be derived.



theoret t nt

%.e whole scheme of Bqu. (3) has not yet boen reslised in praxis. Most of the hitherto
publisied treatments rely on average frsgment parameters, i.e. the diversity of fragment
configurations is often neglected. The influeice of several spproximations is discussed
in parsgreph 4.3,

The Nedlapd-Nixr-Nodel (Mm)>? is based on a simplified distribution P(T) in nuclear
temperature of the residusl fragmsnts which is triangular 'n shaps extending from O to
the maximam temperature .. In this way, Po(tx) and the cascade emission are considered
roughly. It is assumed nat P(T) is unique for *he both considered fragment groups. o,
and the CMS-LS transformation are cousidered in regard of average frsgment group para-
soters. A model similar to the MMM was proposed recently®®, Here, P(T) is modified to
consider it more realistically.

The A dependence of T, By, 0,, and the weight of tho partial spectra is taken into
sccount in the MM_M (M) s 1.0. the complexity of fission
fragment configurstions is considered in more dstail, Both the MM and the GMNM are,
however, rather rough models because of the sssumption of an idealised temperature
distribution and the use of a simplified Weisskopf ansatz based on the constant-tempera-
ture discrirtion of nuclear level density,

The concept of tie complex cqscade evaporation model (cﬂ)s"'f’2 corresponds to the scheme
described in paragraph 4.1 but the explicit consideration of P(Z,I). Here, the Weisskopf
formuls is used to calculate ©(£:B%,A) on the base of a semiempirical description of

the level density £ (U,Is0) including shell and pairing correctiom. S is calculated by
the use of the opticel model. Further, the initial distribution in excitation energy

(cf. paragraph 2) P, (E*:A,TKE) is assumed to be Geaussian for fixed A apd TKE, The CMS
anisotropy is coosidered roughly according to

2
(6,91t A,TKR) = €(E : A,TE) . 2+ B(£) . co . 7
1 +48 (&)
8 (E) denotes the CMS anisotropy parameter.
Applying the Hauser-Peghbach theory for fission neutron spectrum calculations one is able

0 account for the competition of neutron and y-ray emission as well as the initial
distribution in fragment spin. The first study was presented by Browne and Diotrich53
Similar calculations have been done by the Leningrad group (nrc)"“ without consideration
of CMB anisotropy and the spectrum dependence on 2 and IXE.

Both the CEM and the HFC involve a more reslistic coasiderationo of Po(rt) as well as
isproved semiempirical descriptions of the level density.

A review of earlier models of fiasion neutron emission wes presented in Ref, SO,

4.3, Sensitivity of calculatiops jp resard of spproximstions and loput daeta variationg

The study of sensitivity effects is & necessary precondition for the evaluation of the

calcalation accuracy as well as for the interpretation of systematic deviations bLetween
noasured and calculated spectra. A first analysis in the framework of tbe CEM has been

published in Raf, 50 for 2920f(sf) ylelding the following conclusions:

i) The calculated average nusber of emitted neutrons is strongly chsnged by
variations of EX and the average neutron separation emergy.

i1) The shape of the calculated spectrum is mostly sensitive to variations of EX, the
width of P(E%), and the level density parsmeter,



iii) e calculat=d spectrum of the low-excited fragmerts with A close to 132 exhibits
large uncertainties, specifically at energies higher than ) MeV,

iv) ’The description of L in the frsmework of the opticel model reduces the

average emission energy by about 5 % with referencs to the calculation with
coustant o.

v) If neglecting the TKE dependence of the spectra for fixed 4, l,e. CMS-LS trans-
formation bared on the average kinetik energy (ft spproxiration), the calculated
spectrum 1s strongly enhanced at high energy.

vi) The consideration of the CMS anisotropy ylelds sm enhanced spectrum at low and high
energy and a lower emission probability at intermediate energy (FPig. &).

[} T T T T T Pis. 58
‘ Ry (o1} : Percentage departures of the 252c¢(at)
o 1 neutron spectrus calculated in the frame—
1 b work of the CEM considering the CMS
# ) S— //_ anisotropy (B = 0.1) rom the 8 = 0
°,t ] calculation.
A ] The assumpticn that 8 = 0.1 - € (cf, pare~
WL Chs ANISOTROPY CONSIOERATION | graph 4.2.) ylelds & similar result but
a8 larger deviaticon at high energy.
“Ol’ QL. UT : : ; 0
ElMev]

Pigs. 5 - 9 represent the influence of the most importent input date on the shape of
calculated angular distributions (CEM study for the most probable mass split).

These results indicate that the accurscy of N(E,8) calculations is limited due to the
uncertaioties of input parameters., Therefore, the study of secondary emission mechanisms
is restricted on principal,
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from the corresponding
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Mg, 8 ig. 9 Fig. 10
The same as Pig, 5 for The ssme as Fig, 5 for The seme as Pig. 5 concern~
4 1 MoV variations of the  + 1 MeV variations of the ing the i approximation,
level densaity parameter shell correction energy i.6. neglection of the TXE

(level density description) dependence ia Eqs. 1-A4, for
selected LS energies
(paramester in MeV)

If using the Ek approximation, calculated angular distridbutions are more anisotropic
(at high energy especially). Pronounced influences are obtained considering the CMS
anisotropy as discussed below in more detail,

4.4, The neglection of CMS anisotropy as @ reason icti pcission neut ?

It was shown in parsgraph 4,1. that the fragment angular momentum directed perpendicular
to the fission axis’ "’ causes a CMS anisotropy of neutron emission, We studied its
influence on LS angular distributions assuming 8 = 0,1, i,e, constant anisotropy,

(version 1) and 8 = 0,1 + £ (version 2) according to Ref, 53. Figs. 11 and 12 represent
the results f+r the version - 1 calculation. Angular distributions are enhanced in polar
and equatorial direction and reduced at intermediate angles if con.idering CMS anisotropy.
Similar results have been deduced for version 2 (which is probably more realistic) but the
higher anisotropy at high energy and less pronounced polar "nose”.

[ T Fg. 11
|

Percentage departures of N(B,0) calculated with a
constant CMS anisotropy (8 = 0,1) with reference to
the 8 = O calculation (spontaneous fission of
2520!.). The plot represonts the lines of equal
deviations (parameter in %)

|
\
2 1
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rig. 12
The same as Fig. 11, but for selected
L3 onergies (parsmeter in MeV).

CMS - ANISOTROPY INFLUENCE 13=0)

=3 {....._,_ T— e ———
{10871 q

The most important conclusion of this investigation is the
following: If neglecting the CMS anisotropy in the calcula-
© tion of fission neutron angular distributions to be com~
pared with experimental data, one deduces a special
emission cosponent whick could be interpreted as scission
g B S neutrons. These "scission neutrons® are fictive obviously.
8 tdeg] Similar systematic errors sppear, if one neglects the
diversity of fragment configurations (cf. paragraph 4.1.).
These approximations yield deviations of calculated
¥(E,0) distributions. All previous studies of seission
neutron eliasionse'zo had been based on rather rough
descriptions of N(E,0). Specifically the CKS anisotropy
was not considered in any work. Therefore, the concluseions drawn in paragrarh 3 are con-
firmed,

i of mult nt missjion babilities?

The CMS-LS transformation formula (Eq. 4) exhidits a singular point at £= 0, If
approximating the CMS spectrum by

e@®)~ €51 . oxp(-x, - £), (8)

one has to distinguish three cases:

1) k<3t pole

i1) k, - ;. i.e, €©(€) is a Maxwellian distribution : mno structure
1i4) k1 >% ¢ zero (kinematic dip)

€ becomes zero for E = B, and & = 0 (Eq. 3), T™he consequence of case (iii) is a polar
*dip” of N(E,0) at E = E,. Calculations in the framework of both the CEM and the GMNM
indicate that k1 > 0.6 it titting CMS spectra for light as well as heavy fregments to
Bg. (8) at low energy.
Experimental dataGS’E’z have confirmed the existence of dips, i.,e, case (ii1), for the
light fragment group.

The analysis of experimental aud theoretical emission distributions has to be carried
out carefully. Specifically mechanism studies require fnriler detailed investigations in
the concernsd E,0-region,

S.ipecial enigeion mechanisns
5.1, Neutrop emipsion due to “He decay

It is expecied that neutrons from the decay of 5Ho nuclei are predoaminantly directed
close to 90 deg (equatorial plane), Consequently, such neutrons might influence the
angular digtribution of ordinary fission neutrons in this angular range. The double-
differential emission probability of SHe neutrons Ny(E,0) from 252Ct(sf) was estimsted
considering the following:
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i) isotropic decay of 5He nuclei
(about 3.10" per fission) in the CMS wit: a 8.10"22g
half 1ife’d,

ii) time-dependent distribution of 5!!0 kinetic ensrgy according to Ref, 38
(Couload problem), :

i1i1) engular distrivution of 5!!9 emission with reference to the fission
axis (assumed to be the same as in qBo—-ac:t:olpnniod fission).

The model parameters as far as nc ».own from Ref, 38 were fixzed by the intercoaparison
of the calculated and the meas:- . 530 neutron energy spectrum cousidering the angular
resolution of the experinmenta arraugement employed. The CM3 distridbution was tra-sformed
into the LS for the considered time bins, i.,e. certain average SHe kinetic energy, taking
into account the decay probability.

Further, the total (i.e, time-integrated) LS distribution deduced with refereunce to He
direction was folded with the sngular distribution of He nuclei (Legendre polynoa
formalism) ylelding un(s,o). The obtained probebility distribution normalized to the
Yield of sﬂc nuclei per fission are represeated in Fig. 13 for selected neutr .nergles.

™77 77 FMg. 13

Calculated sngular distributions
of 51!. neutrons represented for
selected emission energies
(parameter in MeV)

Compascing these results with the total distribution of
fission neutrons we conclude that the 90 deg emission
probability of ’He neutrons is lower than 1 % of the
equatorial spectrus of prompt fission neutrons

(~ 0,1 % at 3 MeV, ~ 0.5 % at 10 MeV). Hence, 5He neutron
emission is an sppearence of minor importance.

NIE@ MV 5r")

oration duri nt legation

Based on dynamical calculations of post-sciosion pr«:n:oun“2
0 (deg) we introduced the time-dependence of fragment excitation
energy EX(t) aod kinetic energy E, (t) into the cescade
evaporation -060151 to estimate the influence of neutrons
emitted during fragment acceleration on the total double~differeniial emission probabi-
lity (N(E,0)\ The considered emission mechanism wus assumed to ve significant in
different fission rolctions"o'zo'”, but earlier studies involved arbitrary apnroxime-
tions 1ike the reduction of the problem to a single intermedaiats emission time,
Revertheless, the used post-scission data (cf, Pig., 14) for dynarically changing frag-
ment. with one-body dissipation’? exhibit large uncertainties.

The calculation of the CMB emission digtribution Po(e) of the firrt cascado step was
carried out as a function of ¢, i,e.

s B(#),0)at = W(e) [ aET . B, (B 1 8) L€ (£ £F) at, (9

where Po(z*:t) = distribution in E* assumed to bs Geanssian, The emission pravedbil ity per
time unit W(t) was deduced according to statisticel assulptions“ .

The obtained N(E,0) data (Fig. 15) show a time-dependent 0° / 90° - amiuotropy (rig. 1),
which can be approximated by sinh (3. -JF, . Bg(tH / A’/ £(t)), RBea n, .0 telalive
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Pig. 15

The angular distribution of
fission neutrons for a fixed
eaission energy (2 NeV) in

dependence of t for 2520f(sf)

(symmetric),

Pig. 16

0° / 90° ~ anisotropy
(continuous lines) of
252(:!(:!) peutron eaission
versus t for fixed emission
energies (paramster in MeV),
The structure at low energy
appears due to kinematics

(cf. parsgreph 3.5.). The
dashed lines represent the
ratio of the N(6) maximum
aad N(90°).

behaviour of E (t) and EX(t) as well as #(t) determine N(E,@:t). The used imput data®?
give rise to an unexpected an’sotropy maximum close to 10 20s (Fig, 16) for a symmetric
mass split in 2526f(sf).

A remarkable enhancemsnt of neutron emission in equatorial direction can only be deduced
for unreasonable short life times (high nuclear temperatures > 2 MeV), 1.e. simulation
of nop-equilibrium emission,

6, The 25"’gf(g) psutron energy spectrum

The Cf nsutron spectrum is one of the nuclear standu'dnzs. It has been measured with
ratber high accuracy in the 17 keV ~ 30 MeV energy region . Recent experimental data as
well a8 theoretical spectras obtained in the framework of new models (cf. parsgraph %.2.)
are represented in Fig, 17 for comparison.

All statistical-sodel versions counsidered yield similar results in the energy range from
0.5 to 10 MeV, The MMM underestimates experimental data at dboth spectrum ends,

The results of the GMEN, HFC, and CEM (B8 = 0.) calculations are in very good agresment,
but they tend to underestimate the low-eaergy data (-10 % deviation), Considering the
CMS anisotropy the spectrus is changed as represeated in Fig, 4, i.e., the low-energy
part of the spectrum is in better agreement with experimentel data. Fig. 17 illustrates
that the total energy spectrum can be described by a statistical-model approach (the CEN
including CMS anigsotropy specifically) ino the energy range below 20 MeV, No further
conclusions concerning the emission mechaniss of fizsiocn neutrons cen be drawn for this
energy range. The high emergy region (> 15 MeV) was made accessible experimeatally due
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Percentege deviations D of recent experimental data (RIL - Ref. 67,
CRIPB/IPPEO ~ Ref, 68, ANL - Ref, 69, PTBB/IRKV - Ref, 70, ™D - Ref, 71)
on the Cf neutron spectrua from & Maxwellian distribution with a
"temperature” T = 1,42 MeV. The curves represent energy distributions
calculated in the framework of HFC, GMNM, CEM, and MNM, The CEM spectrum
is shown for two CMS enisotropy parameter 8 (Eq. (5)).

Fig. taken from Ref, 66,

to the use of a high-sensitive nsutron spectrometer in conjunction with the effective
electronic suppression of y-rays and cosmic background ( /n).71 The found excess of
oeutrons above 20 M.V could be interpreted as non-equilibrium emission (paragraph 2).

Z. The sgisotropy of ®520£(sf) peutron emissiop

Obviously, the measuresent of anisotropy of fission nsutron emission (ratio of spectra
measursd in polar and eguatorial direction) should give more clues to the study of
ealssion mechanisms, Several authors tried to show the existence of scission neutrons by
the invertigation of anisotropy. An excess of neutrons messured in equatorial direction
with refairence to rough evaporation calculations was considered ss central cosponent or
scission neutron component, i,e., a part of fission neutrons emitted from the scissioning
nucleus with ac angular distridbution close to an isotropic one.

Zarlier messureaents 5*1* nad shown a rather bard equatoriel spectrus of Cf fission
neutrons, The anisotropy was fouad to be about one order of msgnitude lower than calcu-
lated values at 10 MeV emission energy. Recent experimental dnn2°'72'73 do not counfirm
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these results. Fig. 18 represents a comparison of our data'r" obtained by the use of the

high-sensitive method mentioned in parsgraph 6. with the equatorial spectrum measured by
Bowman ot al.a as well as the CEM calculation.

”[ T T T Pig. 18

Pclar and equatorial spectrum of Cf
fission neutrons (e ~ Ref. 72,

X - Ref, 8). The continuous lioes
represents the result of the CEM

] calculation showing the kinematic

dips at low energy (cf. paragraph 4.5.).
The O°-spoctm was aeasured without

] distinction of light and heavy
fregments.

NIE,0) [MeB" crep”]

]
€ [MaB}

The anisotropy ratio defined by

N(B,0°) + N(B,180°)

R(E)

2 . K(E,%7) o
is shown in Fig. 19 (experimental and calculated (CEM, GMNM) data).
- T T T T T Y m. 19
E ] The anisotropy ratio (Eq. 10) of Cf neutron
C ] emigsion versus emission snergy (x - Ref. 8,
L {1 o - Ref, 14, + - Ref, 20, o - Ref, 72),
s The full and the dashed curve represent
calculated results (CEM and GMNM respec-
L3 q  tively).
F .
20 i 1 Receat: 20,72
x | A ) Yy measured anisotropy data are in rather
oo . . good agreement with the mpogation calculation. The
' L nu::re-onts of Bowasn et al.- as well as of Bishop et
o 1 al.  had been carried out without n/y-discrimination
§ for background suppression. Therefore, systematic
J errors, specifically in the case of the low-yield
% equatorial spectrum at high energy, cannot dbe excluded.
It is emphasized tnat the 90°~spectrum of Bowman
0 ‘ i 5 Ak s agrees well with the CiM calculation at energy below
£(MaB) 1.6 MeV,

Pinally, we conclude that the study of anisotropy has
Bot yet given an unambiguous argument of the existence

of scission neutrons,
Based on our experimental and theoretical results (concerning the experimental as well as
the theoretical umcertainties) we found an upper yield of scission neutrons close to 5 %.
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8, New experimentsl methods for the messurement of multiple-differential emission
probabilities of fission neutrons

A detailed study of the mechanism of fission neutron emission requires precise measure-
sents of multiple-differential emission probabilities and an appropriate, i.e. complex,
analysis in the framework of the statistical model to describe the main evaporetion coa-
poueat. Hence, N(E,0:P,) (Pt-fragncnt parameter set) or at least K. %,0) (total distribu-
tion in E and @) should be investigated.

The first comprehensive study was presented by Bowman et l.l.e. Concerning this work,
inadequate aspects (possible experimental errors - peragraph 7., rough tnsoretical
approximation - paragreph 3,) have been discusscd.

Note that the aeasurement or N(E,Q: f) for strongly confined fragaent coanfiguration
regions 1s rather difficult. Resolution effects and rather high statisticel uncertainties
could be the reason of errors of analysed data.

In any case of such measurements, the Jetermination of fragment direction as well as
specified fragmeat parameters (at least the distinction between light and heavy fragament
group) bhas to be arranged. An alternative to the fragment detection at a fixed direction
and the employment of ome neutron dotoctore or a multi-detector mto-”"’s for neutron
spectrum measurement is the application of a direction-sensiti » method of fragment
deteciivn and the use of only one neutron detector. In this case, several syatematic
experisental errors are avoided.

Recently, two different arrangements for direction-sensitive fission fragment detection
and their use in N(E,9) measurements have been (!eu:ribod"z"?3 :

i) application of a gridded twin chamber (ionisation type) enc
the use of one neutron detector perpendicular to the electiods plnne"3 ’

ii) spplication of a set-up consisting of two parallel-plate avaianche
counters (ons position-sensitive) and use of two neutron dotoctors.72

Both methods which include neutron tiae-of-flight spectroscopy have special advantages:

method (1 ): high fragment detection efficieucy, determination of "I/‘ﬂ and
TEKE, but limited aogular resolution at polar directionm,

method (1i): steady angular resolution, but hitherto distinction between light and
heavy fragmeut group ouly, i.e. N(E,@) Zeasuremeant (extemsion to a
twin set-up enabling ‘he messurement of AT‘/Aﬂ end TKE is possible).

For details and first results, we refer to tne coatributions presented at this
conference. The measureaents based on both methods are in progress,

9. Sumsgry

We tried to review the present knowledge about prompt fission neutron emission emphasis-
ing possible mechanisms, Further, the requirements to be met in the anaslysis of experi-
mental data in conjunction with theoretical calculations have been discussed. We have
questioned the truth of earlier results concerning scission neutron emigsion based on a
study of neutron emission probabilities in the framework of a complex statistical-model
approach. Here, we emphasized the influence of several approximations sade in earlier
works. It was shown that neutron emigsion due to the decay of Sﬂo nuclel is a mioor
effect shich doesn’t contribute to the total distribution N(E,®) significantly., Purther,
it is indicated t.at neutron evaporation during fragmeat cceleration yields not a con~
sidezrable enhancement of the energy spectrum at equatorial direction. The results are,
however, very sensitive about post-scission data (EX(t) and B (t)) and the fragment life
timn concerning neutron emission,

ZoerZy spectra N(E) of prompt fission neutrous can be described adequately on the base
of a cumplex statistical-model approach assuaning evaporation from fully accelerated
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fregments 1o the full eoergy range < 20 MeV. It is, howsver, indicated that a very hard
emission component appears in the E > 20 MeV rasnge, whose nature ia not clear.

Measured 252Ct(af) neutron emission anisotropies agree with statistical-model calculs-
tioas within the experimental and theoretical uncertainties. A significant hard emission
coaspoasnt at equatorial direction doesn’t exist wvery probably,

Bow mossuremsnts of multiple-differential emission probabilities and corresponding
statistical-model calculations are im progress. It is expected that these studies yield
new inforsations about the mechanism of prompt fission neutron emission,
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SIMULTANEOQUS INVESTIGATION OF FISSION FRAGMENTS AND NEUTRONS IN mg(s,n
C. Budtz-Jergensen and H.-H. Knitter
Commission of the European Communities
JRC -~ Central Bureau for Nuclear Measurements, Geel, Belgium

Abstract

The gridded twin ion chamber developed at CBNM is used to measure the kinetic energy-, mass- and
angular distributions of the fission fragments of 252Cf in an advantageous Ys-geometry. Together
with a neutron time-of-flight detector thix experimental arrangement permits to measure the
correlation between neutron emission, fragment angle, mass and energy in the spontaneous fission
of 282Cf. With the present experimental set-ug a mass resolution for fission fragments of 0.5
a.m.u., an angular resolution of A4cosé = 0.05 and a timing resolution of 0.7 ns FWHM were
observed. Preliminary evaluations of the raw experimental data are presented for the fission
fragment mass distribution, the average total kinetic energy and their variance as function of
mass, the angular distribution between fragments and neutrons, the number of neutrons emitted
per fragment as function of fragment mass, the average neutron emission energies as function of
mass, and the prompt fission neutron spectrum averaged over all fragments.

I. INTRODUCTION

Nuclear fission has been a longstanding theme of scientific investigation and here the
spontaneous fiss.on of 252Cf gives a relatively easy opportunity to study the correlations
between neutron emissicn and fission fragment parameters. The measurement of such correlations
can contribute to a better understanding of the fission process. On 252Cf puch more effort than
on other nuclei was devoted to the measurement and interpretation of the prompt fission neutron
spectrum, because Llnis spectrum is used also as a neutron spectrum shape standard. Several
attempts 1,2) have recently been made to give a theoretical description of the prompt fission
neutron Spectrum of 252Cf, These models are based on the assumption that the mechanism of neutron
emission {s the evaporation from the fully accelerated fragments. However, the comprehensive
measurements of Bowman et al. 3) of the prompt neutron anisotropy have led to the conclusion
that a fraction (~10-20 %) of the total number of fission neitrons is emitted isotropically in
the laboratory frame of reference. In spite of many further investigations the knowledge of the
so-called scission neutron emis~ion is poor and partially contradictory. Therefore it is of much
interest for the basic understanding of the neutron emission process, not only to measure
precisely the integral prompt fission neutron spectrum, but to obtain also in multiple-
dimensional measurements the correlations between the neutron emission and the different fission
fragment parameters which can help to clarify the nature of this scission neutrons.

1T EXPERIMENTAL METHOD

At present a multiple parameter measurement of the 252Cf prompt neutron spectrum, N(E,, @,, A,
TKE) is being performed at CBNM. The experimental set-up is shown in fig. 1.Fission fragment
detection is madc using the gridded ion chamber 4,5) developed at our lab with which fission
fragment angle, kinetic energy, and mass can be determined simultaneously, The fission fragment
kinetic energies (E_,Ey) are determined using the anode pulses from the twin chamber. The two
energy informations are used to derive the fragm:nt masses. The excellent energy and mass
resolution of this detector is {llustrated in fig. 2 which shows a part of the measured 252Cf
light fragment mass distributior..
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resolution < 0.7 ns FWHM togetaer with the neutron detector. The neutron detector, a
b xi" NE 213 scintillator, is located on the axis of the fonization chamber. The distance
between the 232Cf-source and the neutron detector was 0.5 m. Both, the pulse height and the
pulse shape for n/y discrimination are recorded. Neutron energies are determined using
conventional time-of-flight technique. All 7 parameters are digitized, each allocated 8192
channels, and stored sequentially on tape for off-line analysis. At present a 252Cf source
prepared by vacuum evaporation onto a 120 ug-em-2 thick Ni-foil is mounted in the chamber. The
source activity is ~3-102 fiss-s-l, yielding a fragment-neutron coincidence rate of 1 s-! for
the ‘present geometry of the experiment.

IIT FIRST RESULTS AND DISCUSSION

So far 1.5-106 coincidences have been recorded on .hich the present analysis is based. The
results should be regarded as preliminary since corrections such as the recoil correction for
the determination of masses and kinetic energies of the fragments have not been applied. The
results are uncorrected for mass resolution. The experimental data contain the needed
information for a determination of these corrections but a more complex analysis code has to be
written. However, the effect on the result presented here is expected to :e minor.

Fig. 4 displays the neutron TOF spectrum integrated over all fragments but with a threshoid for
the recoil protons of 0.7 MeV.

The advantage of having a

weak :ource i3 seen here
[ ¥ since the influence of
accidental coincidences
(~1-10~3-ng=i-h-1) can be
completely neglected. It is
especially gratifying that

no background events were
~jodos detected to the left of the
gamma peak, a consequence
of  the near 100 %
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L lllﬁLYVl—rllvlvI!lv‘v]vr1||Trrv be extended to very high

0 o 20 30 40 % 60 neutron energies, where

FLIGHT TIME Cns3 scission neutrons might

Fig. 4 : Neutron time-of-flight spectrum integrated play a role 2).
over all fragments

The mass integrated prompt fission neutron spectrum of 252Cf(S,F) was evaluated in some more
detail. For the present preliminary evaluation the neutron detection efficiensy, which is needed
to obtain the spectrum shape, was calculated using the Monte Carlo-code from the thourough
detector efficiency investigation of Dietze and Klein 7). This code calculates the absolute
neutron detection efficiency for a given pulse height threshold. These caleulations will in the
future be backed up also by detector efficiency measurements. The spontaneous fission process is
not only accompagnied by neutrons but also by y-rays which might be detected by the neutron



Jetector. Most of the y-emission is made at the instant of fission and up to a few ns later. In
this time range fall also the high energetic neutrons which are emitted with a very lom
intensity. Therefore the very high energy region of the neutron spectrum is most sensitive to
false events induced by y-rays. The pulse shape circuit empicyed in the present set-up was not
able to give a clean discrimination between y- and neutron events for pulse heights
corresponding to a proton recoil energy smaller than 2 MeV. Therefore several neutron time-of-~
flight spectra with different pulse height thresholds in the neutron detector were selected from
the same raw experimental data. Absolute detector efficiency curves were calculated for the same
pulse height thresholds. This way one obtains for each of the selected detector thresholds a
neutron spectrum. These spectra are automatically normalized with respect to each other by the
absolute detector efficiency calculations. Therefore, in overlaping energy ranges and where the
measurements are not disturbed by y-events, the spectra must coinecide with each other. This was
observed and a single neutron energy spectrum was composed containing at low neutron energies
the data from a spectrum with a low threshold of 0.5 MeV and at higher neutron energies data
from a spectrum with a threshold of 2 MeV. The data above 14 MeV were obtained using 2 detector
threshold of 7.2 MeV where the pulse shape discrimination could eliminate vy-ray events
completely. This spectrum divided by VE is plotted in fig. S logarithmically versus the
incident neutron energy. The ful line in fig. 5 represents the result of a least squares fit
through the experimental data with a Maxwellian energy distribution. The temperature parameter
obtained by the fit is T-=1,41 MeV. An error for this value was not yet evaluated, also since the
experimental determination of the detector efficiency is not yet made. This preliminary neutron
energy spectrum shows no major deviations from the Maxwell distribution in the neutron energy
range from 0.8 Mev to 20 MeV. The deviations from the Maxwell distribution are in

3

—

N(E) /VE CMev™2
3

ENERGY (MeV]

Fig. 5 : Preliminary neutron energy spectrum divided by VE versus the neutron energy .
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general less than 5% in the

above mentioned range. The
dashed line corresponds to
the experimental spectrum
measurements of Mirten et
al. 8,9), who found a large
excess of neutrons above 20
MeV. With the presently
evaluated data ue’can not
confirm nor contradict the

measured excess of neu~
trons. From a total of
about 2108 events the

statistics obta'ned in the

high energy region above 20
MeV is not sufficient. The
two data points at the

Fig. 6 : Bi-parametric plot of number of fission events
versus neutron energy and cos 0-6is the angle between
the light fragment and neutron emission direction
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highest neutron energy with
values >10-2 contain only
one event each. Points
plotted at the 10-2-line
contain zero eve=r«,

The measured fragment-neutron angular distributions
integrated over all fragments versus the neutron energy
are shown in a bi-parametric representation in fig. 6.
The neutron emission angular distributions as function
of neutron energy for each mass split are also
available. The present data agree fairly well with the
results of Bowman et al. 3) below 4 MeV. However, at
higher data are much more
anisotropic with intensity ratios N(90°) ‘N(0°) more
than one order of magnitude smaller than those of
Bosman above 8 MeV. The comparison between the present
angular anisotropy measurements as function of fission
neutron energy and those of Bowman et al. 3) is made in
rig. 7. The full line in rig. 7
calculations of the angular anisotropy as
the neutron energy with the assumption that all
neutrons are emitted from the fully accelerated
fragments., The according equations and the needed
numerical values were taken from Terrell 10). The
energy dependence of the present N(90°)/N(0°)}
intensity ratio is conformable to the assumption that
all neutrons are emitted from the fully accelerated
fragments and the existence of a hard (Tx2.0-2.5 NeV)

neutron energies our

represents
function of



scission neutron component which
Mirten 2) concluded from the Bowmen
angular distributions must ove
refuted. A more thorough analysis
of our angular distritutions is
needed in order to decide whether
perhaps a soft componen®: is
present. Fig. 8 shows the measiured
peutron eaission multiplicity v(2)
from the individual (fragments
compared to those of Walsh 11). The
minor differences in these two data
sets might be due to the neglect of
recoil effects (n the present
% o0 oy o o o analysis. However, our data seem

MASS not to confirm the fine structures

&1 © Present work
* Waish et al

V(A)

in v(A) seen by

Fig. 8 : Preliminary neutron emission Walsh 11).
multiplicity versus fragment mass.

Since the measurement of Bowman in

1962 very little  experimental
information has been ined on the
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BOWMAN et al 1 average neutron eaission energies

n{A) in the center-of-mass frame.

2F

Fig. 9 displays th: oeasured
dependence of the average n on A as
compared to the results of Bowman.
Some striking differences may be
observed. The present data show a
pronounced dip at A= 130, also seen
in v(A), followed by a broad hump
N A " N . extending to A= 145, This behaviour
M ASS"O %0 is also reproduced in theoretical
calculations 2,12) of n(A).

fi (Mev)

Fig. 9 : Preliminary centre of mass average
fission neutron energy versus fragment mass.

1V CONCLUSIONS

Although most of the results of the ongoing multi-parameter neutron-fragment correlation

experiment are prelisinary, some conclusion might already be drawn now :

- The more pronounced angular anisotropies measured in the present experiment compared to
those of Bowman et al. at higher neutron energles lead to at least a much smaller portion of
scission neutrons if their existence has nat even to be refuted.

~ With the presently calcuiated neutron detector efficlency no major deviation from a
Maxwellian distribution between 0.8 MeVSEns20 MeV is observed.
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The yield enhancement for far-out asymmetric fission is confirmed.

Pronounced structure as furction of mass was observed for the average c.m. fission neutron
energy, in relative agreewment with theoretical calculations.

At present the experiment is being improved by the use of a ten times stronger source. However a
pulse pile-up rejection must be introduced, in order to maintain the good mass resolution of
0.5 a.m.u..
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preparation of the thin 252Cf-sources. Also the large help in the execution and evaluation of the
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EXPERIMENTAL STUDY OF CORRELATIONS OF ENERGY AND ANGULAR DISTRIBUTIONS OF CP-252
SPONTANEOUS FISSION NEUTRONS

0.1, Batenkov, A.B, Blinov, 4.V, Blinov, S.K, Smirnov
V.G, Ihlopin Radium Institute, Leningrad, USSR

Abstract

The measurements of differential energy distributions of Cf-252 fission prompt neutroms
‘have been carried out for different emission angles,

In the present work precision measurements of differential energy spoctra wers carried
out for different masses and total kinetic energies of the fragments at different emis-
sion angles of neutrons. Speclal attention was payed to the nsutron specira at small
angles (less than 5°), Using these data, for the first time by the direct method it was
possible to determine the velocities of the fragments during the neutron emission, The
analysis of the same spectra ensbled to obtain information on the behaviour of the cross-
section of the reverse process (the cespture of neutrons by the excited nucleus) for the
region of low energies of nsutrons, The comparison of the data for smsll and big angles
ensbled to specify the limits of applicability of the evaporation model,

The obtained data are very useful for corrsct formation of the Cf~252 integral spectrum

-international standard, as it is possible only on the base of complete understanding of
the mechanism of the neutron emission process,

Por each fission event in the measurements were determined: neutron energy (E), masses
of the fragments (M1, M2) total kinetic energy of the fragments (Ry), the emission angle
of neutrons relative to the direction of fragments motion (¢) in 1l,s.. Pragments were
detected by two semiconductor surface-barrier silicon detectors (SCD), The energy of neu~
trons was deternined by the time-of-flight method. A stilbene crystal with a photomnlti-
plier (FEU-)0) was used as a neutron detector, The measurements were done for the angles
of 2,6,15,30,45,60,75,90°, and were doubled on three flight bases: 37.5, 75.0, 150,0 cm,
During the measurements the accumulation of the data was carried out in form the matrix
of fragment-fragment coincidences in the coordinates Ne(M,Ey,I), where I - the number of
the detector, in form the matrix of fragment-fragunt-neutron coincidences in the coordi-
nates N,(T,N,E,,I) and the matrix of velocities Ve(M,E,,I), For each event was doue: the
compensation of the time-amplitude dependence the fragment energies correction associated
with the account of the neutron recoil effect, leading to a systematic shift of the coor-
dinates of the N, matrix relative to the coordinates of the Ny matrix.

Results

The most precise information on the neutron spectrum in the c.m.s, is obtained from the
measurenments at small apgles in relation to the direvction of the motion of the fragments.
The advantage of those measurements is evident, First, here the contribution of the neu-
trons from the opposite fragment is minimum and is possible to account for it correctly,
secondly, due to the additional velocity of the fragment the low-energy part of the neu~-
tron spectrum is shifted to the region of energles of tie order 1 MeV and the relative
yield of such neutrons increase sharply. Besides, there is a special point in the neutron
spectrum at small angles, Ttat point, where the neutron s velocity (vn) is equal to the
velocity of the fragment (Vf). correspouds to the zero energy of the neutron in the c.m.s..
From the correlation N(El)- “(EJWM TE-:=, connecting the spectra in the 1.s. R(El) and
ip the center of mass system of the fragment N(E,) it is seen that at Bc"O there is an
uncertainty of the kiand 0/0, which can be differently disclosed in dopondoco’on the spec-
trus shape H(E_) near the E, = O, It the spectrum in the c.m.s. behaves as E,, then in de-
pendence on the value of the parageter a in the laboratory spectrua a 4ip (x> 0,5), a peak
(a<0,5) or a smooth dependence (a = 0,5) can be observed, Diffezeat theoretical calcu~



lations /1-3/ give a full set of these possibilities.

In this work we have found a dip in the spectrum of light fragments, the position of
which ocoimcides with the aversge velocity of the fregment and the valus is rigidly con-
nected with the emission angle of neutrons, At 15° the dip is not observed, In Pig, 1
are shown experimental spectrs at the angles 2°, 15°, end 30°, summed up by all the mas—
ses snd kinetic energies of the light fragmeuts. 4 distribution symmetry is seen relative
to V¢ = 1,37 ca/ns, The dips are also observed in the osutron spectra for groups of light

™ S
E 0.10 .
r Mk G LN Pig. 13
A Pt ctrum of meutrons emitted by a light
~ A Tegaent at tha angles:
> N 0-2% +=-15°, - 30° in the 1.s,
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L ]
%\ s~\ » »
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-M=982 5 amu, By 175 3 4 MeV, =

;f. T.48 c./u Py Q
0o - -1173qm'5k-175 4 MeV,
vt- 1.22 c'/m.

Voo ca/ns

fragments sslected by their masses and kinetic energies (fig. 2). The positions of the
dips within the limits of measureament error coincide with the average velocities of the
fragments for these groups, which confirms the hypothesis of meutron emission from

fully accelerated fragments. In the spectra of heavy fragments the dip is not observed,
This seems to be associated with the different shape of the neutron spectrum in the low
energy region (c.m.s.) for different masses of the fragments (a» 0.5 for light and
«€£0,5 for heavy fragsents), Such a difference can be explained by the different cross~
section course of the neutr: - c.pture by an excited nucleus for different masses of the
fragments. The cross-section course of the neutron capture by an excited pucleus ip the
low energy region for light and hesvy fragmeunts was obtained froam the measured spectra.
The comparison with the results of calculations of the cross-section @ for unexcited
nuclei by the optical model /4/ with application of different potentisls shows that the
goneral course oz®; trom By for an excited nucleus is preserved in principle, though
there are some differences. '

1o the work a comparison was made of the specira of seutrons emitted from the fragments
at the sngles 0° mnd 90° 1a the 1.s.. The specira measured at the angle 90° and the one
calculated for the aagle 90° £rom the data of the gngle 0° in assumption of neutron esis-
sion from & fully accelerated fragments agree by the integral within the limita of ste~
$istical error (2-3%). Ao analogous comparison of the spectra at 90° was carried out also
for separste groups of fragsents (fig. 3). Withia the error lisits (310 %) the experi-~



mental and the calculated neutrom yleld colncide. We mark that oa the iaitial stage of ¢
the given work the discrepancy of the measured and the calculated spectra composed 7 % by
the integrel for 90° /11/. The difference of the results of the sork from the previous
one can be explained by the followings the improvemsnt of spectrometer’s characteristica,
a thorough determination of the neutrom detector s efficiency on the base of recent ex~
perimental data /5-8/ on the Cf-252 integral spectrum, the bresking of the whole range of
fragment into 108 groups, for which the velocity of the fragment, was determined immedi-
ately in the course of the experiment, the development of the method enabling to accoumt
for the influence of the neutron recoiling effect for each angle in sach separstely re-
gisterea event, the introduction of anisotropy in the c.m.s., associated with the angular
mementum of the fragment in the form 1 + 8 P, (cos €), where 8 = 0,04,
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In the present work there was also a comparison of the integral spectrum (fig, 4), obtai-
ned from the data at small angles and measured by the direct method in the ref, /5-8/, In
connection with the fact that the spectrum of CL£-252 fission meutrons is an international
standard, the shape of this spectrum must be determined with a high precision, The highest
precision in the determination of the gpectrum is reached for the energy range 1-5 MeV,

It seems interesting to determine the integral spectrum from our data for 0° 1a assusp~
tion that the neutron emission takes place only within the limits of the model of evapo-~
ration from fully accelerated fragments, In this case the correlation of the energy in~
tervals for different angles of neutron emission due to the kinematic effect leads to the
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appearing possidility for the determination of the shape of the lntegral spactrum in the
region of low and high energies, basing on a comparatively well known shape of the spec—
trom in the energy range 1-5 MeV, Besides, bhy means of an iteration procedure a descrip-
tion was carried out of the totel sum of our experimental differential data in the eunergy
range 0.,2-10 MoV (in 1.s.). The spectrum obtained in this way is shown in fig. 4. The
theoretical calculation spectra obtained on the base of statistical models in ref, /9-10/
are close by their shape to this distribution, which shows a reasonable degree of simpli-
fication in calculations,

It is worth mentioning that in the energy range 1-10 MeV our integral spectrum (froa 0°)
goes close enough to a nusber of direct measurements experimeatal data /5-8/. In the low
energy region (less than 1 MeV) our integral spectrum is some what lower than the data of
direct measurements /5-6/. The difference in the low energy region can be associated with
the influence of the anisotropy effect in the c.m.s., caused by the angular momentum of
the fragments, snd also with the presence of nomevaporating neutrous. The variation of
the anisotropy coefficient, when using experimental spectra at 0° (1.s.) as the basis da-
ta, does not enable to reach an agreemsnt of iuntegral spectra in the whole energy region.
The introduction of neutrons of nonevaporating character (2 % of the total amount) enab-
les to explain the discrepancy of the spectra,
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STUDY OF THE RELATIONSHIPS BETWEEN THE CHARACTERISTICS OF MASS, BMERGY, AND NEUTRON
MULTIPLICITY DISTRIBUTIONS AT THE 2520! SPONTANEOJUS FISSION

I.D. Alkhasov, V.D. Dmitriev, A.¥. Kusoetsov, S.S., Kovalenko, K.A. Petrzhsk, B.P, Petrov,
L.2, Malkin, V,I., Shpakov
V.G. Ihlopin Radium Institute, Leningrad, USSR

The main purpose of this r ‘rk was to sggdq relationships petween the characteristics of
energy and mass distributions of the Cf spontaneocus fission fragments and those of
prampt peutron multiplicity distributioas.

“The experiment was performed using an experimentai set-up consisting of a large liguid
gadolinium loaded scintillation neutron sounter, a chamber with two surface-barrier si-
licon fission fragments detectors and a data agquisition systea based on the two processor
computer system, The inforsation on both fragment pulse-height and the number of neatrons
was received by the terminal computer and after preliminary processing was transmitted to
the main computer, where it was written down in a form of three dimensional array A1-A2-
K ( where A1 and A2 were fragment pulse heights, K - was number of neutrons). Further
processing of the data was performed by means of the main computer after the experiment
had been completed. The experimental data array was transformed thereat from the A1-A2
coordinates into coordinates of total kimetic energy-mass (Ey, M) using the procedure
proposed by Scamitt /1/. Then the momsnta of neutron multiplicity distributions were cal-
culated for each particular value of E,, M and besides an unfolding of initial multipli-
city distributions was performed to obtain fragment masses distributions for every sepa~
rate number of neutrons, The schematic drawings of the main coantours of these distribu-
tions are presented in Fig. 1. It can be seen, that the distributions are shifted in po-
sition along the energy axis as the neutron number rises and do not move relative to the
mass axis, The widths of both distributions increase.

The characteristics of both neutron and energy-mass distributions quoted in some works
before (for instance /2, 3/ agree with our results and we will not therefore fix atten-
tion on its Jescriptions and discussions, Complexity of the multidimensional information

representation forces us to be restricted by a consideration of some separate correla-
tions obtaicned mainly for the first time,
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Mg, 2 shm schematically the iwodimensional distribution of all the array in coordina-
tea of 9 6'12. The essential part of this distribution corrcsponds to a conventional
form of mnltiplicity distribuiion with a weakly varying parameter of form. At the same
time two regions can be seen with practicaly constant \_p ~value and significant variation
of dispensions Gy . These are regions with high value of § (% ~5) and low valueof(V~1).
Presence of these two separate branches can suggest, on our opinion, existense of two dif-
ferent processes in the fission mechanism, One of the possible assumptions is: the lower
branch corresponds to the ternary fission. The upper branch corresponds apparently to the
region of low fragment kinetic energies, where,as it can be seen in Fig. 3a, an iuncrease
of dispersion takes place with Ey decrease for the mass range of 85-105,

The following p~culiarity in the relations presented in this figure can be mentioned: in
the region of rather high Ey V rises as Ey falls down which corresponds to increase both
of fragment ceformation at scission point and accordingly of fragment excitation emergy.
For low Ey V does not vary with Exy for fragment masses near the symmetric omes and even
decreases with Ey decrease for more asymmetric modes,

Another peculiarity can be noted in the dependences of f) on fragment mass given in Fig.3b.
The Y ~value averaged over all E, weakly depcades on fragment mass, At the ssme time for
separate eunergy intervals this dependunce became significant and its character changes as
Ey varies, Small variations of O‘vz can be segn at large variations of V in the region of
high values of Ey. Fig. 4 presents both fragment total kinetic energy and its dispersion
as a function of fragment mass for some fixesd numbers of neutrons. It can be seen that as
the dependences of Ep for different ¥ are similar to that averaged over all values of ¥
the character of the § dependences varies with the V and is different in separate in-
tervals of fragment masses, In the interval of the most probal® masses the & Ey value for
fixed neutron numbers is much less than the averaged one and increases with V , wbilo in
the mass interval 120{ M€ 126 this dependence reverses, Such behaviour of the G' E) can be
more obviously illustrated by Fig. 5 in which the dependences of €2 By o V is plotted for
various grades of fission asymmetry.

Fig, 6 pregents dependences of both mean mass value < M) and dispersions of mass distri-
butions G on total kinetic energy Ey for different numbers of neutrons, The dependen-
ce of <MD averaged over all ¥ values bas & minimum st the E, of about 150 MeV whose posi-
tion is correlated with the position of the maximum observed in the dependence of & on

. Similar correlation can be seen in the dependences of partial values of<M>and 6 i
on nk as well, It can be noted that position 0f such .inima dependences for partial values
of My are shifted into lower kinetic energies as \'l increases,

Complex character of the dependences of (M) and & u is confirmed by Fig, 7 and 8 in which

these dependences on ¥ are presented in various energy intervals. It can be seen from
Pig, 7 that the {M> value averaged over all Ey practically does not depend on Vv , while
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for separate Ey this dependence becomes sign:l.fieuntznn& its character is different at as“*-
ferent Ey, Comparison of dependences of <MD and 6 on Y as well as those on Bk allows
to ssy sbout anticorrelation between them,
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Vairiation o2V and G‘a as a fuoction of the fragment total kinetic
energy Ex (a) and of the fragment mass M (b),

(to avoid overlaping the curves marked Y + i are shifted along the
y -axis by a value of 1 ).
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No comments on relations described are proposed in this paper as the interpretation of
observed peculiarities requlires both careful analysis and additional information, The lat-
ter will be obtained after processing and analysis of the 2m-experiment data is completed.
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LOW MASS FRAGMENTS FROM 232¢f SPONTANEOUS FISSION

H.-G. Ortlepp, R. Kotte, F. Stary
CINR Rossendorf, GDR

Abstract: An experimental arrangement for the investigation of light charged particles from
ernary fission or for searching for superasymmetric binary fission products is presented.
Jsing a time-of-flight/energy spectrometer low mass fission products were looked for in the
252ct spontaneous fission. for the expected most probable superasymmetric fission fragment
48Ca an upper limit for the superasymmetric decay branch relative to alpha emission was de-

duced < . Measured distributions of light products with masses
around A"="13, A ="I8 and A = 31 and with yields of Y = 10-5, Y = 1.5-106-% and Y = 3 .10
respectively, were ascribed to ternary fission.

1. Introduction

Starting with the discovery of 1‘c emission from 223

Ra by Rose and Jones /1/ in 1984 both
theoretical and experimertal physicists were attracted by this new kind of radioactiviiy in-
termediate between alpha decay and spontaneous fission. Gales et al. /2/ and Alexandrov et
al. /3/ confirmed the experimental results. Already in 1980 Sandulescu et al. /4/ predicted
in the region of heavy nuclei with Z & 88, "a new type of decay which can be interpreted as
highly mass-asymmetric fission or as emission of a heavy cluster”. It was shown that the in-
fluence of shell effects for some particular two-body fragmentations gives rise to a barrier
penetrability which is comparable to the penetrability for alpha decay. The first predictions
for branching ratios relative to alpha emissiod) delivered values which underestimated the
heavy cluster emission mode (with the 1980 variant one obtains a partial lifetime of
Tl/z(l‘c) = 1017'7 s instead of 1015 s found in the later experiment /1/). More refined calcu-
lations of Poenaru et al. /5,6,14,18,19/ and Shi & Swiatecki /9,10/ were not only in e.cel-
lent agreement with the experimental findings but predicted a brcad range of cluster emitting
nuclei deserving attention for further experiments. Recently, a number of such superasymmetric
fission modes was observed: Price et al. /12/ feound the I‘C radioactivity of 222Ra and 2uRa
with branching ratios relative to the alpha decay of B = (3.7 + 0.6) x 10-10
B = (8.3 +1.2) x 10'11, respectively. The spontaneous 4Ne emission modes were discovered by
Barwick et al. /11/ for 222y (B = (2.0 + .5) x 10'12), by Sandulescu et al. /7/ for p,

(8 = 6 x 1071%) and by Tretyakova et al. /8/ for 233 (p - (7.5 + 2.5) x 10713y, A1l these
heavy cluster emissions lead to the doubly magic 208Pb or to isotopes in it's immediate neigh-

ang

bourhood as was expected by the theoretical estimations. The experimentally determined branch-
ing ratios offer now the possibility to test and improve the barrier penetrabilily calcula-
tions,

Rose and Jones /1/ identified the Ra decay products with a solid state counter tele-
scope. They kept the alpha-rate below 4000/s to avoid unacceptable multiple alpha-pile up.
Extending the measurement over 189 days they collected eleven events of I‘C, By using a 7.5

223

times more intensive source in connection with ihe superconductirg magnetic spectrometer
SOLEND Gales et al. /2/ obtained the same number of '°C events within five days. The second
confirmation by Alexandrov et al. /3/ was undertaken with the technique as used by R. & J.

but with a more intensive source. After 30 days scven events of 1“c were collected. The laC
radioactivities of 222'22‘Ra were found with polycarbonatc track-recording films /12/. The
2‘Na decays of 2p, /17, 32, /11/ and 133y /8/ were discovered with the help of poly-
ethyleneterephthalate track detectors. Plastic track detectors proved to be idzally suitied for
selecting afew highly ionizing particles on a huge background of less ionizing particles.

