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FOREWORD 

A Conference on Nuclear Data for Reactors, held in Par is at the in
vitation of the French Government, was convened by the International Atomic 
Energy Agency on 17-21 October 1966. The meeting was held as a result of 
recommendations made by the International Nuclear Data Scientific Working 
Group. Over 200 delegates attended, representing 24 countries and four 
international organizations, and 106 papers were submitted. Of the 106 
papers, 23 are given here by title and abstract only, since they were not 
presented at the Conference; copies of these papers, however, can be 
obtained on request from the Nuclear Data Unit of IAEA, Vienna. 

The main purpose of the Conference was to provide an opportunity for 
reviewing results from recent basic neutron physics investigations against 
a background of need for basic information, especially as it applies to 
reactors. 

After a keynote address, the meeting proceeded with three papers deal
ing with reactor and shielding needs. These were followed by sessions on 
basic neutron physics, which included the following topics: thermal and 
resonance fission cross-sections; cross-sections of non-fissile nuclides 
in and above the resonance region; neutron-induced particle reactions (and 
their inverse); radiative capture; the interpretation of fission cross-sections 
and the application of the optical and statistical models to the calculation 
of neutron cross-sections beyond the resonance region. 

In his keynote address Dr. Usachev of the USSR gave special emphasis 
to the widening gulf of communication between data measurers and data 
users . Several sessions had been designed to try to bridge this gap. These 
consisted of: a session on standards, which was concerned with cross-
sections and constants suitable for use as standards and which included a 
paper summarizing the precision of present standards in relation to need; 
a session on the crit ical comparison of the cross-sections' of fissile nu
clides; a session on neutron data evaluation; and a session on the interna
tional exchange of neutron data. 

"A summary discussion by a panel of experts concluded the Conference. 
Their opinion was that there now exists essentially adequate information for 
thermal reactor calculations, that gaps and discrepancies in information 
for present needs will almost certainly be resolved as techniques improve, 
but that unforeseen needs and benefits justify a continued long-term search 
for fundamental understanding. The benefits from international co-operation 
were stressed throughout. 

An assessment of the Conference in retrospect should'take note of the 
interest shown in the sessions on standards, cross-sections of fissile nu
clides, neutron data evaluations and international data exchange. Of these, 



the session on data evaluation was especially noteworthy, not only because 
the need to include it as a session was due to the number and quality of the 
papers submitted by the evaluators, but also because of the recognition of 
the importance of the professional evaluator as the indispensable middle
man between the physicist concerned with basic measurements and the physi
cist concerned with reactor applications. The growth in size and importance 
of this professional group of evaluators should give great impetus to the 
organizing of future conferences on the lines of the one held in P a r i s . 

EDITORIAL NOTE 

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

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

The affiliations of authors are those given at the time of nomination. 
The use in these Proceedings of particular designations of countries or 

territories does not imply any judgement by the Agency as to the legal status 
of such countries or territories, of their authorities and institutions or of 
the delimitation of their boundaries. 

The mention of specific companies or of their products or brand-names 
does not imply any endorsement or recommendation on the part of the Inter
national Atomic Energy Agency. 



CONTENTS 

SESSION VIII 

CROSS-SECTIONS AND PARAMETERS OF FISSILE NUCLIDES 

Harwel l m a s s spec t rome t r i c m e a s u r e m e n t s of the ra t io of 
neutron capture to fission for 233U, 235U, 239pu a n c j 24ipu 

in r eac to r and Maxwellian neutron spec t ra (CN-23/21) 3 
M.J. Cabell 

Ratio of capture to fission in 235U and 23ôPu (CN-23/2) 17 
R. W. Durham, G. C. Hanna, M. Lounsbury, 
C. B. Bigham, R. G. Hart and R. W. Jones 

Measuremen t s of the fission c r o s s - s e c t i o n s of 239Pu and 241Pu 
re la t ive to that of 235U in the neutron energy range 
0. 016 to 0. 55 eV (CN-23/58) 29 
P. H. White, J.M.A. Reichelt and G. P. Warner 
Discuss ion on papers CN-23 /21 , 2 and 58 44 

Реакция n, nf и выходы запаздывающих нейтронов 
(CN-23/102) 45 
Б. Я . Максютенко 

Analytical descr ip t ion of neutron c r o s s - s e c t i o n s and the effect 
of the i r energy dependence upon the i r 2200 m / s values 
(CN-23/50*) 50 
J.R. Smith 

Prompt v in neutron-induced fission of 241Pu (CN-23/19) 51 
H. Condé, J. Hansen and M. Holmberg 
Discuss ion 55 

Neutrons p rompts de f i s s ion -mesure de v et des probabi l i tés 
P(y) d ' émiss ion de v neutrons (CN-23/77) , ; 57 
E. Baron, J. Frehaut, F. Ouvry et M. Soleilhac 
Discuss ion 66 

Каналовые эффекты в энергетической зависимости v урана-235 и 
тория-232 (CN-23/95) 67 
Л.И.Прохорова, Г.H. Смиренкин, Д.Л.Шпак 

Тонкая структура энергетической зависимости урана-233 и 
урана-235 при делении нейтронами ниже 1 Мэв (CN-23/97) 75 
В. Ф. Кузнецов, Г.Н. Смиренкин 

О влиянии вариаций энергетических и массовых распределений 
осколков деления на энергетическую зависимость V 
(CN-23/110) 85 
Б.Д .Кузьминов, А.И. Сергачев, Я .Я .Дьяченко, В .Г .Воробьева, 
В. И. Сенченко, M.3. Тараско 

Зависимость сечения симметричного деления урана-238 от 
энергии нейтронов ( C N - 2 3 / 1 1 3 * ) . . 88 
Н.И.Борисова, С.М.Дубровина, В .И .Новгородцева, 
В.А.Пчелин, В.А.Шигин, В.М.Шубко 



In terpre ta t ion of neutron-induced fission c r o s s - s e c t i o n s 
and re la ted data (CN-23/122) 89 
J. E. Lynn 
Discuss ion 114 

Measurements of eta, alpha and neutron c r o s s - s e c t i o n s 
for 2 3 9Pu on the Harwell neutron t ime-of-fl ight 
spec t rome te r (CN-23/30) 117 
B. H. Patrick, M. G. Schomberg, M. G. Sowerby and J. E. Jolly 
Discuss ion 127 

Sections efficaces totale et de fission de 237Np (CN-23/6 9*) 128 
D. Paya, H. Derrien, A. Fubini, A. Michaudon et P. Ribon 

Сечение деления плутония-238 и америция-241 
монохроматическими резонансными нейтронами (CN-23/112) . . . . . 129 
В.Ф. Гера симов 
Discuss ion 133 

Measurement of the neutron total c r o s s - s e c t i o n of 240Pu 
(CN-23/89) 135 
K. H. Bôckhoff, A. De Keyser, H. Horstmann, 
W. Kolar and H. Martin 

Neutron resonance p a r a m e t e r s of 240Pu (CN-23/31*), 145 
M. Asghar, M. C. Moxon and N. J. Pattenden 

Интегральные и дифференциальные сечения деления тория-232 
нейтронами (CN-23/127*) 146 
С.Б.Ермагамбетов, Л.Д.Смиренкина, Г.Н.Смиренкин " 
Discuss ion on papers CN-23/89, 31 and 127 146 

Spark chamber measurement of neutron fission c r o s s - s e c t i o n s 
and re la ted p a r a m e t e r s (CN-23/38) 149 
C. D. Bowman and G. F. Auchampaugh 
Discuss ion 159 

Déterminat ion du spin des résonances des noyaux f i ss i les 
(CN-23/123) 161 
A. Michaudon 
Discussion '. 183 

Spin ass ignments of low energy resonances in 239Pu 
(CN-23/128) 185 
M. Asghar 

Sections efficaces totale et de fission du 239Pu. Etude stat is t ique 
des p a r a m è t r e s de résonances (CN-23/70) 195 
H. Derrien, J. Blons, C. Eggermann, A. Michaudon, 
D. Paya et P. Ribon 

Spin m e a s u r e m e n t s of the 8. 8-eV and 12. 4-eV neutron 
resonances in 235U (CN-23/79) 211 
F. Poortmans, H. Ceulemans and M. Nbve de Mêvergnies 
Discussion on papers CN-23/128, 70 and 79 215 



SESSION IX 

COMPARISON OF FISSION CROSS-SECTIONS IN THE 
RESONANCE ENERGY REGION 

New time-of-fl ight m e a s u r e m e n t s made with an intense source 
(CN-23/42) 219 
A. Hemmendinger 

Measurement of the neutron capture and fission c r o s s - s e c t i o n s 
and of the i r ra t io , alpha, for 233U, 235U and 239Pu 
(CN-23/48) 233 
G. de Saussure, L. W. Weston, R. Gwin, R. W. Ingle, J. H. Todd 
R. W. Hockenbury, R. R. Fullwood and A. Lottin 

A single- level analys is of 235U based on recent crt, of 
and CTC m e a s u r e m e n t s (CN-23/44) . . • 251 
D. W. Drawbaugh and G, Gibson 
Discussion 264 

SESSION X 

NEUTRON DATA EVALUATION 

Evaluation of neutron c r o s s - s e c t i o n s : calculat ional methods 
and evaluated l i b r a r i e s (CN-23/47) 267 
N. C. Francis, C. R. Lubitz, J. T. Reynolds and E. L. Slaggie 

Discuss ion 278 
P r inc ip l e s and prob lems in neutron nuc lear data evaluation 

(CN-23/124) 279 
J. J. Schmidt 
Discussion 290 

Neutron c r o s s - s e c t i o n evaluations — past , p resen t and future 
(CN-23/28) 293 
K. Parker, D. T. Goldman and L. Wallin 
Discuss ion 307 

In tegra l m e a s u r e m e n t s as supplementary data in neutron 
c r o s s - s e c t i o n evaluation (CN-23/15) 309 
A. Pazy, G. Rakavy, Y. Reiss and Y. Yeivin 

Точность расчета характеристик реакторов в зависимости 
от точности элементарных констант (CN-23/94) 321 
Л.Н. Усачев, СМ.Зарицкий 
Discuss ion on papers CN-23/15 and 94 329 

C r o s s - s e c t i o n s and resonance p a r a m e t e r s for 235U, 233U, 23уРц 
and 241Pu between cadmium cutoff and 10 keV (CN-23/5) 333 
H. H. Hennies 
Discussion 358 

Contributions of negative energy and distant resonances 
in the resolved resonance region (CN-23/54) 359 
M. F. James and J. S. Story 



Mechanized evaluation of neutron c r o s s - s e c t i o n s (CN-23/24*) 369 
A. Horsley and J. B. Parker 
Discussion 369 

The role of isotopic composit ion measu remen t s in 
c r o s s - s e c t i o n evaluation (CN-23/92*) 370 
P. G. Aline 

Evaluation of the e las t ic and inelast ic sca t te r ing c r o s s - s e c t i o n s 
of 14-MeV neutrons for even-even nuclei (CN-23/114*) 371 
L. Zuffi 

Table des in tégra les de résonance (CN-23/73*) 371 
R. Vidal et F. Roullier 

Activi t ies of the c r o s s - s e c t i o n compilation and evaluation cen te r s 
at the Brookhaven National Labora tory (CN-23/39) 373 
J. Chernick 
Discuss ion 379 

SESSION XI 

INTERNATIONAL CO-OPERATION IN THE FIELD OF 
NUCLEAR DATA 

Internat ional co-operat ion in the field of nuclear data 
(CN-23/125) 383 
D. W. Colvin 

Panel d iscuss ion 397 
List of Par t ic ipants 417 
Author Index 433 

* This paper is presented by title and abstract only, since it was not read at the Conference. 



Session VIII 

CROSS-SECTIONS AND PARAMETERS OF 
FISSILE NUCLIDES 





HARWELL MASS SPECTROMETRY 
MEASUREMENTS OF THE RATIO OF NEUTRON 
CAPTURE TO FISSION FOR 233U, 235U, 239Pu AND 
M1Pu IN REACTOR AND MAXWELLIAN NEUTRON 
SPECTRA 

M.J. CABELL 
ATOMIC ENERGY RESEARCH ESTABLISHMENT, 
HARWELL, BERKS., UNITED KINGDOM 

Abstract 

HARWELL MASS SPECTROMETRY MEASUREMENTS OF THE RATIO OF NEUTRON CAPTURE TO 
FISSION FOR233U, 235U, 239 Pu AND M1Pu, IN REACTOR AND MAXWELLIAN NEUTRON SPECTRA. During 
the past five years the mass spectrometric method has been used at Harwell for the measurement of alpha, 
the ratio of neutron capture to fission, for the four nuclides 233U, 235U, 239Pu and ^ P u . Initially irradiations 
were carried out in the core of a nuclear reactor but more recently a position in the graphite reflector 
has been used (as yet for 239Pu and M1Pu only). 

In this paper the basic technique and its limitations are described. The expression used to derive 
2200-m/s values of alpha (a ) from the experimental results is given, its implications are discussed, and 
the neutron spectral and other data which are necessary for the calculations are considered. 

The results which were obtained are set out in such a way that errors in the derived values of a0 

which arise from these particular measurements are clearly distinguished from those which are common 
to all measurements of this type. It is then shown that they are in good agreement with presently accepted 
"best" values. 

1. INTRODUCTION 

The mass spectrometric method is the most direct way of determining alpha, the relative 
probability of an absorbed neutron being captured by a fissile nuclide rather than causing 
fission. During the past five years it has been employed at Harwell for the measurement of 
alpha for the four nuclides 233u, 235(j5 239pu and 241 Pu. Initially, in order to obtain useful 
results as rapidly as practicable, the high neutron fluxes present in the core of a nuclear 
reactor were employed for the irradiations. Values of aQ (the value for 2200 m/sec neutrons) 
could then be obtained from the measured values in a reactor spectrum (a) and a knowledge of 
the spectrum parameters. More recently similar measurements have been made in the thermal 
column of a reactor (as yet for 239pu an¿ 241pu only), in an effort to realise the greater 
potential accuracy with which aQ can be derived from a under these conditions. 

Results from the earlier work were published as soon as they became available. 
However, since then, as a result of new measurements and critical surveys, small but signifi
cant changes have become necessary in some of the basic nuclear data originally assumed 
(changes in the 2200 m/sec cross-sections, in the g values, and in the resonance integrals of 
the four nuclides etc.). The opportunity has been taken here to take these and other changes 
into account, and to calculate the results from the complete series of measurements afresh, 
using a set of correction and conversion factors common to all. Some of the experiments 
included have been completed recently and have not previously been described in the 
literature. 

In the present paper the basic method is described, its limitations are listed and 
methods of minimising their effects are given. The derivation of aQ from a is then described, 
together with an account of the spectral measurements which are necessary for the calculation, 
and a discussion of the way in which the choice of an irradiation position affects the 

3 



4 CABELL 

TABLE I 

DETAILS OF NEUTRON SPECTRUM AND DOSE MONITORS 

Measurement 
made 

Thermal neutron 
dose i.e. (nvQ)t 

Epithermal 
index (r) 

Neutron 
temperature (T) 

Monitor or 
monitoring method 

used 

0.005 in. diameter 
cobalt wire 

a) U238 diluted 
with graphite 

b) Pu240 diluted 
with silica 

c) Activity ratio 
of Ag/Al and 
Co wires 

d) Cadmium ratio 
for gold 

a) Sm149 diluted 
with graphite 

b) Mn/Lu ceramics 
or alloy wires 

Accuracy of 
measurement 

Originally + 5-10%; 
improved to + 3% 

± 5% 

±\2% 

Originally + 12%; 
improved to + 5% 

Depends on r 

±16° 

± 5°-10° depending 
on r 

Comments 

Co"" activity counted in a 
calibrated ionisation chamber 

Mass spectrometer and An ft-
proportional counter needed 

Mass spectrometer needed 

Ratio of 110mAg and 60Co activi
ties measured in a calibrated 
ionisation chamber 

Applicable only to short irradia
tions or when r can be assumed 
constant. Simple y-counter 
needed. 

Mass spectrometer needed 

y-counter or spectrometer needed 

accuracy of the result. The importance of avoiding neutron self-shielding is stressed, then 
some experimental details are given, including a description of a complete measurement. 
Finally the results are presented and compared with present "best" values. 

2. BASIS OF THE METHOD 

The basic principle of the method is very simple. Consider first the ideal case in which 
an isotopically-pure mixture of two isotopes of an element A i.e. XA and x±nA (assume n >2), 
is irradiated with neutrons. Suppose XA to be the fissile nuclide under investigation and 
x±nA to be a reference nuclide which has a negligible neutron absorption cross-eection. 
Suppose further that the mixture is isotopically analysed both before and after irradiation and 
that before irradiation 

Number of atoms XA initially present = RQ 

Number of atoms x±nA present 

whereas after irradiation 

Number of atoms XA remaining = Rj 
Number of atoms x±nA present 

and Number of atoms X+1A formed by neutron capture = R2 
Number of atoms x±nA present 
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TABLE II 

2200 m/sec NEUTRON CROSS-SECTIONS (in barns) FOR 
FISSILE, REFERENCE AND MONITOR NUCLIDES 

Nuclide 

233u 

234u 

235u 

236u 

238TJ 

239pu 

240Pu 

241P u 

242Pu 

59Co 

149Sm 

Absorption 
cross-

section 

576.3 ± 2.3 

-

679.9 ± 2.3 

-

-

1008.1 ± 4.9 

-

1376.1 ± 24.7 

, -

-

-

Fission 
cross-

section 

527.7 ± 2.1 

-

579.5 ± 2.0 

-

-

742.4 ± 3.5 

- -

1012.7 ± 6.7 

-

-

-

Capture 
cross-

section 

48.6 ± 1.5 

95 + 7 

100.5 ± 1.4 

6±-l 

2.73 + 0.04 

265.7 ± 3.7 

281 ± 7 

359 ± 16 

19.8 ± 1.1 

37.4 ± 0.6 

43,200 ± 540 

References 

[11] 

[12] 

[111 

[12] 

[12] 

[11] 

[9] 

[13,10] 

[9] 

[14] 

[15] 

Then, the neutron absorption cross-section of XA is directly proportional to (RQ - Rj), 
whereas its neutron capture cross-section is directly proportional to R2. It follows that a is 
given by 

(R 0 -R 1 ) /R 2 = l + l/a 

so that a can be determined directly from the measured isotopic ratios. 

(1) 

3. CORRECTION FACTORS 

In practice this simple scheme may be complicated by a number of reactions for which 
allowance must be made. These include:-

1) The initial mixture may not be isotopically pure XA and x±nA, but contain small 
amounts of other isotopes of A which also undergo neutron capture during irradiation to 
produce some XA, X+1A and/or x±nA. 

2) The reference nuclide is almost certainly not entirely impervious to neutron 
irradiation and some will be destroyed. 

3) Some of the neutron capture product X+1A may undergo subsequent neutron 
absorption and be destroyed also, and 

4) Some of the neutron capture product X+1A may be formed by nuclear 
other than the one under investigation. (For example, when 241pu j s i r ra 

transformations 
irradiated with 
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TABLE III 

WESTCOTT's g-FACTORS FOR 20°C [2,3,13] 

Nuclide 

233u 

235u 

238u 

239Pu 

240Pu 

241Р ц 

149Sm 

8a 

0.9983 ± 0.20% 

0.9971 ± 0.13% 

-

1.0723 ± 0.13% 

-

1.030 ±0.3% 

-

gf 

1.0003 ± 0.28% 

0.9781 ± 0.17% 

-

1.0487 ± 0.17% 

-

1.0395 ± 0.6% 

-

gy 

-

-• 

1.0017 ± 0.05% 

-

1.0270 ±0.15% 

-

1.6170 ± 0.26% 

neutrons 242pu ¡ s formed, not only by direct neutron capture, but also by the sequence 
241 p u £L* 241 Am * ^ 242gAm K-capture> 242Pu). 

The corrections made necessary by reactions such as these can be made in one of two 
ways. Either they can be calculated, or they can be obtained directly from subsidiary 
irradiations made simultaneously and under the same conditions as the main irradiation. 

If the former procedure i.e. calculation, is adopted, it is not only necessary to assume 
values for the neutron absorption and capture cross-sections of the nuclides concerned, for 
both thermal and epithermal neutrons, but also to rely on measurements of, and assumptions 
concerning, the shape of the neutron flux spectrum employed for the irradiation (see later). 
By making direct measurements of correction factors, however, most of these difficulties are 
circumvented and the results are usually more certain. For this reason, in the work 
described here, correction factors have been measured directly whenever practicable and 
calculations have been relied on only when the corrections are small, or when their direct 
measurement was not possible. 

4. DERIVATION OF aQ 

The quantity a given in equation 1 applies only to the particular neutron spectrum 
employed during the irradiation, and will be written henceforth as й to denote this fact. By 
itself a is only of limited value, particularly if the neutron spectrum was not well defined. For 
reactor design it is necessary to know a for specified conditions; in particular it is desirable 
to know a0, the value for 2200 m/sec neutrons. 

The 2200 m/sec value can be obtained from a by means of the expression 

(1 + a0\ = (1 + â)(gf + rsf)/(ga + rsa) (2) 

in which the subscripts f and a imply neutron fission and absorption respectively, g and s are 
factors which describe the departure of the nuclide from Vv behaviour in the thermal and 
epithermal regions respectively, and r is Westcott's epithermal index [11. 
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TABLE IV 

RESONANCE INTEGRALS (above 0.45eV) IN BARNS, 
FOR FISSILE, REFERENCE AND MONITOR NUCLIDES 

Nuclide 

233lJ 

234и 

235u 

236D 

238D 

239Pu 

240Pu 

241P u 

242Pu 

»Co 

149Sm 

For absorption 

892 ± 20 

-

421 ±7 

-

-

519 ± 15 

-

707 

-

-

-

For fission 

761 ± 17 

-

277 ±5 

-

-

324 ±9 

-

541 ± 14 

-

-

-

For capture 

131 ± 27 

700 ± 70 

144 ±5 

400 ± 40 

280 ± 12 

195 ± 12 

8453 ± 600 

166 

1220 ± 200 

72.6 ± 4.6 

2500 

Reference 

[161 

[171 

[3,18] 

[12] 

[121 

[9] 

[9] 

[9] 

[9] 

[141 

[2] 

Values of g and s for the four nuclides 233U, 235U, 23yPu and 241Pu (and others) have 
been computed for different neutron temperatures [2-41 so that, provided the neutron 
temperature (T) and the epithermal index are known, expression (2) may be applied. T and г 
can be measured by employing monitors during the irradiation. 

The simplest case is when a purely Maxwellian spectrum is used for the irradiation. 
Equation (2) then simplifies to 

(1 + a0) = (1 + £)gf/ga (3) 

and, since g factors are generally known more precisely than s factors (which are derived from 
resonance integrals), a0 is, in principle, obtained most accurately under these conditions. 

When irradiations are carried out in the core of a reactor, however, the rs terms of 
equation (2) make substantial contributions and accuracy is lost. In addition, unless other 
evidence is available to the contrary, not only must the assumptions implicit in equation (2) 
be made (i.e. that the neutron spectrum consists of an unperturbed Maxwellian component 
joined to an unperturbed VE distribution of epithermal flux) but some form of the epithermal 
cut-off function must be assumed also. These assumptions are other sources of uncertainty. 
In this work Westcott's Л4 form [21 has been used for the epithermal cut-off function 
throughout. 

In contrast, from a purely practical point of view, the use of reactor core spectra is to 
be preferred, since they give considerably higher neutron flux densities and, in consequence, 
measurable changes are produced more rapidly. 
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TABLE V 

RESULTS FOR 233U 

Irradiation 
Position 

C5 -3 

-4 

-6 

B6 -3 

-4 

- 5 

-6 

Dl -3 

-4 

-5 

-6 

Neutron 
Temperature, 

T 

87° 
я 

я 

94° 
я 

я 

я 

99° 

» 

я 
Ô 

я 

Epi thermal 
Index, 

г 

0.070 

я 

я 

0.050 
я 

» 

я 

0.058 
я 

я 

я 

Neutron 
Dose. 

i х Ю-*0 

4.23 

3.71 

4.03 

2.90 

3.21 

3.22 

2.76 

3.26 

3.02 

3.03 

2.75 

л 
а 

0.0953 

0.0965 

0.1018 

0.0920 

0.0960 

0.0947 

0.1003 

0.0964 

0.0989 

0.0989 

0.0940 

Conversion* 
Factor 

0.9950 
я 

я 

0.9974 
» 

я 

я 

0.9962 
я 

я 

я 

а О 

0.0898 

0.0910 

0.0963 

0.0891 

0.0931 

0.0918 

0.0974 

0.0922 

0.0947 

0.0947 

0.0898 

•Defined here, and in the following, as (gf + rsf)/(ga + rsa) 

At the time the work summarised here was started very few measurements of S for the 
four nuclides had been made, and these almost invariably under ill-defined conditions. It was 
decided therefore to make initial measurements in core spectra, defining these as precisely as 
possible with the monitors available, then to follow these by repeated measurements in a 
Maxwellian spectrum, to see if improvements could be made. 

At the present time a has been measured for all four nuclides in reactor spectra, and 
additional measurements have also been made for ^39Pu and 241Pu in a spectrum almost 
devoid of epithermal neutrons. For the reasons stated above, other things being equal, the 
latter results are to be preferred. 

5. OTHER CONSIDERATIONS 

It is evident that during irradiations of the type described it is essential to ensure that 
erroneous results do not arise in either samples or monitors due to neutron self-shielding. To 
avoid this possibility the samples and monitors were diluted by materials which are virtually 
transparent to neutrons. Thus uranium samples were diluted with over one hundred times their 
own weight of magnesium oxide (which was also utilised in the subsequent purification of the 
uranium from fission products), whereas plutonium samples were diluted with up to a thousand 
times their own weight of precipitated silica. Monitors were treated in a similar manner. 
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TABLE VI 

RESULTS FOR 235U 

Position* 

1 

2 

3 

4 

5 

7 

8 

9 

10 

г 

0.057 

0.060 

0.062 

0.064 

0.067 

0.059 

0.054 

0.050 

0.046 

i x 10-20 

3.01 

3.44 

3.89 

4.09 

4.23 

4.35 

4.06 

4.04 

4.22 

a 

0.1901 

0.1872 

0.1839 

0.1844 

0.1876 

0.1794 

0.1847 

0.1786 

0.1795 

Conversion 
Factor 

0.9898 

0.9892 

0.9888 

0.9883 

0.9879 

0.9894 

0.9903 

0.9911 

0.9919 

ao 

0.1780 

0.1744 

0.1706 

0.1705 

0.1732 

0.1669 

0.1732 

0.1681 

0.1699 

*T = 103° for all positions 

An exception to this general rule was the use of 0.005 in. diameter cobalt wire for 
thermal neutron dose measurements. The corrections necessary for neutron self-shielding 
effects in this material are well established [5]. 

6. EXPERIMENTAL DETAILS 

Most of the experimental details of individual measurements have already been 
described in full in a number of publications [6-101, so only a brief summary will be given 
here. For further details the original accounts should be consulted. 

A complete measurement can be divided into a number of stages, as follows:-

1) Isotopically enriched samples of the fission and reference nuclides are obtained, 
mixed in suitable proportions and mounted on a diluent. A number of samples of the 
mixture (only micrograms of fissile material are required) are sealed in individual 
evacuated silica ampoules. 

2) Samples for the subsidiary measurements are prepared in a similar way. Neutron 
dose, epithermal index and neutron temperature monitors are prepared also. 

3) The sample ampoules and monitors are packed into irradiation cans, alongside 
each other if space permits, otherwise in adjacent cans of a string. Samples for the 
subsidiary measurements are incorporated in the same way. 

4) The samples and monitors are irradiated for a suitable time in the reactor position 
chosen. 

5) After allowing a suitable time for most of the gross fission product activity to 
decay, the ampoules are broken open and the irradiated samples are separated from 
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remaining fission products and other imparities. Remote operation inside a shielded 
cell is necessary. 

6) The remaining un-irradiated samples are treated in a similar way. 

7) Several microgram aliquots of the unirradiated and of the irradiated samples are 
mounted for individual isotopic analysis with a mass spectrometer. By repeated 
measurements their isotopic compositions are determined as precisely as possible. 

8) The irradiated monitors are used to determine the neutron dose, epithermal index 
and neutron temperature appropriate to each irradiated sample. 

A.E.I. Type M.S 5 mass spectrometers, with tungsten triple-filament surface ionisation 
sources and electron multiplication of the output current, have been used for all isotopic 
analyses. 

A variety of monitors have been used at different times. They are listed in Table I 
(column 2), together with estimations of the accuracy of the measurements made with them 
(column 3) - based on the precision of the measurements made with the apparatus available 
and the accuracy with which the nuclear parameters involved are known - and some comments 
on their use (column 4). 

Purification of irradiated samples from fission products and other impurities have been 
achieved by normal radiochemical techniques; liquid-liquid solvent extraction for uranium 
samples and anion exchange chromatography for plutonium samples. 

Irradiations have been either in the 0.25 in. diameter aluminium flux scanning tubes 
which are attached to, or run through the centre of the hollow multi-plate fuel elements of the 
PLUTO reactor or, more recently, in a position in the thermal column of the DIDO reactor. 

7. RESULTS 

Information from the monitors and (where necessary) the reaction rates which were 
required in order to apply corrections to the measured isotopic ratios, were calculated from 
the general expression [1] 

R = (nv0W0(g + rs) (4) 

in which R is the reaction rate per target atom per second, (nvQ) is the conventional neutron 
flux, a0 is the cross-section of the target atom for 2200 m/sec neutrons, and g, r and s have 
the meanings previously assigned to them. 

The values for a0 which were used for application of expression 4 are listed in Table II 
and, in the author's view, are the most reliable at the time of writing. The data for 241pu j n 
this table requires special comment. In view of the fact that the results of the most recent 
review of 24lpu data by Westcott et al. [11] are greatly influenced by the present author's 
previously published values for a for this nuclide [9], values which should now be amended, 
the later results have been discarded in favour of those from an earlier review [13], which 
were not influenced in this way. For neutron capture by ^*Pu the present author's own 
values have been used [10], since these are believed to be the most reliable at the present 
time. 

g values at the appropriate neutron temperature, for use in expression 4, were normally 
obtained from tables [2-4]. These are based on the 20°C values given in Table III; the same 
percentage error in g was assumed irrespective of the temperature. Where tabulated values 
were not available g was assumed to be unity. 

s values were usually obtained from tables as well [2,3], although, where necessary, the 
tabulated values were adjusted to be consistent with the resonance integral data given in 
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TABLE VII 

RESULTS FOR 2 3 9Pu (reactor core spectra) 

11 

Position* 

1 

4 

5 

7 

8 

10 

11 

r 

0.053 

0.066 

0.071 

0.075 

0.074 

0.073 

0.072 

i x Ю-20 

2.36 

3.01 

3.28 

3.43 

3.49 

3.21 

3.17 

a 

0.450 

0.460 

0.453 

0.452 

0.458 

0.452 

0.452 

Conversion 
Factor 

0.9359 

0.9311 

0.9294 

0.9281 

0.9283 

0.9287 

0.9289 

ao 

0.357 

0.359 

0.351 

0.348 

0.354 

0.349 

0.349 

*T = 101° for all positions 

Table IV. For this purpose the expression [31 

As 

was employed, 
formulae [21. 

(5) 

Where not directly available, s values were calculated from Westcott's 

In the case of 0.005 in. diameter cobalt wires, self-shielding corrections were made in 
conjunction with the data of Tables II and IV, G^ and Gr were taken to be 0.97 ± 0.01 and 
0.52 + 0.02 respectively [51. 

Results from the experiments and the derived values of a0 are given below under the 
appropriate headings and comments. Three separate errors are quoted for the final value 
obtained for a0. The first is the standard error i.e. it takes into account random errors in the 
experiment only, and is a measure of the precision of the result. The second error takes into 
account all possible systematic errors (errors in measurements of the neutron temperature, 
epithermal index, neutron dose, isotopic ratios of the target materials etc. and errors in the 
assumed neutron cross-sections) also, except that introduced by the factor (gf + rsf)/(ga + rsa) 
see equation (2) - used in the conversion of a to aQ. The third error quoted includes an 
estimate, based on the data given in Tables III and IV, of the error introduced by the 
conversion factor as well. A distinction has been made between these last two errors 
because the former should be used when the results given here are compared with those 
obtained by other workers making similar measurements (as, for example, in reviews such as 
those by Westcott et al. [Il,131),whereas the latter is applicable when the result is 
considered in isolation, and an absolute value for a0 is required. 

7.1 Uranium-233 

Thirteen samples of 233U mixed with ^°V were irradiated in three different flux-
scanning tubes. Separate samples of 23°U were used for epithermal index measurements. 
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TABLE VIII 

RESULTS FOR 241Pu (reactor core spectra) 

Position* 

2 

4 

6 

8 

12 

г 

0.051 

0.078 

0.080 

0.080 

0.046 

i x 10-20 

3.74 

4.12 

4.79 

5.02 

4.96 

A 

a 

0.315 

0.323 

0.343 

0.308 

0.330 

Conversion 
factor 

1.0114 
» 

я 

я 

0 

ao 

0.330 

0.338 

0.358 

0.323 

0.345 

*T = 90° for all positions 

•^'Sm was used for temperature measurements and the "burn-up" of ^"U was used for 
neutron dose determinations (neutron dose, i neutrons per cm , is given by i = (nv0)t, where t 
is the duration of the irradiation in seconds). 

The results, which replace those quoted previously [6], are listed in Table V. From 
them a0 was computed to be: 

a0 = 0.0923 ± 0.0005 (standard error) 

or a0 = 0.0923 + O.OOlztexcluding error in conversion factor) 

or a0 = 0.0923 + 0.0049 (absolute error). 

7.2 Uranium-235 

Nine samples of 
235,j 

mixed with ^^D were irradiated in a flux scanning tube. 
Neutron dose and spectrum parameter measurements were similar to those for 233IJ. The 
results, which replace those quoted previously [7], are listed in Table VI and gave: 

o0 = 0.1716 ± 0.0012 (standard error) 
or a = 0.1716 ± 0.0019>(excluding error in conversion factor) 

or an = 0.1716 ± 0.0033 (absolute error). 

7.3 Plutonium-239 

(a) In reactor core spectra 

Seven samples of 239Pu mixed with 2<*2Pu were irradiated in a flux scanning tube. 
Separate measurements were made of the "burn-up" of 240pU) both in order to allow precise 
corrections to be made to the main measurements, and also to provide values of r. Cobalt 
monitors were used for neutron dose measurements, * k>m monitors for the determination of 
neutron temperature. 
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TABLE IX 

RESULTS FOR 2 4 1Pu (Maxwellian spectrum) 

г = (7.5 ± 1.0) x 10"4 

T = 116 ± 4° 

Sample 

1 

2 

3 

4 

5 

i x 10-20 

1.308 

1.301 

1.316 . 

1.362 

1.344 

л 
a 

0.337 

0.330 

0.345 

0.338 

0.359 

The results are summarised in Table VII and replace those previously quoted [81. They 
gave the following values for aQ: 

a0 = 0.352 ± 0.002 (standard error) 

Q o r a0 = 0.352 + 0.006 ^excluding error in conversion factor) 

or a0 = 0.352 ± 0.007 (absolute error). 

(b) In a Maxwellian spectrum 

Five samples of 2 ^ P u mixed with 242Pu were irradiated in the graphite reflector of 
DIDO [101. Samples of 241Pu mixed with 239Pu, and of 2 4 0Pu mixed with 242Pu, were also 
irradiated to provide additional information. Cobalt monitors were used for neutron dose 
measurements, the neutron temperature (116 ± 4°C) was determined by the manganese-
lutetium activity ratio method (by Mr. E. D. Jones of Research Reactors Division, A.E.R.E.), 
and the epithermal index was determined to be (7.5 + 1.0) x 10"4 from measurements of the 
cadmium ratio for gold. 

The results which, in view of their imprecision, are not set out in detail, gave:-

^ ^ Л ^ Ц ^ 
a0 = 0.377 ± 0.011 (standard error) 

or a0 = 0.377 + 0.020/(excluding error in conversion factor) 

or a0 = 0.377 ± 0.021 (absolute error). 

7.4 Plutonium-241 

(a) In reactor core spectra 

Five samples of 24*Pu mixed with 239Pu were irradiated in a flux scanning tube. 
Samples of 24^Pu mixed with 242Pu were included, as for measurements with 239pU) to allow 
corrections to be applied to the main results and for the measurement of r. Epithermal 
indices were also measured by the silver-cobalt activity ratio method [14,19]; neutron tempera
ture was again determined by the manganese-lutetium activity ratio method and neutron dose 
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TABLE X 

SUMMARY OF a0 RESULTS 

Nuclide 

233u 

235y 

239Pu 

241P u 

This work 

With experimental 
error only 

0.0923 ± 0.0012 

0.1716 ± 0.0019 

0.356 ±0.006 

0.355 ±0.013 

Absolute value 

0.0923 ± 0.0049 

0.1716 ± 0.0033 

0.356 ±0.007 

0.355 ±0.015 

From reviews by 
Westcott et al. [11,13] 

0.0921 ± 0.0029 

0.1734 ± 0.0025 

0.3580 ± 0.0054 

0.3589 ± 0.0252 

by cobalt monitors. Corrections for the production of 242pu by the sequence 241 p u ft > 
241дт !Ь2-* 242gAm K-capture > 242pUj w e r e a | s 0 a p p i ied ; t h e s e corrections were omitted 
from the original calculations [91 which are therefore inaccurate. 

The results are given in detail in Table VIII and resulted in: 

a0 = 0.339 ± 0.006 (standard error) 

or a0 = 0.339 ± 0.030 (excluding error in the conversion factor) 

or a0 = 0.339 ± 0.031 (absolute error) 

(b) In a Maxwellian spectrum 

These measurements were made using an irradiation position in the graphite reflector of 
DIDO [101, at the same time as those for 239pu ( s e e aDove); the spectrum conditions were 
therefore similar. Corrections were applied for the production of 242pu via 241дт1 Jhe 
results are listed in Table IX and, with (gf + rsf)/(ga + rs&) equal to 1.0114 ± 0.0069 gave:-

a0 = 0.357 ± 0.006 (standard error) 

or a0 = 0.357 ± 0.014 (excluding error in conversion factor) 

or a0 = 0.357 ± 0.016 (absolute error). 

8. CONCLUSIONS 

The final values for a0 obtained as a result of this work are listed in Table X 
(columns 2 and 3). For 233jj and 235IJ t n e ¿ a t a w e r e obtained from irradiations in reactor 
core spectra only. For 239pu a n¿ 241pu ^e values are weighted means obtained from 
irradiations in both reactor core spectra and in a thermal column spectrum. (In this weighting 
process we have, somewhat arbitrarily, doubled the weight given to thermal column results 
relative to reactor core results, in order to take some account of our preference for the former -
see above). 

Errors in Table X have been expressed in two ways. Those in column 2 exclude 
uncertainty in the factor used to obtain aQ from a and should be used when the values given 
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here are compared with those from other measurements of a similar type. In column 3 the 
uncertainty in the correction factor is included as well. As might be concluded from an 
examination of equation (2), other things being equal the error in the conversion factor has a 
proportionally greater effect when aQ is smaller than when it is larger. This effect, which is 
the main source of error when a0 is small, can be seen if the errors in column 2 and 3 for 
233IJ a re compared with those for 239pu o r 241 p u 

It is not our intention to make an assessment of the value of the results given here 
compared with those obtained by other workers (not necessarily by the mass spectrometric 
method), since the latter values have been the subjects of recent reviews [11,13]. It is 
sufficient to say that, for ^ 3 U and U, the agreement, in general, is good, particularly with 
the more recent results. In the case of 239pu oniy o n e other measurement, with a result in 
good agreement with the one given here, has been reported. No other measurement has yet 
been reported for 241 pu . 

For the sake of completeness, however, we list in column 4 of Table X the current "best" 
values of a0 for the four nuclides. These values were obtained, not only as a result of direct 
measurements of alpha, but also from a consideration of all measurements which have been 
made of the individual nuclear parameters of the nuclides, and of the relationships between 
them. It will be seen that agreement between these values and the results of this work is well 
within the quoted limits of error. The precision we are able to quote for aQ for 241 pu i's 
particularly gratifying, since information concerning this nuclide is particularly sparse. 
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Abstract 

RATIO OF CAPTURE TO FISSION IN 235U AND 239Pu. Thin samples of uranium and plutonium 
have been irradiated in the pneumatic carrier of the NRU reactor, and their changes in isotopic composition 
measured by a mass spectrometer, to obtain information in radiative capture in U at thermal and 
epithermal neutron energies and on capture and absorption in 239Pu. 

The irradiation position, a vacant lattice site of the NRU reactor (natural uranium fuelling) was 
characterized by a well-moderated high-intensity thermal flux (~2, 5X lOWn/cm2 s) with an epithermal 
component having a relatively small departure from a 1/E shape and an intensity r of 0.018 (Westcott 
convention). Two experimental irradiations were carried out, in the first of which a sample of natural 
uranium was irradiated bare and a sample enriched in 235U was irradiated under cadmium; the integrated 
flux was 0.32 n/kb and the neutron temperature 60°C. In the second experiment (0.71 n/kb, 47°C) similar 
uranium samples were irradiated, and, in addition, samples of 239Pu "spiked" with M2Pu were irradiated in 
the same capsule. 

The change in 235U content of the bare sample relative to the almost constant 238U gave the integrated 
flux and, when combined with the measured 236U production, the value of a for 235U. In the cadmium-
covered sample, measurement of the 236U, when combined with subsidiary silver-activation measurements 
of the epithermal flux, gave a value of the resonance integral for radiative capture in 235U. 

The change in 239Pu and (^Pu -í^Pu) contents relative to the comparatively constant Z42pu content 
gave values of a and absorption cross-section for 239Pu; corrections for epithermal effects were made by 
calculation, but they introduce only minor uncertainties. Corrections from the measured values for a 
Maxwellian neutron distribution to a neutron velocity of 2200 m/s involve uncertainties that are comparable 
with the experimental errors. 

Introduction 
The Chalk River Nuclear Laboratories have a long-standing 

interest in the burn-up that can be attained in natural-uranium fuelled 
heavy-water moderated reactors. These reactors are characterized by 
a well thermalized neutron spectrum so that the factors affecting burn-up 
are largely dependent on thermal neutron cross-sections, which accounts 
for the strong Canadian interest in accurate values of these cross-sections. 
Correspondingly, measurements directly related to burn-up studies are 
capable of interpretation in terms of 2200 m/s cross-sections. 

A summary of early work in this field was given at the 1958 
Geneva Conference [ l ] where'thermal neutron cross-section data derived 
from measurements on irradiated fuel were presented. Extensions of 
this work have given more reliable values for a (the ratio of capture-to-
fission cross-sections) of 35U [2] and for the capture cross-section of 
239Pu [ 3 ] . These results will be mentioned later in the present paper. 

* Now at Whiteshell Nuclear Research Establishment, Atomic Energy of Canada Limited, Pinawa, 
Manitoba, Canada. 
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TABLE I 

Measuremen t s of Ep i the rmal Index 

Date Monitor W T / T 0 

August I960 Au-Al 0.0189 
August -September 1961 f i rs t i r rad ia t ion 
Apr i l -May 1962 second i r rad ia t ion 
October 1962 Ag-Al 0.0192 
August 1963 Au-Al 0.0196* 

* T . A . Eastwood, pr iva te communicat ion 

The p r e c i s e in te rpre ta t ion of such m e a s u r e m e n t s depends on 
an accu ra t e knowledge of the neutron spec t rum. As with other r eac to r 
types the re is a continuing improvement in methods of calculating spec t r a , 
which justifies a t tempts to improve the accuracy of the bas ic c r o s s - s e c t i o n 
data. This considera t ion has led to a study at Chalk River of sma l l samples 
i r r ad i a t ed in an empty lat t ice posit ion where the neutron spec t rum is be t te r 
known than in the fuel itself. These m e a s u r e m e n t s a r e the subject of the 
p r e s e n t pape r . F u r t h e r studies a r e p resen t ly in p r o g r e s s on samples i r 
radia ted in a posit ion where the flux is lower but m o r e completely t h e r -
ma l i zed , with an a lmos t negligible contribution from the slowing rdown 
s p e c t r u m . 

In our p r e sen t s ta te of knowledge of the t he rma l neutron 
c ross - sec t ions of the pr inc ipa l f iss i le nuclei , the resu l t s of any p a r t i 
cular m e a s u r e m e n t can have only a re la t ively minor impact on any ч 
set of se l f -çons is tent values obtained by l e a s t - s q u a r e s fitting to al l 
available data (e .g . [ 4 ] ) . However, d i rec t m e a s u r e m e n t s of fission 
c ross - sec t ions a r e m o r e widely d i spe r sed than would be expected 
from the accu rac i e s c la imed, so that l e a s t - s q u a r e s fitting demands 
a m o r e or l ess a r b i t r a r y t r ea tment of the exper imenta l data . This is 
espec ia l ly t rue of 239Pu and, in spite of a recent d i rec t m e a s u r e m e n t 
of the 2200 m / s fission c ross - sec t ion [ 5 j , re l iable m e a s u r e m e n t s of 
the absorpt ion and capture c ross - sec t ions a r e s t i l l of g rea t i n t e r e s t . 

The resu l t s of the p r e sen t work have been made available 
in p r e l i m i n a r y form in var ious repor t s of l imited c i rcula t ion [ 6 ] . 
All previously quoted resu l t s a r e hereby superseded . 

Exper imenta l P r o c e d u r e s 

Two i r rad ia t ions were c a r r i e d out. On each occasion the 
samples were i r r ad i a t ed in the pneumatic c a r r i e r of the Chalk River 
NRU reac to r during the per iod when this r eac to r was fuelled with 
na tura l uranium [ 7 ] . The neutron flux in the pneumatic c a r r i e r , which 
is located at an empty lat t ice posit ion, was about 2. 5 X 1014 n cm 2 sec 1. 
The spec t rum closely approximated a Maxwellian dis t r ibut ion plus an 
ep i the rmal component of re la t ive intensi ty r == 0. 02 on the Westcott 
convention [ 8 J. 

The t empe ra tu r e of the Maxwellian component was ca l 
culated from the mode ra to r t e m p e r a t u r e (supplied by the r eac to r 
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operat ions staff) by adding the co r r ec t ion factor (450 r) suggested by 
Bigham following his extensive s tudies of spec t r a in r eac to r la t t ices [ 9 j . 

The intensity of the ep i the rmal component was m e a s u r e d by 
i r rad ia t ing gold-aluminum and s i l ve r - a luminum wi res in a subs id ia ry 

. s e r i e s of exper iments which bracke ted the uran ium and plutonium i r 
radiat ions (the f i r s t of these did not include an in ternal ep i the rmal 
moni to r ; in the second it was los t ) . The reac to r was opera ted in a 
m a n n e r not expected to produce changes in the e p i t h e r m a l / t h e r m a l flux 
ra t io , and the gold and s i lver m e a s u r e m e n t s , and a l so the ag reemen t 
between the r e su l t s obtained in the two uran ium i r r ad i a t i ons , support 
the assumpt ion of a constant value of r . The resu l t s a r e given in Table 
I; they a r e based on a value of s\/T0/ T = 17. 0 for gold i. e. on a value of 
1535 barns for the resonance in tegra l above 0. 5 eV [ s e e 10]. The s i lver 
m e a s u r e m e n t s depend on the go ld-s i lve r compar ison made by Har t et al . 

[И] . 
The depa r tu re from l / E shape of the ep i the rmal spec t rum 

in an empty lat t ice s i te has been d i scussed by Bigham and P e a r c e [ 1ZJ. 
The n e c e s s a r y co r rec t ions to the p r e s e n t m e a s u r e m e n t s a r e quite 
s m a l l . 

In the f i rs t i r rad ia t ion a sample of na tura l u ran ium was 
i r r ad ia t ed ba re and a sample enr ic hed in 235U was i r r ad i a t ed under 
cadmium; the in tegra ted flux was 0. 32 neutrons per k i lobarn . The 
s a m p l e s , located at opposite ends of an aluminum capsule , each con
s i s ted of about 25 mg U3Og sp read out over an a r e a of about 1.1 cm 
in a smal l a luminum can. The enr iched sample was enclosed in a 
cadmium box 0.8 m m thick, 1. 3 cm d iamete r and 1. 3 cm high, located 
about 6 cm below the ba re s ample . The capsule was i r r ad i a t ed close 
enough to the cent ra l plane of the r eac to r for the effects of the ver t i ca l 
flux gradient to be negl igible . 

The a r r angemen t s for the second i r rad ia t ion w e r e s imi l a r 
except that both the bare na tura l uranium and cadmium-covered en
r iched uranium samples were accompanied by samples of РиОг 
(~ 1 m g / c m 2 ) containing approximately 10%of 2 4 2Pu. Each plutonium 
sample was about 6 m m away from the corresponding uranium sample , 
and the ba re and cadmium-covered samples were , again, 6 cm a p a r t . 
The in tegra ted flux in this i r rad ia t ion was 0.71 neutrons per k i lobarn . 

After cooling, the capsules were cut open and the i r r ad ia t ed 
samples dissolved in n i t r ic acid. The solutions of the uranium samples 
were analyzed for plutonium by alpha counting, and for uranium by 
co lo r imet ry using KCNS; this Pu /U analys is m e a s u r e d the des t ruc t ion 
of U during the course of the i r rad ia t ion . Purif ied uranium samples 
were p repa red from these solutions for isotopic analys is by m a s s 
s p e c t r o m e t r y . The i r r ad ia t ed plutonium samples were purified and 
analyzed m a s s - s p e c t r o m e t r i c a l l y ; 241Am was removed immediate ly 
before ana lys i s . 

Samples of approximately 30 ug were used for the isotopic 
ana lyses , which were c a r r i e d out on two ra ther s imi l a r m a s s s p e c t r o 
m e t e r s , Consolidated Elec t rodynamics Models 21-702B (uranium) and 
21-703 (plutonium). These ins t ruments a r e of the single-focusing 60° 
sec to r type, with a radius of 30 cm, and were operated with a resolving 
power of 400. They employ t r ip le- f i lament surface- ionizat ion sources 
and the faraday-сир col lec tors were used. In these exper iments m a s s 
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. T A B L E II 

F i r s t I r r a d i a t i o n , 20 A u g u s t - 6 S e p t e m b e r 1961 
R e s u l t s of C h e m i c a l a n d M a s s S p e c t r o m e t r i c A n a l y s e s 

S a m p l e I s o t o p i c A n a l y s i s 
A t o m R a t i o 

239 P u + ¿ 4 0 P u 
d p m / m g U 

N a t u r a l U M S - 7 0 2 - 1 9 2 2 3 5 U/ 2 3 8 U (0 . 7251 ± 0 . 0 0 4 0 ) 1 0 ' 2 

u n i r r a d i a t e d M S - 7 0 2 - 2 3 0 2 3 5 U / 2 3 8 U (0. 7254 ± 0. 0019)10~2 

N a t u r a l U 
i r r a d i a t e d 
( b a r e ) 

M S - 7 0 2 - 2 0 6 

M S - 7 0 2 - 2 0 7 

M S - 7 0 2 - 2 3 1 

2 3 5 U/ 2 3 8 U 
236^/238^ 
2 3 5 U / 2 3 8 U 
236y/238y 
2 3 5 u/ 2 3 8 u 
236y/238y 

( 0 . 5 8 7 0 ± 0 .0021)10" 2 

(0 .0213 ± 0 .0004)10~ 2 

( 0 . 5 8 5 6 ± 0 . 0 0 2 5 ) 1 0 " 2 

(0 .0211 ± 0 . 0 0 0 4 ) 1 0 " 2 

( 0 . 5 8 7 8 ± 0 .0015)10" 2 

(0 .0213 ± 0 . 0 0 0 4 ) 1 0 " 2 

2 . 7 8 X 105 

2 . 8 4 X 105 

2 . 8 0 X 105 

2 . 8 3 X 105 

Enr iched U 
un i r rad ia ted 

Enr iched U 
i r r ad i a t ed 
(under Cd) 

MS-

MS-

MS-

MS-

-702-

• 702-

-702-

•702-

-232 

-234 

-233 

-235 

2 3 6 u/ 2 3 5 u 
2 3 8 u/ 2 3 5 u 
2 3 6 u/ 2 3 5 u 
2 3 8 u/ 2 3 5 u 
2 3 6 u/ 2 3 5 u 
2 3 8 u/ 2 3 5 u 
2 3 6 u/ 2 3 5 u 
2 3 8 u/ 2 3 5 u 

(0.0680 ± 0.0006)10"2 

1.060 ± 0.004 
(0.0679 ± 0.0006)10"2 

1.062 ± 0.003 

(0.1604 ± 0.0007)10"2 

1.070 ± 0.004 
(0.1604 ± 0.0007)10 2 

1.067 ± 0.004 

9. 
9. 
9. 
9. 

11 X 104 

15 X 104 

20 X 104 

06 X 104 

T A B L E III 

S e c o n d I r r a d i a t i o n , 12 A p r i l - 2 8 M a y 1962 
R e s u l t s of M a s s S p e c t r o m e t r i c A n a l y s e s 

Sample 

Natural U 
i r r ad i a t ed 
(bare) 

Enr iched U 
i r r ad ia t ed 
(under Cd) 

Plutonium 
un i r rad ia ted 

MS-702-402 

MS-702-403 

MS-702-404 

MS-703-09 
(13 May 63) 

IS( 

235 у /238 и 
236jj/238jj 
2 3 5 u/ 2 3 8 u 
236y/238y 

2 3 6 u/ 2 3 5 u 
2 3 8 u/ 2 3 5 u 

239pu 

240pu 

241Pu 
242pu 

otopic Analysis 
Atom Ratio 

(0.4552 ± 0.0008)10"2 

(0.0416 ± 0.0004)10"2 

(0.4550 ± 0.0008)10'2 

(0.0412 ± 0.0004)10 - 2 

(0.2711 ± 0.0005)10"2 

1.0708 ± 0.0018 

Abundance (atom %) 
88.497 ± 0.010 

1.586 ± 0.002 
0.219 ± 0.001 
9.698 ± 0.010 

P l u t o n i u m 
i r r a d i a t e d 
( b a r e ) 

M S - 7 0 3 - 1 0 
(15. M a y 63) 

2 3 9 P u 
240pu 

241pu 
242 P u 

6 0 . 3 7 ± 0 . 0 6 
21 .23 ± 0 . 0 4 

3.13 ± 0 . 0 1 
1 5 . 2 7 ± 0 . 0 4 
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discrimination effects could be ignored [13]. Tables II and III summarize 
the results of the analyses. 

Each mass spectrometric analysis represents the averaging 
of about thirty individual spectrograms, and the assigned errors are 
calculated from the dispersion of these individual results (or set equal 
to 0.1% .whichever is larger). More repeat analyses were made on the 
first irradiation material because of the smaller changes in isotopic 
composition. 

The same starting materials were used for both uranium 
irradiations, and their composition is given in Table II. The natural 
uranium was from a stock that has been analyzed repeatedly at Chalk 
River on the model 21-702B mass spectrometer, and a standard value 
of (0.7256 ± 0. 0007)10_2for the 235/238 atom ratio has been obtained 
from all these measurements. (A value of (0.7257 ± 0. 0007)l0~2 was ob
tained earlier on an older instrument [ 13]. ) The present results agree 
with the standard value within their errors, but the standard value has 
been used in all subsequent calculations. Use of the present analyses 
instead would not appreciably affect the results except to increase some 
of the quoted errors slightly. 

No measurements of the Pu/U ratio were made for the second 
irradiation; it was judged that the conditions were sufficiently similar 
that the effective absorption cross-section of 238U derived from the first 
irradiation could be used to make the relatively small correction for 238U 
destruction in the second irradiation. Because of experimental mis
fortunes no satisfactory samples were obtained of the plutonium irradiated 
under cadmium. 

Inte rpr etation 

(a) Uranium-irradiations - bare samples 

If no 234U were present, the ratio of radiative capture and 
fission cross-sections for 35U, a5, would be given by 

a 5 /(1+а5) = (1-б6)2 /{у ( 1-6 б ) / ( 1-б 8 )-1> 

238/235 atom ratio in the irradiated uranium 
238/235 atom ratio in the initial (natural) uranium 

z = 236/235 atom ratio in the irradiated uranium 

&6 = ч/&5 a n d 68 = 8̂ 1&ь 

where <r5, Î5 and cr8 are the neutron absorption cross-sections of 235U, 
236U and 238U respectively. The symbol cr denotes the effective cross-
section of the Westcott convention [8] . 

The correction required for the 234U(n,y)235U(n, v)236U 
reaction chain is quite small. The main effect is the production of 
235U from 234U; neglecting this leads to an under-estimate of the burn-
up of 235U and hence an over-estimate of a5. The correction to 3.5 was 
-0.17%for the first irradiation and -0.19%for the second irradiation. 

A value of 0. 0097 for 58 was obtained from the measured 
Pu/U ratio. This corresponds to a value of 6.4 b for i8; if there were 
no self-shielding of resonance neutrons it would be expected to be 8.4 b, 
and the difference is considered to be reasonable. For capture in 2 3 U 
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the 2200 m / s c ross - sec t ion has been m e a s u r e d by Eastwood et al .[14] 
as 5. 5 b; the resonance in tegra l was taken to be 290 b as a compromise 
between values of 240 ± 20 b [14] 330 ± ? b [15] and 310 ± 70 b [ l 6 ] . 
These data give ¡r̂  = 11.8 b, and hence 66 = 0.0178. The effects on a5 

of e r r o r s in any of these c ross - sec t ions a r e quite smal l , for example 
an e r r o r of about 0.1%in a5 would resu l t from e r r o r s of 10%in 68 or 20% 
in 6¿ (second i r rad ia t ion) or 40%in 66 (first i r r ad ia t ion) . 

The values of Q5 obtained from the f i r s t and second i r 
radiat ions a r e 0.1790 ± 0.0033 and 0.17875 ± 0.0017 respec t ive ly . The 
cor rec t ion to values for 2200 m / s neutrons was made through the Wes t -
cott [ 8] fo rma l i sm ¡r = cr0(g+rs) with values of g and s4 from Critoph1 s 
tables [17 ] . (The differences between s 4 and s2 , which co r respond to 
different ep i thermal spec t rum shapes nea r cut off, a r e negligible. ) 
The s 4 values were slightly modified so as . to be consis tent with the data 
obtained in the p re sen t exper iments on 236U production under cadmium. 
The value of Q5 f rom the f i r s t i r r ad ia t ion (neutron t empe ra tu r e 60°C) is 
0.1768, and that from the second (47°C) is 0.1764. The weighted mean 
is 

qs = 0.1765 ± 0.0015 at 2200 m / s 

not including the uncer ta in ty in the convers ion to 2200 m / s . The un
ce r ta in t i es in the ep i the rmal cor rec t ion and in the neutron t e m p e r a t u r e 
a r e not impor tant , but those in the g factors a r e . Westcott et a l . [ 4 ] 
ass igned an uncer ta in ty of 0.2% to g„ corresponding to ± 1.3%in gQ i . e . 
to ± 0. 0024 in a. This e s t ima te was based on the spread of g factors 
l i s ted in the available compila t ions; the recent analyt ical fits of F luhar ty 
et al .[18] give g factors lying within these l i m i t s . 

The p r e sen t value of a5 is significantly higher than the value 
of 0.1715 ± 0. 0015 due to Cabell and Slee (see Table Villa of [ 4] ) and 
that of 0.1718 ± 0.0006 repor ted by Okazaki et al . [16] . More recent 
unpublished work by L i sman et al.[19] a l so gives a lower value, 0.1717 ± 
0.0015. These uncer ta in t ies exclude g-factor e r r o r s . The explanation 
for the d iscrepancy cannot lie in the convers ion to 2200 m / s - s imi la r 
g and s values were used in all cases - but mus t be due to e i ther to un
suspected exper imenta l e r r o r s , or to differences between actual and 
a s sumed neutron s p e c t r a . The p re sen t exper iment is believed to have 
the advantage in this r e spec t since the neutron spec t rum was m o r e 
completely t he rma l i zed . F u r t h e r m o r e , the s imultaneous sub-cadmium 
i r rad ia t ions essent ia l ly e l iminated uncer ta in t ies in ep i the rmal capture 
(epi thermal f ission is much less impor tan t ) . A value of 0.173 ± 0.004 
was obtained e a r l i e r from fuel-rod analyses [ 2 ] ; the l a rge uncer ta in ty 
is due to the re la t ively poor knowledge of the neutron spec t rum. 

With a 235U absorpt ion c ross - sec t ion of 680. 57 ± 2. 70 b at 
2200 m / s (weighted mean of t r a n s m i s s i o n m e a s u r e m e n t s c o r r e c t e d for 
sca t te r ing from Table IVb of ref [ 4 ] ) the integrated fluxes a r e 0.3240 ± 
0.0035 n/kb and 0.7123± 0.0038 n/kb for the f i rs t and second i r rad ia t ions 
respec t ive ly , where the flux is the Westcott-convention product (total 
neutron density X 2200 m / s ) . The ep i the rmal cor rec t ions do not introduce 
any apprec iab le uncer ta in ty; the effect of e r r o r s in neutron t e m p e r a t u r e 
will be cons idered l a te r in connection with the plutonium i r r ad ia t ion . 
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b . Uranium i r r ad ia t ions - cadmium covered samples 

It follows from the definition of r (see [ 8 j especia l ly equation 
3b) that the cadmium-cove red ra te of production of 236U p e r 235U atom in 
a l / E spec t rum is 

00 

nv0(Z/sTn){T\lT/T0) \ Bo- d E / E = nv0 o-(Cd), say, 
о 

where (nv0) is the Westcot t-convention flux and 9 is the (energy-dependent) 
t r a n s m i s s i o n of the cadmium cover . The re la t ion between this in tegra l 
and the resonance in tegra l will be d i scussed below, along with the effect 
of depa r tu res f rom a l / E shape . 

F r o m the m e a s u r e d changes in236U/235U ra t ios under cadmium, 
and the values of jnv 0 dt from sect ion (a) above, values of cr(Cd) equal to 
2.853 b and 2.852 b w e r e obtained from the f i r s t and second i r rad ia t ions 
respec t ive ly . With W T / T 0 = 0.019 these give $%<rdE/E =133. 0 b , assuming 
a l / E shape . 

The energy dependence of the 235U radiat ive capture c r o s s -
sect ion was taken from the m e a s u r e m e n t s of Shore and Sailor [20] and the 
value of the co r rec t ion t e r m that allows for the non-ideal behaviour of 
cadmium 

00 00 

! \ a d E / E - U o - d E / E 

0.5eV ° 

w a s c a l c u l a t e d on t h e e x t r e m e a s s u m p t i o n s of (i) a s m a l l u r a n i u m s a m p l e 
a t t h e c e n t r e of a s p h e r i c a l c a d m i u m s h e l l 0 . 8 m m t h i c k , a n d ( i i ) a n 
in f in i t e t h i n l a y e r of u r a n i u m b e t w e e n t w o in f in i t e c a d m i u m s h e e t s 0 . 8 m m 
t h i c k , t he a c t u a l g e o m e t r y b e i n g i n t e r m e d i a t e b e t w e e n t h e s e t w o e x t r e m e s . 
T h e r e s u l t s w e r e , r e s p e c t i v e l y , 1 b a n d 5 b , a n d a c o m p r o m i s e c o r r e c t i o n 
cf 3 b w a s t h e r e f o r e a p p l i e d t o g i v e a v a l u e of 136 b fo r t h e r e s o n a n c e 
i n t e g r a l a b o v e 0 . 5 e V . 

T h e e x p e r i m e n t a l u n c e r t a i n t y i s a l m o s t e n t i r e l y a s s o c i a t e d 
w i t h t h é e p i t h e r m a l f l u x . T h e v a l u e of W T / T 0 i s p r o b a b l y a c c u r a t e t o 
± 4 % , a n d t h e u n c e r t a i n t y in t h e i n t e r p r e t a t i o n of t he c a d m i u m c u t off i s 
± 2 b ; t h e r e s u l t i n g ( q u a d r a t u r e - s u m ) e r r o r i s ± 6 b . 

T h e e f f ec t of t h e d e p a r t u r e f r o m l / E s h a p e (a d e f i c i e n c y of 
h i g h e r e n e r g y n e u t r o n s ) w a s e s t i m a t e d to b e a n u n d e r e s t i m a t e of t h e r e s o n 
a n c e i n t e g r a l b y 7 ± 3 b . T h e c o r r e c t e d r e s u l t i s a c c o r d i n g l y 

Í a d E / E = 143 ± 7 b 

0.5eV 

This value a g r e e s well with those of Fe ine r and Esch [21, 22] 
148 ±7 b, and Conway and Gunst [ 21, 23 ] , 133 ±1 b» Measuremen t s with 
monokinetic neutrons now appear .to be giving s imi l a r r e su l t s [ 24, 2 5 ] . 

c . Plutonium i r rad ia t ion 

The value of a for 239Pu is obtained by compar ing the number 
of a toms of capture products produced with the number of 239Pu a toms 
des t royed . F u r t h e r m o r e , s ince the in tegra ted flux is avai lable from the 
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TABLE IV 

Effect of Input Data on Resul ts of Plutonium I r radia t ion 

<ra(
241Pu) a(241Pu) <ra(

242Pu) 

2200 m / s value 
Effective value 

Uncertainty in 
effective value 

Effect on a(239Pu) 
Effect on 5-(239Pu) 
Effect on a f(

239Pu) 

1371.8± 16.9 b(a) 
1454.7 b (c) 

± 2 .5% 

± 0.28% 
± 0.05% 
± 0.13% 

0.3574 ± 0.0149(a) 19.8 ± 1.1 b(b) 
0.3367(c) 4 5 . 6 b ( b ) 

± 7% 

± 0.35% 
± 0.17% 
± 0 .27% 

± 10% 

± 0 .82% 
± 0 .38% 
± 0. 62% 

(a) K. Ekberg , pr ivate communicat ion (1966); leas t squares fit as [4 ] but 
including recent resu l t s on a(241Pu) by Cabell and Wilkins (this conference) . 
(b) Cross section and resonance in tegra l values as in [ 2 6 ] . 
(c) g factors from [ 2 7 ] , s factors from [28] adjusted for changed g factors 
and for m o r e recent resonance in tegra l data [29i 3 0 ] . 

accompanying u ran ium sample , the des t ruct ion of Pu gives a m e a s u r e 
of its absorpt ion c ross - sec t ion re la t ive to that of 235U. Ideally the r e f e r 
ence isotope, 242Pu, would be unaffected by the i r rad ia t ion , so that the 
d e c r e a s e in the (2 3 9Pu/2 4 2Pu) rat io would m e a s u r e the des t ruc t ion of 239Pu, 
and the inc rease in (240Pu + 2 4 1Pu)/2 4 2Pu the amount of radiat ive cap tu re . 
In p rac t i ce cor rec t ions a r e n e c e s s a r y for the destruct ion of the 241Pu, 
represen t ing a loss of 239Pu capture products , and for changes in the 
242Pu content resul t ing from capture in 241Pu and 2 4 2Pu. In this i r r ad ia t ion 
95.1% of capture in 239Pu remains as 2 4 0Pu+ 241Pu, and 3.2% of the 242Pu 
is des t royed, but an amount corresponding to 2.7%of its ini t ial concen
t ra t ion is produced. Of the 240Pu + 2 4 IPu initially p resen t 18% is des t royed; 

J P u Pu produced this exp res sed as a cor rec t ion to the amount of 240I 
amounts to 2. 3 % . 

These cor rec t ions a r e calculated from the known in tegra ted 
flux with a s sumed values for â1} î c i and <r2, the values of î 9 , <JC9 and ¡r0 

being themse lves derivable from the observed change in isotopic com
posi t ion. (S-i r ep re sen t s the absorpt ion c ross -sec t ion of 241Pu, âci its 
capture c ross -sec t ion , e t c . ) Table IV l i s t s the input data, and the 
effects of the i r es t imated uncer ta in t ies on the accuracy of the r e s u l t s . 
The uncer ta in t ies in the m a s s spec t rome te r ana lyses produce u n c e r 
taint ies of ± 0. 66% in a9, ± 0. 31% in ô-9, and ± 0. 50% in â£9. The resu l t s 
a r e â9 = 0. 4138 ± 0. 0047, a9 = 1188. 5 ± 9. 0 b, and âf9 = 840. 6 ± 8. 4 b , where 
the c ross - sec t ion values include a co r rec t ion of 0.6% to allow for the flux 
depress ion in the plutonium sample . 

The convers ion to 2200 m / s values was made with g factors 
der ived from fits to m o r e recent <r(E) data than were available to West-
cott [ 2 8 ] . Table V l i s ts these g fac tors , at 20°C for convenience of 
compar i son with other tabulat ions; thei r t e m p e r a t u r e dependence is 
known well enough. The s4 factors were taken from Critoph [17] and 
sl ightly modified for the changed g f a c t o r s . At 47°C the (g+rs ) fac tors 
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T A B L E V 

A C o m p a r i s o n of 3 9 P u g f a c t o r s a t 20°C 

Source of data 

Westcott [28,17] 
Fluhar ty et al (a) 

BNW Data f(b) 
L i b r a r y [32J < (c) 

1(d) 
Adopted (mean of 

(a) and (d)) 

Sa 

1.0723 
1.0818 

1.0793 
1.0817 
1.0805 

1.0812 

gf 

1.0487 
1.0571 

1.0535 
1.0571 
1.0553 

1.0562 

g a /g f 

1.0225 
1.0234 

1.0245 
1.0233 
1.0239 

1.0237 

(a) I n t e g r a t i o n b y G. C . H a n n a of a n a l y t i c a l f i t s of [18J 
(b) I n t e g r a t i o n b y G. C . H a n n a of s m o o t h c u r v e s t h r o u g h d a t a p o i n t s . 
(c) P r i v a t e c o m m u n i c a t i o n f r o m R . C . L i i k a l a . 
(d) M e a n of (b) a n d ( c ) . D i f f e r e n c e s a t t r i b u t e d t o d i f f e r e n c e s in 

s m o o t h i n g p r o c e d u r e s . 

N O T E : T h e d a t a o f . [ 3 2 ] a r e b a s e d on t h e c a r e f u l f i t t ing b y L e o n a r d [ 3 3 ] 

a r e (1.1073 + 0 . 0 5 6 2 ) fo r a b s o r p t i o n a n d (1 .0755 + 0 . 0 4 3 5 ) fo r f i s s i o n , 
a n d g ive 

s a9 = 0 . 3 5 9 7 ± 0 . 0 0 4 6 
o-9 = 1021 ± 12 b } a t 2200 m / s 

<rf9 = 751 ± 10'. b 
w h e r e t h e e r r o r s now a l l o w fo r u n c e r t a i n t i e s in n e u t r o n t e m p e r a t u r e a n d 
e p i t h e r m a l i n d e x , a n d in t h e s h a p e of t he s l o w i n g down s p e c t r u m n e a r 
c u t off. T h e s e s p e c t r u m - s h a p e u n c e r t a i n t i e s w e r e t a k e n t o b e ± 50% of 
t h e ( r o u g h l y 1%) d i f f e r e n c e s t h a t w o u l d r e s u l t f r o m the u s e of t h e s 2 

r a t h e r t h a n t h e s 4 f a c t o r s of [ 1 7 ] . T h e t e m p e r a t u r e w a s k n o w n to ± 6°C; 
t h i s p r o d u c e s a n u n c e r t a i n t y of ± 0 . 5% in ад, a n d , a l l o w i n g f o r t h e t e m p e r 
a t u r e v a r i a t i o n of t h e 2 3 5U a b s o r p t i o n c r o s s - s e c t i o n , u n c e r t a i n t i e s of 
± 0 . 7 % in o-9 a n d ± 0 . 6 % i n o"f9. 

T h e u n c e r t a i n t i e s in t h e r e s o n a n c e i n t e g r a l s a r e u n i m p o r t a n t , 
a n d t h o s e in g a a n d gr, t e n t a t i v e l y s e t a t ± 0 . 3 % , do no t a p p r e c i a b l y 
i n c r e a s e t h e e r r o r s of t h e c r o s s - s e c t i o n s . T h e u n c e r t a i n t y in g i + a ( = g a / g f ) 
a p p e a r s t o b e c o n s i d e r a b l y l e s s t h a n t h i s , t o j u d g e f r o m t h e s p r e a d of 
v a l u e s in T a b l e V. It m a y b e n o t e d t h a t t he m e a s u r e m e n t s by S m i t h e t a l . 
[ 3 1 ] of t h e v a r i a t i o n of r\ w i t h n e u t r o n e n e r g y s u p p o r t t he c r o s s - s e c t i o n 
d a t a f r o m w h i c h t h e p r e s e n t g v a l u e s w e r e o b t a i n e d . An u n c e r t a i n t y of 
± 0 . 2 % in gjXn w o u l d p r o d u c e a n u n c e r t a i n t y of ± 0 . 7 6 % i n a. 

T h e p r e s e n t v a l u e of cu, i s in good a g r e e m e n t w i t h t h e v a l u e 
o b t a i n e d by C a b e l l a n d S l e e , 0 . 3 5 6 ± 0 . 0 0 9 a s r e c a l c u l a t e d by W e s t c o t t 
e t a l , ( [ 4 ] T a b l e V i l l a ) . T h e m e a s u r e m e n t s of t h e i s o t o p i c c o m p o s i t i o n 
of p l u t o n i u m p r o d u c e d in r e a c t o r fue l r o d s [ 3 ] g a v e a v a l u e of 265 ± 7 b 
fo r (r c 9 , a l s o in a g r e e m e n t w i t h t h e p r e s e n t r e s u l t s . 

R e g a r d i n g <r9> t h e r e s u l t of 1021 ± 12 b i s i n s a t i s f a c t o r y 
a g r e e m e n t w i t h t h e v a l u e of 1 0 0 6 . 6 ± 6 . 4 b o b t a i n e d by W e s t c o t t e t a l , 
( [ 4 ] T a b l e I V c ) a s a w e i g h t e d m e a n of t h e a v a i l a b l e t r a n s m i s s i o n 
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m e a s u r e m e n t s co r r ec t ed for sca t t e r ing . If this value of <r9 is combined 
with the p re sen t value of oj a f ission c ross - sec t ion of 740 ± 6 b is obtained. 

This resu l t for o-f, and the one of 751 ± 10 b given above, may
be compared with the recen t d i rec t monokinetic m e a s u r e m e n t s of 723 ± 
15 b by White et a l . [ 5 ] and 738 ± 7 b by F r a y s s e and P rosdoc imi [ 3 4 ] . 
It may be noted that the value of 751 ± 5 b a t t r ibuted to Bigham et al .[ 35] 
in [ 5 ] is obtained from the Bigham Z39Pu/235U rat io and ignores the c o m 
pa r i son with gold which gave 742. 7 ± 5. 6 b (see Table V of ref [ 4] ). 
These Bigham values would be reduced by 0. 7% if the g£ factors of the 
p r e sen t paper were used . Altogether , because of new m e a s u r e m e n t s [5 ] 
and changes to g fac tors , the value of 742.2 ± 3 . 5 b from the l e a s t - s q u a r e s 
fit of [ 4 ] is probably somewhat too high. 

Summary 

The value of a for 235U has been m e a s u r e d as 0.1765 ± 0.0015. 
for 2200 m / s neu t rons . This is higher than other recent m e a s u r e m e n t s , 
but the neutron spec t rum is believed to be be t te r known in the p r e sen t 
exper imen t . The resonance capture in tegra l has been m e a s u r e d to be 
143 ± 7 b above 0 .5 eV. This is in good agreement with other r e s u l t s . 

Fo r 239Pu 2200 m / s values of a = 0.3597 ± 0.0046, сга = 1021 
± 12 b, and (Tr = 751 ± 10 b were obtained. If the value of cra f rom t r a n s 
mis s ion m e a s u r e m e n t s , 1006..6 ± 6.4 b , is combined with the p r e sen t a 
m e a s u r e m e n t , a value of 740 ± 6 b is obtained for the fission c ros s - sec t ion . 
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MEASUREMENTS OF THE FISSION CROSS-
SECTIONS OF 239Pu AND M1Pu RELATIVE TO 
THAT OF 235U IN THE NEUTRON ENERGY RANGE 
0. 016 TO 0. 55 eV 

P. H. WHITE, J. M. A. REICHELT AND G. P. WARNER 
ATOMIC WEAPONS RESEARCH ESTABLISHMENT, 
ALDERMASTON, BERKS., UNITED KINGDOM 

Abstract 

MEASUREMENTS OF THE FISSION CROSS-SECTIONS OF 2S9Pu AND M1Pu RELATIVE TO THAT OF 
235U IN THE NEUTRON ENERGY RANGE 0.016 TO 0.55 eV. Measurements have been made to an accuracy 
of ±2% of the ratios of the fission cross-sections of Z39Pu and M1Pu to that of ZS5U in the energy range 0.016 
to 0.55 eV and also in two thermalized fields of neutrons. 

The monoenergetic neutrons were obtained from a crystal spectrometer on the AWRE reactor HERALD. 
At the three lowest neutron energies a velocity selector was used to remove neutrons diffracted into the 
second and higher orders. At the other energies resonance filters were used. One thermal neutron field 
was an extracted beam from the graphite thermal column and its spectrum was measured by a time-of-flight 
method. The other thermal neutron field was in a cavity inside the thermal column. 

Some discrepancies between the present results and previous measurements are discussed. Corrections 
and errors due to the neutron spectra of both the monoenergetic neutrons and the thermal beam and errors 
introduced by beam non-uniformity are described. 

1. Introduction 

The fission cross-sections of 239Pu and 2 4 1Pu in the thermal and 
epithermal regions are of importance in reactor design and have been 
measured many times using a variety of techniques. Summaries of these 
measurements have been made by Stehn et al. [ 1], by Westcott et al. 
[2] and by Hughes et al. [3,4]. All these measurements have been rela
tive to the fission cross-section of 235U or to the capture cross-section 
of gold. The results for a particular cross-section sometimes differ by 
up to 10% and may differ depending upon whether monoenergetic neutrons 
or a broad spectrum of neutrons has been used for measurement. In view 
of these uncertainties it was considered worthwhile to remeasure the fission 
cross-sections of 239Pu and 2 4 1Pu relative to 835U in monoenergetic neu
tron fluxes of energies 0.016, 0.0253, 0.051 , 0.117, 0.161, 0.27 and 0.545 
eV, in a broad spectrum of neutrons in a cavity in a graphite thermal 
column and in collimated beam of neutrons extracted from the thermal 
column. 

2. Monoenergetic neutron sources 

A monoenergetic beam of neutrons of energy in the range 0.016 
to 0.55 eV was obtained from a crystal spectrometer used in conjunction 
with the light-water-moderated reactor HERALD at AWRE [5,6]. 

Fig. 1 shows the experimental arrangement. The mean angle of 
diffraction of the aluminium crystal was adjusted to give the required neu-
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NEUTRON SPECTRUM A 

BEAM TRAP 
NEUTRON SPECTRUM A1 

ALUMINIUM DIFFRACTING 
CRYSTAL 

CADMIUM PLATED 
EXTERNAL COLLIMATOR 

ESONANCE ABSORBERS 
3 DISC VELOCITY 
SELECTOR 

/POSITION A 
• _^BFX COUNTER 

Ж 
(NOT TO SCALE) 

BEAM TRAP 

POSITION OF FISSION COUNTERS FOR CROSS-SECTION RATIO MEASUREMENTS 
POSITION A. IN A MONOENERGETIC NEUTRON BEAM 
POSITION B. IN AN EXTRACTED BEAM OF THERMAL NEUTRONS 
POSITION С IN A THERMAL NEUTRON FLUX INSIDE THE THERMAL COLUMN 
NEUTRON SPECTRA A AND A' ARE SHOWN IN FIGURE 2 
NEUTRON SPECTRUM В IS SHOWN IN FIGURE 5 

FIG. 1. Apparatus used for fission cross-section ratio experiments 

NEUTRON SPECTRUM A 

E " 4E 9E 

NEUTRON ENERGY 

FIG. 2. Neutron spectra from crystal spectrometer (A) and at position of fission counters (A*); E= energy 
of first-order beam of neutrons 

TABLE I 
Details of mono chromating system 

1. Crystal Spectrometer 

Number of slits in in-pile collimator 
Neutron beam divergence of in-pile collimator 
Mosaic spread of aluminium diffracting crystal 
Number of slits in external collimator 
Neutron beam divergence of external collimator 

2. Velocity Selector 

Number of rotating discs 
Separation of discs 
Thickness of cadmium on each disc 
Number of slits on each disc 

3 
30' FWHM 
20' FWHM 
11 
10' FWHM 

3 
40 cm 
0.05 cm 
50 
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FIG.3. Neutron flux from velocity selector measured with a BF counter as a function of rotor angular velocity 

tron energy using the known crystal lattice spacing (2.3333 A for the 
111 plane [7]) in the Bragg equation for first order diffraction \ = 2d sin 
9 However the aluminium diffracting crystal produced a neutron spec
trum containing many orders of diffraction, each order having an unknown 
resolution function. The spectrum is shown diagrammatically in Fig. 2. It 
was known from previous work that the neutron flux in the second and 
higher order diffracted beams was comparable with the flux in the first 
order beam and to produce a monoenergetic neutron beam suitable for the 
fission cross-section ratio measurements it was necessary to attenuate 
the second and higher order neutrons. 

2.1 Attenuation of the second and third order neutrons 

At the neutron energies 0.016, 0.0253 and 0.51 eV a three 
disc mechanical velocity selector shown in Fig. 1 was used to attenuate 
the second order diffracted beam by a factor of more than 100 and except 
at 0.051 eV to attenuate the third order beam by a factor of more than 300. 
Details of the velocity selector are given in Table I. The angular velocity 
was electrically stabilised to within ± 0.5% of its nominal value. Fig. 3 
shows the count rate in a BF3 counter which was exposed to neutrons 
transmitted by the velocity selector. The primary neutron energy of 
0.0253 eV was set by the diffraction angle of the crystal spectrometer. 
After correction for the variation of efficiency with neutron energy of the 
BF3 counter the ratio of the neutron flux in the second order to that in the 
first order can be derived. Table II shows this ratio for the three energies 
mentioned and also the neutron flux that was available for the measurement 
of the fission cross-section ratios. 

Between 0.117 and 0.55 eV the second and third order diffracted 
neutron beams lie at energies greater than the cadmium cut-off as also 
does the third order beam at 0.051 eV primary neutron energy. For these 
energies the velocity filter provided negligible attenuation of the higher 
orders and resonance filters were used. The precise neutron energies 
were determined by the availability of resonance absorbers which would 
provide reasonable attenuation of the second and third order neutron 
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TABLE II 

Measured intensity of the second and third order diffracted neutrons' 
relative to the first order and the filters used 

First Order 

Neutron 
Energy 
(eV) 

0.016 

0.0253 

0.051 

0-117 
0.1 61 
0.270 
0.545 

Neutron 
Energy 

Spread {%) 

1.0 

1 .4 

4.0 

6.6 
7.8 
10.2 
14.4 

Neutron 
flux 

(n cm"8 s 1 ) 

0.3 x 105 

1.0 x 105 

1.8 x 105 

3.4 x 106 
1 .4 x 106 
1.0 x 106 
0.8 x 106 

Second Order 

Neutron 
Energy 
(eV) 

0.064 

0.101 

0.204 

0.468 
0.644 
1 .08 
2.180 

Filter 

Velocity 
selector 
Velocity 
selector 
Velocity 
selector 
Erbium 
Indium 
Hafnium 
Rhenium 

Intensity 
Relative to 
1st Order (%) 

290 

91 

<30 

3.5 
4.6 
10 

-15 

Third Order 

Neutron 
Energy 
(eV) 

0.144 

0-228 

0.459 

1 .05 
1 .449 
2.43 
4.90 

Filter 

Velocity 
selector 
Velecity 
selector 
Erbium 

Hafnium 
Indium 
Hafnium 
Gold 

Intensity 
Relative to 
1st Order {%) 

NM 

NM 

NM 

0.75 
1.6 
NM 
NM 

NM Not measured. 
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beams while not appreciably attenuating the first order beam. Absorber 
thicknesses were chosen to attenuate the second and third order beams by 
factors of 100 and 30 respectively more than the attenuation of the first 
order beam. With each pair of absorbers at the end of the external colli
mator scans of the crystal spectrometer across the chosen energies pro
duced transmission dips in reasonable agreement with that calculated from 
the known cross-sections and thicknesses of the absorbers. Table II 
includes the resonance filters used and the measured amounts of second 
and third order beams relative to that of the first order. These ratios 

FIG. 4. Profiles of the neutron beams used 
A Monoenergetic beam, energy 0.0253 eV 
В Monoenergetic beam, energy 0.27 eV 
С Thermal beam -S -4 - 3 -2 - I 0 +1 +2 +J +4 +5 

HORIZONTAL DISTANCE FROM CENTRE LINE OF BEAM (cm) 

were found in a subsidiary experiment by using cadmium and the reson
ance filters to eliminate successively the first, second and third order neu
trons. A measurement by time-of-flight of the order contamination from 
an aluminium crystal similar to the one used in the crystal spectrometer 
gave 120%, 12% and 7% for the second, third and fourth orders rela
tive to the first order respectively at 0.020 eV primary neutron energy. 
The amount of the second order is in reasonable agreement with that 
measured by the velocity selector. The effect of the fourth and higher 
order diffracted beams which are not attenuated by the velocity selector 
or the resonance filters will be discussed in Section 4. 

2.2 Neutron energy spread 

The energy resolution width on the first order diffracted beam of 
neutrons can be calculated from the diffraction angle 9 R , the acceptance 
angles of the collimators and the mosaic spread of the crystal and is 
included in Table II. Multiple scattering in the aluminium crystal produces 
an asymmetric resolution function and hence the mean energy of the 
neutron beam differs from the neutron energy at the mean collimator angle. 
This difference is of no significance at the lower neutron energies where 
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FIG. 5. Energy spectrum of extracted thermal neutron beam. Each spectrum normalized to unit area 
Spectrum measured by a time-of-flight method 

— Theoretical Maxwellian neutron spectrum of temperature 50°C 
— Theoretical Maxwellian neutron spectrum of temperature 100°C 
. . . . Theoretical Maxwellian neutron spectrum of temperature 150°C 

the energy spread is small but at the three highest energies the resolu
tion function was measured using a second analysing crystal. The mean 
neutron energy was calculated from the known variation of fission cross-
sections with energy and the measured resolution function. 

2.3 Neutron beam profile 

A profile of the 3.8 x 7.5 cm neutron beam was measured at each 
neutron energy by scanning a 0.2-cm diameter hole in a 5-cm thick block of 
borated wax across the neutron beam at the position at which the fission 
cross-section ratios were measured. The neutrons were detected in a 
BF3 counter mounted behind the 0.2-cm hole. Fig. 4 shows profiles 
in the horizontal plane at two neutron energies. The structure observed 
is due partly to the in-pile and external collimators and partly to attenua
tion effects in the crystal. Beam profiles in a vertical plane were mea
sured to be of uniform intensity to within ± 5% over the region of the fissile 
foils. 

3. Thermal neutron sources 

3.1 Extracted thermal beam 

A thermal beam of neutrons 7 cm in diameter was extracted from 
the graphite thermal column on HERALD. The neutron spectrum was 
measured by a time-of-flight method similar to the one described by 
Reichelt [ 8 ] and is shown in Fig. 5. Also shown in the figure are 
several theoretical spectra having Maxwell-Boltzman distributions of 
energies. It was found that a theoretical spectrum of temperature 90 С 
approximated best to the observed neutron spectrum. The neutron tempera
ture is significantly higher than the graphite temperature of 20 - 40 С 
mainly because the neutron beam is the leakage flux rather than the inter
nal flux of the thermal column. A check on the neutrontemperature was 
obtained by measuring the transmission of a 2.65 g cm 2 gold sample 
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[ 9,10]. The value found was 90 ± 10 С in good agreement with the 
temperature measured by time-of-flight. 

The flux of neutrons of energy greater than~ 0.6 eV was determined 
by measuring the cadmium ratio for a BF3 counter and showed that the 
epithermal flux per unit lethargy as a fraction of the thermal flux (the 
epithermal index, r in the Westcott convention) was 0.001 ±.0.0003. 
Measurements with counters containing 235U, 2 3 9Pu and Pu gave 
similar ratios but with larger e r rors due to the low count rates involved. 

The profile of the thermal beam is included in Fig. 4. 

3.2 Thermal neutron source inside the thermal column 

For fission ratio measurements inside the graphite thermal column 
of HERALD the fission counters were introduced into the 11.5*cm diameter 
access hole (J2 facility) in the thermal column. This hole is ~ 3 m long 
and curved over the outer 1.5 m to prevent neutron streaming along the 
tube and into the reactor hall. The counters were inserted to a position 
such that at least 60 cm of graphite surrounded the counters in all direc
tions. To reduce neutron flux gradients along the hole, 15-cm long graph
ite plugs were placed in the hole in front of, and behind the fission counters. 
The reactor was operated at the low power of 1 kW in order to maintain 
a uniform temperature in the thermal column and for the duration of the 
fission counting the temperature at any position in the thermal column did 
not differ from the mean value of 30 С by more than 7 C. 

The cadmium ratio was measured by enclosing the counters in a 
1-mm thick cadmium can and gave for r, the epithermal index,a value 0.001 
Fully shielding the counters proved to be a difficult task and small holes' 
may have been present in the cadmium can. Because of this the measured 
epithermal index must be considered an upper limit to the true value. 

4. Measurement of the fission rates 

/ 

The fission rates were measured by counting fission fragments from 
thin foils of 239Pu or 241Pu and 235U placed back to back in the neutron 
beam. The foil backings were thick so that fragments could only be 
counted in 2тг geometry from each foil. Details of the fission counters 
and foils have been described by White [ 11 ], White et al. [12] and Perkin 
et al. [13]. To reduce the er ror in the fission cross-section ratio due to 
the non-uniformity of the fissile deposit two foils of each isotope were 
used and details of the foils are given in Table III. The fission counters 
were positioned centrally in the neutron beam to within ±0 .5 mm. 

A single measurement with one pair of counters consisted of eight 
runs each with a statistical counting accuracy of about 1%. The counters 
were placed in different orientations in each of the eight runs to eliminate 
effects due to attenuation of neutrons in the foil backings, to displacement 
of the counters on rotation and to reduce as far as possible e r rors due 
to the interaction of the non-uniform neutron flux with the non-uniform 



TABLE III 

Fissile foil isotopic compositions (weight % ) , nominal thickness, 
assay errors and foil thickness corrections 

Counter 

1.2 

2.7 

6.7 
6.12 

241.1 
241.2 

Nuclide 

235 {J 

235JJ 

2 3 9 p u 

S 3 9Pu 
8 4 1 P u 
2 4 i p u 

Mass Number 

234 

1.19 

0.11 

239 

99.985 
99.985 

5.12 
5.12 

235 

92.95 

99.33 

240 

0.012 

0.012 

5.53 

5.53 

236 , 

0.18 

0.25 

241 

0. 003 
0.003 

88.95 
88.95 

238 

5.68 

0.31 

242 

0.40 
0.40 

Thickness 
(mg cm 2 ) 

0.5 

0.5 

0.2 
0.06 
0.25 
0.08 

Assay 
Error {%) 

1.0 

1.0 

0.5 
0.5 
2.0 
2.0 

Foil Thickness 
Correct ion {%) 

5.9 

5.7 

3.2 
0.7 
3.0 
1 .1 
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fissile deposit. In no case did a single run differ from the mean by more 
than 3% except at the highest neutron energy where because 1% statistical 
accuracy was not achieved on each run the maximum difference was 5%. 
For monoenergetic measurements three sources of neutron background 
were found to be present at the position of the fission counters. Firstly the 
stray neutron flux in the reactor hall produced a background fission rate 
in the fission counters of between 0.3% and 3.0% of that induced by the 
monoenergetic neutron beams and was measured by attenuating the 
neutron beam from the crystal spectrometer with a cadmium filter. 
Secondly there are neutrons in the fourth and higher orders from the 
crystal spectrometer. The energies of these neutrons are sufficiently 
high for them to be transmitted through the cadmium of the mechanical 
velocity selector and through the resonance filters without appreciable 
attenuation.' The cadmium filter placed in the neutron beam to measure 
the reactor hall background also transmits these high order neutrons and 
the 0.3 - 3.0% background attributed to the general neutron background in 
the reactor hall includes fission induced by the fourth and higher order 
neutrons. No further correction has been made for neutrons in the fourth 
and higher orders. Thirdly the neutron background from the crystal 
spectrometer due to incoherent scattering in the aluminium crystal was 
determined by measurement of the rocking curves for the spectrometer. 
The fission rate induced by this background was less than 0.5% of the fission 
rate induced by the monoenergetic neutrons. 

Backgrounds were measured to be negligible (<0.1%) for measure
ments made using thermal neutron spectra. Cross-section ratios meas
ured without the velocity selector or resonance filters in the neutron 
beam agreed to within 1-2% with the ratios calculated from the mono
energetic data and the measured amount of second order diffracted neutron 
flux and the measured or estimated amount of third order diffracted flux. 
A check comparison of one 235U foil with the other gave a result which 
agreed to 0.3 ± 1.3% with the ratio of the masses of fissile material on 
the foils. 

