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Ill 

Ovar Colleagues! 

On the behalf of the Hector of the Technical University Dresden and aa the chairman of 

the organizing commitee I like to welcome you at the 

XV International Symposion on Huclear Physics 

in Gaussig. 

About 15 years have been passed since the first smell symposia« on neutron induced 

reactions held here in the same room. In this time every year scientists from many 

countries met here for small symposia on topics like 

- neutron induced reactions, 

- nuclear reaction mechanisms, 

- nuclear theory, 

- neutron generators etc. 

In this year our meeting is mainly dealing with nuclear fission. It la one of the moat 

extensively studied nuclear processes which remains an interisting field for 

investigations. 

Nuclear fission as a strongly coll«-*.tive process plays a principal role for the under­

standing of the dynamics in 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 Dumber of neutrons from the 

spontaneous fission of Of-252 and the U-235 fission cross section are some of the 

admitted nuclear standards widely used as reference data in nuclear measurements. 

Organizing a meeting on nuclear fission in this time we had also in mind that the IAEA 

stopped the organization of the well-established International Symposia on Physics and 

Chemistry of Fission several years ago. On the other hand, many scientists, especially 

at the INDC, expressed the real need of meetings on nuclear fission, 

last not least, it seems that the work carried out at the Technical University Dreeueu 

on absolute measurements of fast-flesion cross-sections, fission neutron spectra, and 

fissioning resonances could be a justification for a meeting on nuclear fission here. 

We are very glad that so much distinguished scientists from many countries followed our 

invitation to Gaussig. 

I hope that you will have a pleasant stay and many interesting scientific and cultural 

impressions here. With your help the XV Huclear Physics Symposium is certain to be 

a success! 

0. Seeliger 
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Ol THE MBCBAHISM 07 MISSION NEUTHOH EMISSION 

H. Marten, D. Siebter, D. Seeliger 

Technische Universität Dresden, Sektion Physik, DDH-8027, Dresden, MommsenstraBe 13 

1. aeubert 

Zentralinstitut für Kernforschung Bossendorf, D0R-8C51 Dresden, FF 19 

Abstract 

This review represents the present knowledge of the nechanism of prompt fission neutron 
emission. Starting with a brief fission process characterization related with neutron 
emission, possible emission mechanisms are discussed. It is emphasized t ist 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 
mala mechanism, i.e. the evaporation from fully accelerated fragments. 
Adequate statistical-model approaches have to account for the complexity of nuclear 
fission reflected by an intricate fragment distribution. 
The present picture of scission neutron emission is not clarified neither experimentally 
nor theoretically. Deduced data are contradictory and depend on the used analysis 
procedures often involving rough discriptionu of evaporated-neutron distributions. 
The contribution of two secondary mechanisms of fission neutron emission, i.e. the 
neutron evaporation during fragment acceleration and neutron emission due to the decay 
of 5не after ternary fission, is estimated. 
We summarize the recent progress of the theoretical description of fission neutron 
spectra in the framework of statistical models considering the standard spectrum of 
2?2cf(sf) neutrons especially. 
The <eain 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 fragment parameters (mass number ratio bod kinetic energy). 
The present status is evaluated. 

1. Introduction 

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 different 
fission 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 fragneate and promptly emitted 
neutrons ' corroborated the stated supposition as the main emission mechanism. 
In connection with Bohr's and fheeler's hypothesis that "hydrodynamical" 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 measurements . Deduced characteristics of scission neutrons are contradictory 
and appear to be dependent on the description of the main component (see chapter 3). 21—2*5 Scission neutron emission was studied in the framework of different models J including 
diabetic effects close to scission. This illustrates the connection with fission dynamics 
and, therefore, the difficulty of such investigations. 

Inepito of the recent progress in the theoretical description of prompt fission neutron 
emission 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. 

26 A« recommended by an IAEA Consultants' Meeting concerning the standard neutron spectrum 
from "cf(ef) 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 modelг. 



TUB SCAL8 
fff-T.TTI^B^ ~ 3 10~* . ю- 2 0 . ~ 10 r16 

О OD <-o о 

ишают 
ЛССИЛВаТИЯГ 

J9USKGY 
DISSIPaTIOB 

PROMPT ШВПТЛИОИ 
ОГ PISSIOI FRAGMRHTS 
(IBUXBOWS/r-BlTSj 

PORMlTIOM ОГ PISSIOB FBAGMBITS «IIB 
CHARACTERISTICS Z, I , ЗД, * k , J , . . . 

PROMPT 
PISSIO» HEUTR01 SMXSSIOV (SCHEME Of MBCHANISM8) 

HEÜTROH 
_». • — EVAPORATIOir 

FROM РЦШГ ACCEEBRATED FRAGMOTTS 
(НОЯ-BJÜILIBRIOll EMISSION BFFKCTS?) 

иготвом 
STAPCRATIOJT _ _ ^ 
DURDG 
fRAOMEHf 
АССЮВВАТГО! 

5He ИГОЯКВГ _ 
EMISSION """*" 
(AVTBB TEHEAHI PISSIOI) 

Pig. 1 
Scheme of the fission process including possible mechanisms of prompt neutron emission 

2. Time evolution in fissx^n and possible "•ес^ну^'Д? of n m m t neutron amission 
The understanding of prompt fission neutron emission requires some basic problems to be 
solved t 
i) 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 scission), 

ii) dissipation of excess deformation (at scission) into intrinsic excitation (main 
source of fragment excitation), 
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ill) correlation of fragment excitation with the scission configuration which defines a 
complex fragment probability distribution as a function of nucleon numbers N and Z 
(A»Z+H), total kinetic energy IKE, excitation energy E*, angular momentum I, etc., 

iv) neutron emission models fcr different mechanisms. 

Fission dynamics have been treated in the framework of different kinds of models. One 
extreme, the adiabatic model, excludes excitation at scission '. issuming that the energy 
at scission is shared among all degrees of freedom according to the laws of thermal 
equilibrium, one deals with the other extreme (statistical model) , i.e. strong single-
particle excitation during the descent from saddle point to scission point (viscous 
transition). Several intermediate models have been proposed -*~. They account for the 
coupling of t*ie fission mode to different collective degrees of freedom and/or intrinsic 
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 scission 
configurations. The shell energies of complementary fragments define the ratio of their 
excess deformation at scission and, therefore, the value of their final excitation energy 
(see below). Different studies22»23»3*-36 o f 8 l n g l e peptide excitation due to the rapid 
change of nuclear potential resulted in the qualitative conclusion that this appearance 
should be considerable. Nevertheless, quantitative estimations are quite uncertain. 
Further, it is likely that the degree of single-particle excitation is correlated with 
the scission configuration defined by elongation (ТКБ) and mass asymmetry (A^ / A H) 
mainly. 
The dissipatiou occuring during the descent from saddle point to scission can be of 
different types (one-body or two-body dissipation), Negele et al. 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 in the order of 

—2*1 —21 
some 10 8 (<*O»10 s, cf, scheme). The corresponding rapid change of deformation 
might give rise to a considerable single-particle excitation and, consequently, "scission 
neutron" emission » 3 . Uadler 5 sidled the fast-particle emission in the framework of 
TDHF for scissioning nuclear systems 'catapult mechanism) 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 angular 
distributions. 
Ternary fission is connected with the preferred release of neutron-enriched light nuclei 

27 31 
doe to the neutron excess in the neck of the scissioning nucleus '. Cheifetz et al. 
found that about 11 % of alpha-particles fro* "cf(sf ) are originally emitted as n-
unstable 'He nuclei decaying in an alpha-particle and a neutron with a half-lite of about 
8*10 s. Such neutrons are predominantly directed in the equatorial plane obviously 
(see paragraph 5.1..'. —20 Two simultaneous processes occuring after scission within some 10 s are of special 
interestt the fragment acceleration in the Coulomb field and the dissipation of excess 
fragment deformation energy into intrinsic excitation. 
Heutron emission can occur in this time. The corresponding energy and angular distribu­
tion is dependent on time obviously. Neutron evaporation during fragment acceleration 
was investigated-3" on the base of arbitrary assumptions concerning the excitation 

42 
energy as a f".ration of time. The study of post-scission dynamics by Samanta et al. 
resulted in an estimation of the dissipated energy depending on time (one-body friction). 
This was the base of a new calculation (see paragraph 5.2.). Further, it can be suggested 
that non-equilibrium neutron emission might occur within about 10 s after scission, but 
this mechanism seems to be of much lower order of magnitude than in particle-induced 
nuclear reactions. Speaking in terms of the exciton model -*, the exciton number of a 
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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 
"end" of fission neutron spectra , J (cf. 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 (> 10" s). The main sources of fragment excitation energy are 

- the excess fragment deformation at scission E^, 
- the "velocity" of collective degrees of freedom at scission, 
- a contribution due to diabetic 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 thermodynamics). 

KQ contributes to the fragment excitation energy E* mainly. It is strongly dependent on 
shell effects-5 ̂ J ' ' which are a function of nucleon numbers,on the other hand. The saw­
tooth curve of E*(A) which is typical for low-energy fission of actinides is a conse­
quence. Hence, the average numbers and average energies of the de-excitation products, i. 
e. neutrons and_y-rays mainly, are similar functions of A. The total excitation energy 
E^otal = Щ + E £ of the complementary fragments is 

Bj total <l|. T K E> «ii>* *™ TEE (1) 

(Q - energy release for the given mass split, £ ^ - excitation energy of the fissioning 

compound nucleus). The ratio EÜf / E* (see Fig. 2) demonstrates the shell influence for 

different scission configurations defined by A«, / A2 and TKE (asymmetry and elongation 

respectively). 

• • ? : : ! : : - : " . : 
11Т/1И 

• " • « I t : 

""1*1 _ . Л " 

\ 
^ И s 

m/t» 

v.. V IHM: 

ДО/м. * 

1« Ш WO I« 

iTi 

• " ' • ~ Г * " • • > * ± Л V". \ 

Pig . 2 
The ratio of the excitation energies 
of complementary fragments deduced 
from experimental data on multiplici­
ties and average emission energies 49 of prompt neutrons and у rays ' гв a 
function of mass number ratio (para­
meter) and IKE. 
The Pig. was taken from Ref. 51. 

The excitation energy distribution« of complementary fragment« deduced froct experimental 
data on neutron multiplicity and Y-emieelon48'49 (of. Tig. 2) can be assumed to hare 
nearly Identical width1 .49 

в|х (A1, TSE) Ж о|к (Aj, TKE) (2) 
The theoretical description of neutron evaporation from fully accelerated fragment! 
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requires the application of a statistical-model approach. As reviewed in Hef. 50, several 
attempts considering the complexity of fragment configurations up to a certain degree are 
known from literature (cf. paragraph 4.2.). 
In fact, all the fission neutron components mentioned above are superposed. Only the 
5He neutron emission can be investigated by means of a-n-coincidence measurements 
separately-5 . 
Neutron evaporation from fully accelerated fragments is the predominant one. As outlined 
above, this inain component has to be attributed to a diversity of fragment configurations 
covering excitation energies up to about 50 MeV5 . Consequently, an experimental study 
of secondary components like scission neutrons is very difficult and have to be based on 
accurate measurements of multiple-differential emission probabilities of fission neutrons 
and a detailed theoretical description of the main component. These requirements will be 
founded in paragraph 4. more clearly. 

3. Scission neutrons - fiction or reality? 

Scission neutron emission might be interpreted as an extreme case of ternary x'ission52. 
The yields of light charged particles are well-known (in total nearly 3-10"-5 per 
fission). As emphasized above, scission neutrons cannot be separated experimentally. The 

21—25 thiory J concedes the possibility of scission neutron emission, but doesn't allow to 
estimate the order of magnitude of the yield. 
The average energy and the yield of scission neutrons deduced from experimental data 
cover the ranges 1.65 to 3.4 MeV and 5 to 25 J6, respectively3"20 (cf. review in def. 50). 
The dependence of the scission neutron yield on IKE obtained by different authors 
exhibits strong contradictions (Fig. 3). 

4 

3 
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Jig. 3 
The scission neutron yield 
versus TKE (• - Ref. 19, 
x - Ref. 13, я - Ref. 18) 
for 2 5 2Cf(sf) (daehed line -
total neutron yield, continuous 
line - fragment yield) . 

sc 

Th« analysis of the quoted works has been based on rather rough approximations for the 
description of the center-of-mass (CMS) neutron spectra (evaporation component). 
The non-adequate theoretical treatment of the main fission neutron component gives rise 
to systematic errors in the analysis of scission neutron data. Therefore, one has to 
question the truth of earlier data. It i s indicated that scission neutron yields higher 
than about 10 % should be understood as "fiction". New results and outlooks are presented 
below. 

4. Statlatical-icodel approach, to fiasion neutron emission 

Mi SM«? Pri-ocipjleB 

Calculations of f ission neutron emission probabilities considering a l l possible emission 
mechanisms are infeasible at present. It was emphasized above that the description of 
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the main mechanism, i.e. evaporation from fully accelerated fission fragments, la a 
complex task due to the necessary consideration of many characteristics of fission and 
fission neutron emission: 

i) complex fragment distribution as discussed in paragraph 2, item (iii), i.e. 

PCB1, I,A,Z,TEB) depending on the characteristics of the fissioning nucleus, 

ii) cascade neutron emission from highly-excited, neutron-enriched fragments in 

competition to y-emission. 

The fragment distribution P cannot be derived from fission theory completely and/or with 

sufficient accuracy (cf. Bef. 32). Therefore, one has to consider experimental data and/ 

or special assumptions. 

The CMS spectrum e(£) is calculated in the framework of either the Weisskopf formalism55" 

(without P(I) consideration) or the Haueer-Feshbach theory5'. In any case, the level 

density S(U,I») о* the residual nucleus with excitation energy U and angular momentum 
I' and the transition probabilities, i.e. the inverse cross section a 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 ,P(U,I) ж ,£(U,I«0)58. The emission of 
fission neutrons is not isotropic in the center-of-mass system (CHS) of the fragments 

due to tho fragment spin53. This influence is often neglected. The average spin amounts 

to about (6 - 8)^ yielding a CHS anisotropy close to 10 %". 

The function <?(£), i.e. CHS 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 tae anisotropy is nearly proportional to E (cf. paragraph 4.4.). 

The complex statistical-model approach to fission neutron emission based ou the main 

mechanism can be stated by the following relation: 

e ( £ f <$ t • , z, IKE) 

- E I X dB* • РЛЕ? 1 « A,2,TKF) • еЛе,<?г 8х , I,A,Z) (3) 

i.e. the emission probability is calculated for & fixed fragment configuration defined 
by A, Z, and TKE. The sum over i (emission step index) means consideration of cascade 
emission. 
The transformation of the CHS distribution into the laboratory system LS is carried out 
by the use of the formula 

N(E,$) dEd«. - У | . «(£,Ä)d£dA, (4) 

£ - E • Ef - 2 • V E • Ef" • cos 6 , (5) 

Ef - 5» - TJCB • & - .—-) (6) 
Г А А Ад, 

(E,© are the LS energy and angle respectively) Ayj, is the mass number of the fissioning 
nucleus). 

The weighted concentration taking into account the fragment occurence probability 
P(A,Z,TKE) yields LS emission probabilities for eligible fragment parameter bins. 
Specifically the total distributions N(£,6) and N(E) can be derived. 

where 



7 

* . 2 . Beeent theore t i c , ty^^yn^y 

Т-Л «hole aches* of Bqu. (3) has not j e t been realised in praxis. Most of the hitherto 
published treatments rely on average freeaent parameters, i . e . the diversity of fragment 
configurations la often neglected. lue influence of several approximations i s discussed 
in paragraph 4 .3 . 

She H|fllfflfl-'"T-M~Vr1 (MM)59 la based on a simplified distribution P(T) in nuclear 
temperature of the residual fragments which i s triangular 'n shape extending from 0 to 
the •ar' i iF temperature 1^. In this «ay, P0(£*) end the cascade emission are considered 
roughly. It i s assumed «hat P(T) i s unique for the both considered fragment groups. o e 

and the CMS-LS transformation are considered in regard of average fragment group para-
meters. A model similar to the Ш «as proposed recently . Here, P(T) i s modified to 
consider i t more real is t ical ly . 

She A dependence of 1^, Bf, o e , and the weight of the partial spectra i s taken into 
account in the generalised Madland-Hix modal «НИМ) , i . e . the complexity of f iss ion 
fragment configurations i s considered in more detai l . Both the МНИ and the MM are, 
however, rather rough models because of the assumption of an idealised temperature 
distribution and the use of a simplified Weieekopf ansats based on the constant-tempera­
ture discrirtion of nuclear level density. 

The concept of tae complex cascade evaporation model (CM)' ' corresponds to the scheme 
described in paragraph 4.1 but the explicit consideration of P(Z,I) . Here, tbe Weisskopf 
formula i s used to calculate Ъ(.£гЕ*,к) on the base of a semiempirical description of 
the level density &(U,1«Ю) including shell and pairing correction. o c i s calculated by 
the use of the optical model. Further, the in i t ia l distribution in excitation energy 
(cf. paragraph 2) Р0(ЖХЯ,Ж£) i s assumed to be Gaussian for fixed A and TKfi. The CMS 
anisotropy i s considered roughly according to 

* ( £ , * t A.TKB) - C U : А.ИВ) • 1 • H g > ' g 0 8 ^ . (7) 
1 + j ß (.£) 

в (g) denotes the CMS anisotropy parameter. 
Applying the Hauscr-Foshbach theory for fission neutron spectrum calculations one is able 
to account for the competition of neutron and т-'ау emission as well as the initial 
distribution in fragment spin. The first study was presented by Browne and Dietrich". 
Similar calculations have been done by the Leningrad group (HFC)6* without consideration 
of CMS anisotxopy and the spectrum dependence on Z and TKS. 
Both the CSV and the HFC involve a more realistic consideration of P0(B*) as well as 
Improved aemieapirical descriptions of the level density. 
A review of earlier models of fission neutron emission was presented in Ref. 50. 

».3. Sensitivity of calculations in regard of approximations and input data variations 
The study of sensitivity effects is a necessary precondition for the evaluation of the 
calculation accuracy as well as for the interpretation of systenatic deviations between 
measured and calculated spectra. A first analysis in the framework of the С П has been 
published in Bof. 50 for 252Cf(sf) yielding the following conclusionsi 
i) The calculated ̂ average number of emitted neutrons is strongly changed by 

variations of X* and the average neutron separation energy. 
ii) She shape of the calculated speotrus is sostly sensitive to variations of £*, the 

width of Р(В*), and the level density parameter. 
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ill) the calculated spectrua of the low-excited fragments with A. cloaa to 132 exhibits 
large uncertainties, specifically at energies higher than 3 MeT. 

IT ) The description of o. in the framework of the optical model reduces the 
average emission energy by about 5 % with reference со the calculation with 
constant c„. 

т) If neglecting the IKS dependence of the spectra for fixed A, i.e. (MS-IS trans­
formation bared on the arerage kinetik energy (S^ approximation), the calculated 
spectrum is strongly enhanced at high energy. 
The consideration of the CMS anlsotropy yields an enhanced spectrum at low and high 
energy and a lower emission probability at intermediate energy (Pig. 4). 

Ti) 

-

-
-
-

— I 1 1 1 1 

-

CHS AWSOTROP* CONSlDfRATION 
If! »0 T| 

1 I i I . _ i 

EIM*V] 

Fig. 4 
Percentage departures of the 5 Cf(sf) 
neutron spectrua calculated in the fra 
work of the СЕМ considering the CMS 
anisotropy (В » 0.1) :rom the ß » 0 
calculation. 

The assumption that В e 0.1 • £ (cf. para­
graph 4.2.) yields a similar result but 
a larger deviation at high energy. 

Figs. 5 - 9 represent the influence of the most important input data on the shape of 
calculated angular distributions (CHI study for the most probable mass split), 
^hese results indicate that the accuracy of N(E,Ö) calculations is limited due to the 
uncertainties of input parameters. Therefore, the study of secondary emission mechanisms 
is restricted on principal. 
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Fig. 5 Fig. 6 
Percentage departures of LS The same as Fig. 5 for 
angular distributions cal­
culated for plus/minus 
1 MeV variations of i* 
from the corresponding 
reference spectrum for the 
LS energies 1 and 10 Me7 

X 1 HeV variations of the 
width of P0CEX) 

Fig. 7 
The вате as Fig. 5 for 
1 1 MeV variations of the 
average fragment kinetic 
energy 
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5 variation / \ 
K»/WU / 4 

mm 

> 1 4 a t 
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-

-
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/\__ t 

-
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r ig . 
The as Fig. 5 for 
± 1 lev**1 rariations of the 
level density parameter 

ig. 9 
The same as Fig. 5 for 
• 1 MeV variations of the 
shell correction energy 
(level density description) 

Fig. 10 
The same as Fig. 5 concern» 
ing the B^ approximation, 
i.e. neglection of the K B 
dependence in Sqs. 1-4, for 
selected LS energies 
(parameter in MeV) 

If using the E^ approximation, calculated angular distributions are more anisotropic 
(at high energy especially). Pronounced influences are obtained considering the CHS 
anisotropy as discussed below in more detail. 

4.4. the neglection of CMS anisotrooT as a reason of flctive scission neutrons? 
It was shown in paragraph 4.1. that the fragment angular momentum directed perpendicular 
to the fission axis' causes a CMS anisotropy of neutron emission. 1* studied its 
influence on LS angular distributions assuming в - 0.1, i.e. constant anisotropy, 
(version 1) and 8 - 0.1 • £ (version 2) according to Bef. 53. Figs. 11 and 12 represent 
the results for the version - 1 calculation. Angular distributions are enhanced in polar 
and equatorial direction and reduced at intermediate angles if considering CMS anisotropy. 
Similar results have been deduced for version 2 (which is probably more rrilistic) but the 
higher anisotropy at high energy and less pronounced polar "nose". 

Fig. 11 
Percentage departures of К(В,в) calculated with a 
constant CMS anisotropy (8 • 0.1) with reference to 
tbe В • 0 calculation (spontaneous fission of 
2 5 2Cf). The plot represents the lines of equal 
deviations (parameter in %) 

»№ 
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CMS-ANISOTROP* INFLUENCE Ш=Ш] 

Fig. 12 
The вале as Fig. 11, but for selected 
L3 energies (parameter in MeT). 

Stdtsl 

The most important conclusion of this investigation Is the 
following: If neglecting the CMS anisotrop? in the calcula­
tion of fission neutron angular distributions to be com­
pared with experimental data, one deduces a special 
emission component «hieb, could be interpreted as scission 
neutrons. These "scission neutrons" are fictiTe obviously. 
Similar systematic errors appear, if one neglects the 
diversity of fragment configurations (cf. paragraph 4.1.). 
These approximations yield deviations of calculated 
I(K,e) distributions. All previous studies of amission 
neutron emissions had been based on rather rough 
descriptions of Н(Е,в). Specifically the CMS anisotropy 

not considered in any work. Therefore, the conclusions drawn la paragraph 3 are con-
fixmed. 

4.5. Haematic dins of aaltl-differential emission probabilities? 

The CMS-LS transformation formula (Eq. 4) exhibits a singular point at f« 0. If 
approximating the CMS spectrum by 

« ( 0 ~ £ k1 • exp(-k2 • £ ) , (8) 

one has to distinguish three casest 

i) b, < \ i pole 

11) \ - \ , i.e. fe(£) is a Maxwelliau distribution i no structure 

iii) кц > \ г zero (kinematic dip) 

£ becomes zero for В • К. and в • 0 (Bq. 3). The consequence of case (iii) is a polar 
"dip" of H(E,9) at E • £f. Calculations in the framework of both the СЕМ and the GMHM 
Indicate that k^ > 0.6 if fitting CMS spectra for light as well aa heavy fragments to 
Bq. (8) at low energy. 
Experimental data65'62 have confirmed the existence of dips, i.e. case (ill), for the 
light fragment group. 

The analysis of experimental and theoretical emission distributions has to be carried 
out carefully. Specifically mechanism studies require f"?tUer detailed investigations in 
the concerned S,0-region. 

4. anecial emission mechanisms 

5.1. Neutron emission due to 5Ho decar 

It is expected that neutrons from the decay of 5He nuclei are predominantly directed 
close to 90 dag (equatorial plane). Consequently, such neutrons might influence the 
angular distribution of ordinary fission neutrons in this angular range. The double-
differential emission probability of 5He neutrons RH(E,v) from 2'2Cf(sf) was estimated 
considering the followingi 
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I) isotropic decay of ̂ He nuclei 

(about 3«10~* per fission) in the CMS with a 8.10~22e 

half life38, 

II) tiae-depeodent distribution of 5He kinetic energy according to Ref. 38 
(Coulomb problem), 

iii) angular distribution of 5He emission with reference to the fission 

axis (assumed to be the same as in *He-accompani*d fission). 

The model parameters as far as nc >̂ iown from Ref. 38 were fixed by the intereompariaon 

of the calculated and the aeas>' -. 5He neutron energy spectrum considering the angular 

resolution of the experiments arrangement eaployed. The CMS distribution was transformed 

into the LS for the considered time bias, i.e. certain average He kinetic energy, taking 

into account the decay probability. 

further, the total (i.e. time-integrated) LS distribution deduced with reference to 

direction was folded with the angular distribution of 5He nuclei (Legendre polynom 

formalism) yielding Hg(£,e). The obtained probability distribution normalised to the 

yield of He naclei per fission are represented in Fig. 13 for selected neutr energies. 

«g. 13 

Calculated angular distributions 

of He neutrons represented for 

selected emission energies 

(parameter in MeV) 

Compoi-jng 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 spectrum of prompt fission neutrons 

(» 0.1 % at 3 MeV, ~ 0.5 % at 10 MeV). Hence, 5He neutron 

emission is an appearance of minor importance. 

5.2. Meutron evaporation during fragment acceleration 

Based on dynamical calculations of post-sciosion processes 

we Introduced the time-dependence of fragment excitation 

energy E^Ct) and kinetic energy E^(t) into the cascade 

evaporation model' to estimate the influence of neutrons 

emitted during fragment acceleration on tbe total double-differential emission probabi­

lity (Н(Е,в)Х The considered emission mechanism was assumed to ue significant in 
different fission reactions*0' »41, but earlier studies involved arbitrary approxima­
tions like the reduction of the problem to a single intermediate emission time, 
nevertheless, the used post-scission data (cf. Pig. 14) for dymtclcally changing frag­
ment- with one-body dissipation exhibit large uncertainties. 

The calculation of the CMS emission distribution P0(fc) of tue firbt сазснЛе step was 

A2 

carried out as a function of t, i.e. 

*?„( £ « IK(t),t)dt • f(t) J* dB* . P 0 (Iх i t) . (? ( £ i B*) dt, (9; 

where ^ . ( s ' t t ) - distribution in I х assumed to be Gaussian. The emiesioL рпЬеМЗНу psr 
ДО 

time unit ff(t) was deduced according to s tat i s t ica l assumptions . 
The obtained Я(Е,в) data ( f ig . 15) show a time-dependent 0° / 90° - anUotropy (rig. V ) , 
which can be approximated by sinh ( 3 « yT\E^{i^/P/ Г ( О ) , Hen o, * ••? relative 
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Fig. 15 
The angular distribution of 
fission neutrons for a fixed 
emission energy (2 MeV) in 
dependence of t for 2^2Cf(sf) 
(symmetric). 

Fig. 16 
0° / 90° - aniaotropy 
(continuous l ines) of 
^ Cf(sf) neutron emission 
versus t for fixed emission 
energies (parameter in MeV). 
The structure at low energy 
appears due to kinematics 
(cf. paragraph 4 .5 . ) . The 
dashed l ines represent the 
ratio of the N(8) maximum 
and Я(90°). 

behaviour of Eg(t) and E*(t) aa well as f ( t ) determine H(E,Ott). Ihe used input data42 

give rise to an unexpected anieotropy maximum close to 10~2 s (Fig. 16) for a symmetric 
mass spl i t in 2 5 2Cf(sf) . 
A remarkable enhancement of aeutron emission in equatorial direction can only be deduced 
for unreasonable short l i f e times (high nuclear temperatures > 2 MeV), I . e . simulation 
of non-equilibrium emission. 

6. The 2'2Cf(af) neutron energy spectrum 

26 The Cf neutron spectrum i s one of the nuclear standards . Xt has been measured with 
rather high accuracy in the 1 ke7 - 30 Me? energy region . Recent experimental data as 
well as theoretical spectra obtained in the framework of new models (cf . paragraph 4.2 . ) 
are represented in Pig. 17 for comparison. 
All statisttcal-aodel versions considered yield similar results in the energy range from 
0.5 to 10 MeT. The ШМ underestimates experimental data at both spectrum ends. 
The results of the OMfM, HFC, and CSV (в • 0.) calculations are in very good agreement, 
but they tend to underestimate the low-energy data (-10 % deviation). Considering the 
CMS anisotropy the spectrum i s changed as represented in Pig. 4, i . e . the low-energy 
part of the spectrum i s in better agreement with experimental data. Fig. 17 i l lustrates 
that the total energy spectrum can be described by a statistical-model approach (the СЕМ 
including CMS anisotropy specifically) in the energy range below 20 MeV, Ho further 
»onclueions concerning the emission mechanism of f iss ion neutrons can be drawn for this 
energy range. The high energy region (>15 MeV) was made accessible experimentally due 
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*lg. 17 
Percentage deviations D of recent experimental data (RIL - Ref. 67, 
CRIPB/IPP80 - Raf. 66, АНЬ - Ref. 69, PTBB/IRKV - Ref. 70, TOD - Ref. 71) 
on the Cf neutron spectrum froa a mexwellian distribution with a 
"temperature" T » 1.42 VaV. The curraa repreaent energy dietributiona 
calculated in the framework of HFC, 0ШН, СЯ1, and VIM. Tb« CM spectrum 
la shown for two CMS anisotropy parameter S (So., (5 ) ) . 
Pig. taken from Raf. 66. 

to the use of a high-sensitive neutron spectrometer la conjunction with the effective 
electronic suppression of r-raya and cosmic background ( л ) . ' The found excess of 
neutron* above 20 в. У could be latarpreted as non-equilibrium emission (paragraph 2) . 

7. ЯИ afltaotrqpj of 2 W gf (a f ) Jfufrpn emission. 

Obviously, tha aeaauraaent of anisotrop? of f iss ion neutron emleaion (ratio of spectra 
measured in polar and equatorial direction) should give more clue« to tha stud? of 
amission aaehanlema. Several authors triad to show tht existence of scission neutrons by 
the investigation of anisotropy. An excess of neutrons measured in äquatorial direction 
with reference to rough evaporation calculations was considered aa central component or 
scission aeutron coaponent, i . e . a part of f iss ion neutrons emitted from the aciaalonlng 
nucleus with an angular distribution close to an isotropic one. 
Earlier maasuraaenta , 1 * had shown a rather hard equatorial spectrum of Cf f i ss ion 
neutrons. The anisotropy was found to be about one order of magnitude lower than caleu-

20 72 7t 
lated values at 10 HeV emission energy. Recent experimental data* '""-' do not confirm 
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theme results. Fig. 18 represents a comparison of our data'2 obtained by the use of the 
high-sensitive method mentioned in paragraph 6. with the equatorial spectrum measured by 

et a l . aa «e l l as the CS calculation. 

Ив. 18 
Polar and equatorial spectrum of CSf 
fission neutrons ( • - Ref. 72, 
x - Bef. 8 ) . The continuous l iaes 
represents the result of the СЕМ 
calculation showing the kinematic 
dips at low energy (cf. paragraph 4 . 5 . ) . 
The 0°-spectrum was measured without 
distinction of l ight and heavy 
fragments. 

The anisotropy ratio defined by 

H(K) 
H(B,0°) • 1(8,180°) 

2 • H(B,90°) 
is shown in Fig. 19 (experimental and calculated (СЕМ, GMHM) data). 

(10) 

Fig. 19 
The anisotropy ratio (Kq. 10) of Cf neutron 
emission versus emission anergy (x - Ref. 8, 
о - Ref. 14, • - Ref. 20, e - Ref. 72). 
The full and the dashed curve represent 
calculated results (СЕМ and GMHM respec­
tively). 

Recently measured anisotropy data •' are in rather 
good agreement with the evaporation calculation. The 
measurements of Bowman et al. as well as of Bishop et 

14 
al. bad been carried out without u/r-discriaination 
for background suppression. Therefore, systematic 
errors, specifically in the case of the low-yield 
equatorial spectrum at high energy, cannot be excluded. 
It is emphasized that the 90°-sp*ctrua of Bowman 
agrees well with the CJdi calculation at energy below 
1.6 Me7. 
Finally, we conclude that the study of anisotropy has 
not 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 uncertainties) we found an upper yield of scission neutrons close to 5 ff. 

Е(Мэв) 
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8. lew experimental methods for the measurement of multiple-differential emission 
probabilities of fission neutrons 

1 detailed study of the mechanism of fission neutron emission requires precise measure­
ments of multiple-differential emission probabilities and an appropriate, i.e. complex, 
analysis in the framework of the statistical model to describe the mala evaporation com­
ponent. Hence, H(E,erPf) (Pf-fragment parameter set) or at least 1(1,6} (total distribu­
tion in £ and 0) should be investigated. 

о 
The first comprehensive study mas presented by Bowman et al. . Concerning this work, 
inadequate aspects (possible experiments! errors - paragraph 7., rough theoretical 
approximation - paragraph 3.) have been discussed. 
Rote that the measurement or H(£,9:P~ ) for strongly confined fragment configuration 
regions is rather difficult. Resolution effects and rather high statistical uncertainties 
could be the reason of errors of analysed data. 
In any case of such measurements, the determination of fragment direction as well as 
specified fragment parameters (at leant the distinction between light and heavy fragment 
group) has to be arranged. An alternative to the fragment detection at a fixed direction 
and the employment of one neutron detector or a multi-detector system' *" for neutron 
spectrum measurement is the application of a direction-sensiti •/» method of fragment 
detection and the use of only one neutron detector. In this ease, several systematic 
experimental errors are avoided. 
Recently, two different arrangements for direction-sensitive fission fragment detection 
and their use in I(E,0) measurements have been described' *'̂  t 
i) application of a gridded twin chamber (Ionisation type) end 

the use of one neutron detector perpendicular to the electrode plane'3, 

ii) application of a set-up consisting of two parallel-plate avalanche 
counters (one position-sensitive) and use of two neutron detectors. 

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

method (i )t high fragment detection efficiency, determination of Ат/A« snd 
IKE, but limited angular resolution at polar direction, 

method (ii)> steady angular resolution, but hitherto distinction between light and 
heavy fragment group only, i.e. R(£,0) measurement (extension to a 
twin set-up enabling the measurement of A^/Ag and K B Is possible). 

For details and first results, we refer to the contributions presented at this 
conference. The measurements based on both methods are in progress. 

Я1 9"""ИГТ 
We Cried to review the present knowledge about prompt fission neutron emission emphasis­
ing possible mechanisms. Further, the requirements to be met in the analysis of experi­
mental data in conjunction with theoretical calculations have been discussed. We have 
questioned the truth of earlier results concerning scission neutron emission based on a 
study of neutron emission probabilities in the framework of a complex statistical-model 
approach. Here, we emphasized the influence o' several approximations made in earlier 
works. It was shown that neutron emidiioi due to the decay of 'He nuclei is a minor 
effect «hich doesn't contribute to the total distribution N(E,v) significantly. Further, 
it is indicated t^at neutron evaporation during fragment acceleration yields not a con­
siderable enhancement of the energy spectrum at equatorial direction. The results are, 
however, very sensitive about post-ecisslon data (£*(t) and B^Ct)) and the fragment life 
tlmo concerning neutron emission. 

Energy spectra N(5) of prompt fission neutrons can be described adequately on the base 
of a cvTiplex statistical-model approach assuming evaporation from fully accelerated 
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fragmenta in the full energy range S 20 NaT. It is, however, indicated that а тегу hard 
emission component appears in the S > 20 MeV range, «nose nature ia not clear. 
Measured 5 Cf(af) neutron amission anisotropics agree with statistical-model calcula­
tions mithin the experimental and theoretical uncertainties. A significant hard amission 
component at äquatorial direction doesn't exist тегу probably. 
Ben miasm1 amiBta of multiple-differential emission probabilities aad corresponding 
atatistical-model calculations are in progress. It is expected that these studies yield 
new informations about the mechanism of prompt fission neutron emission. 
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SIMULTANEOUS INVESTIGATION OF FISSION FRAGMENTS AND NEUTRONS IN *»C«S.F) 

C. Budtz-Jergensen and H.-H. Knitter 
Commission of the European Communities 

JRC - Central Bureau for Nuclear Measurements, Ceel, 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 »2Cf in an advantageous 4«-geometry. Together 
with a neutron tlme-of-flight detector thi.« experimental arrangement permits to measure the 
correlation between neutron emission, fragment, angle, mass and energy in the spontaneous fission 
of tnct. With the present experimental set-up a mass resolution for fission fragments of 0.5 
a.m.u., an angular resolution of Acose = 0.05 and a timing resolution of 0.7 ns FWHH were 
observed. Preliminary evaluations of the raw experimental data are presented for th« 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 fission of 2WCf gives a relatively easy opportunity to study the correlations 

between neutron emission and fission fragment parameters. The measurement of such correlations 

can contribute to a better understanding of the fission process. On 2S2Cf much more effort than 

on other nuclei was devoted to the measurement and interpretation of the prompt fission neutron 

spectrum, because litis 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 is 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 (-10-30 %) of the total number of fission neitrons is emitted isotrjpical ly in 

the laboratory frame of reference. In spite of many further investigations the knowledge of the 

so-called scission neutron emission 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. 

II EXPERIMENTAL METHOD 

At present a multiple parameter measurement of the J5JCf prompt neutron spectrum, N(En, e„. A, 

TKE) is being performed at CBNM. The experimental set-up is shown in fig. 1.Fission fragment 

detection is made 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 (EL,EH) are determined using the anode pulses from the twin chamber. The two 

energy informations are used to derive the fragment masses. The excellent energy and mass 

resolution of this detector is Illustrated in fig. 2 which shows a part of the measured 2S2Cf 

light fragment mass distribution 
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cold fragments 

neutron detector, ls shown In fig. 3 together with the 
average total kinetic energy and their variance as 
function of fragment mass. Good agreement with 
published distributions is observed for the mass 
yields. Tne yield enhancement in far-out asymmetric 
fission (AHe176), which was recently seen by 
Barreau 6) ls confirmed in our measurement as well as 
the fluctuations of the TKE(A), o(TKE) for fragments in 
this region. The fragment angle information is 
determined as cosine of the angle 9 between the normal 
of the electrodes and the path of the fission 
fragments. The cose resolution is ~ 0.05. For timing 
the pulses from the common cathode are used giving a 

The fragment kinetic 
energies have been selected 
so high (cold 
fragmentation) that neutron 
emission is improbable and 
corrections to the mass 
determination are avoided. 
A mass resolution of 0.5 
a.m.u. corresponding to a 
kinetic energy resolution 
< 0.6 MeV is observed. A 
352СГ (SF) mass-yield 
measurement based on l-IO? 
fission events recorded 
with the above set-up, 
however without demanding 
coincidences with the 

too i» IM m 
MASS 

Fig. 3 : Yield, average total 
kinetic energy, and the variance are 
plotted versus ';he fragment mass 



resolution < 0.7 ns FWHM toget.ner with tfe neutron detector. The neutron detector, a 
4"хГ HE 213 scintillator, is located on the axis of the ionization chamber. The distance 
between the »*Cf-source and the neutron detector was 0.51 m. Both, the pulse height and the 
pulse shape for n/т 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-foll Is mounted in the chamber. The 
source activity is -3-10» fisss-', yielding a fragment-neutron coincidence rate of 1 s-l for 
the present geometry of the experiment. 

Ill FIRST RESULTS AND DISCUSSION 

So far 1.5-10« 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 erfect on the result presented here Is expected to üe minor. 
Fig. 4 displays the neutron TOF spectrum integrated over all fragments but with a threshold for 

the recoil protons of 0.7 MeV. 
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Fig. 4 Neutron time-of-flight spectrum integrated 
over all fragments 

The advantage of having a 
weak uource 1з seen here 
since the influence of 
accidental coincidences 
(-ИО-3-ns-i-h-i) can be 
completely neglected, it is 
especially gratifying that 
no background events were 
detected to the left of the 
gaitma peak, a consequence 
of the near 100 I 
efficiency of the 
ionization chamber. This 
means that the analysis can 
be extended to very high 
neutron energies, where 
scission neutrons might 
play a role 2). 

The mass integrated prompt fission neutron spectrum of »»Cf(S,F) was evaluated in some more 
detail. For the present preliminary evaluation the neutron detection efficiency, 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 calculations 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 -,-rays which might be detected by the neutron 



detector. Most of the y-emisslon is made at the instant of fission and up to a few из later. In 
this time range fall also the high energeUe neutrons which are emitted with a very low 
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 employed 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 coincide 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 г detector 
threshold of 7.2 MeV where the pulse shape discrimination could eliminate y-ray events 
completely. This spectrum divided by Л/E is plotted in fig. 5 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,«1 MeV. An error for this value was not yet evaluated, also since the 
experimental determination of the detector efficiency is not yet made. T M s 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 
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Fig. 5 : Preliminary neutron energy spectrum divided by V E versus the neutron energy. 
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Fig . 6 

N(*ft 

Bi-parametric plot of number of fission events 
versus neutron energy and cos eels the angle between 
the l ight fragment and neutron emission direction 

general less than 5% in th« 
above mentioned range. Th« 
dashed l ine corresponds t o 
the experimental spectrum] 
measurements of Karten e t 
a l . 8 , 9 ) , who found a large 
excess of neutrons above 20 
MeV. With the presently 
evaluated data we can not 
confirm nor contradict th« 
measured excess of neu­
trons. From a tota l o f 
about 2-10« events the 
s ta t is t ics obta'ned in the 
high energy region above 20 
MeV i s not suf f ic ient . The 
two data points a t the 
highest neutron energy with 
values >10-* contain only 
one event each. Points 
plotted at the 10-2-line 
contain и г о eve-:*«. 
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Thf neutron-fragment 
1. • isity ratio is plotted 
versus the neutron energy. 

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 neutron energies our data are much more 
anisotropic with intensity ratios M(90')'H(O') more 
than one order of magnitude smaller than those of 
Bowman above 8 MeV. The comparison between the present 
angular anlsotropy measurements as function of fission 
neutron energy and those or Bowman et al. 3) is made in 
fig. 7. The full line in fig. 7 represents 
calculations of the angular anlsotropy as function of 
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 И(90*)/И(0#) 
intensity ratio is conformable to the assumption that 
all neutrons are emitted from the fully accelerated 
fragments and 'he existence of a hard (T«2.0-2.5 MeV) 
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Fig. 8 : Preliminary neutron emission 
multiplicity versus fragment mass. 

scission neutron component uhlch 
Hirten 2) concluded from the Bowman 
angular distributions must uc 
refuted, a more thorough analysis 
of our angular distributions is 
needed in order to decide whether 
perhaps a soft component is 
present. Fig. 8 shows the measured 
neutron emission multiplicity v(A) 
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 in the present 
analysis. However, our data seem 
not to confirm the fine structures 

in v(A) seen by 
Haish 11). 
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Fig. 9 : Preliminary centre of mass average 
fission neutron energy versus fragment mass. 

Since the measurement of Bowman in 
1962 very little experimental 
Information has been gained on the 
average neutron emission energies 
n(A) in the eenter-of-mass frame. 
Fig. 9 displays thi measured 
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 As 130, also seen 
In v(A), followed by a broad hump 
extending to A» 1*5. This behaviour 
is also reproduced In theoretical 
calculations 2,12) of n(A). 