2. Measurements with a8 time-cf-flight spectrometer

The aim of our experiment was to search fur rare decay modcs with pure electronic instrumen-
tation. We investigated the spontaneous fission fragment distribution of a 3 pCi 252
by measuring the time-of-flignt (TOF) and energy (£) of the emitted particles (fig. 1). The
heavy products release secondary electrons in & 27 pg-cm-2 Formvar foil covered with

Cf source



10 ug-t:-'2 Al which are accelerated and bent on a Chevron set-
up of microchannei plates {MEP) delivering the start signals
for the time-to-amplitude-converter (TAC) via a constant frac-
tion trigger (CFT). The stop signals as well as the E-informa-
tion were taken from an 800 mm’ surface barrier detector (SsD)
15 cm apart from the start detector. For the £.12 MeV ZSZC‘
alpha-particles the energy resolution amounted tc AE/E = 2 X.
The resolving time of 4t = 670 ps (FWHM) dominated the mass
resolution of Am/m ~»15 X for alpha particles which should be
somewhat better for heavie: particies. Multiple alpha-pile up
and alpha-fission fragment-pile up were suppressed by the pile up in-
spector of a special pulse stretcher which also provided the
siow coincidence with the TAC. The signals were digitized by
two ADCs and stored into a 64 x 64 channels matrix of a micro-

computer. The data were analysed off-line. The solid angle
ALl: 20 msr and the efficiency é;( 56 % of tr.\e MCP-detector
resulted in an alpha particle counting rate of N‘c o~ 120 s
Fig. 1: Experimental set-up In a first run 1.2 x 10% fission fragments (ff) were collect-
ed, but a fairly big number (50) of @&-ff-pile up events was

recngnized due to the finite resolving time (100 ns) of the pile up inspector. The single
1

counting rates of the SSD were ﬁ¢‘~'270 s and ﬁf‘rv 10 s'l, respectively. In a second run
3 x 106 fission events were measured with a raised threshold of the start-CFT in order to
avoic 99 % of alpha particle triggering, which resulted in a two orders of magnitude reduc-
tion of o -ff-pile up. The TOF-calibration was performed with calibrated delay cables and
with the help of the known velocity of the 1.54 MeV/amu 2520! alpha particles. The energy ca-
libration was based on the alpha particle and light fragment energy peaks as well as the TOF-E
correlation of the light fragments.

From recent predictions of Poenaru et al. /18/ the most favoured superasymmetric fission
s of 252Cf should be 46Ar or ABCa with branching ratios of B~ 2.5 x 10‘1A relative to
alpha decay and kinetic energies of Ekfv 100 Mev, i.e. E/A ~2.2 MeV. No event has been found
in this area of the TOF-E-plot.

The low energy tails of the fission fragment peaks with correct TOF we ascribe to back-
scattering of fission fragments in the SSD. All other events within the region E » E‘, vE v,
are to be ascribed to one of the following effects:

nrodoct

i) tvents with flight times within the non-linear TAC characteristics are out of range of
reasonable physical velocities.

ii) Events with E > Ed and flight times TOF = TOF(a) ¢ At, i.e. E/A = 1.35...1.85 Mev, were

attributed to A -tf-pile up.

iii) Light fragments with A € 20 and high velocities (E/A > 2 MeV) which are not allowed for
binary fission due to the (-value systematics were attributed to the known ternary fis-
sicit process:

Raisbeck et al. /15/ measured light charged particles (LCP) up to carbon from 252Cf

verary fission. Energy ranges of En = 7...41 MeV and E, = 5...24 MeV and abundances per fis-
ten 9f 3.2 x 1072 and 2 x 107% tor alpha particles and tritons, respectively, were deter-

' mee . Taese high energetic LCP are present in our TOF-E-plots, especially in the first run

“fit,. Za). However, from our experiment no yield value may be deduced because of the unknown

ntfiriun.y of the start detector for the lightest particles.

6 carbon ions per fission in the

Raisbeck et al. found also an abundance of 1.4 x 107
enErgy range Ec = 33,,.75 MeV. It is highly probable that this abundance will further increase
if nie extends the energy range to lower energies which they couldn't measure due to the ne-
ressity to shield their particle telescope from natural alpha particles by a 7.6 mg cm'2 Al
foil. for the same reason they couldn't detect events with 7 > 6. Natowitz et al. /16/ observ-

net long-range products of 25201 Ly track detection in mice and lexan, Inteprated yieids of
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Y>» 1.8 x 10-5 events per binary fission and energies of E = 1.5...4 MeV/amu were obtained

for tragments of 8, C, N and 0. Integrated yields of Y & J x 1076 per fission and energies of
E = 1.5...2.5 MeV/amy were indicated for fragments of oxygen or even heavier nuclei (8% 1¢12).
Fig. 2 shows also distributions of heavier fragments with A = 13 + 2, A=18 + 3; and

A = 31 + 5 which energy ranges extend down to E/A ~ 0.9 MeV. These fragments might be attrib-
uted to the ternary fission process due to their energy and velocity ranges. From our experi-
aental results yields per binary fission of Y5 ¢ 10'5, Yig = 1.5 x 10-5, and Yy, =3 x 1078
were deduced for the emission of low energy fragments with masses A ~ 13, A~ 18 and A ~ 31,
respectively, in the velocity range corresponding to 0.9 MeV € E/A < 3 MeV.

T 5 8 ® u % W =T 6 8 W n W TOFies
grenTan S TR
mi [ odnd
» 1200 -
"w
vy
0
0
("]}
o A-1)
» b
v ~ [ S S i e Gl S
W0015 16 07 05 fomv 40302015 16 07 05 Eraev
G 2 FIG >

Fig. 2: TOF-E-plots for 25261 fission products
a) low start trigger level; b) high start trigger level

3. Conclusions

We tried to identify rare 252

Cf-fission events by a time-of-flight-spectrometer. Due to the

low 2520! source acitivity (3 pCi) only 3 x 106 fission events could be callected within a

run of 64 hours allowing to determine an upper limit Bmax = 10'8 for the branching ratio of
spontaneously emitted superasymmetric fission product as “6Ar or 43
this rare decay mode of 252
of B8~ 10714,
measuring time by one or two orders of magnitude. Simultaneously, the radiation damage of the
solid state detector will increase considerably. The radiation damage by 'normal’ binary fis-

sion products could be prevented by an Al absorber foil of thickness Ax ~ 4 mg~cm'2 which
252

fa. In order to detect
Cf which was predicted by Poenaru et al. /18/ with branching ratios
..10_1} the counting rate must be increased by four orders of magnitude and the

allows the superasymmetric fragments to be detected. However, the Cf alpha particles would
not be absorbcd, too. The alpha counting rate would exceed the lethal dose (~ln11 cm'z) of
the SSD by two orders of magnitude. Consequently, the search for superasymmetric fragment
emission from the 252Cf binary fission is hopeless with our electronic equipment. ZSZCf highly
mass-asymmetric binary fission products in our opinion could be detected by plastic track de-
tectors which are not only insensitive to a:lolb cm'2 alpha particles but also to ~ 106 cm'2
high energetic light nuclei from ternary fission, e.g. 50 MeV 12, 'Normal' binary fission
products might be stopped in an absorber foil.

However, 5204 ternary fission with abundances per binary fission from 3 x 10°° to 108
for alphas and carbon ions, respectively, may be an object of investigation with our TOF-E-
technique.
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EXPERIMENTAL ARRANGEMENT FOR THE MEASUREMENT OF CORRELATIONS BETWERN PISSION
PRODUCTS AND NEUTRONS

¥v.D. Proma®), H. Mirten®), w. Neubert®), D. Richter’), and D. Seeliger®’

%) Zentralinstitut fir Keraforschung Bosseadorf, DDR - 8051 Dresden, P¥ 19, GDR

b) Technische Universitit Dresden, Sektion Physik, DDR - 8027 Dresden, Mommseustrasse 13,
GDR

Abstract
The ene (B) and (0) dependent emission probability li 9) of fission nsutrons is
measured the use el-plate avalanche counters AC, one position-

sensitive) for frugnnt dotoct:l.on (time of flight, direction) as well as two neutrom
detectors (D1, D2) for neutron detection (time of flight, detector response). The psper
includes a ducription of the experimental set-up, the malt 1p¢r-otor data acquisition
and processing, aud the analysis procedures. The arrangement peraits the msasureaent of
neutron angular distribations (u dependence of B) Si) for the whole angular mﬂ (11)
with an angular resolution close to 3 deg, and (iil) with a rather high angle point
density (up to 120 points in x ).

Due to the determination of the emission e O by the measurement of fragment
direction, i. e. fixed neutron detector position, systematic errors are avoided widely.

Int. tion

A detailed study of the mechanism of fission neutron emission is only possible on the
base of a precise measuresent of I(B,Od’f) (P ~fragaent paramster set) or at least
N(E,8) as recommended by an IARA Consultants’ leoting.

Such investigations are important because of open fundemental gquestions (scission
neutrons) as well as for practical purposes (development of models for the calculation
of fission neutron spectx'.).2 Concerning asyametric fission reactions, ¢ is defined as
the angle between neutron and light fragment direction commouly. In any case of N(E,Q)
measurements, the determination of the fragment direction and the Aistiaction between
the light and the heavy fragment group have to be arranged. On principle, the following
methods of the N(E,8) measurement can be applied:

i) Detection of the fragments at a fixed direction; use of one neutron
detector and consecutive msasurement of the neutron energy spectra
for selected ansles.J

ii) As item i), but use of several neutron detectors (multidetectorsystem)
to measure N(E,0) at the selected angle points simnltaneously (Ref. &,
but without distinction of light and heavy fragments).

1i1) Use of only one neutron detector and spplication of a direction-
sensitive method of fragment detection.

The method according to item (iii) implies tbe simultaneocus measuresment of the whole
N(E,8) distribution applying only one neutron detector, Systematic errors concerning
the other methods are avoided abviously. Two papers concerning & type-(iil) experiment
have been published ncntly.5'6 These arrangemonts rely on the use of a gridded ion
twin chnbors and a doudble=FPAC set-up (one position-sensitive) - to be described in
this paper in more detail ~ respectively.

2. Experinentsl arrsagement

The set~-up of the fragment-neutron correlation experiment is illustrated in Pig. 1
schematically. A single PPAC located beside the fission sample 8 (5 mm normal distance)
provides the timing (STOP) signal T-FPAC for the fragment time-of-flight (10F7) and the



peutron TOF messureasnt (cf. Fig. 2).

Pigure 1
Schesatic representation of the

experimeantal srrangesment

The position-sensitive parsllel-plate avalanche
counter PPAc(Ps)7 consists of an anode with an area
(35 x 180) -2 and the complementary electrode
subdived into 36 segments of 4.5 mm width. The time
difference tstween I-FPAC and the snode signal ™A is
a Beasure of the fragment TOPF.

The PPAC(PS) segment sigunals are coupled iuto a delay
line inductively (220 ns meximum delay) yielding *he
time signal M-DL. Messuring the time difference between T-A and DL one obtains the
position signal which bears the inforsation on fission-fragment (FF) direction. Two
varisnts of the FPAC arrangesment are used. The first one (variant I) covers a @ range
of =x/4 as illustrated in Fig. 1, In this case, the two neutron detectors K1 and N2
consist of a NE21) scintillator (5" in disseter, 1,5" thickness) and a fast photo-
maltiplier XP 2040. The neutron flight path is chosen to be 1.6 m to measure K(E,6) for
osutron energies between 1 and 10 MeV. The normal distance between both PPAC amouats to
170 am.

Variant IT*) is used to measure N(E,0) at low neutron energies (0.1 - 2 MeV). In this
case, the PPAC set~up covers a @ range of g. Hence, the normal distance between both
PPAC is lower (70 ma). Two NE 912 scimtillators (35 mm in diameter, 5 mm thickness)
viewed by 56 AVP photomultipliers are located at a distance of 350 ma from the source.
A chamber filled with low-pressure heptane (~103Pl) encases the PPAC arrangement. The
timing signals ™A, ™DL, and T-FPAC are obtained by fast discrimination of the aaplified
FPAC pulses. They act as input sigoals of the time-to-amplitude converters (TAC) as
illustrated in FPig. 2.

Figure 2

Scheae of sigunal

processing and data

o acquisition.

w ko m‘. Deshed lines represent
logical signals.

|_osmar |

o a0 E—cmcow
CHECK - UP SPECTRA 0

-2 ot [5- o]

+) Present co-operation with the Central Research Institute for Physics,
Budapest (cf. Ref, 8)



41

If eaploying HE 213 scintillators for neutron detection, n/y-discrimination is used to
suppress the background. In this case, D-D1 and D-D2 (Pig.2) are the neutron identifying
signels including amplitude discrimination. The applicaticn of Li-glass scintillators
(HE 912) euables amplitude discrimination only (timing siogle-channel amalysing).

e logical signals are combined as shown in FPig. 2, i.e. the positioc-ADC (enslogue-to-
digital couverter) ss well as the FF - T0F - ADC are only triggered if a nesutron was
detected by detector D1 or detector D2 (logical OR) in correlation with s fission event
(coincidencs units COINC). Both nsutroc TOF words are combined to one digital word by an
iaterface MI (standsrd iaterface SI 1.2). Oune bdit bears the information on the detector
ousber.

t uisition 1

Pig. 2 represents tbe most important components of the data acquisition systea., The
three-parsmster dats (position, FF - TOF, nsutroo-T0F) are red by the computer KRS a201
via a second MI and & DMA unit (direct memory access) into a baffer (double-buffer
system working alternatively). Event blocks corresponding to the buffer capacity are
stored on maguetic disc. A display shows the deduced single spectra. Further, s two-
dimensional spectrus whose co-ordinates (data word oumbers) have to be defined cem be
gensrated by a microprocessor—controlled systes with a coulor 2D-display (made in
C.I.8.R. Bossendorf) simultanecusly. This "2D-device™ is coupled to the IRS computer
via DMA. It can also be used autouomously for the acquisition of two-dimensional spectra.
The amplitude spectra of both neutron detectors (AMPL-N1 and AMPL-N2, cf., Fig. 2) are
also recorded by an analyser (PHA) for a continuous check-up of stability. The computer
codes for the on-lice data acquisition and the off-line dats sortiog have been writtea
ia assesbler language to guarantee a very high processing speed.

All further snalysis operations are performed at the KRS by the use of FORTRAN codes.
The dividing line between heavy and light fragment group to be set in the FFP-T0F spectrum
(ef. PFig. 3) is a function of FP-direction (position amplitude) due to the position-
dependend FF flight path (cf. Fig. 1). Therefore, a corresponding channel limit table
hes to be determined using either the 2D-device (channel-marking mode) or a special
computer code, The sorting code generates the two-dimensional (meutroa 70F, position)-
spectra for both fragments groups on the base of this table,

The position spectra of all selected neutron eunergy iotervals (cf. Fig. 4) are unfolded
by the use of a rather simple Gaussian~fit algorithm. The peak area for s given FF
direction (angle €) and a selected B interval divided by the PPAC(PS) segment efficiency
(to be measured) is proportional to N(E,9).

N - 3 ;
i 1200 ] ! " 1
N X l
. H
i - | |
-0
) "
ok ~ s - [] [ 10 92 28
chaane nuaber (17 tof} chenng| ausper isasition saplitudel
Pigure 3 PMgure 4
Typical FP-T0P-gpectrum for a selected rgpical position spectruam exhibiting
position, The arrow indicates the divi- 36 peaks which currespond to the
ding point to distioguish between doth PPAC(PS) segments

fragaent groups (min point)



a, Beeults. Discusaion

At present, the experimental arrsngessnt dsscribed above is employed to msasure the
emission probability N(B,8) of neutrons from spontaneous fissios of 272Cf. This reaction
represests a "standard®™ subject for the study of fission neutron emission. The Pigures 3
apd & show typical single spectra (FP-T0F, position). The position spectra can be
unfolded satisfactorily (resolved pesks).

Usin,; the FF-10F spectrum for the distinction of both fragaent groups a sasll part

(2.5 %) of the fragments is not correctly classified for physical (FP-T0P is a functionm
of fragment kinetic energy per nucleon) as well as experimental reasons (time resolution).
W estimated this effect councerning the uncertainty of the N(E,9) data for the two
variants described in chapter 2 and found it to be of minor importance.

9. — - ———v—r ~— Pigure 5

Neasured angular distributions
of neutrous shown for selected B
(paramster in MeV)

Non-councentrated N(E,0) data measured by the
] use of the variant-I arrangemeat are shown
° = st — in Pig. 5 (preliminary results of the first
o oo run, 3.1 deg angular resolution). The angu-
lar éistributions represeated for selected
geutron eaergies consist of 120 angular
points covering the whole angular range. A
reassonable data concentration is intended to be realized in the final analysis of all
experiments.
Note that the two variants of experimental arrangements are adapted to the expected
attributes of N(E,@) in both energy ranges. This concerns the PPAC set-up specifically.
The higher average FF flight path of variant I enables a better distinction between the
fragaent groups. This is necessary due to the high emission anisotropies at high B. First
experimental results concerning variant-I measuremeants have beea discussed in Ref, 6, The
data exhibit much higher snisotropies for neutron energies above 4 MeV than previous
ones>’ .
Jurther measurements and comprehensive comparisons between experiment and theorys are in
progress to make a contribution to the clarification of the picture of fiesion neutron
eaisajon,
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MULTIPARAMETER MEASUREMENTS ON CHARGED PARTICLE ASSOCIATED FISSION OF 2:"GU
J.P. Thecbald
Institut fir Kernphysik der Technischen Hochschule, D-€100 Darmstadt

Abstract

This is a report on two different ltiparameter measurements on charged particle accampanied ther—

mal neutron induced fission of ’dlt:

- a measurement of relative charged particle yields and their kinetic energy distributions with the
fissior product separator

and

= a measurement of a complete set of kinematic parameters for fission fragments and associated

alpha particies with the double torus ionization chamber "DIOGENES™.
Both instruments are operated at the high flux reactor of the ILL in Grenoble.

1. INTRODUCTION

Light charged particles are emitted in some permillage of the essentially binary fragmentations of
spantanecusly or induced fissianing nuclei. In about ninety percent of these cases the charged par-
ticle is a2 long range alpha particle (LRA), so called because of its high kinetic energy of about
16 Mev. Particles, which have been identified as fission associates are indicated in the chart of
nuclides in fiqure 1. There is same indication for the emission of %0 1) and ?!Ne 2). The s.arch
for the double magic '°He was till now not successfull. This isotope can be considered as particle
unstable 3)2)4).
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Fig. 1

Yields of observed light charged particles associating fission
Emission nearly perpendicular to the fission direction 5 is called "oquatorial” that cne into the
fission direction "polar” 6). The latter one has been observed for alpha particles, protons, and
tritons 7). Equatorial emission is followed by Coulamw fccussing in the two center field of the main
fission fragments. Therefore it is generally accepted that at least this type of emission occurs in
space and time close to the scission point 8). The origin of the polar particles is still debated
and there exist several hypotheses for their emission mechanism 9).

I shall report on results of two experiments, which were performed by a collaboraticn between the
Tectnische Hochschule Darmstadt and the Centre d’Etudes Nucléaires de Bordeaux-Gracic:ian

a) Measurement of the relative light charged particles yields

Collaborators:
G. Barresu, T.P, Doan, P. Koczon, B, Leroux, M. Mstterer, C. Preuss, A. Sicre and
K. Weingdxrtner

b) Measurement of a camplete set of kinematic parameters of LRA-fission

Collaborators:
J. Pannicke, M. Mutterer, P. Heeg, F. Kraske, ¥. Weingirtner, G. Barreau, B. Leroux
and F. Génnerwein




The experiments were performed at the high flux reactor of the "Institut Max von Laue - Paul
Langevin™(IIL) at Grencble.

2. THE YIELD MEASUREMENT

Mass- and energy distributions of light charged particles have been measured with the fission pro~
duct separator "LCHENGRIN® 10). It is an electromagnetic mass spectrameter which focusses fission
products with a fixed ratio of mass number A to ionic charge g onto parabolas. Particles with
different kinetic energies are displayed at different positions on these parabolas. Mass and en-
ergy resolutions A/AA and E/AE are about 10°. "LOHENGRIN is shown in figure 2.

electric
defiection

magnetic fieid

)

Torget 0.23--0.4

electric field

Fig. 2

The {ission product separator "LOHENGRIN®
In the focal plane the light charged particles are detected in a AE/E telescope of surface barrier
detectors for E and a AE proportional counter for nuclear charge identification. The telescope has
a sensitive length of 52 ar and is presented in figure 3.

The AE/E detector telescope in the focal plane of "LOHENGRIN"

Typical AE/E spectra as the one shown in Figure 4 for the case of A/g = 3 at E/g = 5.6 MeV allows
a determination of the relative light particle yields, if all ionic charge states and camplete en-~
ergy distributions have been measured. This is not always possible due to the high voltage limita-
tion on the electric deflector of the spectrameter, which is around 700 kV. Incamplete energy dis-
tributions have been extrapolated with Gaussians, lacking g-states by a method described in ref. 11)



(figure 5). Same of the results are listed in table 1 together with previous data by A.A. Vorobyov

etal. 1).

‘In the third colum theoretical yield values are presented calculated with a statistical model

formula given by G.V. Val'ski 12).
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2.1 Conclusions
Fram the data of table 1 and the calculations with Val'ski's formula the following conclusion can
be drawn:

i) Light particles with even Z are more frequent than odi Z nuclei (figure 1)
ii) A similar odd-even effect for the neutron numbers is less pronounced
iii) The mean kinetic energy of particles with 2 2 5 does not vary considerably
iv) Emission of particles as hew' as Neon have been cbserved
v) Yields of protuns are covered by neutron-proton recoil products.
Reliable yields of '2C and %0 are also not available, as collisions of
fission fragments with natural nuclei prohibit accurate yield measurements.
vi) '°He is most probably particle unstable.
vii) Heavier charged particles Z > 2 are created also in low excited states.

3. THE KINEMATIC PARAMETER MEASUREMENT

The measurement of a complete set of kinematic parameters for charged particle associated fission
have to be restricted to the case of alpha particle emission, because of the rareness of the other
species. Even in this case highly efficient detector systems are necessary.

We have constructed the double torus ionization chamber "DIOGENES" 13) shown in figure 6. It con-
sists of two concentric gridded chambers with a toroidal shape surrounding an evacuated target cy-
linder. Position sensitive proportional counters are inserted into the window frames between the two
chambers. The imner chamber measures fragment, the outer one and the proportional counters alpha
particle parameters.

PROPORTIONAL CQU -
-l:"

AL AN

e Al 7.
SN ANNNNANNN\N

Fig. 6
Double torus ionization chamber "DIOGENES”

The following quantities have been recorded during the experiment in list mode

i) the kinetic energy of the main fragments,

ii) their specific energy loss,

1ii) two angles to define their flight path direction,
iv) the light charged parti:le kinetic energy,

v) their specific er-rgy loss,

vi) their flight pat.. airection.

Fram these quantities energy and angular distributions for alpha particles fram mass, energy sepa-
rated main fragments can be deduced.

Fiqure 7 displays the integral particle yield as function of their energy and emission angle relative
to the main light fragment direction as well as a projection of the yield onto the angle axis.
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About 1.5 - 105 multiple coincidences have been recorded. Equatorial and rolar particles are clearly
separated. Therefore it is possible to plot in figure 8 fragment mass and energy distributions for
alpha emission into the direction of the light and heavy main fragments (polar emission) and per-
pendicular to the fission axis (equatorfal emission). Fram these plots the most probable masses

so'..

Epolur =
23.5:0.4MeV —
Eequ. =

15.7 t 0.4MeV —=

Figq. 7
Alpha particle yield as function of emission angle

and kinetic energy and projection of the yield on-
to the angle axis.

and energies as well as the widths of the mass and energy distributions for light and heavy main
fragments for the three cases can be derived and listed in table 2.

100

Fig. 8

Pragment mass (above) and
directions of the light (first
for equatorial emission (middle

energy (below) distributions for polar emission into the

colum) and the heavy (last colum) fragments and
). Dotted lines represent binary fission.



binary | ©6=0° 0=90" | 6=180°

<N > 96.8 94.7 94.0 96.9
oy, 5.8 6.6 5.6 6.2
<My> | 139.2 | 137.3 | 138.0 | 135.1
| oys 5.8 6.6 5.6 6.2
<E,> | 102.C 80.7 93.5 98.6
o5 5.5 4.9 5.2 5.9
[ <E.> 71.4 67.5 65.0 57.8
Ora 7.7 5.8 6.5 7.0

Table 2

Fram our data a series of parameter correlations are available. As exawples the most probable
emission angles and most probable particle energies together with the width of angular and
energy distributions as functions of the fragments mass ratios are displayed in figures 9 and 10.

2
- .
23
~ 861 } l1 22 ’8\'
g ﬁ“’.. 2%
,82 9§§H 9 7
® N . 120 &
781 .l. am " lig ®
7% — 48
10 12 14 16 18 2
Mo/ My
Fig. g

Most probable emission angles and widths of the angular
distributions of LRA as function of main fragments mass
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Most probable kinetic energy and widths of energy distri-
butions of LRA as function of main fragments mass ratio.
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3.1 Discussion

Since the discovery of LRA fission in 1947 it has been the hope of physicists that the
alpha particle carries information about the scission configuration in the fission process,
i.e.

i) fragment deformation,

ii) neck elongation,

iii) interfragment distance,

iv) prescission kinetic fragment energies,

v) fragment excitation.

An interesting and encouraging paper on this subject has bean published recently by

H.M.A. Radi et al. 14). We have tried an inverse trajectory calculation in a two center
Coulamb plus muclear potential. Fram the alpha particles final kinetic energies and
emission angles and the main fragments total kinetic energies the corresponding initial
quam: “ies have been determined. Essential byproducts of these calculations are interfrag-
ment distances and fragment deformations at the instant of alpha emigsion. Finally spatial
distributions of the starting points of the nascent particles are cbtained and displayed in
figures 11 and 12 far equatorial and polar emission respectively. The interfragment dis-
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Fig. 11

Origins of equatorial alpha particles.
x-axis: distance from the center of mass
y-axis: distance fram the fission axis
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tance distribution is shown in figure 13. It agrees quite well with the theoretical results of
‘H.F.A. Radi et al. 14). Only for the fragment mass ratio of 1.4 and spherical fragments the inverse
trajectory calculations have been campleted. More general calculations are under way.
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Fig. 13

Interfragment distance distributior (in fim) from trajectory calculations

3.2 Conclusions
At the present state of evaluation of our data the following conclusions are allowed:

A) on equatorial emission:

i) Equatorial alpha particles are not necessarily emitted fram the neck between the nascent frag-
ments. They can as well be emitted fram the fragment bodies close to the neck, where the frag-
rent-fragment interaction recuces the pctential barrier.

ii) For the reproduction of the experimental data by inverse trajectory calculations a broad initial
alpha particle kinetic energy up to about 8 MeV is imperative. Sharp initial energies do not re—
produce the data.

iiiJThe light fragment is the main contributor to LRA fission. This underlines the fact taat the
heavy fragment mass peak is stabilized by the 82 spherical and the 88 deformed neutron shells.
LRA fission of ?’%U has similar fragment mass distributions as 2’2Th binary fission.

iv) The kinetic energy of the alpha particles increases with decreasing fragment mass asymetry,
while the width of the kinetic energy distribution stays about constant.

v} The most probable angle of alpha emission Oa approaches 90C + the fragment's recoil angle when the
fragment mass asymmetry decreases. This effect is enhanced close to symmetcic fragmentation. The
width of the angular distribution of the alpha particles is nearly constant as function of frag-
ment mass ratio down to about 1.2 in spite of the increasing kinetic energy. Close to symmetric
fragrentation the width increases by about 50 %. The reason for this behaviour may be the rela-
tively high shell stabilized deformation of symmetric fragments 15) and the absence of a light
fragment dominant as particle emitter.

3) on polar emission

1) Polar alpha emission is a process which can experimentally be separated fram equatorial emission,
i.e. the alpha yields show distinct peaks in the directions of the fission fragments. The reason
for polar emission may be the enhanced harrier transparency of the poles caused by the relatively
high surface curvature.

i1) Polar alpha particles into the direction of the light and heavy fragments are emitted fram the
corresponding fragments. This observation excludes the possibility that polar particles are
scattered fram the neck region.
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iii) The ratio of polar to equatorial alpha particle yields are
for the erission into the direction of the light fragment (0, < 25°) 0.0240
for the emission into the direction of the heavy fragment (6, 2 155°) 0.0080
iv) A part of the reanil energy on the alpha emitting fragment is transferred to the

fragment partner.

C)_in general
i) Inverted trajectory calculations offer a sensitive tool to derive scission point configurations

from measured kinematic LRA parameter. At present, we are, however, not yet able to discuss in
greater detail the quality of this information.

ii)For the understanding of LRA fission, for which multipa.ameter measurements have provided cam-
plete kinematic parameter sets it is essential to develop a quantum theory of alpha decay fram
fast changing nuclear potentials on the basis of a time dependent Schridinger equation with a
time dependent potential for alpha particles in a fissioning nuclear system. It is to be ex-
pected that equatiorial alpha emission results frm slowly variable wave functions in the
region of fast neck rupture 16).
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TRITON AND ALPHA EMISSION IN THE TERNARY FISSION OF THE ACTINIDES

C. WAGEMANS!2, P. D'HOMDT?, P. SCHILLEBESCKX:2, R. BRISSOT?
! Muclear Physics Laboratory, B-9000 Gent, Belgium

2 SCK/CEM, B-2800 Mol, Belgiun

3 Institut Laue-Langevin, F-38002 Grenoble, France

: The energy characteristics and the emission probabilities of the tritons and the
o-particles emitted in the thermal neutron induced termary fission of T3, D&Y, WPy, 24Py and
241An have been studied using surface barrier AE-E telescope detectors. Within the experimental
uncertainties, ﬁ and Et appear to be constant, but the widths of these distributions and the =
and t emission probabilities seem to be correlated with Z3/A and with the constant for radio-
active a-decay ) of the fissioning system.

1. INTRODUCTION

Although the thermal neutron induced ternary fission of the fissile isotopes has been
studied since almost fourty years, significant progress has been realized mainly after 1970
with the advent of high resolution detectors, powerfull data acquisition systemas and intense
and clean thermal neutron beams. Taking profit of these new possibilities, 3 study of the
thermal neutron induced ternary fission of 235U has been performed by D'hondt et al.l), with as
most striking result the observation of a non-gaussian low-energy tail of the a-particle energy
distribution, in contrast to the gaussian shape of the p,d,t and ¢He energy distributions. This
non-gaussian a-particle energy distrjbution was confirmed by Caitucoli et al.» (down to 2 MeV
a~energy). By combining both measurements, a deviation of +6% with respect to a gaussian
distribution has been determined (fig. 1).
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. o'n.'-m ot ol In the present experiments, the

B, | ¢ Caitucoli ®tal. characteristics of the ternary a and triton

3000k [_6"'""" it emission in the thermal neutronm induced

f\_ fission of 233y, 238y, 23%y, UlPu and MiAm

% are studied under identical experimental

\ conditions, with high statistical accuracy,

\ duely considering the low-energy part of

the spectra and using highly enriched

target material. So the relative errors are

E fairly small, allowing a good comparison of

these characteristics as a function of 2
and A of the fissioning nucleus.
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Fig.1 Demonstration of the non-gaussian tailing in the 238U(ny,f) ternary o energy distribution

2. MEASUREMENTS AND RESULTS

The measurements were performed at the 87 m curved neutron guide at the High Flux Reactor
of the Institute Laue-lLangevin (Grenoble). The flux at the sample position was 6 x 108
neutrons/cm?.sec and the ratio of slow neutrons to epithermal and fast neutrons was about 108,



So the background due to fast neutron induced reactions was extremely small. The same can be
said for the background due to photon induced reactions, since the direct y-ray flux from the
reactor was reduced by a factor of 108.

The ternary particles were detected by means of a surface barrier AE-E telescope detector.
Several fully depleted AE-detectors have been used with thicimesses around 30 um, an active
area of 300 sm? and an energy resolution of abcut MO XeV for 5.5 MeV ao's. The E-detector had a
thiciness of 700 um, an active area of 450 ws® and an energy resolution of 25 keV. After
amplification, the detector signals were coded and coincident AE-E data pairs were stored in a
512 x 512 channels matrix of a HP1CLOA700 computer with on-line data reduction.

Three different types of experiments have been performed, starting with the ternary a
energy distribution for 3% and 2¥Pu down to about 8 MeV a-energy. In all previous work, these
reactions were studied with an absorber in between target and detector, resu:iting in an
additional energy loss and a spectral distortion. This was not done in the present experiments.
Moreover, the high intensity o: the neutron beam permitted to use fissile layers of 5 ug/ca?,
resulting in a negligible energy loss of the ternary a-perticles in the target. These
measurements clearly demonstrated that the =W and 2% u(ny,f) ternary ao-particles have an
energy distribution like that of 2%U(ny,,f), i.e. deviating by about 65 from a gaussian shape.

In the second group of experiments we determined the triton-to-ternary a ratio (t/LRA) for
233, 236y, 2%Pu and M¥Pu(ny,r). For 24iAn(ny,f), preliminary results have been obtained. During
these experiments, the AE-E detector was shielded with 30 um of Al, which was thick enough to
stop the binary fission fragments and the a-particles emitted during the radiocactive decay of
the nuclei studied. In fig. 2 the energy distributions of the a-particles(a) and the tritons(b)
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Fig. 2

Energy distributions of the ternary o-particles(a) and tritons(b) emitted in the
thermal neutron induced ternary fission of 235U and 241Pu.



55

emitted in the thermal neutron induced termary fission of 23U and 24Py are shown. The full line
represents a least squares gaussian fit to the data points (in the LRA case, only points above
12.5 Me¥ have been considered in the fit). Mumerical values for the parameters of these
distributions are given in table 1. In this table, also the t/LRA ratios obtained from these
seasuresents are given, including a correction of +63 to the gaussian extrapolated LRA-yield.

Reaction Eq(MeV)  Fulli(Me¥)  E,(MeV)  FuB(MeV) t/LRA(S) LRA/B{x103) t/B(x104)

B3Weng 15.820.1 9.720.1 8.320.1 T7.1¢0.2 5.2720.1% 2.1720.07 1.1820.05
sty 15.820.1 9.520.1 8.320.1 6.820.2 6.35%0.18 1.7020.03 1.0820.08
WPusny, 15.920.1  10.020.1 8.520.1 7.2:0.2 6.8120.19 2.22:0.07 1.5220.07
4lPurng, 15.920.1 9.820.1 8.820.1 6.920.2 7.6120.19 1.86:0.05 1.5120.06

Table 1 Susmary of the triton and LRA energy characteristics and emsission probabilities

These t/LRR ratios can be converted intc absolute triton emission rates once the LRA yield
is determined in an absolute way. This has been done very accurately for 235U by D'hondt et
al.1, who obtained a value of 58929 for the B/LRA ratio (i.e. the number of binary fissions
needed for the emission of one LRA particle). In this value the non-gaussian low-energy LRA
component is included. In a third group of experiments we determined the B/LRRA values for the
thermal neutron induced ternary fission of 23U, 2Py and 241Pu relative to that of 238U, For
Aipm(ny, ), preliminary results have been obtained. In table 1, the absolute triton and LRA
emission probabilities obtained in this way are summarized.

3.  DISCUSSION

The results summarized in table 1 generally agree with the corresponding data reported in
the literature, when available. A detailed comparison s beyond the scope of this paper.
However, all the data are compatible with a constant E,- and E,- value, which is not the case
for the FWHM and the yields.

In fig. 3 the FWHM-values and the absolute triton and LRA emission probabilities obtained
during these measurements are plotted as a function of 22/A and of -log A (A being the radio-
active a-decay constant) of the fissioning system. This figure is completed with results on the
ternary a-emission for 23Np(ny,,f) previously obtained? under the same experimental conditions.
The general trend for LRA/B, t/B and the FWHM of the triton and LRA energy distributions 1t an
increase with increasing 22/A and a decrease with increasing -log A. In the following alinqas
we will try to interpret these correlations.

A correlation between T/B-values and 22/A was aiready observed by Nobles 4 in 1962. The
quantity 22/Rk appears in the liquid drop model as the ratio of the electrostatic to the surface
energy of the drop. So Z2/A i3 a measure of the fissility of the fissioning system considered.
Hience it has been widely used to be correlated with all sort of fission observables. Halpern®
on the other hand correlated the LRA/B-values with a parameter U4Z-A, Both methods have in
common that the proton number Z of the fissioning system is the dosinant factor.



The observed jincresse of the light
DO, g0y 2y T, 20, I8, D Ny, D, particle yield with increasing Z2/4
can be understood as follows : Both

23w} the neutron yield and the mass yield
data show that ae-particle emission

occurs at the <expense of the

‘ ‘ excitation energy of those fragments

1 having the largest defcrmation energy
' ’ at ascission. So the 1light particle

yield increases with increasing
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deformation at scission. Since liquid
drop wmodel calculations show an
increase in the deformation energy at
scission with {increasing 22/A, the
observed increase of LRA/B and t/B
with 22/A is expected. In a very
recent paper, Wild et al.® found some
evidence for a correlation between the
ternary particles emission probability
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spontaneously fissioning isotopes.
Since the internal heating in the case
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/A logh of spontaneous fission is expected to

be very small, they approximated the
deformation potential energy at
scission by Q - <«TKE>., Such an

Fig. 3 lmt““ ternary o 3'(“’)"1“" yields and approximation is however not valid for
FWHM of the a(x) resp. triton(e) energy distribution

as a function of Z2/A and of -log A (A being the thermal neutron induced fission, since
ground-state radicactive a-decay constant) of the the fission mode appears to be

. Here A is given | -1,
fissioning system re s g n year st 1y below the barrier.

For the observed increase of the width of the LRf energy distribytion with 22/A we propose
the following explanation : From trajectory calculations we know that the broadening of the LRA
energy distribution is due to the coulosb field that amplifies small differences occurring in
the initial LRA kinetic energy spectrum. These initial differences result from fluctuations of
the scission shapes (stretcliing modes) which become more important with increasing deformation
energy. Since the deformation energy increases with increasing 22/A, the observed correlation
of the width of the LRA energy distribution with Z2/A is not surprising.

Since the yield of the light particles as well a® the width of their energy distributions
seem to vary with 22/A, we want to understand why the gverage energies Eoand Erare constant
within the experimental uncertainties. From the trajectory calculations we learn that the
initial energies of the LRA-particles can be roughly approximated by a Boltzmann distribution
with a temperature around 1.5 MeV. So the determining factors for the final LRA-energies are
the angle of ewission of the particles and the focusing coulomb field between both fission
fragments. Guet et al.” for 28U(ny, ,f) and Tsuji et al.® and Fluss et al.» for 262Cf(s.f.)
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detersined the angular distribution of the LRA-particles with respect to the light fission
fragment. For both reactions a strongly peaked distribution has been observed with a FWlHM of
18.5°, the most probable angle being 81.3° for DS5U and 84.3° for 82Cf. Apart from this peak
shift of 3°, also E,as a function of the angle of emissior is very similar in both cases. So
the focusing coulomb field as well as the conus in which the LRA-particles are emitted appear
to be rather stable when going from 235U(ny,,f) to 252cpr(s.f.). This stability is probably a
consequence of the well-known stability of the heavy fragment peak in the fission fragments
mass-distribution, which is mainly due to the spherical 2=50, N=82 and to the deformed N:=88
shells. Indeed, since iy remains almost constant, this will also be the case for Zy, which has
a strong impact on the coulomb field.The constancy of Zu for soms of the fissioning systeas
considered is also illustrated in a very recent paper by Ginnenwein!®

Finally, we 'mnt to discuss the apparent correlation between the ternary fission
characterist A, The idea to interpret ternary fission as an a (or t, d, p, ...)

decay of the fissioning system during the last phase of the scission process has been forwarded
by Cérjanil). In such a picture, the ternary a-emission probability is expected to be correlated
with the coulomb barrier penetrability P and with the reduced a-emission width 82(i.e. the
probability of having an a-particle inside the nucleus). Since A=582P/h (h being Planck's
constant), a correlation between land the ternary g-emission probability is likely to occur in
the framework of Cirjan's model, although the A-values used in fig. 3 are for ground-state
transitions and the (ny,f) reactions considrred are leading to a fissioning system in an
excited state.

However, the parameters Z2/A and A are not fully uncorrelated. From a least-squares

adjustment in the region B4$Z<98, Viola and Seaborg!? determined a semi-empirical relation
between Aand Z : log 0.693-log A=z (2.11 Z-48.99) Q.12 -(0.39 Z+16.95), Abeing in sec-! and Q,
being in MeV. So clearly Z {s a common parameter in Z2/A as well as in -logi. This makes the
interpretation of the results not easier.
The apparent correlation between the ternary fission characteristics and log i could be
interpreted as giving evidence to Cirjan's model, in which the a-penetrability plays a
prominent role. The Z-dependency of 1 and the correlation of the ternary fission
characteristics with Z2/A on the other hand certainly do not contradict earlier models like
e.g. the three point charge model, in which Z is a very important parameter.
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RESOKANCE PARAMETERS OP—I_’U-239 IR THE RESOLVED ARD UNRESOLVED
RESONANCE REGION
K. Janeva, Institute for Kuclear Research and Nuclear Energy,
Boul. Lenin 72, Sofia 1784, Bulgaria

ABSTRACT
The new approach to the multilevel analysis of Pu~-239 neutron cross sec-

tions in the resolved and unresolved resomance region is presented. The resonance
parameters and their average values in the unresolved resonance energy have been
obtained.

This presentation summarizes the results obtained in cooperation between
the group of Dr. Vankov from the Imstitute of Physics and Power Engineering,
Obninsk, USSR, and our group in Sofia. The results were briefly presented at the
Santa Fe Nuclear Data Conforonee/ v for the resolved resonance region and in some
papers/ 2,3/ for unresolved resonance region.

In the resolved resonance region the new approach to the multilevel
analysis, based on the S-matrix unitarity property, is developed. The collision
matrix elements for given total momentum J are

S:i(E) - XTI (g, 43 %.L_-EEE] m
l(";) K
where width amplitude fC‘f and level emergy £, - Mt V. are complex values. Sum-
ming of (})comprises the same level system.

The total érou section is a sum of Breit-Wigner terms
Guve - He (pu-t)

(M€ - V2 ’ (2)
where VB (Gt iHe) = 2g(3) Tenexp (208, 0y 4215%g(3) sin ¥y
is the potential cross section ( ¥» = phase not depending om J),

O"}(E): H—QCSZn‘: 0; 4+

The observed cross section in the resolved resonance region is a sum
of two level systems with J = 1 and O ()= 0‘"(5)4 o"’(t:) » Broadening with

Gauesian kernel of totel cross section (2) leads to the expression:

Oe)- 0, + Khe % E:Z,’;“Y(M_Cf’%) il —%: x (H‘\;: 'Jai):'l *

where (= Azz + AZT, M@ -~ dispersion of the resolution function, A4y - Doppler
broadening,Y and X are Voigt profiles.

Using the unitarity properties in the frame of the S-matrix formalism,
we obtain

okt

. ‘I—:‘# ‘.‘.’“/1. < Ten,
T 18l 47 2 (ne #ATHE) « (Bre » 7 @

[ £



Prom (4) we have the following general relation bdetween the resonance

paremetors: ey ...,)‘h.
fnS A0 e Ige fe'nlue (5)
g © »
FProm the \m:l.tcritt‘y properties of the S-matrix also follows:
- 15wni?= T | Snel® _ (6

The rolation (2) for tﬁn total cross section leads to

2 GV + [ Mc-£) Ha
2 (4-ReSnm)= Hsin P+Z.———5—L°'—-Q—("‘_E) N

H 7
: §sin'P+ In{.—if—:’e—'-:-&

Comparing (5) and (7), we obtain

~ 4
rzn b — 1.& (G"'DLH..) (8)
This is an unambiguous rolation between the Adler-Adler parameters f{or the total
~
cross seotion and [un (when the phase is known).

The reaction cross section is given by the expression

. D (9)
where G. and He are Adlor—Adlor parameters for the reamction C.

This gives us the relation
“" NEle § *'/l. ~a'ly
fec Iy e [len

2 fun 'ec
Gy +iHe = LL'Z‘_' 6,‘, -C. (10)

or with the same meaning
r,,,=Z;.(G;+£”:) (1)
From (8) and (11), we obtain
(G—,,,"(.Hn. (Gk-tug)

H 'c. +LH —
3;”(9 tiHg) = ¢ ‘ ,‘) L 7, (12)

Analogously, the parameters of the absorption cross section 07 are de-

termined:
(Gx +iHe) (G -iHy)

r - Ee (13)

(,: v e (G-
t'

The absorption ocross section U3 1s a sum of fission Q; and capture Oy

ocross sections. We have the corresponding set of capture parameters:
G:+¢Hf = GCoibg- (6L +iHe) (18)

We elaborated the practical scheme for constructing the 239Pu neutron
cross sections for absorption, capture and elestic scattering, using the resonan-
ce paramsters of total and fission cross seoctions only. We performed the multi-
level analysis of the 239Pu total cross section in the energy region up to 500 eV
using the experimental data from /4/ with the complementary information about

/5/,

the level spin and the parameters from one-level analysis Cur set of para-

meters Ox , He , Vo , C‘p with Jf e 11.3 reproduce the detailed resonance



structure of the total cross section in this reglon (see Fig. 1).
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Figure 1. Total cross section of 23 9Pu: 4 _ experimental points and
mltilevel parametrization (-) and calculated multilevel
elastic scattering cross section.

The elastic scattering cross section has the same form

de) =Tk g(y) 14- sén 2.

”
: G Ve - (Me-E) H
. ope mktE L St fiBe (15)
" i k(M E)F +7,
whore &, and H, can be obtained as a difference
n a n -
Gi = G'z" Gl- He = Ht‘Ht (16)
We performed the multilevel analysis of 239?\1 fission cross section using

the experimental dats from /6/ « Our set of resonance parameters for a fission
cross section is adjusted with parameters of a total cross section in resonance
region. On Figures 1 and 2 the 239Pu neutron cross sections are shown comnstructed
by the use of the total and fission cross sections parameters. This result has
been compared with the experimental data from 1/ after broadening over the re-
solution and Doppler functions. The good agreement can be seen on Figures 1 and 2.
We compared our set of resonance parameters with the new results from the
multilevel analysis of 239Pu neutron cross sections in the frame of the Rich-Moore

R-matrix lchm/ 8/

+ The authors of this work transformed their parameters into
the Adler-Adier ones in the energy region O -~ 45 eV, Generally, these parameters
are in good agreement with our results., The parameters [ and v agree very well,
which is to be expected. In the set of 6T and ¥ parameters, the discrepancy is
less than 20% with the exception of 3 levels in the end of the interval., There 1is
a signifticant disagreement between results of two works about the parameters HT

and B,

Practically, the realisation of our scheme is connected with a number of
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Figure 2. FNeutron absorption (07 ), radiative capture ( Oy) and fission
( O;) oross sections: » experimental points, (-) multilevel
parametrization.

difficulties due to insufficient accuracy of experimental data, incorrect ident-
ification of total momentum of levels and determination of the full set of total
and fission cross secticns resonance parameters., Nevertheliess, unitarity gives
additional ponsibilities for resolving the common problem in multilevel analysis
which is the inique choice of the resonance parameters set

In the unresolved resonance region we used the stochastical simulation
of neutron cross sections (ladder method) on the basis of the multilevel formal-
ism. We adopt the approximation of reduced R-matri.x/ 9/ , whose elements for the

state with given total mouentum are:

a Bar ac' (17)
Ree Ea-E - Ll¥/2

here B;c is the reduced width amplitude in the reaction channel C, £i - level
onergy, F( - mean radiative width.
It is convenient to use the K-matrix related to collision S-matrix by
Sz €L (rin)(t-iny'1e " (18)
Including the velues Pic=¥ic/ ¥, (normally distributed) and (Ex-Ea-t)/D

(following Wigner distribution law), the K-matrix elemenis are expressed as:
Vel Bac Pac’
) EaE T/ Tv (19)

Kee! =

Then the neutron cross sections are

2 - 3‘1 of
o= 29X ‘;-?(7’,{-”/“ R Sneg, neq) ) (20)
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2 2
O, =582 237 | s,,¢3,,,e,.| ,
3 "J]ed 2 (20)
2 L)
Oé:. ‘HIZ %(‘3)2— -'.,4 '5n€6'ned ‘ .
T €2}
Inelastic scattering at E C 20 KeV is neglected. The radiative capture cross
secticn due to the S-matrix unitarity properties is determined as a difference
between the total cross section and the sum of fission and elaatic scattering
cross sections. In the energy range under consideration the comtributions of S
and ¢ neutrons are accounted for. The parameters [» and ¥, , which depend omn

are expressed as usual:
fo=kRo,
Y, = kQ,-arcfg (scl.),
Fn(ez0) = f",,:, V'EV,,,
Mo (0=1)= r:,va,.

(21)

V, » V, are the penetrative coefficients for S and p neutrons, R, , R; are the
potential scattering radii for 5 and f neutrons, assumed to be equal.

In our approach some problems of the ladder method are overcome using a
new idea. Por the Doppler broadening calculation we use the following procedure.
We employ the statistical sampling in the form of multiple "emission” of neutrons
et the energy points of a uniform lethargy mesh with spacing su . This permits
us to avoid the point-to-point quadrature. A "run” will mean a set of random
sampling statistics in the total interval AU , where a random picture (realizat-
ion) of neutron cross sections with many resonances for the states is defined by
a set of random number: level energies and widths for a given system, Actually,

e 10-level approximation turns to be sufficient. In our case the K-matrix is of
rank three - the number of channels: one neutron channel and two fission channels.
The resulting cross section is obtained by summing the corresponding cross section
over all states of different angular momentum and perity. Information about a
given realization is stored in the computers memory.