5. Experimental e r rors 

A summary of the estimated er rors on the fission cross-section 
ratios is given in Table IV. For ratios measured with monoenergetic 
neutrons the largest contributions to the total e r ror are from foil assay 
which has been described by White [11,14 ] and from beam non-uniformity. 
The latter source of e r ror occurs when fission events are detected from 
a non-uniform fissile foil in a non-uniform neutron flux and is small 
if either the foil thickness or the beam intensity were uniform over 
the foil area. Analysis of the fission counting data taken with mono
energetic neutrons gave no systematic variation of fission count rate with 
the orientation of the fission counter and indicated that the er ror introduced 
by beam non-uniformity was less than the statistical e r ror of 1%. Other 
estimates of the error were calculated from the known beam intensity pro
files and the measured thickness profiles of other foils prepared 
by the same painting technique. The maximum er ror was again 1%. 
Detailed profiles of the foils used in the present work were not known 



TABLE IV 

Table of estimated errors (%) on final cross-section ratios 
1. Monoenergetic measurements 

Source of error 

Weighing and 1 U 
assay of foil/ Pu 
Fission fragments'! U 
ab-sorbed in foil / Pu 
Extrapolation of fission-) ,, 
fragment spectra to Ур 
zero pulse height J 

Statistical(except 0.545 eV) 
Statistical at 0.545 eV 
Isotopic composition 

Fourth and higher order 
neutrons 
Incoherent background from 
crystal spectrometer 
Beam non-uniformity 
(except for thermal beams) 
Decay of 241Pu in sample 
since its separation from 341Am 

Comment 

Corrections and errors described 
by White [11.14] 
Corrections and errors described 
by White [11,14] 
Corrections and errors described 
by White [11,14] 

Fission in other isotopes of U and Pu 
assumed zero except for 33SPu in 341Pu foil 

See text 

Calculated from тц = 13.24 ± 0.24 yrs 
[15] ^ 

Total error for monoenergetic measurements 

23*p u/Z3 5 u 

Ratio 

1.01 
0.5 
0.5 ' 
0.4 ' 

0.5 
0.4 ̂  

0.5 
1.0 

0.-1 * 
0.3 

0.5 

1.0 

1.8 

241p u /23 5 u 

Ratio 

1.0 
2.0 
0.5 
0.4 

0.5 
0.4 

0.5 
1.0 

0.1 
0.3 

0.5 

1.0 

0.1 

2.7 

2. Additional errors for thermal measurements 
Hardening of neutron spectrum 
by captive in counter mat
erials 
Beam non-uniformity 
Uncertainty in neutron spectrum 

[16] 

See text 

Total error for thermal measurements 

0.1 

0.1 
1.0 

1.8 

0.1 

0.1 
1.0 

2.7 
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TABLE V 
Measured ratios of the fission cross-sections of 239Pu and 241Pu 
to that of 2 3 5U and the fission cross-sections of 23*Pu and 241Pu 

at 0.0253 eV and in a thermal neutron flux 

At 0.0253 eV Neutron Energy 
Monoenergetic 
Measurements 

Present work 
Fraysse and Prosdocimi [17] 
Leonard [18] 
Raffle [19] 
Leonard et al. [20] 
Tunnicliffe [21] 
Watenabe and Simpson [22] 
Raffle and Price [23] 
Jaffey et al. [24] 

Fission Cross-Section Ratios 
3 3 9Pu/ 2 3 5U 

'1.253 ± 0.022 
1.264 ± 0.03 
1.23 + 0.04. 
1.21 ± 0.04° 

Deduced from thermal measurements 

Present work (extracted beam) 
Present work (inside thermal 

column) 
Pratt et al. [25] 
Bigham et al. [16] 
Raffle [19] 

Compilation values 

Westcott et al. [2] 
Stehn et al. [1] 

1.235 + 0.022 
1.277 ± 0.025 

1.233 ± 0.027 
1.307 + 0.010 
1.20 ± 0.04b 

1.281 ± 0.008 
1.283 ± 0.006 

2*1Pu/23sU 
1.772 ± 0.048 
1.618 ± 0.07 

Fission Cross-Sections" (b) 
2 3 9p u 

723 ± 15 
729 ± 17 
710 ± 23 
704 + 20 
680 ± 23 
680 ± 60 

1.722 ± 0.048 
1.782 ± 0.048 

1.780 ± 0.010c 

1 .741 ± 0.017 
1.646 ± 0.052 

713 ± 15 
737 ± 17 
713 ± 15 
751 ± 5 
701 ± 20 

742.4 ±5.3 
740.6 ±3.5 

241Pu 
1022 ± 29 
935 ± 42 

962 ± 38 
987 ± 42 
1100 ± 30 

994 ± 29 
1028 ± 29 

1014 ± 8d 

1012 + 9 
950 ± 30 

Present work 
(extracted beam) 

Present work 
(inside thermal column) 

Pratt et al.[25] 
Bigham et al. [16] 
Raffle [19] 

Neutron 
Temperature 

Pc) 
~ 90 

30 i 7 

222 
20 
30 

Ratios in Thermal Neutrons Spectrum 

1.405 ± 0.020 

1.385 ± 0.020 

1.725'± 0.027 
1.402 ± 0.007 
1.296 ± 0. 041 

1.966 ± 0.048 

1.920 ± 0.047 

1.897 ± 0.010 
1.63 ±0.07 

a 235U fission cross-section assumed to be 577 barn. 
b Deduced from cross-section measurement. 
с Deduced from S4iPu/2sePu and 23fcPu/2a6U ratios. 
d 83WPu fission cross-section assumed to be 742 barns. 

but were expected to be similar to other foils painted by the same 
operator. 

The uncertainty in the energy of the monoenergetic neutrons is due 
mainly to a ± 5' uncertainty in the direction of the neutrons entering 
the diffracting aluminium crystal and to a lesser extent upon the uncer
tainty in the resolution function of the beam of neutrons. 

For ratios measured with thermal neutron fluxes the largest single 
e r ro r s are from the foil assay and from uncertainty in the neutron spec
trum incident on the counters. The latter er ror is discussed in more 
detail in the next section. 

6. Results and comments 

The measured ratios of the fission cross-sections of 239Pu and 
1Pu to that of 2 3 5U for monoenergetic neutrons of 0.0253 eV energy are 
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TABLE VI 
Measured ratios of the cross-sections of 239Pu and 84lPu relative to that 

of 8 3 5U in the energy range 0.016 to 0.545 eV 

Neutron 
Energy 
(eV) 

0.016 
0.0253 
0.051 
0.117 
0.161 
0.270 
0.545 

Total 
Energy 

Spread {%) 

1.0 
1.4 
4.0 
6.6 
7.8 

10.2 
14.4 

Uncertainty 
in Mean Energy 

(eV) 

± 0.00004 
± 0.0001 
± 0.0005 
± 0.002 
± 0.003 
± 0.007 
+ 0.02 

Cross-Section Ratio 
239Pu/235U 

Present 
Measurements 

1.208 ± 0.022 
1.254 ± 0.022 
1.374 ± 0.024 
2.010 ± 0.036 
2.93 ± 0.05 

12.51 ± 0.3 
1.94 ± 0.05 

Other 
Measurements 

1.230 
1.279 
1.438 
2.091 
3.09 

14.25 
1.68 

Cross-Section Ratio 241Pu/235U 

Present 
Measurements 

1.681 ± 0.044 
1.771 ± 0.048 
1.876 ± 0.05 
2.719 ± 0.07 
3.96 ± 0.10 
8.23 ± 0.3 
0.806 ± 0.02 

Other 
Measurements 

1.594 
1.663 
1.858 
2.753 
3.84 
7.58 
0.688 
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given in Table V together with the results quoted by other authors. The 
present results are an improvement on accuracy on previous measurements 
and agree well with the cross-section ratios quoted by Fraysse and 
Prosdocimi [17], Leonard [18] and Raffle L19]. If one assumes the 
cross-section of 235U to be 577 b Ll] then the fission cross-sections of 
239Pu and 2 4 1Pu deduced from the present work are also shown in Table 
V together with other measurements of these cross-sections made with 
monoenergetic neutrons. The present results again agree well with the 
other measurements. 

Also shown in Table V are the fission cross-section ratios measured 
with thermal neutron fluxes and the fission cross-sections and fission cross-
section ratios at 0.0253 eV calculated from the measured ratios. For the 
measurements made using the extracted beam of thermal neutrons the 
g-factors* required to transform the measured fission cross-section 
ratios to ratios at 0.0253 eV were calculated from the known variation 
of the fission cross-sections with energy and the neutron spectrum 
measured by a time-of-flight method. These factors were 1.138 ± 0.01 
and 1.142 ± 0.01 for 239Pu and 2 4 1 Pu relative to 235U respectively. The 
Maxwellian neutron spectrum of temperature 90 С which gives the 
best visual fit to the measured neutron spectrum has corresponding 
g-factors of 1.151 and 1.132 [26,27]. The residual discrepancy of 
~ 1% is probably due to the measured neutron spectrum not having a 
Maxwell-Boltzman distribution of energies as is normally assumed. 

The g-factors used to convert the fission cross-section ratio 
measurements made inside the thermal column to ratios at 0.0253 eV 
have been calculated assuming the neutron spectrum to be Maxwellian 
with a neutron temperature equal to the thermodynamic temperature of 
the graphite. The fission cross-section ratios measured in thermal 
neutron fluxes, when corrected to 0.0253 eV agree within er ror with 
the ratios measured with monoenergetic neutrons and agree within slightly 
wider limits with the results of Bigham et al. [16], Pratt et al. L25] 
and Raffle [ 19] which were also determined in thermal neutron fluxes. 
The average of the three fission cross-section ratios measured with 
thermal neutron fluxes and with monoenergetic neutrons gives 1.255 
i 0.022 and 1.760+ 0.048 for the ratios 23$Pu to 235U and 241Pu to 
235U respectively. These ratios agree satisfactorily with the compilation 
values of Westcott [2] but the measured fission cross-section ratio of 
2 4 1Pu relative to 2 3 5 U is significantly higher than the assessed value 
of Stehn [ 1]. The e r ror on the average of the three results has not been 
reduced by averaging since most of the e r rors in the present work are 
common to the three ratio measurements. 

The fission cross-sections and fission cross-section ratios at other 
monoenergetic neutron energies are given in Table VI. Also included 
in the table are ratios deduced from the assessments of Stehn et al. [ 1 ] 
and of Hughes et al. [ 4 ] . These assessments represent an average of the 

*For a description of the g-factors of the Westcott conventions see 
Westcott [26] or Beckurtz and Wirtz [101 
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results of many authors and are for practical purposes normalised to 
the 'recommended' cross-sections at 0.0253 eV. 

At all seven neutron energies within er ror the present results 
agree with the ratios deduced from these assessments as would be expec
ted if present and previous measurements have the same variation of 
fission cross-sections with neutron energy. The larger discrepancies 
at the two highest neutron energies are probably due to the uncertainty 
in the mean neutron energy. 
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D I S C U S S I O N 

(on papers CN-23/21, CN-23/2 and CN-23/58) 

C.H. WESTCOTT: With reference to our two surveys of 2200-m/s 
constants1»2, I would like to report that the IAEA has made a revision for 
241Pu, and an even fuller revision for the other three fissile nuclides too will 
probably be made in 1967. Difficulty arises in estimating the accuracy of 
g-factors (as mentioned in paper CN-23/2), and this may affect the date 
of the revision. A new fitting is needed for 241Pu as the values available at 
present are not very accurate. The results of the recent revision for 
2*1Pu (2200 m/s) are as follows: 

ста = 1372 b v = 2.969 
(jf = 1011 b n = 2.187 
a = 361 b a = 0.357 

The changes since the 1965 survey2 are due to the inclusion of the new 
results obtained by Cabell et al. and the withdrawal of their earl ier values. 
Our values in fact now lie very close to those given in the 1964 survey1. 
It should be noted that the 0f value also agrees with the mean of the. values 
rep^orted by White et al. in paper CN-23/58. 

M.J . CABELL: The fact that the recommended values for the 
2200-m/s constants for M1Pu given in the 1965 paper by Westcott et al. 
were greatly influenced by our preliminary results for alpha is mentioned 
in the paper. This measurement is particularly difficult: 242Pu cannot be 
used as a reference nuclide for the measurement since it is the product of 
neutron capture by ^ P u . The 239pu content of the sample must be used 
instead and this is itself, of course, greatly affected by neutron irradiation. 
The preliminary value for alpha, obtained using reactor spectra, has been 
withdrawn, as Dr. Westcott just said. It was wrong for two reasons. 
Firstly, as stated in my paper, a correction for the amount of ^spu formed-
via ^ A m was omitted and secondly the results were heavily weighted in 
the light of simultaneous measurements made on the destruction of 239Pu 
under similar experimental conditions. We now believe this weighting 
was unjustified. That these changes in the value of alpha, have a direct 
effect on the recommended values resulting from the least-squares fitting 
procedure for all the 2200-m/s data emphasizes the value of these 
measurements, particularly when other data are sparse, as in this case. 

It is a pleasure to hear that Dr. Westcott hopes to derive a new set of 
recommended values in the near future taking into account the latest 
results . His comments that the accuracy of g-values is being looked at 
again are particularly welcome since these values can be important sources 
of e r ror . 

1 WESTCOTT, C. H. et aL , "Survey of nuclear data for reactor calculations". Proc. 3rd UN Int'. 
Conf. PUAE £ (1965) 412. 

2 WESTCOTT, C. H. et aL , "A survey of values of the 2200 m/s constants for four fissile nuclides", 
Atomic Energy Rev. 3 2 IAEA, Vienna (1965) 3. 
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РЕАКЦИЯ п, nf И ВЫХОДЫ ЗАПАЗДЫВАЮЩИХ 
НЕЙТРОНОВ 

Б.П.МАКСЮТЕНКО 
(Доклад представил А.И.Абрамов) 
ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ ИНСТИТУТ, ОБНИНСК 
СССР 

Abstract — Аннотация 

THE n, nf REACTION AND DELAYED NEUTRON YIELDS. The author has studied the effect of the 
n, nf reaction on the yield ratio of delayed-neutron groups. The experiments were carried out on a 
Van de Graaff generator. A solid zirconium-deuterium target of thickness 20 mg/cm2 was used. The 
maximum energies of the neutron spectrum were in the 5-7.75 MeV range. The decay curves were 
analysed on a digital computer for given values of half-life - 55, 24, 15, 5, 5.2 and 2.2 s. The neutron 
background, after taking off the voltage on the generator, made it impossible to isolate shorter groups. 
Errors were calculated according to the inverse matrix by the normal method. The two elements which 
have so far been studied in most detail are uranium-238 (7 points in the above-mentioned energy range) 
and thorium-232 (9 points). The results are presented in the form of the ratio of the i-th group of delayed 
neutrons to the first group (half-life 55 s). The way in which this ratio varies as the energy increases is 
the same in both elements (for corresponding groups). In both cases the ratio of the yield from each of the 
groups with half-lives of 24 and 5.2 s, in the energy region where the n, nf reaction occurs, has the shape 
of a resonance curve. The ratio of the 15.5-s group to the first group shows a clearly defined minimum, 
while the ratio of the 2.2-s group shows a more complex structure with maxima and minima; this is 
possibly due to the fact that it is a mixture of the two groups. 

РЕАКЦИЯ n, nf И ВЫХОДЫ ЗАПАЗДЫВАЮЩИХ НЕЙТРОНОВ. Изучалось влияние 
реакции n, nf на отношение выходов групп запаздывающих нейтронов. Опыты проводились 
на генераторе В а н - д е - Г р а а ф а . Использовалась твердая цирконий-дейтериевая мишень 
толщиной 20 м г / с м 2 . Максимальные энергии спектра нейтронов в данных опытах были 
в интервале 5 —7,75 М э в . Разложение кривых распада производилось на ЦВМ при задан
ных значениях периодов полураспада: 55 ; 24; 15,5; 5,2 и 2,2 с е к . Фон нейтронов после 
снятия напряжения на генераторе не позволял выделить более короткие группы. Ошибки 
вычислялись по обратной матрице общепринятым способом. В настоящее время наиболее 
подробно изучены два элемента : уран-238 (7 точек в указанном интервале энергий) и т о -
рий-232 (9 точек) . Р е з у л ь т а т ы представлены в виде отношения i - й группы запаздываю
щих нейтронов к первой (период полураспада 55 с е к ) . Характер изменения этого отноше
ния с ростом энергии у обоих элементов для соответствующих групп одинаков. У обоих 
элементов отношение выхода для каждой из групп с периодами полураспада 24 и 5,2 с е к . 
В области энергий, где идет реакция n, nf имеет вид резонансной кривой. Отношение 
15,5 с е к . группы к первой дает резкий минимум, а отношение 2,2 с е к . группы проявляет 
более сложную структуру с минимумами и максимумами; возможно, это связано с т е м , 
что она представляет смесь двух групп. 

Изучалось влияние реакции n, nf на отношение выходов групп з а п а з 
дывающих нейтронов из тория-232 и урана-238 (диапазон энергий нейтро
нов, вызывающих деление 5 - 7 , 7 5 Мэв) . Опыты проводились на генера
торе В а н - д е - Г р а а ф а . Использовалась твердая цирконий-дейтериевая 
мишень толщиной 20 м г / с м 2 . Разложение кривых распада производилось 
на цифровой вычислительной машине при заданных значениях постоян
ных распада. Округленные значения периодов полураспада, принятые в 
данных расчета , составляют 55; 24; 15,5; 5,2; 2,2 сек . 
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ТАБЛИЦА 1. ТОРИИ-232 (Энергия нейтронов, Мэв). 

Период 
полураспада, 

сек 

m о 

хо
д 

Ф s 
ш 
9 

тн
о 

О 

5 

6 

6,2 

6,4 

6,6 

6,8 

7,25 
7,5 

7,75 

55 24 

2,385 ±0,072 
2,54 ±0,08 
3,18 ±0,18 
2,329 ±0,043 
2,423±0,056 
2,23 ±0,07 
1,969 ±0,045 
1,85 ±0,05 
1,474 ±0,087 

15,5 

2,42 ±0,10 
2,32 ±0,09 
1,43 ±0,25 
2,319 ±0,063 
2,288±0,083 
2,29 ±0,08 
2,113±0,065 
2,12 ± 0,07 
2,38 ±0,13 

5,2 

4,87 ±0,16 
4,79 ±0,16 
8,07 ±0,45 
4,44 ±0,10 
4,370 ±0,13 
3,54 ±0,11 
3,70 ±0,11 
3,04 ±0,09 
2,47 ±0,21 

2,2 

10,13±0,34 
10,71 ±0,26 

7,74 ±0,80 
10,84 ±0,20 
10,10±0,27 
11,66±0,27 
6,94 ±0,21 
8,87 ±0,20 
7,91 ±0,52 

Фон во всех измерениях (1 -f 3) • 10" 

J 
À 

¿f 

ПГЯ-212 

ь - 1 ( ^ *.i. 

Ц 5,2 m 

\ 241 

1 2 i 4 5 б 7 В Е п (Мзв) 

Рис. 1. Значения выходов, отнесенные к выходу группы с периодом полураспада 55 сек 
для тория-232. 
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Р и с . 2 . Значения выходов, отнесенные к выходу группы с периодом полураспада 55 сек 
для у р а н а - 2 3 8 . 

В связи с тем, что мишень толстая, полученные значения отношения 
выходов есть 

Emax Emax 
R i 3= / а{(Е)Ф(Е)а1(Е)ОЕ/ / af(E) Ф(Е) а^Е) dE, Emin Emin 

где R. — полученное при разложении кривой распада нейтронов отноше
ние выхода i-й группы к первой (с периодом полураспада 
55 сек), 

<7f — сечение деления, 
Ф(Е) dE - поток нейтронов, 
а. (Е) — абсолютный выход i-й группы запаздывающих нейтронов при 

делении нейтронами с энергией Е. 
В табл.1 приведены значения Ri3 для обоих элементов. Эти же дан

ные представлены на рис.1, 2 и 3 (точки отнесены к максимальной энер
гии спектра нейтронов, a¡ — кривая сечения деления). 
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Рис. 3 . Значения выходов, отнесенные к выходу группы с периодом полураспада 55 сек 
для урана-238. 

ТАБЛИЦА 2. УРАН-238 (Энергия нейтронов, Мэв). 

Период 
полураспада, 

сек 

я о 

IX
O

Í 

m 

s 
X 
в 
О 

О 

5 

6 

6,4 

6,6 

6,8 

6,9 

7Д 

7,3 

7,5 

7,8 

55 24 

7,56±0,17 
6,93±0,31 
7,95±0,18 
7,19±0,32 

12,31 ±0,37 
8,42 ±0,24 
8,30 ±0,20 
7,95±0,15 
8,08±0,14 
7,32 ±0,42 

15,5 

3,55±0,16 
3,81 ±0,15 
2,60±0,16 
3,76±0,32 
0,59±0,23 
3,16±0,20 
3,54±0,19 

24,0 ±1,4 
20,6 ±1,2 

3,74 ±0,42 

5,2 

10,7 ±0,3 
9,18 ±0,66 
10,2 ±0,3 
11,48±0,54 
13,3±0,6 
11,6 ±0,4 
10,39 ±0,32 
8,68±0,25 
8,64 ±0,22 
7,04 ±0,73 

2,2 

27,3 ±0,7 
30,69 ±0,78 
19,2 ±0,6 
24,9 ±1,3 
45,7 ± 3,4 
24,4 ±0,8 
25,16±0,70 
14,0 ±0,5 
13,3 ±0,43 • 
•28,0 ±2,0 

Фон во всех измерениях (1 -г 3) • 10 ' 3 

Ч,А 
"\ 

5,2 «« 

¿ I 

УРАН m 
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Видно, что там , где начинает идти реакция n, nf, наблюдается резко 
выраженная структура в отношениях выходов групп. Ясно, что эффект 
следует приписать второму делящему ядру (торию-232 и урану-238) . 

Интерпретация явления осложняется отсутствием данных по распре
делению масс и заряда в этой области энергий и недостаточно надежной 
химической идентификацией. 

Предварительные данные по распределениям масс (для урана-233 и 
урана-235) показывают резкое изменение в отношениях выходов в облас
ти м а с с , приписываемых родоначальникам запаздывающих нейтронов. 
Непосредственно на ступеньке отношение выходов масс (85 - 95 и 135 — 
145) к массе 87 уменьшается и нигде не наблюдается противоположный 
эффект , имеющий место для некоторых групп запаздывающих нейтронов. 
По-видимому, следует ожидать для этих осколков резкое изменение в 
распределении заряда . 

Для трех точек торий-232 (6; 6,2; 6,4 Мэв) было проведено разложе
ние кривых распада при заданных значениях периодов полураспада, варь 
ируя последние по таблицам случайных величин при заданных значениях 
ошибок (всего проделано 10 вариантов). Результаты показывают, что 
эффект сохраняется . 
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ANALYTICAL DESCRIPTION OF NEUTRON 
CROSS-SECTIONS AND THE E F F E C T OF THEIR 
ENERGY DEPENDENCE UPON THEIR 
2200-m/s VALUES 

J.R. SMITH 
IDAHO NUCLEAR CORPORATION, IDAHO FALLS, IDAHO, 
UNITED STATES OF AMERICA 

Abstract 

ANALYTICAL DESCRIPTION OF NEUTRON CROSS-SECTIONS AND THE EFFECT OF THEIR ENERGY 
DEPENDENCE UPON THEIR 2200-m/s VALUES . In the calculation of reaction rates in a reactor, the 
energy dependence of the cross-sections involved must be known with a precision comparable to that of. 
their absolute values. Many of the measurements of absolute values of nuclear parameters are made in 
a broad spectrum of neutron energies, and the accuracy with which the 2200-m/s values can be extracted 
from such measurements depends directly upon the accuracy with which the energy dependences involved 
are known. With these considerations in mind an effort has been made to obtain precise descriptions of the 
shape of the low-energy cross-sections of 283U, 235U, 239Pu and241 Pu. Emphasis has been placed on 
accounting for all available data, including the information given by the measurements of the energy 
variation of ij. The experimental data are fitted by the least-squares technique to obtain the best values 
of the analytical parameters and their error estimates. The analytical expressions of Fluharty et a l . have 
been used. This formalism has the advantage of simplicity of calculation. It employs a simple 
polynomial of second order to describe the cross-sections in the energy region below appreciable influence 
of the lowest observed energy resonance. Above approximately 0.1 eV, resonance terms were added. 
For each indicated level separate symmetric and asymmetric resonance terms are added, corresponding to 
the symmetric capture term of non-fission resonances and to the asymmetry introduced by interference 
in the fission channels, respectively. From the analytical expressions are derived values and error 
estimates for the Westcott g-values. 
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PROMPT V IN NEUTRON-INDUCED 
FISSION OF 241Pu 

H. CONDE, J. HANSEN AND M. HOLMBERG 
RESEARCH INSTITUTE OF NATIONAL DEFENCE, 
STOCKHOLM, SWEDEN 

Abstract 

PROMPT v IN NEUTRON-INDUCED FISSION OF M1Pu. The energy dependence of prompt V for the 
neutron-induced fission of ш Р и has been investigated. The fission neutron detector was a large liquid 
scintillator. The data from 0.5 to 14.8 MeV of incident neutron energy can be fitted by a straight line 
v(En) = 2.905 +0.146 En . 

INTRODUCTION 

Values for v for neutron-induced fission of 241Pu are requested for 
reactor calculations with an accuracy of about 5% from thermal up to 
15 MeV of incident neutron energy. 

In the neutron-induced fission of M1Pu the compound nucleus, which 
undergoes fission, is 242Pu. Thus the dependence of v on excitation 
energy of the compound nucleus may be studied from zero energy, 
corresponding to the spontaneous fission of 242Pu, up to higher energies 
given as the sum of the incident neutron energy and the binding energy 
of the last neutron in 242Pu. 

This gives an opportunity to study the energy dependence of v over a 
wide range of excitation energy and to compare with the results given for 
the compound nuclei 240Pu and ^ U [1, 2]. For these isotopes the i/-values 
for spontaneous fission are higher than the expected ones, calculated 
from an extrapolation of the energy dependence of v obtained at higher 
excitation energies. 

Earlier measurements of v for the neutron-induced fission of 241Pu, 
which are made only at thermal incident neutron energy, are given in a 
data compilation by Asplund-Nilsson [3], together with the ¿7-values of the 
spontaneous fission of ^Spu. 

The aim of the present investigation has been to measure V for 241Pu 
relative to V for the spontaneous fission of 252Cf from 0 to 15 MeV with 
an accuracy of about 3% in each value. This paper gives the preliminary 
results of the P-values at five different energies. 

EXPERIMENTAL METHOD 

The experimental arrangement, with a large liquid scintillator as 
the fission neutron detector is described in detail in Ref. [4]. 

A total amount of 20 mg of 241Pu, deposited on three platinum plates 
with a coating thickness of 0. 5 mg/cm 2 , was used. The mass analysis of 
the deposition gave 1. 33% ^ P u , 96. 95% м 1Ри, 1. 18% 240Pu and 

51 



52 CONDE étal.-

0. 53% 239Pu [5]. The amounts of 240Pu and ^ P u were enough to give about 
4. 5 spontaneous fissions per minute. 

The counting rate of neutron-induced fissions in 241Pu was limited by 
the maximum beam current from the accelerator and by the background 
counting rate in the scintillator. Thus the counting rate of 241Pu was not 
larger than about 1 fission per minute. 

To improve the counting ratio between the induced and spontaneous 
fissions the measurement was made with a time-of-flight technique 
according to Ref. [4]. With this technique a selection was also made of 
the fissions induced by the proper neutron energy in case neutrons of 
lower energy were produced in the target or in the collimating system. 
In Fig. 1 the block diagram of the electronic circuits to the time-of-flight 
equipment is shown together with a typical time-of-flight spectrum for 
the fission events. 

The V -value of 252Cf and the ratio between the gate-length of the 
fission neutron counter and the background counter were checked according 
to Ref. [4]. The ¿/-value and the number per minute of the spontaneous 
fission events from the contamination of 240Pu and ^^Pu within the ^ P u 
sample were measured with an accuracy of about 1%. This was made by 
counting all fission events occurring without a neutron beam and with the 
^ P u fission chamber in the centre of the large liquid scintillator tank. 

To check the position and width of the one-channel analyser in the 
time-of-flight measurement the time-of-flight spectrum of the target 
neutrons was recorded on a 256-channel analyser with and without gating 
the analyser by the pulse from the one-channel analyser (see Fig. 1). The 
number of 252Cf fissions was counted at a certain time with and without 
gating the fission neutron counting system by the pulse from the one-channel 
analyser. In this way the percentage of spontaneous fission events 
occurring within the time interval corresponding to the window of the one-
channel analyser could be calculated. This figure was measured with an 
error of less than 2%. 

RESULTS AND CORRECTIONS 

After the background had been subtracted from the observed ¡/-values 
these were corrected for the contributions from the spontaneous fission 
of ^Opu and 242Pu. This correction was of the order of 10 - 15% with an 
estimated experimental er ror of about 0. 5%, which was mainly due to the 
uncertainty in the determination of the width of the one-channel analyser. 
However, the statistical e r rors in the observed P-values were increased 
by about 10% by the correction. This depends on the statistical uncertainty 
in the number of spontaneous fissions and the number of neutrons from 
these fissions that occur within the window of the one-channel analyser. 

A correction of (2± 0. 5)% was applied to the i/-value at 14. 8 MeV for 
fissions induced by thermal neutrons. Other corrections were applied 
according to Ref. [4] but the magnitude of the sum of these corrections 
was less than 1%. , 

The corrected results, referred to ¿7 = 3. 767± 0. 000 for the 
spontaneous fission of 252Cf [6], are given in Table I and are also shown 
in Fig. 2. The v-values of the spontaneous fission of 242Pu [7, 8] and of 
the thermal neutron-induced fission of 241Pu [9] are also shown in Fig. 2. 
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FIG. 1. Block diagram of the electronic circuits of the time-of-flight equipment for the measurements 
of v, and a typical time-of-flight spectrum of the fission events. The dotted lines, marked D, indicate 
the window of the one-channel analyser. 

The straight line V = 2. 905 ± 0. 146 En is a least-squares fit to the present 
results. The slope of the line, 0. 15 neutrons per MeV, is in agreement 
with that observed for other plutonium and uranium isotopes [4, 6, 10, 11]. 

As can be seen from Fig. 2 no certain conclusion can be drawn about 
a difference between the experimental P-value of ^ ^ u spontaneous and 
the iz-value obtained by an extrapolation of the straight line for 241Pu+ n. 
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T A B L E I. C O R R E C T E D E X P E R I M E N T A L v-VALUES O F 
241Pu. The v- VALUES ARE BASED ON v = 3. 767 ± 0. 000 FOR 
THE SPONTANEOUS FISSION O F 252Cf. THE S T A T E D 
UNCERTAINTIES ARE DUE TO COUNTING STATISTICS ONLY. 

Neutron energy 
(MeV) 

0.52 ± 0.02 

2. 71 ± 0. 01 

4.19 ± 0. 02 

5. 88 ± 0.12 

14. 8 ± 0. 2 

2. 89 ± 0.11 

3.37 ± 0.11 

3.50 ± 0.10 

3. 84 ± 0.12 

5. 02 ± 0.14 

V 

5.0-

V = 2.905 + 0. K 6 E r 

1 1 Г 
0 5 10 

INCIDENT NEUTRON ENERGY IN MeV 

FIG. 2. y-values in the fission of the compound nucleus M2Pu. The open circles are the present investi
gation, the filled circle is from Jaffey et al. [9], the open triangle is from Hicks et al. [7] and the 
filled triangle is from Crane et al. [8]. 
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D I S C U S S I O N 

N. STARFELT: Dr. Holmberg pointed out the equal slopes of the 
V curves of different isotopes. I should like to add that for all the isotopes 
of a given element there is also equality in the absolute values to within a 
few percent. This means that if you want to know for instance F for 240Pu 
at a certain energy where a measurement is difficult, you can just take 
the measured value of 239pu and feei confident that you have got the right 
value within a few percent. The more exotic uranium isotopes could be 
dealt with in a similar way. 





NEUTRONS PROMPTS DE FISSION-
MESURE DE v ET DES PROBABILITES P(z/) 
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CEA, CENTRE D'ETUDES NUCLEAIRES DE BRUYERES LE CHATEL, 

FRANCE 

Abstract — Résumé 

PROMPT FISSION NEUTRONS -MEASUREMENT OF Î7AND OF THE PROBABILITIES P(v) OF EMISSION 
OF 1/-NEUTRONS. With a large liquid scintillator in conjunction with a fission-fragment detector, we 
hope to measure the values of ü and P(v) for different fissile materials to better than 1% in fissions produced 
by neutrons in the energy range 4-14 MeV. 

To estimate the various sources of error in these measurements, we have carried out preliminary 
work on the spontaneous fissions of 252Cf and 240Pu: measurement of the efficiency of the liquid scintillator; 
variation of ¡7 with the kinetic energy of the fragment detected; variation of the efficiency of the liquid 
scintillator with the geometry of the fission-fragment detector; correction of the experimental results and 
experimental check of these corrections. 

We measured the P(v) of 252Cf and the P"and P(v) of 240Pu in spontaneous fission. In absolute values, 
it is the inexact knowledge of the reference ¡7(252Cf) which limits the accuracy of these measurements. 

NEUTRONS PROMPTS DE FISSION-MESURE DE v ET DES PROBABILITES P (v) D'EMISSION DE v 
NEUTRONS. En utilisant la technique du gros scintillateur liquide associé "à un détecteur de fragments 
de fission, les auteurs envisagent de mesurer "à mieux que 1% В et P(v) pour différents matériaux fissiles, 
dans les fissions provoquées par des neutrons dans le domaine d'énergie compris entre 4 et 14 MeV. 

A cette fin, pour apprécier l'importance des différentes sources d'erreurs intervenant dans ces 
mesures, ils ont effectué différents travaux préliminaires pour les fissions spontanées de 252Cf et de ^Opu: 
mesure de l'efficacité du scintillateur liquide; variation de ûavec l'énergie cinétique du fragment détecté; 
variation de l'efficacité du scintillateur liquide avec la géométrie du détecteur de fragments de fission; 
corrections des résultats expérimentaux, contrôle expérimental de ces corrections. 

Les résultats présentés concernent la distribution des P(i/)pour la fission spontanée de 252Cf et les 
valeurs de V et de P(i/) pour la fission spontanée de ^ P u . En mesure absolue, c'est l'imprécision avec 
laquelle on connaît la valeur du Ü de référence (25ZCf) qui limite la précision des mesures. 

I - PRINCIPE ET DISPOSITIF EXPERIMENTAL 

Rappelons rapidement que le principe de l'expérience consiste a distri
buer dans le temps les instants de capture des neutrons émis simultanément, 
et à détecter à l'aide de 12 photomultiplicateurs les gammas correspondants. 
Les neutrons thermalises essentiellement par diffusion élastique dans le li
quide scintillant sont capturés par le gadolinium dissous dans celui-ci. La 
Fig. 1 représente la courbe expérimentale de répartition des probabilités du 
délai de capture d'un neutron après son émission au centre de la sphère. 
L'instant de capture le plus probable est a 7 microsecondes et on constate 
qu'un neutron, détecté, a 99?3 chances sur 100 de l'être dans les 50 micro
secondes qui suivent l'instant d'émission. 

En enregistrant le nombre d'événements détectés au-dessus d'un certain 
seuil par les 12 photomultiplicatéurs dans les 50 microsecondes qui suivent 
une fission, nous mesurons le nombre de neutrons détectés, au bruit de fond 
et aux pertes par coincidences fortuites près. 

Le bruit de fond est mesuré en enregistrant, toujours pendant 50 micro
secondes, les événements détectés 200 microsecondes après une fission. 
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FIG.l. Probabilité de capture d'un neutron en fonction du temps suivant son émission 
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La Fig. 2 représente le schéma de principe du dispositif expérimental 
utilisé : 

Le scintillateur liquide sphérique, fabriqué par " Nuclear Enterprise "» 
type NE 55б2, contient 230 litres de liquide scintillant NE 323. Au centre, 
dans un tube, est placé le détecteur qui enregistre l'un des 2 fragments de 
fission émis. 

Simultanément les photomultiplicateurs détectent les .gammas de fission 
auxquels s'ajoute la scintillation due aux premiers protons de recul. Les 12 
photomultiplicateurs sont groupés en 2 bancs de 6, ces bancs après amplifi
cation sont en coïncidence de façon à réduire le taux de bruit de fond. 

Les informations des 2 détecteurs sont mises en coïncidence de façon à 
déterminer l'instant de fission. 

Si une fission est détectée, nous ouvrons pendant 50 microsecondes une 
porte qui laisse entrer sur une échelle rapide les informations provenant du 
scintillateur liquide. Le contenu de l'échelle est alors enregistré dans un 
bloc mémoire : si l'échelle a enregistré n événements dans la porte fission, 
on fait monter d'un coup le canal n . L'échelle est alors remise à zéro, et 
200 microsecondes après la fission, le même cycle enregistre le bruit de 
fond : si l'échelle a enregistré p bruits de fond, on fait monter d'un coup 
le canal A + p ( avec A > n^x ) . 

Le stockage de l'information est interdit par 2 types de veto. 
Le " veto cosmique " qui intervient si une impulsion de niveau supéri

eur aux plus grands gammas de capture est détectée dans les 50 microsecondes 
qui suivent ou précèdent l'ouverture de la porte. En effjet, le phénomène de 
post-impulsions dans les photomultiplicateurs entraîne sur la voie associée 
une distribution anormale d'événements, impossible à corriger. 

Le " veto empilement fission " élimine le stockage de l'information 
d'une part si des neutrons appartenant à plusieurs fissions peuvent être en
registrés dans une seule " porte fission " , d'autre part si des neutrons de 
fission risquent d'être enregistrés dans la " porte bruit de fond " . L'ef
ficacité de ce veto n'est complète que si l'efficacité du détecteur de frag
ments de fission et celle du scintillateur liquide pour les gammas dé fis
sion sont voisines de 100$ . 

II - EXPLOITATION DES RESULTATS EXPERIMENTAUX 

L'expérience permet de mesurer les probabilités On de détecter n événe
ments dans les 50 microsecondes qui suivent une fission, et les probabilités 
Bn d'enregistrer n bruits de fond en 50 microsecondes. Les Qn doivent être 
corrigés pour tenir compte du bruit de fond, de l'efficacité du scintilla
teur liquide, et éventuellement des coïncidences fortuites neutron-neutron, 
et neutron-bruit de fond. 

1 - Correction bruit de' fond 

Si le temps de résolution de l'électronique est infiniment bref, la for
mule de correction est ( LTVEN et al. [13 ) : 

n 

. J=0 

où Qn est la probabilité de détecter effectivement n neutrons par fission. 
Si le temps mort est petit mais non nul, et le bruit de fond important, 

la formule précédente entraîne une erreur par défaut, car on soustrait les 
cas du le bruit de fond est en coïncidence avec un neutron. Une première ap
proximation consiste à supposer qu'il ne peut exister que к coïncidences du 
premier ordre ( 1 bruit de fond et 1 neutron ) quand n neutrons et p bruits 
de fond sont détectés ( probabilité notée : I ^ p ) . 
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Alors : n . p max , 

j=o p = n-j 
avec : 

p k 5 p . k ! C k c£ rk P°_k, p-k 

où r - Tb T : temps mort de l'électronique associée 
b : taux moyen de bruit de fond par unité de temps 

2 - Correction temps mort 

Si le temps mort est trè-s faible, on peut admettre qu'il n'y a au plus 
qu'une coïncidence du premier ordre ( 1 neutron - 1 neutron ) par fission, 
quel que soit le nombre de neutrons émis. Les probabilités non corrigées Q¿ 
s'expriment en fonction des probabilités Fn corrigées par la formule donnée 
par DIVEN et al. Cl] : 

% * F n <
 1 - s Ql ) + F n - 1 s C n - l 

s = 2 T / P (t) dt 

P(t) : probabilité qu'un neutron émis à l'instant t = 0 soit détecté à l'ins
tant t ( Fig. 1 ) . 

Une approximation d'ordre supérieur consiste à admettre qu'il y a к co
incidences de 2 neutrons par fission a n neutrons ( probabilité notée Pn ), 
la formule de correction est : 

%. - *— n + p ^ + p 
p = o 

avec 
n! s к 

k̂ • 3 ° 
*n T", T,Pn - 2k 

k| 2 ( n - 2k )! 
3 " Correction d'efficacité 

Les probabilités physiques P(v) se déduisent des F par la relation 
V max v n ^ l -i - V 

avec e : efficacité de détection. 

III - CONTROLE EXPERIMENTAL DES CORRECTIONS 

La fission spontanée du Californium-252 est prise comme étalon. Nous 
avons contrôlé la validité des formules de correction utilisées en faisant 
varier les différents paramètres caractéristiques. 

La Fig. 3 représente l'efficacité apparente du scintillateur après les 
différentes étapes des corrections, pour différents temps morts de l'élec
tronique ( les points expérimentaux sont numérotés de 1 à 8 dans l'ordre du 
taux de bruit de fond croissant ) . 

Après la correction temps mort, on obtient une efficacité constante 
quel que soit le temps mort dans la gamme 120 à 300 nanosecondes. 

La Fig. k représente les différents P(v>) calculés en fonction de 2 pa
ramètres : le temps mort ( tirets correspondant à la même mesure que ci-des
sus ) et l'efficacité ( points ) . 
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EFFICACITE 

A P R E S C O R R E C T I O N 

T E M P S MORT 

83 

1 0 0 2 0 0 3 0 0 T E M P S 
MORT 

FIG. 3. Etapes successives de l'exploitation des résultats expérimentaux obtenus pour différents temps 
morts (252Cf) 

Nous voyons que quelles que soient les conditions expérimentales nous 
obtenons, à la statistique près, les mêmes P(V) . 

La correction coincidences fortuites neutron-bruit de fond est super
flue en fission spontanée ou le taux de bruit de fond est de 0,05 par 50 mi
crosecondes, par contre cette correction peut atteindre 1% sur les P(v) pour 
un taux de bruit de fond de 0,6 . 

IV - AUTRES SOURCES D'ERREUR SYSTEMATIQUE 

1 - Electronique associée au scintillateur liquide 

Une source d'erreur systématique pouvant entraîner des mesures de \> 
par défaut de 1 à 2$ est due au temps de récupération des circuits de mise 
en forme précédant sur chaque voie de photomultiplicateurs le circuit de co
ïncidences. Ce temps de récupération introduit une perte d'efficacité de co
ïncidences d'autant plus grande que le taux de bruit de fond et le temps de 
récupération sont élevés. Cette perte n'est pas gênante lorsque toutes les 
mesures sont faites avec le même taux de bruit de fond. Lors des mesures en 
fissions provoquées o\i le bruit de fond est plus élevé que lors de l'étalon
nage avec le Californium-252, le phénomène précédent entraîne une mesure de 
V par défaut. 

Pour minimiser ce phénomène, nous avons utilisé un circuit de coïnci
dences rapides pouvant être attaqué par les 2 voies venant du scintillateur 
liquide, directement après amplification. Le temps mort est réalisé après 
le circuit de coïncidences. 
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FIG. 4. Probabilités d'émission de v neutrons par fission - Résultats obtenus pour différents temps morts 
(tirets) et pour différentes efficacités (points) (Cas du 25^Cf ) 

2 - Fissions perdues 

Une cause éventuelle d'erreur systématique est la perte de fissions 
due par exemple à l'épaisseur de la source. Une mesure de 7 faite en perdant 
des fissions de basse énergie entraîne une erreur systématique par défaut 
dont il convient de connaître l'ordre de grandeur. 

La Fig. 5 représente l'erreur systématique commise en fonction du pour
centage de fissions perdues lors de la mesure de \> du ? Cf faite en détec
tant le fragment de fission avec un détecteur solide. 

3 - Géométrie du détecteur de fragments de fission par rapport au scintil-
lateur liquide 

Les neutrons émis dans la direction du tube central ( diamètre 7>5 cm) 
sont détectés avec une efficacité plus faible que ceux correspondant aux 
fragments émis perpendiculairement à l'axe. Quand on utilise un détecteur 
solide présentant une géométrie légèrement inférieure à 2 тг par rapport à 
la source ( cas du 2^ 2 Cf ), nous avons constaté une diminution de 1$ de 
l'efficacité quand la source est perpendiculaire à l'axe du tube, par rap
port au cas o\i elle est parallèle à cet axe. 

Pour minimiser cette erreur, il convient de travailler avec la même 
géométrie pour le corps étalon et pour le corps à mesurer. 

h - Mesure de l'efficacité du scintillateur liquide 

L'efficacité est mesurée en utilisant les neutrons de fission du 252Cf. 
L'efficacité ne peut donc être connue avec une précision supérieure à celle 
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FIG. 5. Erreur introduite sur les mesures de v en fonction du pourcentage des fissions perdues (Détecteur 
solide - Cas du 2S2Cf) 

TABLEAU I. P(v) : CALIFORNIUM-252 

Réf. 

PO 

Pi 

P2 

P3 

*b 

P5 
p6 
p7 

*8 

D = < V 2 > - V2 

\ | D - 1/12 

< \ > 2 > - V 
V2 

Mbre de f i s s ions 

Nos r é s u l t a t s 

252 
Cf 

3,782 + 0,021+ 

0,002210,0003 

0,021+5 + 0,0012 

0,1225 + 0,0030 

0,2713 ±0,0021+ 

0,3053 ±0,0030 

0,1873 ±0,0030 

0,0688 + 0,0018 

0,0157 + 0,0007 

0,002Ц- +0,0003 

1,618 

1,239 

0,81+9 

1 700 000 

DIVEN 

252 „„ Cf 

3,869 10,078 

0,005+0,002 

0,001++ 0,009 

0,138 + 0,019 

0,223 + 0,032 

0,356 ±0,035 

0,175 + 0,031+ 

0,071 ±0,028 

0,022 ±0,017 

0,006 ±0,007 

0,850 

!+5*+5 

HICKS 

21Ю ^ Pu 

2,257 ±0,0U6 

0,001 * 0 , 0 0 1 

0,021 + 0,007 

0,111 ±0,019 

0,271 + 0,019 

0 ,326+0,018 

0 ,178+0,016 

0,077 + 0,013 

0,013 + 0,001+ 

0,003 ±0 ,001 

, 
21+ 579 
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avec laquelle on connaît le v> de référence. Pour exploiter les résultats 
présentés ici, nous avons utilisé une compilation des mesures effectuées par 
HOPKINS et DIVEN [21, ASPLUND, NILSON, H.CONDE et N.STAKFELT [3], МЭАТ, 
MATHER et M.C.TAGGART Ikl, COLVIN et SOWERBY [5]. 

La valeur moyenne choisie, identique à celle utilisée par MOAT et al. 
[ k-2, est de 3,782 ±0,02^. Cette imprécision engendre donc une erreur systé
matique de 0,6?o sur la mesure de l'efficacité. 

Si les résultats des différentes mesures étaient compatibles avec cette 
valeur moyenne jusqu'en 1963, en 1965, COLVIN et SOWEKBY [ 63 ont présenté 
le résultat d'une nouvelle mesure : 35713±0>015. Cette valeur est donc in
férieure de 2^ à la compilation de I963. Il semble prématuré actuellement 
de faire un choix entre ces différentes mesures. 

V - RESULTATS 

Le tableau I concerne les P(v) du 252 cf calculés à partir des résul
tats expérimentaux. Pour déterminer la précision des mesures de P(\>) et de 
\î , nous tenons compte de 3 types d'erreur : 

- L'erreur due à l'imprécision sur la valeur de référence du 2->2 Q-^ 
- L'erreur due à l'incertitude sur le temps mort et l'intégrale de la 
probabilité de capture d'un neutron en fonction du temps. 

- Les fluctuations statistiques sur le nombre d'événements enregistrés 
pour chaque probabilité. 

0.3. 

0,2: 

0,1. 

P(>» 

252 

cF 

* n 

o DIVEN ET AL. 

D HICKS ET AL. 

* NOS RESULTATS 

, ^ f'Pn 
5 1 I F 1 

6 7 8 v> 

FIG. 6. Probabilités d'émission de v neutrons par fission - Résultats comparés 
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* NOS R E S U L T A T S 

FIG. 7. Probabilités d'émission de v neutrons par fission - Résultats comparés 

La Fig. 6 permet de comparer ces résultats avec ceux de B.C.DIVEN, H. 
C.MARTIN, R.F.TASCHEK, J.TEIffiEL [ 1], D.Á.HICKS, J.ISE, Jr. et R.V.PYLE L~ 7]. 
Bien que les valeurs de référence ne soient pas exactement les mêmes, il y 
a assez bon accord entre ces 3 types de mesures. 

Le tableau II et la Fig. 7 permettent de comparer nos résultats en 
Pu avec ceux de*DIVEN et al [1], HICKS et al [7], J.E.HAMMEL et J.F. 

KEPHART [8]. 
De nos résultats nous déduisons : 

2*Ю 

2Ы) 
spon Pu = 2,153±0,Q20 

Ces mesures ont été effectuées avec une chambre à fission, c'est-à-dire 
avec une géométrie légèrement différente de celle utilisée lors de la mesure 
de l'efficacité. D'autre part, nous n'avons pas tenu compte de la différence 
des spectres en énergie pour les neutrons du 2->2 cf et ceux du 2** Pu. 

Ce résultat est en bon accord avec la mesure de ASPLUND, NILSON, CONDE, 
STARFELT [3D de 1963 : — 0)_ 

Vspon 2Ц° ?" =2,15U±0,028 
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TABLEAU II. P(i/) : PLUTONIUM-240 

Réf. 

po 
P l 

P2 

P 3 

pi+ 

P5 

P6 

? —2 

\JD - 1/12 

<v2>- 7 
V 2 

Nbre de fissions 

Nos résultats 

2 5 2 Cf 

3,782 + 0,021+ 

0,0673 ±0,0025 

0,229810,001+6 

0,3288 ±0,0050 

0,253>+ ±0,0060 

0,0995*0,0030 

0,0192 + 0,0015 

0,0019+0,0001+ 

1,335 

1,118 

0,823 

335 883 

DIVEN 

2 5 2 Cf 

3,869 ±0,078 

0,01+9 ±0,006 

0,21^+0,012 

0,321 ±0,01I4-

0,282 ±0,017 

0,112 ±0,013 

0,021± 0,008 

0,001+0,003 

0,807 

8 355 

HICKS 

Pu 

2,257 ±0,01+6 

o,oi+i± 0,009 

0,219 ±0,021 

0,351 + 0,021 

0,21+1+0,020 

0,127±0,0l8 

0,020± 0,006 

0,001+0,002 

3 269 

HAMMÈL 

21Ю. Pu 

2,20+0,03 

0,062 ±0,006 

0,198±0,017 

0,37^0,022 

0,228 ±0,021+ 

0,lll++0,022 

0,027*0,013 

0,000 + 0,005 

h 197 

faite en prenant comme référence V( 2 5 2 Cf ).= 3,80£ 0,03. La plus grande 
p a r t i e de l ' e r r e u r a f f e c t a n t ces r é s u l t a t s e s t due à l ' i m p r é c i s i o n avec l a 
q u e l l e on c o n n a î t l e v> du 2 5 2 Cf. 
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DISCUSSION 

P . FIELDHOUSE: In precise F determinations of the kind described in 
Dr. Soleilhac's paper, using a large liquid scintillator as the neutron 
detector, one important source of er ror is the uncertainty in the correction 
one must make for the spectral difference between the reference standard, 
252Cf, and the fissile nuclide under investigation. This uncertainty can be 
as large as \% and I think this emphasizes the need for further work to be 
carried out on energy spectra. 



КАНАЛОВЫЕ ЭФФЕКТЫ В ЭНЕРГЕТИЧЕСКОЙ 
ЗАВИСИМОСТИ 17УРАНА-235 И ТОРИЯ-232 

Л.И.ПРОХОРОВА, Г.Н.СМИРЕНКИН, Д.Л.ШПАК 
(Доклад представил Л .Н.Усачев) 
ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ ИНСТИТУТ,ОБНИНСК 
СССР 

Abstract — Аннотация 

CHANNELLING EFFECTS IN THE ENERGY DEPENDENCE OF V FOR 235U AND 232Th. The paper-
gives the results of measurements of the relationship between the mean number of secondary neutrons v 
and the energy of the neutrons Ец inducing the fission of 235U and 232Th. 

Measurement of v was performed by the method consisting of selecting pulse coincidences from 
10BFS counters in a paraffin block, inside which was located a multi-layer fission chamber. The method 
has been described in detail in numerous studies. 

The neutron source was the T(p, n) reaction, obtained with a Van de Graaff accelerator. 
The measurements of V for 232Th were performed in the neutron energy range from 1.6 to 3.2 MeV, 

and those of v for23s U in the range from 0.4 to 3.2 MeV; the energy step was ~ 0.2 MeV and the energy 
resolution ~ 0.06 MeV. The accuracy of theU-values was about 1% for 235U and about 2% for 232Th. 

The measured values for v were compared with those calculated from the mean kinetic energy of 
the fission fragments in the same energy range. 

In general, the measured dependence of V on the energy of the neutrons Ед inducing 235u fission 
takes the form of a somewhat stepped curve. In particular, in the energy region from 1 to 2 MeV the 
slope di//dEn represents 0.06 MeV-1, whereas at higher neutron energies d¡7/dEn ~0 .15 MeV"1. 

One of the possible explanations of the stepped dependence of ¡7 on the energy of neutrons inducing 
fission of the even-even compound nucleus 236U could be the existence of an energy gap in the 236U 
fission channel spectrum. The stepped form of the energy dependence of V is in good qualitative agreement 
with the conclusions of V. M. Strutinsky and V .A. Pavlinchuk regarding the effect of nucleón pairing 
on the internal excitation spectrum of fissionable nuclei. 

КАНАЛОВЫЕ ЭФФЕКТЫ В ЭНЕРГЕТИЧЕСКОЙ ЗАВИСИМОСТИ Т УРАНА-235 
И Т О Р И Я - 2 3 2 . В работе приводятся результаты измерений зависимости среднего числа 
вторичных нейтронов ~v от энергии нейтронов Е п , вызывающих деление урана-235 и т о -
р и я - 2 3 2 . 

Измерения v проводились методом отбора совпадений импульсом от В 1 0 F„ счетчиков 
в парафиновом блоке и помещенной внутрь него многослойной камеры деления. Методика 
подробно описана во многих работах . 

Источником нейтронов была реакция Т(р, п) на ускорителе В а н - д е - Г р а а ф а . 
Измерения Т7 тория-232 были выполнены в интервале энергий нейтронов от 1,6 Мэв 

до 3,2 Мэв , измерения " P U 2 3 5 в интервале энергий от 0,4 Мэв до 3,2 Мэв с шагом по 
энергии ~ 0 , 2 Мэв и энергетическим разрешением ~ 0 , 0 6 М э в . Точность значений V около 
1% для U 2 3 5 и около 2% для T h 2 3 2 . 

Проведено сравнение измеренного Т со значениями, вычисленными из величины с р е д 
ней кинетической энергии осколков в этой же энергетической области . 

В целом измеренная зависимость ~v от энергии нейтронЬв Е п , вызывающих деление 
у р а н а - 2 3 5 , представляет собой некую ступенчатую кривую. В частности, на участке э н е р 
гий от 1 Мэв до 2 Мэв наклон d v / d E n составляет 0,06 М э в " 1 , в то время , как при более 
высоких энергиях нейтронов dl7/dEn ~ 0 , 1 5 М э в " 1 . 

Одним из возможных объяснений ступенчатой зависимости Т> от энергий нейтронов, 
вызывающих деление четно-четного компаунда ядра урана-236 могло бы быть наличие 
энергетической щели в спектре каналов деления урана -236 . Ступенчатая структура э н е р 
гетической зависимости 77 качественно хорошо согласуется с заключениями работы Стру-
тинского В . М . и Павлинчука В . А . о влиянии спаривания нуклонов на спектр внутреннего 
возбуждения делящихся я д е р . 
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68 ПРОХОРОВА и др. 

Измерения среднего числа мгновенных нейтронов V, выполненные 
в последние годы [1 -г 5] , показали приближенность принимавшихся прежде 
представлений о линейной зависимости ~v от энергии нейтронов Е п , вызы
вающих деление [6, 7] : 

T7(En) = i / T +aE n , (Í) 

где ах :0 ,13 —0,15 Мэв" 1 — константа,приблизительно равная обратной 
средней энергии, требуемой для отделения нейтрона от осколка. 

Исследования энергетической зависимости средней кинетической 
энергии осколков Е к от En [3, 8] также обнаруживают вполне заметные 
отступления от гипотезы Фаулера о независимости Е к от Е п , положенной 
в основу соотношения (1). 

Зависимость (1) предполагает, таким образом, что вся избыточная 
над барьером энергия возбуждения полностью переходит в нуклонные 
степени свободы образующихся осколков. Андреев [9] впервые обратил 
внимание на то , что существование в процессе деления стадии охлажден
ного переходного ядра может вызвать ряд эффектов, которые приведут к 
отступлениям от "универсального" линейного роста . Происхождение их 
связывается с дискретностью спектра уровней ядра в переходном состоя
нии (каналов деления). Возбуждение каналов деления, имеющих коллек
тивную природу, в случае слабой связи между коллективными и нуклон-
ными степенями свободы при спуске с вершины барьера, может привести 
не только к уменьшению di / /dE n [1 , 2, 10], но и к нерегулярному измене
нию ~v [3] . Нерегулярности в ходе зависимости 17 (Еп) могут возникнуть 
также в результате изменения от канала к каналу конфигурации деляще
гося ядра ("точки" разрыва) [3] . С точки зрения наблюдения подобных 
эффектов , область энергий вблизи порога деления представляет наиболь
ший интерес . Наиболее благоприятным объектом исследования, по-види
мому, являются четно-четные делящиеся ядра, обладающие энергетичес
кой щелью в спектре внутренних возбуждений. 

Из ядер этого класса наиболее подробно изучен уран-236 в реакции 
уран-235 (n, f ) . Мы предприняли изучение ядра мишени урана-235 не 
только и з - з а его большой роли в качестве ядерного горючего в реакто
рах, но и в связи с тем , что из всех изученных четно-четных делящихся 
ядер.урана-236 обладает наименьшим по абсолютной величине значением 
пороговой энергии нейтронов E n f= — 0,6 Мэв [11]. Последнее обстоя
тельство позволило рассчитывать на то , что у этого ядра область Еп , 
в которой можно было ожидать проявления каналовых эффектов, будет 
наиболее протяженной. В данной работе сообщаются результаты и з м е 
рений.!/урана-235 в области Е п от 0,4 до 3,2 Мэв . 

Кроме того, мы приводим некоторые данные для нечетного ядра 
тория-233, делящегося в реакции торий-232 (n, f ). Эти измерения будут 
продолжены. 

УРАН-235 

Измерения 17 производились широкораспространенным методом: 
путем отбора совпадений между BF 3 - счетчиками в парафиновом бло
ке и помещенной внутрь него многослойной камерой делений. Схема 
опыта приведена на р и с . 1 . Эффективность детектора к нейтронам деле
ния составляла ~ 5 % . Низкая эффективность детектора нейтронов была 
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Рис. 1. Схема опыта 

счетчики ВРЮ делети! т ^ ^ 
карбцОбора ^ -

парафин KÍDMUÜ-

Шанаа защита 

скомпенсирована использованием больших количеств делящегося вещест
ва: в камеру деления было загружено около 2 г урана-235 90%-ного 
обогащения. Непосредственно в опыте измерялось отношение 

R _ ( N / N f ) E n ^ д ^ ( Е п ) 
( N / N f ) E n T7(En) ' 

где En =0,39 Мэв — опорное значение энергий нейтронов, для которого 
77 было определено в работе [3] и составляет (1,025 ±0,007) vT (уран-235); 
N и Nf — число делений в камере и истинных совпадений соответственно; 
А - поправочный множитель, близкий к единице, учитывает зависимость 
эффективности от энергии падающих нейтронов. 

В табл .1 приведены значения R / A , и среднее число мгновенных 
нейтронов V. При вычислении А мы учитывали угловую корреляцию 
нейтрон деления - падающий нейтрон, возникающую вследствие угловой 

ТАБЛИЦА 1. 77 УРАНА-235 V) ^ Z " % r**--iftt-Oe*¿t#/' &S 3&-£~Z\ 

Энергия нейтронов 
En 

0,37 ±0,10 
0,59±0,10 
0,81 ±0,09 
1,02±0,08 
1,23±0,08 
1,44 ±0,07 
1,64±0,07 
1,85±0,07 
2,05±0,06 
2,25±0,06 
2,46±0,06 
2,76±0,06 
3,06±0,05 
3,25 ±0,05 

R 

1,000 ±0,007 
0,998±0,014 
0,993±0,014 
1,024±0,011 
1,031 ±0,015 
1,033 ±0,015 
1,044 ±0,014 
1,055±0,013 
1,050 ±0,012 
1,077±0,014 
1,108±0,015 
1,130 ±0,014 
1,133±0,016 
1,144±0,017 

V 

2,474 ±0,017 
2,469 ±0,035 
2,457 ±0,035 
2,534 ±0,027 
2,551 ±0,037 
2,555 ±0,037 
2,583 ±0,034 
2,610 ±0,032 
2,598±0,029 
2,665 ±0,035 
2,741 ±0,038 
2,795 ±0,034 
2,803±0,046 
2,830 ±0,042 
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Р и с . 2 . а) Схематическое изображение энергетической зависимости "к2 от энергии в о з 
буждения Е * переходного ядра в реакции плутония-239 (d, pf ) [16]. б) Сравнение 
р е з у л ь т а т о в данной работы (ф) с измерениями D урана-235 других авторов : ф - [12], 
$ - [13], ^ - [10, 21] , ^ - [4], } - [2], t " [22]. 

анизотропии деления, изменение спектра нейтронов деления с ростом V, 
вклад делений урана-235 медленными закадмиевыми нейтронами. 

На рис .26 результаты настоящих измерений сравниваются с данны
ми других работ [2, 4 , 5, 12 — 14], точность которых не хуже 3%. Полу
ченные нами значения V согласуются с другими данными, за исключе
нием, быть может, точки при Е п =2 ,0 Мэв, на которую в связи с этим 
было обращено особое внимание. 

Совокупность приведенных данных показывает, что реальное пове
дение 77(Еп) существенно отличается от линейной зависимости (1) с 
постоянным значением d ï7 /dE n . Характер отступлений от соотношения 
(1) в работах [2, 4] представлен различным образом. Гопкинс и Дайвен 
[2] считают, что зависимость 17(Еп) можно приблизительно описать 
ломаной линией с изломом при Е п = 2 Мэв, для которой dv/dE n = 
0,085 Мэв" 1 при Еп <2 Мэв dï ï /dEn =0 ,16 Мэв" 1 при Е д > 2 Мэв . 
В работе Мазера , Филдхауза и Моата [4] рассматриваются два способа 
описания экспериментальных данных: с помощью двух отрезков ломаной 
линии с dî7/dEn =0,109 Мэв" 1 при Еп <3 Мэв и 0,181 Мэв - 1 при Е п > З М э в 
и квадратичной параболы с d 2 i / / d E ^ > 0 . Оба эти представления совершен
но не передают тонких деталей зависимости ï ' (En) при низких Еп и отра
жают лишь самый грубый, но весьма существенный эффект: возрастание 
фактора di / /dE n с увеличением Е п . 

В настоящее время есть основания говорить о наличии более слож
ной структуры в ходе v (En ) • Совокупность данных вполне отчетливо 
обнаруживает два подъема в районе 0,2 и 1 Мэв . На участке 0 , 2 - 1 Мэв 
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77, по крайней мере , не возрастает . После "скачка" при 1 Мэв v мед 
ленно растет с наклоном, который характеризуется сГу/аЕд^ОД Мэв"1 

начиная с Е п = 2,5 —3 Мэв устанавливается более крутой рост с dzz/dEn*» 
0,16 Мэв" 1 . Производная dT7/dEn вновь увеличивается со вступлением 
процесса (n, nf ) при Е п = 5,5 - 6 Мэв . Данная структура зависимости 
V от E n y урана-235 обсуждалась нами в предварительной публикации 
[15], где ее происхождение было связано с предположением об аномально 
большей величине энергетической щели 2Д = 2,5 Мэв для ядр'а в переход
ном состоянии, которое было выдвинуто авторами работ [16, 17] для 
объяснения поведения угловой анизотропии осколков в реакции плуто-
ния-239 (d, pf ). Угловая анизотропия деления согласно статистической 
теории [18] однозначн£ связана со средним квадратом проекции углового 
момента на ось ядра К 2 . Энергетическая зависимость К2 от энергии 
возбуждения Е * переходного ядра урана-236 схематически показана на 
рис .2а , на котором шкалы Е * и Е п совмещены так, чтобы выполнялась 
очевидная связь Еп —Е* = - 0 , 6 Мэв . Обращает на себя внимание пора
зительное сходство между зависимостями на рис .2а и 26 . Сходство 
проявляется даже у энергий, при которых происходят скачки ~v и К2 . 

Ступенчатый характер зависимостей 17(Еп) и К2 (Е*) при Е * < 2 , 5 Мэв 
и монотонный рост при Е * > 2,5 Мэв, казалось бы, получает естественное 
объяснение в предположении, что.начиная с Е * = 2,5 Мэв ( Е п ~ 2 Мэв), 
вступают каналы внутреннего возбуждения. 

Впоследствие Струтинский и Павлинчук [19] дали единообразное 
истолкование поведения V и К2 и корреляции между ними без привлечения 
-предположения об аномально большей энергетической щели. Эти эффек
ты объяснены ими скачкообразным изменением числа возбужденных 
квазичастиц п с ростом Е* в интервале нескольких А: п = 0 , если 
Е * < 2 Д и п = 2 , когда 2 Д < Е * < (4 -г5)Д. При больших Е*п(Е*) растет 
практически монотонно. Задолго до обнаружения обсуждаемых эффек
тов Струтинский [20] показал, что K_f~n. Если поставить в соответст
вие с положением второго подъема К2 величину 2 Д = 1,4 Мэв для равно
весных ядер, то положение третьего подъема при (4 -г5)Д**3 Мэв ока
жется в удовлетворительном согласии с опытом. Скачок ÎC2 внутри 
щели связывается со вступлением каналов -у-вибрационной природы с 
К = 2 \ 

Расчет "v в [19] производился в предположении, что: 
а) избыток над энергией состояний внутреннего возбуждения Е*— U 

переходит в кинетическую энергию осколков; 
б) коллективные состояния внутри щели вклада в Т7 не дают. 
Тогда , как показано в работе [19], в интервале Е * < 2Д (dU)/(dE*) = 0 , 

2 Д < Е * < (4 т 5 ) A(dU) / (dE) = 2 / 3 , при больших Е * (dU)/(dE)a* 1. Авторы 
[19] считают, что переходная область Е*, в которой (dU)/(dE) изменяется 
от 2 /3 до 1, невелика. В этом случае отношение (dï7)/(dEn) = 
(di/)/(dU) • (dU)/(dE) для последних двух участков составляет 2 /3 в пре
восходном соответствии с результатами опыта. "Скачок" v при 
Е п ^0 ,2 Мэв связывается с состоянием с К = 2+, через которые преиму
щественно и происходит деление урана-235 (7/2) р-нейтронамй. Таким 
образом, ступенчатый рост ~v находит не только качественное, но и коли
чественное объяснение в рамках последовательного рассмотрения эффек
тов спарирования нуклонов. 
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ТАБЛИЦА 2. 77 ТОРИЯ-232 

Е п 

1,48 ±0,03 
1,56±0,05 
1,64±0,07 
2,05 ±0,06 
2,46±0,06 
2,86±0,05 
3,27 ±0,04 

V 

2,175±0,096 
2,088±0,073 
2,103 ±0,069 
2,158±0,065 
2,231 ±0,048 
2,231 ±0,050 
2,425 ±0,070 

ТОРИЙ-232 

В опыте использовалось около 4 г тория-232. Измерения произво
дились по отношению к "v урана-235 при Е п = 1 Мэв . Экспериментальные 
данные приводятся в табл .2 и на р и с . 3 , где они сравниваются с резуль
татами других работ. Результаты настоящих измерений в согласии со 
всей имевшейся в нашем распоряжении экспериментальной информации 
и обнаруживают значительный подъем 17 на пороге деления тория-232. 
Этот типично каналовый эффект , по-видимому, связан с делением через 
разные состояния переходного ядра одночастичного происхождения [3]. 
Аналогичное явление было обнаружено и в ходе средней кинетической 
энергии осколков урана-235 в реакции урана-234 (d, pf ) [8]. 

Авторы выражают признательность В . А .Павлинчуку за обсуждение 
и Ю.М.Турчину за участие в работе. 

1 1 i i i i 

f 

I ni'111 : 
ill'"1 ; 

0 1 2 3 4 - 5 6 7~ES» 

Рис. 3 . Сравнение результатов измерения Т7 тория-232 настоящих измерений ф с данными 
других авторов: <j> - [24], ф - [23], $ - [ 2 5 ] . Все данные нормированы к vp (калифор-
ний-252) =3,763; vj (уран-235) = 2,414. 
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ТОНКАЯ СТРУКТУРА ЭНЕРГЕТИЧЕСКОЙ 
ЗАВИСИМОСТИ 17УРАНА-233 И УРАНА-235 
ПРИ ДЕЛЕНИИ НЕЙТРОНАМИ НИЖЕ 1 Мэв 

В . Ф . К У З Н Е Ц О В , Г . Н . С М И Р Е Н К И Н 
(Доклад представил Л . Н . У с а ч е в ) 
ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ И Н С Т И Т У Т , О Б Н И Н С К 
С С С Р 

Abstract 

FINE STRUCTURE OF THE ENERGY DEPENDENCE OFÏ7 FOR 23ÎU AND 235U IN FISSION INDUCED 
BY NEUTRONS OF LESS THAN 1 MeV. The authors give the results of comparative measurements of 
the average number of secondary neutrons for 233U and 235U in the energy range of fission-inducing 
neutrons up to 1 MeV. 

The results of the comparative measurements were converted to absolute values on the basis of 
the relationship: 

i 7 ( E n ) = ï r t h + a ( E n - A Ë n ) 

where ïï(En) and ï ï m are respectively the mean number of secondary neutrons for any primary-neutron 
energy En and for thermal energy, a is a parameter inverse to the mean energy of neutron emission and 
ДЕп is the difference between the mean kinetic energy of fragments in the case of fission induced by 
neutrons of energy En and by thermal neutrons. 

Use of this relationship is based on the fact that, within the limits of the neutron energy range studied, 
a change in the mass yield curve and the energy removed by neutrons and fission gamma rays have no 
pronounced e/fect on the redistribution of energy between the collective and internal degrees of freedom 
of the fissioning nucleus. The feasibility of this indirect method of arriving at absolute figures was cor
roborated by deriving the absolute values for 235 U directly. The authors present possible interpretations 
of the results obtained. 

ТОНКАЯ СТРУКТУРА ЭНЕРГЕТИЧЕСКОЙ ЗАВИСИМОСТИ 1/ УРАНА-233 И УРАНА-
235 ПРИ ДЕЛЕНИИ НЕЙТРОНАМИ НИЖЕ 1 М э в . Приводятся результаты относительных 
измерений среднего числа вторичных нейтронов для урана-233 и урана-235 в диапазоне 
энергий нейтронов, вызывающих деление до 1 М э в . 

Абсолютизация результатов относительных измерений осуществлялась на основе 
соотношения 

T7(En)=17th + a ( E n - A È " n ) , 

где 7(ЕП) и 17th соответственно среднее число вторичных нейтронов при некоторой энергии 
первичных нейтронов Е п и тепловой, а — параметр, обратный средней энергии отделения 
нейтрона, ДЕ П - разность средней кинетической энергии осколков при делении нейтронами 
с энергией Е п и тепловыми. , 

Использование приведенного соотношения основано на том, что в пределах исследо
ванного диапазона энергий нейтронов изменение кривой выхода масс, энергия, уносимая 
нейтронами и -у-лучами деления, не влияют существенно на перераспределение энергии 
между коллективными и внутренними степенями свободы делящегося ядра. Прямая абсо
лютизация данных для урана-235 подтвердила возможность такого непрямого метода абсо
лютизации. Приводятся возможные интерпретации полученных результатов. 
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ВВЕДЕНИЕ 
В работе [1] были сообщены результаты измерений среднего числа 

вторичных нейтронов 77 для урана-235 и средней кинетической энергии 
осколков Е к урана-233 и урана-235 при делении указанных ядер-мишеней 
нейтронами. Совокупные данные по 77 и Е к для урана-235 указывали на 
наличие отступлений от линейной зависимости V от энергии Е п нейтронов, 
вызывающих деление, и ЕК(ЕП) от постоянства, принимавшихся в соот
ветствии с [2]. В работе [1] была приведена также интерпретация обна
руженных эффектов, которая связывала нерегулярности в ~v и Е к с про
явлением дискретной структуры каналов в переходном состоянии деля
щегося ядра. В основу анализа экспериментальных данных по ~v и lü-̂  
была положена модель неоксиально-симметричного грушевидного ядра, 
совершающего туннельные переходы между зеркальносимметричными 
формами. В соответствии с этой моделью в переходном состоянии ядро 
имело две полосы уровней положительной 0+, 2 + , 3+, 4 + . . . и отрицатель
ной 1~, 2~, 3~, 4~, . . . четности, разделенные энергетическим интерва
лом Einv =tuinv =&0,8 Мэв, где uinv — частота туннельного перехода. 
При делении урана-235 (7/2) s-нейтронами в седловой точке реализовы-
вались состояния 3~, 4~. При вступлении в игру р-нейтронов деление 
осуществлялось через состояния 2+—5 + , лежащие на ~0,8 Мэв ниже. 
Далее предполагалось, что: 

1) энергия возбуждения каналов отрицательной четности Einv пере
ходит в кинетическую энергию осколков вследствие слабой связи инвер
сии ядра с внутренними степенями свободы; 

2) кинетическая энергия деформации, поглощающая избыток энергии 
переходного ядра над энергией возбуждения участвующих в делении ка
налов диссипируется в нуклонные степени свободы; 

3) энергия возбуждения каналов нуклонной природы идет на нагрев 
осколков; 

4) деление через каналы нуклонной природы благоприятствует изме
нению среднего расстояния, на котором происходит разрыв_стенки ядра 
"rsc , что сопровождается соответствующими изменениями Ек. 

Падение Е к и соответственно рост 17 при переходе от s- и р-нейтро-
нам в рамках этих представлений объясняется как переход от каналов 
3~, 4~, при давлении через которые Е^ на величину Einv больше, к кана
лам 2 + - 5+ . 

Для урана-233 (б/2+) с противоположной четностью основного со
стояния общая тенденция в E-¿ (En ) и 77 (Еп) должна быть обратной только 
что рассмотренной. Деление s-нейтронами урана-233 идет через состоя
ние 2+, 3+ нижней полосы, а р-нейтронами — через состояние 1~ - 4 " поло
сы отрицательной четности приподнятой на Einv ~0,8 Мэв. Поэтому 
переход от s- к р-нейтронам должен сопровождаться увеличением Е к и 
соответствующим падением 77. Экспериментальные данные по ЕК(ЕП) 
подтвердили этот вывод. Желательно было проведение измерений иТ»(Еп) 
для урана-233 в этой области энергий Е п . Наряду с измерениями 
Т7(ЕП) для урана-233 было признано целесообразным проведение повтор
ных, более детальных измерений 17(Еп) и для урана-235. В основу экспе
риментальной методики была положена описанная в [1] методика относи
тельных измерений, которая, как оказалось, позволяет при сравнительно 
несложной аппаратуре производительные измерения 77 с точностью луч
шей 1%. р точки зрения выявления структуры в!7(Еп) эта методика пол-
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-«-КПРШСИЛИТЕЛЮ 

Р и с . 1. Расположение аппаратуры при относительных измерениях: 1 - мониторная к а м е 
ра ; 2 — диск из делящегося изотопа; 3 — мониторные слои; 4 - камера деления; 5 — слои 
тория-232 ; 6 — мишень ускорителя . 

ностью решала поставленную задачу. Для возможности практического 
использования данные относительных измерений необходимо абсолютизи
ровать либо прямым способом [1], либо непрямым — с помощью привле
чения данных по кинетической энергии осколков деления, как это сделано 
в настоящей работе . 

ОТНОСИТЕЛЬНЫЕ ИЗМЕРЕНИЯ v 

3 ч 
В пучок нейтронов, получаемых в реакции H (p,n) Не с помощью 

электростатического ускорителя, помещается мониторная ионизационная 
камера (1) (рис.1) , содержащая диск (2) из исследуемого изотопа диамет
ром 30 мм и толщиной 3 мм, окруженного тонкими ~ 1 м г / с м слоями (3) 
одинакового с диском изотопного Состава, которые нанесены на подложки 
диаметром также 30 м м . Количество делящегося вещества в слоях под
биралось одинаковым с точностью ± 10%. Вторичные нейтроны, выле
тающие, в основном, из диска, регистрируются пороговым детектором 
вторичных нейтронов с величиной порога В, превышающей максимальную 
энергию первичных нейтронов из исследуемого диапазона. В данном 
случае в качестве порогового детектора вторичных нейтронов использо
валась ионизационная камера деления (4) со слоями тория-232 (5). Число 
отсчетов, зарегистрированное за некоторое время детектором вторичных 
нейтронов N n , отнесенное к числу импульсов в мониторной камере nf с 
точностью до некоторых весьма слабо зависящих от Е п факторов, равно 

Отношение двух значений р , измеренных при энергии первичных нейтро
нов Е п , меняющейся от опыта к опыту, и некоторой Еп , постоянной для 
всех измерений, с точностью до коэффициента с равно отношению соот-
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ветствующих Еп и Е п значениям V. 

Еэксп = ^ ) = с ( Е п , Е п ) | | | ^ ) = с ( Е п , Ё п ) Щ Е п , Е п ) . . . (1) 

Расчет коэффициента с позволяет найти искомую величину R. Выбор 
толщины диска определялся оптимумом, складывающимся из соображений 
достаточно высокой статистики отсчетов и малости поправочного коэф
фициента с в (1). Измерения производились с использованием твердой 
Z r - 3 H или Ti —3Н мишени толщиной ~ 0 , 3 м г / с м 2 . Нейтроны с энергией 
0,2 Мэв получались установкой устройства (рис.1) под углом 60° к пучку 
протонов. В этом случае на диск попадали нейтроны с Е п от 0,12 Мэв 
до 0,28 Мэв и Е п =0 ,2 Мэв; нейтроны с Е п = 0,08 Мэв получались под 0° 
к пучку протонов превышением энергии протонов над порогом реакции 
3 Н(р , п) 3 Не на 25 кэв . При этом на диск попадали нейтроны с Е п от 0,02 
до 0,14 Мэв . Для всех остальных точек разница между максимальной 
и минимальной энергией нейтронов не превышала 0,06 Мэв . Апертура 
диска в пучке нейтронов составляла 40°. Измерения при энергии нейтро
нов Еп чередовались с измерениями при опорной энергии Е п . Величина 
^эксп » получаемая в одной такой серии, имела точность по статистическому 
фактору ~ 3 — 4 % . Число серий измерений подбиралось таким, чтобы 
получить итоговую ошибку 0,5 - 0 , 7 % по разбросам отдельных серий. 
Аппаратура обеспечивала набор импульсов детектора вторичных нейтро
нов на уровне ~ 5 н / сек . Значения R3Kcn» полученные в измерениях, 
приведены в таблицах 1 и 2 . В табл .2 внесены результаты, полученные 
в [1] со сцинтилляционным пороговым детектором вторичных нейтронов. 
Поскольку точность, достигнутая в [1] с ториевой камерой невысока и 
составляет 1,5 — 2%, в качестве окончательных результатов с этим 
детектором вторичных нейтронов рассмариваются данные публикуемой 
работы. При расчете коэффициента с в (1) учитывались следующие фак
торы, приводящие к отклонению с от единицы: 

Г. Зависимость от Е п коэффициента пропорциональности X между 
полным числом делений в диске F и числом делений в поверхностных 
слоях nf. 

2 . Зависимость эффективности регистрации вторичных нейтронов 
<Q> от пространственной корреляции первичный нейтрон-осколок деле 
ния — вторичный нейтрон, возникающий в результате наличия угловой 
анизотропии разлета осколков деления относительно направления первич
ных нейтронов и сильной угловой зависимости вероятности испускания 
вторичных нейтронов относительно направления разлета осколков в л а 
бораторной системе координат. 

3 . Зависимость эффективности регистрации вторичных нейтронов 
пороговым детектором < Е> от изменения средней энергии нейтронов 
деления, связанного с изменением энергии возбуждения делящихся ядер . 

4 . Зависимость эффективности регистрации вторичных нейтронов 
<ц> от пространственных характеристик распределения делений по 
диску. Для сцинтилляционного детектора эта зависимость пренебрежи
мо мала и з - з а большого расстояния от детектора до диска. 

5 . Вклад процессов, связанных с упругим, неупругим взаимодейст
вием первичных нейтронов с веществом диска и мультипликацией нейтро
нов в среде диска. Этот вклад учитывается коэффициентом X. 
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Расчет указанных поправочных коэффициентов производился только 
с учетом вклада нейтронов первого поколения, т . е . нейтронов, возник
ших в результате однократного соударения первичных нейтронов с ядра
ми диска. Такое приближение оказалось достаточным, поскольку г е о 
метрические характеристики диска выбирались такими, чтобы параметр, 
характеризующий вклад многократных соударений E t • t (E t - макроско
пическое сечение взаимодействия нейтронов с ядрами, a t — наиболее 
характерный геометрический размер , в данном случае толщина диска), 
оказался малым: 

E t • t ~ 0 , l 

Структура уравнения (1) такова, что все поправочные коэффициенты 
входят в него в виде отношения их значений при энергии первичных нейт
ронов Еп к значениям при энергии Еп . Это весьма важное и благоприят
ное для данной методики обстоятельство, поскольку указанные коэффи
циенты от Еп зависят весьма слабо, а их отношение незначительно отли
чается от единицы. В таблицах 1 и 2 приведены значения отношения 
поправочных коэффициентов для энергий нейтронов Еп , Е п ; Х/Х, <Q> /<Q>, 
ц/ц, х / х . Поправка < Е > / < £ > в явном виде не представлена. Она учи
тывалась непосредственно при переходе от R э к с п и 

„ X <П> X M 

В последней колонке таблиц 1 и 2 приведены окончательные значения R. 
В ошибку R включена ошибка, связанная с неточностью введения-попра
вок. Поправки не превышают 0,4% от измеряемой величины, т . е . меньше 
среднеквадратичной ошибки результатов измерений. Поскольку поправ
ки изменяют R э к с п в противоположных направлениях, окончательное 
значение слабо отличается от R3 K C n , т . е . измеряемая в эксперименте 
величина устойчива к действию различных искажающих эффектов . 

АБСОЛЮТИЗАЦИЯ РЕЗУЛЬТАТОВ ОТНОСИТЕЛЬНЫХ ИЗМЕРЕНИЙ 

Абсолютизация результатов относительных измерений состоит в 
сравнении какого-либо значения V из исследованного диапазона Е п 
(например, при Еп ) с хорошо известным значением V. Чаще всего в 
качестве последнего используют 17 при делении тепловыми нейтронами 
(77т). В работе [1] в отдельном эксперименте было проведено сравнение 
"v(Ea) с Т7Т, оказавшееся равным 

- ^ = 1,02510,007. 

Принятая в [1] методика не позволяла привести такое сравнение с ~vT 
для урана-233 ввиду того , что и з - з а повышенной у-активности этих изо 
топов'в ионизационной камере невозможно было получить необходимую 
статистическую точность и з - з а недостаточного количества вещества . 
Поэтому в настоящей работе было решено обратиться к непрямому м е т о 
ду абсолютизации путем привлечения весьма подробных и точных данных 
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Рис. 2. Сравнение результатов измерения Т7 (Еп) для урана-233: • - р е з у л ь т а т ы данной 
работы; • - значения 17 (Еп), полученные по ДЕк(Еп) [1] с помощью уравнения баланса [2]; 
О - данные Колвина и Соуэрби [3]; о - данные Диве^на и Гопкинса [4]; Д - данные 
Мазера и др. [5]. 

по разности средних кинетических энергий осколков при делении нейтро
нами с энергией Еп и тепловыми нейтронами 

ДЕК = Е К ( Е П ) - Е ? (1) 

В предположении неизменности кривой выхода масс и зарядов 
Y(M, z) и постоянства средней энергии Еу мгновенных у-лучей в диапа
зоне Е п ^ 1 Мэв из разности уравнений баланса энергии, реализующейся 
при делении быстрыми и тепловыми нейтронами, можно получить следую
щее соотношение: 

t7(En)=T7T + a [ E n - A E K ( E n ; (2) 

где а - величина, обратная энергии отделения нейтрона, равной сумме 
средней энергии связи нейтрона в осколках и средней кинетической 
энергии вторичных нейтронов. Согласно имеющимся оценкам значение 
а находится в пределах 0,13 -0,15 Мэв"1. Если энергетический эквива
лент, деформация поверхности Y(M, z) и Е у при переходе от деления теп
ловыми нейтронами к быстрым с энергией Е п обозначить через ДМс , 
то разность уравнений энергетического баланса при делении нейтронами 
с энергией Е п и тепловыми запишется в виде: 

A M c 2 = - [ E n - A Ë K ( E n ) ] + ^
E n

a
 Ут> (3) 

Видно, что при Д М с 2 = 0 ( т . е . , если Y(M, z) = const и Е у =cons t ) 
соотношение (3) переходит в (2). Примем в качестве дервого приближе
ния весьма реальное предположение Y(M, z) = const и Еу = const и разде
лим правую и левую части (2) наТ7Еп): 

у т •gŒ n ) ==г-вг- + - £ [En - АЕк(Еп)1 . T7(En) WJÏÏJ VWJ L п кК пЛ (4) 

В (4) слева имеем величину R = ï / (E n ) / ï ï ( Е п ) , найденную^в относительных 
измерениях. Справа стоит искомое соотношение 7/ т /7/(Еп) , коэффициент 
a/"ï7(Ên) и член в скобках, величина которого известна из измерений 
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ТАБЛИЦА 1. РЕЗУЛЬТАТЫ ОТНОСИТЕЛЬНЫХ ИЗМЕРЕНИЙ 
ДЛЯ УРАНА-233 

Е„, 
Мэв 

0,08 

0,20 

0,30 

0,40 

0,50 

0,60 

0,70 

" ЭКСП1 

1,014 ±0,005 

1,000 ±0 ,006 

0,990 ±0,005 

1,000 ±0,000 

1,005 ±0,004 

1,014 ±0,005 

1,025 ±0,005 

х/х 

1,0022 

1,0004 

1,0003 

1,0000 

0,9997 

0,9994 

0,9995 

<f20>/<?V 

0,9968 

0,9980 

0,9997 

1,0000 

1,0005 

1,0005 

1,0004 

х/х 

0,9989 

1,0000 

1,0007 

1,0000 

0,9996 

0,9996 

0,9986 

A*o/í^ 

1,0035 

1,0003 

1,0002 

1,0000 

0,9998 

0,9997 

0,9996 

R 

1,011 ±0,007 

1,002 ±0,008 

0,992 ±0 ,005 

1,000 ±0,000 

1,004 ±0,005 

1,012±0,005 

1,022±0,006 

235 •• - - - "——i '- I I 
'О 05 1,0 1.5 Е^нл 

Р и с . 3 . Сравнение результатов измерения V(En) для у р а н а - 2 3 5 : • - результаты данной 
работы (камера деления с торием-232 в качестве детектора вторичных нейтронов); А — р е 
зультаты работы [1] с учетом поправок по методике , изложенной в данной работе (детек 
тор вторичных нейтронов — сцинтилляционный счетчик) ; V — значения "у ( Е п ) , полученные 
по ДЕк(Е п ) [1] с помощью уравнения баланса (2); о - данные Мазера и д р . [6]; Q - дан 
ные Медоуза и Уолена [7]; о — данные Медоуза и Уолена [10]; ф— данные Гопкинса и 
Дивена [4]; о— данные Кондэ [9]; 0 ~ данные Колвина и Соуэрби [9] . 

АЕ К при энергии нейтронов Е п . Для всех экспериментальных значений 
R (Еп ) и ДЕк(Еп) из исследованного диапазона Е п получаем систему 
уравнений с неизвестными коэффициентами 77Т/Т7(ЕП) и а/17(Ёп), которые 
находятся по методу наименьших квадратов. В результате расчетов 
получаем величину ~v(En ) и а . Найденные таким образом значения а 
оказались равными 0,070 ±0,005 Мэв и 0,080 ±0,005 Мэв"* для урана-233 
и урана-235 соответственно, что существенно ниже ожидаемых значений 
0 , 1 3 - 0 , 1 5 Мэв _1 . 

Такая разница могла возникнуть в результате приближенности пред
положения Д М с 2 = 0 . Воспользуемся соотношением (3) и подставим в 
правую часть величину i/(En), определенные в результате расчетов по 
методу наименьших квадратов, принимая значение а равным 0,14 М э в - 1 . 
Получаем значение Д М с 2 для Е п из исследованного диапазона. Для 
урана-235 величина Д М с 2 оказалась равной я » - 0,3 ±0 ,3 Мэв, начиная 
с 0,08 до 1 Мэв . Иными словами, изменение энергии, реализуемой в 
виде Е к и v, за счет деформации Y(M, z) и вариацийЁуоказалось неве 
лико. Для урана-235 до Е п = 0 , 5 Мэв Д М с 2 % 0 ± 0 , 3 Мэв . При энергиях 
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ТАБЛИЦА 2 ._ РЕЗУЛЬТАТЫ ОТНОСИТЕЛЬНЫХ ИЗМЕРЕНИЙ 
R ="j7(En)/i7(En) ДЛЯ УРАНА-235 (звездочкой помечены резуль 
измерений с сцинтилляционным пороговым детектором [1]) / »-̂ д 

Ей, 
Мэв R Х/Х <П>/<?Г> х/х vlïï 

0,08 

0,08* 

0,20 

0,30 

0,31* 

0,40 

0,50 

0,55* 

0,60 

0,67* 

0,70 

0,78* 

0,99 

0,982 ±0,005 

0,970 ±0,006 

1,015±0,006 

1.009 ±0,006 

0,995 ±0,006 

1,000 ±0,000 

0,998 ±0,005 

0,976±0,006 

0,994 ±0,004 

0,994 ±0,006 

0,994 ±0,005 

0,993 ±0,006 

1.010 ±0,008 

1,0014 

1,0014 

1,0008 

1,0002 

1,0002 

1,0000 

0,9998 

0,9998 

0,9997 

0,9996 

0,9996 

0,9996 

0,9995 

0,9940 

0,9941 

0,9973 

0,9994 

0,9994 

1,0000 

1,0006 

1,0010 

1,0016 

1,0026 

1,0030 

1,0034 

1,0034 

1,0007 

1,0007 

0,9998 

0,9996 

0,9996 

1,0000 

1,0002 

1,0003 

1,0004 

1,0004 

1,0004 

1,0004 

1,0005 

1,0031 

1,0000 

1,0005 

1,0002 

1,0000 

1,0000 

1,9998 

1,0000 

0,9997 

1,0000 

0,0097 

1,0000 

1,0000 

,^0,9863:0,00 6 

0,979 ±0,008-

¿,0084 0,00 6 

0,997 ±0,00< 

»1,0000 ±0,0000— 

1,998 ±jfr,005 

0,992 ±0 ,006^ 

Г,994^0,005 
0,992 ±0,007 
1,005 ±0,009^ 

1W 

Е п = 0,6 и 0,7 Мэв величина Д М с 2 уменьшается, достигая приЕ п = 0,7 Мэв 
значения - 0 , 6 ± 0 , 3 Мэв . 

В качестве второго приближения учитывались значения ДМс для 
каждого Е п и процедура обсчета методом наименьших квадратов повто
рялась вновь. Для урана-233 , кроме того , точки для Еп = 0,6 и 0,7 Мэв 
не учитывались. Для урана-235 полученное во втором приближении 
значение 17т/г7(Еп) оказалось равным 0,974 ±0 ,001 , что превосходно 
согласуется с "v T /v(E n ) =0 ,975 ±0 ,07 , определенным из эксперимента 
путем прямого сравнения. Для урана-233 17Т/Т7(КП) =0 ,013 ±0 ,0001 , 
а = 0 ,120±0 ,007 . _ 

Ошибки определения Т7т/17/Еп) расчетом по методу наименьших 
квадратов не учитывают того факта, что использовавшиеся значения а 
нам известны только по оценкам. Поэтому V(Еп) анализировались по 
коэффициенту а. Для этого с помощью (3) находились значения Т7(ЕП) 
для а, изменявшихся от 0,04 до 0 ,20. Полагая, что истинное значение а 
находится в интервале 0,10 до 0,18, по кривой Т7(ЕП) = f (а) определялся 
разброс значений ~v(En), который оказался равным 0,2% урана-233 и 
0,9% для у р а н а - 2 3 5 . ^ Для большей гарантии от возможно неучтенных 
факторов ошибка Т7(ЕП) для урана-233 была принята равной 1%, а для 
урана-235 взято значение 77(Еп) = 2,491 ±0,007 из эксперимента. Вели
чина Т^е~учетом~запаздывающих нейтронов для урана-233 принималась 
равной 2,494 ±0 ,000 /для урана-235 2,430 ±0,000 в соответствии с [3] . 

Ч ^ а ^ и с ^ и ^ ^ п р е д с т а в л е н о сравнение полученных в настоящей рабо
те данных с имеющейся совокупностью. В данных других авторов учтен 
вклад запаздывающих нейтронов. Они нормированы на значения vT, при
нятые в данной работе, причем опорные значения 77 т принимались всюду 
без ошибки. 
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Как видно из рис .2 и табл .1 тенденция V(E n ) для урана-233 обнару
живает спад нал» 1,5% от теплового значения до области Е п = 0 , 2 - 0 , 3 Мэв 
в полном соответствии с предсказаниями работы [1]. Новые данные для 
урана-235 хорошо согласуются с данными, полученными в [1], ( табл .2 , 
рис .3 ) , причем подъем ~v при Е п =0 ,2 и 0,3 Мэв подчеркнут еще сильнее. 

Недавно появилась еще одна работа [11], объясняющая структуру в 
"ï7(En) для урана-235 . Нерегулярности в ходе D при Е п <1 Мэв в этой 
работе связываются с вкладом состояний с К = 2 и положительной чет 
ностью, аналогичных 7~вибрационным состояниям стабильных ядер. По 
мнению авторов [11] энергия возбуждения этих каналов при делении 
р-нейтронами переходит в нагрев осколков, что приводит к увеличению 
~v в области Е п » 0 , 2 Мэв . Энергия возбуждения всех прочих коллектив
ных состояний внутри энергетической щели согласно [11] идет в кинети
ческую энергию осколков. Относительно кинетической энергии дефор
мации принимается предположение, противоположное работе [1]: эта 
энергия не переходит во внутреннее возбуждение, т . е . добавляется к Е к . 

Нетрудно показать , что участием каналов с К = 2 + можно объяснить 
и результаты для урана -233 . 

Исходя из имеющихся экспериментальных данных и представлений 
о переходном состоянии делящегося ядра в настоящее время нельзя 
отдать предпочтения какой-либо из этих интерпретаций. Необходима 
экспериментальная проверка альтернативных предположений, принимав
шихся авторами [1 , 11] . 
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(Доклад представил Л . Н . У с а ч е в ) 

ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ ИНСТИТУТ, ОБНИНСК 
СССР 

Abstract — Аннотация 

THE EFFECT OF VARIATIONS IN THE ENERGY AND MASS DISTRIBUTIONS OF FISSION FRAGMENTS 
ON ENERGY DEPENDENCE. The average number of neutrons emitted in a single fission event is determined 
mainly by the excitation energy of the fragments. It has been shown in a number of studies that an increase 
in the excitation energy of a fissionable nucleus is usually accompanied by an increase in the number of 
fission neutrons. The quantity v being measured is an average for all the fragment masses. When there 
is a change in the excitation energy of a nucleus undergoing fission, the yield and the kinetic energy of 
the fragments also change, so that these factors have an effect on the value of v. 