IV CONCLUSIONS 

Although most of the results of the ongoing multi-parameter neutron-fragment correlation 
experiment are preliminary, some conclusion might already be drawn now : 

The more pronounced angular anisotropic* measured In the present experiment compared to 
those of Bowman et al. at higher neutron energies lead to at least a much smaller portion of 
scission neutrons if rhelr existence has not even to be refuted. 

With the presently calculated neutron detector efficiency no 
Haxwelllan distribution between 0.8 HeVsEns20 HeV Is observed. 

ajor deviation from a 
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The yield enhancement for far-out asymmetric fission is confirmed. 

Pronounced structure as function of mass was observed for the average c m . fission neutron 
energy, in relative agreement 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.u.U.. 
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SPOHTABBOOS PISSIOH BEUTRCHS 

O.I. Batenkov, A.B. Blinov, *.Y. Blinov, S.I. Smirnov 
Y.G. Ihlopin Radium Institute, Leningrad, USSR 

Abstract 
The measurements of differential energy distributions of Cf-252 fission prompt neutrons 
have been carried out for different emission angles. 
In the present work precision measurements of differential energy spectra «ere carried 
out for different masses and total kinetic energies of the fragments at different emis­
sion angles of neutrons. Special attention was payed to the neutron spectra at small 
angles (less than 6°). Using these data, for th* first time by the direct method it «as 
possible to determine the velocities of th* fragments during the neutron emission. The 
analysis of the same spectra enabled to obtain information on the behaviour of the cross-
section of the reverse process (the capture of neutrons by the excited nucleus) for th* 
region of low energies of neutrons. The comparison of the data for small and big angles 
enabled to specify the limits of applicability of the evaporation model. 
The obtained data are very useful for correct 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. 
For each fission event in the measurements were determinedi neutron energy (B), masses 
of the fragaents (Ml, U2) total kinetic energy of the fragments (8,.), the emission angle 
of neutrons relative to the direction of fragments motion (*) in I.e.. Fragaents were 
detected by two semiconductor surface-barrier silicon detectors (SCD). The energy of neu­
trons was determined by the tise-or-flight method. Л stilbene crystal with a photomulti-
plier (PEU-30) was used as a neutron detector. The measurements were done for the angles 
of 2,6,15,30,45,60,?5,90°, and were doubled on three flight basest 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 Hf(M,Bk,l)t where I - the number of 
the detector, in form the matrix of fragment-fragment-neutron coincidences in the coordi­
nates 1^(1,1,^,1) and the matrix of velocities Vf(H,Ek,I). For each event was done: 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 Nn matrix relative to the coordinates of the Hf matrix. 

Results 
The most precise information on the neutron spectrum in th* c.m.s. is obtained from the 
measurements at small angles in relation to the direction of the motion of the fragments. 
The advantage of those measurements is evident. First, her* 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 energies of the 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. That point, where the neutron s velocity (Vn) is equal to the 
velocity of the fragment (Vf), corresponds to the zero energy of the neutron in the d . i . . 
From the correlation H(E1)- H(E0) l/E^/ WGt connecting the spectra in the I.e. B(EX) and 
in the center of mass system of the fragment H(EC) it is seen that at lc-*0 there is an 
uncertainty of the kind 0/0, which can be differently disclosed in dependece^on the spec­
trum shape H(EC) near the Ec - 0. If the spectrum in the c.m.s. behaves as B*, then in de­
pendence on th* value of the parameter a in the laboratory spectrum a din (a> 0,5), a peak 
(o<0,5) or a smooth dependence (a - 0.5) can be observed. Different theoretical calcu-
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lationa /1-3/ «!*• * fall sat of these possibilities. 
In tola work «а пата found a dip in the apactrun of light fragments, the position of 
«hieb оо1ав1и— «1th the average Telocity of the fragment and the Talue la rigidly con­
nected «1th the emission angle of neutrons. At 15° the dip is not observed. In fig. 1 
axe shown experimental spectra at the angles 2°, 15°, and 30°, summed up by all the mas-
eea and kinetic energies of the light fragments. A distribution symmetry is seen relative 
to Tf - 1.37 em/па. the dins are also obserred in the neutron spectra for groups of light 
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> 
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fragments «elected by their masses and kinetic energies (fig. 2). The positions of the 
dips within the limits of measurement error coincide with the average velocities of the 
fragments for these groups, which confirms the hypothesis of neutron emission from 
fully accelerated fragments. In the spectra of heavy fragments the dip is not observed. 
This seams to be associated with the different shape of the neutron spectrum in the low 
energy region (c.m.s.) for different nasses of the fragments (a? 0.5 for light and 
««0.5 for heavy fragments). Such a difference can be explained by the different cross-
section course of the neutr*. - ctpture by an excited nucleus for different masses of the 
fragments. The cross-section course of the neutron capture by an excited nucleus in the 
low energy region for light and heavy fragaenta was obtained fron the measured spectra. 
The comparison with the results of calculations of the cross-section 0e for unexeited 
nuclei by the optical model /4/ with application of different potentials shows that the 
general course of «Tc from BQ for an excited nucleua ia preserved in principle, though 
there are some differences. 
In the work • comparison waa made of the spectra of neutrons emitted from the fragment* 
at the angles 0° and 90° im the I.e.. The spectra measured «t the angle 90° and the one 
calculated for the aogla 90° from the data of the angle 0° ia assumption of neutron eais-
•ioa from a folly accelerated fragments agree by the integral within the limits of eta-
tlatlcal error (2-3%). Am analogous comparison of the epactra at 90° was carried oat also 
for separate groupe of fragmenta (fig. 3). «thl» tm* ex*»* limits (3-10 %) the expert-
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•ental and the calculated neutron yield coincide. V» mark that oa the laltlal ataee of t 
the given work the discrepancy of the measured and the calculated opeetra eoapoeed 7 % by 
the integral for 90° /11/. Qie difference of the result* of the eoxk from the previous 
one can he explained by the following t the Improvement of spectrometer's characteristics, 
a thorough determination of the neutron detector a efficiency on the base of recent ex­
perimental data /5-8/ on the Cf-252 Integral spectrum, the breaking of the «hole range of 
fragment Into 108 groups, for «hieb the velocity of the fragment, «me determined Immedi­
ately in the course of the experiment, the development of the method enabling to account 
for the influence of the neutron recoiling effect for each angle in each eepsrstely re­
gistered event, the introduction of anlsotropy in the c.m.s., associated with the angular 
«montan of the fragment la the form 1 + в Р, (cost?), «here В - 0.0*. 
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Tig. <vs Deviation of the integral spectra from Maxwell distribution (T - 1.42 MeV) 
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In the present «ork there «as also a comparison of the integral spectrum (fig, »), obtai­
ned from the data at snail angles and measured by the direct method in the ref. /5-8/. In 
connection with the fact that the spectrum of Cf-252 fission neutrons is an international 
standard, the shape of this spectrum must be determined «1th a high precision. The highest 
precision in the detemination of the spectrum is reached for the energy range 1-5 MeV. 
It seems interesting to determine the integral spectrum from our data for 0° in assump­
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 



28 

appearing possibility for the determination of the shape of the integral spectra in the 
region of low and nigh energies, basing on a comparatively well known shape of the spec-
tram is the energy range 1-5 aeT. Besides, by aeans of an iteration procedure a descrip­
tion waa carried out of the total son of our experimental differential data in the energy 
range 0.2-10 MeT (in l.s.). She 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 lleV our integral spectrum (from 0°) 
gees dose enough to a number of direct measurements experimental data /5-8/. In the low 
energy region (less than 1 MeT) our integral spectrum is some what lower than the data of 
direct measurements /5-6/. в » difference in the low energy region can be associated with 
the influence of the anisotropy effect in the c.n.s., caused by the angular momentum of 
the fragments, and also with the presence of nonevaporating neutrons. The variation of 
the anisotropy coefficient, when using experimental spectra at 0° (l.s.) as the basis da­
ta, does not enable to reach an agreement of integral spectra in the whole energy region. 
The introduction of neutrons of noneraporating character (2 % of the total amount) enab­
les to explain the discrepancy of the spectra. 
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STUDT OF THE BELATIORSHIPS НВТЯЕВЖ ТЯВ CHABACTEBISTICS OF «ASS, HffiBGI, AST) ПОПОЙ* 
mTJMTPLICITT DISTRIBUTIOBS AT THB 2 5 2CF SPORUOKMS FISSI« 
I.D. Alkhasov, V.O. Dmitriev, A..Y. lasaetaov, S.S. Kovalenko, Х.Л.. Petnhek, В.Р. Petrov, 
L.Z. Malkin, T.I. Sbpakor 
V.G. Iblopin Radium Institute, Leningrad, USSR 

The main purpose of this т rk was to study relationships between the characteriatica of 
energy and amas distributions of the Cf spontaneous fission fragaenta and those of 
prompt neutron multiplicity distributions. 
The experiment was performed using an experimental set-up consisting of a large liquid 
gadolinium loaded scintillation neutron counter, a chamber with two surface-barrier si­
licon fission fragments detectors and a data aquisitiou system baaed on the two processor 
computer system. The information on both fragment pulse-height and the number of neutrons 
was received by the terminal computer and after preliminary proceseing was transmitted to 
the main computer, where it was written down in a form of three dimensional array A1-A2-
H ( where A1 and A2 were fragment pulse heights, К - was number of neutrons), farther 
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 kinetic energy-aaas (B^, >) using the procedure 
proposed by Sc-iaitt /1/. Then the momenta 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 contours 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 ribes and do not aova 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 descriptions and discussions. Complexity of the multidimensional information 
representation forces us to be restricted by a consideration of some separate correla­
tions obtained mainly for the first time. 

1 • I 
90 100 110 120 M. a.ai.u 
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flg. 2* 
Distribution of experimental events in coordinates of (total number of events about 2 • 106)7^ 

I 2 3 4 5 6*5 
fig. 2 shows schematically the twodimeneional distribution of all the array in coordina­
tes of ^ -6v . The essential part of this distribution corresponds to a conventional 
fore of multiplicity distribution with a weakly varying parameter of form. It the same 
tim« two regions can be seen with practicaly constant V -value and significant variation 
of diopensions 6v . These are regions with high value of у (i -»5) and low valueofW~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 increase 
of dispersion takes place with E^ decrease for the mass range of 85-105. 
The following peculiarity in the relatione presented in this figure can be sentioned: in 
the region of rather high Eg >J rises as Ejj falls down which corresponds to increase both 
of fragment deformation at scission point and accordingly of fragment excitation energy. 
For low Е^ ^ does not vary with E^ for fragment masses near the symmetric ones and even 
decreases with E^ decrease for more asymmetric modes. 
Anotber peculiarity can be noted in the dependences of V on fragment mass given in Fig.3b. 
The V -value averaged over all E^ weakly decades on fragment mass. At the same time for 
separate energy intervals this dependence became significant and its character changes as 
Ek varies. Snail variations of (Ту2 can be seen at large variations of V in the region of 
high values of E^. Fig. 4 presents both fragment total kinetic energy and its dispersion 
as a function of fragment mass for some fixed numbers of neutrons. It can be seen that as 
the dependences of Eg for different V are similar to that averaged over all values of V 
the character of the e'Efc dependences varies with the V and is different in separate in­
tervals of fragment masses. In the Interval of the most probabe masses the e'Efc value for 
fixed neutron numbers is much less than the averaged one and increases with V , while in 
the mass interval 120<M<126 this dependence reverses. Such behaviour of the ffgK can be 
more obviously illustrated by Fig. 5 in which the dependences of б* ̂  on V is plotted for 
various grades of fission asymmetry. 

Fig. 6 presents dependences of both mean mass value <H> and dispersions of mass distri­
butions <Ti on total kinetic energy B^ for different numbers of neutrons. The dependen­
ce of <M> averaged over all v values has a minimum at the Вц of about 150 MeV whose posi­
tion is correlated with the position of the •TIT*«1"* observed in the dependence of *"j on 
E_. Similar correlation can be seen in the dependences of partial values of <M> and 6" ц 
on Eg as well. It can be noted that position of such winlma dependences for partial values 
of <M> are shifted into lower kinetic energies as 3 increases. 
Complex character of the dependences of <M> and (Ум is confirmed by Fig. 7 and 8 in which 
these dependences on f are presented in various energy intervals. It can be seen from 
Fig. 7 that the <H> value averaged over all \ practically does not depend on ? , while 



31 

for separate Ê . this dependence becoaef significant an»! its character is different at dif­
ferent Bfc. Comparison of dependences of <H> and 6"и on ̂  u well aa those on B^ allows 
to say about anticorrelation between then. 

130 150 170 190 

?ig. 3« 
Variation of ^ and б£^ as a function of the fragment total kinetic 
energy % (*) a a d °* * a e fragrant mass M (b) . 
(to avoid overlaping the curves marked V + i are shifted along the 
у -axis by a value of i } . 
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Ho comments on relations described are proposed in this paper as the interpretation of 
observed peculiarities requires both careful analysis and additional information. The lat­
ter will be obtained after processing and analysis of the 2it-experiment data is completed. 
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LOK MASS FRAGMENTS FROM 252Cf SPONTANEOUS FISSION 

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

Abstract: An experimental arrangement for the investigation of light charged particles from 
ternary fission or for searching for superasymnetric binary fission products is presented. 
Jsing a tiee-of-flight/energy spectrometer low mass fission products were looked for in the 
252Cf spontaneous fission. For the expected most probable superasymmetric fission fragment 
*8Ca an upper limit for the superasymmetric decay branch relative to alpha emission was de­
duced (Ti/v(K )/Ti 1ч(*1*Са) & 10*8). Measured distributions of light products with masses 
around A = 13, A = IB and A = 31 and with yields of Y = 10 "5, Y = 1.5 • 10 "5 and Y = 3 • 10"6 
respectively, were ascribed to ternary fission. 

1. Introduction 

Starting with the discovery of С emission from Ra by Rose and Jones /1/ in 1984 both 
theoretical and experimental physicists were attracted by this new kind of radioactivity in­
termediate between alpha decay and spontaneous fission. Gales et al. Ill 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 emissioi delivered values which underestimated the 
heavy cluster emission mode (with the 1980 variant one obtains a partial lifetime of 
T, ,-( C) = 10 ' s instead of 10 s found in the later experiment III). More refined calcu­
lations of Poenaru et al. /5,6,14,18,19/ and Shi £ Swiatecki /9,10/ were not only in excel­
lent agreement with the experimental findings but predicted a bread range of cluster emitting 

nuclei deserving attention for further experiments. Recently, a number of such superasymmetric 
1 Л O O O О О Л 

fission modes was observed: Price et al. /12/ found the С radioactivity of Ra and Ra 
with branching ratios relative to the alpha decay of В = (3.7 • 0.6) x 10 and 
В = (4.3 + 1.2) x 10" , respectively. The spontaneous Ne emission modes were discovered by 
Berwick et al. /11/ for 232U (B = (2.0 + .5) x 10"12), by Sandulescu et al. /7/ for 231Pa 
(8 = 6 x Ю " 1 2 ) and by Tretyakova nt al. /8/ for 2>3U (B = (7.5 + 2.5) x Ю " 1 3 ) . All these 
heavy cluster emissions lead to the doubly magic Pb or to isotopes in it's immediate neigh­
bourhood as was expected by the theoretical estimations. The experimentally determined branch­
ing ratios offer now the possibility to test and improve the barrier penetrability calcula­
tions. 

223 
Rose and Jones 1X1 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-pilr. up. 
Extending the measurement over 189 days they collected eleven events of C. By using a 1 .'> 
times more intensive source in connection with the superconducting magnetic spectrometer 
SOLENO Gales et al. /2/ obtained the same number of С events within five days. The second 
confirmation by Aletandrov et al. /3/ was undertaken with the technique as used by K. ft J. 
but with a more intensive source. After 30 days seven events of С were collected. Tbc C 
radioactivities of ' Ra were found with polycarbonate track-recording films /12/. Thn 
2*Ne decays of 231Pa /7/, 232U /11/ and 2 3 3U /8/ were discovered with the help of poly-
ethyleneterephthalate track detectors. Plastic track detectors proved tn be idjally suited for 
selecting a few highly ionizing particles on a huge background of less ionizing particles. 

2. Measurements with a time-uf-flight spectrometer 
The aim of our experiment was to search for ram dpcay modeb with pure electronic instrumen-

252 tation. We investigated the spontaneous fission fragment distribution of a 3 pXi Cf source 
by measuring the time-of-flignt (TOF) and energy (E) of the emitted particles (fig. 1). The 
heavy products release secondary electrons in a 27 uycm Formvar foil covHred with 
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10 ug-св Al which are accelerated and bent on a Chevron set-
шаш-амм*имею* up 0f microchannei plates (MCP) delivering the start signals 

for the tine-to-anplitude-converter (TAC) via a constant frac­
tion trigger (CFT). The stop signals as well as the E-inforna-
tion were taken fron an BOO nn surface barrier detector (SSO) 
15 en apart fron the start detector. For the 6.12 MeV 252Cf 
alpha-particles the energy resolution anounted to AE/E = 2 X. 
The resolving tine of At = 670 ps (FHHM) doninated the nass 
resolution of Am/m -vl5 X for alpha particles which should be 
somewhat better for heavier particles. 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 
slow coincidence with the TAC. The signals were digitized by 
two AOCs and stored into a 64 x 64 channels matrix of a micro­
computer. The data were analysed off-line. The solid angle 
Д Л = 20 msr and the efficiency £ < 50 X of the MCP-detector 

-1 

Experimental set-up 

resulted in an alpha particle counting rate of N M r «vs 120 s 
6 ' 

In a first run 1.2 x 10 fission fragments (ff) were collect 
ed, but a fairly big number (50) of Ot-ff-pile up events was 

recognized due to the finite resolving tine (100 ns) of the pile up inspector. The single 
• -1 * -1 

counting rates of the SSD were N— л* 270 s and N.. •>• 10 s , respectively. In a second run 
3 x 10' fission events were measured with a raised threshold of the start-CFT in order to 
avoic 99 X of alpha particle triggering, which resulted in a two orders of magnitude reduc­
tion of or -ff-pile up. The TOF-calibration was performed with calibrated delay cables and 

252 
with the help of the known velocity of the 1.54 MeV/amu Cf 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. 

Fron recent predictions of Poenaru et al. /18/ the most favoured superasymmetric fission 
product:; of Cf should be Ar or *°Ca with branching ratios of B ~ 2.5 x 10 relative to 
alpha decay and kinetic energies of E. <^ 100 MeV, i.e. E/A ~2.2 MeV. No event has been found 
in this area of the T0F-E-plot. 

The low energy tails of the fission fragment peaks with correct TOF we ascribe to back­
s' attering of fission fragments in the SSD. All other events within the region E > E , v > v 
arc to be ascribed to one of the following effects: 
i) Events with flight times within the non-linear TAC characteristics are out of range of 

reasonable physical velocities. 
ii) Events with E > E 4 and flight times TOF = T0F(e) t At, i.e. E/A = 1.35...1.85 MeV, were 

attributed to Ä-ff-pile up. 
iii) Light fragments with A 4 20 and high velocities (E/A > 2 MeV) which are not allowed for 

binary fission due to the Q-value systematics were attributed to the known ternary fis-

siinn (irocess: 

252 
f!;iii>beck et al. /15/ measured light charged particles (LCP) up to carbon from Cf 

U;r• £irv ,'ir.sion. Energy ranges of Erf = 7...41 MeV and Et = 5...24 MeV and abundances per fis-

ii'p it i.2 x 10 and 2 x 10 for alpha particles and tritons, respectively, were deter-

ii'ni:-'. Гшгяк high energetic LCP are present in our T0F-E-plots, especially in the first run 
'tii,. 2a). However, from our experiment no yield value may be deduced because of the unknown 
i:: f i'iii.n.y of the start detector for the lightest particles. 

Raisbeck et al. found also an abundance of 1.4 x 10" carbon ions per fiasion in the 
energy range E = 33...75 MeV. It is highly probable that this abundance will further increase 
if rim: extonds the energy range to lower energies which they couldn't measure due to the ne-
cessity to shield their particle telescope from natural alpha particles by a 7.6 mg cm Al 
foil. Fur the same reason they couldn't detect events with Z > 6. Natowitz et al. /16/ observ­
ed long-range products of 252Cf by track detection in mica and lexan. Integrated yields of 
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Y > 1.8 x 10" events per binary fission and energies of E * 1.5...4 MeV/amu «ere obtained 

tor fragments of 8, C, N and 0. Integrated yields of ¥ * 3 x 10"6 per fission and energies of 

E = 1.5...2.5 MeV/aau were indicated for fragnents of oxygen or even heavier nuclei (8«Z<12). 

Fig. 2 shows also distributions of heavier fragments with A = 13 • 2; A = 18 • 3; and 

A - Jl • 5 which energy ranges extend down to E/A »v 0.9 MeV. These fragments might be attrib­

uted to the ternary fission process due to their energy and velocity ranges. From our experi-

1.5 x 10" mental results yields per binary fission of Y., - 10" , Y,„ 
were deduced for the emission of low energy fragments with masses A «,13, A 

respectively, in the velocity range corresponding to 0.9 MeV $ E/A ^ 3 MeV. 
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and Y 31 = 3 x 10 -6 
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Fig. 2: T0F-E-plots for Cf fission products 
a) low start trigger level; b) high start trigger level 

3. Conclusions 
252 We tried to identify rare Cf-fission events by a time-of-flight-spectrometer. Out to the 

252 ft 
low Cf source acitivity (3 uCi) only 3 x 10 fission events could be collected within a 
run of 6* hours allowing to determine an upper limit В = 10 for the branching ratio of 
spontaneously emitted superasymmetric fission product as Ar or fa. In order to detect 252 this rare decay mode of Cf which was predicted by Poenaru et al. /1H/ with branching ratios -14 -13 of В *»• 10 ...10 the counting rate must be increased by four orders of magnitude and the 
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 Л х ~ 4 mg-cm"^ which 252 allows the suoerasymmetric fragments to be detected. However, the Cf alpha particles would 
not be absorbed, too. The alpha counting rate would exceed the lethal dose (~10 cm ) of 
the SS0 by two orders of magnitude. Consequently, the search for superasymmetric fragment 

252 252 
emission from the Cf binary fission is hopeless with our electronic equipment. Cf highly 
mass-asymmetric binary fission products in our opinion could be detected by plastic track de­
tectors which are not only insensitive to #/10 cm alpha particles but also to ~ 10 cm 

i о 
high energetic light nuclei from ternary fission, e.g. 50 MeV C. 'Normal' binary fission 
products might be stopped in an absorber foil. 

252 ~K t. 
However, Cf ternary fission with abundances per binary fission from 3 x 10 to 10 

for alphas and carbon ions, respectively, may be an object of investigation with our T0F-E-
technique. 
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Abstract 

The energy (В) and angle (О) dependent emission probability l(B,v) of fission neutrons is measured by the uae of two parallel-plate avalanche counters (EPIC, one position-sensitive) for fragment detection (time of flight, direction) as «all as two neutron detectors (D1, D2) for neutron detection (time of flight, detector response). The paper includes a description of the experimental set-ар, the multiparameter data acquisition and processing, and the analysis procedures, the arrangement permits the measurement of neutron angular distributions (in dependence of B) (i) for the «hole angular range, (ii) with an angular resolution close to 3 deg, and (ill) with a rather high angle pout density (up to 120 points in к ) . 
Due to the determination of the emission angle 0 by the measurement of fragment direction, i. e. fixed neutron detector position, systematic errors are avoided widely. 

1. Introduction 
A detailed study of the mechanism of fission neutron emission is only possible on the 
base of a precise measurement of H(B,vtFf) (Pf-frsgment parameter set) or at least 
H(E,Ö) as recommended by an ИВА Consultants' meeting. 
Such investigations are important because of open fundamental questions (scission 
neutrons) as well as for practical purposes (development of models for the calculation 
of fission neutron spectra). Concerning asymmetric fission reactions, в is defined as 
the angle between neutron and light fragment direction commonly. In any case of Н(В,в) 
measurements, the determination of the fragment direction and the distinction between 
the light and the heavy fragment group have to be arranged. On principle, the following 
methods of the Н(Е,в) measurement can be applied! 

i) Detection of the fragments at a fixed directioni use of one neutron 
detector and consecutive measurement of the neutron energy spectra 
for selected angles. 

ii) As item i), but use of several neutron detectors (mnltldetectorsystem) 
to measure H(B,0) at the selected angle points simultaneously (Bef. *, 
but without distinction of light and heavy fragments). 

iii) Use of only one neutron detector and application of a direction-
sensitive method of fragment detection. 

The method according to item (ill) Implies the simultaneous measurement of the whole 
Н(В,в) distribution applying only one neutron detector. Systematic errors concerning 
the other methods are «voided obviously. Two papers concerning a type-(lii) experiment 
have been published recently.9'6 These arrangements rely on the use of a gridded ion 
twin chamber5 and a double-PPAC set-up (one position-sensitive) - to be described in 
this psper in more detail - respectively. 

The set-up of the fragment-neutron correlation experiment is illustrated in fig. 1 
schematically. A single PPAC located beside the fission sample 8 (5 a« normal distance) 
provides the tiaing (STOP) signal T-PFAC for the fragment time-of-flight (TOF) and the 
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neutron TOP —asureaent (ef. f ig . 2) . 

Hear* 1 
Schematic representation of the 
experiaeetal arrangement 

The position-sensitive parallel-plate avalanche 
counter PPAC(PS)' cooalsta of an anode with an area 
(35 x 180) am2 and the complementary electrode 
aubdived into 36 segments of 4.5 am width. Toe time 
difference between T-PPAC and the anode signal T-A is 
a measure of toe fragment TOP. 
The PPAC(PS) aagaent signals are coupled into a delay 
line inductively (220 ns naxinun delay) yielding the 

tine signal T-DL. Measuring the tine difference between T-A and T-DL one obtains the 
position signal which bears the information on fission-fragment (PP) direction. Two 
variants of the PPAC arrangement are used. The first one (variant I) covers а в range 
of */4 as illustrated in Pig. 1. In this case, the two neutron detectors H1 and B2 
consist of a VB213 scintillator (5" in diameter, 1,5" thickness) end a fast photo-
multiplier IP 2040. The neutron flight path is chosen to be 1.6 в to measure H(B,6) for 
neutron energies between 1 and 10 ИеУ. The normal distance between both PPAC amounts to 
170 am. 
Variant II*' is used to measure M(E,9) at low neutron energies (0.1 - 2 He?). In this 
case, the PPAC set-up covers a 0 range of '. Hence, the normal distance between both 
PPAC is lower (70 am). Two *E 912 scintillators (35 am in diameter, 5 ma thickness) 
viewed by 56 AVP photoaultipliers are located at a distance of 350 ma from the source. 
A chamber filled with low-pressure heptane (—ICKPa) encases the PPAC arrangement. The 
timing signala T-A, T-DL, and T-PPAC are obtained by fast discrimination of the amplified 
PPAC pulses. They act as input signals of the tiae-to-aaplitude converters (TAC) as 
illustrated in Pig. 2. 
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Figure 2 
Schema of signal 
processing and data 
acquisition. 
Dashed l ines represent 
logical signals. 

*) Present co-operation with tba Central Research Institute for Physics, 
Budapest (cf. Hef. 8) 
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If employing II 213 scintillator« for aeatroa detection, a/r-discrimiaation is used to 
smppress the background, la this case, D-D1 and D-D2 (Fig.2) are the neatron identifying 
slgmela including aaplltude discrimination, lae application of Li-glaaa acintillatora 
( O 912) enables aaplltude discrimination only (timing single-channel analysing). 
Я м logical signals are combined aa shown in K g . 2, i.e. the poaitioc-ADC (analogue-to-
digital converter) aa well aa the FF - TOF - ADC are only triggered if a neutron was 
detected by detector D1 or detector D2 (logical OB) in correlation with a fission event 
(coincidence units COIHC). Both neutron TOF words are combined to one digital word by an 
interface MI (standard interface SI 1.2). One bit bears the information on the detector 
number. 

3. Data acquisition a~« f t W T 
Fig. 2 represents the most important components of the data acquisition system. The 
three-parameter data (position, FF - TOF, neutron-TOF) are red by the computer IBS «201 
via a second MI and a DMA unit (direct memory access) into a buffer (double-buffer 
system working alternatively). Stent blocks corresponding to the buffer capacity are 
stored on magnetic disc. A display shows the deduced single spectra. Further, a two-
dimensional spectrum whose co-ordinates (data word numbers) have to be defined can be 
generated by a microprocessor-controlled system with a coulor 2D-display (made in 
C.I.U.R. Bossendorf) simultaneously. This "2D-device" la coupled to the AUS computer 
via DMA. It can also be used autonomously for the acquisition of two-dimensional spectra. 
The amplitude spectra of both neutron detectors (AMPL-H1 and AmPL-12, cf. Fig. 2) are 
also recorded by an analyser (PHA) for a continuous check-up of stability. The computer 
codes for the on-line data acquisition and the off-line data sorting hare been written 
in aasaabler language to guarantee а тегу high processing speed. 
All further analysis operations are performed at the IRS by the use of FORTRAH codes. 
The dividing line between heavy and light fragaent group to be set in the FF-TOF spectrum 
(cf. Fig. 3) is a function of FF-direction (position amplitude) due to toe position-
dependend FF flight path (cf. Fig. 1). Therefore, a corresponding channel limit table 
has to be determined using either the 2D-device (channel-marking mode) or a special 
computer code. The sorting code generates the two-dimensional (neutron TOF, position)-
spectra for both fragments groups on the baae of this table. 
The position spectra of all selected neutron energy intervale (cf. Fig. 4) are unfolded 
by the use of a rather simple Gaussian-fit algorithm. The peak area for a given FF 
direction (angle C) and a selected В interval divided by the PPAC(PS) segment efficiency 
(to be measured) is proportional to H(£,w). 

сьтм: numtr u* tot) 

1Я IK 
(Mittlen ««Mttrtfl 

Figure 3 
Typical FF-TOF-epectrum for a selected position. The arrow indicates the divi­ding point to distinguish between both fragaent groups (minimum point) 

Figure 4 
Typical position spectrum exhibiting 36 peaks which correspond to the PPAC(PS) segments 
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At present, the experimental arrangement described above is employed to measure the 
eaisaion probability fl(B,v) of neutrons from spoataaeoaa fiasioa of 2 5 2Cf. This reaction 
represents a "standard" subject for the study of fission neutron emission. The Figures 3 
aad 4 show typical single spectra (PF-tOF, position). The position spectra can be 
unfolded satisfactorily (resolved peaks). 
Dein,; the FF-TOP spectral for the distinction of both fragment groups a small part 
(2.5 *) of the fragments is not correctly classified for physical (FF-10F is a function 
of fragment kinetic energy per uucleou) as well as experimental reasons (time resolution). 
we estimated this effect concerning the uncertainty of the B(S,0) data for the two 
variants described in chapter 2 and found it to be of minor importance. 

Figure 5 
measured angular distributions 
of neutrons shown for selected В 
(parameter in BeY) 

Ion-concentrated Н(Б,в) data measured by the 
use of the variant-1 arrangement are shown 
in Fig. 5 (preliminary results of the first 
run, 3.1 deg angular resolution). The angu­
lar distributions represented for selected 
neutron energies consist of 120 angular 
points covering the «hole angular range. A 

reasonable data concentration is intended to be realized in the final analysis of all 
experiments. 
Bote that the two variants of experimental arrangements are adapted to the expected 
attributes of B(S,0) 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 
fragment groups. This is necessary due to the high emission anisotropics at high B. First 
experimental results concerning variant-I measurements have been discussed in Bef. 6. The 
data exhibit much higher anisotropics for neutron energies above 4 MeV than previous 
ones3»9. 
Further measurements and comprehensive comparisons between experiment and theory are in 
progress to make a contribution to the clarification of the picture of fission neutron 
emission. 
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HULTIPNWCTER MEASUSBBUS ON CHANGED PARTICLE ASSOCIATED FISSION OF 2 3 6U 

J.P. Theobald 

Institut für Kernphysik der Technischen Hochschule, D-61CO Darmstadt 

Abstract 

This is a report on two cUfferentjnultiparameter neasurenents on charged particle accompanied ther­
mal neutron induced fission of 2 9Ü: 
- a measurement of relative charged particle yields and their kinetic energy distributions with the 
fi*3ior. product separator "LOHENGRIN" 

and 
- a measurement of a complete set of kinematic parameters for fission fragments and associated 
alpha particles with the double torus ionization chamber "DIOGQJES". 

Both instruments are operated at the high flux reactor of the ILL in Grenoble. 

1. INTRODUCTION 

Light charged particles are emitted in seme permillage of the essentially binary fragmentations of 
spontaneously or induced fissioning nuclei. In about ninety percent of these cases the charged par­
ticle is a 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 figure 1. There is sane indication for the emission of 2 0O 1) and 21Ne 2). The s.arch 
for the double magic 10He was till now not successfull. This isotope can be considered as particle 
unstable 3)2)4). 
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Flg. 1 
Yields of observed light charged particles associating fission 

Bnissian nearly perpendicular to the fission direction 5J is called "äquatorial" that one into the 
fission direction "polar" 6). The latter one has been observed for alpha particles, protons, and 

tritons 7). Equatorial emission is followed by Coulomb focussing 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 tie 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 collaboration between the 

Technische Hochschule Darmstadt and the Centre d'Etudes Nucleaires de Bordeaux-Gradi<j:ian 

a) Measurement of the relative light charged particles yields 

Collaborators: 

G. Barreau, T.P, Doan, P. Roczon, в. Leroux, M. Matterer, С. Preuss, A. Sicre and 
K. Weingärtner 

b) Measurement of a complete set of kinematic parameters of LRA-f ission 

Collaborators: 

J. Pannlcke, M. Mutterer, P. Heeg, F. Kranke, К. Weingärtner, G. Barreau, В. Leroux 
and F. Gönnenwein 
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The experiments were performed at the high flux reactor of the "Institut Max von laue - Paul 
Langevin"(ILL) at Grenoble. 

2. THE YIELD HEASUBBCNT 
M a s - *nd energy distributions of light charged particles have been measured with the fission pro­
duct separator "LOHENGRIN" lo). It is an electromagnetic mass spectrometer which focusses fission 
products with a fixed ratio of mass number A to ionic charge q onto parabolas. Particles with 
different kinetic energies are displayed at different positions on these parabolas. Mass and en­
ergy resolutions А/ДА and Е/ДЕ are about 103. "LOHENGRIN" is shown in figure 2. 

Fig. 2 
The fission product separator "LOHENGRIN" 

In the focal plane the light charged particles are detected in а ДЕ/Е telescope of surface barrier 
detectors for Б and a AE proportional counter for nuclear charge identification. The telescope has 
a sensitive length of 52 cm and is presented in figure 3. 

Fig. 3 
The ЛЕ/Е detector telescope in the focal plane of "LOHENGRIN" 

Typical ДЕ/Е spectra as the one shown in Figure 4 for the case of A/q = 3 at E/q = 5.6 MeV allows 
a determination of the relative light particle yields, if all ionic charge states and complete en­
ergy distributions have been measured. This is not always possible due to the high voltage limita­
tion on the electric deflector of the spectrometer, which is around 700 kV. Incomplete energy dis­
tributions have been extrapolated wiHi Gausslans, lacking q-states by a method described in ref. 11) 
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(figure 5). Seme of the results are listed in table 1 together with previous data by A.A. vorcbyov 
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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11.3 Ю . 2 
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13.3 l O.t 
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Table 1 



2.1 Conclusions 
Fran 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 .юге frequent than odd 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 Z > 5 does not vary considerably 
iv) Bnission of particles as htcvy as Neon have been observed 
v) Yields of protons are covered by neutron-proton recoil products. 

Reliable yields of 12C and u 0 are also not available, as collisions of 
fission fragments with natural nuclei prohibit accurate yield measurements. 

vi) 10He is most probably particle unstable. 
vii) Heavier charged particles Z > 2 are created also in low excited states. 

3. TOE KINEMATIC PARAMETER reASOHBSMT 
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. 
№ have constructed the double torus ionization chamber "DI0C2NES" 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 twa 
chambers. The inner chamber measures fragment, the outer one and the proportional counters alpha 
particle parameters. 

POSITION SENSITIVE TARQET -
CATHODE 

POSITION SENSITIVE 
POSITION 

ENTRANCE-
yVINDOW I 

FHISCH-ORID 

Fig. 6 

BEAM TUBE 

Double torus ionization chamber "DIOCTNES" 
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, 
iii) two angles to define their flight path direction, 
iv) the light charged partible kinetic energy, 
v) their specific еглагду loss, 
vi) their flight pat.. Direction. 
Fran these quantities energy and angular distributions for alpha particles from mass, energy sepa­
rated main fragments can be deduced. 
Figure 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 • 10 irultiple coincidences have been recorded. Equatorial and polar 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 (equatorial emission). Fran these plots the most probable masses 

E polar = 

23.5± 0.4 MeV 

E-equ. = 

15.7 i0.4MeV 

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 

80 

I» 
1 4 0 

20 

% ' S> 10O 120 140 lfo 

120 

100 

I " 
1 «0 

' 40 

20 

0 

M 100 1» 140 1 

40 «0 10 100 120 40 «0 » 100 120 40 

Fragment mass (above) and energy (below) distributions for polar emission into the 
directions of the light (first colum) and the heavy (last colum) fragments and 
for equatorial emission (middle). Dotted lines represent binary fission. 
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<Mt> 
аШ1 

<M.> 
«Гц» 

<E t> 
ffn 

<E.> 
<*i» 

binory 
96.8 

5.8 
139.2 

5.8 
102.С 

5.5 
71.4 

7.7 

6=0* 
94.7 

6.6 
137.3 

6.6 
80.7 

4.9 
67.5 

5.8 

e»90* 
94.0 

5.6 
138.0 

5.6 
93.5 

5.2 
65.0 

6.5 

6-180' 
96.9 

6.2 
135.1 

6.2 
98.6 

5.9 
57.8 

7.0 

Table 2 
From our data a series of parameter correlations are available. As examples 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. 

24 

Fig. 9 
Most probable emission angles and widths of the angular 
distributions of LRA as function of main fragments mass 
ratio. 

Fig. 10 
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 1ДЛ 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. 
Дп interesting and encouraging paper on this subject has bean published recently by 
H.M.A. Badi et al. 14). We have tried an inverse trajectory calculation in a two center 
Coulomb plus nuclear potential. From the alpha particles final kinetic energies and 
eniseicn 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 emission. Finally spatial 
distributions of the starting points of the nascent particles are obtained and displayed in 
figures 11 and 12 for equatorial and polar emission respectively. The interfragment dis-
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tance distribution is shot« 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 completed. Mare general calculations are under way. 

* • — • — ' — • — 1 — • — • - — ' — • — -

* г 

» 
•-

1-

# • 

* • 

!' , , . n 
II ft ft ft к : 

i — i 

;i JH J f A ' A " A ' 
Fig. 13 
Interfragment distance distribution (in fin) 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 from the neck between the nascent frag­

ments. They can as well be emitted from the frarpient bodies close to the neck, where the frag­
ment-fragment interaction reduces the potential 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 tnat the 
heavy fragment mass peak is stabilized by the 82 spherical and the 88 deformed neutron shells. 
LRA fission of 2 3 SU has similar fragment mass distributions as 232Th binary fission. 

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

v) The most probable angle of alpha emission 0 approaches 90° + the fragment's recoil angle when the 
fragment mass asymmetry decreases. This effect is enhanced close to synmetric 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 
fragmentation 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. 

d) on polar emission 
i) Polar alpha emission is a process which can experimentally be separated from 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 barrier transparency of the poles caused by the relatively 
high surface curvature, 

ii) Polar alpha particles into the direction of the light and heavy fragments are emitted from the 
corresponding fragments. This observation excludes the possibility that polar particles are 
scattered from the neck region. 
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iii) The ratio of polar to equatorial alpha particle yields are 

for the emission into the direction of the light fragment (6a £ 25°) 0.0240 

for the emission into the direction of the heavy fragment (6a i 155°) 0.0080 

iv) A part of the recoil 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)F0r the understanding of LRA fission, for which multiparameter measurements hava provided com­

plete kinematic parameter sets it is essential to develop a quantum theory of alpha decay from 

fast changing nuclear potentials on the basis of a time dependent Schrädinger 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 firm slowly variable wave functions in the 

region of fast neck rupture 16). 
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TOTOM AND ALMA EMISSION M THITERNAftY FISSION OF THE AOMDES 

C. N I C Q U I B U , P. D-НОЮт, P. SCHILLEBKCUU. R. BRISSOT» 
1 Nuclear Physics Laboratory, B-9000 Gent, Belgium 
* SCX/COI, B-2*00 Hol, Belgium 
» Institut Laue-Langevin, F-38M2 Grenoble, France 

NrnftfiCt : The energy characteristics and the emission probabilities of the trltons and the 
(•-particles ealtted in the thermal neutron induced ternary fission of *"U, t*HJ, atpu, »ipu and 
»»Am have been studied using surface barrier 4E-E telescope detectors. Mithin the experimental 
uncertainties, E« and Et appear to be constant, but the widths or these distributions and the a 
and t emission probabilities seem to be correlated with V/k and with the constant for radio­
active «-decay x of the fissioning system. 

1. INTRODUCTION 

although the thermal neutron induced ternary fission оГ 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 systems and Intens* 
and clean thermal neutron beams. Taking profit of these neu possibilities, a study of the 
thermal neutron induced ternary fission of »41 has been performed by D'hondt et a l . » , with as 
most striking result the observation of a non-gaussian low-energy ta i l 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 distribution was confirmed by Caitucoli et a l .» (down to 2 HeV 
a-energy). By combining both measurements, a deviation of *6% with respect to a gaussian 
distribution has been determined ( f ig. 1). 

In the present experiments, the 
characteristics of the ternary a and triton 
emission in the thermal neutron induced 
fission of «W, zuu, M»put Mipu and "'Am 
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 
fairly small, allowing a good comparison of 
these characteristics as a function of Z 
and A of the fissioning nucleus. 

о ю 20 M 
E„ (Mtv) 

P i g . 1 Demonstration of the non-gaussian t a i l i n g i n the я*и(П|к ,Г) ternary a energy d i s t r i b u t i o n 

2 . MEASUREMENTS AMD RESULTS 

The measurements were performed a t the 87 > curved neutron guide a t the High Flux Reactor 
o f the I n s t i t u t e Laue-Langevin (Grenoble) . The f lux a t the sample pos i t ion was 6 x 10* 
neutrons/cm*.sec and the r a t i o o f slow neutrons to epithermal and f a s t neutrons was about 10«. 



So the background due to fast neutron induced reactions ыаз extremely small. The saa* can be 
said for the background due to photon Induced reactions, since the direct т-гау flux from the 
reactor was reduced by a factor of 10*. 

The ternary particles неге detected by means or a surface barrier &E-E telescope detector. 
Several fully depleted aE-detectors have been used with thicknesses around 30 urn, an active 
area of 300 am* and an energy resolution of about «0 keV for 5.5 NeV a's. The E-deteccor had a 
thickness of 700 «m, an active area of «50 am* and an energy resolution of 25 keV. after 
amplification, the detector signals were coded and coincident АЕ-Б data pairs were stored in a 
512 x 512 channels matrix of a №1CoOA700 computer with on-line data reduction. 

Three different types of experiments have been performed, starting with the ternary a 
energy distribution for **«U and ***Pu down to about 8 NeV «-energy. In all previous work, these 
reactions were studied with an absorber in between target and detector, resulting 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 iig/cm*, 
resulting in a negligible energy loss of the ternary a-partlcles in the target. These 
measurements clearly demonstrated that the » 0 and a*Pu(ntb,f) ternary a-partlcles have an 
energy distribution like that of **W(nu„f), i.e. deviating by about 6» from a gauss Ian shape. 