The probability table method is applied for calculation of mean cross
sections functionals, The distribution functinn of total cross section p(0.) and
correlation function O ( 0;) are rtored too. If these functions are available,
it is easy to calculate any functional F (0%, 0;)

(Fy = §F(0, o) P(OL)AGT, (22)

The estimates of calculated functional dispersions were determined in
the following way:

De= (FIy - CFY (23)
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The average resonance parameters values X ,which are the parameters of a
peutron cross section model, are evaluated on the basis of experimental data !
for average cross sections and transmission functions using statistical proce-
dure (Bayes approach). The a posteriorl estimate of the parameters is giving by
expressions:

% = x®"% DO KO XK 2] (v~ k2%,
(24)
D (X) = D(x2#") - D (x#7) KT [kD(A ™)K +i>(s7)]" KD X

here D is covariance matrix, K - matrix of sensitivity coefficients.
The Monte-Karlo calculation of the functionals has been performed simul-
taneously with that of the semsitivity coefficient at the same random samplings

of resonance. The optimigation expression needs sensitivity coefficiants of
functionals to parameters:

k=2 % (25)

Having the estimates of X , D(X) the improved estimates of any set of
functionals (C) can be obtained:

E-E(x™) + (K- X)),
()= k" o)K, (26)
(Kedom= g%, fp—‘m'

We used the Monte-Carlo modelling of neutron cross sections of 2391’1:1,
Bayessian optimization procedure and our experimental data/ 10/ for transmission
and self-identification in fission and obtained the average values of the resonan-
ce psrameters of this nucleus in the energy interval 2 eV - 20 keV, On Fig. 3

the fit to the experimentel data for transmission and self-identification is

a

3 L) [N Duryy pup nenier
‘ » ] ] st w stz iomessn, [Ty

shown.,

Pigure 3. Transmission T(n) and self-identification Tg(™) for 239y,
é_ T(n) experiment, i-'\'; () experiment.



23 9Pu resonance paramsters are given on lable 1.

The msan values of
The energy dependence af parameters R and r; are presented in Table 2.
Table 1

A posteriori estimation of the averaged resonance
parameters of 239Pu not depending of the energy

' Dlev) Tyimev) Sn.to¥ E(QW % £ Ve Ve

ot 9,34 39,5 0,982 1,83 0,8 0,2 1 2

1* 3,17 39,5 0,982 var 1 0 1 1

o~ 9,34 39,5 2,17 0,01 1 o 1 1

17 3,17 39,5 2,17 1,021 0,5 0,5 2 2

2" 1,9 39,5 2,17 0,614 0,5 0,5 1 2
Table 2

A posteriori estimation of the averaged resonance
paranmeters of 239Pu depending on the energy

No. gr. (ABBW) 2 ($m) Fome, 1w 1%)
11 9.1 35,0
12 9.1 23.3
13 9.1 26.2
14 9.2 30.4
15 9.5 51.0
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NEASURRMENT OF THE MEAN-SQUARE CHARGE RADII OP NEUTRON RESONANCE STATES IN URANIUM NUCLEI

A. Neister, S, Mittsg, L.B. Pikelner, ¥. Pilz, D. Seeliger, K, Seidel
Technische Universitiat Dresden, Dresdes, GDR
Joint Inatitute for Nuclear Research, Dubna, USSR

Abstracts

The measurement of chemically induced shifts of neutron resonances provides information
about the mean-square charge radii of nuclei at excitation energies around the peutrcn
binding energles. Shifts were determined in neutron transmission spectra measured with
tise-of-flight technique at the Dubna pulsed reactor for several chemical uranium
compounds , and analysed for ten low-energy resonances of 234U, 235U and 238U,

1, Introduction

Neutron resonances of a nuclide inserted in different chemical compounds are slightly
shifted as a result of the electric hyperfine interaction energy between the nucleus and
the surrounding electrons. For two samples,l and II, the positions of a comnsidered
resongnce differ approximately by

2
4z, ':a: £ 2 - 4Q(0) - A=S (1)

with Jge(O) = 901(0) - 9.11(0) being the difference of the electron Jdensities in the
nuclear region, Z is the proton number of the nucleus, and‘(rz) is the change of its
mean-square charge radius due to neutron capture.

This neutron resonance shift is an analogon of the well-known Mcssbauer isomer-shift.
Measurements of isomer shifts have been provided information about the mean-square radii
of many excited nuclear states having energies £ 200 keV. In the case of chemically
induced neutron resonaoce shifts the states investigated have excitation energies little
above the neutron binding energies, There are no other experimental data on the ( r2)
of s0 relatively high excited compound-nucleus states. Their structure determines at
actinide nuclei such important properties as the fission widths.

Chemically induced shifts are very small compared to the widths of the resonances,

A crude estimates shows under favourable conditions and with‘( rz) / (r2) = 0,01 for the
shifte ‘Eo - 1o/uv at mass pumbers Agy150 and AEO % 100meV at A 4 200, whereas the
widths of low-energy resonances are of the order of 0,1 eV, Nevertheless the shifts can
be measured in transmission experiments using the time-of-flight method at an intense
neutron source,An additional difficulty arises from different Doppler broadenings of the
resonances observed in samples of different crystalline structures, Any influeance of
shape differences on shifts of the resonances must be carefully elimipated.

Hitherto measurements of chemically shifts of neutron resonances were accomplished for
the 5,2 eV resonance of ZJ“U, the 6,7 eV resonance of 2380 and eight resonaoces of 2350
/1,2/.

2. Experiment

Transmigsion spectra were measured with a time-of-flight spectrometer at the Dubna fast
pulsed reactor IBR-30 operated in booster mode with the electron linac LUE~40 /3/, Wwith
a flight path of about 60 m and a time resolution of 4/\15; the energy resolution lay
between 2 and 80 meV in the energy region of interest from 41 to 12 eV, The samples of
netallic U, 002, 0308 and 003 used for lovestigations of 235!1 and 234y resongnces, were



enriched in 235U to about 90 %.

Searching for differences, two or three saaples were measured gquasi-simultaneounsly by
dividing the time of about 300 h necessary for sufficlent statistical accuracy iato
short-time ruas of about five aiautes with automatic sample alternation. A minicomputer-
operated spectrometer allowed also to inspect after each short-time run the obtained
spectrum acd data from a aeutron-beam monitor, a timer, and a reactor-pulse counter.
Only those spectra were accuaulated for which the experimental conditions were ideatical
to within a few percent as compared with the preceding runs.

A tantalum foil of about 0.1 mm thickness was permanently placed in the neutron beam, in
addition to the uranium samples. The Ta-resonances observed iu the transmission spectra
of the different uranium compounds, were analysed in the same way as the U-resonances,
so that possible shifts and other differeaces between the measured spectra,with the
exception of those atiributed to the uranium samples, were revealed.

The spectrometer arrangement is shown in Fig. 1; one of the spectra obtained is preseunted
in Pig. 2.

1BR-30 I Fig, 1
D D 0 n B 0.0 Experimental arrangement,
g o L-50.60 0 I and II, Uranium samples; R, reference sample;
LUE-40 == o0-00m D, SLi-glass scintillation detector;
M, BPJ-counter as monitor.
M[ 5 . Big. 2
o H Time-of-flight spectrum obtained with an
|

“ing
—— 1 04
—ay

uranium sample enriched iu 2350 to about
90 %. The widths of the time channels t are
2,413 for t £ 256 and Qﬁs for t & 256.

[ R

ey

3. Anglysis of the spectra

Two aethods were used to extract the chemical shifts from the spectra obtained in the
measursments,

The first method applied to all uranium resonances analysed in the presented work, is
based on the comparison of the resonance positions io the transmission spectra 'I and
Erg of the two samples I aud II, respectively, by a least-square fit:

Nip(e) = & [8p0(t + Beg0) + By, (2)

nininizing

t ' 2
2 No(t) - Ny (t)
¥-: Lo - migo]? 3)
tet, F1(8) ¢ Fpp(®)

for a given channel range (t1,..t2') with variation of the resosance position difference
‘texp and of the parameters A and N, teking into account saall differences in the
traosmitted neutron beam and background intemsities, respectively.



% eliminate contridutions in ‘tO!P arising from different resonance shapes caused first
of all by different Doppler broadenings, a corresponding pair of tranemission spectra,
cI(t) and cu(t), wes calculated, having the same shape differences as llI(t) and ln(t)
but no chemical resonance shifts, Then, the fit (2) and (3) carried out with the spectra

C; ®nd Cyy, yields a shift value 4t;  which results together with ‘t“p in the desired
chemical shift

- 3
a8, = -2.77 . 1072 . §/2 (Bt - 8,01, )

with the resonance eoergy Bo and ‘Bo in eV, the flight path L in =, and the ‘t io F

The calculations of Cy and Cqy include different Doppler broadenings in both samples
/1,2/, spectrum shape of the open beam (without urasnium ssample),background spectrum,
sample thickness,detector dead-time, resolution function of the spectrometer, and fianite
time-channel widths.

e ‘tlv were of the ssme order of magnitude as the dtw. In the second method,where
the chemically induced shifts were extracted as center-of-resonance-shifts “ga of the
cross sectiong deduced from the transmission spectra, the influence of different Doppler
broadenings on ‘Bu is very much smaller, But this method can be applied only at well
geperated resonances and demands a more careful determination of the open-beam and the
Background spectra...e¢ center—of-resonance shift is used as

E? B,
‘Ed = ? By - opp(By) - dB, - I By - Op1r(By) - dEn/ £ opr(By) - dEy ) (5)
By Ey

where the oR(En) are the resonance parts of the cross sections for which at the limits
of integration holds

°z(Ey) & o (E,) es O. (6)

Because the mean kinetic energies of the uranium atoms (mass oumber A) in the different
crystal lattices can be different byd (£k> , & shift A& /4,5/ should be taken into
account ;

A5 = -A(bc) / (3:A), (?7)
with which the chemically induced shift follows as
4, = 48 - 4g. (8)

But, with ¢ B(E) = >/28( €,) from Bers./1,2/, BB is for uranium samples at equal
temperatures (T = 293 k) smaller than 5 /uv io all cases and may be neglected.

4, Determipation of electron depsgity differences

To determine the nuclear mean-square radius change ‘(rz) fros the chemical shifts AEO,
the electron density differences 4 9,(0) must be known,

Thig problem was golved in the framework of a generalized free-ion model with occupation
pumbers Pnl of the nl valence electrons not restricted to integer values,

This model was used to connect experimental chemical X-ray shifts ‘Ex with the desired
electron density differences 4 3.(0);



A% -z oy - o) 9)
FINORES wnl-agzl(O). (10)

with °Pnl as effective occﬂation ousber differences for chemical compounds of different
oxidation nusbers, and & e denotes the changes of the electron densities in the nuclear
region caused by completely removing one nl valence electron, These values were calculated
in the framework of relativistic Hartree-Fock-Slater-calculations.

The results for ‘g.(O) are listet in Table 1.

Iable 1
Electron density differences
samples Agﬁ ()
I I [10% ca™3]
U uo, 2.8 2 2.5
UO3 0308 3.1 * 1.2
U308 U 3.5 * 2.2
U3°8 IIO2 6.3 2 1.6
UO3 U 6.6 * 3.0
UO3 uo, 9.4 * 2.0
UO3 UF, - H,‘,O 8.7 * 2,0
Uoz(NOJ)2 . 6&20 U 6.8 * 3.0
Ur“ . Hy0 002 0.8 * 0.3
uo,‘,(uo3)2 . 6B,0 U0, 0,2 + 1,0

These results are in agreement with 4 9’(0) data from Mdssbauer isomer-shift measurements
with the neighbouring element Neptunium /1/.

5. Resultg

With the experimental AE, and the 499(0) data, the mean-square charge radius changes
J(rz) were determined according to equ., (1) by least-square fits with straight lines
through the origiu.

They are given in Table 2

Por discussions of the changes of the mean~square charge radii with excitation energy,
the A(rz) must be reduced by the differences of tbe mean-square charge radii between
the ground-states of target and compound nuclel, They were deduced from optical isotope
shifts /6/ and amount to + 0,05 ¢+ 0,02 £a° when adding a neutron to 23% or 238y apa

+ 0,10 + 0,03 fm? in the case of the 2350 target nucleus. These reduced values A(rz) 2

are also presented in Table 2.
The average of the eight data for 2360 compound-nucleus states is

8 (°Y, = ~0.18 £ 0,10 a2,
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A comparison of this result with a theoreticeal prediction and a discussion of a dependence
of tied {r?), ou the fission widths of the resouance states is given in an other
contribution to this Symposium /7/.

Iable 2

Mean-square charge radius changes
receet — 44) a2
nuclide  E [ev] uﬁ [uv]/e/ [ =°) ta’
234y 5.16 0.02 /9/ -0.41 + 0,25 -0.46 + 0,25
235y 1.1 107 40,01 + 0,22 -0.09 + 0.22
235y 2.03 11 -0.13 + 0.2 -0.23 + 0.2
2354 3.15 103 40,20 + 0.48 40,10 + 0.48
235y 3.6 53 40,02 + 0.25 -0.08 + 0,25
235 4,85 & -0.52 + 0,25 -0.62 % 0,25
235y 3.77 98 +0.09 4 0.26 ~0.01 % 0.26
235y 11.67 6 -0.24 + 0,29 -0.34 + 0.29
235y 12.39 23 +0.25 # 0.31 40,15 + 0.31
238y 6.67 4075 110/ 1.7 1 0.5 -1.75 2 0.5
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MEAN-SQUARE RAOII OF THE 276y NUCLEUS IN EXCITED STATES WITH DIPFERENT FISSIGN WIDPHS

A. Meister, S. Mittsg, L.B. Pikelner, W, Pilxz, D. Seeliger, K. Seidel

Techniache Universitdt Dresden, Dresder, GDR
Joint Institute for Nuclear Research, Duboa, USSR

tract

Experimentally determined nan—szum charge radii of 23611 compound~nucleus states excited
by neutron resonance absorption in 235U, show 9n average a weak diminution as compared with
the ground state data. A correlation of the ¢(r°) with the fission widths of the states
seeas to appear, An attempt is made to discuss this correlation in the frame of the double-
humped barrier model successfully used to describe subthreshold fission. The {rZ2) data are
used to estimate the fractiom of class II configurations in the excited coampound-nucleus
states with different fission widths.

1, Introduction

Measurements of chemically induced shifts of neutron resonances provide data on the mean-
square charge radii ((rz) ) of nuclear states having excitation energies of about the
neutron binding energy /1/. Shifts between uranium compounds determined with the intense
nsutron beam of the Dubna pulsed rea: or, were up to some 10'“ eV only, that is very
small compared for example to the widths of the resonances typically being about 1()"l eV.
Hitherto, such measurements were accomplished for the 6.7 eV resonance of 2380 /2/, the
5.2 eV resonance of 234y /3/ and 8 low-energy resonances of 235y /3/. The data obtained
on 2350 are especlially of interest because resonances were simultaneously measured having
very different fission widths (Pf), so that inspite of the small values compared to the
experimental uncertainties, an attempt can be made to discuss a correlation of the (rz)
with the [ ¢ °of the excited states. This is dome in chapter ) in the frame of the double-
huaped barrier model, wherecas the average of all <r2> is compared in chapter 2 with a
statistical model calculation,

2. Experimental resultg and comparison with gtatistical model calculation

The changes of (r2> by resonance neutron capture in 235y were deduced from chemically
induced resonance shifts in Ref. /3/. Taking into account the differeuce of (rz) between
the ground states of 236y gna 235y /4/, the differences of ( r2) between excited compound
nucleus states of 2-°U and its ground state (A( r2) n) are obtained. TheA{ r:"’)u of all
investigated resonances (Eo = 1,2 eV, 2,0 6V, 3.1 &V, 3.6 eV, 4,8 eV, 8.8 oV, 11.7 oV and
12.4 eV) are presented in Fig. 1. The error bars include uncertalnties arising from both

8¢H, . T Pig, 1 2
lm:‘ ] Differences A{r° >  of the mean-square
] charge radii between 2 compound-
ar I { 1 nucleus states and the 23°U ground-
¢ l atate in dependence on their fission
b [ I I T 1 widths [,
04 b -4
o IJSU.” B
-0
i 1 L
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the statistical errors of the measured spectra and systematical uncertainties in the data
reduction procedure.

Tae experimental results show that the (r > of the oxcitod compound-nucleus states are
different from the ground-state value, (r ) no * 33 8 n? /a/, only by 2 5 or less,

The aversge of all data 15A<r! = =0.18 + 0,10 tm®. A diminution of (r ) with the
excitation energy can not be underntood in the frame of an ideal Permi-gas. Bunatian /57
used a statistical model with interaction in the particle-hole channel and with pair-
correlation, At temperatures corresponding to the neutron binding energy, he found

A( rz) n-»-0,1 fnz, in good agreement with the experimental result. The negative sign is
attributed in this work to a release of the pair-correlation.

Fig. 1 also suggests a possible correlation between A(r )n and [;. The average of the
a(r?) n fOT the states with larger fission widths, [ 2> %‘P (The radiation widths are
1“ ®35 meV), uA(r’ = -0,02 + 0,12 fa?, whereas those for the states witb smaller
tiasion widths, G(%OT? is Az ;5 s ot ™ ~0.38 + 0.14 ful. The quoted uncertainties
include a systematical contribution of sbout 0,06 w2 in both cases, so that the
dependence of the averages on I} is significant with about the halves of the given error
intervals.

3, Mean-gguare radii and fission widths

The experimental data on A(rz >n suggest that in compound-nucleus states with larger
fission widths, configurations or components contribute which enlarge A(rz) a
Subthreshold fission processes are understood in the frame of the double-humped barrier
model with wave functions partiiioned into two classes of configurations, class I and
class II, attributed to the first and secoud well, respectively /6,7/,

SRS SRR TONY oot (N

An illustration to the 236y barriers is given in Fig. 2.

. Eig. 2

| 1] Deformation potential of the 236y
nucleus. The excitation energy
corresponding to the neutron
bindiog energy is indicated by a
- dashed line.

?I T
LT -

DEFORMATION —»

At subbarrier fission, coufigurations I and II are well separated by wall A, whereas for
states lying highly above the barriers, a strong mixing of both classes is expected,
resulting in fluctuations of doth {r ) and r'f, independently from each other.

In the present case, states about 1 IoV above the barriers are excited. The correlation
of the A(rz) a with [} should be an indication that at this energy the mixing is not
very strong. This is in agreement with iovestigations of the fission cross section of
350«1 in the unresolved resonance region where Moore et al, /8/ interprete & pronounced
intermediate structure in the same way that has been used to describe structure ia sub-
threshold fission,
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Yollowing this picture, the admixture a;y +§;; would be dominating for the fission
probability whereas YI describes the typical behaviour of cepture resounances. Then, a
simple relation between mean-square radii of class I and class II configurations, ¢ r2 )I
and ¢ rz)n. and measured values of 4¢ rz) n for resonances i and j, respectively, may be
deduced /9/:

A(r2>ni -A(r2>nj~(¢1§i - "IIJz) . ((1‘2>II - (1‘2>I) (2)

Terss as ( YI i rzl %II ) are neglected in this rough estimate. The difference ((rz)n -
(%) 1) may be evaluated with (5.1 + 0.2) fa’ as found for *Oam /10/. Using A(r®) | of
the 4.8 eV resonance which has a fission width of only 4 meV, as refereuce (j), the
admixture coefficient differeaces shown in Fig. 3, ars obtained.

2_grT T T
&y; ~ky, Fig, 3
Differences of coefficients for
2 . the admixture of class II
1L 2
15 configurations in 36!1 compound~
ok s nucleus states in dependence on
their fission widths (»P) and
! equ. (3) with the indicated [,
L 235 ] —
0 A Uen (==)-
L ri’AL A
o fad 0 {mevl

aé is an expression for the probability to find the excited nucleus at deformations
corresponding to the second well. Let us estimate it with the transition rates between
the wells, From a study of the time developement of a two-well system starting in the
first well /6/, oue can find the relation

I I+ [0 ]
2 f 17411
{14 ——— . (exp(1- 2111 o ,
" ([y+f31-20) B/ [“ Lely- 1 (e G " (3)

[ and [1 are the total widths of class I and class II states; [11¢ i8 the claes II
state fission width; 1'; is the total width of the neutron resonance.

Wwith PII > [;. PI’ the leading term in eq. (3) gives the transparent estimate

a2, o2/

IIv4t IIf'

If the spacing of the $ -wave class II states DII would be larger than [' 11+ One could
assume that all compound-nucleus states investigated here (Their differemces in EX are
smaller than 12 eV,), couple with the same class II state or anly with the same small
group of class II states, Assuming equal l}n. and [iI for this compound-nucleus states,
their individual fission widths I'f would arise from the coupling streugths between
class I and class II configurations in these states,

I x[}'. ELF . (4)
i1

A comparison of the data obtained on ﬂanz, with expression (3) by means of the loast-
square method yields values for [T, of 1 to 5 eV (Pig, 3). With respect to [ the
fit is insensitive,
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On the other hand, an estimate of average widths of class II states can be obtalned with
expressions like the Bohr - Wheeler foimula /6/:3

D
Q_IIO'B
[;xt 2x (5)
and b
[ l.H
I 7 (6)

where l‘ and 'B are the effective numbers of transition states at barrier A and B,
respectively.

D;y is found to be 210 & 70 oV /8/. The analysis of fluctuations of I; together with data
on_the barrier highs (E,mEg) provide an estimate for K, ~Np®2...3, and finally
[ypem1/22[ 71 %50...120 ev.

The PIIf and fi‘i of the individual class II states should fluctuate around the averages
with a Porter-Thomas distribution.

Summarizing this discussion, it may be said that the double-humped fission barrier model
with excited state configurations, classiflea into class I and class 1I vomponents, as
done to describe structures in subthreshold fission cross sections, yields an increase of
{ r2 > o with 1ncreuing[; as observed in the presented experimental data, But, using
barrier paramenters obtalned in other experiments, in the statistical average this
increase should be smaller by one or even two orders of magnitude. In principle, large
statisticel fluctuations are possible for a Porter-Thomas distribution.

On the other hand, it can not be excluded that the observed correlation of .the (rz) a with
the Pf are in connection with any other phenomenon not discussed in the frame of the
model.
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Abstract:

Temperature induced shifts of neutron resonances has been experimentally observed
studying low-energy resonances of Rh-103, Ag-109, Dy-161 and Dy-163 with a time-of-flight
spectrometer at the Dubna pulsed reactor. The sh:‘.tts observed for the first time, are
regarded as an analogue to the second-order Doppler effect in Mdssbauer y-ray spectros-
copy.

1. Introduction

The interaction cross-sections of slow neutrons with atomic nuclei have resonances
shaped by both the properties of the mnclei (meutrom width, fission width, capture

width etc,) and the thermal motion of the target atoms relative to the incident nsutrons,
Therefore, high~resolution spectroscopy of neutron resonances gives also insight into
interactions of the atoms with their surrounding. The most striking effect of the thermal
motion is the Doppler broadening of the resonances described al...ady in 1937 by Bethe and
Placzek /1/ for gaseous motion and in 1939 by Lamb /2/ for neutron capture in crystals.
In 1960, a so-called Doppler effect of second order has been observed in experiments with
y-rays /3,4/. It was shown by Mossbauer spectroscopy that the y-peak is shifted if the
temperatures of absorber (’ra) and emitter (Te) are different :

a5, - - =3 .40, ™)

wheve‘(&k) = (ék) a -(gk) ¢ 18 the lifference of the mean simetic energies of the
absorber and of the emitter atoms which is at high temperatures m3/2 - kB . ('1'a - Tg);
M is the atomic mass and kB is the Boltzmann constant.

If eq. (1) is formally transformed to the absorption of neutrons, a corresponding neutron
resonance should be temperature-dependent shifted by /5/

45, = -3 -AE . (2)

where A is the mass number of the absorbing atoms related to the neutron mass number.
Howevar, in contrast to Mdssbauer—-y-peaks, neutron resonances have widths r' »Aﬁn and are
Doppler broadened; that means, & 1ecoilless component is not separatery observed. In this
case, the resonance position may be defined as

£ .
i*:-f aR(En).En-dEn/? og(Ey) - 4E, . (3
E, E,

where ) is tho resonance part of the cross section and E,, E, are choosen 8o that
0g(E,) & 0p(E;) e O.
Then, the temprrature shift follows as

A5, mE(T,) - B (D). ()
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Theoretical considerations /6/ have resulted in
y.| ;1. -4 3-‘ ‘(Ek) for free gas atoms (5)

and 4 ;,! - - gi -4(B,) for edsorption in crystals, (6)

iz l' ’rn and I".‘ h¥" where rn is the neutron width and hy is the energy of the crystal
phonons. A possible anisotropy indicated by the theoretical approach, is neglected. The
difference belwnen eqs. (5) and (6) in sign appears if the momertum conservation in the
absorption process is appli-d to the system neutron + atom or, in the other case, to the
systea neutron + crystal. This temperature shift of neutron resonauces is searched in the
presented experiment,

er: nt

Neutron transmission spectra were measured with metallic samples of Rh, Ag, and Dy at
several temperatures in the region of low-energy resonances using a time-of--flight
spectrometer at the Dubna pulsed reactor IBR=30 operated in booster mode with the linac
LUE-40, The experimeutal arrangement is shown in Fig., 1. T.e samples at different
temperatures have been alternately put in the beam in each case for 10 min, Every 12 b,
the temperatures of the samples were interchanged. At the end of a period of the order of
one week, all spectra measured at '1'1 and 1'2, respectively, were added. Examples of
obtained spectra are shown in Figs. 2 and 3.

Pig, 1

Experimental arrangement. T1 and '1‘2, samples
at temperatures T,1 and Tz* respectively;

D, ©Li-glass scintillation deector;

| IBR-30

00—

é LUE-40 M, neutron monitor.
N y T A Bg, 2
beA s x . Time-of~flight spectrum of the Dy sample
43 E : at 303 K, The width of the time chanmels
o+ £ £ 4 ) ﬂ is 4 s,
l l |
| mw
o o pre w 1
~ T T T E!s 2
hﬂ_ ] Time-of-rlight spectrum of the sample with

Rb and Ag at 294 K, The width of the time
channels is 8 s,

= Wi shw
-— e uow




In supplementary runs, the spectrum of the neutron beam without ssmples was measured., The
background was determined with thick resomance probes.

The temperature shifts were extracted from the experimental data by two independeant
mnethods:

a) From the transmission spectra, &R(Bn) - an(!.‘,,sn) - cR(!.‘,En) was calculated
with which the shift is

K
45, ”5‘ A%(E) - B dsn/ ? og(TsBy) - 4B, , ?
E,
By B,
og(ty,By) » AR, = s op(TysBy) - AR, .
E,

b) The time-of-flight spectra N(T1,t) and l(!l'z,t) were compared with the aid of laast-
square fits as at the analysis of chemically induced shifts /7/. Then, the obtained
difference curves were interpreted as differences of the Doppler broadenings using the
theoretical approach of Jackson and Lynn /8/ with the Einstein model for the phonon
spectra, and with a shift parameter in one of the both resonance cross sections.

3, Results

The obtained resonance shifts are compiled in Fig. 4. The expected theoretical behaviour
(eq.(6)) 1is also inserted, If an . E'l‘ . A/A(t.) ls calculated corresponding to eq. (6),
the_average of the data obtained with method a) is ¢; = =-0,49 4 C.13 and with method

b) ap = =0.43 + 0,09, respectively.

Fig, 4
o, Y T T T Experimental shift values and theoretical
h prediction (eq.(6),-~~)). @ , Rh~103,
T —— . E,=1.257 eV, T,=294%2 K,
- S~ T, =667 £t 10K and T, = 294 3 2 K,

208 3 T? 538 b4 10 x‘ v, ‘8"109’
o 5,19 eV, T,‘ =294 ¢+ 2 K,
667 + 10 K and T, = 294 £ 2 K,
532 + 10 K; ® Dy-163, Eo=1.713 eV, Dy-161,
MED o = 2.72 eV, 3,68 eV, 4.34 eV,

T,, = 303 + 1 K, ’1‘2 = 370 + 3 K; open signs,

values extracted by method a); full signs,

values extracted by method b)

n
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i
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In Pig, 5, the Gp of all resonances analysed are plotted versus the neutron resonance
energies, It can be seen that any othér systematic correlations of the shifts with the
recoil energies, the resonances parameters or the phonon energies, which could imitate
the searched temperature shift, were not observed,



11/
12/
/3/
14/
/5/
16/
17/
/8/

t.a LA v ' T Fig, 5
Temperature shifts normalised
o+ 1 to &) /A plottet versus the
J ] 3 resonance energies,
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243Au B ORIACTH DOPOTA ( n,n't ) .

CE‘IEHMEIIEIEMH

A.A.Tosepropckuit, B.J.KystamroB, B.®.MaTpopanoB, A.H.Cepravés
QuSEKO-SHepreTHYeCKalt HHCTETYT, OCEmHCK, CCCP

AvHoTamms R “

“ - TIpHBORATC ?eaﬁm;'ra'm -uepem CeveHHA NeNCHHA aMepmmis-243 HefiTpoEaMM ¢ |
aneprueft 5-11 MHE | HOPeTyAAPHOCTE B SHEPIreTHYECKOR} 3aBRACEMOCTE - -

CBASHBAWTCA B DaMREX CTATECTHIECKOf MOJSJE C HNPOARASHESM \KOEKYpPEHIMNE, JCJE~
TEJXHOTO B HERTPOHHOI'O KAHAJIOB pacma COCTABHOr'O AIpa.

Cer powed i ig
PadoTa Gusa BHIOMHeHA Ha nepe3aapAmHou refeparope AIT-IOM PEaERo-3HepreTEYec—
KOr0 MHCTHTYTa. JCTOWHEKOM HefTpOHOB CAyxiia peaxms I(4d,n) 3He B rasopogt
ReBTeprepoft MEIEHH. B KadecTBe NEeTEKTOpA OCKOJVIKOB JeJieHRA HCIOASOBANACH OHC—
Tpad MBORHAA HOHM3AIMOHHAS KaMepa JeleHHd, BaNOMHEHHAA CMECHD KCEHOHA K MeTa-
Ha X0 nabjenus 1,5 105 [a. 3fPeKTHBHOCTH per¥CTDAURA aKTOB NCNSHEA AZEp
ypaRa-235 M aMepEIEA-243 COCTABRAA COOTBETCTBEHHO 99% m 95,5%. dnexTpoRHuf
TPaKT PerACTPAEE PadoTal B DKREME HMIYJBLCHOR CHHXDOHH3AIIMH, 4TO NO3BOMANO BH-~
JIeJMTh B BpeMA-NPONETHHX cheKTpax ( OposéTHas 6asa L ~ 0,7 M ) 3HEUETEIBHYD
doHoBYD HKOMIOHEHTY. B padoTe MCNOJL3OBAMNACH MIIEHE K3 ORMCJCB ypaHa B aMepHIfEA.
H30TOMAYeCKAd TUCTOTA MAICHE ¥3 250U - 99,92 4. ) {ENEHE K3 AMODHIMA-
243 conepsamMch IPEMECR Afep ALy (2,7 %) u E3oTonop Kmpua ( 10'3 4).
C ofpasiiaMy YKa3aHHOTO COCTABA H3MEPANE 3HepreTEYeCKYD 3ABECAMOCTH OTHOmEHHf

cedeHEl neseHHA 243Al - 235

» AdcomprEsamad 2TOR IABHCEMOCTH ocmec'mm-
Jach METOHOM " 3JIeM¢HTHHX ﬁpmecei" 4 4ero B meni 3 243Au nnocuacb Jo=
235 (35%) noc.ne aroro cdopxa aMeprEImit-ypax od.nyua:xacb
nooqepem-xo B NOTOKAX CHCTPHX H 3aueMenm nen‘rponon. Baree nmompodEO MeTOMKa

namepeuit oTHoweHut cedeHER NeNeHAA OHCTPHME He#TpOHaME ONECAHA HaME B /I/ .

GaBKa Axep

PeaynbTaTi HaMepeHRft ceyeHmE NOMOHEA 243)y ( cevemme JesneHRA ypaHa-235~ craH-
HapTHue mauHue /2/ ) mpemcTasiedH Ha puc.l. [lamHde pacoTs /3/ mORA3AHH CBReTIN-
MZ KpySKkaM#. PeayisTarTh /4/ HODMEDOBAHH HA 3HAYEHES ceﬁexnli gexemma <43y B
o0JaCTE NepBOrO NAATO ¢ 1.1,56 OapH. Ha 2Ty Xe PemYMHMY HOPDMEPOBAEH R JAH-
HHe HacTosmefl PalOTH , XOTA adCOMNTH3ALMAA dHepreTHUYeCKoff 3ABECEMOCTE B OOACTX
§ ~ 7,3 - 8,5 MoB NpHBOZET K 3HAYEHMD G'.f= 1,61 0,03 dapr . Budpauras Ha



1 1 L] T | { | L L]
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dora; O -/3/ 1 4 -/4/;
- - = - - PRCTPANOAAIEA
26 - 7 EepBOro ReMETEMLHOTO maHca .
o %o o
. .o\-\.dr
221 € ° °
[ ]
®
1.8+ . .
oooooo 9, 50 0P
'mGaaccqaoqd ________ [
',ll - 18:, 7
i | ' 1 i L 1 i
4 6 8 E.MbB

pic.] HODMEDOBKA COOTBETCTEYET CDefHEMY 3HEUCHED © ¢ 1O COBOKYNHOCTH NAHHHX
pador /3,4,5/ n nemux. CeveHEe 0Opa3oBAMEA COCTABHOTO afgpa O,  BHUNCJEHO
coraacEo /6,7/ . Kar BEEHO E3 pHC.I, aHepreTENECKAd IABHCEMOCTh CEUCHHA HSJeHHA
243y 3 onacre gopora (n,n'f) oOHApyR¥BAST 3HAYETEJBHHE HEDETYISPHOCTH.

B odaacte E ~ 6,4 MaB ( mopor kawara 243Au( n ,2n ) 22p ) wpimas 6, wme-
HARY nmou. 970 coorne'rc'rsye'r BRINGEHED B xomqpemmn KaHaJIOB pacnaza cocTap-
noro m:pa MMICCHE n'roporo neﬁ-rpoxa. 1o mepe poc‘ra HeftTpoHHOR WRpHHH r, n. poert
nepomoc'rn XeJeHHA 3a||a1ume'rcx ¥ npH E ~ 8 MaB HadmUEeTCA pesxoe na.uenne
cevemaa Ba 10 - I5 4. Jamee cieIyeT HeNpOROXETeNbHO® "IIaTo” E CHOBA majeiue € te
C.nadas sHepreTHYECKAA 3ABHCEMOCTD O on ¢ 8 TaiEe JOBOJIBHO MPOCTAd 3KCTPANOJLAMA
NepBOTO JMeJETeNSHOTO malca B 001acTh B ~ 6 MaB (puc.I) mO3BOIADT KOCTATOIHO
HAJEXHO ONpENIENATE CPeJHIXW BEPOATHOCTh BeJEHHA Anpa 2435y, uoXOKA ®3 COOTHOEHMA:

. ¢
4
G =6 +(6.0-65)[ e T L 4 (1)
'3 ] { N ')aj T8 ’;‘I’; )

rme ¢ - SHerHs AMMCCHOEHOTO HefiTpoma, Z I - cyMMapHas umMpuHA Bcex KaHATOB
pacncxa cocrassoro (%4%A) azpa meze:mressuo#t mpwpoxs. Onomno#t pinas » Zff mpn
R, ~ 5,57 MoB BROCET DafamoHHAA WMPEHA, & LIA 6ojee FHCOKUX Hepraft - l;, .



TeMnepaTypy aMECCEOHHOTO CHeXTpa T MOKEO ODDEASANTh N0 HAWIYINEMYy COTXACED

HESKOHE[TeTHYeCKEX YSCTROB <P,> HacTosmeR PacOTH H <P;> - SEAYeHNAM
_&

P, pabotu /8/ , ycpemEéHmaM c nmoTHOCTED BeposrHocT®  f (€)= -:-z e~ T,

TaKoe CpaPHEEEe IPEBOANT K Bemrwmre T= 0,51 * 0,1 MsB .

[apameTp Gaphepa ReleHUA COCTEBHOrO AXpa 243y, B~ ompemexsaca B mpornecce Omi-
caHmd SECUOHeHIMAM-HOR 4acTx XpEBOR cpexHeR BeposTHOCTH fexeHMA ( B €6,5 MaB):

‘S. & -% Tt t‘.
<B = e € , 2
rae T, - DPOHMIIAEMOCTH COOTBETCTBYKUMX RaHANOB pacialia. JUiA MpOHENAEMOCTH

6appepa JHeJeHuA Ty #Mcnoub3cBamM BHpEReHEE:

. 2% =y 31
Tf(E)--(I*’ExP(i';-(Bf’E))) , (3).

Mapamerp kLW ciado BmuseT Ha BUYHMC/AEMHE 3HAYECHAA «<P,> , DO3TOMy €ro 3Ha-
YeHMe DPEHEMATOCH B COOTBETCTBEM ¢ CucTeMaTEKo# /9/ paesi 0,8 MsB. Pesym-
TaTH pacyéToB M0 ( 2 ) - ( 3 ) mpemcTaBJEHM Ha DEC.2a. BapbHpoBANCA AL OXNMH

n - j ' Puc.2. PeaynwTaru
187 ‘pacuéra cpeaHett mo
03: CNeKTpy Bésdyxﬁe‘m .
| 103 IeaAmerocs AAPa Be-
0.2:— POATHOCTH feJIeHRs <Pg»
f 185 ——— pacwéT, ? -
04- 1/ . IKCTepEMENTATEHHE
! e / ' 10 3HaTeHaq .
. o N ol S S

55 60 5 1 9 L

napaMeTp - B ¢ s ero Hamjgywquad BeJWYEHA contaBmia 5,82 ¥ (,20 MaB

BrcoxoaHepreTidecKan yacTs <P f>( E >6,9 MaB ) PACCUETHBANACE C YKA3AHHHMH
BHlle Napamerpams T Bf no fopmyae ( I ). HeftrpomHas ¥ ResmMTespHaA WMPUHH
onpeReUMes aHaicruyHo /7/. ILIOTHOCTH COCTOAMNA NpE paBHOBeCHOR B CemoBO#
gedopmalmgax Anpa 243 paccIATHBANECH B Mofiens Depmu-Tasa ¢ denomeHosCIHYeC~



EKRM y9€T0M DSDHEX Xoppeasuit . [Ipm HESXEX a#EpIRAX BosOymuemma E <3,2 MaB
ECIONBSOBAANCE COOTHONEHES MOXEAN mocToamiol TemumepaTypu /I0/ . Pesymrartu
mem OpeACTaBNCHM HA PBC.20 X CEBEJIETEALCTBYNT O TOM , YTO B DAMK&X OmE-
CaHHOT'0 BA¢ YUROWEEHOTO m MOKHO CIEAATH OfHOIHAYHHE BHBOX O DpHpoXe
HAONDRAcMOT0 P CeYeHEN NeRCHEA ”743“ MAECEMYMa B OCXACTH IOPOTa (rn,n't)
saxmsamecs B KOKYDEHIE AByX OCHOBHMX KSHANOB PACHAA COCTABHOTO AIDE :
JeNeHNS ¥ ECIYCRAHNA HeNTDOHOB. YY8T B PacuéTaX ceYeHNA MeNeHEA TAKEX SRNGHEH,
RAK DOTEDA AKCHAABHOR CHMMETpEN SAPOM HA BHYTDEHHeM Oaphepe, BIMAHEEG KOLIEKTHB-
HuX cTemeHell CBOGOMH HA NROTHOCTH COCTOAENR aNpa A AD., JACT OCHOBaHRe LA Oojee
IeTATbHOTO CPABReHNA JKCIEePEMEHTANBHHX H DACUSTHHX pe3yAbTaToB .
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A.C. Coxmparos, 3.A.Azxexcasixposs, I'.H.Cowpesxmi, N.3.Tapecxo
fnsnxo-snoprevuvecknit mcraryr, OGmmmcx, CCCP

Amsoraupn _ \

Coocqm POSyAbTATS ROTAAMAX lccaqonull MXOAR K euql" $oroxerenms 22en,
umonmwmwmmmhmmn
ssopran 5,0 - 5,3 8B 5,5 ~ 5,8 MeB , mlﬁouepmolmoﬁm-
ZNBAXNCH ENpOKNE NOACADLOPHME DE3ONSHCM. Puy{mm HQBOTO PECHEPNMEHTA cq‘enn-
CTBYDT 06 NX TOMEOR CTPYXTYD® C XSDAKTO[HLM PACCTOSHNEM MOMAY peaousscam ~ 0,IMeB.

[ocaemite rogu Goanmos BHNMANNE X ce0é NMPMBISEAST RCCEGROBAMNG MPOLIECCA XORGHLRS
MPENX aXTWHNLOB B CBE3N ¢ Npolaemolf Tax Hasupaemol "ropmenoft ssiouammn™, xoTopas
J8RMNASH B TRYAHOCTN ONNCAMNA PescmacHOR CYPYRTY[M cevermk miep » pafioue Th e
NOMOEBD MOTEJN myropdoro ‘Gapvepa / 1,2 /. Pacuemu poremmazinofl smepran aedopma~
mmmmepnmcmnm summmmwmvmml
mHegHero roptos E} » E; o E; >E_; ), us uoro MOXHO OXNJaTH,¥T0 pesomsncmol
CTPYXTYIM B OGESCEN oHeprMM BO3CyEmesma E >E; He Gyne?. B oxcnepumenre oma,
MANPOTHE, OTSOPANES NPOSBANETCA B ENPOXON OXPECTHOCTN HAZAMEASMOTO NOPOre, ONpPERo-
anesoro micoToft G0R0e BICOXOr0 ropéa ~ 8 fMMHOM CAYNAS E}B . Buxog ms mpoTRBOpOWNN
CBASNBADT C DESYALTATAMN (OXOC NCTAALHMX DACUSTOB, KOTOPHE CBRAOTCABCTEYRT O Pac~
mensesom ropéa B & oGpaszoBaumm TperreR mai.

Komemps #pexrop6oro Gapsepa NOXYWSAS ENPOKOS PACHPOCTPAEGANS LW KINTSIDETSIAN
oxoxonioporomx S§PeXTON B BOPOSTHOCTE NGAGNNS ASIENX AKTRENEOD. Omno Morse x3
BOSANKEZUNX B Hefl BONPOCOS OCTADTCS OTEDUTIAMI, Cponmnonpocormw
mal, O HAGAMEEEN N NAGHTINXAINN PedonaucHMX cocromml P pesmMX smax Gapnepa §
Apyrne. Ecrecysemnt ny?s X noxyuesso Taxof mmOpMSIIN -~ $T0 NCCAGROBEMNG no.wapt-
mloawuumn.mmmmcéommocm npmcm
eneprum mom-u cocramioro agpa E ma l NoB mcme gopora Am nagaer Ma
5«6 nomxol y N ZNEBb OWEHMD OPDMOINMIONI XDYT MOTOLN ISCKNX CPSACTE MOXeY 00SCTIOUNTD
ACCTATOMYD VYBCTINTECALNOCTD B TAXKOM ANAIASONS.

Bguolpdmnplampomw'rh(g.f)nommcbunom,u,
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OUSOARRABNN JOCTONNCTES MONNOrO NYYXA TOQMOSMOrO ESAYVGMES MEKDOTDOHA M TPOROMMX
AOTORTOPOB OCEOZEXOS, Xotopull B NDEEMKYWMX Hammx paborax /3,4/ Gua c ycnexom mc-
NOXMSOBSM JAN NBYRSEHEA PMWM $oronezema spep. HegocraTox ero saxam-
wnm.mmmmrow N & B max) spxmercs cnaomam, ,
MOHOTOMNO  yCuBaswpm ¢ ypemvessien E ma merepsaze ( O,Emor) (Emex- auepruycxophi—
HUX BEGKXTPOHOB), VIO OUeNMD SAT[YHAST NOXYWeHNO NHJODMAIDIN OC NHTODECYRMOM CedeHMN
ACReuRS G(E)nnﬁmu-oromom
Y (Emax) ~ j@(sw(f E max)d E . -

B npemixysax mammx pnoonx NaMEpeHNE BUXORS npOlalomncb c nroiAE....-o I-0,25MsB,
YTO CYNECTDOHMO GONMBE BHEPreTHYOCKOro poape-m SAEXTPOHHOr0 NYURa MMKPOTDORA

~ 20 xoB. B gumofk patore M NONMMTAARCH ECHOALIOBATH BHEPTETHUSCKOS pDaspemenne
nomocT®, § C orofl NOAD N3MENAEN BSHEPIND 3ACKTPOHOB ¢ marom 25 xsB.

Nogpodenie X3MEpeHmS PMXOAS Y (Emax) TPOBOAMANCD HAMM B UBYX NHTEDBARAX o
Emex= 5,5 = 5,8 MoB x 5,0 - 5,3 MeB, rae patee Kalamgamich HeperyaspHOCTM cvyneﬂ-
WATOT0 THIS, KOTODM® NDM BOCCTaHORNEHEN ceueris N3 (I) cramommamce peaonaHCaM

/ 4,5 /. Beperyaspsioc™s » a70f 0GAACTN SHEDIMN HACADHANNCH B B RSMODEHNAX uenocp'e.q-'
CTPEHNO ceverms forofeAeHNA 232 Th Ha nonoxponmecnx ramua-xpanrax /6,7/.

B nocaemief paGove NCCAOUOBSHNS IPOBOANANCE MEPONOM "leuumx $ororon" ¢ paspe-
lenallz-l-inBunpomtpeaonaacan-SS-SBIsBpacnucanarpymypo—
aounconcocpwmpaccromeuwm ~ 0,1 M2B. Homnqmmpane Cuixn
pacCUNTEBAT> ¥4 Halmpenne nogoduol c'rpynypl R OpR M3MEDEHNN MSpreTHuecKoR sa-
sucumocTn Boxofod Y (E weax).

N
[&)

Prc.I. Cxema omura.
I-guadparsa; 2-ropmossag M-
Bend B8 poabdpama; I-amparHNe-
MRl NOTXOTNTEAL BAOKTDPOHOD;
4-ropuerue W ypamonue Joxbru;
S-cangmme gerextopu; G-migm-
EOTOp TORA; 7-MHTErpaTop Poxa,
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OxcriepuMen? GMN BANOXHEH NA BUDGACHHOM MyWNe MAXPOTPONA SRINRO-SHODreTHROCKO™O
mncTaTyra. Cxema ofxydesma noxasasia Ha pmc. I. [ywox szexTpomos monagex ma TOp-
MOSHY®, OXASERASMYD BOROR Mmmesth 53 Boabjpesa TompmoRl I mx, 3a xoropoll nowsmaxcs
ammmENerll norzotarem saexTpomod TOMOMORI2 we. Cpasy DOCA® NOrZOTETOAR NOMSNS~
auch 4 cGopxm %3 Mevaxmwwecknx $omr zeammerccs memecrsa TcammmoRt 0,1 s x gorex-
*0poB X3 TexesmsmomnoR camgs. B nepmix asyx cOopxax mcnoxbaomazoch DO OxpoR $oxb-
re &% g By | XOTO[ME paCTIGAATaINCH BMOAOTMY® XPYT X RPYTY. B ocram -
X~ TOXLEO TOpNemye JONBLIN ¢ ABYX CTOPOH OCXOmesiiMe perextopas. Taxas XOMIOSN-
IpiA MOSBOARAS B HEXOTOPORl CTenmeHm CKOMISHCNDOBAPH Cozee GHCTDOS yMembEEMNEe MIXORA
doronexesmit 2RTh ¢ ywesibmenmes asepraun. Jeammpecs $oXIN N ZOTEXTODH paspexN-
JNCH AXMONNendM neperopoaxamm romgumok 0,3 MM ¢ orsepcren ymamerpor IO e,
[ipcraxenmocTs Bcex 4 c6O0pOX MO OCN NYNUXAR COCTABASAA 2,5 M , DACCTONHE® OT BOAR~
¢pamonoft wemenn no nepsoR cCopxm - I4 .