We can then write 

Ëexcit. = /E f i s s .Y(M)dM-/E k i n .Y(M)dM + En + Bn 

or, approximately, 

Âv = a [Âifiss. - AËkin. + A E J 

The paper discussed the effect of changes in the kinetic energy and yield of fragments in fast-neutron 
fission of 233U, 235U and 238U on the energy dependence of V for neutron energies in the range 0 - 7 MeV. 
Information is obtained regarding the kinetic energy and yield of fragments by simultaneous measurement 
(with semiconductor detectors) of the kinetic energies of fragment pairs. 

It is shown that the changes in the average kinetic energy and yield of fragments of different mass, 
which have been observed in many cases, can make an appreciable contribution to the change in v. 

О ВЛИЯНИИ ВАРИАЦИЙ ЭНЕРГЕТИЧЕСКИХ И МАССОВЫХ РАСПРЕДЕЛЕНИЙ 
ОСКОЛКОВ ДЕЛЕНИЯ НА ЭНЕРГЕТИЧЕСКУЮ ЗАВИСИМОСТЬ Ï7. Среднее число нейт
ронов, испускаемых на один акт деления, определяется , главным образом, энергией в о з 
буждения осколков . Я целом ряде работ было показано, что с увеличением энергии в о з 
буждения делящегося ядра, как правило, увеличивается и число нейтронов деления. И з м е 
ряемая величина V является усредненной по всем массам осколков . При изменении э н е р 
гии возбуждения делящегося ядра меняется как выход осколков, так и их кинетическая 
энергия , m этому все эти факторы о т р а з я т с я на величине Т7. 

Можно записать , что 

Ё возб = / Е д е л Y(M) dM - J E K H H Y ( M ) dM + E n +ВП 

Или, приблизительно 

Av = а[ ДЁ"дел - ДЕ к и н + ДЕП] 

* В настоящее время имеются данные [2 , 3 ] , свидетельствующие о т о м , что часть 
мгновенных нейтронов испускается делящимся ядром. 

85 
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Р а с с м а т р и в а е т с я вопрос о влиянии изменений кинетических энергий и выходов оскол
ков при делении урана -233 , урана-235 и урана-238 быстрыми нейтронами на энергетичес 
кую зависимость 77 при энергии нейтронов от 0 до 7 М э в . Информация о кинетической 
энергии и выходах осколков получалась путем одновременного измерения кинетических 
энергий парных осколков с помощью полупроводниковых счетчиков . 

Показано, что в ряде случаев наблюдавшиеся изменения средней кинетической энергии 
и изменения выходов осколков с различными массами могут внести заметный вклад в и з м е 
нение "¡7. 

Тщательное экспериментальное исследование зависимости средне
го числа мгновенных нейтронов деления 17 от энергии нейтронов, в ы з ы 
вающих деления, показало, что эта зависимость не может быть описа
на линейной функцией [1] . В той же работе отмечалось наличие кор
реляции между изменениями v и кинетической энергии осколков деле 
ния. С увеличением энергии возбуждения делящегося ядра меняется > 
целый ряд параметров, характеризующих осколки деления, и это при
водит к отклонению от линейного роста V. Если принять, что все мгно
венные нейтроны испускаются осколками деления*, то величину ~v мож
но выразить следующим образом: 

Здесь введены следующие обозначения: Е^ — энергия деления; Е к — сред
няя кинетическая энергия осколков; rii — средняя кинетическая энергия 
нейтронов, испускаемых из данного осколка; Eg — энергия связи нейтро
нов в ядре-осколке; Еу — средняя энергия, уносимая мгновенными у-
квантами из осколков деления; Yi — выход осколков с данными массами; 
Е х

 — энергия возбуждения делящегося ядра. 
Изменение Т>, обусловленное вариацией параметров выражения [ 1 ] , 

можно приблизительно записать в следующем виде: 

ôv = K0LôEi
{Yi -KoEoEKYj-KoEoEyYi + KoSEx -

Таким образом, величина измерения v зависит от изменения энергии 
возбуждения делящегося ядра, от изменения кинетической энергии и 
выходов осколков с данными массами и от перераспределения заряда 
между осколками. 

В данной работе были измерены распределения осколков по массам 
и кинетическим энергиям при делении урана-233, урана-235, урана-238 
быстрыми нейтронами. Это дало возможность определить вклад в Ьу, 
обусловленный изменениями кинетической энергии и выходов осколков. 

Экспериментальный метод [4] состоял в изменении кинетической 
энергии парных осколков с помощью поверхностно-барьерных полупро
водниковых счетчиков. Экспериментальные выходы осколков с разными 
массами были приведены к выходам осколков до испускания нейтронов. 

Результаты измерений приведены в таблице. Изменения ó 77, обус
ловленные изменением кинетической энергии и выходов осколков, для 
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ТАБЛИЦА. ВКЛАД,ОБУСЛОВЛЕННЫЙ ВАРИАЦИЯМИ 
ЭНЕРГЕТИЧЕСКИХ И МАССОВЫХ РАСПРЕДЕЛЕНИЙ 
ОСКОЛКОВ ПРИ ДЕЛЕНИИ УРАНА-233, УРАНА-235 И 
УРАНА-238 БЫСТРЫМИ НЕЙТРОНАМИ 

Е п , Мэв 

EI / JAYÍ 

K Q E A E K Y Í 

óv 

Е П | Мэв 

Ец Д Yj 

K0EAEKYi 

ôv 

Е п , Мэв 

Ei/iAYi 

K0EAEKYi 

àv 

0,4 ±0 ,05 

- 0 , 0 0 8 3 

0,031 

- 0 , 0 3 9 

0 ,75±0 ,1 

- 0 , 0 0 7 

0,004 

- 0 , 0 1 1 

5 , 0 ± 0 , 2 

0,014 

0,006 

0,008 

1 ,0±0,1 

- 0 , 0 0 4 6 

.0,083 

- 0 , 0 8 8 

2 , 0 ± 0 , 1 

0,014 

- 0 , 0 2 1 

0,035 

7 ,0±0 ,18 

0,013 

- 0 , 0 2 2 

0,035 

Уран-233 

2 , 6 ± 0 , 0 9 

- 0 , 0 0 6 4 

0,035 

- 0 , 0 4 1 

Уран-235 

5 , 0 ± 0 , 3 

0,005 

- 0 , 0 2 1 

0,035 

Уран-238 

5 , 6 ± 0 , 2 

- 0 , 0 0 1 7 

0,031 

- 0,033 

6 , 0 ± 0 , 2 

0,022 

0,004 

0,018 

6 , 0 ± 0 , 2 

0,012 

0,043 

- 0 , 0 3 1 

7 ,0±0 ,18 

0,022 

0,029 

- 0 , 0 0 7 

7 ,0±0 ,19 

0,0013 

- 0 , 0 0 5 6 

0,007 

15 ,0±0 ,5 

0,125 

- 0 , 1 7 4 

0,299 

урана-233 и урана-235 вычислены относительно ~v при делении тепловы
ми нейтронами, а для урана-238 — относительно 17 при делении нейтро
нами с энергией 2 М э в . Точность измерений, выраженная в единицах 
v, всюду составляет около ±0 ,025 . Изменения выходов осколков при 
делении рассматриваемых ядер нейтронами с энергией от 0 до 7 Мэв 
слабо отражаются на величине bv. В этой области энергий основной 
вклад в bv вносят изменения кинетической энергии осколков. 

При делении нейтронами с энергией 15 Мэв величина bv составля
ет около 8% от V и состоит приблизительно из одинаковых вкладов от 
изменения кинетической энергии осколков и от изменения выходов о с 
колков . 

Вопрос об изменении распределения заряда между осколками с 
фиксированными массами при увеличении энергии возбуждения деляще
гося ядра изучен недостаточно глубоко, поэтому трудно заключить 
что-либо определенное относительно величин 6Е) ; ЬЕу-, 6r)i и 6E¿ . 

Отклонения экспериментальных значений V от линейной зависимости 
имеют тот же знак и тот же порядок величины, что и величины b~v, под
считанные в данной работе . Этот факт свидетельствует о том, что 
перераспределение заряда между осколками, если оно имеет место , 
оказывает слабое влияние на 617 в рассматриваемой области энергий 
( E n < 6 Мэв) . 
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ЗАВИСИМОСТЬ СЕЧЕНИЯ СИММЕТРИЧНОГО 
ДЕЛЕНИЯ УРАНА-238 ОТ ЭНЕРГИИ 
НЕЙТРОНОВ 

Н . И . Б О Р И С О В А , С . М . Д У Б Р О В И Н А , 
В . И . Н О В Г О Р О Д Ц Е В А , В . А . П Ч Е Л И Н , 
В . А . Ш И Г И Н , В . М . Ш У Б К О 

ИНСТИТУТ АТОМНОЙ ЭНЕРГИИ 
и м . И . В . К У Р Ч А Т О В А , МОСКВА 
С С С Р 

Abstract — Аннотация 

THE DEPENDENCE OF THE SYMMETRICAL 238U FISSION CROSS-SECTION ON NEUTRON ENERGY. 
The yields of various products of symmetrical and asymmetrical 238U fission were compared by radio
chemical means. Fission was produced by monoenergetic neutrons. Measurements were made for neutron 
energies of 1. 5, 2, 3, 4, 5, 13, 15, 16. 5 and 18 MeV. The ratios of the product yields for symmetrical 

fission to those for asymmetrical fission at neutron energies of 2, 15, 13 and 18 MeV were ——, — , — and —, . , 500 90 8 8 
respectively. 

The experimental results are compared with those obtained from existing fission models. 

ЗАВИСИМОСТЬ СЕЧЕНИЯ СИММЕТРИЧНОГО ДЕЛЕНИЯ УРАНА-238 ОТ ЭНЕРГИИ 
НЕЙТРОНОВ. Радиохимическим методом сравнивались выходы некоторых продуктов сим
метричного и асимметричного деления у р а н а - 2 3 8 . Деление вызывалось моноэнергетичес
кими нейтронами. Измерения проведены при энергиях нейтронов 1,5; 2; 3; 4; 5; 13; 15; 
16,5; 18 М э в . Выход продуктов симметричного деления при энергиях нейтронов 2; 5; 13 и 
18 Мэв соответственно равен 1/500; l / 9 0 ; l / 8 ; l / 8 . 

Р е з у л ь т а т ы эксперимента сравниваются с предсказаниями существующих моделей 
деления. 



INTERPRETATION OF NEUTRON-INDUCED 
FISSION CROSS-SECTIONS AND RELATED DATA 

J.E. LYNN 
ATOMIC ENERGY RESEARCH ESTABLISHMENT, 

HARWELL, BERKS, UNITED KINGDOM 

Abstract 

INTERPRETATION OF NEUTRON-INDUCED FISSION CROSS-SECTIONS AND RELATED DATA. 
The paper discusses the interpretation of the slow neutron cross-sections, ratios of capture-to-fission cross-
sections in the keV region, and degree of asymmetry in the mass distribution of fission products in the 
framework of the channel theory of fission. Problems associated with the fission cross-sections of even 
nuclei are mentioned, and a new hypothesis concerning the behaviour of mean fission widths are advanced 
as a possible solution. 

1. INTRODUCTION 

Our understanding of the neutron cross-sections of the non-fissile 
nuclei now seems fairly complete. The resonance spacings, s-wave neutron 
strength functions and radiative capture widths have been measured for 
many nuclei and their phenomenological interpretation by means of 
sophisticated complex potential models is quite satisfactory. The 
various elastic and inelastic scattering data at higher energies can 
mostly be interpreted with the same kind of model. As a result it is 
possible to make reasonable, though not completely accurate, attempts at 
calculating unmeasured cross-sections required for reactor design purposes. 
Such cross-sections may be averages over rather wide energy intervals 
containing very many resonances, or may be statistical models of the 
microscopic resonance structure such as required for calculations of the 
Doppler temperature coefficient. 

The question I pose in this paper is: how far is it possible to 
carry out the same programme for fissionable nuclei ? To a considerable 
extent this reduces to asking how well we understand the fission process 
at least as far as the scission point. The basic theory for understanding 
fission cross-sections at low and medium neutron energies is the channel 
theory of A. Bohr [1], and in this paper I shall rest my discussion on 
this. The main imponderables of this theory are generally assumed to be 
the energies and nature of the internal nuclear states associated with 
the transition of the nucleus through the fission barrier as well as the 
penetrability of the latter. These states are sometijaes conveniently 
termed the transition states (although this is not quite the meaning of 
the term as used by Wigner [2] in his original paper on unimolecular 
reactions) or are, more often, known as the fission channels. So far, 
their properties have been deduced mainly from our views on nuclear 
collective behaviour and partly from a variety of experimental evidence. 
In the first place I shall review the interpretation of the slow neutron 
cross-seotions of the common fissionable nuclei. 

2. CHANNEL SCHEMES FOR THE COMMON FISSIONABLE NUCLEI 

2.1 Analysis of Resonance Cross-Section Data 

In principle, the direct observation of the resonances in low energy 
cross-sections should provide estimates of the number and penetrability of 
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TABLE I 

235 
Fission channel scheme for s-wave resonances of U + n 

Chosen to fit resonance data 

Nature ot transition state 

Mass asymmetry vibration 
(+ rotation) 

Bending vibration (+ rotation) 

Combination state of gamma 
vibration and mass asymmetry 
vibration (+ rotation) 

Projection of angular 
momentum on 

cylindrical symmetry 
axis (K) 

0 

1 

2 

Spin and parity 
relevant to 

compound nucleus 

(J*) 

3" 

3", 4" 

• 3", 4~ 

Energy of transition 
state with respect 
to neutron threshold 
of 2 3 % (in MeV) 

--0.7 

+0.1 

+0.25 
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the accessible fission channels. In practice, there are various effects, 
due to the rather large ratio of fission width to spacing of the compound 
nucleus levels, that can mislead one in interpreting these data. 

The simplest of these is the low peak cross-section and large width, 
due to a low neutron width to fission width ratio, of many simple resonances, 
causing them to be hidden against the general background cross-section [3]. 
The second is the occurrence of "mixed" resonances, a single peak in the 
cross-section due to the superposition of two resonances of different 
total angular momentum [4]. The third effect, which occurs rather less 
frequently than the last, is the quasi-resonance effect [4]. In this, 
two (or more) close eigenlevels with the same quantum numbers can interfere 
in a dramatic way to oause a single peak in the cross-section that is 
narrower than the width associated with either level. The remainder of 
the sum of the widths occurs as a low, broad resonance term underlying, 
and hidden by, the sharp peak. All these effects have the same result: 
if the cross-section is analysed in the usual way as essentially a 
sequence of single level terms, the resulting ratio of mean fission width 
to level spaoing can be considerably underestimated. 

In view of these difficulties I have favoured a statistical treatment 
of the data that compares the results of single level analysis of the 
resonance peaks, as well as other material such as minimum oross-section 
behaviour and ratios of capture to fission, with similar quantities 
derived from statistical simulations of cross-sections using R-aatrix 
theory. The method and results of this kind of analysis have been 
described previously [4]. 
2.2 Fission Channels for the Compound Nucleus 

235 % 7/ -
The spin and parity of the U target nucleus are I » /2 . Proa 

this, compound nucleus levels formed in 236u by s-wave neutron bombardment 
have total angular momentum and parity J* = 3~, 4". The transition states 
which best fitted the resonance cross-section data [4] are given in 
Table I. With these thresholds I have used the Hill-Wheeler [5] harmonic 
barrier penetration formula to calculate the total fission strength 
function. 

i*4n u Z 1 
f I + exp[-Zir(E-E*)/Uf] 

(1) 
with liiOf always 0.5 MeV; 0.4 to 0.5 MeV is the value suggested by 
spontaneous fission data [6] and the slope of the yield curve of (d,pf) 
reactions [7]. Assuming these properties for the fission channels, one 
can calculate the average fission and capture cross-sections in the s-wave 
region and compare with other data. Рог example, at 1 keV the ratio a 
of these two cross-sections is calculated to be 0.91. 

In this calculation the usual simple expression for the average cross-
section of a compound nucleus reaction has been used; it is 



TABLE II 
235 Alternative fission channel scheme for s-wave resonances of U + n 

Chosen to fit resonance data and a-value to 1 keV 

Nature of transition state 

Mass asymmetry vibration (+ rotation) 

Bending vibration (+ rotation) 

Combination state of gamma vibration 
and mass asymmetry vibration 
(+ rotation) 

Projection of angular 
momentum on cylindrical 

symmetry axis (к) 

0 

1 

2 

Spin and parity 
relevant to 

compound nucleus 
(J*) 

3" 
3", 4" 

3", 4" 

Energy of transition 
state with respect 

to neutron separation 
energy (in MeV) 

- -0.6 

~ -0.3 

- +0.4 
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which i s usually wr i t ten 

N 7 Г (3) 
inhere %> can differ from unity to some degree) to express the fact that 
the statistical behaviour of resonance partial widths must be considered [8]. 
This expression is derived from averaging over a sequence of single-level 
Breit-Wigner terms in the cross-section. The fissile nucleus cross-
sections, however, exhibit considerable deviations from single-level 
behaviour, and we must consider the effect of these on the average cross-
section. The simplest way to derive a many-level average cross-section 
expression having Eq. (3) as its leading term is to start from the 
S-matrix formalism of Humblet and Rosenfeld [9]. With this procedure 
it is found that additional terms become increasingly important with 
increasing value ofT /5, but also that these terms vanish if the 
channel-pole phase factors have certain properties of randomness. 
Unfortunately, this attractive randomness assumption cannot be made. The 
requirement that unitarity (conservation of flux in the stationary wave 
representation of the nuclear reaction) be imposed on the S-matrix leads 
to correlations in these phase factors and prevents the higher order 
terms from disappearing (see Appendix 1). In addition, the statistical 
behaviour of the partial widths will differ from those of the narrow 
resonanoe case, with the consequence that the % -factors in Eq. (3) 
will be different from those normally calculated. These correlations 
and statistical properties of broad resonances have by no means been 
fully investigated, with the result that our average cross-section 
calculations cannot be made completely accurate. 

In the case of I have made a few calculations by direct 
computations over many randomly chosen resonances of the average cross-
section and compared them with the "no interference" form (Eq. 3). It is 
found that the many-level effects increase a by roughly 10°/o. On the 
other hand, it is necessary to take into account the (n,Yf) reaction [10] 
whereby a radiative transition from the resonance state to a state below 
the neutron threshold but above the fission threshold can be followed by 
fission. This is, of course, measured as a fission event and decreases 
the effective value of a by about the same amount. These compensatory 
effects are in any case of the same order of magnitude as the uncertainties 
in the radiation width value assumed for the caloulatione so we neglect 
them in all our subsequent calculations. 

Now, although this calculated value of a agrees reasonably well with 
the experimentally observed value in the range 0-100 eV, the observed 
value of a for 100-eV intervalsup to about 2 keV fluctuates about the 
value 0.5. In fact, the mean value over 100 eV intervals from 100 eV to 
1 keV is 0.57 ± .19 [ Ю ] . This strongly suggests that the cross-se étions 
in the 0-to 100-eV range are dominated by a statistically extreme sample 
of levels (such as we are quite familiar with in the non-fissile nuclei). 
If we look at the statistical comparisons with simulated cross-sections 
again, we find thatthe scheme of channels shown in Table II would quite 
well explain the -̂ Û resonance data apart from the pseudo-fission strength 
function value, which is rather low in the data. 

Average oross-sections calculated with these channels result in an 
a-value at 1 keV of about 0.52, in rather good agreement with the data. 
It is interesting to calculate how a is expected to fluctuate over finite 
intervals. Twelve calculations of a were made by selecting level parameters 



TABLE III 
235 Fission channel scheme for p-wave resonances of U t n 

Deduced from s-wave scheme of Table II 

Nature of 
transition state 

"Ground" (+ rotation) 

Combination state of 
bending vibration and 
mass asymmetry 
vibration (+ rotation) 

Gamma vibration 
(+ rotation) 

Projection of 
angular momentum 
on cylindrical 
symmetry axis 

К 

0 

•) 

2 

Spin and 
parity relevant 
to compound 
nucleus (J71) 

2\ С 

2 +, 3 +, 4 +, 5+ 

2 +, 3 +, 4 +, 5 + 

Energy of 
transition state 
with respect to 

neutron separation 
energy (in MeV) 

-0.8 

• -0 1 

+0.2 

Comment 

This energy is established 
by the (d,pf) reaction 
[12]. 

This energy is fixed by 
the s-wave scheme assumed 
in Table II. 

This energy is fixed by 
the s-wave scheme assumed 
in Table II. 



TABLE IV 

Fission channel scheme for s-wave resonances of tmJJU + n 233T 

Suggested by analysis of resonance data and other phenomena 

Nature of 
transition state 

"Ground" (+ rotation) 

Gamma vibration 
(+ rotation) 

Combination state of 
mass asymmetry 
vibration and bending 
vibration (+ rotation) 

2 phonons Дп gamma 
vibration (+ rotation) 

Projection of 
angular momentum 
on cylindrical 
symmetry axis 

К 

0 

2 

1 

0 • 

Spin and 
parity relevant 
to compound 
nucleus (J71) 

2 + 

2 +, 3 + 

2\ 3+ 

2 + 

Energy of 
transition state 

relevant to 
neutron separation 
energy (in MeV) 

-1.4 

-0.6 

~ -0.3 

- +0.1 

Comments 

Energy established by 
(d,pf) reaction [12] 

Perhaps indicated by 
angular distribution of 
fission products in (d,pf) 
reaction [14] 

О 
I 

ISO 
со 
> to 



TABLE V 
233 Fission channel scheme for p-wave resonances of U + n 

Deduced from s-wave scheme of Table IV 

Nature of transition state 

Mass asymmetry vibration (+ rotation) 
Bending vibration (+ rotation) 
Combination state of gamma vibration and 
mass asymmetry vibration (+ rotation) 

Projection of 
angular momentum 
on cylindrical 
symmetry axis 

К 

0 
1 

2 

Spin and 
parity relevant 
to compound 
nucleus (J71) 

1", 3" 
1", 2', 3", 4~ 

1", 2", 3", 4~ 

Energy of 
transition state 

relevant to 
neutron separation 
energy (in MeV) 

- -0.9 
0.8 

- -0.2 



TABLE VI 

Fission channel scheme for s-wave resonances of Pu + n 239r 

Deduced from resonance data 

Nature of 
transition state 

"Ground" 

2 phonons of gamma 
vibration 

Combination state of 
mass asymmetry 
vibration and bending 
vibration 

Projection of 
angular momentum 
on cylindrical 
symmetry axis 

К 

0 

0 

1 

Spin and 
parity relevant 

to compound 
nucleus (J71) 

0 + 

0+ 

1 + 

Energy of 
transition state 

relevant to 
neutron separation 

energy (in MeV) 

-1.5 

0.0 

+0.15 

Comments 

Given by (d,pf) reaction 
[12]. 

Also indicated by (d,nf) 
angular distribution [14] 

О 

to 
CO 

CO 
to 
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00 

TABLE VII 
239 Fission channel scheme for p-wave resonances of Pu + n 

Inferred from a-wave scheme 

Nature of transition state 

Mass asymmetry vibration 
Bending vibration (+ rotation) 
Combination state of gamma 
vibration and mass asymmetry 
vibration 

Combination state of gamma 
vibration and bending 
vibration (+ rotation) 

—-
Projection of angular 

momentum on 
cylindrical symmetry 

axis (K) 

0 
1 

2 

1 

Spin and parity 
relevant to 

compound nucleus 
(J*> 

1" 
1", 2" 

2" 

1", 2" 

Energy of transition 
state relevant to 

neutron separation 
energy (in MeV) 

--0.9 
- - 0 Л 5 

-0.15 

~ +0.3 
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randomly in 80 eV intervale. The results varied from 0.31 to 0.68. The 
mean and root mean square values of these calculations were 0.56 and 0.11. 
After the quoted experimental errors are allowed for in the a-values 
measured in 100-eV intervals from 100 eV to 1 keV their root mean square 
value is 0.12. This encourages the belief that the second set of assumed 
fission channels is better than the first, and that the experimental data 
leading to the first are due to a statistically extreme sample of level 
parameters. 

It is now interesting to see if we can extrapolate into the p-wave 
region. The channel scheme could well be that shown in Table III. 
Notice now that the channels in both schemes together are so uniformly 
spaoed that no structure would be observed in the (d,pf) reaction on 235u 
below neutron threshold if "fcu)f ? the tunnelling parameter, is assumed to 
be ** 0.5 MeV. If the average cross-sections are now calculated at, say» 
60 keV, allowing for inelastic scattering to_the*known states of 2*5u and 
using a p-wave neutron strength function of Tn{')/5 = 2 x 10~ч- as 
established by Uttley [13], we obtain the result that a = 0.375. This 
is to be compared with the experimental datum of ref. [13]» a. = 0.33 ± 0.02. 
The agreement is very encouraging. 

2.3 Fission Channels for the Compound Nucleus 
«Ив The statistical analysis of the resonance data of would suggest 

a ohannel scheme for the s-wave region like that in Table IV. The 
calculation of a at 1 keV from this channel scheme gives a **• 0.23. This 
is to be compared with the experimental value which is fluctuating about 
0.3 in the 0.6 to 1-keV region [16]. Prom the even parity channel scheme 
we might deduce the odd-parity channel scheme for the p-wave region shown 
in Table V. The ohannel schemes of Tables IV and V could give the structure 
observed in the (d,pf) reaction [12]. With these channels the calculated, 
values of a at 30 keV is 0.23. The experimental value is 0.11 ¿ .02 [15]. 
This disagreement suggests that we may still be underestimating the number 
of fission channels available at low neutron energies. 

/ 

2.4 Fission Channels for the Compound Nucleus Pu 

The analysis of the available resonance data is rather more tentative 
than in the previous two cases. Sinoe the analysis in ref. [4], which 
suggested more than one fully open channel for the 0 + levels, more 
extensive spin assignments [17, 18] indicate that the 1+ levels have a 
penetration factor of about 0.1. The suggested channel scheme is shown 
in Table VI. Prom this the value of a at 1 keV is calculated to be 0.7. 

Tnis is in rather unsatisfactory disagreement with very recent 
experimental evidence [19] indicating that a is rather higher than this 
in the keV region. The latter value suggests that the К = 1, J71 = 1 + 
channel should be a little higher than given above. Clearly very many 
more data on the resonances are desirable in order to establish this point. 

The odd parity channel scheme inferred from the s-wave scheme is 
shown in Table VII. 

At 30 keV a is calculated to be 0.26. Very recent measurements [20] 
indicate a value a little above 0.3. The raising of the К = 1, J% = 1+ 
state by as much as 150 keV only increases this estimate of a to 0.32, so 
this set of channels for the p-wave region seems quite satisfactory. 
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<*3 POTENTIAL 

LEVELS IN "ONE-HALF 
«3-OSCILLATOR" 

О ^ 

сСд-WAVE FUNCTIONS 

FIG. 1. Vibration levels in the octupole deformation parameter to explain the channel theory of 
asymmetric mass division. 

3. ASYMMETRY IN THE FISSION-PRODUCT MASS DISTRIBUTION 
The idea suggested Ъу A. Bohr [1 ] and J. Wheeler [21 ] that not only 

the angular distribution of fission products but also their mass distribution 
oould be governed by the properties of the transition states at the saddle 
point has recently received strong experimental support. The group of 
Cowan and others at Los Alamos [22] have carried out a radiochemical 
analysis of the products of neutron-induced fission of 239рц ¿n the 
resonance region. Thus they found the ratio of ̂ 15cd (a nearly symmetric 
fission product) to "-Tío formed in a large sequence of slow neutron 
resonances. In many resonances known to be associated with total angular 
momentum 1 this ratio was found to be low (•* 1 x 10"*2) while in a few 
others known to have zero spin there was more symmetric fission 
(r:Cd/ïo ~ 5 x 10~ 2). In addition, where resonance spins were not known, 
it was found that a high ratio of * -*Cd to °-Tio was formed in the resonar 
of large fission width, which are most likely to have spin zero. 

isonances 

The channel theory explanation of asymmetric mass division employs 
the principal collective parameter describing the asymmetry of the shape 
with respect to a plane perpendicular to the cylindrical symmetry axis; this 
is the ootupole expansion coefficient p*. If the potential energy as 
a function of P3 has the form shown in Figure 1, and it may well have this » 
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FIG. 2. Asymmetric to symmetric fission mass yield for 235U+n and 239Pu+n (from Ref. [25]). 

form in the region of the saddle point according to nuclear structure 
calculations of Johansson [23], the lowest wave function for the octupole 
parameter has the symmetric form shown. This is interpreted as allowing 
a small amount of purely symmetric fission (1З3 = O). The next eigenstate 
in the well is raised by only a small energy and has the anti-symmetric 
form shown. This indicates no symmetric mass yield -for fission proceeding 
through a channel with this collective character. This is the mass 
asymmetry vibration mentioned several times above. The next anti-symmetric 
eigenstate of this potential well is expected to lie at a considerably 
higher energy and need not be considered for the low energy phenomena under 
discussion here. 

From this simple consideration we can immediately pick out the 
channels in the sohemes we have considered which are likely to give rise 
to particularly low symmetric fission. In the case of 239рц + n there 
is only one candidate, the one originally suggested by Griffin [24], with 
К = 1, J* = 1+ and thought to be a combination of mass asymmetry and 
bending vibration (see Table VI). Thus, the 1+ resonances, expected on 
the average to have very much smaller fission widths than the 0 + resonances, 
are also expected to have much smaller symmetric/asymmetric fission ratios 
in agreement with the observations (powan et al. [22$ In the p-wave region 
we have a greater choice of channels with a component of the mass-asymmetry 
vibration (see Table VII ) but also some without. Using this scheme and 
the results of Cowan et al. a calculation of the 99Mo/1'^Ag ratio as a 
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FIG. 3. The neutron-induced fission cross-section of 232Th. 
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FIG. 4. Level density calculated from the pairing correlation model. 

function of energy is shown in Figure 2. Here we have also tried to 
extrapolate the channel scheme into the d-wave region. The curves shown 
are in fair agreement with radiochemical measurements Ъу Cuninghame et al. 
[25]. Ig the same figure the measurements of Cuninghame, Kitt and Rae [26] 
on the °%o/'^Ag ratio produced in neutron-induced fission of ̂ 35g are 
shown. Now it is known that in the slow neutron resonance region of this 
cross-section the asymmetric/symmetric fission ratio varies only slightly 
from the thermal neutron value (indicated here Ъу the arrow) [27]. It was 
always a puzzle, therefore, why the 60-keV value should indicate a smaller 
degree of symmetric fission than thermal, beoause this energy is well 
within the p-wave region which decays through even parity channels towards 
fission while the pure mass asymmetry vibration has odd parity. The 
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answer to this seems to lie In the channel sohemes I have already indioated 
(Tables II and III). At 1 keV the ratio of the cross-section for fission 
proceeding through a purely asymmetric fission channel (o~as) to that for 
fission proceeding through a channel allowing some symmetric fission 
(o-) is calculated to be 0.37. At 60 keV however it is calculated to be 
0.84 in qualitative aocord with the observations. This is because the 
suggested channel schemes allow the combination state of bending and mass 
asymmetry vibration, with even parity, to come strongly within the p-wave 
region. Notice that this interpretation would fall if I had attempted 
to build on the channel scheme suggested by ref. [4] (see Table I), and 
notice also that it would still fall if the statistical sample of fission 
widths that actually seems to occur in the 0-to 100-eV region were due to 
unusually narrow 3 = 4" resonanoes rather than to narrow 3" resonances. 

4. NEUTRON-INDUCED FISSION OP EVEN TARGET NUCLEI 

4.1 Anomalies in Fission Cross-Sections 

So far it seems that the channel theory can be made to explain quite 
a lot of things rather well. But now let us look at the other side of 
the coin. In contrast to the very heavy odd mass nuclei, even targets 
are not normally fissile to slow neutrons but show a threshold effect at 
several hundred keV. Above the threshold, dips are often found in the 
fission cross-sections; these are usually explained as the effect of 
inelastic neutron competition after a single channel (or group of channels 
in a rotational band) has become fully open for fission [28]. 

One wonders, however, if the theory of inelastic scattering competition 
is fully capable of explaining these dips. In the cross-section of 
(shown in Fig. 3), for example, the first peak falls by nearly a factor 
of 2 with an energy increase of only 80 keV. Assuming only about 15 levels 
below about 1.6 MeV in available for inelastic scattering, we 
calculate that the level density in this nucleus would suddenly have to 
increase to at least a few thousand per MeV at 1.6 MeV to provide sufficient 
inelastic scattering to explain this fall. Now a sudden increase in the 
level density at about this energy is certainly possible; it is associated 
with the top of the energy gap in the pairing correlation theory of 
nuclear structure. A calculated level density curve (by KLuge [29])from 
this theory is shown in the Fig. 4. However this calculation indicates 
that the density above the energy gap is only a few hundred per MeV. 
Furthermore, the required degree of inelastic scattering should also have 
its effect on the radiative capture cross-section, but the rather 
sparse data on this [30•], indicate that it falls by less than a factor of 
two between 1.5 MeV and 2.0 MeV. Yet again, the available fission channels 
are not expected to appear with a density comparable to that of the 
inelastic scattering channels until a neutron energy of nearly 4 MeV is 
reached. One wonders, then, why the fission cross-section does not show 
an overall decline from 1.5 to 4 MeV. 

Our doubts about the inelastic scattering competition theory are 
further intensified when we turn to the fission cross-section of 2 3 % 
(Fig. 5). This is a rather similar nucleus to 232ть and the fission 
threshold is very close. Yet apart from some breaks in the sub-threshold 
region, its cross-section is very smooth. 

But the greatest difficulty that the competition theory has to face 
is provided by the fission cross-section of 2*0^h (Fig. 6). This exhibits 
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FIG. 6. The neutron-induced fission cross-section of 230Th. 
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FIG. 7. Fission cross-section calculated for a K^ = 7/2" channel with threshold energy Ef = 700 keV, 
Hill-Wheeler tunnelling parameter fiwf = 100 keV, and inelastic scattering competition. 

a narrow peak [31] in what is commonly called the sub-threshold region 
rising to about 50 mb and then falling to about one quarter of this value. 
The energy at which this occurs is only 700 keV so there is no chance 
at all of invoking the large onset of inelastic scattering channels at 
the top of the energy gap to explain it. In fact the most favourable 
assumptions about the states known to exist in 

230rh 
will only allow a 

small drop in the fission cross-section, as shown in Pig. 7. In this 
calculation the fission channel is assumed to have spin projection (on 
the symmetry axis) and parity of IC1 = 7/2"; this, and the higher spin 
members of its rotational band, would allow the fission of compound 
nuoleus levels excited only by neutron f-waves and waves of higher odd 
orbital angular momentum. A smaller choice of К would allow states 
excited by lower orbital angular momenta to fission and a much higher 
fission cross-section at the plateau would be expected. This in itself 
is a difficulty: measurements of the angular distribution of fission 
products (due to Vorotnikov et alf[32] indicate that а К = 1/2 channel 
is open, so the observed peak in the cross-section really is a sub
threshold effect and is not just the contribution from a partial wave 
below the neutron centrifugal potential barrier. 
4.2 Possibility of Structure in Fission Channel Strength Functions 

A possible weak point at the root of a quantitative channel theory 
of fission may be the estimate of channel fission width, both in magnitude 
and in barrier penetration. The estimate that Vf/b = 1/2* for a single 
open fission channel really comes from the classical limit of quantal 
statistical mechanics. Furthermore, perhaps the penetrability formula 
of Hill and wheeler leaves room for improvement. This latter visualises 
the motion of the fissioning nucleus over the barrier as a wave progressing 
from an infinitely low value of the deformation parameter, j3 , of the nucleus 
through an inverted harmonic oscillator potential towards an indefinitely 
high value (see Fig. 8). 

Now we know that the potential energy of an actual transuranic 
nucleus as a function of the deformation parameter becomes very high for 
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FIG. 9. Complex potential model used for fission strength function calculations. 
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small negative values of /5, reaches a minimum at a moderate positive value, 
corresponding to the permanent stable deformation of the nucleus in its 
ground state, rises through a maximum (the saddle point) then falls 
towards scission. In describing this potential curve we think of all 
the other coordinates of the nucleus as being lumped together to provide 
some intrinsic excitation of the nucleus, or collective excitation in 
other modes. This pioture of the deformation potential suggests that we 
obtain the fission strength function by a calculation in which a wave in 
the deformation parameter is scattered off this potential with partial 
absorption inside the well. The absorption, which represents the ooupling 
of the transition state to the compound nucleus wave function, is 
provided, as usual, by an imaginary component in the potential energy. 
Thus we have a complex potential model for the fission strength, but it 
is vital to remember that this model describes a particular collective 
motion of the nucleus corresponding to a particular Bohr fission channel, 
and is not intended to describe an inverse particle reaction such as heavy 
ion b ombardment. 

In order to think of such a collective motion beyond the scission 
point, we would have to consider a superposition of the wave function 
of all the fission product pairs in all their different states of 
excitation and relative angular momenta, and all such wave functions 
would have coefficients and relative phases governed by the nature of the 
transition state. 

Some preliminary calculations have been made with such a model. 
For computational simplicity the potential well has the form shown in 
Figure 9. For values of the deformation parameter greater than zero the 
real part of the potential energy is given by the expression 

V r Vc + Ve 
I + ечр [ (/5 -/3c)/<tc] I + exp[-(lS-iSe)/aJ 

(4) 

The values of pc» dc, pe and de are suggested by the liquid drop model. 
The value of Ve is suggested by the observed release of kinetic energy 
in low energy fission (i.e. about 180 MeV) and Ve is obtained from the 
known energy of the transition state Ef with respect to the nuclear ground 
state; typical values for this are of the order of 6 MeV. The mass 
parameter associated with the deformation is not a well-known quantity and 
probably varies with the degree of deformation. For small deformation the 
path towards fission is governed primarily by the quadrupole parameter P2» 
and the mase parameter associated with this is given by hydrodynamical 
theory [34] as 

B2 x 3mAR0* 
where m is the nucleón mass, A the nuclear mass number and R 0 is the nuclear 
radius. 

Substitution of typical nuclear quantities in this expression gives 
a mass parameter B2 of the order of 4.5 x 10-47 gm.cm^. 

The wave function of such a potential is computed by numerical 
integration of the Schrodinger equation starting from a regular function 
within the well. At a point where the external potential has become 

(5) 
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FIG.10. Strong coupling calculation of fission strength function for Vc= -5.4 MeV, fic= 0.42, dc= 0.06, 
6e = 3.0, de=0.2, Ve= -180 MeV. W= -1.0 MeV (full curve). The dashed curve is the Hill-Wheeler 
fission strength function for Bof = 0.38 MeV. 

asymptotically constant the wave function is matched to the external wave, 
which is the sum of an ingoing wave and the collision function multiplied 
Ъу an outgoing wave. Prom this matching the collision function U is 
determined. This is the quantity required from the model as representing 
the average collision function of the nuclear problem. The microscopic 
collision function has the form [9]: 

U c t = &cc + k ^ c Q c c - i 2 . M с Gmíc) exp 

£ : - E n + i i r m 

The average over many resonances of this expression is 

u s г \ - тг ксЭе S® 
D . 

(6) 

(7) 
in the case Г « D (see Appendix 2). Using this expression the fission 
strength function is obtained from the model. 

The results of a typical "strong-coupling" calculation are shown in 
Pig. 10. Here the mass parameter В is 1.9 x 10~^7 gm cm2 and the imaginary 
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FIG. 11 Weak coupling calculation of fission strength function for W = -0.03 MeV (other parameters as 
in Fig. 10). 

part of the potential (cutting off at 0 = 0.9) is W = -1.0 MeV. The 
curve of fission strength function against energy about the channel 
threshold recalls the Hill-Wheeler strength function (shown as a broken 
curve) but is shifted upwards by about 100 keV and rises above the 
classical value of 1/2TC at high energies. The sub-threshold slope of the 
curve corresponds to a Hill-Wheeler tunnelling parameter "Koop = 0.38 MeV. 

The intriguing features of the model are found in the "weak coupling" 
calculations. In the result of Fig. 11?¥ is only -30 keV. A rather 
sharp peak is found in the fission strength function very close to the 
threshold energy. One is tempted to hypothesize that this may be the 
explanation of the peaks in the fission cross-section of 232rh. The 
peak corresponds to a virtual state in the (real) potential well of the 
model. With the kinds of parameters used the spacing of such states is 
of the order of 2 or 3 MeV. Fairly small changes in the parameters will 
move the virtual states to different energies with respect to threshold. 
If Ve is changed from -5.4 MeV to -6.0 MeV the virtual state moves from 
just above threshold to a binding energy of 130 keV. The fission strength 
function then has the form shown in Fig. 12 and could provide the 
explanation of the sub-threshold fission strength function of ^^"Th. The 
occurrence of the virtual state at an energy considerably above threshold 
would give a much damped peak owing to the large partial width associated 
with the motion in the deformation parameter (see Fig. 13). Thus the 
model seems to have the property of being able to explain the variety of 
structure observed in fission cross-sections ranging from the fully-
developed, peaks in the 232rh(n,f) cross-section, through the sub-threshold 

Y w= -i 

W= -003MeV 

V„ = 5-5 MeV 
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FIG. 12. Weak coupling calculation of fission strength function with deeper well, Vc= -6.0 MeV (other 
parameters as in Fig. 11). 
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FIG.13. Weak coupling calculation with virtual state at positive energy (Vc= -3.6 MeV). 
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peaks in 25^Th(n,f) to the rather featureless cross-section of 238u(n,f). 
This hypothesis is, of course, only a phenomenological model for what 
appears to be happening in these reactions. The explanation at a deeper 
level would lie in answering why the imaginary component is so low. This 
question has not yet been completely satisfactorily answered in the related 
problem of nuclear scattering by nuclei, but at least existing theory 
suggests that there is no reason for expecting W in this case to be the 
same as in the nuclear scattering case. There are other examples of 
elementary types of excitation being only weakly coupled to the compound 
nucleus. The outstanding example is the isobaric analogue state which 
has been found to be spread over energy intervals as small as 10 keV even 
at excitation energies greater than 10 MeV. 

5. CONCLUSION 
The considerations of this paper indicate that extrapolation of 

existing data to unmeasured regions using nuclear theory may be somewhat 
uncertain. In spite of their success in explaining many data, it is to 
be stressed that the fission channel schemes of even compound nuclei 
presented in the earlier part of the paper as possible bases for such 
extrapolation may require reconsideration in the light of the model 
discussed in Section 4b. It is hoped that these discussions will stimulate 
even more careful measurements in this subject. 

APPENDIX I 
Calculation of average cross-sections 

Perhaps the formally simplest many-level cross-section expression is 
the S-matrix version of Humblet and Rosenfeld [9]. The cross-section for 
the process (a,f3) is 

\ " E-E.+ t^rm / 
(A.1) 

where Q ^ is a slowly varying background term, the k a are wave numbers 
in the channels a, and the $£, are threshold factors depending on 
oentrifugal and Coulomb potentials. Poles of the S-matrix occur at 
complex energies B m -%LTm corresponding to the energies of decaying 
states of the system. The residues of the poles factorise into components 
GftntoC) e*pC'»-̂ mC»o) which give rise to the partial widths of resonance 
terms in the cross section. The averaging of this expression over energy 
is readily achieved using contour integration. On ignoring the background 
term QQA which is expected to be small in the typical compound nucleus 
region the average cross-section over an energy interval £ containing 
many resonances is 

i f d E o ^ « ]¿ífi fyPfiT J (Гм + ^m') Gmfr) Gmft) gUflGmfl) COS j w 

*ft) Gwft) Qm'to ОйЛбП Sm §*m' [ , 
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where §»w = fm&o *" fm'fc) + С(0) " fm'ifh ' Now, if it is assumed that 
the phases фтщ' (which is zero for m = т')оге randomly distributed around 
the unit circle for all m ¡í m', or alternatively have similar distributions 
about zero and x, then the average cross-section reduces statistically to 
the single sum 

( o**Л * l! is Z Z L. z Smw &Л 
X / F к m Г 

» Zir* jjg. j _ /q&Gn^Qmffl 
k« D \ Гт / (A.3) 

However, these phases cannot be assumed to be random. This is because 
Humblet and Rosenfeld's version of the S-matrix theory is not automatically 
unitary in form. If unitarity is imposed upon the S-matrix, correlations 
are introduced amongst the resonance parameters. A particular example of 
this is the imposition of unitarity on the two-level S-matrix without 
background. It is found that the following condition is imposed on the 
pole residues if the energy variation of the threshold term is ignored 

(АЛ) 
This clearly imposes a strong correlation on the channel-pole phase 
factors, and since the latter depart increasingly from the narrow resonance 
limits 0 and % as the width to spacing ratio increases, the contributions 
from the m / m' terms in Eq. (A.2) becomes increasingly important as F/5 
becomes large. In addition, the distribution of the Gr m(a) etc. and the 
resonance spacings depart from the known statistics of the corresponding 
quantities (reduced widths and spacings) of R-matrix theory in the same 
limit; these statistics are invariant to things like barrier penetrability 
because the basic quantities of R-matrix theory are the eigensolutions of 
the Schrôdinger equation within an internal region constricted only by 
real boundary conditions. The quasi-resonances [4] provide an example of 
how the statistics are distorted; the S-matrix expansion of the two-level 
interference results in a pole spacing smaller than the level spacing and 
widths respectively less than and greater than the two R-matrix level 
widths. Unfortunately these correlations and statistics of the S-matrix 
parameters are not nearly well enough established at the present time to 
allow calculations of the average cross-sections on the basis of Eq. (A.2). 

Anpendix 2 

The average collision function 

A similar problem appears in the application of S-matrix theory to 
the interpretation of a model average collision function. The diagonal 
S-matrix element has the form 

u*« s Уев* ~ *Хк 

(B.1) 
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From this the average co l l i s ion function i s found to Ъе 

1 3 С р.г) 
The application of unitarity to the background function together with 
the assumption that it is diagonal reveals that the term— S w + к*32сОлц< 
has modulus unity. If its phase angle is 4 , say, then Uoa can be 
rewritten 

л/L з з 

5 г Ег (в.з) 
where 4 ' is the phase angle due to the remaining part of Uoo,. Now if 
interference amongst the resonance terms of the S-matrix can be ignored 
it can be shown by imposition of the unitarity condition that "2fm/o = 6 
and the collision function reduces to 

Ь« * ^ - M ^ G Î M + гг liquid 
F J 

= el (* + *') 
15 . (вл) 

which is the result quoted in the text._ Neglect of resonance interference 
can only be justified, however, when f « D, and this condition is 
therefore essential for the validity of Eq. (B.4). If resonance interference 
becomes dominant then the unitarity correlation expressed in Eq. (A.4) 
suggests that the term Cfo *'"2£»G<) in Eq. (в.З) is negligible. 
It then becomes clear that Eq. (B.4) expresses a lower limit for ¡Van] 
1* 6 • 

тк/Р* Ql@ у | _ | (j 
KK 

(B.5) 

The r igh t hand side of inequal i ty (B.5) gives a lower l imi t for the 
f i ss ion strength function calculated from our complex poten t ia l model. 
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D I S C U S S I O N 

H. NIFENECKER: Comparison between the 233U cross-section curve 
and the curves simulated by a Monte Carlo method shows that about one 
resonance in two is not observable, and this is particularly the case for 
resonances of small neutron width; a value of 3 is thus obtained for 
27rIf/D per spin state. The analyses that we have performed have always 
employed single-level formalism and have given satisfactory results; 
could Dr. Lynn say how it would be possible to reveal the quasi-resonances? 

J . E . LYNN: The cross-sections of the odd-mass fissionable nuclei 
are probably much too complex, owing to the presence of resonances of 
two spin sequences, for it to be possible to say with certainty that any 
given peak in the cross-section is, or is not, a quasi-resonance.' It is 
more profitable to look at the even target nuclei for a suitable candidate. 
The most fissile of these appears to be 232U, and with some luck it may 
be possible to identify as a quasi-resonance a single maximum by looking 
for the broad component (due to the other pole) underlying the sharper 
peak. The chances of doing this really depend on just how fissile "2а2[5 is , 
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i . e . whether the value of 2-irTf/D is large enough to give appreciable 
probability of level overlap. 

A. T.G. FERGUSON: Dr. Lynn has postulated certain collective kinds 
of levels at the nuclear saddle point. A characteristic of such collective 
levels, as found in the stable deformed nuclei, is that they occur at 
excitations that change only slowly from nucleus to nucleus. Has he 
examined the saddle-point collective levels to see if they show a similar 
systematic behaviour? 

J . E . LYNN: It is also characteristic of such collective levels that 
they are expected to vary their energy with respect to the "ground" state 
potential energy curve as the deformation changes. Since the saddle-point 
deformation varies from nucleus to nucleus, any systematic behaviour of 
the kind Dr. Ferguson is pointing out may not be very apparent. In any 
case, in choosing the channel schemes I did, I tended to be guided by what 
one may expect for the energy behaviour of these collective states. This 
behaviour is discussed by Wheeler in his article in Fast Neutron Physics. 

A. MICHAUDON: I should like to ask Dr. Lynn a question regarding 
the first part of the paper, i. e. the analysis of cross-sections in the reso
nance region. You have done "simulated" cross-section calculations using 
a Monte Carlo method and taking account of interference between these 
resonances due to fission. What proportion of quasi-resonances have 
you observed in the cross-sections calculated for the main fissile nuclei, 
233JJ 235JJ 239pu 241pu? 

J . E . LYNN: For 235U, with the channel scheme of Table I, there is 
a 5% probability, roughly, of a neighbouring pair of 3" levels giving rise 
to a quasi-resonance, and a considerably smaller probability in the case of 
the 4" resonances. The probability that two resonances of different spin 
will overlap is about 10%. With the channel scheme of Table II the quasi-
resonance probability is nearer 10% for the 3" levels and 3% for the 
4"levels. In the case of 233U, the probability of occurrence of quasi-
resonances is about 19% for the 2+ levels and 10% for the 3 + levels, using 
the channel scheme of Table IV, and the corresponding figures for 241Pu 
are around 13% and 7% respectively. For 239Pu the probability of 1 + 
quasi-resonance formation is probably negligible, but is perhaps about 7% 
for the 0+ levels. 

C D . BOWMAN: I should like to mention that we have measured the 
232U fission cross-section using the spark chamber and find a resonance 
structure which is similar to that for 239Pu. We were able to detect up to 
4000 events per channel in the peaks of the resonances and we measured 
peak-to-valley ratios of almost 103. I hope we can get a meaningful fit 
using the multi-level formalism. 
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Abstract 

MEASUREMENTS OF ETA, ALPHA AND NEUTRON CROSS-SECTIONS FOR 239Pu ON THE HARWELL 
NEUTRON TIME-OF-FLIGHT SPECTROMETER. Eta values and total and fission cross-sections have been 
measured using the Harwell 45-MeV electron linear accelerator neutron time-of-flight spectrometer. 
The 34.9-m flight path, with a resolution of 7.2 ns/m, was used for the energy range 10 eV to 1 keV • 
and the 97.5-m flight path, with a resolution of 2. 5 ns/m, was used for the energy range from 50 eV to 
30 keV. The experimental methods employed were similar to those of Brooks et a l . , in which the fission 
neutron yield and the transmission of a number of samples of different thicknesses are measured together 
with the shape of the incident neutron spectrum, all the measurements being made with the same resolution. 

In the yield measurements, fast neutrons from fission events were detected in liquid scintillators, 
and pulse-shape discrimination was used to reject events caused by gamma rays. The transmission measure
ments were performed with a lithium glass scintillator, and a 1/v detector was used to measure the spectrum. 
Backgrounds were measured using the "black resonances" technique. 

The measurements at 34.9 m have been normalized in the region of 10 eV to the eta values obtained 
by Brooks et al. and the eta values from the 97. 5-m measurements have been normalized to the 34. 9-m 
measurements in the region of 50 eV. The results have been corrected for multiple scattering in the 
samples. 

Capture cross-sections have been derived from the total and fission cross-sections by assuming 
values for the scattering cross-section. A direct measurement of alpha (the ratio of the capture-to-fission 
cross-sections) is in progress over the energy range 10 eV to 30 keV. This will lead to a better estimate 
of the capture cross-section since alpha measurements are not so sensitive to the magnitude of the scattering 
cross-section. 

1. INTRODUCTION 

The increasing interest in fast breeder reactors has led to a require
ment for accurate, high resolution measurements of the total and partial 
cross-sections and related quantities (e.g. alpha, the ratio of capture and 
fission cross-sections) of 239pu over an energy range extending far into 
the kilovolt region. The fission cross-section has been measured by a 
number of workers but the recent experiments of James [1] and 
de Saussure et al. [2] using gas scintillation counters and Shunk et al. [3] 
using solid-state fission fragment detectors and the Petrel nuclear 
explosion as a source of neutrons are the first to attempt high resolution 
measurements in the eV and keV regions. There are no high resolution 
measurements of eta, the number of neutrons produced per neutron ab
sorbed, and alpha above 11 eV and data of any description on the capture 
cross-section are very scarce. 

To obtain high resolution using time-of-flight techniques, it is 
necessary to use long flight paths. Using an accelerator to produce 
neutrons, the number incident on any reasonable size of sample at such 
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distances becomes small and in practice background conditions make it 
impossible to use thin samples. Hence thick samples must be used and 
then the only method of measuring the fission cross-section is to detect 
the neutrons emitted in the fission process. This immediately raises a 
difficulty in the calculation of the fission cross-section because in general 
the multiple scattering of the incident neutrons cannot be neglected except 
where the sample is "thin" (no « 1). However, if measurements of fission 
neutron yield and neutron transmission are made with identical energy 
resolution values of eta can be obtained which, for a "thick" sample 
(пст»1), require negligible correction for multiple scattering. There
fore, if both measurements are made for samples of different thickness, 
the resulting data must be weight-averaged so that the results obtained 
from the thinnest samples have the highest weight for the fission cross-
section and the lowest weight for eta. To normalize the results of the 
experiment it is necessary to do so in a region of high cross-section where 
the statistical errors are low and the data from previous experiments are 
best known. Since all samples are relatively thick in these energy regions 
the errors on the results are lowest if they are normalized through eta 
which is related to the fission cross-section by the formula: 

^P °f 
ri = — (1) 

aT - crs 

where Pp = average number of prompt neutrons emitted per fission 
<j f =• fission cross-section 
OL, = total cross-section 
CTS = scattering cross-section 

A measurement of eta and Of requires the measurement of the incident 
neutron spectrum in addition to the fission neutron yield and the trans
mission. Once we have calculated cxT from the transmission data we can 
deduce the capture cross-section from the equation: 

CTT = CTf + °c + CTs i 2 ) 

We can also calculate alpha from the relation 

a = — - 1 (3) 
1 

In this paper preliminary results of aT and <jf only will be presented. 

2. EXPERIMENTAL METHOD 

Two measurements of eta and the fission cross-section of 239Pu, 
covering the energy regions 10 eV to 2 keV and 50 eV to 30 keV, have been 
made on the 45-MeV Harwell Linear Accelerator time-of-flight spectro
meter. The experiments will be referred to as the lower energy experi
ment and the higher energy experiment, respectively. In the experiments, 
fast fission neutrons from thick samples were detected by liquid scintillation 
counters and pulse shape discrimination was used to reject y~ rays resulting 
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TABLE I. EXPERIMENTAL DETAILS 

Energy range 

Neutron pulse width 
(unmoderated) 

Timing channel width 

Flight path length 

Resolution 

Permanent "black" 
filter in beam 

Detectors used to 
measure spectrum 

Lower energy experiment 

10 eV-2 keV 

220 ns 

125 ns 

34.9 m 

7. 2 nsAn 

Sodium 

BFS 10 eV-100 eV 
6Li glass 100 eV-2 keV 

Higher energy experiment 

50 eV-30 keV 

220 ns 

125 ns 

97. 55 m 

2. 5 ns/m 

Aluminium 

6Li glass 50 eV-30 keV 
10B plug 50 eV-30 keV 

from neutron capture and spontaneous decay of the samples. The experi
mental conditions for the two measurements are shown in Table I. Back
grounds were measured by the use of resonance filters. In each experi
ment the fission neutron yield, the transmission and the incident neutron 
spectrum were measured at the same resolution. Three 239рц samples 
2.9 in. in diam. were used in the yield and transmission measurements 
with n-values of 0.02433, 0.00440 and 0.00115 atoms/barn. The two 
thickest samples contained 1.8% of ^Opu and the thinnest 3.2%. For safety 
reasons, the 23?Pu samples were contained iri aluminium cylinders 3 in. in 
diam. and 12 in. long, the samples being fixed at the centre to minimize 
the effect of neutrons scattering in the ends. Lithium-loaded glass 
scintillators were used in the transmission measurements and Table I 
shows the detectors used to measure the spectrum in each experiment. 

The time-of-flight of each event was recorded on a 1-in. magnetic 
tape recorder fitted with a five-word input buffer so that several events 
could be recorded per timing cycle. The number of time channels used 
was 8192. A PDP-4 computer was used to analyse the events into time 
spectra. The calculation of the cross-sections was done on an IBM 7030 
computer using the programme originally written by Brooks [4] which 
had been extensively modified. 

3. THE CALCULATION OF THE TOTAL CROSS-SECTION 
The total cross-section was calculated from the transmission data of -

the three samples making allowances for the aluminium container and the 
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impur i t i e s in the s a m p l e s . Since the samples were not thin the re was 
appreciable se l f - sc reen ing in the s t ronge r r e sonances . In the absence of 
perfect resolut ion, this causes an e r r o r in the calculated c r o s s - s e c t i o n . 
In an attempt t© reduce e r r o r s caused by this effect, the minimum t r a n s 
miss ion acceptable for the calculation of the c r o s s - s e c t i o n was reduced in 
s teps as the energy and the resolut ion broadening inc reased . In this way, 
the th inner samples only w e r e used in calculat ing the peaks of the c r o s s -
sect ion. The total c r o s s - s e c t i o n and e r r o r were calculated for each 
sample at each channel and the average found by weighting the value for 
each sample according to i t s e r r o r . 

THE CALCULATION OF ETA AND FISSION CROSS-SECTION 

The yield of fission neut rons in t iming channel i i s given by 

N,j3 AiVpiDi + H i + L i ) + i 7 p C i (4) 

where Nj = number of incident neut rons 
|3 = efficiency of the fission neutron detec tor 
Af = fraction of incident neutrons which in te rac t in the sample 
Di = probabil i ty of in teract ion being a d i rec t fission 
H¡ = probabil i ty of sca t te r ing from high Z m a t e r i a l s in the sample , 

e . g . 239Pu and other f issi le o r fer t i le m a t e r i a l s , and then 
causing fission 

Li = probabil i ty of sca t te r ing from low Z impur i t i e s in the sample 
and then causing fission 

Ci = probabil i ty of sca t te r ing from the ends of the can and then 
causing fission 

Now eta i s given by 

*t - ^ (5) 

where Ii = fraction of incident neut rons absorbed in the 2 3 9Pu. There fore 

kY; v. 
TJ, 

N i A i I i 
X + H i + Li (6) 

with /3 replaced by a normalizing factor k. 
The fission cross-section ст, is then calculated from Eq.(l)-
The most serious problem encountered when calculating the values of 

eta and af at each energy is that of multiple scattering of the incident 
neutrons. We have assumed that in these measurements the scattering is 
elastic. In calculating the correction due to scattering the effect of only 
one scatter is taken into account. The correction is done starting at the 
low energy end of the range of energies used in the experiment and working 
channel by channel towards the high energy end. All scatters are assumed 
to take place on the axis of the sample at a depth equal to that penetrated 
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by half of the neut rons which in te rac t at the incident energy. At each 
t iming channel the co r rec t ion i s calculated as follows. The energy of the 
next lower energy channel i s found and the angle through which the neutron 
would have to s c a t t e r to have that energy i s calculated. The probabil i ty 
of the sca t t e red neutron subsequently producing a fission i s calculated 
taking the finite s ize of the sample into account and using the data which, 
have a l ready been c o r r e c t e d . This probabil i ty i s calculated for those 
channels corresponding to the range of possible energy loss and then 
averaged. The average probabil i ty i s then multiplied by the probabil i ty of 
the neutron sca t te r ing once to give the cor rec t ion factor . 

5. THE SCATTERING CROSS-SECTION USED IN THE CALCULATIONS 

The following cons idera t ions were made in deciding what to use for 
the sca t t e r ing c r o s s - s e c t i o n at each energy. The sca t te r ing c r o s s - s e c t i o n 
i s made up of two p a r t s , the potential sca t te r ing and the resonant sca t te r ing . 
In 239PU t h e r a t i o of the neutron width Гп to the total width Г of the r e s o 
nances i s often as much as 20% and it i s c l ea r that the resonant sca t te r ing 
t e r m cannot be neglected. However, since the sca t te r ing c r o s s - s e c t i o n has 
not been m e a s u r e d over the energy range under considera t ion it must be 
found by o ther m e a n s . Up to 300 eV the neutron and total widths of many 
of the r e sonances have been measu red [5, 6] and we have used these data 
to const ruct a sca t t e r ing c r o s s - s e c t i o n a$i for t iming channel i from the 
re la t ion 

+ °nnt (?) T. "pot 1 p upot 

where crT = total c r o s s - s e c t i o n for channel i 
Cpot - potential sca t te r ing c r o s s - s e c t i o n 
r n i = neutron width of the resonance appropr ia te to channel i 
T\ = total width of the resonance appropr ia te to channel i 

This , of course i s a ve ry rough es t imate of the sca t te r ing c r o s s - s e c t i o n 
since it i s only a s ingle- leve l descr ipt ion and neglects in te r fe rence . 

Above 300 eV we have divided the energy range into 19 energy in te rva l s 
and used average va lues . The total width Г is given by 

Г = Г + Tf + Гу (8) 

where Гп, rf and Гу a r e the neutron, fission and radiat ion widths r e 
spect ively. Now, averaged over many resonances 1} i s reasonably 
constant as a function of energy. Ц i s also constant but average values of 
Гп show an energy dependence proport ional to *M. Thus for rf and П, 
in each in te rva l above 300 eV we have used the average of the values 
below 300 eV. F o r Гп we have taken the average below 300 eV suitably 
weighted for the different spin s ta tes and modified this in each in terva l 
to account for the energy dependence. The total width in each in te rva l 
was then found from the sum of the pa r t i a l widths . The potential sca t te r ing 
c r o s s - s e c t i o n has been m e a s u r e d by Uttley [7] and is essent ia l ly constant 
at 10.3 ± 0.5 ba rns up to 30 keV. 
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FIG.l. Total cross-section of 239Pu 

6. SPECTRUM MEASUREMENTS 

The measurements of the spectrum on each flight path were initially 
done with a thin lithium glass scintillator; In estimating the efficiency of 
the detector it was assumed that the 6Li(n, a) cross-section varies as 1/Л1Г 
up to 30 keV and corrections for multiple scattering of the neutrons were 
made using a Monte Carlo programme [8] . When the spectra were 
examined they were found to disagree above 1 keV with previous measure
ments using detectors based on the 10B(n,a) reaction on other flight paths. 
It was thought that the discrepancy might be due to the 6Li(n, a) reaction 
deviating from a 1/s/Ë" dependence. To test this, the spectra were re-
measured using a BF3 counter on the 34.9-m flight path and a thin 
10B sample, with Nal counters to detect the 7-ray emitted in the reaction 
10B(n,ay), on the 97.5-m flight path. The spectra determined by these 
techniques agreed up to «25 keV with the first measurement to within an 
accuracy of ± 5%. Thus, if the 10B(n, a) cross-section is proportional to 
1/s/Ë"up to 25 keV, we can say that the 6Li(n,a) cross-section has the same 
energy variation within ± 5%. Although we are now satisfied that we have 
measured the correct spectrum shape the original discrepancy remains 
and it is now thought that it may be due to a difference in each flight path 
geometry with respect to the "booster" target. 



CN-23/30 123 

10 20 30 40 50 

NEUTRON ENERGY (eV) 

FIG. 2. Fission cross-section of 239Pu. The dotted lines indicate regions where the cross-section is too 
low to be measured. 

7. NORMALIZATION OF ETA 

The lower energy experiment has been normalized at 10.95 eV to 
n = 2.041 as measured by Brooks et al. [9] . The higher energy experiment 
was normalized to r\ = 1.492 at 65.7 eV as found by the lower energy 
experiment. In the calculations, the average number Fp of prompt neutrons 
produced per fission was assumed to have the constant value of 2.864. 

8. ERRORS 

The computer programme used to calculate the final results also 
produced an estimate of the e r ro r on each quantity at each channel. Statisti
cal e r rors together with an e r ror for the assumed scattering cross-section 
were taken into account in the calculation of the final channel e r ror . In the 
resonance region, the statistical e r ror on the number of counts in each 
timing channel, after the subtraction of background, varied from » 3% on 
the peaks to « 100% in the valleys. At higher energies, although the cross-
section is falling, there are more incident neutrons per channel and again 
statistical e r rors of « 3% were'achieved. 

The source of the largest e r ro r in the calculations lies in the 
correction for multiple scattering of the neutrons. Firstly, only single 
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FIG. 3. Fission cross-section of 239Pu 

scatters have been considered and where the correction for scattering is 
largest this will lead to an e r ror of a few per cent. Secondly, the scattering 
cross-section used in the calculation is only a very rough estimate of the 
actual cross-section. The er rors on Г and Гп are typically 10-30% and it 
has been assumed that the e r ror on the resonant part of a¿ is 50%. Eta 
and Of have been calculated using the scattering cross-section as previously 
described and also assuming that the only contribution to the scattering 
comes from the potential scattering term. In the worst case, the dif
ferences between the values of eta and 07 obtained by the two calculations 
were 3% and 7%, respectively. The two scattering cross-sections at that 
point differ by a factor of eight and the results indicate that a 50% er ror on 
the scattering cross-section will introduce er rors of less than 2% and 4% 
in eta and 07. 

Systematic er rors arise from two sources. The subtraction of back
ground is the first and this will have its greatest effect at the low energy 
end of each experiment. In the yield measurements, most of the back
ground originates from the spontaneous fission of the 240Pu contaminant and 
since this is time independent, it can be measured accurately. Only in 
those valleys where the fission cross-section lies in the range zero to 
less than 10 b will the e r ror in the background have any appreciable effect. 
In other regions, background subtraction should result in an e r ror of <3%. 

The processes of normalization may also produce a systematic er ror . 
The low energy experiment is normalized to the results of an experiment 
which itself was normalized at thermal energy. The higher energy experi
ment has been normalized in a region where the error on eta is 3%. 
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FIG. 4. Fission cross-section of 239Pu 

The use of three samples and the weighting of the individual results 
according to their e r rors to produce the final result has the effect,of re
ducing the e r rors due to random sources. 

9. RESULTS 

Figures 1-4 show provisional Of and стт data as a function of neutron 
energy from the two experiments. Of particular interest are the regions 
of very low cross-section between 2 0 eV and 40 eV. In Fig. 2 these are 
indicated by the dotted lines. In these regions the fission cross-section 
is too low to be measured. An upper limit of about 2 b can be placed on the 
cross-section since, as can be seen in Fig. 1, the total cross-section in 
these regions becomes almost equal to the potential scattering cross-
section of 10.3 b. The regions of almost zero fission cross-section agree 
well with those found by Shunk et al. [3] . In Figs. 1-4, every tenth point 
shows the error , as calculated by the programme, resulting from statistics 
and the scattering cross-section error . 

Values of alpha have been derived from averages of the capture and 
fission cross-sections. Present results indicate that alpha is high up to 
10 keV and then falls off rapidly to about 0.5 at 25 keV. However, de
ductions of alpha from these data may be greatly in e r ro r if the scattering 
cross-section does not behave as we have assumed in section 5. In 
particular, at about 600 eV there is a break in the curve of average fission 
cross-section as a function of energy. The changes in the fission cross-
section may be reflected in changes in the other partial cross-sections 
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and therefore any deduced values of alpha may well be in e r r o r in this 
energy region. 

The analysis of these data i s continuing and the co r r ec t ions a r e being 
studied in g r e a t e r detai l . One of the advantages of measur ing crT and af 
with ident ical energy resolut ion i s that the capture c r o s s - s e c t i o n crc can 
be deduced from Eq. (2) assuming a knowledge of the sca t te r ing c r o s s -
sect ion. This technique has been used sa t is factor i ly by Brooks et a l . 
[10] for 235U. However in ^ U the ra t ios of the neutron to total width of 
the resonances a r e on average very sma l l and hence the resonant sca t t e r ing 
contribution to as i s also smal l and can be neglected. In the case of 239pu 
the neutron widths a re much l a r g e r and the resonant sca t te r ing contribution 
becomes impor tant . Thus the capture c r o s s - s e c t i o n deduced from Eq.(2) 
will be subject to the e r r o r s introduced by the assumpt ions made in 
sect ion 5. 

10. DIRECT MEASUREMENT OF ALPHA 

To m e a s u r e the value of a, the ra t io of the cap tu re - to - f i s s ion c r o s s -
sec t ions , for 239Pu an exper iment i s in p r o g r e s s on the 35-m flight path. 
The detection sys tem cons is t s of liquid scinti l lat ion counters , which a r e 
used to detect the fast neutrons produced by fission events by using the 
pu lse -shape d iscr iminat ion technique, and Moxon-Rae counters which detect 
the 7 - r a y s produced by the fission and capture events . If Nn and Ny a r e the 
number of counts in the two counters respect ive ly , then 

Nn = фщ (9) 

Ny = Amy+0n f (10) 

where n y and nf a r e the number of capture and fission events , and ф, ц and 
в a r e cons tan ts . If these equations a r e combined a can be de te rmined from 
the following formula 

a = <f>rf - u (11) 
iNn 

where ф and и a r e constants which can be de termined by normal iza t ion . 
This technique has the advantage over the m e a s u r e m e n t s descr ibed 

e a r l i e r that for samples of th ickness l e s s than 0.001 a t o m s / b a r n the 
co r r ec t ions requi red to allow for the mult iple sca t te r ing of the incident 
neutron beam in the sample a re sma l l . 

It i s planned to make m e a s u r e m e n t s using this technique over the 
energy range 10 eV to 30 keV. 
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DISCUSSION 

J, RYABOV: I should like to mention that similar measurements of 
radiative capture and fission cross-sections and of alpha have been carried 
out for 239Pu using time-of-flight methods with a liquid detector containing 
Cd. This work was performed on the Joint Institute for Nuclear Research 
(J . I . N. R. ) pulsed fast reactor at Dubna in the neutron energy range 5 eV 
to 23 keV with a resolution of about 60 ns/m (see Preprint P-2713, J . I . N. R. 
Dubna). 

J . J . SCHMIDT: Your a-measurements in the range 1 to 10 keV on 
239Pu yield values between 1.5 and 2.5 and these are higher than the 
corresponding KAPL (Knolls Atomic Power Laboratory) values of about 
0.5 to 0.6 by a factor of 3 to 4. Comparison of multigroup calculations 
with measurements of the space dependence of â in the EBR-I (Crouthamel 
et al. ) seems to indicate that the a-values used in the calculations based 
on the above KAPL measurements are somewhat too low, but not by a 
factor of 3 or 4. I should therefore like to ask whether there is any 
explanation for the discrepancy between your a-measurements and the 
KAPL ones. 

B.H. PATRICK: The values of alpha deduced from these measurements 
are subject to the assumptions made in the construction of the scattering 
cross-section. The average total cross-section falls off fairly smoothly 
as a function of energy, whereas the fission cross-section has a sharp 
change in level at « 600 eV. Since we do not measure the capture or 
scattering directly, we do not know how this break is reflected in them 
and hence the scattering cross-section we have used may be incorrect. 
In the values of alpha deduced from this experiment we have assumed that the 
resonant part of the scattering cross-section is « 2 b in the kilovolt region. 
An er ror in this quantity may have a considerable effect on the a-values 
deduced here. 
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Abstract — Résumé 

TOTAL AND FISSION CROSS-SECTIONS OF 237Np. The total and fission cross-sections of 237Np 
were measured at Saclay by the time-of-flight method. The samples used in transmission were in oxide 
form, with thicknesses of 0. 0066 and 0.002 atoms per barn. With resolutions of 7 ns/m (between 0.5 eV and 
25 eV) and 2 ns/m (between 20 eV and 300 eV), the authors were able to detect a number of new resonances 
below 100 eV and to extend the previously known data beyond 100 eV. Analysis was extended up to 200 eV 
and yielded parameters for a large number of resonances on which only very little information had been 
available earlier. 

The fission cross-section was measured by means of a large gas scintillator containing 2 g of fissionable 
material. The paper gives a brief description of the equipment used. The resolution was 10 ns/m, but 
the smallness of the cross-section below the fission threshold is such that only about 25 resonances (as 
against 250 in transmission) can be observed between 0. 5 eV and 300 eV. The largest of these resonances 
corresponds to a o0 Tf of about 1 .7b- eV. The fission widths are given for all the resonances observed and 
a maximum value for the others. Extensive fluctuations are observed in the values of Tf accompanied, 
however, by a slow oscillation of the mean value with energy, which tends to group the resonances by 
packets. 

SECTIONS EFFICACES TOTALE ET DE FISSION DE 237Np. La section efficace totale et la section 
efficace de fission de 237Np ont été mesurées â Saclay par la méthode du temps \ie vol. Les échantillons 
utilisés en transmission étaient sous forme d'oxyde avec des épaisseurs de 0, 0066 et 0,002 a t /b . Des 
résolutions de 7 ns/m entre 0,5 eV et 25 eV et de 2 ns/m entre 20 eV et 300 eV ont permis de mettre en 
évidence au-dessous de 100 eV un certain nombre de résonances nouvelles et d'étendre au-delà de 100 eV 
les données connues jusqu'ici. L'analyse a été poussée jusqu'à 200 eV et fournit les paramètres d'un grand 
nombre de résonances pour lesquelles on n'avait encore que très peu de renseignements. 

La section de fission a été mesurée au moyen d'un scintillateur gazeux de grandes dimensions contenant 
2 g de matière fissile. On donne une brève description de l'appareillage. La résolution était de 10 ns/m, 
mais'la faiblesse de la section efficace, au-dessous du seuil de fission, est telle qu'on n'a pu observer, 
entre 0,5 eV et 300 eV, qu'environ 25 résonances contre plus de 250 en transmission. La plus grande de 
ces résonances correspond à une valeur de o0rf d'environ 1,7 b-eV. On donne les valeurs des largeurs 
de fission de toutes les résonances observées ainsi qu'une valeur maximale pour les autres. On observe 
de grandes fluctuations dans les valeurs de Tf avec cependant une oscillation lente de la valeur moyenne 
avec l'énergie qui tend à grouper les résonances par paquets. 
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Abstract — Аннотация 

FISSION CROSS-SECTIONS OF PLUTONIUM-238 AND AMERICIUM-241 FOR MONOCHROMATIC 
RESONANCE NEUTRONS. A study has been made of the dependence of the fission cross-sections of 
plutonium-238 on neutron energies in the range 0. 02- 100 eV and of americium-241 in the range 0.02-50eV. 
The paper gives results of measurements of o f lr for the first five resonances of plutonium-238. Fission 
widths have been estimated for three resonances of plutonium-238 and thirteen resonances of americium-241. 
Measurements of the dependence of the fission cross-sections of isotopes of transuranium elements in the 
resonance range of neutron energies is becoming of increasing importance, both as regards the design and 
installation of nuclear reactors with high neutron flux and in connection with fission physics. Special 
reference was made to the letter aspect of this work at the Salzburg Symposium on the Physics and Chemistry 
of Fission. The problems involved in making such measurements are mainly due to the marked instability 
of most of the isotopes of transuranium elements in respect of ordecay (and in some cases in respect of 
spontaneous fission) and also to the small cross-section values resulting from their sub-barrier fission. 
Thanks to the work carried out in the Soviet Union and other countries, it has been possible in recent years 
to make considerable progress in overcoming the difficulties due to the high specific a-activity of the 
materials in question. This has made it possible to measure the fission cross-sections of a number of 
isotopes of transuranium elements in the resonance range of neutron energies. 

The paper reports measurements of the fission cross-sections of plutonium-238 and americium-241 
using the time-of-flight method on the linear electron accelerator of the I. V. Kurchatov Institute of 
Atomic Energy. 

СЕЧЕНИЕ ДЕЛЕНИЯ ПЛУТОНИЯ-238 И АМЕРИЦИЯ-241 МОНОХРОМАТИЧЕСКИМИ 
РЕЗОНАНСНЫМИ НЕЙТРОНАМИ. Исследована зависимость сечения деления плутония-
238 от энергии нейтронов в интервале 0,02 - 100 эв и америция-241 в интервале 0 , 2 - 5 0 э в . 
Приведены результаты определения величины ст0Г для первых пяти резонансов плу-
тония -238 . Для трех резонансов плутония-238 и 13 резонансов америция-241 оценены 
делительные ширины. 

Измерение зависимости сечений деления изотопов трансурановых элементов в р е з о 
нансной области энергий нейтронов приобретает все большее значение как в связи с проек
тированием и строительством ядерных реакторов с высоким потоком нейтронов, так и с 
точки зрения интересов физики деления. На последний аспект этой задачи было указано , 
в частности, на симпозиуме по физике и химии деления в Зальцбурге . Трудности проведе
ния подобных измерений связаны, в основном, с сильной неустойчивостью большинства 
изотопов трансурановых элементов по отношению к ff-распаду (а в некоторых случаях и по 
отношению к спонтанному делению), а также с небольшими величинами сечений, вследствие 
подбарьерности их деления. В последние годы, благодаря исследованиям, проведенным в 
Советском Союзе и в ряде других стран, удалось существенно продвинуться по пути пре 
одоления трудностей, вызываемых большой удельной a-активностью исследуемых м а т е р и а 
л о в . Это позволило произвести измерения сечений деления некоторых изотопов транс 
урановых элементов в резонансной области энергии нейтронов. 

В докладе сообщается об измерениях сечений деления плутония-238 и америция-241 , 
выполненных по методу времени пролета на линейном ускорителе электронов Института 
атомной энергии и м . И . В . К у р ч а т о в а [1] . 
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Для улучшения соотношения между постоянным фоном, создаваемым 
«-излучением и осколками спонтанного деления (при работе с плуто-
нием-238), измерения проводились на небольшом пролетном расстоянии 
~ 2 1 0 с м . Поэтому детектирующая аппаратура располагалась внутри 
биологической защиты ускорителя. Полное временное разрешение 
спектрометра нейтронов равнялось 2; 0,7 и 0,3 мксек /м при энергиях 
нейтронов 1; 10 и 100 эв соответственно (ширина канала анализатора — 
0,25 мксек, длительность нейтронного импульса - 0,2 мксек) . Сущест
венный вклад в разрешение внесла неопределенность, 'связанная с р а з 
мерами мишени ускорителя. Эта неопределенность была оценена из 
экспериментальных данных и оказалась равной ~ 4 с м . 

Измерения сечений деления производились одновременно с помощью 
двух искровых счетчиков, расположенных в общем объеме друг за другом. 
В одном из счетчиков находилась мишень с ~ 1 , 1 мг плутония-238, содер
жащая небольшие примеси других элементов: 

P U 2 3 9 _ 7 - 1 0 - 4 A m 2 4 1 - 5 - Ю - 5 C m 2 4 2 - 1 0 " 9 

P u 2 4 0 - 2 ' 1 0 - 4 Am 2 4 2 - 1 , 5 - 1 0 " 5 C m 2 4 4 - Ю - 3 * 
Am 2 4 3 - 7 • 10"4 

В другом счетчике была мишень с ~ 2 5 - 3 0 мг америция-241. 
Импульсы от счетчиков подавались на два 1024-канальных временных 
анализатора. 

Нейтронный поток, необходимый для расчета относительного хода 
энергетической зависимости сечения деления, измерялся коронным 
счетчиком типа СНМ-13 с твердым борным покрытием. В результате 
измерений введена поправка на самоэкранирование при энергиях нейтро
нов £ 2 э в . 

Фон для деления и нейтронного потока определялся в отдельных 
сериях измерений с резонансными фильтрами Cd, I n , Ag, Mo и Со в 
пучке нейтронов. Постоянный фон от or-излучения и спонтанного деле 
ния, кроме того , измерялся в конце каждого цикла работы ускорителя 
в течение (2 — 4) 10 3 мксек . До энергии <5 эв фон в основном склады
вался из счета or-частиц и осколков спонтанного деления 
(~0,4 имп/час • мксек для плутония-238 и ~ 0 , 8 имп/час • мксек для 
америция-241); при Е п > 5 эв сильно возрастал нейтронный фон. Выше 
15 эв в измерениях с америцием-241 нейтронный фон во много раз пре
вышал эффект от деления в провалах между резонансами, и статисти
ческая точность результатов мала . Средняя скорость счета осколков 
в резонансах при энергии 1,27 и 10,05 эв равнялась ~ 4 и 1,7 имп/час 
соответственно. Всего в резонансе при энергии 1,27 эв в сериях и з м е 
рений с шириной канала анализатора 0,25 мксек зарегистрировано 
460 имп. Статистическая точность измерений сечения деления в про
валах между резонансами не лучше 30 — 100%. 

При измерениях с плутонием-238 до энергии <100 эв счет в прова
лах между резонансами практически совпадал с постоянным фоном. 
Выше 100 эв происходило возрастание нейтронного фона. Статистичес
кая точность измерений даже в резонансах не превышала 5%. 

Ниже приведены результаты измерений. 

-* Анализ состава выполнен на магнитном a-спектрометре в лаборатории 
С.А.Баранова. 
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Рис. 1. Сечение деления плутония-238. 

ПЛУТОНИИ-238 

, Сечение деления плутония-238 до энергии ~ 4 0 эв измерено с шири
ной канала анализатора 0,5 мксек, а выше 40 эв — 0,25 мксек . 

Наибольший интерес при исследовании сечения деления плутония-238 
могло бы представлять определение делительных ширин резонансов и 
анализ их распределений с точки зрения канальной модели деления. 
К сожалению, отсутствие надежных данных по полному сечению плуто
ния-238 и небольшой интервал энергий, в котором произведены измере
ния сечения деления с достаточно хорошим разрешением, затрудняют 
такой анализ. Для первых трех резонансов, для которых известны 
значения полной и нейтронной ширины, можно приближенно оценить вели
чину делительной ширины. Для остальных резонансов при энергии до 
100 эв определены лишь значения а 0 Г . Эти данные приведены в т а б л . 1 . 

Среднее значение делительной ширины для трех резонансов равно 
(7 ±4) Мэв . Это значение близко к величине, которую можно получить 
путем расчета из соотношения Хила-Уилера, взяв параметры для барьера 
деления из работы Воротникова и д р . , в которой проанализированы 
пороги деления в области энергий нейтронов до 1,5 Мэв [4]. 

АМЕРИЦИЙ-241 

Сечение деления америция-241 в области энергий нейтронов до 
0,9 эв измерено с шириной канала анализатора 1 мксек, а выше 0,9 эв 

ТАБЛИЦА 1. ст0Г ДЛЯ ПЛУТОНИЯ-238 

Е0, эв 

2,89 
9,98 

18,56 
70,3 
83,2 

r f , мэв 

0,5±0,2 
11 ±6 
11 ±6 

а0Г, барн • эв 

0,76±0,15 
7,8 ±0,6 

14,0 ±1,0 
6,3 ±0,7 

20,0 ±1,8 
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Рис. 2. Относительный ход a f(E). 
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Р и с . 3 . Относительный ход af(E). 

с 0,25 мксек . Результаты измерений до ~ 1,5 эв суммированы по четыре 
канала для уменьшения числа точек. Привязка отдельных серий произ
ведена по площади резонанса при энергии 1,27 э в . 

Относительный ход сг,(Е) (рис.2 и 3) нормирован при энергии 0,0253 эв 
к величине 3,13 барна [5]. 

Из экспериментальных данных для 13 резонансов при энергий < 15 эв 
определено отношение параметров Г г / г методом анализа площадей. 
Значения grn° для расчета взяты в [3]. Результаты приведены в табл . 2 . 

Среднее значение делительной ширины, рассчитанное из параметров 
первых резонансов при условии, что Г = 50 Мэв, равно 0 ,22±0 ,08 М э в . 

Автор благодарит В . С.Загорнова за помощь при проведении экспе
римента и обработке данных, В .С.Зенкевича и М.И.Певзнера за обсуж
дение результатов . 
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ТАБЛИЦА 2 . T f / r ДЛЯ АМЕРИЦИЯ-241 

Е 0 , эв 

0,306 
0,575 
1,27 
1,68 
1,93 
2,36 
2,60 

.4,00 

(Гг /Г)Ч02 

0,76±0,12 
0,34 ±0,05 
0,74 ±0,07 

-
0,16±0,03 
0,45 ±0,15 
0,32±0,10 
0,36±0,09 

Е 0 , эв 

4,40 
5,05 
5,48 
6,20 
9,30 

10,05 
15,04 

( Г т / Г ) - 1 0 а 

-
0,55±0,25 
1,01 ±0,10 
0,51 ±0,25 
0,59±0,2i5 
3,2 ±0,6 
0,85 ±0,20 
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D I S C U S S I O N 

C D . BOWMAN: We have m e a s u r e d the f ission c r o s s - s e c t i o n s of 
238pu U S ing the spa rk chamber as fission de tec tor and the L i v e r m o r e 
linac as neutron sou rce , and have found a r e a s of r e sonances up to 300 eV. 
When these r e su l t s a r e combined with total c r o s s - s e c t i o n m e a s u r e m e n t s 
per formed at Idaho F a l l s , a complete set of r e sonance p a r a m e t e r s i s 
obtained for many r e s o n a n c e s . This nucleus i s a lmost ideal for a s e a r c h 
for the (n, 7f) react ion d i scussed by Dr . Lynn, where the nucleus cap tu res 
a neutron and fo rms a compound nucleus , which decays by g a m m a 
emiss ion to a new compound nucleus with different spin and pa r i ty . The 
nucleus might s t i l l have sufficient energy for fission, provided a channel 
for fission i s open for the new spin and pa r i ty . Since fission from s-wave 
r e sonances i s s t rongly inhibited in this nucleus , nea r ly al l the observed 
f iss ions might be via the (n,7f) reac t ion . 

Since the fission event has a gamma ray as a p r e c u r s o r , the fission 
width dis t r ibut ion i s c h a r a c t e r i z e d by many channels r a t h e r than by a few, 
as in o rd inary f ission. The fission width dis t r ibut ion for th i s nucleus i s 
cha rac t e r i zed by 7 ± 1.5 channels , providing s t rong evidence for this 
reac t ion in ^ P u . 

M. J . B . NEVE de MEVERGNIES (Chai rman) : Are the r e sonances 
which show a f ission component in 2 3 8Pu assoc ia ted with pa r t i cu la r ly sma l l 
values of Гп (if the l a t t e r a r e known)? 

V . F . GERASIMOV: At p re sen t the neutron widths for ^вРи a r e known 
only for the f i rs t t h r ee r e sonances , so such a co r re l a t ion can hardly be 
a s sumed . 
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Abstract 

MEASUREMENT OF THE NEUTRON TOTAL CROSS-SECTION OF ^Pu. The neutron total cross-
section of 240Pu has been determined by time-of-flight techniques in the energy range from 20 eV to 
about 800 eV. For 36 of 42 resonances in this region values for r£ have been determined by shape analysis. 
Between 800 eV and 5 keV the resonance structure has been investigated. In this energy range 116 resonances 
could be detected. The experiment was performed with the CBNM 60-MeV electron linear accelerator as 
a pulsed neutron source. Nominal resolutions are given. 

1. INTRODUCTION 

Because of its high neutron resonance capture cross-section 240Pu 
plays an important role in reactor neutron economy. On the other hand 
the knowledge of the resonance parameters of this isotope is rather 
limited. Up to now only a few very high resonances at low neutron 
energies could be investigated with a fair degree of accuracy. Above 
120 eV no resonance widths are evaluated and resonance energies are 
only known up to 1 keV [1-4]. 

The published low-energy cross-section data may satisfy the design 
requirements for thermal reactors. Resonance parameters needed for 
fast reactor Doppler coefficient calculations are, however, almost 
completely missing. 

This lack of data was chiefly caused by the limited quantities and 
enrichments of the available 240Pu samples. To improve this situation 
a batch of 7 samples of 240Pu with a total weight of about 87 g and excellent 
isotopic purity has been recently supplied by the United States Atomic 
Energy Commission. Three of these samples could be used in the experi
ment described below. 

For 240Pu in principle the resonance energies and widths Г, ' Гп and Ту 
can be determined from transmission experiments alone applying shape 
and area analysis methods. The attainable accuracy depends, however, 
strongly on the range of available sample thicknesses. 

The demands on sample quantity are less stringent and the attainable 
accuracy of the resonance width determination can be considerably 
improved if transmission measurements are combined with capture or 
scattering measurements or, even better, with both together [5-7]. 

The high resolution transmission measurements to be described here 
represent the first part of such combined experiments. Capture and 
scattering measurements are planned. 

The results given in this paper have been obtained with the 60-MeV 
electron linear accelerator of EURATOM, which is operated by the 
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Central Bureau for Nuclear Measurements (C. B. N. M. ) since April this 
year except for an intermediate period of two months. 

2. SAMPLES 

Three metallic discs of ^opu enriched to 98% and alloyed with 1. 15% 
(weight) aluminium have been used. The characteristics of these samples 
which were prepared by Los Alamos Scientific Laboratory are: 

Diameter: 7.62 ± 0.013 cm 
Total thickness of 
3 samples: 0. 675 ±. 0. 002 g/cm2 

Isotopic analysis: 238Pu: 
239pu 
24Qpu 

241PU 
2 4 2 p u 

0.004 ±0.002% 
1.43 ±0.02% 

97.92 ±0.04% 
0.52 ±0.03% 
0.12 ±0.01% 

3. MEASUREMENT PROCEDURE (see Fig. 1) 

Short neutron bursts of high intensity are produced by the linear 
accelerator electron beam impinging on a mercury-cooled natural uranium 
target. Table I shows the main characteristics of this pulsed neutron 
source. The neutrons are moderated by a polyethylene slab. (This is 
separated from an opposite one by a 10B layer to avoid resolution 
deterioration. ) They then enter an evacuated flight path of 100-m length 
along which they are collimated by sand and B4C-H2O collimators as shown 
in Fig. 2. The samples are placed half-way between target and detector in 
an automatic sample changer. 

The detector consists of a slab of 10B powder (11 cm X 11 cm X 2 cm) 
viewed laterally by 4 Nal crystals (4 in.diam. X3 in. ) and XP 1040 photo-
multipliers. The total detection system is shielded with lead, barytes 
concrete, LÍ2CO3 and paraffin. 

Neutron flight times are measured with a 4096 channel time analyser. 
(Channel widths are selectable between 10 ns and 2. 56 jus. ) The treatment 
of the detector signals follows conventional methods. The data acquisition 
is fully automatic. Extraneous backgrounds were determined by means 
of the "black resonance" technique. 

10B overlap filters and Linac burst frequencies were chosen in such 
a way that the reaction rate due to overlap neutrons was less than 1% of 
that of the "useful" neutrons. 

4. DATA HANDLING 

The transmission data accumulated in the multichannel analyser are 
recorded on magnetic tape. These magnetic tape data are then checked 
for validity and reduced on a small computer (IBM 1401). A tele
processing system (IBM 7702) transfers the reduced data at a speed of 
150 characters/sec via telephone lines to the EURATOM Computer Centre 
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T A B L E I. MAIN CHARACTERISTICS O F T H E C. B . N . M. LINAC 

Burst width Maximum frequency ' Peak current 
(Hz) (A) 

10 ns 1000 3.6 
100 ns 880 1.2 

lus 380 0.4 
2 us 250 0.4 

CETIS at Ispra (distance 1000 km). Here the data are analysed on an 
IBM 7090 computer to get the resonance parameters. Results of this 
analysis are retransferred to Geel by the tele-processing system and 
listed by the small computer or plotted by a digital plotter operated by a 
magnetic tape unit. 

5. RESULTS 

Total cross-sections, not corrected for Doppler and resolution effects, 
were determined in the energy range from 20 eV to 800 eV. They are 
partly shown in Fig. 3 and Fig. 4. In the energy range between 800 eV and 
5 keV only sample-in measurements were performed. Figures 5a and b 
demonstrate the resonance structure of 240Pu in that range. Nominal 
resolutions (Atburst + Atchannei/L varied as follows: 

Energy range Nominal resolution 
20 eV - 210 eV 6 ns/m 

210 eV - 310 eV 1. 8 ns/m 
310 eV - 800 eV 0. 9 ns/m 
800 eV - 5000 eV 0. 9 ns/m 

158 resonances have been found between 20 eV and 5 keV (Tables II and 
III). Figure 6 presents the cumulative number of levels versus neutron 
energy. It indicates that above about 1 keV an increasing number of levels 
remained undetected. Since the resolution of the spectrometer can still 
be increased by choosing channel and burst widths of 10 ns instead of 40 ns 
considerable improvements in level detection are possible. 

The shape analysis programme of Atta and Harvey [8] has been used 
to determine the resonance parameters Г and Г$ which are listed in 
Table II. (In this analysis Doppler broadening and instrument resolution 
are represented by Gaussian functions. ) Only the predominant resonances 
could be analysed which are supposed to be due to s-wave neutrons. The 
er rors for the resonance widths given in Table II are based on the 
assumption that the calculated widths of the resolution function have an 
uncertainty of ± 15%. This value is mainly due to the uncertainties of the 
moderation time and the burst width. 
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FIG.3. Total cross-section in the energy range from 80 to 320 eV. 
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FIG. 4. Total cross-section in the energy range from 300 to 800 eV. 
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FIG.5a. Transmission in the energy range from 750 to 1600 eV. 
(Sample-in measurements only). 
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FIG. 5b: Transmission in the energy range from 1600 to 5000 eV. 
(Sample-in measurements only). 