In the second group of experiments we determined the trlton-to-ternary a ratio (t/LRA) for 
nmj, м*ц, n»Pu and »<Pu(nu,,f). For M>ta(n,b,f), preliminary results have been obtained. During 
these experiments, the 4E-E detector was shielded with 30 щ of U , which was thick enough to 
stop the binary fission fragments and the a-particles emitted during the radioactive decay of 
the nuclei studied. In fig. 2 the energy distributions of the a-particles(a) and the tritons(b) 

((»•У) 

Fig. 2 Energy distributions of the ternary o-partloles(a) and trltons(b) emitted in the 
thermal neutron Induced ternary fission of 335U and »*>Pu. 



55 

emitted in the thermal neutron induced ternary fission of "41 and **>pu are shown. The full line 
represents a least squares gaussIan fit to the data points (in the L M ease, only points above 
12.5 Me* have been considered in the fit). Numerical values for the parameters of these 
distributions are given in table 1. In this table, also the t/LM ratios obtained from these 
measurements are given, including a correction of *it to the gaussian extrapolated UU-yield. 

Reaction 

***11*1ЦЬ 

MU+n» 

яаримць 

Mipu-мчь 

E«(MeV) 

15.8±0.1 

15.810.1 

1 5 . 9 Ю . 1 

15.910.1 

FVMl(Mei) 

9 . 7 1 0 . 1 

9 .510 .1 

10.010.1 

9 .810 .1 

Et(HeV) 

8 .310 .1 

8 .310 .1 

8 . 5 1 0 . 1 

8 . 4 1 0 . 1 

FWM(NeV) 

7 . 1 1 0 . 2 

6 . 8 1 0 . 2 

7 . 2 1 0 . 2 

6 . 9 Ю . 2 

t/LRA(») 

5 .2710.1» 

6.3510.1« 

6.»110.19 

7.6110.19 

LM/B(x10>) 

2 .1710 .07 

1.7010.03 

2 .2210 .07 

1.8610.05 

t /B(x10*) 

1 .1410.05 

1 . 0 8 1 0 . M 

1.4210.07 

1.4110.06 

Table 1 Summary of the tri ton and LRA energy characteristics and emission probabilities 

These t/LRA ratios can be converted into absolute tri ton emission rates once the U M yield 
is determined in an absolute way. This has been done very accurately for *»*U by D'hondt et 
al.», who obtained a value of 58919 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/LRA values for the 
thermal neutron induced ternary fission of язи, я»рц and J4,Pu relative to that of M*U. For 
KiAm(nu„f), preliminary results have been obtained. In table 1, the absolute tri ton 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 is beyond the scope of this paper. 
However, all the data are compatible with a constant 60- and Et- value, which is not the case 
for the FWHN and the yields. 

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

A correlation between T/B-values and ZVA was already observed by Nobles *> in 1962. The 
quantity ZVA appears in the liquid drop model as the ratio of the electrostatic to the surface 
energy of the drop. So ZVA is a measure of the fissllity of the fissioning system considered. 
Henee 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 4Z-A. Both methods have in 
common that the proton number Z of the fissioning system is the dominant factor. 
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Fig. 3 Absolute ternary a and triton yields and 
FWHM of the a(x) resp. triton(«) energy distribution 
as a function of ZVA and of -log A (A being the 
ground-state radioactive a-decay constant) of the 
fissioning system. Неге Л is given in year->. 

The observed Increase, fff Utt Hltft 
particle yield with increasing g/a 
can be understood as follows : Both 
the neutron yield and the ваза yield 
data show that e-particle emission 
occurs at the expense of the 
excitation energy of those fragments 
having the largest deformation energy 
at scission . So the light particle 
yield Increases with increasing 
deformation at scission. Since liquid 
drop model calculations show an 
increase in the deformation energy at 
scission with increasing ZVA, the 
observed increase of LRA/B and t/B 
with ZVA Is expected. In a very 
recent paper, Wild et al.*> found some 
evidence for a correlation between the 
ternary particles emission probability 
and the deformation energy for several 
spontaneously fissioning isotopes. 
Since the internal heating in the case 
of spontaneous fission is expected to 
be very small, they approximated the 
deformation potential energy at 
scission by 0 - <TKE>. Such an 
approximation is however not valid for 
thermal neutron induced fission, since 
the fission mode appears to be 
strongly damped below the barrier. 

For the observed Increase of the width of the LRf energy distribution with ZVA we propose 
the following explanation : From trajectory calculations we know that the broadening of the LRA 
energy distribution is due to the coulomb field that amplifies small differences occurring in 
the initial LRA kinetic energy spectrum. These initial differences result from fluctuations of 
the scission shapes (stretching modes) which became more Important with increasing deformation 
energy. Since the deformation energy increases with increasing ZVA, the observed correlation 
of the width of the LRA energy distribution with ZVA is not surprising. 

Since the yield of the light particles as well a.« the width of their energy distributions 
to vary with ZVA, we want to understand why the average energies E»and Etare 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 Boltzaann distribution 
with a temperature around 1.5 HeV. So the determining factors for the final LRA-energiea are 
the angle of emission of the particles and the focusing coulomb field between both fission 
fragments. Cuet et а1Л> for ЭДКпи, ,f) and Tsuji et ai.»> and Fluss et al.»> for »»Cf(s.f.) 
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determined the angular distribution of the UU-particles with respect to the light fission 
fragment. For both reactions a strongly peaked distribution has been observed with a Р И М of 
18.5", the most probable angle being 81.3* for *»u and M . 3 * for »*Cf. Apart froa this peak 
shift of 3*. also E , u a function of the angle of eaission is very similar in both cases. So 
the focusing couloab field as well as the conus in which the LRA-particles are emitted appear 
to be rather stable when going froa "ЧНпщ.Г) to M*Cf(s.f.). This stability is probably a 
consequence of the well-known stability of the heavy fragaent peak in the fission fragments 
•ass-distribution, which is mainly due to the spherical Z=50, N=82 and to the deformed N=88 
shells. Indeed, since Вн remains almost constant, this will also be the case for ZH, which has 
a strong impact on the coulomb field.The constancy of Z H for some of the fissioning systems 
considered is also illustrated in a very recent paper by Gonnenwein"» 

Finally, we "Mit to discuss the apparent correlation between the ternary fission 
characteristics and log A. The idea to interpret ternary fission as an a (or t, d, p, ...) 
decay of the fissioning systea during the last phase of the scission process has been forwarded 
by Carjanii). 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 8*(i.e. the 
probability of having an o-particle inside the nucleus). Since X=8*P/h (h being Planck's 
constant), a correlation between land the ternary a-emission probability is likely to occur in 
the framework of Carjan's model, although the A-values used in fig. 3 are for ground-state 
transitions and the (n^.f) reactions considered are leading to a fissioning system in an 
excited state. 

However, the parameters ZVA and Лаге not fullv uncorrelated. From a least-squares 
adjustment in the region 84SZS98, Viola and Seaborg"* determined a semi-empirical relation 
between A and Z : log 0.693-log A= (2.11 Z-48.99) Q. •« -(0.39 Z+16.95), Abeing in sec-1 and 0, 
being in HeV. So clearly Z is a common parameter in ZVA as well as in -logA. This makes the 
Interpretation of the results not easier. 
The apparent correlation between the ternary fission characteristics and log A could be 
interpreted as giving evidence to Carjan's model, in which the a-penetrabllity plays a 
prominent role. The Z-dependency of A and the correlation of the ternary fission 
characteristics with ZVA 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. 

REFERENCES 

(1) P. D'hondt et al., Nucl. Phys. A 303(1978) 275 and A 346(1980) 461 
(2) F. Caitucoli et al., Z. Phys. A 298(1980) 219 
(3) C. Hagemans et al., Nucl. Phys. A 369(1981) 1 
(4) R. Nobles, Phys. Rev. 126(1962) 1508 
(5) I. Halpern, Ann. Rev. of Nucl. Sc. £1(1971) 245 
(6) J. Wild et al., Phys. Rev. С 32(1985) 488 
(7) С. Guet et al., Nucl. Phys. A 314(1979) 1 
(8) K. Tsuji et al., Proc. Symp. on Phys. and Chem. of Fission, Rochester (1973) p. 405 
(9) И. Fluss et al., Phys. Rev. C_I(1973) 353 
(10) F. Gönnenwein, Proc. Int. Conf. on Nucl. Data for Basic and Applied Silence, 

Santa Fe(1985) 
(11) N. Cärjan, J. de Phys. 31(1976) 1279 
(12) V. Viola and G. Seaborg, J. Inorg. Nucl. Chem. 220966) 741 



58 

RESONANCE PARAMETERS OP JU-239 П ТНБ RESOLVES AND uNRBSOLVBD 
RBSONANCB REGION 

N. Jane та, Znatltuta for Nuclear Research and Nuclear Energy, 
Boul. Lenin 72, Sofia 1784, Bulgaria 

ABSTRACT 
The new approach to tha multilevel analyala of Pu-239 neutron croee sec-tiona in the reaolred and unresolved reaonanoe region ia praaanted. Tha raaonanea parameters and their areraga value» in tha unresolved resonance energy have been obtained. 
This presentation summarizes the raaulta obtained in cooperation between 

the group of Dr. Vankov from the Institute of Physios and Power Engineering, 
Obninak, USSR, and our group in Sofia. Tha results ware briefly preaentad at the 
Santa Fe Nuclear Data Conference' 'for the resolved resonance region and in some 

/2 э/ papers'"" for unresolved resonance region. 
In the resolved resonance region the new approach to the multilevel 

analysis, based on the S-matrix unitarity property, ia developed. The collision 
matrix elements for given total momentum J are 

where width amplitude >c< and level energy £«.= IV*"1 ̂  are complex values. Sum­

ming of £("J) comprises the same level system. 

The total cross section is a sum of Breit-Wigner terms 

У {Р*-Цг - Л (2) 
where Ü (&«•• «<H^) = Ц& r*" etP l- Л-Р*.). <Гр*= </ Л k*ft(3) &i" V n 
is the potential cross section ( f.n - phase not depending on J). 

The observed cross section in the resolved resonance region is a sum 
of two level Systeme with J - 1 and О С [г) -- (r'(E)-t <y"(t) . Broadening with 
Gaussian kernel of total oroas section (2) leads to the expression: 

m.<rp . . f t z BEfp£$ • * *(йй,л.)} <» 

2 2 i 
where Д = Д е + Лт , Дй. - dispersion of tha resolution function, Дт - Doppler 
broadening,t and X are Voigt profiles. 

Using the unitarity properties In tha frame of tha S-matrix formalism, 
we obtain ~Vf~V "-Jl~ V 
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from (4) «а вата tha following general relation between the reaonance 
parametera: . , ^ M% *ft 

L^I^S»''?* (5) 
Proa tha unitarity properties of the 3-natrix also follows: 

i-is^.ll= I- is**!1 (6) 

the relation (2) for ш total eroee весtion leads to 

r <l sin P * I n L -

rKn*{tuf(tK+a*.) <e> 
Comparing (5) and (7)« we obtain 

This ia an unambiguous relation between the Adler-Adler parameters for the total 
eroaa section and Гкп (when the phase is known). 

•fhe reaction cross section is given by the expression 
0;.|S,.|4l^y'^»f^ (9) 

where ^< and n«. are Adler-Adler parameters for the reaction C. 
this gives us the relation 

Un '*c '*'C 'k!n •< -c -л l -^~ &K • *H* = **•£ ^ у (10) 
16 tic' " C * 

or with the same meaning 

Prom (8) and (11), wa obtain 

Analogously, tha parameters of the absorption cross section 0"Q_ are de­
termined: 

c^C-e^^-Z r# -it '* v " ^ б? - £. (13) 

The absorption cross section ̂  li a sum of fission ÖJ and capture & r 

cross sections. Wo пате the corresponding set of capture parameters: 

We elaborated the practical scheme for constructing the ™?u neutron 
cross saotlons for absorption, capture and elastic scattering, using the resonan­
ce paraaetera of total and fission cross seotlons only. We performed the multi­
level analysis of the total cross section In the energy region up to 500 eV 
using tha experimental data from '*' with the complementary Information about 
the level spin and the parameters from one-level analysis' •". Our set of para­
mo tore &K , Чс , *» , fn- with dj» « 11,3 reproduce the detailed resonance 



60 

structure of the total cross section in this region (see Fig. 1). 

•-Й1 "Л. 

239 Figure 1. Total cross section of Fu: A - experimental points and 
multilevel parametrization (-) and calculated multilevel 
elastic scattering cross section. 

The elastic scattering сговв section has the same form 

? * ff.-«* + tf 
where »J. and M_ can be obtained as a difference 

S, - tf He = WK-He 

(15) 

(16) 
239т, We performed the multilevel analysis of Fu fission cross section using 

the experimental data from . 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 ™ P u neutron cross sections are shown constructed 
by the use of the total and fission cross sections parameters. This result has 

/7/ 
been compared with the experimental data from ''' 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 ™ P u neutron cross sections in the frame of the Rich-Moore 

/8/ R-matrlx scheme . The authors of this work transformed their parameters into 
the Adler-Adler ones in the energy region 0 - 4 5 eV. Generally, these parameters 
are in good agreement with our results. The parameters {• and v agree very well, 

If V 

which is to be expected. In the set of G and G parameters, the discrepancy is 
less than 20% with the exception of 3 levels in the end of the interval. There is 
a significant disagreement between results of two works about the parameters H T 

and IT. 
Practically, the realisation of our scheme is connected with a number of 
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itidwHjs^^-J'sj?' 
«w TL •R, 

б^-Ю* 

Figure 2. Reutron absorption ((%,), radiative capture ( Oy) and fission 
( QJ) cross sections: л experimental points, (-) multilevel 
parametrissation. 

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 sectlcns resonance parameters. Nevertheless, unitarity gives 
additional ponsibilities for resolving the common problem in multilevel analysis 
which is the mique 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-matrix , whose elements for the 
state with given total momentum ares 

V*r ***•' (17) R'c.c" ix-€ - ifflü' 
her* tfjc Is the reduoed width amplitude in the reaction channel С, Ел — level 
energy, rj- - mean radiative width. 

It is convenient to use the K-matrlx related to collision S-matrix by 
Sz€l'f[u*ii)(i-ik)-'}e;i'e (18) 

Including the values fixe-hol*с (normally distributed) and (£>-£>-<] /j> 

(following Wlgner distribution law), the K-matrix elements are expressed as: 

3) Ъ^*± bed 
3) 

(19) 
Then the neutron cross sections are 

1 ° e-t'f v * (20) 
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* 9 W ' (20) 
Cfc*u*2Z<frft)I p-s^.r-e'e'l* 

Inelastic scattering at В < 20 KeV is neglected. The radiative capture cross 
seoticn due to the S-matrix unltarlty properties la detemined 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 contributions of S 
and f neutrons are accounted for. The parameters П, and fg, , which depend on 
are expressed as usual: 

f. * bio, (21) 

Y, -. lcU,-orcfy(i6l.); 

ПЛ* = 1)в CK?V4. 
V„ t v4 are the penetrative coefficients for 5 and p neutrons, R., , Zi are the 

potential scattering radii for 5 and p neutrons, assumed to be equal. 
In our approach some problems of the ladder method are overcome using a 

new idea. For the Doppler broadening calculation we use the following procedure. 
'.Ve employ the statistical sampling in the form of multiple "emission" of neutrons 
at the energy points of a uniform lethargy mesh with spacing nw . This permits 
us to avoid the point-to-point quadrature. A "run" will mean a set of random 
sampling statistics in the total interval &U , 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, 
a 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 parity. Information about a 
given realization Is stored in the computers memory. 

The probability table method Is applied for calculation of mean cross 
sections Junctionals. The distribution function of total cross section p(Gt) and 
correlation function C% (o^) are stored too. If these functions are available, 
it is easy to calculate any functional f" (°t, 0%) 

< F> - 5f (O't,0'*) РЮч)С<<Ге (22) 
The estimates of calculated functional dispersions were determined in 

the following way: 
D F - < P 2 ? - <П2 (23) 
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The average resonance parameters values У .which are the parameters of a 
neutron cross section model, are evaluated on the basis of experimental data Y 
for average cross sections and transmission functions using statistical proce­
dure (Bajes approach). The a posteriori estimate of the parameters is giving by 
expressions: 

Ь (*) *J>(xar) - D(<TJ kT[KDH°*r)*' +W)J'' ICD *°*, 
(24) 

here -D is covexiance matrix, К - matrix of sensitivity coefficients. 
The Monte-Karlо calculation of the functional« has been performed simul­

taneously with that of the sensitivity coefficient at the same random samplings 
of resonance. The optimisation expression needs sensitivity coefficients of 
funetionals to parameters: 

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

J)(C)«K TDl*)K, (26) 
°s± I Si 

239т: We used the Monte-Carlo modelling of neutron cross sections of jyPu, 
Bayeeeian optimisation procedure and our experimental data' ' for transmission 
end self-identification in fission and obtained the average values of the resonan­
ce parameters of this nucleus in the energy interval 2 eV - 20 keV. On Fig. 3 
the fit to the experimental data for transmission and self-identification is 
shown. 

•fcTw 

а М1»»#ш»«<Л1| 

Figure 3. Transmission Tin) and self-identifioatlon Tjt"") for 239Pu, 
^- Tl") experiment, l-T^ (,vi) experiment. 



239 The mean values of Pu resonance paramters are given on ГаЬ1е 1. 
The energy dependence of parameters K- and If are presented in ТаЪ1е 2. 

Table 1 
A posteriori estimation of the averaged resonance 
parameters ot VJPu not depending of the energy 

f 
0 + 

1 + 

0" 

1 " 

2" 

J)(el/J 

9,34 

3,17 

9,34 

3,17 

1,96 

rri«e«0 

39,5 

39,5 

39,5 

39,5 

39,5 

S„.iC 

0,982 

0,982 

2,17 

2,17 

2,17 

h**J 
1,83 

vex 

0,01 

1,021 

0,614 

h 

0,8 

1 

1 

0,5 

0,5 

*» 

0,2 

0 

0 

0,5 

0,5 

V. 

1 

1 

1 

2 

1 

Л 

2 

1 

1 

2 

2 

Table 2 
A posteriori estimation of the averaged resonance 
parameters of «Эри depending on the energy 

No.gr. (4BBIV) £($„) ^("Ч?"- 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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Technische Universität Dresden, Dresden, GOR 
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jbetrecti 
The measurement of chemically induced shifts of neutron resonances provides information 
•bout the mean-square charge radii of nuclei at excitation energies around the neutron 
binding energies. Shifts «ere determined in neutron transmission spectra measured with 
tiae-of-flight technique at the Dubna pulsed reactor for several chemical uranium 
compounds , and analysed for ten low-energy resonances of 234ц, 235ü and 238u. 

1. Introduction 

Beutron resonances of a nuclide inserted in different chemical compounds ar» slightly 
shifted as a result of the electric hyperfiue interaction energy between the nucleus and 
the surrounding electrons. For two samples,I and II, the positions of a considered 
resonance differ approximately by 

A&o-ft • z -AP9(0) . J<r2> , CD 

with 4 $ в ( 0 ) « 4*ei(°) - $ e i i ( ° ) being the difference of the electron densities in the 
nuclear region, Z i s the proton number of the nucleus, and4{r ) i s the change of i t s 
mean-square charge radius due to neutron capture. 

This neutron resonance shift i s an analogen of the well-known Messbauer isomer-shift. 
Measurements of isomer shifts have been provided information about the mean-square radii 
of many excited nuclear states having energies d. 200 keV. In the case of chemically 
induced neutron resonance shifts the states investigated have excitation energies l i t t l e 
above the neutron binding energies. There are no other experimental data on the / r \ 
of so relatively high excited compound-nucleus s tates . Their structure determines at 
actlnide nuclei such important properties as the fission widths. 

Chemically induced shifts are very small compared to the widths of the resonances. 
• crude estimate shows under favourable conditions and withjj^r ^ / ( г Ч * 0.01 for the 
shifts Д \ Ы 10 «MV at mass numbers А|м150 and й% •* 100/ueV at A « 2 0 0 , 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 fron different Doppler broadenings of the 
resonances observed in samples of different crystalline structures. Any influence of 
shape differences on shifts of the resonances must be carefully eliminated. 
Hitherto measurements of chemically shifts of neutron resonances were accomplished for 
the 5.2 eV resonance of -3 U, the 6.7 eV resonance of -* )̂ and eight resonances of 2-"U 
/1 ,2 / . 

2. Experiment 

Transmission 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 ШЕ-40 / 3 / . with 
a fl ight path of about 60 m and a time resolution of 4yusi the energy resolution lay 
between 2 and 80 meV in the energy region of interest from 1 to 12 eV. The samples of 
metallic U, U02, U-0e ana U0, used for investigations of 235U and 234U resonances, were 



enriched in 235u to about 90 %. 
Searching for differences, two or three samples were measured quasi-siaultaneously by 
dividing the time of about 400 h necessary for sufficient s tat i s t ica l accuracy into 
short-time runs of about five miautee with automatic sample alternation. A minicomputer-
operated spectrometer allowed also to inspect after each short-time run the obtained 
spectrum and data from a neutron-beam monitor, a timer, and a reactor-pulse counter. 
Only those spectra were accumulated for which the experimental conditions were identical 
to within a few percent as compared with the preceding runs. 
A tantalum fo i l of about 0.1 am thickness was permanently placed in the neutron beam, in 
addition to the uranium samples. The la-resonances observed la the transmission spectra 
of the different uranium compounds, were analysed in the same way as the U-resonances, 
so that possible shifts and other differences between the measured spectra,with the 
exception of those attributed to the uranium samples, were revealed. 
The spectrometer arrangement i s shown in Pig. 1; one of the spectra obtained i s presented 
in Fig. 2. 

Fi«. 1 
Experimente! arrangement. 

LUE-AO 
L-50-60 m-j 

I and 11, Uranium samples; R, reference sample; 
D, Li-glass scintillation detector; 
M, BF,-counter as monitor. 

[«•i 
gig- 2 
Time-of-flight spectrum obtained with an 
uranium sample enriched iu -"U to about 
90 %. The widths of the time channels t are 
2 AB for t 4. 256 and Ayns for t fc 236. 

3. Analysis of the spectra 

Two Aethods were used to extract the chemical shifts from the spectra obtained in the 
measurements. 

The f i r s t method applied to a l l uranium resonances analysed in the presented work, i s 
based on the comparison of the resonance positions in the transmission spectra Hj and 
" i l °* * a e t w o 8 a m Pl e e I aQd II» respectively, by a least-square f i t ; 

•jjCt) - A [ H n ( t • J t e x p ) • HB] , 

minimizing 

HT(t) • HTT(t; 

«e. 

*2 fop - i^o; 
* t-t. •!<*>• •n(t) 

(2) 

(3) 

for a given channel range (t^,..^) with variation of the resonance position difference 
^ t and of the parameters A and H B taking into account small differences in the 
transmitted neutron beam and background intensities, respectively. 



To eliminate contributions in «tt^— arising fron different resonance shapes caused first 
of all by different Doppler broadenings, a corresponding pair of transmission spectra, 
Cj(t) and C J J O ) , «as calculated, having the sane shape differences as *j(t) and И ц ( 0 
but no eheaieal resonance shifts. Then, the fit (2) and (3) carried out with the spectra 
Cj and CJJ, yields a shift value A tlT which results together with eft in the desired 
chemical shift 

A * 0 - -2.77 • Ю " 2 - E / 2 (А*щ - «*1т)/Ь , (*) 

with the resonance energy &0 and «*EQ in eV, the f l ight path L in a, and the At in ate. 

The calculations of Cj and CJJ include different Doppler broadenings in both samples 
/ 1 , 2 / , spectrum shape of the open beam (without 4uraoium sample),background spectrum, 
sample thickness,detector dead-time, resolution function of the spectrometer, and f in i te 
time-channel widths. 

The At, were of the seme order of magnitude as the * 1 * в з ш - I a the second method,where 
the chemically induced shifts were extracted as center-of-resonance-shifts A&a

 o f t a e 

cross sections deduced from the transmission spectra, the influence of different Doppler 
broadeniogs on A$a la тегу much smaller. But this method can be applied only at well 
separated resonances and demands a more careful determination of the open-beam and toe 
Background spectra.—«» center-of-resonance shift i s used as 

? Ep В« 

E« ' °RI< V ' djäh " f \ ' W V • ^n / f °RI< V 
™n , «) 

where the O R C ^ ) are the resonance parts of the cross sections for which at the limits 
of integration holds 

OJJCR,) ft OgCE^e» 0. (6) 

Because the mean kinetic energies of the uranium atoms (mass number A) in the different 
crystal latt ices can be different Ъ у 4 { $ к } , a shift A \ / 4 , 5 / should be taken into 
account; 

A\ ' -4<6k> / О-*), (7) 

with which the chemically induced shift follows as 

As0 - Asc - A\. (8) 

But, with - M > J { £ ) • ' 2 e ) ( £ k } f r 0 B Hefs. /1,2/ , A&g. i s for uranium samples at equal 
temperatures (T • 293 I ) smaller than 5/UeV in a l l cases and nay be neglected, 

». Determination of electron density differeacaa 

To determine the nuclear mean-square radius change ^ / r V from the chemical shifts ДЕО> 

the electron density differences A 9 e ( ° ) must be known. 
This problem was solved in the framework of a generalized free-ion model with occupation 
numbers 7 , of the nl valence electrons not restricted to integer values. 
This model was used to connect experimental chemical X-ray shifts A&x with the desired 
electron density differences A $»(° ) f 
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* * - Ь № o l - < ( 9 ) 

4 $ . « ) ) « ^ » „ j - d j j - w , (10) 

with OPQ^ as effective occupation nuaber differences for chemical compounds of different 
oxidation numbers, and 6u f t denotes the changes of the electron densities in the nuclear 
region caused by completely removing one nl valence electron. These values «ere calculated 
in the framework of re lat iv is t ic Hartree-Fock-Slater-calculations. 
The results for J j e ( 0 ) are l i s t e t in Table 1. 

Table 1 

Electron density differences 

samples 4 в е (О) 

Ü 

uo3 

U3°8 
ü 3°8 

uo3 

uo3 

uo3 

I 

U02(N03)2 , 

ov H20 

ио2(ко3)2 , 

. 6H20 

. 6H20 

I I 

uo2 

°3°8 
D 

то2 
Ü 

oo2 

u*4 • н2о 
и 
uo2 
uo3 

[*Г* 

2.8 

3.1 

3.5 

6.3 

6.6 

9.4 

8.7 

6.8 

0.8 

0.2 

± 
• 

• 

+ 

+ 

+ 

• 

• 

+ 

• 

cm-3] 

2.5 

1.2 

2 .2 

1.6 

3 .0 

2 .0 

2 .0 

3 .0 

0 .3 

1.0 

These results are in agreement with <d0e(O) data from Hössbauer isooer-sbift measurements 
with the neighbouring element Neptunium / 1 / . 

5t geaaltB 

Hth the experimental Л\ and the 4 0 e ( 0 ) data, the mean-square charge radius changes 
At,* ) *«*• determined according to equ. (1) by least-square f i t s with straight l ines 
through the origin. 
They are given in Table 2 
For discussions of the changes of the mean-square charge radii with excitation energy, 
the A (T ) m u 8 t De reduced by the differences of the mean-square charge radii between 
the ground-states of target and compound nuclei. They «ere deduced from optical isotope 
shifts / 6 / and amount to • 0,05 ± 0.02 fm2 when adding a neutron to 2^*U or Z^8U and 
• 0.10 ± 0.03 fm2 in the case of the 2 ^ ц target nucleus. These reduced values A(i?) 
are also presented in Table 2. 
The average of the eight data for ^ U compound-nucleus states i s 

A < O n " -0.18 i 0.10 fmz. 
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A comparison of this result with a theoretical prediction and a discussion of a dependence 
of t o « 4 { r 2 ^ n on the f i s s ion widths of the resonance states i s given in an other 
contribution to this cjTspoeiua / 7 / . 

laMe_2 
Mean-square charge radius changes 

Target 
nuclide 

Resonance A(x2) i^r2)« 

234ц 

235П 

235,, 

235 n 

235и 

235„ 

235 и 

235ц 

235„ 

238 0 

5.16 

1.14 

2.03 

3.15 

3.61 

4.85 

3.77 

11.67 

12.39 

6.67 

0.O2 / 9 / 

107 

11 

юз 
53 

4 

98 

6 

23 

10~ 5 / 1 0 / 

-0 .41 • 0.25 

•0 .01 + 0.22 

- 0 . 1 3 ± 0.21 

• 0 . 2 0 + 0.48 

•0 .02 • 0.25 

- 0 . 5 2 • 0.25 

+0.09 ± 0.26 

- 0 . 2 4 + 0.29 

•0 .25 + 0.31 

- 1 . 7 + 0.5 

- 0 . 4 6 + 0.25 

- 0 . 0 9 + 0.22 

- 0 . 2 3 ± 0.21 

•0 .10 + 0.48 

- 0 . 0 8 + 0.25 

- 0 . 6 2 + 0.25 

-0 .01 • 0.26 

- 0 . 3 4 + 0.29 

•0 .15 + 0.31 

-1 .75 ± 0.5 
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Joint Institute for Nuclear Besearch, Dubna, USSH 

Abstract 

Experimentally determined mean-square charge radii of 
236ц 

compound-nucleus states excited by neutron resonance absorption in 235u, show an average a weak diminution as compared with the ground state data. A correlation of the < г > with the fission widths of the states seeas to appear. An atteapt is made to discuss this correlation in the frame of the double-humped barrier model successfully used to describe subthreshold fission. The <r2> data are used to estimate the fraction of class II configurations in the excited compound-nucleus states with different fission widths. 
1. Introduction 
Measurements of chemically induced shifts of neutron resonances provide data on the mean-
square charge radii ( < г ) ) of nuclear states having excitation energies of about the 
neutron binding energy /1/. Shifts between uranium compounds determined with the intense 

—4 
neutron beam of the Dubna pulsed rea< or, were up to soae 10 ^ eV only, that i s very 
small compared for example to the widths of the resonances typically being about 10~1 eV. 
Hitherto, such measurements were accomplished for the 6.7 eV resonance of 238U / 2 / , the 
5.2 eV resonance of 3 U / 3 / and 8 low-energy resonances of -"U / 3 / . The data obtained 
on -^U are especially of interest because resonances were simultaneously measured having 
very different f iss ion widths ( f l ) , so that inspite of the small values coapared to the 

2 
experimental uncertainties, an attempt can be made to discuss a correlation of t h e { r > 
with the i"V of the excited states. This i s done in chapter 3 in the frame of the double-2 humped barrier model, whereas the average of all <r > i s compared in chapter 2 with a 
s ta t i s t i ca l model calculation. 
g- frp«rlmental results and comparison with s tat i s t ica l model calculation 

2 235 
The changes of <r > by resonance neutron capture in -^U were deduced from chemically 
induced resonance shifts in Ref. /3/. Taking into account the difference of <r > between 
the ground states of 3^J and -"U /4/, the differences of (r > between excited compound 
nucleus states of ^ U and its ground state (Д< r > Q ) are obtained. ТпеД( r2 > n of all 
investigated resonances (EQ -1.2 eV, 2.0 eV, 3.1 eV, 3.6 eV, 4.8 eV, 8.8 eV, 11.7 eV and 
12.4 eV) are presented in Fig. 1. The error bars include uncertainties arising from both 
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the s tat i s t ica l errors of the aeaaared spectra and systematical uncertainties in the data 
redaction procedure. 
Kw experimental results show that the <r>_ of the excited compound-nucleus states are 
different from the «round-state value. { r > Q 0 • 33.8 fm / 4 / , only by 2 * or lese . 
The average of al l data i s ^ < r z > n - -0.18 + 0.10 fa 2 . A diminution of <r2>Q with the 
excitation energy can not be understood in the frame of an ideal Fermi-gas. Bunatian / 5 / 
used a s tat i s t ica l model with interaction in the particle-hole channel and with pair-
correlation. At temperatures corresponding to the neutron binding energy, he found 
Д \ г / a w * ~ ° f 1 fm , in good agreement with the experimental result . The negative sign i s 
attributed in this work to a release of the pair-correlation. 

Fig. 1 also suggests a possible correlation between A{r > n and 1^. The average of the 
A ( r > n for the states with larger f iss ion widths, i f ^ ^ * P r С The radiation widths are 
P Si 35 me V.), i s A C ^ > n f > * ~°«0 2 ± 0»12 f»2t whereas those for the states with smaller 
fission widths« f f ^2*1ГГ» *• A { r 2 ^ n f < • -0.38 + 0.14 fm . The quoted uncertainties 
include a systematical contribution of about 0.06 fm2 in both cases, so that the 
dependence of the averages on 1^ i s significant with about the halves of the given error 
intervals. 

3. mean-square radii and f iss ion widths 

The experimental data on A^r )„ suggest that in compound-nucleus states with larger 
f ission widths, configurations or components contribute which enlarge A£r У n . 
Subthreshold f iss ion processes are understood in the frame of the double-humped barrier 
model with wave functions partitioned into two classes of configurations, class I and 
class II , attributed to the f irs t and second well, respectively / 6 , 7 / , 

» I n ' * ! + a I l n ' X n (1) 

An i l lustration to the U barriers i s given in Fig. 2. 

E* 
[MeV] 

8 

B ' ^ 6 

L 

2 
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\¥/\ 
Ед Е„ 
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Ев \ 

236,, №» г 
Deformation potential of the '-"TJ 
nucleus. The excitation energy 
corresponding to the neutron 
binding energy is indicated by a 
dashed line. 

DEFORMATION 

At subbarrier fission, configurations 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 both < r > n and f^, independently from each other. 
In the present case, states about 1 *>V above the barriers are excited. The correlation 
of the A<r 2> with Г^ should be an indication that at this energy the mixing is not 
very strong. This is in agreement with investigations of the fission cross section of 
2^'ü-m in the unresolved resonance region where Moore et al. /8/ interprete a pronounced 
intermediate structure in the same way that has been used to describe structure in sub­
threshold fission. 
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following this picture, the admixture «x in^H v o u l d &• dominating for the fisaioa 
probability whereas jfj describes the typical behaviour of capture resonances. Then, a 
simple relation between Bean-square radii of class I and class II configurations, < r2 > j 
and ( * >ц> and measured values of A < r > for resonances i and j , respectively, may be 
deduced /9 /s 

«K^>B 1-A^> l d*u ' H i »IIj 
r) • ( < r z > II < r 2 > x ) ( 2 ) 

Terms a s / x T / r / XVT } are neglected in this rough estimate. The difference (&2>TT -
<г*>т.) may be evaluated with (5.1 + 0.2) fm* as found for i4Uim /10 / . UsingA<r*> of 
the 4.8 «V resonance which has a fission width of only 4 meV, as reference ( j ) , the 
admixture coefficient differences shown in Fig. 3, are obtained. 

Differences of coefficients for 
the admixture of class II 
configurations in compound-
nucleus states in dependence on 
their f ission widths (»+<) and 
equ. (3) with the indicated Г 

). Ilf 

Г, ImtVj 

о.Л 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/, one can find the relation 

Vt 
»II* (Г1 +Г1 Г2Д).^/Ги l Гт+Гп-Ъ h L 

( exp(1- Г1+Гц ) - 1 ) ] • (3) 

Гт and PJJ are the total widths of class I and class II states; Г11£ is the class II 
state fission width; I\ is the total width of the neutron resonance. 
With fj-r » Г 1 , Г^, the leading term in eq. (3) gives the transparent estimate 
«^• i f / r I I f . 

If the spacing of the S -wave class II states DJJ would be larger than Гц> о м could 
assume that all compound-nucleus states investigated here (Their differences in E* are 
smaller than 12 eV.), couple with the same class II state or only with the same small 
group of class II states. Assuming equal IJj^ and i^j for this compound-nucleus states, 
their individual fission widths f f would arise from the coupling strengths between 
class I and class II configurations in these states, 

*II 
(4) 

A comparison of the data obtained on А а ц
2 , with expression (3) by means of the least-

square method yields values for Г11£ of 1 to 5 eV (Fig. 3 ) . With respect to Г ц » the 
fit is insensitive. 
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On the other hand, an estimate of average widths of class II states can be obtained with 
expressions like the Bohr - wheeler foimula /6/t 

£L*^-'B (5) 
2% 

and 

Гт* • 2 ц . -А се) 11 2* 

where H A and B"B are the effectire numbers of transition states at barrier A and B, 
respectively. 
D X I is found to be 210 ± 70 eV /8/. The analysis of fluctuations of Ц together with data 
on the barrier highs (EfMEg) provide an estimate for Нд*гНв»2...Э, and finally 
fJIf»1/2»f^I*50...120 eV. 
The Гц± end i*ii °* *a* 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, classified into class I and class II components, as 
done to describe structures in subthreshold fission cross sections, yields an increase of 
{ r > with increasing/^ as observed in the presented experimental data. But, using 
barrier paramenters obtained in other experiments, in the statistical average this 
increase should be smaller by one or even two orders of magnitude. In principle, large 
statisticü. fluctuations are possible for a Porter-Thomas distribution. 
On the other hand, it can not be excluded that the observed correlation of .the <r > Q with 
the /J are in connection with any other phenomenon not discussed in the frame of the 
model. 
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TEMPERATURE SHIM OF НЕЦГЕЮН RESONANCES 

V.K. Ignatovich, A. Meieter, S. Mittag, V. Pils, D. Seeliger, K. Seidel 
Technische Universität Dresden, Dresden, GDB 
Joint Institute for Nuclear Research, Dubna, USSR 

Abstract г 
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 shifts observed for the f i r s t time, are 
regarded as an analogue to the second-order Doppler effect in Mössbauer 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 nuclei (neutron width, f i ss ion width, capture 
width e tc . ) and the thermal motion of the target atoms relative to the incident neutrons. 
Therefore, high-resolution spectroscopy of neutron resonances gives also insight into 
interactions of the atoms with their eurrounding. The most striking effect of the thermal 
motion i s the Doppler broadening of the resonances described al-Mady in 1937 by Bethe and 
Flaczek / 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 
r-rays / 3 , 4 / . It was shown by Mössbauer spectroscopy that the y-peak i s shifted i f the 
temperatures of absorber ( T ) and emitter (T.) are different: 

whece^Cgjj) * (&ь) а ~ $ k } e i s * a e ^ ^ ^ в г е а с е o f t a e m e a n l u e t i c energies of the 
absorber and of the emitter atoms which ie at high temperatures « 3 / 2 • kg • (Ta - T0)t 
II i s the atomic mass and kg i s the Boltzmann constant. 
If eq. (1) i s formally transformed to the absorption of neutrons, a corresponding neutron 
resonance should be temperature-dependent shifted by / 5 / 

*\ " A M&J • <•*> 
where A is the mass number of the absorbing atoms related to the neutron mass number. 
However, in contrast to Mössbauer—f-peake, neutron resonances have widths Г ф З В ц and are 
Doppler broadened; that means, a i-ecoilless component is not separately observed. In this 
case, the resonance position may be defined as 

~n - J "в <V ' \ • dEn / Г °R(V 
E1 / B,, 

dEa . (3) 

where aR is tho resonance part of the cross section and &,, E2 are choosen so that 
oH(E1)aj <jR(E2)a> 0. 
Then, the temperature shift follows as 

4 E Ta»B n(T 2) - E^T,,). (4) 
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theoretical considerations / 6 / hare resulted in 

Л * j • • 31 -AiJL^ tor f r M в«» «tome 

and 4 Bj • - ^ j "4{S C } for absorption in crystals. 

(5) 

(6) 

i* • ЛГП and Г Э bit where Pa i s the neutron width and h f i s the energy of the crystal 
phonons. A. possible anisotropy indicated by the theoretical approach, i s neglected. The 
difference between eqs. (5) and (6) in sign appears i f the momentum conservation in the 
absorption process i s applied to the system neutron • atom or, in the other case, to the 
system neutron + crystal. Xhis temperature shift of neutron reeonauoes i s searched in the 
presented experiment. 

?. Rgparlaent 

Heutron transmission spectra were measured with metallic samples of Eh, Ag, and Dy at 
several temperatures in the region of low-energy resonances using a time-of -flight 
spectrometer at the Dubna pulsed reactor IBS-30 operated in booeter mode with the linac 
LUB-40. The experimental arrangement i s shown in Pig. 1. TUe samples at different 
temperatures have been alternately put in the beam in each case for 10 min. Every 12 h, 
the temperatures of the samples were interchanged. At the end of a period of the order of 
one week, a l l spectra measured at T̂  and Tg, respectively, were added. Examples of 
obtained spectra are shown in Figs. 2 and 3 . 

IBR-30 

Щ0 
и-к« 1 
Experimental arrangement. "L. and T-, samples 
at temperatures T,, and T2, respectively; 
D, Hi -g lass s c in t i l l a t i on defector; 
M, neutron monitor. 

Pi«. .2 
Time-of-flight spectrum of the Dy sample 
at 303 K. The width of the time channels 
is 4 /is. 

N 

H т. г 
Time-of-flight spectrum of the sample with 
Rh and Ag at 294 K. The width of the time 
channels is 6 /us. 



In supplementary rune, the spectra* of the neutron bean without samples was measured. She 
background was determined with thick resonance probes. 
The temperature shifts were extracted from the experimental data bj two independent 
methodsi 

a) Prom the transmission spectra, A > 8 ( ^ ) - Ogdg,^) - Ogd.,,^) was calculated 
with which the shift is 

*% - .t 4°R(V • ̂  >d4 / J °R<W * *\ 7 
(7) 

I •BCW * * \ 1 e a < W • ^ 

b) The time-of-flight spectra NCT^.t) and H(I2,t) were compared with the aid of least-
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 TJJTUL /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)) is also inserted. If a T ~A £g • k/A(£^ is calculated corresponding to eq. (6), 
the average of the data obtained with method a) is a*. « -0.49 ± C.13 and with method 
b) aj • -0.43 ± 0.09, respectively. 

Experimental shift values and theoretical 
prediction (eq.(6), )). • , Rh-103, 
E0»1.257 eV, T.,-294+2 K, 
T2 - 667 ± 10 К and T,, - 294 t 2 £, 
12 - 538 ± 10 E{ wf , Ag-109, 
B0 - 5,19 eV, t, - 294 ± 2 K, 
T2 - 667 ± 10 К and T,, - 294 ± 2 K; 
T2 " 532 ± 10 K; • Dy-163, Eo-1.713 eV, Dy-161, 
E 0 - 2.72 eV, 3.68 eV, 4.34 eV, 
T1 • 303 i 1 K, T 2 - 370 i 3 K( open signs, 
values extracted by method a)i full signs, 
values extracted by method b) 

In ?ig. 5» the a T of all resonances analysed are plotted versus the neutron resonance 
energies. It can be seen that any other 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. 
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СЕЧШИЕ ДЕШИЯ 2 4 3Ам В ОБЛАСТИ ПОРОГА ( n.n'f ) . 

А.А.Говердовский, Б.Д.Кузьминов, В.Ф.Митрофанов, А.И.Сергачёв 
Физико-энергетический институт, Обнинск, СССР 

Аннотапия .-<i,,. . 
Приводятся результаты измерений сечения деления америвдя-243 нейтронами с . 
энергией 5-II МэВ. Наблюдаемые нерегулярности.в энергетическое зависимости -
связываются в рамках статистической модели с проявлением чконкуренцни.делн-
телюного и нейтронного каналов распада составного ядра. 

Работа была выполнена на перезарядном генераторе ЭГП-10К Физико-энергетичес­
кого института. Источником нейтронов служила реакция D(d,n) Зне в газовой 
дейтериевой мишени. В качестве детектора осколков деления использовалась быс­
трая двойная ионизационная камера деления, наполненная смесью ксенона и мета­
на до давления 1,5 I 0 5 Па. Эффективность регистрации актов деления ядер 
урана-235 и америция-243 составила соответственно 99% и 96,5$. Электронный 
тракт регистрации работал в ркжиме импульсной синхронизации, что позволило вы­
делить в время-пролётных спектрах ( пролётная база L ~ 0,7 м ) значительную 
фоновую компоненту. В работе использовались мишени из окислов урана и америция. 
Изотопическая чистота мишени из и - 99,992 %. К дшени из америция-
243 содержались примеси ядер *Ам ( 2 ,7 % ) и изотопов кюрия ( 10 % ) . 
С образцами указанного состава измеряли энергетическую зависимость отношений 
сечений деления Ам и и . Абсолютизация этой зависимости осуществля-
лась методом "элементных примесей", для чего в мишень из Ам вносилась до­
бавка ядер и ( 35 % ) *, после этого сборка америций-уран облучалась 
поочерёдно в потоках быстрых и замедленных нейтронов. Более подробно методика 
измерений отношений сечений деления быстрыми нейтронами описана нами в / I / . 