Taxms 00pasoM, BKCNEGPNMOHT NO3BOARE MSMEDATH B XAPAKTEPNCTNEN: BMXONR Y (E wax)
B WACAAX KeNeHNR HA MMEPOKYXOH AR GecXoHewio TOACTOR MO OTHONEHED K HpoGery oc-
KOIXOB METARINYECKOR $ONBI'S N ONNCAMHMX BuBe ycXomR ormu?a ( B TAKNX GINIDMAX -

XO0A, Y(Emz)npo.ucemwuplc.2)noom6nronplmmm-nuel
PeINHy~ OTHONENHN® mogonpeaml(x.j-)uzazTh s “BY

R(Em)‘YTh(me)/ Y, (Emax) (2)
o}

Yone

0°%

0 o' Puc, 2. Baxog peaxipn 232Th( x.}-)
OT rpasEuHoR SHOPrRR TOP-
MOSHOTO CTEKTDA B WNCAAX Ao~

I8 } ! acunft Na OfNH AETEXTOD N K-

ferpax Toxa I muxpoxyaon

J o (»pepxy). Ceueime goroge~
10°! o? Reacima 22 Th

o) 0

g 1

o' it

20 55 60  Emm
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B pacCMaTpNBASMOM HEMN SHOCH ANANA3OHS E . = 4,8 - 6,4 MeB muxop Y( Emax)
mswensdres Ma 8 nopmaxos. B Taxom Macwrale HNEAKNG BANHME AAn HAC JETANN BHE[re-
ravecxoll sammcumoc?s Y (E max ) yauge?s neposmomuo. Ovuosesme R (Emax ) »
STOM CIyuas R3MEHACTCA B rODasgo MEHLENX Npeneaax Ha 3 NOpARKa, HO TOXEe HOCTATOU-
O Goxbmmx, wro(sl MPOACTABNTD COOTBETCTEYNRYD KpMBYD B yRoOHOM MuHefhioM MacmTale.
Bee 70 xopomo BNEMO HA NMPEjEHMHMX HNKE PHCYHRSX, T'Re MOKASAHM: HA pHC.2 -BMIXO
Yn( E maz) = roccranorxesnioe 3 mero cevewne Cé_;,(E) B mmpoxoft oGxacT
Emax ,E=4,8 -~ 6,4 MsB » na pme.3 - omomenne BXONOB R (Ewmax ) » cevenme
foronesems “2Th  ua yuscexax E , Bwe= 5 - 5,3 MoB 1 5,5 - 5,8 Mob.
Ha nceasze x pac.3 (mmsy) npescrasaes yuacrox @y (E) pas 22Th , nsyvenst »
padore /7/ B oGzacu E = 5,4 - 5,8 MoB. BepmuEaxbiison myHMETRDISG! DM YKa3SHM
NOXOMEHNA BeperyAspHocrel B R ( Emox) n PE3CHAHCOB B G}(E).

Puc.3. Conocraraesne HeperyaspHoc~
refl B OTHOWEHMAX BIXOLOB pe~
ARIM (X’j') na SRy 2BY

¥ B ceyerun foromexeMus
232‘1’}1 LJTIONYUeHHMX B HACTOS-
mneft padore(Tessuie TOWKH) M
» padore /7/ (cmermie Towrm)
AR WHTEDPBANOB OHEpruH, Mc-
caegosasmmxcs Mogpc 6Ho. Bep-
THEARLHE® OYHNTHDHME XMHNN-
noacKeHuA HeperyaspHoctefl.




Bmcmwﬂomwmmﬂupc.smo-
mx - “crynonex” nom R (Em) 1 pesomsncos G_.}(E) = NOOSXOANMO OTHO-
wuts caenymmee. Bo-nepmx, moanmn(z) » DO-BENNMOMY, BE NOEAOT Ko~
QOCTDOENOMY ANAENSY CTTYRTYIN Yﬂ-(lm). nockoxsxy  Yu (E mox) snameres

Gozee nxamioff, HO , pesymee?cs me mueasssoR raaaxoRt xpmsol / 4,6,8,9/ . Bo-sropux,
HAZNWNO, ROPPSANINE CBMMACTOXLCTEYS? O KANOCTBO BOCCTANORAGHAS 6;(3) K3 XNTETpOXM~
BOPO ypuluuu {I), X0TOpoe OCYROCTBALAOCH NTCDOINOMIMA METOROM MIUDM3NR NAIDA-
aemioro pacxoxpesma Tapecxo /10/. Kax m xampoR mexoppexmio nocrasaeamol sageme
S70My MOTOXY DPHCYNA NPOCAGMA DEryANPESSCNE pemermns. Jax mutopa “Hamaywmero” wicaa
NPepaf NPORSBOARACSK SHAENS GEMSKNX TeCTOMMX Bapsantos. [orpesssocms 6,((!) Ka
pRc.2 ¥ 3 Oxjeumsamich B3I ENCISPCEN Msoroxpamvux pesenrf (1) nan snanernt Y (Emax),
BADLEPOBAMENXCA N0 HOPMANLHOMY 38XONY C SKCHOPNMEHTAILHMMN ANCIICPCREEE.

OTeeT™iN YROBRSTRODNTORDLYEOS COraacue C pesyabraTeim paboru /7/, » xoropoll Guam
mepmie ofHApyZesM peaoHaHCH ml CTPYRTYDH B COvoHEN $OTORCACHRS 232 Th
Hamm5,85806wmmmmﬁmnme(Emz) N , BeposTHO ,
9PN MOKHO OUMCENTS NPONYCE NOCISNHEro PeSOHaHCA B NNTeppaxe 5,5 - 5,8 MeB .
Crpyxrypmnil Xapaxtep,COrIacH0 NMamNs QMO , MMeeT COUeHNO $OTOZONEHME N MA KN~
sepsaze 5,0-56,3 MeB, x0T CTaTHCTNUECKNE® NOrPEEHOCTN B 2T0M CAYYAS MpuMepso B J
pasa Goasme.

Taxm 00pasos,006 NCCAGHODAHNHNE HAMN "CTYDONMXN" B NOAGCAPHEDMOM COWENNN 6} (E)
mTh OoOHADYRNBADT CXOANYD DESONANCHY® CTPYRTYDPY. Kan muveprama E= 5,5-5,8leB
MOXMO ROCTATOWNO NARGNNO OLGMNTD CPOAHOS DACCTONMMNO MEXLY POSONSNCMM “MEKPO-
crpyxeypu” D~ 80 - 100 xeB. B 5108 obaacen ssepraft coraacuo /5/ cHaMNO peoCNags-
o7 JANOADHSS EOMIONGNYS, ¥O 6CTH COOTIOTCTEYDENO AGANTOAHNEG COCTONMNE  NNEDT
xspaxvepucrnxy J”, K =17, 0. Caexyn pasore /11/,rze paccsorpes sompoc o
CTATHCTNUECKON ONNCAMEN ypomueft 3 neppofl X propoft amax Gapbepa, K8 NPNBOXEHMOTO
susvesus ]) aermo ouesmrn sweprsd moaCymuesma X 2 MeB w mosomenme xua mes
3,5 - 3,8 MsB, Ecam oGcyxnaemmie ypc-lAnmm pr0poft AMe,T0 NeolXOmEMO JOTYC-
T4TH, 970 Bicora BMyYpesmero ropts B  aax Jr, K = 1,0 6oxeme 5,8 MeB,
aro CYNECTDOHNC NPOBMEAS? TEODOTNUSCENG NPEACKASMMNA A2f MEafiwero cocromms 0%
242:458/2/ C Apyroff CTOPORM , ANOIYD NMES OLGNKY TPYAMO COTASCOBATH C NMOD-
WONICS OPSCTABIONNDE 0 NeoxbEoft rayGane Tpersefft mai /2/. Vmawe rosops, mevep-
NPOTAIRS POSYIBTATOR CTANKNZAGTCN C TDYRNOCTIMN,
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BHXOX M CEVERME GOTOMRIERME <N Po

A.C.Coxgaros, B.E.Pymmmxos, 3.A.Anexcamppose, I'.H.Cumrpesmms
Susuxo-eneprevuvecxuft mucrary?, OGmmcx, CCCP

mmuml;upmn;nnnon N BOCCTSMORAOmGIX §p X Covennfl
XOBGINR B peaAmIME wpaf(x.f)moﬂ.cum Y-mn4,8-7.058.

Jlexesno Zerxmx aETHNNAOD (Tii.Pa.) olmapyxuso pag c»ofic?s, BOYRAMIMBARENXCS B Daks-
KN EASCCHNWOCEOR mogexs apyropboro OGapsepa [I] . Yube » seoperwuscxax paceirax
sepEaxbio-actmerprwiol sefopsuE DpEBGl X OPAACKASMDIN MA MOCTe ropia B fpetsell
mai. Ha ero ocnope coREENCH mpescTaBAeMEA Tpexropbloff mogesn Gapsepa, ¢ NOMORLD
x0%0pofl  YEANOCH OUBACHNTSH, NOKA , NPABAR B OCHOMEOM KaNOCTDIOMHO, "SHOMAINE" HPOLEC~
Ca JcAeMnR uepnpnlonTh

B mccaepoBaMgx ZerXNX AKTNHNROB BMMNAHNG NPEEOBSNO X OROXONOPOToBOf ofascTn sHep-
it sosCyxnesms, » xoropoli manGoaee MnopMaTHIN NOATPOMMES ORCNOPANMTY C BMUCORIM
SHEPreTHTOCKNN paspemenNes [2] . OTH SECICDENGNTN CHNSY OIPANNWORNM SHOPrNeR CIASN
nefirponia, Tamux orpmomerfi Ne? 3 MPMEEX POAKIMAX X GOTORCNSINN,

Beposmuoers gesems sxpa 221 Pa meunmmTh(’He,df )
3 0628CTH OXOZOTOPOromx sweprnf posOyxnems , 5,6 - 7,5 B [3] . Oscyrcesme
Resonax 3 rxySoxonoaGapsepsofl 0GxaceN smeprafl MM NONMTAINCS BOCHOXMNYS NCCEOROBMNNS-
= peamiun (Y.j)cwmmmww.hwem
momMmY(iEmux)mmanmm

Y(Emax)- '{6}(3) N(l,lmax )dE (1)

nﬂwm-m&mndmemlm-m

orogeanms 6}(!) (N(E.Emax)-mmmmmlm).nnpo-un
TAKNG SECHODRMORTM GMIN OCYNUCTMIGHM SAS ENDOXOTO XpYTA SASD NPR E 1y y < 7 leB ¢
saron ABmaye 0,1 MeB  [4], & 5 gpyrow sonsaze ma nacrommes craosmyme [5]
COOGRMTCS DOSYAMIAMTM NOCIORUL: KsMOPON AEA POSIEN B2 p (y,j)cm
AE gy = 0,025 MeB , CANOREN X SMOProTHUSCKONY PESPOSENND YCEOPNISAD: § WIKPOTPOHS



sasxponos. B xesmolR patove coolwamres pummcp-anpommw
BXOAR Y (B max ) N DOCCTSMOBRISIOTO E3 NOTO CORNES 6}(E)mpum

wpu(x.j)lnmmNA.e-?.o ieB.

Sxciepmesn? G NOCTARSSN XA MMIYALCHOM MEXPOTDONG SNSEKO-OHOProTNUSCKOre NMCENTY-
voa. Topwossoll immesne cXyENa Boxmjpessomdlt yuck Toamusoll 1w ¢ I2-MsxzmmeTpomE
AnMMMESNSt NOr30TETORSN 3BexTpouos. Ha paccrommm 30 wu or somfpeonoll mmenn
IREOTHYD AJOT K AIUTY PACTOEACAENCH CROW mPulmU sompmok 0,33
0,74 -/eiz, COOTBETCTYROINO, RNAJPArMNDODAMEIE ANRMEINCBON MOUNPOSPEWIOR RES OCKOR-
E0B Aesems Joxroft ¢ oxmon puame?poM [Ows . JeTexTRpOBMNING OCROAROB HDON3IBOARAOCH
CIASEAE ROTONTODMMI, EOTOTUS NOMONAANCH B XOCTEO CEPONNINIS ¢ XCABNNMECA CROAME
RcConE. CTONRN KACCOT ¢ OTDOPCTNOM ENMOTPOX 12 My RER MPOASTA OCKOANOD MAXOXNANCDH
Ba paccrommn 3,5 M OF ZoRmEEACA CA08B. D0 SpeuE OCNYReMAR DPONIROARAOCH NRTErjm-
POBSRNG TOKS SBSXTPONOD, DONAKSNEEX %A TODMOSNYD Mmmeb. Eosee noxpolso Aerarn
Wmmnm[lj.nmnpomummum.

Eusm mmomies ape cepun xomepemmit. B nepsofl ofxywssms nposogmascs 3 mupoxoR oGasce
8 rpeENSMX tseprafl POMOSNOro cnes¥pa E mox 0 4,8 80 7,0 MeB c maros 0,1 MeB.

Bonsse x cofe muuBaexaAs NOZCAPLEPHAS BEPEryAADHOCTD B SMETTOTNGOCKOR SABNCEMOCTE
nxoxs pesmp 21 pa(x.}) Y (E mox) o8 E pax= 5 MeB, enb Gozce oresrau-
B0 NPOAMEAACE B SHOPreTNRecKol SANICHMOCTN OTHOBONNA MIXOROP aas I [ x 23/
R ( Emox )= YPa(Emax) / Yu ( E max). dnepremecxult suansso  E mgrs

= 4£,8 «~ 5,1 MoB pemento Guso mccaegosa?s Gozes nogpolno ~ ¢ marom 0.05 MeB m ¢ xyu-
seft cramucrEvwecxofl TOWIOCTHD.

Bo »70opoft cepmm maOe CMAED YMSNBEGNO PACCTOMANG 0T AGASFXCA CA0OB O TOPMOSHOR
_isoam. BOECN C A0TOXTOPMN Taxme (aNE OPNCANEGNN X AGASNNMCS CEOSM TAX,UP0 DaC~
CY0MNe MIRXY MEMR cPaS0 1,5 e, DuecTe c yReaNuenmeM SECTIOSNINA 970 103BOANAO

NOYTH NS NOPASOR YROINUNTD WNCAO POTNCTINDYOIAX SXTOD NOICMNA,

He pme. Iwmu-pmammmmzslpamcmom
copuft xenepons; xpusoft I - 3o scem gmanssome Emox, xpupofl 11 - ua Gozee mogpoluo
mmmmmmm.hqnmmommmpa ]
zaU - R ( Emax). Nazemyn R ( E max) oveeramso npossusca » o0eRX evasx
NSNOpIImE. OTMOTEN, WPO OTHONGNNS MXOROD R ( Emax) ueqyscossressmu x norpemioc~
AN, CRMMINONN ¢ RCTNDOSTOR NYURS N ONPARGIGHNON SECOOINININ,NO NOCYT B cole HOROPO-



mw:mw.lammnmwm-
mqqnnw-mlm.mnmwﬂ!.ﬁ.zﬂ

Y(Bmz)mmmu BOSOT COOE NEANSO, N MARCHNYN R (Emax) ma
puc. ] BOOUER0 CHEBSN C NCORMYSMMM  SEPON R[Lpy .

unmmommm“é}(ﬂ)nm Y (Bmax) (1)
OpuNeRasCS NTOPANOMAI NOTOX MUSREIBAIN RONPARRSINONO pecxompemmx [6] . Hpeames-
mmnmmommmmmwp
uncas Nteperafll N CUDSXSAMNNG IOTDIENOCTE K3
ANCTOPCEN MUOroXpaninix peseamfi ¢ sesoft
sacm® (I) , mepsmpyessoff DO NOPMANMEONY 38~
zony ¢ sucnepmmewraxiuoll ucnepcneR. [lo srolt
Opaemse MY JRGMLAN BEEG MNOT0 NENNERS A0~
MONCTDOINN CTRINCTUNECEOM INAMMOCTE OCOSeN-
socTs NpR E mgx =5 Mep » RepocpexcTdemio
macxofacuofl mejopaaER 0 Y (Emax)
R ( Emax). B cvwemm G4 ( E ), noxassmmon
na puc.2 , ol COOTROTCTRYOT DOIONARC.

!ﬂpa -

|- -

- -
Puc. 1. Sammcemmoc?s sEXOfs Y po- L
mmpa(x,})(mllﬂ) :IIT ilo 7
% omsomesms Bxofos R aas peampet E,re

Bl y, ) nBBY (Y, §) o2

PPUSIIOR SROPIEN TOJMOSNOTO CRORWDA  Puc. 2. 2asmcmwsc?s conems Jotoneasms GJ

E max. NCHOPMNNTAMIGIC FORKN: sxps 21D on emeprm y -Svason,
o - Y (Bmax)y 0 = R ( Bmax)



Cousmme ¢oronensmms mpa..oegmwnm

Prig) 28

#(E) Gl ) ’ (2)
e 6;(!)-e~omm-.lm3 = 5,5 =« 7,0 lsB yroanerso-
PRTGAWO COrSACYOTCS ¢ ROMAICTLD, NODOCDAACTRONNO R3MSDUIOR B  poamymM
207y (*He ,d4) [3] . Ofuapymemmal mas POSONIRC CYRSCTROMON RAR YTOWSSWRN Do~
pamevpon Gapsepa gesmmz mpa 2N Py . C o7oll nexe Besavemac MPUROENTS KN~
posma ops B < 4,8 Meb, ognaso pam XX OCYMECTRAGMRS NOOCXOMS mmens ¢ GombENM
EOSNNSCTION ROMENSTOCE BONOCTIR. ’
Avropu Gasropspmms B.8.Macospoxny 5 1.A.Mzsmonoff ia nmpegocrasasmme mpal rpynne
SECHIyATEE MUKPOTPORS 38 CORSECTING RIMODMERENM.
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PHOTON INDUCED FISSION OF 2321_1! WITH 12 AMD 20 MeV DMEMSSTRANLUNG.

(M. Pi » E.Jacobs, D.De Fr + A.De Clercq, M.Verboven, G.De Smet)
Nvclear Physics Laboratory, Proeftuinstraat 86, B-9000 Gent, Belgium

ABSTRACT

Gamma ra; spectrometry of fission product catcherfoils and energy correlation measuremcnts were per-
formed for the photon induced fission of 232Th with 12 and 20 MeV breasstrahlung. Tre nostneutron mass distri-
butions show a third peak for symmetric fission. In the light and heavy mass wings strong fine structures are
obs*rved, probably due to oda-even effects. As usua;lly cbserved, the total preneutron fragment kinetic cnergy
decreases with increasing excitation energy of the compound nucleus in the vicinity of mass 130. Por symmetric
fission however, the fragment kinetic energies show an increase. Cosmpared to 12 MeV bremssrrahlung induced
fission, the number of emitted neutrons increases for fission indu.ed with 20 MeV bremsstrahlung. This can
cospietely be attributed to the heavy fragment.

1. INTRODUCTION

This work presents the first results concerringa study of the compound nucleus excitation energy de-
pendence of some important fission characteristics in the photon induced fission of 2]211\. The overall mass
and kinetic energy distributions, the total kinetic energy and the number of smitted neutrons as a function of the

fragment sass are discus<ed for 12 and 20 MeV bremsstrahlung induced fission.

II. EXPERIMENTAL

The postneutron sass distriburion was determined by gamma tay spectrometry of fission product catcher-
foils. For 12 MeV bremsstrahlunj irradiations varying in time betwe:n 15 M «nd 4 D were carried out on !0 tho-
rium targets of 175 -:;/"n2 ssparated by Al-catcherfoils. Successive gasma-ray spectra were taken using a 50 c-3
Ortec Ge(Li) tector with a resolution of 1.8 kev PWHM at 133) keV. It was shown that for a target with thick-
ness exceeding the range of fission fragments in the target material, . correctionto the observed mass yields
proportional to the inversed range of fragments of the considered mass in the target has to be introduced, to
take into account the diffe:2nce in range for different fragmentsl'. Thi. correction of the observed yields
was determined experimentally by comparing the photopeak areas of the catcherfoil spectra obtained with the
175 lllt;/cm2 targets with those obtained with 0.5 mq/cln2 thick targets in the same geometry. Because of the low
yields witn the 0.5 mg/cm2 targets these measurements were performed with 20 MeV bremsstrahlung. This experi-
ment supplied at the same time the postneutron mass distribution for 20 MeV bremsstrahlung.

In the calculation of the mass distributions special attention was nayed to the determination of the
yields in the valley region. Therefore chemizal separations of Ru and Sb were carried out. This allowed an ac-
curate determination of the yields of wmass 105, 106 (only for 20 MeV bremsstrahlung induced fission) and 125
relative to the yields of mass 103 and 127 resp.. The latter are well defined from the catcherfoil method.

Energy correlation measurements for the photofission of 23211\ with 12 and 20 MeV bremsstrahlung were
performed using two surface barrier detectors with an active area of 600 mz. ~“hese measurements were calibra-
ted using the Schmitt.calibration method and constants for 2350(“:11’”2)' The thorium target consisted of a
100 uq/cm2 ThF4 layer evaporated on a 32 ug/cm2 polyimide backing with 20 uq/c:m2 Au. The energy loss of the
fission fragments in the target was experimentally determined by measuring the energy loss of 252Cf(sﬂ frag-
ments in it. From the energy ccrrelation measurements the provisional mass and pestneutron kinetic energy
distributions and their correlations can be deduced.

Coxyining the results of the energy correlation measurementcs and the postneutron mass distribution
the average number of emitted neutrons az a function of the preneutron mass was determined following the jte-~
rative method described in ref. 3). Simultaneously the preneutron mass and kinetic energy distributions and

their correlations could be deduced.

IIl. RESULTS AND DISCUSSION

The postneutron mass distributions for fission induced with 12 and 20 MeV bremsstrahluno are shown
in fig.1. The distributions are normalized to a total yield of 200%s. The error bars contain the uncertaintic.
of the peak area, the absolute gamma ray intensities and the relative efficiency of the detector.
The presence of a distinct third peak in the symmetric mass region is clear., This peak is less pronounced for
20 MeV bremsstrahlung induced fission. In the neutron induced figsion of 2321’?1 Glendenin et al.4) found also
a similar peak in the symmetric mass region which also seemes to wash cut with increasing excitation energy,
while thevalley yield increases. The decrease of the third hump in the symmetric fission region with increa-
sing excitation energy suggests that this peak is caused by shcll efiects in the fragments and not by the
symmetric fission component expected from an enhanced liguid drop behaviour at higher excitation enerqgy of the
compound nucleus. Calculations in the framework of the gtatic scission point model of Wilkins 5) based on de-
formed shells in the fragments predict indeed that thoriur ie¢ situated in the transition region where the sym-
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Fig.l. Comparison of the postneutron mass distribution for 12 MeV (—e—) and 20 MeV(-e-)
bremsstrahlung induced fission. The arrows indicate the positions of the fragment
masses corresponding with the even 2-values.

retric peak disappears for heavier nuclei.

Some character.stics of the postneutron mass distributions are summarized in table T,

Table I : Parameters of the postneutron mass distribuiions

E_(MeV) <M_>(u} <p_>(u) <wWw> A/S <E__ > ({MeV)
e L H exc
12 90.55+0.09 139.40+40.09 2.05+0.13 3545 8.8
20 91.31+0.09 138.15+0.09 2.54+0.13 11+1.5 12.4

The <v> values are calculated from the conservation of mass. The paraseter A/S indicates the ratio of the asym-
setric to symmetric fission yield. The average excitacion energy <£"c> of the compound n;;;eus, excited with
bremsstrahlung with endpoint enercv E_, was calculated from the fission cross section of Th 6! combined
with the Schiff bremsstrahlung spectrum 7). The <HL> and <HH> values are in good agreement with the systematics
of Unik 8) which predict values of resp. 90.5 and 139.2. The shift of <™ > and > for zc = 20 Mev is partly
due to the enhancement of the symmetric fission component and partly to the increase of the nusber of emitted
neutrons. The arrows in fig.l indicate the positions of the calculated fragment masses associated with the
even charges 34, 36, 38, 52, 54 and 56. In this calculation we used the expression for the most probable frag-

ment charge zp = Z + 0.3 (+ fcr the light fragments and - for the heavy ones) with z the fragment char-

ucD ucD
ge assuming the same N/Z ratio as the compound nucleus. The additional term 0.3 is an averade value deduced
from photofission studies of 2350 and 2:’BU N.

In the necessary conversion of preneutron masses to postneutron masses the deduced neutron emission
curve was used. (see further).

The enhanced ylelds in the vicinity of the light masses 86 and 91 and the complementary heavy masses
139 and 144 can indeed be explained by proton pairing effects. A further study of charge distributions could
confirm this conclusion. It is well known that strong odd-even effects are present in the fission of thorium
10). In the mass 134 region a shoulder in the mass distribution is observed, but a pronounced enhanced yield
of mass 134 as seen by Glendenin 4) is not present. In the complementary light mass region we see an enh.nce-
ment of mass 95 but much less pronounced as in the corresponding heavy mass region. This difference between
light and heavy mass region can be attributed to the relative high neutron emission for the light masses.
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All these fine structures in the mass distributions are also present for B. = 20 eV but there is a
slight decrease. The fact that the fine structures are not decreasing more strongly can probably be attributed
to the considerable amount of second chance fission (about 30%).

Some characteristics of the overall pre- and postneutron kinetic energy distributions and the preneu-
tron mass distributions are summarized in table 71.

Table 11 : Paramtars of kinetic energy and preneutron mass distributions

=
E, (meV) <E > (mv) <xk’>(n-v) <nL'>(u) . *> )
12 160.1040.45 161.69+0. 35 91.8240.17 140.19+0.17
20 159.4340.16 161.10+0.16 92.6440.10 139.37+0.10

The values of <5’5, 0&‘5 and <%’> are in agreemant w.th the systematics of Unik et al 8) predicting values
of resp. 163.9, 92.2 and 139.8.

The nreneutron kinetic energy as a function of the preneutron fragment mass is presented in fig.2 for 12 and
20 MaV bressstrahlung incduced fissicn.

160 T T T T
’70- 'l-. -
% -t .'l
s .
\z"m' ' ....- -1
x x s8a !'
w a"e .
.=. o" l.
150} . h, |
3.'_
149 1 1 ' 1
110 120 130 . 140 150 160
MH(U)

Fig.2. The total preneutron kinetic energy as a function of the heavy pre-
neutron mass for 12 Mev ( X ) and 20 MeV ( O ) induced firsion.

Striking in this comparison is the complete identical behaviour of the kinetic energy for "H. above 135. In
the vicinity of heavy mass 13G we see a Jdecrease of the fragment kinetic energy for B. = 20 MeV compared to
12 MeV. This is the usual behaviour caused by the diminishing influence of the strong spherical § = 82 neutron
shell correction when the excitation energy is increased. In the symmetric fission region an increase of the
kinetic energy for l. = 20 MeV compared to 12 MV is observed. This behaviour indicates that the scission con-
figuration associated with the deformed fragment shells in the symmetric fission region, which is responsible
for the existence of the third symmetric hump in the mass distributions, has a larjer deformation compared to
the liguid drop model configuration.

In £fig.3 the number of emitted neutrons as a function of the fragment mass is shown. These curves show
the usual saw-tooth behaviour and an increase with incrsasing excitation energy of the compound nucleus of the
number of neutrons emitted by the heavy fragments.
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Fig.3. The number of emitted neutrons as a fonction of the preneutron
mass for 12 MeV (~—) and 20 MeV (-«-) bremsstrahlung induced
fission.
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EMISSION OF 3! AND ‘I'E PARTICLES IN THE PHOTOFISSION OF ACTINIDES.

{M_Verboven,E.Jacobs,P.D* hondt, A.De Clercq,D.De Frenne,¥.Piessens and G.De Swmet).
Nuclear Physics Laboratory,Proeftuinstraat 86, B-9000 Gent,”algium

ABSTRACT
The emission of light charged particles (LCP; in the photofission of 2330,2350,237!!9 and uz?u with

12, 15 and 20 MeV bremsstrahlung was studied. For tne identification of the LCP AE-E detectortelescopes were
used. We have determined the triton and @ particle euiss.on probabilities and the characteristics of the kine-
tic energy distribution of the a particles. Our measurements show that the excitation energy transferred to
the compound nucleus essentjally doesn't change the emiscion probability of the LCP. Our results are compared
to sf and thermal neutron induced fission results. They are consistent with the idea tha” the LCP emission
probability is correlated to the deformation energy of tlhe system at scission.
1. INTRODUCTION
Although the thermal neutron induced ternary fission of fizsile isotopes h.s been studied since fourty
years, information on light charged particle accompanied fission induced by Y-rays is very scarce 1) and 2).
We report here on the first extensive study of the ternary photcfissicn of actinides. For the nuclei

2330, 2350, 2nu, 237Np and 2‘2Pu we mcasured the relative emission probabilities (LRA/E ratio) and the ener-

gy distribution ciaracteristics (<E> and FWHM) cf the ternary 0 particles and the triton to 2 emission proba-
bility (t/LRA) as a function of the excitation energy of the compound nucleus.

2, EXPERIMENTAL SET UP AND DATA HANDLING

Ternary photofission experiments rere performedwith bremsstrahlung,producedby 12,15 and 2ZHeVelectrons in
a0.1 mmthick gold foil. The photon beam was cleared of electrons with a magnet and collimated to a diameter
of 1.5 cm at the target location. The target is placed perpendicular to the incident photon beam.

'l,‘he detector system consisted of B telescopes. An identification of the light charged particles was
necesscry to separate them from the high proton background, which was produced predominantly by (y,p)reactions
in the tdrget and in the target backing. The identification of the lijht particles is based on the difference
in energy loss in the AE detector for the different light particles with the same initial energy. The detector
tel. copes consisted of two Au-Si surface barrier detectors, a totally depleted AE detector of &+ 30 um thick-
ness, followed by an E detector depleted to a depth orf 500 um, each with an active area of 150 mmz. The teles-
copes were shielded with a 20 um Al foil to stop the fission fragmeats and the natural a particles, origina-
tine from the target and also to reduce the background due to secondary e’ectrons, nroduced in the target by
the bremsstrahlung.The telescopes are placed circuiarly around the photon beam axis at an angle of 45 degrees and
at a distance of 71 mm of the target.

The fission fragments were counted simultaneously in a separate detector with an active area of 6001:1?,
placed on the opposite side of the target at a distance of 92 mm. The geometry factor betweer. this detector
and the telescope set-up was deterrm.ined for each experiment by countiig in both detector systems the number
of fission events. A correction for coincidence losses in the telescopes was obtained by measuring the natural
a-particle countrate from a 2350 target in the'C- and the AE-detector separately.

The amplified pulses from the detectors were coded and stored event by event on a PDPI{!/I0 system via
a CAMAC-interface. The Y pile-up during the pulse of the linac (y-flash) was measured continuously and an on-
line subtraction of an average of it was performed. The detectors were calibrated using well known natural a
lines from an 2350 target and from a 2281‘1’1 source. The stability was continuously checked with a precision
pulser. The two-dimensional AE-E data are handled off-lire with our VAX-11/780 system. A typical JE-E energy
spectrum is shown in fig.1. The ternary a particles are clearly separated from the high background in the
low-energy part of the spectrum. The measured coincident AE and E values are combined via the relation T/a =
(2 + Ar,)x'” - E"’J (with T the thickness of the AE detector) to obtain an identification spectrum 3). Fig.2

gives an example of such an identification spectrur.
3. RESULTS AND DISCUSSION

A typi-al energy spectrum of the LRA-particles is shown in fig.3. The parameters of the energy distri-
bution are obtained by fitting a Gaussian through the data points above 12.5 MeV. As a consequence of this
pracedure the non-Gaussian low-energy tail of the energy J:stribution is not taken into account (see e.g.4)).

In table | we swmmarize our results. The parameters of the energy distribution and the emission pro-
bsbilities of the LRA-particles relative to the binary fission probability (LRA/B) are given together with
the triton to O emission probability ratios (t/LRA). The quoted errors are only statistical ones. The energy
of the electrons producing the bremsstrahlung is indicated by Ee' As a ~consequence of the high proton back-

ground (or measurements with 20 MeV bremsstrahlung, it's impossible to distinguish the tritons.
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Consistent with the general rrend observed in ter-

nary fission, the average LRA energy,<E>,seems to

be practically constant over the whole range of nu-
clei and excitation energies (the average value for
our measurements is 15.8 ¢ O.1 MeV).Although the

considerable amount of dispersion in the full width

at half maximur values, these FWHM values shovw a ten-

N (E)

dency of a systematic increase in going to a higher
excited nucleus. The average value for the FWHM raj-
ses from 9.54 + 0.2 MeV for fission induced by 1SK#
bremsstrahlung—to 10.1 £ 0.2 Mev for fission induced
by 20 Mev bremsstrahlung. A partial explanation for

this observation can be the following. The measure-

ments of Mehta et al. 5) for 252(!:(5{) show that the
PWHM of the energy distribution as a function of
Fig. 3 The LRA energxzdistribution and the Gaussian fragment mags is rather constant, except for symme-
fit from 12.5 MeV (“"“Pu(y,f) - 15 MeV bremsstrahlung) tric fission where it increases. We can assume the
same behaviour for induced fission. It's well known
that for higher excitation energies of the compound
Table 1 : Summary of our photofission results

3

Target Be (MeV) <E> (MeV) FWHM (MeV) LRA/B%10” t/LRA(%)
233U 12 15.7120.2 9.520.3 1.9340.12 6.421.0
2JJU 15 15.540.2 9.340.3 1.9740.06 -
'2330 20 15,640.1 10.240.2 2.1320.07 -
235u 12 15.740.2 9.020.2 1.5740.08 6.5¢1.1
2350 15 15.940.2 9.620.2 1.67120.06 6.320.7
235U 20 16.040.2 9.7£0.2 1.7230.04 -
238U 15 15.640.2 9.7+0.3 1.28$0.06 7.821.2
2390 20 15.940.1 9.910.2 1.4610.07 -
237"p 15 15,940.1 9.620.1 1.6410.13 8.340.9
237"p 20 15.820.1 10.520.2 1.7940.07 -
242Pu 15 15.920.1 9.5120.2 1,8840.06 -
242pu 0 15.940.1 13.210.2 1.8640.07 -
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Pig. 4 Emission probabilities gt LCP (sf) and LRA (y,f and n_ ,f) versus QOB’-Q'EEP (fig. 4a)

or versus Q-<TXE> (fig. 4b). E is the average excitation energy of the compound nucleus
induced by the photons or the neutrons.

nucleus, the symmetric fiasion yield increases. For 235U(Y,f) the peak to valley ratio decreases from 24 to
14 in going from 15 MeV bremsstrahlung to 20 MeV breasstrahlung 6). However this increase in symmetric fis-
sion yield cannot account for the whole increas. of the FWHM.

The triton to LRA emission probabilities (t/LRA) seem to be cunstant.Although 237Np is an odd-Z nu-
cleus and the existence of an unpaired proton in the compound nucleus could perhaps enhance the yield of H-
particles, our measurements indicate that there is no significant increase in the tritor yield for 237Np.

As generally observed our result: show an increased LRA yirld with increasina zz/A 7). This is inter-
preted as a confirmation of the idea that the LRA-yield is cnrrelated with the amount o deformation at
s:oission B). A better way to control this hypothesis is probably to plot the LRh-yieid as a function of
Q-<TKE> 9). The difference between the calculated reaction Q-value and the measured average total kinetic
energy of the fragments gives tie deformation energy plus the internal heating. As for spontaneous fission
the internal heating is probably low, the Jdifference Q-<TKE> represents an sstimate of the deformation energy
at scission (see 9)). The Q-values t-r our photofission experiments were obtained by averaging the g-_.und-
state atomic masses, using the tables or Moller and Nix 10) over the experimental massdistributions. These

2350, 238(! and 242Pu 6), 11) and 12). The most probable fragment atomic num-

bers were taken from our earlier work(ZJSU and 238U, 13) or calculated for 242Pu via the method presented by

were however only available for

Nethaway 14). For photofission the calculated difference Q-<TKE> should include the average excitation ener-
gy of the compound nucleus. When we plot our results together with those for spontaneously fissioning nuclei,
given .in a very recent survey by Wild et al. 9) a significant different trend between induced and sponta-
neous fission is obvious (fig.4a). However, if we do not include the extra excitation energy contributed by
the photons, the LRA yield, as well for s.f. as for induced fissivun, can be represented by a single straight
line (fig.4b). "f we assume that most of the extra excitation energy remains as internal excitation and only
a small fraccion of it is converted into deformation energy and if the amount of deformation at the momen® of
scission determines the emission probability of light particies, ar increase of the excitation energy of the
compound nucleus should have only a small influence on the LRA emissinn probability, as we have observed
(see table 1), It justifies also that in comparing our photofission resuits with results on s.f, (see fig.4b)
we don't have to include the excitation energy of the compound nucleus. Together with our photofission values
we plotted some results from thermal neutron induced ternary fission, confirming the trend of nearly excita-
tion energy independence of the o emission probability.

Ke think we can conclude that also our results on the emission of light charged particles during
photon induced fission support the idea that the emission probability of these iight charged particles is

correlated with the deformation energy available at the moment of scission.
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0DD HARMONICS IN THE ANGULAR DISTRIBUTION OF
FISSION FRAGMENTS

V.V, Flgmbsum
Institute of Nuclear Physics

630090 Novosibirsk, USSP

Abstract

Asymmatry in the engulsr distribution of light and heavy fragments mey become »
source of information sbout s direct nuclesr fission (induced by photons, neutrons and
charged particles) and sbout the statisticel properties of compound states.
Investigation of the asymmetry cen prove to be useful for further study of the proper-
ties of the fission channels and in & sesrch ‘or new perity violating effects.

1. The odd harmonics in the angular distribution of fission fresgments have been
observed in fission of the nucle! by polerized neutrons (see, e.g. Refs. /1-4/ and the
theoretical review /5/)., Studies of the esymmetry in the direction of flight of a lighc
(or heevy) fragment corresponding to the parity-violating correletion & 3} end
perity-conserving correlation & ﬁn x 5f , have been carried out ( 6 , E’n ere the spin
end momentum of e neutron, 3} is momentum of s light fragment). In these experiments
the energy of the intermediate nuclesr stete was fixed with the sccurecy 4 << 2D  whered
is the distance between the compound resonences with s fixea angular momentum ' and
parity, In the cese of 4 > J , the contribution of compound reeonances to the odd
harmorics o the engular distribution turns out to be strongly suppressed (Ref. /5/)
(for details see the text below). One cen use this circumstancs to sepsrate the contri-
bution of direct fiseion occur:ing without the intermediate comcound=-nucleus stage (or at
lsest to impose the limits on the emplitudes of dirsct processea).

2. For an exemple, let us consider the photofission of a spinless nucleus (of 238U,

Th, 24°Pu, etc.) ot energy of y‘-quente 5=10 MeV. Here the cepture of E1 or E2
photons dominates. The engular distribution of the fragments is formed at the stage of
e cold strongly-deformed nucleus where naarly ell the excitation energy is given off to
overcome the potentisl fiasion berrisr, The cold fiesion staga is connected with the
soncept of fission channele euggested by 4. Bohr,

232

The reasons for thn appesrancs of fission chsnnels ie easy to understand if the
fission smplitude is represented se an integral over trajectories in 3A-dimensional
space (A is the numbar of nucleons)., Among the whole of the trsjectoriss, a substantial
contribution to ths emplitude csn be given only by those for which the classicel poten-
tisl enargy I ( 1;,,_ 1,) 1is not too high in comparison with the total energy E (the
contribution from the othars is small sccording to the quesi-classicel estimate). If the
average nuclesr deformation is taken es a collective varieble, then st a certasin value
of the former, which corresponds to a fission berier, the condirion U £ E uniquely
determinee the nucleon density distribution. (In rsality entisymmetrizstion of nucleon
coordinetee probsbly leads to condition u.” £ E, U”f >U% |, whore u.” inclu-
dee minimsl kinetic energy of nucleons connectsd with Psuli principle). Thus, all the
trajectories giving e noticeable contribution to the fission amplitude, have common in-
- terval in the potantisl-barrier ragion (with e precision up to the rearrangement of the
identicel particles and insignificent desplacements without the variation in mean den-
sity), Exception is only the sngular vsrisbles chsracterizing the nuclsar orientstion in
e space. The potentisl energy is independent of these variables, while the kinetic ro=
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tation snergy snd the Coriolis force are smsll (adisbatic epproximsation). In this cese,

the amplitude of the probsbility or the fact thet the nucleer exis " hes & fixed

direction in space (angular wave function) depends only on the snguler quentums nusbere:

the nuclesr moment (J), its projection onto the z-sxis (M) ss well es on the projection

of 3 onto the axis of the nucleus (K = Jn), i,e. is described by the Wigner O-function
D, .

In fission initieted by ¢’ -quents with Ey < 5 MeV, anly the channel with K = O,
corresponding to the lowest intrinsic nuclesr energy et the c¢xternsl fission barrier, 1is
open, Upon Ei1- and E2-photon capture, the anguler momentum J equels 1 and 2, respectiv-
ely: the angular momentum projection M= 3 and A =2 1, the photon helicity,. The
snguler wave function of e cold pser-sheped nucleus is of the form, for this case,

¥2)= A, (E) Y, (%) + A, () X,5 ( n) “

where A51 and AEZ are the emplitudes of transition to the cold stege., We have teken
into sccount that at K = 0 the D-function is expressed vie _Yg,,, . Behind the berrier
the motion trajectories diverge. However,if the nucleus bresks fast (in comparison with
its rotetion), the anoular wave function hes no time to change and the anguler distri-
bution of the fragmsonts is proportionsl to /?/ :

win') ~ /45,/z/r44/2*/4u/z/ru/2* (Ag, Acs? Ag, A51)Yf; Ya 2)

Note that for the existence of fission channels there is no need for that the cold
nuclear state be a quasi-stationary state (resonsnce)., It is only necessary that a
sufficiently-large-action (45> ‘I') part of the trasjectory correspond to the cold
nucleus in order to exclude °‘incorrect’ trajectories,

If allowance is made for the channels with ¥ =« 1 end K = 2, which are significant
at EY > 5 Mev, the expression for the engular distr'bution of the fragments in the
centre-of-mass system takes the form

W(A) = P+ Q . cos ©
2

P-.obsinzeocsin 2@e

Qesd+ e sinz e
2 2

.-%IAIII + %/421,
2 2 2 2

b= % Mm‘ - %IAH, - §/’421' * 5/422’ (3)
2 2 2

co M -3 ) B4

d= '@ Re (A% Agy)

Re ( BT./_?A;oAio + @A:" Ali)

Here Aik 1s the EJ-amplitude of photon-induced fission via the channel K, It
can be normalized in such s way that j W 8in @ dé = F/AJA'IZ = 1, The channsls with
different K do not intarfers beceuse thess correspond to different intrinsic nuclesr
stetes, The anguler distribution (3) without the interferencs term Q.cos @ 18 given, for
wxemple, in Ref. /6/ (/A,Klz- P(3K) in the notstions of Ref. /6/), The angle @ 1is
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here count off the direction of photon motion, i.e. the point is concerned with the

-> - - -
angular correlstion q Py ( g 1s the momentum of » photon end p; 1is the momentum
of a light fragment). The odd harmonics in the sngular distribution of fragments eppesr
alsec due to an interference of E1 and M? emplitudes, and in electrofission the lstter
are coaplesented by the E1 and EO interference.

For monochrometic phntons, ths mzgnituds of asymmetry

Q Re (A" . A_)
0kt~ ~ E1 E2 (4)

Ay + A ez

is not smpll because at E, ~ 5 MeV AEI “"Ez. The matter is that ths first fission
berrier for :7'- 2* { » 1is the parity of a state) lies lower then for 17; this
compensates for ths smallness of the E2-smplitude (see, e.g.. Refs /6,7/). At higher
energies, AE? is in sverags smaller then 4 E1’ however, the smellness of the E2-

smplitude is possible tc compensste uUsing the resonance energy dspendence of the fission
amplitudes:

M fu
E} =
A (E) An’%E-E‘oiq/Z

(5)

Here A n is the non-resonsnce ssplitude of direct fission, My 1s the cepturs

smplitude, f, 1is the fission smplitude, and Ey 8nd /; are the snergy snd width of
the cospound resonence, respectively.

3. The angular distribution (3) is independent of the photon helicity A . However,
the dependence on A erises if we toke into account s weak nucleon-nucleon intersction
H which does not conserve the perity, The psritye-violating smplitude cen be written es
follows:

~ N
~ ~ f M f
Aeh o8 —2 b el
b € -0l s2 € E-F o1 l"c /2

(6)

My <o /My lb) 1
* be (Etprtly2)(e-g +1l /2)

Ay A
Here An is o non-roson'ont emplitude, "c is an emplitude of particle cepture

with parity violestion, end fc is an emplitude of fission with parity-violetion, Its
appesrance is connscted with the mixing of opposite-parity levels in the second potential
well, or directly with the mixing of the rotstionsl states of & cold nuclevs (Ref., /8/).
The letter term cor}olponds to teking into sccount the mixing of opposite-perity com-
pound states ( ,b} and Ic) ). According to the W-clouificouon (Ref, /9/).
it 18 the term which 1s the largest snd ceuses the obssrvsd parity-violatwg effects
considered in Refs, /10,11,5/. Note that, for exemple, in El-cepture the A £1 results
in ths nucleus prior to the scission in the rotstionsl state 1*, while A E1 does in
the 1°, '

Amont the parity=nonconserving effects there is the dependence of the photofission
cross section on the helicity of r =quente:
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~ ! e 3
S. 2RAAL A, AL AL
6, - 6. xa0.1 &1 Aa1x

- e———le—

P T2 1
Vs . Al A A )

K=0,1,2

(7)

«1,K

The summation is carried out over the fission chennels; lr. snd &_ are the cross
sections, respectively, for the right-hand- snd left-hand-polarized photons. The maxiss
of ﬁ‘. lie in the vicinity of the energies of the 1° —rssonsnces into which the Mi-
cspture of the photon does (in these resonances sn enhencement of the "El/"hl type 1is
possible). The msgnitude of Py similesr to the psrity-nonconserving effect in the

(n, f) resction is sbout 10™4.10 3,

The correlstion 2'3'3; in the sngular distribution of the fragments 1s slso one
of the parity-nonconserving effects. For example, interference of the beeic and sdmixture
El-smplitudes leeds to the following eddition to the anguler distribution of the freg-
ments (3):

LA A % l!e(j'11 A:l) cos © (8)

Remind that A = + 1 1is the helicity of s photon., In this case, the reletive megritude
of the sffect 'pv/' is elso stout 10"‘-1,(:"3 and itgs mexime lie in the vicinity of 1*
resonances. An increase of the effect alao occurs at the energies when the penetrability
of the berrier for s nucleus with quantus numbers 1* is enhanced owing to the resonsnces
in the second well (the possibility of such an enhancement for the (n, f) resaction was
mentioned in Ref. /12/).

The correlstions Pf and A (a 3}) arise of course in the other photoprocesses:
( -m. (x ., P). (x ,%X), etc. A substential kinematic enhancement of the second corre~
lation ( ~ fs/f ) can arise here if the basic emplitude correspnnds to the emission of e
slow pa;ticle in the S -wave, while sn admixture smplitude corresponds to the emission
of that perticle in the p-wavs,. The difference in the cross sections Py might be sought
for also in the totsl cross section of photon capture, measuring the number of ) -quants
pessed through a semple. However, the situation is complicated by an electron-photon in-
terection giving rise to the absorption of "-quont..

4, Both the parity-conserving and the perity-nonconserving asymmetries in the anguler
distributions of light and heavy agments is connected with an interference of the
fission amplitudes from the opp. ,ite-parity compound statee, In fission initisted by
monochromatic perticles, this does not leed to a significent suppression of the effect,
The situetion becomas different in nuclear 7ission induced by nonmonochrometic particles.
In this cass, the interference terms is suppressed at the energy spread A » 0. Let us
essume that ths energy distribution is described by & function normelized over unity
( Jre) e =1y:

A

1
"I i Zeal. (9

Integretion over the energy gives
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IA“(E) AJEIP(E)IE « A, A .‘Zﬁ: TR LM
E. -E‘O 1(40%0-,:1)

. [Eo'E« si(a el )/2] [Eo'E’ “i{a ’I; V"ﬂ [EF “Fw 1(5”:)/2] ’

(10)

» %

. A.:Z fe My . AMZ fs ne
EoEu * 1(2.4)/2 I Fo-E’ -1(1;44)/2 .

We suggest that on the sesle A the non-resonance amplitudes vary slightly, The index

« corresponds to the amplitude Ak . ﬂ - Ae . We make an assumption that A>> J>f".
In this case, the intervel of the s.iraging involves s lot of resonances ( A~A/D ).
The fission smplitudes vis different Compound resonences will be assumed to be indepen-
dent, and the sums asppesred will be averaged as the sums of rendom numbers. The magnitude
of the squared resonance smplitude is

W~ T me A f = I

The mein contribution to this estimate comes from the diaqonal terms (o = P ).

(11)

The estimate of an interference of different smplitudes is mainly contributed by
the compound resonances ) and /S) with as close energies ss possible ( | Ex ~Egl~I").
The number of such terms in the double sum in eq. (10) is not large (Np ~-g.~~£§- ).
Besing on the fact that the sum of "r incoherent terms grows as m ,» we find a mean
square estiaste of the resonsnce contribution to intarference:

t T Mo feMm fy
-‘//Ak )A;t) / ~A —— (12)

DVar

The contribution from the terms with ]E". -E ’~D turns out to be less by a
foactor of YD/, snd from those with IE‘ - Eﬁl ~ A the contribution is less by a
factor of ar .

With ths typical photofission values: 4 ~ 100 kev, Q~ 1¢ and /0 ~0,1, we
obtein that when sversging over the energy there arises the following factor of suppress-
ion of the contribution of the compound resonances to ssymmetry:

..‘/.’: ~ 10°3 (13)
P, \

Thus, the contribution of direct fission to ssymmetry proves to be "VA//" times
lerger than to the fission cross section,
An interference of the direct and resonance amplitudes whose contribution is

~ AN a4 M ’/‘VAZ. (14)

cen prove to be significent es wall.
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The magnitudes of pority-violating~offacto agy be setimated in o similar wey. In on
interference of the smplitudes A and 4 (see egs. {(S) end (6)).,s triple eum over the
indices & , b and o srises. After integration over energy, the mein contribution to
thie eum comes from N2 terns whose :I.nd:l.co:_ corresponding to the lov,elo with equel

u.nt\n'_nu-bors coancide (b = « for A:i A g1° *"d ¢ =« for 4"1 4‘51 ond

€1 A ng) - In the thus eepsrsted double sum, N~ I'N terms dominste for which the
energy difference of the opposite-parity levele 1s [£, -E. [/~ /7 . As e result, we
find thet the resonsnce contribution to the sversged parity-violeting effects ie the
following:

Jo (bl
€ M Yar
) G Kb s

. 15

It 1is worth emphseizing that the obteined meen squere estimate for the coafficient
of mixing of the neerest opposit-psrity levels in the compound nucleus,

fif~ J<8I Bl
‘92/"
exceeds the naive sstimate l(&/”w/‘>//o and diverges at r'—’ 0. The resson ist thet
the mein contribution to the estimate (16) 1e given by the opposite-perity levels with
[Eb 'Ecl ~ [7 . This circumstance mey prove to be important, for instance, when
estimeting the contribution from the s -cescades for the psrity-violeting effects in
the (n, () reaction in the integrel spectrus of J‘ -quanta.