For all resonances analysed by the shape method the Doppler and the 
resolution widths are greater than the natural widths. Therefore the 
obtained values of Гп are much more reliable than those of Г. Never
theless the latter have been included in Table II, indicating the limitation 
of this type of analysis. The Doppler constant has been calculated for an 
effective temperature equal to thé ambient temperature. 
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TABLE II. RESONANCE ENERGIES AND WIDTHS BETWEEN 20 eV 
AND 750 eV 

E(eV) 

20.46 ± 0.009 

38 .34 ± 0. 02 

41 . 64 ± 0. 02 

66. 66 ± 0. 04 

72. 83 ± 0. 04 

90. 78 ± 0. 06 

92. 50 ± 0. 06 

105. 05 ± 0. 07 

121. 67 ± 0. 09 

135. 2 ± 0 .1 

151. 7 ± 0 . 1 

162. 9 ± 0.1 

170.3 ± 0 . 1 

186.1 ± 0. 2 

199. 6 ± 0. 2 

239.3 ± 0.1 

260. 7 ± 0.1 

287.3 ± 0.1 

305 .1 ± 0 .1 

318. 5 ± 0 .1 

320. 9 ± 0 .1 

338. 7 ± 0 .1 

346. 2 ± 0.1 

364. 0 ± 0.1 

372.3 ± 0 .1 

405. 0 ± 0 .1 

419. 0 ± 0.1 

450. 2 ± 0. 2 

466 .4 ± 0 . 2 

473. 2 ± 0. 2 

494. 2 ± 0. 2 

499. 6 ± 0 .2 

rn(meV) 

( 3 . 4 4 ± 0.09) 

18. 3 ± 0. 7 

16.1 ± 0. 5 

48. 0 ± 1. 6 

21. 8 ± 0. 7 

13.3 ± 0 . 3 

2. 9 ± 0.1 

44. 2 ± 1. 6 

13. 9 ± 0. 3 

17. 8 ± 0. 2 

13. 6 ± 0.1 

8. 6 ± 0.1 

13 .4 ± 0 . 3 

16.0 ± 0 . 3 

-
11.3 ± 0 . 3 

-
125.1 ± 3. 7 

7. 0 ± 0.4 

-
18.6 ± 0.4 

5. 7 ± 0 .4 

16 .2 ± 0 . 4 

30 .9 ± 0 .4 

13.3 ± 0 .4 

102. 5 ± 1. 6 

-
16. 8 ± 0. 9 

-
-

5 .1 ± 0 . 4 

18.6 ± 0. 7 

Г 0 

(0. 76 ± 0. 02) 

2. 96 ± 0.12 

2. 50 ± 0. 08 

5. 88 ± 0. 20 

2. 56 ± 0. 09 

1.39 ± 0. 03 

0.30 ± 0. 01 

4 .31 ± 0.16 

1. 26 ± 0. 03 

1. 53 ± 0. 02 

1.10 ± 0. 01 

0. 67 ± 0. 01 

1. 03 ± 0. 02 

1.17 ± 0. 02 

-
0. 73 ± 0. 02 

-
7.38 ± 0. 22 

0.40 ± 0. 02 

-
1. 04 ± 0. 02 

0. 31 ± 0. 02 

0. 87 ± 0. 02 

1. 62 ± 0 .02 

0. 69 ± 0. 02 

5. 09 ± 0. 08 

-
0. 79 ± 0. 04 

-
-

0. 23 ± 0. 02 

0. 83 ± 0. 03 

T(meV) a
 N 

(25 ± 3) 

43 ± 2 

49 ± 2 

95 ± 5 

4 4 ± 5 

42 ± 6 

-
76 ± 6 

49 ± 11 

56 ± 1 0 

46 ± 16 

52 ± 24 

50 ± 2 2 

57 ± 26 

-
-
-

190 ± 16 

- • 

-
96 ± 2 0 

-
67 ± 27 

74 ± 2 3 

-
173 ± 19 

-
119 ± 56 

-
-
-
-
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TABLE II (contd. ) 

E(eV) rn(meV) Г£ Г(теУ)' 

514. 6 ± 0. 2 

546. 8 ± 0. 2 

553. 5 ± 0. 2 

566. 6 è 0. 2 

597. 2 ± 0. 2 

608.4 ± 0.2 

632. 6 ± 0. 2 

637. 8 ± 0. 2 

665. 5 ± 0.3 

678.9 ± 0. 3 

20.4 ± 0. 9 

29. 9 ± 0. 7 

16. 7 ± 0. 7 

30. 0 ± 0. 7 

53. 0 ± 1. 0 

20. 5 ± 1. 2 

12.3 ±1.0 

-

183 ± 3 

24. 0 ± 1. 0 

0. 90 ± 0. 04 

1. 28 ± 0. 03 

0. 71 ± 0. 03 

1. 26 ± 0. 03 

2.17 ± 0.04 

0. 83 ± 0. 05 

0.49 ±0.04 

-

7.11 ± 0.13 

0. 92 ± 0. 04 

See section 5 of the text. 

FIG. 6. Integral number N of levels versus neutron energy E. 

279 ± 40 
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T A B L E III. RESONANCE ENERGIES B E T W E E N 750 eV and 5100 eV 

750. 5 ± 0. 3 

759. 6 ± 0. 3 

791. 4 ± 0.3 

811. 0± 0.3 

820.4 ± 0. 3 

855.4 i 0.3 

876. 9 ± 0.4 

891. 8 ± 0.4 

904.1 ± 0.4 

909.5 ±0.4 

915. 5 ± 0.4 

944. 0± 0.4 

958.8 ±0.4 

971.6 ±0.4 

1002.4 ±0.4 

1042. 0± 0.4 

1072. 8 ± 0. 5 

1100. 2 ± 0.5 

1129.1 ± 0. 5 

1148.4 ± 0. 5 

1165.6 ±0.5 

1191. 2 ± 0.5 

1209. 4 ± 0. 5 

1255. 2 ± 0. 6 

1300. 7 ± 0. 6 

1328. 8 ±0.6 

1350. 7 ± 0. 6 

1377. 2 ± 0. 6 

1426. 5 ± 0. 6 

1450. 3 ± 0. 7 

1541.3 ± 0. 7 

1550. 0 ± 0. 7 

1564.0 ±0.7 

1576.2 ±0.7 

1611.0 ±0.7 

1621.6 ±0.8 

1643.3 ±0.8 

1663.1 ±0.8 

1688. 6 ± 0. 8 

1724. 8 ± 0.8 

1742.1 ± 0. 8 

1763. 8 ± 0. 8 

1779.3 ±0.8 

1841.5 ±0.9 

1851.9 ±0.9 

1873. 9 ± 0. 9 

1882. 8 ± 0. 9 

1901.7 ±0.9 

1918.1 ±0.9 

1949.7 ±0.9 

1957 ± 1 

1973 ± 1 

1992 ± 1 

2023 ± 1 

2034 ± 1 

2055 ± 1 

2084 ±1 

2182 i 1 

2199 ± 1 

2256 ± 1 

2279 ± 1 

2292 ± 1 

2367 ± 1 

2386 ± 1 

2405 ± 1 

2417 ± 1 

2435 ± 1 

2471 ± 1 

2521 ± 1 

2549 ± 1 

2640 ± 1 

2668 ± 1 

2693 ± 1 

2739 ± 1 

2750 ± 1 

2819 ± 2 

2844 ± 2 

2904 ± 2 

2939 ± 2 

2969 ± 2 

2981 ± 2 

3015 ± 2 

3078 ± 2 

3110 ± 2 

3173 ± 2 

3193 ± 2 

3239 ± 2 

3267 ± 2 

3465 ± 2 

3501 ± 2 

3568 ± 2 

3610 ± 2 

3658 ± 2 

3727 ± 2 

3854 ± 2 

3902 ± 2 

3918 ± 2 

3953 ± 2 

3977 ± 2 

4021 ± 2 

4098 ± 2 

4121 ± 2 

4150 ± 3 

4203 ± 3 

4269 ± 3 

4287 ± 3 

4331 ± 3 

4375 ± 3 

4458 ± 3 

4497 ± 3 

4571 ± 3 

4588 ± 3 

4615 ± 3 

4719 ± 3 

4958 ± 3 

5071 ± 3 
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NEUTRON RESONANCE PARAMETERS OF ^ U PU 

M. ASGHAR, U.C. MOXON AND N.J. PATTENDEN 
ATOMIC ENERGY RESEARCH ESTABLISHMENT, 
HARWELL, DIDCOT, BERKS, 
UNITED KINGDOM 

Abstract 

NEUTRON RESONANCE PARAMETERS OF ""Pu. The Harwell 45-MeV electron linear accelerator 
pulsed neutron source has been used to measure the total, capture and scattering cross-sections of M°Pu 
over the energy range 10 to about 1000 eV by the time-of-flight method. Flight paths of 94, 55 and 32 m 
were used for the total, scattering and capture measurements, respectively, giving best resolutions of 2 .6 , 
4 ,5 and 10 ns/m respectively. Two discs of Pu metal, containing about 98<7o 240Pu, of 7.6-cm diameter 
were used in the measurements, giving sample thicknesses of 0. 0036, 0. 00083 and 0. 00119 atom/b. 

Resonance parameters have been determined by shape analysis and by area analysis combining the 
three sets of data. A preliminary study of the resonances below 300 eV indicates a mean radiation width 
of ~25 MeV. 



ИНТЕГРАЛЬНЫЕ И ДИФФЕРЕНЦИАЛЬНЫЕ 
СЕЧЕНИЯ ДЕЛЕНИЯ ТОРИЯ-232 
НЕЙТРОНАМИ 

С . Б . Е Р М А Г А М Б Е Т О В , Л . Д . С М И Р Е Н К И Н А , 
Г . Н . С М И Р Е Н К И Н 
ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ ИНСТИТУТ, ОБНИНСК 
С С С Р 

Abstract — Аннотация 

INTEGRAL AND DIFFERENTIAL FISSION CROSS-SECTION OF 2S2Th BY NEUTRONS. Measurements 
of fission cross-sections of 232Th in the energy range from 0.6 to 3 MeV and angular distribution of fission 
fragments have been carried out. The measurements were carried out using electrostatic generators and 
T(p,n) reaction. Channel analysis was done and the results are given. 

ИНТЕГРАЛЬНЫЕ И ДИФФЕРЕНЦИАЛЬНЫЕ С Е Ч Е Н И Я Д Е Л Е Н И Я Т О Р И Я - 2 3 2 Н Е Й Т 
РОНАМИ. . На электростатических генераторах с использованием реакции Т(р, п) и з м е р е 
ны сечения деления тория-232 в диапазоне энергий нейтронов от 0,6 Мэв до 3 Мэв и и з м е 
рены угловые распределения осколков деления. 

Проведен каналовый анализ , и сообщаются р е з у л ь т а т ы . 

DISCUSSION 
(on pape r s CN-23/89, CN-23/31 and CN-23/127) 

N . J . PATTENDEN: I should like to comment on our pape r C N - 2 3 / 3 1 . 
We have made m e a s u r e m e n t s on ^opu neutron c r o s s - s e c t i o n s with the 
Harwel l e lec t ron l inac . T ransmiss ion , capture and sca t te r ing m e a s u r e 
ments have been c a r r i e d out, and examples of the capture and sca t te r ing 
data a r e shown in F i g s . 2 and 3. Each type of data gives a different Гп, Гу 
re la t ionship, and we have combined the r e su l t s to give bes t values of Гп and 
Гу for 17 r e s o n a n c e s . An example of this i s shown in F ig . 4 . The mean 
value of radiat ion width from these r e sonances i s 18.1 ± 1.8 MeV. The 
t r a n s m i s s i o n data alone gave Гп values for 40 r e s o n a n c e s . Dr . BOckhoff 
has p r e p a r e d s l ides compar ing the Harwel l and Geel Гп va lues , and with 
the exception of the 20 and 90 eV resonances the agreement between the 
two se t s of data i s in genera l very good. F u r t h e r work is proceeding at 
Harwel l on m o r e samples cover ing a wider range of th i ckness . 

J . S . STORY: I would draw attention to the fact that Pat tenden et a l . 
r epor t very much lower values for the radiat ion widths of the h igher 2 4 (Pu 
resonances than those commonly accepted for the very impor tant 1-eV 
r e sonances . Is th is a r e a l effect o r ought we to be asking for r a t h e r m o r e 
d i rec t m e a s u r e m e n t s of the cap ture c r o s s - s e c t i o n through the 1-eV 
resonance? The commonly used Bre i t -Wigner analysis of gaseous ^GPu 
may pe rhaps be inadequate for the 1-eV resonance . 

N . J . PATTENDEN: We apprec ia te that our radiat ion widths a r e 
much lower than those accepted for the 1-eV resonance . As mentioned 
in the paper , our values a r e p re l imina ry , but it does not seem likely that 
any revis ion will be sufficient to br ing them into reasonable ag reement with 
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the 1-eV r e sonance . Hence, we feel that the 1-eV resonance could be r e 
examined, both exper imenta l ly and from the point of view of i t s analyt ical 
descr ip t ion . 

M. A. HOLMBERG: I should like to make a comment about paper 
CN-23/127 . I think that th is m e a s u r e m e n t on the f ission c r o s s - s e c t i o n of 
2 3 2 rh has shown that the posi t ions of the f i rs t plateaus in the c r o s s - s e c t i o n 
co r re spond ve ry wel l to the ine las t ic neutron sca t t e r ing to the known 
levels at 800 keV and 1200 keV. 

However, t h e r e i s a lso a ve ry marked plateau in the fission c r o s s -
sect ion at 1.4 MeV and a s t rong d e c r e a s e at 1.6 MeV. Dr . Lynn suggested 
that these effects w e r e not due to the competi t ion with the neutron r e -
emiss ion . S t rômberg and I have made m e a s u r e m e n t s on the inelas t ic 
neutron c r o s s - s e c t i o n in th i s energy region, and at 1.4 MeV we have not 
observed any levels at a l l . At 1.6 MeV the re i s a level o r l eve l s , but the 
inelas t ic c r o s s - s e c t i o n i s not l a rge enough to explain the s t rong d e c r e a s e 
in the fission c r o s s - s e c t i o n . In o ther words , our m e a s u r e m e n t s e e m s to 
be in agreement with the suggest ions .made by Dr . Lynn. 





SPARK CHAMBER MEASUREMENT OF NEUTRON 
FISSION CROSS-SECTIONS AND . 
RELATED PARAMETERS* 

C D . BOWMAN AND G. F. AUCHAMPAUGH 
UNIVERSITY OF CALIFORNIA, LAWRENCE RADIATION 
LABORATORY, LIVERMORE, CALIFORNIA, 
UNITED STATES OF AMERICA 

Abstract 

SPARK CHAMBER MEASUREMENT OF NEUTRON FISSION CROSS-SECTIONS AND RELATED 
PARAMETERS. As reactor burn-up calculations become more detailed, a knowledge of the nuclear 
properties of the less common heavy nuclides becomes increasingly important. The fission cross-section 
of many of these nuclides can be measured with modern electron linear accelerators as pulsed neutron 
sources and a sample of several milligrams. Samples of this size are now becoming available for many 
nuclides. However, nearly all of these nuclides are much shorter-lived than the more common fissionable 
nuclides such as 239Pu. Therefore, a major problem in these measurements is the development of a detector 
which is capable of distinguishing fission fragments from the intense background radiation arising from 
the natural radioactivity of such samples. The insensitivity of the corona-spark counter to gamma rays, 
electrons and alpha particles makes it especially useful for measurements on these isotopes. With the 
exception of spontaneous fission, natural radioactivity appears to be a serious problem in the use of this 
detector for only a few of the most alpha-active and least fissionable nuclei. Since the detector is in
sensitive to the intense gamma flash associated with the electron pulse from a high-power linear electron 
accelerator, measurements can be made at very short times after the gamma burst; that is, into the MeV 
region. Measurements are, therefore, possible from thermal energy to several MeV with this detector. 
The cross-section can then be normalized at thermal energy to the usually well-known thermal fission 
cross-section so that a knowledge of detector efficiency, absolute neutron flux, and sample size are not 
required for determining absolute cross-sections. The usefulness and limitations of the technique are 
illustrated by measurements on M m Am from 0. 02 eV to 6 MeV obtained with a 50-mg Am sample con
taining about 2Wjo M2mAm and 80°7o ̂ Am. Other uses of this detector in measuring v, alpha, and 
spontaneous fission half-lives are presented. 

Introduction 

As fission Ъигп-up calculations become more detailed, a knowledge 
of the fission phenomena of the less-common heavy nuclides, such as 
S^Am, 2lHAm, and 232y-j becomes increasingly important. In addition, 
the use of very a-active isotopes, such as and in isotopic 
power sources for space applications requires accurate information on 
their fission properties. This kind of information will undoubtedly 
also contribute to a better understanding of the fission process in 
general. Useful measurements can be made using a modern linear electron 
accelerator as a pulsed neutron source with samples of only a few milli
grams, and samples of this size are now becoming available for many of 
the rarer nuclides. However, nearly all of these are much shorter 
lived than the more- common fissionable nuclides, such as There
fore, a major problem in these measurements is the development of a 
detector which is capable of distinguishing fission fragments from the 
intense background radiation arising from natural radioactivity of such 
samples. 

*Work performed under the auspices of the United States Atomic Energy Commission. 
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The technique usually employed for discrimination against alpha 
particles is that of reducing the resolving time of the detector until 
the probability is very small that a sufficient number of alpha 
particles may add their pulse heights so as to exceed a bias level set 
for fission fragments. The gas scintillator has proven to be quite 
useful for this purpose, fl] In principle, an ordinary parallel plate 
ionization chamber should be nearly as effective vhen the chamber is 
used with a current-sensitive preamplifier. [2] Ultimately, however, 
this general approach will prove inadequate as larger masses of nuclides 
with ever-shorter half-lives are studied. 

The development of detectors which are sensitive to the ionization 
density of the particle and not the total energy appears to offer a 
considerable improvement in the discrimination against alpha particles 
which may be obtained in a practical detector. Such detectors may have 
a resolving time which need not be particularly short. For pile-up to 
occur, the particles must not only be emitted within this time, but 
they must traverse the same differential volume element of space in the 
detector. Only then will the ionization density of several alpha 
particles add together so as to be confused with a fission fragment. 
The critical parameters of such a detector then are the effective 
resolving time and the size of the differential volume element. With
out carrying out a thorough study of the significance of these two 
parameters, two detectors operating on these principles have been 
shown to be successful: track detectors [3j such as mica which, of 
course, are not suitable for time-of-flight experiments; and the spark 
chamber,[4] which we discuss here. This detector appears to be of 
general usefulness; and, with the exception of spontaneous fission, 
natural radioactivity appears to be a serious problem for only a few 
of the most alpha-active and least-fissionable nuclei. Since the 
detector is insensitive to gamma radiation, the detector ignores the 
intense gamma flash associated with the electron pulse from a high-
power linear accelerator. Therefore, fission measurements can be 
made immediately after or even during the gamma flash. Measurements 
are possible, therefore, with contemporary linacs from thermal energy 
to several MeV with this detector. The relative.cross-section can then 
be normalized to the usually well-known thermal fission cross-section 
so that an accurate knowledge of detector efficiency, absolute neutron 
flux, and sample size are not required for determining absolute cross-
sections. These techniques will be illustrated by measurements H on 
2Л2тАт from . 0l4 eV to k MeV and on 24lAm over a more limited energy 
range. Briefer descriptions of other experiments are also included. 

Description of the Detector 

The detector is shown in Fig. 1. Each of two .0075-cm thick foils 
of copper were corrugated into thirty-two adjacent 0-32-cm diameter 
channels. The corrugated foils were then glued back-to-back into a 
supporting, non-conducting frame.. Wires of 0.0123-cm diameter were 
stretched along the axis of each cylindrical corrugation. As many as 
four of these detecting units can be stacked one upon the other with 
fission foils between so that both sides of three fission foils can be 
observed and one side of two others at the top and bottom of the stack. 
The stack is enclosed in a chamber which provides means for gas circu
lation. The parameters of the detector, such as the voltage between the 
wire and the groove, the pressure, and the composition of the gas, can 
be varied to obtain the best discrimination against alpha particles 
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FIG. 1. A single detector unit of the spark chamber. 

while maintaining a satisfactory efficiency for fission fragments. 
Several gases have.been studied, some more thoroughly than others. No 
mixture was found to be superior to natural air, which was used in 
these experiments. 

Fission Cross-Section Measurements 

We illustrate the application of the detector to fission cross -
section measurements by describing recent measurements on ЕЧ-йпдш. 
Measurements on this nucleus are complicated by the growth of the 
contaminant by beta decay from the 24-2^ ground state. The pertinent 
transitions are: 

242m. I.T. „ 2^2. P" , 2^2- a „ 238_ a . 

Since the has a relatively short spontaneous fission half-life, 
the spontaneous fission background becomes prohibitively large, long 
before equilibrium is established. It is important, therefore, that 
the 2Ч-2ст te well-separated from the before the start of the 
experiment and that the measurements be completed in a short time. 
The 242cm was chemically removed until the Cm/Am atom ratio was less 
than 3 x 10-7. About 50 mg of a mixture containing 19.8$ Z^Am, 79.5$ 

and 0. was. electroplated on both sides of a .075-mm thick 
10-cm diameter nickel foil to a thickness of about 300 ug/cm2. Three 
other foils were electroplated with better than 97$ isotopically pure 
239Pu, 24lAm and 238u. The 239Pu was used as a flux monitor at the 
highest and lowest energies measured. The ^^Am allowed corrections 
for the large 241/^ contaminant in the Am mixture. The 2 3 % helped 
measure the background and resolution in the higher-energy region. 
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STEEL 
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FLIGHT PATH 
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•CYLINDER FILLED WITH (Са г В 6 0ц-5Н г 0 ) 

-SPARK CHAMBER 

FIG. 2. Shielding and beam collimation in the neighbourhood of the detector. 

The measurements were divided into three parts: the lov-energy measure
ments below-5 eV, the intermediate measurements between 2.3 eV and 
2.5 KeV, and the high-energy measurements from 1 KeV to 6 MeV. The 
arrangement of the detectors in the shielding and the beam collimation 
in the neighborhood of the detectors is shown in Fig. 2. The detector 
was placed in a large cylindrical shield which was filled .with boric 
acid solution. This shield served essentially to eliminate the large 
extraneous neutron background which leaked through the relatively thin 
shielding around the neutron source. The diameter of the neutron beam 
was collimated to 10 cm by the steel collimator at the end of the 
evacuated portion of the flight tube. The neutrons passed down the 
axis of the cylindrical insert containing CagBgOn. бНзО which was 
placed inside the shield. A plastic bag filled with He to reduce 
neutron scattering was placed in this portion of the flight path. 
Both the spark chamber and the BF3 tube were surrounded by Cd to 
prevent neutrons which were scattered into the boric acid solution 
from returning to the detector and causing background fission events. 
The whole assembly could be moved easily from one flight path position 
to the other. 

Signals from the spark chamber were attenuated, passed through a 
discriminator, and then to the multichannel time analyzer or to a gated 
scaler. Four scalers, one for each isotope and the BF3 tube, were 
operated in parallel with the time analyzer. These scalers were gated 
on during the recording portion of the analyzer cycle and will be 
referred to as the "prompt" scalers. Another four scalers in parallel 
with the first four, were gated on for an equal-time interval which 
just preceded the machine pulse, where no neutrons from the machine were 
present. In this way we determined, in effect, the machine-off, time-
independent background from alpha pile-up, etc. The latter scalers are 
referred to as the delayed scalers. The conditions for the three 
measurements are summarized in Table I. 

For the low-energy measurements, data were recorded only fur the 
Am mixture and the 239Pu foils. At the machine pulse rate of 50 pps, 
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T A B L E I. CONDITIONS FOR MEASUREMENTS 

Measurement 

Pulse Pulse Channel F l igh t 
I n t e r v a l Rate Width Width Path 

(eV) F i l t e r s (pps) (usee) (usee) (meters) 

Low Energy 0.019-3.7 None 50 

Intermediate 2.3-2.5 x 105 Cd,Mn ЗбО 

Intermediate 2.3-2.5 x K>> Cd,Mn,Ta ЗбО 
Background 

High Energy 1 x 10^-6 x 10 6 Cd ЗбО 

2.0 1.0 6.50 

0.10 0.125 6.50 

0.10 0.125 6.50 

0.10 0.3125 15 Л Т 

the delayed scaler indicated that no background correction due to 
overlap of neutrons from one pulse to the next -was required. The 
relative cross-section of the mixture was obtained bv, using the 239pu 
as a flux monitor. The 239Pu fission cross-section \Jp\ was used for 
this purpose. The relative cross-section of the mixture was then 
normalized at thermal energy using the value of 7200 + 300 barns of 
Wolfsberg et al. [7] The normalized cross-section for the mixture was 
corrected below 3«7 eV for the contaminant with fission cross-
sections measured in an independent experiment at this laboratory. \p\ 
The resulting! ̂ ^ A m ¿Lata are shown in Fig. 3-

For the intermediate-energy measurements, data were recorded for 
the Am mixture, 239pu, and the BF3 proportional counter used as a flux 
monitor. An Mn absorber in the beam during the measurement allowed us 
to determine the background at 335 eV. The time-independent portion 
of this background was determined with the delayed scaler as described 
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FIG. 3. The fission cross-section of 242mAm. The data have been corrected for the 241Am contaminant. 
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earlier. Measurements of the time- or energy-dependence of the back
ground vere carried out in a separate run with a Ta foil also included. 
The data vere normalized to the 3-3 eV resonance of the lov-energy 
measurements. The results are shown in Figs, k-, 5, and 6. No 2^lAm 
correction vas applied to these data above 3-7 eV since the average 
2̂ lAm cross-section is only about one per cent of the cross-
section and is not veil known. 

6 8 10 12 14 16 18 Neutron Energy (е\Л 

FIG. 4. The fission cross-section of 242mAm. The data have not been corrected for the ш А т contaminant. 

'20 30 40 50 60 70 80 
Neutron Energy (eV) 

90 100 

FIG. 5. The fission cross-section of 242mAm. The data have not been corrected for the 241Am contaminant. 
The deep minimum at 91 eV is attributed to the influence of the Cd filter. 
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FIG. 6. fhe fission cross-section of 242mAm between 0.1 and 100 keV. The solid line is the 239Pu fission 
cross-section used as the flux monitor for the 242mAm in the high-energy measurements. 

For the high-energy measurements, time spectra were recorded for 
all four foils. A portion of the raw-time spectra are shovn in Fig. T« 
The peaks in all four spectra at low channel numbers result from photo-
fission induced by the gamma flash from the accelerator. These peaks 
serve to measure the zero time and the resolution. The broad maximum 
observed at later times arise from fission induced by the essentially 
unmoderated portion of the neutron boil-off spectrum. The low energy 
side of the maxima for 241/^ a n¿ 2J58TJ foils are truncated due to the 
presence of threshold fission in these nuclei. A long tail J±n. the 
239Pu and Am mixture are indicative of considerable cross-section in 
the KeV region. The relative cross-section of the Am mixture was 
determined in the region from 1 KeV to 6 MeV using the known 239pu 
fission cross-section as the flux monitor. The cross-section for 

Events / Channel - Relative Scale 
I I | Г 1 Г T 1 I T l — n - | 1 1—г i i 

<= О 

3 

FIG.7. Time spectra for the high-energy measurements, ¿ne more narrow peak ot the curves arises for 
photofission induced by the gamma flash from the accelerator. The broad maximum of the curves arises 
from the boil-off spectrum of neutrons from the (y, n) and (y,f) reactions in the neutron source. 
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the mixture was normalized in the 1.0 to 2.5 KeV region where it over
lapped the intermediate data. The relative and cross-
sections were determined in the same way. The 24-lAm cross—section 
was normalized Ъу simultaneous recording of data during the high-
energy measurements near the 5.1+8 eV resonance in the 24l/\m and the 
7-85 eV resonance in 239pu. Since the area of both resonances is 
known, \8f6J the relative cross-section above the fast-fission thres
hold can be normalized. The value of the cross-section at 2.5 MeV of 
1.85 + .2 barns is consistent with the value of 1-95 +0.2 determined 
by Kazarinova et al. [9] 

The results of the high-energy measurement are shown in Fig. 8. 
The cross-section for 242mAm obtained by taking the difference between 
the mixture and 2^1^ ±s shown by the solid line. The cross-
section, which was used to determine the 242m^m cross-section is 
also included in the figure. The data of Fig. 8 provide a means of 
checking the normalization of the Am mixture and the 2 4 1 ^ fissj.on 
cross-section. If we assume that the 242m^m cross-section changes 
slowly in the MeV region, the smooth behavior of the cross-section 
across the 24lAm fission threshold indicates that the large contri
bution of the 2^lAm 

fission cross-section to the mixture, as shown 
in Fig. 8, has been correctly subtracted. The slope of the 2^1Ат 
fission cross-section across the threshold is not as high as that 
reported in other measurements. Q.0") We attribute this, primarily, 
to our much-poorer resolution. 

10.0 
242 m 241 

Am + 4 Am 

Neutron Energy (MeV) 

FIG. 8. Cross-section results in the MeV region. The dashed line is the cross-section of the Am mixture 
2̂42 m д т + 4 241дт)_ The ¿ a t a denoted by the rectangular points are the results for M1Am. The circles give 
the fission cross-section for 242mAm after the correction for the M1Am contribution has been applied to the 
mixture. The solid curve is the 239Pu cross-section which was assumed for the data reduction. 

The V Measurements 

242пь 
by Fultz et al. \lil To check the method, measurements were also 
made on 235{j a n¿ 233u. The apparatus is shown in Fig. 9* A paraffin-
moderated neutron detector containing a small spark chamber was used. 
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FIG. 9. Experimental arrangement for v measurements: S denotes the 107-n/sec source; A, the poly
ethylene moderator; В is a 7.5-cm plug of polyethylene; C, paraffin; D, pellets of borated polyethylene; 
E, the paraffin-moderated neutron detector; F, high-pressure BF3 tubes; G, compressed boracic acid 
bricks; H, the spark chamber; I, electrical leads and air tubes to the spark chamber; J, a 7.5-cm diam. 
collimator of borated paraffin; K, 1.5-mm cadmium sheet. 

The neutron detector consisted of a 6o-cm paraffin cube containing k-8 
high-pressure IQBF3 counters arranged in four concentric rings around 
a 7-5-cm diameter axial hole. The neutron detection efficiency was 
kO per cent. A corona-type spark chamber 7«5 cm in diameter was 
placed at the center of the axial hole. It contained about 10 mg of 
Am with the same isotopic mixture as the material used in the fission 
cross-section measurements. Fission was induced by neutrons from a 
10? n/sec Pu-Be source. The neutron source was placed in the axial 
hole of a 35.5 cm diameter polyethylene moderator and aligned with the 
axis of the neutron detector. A moderating plug was located immedi
ately in front of the source to produce low-energy neutrons. The 
detection of fission fragments from 2i*-2mAm started a gate for several 
scaling circuits which recorded the detection of neutrons in the BF3 
counters. The decay time for the paraffin cube was approximately 
100 usee. The primary source of backgrounds arose from source neutrons 
which penetrated the neutron shielding around the detector. This back
ground was obtained by measuring the neutron counts per gate when the 
gate was triggered by the pulse generator instead of the fission 
counter. With the knowledge of the number of neutrons detected per 
fission corrected for the efficiency of the detector and background, 
it was possible to obtain a value for V. The values for 2i,,2mAm, 235TJ 
and 233TJ are 3.2.k + 0.12, 2.43 + 0.08 and 2.54 + 0.04, respectively. 
If a reactor had been available, the experiment obviously could have 
been done much more easily. The primary significance of the use of the 
spark chamber for this experiment lies in the fact that it allowed 
measurements to be carried out on a highly-radioactive material with a 
neutron flux of less than 100 n/cm2 sec Experiments of this kind 
using accelerators producing variable energy but monoenergetic neutrons 
therefore should be possible. 

Other Measurements 

The apparatus described in the previous section was ideally 
suited for measurement of the spontaneous fission half-life of 2^2mAm. 
Measurements £líD were performed in the manner described for y but 
without the neutron source. The build-up of the 2^"2Cm_decay was 
measured from a newly-purified Am sample and the growth curve was 
extrapolated back to zero time. The residual spontaneous fission of 
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the sample -was attributed to the Z4-ZmAm spontaneous fission/ The 
veighted average of the two measurements on two separately purified 
samples is 8 + 3 x ion years, which is at least two orders of magni
tude shorter than spontaneous fission systematics have predicted. 

Measurements of the energy dependence of a, the ratio of capture-
to-fission cross-sections, could he made hy placing this detector at 
the center of a large liquid scintillator with high efficiency for 
capture gamma rays. The principal problem is the rather low efficiency 
of the spark chamber. For a = 0.5 and an efficiency for fission events 
of 20 per cent, about two-thirds of the apparent capture events arise 
from gamma rays released in fission events and must be subtracted to 
determine the true capture rate. Except for the uncertainties intro
duced in the subtraction, useful measurements appear to be feasible. 

Summary 

Fission cross-section measurements have been made with the spark 
chamber over as many as eight decades of energy on the nuclei, 2^Am, 
Zk2mfSBÍf

 an(i the even shorter lived nuclei, 232^ an<i 238pu which are 
not reported here. The application of the detector to У and spontaneous 
fission studies also have been demonstrated and measurements of the 
energy dependence of o(. appear to be feasible. We believe that this 
detector is of general usefulness for experiments requiring the 
detection of fission fragments. As larger samples of the shorter-
lived nuclides became available^ many experiments should become 
possible for which the spark chamber will offer distinct advantages 
over other types of detectors. 

Acknowledgment s 
We wish to express our appreciation to Dr. S. С Fultz for 

permission to describe the V measurements before publication and to 
Dr. R. W. Hoff who participated in the ̂ ^ Am fission cross-section 
measurements. The success of these experiments was dependent, to a 
large degree, on the careful work of D. E. Petrich and W. L. Ridgwell 
in the construction of the detectors. 

References 

1 Bollinger, L. M., Cote, R. E., Thomas, G. E., International 
Conference on the Peaceful Uses of Atomic Energy, 15 
(1958) 127. 

2 De Volpi, A., Porges, K. G., Rush, C , Bull. Am. Phys. Soc 
Series 11 9 (196*0 Ь6-

3 Fleischer, R. L., Price, P. В., Walker, R. M., Annual Review 
of Nuclear Science 15 (1965) 1. 

k Bowman, С D., Hill', R. W., Nuclear Instr. and Methods 2k (196З) 
213. 

5 Bowman, С D., Hoff, R. W., Auchampaugh, С F., and Fultz, S. C , 
(1966) unpublished. 



CN-23/38 159 

6 Brookhaven National Laboratory Report, BNL-325, Second Edition, 
Supplement No. 2, Vol. 3 (1965). 

7 Wolfsberg, K., Ford, G- P., Smith, H. L., (private communication). 

8 Bovman, С D., Coops, M. S., Auchampaugh, G. F., Fultz, S. C , 
Fhys. Rev. 157 (19б5) В 326. 

9 Kazarinova, M. I., Zamyatin, Yu. S., Gorbachev, Y. M., Atomnaya 
Energiya 8, (i960) 139-

10 Nobles, R. A., Henkel, R. L., Smith, R. K., Brookhaven National 
Laboratory Report No. 325, 2nd Ed. (1958) (unpublished). 

11 Fultz, S. C* et al.. UCRL-1^962 (1966) (to be published). 

12 Fultz, S. C , Caldvell, J. T., Bovman, C D . , Hoff, R. W. (1966) 
(to be. published). 

DISCUSSION 

P. FIELDHOUSE: Might I suggest measuring the spontaneous fission 
half-life of 240Pu with the spark chamber described by Dr. Bowman? 
Present published values range from about 1.2 to 1.4 X 1011 yr, and the* 
spread here is far in excess of the individual e r ro r s . We at Aldermaston 
have recently deduced a further value of about 1.16 X 1011 y r by comparing 
the calculated and measured neutron outputs of spontaneous fission neutron 
sources. An independent determination by the spark chamber would be 
very valuable. 

C D . BOWMAN: Measurements of spontaneous fission half-life are 
at present underway on other isotopes. I will communicate this request 
to those doing the work at Livermore. 

J. C. HOPKINS: I would like to ask Dr. Bowman for a brief comparison 
of his spark chamber technique with the underground nuclear explosion 
technique, which is ideally suited to the fission cross-section measurements 
of highly alpha-active samples. 

C D . BOWMAN: With the exception of measurements of radioactivity 
from spontaneous fission, I believe the spark chamber can be used on any 
sample that is available in quantities exceeding 100 ¿xg and provided a 
modern accelerator is used as the neutron source. Such a machine would 
give an improvement of at least a factor of 100 in the data acquisition rate 
as compared with the accelerator used in these experiments. The data ob
tained in this way should be adequate for a detailed multi-level fit provided 
the nucleus is "thermally fissionable". Of course, the resolution obtained 
with the nuclear explosion will greatly exceed that obtained by this technique 
in regions where both experiments overlap. In addition, the nuclear 
explosion should be capable of measurements on samples as small as 1 jug. 

Perhaps the primary advantage of our technique is that one facility 
suffices for the measurement of fission cross-sections from 0.02 eV to 
several MeV. In addition, this full energy range may be normalized to 
the thermal value, which makes it unnecessary to have accurate knowledge 
of the foil mass of the fission-fragment bias level. These sources of 
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e r r o r a r e common to the bomb exper iments and the exper iments c a r r i e d 
out with the va r i ab le -ene rgy mono-energe t ic neutron s o u r c e . 

J . THEOBALD: How i s the neutron detection efficiency de termined for 
the v-measurement mentioned in the paper? 

C D . BOWMAN: The efficiency was m e a s u r e d by s e v e r a l techniques, 
but most re l iance was placed on the value determined by means of a 2 5 2 Cf 
source using the Hopkins and Diven v-va lue of 3.78 neu t rons / f i s s ion . 

M . J . B . NEVE de MEVERGNIES (Chairman) : Don't you exper ience 
t rouble due to the r a t h e r l a rge amount of m a t e r i a l c lose to the sample 
i tself? The windows, for ins tance , a r e cer ta in ly not thin. 

C D . BOWMAN: We were wor r i ed about this problem and at tempted 
to make the components as thin as poss ib le . The copper g r ids a r e as thin 
as we can go, 0.003 in. Our r e su l t s show that the problem is not s e r i o u s . 
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Abstract — Résumé 

DETERMINATION OF THE RESONANCE SPIN OF FISSILE NUCLEI. The first part of this paper, 
which explains the direct and indirect methods of determining the resonance spin of fissile nuclei, describes 
how resonance spin can be determined either by the transmission of polarized neutrons through samples 
of polarized nuclei, or by resonance analysis using conventional measurements, including elastic scattering. 

The second part deals with all methods which consist in deducing the resonance spin from the properties 
of the radiative capture and fission processes which may depend on the spin state, such as partial transitions 
of radiative capture, total widths of radiative capture, interference between resonances of the same spin 
due to the exit paths of the fission phenomena, fission widths, mass distribution of the fission products, 
number of neutrons released per fission, probability of ternary fission and the energy spectrum of long-range 
a-rays, anisotropy of fission fragments induced by non-polarized neutrons in the aligned nuclei, etc. 

The author presents and discusses a number of experimental results obtained by these various methods, 
especially for 235U and 239Pu. In the case of239 Pu, a fairly coherent set of values can be obtained in
dependently by several different methods. 

DETERMINATION DU SPIN DES RESONANCES DES NOYAUX FISSILES. L'auteur présente les 
différentes méthodes de détermination du spin des résonances des noyaux fissiles. Ces méthodes sont 
classées en deux catégories: méthodes dites directes et méthodes indirectes. Dans la première partie, 
l'auteur décrit comment le spin des résonances peut être connu soit par transmission de neutrons polarisés 
cl travers des échantillons de noyaux polarisés, soit par l'analyse des résonances a partir de mesures 
classiques dont celle de diffusion élastique. 

La deuxième catégorie comprend l'ensemble des méthodes qui consistent â déduire le spin des 
résonances des propriétés des processus de capture radiative et de fission qui peuvent dépendre de l'état 
du spin: transitions partielles de capture radiative, largeurs totales de capture radiative, interférence 
entre résonances de même spin due aux voies de sortie du phénomène de fission, largeurs de fission, 
distribution des produits de fission selon la masse, nombre de neutrons émis par fission, probabilité de 
fission ternaire et spectre en énergie des rayons a de long parcours, anisotropic des fragments de fission 
induite par des neutrons non polarisés dans des noyaux alignés, etc. 

L'auteur présente et discute plusieurs résultats expérimentaux relatifs à ces diverses méthodes, 
particulièrement pour 235U et 239Pu. Pour ce dernier noyau, un ensemble assez cohérent des valeurs du 
spin peut être obtenu par plusieurs méthodes indépendantes. 

1. INTRODUCTION 

La plupart des noyaux fissiles (233U, 235U, 239Pu, 241Pu, . . .) ont un 
nombre pair de protons et un nombre impair de neutrons. Par capture 
d'un neutron lent on obtient un noyau composé pair-pair dont l'énergie 
d'excitation est suffisamment élevée (à cause de l'énergie d'appariement 
de deux neutrons) pour permettre la désexcitation par fission. Comme le 
noyau cible a obligatoirement un spin \ entier, I, les résonances induites 
par des neutrons s appartiennent aux deux états de spin différents 
J = (D+i et J = ( I ) -* . 

L'analyse et l'interprétation des résultats expérimentaux sont con
sidérablement entravées par le mélange des deux états de spin. En par 
ticulier, la théorie des voies de sortie du phénomène de fission ne pourra 
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ê t r e pleinement c o m p r i s e que lorsque l 'é ta t de spin d'un grand nombre de 
r é sonances pour ra ê t r e dé te rminé expér imenta lement . C 'es t la r a i son 
pour laquel le p lus ieurs m e s u r e s ont été ten tées (et le sont encore) dans 
p lu s i eu r s l abo ra to i r e s pour appor te r une information dans ce domaine . 

Un moyen de t ou rne r la difficulté est d 'é tudier un noyau f iss i le p a i r -
pa i r , t e l que 232U, dont toutes l e s r é sonances sont de spin | . 

Mais la durée de vie t r è s courte de cet isotope rend la m e s u r e 
pa r t i cu l i è r emen t dé l i ca te . El le a cependant été r é u s s i e , m a i s pour un 
petit nombre de r é sonances , en f ission [1] et en t r a n s m i s s i o n [2]. 

Nous ignore rons cet aspect du sujet, qui n ' en t r e pas tout à fait dans 
le cad re de ce m é m o i r e , pour nous c o n s a c r e r à la dé terminat ion du spin 
des r é sonances des pr incipaux noyaux f i ss i les p a i r s - i m p a i r s dont nous 
rappelons le spin I, a ins i que l es va l eu r s poss ib les du spin J et du facteur 
s ta t i s t ique g des r é sonances induites pa r des neut rons s: 

233u I = | + j j =2+ g l =5/12 
2 

3+ g 2 = 7 / l 2 

235U I = | - J 1 = 3 - g l = 7/16 

J 2
 = 4 " g 2 = 9/16 

239Pu I = I+ J l = 0+ g l = I 

T u 3 

J 2 = 1+ g2 =J 
2 4 1Pu I = | + J l = 2+ gi =5/12 

2 

3+ g 2 = 7 / 1 2 

Un peu a r b i t r a i r e m e n t , ma i s pour fac i l i ter la présenta t ion , nous 
s é p a r e r o n s les d i v e r s e s méthodes de dé te rmina t ion du spin en deux 
g randes fami l les : l e s méthodes di tes d i r e c t e s et l e s méthodes ind i rec te s . 

2. METHODES DIRECTES DE DETERMINATION DU SPIN 

2 . 1 . T r a n s m i s s i o n de neut rons po l a r i s é s à t r a v e r s des noyaux po l a r i s é s 

C 'es t probablement la méthode la plus d i r e c t e . E l le est s c h é m a t i s é e 
su r la f igure 1. Pour des neutrons d ' énerg ie E, elle cons is te à effectuer 
deux taux de comptage, l 'un lo r sque l e s vec t eu r s de po la r i sa t ion des 
neut rons (P n) et des noyaux (PN ) sont p a r a l l è l e s , l ' au t r e l o r s q u ' i l s sont 
an t ipa ra l l è l e s . Si l 'on appelle Ip et 1д respec t ivement l e s deux taux de 
comptage a ins i obtenus, on peut en dédui re le r appor t d ' a s y m é t r i e 
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FIG. 1. Détermination du spin des résonances par polarisation 

qui devient positif au voisinage d'une résonance de spin J : l~\ et négatif 
pour J : I +£. 

Si cette méthode est particulièrement simple dans son principe, elle 
est par contre extrêmement difficile à appliquer dans la réalité. La 
production des faisceaux polarisés de neutrons de résonances est actuelle
ment réalisée, soit par diffraction cristalline sur un cristal de Fe~Co qui 
donne également un faisceau monochromatique [3], soit par transmission 
d'un faisceau de neutrons non polarisés à t ravers une cible de protons 
polarisés [4]. Une autre méthode a également été proposée par Dabbs et al. 
pour produire un faisceau de neutrons ralentis et polarisés avec un ac 
célérateur linéaire d'électrons [5]. La polarisation des noyaux est plus 
difficile; elle est donc dans un état beaucoup moins avancé. Le travail de 
pionnier en la matière a été accompli par Sailor pour la polarisation tant 
des neutrons que des noyaux. Le seul noyau fissile qui ait été polarisé 
jusqu'à présent est 235U, pour lequel des résultats encourageants ont été 
obtenus [6]. La radioactivité a des corps fissiles constitue une des dif
ficultés de la polarisation, dans la mesure où la chaleur dégagée gêne la 
descente aux t rès basses températures (de l 'ordre de 0,01°K) indispen
sable à l'obtention d'une bonne polarisation. Dans le cas de 235U, 
l'échantillon a dû être appauvri en 234U, responsable de la plus grande 
partie de la radioactivité c*. 

Nous avons reproduit sur la figure 2 les premiers résultats obtenus 
par Sailor [6] avec de l'uranium sous la forme UCI3 dilué dans un composé 
non magnétique et isomorphe (LaCls). La polarisation des noyaux 
d'uranium est de 10% environ; celle des neutrons est voisine de 100%. 
La mesure a été conduite de 0, 075 eV à 2, 04 eV. Elle comprend donc 
trois résonances à 0, 28 eV, 1, 14 eV et 2, 05 eV. Il apparaît clairement 
sur la figure 2 que les deux résonances à 0, 28 eV et 2, 05 eV ont un spin 
différent de celle à 1, 14 eV. (Sur la figure 2, Ip et IA se réfèrent au 
vecteur champ magnétique produisant la polarisation des noyaux et non au 
vecteur polarisation des noyaux PN .) De plus, l'analyse des mesures à 
basse énergie (E < 0, 15 eV) montre que la section efficace dans cette 
gamme d'énergie est un mélange des deux états de spin. Cependant, 
l'attribution exacte de l'état de spin à chaque résonance dépend de la 
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FIG. 2. Effet d'asymétrie observé par transmission d'un faisceau de neutrons polarisés à travers un 
échantillon de 235U polarisé (extrait de [6]). 

connaissance du signe de l'interaction hyperfine dans UCI3 et de celui 
du moment de 235U. 

S'ils sont tous deux négatifs, alors les résonances à 0, 28 eV et à 
2, 05 eV sont de spin 3-, alors que celle à 1, 12 eV est de spin 4~. Sailor 
a l'intention de reprendre ces mesures sur HFBR, non seulement sur 
UCI3 mais aussi sur d'autres composés de l'uranium, afin de lever le 
doute sur l'attribution absolue du spin [7]. 

Ce genre de mesures va donc se poursuivre à plus haute énergie avec 
le faisceau de neutrons polarisés de HFBR. Il n'y a pas d'objection de 
principe à ce qu'elles soient étendues aux faisceaux de neutrons ralentis et 
polarisés de sources puisées. 

Par contre, il ne semble pas que l'on puisse l'appliquer dans le 
proche avenir aux autres noyaux fissiles à cause de la difficulté de les 
polariser. 

2.2. Analyse des résonances sans mesure de diffusion élastique 

Les paramètres d'une résonance d'un noyau fissile sont 

(2) 

l 'énergie E 0 

les largeurs partielles Гп , Г у , Tf 

(Гп + Гу +Tf =Г) 
2 J + l le facteur statistique g = „ + i \ 

Nous ignorons ici les largeurs partielles de transition radiative de 
même que les largeurs partielles de fission correspondant à un mode par-
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ticulier de fission et nous supposons que l'analyse à un niveau est 
significative. 

Deux mesures au moins sont nécessaires pour connaître toutes les 
largeurs partielles; par exemple, une mesure de fission et une de t r ans 
mission. L'analyse de cette dernière donne 2gTn et Г. De la mesure 
de fission on peut déduire aoTf et, dans des conditions favorables, 
Г (largeur déjà donnée par l'analyse de la transmission). On connaît alors 
2gT n , Г, Tf et la quantité Гу+П = Гу +ГП par la différence Г-Tf . 

Pour la plupart des noyaux fissiles, le spin est élevé (donc les deux 
valeurs possibles de g sont t rès voisines) et la largeur neutronique est 
relativement faible. 

< 2 g r g > 
< r > 

1, 3 • 10"3 pour 235U et 1, 7 • lu"3 pour 239Pu 

Dans la plupart des cas, la valeur de g ne peut donc pas être extraite 
de ces mesures, et l'on fait couramment l'approximation 2gTn jf Г п . La 
seule exception est 239Pu, dont les paramètres de certaines résonances ne 
sont compatibles qu'avec une seule valeur de g (sans faire l'hypothèse 
particulière sur les propriétés statistiques de Гу) . 

Exemple: Résonance à 74,95 eV 
2gTn = 33, 20 meV 

Г= 147± 14 meV 
Г = 84 meV 

g = 3/4 donne Гу = 40 meV et g = 1/4 donne Гу =-4 meV, donc, 
obligatoirement g = 3/4 [8]. 

Cette méthode n'est valable que dans des conditions favorables qui ne 
sont que rarement satisfaites. Si on veut l'appliquer à un plus grand 
nombre de cas, il faut la compléter par une mesure de diffusion élastique. 

2 .3 . Analyse des résonances avec une mesure de diffusion élastique 

La mesure de diffusion élastique est indispensable lorsque les deux 
valeurs fissiles de g sont voisines et (ou) lorsque les largeurs neutroniques 
des résonances sont faibles, c 'est-à-dire pratiquement dans tous les cas, 
exception faite de quelques résonances de 239pu (paragraphe 2.2). 
Cependant, cette méthode se heurte à certaines difficultés comme nous le 
verrons plus loin. 

La mesure consiste, soit à déterminer la surface A = {ir/2)oQnr de la 
résonance de diffusion, soit à mesurer directement la section efficace de 
diffusion aon au-dessus de la section efficace potentielle, à l 'énergie de la 
résonance. 

Connaissant A, on en déduit le facteur statistique g par la relation 
simple 

Les quantités 2 g r n et Г sont obtenues par analyse de la résonance 
en transmission. On remarque que, dans ce cas, il n'est pas indispensable 



TABLEAU I. DETERMINATION DU SPIN DES RESONANCES DE 2 3 9Pu 

Energie 

(eV) 

- 1 , 2 

0 ,3 

7,82 

10,93 

11 ,5 

11,89 

14 .31 

14,69 

15,42 

17,66 

22,28 

26 ,29 

32,38 

35,43 

41 ,42 

41 ,66 

44 ,48 

47 ,60 

Spin J 

Vogt 
[39] 

J i a 

J i a 

J i a 

Fraser 

[9] 

Sauter 

[11] 

Asghar 
[10] 

Cowan Derrien 
[38] [8] 

i c 

0 

0a 

0b 

lb 

i c 

1 

0 

I e 

1 

0 

(1) 

1 

1 

1 

(0) 

1 e 

1 

1 

Qd 

0d 

(meV) 

60 

47 

143 

500 

24 

67 

30 

650 

34 

62 

55 

110 

5 

3 

54 

5 

240 

Energie 

(eV) 

90 ,75 

96,49 

100, 25 

103 

105,3 

106,67 

116, 03 

118,83 

126,2 

131, 75 

133, 78 

136,75 

146,25 

147,44 

157, 08 

164,54 

167,1 

171, 08 

Asghar 

[10] 

1 

0 

(1) 

0 

0 

0 

0 

1-1 

0 

1-1 

0 

1 

0 

Spin J 

Derrien 

[8] 

l e 

0d 

0d 

lf 

l e 

0d 

(0)f 

0d 

0d 

l e 

(Df 

0d 

(meV) 

17 

1670 

6000 

13 

6 

26 

215 

43 

3300 

7 

88 

13 

1000 

630 

8 

74 

1000 



4 9 , 7 1 

50,08 

52, 60 

57,44 

58,84 

59,22 

60.94 

65 ,71 

66,57 

74,05 

74 ,95 

81,76 

0 0d 

1 1 

1 1 1 

1 0 0 d 

0 0d 

0 1 

0 0d 

1 1 (l)f 

0 

1 

1 1 1 l e 

0 0d 

a Spin déterminé entièrement ou partiellement par une analyse multiniveaux. 
b Voir le commenta i re dans le texte. 
c Résonance double, non résolue dans la mesure du spin. 
" Spin 0 attr ibué d'après la grande valeur de Tf. 

690 

12 

9 

~> 500 

~1100 

133 

~6000 

74 

32 

84 

~2000 

e L'autre valeur du spin conduit à une valeur impossible ou très improbable de Ту. 
f Spin déterminé en supposant que la largeur Ту est constante et indépendante 
g L'énergie des résonances est cel le donnée par Asghar. 

du spin. 

177, 22 

184,87 

196,7 

199,4 

207,37 

2 1 1 , 1 

216 ,5 

220,2 

223,2 

227,8 

231,40 

234 ,3 

239 ,1 

242,9 

248, 86 

251,2 

262, 5§ 

273 ,6§ 

276, 9^ 

281 8 

284, 1§ 

299, 7§ 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0d 

I e 

(Df 

0d 

(0)f 

l f 

0d 

l'e 

(0)f 

l f 

i e 

l e 

5 

~1500 

59 

90 

7 

. 800 

10 

4 

~ 2 

6000 

4 

14 

17 

58 

6 

14 
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de d i s p o s e r d 'une au t re sect ion efficace pa r t i e l l e (fission, capture , . . . ) . 
De m ê m e , on peut dédui re g des quanti tés cxon > 2 g T n et Г . 

La m e s u r e de la diffusion é las t ique es t pa r t i cu l i è r emen t difficile dans 
l e cas des noyaux f i s s i l e s . Non seulement il faut que le dé tec teur de 
neut rons diffusés soit peu sens ib le aux rayons 7 (comme dans le cas des 
noyaux non f i ss i les ) , m a i s il faut également qu ' i l le soit peu aux neut rons 
de f i ss ion . Ces deux conditions sont d 'autant plus s é v è r e s que l e s l a r g e u r s 
neutroniques des noyaux f i ss i les sont faibles devant l e s l a r g e u r s t o t a l e s . 
Le cas le plus favorable e s t celui de 239 Pu pour les raisons déjà citées 
(plus grande valeur relative de Гп, et surtout deux valeurs possibles de g 
qui sont dans le rapport 3). De plus, la mesure de diffusion donnant un 
très faible taux de comptage et, de par sa nature, étant à mauvaise 
résolution, la séparation des résonances est malaisée, ce qui favorise 
encore 239Pu dont les résonances sont assez espacées. 

Une première mesure a été tentée en 1961 par Fraser et Schwartz [9] 
auprès de l'accélérateur linéaire de Harwell avec une distance de vol de 
14, 6 m et en utilisant un banc de compteurs à BF3 comme détecteur de 
neutrons diffusés. La contribution des neutrons de fission a été évaluée 
en intercalant un fourreau de carbure de bore entre l'échantillon et le 
détecteur et en éliminant ainsi la contribution des neutrons diffusés. 
Malgré un bruit de fond très important et une contribution substantielle 
des neutrons de fission, Fraser et Schwartz ont pu déterminer le spin de 
huit résonances (7, 8 eV, 10, 9 eV, 11, 9 eV, 14, 7 eV, 17, 6 eV, 22, 2 eV, 
41, 4 eV, 44, 5 eV) (voir tableau I). 

FIG.3. Mesure de la section efficace de diffusion élastique de 239Pu (extrait de [11]) 

Cette mesure a été reprise récemment à Harwell [10] avec une 
meilleure résolution (distance de vol 50 m) et avec un autre détecteur 
composé de plusieurs verres au lithium enrichi en 6Li. Une double cor
rection à dû être appliquée, l'une pour la contribution des rayons 7, 
évaluée grâce à un verre au lithium naturel, l'autre pour les neutrons de 
fission, grâce à un cristal de stilbène. Par cette méthode, le spin d'un 
grand nombre de résonances a été déterminé jusqu'à 300 eV (tableau I). 

Un moyen d'éliminer la contribution gênante des rayons 7 et des 
neutrons de fission est d'utiliser la «bright line method» dans laquelle la 
séparation des événements provoqués par les neutrons diffusés des évé
nements indésirables se fait par temps de vol (fig. 3). Cette méthode a été 
employée avec succès auprès de l'accélérateur linéaire de Livermore [11]. 
Si cette méthode donne des résultats moins entachés de phénomènes 
parasites, la résolution est néanmoins élargie par deux causes importantes: 
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Effet* du rolenh&aemenF 
ДЕ (ev) (pour uni distance de vol L =17.6m)-

1 10 100 

FIG. 4. Comparaison des différents effets de résolution dans la méthode de Sauter et Bowman [11] 

RESONANCE A 17,66 tV DE Pu239 
RESONANCE «TYPIQUE » DE SPIN О DE P u 2 " 

(SUPPOSEE A Eo=100tV) 

44AX. = °p*A 

18 E(cV) 

FIG. 5. Forme de la section efficace de diffusion au voisinage d'une résonance isolée 

HO E(«V) 

a) Le temps de ralentissement dans la boule de graphite tapissée 
d'une couche de polyethylene à sa surface intérieure. A lui seul il cor
respond à une résolution en temps dont la largeur totale à mi-hauteur est 
de At(jus) =3 [E (eV) ]~i , soit trois fois supérieure à celle d'une ex
périence classique. 
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b) Le recu l du noyau dans l 'échanti l lon, qui se r é p e r c u t e d i r e c t e 
ment s u r le t emps de vol du neutron par une fonction de réso lu t ion 
r ec t angu la i r e de l a rgeu r égale à E/(A + 1). El le va r i e en fonction de 
l ' éne rg ie comme le t emps de r a l e n t i s s e m e n t . 

Dans cet te m e s u r e [11] ces effets sont tous les deux s u p é r i e u r s à 
l 'effet Doppler (fig. 4), ce qui impose une l imi te supé r i eu re en énergie de 
100 eV environ pour 239p u . Les r é su l t a t s de l ' a t t r ibut ion du spin sont 
consignés dans le tableau I . Les t r o i s m e s u r e s c i tées se ré fè ren t à 2 3 9 Pu . 

T r è s peu de r é su l t a t s se rappor tent à 2 3 5 U. Un m é m o i r e est p r é sen t é 
à cet te Conférence [12], qui donne les spins des r é sonances à 8, 8 eV et 
12, 4 eV d ' a p r è s la m e s u r e de aon • Nous ne disposons d 'aucun résu l t a t 
pour les au t r e s noyaux f i s s i l e s . 

Examinons rapidement quel les sont l e s conditions à r e m p l i r pour que 
ce type de m e s u r e pu isse conduire à des r é su l t a t s s ignif icat ifs . 

La forme d'une résonance de diffusion élast ique, compte tenu du t e r m e 
d ' in te r fé rence résonnant-potent ie l , est r e p r é s e n t é e su r la figure 5. Deux 
conditions doivent ê t r e r e m p l i e s : 

a) La va leur de ст0п, à l ' éne rg ie de la résonance , doit ê t r e suffisante 
comparée à la sect ion efficace potent ie l le . On peut adme t t r e un peu 
a r b i t r a i r e m e n t le c r i t è r e cr0n/ap ^ 0, 1. 

b) Le t e r m e d ' in te r fé rence ne doit pas ê t r e t rop important , sinon la 
r é sonance est t r è s d i s symét r ique , ce qui peut fausse r g r o s s i è r e m e n t 
l ' ana lyse . Il s 'agit soit de d é t e r m i n e r la section efficace de diffusion à 
l ' éne rg ie de la r é sonance , et a lo r s elle est t r è s sens ib le à la moindre 
e r r e u r su r l ' énerg ie , soit d 'une analyse de surface qui doit ê t r e faite pa r 
différence de deux su r f aces , l 'une au -dessous , l ' au t r e a u - d e s s u s de la 
sect ion efficace potent ie l le . 

On peut, là auss i a s s e z a r b i t r a i r e m e n t , chois i r le c r i t è r e que le 
r appor t A / B soit supé r i eu r à une ce r ta ine quantité, 2 pa r exemple . Or, 
le min imum et le maximum de la sect ion efficace élast ique, pour une 
résonance isolée , sont égaux à [13] 

2(21 + 1) 

x2 (2J + 1) 
<*Мах =*Л 2(21 + 1) 

l + ( 1 - ^ J - 2 Л - l i i ) cos 2kR |* -&• ï (4) 

1 + ( 1 - ^ ) - 2 ( l - ^ ) c o s 2 k R '+$T (5) Г _ 

d'où A =crMax - ар et В = ap - amin (6) 

Le rappor t A / B dépend uniquement de Гп°/Г et la var ia t ion de A / B en 
fonction dé Г ^ / Г est por tée su r la figure 6. On constate que A / B > 2 pour 
Гп°/Г > 1 ,4 -10-3 . 

On constate de m ê m e que aon /<*p ne dépend que du m ê m e rappor t 
/ Г p a r la re la t ion 

m = g o £ * • , ,o }2л2ъ ft 2 ,5-105 g f ^ Y (7) 
aD Г 4wX¿ s i n ^ k ^ R " & V Г / 
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FIG. 6. Importance de l'effet d'interférence potentiel-résonnant en diffusion élastique 

En faisant, dans ce cas , l ' approximat ion g - \ (ce qui est valable 
puisque nous ne faisons ici qu'un calcul approché) , on consta te que 

££D_ > 0, 1 pour •i n > 10"3 
(8) 

On re t rouve donc une condition t r è s voisine de la p r écéden te . 
L imi tons -nous au cas 2 3 9 Pu e t calculons la probabi l i té P(a) que 

г £ / Г <a [a est un nombre a r b i t r a i r e ) pour l e s é ta ts de spin 0 et 1. Un 
m é m o i r e p r é sen t é à cet te Conférence [8] suggère que 

<T f > =42 meV pour J = l et < If > =1300 meV p o u r . J = 0 

La probabi l i té P(a) , en fonction de a, est po r t ée s u r la f igure 7 pour 
l e s deux é ta ts de spin, avec < 2g Гп°> = 0, 61 meV et Ту =40 meV. (Pour 
s impl i f ie r le calcul , il a é té supposé que la d is t r ibut ion des l a r g e u r s de 
fission suivait une d is t r ibut ion en X2 avec v = 2 d e g r é s de l i be r t é . ) 

Si l 'on applique l e c r i t è r e Г^/Г < 10~3 à ces r é sonances (cela revient 
à évaluer la propor t ion des r é sonances qui ne peuvent pas ê t r e ana lysées 
en diffusion), le d i a g r a m m e de la f igure 7 donne 

P (ю-3) = 0, 38 pour J = 0 

P (Ю-3) = 0, 08 pour J = 1 

(9) 

(10) 



172 MICHA UDON 

FIG. 7. Probabilité P(a) pour que Г° /Г <a (a quantité donnée) 
А - » Г у = 40 meV, < Гп°> = 1,23 meV, <r f > = 1300 meV, résonances de spin 0 (?) 
В -» Г = 40 meV, < Г» > = 6,41 me V, < Ц > = 46 meV, résonances de spin 1 ( î) 

Le rapport du nombre des résonances pour les deux états de spin qui 
peuvent être analysées en diffusion est 

N(J = l) . 3 1-0,08 
N(J = 0) 1 1-0, 38 ' ( H ) 

Cet effet accentue encore le rapport des populations entre les deux 
états de spin. Or, cela ne se retrouve pas dans les résultats d'Ashgar 
[10] entre 100 eV et 300 eV. Dans cette gamme d'énergie, Ashgar attribue 
le spin 0 à 19 résonances contre 12 résonances au spin 1. Le rapport (11) 
tel qu'il est observé est donc de 0, 63 au lieu de 4, 5, soit une différence 
d'un facteur 7. Nous reviendrons sur ce point plus tard. Cependant, nous 
pouvons remarquer dès maintenant que la sous-estimation du terme 
d'interférence conduit à une surestimation de la surface A de la résonance 
et donc à une diminution apparente du facteur statistique g. Cela revien
drait, dans certains cas, à donner le spin 0 à des résonances de spin 1. 

Dans la gamme d'énergie en dessous d'une centaine d'eV, nous pouvons 
comparer trois mesures [9-11] (voir tableau I). On constate généralement 
un bon accord entre les mesures d'Ashgar et de Bowman, mais un moins 
bon accord entre ces deux dernières et celles de Fraser (notamment à 
14, 69 eV, 22, 28 eV et 44, 48 eV). Cependant, même lorsque l'accord est 
bon, il appelle quelques remarques: 

- Le spin est quelquefois donné lorsque la résonance est double (p. ex. 
à 41,42 eV). 
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- Bowman donne le spin de la résonance à 15, 42 eV d'après l'étude 
de l'interférence en fission et non d'après la mesure de diffusion. D'autre 
part, les spins des résonances à 32, 38 eV et 35, 49 eV sont attribués 
d'après la combinaison des paramètres qui donnent à ces deux résonances 
une surface à peu près égale en diffusion. Or, elles n'apparaissent que 
faiblement et elles sont fortement perturbées par le terme d'interférence. 
Quant à la résonance à 14, 41 eV elle n'apparaît pas dans cette mesure, 
mais cette propriété est quand même utilisée pour lui donner le spin 1 
(confirmé par une étude de l'interférence dans la section efficace de 
fission). 

- En tenant compte des attributions de spin pour 11 résonances 
jusqu'à 75, 3 eV, on arrive ainsi à 10 résonances de spin 1, contre une de 
spin 0. Ce rapport de 10 que l'on trouve ainsi, qui est assez incertain, 
est encore plus élevé que celui que nous avons calculé plus haut 
(formule 11). 

Le critère fondé sur la valeur de Г„0/Г est encore plus sévère pour 
les noyaux fissiles autres que 239Pu. 

2.4. Transitions de capture radiative 

Cette méthode est utilisée couramment pour la détermination du spin 
des noyaux non fissiles par l'application des règles de sélection pour les 
transitions de l'état résonnant aux premiers états excités du noyau com
posé. Dans le cas des noyaux fissiles, elle n'a pas encore été employée 
à cause de la contribution des rayons yet des neutrons de la fission, ainsi 
que de la radioactivité naturelle des échantillons. L'augmentation de 
l'intensité des sources de neutrons puisées, d'une part, permettait à la 
fois l'emploi d'échantillons minces et de dispositifs d'anticoïncidence 
avec le phénomène de fission, et les nouveaux détecteurs au Ge, d'autre 
part, devraient étendre cette méthode aux noyaux fissiles. Pour 235U, 
noyau favorable à cause de sa parité négative, la transition électrique 
dipolaire au premier niveau excité 2+ est autorisée à partir d'une 
résonance 3- mais ne l'est pas lorsque le spin est 4~. 

3. METHODES INDIRECTES DE DETERMINATION DU SPIN 

Par méthodes indirectes, nous entendons celles qui font intervenir 
des propriétés qui sont supposées dépendre de l'état de spin. Nous allons 
en examiner quelques-unes. 

3 .1 . Largeurs totales de capture radiative 

Dans certains noyaux non fissiles, la valeur moyenne de Ту dépend 
de l'état de spin (p. ex. : ""Se, 199Hg, 201Hg, . . . ) [14]. Il est possible que 
ce phénomène se retrouve dans les noyaux fissiles, ainsi que l'avait déjà 
suggéré Wheeler [15]. Des fluctuations importantes de Гу ont été ob
servées dans 235U [16], qui peuvent être expliquées de cette façon, mais 
qui ne sont pas une preuve. En se référant aux travaux de Sailor [6] que 
nous avons cités plus haut, on constate que 

< E, > = 32 meV pour les résonances à 0, 28 eV et 2, 05 eV (supposées 3-) 

Гу =43 meV pour la résonance à 1,14 eV (supposée 4-) 
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P a r contre , les r é su l t a t s p r é s e n t é s p a r Poo r tmans et a l . [12] ne 
semblent pas m o n t r e r une différence de Гу pour les r é sonances à 8, 8 eV 
et 12, 4 eV de 235U qui sont ment ionnées comme étant de spins d i f férents . 
Des t ravaux supp lémenta i res sont n é c e s s a i r e s pour conclure su r ce point. 

F r a s e r et Schwartz [9] avaient suggéré une va leur de Гу différente 
suivant l ' é ta t de spin dans 2 3 9 Pu, en se fondant su r la r é sonance à 41 , 4 eV 
qu ' i l s t rouvaient de spin égal à 1, ce qui conduisait à Гу = 62, 9 meV [17] 
(au lieu de Гу =40 meV) . En fait, ce t te r é sonance est double [8, 18], ce 
qui je t te le doute su r la dé te rmina t ion du spin, et la nouvelle va leur de Гу 
es t plus b a s s e (Гу =43, 5 ± 8 meV) [8]. 

P o u r conclure dans le cas de 2 3 9 Pu, il faudrait connaî t re p lu s i eu r s 
r é sonances de spin 0 qui soient é t ro i t e s pour que la dé te rmina t ion de Гу 
soit p r é c i s e . Or, un calcul rapide mon t re que s i l 'on impose les deux 
conditions 

Гп0 

4p->10-3 et Tf ^ Гу =40meV (12) 

pour l e s r é sonances l a r g e s supposées ê t r e de spin 0, on ne re t ien t que 
2 a 3% environ d ' en t r e e l l e s . Avec cet te hypothèse, il est donc t r è s peu 
probable de pouvoir m e s u r e r une résonance é t ro i te de spin 0, et donc de 
savo i r s i Гу dépend de l ' é ta t de spin. 

Si l 'on admet a lo r s que Гу fluctue peu autour de la va leur moyenne de 
40 meV, il est poss ib le d ' a t t r i bue r un plus grand nombre de spins p a r la 
méthode des p a r a m è t r e s de r é sonances (voir pa rag raphe 2.2 et tableau I ) . 
Il est i n t é r e s san t de c o m p a r e r les va l eu r s de spin a ins i obtenues à ce l le 
d 'Asghar [10] en t re 100 et 300 eV. On constate p lus ieurs d é s a c c o r d s , 
toujours dans le m ê m e s e n s : une résonance de spin 1 à Saclay devient une 
r é sonance de spin 0 à Harwel l , ce qui conf i rmera i t l 'hypothèse que nous 
avons avancée au pa rag raphe 2 .3 re la t ive à un excès de r é sonances de 
spin 0 dans l es m e s u r e s d 'Asghar . 

3 . 2 . In te r fé rences en t re r é sonances 

Seules peuvent i n t e r f é r e r en t re e l les des r é sonances de m ê m e spin 
lo r sque le p r o c e s s u s de désexci ta t ion compor te un faible nombre de voies 
de s o r t i e (diffusion é las t ique, t r ans i t ions individuelles de cap ture 
rad ia t ive , f iss ion) . Dans ce r t a ins cas , des d i s s y m é t r i e s de r é sonances 
peuvent ê t r e expliquées p a r ce phénomène d ' in te r fé rence , ce qui p e r m e t 
de conclure que ce r t a ines r é sonances sont du m ê m e état de spin sans 
pouvoir toujours p r é c i s e r lequel . 

Cette p ropr i é t é est u t i l i sée dans le cas de la diffusion élas t ique [19] 
pour des noyaux non f i s s i l e s . El le ne peut pas ê t r e appliquée aux noyaux 
f i ss i les (trop faible va leur re la t ive de Гп / Г ) sauf p e u t - ê t r e à quelques 
r é sonances de 2 3 9 Pu lo r sque la résolut ion le p e r m e t t r a . L ' i n t e r f é r ence 
en t re t r ans i t ions pa r t i e l l e s de capture radia t ive est auss i inapplicable aux 
noyaux f i ss i les pour le moment . 

P a r cont re , l ' i n te r fé rence due au faible nombre de voies de so r t i e 
du phénomène de fission a été u t i l i sée à p lus ieurs r e p r i s e s avec un 
fo rma l i sme multiniveaux à 235U [20-22], à 2 3 3U [23, 24],à 2 4 1 Pu [25] et à 
2 3 9 Pu. C 'es t ainsi que Sauter et Bowman dé te rminent le spin de t r o i s 
r é sonances de 2 3 9 p u en t re 13, 3 eV et 16, 5 eV à p a r t i r d 'une analyse 
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FIG. 8. Représentation schématique des états collectifs de transition d'un noyau pair-pair 

multiniveaux de la section efficace de fission de 239pu dans cette gamme 
d'énergie [11]. Cependant, cette méthode appelle quelques réserves: 

- Il n'est pas possible de l'étendre à un grand nombre de résonances 
car le nombre de paramètres, donc de combinaisons de paramètres, 
augmente t rès rapidement. Même avec les calculatrices électroniques 
très puissantes, il est douteux qu'une méthode d'ajustement de la courbe 
théorique aux résultats expérimentaux par moindres carrés (avec choix 
des paramètres par la calculatrice) soit possible pour le moment. 

- La solution obtenue n'est généralement pas unique (ce qui interdit 
l'attribution unique du spin). 

- Les dissymétries des résonances peuvent non seulement être dues 
à des effets d'interférence mais aussi à des résonances masquées dans les 
résultats expérimentaux, et il est difficile de trancher entre les deux 
effets. Dans 235U, il est vraisemblable que l'on manque environ 20% des 
niveaux [16], dont la majorité resteront indétectables malgré l 'amélio
ration de la résolution. En effet, ils sont masqués surtout par la largeur 
naturelle des résonances et un résidu d'effet Doppler qu'il est impossible 
d'éliminer même à t rès basse température. 

Ces réserves sont justifiées par le fait que le classement des 
résonances effectué de cette façon par Vogt [21] et Shore est en désaccord 
avec les résultats de Sailor et al. [6] obtenus par polarisation (voir 
paragraphe 2.1). Par contre ces derniers sont en meilleur accord avec 
ceux de Kirpichnikov et al. [22]. 

En résumé, cette méthode ne doit être appliquée qu'avec précaution et 
ne peut donner des résultats sûrs que dans quelques cas isolés, pour un 
nombre restreint de résonances. 

3 .3 . Propriétés du phénomène de fission 

Le fil directeur reste toujours la théorie de Bohr [26] suivant laquelle, 
au point seuil, la plus grande partie de l 'énergie d'excitation se trouve 
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FIG. 9. Distribution des largeurs de fission Trde M1Pu 

sous la forme d'énergie de déformation. Le système ne peut donc exister 
que sous la forme de quelques états quantiques, dits états de transition, 
dont la spectroscopic est voisine de celle des premiers états excités du 
noyau. Ces états sont collectifs et chacun d'eux est caractérisé par les 
nombres quantiques I (spin), ж (parité) et К (projection du spin I sur l'axe 
de symétrie). Nous reproduisons sur la figure 8 un diagramme 
schématique de ces états collectifs de transition tels qu'ils peuvent 
apparaître dans un noyau lourd pair-pair ayant une déformation 
quadrupolaire stable [27]. 

Les conséquences de cette théorie pour la fission induite par des 
neutrons de résonances ont été exposées à plusieurs reprises et 
récemment par Griffin [28] et Rae [29]. Nous n'allons pas reprendre cette 
question dans le détail, ce qui sortirait du cadre de ce mémoire, mais 
simplement nous attacher à en rappeler quelques aspects. 

3 .3 .1 . Différence possible du seuil de fission pour les deux états de spin 

La différence doit surtout être marquée pour les isotopes fissiles à 
parité positive, où l'un des états de spin appartient à la bande de rotation 
de l'état fondamental qui est la plus basse. Les largeurs moyennes de 
fission peuvent donc être différentes pour les deux états de spin. 

Cependant, du fait que les états de transition sont peu nombreux, 
les fluctuations des largeurs Tf sont importantes, d'où la difficulté de 
faire apparaître deux valeurs différentes de < Tf > et (si elles le sont) d'en 
déduire le spin des résonances. 
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Dans 241Pu [30], où il est fait état de deux groupes de résonances, les 
unes larges, les autres étroites, la distribution des largeurs Tf ne montre 
pas une telle séparation en deux groupes (fig. 9). 

Dans le cas de 235U, où des fluctuations de Гу ont été observées, on 
trouve à Saclay une corrélation positive entre Tf et Гу [16], ce qui 
suggère deux familles pour les largeurs de fission. Mais, d'une part, 
ce résultat n'est pas retrouvé par le groupe de Dubna [31], d'autre part, 
le rapport entre les valeurs moyennes de Tf n'est pas suffisamment im
portant pour permettre l'attribution du spin. 

Le seul cas où deux familles apparaissent clairement dans la d i s 
tribution des largeurs Tf est celui de 239Pu [8]. Nous reproduisons cette 
distribution sur la figure 10. 

Les résonances de spin 1 mesurées en diffusion (en dessous de 76 eV) 
peuvent toutes appartenir à la famille des résonances étroites, ce qui cor
respond à la théorie de Bohr. Cette même théorie prédit que les 
résonances larges sont de spin 0. Dans cette hypothèse, les faibles valeurs 
de Tf correspondent à un mélange de résonances de spin 0 et de spin 1, 
avec une majorité de ces dernières. Par contre, les grandes largeurs de 
Tf (Tf> 400 meV) correspondent essentiellement à des résonances de spinO. 
Cela constitue donc un cri tère simple d'attribution du spin 0. Nous r e 
viendrons sur ce point. 

3 .3 .2 . Distribution en masse et énergie cinétique des fragments de fission 

Il a été suggéré par Wheeler [32] que la distribution en masse des 
produits de fission pourrait dépendre du spin J de la résonance. La 
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FIG. 11. Variation de la probabilité de fission symétrique dans les résonances de 239Pu (extrait de [38]) 

mesure du rapport de la fission symétrique à la fission asymétrique en 
fonction de l'énergie a été faite à plusieurs reprises, surtout pour 235U 
et 239Pu, l'effet le plus important ayant été trouvé pour 239Pu. 

Un grand nombre de travaux ont été poursuivis dans ce domaine, 
dont plusieurs ont été présentés à la Conférence de Salzbourg (mars 1965)1. 
Nous allons examiner quelques-uns d'entre eux. 

La mesure la plus complète sur la distribution en masse des produits 
de fission dans les résonances de 235 U a été faite par Cowan et al. [33] en 
utilisant un explosif nucléaire comme source de neutrons. Le rapport de 
l'activité de n l Ag à celle de "Mo a pu être obtenu pour 17 résonances de 
8, 8 eV à 40 eV. Ce rapport accuse des variations extrêmes de + 22% à 
-50% comparées à la valeur mesurée pour la fission induite par des 
neutrons thermiques. Il est possible de séparer les résonances en deux 
groupes, quatre dans le premier groupe (rapport n iAg/9 9Mo plus élevé) 
et 13 dans le second (rapport ш Ag/99Mo plus faible). La valeur moyenne 
< rf > pour ces deux groupes n'est pas t rès différente (<Tf >= 63 meV pour 
le premier groupe, <Tf > =52 meV pour le second). Cela confirmerait que 
les deux seuils de fission pour les états de spin 3- et 4- sont voisins dans 
235U. 

Il a été montré expérimentalement [34, 35} et justifié théoriquement 
[36] que la distribution en masse des produits de fission était reliée à 
l'énergie cinétique totale de ces fragments. C'est en vue d'étendre ces 
résultats aux neutrons de résonances que Melkonian a mesuré les variations 
de l'énergie cinétique des fragments de fission pour une quinzaine de 
résonances de 235U jusque vers 40 eV [37]. Un accord est trouvé avec les 
résultats de Cowan pour sept résonances. Cet accord va dans le sens 
espéré puisque aux résonances ayant une faible proportion de fission 
symétrique (mesures de Cowan) correspondent des résonances dont 
l'énergie cinétique moyenne des fragments est plus élevée. 

Cependant, on ne connaît le spin d'aucune de ces résonances (sauf 
peut-être celle à 8, 8 eV), ce qui ne permet pas de vérifier la théorie et 
donc de faire confiance à cette méthode pour la détermination du spin. 

Le plutonium-239 est un noyau plus favorable pour cette étude. Par 
la même méthode, Cowan et al. ont entrepris la détermination de la pro
portion de fission symétrique dans les résonances de 239Pu [38]. La mesure 
porte sur une vingtaine de résonances et le rapport des activités de 115 Cd 
et de " M o (voir fig. 11) accuse de grandes variations (les valeurs extrêmes 

1 AGENCE INTERNATIONALE DE L'ENERGIE ATOMIQUE, Physique et chimie de la fission, 2 vol. . 
AIEA, Vienne (1965). 
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non corrigées sont dans un rapport 3). Après corrections des résonances 
voisines, les valeurs de ce rapport appartiennent nettement à deux groupes 
distincts pouvant correspondre aux deux états de spin. Dans cette hypo
thèse, le groupe ayant la plus grande proportion de fission symétrique 
correspondrait au spin 0+, l 'autre groupe au spin 1+. Le dernier groupe 
comprend 12 résonances sûres, dont huit ont été mesurées en diffusion 
par Asghar et Sauter avec des résultats qui concordent. Sur ces huit 
résonances, une seule est en désaccord avec les résultats de Cowan, celle 
à 47, 74 eV, pour laquelle Sauter et Asghar trouvent J = 0 alors que Cowan 
trouve J = 1. Les résonances de spin J =0 (au nombre de six d'après 
Cowan) ne sont généralement pas analysées en diffusion, ce qui exclut une 
comparaison directe. Par contre, on remarque que sur ces six résonances 
cinq ont une largeur Tf supérieure à 500 meV et la largeur Tf de la 
sixième est de 180 meV, ce qui correspond t rès bien à la théorie et à 
l'hypothèse que nous avons avancée à l'alinéa 3.1.2 suivant laquelle les 
résonances à grande largeur Tf (Tf >400 meV) sont pratiquement toutes 
de spin 0+. 

Les résultats de Cowan sont en bon accord avec ceux de Melkonian [37] 
sur la variation d'énergie cinétique des fragments de fission. 

Par contre, il faut citer un désaccord sur la résonance à 0, 3 eV. 
Suivant l'analyse multiniveaux de Vogt [39] elle serait d'un spin différent 
des résonances à 7, 82 eV et 10, 93 eV, donc de spin 0. Or, la probabilité 
de fission symétrique est faible [40], ce qui au contraire devrait co r res 
pondre au spin 1. 

Néanmoins, 239pu donne donc un ensemble assez cohérent de résultats 
expérimentaux en accord qualitatif et parfois même quantitatif avec la 
théorie. 

3 .3 .3 . Probabilité de fission ternaire et neutrons de fission 

Il a été montré expérimentalement [41, 42] et justifié théoriquement 
[36] que le nombre de neutrons de fission dépend de la division en masse 
au moment de la scission. Il en est de même pour l'émission des rayons a 
de long parcours dans le processus de fission ternaire. Ainsi, à une 
division en masse déterminée doit correspondre 
- un nombre moyen et une distribution des neutrons de fission, 
- une probabilité d'émission des rayons a de long parcours et un spectre 

d'énergie de ces rayons a. 
Si la distribution en masse des produits de fission varie de résonance 

en résonance, alors ces différentes propriétés devraient aussi accuser 
des variations. 

Les mesures faites jusqu'à présent ne montrent pas de variation de v 
(nombre moyen de neutrons par fission) d'une résonance à l 'autre; elles 
devraient être reprises avec une meilleure précision. 

Le processus de fission ternaire avec émission d'un rayon ce de long 
parcours a été étudié, de résonance en résonance, dans plusieurs labo
ratoires, notamment à Saclay [43] où l'on a trouvé des variations signifi
catives mais qu'il est difficile de relier au spin des résonances ou aux 
autres propriétés de capture ou de fission. 

Des mesures sur les neutrons de fission et les rayons a de tripartition 
sont t rès souhaitées dans les résonances de 239Pu, là où les effets les plus 
grands sont attendus. 
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T A B L E A U I I . CALCUL DU C O E F F I C I E N T A2 D 'ANISOTROPIE DES 
F R A G M E N T S DE FISSION DANS L E CAS DE 233u E T 235U 

к ^^ \^ 
0 

± 1 

± 2 

+ 3 

± 4 

233 y 

(Phc /k=0, 0277eK) 

2+ 3+ 

+ 0. 074 

+ 0, 037 + 0. 055 

- 0, 037 0 

- 0, 092 

235 y 

(Phc/k = 0, 0154°K) 

3 " 4" 

+ 0,077 

+ 0, 058 + 0, 065 

0 + 0 , 0 3 1 

- 0, 96 - 0, 027 

- 0, 108 

Note: Ce tableau est extrait de [44]. 

3. 3.4. Anisotropie des fragments de fission induite par des neutrons non 
polarisés sur des noyaux alignés 

Le travail de pionnier dans ce domaine a été accompli par Dabbs et al. 
[44], qui ont montré que le coefficient A2 de l'anisotropie des fragments 
de fission dans 235 и était de signe opposé à celui des rayons de la radio
activité naturelle. Ce rapport peut être calculé pour les différentes bandes 
des états collectifs (voir tableau II pour 233U et 235U, extrait de [44]). 

Le rapport A2 dépend des deux nombres quantiques К et J, mais plus 
du premier que du second. Il semble donc plus sensible à la voie de sortie 
du phénomène de fission qu'au spin de la résonance. 

Cette méthode ne peut conduire à la détermination du spin que dans 
des cas favorables, par exemple si la plus grande contribution de fission 
dans chaque état de spin se trouve dans une bande ayant un К bien déter
miné, la valeur de К étant alors différente pour chaque état de spin. En 
se limitant au cas de 235U, on peut supposer que dans le noyau composé 
236U la contribution principale du spin 3- se trouve dans la bande de 
vibration octupolaire ayant К = 0 (la contribution de la bande К = 1 serait 
alors plus faible) alors que le spin 4- correspondrait uniquement à la 
bande К = 1. 

Dabbs a publié des résultats sur 235U à basse énergie jusqu'à la 
résonance à 8, 8 eV. De 0, 14 eV à la résonance à 1, 14 eV, une analyse 
simple montre que les résultats d'anisotropie des fragments de fission 
sont en accord avec l'analyse multiniveaux de Kirpichnikov [22], elle-
même en accord avec les récents travaux de Sailor et al. sur la polarisation 
[6] (voir paragraphe 2.1). Par contre, elle est en désaccord avec les 
analyses multiniveaux proposées antérieurement [20, 21] (ce qui paraît 
normal, voir paragraphe 3.2). Il existe également d'autres désaccords 
notés par Dabbs et al. [44], dont la présentation sortirait du cadre de 
ce mémoire. 
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De ces mêmes résultats de Dabbs et al. il ressort que les résonances 
à 1, 14 eV et 8, 8 eV ont des valeurs de A2 qui sont t rès voisines 
(A2 = 0, 052i 0, 01 environ) et différentes de celle à 1, 14 eV (A2 = 0, 031 
±0, 002) ce qui suggère que les deux premières résonances sont du même 
état de spin, différent de celui de la troisième. Ce résultat n'est pas ' 
cohérent avec les valeurs suivantes: 

Résonance à 0, 275 eV: spin 3- — Résonance à 1, 14 eV : spin 4- [16] (avec 
les réserves déjà formulées au paragraphe 2.1) 

Résonance à 8, 8 eV (spin 3-) [12]. 

Un désaccord existe donc entre trois déterminations du spin qui devra 
être examiné sérieusement si Sailor confirme l'attribution des spins qui a 
été proposée pour les résonances à 0, 27 eV et 1, 14 eV. 

4. CONCLUSION 

La mesure du spin des résonances et les propriétés du phénomène de 
fission sont deux aspects d'un même problème qui s'enchevêtrent étroite
ment. La façon logique de procéder serait d'abord de connaître le spin 
des résonances pour en déduire les propriétés de la fission. Cependant, 
la mesure des spins est t rès difficile et c'est la raison pour laquelle on 
se sert souvent des dernières, sans pour autant bien les connaître. Les 
travaux ont donc progressé parallèlement dans ces deux domaines et il 
nous a été impossible de les citer tous dans ce mémoire. 

Les travaux commencent maintenant à converger sur une représen
tation cohérente du problème; c'est le cas de 239Pu où les mesures de 
largeurs de fission, de spin, de distribution en masse et d'énergie des 
fragments de fission correspondent à peu près à la théorie de Bohr. 
Plusieurs points restent encore à préciser. Des mesures de diffusion 
élastique devraient être améliorées et d'autres mesures seraient à 
entreprendre pour compléter notre compréhension du phénomène (fission 
ternaire, neutrons de fission, etc.) . 

L'uranium-235 est plus difficile à étudier, d'une part à.cause des 
mesures de diffusion élastique, d'autre part parce que les propriétés de la 
fission ne semblent pas dépendre beaucoup de l'état de spin. Heureuse
ment, par une sorte de bienfait de la nature, ce noyau est moins difficile 
à polariser que les autres. Par la polarisation, une source considérable 
d'informations commence à nous être fournie, qui va connaître d'assez 
grands développements dans un proche avenir. 

Restent 233u e t 241 p u > tous deux de spin 5/2+, pour lesquels nous 
avons moins d'informations. L'énergie de liaison de 241Pu est plus faible 
que celle de 233u, ce qui devrait faciliter l'analyse et l'interprétation des 
résultats (résonances plus espacées, plus étroites et énergie d'excitation 
au point seuil plus faible). Cependant, il est plus difficile à étudier 
expérimentalement. 

Après avoir cheminé longtemps dans des voies difficiles et ingrates, 
il semble que l'étude de la fission connaisse un nouvel essor et s'ouvre sur 
des perspectives plus attrayantes. De nombreux résultats vont certaine
ment être obtenus dans les années à venir et parmi ceux-ci la connaissance 
du spin des résonances représente une des clés de ce vaste problème. 
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ANNEXE 

COMPARAISON DES VALEURS DU SPIN DES RESONANCES DE 2 3 9 P u 
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a Valeur de g e X p déduite de о on г [Ю] (non corrigé des effets de diffusion multiple) et des 
paramètres 2 g Гп et Г mesurés à Saclay [ 8 ] . 

b Valeur de J mesurée par Cowan [38] . 
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D I S C U S S I O N 

C. D. BOWMAN: I would like to say a few words in favour of using 
resonance-resonance interference in the scattering cross-section for 
making spin assignments. We have measured scattering cross-sections at 
Livermore on the nuclides 233U, ^ ^ and ш Р и in addition to our earlier 
measurements on ^ ^ u . We have developed a multi-level fitting code 
based on the Reich and Moore formalism; by means of a least-squares 
procedure this code searches for the best fit to the data, given a set of 
spins and the signs of interference. Of course, the fits used to assign the 
spins must also be consistent with the total fission cross-section, which 
has already been well measured. We are currently fitting this data and 
hope to be able to assign spins to as many as half the resonances below 
15 eV in 241Pu and 233V. We expect very little success on 235U. 

J. THEOBALD: I should like to make a comment on the indirect 
methods of spin determination. I wonder why one has always considered 
only one kind of energy de-excitation during the fission process, e .g. 
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t e r n a r y fission, fragment kinetic energy o r neutron emiss ion . I think 
that the summing of all m e a s u r e d de-exci ta t ion phenomena (including 
future m e a s u r e m e n t s of neutron, beta and gamma de-excitat ion) from 
resonance to resonance should inc rease the energy differences for the two 
spin fami l i e s . 

A. MICHAUDON: It would cer ta in ly be of in te res t to sum fission 
p r o c e s s e s which show the same t rend - fission neut rons , t e r n a r y 
alpha r a y s , beta r ays - to i n c r e a s e the difference from resonance to 
r e sonance . 

J . JULIEN: The use of L i -Ge de tec to rs to revea l weak t rans i t ions 
in the spec t rum of gamma r a y s emit ted after neutron capture will , I think, 
help in determining resonance spins for f iss i le nuclei . The rad ica l 
difference that we now find for ce r ta in nuclei between these de tec to r s and 
those employing Nal(Tl) c r y s t a l s gives r eason to hope that even without 
an ant i -coincidence c i rcui t it will be poss ible to r evea l differences in 
g a m m a - r a y s p e c t r a for f iss i le nuclei . We shall short ly be studying a 
method for doing t h i s . 
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Abstract 

SPIN ASSIGNMENTS OF LOW-ENERGY RESONANCES IN 339Pu. Neutron scattering measurements 
have been made up to about 300 eV on 239Pu with the existing neutron scattering detector, which was 
modified to take account of the fission neutrons. Combining these data with the published transmission 
data ( g r n , r ) spin assignments of 45 resonances have been made. If the resonances assigned by other 
workers are included, the average values of fission widths for 0+ and 1+ resonances up to 200 eV are found 
to be 218.2 and 42.1 meV, respectively. It is shown that this average value of fission width (42.1 meV) 
for 1+ resonances is inconsistent with the hypothesis of 1+ resonances fissioning through a 1+ two quasi-
particle transition state and one needs a 1 + transition state at a much lower energy to account for this result. 
This state may be a 1+ combination transition state formed from mass asymmetry and bonding vibrations. 

1. INTRODUCTION 

The application of the collective model [ 1, 2] to the fission process 
predicted that the height of the fission barr ier should depend significantly 
on the spin and parity of the level of the compound nucleus involved. Since 
the probability of fission is closely related to the properties of the fission 
barrier, it means that among other things, such as the peak-to-valley ratio 
in fission fragment distributions, the fission widths of the compound nucleus 
resonances observed when s-wave neutrons interact with fissile nuclei 
should be correlated with the spins of these resonances which can be either 
J = I + | - o r I - i , where I and \ are respectively the spins of the target 
nucleus and neutron. 

Apart from this theoretical interest, the spin values of these compound 
nucleus s-wave resonances are involved in a direct way when multi-level 
resonance theories are used to fit the measured fission cross-section 
data [3 ] . A straightforward method of measuring the spins of these low-
energy s-wave resonances is to combine the total cross-section data 
(g^n a n d Г) with the data obtained from neutron resonant scattering 
measurements. But, unlike the non-fissile nuclei, the main difficulty in 
making scattering measurements on fissile nuclei is the presence of un
wanted fission neutrons. Nevertheless, some neutron resonant scattering 
measurements have been made on fissile nuclei such as 239Pu up to about 
90 eV using either the 'bright line' technique [4] , where these fission 
neutrons and fission and capture 7-rays are eliminated by the time-of -
flight method, or a 10B sleeve [5] around the scattering sample to sub
tract out the fission neutrons. 10B has a high capture cross-section for 
low-energy neutrons, while for high-energy fission neutrons its capture 
cross-section is very low. Though the bright line technique is an ideal 
one to make scattering measurements on fissile nuclei, yet it is difficult 
to go beyond, say 50 eV, using this technique, because above this energy, 
the loss in energy of a scattered neutron due to the recoil of the scattering 
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nucleus becomes so l a rge that it i s difficult to c o r r e l a t e the m e a s u r e d 
neutron energy with i t s r e a l energy . We have modified our neutron 
sca t t e r ing de tec tor [6] at the Harwel l 45-MeV e lec t ron l inea r a c c e l e r a t o r , 
to take account of the f ission neut rons (see sect ion 3). In th is paper we 
p resen t our r e s u l t s on spin ass ignments of r e sonances in ^ЭРи up to 
about 300 eV. 