Результаты измерений сечений деления 3Ам ( сечение деления урана-235- стан­
дартные данные / 2 / ) представлены на рис.1. Данные работы / 3 / показаны светлы­
ми кружками. Результаты / 4 / нормированы на значение сечений деления 3Ам в 
области первого плато <f f« 1,56 барн. На эту же величину нормированы и дан­
ные настоящей работы , хотя абсолютизация энергетической зависимости в области 
^ - 7,3 - 6,5 МэВ приводит к значению rf.f = 1,61 - 0 ,03 барн . Выбранная на 
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Рис. I . Сечение деления 2 4 31м 
нейтронами: # - настоящая ра­
бота; О - / 3 / ; С - / 4 / : 

- экстраполяция 
первого делительного шанса . 

рис.1 нормировка соответствует среднему значению <? t по совокупности данных 
работ / 3 , 4 , 5 / и наших. Сечение образования составного ядра <УС вычислено 
согласно / 6 , 7 / , Как видно из рис.1, энергетическая зависимость сечения деления 
243Ам в области порога (n.n'f) обнаруживает значительные нерегулярности. 
В области Б п ~ 6,4 МэВ ( порог канала 243Ам( п ,2п ) 242Ам ) кривая tft ме­
няет наклон, что соответствует включению в конкуренцию каналов распада состав­
ного ядра.эмиссии второго нейтрона. Но мере роста нейтронной ширины Г„ рост 
вероятности деления замедляется и при Е п * 8 МэВ наблюдается резкое падение 
сечения на 10 - 15 %. Далее следует непродолжительное "плато" и снова падение <51. 

Слабая энергетическая зависимость (S см , а также довольно простая экстраполяция 
первого делительного шанса в область Е п « 6 МэВ (рис.1) позволяют достаточно 
надёжно определить среднюю вероятность деления ядра *^Ам, исходя из соотношения: 

где I - энергия эмиссионного нейтрона, Не - суммарная ширина всех каналов 
распеда составного ( Ам) ядра неделнтельнэй природы. Оновной вклад в £Ге при 

*- 6 , 5 - 7 МэВ вносит радиационная ширина, а для более ьысоких энергий - Гя • 17 
•'Г. 
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Температуру эмиссионного спектра Т можно определить по наилучшему согласию 
низкоэнергетическнх участков <*t> из настоящей работы и <Pf> - значениям 
Ff работы / 8 / , усреднённым с плотностью вероятности f ^ € ^в з е ~ * 
Такое сравнение приводит к величине Т= 0,51 - 0,1 МэВ . 

Параметр барьера деления составного ядра Ам - В^- определялся в процессе опи­
сания экспоненциальной части кривой средней вероятности деления ( В п * 6 , 5 ИаВ): 

*rSi*T J— <Lc ( 2 ) 
тг2тс 

где Т с - проницаемость соответствующих каналов распада. Для проницаемости 
барьера деления Tf использовали выражение: 

T f ( В* ) = ( I + ЫР( t i . ( В г В* )) ) 2 > -I ( 3 ) . 

Параметр t u слабо влияет на вычисляемые значения <P f > , поэтому его зна­
чение принималось в соответствии с систематикой / 9 / равным 0,8 МэВ. Резуль­
таты расчётов по ( 2 ) - ( 3 ) представлены на рис.2а. Варьировался лишь один 
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Рис.2. Результаты 
расчёта средней по 
спектру возбуждения 
делящегося ядра ве­
роятности деления <Pj*! 

расчёт, ф -
экспериментальные 
значения . 

5,5 6,0 9 С..ИэВ 

параметр - В , ', его наилучшая величина составила 5,82 - 0,20 МэВ 

Высокоэнергетическая часть <Pf>( E n > 6 , 9 МэВ ) рассчитывалась с указанными 
выше параметрами Т и B f по формуле ( I ) . Нейтронная и делительная ширины 
определялись аналогично / 7 / . Плотность состояний при равновесной и седловой 
деформациях ядра Ам рассчитывалась в моделл Ферми-Газа о феноменолсгичес-
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к ш учётом парных корреляций . При низких энергиях возбуждения Ед<3,2 ЫэВ 
иснользовались соотношения модели постоянной температуры Д О / . Результаты 
вычислений представлены на рис.26 и свидетельствуют о том , что в рамках о ш -
санного выше упрощённого подхода можно сделать однозначный вывод о природе 
наблцдаемого в сечении деления 2 4 3Ам максимума в области порога U.n'f) 

г ' i •• 

зактащейся в кокуренцжж двух основных каналов распада составного ядра : 
двлвнжя и испускания нейтронов. Учёт в расчётах сечения деления таких явлений, 
как потеря аксиальной симметрии ядром на внутреннем барьере, влияние коллектив­
ных степеней свободы на плотность состояний ядра и др . , даст основание идя более 
детального сравнения экспериментальных и расчётных результатов . 
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ЭНСПЕТИСНШЬКЖ ИЗУЧЕНИЕ псдадрюкя СТРУШРЫ СЕЯНИЯ ШСГКЩМВЖ 2 3 2 7 1 i . 

A.C. Солдатов, З.А.Александрова, Г.Н.Свшрашшш, М.З.Тараско 

йиаихо-енергетическшй институт, Обнинск, СССР 

Аннотация 

Сообщаются результаты детальных исследований выхода ш i »имя! фотоделения 2 3 2Th 
на пучке тормозного излучения ииаротроиа. Измерения промдвн дня интервалов 
анергия 5,0 - 5,3 ИаВ я 5,5 - 5,8 шеВ , где в более раянях експерянжтах обнару­
живались широкие подбарьерные резояавсн. Результаты нового аксперинсята свидетель-
ствуют об ях тонко! структуре с характерным расстоянием наяду резонанса— ~0,1М»В. 

Последние года бохьаю« внимание к себе привлекает исследование процесса делешя 
лёгких актинидов в связи с проблемой так навиваемой "терновой аномалии", которая 
заключается в трудности описания резонансной структуры сечений ядер в районе Tk с 
помочью модели двугорбого барьера / 1,2 / . Расчеты потенциальной анергия деформа­
ции для этих ядер предсказывают значительную разницу между высотами ч^трвннего и 

Л В В А 

внешнего горбов Е< и Е^ ( Er > Еу ) , из чего можно ожидать,что резонансной 

структуры в облаем анергии возбуждения Е > Е^ не будет. В експерименте она, 

напротив, отчетлив» проявляется в широкой окрестности наблюдаемого пороге, опреде-
g 

ляеиого высотой более высокого горба - в данном случае Ej. . Выход из противоречия 
связывает с результатами более детальных расчетов, которые свядетельстаушт о рас­
щеплении горба В и образовании третьей ямы. 

Концепция трехгорбого барьера получила широкое распространение при интерпретации 
околопороговых аффектов в вероятности деления легких актинидов. Однако, многие из 
возникающих в ней вопросов остаются открытыми. Среди них вопрос о глубине третьей 
ямы, о иабдняаяжи я идштвфихации резонансных состояний в равных ямах барьера • 
другие. Естественный путь к получению такой информации - его исследование подбарь-
ерной области анергий, но оно сталкивается с больными трудностями. Ори уменьшении 
анергии возбуждения составного ядра Е на I МеВ ниже порога делимость падает на 
5-6 порядков , я лишь очень ограниченный яруг методических средств может обеспечить 
достаточную чувствительность в таком диапазоне. 

В данной работе при изучения реакция 2 3 2 T h ( У, -̂  ) ыы основнвались на подходе , 
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»го пучка тормозного излучении микротрона а «раков 
детекторов осколков, который в предыдущих навях работах /3,4/ был с успехом ис-

.••/•' 'ff пользовав д п пучения глубокоподбарьерного фотоделения ядер. Недостаток его эаш 
чается в тои.что спектр ториоеиого излучения N (Е,Е >»ах) является сплоив«, 

9TOHBO убнвавввв с увелвчеввев Е ва ввтервале ( 0,Е*и«г) (£м%- эиергвя ускорен-
элехтронов), что очень затрудняет получение информации об интересующем сечении 

<оЛ Е ) на наблюдаемого вихода 
Y(EV~xb J^,CB)A/(E,EnMx)d£ (I) 

О .-J i • 

В предыдущих навах работах измерения выхода производились с шагомДЕ^да-0,1-0,25МэВ, 
что существенно больве анергетнческого рааревенвя алектронного пучка мнкротрова 

--* 20 каВ. В давно! работе вы попытались использовать энергетическое рааревение 
полностью, и с его! цельа изменяли анергию электронов с нагом 25 каВ. 

Подробные измерения выхода V (Е»юх) проводились нами в двух интервалах 
Е м » « 5,5 - 5,8 МэВ в 5,0 - 5,3 МэВ, где ранее наблюдались нерегулярности ступен­
чатого типа, которые при восстановлении сечения из (I) становились резонанса» 
/ 4 , 5 / . Нерегулярности в »то! области энергии наблюдались в в намерениях непосред­
ственно сечения фотоделекня ^ T h на монохроматических гамма-квантах / 6 , 7 / . 
В последней работе исследования проводились методом "Меченных фотонов" с разре-
веввем 12-14 иаВ и вирокяв резонанс при Е • 5,5 - 5,8 МэВ распался на группу ре-
зонавсов со срвдиви расстоянием между нами ~ 0,1 МэВ. Поэтому мы вправе были 
рассчитывать шл наблюдение подобной структуры и при измерении энергетической за­
висимости ВЫХОДОВ V (Е июх) . 

1 2 3 

\% "#1 

Рис.1. Схема опыта. 

1-днафрагма; 2-торвоэкая ии-
аень иэ вольфрама; 3-алюминне-
внй поглотитель электронов; 
4-ториевые я урановые фольги; 
5-слвдяные детекторы; 6-инди-
катор тока; 7-интегратор тока. 



Эксперимент был вшолнеи на выведенном пучке микротрона 1«эико-евергетичесхо"о 
института. Схема облучения показана на рис. I . Пучок алеятронов попадал на тор-
моану.охлаждяамуц водой ммиеиь вэ вольфрама толщиной I им, за которой помещался 
алиминиевнй поглотитель елевтровов толченой 12 ми. Срачу после поглотители помеща­
лись 4 сборки из металлических фолы делящегося вещества тслирюй 0,1 мм и детек­
торов из телевизионной слоям. В первых двух сборках использовалось по одной фоль­
ге 232Th н U , которые располагались вплотиув друг к другу. В оеталь -
них- только ториевые фольги с двух сторон облененные детекторами. Талан компози­
ция позволяла в некоторой степени скомпенсировать более быстрое уиеньяекие выхода 
фотоделений 2 3 2 Th с уиеньиением анергии. Делящиеся фольги н детекторы разделя­
лись алюминиевыми перегородками толщиной 0,3 ми с отверстием диаметром 10 ми. 
Протяженность всех 4 сборок по оси пучка составляла 2,5 ми , расстояние от воль­
фрамовой мшени до первой сборки - 14 ми. 

Таким образом, експерииент позволял измерять две характеристики: выход Y (Е тях) 
в числах делений на микрокулон для бесконечно толстой по отноаенню к пробегу ос­
колков металлической фольги и описанных ныне условий опыта ( в таких единицах вы­
ход Y ( Е т « х ) представлен на рис. 2 ) и более благоприятную для ряда целей 
величину- отноиение выходов реакции ( V , f ) на 232 Th 23В и 

R(£^yYTh(£"«)/Yu(£~<) (2) 

Рис. 2. Выход реакции 2 3 2Th( V , f > 
от граничной энергии тор­
мозного спектра в числах де­
лений на один детектор и ин­
теграл тока I микрокулон 
(вверху). Сечение фотоде-
деленил "* Th . 
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В рассматриваемом наш здесь диапазоне Е¥тх. - 4,8 - 6,4 МвВ выход V ( E m » ) 
иаиеяяэтся на 8 порядков. В таком масштабе ннхахяе ванные дам нас детали внерге-
тичесхои завнсниостн Y (Е max ) увидеть невозможно. Отношение R (Е max ) в 
•том случае изменяется в гораадо м а н а т прадедах на 3 порядка, но тоже достаточ­
но больших, чтобы представить соответствувшув кривую в удобном линейном масштабе. 
Все »то хорошо видно на приведенных ниже рисунках, где похаэанн: на ряс.2 -выход 

TTh( Е тех) и восстановленное из него сечение Со^(Е) в широкой области 
Е г*тх , Е * 4,8 - 6,4 МзВ и на рис.3 - отношение выходов R (Е *ипх) и сечение 
фотоделения 232ТИ на участках Е , Em«- 5 - 5,3 НэВ я 5,5 - 5,8 МэВ. 
На вставке к рис.3 (внизу) представлен участок С^. (Е) для 2 3 2 ТН . изученный в 
работе / 7 / в области Е « 5,4 - 5,8 IbB. Вертикальными пунктирными линиями указаны 
положения нерегулярностей в R ( Етах) и резонансов в (о±(Е). 

Рис.3. Сопоставление нерегулярнос­
тей в отношениях выходов ре­
акции < у , ^ ) н а 2 3 2 ! ! ! « S3ßU 

и в сечения фотоделения 
«полученных в настоя­

щей работе(темиые точки) и 
в работе / 7 / (светлые точки) 
для интервалов энергии, ис­
следовавшихся подрсбно. Вер­
тикальные пунктирные линии-
положения нерегулярностей. 
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В свази с отчетливой корреляцией (добеннозтей прадстамааанх аа рае.З характерис-
я а - "ступенек" в отновнажи R (E max) в риоаавсов Со± (Е) - необходимо 
« a n следуншее. Во-первых, налвчне аявиеивтаая в (2) , по-авшишому, аа 
чествевному анализу структуры IT»»(Emax), поскольку Yu(E»ч«) 
более плавной, во , разумеется не вдеадыюй гладкой кривой / 4 ,6 ,8 ,0 / . Во-вторых, 
наличие, корреляции свидетельствует о качестве воее*аковаеваа Со/(В) as нитеграль-
ного уравнения 41) , которое осувдетвлядось втерепионвым методой мюшмизацви направ­
ленного раехоадевва Тарасжо / 1 0 / . Как в каждой некорректно поставленной задаче 
•тону методу присуща проблема регуллрвэииш ревнива. Два выбора "Наидучвего" ввела 
итераций производился аиалва байках тестовых вариантов. Погревности OjL(E) аа 
рас.2 а 3 оценивалась вэ двсперсвн многократных решений (I) для значена! Y(Ewwx), 
варьаровааввхеа по нормальному аакову е экспериментальными днспереаанв. 

Отметим удовлетворительное согласив с результатами работы / 7 / , в хоторо! была 
232 

впервые обнаружены реэовансн тонкой структуры а сечении фотоделенва Th 
На ввергни 5,8 МеВ обрываются нави подробные намеренна Y (Етях) н , вероятно , 
•тим можно обменить пропуск последнего ревонанса в интервале 5,5 - 5,8 веб . 
Структурный характер, согласно наним данный , имеет сечение фотоделенва в ва ин­
тервале 5,0-5,3 МеВ, хотя статистические погрешности в этом случае примерно в 3 
роза больве. 

Таким образом.обе исследованные нами "ступеньки" в подбарьериом сечении (GJ, (Е) 
для Z 3 2 T h обнаруживает сходную рввояаясяуа структуру. Для интервала Е» 5,54>,8и»В 
можно достаточно надеваю оценить среднее расстояние между ревой—сини "микро­
структуры" # * 8 0 - 1 0 0 к»В. В его! области анергий согласно / 5 / сильно преоблада­
ет дипольная компонент», t o есть соответствующие делительные состояния имеют 
характеристику С"". К • I" , 0. Следуя работе / I I / , где рассмотрен вопрос о 
статистическом описании уровней в первой в второй ямах барьера, на приведенного 
значения 3) легко оценить внергив возбуждения & 2 МеВ в положение дна ямы 
3,5 - 3,8 МеВ. Если обсуждаемые уровня принадлежат второй яме,то необходимо допус­
тить,что высота внутреннего горба E j для J , К • 1"#0 больве 5,8 МеВ. 

Это существенно превышает теоретические прадежавання для нннахнето состояния 0* 
д 

Е j » 4 МеВ / 2 / . С другой сторонм , данную выве оценку трудно согласовать с имев 
ввился предстаалеияяии о яебольаой глубина третьей ямы / 2 / . Иначе говоря, 
претацил ревультатов сталхиваатсл с трудностями. 
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выход и СЕЧЕНИЕ оокдавяп 23L Pa 

АХ.Солдатов, В.Е.Рудивков, ЗД.мевселдрове, Г.Н. 
•вввво-втргвсвчвевв! внститут. Обвинен, СССР 

результаты ant 
реакции 2 3 1 Р а ( у , j.) д м о б м е н м и р ни у - вампов 4,8 - 7,0 аеВ. 

Двлмшв легких актинидов ( 7 ц, га) обводвяшо ряд свойств, иоуввадавмиияге. в ряи-
вв класевческоя модем двугорбого барьера [ I ] . Учет в теоретических расчетах 
веряаяьио-аг вини цяилов дафорвацп привод к ярвдекаваиш на маета горба В третьей 
явм. На ого основе евоввмсь представления трехгорбои иодом барьера, е помочь» 
воторой удалось обыскать, нова , правда в основном ваяоетвеино, "мюмалпГ процес­
са домашя ядер в районе T f i . 

В исследованиях яегввх актинядов ншнмше приковано в охолопороговой области 
rat воебуидения, в которой ямбоме ввформмимш иойвроинно експерхммпы с высоким 
енергетичееким реаревениек [2] . Эта еиспериимян енвау огревичоииы анергией свявя 
нейтрона. Таких огреииченнй нет в прявнх рвеяввях в фото-деления. 

Вероятность деленн ядра 231 Ра. била научен* только в реакция 
в области околопороговнх анергий воебувдеявя , 5,5 - 7,5 иеВ [ з ] • Отсутствие 
дмоок в глуоокояодбарьерной области ввергни ни шшмтамсь восполнить исследовекия-
ж реакция ( у , j> ) с поиоиь» тормоеяого иалученвя микротрона. юнеремле интег-
релыюго выхода фотоделеиня У ( К max) ооааомет путем реяеввя уравнения 

£max 

Y < Е wax > - J 6j.W> A/ ( E,IWx ) dE ( I ) 
0 

найти еиергетнческув аааеюямоеть фиеячеем более интересной величины - сечения 
фотоделеиня <oj.( Е ) (А/( Е,Е max ) - спектр тормоеяого получения ) . В проилои 
тавве експернментн бим осумуетменн для игрового крута ядер при Е tvax 4 7 НеВ с 
вагон ДЕГИ«Х* 0,1 МеВ [ 4 ] , а в другой докладе ва настоящем су*поеиуие [ б ] , 
сообиявтея ревультаян последюи »иереияй д м реакции ^ h . ( у, I) с вагон 
Д В max - 0f025 НеВ , блиеяяи я окергетичеекок/ рмрееекяе ускорениях я ннвротроне 
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i. В д — n l работе сообщается ряеультатн впервне проввдввш 
Y ( К *тх ) > восеииовввшюго вв вето IBBBBM 6 J ( В ) двв реахпав 

2 3 1 Рй<у . j ) в доапаяоне ввергай 4,8 - 7,0 веВ. 

б Ш IIIIIHBIBB ШВ ВВПуЛЬСНС« В П р И р О М ЙИВВКО-еиер! вТВЧЮКОГО ВНСТВТу-

та. Тормоза** вммпв слуявл волЦсимовнй двсв толковой I т с IP пкняитрпвив 
поглотителен ааевтровов. На расстоавп 3D ни о» вольфрамовой виней 

2 3 В , , — . 0 , 3 3 в 
0,74 иг/си2, соответстввпо, двафрвгввровмвви аввввввювой непрозрачной д м освол-
вов д а в я т фольгой с овнов дввввтрои ГОш . Двтввтироввше осколков провзводвлось 
чяеавв^рНввянввияиТ JBjV#sWJvBv%*BjaBBBBBBl щ ввв#щч#иявии> веядвивввиивв^в^вр Л# яви^ИуфНвчл WBB&^VVBBS^PVBBSVVW W Л^ЧРЯВЯ^^^^^^ВИЧ^П VBV^PPB^VBB 

вввсвти. Степи кассет е отвврстваи двивтрок 12 ж дш пролёта осколков яаходвлвеь 
•a расетоанп 3,5 вн о* до навив слоев. Во врвмв облучения проввводвлось внтегрв-
рованвв тока елевтровов, ппивдвввал гл. торвоаиув вннвиь. Более подробво да 

опвеамн в р а б о т [А ] ,в которых провожалась аналогичные 

две серп ввивреввй. В первой облучают проводвлвсь в вврохой оолас-
ввергвй topMOBBoro спевгра Е max ov 4,8 до 7,0 НвВ с вагой 0,1 веВ. 

•в в себе прввлевла подбарьеряав аервгуяярность в анвргетической заввсамоств 
раавцш Ö I Ра ( fl. Я Y ( В w e j f ) при Е т в х ш 5 МвВ, ев* более отчегя-

во проявввваасл в еввргетвчвсвой ваясииоств отновеяш выходов длв 2 3 1 Ра в 2 3 8 £ / 
•«них) / Yo ( Етадг). Энергетвчесянй двепавон Е тохш 

ш 4,8 - 5,1 МвВ рвввво било всследовв» белее подробво - с вагон 0.05 веВ в с луч-
вей статистической точвостьв. 

Во второй серп вдвое било уиаиьявио расстояние о* делвввхся слоев до тормовиой 
вмаеп. Вовсн с детекторам такие бия приближали в двляввися слоп так,что рас-
смшве иввд7 ввм стадо 1,5 ми. аиста с увалнчеиеи евспоаиций вто поэволвло 
почти вв порвдов увеличить ввело рагвстрируеиых актов дел« 

На рве. I представляй, еа«|гетвчесхяя вапеамость выхода для 2 3 1 Ра. по суше обавх 
еервй пвервп*. хрявой I - во веян двапавоке Emtx, врявой П - ма более подробно 
ввучвииои вввкомергетвпевом участие. Впву поваваян отноввпл выходов 231 Р а в 

U - R ( Imerx). иалсвиуи R ( tmax) ответлнво проявисл в обвп зеряях 
О т в е т , «го огмовепя выходов R ( Imex) нечувствительны к погревн&с-

, емввввми с вствров»ой пучив в определепеи ввсяоашри,но несут в себе иеяото-
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до» ваодновиадвж» 
висадерввх 

У ( В т в * ) д ш а д р а ^ и веж« саба ваавао, в 
рве. I асацвво евавав е асевадуявш адров 

4,9-5,2 ввВ 
R ( В тах ) аа. 

231 Ра. 

6>( к ) as 

Рве. I. Завмввое» ввода Y ра-
^RiCy. /XipBaaBlan ) 

в иямвивш вмжодов R дм рвашвга 
2 MPa(bi)- 2 a eü(y. />•» 
громов вваргва аорвоввого спавврв лю. 2. 
В max* 

• - У (вжм). О- R ( В«,м> 

231 
4 

Ра в» 
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»Olb (»И. ,«>> [3] . 
щитов бввмсА. ш ш 
равш пр« Е < 4,8 HjB, 
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PHOTON INDUCED FISSION OP 2 3 2 Th МГТЯ 12 AND 20 H»V DNEHSSTRAHLUNG. 

(H.Piessens , E.Jacobs, D.De Fxenne, A.De Clercq, M.Verboven, G.De SmtO 
Ni-clear Phys ics Laboratory, Proef tu ins traat 86 , B-9000 Gent, Belgium 

Gamma raa spectrometry of f i s s i o n product c a t c h e r f o i l s and energy corre la t ion measurements were per­
formed for the photon induced f i s s i o n of 232ih with 12 and 20 HeV brcmsstrahlung. The nestneutron mass d i s t r i ­
butions show a t h i r d peak for symmetric f i s s i o n . In the l i g h t and heavy mass wings strömt f ine s t ruc tures are 
observed, probably due t o odd-even e f f e c t s . As usual ly observed, the t o t a l preneutron fragment k i n e t i c energy 
decreases with increas ing e x c i t a t i o n energy of the compound nucleus in the v i c i n i t y o f mass 130. For symmetric 
f i s s i o n however, the fragment k i n e t i c energ ie s show an increase . Compared t o 12 Mev bremsstrahlung induced 
f i s s i o n , the number of emitted neutrons increases for f i s s i o n i n d u e d with 20 HeV bremsstrahlung. This can 
completely be a t tr ibuted t o the heavy fragment. 

I . INTWOUCTION 

This work presents the f i r s t r e s u l t s concerning a study o f the compound nucleus e x c i t a t i o n energy de­

pendence of some important f i s s i o n c h a r a c t e r i s t i c s in the photon induced f i s s i o n of Th. The o v e r a l l mass 

and k i n e t i c energy d i s t r i b u t i o n s , the t o t a l k i n e t i c energy and the number of emitted neutrons a s a funct ion of the 

fragment mass are discussed for 12 and 20 HeV bremsstrahlung induced f i s s i o n . 

II. EXPERIMENTAL 

The postneutron mass distribution was determined by gamma ray spectrometry of fission product catcher-
foils. For 12 HeV bremsstrahlung irradiations varying in time between 15 H and 4 0 were carried out on 10 tho­
rium targets of 17S ag/'-m separated by Al-catcherfoils- Successive gamma-ray spectra were taken using a SO cm 
Ortec Ge(Li) detector with a resolution of 1.8 keV M M at 1333 keV. It was shown that for a target with thick­
ness exceeding the range of fission fragments in the target material, > correction to 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 difference in range for different fragments 1•. Thi. correction of the observed yields 
was determined experimentally by comparing the photopeak areas of the catcherfoil spectra obtained with the 

2 2 
175 mg/cm targets with those obtained with 0.5 mg/сю thick targets in the same geometry. Because of the low 

2 
yields with the 0.5 mg/со targets these measurements were performed with 20 HeV bremsstrahlung. Th*« experi­
ment supplied at the same time the postneutron mass distribution for 20 HeV bremsstrahlung. 

In the calculation of the mass distributions special attention was stayed to the determination of the 
yields in the valley region. Therefore chemical separations of Ru and Sb were carried out. This allowed an ac­
curate determination of the yields of uass 105, 106 (only for 20 Hev bremsstrahlung induced fission) and 125 
relative to the yields of mass 103 and 127 resp.. The latter are well defined from the catcherfoil method. 232 Energy correlation measurements for the photofission of Th with 12 and 20 »ev bremsstrahlung were 
performed using two surface barrier detectors with an active area of 600 mm . 'These measurements were calibra­
ted using the Schmitt calibration method and constants for U(n , f)2). The thorium target consisted of a 

2 2 2 
100 wg/cm ThF layer evaporated on a 32 ug/ca polyimide backing with 20 ug/cm Au. The energy loss of the 

252 
fission fragments in the target was experimentally determined by measuring the energy loss of Cf(sf) frag­
ments in it. From the energy correlation measurements the provisional mass and postneutron kinetic energy 
distributions and their correlations can be deduced. 

Coaviining the results of the energy correlation measurement? and the postneutron mass distribution 
the average number of emitted neutrons a.- a function of the preneutron mass was determined following the ite­
rative method described in ref. 3) . Simultaneously the preneutron pass and kinetic energy distributions and 
their correlations could be deduced. 
III. RESULTS AND DISCUSSION 

The postneutron mass distributions for fission induced with 12 and 20 KeV bremsstrahlunn are shown 
in fig.1. The distributions are normalized to a total yield of 200». The error bars contain the uncertainty, 
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 

232 20 HeV bremsstrahlung induced fission. In the neutron induced fission of Th Glendenin et al.4) found also 
a similar peak in the symmetric mass region which also seemes to wash out 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 shell effects in the fragments and not by the 
symmetric fission component expected from an enhanced liquid drop behaviour at higher excitation energy of the 
compound nucleus. Calculations in the framework of the static scission point model of Wilkins 5) based on de­
formed shells in the fragments predict indeed that thoriur i<* situated in the trai>sif-ion region where the sym-



93 

10 er 

•<! 1 = 

> 

0.1 = 

70 80 90 100 HO 120 
Mlu) 

130 140 ISO 160 

Fig.I. Comparison of the postneutron mass distribution for 12 MeV (—»—) and 20 HeV(-•»-) 
brensstrahlung induced fission. The arrows indicate "he positions of the fragment 
masses corresponding with the even 2-values. 

cetric peak disappears for heavier nuclei. 
Some characteristics of the postneutron mass distributions are summarized in table T. 

Table I : Parameters of the postneutron mass distributions 

E (WeV) 

12 
20 

<ML>(u) 

90.55+0.09 
91.31+0.09 

<И >(u) 
P 

139.40+0.09 
138.15+0.09 

<v> 
2.05*0.13 
2.54+0.13 

A/S 

35+5 
11+1.5 

<E >(MeV) exc 
8.8 
12.4 

The <u> values are calculated from the conservation of mass. The parameter A/S indicates the ratio of the asym­
metric to symmetric fission yield. The average excitacion energy <E > of the compound nucleus, excited with 

exc 232 
bremsstrahlung with endpoint enercry En, was calculated from the fission cross section of Th 6! combined 
with the Schiff bremsstrahlung spectrum 7). The <M> and <M> values are in good agreement with the systematica 
of Unix 8) which predict values of resp. 90.5 and 139.2. Th? shift of <M> and <M > for E « 20 neV is partly 
due to the enhancement of the symmetric fission component and partly to the increase of the number of emitted 
neutrons. The arrows in fig.1 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 Z « 2 +0.3 (+ fcr the light fragments and - for the heavy ones) with Z the fragment char­
ge assuming the same H/Z ratio as the compound micleus. The additional term 0.3 is an average value deduced 
from photofisslon studies of U and и 9). 

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

The enhanced yields 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 enhance­
ment of mass 95 but much less pronounced as in the corresponding heavy tmss 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 ваша distributions are also present for В » 20 M»v but there is a 
slight decrease. The fact that the fine structures are not decreasing sere 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 TT. 

Table II : Parameters of kinetic energy and preneutron mass distributions 

E (HtV) 

12 
20 

<Ek>{HeV) 

160.10+0.45 
159.43+0.16 

<£.*> (MeV) 

161.69+0.45 

161.10+0.16 

<"!*»<»> 

91.83+0.17 

92.64+0.10 

V > w 

140.19+0.17 

139.37+0.10 

The values of <B. >, <K~> end <•_ ' are in agreement w..th the systematica of Onik et al в) predicting values 
of resp. 163.9, 92.2 and 139.8. 
The preneutron kinetic energy as a function of the preneutron fragment mass is presented in fig.2 for 12 and 
20 MeV bremsstrahlung induced rissicn. 

180 
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Fig.2. The total preneutron kinetic energy as a function of the heavy pre­
neutron mass for 12 HeV ( Ж ) and 20 MeV ( О ) induced fission. 

Striking in this comparison is the complete identical behaviour of the kinetic energy for И above 135. In 
the vicinity of heavy mass 130 we see a decrease of the fragment kinetic energy for E • 20 Hev compared to 
12 HeV. This is the usual behaviour caused by the diminishing influence of the strong spherical N - 82 neutron 
shell correction when the excitation energy is increased. In the symmetric fission region an increase of the 
kinetic energy for t - 20 HeV compared to 12 Miv 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 larger deformation compared to 
the liquid 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 increasing 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 function of the preneutron 
»ass for 12 HeV (—-) and 20 NeV (-.-) breasstrahlung induced 
fission. 
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3 4 EMISSION ОТ В M D HE PARTICLES IN TBE PHOTOFISSION OF ACTINIDES. 
(M.Verboven.E.Jacobs,P.D' hondt, A.De Clercq.D.De Frenne.K.Piessens and G.De Smet). 

Nuclear Physics Laboratory,Procftuinstiaat 86, B-9O0O Gent.^lgium 
ABSTRACT 

The mission of light charged particles (LCP; in the photofission of u, U, Np and Pu with 
12, 15 and 20 H»V bremsstrahliuig was studied. For the identification of the LCP ДЕ-Е detectortelescopes were 
used. He have determined the triton and a particle e-jilssion probabilities and the characteristics of che kine­
tic energy distribution of the a particles. Our measurements show that the excitation energy transferred to 
the compound nucleus essentially doesn't change the emission probability of the LCP. Our results are compared 
to sf and thermal neutron induced fission results. They are consistent with the idea than the LCP emission 
probability is correlated to the deformation energy of the system at scission. 

1. INTRODUCTION 
Although the thermal neutron induced ternary fission of fissile 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 photofissicn of actinides. For the nuclei 

9ЧЧ 71^ 0~iA "У\7 ")А"? 

u, u, u, Np and Pu we measured the relative emission probabilities (LRA/B ratio) and the ener­
gy distribution characteristics (<B> and FWHM) cf the ternary n particles and the triton to <J emission proba­
bility (t/LRA) as a function of the excitation energy of the compound nucleus. 
2. EXPERIMENTAL SET UP AND DATA HANDLING 

Ternary photof i s s ion experiments v r e perf ormed with bremsstrahlung, produced by 12,15 ard 2CMeV e l e c t r o n s in 

aO. l mm thick gold f o i l . The photon beam was c leared of e l ec t rons with a magnet and coll imated t o a diameter 

of 1.5 cm a t the target l o c a t i o n . The targe t i s placed perpendicular to the inc ident photon beam. 

ifhe de tec tor system c o n s i s t e d of В t e l e s c o p e s . An i d e n t i f i c a t i o n of the l i g h t charged p a r t i c l e s was 

necesscrj to separate them from the high proton background, which was produced predominantly by (Y»p) react ions 

in the target and i n the targe t backing. The i d e n t i f i c a t i o n of the l i g h t p a r t i c l e s i s based on the d i f ference 

i n energy l o s s in the ДЕ detec tor for the d i f f e r e n t l i g h t p a r t i c l e s with the same i n i t i a l energy. The detector 

tel> copes cons i s ted of two Au-Si surface barrier de tec tors , a t o t a l l y depleted ДЕ de tec tor of ± 30 um th ick-
2 

n e s s , followed by an E d e t e c t o r depleted to a depth of 500 um, each with an ac t ive area of 150 mm . The t e l e s ­
copes were shie lded with a 20 um AI f o i l to stop the f i s s i o n fragme.itг and the natural a p a r t i c l e s , o r i g i n a ­
t ing from the t a r g e t and a l so to reduce the background due to secondary e l e c t r o n s , produced in the target by 
the bremsstrahlung.The t e l e s c o p e s are placed c i r c u l a r l y around the photon beam ax is at an angle of 45 degrees and 
at a d is tance o f 71 mm of the t a r g e t . 

The f i s s i o n fragments were counted simultaneously i n a separate detector with an ac t ive area of бООллГ, 

placed on the oppos i te s ide of the target at a d is tance of 92 mm. The geometry factor between t h i s de tec tor 

and the t e l e s c o p e se t -up was determined for each experiment by countil g in both detector systems the number 

of f i s s i o n events . A correct ion for coincidence l o s s e s in the t e l e scopes was obtained by measuring the natural 
235 a - p a r t i c l e countrace from a U targe t in the- E- and the ДЕ-detector separate ly . 

The amplif ied pulses from the detec tors were coded and stored event by event on a PDP1!/10 system via 

a CAMAC-interface. The Y p i l e - u p during the pulse of the l inac (y- f lash) was measured continuously and an on­

l i n e subtract ion of an average of i t was performed. The d e t e c t o r ; were ca l ibra ted using well known natural а 
235 228 

l i n e s from an U target and from a Th source. The s t a b i l i t y was continuously checked with a prec i s ion 

p u l s e r . The two-dimensional ДЕ-Е data are handled o f f - l i n e with our VAX-11/780 system. A typica l UE-E energy 

spectrum i s shown in f i g . l . The ternary a p a r t i c l e s are c l e a r l y separated from the high background in the 

low-energy part of the spectrum. The measured coincident ДЕ and E values are combined via the r e l a t i o n T/a -

(E • ДЕ) ' - E (with T the th ickness of the UE detector) to obtain an i d e n t i f i c a t i o n spectrum 3) . F ig .2 

g i v e s an example of such an i d e n t i f i c a t i o n spectruir. 
3 . RESULTS AND DISCUSSION 

A typiral energy spectrum of the LRA-particles i s shown in f i g . 3 . The parameters of the energy d i s t r i ­

bution агч obtained by f i t t i n g a Gaussian through the data points above 12.? MeV. As a consequence of t h t s 

procedure the non-Gaussian low-energy t a i l of the energy d i s t r ibut ion i s not taken into account (see e . g . 4 ) ) . 

In table 1 we summarize our r e s u l t s . The parameters of the energy d i s t r i b u t i o n and the emission pro­

b a b i l i t i e s of the LRA-particles r e l a t i v e to the binary f i s s i o n probabi l i ty (LRA/B) are given together with 

the t r i t o n to a emission probabi l i ty r a t i o s (t/LRA). The quoted errors are only s t a t i s t i c a l ones . The energy 

of the e l e c t r o n s producing the bremsstrahlung i s Indicated by E . As a consequence of the high proton back­

ground Cor measurements with 20 MeV bremsstrahlung, i t ' s impossible to d i s t i n g u i s h the t r i t o n s . 

http://fragme.it
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Fig . 3 The LRA energy d i s t r i b u t i o n and the Gaussian 
f i t from 12.5 MeV ( *T>u(Y,f> - 15 MeV brensstrahlung) 

Table 1 : Summary of our photo f i s s ion r e s u l t s 

Consistent with the general trend observed i n t e r ­

nary f i s s i o n , the average LRA energy,<E>,seems t o 

be p r a c t i c a l l y constant over the whole range of nu­

c l e i and e x c i t a t i o n energ ies (the average value for 

our measurements i s 15.8 ± 0 .1 MeV) .Although the 

considerable amount of d i spers ion in the f u l l width 

a t half maximum va lues , these FWHM values show a ten­

dency of a systematic increase in going to a higher 

exc i ted nucleus . The average value for the FWHM r a i ­

ses from 9.54 + 0 .2 MeV for f i s s i o n induced by 15K*/ 

bremsstrahlung t o 10.1 t 0 . 2 MeV for f i s s i o n induced 

by 20 MeV brensstrahlung. A p a r t i a l explanation for 

t h i s observat ion can be the fo l lowing. The measure-
252 

stents of Mehta e t a l . 5) for Cf (sf) show that the 

FKHM of the energy d i s t r i b u t i o n as a funct ion of 

fragment mass i s rather constant , except for symme­

t r i c f i s s i o n where i t i n c r e a s e s . He can assume the 

same behaviour for induced f i s s i o n . I t ' s wel l known 

that for higher e x c i t a t i o n energies of the compound 

Target ве(Mev) <E>(MeV) FKHM (MeV) Ы»/В*10" t/LRA(%) 

233 
" 3 U 

2 3 5 u 

235„ 

238 
239" 

237 
237 

242 
242 

Np 
Яр 

>u 
Pu 

12 
15 
20 

12 
15 
20 

15 
20 

15 
20 

15 
20 

15.7x0.2 
15.5±0.2 
15.6*0.1 
15.7*0.2 
15.9*0.2 
16.0*0.2 

15.6*0.2 
15.9±0.1 

15.9+0.1 
15.8Ю.1 

15.9*0.1 
15.9*0.1 

9 .5*0 .3 
9 .3+0.3 

10.2*0.2 
9 .0*0 .2 
9 .6*0 .2 
9 .7*0 .2 

9 .7*0 .3 
9 .9*0 .2 

9 .6Ю.1 
10.5*0.2 

9 .5*0 .2 
ГЭ.2*0.2 

1.93*0.12 
1.97*0.06 
2.13*0.07 
1.57±0.O8 
1.67*0.06 
1.72*0.04 

1.28*0.06 
1.46*0.07 

1.64*0.13 
1.79*0.07 

1.88*0.06 
1.86*0.07 

6 .4*1 .0 

6.5+1.1 
6 .3*0.7 

7.8*1.2 

8.3+0.9 

-
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Fig. 4 Emission probabilities of LCP (sf) and LRA (Y.f and n »f) versus Q»E -<TKE> (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 fission yield increases. Por 235U[y,f) the peak to valley ratio decreases from 24 to 
14 in going from 15 MeV bremsstrahlung to 20 HeV breasstrahlung 6). However this increase in symmetric fis­
sion yield cannot account for the whole increase of the FWHM. 
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The triton to LRA emission probabilities (t/LRA) seem to be constant .Although Np 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 Np. 

2 
As generally observed our result.- show an increased LRA yiold with increasing Z /A 7). This is inter­

preted as a confirmation of the idea that the LRA-yield is correlated with the amount o: deformation at 
scission 8) . A better way to control this hypothesis is probably to plot the LRA-yield as a function of 
0-<TKE> 9). The difference between the calculated reaction Q-value and the measured average total kinetic 
energy of the fragments gives tiie deformation energy plus the internal heating. As for spontaneous fission 
the internal heating is probably low, the difference Q-<TKE> represents an estimate of the deformation energy 
at scission (see 9!). The Q-values iir our photoflssion experiments were obtained by averaging the g-^und-
state atomic masses, using the tables 01 Holler and Nix 10) over the experimental massdistributions. These 
were however only available for u, it and Pu 6), 11) and 12). The most probable fragment atomic num­
bers were taken from our earlier work( и and u, 13) or calculated for Pu via the method presented by 
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 fission, 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 fraction of it is converted into deformation energy and if the amount of deformation at the momen". of 
scission determines the emission probability of light part.'cies, an increase of the excitation energy of the 
compound nucleus should have only a small influence on the LRA emission probability, as we have observed 
(see table 1). It justifies also that in comparing our photofission results 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 a 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 light charged particles is 
correlated with the deformation energy available at the moment of scission. 
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A b e t r a c t 

Asymmetry in the angular distribution of light and heavy fragments may become a 
source of information about a direct nuclear fission (induced by photons, neutrons and 
charged particles) and about the statistical properties of compound states. 
Investigation of the asymmetry can prove to be useful for further study of the proper­
ties of the fission channels and in a search 'or new parity violating effects. 

1. The odd hereonics in the angular distribution of fission fragments hev*e been 
observed in fission of the nuclei by polarized neutrons (see, e.g. Refs. /1-4/ and the 
theoretical review / 5 / ) . Studies of the asymmetry in the direction of flight of a light 
(or heevy) fragment corresponding to the parity-violating correlation & p*. and 
parity-conserving correlation e p x p. , have been carried out ( 6" , p_ are the spin 
and momentum of a neutron, p. is momentum of a light fragment). In these experiments 
the energy of the intermediate nuclear state was fixed with the accuracy Л «• J> where & 
is the distence between the compound resonances with e fixeo angular momentum 7 end 
parity. In the caee of A » <b . the contribution of compound resonances to the odd 
harmonics o* the angular distribution turns out to be strongly suppressed (Ref. /5/) 
(for details see the text below). One can use this circumstance to separate the contri­
bution of direct fission occuring without the intermediate compound-nucleus stege (or et 
leset to iapose the limits on the amplitudes of direct processes). 

238 
2. For an example, let us consider the photoflssion of e spinless nucleus (of U, 

252 24fJ 
Th, Pu, etc.) et energy of И -quente 5-10 MeV. Here the capture of El or E2 

photons dominates. The engular distribution of the fragments is formed at the stage of 
a cold strongly-deformed nucleus where nearly all the excitation energy is given off to 
overcome the potential fiaeion barrier. The cold fieeion stage is connected with the 
concept of fission channels euggeeted by A . Bohr. 