~ 1077 ~ 1078

(16)

The esppesrance of a proportional to 1/4"? factor of suppression of the P-even
ond P-odd seymmetry mey be interpreted in terms of the time picture of fiesion
(Ref. /5/). At a fixed snergy when A<<Q,f’ . adequete is the description of the
fission process by mesns of the wave function *®(E) e ¢ . Such o wave fonction
includes the perts corresponding to both the initisl compound nucleus snd the cold
stege. The time separation of ths process into subsequent stsges has no sence in this
cese, becsuee, sccording to the uncerteinty reletion dt.a~h + the uncertsinty in
time ot A €/7 proves to bs considerebly lerger then the lifetime of the nucleus.
However, 1f A4 >> ‘D,P . the time picture of the subsequent scages of fission hss
sence; though, in going to the cold stegs, the mixing of the opposite-psrity levsls of
the compound nucleus 1|'forgotten " (both the mixing induced by week interection end the
mixing due to cepture from the opposite-perity waves of ¢ neutro~. { 1 = Oend 1 = 1) or
o photon (E1 end E2))., The rendomnees of the signe of the fiseion amplitudes from
different compound ststes, becauee of which the suppression fector -/5/7’ srises, is
directly connected with ths complexity of the nucleon motion in the cospound nucloue
in terme of the time picture. In view of this, & study of the stetisticel properties of
interference sffects is ons of methods of snelysing the compound nucleus es an exasmple
of the qusstum etochastiic systsm,
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Conclusion

The study of esyssetry in the engular distribution of light and heevy fragments in
nuclear fission induced by polerized neutrons has already ensbled the following conclus-
ions to be drawn:

1. Before its scission into fregments, the nucleus is peershaped end the enguler
distridutions ere formed prior to the scission. This conclusion is consistent with the
photofission date (see, s.9.. review /7/).

2, The fission chennels with different perity or enguler momentum interfere in the
engular distribution of fregments. This means thet they ere relsted to a rotetionsl bend
constructed on the ssme intrinsic stete of the cold pesr-sheped nucleus (1f the
intrinsic states of the nucleus in the opposite-parity chennels substentielly differ from
each other, interference effects would dissppesr upcn summetion over en enormous smount
of fingl stetes of the excited fregments due to the difference in the fission emplitudes).

3. Asymmetry erises because of the mixing of the weve functions of opposite-parity
compoand states. This is the reeson for which the chsracteristic scale c* its energy
dependence is determined by the snergy levsls end by the widths of t+ _Lmpound resonen-
ces (see Refs, /5,13,14/).

4. The initial "hot' stege is not forgotten in the fission process 1f the energy
spresd A does not exceed the distence butween the compound resonances with equel guentum
numbers. The mixing of the opposite-parity states, which have sppeared at the initigl
stage, 1is trensferred, without losses, st the cold stege.

5. The existence - f a dynsmical enhancement of smell interactions (for instence, of
s wesk one) in the compound nucleus is confirmed. Enhencement arises due to a dense
spectrum end stochestic in-ernel structure of the compound stetes (Refs, /15-17, 11/).
These properties permit one to conatruct the '1[;1- clessificetion of emplitudes, univer-
ssl for corplex nuclei (Ref. /9/) (N~/_;, /O ~ 10‘-106 is the parameter characterizing
complexity of the system end C;l is the spread width of one-quasi-particle states,
1.8. the scele of the residusl strong interaction mixing the simple states of the
nucleus).

An snalysis of the odd harmonics in photofission induced by monochromstic § -quente
(produced, for exemple, by means of the ( 7 ,d’) or (n, f ) resctions) would snable one
to testify the correctness of the conclusions drewn for this process too., It is worth
emphesizing also that photofission experiments sre ususlly performed not on the nuclei
which have besn used in neutron experiments,

Fission by the monochromstic besms of particles offers the possibility of studying
the statisticel properties of the process (for exsmple, the ssymmetry dispersion
decresses 88 Vr%o . and is zero in its average value), It is probsble thet the ampli-
tudes of direct fission, without the compound-nucleus stage, can manifest themselves
here. In photofission, this process cen erise owing to direct decey of some cient
resonence to the fission mode (for exemple, of en isoscelsr gusdrupole gisnt resonence).
There exists snother possibility, With the particle ceptured, the nucleus cen get not to
the first but immedietely to the second minimum of the potentisl deformation energy.

‘fhe levels in the second well are pleced considersbly more rere then in the first.

Therefore, the situstion when 9,,<<A5,@‘( @_, and 9‘ sre the mesn distances between
the levels in the first end second wells, respectively) 1is resl, It 1is naturel that an
inter ference between such emplitudes does not diseppesr when sveraging with scele 4a .

Sieilerly, & study of the p-odd ssymmetry in fission induced by monochromstic par-
ticles ensbles one to investigete the mixing of opposite-perity states in the second
potentiel well ss well as the dirsct mix‘ng of rotetional stetes of ths strongly deformed
nuclsus by s weak 1intersction. The sexpectad magnitude of the parity-violeting effacts 1s

£ 10°% for this case.
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HCCARROBARRA [0 ICROE ARIERMA HA MESOHHOR SAFPHKR
R AH CCCP

D.1. Cremmccaxik

HEicreryy axspmux mccmexosammlt AP CCCP

B L N WS

. Pwmu nmm-nmm
nmmm s | /z-nmbmnm(pmomlho—
pax, coopyzaewoll 3 KM

conponnmmmmmpwmmm(om
®.lrpaccsan, X.Melirmep, I93 r.) - CpPoR EROCTaTOWWO Coximoll, TTO0R IpaxTEYSCXR
ECSOPUARACH Jwtas odxacts RccuegoBammli. Tem He Mowoe, (WSNEA NGNOEMNES, NCINTAB 38
CBOD ECTOPED BOCKOFLKO IO N CEI3ROB, RO CEX OOP OCTAOTCS IDEAMSTOM KNTESCER-
NEX NccXeRopar™ (cu.Banp.’/"/), He TroBOPS yEe O NPERIAEHOM JHRYGRNE OPONECCA RAK
RCTORHEXA axepEol 2HEDPIEN, CYReCTBeHHMM O0DA30M NOBXESETEM HA PAIBNTEE SRSDHEX
sccrenosannit BooGme.

NoxNO, B m3pectBOfl CTeneEN YCNOBHO, DAsTPAHNWNT: ECCREROBAHRA mponecca Eede-
HES HECKOALKEME OCHOBEMME OCAACTME.

I. OCzacTh HEN3KEX HEDPraR BO3CYRNSHEA.

2. lexcEme aEpoHAME CDeXHEX JHeprmd.

3. lencHme /Y - We30HAME.

4. [lpxeANe Rax CpPeicCTEO E3yUeHNS AKEDEMX mpogeccoB K cBoficTh aAmep.

5. CeueNma weNeHES B CHOERTDH BTODNYHMX HelTPOHOB NAA STOMHOK 3BepreTERN.

Co3npnaemas B AW AH CCCP wme3omnas faspuKa NO3BOXRT DA3ENTH HOBO® NOKOEOHNE
SCCAeNOBAHNR ppomecca NeReHMA AfeD IPAXTE4ECKE BO BCeX YUOMIEYTMX OGEACTAX PR
EHTeECEBHOCTAX OPOTOHOB, HelTDOHOB, 7- E /- Me30HOB B HeCATRM N COTHN pas
OPeBOCXOMAMEX LCCTHIHYTHE HMHE.

Me30BHAA M/yxa WA AH CCCP /2/ Brgaer awrefiul yCKopNTeXt OPOTOBOB 57
sHeprED 600 MoB axcnepEmeRTambuNg rowmmizexc (pEc.I) ¢ pasBommoll nywKOB 4
cucremoll dopMEpoBanms BpemeHHOER CTDYRTYDM TORA OCHOBE HAKONMITOAS NPOTOLOB,

C KOMILIGKCOM NETOHCEBENX NCTOYHNKOB HeflTpOHOB s (pmc.2).

OxERAcMGie ERTeHCEBHOCTE NpOTOHOB, HERATDOHOB, 7;- ¥ /N - MO30HOB TAKOBN:

oporomn ¢ ameprmel 600 MaB, Tox B OyuRe cpemmi, mpor/c

100 sxc, 100 rm 3.10%2
. 0,2 BC, 200 Mrn 3.10
B HBaA CTPYRTYpa:. ' '
powe 0.2 Be, 200 Krn 3.10%2
0.3 mxc, 100 rn 3.10
HeIpepuEHO } Haxomrreas 1015

DPOTORN NOATPE30BAEAME, OpoT/C
100 sxc, 100 1012 _ 1013
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CooTmeTcTSyINyR BDMNENYD CTIYRTYPY CYXYT Mserh N DOTOKE BYODEYNNX SACTER
X3 mmmenoll B nporoHINX KyYXax (xpowe WeNNENX RefrpomoB)

Helitpomma:  xomoxume (T ~ 30 K), meors. DnoTora cpeRmax
nolirp/calc 1013
roonoBe (T~300 X) nEOTH. LOTORA DONREN, 3.1013
BEYAECEAS 2-5.1015
(100 rn, 635 wmc)
pesomamcmae (I< E< I00 3B),Tox 3 27 , cpemmull, medrp/c 3,5.1014
(I00 ro, 0,2 mmc)

(  T<E<TOOK3B) 4,0.10M4
dacrpwe (mp 600 MeB), norox 3 47 cpemmil,mefirp/c 6.1016

J7 - wom  (I00-350 ¥eB).Tox B nywme cpexami % ]f'vmn (1013)

(manyas.colt) I~ 1019 (1012)

/U - We30m (O-SOIAB./ISR)_ /‘I“«-'IO9 (IOIB
N ~ 2.108(2.1010)

(x0 100 MoB, oum.) nta 10° (mniD
N~ 2.10P(2.1019)

I. Odxacrs m ameprul mdmm

mnmsmmmmnmnmwm
aﬁom—(mmm-mm/gesmﬂw 6 , 000EOOY—
mﬂ’g,ru/g RONOHER OCERONKOB IO MARCCAM /.nmencopso;mepap-
ROHRA ’ . 3mech GOXLEYD EBDODMAIED EADT IXCIODEMBETE ¢ HellTpomasss EN3KEX
meprai & 6-u1%.m:mmmnmhpomoc—anlmh-
POHBOI'C KOMILIGXCA /.m.z.mmommmmhm
SKCHOPEMAHTOB 00 (W3NRe REXeEHRS, MPOBONEMIX TOXNEXOZ N0 BpeMeHE NDOMNSTA. JWECH
MOEBO YXA3aTh DAK BOIMONHMX EampanseSmil mcczeposamnil.

VayteHme yTIOBMX pacupescacamli Da3merTa OCROXXOB N LHOXNNY CoYeHNE ReXeHRA
ONOBTEDOBAREKX SESD Ips smeprasx Refirpomos or TemsoBux %0 100 - 200 K9B neer
Momwm(mcw.mpmogwgh?m
Eeficreum HefiTpoHOB ¢ Axpass (CEE0BNG (YHXINE N OPONNDASMOCTE) (/I y ).
BupsEpoBaENe 3a CYeT OPNOHTAINN XKENOMETAKE DOSKINE NOSPOASET 0O PA3HOMY KOMOEHN-
PORaTS KBaHTOBME XADEXTEPECTERE COCTARHMX RSP N ReTAINSEPOBATH CBORGHNA O BINS-
KN 97NX XApexTePNCTEK RaX BA CO96HE4 Baamwsslicrama seliTpoBo» ¢ SXpesst, TAX X
Ha nponece HENt. Bucokme EBTeHcEBHOCTR Hofirpomo» (Ba 3-4 DODARKA BUEG YoM B
pmstma/I ) DOSBOXAT OPOBOXRTS CBOTOCKALING IXCUODEMOETH B OTASALHMX PO3oBaNCAX
m3pectHofl npEpom: K B OGRACTE JCPeXHOEHMX Ce9oHNM.

JleTaxpENe ECCAGHOBAMEA pacmpegelemEER OCKONROB 0O 2BOPIEMM, MACCAM N 3aDARAM
OpE ZeVEHNE B OTRGABEMX peaorascax £ B OGEACTE YCPeNHOHNMX coleNER DOSBOXNT E3y-
9NTh BENAHEE OGONOTOYEMX fdexTos HA Opomwcc ROLOEES.

amraniul EATEPEC NPEXCTARIAD? ECCIOROBANNA TAYGOXO NORCADHEDECIO RBLS-
m4. Bicoxas EETeECEBEOCTS HOSTPONOS NO3BOANT NDOBOXNTS NeTAIbENe IKCIESPEMOETH
00 NSYYeHERD Ipymn Pe3oHAHCOP B TXYGoko mOASapeepsow sexemmx U234, U236,

s 240, CRAMBROMNX CO PTOPMM MINEMYMOM LOTeXImarsol sEepram Zedopuamus
(zByropoufi Gapsep NedeHNS). [OARNTCA BOSMORNOCT) RECETRINXAINN DO30BANCOB B
rpymax, E3mepemnll aEN30TPOHEE PasIeT8 OOXOEKOB O LASOHEN B OTESABEMX PO3OBAN-
cax, BO2MOKHOCTD DR3DeRET, DOFONANCH BUCOXONGSAEEX IDynn. Bee 27TH Dogxom Doxa
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* cpemr smoprat

fisyeoune XISEBHRS TREP
HpOYOSAE CpPeNENX dmeprall
(xo ~ 600 MeB) DOSBOANT MO—
XJUNTh HEDODMAIRD XAR O OpO-
NeCCe ASROEES O BECOXEX
BOSCYRREERFX (Gapbep AeRe-
HENY, WMOXAHROM ROGRGHNS SASD
¢ A < I50), rax = » raydomo
Wmnpomomnmu

. Tax max FemeHNe ECIN-
TEBAIY, B OCHOBBOM, “TYeLMa-

moxolite x DOEMMARED Iponecca
ANCCNDAINN RagaxiEol sBeprmm,
OPAEORSNST0 X OCPA3OBAHED
BCOROBO3UYREGHEOTO SApa.
Jaoanrexsiul EETEpec MOEST
UpefCTARNTH N3YYCHNE 3aTyXa-
ERs odoxoYeux addexron B
ALpAX UyTSM BaCGEDREHNA, Hal-
[=MeD, N3MORGHES MACCOBNX
pacipeReXeHRfl OCEKOAROB HpE
y E3MEHOHNN SHODTER 0B
B Amanasose 20-160 MeB 512/.
i B nyixe OpOTOROB Me3OHHOM
$aCpEKE MOTyT NPORORRTHCA
Kax NCCAGNOBANEA NOXEMOCTE
. Afep (CeYeENA NEACHER), EMMOD-
We ¥ mpExEamiof Xapaxrep,
. TAK K ZeTAIbHOe NIYIGHNO OC-
KOXKOB HAXORNA - MEOIONADa-
B MeTPOBWO ECCNOEOBAHNA KERO-
K MOTHEN DA3AETA, MACCOBRMX M
SHOPTETEYECKAX XapaxTepsc-
TER OCKOAXOB B 3ABECEMOCTE
Pc.I. xcmepmwesrarsmull xosmsexc Mocxuecxok %R Z X JHeprER OPOTOROB
wesonuofl dadpExn. . . MeTOmNUoCKE TAKNe HC-
e O e weeoral;’ (L cic/  CHSIOBHEA MOTYT CMTH DeaiN-
340 AERO-OROIOTRIOCKER XaEAK; 4-CPOTO- S0BAHM C DOMOEAD NBYXIAede-
cannmift TROMSTD; 5-CIORTPOMETD Bi- BOTO BperI-IPOIETHOTO COOR-
COROI'0 NN, C-EANAN "SWCTMX" ¢, Coacf ponil)
MOOHOB; 7- //SA-KENAX; S-BAKOUNTSN .- i TPOMSTPa, Wm
BPpoTONOB; ENTOHCEBHEX canmoMy » , ROTOAEeHHOTO
ECTOYXEROB N9 .
3wl




m

mwnﬂm(mh

3. JloNoENS Ji- X /Y -MO30RSME

Caocrofrexsaiil RETOPOC EMOGT NSYUGHEG NPONECCA RONGHES C DOMORBD IYIROB
Flﬂ?m.m%lmmmmmwmmmm—
WOHEE /7 -MOS0HOB SADEMR V.mtmepacnpommmmn
COCTOANES MO3OGTOMA, HAUPEMOD - “SYYeHNe MO30DOETTGHOBCKOrO EAXYYeHNS RO N NOCKS
"nepexsara” /¥ —M930HOB OCKONKAME NONGHNN, NSYYeEEe COSDAANAINONENX DSDeXOROB
N 7.0. HFPeHCEBHOCTD NYIRA /Y -MB30HOB, N, OCOGGHHO, 'ncm'/z-nsonnelm%-
XNT OpPOBONETD SKCIGDEMONTH B EACTOMRG6 Bpemi OrpaEWYcHENe cherocmmol ¥©7 , .

Voidel  THesde
4. JlpxcEEG XBK CPOACTBO E3YY6HES AXOPHMX

1o * Tan S&.ai} lt RS .v"‘ N /(

[iponecc AeNGHEA MOROT CHTH NCUOXHSOBAH XAR EENXATOP 0ODASOBAHNA COCTABHOTO
SXpa, 970 NO3BOASET BUASNATH COOTBETCTEyNWNS ANCPHNS NpONeCCH. B SACTHOCTH, E3Me-
PeEES NONENX ce9oENE X YoRNS ODENOHTEPOBANAMX X BeODEGETENDORANHMX SESD N, CPABEe-
HE® EX C Dosy’braTaMi PACYeTOB [0 olTNYecxof MOABNN OTKIMBAGT NYTH K ODAMMM HROXD-
XoERAM Redopmsen sEer. [OROCHNe SKCHGDEMSETH MOTYT npmomcanmma?n-
HO3BepreTmiecKRx HefrpomoB ¢ ameprmefl B Emamasome 150-600 MeB (cm., HanpwMep IB/).

Perscrpamus NCEOEXOB XGNSHES B NOTOXAX NORAPE3OBAHANX MOENGHHHX RefTpDOEOB -
ORMEE E3 nyTell MpOPEPRN I'MIOTE3M YHNPEPCANBHOCTE cEadoro pammonielicremns no affex-
TAM BADYBOHES OPOCTPAECTPEEEOR 9eTHOCTE B HYKEOH-ANSDHHX BSamMORefcTENAx. OORApY-
nmoacnoenpenrpymolnanxm/m £ -Hevernue >dfexTH NpE NeAGERE AUED
NOASPE3OBAHAMME TENNOBMME ROETDOE:ME (acCCEMSTDER BHNETR X6IKOTO N TAXEROTO OC-
KOAKOB OTHOCENTEABLHO CINHA DOrAOmeH-
Boro RefiTpoBa) OHAN NepBEM SKCIEpPE-
MOHTANGHHM YRASAHNOM HA 2TO SBAGHNG.
Bexwumpa _/°-HeveTEMX aqiperToB

~ I(.‘;"4 X 6ozee, T.0. HMEET MBCTO
3HAMNTENHHOS YCRAGHEE B CPARHOHMN
¢ omHouacTHoll omemxoft (1076-1077).
MeXAHESM YCIIOHET MORET OHTH CBA3AN
CO CMEENBAHNGM KOMINAYHE-COCTOSHNE
pasgoff 9eTHOCTHE X ONHOTO CHEHA, C pe—
30HARCHHM YCEXOHRGM B OKDOCTHOCTE

P -PesoBacoB. Bucokas cPeTOCEAR
Bpems-npoAerEoro RefTPORHOIO CHeRTPO-
mMeTpa Me30EHOR (RCDHERE DOSBOANT pas—
EETH NCCAOZOBANRA [ -HYOTHHX 20~
foxTOB B NOJCHNN C DOXAPN3OBARHIM
RefTpoHAME B OGAACTE 2HOPIERk N0 ~

et Ll 100 s» mpE HanexEOR EEXOETERINEAINR
Pxc. 2. Komutexc EHTERCEBHNX NCTOYHEEOB ypoEEefl, X TrO PeChHMA CYMECTPOHHEO,
HefizpoRoB. . .. B CAaliX P -peaoHaHCAX.

KBASNCTAINO-
ECTOTHEK TONAOBMX X XOZON~
HNX HefTpOHOB; 3-mmyAbcEHME Xc-
ROATDOROB; 4-HORTPOREN® RAEAX
¢ mNGepes®; S-Taxomil GeToE.

.S(i"\fi(l

I-mpoToRHNe OYUKE; 2-
Hapauit
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S. CevcHEA RONOHER N CHOATPH PTOPEYHMX
HeiltpOHOB RAA aToMEOR SBOPreTHKR

PasBUTEe NOPCHEXTHBEHX HANDABROHAR aToMHOR 3HepreTEXE (OMCTDHO DEaKTODH,
YCTAHOBKY BMEeKTPOANSPHOr0 CPEIMHra N TOPMOSNEDHOrO CEHTE3a) TpedyeT IpOBeNGHES
‘SACCOBMX OITHMESAINOBHMX pacueToB-CakaHca HolTDOROB, KPNTEYECKEX DR3MEPOB, TELIO-
BUISREHEA, E2padoTRE HOBHX H30TONOB, (EONOTMYECKOR 3amETH, DAIRANNOREHX RePeRTOB
B MaTeDpEanax. llosofHue DACYOTH NPOBORATCA C NCIORB3OBAHNGM CHCTEM KOHCTAHT, CO3-—
EABACMHX HA OCHCBO 2KCNMEPEMEFRTANBHO E3MODSEMEX codoHRd OponeccoB X CIOEGKTDOB BTO-
pEaHuX HelirpoHOB.

VHTeHCUBHNC IYYR¥ LIOTOHOB ¢ 3Heprmell mo 600 MoB, MMIYABCEHE NWCTOYHERE Eefit-
POHOB Ha OCHOBE CIyCTKOB NDOTOHOB, CHODMEDOBARHHX B HAROONTSEE, MEXDOCTDYRTYDH
Oy9Ka B3 YCKOPETeAR, NO3BOAAT CYMECTSSHHO HOBHCETH TOYHOCTH KANYEBHX KOHCTAET,
HeoOXolMMEX RAA pacyera, /%?om BO3MONHOCTH E3mepenmli cedemmil ® cmexTpoB, orpa-
HIYEHBERX FHTEHCNBHOCTHED

Dns mpodnes JHCTDHX OPRnepoB OOMbIOe 3HAYOHME NPROCDESH HMIMEDEHR] ceyeHml
hui€HHMs B CHORTDOB BTODNYHNX HOATDOHOB Mad 240, 241, 242, RaranmmeanmExcd B
3Ha%ATOAbHHX KORNYECTEBAX IDH MHOIOKPATHOM ECHOAB3OB2HMR NAYTOHMZ. (CTamTCH ar-
TYAIBHEME OPOIMINOHHEE N3MEDOHNS CoYeHNA NeNeEMs X O - OTHOHGHRA CeYoHEA 3axma-
TA N HePHRA 1A OCHOBHMX IeJsmExcs maoromoB ( \l 233, Th232, U235, W23,

Pu 239).

Resmarna O onpeneader Koad{WINMERT BOCIPON3BOLCTBA ARGPHOTO TOPWYEro B
LUCTPHX DeakTopax, § COOTBeTCTBEEHO, HX MeCTO B arouuofl amepreTure. CooTBeTCT-
BYCGHEe 3KCODEDHMEHTH B MMIyJbCHHX NOTOKAX HeATpPOHOP 0T 3amelmreneil HeRTDOHHHX
sizerell B DeCATKE B COTHM Da3 NpeB30HOYT 0O CReTOCHNe NPOBONEMHE B HACTOSmEe
Apems.

Ycrosb30oBaHde My9KOB NPOTOHOB, IROHOB, NOTOKOB EACRANHO-ECHADATENBHHX HefiT-
i~ 1GB MO3ROJMT NPOBECTR KeTANbHHEe HIMODEHHA CeYeHAH HejeHmA R COOXTPOB BTOPMYHEX
HEATPOHOB FPW leAeHEH MPOTOHaMA ¥ HelTDOHaME ¢ 3HEDrAAME mo 600 MdB, 71 ¥ M-
s 4CHaM® C JHOprEamM 1o ~ 350 MaB. CooTBercrBymmas mufopManfs, HeoOXomEmad RAd
7o0%deM: DJeKTPOALePEOTO OPEIMETA, INOKA eme OIpaHMYeHa.

BpemA-poneTHH BelTpOHEHE COGRTPOMOTPH HA OCHOBE MEKPOCTPYKTYPH HOPOTOHHOIO
Tyika HC3BOSHT DA3BETh BCCICIOBAHES NEJIGHHT, n,n{ , n2n, » » — hOpomec-
ccB B ImanasoHe aHepruil HefiTpoROB m0 ~ IS M3B, npemcraBiAmmeM MHTEpeC IAA mpod-
JeMK TEPMOALePHOTO CHHTE3a.



12.

14.
I5.

I6.
I7.
I8.
I9.

113

Jrreparypa

. D.M. Ipmesmx, I'.H. Cumpenrms m xp. YOH, 1984, 7.I44, 6.I, 3.
. B.M. JoGames, A.H. TaBxemmnmse. Becrmmr AH CCCP, 1983, » 2.
. C.K. Ecer, I'.H. Banos. Ilporpama 3KCIGDEMeHTANLHHMX HCCHeNOBaHMY Ha uesonnol

dadpure UAM AH CCCP, Tpymu I-ro Bececomamoro ceummapa, ¢.II, Mocksa, 1984 r.
M.}. T'pausp, Tam xe, c.I7.

. M.B. Kasapropcralt, 0.f. CraBscckuft m ©mp., ram =e, c¢.87.

0.Bop. Mexmynapomd. kKoHD. mo Ecooans. ar. sHepiHHM, T.2, I75, Mockma, I955.
P.Pong,Pl'lyB.Rev-.1955.V 102,434.
w.Y.,Swiatecky Pyis.Rev,1955,v 102,434,

. V.M.Strutinsky,Nucl.Phys,1967,A 95,420,A 112,1.

N.J.Pattenden,H.Postnma,Nucl Phys,1971,A 167,225

. H.H. Tomus B op., [uckmMa B X3JN9, I982, 35, Bum.4, I976.

A.C. WmuHOB, 0.B. PACOB, Tam ®e THe /3/41, 299.

. P.Grange,H.A.Weidemuller,Phys.Lett.,B, 1980,v 96,26,

M.H. AsnpoHeHKO R &p. llpenpmur, JUA®, 1976, k& 237.

®.M. Ceprees, [lormomesMe mAOHOB sApaMi. Marepmamd I7-% Suwmnelt mroum JUAD,
Jemmsrpan, 1982.

C.M. NlomranoB 28 Kp., fAnepuas (m3mza, 1976, T.24, B.Z2.

I.0. 3apenxmit ® np., finepHaa dmamxa, I979, 7.29, B.2, 306.
H.Marshak,A.Richardson,T.Tamura,Phys.Rev., 1966,v 150,996,

T.B. Jammxar, YOH, 7980, 7.I3I, BHD.3, 329.

. 0.M. Crasmcckuft, [Iporpamsa sKCHEPAMOHTANBHHX ECCHONOBAHER Ha Me3oHHON

dacpuxe VAN AH CCCP. Tpymu BcecowsHHX cemmRapoB: MockBa, I977; Mocksa, I982;
Mocksa, I1984.



114

LINEAR MOMBNTUM TRANSPEBR TO RESIDUAL NUCLBI LBADING TO PISSION

L.A. Andronenko, A.A. Xotov, L.A. Vaishnene
Leningrad Nuclear Physics Institute, 188350 Gatchina, U.S.S.R.

¥. Neubert

Central Institute for Kuclear Research Rossendorf, 8051 Dresden, G.D.R.

Abstract

The angular correlations of coincident fragments emitted from U, Bi, Au, ¥, Yb, Ho, Sm, Sb,
Ag and Ni targets bombarded with 1 GeV-priccns were measured with a double-arm spectrraeter
including a position-seneitive parallel plate avalanche counter.

The forward momentum (g > was deduced from the folding angles. <p‘> as function of
2/A levels off below I ’A =~ 25 and indicater & 1limit of energy deposition in these nuclei.

Fission of heavy nuclei induoed by relativistic protone is related to peripheral collisions
which are characterized by both low momentum ar' energy transfer to the residual nuclei.
However, the fiasion barrier increases considerably in medium weight residual nuclei and

a large ammount of energy has te be deposited into these nuclei to undergo fission.

In intermediate energy collisions one canno: deposite momentum without depositing excita-
tion energy B™®. The exoited nuclei must have a forward velocity. The measurement of the
transferred forward momentum 13 therefore a key to estimate the excitation energy of the
system.

Two wayas of experimentally determining thia linaar momentum transfer have been employed.

On the one hand, the mean recoil properties of the produced individual radionuclides have
veen used to derive average values of p, transferred to the target residue /1/. A more
reliable method is the measurement of the angular correlation between coincident fission
fragments where the deviation of the mean angle of the correlation function from colli~-
nearity is due to the transferred forward momentum. We used the last method to study mo-
mentum transfer to fissioning nuclei in a wide range of target masses.

The experiments were performed at the LNPI synchrocyclotron using the external beam of 1 GeV
protons. The thicknesa of the targetszs was about 0.5 ms/cm2 and they were mounted at 45° to
the beam axis. The beam spot at the target had an elliptical shape of about 15 mm vertical
height and 10 mm horizontal width. Coincident fragments were detected on both sides of the
beam. One arm of the spectrometer consieted of a parallel plate avalanche counter (PPAC)
and an array of 3 silicon a. face barrier detectors. These detectors provided the time-of-
flights and energies of the registered fission fragments. A position sensitive PPAC with
delay~line read-out was installed on the opposite side. This detector covered an angular
range of 48 degrees in the reaotion plane., The out-of-plane acceptance was + 4°, The set-up
with the involved detectors and the following electronics was already described elsewhere
/2/. Bach of the strips of the position-sensitive parallel plate avalanche counter corre-
sponds to an angular interval of 1.3 degrees in the reaction plare. After correction for
target-detector geometry and astrip efficiency we obtained the angular correlation directly
from the well resolved peak areas of the induvidual stripa. No corrections for the beam size
have been carried out.

The average forward momentum <p,> is related to the folding angle { 01 + 92) of the
measured angular correlation by the equation

Kpy> = 2 tan (1680° - <8, + 0, )-ppa[k + Lanz (180" - <0, + 8, )J-1/2 1)

The experimental mean angles (91 + 92> for various targets are collected in table 1.
Symmetric fission was assumed to calculate the momentum Py vf the fragments. The atomic and
mass numbers of the residual nuclei undergoing fission were taken from the cascade-evapora-

tion caloculations, see ref. /3/.
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The kinetic energies of the corresponding symmetric fragments were taken from the corrected
values by using the Viola plot. The influencs of asymmetrio shapes of the fragment mass
distribution on the acouracy of <{p,> was checked for the target nucleus Ag. Anassumed
flat fragment distribution within the interval 12 u. £ A< 66 u. yields <py> = 868 MeV/c
whereas the experimental distribution within the same cut—offs gives 836 MNeV/c. As seen in
fig. 1, the accuracy of <p,> for medium-weight target nuclei is decided by the event
statiatica. The statistical error exceeds the uncertainty due to the ignorance of the pri-
mordial masa distribution of the system undergoing fission. However, the obtained values
<p;> may be somevhat lowered because we have measured only the in-plane correlations.
Both the present data <p,)> for 1 GeV and that of cther authors for 660 MeV and 1 GeV
incident proton energy are shwown in fig. 2. A nearly linear increase of the forward mo-
mentum with decreasing fissility parameter ZzlA is observed in the range from heavy nuclei
to the rare earths target nuclei. This behaviour was already observed in an earlier work
/4/ and reflecta the increasing role of non-peripheral collisions with decreasing target
mass. Purther, a leveling-off for the transferred forward momentum ie observed for z?/A< 25
which implies also saturation in the deposited excitation nergy.
As already mentioned, the average excitation energy transfsrred to the residual nuclei is
related to the longitudinal component Py of the imparted linear momentum. Pirstly, such
relationship was derived from Monte Carloe simulations of the collision process /5/. In this
reference, a contour plot shows the ccrrelation of both magnitudes. Although for a given
value of py only a range of corresponding excitation energies can be derived, an overall
linear dependence between both average magnitudes ocan be established

%, > 0.8 <py> /By, 2)

where Bn.! and Poax 2T the energy and momentum of the beam. Let us mention that a linear
dependence of <p,> on the excitation energy also comes out from the collective tube mo-
del /6/.

The excitation energies, calculated by using equation (2), are given in column 8 of table 1.
They are in good agreement with the theoretical predictions of the cascade-evaporation mo-
del /3/.

The leveling off for <p,> below 22/A £ 25 corresponds to a nearly constant excitation
energy for these medium weight nuclei. The striking faet is that only a maximum energy of
about 4 MeV per nucleon can be derosited into these target residues. The analysis c¢f heavy
ion rec;ctions at intermediate energies /7/ leads to nearly the same energy limit.

As follows from dynamical considerations, the observed behaviour of <p;> as funotion of

22/A may be related to the onset of multifragmentation competition.
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Table 1 Summary of the deduced mean momentum and energy iransfers
]

2 <, <Pw> <8"> <%a&
target 2°/A <8, +8,)> A, Z, - <_va> [Hev/c] [Mev) [Rev)
238 x

i} 35.56 175.5 + 0.3 226 90 0.03932 + 0.00260 327 & 21 154 -
2095,  32.96 172.8 » 0.3 196 81  0.06657 » 0.00260 481 s 18 227 215
970 31.68 170.7 + 0.3 187 77  0.0B16 » 0.0026 556 + 17 262 290
Ry 29.76 167.8 » 0.55 178 72 0.1075 » 0.0045 675 + 26 318 370
“8typ 28.3  165.5 + 0.6 163 68 0.1282 » 0.0054 751 + 30 354 -
6540  27.2  163.7 3 1.0 155 65 0.1447 + 0.0092 802 + 52 378 -
"etsm  25.6  163.6 » 0.5 140 60  0.1456 + 0.0046 730 + 21 344 385
natsy  21.3 158.5 + 1.5 112 49  0.1932 + 0.014 767 + 55 362 380
netie  20.5  153.0 1.5 97  43.3 0.2469 » 0.02 852 + 50 402 380
“Otyi  13.3  145.0 + 1.5 48 25.5 0.3304 » 0.03 635 + 31 300 -
x) _ independent measurement with a movable array of Si-detectors, ref./4/, xx) see ref. /8/,

<B:‘10> follows from cascade-evaporation calculations, ref. /3/,
the errors of1l and {py > include only uncertainties of the folding angles.
v
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Fig. 1 Evolution of the angular ocorre- Fig. 2 The mean longitudinal momentum as

lations fromspontaneous fission $o
induoced fission with large longi-
tudinal momentum transfer

function of Z°/A.

$ - this work, # - 1 GeV, ref. /9/

$ - 0.6 GeV, ref. /104 § - 0.06 GeV,
ref. /11/.
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CATAPULT MECHANISM POR PAST PARTICLE EMISSION APTER SCISSION
P. Madler
Joint Institute for Nuclear Research, Dubna, USSR

Abstract: It is shown in TDHP approximation thet the final disintegration of
the prefragments is accompanied by a rapid snatching of the inner
tails of the mean field including velocities of 0,1c or even larger.
A nucleon moving towards the snaiching enda with Permi velocity be-
comes reflected, acquires additionslly twice that velocity, and can
escaps with an energy of several tens MeV (proferentially along the
scission axis). The proposed mechanism loses its purpose when neg-
lecting self-consistency.

In a recent TDHP study of the fission of charged nuclear matter lllbl1)
it has been found that the final disintegrstion of & slab ("snatching®), inde~-
pendently of the choice of the initial conditions used to boost the system bey-
ond the saddle point, occurs on & time scale of a few 10'223. In 2) we have in-
vestigated the question whether the rapidly snatching inner ends of the mean
field can act us a “catapult", i.e. push out fest nucleons, preferentially along
the scission exis.

To get symmetric fission of a slab of thickness 2.15fm'2. we have used a
collective velocity field as initial conditions for the TDHP evolution 3) . Pig,
1 illustrates the response of the system for different strengthe Vo of the ini-
tial velocity field. While small Vo Vvalues result in (enharmonic ) density oscil-
lations, we have found a transitional behaviour £r V, =0,06c: The central den~-
sity g(z-o. t ) comes close to zero but the two fragments do not yet peparate,
It ip interesting to noie that "snatching” occurs slready for comparably small
Vo values: The "catapult” ve-
city” v g.(t) , which we de-
#ine to be the maximum velo-
city v(z,tin the "neck re-
gion" (z = 0) at given instant
t , increases to substantial
valueg if only the central
density comes close to zero.
{08 In the present examples the
return of matter into the
10 Zz = O region prevents a fur-
loos ther increase of v, .. .
In Pig. 2 the peak valu=-
— 0 es of v ..(t) are showmn ae
% R R T a function of the strength Yo
tifmic) of the initisl velocity field,
Due to the neglect of the Cou-

Pig.1. 'Hn;te;olv&xtionlof ;hgldﬂuit ;t Z;Od“ lomdb force in our cealculations
eft=hand scale, fu nes) for -
ferent gtre-:ths Vo of the initial col- Quite large v velues are need-
%ectiv: vel :J.:y f%elg. Th; "gatapgl{ig- ed to attain scission ( v,
ocity" in unites of the velocity o t
¢ 1is also shown (right-hand scsle, dashed * ©+062¢). Purthermore, in
lines). order to get final fragment

-]
*

!
!
!
|

4 (#0)

veatiti/c

9iz=0,
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Hg,2. MNaximum catapult velocity (solid
- line), final fragment velocity
L AN R A B A (%m s and the tohhktrt}c ener-
£y o corresponding realistic nts
of mape numbers A=126 (dash-dotted ?1:
right-hand scals).

= eallts

[-3
]
v
L
e

velecities of the order of the experimen-
tal ones, say for spontaneous fission of
252(:1’. one has to further increase Yo o
7 Note, however, that even for v°¢0.062c
/ (no scission) slready quite large values
/ ) of v g iTesult which cause the emission of
/ *cetapult particles” (cf. re2.2?), More-
/I over, since the inclusion of the Coulomb
E OB o o tE a om m: force does not qualitatively m:%\;omo the
w/ic appearance of the fast snatching ‘, we
conclude that it is mainly sn effect of
the self-consistent nuclear single-particle potential.

We now analyse the case Yo »0,078¢c in m:re detail. This is because with
respect to both the mass number and TXB it resembles spontaneous fission of
25202, At te60fm/c V_,, Tesches its maximm (velocity peak mear £«0, Pig. 3).

Mo (vl thed, it
£
~. .
8

8
~.
]

aim) Plg.3; Time evolution of the denmity
» *p> - (thick lines) snd the velocity
field (thin lipes, right-hand scale) for
the cese v,s0.078c. The hatched region
is 1dentifgod with catapult particles.

At the same time a first portion of par-
ticles (low-density lump arround z=16fm)
emerges. These particles are a consequ-
ence of our large v, values (omiseion of
the Coulomd force) and a corresponding
much t00 small saddle-to-scission time (™ 10"22- in the present example). Thus,
we consider the first portion of particles emerging es s consequence of this ar-
tificially rapid process to be spurious. On the other hand, a second portion of
perticles appears in front of the fragment at ts80 fm/c in correlation with a
peak in the velocity field around ze16fm. We identify it with ostapult particles
since e nucleon moving with Permi velocity vy towards the snatching end and
being reflected at t =60fm/c acquires velocity 2v“t+v, and needs s characteris-
tic tims of about 20fm/c to cromss the fragment. At later instsnts Zurther par-
ticle decay of fragment compression modes (of, t=210fm/c) tekes place.

A further interesting feature of the density evolution cen be seen in Pig.4:
While in the necking-in stage the system becomes highly stretched, in the "cata~
pult stage” the density profiles of the prefragments return to near-equilibrium
shapes on a time scale of sbout 10'22- with the positions of their mass centres
remsining nesr'y unohanged. :

Ve have evalusted energy speoirs of emitted particles for the sbove example
by recording sll single-perticle wave funetions st a fixed "counter” position
and then Pourier-analysing them 2’. The resulting spectra are shown in Pig. 5.
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The oscillating behaviour
of the apectra is an arti-

o ——— fact of the calculations
gla) E since the time integration
wmy | of the Pourier transforms-

LA \\_ 1 tion has been extended only

' +Eme\-0mk | from t=0 up to a finite t
"-\_‘ (indicated in the figure)
w? %\ | a2t which the considered sig-
\\ nal has not yet sufficient-
o L L, ly faded, To a less extent
S ©® W 2 this concerns the spectrum
z(tm}

from counter A taken &t te
Pig. 4. Time evolution of the density for the 60 fm/c, It describes the
same case as in FPig. 3. (spurious) contribution from
the "necking-in particles" which for the given final t have almost completely
passed counter A (cf. Pig. 3), At t=80fm/c couniter A has registered both necking-
-in and catapult particles. However, there is a substantisl contamination from
the fragment, which is expected to cover prefer:ntislly the lower energy region.

L

N Y 7 . Pig,5. Neutron spectra for
(Cn)i, v¥,=0.78¢c, taken at se-
Mev™ [ veral inetants with counters
2 ] A and B égf. Pig. 3) and nor-
i 1 malized to be comparable
80Nmc with the spectrum of prompt
[ A neutrons from sponteaneous fie-~
w? sion of 252Cf,

To exclude it, we compare with
oL B ome B a third spectrun taken at tm
210fm/c from counter B, Deapi-
te the described ambiguities
% 0 Fig. 5 illustrates tbat in the
£, (MeV) energy range of 20-30 MeV ca-

tapult neutrons are emitted
or & level of roughly 10" uev ! per fission vvent.

A A

w3

The recently obtained non-evaporative high-energy component in the inclusive
spectrum of prompt fission neutrons from 2520f (s.f.)4 poseibly provides some
evidence for catapult neutrons, the more since light charged particles from 2520t
(s.f.) are found to be strongly peaked along the scission axis > « The latter is
most pronounced for protons. Howsver, alternative interpretations exist (cf.5'6)
and references cited therein). Our calculations overegtimate the bigh-energy tail
measured in 4) at least by two orders of magnitude. Obviously this deviation can-
not be exclusively related to thes difference between the dynamice in our effecti-
vely one-dimensional slab world and a reslistic geometry 3 « Since we are concer-
ned with very high momentum components in the prefragments, an inclusion of re-
sidual interactions (not inherent in TDHP) should substentislly damp these compo=-
nents and, hence, lower the high-energy tail of the spectrum. In principle, tne
latter as well as pairing correlations could slso lead to a etabilizetion of the
shapes of fiseioning nuclei and, consequently, lower the catapult velocity.
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This, in turn, would soften i‘ne spectrum of catapult particles.

Por the catapult effect to occur, one needs highly stretched fragments.
Such events are probably as rare as cold fragmentation (nearly no deformation at
scission). It is not excluded that our initial conditions somewhat favour large
deformations. This could be a further reagon for our overestimation with respect
to the inclusive data. Prom these considerations we expect that the non-evapora-
tive high-energy component would appear even more pronounced with respect to the
evaporative "background” when detecting neutrons in coincidence only with emal-
lest TKE. The latter would then correspond to & somewhat higher effective tempe-
reture, i.e. events where the large deformmtion energy is converted into heat,
The ratio of non-evaporative to evaporative total multiplicities would be & mea-~
sure of the probability that a large portion of the deformstion energy is di-
rectly carried away be a single neutron. This ratio should not sensitively depend
on the experimental cut in TKE provided the low-ecnergy tail of the TKE distribu-
tion is concermed.

In 2) we have shown, that cetapult particles can also appear in the final
stage of heavy-ion reactions. To get rid of the ambiguities in extrapolating our
one~dimensional TDHP results to reality, we consider a recent result of a realis-
tic TDHP evolution7'8) shown in Pig. 6. We observe: i) the return of the stret-

ched configuration to near-epherical shapes really
occurs on & time scale of 10'223, ii) from the den-
sity contours at t +5-107238 and t, +10722g a cate-
pult velocity of Veat 20.08¢ can be extracted (cf.
Pig. 2), 1ii) during "snetching” the mass-centre po-
sitions of the fragments remain nearly unchenged
(cf. Pig. 3).
Pig.6. Density-contour plot for the final stage of a

central Kr+La reaction. Result’ gg an exial-
ly symmetric TDHP calculation /+8),

Unfortunately, the linear density plot does not
sllow us to look for the low=-density taile which cor-
respond to emitted particles (cf. Pig.2) and which we
expect to emerge at t2t 1.5 107224, However, in this
respect the given calculation does not contain the
relevant information, A larger numerical box as well as & finer grid-point spac-
ing have to be used to obtain numerically stable results in the tails of the den-
sity distribution (of. ref.B)). Nevertheluss, from Pig.6 we conclude that the
bulk properties of the mesn-field dynamics (e,g. snatching) sre qualitatively con-
teined already in simple slab celculations and not artificislly introduced by
our initial conditions or the omission of the Coulomb force,

w1507 1107s

The author is grateful to J,A.Maruha for providing him with more detailed
informations concerning the series of calculations published in ref. 7).
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POLAR PARTICLE EMISSION IN SPONTANEOUS FISSION

B8, Milek, R, Reif

Technische Universitit Dresden, Sektion Physik, Dresden, DOR
J. Revai

Central Reseerch Institute for Physics, Budapest, Hungary

Emission and transfer of nucleons in hesvy-ion collisions may be investigsted by model-
ling the reaction dynsmics ss a perticle in the field of two single-term ssparable
potentials moving uniforsly slong straight-line trajectories. For this case in s
Fadeev-like formsulation the probabilities for the elastic, transfer, snd breskup channel
have been calculsted in dependence on the bssic reaction parsmeters /1, 2/.

This three-body model for the dynemics of hesvy-ion collisions has been extended to
simulste spontaneous fission. As sn initial state two spherical sesn fields, aspproximsted
as one-term separable potentials, have been located at a certain sepsretion distance,
with a neutron ss s third psrticle being bound by 8 MeV with s two-center wave function,
which goes asymptotically to two 1s-states in the separated wells, For a given trsjectory
for the relative motion of the fragments during the fission process, the single particle
wave function is followed in time by solving the corresponding times-dependent Schrédinger
equation, From the asymptotic wave function the escape probabili®y can be cslculated

in dependence of the non-adisbatic features of the fission dynamics isplied in the
"chosen trajectory. First calculations for 252Cf, s.f. indicate the following results,
rather independent from the details of the trejectory in the overlap region:

(1) The totel emission probability is a few percent, incressing only very slightly with
the mass asymmetry.

(2) The sverage energy of the emitted particlee is in the range of @ few Mev, with high-
energetic perticles of about 20 Mev being decressed by s fector of 10° - 106. The
emission spectrum is hardened with increasing mass asymmetry,

(3) The particle is emitted preferentieslly in polar direction (fission axis), with the
emission probability in perpendicular direction diminished by sbout two orders of
magnitude for the cese of symmerric fission,

(4) Concerning the correlation with the mass asymmetry, the particle emission along the
direction of the light fragment is favoured by about one order of magnitude compsred
to the flight direction of tha heavy fragment, if high-energetic particles are
emitted,

The general trends expressed in these results sre reflected in the experimental deta on
polar particle emission in fission /3, /.
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FRAGMENY MASS DISTRIBUTIONS IN MEAVY-ION REACTIONS LEADING
70 COMPOSITE SYSTEMS WITH Z = 108

—

P. Gippner, K.D. Schilling, W. Seidel, F. Stery, €. Will
Central Institute of Nuclear Research, Rossendorf, GOR

H. Sodan, S.M. Lukysnov, G.G. Chubarisn”’, ¥.S. Salasatin and
Yu.E. Penionzhkevich
Joint Institute of Nuclear Research, Dubns, USSR

Fragment mass distributions sre presented obtsined by investigsting the heavy-

ion resctions 22Ne + 249Cf, 325 + 238U, &40Ar + 232Th and 56Fe + 208Pb leading to
composite systems with the nuclear charge Z = 108. The experiments were perfor-
med at the heavy-ion cyclotron U300 of the Laboratory of Nuclear Reactions in Dub-
na. The spectrometer DEMAS was used to messure the times of flight and the labo-
ratory sngles of correlated fragments. The shape of the mass distributions strong-
ly depends on the mass asymmetry in the entrance chesnnel. By variation of the bom-
barding energy it is shown that neer to the Coulomb bsrrier the masss distribution
of the reactions 325 » 238U and 40Ar +232Th exhibit relative maxima at Mgy 205,
interpreted os due to stebilizing effects of nuclear shells during the fragmenta-
tion.

for bombarding energies in the region up to 10 MeV/nucleon the following mecha-
nisms cen contribute to the totel cross section of @ heavy-ion reaction: elastic
scettering; deep~inelastic scattering connected with multi-particle transfer and a
considerable energy dissipation; fusionlike processes (fasc fission and quasi-fis-
sion); compound nucleus formation followzd by fission and/or emission of light
particles; pre-compound emission of single nucleons or light fragments with

high energy.