2. EXPERIMENTAL ARRANGEMENT 

The neutron resonant sca t t e r ing m e a s u r e m e n t s were made us ing the 
t ime-of-f l ight s p e c t r o m e t e r based on the Harwel l 45-MeV e lec t ron l inea r 
a c c e l e r a t o r pulsed neutron source with i t s boosted neutron t a rge t [ 7 ] , 
giving neutron pulses of durat ion about 200 ns , at a repet i t ion r a t e of 
about 200 p u l s e s / s . 

The neutron sca t t e r ing m e a s u r e m e n t s were c a r r i e d out on a flight 
path of about 50 m using the neut ron sca t t e r ing de tec tor descr ibed in 
Ref. [ 6 ] . This de tec tor was modified to take account of the f ission neut rons 
f rom 2 3 9 Pu. Ordinar i ly , in th is de tec tor , s ca t t e r ed neut rons a r e detected 
through the reac t ion 6Li (n, or)T + 4.8 MeV, using 6Li g lass sc in t i l l a to r s 
(called A). The 7 - r a y r e sponse of these sc in t i l l a to rs i s de te rmined using 
na tu ra l l i thium g lass sc in t i l l a to r s (called B). If the ra t io of the 7 - r a y 
sens i t iv i ty of A re la t ive to В (determined u s i n g T h C " 2 .6 -MeV 7 - r ays ) 
i s Ky, it can be shown that the number of neu t rons sca t t e red at energy E 
i s 

N' = e ' ( N A - KyNB) (1) 

where NA and NB a r e the number of events r ecorded , respec t ive ly , by A 
and В at energy E for the s ame record ing t ime and e' i s an efficiency 
fac tor . 

To take account of the f ission neut rons , we used a st i lbene c r y s t a l 
(called C) in conjunction with the neutron sca t t e r ing de tec tor . The r e sponse 
of this c r y s t a l to 7 - r a y s was reduced to l e s s than 0. 3% using a pulse shape 
d i sc r imina t ion c i rcu i t [ 8 ] . The sensi t iv i ty of the neutron sca t t e r ing d e 
t ec to r (A) to f ission neut rons re la t ive to the f ission neutron de tec tor (C) 
was de te rmined , us ing a 2 4 0Pu spontaneous f ission s o u r c e . It can be 
shown that for a f iss i le t a rge t nucleus , the number of neut rons s ca t t e r ed 
at an energy E i s given by Eq. (1), when modified to 

N = e (NA - KyNB - K fNc) (2) 

where N c , l ike NA and NB , i s the number of events r eco rded by С at 
energy E, and e i s again an efficiency fac tor . 

Here it i s a s sumed that the spontaneous f ission spec t rum of 2 4 0Pu i s 
s i m i l a r to the f ission spec t rum of fission occu r r ing in the r e sonances of 
239pu a n ( j that the f ission s p e c t r u m does not va ry significantly f rom r e 
sonance to r e s o n a n c e . 

It should also be pointed out that the neutron sca t t e r ing de tec tor has a 
low r e sponse to f ission neu t rons , for example , the f ract ional contr ibut ions 
(in t e r m s of the total a r e a of a resonance) of the f ission neut rons to the 
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47.7, 52.6, 65. 8 and 164. 7 eV resonances are respectively 2.4, 2.6, 
6.1 and 1.7%. 

The data from А, В and С were recorded separately but simultaneously 
on a magnetic tape using 8192 timing channels of width 125 ns, giving an 
overall timing resolution of about 4. 5 ns /m. 

The efficiency factor, e, was taken into account by making measure
ments relative to lead which has a smooth and accurately (about 1%) known 
cross-section. 

One metallic sample (5-cm diameter disc) which contained about 98% 
of зззри alloyed with about 1% aluminium was used. The thickness of the 
sample was n = 5. 79 X 10-4 atoms/b. A lead sample of n=5.87X10_aatoms/b 
was used to calibrate the scattering detector for this experiment. 

3. ANALYSIS OF THE DATA 

In Fig. 1 some of the scattering data are presented as counts 
(NA -KyNe - KfNc) per timing channel. The slowly varying background 
which includes the effect of potential scattering, was fitted to a curve of 
the form B(t) = B0 /(t+A)c where A, B0 and С are constants determined 
from the data. After the subtraction of the background the resonance 
data were analysed using the area method [ 9] . The area under each 
resonance was determined between finite limits. When the scattering 
sample is thin (пст0 « 1), the resonance scattering area with infinite limits 
is proportional to a0 Гп. In practice, however, this condition was not met 
and the resonance areas had to be corrected for the finite limits of inte
gration, for the resonance self-shielding and Doppler effect and for the 
attenuation of the scattered neutrons due to multiple scattering in the 
sample. The corrections and the way they were applied are discussed in 
Ref. [ 10]. The published values of gTn from the transmission data [ 11,12] 
were used to apply the various corrections mentioned above. Table I lists 
thevalues of а0Ц for 53 resonances. The er rors quoted on а0 Гп are the 
statistical e r r o r s . ' Systematic e r rors in the calibration of the detector 
were ignored, because the cross-section of lead, relative to which the 
measurements were made, is known to be about 1% (11.4 b) and multiple 
scattering corrections were small. Now the scattering area from a reso
nance is 

а0Гп = (2.603 X 106/ER) g l ^ / r b a r n eV 

where the resonance energy ER, the partial level width Га, and the total 
level width Г are expressed in eV, and where the statistical factor g is 
(2J + 1)/2(2I + 1). Since I = \ for ^ P u , the two possible g-values are \, 
corresponding to J =0, and f, corresponding to J = 1. If the values of 
gl¿ 2 / r are obtained from scattering areas, previously determined values 
of g r i and Г from transmission data can be used to find g, hence J, for 
each resonance from the relation 

g = (grn)2/r(grn
2/r) (3) 

The g-values (hence values of J) of various resonances listed in Table I 
were obtained from Eq. (3) where our measured values of g r n

2 / r were 
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TABLE I. 239Pu RESONANCE AREAS AND SPINS 

ER 

(eV) 

7.9 

10.9 

11.9 

14.3 

14.68, 

15.54 

17.65 

22.28 

26.26 

32.38 

35.78 

41.5 

44.5 

47.7 

50.2 

52.6 

55.7 

59.3 

65.8 

74.3 

75.01 

85.7 

90.8 

95.6 

103.5 

105.6 

106.8 

116.3 

119.0 

131.9 

134.2 

137.1 

° o r n 

(b.eV) 

5.72 ± 0.40 

4.95 ± 0.48 

6.1 ±0.35 

2.26 ± 0.30 

11.75 ± 0.76 

27.4 ±1.14 

1.52 ± 0.33 

4.55 ± 0.60 

40.2 ±1.42 

1.62 ± 0.42 

12.0 ±0.8 

29.5 ±1.07 

2.65 ± 0.46 

75.71 ± 2.30 

32.0 ±1.56 

32.2 ±1.20 

2.10 ± 0.54 

4.93 ±1.0 

10.12 ±1.02 

16.2 ±1.26 

2.60 ± 0.9 

39.8 ±1.65 

2.79 ±1.14 

7.8 ±0.98 

3.4 ±0.52 

Spin J = 0 

48.66 

38.97 

54.75 

14.47 

23.78 

40.23 

0.106 

•21.09 

29.93 

3.98 

3.79 

61.38 

18.81 

58.16 

2.94 

26.57 

0.459 

2.95 

14.93 

50.67 

0.002 

25.62 

1.90 

11.06 

0.226 

X2 

Spin J = 1 

0.395 

1.59 

1.0 

0.61 

1.8 

2.03 

8.24 

1.65 

3.77 

6.32 

31.2 

3.53 

0.799 

0.84 

9.57 

4.90 

15.82. 

75.08 

0.93 

2 .3 

40.93 

1.370 

45.91 

0.008 

17.74 

Spin 
J 

chosen 

1 

1 

1 

1 

1 

1 

0 

1 

1 

(0) 

0 

1 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

0 

Sauter 
and 

Bowman [4] 

1 

1 

1 

1 

1 

0 

1 

1 

0 

1 

1 

1 

0 

1 

1 

Frazer 
and 

Schwartz [5] 

1 

1 

1. 

0 

1 

0 

1 

0 
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T A B L E I con t 'd 

% 
(eV) 

146.7 

157.5 

164.7 

167.7 

177.8 

196.0 

197.6 

200.0 

204.7 

208.0 

217.0 

232.0 

235.4 

240.0 

243.8 

250.0 

251.5 

257.2 

262.5 

273.6 

276.9 

281.0 

284.1 

299.7 

303.2 

°0ГП 
(b.eV) 

9.4 ±1.1 

9.0 ±1.1 

69.2 ±2.1 

4.35 ± 0.9 

1.45 ± 0.7 

14.4 ±1.4 

5.3 ±1.54 

6.2 ±1.6 

19.4 ±1.73 

6.67 ±3 .1 

7.85 ± 2.46 

8.5 ±1.27 

35.5 ±1.83 

4.45 ± 1.18 

7.28 ±1.94 

18.1 ±1.4 

28.4 ±3.0 

4.05 ±1.52 

2.62 i 2.3 

38.2 ±2.54 

25.6 ±2.65 

10.1 ±2.3 

47.3 ± 4.65 

4.85 ± 2.0 

17.5 ±2.4 

Spin J = 0 

29.51 

1.111 

48.31 

7.30 

2.34 

0.865 

10.81 

3.42 

0.28 

2.78 

2.56 

11.59 

0.30 

3.85 

1.31 

48.27 

147.0 

2.46 

2.13 

22.70 

12.01 

0.084 

46.42 

2.51 

6.24 

' 
X2 

Spin J = 1 

0.0007 

95.40 

1.59 

0.78 

0.74 

20.51 

3.85 

0.002 

53.26 

0.14 

1.81 

0.553 

78.7 

1.04 

9.11 

1.08 

2.90 

0.21 

30.10 

3.75 

0.019 

20.48 

0.85 

0.80 

3.22 

Spin Sauter 
J and 

chosen Bowman [4] 

1 

0 

1 

1 

1 

0 

i-i 

1 

0 

1 

(1) 

1 

0 

1 

0 

1 

1 

1 

0 

1 

1 

0 

1 

1 

(1) 

Frazer 
and 

Schwartz [ 5] 

a This Table was made available as a replacement for the original Table I, just before going to 
press. Some of the spin values here presented are different from those originally provided because 
an error was found in the y-sensitive part of the detector. Now the spin distribution of levels (unlike 
those in the conclusion of section 5 of the text) is not inconsistent with the (2J + 1) distribution. 

combined with the published values of g I¿ and Г de te rmined from total 
c r o s s - s e c t i o n m e a s u r e m e n t s data [ 11, 1 2 ] . Although sca t t e r ing data were 
available for 53 r e s o n a n c e s , only 45 spin ass ignments could be made , 
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because for the r e s t of the r e sonances e i ther the values of both gl¿ and Г 
were not available or they were of poor quali ty. The uncer ta in ass ignments 
a r e enclosed in p a r e n t h e s e s . The e r r o r s quoted on the values of g for 
the r e sonances up to 100 eV include the e r r o r s only in gTa

2/r, because the 
t r a n s m i s s i o n data used do not quote e r r o r s in gTn and Г. Beyond 100 eV 
the e r r o r s quoted on g were computed by adding in quadra ture the e r r o r s 
in g r n

2 / r a n d gr n (and in Г, when quoted). The e r r o r s a r e not r ea l i s t i c 
a lso , because the sys t ema t i c e r r o r s that might be p re sen t in o ther data 
were not included. 

4. RESONANCE SPIN ASSIGNMENTS 

The results of spin assignments of 44 resonances (excluding the un
certain assignments) are presented in Table I. Table I lists also the spin 
assignments made by Sauter and Bowman [4] , Frazer and Schwartz [5] 
and Bollinger et al. [13] . Bollinger's assignments of spins are in general 
merely guesses based on resonance shapes and, in his view, should not 
be taken very seriously. Frazer and Schwartz assigned their spins using 
their scattering data obtained by using a 10B sleeve, while Sauter and 
Bowman's results are based on scattering measurements carried out 
using the bright line methods. While we (like Sauter and Bowman) disagree 
with Frazer and Schwartz in their spin assignments for 14.68, 22.28 and 
44. 5 eV resonances, all our assignments agree with the corresponding 
assignments made by Sauter and Bowman.' Out of our 45 spin assignments, 
there are 22 resonances with J = 1 and 23 with J = 0, but if Sauter and 
Bowman's assignments are included, there are 52 spin assignments in all 
and out of these 27 resonances are with J = 1 and 25 resonances with J = 0. 

5. DISCUSSION 

From a total of 52 spin assignments, there are 27 resonances with 
J = 1 and 25 resonances with J = 0. This distribution is not consistent 
with a (2J + 1) dependence for level density. This may be due to a large 
number of small resonances not assigned and most of which may be of 
spin J = 1. 

The collective model predicts [ 1, 2] that regular (even-even or odd-
odd spin-parity resonances should have greater average fission widths 
than the irregular (odd-even or even-odd) combinations. This prediction 
follows from the assumption that for even-even nuclei the transition state 
spectrum would exhibit in its low-lying states the correlation between spin 
and parity that dominates the spectra of deformed nuclei. Thus the lowest 
lying band in the transition spectrum of 239Pu + n would be К = 0, J17 = 0+, 
2+, 4+ . . . , and the 0+ resonances would fission through the 0+ transition 
state. There should be a 1+ transition state through which the 1+ reso
nances can fission. This 1+ transition state can be obtained either as a 
two quasi-particle state or from combination states formed from mass 
asymmetry (K - 0, J*. = Г, 3" . . . ) and bending (K = 0, J* = Г, 2", 3 " . . . ) 
vibrations. Now the analysis of the experimental results on angular 
distributions of fission fragments from (d, pf) on 239Pu and from 239Pu + n 
using superfluid model show an energy gap of 2Д0 of 2.3 to 2.6 MeV 
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between the 0+ transition state (the fission threshold for 0+ resonances) 
and the two quasi-particle states (compared to about 1.4 MeV for the 
stable nucleus) [14-17]. If we take 6.4 MeV as the neutron binding 
energy for 239Pu + n, 4. 95 MeV as the 0+ fission threshold and assume 
that 1+ resonances fission through a 1+ transition state in a quasi-particle 
band, we find that there is a 0. 85 to 1.15 MeV barr ier against fission 
through this 1+ quasi-particle state. This means that the fission probabi
lity (hence the average fission width) for 1+ resonances in 239Pu + n 
should be, on the average, less by a factor of 107 to 109 than the cor res 
ponding value for 0+ resonances. (Here we assume that each factor of ten 
increase in half-life corresponds to an increase of about 0.125 MeV in the 
barr ier height. ) Though we find that very wide resonances in 239pu + n> 
such as 15. 5, 132. 1 and 262. 5 eV, have, indeed, spin-parity 0+, yet if 
we use the resonance fission areas of de Saussure et al. [18], we find 
that up to 200 eV, the average fission widths <If > J1r = 0+ (for 17 reso
nances, all wide resonances included) and <If > J17 = 1+ (for 19 resonances) 
are respectively 218.2 and 42.1 meV. This large value of < I? > JT = 1+ 

(42.1 meV), hence enhanced probability of fission through 1+ resonances, 
implies that the fission barr ier for 1+ resonances is much less than that 
suggested by a two quasi-particle state. In other words, it means there 
should be a 1+ transition state (other than the 1+ two quasi-particle state) 
at a lower energy to account for this large value of <If > J* = 1+. Recently 
Griffin [19] has claimed that 1+ resonances in 23Эри + n may fission 
through a recombination state formed from mass asymmetry and bending 
vibrations. This combination would provide a transition state at an energy 
Ei+ ~"huMA+ tTug, where the first and the second terms on the right hand 
side, are respectively the energies of mass asymmetry and bending 
vibration components. His liquid model calculations when combined with 
photo-fission data, show that a combination 1+ transition state occurs at 
an energy about 1. 1 MeV above the 0+ fission threshold. We can determine 
the energy of a 1+ transition state, (hence the 1+ fission threshold) relative 
to the excitation energy, that would give the experimental value of 
<If > Jff = 1+ of 42. 1 meV, by using the Hill and Wheeler formula [ 20] 

27r<rf > J 7 < D > J* = 1/[1 + exp 2?r(Ef - E)/Ku] (4) 

where <If > Jw is the average fission width for a state of spin-parity J17, 
<D> J^ is the average level spacing for spin-parity J* states (we take a 
value of 3 eV for 1+ resonances) [11], Ef is the fission threshold for spin-
parity J* states, E is the excitation energy and is a measure of the barr ier 
thickness. The value of Ru can be taken as about 0.45 MeV for 
Jir = 1+ states. Using this formula, we find that a barr ier of about 
0.062 MeV is required to obtain a value of 42.1 meV for <r f> J* = 1 + . 
Hence this 1+ combined state should lie at about 1.51 MeV above the 
0+ fission threshold. This value of about 1. 51 MeV is quite high compared 
to 1.1 MeV given by Griffin. It must be pointed out though, that Griffin's 
calculation [19] was a rough estimate made on the assumption that the 
values of average fission width for 0+ and ? resonances are the same. 

In summary, we can say that if one accepts the validity of an energy 
gap of 2 До of 2. 3 to 2. 6 MeV between the 0+ fission threshold and Г two 
quasi-particle transition state, our result for the <r f > J* = 1+ is incon
sistent with the extremely low probability for the 1+ resonances to fission 
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through the 1+ two quas i -pa r t i c l e t r ans i t ion s t a t e . It s e e m s that one has 
to postulate a 1+ t r ans i t ion s ta te such as a combination s ta te suggested by-
Griffin, at an energy lower than the 1+ two quas i -pa r t i c l e s t a te , in o r d e r 
to sat isfy the exper imenta l r e s u l t . The theo re t i ca l e s t ima te for the energy 
of th is 1+ combination s ta te i s low compared to the value suggested by our 
exper iment , but i t i s , as was pointed out before, a ve ry rough e s t ima te 
which, one hopes , can be improved upon. 
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Abstract — Résumé 

TOTAL AND FISSION CROSS-SECTIONS OF 239Pu - STATISTICAL STUDY OF RESONANCE 
PARAMETERS. The authors measured the total and fission cross-sections of z39Pu with the linear accelerator 
at Saclay as a pulsed source of neutrons. 

The total cross-section was measured in the range from 4 to 700 eV and the best resolution used was 
1.5 ns/m-, the fission cross-section was measured between 4 eV and 6 keV, the best resolution having been 
б ns/m. The transmission measurements on five samples were made at the temperature of liquid nitrogen, 
and comparisons made with supplementary experiments at ambient temperature made it possible to deter
mine the Doppler broadening factor (Д = TJ VI). The resonances were identified from 4 to 500 eV in the 
total cross-section; the average level spacing was of the order of 2.4 eV. It would appear /that, in this 
energy range, nearly all the levels were identified. 

The resonance parameters were determined by analysis of shape in conjunction with a least-squares 
programme on an IBM-7094 computer. The existence of a large number of broad resonances corresponding 
to very large fission widths has been shown to exist. Statistical study of the fission widths actually shows 
the existence of two families of résonances, one corresponding to a mean Tf of the order of 45 meV and 
the other to a mean Г/f of about 750 meV. The authors were therefore able to postulate a classification 
of resonances in terms of two spin states, the level population ratio in each family being» (2 Jj +1)/(2 J2 +1) = 1/3», 
Jj = 0 corresponds to the broad resonances and J2 = 1 to the narrow ones. The partial widths for radiative 
capture fluctuate slightly around a mean value of 40 meV. By using a multilevel programme, the authors 
were able to investigate the extent to which the existence of large fission widths might give rise to fictitious 
resonances (quasi-resonances) and perturbations and also to make a statistical study of the resonance 
parameters. 

SECTIONS EFFICACES TOTALE ET DE FISSION DU 239Pu - ETUDE STATISTIQUE DES PARAMETRES 
DE RESONANCES. Les sections efficaces totale et de fission de a9Pu ont été mesurées auprès de l'accéléra
teur linéaire de Saclay utilisé comme source de neutrons puisée. 

La mesure a été faite de 4 a 700 eV pour la section efficace totale et la meilleure résolution utilisée 
était de 1,5 ns/m; i de 4 eV a 6 keV pour la section efficace de fission, la meilleure résolution étant de 
6 ns/m. Les mesures de transmission sur cinq échantillons ont été faites à la température de l'azote liquide, 
et des comparaisons avec des expériences complémentaires faites a température ambiante ont permis aux 
auteurs de déterminer le coefficient d'élargissement Doppler (Д = nVE). Les résonances ont été identifiées 
de 4 à 500 eV en section efficace totale; l'espacement moyen des niveaux est de l'ordre de 2,4 eV; il 
semble que, dans cette gamme d'énergie, presque tous les niveaux soient identifiés. 

Les paramètres des résonances ont été déterminés par analyse de forme a l'aide d'un programme 
de moindres carrés sur calculateur IBM 7094. Les auteurs ont mis en évidence l'existence d'un grand nombre 
de larges résonances correspondant a de très grandes largeurs de fission. L'étude statistique des largeurs 
de fission montre effectivement l'existence de deux familles de résonances, l'une correspondant a rf 
moyen de l'ordre de 45 meV, et l'autre a Tf moyen de l'ordre de 750 meV. Il a donc été possible aux 
auteurs d'envisager une classification des résonances suivant les deux états de spin, le rapport de population 
des niveaux dans chaque famille étant de (2 Jj +1)/(2 J2 +1) = 1/3; Jj = 0 correspond aux résonances larges, 
et J2 =1 aux résonances étroites. Les largeurs partielles de capture radiative fluctuent peu autour d'une 
valeur moyenne de 40 meV. Un programme multiniveaux a permis également aux auteurs d'étudier dans 
quelle mesure l'existence dé grandes largeurs de fission pouvait créer des résonances fictives (quasi-résonances) 
et perturber ainsi l'étude statistique des paramètres de résonances. 
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Le spin du noyau du 239Pu est de 1/2+ et l'espacement des niveaux 
est plus grand que celui des autres noyaux fissiles connus, aussi son 
étude semble plus facile; en particulier, l'étude de la distribution des 
largeurs de fission et l'attribution des largeurs totales de capture 
radiative permet la détermination du spin d'un assez grand nombre de 
résonances. Dans l'interaction de ce noyau avec les neutrons lents, le 
noyau composé formé par l'absorption d'un neutron s peut se trouver dans 
deux états de spin différents: 0+ et 1+. On est en présence de deux familles 
de résonances, correspondant aux deux facteurs statistiques g0 = 1/4 
et gj = 3/4. 

D'après la théorie développée par Bohr a la Conférence de Geneve 
de 1955 [1], l'énergie potentielle de déformation au point seuil de fission 
devient telle qu'il reste peu d'énergie pour exciter les états quantiques 
du noyau composé; la configuration des niveaux est simple et s'apparente 
a celle qui existe au voisinage de l'état fondamental du noyau pair-pair 
correspondant. Dans le cas du 239Pu, a parité positive, l'état 0+ peut 
appartenir d'une part a la premiere bande de rotation (0+, 2+, 4+, . . . ) 
et d'autre part a. la bande de vibration quadrupolaire; l'état 1+ cor res 
pondrait a un état de double vibration issu de la combinaison de deux 
états de vibrations octupolaires avec К = 0 et К = 1 [2], la bande de double 
vibration étant plus voisine du niveau fondamental 0+ que la région des . 
états a deux quasi-particules. 

Le seuil de fission le plus bas se trouve a peu prés a. 1, 5 MeV au-
dessous de l'énergie associée au noyau composé (239Pu + neutron); les 
bandes de vibrations octupolaires et quadrupolaires sont a environ 0, 7 
MeV au-dessus de ce point seuil, et la bande de double vibrations au 
voisinage de l'énergie du noyau composé. Les valeurs de r f pour l'état 
de spin 0+ peuvent être grandes; mais celles correspondant a l'état 1+ 
doivent être beaucoup plus faibles; l'intervalle d'énergie entre les seuils 
de fission correspondant aux deux états de spin est de 1, 5 MeV environ. 
L'une des voies 0+ est totalement ouverte; l 'autre ne peut que l 'être 
partiellement; la voie 1+ n'est que partiellement ouverte. 

En se fondant sur ces hypotheses, l'étude statistique des paramètres 
de résonances du 239Pu a permis de dégager les points suivants: 

Io II existe de t res larges résonances dues a de grandes largeurs 
de fission. 

2° La distribution des Vf montre bien l'existence de deux familles 
de résonances, l'une correspondant a une faible valeur moyenne 
(<r f> =42 meV) et une autre a une valeur moyenne supérieure a 1 eV. 

3° Il n'a pas été possible de mettre en évidence deux valeurs 
moyennes différentes de Г pour les deux familles, Г pour les 
résonances larges étant mal défini ou impossible a déterminer. 

4° L'examen de la distribution de Tf et l'hypothèse que Г est 
constant de résonance a résonance et ne dépend pas du spin permettent 
d'attribuer le spin a une trentaine de résonances. 

Les sections efficaces totale et de fission ont été mesurées par la 
méthode du temps de vol auprès de l 'accélérateur linéaire de Saclay. 
L'identification et l'étude des niveaux ont été faites jusqu'à 440 eV; un 
tableau détaillé des paramètres de résonances a pu être établi jusqu'à 
250 eV; au-delà de 250 eV, nous donnons uniquement les valeurs de Г 
et de 2grn , les niveaux n'étant plus suffisamment séparés sur la courbe 
de section efficace de fission (tableaux I et II).' 
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1. CONDITIONS EXPERIMENTALES DES MESURES 

1.1. Section efficace totale 

Les mesures de transmission ont été faites sur cinq épaisseurs 
d'échantillon d'un alliage de Pu-Al de 0, 8% d'Al pour les fortes épaisseurs 
et de 80 a 88% d'Al pour les autres épaisseurs. Les échantillons 
contenaient respectivement 0, 1, 0, 3, 1, 4 et 14 g de 239pu p a r c m 2 _ 
Dans le domaine des résonances, la transmission a été mesurée a la 
température de l'azote liquide (77°K), la largeur Doppler étant alors a 
peu près deux fois plus faible qu'a la température ambiante; le cryostat 
utilisé était mobile. L'intérêt d'un tel refroidissement a déjà été 
exposé [3,4]. Le tableau III résume les conditions expérimentales. 

Des échantillons d'Au, de Co, de Mn ou dé Bi mis en permanence 
dans le faisceau ont permis une bonne évaluation du bruit de fond. Pour 
une partie des mesures nous avons pu utiliser en ligne un calculateur 
CAE enregistrant les données sur bandes magnétiques, permettant ainsi 
des mesures quasi simultanées de la transmission, du spectre et des 
bruits de fond transmission et spectre (quatre séquences consécutives) [5]. 

1.2. Section efficace de fission 

Les mesures ayant servi a cette analyse ont été effectuées à 16 m 
sur la base de vol inclinée a 18° par rapport a la perpendiculaire a la 
cible d'uranium, avec un scintillateur gazeux contenant un mélange 
argon-azote, de 300 g/cm2 d'argon pour 25 g / cm 2 d'azote, la gamme 
d'énergie étudiée allant de 3, 8 eV a 250 eV. 

L'accélérateur fonctionnait a 500 c/s avec une largeur d'impulsion 
égale a 60 ns. La largeur des canaux du sélecteur de temps de vol était 
de 0, 4 fus de 3, 8 eV a. 37 eV et de 0, 05 /us de 37 eV a 250 eV. Un écran 
de Mn de 5 mm d'épaisseur a été utilisé comme écran de bruit de fond 
permanent. Nous avons utilisé des écrans de cobalt et de tantale pour 
les séquences bruit de fond. Nous avons obtenu pour une durée d'accu
mulation de 100 h 

29 300 с a 10, 9 eV dans un canal de 400 ns 
12 500 с a 75 eV dans un canal de 50 ns. 

2. ANALYSE DES COURBES EXPERIMENTALES 

Dans un mémoire présenté également a cette Conférence [5] ont été 
décrites les méthodes utilisées pour le traitement des données. En 
particulier, les paramétres des résonances ont été obtenus par analyse 
de forme utilisant une méthode de moindres carrés dans laquelle la 
fonction théorique est une somme de formules de Breit et Wigner a un 
niveau élargies par effet Doppler; on tient compte d'un terme d'interfé
rence de diffusion entre résonances. La résolution expérimentale est 
assimilée a une gaussienne. Dans la plupart des cas il y a un bon accord 
entre les points expérimentaux et la courbe théorique; l'existence de t res 
larges résonances a été mise en évidence, telles les résonances a. 82, 8, 
96,5, 131,8, 147,4, 212, 333, 9 eV, qui sont t res bien séparées; d'autres 
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E 

(eV) 

0,30 
7 ,82 

10,93 
11 ,5 
11,89 
14,31 
14,68 
15,46 
17.66 
22,29 
23 ,94 
26 ,24 
27 ,24 
32 ,31 
34,60 
35,50 
41 ,42 
41 ,66 
44 ,48 
47,60 
49 ,71 
50,08 
52,60 
55,63 

2gF n 

(meV) 

0,121 
1,21 ± 0 , 0 4 
2 ,84 ± 0 , 1 5 
0,15 
1,54 ± 0 , 1 0 
0,91 ± 0 , 0 5 
2 ,86 ± 0 , 0 5 
0,98 ± 0 , 0 8 
2 ,74 ± 0 , 0 5 
4 ,00 ± 0 , 1 0 
0,13 ± 0 , 0 1 
2,20 ± 0 , 1 5 
0,12 ± 0 , 0 1 
0,42 ± 0 , 0 2 
0,02 
0 ,43 ± 0 , 0 2 
6,20 ± 0 , 2 0 
2,02 ± 0 , 2 5 
9,97 ± 0 , 2 0 
2.90 ± 0 , 1 5 
2 ,2 ± 0 , 2 
4 ,55 ± 0 , 2 0 

15,70 ± 0 , 3 0 
2,20 ± 0 , 1 2 

°0Г 

(b ' eV) 

201 ± 6 . 6 
338.2 ± 17,9 

168,6 ± 11,0 
82,8 ± 4 ,5 

2 5 3 , 6 ± 4 , 3 
82.6 ± 6 ,3 

201,9 ± 3 ,6 
2 3 3 . 6 ± 5,8 

7 ,1 ± 0 ,5 
109,1 ± 7 ,4 

5,7 ± 0 ,3 
16,9 ± 0,7 

15 ,8 ± 0 ,6 
194,9 ± 6,2 

63 ,1 ± 7 ,9 
291,7 ± 5,9 

79 ,3 ± 4 ,0 
58 ± 6 

118,2 ± 5,2 
3 8 8 . 5 ± 7 ,4 

5 1 , 5 ± 2 ,9 

°orf 

(b 'eV) 

108.2 ± 2 
242,1 ± 5 

60,9 ± 2 
54,7 ± 3 

107,5 ± 2 
80,0 ± 8 
92,7 ± 2 

132,3 ± 3 
5,6 

58 ± 3 
1,1 

12,2 ± 0 ,5 

1.6 
9 

32 ,4 
23,0 ± 0 , 8 
59,2 ± 2 
49 ,4 ± 5 
24 ,8 ± 2 
51 ± 1 
19 ± 2 

Г 

(meV) 

99 ± 4 
87 ± 5 

200 ± 20 

67 ± 7 
102 ± 8 
70 ± 7 

700 ± 50 
75 ± 7 

109 ± 9 
70 ± 12 
83 ± 10 
42 ± 8 

153 ± 20 

47 ± 9 
52 ± 8 

105 ± 16 
58 ± 7 

322 ± 25 
810 ± 200 

57 ± 10 
68 ± 10 
59 

r f 
(meV) 

60 ± 4 
47 ± 3 

143 ± 16 

24 ± 3 
67 ± 7 
30 ± 3 

650 
34 ± 4 
62 ± 6 
55 
44 ± 7 

8 ± 4 
110 ± 15 

5 ± 2 
3 

54 
5 ± 1 

240 ± 24 
690 ± 200 

12 ± 3 
9 ± 2 

22 . 

Г 7 
(meV) 

39 ± 3 
39,7 ± 4 
5 5 , 1 ± 9 

42 ,0 ± 4 , 6 
34 ± 6 
37, 6 ± 4 

38,7 ± 4 , 7 
44 .3 ± 5.3 

37 ± 6 
34 ± 8 
41 ± 8 

4 2 , 4 ± 8 , 5 
4 3 , 5 ± 8 
49 
46, 8 ± 7 
74 ± 16 

42 ,0 ± 8 
4 8 , 6 ± 9 
35 

•q/v 

0,61 
0 ,54 
0,72 

0,37 
0,66 
0 ,44 
0.97 
0,47 
0,58 
0,79 
0,55 
0,19 
0,73 

0,10 
0,05 
0,52 
0,09 
0,76 
0.86 
0.22 
0,16 
0,40 

g 

1/4 
3 /4 
3 /4 

3 /4 
3 /4 
1/2 
1/4 
3 /4 
3 /4 

1/2 
1/2 
1/4 

3 /4 
1/2 
1/2 
3 /4 

(1/4) 
1/4 
3 / 4 
3 /4 
1/2 

a> 

b) 

a) BNL 325. 
b) Explique un très fort résidu de section efficace 

entre 10, 93 et 11,89 eV. 



TABLEAU I (suite) 

57,44 
58 ,84 
59 ,22 
60 ,94 
63 ,08 
65,71 
66,57 

74 ,05 
74 ,95 
78 .95 
81 ,76 
82,68 
83,52 
85 ,32 
85 ,48 
90,75 
92,97 
95,36 
96 .49 

100,25 
102.99 
105,30 
106.67 
110,38 
114,44 
115,10 
116,03 
118,83 

6 ,5 
5 ,5 
8.37 

15 
1,20 

18,22 
1.26 
4 ,75 

33 ,20 
0,16 
6 
0 ,75 
1,2 

28 
11,8 
18,45 

1,05 

3 ,15 
6,68 
5,60 
2 ,42 
6 .96 

13,96 
0 ,66 
0,20 
0,32 
5,41 

25 ,92 

4 0 ,46 

4 0 ,25 
4 0,50 
4 0 ,25 
4 0,20 
4 1,50 

4 0 ,15 

4 4 
4 0 ,36 
4 0 ,42 
4 0 ,04 
4 0 ,15 
4 0 ,26 

4 0 ,08 
* 0,40 

4 0,60 
4 0,07 

4 0,10 
4 0,13 
4 0 ,60 

147 

122 

184,0 

320 

24,3 
372,8 

24 ,6 
86,1 

576,5 
2,6 

95 ,5 
11,8 
18,7 

427 
179,7 
264,6 

14,7 
43 
90,1 
72 
30 ,6 
86,0 

170,3 
7 .8 
2 ,3 
3 ,6 

60,7 
283,9 

4 10,1 

4 5 ,2 
4 9,7 
4 4 , 9 
4 6 ,5 
4 10 ,4 

4 2,4 

4 60 
4 5 , 5 
4 6 
4 0 ,6 
4 2 
4 3 , 5 

4 0 ,3 
4 5 
4 7 , 4 
4 0 .8 

4 0 ,1 
4 1,5 
4 6 ,9 

244 

4 8 128 
250 

17,8 4 4 
203 4 6 

14 
37 ,6 4 2 

330,2 4 5 

81 
3 

17,9 
392 

35 
38 4 3 

2 ,3 
16.3 4 1,5 
72 .4 4 2 
72 

8 4 1 
10 4 1 
59 4 2 
2 . 4 
1,5 
3 

51 ± 3 
119 4 6 

16 

14 

500 
1100 
191 4 

6000 
155 4 
137 4 
180 

71 4 
147 4 
180 

2050 
70 

1750 
2300 

85 4 
60 4 
57 4 
98 4 

1700 4 350 
6000 

48 4 5 
48 4 7 
75 4 4 
43 4 16 

10 
10 

5 
10 

200 
257 4 15 
102 4 6 

c) Explique une très forte dissymétrie dans la résonance à 57,44 eV. 
d) Ensemble très complexe sur lequel apparaît très nettement les deux résonances étroites. 

Deux résonances larges à 81 ,76 et 85,32 eV ne suffisent pas à expliquer la forme de la 

133 4 

111 4 
74 4 

32 4 
84 4 

15 

37 
8 

4 
9 

50 4 10 

43 
49, 5 4 8 

37 4 5 
40, 7 4 6 

17 4 
9 4 
9 

37 4 
670 4 

13 4 
6 4 

26 4 

13 

215 4 
43 4 

9 
2 

5 
400 

4 

1 
2 

20 
3 

39 
47 
58 

33 
38 
40 
30 

36 
42 

4 
4 

4 
4 
4 

4 

6 
6 

5 
7 
4 

5 

0,73 1/2 

0 ,72 
0,60 
0,57 
0,47 
0,67 

0 ,86 
0 ,34 
0,96 
0 ,94 
0 ,24 
0,18 
0,16 
0,39 
0,81 

0,28 
0,13 
0,40 
0,31 
0,66 
0 ,83 
0,86 
0,50 

1/2 
3 / 4 

3 / 4 
3 / 4 

3 / 4 
1/2 
1/2 

1/2 
(3/4) 

3 / 4 
1/2 

1/2 
3 / 4 

courbe. 



TABLEAU I (suite) g 
о 

E 

(eV) 

120,99 
123,44 
126,20 
127,51 
131,75 
133,78 
136,75 
139,28 
142,92 
143,47 
146,25 
147,44 
148,21 
149,42 
157,08 
160,8 
161,96 
164,54 
167,10 
170,49 
171,08 
174,56 
175,98 
177,22 
178,90 
183,64 
184,87 

28£ 
(meV) 

3,70 ¿ 0 , 1 5 
0 , 7 0 * 0 , 0 8 

2 .96 ± 0,12 
1,09 * 0,12 

18,26 ± 1,2 
8,38 ± 0,30 
5 , 1 2 * 0 , 1 6 
0 ,18 
4 ,86 ± 0 ,21 
6,12 ± 0 ,15 

10,58 ± 0 , 3 0 
1,20 ± 0,60 
0,70 ± 0,10 
2 ,62 ± 0 ,12 

17,2 ± 0 , 4 
0 ,2 

0 , 2 1 ± 0,07 
42 ± 3 

8,75 ± 0,40 
0,86 ± 0,02 
0 ,89 ± 0,30 

0 ,05 
3 , 1 4 ± 0,10 

5,36 ± 0 ,18 
1,83 ± 0,06 

2 ,29 ± 0,12 
10 ± 2 

°оГ 
( b ' e V ) . 

3 9 , 8 ± 1,6 
7 , 4 ± 0,9 

3 0 , 5 ± 1.2 
11 ,1 ± 1,2 

180,3 ± 12 
81 ,5 ± 2 ,9 
48 ,7 ± 1,5 

1,7 
4 4 , 3 ± 1,9 
5 5 , 5 ± 1,4 
94 ,2 ± 2 ,7 
10,6 ± 5,3 

6 ,1 ± 0,9 
2 2 , 8 ± 1,1 

142.5 ± 3 ,3 
1.7 
1,7 ± 0,6 

332 ± 22 
6 8 , 2 ± 3 ,1 

6,6 ± 0,2 
6 .8 ± 2 ,3 

2 3 , 2 ± 0 ,8 
39 ,4 ± 1,3 
13,3 ± 0 ,5 
16 ,2 ± 0,08 
70 ,4 ± 14 

°orf 
(b-eV) 

20 ± 2 
5 
8 
5 

155 ± 20 
10 
34 ± 3 

1.2 
24,7 ± 3 
27 ,5 ± 2 
17 ,1 ± 1 
7 ,5 
5 

10,5 ± 2 
116 ± 5 

35 ± 2 
45 ± 3 

( 10 ,5 

9 ,1 
3 ,8 
3 ,2 
5 

50 ± 10 

Г 

(meV) 

78 ± 12 
58 ± 13 
96 ± 10 

160 ± 30 
3830 ± 240 

56 ± 6 
126 ± 10 

137 ± 20 
83 ± 12 
70 ± 7 

1000 
150 
120 ± 20 
670 ± 50 

150 
79 ± 10 

112 ± 8 
158 ± 60 

1000 

73 ± 5 
51 ± 6 
58 ± 9 

2200 ± 200 

r f 

(meV) 

39 ± 7 

3300 ± 500 
7 

88 ± 10 

76 ± 15 
41 ± 7 
13 ± 2 

55 ± 14 

8 ± 1 
74 ± 7 

29 
5 

14 

1570 ± 500 

Ty 
(meV) 

35 ± 7 

4 3 , 5 ± 7 
33 ± 8 

56 
36 
36 

62 

42 ,7 ± 8 
32 ± 6 

41 ± 8 
41 ± 6 
42 ± 7 

T)/v 

0,53 
0,69 
0,27 
0,45 
0,86 
0 .14 
0,73 
0 ,71 
0 ,58 
0 ,53 
0 ,26 
0 ,71 
0,82 
0,47 
0 ,84 

0,16 
0,70 

0 ,41 
0 ,11 
0 ,25 
0 ,33 
0 ,71 

g 

1/2 

3 /4 
1/2 

1/2 
1/2 

(1/4) 

1/2 

3 /4 
(3/4) 

1/2 
1/2 
1/2 



188,27 
190,64 

195,36 
196,69 
199,39 
203.46 
203,93 

207,37 
211,09 
212,02 
213,28 

216,53 

219,49 
220,22 

223,16 
224,89 

227,77 
227 ,89 
231,40 
232,63 

234,32 
239,04 
240,60 
242,88 
247,50 
248,86 
251,23 

0,92 ± 0,07 
2 ,51 ± 0 ,09 

30 ± 1 , 2 
7 ,04 ± 0,42 

14,49 ± 0 ,75 
6 

26 ,6 ± 1 
10 ,5 ± 0 , 4 

1.4 
1,2 

0 ,7 
9,40 ± 0,40 

5,36 ± 0,27 
11,14 ± 0,50 

5,12 ± 0 ,15 

2 ,56 ± 0 ,15 

17 
2 , 5 4 ± 0 ,15 

17 ,8 ± 1,0 

0,66 ± 0 ,15 
15,35 ± 0,60 

8,15 ± 0,40 
0,05 
9,92 ± 0 ,45 

1,39 ± 0,20 
22,13 ± 0,72 

4 1 , 2 ± 1 , 2 

6,4 ± 
17 ,1 ± 

200 ± 

4 6 , 6 ± 
94, 6 ± 
38 ,4 

169,7 ± 
65,9 ± 

8,6 
7 ,4 
4 , 3 

56 ,5 ± 

31 ,8 ± 
65 ,8 ± 
29, 8 ± 
14,8 ± 
97 
14 ,5 ± 

100,1 ± 

3,7 ± 
85,2 ± 
4 4 , 4 ± 

53,2 ± 
7 ,3 ± 

115,7 ± 
213,4 ± 

0 ,5 

0 ,6 
8 
2 ,8 
4 , 8 

6 ,4 

2 ,5 

7 

1,6 
1,5 
1 

0 .9 

0 ,9 
5,6 
0 ,2 

3 ,3 
2 ,2 

2 ,6 
1,2 
3 ,7 
6 ,3 

1,3 
2 ,2 

157 i 10 

24 ,4 ± 3 
64 ± 3 

( l ' 7 6 , 5 ± 6 

7 , 4 ± 1,5 
8,5 

6,7 
3 ,5 
8,1 

17,7 
6,2 
1 

2 
76 

8 
9 
2 ,5 

16 
10,5 

32 ± 3 

6 
10 

36 ,4 ± 3 

53 ± 10 

67 ± 9 
447 ± 40 
112 ± 18 
133 ± 13 

200 
430 

57 ± 5 
800 

1500 

200 ± 60 
67 ± 7 
70 ± 10 
45 ± 8 
59 ± 6 
85 ± 17 

6 eV 
67 ± 10 
43 ± 8 

.130 
74 ± 9 

73 ± 8 

97 ± 6 
ai2± 60 

62 i 6 
83 è 5 

e) Explique une très forte dissymétrie dans la résonance à 212,02 eV. 
f) Explique un très fort résidu de section efficace entre 225 et 228 eV. 

les largeurs totales sont de l'ordre de 4 à 5 eV. 

11 
9 

350 ± 42 

59 ± 12 
90 ± 10 

7 ± 2 

10 

4 

37 
4 

14 

17 

58 ± 6 

6 
14 ± 2 

4 1 

56 
36 ± 1 2 

46 ± 11 
33 ± 8 

4 3 , 6 ± 5 

39 ± 6 

33 

28 
27 

45 

47 

32 ± 7 

4 1 

41 ± 7 

0 ,21 
0,13 
0 ,91 

0,56 
0 ,73 

0,14 

0,82 
0,20 
0,60 

0,11 
0,37 
0 ,14 
0,78 
0,57 
0,12 

0,68 
0 ,24 

0,27 

0,65 
0,82 

0,12 
0 ,25 

1/2 
1/2 

1/4 
1/2 
3 /4 

3 /4 

(1/4) 

(3/4) 

1/2 
3 /4 

1/2 
1/2 

3 /4 

3 /4 , 
3 /4 

e) 

0 

О 
z 

Il y a peut-être deux résonances larges dont 
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TABLEAU II. P A R A M E T R E S DE RESONANCES DU 2 3 9 P u 

E 

(eV) 

254,58 
256,11 
259,00 
262.37 
262,74 
264,23 
269,11 
269,54 
272,62 
274,80 
275,57 
277,23 
279,59 
282,92 
285,73 
287 
288,30 
292,33 
296.46 
298,59 
301,81 
308,20 
309,01 
311,12 
313,62 
316,66 
321,75 
323,36 
325,30 
329,65 
333,91 
335,93 
337,95 
339,24 
343,18 
346,56 

2gP n 

(meV) 

4 ,2 ± 0 , 3 
9,5 ± 0 , 5 
0 ,4 ± 0 , 1 0 

50 
' 3 , 6 4 ± 0 ,45 
0,25 
2 ,5 ± 1 
5,8 ± 0 , 6 

41 ,8 ± 1 . 5 
14,0 ± 2 , 0 
35 ,1 ± 1 , 5 

8 
10 ,64± 0,33 
37,8 ± 2 , 7 

0,10 
50 

0,08 
5,82 ± 0,24 
4,89 ± 0,21 

15,80 ± 0,60 
27,3 ± 1,0 

4,40 ± 0,27 
21,10 ± 0,72 

0,73 ± 0 ,18 
20,40 ± 0,72 

7,75 ± 0,30 
0,20 ± 0,08 

30,2 ± 0 , 9 
12,8 ± 0 , 5 

1,5 
8 ,24± 0,30 

26,60 ± 0,72 
12,09 ± 0,42 

4,92 ± 0,21 
23,69 ± 0,78 

5,2 ± 0 , 6 

г 
(meV) 

55 ± 10 
91 ± 16 

6100 
60 ± 10 

160 
72 ± 20 
92 ± 10 

800 
150 ± 30 

5300 
111 ± 8 , 

85 ± 6 

> 6 e V 

115 ± 13 
81 ± 12 
74 ± 7 

108 ± 6 
150 ± 30 

85 ± 12 

62 ± 6 
73 ± 10 

160 ± 16 
105 ± 9 

1500 
67 ± 7 
83 ± 6 
74 ± 7 
81 ± 12 
75 ± 6 

1200 

E 

(eV) 

350,30 
352,82 
354,89 
357,87 
359,99 
361.28 
366,00 
368,33 
370,31 
371,72 
375,02 
377,10 
378,04 
382,43 
384,26 
385,90 
389,51 
391,52 
394,43 
396,91 
401,56 
404,24 
406,03 
406, 95 
408,71 
412,31 
415,66 
417.60 
419.85 
425,67 
428,33 
429,64 
432,73 
437,76 
438,72 
440,07 
442,41 

2gr 
(meV) 

3 2 , 2 5 ± 0,90 
5 , 8 4 ± 0,24 
0,60 ± 0,10 
4 > 
1,66 ± 0,18 
0,33 ± 0,10 
4 . 9 
0,60 ± 0,20 
3,90 ± 0,24 

11 
4 ± 0 ,3 
2 , 9 8 ± 0,30 
1,88 ± 0,30 
0 ,63 ± 0,15 
8,55 ± 0,50 
2 
2 ,09 ± 0 , 1 8 
1 ,89± 0,18 
9 , 7 8 ± 0,33 
3,17 ± 0,21 

29 ,1 ± 1 , 2 
34,8 ± 1 , 3 

2 ,73 ± 0,60 
1,46 ± 0,60 
1,94 ± 0,30 

13,41 ± 0,63 
4,89 ± 0,36 
2,57 ± 0,36 
9,11 ± 0 ,45 
0,40 

40 
5 , 6 6 ± 0,81 
1 ,54± 0,30 
4 , 0 4 ± 0,30 
4 . 3 6 ± 0.30 
0,42 ± 0,15 

10,5 ± 0 , 5 

Г 

(meV) 

97 ± 6 
69 ± 13 

100 
6000 

114 ± 20 

5000 

105 ± 20 
3400 

43 ± 12 
101 ± 20 
223 ± 60 
130 
109 ± 30 
> 1 eV 

74 ± 14 
142 ± 28 
106 ± 13 
108 ± 20 
220 ± 20 
178 ± 16 
320 
330 
150 
145 ± 15 
152 ± 30 
267 ± 64 
139 ± 25 

> 6 eV 
780 

62 ± 15 
61 ± 15 

422 ± 50 

sont moins ¿apparentes. Dans ce r t a ins cas l eur p résence est n é c e s s a i r e 
pour expliquer de t r e s for tes d i s s y m é t r i e s , ou d ' impor tan ts r é s idus de 
section efficace. Il semble peu probable que de te l les d i s s y m é t r i e s et de 
t e l s r é s idus de sect ions efficaces soient explicables par de seuls effets 
d ' in te r fé rences dues a. la f ission. Auss i , dans l ' in te rpré ta t ion de nos 
r é su l t a t s d 'analyse , nous admettons que ces résonances l a r g e s sont r é e l l e s . 
Une étude pa r un p r o g r a m m e multiniveaux es t en cou r s , qui nous 
p e r m e t t r a probablement de vér i f ie r si une te l le hypothèse est just i f iée. 
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T A B L E A U III . CONDITIONS E X P E R I M E N T A L E S 

Energie 
(eV) 

4 à 13 

13 à 40 

40 à 79 

70 à 200 

150 à 700 

Largeur 
accélérateur 

("S) 

0 ,1 

o.i 

o.i 

0.1 et 0,05 

0,06 

Largeur 
sélecteur 

("S) 

0 ,8" 

0,4 

0,1 

0,05 

0,05 

" 

Echantillons 
utilisés 

5 échantillons 

4 échantillons 

1 à 4 échantillons 
et 14 g/cm2 

Distance 
de vol 
(m) 

53,7 

53,7 

103,7 

Pour l 'évaluation de l'effet Doppler, le calcul de la t e m p é r a t u r e 
effective peut ê t r e fait en supposant que le r é seau c r i s ta l l in des 
échantil lons suit la loi de Debye. La t e m p é r a t u r e de Debye du 2 3 9 p u 

métal l ique est voisine de 175°K [6, 7]; la t e m p é r a t u r e effective obtenue 
est de 95, 5°K pour une t e m p é r a t u r e r ée l l e de 77°K. On obtient a insi la 
l a rgeu r Doppler 

Д = г)ч/Ё= 0,0117 N/Ë eV (1) 

Pour p r é c i s e r cet te va leur , des m e s u r e s complémenta i re s de t r a n s 
miss ion a t e m p é r a t u r e ambiante ont été faites su r quelques ré sonances 
i so lées ; l e s r é su l t a t s ont mont ré que le coefficient r\ est s o u s - e s t i m é . 
L a va leur de r¡ re tenue pour l ' ana lyse des courbes es t égale a 

П = 0, 0122±0, 0003 (Ibis) 

2 . 1 . Identification des niveaux" 

L e s échantil lons contenaient peu de 2 4 0Pu; les r é sonances de cet 
isotope ont pu ê t r e r e p é r é e s pa r compara i son de la t r a n s m i s s i o n de 
l 'échanti l lon de 14 g / c m 2 a cel le d'un échantil lon d'oxyde de Pu contenant 
13 g / c m 2 de 239 Pu et 1, 3 g / c m 2 de 2 4 0Pu. L e s niveaux du 2 39p u Qnt été 
identifiés jusqu 'à 440 eV. L ' h i s t o g r a m m e de la figure 1 est parfai tement 
rect i l igne jusqu'à. 300 eV et il semble que de 300 a 440 eV on pe rde une 
dizaine de niveaux (en se référant a la pente de la droi te de 0 a 300 eV). 

Jusqu 'à 300 eV l ' e spacement moyen est de 2, 39 eV, et de 0 a 440 eV 
il est de 2,47 eV. La figure 2 mont re la dis tr ibut ion des espacements de 
0 a 300 eV. El le est compatible avec la superposi t ion non c o r r é l é e de 
deux lois de Wigner dans le rappor t 3 ( rapport des populations c o r r e s 
pondant aux deux é ta ts 0+ et 1+). On r e m a r q u e r a la p r é sence de t r o i s 
g rands espacements dont la probabil i té d 'occur rence est pourtant faible. 
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50 ЮО БО 200 250 300 350 400 А50 E(eV) 

FIG. 1. Nombre de niveaux en fonction de l'énergie 

SUPERPOSITION DE 2 LOIS 

DE WIGNER DANS LE 

RAPPORT 3 

FIG. 2. Distribution des espacements de niveaux 

2.2. Largeurs neutroniques et fonction densité 
E о 

La figure 3 represente E 2gr en fonction de E. L'examen de cet 
0 n 

histogramme montre que les fluctuations des fonctions densité locales 
sont assez importantes; la pente de la droite, déterminée par une méthode 
de moindres carrés , donne pour la fonction densité la valeur suivante: 

S0 =(1,33±0, 14)-10 (2) 
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DROITE DETERMINEE 

PAR UNE METHODE 

DE MOINDRES CARRES 

S, = 1,33 x 10"'' 

0 100 200 300 400 E(eV) 

FIG. 3 . 2 ^ 2g r ¿ en fonction d e E 

Cette valeur est calculée sur 180 résonances; l'influence des erreurs 
sur les paramètres est t res faible devant l 'erreur d'échantillonnage: 
(2/N)1'/2en valeur relative [8], N étant le nombre de résonances. 

Dans les intervalles d'énergie de 100 a 200 eV et de 200 a 300 eV, 
les valeurs trouvées pour So sont respectivement 1, 13-10"4 et 1, 60-10~4; 
elles sont en t res bon accord avec celles obtenues par Uttley a partir des 
sections efficaces moyennes dans les mêmes intervalles d'énergie 
(1,15-10'4 et 1, 54- Ю-4) [9]. Cela semble bien indiquer que les 
résonances larges qui ont été introduites dans l'analyse des résultats 
suffisent a expliquer les t res forts résidus de section efficace dont il est 
fait mention plus haut. 

La figure 4 montre un assez bon accord entre la distribution expéri
mentale des largeurs neutroniques réduites et la loi de Porter et Thomas. 
Toutefois, l'accord est meilleur en supposant que 5% de petits niveaux 
ont été omis. La valeur de 2grn° pour ces niveaux serait inférieure a 
0,003 eV1/2. 

2.3. Largeurs de fission 

Les valeurs de r f ont pu être déterminées pour une centaine de 
résonances. Pour les résonances t res larges, les paramètres sont 
déterminés avec assez peu de précision. On peut admettre que pour 
ces t res grandes valeurs de Г, Tf est peu différent de Г(ГП + Гу est 
négligeable devant Г pour des largeurs totales égales ou supérieures a 
1 eV). L'histogramme de la figure 5 met nettement en évidence deux 
familles de résonances dont les valeurs de <Tf > sont t res différentes. 
Pour la premiere famille < r f > = 42 meV, valeur déterminée avec assez 
de précision; pour la deuxième famille < r f > est supérieur a 1 eV, 
probablement de l 'ordre de.l , 5 eV. L'histogramme expérimental est 
assez bien décrit par une somme de deux distributions en x2 dont les 
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N= NOMBRE DE NIVEAUX 
DONTV2gr t f< :2gr> > X 

X= V2gr?/<2gr> 

FIG. 4. Distribution des largeurs neutroniques réduites 

DISTRIBUTION EXPERIMENTALE 

DISTRBUTION EN X2AVEC 

V =1 72 NIVEAUX < tf > = 42 meV 

DISTRIBUTION EN X 2 AVEC 

V = 2 24NIVEAUX<rr>=13CX)meV 

SOMME DE ® ET i 

20 30 40 50 60 70 

FIG. 5. Distribution des largeurs de fission 

nombres de degrés de liberté sont v- 1 pour les resonances étroites et 
v - 2 pour les résonances larges. Ces valeurs ne sont données qu'a 
titre d'estimation; on peut admettre cependant que pour la famille des 
résonances larges, on a probablement Kv< 2. 

La population des niveaux étant proportionnelle a 2J+ 1 (en négligeant 
le facteur exponentiel exp[-J(J+ l)/2cr2]), il y a trois fois plus de réso
nances pour l'état de spin 1+ que pour 0+. Les espacements moyens sont 
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donc respectivement 3, 2 et 9, 6 eV. La théorie des voies de sortie de 
la fission [10] permet de relier <D> et < r f > au nombre effectif Neff 
des voies de sortie: 

< r f > / < D > = Neff/2,r (3) 

Ainsi on obtient 

1,5 
9,6 N d f (0+)=-5 t | - 2 i r« l (4) 

N e f f ( l + ) = - Î ^ ^ T T - O , 08 (5) 

Ces résultats sont assez compatibles avec les distributions expéri
mentales de r f pour l'état de spin 0+ et pour l'état de spin 1+ (voie 
partiellement ouverte). 

2.4. Largeurs totales de capture radiative 

Les courbes expérimentales donnent directement 2grn. Гу a pour 
valeur 

Гу = r - r f - ( 2 g r n ) / 2 g (6) 

On en déduit que si Гп est assez grand, Ty ne peut être déterminé 
d'une façon précise que si l'on connaît le facteur statistique g, c 'est-a-
dire si le spin de la résonance a été attribué. D'autre part, pour les 
résonances t res larges, Г et Tf sont du même ordre de grandeur et la 
détermination de Г est pratiquement impossible. Différents auteurs ont 
fait des attributions de spin aux résonances du 239pu [Ц-15] (voir 
tableau IV). On peut également essayer d'attribuer le spin en choisissant 
l'une ou l'autre des valeurs de g et en examinant les valeurs de Г obtenues 
dans le paragraphe suivant nous examinerons ce cas. Dans la liste des Гу 
du tableau I, pour les résonances dont le spin n'est pas attribué, le 
facteur statistique est pris égal a 1/2. 

La valeur moyenne de Ty évaluée a partir de 59 niveaux est 

<Гу > =41,6 meV (7) 

Si on l'évalue uniquement a partir des résonances dont le spin 1+ 
est connu avec certitude, on trouve 

<Г у > = 40, 5 meV (8) 

Il n'est pas possible de calculer une valeur moyenne de Г pour 
l 'autre état de spin. 

L'ensemble des valeurs obtenues pour les 59 niveaux semble com
patible, compte tenu de barres d'erreurs,avec une valeur unique. Mais 
un raisonnement rigoureux doit être fondé sur le calcul des variances. 
La distribution expérimentale est cohérente avec une distribution en x 
a 60 degrés de liberté, ce qui correspond a. une variance expérimentale 

°1*Р=т-=ж- °'033 (9) 

exp 



TABLEAU IV. TABLEAU R E C A P I T U L A T I F D'ATTRIBUTION DE SPIN DES RESONANCES DU 2 3 9 P u 

Energie 

0 . 3 

7 , 9 

10,9 

11.5 

11.9 

14,3 

14,7 

15,4 

17.6 

22,3 

26.3 

32,4 

35.8 

41,5") 

41,7 J 

4 4 , 5 

4 7 , 7 

4 9 . 8 

5 0 , 2 

5 2 , 6 

55 ,7 

5 7 , 6 

5 8 , 8 

5 9 , 3 

6 0 , 9 

6 5 , 7 

6 6 , 6 

7 4 , 1 

7 4 , 9 

81., 7 

8 3 , 5 

8 5 , 3 

8 5 , 5 

9 0 , 7 

Bollinger e t a l . 
(1958) 

1 

1 

1 

1 

0 

0 

1 

0 

1 

1 

Fraser e t 

Schwartz (1962) 

1 

1 

1 

0 

1 

0 

1 

0 

Ignatev (1964) 

(0) 

(1) 

0 

0 

1 

Sauter e t 

Bowman (1965) 

1 

1 

1 

1 

1 

0 

1 

1 

0 

1 ' 

1 

1 

0 

. 1 

1 

Asghar(1966) 

1 

1 

1 

0 

1 

1 

0 

1 

1 

0 

0 

1 

1 

1 

oa 

I a 

Cowan (1966) 

(1) 

1 

1 

(0) 

1 

1 

1 

0 

1 

1 

1 

0 

0 

1 

0 

1 

0 

1 

0 

Sac lay (1966) 

0 

0 

0 

0 

0 

0 

(1) 

1 

0 

0 

0 

1 

Energie 

9 5 . 4 

9 6 , 5 

1 0 0 , 2 

103 ,0 

1 0 5 , 2 

1 0 6 , 6 

116 

118.7 

126,2 

131,7 

133 ,7 

136 ,7 

146 ,2 

1 4 7 , 4 

1 5 7 , 1 

1 6 4 , 5 

1 6 7 , 1 

1 7 1 , 1 

1 7 7 , 2 

1 8 4 , 9 

1 9 6 . 7 

1 9 9 , 4 

2 0 7 , 4 

2 1 1 , 1 

2 1 6 , 5 

2 2 0 , 2 

2 2 3 , 2 

2 2 7 , 8 

2 3 1 , 4 

2 3 4 , 4 

2 3 9 , 1 

2 4 2 , 9 

2 4 8 , 9 

2 5 1 , 2 

Asghar (1966) 

oa 

1 

0 

(1) 
0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

1 

0 

0 

1 

0 

• 
0 

1 

0 

0 

0 

1 

1 

Sac lay (1966) 

0 

0 

1 

1 

0 

(0) ? 

0 

0 

1 

(1) 
0 

0 

1 

( 1 ) 
0 

(0) ? 

1 

0 

1 

m } 
1 

1 

1 

Valeurs non publiées par Asghar, mais déduites de ses valeurs de о 0ГП et des valeurs de 2g Гп et r d e Saclay. 
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Cette var iance est la somme de la var iance rée l l e et de la va r iance due 
aux e r r e u r s expé r imen ta l e s . Cette de rn i è re est a s s e z difficile a éva luer . 
Si nous admet tons un éca r t a de 10%, on obtient 

2 / v r ê e l = 2 / v e x p - c 2 = 0,023 (10) 

•soit 1 / ^ = 9 0 . 

TABLEAU V. RESONANCES DONT L E SPIN A PU E T R E A T T R I B U E 

Energie 

11 .50 a 

15.46 

49 ,71 

57.44 

58 ,84 a 

60,94 

65,71 

74,95 

81,76 

83 ,52 a 

85,32 

90,75 

96,49 

100,25 

106,47 

118.83 

131.75 

146,25 a 

147,44 

J 

0 

0 

0 

0 

0 

0 

(1) 

1 

0 

0 

0 

1 

0 

0 

1 

1 

0 

î 

0 

^(1+v 

49 ,5 ± 8 

40 * 6 

39 ± 6 

40 ± 4 

42 ¿ 5 

5 0 , 2 * 7 

Гу(0+) 

24 ,4 ± 4 

- 4 , 4 

14,5 ± 2 , 2 

21 ± 2 

7 , 4 ± 1 

36 ± 5 

Energie 

157,08 

164,5.4 

167,10 

171,08 

184,87 

199,39 

207,37 

211 ,09 a 

216,53 

220,22 

227,77 

231.40 

239,1 

242,88 

248.86 

251,23 

J 

0 

1 

(1) 

0 

0 

1 

(1) 

0 

? 

1 

0 

1 

? 

1 

1 

1 

iyi+) 

42 ,3 ± 8 

32 ± 6 

33 ,3 è 8 

43, 6 ± 5 

51 è 8 

33 ,3 

27 ,5 

50 

32 ± 7 

41 .3 ± 7 

41 ,4 ± 7 

ry(o+) 

-13 

20 ,5 ± 4 

14 ± 4 

29,6 ± 3 

39 ± 6 

19,4 

3 ,5 

39 

19 ± 4 

12 ± 3 

-13 

Résonances expliquant de très fortes dissymétries ou d'importants résidus de sections efficaces. 

2 . 5 . E s s a i d 'a t t r ibut ion de spin 

Cette at t r ibution peut ê t r e faite de deux façons différentes: 
a) P a r l 'é tude de la dis t r ibut ion des Г{ . D ' a p r è s l ' h i s tog ramme de 

la figure 5, l e s r é sonances dont Tf est supér ieur a 400 meV ont une 
probabi l i té pra t iquement égale a 1 d 'appar ten i r a la famille qui a une 
grande valeur de <Tf >. A ces r é sonances on peut a t t r ibue r le spin 0+. 
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b) Cas des résonances a grandes valeurs de Гп . Les deux facteurs 
statistiques g sont 1/4 et 3/4.' On suppose que Ty est a peu près constant 
de résonance a résonance et ne dépend pas du spin. La valeur de Гу 
doit être voisine de 40 meV. Dans certains cas il n'y a aucune ambiguïté; 
ainsi à 74, 95, 164, 54 et 251, 23 eV l'attribution du spin 0+ conduirait 
a. une valeur négative de Гу ; ces résonances sont donc obligatoirement 
de spin 1+." Dans les autres cas, si l'une des valeurs de Гу est voisine 
de 40 meV et l'autre tres différente, il est également possible de se 
prononcer. 

Dans le tableau V nous donnons les résonances dont le spin a-pu 
être attribué. 

CONCLUSION 

En définitive, il semble que les propriétés du noyau du 239pu sont 
bien celles auxquelles on doit s'attendre d'après la théorie des voies de 
fission; les deux familles de résonances correspondant aux deux états 
de spin possibles sont caractérisées par des valeurs de <Tf > t res 
différentes, compatibles avec des seuils de fission t res différents; le 
nombre de voies de sortie pour chaque état de spin est faible, et plus 
grand pour l'état 0+ que pour l'état 1+. D'autre part, la distribution en 
masse des produits de fission faite par Cowan [12] permet d'arriver 
aux mêmes conclusions: la fission est plus symétrique dans les 
résonances larges que dans les résonances étroites, et la théorie prévoit 
effectivement une plus grande symétrie dans l'état 0+ que dans l'état 1+. 

En fait, l'étude des résonances du 239pu ne peut être complete que 
par l'utilisation d'un formalisme multiniveaux. Si les effets d'interférence 
perturbent probablement peu les résultats pour les résonances de spin 1+, 
il risque de ne pas en être de même pour celles de spin 0+[16]; en 
particulier, l'étude des ensembles complexes tels que celui qui existe 
entre 70 et 90 eV peut être intéressante. 
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Abstract 

SPIN MEASUREMENTS OF THE 8.8-eV AND 12.4-eV NEUTRON RESONANCES IN 2S5U. Spin 
measurements of slow neutron resonances have been done by means of the resonance scattering method, 
using a 3 He counter as scattering detector and a crystal spectrometer as neutron source. Results for the 
8.8-eV and 12.4-eV resonances in 235U are given and discussed. 

INTRODUCTION 

The only information available at present about the spins of slow 
neutron resonances in 235U are the recent results of Sailor et al. [1] for 
the three lowest resonances. A knowledge of the resonance spins 
combined with that of the fission widths, of the mass yield distribution 
in the resonances [2, 3] and of the fission fragment directional ani-
sotropies from oriented nuclei [4] could yield important information 
about the fission process, especially about the number and the nature 
of the fission channels available in 235U + n. 

The BR2 crystal spectrometer has been used as a monochromatic 
neutron source for the measurement of the ratio Гп / r i n the 8.8-eV 
and the 12.4-eV resonances. From the known parameters grn and Г 
the spin J has been deduced for these resonances. One has of course to 
suppose that they are single resonances. 

APPARATUS AND METHOD OF ANALYSIS 

The scattering chamber with the He neutron detector has been 
described elsewhere [5]. The method of analysis has been explained 
in Refs. [5, 6]. Essentially the scattering counting rate at resonance 
energy is measured and compared with the counting rate from a standard 
sample such as lead with known scattering cross-section. The samples 
used are fairly thin, so only the experimental transmission of the 
samples, which is measured simultaneously, is needed for the absorption 
correction. 

The targets used in all the experiments are laminated metallic 
sheets and have the following isotopic composition:9.02% 238U; 0.60% 236U; 
89.43% 235U; 0.95% 2 3 4U1 . A 2-mm thick 238U filter has been placed in 
the diffracted beam so as to avoid the scattering of neutrons in the 238U 
resonances at higher order energies. 

The base material was supplied by Oak Ridge National Laboratory, USA. 

211 
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The main experimental difficulties are the following: 

(a) Background from fission neutrons 

The fission neutrons can contribute to the scattering counting rate. 
This contribution has been determined in two ways. We measured first 
the scattering from a thin 235U target (n= 12.7 X 1020 235 U atoms per cm2) 
at 0.1 eV with a 1-mm-thick Cd shield between target and detector. The 
fission neutron contribution Nf can be written as follows: 

Nf =N0e f d - T ) 2 L 
CTt 

where No = number of incident neutrons; it can be deduced from the 
scattering counting rate of a standard scatterer if one 
calculates the efficiency of the scattering detector. 

ef = efficiency for fission neutrons. 
T , = transmission. 
fff and fft = fission and total cross-sections. 

This measurement yielded: 

ef =(2.0± 0.1)X10"3 

We also measured the scattering counting rate from the same 
target between 0.5 eV and 0.29 eV. In this energy range, nof varied 
from 0.10 to 0.24. After correction for absorption and subtraction of 
the contribution from the negative energy resonance, the data were 
fitted to: 

ncrs = norp + ef n Of 

and we obtained: 

no-p = (17.11 ± 0.08) X 10-3 

ef = (2.0 ± 0.24)X 10"3 

The measurements were performed using vanadium instead of lead 
as a standard scatterer so as to avoid any effect from coherent 
scattering. The contribution from the negative energy resonance has 
been calculated using the parameters given by Harvey and Sanders [7]. 
If the er ror on as for V is taken into account [8], the following potential 
scattering cross-section for 2 3 5 u is deduced: 

Стр = 11.9 ± 0.4 b 

in good agreement with the value obtained by Uttley [9] (11.7 ± 0.1 b). 

(b) Non-resonant scattering contribution 

Because of the low resolution of our spectrometer (ДЕ/Е= 0.07 at 
10 eV) and the small values of Гп /Г, the ratio of resonant-to-potential 
scattering is rather low, so a precise determination of the non-resonant 
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scattering cross-section is necessary. This has been done by measuring 
the scattering counting rate between 9.4 eV and 10.4 eV with a target of 
thickness n = 6.68X 1020 atoms of 23su per cm?. In this energy range, 
the mean value for ncrp = (8.6 ± 0.2)X 1 0 - 3 . After correction for absorption 
(the mean transmission in this energy range is 0.97) and subtraction of 
the small contributions from the most important neighbouring resonances 

FIG. 1. Net scattering counting rate and transmission between 7 eV and 13 eV with a target containing 
6.68X1020 235U atoms per cm2. The crosses represent the scattering counting rates at resonance energies 
(8.8 eV andl2.4 eV) after correction for absorption. The correction for fission neutrons has not been 
subtracted; on the scale of Fig.l it represents 16 counts at 8.8 eV and 8 counts at 12.4 eV. 

(8.8 eV, 11.6 eV and 12.4 eV) the following value for ap of 235U has 
been obtained: 

ap = 12 ± 0.3 b 

in good agreement with the value quoted above. 

RESULTS AND DISCUSSION 

The net scattering counting rate and the transmission between 
7 and 14 eV are shown in Fig. 1. The total background which is only 
25% of the potential scattering counting rate has been subtracted from 
the data. The counting rates on Fig. 1 have been reduced to a fixed 
counting rate from the Pb target, so they are corrected for the changes 
of the detector efficiency and of the beam intensity. The measurements 
were performed using an automatic sample changer; the scattering 
signals from 235 U, from Pb and from the blank position of the sample 
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changer being measured alternatively during approximately 10 min. The 
data shown are the sum of different runs; each run consisted of 
20 measurements at each energy. The results between 9.4 and 10.4 eV 
are the sum of 2 runs and the few points at or near resonance energies 
are the sum of 5 to 6 runs. 

For the 8.8-eV resonance, a preliminary result has been presented 
at the Washington conference [5]. The efficiency for fission neutrons 
quoted at that time has been confirmed by the experiment in the 0.3-eV 
resonance described above and the statistical accuracy has been 
improved by a few additional runs at 8.8 eV. We now get the following 
result: 

Г п / Г = (1± 0.1 3)X lu"2 

g = 0.46 ± 0.08 

so that J = 3. Only the scattering signal at 8.79 eV has been taken into 
account. The result quoted previously [5] (g = 0.44± 0.07) has been 
obtained, taking into account the scattering signals at 8.73 eV, 8.79 eV 
and 8.85 eV. 

For the 12.4-eV resonance we have the following result: 

Г п / Г = 1.46± 0.25 

g = 0.64± 0.13 so that J = 4. 

In this case the scattering signals at 12.33 eV and 12.43 eV were taken 
into account in the analysis and the contribution from the 11.67-eV 
resonance was subtracted. This contribution, being only 7% of the total 
scattering counting rate, was calculated from the known Breit-Wigner 
parameters, not corrected for resolution and Doppler broadening. 
The parameters grn and Г are the recommended values of Rep. BNL325[1 0]. 

The fission widths Tf for the 8.8-eV and the 12.4-eV resonances 
are 74 meV and 23 meV, respectively, but the number of resonances with 
known J-value being too small for the moment, it is not yet possible to 
draw any firm conclusion about the spin dependence of the fission width 
for 235U. As for the mass yield distribution, the results presently 
available [3] are not yet accurate enough to detect a correlation between 
this distribution and the resonance spins. 
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D I S C U S S I O N 
(on papers CN-23/128, CN-23/70 and CN-23/79) 

A. MICHAUDON: Could Dr. Asghar say whether there is some 
systematic reason why Fraze r ' s measurements on 8 resonances in 19611 

gave 3 resonances corresponding to spin 0, while the recent Harwell 
measurements associate spin 1 with them? 

M. ASGHAR: Frazer et al. made their scattering measurements 
using a 10B sleeve around the scattering sample. As assignments of spin 0 
imply large resonance scattering areas, they may not have been able 
to take sufficient account of contributions from fission neutrons. 

A. MICHAUDON: Dr. Poortmans showed that his measurements are 
very sensitive to any e r ro r in the potential energy measurement. Since 
the elastic scattering cross-section changes very quickly near the resonance 
energy Eo, I should like to know whether there is any e r ror due to the 
uncertain resonance energy Eo or perhaps due to the resolution. 

F . POORTMANS: I don't think so because with our poor resolution 
the scattering count rate at resonance energy does not change very much. 
Moreover, the energy can be well determined with the crystal spectrometer. 

J. RYABOV: In connection with Dr. Asghar's paper, I should like to 
mention that in a previous work it has been shown that if the background 
Ip is above a certain level it is necessary to take account of the reduction 
in the number of neutrons undergoing potential scattering, as a result of 
resonance interaction: this may lead to a too high background in calcu
lating the area from the expression Is = (IeXp _ Ip)/U " ^)» where Iexpis *n e 

experimental resonance count, Ip is the potential scattering background, 
Is is the resonance scattering count, and Ci is a factor depending on various 
constants, the density of the sample, Гп and Г. In Dr. Asghar's measure
ments fi may attain a value of ~ 0.75 for certain resonances. 

In connection with Dr. Poortman's paper, I want to mention that the 
results of the 235U resonance spin measurements for E0 = 8.7 eV and 
12.4 eV do not agree with the results from Melkonian's measurements of 
total kinetic energy for these resonances nor with the identical results of 
our own calibration measurements on the variation in 17. 

1 FRAZER, J. S., SCHWARTZ, R. В.. Nucl. Phys. 30(1962)269. 
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Abstract 

NEW TIME-OF-FLIGHT MEASUREMENTS MADE WITH AN INTENSE SOURCE. In an experiment 
in Nevada in June 1965 a nuclear device with a yield equivalent of 1.2 kilotonnes of TNT provided the 
neutron source for time-of-flight measurements over a path of 185 m in vacuo. To exploit the com
bination of high flux and high energy resolution, new recording techniques have been required. Because 
more than a million data points are acquired in any one exposure of a set of targets, the general problems 
of data retrieval and processing have required special attention. 

Measurements of fission cross-sections of the nuclides 233U, 235U, 239Pu, 240Pu, ^Pu, alAm, M2Am 
are reported. In addition, capture-to-fission ratios of 233U and ^Pu are reported. The neutron energy 
range is 10 eV to 2 MeV. Individual resonances are resolved in the 100-eV range. Fission data in the 
resonance region are characterized by lower minima than are reported by most earlier investigators, in
dicating more favourable signal-to-background ratios. A unique feature of these experiments is the high 
rate of data acquisition, which allows cross-section measurements on short-lived nuclides. Even for 
the long-lived nuclides, these experiments provide an abundance of data required in current nuclear 
technology - data that could otherwise be acquired only by years of tedious measurement. 

Introduction 

Several preliminary experiments at the Nevada Test Site 
of the U. S. Atomic Energy Commission afforded the opportunity 
to develop instrumentation for time-of-flight measurements on 
neutrons from a nuclear detonation and to find typical levels 
of background signals. An experiment in December 1964 [l] 
pointed the way to measuring many fission cross-sections over 
a wide energy range. It is my purpose here to outline certain 
details of an experiment on 11 June 1965 and to present cross-
section results of that test. 

The source of neutrons was a nuclear explosion with an 
energy yield equivalent to 1.2 kilotonnes of chemical explo
sive and a neutron yield of 1.8 x 1023 with a duration of 
0.1 u.sec. It was located in desert alluvium at a depth of 
185 m. A vertical pipe 35 cm in diameter evacuated to a pres
sure of 0.050 mmHg provided a flight path for neutrons. The 
pipe, shown in Fig. 1, contained many anti-scattering baffles 
and, at the lower end, a 10-cm thickness of polyethylene 
moderator. Near ground surface was a collimator 122 cm long, 
from which emerged a beam of neutrons 1.9 cm in diameter. The 
volume between the pipe and the casing of the drilled hole was 
filled with sand. The pipe was provided with several closure 
devices timed to allow transit of neutrons with energy greater 

* Work performed under the auspices of the United States Atomic Energy Commission. 
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SOLID STATE 
DETECTOR 

GROUND SURFACE 

1.9 cm DIAMETER 
APERTURE IN 
COLLIMATOR 

ANTI-SCATTERING 
BAFFLES (II) 
46 cm LONG 
24 cm DIA. 

WORKING POINT 
185 m DEPTH 

FIG. 1. Line-of-sight pipe to provide vacuum flight path for neutrons originating in a nuclear explosion, 
showing eleven anti-scattering baffles and a two-holed collimator, and two charged particle detectors. 

FIG. 2. View of moderator and anti-scattering baffles, looking through collimator. 
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FIG. 3. Moving film oscillogram of six signals plus 20-usec time marks. 
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FIG. 4. The number of neutrons emerging from the collimator, in neutrons/eV as a function of energy. 

than 1 eV but to confine any flying debris or gaseous pro
ducts of the explosion. Figure 2 shows a photograph of a set 
of concentric circles at the top of the moderator, taken 
through a telescope. In addition to the moderator, one can 
see the anti-scattering baffles. The view is through one of 
two holes in the collimator, each one several centimeters 
from center and designed to provide irradiation for two dif
ferent sets of experiments. 

A moderator is used because there would be relatively 
few neutrons below a few hundred eV without it. The moderator 
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FIG. 6. Fission cross-section of 239Pu, 40 to 60 eV, [4] showing comparison with results of Bollinger [11] (+), 
Ignat'ev [12] (*), James [13] (x), and de Saussure ГД4] (0). 
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FIG. 8. Fission and capture cross-section of ""Pu, 0 to 200 eV [5] 

'Pu UPPER CURVE - CAPTURE 
LOWER CURVE FISSION 

I03 

3) 
z 
a: « 
Z io2 

C
R

O
S

S
-S

E
C

TI
O

N
 

10° 

in-1 

:\ г h 

, л. 

h 
r ¿' 

! 

"Л [\ ' 
\J -' . 
V 

' Í 

\ Aj 

V) 
\ / \ 
\j 

M 
' \ 
v \ \ \ 

/ 
•4 . / \ j 

AN 
V 

•' 

V v 
л Л 

' w \ 

8 0 0 
ENERGV leV) 

FIG. 9. Fission and capture cross-section of Z40Pu, 600 to 1000 eV [5] 

acts like a source of 20-eV thermal neutrons, but it has a 
sufficient velocity so that neutrons are thrown into a cone 
directed up the pipe with energy peaked at 45 eV. 

In order to complete these time-of-flight experiments, 
careful investigation was required to develop logarithmic 
amplifiers [2] with suitable response to fast transients, to 
maximize the resolution of oscilloscope traces photographed 
on moving film, to maximize signal-to-noise ratios, to deter
mine backgrounds, to protect equipment against ground shock, 
to understand transient response of solid state detectors, to 



224 HEMMENDINGER 

'Pu FISSION CROSS SECTION 

M-
• I l II 11 

Щ 
г |||| ¡If 

if шТЁ 

НИИ 1 111 111 

J l л \ Kmt\ 
11 r 

_.: _ 

ij-QÂ 
r-

-t^y^-Jf 

I0 5 

ENERGY (eV) 

FIG.10. Fission cross-section of M0Pu, 103 to 2X106 eV [5] 
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FIG. 11. Fission cross-section of M1Pu, 20 to 74 eV [6] . The solid curve represents a multi-level fit 
to the data. 

establish the absolute sensitivity of the detectors to fission 
fragments, to establish suitable calibration procedures for 
time and for signal current, and to find schemes for digitizing 
the analog signals and processing the data to produce cross-
sections. These instrumental details are discussed in a 
report now in preparation. 

It has proved convenient to record signals from several 
oscilloscopes on one film. It is possible to read the deflec
tion produced by a single fission, but an experiment is ar
ranged so that 10^ or more fission fragments fall on the 
counter in one resolution interval. The plot of detector cur
rent against time can then be transformed to a product of 
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FIG. 12. Fission cross-section of 241Pu, 44 to 74 eV, [6] showing comparison with results from linac work 
at Rensselaer [15] (0) and Harwell [16] (Д). 
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FIG. 13. Fission cross-section of 233U, 20 to 40 eV [7] 

fission cross-section and neutron flux plotted as a function 
of neutron energy. In Fig. 3 is shown a record in which six 
signals from solid state detectors are displayed on three 
double beam oscilloscopes and photographed with 20:1 reduction 
on a 35-mm film; a time base is provided by moving the film 
at 30 m/sec. The peaks in the curves of Fig. 3, after back
ground has been subtracted, are identified as fission reso
nances. Time marks from a small oscilloscope are also displayed. 
To get adequate resolution at energies above 1 keV, a repetitive 
20-u.sec long sweep photographed on film moving at 30 m/sec is 
required. Development is in progress of an alternative scheme 
for recording seven double beam oscilloscopes on film moving 
at 300 m/sec. 

Results 
To display all of the cross-section results would take 

too much space and time, and would serve little purpose. 
There are some 20 000 data points, and 85 figures would be 
required. The results have been published in a preliminary 
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FIG. 14. Fission and capture cross-sections for 233U, 45 to 65 eV [7]. The capture data are derived from 
measurement of the (relative) capture-to-fission ratio. 
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FIG. 15. Fission cross-section of 235U. 20 to 40 eV, [8] showing comparison with results of Adamchuk 
[20] (A), Yeater [21] (Y), Brooks [22] (+), Bowman [9] (*), and Michaudon [23] (o). 
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FIG. 16. Fission cross-section of 235U, 200 to 400 eV, [8] showing comparison with results of 
Yeater [21] (Y). 
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FIG. 17. Fission cross-section of aiAm, 20 to 40 eV ГД0.24] 

form [3-8] and both listings and plots of the data appear in 
a recent report. [lO] I will confine this presentation to a 
discussion of enough salient features of the data to indicate 
what was done and what are the possibilities for future work. 

The neutron flux (in neutrons/eV) incident on the fission 
chamber is shown as a function of energy in Fig. 4. Cross-
sections for 239pu [4] at low energies, along with results by 
other investigators, are plotted in Figs. 5-7. 

The fission and capture cross-sections for Pu [5] are 
shown in Figs. 8-10. Capture cross-sections were measured by 
recording the total gamma-ray production rate in a target. 
Since the neutron binding energy is known, a measurement of 
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FIG. 18. Fission cross-section of M1Am, 40 to 60 eV [10,24] 
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FIG. 19. Fission cross-section of ^ m , 40 to 60 eV (10,24].Crosses are original data, dots are aiAm 
signals, and solid line is the cross-section of ^Am. 

the flux in a resonance where the target is black is adequate 
for calibrating the system. 

241 The results of the fission measurements on Pu, analyzed 
by the Idaho Falls group, [б] show that resonances are well 
resolved up to 45 eV. Data to which resonance parameters 
have been fitted are shown in Fig. 11, and Fig. 12 shows a 
comparison with other data. 

New data on U [7] are shown in Figs. 13 and 14. Rela
tive capture-to-fission ratios (a) were measured by recording 
the total gamma-ray energy production rate in a target and 
combining this rate with the fission signal so as to fit a -
0.05 at 34 eV, a choice of a that seemed consistent with 
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FIG. 21. Fission cross-section of ^Am, 104 to 106 eV [10,24]. Crosses are original data, dots are 
M1Am signals, and solid line is the cross-section of ^Am. 

available data. Laboratory measurements to show what frac
tion of the gamma-ray signal was due to fission are required 
to extract more precise information about a. The fission 
cross-section for 233y agrees with other measurements above 
10 keV; near 100 eV these results are twice those measured 
elsewhere, but they are consistent with reported total cross-
sections. [17,18,19] 

Results for U [8] are available only for the lower 
energy region where fission of this nuclide was not used for 
measurement of neutron flux. In Figs. 15 and 16 results of 
this measurement are compared to other recent data. 
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Measurements on two Am isotopes were made possible by 
the generous loan of target samples by the Radiochemistry 
Group at Lawrence Radiation Laboratory, Livermore, Calif. 
The cross-section for 24lAm [10,24] is shown in Figs. 17 and 
18. The isotope 242 is produced by neutron capture of 241Am 
followed by separation in a mass spectrometer to increase the 
242/241 ratio. To get appreciably better data we would need 
a sample that had made a second pass through the mass sepa
rator. Since we do not anticipate getting a better sample 
for a long time, we are presenting these hitherto unpublished 
data [10,24] in Figs. 19-21. The errors are larger than we 
would like, but it can be seen that the cross-section for this 
odd-odd nuclide does not look markedly different from that of 
239pu above 10^ eV. These cross-sect ions agree well, in 
regions where they overlap, with recent measurements by 
Bowman. [25] 

A feature shared by all of these data is the very low 
background as indicated by the deep valleys between resonances. 
Except in the valleys, these results are generally in good 
agreement with other measurements. Because multi-level 
fitting of resonance cross-sections is particularly sensitive 
to the shapes in the valleys where interference effects domi
nate, these data provide a rich source of resonance parameters; 
analysis by methods outlined by the Idaho Falls group [26] is 
in progress. The larger number of successive approximations 
which is required by these relatively precise data recommend 
the use of computer techniques that minimize the input-output 
time, and such work is also in progress. Another consequence 
of the low backgrounds found in these experiments is the possi
bility of producing extensive data on subthreshold fission, as 
is shown here for 240рц (Figs. 8 and 9) and 24lAm (Figs. 17 
and 18). 

A difficulty experienced in these measurements is the 
very low flux in the Pt resonances after the neutron beam has 
passed through many Pt foil backings. There are a few other 
holes in the flux due to resonances in residual oxygen in the 
pipe and various other absorbing materials in the beam. Ef
forts to make total and scattering cross-section measurements 
were not successful; these experiments came last in the neutron 
beam where there were additional holes.in the flux due to 
240pu ancj 233u samples. The 6Li-coated solid-state detectors 
used for scattering measurements had about equal response to 
scattered neutrons and to capture gamma rays. Further work 
on scattering must await the development of more suitable 
detectors. 
Conclusion 

We consider the fission cross-section results from the 
June 1965 experiment to be finished, but it has taken most of 
the 14 months since that experiment to process these data. 
The results for о need considerably more work. Our methods 
for reading film and handling the data have improved enough 
that a new set of data can be processed in a much shorter time. 
In any event, the effort required to produce such data using 
more conventional laboratory neutron sources would be many 
times greater than our own. Laboratory accelerators can pro
duce, typically, 10 2 1 neutrons per year, so it would take 
approximately 180 years of continuous running to match the 
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time integrated flux from this one experiment using the same 
flight path. It is this combination of high flux and high 
resolution that makes this source uniquely suitable for 
measurements of fission cross-sections, where the target thick
ness must be small compared to the range of fission fragments. 
An experiment is now in progress to measure fission cross-
sections of 238pu> 243АПЦ 244Qn# ancj the capture cross-section 
of 238pu anc| 147pm. The Pm is used in an exercise in handling 
very active nuclides—of the order of 10^ curies—because meas
urements on such nuclides are prohibitively difficult with 
weaker sources. We are conducting another exercise in which 
we are attempting to measure the fission cross-section of 
239pu using a one microgram sample. If this can be done there 
are many exotic materials that can be prepared in only a small 
quantity that will be interesting targets. 

REFERENCES 

[I] Hemmendinger, A., Physics Today (August 1965) 17. 
[2] Lunsford, J. S. , Rev. Sci. Inst. 36_ 461 (1965). 
[3-9] Minutes of the Topical Conference on Neutron Cross 

Section Technology, CONF-660303 (1966), can be obtained 
from: Federal Clearinghouse for Scientific and Technical 
Information, National Bureau of Standards, U. S. Depart
ment of Commerce, Springfield, Virginia 22151: 
[3] Diven, Benjamin C., Paper G-3. 
[4] Shunk, Edward R., Brown, W. K., LaBauve, R.; 

Paper FF-12. 
[5] Byers, D. H., Diven, B. C., Silbert, M. G. ; 

Paper F-5. 
[6] Simpson, 0. D., Fluharty, R. G., Moore, M. S. , 

Marshall, N. H., Diven, В. С., Hemmendinger, A.; 
Paper F-6. 

[7] Bergen, D. W., Silbert, M. G., Perisho, R. C.; 
Paper F-4. 

[8] Brown, Wilbur K., Bergen, D. W., Cramer, J. D.; 
Paper FF-11. 

[9] Bowman, C. D., Auchampaugh, G. F., Fultz, S. C., 
Moore, M. S., Simpson, F. B.; Paper FF-15. 

[10] Los Alamos Scientific Laboratory Staff, LA-3586 (1966). 
Federal Clearinghouse for Scientific and Technical Infor
mation, National Bureau of Standards, U. S. Department 
of Commerce, Springfield, Virginia 22151. 

[II] Bollinger, L. M. , Cote, R. E., Thomas, G. E., Proceedings 
of the Second United Nations International Conference on 
the Peaceful Uses of Atomic Energy, 15 127 Geneva (1958). 



232 HEMMENDINGER 

[12] Ignat'ev, К. G., Kirpichnikov, I. V., Sukhorunchkin, 
S. I. ; Atomnaya Energiya JL£ 110 (1964). Translated in 
Soviet Atomic Energy 16_ 121 (1964). 

[13J James, G. D., and Endacott, D. A. J., AERE-PR/NP 6 4 
(1964). 

[14] de Saussure, G., Blous, J., Jousseaume, C., Michaudon, 
A., Pranel, Y. , IAEA Compt. Rend. 2_59 3498 (1964). 

[15] Moore, M. S., Simpson, 0. D., Watanabe, T., Russell, 
S. E. , Hockenbury, R. W. , Phys. Rev. 13_5 B945 (1964). 

[16] James, G. D. , Nucl. Phys. 6_5 353 (1965). 

[17] Moore, M. S., Miller, L. G., Simpson, O. D., Phys. Rev. 
118 714 (1960). 

[18] Pattenden, N. J., Harvey, J. A., Nucl. Sci. Eng. Y7_ 
404 (1963). 

[19] Yeater, M. L., Hockenbury, R. W., Fullwood, R. R. , Nucl. 
Sci. Eng. 9 105 (1961). 

[20] Adamchuk, Y. В., Gerasimov, V. F., Yefimov, B. V., 
Zenekevich, V. S., Mostovoi, V. I., Pevzner, M. L., 
Chernyshov, A. A., Tsitovich, A. P., Proceedings of the 
First International Conference on the Peaceful Uses of 
Atomic Energy -4 216 Geneva (1955). * 

[21] Yeater, M. L., Mills, W. R., Gaerttner, E. R., Phys. Rev. 
104 479 (1956). 

[22] Brooks, F. D., Jolly, J. E., Schomberg, M. G., Sowerby, 
M. G., AERE-M-1670 (1966). 

[23] Michaudon, A., CEA-R-2552 (1964 Saclay). 
[24] Seeger, P. A., Hemmendinger, A., Diven, В. С. , to be 

published. 
[25] Bowman, C. D., this conference, Paper CN-23/38. 
[26] Reich, C. W., and Moore, M. S., Phys. Rev. Ill 929 (1958), 



MEASUREMENT OF THE NEUTRON CAPTURE 
AND FISSION CROSS-SECTIONS AND OF THEIR 
RATIO ALPHA FOR 233U, 235U AND 239Pu* 

G. DE SAUSSURE, L W. WESTON, R. G WIN, R. W. INGLE 

AND J.H. TODD 
OAK RIDGE NATIONAL LABORATORY, OAK RIDGE, TENNESSEE 

R. W. HOCKENBURY AND R.R. FULLWOOD 
RENSSELAER POLYTECHNIC INSTITUTE, 

TROY, NEW YORK 
UNITED STATES OF AMERICA 
A. LOTTIN 
CENTRE D'ETUDES NUCLEAIRES DE SACLAY, 

FRANCE 

Abstract 

MEASUREMENT OF THE NEUTRON CAPTURE AND FISSION CROSS-SECTIONS AND OF THEIR RATIO, 
ALPHA,FOR 233U, 235U AND 239Pu. A crucial requisite in the design of nuclear reactors, particularly 
breeder reactors, is the precise knowledge of the neutron capture and fission cross-sections of the fissionable 
materials involved. The need for accurate measurements was recently re-emphasized by the existence 
of a 20% discrepancy between the directly measured value of CÍRJ for 235U, the ratio of the capture 
resonance integral to the fission resonance integral, and the value of this parameter obtained by integrating 
differential measurements of the cross- sections as à function of energy. 