The reasons for tho appearance of fission channels is easy to understand If the 
fission amplitude is represented as an Integral over trajectories in 3A-dlmensiona2 
space (A is the number of nucleons). Among the whole of the trajectories, a substantial 
contribution to the amplitude can be given only by those for which the classical poten­
tial energy 11(Ъ1).. Хл) is not too high in comparison with the total energy E (the 
contribution from the others le small according to the quasi-classical estimate). If the 
average nuclear deformation is taken es a oollsitive variable, then at a certeln value 
of the former, which correeponds to a fieeion barter, the condition U. £ E uniquely 
determines the nucleon denelty distribution. (In reality antisymmetrizetion of nuclaon 
coordinates probably leads to condition & eff * E. ̂ eff > ^ ' wnere ^eff inclu" 
dee minimal kinetic energy of nucleone connected with Pauli principle). Thus, all the 
trajectories giving о noticeable contribution to the fission amplitude, have common in­
terval in the potential-barrier region (with a precision up to the rearrangement of the 
Identical particles and Insignificant dsspleceeents without the variation in mean den­
elty). Exception Is only the angular varleblee characterizing the nuclear orientation in 
a apace. The potential energy is Independent of these variables, while the kinetic ro-
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tation energy and the Coriolls force ere saall (»diabetic approximation). In this case. 
the amplitude of the probebllity от the fact that the nuclear axis rf has a fixed 
direction in space (angular «rave function) depends only on the angular quantua nuabers: 
the nuclear moment (J), its projection onto the z-axls (M) as well as on the projection 
of 3 onto the axis of the nucleus (K « 3n), i.e. is described by the Winner O-function 

In fission initiated by {'-quanta with E ^ i 5 MeV, .tnly the channel with К - 0, 
corresponding to the lowest intrinsic nuclear energy et the external fission barrier, is 
open. Upon El- end E2-photon capture, the angular momentum 3 equals 1 and 2. respectiv­
ely; the angular momentum projection M • Л and Л « - 1, the photon helicity. The 
angular wave function of a cold pear-shaped nucleus is of the for«,for this case, 

WV - A£i (E) Yu f*) + AEZ(B) YiA (t) ( i ) 

where Agj and AE2
 ere tne cmplitudes of transition to the cold stage. We have taken 

into account that at К « 0 the D-function Is expressed vie Y^m . Behind the barrier 
the motion trajectories diverge. However,if the nucleus breaks fast (in comparison with 
Its rotation), the angular wave function has no tlae to change and the angular distri­
bution of the fragments is proportional to /'*/ : 

«*) ~ M9illIUll+l*M№ixf+ (А^Ашг* < **Жл YzX ( 2 ) 

Note that for the existence of fission channels there is no need for thet the cold 
nuclear state be a quasi-stationary state (resonance). It is only necessary thet a 
sufficiently-lerge-actlon (&S> 1 ) part of the trajectory correspond to the cold 
nucleus in order to exclude 'incorrect' trajectories. 

If allowance is made for the channels with К « l and к « 2, which are significant 
at Ey > 5 MeV, the expression for the angular distribution of the fragments in the 
ceatre-of-mass system takes the form 

vt(n) ш p • Q . cos 0 
P • a • b sin2e • с sin2 2 6 

2 
Q » d • 6 sin 0 

• • * / * » / • V4
2j 

ь-l/V2- \\AJ-\Kh\K% (3) 

d - - 1 ^ Re [A\x Axx) 

e - Re ( пг^ЛгоЛю + "Щ&*г\ Аи) 

Here Ajk Is the ЕЭ-amplltude of photon-Induced fission via the channel K, It 
can be normalized in such a way that J* W sin 6 de « ̂ p M M I 2 я \, jhe channels with 
different К do not Interfere becauae these correspond to different Intrinsic nuclear 
states. The angular distribution (3) without the Interference term Q.eoe 0 1« given, for 
wxemple, In Ref. /6/ ( М з д / * " P(3K) in the notations of Ref. / 6 / ) . The angle в is 
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here count off the direction of photon motion, i.e. the point le concerned with the 
angular correlation q p. ( q la the moaentum of a photon and p. Is the aoaentua 
of e light fragment). The odd harmonics in the angular distribution of fragments appear 
•lao due to en interference of El end Ml amplitudes, and in «lectroflsslon the letter 
•re coapleaented by the El end EO interference. 

For •onochroaetic photons, the Magnitude of asymmetry 

la not saiall becauae at Ем *• 5 HaV >4,. ,-^ Е,. The aatter is that the firat fission 
barrier for 7 • 2* ( *- is the perlty of a state) lies lower than for l"; this 
compensates for the saallneas of the E2-aaplltude (see. e.g.. Refs /6.7/). At higher 
energies. A _, is in everege smaller than A _.. however, the saallness of the E2-
aaplitude la poaslble to compensate using the resonance energy dependence of the fission 
amplitudes: 

.-» *., f., 
/4(E)-/4n*5I £ £ - - (5) 

< E " E« * ±Q/2 

Here A n la the non-resonance amplitude of direct flesion, M_y is the capture 
enplltude, f^ is the fission amplitude, and E - and fZ are the energy and width of 
the coapound resonance, respectively. 

3. The angular distribution (3) Is Independent of the photon helicity Я . However, 
the dependence on A erlses if we take into account a weak nucleon-nucleon interaction 
H which does not conserve the parity. The parity-violating amplitude cen be written as 
follows: 

X-X.-E "*r» -s-5-ь 
* E- V i r b / 2 c E" р с * 1 Г с / 2 

(6) 

• Г 
M b < c / н „ / ь > f 

k,C <E"Eb 4 1 Г | / 2 ) <E - Ec * * Гс / 2 > 

Har ire /4 . is a non-resonant amplitude, M, is an amplitude of particle cepture 
with parity violation, and f Is an amplitude of fieaion with parity-violation. Its 
appearance le connected with the mixing of opposite-parity levels in the second potential 
well, or directly with the mixing of the rotational states of a cold nucleus (Ref. / 8 / ) . 
The latter term corresponds to taking into account the mixing of opposite-parity com­
pound states ( / b^ and / c ^ ) . According to the V N -classification (Ref. /9/), 
It is the tera which la the largest and causae the observed parity-violating affects 
considered in Refs. /10,11,5/. Note that, for example, in El-capture the A £1 results 
in the nucleus prior to the scission In the rotational stete 1*, while A _, does In 
the Г . 

Amont the parity-nonconserving effects there le the dependence of the photofieeion 
cross section on the helicity of / -quanta: 
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£, ги.^Иад •^*HI4EI>. 
> " T — « r * * " T * 2 2 — : — 2 ' (7) 

£ b 4*«ß**mf*t*J U 

The summation is carried out over the fiaelon channels; eT* and *T are the cross 

sections, respectively, for the right-hand- and left-hand-polarized photons. The eexlaa 

of P« lie in the vicinity of the energies of the 1* -resonances Into which the Hi-

capture of the photon does (in these resonences an enhanceaent of the "р«/^,« type Is 
possible). The Magnitude of Pw similar to the parity-nonconaervlng effect in the 
(n, f) reaction Is about 10"4-10"3. 

The correlation Л q p f in the engular distribution of the fragments is also one 
of the parity-noncon^erving effects. For exaaple, interference of the basic and admixture 
El-amplltudes leads to the following eddition to the angular distribution of the frag­
ments (3): 

V и A I Re<^ll А ' ц ) со* в ( 8> 
Realnd that Д - • 1 is the hellcity of a photon. In this case, the relotive magnitude 
of the effect *oy/* is «lso about 10"4-io"3 and Its maxima lie in the vicinity of 1* 
resonances. An increase of the effect also occurs at the energies when the penetrability 
of the berrier for e nucleus with quantum numbers 1 is enhanced owing to the resonences 
in the second well (the possibility of such an enhancement for the (n, f) reaction was 
mentioned In Ref. /12/). 

The correlations Pu and Я (q p**) arise of course in the other photoprocessee: 
( Jf > n) • (Y > P)> (У .•(). etc. A substentlal kinematic enhanceaent of the second corre­
lation ( *» f«/f ) can arise here if the basic amplitude corresponds to the emission of a 
slow particle in the & -wave, while an admixture amplitude corresponds to the emission 
of thet particle in the p-wave. The difference in the cross sections P^ might be sought 
for also in the total cross section of photon capture, measuring the number of ^-quanta 
passed through a sample. However, the situation is complicated by an electron-photon in­
teraction giving rise to the absorption of У-quanre. 

4. Both the parity-conserving and the parity-nonconserving asymmetries in the angular 
distributions of light and heavy agments is connected with an interference of the 
fission amplitudes from the oppi >lte-parlty compound statee. In fission initiated by 
monochromatic particles, this does not lead to a significant suppression of the effect. 
The situation becomes different in nuclear fission induced by nonmonochromatic particles. 
In this case, the Interference term la suppressed at the energy spread Д » # Э . Let us 
assume that the energy distribution is described by a function normalized over unity 
{ J* P(E) de - 1)г 

P(E) " ТяГ 5 T~ (9) 

» (E-E0 ) Z +A2/A 

Integration over the energy gives 
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г г 
X _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

[VE< 4 i<- '£ >/2] [ V ^ "1{Л *£ )/2J [E/B "** * i(?*C>/2J 
(10) 

• « 

4*5____J_s , ^ у ________ 
"^»E.-E_, • i(C • -0/2 ** 4 * •= -E. -i(C l ( C * 4 ) / 2 p V Е / -*(£ •-*>/* * 

He suggest that on the seale Л the non-resonance anplltudes vary slightly. The index 
< corresponds to the amplitude A^ . ß - Ag . We nake an assumption that A>> д>Г. 
In this case, the Interval of the averaging involves a lot of resonances ( Ы-~д/& ) . 
The fission anplitudes via different compound resonences will be assuaed to be indepen­
dent, end the suns appeared will be averaged es the suns of rendon numbers. The nagnitude 
of the squared resonance enplitude is 

**Y*Tjf-', *-•№' f.-fits 
( « ) 

The naln contribution to this estlnate cones fron the diagonal terns («f » Я ). 
The estinate of an interference of different anplitudes is nalnly contributed by 

the compound resonances ЫУ and Iß) with as close energies as possible ( / E* -EJ-vf ). 
The nunber of such terns in the double sun in eq. (10) is not large (Np *"-£-'Ы — •£ £• ) < 
Basing on the fact that the sun of »' Incoherent terns grows as ~f**f, • «a find a aean 
square estinate of the resonance contribution to Interference: 

V I» * A* l ~ a-_y 
The contribution fro» the terns with j E^ - Е « | ~ Ф turns out to be less by a 

factor of Уй/7*7» and fron those with / E , - E. J ~__ the contribution is less by a 
factor of У д ip'. 

With the typical photoflssion values: _ •* 100 kev, 0 * i f and ЛУ©--0,1, we 
obtain that when averaging over the energy there erlses the following factor of suppress­
ion of the contribution of the conpound resonances to asynnetry: 

yf 'П. ъ 10"3 (13) 

Thus, the contribution of direct fission to asynnetry proves to be iJAfP' tines 
larger than to the fission cross section. 

An interference of the direct and resonance amplitudes whose contribution is 

</>W_ <i* Ю\\ >Л£2Г (14) 

can provt. to be significant as well. 
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The Magnitudes of parity-vlolatlngj»ffacts aay be eetlMeted In a similar nay. In en 
interference of the aaplitudes A »no A (see eqs. (5) and (6)).a triple sua over the 
Indices of , b and о erleea. After integration over energy, the aaln contribution to 
this sua coaes froa N teras whose indices corresponding to the levels with equel 
quentua nuabers coincide ( *> - «Г for A^A^, end e - « for AM1 A\x end 
Аш1 Л М 1 ) . Zn th* thue ••P*r«t*d double aua, N *• £н teres doMlnate for which the 
energy difference of the opposite-parity levels is / E ^ -Eg/'4'/^ • As e result, we 
find that the resonance contribution to the averaged parity-violating effects is the 
following: 

1<1>1Н„1е> 

Ю - 6 . (15) 

It Is worth eaphaalzlng that the obtained aeen square eatiaate for the coefficient 
of Mixing of the nearest opposit-parity levels in the coapound nucleus. 

exceeds the naive estiaate and diverges at / ~* 0. The reason 1st that 
the aein contribution to the eat^aata (16) Is given by the opposite-perlty levels with 
|Efc -E<T/ "" » • This circuastancs aey prove to be important, for Instance, when 
estiaeting the contribution fro« the У -cescades for the parity-violeting effects in 
the (п,у) reaction in the Integral spectrum of У -quanta. 

The eppeerence of a proportional to 1/-/Г factor of suppression of the P-even 
end P-odd asymmetry may be interpreted in teras of the tlae picture of fission 
(Rsf. / 5 / ) . At a fixed energy when /\<&Q,P , adaquete is the description of the 
fission process by Means of the wave function lt(E) e? . Such a wave fonetion 
includes the parts corresponding to both the initial coapound nucleus end the cold 
stsge. The time separation of the process Into subsequent stages has no sence In this 
case, because, according to ths uncertsinty reletlon , the uncertainty In 
tlae it 4 < Г proves to be considerably larger then the lifetime of the nucleus. 
However, if 4 • » 'Э/^ , the tlae picture of the eubsequent seeges of fission hss 
sence; though, in going to the cold stsgs, the mixing of the opposite-parity levels of 
the coapound nucleus is forgotten ' (both the Mixing Induced by week Interaction and the 
Mixing due to capture froa the opposlts-perlty wavea of a neutror. ( 1 « 0 and 1 « 1) or 
a photon (El and E2)). The rsndomnsss of the signs of ths fission amplltudea from 
different eoapound states, because of which the suppression fector -fQ/A arises, is 
directly connected with ths complexity of the nucleon motion in the coapound nucleus 
In teres of the tlae picture. In view of this, a study of tha statistical properties of 
interference effects is ons of Methods of analysing the compound nucleus as an example 
of tho quantum etochestic aystea. 
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Conclusion 
The study of esyeaetry in the angular distribution of light and heavy fragaents in 

nuclear fission induced by polarized neutrons has already enabled the following conclus­
ions to be drawn: 

1. Before its scission into fragments, the nucleus is pearshaped and the angular 
distributions mr% foraed prior to the scission. This conclusion la consistent with the 
photoflssion data (see. e.g.. review/7/). 

2. The fission channels with different perlty or angular aoaantua interfere in the 
angular distribution of fragaents. This aeans that they are related to a rotational band 
constructed on the saae intrinsic state of the cold pear-shaped nucleus (if the 
Intrinsic states of the nucleus In the opposite-parity channels substantially differ froa 
each other, interference effects would dlssppear upon suaaatlon over en enoraous eaount 
of final states of the excited frageents due to the difference in the fission aaplitudes). 

3. Asyaaetry arises because of the aixing of the wove functions of opposite-parity 
coapoand states. This is the reason for which the characteristic scale e>z its energy 
dependence is determined by the energy levels and by the widths of th .impound resonan­
ces (see Refs./5,13,14/). 

4. The initial 'hot' stage is not forgotten in the fission process if the energy 
spread A does not exceed the dlstence between the compound resonances with equel quantua 
nuabers. The mixing of the opposite-parity states, which have appeared at the initial 
stage, is transferred, without losses, st the cold stage. 

5. The existence ' f a dynaaical enhancement of saall interactions (for instance, of 
a weak one) in the coapound nucleus is confirmed. Enhancement arises due to a dense 
spectrua and stochastic in'«rnel structure of the compound stetes (Refs. /15-17, 11/). 
These properties permit one to construct the -yN - classification of aaplitudes, univer­
sal for complex nuclei (Ref. /9/) (N~/TJ, /Q ~ 10 -10 is the parameter characterizing 
coaplexlty of the systea and l~lp\ i s t n e spread width of one-quasi-partlcle states, 
i.e. the scale of the residual strong Interaction mixing the simple states of the 
nucleus). 

An analysis of the odd harmonics in photofisslon Induced by monochromatic % -quanta 
(produced, for example, by means of the ( П ,V ) or (n, f ) reactions) would enable one 
to testify the correctness of the conclusions drawn for this process too. It is worth 
emphasizing also that photofisslon experiments are usually performed not on the nuclei 
which have been used In neutron experiments. 

Fission by the monochromatic beams of particles offers the possibility of studying 
the statistical properties of the process (for example, the asymmetry dispersion 
decreases as -^Г/д' . and is zero in its average value). It is probable that the ampli­
tudes of direct fission, without the compound-nucleus stage, can aanlfest themselves 
here. In photofission, this process can аПзе owing to direct decay of some riant 
reaonance to the fission mode (for example, of an lsoscalar quadrupole giant resonance). 
There exists another possibility, with the particle captured, the nucleus cen get not to 
the first but immediately to the second minimum of the potential deformation energy. 
The levels in the second well are placed considerably more гвг« than in the first. 
Therefore, the situation when 2>,«Д< 2)x( fy and *Э4 лге the т*шп distances between 
the levels in the first and second wells, respectively) is reel. It is netural that an 
interference between such amplitude» does not disappear when evereglng with scale A . 

Similarly, a study of the p-odd asymmetry in fission Induced by monochromatic par­
ticles enables one to investigate the mixing of opposite-parity states in the second 
potential well as well as the direct mixing of rotational states of the strongly deformed 
nucleus by a weak interaction. The expected magnitude of the parity-violating effects is 
£ 10"5 for this case. 
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юсадюмиюоо « н и в ДЕДОШНЛ щргцной »АРРИП? 
ВЖАН ООСР 

ю.я. 
АН СССР 

. . . L jL ' - ' . r - - • . . . • •. . ^ т , ; 
. Рнссшцнимшт 11 о т о п я т wflppaffчтввя' негодований жиг—Ч ядер, возможные 

ва остов» п у д о в прогоаов, нейтронов, jf- в /с-тэоаав восжовскоаивзовиой фаб-
\ 

Со врывав открытия делеажя тяжелых яввр щюаао почти полвека (О.Гешн, 
Ф.штрассмвн, I.Центнер. 1939 г . ) - срок достаточно больной, чтобы практически 
асчерпалась любая область исследований. Теп ве ш в е е , фжзжка 
свою нсторню несколько подъемов в спадов, до свх вор остается прел. 
них исследован?* ( с м . н а п р . ' 1 ' ) , ве говоря уже о пржкладном значении процесса 
всточнвка ядерной энергия, существенным образом повлияЕзем ва разввтже ядерных 
исследований вообае. 

Можно, в известной степевв условно, раэграннчжть исследования процесса деле-
ввя нескодъквш основвнмв областями. 

1 . Область нвзкжх энергий возбуждения. 
2 . Деление адровамм средних энергий. 
3 . Деление Д - мезонами. 
4 . Деление как средство изучены ядерных процессов и свойств ядер. 
5 . Сечения целения в спектра вторичных нейтронов для атомной энергетики. 
Создаваемая в ЮН АН СССР мезонвая фабрика позволит развить новое поколение 

исследований процесса деления ядер практически во всех упомянутых областях при 
интевсиввостях протонов, нейтронов, 7*- и /г- мезонов в десятки в сотни раз 
превосходящих достигнутые ныне. 

Мезонвая фабрика ИЯИ АН СССР '2'включает линейный ускоритель протонов на 
энергию 600 МэВ ™' ж экспериментальный комплекс (рис.1) с разводкой пучков '**, 
системой формирования временной структуры тока на основе накошгеля протонов, 
с комплексом интевсвввнх источников нейтронов ' 5 ' (рис.2) . 

Ожидаемые интенсивности протонов, нейтронов, 77-ш ft -
протоны с энергией 600 МэВ, тох в пучке средний, прот/с 

100 мкс, 100 гц 
временная структура: °'2 но' 200 Мгц 

0,2 не, 200 Кгц 
0,3 мкс, 100 гц 

непрерывно 
протоны поляризованные, прот/с 

100 мче, 100 гц 

} Накопитель 

мезонов 

3 . I 0 1 5 

зло15 

3.I013 

ЗЛО15 

1 0 й 

Ю » . 

таковы: 

Ю13 
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структуру будут 
в протонных пучках (кроме мл 

холодные (T*-v30 К), пжоп. потоп ерем. 
вейтр/с^с I 0 1 3 

топяовие (ТЧ-ЗОО К) пвотн. потоп о р е л п , ЗЛО13 

импульсная 2-5. IÜ15 

(100 гц, 0 * 5 мке) 
резонансе«» ( К Е<100 эВ),ток в 2/Г . средний, вейтр/с 3,5.IO14 

(100 гц. 0.2 икс) 
( I<E<IOQKaB) 4 .0 . I0 1 4 

бнетрне (до 600 Н»В). поток в 4^срэвняй,нейтр/с 6 . I0 1 6 

j r - иаэош (I0O-35O иэВ).таи в пучке средний Ус Ji+* IO11 (I013) 
(импульсный) ^ " ^ Ю1 0 ( Ю к ) 

/Г - нвэовн ( 0 - 5 0 ягё./гЗД /г+~ Ю9 (ГО11) 
/ * - * - 2.108(2.I0 t 0) 

(до 100 Н»В. очщ.) / г+л, I09 (Ю11) 
/ / - / V 2.10в(2Л01 0) 

I . Область чизкжх энергий возбуждения 

Щя ввзквх энергиях возбуждения в делагся отчетливо 
»Пакт - (жаваш деления - квантовые состояния в содовой точке ' 6 '). оболочеч-

осхопов по массам ' " , в внеоте • форма барьера де-
9 ' Здесь большую информацию даст экспервиавтв с вейтровамя 

энергий • $ -лучами, интенсивные импухьенве потоп ввйгровов от ивяеней яеЁт-
ронвого хомпжекса '**', рас.2, позволят суааствевно повысить светосялу вейгроншх 
экспарвмавтов по физию делевкя, проводами тахвжхой по времевв пролета. Здесь 
мокво указать ряд воэмоивих ваправлеввй веследоваякй. 

Иэученве угловых распределений разлета осколков • полнят сечеянй дахеявя 
ориевтярованннх ядер щах энергиях вейтровов от тепховнх до 100 - 200 КэВ дает 
•ia>,»iatuuii» о механизме процесса (каввловая структура, двугорбый барьер! о 
действ» вейтровов с ядрам, (едловма фушол. . прсищмост.) ( Л * . ' - ) 
Варьирование за счет оряевтацп кявеметвхк реакции позволяет по развожу 
рояать квантовые харахтерветяхк составных ядер в детализировать сведевжя о вхия-
шв этих характеркстдх как на сеченая взаимодействия вейтровов с ядрами, так н 
на процесс пеленке. Высокие внтеяенвностн вейтровов (на 3-4 порядка нам чем в 
работе ' 1 0 ' ) позволят проводить светосильные эксперименты в отдельных резовавсах 
известной природа в в области усредненных сечеянй. 

Летальные исследования распределений осколков по энергиям, массам я зарядам 
при делена в отдельных реэовансах н в области усредненных сечений позволит изу­
чить влияние оболочечвнх эффектов на процесс делания. 

Значительный интерес представляют иесхедовеякя глубоко подбарьернсго деле­
ния. Высокая квтеиенввость нейтронов позволит проводить детальные эксперименты 
по изучению групп резояансов в глубоко подбарьеряои делении If234, 1/236, 

Fit 240, связываемых со вторым минимумом потенциальной энергин деформации 
(двугорбый барьер делания). Появится возможность идентификация резовансов в 
грушах, измерений анизотропии разлета осколков при делении в отдельных реэован­
сах, возможность разреннть реэонаясн внеодовхавях групп. Все эти подходи пока 
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2. 

IPS! эвертяй 

F i e l . Эистернмевтаяьння копчике московской 
мезояноя фабрики. 
1-кавал пвовов внеоких м е р : « ; , . 
2-мяал пвовов иизхкг »юргия; ьё* -$<<•<> 
3-шдкко-ояологнческяи каваж; 4-свего-

р; 5-спектрометр вн-
_ _ г , 6-хаяал "частях" f Ч ''• •<• 

|; 7-/^-КвНаЛ; 8-НаКОПИТвЛЬ ' '••<•.•. 
ПРОТОКОВ; 9-KOMDI0KO ЯВТеВ 
источников нейтронов. 

сокото 

OCBQXKOB 

язучвгше гэления ядер 
протонами средних энергий 
(до ~ 600 НаВ) позволит по­
лучать яв$оривцвв как о про­
цессе давки прв ввеохкх 
возбуждения (барьерн «вле­
к и , ннтатти деления «вер 
с А < 150), « к к "> глубоко 
неупругях процессах в ядрах 
"**. Так как ведение яспн-
тнвавт, в основном, "терма-

ядра, изучение 
вх энерге-

массовях в заркдр-
внх раапмделеяий позволят 
ПОДОЙТИ к п м м и д г процесса 
хяссяшща начально! энергия, 
пргаодящего к образованию 
ввтоювозоужденного ядра. 
Значительней явтерес может 
представить изучение затуха-
якя ооолочечнмх эффектов в 
ядох путем наблюдения, нап-
ргмер, яэмевевяя массовых 
распределений осколков при 
изменении энергии протонов 
в диапазоне 20-160 МеВ '12'. 
В пучке протонов иезояной 
фабрики могут проводиться 
как исследования делимости 
ядер (сечения целения), имею­
щие и прякладпой характер, 
так я детальное изучение ос­
колков целения - многопаре-
ивтровно исследования кине­
матики разлета, массовых я 
энергетических характерис­
тик осколков в зависимости 
от A,Z и энергия протонов 
' 1 2 ' . Методически такие ис­
следовав» могут быть реали­
зованы с помощи) двухпяече-
вото времи-пролетвого спек­
трометра, аналогичного опи­
санному в " * / , дополненного 
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( /W) . 

3. Двлевие^ • д 

Ошостоятельвый ввтерес шюот взучеяве процесса давания с помощью пучков 
77 ж /Г-меэовов. Народу С всггодопапи— глубоко неупругвх процессов при погло-

^7**-иезовов ядрами ^ ^ , больно! ввтерес представляет процессы делеввя вз 
взоатома, вапрвкер - -зученве меэоревтгевовского взлучеввя до в после 

"перехвата" /X -мезонов осколкамж деления, взучевве оезредвацвовввх переходов 
в т.п. йвтевсаввость пучка /t -мезонов, в, особенно, "частых" /t н 

проводить эвспервнввтн в настоящее время ограниченные светосилой / 

средство взучеввя ядерных 

Процесс деления может быть использовав как индикатор обрезоваввя составного 
В ядра, что позволяет выделять соответствующие ядерные процессы. 

полных сечений д чтения орвевпровавных в веорвентвроваввнх ядер в, сравке-
: с результата« расчетов по оптической моделв открывает путь в щипай ваолп-

деформацав ядер. Подобные експервиввтв могут проводиться в пучках квазвмо-
воэвергетвчесхвх нейтронов с энергией в двапазоне 150-600 меВ (см., вапрвмер ' 1 8 ' ) . 

Регистрация осколков делеввя в потоках поляризованных медленных нейтронов -
один вз путей проверки гвпотезм уявверсальвоств слабого взаимодействия по эффек­
там варувевая пространственной четности в нуклон-ядерных взавиодействвях. Обнару­
женные в свое время группой Дянвляня ' 1 9 ' Р -нечетные эффекты прв делена ядер 
поляризованными тепюи— нейтронами (ассвметрвя вылета легкого в тяжелого ос­

колков относительно спина поглощен­
ного нейтрона) были первым экспери­
ментальным указанием на это явление. 
Величина jP-нечетных эффектов 

/v 10 в более, т .е . живет место 
значительное усиление в сравнении 
с одночастичной оценкой (IO^-IO - 7). 
Механизм усиления монет быть связав 
со смевошанвем компаунд-состояний 
разной четности в одного спина, с ре­
зонансным усилением в окрестности 

f -резовансов. Высокая светосила 
время-пролетного нейтронного спектро­
метра иезоввой фабрики позволит раз­
вить исследования Р -нечетных эф­
фектов в делении с поляризованными 
нейтронами в области эвергвй до ~ 

Qu t.(Jc 100 вв при надежной ввдовтвфвкацин 

l i e . 2. Комплекс внтеневвных источников уровней, и что весьма существенно, 
нейтронов. г^-л в слабых ß -резовавсах. 
I-протонные пучка; 2-квазистацио- ' 
варннй источник тепловых ж холод­
ных нейтронов; 3-вмпульсвнй ис­
точник тепловых и резонансных 
нейтронов; 4-нейтронные каналы 
с ашоерами; 5-тяжелнй бегов. 
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5. Свчеквя деления и спекгры вторичных 
нейтронов для атомной энергетики 

Развитие перспективных направлений атомной энергетики (быстрые реакторы, 
установи электроядерного брждинга и термоядерного синтеза) требует проведения 
массовых оптимизационных расчетов-баланса нейтронов, критических размеров, тепло­
выделения, наработки новых изотопов, биологической защиты, радиационных дефектов 
в материалах. Подобные расчеты проводятся с использованием систем констант, с о з ­
даваемых на основе экспериментально измеряемых сечений процессов и спектров вто­
ричных нейтронов. 

Интенсивные пучки протонов с энергией до 600 МэВ, импульсные источники нейт­
ронов на основе сгустков протонов, сформированных в накопителе, микроструктуры 
пучка из ускорителя, позволят существенно повысить точность ключевых констант, 
необходимых для расчета, откроют возможность измерений сечений и спектров, огра­
ниченных интенсивностью '*"' 

Для проблема быстрых бридеров большое значение приобрели измерения сечений 
циления и спектров вторичных нейтронов для R.240, 241, 242, накапливающихся в 
значительных количествах при многократном использовании плутония. Остаются ак­
туальными прецизионные измерения сечений деления и оС - отношения сечений захва­
та я делннкя для основных делящихся изотопов ( \Х 233, Тп232, U235, 1(238, 

f \ l & » ) . 
Величина оС определяет коэффициент воспроизводства ядерного горючего в 

:<истрмх реакторах, и соответственно, их место в атомной энергетике. Соответст­
вующие эксперименты в импульсных потоках нейтронов от замедлителей нейтронных 
.*..;_ скей а десятки ж сотни раз превзойдут по светосиле проводимые в настоящее 
нремя. 

Использование пучков протонов, пионов, потоков каскадно-испарительных нейт-
,-. !сь позволит провести детальные измерения сечений делений и спектров вторичных 
неит [юнпн при целении протонами и нейтронами с энергиями до 600 МэВ, 7Г и /1 -
м.йенами с энергиями до л/ 350 МэВ. Соответствующая информация, необходимая для 
гуоолекк электроядерного бридинга, пока еще ограничена. 

Зрчмя-иролетннЙ нейтронные спектрометры на основе микроструктуры протонного 
r/üia позволит развить исследования деления, Я.П-J , H.Zn.'f , , - процес­
сов в диапазоне энергий нейтронов до ~ 15 МэВ, представляющем интерес для проб­
лемы термоядерного синтеза. 
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LIMI1R KOHBMTUII TRANSPBR TO RRSIDUAL NUCLBI LSADING TO FISSION 
I.A. Andronenko, A.A. lotov, L.A. Valshnene 
Leningrad Huclear Physics Institute, 188350 Gatehlna, U.S.S.R. 
V. Heubert 
Central Institute for Munlear Research Rossendorf, 6031 Dresden, G.D.R. 

Abstract 
The angular correlations of coincident fragments emitted from U, Bl, Au, V, Yb, Ho, Sm, Sb, 
Ag and Я1 targets bombarded with 1 GeV-pi-jicons were measured with a double-arm spectrometer 
Including a position-ssnsitlve parallel plate avalanche counter. 
The forward momentum <P»> was deduced from the folding angles. <V\> as function of 
Zz/A levels off below Zz/A » 2 5 and indicate! a limit of energy deposition in these nuclei. 

Fission of heavy nuclei induoed by relatlvlstic protons is related to peripheral collisions 
which are characterised by both low momentum an.', energy transfer to the residual nuclei. 
However, the fission 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 on* cannot deposite momentum without depositing excita­
tion energy B*. The excited nuclei must have a forward velocity. The measurement of the 
transferred forward momentum is therefore a key to estimate the excitation energy of the 
system. 
Two ways of experimentally determining this linear momentum transfer have been employed. 
On the one hand, the mean recoil properties of the produced Individual radionuclides have 
ueen 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 
fragment« where the deviation of the mean angle of the correlation function from colli-
nearity is due to the transferred forward momentum. Ve 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 OeV 

2 protons. The thickness of the targets was about 0.5 mg/em 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. On« arm of the spectroneter consisted of a parallel plate avalanche counter (PPAC) 
and an array of 3 silicon •.. 'ace 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 *8 degrees in the reaction plane. The out-of-plane acceptance was +. 4*. The set-up 
with the involved detectors and the following electronics was already described elsewhere 
12/. Bach of the strips of the position-sensitive parallel plate avalanche counter corre­
spond« to an angular interval of 1.3 degrees in the reaction plar.e. After correction for 
target-detector geometry and strip efficiency we obtained the angular correlation directly 
from the well resolved peak areas of the Induvidual strips. No corrections for the beam size 
have been carried out. 
The average forward momentum <p«> is related to the folding angle < 6. + 8,> of the 
measured angular correlation by the equation 

< p „> - 2 tan (1Ö0* - < 6 1 + 6 2 > ) • Pp«[j» • U n 2 (180' - < 6, + 6 2 > )J" 1 / 2 (1) 

The experimental mean angles <9, + e_> for various targets are collected in table 1. 
Symmetric fission was assumed to calculate the momentum p. ut the fragments. The atomlo and 
mas* numbers of the residual nuclei undergoing fission were taken from the cascade-evapora­
tion calculation«, see ref. /3/-
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The kinetic energies of the corresponding symmetric fragment* were taken from the corrected 

Talue» by using the Viola plot. The Influence of aaymaetrio shapes of the fragment mass 

distribution on the acouraoy of <p#> was checked for the target nucleus Ag. An assumed 

flat fragment distribution within the interval 12 u. £ A £ 66 u. yields <P//> • 868 MeV/c 

whereas the experimental distribution within the same cut-offs gives 836 MeV/c. Äs seen in 

fig. 1, the accuracy of <p„> for medium-weight target nuolel is decided by the event 

statistics. The statistical error exceeds the uncertainty due to the ignorance of the pri­

mordial mass distribution of the system undergoing fission. However, th« obtained values 

^P//^ may be somewhat lowered because we have measured only the in-plane correlations. 

Both the present data <p /;> for 1 QeV and that of other authors for 660 HeV and 1 GeV 

incident proton energy are shwown in fig. 2. A nearly linear increase of the forward mo-
2 

mentum with decreasing flssility parameter Z /A ia observed in the range from heavy nuclei 

to the rare earths target nuclei. This behaviour was already observed in an earlier work 

/4/ and reflects the increasing role of non-peripheral collisions with decreasing target 

mass. Further, a leveling-off for the transferred forward momentum is observed for Z"/A<25 

which implies also saturation in the deposited excitation nergy. 

As already mentioned, the average excitation energy transferred to the residual nuclei is 

related to the longitudinal component vи of the imparted linear momentum. Firstly, suoh 
relationship was derived from Honte Carlo simulations of the collision process /5/. In this 
reference, a contour plot shows the correlation of both magnitudes. Although for a given 
value of p//only a range of corresponding excitation energies can be derived, an overall 
linear dependence between both average magnitudes oan be established 

<B">/Emax * °-8 <*"> /pmax ( 2 ) 

where S and p are the energy and momentum of the beam. Let us mention that a linear max max 
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/. 

2 The leveling off for <P//> below Z /A «6 25 corresponds to a nearly constant excitation 
energy for these medium weight nuclei. The striking fact is that only a maximum energy of 
about 4 MeV per nucleon can be deposited into these target residues. Ths analysis of heavy 
ion reactions at intermediate energies /7/ leads to nearly the same energy limit. 
As follows from dynamloal considerations, the observed behaviour of <P//> as function of 2 Z /A may be related to the onset of multifragmentation competition. 
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Table 1 Sumaary of the deduced mean moaentua and energy transfers 

target Z /A <в1 + z f 

90 

81 

77 

72 

68 

65 

60 

49 

«3 .3 

25.5 

> 
> 

0.03932 + 0 .00260 

0.06657 + 0.0026O 

0.0816 + 

0.1075 + 

0.1262 + 

0.1447 •. 

0.1456 • 

0.1932 • 

0.2469 •. 

0.3304 + 

0.0026 

0.0045 

0.0054 

0.0092 

0.0046 

0.014 

0 .02 

0 .03 

<P»> 
[HeV/cJ 

327 

481 

556 

675 

751 

802 

730 

767 

852 

635 

± 

i 

• 

± 

± 

± 

± 

± 

± 

± 

21 

18 

17 

26 

30 

52 

21 

55 

50 

31 

<в"> 
[HeVJ 

154 

227 

262 

318 

354 

378 

344 

362 

402 

300 

<B" ,> 
еаГс 

["eVJ 

-

215 

290 

370 

-

-

385 

380 

380 

-

2380 
209 Bi 
197 Au 
natt 
nat Yb 
165 Ho 
nat Sa 
nat Sb 
nat Ag 
nat N1 

35.56 
32.96 
31-68 
29.76 
28.3 
27.2 
25.6 
21.3 
20.5 
13.3 

175.5 + 0.3 226 
172.4 + 0.3X 196 
170.7 + 0.3х 187 
167.8 + 0.5 
165.5 + 0.6х 

163-7 + 1 .0х 

163.6 + 0.5 
158.5 • 1.5 
153.0 + 1.5 
145.0 + 1.5 

174 
163 
155 
140 
112 
97 
48 

ж) - Independent measurement with a movable array of Si-detectore, ref./4/, x> see ref. /8/, 
<B. . > followi from cascade-evaporation calculations, ref. /3/, 

the error« of Г) and < p//> include only uncertainties of the folding angles. 
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Fig. 1 Evolution of the angular corre­
lation! from spontaneous fission to 
induced fission with large longi­
tudinal momentum transfer 

Fig. 2 The mean longitudinal momentum an 2 function of Z /A. 
ф - this work, ^ - 1 OeV, ref. /y/ 
| - 0.6 OeV, r»f. /10/ If - 0.0b GeV, 
ref. /11/. 
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CATAPULT MECHANISM FOR PAST PARTICLE EMISSIOI AFIBR SCISSIOM 
?. Midler 
Joint Institute for Muclear Research, Dubna, USSR 

Abstract: It is shown in ТОНУ approximation that 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 snatching ends with Fermi velocity be­
comes reflected, acquires additionally twice that velocity, and can 
escape with an energy of several tens meV (preferentially along the 
scission axis). The proposed mechanism losea ita purpose when neg­
lecting self-consistency. 

In a recent Т Ш Р study of the fission of charged nuclear natter slabs1* 
it has been found that the final disintegration of a slab ("snatching"), inde­
pendently of the choice of the initial conditions used to boost the system bey­
ond the saddle point, occurs on a time scale of a few 10~22s. In 2^ we have in­
vestigated the question whether the rapidly snatching inner ends of the mean 
field can act as a "catapult", i.e. push out fast 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 TDHF evolution 3*. Pig. 
1 illustrates the response of the system for different strengths *0 of the ini­
tial velocity field. While amall vQ values result in (enharmonic) density oscil-
lstions, we have found a transitional behaviour for vQ »0.06c: The central den­
sity f>(z»0, t ) craes close to zero but the two fragments do not yet separate. 
It is interesting to note that "snatching" occurs already for comparably small 

v 0 values: The "catapult" ve-
о1*У" vcat ( t ) » "R^cb we de­
fine to be the «»№t»m« velo­
city v(z,t)in the "neck re­
gion" (z a» 0) at given instant 
t , increases to substantial 
values if only the central 
density comes close to zero. 
In the present examples the 
return of matter into the 
z * 0 region prevents a fur­
ther increase of v c a t . 

In Pig. 2 the peek valu­
es of vcat(t) are shown as 
a function of the strength v 
of the initial velocity field. 
Due to the neglect of the Cou­
lomb force in our calculations 
quite large vQ values are need­
ed to attain scission ( v 

300 350 
t(fmfc) 

Time evolution of the density at z-0 
(left-hand scale, full lines) for 3 dif­
ferent stre*; rths vo of the initial col­
lective vei -ity field. The "catapult ve­
locity" in units of the velocity of light с is also shown (right-hand scale, dashed * о.оьге). Furthermore, in 
lines). order to get final fragment 
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catapult Telocity (aolid 
line), final fragment Telocity 

(dashed line), and the total kinetic ener­
gy of toe corresponding realiatie fragments 
of mess numbera A-126 (dash-dotted line, 
right-band aeale). 

ш relocltiea of the order of the experimen-
*- tal ones, aay for apontanaoua fiaaion of 

Cf, one haa to further inereaae T Q . 
lote, Ьояетег, that етеп for v0< 0.062c 
(no aciaaion) already quite large raluee 
of »catreault which cauaa the eniaaion of 
"catapult particles" (cf. ref. 2 )). More­
over, aince the incluaion of the Coulomb 
force doea not qualitatively influence the 
appearance of the faat snatching1', we 
conclude that it la mainly an effect of 

the atlf-coneietent nuclear singls-partide potential. 
We no« analyae the eaae 

reapect to both the aeaa number and Ш it reaemblea apontaneoua fiaaion of 
Y Q «0.0780 in more detail. this ia becauae with 

252, Cf. At t-60fm/c T cat raaehea its maximum (Telocity peak near s«0. Fig. 3)« 

H x . 3 . Tine eTolution of the density 
(thick lines) and the Telocity 

field (thin linee, right-band acale) for 
the case r0-0.078c. The hatched region ia identified with catapult perticlee. 

At the same tiae a first portion of par-
ticlea (low-denaity lump arround z-18fm) 
emergea. Theee partielee are a consequ­
ence of our large T Q values (omission of 

км the Coulomb force) and a corresponding 
much too email aaddle-to-eclaeion time (w 10"22e in the preaent example). Thus, 
we eonaider the first portion of partielee emerging as a consequence of tbla ar­
tificially rapid process to be apurioua. On tba other hand, a aeoond portion of 
partlolee appears in front of the fragment at t-80 fm/c in correlation with a 
peak in the velocity field around s>16fm. ta identify it with catapult partielee 
sines a nucleon moving with Fermi velocity v, towards the snstchlng and and 
being reflected at t *60fm/e ecquiree velocity 2v c at + Tp •"* needs • oharacteris-
tie time of about 20fm/c to cross the fragment. At later inatanta further par­
ticle decay of fragment eompreasion modes (ef. t-210fm/c) takes piece. 

A further interesting feature of the density evolution can be eeen in Flg.4t 
While in the neoking-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 about 10"22a with the positions of their mass centres 
remaining near1/ unchanged. 

We bare evalueted energy epeetra of emitted partielee for the above example 
by recording all single-particle wave functions at a fixed "counter" poeltlon 
and then Fourier-analyelng them 2K The resulting epeetra are shown in Fig. 5. 
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The oscillating behaviour 
of the apectra ia an arti­
fact of the calculations 
since the tie* Integration 
of the Fourier transforma­
tion haa been extended only 
from t*0 up to a finite t 
(indicated in the figure) 
at which the considered sig­
nal haa not yet sufficient­
ly faded. To a less extent 
this concerns the spectrum 
from counter A taken at t-
60 fm/c. It describes the 
(spurious) contribution from 

the "necking-in particles" which for the given final t have almost completely 
passed counter A (cf. Pig. 3 ) . At t-80fa/c counter A has registered both necking-
-in and catapult particlee. However, there is a substantial contamination from 
the fragment, which is expected to cover preferentially the lower energy region. 

Pig. 4. Time evolution of the density for the 
same case as in Pig. 3. 

эо to 
EnlMeV) 

Pig.5. Neutron spectra for 
v,*0.78c, taken at se­

veral instants with counters 
A and В (cf. Pig. 3) and nor­
malized 2) to be comparable 
with the spectrum of prompt 
neutrons from spontaneous fis­
sion of 252cf. 