Investigating the contributions of these mechanisms one has to measure the distri-
butions of masses and energies of the correlated reaction products as well as their
angular correlations. In order to do this the double-arm time-of-flight spectro-
meter DEMAS was constructed 1). It makes use of the fact that 8 binary reaction

4 and the

. As 8 result, pre-

is fully characterized by determination of the times of flight TOF}, TOF
laboratory angles 9}’90 of the correlsted fragments 2’3)
evaporation masses can be determined with good accuracy after verifying the con-
ditions of colinearity c1d coplanarity 5.

The figure 1 shows the principle of our experimental equipment. The spectrometer
DEMAS consists of a reaction chember and two detector arms, which can be moved in
steps of 15° between 30° and 150° in the middle plane. The fragments are detected
after a flight path of 60 cm by position-sensitive ionization chambers. Fast tim-
ing signals for TOF-measurements are generated by microchannel-plate detectors(MCP)
and parallel-plate avalanche counters(PPAC). A typical value for the time resolu-
tion is aty:= 350 ps. The PPAC has an active ares of 18 x 5 cmz, defining a solid
angle of 4€2= 18 mer for each detector arm. Besides microchannel-plate detectors

a AE,E-semiconductor detector telescope for identification of light particles and

a8 monitor detector sre located inside the reaction chamber.

The acceptance in mass and angle of the spectrometer shows that for a fixed po-
sition of the first chamber the second one has to be moved in order to detect

both the elastically scettered perticles as well ss the full mass region of the
fission products 5). The obtsined results have then to be integrated in angle over
the scceptence regions for different ionization chember positions (see table 1).
Further,colinearlty and coplanarity tests were performed to distinguish between
physical and unphysical events. In order to verify the colinearity only those

Ty

erevan Physics Institute, Yereven, USSR
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Fig. 2

events are accepted for dets pro-
cessing, for which the sum of an-
gles G, + é‘ in the ca-systea
lies in the interval 180° + 3°.
Fig. 2 shows the intensity cbtain-
ed by investigating the reaction
‘“Ar(zzo MeV) » z’zlh as s func-
tion of the parasmeters 6,0 é
and H). The plot demonstrates
that the elastically scattered
particles and most of the fission

.3

fragments fulfil the colinearity
condition.

The present paper gives prelimi-
nary results obtsined by investi-
gating the reactions 22 Ne + 2b9Cf
325 , 238y 80, , D32y gng

56Fe + zos?b. These combinstions
were chosen with the aim of pro-
ducing composite systems with

equal nuclear charge Z = 108,

comp
assuming the influence of Z

comp
on the results to be the same.
Table 1 gives a survey on the
entrance channel parameters and
ionization .hamber positions
where the investigations have
been done. The derived results

are presented in the figures 3 - 7.

Teble 1: Summary of the experimental conditions

-— »
Reaction 3 E/V £ IC-positions
70 "1 cB Wev
eV
2y, , 299 0.84 174 1.47 97 90° - 60°
325 , 238 0.76 192 1.06 61 60° - 60°
75° - 60°
90% - 40°
80p, 4 232y, 0.71 206 1.02 49 75° - 60°
220 1.08 60 60° - 50°
75° - 60°
301 1.48 129 60° - 60°
75° - s0°
6p, , 208p, 0.58 354 1.24 78 45° - 60°
60° - 60°

E1x bomberding energy; s energy in the cm-system; Vcg: Coulomb
barrier; E*: excitation energy of the composite system 6)
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Fig. 3: Left-hand side: Fregment mesas distri-
butions for different parsmeters of asass
ssymmetry 9, in the entrance channel. Right-
hand aide: Mass distributions of fragments
obtained in the reaction 80Ar & 2327 4t
different bombarding energies

Three cheracteristic features of the results
should be discussed:

(i) For an energy ratio f/vca higher than 1.4
the systems Ne + Cf and Ar + Th exhibit a sym-
metric mass distribution. The maximum yield of
fragments has been observed at K = (M1 + Nz)/2.
The ssme was found for the system S + U stud-
ied at lower bombarding energies. Here the
gaussian ahows a superposition of relstive mexime at
M o 205 as well as the complementary mass
value M 53 70. For the combination Fe + Pb the
yield of symmetric fragments sharply de-
creases compared with that of asymmetric pro-
ducts lying on the tails of the peaks due to
elastic scattering. Concerning the dif-
fusion model for heavy-ion reactions a sym-
metric mass distribution is expected for

both fusion-fission and fast fission ’). In
order to distinguish between these mecha-
nisms one has to account for the half-

widths of the measured mass distributions.
For fusion-fission the results of the Darm-
stadt-group 3) obtained for heavy collision
systems allow to predict the full width at
haelf maximum to be in the order of "= 70 amu
for zconp = 108. Contrary to this one ex-
pects for fast fission brosder mass distri-
butions. Considering the value s 90 amu
obtained in our experiments for Ne + Cf,

S « U and Ar + Th (see fig. 3) one may con-
clude that these systems undergo fast fis-
sion.

(ii) An other conclusion may be drewn from
the mess distributiona messured at different
bombarding energies for the system Ar + Th,
The figures 3 and 6 indicate that with de-
creasing incident energy the mass distribu-
tions become broader and the yield maximum

at Mz (M, » M,)/2 vanishes. Instead of that
appear relative maxima lying in the region

of M 2 205 and the complementary mgss M = 70.
The enhanced yield of fregments near the
doubly magic nucleus zoan cen be interpret-
ed as shell effects, which generate and/or
stabilize componentes with closed nuclear
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shells during the diffusion phase of a heavy-
ion reaction. Contributions of sequentisl fis-
sion should be nagligiblas, since for low pro-
jectile energies only weskly excited fragments
should appear e). The same interpretation may
be vclid for the system S + U, where & rele-
tive maximum of low intensity refers to an en-
hancad appearence of the doubly magic nucleus
zoan. A similsr behaviour of the mess distri-
butions has already been observed by investi-
gating the reaction AOAr + z“’A- 9). Including
shell corrections in the ground state liquid
drop energies of the intera.ting nuclei the
suthors found well pronounced minima in the
driving potential corresponding o the nuclei
zost and 132Sn. For fast fission,the under-
lying sssumption is that the systems sre trap-
ped by these minima on their way to mass sym-
metry. In this sance the presence of & minimus
at 2 certain mass M leads to & maximum in the
production cross section of this very mass.

For higher projectile energies leading to hig-
her tesmperatures after the energy equlibra-
tion the minima will be washed out. Only the
minimum for B = 0 remains in the driving po-
tential preferring a symmetric mass distribu-
tion without additionsl maxima (see Ar + Th

at E1 = 301 Mev).

(iif) According to the diffusion model one ex-
pects that the ~ollision system Fe + Pb under-
goes fast firsion leading to a mass drift to-
wards symmetry. However, as can be seen from
the figures 3 and 7 the yield of symmetric
fragments is very low. Probably the system has
no time for an evolution to mass symmetry dur-
ing the contact phase snd separates after a
short rotationlike motion into two fragmants,
which are similer to the projectile and ter-
get nuclei, This behaviour msy be connected
with the fact that the system Fe + Pb exhibite
an effective fissility x .2 0.8 and needs an
extre energy to overcome the saddle point af-

ter formaetion of s neck. When this formstion

is disturbed, s hindrance of the msss equilibrstion may be expected.
For the collision systems under investigstion the yielde of correlated fragments
are displayed in the figures 4 - 7 as functions of the mass and the total kinetic

energy.

This twodimensional representation of the results is well suited to

identify the peaks of elesticelly scoettered particles as weii as the region of
fission fragments, which widely stretches out between these peaks. From fig. 6 the
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R ' j j R mgss drift to symmetry csn easily be studied for

SEFe{354 MeV) « 200PD the system 40,y (310 Mev) + 2321y, Further, it

gy of the observed fimsion products corresponds

i
ol i can be deduced that the mean totsl kinetic ener-
-

to the prediction of the Viola syatemstics for
fragmentation of heavy nuclesr systems 10).
Finally, it should be noticed that for the systems
22500174 Mev) + 2%Cr and 0Ar(206 Mev) + 2321n

the peaks of elastic scattering could not be

detected for kinematical ressons, since the
data have been accumulated at ionisation chamber

e positions, where no elestically scattered par-
HASS lomu) ticles sre sccepted (mee table 1).
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ALPHA~FRAGMENT CORRELATION MEASUREMENTS IN THE REACTION 12c (85 MeV) + 232n

— —

Nguyen Hoai Chau, W.Augustyniak, C.Borcea and M.Lewitowics
Iaboratory of Nuclear Reactions, Joint Institute for EKuclear Research, Dubna, USSR

/ The measurement of o(-ff (fission fragment) correlations in heavy-ion reactions is an
effective tool for obtaining information about the mechanism of the emission of high-

energy nonequilibrium light particles. A measurement of the folding angle between fission
fragments in coincidence with emitted light particles may also ‘ﬁe information about the
reaciion time implied in the formation of these light particled” . the study of the
transferred linear fomentum the authors of wemls dnv some conclyésions concerning the
reaction mechanimg, Correlation experiments also prd%ride informatyon about the residual
micleus and its,Xission properties .

nt work results of the study of ol-ff correlation for the 12(!(35 MeV) +
Th reaction are presented. In contrast to the earlier mentioned works, the present
one studies tke reaction near the Coulomb barrier (Em - Vc = 15 MeV), and this offers
the possibility of obtaining information about the weakly excited systems formed after
light particle emission.

4, 232

The experirient has been performed at the U-200 cyclotron of the laboratory of Nuclear
Reactions, JINR. A 120 beam, after being collimated, bombarded a self-supported 2 mymz

Th target placed at 45° with respect to the beam. The emitted o{-particles were
detected in two AE-E semiconductor telescopes placed at 20° and 140°, The fission frag-
ments were detected by two position-sensitive uemicggductor detectors. A detailed
description of the experimental set~up is given in '“, the difference being that in the
present experiment the positive-sensitive dutectors had dimensions of 3 x SO mm and
that the telescopes were placed at ditfoiegy angles, The data aquisition system as well
as off-line processing are described in '

= In fig.1 the energy spectra of of -particles emitted

5 at angles of 20° and 140° are shown. The full curves

2 o "Cl8SMVFTh present the Monte-Carlo calculation of evaporated -

2 " particles from the compound micleus and riggion frag~
=wot *',_ ments, performed using the ELPHIC program '. These

& e ourves were normalized in the maximum of the experi-

° - mental spectrs obtained at 140°. One can see that this
yoh _[ 1 calculation can not desoribe the observed forwarda -

c-‘,’ - particle emission while the emission at 140° 1s reproduc-
act od rather well. The angular distribution of ol -particles
.%“" has also been measured. The large mumber of forward

x emitted oL -particles and the shift toward high energy

(f in the shape of the energy spectra of o{-partioles at

small angles are aignatures of formation of these particl-
es at the early stage of the reaction., The similar shape

of the oK -particle emesrgy spectru measured in and with-
z;g;:;)lg;";?p:ﬁg:{:,(g.ﬂ;d out coincidence with fission fragments (coincidence and
in coincidence with fissign inclusive spectra) indicate that they have the same

ﬁamf' ::n:ﬁ;f“::tzo.x;:f nature i.e. they are both due to nomequilibrium process,

:amtiontzizz %ﬁ?;r:l;:n In Fig.2 there are shown distridutions of the total

ELPHIC, transferred longitudinal momentum as a function of
(P + Ppq + Pp,)/Ppe measured in coincidence with cX-perticles at angles of 20° ana 140
Here P% , P} and Pk are projections on the beam axis of the linsar momentum of an
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Pig.2. The distributions of the total Pig.3. Mass distributions of fission
transferred 1on§1tudim1 mcmnt\m as fragments : (a) measured in ooinsidence
functions of (P3, g + P" ) ;measur- with of particles emitted at 140
ed in coincidence wi i particl- sb; for the ot emission angle of 20 H
.;él ©1s the o« -particle emission without coincidence with particlu.
angle.

& -particle and two fission fragments respectively and P, is the beam momentum. The
points indicate experimental data and the curves are gaussian fits to the data. The mean
values of (P, + Ph)/l’l, and (P7 + Pp + PPZ)/PP are 0.72 and 0.94 for the case (a) and
1.15 and 1.0 for the case (b). As to the obtained mean values one may say that if, as a
result of & nonequilibrium process occurring inside the X -particles forwerd emitted
from the compound system, another particle having a velocity close to that of the beam
is emitted, then this ocan only be a neutron (for the proton the obtained energy is not
enough to peneirate the barrier). One can observe that the measured distributions are
broader than those calculated with the program ELPHIC, This discrepancy can be explained
by the insufficient resolution in mass and angle determinstion and meinly by particle
evaporation t”m the fission fragments (the contribution of all these factors is analysed
in detail in

An important characteristic of the fission process is the fission fragment mass distribu-
tion. In the studied case, where almost all reaction products have been recorded it is
possible to dstudy the dependence of the mass distrihtion on the excitation eneryy of
the residual muclei., In Pig.3 the mass distributions are shown for three cases:

(a) in coincidence with Ol -particles emitted at 140°;

(b) in coincidence with oL —particles emitted at 20°%;

(c) without coinciderce with (X~particles, For the case (b) in Pig.4 the mass distribu-
tions at three ol -particle enexgy bins are shown. The widih of the fragment mass
distribution decresses with increasing o{ -psrticle energy (that is with decrsasing
excitation emergy). For the most emergetic o{-particles (1ast bin) the excitation
energy last for the residual fissioning mucleus is less than 30 MeV, One can see that
despite this rather low excitation energy the fragment mass distribution does not show
the expected two-humped stru.ture., A possidble explanation fcr this may be the fact that
the residual fissioning mucleus has a sufficiently high angular momentum and correspon-
dingly & deformation enough to wash out the shell effect.
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Pig.4. Fiassion fragment mass distridutions measured

- .F E‘B:l:lg;v with ok -partioles at an angle of 20°. B, is the
| . i laboratory ot particle energy.
N
g 8 . 4
Z .
2 —* At ‘fi;o? Our main conclusions are as follows:
x| : fF-’ﬁw (1) The measurement of fission fragments in coincidence
é P with 1light particles in heavy-ion reaction allows
= T 1 one to obtain interesting information about the fission
g o ‘ 1 process, in particular, one may study fission at very
S S NN N low excitation energies (a few MeV).
w L _['E g;_zgmv (2) At bombarding energies close to the Coulomb barrier
s i e in the studied reaction a substantial pert of the
8 i { . A emitted ol-particles come from a nonequilibrium
O . : 1 process,
L o T, 4 (3) The process of KX -particle formation and emission
A 3 in the given reaction at an emergy close to the
40 120 160 200 Coulomb barrier is mainly a two-body one in which
rlam.u) most of the oX-particles are emitted in the
forward direction and the remaining part of the
projectile 1s absorbed by the target mcleus.
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RECENT FISSION CROSS SECTION STANDARDS MEASUREMENTS

Oren A, Masson
National Bureau of Standards, Gaithersburg, MD 20899, USA

Abstract

The 23%Y(n,f) reaction is the standard by which most neutron induced fission cross sections
are determined. Most of these cross sections are derived from relatively easy ratio measure-
ments to 235U, However, the more difficult 23%(n,f) cross section measurements require the use
of advanced neutron detectors for the determination of the incident neutron fluence. Examples
of recent standard cross section measurements are discussed, various neturon detectors are
described, and the status of the 235(n,f) cross section standard is assessed.

1. INTRODUCTION

The 235(n,f) reaction in the 0.1 to 20 MeV neutron energy interval has been accepted as
the standard reaction to determine the neutron induced fission cross section of other nuclet,
These cross sections are generally determined from the relatively simple measurement of the
ratio of the fission yfelds from the nucleus to be measured to that from the 235y reference
deposit using multi-plated fission ionization chambers. The value of the determined cross
section and its uncertainty thus are dependent upon the value and accuracy of the 235U standard.
Future improvements in the accuracy of the 235y standard will thus produce improvements in the
accuracy of many fission cross sections without the need for new measurements,

However, the more difficult determination of the standard cross section requires a measure-
ment of the incident neutron fluence., This requires the use of state-of-the-art neutron
detectors, These detectors include the proton recoil telescope, the hydrogen cas proportional
counter, the thick plastic scintillator, thin plastic scintillators in various configurations,
and 6L1 glass scintillators. The most accurate method is the time—correlated associated-
particle technique which unfortunately is limited to a few neutron energies.

The requested uncertainty in the 235y(n,f) standard cross section is 1% (one standard
deviation) in the 0,1 to 20-MeV energy region, To date this level of accuracy has been achieved
at only two energy regions; thermal and 14 MeV, The method of attack to solve this problem is
to obtain accurate absolute cross sectiorms at a few select neutron energies, use relative
measurements to extend the energy region, and then normalize the relative measurements to the
absolute measurements to determine the standard cross section throughout the full energy
interval,

it is not the purpose of the present paper to give a complete 1isting of all measurements,
since several excellent recent reviews exist. For example, an excellent review of the status of
the measurements prior to 1984 was published by Carlson 1) and the IAEA sponsored an advisory
group meeting on nuclear standard reference data in November 1984 at the Central Bureau for
Nuc lear Measurements (CBNM) in Geel Belgium, A complete description of the various measurements
and references are included in these reports. In this paper we shall focus on several recent
measurements as well as some ear)ier measurements which still strongly influence present evalua-
tions of this important cross section standard.

2, 23%(n,f) CROSS SECTION MEASUREMENTS

2.1 Thermal Enercies. Although the thermal and low eV neutron energy region is not included in
the standard energy region because of the large cross section changes due to the resonance
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structure, this region is used for the normalization of relative measurements which extend into
the standard energy region. (See, for example, Czirr and Sidhu 2), Wasson et al. 3), and
Wagemans and Deruytter 4),) The most extensive measurements of the cross section in the thermal
neutron energy region were published by Deruytter et al., in 1973 §). These measurements which
extended over many years were performed at the neutron chopper at the BRZ reactor in Belgium. A
large effort was performed to determine the properties of the 108 and 235U deposits used in the
measurements. The absolute !98 contents were determined from direct weighing in vacuum combined
with careful chemical and isotopic analysis of many deposits. The relative !9B contents of the
standard boron deposits were checked by their neutron induced reaction rates in the geometry of
the fission experiment,

The amount of uranium on the fissile deposits was determined by precise low geometry
a-counting making use of uranium half-1ife values. The fission deposits were also checked by o-
and fission fragment counting in the geometry of the experiment,

The fission cross section was determined in the energy range from 0.002 to 0.15 eV and the
absolute value deduced at 2200 m/s was 587.6 = 2.6 barn. The quality of this measurement is so
good that no measurements have subsequently been reported. It is estimated that it would
require a 5 to 10 man-year effort to reproduce the quality of this experiement. Thus, at this
time it is a more efficient use of resources to concentrate on measurements at higher neutron
energies where the cross section uncertainties are mxh larger.

2.c The 7.8 to 11,0-eV Normalizaticn Integral. Another useful energy region for the
normalization of relative measurements is the 7.8 to 11.0-eV regior. The most recent published
results for this region are by Gwin et al, in 1984 6). This shape measurement extended from the
thermal region to 30 keV using the 22-m f1ight path of the Oak Ridge Electron Linear Accelerator
(ORELA). The fission events were recorded with multi-plate fonization chambers having 235y
deposit thicknesses of approximately 140 ug/cmZ on 0.001-cm thick aluminum backings. The
neutron fluence was measured with parallel-plate pulse ionization chambers filled with 75% argon
and 25% BF, (enriched in '0B)., This chamber recorded the number of !98(n,a) events., The shape
measurements were normalized to the 2200 m/s 233Y(n,f) cross section of 587.6. The results of
this Qak Ridge measurement are shown in Fig. 1 for the 0.5 to 14-eV energy region,

A comparison of the Gwin et al. measurements with other recent results for the fission
cross section integral from 7.8 to 11.0 eV is shown in Table 1. These relative measurements,
which are all normalized to a 2200-m/s value of 578.6 b., agree within 1%, This good agreement
indicates that this normalization integral should soon be known with sufficient accuracy.

Table 1. Measured values of the secondary normalization However, at higher neutron
integral 1, (7.8 to 11.0 eV) for the 235y(n,f) energies the 235 cross sections
reaction hased on a thermal cross section of measured with the 1%(n,a) fluence
587.6 b. monitors differ from those measured

with 6Li(n,a) monitors 7).

Reference I, (barn «eV) Additional measurements in this
_— energy region are in progress at

Gwin 1984 (6) 248.0 t 1.7 CBNM fn Geel and at the National
Czirr 1977 (2) 245.6 1,7 Bureau of Standards (NBS) in the
Wagemans et al, 1979 (8) 246.2 USA,

Wagemans and Deruytter 1984 (7) 246.1
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Fig. 1. 23%(n,f) cross section in the 0.5 to 14-eV energy faterval by Gwin et ai. 6).

2.3 Absolute Measurements in the 0.3 to 6-MeV Range. Absolute measurements of the 235y neutron
fisston cross section have been made at the N8BS neutron time-of-flight factlity. These are the
first absolute measurements done with a linac neutron source.. The neutron flux was measured at
the 200-m end statfon with both a Black Neutron Detector 3) and the Dual Thin Scintillator (DTS)
9). The 235y fissfon reaction rate was determined with a parallel plate fission fonization
chamber located on tne same beam line at 69 m from the neutron target. The Black Detector
covered the 0.3 to 3.0-MeV region while the DTS detector was used in the 1 to 6-MeV region.

The final data are shown in Figs. 2 and 3 for the Black Detector 12) and DTS detector 11),
respectively. Exten;ive information on correlations and uncertainties is being used in the
upcoming ENDF/B-VI evaluation of the neutron cross section standards. In the 0.3 to 1,2-Mev
region the present measurements are generally in good agreement with two earlfer NS
measurements using the linac and Van de Graaff factlities 3); however, the presert data are
systematically siightly Tower than the previous measurements, A1l three NBS data sets are ower
than the ENDF/B-V evaluation. The present Black Detector measurements are also lower than the
evaluation in the higher end of the energy region (1-3 MeV).

Since the present measursment was intended primarily as a test of the DTS detector as a
fiux monitor, only moderate energy resolution (~10%) was planned, The statistical precisfon ts
1.0% at 1.3 MeV and 2.1% at 6.0 MeV. In the region of overlap there is excellent agreement
between the cross sections measured with the DTS and Black Detector (Fig, 3). While the overall
agreement with ENDF/B-V is good the DTS data tend to be lower than the evaluation below 2,5 MeV
and higher than the evaluation between 2.5 and 3.5 MeV.
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Fig. 2. Comparison of the present NBS Black Detector data with some of the previous absolute
measurements for neutron energies from 0.3 to 2.1 MeV (left part of the figure) and for
the higher neutron energies (right part of the figure), Also shown is the shape data
of Carison and Patrick normalized to the present measurements over the interval from
1.5 to 2.5 Mev,
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Fig. 3, The NBS 23%(n,f) cross section in the 1 to 6 MeV range: circles, DTS detector as the
flux monftor; solid 1ine, ENDF/B-V evaluation, The vertical error bars represent
statistical uncertainties only.

2.4, Measurement with the Time-Correlated Associated-Particle Technique (TCAP), The time-
correlated assocfated-particle technique has demonstrated the best accuracy for neutron fluence
measurements in the 14-Mev energy region. However, 1t fs difficult to apply at other neutron
energies. The application of this wall-known technique in nuclear physics to the 2350(n,f)
cross section measurement at 14 MeV has been very successful 12)-15). The most difficult part
of all neutron cross-section measurements is the measurement of the neutron flwx incident on the
sample, This method replaces the difficult neutron measurement with an easier alpha-particle
measurement. Since the 3H(d,a)n is a two-body nuclear reaction with a Q value of 17.6 MeV, the
kinematics of the reaction define the energy and angular relatfonship between the emitted 14-MeV
neutron and a 3.6 Mev alpha particle,
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A schematic diagram of the experimental method is shown in R
Fig. 4. At NBS a molecular ion beam D}, with 500-keV energy is l
produced by the 3-MV Van de Graaff accelerator and is incident
on a TiT target to provide the neutron source. The nusber of
neutrons within the indicated cone, which are incident on the
235y deposit, is determined by the number of associated alpha
particles, Yu. The fission events are detected in a parallel
plate fonization chamber. The number of fission events produced
by the incident neutrons is given by the number of time- Yar
coincident events between the alpha particle and fission events, R
Yc’f. The 23%) fission cross section is given by the simple
relationship shown in the figure where n is the areal density of Fig. 4. Schematic diagram of

Ya t Ya

the 23% deposit. The fission background produced by scattered the time-correlated
neutrons, which is indicated by the dashed iine in the figure, assoc fated-particle
fs eliminated by the coincidence requirement, This background technique using the
is a major problem in most types of measuremsent which do not use M(d,a)n reaction

the coincidence requirement.

The major source of dbackground was produced by neutron interactions in the detector while a
lesser background was produced by protons from the Ti(d,p) reaction in the target materials,
Detailed measurements made at several detector angles with various absorbers demonstrated that
there were no other significant background sources. The use of fresh targets eliminated the
possible source of 3.5-MeV alpha particles from the d(3He, a)p reaction on the tritium decay
products. Also, protons from the ZH(d,p)3H reaction were not observed.

The application of this method to other neutron produc ing reations is difficult because
of the higher energy of the scattered incident beam. Only the group at the Technical University
of Oresden 16) has been successful in measuring fission cross sections at 2.6 MeV using the
D(d,n)3He reactfon, They have also completed measurements near 4.4 and 8.2 MeV, The time-
correlated assocfated-particle technique s thus an excellent neutron fluence measuring
procedure for a few restricted neutron energies.

The measurements near 14 MeV using the TCAP method are shown in Fig. 5. These
measurements, using four independent 233U mass standards, are in excellent agreement (1%). This
is the basis for the claim that the cross section at 14 Me¥ {s known better than any other
energy except thermal,

However, it has recently been sug- 2 b !
gested that some of these pub)ished zL
measurements should be changed because of 2 7
the effect of random events on the coinci- g
dence timing. Since the W8S conditions 2 z‘ul— i
differed from those encountered in many z
other similar experiments, a detailed 52_ ]
analysis of the NBS experiment and the @ O cANCE’ (1978)
electronic suppression of coincidence 2 & ey e
losses due to random events was performed. g = T ey ]
The unigue combination of electronic — tRoFsey
components incorporated in the experiment 1] | I;__ —~
eliminated the effect of losses due to 135 NEG}':O” ENERGY"(:W)“J »o
random events in the timing analyzer,
There is, thus, no correction to apply and Fig. 5. Measurements of the 23%(n.f) cross
no change in the published value of the NBS section near 14 MeV compared with the

measurement 14) s warranted. ENDF/B-V evaluation,
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2.5 JMbsolute Measurement with 252Cf Spontaneous Fission Neutrons. A series of experiments have
been performed at N8BS to measure the absolute fission cross sections of 235y, 238y, and 239y
for 252Cf spontaneous fission neutrons 17). Results have also been obtained for the cross
section ratios 2387235 and 23%y/235%y which. are indenendent of source strength. Al of these
experiments have been performed at the NBS 252CF Irradiation Facility and employ the same
mounting, fission chambers, 252Cf source, and electronics. Computing procedures used to obtain
the mean fission rate for each chamber were likewise the same. The 252Cf source employed for
the measurements has been calibrated repeatedly (5 times between 1979 and 1984) in the MBS
Manganous Sul fate Bath Facility against the National Standard Ra-Be photoneutron source, NBS-I.
The precision of the five measurements as determined by a least-squares fit to a 2.645-year
half-1ife of 252Cf is ¢ 0.5%. The presently assigned uncertainty of WBS-I is 0.85% leading to a
total 252Cf neutron source strength uncertainty of 2 1.1%. The cross sections are given in
Table 2,

The importance of the 23%1(n,f) cross section averaged over the 2520f fission neutron
spectrum 1ies in its insensitivity to the shape of the neutron spectrum, It is thus an
important check on the 235y fission cross section especially in the 100 keV to 5 MeV region
which contains over 921 of the spectrum. The most recent measurements 17)-20) are listed in
Table 3. The most recent NBS measurement of Schroder et al., 17) s a new measurement, which
1s independent of the earlier measurement of Heaton et al., 20). The mean of the four
measurements is 1227 : 12 mb which is in good agreement with the ENDF/B-V spectrum averaged
valuve of 1231 mb. This requires that any changes in future evaluations from the ENDF/B-V values
will be small in the energy region which contributes most to the 252Cf spectrum average value.

Table 2 Absolute Fission Cross Section of Table 3. Measurements of the 235y fission
235y, 238, and 23%y and the Fission cross section averaged over the
Cross Section Ratios 238u/235) and 252cf fission neutron spectrum,

239py/ 235 Measured at NBS.

Nuclei Cross Section Reference fross Section, mb
235y 1234 t 17 mb Schrader et al., 17) 1234 + 17
238y 332+ S5m Davis and Knoll 18) 1215 ¢ 22
239py 1844 + 24 m Adamov et al., 19) 1241 t 18
238235y 0.269 ¢ 1.2% Heaton et al., 20) 1216 ¢ 19
239py/ 235y 0.269 ¢ 1,2% Mean 1227 ¢ 12

3. CROSS SECTION EVALUATION

3.1 Accuracy of Evaluated Data. In April 1983 the IAEA held a Consultants' Meeting on the 235U
Fast Fission Cross Section at Smolenice 21), Czechostiovakia. The conclusions and
recommendations reached at that meeting are still appropriate since new evaluations have not
been completed. The accuracy of the evaluated 235U(n,f) cross section is shown in Table 4 for
various neutron energies.
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Table 4. Uncertainties in 235U(n,f) cross section suggested by the IAEA Consultants’ Meeting at
L 3
Smolenice in April 1981 (see IAEA{NOS)-146)

3 “nf
n -] f
(Mev) 1)
0.1 2-3
1.0 2-3
3.0 2-3
5.0 3-4
8.0 3-4
13 4
14 1.0
15 2
20 6

* One participant felt that the cross section is known to 1-2% over much of the energy range
below 13 Mev.

3.2 The U.S. Evaluated Nuclear Data File, ENDF/B-VI. This sixth evaluation effort of the
neutron standards cross sections for the United States is being done by W. P. Poenitz (Argonne
National Laboratory), G. M. Hale (Los Alamos National Laboratory), and R. W. Peelle (Oak Ridge
National Laboratory), under the coordination of A, D, Carlson (NBS) 22). This effort with
reduced manpower and funding is following a different process than that used for previous
versions. The primary effort is concentrated on a simultaneous evaluation using generalized
least squares, R-matrix evaluations and a procedure for combining the results of these evalua-
tions., The simultaneous evaluation is M‘mrunt to this process since ratio measurements in
addition to shape and absolute determinations are treated properly. Correlations within and
among experimental data sets are also taken into account,

The R-matrix evaluations provide a method which allows charged-particle measurements
* involving the same compound nuclei (’Li and !1B) to be included in the evaluation process.
These evaluations also provide a smooth meaningful expression for the energy dependence of the
cross sections, [ndependent data bases are used in the simultaneous and R-matrix evaluations.
The combinfng procedure 1s used to combine the information cbtained from these analyses fn a
proper way to form the final evaluation and its variance-covariance matrix. The standards being
evaluated are SLi(n,t), %(n,q,), 198(n,a), !97Au(n,y) and 23%(n,f). Evaluations for the
important reactfons 238y(n,y), 238y(n,f), and 23%u(n,f) are also being performed.

Preliminary results of the evaluation process with overlapping and non-overlapping data
bases have been reported at recent nuclear data meetings 1). Efforts are now underway to
further improve the grouping of the data bases for the simultaneous and R-matrix analyses. Also
a new concept involving the themmal constants 1s being impiemented. This will allow the
relevant thermal constants to be evajuated simultaneously within the framework of the standards
evaluation,

Efforts have been and continue to be made to handle the various parts of the evaluation
process in 2 proper and defensible way. Significant progress has been made but the process is
compl icated and time consuming. It 1s anticipated that fina) combination results, i.e,,
adjusted R-matrix parameters for the 1ithium and boron cross sections and pointwise values for
the 19/Au(n,y) and 235Y(n,f) cross sections, will be available in 1986,

A detailed recent progress report was presented by Carlson at the International Conference
on Muclear Data for Basic and Applied Science at Santa Fe, New Mexico, USA in May 1985 22),
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4. NEUTRON DETECTOR DEVELOPMENT

4.1 34e Gas Scintillator for Thermal to 3 MeV Neutrons. One of the most promising nuclear
reac tions for use as a neutron fluence detector in the energy region below 3 MeV is the
3e(n,p)T reaction, This reaction has a positive Q value of 0.76 MeV. However, a useful
detector with fast timing and adequate energy resolution to separate the (n,p) reactfon from the
34e recoils from neutron elastic scattering has not been developed. The use of this gas in the
propartional counter mode has produced excellent energy resolution although the timing s too
slow to permit use in MeV neutron time-of-flight measurements. A small high pressure gas scin-
tillator with a resolution of 331 has been developed by Evans 23) for delayed neutron
experiments,

Our group at NBS has pushed to establish the 3He(n,p)T reaction as 2 useful neutron
standard in the keV and MeY neutron energy regions, A prototype 3He gas scintillator is shown
in Fig. 6. The detector consists of a 2 atmosphere He-Xe gas mixture in a 11 cm diameter by
25 cm length cylindrical volume, The 1ight is viewed through glass windows by two photomulti-
plier tubes positioned at opposite ends of the cylinder. A diphenylstilbene wavelength shifter
was evaporated onto the inside of the windows to convert the ultraviclet 1ight emitted by the
scintillating gas into the visible region to which
the photomultiplier tubes are sensitive, The
response of the detector was measured with thermal
neutron beams from the NBS reactor and higher

QAsS

2

energy neutrons from the linac facility, The oy
1ight output increased a factor of two as the Xe
gas fraction was increased from 54 to 32% in order ,
to reduce the range of the product particles, The
spectral resolution, which was nearly constant L
throughout the central 10 cm, was governed by the noHe— o+ T +076Mev
statistics of the nusber of summed photoelectrons (at—Tsw—-(5]
from the two tubes (25 keV per photoelectron).
[AMPLIFIER
The encouraging results obtained from these A
preliminary studfes indicate the potential
usefulness of this reactfon as a neutron standard, Fig. 6. He-Xe gas scintfllator.

4.2 Development of the Dual Thin Scintillator (DTS) in the Coincidence Configuration, The Dual
Thin Scintfllator (DTS) has been designed and built at the NBS for use as an absolute neutron
flux monitor in the energy range of 1-20 MeV 9). The DTS detector consists of two thin, back-
to-back plastic scintillators optically separated from each other and independently coupled to
photomultiplier tubes as shown in Fig, 7. The

efficfency of the detector is determined by the l PMT 2

first scintillator while the function of the second — —— L

scintillator is to measure the energy of the recofl L e Mt fe oMTs 1y and 4

protons which escape from the first scintillator. ("

Because of the low mltiple scattering and the @@@:} i

;p'q'.trm discrimination, there is relatively 1ittle ‘ “\ b ,," |

dependence of the detector efficiency on the carbon ol |
Scintrliator 1 (110 Santiliator 2 (we110)

cross saction and angular distributions., Therefore

the detector efficfency is essentially dependent on v

the hydrogen cross section, on 1ight tables, and on N

hydrogen area) density. These parameters are known i

well enough to determine the detector efficiency Fig., 7. Geometry of the dual-thin

within an uncertainty of 1%, scintillator.
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The proton recoil spectra and asolute detector efficiency were measured at 2,45 and
14.0 MeV neutron energy using the associated-particle technique with the NBS Positive-Ion Van
de Graaff neutron source. The measured spectra for 14 MeV neutrons, as shown in Fig. 8, are in
excellent agreement with those calculated using a Monte Carlo t.chnique.

.1 140 MV

Fig. 8. Experimental proton recoil spectra
obtained in an associated-particle
experiment at 14 MeV, Spectrum A is
from the first scintillator,
Spectrum B 1s the sum coincidence of
both scintillators. Spectrum C
which is the sum of spectra A and B
approx imates the ideal thin
scintillator response. The solid
lines are Monte Carlo calculations.

L S s §

Counts {Arbirary Units)
TT T T T

LA B B S AR S Bt o

The sing'es plus sum-coincidence mode of operation, showmm in spectrum C, approximates the
proton recoil energy spectrum. This mode was used for the 235U(n,f) cross section measurement
described eartier. However, it is observed that the more peaked response from the sum-
cofncidence mode, spectrum B, should provide an even better neutron flux monitor. Detailed
calculations for this mode of opgration are in progress at NBS.
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ABSOLUTE MEASUREMENTS OF THE 2352 INDUCED FISSION CROSS SECTION AT THE NBUTRON BEERGY
OF 1,88 MEV

I.D. Alkhasgov, V,D, Dmitriev, V.A. Kalinin, 8.5, Kovalenko, V.1, Kutusov,
V.8, Kuzain, Yu.A. Nemilov, B,F., Petrov, L.M. Bolin, V.I, Shpakov

V.G, Ihlopin Redium Institute, Lenimgrad, USSR

The 2350 neutron induced fission cross section is one of the most important neutron
standard, responcible for an accuracy and reliability of numerous nuclear data, However,
according to the conclusions of the IAEA Consultant’s Meeting, Smolenice, CSSR, 1983 /1/,
the experimental data avisilable can not provide the required accuracy of ihe cross-sec-
tion evaluation (~1 %) in the neutron energy interval of 100 KeV - 20 MeV, At the moment
the most discrepant region is in neutron ensrgy region from 1 MeV to 6 MeV (Fig. 1). As
it can be seen the results obtained by different authors differ by a value exceeding 10 %
and mogt of them are united into two groups one having higher values of the cross secti-
ous and a prominent shape and the other having lower values of the cross sections and a
concave shape. Both groups essentially differ from the adopted evaluation RNDF/B=-V,

Absolute cross-gsection measurements using the TCAPT were performsd in collaboratiorn of
the Technical University of Dresden, GDR and the Ehlopin Radium Institute, USSR at the
2,6 and 4,5 MeV neutron energy spot points. The results of these measurements are lower
than the ENDF/B-V evaluation and well agrees with the lower group and in particulary with
the results obtained by Poenitz /8/ but are in discrepancy with the recent result ob-
tained in the National Bureaan of Standards, USA /3/. Therefore some mOre measurement

has been performed using the TCAPT at the nsw neutron energy spot point of 1,88 MeV that
is pear the maxinum of the fission neutron energy spectrum,

The measurement was carried out in the Khlopin Radium Institute using an experimental set
up with the magnetic analysis in the associated particle channel, Both the set up and
characteristics of the associated particle channel are described in detail in the other
paper presented in this symposium,

Fission events were registrated by means of current pulse ionization chamber comprising 3
foils of the 2350 nuclide, The main features of both experimentel set up and experimental
conditions are presented in the table 1, The table 2 gives both the corrections introdu-
ced in the cross-section value and corresponding components of the result uncertainty.
The correction for the background in the assocliated particle count was not introduced as
the background value was lower than 0,1 %,

Pig. 2 shows the neutron cone profile in the plane of the D(d,n):"ne resction, and Pig. 3
shows that in the perpendicular plane,

Tbs fission cross—section value is finally amounts 1,26 2 0,03 barns,

Pig, 4 presents a comparison of the present work result with those obtained by other
authors as well as with the ENDF/B-V evaluation value. It can be seen that the maximal
discrepancy of the data at this point reaches the value of 8 £ and the majority of data
are grouped in the interval of 1,26 - 1,27 barns that is lower than the evaluation, The
cross~section value obtained in the present work is in agreement with this group and
particulary with the results of measurements of Dias /13/ snd is higher than the value
obtained by Poenits /8/.



Table 1.

The main features of the experimental conditions

Beutron energy
Deuteron beam energy
Neutron producing target

Deuteron beanm diameter at the target

e of the JHe flight out
with respect to beam axis

Plat angle of the .e registration

3He-pa.rticle counting rate
Associated particle SB detector

Magnetic field

3He-particle trajectory radii

Neutron emission angle with respect to
beanm axis

Pission chamber
Total areal demsity of the 2-°U
Neutron cone

Angular size of the most distant target

(1.88 ¥ 0.63) Mev
2.8 MeV

(0.9 % 0.1 ) mg/cm? thick
foil of (CD)n

2,1 nm

(4.1 2 0.4)°
4°
(1.5 = 1.7)~ 10° 1/sec

45 m d thzof depleted zone
(25 x 45)mn“ large

5-‘103 gs
43 - 50 cm

(w1 2 1)°
3 foils of 239y, methane
(1297 % 13) g/cn?

wi&h at the %evel of 0,1 % of intensity
18" FWHM 6.5

18°

Table 2, Corrections and uncertainty components of the 235y fission cross-section

measurements

Effect Correction % Uncertainty
Coincident statistics 21,95
Random coincidences - 1,8 20,26
Extrapolation of the fragment .
pulse height spectrum to zero + 4 - 0.5
Pragaent absorption in the + 2,2 b4 0.85
target layers
Neutron cone attenuation + 0,3 2 0.4
Target layer non-homogenity 20,7
Total uncertainty 22,5
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T
APPLICATION OF IAGNE*” ANALYSIS IN THE TIME CORRELATION ASSOQIATED PARTICLE METHOD
V.A, Ealinin, S.S, Kovaleoko, V.N. Kusmin, Yu.A, Nemilov, L.M. Solim, V.I. Shpakov,
A.V, Fomichev,

V.G, Khlopin Radium Institute, Leningrad, USSR

The time correlated associated particle method (TCAPM) as applied for absolute measure-
meats of neutron induced fission cross sections is well asknowledged at the moment and is
regarded as an accurate and reliable ons, The basic idea of the TCAPM is as follows,

Either 2D(d, n)3ﬂe or r(d,n)‘ﬂc reaction is used as a source of neutrons. The 3He or %He

particles associated with neutrons are detected by a detector within the cons fixed by

the detector entrance apperture., The neutron cons corresponding to the associated partic-

le cone irradiated a tavget of fissile nuclei. The fission events are registered in coin-

cidence with 3Ho associated particles. Provided the two main constrains are met:

i) the fission target is large enough to make the base of the neutron cone to lie
completely inside the target,

i1) the fission target nonuniformity is negligible, the induced fission cross section is
determined by the expression:

Ne
G = N.p. 2 ) where

N, is the number of coincidences registrated,

R‘p is the aumber of associated particles and
a is the number of fission nuclei per cm?,

The TCAFM has the following advantages

i) determination of either neutrom flux or total associated particle counts are not
necessary

ii) fission events induced by background meutrons (scattered neutrons or neutrons from
other reactions) are excluded

iii)there is no need to take the meutron flux anisotropy

iv) no geometical factors are to be taken into account in the first approach.

Exellent agreement (Within the limits of 1 %) of the results of five independeni abso-
lute fission cross-section measurements employing TCAPM at the neutron energy of 14=15
MeV /1-5/ is an example of the precision of this method, The IAEA Consultent’s Meeting
on the U fission cross section (Smolenice, CSSR, 1983) has recommended to perform
monoenergetic measurements using the TCAPM at as many energies as possible as the best
wey of improving the accuracy of the fission cross-section data /6/.

A practical realisation of the method in a wide interval of meutron energy is often
connected with conciderable difficulties due to a high background of charged particles
other than associated ones in the associated particle (AP)-channel, They are both scat-
tered deutrons and charged particles produced in (d, p), (4,x), (8, p), (n, &) accom~
panyliog reactions, Specific AP-channels are to be designed for measurements at every
neutron energy point,

Up to now two modifications of the TOAPM were developed,
1) Por megasurements at neutron ene '
The D(4, n)’He and T(d, n)'He~reactions and low energy deutron beams (Eq~150 keV) were
used to produce neutrons, As both reactioms are exothermic and have rather high Q values

3-5. and “He-particlo encrgies exceed those of scattered deutrons, The latter therefore
could be cut by means of thin aluminium foils of carefully chosen thicknmess,

11) Eor mesgurements at geutron epergy of 8.5 /9/.
The D(4, n)aﬂe-uact:lon and deutron beam with the energy of 9,5 MeV were used in this

case and Bm-puticles were separated by means of a A E-E telescope consisting of two
thin completely depleted silicon detectors.

oD R b5 I8 ang .




This work describes an application of the TCAPM for neutron energy in the vicinity of
the neutron spectrum maximum that is energy interval of 1,7-2.5 MeV. As it will be seen
below in this case the experimental conditions force to apply a magnetic analysis ia the
AP-channel /10/. To produce neutrons the D(d, n) He-reaction and deutron beam with ener-
&y of 3 MeV were uged. According to the reaction kinematics neutrons with the energy re-
quired were flying backward at the angle of about 130° with respect to the deutron beam
(Pig. 1). Thin foils of deuterated polyethylene were used as neutron targets.

Fig. 2 shows the neutron energy spread as a function of the neutron emission angles with
respect to the beam axis, It can be seen that both large angles of the neutron emission
and low energy of the deutron beam are preferable for reducing the neutron energy spread.
Howerer, the beam energy decrease results in an increase of the number of scattered deu-
trons, in decrease of the 3ﬂe-part1cle energy and, by the same way, makes worse the AP
detection conditions. The advantage of utilization of large angles of the neutron emis-
sion is decrease of the cone of emission for the “He-particles relative to that for the
neutrons. Correlation between both cones as a function of the neutron emission angle for
different deutron energies is presented in Fig. 3. As it will be seen further, this ad-
vantage permits to facilitate the 3He-part1cle registration in case of magnetic analysis,
The choice of large angles of the neutroun emission thus is necessary to obtain the neu-
tron energy required and provides some advantages in experimental conditions,

However, the utilization of the large angles of the neutron emission corresponds to the
AP-registration at the angles near the beam axis, In this case the background of scatte-
red deutrons is very high due to a fast increase of coulomb scattering cross section,
Therefore there is no possibility to use neither any telescope systems nor any shielding
foils for absorption of background deuterons (as their ranges are lower than that of
3He-particles).

To avoid this difficulty a separation of the particle trajectories in an uniform magnet

field was applied, The field was produced by a sector magnet and had a value of 5°103
gauns, Fig, 4 shows a shematic drawing of the particle trajectories together with the
border of the uniform field in its middle plane.

By this way the background connected with the D(d, p)T accompanied reaction products was
completely eliminated beacause their radii are 2 times greater than those of the 3He-par-
ticles, But as to scattered deutrons their radii are only 1.5 times greater and besides
their energy spectrum has a.low energy arising due to passing through the target foil,
Magnetic analysis is not able therefore to eliminate scattered deutrons but enables never
the less to reduce the corresponding background component by a factor of more than 102.
Additional background components arise when deuterated polyethylene is used as a neutron
target. They are protons produced by hydrogen in polyethylene and thoge from the 12C(d,p)
da-reaction. Both groups can have radii roughly the same as those of “He-particles and
can be registered due to a finite dimension ot the AP-detector, Thus the magnetic sepe-
ration itself can not reject completely the background and it is necessary additionaly
to use a SB-detector with deepletsd zone depth less than the proton ranges.

When magnetic separation is used a problem arises to provide sufficent AP-counting rate
caused by a large size of the neutron one at the exit of magnetic field, This large size
4is due the following two factors:

- long flight path of AP through magnet

- energy and angular spread of the AP

because of traversing of the target foil which results in a corresponding spread in par-
ticle trajectories,

In the horizontal plane the former factors were compensated in the experimental condi-
tions due the mentioned above kinematic narrowing of the AP-cone with respect to the
neutron one, To diminish the neutron cone in vertical plane an sdditional focusing was
introduced effected by the fringing magnetic field at the edge of the magnet, which focu~-
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sed all particles coming in direction not perpendicular the field border. The magnitude

of this focusing is determinated by the expression f = e » "here f is focusing dis-
tance, « is the sngle of AP direction with respect to morlial, P is the AP-radius in uni-
fora magnetic field., The focusing parameters used in the experimental setup provided the
AP-ione sise to be not exceeding the msgnet gap width, As to the second fector an sppro-
priate choice of the foil optimal thickness was made to increase the counting rate.

By this way a 45 mm -~ loug and 25 sa - wide detector was large enough to provide the neu-

tron flux of (2-3) *10° neutrons per second across fission target.

When a detector of such a large area was used, its large cspacitance (which was about
10 uP) put special requirements on amplifying circuits,

As a fast current pulse amplifisr was used to provide high time resolution curreat pulses
must be integrated by imput resistance and by the detector cspacitance which results in
both a decreese of pulse height and an increase of noise level., In the experimeantal set
up a satiasfactory sigoal to noise ratio was reached by employing an amplifier with four
parallee imput circuits,

The resulting pulse height spectrum obtained in the AP-channels is presented in Pig. 5.
As can be seen, the background in the helion amplituds window was much less than 0.1 %,
that was negligible. It proves an efficiency of magnetic separation in the TCAPN,

E,(MaB)
2s | 1200

1 's 1 1 L _i

Pig. 1% Energy of neutrons Bp produced in the D(4, n)BBe-reaction as a

function of the deuteron energy E4 for differont angles of neutron
emission with respect to the deuteron beam
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ABSOLUTE FISSICN CROSS-SECTION MEASUREMENT OF FU-239 at 4.8, 8,65 AND 18,8 NEV AND
OF U-235 AT A4.45 AWND 18,8 ¥EV NEUTRON ENERGY

C.M, Herbach, K. Nerla, G. Musiol, B G. Ortlepp X, G. Pausch
Technical University of Dresden, Dresden 8027, GIR; X) since 1984 CINR Rossendorf, GIR

I.L. Alkhaszov, L.V. Drapohinsky, B.A. Gansa, S.S. Kovalenko,
0.I. Kostochkin, S.M, Solovjev, V.I. Shpakow
Ihlopin Mmdimm Institute, lIeuningred 197022, USSR
Abstrect: The results of new fast neutron fission cross-section measurements carried out
in the 1963-85 years on Pu-239 and U-235 are sonted, Using the 5 NV tandem
sccelerator of the CINR Rossendorf, the Time lated Associated Purticle
Nethod (TCAFPM) 3yR) was applicated to now epergy spot points for absolute

measurements, Corrections, errors and the main experimental festures are sum-
marised. Special problems of the 18.8 MeV measurements ere discussed.