A technique has been developed to measure simultaneously the neutron capture and fission cross-
sections of fissile nuclei. Since the two cross-sections are measured simultaneously, errors associated with 
uncertainties in the relative energy resolution and calibration of the two measurements are eliminated. 
Measurements of o c and of for 235U in the neutron energy range of 3.25 to 25 eV have been published. 
These measurements have now been extended to cover the range of 1 to 100 eV, and the precision and 
energy resolution have been greatly improved. The fission cross-section is in good agreement with recent 
measurements using different techniques. At low energy, where the instrumental resolution is small 
compared to the Doppler broadening and where resonance scattering is unimportant, the directly measured 
capture cross-section is consistent over many of the resonances with that obtained indirectly by subtracting 
the fission and potential scattering from the total cross-section. The capture and.fission resonance integrals 
and their ratio а и , obtained from our measurements, agree within the uncertainties with the direct integral 
measurements of these parameters. Further measurements on 235U and 233U over the neutron energy range 
of 1 eV to a few keV are now in progress. The limitations of the experimental method are discussed, and 
a detailed comparison of cross-sections obtained by different techniques are presented. 

To compute the breeding ratio, the Doppler coefficient, and other parameters of large fast-power 
reactors, it is important to know a, the ratio of capture-to-fission, for the main fissile isotopes, and 
particularly for 239Pu, in the keV neutron energy region. Hopkins and Diven have performed direct 
measurements of a for 233U, 235U, and 239Pu with monoenergetic neutrons at 30, 60, and above 175 keV. 
But the value of a for 239Pu varies by more than a factor of two between 30 and 60 keV, and a detailed 
knowledge of the variation of this parameter with energy in the keV neutron energy range appears desirable. 
The application of the time-of-flight technique permits extending the direct measurements of a to energies 
where monoenergetic neutron sources are not readily available. Detailed measurements for a for 239Pu 
are now in progress, at few-keV intervals in the range of 10 to 100 keV and at 100-keV intervals in the 
range of 100 to 600 keV. The technique^has already been used with 235U and the results, now published, 
were found in agreement with those of Hopkins and Diven in the range of overlap. Our results for 239Pu 
are compared with those of Hopkins and Diven and with values of a obtained from direct measurements 
of 7) by Spivak et al. The factors limiting the precision of the measurements are discussed in some detail. 

* Research sponsored by the United States Atomic Energy Commission under contract with the Union 
Carbide Corporation and Rensselaer Polytechnic Institute. 
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i. штошсткж 
Simultaneous measurements of the capture cross-section, a , and the 

fission cross-section, af) have been performed for 2 3 3U over tne neutron 
energy range from O.k to 100 eV and for 2 3 5U over the range from 0.4 eV 
to 3 keV. In addition, measurements of a„ for 2 3 5U have been made up to 
20 keV. In another set of measurements, values of a = a /a have been mea-
sured directly over the range from 20 to 600 keV for 235UCana 239Pu. This 
paper describes both types of experiments very briefly and compares the 
results with data from other laboratories. 

TABLE I, EXPERIMENTAL PARAMETERS FOR THE ORNL-RPI 
SIMULTANEOUS MEASUREMENTS OF vc AND 07 

Low-Resolution Run High-Resolution Run 

Flight path, L 
Moderator 
Moderator thickness, d 
Sample composition 
Sample temperature, T 
Neutron burst width, i. 

Repetition rate, R 
Permanent filters 
Background filters 

Channel width, т (variable) 

25.1+5 + 0.05 m 
Polyethylene 
2.5^ + 0.5 cm 
• u3o8 
25 + 5°C 

250 nsec 
2^0 pï 

Cd, Co, 

238TJ 

0.16-10.4 M 

>s 

Na 

isec 0 

100 nsec 

250 pps 

lOg 

Mn, 238U;Co,Na;Pb 

.014-2.56 usee 

TABLE II. URANIUM SAMPLE PARAMETERS 

2 3 5U Sample 2 3 3U Sample 

Areal densi ty, n 

Weight wt 

Effective thickness, s 

Isotopic composition 
3U 233T 

2 3 4 и 
235т 

236т 

2.66 x 10"4 atoms/b 

7.65 + 0.01 g 

3.2 + 0 .1 cm 

O.Ol+O + O.Ol/o 

99«888 + 0.03$ 

0.006 + O.OO6/0 

O.O65 + 0.02$ 

1.1+5 x lO"5 atoms/b 

O.968 + 0.002 g 

3.2 + 0 .1 cm 

99.999 + 0.00556 
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10" г COMPARISON OF FOREGROUND 
AND BACKGROUND; ORNL-RPI, 1966 
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FIG. 1. Example of data from ORNL-RPI runs: Foreground (scintillator count rate not in coincidence with 
fission chamber) and background 

2. S1MJLTANE0US MEASUREMENTS OF THE CAPTURE AM) FISSION CROSS-SECTIONS 

2.1. Experimental Technique 

The LINAC at Rensselaer Polytechnic Institute [l] was used to produce 
a pulsed source of fast neutrons, some of which were slowed down Ъу а 
moderator placed in the vicinity of the LINAC target. A detector consist
ing of a fission chamber surrounded Ъу a large gamma-ray scintillator was 
positioned normal to the moderator surface at the end of a 25-m neutron 
flight path. The pulsed-neutron beam was collimated through the fission 
chamber; the scintillator detected the prompt gamma rays emitted following 
each neutron absorption in the uranium of the fission chamber, while the 
fission chamber detected only the fission. Thus, in principle, a fission 
was characterized by a pulse from the scintillator in coincidence with a 
pulse from the fission chamber, whereas a capture was characterized by 
a pulse from the scintillator alone. The energy of the neutrons absorbed 
in the uranium was measured by the time-of-flight technique, and the inci
dent neutron beam spectrum was measured by a BF3 ionization chamber placed 
between the moderator and the detector at a distance of 1 m from the 
detector. 

The time-of-flight distributions of the signals from the scintillator 
in coincidence with the fission chamber, C(t), and not in coincidence with 
the fission chamber, A(t), were processed and stored in a computer. Simul
taneously, the time-of-flight distribution of signals from the BF3 detector 
was stored in another computer. A detailed description of the equipment 
has appeared elsewhere [2]. 

The measurements for 2 3 5U were performed in two steps: the neutron 
energy range from O.k to 60 eV was covered by a "low-resolution" run, 
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C.D.BOWMAN étal.-, UCRl (46060966) 
-ORNL-RPI, 1966 

6 7 8 9 
NEUTRON ENERGY (eV) 

FIG. 2. Fission cross-sections for 235U up to 15 eV 

FIG.3. Fission cross-sections for 235U from 20 to 50 eV 

•whereas the region above 15 eV was covered by a "high-resolution" run. 
The measurements for 2 3 3TJ were performed with the low-resolution conditions 
only. Table I gives the experimental parameters for both types of runs, 
and Table II gives the uranium sample parameters. 

During the low-resolution runs, filters of cadmium and cobalt were 
kept permanently in the beam so that the background level could be measured 
in the vicinity of 0.3 and 130 eV, where cadmium and cobalt, respectively, 
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FIG. 4. Fission cross-sections for 235U from 1 to 10 keV 

have large resonances. The cadmium also eliminated "frame overlap" by-
absorbing all the neutrons below 0.3 eV. 

Four types of measurements were performed: two with the fission cham
ber in place and two with a "dummy" chamber in place. In each case one 
of the two runs was made with the 2 3 8u filter in the beam and one was made 
without the 2 3 8U. The dummy chamber was identical to the fission chamber 
except that the uranium had been replaced by an equivalent amount of lead 
to mock up the scattering by the uranium. 

Measurements with the 2 3 8U filter were used to obtain a few additional 
background points at those energies where 2 3 8U has large resonances. Mea
surements with the dummy were used to interpolate the background in between 
the 2 3 8U resonance energies. Each individual measurement lasted about 
3 hr, and the complete set of four measurements was repeated seven times 
to compensate for possible drifts in the electronics and in the beam spec
trum, to obtain good statistics, and to permit some consistency tests on 
the data. 

Figure 1 shows an example of the scintillator count rate not in coin
cidence with the fission chamber, A(t), and of the associated background, 
with the cadmium, cobalt, and 2 3 8U filters in the beam. 

During the high-resolution runs, a 10B filter was kept permanently 
in the beam to eliminate 'overlap neutrons. The run consisted of six sets 
of measurements: measurements with the fission chamber and with the dummy, 
both with three different sets of filters in the beam [3]. 

2.3. Analysis of the Data 

In the thin-sample approximation, the net count rates, C(t) and A(t), 
defined previously,' are related to the cross-sections as a function of time 
of flight, t, by the following equations: 

C(t) = 0(t) N € € f of(t) , (1) 
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NEUTRON ENERGY (eV) 

FIG. 5. Capture cross-sections for 235U up to 15 eV 

A(t) = <t>(t) N[ec c c ( t ) + (1 - e) e f a f [ t ) ] , (2) 

where Ф(t) represents the neutron flux incident upon the fission chamber, 
К the number of uranium nuclei in the fission chamber, ec and ef the scin
tillator efficiencies for detecting capture and fission events, and e the 
efficiency of the fission chamber for detecting fissions. € can he obtained 
from the pulse-height spectra of the scintillator in coincidence and not in 
coincidence with the fission chamber, as has been shown elsewhere [2]. The 
two equations above can be solved for the cross-sections, giving 

N 
af(t) = Щ c(t) > (5) 

ac(t) = ^ - [A(t) - b i c ( t ) ] (10 

The constants Hi and % were obtained by normalizing the cross-sections 
over a low-energy interval where they are known from other experiments. 

The major systematic errors on a f /E for f35!! are estimated to be 1$ 
associated with the normalization and 0.2 b«eV2 associated with the back
ground subtraction. On the values ccÇ ac /E, the major systematic errors 
are 3$ for the normalization, 2 b»ev"2 for the background subtraction, and 
O.Ok af /E for the uncertainty in e when solving Eg,, k. However, the magni
tude of the systematic errors is very difficult to appreciate realistically 
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T A B L E III. COMPARISON OF FISSION RESONANCE INTEGRALS 

Г Difference / a dE/E (Ъ) • 
J I ORNL RPI : Bowman ORML RPI:Michaudon 

ORHL-KPI Bowman et al. Michaudon et al. ' Ъ $ Ъ $ 

o.4i4 

0.532 

0.685 

0.876 

1.13 

1.44 -

1.86 

2.38 

3.О6 

З.9З 

5.04 

6.48 

8.32 

10.7 

13.7 

17.6 

22.6 

29.O 

З7.З 

47.9 

0.4x4 

- О.532 

- О.683 

- O.876 

- I . I 3 

- 1.44 

- 1.86 

- 2.38 

- 3.06 

- З.93 

- 5«04 

- 6.48 

- 8.32 

- 10.7 

- 13-7 

- 17.6 

- 22.6 

- 29.0 

- 37.3 

- V7.9 

- 61.4 

- 61.4 

22.38 

16.55 

13-90 

18.10 

10.43 

3.7^ 

3.66 

3.38 

7-89 

1.31 

6.92 

3.46 

25-5^ 

11.62 

8.17 

16.56 

10.92 

13-50 

8.45 

13.67 

220.0 

+ 0.05 

+ 0.05 

+ 0.05 

+ 0.08 

+ 0.06 

+ 0.06 

+ о.об 

+ о.об 

+ 0.07 

+ 0.07 

± 0.07 

+ 0.08 

+ 0.10 

+ 0.09 

+ 0.09 

+ 0.09 

+ 0.10 

+ 0.10 

+ 0.11 

+ 0.15 

+ 1.5 

22.13 

16.27 

13-75 

17-98 

10.47 

3-70 

3-67 

3-26 

8.00 

1.23 

7.01 

з.бо 

26.55 

11.86 

8.38 

17-32 

11.35 

14.09 

8.95 

14.17 

224.0 

23.00 

17.14 

14.28 

18.05 

11.03 

3-90 

3.68 

3.29 

7-83 

1.33 

6.55 

3-88 

24.86 

11.11 

8.15 

15-19 

10.17 

12.01 

8.02 

12.56 

216.0 

0.26 

0.28 

0.145 

0.12 

-0.04 

0.04 

-0.01 • 

0.12 

-0.11 

0.08 

-0.09 

-0.14 

-1.01 

-0.24 

-0.21 

-0.76 

-оЛз 
-0.59 

-0.50 

-0.50 

-4.0 

1 .1 

1-7 

1 .1 

0 . 7 

0 . 4 

1 .1 

0 . 3 

3-7 

1.4 

6 . 5 

1 .3 

4 . 0 

4 . 0 

2 . 1 

2 . 6 

4 . 6 

3-9 

4 . 4 

5-9 

3 . 7 

1 .8 

-0.62 

-0.59 

-0.38 

0.05 

-о.бо 

-0.16 

-0.02 

0.09 

о.об 

-0.02 

0.37 

-0.42 

0.68 

0.51 

0.02 

1.37 

0.75 

1.49 

0.42 

1.11 

4 . 0 

2 . 8 

3-6 

2 . 7 

0 . 3 

5 -8 

ь.з 
0 .5 

2 - 7 

0 . 8 

1.5 

5-6 

12.1 

2 . 7 

4 . 6 

0 . 2 

9 -0 

7Л 

11.6 

5-2 

8 . 8 

1.9 

and the only decisive test of the precision of the data must come from a 
careful comparison with results obtained independently, and when possible, 
by other techniques. 

2»3» Results and Comparison with Other Data 

2.3»1. Measurements on 2 3 5U 

The U fission cross-section was normalized by making the fission 
resonance integral from 0.45 to 10 eV equal to 127.1+5 b, which is an 
average between the values of 127.08 b and 127.81 obtained from the data 
of Shore and Sailor [k] and Bowman et al. [5], respectively. Both mea
surements were normalized at 2200 m/sec. The capture cross-section was 
normalized by making the absorption resonance integral from 0.1+5 to 1.0 eV 
equal to 58.12 b, a value obtained by subtracting an estimated scattering 
contribution [6] from the total cross-section data of Shore and Sailor. 
The value is in good agreement with the value of 58«0^ "b reported by 

Energy-
Interval 
. (eV) 
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TABLE IV. COMPARISON OF FISSION INTEGRALS 

/ 0 f dE (Ъ-eV) 

Energy 
I n t e r v a l Brooks Bowman Brown Shore and MLchaudon Van Shi-Di 

(eV) ORNL-KPI e t a l . e t a l . e t a l . S a i l o r e t a l . e t a l . 

0.35 - 0.1+5 

0 Л 5 - 0.50 

0.50 - O.55 

O.55 - 0.70 

O.70 - 1.0 

1.0 - 1.3 

1.3 - 1.8 

1.8 - 1+.5 

1+.5 ,- 5.0 

5.0 - 10.0 

10.0 - 15.0 

15.0 - 20.5 • 

20.5 - 33.O 

33.О - i+l.o 

i+i.o - бо.о 

бо .о - 73^0 

73-0 - 100.0 

100.0 - 113.0 

' 113.0 - 200.0 

200.0 - 300.0 

300.0 - 1000.0 

1000.0 - 2000.0 

2000.0 - 3000.0 

3000.0 - 1+000.0 

i+ooo.o - 5000.0 

5000.0 - 10000.0 

4.36 

3.808 

9.63 

17.02 

20.85 

8.29 

tó.53 

1+.09 

281.7 

216.5 

315.8 

1+1+7.0 

1+96.3 

916.9 

308.1 

665.8 

216.6 

1877.2 

2081.8 

8121+.8 

7566 

5671+ 

5 1 6 7 

1+656 

17700 

1 1 . 9 1 

t.. 5^ 

3.695 

9.39 

16.26 

20.85 

7.85 

1+2.66 

3.55 

257.0 

197.5 

278.85 

М7.5 

1+15.2 

831+. 1 

21+5.7 

580.5 

185.9 

1600.8 

11.55 

1+.32 

3.780 

9-1+7 

16.96 

20.78 

8.16 

1+3.28 

• 3.87 

292.1 

220.0 

332.6 

^57-7 

517-5 

968.6 

302.6 

1+16 

1+65 

921+ 

318 

682 

226 

1930 

2175 

8 1 5 9 

7656 

5¡+6l 

1+678. . 

1+010 

1 5 9 2 0 

11. 

1+. 

• 9 1 

•37 

З.831 

9. 

, 16. 

21, 

9. 

1+8, 

k, 

2 7 2 , 

Л2 

.92 

.09 

.06 

.15 

.11 

.1+ 

1+.1+7 

З.937 

9.98 

17.35. 

2 1 . Ik 

8.87 

I+6.5I 

3.8О 

275.O 

213.O 

287.З 

1+27.2 

^ 5 - 3 

8I+1.5 

.299.5 

632.O 

228.2 

1809.З 

2052.5 

8122.I+ 

75^5 

5761 

1+887 

I+502 

I8537 

1980 

7975 

75I+6 

5560 

1+880 

1+1+70 

17*+60 

Brooks e t a l . [ 7 ] . For the f i ss ion resonance in t eg ra l over t h i s i n t e rva l , 
our data led to a value of 52*2 h, whereas Brooks e t a l . report a value of 
52.1 ъ . 

Figure 2 shows a comparison up to 15 eV of our fission cross-section 
data and those reported Ъу Bowman et al. The solid line was obtained by 



CN-23/48 241 

T A B L E V. COMPARISON OF RESONANCE INTEGRALS 

Energy Interval 
(eV) 

О.35 - 0.45 

0Л5 - 0.5 

0.5 - O.55 

0.55 - 0.7 

0.7 - 1.0 

1.0 - 1.3 

1.3 - 1.8 

1.8 - 4.5 

4.5 - 5.0 

5.0 - 10.0 

10.0 - 15.0 

15.0 - 20.5 

20.5 - ЗЗ.О 

ЗЗ.О - 41.0 

4l.O - 60.0 

60.0 #73 .0 

73.0 - 100.0 

100.0 - 113.0 

II3.O - 200.0 

O.45 - 200.0 

fafa/ 

OENL-^PI 

9 . 2 I 

7 .З 

I 5 . 5 

20 .2 

I 8 . 6 

5.5 
I 5 . 8 

O.85 

3^-5 

17.2 

I 7 . I 

17.5 

I 3 . 8 

I 7 . 9 

b .5 

7 .8 

2 . 1 

12.5 

237.86 

E (Ъ) 

Brooks 
e t a l . 

29 .7 

10.4 

7 .0 

15 .2 

19.5 

18.6 

5.2 

14 .7 

0 .73 . 

З1 .7 

15.6 

15 .2 

I 6 . 3 

11.6 

16 .3 

З .7 

6 . 8 

1.7 

10 .8 

221.03 

/ a c dE/E (Ъ) 

0RWL-EPI 

I . I 3 

O.87 

1.7 

2 .2 

h.9 
1.4 

8.5 

4 .6 

24 .4 

19.5 

10 .7 

12 .0 

7-9 

8.9 

1.7 

4 .2 

1.8 

6 .4 

122.8 

Brooks 
e t a l . 

5Л 
1.29 

0.85 

1.6 

2 . 2 

5.6 

1.8 

9-3 

4 .6 

27-9 

19-0 

12.0 

13.9 

8.4 

9 .9 

1.8 

5-1 

3.0 

7 .8 

136.04 

— i — 

/ tJa CTE/E (Ъ) 

F 

ORNL-KPI 

IO.34 

8.17 

I 7 . 2 

22.4 

23.5 

6.9 

24 .3 

5 Л 5 

58.9 

ЗОЛ 

2 7 . 8 

29.5 

2 1 . 7 

2 6 . 8 

6 .2 

12.0 

З .9 

I 8 . 9 

36О.66 

Brooks 
e t a l . 

3 5 . 1 

I I . 6 9 

7.85 

16 .8 

21 .7 

24 .2 

7 .0 

24 .0 

5.ЗЗ 

59-6 

34.6 

27 .2 

30.2 

20 .0 

26 .2 

5.5 

I I . 9 

4 . 7 

I 8 . 6 

З57.О7 

Diffe 

i 

1 3 . 1 

4 . 1 

2 .4 

3.2 

3 .0 

1.4 

1.2 

2 . 3 

1.2 

6 . 1 

2 .2 . 

2 .4 

8.5 

' 2 . 3 

12 .7 

0 .8 

20.5 

1.6 

1.0 

irenee 

г <ЗЕ/Е) а ' 

Ъагп 

-1 .35 

0.32 

0.4 

0 .7 

- 0 . 7 

- 0 . 1 

о.З 
0.12 

- 0 . 7 

2 . 1 

0.6 

- 0 . 7 

1.7 

0.6 

0 .7 

0 . 1 

- 0 . 8 

0 .3 

3-59 

joining our data at each time-of-flight channel by a straight segment. 
There are five data points near 13 eV in the data of Bowman et al. that are 
probably too high due to an instrumental pile-up effect. 

In Fig. 3 our fission cross-section is compared in the range from 20 
to 50 eV to that obtained by Brown et al. [8] with neutrons from an under
ground nuclear explosion. In the "valleys" between resonances, the cross-
section of Brown.et al. is considerably lower than ours and lower than that 
of Bowman et al. (not shown on the figure). In Fig. h the same two sets 
of data are compared in the range from 1 to 10 keV. 

In Fig. 5 our capture cross-section up to 15 eV is compared "to that of 
Brooks et al. The solid line was obtained in the same manner as that shown 
in Fig. 2. 
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T A B L E VI. COMPARISON OF CAPTURE INTEGRALS 

/ о dE (Ъ-eV) 

Energy Interval Van Shi-Di 
(eV) ORNL-RPI et al. Uttley 

100 - 200 

200 - 500 

300 - i+oo 

1+00 - 500 

500 - 6oo 

600 - 700 

500 - 800 

800 - 990 

900 - 1000 

100 - 1000 

1000 - 1100 

1100 - 1200 

1200 - 1300 

1300 - ii+oo 

ii+oo - 1500 

1500 - 1600 

1600 - 1700 

1700 - 1800 

1800 - 1900 

19ОО - 2000 

1000 - 2000 

2000 - 3OOO 

100 - 3000 

I I 7 I 

92U 

670 

514 

515 

1 + 9 1 

517 

1+1+1+ 

51+5 

5791 

529 

1+03 

31+1+ 

307 

532 

311 

261 

21+7 

275 

321 

3330 

1877 

10998 

1910 

1210 

610 

510 

36О 

1+86 

1+20 

1+10 

328 

621+1+ 

ll+2 

29O 

152 

21+5 

292 

362 

326 

З25 

3l+0 

369 

281+3 

2200 

I I287 

I3 I5 

1215 

1+1+3 

I+29 

I+36 

330 

5I+6 

288 

1+61 

5^63 

600 

355 

278 

376 

162 

282 

283 

I89 

151+ 

I+29 

3IO8 

2010 

IO58I 

The fission resonance integrals over quarter lethargy intervals were 
computed using our data, the data of Bowman et al., and the data of 
MLchaudon et al. [9]. The comparison of these integrals is given in 
Table III. The resonance integrals based on our data agree within 3$ with 
those based on the data of Bowman et al. and within 6$ with those based 
on the data of Michaudon et al. The discrepancies are clearly systematic, 
yet over the range from о Л to 6l.h eV the resonance integrals based on 
our data are within 2$ of those based on the two other sets of data. The 
discrepancies between our resonance integrals and those of Bowman et al. 
are about four times as large as our estimated systematic errors. 
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T A B L E VII. COMPARISON O F RESONANCE INTEGRALS 
ABOVE 0. 5 eV 

A) Values computed from cross sections 

10 keV 
/ °f IT = 2 б Т ^ Ъ ORNL-RPI (l# uncertainty from normalization) 

0.5 eV 

1 MeV 
a =- = 8 + 2.5 Ъ Perkin et al., White, Diven 

n (estimated uncertainty) 

3 keV 
/ a =r- = 136 + 5 Ъ ORNL-RPI (3$ uncertainty in normalization) 
.5 eV 

30 keV 
/ t i = - = 3 . 0 + o . 5 b Van Shi-Di et al., üttley (estimated uncertainty) 
keV 

1 MeV 

/ a |=̂  = I.65 + .05 b ORNL values of a, and Diven, Perkin et al. 

30 keV 

Thus Ip = 275 + kb Ic = lUO.5 + 5 Ъ o^. = O.Jil + 0.02 

B), Values obtained Ъу direct measurements : 

a) Evaluation of Feiner and Esh: 

L, = 280 + 10b I = ll+0 + 8b QL = O.50 + 0.02 

b) Redman and Bretscher: o; = 0.501 + 0.022 

In Table XV the fission integrals over various energy intervals, ob
tained from seven different measurements, are compared. The results are 
all within a few percent of each other except those obtained from the data 
of Brooks et al. which above 2 eV are systematically lower than all the 
others, with the discrepancy increasing with energy to about 12$ in the 
vicinity of 100 eV. 

Fission, capture, and absorption resonance integrals obtained from 
our data and from the data of Brooks et al. are compared in Table V. In 
spite of large systematic discrepancies in the fission and capture 
resonance integrals that increase with energy, the discrepancies in the 
absorption resonance integrals are small and not systematic» 

In Table VT we compare our values of the capture cross-section, integrals 
over various energy intervals with values obtained by a somewhat similar 
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ь"- 100 

NIFENECKER et al. 
ORNL-RPI 

£" n (eV) 

FIG. 6. Fission cross-sections for 233U from 1 to 30 eV 

technique Ъу Van/Shi-Di et al. [10] and with values computed Ъу Uttley [il] 
using his total cross-section measurement, the fission cross-section mea
sured Ъу MLchaudon et al., and a value of 12.3 Ъ for the potential scat
tering. The large discrepancies over intervals of 100 eV are probably due, 
in part, to the different energy resolutions and energy scales of the 
various measurements. For the integral from 100 eV to 3 keV our value is 
within 5$ of the other two values. 

Finally, in Table VTI we compare the fission and capture resonance . 
integrals above 0.5 eV and their ratio o^j, as obtained from our data 
below a few keV and other data [12-15] at higher energies, with direct 
measurements of these quantities [16-17]. 

2.3.2. Measurements on 2 3 3U 

The 2 3 3U fission cross-section was normalized to a value of 1+20.47 b«eV 
for the integral of the fission cross-section from 1.0 to 2.1 eV, a value 
obtained from the data of Moore et al. [18]. Over this energy interval, 
the scattering cross-section"<was taken to be 12.4 b [18,19] and the capture 
cross-section was normalized by making the total cross-section integral 
(o\, = af + ac + os) equal to 506.82 b«eV, a value obtained from the data of 
Pattenden and Harvey [20]. In the energy interval from 2.1 to 2.75 eV, the 
total cross-section integral obtained from our fission and capture cross-
section measurements and'from a scattering cross-section of 12.4 b is 210.68 
b*eV, the same value as that obtained by integrating the data of Pattenden 
and Harvey. 

In Fig. 6 our fission cross-section is compared to that measured by 
Nifenecker et al. [21] for energies below 30 eV. At low energies the two 
sets of data are in agreement but, as the energy increases, our cross-sec
tion is systematically larger. At 30 eV the discrepancy is about 10$. 

In Fig. 7 the total cross-section obtained by Pattenden and Harvey is 
compared to that obtained by adding our fission and capture cross-sections 
and a scattering cross-section of 12.4 b. 
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FIG. 7. Total cross-sections for 233U from 1 to 30 eV 

Our 2 3 3u measurements are still being checked for any possible 
systematic errors. 

^ DIRECT MEASUREMENT OF a, THE RATIO OF CAPTURE TO FISSION 

5»1. Experimental Technique 

For the direct measurement of a, a pulsed-neutron beam was collimated 
onto a sample of the isotope under investigation (235U or 2 3 9Pu), 
which was placed in the center of a large hydrogenous gamma-ray scintillator 
"poisoned" with gadolinium. A capture event in the sample was characterized 
by a single pulse of the scintillator due to the cascade of capture-gamma 
rays, while a fission event was characterized by a pulse due to the prompt- ' 
fission gamma rays followed a few microseconds later by additional pulses 
due to the gamma rays produced when the thermalized fission neutrons were 
captured in the gadolinium of the scintillator. 

The pulses of neutrons were produced by the 7Li(p,n) reaction: 2-nsec-
wide bursts of protons were accelerated on a thick lithium target by the 
3-MV OKNL Van de Graaff. Below 100 keV, neutron energies were measured 
by the time-of-flight technique using a 1-m flight path and a time resolu
tion of 6 nsec. Above 100 keV the neutron energies were obtained from the 
energy of the protons impinging upon the lithium target, and the energy 
resolution was determined by the thickness of the target. 

The two chief sources of error in the measurement were a 5 to 8$ error 
on a due to the uncertainty in the relative efficiencies of the scintillator 
for detecting capture and fission events and a 0.007 absolute error on a 
associated with the uncertainty in the probability of detecting fission 
neutrons after a fission event. 
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T A B L E VIII. a of ^ P u and ^ U 

E 
(KeV) 

17-7 

18.3 

18.8 

19. 4 

20.2 + 0.6 

21.0 

21.7 

22 Л 

23.1 

23-9 

24.8 

25-7 

26.8 

27-9 

29.0 

30.1 + 1.2 

31.0 

32.3 

33.8 

35-3 

37-0 

a 
3 3 9 Pu 

O.395 + О.108 

ОЛ90 + О.109 

0.W3 + 0.097 

0.442 + О.О89 

O.350 + O.075 

O.353 + О.О71 

0.4o6 + O.O71 

0.409 + 0.048 

0.371 + 0.0U0 

О.35З ± О.ОЗ6 

О.35О + О.О34 

О.355 + О.ОЗО 

О.327 + O.O27 

0.289 + O.O25 

O.28I +О.О23 

О.329 + 0.033* 

0.297 + 0.020 

о в о з + 0.019 

0.288 + О.О19 

O.299 + О.О19 

0.228 +O.OI7 

a 3 6 u 

О.325 

VO.274 

О.ЗЗ7 

О.342 

O.445 

0.4o6 

0.340 

О.360 

О.391 

0.373 

0.382 

О.368 

О.372 

О.349 

О.372 

0.384 

О.370 

О.367 

О.376 

О.374 

О.374 

+ 0.049 

+ 0.044 

+ 0.043 

+ 0.04i 

+ 0.043 

+ О.О38 

+ O.031 

+ O.031 

+ O.031 

+ O.027 

+ O.025 

+ 0.024 

+ 0.022 

+ 0.020 

+ 0.020 

+ 0.033* 

+ 0.018 

+ 0.018 

+ 0.018 

+ O.OI7 

+ O.OI7 

E 
(keV) 

З8.5 

40.5 

42.3 

44.5 

46.7 

48.5 

51.O + 

54.5 

57-5 

60.7 

64.0 

68.0 

72.О 

77.O 

82.0 + 

200.0 + 

ЗОО.О + 

400.0 + 

5OO.O + 

6OO.O + 

2 

5 

• -

•5 

0 

7.0 

6 

6 

6 

5 

0 

0 

0 

0 

a 3 9 P u 

0.253 + 0.017 

0.226 + 0.016 

0.246 + О.О16 

0.244 + 0.017 

0.286 + О.О17 

O.I99 + O.O27 

О.198 + О.О28 

O.I95 + О.ОЗО 

O.I78 + О.О32 

O.I76 + O.O25 

O.I74 + 0.022 

O.169 + 0 . 0 2 1 

Ó.I65 + 0.020 

О.16О + 0.021 

O.I72 +О.О34 

O.I27 + 0.008 

0.116 + 0.011 

0.078 + 0.011 

О.О65 + 0.005 

О.О35 +О.ОО5 

a 
a 3 6 u 

0.340 + 0.016 

0.360 + 0.016 

0.365 + 0.016 

0.365 + 0.015 

0.361 + 0.015 

0.335 + 0.015 

0.339 t 0.016 

0.322 + 0.013 

О.329 + 0.012 

0.300 + 0.011 

О.355 + 0.012 

О.315 + 0.012 

О.329 + 0 . 0 1 3 

О.35О + O.OI6 

О.349 + 0.022 

0.254 + 0.010 

0.215 + 0.010 

0.164 + 0.008 

O.I54 + 0.005 

O.129 + 0.004 

«The total error on a is given at 30.1 keV; values at other energies were normalized to 
this value, and only the statistical error is given for the other energies. 

A detailed discussion of this technique and some results obtained on 
2 3 5U at OBHL have been published [22]. 

3.2. Results and Comparison with Other Data 

The values of a obtained for 2 3 5U and 23эРи are given in Table VIII. 
In Fig. 8 the 2 3 5U data are compared to data obtained at ORNL by the same 
technique but with a poorer energy resolution [22], as well as with data 
obtained by very similar techniques [10,15], obtained by integral measure
ments [23], or derived from measurements of T) \_2k~]. Figure 9 shows similar 
comparisons for 239Pu. Figures 8 - 9 show that in the regions where they 
overlap the various sets of measurements are consistent within their rather 
large uncertainties. 

file:///_2k~
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FIG. 8. Comparison of various values of a of 235U in the range from 1 to 1000 keV 
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FIG. 9. Comparison of various values of a of 239Pu in the range from 10 to 1000 keV 

k. CONCLUSIONS 

Reactor designers have requested the fission cross-section of 2 3 5U in 
the range from thermal to 100 keV to 2$ accuracy and the capture cross-
section in the range up to 3° keV to an accuracy of Z>1° [25 ]• It is clear 
from an inspection of Tables III and IV that over small energy intervals 
the discrepancies between various recent measurements of cTf for, 2 3 5U are at 
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least of the order of 5$. The discrepancies between values of " crc are even 
larger. On the other hand, if the cross-sections are averaged over large 
energy intervals, the agreement between different measurements becomes 
comparable with the accuracy required: the fission resonance integral 
from O.k to 6l eV computed from our data is within 2$ of the values ob
tained from the data of Bowman et al. [5] and Michaudon et al. [9]. 
The integral of the fission cross-section from 100 eV to 10 keV obtained 
with our data is 0.7$ lower than that obtained from the data of Michaudon 
et al. and 2.2$ lower than that obtained from Van Shi-Di's data [10]. In 
the range from 100 eV to 3 keV, our integrated capture cross-section is 
2.6$ lower than that derived by Uttley [ll] and 3-9$ higher that that mea
sured by Van Shi-Di. Finally, the computed values of the fission and 
capture resonance integrals above 0.-5 eV and of their ratio ORJ are in 
very good agreement with the measured values of those quantities. 

For 2 3 3U an extended comparison of our results with other data has 
not yet been performed. 

Finally, the various direct measurements of a in the keV range are 
reasonably consistent, but the uncertainties associated with the various 
sets of data are rather large (~10$). Furthermore, three direct measure
ments of a [10,15,22] were made with a technique very similar to that 
used in our measurements; thus, systematic errors associated with that 
technique may be present in all the data. 
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Abstract 

A SINGLE-LEVEL ANALYSIS OF 235U BASED ON RECENT o t, Of, AND oc MEASUREMENTS. Total, 
capture, and fission cross-section data have been simultaneously fit with a single-level Breit-Wigner least-
squares analysis. The resonance capture and fission integrals calculated from the parameters agree within 
3̂ o with corresponding direct numerical integration of the data. The ratio of the capture resonance integral 
to the fission resonance integral agrees within 2% with reactor integral measurements. The effects of 
simultaneously fitting two cross-sections at a time: total and fission, and capture and fission have been 
studied. 

I. INTRODUCTION 

There has been a persistent discrepancy between the rat io , ° f , of the 
measured capture resonance integral to the fission resonance integral and the 
ra t io ,Я , calculated from microscopic cross-section measurements. The 
integral measurements have given a value 15 to 20% lower ( ' ) than that 
calculated from dif ferent ial measurements. Feiner'2) recommends the fo l low
ing values for the resonance integrals: If = 280 + I I ; l c = 140 + 8; « = . 50 + . 02. 
These values were obtained by averaging various integral me asure men tsw) ; 
they correspond to a 0. 5 ev cutoff , and corrections to a l /E spectrum. Brooks(4) 
points out that when the uncertainties of the measurements are considered 
perhaps there is no discrepancy. __ He gives for the Harwell data, which are based 
on the measurement of t\ ( 5 / 6 J , <* = 0. 57_+ 0. 06 (cutoff of 0. 45), and for the 
integral measurements he cites a value of 3< = 0.526 + 0. 027. 

Recently simultaneous measurements of the fission and the capture cross-
sections for * 3 5 y n a v e b e e n m a c j e by G. deSaussurev ), et a l . (ORNL-RPI) 
over the energy interval from 0. 4 ev to 3 kev, in addit ion the fission cross-
section was measured up to 20 kev, Of has also been measured d i rect ly over 
the energy range from 20 kev to 600 kev. The value of <* calculated from 
these measurements, supplemented at the higher energies by other recent 
measurements, is in agreement wi th the experimental integral values. 
G. deSaussure, et a l . have obtained the fol lowing values: If = 275 + 4 barns 
and l c = 140. 5 + 5 barns out to 1 Mev, and the ratio * = 0. 51 ± 0. 0Z A 
numerical integration using avai lable fission cross-section data(°) gives a fission 
resonance integral value of 3 barns over the energy range 1 Mev - 10 Mev. 

* Work performed under the auspices of the Space Nuclear Propulsion Office. Prime Contractor 
Aerojet-General Corporation. 
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Using this fission data and extrapolat ing avai lable measurements^/ of Oi one 
may conclude that the capture resonance integral is negl igible over the energy 
range 1 Mev - 10 Me v. 

At present the resonance parameters are being obtained from a 
simultaneous least-square f i t ( tr iple f i t ) to the ORNL-RPI capture and fission 
cross-sections and the Sac lay ' , U ' total cross-section. In this paper the results 
are presented for the energy range out to 63 ev. In addi t ion, some comparisons 
are made wi th the two sets of parameters obtained by simultaneous least-square 
fits to the Saclay fission and total cross-section measurements, as wel l as 
simultaneous fits to the ORNL-RPI fission and capture cross-sect ions. The 
resonance integrals which are calculated out to 37 ev using these dif ferent 
sets of resonance parameters are presented and compared wi th the resonance 
integrals obtained from a numerical integration using the ORNL-RPI data. 

I I . DISCUSSION OF CALCULATIONS 
A. Theoretical Cross-Sections 

The single- level analysis embodied in the computer program 
has been used. EXT treats s-wave neutrons on ly ; i t includes interference 
between potential and resonance scattering, but not interference between levels, 
i . e. the fission and capture cross-sections for some incident neutron energy are 
obtained by summing the contributions from individual levels. The usual 
simpli fying assumption that the neutron veloci ty is much greater than the veloci ty 
of the absorber nucleus has not been made. A Maxwel l ian veloci ty distr ibution 
is assumed for the target nuc le i i . The treatment of Doppler broadening and 
experimental resolution is the same as in a previous analysis (ref. 12). 

B. Least-Square Calculat ion 

The expressions for the fission, capture, and scattering cross-sections 
for some incident neutron energy, E, depend on the zero-tempe rature resonance 
parameters, the g-factor, the temperature of the sample during the measurement, 
and the experimental resolution. 

As an example of the least-square calculat ion for obtaining the resonance 
parameters, consider f i t t ina only the fission cross-section. Let Cf J be the 
experimental data, and O f ye the theoretical cross-section, where Te is the 
"ef fect ive temperature" of the sample which is the true temperature, T, of the 
sample modified to account for binding effects and experimental resolution. 
Assume that a corrected fission cross-section is obtained from 

where the subscript о indicates the term has been calculated using init ial-guess 
parameters, and ? ¡ denotes the i " 1 resonance parameter. By def in i t ion 

o = ) ° 1 P T C ^ J / ^ T e ^ i ' W j where w- is a weight factor, 

and the E:'s are the incident neutron energies for which the cross-section has 
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been measured. Y ^ 

j • * t = « 

Minimiz ing this expression wi th respect to S ç ^ : 

There are I (k = 1 to I) such equations which may be solved for the I unknown 

resonance parameters. 

The simultaneous l inear equations are solved using the Gauss el imination 
method. Once the S^fe. 's have been found the "corrected parameters" are taken 

where r is a relaxation factor. Using these parameters another i terat ion is carried 
out, etc. On each iteration the percent change in each resonance parameter 
and also the root mean square value of the deviat ion between the experimental 
and theoretical cross-section is calculated, i .e . 

set») 
g*c w — X Ю 0 where ^ is the index for the 

J - H i ' ( v ) " r £ ( l / " H j ] i terat ion, and 

N 

la"1 

Г^Д(Е;)-(Г^(Е]Я' 
e ^ L. ' ' -J where J is the number of energy 

- p points. 

These quantities are a measure of the convergence of the theoretical cross-
section to the experimental values. 

If we wish to f i t other cross-sections simultaneously wi th the fission, then 
the function S can be defined as 

l i . * 

and the &\ k. ' s are obtained as described above. 

For the tr iple f i t the Saclay data above 27 ev was shifted to higher energies 
by 0. 026 ev to al ign-the peaks more closely wi th the ORNL data. Either set of 
data could have been shifted. The Saclay data, of course, was not taken for the 
same neutron energies as the ORNL data; to obtain the Saclay cross-section for an 
arbitrary neutron energy a linear interpolation was carried out between the 
adjacent data points. The parameters of about seven resonances are iterated on 
simultaneously depending upon the number of data points. However, a l l resonances 
contribute to the cross-section at a given energy. 
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C. Test Cases 

The least-square f i t t ing program has been tested by using theoretical 
cross-sections (calculated using the EXT program) for which the resonance 
parameters are known in place of experimental cross-sections. Approximate 
parameters are used as in i t ia l theoretical guesses and the calculated parameters 
are checked on successive iterates to see how wel l they converge to the true 
parameters. 

A l l of the parameters cannot be determined uniquely, of course, by 
f i t t ing ¡ust one cross section, e .g . the fission cross-section. In testing such a 
case a set of parameters was obtained that gave a fission cross-section which 
f i t the "experimental" cross-section very wel l yet the parameters were completely 
in error. 

However, when two cross-sections are f i t simultaneously, e . g . the 
fission and capture cross-sections or the fission and total cross-sections, the 
calculated parameters are unique and agree wi th the true parameters. As an 
example, the fission and total cross-sect i on s were f i t for the fol lowing two 
ar t i f i c ia l resonances: 

Eo r̂  rç r> E0 r* rf rç. 
True 8 . 8 0 U 8 x l O - 3 .050 .080 9.20 1 . 3 x 1 0 - 3 J Q O .035 

1st Guess 8.72 1 . 5 0 x 1 0 - 3 . 0 3 0 .110 9.28 1.0 x JO"3 .080 .046 

The above parameters have units of ev. After three iterations the calculated 
parameters had converged t i l l they differed from the true parameters by less 
than 0. 1%. Similar results were obtained when f i t t ing (Гс and 0"f , and also 
when doing tr iple fits to G" c , G~f, and 0 " j . 

To indicate how f i t t ing data for two cross-sections defines the complete 
set of parameters uniquely, consider the special case of zero temperature. The 
E0 is determined, of course, by the energy at the peak of the resonance; the 
width of the resonance yields the value of Г = Г\ + l ^ + • n = * f + П. since 
in general Г n * * Tf, Vc for 1)^35. Also i f the fission and the capture cross-
sections are being f i t , the peaks of these curves y ie ld the values of 

Hence three equations and three unknowns. 

The program was also checked to assure that i t yields correct converged 
results when doing a tr ip le f i t wi th the sample at a different temperature for 
measuring the total cross-section than for measuring the fission and capture cross-
sections. 

When f i t t ing actual data i t was found in several tests that the same 
converged parameters were obtained when using unit weighting or using a 
weighting factor proportional to the cross-section. 
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I I I . COMPARISON OF THE THREE SETS OF PARAMETERS FOR NEUTRON 
ENERGIES LESS THAN 37 ev* 

There are many resonances from 1.86 ev to 37 ev for which the single 
level analysis provides a good f i t to the data. Figures I, 2, and 3 are samples 
of the least-squares simultaneous fits to : (1) the ORNL-RPI fission and capture 
cross-section data and the Saclay total cross-section data, (2) the ORNL-RPI 
fission and capture cross-section data, and (3) the Saclay fission and the 
Saclay total cross-section data respectively. Unlike the ideal ized test cases 
described in Section II the three sets of parameters that have been obtained 
from f i t t ing the actual experimental data vary considerably. In practice one 
might expect, and i t is evident in Figure 2, that the largest deviat ion 
between the experimental data and the cross-sections calculated from the 
parameters which were obtained from f i t t ing the ORNL-RPI capture and fission 
data occurs for the total cross-section. Similarly for the other double f i t to 
the Saclay fission and the Saclay total cross-section (Figure 3) the largest 
deviat ion occurs for the capture cross-section. In general the tr ip le f i t shown 
in Figure 1 gives the best average f i t to al l of the data; for example frequently 
the theoretical total cross-section w i l l be less than the experimental cross-
section at a resonance peak whereas the theoretical capture and fission cross-
sections at the peak w i l l be greater than the data, etc. The P n ' s obtained from 
the tr ip le f i t tend to agree wi th the Pn ' s obtained from the double f i t to the 
fission and total crossrsections, whereas the rat io f f r / f f for each resonance 
tends to agree with the ratio obtained from the double f i t to the capture and 
fission cross-sections. 

Numerical ly integrating over the range 1.86 ev - 37.3 ev, and using 
the preliminary ORNL-RPI data one obtains for the resonance integrals 
A If = 114.4 barns a n d A l c = 93.0 barns; using these partial integrals together 
wi th f inal normalized data over the remaining energy interval gives oí = 0.53 
over the range 0.5 ev - 10 Mev. (Using the f inal normalized ORNL-RPI data 
over the energy range 1.86 ev - 37.3 ev as wel l as the remaining energy interval 
results in A l f = П2 .6 barns and A l c = 86.1 barns, also <5 = 0.505 over the 
energy range 0.5 ev - 10 Mev, - see Section IV.) Calculat ing the resonance 
integral from the resonance parameters obtained from the double f i t t i ng to the 
ORNL-RPI 0"c and 0~f gives A l f = 118 barns, A l c = 94.7 barns, and 
<x = 0.53. From the parameters obtained from the double f i t to the Saclay 
**"f and the Saclay Cj one obtains A l f = 103 barns, A l c = 103 barns and 
¿C = 0.59. From the t r ip le f i t to the data: A l f = 114 barns, A l c = 92.3 barns, 

and Si = 0.53 in good agreement wi th the numerical integration of the ORNL 
data. 

Summarizing, the tr ip le f i t in general gives the best set of parameters. 
Fit t ing the new ORNL-RPI capture and fission cross-section data simultaneously 
wi th the Saclay total cross-section data does not greatly affect the values of 
P that are obtained from f i t t ing the Saclay data alone, but i t does apportion 

*Preliminary ORNL-RPI capture cross-section data was used for the calculations 
described in this section that were / 4 r f 8% higher than the f inal normalized data 
of reference 7, the fission cross-section data was **" 2% higher. 
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T A B L E I. T R I P L E - F I T RESONANCE P A R A M E T E R S 

1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10 
11 
12 
13 
14 
15 
10 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Eo 

(ev) 
0.290 
1.135 
2.04 
2.806 
3.146 
3.608 
4.844 
5.435 
5.732 
6.106 
6.203 
6.381 
7.076 
8.777 
8..993 
9.287 
9.665 
10.180 
10.721 
11.660 
12.395 
12.860 
13.270 
13.695 
13.986 
14.541 
15.407 
16.088 
16.664 
18.051 
18.969 
19.293 
20.132 
20.628 
21.064 
22.933 
23.408 
23.605 
24.231 
24.350 
24.735 
25.067 
25.239 
25.473 
25.590 
25.757 
26.482 
26.822 
27.182 
27.823 

2дГп 

(mv) 
.0032 
.0154 
.0077 
.0106 
.0186 
.0458 
.0591 
.00847 
.0279 
.00854 
.0323 
.278 
.127 

1.128 
.0810 
.153 
.0936 
.0632 
.0488 
.622 

1.275 
.0513 
.0300 
.0097 
.650 
.0994 
.235 
.363 
.286 
.402 
.0862 

3.254 
.158 
.167 

1.55 
.429 
.579 

1.059 
.202 
.178 
.322 
.121 
.0974 
.437 
.190 
.0976 
.524 
.238 
.053 
.715 

rf 
(mv) 
100 
42 
10 

686 
92.0 
54.0 
3.86 

134 
443 
207 
79.8 
12.2 
31.9 
85.0 
178 
71.9 

500 
60.1 

733 
7.4 

28.8 
60.4 
76.7 
4.4 

495 
17.7 
44.5 
20.8 

107.9 
134 
36.9 
59.0 

267 
41.8 
32.8 
46.8 
4.4 

210 
18.9 
77.2 

780 
252 
192 
438 
253 
131 
161 
126 

0.53 
87.3 

Гс 

(mv) 
35 
115 
37 

118 
39.8 
38.2 
39.6 
86.6 
49.0 
9.23 

26.7 
42.4 
40.5 
39.3 
40.7 
39.3 
12.2 
43.1 
0.49 

40 
36.6 
52.2 
43.3 
0.7 

84.1 
35.1 
38.2 
33.9 
43.6 
49.5 
12.8 
39.6 
96.6 
39.6 
40.8 
41.0 
21.8 
86.2 
30.1 
44.1 
6.9 

34.3 
7.1 

21.8 
10.4 
45.5 
48.9 
5.5 
0.63 

50.6 

Type 
of Fit 

a 
a 
a 
d 
d 
b 
с 
f 
e 
e 
d 
Ь 
b 
Ь 
Ь 
Ь 
Ь 
Ь 
е 
b 
Ь 
Ь 
Ь 
с 
Ь 
9 
Ь 
Ь 
ь 
b 
f 
ь 
ь 
ь 
ь 
ь 
с 
ь 
ь 
ь 
f 
f 
f 
f 
f 
f 
b 
d 
f 
b 

51) 
52) 
53 
54 
55 
56) 
57 
58) 
59 
60 
61) 
62) 
63) 
64) 
65 
66 
67 
68 
69 
70) 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89) 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

Eo 

(ev) 
28.371 
28.756 
29.668 
30.627 
30.891 
32.088 
33.540 
34.379 
34.866 
35.205 
38.288 
39.420 
39.911 
40.56 2 
41.398 
41.611 
41.887 
42.240 
42.723 
43.407 
43.962 
44.619 
44.948 
45.800 
46.808 
47.020 
47.980 
48.319 
48.788 
49.448 
50.123 
50.482 
51.295 
51.653 
52.243 
53.455 
54.140 
55.112 
55.870 
56.245 
56.532 
57.869 
58.092 
58.689 
59.762 
60.205 
60.815 
61.081 
62.443 

2дГ„ 
(mv) 
.292 
.030 
.190 
.259 
.494 

1.871 
1.824 
2.177 
1.246 
4.547 
.562 

2.456 
.311 
.413 
.773 
.089 

1.229 
.489 
.331 
.677 
.682 
.792 
.975 
.196 
.646 

1.030 
.759 

1.201 
1.068 
.958 
.236 

1.215 
3.442 
0.326 
2.726 

.518 
.278 

2.224 
1.512 
5.710 
3.510 
.811 

1.102 
1.213 
.202 

1.114 
.155 
.805 
.601 

rf 
(mv) 
207 
72.7 
39.5 

131 
20.0 
65.9 
32.8 
47.9 

116 
105 
471 
61.4 

153 
217 
399 

0.9 
22.3 

131 
29.9 
35.4 

129 
117 
552 
92.4 
105 
121 
45.3 
266 
141 
25.6 
12.2 
75.3 

115 
34.5 

356 
82.6 

262 
5.06 

126 
935 

7.5 
93.7 
12.3 
89.9 

142 
205 
101 
281 
722 

Гс 

(mv) 
81.7 
23.1 
52.4 
67.2 
36.7 
46.1 
44.0 
47.8 
40.8 
51.9 
83.6 
41.3 
22.3 
53.8 
77.0 
0.8 

49.7 
78.0 
71.8 
60.2 
63.7 
54.6 
87.9 
59.0 
41.5 
58.5 
49.8 
81.7 

104 
63.6 
18.6 
51.9 
56.0 
14.5 
72.1 
40.3 
74.1 
4.84 

74.2 
41.5 
4.0 

39.0 
12.6 
43.9 
47.3 
58.1 
41.0 
121 
124 

Type 
of FU 

d 
d 
с 
b 
b 
b 
b 
b 
b 
b 
f 
b 
f 
с 
с 
d 
с 
с 
с 
с 
с 
Ь 
с 
Ь 
Ь 
Ь 
Ь 
g 
g 
ь 
с 
с 
с 
с 
ь 
b 
f 
g 
g 
g 
g 
d 
d 
с 
d 
d 
g 
g 
g 

a) not fit, taken from BNL-325, 2nd edition. Supplement 2, Vol. Ill (1965). 
b) good fit, parameters converged to 3%. 
c) good fit, parameters converged to <15%. 
d) fair fit, but not converged. 
e) fair fit, this resonance is inserted to provide a better fit to the data, however, if may not be needed in a 

multi-level analysis. 
(13) 

f) fair fît", not converged, parameters should not be taken too seriously. 
g) rather poor fit, these parameters are simply our best estimates at this time. 

the absorption width properly between the capture and fission widths so that the 
integral value of « that is calculated from these parameters agrees with the 
measured value. 

IV. RESULTS OF THE TRIPLE FIT FOR NEUTRON ENERGIES < 63 ev+ 

Table I is a list of the resonance parameters that have been obtained 
from a simultaneous least-square f i t to the ORNL-RPI fission and capture cross-
section data and the Sad ay total cross-section data. With a few exceptions 
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the theoretical cross-sections that are calculated from these parameters give a 
good fit to the experimental data over the entire energy range ( < 6 3 ev). This 
does not mean, of course, that the least-square fit has converged to yield the 
correct parameters in every case. Comments concerning the fit and accuracy 
of, the parameters are included in the table. 

In the range 24.6 to 26 ev it may be better for reactor calculations to 
use the experimental cross-sections directly rather than the resonance parameters. 
In this range the capture is small and the effect of doppler broadening on the 
fission cross-section through this broad "bump" should be small. 

The resonance integrals over the range 1.86 ev - 37.3 ev which are 
calculated from the parameters given in Table I are A l f = 113.12 barns and 
A l c = 89.41 barns, also & = 0.516 which is in good agreement with the 
measured integral value of ef . Included in each resonance integral there is 
a contribution from a negative energy resonance, viz. If = 6.5 barns, and 
lc = 1.79 barns. In fitting the data, contributions to the fission and capture 
cross-sections of the form CTa< = Kor/tjc (E-E0)^ were used for the negative 
energy resonance. The following parameters were assumed: E<>= ~ 1.45 ev, 
K f = 176.79 barns ev5/2, K c = 31.71 barns e v 5 / 2 . 

From 37.3 ev - 63 ev, numerical integration of the data yields 
A l f = 22.4 barns and Д 1 С = 10.7 barns; from the parameters one obtains 
Д | г = 23.3 barns and A\c = 11.1 barns. 
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DISCUSSION 

J . J . SCHMIDT: Your Tf values for 235U resonances appear to be much 
higher than those obtained from other experimental analyses. How do you 
explain this? 

D.W. DRAWBAUGH: I have not seen the results of earlier analyses of 
the ORNL-RPI data, so I do not have any explanation for such a difference. 
I would point out, however, that we obtained somewhat smaller rf values 
from the double fit to the Saclay fission and total cross-section data. We 
used the resolution provided by the experimentalists, without tampering 
with it, and obtained resonance integrals in good agreement with direct 
numerical integrations of the data both for capture and for fission. 
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Abstract 

EVALUATION OF NEUTRON CROSS-SECTIONS: CALCULATIONAL METHODS AND EVALUATED 
LIBRARIES. A number of theoretical models are useful, in conjunction with experimental data, in pro
viding evaluated sets of neutron cross-sections for reactor and shielding calculations. In addition to some 
of these several derived data sets which we currently recommend are described. 

For light nuclei with well-spaced resonances the OPTIC code adds resonant terms, arctan [ R J P J / ( 1 - R J S J ) ] 
to conventional optical model phase shifts. This permits us to treat the rapid variations in angular distri
bution in fine detail, and to produce more accurate values for group-averaged Legendre moments than are 
obtainable from the optical model alone. Oxygen and carbon cross-sections based on this model plus recent 
good resolution experiments are presented. In the former, the important window at 2.37 MeV is well 
reproduced. 

The coupling for nuclei with low-lying collective states to the ground state is not negligible and the 
single-channel optical model requires generalization to a coupled-channel theory. Examples of elastic 
and inelastic scattering for « T i , 52Cr, 56Fe, 92Zr, MZr, 232Th and 238U are presented. The inelastic 
scattering angular distributions show characteristic direct-interaction asymmetries which are not reproducible 
by compound nucleus theories, while the elastic scattering curves show structure which is not easily fit 
by optical model calculations. The coupling between channels can be obtained from coulomb-excitation 
measurements of reduced transition probabilities, or from a shell model calculation which incorporates 
residual pairing and quadrupole forces. 

For use in activation analysis, detailed (n,p) cross-sections are often required, whose behaviour 
near threshold dominates their average value in a fission flux. We have found the Hauser-Feshbach compound-
nucleus theory to be much more reliable in this respect than the conventional schematic penetrability 
methods which neglect nuclear structure. At energies too high to be treated by the Hauser-Feshbach theory, 
we must rely on experiment and evaporation-type models. Evaluated cross-sections for ЮК, 4 6Т1, ^Fe, 
56 Fe and S8Ni are presented. 

Because current measurements of the differential capture cross-section in 235U are in conflict with 
quite reliable integral measurements, we discuss an evaluated data set which favours the latter, and which 
is in good agreement with a number of other experiments. In a similar vein, we discuss a set of bound-
hydrogen cross-sections for the near-thermal region which is designed to remove the inconsistency created 
by the use of up-scattering cross-sections in down-scattering reactor codes. 

Two theoretical models which are useful, in conjunction with 
experimental data, in providing neutron cross-sections for reactor 
and shielding calculations are outlined in this paper. Several derived 
data sets which we currently recommend are also described. 

1. OPTIC - A PROGRAMME FOR THE CALCULATION OF NUCLEAR 
CROSS-SECTIONS USING THE OPTICAL MODEL PLUS RESONANT 
PHASE SHIFTS 

OPTIC [1] calculates total, shape-elastic, and reaction cross-sections, 
using an optical model plus resonant contributions described by R-matrix 

267 
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TABLE I. DATA SOURCES AND FITTING PROCEDURES 
FOR OXYGEN-16 

I. 

II. 

Ill 

IV 

Energy 
(MeV) 

Total cross -section 

0 - 2 . 6 
2.6 - 15.0 

Elastic cross-section 

0 - 15 

. Inelastic cross-section 

0 - 10 
14 

10 - 15 

. (n, a) cross -section 

0 - 5 
5 - 8.8 
8 - 12 
12 - 15 

Experimental data 
source 

BNL 325, KFK 120 
Bockelman, Fossan 

Total minus non-
elastic (summed over 
reactions) 

КЩ 120, Hall and Bonner 
Conner 

BNL 325 
Davis, Bonner, et al. 
. . . 
ВогтаПп, Cierjacks, 

Fitting procedure 

OPTIC 
Experiment 

Experiment 

Experiment 

Interpolation 

Experiment 
Experiment 
Interpolation 
Experiment 

et a l . 

V. (n, p) cross -section 

10.2 - 15 

VI. Legendre moments 

0 - 2 . 6 

2 .6 - 3 .1 
3 .1 - 4 .7 
4 Л - 5.0 
5.0 - 15.0 

BNL 325 

Lane, Langsdorf 
et a l . 
Fowler and Cohn 
BNL 325, BNL 400 

Lister and Sayres 

Chase et a l . 
Bauer et a l . 

Hauser-Feshbach 
plus experiment 

OPTIC 

Interpolation 
Experiment 
Interpolation 
Optical model 

theory. By including the resonance contributions, OPTIC is able to 
describe fluctuations in the scattering (total) cross-section which cannot 
be accounted for with a simple optical model. 

For light nuclei, such as carbon and oxygen, resonance structure 
is clearly resolved below 10 MeV. Optical-model fits tend to become 
unsatisfactory below this energy. On the other hand, R-matrix theory 
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TABLE II. PARAMETERS FOR THE RESONANCES FOR 
OXYGEN-16 

E (lab, MeV) E (CM, MeV) £ J y2 (MeV) 

0.4444 

1.000 

1.3161 

1.6594 

1.8295 

1.9029 

2.3700 

3.2423 

3.8270 

R 8 / ? = • 

0.4180 

0.94068 a 

1.2380 

1.5610 

1.7210 

1.7900 

2.2294 

3.0500 

3.6000 

•0.54 (distant level contribution) 

1 

2 

1 

3 

2 

1 

0 

2 

1 

3/2 

3/2 

3/2 

7/2 

5/2 

1/2 

1/2 

3/2 

3/2 

0.3340 

a 

0.0756 

0.8100 

0.0676 

0.0350 

0.0484 

1.4400 

0.3600 

0 1 

This is a single-particle resonance and is obtained 

from a potential well instead of from the R-function. 

has difficulties, stemming from the assumption that the nucleus scatters 
like a hard sphere. OPTIC therefore calculates the scattering from an 
optical potential instead of a hard-sphere model. This particular 
combination of optical and resonant phase shifts has no rigorous justifi
cation, but it is clear that a relationship exists between the optical 
model and the infinity of levels in R-matrix theory. Replacing the 
hard-sphere phase shift by an optical one is a reasonable way of 
accounting for these distant levels. 

/At energies sufficiently low so that only elastic scattering can 
occur, the quantum numbers j and S. (total and orbital angular momentum) 
characterize the phase shift, which for chargeless particles is given by 

t a n ^ R j í (EjPí íkRj / í l -Rj í (E)SÉ(kR))] + Фщ (kR) 

with the following notation: 

Rjf (E) is the single-channel R-function: \ yx /(Ex - E) + Rji0 

x 
(Rj{0 reflects the effect of distant levels); 
R is the nuclear radius; 
Pi(kR) is the penetration factor, Рй (kR) = kR [F£(kR)2 +Gi(kR)2]"1 

(Ff and Gi are spherical Bessel functions); 
Si(kR) is the shift factor, -bÉ +kR(Ff F¿ + G£G£)(Ff +G2,)"1 

and фн (kR) is either an optical model or a hard-sphere phase shift. 
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Ь 8.0 

~\—i—i—n—i—i—n—i—i—rn—i—i—i—г T—I—I—I—I—Г 

Д OKAZAKI (1955) 
« STRIEBEL.ET AL (1958) 
+ BOCKELMAN.ET AL (1951) 

vA. к 
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0 0.2 0.4 0.6 OB 1.0 ' 1.2 1.4 IJ6 1.8 2.0 22 2.4 2.6 2B 50 
ELftB(MeV) 

FIG.l. Resonance-plus-potential well fit to 160 total neutron cross-section below 3.0 MeV. 

2. OXYGEN-16 CROSS-SECTIONS BASED ON AN OPTICAL 
MODEL PLUS RESONANT PHASE SHIFTS 

A summary of data sources and fitting procedures is shown in 
Table I, and the parameters used for the resonances are shown in 
Table II. 

In conjunction with our currently recommended hydrogen library, 
this set of oxygen cross-sections gives a water age of 26.5 cm2 to 
indium, in good agreement with experiment. The fit to the total cross-
section below 3 MeV is" shown in Fig. 1. 

Complete references are available in Ref. [2] which also gives the 
optical model parameters used in the calculation. 

3. CARBON-12 CROSS-SECTIONS BASED ON AN OPTICAL MODEL 
PLUS RESONANT PHASE SHIFTS 

A summary of data sources and fitting procedures is shown in 
Table III, and a summary of fitting parameters is shown in Table IV. 

A segment of the fit to the total cross-section is shown in Fig. 2. 
Complete references are available in Ref. [3]. The programme 2 PLUS 
performs the coupled channel calculation described in the following 
section. 

4. COUPLED-CHANNEL CALCULATION OF NEUTRON 
CROSS-SECTIONS 

For nuclei with low-lying collective states, the latter 's coupling 
to the ground state is not negligible and the s ingle-channel optical 
model requires generalization to a coupled-channel theory. We have 
made coupled-channel calculations for even-even nuclei with first 
excited 2+ states using the vibrational nuclear model to obtain the 



CN-23/47 271 

TABLE III. DATA SOURCES AND FITTING PROCEDURES FOR 
CARBON-12 

Energy 
(MeV) 

I. Total cross-section 

0 - 4 

4 - 15 

II. Elastic cross-section 

0 - 9.2 

9 .2 . - 15 

III. Legendre moments 

0 - 7 
7 - 8 . 4 
8.4 - 15 

IV. Inelastic cross-section 

0 - 9.2 
9.2 - 15 

V. (n, a) cross-section 

6.18 - 7.9 
7.9 - 8.65 
7 .7 . -9 .9 

9.9 - 15 
14.0 

VI. (n, n", 3a) cross-section 

Threshold 
-15 

Experimental data 
source 

BNL 325, Bockelman, 
KFK 120 
BNL 325, Fossan 

Wills 

Total - NE (summed over 
reactions) 
Total - NE (MacGregor 
Booth) 

Hall and Bonner 
NE - other processes 

Coulomb penetrability 
Davis, Bonner et al. 
Risser, Price et al. 
(inverse) 

Al-Kital and Peck 

Vasilev et al. 
Frye, Rosen, et al. 

and 

Fitting procedure 

OPTIC 

Experiment 

OPTIC 

Interpolation, 
2 PLUS 

OPTIC 
Interpolation 
2 PLUS 

Experiment 

Experiment 

Interpolation 

Experiment 

coupling between the two channels. In the vibrational model of Bohr 
and Mottelson the nuclear surface is assumed to be deformed dynamically 
and the radial co-ordinate of the surface may be defined by 

R(r) = R К *2M Y2 (?) 

The optical potential experienced by a neutron at r0 is assumed to depend 
only on the distance from the neutron to the nuclear surface and may be 
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TABLE IV. FITTING PARAMETERS FOR CARBON-12 

E(CM) 

I. E< 3.4 MeV (+hard-sphere phase shift: R= 3.719, ^10=0.05, RjI^O.lS) 
-6.0 0 1 / 2 4.0 
1.915 2 5/2 0.025 
2.733 2 3/2 0.175 
3.383 2 3/2 1.638 
3.55 2 3/2 optical 
3.967 1 1/2 0.087 

II. 2.9 <E<7.0 MeV(+optical phase shift with energy-dependent parameters 
(D 3/2 resonance at 3.55 MeV due to potential well)) 

2.733 
3.940 
4.548 
4.944 
5.800 

3/2 

1/2 

1/2 

3/2 

7/2 

0.3925 

0.1415 

0.00622 

0.01736 

0.9058 

III. 8.4 <E< 15 MeV (2 PLUS parameters) 

VR= 50.36 
a= 0.51 

V¡= 0 
b= 0.81 

V G A U S = 6 - 7 6 V c = 5 . 0 R = 2 . 7 

6= 0.57 (coulomb excitation) 

J I L 

û BOCKELMAN, ET AL (I95I) 

• FOSSAN, ET AL (1961) 

+ TSUKADA AND FUSE (I960) 

J I I I I I L 
2.8 3.0 3.2 .3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 

ELAB(MeV) 

FIG.2. Resonance-plus-potential well fit to 12C total neutron cross-section from 2.8 to 5.0 MeV. 
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ELASTIC - * - f -
INELASTIC - ? - § -

FIG.3. Coupled-channel fit to ^Ti and 56Fe elastic and inelastic cross-sections at 2.45 MeV (Conventional 
potential wells plus deformation). 

expanded to first o rde r in the a2U ' s to yield 

V(r0 - R ( ? 0 ) ) - V 0 ( r 0 ) + R ^ - ^ 2 M Y2
M(?0) 

< Ф 00 I a 2M \&2H >=("!) < ^2-ii I аШ I ^00> = ~ 3 ~ 0МЦ 

<^2Д 1"2м1^2Ц' > < ^ 0 о к м к о > = 0 

The cen t ra l potential Vo (ro ) is a Saxon-Woods well plus an imaginary 
Gauss ian well and sp in-orbi t coupling. Also shown a re the nuc lear 
m a t r i x e lements which define the opera to rs с*2Мш п е г е ^oo anc^ *he 2̂H ' s 

a r e the nuclear ground and first excited s ta tes respec t ive ly . The p a r a 
m e t e r p is a m e a s u r e of the dis tor t ion of the nuclear sur face . The 
coupling potential can then be wri t ten 

<^2M|v(r0-R(?0))U0 >=-J-R^Y 2
4 ( f 0 ) 

The compound e las t ic and inelast ic sca t te r ing a r e calculated using Hause r -
Feshbach theory and the coupled equations a re solved using the p r o g r a m m e 
2 PLUS [4]. 
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1 1 г 
ELASTIC - f— t -
INELASTIC - 4 - 4 -

1 1 1 г 
ELASTIC i i 
INELASTIC - 5 - J -г\ 

: а-«—в-

FIG. 4. Coupled-channel fit to 48Ti and 56Fe elastic and inelastic cross-sections at 2.45 MeV (Potential 
wells derived from a Yukawa two-body interaction). 

Figure 3 shows fits obtained with this model for titanium and iron 
at 2.45 MeV. On the top is the fit to elastic differential cross-section 
data for natural Ti and inelastic cross-section data for exciting the 
0.99 MeV 2+ level in 48Ti. The difference in the elastic cross-section 
for natural Ti and 48 Ti is expected to be small. In the bottom curve the 
elastic data are for natural Fe and the inelastic data are for exciting the 
0.845-MeV level in 56Fe. The values for the distortion parameter 
required for the Ti and Fe fits were 0.21 and 0.28, respectively. The 
direct inelastic scattering cross-section calculated was significant, 
being about 20% of the total inelastic cross-section for both nuclei. 
The non-spherical part of the optical potential also had an appreciable 
effect on the shape of the differential elastic cross-section, decreasing 
it at the very forward and backward angles and at the diffraction minimum. 
The resulting shape is not easily fit with a spherical optical potential. 
Fits were also obtained for these nuclei at different energies and for Cr, 
Zr, and C. In all cases the calculated direct inelastic scattering was 
significant. 

We have also calculated cross-sections for Ti and Fe using the shell 
model with residual pairing and quadrupole forces to describe these 
nuclei. The single-particle wave functions used in the nuclear wave 
function were calculated from a Saxon-Woods well with coulomb and 
spin-orbit forces. The single-particle energies used were those 
measured in deuteron stripping experiments and the pairing force 
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coupling constant was taken to be 23/A MeV where A is the atomic 
number. The nuclear wave functions were then calculated in the Boson 
approximation with the strength of the quadrupole force determined by 
matching the energy of the first excited 2+ state. 

The interaction between the scattered neutron and the target 
nucléons is represented by a two-body, central, non-exchange potential 
with a Yukawa shape given by 

Vl - 4* L \%-%\l¿ 
i 

The sum is over all nucléons in the nucleus and the range /u is taken to 
be 1 fm. The coupled-channel equations arising in these calculations 
have exactly the same form as those based on the vibrational model just 
discussed. The spherical and non-spherical parts of the optical potential 
in this case are matrix elements of Vx and the potentials shown above 
become 

V 0 <r 0 )=<*oJ v i l*oo> 

The main difficulty with the formulation of the scattering problem at 
this point is that the spherical part of the optical potential is real and 
there is thus no compound nuclear reaction. We therefore assume that 
the imaginary potential arises from interactions with nucléons outside 
the closed shells, and consider it to arise from a two-body interaction 
with the same Yukawa shape between the neutron and extra-core nucléons 
(nucléons in the f7/2 and higher shells). It thus has the form 

iN<( ^'00 | VJ^'QQ У. Here ^00
! is the ground state wave function with the 

core nucléons removed and N is a normalization constant. 
We therefore have two adjustable parameters, С and N, to fit both 

the elastic and inelastic с ros s-sections. A value of 400 MeV was used 
for С and the strength of the imaginary potential was determined by 
fitting the total inelastic cross-section. 

Figure 4 shows fits obtained in this way to the Ti and Fe data just 
shown. Here the calculated direct inelastic scattering was again about 
20% of the total inelastic. 

Therefore the calculations with both nuclear models used here 
indicate that the direct inelastic scattering is important for these nuclei 
even at 2.45 MeV and should be taken into account in order to make 
accurate calculations. Also, care should be used when calculating the 
elastic cross-sections of nuclei with low-lying collective states since 
removal of the non-spherical potential destroys the fits presented here. 

5. URANIUM-235 CROSS-SECTIONS 

No existing set of pointwise evaluated 235U cross-sections that we 
are aware of has an epithermal alpha (= capture/fission ratio) as low 
as 0.50, the latest recommendation based on integral measurements [5]. 
(Typical values run from around 0.6 to around 0.7. ) 
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FIG. 5. Evaluated activation cross-sections (Fission spectrum averages in mb given in square brackets). 

It appears that the usual procedure of subtracting fission and 
scattering from the total cross-section to get capture values syste
matically overestimates the latter. This procedure also tends to obscure 
the characteristic differences in shape between capture and fission 
resonances which are ascrihable to multi-level effects in the fission 
channels. Both of these difficulties are avoided in the present work, 
by relying where possible on the direct capture measurements made 
earlier this year by the Oak Ridge-Rensselaer Polytechnic Institute 
group [13]. 

Starting with Westcott's recent recommended set of 2200 m/s 
cross-sections [6], we used the fission measurements of Leonard [7] 
and the Livermore group's [8] 1966 data in the region up to 0.4 eV, 
fitting these, as needed, by least-squares polynomial fits. From 
0.4 to 62 eV, we used the Oak Ridge-RPI fission data, normalizing it 
so that its integrated value from 0.4 to 62 eV matched the Livermore 
value. The latter has the advantage of being directly normalized to 
the 2200 m/s value. From 62 to 10 000 eV we used Saclay data [9], and 
from 10 000 to 2X 107 eV a curve similar to the BNL 325 eyeguide, but 
adjusted to pass through the 24-keV value of Perkin et al. [10]. This 
composite curve gave a resonance integral of 281 b from 0.5 to 107 eV, 
compared to the Feiner and Esch value of 280 ± 11. 

For capture, we again used the ORNL-RPI data from 0.4 to 62 eV, 
but above and below that region we used capture-fission ratios times the 
previous fission curve. Below 0.4 eV the alpha values came from BNL 
325 and Westcott [6]. From 62 to 10 000 eV we used the values in 
KFK 120 [11]. From 10 000 to 2 X 107 eV we used BNL 325 plus a 
smooth extrapolation. 

This composite cross-section has a resonance integral of 139.8 b 
from 0.5 to 107 eV, compared to the Feiner-Esch value of 140 ± 8. The 
alpha value of these two sets is 0.497, in good agreement with the 
Feiner-Esch value of 0.50± 0.02. If the ORNL-RPI capture measurements 
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can be independently verified, this will resolve the long-standing dis
crepancy between the differential and integral alpha values. 

We are carrying out both Breit-Wigner single-level and Reich and 
Moore multi-level fitting to this set of cross-sections. The single-
level procedure is relatively simple, but does not give a very good fit 
to the fission data. For example, the total widths of some resonances 
are 15% larger when seen in fission than when seen in capture. The two-
channel Reich and Moore procedure can reproduce this type of behaviour 
but is difficult to parameterize. We are programming a version of the 
Reich and Moore procedure which will utilize an automatic parameter 
search but this programme is not yet operating. An interesting fact 
which emerges from even the preliminary analysis is that there is 
considerable fluctuation in the capture width distribution, suggesting 
collective effects in the gamma transitions. 

6. ACTIVATION CROSS-SECTIONS 

The procedure of using Hauser-Feshbach theory to generate the 
threshold dependence of (n, p) cross-sections has been described 
previously [12]. In Fig. 5 we show the results of combining this procedure 
with experimental data at higher energy, and then adjusting each curve to 
yield a recommended average value on a fission spectrum. The square 
bracket after the isotope designation in each curve gives the fission 
spectrum average. We show two curves for 46Ti since the literature 
is evenly divided on whether the fission average is about 8 mb or 
about 13 mb. 

Evaluated cross-sections have also been adopted for 2<7A1 (n, or), 
32S(n,p), 237Np(nj f) and 238u(n, f), but these were based entirely on 
experimental data. 
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DISCUSSION 

A. MICHAUDON: I should like to point out that, in trying to fit a 
theoretical curve to a set of experimental points, it is necessary to take 
into account two effects that are nearly always neglected because they are 
too difficult to estimate, namely, (1) interference between levels (due to 
fission) and (2) non-detected levels, which for ^ U amount to 20%. This 
effect may be more important than the first. 

Dr. Adler (private communication) has obtained better agreement with 
experimental results by taking account of non-detected levels. 

C. R. LUBITZ: With regard to the interference between levels, I 
realize that multi-level fitting is the best method. However, we found 
that one must first have a good idea of the single-level parameters. We 
therefore decided to carry out a single-level fit first, followed by a Reich 
and Moore one-channel fit. 

H. NIFENECKER: I should like to point out, in connection with the 
question of non-detected levels, that, using only single-level formulae, it 
is possible to obtain an excellent fit to the cross-section curves of ^Hl 
by adding a small number of "hidden" resonances. It has been proved by 
a Monte Carlo study of simulated cross-sections, however, that resonance 
parameters determined in this way involve considerable e r ro r s . 

C.R. LUBITZ: There has been little discussion of the value of such 
fits in reactor design, where of course the requirements are quite different 
from those for obtaining fundamental information about ^5U or 238U. Even 
though large fluctuations in the data do not represent individual levels in 
the compound nucleus, it is important - from the point of view of the 
use to which the data will be put - that we succeed in fitting such 
fluctuations. I have been interested to see how differently the resonance 
parameters come out when one fits the new Oak Ridge data, compared with 
the use of the older procedures of fitting total and fission data without any 
real knowledge of the capture widths. 
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Abstract 

PRINCIPLES AND PROBLEMS IN NEUTRON NUCLEAR DATA EVALUATION. The history of neutron 
nuclear data evaluation is briefly summarized. The physical problems involved in nuclear data evaluation, 
such as discrepancies and inconsistencies between different experimental data sets and gaps in experimental 
information, are discussed. The discrepancies in the capture cross-section data for molybdenum and iron 
are chosen to illustrate the great difficulties in systematizing and automatizing the evaluation process. 
The technical problems of data evaluation, such as computer storage and the establishment of nuclear data 
files, are not discussed. 

In the last ten years the evaluation of nuclear data has evolved as a 
separate branch of applied nuclear science. Particularly the evaluation 
of low energy neutron nuclear data, with which we are dealing here, has 
attained eminent importance. In the course of development the term 
evaluation has become the common name to denote an activity which 
consists in the establishment of a complete chain of cross-sections or 
other nuclear data characterizing a certain reaction with a certain 
nuclide in a given energy range. This activity proceeds in several steps, 
beginning with the compilation of all available experimental references 
and data concerned, and continuing with a critical judgement and com
parison of this information with the aim of elaborating it into a complete, 
unequivocal set of so-called best or recommended data. Complete means, 
in a larger sense, that no gaps are left, in a more specific sense, that 
the energy dependence of a cross-section is reproduced in an "almost 
monochromatic" way allowing a simple interpolation between adjacent 
data points. 

The requirement of completeness involves the recourse to nuclear 
theory and systematics in the case of gaps and inconsistencies of the 
experimental data. NaturaUy evaluation also comprises, with a'similar 
requirement of completeness, discontinuous and parametric data such 
as level schemes and resolved resonance parameters. In view of the fact 
that the gathering of experimental or theoretical data for comparison with 
a new theory or a new experiment is a very old and basic scientific job, 
the immediate question ar ises : What has made the evaluation, particularly 
of neutron nuclear data, almost a field of its own with such specific strin
gent terms of reference. A brief historical review will give an answer 
to this question. 

Evaluation, as defined above, is primarily and closely related to the 
development of nuclear reactors. It never would have attained such im
portance, if, as at the beginning of reactor development, only thermal 
reactors had been designed. The physical behaviour of these reactors 
is mainly governed by the reactions the neutrons undergo in the small 
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t h e r m a l energy range . Apart from the r a t h e r complex t h e r m a l inelas t ic 
sca t t e r ing in te rac t ions , the energy dependence of the c r o s s - s e c t i o n s i s 
r a t h e r s imple , the impor tant capture c r o s s - s e c t i o n for example following 
a lmos t always the s imple 1/v law. In pr inciple , few group calculat ions 
with adaptation to in tegra l p a r a m e t e r s were thus sufficient to predic t the 
neutronic behaviour of a t h e r m a l r e ac to r ; the gathering of the few n e c e s 
s a r y data could eas i ly be done by the r e a c t o r phys ic is t s t hemse lves . 
This was the somewhat simplified p ic tu re in the ea r ly s tages of the 
r e a c t o r development. 

With the design of fast and in te rmedia te b reede r r e a c t o r s and with 
the rapid development of ever l a r g e r and fas ter e lect ronic compute rs 
this s i tuat ion changed completely. In sma l l f a s t - c r i t i c a l a s s e m b l i e s 
and metal-fuel led fast r e a c t o r s neutrons concentra te on keV and MeV 
e n e r g i e s . Large dilute oxide or carbide-fuel led in te rmedia te power 
b r e e d e r s contain neut rons down to the eV region. F o r shielding ca lcula
t ions the MeV range of neutron energ ies for calculating r e a c t o r neutron 
energy spec t ra and for safety cons idera t ions (calculations such a s the 
Doppler, s t eam and sodium void coefficients) an extensive knowledge 
of the resonance p rope r t i e s of a lmost a l l r e a c t o r m a t e r i a l s , in pa r t i cu l a r 
of the heavies t ones, became of urgent i n t e r e s t . Concurrent ly the com
puter development allowed and forced the development of advanced r e a c t o r 
theory p r o g r a m m e s such as the one- and two-dimensional mul t igroup 
diffusion and t r anspo r t codes and detailed Monte Car lo p r o g r a m m e s . 
These comprehens ive p r o g r a m m e s enabled a more detailed and p rec i s e 
descr ip t ion of the nuclear p rope r t i e s of r e a c t o r s , in pa r t i cu la r of 
t h e r m a l r e a c t o r s , than previously. The usefulness of these p r o g r a m m e s 
and the re l iabi l i ty of the i r r e su l t s depended to a la rge extent on the de
tai led and re l iable knowledge of the microscopic nuclear data involved 
and the i r effective uti l ization in these p r o g r a m m e s . The original , r a t h e r 
easy t a sk of gathering t h e r m a l nuc lear data grew to the more complicated 
and comprehens ive t a sk of gathering microscopic neutron data for a l l 
occur r ing nuclear in te rac t ions in the l a r g e r energy range, defined by 
nuc lea r physics as the low energy range (0 to 10 MeV and above); s ince 
the r e a c t o r neutrons do not leave out any energy sub-range or any r e 
action in this en t i re region, the gathering of the data had to be complete 
with r ega rd to the ene rg ies and the reac t ions covered for a given nuclide. 
Thus the pr incipal r equ i r emen t s for sucha collection of neutron nuc lea r data 
outlined at the beginning of this paper evolved in quite a na tura l way. 

At f i rs t one might think that the gather ing of such data could not be 
such a la rge t a sk and that nuc lear theory calculat ions would give n e c e s s a r y 
and sufficient information. Unfortunately, however, as i s well known, • 
no unified nuclear theory ex i s t s , which allows the re l iable predict ion 
of al l neutron nuclear in terac t ion probabi l i t ies in the range from 0 to 
10 MeV. If such a theory existed, one could conceive a coupling of 
nuc lea r and r e a c t o r theory p r o g r a m m e s , the output of the fo rmer being 
the input of the la t te r , as a sa t i s fac tory solution of the ent i re data 
p rob lem, instead only nuc lear models with a validity r e s t r i c t e d to ce r t a in 
energy ranges , reac t ions and nuclides and? p a r a m e t r i c theor i e s a r e 
avai lable , which, for such accura te and re l iable predic t ions of nuc lear 
p a r a m e t e r s and c r o s s - s e c t i o n s as a r e needed in . r eac to r calculat ions, 
can in most c a se s only be applied with reasonable succes s , if some or 
a l l p a r a m e t e r s enter ing the theory a r e taken from exper iment . 
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Thus, if this purely theoretical way does not exist or at best is only 
successful (and then no longer pure) with the help of experimental para
meters, it is necessary to find a purely experimental way) e.g. to construct 
one or a few experimental apparatus and measure with these facilities 
the necessary data in the entire energy range of reactor neutrons with 
the high accuracy desired and a perfect energy resolution throughout. 
Such an ideal machine which, if available, would immediately solve the 
entire problem will probably never be invented: the machine could 
work on line with the reactor computer programmes and feed its data 
directly into these. In reality, however, one finds that just the opposite 
is true. A large variety of experimental facilities, such as choppers, 
Van de.Graaff machines, linear accelerators and others, is available 
in almost all parts of the world, each type of machine being successfully 
applied only in certain energy ranges and for certain nuclear reactions. 
Actually, the development, refinement and rapid distribution of these 
machines was due to the data requirements of reactor physics, which 
were set forth, for example, in the well-known neutron nuclear data re 
quest lists of the EANDC. These machines now produce increasingly 
large amounts of data, which have first to undergo the rather complicated 
and lengthy procedures of mutual comparison, critical evaluation and 
selection, tabulation and computer storage, before being successfully 
fed and elaborated in the reactor theory programmes. Even so the purely 
experimental way does not suffice for yielding all necessary data. Un
avoidable gaps exist due to the limited nature of the machines in energy 
resolution, energy ranges and reactions to be covered. Avoidable gaps 
exist because not all needed data have hitherto been measured. Finally 
more or less severe discrepancies and inconsistencies between different 
data sets are frequently encountered, reflecting the large difficulties 
connected with the experimental apparatus and measurement techniques, 
discrepancies which often cannot be solved on an experimental basis 
alone. However, reactor neutrons obviously do not know of these gaps 
and discrepancies, and the natural way to solve these difficulties is by 
recourse to estimates based on nuclear systematics and nuclear model 
calculations with the partial or full use of "best" guesses of the nuclear 
parameters involved. 

This brief resume reveals not only the principles, but also gives 
an idea of the difficulties and problems involved in every evaluation. An 
evaluation physicist has to be systematically aware of all experimental 
techniques and data concerned. At the same time he should be familiar 
with current and relevant nuclear models, theories and computer pro
grammes. The emphasis he places on certain aspects of his work is 
governed by the needs and importance of reactor physics; he should 
therefore be aware of the current, main problems in reactor physics 
and work closely with reactor physicists. Finally he is always faced 
with a variety of computer organizational problems. Obviously neither 
the experimental or theoretical nuclear physicist nor the reactor physicist 
can perform the work of an evaluation physicist in addition to his own job; 
such a task.is too large. The main problem therefore for an evaluation 
physicist is to be always up to date in, and aware of, all these aspects 
of his work. This explains our first assertion that evaluation has become 
a branch in itself in the domain of applied nuclear physics; it also makes 
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c l ea r that evaluation can only be efficient when c a r r i e d out in close c o 
operat ion with r e a c t o r and exper imenta l and theore t i ca l nuc lear phys ics . 

Now we tu rn more extensively to some of those p rob lems encountered 
dur ing the evaluation itself, which were a l r eady mentioned above. Tech
nica l p rob lems connected with the computer s to rage of evaluated data 
and the es tabl i shment of nuc lear data f i les, although forming an e s sen t i a l 
and difficult pa r t of eve ry evaluation, a r e omit ted from our cons idera t ions , 
and the in t e re s t i s focussed on phys ica l p r o b l e m s . 

D i sc repanc ie s and incons i s tenc ies between different exper imenta l 
data s e t s and the i r solution r e p r e s e n t the l a rges t p rob lem in a lmost 
eve ry evaluation, r e g a r d l e s s of neutron energy, react ion and nucleus 
concerned. Natural ly no two m e a s u r e m e n t s a r e made under exactly the 
s a m e conditions, but the r e su l t s should be compatible and, if reduced 
to the same exper imenta l conditions, be in agreement , at leas t within 
the range of the mutual uncer ta in t i es . However, frequently the r e s u l t s 
of two or more measu remen t s , in spite of the co r rec t ions applied, differ 
sys temat ica l ly by a l a r g e r amount than the uncer ta in t ies of each individual 
measu remen t , showing that the sources of sys temat ic e r r o r s have not 
been completely removed. One of the most easi ly recognizable r e a s o n s 
for such sys temat ic d i sc repanc ies i s different normal izat ion; th is i s 
encountered often pa r t i cu la r ly in capture , (n, p) and (n, a) r eac t ions . 
In pr inciple this deficiency can be removed by measur ing a n d / o r evaluating 
accu ra t e s tandard data and by renormal iz ing the or iginal exper imenta l 
r e s u l t s , an important t a sk to which much work has a l ready been devoted. 
In the major i ty of c a s e s , however, the r ea sons for such sys temat ic d i s 
c r epanc ie s a r e much m o r e difficult to find, being most probably c losely 
assoc ia ted with the exper imenta l appara tus and techniques, ambigui t ies 
in the in terpre ta t ion of the measu red raw data and so on. A famous ex
ample is the d i sc repancy between the L i v e r m o r e data on the one hand 
and the Saclay and Harwell on the other for resonance fission c r o s s -
sect ion m e a s u r e m e n t s on 235U; lengthy d iscuss ions among the exper t s 
concerned and a subcommit tee of the EANDC were n e c e s s a r y to solve 
this d i sc repancy . One of the immedia te consequences of such unsolved 
d i sc repanc ies is that the uncer ta in t ies of the evaluated data, which a r e 
a more or l e s s sophist icated average through such d iscrepant m e a s u r e 
ments , a r e l a r g e r than the a c c u r a c i e s a s se r t ed to be achieved in the 
underlying expe r imen t s . 

Another kind of inconsis tency i s encountered r a the r often in the 
range of overlapping resonances in the keV range of neutron energ ies , 
which ref lec ts pa r t i cu la r ly the difficulties of the accura te de terminat ion 
of the neutron flux in this energy region: m e a s u r e m e n t s with b roader 
energy resolut ion and worse s t a t i s t i c s show l a r g e r c r o s s - s e c t i o n fluctua
t ions than those with finer energy resolut ion and be t te r s t a t i s t i c s . A prominent 
example for th is kind of inconsis tency a r e the d i screpant fission c r o s s - sect ion 
m e a s u r e m e n t s on 239Pu in the lower keV r ange . Unfortunately the p a r a 
m e t r i c c h a r a c t e r of the nuc lear theory a l ready invoked before in genera l 
prohibi ts an unequivocal solution of those d i s c r epanc i e s . 

Some of the above d i sc repanc ies for two typical cases¿ i. e. the 
evaluation of capture c r o s s - s e c t i o n m e a s u r e m e n t s on Mo and Fe in the 
keV energy range a r e d iscussed now. The f i rs t example, a l ready d i s 
cussed in Ref. [1], i s mentioned he re again because most of the d i s c r e 
pancies exist ing then have meanwhile been resolved. On the cont rary , 
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the Fe keV-capture cross-section represents at present one of the largest 
unsolved discrepancies. 

Figure 1 shows the presently available cry measurements on Mo in 
the energy range between 1 keV and 1 MeV; no measurements are available 
above 1 MeV (the reference numbers in Figs 1 and 2 are those from 

FIG. 1. о for natural Mo from 1 keV to 10 MeV 

Ref. [2]). In 1961, apart from the 30- and 65-keV values of Gibbons et 'al. 
[Mo - C57] and the 24, 220 and 830 keV results of Belanova [Mo -C51] 
the following more comprehensive measurements were available: 
Block et al. [Mo - C62] from below 1 keV to 6 keV; Staviskii, Shapar 
[Mo - C67] from 50 keV to 1 MeV and Diven et al. [Mo - C63] from 
175 keV to 1 MeV. We noted then that Staviskii's results differed 
consistently from those of Gibbons and Diven by +50 to 100%. This 
discrepancy could not be resolved; an average curve through these dis
crepant results and through the measurements of Block et al. [Mo - C62] 
was therefore recommended. Afterwards, to solve the discrepancy 
semi-empirical statistical theory calculations were carried out by 
d'Auria and Schmidt [3] for all Mo isotopes in the range between 1 keV 
and 1 MeV and added to get ay for natural Mo. 

In these calculations statistical s-wave resonance parameters de
termined from measured resolved s-wave resonance parameters were 
used and spin, energy and, if not defined from resonance measurements, 
atomic weight dependences of the average level spacings were determined 
from the Fermi gas model of the nucleus. The transmission coefficients 
for elastic and inelastic scattering of neutrons with higher orbital angular 
momenta than 0 were computed from the simple complex square well 
potential of Feshbach et al. [4]. Finally statistical fluctuation factors 
and inelastic scattering competition to all known levels below 1 MeV.were 
taken into account. Without going into the numerical details, the results 
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of these calculat ions agreed be t te r with the data of Gibbons and Diven et a l . 
' than with those of Staviskii and Shapar. These r e s u l t s l a t e r on were 
confirmed when it became apparent that the d iscrepancy was solely due 
to a wrong s tandard value used by the Russ ian au thors . Originally they 
normal ized the i r ay data to an 1271 capture c r o s s - s e c t i o n value of 400 mb 
at 200 keV. A l a t e r compar i son with the par t i cu la r ly extensive ay 

m e a s u r e m e n t s on 127I in the keV range performed by Bame and Cubitt [5] 
showed that this value was a factor of 1. 6 too high. By lowering the i r 
s tandard value by this factor to 245 mb and renormal iz ing the i r data, 
Staviskii and Shapar obtained ve ry good agreement with the r e s u l t s of 
Diven, as can be noted from F ig . 1, in which the co r r ec t ed Russ ian 
r e s u l t s have been inse r t ed . However, the good agreement now attained 
between these two m e a s u r e m e n t s does not n e c e s s a r i l y involve the c o r r e c t 
n e s s of these data on an absolute sca le . This , however, i s r a t h e r confi
dential ly asce r ta ined by the fact that both m e a s u r e m e n t s ag ree in spite 
of normal iza t ion to different s tandards , and that, in pa r t i cu la r , the 2 3 5U 
capture and absorpt ion c r o s s - s e c t i o n values Diven used for normal iza t ion 
appear to be re l iable , agreeing to within a few per cent with the best p r e 
sent ly available m e a s u r e m e n t s on 235U [2]. A r a t h e r la rge difference, 
however , s t i l l r e m a i n s between Staviski i ' s and Gibbons ' [Mo - C57] 
r e s u l t s between 30 and 65 keV and is so far unexplained; this d i s a g r e e 
ment i s the worse , as Gibbons ' ay va lues a r e normal ized to re l iable In 
a r s t andards (763 mb at 30 keV and 448 mb at 65 keV). The high 200-keV 
value of Leipunskyet a l . [Mo - C81] inse r t ed unchanged in F ig . 1 i s due 
to the same wrong 127I s tandard a s used by Staviskii and Shapar. The 
r e s u l t s of Belanova [Mo - C51] a re believed to be r a t h e r unre l iab le ; in 
h e r method ay i s essent ia l ly obtained a s the difference of to ta l and 
sca t t e r ing c r o s s - s e c t i o n s , and, as these a r e about equally l a rge , g rea t 
e r r o r s a r e neces sa r i l y involved in the difference. This explains the 
l a rge d i sc repancy of Belanova 's 830-keV value to the other exper iments 
and r e n d e r s the good agreement of the 24-and 220-keV values with the 
other exper iments pure ly incidental ; for other e lements like Cr for 
example Belanova 's r e s u l t s at al l th ree energ ies differ f rom other data 
by an o r d e r of magnitude. 