To exclude it, we compare with 
s third spectrum taken at tB 
210fm/c from counter B. Despi­
te the described ambiguities 
Pig. 5 illustrates that in the 
energy range of 20-30 MeV ca­
tapult neutrons are emitted 

on a level of roughly 10"^meV_1 per fission uvent. 
The recently obtained non-evaporative high-energy component in the inclusive 

spectrum of prompt fission neutrons from 252Cf (s.f. )*^ possibly provides some 
evidence for catapult neutrons, the more since light charged particlee from 2^2Cf 
(s.f.) are found to be strongly peaked along the scission axis 5*. The letter is 
most pronounced for protons. However, alternative interpretatione exist (cf.^»6^ 
and references cited therein). Our calculations overestimate the high-energy tail 
measured in at leset by two orders of magnitude. Obviously this deviation can­
not be exclusively related to the difference between the dynamics in our effecti­
vely one-dimensionsl slab world and a realistic geometry 3'. Since we are concer­
ned with very high momentum components in the prefragments, an inclusion of re­
sidual interactions (not inherent in TDH?) should substantially damp these compo­
nents and, hence, lower the hi^h-energy tail of the spectrum. In principle, the 
letter ss well ss pairing correlations could also lead to a stabilisation of the 
shapes of fissioning nuclei and, consequently, lower the catapult velocity. 



120 

Thia, in turn, would soften '.he apectnim of catapult particlea. 
For the catapult effect to occur, one needs highly atretched fragments. 

Such events are probably as rare a* cold fragmentation (nearly no deformation at 
aciasion). It ia not excluded that our initial conditions somewhat favour large 
deformations. This could be a further reason for our overeatimation with respect 
to the inclusive data. Pro« these considerations «a expect that the non-evapora­
tive high-energy component would appear even sore pronounced with respect to the 
evaporative "background" when detecting neutrons in coincidence only with anal-
lea t TKS. Tbe latter would then correspond to a somewhat higher effective tempe­
ra ture, i.e. eventa where the large deformation energy is converted into heat. 
The ratio of non-evaporative to evaporative total multiplicities would be a mea­
sure of the probability that a large portion of the deformation energy is di­
rectly carried away be a aingle neutron. Thia ratio should not sensitively depend 
on the experimental cut in K B provided the low-energy tail of the TKS distribu­
tion is concerned. 

2) In we have shown, that catapult particles can also appear in the final 
stage of heavy-ion reactione. To get rid of tbe ambiguities in extrapolating our 
one-dimensional TfflF reaults to reality, we consider a recent result of a realis­
tic TDHP evolution'* ' shown in Fig. 6. We observe: i) the return of the stret­

ched configuration to near-epherical shapes really 
—22 

occurs on a time scale of 10 a, ii) from tbe den­
sity contours at tQ +5'10 в and tQ +10~22s a cata­
pult velocity of v c a t i0.08c can be extracted (cf. 
Pig. 2), iii) during "snatching" the masa-centre po­
sitions of the fragments remain nearly unchanged 
(cf. Fig. 3). 

Density-contour plot for the final stage of a 
central Kr+La reaction. Results of an exial-
ly symmetric TDHF calculation 7,8), 

Щь.Щя.i_ m w i II 

Щ FiK.6. 

Unfortunately, the linear density plot does not 
allow ua to look for the low-density tails which cor­
respond to emitted particles (cf. Fig.2) and which we 
expect to emerge at t*,t0+1.5 10 a. However, in this 
respect the given calculation does not contain tbe 

relevant information. A larger numerical box as well as a finer grid-point spac­
ing have to be used to obtain numerically stable results in the tails of the den­
sity distribution (cf. ref.3'). Nevertheless, from Fig.6 we conclude that the 
bulk properties of the mean-field dynamics (e.g. snatching) are qualitatively con­
tained already in simple slab calculations and not artificially Introduced by 
our initial conditions or the omission of the Coulomb force. 

The author ia grateful to J.A.Haruhn for providing him with more detailed 
informations concerning the series of calculations published in ref. ". 
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POLAR PARTICLE EMISSION I N SPONTANEOUS FISSION 

В. Milek. R. Reif 
Technische Univers i tä t Dresden, Sektion Physik, Dresden, DOR 

3 . Reval 

Central Research I n s t i t u t e f o r Physics, Budapest, Hungary 

Ealssion and t ransfer of nucleons i n heavy-ion co l l i s ions way be invest igated by aodel -

l i n g the reaction dynasties as a p a r t i c l e I n the f i e l d of two single-tens separable 

potent ia ls woving uniforwly along s t r a i g h t - l i n e t r a j e c t o r i e s . For th is case I n a 

Fadeev-l lke fo reu l e t ion the p r o b a b i l i t i e s for the e l s s t l c , t ransfer , and breakup channel 

have been calculated i n dependence on the basic reaction parameters / 1 , 2 / . 

This three-body aodel for the dynaelcs of heavy-ion co l l is ions has been extended to 

s leulate spontaneous f i s s i o n . As an i n i t i a l state two spherical eean f i e l d s , approximated 
es one-tens separable po ten t i a l s , have been located at a cer ta in separation distance, 
with a neutron as a t h i r d p a r t i c l e being bound by 8 MeV with a two-center wave funct ion , 

which goes asymptotically to two l s - s t a t a s in the separated w e l l s . For a given t ra jec to ry 

for the re la t i ve notion of the fragnents during the f i ss ion process, the single p a r t i c l e 
wave function is followed in t ine by solving the corresponding tlae-dependent Schrödinger 
equat ion. From the asymptotic wave function the escape probabi l i ty can be calculated 

i n dependence of the non-adlabatic features of the f iss ion dynamics lep l l ed i n the 
252 

chosen t r a j e c t o r y . F i r s t calculat ions for Cf , s . f . indicate the fol lowing resu l ts , 
rather Independent froe the d e t a i l s of the t ra jectory i n the overlap region: 

(1 ) The t o t a l emission probabi l i ty is a few percent, increasing only very s l i g h t l y with 
the mass asymmetry. 

(2 ) The average energy of the emitted par t ic les is in the range of a few MeV, with high-
energetic par t i c les of about 2o MeV being decreased by a factor of l o - lo . The 
emission spectrum is hardened with increasing mass asymmetry. 

(3 ) The par t i c le i s emitted p r e f e r e n t i a l l y in polar d i rect ion ( f i s s i o n a x i s ) , with the 
emission probabi l i ty in perpendicular d irect ion diminished by about two orders of 
magnitude for the case of symmetric f i s s i o n . 

(4 ) Concerning the cor re la t ion with the mass asymmetry, the part ic le emission along the 
d i rect ion of the l i g h t fragment is favoured by about one order of magnitude compared 
to the f l i g h t d i rect ion of the heavy fragment, i f high-energetic par t ic les are 
emit ted. 

The general trends expressed i n these results are re f lec ted in the experimental data on 
polar p a r t i c l e emission i n f iss ion / 3 , '. 
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FRAGMENT MASS DISTRIBUTIONS IN HEAVY-ION REACTIONS LEAD1NC 
TO COMPOSITE SYSTEMS WITH Z = 106 

P. Gippner, K.D. Schilling, M. Seidel, F. Stary, E. Mill 
Central Institute of Nuclear Research, Rossendorf, GDR 
H. Sodan, S.M. Lukyanov, G.G. Chubarian , V.S. Salaaatin and 

Yu.E. Penionzhkevich 
Joint Institute of Nuclear Research, Dubna, USSR 

Fragment mass distributions are presented obtained by investigating the heavy-
ion reactions 22Ne + 249СГ, 325 * Z3BU, 40Ar • Z3ZTh and 56Fe + ZOBPb leading to 
composite systems with the nuclear charge Z = 108. The experiaenta were perfor­
med at the heavy-ion cyclotron U300 of the Laboratory of Nuclear Reactions in Dub­
na. The spectrometer DEMAS was used to measure the times of flight and the labo­
ratory angles of correlated fragments. The shape of the mass distributions strong­
ly depends on the mass asymmetry in the entrance channel. By variation of the bom­
barding energy it is shown that near to the Coulomb barrier the mass distribution 
of the reactions 32S + 238U and 40Ar +232Th exhibit relative maxima at M « 2 0 5 , 
interpreted as due to stabilizing effects of nuclear shells during the fragmenta­
tion. 

For bombarding energies in the region up to 10 MeV/nucleon the following mecha­
nisms can contribute to the total cross section of a heavy-ion reaction: elastic 
scattering; deep-inelastic scattering connected with multi-particle transfer and a 
considerable energy dissipation; fusionlike processes (fast fission and quasi-fis-
sion); compound nucleus formation followed 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-f light spectro­
meter DEMAS was constructed ). It makes use of the fact that a binary reaction 
is fully characterized by determination of the tines of flight TOT,, T0F. and the 
laboratory angles Q ,, 0. of the correlated fragments ' ). As a result, pre-
evaporation masses can be determined with good accuracy after verifying the con­
ditions of colinearity bid coplanarity )• 
The figure 1 shows the principle of our experimental equipment. The spectrometer 
DEMAS consists of a reaction chamber and two detector arms, which can be moved in 
steps of 13° between 30° and 130° in the middle plane. The fragments are detected 
after a flight path of 60 cm by position-sensitive ionization chambers. Fest 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-

2 tion is £tÄ= 350 ps. The PPAC has an active area of 18 x 5 cm , defining a solid 

angle of ДС2- 18 mar for each detector arm. Besides microchannel-plate detectors 
a4E,E-semiconductor detector telescope for identification of light particles and 
a monitor detector are 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 elaetically scattered particles as well as the full mass region of the 
fiaaion products ). The obtained results have then to be integrated in angle over 
the acceptance regions for different ionization chamber positions (see table 1). 
Further colinearity and coplanarity teata were performed to distinguish between 
physical and unphyaical events. In order to verify the .colinearity only those 

Yerevan Physics Institute, Yerevan, USSR 
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•ci 

•vents ere accepted for data pro­
cessing, for which the sua of an­
gles G 5 • Q 4 in the cm-system 
lies in the interval 180° • 3°. 
Fig. 2 shows the intensity obtain­
ed by investigating the reaction 
40 Ar(220 HeV) 232 
tion of the pari 

Th as a func-
ters Sj* © 4 

Faraday cue 
Fig. 1 

«•ArlHOMeV)«23*™ 

and M,. The plot demonstrates 
that the elastically scattered 
particles and most of the fission 
fragments fulfil the colinearity 
condition. 
The present paper gives prelimi­
nary results obtained by investi-

22 249 gating the reactions Ne + Cf 
3 2' 
56, " V *°Ar 

. 208. 
232 Th and 

Fig. 2 

Table 1: 

Fe * Pb. Theae combinations 
were chosen with the aia of pro­
ducing composite systems with 
equel nucleer charge Z - 108, ^ comp 
assuming the influence of Z_ 

7 comp 
on the results to be the same. 
Table 1 gives a survey on the 
entrance channel parameters and 
ionization chamber positions 
where the investigations have 
been done. The derived results 
are presented in the figures 3-7. 

Summary of the experimental conditions 

Reaction 

22Ne • " 9 C f 

» S • 258U 

40Ar • " 2Th 

56Fe • 208Pb 

7° 
0.84 

0.76 

0.71 

0.58 

E1 
HeV 

174 

192 

206 
220 

301 

354 

Г/УСВ 

1.47 

1.06 

1.02 
1.08 

1.48 

1.24 

* 
r. 
MeV 
97 

61 

49 
60 

129 

78 

IC-positions 

90° - 60° 

60° - 60° 
75° - 60° 
90° - 60° 

75° - 60° 
60° - 60° 
75° - 60° 
60° - 60° 
75° - 60° 

45° - 60° 
60° - 60° 

t.t bombarding energy; E: energy in the cm-system; V^gi Coulomb 
barrier; E*: excitation energy of the composite system 6) 
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The parabolic dashed lines in 
figs. 4-7 represent the expected 
TKE release in fission proportio-

1/3 nal to M?-M4/(Mj 
according to refs. 

м 4
1 / 3) 

3 ' 1 0 ) . 

Fig. 3: Left-hand aide: Fragment aaaa distri­
butions for different paraaetera of aaaa 
aayaaetry ̂ 0 in the entrance channel. Right-
hand aide: Maas distribution« of fragaenta 
obtained in the reaction *°Ar • 2'*Th at 
different boabarding energies 

Three characteristic features of the results 
should be discussed: 
(i) For an energy ratio F./V„ highei than 1.4 
the systeas Ne • Cf snd Ar • Th exhibit e sya-
aetric aaas distribution. The asxiaua yield of 
fragaents hss been observed it И : (M. • M-)/2. 
The saae Mas found for the syatea S • U stud­
ied st lower boabsrding energies. Here the 
gaussian shows s superposition of relative aaxiaa at 
M a» 205 as well ss the coaplenentary aass 
vslue H af 70. For the combination Fe • Pb the 
yield of syaaetric fragments sharply de­
creases coapsred with that of asyaaetric pro­
ducts lying on the teils nf the peeks due to 
elastic scattering. Concerning the dif­
fusion aodel for heavy-ion reactions a sya­
aetric aess distribution is expected for 
both fusion-fission snd 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 ) obtained for heavy collision 
systems allow to predict the full width st 
half maximum to be in the order of Г - 70 amи 
for Z __ = 108. Contrary to this one ex-

comp 
pects for fast fission breeder mass distri­
butions. Considering the value Га» 90 amu 
obtained in our experiments for Ne • Cf, 
S • U end Ar • Th (see fig. 3) one may con­
clude that these systems undergo fast fis­
sion. 
(ii) An other conclusion may be drawn from 
the mass distributions measured 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 M = (M1 • M2)/2 vanishes. Instead of that 
appear relative maxima lying in the region 
of M ж 205 and the complementary mess M я 70. 
The enhanced yield of fragments near the 

208 
doubly magic nucleus Pb can be interpret­
ed aa shell effects, which generate and/or 
stabilize components with closed nuclear 
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shells during the diffusion phsee of a heavy-
ion reaction. Contributions of sequential fis­
sion should be negligible, aince for low pro­
jectile energies only weakly excited fragments 

Q 
should appear ). The same interpretation шву 
be vclid for the system S + U, where a rela­
tive maximum of low intensity refers to an en­
hanced appearence of the doubly magic nucleus 
208 

Pb. A similar behaviour of the aase distri­
butions has already been observed by investi­
gating the reaction Ar • Am ). Including 
shell corrections in the ground state liquid 
drop energies of the interacting nuclei the 
authors found well pronounced ainiaa in the 
driving potential corresponding to the nuclei 
70S 117 

Pb and '"Sn. For fast fiaaion,the under­
lying assumption is that the systems are trap­
ped by theae miniaa on their way to mass sym­
metry. In this sence the presence of a minimum 
at a certain mass M leads to a maximum in the 
production cross section of this very mass. 
For higher projectile energies leading to hig­
her temperatures after the energy equlibre-
tion the minima will be washed out. Only the 
minimum for l» = 0 remains in the driving po­
tential preferring a symmetric mass distribu­
tion without additional maxima (see Ar + Th 
at E, = 301 HeV). 
(iii) According to the diffusion model one ex­
pects that thr collision system Fe + Pb under­
goes fast fit aion leading to a mass drift to­
wards symmetry. However, as can be seen from 
the figures 3 end 7 the yield of symmetric 
fragments is very low. Probably the system has 
no time for an evolution to maaa symmetry dur­
ing the contact phaae and separatee after a 
short rotationlike motion into two fragments, 
which are similar to the projectile and tar­
get nuclei. This behaviour may be connected 
with the fact that the system Fe + Pb exhibits 
en effective fisaility x -.£ 0.8 and needa an 
extra energy to overcome the saddle point af­

ter formation of a neck. When this formation 

is disturbed, в hindrance of the mass equilibretion may be expected. 
For the collision systems under investigation the yields of correlated fragments 
are displayed in the figures 4 - 7 as functions of the maas and the total kinetic 
energy. This twodimensional representation of the reaulta is well suited to 
identify the peaks of elasticslly scettered particles as well aa the region of 
fission fragments, which widely stretches out between tl.eee peaks. From fig. 6 the 

(0 

F i g . 6 

120 «0 200 ИЛ 
MASS lomu) 

M0 
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Fig. 7 

•ass drift to symmetry can easily be studied for 
the systea *°Ar (310 MaV) • 232Th. further, it 
can be deduced that the »лап total kinetic ener­
gy of the observed fission products corresponds 
to the prediction of the Viola systematica for 
fragaentation of heavy nuclear systeas 1 0 ) . 
Finally, it should be noticed that for the system* 
22Ne(174 HeV) • 2*9Cf and 40Ar(206 MeV) • 232Th 
the peaks of elastic scattering could not be 
detected for kineaatical reasons, oince the 
data have been accumulated at ionisation chamber 
positiona, where no elaatically scattered par­
ticles are accepted (see table 1). 
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ALPHA-raAGMBHT CORRBUTIOH MBASURMKHTS IM IBB RBACTIOH 12p_ (85 MeT) + 232Sh 

Bguyen Hoai Ghau, W.Augustyniak, C.Borcea and M.Lewitowicz 
laboratory of Huclear Reactions, Joint Institute for Huclear Research, Dubna, USSR 

/ The measurement of oi-tt (fission fragaent) correlations in h«avy-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 fiseion 
fragments in coincidence with emitted light particles may also give information about the 
reaction time implied in the formation of these light particles"^1, from the study of the 
transferred linear/momentum the authors afjeert draw some conclusions concerning the 
reaction mechanim. Correlation experiments also provide information about the residual 
nucleus and its sf lesion properties "^^. X 
Ta^the prennnt work,/home results of the study of ot-ft correlation for the С(85 lieT) + 

presented. In contrast to the earlier mentioned works, the present 
< Bcm" V - 15 HeV), and this offers 

232 + Xh reaction 
one studies the reaction near the Coulomb barrier 
the possibility of obtaining information about the weakly excited systems formed after 
light particle emission. 
The experinent has been performed at the Ü-200 cyclotron of the laboratory of Nuclear 

12 2 
Reactions, JIBR. А С beam, after being collimated, bombarded a self-supported 2 mg/cm 
232, Th target placed at 45 with respect to the beam. The emitted o(. 
detected in two 4E-B semiconductor telescopes placed at 20 and 140 

particles were 
The fiseion frag­

ments were detected by two position-sensitive semiconductor detectors. A detailed 
description of the experimental set-up is given in , the difference being that in the 
present experiment the positive-sensitive detectors had dimensions of 3 x 50 mm and 
that the teleecopee were placed at different 
as off-line processing are described in ' 

angles. The data aquiaition system as well 

In fig.1 the energy spectra of Ы -particles emitted 
at angles of 20 and 140 are shown. The full curves 
present the konte-Carlo calculation of evaporated 
particles from the compound nucleus and fission frag­
ments, performed using the ELPHIC program . These 
curves were normalized in the maximum of the experi­
mental spectra obtained at 140°. One can see that this 
calculation can not deaoribe the observed forward 
particle emission while the emission a+ 140° is reproduc­
ed rather well. The angular distribution of oi -particles 
has also been measured. The large number of forward 
emitted c*-particles and the shift toward high energy 
in the shape of the energy spectra of o(-pertiolea at 
small angles are signatures of formation of these particl­
es at the early stage of the reaction. The similar shape 
of the oi -particle energy spectra measured in and with­
out coincidence with fission fragments (coincidence and 
inclusive spectra) indicate that they have the same 
nature i.e. they are both due to nonequilibrium process. 
In Pig.2 there are shown distributions of the total 
transferred longitudinal momentum as a function of 

(PJ, + Pj., + *!U)/Pp» Masured in coincidence with «-particles at angles of 20° and 140° 
Here P£ , Pj^ and Pj^ » r e projections on the beam axis of the linear momentum of an 

Ю 20 30 <Л SO, W 70 
E^/MeV/ 

7ig.1. Energy spectra (in lab. system) of o< partiolea measured in coincidence with fission fragments at angles of 20 and 140°.The points indicate expe­rimental data,the lines show calculation using the program ELPHIC. 
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Fig.3. Mass distributions of fission 
fragments : (a) measured in coincidence 
with ot particles emitted at 140°; 
(b) for the o*. emission angle of 20 ; 
(c) without coincidence with o< particles. 

oC -particle and two fission fragments respectively and Pp is the beam momentum. The 
points indicate experimental data and the curves are gaussian fits to the data. The mean 
values of (Рр1 + P f c ) / ^ and (*«< + p?i + pre)/PP ere °*12 and °*94 for the caee ta) 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 a nonequilibrium process occurring inside the £K -particles forward emitted 
from the compound system, another particle having a velocity close to that of the beam 
is emitted, then this can only be a neutron (for the proton the obtained energy is not 
enough to penetrate 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 determination and mainly by particle 
evaporation fjjom the fission fragments (the oontribution of all these fact ore is analysed 
In detail In X' 
An important characteristic of the fission process is the fission fragment mass distribu­
tion. In the studied ease, where almost all reaction products have been recorded it is 
possible to dstudy the dependence of the mass distribution on the excitation energy of 
the residual nuclei. In Fig.3 the mass distributions are shown for three cases: 
(a) in coincidence with o< -particles emitted at 140°; 
(b) in coincidence with сЧ.-particles emitted at 20°; 
(c) without coincidence with cX-particlee< For the case (b) in Fig.4 the mass distribu­
tions at three Ы -particle energy bins are shown. She width of the fragment mass 
distribution decreases with Increasing o< -particle energy (that is with decreasing 
excitation energy). For the most energetic o<-particles (last bin) the excitation 
energy last for the residual fissioning nucleus is less than 30 MeV. One can see that 
despite this rather lew excitation energy the fragment mass distribution does not show 
the «xpeoted two-humped structure. A possible explanation for this may be the fact that 
the residual fissioning nucleus has a sufficiently high angular momentum and correspon­
dingly a deformation enough to wash out the shell effeot. 
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Our sain conclusions are as follows: 
(1) 9 » measurement of fission fragments in coincidence 

with light particles in Ьеату-ion reaction allows 
one to obtain interesting information about the fission 
process, in particular, one шву study fission at тегу 
low excitation energies (a few HeT). 

(2) At bombarding energies close to the Coulonb barrier 
in the studied reaction a substantial part of the 
emitted o< -particles cone from a nonequilibrlua 
process. 

(3) übe process of ot -particle formation and emission 
in the giTen reaction at an energy close to the 

Coulomb barrier is mainly a two-body one in which 

most of the o(-particles are emitted in the 

forward direction and the remaining part of the 

projectile is absorbed by the target nucleus. 
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RECENT FISSION CROSS SECTION STANDARDS MEASUREMENTS 

Oren A. Mas son 

National Bureau of Standards, Galthersburg, MD 20899, USA 

Abstract 

The 2 3 5U(n,f ) reaction 1s the standard by which most neutron induced fission cross sections 
are determined. Most of these cross sections are derived from re lat ively easy ratio measure­
ments to 2 3 5 U . However, the more d i f f i c u l t 2 3 SU(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 ir* 
described, and the status of the 2 3 5U(n,f ) cross section standard 1s assessed. 

1 . INTRODUCTION 

The 2 3 5U(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 nuclei . 

These cross sections are generally determined from the re la t ive ly simple measurement of the 

ratio of the fission yields from the nucleus to be measured to that from the 235U reference 

deposit using multi-plated fission ionization chambers. The value of the determined cross 

section and i ts uncertainty thus are dependent upon the value and accuracy of the 235U standard. 

Future Improvements 1n the accuracy of the 235U standard wi l l thus produce improvements in the 

accuracy of many fission cross sections without the need for new measurements. 

However, the more d i f f i c u l t 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 c>»s proportional 

counter, the thick plastic sc int i l la tor , thin plastic scint i l la tors 1n various configurations, 

and 6L1 glass sc int i l la tors . The most accurate method 1s the time-correlated associated-

part icle technique which unfortunately is limited to a few neutron energies. 

The requested uncertainty in the 2 3 5U(n,f ) standard cross section is U (one standard 

deviation) 1n 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 sections at a few select neutron energies, use relat ive 

measurements to extend the energy region, and then normalize the re lat ive measurements to the 

absolute measurements to determine the standard cross section throughout the fu l l energy 

Interva l . 

I t 1s not the purpose of the present paper to give a complete l i s t ing of a l l 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 nx lear standard reference data in November 1984 at the Central Bureau for 

Nuclear Measurements (CBNM) 1n 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 earl ier measurements wMch s t i l l strongly Influence present evalua­

tions of this important cross section standard. 

2. 2 3 5U(n,f) CROSS SECTION MEASUREMENTS 

2.1 Thermal Eneroles. Although the thermal and low eV neutron energy region 1s 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) , Uasson e£ al_. 3) , and 

Uagemans and Deruytter 4) . ) The most extensive measurements of the cross section in the thermal 

neutron energy region were published by Deruytter et a b , in 1973 5). These measurements which 

extended over many years were performed at the neutron chopper at the BR2 reactor in Belgium. A 

large effort was performed to determine the properties of the 10B and 235U deposits used in the 

measurements. The absolute 10B contents were determined from direct weighing in vacuum combined 

with careful chemical and isotopic analysis of many deposits. The reletive 10B 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 

amounting making use of uranium half-life values. The fission deposits were also checked by <*-

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 «periement. Thus, at this 

time 1t is a more efficient use of resources to concentrate on measurements at higher neutron 

energies where the cross section uncertainties are much larger. 

Z.e. The 7.8 to 11.0-eV Normalization Integral. Another useful energy region for the 

normalization of relative measurements is the 7.8 to 11.0-eV region. The most recent published 

results for this region »re by Gwin et £K in 1984 6) . This shape measurement extended from the 

thermal region to 30 keV using the 22-m flight path of the Oak Ridge Electron Linear Accelerator 

(0RELA). The fission events were recorded with multi-plate Ionization chambers having 235U 

deposit thicknesses of approximately 140 ug/cm2 on 0.001-cm thick aluminum backings. The 

neutron fluence was measured with parallel-piate pulse Ionization chambers filled with 751 argon 

and 25* BF3 (enriched in 10B). This chamber recorded the number of 10B(n,a) events. The shape 

measurements were normalized to the 2200 m/s 23SU(n,f) cross section of 587.6. The results of 

this Oak Ridge measurement are shown in Fig. 1 for the 0.5 to 14-eV energy region. 

A comparison of the Gw1n et̂  ajk measurements with other recent results for the fission 

cross section integral from 7.8 to 11.0 eV 1s 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 I , (7.8 to 11.0 eV) for the 235U(n,f) energies the 235U cross sections 

reaction based on a thermal cross section of measured with the 10B(n,a) fluence 

587.6 b. monitors differ from those measured 

with 6L1(n,o) monitors 7). 

Reference I j (barn«eV) Additional measurements 1n this 

energy region are 1n progress at 

Gw1n 1984 (6) 248.0 ± 1.7 CBNM in Geel and at the National 

Czirr 1977 (2) 245.6 t 1.7 Bureau of Standards (NBS) 1n the 

Wagemans et £l_. 1979 (8) 246.2 USA. 

Wagemans and Deruytter 1984 (7) 246.1 
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235i'(n.f) cross section in the 0.5 to 14-eV energy interval by Gwin et ад. 6 ) . 

2.3 Absolute Measurements in the 0.3 to 6-MeV Range. Absolute measurements of the Z35U neutron 
fission cross section have been made at the NBS neutron time-of-flight facility. These are the 
first absolute measurements done with а И пае neutron source. . The neutron flux was measured at 
the 200-m end station with both a Black Neutron Detector 3) and the Dual Thin Scintillator (DTS) 
9). The 235U fission reaction rate was determined with a parallel plate fission Ionization 
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 1n the 1 to 6-MeV region. 
The final data are shown in Figs. 2 and 3 for the Black Detector Ю) and DTS detector U ) , 
respectively. Extensive 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 earlier NBS 
measurements using the linac and Van de Graaff facilities 3); however, the present data »re 
systematically slightly lower than the previous measurements. All three NBS data sets are lower 
than the ENDF/B-V evaluation. The present Black Detector measurements are also lower than the 
evaluation in the hfgher end of the energy region (1-3 MeV). 

Since the present measurement was Intended primarily as a test of the DTS detector as a 
flux monitor, only moderate energy resolution (-105) was planned. The statistical precision Is 
l.Ot at 1.3 MeV and 2.11 at 6.0 MeV. In the region of overlap there 1s 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.S MeV 
and higher than the evaluation between 2.5 and 3.5 MeV. 
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F1g. 2. Comparison of the present NBS Black Detector data with some of the previous absolute 
measurements for neutron energies from 0.3 to Z.l MeV (left part of the figure) and for 
the higher neutron energies (right part of the figure). Also shown Is the shape data 
of Carlson and Patrick normalized to the present measurements over the Interval from 
1.5 to 2.5 HeV. 

T | 1 1 1 1 l | Г 

1.0 ZA 3.0 4.0 9.0 6Л 
Neutron Energy (MeV) 

Fig. 3. The NBS 23SU(n,f) cross section 1n the 1 to б MeV range: circles, OTS detector as the 
flux monitor; solid line, EHOF/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 associated-particle technique has demonstrated the best accuracy for neutron fiuence 
measurements 1n the 14-MeV energy region. However, 1t 1s difficult to apply at other neutron 
energies. The application of this well-known technique In nuclear physics to the 23SU(n,f) 
cross section measurement at 14 MeV has been wry successful 12)-15). The most difficult part 
of all neutron cross-section measurements 1s the measurement of the neutron flux Incident on the 
sample. This method replaces the difficult neutron measurement with an easier alpha-particle 
measurement. Since the *H(d,a)n 1s a two-body nuclear reaction with a Q value of 17.6 MeV, the 
kinematics of the reaction define the energy an« angular relationship between the emitted 14-MeV 
neutron and a 3.6 MeV alpha particle. 
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Fig. 4. Schematic diagram of 
the tine-correlated 
associated-particle 
technique using the 
3H(d,o)n reaction 

A schematic diagram of the experimental method Is shown in 
Fig. 4. At NBS a Molecular ion bean 0%, with 500-keV energy Is 
produced by the 3-HV Van de Graaff accelerator and Is incident 
on a TIT target to provide the neutron source. The number of 
neutrons within the indicated cone, which are incident on the 
*35U deposit, Is determined by the number of associated alpha 
particles, Y . The fission events are detected in a parallel 
plate ionization chamber. The number of fission events produced 
by the incident neutrons is given by the number of time-
coincident events between the alpha particle and fission events, 
У M. The 235U fission cross section is given by the simple 
relationship shown In the figure where n is the areal density of 
the 235U deposit. The fission background produced by scattered 
neutrons, which is indicated by the dashed line In the figure, 
is eliminated by the coincidence requirement. This background 
is a major problem In most types of measurement which do not use 
the coincidence requirement. 

The major source of background 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-HeV alpha particles from the d(3He,a)p reaction on the tritium decay 
products. Also, protons from the ^(d,p)3H reaction were not observed. 

The application of this method to other neutron producing reactions is difficult because 
of the higher energy of the scattered incident beam. Only the group at the Technical University 
of Dresden 16) has been successful in measuring fission cross sections at 2.6 HeV using the 
D(d,n)3He reaction. They have also completed measurements near 4.4 and 8.2 MeV. The time-
correlated associated-particle technique is thus an excellent neutron fluence measuring 
procedure for a few restricted neutron energies. 

The measurements near 14 MeV using the TCAP method are shown 1n F1g. 5. These 
measurements, using four independent 23SU mass standards, are in excellent agreement ( I t ) . 
1s the basis for the claim that the cross section at 14 NeV 1s known better than any other 
energy except thermal. 

However, i t has recently been sug­
gested that some of these published 
measurements should be changed because of 
the effect of random events on the coinci­
dence timing. Since the NBS conditions 
differed from those encountered in many 
other similar experiments, a detailed 
analysis of the NBS experiment and the 
electronic suppression of coincidence 
losses due to random events was performed. 
The unique combination of electronic 
components incorporated 1n the experiment 
eliminated the effect of losses due to 
random events In the timing analyzer. 
There Is, thus, no correction to apply and 
no change in the published value of the NBS 
measurement 14) Is warranted. 

This 

is* 14.0 И * 14.7 
NEUTRON ENERGY (MeV) 

Й 0 

Fig. 5. Measurements of the 23Su(n,f) cross 
section near 14 MeV compared with the 
ENDF/B-V evaluation. 
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2.5 Absolute Measurement with *S*Cf Spontaneous Fission Neutrons. A series of experiments have 
been performed at NBS to measure the absolute fission cross sections of 2 3 5 U , 2 3 8 U , and 2 3 ,Pu 
for 252Cf spontaneous fission neutrons 17) . Results have also been obtained for the cross 
section ratios 23»U/23SU and Шри/^Щ which are Independent of source strength. All of these 
experiments have been performed at the NBS 252CF Irradiation Faci l i ty and employ the same 
mounting, fission chambers, 2S2Cf 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 NBS 
Manganous Sulfate Bath Faci l i ty against the National Standard fta-Be photoneutron source, N8S-I. 
The precision of the f ive measurements as determined by a least-squares f i t to a 2.645-year 
h a l f - l i f e of 252Cf is ± 0.5%. The presently assigned uncertainty of NBS-I is 0.85% leading to a 
total 2S2Cf neutron source strength uncertainty of * l . l f . The cross sections are given in 
Table 2 . 

The Importance of the 2 3 S l t (n , f ) cross section averaged over the 252Cf fission neutron 
spectrum l ies 1n i t s insensit ivlty to the shape of the neutron spectrum. I t 1s thus an 
Important check on the 2 3 5U 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 l isted In 
Table 3. The most recent NBS measurement of Schroder et aJU, 17) Is a new measurement, which 
is Independent of the ear l ier measurement of Heaton et_ al_., 20). The mean of the four 
measurements Is 1227 ± 12 «t> which 1s In good agreement with the ENDF/B-V spectrum averaged 
value of 1231 mb. This requires that any changes in future evaluations from the ENOF/B-V values 
wi l l be small in the energy region which contributes most to the 252Cf spectrum average value. 

Table 2 Absolute Fission Cross Section of 
23SUf 238ц, and 239pu a n d t h e FiSSlon 
Cross Section Ratios » в ц / г э ^ ani 

239PU/23SU Measured at NBS. 

Table 3. Measurements of the 235U fission 
cross section averaged over the 

252Cf fission neutron spectrum. 

Nuclei 
235ц 
238U 

"»Pu 
238ц/235ц 
239PU/235U 

Cross Section 
1234 ± 17 mb 
332 i 5 i * 

1844 1 2 4 * 
0.269 t 1.2» 
0.269 ± 1.2* 

Reference 
Schroder et a U , 17) 
Davis and Knoll 18) 
Adamov e£ al_., 19) 

Heaton et a U , 20) 

Mean 

Cross Section, irb 

1234 ± 17 

1215 t 22 
1241 t 18 
1216 t 19 
1227 t 12 

3. CROSS SECTION EVALUATION 

3.1 Accuracy of Evaluated Data. In April 1983 the IAEA held a Consultants' Meeting on the 2 3 5U 

Fast Fission Cross Section at Smolenlce 21) , Czechoslovakia. The conclusions and 

recomendatlons reached at that meeting are s t i l l appropriate since new evaluations have not 

been completed. The accuracy of the evaluated 2 3 5 U(n, f ) cross section is shown in Table 4 for 

various neutron energies. 
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Table 4. Uncertainties In 23SU(n,f) cross section suggested by the IAEA Consultants' Heeting at 
Smolen1ce*1n April 1983 (see IAEA(NDS)-146) 

En 
(HeV) 

0.1 
1.0 

о 

s.o 
8.0 

13 
14 
IS 
20 

4enf 

2-3 
2-3 
2-3 
3-4 
3-4 
4 
1.0 
2 
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 Bata File, ENDF/B-V1. This sixth evaluation effort of the 
neutron standards cross sections for the United States Is being done by И. P. Poenltz (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 1s following a different process than that used for previous 
versions. The primary effort is concentrated on a simultaneous evaluation using generalized 
least squares, R-matrlx evaluations and a procedure for combining the results of these evalua­
tions. The simultaneous evaluation 1s Important 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 (7L1 and nB) to be Included in the evaluation process. 
These evaluations also provide a smooth meaningful expression for the energy dependence of the 
cross sections. Independent data bases »re used in the simultaneous and R-matrlx evaluations. 
The combining procedure Is used to combine the Information obtained from these analyses 1n a 
proper way to form the final evaluation and Its varlance-covarlance matrix. The standards being 
evaluated are 6L1(n,t), »«Btn.Oj), 10B(n,o), »97Аи(п,т) and 235U(n,f). Evaluations for the 
Important reactions 23eU(n,f), 23eU(n,f), and 239Pu(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 thermal constants 1s being implemented. This will allow the 
relevant thermal constants to be evaluated 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 a proper and defensible way. Significant progress has been made but the process 1s 
complicated and time consuming. I t is anticipated that final combination results, i .e . , 
adjusted R-matrlx parameters for the lithium and boron cross sections and polntwlse values for 
the 19'Аи(п,т) and 235U(n,f) cross sections, will be available 1n 1986. 

A detailed recent progress report was presented by Carlson at the International Conference 
on Nuclear Data for Basic and Applied Science at Santa Fe, New Mtxlco, USA In Hay 1985 22). 
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4 . NEUTRON DETECTOR DEVELOPMENT 

4.1 3He 6as Scintillator for Therm 1 to 3 MeV Neutrons. One of the most promising nuclear 
reactions for use as a neutron fluence detector In the energy region below 3 MeV 1s the 
3He(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) reaction fro« the 
3He recoils fron neutron elastic scattering has not been developed. The use of this gas 1n the 
proportional counter node has produced excellent energy resolution although the timing 1s too 
slow to permit use in MeV neutron tlme-of-flight measurements. A small high pressure gas scin­
t i l lator with a resolution of 331 has been developed by Evans 23) for delayed neutron 
experiments. 

Our group at NBS has pushed to establish the 'Hefn.pJT reaction as a useful neutron 
standard In the keV and MeV neutron energy regions. A prototype 3He gas scintillator 1s shown 
In F1g. 6. The detector consists of a 2 atmosphere He-Xe gas mixture 1n a 11 cm diameter by 
25 cm length cylindrical volume. The light is viewed through glass windows by two photomultl-
pHer tubes positioned at opposite ends of the cylinder. A diphenylstilbene wavelength shifter 
was evaporated onto the inside of the windows to convert the ultraviolet light 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 
energy neutrons from the 11 пае faci l i ty. The 
light output increased a factor of two as the Xe 
gas fraction was Increased from 5% to 321 in order 
to reduce the range of the product particles. The 
spectral resolution, which was nearly constant 
throughout the central 10 cm, was governed by the 
statistics of the number of summed photoelectrons 
from the two tubes (25 keV per photoelectron). 
The encouraging results obtained from these 
preliminary studies indicate the potential 
usefulness of this reaction as a neutron standard. Fig. f>. 3He-Xe gas scintillator. 

I t 'и« — p «• T » 0.76 MeV 

KfflMMr ft» 

Neutron Becm] j 

Semlrliator I (NEMO) 

L- " Light 5u>de 

4.2 Development of the Dual Thin Scintillator (DTS) In the Coincidence Configuration. The Dual 
Thin Scintillator (DTS) has been designed and built at the NBS for use as an absolute neutron 
flux monitor 1n 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 
photomultipi 1 er tubes as shown 1n Fig. 7. The 
efficiency of the detector Is determined by the I 
f irst scintillator while the function of the second ' 1UILll r— *̂ 
scintillator 1s to measure the energy of the recoil > Г£7 

protons which escape from the first scintillator. 

Because of the low multiple scattering and the 

spectrum discrimination, there 1s relatively l i t t l e 

dependence of the detector efficiency on the carbon 

cross section and angular distributions. Therefore 

the detector efficiency 1s essentially dependent on 

the hydrogen cross section, on light tables, and on 

hydrogen area! density. These parameters are known 

well enough to determine the detector efficiency Fig. 7. 

within an uncertainty of 11. 

^ 

PMTs (J end M 

Scintillator 2 {«мо> 

Geometry of the dual-thin 
scintillator. 



138 

The proton recoil spectra and absolute detector efficiency were Measured at 2.45 and 
14.0 HeV neutron energy using the associated-particle technique with the MBS Positive-Ion Van 
de Graaff neutron source. The Measured spectra for 14 HeV neutrons, as shown in F1g. 8, are 1n 
excellent agreement with those calculated using a Monte Carlo technique. 

F1g. 8. Experimental proton recoil spectra 
obtained 1n an associated-particle 
experiment at 14 NeV. Spectrum A Is 
from the first scintillator. 
Spectrum В Is the sua coincidence of 
both scintillators. Spectrum С 
which Is the SUM of spectra A and В 
approximates the Ideal thin 
scintillator response. The solid 
lines are Honte Carlo calculations. 

i 
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The singles plus sum-coincidence mode of operation, shown In spectrum C, approximates the 
proton recoil energy spectrum. This mode was used for the 2 3 SU(n,f ) cross section measurement 
described ear l i e r . However, 1t 1s observed that the more peaked response from the sum-
coincidence mode, spectrum B, should provide an even better neutron flux monitor. Detailed 
calculations for this mode of operation are in progress at NBS. 
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ABSOLUTE MSASUBBfSmS OF THB 235D ПЛЮСЫ) ?ISSIOH CROSS SBCTIOB If SHE 1ВШВ0Ж HffiHGT 
0V1(88JMEV "" 
I.D. Alkhasov, V.D. Dmitriev, T.A. Kalinin, S.S. Kovalenko, T.I. Kutusov, 
Т.Н. luxmin, Tu.A. Beailov, В.». Petrov, L.M. 8olla, T.I. Shpakov 
T.G. Ihlopin BadiuB Institute, Leningrad, USSR 

The 3 50 neutron induced fission cross section i s one of the nost Important neutron 
standard, responsible for an accuracy and rel iabi l i ty of numerous nuclear data. However, 
according to the conclusions of the iAIi Consultant's Meeting, Snolenice, CSSB, 1983 / 1 / , 
the experimental data aviailable can not provide the required accuracy of the cross-sec­
tion evaluation ( ~ 1 %) in the neutron energy interval of 100 KeT - 20 HeT. At the aoaent 
the most discrepant region i s in neutron energy region froa 1 MeT to 6 meT ( f ig . 1) . as 
i t can Ъе seen the results obtained by different authors differ by a value exceeding 10 % 
and aost of then are united into two groups one having higher values of the cross secti­
ons and a prominent shape and the other having lower values of the cross sections and a 
concave shape. Both groups essentially differ froa the adopted evaluation ИШТ/B-V. 
Absolute cross-section measurements using toe КАРТ were performed in collaboration of 
the Technical University of Dresden, GDE and the Khlopin Radium Institute, USSR at the 
2,6 and 4,5 HeT neutron energy spot points. The results of these measurements are loner 
than the ENDP/B-V evaluation and well agree with the lower group and in partlculaxy with 
the results obtained by Poenitz / 8 / but are i n discrepancy with the recent result ob­
tained in the Hational Bureau of Standards, USA / 3 / . Therefore some more measurement 
has been performed using the TCAPT at the new neutron energy spot point of 1,88 meT that 
i s near the maximum 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, 
Piesion events were registrated by means of current pulse ionization chamber comprising 3 
f o i l s of the 35D nuclide. The main features of both experimental 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 associated particle count was not introduced as 
the background value was lower than 0,1 %, 

f i g . 2 shows the neutron cone profile in the plane of the DCd.n^He reaction, and Fig. 3 
shows that in the perpendicular plane. 
The fission cross-section value i s f inally amounts 1,26 - 0,03 barns. 