1. Introduction

The presented work represents a continuation of the Jjoint fission cross—-section measure-
ments px-ogrc- of the Khlopin Redium Institute lLeningred and the Technical University of
Dresden >/,

Besides the ueasurements of the standard fission cross-section om U235, measurements on
Pu-239 were performed because of the great importance of ths Pu-239 data for the pre~
determination of the fast breeding reector parsmeters, In addition to cross-section
measuremsnts relative to the U235 standard, precise absolute measureaents seem to be
ingeniosly for improving the data accurscy from the reached value (5-10%) to the
demanded (2-5%) in the 3-20 MeV neutron emergy range ),

In this paper the main experimental comditions and the results of the seasurements are
summarigzed, Detailled informations sbout the used electronics and the data acquisition
systes are given in two other comntributions 5'6).

2, Reutron production snd associsted particle (AP) detection system

The principle of neutron production snd AP detection 5) was already developed for eerlier
messurements at about 8.3 MeV neutron energy 2,7 and is based on a telescope of two
completely depleted S1(SB) detectors. Neasurements at neutrom energies of about 4.5 MeV
were carried out by means of the seme system makite another choice of the measuring
reometry and the enermy of the incident deuteroms. By an optimization of the aEB-detector
pearemeters, especially the detector thickness, the pulse shaping in the spectroscopic
AP channel and the measuring reometry, am important increase of the AP comting rate
within the limited cone was achieved gusranteeing & ssall background portiom, Main expe-~
rimental pursmeters are listed in Tad.1,
In order to produce 18.8 MeV neutrons usine the
'r(d.n)“llo Treaction, a 6 MeV deuteron bLeam was
incident on a selfsupportineg Ti-T foil., The expe-
rimental set-up is shown in Fire.1. The rotatine
target holder system allowed to work at deuteron
beam currents of 800 ph without a noticeadle
escaps uvf T out of the foil. By setting the CFP
threshold of the fast aE-chamnel high enough
sbove the amplitudes of the deuteron pulses, an
effective discrimination of deuteron multiple
pile ups was obteined,
The use of a computer-coupled two paramster unit
with colour 4isplay was favourable to check the
threshold conditiens and to analyze the AP spec-
trum compositien 8 .
Background events occur fros (d4,a) reactions at
the T foil and the AL layer, but aleo fram the Lig.d: Experinental sot up of wne
0(4,a) reaction. Apperently, by producing the




targets oxygen can be bound especially

at the surface, but also in variuos proper-
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COUNTS

ties within the whole target volume (Pig.2).

The AP identification in the data taking
runs was performed by single channel ana-
lysis of the total energy spectirum con-

taining only events, which are identified

as alpha particles within the window of the

particle significant spectrum. The back-
ground ¢ wrection procedure consideres

(d,a) portions from Ti, Al and O individu-

ally and is based on measured spectrsa,
which were obtained from several non-
tritiated target foils (Fig.3).
Bmploying various sets of background

spectra obtained from different foilss the

results correspond within +(0.5-1)% 9,
Because of the T decay, an additional
background portion due to the 3l-laz(d.]:v)'*ﬂaz
reaction has to be taken into account.
To perform an experimental determination,
a second AB"Br semic onductor detector
telescope was placed inside the vacuum
chamber instead of the fission chamber.
A G.4 mm thick cupper foil was used to
screen the detectors from the deuterons.
Counting protons in coincidence with AP
signals, the 3He(d,p)4He background por-
tion within the AP window was determined
to (0.35 4+ 0.30)%.
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Calculated neutron energy

target holder system)

deuterated polyethylene

- Averaged energy (MeV) 4.45 + 0.2 4.8 # 0.2 B8.65 % 0.2 18.8 & 0.2

~ PWHM of energy distr. (MeV) 0.23 0.25 040 C.60
Neutron production reaction D(d.n)JHe T(d.n)‘He
Deuteron beam

= Energy (MeV) 5.00 5.80 9.50 6.00

~ Current (nA) 400-600 3o0=8C0
Beutron producing target

= Poil (used in & rotating se1fcupporting

Ti~T covered by

2 0.2m§/cm2A1 layen
- micknel; (w/Cl ) b 005-108 0,6~0.8 0.6-0,.8 3- / 2.6
= Angle relative to the o o (4] [}
beam axis 52 52 75 40
AP detection
- AP detection engle 38° 36,5° 42.5° 68°
= Solid angle of AP cone (mer) 1.05 1,40 1.40 8.05
~ aR detector thickness (um) 3/ 9 n 9 10
= LAR output pulse length 8) 0.5 C.25
~ Total energy resolutiog,(keV) 5 70 - 8C ¢ 4 100 = 12
~ Scattered deuteroms (s ), 1=1.5¢10 1=1.5.107 6=8-10 1.53.10
- Mean AP counting rate (s ') 1500 / 2100 3600 3700 3300 / 2200
tron cone profile
~ Mossured PWHM 4.59 4.59 5° o 6:5° / 69
= Measured 0;002! ¢ 1.5 11.5 12.5 159 /14
ol ar extent 0O e (4] [+] [+ [+] o_ (] 0_ [+]
fi'.ioﬂ foil. 15.3 -2005 1604 '2502 16-8 2603 (1;:20-5;:30)3)

Iabs1: Mein expsrimental parsmcters of the neutron production and AP det-ction syst-m
x) in the brackets are the values of the 13.8 MeV messurement on Pu~-239
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Fig.4: Heutron cone profile of the 4.45 MeV fission
cross-sec tion measurement on U-235
During the runs, the horizontal neutron cone profile was
checked continuously using a scintillation detector,
which was placed outside the vacuum chamber. Asaociated
neutrons are identified by time-of-flight measurement
refering to the AP timing signal. Small drifts of the
cone maximum did not exeed 1°, and the fission chamber
was always adjusted to the measured cone maximum.
To explain the neutron conme profile sides, a test measu-
rement with an additional scatierer was performed and the
effect of cone neutron scattering at the vacuum chamber
wall (0.3 mm stainless steel) and the fission chamber
material could be considered spprox,;‘.nately.w) (Pig.4)
Because of nearly the same reaction kinematics of the
T(d.n)‘ﬂe and 3He(d.p)4ﬂe reaction, corresponding condi-
tions exist for the neutron and proton cone. By measuring
the proton cone inside the vacuum chember, it was possi-
ble to determine the true cone profi’:, including the
effect of charged particle scattering within the neutron
producing target and not falsified by neutron scattering
(Pig.5). It was proved, that an exponential extrapolation
of the measured cone sides conpidering the angular ex-
tent of the profile monitor should be a gocd approxima~
tiom to calculate the neutron losses outside the angular
extent of the fission foils.

Pig.5: Comparision of proton and neutron cone profile measurements using a Ti-T foil
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Thin fission foils (6 plates <300 ng/cmz Pu-239; 5 plates
<500 ps/clz U=235) were placed inside a parallel plate
fission chamber. It was filled with methan at a pressurs
of 108 kPa and operated at a voltage of 400 V. The distan~-
ce of 3 mm between slectrodes and fission foils represents
a compromise to reach a good separation of fission frag-
ment pulses from alpha events under the resiriction of a
compact fission chamber de-
sign ! « The short current
pulses (30-40 ns) were ana- “
1ysed by means of a nanose~ 'i
E
L

i A ANELATIO MIMOR CNSBAR PYENTS et
[ BT
L LE e )

cond stretcher. This method

5] Owew Nt w0 cvPew o0 7V tmen
e ing = Wmpren? | Ngnw CPY - wasens 111,
LR RX:L]

allowed a high fission frag- ™ b .

ment efficiency (>96%) aleo tf'la " T TR
at high alpha activities of | = [

the fissile material (~ 9 Mg '!I

for 4 mg Pu-239). Witbin the | f{ [ i IR
fission chamber spectrum a o] S -
broad "plateau” region was T " * o=

observed, indicating an excellent separation of fiserion frag-
ments from alpha particles (Pig.6).
In the fission chember chanmel at 18.8 MeV neutron energy an LZd&uli Experismental proof

of reactions within

sdditional correction had to be introduced, which considers the chamber gas csused

the 1"’t‘!(n.n'))a(. reaction at the fission chamber gas GH‘.

by 18.8 MeV neutrons
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This reaction is able to generate events within the coincident fission chamber spectrum
above the CFT threshold (Pig.7).

The fission foils were produced at the KRI Leningrad using meterial of high isotopic
purity >99.99% by HP- and thermo-sputtering of 'J-235 and Pu-239, respectively. Areal
density measurements were performed by low geometry alpha counting.

2= _Resulte

The Tab.2 gives a summary of the corrections, error contributions and resulte of the
presented fiesion cross~-section measurements. Most of tne resulte are based on several
measurements carried out under some different conditions at the same spot point 9,
The accuracy obtained for the neutron flux determination of the different energy spot
points demonstrates the advantage of the used TCAFM.

The short test measurement on Pu-239 at 18.8 MeV will be completed by a further one.

Ruclide U=-235 U=-235 Pu-239 Pu-239 Pu-239
'.utron enexrgy (bv) 4045 18.8 4.8 8'65 18.8
Brror Error Brror Error Error
Correcontr. Corr ‘contr. corr'contr. corr'contr. Corzeqontr.
| (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Counting of coincidences
- Statistics of effect - 1.26 - 1.01 - 1.27 - 1.08 - 2.52
= Random coincidences 1.40 0.17 | 2.82 0.21 0.64 0.11 1.86 0.17 | 4.55 0.63
Fission chamber efficiency,
= Correlated background - - 1.72 0.0 - - - - 0.34 0.1
= Extrapolation to zero 1.18 0.26 1.67 0.16 1.50 0.31 1.04 0.24 2457 0.85
~ Pragment absorption .00 0.85 «730.78 | 1.21 0.46 | 1.20 0.43 { 1.30 0.39
AP counting
«~ Background 2.32 0.67 5.62 1.35 2.30 0.36 1.62 0.32 5.92 1.74
Neutron cone
= Neutron scattering 0.25 0.40 0.44 0.40 0.25 0.40 0.36 0.40 0.34 0.40
= Effective fiasion fnil
thickness due to the 0.05 0.05 | 0.12 0.08 0.08 0.05 0.07 0.05 0.12 0.08
Cone aperture
Fiseile layer
«~ Areal demsity - 0.93 - 0.93 - 1.00 - 1.00 - 1.00
- Inhanogenoty - 0072 - 0072 - 0.88 - 0085 - 0.88
RZSULT (10™2%cm?) 1405740.022|1.999+0,045| 1.74040.035| 2. 35040.044 | 2. 48740.088
STANDARD DEVIATION (%) 2.10 2.25 2.00 1.85 3.55

Zabe2: Results of the presented TCAPM fission croes-section measurements

Av present there are investigations to improve the accuracy of the fission foil data and
to obtain the correction values of fission fragment absorption experimentally.
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IDENTIFICATION OF ASSOCIATED PARTICLES IN THE lp&?ﬁ’FlSSION CROSS SECTION MEASUREMENTS AT
THE TANDEM ACCELERATOR OF THE CINR ROSSENDORF

*
h.-G. Ortlepp , C.M. Herbach, K. Merla, G. Musiol, G. Pausch

Technicai University Dresden, GDR

Abstract

Ihe Time-Correlated Associated Particle Method was applicated to fission c i1ss-section meas-
urements in the neutron energy regicns near 8.5, 4.5, and 19 MeV. The DD- und DT-reactions
were used at 3 5 - 10 MeV deuteron beam of the CINR tandem-van-de-Graaff-accelerator. To reach
sufficient AP counting rates, neutrun production targets of up to 3 mg cm-2 were used. Several
problems connected with the high rate of scattered deuterons and with charged particles from
other reactions could be solved with an especially developed equipment. A telescope of two
Si-SB-detectors in connection with a fast timing, a high rate pulse height spectroscopy system
and a speclalized fast particle identification circuit was utilized. AP counting rates up to
S000 s-' were obtained. Rates of scattered deuterons of 10° s-! could be tolerated. The por-
tion of not separated background events amounted to 2 - 6 %.

1. Introduction A o

-~ —
The basic features of the: Time-Correlated Associated Particle Method (TCAPM) are descr.bed in

earlier papers (e.g. /1/). The application of this method to fission cross-section measure-
ment at ncutrun energies in the 3 - 13 MeV (D(d,n)}He) and 15 - 20 MeV (T(d,n)“He) regions

requires deuteron energies in the MeV region, and problems arise from the following facts:

i) It is not possible to screen the AP detector from scattered deuterons by means of ab-

sorber foils,

i1) The AP retector has to separate associated particles from background reaction products,
especially from (d,«) reactions, depending on the target composition and the deuteron
energy.

iii) To obtain sufficient statistics within a reasonable time under the restriction of a
limited number of thin fission foils AP counting rates >»10} s-1 are necessary. Thereby
the maximum diameter of the AP aperature is given by the fission chamber geometry which
limits the possible neutron cone width. A neutron production rate high er;ough to meet
the above requirement supposes then relatively thick target foils (A1 mg cm-z). This
increases the difficulties of the AP identification because of the energy spread of
charged particles due to their different path length within the foil and the high rate

5 —1)

of deuterons scattered into the AP cone (A210° s leading to pile-up effects.

iv) The application of semiconductor detectors
requires separate timing and pulse height
cnannels. If the Lime and energy informations
are treated utilizing a classical fast-slow

coincidence scheme, difficulties occur from

different partially correclated random coinci-

. Chack-up of : dence background amounts in toth channels as
| experimentol

| condhions well as from dead-time effects in the timing

spectra /2/.

KRS 4201

Minicom) To avoid all possible systematical error contribu-

a completely new scheme was developed utilizing
2 Poram

unit a AE-E telescope in connection with a high rate

pulse height spectroscopy system including efficient

|

!

]

|

I

[ tions arising from the above mentioned problems,
I

|

| pile-up rejection and a "strobe coincidence"

|

MCA

method in connection with a special fast particle
_____ - identifier (fig. 1).

Fig. 1

To the CAMAC Simplified block diagram of the AP identification system
Ooto Acquisition System
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2. The A€E-tL Telescope
. -2 2
If thin (CDZ)n targets are used (~ 100 ug cm “) the events corresponding to the “He's of the

D(d,n)}He reaction from alphas of the (d,e) reaction can be spearated by single channel pulse

height analysis /3/. At about 1 mg c:m-2 however, }He and alpha peaks become overlapping

(fig. 2) and must be separated by the &E-E technique. The experimental conditions, e.g. the
beam energy and spot diameter, the

angular position and solid angle of

§ TOTAL ENERGY SPECTRUM the AP telescope, the thickness of
Y ® 065mg/em® (CQJ,-FOLL the AE detector, the fission chamber
§60‘ /"A\\‘ OBZ%:ggN-(DDg{TFEOA;IZO:NON position and the target angle must be
| 1 (NORMALIZED IN THE REGION optimized at each neutron energy
50 f \ OF CHANNELS 202 -388} point taking into account contradict-
/ \® ing requirements. The lower limit of
401 / X the detectable }He energy of about
! ot | 2 MeV is determined by the minimal
301 / \ SUPERROSITION OF thickness of the AE detector of
201 ﬁ \ ,1"’ o gbouz 8 um Si necessary for sufficient
] He- He separation. For kinematical
10 f conditions leading to 3He energies
,, e, :'.f higher than 5 MeV thte neutron diffe-
00 % 300 rential cross-section decreases but
e CHANNEL NUMBER the elastical deute-on scattering
Fig. 2 into the AP cone increases. Consider-
ing the slowing-down in the ([‘,02)n

Energy spectrum of charged particles 3
foil "He particles between 2 and

5 MeV must be expected. During the different measurements detectors of 9 - 13 um thickness
were used. Low enerqgetic AP's were already stopped in the 13 um detector. Tests with a 6 um

detector yielded unsufficient 3He-aHe separation. The thickness of the Er detector was chosen

to stop the highest energetic alphas. The used 37 - 72 um completely depleted Si SB detectors

are passed by the scattered deuterons.

3. The High Rate Pulse Height Spectroscopy System

The preamplifiers have separate "energy" and "time" outputs. The "time" signals are used not

only for fast timing but also to start the pulse height processing.

of a linear amplifier with delay line shaping which rectangular output pulses are 1ntegrated
E pulses per

The slow channels consist

and checked for pile-up in a gated integrator unit /4,5/. Up to more than 10

second spectrum distortions due to pile-up remained neglectable /6/. The increasing pulser

line width at the higher rates is tolerable, because the measured peaks of the particle spec-

tra are much broader due to the target thickness and the kinematical acceptance. The resolu-

tion of the AE channel, important for the particle identification remains to be determined

mainly by the energy straggeling.
The system was checked collecting a pulser peak in the presence of a high rate of reaction

products. Varying the beam current different counting rates were obtained.

4, The Combination of the Pulse Height and Timing Informations

The "time" signals of the preamplifiers pass the timing filter amplifiers and are fed to con-
stant fraction triggers. The timing threshold of the QE branch is set just above the deuteron
pulses; in the [r branch as low as possible. In this way deuteron events are suppressed.

Several following shortly each other such events which would lead to multiple pile-up in the
slow channels give separated short pulses in the timing channels and are suppressed also. A

fast coincidence of the CFT output signsls fires both gated integrators (fig. 1). ihe same

signal but delayed by ~1 us passes, conserving the timing information, a special "strobe coin-

cidence”" unit, if the unit has recieved the information "output signal valid" (no pile-up)
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from both integrators. This inspectian includes also pile-up by the small deuteron pulses.
Then the signal passes, agnin conserving the timing information, a special particle identifi-
cation unit, if the chosen energy and particle selection conditions are fulfilled. This signal
then is used as “AP" in the basic TCAPM scheme. The delay of ~ 1 us is realized in both the
"AP" and the "f" branches by two identiral cable units to avoid drift effects. Due to the
minimal time interval between two AP signals determined by the dead time ( ~1 us) of the par-

ticle identifier circuit, timing spectrum distortions are excluded.

5. The Principle of the Particle Identification

The above mentioned scheme requires fast analogue particle identification, but in s small
dynamic range. The particle branches in a AE-Er plot (fig. 3) can be approximated by straight
lines in the enerqgy interval of interest. Therefore the particle identification function can
be realized by a simple linear combination of the AE and [r pulse heights instead of a com-

F;E_v idegle Teilchenzweige » ap wipow & 0 |
L. —JHe = N ' AP PARTICLE
3 T -=-“He 8 ¢ 3,m J— SPECTAUM
L o e des " [1CDyIn- FOIL]
\\\ ‘~\~~~ D*—gmr ". .0 C. '.
T \"~\ |l‘ A - 4 'S
2 TN Tyom -~
N R o
*s‘h‘ 1M ‘.‘J
o — ) - 1)
1 2 o == fum » d?
A N NS 4 -
A ) .t
0 -~
0 1 2 3 4 0 .. BACKGROUND
£ /MeV o [iCHyi, —FOR]
Fig. 3 . 7
Calculated AE-Ep plot for ’
He and %He 14 °

M0 120 0 W0 150 CHANNEL

plicated nonlinear response. This is done

Fig. 4
by & weighted sum amplifier within some 10 ns. The Particle-significant spectrum of the
sum of AE + Er with equal weights represents the AP telescope from a fission cross-sec-
. e tion ' :asurement at 8.65 MeV neutron
particle energy. The distributions of the energy and energy /7/

particle identification signals can be recorded as

pulse height spectra.

The selection and background correction procedures are different for }He and 4He AP's, At the
4.5 and 8.5 MeV experiments in a first step the energy renge containing the 3He peak is select-
ed. for such events the particle identification signal is built-up showing characteristic

3He and aHe peaks, This spectrum (fig. 4) is collected during the whole measurement
to determine the background underlying the 3He peak within the JHe window which is selected

in the second step. The background is caused by the tail of the “ne peak, and the normeliza-
tion is performed with the help of spectra taken from (CHZ)n foils. At the 19 MeV experiments
alpha events are selected with the help of the particle identification signal. The as-
sociated alpha particles are then selected by an energy window. The background correction
procedure baaed on alpha spectra of different non-tritiated Ti foils is more compliceted. Dif-
ferent components from (d,&) reactions on Al, 0 and Ti must be seperated and then normalized
and subtracted independently. All adjustments are performed with the help of a two~-dimensional
analyzer showing the AE-Er distribution on a colour screen.
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CAMAC DATA ACQUISITION SYSTEM AND DATA ANALYSIS IN T FISSION CROSS-SECTION
MEASUREMENTS AT THE TANDEM ACCELERATOR OF THE 9%35 ROSSENDORF

G. Pausch, W.D, Frosm®, C.M, Herbach, K. Merls, G. Musiol, M.G. Ortlepp’
Technical University of Dresden, G.D.R.
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ABSTRACT [EEL AR { S SN

A CAMAC dsta acquisition system, based on a ROBOTRON KRS 4201 ainicomputer, wes developed
to record simultanesusly ell experimentel data which are nesded to determine precise
fission cross-section values by means of the TCAP asthod ., Hardware configuration end
basic software components sre described. y

1, INTRODUCTION

Since 1977 pracisa sbsalute fission cross-section measuresents, based on the/Tisa-Corre-
leted Associated Perticle Method (TCAPM), have been performed st ths Technical Univeraity
of Dresden (TU) in closs collsboretion with the Khlopin Redius-Institute Leningrad (KRI),
The principle schemss of a fission cross-ssction deterainstion by sesns of the TCAP method
is well known /1,2/ (fig. 1): A besam of accelersted deutsrons is incident on » target
containing deuterium or tritius, nsutrons sre produced together with charged sssocisted
psrticles (3Ho, 4No) vsing the resctions D(d,n)SNo or T(d,n)‘Ho. An asperture selscts a
cone of asssocisted perticles (AP): the correlated neutrons fora sleo a cone which is
intercepted by homogeneous fission foils. placed ineide sn ionization fission chamber
(FC) . Energy and direction of correlated neutrons are given by the resction kinemstice
snd cen be varied by chenging the incidence energy of the desuterons or the AP dstection
angle relative to the beam exis. By simvltaneously counting the selected sesocisted per-
ticles ("AP) and the fissions caused by corrslated neutrons (Nf). the fiesion cross-sec-

tion can be determined froa the simple forasuls Nf

-
L v
if the listed premises ere fulfilled:
i) AP detection without background (correlsted neutron for eech AP pulse!):
i1) efficiency of 100 % for detection of fission events:
i11) foultless identificstion of fiseions caused by correlated neutrons:
iv) homogeneous fission foil(3) with known number n of terget nuclei per unit of ares,
great enough to cover the cone cospletely;
v) no neutron scattering out of the neutron cone, no AP scettering into the AP cone,
no scettering of incident dsuterons,
The totel AP dstsction efficisncy as
well se geometrical fectore sre not

S:ﬁﬁ.| ‘oc‘EffffffiffE:> resquired., Such sn ideesl srrengesent -
= oreinae | Lodet of course - 1s not possible in practice,
fa N snd deviations from the listed require-
CFT Conud rter
| ments have to be messured or celculsted
sc] fuaer, [ ] pc 12 Time spect carefully end to be considersd in the
O s——
U U A h R
| ooty m;_" = 7 e snalysie of the experimental dets
‘f for exh neytron “ N
energy powt U Hﬂii--‘;-
| 167 aperture “ Fig, 1: Principle schess of signel
! A&. procsssing end data acquisition
1
| Timi Gate " in TCAPM fiesion croes=-section
| Py prdaiien || Label‘P uu:ruonto :t ;hoc;;:d;n
spectr sccelerstor sene-
| hedironien """"“‘:'JI A0C _&_> d:" of the osee
} CAMAC - cortrolled by a KRS 420!

minicomputer
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2. CAMAC DATA ACQUISITION SYSTEM

within the lest yesrs, the activities st the TU Dresden within the joint programsme /2/

have been concentreted onmeasurements et the 5 MV tandem van-de-Graaff accelerator of the

CINR Rossendorf /3-5/. The scheme of signal processing and dste acquisition spplied in

these measurements (fig. 1-2) wae designed to record simulteneously ell sxperimental data,

which are needed to determine the cross-section value including corrections /6-8/:

1. AP detector pulses ars caused not only by associeted psrticles, but also by scattered
incidence deuterons, protons end alphas from background reactions. To identify true
AP events, the amplitude information of the AP detector is processed /6/; the portion
of not suppreesed background events can be deteramined by analyzing an amplitude spec-
trum, which is recorded during the run by mesns of a CAMAC analogue-to-digital conver-
ter (ADC 2). By labslling the amplitude signels of the AP channel (ATA) with the AP

timing signals (tA ), generated only for identified associated particles /6/, the AP
window within the I-plltudo spectrum is manifesated,

2. Counting losase in the FC chsnnel occur from the energy loss of fiesion fragments in
the terget layer, leseding to emall pulse amplitudes or even a total absorption of both
fragments, 1f the direction of fregment emission is nearly parallel to the target sur-
face. The detection efficiency depends on the thicknees of the target layers and on the
electronic threshold, which ie eet by a conetant fraction trigger (CFT in fig. 1). To
calculate the portion of signals with pulse heights lower than the timing threshold,
on awplitude spectrum is recorded (ADC 1),

3, Correlated fissions are identified by means of a fast coincidence circuit (Koinz.).
The nuaber of random coincidences can be derived from the timing spectrum, recorded
by weans of a time-to-digital converter (TDC). The fixed dead-time in the AP channel
{ ~'1/us), which is greater than the conversion range of the TOC (T ~ 140 ns), guaran-
tees a’ “white” spsctrum for random events /6,8/.

The timing signals of the AP and FC channels as well as coincidences of both signals are

counted by two independent sets of scalers. A timer is used as a real-time clock.

The CAMAC dats acquisition system is controlled by a ROBOTRON KRS 4201 minicomputer,

FORTRAN codes for data acquisition and data anelysis were developed in colleboration with

the CINR Rossendorf /8-10/, using an ex-
tended FORTRAN LIBRARY which allows an
easy programming of CAMAC operations and
LAM interrupt handling /11,12/.

L) M [ H [t crome The experiment is divided into single
ol - T
m Contralier runs, each of them having a complete set
of gpectra, scaler contents and other

tum KRS 201

wandler

parameters, which are stored on a disc

memory. A single run consists of measure-
ments with presettable measuring time;
the sequence of all actions is given by

a computer code /8/.

Matrin

ay

Fig. 2: Block scheme of the CAMAC dats

— . scquisition system
m‘- g ter tar: FC and AP timing signals
v B @F K SKA: FC amplitude signal
W m.g::n r@ﬁ 5 ATA: AP amplitude signal
SKA Spamvommer - (ﬁf H Mol, Mo2: Monitor signals
MA::manzF < S Gen: Pylee ganerator, used for
noﬂn.l‘:.::;‘wu reduction of the ATA rate
P ’ &N Zh,: Scalers
~ apc !
Apc | i
i - - =
Steuer
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In the beginning of each single messure-
ment, the AP input of the fast coincidence
is switched off for 1 min to label the FC
esplitude signals (SXA) with the correspon-
ding tising signsls (t'). In thie way, the
efficiency curve of tha CFT can be deter-
mined. This test phase ts followed by the
data scquisition phgee (typicelly 20-30
min) . Coincident events are labelled in the
tining spectrua ss well as in the FC spec-~
trum, All spectrs are built-up in the com-
puter memory and can be inepected during
the run on s dieplay unit, The data inputs
of all CAMAC modules sre abled and ensbled
sisultanecusly by mesne of the INHIBIT eig-
nal: this includes a synchronous dead-tise
phase for all scalers, ADC, TOC, snd the
timer during any CAMAC interrupt hsndling
and date transfer. Errore due to desd-time
losses sre excluded because of the fixed
desd-time in the AP channel snd the low
counting retes for t, signsls (~10 0'1)
snd t-t,. coincidences (50-100 »ly,
Nevertheless, o date test is performed st

the end of ssch eingle messureaent: Fig. 3: Block scheass of the microcom-
The scsler contents of the independend puter controlled cone profile
scsler sete, 8s well as the numbers of monitor

coincident events recordsd in the Nf scslers snd the timing spsctrum, must sgree; and the
messured fission cross-section is expected to be within given limits which are fere from
possible statistical devistions. Any violstion of this requirements indicstes sn incorrect
work of the experimental set-up: therefore, the run is interrupted end the operator seked
for 8 command., If all test conditions ere fulfilled, the date of this messurement sre in-
cluaed in the single run dets, the result is traneferred to the disc memory, and the next
single meesursaent is sterted, At any time, the operator csn terminsete the single run,

The computer protocol includes @ protocol line for each single meesurement (eceler con-
tente sand other psrsmeters) se well as the summerized single run dsts end spectrs, but
also @ note for each command of the operetor.

A sepersts code operates ths CAMAC system in & start-stop mode. It ie used to record teet-
end background epectra end to store them on disc together with shert commente.

A "disc edministrator” sllows to liet the valid rune, to inspect eny set of eingles runs
and > include it in or to exclude it from the list of ths velid ones, end to eummarize
any set of eingle rune. Verious paremete:rs ere celculated from the single run epactre end
included in the liste. This sllows to check the etebility of experimentsl conditionse.

3, CONE PROFILE MONITOR
The cone profils monitor wee designad ee # seperate, sicrocomputer=controlled systeas

(fig., 3) /4,13/ end sllows a continuous test of neutron cone maxisum end width during the
life cross-eection messuresent. The monitor is bssed on e scintilletion detsctor, Corrsls-
tad neutrons ere identified by ths time-of-flight technique. The rendom beckground is re-
duced by neutron-gesms discriminstion /14/ end by selecting the energy of recoil protons.
The "strobe coincidsnce™ method 1is spplied to unify ell informstion, conssrving the time
resolution /6/. Messurement and anslysis of the TOF spectrum ers controlled by e BASIC
code /15/. As o result, ths background-corrected number of correleted monitor signels,
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related to ac‘ ragistersd AP, is determined together with ite statistical uncertainty,

4, DATA ANALYSIS

The corrections epplied to the msesured cross-section were briefly described in ref. /4,
5/. A sore detailnd discussion can be found in /8/ and will be published es & TU report in
1966. Thersfors, only some notes to the “experimentsl” corrections, obtsined froms the
recorded epectre. ara given here.

The nusbar of coincident events es well ss the number of random coincidences ere determi-
ned from the timing spectrum, summerized in general from a cosplets experiment. The correc-
tion for FC pulses below the timing threshold is slso derived fros the susmsrized coinci-
dent FC spectrum, using the corresponding susmsrized FC test spectra to celculste the CFT
efficiancy curve. Therefore, drifte of the CFT threshold ere considersd and csnnot produce
errors. The “"2ero” point is determined from eseveral test spectre genersted by mesns of »
cslibrated pulser,

The AP beckground correction is bssed only on experimental spectre, not on & mathemeticsl
description of pesk shapes. The correction value is very sensitive to the detector proper-
ties, which can change during the run becasuss of irradiation effects, and to paraseters of
the terget foils. Therefore, in genersl only a few eingle rune are sussarized, and the
correction procedurs is performed using corresponding background end "neutron-gated" effect
spectrs (coincidence with correlated neutrons /4,8 16/) which were recorded before starting
and after terminating s single run, The uncertainty of the correction is meinly influenced
by changes of the experimsntal conditions. The bsckground calculetion is cerried out in s
comsputsr - operator dielogue; esch step of the procedure cen be inspected on e displasy.

5, CONCLUSIONS

A complets and careful documentstion of the most importsnt experimentsl psrameters by
means of & computer protocol, & computer-aided check of experimentsl conditions ss stabi-
lity of thresholde, beckground portions in the timing snd AP spectra, plstesu height in the
FC spectrum and others, snd a computer-sided snslysis of the experimental dste were intro-
duced not only to get more convenience, but msinly to guerantee optimum experimental pera-
meters and 8 high sccuracy of the final reeult.

6. REFERENCES

/1/ 1.0, Alkhazov et 8l., Proc, Third Netionsl Soviet Conf. Neutron Phyeics, Kiev,
May 26-30, 1975, CONF-750555, vel. 6, p. 9 (1976)

/2/ R. Arlt et sl., Kernenergic 24 (1981)', p. 48

/3/ CM. Herbsch et sl., pepsr included in this volume

/4/ CM, Herbech et el,., report 05-07-85, TU Dresden, 1985

/%/ CM,. Harbech st 8l., report 05«06-85, TU Dresden, 1985

/¢/ H,G, Ortlepp et sl., peper includsd in this volume

/7/ H.G. Ortlepp, G, Psusch, ZfK-530 (1984), p. 118

/8/ G, Psusch, Diesertation, TU Dresden, .796

/9/ G. Peuech, W.D. Froam, ZfK-530 (1984), p. 148

/10/ G, Peusch, C.M, Herbach, ZfK-559 (1965), p. 23

/11/ W.0, Fromm, B, Tietze, ZfK-385 (1979), p. 260

/12/ W, D, Froma, 2fK-443 (1981), p. 220

/13/ C.M, Herbech et sl., ZfK-559 (1985), p, 24

/14/ R, Arlt ot el., Z2fK=408 (1980), p. 154

/15/ A. Schnelks, Dipl. work, TU Oresden, 1984

/18/ R, Arlt et al,, Proc. of en Advisory Group Maeting on Nuclser Stendsrd Reference
Dsts, Geel (Belg.), 1984, IAEA-TECDOC-335, p, 174



164

6Li GLASS SPECTROMETER FOR LOW ENERGY FISSION NEUTRONS

A. Lajtai, J. Kecskeméti

Central Research Institute for Phvsics, Budapest, Huncary and
P.P. Dvachenko, L.S. Kutsaeva, E.A. Seregina

Institute of Physics and Power Engineering, Obninsk, USSR

Abstract

Application of a 9.55 mm thick NE912 glass detector in a time of flight spectrometer
is described for energy spectrum measurement of fission neutrons with energy of
20 keV - 1.2 MeV.

The measurement of low energy fission neutrons involves a great deal of difficulties
in view of which there are many contradictory results in the experiments of the last 20

years.
Even measurements with 6Li glass detectors have resulted in a 20-30 % neutron
excess of energy spectrum from spontaneous fission of 252cr at energies lower than 1 MeV

relative to Maxwell spectra with a T parameter of 1.42 MeV.

These results are assumed to be due to the lack of precise knowledge of neutron
detection efficiency, the effects of neutron multiscattering, and the neglection of the
various necessary corrections.

Thin {less than 1 mm) glass detectors are often used in time-of-flight (TOF) spectro-
meters to detect neutrons of energy below 100 keV, when detectina neutrons above 100 keV
difficulties arise in determininag the éfficiency because of the resonances caused by Li, O,
Si nuclei of the detector material.

Various Monte Carlo calculations have been performed in an attempt to assess the
effects of these resonancas |[1,2], i.e. the correction factors C(-) for the thin glass
datectors. These correction factors reflect the deviation of actual efficiencies from the
efficiencies for the pure 6Li (n,a) reaction.

Due to the low fission neutron yields at low energies one has to use detectors of
higher efficiency. One such possihility is to increase the thickness of the Li glass
detector, but the employment of thick detectors causes new problems requiring different
corrections.

To obtain these corrections we first measured the efficiency of a thick (9.55 mm)
NE912 detector at different neutron energies, relative to a thin one - the efficiency of
which had been determined by Monte Carlo calculation 3-4 . The main results are shown in
Fia, 1, where the different correction factors Cle) are depicted, namely the ratios of
efficiencies to corresponding pure 6Li efticiencies of a thin (0.835 mm) 6L1 glass detec-
tor, the thick 6L1 glass detector, and that of the thick glass detector determined by
Monte Carlo calculatioen.

Efficiency measurements of thick Li glass were carried out at two different photo
multiplier positions, viz. in-beam and out-of-beam positions. These ratios are shown in
Fig. 2, which demonstrates the effects of enhanced backscattering by Si and O of the
photomultiplier glass.

Another important problem when evaluating the measured neutron spectra is the fact
that the neutrons are scattered in the material of the thick glass detector so their
flight-time distribution is modified.

If we take the original neutron spectrum as ¢ (E), then the measured time-of-flight
spectrum can be expressed as

P(t)=/F(E,t) ¢ (E)AE,
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where F{E,t) is the response function of the detector system including the absolute
efficiency of the neutron detector and the flight-time distribution of the scattered
neutrons.

The F(E,t) function has been calculated by the Monte Carlo method at 200 values in the
energy range of 20 keV-2 MeV, four of them are shown in Fig. 3.

Corresponding to the above mentioned components of F{E,t), we have two correction
factors, one of which shows the ratio of the detection efficiency to that calculated from
6Li(n,a) cross sections (see Fig. 1). It agrees with that from the experiment within
+ 10 8. This is a good agreement considering the ambiguities of the cross sections used in
the calculation. This fact gives support to the reliabilitv of the Monte Carlo calcula-
tion used to evaluate the flight-time distribution effects. Obviously when evaluating the
neutron spectrum data the measured detection efficiency should be used.

The other correction factor C(t) from F(E,t), determines the distortion of the time-
-of-flight distribution due to multiple scattering of neutrons, i.e. the ratio of the
number of neutrons registered at a given time to that of neutrons that -rrived at the
detector at the same time.

The C(t) correction factor which can be seen in Fig. 4 loses its importance with any
increase in the flight path and for flight paths above 1 m it can be neglected. However, its
neglection for smaller flight distances (less than 50 cm) causes an enhancement effect
below 100 keV and oscillation in the 100 keV-1.2 MeV enerty range of the neutron spectrum.

A third problem of efficiency determination of thick glass detectors is their sensi-~
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tivity to vy rays of energy greater than 1.2 MeV. In case of fission neutron experiments,
where the energy of a substantial part of delayed gammas is larger than 1.2 MeV, their
detection falsifies the measured neutron spectrum.

These delayed gammas can be subtracted by their separate measurement using a 7Li

containing glass detector (NE913), which detects the delayed gammas only.
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In susmary the determination of a low energy fission neutron spectrum using a thick
Li~glass detector spectrometer can be dealt with as follows:

1. measurement of the TOF spectrum by a NE912 glass detector - P1(ti

2. measurement of the TOF spectrum with a NE912 glass detector with a shadow cone to
measure the background neutrons only - Pz(t)

3. measurement of the TOF spectrum with a NE913 glass detector fcr delzved gammas - P3(t)

4. measurement of the TOF spectrum with a NE913 glass detector for delaved gamma
background - P4(t).

In this way we obtain the primary neutron TOF spectrum Pi(t):
P(t)=P1(t)-P2(t)-PJ(t)0P4(t)

This spectrum is corrected ft the systematic accident coincidences at high counting
rates. The next step is to a, - the above discussed C(t) corrections

P’ (t)=C(t)-P(t)

The necessary time resolution corrections of TOF spectrometer must obviously be carried
out. The minimum time resolution of a spectrometer with a NE912 glass detector is about
2 nsec. The P’ (t} TOF spectrum corrected in this way can be transformed into the P(E)
enerqy spectrum from which can we get the final neutron spectrum as

___P(E)
NE) “F e (E)

where Nf is the number of detected fission events, Q2 is the solid angle of the neutron
detector, and e€(E) is the measured neutron detection efficiencv of the 6Li glass detector.
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u’uinaorammzmmmmuqum SCINTILIATION COUNTERS FOR RESRARCH OF
WOLTIPLICITY DISTRIBUTION I SKPARATE CHANNELS OF REACTIONS

I,D. Alkhazov, 4.V, Deniel, V.D, Dmitriev, V.M., Dushin, S.5. Kovalenko, K,A. Petrzhak,
4.¥. Kusnetsov, L.Z. Malkin, B.P, Petrov, V,I, Shpakov
¥.G. Khlopin Radium Institute, Leningrad, USSR

Study of prompt neutron multiplicities permits to obtain an important information on the
processes with essential alteration of nuclear matter (fission and fusion processes).

The date of special interest are those obtained in multiparameter experiments in which
measurenents of neutron multiplicity are combined with simultaneous measurements of ener-
£Y, mass and charge characteristics of the -eaction products,

The two experimental set ups were designed in the Ehlopin Radium Institute comprising ga-
dolinium loaded large liguid scintillation counters of neutrons, Gadolinium was introduced
into the scintillation in concentration of 1% what provided counting of 99% neutrons du-
ring the 25 ue time interval, Both counters allow to perform measurements either in a
4x-geometry, or in a 2z-geometry in case of thelr dividing into 2 halves (Fig. 1),

The first variant allows to measure a total neutron multiplicity for some fixed reaction

channel, If any correlation exsists between the direction of neutron emission and the ve-
locity of separated reaction products, as it is in case of fission fragments, the second
variant gives a possibility to measure twodimensional multiplicity distributions of neu-
trons emitted by conjugate fragments. In the case of 2zx-measurements that is when the coun-
ter performs as two separate independent halves the effect of its mutual influence must be
takon into account occuring dus to both scattering of neutrons from one tank into another
end registration of gammas originating in one tank by the other ome. To avoid this influ-
snce matusl shielding of both tanks must be provided. In the set ups described the 15 cm
thick shield of polysthylene and lead was used irsialled between the tanks which reduced
the mmSnal influence to the value of 5 %,

The counter design admitted employing of different detector systems and reaction chambers
and permitted to study either spontaneous fission or reaction induced by accelerator
beams,

The main principle of large liquid scintillation counters as well as their common charac-
teristica are well known (for example /1,2/) and here we shall concern only two guestions
which are determination of the counting efficiency in the geomeiry of 2n and unfolding of
initic’ multiplicity distributions proceedings from the experimentally measured ones,

The counting efficiency of large liquid scintillator with volume of 150 liters in case
of 4x~geometry weakly depends on a reaction channel and can be determined by means of a
source of spontaneous fission with a well known })-value, The situation is much more com-
plex when we deal with the 2n-measuremenis, In this case the efficiency value is to be
replaced by an efficiency matrix

B Eq2
E=

B B
where By, , Eq, are the efficiency of registration of correlated by the both halves of
the counter, Eq3, Eoq take into account both the efficiency of registration of anticorre-
lated neoutron and effects of the mutual influence of both halves. The elements of this
ofticisncy matrix depend on the reaction kinematics, on the angular distributions and
energy spectra of neutrons counted, on the counter shaps and on the shielding characte-
risticse,
To calculate the efficiency matrix a Nonte-Carlo computer code was prepared in the Chlo-
pio Radium Institute taking into account the geometry of both the counter and shield the
scintillation composition, the reaction kinematics, the spectrum and the angular distri-
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bution of nmeutrons., Following processes were considered in the computation. Slowing-down,

diffusion and captures of neutrons by gadolirnium, hydrogen, spread of gammas, emission of
light and its collactinn by tbe photo multiplier tubes, leakage of meutrons and gammas

out of the counter tanks and arising due to this leakage mutual influence of the counter
halves, Verification of the computation results was performed by comparison of the results
of measurements in the 2n and 4x geometry,

Another problem of great complexity arising at the neutron multiplicity measurements is

unfolding of multiplicity distributions. Initial twodimensiomal distribution P(i?1,'0 2)
are distorted in the measurement process due to the counting efficiency E, due to the pre-
sence of a background which has its own multiplicity distribution P(nﬂ, n2) and due the
pulsc } ile-up which depends on the time resolution of tne counting system t and on the
peutron pulse time distribution connected in turn with the P(V‘I'VZ) and P(n1, n2)
distributions. Transformation of the initial distribution P('91, v?) into the experimen-
tal one Q(nﬂ, n,) can be illustrated in the scheme

P(\'),,.vz)-—E- P'(m!. 2y) —— t ——Q(ny, 0,)
b /
P(n,, n,) or

in the ma*rix form

b
A
Q(n1' nz) = E 04y By \,1!\"2 (By P, 7) P(V 1° \72) )
Vovy
where An,l, 8599 40 V¥ 2(E,Pb,'t) is the operator of the transformation,

Reversion of the equation (1) belongs to & class of mathematicaly incorrect problems and
iirect metihods of its solution lead to great oscillations in the unfolded distributions.
In the work /4/ a variant of the method of statistical regularization was proposed for
untolding of onedimensional distributions, employing an aprior information on the solu-
tion smoothness, On our «pinion the deficiency of this method consists in the complex
and many-valued dependences of the momenta of the unfolded distributions on the regulari-
zation parameter especialy at low statistics, Our purpose was to study characteristics of
mass and energy distributions of fission products for the case of fixed numbers of prompt
neutrons what required unfolding of a large number of neutron multiplicity distributions,
As a criterion of correct unfolding we chose a conservation of momenta of the partial mul~
tiplicity distributions and an equality of the total multiplicity distribution obtained
to the known integral data /5/.

The employed method of unfolding was based on an approximation of the multiplicity distri-
butions by convolutions of model probability distributions, whose parameters were selec~
ted frca the conditions of the experimental momenta descriptions, The Poya generalized
distribution was found to be the most advantageous and producing the best description .f
the experimental data. This distribution depending on the parameters values describes a
large class of probability distributions,

The Poya diatribution has the generating function of factorial momantas
Y(8)=(1+8EK1-g)"/8 (2)

It is advantageously to de:.ribe the transformation of tLe initial distribution into ex~
perimental one in terms of factorial momenta, In this case the influence of the couuting
orficiency for onedimensional distributions is reduced to the replacement

k
A'Ck] = £ A [k] (3
where Ar 7 1s the factorial moment'um of the order 'c of the initial distcibution,
A'[k] 15 ithat of the unfolded distribution, £ is the counting efficiency,



170

3/

Pig. ' Schematic drawing of the 27 - and 4% -neutron counters
nn the base of gadolinium loaded large ligquid scintillator

1 -~ counter .tank; 2 -~ shield at the 2 -measurements;
3 - fission chamber; 4 — PMT; 5 - source of light of the
PMT stabilizatuion system.

Indeed, let a generating function y(S) of the factorial momenta A kIOf the iopitial distri-
bution P(v ) to be equal y(S) =¥,P(v)S¥Y then a generating function of the factor-al
momenta A’ k] of the unfolded distgibution P'(n) is determined by the expression

v' (8) -& P'(n) &° -Lc“s"e“( 1-g)V0p(v) =
n
»§T(1+€ (-1 PY)= y(1+E(S=1)) and
K
' : k
‘[k]'—-:;i y(1+E€8-1)) 'S=1 'E‘[k] )

In neglect of the effects of pulse pile-up (7 = O) factorial momenta of the experimental
distribution Q(n) are gilven by the expression

g L.
SORPIE 200 2 *)
where A% - are fastoriel momenta of the background distribution Pb .
(=] (n)
In the first approach linear on ¥ the effect of pile-up is taken in to account by the

k
Qﬂl‘"ﬂion ‘Tk](.‘) - J}I(g) Aﬁ](f’o) - K 02 (1) ‘8@ ¢ 1](1- = 0) (6)
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where C]: (t) and C: (t) depend on the shape of the neutron life time curve in the scin-
tillation and can be calculated numerically, Thus the factorial momenta of the initial
distribution can be calculated on the basis of the equations (3), (&), (5), (6). It is
advantageously to present the initial distribution by a convolution of model probability
distributions in terms of semiinvariants

ak
Ax=—x% 1lny(s) 8=1
ds
The expressions for the first there semiinvariants ares
Ka=Apy=9
) - 2
X 2 = A2 A (7)
A [3]- 3‘[2]' A [1]+ 2A 3[1]

The generating function of momenta ¢f a convolution is a product of the partial genera-
ting functions. Hence semiinvarisnts of the resulting distribution are expressed via the
sum of those of distributions forming the convolution,

For the Poya distribution the semiinvariants are given by the expression

X c(ai-ntg-d2-2 (8)

93
w
|

where ’\?-B;

By comparing of model semiinvariants to the experimental ones a set of equations can be
derived from which parameters of the theoretical model can be ohtainmed

:x1 + cecceescetke = x1 = \-’

= w4 28 -4 | (9
K1 -'J;I-'ovoo-v"xe ‘33 -xle/(zl"l)a

The solution of this set of equations reduces to the solution of an algebraic equation
of the pover € and of a set linear equations, After parameters of the approximating
distributions are found the distributions themself can be calculated on the basis of the
equations

P(0) = (1 +47) "1/B

E B(K =~
B(D) = ( Tapy - AeE - )

(10)
and the initial distribution is a convolution of the model distributions obtained.