Two measu remen t s e r i e s below 50 keV a re now available from 
Kapchigashev and Popov [Mo - C74] and from Mitzel and Plendl [Mo- C75] , 
both being per formed by the method of the neutron slowing down in a lead 
pi le . In spite of the s i m i l a r method used and the r a t h e r good agreement 
of both m e a s u r e m e n t s below 1 keV, above 1 keV Mitzel and P lend l ' s 
r e su l t s a r e sys temat ica l ly lower than those of Kapchigashev and Popov 
by as much as 60% at 30 keV. The decision, which of both m e a s u r e m e n t s 
i s co r rec t , becomes a lmos t i r re levan t , since the e r r o r s involved in both 
m e a s u r e m e n t s a r e of the o rde r of the difference between both m e a s u r e 
ments , i . e . 30% and m o r e ; the method involves the es t imate of <Jy from 
the difference of the combined 7 - spec t r a of Pb and the investigated 
m a t e r i a l and of the y- spec t rum of Pb alone and, as ay i s a l ready r a t h e r 
sma l l above 1 keV, the c r o s s - s e c t i o n values in the keV range obtained 
by the lead pile method neces sa r i l y become r a the r unre l iable . The only 
argument in favour of Kapchigashev 's r e su l t s i s that they join bet ter to 
the renormal ized r e su l t s of Staviskii and Shapar, which a r e considered 
re l iable , than those of Mitzel and Plendl . Both lead pile m e a s u r e m e n t s , 
however, concordantly show, outside the i r exper imenta l e r r o r s and in 
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agreement with the calculations mentioned above, that the earlier 
measurements of Block et al. [Mo - С62] below 6 keV are too high by-
more than a factor of 2. This discrepancy can also be explained: it is 
due to the lack of corrections for multiple scattering before capture and 
resonance self shielding in Blockls measurement, both of which render 
the measured capture cross-section too high; particularly the latter 
correction has been applied in the two lead pile experiments and is re
sponsible for most of the discrepancy. On the basis of the foregoing 
arguments it is understandable why the curve called "presently recom
mended" in Fig. 1 has been chosen as a smooth average through the 
results of Kapchigashev and Popov, Staviskii and Shapar and Diven et al. 

FIG. 2. ay for Fe in the range 10 eV to 1 MeV 

For the Fe capture cross-section in the keV range even more dis
crepancies are encountered and fewer of them solved than for Mo. Figure 2 
shows the available experimental data. The region 100 keV to 1 MeV does 
not interest us here; apparently the different measurements agree in 
this range. The region of discrepancies for most of the available experi
ments extends from 100 keV to ~ 100 eV. We begin with a comparison 
of the two lead pile measurements of Isakov et al. [Fe - R57] and again 
of Mitzel and Plendl [Fe - R80]. As in the case of Mo, both measurements 
were performed under essentially the same experimental conditions. 
In spite of the similarity in method, two characteristic differences are 
apparent, a shift in the energy scale of about 1 to 2 keV between both 
measurements at energies above 2 keV, and different heights of the 
peaks observed in both experiments between 100 and 1200 eV. With 
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r e g a r d to the f i rs t d iscrepancy, the energy sca le in the Russian m e a s u r e 
m e n t s i s probably c o r r e c t . This i s suggested by a compar i son of the 
broad peaks observed in the broadly resolved capture m e a s u r e m e n t s 
with the more detailed resonance s t ruc tu re as observed in much finer 
reso lved t r a n s m i s s i o n exper imen t s . The t r a n s m i s s i o n expe r imen t s 
r e v e a l a s m a l l e r resonance at 6. 0 keV in 5 7Fe and a l a r g e r resonance 
at 8. 0 keV in 5 4 Fe . In the capture m e a s u r e m e n t s one would thus expect 
to see a la rge peak cent red n e a r e r to 8 keV than to 6 keV, and th is i s 
actual ly only the case for the Russian m e a s u r e m e n t . The second d i s 
c repancy can be unequivocally clarif ied. The peaks observed below 
1 keV a r e c lea r ly due to Mo, Co and Mn impur i t i e s in the samples of 
both au thors ; the difference in the amount of these admix tures ex
plains the difference in the observed peak heights . The l a r g e r peak 
height Mitzel and Plendl observe for the 1. 2-keV resonance in Fe i s a l so 
due to a much l a r g e r impur i ty admixture than in the Russ ian sample of 

. 5 5Mn which has a resonance at 1. 08 keV. Thus one is led to the conclusion 
that t he re i s no resonance in Fe below the 1. 2-keV resonance and that the 
capture c r o s s - s e c t i o n the re follows an undisturbed 1/v law. This con
clusion i s fu r the rmore a sce r t a ined by the v e r y careful and we l l - reso lved 
capture and t r ansmi s s ion studies of Moore et a l . [6] in the vicinity of 
1 keV, which do not r evea l any other resonance than that at 1. 2 keV. 

Thus the differences between the two lead pile m e a s u r e m e n t s a r e 
well unders tood. More dis turbing a r e the much l a r g e r d i sc repanc ies 
between the lead pile m e a s u r e m e n t s on the one hand and the Harwel l 
l inear a cce l e r a to r [Fe - R79] and Oak Ridge Van de Graaff [Fe - R82] 
m e a s u r e m e n t s on the other in the r ange from about 1 to 100 keV. The 
s m a l l differences between these two l a t t e r m e a s u r e m e n t s a r e due to 
differences in isotopic sample composit ion and do not concern us h e r e . 
The much s m a l l e r shape and much higher peak c r o s s - s e c t i o n observed in 
the Harwel l measu remen t compared with the two lead pile exper iments 
i s c l ea r ly the resu l t of the much be t te r energy resolut ion in the Harwel l 
m e a s u r e m e n t s . Capture a r e a s and resonance p a r a m e t e r s deduced from 
al l t h ree exper iments for the 1. 2-keV resonance ag ree well with each 
o ther after due cor rec t ion for the impur i ty admixtures in the lead pile 
m e a s u r e m e n t s . The much finer resonance s t ruc tu re observed by Harwel l 
and Oak Ridge above 1 keV, however, i s c l ea r ly explained by the much 
finer energy resolut ion. The sys temat ic d i screpancy by an average factor 
of about 2 to 3 between Van de Graaff and l inear acce l e r a to r and the lead 
pile r e s u l t s s t i l l r ema ins unexplained. It i s t rue that the l inear a c c e l e r a 
t o r m e a s u r e m e n t s a r e s t i l l not co r r ec t ed for multiple neutron sca t t e r ing 
before cap ture ; this means that the corresponding oy values plotted in 
F ig . 2 a r e actually too high. However, at best this co r rec t ion i s expected 
to be impor tant in the l a rge 28-keV resonance in 5 6 Fe and thus does not 
explain the d i sc repanc ies below this resonance ; fu r the rmore the Oak 
Ridge m e a s u r e m e n t s a r e co r r ec t ed for this ' effect and a r e actually s m a l l e r 
in th is resonance than the Harwel l m e a s u r e m e n t s , but s t i l l about twice 
a s l a rge as the lead pile r e s u l t s . F r o m the known capture widths of 
nuclei heav ie r than Fe (see e. g. the survey of Ref. [7]) one would expect 
capture widths of Fe r e sonances to be f rom 0.4 to 0. 5 eV, values which 
actual ly could be der ived f rom the observed lead pile capture a r e a s , 
whe reas the Harwell and Oak Ridge capture a r e a s which a r e about 3 
t i m e s l a r g e r only ag ree with capture widths 3 t imes as l a rge . Thus th is 
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argument based on nuclear systematics of the capture widths would be 
in favour of the lead pile results. On the other hand some serious doubt 
is cast on these results by the large uncertainties already discussed for 
Mo, connected with the subtraction of the Pb Y-ray background in the keV 
range; however, it cannot be said whether the true capture cross-section 
values are larger or smaller than those observed and whether the resulting 
large uncertainties in the lead pile o-y do not account for the discrepancy to 
the other measurements. 

A final possibility for deciding between the discrepant measurements 
is to compare direct determinations of the non-l /v part of the infinite 
dilute capture resonance integral with values calculated from the experi
mental capture cross-section data. Without going into numerical detail, 
the result is that five independent direct measurements of this quantity 
are all between 2 and 4 times as large as the value calculated from the 
highest differential, i. e. the Harwell data (for details see section III of 
Ref. [2]). Our obvious conclusion from the above arguments consists in 
the preliminary recommendation (valid so long as these discrepancies 
are not understood and removed) of a 1/v behaviour below 1 keV and of 
the Harwell <Jy results in the range 1 to 100 keV as representing most 
closely the true energy dependence of oy for Fe; the curve called 
"presently recommended" in Fig. 2 shows this compromise. 

We elaborated rather extensively on these two examples, to which 
others could easily be added, because they show better than any general 
discussion the true bottle-neck of every evaluation. It is almost needless 
to mention the impossibilty of the reliable prediction of the physical pro
perties of a fast reactor working with steel as structural material, if 
such large discrepancies are not removed. 

A second general problem in evaluation, but generally not as severe 
as the discrepancies, are the gaps in experimental information. The 
simplest case has to do with a smooth, energy-dependent cross-section 
which is well established in the entire energy range concerned except 
a certain interval in which no data are available; simple graphical inter
polation closes such a gap reliably. Such a graphical or a statistical 
theory interpolation is more questionable in a region of overlapping 
resonance structure; the e r ror of the interpolation is of the order of 
the variance of the cross-section concerned. A gap in the resolved 
resonance range can, in principle, not be closed adequately, because 
there is no theory which predicts the position and properties, of the 
resonances; here only the experiment can help, and any interpolation 
is necessarily pure invention. 

Certain limits in the experimental techniques render the experimental 
investigation of one or the other cross-section impossible. In many cases 
the finite-energy resolution in the detection of the scattered neutrons, 
for example, prohibits measurements of the inelastic excitation of well-
known separate nuclear levels. In these cases the simple statistical 
theory developed by Hauser and Feshbach [8] with transmission coefficients 
from realistic optical potentials is used; it has predicted neutron inelastic 
excitation cross-sections within the, however, still rather large uncertain
ties and inconsistencies of the experimental data. Naturally this does 
not mean that the theory is able to replace a good experiment. 

Also in other cases nuclear theory can be successfully used for 
closing gaps, provided that important parameters entering the theory 
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a r e sufficiently well known. Due apparent ly to some cancellat ion effect 
in the neutron t r ansmi s s ion coefficients, the general ly ve ry na r row d i s 
t r ibut ion of the capture widths as concluded from resonance exper iments , 
and the i r weak spin and energy dependences, the Hause r -Feshbach theory 
applied to fast capture c r o s s - s e c t i o n s of medium weight and heavy nuclei 
yie lds r a t h e r re l iab le r e s u l t s . Above 1 MeV for many nuclei l a rge gaps 
in exper imenta l capture c r o s s - s e c t i o n data exist ; at the same t ime the 
compound hypothesis underlying the Hause r -Feshbach theory becomes 
m o r e and more invalid and the d i rec t capture more and more impor tant ; 
the theory for this t rans i t ion range i s s t i l l insufficient. For tunate ly , 
f rom the p rac t i ca l point of view, for most nuclei the absorpt ion of neut rons 
by reac t ions other than capture , mainly by the (n, p) and (n, a) p r o c e s s e s , 
i s more important in the MeV range . Unfortunately the exper imenta l 
information on these l a t t e r react ion c r o s s - s e c t i o n s i s often r a t h e r s c a r c e , 
if at a l l available, and in addition often d i sc repant . Although extensive 
work has been devoted to the refinement and improvement of optical 
model t r a n s m i s s i o n coefficients for neut rons and charged pa r t i c l e s and 
the level density laws, the predic t ions of the evaporation theory a r e s t i l l 
not re l iab le enough, ranging from r a t h e r incidental good agreement to 
complete d i sagreement with exper iment . One of the r easons i s the s t rong 
dependence of the evaporat ion c r o s s - s e c t i o n express ions upon p a r a m e t e r s 
influenced by shel l s t ruc tu re and s t i l l not accura te ly enough known, such 
a s the s ing le -par t i c le level density. The usefulness of refined optical 
models for the predict ion of e las t ic sca t te r ing angular d is t r ibut ions and 
non-e las t ic sca t te r ing c r o s s - s e c t i o n s at energ ies where the compound 
e las t ic sca t te r ing has died out i s so well known and has so often been 
descr ibed that we can neglect it h e r e . The pract ica l ly and fundamentally 
equally important problem of the c o r r e c t in terpre ta t ion of fission r e s o 
nances i s also only mentioned h e r e ; the author considered this p rob lem 
extensively e l sewhere [9]. 

Thirdly we wish to draw attention not so much to a problem, but 
r a t h e r an inconsis tency encountered in every evaluated data set , -which 
i s the resu l t of a s i m i l a r inconsis tency in the exper imenta l information 
used . In a given energy sub-range m e a s u r e m e n t s of different neutron .. 
c r o s s - s e c t i o n s genera l ly differ in the exper imenta l conditions, in p a r t i 
cu la r in the energy resolut ion. The be t te r resolved c r o s s - s e c t i o n might 
s t i l l exhibit something like a resonance s t ruc tu re , whereas the other 
p o o r e r - r e s o l v e d c r o s s - s e c t i o n shows a smooth energy dependence. A 
well-known example of this i s the ve ry broadly resolved KAPL r e a c t o r 
spec t r a ^ - m e a s u r e m e n t s and the 10 n s / m and be t te r resolved Saclay and 
Harwel l fission c r o s s - s e c t i o n m e a s u r e m e n t s on 235U in the 100 eV to 
low keV range . The only possibi l i ty to r ende r two such m e a s u r e m e n t s 
consis tent with each other i s to fold the be t t e r - r e so lved measu remen t 
with the energy resolut ion function of the poo re r - r e so lved m e a s u r e m e n t . 
Genera l ly th is i s not done, in o rde r not to lose the detai led information 
contained in the be t t e r - r e so lved measu remen t . However, if these two 
c r o s s - s e c t i o n s have to be used to de te rmine a third one, because th is 
i s not, or only with la rge difficulties, at tainable by exper iment , th is 
th i rd c r o s s - s e c t i o n can have large e r r o r s , on the average of the o r d e r 
of i t s va r i ance , depending upon the size of the difference in resolut ion 
in the f i rs t two c r o s s - s e c t i o n s . In our example th is i s t r ue of the cap
tu r e c r o s s - s e c t i o n of 235U determined from af and a. This r a t h e r frequent 
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observation has only a consequence for the experiment: to get a physically 
true picture of "derived" cross-sections and nuclear data, the experimental 
conditions, foremost the energy resolution, in the measurement of the 
"basic" cross-sections and nuclear data should be as similar as possible. 
The more this condition is fulfilled in the experiments, the more physically 
meaningful and consistent in all basic and derived quantities become the 
evaluations. 

In the foregoing we discussed some of the main physical problems 
encountered in the evaluation of neutron cross-sections. Their solution 
in each individual case influences not only the reliability of the evaluated 
data for the accurate calculation of reactor physical properties, but also 
their usefulness for the checking of nuclear theories. The examples we 
discussed demonstrate the great difficulties one is faced with in systema
tizing and automatizing the evaluation process. However, to keep pace with 
the still increasing amount of experimental data flowing in and to utilize to the 
fullest extent the possibilities of the large computers, automatization, 
without loss of the individual physical aspects, will certainly be one of the 
main future problems in evaluation. 
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DISCUSSION 

H. WEIGMANN: Preliminary data obtained by us on the capture 
cross-section of molybdenum between 1 keV and 20 keV are in full agree
ment with those of Kapchigashev and Popov, and accordingly with the solid 
line shown in Fig. 1 of the paper. However, we observe a relative 
maximum near 1.5 keV; this is also visible in the curve of Block et al. 

J . J . SCHMIDT: Thank you for this information. I should mention 
that the data of Mr. Kompe and of Dr. Pônitz for the capture cross-section 
of molybdenum in the keV range could not be included. There is fairly 
good agreement between the two sets of data, with smaller values (particu
larly at low keV energies) than those corresponding to our recommended 
curve. 

R. BATCHELOR: Should an evaluator allow his evaluations to be 
influenced by the results of integral experiments, and, if so, to what 
extent? 

J . J . SCHMIDT: As far as epithermal and fast neutron energies are 
concerned, the feedback from integral to differential data is generally not 
unequivocal. This has two consequences: first, different adjusted data 
sets are likely to fit a series of critical assemblies equally well; second, 
one cannot be sure that such a data set, adjusted to current critical as
semblies with harder neutron spectra, will allow the correct prediction 
of the physical properties of large power reactors with softened neutron 
spectra. Therefore, in the case of discrepancies between predicted and 
experimental data, most likely due to nuclear constants, I would generally 
prefer a thorough review of the basic microscopic data most probably 
involved to a data adjustment that may be physically incorrect. 

J . CHERNICK: In connection with Mr. Batchelor's question, I would 
say that sometimes one must change the differential cross-section data 
to obtain agreement with the integral data, when one can trust the integral 
data but not some of the differential data. For example, if the capture 
cross-section data are the least reliable, they may be changed to agree 
with the integral data. 
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R. D. SMITH: Dr. Schmidt has shown how much work is involved in a 
major evaluation of the data for one nuclide. 

How often does he think it will be necessary to undertake a major re-
evaluation of, firstly, a nuclide of major importance in reactor design 
(for example, 238U) and, secondly, a nuclide of lesser importance (such as 
chromium) during the next five to ten years? 

J . J . SCHMIDT: Assuming that new experimental data continues to 
become available at the present rate, I would say that a re-evaluation will 
be necessary every year in the case of an important nuclide such as ^^J 
and every two years for a less important element such as chromium. 
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Abstract 

NEUTRON CROSS-SECTION EVALUATIONS - PAST, PRESENT AND FUTURE. Before the many and 
increasing results of neutron cross-section measurements and calculations can be applied to practical nuclear 
energy problems it is generally necessary to produce evaluations of neutron cross-sections. Such evaluations 
should ideally be complete (all possible reaction parameters detailed), internally consistent and based on 
the best available experimental and theoretical information and should cover a wide energy range - typically 
0. 0001 eV-20 MeV. 

Many such evaluations have been made and have been exchanged between laboratories. Indeed the 
limited effort available for this work makes it an ideal field for international co-operation. To encourage 
the exchange of such evaluations and the production of new evaluations one of the authors has previously 
published EANDC(UK)26 and AWRE 0-13/65 reviewing the position at September 1963 and November 1964, 
respectively. In the present paper these reviews are updated to 1 June 1966 and the possible display of 
the information in a form suitable for computer processing and retrieval is discussed. 

In future the ENEA Neutron Data Compilation Centre at Saclay hopes to collect details of all evalua
tions and distribute descriptions to interested people, so that the main content of the present paper will be 
continually updated. 

For each element and for certain important isotopes and compounds the paper sets out the evaluations 
available, the energy range covered, the reactions considered and the availability of the data in tabular 
form or on punched cards/magnetic tape, insofar as such information is known. Multigroup cross-sections 
are not considered. 

1. INTRODUCTION 

1.1. The need for cross-section evaluations in science and technology 

Scientists and technologists who need to make calculations involving 
neutron cross-sections have often been surprised to find that, in spite of 
the vast effort spent in measuring and calculating these cross-sections 
during the last thirty years, information is not always readily available, 
in an easily usable form. Depending on the cross-section and the energy 
range the data may be abundant but conflicting (different values for the 
same parameter often differing by more than the quoted error) , internally 
contradictory (partial cross-sections inconsistent with total cross-section), 
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s p a r s e or non-exis tent . In any case the s h e e r volume of data — wi tness 
the 35 000 en t r i e s in CINDA 66 [1] - will daunt the casua l enqu i re r . As 
with many other kinds of physical and chemica l data t h e r e i s a c l e a r need 
for compilat ions and evaluations of the available data . 

1.2. Scope of review 

The t e r m s compilat ion and evaluation r equ i r e some d i scuss ion . In 
the p re sen t context compilat ion means the collect ion of all exper imenta l 
m e a s u r e m e n t s (and possibly theore t i ca l calculat ions) of pa r t i cu l a r c r o s s -
sec t ions for pa r t i cu l a r m a t e r i a l s . Compilat ion act iv i t ies have been c a r r i e d 
out in s eve ra l l abo ra to r i e s but a r e now becoming increas ingly concen
t r a t ed in the Brookhaven, Obninsk, Saclay and Vienna data c e n t r e s . 

The t e r m evaluation p r e s e n t s m o r e difficulty. It can be justifiably 
defined a s the logical der ivat ion of p r e f e r r e d (best) values for individual 
physical p a r a m e t e r s so that , for example , one might evaluate the f ission 
c r o s s - s e c t i o n of 235U for 3-MeV neu t rons . In th is review the t e r m 
evaluation i s , in genera l , taken to r e fe r to s eve ra l , often i n t e r r e l a t ed 
p a r a m e t e r s over a fair ly l a r g e neutron energy range . 

Such a definition i s appropr ia te because the most impor tant app l i 
cation of evaluated neutron c r o s s - s e c t i o n s is in neutronics calcula t ions 
where it i s usually n e c e s s a r y to cons ider not only the overa l l c r o s s -
sec t ions for s eve ra l r eac t ions in any m a t e r i a l but a lso differential c r o s s -
sec t ions in sca t te r ing angle and secondary neutron energy, all as continuous 
functions of incident neutron energy over a fair ly l a rge energy r ange . The 
energy range of most i n t e re s t for nuc lear energy applicat ions i s 0.0001 eV-
20 MeV which suffices for all conventional r e a c t o r r e q u i r e m e n t s but in 
analysing nuclear physics and exper iments and in space appl icat ions much 
higher energ ies may be involved so that it s e e m s imposs ib le to impose any 
l im i t s on the energy range which may be covered in the future. 

2. THE GROWTH OF NEUTRON CROSS-SECTION EVALUATION WORK 

The ea r l i e s t method of obtaining evaluated neutron c r o s s - s e c t i o n s was 
apparent ly to "ask F e r m i " [2]. F r o m i t s inception Brookhaven National 
L a b o r a t o r y has been very act ive in the neutron c r o s s - s e c t i o n compilat ion 
and evaluation fields and until around 1956 was vir tual ly the sole c o n t r i 
butor . The publication of the success ive editions of BNL-325 [3] and 
BNL-400 [4] has been of i m m e n s e help to nuclear and r e a c t o r phys ic i s t s 
throughout the world. Although these r e p o r t s have always been intended 
p r i m a r i l y a s compilat ions of available exper imenta l data they have included 
a good deal of evaluation - bes t values of resonance p a r a m e t e r s and 
2 2 0 0 - m / s c r o s s - s e c t i o n s of both f iss i le and non-f iss i le nucl ides and p r e 
f e r r ed cu rves through exper imenta l c r o s s - s e c t i o n s . However in the 
p r e sen t sense the evaluation i s genera l ly incomplete in that no at tempt i s 
made to include theore t ica l cu rves for those c r o s s - s e c t i o n s which have not 
been m e a s u r e d at any energy. The re a r e many neutronics calculat ions for 
which nuc lear data cannot be p r epa red using BNL-325 and BNL-400 alone. 

F r o m the mid-19501 s onwards t h e r e has been a steady growth in 
neutron c r o s s - s e c t i o n evaluation work for s eve ra l r e a s o n s . 
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(a) The development of high speed computers revolutionized neutronics 
calculations. No longer did calculations require only a few simple 
nuclear parameters . Multigroup transport and diffusion codes and 
Monte Carlo codes required large numbers of group cross-sections 
which in turn could only be properly prepared given all partial c ross -
sections as functions of energy over a wide energy range. 

(b) The experimental nuclear physicists have become much much more 
efficient at turning out vast quantities of data by employing better 
nuclear physics machines, more people and, not least, computer 
techniques for handling numerical data. However discrepancies 
between different experiments are still numerous and there has been 
considerable pressure on evaluators to resolve these discrepancies 
as far as possible and so enable data acquired at considerable expense 
to be used in practical calculations. 

(c) The nuclear energy industry has developed rapidly and many more 
laboratories have found it necessary to undertake neutron c ross -
section evaluation work in the absence of any universally acceptable 
complete evaluation for all materials. 
The late fifties saw several laboratories moving into the neutron 

cross-section evaluation field and the number increased again during the 
early sixties but gradually it was realized that the task of providing 
evaluations for all materials was beyond the means of any single labora
tory. Inevitably this realization led to co-operation and exchange between 
laboratories and this was encouraged as EANDC and other organizations 
arranged meetings of evaluators starting with a small meeting of 7 people 
at the Atomic Energy Establishment, Winfrith in October 1962. The 
present conference is the latest in a line which have included meetings at 
Brussels in September 1963, at Brookhaven in May 1964 and May 1965 and 
at Washington in March 1966. 

These have led to much greater contact between individual evaluators 
whilst simultaneously data centres such as those at Brookhaven and Saclay 
have become interested in promoting the exchange of evaluated data. The 
numbers and standards of evaluations have risen in response to this 
stimulation. 

Mention should be made of efforts to standardize the presentation of 
evaluated cross-sections in a single international format. A detailed 
discussion has been given by Parker and Honeck [5]. Briefly it was the 
hope of many that a single standard format could be devised so as to 
facilitate the exchange of evaluated data on magnetic tape. The prior 
existence of some twenty different individual laboratory formats has 
presented great difficulty and to date progress is slow. Nevertheless in 
the United States strenuous efforts are being made to devise an evaluated 
nuclear data format (ENDF) based on proposals made by Honeck [6] at BNL, 
Facilities exist for translating into this format from that of the widely , 
used UKAEA Nuclear Data Library Format [7] and there seems little doubt 
that in time an acceptable format will evolve both for data transmission 
and as input to processing programmes. It is unrealistic to expect labora
tories to change codes which have taken years tp develop except at a 
natural time such as the installation of a new computer. In spite of the 
absence of an international format much exchange of data on magnetic 
tape has occurred with the receiving laboratory writing suitable format 
translation programmes. 
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3. DESIRABLE FEATURES OF NEUTRON CROSS-SECTION 
EVALUATIONS 

Evaluat ions should be such that in the neutron energy range con 
s idered , whether sma l l o r l a r g e , the data a r e complete as far a s the input 
to neut ronics calcula t ions i s concerned. This impl i e s , f i r s t ly , the r e 
concil iat ion of conflicting data, secondly, the filling of gaps by theory 
and interpolat ion and, th idr ly , the inclusion of sufficient data to enable 
the fate of a neutron in a. single coll is ion to be "de te rmined" by sampling 
f rom va r ious probabi l i ty d i s t r ibu t ions . Evaluation i s not an a l te rna t ive 
to the making of good m e a s u r e m e n t s . If the exper imenta l data a r e in 
s e r i o u s conflict the d i sc repancy should be underlined so that new and 
m o r e careful m e a s u r e m e n t s may be cal led for . 

Evaluat ions should not be or ienta ted to some pa r t i cu l a r method of 
calculat ion but should enable input p a r a m e t e r s for all methods of ca lcu
lat ion to be p r epa red read i ly . Thus diffusion theory calcula t ions may 
only r e q u i r e the ave rage cosine of the sca t te r ing angle in e las t ic s c a t t e r 
ing but other calculat ions may r e q u i r e the full angular dis t r ibut ion; the 
evaluation should the re fo re include the l a t t e r , the ave rage cos ine of the 
sca t t e r ing angle being calculated as requ i red or included a s an optional 
ex t r a . 

It i s useful to dis t inguish between evaluated data, a s defined above, and 
p r o c e s s e d data such a s group c r o s s - s e c t i o n s and col l is ion probabi l i t ies 
which a r e often der ived from evaluated data using sui table computer 
codes . P r o c e s s e d data a r e genera l ly or ienta ted towards p a r t i c u l a r methods 
of calculat ion such a s mul t igroup diffusion theory or the Monte Ca r lo 
method. They ace genera l ly influenced by the pa r t i cu l a r needs of the 
or iginat ing l abora to ry ; t he i r origin i s often obscure and the i r ve r sa t i l i t y 
l imi ted in compar i son with that of evaluated data. However it i s not p o s 
sible to make a hard and fast division between evaluated data and p r o 
ces sed data . Many-group c r o s s - s e c t i o n s can often be cons idered as good 
approximat ions to evaluated c r o s s - s e c t i o n s and somet imes provide the 
mos t usable information avai lable . (In th is sense and only in this sense 
some re fe rence is made to mult igroup c r o s s - s e c t i o n s in sect ion 4 . ) 

Convenience in use r e q u i r e s that the data of a pa r t i cu l a r evaluation 
a r e avai lable a l together in one p lace , that the input to neut ronics and 
other calculat ions can be readi ly obtained and that the justification for 
the choice of the data i s available together with e s t ima te s of i n a c c u r a c i e s . 
With cu r r en t techniques magnet ic tape s torage of data i s well suited to 
many r e q u i r e m e n t s . Data can be eas i ly t r ansmi t t ed or p roces sed and 
graphica l and tabular displays a r e readi ly obtained. 

Much exchange of evaluated data a l ready takes place between l a b o r a 
t o r i e s and to a s m a l l e r but increas ing extent through data cen t r e s such 
as Brookhaven and Saclay and should be encouraged pa r t i cu la r ly in view 
of the cons iderable labour involved in producing a f i rs t c l a s s evaluation 
over a wide .energy r ange . 

Adequate documentation of evaluation work is ex t remely d e s i r ab l e . 
The re will always be an unders tandable re luc tance to use data evaluated 
in o ther l a b o r a t o r i e s unless information on i t s genera l or igin and accuracy 
i s avai lable . Quite recent ly two excellent journa ls have invited p a p e r s in 
th is field — the Agency 's Atomic Energy Review and the journal Nuclear 
Data and the re now s e e m s no r ea son why neutron c r o s s - s e c t i o n evaluation 
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work should not be routinely published in the same way as experimental 
cross-section measurements. 

4. EVALUATIONS OF NEUTRON CROSS-SECTIONS AVAILABLE ON 
1 JUNE 1966 

In continuation and extension of similar tables given in previous r e 
ports by one of the authors [8, 9], a Table"" has been prepared from a 
computer printout, which attempts to summarize the neutron c ross -
section evaluations available on 1 June 1966. In constructing a table of this 
kind compromises are inevitable. The prospective user of evaluated 
data wants to ascertain quickly the main features of what is available. 
For this purpose the entries in CINDA are felt to be both too brief and 
too scattered. The Table has been constructed according to many of the 
principles of CINDA but allowing for the inclusion of additional infor
mation and of more comments than are normally made with CINDA entries. 
As a sample, the part of the Table on 238U is shown in Table I of this 
paper. 

A brief discussion of certain features of the Table is in order. 
The date of evaluation is given where known. This essentially means 

that the literature is fairly thoroughly surveyed to this date (a few later 
references may be included) which is often many months earlier than the 
date of any relevant report. 

Data media indicate how the data are available. С means computer 
media - punched cards or magnetic tape - G graphs and T tables. Com
puter media, in particular, are the easiest way of transferring large blocks 
of data between laboratories. In these cases it often happens that the data 
are available on request from one or more of the international neutron data 
centres and appropriate symbols in the Data Bank columns show the po
sition. BLS indicates availability of the data from ENDF/A bank at Brook-
haven National Laboratory (B), the Lawrence Radiation Laboratory, Liver-
more (L) and the CCDN at Saclay (S). Otherwise requests for data should 
be sent to the originating laboratory. 

The columns "reactions considered" and "data type" are intended to 
give the reader an idea of the extent of the data and should indicate 
whether a particular evaluation is sufficiently complete for a particular 
application. The scheme of identifying reactions is based on that used 
in the UKAEA Nuclear Data Library [7, 12] and gives good detail in a 
small space. 

The entries for the Table were prepared on punched cards and ex
panded by means of a simple programme similar to that used in preparing 
CINDA [1]. The formats and programme are deposited with the ENEA 
Neutron Data Compilation Centre at Saclay for further use and development. 

An attempt has been made to limit entries in the Table to reports 
which are fairly freely available. Ideally the user would like to have an 

* This 77-page table, together with a list of references, is not included in these proceedings because 
of space limitations. It is available on request from the Nuclear Data Unit, IAEA, Karntnerring 11-13, A-
1010 Vienna, Austria. Revised versions of the table will be issued from time to time by the ENEA Neutron 
Data Compilation Centre, Saçlay, Gif-sur-Yvette, Essonne, France,and/or other similar centres such as 
the Brookhaven Neutron Cross Section Evaluation Center, Brookhaven National Laboratory, Upton, Long 
Island, N.Y. 11973, USA. 
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238 

238 

238 

50 5 

50-3 

41-1 

15 T 

25 Ó 

10 7 

238 

238 

238 

10-4 

37-2 

10-9 

15 7 

18 7 

15 7 

363 

N64 

WIN 

UNC 

6A 

TABLE I. EXTRACT FROM TABLE OF EVALUATIONS 

REACTIONS CONSIDERED < 

U 2 3 8 2 5 - 2 4 2 2 157 LAS L A - 2 1 4 4 6 5 8 GT 1 . 2 , 1 0 2 , R R P 
CROSS SECTIONS AT 14 TEMPERATURES I N RANGE 0 . 0 2 5 3 - 5 0 0 E V BY OOPPLER BROADENING OF 
SINGLE LEVEL BREIT-WIGNER ANALYSIS. 

U 2 3 8 2 5 - 2 10 7 USA N P - 8 2 1 6 0 5 8 TG 1 . 2 t 4 , 1 6 , 1 8 , 1 0 2 

CUMULATIVE ELASTIC ANGULAR D ISTRIBUTION FOR HONTE CARLO CALCULATIONS. 

UCRL-5351 N58 G 1 , 2 . 3 . 4 , 1 6 . 1 7 , 1 8 . 2 0 , 2 1 

GA2113 6 6 1 GT 102 

GA2451 V 0 L 1 8 6 1 CT 2 , 4 , 1 6 . 1 8 . 2 7 , N U , R R P , S R P . F S 
OUARTER LETHARGY GROUP CROSS SECTIONS 0 . 4 1 4 E V - 1 0 M E V . P0+P1 SCATTERING MATRICES. 
DATA FOR 54 RESOLVED RESONANCES. INELASTIC ANO I N . 2 N I TRANSFER MATRICES. GAH1 DATA. 
NAA-SR-HEH8904 863 CGT 1 , 2 , 4 , 1 6 , 1 8 , 1 0 2 , N U 
GAP I N RANGE 5 E V - Z . 4 K E V . NAA-SR-NENO 6545 GIVES DATA TO 14NEV ANO ELASTIC SCATTERING 
ANGULAR DISTRIBUTIONS FOR MONTE CARLO WORK. SUPERSEDES NAA-SR-NEMO 5 8 6 1 . 

AEEW R 3 5 1 2 6 4 CGT BLS 1 , 2 , 3 , 5 , 6 . 7 , 8 , 9 , 1 0 . 1 5 , 1 6 , 1 7 , 1 8 , 1 0 2 
DATA AS A W E 0 - 7 9 / 6 3 I N RANGE 1 .7SKEV-15NEV. 0FN5 OF UKAEA NUCLEAR DATA L IBRARY. 

UNC-5094 0 6 4 CT 1 , 2 . 5 , 6 . 7 , 8 , 9 . 1 5 , 1 6 * 1 7 , 1 8 , 1 0 2 , N U . F S , 
PPS 

ELASTIC LEGENORE COEFFICIENTS TO P 1 6 . 

G A - 6 0 8 7 165 CT 1 . 2 , 3 . 4 , 5 , 6 . 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 . 1 4 , 1 5 , 
1 6 , 1 7 , 1 8 , 3 1 , 1 0 2 , N U , RRP 

NO POINT VALUES OF CROSS SECTIONS BETWEEN 2 . 3 8 E V ANO IOKEV.AKRE 0 - 7 9 / 6 3 DATA USED 
FOR F I S S I O N ABOVE 2MEV,TOTAL ABOVE 10KEV ANO I N . 2 N I AND I N . 3 N » CROSS SECTIONS. 
ELASTIC LEGENORE COEFFICIENTS ТП Р 1 2 . 

U 2 3 8 19 0 10 3 . NAN 

U 2 3 8 0 0 10 7 BNM BNNL-CC325V0L3 9 6 5 CT 2 . 1 5 , 1 6 , 1 8 . 1 0 2 , N U . R R P 
ELASTIC LEGENORE COEFFICIENTS TO P 4 . PARAMETERS FOR 55 RESONANCES. ТИ0 DIFFERENT 
SETS OF DATA G I V E N . 

U 2 3 8 THR 10 7 765 KFK KFK 1 2 0 / 1 0 6 5 6T 1 . 2 . 3 . 4 . 5 . 6 . 7 . 8 . 9 , 1 6 , 1 8 , 1 0 2 , N U , R R P , 
SRP.MU 

J . J . SCHMIDT. TABLES I N K F K L 2 0 / I I 2ND ED. WHICH SUPERSEDES K F K 1 2 0 / I I 1ST FD.BELOW 1 
EV. CROSS SECTIONS I N RESOLVED XEGION CALCULATED.FROM RESONANCE PARAMETERS. 

U 2 3 8 2 5 - 2 10 3 2 6 5 ORL ORNL-TM-1448 6 6 6 GT 1 . 2 . 1 0 2 
CROSS'SECTIONS FOR 300 DEGREES К GENERATED FROM BNL325SUPPLEMENT2,VOLUMES RESONANCE 
PARAMETERS. 862 ENERGY P O I N T S . 

U 238 36 5 15 7 666 КАР C . R . LUBITZ+ 766 CT 18 
INCLUDES WHITE DATA. 

U 238 0 7 66 ORL GIFTtHIHALCZO 6 6 1 , 2 , 4 , 1 8 , 1 0 2 , N U 
ELASTIC LEGENORE COEFFICIENTS TO P 1 4 . MOST RELIABLE ABOVE 10KEV. ENTRY INCOMPLETE. 

U 238 THR 15 7 4 6 6 FR J .RAVIER • CGT 1 , 2 , 3 , 4 , 5 . 6 . 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 
1 6 . 1 7 , 1 8 , 1 0 2 . N U . F S . R R P 

AVAILABLE AUTUMN 1966 AS 0 F N 4 0 1 I N UKAEA NUCLEAR DATA LIBRARY FORMAT.REVI SES AHRE 
0 - 7 9 / 6 3 ABOVE 1KEV.MULTILEVEL BREIT-WIGNER FORMULA WITH OOPPLER BROADENING FOR OATA 
UP TO 4KEV. 

indication of the best data available for a particular material but it is an 
almost impossible task for any reviewer to do this in an unbiased and 
comprehensive manner. Indeed, to assess several data sets for a particu
lar nuclide it is really necessary to make a further evaluation. Most 
workers active in the evaluation field and most users will have their own 
definite views as to which data are the best for particular purposes. It is 
appropriate to point out that certain data referenced in previous reports 
[7, 8] are now definitely obsolete and are omitted from the Table. 

It is appropriate to emphasize again the particular sense in which 
evaluation is used in this paper (see section 1. 2). The lack of clear-cut 
divisions between compiled and evaluated data and between evaluated data 
and processed data (group cross-sections, etc.) causes difficulties. The 
work of Liskien and Paulsen [10] at BCMN (EURATOM), Geel is probably 
well known to most evaluators but currently no best curves are drawn 
through the many plots of data on (n, p), (n,a) and (n, 2n) cross-sections 
and hence there is no entry in the Table. Much Canadian and Russian work 
on the application of neutron cross-sections has led to some form of 
group cross-sections. Although best values of cross-sections may have 
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been obtained during intermediate working those have not generally been 
published. This particularly applied to the Russian 26-group constant 
set where Abagyan et al. [11] discuss the derivation of evaluated c ross -
sections in some detail without giving the unaveraged cross-sections. 

In spite of these and other difficulties it is the hope of the authors 
that the Table of available evaluations will prove a valuable guide to the 
neutron cross-section evaluation work previously and presently undertaken 
and assist in the establishment of contacts. The main purpose of wide 
publicity in this respect is to encourage still further inter-laboratory and 
international co-operation. 

Whilst every effort has been made to ensure the accuracy and com
pleteness of the Table, both by studying papers and reports and by cor
respondence with laboratories and individuals concerned, there will 
quite likely be omissions and mistakes. Since it is intended to keep the 
Table up-to-date and revisions will be made, the authors will be very glad 
to be told of such omissions and mistakes so that future tables approach 
more closely to perfection. 

5. CURRENT WORK AND THE FUTURE 

Probably all laboratories active in the evaluation field now realize 
the task facing them and as a result there is a trend towards individual 
laboratories producing just a few good evaluations and obtaining other 
required information on an exchange basis. Thus the CEA establishment 
at Cadarache has taken a responsibility for nickel and chromium data but 
does not propose to spend a great effort on any other evaluation work; 
other requirements are met by data from the UKAEA Nuclear Data 
Library and elsewhere. 

In the neutron cross-section evaluation field it seems desirable a.nd 
possible to develop international co-operation along the lines which have 
been followed in the neutron cross-section measuring field, where it 
seems that the co-operation among the OECD countries, coordinated by 
the European-American Nuclear Data Committee, can be extended under 
the aegis of the newly established International Nuclear Data Committee 
to include effectively the whole world. Already the EANDC and the 
European-American Committee for Reactor Physics (EACRP) have set up 
a Joint Sub-Committee on Nuclear Data Evaluation. The co-operative 
venture being organized by the United States Cross Section Evaluation 
Working Group is. described in these Proceeding [26]. 

The existence of request lists for new measurements has helped the 
measuring laboratories to plan their work sensibly and avoid undue dupli
cation. There is every reason to draw up request lists also for evalu
ations and thereby offer similar guidance to the community of evaluators; 
this kind of activity has in fact been initiated. 

In the compilation field, work is being increasingly concentrated at 
a few regional centres — Brookhaven, Obninsk, Saclay and Vienna. Com
piled data is the starting material for evaluation work and it might be 
thought that the regional centres should eventually undertake evaluation. 
However it seems neither wise nor likely that this should happen on any 
large scale. Most scientists employed on evaluation work have other 
responsibilities in their own laboratories, particularly in answering a 
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l a r g e misce l lany of que r i e s on var ious a spec t s of neutron c r o s s - s e c t i o n s 
in re la t ion to pa r t i cu l a r calculat ions and p ro jec t s . Evaluation work i s 
much m o r e eas i ly split down into smal l p a r t s than i s the case with c o m 
pilat ion work where concentrat ion in a few cen t r e s has many advantages . 
However the regional c e n t r e s should play an inc reas ing ro le in promot ing 
the exchange of evaluations by acting a s c lear ing houses . They a r e be t t e r 
equipped for th i s function than the often overworked individual eva lua to r s . 

The techniques of evaluation have not been r e f e r r e d to in th i s paper 
a s they a r e the subject of a separa te review by Schmidt [13]. It i s in 
o r d e r h e r e to mention the increas ing in t e r e s t in applying compute r t e c h 
niques to the analys is of the data now being collected at the regional 
c e n t r e s . Briefly the argument may be put that if exist ing evaluation t e c h 
niques (drawing "smooth" c u r v e s , e t c . ) a r e logical opera t ions they can 
be analysed and p r o g r a m m e d for compu te r s . This type of development i s 
l ikely to become increas ingly impor tant over the next few y e a r s . 

An aspect of evaluation which r e q u i r e s inc reased attention i s the 
ana lys i s of a pa r t i cu l a r type of data for many nucl ides r a t h e r than the 
ana lys i s of all types of data for a pa r t i cu la r nuclide. A pa r t i cu la r ly diffi
cult a rea , at l eas t until ve ry recently, has been capture c r o s s - s e c t i o n s in 
the keV energy region. An evaluator ' studying a pa r t i cu la r nuclide has 
been faced with grea t difficulties regard ing the best values of s tandard 
c r o s s - s e c t i o n s such as those of gold and iodine. Studies have been made 
of l a r g e number s of (n, 2n) c r o s s - s e c t i o n s and of (n,p) and (n, a) c r o s s -
sec t ions at 14 MeV. This type of evaluation is a valuable complement to 
the evaluation of all r eac t ions for one nuclide and should be encouraged. 
It i s a lso important to encourage co-opera t ion between evalua tors and 
exper t s in pa r t i cu l a r methods of calculating c r o s s - s e c t i o n s . F o r an 
evaluation covering the range 0. 0001 eV-20 MeV many such methods may 
be profitably used and it i s genera l ly imposs ib le for an evaluator to be 
r ea l ly expert in a l l . The computer p r o g r a m m e l i b r a r i e s such as those 
at Argonne and I sp ra have a pa r t to play in making suitable calculat ions 
a p r a t i ca l poss ib i l i ty . 

A survey of p re sen t evaluation ac t iv i t i es , insofar as they a r e known 
to the au thors , i s given below. Where l a b o r a t o r i e s and individuals a r e 
mentioned it i s with the object of promoting contacts and co-opera t ion 
between those with s i m i l a r i n t e r e s t s . 

5 . 1 . Aus t ra l i a 

An evaluated neutron c r o s s - s e c t i o n l i b r a r y i s maintained at the 
AAEC Es tab l i shment at Lucas Heights [14]. Much of the data i s drawn 
from the UKAEA Nuclear Data L i b r a r y . Evaluation work may well 
expand in the future; enqui r ies may be add res sed to J . L . Symonds. 

5 .2 . Canada 

The Canadian a tomic energy p r o g r a m m e has so far been or ientated 
towards we l l -modera ted t h e r m a l r e a c t o r s and this has s t imulated the 
well known work of Westcott and c o - w o r k e r s on effective c r o s s - s e c t i o n 
values for we l l -modera ted t h e r m a l r e a c t o r spec t r a . However th is work 
and that of Walker on effective c r o s s - s e c t i o n s for f ission products falls 
outside the scope of the p re sen t review. 
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5.3. EURATOM 

The work of Liskien and Paulsen at CBNM, Geel [15] on (n, p) (n, a) 
and (n, 2n) reactions is essentially a type of compilation but there is a 
possibility that future issues will contain best curves. 

A compilation and evaluation of data related to nuclear energy 
standards has been started by K. Gubernator, also at .Geel. Work is well 
advanced on boron-10 cross-sections from thermal to 1 MeV, including 
particularly the (n, a) cross-section and its branching ratio. The fission 
cross-section of uranium-235 will be considered next. 

5.4. European Nuclear Energy Agency 

Although the ENEA's Neutron Data Compilation Centre at Saclay is 
not concerned with evaluation as such it is expected to play a part in d is
seminating evaluations and in particular to continue the informative work 
of the present paper. 

5.5. France 

The Table gives full details of evaluations of nickel and chromium 
cross-sections made by J. Ravier of Cadarache; later work was carried 
out in conjunction with M. Vastel of Electricité de France, Chatou. 
During recent months these two evaluators have been revising the current 
UKAEA Nuclear Data File for uranium-238, details of which are given in 
the Table. 

5. 6. Federal Republic of Germany 

At the Kernforschungszentrum Karlsruhe J . J . Schmidt has made 
evaluations of cross-sections for several years; parts II (Tables) and III 
(Graphs) of Ref. [16] are well known. Recently several sections of part I 
(Theory and Basis for Evaluated Data) have been prepared and some r e 
visions have been made to Part II. The description of the methods used 
and the detailed derivation is the best we know and provides an excellent 
example for other evaluators to follow. A magnetic tape nuclear data 
library is maintained at Karlsruhe. 

5.7. International Atomic Energy Agency 

As Head of the IAEA Nuclear Data Unit, C.H. Westcott1 organized 
the most comprehensive evaluation of 2200 m/s parameters for fissile 
uranium and plutonium isotopes yet made [17]. 

5.8. India 

The Atomic Energy Establishment Trombay has indicated its interest 
in the neutron cross-section evaluation field, but up-to-date information 
on plans and activities is not to hand. 

i . . 
Dr.C.H. Westcott is now at the Atomic Energy of Canada Limited, Chalk River, Ontario, Canada. 
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5.9. Israel 

Israeli interest in cross-section evaluation is shown in the paper by 
Pazy et al. presented at this Conference [18]. 

5.10. Italy 

At the Centro di Calcólo of the CNEN, Bologna, V. Banzi and co
workers have been active in the evaluation field since 1960 and have de
veloped a number of computer programmes for associated optical and 
statistical model calculations. During recent months Benzi has p re 
pared an evaluation of the cross-sections of copper which is available 
in UKAEA Nuclear Data File format. 

5.11. Japan 

At JAERI, Tokai-mura, Dr. T. Momota of the Japanese Nuclear Data 
Committee can be addressed for enquiries on cross-section evaluation 
activities. 

5.12. Sweden 

Evaluation work has been undertaken at both the Aktiebolaget (AB) 
Atomenergi and FOA, the Research Institute for National Defence; the 
Table contains appropriate information. Considerable use has been 
made of data from the Karlsruhe, United Nuclear Corporation and UKAEA 
Nuclear Data Libraries. H. Hâggblom- of the AB Atomenergi and 
M. Leimdôrfer of FAO may be consulted. 

5.13. Union of Soviet Socialist Republics 

To an outside observer the approach to cross-section evaluation in 
the USSR appears rather different from that followed in the United States 
and Western Europe. In the well-known book "Group Constants for Nuclear 
Reactor Calculations" [11] the most comprehensive set of group c ross -
sections yet prepared is given. It seems clear from the text that during 
the preparation of this most useful set many cross-section evaluations 
must have been made, although the preferred values of the basic differential 
cross-sections do not seem to have been published. The nearest approach 
to evaluation reports of the type listed in the Table seems to be the various 
editions of the "Handbook on Nuclear Physics Constants for Reactor 
Calculations" by I. V. Gordeev et al. [19]. More recently several bulletins 
of the Information Centre on Nuclear Data containing much work of an 
evaluation nature have been published. These bulletins are available in 
English translation from the IAEA Nuclear Data Unit. 

5.14. United Kingdom 

The UKAEA Nuclear Data Library was designed from its inception 
in 1961 for computer use (an earlier system developed at AWRE had given 
several years previous experience) and many of the processing pro
grammes such as GALAXY and DICE have been operational for several 
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years. At the 1964 Geneva Conference a general account of the data 
system was given [20] which also includes an extensive bibliography of 
reports giving detailed descriptions of the Library format, of the a s 
sociated computer programmes and, of course, the data in use at that 
time. Later references may be found in a short paper presented at the 
Brookhaven evaluation seminar in May 1965 [21]. Much of the data and 
many of the programmes have been widely used in Europe, the United 
States and Australia and many of the ideas were adopted in the ENDF 
concept described by Chernick. Evaluation groups work at Winfrith 
(J .S. Story), Aldermaston (K. Parker) and Risley (W. Hart). The Table 
gives a clear picture of past activities. At present, evaluations aimed 
at improving data on deuterium, boron-10, boron-11, resonance r e 
actions on chromium and nickel, manganese, iron, zirconium, tantalum, 
uranium-235 and plutonium-239 are in various stages of completion. 
The United Kingdom has been very aware of the need for international co
operation in the evaluated neutron cross-section field and has played a 
major role in stimulating such co-operation. 

5.15. United States 

A comprehensive picture of the United States effort in evaluation r e 
quires the consideration of contributions from many laboratories. As 
space is limited we must refer to the Table, and confine this paper to 
information not readily presented there. The Proceedings of the Con
ference on Neutron Cross Section Technology [22] give a recent and more 
detailed account of the American scene. 

(a) Argonne National Laboratory, Argonne, Illinois 

Published work from ANL is mainly in the form of group c ross -
section sets but in Ref. [23] will appear documentation of the data for 
30 nuclides used in a 26-group cross-section set. Davey has made an 
evaluation of fast fission cross-sections. Moldauer has predicted many 
cross-sections particularly using the computer code NEAREX [24]. 

(b) Atomics International, Canoga Park, Calif. 

As in the UK the Atomics International evaluation effort under H. Alter 
is highly computer-oriented and has made considerable use of pro
grammes such as 2 PLUS (non-spherical optical model) and a modification 
of NEAREX. An analysis of resonance parameters and fission and capture 
cross-sections for uranium-233, uranium-235 and plutonium-239 in the 
resonance region will be published [25]. Mechanized evaluation of c ross -
sections is also under study. 

(c) Bettis Atomic Power Laboratory, Pa. 

D.R. Harris and co-workers have devoted most effort to multi-group 
l ibraries, but unpublished evaluations exist below 1 eV for several ele
ments and for hydrogen and oxgyen over a wide energy range. 
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(d) Brookhaven National Laboratory, Brookhaven, N. Y. 

Work at this Laboratory is described in J. Chernick's paper presented 
at this Conference [26]. Much of the laboratory's evaluation effort has 
been concerned with specific problems — optical model calculations, 
analysis of (n, 2n) cross-sections and statistical analysis of resonance 
parameters — rather than with comprehensive evaluations of the type 
included in the Table. 

(e) General Atomic Division, General Dynamics Corporation, San Diego, 
Calif. 

The General Atomic Library consists of sets of evaluated c ross -
sections for almost all elements and includes detailed isotopic values 
for a large number of the elements (see the Table). M.K. Drake and 
D. Matthews are at present working on evaluations for sodium, chlorine, 
potassium, manganese and hafnium. Research on scattering law data 
is being carried out under James Young. 

(f ) General Dynamics, Fort Worth, Texas 

Recent work concerns (n, 2n) cross-sections (by H.G. Carter and 
J .R. Williams) and elastic and inelastic scattering in neptunium, vanadium, 
carbon (by Weston et al.) [27]. 

(g) General Electric, Atomic Products Division, San Jose, Calif. 

Greebler, Hutchins and Aline are preparing plutonium-239 data for 
ENDF/B. 

(h) General Electric, Nuclear Materials and Propulsion Operation, 
Cincinatti, Ohio 

After completing work on tantalum, tungsten isotopes, plutonium-238 
and curium-244, A.Prince has now taken up a post at the Brookhaven Cross 
Section Evaluation Center. 

(i) Knolls Atomic Power Laboratory, Schenectady, N. Y. 

The position is similar to that at Bettis in that many data are available 
only in multigroup form. Specific information may be obtained from 
C.R. Lubitz. Data from Ref. [28] on oxygen-16 has been omitted from 
the references in the Table (but not from the oxygen entries). 

(j) Lawrence Radiation Laboratory, Livermore, Calif. 

The publication of R . J . Howerton's group is well known but full detail 
of the latest evaluated cross-section library covering 50 materials has not 
been published. 
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(к) Los Alamos Scientific Laboratory, Los Alamos, New Mexico 

Dr.Leona Stewart is working on evaluation of deuterium and helium 
cross-sections to parallel the report on tritium [29]. 

(1) Oak Ridge National Laboratory, Oak Ridge, Tenn. 

The composition of multigroup libraries for reactor physics and 
shielding programmes at Oak Ridge are, in general, unpublished. In
formation on the two programmes can be obtained from-C. W. Craven 
and S.K. Penny, respectively. 

(m) Pacific Northwest Laboratory, Hánford, Conn. 

The comprehensive BNWL-CC-325 (3 Volumes) covering 406 isotopes 
is surveyed in the Table. 

(n) United Nuclear Corporation, Washington, D.C. 

United Nuclear Corporation is a major contributor to existing 
evaluations. Available work from E.S. Troubetzkoy's group is described 
in the Table. 

(o) Westinghouse Electric Corporation, Atomic Power Division, 
Pittsburgh, Pa. 

N. Azziz and R. Dannels are completing evaluations for helium-4, 
iron and nickel, and are putting considerable effort into the ENDF/B 
project. 

(p) Westinghouse Electric Corporation, Astronuclear Laboratory, 
Pittsburgh, Pa. 

Recent work by Drawbaugh and Gibson on uranium-235 resonance 
cross-sections is described in a paper presented at this Conference [30]. 
Other evaluation work is covered in the Table. 

Space does not permit the description of smaller efforts at other : 

United States Laboratories and the contribution of several specialist 
information centres. 

An increasing amount of money and effort is being devoted to making 
measurements of neutron cross-sections for use in the development of 
nuclear energy and it is important that more and better neutron c ross -
section evaluations become available so that the data obtained are put to 
maximum use. Indeed the carrying out of a full evaluation exercise to- : 

gether with the supporting neutronics calculations provides the only real 
criterion for deciding whether existing cross-section measurements meet 
requirements or whether further experimental (and theoretical) work is 
needed. Whilst the ideal state of having evaluated data on all natural 
elements and separate isotopes of many elements together with low 
energy data on the more important compounds is still some time away, 
there is clear evidence of an increasingly organized effort towards this 
desirable goal. 
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DISCUSSION 

D. K. BUTLER: In most cross-section requests made by those engaged 
in fast-reactor calculations the precisions specified for capture and fission 
cross-sections are far better than can be obtained with current experi
mental techniques. Those making such requests do so in the hope that the 
precisions they require for calculating the properties of fast systems will 
one day be attainable. What do you consider to be the accuracy of present 
capture cross-section evaluations for materials such as 238U and iron? 

K. PARKER: The best way of estimating the accuracy with which 
specific capture cross-sections are known is to get a corporate view from 
all the experimenters involved. An evaluator who has to provide many 
cross-sections (capture, fission, scattering, etc. ) cannot generally do 
this. However, the perturbation analysis of integral measurements 
developed at Aldermaston, Bologna, Jerusalem and Obninsk (see papers 
CN-23/15 and CN-23/94) does offer a useful tool in indicating which of a 
number of conflicting experimental values is most likely to be correct. 

J . CHERNICK: You appear to have omitted from your Table a con
siderable amount of valuable data that does not satisfy your criteria of 
completeness. For example, Davey's work at Argonne National Laboratory 
and the work carried out at General Atomic on thermal scattering kernels 
have been excluded because they are concerned with narrow energy ranges 
or particular cross-sections rather than with complete energy ranges and 
all cross-sections. The individual evaluator, however, should be aware of 
such work. 

K. PARKER: The Table is intended for use by those who have to 
perform reactor calculations. However good a particular limited evalu
ation, such as that of Davey on fission cross-sections, it must be combined 
with other data (total, capture and scattering cross-sections, etc. ) before 
it can be used in a reactor calculation. Naturally, evaluators preparing 
files of the type described in the Table are aware of, and make full use of, 
the more specialized, fragmentary evaluations. The Table is intended to 
help reactor designers who may not be knowledgeable in nuclear physics or 
evaluation. 
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Abstract 

INTEGRAL MEASUREMENTS AS SUPPLEMENTARY DATA IN NEUTRON CROSS-SECTION EVALUATION. 
The purpose of this paper is the exact formulation of a method to improve the microscopic cross-section 
evaluation by means of integral data. Considering a function o(E) and a set of functionals of this function 
7ilo], we propose that the function 5(E), which minimizes the quadratic form 

i 
is the best estimate of o(E). 3 is the estimate obtained from the analysis of direct measurements of a, 
До is the standard deviation of a single measurement, and Ayj is the significance attributed to the estimate 
in the interval dE. The y¿ are the experimental values of yilo], and Ayi are their standard deviations. 

Explicit expressions for о and Д о are derived, and various special cases and applications are discussed. 
To illustrate the method, data from a few simple systems are used to correct the appropriate cross-sections. 

1. INTRODUCTION 

Measurements of critical masses and flux distributions in critical 
and subcritical assemblies may be considered as indirect, "integral" 
measurements of the "elementary" nuclear parameters; cross-sections, 
number and spectra of fission neutrons, etc. So far, the information 
obtained by these integral measurements was hardly used in the evaluation 
of the elementary nuclear parameters. The purpose of this paper is 
the exact formulation of a method to improve the microscopic cross-section 
evaluation by means of such integral data. 

To use data from discrete measurements, such as critical mass 
determinations, along with data from direct measurements of nuclear 
cross-sections, which are continuous functions of the energy, the method 
of least squares is generalized. This generalization is applied in 
sections 2, 3 and 4 to improve the microscopic cross-section evaluation 
by means of integral data. In section 5 the method is illustrated by 
means of a simple numerical example. In the concluding section some 
remarks on the practical application of the method are made. 

2. STATEMENT OF THE PROBLEM 

Let us consider a set of physical quantities a¿ (E), the experimental 
estimates of which are 

; . ( E ) ± ^ i (E) 
1 /ш1(Е)ДЕ (2.1) 
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where u^E) is the number of measurements of CTÍ(E) per unit interval 
of E, and each single measurement has an experimental er ror Aa¡(E). 
Circumflexes over symbols denote experimental results. Further, let 
us consider another set of quantities y} , which are functionals of the 
functions cr^E), 

Yj = YjIcME), 0 2 ( E ) , . . . ] = Y j [o (E ) ] (2.2) 

and assume experimental values of these also to be available, so that 

Yj * y ± AÇJ (2.3) 

We assume that the experimental estimates of the functions щ (E) and the 
functionals "Yj [a] have normal distributions, the former with means <T¿(E) 
(the true, unknown functions) and standard deviations AO-^cj^EjAE)"1/2, 
and the latter with means y¡ [a] and standard deviations Д ^ . 

Using this assumption, the probability of simultaneously obtaining 
the experimental estimates &i and y¡ is 

P = С exp {-^/[£JÍ5L¿li5L )2и ( E , d E - j l [ I l Î5b î l ]2} 
i*- До±(Е) •} ày. v * ' 

The improved estimate of the functions considered consists of those 
functions (Ti(E), for which the probability P is maximal. This is the 
fundamental proposition of the least-squares principle. Thus, the 
functions CTJ(E) for which we are looking, should minimize the quadratic 
form 

Q • U r ^ y - ^ ^ h ^ C E j d E ^ l l i i l L J l ] 2 (2.5) 
i A O Í < E ) 1 j д ^ 

The functions wi(E) were introduced as the densities of the differential 
measurements of the cri(E). It is now clear that they may be interpreted 
more generally as the over-all significance, the relative weights, 
attributed to the estimates âi(E). These weights are not necessarily just 
the densities of measurements; other considerations might be invoked 
in assessing the experimental estimates. If, for example, a given 
cross-section is constant within a certain energy interval, or of a 
known functional form, and is well measured around one energy value, 
then its estimated values at other energies should be just as reliable, 
even though there might be no experimental results available for. these 
other energies. 

Therefore, we shall henceforth consider the functions ui (E) to be 
the relative weights of the experimental estimates ôi{E), as determined 
by all pertinent information. 

3. FORMAL SOLUTION OF THE GENERAL PROBLEM 

We shall treat the problem of improving the direct estimate of one 
function, using experimental data on N of its functionals, and then 
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demons t ra te that the gene ra l p rob lem, with s e v e r a l functions, can always 
be reduced to th is c a s e . 

We a r e thus seeking that function cr(E), which min imizes the 
quadra t ic form 

Q = [ ° ( E ) : ; ( E ) ] M E ) d E + [ [ Y i t ! ] - Y v 
Да(Е) i = l ÛY. 

(3.1) 

It will be convenient to choose the square root of the in tegrand in 
E q . ( 3 . 1 ) 

f (E) = °<E).-°<E> /¿m 
До(Е) 

(3 .2) 

as our unknown function. We shal l a lso introduce the functional 
der iva t ives Di(E) of the functionals 7i[cr]. These der iva t ives a r e 
defined, as usua l , by the re la t ions 

6 y i = / D i i E ) 6 a ( E ) d E (3 .3 ] 

Then, by E q s . (3. 2) and (3. 3), 

У<1о] = V.- lh+fD. ( E ) ^ l E l f (E)dE 

and the quadrat ic form (3.1) may now be expressed as 
N 

Q = / f 2 ( E ) d E + I [fG. (E)f ( Е ) а Е - С ± ] 2 

where 
i = l 

D, (E) 
С±(Е) = 

ày. 

Ao(E) 

/шПГ 

C i « 
Ï J - Y - [ а ] 

A Y i 

The var ia t ion of Q with r e spec t to f(E) i s 

N 

(3.4) 

(3.5) 

(3.6) 

ÔQ = 2 j { f ( E ) + J [ ^ ( E ' J f ( E ' ) d E , - C i ] G i ( E ) } 6 f (E)dE (3.7) 

F o r that f(E) which min imizes Q, th is var ia t ion vanishes for any 
a r b i t r a r y 6f(E). The function we a r e looking for i s the re fo re the 
solution of the in tegra l equation 

N N 
f ( E ) + / j ; G i ( E ) G i ( E ' ) f ( E ' ) d E ' = £ С ± С 1 (Е) 

i - 1 i = l 
(3.8) 

This is a s y m m e t r i c F redho lm equation with a degenera te ke rne l . As 
long as +1 is not an eigenvalue of the homogeneous equation 
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N 
f (E)+A/ l G. (E)G. ( E ' ) f ( Е ' ) а Е 1 = 0 (3.9) 

i = l 1 X 

and this is indeed the case in a l l p r a c t i c a l calcula t ions , Eq. (3. 8) can be 
solved by the usual p rocedure . 

t o solve Eq. (3.8) we first define 

х ± = G i - / G i ( E ) f ( E ) d E 

A i j = / G ^ E J G .(E)dE 
(3.10) 

With these notations Eq. (3.8) can be rewr i t t en as 

N 
f (E) = I x . G . (E) (3.11) 

j = l => 3 

which, on multiplying by Gi(E), and integrat ing over E, becomes 

N 
X i + £ A i j x j = Ci (3-12) 

The solution of the in tegra l Eq. (3.8) thus reduces to that of a sys t em 
of N l inear equation. By solving Eq. (3. 12) for the xit and substi tuting 
the resu l t in Eq. (3.11), we obtain 

N 
f 

where the m a t r i x В is 

(E) = l_ G±(E) (B 1 ) i j C j (3.13) 
3-rj—1 

B i j - 6 i j + A i j < З Л 4 > 

and the improved es t imate of cr(E), by definition (3. 2), is 

г А ~ /хм i 2 N D . ( E ) 
F(E) = о(Е) + [ Л ° Е ] I - ^ s — ( B ' M i . C . (3.15) 

Ш ( Е ) , i , j = l A Y i
 1 D D 

In actual applicat ions, however, functionals may depend on 
s e v e r a l functions, r a t h e r than one. The in tegra l quantit ies that we 
propose to employ, to improve d i rec t neutron c r o s s - s e c t i o n s e s t ima t e s , 
a r e prac t ica l ly functionals of the fission, capture , inelas t ic sca t te r ing 
and e las t ic Scattering c r o s s - s e c t i o n s , and the average number í7(E) 
of neutrons emit ted p e r fission induced by a neutron of energy E. There 
a r e actually as many se t s of these functions as the number of isotopes 
of which the sys tem under considerat ion is composed. 

We shal l refer to all these functions as c r o s s - s e c t i o n s and denote 
them by a^(E) , where j = 1, 2, . . . , 5 a r e the types of the functions, in 
t he i r o rde r above, and m= 1, 2, . . . , M indicate the var ious isotopes 
composing the sys tem, M being the i r total number . 

The effective energy range of all c r o s s - s e c t i o n s (in the context 
of r eac to r physics) is finite, 0 £ E £ E m a x ( ^ l O M e V ) . We may therefore 
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combine the 5M c r o s s - s e c t i o n s , and construct a genera l ized single 
c r o s s - s e c t i o n for each sys tem, defined over the energy range 
0^ E ^ 5MEraax by 

0(E) = 4 ( E - ( 5 m + j - 6 ) E m a x ) . . . ( 5 i n + j - 6 ) E m a x . E < ( 5 m + j - 5 ) E m a x (3.16) 

Our p rob lem in the genera l case of functionals depending on s eve ra l 
functions, thus r educes to the case of functionals of just one function. 

The definition (3. 16) may now be uëed to exp re s s our r e su l t s in 
t e r m s of the s epa ra t e components a^ (E) of the genera l ized c r o s s - s e c t i o n . 

Introducing the obvious modifications in the definitions, i . e . DiJ
m(E) 

i s defined by the re la t ion 

( 6 Y J ¿ = Ы (E)6o-j(E)dE (3.17) 
^ i m J îm m 

and 

i D L ( E ) ДУ(Е) G? (E) = —НИ m (3.18) 
/шТ(Е) А У ± 

we obtain 

aim = Ô i (E) + C A ° m ! E ) ] 2 ? D i m ( E )
 ( B - i ) . . c . (3.19) 

ш^(Е) i , k = l hyL 

where now the m a t r i x A is given by 

A.v - Я ? G L ( E ) 6 k m ( E ) d E i3 '2 0) 
l k j=l m=l 

and the ma t r i x В is defined by Eq. (3. 14) with this A. 
Finally, some r e m a r k s concerning the p a r a m e t e r s used in the 

above theory a r e perhaps worthwhile. To apply our theory we need 
exper imenta l data on the d i r ec t l y -measu red c r o s s - s e c t i o n s and on the 
in tegra l quant i t ies , as well as means and methods to calculate the 
in tegra l quanti t ies and the i r functional der iva t ives . 

The in tegra l quanti t ies and the i r functional der iva t ives can be 
calculated, in pr inc ip le , within any des i red accuracy . This is usual ly 
done by solving the t r anspor t equation numer ica l ly and using per tu rba t ion 
methods to obtain the functional der iva t ives . 

As to the exper imenta l data, the only important data miss ing is the 
c r o s s - s e c t i o n e r r o r function ACT(E)/N/W(E), which plays an e s sen t i a l ro le 
in our theory . The only information that we do p o s s e s s is some crude 
es t imate of the re la t ive e r r o r s of individual c r o s s - s e c t i o n m e a s u r e m e n t s . 

This information is conveniently given in t e r m s of the re la t ive 
e r r o r function /3(E) defined by 

A g ( E ) = B(E)Ô(E) (3.21) 
/ш(Е)ДЕ 

Obviously, according to what has just been mentioned with r e spec t to the 
so r t of information we have about the re la t ive e r r o r function, j3(E) is 
actually a "s tep function", i . e. p iecewise constant . 
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4. THE MULTIGROUP APPROXIMATION 

As we have just mentioned, we need experimental data on the 
directly-measured cross-sections and the integral quantities, and 
means and methods to calculate the integral quantities and their 
functional derivatives. 

The integral quantities and their functional derivatives are usually 
calculated in a multigroup approximation. It seems, therefore, worth
while to formulate a corresponding multigroup approximation of the 
theory which was developed in the previous section. 

The multigroup approximation is based on the assumption that the 
true cross-sections can be replaced by appropriate fictitious cross-
sections, which are piecewise constant functions, i. e. constant within 
each energy group. 

With such an approximation, it seems meaningless to correct the 
с ros s-section in greater detail. In other words, if the corrected 
с ros s-sections are given by 

o±(E) = [l+p i(E)]o i(E) (4.1) 

then the functions pi(E) can be estimated significantly only as piecewise 
constant functions, constant within each energy group. 

For simplicity let us consider in this section only the case of one 
cross-section. The generalization elaborated at the end of section 3 
applies to the present case as well. 

Let us therefore assume that we use the multigroup approximation 
with group boundaries defined by the energies: 

0 = E0<El<...<EG = Emax (4.2) 

The function p(E) is constant within each energy group, 

P(E) = P g . . . . Eg_1iE<Eg (4.3) 

and the quadratic form (3. 1) to be minimalized is transformed to 

G m y. [a]-y. 

g = l ч i=l Ay. 
(4.4) 

with 

Defining 

u(E)dE 
( A o ( E ) / o ( E ) ) 2 

V l 

(4.5) 

G i g = 
A Y i 

D i ( E ) a ( E ) d E (4.6) 
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we obtain the following set of l inear equations 

N G N 
f „ + l У G. G. , f , = У C G . (4.7) 

5 i = l g ' = l i g i g g i=l X i g 

This set of equations is the d i sc re te analogue of Eq. (3.8), and i t s 
solution is obtained in the same way. Thus , 

o"(E) = (1+p )o (E) E ,*E<E (4.8) 

where p„ is given by 

N 
p = 3 У С ( В - 1 ) . .С . (4.9) 

g g i , D = l l g 1 3 D 

The constants Cj a r e defined by Eq. (3.6), and В = I+A where 

G 
A. . = У G. G. (4.10) 

ID g £ x i g зд 

It should be noted that the number G of energy groups used in 
E q s . (4. 2) to (4.10), can be any number l e s s than or equal to the number 
G' of energy groups used in the calculation of the in tegra l quanti t ies and 
the i r der ivat ives dyi/d(r . The quanti t ies Gjg defined by Eq. (4. 6) a r e 
actually a lso calculated by a mult igroup approximation and a r e thus 
approximated by 

о В ду.(o_) 
G i g * " T * . - * (4.11) 

У Л Ч Эод 
he re yi (o%) is a function (and not a functional) of a finite number of 
group constants ô . 

5. A NUMERICAL EXAMPLE 

The purpose of the following numer i ca l example is m e r e l y to show 
how the theory developed in the previous sect ions works . In th is sample 
calculation we used only a s m a l l number of in tegra l m e a s u r e m e n t s and 
a very crude approximation of the important re la t ive e r r o r function, /3(E). 

All the in tegra l data used in our sample consis t of s ix c r i t i c a l m a s s 
m e a s u r e m e n t s . The e s sen t i a l information on these data is s u m m a r i z e d 
in Table I. 

The differential data used in the following example a r e a l l taken 
from the c r o s s - s e c t i o n compilat ion of Schmidt [3]. 

The c r i t i ca l p a r a m e t e r y, which we used in our ca lcula t ions , is 
defined by the t r an spo r t equation 

[ÏÎ-V+ l п т ( х ) а ^ ( Е ) Ж х , Е г £ ) = 
m ' i (5.1) 
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TABLE I. CRITICAL ASSEMBLIES, ENRICHED URANIUM CORE, 
NATURAL-URANIUM REFLECTOR 

Critical Density of Enrichment Thickness Density of 
Name Mass Core Alloy of Core of Reflector Ref. 

(Kg U-235) (g /cm3) (%) Reflector (g /cm3) 
(cm) 

Ul 

U2 

из 
U4 

U5 

U6 

48.8 

34.0 

24.9 

19.2 

18.55 

16.65 

18.75 

18.75 

18.75 

18.75 

18.75 

18.62 

93.9 

93.9 

93.9 

93.9 

93.9 

93.2 

— 

1.77 

4.47 

8.94 

9.96 

18.11 

— 

19.0 

19.0 

19.0 

19.0 

19.0 

1 

2 

2 

2 

2 

2 

with the condition that no neutrons enter the system from without. The 
summation over д ranges from 1 to 4 (see the definition in section 3), 
and that over m from 1 to M, the number of isotopes of which the • 
system is composed. The nm(x) are number densities of the various 
isotopes, and T^ (E1, fi'; E, Œ) are transfer kernels of neutrons with 
energy E" and direction of flight £V, to neutrons of energy E and 
direction of flight Í2. 

The critical parameter 7, and the functional derivatives of 7 with 
respect to the cross-sections, were calculated by the Sg method of 
Carlson [4], using a 16-group approximation. The initial values of 7, 
as well as the values of 7 calculated after the correction of the cross-
sections are given in Table II. 

The cross-sections in the present example were corrected using 
three energy intervals. The correctors (correcting-factors) p for 
235U and23** U are given in Tables III and IV. 

TABLE II. VALUES OF CALCULATED 7 BEFORE AND AFTER 
THE CORRECTION OF THE CROSS-SECTIONS 

Experimental (у-1)*Ю00 with (y-D xlOOO with 
Name Error: Дух1000 i n i t i a l corrected 

(estimated) cross-sect ions cross-sect ions 

Ul 

U2 

из 
U4 

U5 

U6 

1.00 

0.80 

0.95 

1.30 

0.65 

1.40 

-10 .135 

-6 .805 

-3 .494 

- 3 . 3 9 1 

-3 .579 

-4 .854 

0.208 

0.200 

1.124 

0.246 

0.002 

- 1 . 3 
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235i 

Reac t ion Energy i n MeV 3*100 p*100 

.606 3.5 1.340 

Fission 1.606 3.5 .955 

14.000 3.5 1.256 

.606 12.5 -2.595 

Capture 1.606 21.0 -1.035 

14.000 21.0 -.434 

Inelastic 

Scattering 

.606 17 .5 2.009 

1.606 17.5 5.186 

14.000 17 .5 5.865 

Elastic 

Scattering 

.606 8.5 3.445 

1.606 12 .5 4.434 

14.000 17.0 4.675 

.606 3.0 1.341 

Nu 1.606 3.0 .831 

14.000 3.0 1.095 

6. CONCLUDING REMARKS 

As we have a l r eady mentioned at the end of sect ion 3, the new 
es t ima te of the c r o s s - s e c t i o n , which is obtained by our method, 
depends s t rongly on the energy dependence of the e s t ima tes of the e r r o r 
of the m e a s u r e d cross--sect ions , and on the density of c r o s s - s e c t i o n 
m e a s u r e m e n t s . While some es t ima tes for the mean e r r o r can be found 
in c r o s s - s e c t i o n compila t ions , information on the exact energy dependence 
of the mean e r r o r , and especia l ly information on the density of m e a s u r e 
men t s , does not s eem to be eas i ly available, Because of this lack of 
information, we have to be sat isf ied with a crude cor rec t ion of the c r o s s -
sec t ions , usually in the form of cor rec t ing factors over l a rge energy 
in te rva l s . The phys ica l significance of such cor rec t ions is somewhat 
doubtful. 

Never the less , the p resen t method is s t i l l of g rea t p r ac t i c a l 
impor tance , s ince it p rovides us with an algori thm for calculating c r o s s -
sect ion se t s , which a r e consis tent with the direct m e a s u r e m e n t s and 
the in tegra l m e a s u r e m e n t s on many c r i t i ca l s y s t e m s , as was i l lus t ra ted , 
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TABLE IV. CORRECTORS FOR 238U 

Reaction 

Fission 

Capture 

Inelastic 

Scattering 

Elastic 

Scattering 

Nu 

Energy in MeV 

.606 

1.606 

14.000 

.606 

1.606 

14.000 

.606 

1.606 

14.000 

.606 

1.606 

14.000 

.606 

1.606 

14.000 

exioo 

3.5 

3.5 

3.5 

12.5 

21.0 

21.0 

17.5 

17.5 

17.5 

8.5 

12.5 

17.0 

3.0 

3.0 

3.0 

pxlOO 

.000 

.020 

.090 

-10.269 

-2.636 

-.419 

-4.308 

-5.228 

-12.635 

-2.589 

-7.855 

-3.388 

.000 

.023 

.180 

for example, in Table II. We assume that such a set will be consistent 
even with integral measurements which were not considered in the 
evaluation, but do not differ significantly from those integral measure
ments considered in the evaluation. This assumption is confirmed by 
some preliminary calculations which we have performed. 

The cross-sections obtained by the least-squares fitting can thus 
be considered as universal effective cross-sections for reactor calcu
lations, provided that one uses one and the same method for critical 
calculations in the least-squares evaluation of the effective cross-sections 
and in the calculation of further reactor systems. 

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

The authors wish to thank Mr. D. Samoucha for performing the 
numerical calculations. 



CN-23/15 319 

R E F E R E N C E S 

[1] Reactor Physics Constants, Rep. ANL-5800 (1963) 585. 
[2] PAXTON, H .C . . Los Alamos critical mass data, Rep.LAMS-3067 (1964). 
[3] SCHMIDT, J .J . , Neutron cross sections for fast reactor materials, Rep. KFK-120 (1962). 
[4] CARLSON, B.G., BELL, G.I . , Solution of the transport equation by the Sn method, Proc. 2nd UN Int. 

Conf. PUAE 16 (1958) 535. 





ТОЧНОСТЬ РАСЧЕТА ХАРАКТЕРИСТИК 
РЕАКТОРОВ В ЗАВИСИМОСТИ ОТ 
ТОЧНОСТИ ЭЛЕМЕНТАРНЫХ КОНСТАНТ 
Л . Н . У С А Ч Е В 
ФИЗИКО-ЭНЕРГЕТИЧЕСКИЙ ИНСТИТУТ,ОБНИНСК 
С.М.ЗАРИЦКИЙ 
МОСКОВСКИЙ ИНЖЕНЕРНО-ФИЗИЧЕСКИЙ ИНСТИТУТ, 
МОСКВА СССР 

Abstract — Аннотация 

THE ACCURACY OF CALCULATIONS OF REACTOR PARAMETERS AS A FUNCTION OF THE ACCURACY 
OF ELEMENTARY CONSTANTS. The paper describes an effective procedure for evaluating elementary 
constants from the viewpoint of their effect on various reactor parameters. This procedure has been developed 
on the basis of the perturbation theory evolved in a number of studies by two of the authors of this paper. 
This theory contributes linear relationships which link variations in elementary constants with the reactor 
parameter under consideration. The coefficients of these linear relationships are calculated by the method 
set forth in the studies. Storage in the memory of an electronic computer of the matrices of these coefficients 
for various reactor parameters and for an entire set of fast neutron reactors makes it possible, while operations 
are going on, to check the effect of different changes in the constants on variations in reactor parameters 
which are known experimentally. ' 

In this way, new data on elementary constants can be evaluated during operation from the point of 
view of agreement between reactor calculations and experiment. Also, the required accuracy of the 
elementary constant measurements can be indicated in a simple manner, on the basis of the desired accuracy 
of the reactor parameter calculations. 

The paper gives tables for the above-mentioned perturbation theory coefficients in respect of various 
parameters measured on a number of ZPR-3 critical assemblies and also for a typical fast neutron power 
reactor. Examples are given of using these coefficients to solve the problems involved. 

ТОЧНОСТЬ РАСЧЕТА ХАРАКТЕРИСТИК РЕАКТОРОВ В ЗАВИСИМОСТИ ОТ Т О Ч 
НОСТИ ЭЛЕМЕНТАРНЫХ КОНСТАНТ. Описывается эффективная процедура, употребляе
мая для оценки значений элементарных констант с точки зрения их влияния на различные 
характеристики реакторов . Указанная процедура разработана на основе теории возмуще
ний, развитой в ряде работ авторов доклада . Эта теория возмущений дает линейные 
соотношения, связывающие вариации элементарных констант и рассматриваемого р е а к 
торного параметра . Коэффициенты этих линейных соотношений рассчитаны по р а з р а 
ботанной в упомянутых работах методике . Хранение в памяти электронно-вычислительной 
машины матриц этих коэффициентов для различных параметров реактора и целого набора 
реакторов на быстрых нейтронах дает возможность оперативно проверять влияние тех или 
иных изменений в константах на вариации значений реакторных параметров , известных 
экспериментально. 

Таким образом, появляется возможность оперативно оценивать новую информацию 
по элементарным константам с точки зрения согласия реакторных расчетов и экспери
м е н т а . Кроме того , становится возможным просто указать необходимую точность и з м е р е 
ний элементарных констант, исходя из желаемой точности расчета реакторных х а р а к т е 
ристик. 

В докладе приводятся таблицы упомянутых выше коэффициентов теории возмущений 
для некоторых параметров , измерявшихся на ряде критических сборок Z P R - 3 , a также для 
типичного энергетического реактора на быстрых нейтронах. Даются примеры решения 
указанных выше задач с использованием этих коэффициентов. 

В данном докладе рассматривается вопрос о возможности систе 
матического использования результатов макроскопических реакторных 
экспериментов при выработке рекомендуемых значений констант, а так -

321 



322 УСАЧЕВ и ЗАРИЦКИЙ 

же вопрос об оценке погрешностей, которые могут быть в характеристи
ках реактора вследствие неопределенностей в ядерных данных. 

1 . ИСПОЛЬЗОВАНИЕ РЕЗУЛЬТАТОВ ИНТЕГРАЛЬНЫХ ЭКСПЕРИМЕН
ТОВ ПРИ ВЫРАБОТКЕ РЕКОМЕНДОВАННЫХ ЗНАЧЕНИЙ 
ЯДЕРНЫХ ДАННЫХ 

Обычно проверка рекомендованных для расчета реакторов значений 
ядерных данных состоит в том, что с их помощью проводится расчет р а з 
личных параметров, измеряемых на критических сборках и в других ин
тегральных экспериментах. При этом чаще всего дело ограничивается 
констатацией полученных расхождений между экспериментом и расчетом, 
на основании чего делается вывод о той или иной степени пригодности 
этих констант для расчета реакторных систем, аналогичных рассмотрен
ной. Результаты такого частного сравнения, как правило, не использу
ются для внесения каких-либо изменений в систему констант. Надо от
метить , что при создании известной 26-групповой системы констант [ 1 ] , 
разработанной под руководством покойного профессора И .И.Бондарен-
ко, были использованы имевшиеся в то время результаты некоторых 
характерных макроскопических опытов. В результате эта система кон
стант позволяет, например, достаточно точно вычислять эффективный 
коэффициент размножения kef и критическую загрузку быстрых реак
торов на обогащенном уране [2] , [3] . 

Что же касается других параметров, измеряемых на критических 
сборках, то они описываются существенно хуже, что свидетельствует 
о необходимости уточнения рекомендованных значений констант. 

Мы хотим обратить внимание на метод, основанный на использова
нии теории возмущений [3 — 6 ] , который позволяет проводить система
тическую работу по улучшению констант с использованием совместно 
результатов как микроскопических, так и интегральных экспериментов. 
Речь идет о том, каким образом должны быть представлены результа
ты интегральных экспериментов для того , чтобы они могли быть эффек
тивно использованы для выработки рекомендованных констант. 

Проиллюстрируем это на примере обработки результатов критичес
ких опытов на сборках ZPR-II I , моделирующих реакторы на быстрых ней
тронах с урановым топливом. Эти опыты были проанализированы Дэви 
[ 7 ] , который внес в экспериментальные результаты целый ряд попра
вок, к счастью, небольших, позволивших построить идеализированные 
модели, поддающиеся расчету. Поправки учитывали несферичность фор
мы, изломанный характер поверхности сборки, гетерогенность и т . д . 
В константах, используемых для расчета этих моделей, учитывается 
резонансная самоэкранировка сечений при данном составе сборки [2] . 
В результате значения kef, полученные в расчете по константам [ 1 ] , 
отличаются от единицы в среднем на 1,5% , но не более чем на 3% [2] . 

Наше предложение состоит в том, что после такой тщательной иде
ализации эксперимента следует использовать теорию возмущений, р а з 
витую для различных характеристик реакторов в цитированных выше 
работах [3 —6] . В соответствии с этой теорией изменение любого па
раметра X, измеряемого на критической сборке и являющегося либо от 
ношением интегралов по потокам нейтронов, т . е . отношениями чисел 
различных процессов, либо отношениями интегралов от произведения 

21* 
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потоков и ценностей нейтронов, т . е . реактивностями образцов, време
нем жизни мгновенных нейтронов и т . д . , может быть выражено через 
изменения констант следующим простым образом: 

ДХ/Х= E .x a J —-£- m 
' aflj в a«J {1> 

в 
Здесь а — индекс изотопа, /3 — индекс вида сечения, j — номер энергети
ческой группы. В цитированных выше работах приведены формулы для 
коэффициентов x " i . Вычислив однажды эти коэффициенты для каждой 
сборки и для всех измеренных на ней характеристик, можно проводить 
эффективную и целенаправленную работу по улучшению рекомендованных 
значений к о н с т а н т а ^ , добиваясь наилучшего согласия эксперименталь
ных и расчетных характеристик всех имеющихся сборок. 

Покажем, как это можно сделать , на примере двух сборок ZPR-III: 
Ш 11 (загрузка урана-235 240,6 кг , обогащение 11,8%, объемная доля 
топлива 81,2%) и № 29 (420,7 кг , 33,3% и 15%, соответственно) . Р а с с м о т 
рим такой плохо описываемый параметр, как время жизни мгновенных 
нейтронов 1. В табл .1 и 2 приведены вычисленные нами коэффициенты 
формул (1) k"J и lgj , описывающие зависимость Akef /k ef и Д1/1 от и з м е 
нений сечений поглощения стс и деления Of , а также от изменения числа 
вторичных нейтронов деления v для урана-235 и урана -238 . Характер
ным для времени жизни является то , что расчетная величина его чувст
вительна к абсолютным значениям сечений, тогда как, например, для 
коэффициента размножения kef, в основном, существенен лишь их отно
сительный ход. Экспериментальные значения 1 равны 7,0-10"8 сек в 
сборке № 11 и 23,2 10"8 сек в сборке Ш 29, тогда как расчет по констан
там [1] дает 5,94*10"8 сек и 19,1-Ю"8 сек, соответственно [2] . Расчет 
показывает , что основной вклад в 1 в этих сборках вносят нейтроны 
активной зоны, энергия которых лежит в интервале от 2 — 3 кэв до 
3 - 4 Мэв . 

Проявившиеся недавно результаты измерений сечения деления ура
на-235 в области от 40 до 505 кэв [ 8 ] , которые хорошо согласуются с 
рекомендованными значениями из атласа [ 9 ] , лежат ниже, чем значе
ния о?35 , принятые в системе констант [1] . Если исходить из этих р е 
зультатов , групповые сечения деления урана-235 следует уменьшить 
примерно так, как указано ниже: 

Ш группы 6 7 8 9 

Интервал, Мэв 0 , 4 - 0 , 8 0 , 2 - 0 , 4 0 , 1 - 0 , 2 0 , 0 4 6 5 - 0 , 1 

Д 0-235 /<7f235 , % - 6 - 7 - 12 - 15 

m группы 10 11 12 

Интервал, Мэв 0 ,0215 -0 ,0465 0 , 0 1 0 - 0 , 0 2 1 5 0 ,00465-0 ,010 

A a f 5 /a f
235 , % - 1 7 - 20 - 22 

Кроме того , последние измерения числа нейтронов спонтанного деления 
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ТАБЛИЦА 1. КОЭФФИЦИЕНТЫ ФОРМУЛЫ (1) ДЛЯ СБОРКИ ZPR-III № 11 (-103) 

]^xi 
к235 

К235 

к235 

к238 

~238 
Kf 
~238 

-,235 
•le 

•]23S 
f 

l235 
•L V 

•,238 

i238 
1f 
l238 

1 

000 

002 

003 

000 

007 

015 

000 

-004 

-006 

000 

-018 

-028 

2 
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-014 
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000 

012 

020 

-001 
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000 

-030 

-040 

001 
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-150 

4 

-001 
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037 

-006 
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001 

-050 

-071 
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-217 
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-018 

007 

009 

001 

-112 

-124 

008 

-015 

-016 

6 

-006 
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-043 

001 
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-215 

005 

7 

-010 
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-054 

005 

-253 

-223 

-041 

8 

-011 
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-053 

-015 
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-046 

-087 

9 

-009 
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-045 

-021 

-017 
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-124 
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-005 
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-021 

-022 

028 

086 

-094 

11 

-001 

005 

008 

-003 

-008 

014 

031 

-026 

12 

000 

000 

001 

000 

- 001 
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005 

-003 

13 

000 

000 

000 

000 

000 

000 

000 

000 

14 

000 

000 

000 

000 

000 

000 

000 

000 

15 

000 

000 

000 

000 

000 

000 

000 

000 

16 

000 

000 

000 

000 

000 

000 

000 

000 

17 

00 

00 

00 

00 

00 

00 

00 

00 

18 

00 

00 

00 

00 

00 

00 

00 

00 

Сумма 

-045 

495 

745 

-244 

157 

256 

-069 

- 756 

-564 

-355 

-379 

-486 



ТАБЛИЦА 2 . КОЭФФИЦИЕНТЫ ФОРМУЛЫ (1) ДЛЯ СБОРКИ ZPR-III № 29 (-Ю3) 

^ ^ 
к235 

v235 Kf 
К235 

к238 

v238 Kf 
к238 

i235 х с 
т235 

•,235 1v 
i238 

п238 1f 
-,238 

1 
000 
002 
002 
000 
003 
005 
000 

-004 
-005 
000 

-007 
-009 

2 
000 
006 
009 
000 
009 
014 
000 

-014 
-017 
000 

-023 
-028 

3 
000 
014 
021 
000 
020 
031 
000 

-033 
-042 
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-048 
-063 

4 
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045 

-002 
034 
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001 
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003 
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-104 

5 
-002 
040 
063 

-008 
002 
004 
002 

-101 
-119 
006 

-006 
-007 

6 
-006 
068 
П О 

-017 

003 
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-195 
008 

7 
-010 
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142 

-024 

004 
-209 
-225 
003 
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-014 
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-029 

-002 
-192 
-184 
-010 

9 
-017 
081 
141 

-035 

-013 
-160 
-115 
-033 

10 
-015 
053 
094 

-022 

-024 
-082 
-018 
-040 

11 
-014 
040 
073 

-015 

-039 
-030 
059 

-045 

12 
-007 
018 
033 

-006 

-031 
004 
070 

-028 

13 
-003 
007 
013 

-003 

-020 
012 
051 

-017 

14 
-001 
002 
004 

-001 

-009 
008 
026 

-007 

15 
000 
001 
001 

« 000 

-003 
003 
009 

-002 

16 
000 
000 
000 
000 

-001 
000 
001 
000 

17 
00 
00 
00 
00 

00 
00 
00 
00 

18 
00 
00 
00 
00 

00 
00 
00 
00 

Сумма 
-090 
529 
893 

-162 
068 
107 

-132 
-1038 
-792 
-162 
- 167 
-211 

со 
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калифорния-252 [10] указывают на 2%-ное уменьшение этой опорной в е 
личины и, следовательно, на такое же снижение значений v для других 
изотопов. 