Tig. 4 presents a comparison of the present work result with those obtained by other 
authors as well as with the КДО/В-Т evaluation value. It can be seen that the marl mal 
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 bams that i s lower than the evaluation. The 
cross-section value obtained in the present work Is in agreement with this group and 
partlculary with the results of measurements of Dias /13/ and i s higher than the value 
obtained by Poenit» / 8 / . 



Table 1. The main features of the experimental conditions 

Beutron energy 
Deuteron beam energy 
Neutron producing target 

Deuteron beam diameter at the target 
Angle of the 3He flight out 
with respect to beam axis 
Flat angle of the -Le registration 
•'He-particle counting rate 
Associated particle SB detector 

Magnetic field 
^He-particle trajectory radii 
Neutron emission angle with respect to 
beam axis 
Fission chamber 
Total areal density of the 
Neutron cone 

235r 

Angular size of the most distant target 

(1.88 * 0.03) MeV 
2.8 MeV 
(0.9 - 0.1 ) mg/cm2 thick 
foil of (CD)n 
2.1 mm 

(14.1 ± 0.4)° 

(1.5 - 1.7)« Ю 3 1/sec 
45 m depth,of depleted zone 

(25 x Ч5)лааг large 
5-103 gs 
43 - 50 cm 

(141 - 1)° 
3 foils of 235U, methane 
(1297 * 13) g/cm2 
with at the level of 0.1 % of intensity 
18° FwHM 6.55 
18° 

Table 2. Corrections and uncertainty components of the 
measurements 

235 U fission cross-section 

Effect 

Coincident statistics 
Random coincidences 
Extrapolation of the fragment 
pulse height spectrum to zero 
Fragment absorption in the 
target layers 
Neutron cone attenuation 
Target layer non-homogemity 
Total uncertainty 

Correction % 

- 1.8 

• 4 
+ 2.2 

+ 0.3 

Uncertainty 

± 1.95 
- 0.26 

±0.5 
- 0.85 

- 0.4 
± 0.7 
±2.5 
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Fig. 1» Experimental data on the 35U neutron Induced f iss ion 
cross sections in tbe neutron energy interval from 1 
to 6 Me7. 
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Fig. 2» Neutron cone profile in the plane of the reaction, 
(angular sizes of the targets are shown) 
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Fig. 3» Neutron cone profile in the vertical plane, 
(angular sizes of the targets are shown) 
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Pig. 4: Comparison of toe results obtained in the present work 
with the data of other authors. 
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APPLICATION OF MAGNET' ANALYSIS И THE T H E CORRELATION ASSOCIATED PARTICLE METHOD 
V.A. Xalinin, S.S. Kovalenko, Т.К. luzain, Tu.A. Heailov, L.M. Solin, T.I. Shpakov, 
A.T. Fomichev, 
T.G. Xhlopia 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 acknowledged at the moment and is 
regarded as an accurate and reliable one. The basic idea of the TCAPM is as follows. 
Either 2D(d, n)3He or T(d,a)*He reaction is used as a source of neutrons. The ^ e or *He 
particles associated with neutrons are detected by a detector within the cone fixed by 
the detector entrance apperture. The neutron cone corresponding to the associated partic­
le cone irradiated a target of fissile nuclei. The fission events are registered in coin­
cidence with 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, 
ii) the fission target nonuniformity is negligible,the induced fission cross section is 

determined by the expressiont 

Nap-n where 

Nc is the number of coincidences registrated, 
Я » is the number of associated particles and 
n is the number of fission nuclei per cm2. 
The TCAPM has the following advantages 
i) determination of either neutron flux or total associated particle counts are not 

necessary 
ii) fission events Induced by background neutrons (scattered neutrons or neutrons from 

other reactions) are excluded 
iii)there is no need to take the neutron 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 independent 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 Consultant's Meeting 
on the U fission cross section (Smolenice, CSSB, 1983) has recommended to perform 
monoenergetlc measurements using the TCAPM at as many energies as possible as the beet 
way of improving the accuracy of the fission cross-section data /6/. 
A practical realisation of the method in a wide interval of neutron 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), (d,o), (n, p), (n, a) accom­
panying reactions. Specific AP-channels are to be designed for measurements at every 
neutron energy point. 
Dp to now two modifications of the TC1PM were developed, 
i) For measurements at neutron energies of 2.6 MeV and 14.S MeV /1-4/. 
The D(d, u)3He and T(d, n)4He-reactlona and low energy deutron beams (Ед«^150 keV) were 
used to produce neutrons, AS both reactions are exothermic and have rather high Q values 
•Tie and He-particle energies exceed those of scattered deutrone. The latter therefore 
could be cut by means of thin aluminium foils of carefully chosen thickness. 
ii) For аваецгеаев^В tf »guffon energy of fl.5, /?/. 
The D(d,u)3He-reaction and deutron beam with the energy of 9,5 MeV were uied in this 
case and ^He-particles were separated by means of а д Е-Е telescope consisting of two 
thin completely depleted silicon detectors. 
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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 in. the 
AP-channel /10/. To produce neutrons the D(d, n) He-reaction and deutron beam with ener­
gy of 3 MeV were used. 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 JHe-particle 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-particle registration in case of magnetic analysis. 
The choice of large angles of the neutron 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 
AF-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 
-^He-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*10^ 
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 ^He-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 those from the C(d,p) 
(^-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 deepletjd zone depth less than the proton ranges. 
When magnetic separation is used a problem arises to provide sufficent A?-counting rate 
caused by a large size of the neutron one at the exit of magnetic field. This large size 
is due the following two factorsi 
- 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 additional focusing was 
introduced effected by the fringing magnetic field at the edge of the magnet, which focu-
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aad all partielas coming ia direction not perpendicular the field border. The magnitude 
of this focaatng ia deteraiaated by the expression f m % я t «here f is focusing dis­
tance, a ia the angle of AP direction «1th respect to norfal, f> is the AP-ondius in uni­
form «agnatic field. The focusing parameters used in the experimental setup provided the 
AP-ione sise to be not exceeding the magnet gap width. As to the second factor an appro­
priate choice of the foil optimal thickness was made to increase the counting rate. 
By this «ay a 45 am - long and 25 mm - «ide detector was large enough to provide the neu­
tron flux of (2-3) *1(P neutrons per second across fission target, 
whan a detector of auch a large area «aa used, its large capacitance («hieb «as about 
10 nP) pat special requirements on amplifying circuits. 
As a feat current pulse amplifier «aa used to provide high time resolution current pulses 
most be integrated by input resistance and by the detector capacitance which results in 
both a decrease of pulse height and an increase of noise level. In the experimental set 
up a satisfactory signal to noise ratio «as reached by employing an amplifier with four 
parallee input circuits. 
The reaulting pulse height spectrum obtained in the AF-channels is presented in Fig. 5. 
As can be seen, the background in the helion amplitude window «as much less than 0.1 %t 
that «aa negligible. It proves an efficiency of magnetic aeparation in the TCAP1. 

(МэВ) 

Pig. 1f Energy of neutrons ВЦ produced in the D(d,n) He-reaction as a 
function of the deuteron energy BQ for different angles of neutron emission with respect to the deuteron beam axis. 
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Flg. 2 s Dependence of the energy spread of neutrons from the D(d,a) He-reaction on the angle of neutron emission. The figures show deuteron energies in MeV. 

Fig, 3« Ratio of relative angular variations of nelions and neutrons in the plane 
of the D(d,n)3He-reaction as a function of the angle of neutron eaission. 
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Fig. 4: Schematic drawing ог *be ICAPM using the magnetic analysis la the AP-channel. 1 - Deuteron beam, 2 - neatron producing foil of deuterated Polyethylene, 3 - AP-collimators, 4 - beam collimators, 5 - AP-deteetor, 6 - fission chamber, 7 - border of the uniform magnetic field. 
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Fig. 5« 
Pulse height spectrum in the 
AP-channel. (the vertical line «bows the discrimination threshold) 
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O.I. Eoatoehkln, SM. Solovjev, T.I. Shpekov 

Khlopln Badiun Institut», Leningrad 197022, OSSB 
Abetract: Tha rasuite of new faet neutron flesion croea-aeetion measurements carried oat 

In the 1983-85 year» on Fa-239 and 0-235 are presented. Using the 5 BY tandem 
accelerator of the CUB Bossendorf, the tine-Correlated Associated Particle 
Method (ТСАНО if*5 «a« applioated to open new energy apot points for abeolnte 
aaaanrenente. Corrections, errore and the amln experimental features are ' 
aarised. Special problems of tha 18.8 BeT moaaur erneute ere dlacnaaed. 

1. Introduction 
Tha presented work representa a continuation of tha joint f laalon croae-aectlon meaaure-
•ents program of tha Khlopin Badiua Institute Leningrad and the Technical University of 
Dresden " . 
Beeides the ueasurements of the atasdard f iss ion cross-section on 0-235, measurements on 
PQ-239 ware performed because of the great Importance of tha Pu-239 data for the pre­
determination of the fast breeding reactor parameters. In addition to cross-section 
measurements relative to the 0-235 standard, precise absolute measurements seem to be 
lngeniosly for Improving the data accuracy from the reached value (5-10*) to the 

ided (2-5ff) In the 3-20 HeT neutron energy rang» 4) 

In this paper the main experimental conditions and the results of the measurements are 
summarised. Detained informations about tha used electronics and the data acquisition 
system are given in two other contributions ' » 6 ' # 

2 . Hentron production and associated particle CAP) detection system 
The principle of neutron production and AP detection " was already developed for earlier 
measureaente at about 8.4 Be? neutron energy »' ' end le baaed on a telescope of two 
completely depleted Sl(SB) detectors. Measurements at neutron energies of about 4.5 Be? 
were carried out by means of the same system making another choice of the measuring 
•eometry and the energy of the incident deuterona. By an optimisation of the дВ-detector 
parameters, especially the detector thickness, the pulse shaping in the spectroscopic 
AP channel and the measuring geometry, an Important increase of the AP counting rate 
within the limited cone waa achieved guaranteeing a small background portion. Bain expe­
rimental parameters are l isted i s Tab.1. 
In order to produce 18.8 Me? neutrons uslne the 
TCdfUŷ He reaction, a 6 Be? deuteron bean was 
Incident on a selfsupportIn* Ti-T f o i l . The expe­
rimental set-up i s shown In Fiv.1. The rotating 
target holder system allowed to work at deuteron 
beam currents of 800 nA without a noticeable 
escape of T out of the f o i l . By setting the CR 
threshold of the fast дВ-channel high enough 
above the aaplitudaa of the deuteron pulaea, an 
effective discrimination of deuteron multiple 
pile ups wse obtained. 
Toe use of a computer-coupled two parameter unit 
with colour display was favourable to check the 
threshold conditions and to analyze the AP spec­
trum composition ' . 

шашивш 

Baekground eventa occur from (d,a) reactlona at 
the Tl fell and the Al layer, but also fron the f i b ! 
16, 0(d,*) reaction. Appereotly, by producing the 

Experimental set-up of the 
measurements at 18.8 Be? 
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targets oxygen can be bound especially 
at the eurface, but also in variuoa proper-
tiaa within the whole target volume (Fig.2] 
The AP identification in the data taking 
runa waa perforated by single channel ana-
lyaia of the total energy apectrua con­
taining only events, which are identified 
as alpha particles within the window of the 
particle significant spectrue. The back­
ground direction procedure considerea 
(d,a) portions froai Ti, Al and 0 individu­
ally and ia based on measured spectra, 
which were obtained from several non-
tritiated target foils (Fig.3). 
Employing various seta of background 
apectra obtained from different foils, the 
results correspond within +(0.5-1)% . 
Because of the T decay, an additional 
background portion due to the ^He(d,p 
reaction has to be taken into account. 
To perform an experimental determination, 
a second AE - E semiconductor detector r 
telescope was placed inside the vacuum 
chamber instead of the fission chamber. 
A 0.4 am thick cupper foil was used to 
screen the detectors from the deuterons. 
Counting protons in coincidence with AF 
signals, the -Tle(d,p)*He background por­
tion within the AP window was determined Fjg.3: 
to (0.35 + 0.30)%. 

NCM-TWTltTtO И Ю 

Fig.2: Background spectra of several 
non-tritiated Ti foils 
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Spectrum of a Ti-T target foil and 
background correction 

Calculated neutron energy 
- Averaged energy (MeV) 
- FWffl of energy d i a t r . (MeV) 
Beutron production reaction 
Deuteron beam 
- Energy (MeV) 
- Current (nA) 
Beutron producing target 
- Foil (uaed in a rotat ing 

target holder ay stem) 
о 

- Thickness (mg/cm ) 
- Angle r e l a t i v e to the 

beam axis 
AF detect ion 
- AF detect ion angle 
- Sol id angle of AF cone (msr) 
- *B detector thickness yum) 
- LAR output pulse length Cue) 
- Total energy resolution., (keV) 
- Scattered oeuterons ( s 2i 
- Mean AF counting rate ( s ) 
Beutron cone p r o f i l e 
- Measured F1HH 
- Measured 0.005V 
- Angular extent of the 

f i s s i o n f o i l s 

4.45 -i- 0.2 4 .8 + 0.2 8.65 + 0.2 
0723 0725 0740 

D(d,n)3He 

5.00 5.80 9.50 
400-600 

deuterated polyethylene 

0 .5 -1 .8 0 . 6 - 0 . 8 0 .6 -0 .8 
52° 52° 75° 

38° 36.5° 42.5° 
1.05 1.40 1.40 

1 3 / 9 11 9 
0.5 

5 70 - 80 5 . 
1-1.5HC3 1-1.5-Ю 3 6-8-10* 
1500 / 2100 3600 3700 

*-5° 4 .5° 5° 0 
11.5° 11.5° 12.5 

15 .3°-20 .5° 1б .4° -25 .2° 1б .8°-2б .3° 

18.8 + 0 .2 
0760 

T(d,n)4He 

6.00 
300-800 

s»lfcupporting 
Ti-T covered by 
0.2mg/cm2Al layer 

3.6 / 2.6 
40° 

68c 

8.05 
10 

0.25 
1C0 - 120 
1.5-3.105 

3300 / 2200 

6.5° / 6° 
15° / 14° 
15 .3° -21 .6° . 

( 1 5 . 4 ° - 2 2 . 8 ° ) x ; 

Tab.1t Main experimental parameters of tb» neutron production and AF 
x) In the brackets are the values of the 13.8 MeV measurement 

detection system 
on Fu-239 
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3» Neutron СОПе P r o f i l » chnelrli»r шпЛ « . » W i e 

fig.4: Beutron cone profile of the 4*45 meV fission 
cross-section measurement on U-235 

Airing the runs, the horizontal neutron cone profile «as 
checked continuously using a scintillation detector, 
which was placed outside the vacuum chamber» Aaaociated 
neutrons are identified by tlme-of-flight measurement 
referlng to the AF timing signal. Skull drifts of the 
cone maximum did not exeed 1°, and the fieaion chamber 
was always adjusted to the measured cone maximum. 
To explain the neutron cone profile aides, a test measu­
rement with an additional ecatterer 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 approximately. (Pig.4) 
Because of nearly the seme reaction kinematics of the 
T(d,n)4He and He(d,p)TIe reaction, correaponding condi­
tions exist for the neutron and proton cone. By measuring 
the proton cone inside the vacuum chamber, it was possi­
ble to determine the true cone profit, including the 
effect of charged particle scattering within the neutron 
producing target and not falsified by neutron acattering 
(Pig.5). It was proved, that an exponential extrapolation 
of the measured cone sides considering the angular ex­
tent of the profile monitor should be a gocd approxima­
tion to calculate the neutron loaaes outside the angular 

__ extent of the fission foils. 
Pig.5: Compariaion of proton and neutron cone profile measurements using a Ti-T foil 
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4. Piaalon fragment detection uaing a multiplate ionization fisalon chamber 
Thin fission foils (6 plates <300 /ug/cm2 Pu-239; 5 plates 

о <500 yug/cm U-235) were placed inside a parallel plate 
fission chamber. It was filled with methan at a pressure 
of 108 kPa and operated at a voltage of 400 V. The distan­
ce of 3 mm between electrodea and fission foils represents 
a compromise to reach a good separation of fission frag­
ment pulses from alpha events under the restriction of a 
compact fission chamber de-

в 
I 

паю 

ном 

17000 

« и 

4000 

т 

т 

п 

» 

fcnsKumtib 
ALftf* MTlVtrr 

err THRESHOLD 
OTiC'fNCr 

« / 

NIW 

/ 
LOW 1 
ENCMGYH 
cose f 

n 
1 

r 

1 ' 

.• 
,_ 

• 1 / 

КЛШСЮИТ 
U M I W I O * 

NQlt UHfMlTV 
0» ST»ETCHJR 
CHMAC<t>*IST| 

'•" \ i 
l. 1 

\ > 

•ULMS CAuSfO t r i 
tiSS'OM FKWMfMTSJ 

-ICOMCMCNr 1 

. IFISMM 1 

' * • • • ' . • 

=-,'v \ 

•»• 
sign . The short current 
pulses (30-40 ns) were ana­
lysed by means of a nanose­
cond stretcher. This method 
allowed a high fission frag­
ment efficiency (>96%) also 
at high alpha activities of 
the fissile material (~ 9 MBq 
for 4 mg Pu-239). Within the 
fission chamber spectrum a 
broad "plateau" region was 

observed, indicating an excellent separation of fission frag­
ments from alpha particlea (Pig.6). 
In the fission chamber channel et 18.8 MeV neutron energy en 
additional correction had to be introduced, which considers 
the 12C(n,n')3et reaction at the fission chamber gas CH^. 

Pig.6: Piesion chamber spec­
trum of a cross-section 
measurement on Pu-239 

Pig.7i Experimental proof 
of reactions within 
the chamber gas caused 
by 18.8 MeV neutrons 
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This reaction is able to generate events within the coincident fission chamber spectrum 
above the С И threshold (Fig.7). 
The fission foils were produced at the KRI Leningrad using material of high isotopic 
purity >99«99% by HF- and thermo-sputtering of 4-235 and Pu-239, respectively. Areal 
density measurements were performed by low geometry alpha counting. 
5. Results 
The Tab.2 givee a summary of the corrections, error contributions and results of the 
presented fission cross-section measurements. Moat of the results are based on several 
measurements carried out under some different conditions at the same spot point 9»11'. 
The accuracy obtained for the neutron flux determination of the different energy spot 
points demonstrates the advantage of the used TCAPM. 
The short test measurement on Pu-239 at 18.8 MeV will be completed by a further one. 
Huclids 
leutron energy (MaV) 

Counting of coincidences 
- S t a t i e t i c s of e f fec t 
- Random coincidences 
f i s s i o n chamber ef f ic iency 
- Correlated background 
- Extrapolation to zero 
- Fragment absorption 
AP counting 
- Background 
Heutron cone 
- Heutron scat ter ing 
- Effect ive f i s s i o n f o i l 

thickness due to the 
cone aperture 

F i s s i l e layer 
- Areal density 
- Inhomogenoty 
RESULT (10~24cm2) 
STAHDARD DEVIATION (*) 

U-235 
4.45 

C °~Wr. 
(*) (*) 

- 1.26 
1.40 0.17 

1.18 0.26 
2.00 0.85 

2.32 0.67 

0.25 0.40 

0.05 0.05 

- 0.93 
- 0.72 

1.057+0.022 
2.10 

U-235 
18.8 

( . _ Error 
C o r r * c o n t r . 

(*) (*) 

- 1.01 
2.82 0.21 

1.72 0.04 
1.67 0.16 
1.73 0.78 

5.62 1.35 

0.44 0.40 

0.12 0.08 

- 0.93 
- 0.72 

1.999+0.045 
2.25 

Pu-239 
4.8 

<%> (*) 

- 1.27 
0.64 0.11 

1.50 0.31 
1.21 0.46 

2.30 0.36 

0.25 0.40 

0.08 0.05 

1.00 
- 0.88 

1.740+0.035 
2700 

Pu-239 
8.65 

( , . _ Error 
C o r r * c o n t r . 

(*) (%) 

- 1.08 
1.86 0.17 

1.04 0.24 
1.20 0.43 

1.62 0.32 

0.36 0.40 

0.07 0.05 

1.00 
0.85 

2.350+0.044 
1785 

Pu-239 
18.8 

n___ Error 
C o r r ' c o n t r . 

(*) (%) 

- 2.52 
4.55 0.63 

0.34 0.13 
2.57 0.85 
1.30 0.39 

5.92 1.74 

0.34 0.40 

0.12 0.08 

1.00 
0.88 

2.487+0.088 
3755 

Tab.2i Results of the presented TCAPM fission cross-section measurements 
At 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 IM THE JpirPM FISSION CHOSS SECTION MEASUREMENTS AT 
THE TANDEM ACCELERATOR OF THE CINR ROSSENDORF 

h.-G. Ortlepp , C M . Herbach, K. Merla, G. 
Technical University Dresden, GDR 

Musiol, G. Pausch 

abstract 

Hie Time-Correlated Associated Particle Method was applicated to fission с iss-section meas­
urements in the neutron energy regions near 8.5, 4.5, and 19 MeV. The DO- und DT-reactions 
were used at a 5 - 10 MeV deuteron beam of the CINR tandem-van-de-Graaff-accelerator. To reach 
sufficient AP countinq rates, neutron production targets of up to J mq 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 specialized fast particle identification circuit was utilized. AP counting rates up to 
5000 s"1 were obtained. Rates of scattered deuterons of 10^ s"^ could be tolerated. The por­
tion of not separated background events amounted to 2 - 6 5. 

1. Introduction /I .' 
Г 

me basic features of the'; Time-Correlated Associated Particle Method (, ТС АРМ) are described in 
earlier papers (e.g. / 1 / ) . The application of this method to fission cross-section measure­
ment at neutron energies in the 5 - 1 3 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 fоl Is. 
li) The AP letector has to separate associated particles from background reaction products, 

especially From (d ,ec) 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 > 1 0 s are necessary. Thereby 
the maximum diameter of the AP aperature is qiven by the fission chamber geometry which 
limits the possible neutron cone width. A neutron production rate high enough to meet 

_2 the above requirement supposes then relatively thick target foils ( л м mg cm ) . 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 
of deuterons scattered into the AP cone (A/10 s ) leading to pile-up effects. 

iv) The application of semiconductor detectors 
requires separate timing and pulse height 
channels. If the Lime and energy informations 
are treated utilizing a classical fast-slow 
coincidence scheme, difficulties occur from 
different partially correlated random coinci­
dence background amounts in roth channels as 
well as from dead-time effects in the timing 
spectra 111. 

To avoid all possible systematical error contribu­
tions arising from the above mentioned problems, 
я completely new scheme was developed utilizing 
а Д Е - Е telescope in connection with a high rate 
pulse height spectroscopy system including efficient 
pile-up rejection and a "strobe coincidence" 
method in connection with a special fast particle 
identifier (fig. 1 ). 

Fig. 1 
Томислмдс S impl i f ied block diagram of the AP i d e n t i f i c a t i o n system 

Ooto Acquisition Syittm 
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2. The ДЕ-Е Telescope 
_*? 3 

If thin (CD,) targets are used C^100 \iq cm *) the events corresponding to the He's of the 
3 

D(d,n) He reaction from alphas of the (d,al) reaction can be spearsted by single channel pulse 
-2 3 

height analysis /3/. At about 1 mg cm however, He and alpha peaks become overlapping 
(fig. 2) and must be separated by the AE-E technique. The experimental conditions, e.g. the 

beam energy and spot diameter, the 
angular position and solid anqle of 
the AP telescope, the thickness of 
the ДЕ detector, the fission chamber 
position and the target angle must be 
optimized at each neutron energy 
point taking into account contradict­
ing requirements. The lower limit of 
the detectable He energy of about 
2 MeV is determined by the minimal 
thickness of the Д Е detector of 
about 8 urn Si necessary for sufficient 3 4 He- He separation. For kinematical 
conditions leading to He energies 
higher than 5 MeV the neutron diffe­
rential cross-section decreases but 
the elastical deute.-on scattering 
into the AP cone increases. Consider­
ing the slowing-down in the (CD, 
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foil He particles between 2 and 
5 MeV must be expected. During the different measurements detectors of 9 - 13 (im thickness 
were used. Low energetic AP's were already stopped in the 13 (im detector. Tests with a 6 um 
detector yielded unsufficient He- He separation. The thickness of the E detector was chosen 

г 
to 3top the highest energetic alphas. The used 37 - 72 \im 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. The slow channrls consist 
of a linear amplifier with delay line shaping which rectangular output pulses are integrated 
and checked for pile-up in a gated integrator unit /b,b/. Up to more than 10 pulses per 
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 Д Е 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. 

it. 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 Д Е branch is set just above the deuteron 
pulses; in the E 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 ри1зез in the timing channels and are suppressed also. A 
fast coincidence of the CFT output signals fires both gated integrators (fig. 1 ) . ihe same 
signal but delayed by /•* 1 p,s 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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fron both integrators. This inspection includes also pile-up by the snail deuteron pulses. 
Then the signal passes, again 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 TCAPH scheme. The delay of ** 1 us is realized in both the 
"AP" and the "f" branches by two identical cable units to avoid drift effects. Due to the 
minimal time interval between two AP signals determined by the dead time ( ~ 1 u.s) of the par­
ticle identifier circuit, timing spectrum distortions are excluded. 

b. The Principle of the Particle Identification 

The above mentioned scheme requires fast analogue particle identification, but in a small 
dynamic range. The particle branches in а ДЕ-Е plot (fig. 3) can be approximated by straight 
lines in the energy interval of interest. Therefore the particle identification function can 
be realized by a simple linear combination of the дЕ and E pulse heights instead of a com-
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AP te lescope from a f i s s i o n c r o s s - s e c ­
t i o n ' jasurement at 8 .65 MeV neutron 
energy / 7 / 

p l i c a t e d n o n l i n e a r response. This is done 
by a weighted sum amplifier within some 10 ns. The 
sum of ДЕ + E with equal weights represents the 
part icle energy. The distributions of the energy and 
part icle identi f icat ion signals can be recorded as 
pulse height spectra. 
The s e l e c t i o n and background c o r r e c t i o n procedures are d i f f e r e n t fo r He and He A P ' s . At the 
ft.5 and 8 .5 MeV exper iments in a f i r s t step the energy range c o n t a i n i n g the He peak i s select­
e d . For such events the p a r t i c l e i d e n t i f i c a t i o n s i g n a l is b u i l t - u p showing c h a r a c t e r i s t i c 

He and He peaks . This spectrum ( f i g . ft) i s c o l l e c t e d dur ing the whole measurement 
t o determine the background u n d e r l y i n g the He peak w i t h i n the He window which i s s e l e c t e d 
i n the second s t e p . The background i s caused by the t a i l of the He peak, and the n o r m a l i z a ­
t i o n i s performed w i t h the help o f spec t ra taken from (CH? ) f o i l s . At t h e 19 HeV exper iments 
alpha events are s e l e c t e d w i t h the help of the p a r t i c l e i d e n t i f i c a t i o n s i g n a l . The as ­

s o c i a t e d alpha p a r t i c l e s a re then s e l e c t e d by an energy window. The background c o r r e c t i o n 
procedure based on alpha spect ra of d i f f e r e n t n o n - t r i t i a t e d T i f o i l s i s more c o m p l i c a t e d . D i f ­
f e r e n t components from (d ,«0 r e a c t i o n s on A l , 0 and Ti must be separated and then normal ized 
and s u b t r a c t e d i n d e p e n d e n t l y . A l l adjustments are performed w i t h the help of a two-d imensional 
ana lyzer showing the AE-E d i s t r i b u t i o n on a colour s c r e e n . 
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CAMAC DATA ACQUISITION SYSTEM AND DATA ANALYSIS I N TCAPM FISSION CROSS-SECTION 
MEASUREMENTS AT THE TANDEM ACCELERATOR OF THE C^<R ROSSENDORF 

6 . Pausch , W . D . Fromm*. С . И . Herbach . K. H e r l a , 6 . M u s l o l . H . G . O r t l e p p * 
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ABSTRACT • 

A CAMAC deta acquisition syst «a. based on a ROBOTRON KRS 4201 minicomputer, «ras developed 
to record simultaneously all experimentol data which are needed to determine precise 
fission cross-section values by asans of the TCAP aethod \. Hardware configuration and 
basic software components are described. 

/ 
1, INTRODUCTION 
Since 1977 precise absalute fission croaa-sectlon Measurements, based on the/J_ime-Corre­
lated Associated Particle Method (TCAPMy, have been performed at the Technical University 
of Dresden (TU) in close collaboration with the Khlopin Radlua-Instituta Leningrad (KRI). 
The principle scheme of a fission cross-section determination by means of the TCAP aethod 
is well known /1.2/ (fig. 1 ) : A beam of accelarated deuterona ia incident on a target 
containing deuterium or tritium, neutrons mrm produced together with charged associated 
particles (He. He) using the reactions D(d.n)3He or T(d,n)4He. An aperture selects a 
cone of associated particles (AP); the correlated neutrons form also a cone which is 
intercepted by homogeneous fission foils, placed lnslds an ionization fission chamber 
(FC). Energy and direction of correlated neutrons are given by the reectlon klneaatice 
and can be varied by changing the incidence energy of the deuterons or th« AP detection 
angle relative to the beea axis. By simultaneously counting the selected assocleted par­
ticles (Идр) and the fissions caused by correlated neutrons (N.). the fission cross-sec­
tion can be determined from the simple formula N, 

6f - 1_ "AT^ 
if the listed premises »r« fulfilled: 
1) AP detection without background (correlated neutron for each AP pulse!); 
ii) efficiency of 100 % for detection of fission events; 

ill) foultless identification of fissions caused by correlated neutrons; 
iv) homogeneous fission foil(») with known number ny of target nuclei per unit of area, 

great enough to cover the cone completely; 
v) no neutron scattering out of the neutron cone, no AP scattering into the AP cone, 

no scattering of incident deuterons. 
The total AP detection efficiency as 
well as geometrical factore are not 
required. Such an ideal arrangement -
of course - is not possible in practice, 
and deviations from the listed require­
ments heve to be meeeured or calculated 
carefully and to be consldersd in the 
analysis of the experimental dats. 
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Fig. 1; Principle scheme of signal 
processing and data acquisition 
in TCAPH fission cross-section 
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2, CAMAC DATA ACQUISITION SYSTEM 

Mithin the laat years, the activities at the TU Dresden within the joint prograaae /2/ 

have baan concentrated onaeeeureaents at the 5 MV tandaa van-da-Graaf f accelerator of the 

CINR Roaeendorf /3-5/. The echeee of signal processing and data acquisition applied in 

theee aeeeureaente (fig. 1-2) was designed to record slmultaneouely all experiaental data, 

which are needed to deteraine the cross-section value Including corrections /6-8/: 

1. AP detector pulses are cauaed not only by associated particlea, but also by scattered 
Incidence deuterone, protons end alphas froa background reactions. To identify true 
AP evente. the amplitude information of the AP detector is processed /6/; the portion 
of not euppreased background evente can be deterained by enalyzing an aaplitude spec-
true, which is recorded during the run by aeans of a CAMAC analogue-to-digital conver­
ter (ADC 2 ) . By labelling the aaplitude aignals of the AP channel (ATA) with the AP 
tlaing aignals (t.T). generated only for identified aasociatad particles /6/. the AP 
window within the aaplitude spectrun is manifested. 

2. Counting loaaee in the FC channel occur froa the energy loss of fission fragaents in 
the target layer, leading to saall pulse amplitudes or even a total absorption of both 
fragaents, if the direction of fragment eaission is nearly parallel to the target sur-
face. The detection efficiency depends on the thickness of the terget leyers and on the 
electronic threshold, which is set by a conatant fraction trigger (CFT in fig. l). To 
calculate the portion of Signale with pulse heights lower than the tiaing threshold, 
an aaplitude spectrua is recorded (ADC l). 

Correlated fissions ere identified by aeans of a fast coincidence circuit (Kolnz.). 
The nuabar of randoa coincidences can be derived froa the tiaing spectrum, recorded 
by aeens of a time-to-digital converter (TDC). The fixed dead-time in the AP channel 
( ~ 
teea 

- - • •— - • — » - - . w . w - u . y . k . « * . V « I V O I « I \ i u v ; • i n e ¥ 1AVU U B B U - l l H 1П 1ПВ ЯГ С П Э П П б ! 
l A i s ) , which i s greater than the conversion range o f the TDC (T ~ 140 ns) , guaran-
v "white" spectrum for random events / 6 . 8 / . 

tum КЯ5 «01 

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 data acquisition system is controlled by a ROBOTRON KRS 4201 minicomputer. 
FORTRAN codes for data acquisition and data analysis were developed in colleboratlon 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/. 
The experiment is divided into single 
runs, each of them having a complete set 
of spectra, scaler contents and other 
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/. 

Fig. 2: Block scheme of the CAMAC data 
acquisition system 
tj, tAT: FC and AP timing signals 
SKA 
ATA 
Mol, 
Gen: 

ZS. 

FC amplitude signal 
AP amplitude signal 
Mo2: Monitor signals 
Pulse generator, used for 
reduction of the ATA rate 
Scalers 
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l ia. 

In the beginning of each single meaeure-
•ant. the AP input of the faat coincidence 
is switched off for 1 win to label the FC 
eaplltude signals (SKA) with the correspon­
ding tlaing signals (tf). In this way. the 
efficiency curve of the CFT can be deter­
mined. Thia test phase ie followed by the 
data acquiaition phase (typically 20-30 
a m ) . Coincident events are labelled in the 
tlaing apectrua aa wall aa in the FC epec-
trim. All specrra are built-up in the cow-
put er aeaory and can be inspected during 
the run on a dlaplay unit. The data inputs 
of all CAHAC modules era abled and enabled 
simultaneously by asene of the INHIBIT elg-
nal; thia includes a synchronous dsed-tlaa 
pheae for all scalers. ADC. TOC, and the 
tlaer during any САИАС interrupt handling 
and data transfer. Errors due to dead-time 
losaea are excluded because of the fixed 
dead-tiae in t*e AP channel and the low 
counting rates for tf Signale (~10 a-1) 
and tf-tAT coincldancee (SO-lOO h - 1 ) . 
Nevertheless, a data test is parforwed at 
the end of each single seaaureaent: 
The scaler contents of the lndependend 
scalar aeta. as wall ae the nuabers of 
coincident events recorded In the Nf scalers end the tlaing spectrue, auat agree; and the 
aeaaurad fission cross-section la expected to be within given Halts which ere fare froa 
possible statistical deviations. Any violation of this requlreaants indicates mn incorrect 
work of the experimental eet-up; therefore, the run is interrupted end the operetor osksd 
for a coaaand. If all tsst conditions sre fulfilled, the data of thla aeasureaent mrm in­
duced in the single run dsta, the reault Is transferred to the disc aeaory, and the next 
single eeasureaent is started. At any tiae, the operator can terminate the single run. 
The coaputer protocol includae a protocol line for each single aessurement (acalar con­
tents and other parameters) aa wall as the euaaarizad single run data and spectra, but 
also a note for each coaaand of the operator. 
A seperats cods oporstss ths CAMAC systea in a start-stop aods. It la used to record test-
end background spectra and to etore the» on disc together with short cowmants. 
A 'disc administrator" allows to Hat the valid rune, to lnapect any set of slngls runs 
snd .) include it In or to exclude it froa the list of the vslid onsa, and to summarize 
any sst of single runs. Various parameter« ere calculated froa the single run spectra and 
included In the lists. This allows to check ths stability of experimental condltiono. 

3. CONE PROFILE MONITOR 
The cone profile monitor was designed as a separate, alcrocoaputar-controlled systsa 
(fig. 3) /4,13/ and allows a continuous test of neutron cone saxlaue and width during the 
life cross-section aeaauraaent. The monitor la baaed on e scintillation detector. Correla­
ted neutrons ere identified by the tiae-of-flight technique. The random background la re­
duced by neutron-gasaa dleerlmlnatlon /14/ and by selecting the energy of recoil protono. 
The "strobs coincidence" method is applied to unify all lnforaation, conserving the tie« 
resolution /6/. Messursaent and analysis of ths TOF apectrum mrm controlled by a BASIC 
coda /15/« As a result, ths background-corrected number of correlated aonltor signals, 

3: Block scheme of the microcom­
puter controlled cone profile 
aonltor 
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related to Ю * reglatarad AP. ia determined together with lta atatletleal uncertainty. 

4. DATA ANALYSIS 
Tha correctlone eppliad to the eeeeured croee-aection «era briefly deacribad in ref. /4. 
5/. A aore detailed diacuaaion can be found in /B/ end will be published ea a TU report in 
1986. Therefore, only eoae notes to tha "experimental* corrections, obteined fron the 
recorded epectre. era given here. 
The number of coincident events ea well ее tha nueber of randoe coincidences are determi­
ned froa the tiaing epectrum. summarized in general froo a complete experiaent. The correc­
tion for FC pulaas below the tiaing threshold la alao derived froa the summarized coinci­
dent FC epectrua. uelng the corresponding summerized FC teat spectre to calculate the CFT 
efficiency curve. Therefore, drifte of the CFT threshold are considered and cannot produce 
errore. The "zero" point is determined from several taet epectre generated by omens of e 
celibrated pulaar. 
The AP background correction la based only on experlaantal spectre, not on a aathemetical 
deecrlption of peek ahapee. Tha correction value ie very sensitive to the detector proper-
tlee. which can change during the run beceuse of irredietion effecta. and to paraaetere of 
the terget folio. Therefore, in general only a few aingla runs are euamarlzed, and the 
correction procedure ia performed ualng correapondlng background and "neutron-gated" effect 
epectre (coincidence with correlated nautrona /4,8 16/) which ware recorded before atarting 
end after terulneting e aingla run. Tha uncertainty of tha correction la ееinly influenced 
by changee of the experimental conditions. The background calculation la carried out in a 
coeputer - operator dialogue; each atep of tha procedure con bo inspected on e display. 

5. CONCLUSIONS 
A complete end careful documentation of tha moat important experimental parameters by 
aeone of a coaputer protocol, a coaputer-aided check of experimental conditions as stabi­
lity of thresholds, background portlona in the tiaing end AP spectre, plateau height in the 
FC spectrum and othara, and a computer-aided analysis of the experimental data were intro­
duced not only to gat more convenience, but aalnly to guarantee optimum experimental para­
meters and a high accuracy of the final result. 
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Li GLASS SPECTROMETER FOR LOW ENERGY FISSION NEUTRONS 

A. Lajtai, J. Kecskemeti 
Central Research Institute for Physics, Budapest, Hungary and 
P.P. Dyachenko, L.S. Kutsaeva, E.A. Seregina 
Institute of Physics and Power Engineering, Obninsk, USSR 

Abstract 

Application of a 9.55 ran 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 HeV. 

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 Li glass detectors have resulted in a 20-30 % neutron 
252 excess of energy spectrum from spontaneous fission of Cf at energies lower than 1 Mpv 

relative to Maxwell spectra with a T parameter of 1.42 HeV. 
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 detecting neutrons above 100 keV 
difficulties arise in determinino the efficiency because of the resonances caused by Li, 0, 
Si nuclei of the detector material. 

Various Monte Carlo calculations have been performed in an attempt to assess the 
effects of these resonances |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 Li (n,a) reaction. 

Due to the low fission neutron yields at low energies one has to use detectors of 
higher efficiency. One such possibility ir 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 
Fio. 1, where the different correction factors C(e) are depicted, namely the ratios of 
efficiencies to corresponding pure Li efficiencies of a thin (0.835 mm) Li glass detec­
tor, the thick Li glass detector, and that of the thick glass detector determined by 
Monte Carlo calculation. 

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 0 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 ф (E) , then the measured time-of-flight 
spectrum can be expressed as 

P(t)=/F(E,t) Ф (E)dE, 
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Fig. t Correction factors for the thin Li »lass 
detector (M.C. calc.) and for the thick 
detector (M.C. calc. and exp.). 

Fig. 2 Ratio of efficiencies in-bean and 
out-of-beam positions, the effect of 
the 56 AVF multiplier glass. 

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,o) cross sections (see Fig. 1). It agrees with that from the experiment within 
• 10 ». This is a good agreement considerino the ambiguities of the cross sections used in 
the calculation. This fact gives support to the reliability 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 tine to that of neutrons that arrived 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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t i v i t y to Y rays of energy greater than 7.2 MeV. In case of f i s s ion neutron experiments, 
where the energy of a substantial part of delayed gammas i s larger than 1.2 MeV, their 
detection f a l s i f i e s the measured neutron spectrum. 

These delayed gammas can be subtracted by their separate measurement using a Li 
containing g lass detector (№913), which detects the delayed gammas only. 
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In summary 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 TOP spectrum by a NE912 glass detector - P.(ti 
2. measurement of the TOP spectrum with a №912 glass detector with a shadow cone to 

measure the background neutrons only - P,(t) 
3. measurement of the TOP spectrum with a NE913 glass detector fcr delayed gammas - P.(t) 
*. measurement of the TOP spectrum with a NE913 glass detector for delayed gamma 

background - P. (t). 
In this way we obtain the primary neutron TOP spectrum Pit): 

P(t) =P, (t)-P2 (t)-P3(t)*P4 (t) 

This spectrum is corrected f< 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 TOP 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) TOP spectrum corrected in this way can be transformed into the P(E) 
energy spectrum from which can we get the final neutron spectrum as 

. . P(E) 
N,E,-NffiE<E)' 

where N- is the number of detected fission events, П is the solid angle of the neutron 
detector, and e(E) is the measured neutron detection efficiency of the Li glass detector. 
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нкиткш ттапрыст в ш к ш т о в a SEPARATE CHAHJBLS OF BBACTIOHS 

1.0. Alkhasov, A.T. Daniel, Т.О. Dmitriev, Т.Н. Sushin, S.S. Kovalenko, I.A. Petrshak, 
A.T. Knanetsov, L.Z. Mill Irin, B.P. Petrov, T.I. Shpakov 
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Study of prompt neutron multiplicities permits to obtain an important information on the 
processes with essential alteration of nuclear matter (fission and fusion processes). 
She date of special interest are those obtained in multiparameter experiments in which 
measurements of neutron multiplicity are combined with simultaneous measurements of ener­
gy, mass and charge characteristics of the Teaction products. 
Ihe two experimental set ups were designed in the Khlopin Radian Institute comprising ga­
dolinium loaded large liquid scintillation counters of neutrons. Gadolinium was introduced 
into the scintillation in concentration of 1J6 what provided counting of 99% neutrons du­
ring the 25JOB time interval. Both counters allow to perform measurements either in a 
4*-geometry, or in a 2-R-geometry in case of their dividing into 2 halves (Pig. 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 2it-meaeurements that is when the coun­
ter performs as two separate independent halves the effect of its mutual influence must be 
takon into account occuring due to both scattering of neutrons from one tank into another 
»nd registration of gammas originating in one tank by the other one. To avoid this influ­
ence mutual shielding of both tanks must be provided. In the set ops described the 15 cm 
thick shield of polyethylene and lead was used installed between the tanks which reduced 
tke amiaaJ. 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
teristics are well known (for example /1,2/) and here we shall concern only two questions 
which are determination of the counting efficiency in the geometry of 2я and unfolding of 
initia* multiplicity distributions proceedings from the experimentally measured ones. 
The counting efficiency ot large liquid scintillator with volume of 150 liters in case 
of 4ic-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 2ir-meaeurements. In this case the efficiency value is to be 
replaced b/ an efficiency matrix 

, • • * 
Z -

where B ^ , B 1 2 are the efficiency of registration of correlated by the both halves of 
the counter, 1-|2« Вг1 t a k e i n t 0 account both the efficiency of registration of anticorre-
lated neutron and effects of the nutual influence of both halves. Ihe elements of this 
efficiency matrix depend on the reaction kinematics, on the angular distributions and 
energy spectra of neutrons counted, on the counter shape and on the shielding characte­
ristics. 
To calculate the efficiency matrix a Monte-Carlo computer code »as prepared in the Chlo-
pin Radium Institute taking into account the geometry of both the counter and shield the 
scintillation composition, the reaction kinematics, the spectrum and the angular distrl-
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bution of neutrons. Following processes were considered in the computation. Slowing-down, 
diffusion and capture of neutrons by gadolinium, hydrogen, spread of gamnas, emission of 
light and its collection by the photo multiplier tubes, leakage of neutrons 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 2it and 4* geometry. 
Another problem of great complexity arising at the neutron multiplicity measurements is 
unfolding of multiplicity distributions. Initial twodimensional distribution P(>?1, \) -) 
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 Р(1Ц, n2) and due the 
pulso i ile-up which depends on the time resolution of the counting system т and on the 
neutron pulse time distribution connected in turn with the P(V 1,-J 2) and P C ^ , iij) 
distributions. Transformation of the initial distribution P(y 1 t y,) into the experimen­
tal one QCn*, По) can be illustrated in the scheme 

?(VVV2) ^— P(a1, Og) * t •QCa,, Og) 

or 
in the matrix form 

Q(n1f n2) - Y_j A Q 1 » "2» ̂ 1'^2 (E» P » T) р(*<р tf 2) (1) 
A_ _ л .. ft, т>Ь where n^, n 2,^ 1, у 2^ E» P »T^ is *ne operator of the transformation. 