The advantages of the methods employed was an automatic conservation of the momenta and
realization of conditions of both smoothness and positivness, By this way a computer code
has been prepared, produced an automatic selection of the number of fitting parameters
depending on the both statistics and shape of the experimental distributionm,

In the case of measurements in the 2n=-geomedry the unfolding procedure becomes much more
cumbersome though the common approach does not changes, Corresponding program is now ia
progress,

References

/ 1/ H, Nifenecker et al,, Report LBI~1950, Berkeley, USA, 1973

/ 2/ 1,D, Alkhazov et al,, Neutron Physics, Proc., of the 6-th All-union Conf, on Neutr.
Physics, Kiev, 1983, M, 1984 v, 1, p. 329

/ 3/ A,V., Daniel ot al,, Preprint of the Khlopin Redium Inst., RI-170, L, 1983



172

/ &/ TYa.A. lazarev, Atomic Bnergy Review, 15, 75, (1973)
/ 5/ J.¥. Boldeman, M.G, Hines, Nucl, Standard Ref, Data, Proc, of an Advisory
Group Meeting on Nucl, Stand, Ref. Data IiEA - TECDOC -~ 335, Vienna, 1985, p. 242



173

V AR IR

WOOMEPHOE OTHOUEHKE M CEVEHKE PEAIM 275y (n , 20)

A.B.Wrxarox, H.B.Kopsmxos, B.M.Macxos, A.B.[ameuxo
PUINKO-IHEPIOTHUECKNT WHCTNTYT

-

Asmovamws  C . S

B pamxax nocaenoBaTeAbHOrO ONTHKO-CTATNCTNUECKOTO ﬁono.na paccmam lao?epioe
enbein

/rO'l‘HOHGI'pIe u cedeHNe DeaKIum 37 ¥p(n, 2n) llomeno COraAACOPAHHOE on“lcaule scep

‘v’;': \,-»v

conoxynuoc'm axcnepnemusunix LAHHEX O COUSHNAX meun % _peaxipm (n, 2n).
PeayabraTu npoaenemm pacuéros WOYT CAYNHTH ocuopou Aan onelml ceaern? peax-
237 Ep( n, 2n) B puanasoHe sHeprmp or nopora Bo 20 MsB.

Beenenue

Mnrepec K ceueHMAM DeAKUMM 237Np (n, 2n) onpegeasercs B nepsyw owepexb,npax-
THYECKIMU MOTPeCHOCTAMH gﬁspuoﬁ sxeprerurn. Peampin (n, 2n) ¢ poabyxpmeHmen Ko-
POTKOXKBYIErO COCTOAHWA ABNACTCA CAMMM M3 IAABHNX MCTOUHMKOB Haxonie-
HHUfA B OHCTpHX peakTopax W3oTona U , CMABHO OCOXHMANEIEro nepepafoTxy AAEpHO=
ro TONMAKBA. 37a Xe DeaKUMA ABEACTCA HEXEAATEALHIM KOHKYPEHTOM NPH NPOM3BORCTBE

B peakTopax K3oTona Pu , HCAOAb3YEMOTO B KAYECTBE MHTEHCHBHOTO O.~NCTOY-
nuxa /1/.
K paHee MMEBMnmufl FKCTIEDMMEHTARBHUM JAHHEM O DPEAKLMH =37 Api(n, 2n) 235lga'

npH SHEPrHM HePTPOHOB oKkoao 14 MaB /2-6/ u ogmoR Touxe npu sueprmn 9,6 MaB /6/
B NoCIefiHKe TofH ROGABMAMCH H3IMEDeHWA ceueHMR B o6xacTH sHepruft or 7 ac 10 MeB
/7/. 3™ gaHHMe He OXBATHPANT, OQHAKO, BeCh OMANA3OH 3Hepru? or norsra no 20 MsB,
BaXHH! OAf NPUKAAGHEX Jafad, M HeoG6XOAMMOCTb HAJENXHOrOo onpegenexMs :.JueHuft Bo
BCeM IMana3oHe MO NpexHeMy OCTAETCA AKTYaAbHof,

3HauuTenbHEt MHTEpeC NpeAcTaBiAeT W BTOPA&H BETBb DEAKIMH 237 Np{(n, 2n )y B XO=
Topoft ofpasyerTcs LOArOXMBYmEe COCTOSHME Npl . B arom cocrommm HemryHui of-
fagaeT CTOAb BHCOKWM CEUCHWEeM JefeHHA IJAA Ternopx HefrpoHor 2500 t 1506 /8/,
YT0 HAKOIAEHHE AAHHOrO W3OTONA MpH AAMTEAbHO! pafoTe PEAKTOPA MOXET CYMeCTBeH-
HO OTpamaThc Ha GanaHce HelTpoxos. [losyuenme nNpaMuX BKCNEPMMEHTAABHMX LAHHHX
06 aTOR peaxIMM,a,CAEROBATENBHO, M O MOJHOM CeueHWM (n ,2n )-peaktpu KpafiHe
aarpyaHeHo. [loaToMy CKOAL-AMGO HAREXHAA OLEHKA CEUeHMR B HACTOAmES BPBMS MOKeT
GHTb OCYUWIECTBACHA AMED C IOMOmbD TeopeTHuecHMX pacuérom, [IpopeneHse rvaxmx pac-
YéT0B B paMiax JOCTATOUMO NOCAGNOBATENbHNHX ¥ COrJACOPAHHYX C OKCHEPNMONTOM HA
GaM3sexamMX AQPAX TEOPETHUECKHX MOREeSAX ABAAGTCA leAbD HAcroamef padoTH.

Ly IRy
I. Cxema mmaxozexamyx yposie# sgpa 23613
OKCNIEPHMEHTARLHOMY HCCAEROBAHMD CMMHOB HMRAMEMX COCTOMMUM 2363, noceAmeH
temuft pan pador /9-17/. [xa ROATOXHBYHEro COCTOAMMA Npl ¢ NepunogoM mo.
pacnaga 1,15°10% zer moxasawo, wro npw ero @ -pacrnage oSpaayerca MaoTon Pu
B COCTOAHHM CO cruHoM 6%, a Npu e-aaxsaTe B AHAROIWUMOM COCTOAHNM OGPASYePCA
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26 /11,12/. Croxp moawoe B mpeseiax IXCHEPNMEHTARLMMX NOrpemHOCTell Sacele-
mee ypoame® 6%, moxTRepEEAeMOE pacUETAM BEXNWNH 1g £ ,CAYENT BECHMA BECKNM
APrYMEHTOM RAA RHACHTRIMXAINN COMHR N WETHOCTM 6 ROAPONMBYWEro COCTOAHER mﬂpl.
Hecaeposaymsa RODOTROXMBYREr'o COCTORHMA mﬂp' ¢ NepMogOM moxypacnaga 22,5 ua-
Ca NONASANN, UTO I[M €ro  f - @ sacexmmrcs ocHosHoe cccrome 0 m nep-
suft o30ymnesmui yposews 2° maorona , & npu e-3axsare - yposud 0%,2* n
2" msorona 0 y /II-16/. 370 No3poARET NPUINCATH COCTOAHMD Np° cmm I,
HO BONPOC O NETHOCTN ITOrO COCTOSAMMA OCTAGTCH OTKPWTLM.

Taxm o6pasom CIMHN UGPASYDEMXCH B PEAKIMM =37 Fp ( n, 2 n) ponrosueymero n Ko-
POTRORNBYHEro COCTORHNP MOXHO CUMTATb JAOCTATOUHO HANIEXHO onpegexewidm, Kaxoe
N3 9THX COCTORHMA ABASETCA OCHOCHMM M KaxOe W3IOMEPHHM, KAKOBA BHEpPrus Boalymme-
MM M30MEPHOTO COCTORHNA,4 TAKEE XAaKOBA CXeM& APYIMX HM3xoXemanmmx yposHel sg-
pa 236 Ep ese He ycranonaeno. Hapecrwo sumbp npmcyrcreue ypoBHs 3°, AAR KOTOpO-
ro B paSore /16/ npw msyuennu o.- pacnana ~30As Gux mpopemoncrpapoman ofrer-
yeHHui xapaxrep ot- n%xom. CBMAETEABCTBYDEMA O HOAOGMN CTPYKTYDH 0ofpasyn=
HETOCA COCTORHMA co erpyxrypolt 3°( 5/27[523]p, 1/2*(631}a ) oc-~
HOBHOT'O COCTORHMSA Am . B'ro OoRoGMe CTPYNTYD, TAK Me CNeXTpH HMEAMmMX OfHO-
YACTMUHMX YPOBHe! COCEAHMX HEUGTHLX 2%81) MOXHO WCNOAB3OBATL JAA TEOPETHYECKOTO
MORCANDOBAHMA HM3KOJACKANMX yPOBHeft . B paGore /16/ pas arof ueau Ouaum
B3ATH 23%“ nepngqneﬂrpomm omlouac'nmmx cocromumtt 7/2°/743/ u 1/2*/631/

anep a raxxe nepswe NpoToHHNe cocrosuma 5/2° /642/ w 5/27/523/,
Halnofaeswe B %ax 237Np . Honyuewni#t cniextp uxaPmmx npoTOH-HeNrPOH-
HHX COCTOMHMP Kp nox aaan Ha puc.la. B paSore /17/ menoabsosarmen re xe Mc-

XOfHMEe KOHPMIYpauM# HYHKAOHOB, HO HECKOABKO MHAYe OWAO BHEPAHO OCTATOUHOE B3AHMO-
AeficTEe HYRACHOB B paccmatpMBaeMux cocroaHMax, [lomyueHwu! cnexep cocrogHu#t npu-
Befen Ha puc.I6. Jas nocrpoenma noxHofl cxems ypoBHef npeacTasieHHme Ha puc.I
COCTOAHMA OHAR QONOAHEHH POTALMOHHHMK 11050CaMH C OHEPrHsMH

By = Bx + ALI@W+1) - K(k+1)] , v

rae napameTp A=5,5 x2B onpesedeH HA CHCTEMATHKM DOTALMOHHHX MOAOC GAMSAERANMX
HEYeTHHX M30TONOB ypaHa m Hentymwms /18/.
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Puc.I. Cxema HMEAPEMX KBA3WGACTHUHMX yPORHER 23617,, 110 AAHHNM
pabor /11/ - a) u /16/ - 6).



Hm ogia WS PACCMOTDEHMHX PG CXOM , ECTECTDEHHO, He MPOTOHAYST HA BUCOKYD TOU-
HocTb. Pacxoxpenma mexpy ST Cxemaus (OXTNYECKN OTPARADT CYMOCTEYRENG HEON-
PEAEROHNOCTH MOREGANDOBAMNA HNSKOXOXANMX YpPOBHOR snpe mlp . Corzactio coorso-
mermo (1) » gmanasone swepruf BosCymaesma o 1 MeB nRoAxHM OpNCYTCTBOBATL YPOB-
HN C YTEOEWM MomenToM 00 ~ I5 W mommoes wucEo ypomstef, NOCTPOGHMHX HA HEEAMENX
XBASNYACTNYHHX OCHOBAHMAX poTaipioHHMx noxoc (pmc.I), mocemraer ~ 120,

C apyroRt cropoms, » paSore /I9/ npw CNCTEMATHRE NOANOIO UNCAA HACERAAGMMX MN3~-
XOJERAEMX YPOBHef#! aXTHHMAOP NOKA3ANO, WTO WHCAC ypoBneR ¢ sHepruefft BosCYRACHMA
Myme safaHHO? U MONHO ROCTATOUHO XODOWO ONNCATH COOPHONCHNAME MOACAN NOCTOAH-
HOR Tesneparypu

N(U) = exp(5/m) [exp(u/) - 1] , @

rae & 20, A, % 24, QAR UETHO-YETHHX, HEUWETHHX M HEYEeTHO-HEUeTHMX nfep, COOT-
BETCYBEHHO. Jlin BCeX axTHHNZOP MOXHO NPHHATL CpejHee 3HaueHwe Tesneparypu T =
= 0,388 MaB x pemraMHy Oo= 12/ VA MeB. Ha ocmope ABHHOR CHCTEMATNER CHEQYeT
oxugars ao 150 yposxe# wmxe sxeprum 0,5 MsB m npsmepso 700 yposxeR Hume aHepruu
I MaB. Orw mufps BechMa CYRECTBEHHO NPUBHNADT UWCAO PACCMOTDEHHHX Bhe QNCKpeT-
HLEX ypoBHefl, M 9T0 yXa3nBaeT Ha BAXHYD POXb KOPPEKTHOI'O COBMEHEHNA BepxHefd
PPaHRIH AMCXPETHHX YposHef ¢ HibEMe#! Ppaxwiief CTATNCTWYUECKOr'O OMMCAMMA YPOBHel.

2. PacuTn ceueHM{ M MIOMEDHOI'O OTHONEHMSA

Lna pacuéTos ceveHu? peaxuufl, DpOTeKaNUMX NP B3AMMOAEHCTBMM HefTPOMOB C RAPOM-
WMBeHBD 7Np » HCIIORKBIOBARRCHL CTATHCTNUECKAN NMOACAb, YUMTHBANGAA 38KOHM COX-
paHeHMs yrIoBOrO MOMEHTa ¥ UETHOCTH Ha BCEX JTAnax pacnaga Bo3CyXAeHHNX saep.
CosmecTHO ¢ HOMDAYHIHHM MEX2HH3MOM - Pacnafa B MORKEAH YUMTHBAJIOCH TAKEE NPeRpaB~
HOBeCHoe WcmyckaHue HePrpoHop. Heo6xogwmue OAA CTATHCTHYECKMX DACUEROB X09d-
dmmenTy NpunmaHMs HePTpoHOB GLUM NoAyueHN B paMxax ofoOmexHoRt onrTHuecxof mo-
nex, onucrpapmeRt COBOKYNHOCTD HERATPOMHHX CEUEHMAt feTaXbHOrO MBYUEHHOro GAMa-
nexafmero RaoTONA U /20/. Mna BRUMCHEHHA MAOTHOCTH YPOBHER HERTPOHHOrO M
AGHTEABHOr0 KaHAAOB MCIOABIOBANHCH COOTHOMEHMA CBepXTekyueft mogead agpa ¢ e~
HOMEHOJIOTHYECKHM YUeToM OGOAOUEUHMX M KkOAAexTHBHMX addexron /19/. [ipm sromM
napaveTps fUIOTHOCTH YPOBHOR! LEeAHTEALHOrO KaHaxa, a Takxe 6apbepH ACNSHEA pac-
cMaTpUBAGMHX Afep OhAM NOXyWeHH COrAACOBAMMHM OCDA30M U3 AHAIM3A CEUeHNR ne-
1eHHa B obaacTH nepeoro "naaro” /21/. [lapameTpu npexpaBHOBecHOR MOgeAM GLuM
BHOpaHH H3 ycROBM ONITHMANBHOTO ONMCAHMA CNEXTPOB HEYIPYTOr0 PACCeAHME HefiT-
POHOB H30TONOM 2380 /22/. CopmecTvl anaxm3 ceqennft nenemns M ceyermft (n ,2n)-
peaxuMP nAs M30TONOB 2By 4 ARG »  KMEDIMX Hanbosee HOAHYD SXCHEPNMEHTARDLHYD
HHPOPMAIMD 06 BHEePreTHUECKON 3ABMCHMOCTM DACCMATDMBASNHX COueHMfl, Noanoaser
cAesaTh BHBOM, YTO BHOPAHMRA CTATHCTHUGCKAS MOZENb XOpPOWO ONMMCHBAET BCH COBO=
KYNHOCTb OBKCMIEPUMEHTANLHMX OAHHNX ¥, CAGLOBATENAbLHO, OHA ABAAETCA ONTMMAXLHOP AXA
pacuéToB MHTEpeCYDIMX HAC ceuermi peaxipsf wﬂp (n,2n),

Ans pacuéTos N3OMEPHOTO OTHOWEHMA neproCTeneHHoe %umo MMeeT BLOOD CXemy
HUM3KOMEXATMX SUCKPETHHX YPOBHER OCTATOUMOro snpa Fp u onpegezeMie neposs-
HOCTe! PaMMa=NIePEeX0oP MEXNY ATIMMOl ypPoBHmMM. Bume yrs omeedanoch, uTo HeoSxo-
IyMye 1%A 3TOr0 AKCNEPUMEHTAAbHEE NAHHWE NOUTA [OXKOCTHO OTCYTCTBYOT. [losromy

B pacuéTn Owia 28X0XeHa HANGOZEE MPOCTAR CKXOMA DAIBATHA IaMMA~-KACKALA: CTATHC~
Tuyecxoe omucanue peposTHoctH E I, E 2 u M I nepexogos B o6XacT™ HenpepuBHOro
CMIeKTPa ¥ NepPexogH TONLXO BHYTPM POTAIMOMHHX NOJNOC RAA ANCKPOTHHX yposHedl,
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Taxoe paCCMOTDEHEE MO3BOIAET DACCURTATL SACENSHMOCTh MMEAMENX REYXKBASNGACTNU-
mE cocrommit, noxasamax Ha puc.]. Jazee XCUOABIOMANOCH DPEANOESHNE,QTO nNepe-
XOA B ocHOBHOS 6 AN WSOoMepHOe 1T COCTOMMNS ONPERGARETCA YCAORNAME MUHIMANBHON
MyADTMIOXLHOCTM FAMMA-XBANTOB. COTAACHO TANOMY LPSRIORSHMD BCE COCTOAMRA CO CIN-
RSl J € 3 ONEMM 3ACEXNTH NSOMO[HOE COCTOSHNE, TOTHA KAK COCTOANNA C fomee
BUCONIME CONMNAMR ~ OCHOBHOE, Bapuapysa cxeMy HNSXONEEANIX COCTOMHMA M I'paHMLY
ANCKPOTHOI'O M CTATHCINGECKOT'O ONNCAMMA CIEKTDA HNSKONCEANMX YPOBMeft, My RoGmBa-
ANCH COlNACNA PACYSTOB MIOMEPHOT'O OTHORGHMS C MMONMPIMNCH SKCICPHMEHTONBHMMM
AAHIMM .,

JunTipan HEONPENeNeHHOCTN TEOPETNUECKOrO MONCIMPOBAHNA AMCKDETHHX YPOBHER M
PEPOATHOCTEN NEPEXOROP MEENY HMMN, MM He XONEHM HAREATLCA HA KOPPEeKTHOCTh pac-
yerop afCOMDTHON BENNUMHH MIOMEPHOrO OTHONEHNs. OfHAKO, CTATHCTWYECKRI rogxopn
No3poAfAeT OPOCEANNTH NIMEHEHMA 3ACENACHHOCTER COCTONMMA C DASANYHEMM CIIMHAAH

NP W3MOHEHNN JHEPrMN HANETANGMX HACTNI M, ACOMBEMCL ONACAHWA SXCICPHMEHTANb-
HHX B OFHOf TOURE, MONHO ROCTATOYHO HANEXHO BOCIIPOMIBECTH 2HEpreTHUEecKue W3-
MEHEHHA RIOMEPDHOr0 OTHOWEHNS .

3. eHMsi Pe3yAbTATOB J&TOB.

Ha pmc.2 nmpegcTaBrenH: pe3yALTATH pacueTa M3OMEPHOTC OTHONMEHKR r = 02; zn/o'; -
SAA PA3RMYHEX CXeM HU3KONORAMMX CCCTOAHMN Np . Nomio BuaeTb, uTO faxe Cpap
HXTEABHO HEOOAbIME MAMSHEHMS OTHOCHTEABHOTO NOJIONEHMA PRAA YPoPHEN CYUECTBEHHC
BANADT HA B6COANTHYN BEAWUMHY M30MEDHOro OTHOmEHWA. [IpM aToMm, omHako, npaxTH-
UBCKN HE M3MEHASTCA XAPAKTED SHEepreTHueckol 3aPMCHMOCTH 3TOr0 OTHowennsa. Cxe-
ua ypoBHel puc.la noaposser ¢ Xopomel TOUHOCTLO OMMCATbH OINHCTBEHHOE IKCrepu~
MeHTanbHOE 3HAUSHNE MaoMepHoro oTHomewmms /10/.

i 7 @ * 8 B R A NS 6 P B P 10
£,ms

Puc.2. dHepreTwyecKas 3aBMCHMOCTD MIOMEPHOTO OTHOWEHHA B PEAKLMAH
¥p (n ,2 n ), CIIONHAA X[MBAA = PACUETH CO CXeMOlt ypoB~
Hef prc,la), nynxrup - co cxemoR puc.l6), mrpuxnyHkTHp-
peayabraTi pacuérop /23/, ¢ - OKCNEDUMEHTANbHOE 3HAUEHHE
HaoNepHoro oTHomenwn /10/.
Buecre ¢ peayapraTami Hacrosmes padoTw na PMC.2 NPMBEAEGHH TAaKxe pacueTs padoTh
/23/, B XOTOPHX MOGeAMPOBANUCE 720 IMCKDETHMX ypOBHel B MHTeppane dHeprup
poabyxgerus g0 1,5 MeB. K comasenmn, ay He MMM NOAMOTO ONKCAHKA 2TO0) CXEMN
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yposneR u peposriocTel NOPEXOXOB MEEKY MMCKperHmas ypoBhmer. Caemyer, oamaxo,
OTMOTNTL, UTO jANS CTOXbL GOXMEOS WMCEO YPOBHeft OCTaeTCA eme B 3 pPasa MeHLENM,
yeM CXepyeT N3 crarmcrwweckoro omwcara (2). Hosrosy,neoCXOZMMOCTD HOPMNDOBXN
HA SKCIIGPMMEHTARBHOE SHAUSHME NSOMODHOI'O OTHOMEHMA HE CHMMASTCA N NpR GoanmoM
uNCAe ZMcKperHMX ypopseR. B To xe spews, Gamsxoe corascwe pacveros /23/ ¢ ma-
=W PACUSTAMM, NPMBASAHHMMN XK HAGANZAEMOMY W3OMEPHOMY OTHOREHND, NOSBOISET CN-
24TH NOAYYEHHYD BHEPIETNUCCKYD SABNCHMOCTb N3OME[HOrO OTHONE NS ROCTATOUNMO Ha~

RexHoft onenxofl.

Oain, sdagn

3 B ks ks

sldope

3%

8 § 8 8%

as
bop
L _J

~——

P

—~—

Puc. 3. OncnepumeHTAAbHN® JAHHHE O COUSHNN JeNeHMA M De3yAbTaT Teope-

Tuqecroro pacuera (criomHas XuHMR).

MlysxrwpoM noxasaH pacdeT MNEPROrc WAHCA [EAOHNA.

I

]
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E NS
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# B, MaR

Puc.4.a)lloxHoe ceuenne peawrny

(n,2n):
¥ -oKCTIEPWMEHTAXDHHE JAHHE
U3 paSotw /24/, cnxomHan
XMHUA - PE3YALTATH TEOPETH-
qecKoro pacuéra.
6)Ceuernte peaxtpii é n,2a).
¢ a6phsobalien’ XOPOTKORNEY~
Rero COCHOMBIA. BxCepUMeN~-
TanbHEE 3MANEHNA Dasor: o -
/2/0. ‘/3/' v -/4/00 "/5/9
a -/6/, ¢ =/7/. Cnxomsof
JmENeff nMoxazaHa BPONNYEEA

Op2r /U+r).
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Ha pme.3 n 4 noxasar COBMECTHO C IMODEDIMICS SRCISDRMEHTANLMHLMN ABH-
HAMN PO3yAbTATH TOOPOTHUECKNX DACUSTOB COUGHNA [ONGHRA ¥ MOXHOrO cevesns (n,n).
HeoGxopmio NOAYEPXHYTb, WTO NpPMNE RAHHWE O CEUCHNN DEAXIDIN mlp {n, 2n ) or-
CYTCTBYDT HA DWC.4 MCOOAL3CBAHM KOCHEHHHE NAHHWS, NoXydeHHwe M3 peaxmft ( ¢,2 n).
(ot, 2 n ) n oGxagamepe SHauNTexBHOR Norpemnocrsd /24/. Bexpy sroro, Soxee mi-
QOPMATHBHIM OXA3NBASTCS CONOCTARECHNE DACUCTOR C MMOONPRMNCH AAHMIMM O CEUSHNN
06pASOBAHNA ROPOTROEMBYRET'0 COCTOMMNA. PesyabrarTu, NpRBeACHHWE Ma PNC.46 noxasu-
BADT, UTO DaCCUNTAHMAA nmm G /(1+r) ROCTATOWHO XOPOmMO ONMCHRAST BXCIIE~
pRMenTaxbMRe 3nAveHRA O & n,2n - HEXOTODWE DACXOXIGHNA PACUETOB C OKCHIEPHMEHTOM
FMeDTCS OpM SHEPIMAX muxe 7 MsB. B sroft ofzactu so36ymgerne OCTATOUHOrO Afnpe
2% Np CTOXb MANO, WTO 3AKOHOMEPHOCTN CTATMCTNUESCKOTO MONENNDOBAMNA BEPONT~
HOCTM TaMMA~NEpPeXOfiOB CTAHOBATCA MAXO OnpaBfaHHM. OfHAKO, IPH WMENUMXCA HEON-
PEAGACHHOCTAX CXem ypomuefi NOOMBATHLCA ONNCAHMA OKONOMOPOTOBOrO MOBEJEHKA N30-
MepHOro oTHOmexms B peaxmi ( n,2 n) HenexecooGpasHo.

CiegyeT oT™METNTB, UTO COTNACOBAMHOE ONMMCAHHE 3XCTEDMMEHNTAXLHHX NAHHMX 06 H30-
MEPHOM OTHONEHNR N CEUEeHNM DEeaKIHN 237 ¥p ( n,2 n) 236 Fp® Ha ocHoPe pHGpan-
HOTO ONTHYECKOTO MOTEHIMAaAa N COOTBETCTBYDEErO eMy CO4Y6HNA 06pA30OBAHMA COCTABHO-
ro AApA KOCTHIAETCA, CCAN CEueHNE feleHWa npM 3Hepruax sume 14 MaB npoxoamr
Gxme x namm /30/ m oxasumaercs Ha 200 4 300 mb Bume pesyAbTaros pagor
/31,32/. Cimmenme ceuemus aexesms R0 yposHa aaHHux /31,32/ norpeGyer ysemnue-
HHA M3oMEepHOTO oTHomenMa RO ~ 0,8 MAM COOTBETCTBYDWErO WIMEHEHMA CEUEHMA
ofpasoBaHss COCTABHOro Afpe. Taxuu o6pasoM, MNOAYYEHHHE DPE3YALTATH B O0RacTH
anepruft 8 + IS MaB agaxBaTHi BCeMy HAGOPY JKCMEDMMEHTANLHHX RAHHMX O CEUEeHHAX
JexenMa, oGpasoPaHMs KOPOTKORMEYHEro M30Mepa W H30MEPHOPO OTHOMEHMA.
dnepreTiyeckas SaPMCHMOCTb NOAHOrO ceueHMs peaxm ( n,2 n) noiayyewHas B Hac-
roAgeR pasorTe CYEECTBEHHO OTAMYAETCA OT paHEE BHIIOJIHEHHWX oueHOok (pHc.5).

Pue.5. llomnoe ceuerne ( 5,2 n) no JAGM PassuyMkX pador:
- HacTOAmaA padora, =°° - /25/, - - - 26/,
- /2y vernie = /W), -%~/29/.




HamGoxswee corzacwe HaGupjaercs ¢ Ramuam paSorw /26/, omuaxo mpu B <9 MsB
pesyabraru paGors /28/ DPOXOAAT HNEE Ramefl SABNCHMOCTE B SKCHEPMMEHTARLMMX
AAHHEX O COuEHNN O0pA3GBAHNA KODOTKOENBYREro NsoMepa. Pesyanraru nacrommef pe-
oty caafo QyBCTBATEALMN X HEONPERERGHHOCTN CEVeHNA XENeHNsA, NOUXOALKY IAABNLM
KPMTE[MEM NPOBEPKN TEOPETHUECKNX DACUETOB ABRAROCH ONNCANNE SKCIEDMMEMTARbHMX
RAHHMX 06 N3CMEHOM OTHOMEHNN M Ceverm G© . . [losromy norpessocts onemesmoro
ceverma (n ,2n ) B OCHOBHOM SNPEAEARETCS TOUHOCTHD SXCHEPMMENTANLMMX JANHMNX
ar/r (I4MsB) = I4%, aG/ G : on =9020%. Cxemyer, ompaxo orsecTNChH OC-
TOPOKHO X pexoMeHEycsaM ceuexmsd (n ,2n )- , TAX Kax HaNGONEE® CymOCTBEMHAR
AAN PACUETOB BEXNUNHA-N3IOMEDHOE OTHOWEMNE-NSOMEDHO TOAMNO B OFHOR pafore.

3axmuerne

Ha ocnobe TeopermuecKMX pacueToP B paMKax Teopus Xaysepe-femGaxa ¢ yueroM SaKo-
HA COXPAHEHNS MOMENTOB YRAGTCS DACUNTATh WSOMEPNOE OTHOREHNE B PEAKIMM 23'7lp(:n ,
2n ). HeonpemesesHOCTh MOAGANDOBAHHA CXeMu yposued Np 0o pcefl BNINMOCTN
cxafo BAMAET HA SHEPreTNUECKYD SABNCHNMOCTh K3OMEPHOrO OTHOBEHMSA.

[orpeatocrs pacumranHoro ceverns peaxipé (n ,2n ) raasHuM o6pasoM ONpeReAAETCA
NOrpemHOCTHD IKCAEPMMEHTAALHHX AANHMX 00 NSOMEPHOM OTHONEHHM B CeueHNM o6pasosa-
HME KODOTKORMBYWEro cocrTosnna. OAHOSHAUHAS OlEHKA NOTPEMHOCTH 3ATPYAHEHA MAKO-
UMCAEHHOCTHD 2KCTIEPHMEHTANLHHX AAHHHX 06 M3OMCPHOM OTHOmIEHNN.

[iposenente TeoperHuecKkne pacuérTh MOTYy? OnTb NMORESHN B MPAKTHUECKOR ZEATEALHOC
™™ NpM oueHxe ceuenn?t # coagarmm noxsoro Qafina HORTPOHHNX CeveHER 23 Tp . Yuer
TEOPeTHNECKHX DacHeTOD NPM MPOBENEHWA OLEeHNM B SHAYNTESLMCI Mepe MOXeT KOMIeHCH-
POBATH CKEAHOCTb ¥ HEOMPefEeNEHHOCTb SXCTICPUMEHTANDHEX MAAHHHX.
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MEASUREMENT OP THE TOTAL PROTON EMISSION CROSS SBCTION OF NEUTRON INDUCED
macrIcm or Ops ar 18.5 K.

A.Koxrman, B.Mariafdiski, J.Rondio, K.Cserski
Institute for Nuclear Studies, 00-681 Warsaw, Hota 69, Poland,

The experimental data for proton emission cross seotions neutron induced
reactions are very scarce especially at neutron emergies different than 14-15
MeV. The growth of interest in studging of these reactions can be noticed in
the connection with assessing radiation damege of materisls for future fussion
reactors [1].

We bhave measured the differential proton emission cross seotion of 6oli(n.»)

Co reaction at 18.5 MeV. The study of this reaction im 3-30 MeV neutron
energy range is also signifioant in dosimetry [2].

The angular distribution of protons from this reaction was measured in the
range 0°-170°, with a 10° step.

The experiment was carried out with the help of an eight~telescope chamber
[3]. Neutrons were prodused in the 3 1(d,n)"ﬂo resction, the deuterons being
accelerated to 2.) MeV in a Van de Grsaff accelerator. The neutron energy
spread dus to deuteron energy loss in T-T target and the geometrical condi-
tions was about 2 150 keV, The target used was oli deposited electrolytically
on 1om tantalus backing, Its dimensions were 12415mm and its thickness was
20 ng/cne. The background was measured by replacing the target with the back-
ing. The sbsolute normalization of the ocross sections was provided by measur-
ing the protons recoiled from the polyethylens target.

The angle integrated proton spectrum was obtained according to the follo=-
wing formula

i 2 8 (E)sin b
GT(E'): Z sin@,

where G, (P1) is & differential crose section messured st angle 6.

This spsctrum is shown in figure 1 and is compared with the results of the
combined pre-equilidrius hydrid model and multi-stage nuclaar reaction Hmuser-
Peshbach calculations. The calculations were mede with the help of code ENPIRE
[4] and included the contribdutions from (n,p) srd (n,np) reactions, and the
pre~equilibrium contribution in the first step of the reaction. The calculated
(n,p) spectrum includes all the reactions in which the proton is emitted as a
first particle. The optical-model parameters used in this calculation were
those proposed by Becchetti and Greenless [5] for protons and neutrons and by
Mo Padden and Satchler [ 6] for A particles. Level density parameters were
tsken from Gilbert and Cameron [7]. We see that, in general, thers is sgree-
ment between our data and the ENPIRE results, although the ENPIRE data excee~
ded experimental ones, especislly in the high-energy region of the spectrum.
This suggests that the contribution due to pre-equilidrium 1s overestimsted.

The experimental totsl ocross section value integrated in the proton energy
range from 3 MeV to 17 MeV is 420 mb, the calculated value is 450 mb.
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Pig.1. The angle integrated spectrum of
protons from the reutron induced
reaction on 60.1 at 16.5 MaV,. The
horiscntal bars repressnt the re-

E penlMev] sults of combined pre-equilibrium

multi-gtage Hauser-Peshbach cal-

oulations.

In spite of differences between the shapes of sxperimental and calculated spe-
ctra the obtained wvaluss agrse very well.

The angle integrated experimental spectrum was fitted by the sua of ( n,p)
and (n,np) compound spectra the retio G (n,p)/C (n,np) being suitable adjusted.
The calculation was performed with the ap imate formulae. The metho! of
esloulation is fully descrided elsewhers [B]. The dotted line im figure 2.1s
s result of this fitting. Some structure is seen above the calculated cospound
continuua, The cross section of moncompound processes (structure above the
caloulated eatim\-) is 60 wb. The BMPFIRE caloulated compound crose ssction
is 330 sb what agrees with the experisental value 360 md obtained after the
subirsction of nongompound procesees. Thers are suggestions that the noncompo-
und processes ars due to multistep proton exission from GDR doorway states [9] .

Total proton emission erose section has been measured only at 14.8 NeV ne-
utron energy [10]. The obtained value was 325 wb. The cross eections of the
(n.p), (a,np) and (n,p) reactions change in differsut way with neutron energy.
The (n,p) resction cross eection was messured by actiwation method and the ob-
tained value was 112 nb and 70 mb at 14.8 NeV und 18,5 NeV neutron emergy,
respectively [11].

Any data sbout (n,pm) +( n,np) resctions oroes sections at 18.5 NeV are not
aveilable. Evalustion maid by P.Ouenther ot nl. (11] gives s rapid increase of
the oroes section to & valwe of 110 mb at 18.5 NeV. The sum of the seasured
(2,9) resotion oross seetion and the avalusted (n,na . (n,p) one 19 in resgo~
neble azreement with the value obdtained by us. The error of tihe measured cross
section was estimated to be about 108,
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Fig.2. The angle integrated spestrwm of
protons from the meutron induced
reaction an SOmi at 18.5 MeV. The
dashed and full lines represent
compound proton gpectre of (n,))
avd (n,np) resotions caloulated
according to the approximate for-

£p cm [MeV] sulas. The resulting continwum

(dotted 1ine) alse includes s

swall pre~equilibriwm contride-

tien.

Oy.cn [ Mb/ M)
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TWO TARGET/B§kﬁ/FOLLOHING THE (n,n’f) REACTION WITH FAST REACTOR NEUTRONS

M. Georgieva, D. Elenkov, G. Toumbev
Institute of Nuclear Research and Nuclear Energy
1184~-Sofia, Bulgaria

A version of the Doppler Shift Attenuation Method (DSAM) has been applied
for the first time to measure 1ifetimes of nuclear states excited in the
(n,n”) reaction with reactor fast neutrons simultaneously in two -argets.

The experimental arrangement and the rrocedure of experimental data treatment
are briefly described.

I. Experimental arrangement

The applicability of the (n,n’t) reaction, i.e. inelastic neutron scattering,
to mean lifetime measurements of excited nuclear states was originally pointed out
by Nichol and Kennett in the early seventies /1/. On the other hand. Warburton et
al. ref suggested ard Antilla et al. /31 applied to DSAM the idea of the two-

target method using zharcred particles reactions.

e MGACTOR MALL

8 0%mm

e &« v & o
concrete

Fig., 1., Two~-target experimental arrangement for DSAM after a (n,n’r) reaction

with reactor fast neutrons.

In the way, shown in fig.1 we developed and applied this method to the
reaction (n,n‘t) with reactor fast neutrons which, in our opinion, has the
following advantages:

i} during the simultaneous measurement of the ;'-peaks from the two targets,
the electronic drift is unidirectional and it affects the two Doppler-shifted
(-peaks in the same way. For this reason, the distance between their barycenters
AE (measured in DSAM) does not depend on the drift

ii) the neutron beam is more effectively used - actually the beam is used

approximately twice
111) due to the fixed geometry, the background conditions remain the same
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during the whole time of the measurement.

In our experiments Ge(Li)-detectors of effective volume 28, 60 and 75 cm3 are
usually used. The resolution is about 2.5 keV at 1.33 MeV. Targets of approximate
size of 100 x 60 x 8 mm are used, 91 = 45%, 92 = 1357, the distance between the
targets being about 70 cm. Tc ensure the same beam intensity on the two targets,
if necessary the target "1 accepts special geometry - it is made thinner or
slits are made in it. Some experimental spectra, ottained in the above described
way of measurement, are shown in fig.2.

N k N “
6000

v

3000
i “n

2077 keV 2716 keV

v

5000 |- 2000

Channel number
Fig. 2, Typical experimental spectra of Doppler-shifted energies of tF
transitions,

ITI. Processing of the experimental data., Results,

To obtain the mean lifetime of a given excited state, the experimentally

measured Doppler shift AE is used to find the so-called attenuation factor
FeXP

F"P::

7-
—_— — L
>4 $o (050, - 050, )
where EO is the energy of the unshifted twray and P, is a measure of

the recoiling nucleus velocity. On the other hand, FthC) is calculated according
to standard Blaugrund”s theory /h‘ from the expressions

i\ 162,10 ARA 029 +¢& “w

F (.C‘ Thecl y Ve (KL +B) {eosd) & 7&'5'

for homogeneous and A {12

ooy T g Aet +dn N det,t tdat Y (¢ d¢

F (d"-c-v—% ,”(deiu—d«n }(ol:!.&fot-z. Eo! Aelrdn

for heterogeneous stopping medium. The notation is as Blaugrund’s one.
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The mean lifetime U is derived from the position of F€*P on the slope of the

curve Fth(«:) as it is shown in fig.3. Pcec full details see ref./5/: To
illustrate the method some results are presented in the table below.

Fiv)
1
Y T
————————————— +
th
. It
0S5 b 11
(R )
(B8]
111
0zs} !
(a1
'
(2 1]
- —a 2 |8 7 TN | P 1
1 10 100 x 101

Fig. 3. Theoretically calculated Pt’h(C) and finding € from FE*P,

Table 1
Examples of mean lifetimes obtained by DSAM following the (n,n’IJ reaction.

Nucleus Et(keV) fC.iO'“ sec Other’s (quoted in /5/
pll 2124 0.62 ¥ 0.22 0.60 ¥ 0.22
B4y2 0.14 2°0.10 0.12 £ 0.05
mg? b2k 5.6 1.9 5.5 % 1.0
4239 10.5 ¥ 0.5 10.0 ¥ 1.0
6011 11,5 * 2.0 8.5 * 2.0
532 4281 w0t 1.y 3.6 0.8
61 12.7 % 3.0 13.0 ¥ 3.0
c12° 2694 5,22 0.8 6.2 % 1.6
3002 1.2 21,2 3.1 2 1.3
K39 2523 9.2 ¥ 0.9 9.0 ¥ 3.0
3883 2.6 1.0 2.0 £ 0.7
4127 8.5 5.0 8.5 £ 2.0
cat0 3904 5.2 % 2,0 5.4 0.6
vl 3614 8.6 % 2.4 8.0 2 4.0
3632 2.0 % 0.6 1.8 ¥ 2.0
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IZI. Conclusion

The above described LSAM version has been used, up to now, for the
determination of the mean lifetimes of excited nuclear states of more than 20
nuclei in the mass region A~10 - 60. The results, shown in the table, lead
to the conclusion that the (n,rf‘d reaction could be sucoessfully used in
DSAM with two targets simultaneously with quite satisfactory accuracy.
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LOW BACKGROUND YELESCOPIC SYSTER POR SYUDY OP (u, ) REACTIONS OF LIGHT NUCLEI.
A.Trecifeki, S.Bursyfiski, K.M.Rweek, I.N.Turkiewicz.

Institute for Nuclear Studies, Warsaw, Poland.

I. IKFTRODUCTION

Singe 1950 high fluxes of 14 MeV neutrons beceme sveilsble from T(d,n)x
reactions with low energy deuteron besss. Nuclear (n.a() reactions on verious
nuclei at this meutron energy soon became one of nuclear phyeice fields to be
investigated using such nsutron sources. Recently alsc other energy neutroms,
12-18 NeV, produce weing higher energy deuteron beams have besn utilised.

A usual way to measure (n,«) cross sections is io place behind the terget
ons or two proportiomal counters followed by s thick silicon detector - s sys~
S0m called s telescope. EBverything is placed in the sealed container filled
up with the gss aypropriate for proportiomal countere, so O(-particles do not
bhave to pass foil windows separsting ges cells on their way froas the target to
detector. Proport’onal gas counters snable the separation of X-particles produ-
ced in the target from the products of the resctions induced by incident neutrons
in the walls of the telescops and especially in the silicon detestor. In the
2841 (n.a¢) reaction having the considersbly large cross section G =270 mb and
Q-value equal to -2.62 NeV the o ~particles sre produced which can simulate
the events from the target. The prodles is especislly serious for the backward
angles when the silicon detecinr is sesser to the neutron socurce than the target
under study. The hyperboia AEB-E is smesred-out and can hardly be distingmished
from the background. To eliminat this background it is necessary to vperfore
separate no-terget rune which requires additional beam hours. Even sabtracting
background, backward parts of sn angular distributions of ( n.a() reactions are
normally sessured with rather poor sccuracy. Por the resction with negative
Q-valus as for example 120(::,!()93. (o.-s <702 lﬂ) the messurements at the ang.es
larger than 100° are simply not poseidle.

In order to measure differentisl crose sections of ’%(n.x)’& Z.e. reaction
with sufficient scoursey in a full angular reange, we developed & mors complex
systen. In our design we we a self-gupporting carvon target, dehind which is
plsced an sdditiomsl proportional gas counter to detect 9& recoil nuclei asso-
ciated with a-perticles registered in the telescope. Por all the angles sbevs
50° energy and direction of 93. ions ie such that they can be detected in an
additional counter with full efficiency. This msethod allowed us to obtain back-
groundless date for larges psrt of angular distribution normally difficult to
seagure.
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IXI. TARGET - DETBCTOR ASSEMBLY

The whole system is placed in a cylindrical chamber which has at ons side
an extension to house a silicon detector (Pig.1). Target, proportionmsl counters
and slits ame all mounted on the cover and are essily accesidle for wmechanical
reparations and wodificetions. All internal parts of the chamber are masde of
tantalum. Each proportional counter has as the anode three 20 mm in diameter
wires electrically comnected and placed between two parellel grounded walls.
This way all the charge produced by o(-particles in the gas between the target
and silicon detector is used for AR pulses. The proportional gas counter for
%Be 1one consists of 13 ecurce wires (20pm)and 14 grounded sires (SOpm). Both
groups of wires are parsllel to the target plane and subtend enocugh space that
all 930 of interest have to pass active volume of the counter. Pulses from all
the detectors paese charge sensitive preamplifiers and spectroscopy amplifiers
to be recorded as four-~dimenticnal events in ND-4420 computer. The proceseing
of the data wae carried out off-line on Si<4 computer. Por reaction angles abdove
50° g1l four detectors wers working and at smaller angles the 9!. counter was
not uged.

Our proportional counters are filled up with the hydrogen gas instead of
coamonly used argon + d10Xycarbon or isobutans mixture. Hydrogen gas is advan-
tageous because nsutron flux does not produce unwanted g -particles from its
maclei. Initially we used a sealed gas system for runs lasting for one or two
weeks but we had prodlems bdecause pulses fros proportional counters diminished
slowly in tise as eir admixture in hydrogen gas increased. We solved thie
probles by developing s simple and reliable hydrogen gas flow system to exchange
gas continously. Cas pressure in our telescope have been set to 200 maHg, such
that 93. nuclei had sufficiennt range to be detected with full efficiency. The
hydrogen gas before it entered detector volume, had to pase through pallsdium
tube walle heated to appropriste tempersture by a tungsten spirale. Cas outlet
from the telescope was through s thin glass tube dipped in mercury, coata.ned
in a thick tube with a closed botiom end. Internal volume of the thick tube has
been continously pumped out by a mechanical pump. When hydrogen pressurs in the
detector volume excesded slightly 200 malg mercury wae push out from the thin
tube and saall bubbles of the gas left a system.

III. ANALYSIS OP RESUIrS.

Application of the presented method requires csrefull exzaminstion of the
investigated reaction kimematics. With this purpose we have written a Nonte
Carlo code to calculate the distribution of the directions and energies of the
930 nuclel associsted with the «-particles enitted at s given laboratory angle 0.
Results of euch calculations sre given in Pig.2. At backward angles positions
of the telescope the 930 sre eaitted slmost perpendiculary to the target plane
snd with energies large enough that the expected pulse-hight distribution from
ln counter ie relatively nerrow. At forward angles the pulee height decreases
and its distridbution epreads out. In the cass illustrated in the Pig 2 this
effect limite the spplication of the method to the angles larger 50°, In fact



190

the two-dimensivhal spectrum of x B obtained froa the measurements of

'2¢ (a,0)se reaction at 50° 1ab angle (Pig 3c) shows the group of events
corresponiing to the ground state tramsition with the well defined (t-energy
and the energy of Be recoils spread over many channels. Por the positiom of
the telescope at 145° (Pig 4a) the same transition is seen as well defined
group. At 50° we bave performed two measuremsnts of the energy distribution of
the particles from '20(n,x)’Be resction. One was done with our conventional
telescope using three-dimensional snmlyeie (AE,, AE, ) E)and enother with Be
recoils counter added and the four-dimensional smelysis (B, A X,.AE,, x).
Two-dimensionsl plot (3a) of AK, pulse height versus of -particle energy
contains events coming froe variows sources: &K -particles produced in the target
fora a hyrerbola like curve, ¢{-particles from the silicon detector give a
continuum widely spresd arround the hyperbola and a large number of light
particles, wostly protons, which are grouped in the left cormer, Raergy spectrum
for events frowm the hyperbola (3b) is continucus and the pesk corresponding to
'2¢(n,0)Be g.0. reaction can hardly be identified. The application of the JBe
recoil counter has permitted to reduce the bsckground in a very effective way
as is 11lustrated in Pigs 3d and Je. In the & -spectrum (Pig Je) are alec seen
peaks corresponding to the sxcited states of “Be but registretion efficiency
for thie case is difficult to calculate bmn‘o these states are particle-
unstable, and we have limited our analysie to the ground state transition.

The wethod presented here allows also to separste &-particlee coming from
the resctions induced on the target contaminents. Por exasple in the case of
12c(n,cd9b reaction even small adaixture of oxygen in the esrbon target produces
the substantial effect in the obgerved ¢(-energy spectrua, especially at backward
angles. Detection of "c recoil nucleus which produced in 2R counter pulses
higher than Be nucleus has helped us to identify these events and to separste
them from the investigated pesk. In Pig.4s the two dimensionsl E - BR spectrun
is shown taken at 145°. Two well separated groups of events are coaing from two
different reactions: '2C(n,x)’Be lying in the lower By window and '0(n.e)'%c
in the upper ome. The corresponding ¢(-emergy spectrs are shown below.

IV. REMARKS,

The esthod descrided in this paper sllows us to msssure an angular distri-
bution of 11'c(n.x)’no g.9. resction with high accurecy in s full angular renge.
The application of this method is however rather limited. Only reactions on very
light nuclei can be investigated this way because in these cases recoil nucleus
is light enough to leave the target. Also two reaction products have to be of
comperable masses because otherwise, like for example in (n. p) reaction, a
recoil nucleus gets & very small energy. The recoil nucleus has aleo to be
a gparticle stable system. Por neutron energy sbout 14 MeV (n,x) reactions on
61.1, 930, 1°n, 120, "l, 151!, 160. 170. 18, targete can be invegtigated. Por
heavier of these nuclei aleo transitions to excited states csn be measured
because such nuclei decay gamma raye emission. Aleo (n,t) reactions on such
1ight tergets as OLi, '11, 7Be, 'O, ''B for which axist steble finel nuclet
econ be inveetigated using presented method. For higher neutron energy apolication
of this method would of course increase consideradly.
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FIGURE CAPTIONS

Pig 1. lay-out of the experimental sseembly
D -« dsuterim beam
77 = tritim target
C =« carbdomn target
K. AE,. A!.e - proportiomal counters
G - grounded wires
E - semicomductor detector
S -~ tantalum sheets
¥ - neutrom flux

Pig 2. 80lid lines -
the estimated pulse height limits from By counter for e recoil from
2¢ (n, o) I8 resction at 14.3 NeV for different positici of the telescope
Dashed 1line -
the direction of the emission of ’Be recoils relstive to -he normal to
the target.

Pig 3. The spectrs taken at 50° lab. engle with '2C target bowbarded by 14.3

eV nsutrone.

s/ B, x B spectrum mecsured using the triple coimcidence AB,.AI.Z. 4

5/ alpha - energy spectrum obteined by projecting the events froam the
hyperbols in Pig a/.

¢/ By x B epectrum meawuired using the four £31d coincidence By , 4 By,
Ax,, .

a/ AZ x E spectrum obtained by setting ths window on B, indicated in
Pig ¢/.

e/ slpha - energy spectrus obtained by projecting the events from the
hyperbols in Pig d/.

Pig 4. The spectra fros '2¢(n,«)’Be resctions meesured at 145° using the four
fold eoincidences By, dl,, a B, B.
s/ By x B spectrum
b/ alpha - energy spectrus obtained with lower window on !R' corresponding
to the '2¢(n,0()°Pe reaction.
c/ alpha - energy epectrus for upper window, corresponding to the
160(n.&)'3¢ reaction.
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