Reversion of the equation (1) belongs to a class of mathematical;/ incorrect problems and 
iirect methods of its solution lead t.o great oscillations in the unfolded distributions. 
In the work /4/ a variant of the method of statistical regularization was proposed for 
unfolding of onedimensional distributions, employing an aprior information on the solu­
tion smoothness. On our ipinion 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 jf 
the experimental data. This distribution depending on the parameters values describes a 
large class of probability distributions. 
The Poya distribution has the generating function of factorial momenta 

T (S) • ( 1 • П ( 1 - S))" 1 / ß (2) 

It is advantageously to de£-ribe the transformation of the initial distribution into ex­
perimental one in terms of factorial momenta. In this case the influence of the counting 
efficiency for onedimeneional distributions is reduced to the replacement 

A'[k] • e \ [ k j (3) 
where Ar̂ -r is the factorial moment'un of the order 4 of the initial distribution, 
A'!"ki is that of the unfolded distribution, £ is the counting efficiency. 
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JPlg. t Schematic drawing of the 2ТГ- and 4tr-neutron counters 
on the base of gadolinium loaded large liquid scint i l lator 
1 - counter tank; 2 - shield at the 2 -measurements; 
5 - f ission chamber; 4 - РЫТ; 5 - source of light of the 
PUT stabilizatuion system. 

Indeed, l e t a generating function Y(S) of the factorial momenta Aroof the ini t ia l distri­
bution P(v ) to be equal y(S) "E,P(V)SV then a generating function of the factorial 
momenta A'iyr of the unfolded distribution P'(n) i s determined by the expression 

T ' (S) - Г P'Cn) Sa « Г CaSnEu( 1 - £ )V"nP(V ) 

- Г (1 *€ ( S - 1))* P C « ) - Y ( 1 + g ( S - D ) 

AW"& r ( 1 + e ' s"1 ) ) Is-1 'e\l 
and 

c<o 
In neglect of the effects of pulse pile-up (т - О) factorial momenta of the experimental 
distribution Q(n) are given by the expression 

g Аи • £ "HaVj (5) 

where Apffl-i are factorial momenta of the background distribution P • > , 

In the f irst approach linear on т the effect of pile-up i s taken in to account by the 
к expression ^ ( t ) . ^ ^ ^ . , ^ ( „ A I £ # 1 ] ( T . 

0) (6) 
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к к 
where C1 (т) and Cg (т) 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 baaia of the equations (3), (4), (5), (6). It is 
advantageously to present the initial distribution by a convolution of model probability 
distributions in terms of semiinvariants 

dk 
F In Y (в) S ш 1 

ds" 
The expressions for the f irst there semiinvariants ares 

X л - * d] 
.2 

X 2 a А [г]- А [1] (7) 

* 3 " * [3]- » [ * * ft* *A
 3f,j 

The generating function of momenta of a convolution is a product of the partial genera­
ting functions. Hence semiinvarianta of the resulting distribution ara expressed via the 
sua of those of distributions forming the convolution. 
For the Poya distribution the semiinvariants are given by the expression 

XI - ( i - 1)! k ' ^ i _ 1 (8) 
where V • В к 

By comparing of model semiinvariante to the experimental ones a set of equations can be 
derived from which parameters of the theoretical model can be obtained 

K,, + +Ke - X 1 - ty 

Vtf" «*«" -XxeAi-1)! (9) 

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 +1Г) "1/a 

and the in i t ia l distribution i s a convolution of the model distributions obtained. 
The advantages of the methods employed waa an automatic conservation of the momenta and 
realization of conditions of both smoothness and positivness. By this way a computer coda 
has been prepared, produced an automatic selection of the number of f i t t ing parameters 
depending on the both s ta t i s t i c s and shape of the experimental distribution. 

In the case of measurements in the 2*-geometry the unfolding procedure becomes much more 
cumbersome though the common approach does not changes. Corresponding program i s now in 
progress. 
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А.В.Игкатюк, Н.В.Корннхов, В.И.Иаслов, А.Б.Пащенко 
Физико-энергетический институт 

Аннотация 
В рамках последовательного оптико-статистического подхода рассчитаны изомерное 
отношение и сечение реакции •>( п., 2 п ) . Получено согласованное описание всей 
совокупности экспериментальных данных о сечениях деления и j>eamon( ( о, 2 п ) . 
Результаты проведенных расчётов могут служить основой для оценки сечений реак-
ции Нр( п, 2 п) в диапазоне энергий от порога до 20 МэВ. 

Введение 
Интерес к сечениям реакции Z 3 7 N p ( п, 2 п ) определяется в первую очередь,прак­
тическими потребностями ядерной энергетики. Реакция (и, 2 п ) с возбуждением ко-
роткоживугоего состояния Нра является сдним из главных источников накопле­
ния в быстрых реакторах изотопа 2 3 2 и , сильно осложняющего переработку ядерно­
го топлива. Эта же реакция является нежелательным конкурентом при производстве 
в реакторах изотопа ^ ^ Р и , используемого в качестве интенсивного «.-источ­
ника /I/. 
К ранее имевшимся экспериментальный данным о реакции Яр ( п , 2 п ) Жр 
при энергии нейтронов около 14 МэВ /2-6/ и одной точке при энергии 9,6 МэВ /б/ 
в последние годы добавились измерения сечений в области энергий от 7 до 10 МэВ 
/7/. Эти данные не охватывают, однако, весь диапазон энергий от потуга до 20 МэВ, 
важные для прикладных задач, и необходимость надежного определения :>«чений во 
всем диапазоне по прежнему остается актуальной. 
Значительный интерес представляет и вторая ветвь реакции Np ( п , 2 п ). в ко­
торой образуется долгоживущее состояние "^Кр 1 . В этом состоянии нептуний об­
ладает столь высоким сечением деления для тепловых нейтронов 2500 - 150 б /8/, 
что накопление данного изотопа при длительной работе реактора может существен­
но отражаться на балансе нейтронов. Получение прямых экспериментальных данных 
об этой реакции,а,следовательно, и о полном сечении (п , 2 П )-реакции крайне 
затруднено. Поэтому сколь-либо надёжная оценка сечений в настоящее время может 
быть осуществлена лишь с помощью теоретических расчётов. Проведение таких рас­
чётов в рамках достаточно последовательных и согласованных с экспериментом на 
близлежащих ядрах теоретических моделях является целью настоящей работы. 

п I ' • •• 
I. Схема низколежаших уровней ядра *"^ЫР 
Экспериментальному исследованию спинов нижайших состояний Np посвящен 
целый ряд работ /9-17/. Для долгоживущего состояния 2 Э бНр 1 с периодом полу­
распада 1,15'Ю5 лет показано, что при его р>* -распаде образуется изотоп Ри 
в состоянии со спином 6+, а при е-эахвате в аналогичном состоянии образуется 
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2 3 6 п Л1,12Л Стожь полное в пределах экспериментальных погреиностей заселе­
ние уровней 6+, подтверждаемое расчетами величин ig t .служит весьма веским 
аргументом д м индентифнкацки спина и четности 6" долгоживуцего состояния нр . 
Исследования хороткоживунего состояния 2*Нр" с периодом полураспада 22,5 ча­
са показали, что при его р~ - распаде заселяется основное состояние 0* и пер­
вый возбужденный уровень 2* изотопа 2Эб1\» , а при е-эахвате - уровни 0+,2* и 
2" изотопа 2Эб и /11-16/. Это позволяет приписать состоянию ** нр* спин I, 
но вопрос о четности этого состояния остается открытый. 
Таким образом спины образующихся в реакции Нр ( п, 2 п) долгоживущего и ко-
роткожнвушего состояний можно считать достаточно надежно определенными. Какое 
из этих состояний является основным и какое изомерным, какова энергия возбужде-
кия^иэомерного состояния,а также какова схема других ниэколежащих уровней яд-

еве не установлено. Известно линь присутствие уровня 3", для которо-ра^Нр 
го в работе /16/ при изучении «*- распада i4UKm был продемонстрирован облег­
ченный характер <*•- перехода, свидетельствующий о подобии структуры образую­
щегося состояния ядра Щ со структурой 3"( 5/2"[523]р, 1/2* [631] а ) ос­
новного состояния А ш . Это подобие структур, так же спектры нижайших одно-
частичных уровней соседних нечетных ядер можно использовать для теоретического 
моделирования ниэколежащих уровней "" Нр . В работе /16/ для этой цели были 
взяты два первых нейтронных одночастичных состояний 7/2V743/ и I/2V63I/ 
ядер ^° и и Ри^, а также первые протонные состояния 5/2* /642/ и 5/2"/523/, 
наблюдаемые в ядрах Нр и Np • Полученный спектр никайних протон-нейтрон­
ных состояний ** яр показан на рис. 1а. В работе /17/ использовались те же ис­
ходные конфигурации нуклонов, но несколько иначе было выбрано остаточное взаимо­
действие нуклонов в рассматриваемых состояниях. Полученный спектр состояний при­
веден на рис.16, для построения полной схемы уровней представленные на рис.1 
состояния были дополнены ротационными лолосами с энергиями 

°JK Вк + AfJU+1) - К(К+1)] (I) 
где параметр А*5,5 кэВ определен на систематики ротационных полос близлежащих 
нечетных изотопов урана и нептуния /18 / . 

Q) 
£*' 

№ 
03 

02 

0.1 

О 

1 

2" 

—7 
г 

— 1* 

•з' 

У 

5) 

_ 6 * 

ггттг 6 

-2" 
У 
Л* 

— 6' 

/ -——2* 

О 2 4 6 Л О 2 
Рнс.1. Схема нижайших квазичастичных уровней 

работ /II/ - а ) и /16/ - б). 
236 

б И 
Яр по данным 



Нм одна из рассмотренных выше схем , естественно, не претендует на высокую точ­
ность. Расхождения между этими схемами фактически отражает существующие неоп­
ределенности моделирования низколекашдх уровней ядра 2 Э б Ж р . Согласно соотно­
шению (I) в диапазоне энергий возбуждения до I ЫэВ должны присутствовать уров­
ни с угловым моментом до ~ 15 и полное число уровней, построенных на нижайших 
кваэичастичных основаниях ротационных полос (рис.1), достигает ~ 120. 
С другой стороны, в работе /19/ при систематике полного числа наблюдаемых ниэ-
колежащих уровней актинидов показано, что число уровней с энергией возбуждения 
ниже заданной и можно достаточно хорошо описать соотношениями модели постоян­
ной температуры 

J4(U) . *хр( 8/Т) [ «xp(U/T) - 1 ] , (2) 

где S «0, До и 2 д 0 для четно-четных, нечетных и нечетно-нечетных ядер, соот­
ветственно. Для всех актинидов можно принять среднее значение температуры Т • 
* 0,388 ИэВ и величину л 0 » 12/ v k МэВ. На основе данной систематики следует 
ожидать до 150 уровней ниже энергии 0,5 МэВ и примерно 700 уровней ниже энергии 
I МэВ. Эти цифры весьма существенно привыкают число рассмотренных выве дискрет­
ных уровней, и это указывает на важную роль корректного совмещения верхней 
границы дискретных уровней с нижней границей статистического описания уровней. 
2. Расчёты сечений и изомерного отношения 
Для расчётов сечений реакций, протекавших при взаимодействии нейтронов с ядром-
мишенью " Np , использовались статистическая модель, учитывающая законы сох­
ранения углового момента и четности на всех этапах распада возбужденных ядер. 
Совместно с компаундным механизмом-распада в модели учитывалось также предрав-
новесное испускание нейтронов. Необходимые для статистических расчетов коэф­
фициенты прилипания нейтронов были получены в рамках обобщенной оптической мо­
дели, описывающей совокупность нейтронных сечений детального изученного близ­
лежащего изотопа ''"'и /20/. Для вычисления плотности уровней нейтронного и 
делительного каналов использовались соотношения сверхтекучей модели ядра с фе­
номенологическим учетом оболочечных и коллективных эффектов /19/. При этом 
параметры плотности уровней делительного канала, а также барьеры деления рас­
сматриваемых ядер были получены согласованным образом из анализа сечений де­
ления в области первого "плато" /21/. Параметры предравновесной модели были 
выбраны из условий оптимального описания спектров неупругого рассеяния нейт­
ронов изотопом и /22/. Совместный анализ сечений деления и сечений (п ,2п)-
реакций для изотопов и и 2 3%, имеющих наиболее полную экспериментальную 
информацию об энергетической зависимости рассматриваемых сечений, позволяет 
сделать вывод, что выбранная статистическая модель хорошо описывает всю сово­
купность экспериментальных данных и, следовательно, она является оптимальной для 
расчётов интересующих нас сечений реакций 2 3^Кр (п ,2п ). 
Для расчётов изомерного отношения первостепенное значение имеет выбор схемы 
низколежащих дискретных уровней остаточного ядра ^ * И р и определение вероят­
ностей гамма-переходов между этими уровнями. Выше ухя отмечалось, что необхо­
димые для этого экспериментальные данные почти полностью отсутствуют. Повтому 
в расчёты была заложена наиболее простая схема развития гамма-каскада: статис­
тическое описание вероятности E l , Б 2 и М I переходов в области непрерывного 
спектра и переходы только внутри ротационных полос для дискретных уровней. 
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Такое рассмотремп позволяет рассчитать заселенность нижайших двуххваажчастич-
ных. состоянии, показанных иа ркс.1. Далее исиольэоьалось предложеннё.что пере­
ход в основное 6" яла изомерное I" состояния определяется условиями минимальной 
мулътнпольности гамма- квантов. Согласно такому предложению все состояния со спи­
нами J < 3 должны заселять изомерное состояние, тогда как состояния с более 
высокими спинами - основное. Варьируя схему низколежаирх состояний и границу 
дискретного и статистического описания спектра низколежажих уровне««, мы добива­
лись согласия расчетов изомерного отноиения с имевшимися экспериментальными 
данными. 
Учитывая неопределенности теоретического моделирования дискретных уровней и 
вероятностей переходов между ними, мы не долины надеяться на корректность рас­
четов абсолютной величины изомерного отноиения. Однако, статистический подход 
позволяет проследить изменения заселенностей состояний с различными спинами 
при изменении энергии налетающих частиц и, добившись описания эксперименталь­
ных в одной точке, можно достаточно надежно воспроизвести энергетические из­
менения изомерного отношения. 
3. Обсуждения результатов расчётов. 
На рис.2 представлены результаты расчета изомерного отношения r , f f i ^/ffj t.. 
для различных схем ниэколежащих состояний 2 3 6Np . Можно видеть, что даже срав 
нительно небольшие изменения относительного положения ряда уровней существенно 
влияют на абсолютную величину изомерного отношения. При этом, однако, практи­
чески не изменяется характер энергетической зависимости этого отношения. Схе­
ма уровней рис.1а позволяет с хорошей точностью описать единственное экспери­
ментальное значение изомерного отношения /10/. 
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Рис.2. Энергетическая зависимость изомерного отношения в реакции 
*»*71р (и ,2 и ), сплошная кривая - расчеты со схемой уров­
ней рис.1а), пунктир - со схемой рис.16), штрихпунктир-
реэухьтаты расчётов /23/, * - экспериментальное значение 
изомерного отношения /10/. 

Вместе с результатами настоящей работы на рис.2 приведены также расчеты работы 
/23/, в которых моделировались 720 дискретных уровней в интервале энергий 
возбуждения до 1,5 МеВ. К сожалению, мы не имеем полного описания это»1 схемы 



177 

уровней я вероятностей переходов найду дискретным уровням. Следует, однако, 
отметить, что даже столь больное чнсло уровне« остается еще в 3 раза меньший, 
чем следует из статистического описания (2) . Поетому.необходнмость нормировки 
на экспериментальное значение изомерного отношения не снимается и оря большом 
числе дискретных уровней. В то же время, близкое согласие расчетов / 2 3 / с на-
« г « расчетами, привязанными к наблюдаемому изомерному отношению, позволяет счи­
тать полученную энергетическую зависимость изомерного отноше.-ия достаточно на­
дежной оценкой. 
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Рис. 3. Экспериментальные данные о сечения деления и результат теоре­
тического расчета (сплошная линия). 
Пунктиром показан расчет первого шанса деления. 

Рис.4. аШолное сечение реакции 
( п, 2 п ) : 

ь -экспериментальные данные 
из работы /24/, сплошная 
линия - результаты теорети­
ческого расчёта. 
б)Сечение реакции ( п,2л) 
с об^ованив^ короткоживу-
цвго с^Шяния .'Эксперимен­
тальные значения работ:л -
/2/, • -/3/, v -/4/, а -/5/, 
л -/6/, е -/7/. Сплошной 
линией показана величина 
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На рис.3 к 4 показаны совместно с вмесоммися »ксперимеитальными дан­
ный! результаты теоретических расчетов сечения деления и полного сечения (п,2п). 
Необходимо подчеркнуть, что прямые данные о сечении реакции ^ Н р ( п, 2 п ) от-
сутствувт на рис.4 использованы косвенные данные, полученные из реакций ( t,2 a). 
(ос, 2 п ) и обладающие значительной погрешностью /24/. Ввиду этого, более ин­
формативным оказывается сопоставление расчетов с имеющимися данными о сечении 
образования короткоживушего состояния. Результата, приведенные на рис. 46 показы­
вают, что рассчитанная величина 0"/(1+г) достаточно хорошо описывает экспе­
риментальные значения О * 2п • Некоторые расхождения расчетов с экспериментом 
имеются при анергиях кике 7 ließ. В этой области возбуждение остаточного ядра 
236 1р столь мало, что закономерности статистического моделирования вероят­
ности гамма-переходов становятся мало оправданными. Однако, при имеющихся неоп­
ределенностях схем уровней добиваться описания околопорогового поведения изо­
мерного отношения в реакции ( п,2 п) нецелесообразно. 
Следует отметить, что согласованное описание экспериментальных данных об изо­
мерном отношении и сечении реакция *^ Кр ( n,2 n) ** Кр* на основе выбран­
ного оптического потенциала и соответствующего ему сечения образования составно­
го ядра достигается, если сечение деления при энергиях выше 14 МэВ проходит 
ближе к данным /30/ и оказывается на 200 • 300 мь выше результатов работ 
/31,32/. Снижение сечения деления до уровня данных /31,32/ потребует увеличе­
ния изомерного отношения до ~ 0,8 или соответствующего изменения сечения 
образования составного ядра. Таким образом, полученные результаты в области 
энергий 8 • 15 МэВ адэкватны всему набору экспериментальных данных о сечениях 
деления, образования короткохивущего изомера и изомерного отношения. 
Энергетическая зависимость полного сечения реакции ( п,2 а) полученная в нас­
тоящей работе существенно отличается от ранее выполненных оценок (рис.Ь). 

Рис.5. Полное сечение ( а,2 п) по данным различных работ: 
— — — - настоящая работа, -•• - /2ö/, - - - /26/, 
- ' - /27/ - /28/, - к - /29/. 



17? 

Наибольшее согласие наблюдается с данными работы /28/, однако при • п < 9 ИаВ 
результаты работы /28/ проходят ниже навей эансямостн и экспериментальных 
данных о сечении образования короткоживущего изомера. Результаты настоящей ра­
боты слабо чувствительны к неопределенности сечения деления, поскольку главный 
критерием проверки теоретических расчетов являлось описание експеряиентальных 
данных об изомерном отношении и сечении О-" 2п. Поэтому погрешность оцененного 
сечения (п ,2п ) в основном определяется точностью экспериментальных данных 
дг/ г (14 МэВ) - I4JC, д С / о • 2n>5f20jE. Следует, однако отнестись ос­
торожно к рекомендуемым сечениям (и ,2*п )-реакцшн, так как наиболее существенная 
для расчетов величина-изомерное отношение-изомерно только в одной работе. 
Заключение 
На основе теоретических расчетов в рамках теории Хауэера-Фешбаха с учетом зако­
на сохранения моментов удается расчнтать изомерное отношение в реакции 237жр(п , 
2п ). Неопределенность моделирования схемы уровней 2 * 1 р по всей видимости 
слабо влияет на энергетическую зависимость изомерного отношения. 
Погрешность {»считанного сечения реакции (п ,2а ) главный образом определяется 
погрешностью экспериментальных данных об изомерном отношении и сечении образова­
ния короткохивуцего состояния. Однозначная оценка погрешности затруднена мало­
численностью экспериментальных данных об изомерном отношении. 
Проведенные теоретические расчёты могут быть полезны в практической деятельнос­
ти при оценке сечений и создании полного файла нейтронных сечений 1р . Учет 
теоретических расчетов при проведении оценки в значительней мере может компенси­
ровать скудность и неопределенность экспериментальных данных. 
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ШЯ1ШВТ OP THE »OTAX PROTOI EMHSIOM CROSS SBTTIOE OP ISOTROI ISTOCRD 
KUOriCm Of ^ l i AT 18.5 Me». 

A.Iorman, B.Merianakl, J.Rondlo, K.Csaraki 

Inatltute for luolaar Studien. 00-681 Warsaw, Rota 69, Poland. 

The axperlaantal data for proton emiaaion croaa aaotlona neutron lnduoad 
raactiona ara тагу acaree eapeelally at neutron energiea different than 14-15 
NaT. The growth of intaraat In atudylng of theaa raactlona ean be noticed In 
the connection with assessing radiation damage of aatarlala for future fuaaion 
raaetora ^ll . 

60 r x We пате aiaaaurad the differential proton eaiealon oroaa aeotion of Mi(jn,pJ 
w C o reaction at 18.5 MaV. The atudj of thia reaction in 3-30 aeY neutron 
energy rang* la aleo significant in doalaetry [2]. 

The angular dlatribution of protona from thia reaction waa meaaured in the 
range 0°-170°, with a 10° atep. 

The experiment waa carried out with the help of an eight-teleaoopa ohaaber 
[з]. leutrona were produced In the -T(d,n^Ha reaction, the dauterona being 
accelerated to 2.3 HeV in a Tan de Graaff accelerator. The neutron energy 
apread due to deuteron energy loaa In T-Ti target and the geoaetrloal oondi-
tiona waa about - 150 keV. The target uaad waa dapoalted eleetrolytleallj 
on Ima tantalua backing* Ita dlaenaiona ware 12*15ma and ita tnickneea waa 
20 ag/cm. The background waa aeaaured by replacing the target with the back­
ing« The absoluta normalization of the eroaa sectiona waa provided by meaeur-
ing the protona recoiled from the polyethylene target. 

The angle integrated proton apectrum waa obtained according to the follo­
wing formula 

where GTk(>El>) la a differential croaa aeotion meaaured at angle 0^. 
Thle apeotrum la ahown in figure t and ia compared with the reaulta of the 

combined pro-equilibrium hybrid model and aultl-atage nuclear reaction Rauaer-
Peehbaeh oaleulatlona. The calculatlona тт* made with the help of code EMPIRE 
[4] and included the oontrlbutiona from (n,p) and (n,np) react lone, and the 
pre-equillbrlua contribution in the first atep of the reaotlon. The calculated 
(n,p) speetrua includea all the reactlona in which the proton is emitted aa a 
first particle. The optical-model parameters used in this calculation were 
those proposed by Beoohettl and Oreenleea [5] for protona and neutrons and by 
Mo Padden and Satohler [6] for d. partlclea. Level density parameters were 
taken from Gilbert and Cameron [7] . We eee that, in general, there is agree­
ment between our data and the EMPIRE reaulta, although the EMPIRE data excee­
ded experimental onaa, especially in the high-energy region of the epeotrua. 
This auggeats that the contribution due to pre-equlllbrlua la overestimated. 

The experimental total cross section value integrated in the proton energy 
range from Э MeT to 17 MeT is 420 sb, the calculated value la 450 ab. 
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"NilB,p)"C> 
E„-»S МЛ 

t-±-

f l g . 1 . Пи angle integrated apectrum of 
protona from tha neutron Induced 
reaction on ^t t . at 18.5 BeY. The 
horlsontal bare repreaent tha re-
aulta of combined pre-equllibrlum 
multl-atago Hauaer-Peahbaea cal­
culat ion . 

In epite of differenoee between the ahapaa of axpariaantal and calculated epo-
etra tha obtained valuee agree тегу wel l . 

Ina angle Integrated experimental epeetrum waa fitted by the aua of (n,p) 
and (n,np} compound apeetra tha ratio IS (л,Р)А(n,nv) being arttable adjuated. 
The oaloalatlon waa perfomod with the approximate formula«. Tha wetho4 of 
calculation la fully deacribed eleewhere [8 ] . The dotted line in figure 2 . le 
a reault of thla f i t t ing . Some atrueture la aeon above the calculated compound 
continuum. Tha erooe eeotlon of noncompound proeamaea (atructura above the 
calculated continuum) la 60 mb. The BHIRS calculated compound eroaa evetion 
la ЗЭО mb what agreee with the experimental value 3*0 ab obtained after tha 
aubtraetlon of noncompound procaaaea. There are auggeetloaa that the noaeoapo-
und ргсеемеа are due to multletep proton emlaolon from (ИЖ doorway etatea [9] . 

Total proton emlealon eroae eeotlon baa been meaeured only at 14.8 MeT ne­
utron energy [10]. The obtained value- waa 325 ab. The croaa aactlona of the 
(a ,a) , (a,ap) and (a, an) reaction« change la different way with neutron energy. 
The (n,p) reaction eroae eection waa aeaaured by aetivatlon method and tha ob­
tained value waa 112 ab and 70 mb at 14.8 IeT and 18.5 во* neutron energy, 
reopeetlvely [ l l ] . 

day data about (a,pa) • (a,np) raaetioaa oroea teotione at 18.$ laT are not 
available, «valuation maid by p.Oaeather et n l . [11] givea a rapid lnereaae of 
the eroaa eection to a value of 310 ab at 18.5 ват. The aua of tha aemaurad 
(n,p) reaotloa croae eeetloa and tha evaluated (n.np) • (_a,pa) one la In reaao» 
aabla agxveaaat with the value obtained by ue. Tba error of t te aaaeured oroaa 
eeotloB waa aatlaatad to be about 10*. 
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71g.2. The magi» lategrated apeetroa of 
protoae from taa aewtroa la&ueed 
reaction OB 18.5 ввТ. the 
daahed and fell lino» repreaoat 
eoapowad proton aaeetra of (»,») 
•ad (a,ap) reaotloae oaleulated 
according to the approxlaate fox» 
anlee. ft» reaaltlbg eontlaaaa 
(dotted liae) alao iaeladee • 
•••11 pre-aeuillbrlua eoatrlaa-
tlMt. 
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TWO TARGET DS*H FOLLOWING THE (n.n'f) REACTION WITH FAST REACTOR NEUTRONS 

M. Georgieva, D. Elenkov, G. Toumbev 
Institute of Nuclear Research and Nuclear Energy 
lieu-Sofia, Bulgaria 

A version of the Doppler Shift Attenuation Method (DSAM) has been applied 
for the first time to measure lifetimes 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'f) 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 . On the other hand. Warburton et 
al. suggested ard Antilla et al. applied to DSAM the idea of the two-
target method using iharcfed particles reactions. 

-acicr» MIL 

Fig. 1. Two-target experimental arrangement for DSAM after a (n,n'|0 reaction 
with reactor fast neutrons. 

In the way, shown in fig.l we developed and applied this method to the 
reaction (n,n'^) w?'th reactor fast neutrons which, in our opinion, has the 
following advantages: 

i) during the simultaneous, measurement of the f -peaks from the two targets, 
the electronic drift is unidirectional and it affects the two Doppler-shifted 
f-peaks in the same way. For this reason, the distance between their barycenters 
ДЕ (measured in DSAM) does not depend on the drift 

ii) the neutron beam is more effectively used - actually the beam is used 
approximately twice 

iii) due to the fixed geometry, the background conditions remain the sam? 
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during the whole time of the measurement. 
In our experiments Ge(Li)-detectors of effective volume 28, 60 and 75 cm 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, Q^ - D5°, в ? = 135°, the distance between the 
targets being about 70 cm. To ensure the same beam intensity on the two targets, 
if necessary the target H^ accepts special geometry - it is made thinner or 
slits are made in it. Some experimental spectra, obtained in the above described 
way of measurement, are shown in fig.2. 

N l 
6000 

5000 

' 

2077 k*V 

лЛ 

•ri* I . 

• 

N 

3000 

2000 

• 
• • 

• 

t « - * ' 
* ^ * » 

1Л 
Ti 

2716 k»V 

/ A 

Channel number 

Pig. 2. Typical experimental spectra of Doppler-shifted energies of t-
transitions. 

II. Processing of the experimental data. Results. 

To obtain the mean lifetime of a given excited state, the experimentally 
measured Doppler shift A E is used to find the so-called attenuation factor 
pexp 

r-«*p_ A E . 
&t p0 { cos©, - cot eL) 

where E* is the energy of the unshifted Jf-ray and b0 is a measure of 
the recoiling nucleus velocity. On the other hand, Fthft) is calculated according 
to standard Blaugrund's theory /»/ 

t from the expressions 

or homogeneous and - *• i м .ii» 

for heterogeneous stopping medium. The notation i s as Blaugrund's one. 
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The mean lifetime t/ is derived from the position of F e x p on the slope of the 
curve Ptn(«C) as it is shown in fig.3. ftp full details see ref./5/. To 
illustrate the method some results are presented in the table below. 

1 

074 

as 

025 

Fie) 

- ^ 

^ ; 

- i A _ » 
1 10 100 x # s 

Pig . 3. Theore t i ca l ly ca l cu l a t ed F th(<C) and f inding T from F e x p . 

T a b l e 1 
Examples of mean lifetimes obtained by DSAM following the (n.n'i*-) reaction. 

Nucleus E.(keV) С . Ю - 1 sec Other's (quoted in /5/ 
о 

,11 

Mg 24 

*32 

CI 35 

f39 

Ca 40 
,51 

2124 
книг 
4124 

4239 
6011 

4281 
4461 

2694 
3002 

2523 
3883 
4127 

3904 

3614 
3632 

0 .62 
0 .14 

5 .6 

10 .5 
11 .5 

4 . 0 
12.7 

6 .2 
;.2 

9 .2 
2 . 6 
8 .5 

5 .2 

8.6 
2 . 0 

- 0 .22 
* '0 .10 

*- 1.9 
i o . 5 
t 2.С 

i 1.4 
*- 3.o 
i o.8 
i i . 2 

i 0 .9 
i i .o 
i 5 . o 
i 2 . 0 

i 2 . 8 
- 0 .6 

0 .60 
0 .12 

5.5 
10 .0 

8.5 

3.6 
13 .0 

6 .2 

3 .1 

9.0 
2 .0 
8 .5 

5.4 

8.0 
1.8 

- 0 .22 

- 0 .05 

- 1.0 
- 1.0 
- 2 . 0 

- 0 . 8 
* 3 .0 

- i . 6 
1 1.3 
1 3 .0 
- 0 . 7 
- 2 . 0 

- 0 .6 

- 4 . 0 
- 2 . 0 
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III. Conclusion 

The above described DSAM 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,n'»0 reaction could be successfully used in 
DSAM with two targets simultaneously with quite satisfactory accuracy. 
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ЮТ BaCKGMOro TBUSCOFIC ЭТЗТВЖ VOR ЭТОТ* OF ( п . * ) REACTIOIS Ol ЫОНТ WCbEI. 

a.Trscinskl, S.Bonynakl, K.M.Rwssk, I.lt.Turkiewics. 

Institute for nuclear Studlea, Warsaw. Poland. 

I . ППЮШСПОВ 

Siaee 1950 high flaxea of 14 he» neutrona becaae available from f (d.n)c( 
raaetloaa with lew energy deuteron baaaa. lue Iter (n.tc) reaetiona on various 
nuclei at thla neutron energy aoon bacaae one of nuclear phyalca flelda to be 
Investigated using auch neutron eoureee. Recently alao other energy neutrone, 
12*18 MeT, produce using higher energy deuteron beaaa have bean ut i l i sed. 

к usual say to aeesure (n,«3 cross sections i s to place behind the target 
one or two proportional counters followed by a thick aillcoa detector - a «ye-
ss» called a teleecope. Everything ia placed in the sealed container fi l led 
up with the gaa appropriate for proportional counters, so OC-perticles do not 
have to paaa fo i l windows asperating gaa cel la on their way froe the target to 
detector. Proport'.onal gaa counters enable the separation of o(-psrticles produ­
ce« in the target froa the products of the reactions induced by incident neutrons 
in the walla of the telsscopa and especially in the sil icon detector. In the 
2eSi(n.ot) reaction having the considerably large eroaa section б "270 ab and 
Q-valoe equal to -2.62 Нет the oc -particles are produced which can alaulate 
the eventa from the target. The problea ia eapeeially serious for the backward 
anglea when the si l icon deteeAir i s aaaswr to the neutron source than the target 
under study. The hyperbole ДВ-В is eaeared-out and can hardly be diatlngaiebed 
froa the background. To ellalnet this background i t ia neceasary to perfora 
separate no-target rune which requlreo additional beaa hours. Even aisbtraeting 
background, backward parte of an angular dlatrlbutlona of (n,c() reactions are 
noraally aeaeured with rather poor accuracy, for the reaction with negative 
Q-valus as for exaapls 12c(n,*;)9Be ( Q « - 5 . 7 0 2 Be?) the aeasureaents at the angles 
larger than 100° are elaply not poselbl«. 

Ia order to asaaurs differential cross sections of с(п,к) В« g.a. reaction 
with sufficient sccurscy In a ful l angular range, we developed a aore coaplex 
aystea. In our design ws use a self-supporting carbon target, behind which i s 
placed an additional proportional gaa counter to detect Be recoil nuclei aeso-
clated with a-psrtloles registered in the teleecope. For al l the angles abevs 
50° energy and direction of 9Ba ions la auch that they can be detsetsd in sn 
additional counter with full efficiency. This asthod allowed us to obtain back-
groundless data for large part of angular distribution noraally difficult to 
aeasure. 
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II. TARGET - DBTBCTOR ASSBBBIT 
The abola eyotea la placed In a cylindrical chaaber which baa at ana alda 

an extension to house a alllcon detector (Pig. l ) . Target, proportional eountara 
and e l i te ев* a l l aounted on the cover and are eaally acceeible for aeebanleal 
reparations and aodiflcationa. All internal parte of the chamber are aade of 
taatalua. Bach proportional eoanter baa aa the anode three 20 ал In diaawter 
wlree electrically connected and pieced between two parallel grounded aa l l e . 
This way a l l the charge produced by ot-partielee In the gao between the target 
end alllcon detector la uaed for AB pnlaea. The proportional gaa counter for 
*Be lone conaiata of 13 aouree wire« ^20na)and 14 grounded vlrea (50веЛ. Both 
groapa of wlree are parallel to the target plane and eubtead enough apnea that 
a l l Be of lnteraat have to paaa active voluae of the counter. Pulaee froa a l l 
the detectors paaa charge eeneltlve preaapliflars and apectroacopy aapllflera 
to be recorded aa four-dlaenticnal erents la ЛМ420 coaputer. The proeeaalng 
of the data was carried out off-line on SaT-4 coapater. For reaction anglee аЪото 
50° a l l four detectors were working and at saallsr eng lea the 'Be counter waa 
not used. 

Our proportional counters are f i l led up with the hydrogen gea Instead of 
coaaoaly used argon + dloxycarbon or laobutane alxture. Hydrogen gaa ia advan-
tageoue beeauee neutron flux doea not produce unwanted ft-partlclee froa lta 
nuclei. Init ial ly we ueed a aealed gaa ayetea for rune lasting for one or two 
weeke but we had probleaa because pulaee froa proportional counters dlalnlebed 
slowly in tlae aa air adadxture in hydrogen gaa increased. We solved thla 
problea by developing a aiaple and reliable hydrogen gaa flow ayetea to exchange 
gaa eontinoaely. Gaa preaaure in our teleacope have been sot to 200 aaflg* auch 
that Be nuclei had sufflclennt range to be detected with ful l efficiency. The 
hydrogen gaa before i t entered detector voluae, had to paaa through palladlua 
tube walle heated to appropriate teaperature by a tungsten spirals. Gaa outlet 
froa the telescope was through a thin glaaa tube dipped in aercury, contemned 
in a thick tube with a eloeed botioa and. Internal voluae of the thick tube hee 
been contlnouely puaped out by a aeehanleal puap. When hydrogen preaeure in the 
detector voluae exceeded slightly 200 aaHg aereury waa push out froa the thin 
tube and aaall bubbles ot the gaa left a ayetea. 

I I I . ANALYSIS OF RESULTS. 

Application of the presented aethod requires carefull exaainatlon of the 
inveetlgated reaction kineaatlcs. With thla purpoae wa have written a Monte 
Carlo code to calculate the distribution of the d irect ion and energise of the 
9Be nuclei eesociated with the n-partlclee ealtted at a given laboratory angle e . 
Results of auch calculations are given In Pig.a. At backward angles positions 
of the telescope the 'Be are eaitted alaoat perpendlculary to the target plane 
and with energies large enough that the expected pulee-hight dietrlbutlen froa 
B» counter le relatively narrow. At forward anglee the pulae height deereaees 
and lta dlatributlon spreade out. In the ease Illustrated in the Fig 2 this 
effect Halta the epplleatlon of the aethod to the anglee larger 50°. In fact 
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tea two-diaanalonel epeetrua of B̂  x К obtalnad froa tha aaaeuiaaeata of 
^(n.ac)9»» reaction at 50° lab angle (Fig 3c) ahowa tha group of evwnta 
eorreepoadlBg to tha ground atata traaaltloa «1th tha «al l defined «-energy 
ant tha energy of Be raeoila apread over валу ehannala. For tha poaltion of 
tha teleeeope at 145° (Wg 4a) tha aaaa tranaltlon la aaaa aa «al l dafinad 
groap. At $0° «a have perforaed two «oeoureaonts of tha energy dlatrlbutlon of 
tha partlelee free C(n,*)'Be reaction. One «aa done «1th oar conventional 
teleaeopt owing three-dlaenalonal analyale (ДВ.,, A l j . Bjand another with 9Be 
reeolla counter added and the four-diaeaalonal enalyaia (в,,. A ^ , ^ , в) . 
Two-diawnelonel plot (3e) of ABg pulae height voraus «(-particle energy 
eontaina evente eoalng froa varlouo eoureees et-partlelee produced In the target 
fare a hyperbole like curve, C(-pertlclte fro« the eillcon detector give а 
eontlnauB widely epreed erround the hyperbola and a large number of light 
partielee, neatly protone, «hleh are grouped In tha le f t corner, energy apectrua 
for evente fron the hyperbola (3b) la continuous and the peak correapondlng to 
12c(n,at)?Be g .a . reaction can hardly be identified, the application of the 9Be 
recoil counter hae peraltted to reduce the background In a very effective «ay 
aa la llluatrated in Flga 3d and 3a. In tha «C-spectrum (rig 3e) are alao eeen 
peaka eorraapondlng to the excited etatea of B* but registration efficiency 
for thla caee l e difficult to calculate becauae thaee atatea are perticle-
unatabla, and we have Halted our enelyele to the ground atate tranaltion. 

the aethod preaented here allows aleo to aeparate P(-partielee coalng froa 
the reactions induced on the target contaalnenta. For exaaple la the eaee of 

C(n,«0 Be reaction even aaall admixture of oxygen in the carbon target producee 
the eubetantial effect In the obeerved ex-energy epectxna, eapeclally at backward 
anglee. Detection of С recoil nucleus which produced in E_ counter pulaee 
higher than Be nueleue haa helped ue to identify thsea events and to aeparate 
thea free the lnveatigated peak. In Fig. 4a the two diaenelonal В - Bp apectrua 
la shown taken at 143°. Two well eeparated groups of eventa are coning froa two 
different reactlona: 12C(n.«c)?Be lying in the lower Bg window and l6o(n.ec)13C 
In the upper one. The correaponding a(-energy spectre are ehown below. 

IT. REMARKS. 

The aethod deacrlbed In thia paper allowa ue to aeaaure an angular dlatrl­
butlon of гс(п,аЛ9Ве g.a. reaction with high accuracy in a fu l l angular range. 
The application of thla aethod la however rather Halted. Only react lone on very 
light nuclei can be lnveetlgated thia way because In these caeee recoil nucleus 
la light enough to leave the target. Alao two reaction producta have to be of 
comparable maeees becauae otherwiae, like for example In (n, p) reaction, a 
recoil nucleua gets a very eaall energy. The recoil nucleue hae alao to be 
a particle atable ays tea. For neutron energy about 14 Be? (n,*c) reactlona on 
6L1, 9Be, 10B, 12C, 14B, 15H, 1 6 0 , 1 7 0 , 1 80 targeta can be inveatigatad. For 
heavier of theae nuclei alao tranaltlona to excited states can be aeaaured 
beeauae such nuclei decay by gaaaa rays eaiaalon. Alao (n. t ) reactions on auch 
light targeta aa 6L1, 7 U , 9Ba, 10B, В for which exlat atable final nuclei 
can ba lnveetlgated uelng preaented aetbod. For higher neutron energy application 
of thla aethod would of eourae inereaee conalderably. 
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PIOORB СяРПОЮ 

Pig 1. lay-oat of the experimental аааеаЫу 
D - deuterium Ъеаш 
Ti - t r i t lae target 
С - carbon target 
Bg. Д B ,̂ A Bg - proportional eountera 
С - grounded wlrea 
X - eeulconduetor detector 
S - tantalua eheete 
I - neutron flux 

PI« 2. Solid linea -
the eetlaated pulae height Halte free Bg counter for *Ee recoil froa 
1ZC (n.at) 9B» reaction at 14.3 Be* for different pooitlai of the teleeeope 
Daehed line - о the direction of the eauealon of Be recolla relative to -he noraal to 
the target. 

Pig 3 . The apaetra taten at 50° lab. angle with 12C target boabarded by 14.3 
•aT nautrona. 

a/ Bj ж В apeetrua aecmirad uaing the triple coincidence Л ^ . Л в ^ , В 
Ъ/ alpha - energy epectrua obtained by projecting the omenta froa the 

hyperbola in Pig a/ , 
e / Bß x E epeetrua aeamred uelng the four fold coincidence Вд , Л &,, 

ABg, В . 
d/ Д в , х В apeotrua obtained by aettlng the window on B_ Indicated In 

Pig e / . 
e / alpha - energy apectrua obtained by projecting the create froa the 

hyperbola In Pig d/. 
Pig 4 . The epeetra froa C(n,«)rBt reaction* aaaaured at 145° uaing the four 

fold eolncideneeo Вц. й В1# Д Ej, В . 
a/ Ejj x В apeetrua 
b/ alpha - energy apeetrua obtained with lower window on В., correaponding 

to the 12C(n,«)9Be reaction, 
c / alpha - energy apectrua for upper window, eorreapondlng to the 

160(n.«c)13C reaction. 
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