Посмотрим, к каким последствиям может привести указанное и з м е 
нение величин <т235 , 1/235 и 1/238 . При этом будем считать а235 = сг235 / а^ 3 5 

неизменной [ 1 ] , [ 9 ] , то есть соответственно уменьшению а_235 уменьшим 
и а | 3 5 . Уменьшение размножения нейтронов скомпенсируем уменьшени
ем сечения захвата в уране-238, поскольку это сечение сильно влияет на 
kef и в то же время в экспериментальных значениях этой величины на
блюдается значительный разброс . Пользуясь данными табл .1 и 2, а т а к 
же учитывая превышение расчетного значения kef на 2,6% для сборки 
N9 29 [ 2 ] , нетрудно получить, что для приведения kef к единице надо 
уменьшить а238 на 22% и 23% для сборок № 29 и Ni 11 , соответственно. 
Отметим, что такое уменьшение также находится в согласии с резуль 
татами последних весьма тщательных измерений, выполненных в сфери
ческой геометрии [11] . Из таблиц 1 и 2 видно, что все эти изменения 
констант действуют в сторону увеличения расчетного значения времени 
жизни. Расчеты по формуле (1) показывают, что увеличение 1 в случае 
сборки Ni 11 составит при этом 15%, а в случае сборки Ш 29 17%, в р е 
зультате чего согласие с экспериментом существенно улучшится. О т 
метим кстати, что в пользу изменения констант в указанную сторону 
говорят и имеющиеся расхождения в таких характеристиках, как и з м е 
нения реактивности, возникающие при помещении в сборку образцов 
урана-235 и урана-238 . Отношение измеренной реактивности урана-235 
к вычисленной составляет 0,891 и 0,947 для сборок Nill и Ш29, соответст 
венно; те же отношения для урана-238 равны 0,811 и 0,889 [2] (реактив
ность, вносимая ураном-238, отрицательна). 

На этом примере мы показали, как результаты интегрального экспе
римента выступают в поддержку наметившейся тенденции изменения 
микроскопических ядерных данных. Окончательное суждение по поводу 
сделанного выше изменения рекомендованных констант из 26-группо-
вого набора [ 1 ] , можно будет сделать только после более детального 
анализа всех имеющихся экспериментальных работ по of35 и а238 и, ко 
нечно, после проверки этих изменений на всех параметрах всех извест 
ных быстрых сборок. 

Хранение в памяти электронно-вычислительной машины матриц всех 
коэффициентов x f для всех сборок даст возможность оперативно про
верять совместимость тех или иных изменений в ядерных данных с и з 
вестными результатами экспериментов на критических сборках. Варьи
руя при этом ядерно-физические константы в пределах разброса экспе
риментальных данных, можно будет подбирать рекомендованные значе
ния этих констант. 

Нам представляется, что результаты любого макроскопического 
эксперимента в физике реакторов должны аналогичным образом обраба
тываться с помощью теории возмущений. Только в этом случае эти 
эксперименты могут сыграть свою роль при выработке рекомендован
ных значений констант . 
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2. ОЦЕНКА НЕТОЧНОСТИ В КРИТИЧЕСКОЙ ЗАГРУЗКЕ 
И КОЭФФИЦИЕНТЕ ВОСПРОИЗВОДСТВА ПЛУТОНИЕВОГО 
БРИДЕРА ИЗ-ЗА НЕОПРЕДЕЛЕННОСТИ В КОНСТАНТАХ 

Выясним теперь, как повлияют рассмотренные выше изменения в 
константах урана-238, а также возможные изменения в константах 
плутония-239, на характеристики типичного энергетического реактора 
на быстрых нейтронах. Эти изменения соответствуют разбросу между 
рекомендованными 26-групповыми константами [1] и наиболее далеко от
стоящими от них экспериментальными данными, появившимися в самое 
последнее время . 

Рассмотрим реактор с топливом в виде смеси U 0 2 и P u 0 2 и натри
евым охлаждением. Объем активной зоны 1800 л , загрузка плутония-239 
740 кг , относительная концентрация плутония в топливе 11,6%, объемные 
доли топлива, натрия и стали составляют 50, 33 и 17%, соответственно. 
Начальное значение коэффициента воспроизводства (KB) равно 1,57. В 
таблице 3 приведены коэффициенты формул (1) кФ и т ^ , позволяющие 
вычислить изменения kef и KB данного реактора при изменении <тс, а$ и 
v плутония-239 и урана-238 . 

Поскольку выше мы, следуя работе [ 8 ] , изменяли сечения деления 
урана-235, то логично рассмотреть возможные изменения af п л у т о 
ния-239, также вытекающие из результатов этой работы. Эти измене
ния констант [1] должны быть примерно следующими: 

Ш группы 

Интервал, Мэв 
д с т 239 / с т 239 ; % 

Ш группы 

Интервал, Мэв 
Д а 239 / С т 239 , % 

6 

0 , 4 - 0 , 8 

- 5 

10 

7 

0 , 2 - 0 , 4 

- 8 

0 ,0215 -0 ,0465 0,010 

- 3 3 

8 

0,1 - 0 , 2 

- 1 0 

11 

- 0 , 0 2 1 5 

40 

9 

0 , 0 4 6 5 - 0 , 1 

- 21 

12 

0 , 0 0 4 6 5 - 0 , 0 1 0 

- 4 2 

Расчет по формуле (1) с коэффициентами из таблицы 3 дает , что kef 
указанного реактора уменьшается при этом на 4,4%. Для компенсации 
такого уменьшения kef критическая загрузка реактора должна быть у в е 
личена примерно на 8%. Расчетное значение KB снижается на 5,6%. 
Однако темп расширенного воспроизводства плутония определяется вели
чиной (KB-I), которая в этом случае уменьшается примерно на 15%. 

Таким образом, мы видим, что указанные изменения в сечениях при
водят к весьма заметным изменениям основных характеристик энергети
ческого быстрого реактора на плутониевом горючем. Эти изменения м о 
гут служить оценкой возможных погрешностей при расчете этих пара
метров, таких погрешностей, которые обусловлены неопределенностью 
в значениях ядерно-физических констант. 

В заключение мы выражаем свою искреннюю благодарность Н . О . Б а -
зазянц и М.Ф .Троянову, оказавшим нам большую помощь в работе над 
докладом. 
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ТАБЛИЦА З . КОЭФФИЦИЕНТЫ ФОРМУЛЫ (1) ДЛЯ ПЛУТОНИЕВОГО 
РЕАКТОРА-РАЗМНОЖИТЕЛЯ (-Ю3) 

X i 
к 2 3 9 

v239 K f 

Kg39 

„238 

v 2 3 8 K f 
v 2 3 8 

m 2
c

3 9 

m 2 3 9 

JJJ239 

JJQ238 

m | 3 8 
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002 

000 

005 

007 
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001 

004 

000 

009 

015 

2 

000 

007 

010 

000 

014 

022 
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004 

018 
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027 

043 

3 

000 

015 

023 

- 0 0 1 

029 

047 

000 

007 

041 

000 

057 

095 

4 

000 

031 

046 

- 0 0 4 

048 

079 

001 

014 

082 

000 

098 

161 

5 

000 

035 

050 

- 0 0 9 

003 

004 

- 0 0 2 

017 

0 8 9 . 

002 

005 

008 

6 

- 0 0 2 

069 

097 

- 0 1 8 

- 0 0 9 

031 

174 

005 

7 

- 0 0 3 

079 

112 

- 024 

- 0 1 7 

036 

201 

009 

8 

- 0 0 5 

089 

114 

- 0 3 4 

- 0 2 4 

038 

205 

016 

9 

- 0 0 7 

084 

115 

- 0 4 8 

- 0 3 6 

040 

209 

029 

10 

- 0 0 8 

068 

093 

- 0 4 3 

- 0 4 5 

035 

170 

032 

11 

- 0 0 9 

05 7 

077 

- 0 3 9 

- 0 5 0 

031 

142 

036 

12 

- 0 0 4 

022 

030 

- 0 1 8 

- 0 2 2 

013 

05 7 

019 

13 

- 0 0 2 

010 

013 

- 0 0 9 

- 0 1 0 

006 

025 

011 

14 

- 0 0 4 

017 

024 

- 0 1 5 

- 0 2 1 

012 

046 

018 

15 

- 0 0 7 

020 

030 

- 0 1 2 

- 0 2 7 

017 

058 

015 

16 

- 0 0 1 

003 

005 

- 0 0 2 

- 0 0 5 

003 

010 

003 

17 

00 

00 

00 

00 

00 

00 

00 

00 

18 

00 

00 

00 

00 

00 

00 

00 

00 

Сумма 

- 0 5 2 

608 

841 

- 2 7 6 

099 

159 

- 2 6 7 

305 

1531 

195 

196 

322 
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D I S C U S S I O N 

(on papers CN-23/15 and CN-23/94) 

K. PARKER: I should like to underline the promise of the investi
gations reported by Reiss and Usachev. They offer the possibility of : 

(1) Systematic improvement of existing group cross-section sets 
(2) Systematic attainment of the desired accuracy as a function of 

energy for microscopic cross-section measurements 
(3) Pointers to the choice of preferred data when an evaluator is faced 

with a choice between conflicting microscopic data. 
At Aldermaston, Hemment and Pendlebury have made extensive calcu

lations using a 25-group set of cross-sections. Following transport and 
perturbation calculations on fast critical assemblies, adjustments to group 
cross-sections are calculated, leading to an improved set. 

Full details of the work were given in a paper presented at the Inter
national Conference on Fast Critical Experiments and their Analysis, 
held at Argonne National Laboratory, 10-13 October 1966. 

Figure 1 from that paper shows values of ДВ = В - 1 (В being the 
inverse reactivity) for 25 spherical critical assemblies containing 23^U 
and 238U; the values were calculated using unadjusted cross-sections based 
on an evaluation made in 1962. With perfect cross-section data the calcu
lated values should lie between the horizontal broken lines. 

Figure 2 shows that, after adjustments that are reasonable in relation 
to experimental cross-section er rors , excellent results are obtained; it 
seems clear that the adjusted group cross-sections may be used with 
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Core radius in cm 

FIG. 1. ЛВ as a function of core radius with unadjusted data. 

considerable confidence to calculate similar properties of systems 
analogous to the 25 used. 

Y. REISS: Did Hemment and Pendlebury, in their calculations, make 
corrections to the group constants or to the cross-sections themselves? 

K. PARKER: They made corrections to the group constants. This, 
of course, means that there is no unique answer for the microscopic 
cross-section curves, although you can discern trends. 

Y. REISS: I ask because, if one uses only corrected group constants, 
the fit is not valid for other critical systems. On the other hand, we hope 
that our method of correcting the cross-sections themselves will give a fit 
that can also be used for other critical systems. 

K. PARKER: The crucial point, in my opinion, is whether the systems 
one calculates are sensitive to a particular cross-section; the question as 
to whether one makes corrections to the group cross-sections or to the 
basic microscopic cross-sections is less important. 

I think you are implying that one can use the resulting cross-sections 
with reasonable confidence as an interpolation in the region bounded by the 
system studied, but that one has to be careful when one goes outside it. 

H. GOLDSTEIN: Dr. Reiss, I confess to difficulty in understanding 
the parameter u, "the number of measurements per unit energy interval". 
Does this imply that the measurements are uncorrelated with random 
statistical (but not systematic) er rors? For example, what do you use for 
и when the cross-sections are measured experimentally as a continuous 
function of energy, as in the recent experiments carried out in the 
United States with a nuclear explosion source? 
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FIG. 2. ДВ as a function of core radius after data adjustment. 

Y. REISS: Only the quantity udE has a physical meaning; on its own 
и has none. The reason is that one cannot in any measurement obtain 
infinitely fine energy resolution. In measurements at energy E, 
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Abstract 

CROSS-SECTIONS AND RESONANCE PARAMETERS FOR 235U, Z33U, 239Pu AND шРи BETWEEN 
CADMIUM CUTOFF AND 10 keV. Fission and capture cross-sections between Cd cutoff and 10 keV have 
been evaluated for the fissile isotopes, based on the available experimental differential cross-sections, 
capture-to-fission ratios and total fission and capture resonance integrals. In particular, the recommended 
cross-sections contained in the 19б5 edition of BNL-325 were compared with some other evaluations and 
with more recent results of cross-section measurements using nuclear explosives in space and underground. 

As a result of this evaluation, it is felt that even for the most intensively studied nucleus, 235 U, the 
uncertainties in the fission cross-section are about ±HPlo and in the capture cross-section ±20"7o. For. 239Pu, 
Of is known to ±10% and oc to ±25%. For 233U and M1Pu, the uncertainty in of is ±20% and in oc, ±30%. 

Different sets of resonance parameters for the resolved resonances, which are recommended in BNL-325 
or by other research laboratories, were compared by calculating infinitely dilute total and partial resonance 
integrals. Calculations were performed with the resonance integral code TRIX-1 which was developed at 
Atomics International and is based on the single-level Breit Wigner model. The well-known limitations 
of this model for nuclei, such as the fissile, with narrowly spaced interfering levels result in calculated 
fission resonance integrals, which are 10- 20% too small when compared with integrated measured differential 
cross-sections. This result was found for energy regions where the cross-sections are sufficiently well known 
to make such a comparison possible. 

Average parameters for the unresolved resonances have been extrapolated from resolved resonance 
parameters. Calculated partial resonance integrals, using these parameters, were compared with integrated 
measured cross-sections where these are available. As no published capture cross-section measurements 
exist in the resonance region for 233U, 239Pu, and M1Pu these cross-sections were calculated with the deter
mined average parameters and appropriate statistical distributions. 

1. INTRODUCTION 

Exact knowledge of the fission and capture cross-section as a 
function of neutron energy for the fissile nuclei in the resonance region 
is of great importance for the analysis of safety and economic character
istics (Doppler coefficient and breeding ratio) of modern, large, fast-
breeder reactors . 

Unfortunately, at the present time nuclear resonance data are not 
known with sufficient accuracy. Although there has been considerable 
progress in the measurement of cross-section data for resonance neutron 
interactions over the past few years, the results of the various experi
ments are in many cases not consistent. Thus, evaluation of the data is 
necessary. 

Such evaluations, are available from different sources, such as 
BNL-325, the 26 Russian group set by Bondarenko et a l . , or the compi
lation of Schmidt from Karlsruhe. They usually result in "best" or 
recommended cross-sections. These evaluations are very much appreci
ated by the reactor designer. But a new difficulty results from the fact 
that very often the recommended cross-sections of different evaluators 
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s t i l l show a wide s p r e a d . This t a s k was init iated to reduce these d i s 
c repanc ie s by consider ing m o r e recen t exper imenta l r e s u l t s . 

To calculate se l f -shie lding fac tors and t he i r var ia t ion with t e m p e r a 
t u r e , an analyt ica l r ep resen ta t ion of the evaluated fission and capture 
c r o s s - s e c t i o n is n e c e s s a r y . The s ing le - leve l Bre i t -Wigne r mode l i s 
m o s t often used because of i t s s impl ic i ty . But, the s m a l l level spacing 
for the f iss i le isotopes p roduces s t rong in te r fe rence effects between 
neighbouring l e v e l s . These in te r fe rence effects a r e p a r t i c u l a r l y evident 
for the f ission r e s o n a n c e s . They lead to a s y m m e t r i c line shapes and 
re la t ive ly high fission c r o s s - s e c t i o n s between r e s o n a n c e s . Because of 
the many exit channels avai lable in the capture p r o c e s s , the in te r fe rence 
effects between capture r e sonances tend to cancel and the capture c r o s s -
sect ion is sma l l between neighbouring r e s o n a n c e s . These s t rong i n t e r 
fe rence effects r a i s e doubts concerning the adequacy of the s ing le - l eve l 
mode l used to desc r ibe c r o s s - s e c t i o n s for the f iss i le nuc le i . Use of a 
mu l t i - l eve l fo rmal i sm cer ta in ly would improve the accu racy , but i s i m 
p r a c t i c a l for su rvey calculat ions because it i s much m o r e compl ica ted . 

F o r many ca se s the s ing le - leve l model is adequate to desc r ibe 
c r o s s - s e c t i o n s and calculate Doppler effects . The energy regions between 
r e s o n a n c e s , for which the calculated c r o s s - s e c t i o n s a r e too s m a l l , give 
only a s m a l l contribution to the Doppler effect. There fore one m a y 
apply an emp i r i c a l co r rec t ion to the s ing le - leve l r e s u l t s by adding a su i t 
able smooth background to the capture and fission c r o s s - s e c t i o n s which 
would produce agreement with m e a s u r e d da ta . To de te rmine th is back
ground one has to compare the m e a s u r e d (or evaluated) c r o s s - s e c t i o n s 
a s a function of neutron energy with those der ived from calculated in
finitely dilute resonance in tegra l s using s ingle- leve l r esonance p a r a m e t e r s . 
Such a compar ison is ve ry tedious if it is c a r r i e d out for each single 
r e sonance , o r even in v e r y na r row energy g roups . The re fo re , group 
resonance in tegra l s have been calculated spli t t ing the resonance region 
into about 10 groups with an energy s t r u c t u r e commonly used in mu l t i -
group diffusion ca lcula t ions . 

Different se t s of resonance p a r a m e t e r s from s e v e r a l au thors have 
been used for compar i son . F o r the unresolved resonance region ave rage 
p a r a m e t e r s were extrapolated from resolved resonance p a r a m e t e r s and 
modified if n e c e s s a r y to obtain ag reemen t between calculated p a r t i a l 
resonance in tegra l s and in tegrated point c r o s s - s e c t i o n s . 

2. DESCRIPTION OF THE RESONANCE INTEGRAL CODE TRIX-1 

P a r t i a l resonance in tegra l s and mult igroup c r o s s - s e c t i o n s were 
calculated with TRIX-1 [1 ] , an improved ve r s ion of the ARES Resonance 
In tegra l Code [2] . The theory is based on the s ing le - leve l B re i t -Wigne r 
l ine shape with no overlapping of neighbouring r e s o n a n c e s . Resolved 
r e sonances can be t r ea t ed in s e v e r a l approximat ions including a non
l i n e a r combination of the NR and NRIM approximat ion, a s developed by 
Goldstein and Cohen [3] . 

The unresolved r e sonances a r e t r e a t e d in the NR approximat ion . 
Average resonance p a r a m e t e r s for 1 = 0 and 1 = 1 neu t rons , and s t a t i s t i ca l 
d is t r ibut ions of level widths, a r e u sed . The contribution to the resonance 
in tegra l at each energy point i s taken as the ave rage of in tegra l s calculated 
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using several sets of parameters obtained by sampling from the level 
width distribution. For the scattering width, a Porter-Thomas distri
bution (the chi-squared distribution with one degree of freedom) is a s 
sumed, while a chi-squared distribution with three degrees of freedom 
is used for the fission widths. The energy dependence of the average 
neutron width <(ГП У is given Ьу<(Гп)>=<\Г°)>- E* (Г„ = reduced neutron 
width; E = neutron energy), while the radiation width Гу and the average 
level spacing^ D У are taken to be energy independent. The average fission width 
<(rf У is chosen group-wise, so that experimental cross-sections and 
capture-to-fis s ion ratios are best approximated. 1/v and negative-
energy resonance contributions to the resonance integral can be calcu
lated from resonance parameters; they are taken to be independent of 
temperature and concentration. 

Group-wise cross-sections are defined as the quotient of the resonance 
integral and the integrated flux for the group. 

For the energy dependence of the average fission width simple 
correlation functions are determined (see F i g . l ) . The average fission 
width <r f>g for each group is computed by the code from the correlation 
function f using the following relation: 

<r f>g = fWE l 0 W .E h i g h ) 

3. EVALUATION OF CROSS-SECTIONS AND RESONANCE 
PARAMETERS 

3 .1 . 235u 

3 . 1 . 1 . Cross-sections 

To compare resonance integrals calculated from resonance parame
ters with evaluated resonance cross-sections, the following partial 
resonance integrals were computed by numerical integration of 1/E 
spectrum-weighted differential cross-sections: 

where i represents the i-th group. 
Table I presents in the first columns several sets of group-wise 

fission integrals. Recommended data from the 1965 edition of BNL-325 
[4], as well as other published data, have been weighted with a 1/E 
spectrum and are presented in a group-wise breakdown. Resonance 
integrals calculated in the same manner by Hanna and Walker [6], 
Schmidt [7], and Freemantle [8] are also given. The data presented by 
both BNL-325 [4] and Schmidt [7] are based on experimental results of 
Michaudon [9,10]. 

The comparison illustrates that the agreement is not satisfactory and 
that, in general, the fission cross-section in the resonance region is known 
with an accuracy of about 5 to 10%. While the agreement is quite good 



T A B L E I. PARTIAL FISSION AND CAPTURE RESONANCE INTEGRALS F O R 2 3 5U. INTEGRATED CROSS-SECTIONS AND 

INTEGRALS CALCULATED WITH THE T R I X - 1 CODE USING D I F F E R E N T SETS O F RESONANCE P A R A M E T E R S . 

Fission résonance integrals (b) Capture resonance integrals (b) 

Integrated cross-sections TRIX-1 
calculations 

Integrated cross-sections 
TRIX-1 

calculations 

Energy 
range 
(eV) General 

Atomic 
Hanna 
Walker 

Karlsruhe 

Parameters from: 

Hanna 
Walker 

Parameters from: 

Ref: C4] [5] [6] [8] [4] P] 0 6 ] [4] [6] [8] [7] [4] [16] 

0.45-1.8 

1.8-5 

5-10 

10-20.5 

20.5-41 

41-60 

60-100 

100-300 

300-1000 

1000-3000 

3000-10000 

77.06 

16.46 

35.24 

31.00 

29.22 

16.50 

12.06 

77.06 

16.46 

35.24 

30.84 

26.94 

14.49 

9.75 

22.59 

14.86 

7.67 

5.02 

78.0 

18.1 

30.9 

30.3 

29.2 

15.5 

11.7 

21.9 

12.8 

6.8 

5.0 

77.07 

16.57 

35.86 

32.53 

28.92 

16.47 

11.85 

22.59 

14.86 

7.67 

5.02 

76.40 

17.00 

32.50 

25.30 

24.10 

6.8 

11.3 

22.1 

14.1 

7.6 

4.9 

65.74 

15.95 

28.04 

23.29 

20.74 

14.56 

67.31 

16.39 

33.79 

26.23 

24.90 

15.09 

67.10 

16.83 

31.11 

27.25 

24.40 

15.27 

10.07 

17.98 

13.79 

7.50 

4.75 

15.12 

12.73 

24.03 

39.88 

34.26 

13.61 

6.35 

11.45 

7.13 

3.45 

2.12 

15.0 

13.3 

31.4 

34.6 

14.8 

5.5 

3.1 

10.4 

6.4 

3.1 

2.0 

13.6 

14.1 

27.3 

28.0 

33.0 

6.9 

7.6 

10.2 

6.3 

3.5 

2.1 

16.11 

12.78 

26.20 

40.63 

35.23 

13.86 

16.16 

14.62 

31.27 

37.59 

29.55 

11.26 

16.25 

13.80 

28.60 

35.79 

27.27 

12.27 

9.16 

14.71 

7.36 

3.28 

1.89 
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up to energies of about 10 eV, the discrepancies become larger with 
increasing energy. 

The evaluations of General Atomic [5] and Winfrith [8] give very 
small values of the fission cross-section for several groups between 
10 and 100 eV. These low values of the fission cross-section between 
10 and 100 eV result from heavily weighting the measurements of Brooks 
and Jolly [11] . Data presented in BNL-325 [4] (page 92, 235-43) indi
cate that these experimental data appear to be much too low and need 
further corrections. 

Group capture resonance integrals as determined by several evalu
ations including those of Schmidt [7], Hanna and Walker [6], and from 
Winfrith [8] are presented in Table I. 

The available experimental data for the total fission resonance 
integral, the total capture resonance integral, and the capture-to-fis s ion 
ratio, defined by 

/-.<*> f 
_ > E c d 

<*RI 

; . t (E , f 
>ECd 

have recently been evaluated by Feiner and Esch [ 12]. Their results are 
given in Table II. To allow for a comparison of these integral values with 
the data given in Table I, the'following partial resonance integrals have 
been assumed: 

RL (0.45-0. 5 eV) = 9.4 b 
RIf (> 10 keV) = 10.74 b 
RIc(0.45-0.5 eV) ~ 1.4 b 
RIc(> 10 keV) = 2.68 b 

Values of the capture-to-fis s ion ratio a averaged over large energy 
intervals are given by de Saussure et al . [13], Freemantle [8] and 
Van Shi-di et al . [14]. The available data for a still show large dis
crepancies; in particular, there exists no good agreement between CI
TABLE II. TOTAL RESONANCE INTEGRALS 
AND a OF 235U FOR l / E SPECTRUM; 
0.50-eV Cd CUTOFF 

Fission resonance integral 280 ±11 b 

Capture resonance integral 140 ± 8 b 

Capture-to-fission ratio a 0.50± 0.02 

Note: From evaluation by Feiner and Esch [12]. 



TABLE III. RECOMMENDED PARTIAL FISSION AND CAPTURE RESONANCE INTEGRALS AND DERIVED 
GROUP CONSTANTS FOR 235U, AND RESONANCE INTEGRALS CALCULATED BY TRIX-1 WITH THE 
RECOMMENDED RESONANCE PARAMETERS 

Energy 
range 
(eV) 

0.45-1.8 

1.8-5 

5-10 

10-20.5 

20.5-41 

41-60 

60-100 

100-300 

300-1000 

1000-3000 

3000-10 000 

щ\ 

77.07 

16.57 

35.86 

32.53 

28.92 

16.47 

11.85 

22.59 

14.86 

7.67 

5.02 

Recommended resonance 
integrals and group constants 

(b) 

<o f>g 

55.85 

16.25 

51.97 

45.18 

41.95 

43.34 

23.24 

20.54 

12.38 

6.97 

4.18 

<Wc>i 

16.25 

13.80 

28.60 

35.79 

27.27 

12.27 

9.16 

14.71 

7.36 

3.28 

1.89 

с g 

11.69 

13.50 

41.50 

52.6 

39.6 

32.2 

17.9 

13.4 

6.12 

2.97 

1.58 

Resonance integrals 
from TRK-1 with 

recommended parameters 

(Rlf>i 

67.10 

16.83 

31.11 

27.25 

24.40 

15.27 

10.07 

17.98 

13.79 

7.50 

4.75 

(Ric>i 

16.25 

13.80 

28.60 

35.79 "* 

27.27 

12.27 

9.16 

14.71 

7.36 

3.28 

1.89 
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va lues obtained from in tegra l m e a s u r e m e n t s , and in tegra ted differentia^ 
f iss ion c r o s s - s e c t i o n m e a s u r e m e n t s and differential a r -measu remen t s . 
The i n t e g r a l - m e a s u r e d a of about 0 .5 may be compared with a = 0.63± 0.10 
which r e s u l t s from the new differential « - m e a s u r e m e n t of de Saussu re 
et a l . [13] . This r e su l t makes use of o ther m e a s u r e m e n t s for the 
energy ranges which a r e not covered by t h e i r expe r imen t . F igu re 11 
of Ref. [13] d e m o n s t r a t e s that in the energy range 10 to 100 eV the re 
a r e s t i l l l a rge d i s c r epanc i e s among the r e su l t s of va r ious e x p e r i m e n t e r s . 
Due to a r e m a r k made by Kinchin [15] , a new ana lys i s of the r¡, стт, and 
ov m e a s u r e m e n t s of Brooks and Jol ly at Harwel l led to a new lower value 
of a « 0 . 5 6 - 0 . 5 8 . Thus the differences between t h e i r a -va lues and those 
of o the r e x p e r i m e n t e r s have been reduced . 

Based on al l th is exper imen ta l information, recommended p a r t i a l 
f ission and capture resonance in t eg ra l s have been chosen a s p re sen ted 
in Table III. Also given a r e infinitely dilute group cons tan t s , which were 
calculated from the recommended resonance in tegra l s a s follows: 

<<>>' = 

Г d E 

ДЕ„ (RI), 

f l /E dE 
Ли 

where Ли is the l e tha rgy width for the group . 
The recommended fission data a r e taken from the m e a s u r e m e n t s of 

Michaudon [10 ] . With those one obtains a to ta l f ission resonance in tegra l 
(E > 0 .5 eV) of 

RIf = 271 b 

The value of 271 b is in reasonab le ag reemen t with recent expe r imen ta l 
r e s u l t s for the 235U fission resonance in tegra l (see Table II). 

F o r the recommended capture in tegra l s and group cons tan ts , the 
r e s u l t s of a TRIX-1 calculat ion with resolved resonance p a r a m e t e r s given 
by Schmidt and ave rage p a r a m e t e r s for the unresolved region a s de 
t e r m i n e d in th is work (see sect ion 3 .1 .2) have been chosen. The r ea son 
for th i s choice is that t hese capture resonance in tegra l s combined with 
the r ecommended f ission resonance in tegra l s give group values of the 
cap tu re - to - f i s s ion ra t io a, which a r e in reasonable ag reemen t with ex
p e r i m e n t a l r e s u l t s . Taking the f ission and capture resonance in t eg ra l s 
r ecommended in Table III one ge ts for EC(J = 0 .5 eV and appropr ia t e 
cons idera t ion of the energy range > 10 keV and a = 0 . 5 8 . This value 
m a y be too high, when compared with the in tegra l a - m e a s u r e m e n t s , but 
it i s within the range covered by the differential exper imenta l r e s u l t s . 

The r ecen t m e a s u r e m e n t s of de Saussure et a l . [13] have shown that 
even for 235U the a c c u r a c y of 1% for af and 5% for a, which is de s i r ab l e 
for r e a c t o r ca lcula t ions , is far from being r eached . 
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3 . 1 . 2 . Resonance p a r a m e t e r s -
T h r e e different sou rces for resonance p a r a m e t e r s were avai lable 

for the a t tempt to find the best r ep resen ta t ion of the recommended pa r t i a l 
r esonance in tegra l s of Table III by TRIX-1 ca lcu la t ions . These a r e 
evaluated p a r a m e t e r s for 80 resolved r e sonances up to 60 eV by Schmidt 
[7]' p r e sen ted in 1965 at the Brookhaven Seminar , evaluated p a r a m e t e r s 
up to 45 eV by BNL-325 [4 ] , and the mos t recent p a r a m e t e r set of 
Schmidt [16] , which was p re sen t ed at the 1966 ANS-meet ing in San Diego. 
This set extends the reso lved region to 150 eV. 

Table III contains the r e s u l t s of t h r e e TRIX-1 calculat ions for fission 
and capture resonance in t eg ra l s with the different resonance p a r a m e t e r 
s e t s . In the column headed " P a r a m e t e r s from Schmidt [ 7 ] " , the resonance 
in tegra l s a r e based on the p a r a m e t e r s for 80 resolved r e s o n a n c e s . In the 
column headed "BNLM r e s u l t s a r e p re sen ted , which were obtained for the 
same 80 r e s o n a n c e s , but.when given, the recommended p a r a m e t e r s of the 
recent BNL-325 [4] edition were used instead of the Kar l s ruhe p a r a m e t e r s 
[7] . F ina l ly (column Schmidt [16]), calculat ions based on p a r a m e t e r s 
for 216 resolved r e sonances up to 150 eV were c a r r i e d out . It is felt 
that the new Schmidt [16] data give the best c r o s s - s e c t i o n r e p r e s e n t a t i o n . 

In the unresolved region average p a r a m e t e r s have been de t e rmined , 
which resu l t in the best approximat ion of the recommended c r o s s - s e c t i o n s 
ove r the whole resonance region. The TRIX-1 r e su l t s obtained with these 
p a r a m e t e r s a r e p re sen ted in Tab les I and III. The average p a r a m e t e r s 
a r e sl ightly different from those recommended by Schmidt [ 1 6 ] . The 
strength-funct ion used for 1 = 0 neutrons of 1.01 X 1 0 - 4 is in ag reemen t 
with the value given by Uttley [17] . 

The TRIX-1 r e su l t s obtained with the recommended p a r a m e t e r s a r e 
p re sen ted again in Table III for in t e rcompar i son with the recommended 
p a r t i a l resonance i n t e g r a l s . The resul t ing recommended resonance 
p a r a m e t e r s a r e p re sen t ed in Table IV. F igu re 1 shows the co r r e l a t i on 
f o r < r f > . ' 

3 . 2 . 233Ц 

3 .2 . Í . Cross-sections 

The new edition of BNL-325 [4] shows that there is still little infor
mation available about the fission cross-section and a in the resonance 
region and that the available measured data contain large discrepancies. 
For a., the results of two measurements are given: Nifenecker [18] 
has measured the fission cross-section up to 60 eV, while measurements 
by Moore et al . [1.9] extend up to 900 eV. In addition there are older 
measurements of af (Adamchuk et al. [20]) up to 750 eV. Until then, 
no Of measurements had been published for the energy region 1-10 keV. 

This situation was considerably improved recently when the results 
of two additional high-energy resolution measurements became available. 
Albert [21] made fission cross-section measurements for 233U between 
30 eV and several MeV by means of a time-of-flight measurement using 
a nuclear explosive in space as the neutron source. The detectors were 
sent into space by rocket and the distance to the neutron source was about 
800 miles. The results were obtained as fission ratio measurements be-
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T A B L E IV. R E C O M M E N D E D RESONANCE P A R A M E T E R S F O R 2 3 5U 

Number of resolved resonances: 216 
(Parameters as given by Schmidt [16]) 

Parameters for negative energy resonance: 

/E/ 

Гп° 

= 0.95 eV 

= 0.5 
- • i 

= 1.488X10 3 eVz 

= 27.6 meV 

= 169 meV 

Average parameters for unresolved resonances: 

<Гп
и> = 1.07x10 *eV' 

<Г > = 47.9 meV 

<D> = 0.53 eV 

Sj = 2.X 10"4 

<Tf> = 0.0645Xlog10 E+0.333 
(<Tf> in eV, E in MeV) 
valid for 150 eV <E < 10 keV 

0.7 

0.6 

x 0.5 

0.4 

4, 0.3 

0.2 

0.1 

Pu 

i-Vi . ^ ^ ^ 
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FIG. 1. Correlations for average fission widths < Г, > 
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T A B L E V. P A R T I A L FISSION INTEGRALS ( b a r n s ) F O R 2 3 3 U. 
I N T E G R A T E D CROSS-SECTIONS AND I N T E G R A L S C A L C U L A T E D 
WITH T H E T R I X - 1 C O D E . 

Energy 
range 
(eV) 

Integrated cross-sections 

BNL-325 Albert Bondarenko 

TRIX-1 
calculation 

BNL 
parameters 

Réf.: [4] [21] [23] 

0.5-1 

1-2.15 

2.15-4.65 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

89.64 

270.45 

96.25 

71.26 

85.14 

54.16 

25.11 

17.15 

12.57 

9.04 

21 

19 

91 

89 

I2.06b 

7 

5 

4 

32 

23 

04 

ioo.ioa 

288.75 

100.10 

84.70 

88.55 

50.05 

24.64 

19.25 

12.32 

9.24 

6.78 

5.93 

5.08 

55.47 

254.89 

93.57 

60.81 

73.64 

43.13 

31.22 

21.53 

14.71 

10.05 

6.90 

4.73 

3.26 

0.465 - 1 eV group 

Interpolated data 

tween the ^ U and a second de tec to r containing 235U. Between 30 and 
100 eV the r e s u l t s were normal ized to the 235U values of Michaudon [10] , 
which a r e a lmos t ident ical to the numbers given a s recommended in 
BNL-325 [4] . The r e s u l t s for orf for 233ц: below 100 eV and espec ia l ly 
between 100 and 500 eV a r e cons iderably h igher than the avai lable da ta . 
Unfortunately no r e su l t s were m e a s u r e d between 500 and 900 eV, but for 
the f i rs t t ime differential data were m e a s u r e d between 1 and 10 keV. 
Above 20 keV the r e s u l t s a r e in good ag reemen t with o lde r da ta . 

Time-of-f l ight m e a s u r e m e n t s recent ly pe r fo rmed with an underground 
nuc lea r explosion by Hemmendinger et a l . [22] show excel lent energy 
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resolution. Preliminary results give reasonable agreement with Albert 's 
data for energies between 1 and 10 keV. But the experiment is still being 
analysed and final values were not available. 

Part ial fission resonance integrals found by 1/E-weighting and inte
grating the point cross-sections are presented in Table V. Numerically 
integrated were the data recommended in BNL-325 [4] and those of Albert 
[21] . Between 465 and 900 eV, Albert 's data have been interpolated. For 
comparison the Bondarenko [23] data are also given. In this case the 
resonance integrals were calculated by multiplying the group constants 
by the lethargy width Ди. 

TABLE VI. TOTAL RESONANCE INTEGRALS 
AND a OF 233u FOR l / E SPECTRUM AND 
0.50-eV Cd CUTOFF 

. Fission resonance integral 780 ± 40 b 

Capture resonance integral 137 ± 7 b 

Capture -to -fission ratio a 0.175 ±0.008 

Note: From evaluation by Feiner and Esch [12] 

There is still very little information available about capture resonance 
integrals or capture-to-fission ratios. Available information has large 
uncertainties, in particular the differential data. Between 10 and 1000 eV, 
the only measurements are those of Yeater et al . [24] . These values 
were derived from ^-measurements and have large e r ro r s because of the 
small value of a for 233U. 

The available results for total resonance integral measurements, as 
recently evaluated by Feiner and Esch [12], are given in Table VI. Based 
on this information, evaluated partial fission resonance integrals and 
group constants were obtained. They are presented in Table VII. Up to 
21.5 eV, the BNL-325 recommended data have been taken without change. 
Between 21.5 eV and 1 keV, the different results have been averaged and 
heavily weighted by the measured data of Albert [21] . Above 1 keV, the 
recommended data are based on Albert 's resul ts . For these recommended 
fission resonance integrals, one obtains an integral of 770 b for the energy 
range 0. 5 eV to 10 keV. By adding 13 b from Albert 's data for energies 
above 10 keV, one gets a total resonance integral of 783 b. This value is 
in good agreement with experimental results, as can be seen from Table VI. 
But since the main part of the resonance integral comes from the low 
energy resonances, this comparison is not considered a severe test for 
the unresolved resonance region. { 

The partial capture resonance integrals and group constants calcu
lated by the TRIX-1 code (with the parameters given in section 3.2.2) 
have been taken, without any change, as recommended values, although 
some of the resulting values are lower than the Yeater data. The values 
are given in Table VII. They result in a capture resonance integral of 
147. 3 b for the energy range 0. 5 eV to 10 keV. By adding 1.5 b for 
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T A B L E VII . R E C O M M E N D E D P A R T I A L FISSION AND C A P T U R E 
RESONANCE INTEGRALS AND DERIVED GROUP CONSTANTS F O R 
2 3 3 U, AND RESONANCE INTEGRALS C A L C U L A T E D BY T R I X - 1 
WITH T H E RECOMMENDED RESONANCE P A R A M E T E R S 

Energy 
lange 
(eV) 

0.5-1 

1-2.15 

2.15-4.65 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

(Rlf)i 

89.64 

270.45 

96.25 

71.26 

85.14 

58.0 

32.5 

21.5 

18.0 

11.0 

7.32 

5.23 

4.04 

Recommended resonance 
integral and group constants 

\,UJ 

<Or> f g 

129.9 

351.2 

125.0 

92.5 

110.6 

75.3 

42.2 

27.9 

23.4 

14.3 

9.51 

6.79 

5.25 

0"fc>i 

6.78 

38.78 

39.67 

16.12 

17.12 

8.02 

8.03 

5.00 

3.27 

2.00 

1.23 

0.78 

0.45 

<o > 
с g 

9.82 

50.36 

51.51 

20.93 

22.23 

10.42 

10.43 

6.49 

4.25 

2.60 

1.59 

1.01 

0.58 

Resonance integrals 
from TRK-1 with 

recommended 
parameters 

(Rif)i 

55.47 

254.87 

93.57 

60.81 

73.64 

43.13 

31.22 

21.53 

14.71 

10.05 

6.90 

4.73 . 

3.26 

0ЦЛ 

6.78 

38.78 

39.67 

16.12 

17.12 

8.02 

8.03 

5.00 

3.27 

2.00 

1.23 

0.78 

0.45 

energies above 10 keV, one gets 148.8 b for the total capture integral. 
This leads to a value a = 0.19 when the recommended fission resonance 
integral as given in Table VII is used. All these numbers are in 
reasonable agreement with experimental results. 

To gain more information about the capture cross-section, the 
results of the total cross-section measurement by Pattenden and Harvey 
[25] have been averaged over a 1/E-spectrum. The results are given 
in Table VIII together with group constants for potential scattering by 
Bondarenko [23] and the recommended group constants for fission as given 
in Table VII. It can be seen that by taking the difference 
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a =<7 ,-cr -a , с total pot f 

from these data ( resonance sca t t e r ing was neglected) , no reasonab le infor
mat ion about стс can be obtained. This i s not su rp r i s i ng because of the 
s m a l l value of a in compar i son with <rtotal and the l a r g e e r r o r for each 
exper imen ta l r e s u l t . B u t , the r e su l t m a y be an indication that in th i s 
energy range a i s p robably s m a l l e r than the n u m b e r s given by Yeater et a l . 
[ 2 4 ] . 

T A B L E VIII . I N T E G R A T E D д л в а , a AND a{ F O R ^ U 
( 1 / E - W E I G H T I N G ) 

Energy 
range 

<o^ » ,> <onr,r> <o>> 
total P0 1 f 

(eV) (b) 

46.5-100 52.73 13.0 42.2 

100-215 40.84 13.0 27.9 

215-465 31.84 13.0 23.4 

465-1000 27.54 13.0 14.3 

1000-2150 22.30 12.0 9.51 

2150-4650 19.04 11.0 6.79 

4650-10 000 17.93 9.3 5.25 

3.2 .2 . Resonance parameters 

Calculations with TRIX-1 led to the recommended resonance parame
ters presented in Table IX and F i g . l . The resulting partial resonance 
integrals are given in Tables V and VII for inter comparison with the evalu
ated cross-sections. Parameters for 31 resolved resonances up to an 
energy of 37 eV have been taken from BNL-325 [4] (recommended data). 
The average value of 54 meV for <( lO results from an unweighted aver
age of the ry-values for the 31 resolved resonances. <(D^>= 0.87 eV is 
based on a value given by Michaudon [26] . The value <Г°> = 0.18Х10"3 

is somewhat smaller than the average value of r<j.(0.225X 10 -3) resulting 
from the 31 resolved resonances. This smaller value was chosen to 
match the fission cross-section in the unresolved region. The same 
criterion led to the recommended energy dependence of the average 
fission width. In the limit of low energies, the value of <(rf )> approaches 
the average <(Г У from the 31 resolved resonances. 



346 HENNIES 

T A B L E IX. R E C O M M E N D E D RESONANCE P A R A M E T E R S 
F O R ffl3U 

Number of resolved resonances: 31 
(Parameters as given by BNL-325 [4]) 

Parameters for negative energy resonance: 

/E/ = 0.3 eV 

g = 0.5 
Гп° = 0.06xlO"3eV2 

Г = 4 5 meV 
Г, = 960 meV 

Average parameters for unresolved resonances: 

<ГП°> = 0.18xl0"3eV* 
<Гу> = 54 meV 

<D> = 0.87 eV 
S, = 1.5xl0 -4 

<Tf> = 0.09xlogie E+0.72 
(0.000036 <E< 0.00125) 

<Tf> = 0.2233xlog10 E+ 1.109 
(0.00125 < E < 0.01) 

(<Г,> ineV; Ein MeV) 

3 . 3 . 239pu 

3 . 3 . 1 . C r o s s - s e c t i o n s 

In Table X, p a r t i a l f ission and capture resonance in tegra l s a r e given, 
which were calculated e i the r by in tegra t ion of differential c r o s s - s e c t i o n s 
o r by TRIX-1 calculat ions us ing different se t s of p a r a m e t e r s for the r e 
solved r e s o n a n c e s . 

Unlike 235U and ^ U , the calculat ion of resonance in tegra l s was p e r 
formed only for ene rg ies above 4 .65 e V . The s t r uc tu r e of the c r o s s -
sect ion below th i s energy i s dominated by the s t rong resonance at 0.296 eV. 



TABLE X. PARTIAL FISSION AND CAPTURE RESONANCE INTEGRALS FOR 2 3 9Pu. 
INTEGRATED CROSS-SECTIONS AND INTEGRALS CALCULATED WITH THE TRIX-1 CODE 
USING DIFFERENT SETS OF RESONANCE PARAMETERS 

Energy 
range 
(eV) 

Fission resonance integrals 
(b) 

Integrated cross-sections 

Karlsruhe BNL 325 LASL 

TRIX-1 calculations 
parameters from ; 

Karlsruhe BNL 

Capture resonance integrals 
(b) 

Integrated 
cross-

sections 

Karlsruhe 

TRK-1 calculations 
parameters from: 

Karlsruhe BNL 

О 
Réf.: [27] [4] [22] [16] [4] [27] [16] [4] 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

26.9 

76.4a 

16.5 

40.8 

14.1 

10.0 

5.80 

3.11 

2.51 

1.88 

22.3 

81.7 

19.8 

31.8 

14.8 

10.0 

6.00 

3.50 

2.22 

1.83 

20.9 

42.1 

13.9 

9.66 

5.94 

2.90 

2.04 

1.76 

26.80 

83.15 

18.03 

39.27 

14.99 

9.30 

6.03 

3.95 

2.53 

1.79 

26.38 

75.61 

15.83 

30.11 

22.90 

53.40a 

23.80 

40.40 

10.40 

6.92 

3.78 

1.84 

1.36 

0.92 

23.71 

51.84 

25.59 

20.72 

9.00 

6.20 

3.40 

2.17 

1.47 

0.80 

24.55 

53.57 

24.36 

29.06 

Aldermaston data 
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There fo re sma l l e r r o r s in the de te rmina t ion of the Cd cutoff energy may 
lead to l a rge e r r o r s in the m e a s u r e d to ta l resonance in teg ra l . The re fo re , 
a compar i son of exper imenta l to ta l resonance in tegra l s with values calcu
lated with TRIX-1 does not provide a c r i t i ca l t e s t for the calculat ion 
method and the resonance p a r a m e t e r s used . 

F o r th is study, c r o s s - s e c t i o n information was available from the 
evaluated data of Schmidt [27] , from the recommended data in BNL-325 
[4 ] , and from recen t t ime-of-f l ight m e a s u r e m e n t s pe r fo rmed with an 
underground nuc lear explosion by Hemmendinger [22] . P a r t i a l resonance 
in tegra l s found by integrat ion of these data a r e p resen ted in Table X. 
Resonance in tegra l s were calculated from the constants of the Ka r l s ruhe 
26-group se t . These number s were recent ly published by P a s q u e r et a l . 
[28] and compared with the group constants published by Bondarenko [23] 
and those used at Aldermas ton [29] . The Aldermas ton average c r o s s -
sect ion has been used for the group 10-21 eV instead of the Kar l s ruhe 
value , which is about 10% lower than the Aldermas ton r e s u l t . P robab ly 
the data p resen ted by P a s q u e r [28] did not contain Schmidt ' s [30] co r 
rec ted value of Гп for the resonance at 14.68 eV. The r e su l t s of 
Hemmendinger [22] a r e in good ag reemen t with the o ther data up to 1-keV 
energy; espec ia l ly good ag reemen t is found with the evaluated Schmidt 
data , except in the group 21.5-46.5 eV. The Los Alamos data confirm 
the high value a s sumed by Schmidt in the grotip 46 .5-100 eV. Between 1 
and 10 keV the LASL-data a r e about 10% below the Schmidt v a l u e s . 

While the Kar l s ruhe group constants a r e based on information pub
l ished before 1963, BNL-325 [4] contains some m o r e recent da ta . But 
unfortunately t h r e e new m e a s u r e m e n t s , which have ve ry good energy 
resolut ion , were not yet taken into account . In Saclay, the fission c r o s s -
sect ion has been m e a s u r e d by de Saussure et a l . [31] between 0.16 eV 
and 5 keV. In Harwel l , different af m e a s u r e m e n t s were done, which have 
been pa r t i a l l y repor ted by J a m e s [32] . The mos t recent t ime-of-f l ight 
m e a s u r e m e n t s , which were a l r eady mentioned, a r e those of Hemmendinger 
[22] . J a m e s and Endacott [33] ment ion that t he i r r e su l t s for af between 
1 and 8 keV ag ree within 5% with the Kar l s ruhe evaluated data [27] . The 
curve published by J a m e s [32] for crf between 50 and 100 eV shows good 
ag reemen t with the o lder data of Boll inger [34] , which a r e the bas i s of 
the Ka r l s ruhe evaluation. 

Di rec t m e a s u r e m e n t s of the capture c r o s s - s e c t i o n do not ex i s t . This 
c r o s s - s e c t i o n is calculated from c t o t a l , crnn, and a o r rj and v m e a s u r e 
m e n t s . The re fo re , the uncer ta in t ies in the repor ted capture c r o s s -
sec t ions a r e l a r g e . Since the individual c r o s s - s e c t i o n s a r e mos t ly 
m e a s u r e d by different l abo ra to r i e s with different exper imenta l energy 
resolut ion , it i s difficult to produce a consis tent set of data . As the 
a -va lues a r e only poor ly known [30] , the capture c r o s s - s e c t i o n has v e r y 
l a r g e uncer ta in t i es in the resonance region . Evaluated data of Schmidt 
[27] a r e given in Table X. Tota l r esonance in tegra l m e a s u r e m e n t s a r e 
avai lable for fission only. They have recent ly been evaluated by F e i n e r 
and Esch [12] , resul t ing in RI f = 310 ± 20 b for E c d = 0.5 eV. 

Based on the avai lable information, the data given in Table XI a r e 
found a s recommended data . P a r t i a l f ission resonance in tegra l s between 
4 .65 eV and 46.5 eV have been taken from BNL-325, while at h igher 
ene rg ie s the new LASL data a r e believed to be r easonab le . In spite of 
the difficulties in compar ing to ta l resonance in t eg ra l s , one may compare 
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TABLE XI. RECOMMENDED PARTIAL FISSION AND CAPTURE 
RESONANCE INTEGRALS AND DERIVED GROUP CONSTANTS FOR 
239 p U j AND RESONANCE INTEGRALS CALCULATED BY TRIX-1 
WITH THE RECOMMENDED RESONANCE PARAMETERS 

Energy 
range 

(eV) 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

W i 

22.3 

81.7 

19.8 

42.1 

13.9 

9.66 

5.94 

2.90 

2.04 

1.76 

Zol'lO 

Recommended resonance 
integrals and group constants 

(b) 

<of>g 

28.9 

106.1 

25.7 

54.6 

18.1 

12.5 

7.72 

3.76 

2.64 

2.28 

(Ric)i 

23.71 

51.84 

25.59 

20.72 

9.00 

6.20 

3.40 

2.17 

1.47 

0.80 

<ac> 

30.8 

67.4 

33.2 

26.9 

11.7 

8.06 

4.41 

2.82 

1.91 

1.04 

Resonance integrals 
from TRDC-1 with 

recommended parameters 

(Rif)i 

26.80 

83.15 

18.03 

39.27 

14.99 

9.30 

6.03 

3.95 

2.53 

1.79 

(Rlc)i 

23.71 

51.84 

25.59 

20.72 

9.00 

6.20 

3.40 

2.17 

1.47 

0.80 

the fission integral which results from, a summation of the recommended 
partial integrals in Table XI with the experimental results (310 ± 20 b). 
To do that one has to add the partial resonance integrals for energies 
0. 5-4. 65 eV and > 10 keV to the value of 202 b. With the values of 
Schmidt [30], one gets 89.7 b for 0.5-4.65 eV and 9 b for E >10 keV. 
With these numbers a total fission resonance integral of 301 b results 
for energies >0.5 eV. 

For further evaluation of the fission cross-section below 1 keV one 
may use the measurements of Hellstrand [35], who measured the fission 
resonance integral in a 1/E flux with boron filters of different thickness. 
For the thin filter 50% of all fission occurs above 125 eV while for the 
thick filter the corresponding number of 750 eV. Hellstrand compares 
his experimental results with calculations based on measured t rans
mission curves and the microscopic fission cross-section given by 
Schmidt in KFK 120 [27] . While reasonable agreement is found for the 
thin filter, the calculated values for the thick filter are 10% high. This 
discrepancy would no longer exist if the new LASL data would be used. 
The difference between the two measurements with the thin and the thick 
filter no longer contains the quite uncertain contribution of higher energies 
to the resonance integrals but is mostly formed by neutrons between 20 
and 200 eV energy. While from the experiment a difference of 32.9 b 
is found a calculation with the Schmidt cross-sections yields 30.6 b. As 
the LASL data in this energy region are about 6% higher than the Schmidt 
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data , again be t t e r ag reemen t with the Hel l s t rand exper iment i s obtained 
with the new LASL r e s u l t s . 

Because of the ass igned e r r o r s and the in tegra l c h a r a c t e r of 
He l l s t r a nd ' s exper iment not too much weight should be given to the a g r e e 
ment found. But a s no be t t e r poss ib i l i ty for solving the d i s c r epanc i e s 
in the ^^Pu r e sonance fission c r o s s - s e c t i o n is avai lable , th is a g r e e m e n t 
i s taken a s a ba s i s for p r e f e r r i n g the LASL da ta . 

Since no be t t e r exper imen ta l data a r e available for the cap ture 
c r o s s - s e c t i o n , the r e s u l t s of a TRIX-1 calculat ion with the r ecommended 
resonance p a r a m e t e r s (see 3 .3 .2 ) have been taken without change a s the 
recommended p a r t i a l resonance in t eg ra l s and group constants (Table XI). 
These data resu l t in reasonable a -va lue s and the total of <j¡+ac+<Ja i s in 
gene ra l in good ag reemen t with the to ta l c r o s s - s e c t i o n a s m e a s u r e d by 
Uttley [36 ] . But it mus t be pointed out that th is compar i son gives l i t t le 
information about the exact capture c r o s s - s e c t i o n above 1 keV because 
the sca t t e r ing c r o s s - s e c t i o n is so much l a r g e r than the capture 
c r o s s - s e c t i o n . 

3 . 3 . 2 . Resonance p a r a m e t e r s 

The m o s t complete se t of evaluated resonance p a r a m e t e r s was 
recen t ly p re sen ted by Schmidt [16] at the ANS-meet ing in San Diego, 
F e b . 1966. These extend the reso lved region in ^ P u to 300 eV, due 
to incorpora t ion of the r e s u l t s of Saclay above 50 eV and those of Saclay 
and Harwel l between 100 and 300 eV. 

TRIX-1 calculat ions with these p a r a m e t e r s recommended by Schmidt 
have been p e r f o r m e d . Resul t s a r e p re sen ted in Tables X and XI. The 
only change to the Schmidt p a r a m e t e r s i s a considera t ion of new spin 
a s s i g n m e n t s and resu l t ing new Г п -va lues for 15 r e sonances at low 
e n e r g i e s , which follow from the recen t sca t t e r ing exper imen t s of Bowman 
and Sauter at L i v e r m o r e [ 3 7 ] . F o r in te r compar i son a TRIX-1 calculat ion 
was pe r fo rmed using the p a r a m e t e r s recommended in BNL-325 [4] for 
19 r e sonances below 53 eV in combination with the l a tes t avai lable p a 
r a m e t e r s from Saclay [31] for five r e sonances between 50 and 100 eV 
(see Table X). 

F o r the average resonance p a r a m e t e r s for the unreso lved r e sonances 
above 300 eV, the recommended p a r a m e t e r s l i s ted in Table XII have been 
u sed . These have been chosen to match the m e a s u r e d differential c r o s s -
sec t i ons . The va lues for <̂ D >̂ and <(Гу У were taken a s recommended 
by Schmidt [16] . The S 0 - s t r e n g t h function used i s 15% s m a l l e r than the 
Schmidt va lue . ( r f ) = 1 . 5 eV for the J = 0 s ta te has been chosen a s 
ene rgy independent, while ^ Г , ^ for the J = l s ta te has been a s sumed 
ene rgy dependent a s given by the co r re la t ion function of Table XII and 
F i g . l . 

Ve ry broad fission r e sonances had been found in Harwel l by Utt ley. 
A d i rec t separa t ion of the fission widths found accord ing to the two J -
s e r i e s i s not poss ib le from that exper iment as no spin a s s ignmen t s for 
the r e sonances in that region ex i s t . But making the assumpt ion that 
broad r e sonances belong to J = 0 s t a t e s and sma l l r e sonances to J = 1 
s t a t e s , one can reach ave rage values for ^ l O . from the m e a s u r e d p a 
r a m e t e r s . The "boundary" between both d is t r ibut ions has to be viewed 
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T A B L E XII . R E C O M M E N D E D RESONANCE P A R A M E T E R S 
F O R И 9 Р и 

Number of resolved resonances : 124 
(Parameters as given by Schmidt [16] 
and Bowman and Sauter [37]). 

Negative energy resonance parameters: 

/£/, 

g 

rn° 
rr 
IV 

= 1.2 eV 

= 0.75 

= 0.771ХЮ"3 eV^ 

= 39 meV 

= 201 meV 

Average parameters for unresolved resonances: 

< rn°>j=0 

<rn°> J=l 
<rr> 
<D> j = 0 

< D > J = 1 
S i 

< Г Р1=0 

= 

= 

= 
= 
= 

= 
= 

0.797x10"' 

0.284ХЮ"3 

38.7 meV 

8.78 eV 

3.12 eV 

2.5X10"4 

1.5 eV 

< r f > J = 1 = 0.0075 X log 10 E+0.0762 
(<rf> ineV. E in MeV) 
valid for 300 eV < E < 10 keV 

a s r a t h e r a r b i t r a r y . Doing th i s with a boundary at 300 meV, Schmidt 
[16] obta ins : 

< r f > J = 0 = 1.3 eV < T f > J = 1 = 6 5 m e V . 

He c o m p a r e s t h i s < r f X = 0 value with 2.8 eV, which follows from the 
channel t heo ry of f i ss ion. With t h e i r spin a s s ignmen t s for i 5 r e sonances 
at low ene rg i e s (3 J = 0; 12 J = 1) Bowman and Sau te r [37] find from the 
f ission widths of the Saclay m e a s u r e m e n t s [31] the following a v e r a g e s : 

< r f > J = 0 = 4 0 3 m e V ; <T f > J= x = 4 1 . 7 m e V . 
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Based on these exper imenta l r e s u l t s Yiftah et a l . [38] have t r i ed a new 
spli t t ing of the Uttley fission widths using a boundary of 150 m e V . In th is 
way they find < T f > = 1 eV. 

P i t t e r l e [39] has made some gene ra l Doppler effect calculat ions for 
239Pu/238U m i x t u r e s using different d is t r ibut ions for the fission widths in 
s ^ P u . His r e su l t s show that for a 2 3 8 U/ 2 3 9 Pu = 5 : 1 mix tu re the Pu 
Doppler effect m a y be reduced to one half, using v e r y broad <(rf \ _ 0 

values (1 .5 eV),- compared to those calculated with the assumpt ion 
<^rf )>,_ 0 = <(rf X _ x . He concludes that the broad fission widths will r e 
duce the Doppler effects for the heated Pu samples in the ANL c r i t i c á i s 
quite substant ia l ly , but that even <(rf )y_ 0= 1. 5 eV will not be sufficient 
to r each ag reemen t with exper imen ta l r e s u l t s . 

3 . 4 . 241 p u 

3 . 4 . 1 . C r o s s - s e c t i o n s 

Very few m e a s u r e m e n t s of the f ission c r o s s - s e c t i o n of ^ i P u have 
been made BNL-325 [4] contains the m e a s u r e m e n t s of Moore et a l . 
[40] up to 100 eV and those of J a m e s [41] up to 2.5 keV. In addition, 
the r e s u l t s of the m e a s u r e m e n t s with a nuc lear explosion (PETREL) were 
ava i l ab le . Resul ts from th is exper iment in the energy range 20-200 eV 
were recen t ly published by Simpson et a l . [42] , while at h igher ene rg ie s 
p r e l i m i n a r y r e su l t s were received from Hemmendinger [22] . The r e 
commended curve of BNL-325 [4] and the r e su l t s from the P E T R E L 
event [42,22] were weighted with a 1/E s p e c t r u m . P a r t i a l r esonance 
in t eg ra l s found in th is m a n n e r a r e given in Table XIII. In tegra l s ca lcu
lated from the Bondarenko [23] group constants a r e given for compar i son . 
New m e a s u r e m e n t s have been pe r fo rmed at Harwel l by J a m e s and 
Endacott [43] between 1 eV and 30 keV. But so far only l i nea r ly a v e r 
aged data for broad energy groups have been published [43] . 

Exper imen ta l r e s u l t s for the to ta l f ission resonance in tegra l a r e 
p r e sen t ed in Table XIV. No differential m e a s u r e m e n t s exist for the 
capture c r o s s - s e c t i o n , nor has a been m e a s u r e d a s a function of ene rgy . 

Based on this information recommended resonance in tegra l s and 
group constants were chosen, a s l i s ted in Table XV. F o r fission the 
data from BNL-325 [4] have been used up to 2.15 keV. These p a r t i a l 
f ission resonance in tegra l s resu l t in an in tegra l of 603 b for the energy 
range 0. 5 eV-10 keV. Adding 14 b for ene rg ies above 10 keV (from 
Bondarenko), one gets 617 b for the to ta l resonance in t eg ra l . This value 
is in reasonable ag reemen t with the mos t recent m e a s u r e d value of Hardy 
et a l . [46] of 581 ±33 b . As no exper imenta l r e su l t s for the capture 
c r o s s - s e c t i o n a r e avai lable , the r e s u l t s of a TRIX-1 calculat ion using 
the p a r a m e t e r s given in sect ion 3 . 4 . 2 a r e taken a s recommended 
in t eg ra l s and group cons tan ts , r e spec t ive ly (Table XV). The energy 
range , 0 .5 eV to 10 keV, gives a capture resonance in tegra l of 181 b . 

3 . 4 . 2 . Resonance p a r a m e t e r s 

A TRIX-1 calculation with the recommended p a r a m e t e r s p r e sen t ed 
in Table XVI was p e r f o r m e d . The r e s u l t s a r e given in Tab les XIII andXV. 

P a r a m e t e r s for 23 reso lved r e sonances up to 35 eV have been taken 
from BNL-325 [4] . The fission resonance in tegra l s at low energ ies be -
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TABLE XIII. PARTIAL FISSION RESONANCE INTEGRALS FOR 
241 Pu. INTEGRATED CROSS-SECTIONS AND INTEGRALS 
CALCULATED,WITH THE TRIX-1 CODE. 

Energy 
range 
(eV) 

Ref. : 

0.5-1 

1-2.15 

2.15-4.65 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

Bondarenko 

[23] 

34.65a 

26.95 

61.60 

169.40 

100.10 

46.20 

30.80 

23.10 

16.17 

12.32 

9.24 

6.93 

5.00 

Integrated cross-sections 

BNL-325 

[4] 

29.07 

23.39 

89.80 

193.60 

106.34 

52.85 

41.32 

20.65 

19.12 

9.98 

7.15 

Petrel 

[42,22] 

52.44 

39.93 

21.55b 

20.10 

9.49 

6.21 

4.65 

3.60 

TRK-1 
calculation 

BNL 
parameters 

79.07 

37.54 

88.55 

181.78 

120.16 

59.93 

37.41 

25.14 

17.24 

11.39 

7.61 

5.06 

3.31 

a 0 .465-1 eV group 
b 100 -194 eV only 

tween 0. 5 and 2.15 eV are much higher than those found by integration 
of the BNL-325 cross-sections. This is due to the strong influence of 
the resonance at 0.26 eV. 

The average <(D)> = 1.17 eV for the unresolved resonances was 
calculated from the 43 resonances which are given in BNL-325 [4] below 
50.4 eV. This value is in agreement with D = 1. 3 ± 0. 2 eV given by 
James and Endacott [33] . Г = 40 meV is based on the information con
tained in BNL-325 for the resolved resonances. 5^n/> anc* ^*f^ a s a 

function of energy were chosen, so that the TRIX-I results gave good 
agreement with the experimental cross-sections. 
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T A B L E XIV. E X P E R I M E N T A L RESULTS FOR T H E FISSION 
RESONANCE INTEGRAL O F 24lPu 

Reference 

Bigham [44] 

Hardy et al. [45] 

Hardy et al. [46] 

Cadmium 
cutoff (eV) 

0.45 

0.45 

0.5 

Fission 
resonance integral 

(b) 

532 à 16 

565 ±33 

581 ±33 

4. CONCLUSIONS 

Anevaluation of the available experimental data for the fission and 
capture cross-sections of the fissile nuclei in the resonance region shows 
that there still exist large uncertainties. Even for the most intensively 
studied nucleus, 235U, the uncertainties in the fission cross-section are 
about ±5% and in the capture cross-section ±20%. For 239Pu, crf is known 
to ± 10% and стс to ± 25%. For 233U and 241Pu, the uncertainty in crf is±20% 
and in ac ±30%. It is anticipated that when the measured data of recent 
experiments have been more fully analysed, the accuracy to which present 
data is known will be considerably improved. 

The resolved energy region for the fissile nuclides considered in the 
present analysis is in general below 300 eV. Thus, the analysis of fast 
reactor Doppler coefficients must still make use of averaged parameters 
for the unresolved resonance region. 

In the resolved energy region, the infinitely dilute resonance fission 
cross-sections calculated byTRIX-1, using the single-level Breit-Wigner 
model, were 10-20% smaUer than the corresponding measured data. In 
the unresolved region the average, parameters were so chosen that the 
calculated fission cross-sections were in satisfactory agreement with 
measurements. 

From similar calculations, it was determined that the infinitely 
dilute capture cross-sections in the resolved energy region agree more 
closely with measured data than do the fission cross-sections. In the un
resolved energy region, there is a singular lack of measured capture 
cross-section dataj therefore, the recommended cross-section values 
quoted in this report were obtained from TRIX-1 calculations. 

Although there is reasonably good agreement between the measured 
cross-section data and the calculated cross-section data, using the single-
level formula, one must not assume that similar agreement exists for the 
calculated Doppler effects, particularly if the calculation is performed 
using tempe rature-dependent cross-sections obtained from the single-
level analysis. 

Lynn [47] has analysed the resonance structure of these fissile 
nuclei and his results clearly show the strong influence of interference 
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TABLE XV. RECOMMENDED PARTIAL FISSION AND CAPTURE 
RESONANCE INTEGRALS AND DERIVED GROUP CONSTANTS FOR 
241 Pu, AND RESONANCE INTEGRALS CALCULATED BY TRIX-1 
WITH THE RECOMMENDED PARAMETERS 

III 

0.5-1 

1-2.15 

2.15-4.65 j 

4.65-10 

10-21.5 

21.5-46.5 

46.5-100 

100-215 

215-465 

465-1000 

1000-2150 

2150-4650 

4650-10 000 

Recommended resonance integral1 

and group constants 
(b) 

(Rif>i 

29.07 

23.39 

89.80 

193.60 

106.34 

52.85 

41.32 

20.65 

19.12 

9.98 

7.15 

5.20 

4.10 

i^lSl 

<vg 

42.13 

30.38 

116.62 

251.42 

138.10 

68.64 

53.66 

26.82 

24.83 

12.96 

9.29 

6.75 

5.32 

<RIc)i 

27.04 

9.15 

47.93 

26.09 

39.47 

9.99 

7.92 

5.17 

3.33 

2.07 

1.33 

0.85 

0.52 

lé^Jç 

<o c>g 

39.19 

11.88 

62.25 

33.88 

51.26 

12.97 

10.29 

6.71 

4.32 

2.69 

1.73 

1.10 

0.68. 

Resonance integrals 
from TRDC-1 with 
recommended 
parameters 

(Rlf)i 

79.07 

37.54 

88.55 

181.78 

120.16 

59.93 

37.41 

25.14 

17.24 

11.39 

7.61 

5.06 

3.31 

j^M.ñ 

(Ric>i 

27.04 

9.15 

47.93 

26.09 

39.47 

9.99 

7.92 

5.17 

3.33 

2.07 

1.33 

0.85 

0.52 

Яа}с 
effects between neighbouring levels of the same isotope. This inter
ference between levels modifies the temperature-dependent cross-
sections and very different results may be obtained for calculated Doppler 
'effects. 

Our knowledge of the resonance cross-sections of the fissile nuclei 
is not good enough to make reliable calculations of the Doppler effect 
component of these isotopes in fast reactors . Unfortunately, even better 
experimental resolution will not extend the upper limit of the resolved 
resonance region far enough because of the Doppler-broadening of the 
resonances. Therefore we have to rely on measurements of effective 
(self-shielded) cross-sections, as for instance performed on bulk Pu by 
Bramblett and Czirr [48] . 
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T A B L E XVI. R E C O M M E N D E D RESONANCE P A R A M E T E R S 
F O R 2 4 1 P u 

Number of resolved resonances: 23 
(parameters as given by BNL-325 [4]) 

Negative energy resonance parameters: 

/E/ = 0.16 eV 

g = 0.5 

r¿ = 0.0725X10"3 eV2 

Г = 40.0 meV 

I> = 60 meV 

Average parameters for unresolved resonances: 

<Г^> = 0.28X10"3 eV? 

<Г > = 40 meV 

<D> = 1.17 eV 

<r f> = 0.04694 Xlog10 E+ 0.5016 
(<rf > in eV, E in MeV) 
valid for 35 eV < E < 10 keV 
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D I S C U S S I O N 

J . J . SCHMIDT: I would like to comment on the large 2 3 9 p u alpha 
values found recently at Harwell for energies between 1 and 10 keV. 
Discussions during this Conference with Dr. Sowerby and others have 
shown that, if the Harwell experimentalists had taken the statistical 
fluctuation factors to be <, 3 in estimating the average resonance scattering 
cross-section, instead of assuming them to be equal to unity, the alpha 
values would have been much lower, agreeing with the generally accepted 
values based on the earl ier KAPL (Knolls Atomic Power Laboratory) 
measurements in this range. 
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Abstract 

CONTRIBUTIONS OF NEGATIVE ENERGY AND DISTANT RESONANCES IN THE RESOLVED RESONANCE 
REGION. Extensive sets of resonance parameters are becoming available for the neutron cross-sections of 
many nuclides, from which the partial cross-sections can be computed, over a wide energy range, by using 
a multilevel resonance formula. To obtain reliable results it is necessary to allow for the effects of negative 
energy resonances and of unresolved positive energy resonances. 

The first part of this paper describes briefly the theory of such effects. It is possible to calculate 
numerically the expected contributions to the capture cross-section and the effective channel radii from 
unresolved resonances, assuming that the statistical distributions and mean values of the resonance para
meters are known. Approximate formulae for these contributions are given. The standard deviations of 
the contributions may also be calculated; these are large if the difference between the energy at which 
the contributions are calculated and the energy at which the unresolved region is assumed to begin is much 
less than the mean spacing between resonances. All negative energy resonances could be treated in this 
statistical manner, but because both the expected contributions and their standard deviations at low energies 
(e. g. around 0.0253 eV) will then be very large, it is preferable to fix the parameters of the first negative 
energy resonance, and to treat only the relatively small contributions from the more distant negative energy 
resonances statistically. 

Methods are therefore discussed for the estimation of the widths and energy of the first negative 
energy resonance. (If two spin-states of the compound nucleus may be excited by s-wave neutrons, two 
such resonances need to be considered.) The parameters may be determined quite closely by the values 
and energy dependence of the low-energy cross-sections. However, for some nuclides, particularly if this 
resonance is small or relatively distant, it is not possible to calculate them so definitely; additional argu
ments based on the statistical distributions of widths and spacings are then used to select reasonable values 
for the required parameters. 

The second part of the paper applies these methods to the low-energy cross-sections of the isotopes 
of nickel. 

1. Introduction 

The physicist who has to evaluate nuclear cross-section data for 
reactor calculations must frequently extrapolate from measured information. 
He often has to consider the following situation: the total cross-section 
has been measured over a particular energy range, and resonances have been 
resolved and analysed in that range. He now wishes to use the resonance 
parameters to generate the total cross-section at low energies 
(particularly around thermal energies), where measurements may have been 
sparse, and also to compute the (n,y) cross-section, which may only have 
been measured at one energy (usually 0.025 eV), or over a thermal spectrum. 
The difficulty in doing this in a straightforward way arises from the 
effects of the unresolved resonances, which contribute a background that 
is energy dependent, albeit weakly so. These unresolved resonances are 
at high positive energies, and at negative energies; of which the nearby 
energy resonances are likely to have the greatest effect on low energy 
cross-sections. In particular, the topmost negative energy resonance may 
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well have a greater effect on the thermal cross-section than the first 
positive resolved resonance. 

If sufficient data are available, it may he possible to allow for the 
contributions from unresolved resonances by an empirical formulae fitted 
to the data; this has been done by for example Firk et al. [l] and 
Cote et al. [2]. Often, however, data are too sparse for this to be done, 
and then it is necessary to try to estimate the contributions. Such 
estimates must rely mainly on statistical methods, since the only informa
tion that is available about the unresolved resources is of a statistical 
nature; that is, the distributions and means of the widths and spacings 
of resonances. The plan that is outlined in this paper consists in 
trying to choose reasonable parameters for the first negative energy 
resonance (because of its pre-eminent importance) and then making a 
statistical estimate of the contributions from the remaining unresolved 
resonances. Of course we must recognise that for any real nuclide our 
estimates may be far from the truth, if the nuclide is not statistically 
"typical" - if, for example, the first few negative resonances have 
abnormally large or small widths and spacings - but this is a disadvantage 
from which any statistical treatment must suffer when applied to single 
members of an ensemble - in this case to a small isolated energy region of 
a particular nuclide. We try whenever possible to indicate the amount of 
confidence to be placed in the results; but because of this uncertainty 
it is important to use what data are available to determine as many para
meters as possible, and only to rely on statistical arguments when there 
is no alternative. 

2. Contributions from unresolved resonances 

For brevity a number of simplifying assumptions will be made; these 
will not be very restrictive, and it is not difficult to consider more 
general cases. First, the target nucleus will be assumed to be non-
fissile. Secondly, the multilevel Breit-Wigner ibmulae will be used, aid only 
s-wave neutrons will be considered. Thirdly, the reduced neutron widths 
TR of the resonances and the spacings S between neighbouring resonances of 
the same spin and parity are assumed to be independent random variables 
and to have respectively a Porter-Thomas [3] and a Wigner [4] distribution: 

Р(Л) *Л = [ехр(-п/2)]//(2*п) ] 
where Л = Гп°/Тпо , J (2*1> 
and £(€) d€ = ^ ехр(-я£2Л) d£ 
where £ = S/D . ] (2.2) 

-o In these equations, Гп i s the mean reduced neutron width, and D = S i s 
the mean spacing. 

The capture widths Гу of a l l resonances are assumed to be constant . 

I f the lowest and highest resolved resonances of a given spin and 
pa r i ty are a t Ej, and EH. the energies of the unresolved resonances of the 
same spin and pa r i ty below EL and above EH form renewal processes [ 5 ] , and 
the expected density of resonances a t an energy xD below Ej, or above % i s 
p(x) , which s a t i s f i e s the renewal equat ion:-

p(x) = *(x) + J* * ( * - У) Р(У) dy (2.3) 
where ф(х) i s the Wigner d i s t r i bu t ion ( 2 . 2 ) . 
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Equation (2.3) шау Ъе solved numerically quite easily, and a table 
and graph may Ъе found in, for example, a paper by Reichel and Wilkins [6], 
The property of p(x) that is of most importance to us is that 

p(x) —у 1 as x — t « j 
and in fact, p(x) в 1 for z ^ 2 . An approximation that i s sufficiently 
accurate for many purposes i s : 

p(x) » pa(x) 
where Pa(x) = */° f ° r x<<* (2.4) 

s 1 for X>0 , 
and c = 2 - k/% » 0.7268 . ' 

With these preliminaries completed, we may write down the elastic 
scattering and capture, cross-sections at a neutron energy E eV:-

g J = (2J+1)/2(2I+1) , 
I being the spin of the target nucleus, and J that of the compound nucleus. 
In Eqs. (2.5) 0 

Г__ 12 
° n n J « * ** | W E > - W ? E r - r - i y 2 l (2-е) 

Л o- J(E) « J U g " *Г «. J L ^ - X(E) . (2.7) 
n Y к 2 l 5 (B„ - E)2 + Г 2 A Г J 

о ' r 
In Eqs. (2.6) and (2.7) all the quantities are those appropriate to the 
particular spin J. E is the neutron energy (lab. system) in electron-
volts, and к© is the wavenumber in the centre-of-mass system of a 1 eV 
neutron:-

ko = 2-1*685 A+1.008665 X 1 ° 4 *** > 
12 where A is the atomic weight of the target nucleus (on the С = 1 2 scale), 

Г ° , Г . and Г = Г °V"E •»• Г _ are the reduced neutron width, the rn * гт г rn ry capture width, and the total width, of the resonance at E r. All these 
energies are assumed to be referred to the laboratory system. 

The sums over r are over all the resolved resonances of the given 
spin. The contributions from the unresolved resonances are included in 
aeff(E), the effective channel radius, and X(E). 

Г 
aeff(E) = a - ¿ - -g- Y(E) , (2.8) 

0 
where a fm is the constant channel radius, and УСЕ) is a sum over 
unresolved resonances. 
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To evaluate X(S) and УСЕ), it is assumed that they are equal to the 
expected values of the contributions from unresolved levels; use of the 
approximation (2.4) then gives:-

with o(u) a 1.38 ln(l + 0.727/u) , 

and i(i) = ffèçî) - p(LLb) 
with p(u) « 1.38 [(0.727 + u) ln(0.727 + u) - u 

In the right hand sides of Eqs. (2.9) and (2.11), the first terms 
give contributions from resonances above Ejj, while the second give 
contributions from those below Ej,. It has been assumed that (Eft - E) and 
(E - E]j) are both much greater than the mean total width (Гу + ín ^ Е) • 

Two further assumptions are implicit in these equations: it is 
assumed that the neutron energy E is low, so that ICQ/E a « 1 , and any 
variation in the strength function (Гп°/Ь) over the energy range E L to % 
is neglected. More general results have been obtained for cases in 
which these assumptions are not made. 

The standard deviations of the contributions are obviously needed and 
may be found from general formulae given in [6] and [7]. For the 
contribution o(u) to the capture cross-section, the fractional standard 
deviation и 1/Vu for u » 1 . Thus, even at several mean spacings from E L 
and EJJ, there is considerable inherent uncertainty in the estimation of 
the contribution (e.g. a standard deviation of about 30$ of the expected 
value at 9 mean spacings from either of the end points). If u ^ 1, 
numerical quadrature must be used: for the particular case u = 0.34 a 
calculation gave a standard deviation about 25$ greater than the expected 
value. This result indicates that not only is the uncertainty in this 
range very great, but also the probability distribution is markedly skew, 
so that the expected value (given approximately by Eq. (2.10)) is not equal 
to the most probable value. Ideally, the most probable value is a better 
estimate than the expected value, but it is also a much more difficult 
quantity to compute. Formulae given elsewhere [7] could be used to 
calculate it (and indeed the whole probability distribution) but no 
numerical computations have yet been made. Qualitatively, the most 
probable value of a(u) should be less than the expected value, but should 
approach it asymptotically for large u. 

The standard deviation of the contribution to the effective nuclear 
radius has not yet been calculated; but there is no reason to suppose 
that it is any smaller than that for the contribution to o*ny. 

Because of this large statistical uncertainty, it is desirable to 
increase u ; that is, to make E L as small, and E H as large, as possible. 
Por low energy neutrons, the predominant contribution comes from negative 
energy resonances, and so E L is the important quantity. If the cross-
sections are being calculated below the lowest positive energy resonance, 
this means that it is important to calculate the parameters of the first 
negative energy resonance as accurately as possible, and to treat 
statistically the contributions from the remaining bound levels. 

(2.10) 

(2.11) 

tax]. (2.12) 
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Note tha t Ej, and Ец are here the energies of actual resonances: the 
theory may be extended to cover the case where they are a rb i t r a ry energies , 
but the r e s u l t s are more complicated, and no more useful . 

F ina l ly , i t i s worth point ing out some general proper t ies of the 
contr ibut ions Y ( E ) and X(E; to the effect ive radius and capture c ross -
sec t ions . F i r s t , the effect ive radius i s a monotonically decreasing 
function of neutron energy and, i f the t a rge t nucleus has non-zero spin, 
th i s radius w i l l be d i f ferent for the two possible_values of J . Secondly, 
provided |E - Exl » TY + Гп /E and j % - E| » Гу + Гп° V*E , 

X(E) = -dY(E)/dE (2.13) 

3. The calculation of the parameters of the first negative 
energy resonance 
For simplicity we first consider the case of a target nucleus of zero 

spin, so that only one value of J is involved. 
Suppose that the first negative energy resonance is at Ej, eV (Ej, < 0), 

and that its reduced neutron and capture widths_ are Г^ 0 and Г^у 
respectively. Usually we shall assume Г^у = Ту, unless there is enough 
data to enable some other choice to be made; frequently, too, we shall 
have to assume for want of any more detailed information that all 
resonances have the same capture width Г~-, and indeed this mean value may 
itself be one of the quantities that need to be determined. 

The procedure is, at least in principle, iterative. Â value is chosen 
for EL, by (for example) assuming that the interval between it and the 
lowest positive energy resonance is equal to the mean spacing, D, or 
(better; the most probable spacing 0.8D (provided the chosen estimate gives 
a negative value for E^). The contributions from negative energy 
resonances beyond EL may then be estimated from the formulae of the 
previous Section. The contributions from resolved and unresolved positive 
energy resonances may also be computed, so that finally, by subtracting 
these from measured quantities, the contributions of the resonance at Ej, 
may be found:-

rLn° rLr/K EL - E)2 + ГЬ2А] = ko2 V E ) / E / * " ^ В Д / * 2 

-? rrn° rrrí^r- E) 2 + r r 2 / ^ (3.1) 

"* С / ( EL - E) « ̂ o aeff * £ rm° A E r " E> ± ^ o ' ш ^ (3'2) 

if |Er - E J » Гг for all resonances (which usually holds for E ~ 0.025 eV). 
In the last member of the right hand side of Eq. (3.2) the sign should 

be the same as that of dOim/dE at E. The term rL
2/4 in the denominator of 

the left hand side of Eq. (3.1) may often be omitted. 
The next step depends on the data available. 
(i) If there are data for 0"^ at many values of E, a plot of the 

reciprocal of the right hand side of Eq. (3*2) against E should 
give a straight line of slope (- 1/Гьп° ) and intercept (EL/TJ^O ) 
on the (E=0) axis. The value of a, the channel radius, may 
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need to be adjusted s l i g h t l y to give a good f i t . If t h i s f a i l s , 
then probably the parameters of two negative energy resonances 
need to be determined and th i s i s bes t done by a computer 
programme. Once Гт,тР and EL are determined, a s ingle measured 
value of OTjjy suffices to f i x Гьу, i f the capture widths for the 
pos i t ive resonances are_known, or ï y i f they are not , and i t i s 
assumed tha t a l l Гуу = Гу. 

( i i ) I f the data for о-ш(Е) are sparse, or i f the l i ne obtained i n ( i ) 
i s nearly hor izonta l , only the r a t i o Г ^ О Д Е Ь - Е ) w i l l be obta in
ab le . A value of o"ny wi l l give lLnorLy/(EL-E)2 , and so 

may be found. One then must guess one of the three 
quant i t i es Г ^ Г ^ у , and EL« I f information on Гу i s ava i lab le , 
one can put Tj^ = Гу . Otherwise, one can keep the previously 
selected value of EL; not ice tha t the most probable value of 
r L n ° ( a n d n e n c e o f (EL - E ) ) i s zero, which i s not very he lp fu l . 

I f i t i s thought tha t Гу should be within a ce r ta in range, 
the Porter-Thomas and Wigner d i s t r ibu t ions can be used to f ind 
the most probable values of I'm0 and EL compatible with а Гу 
i n tha t range. 

F ina l ly , one should return to the f i r s t step and reca lcu la te the 
contr ibut ions from unresolved resonances using the improved value for EL 
j u s t obtained. However, t h i s i s r a re ly necessary, because the contr ibu
t ions are usually small and, as has already been pointed out, are not 
accurately known. 

I f there are two spin s t a t e s of the compound nucleus to be considered, 
the process out l ined above may be general ised, and made the bas i s of a 
l eas t - squares f i t t i n g programme. Other data, such as the value and sign 
of the coherent sca t t e r ing , can be included. 

This completes the discussion of the methods available for the 
calcula t ion of the e f fec ts of negative energy and unresolved resonances on 
low energy neutron cross-sec t ion3 . 

4 . The Low Energy Сгозз-Sections of the Isotopes of Nickel 

In t h i s Section, these methods are applied to the analysis of the 
low energy cross-sect ions of the isotopes of n i cke l . Lack of space 
prevents a deta i led discussion, which wi l l be found in a forthcoming 
publicat ion [8] on an evaluation of data for n ickel over a much greater 
energy range. The numbers quoted here are preliminary estimates and may 
be a l te red i n the f ina l repor t , but they wi l l i l l u s t r a t e the method. 

The data on resolved resonances i s derived chiefly from r e f s . [9] » 
[10] , and [11] . The values suggested for the channel radius for 5<>Ni and 

60Ni are those quoted i n [9 ] ; they are here taken to be the values for 
aeff a t about 100 keV, which i s the low energy end of the region analysed 
in the references quoted. The values for the other isotopes are j u s t 
reasonable values which we have taken to be the mean of those for 5%i and 
6QNÍ; b e t t e r values of a are c lea r ly needed. 

No measured values of Гу are ava i l ab le . ' We therefore re ly on 
Cameron's semi-empirical formula [12] , and note tha t comparison with other 
nuclides in the same mass region suggests a value of 0.75 eV. 
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&*m (Abundance 1.08 - 0.20#) Experimental data: o^y = 1.52 ± 0.24 b a t 
0.0253 eVj ojm = 1.45 ± 0.4 b a t about 1 eV; aeff (100 keV) » 7 fm ; 
Гу = 0.143 eV from [12] or 0.75 eV from study of neighbouring nuc l ides . 

P a r r e l l e t a l . [10] give data for 21 resonances, y i e l d i n g : -
D = 28.5 ± 3 keV; F° = 8.4 ± 2.6 eV 

The two lowest resonances, at 13.8 keV and 33»2 keV, are both large, and 
these help to depress o*nn at low energies: note that the measured value 
is only 1.45 b. 

The highest resonance is at E H = 583 keV; Ej, = 13.8 - 0.8 x 28.5 
= - 9*0 keV. Using suffices H, L to renote contributions from positive 
and negative unresolved resonances, and using the notation of Section 2, 
at E = 0 we find that ощ = 0.048, oj, = 1.65, рн = 4.05 and PL - 0.561 • 
At E = 100 keV, Рн = 3.86 and рь = 2.44. Hence, if aeff (100 keV) 
= 7.0 fm, aeff (0 eV) = (7.0 + 0.13 + 1.28) fm = 8.41 fm, where the second 
term is due to positive, and the third to negative, unresolved resonances. 

Assuming Гу to be unknown, the experimental values of o^n and 0"nyV"E 
at low energies yield:- , 

rLn/EL = - 1.611 x 10"° 

and r Y r L n ° A l 2 = (О.1664 - 0.2017 \ ) x 10"6 , 

so tha t T < 0.83 eV. 
У 

If we assume E L has its most probable value of - 9 keV, these give:-
Г^о = 14.5 eV (= 1.7 V ) and T = 0.437 eV. 

If we assume that Ту = 0.143 eV, from Cameron's [12] formula, we get 
instead: Гп° = 2.70 eV {= 0.32 Tn°) and E L = - 1.67 keV (giving a spacing 
of 0.54D between this and the resonance at 13.8 keV). 

The latter set of values of Гп° and EL is four times more probable 
than the former; so it is to be preferred lacking better information on 
Ту. We should now iterate, since E L has been altered; but because of 
the considerable uncertainties involved, especially that in » L ел^ PL 
(—100$), we stop at this stage, and note t^at the contributions from 
negative unresolved resonances is calculated as if E L = - 9.0 keV, giving 
an underestimate. 

62Ni (16.3 ± 2.4^ 
Experimental data: Ощ- = ( l 6 . 3 ± 2.4)b a t 0.0253 eV; or^ = 9.21 ± 0 . 4 

a t about 1 eV; aeff (100 keV) « 7 fm; Гу s 0.192 eV from [12] , or 
O.75 eV by comparison with neighbouring nucl ides . 

The parameters of the lowest pos i t ive energy resonance are taken from 

ÍI 3 ] , ins tead of [10] ; i t s energy ds4.6keV. D = 18.9 keV and 
n

6 = 5.44 eV. 

The boundaries of the unresolved regions are a t EL = - 10.5 keV and 
= 590.5 keV. aeff (O eV) = (aeff (100 keV) + 0.12 + 1.29)fm = 8.41 fm. 
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Assuming Гу to Ъе unknown, the low energy cross-sect ions are f i t t e d 
l f : " rLn°/EL = - 4.919 x 10" 3 

and ^uP/Ej?= (3.85794/îy - 0.92295) зс 10~6, 
so tha t Ту < 4.2 eV. 

I f Еь = - 10.5 keV, Г ^ 0 = 51.8 eV and Ту = 2.77 eV, while i f 
Гу = 0.192 eV (from Cameron's formula) Ej, = - 0.26 keV and Г ^ 0 = 1.26 eV. 

Again, the l a t t e r p a i r of values for EL and ГЬп° i s more probable, and 
so t h i s se t i s adopted. The sca t te r ing cross-sect ion has been assumed to 
be a decreasing function of energy a t the energies considered (~ 0.02 eV). 

Ni (Abundance = 1.19 ± 0.07Й; spin = 3 / 2 ) 

Experimental data: crny s 2.5 í 1.1 b a t 0.025 eV; o ^ = 9.6 ± 2 b a t 
about 1 eV: aeff » 7 fro in the centre of the resolved resonance region 
( ~ 20 keV); Гу = 0.433 eV from [12] , but see below. 

Parameters for 19 resonances are given in [ l 3 ] j these were observed 
by Good e t a l . [14] . 

The resonances may of course be of e i t he r of the two spins 1 or 2j 
no experimental a l loca t ion of spins has been made, and the parameters 
given i n [13] and [14] are j u s t Ep and 2gr n ° . The parameters give 
D = 2.3 keV for both spins combined, and 2gTn° = 1.2 eV. The f i r s t 
quoted resonance i s a t 6.97 keV, so i t i s very l i ke ly tha t there i s a t 
l e a s t one between th i s energy and 0 eV. In fac t , Kapchigashev and Popov 
[15] have detected a resonance a t 2.3 keV in the capture cross-sect ion for 
na tu ra l n ickel , which may be a t t r i bu t ed to t h i s i so tope . Prom the 
quoted area of t h i s resonance [15]> one obtains Гу и 3.0 ± 1 . 0 eV, which 
i s much higher than the estimate from [12] . 

There are therefore many uncer ta in t i e s in the data for t h i s i so tope; 
for tunately i t s abundance i s low, so tha t the effect on the cross-sect ions 
for na tura l nickel of any incorrec t assumptions tha t we make wi l l be small. 

61 I f we assume tha t the 2.3 keV resonance belongs to Ni, and has a 
value of 2grn° equal to the mean, then, j u s t considering the known 
resonances ( including th i s one), Ту <3.6 eV. 

Assume that there i s a resonance of each spin s t a t e near an energy EL, 
and tha t 2gTn° for each resonance i s equal to the mean (1.2 eV). Then 
taking Гу = 3.0 eV, and assuming <*L я - D /EL> we find tha t EL = - 13.2 keV; 
t h i s i s very d i s t an t , since the pos i t ive resonances account for most of the 
capture. (This would not be so i f Гу i s i n fac t much l e s s than 3 eV). 

Since no spins are known for the pos i t ive resonances, we sha l l j u s t 
assume here tha t the cross-sect ion near thermal i s due en t i r e ly to 
po t en t i a l sca t te r ing , giving aeff я 8.7 fm. 

Obviously much more information i s needed about t h i s isotope, and in 
pa r t i cu l a r about the spins of the resolved resonances, and about the 
existence of low pos i t ive energy resonances. 
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60Ni С26.21 ± 0.51#) 

Experimental data: crny = 2,84 ¿ 0.23 b a t 0.0253 eV; c r^ = 1.07 Ь a t 
low energies ; aeff = 6,5 t 0.5 fm a t about 100 keV [ 9 ] ; Г у = 0.311 eV[l2]. 

The parameters for the pos i t ive resolved resonances are taken from 
[13] and [10 ] . D = 17.6 keV, and Гп° = 4.91 eV., Hence, EL = - 1.58 keV 
for an i n i t i a l guess; EH = 594*8 keV. The low energy radius i s 
a e f f (OeV) = 6 . 5 + 0.12 + 1.76 = 8.38 fm. 

F i t t i n g the thermal cross-sec t ions g i v e s : -
r L n ° / E b = - 2.29 X10-3 

and Гьп0 / EL
2 = (0.672/TY - 0.206") x 10" 6 , so tha t T y < 3*3 eV. 

with r*Y = О.311 eV [12] , EL = - 1.2 keV and Г ^ ° = 2.7 eV. 

5 8Ni (67.86 t 0.22?*) 

Experimental data: crnY = 4.69 ± 0.386 a t 0.0253 eV; cr^ = 24.584 
± O.O93 Ъ a t about 1 eV. a e f f = 7.5 ± 0.5 fm a t about 100 keV [ 9 ] . 
Prom [12], we expect Гу « 0.568 eV. 

This i s the most abundant i so tope , and also perhaps the hardest to 
f i t . The main reason for the d i f f i cu l ty i s the combination of a very 
large sca t te r ing cross-sec t ion , ind ica t ing a large value for rLn/|ELj, 
and a moderate value for the capture cross-sect ion, ind ica t ing a moderate 
value for Tjaf/Ej?. Hence EL, and consequently Гцп0, must be very l a rge , 
i f only one "resolved" negative energy resonance i s considered. 

The parameters are taken from [10] and [13 ] . The lowest posi t ive 
resonance i s a t 15.5 keV; D = 20.9 keV and Гп° = 6.4 eV. We assume to 
s t a r t with tha t EL = - 5.4 keV. This gives a e f f (OeV) = 8.9 fm and the 
experimental data are f i t t e d i f : -

r L n ° / E L = - 3.88 x 10" 3 

rLn° / Е Ь 2 = 1* 1 1/ rY " O-08^6» s0 that Г у < 13.1 eV, 
We also attempt to fit the scattering cross-section at 40 keV, where 
°nn й 8 b (reading from a graph in [9])« At 40 keV, agff = 7.7 fm, and 
to fit Сдд we need 

rLn° С" EL.+ 4 x 104) = 1.09 x 10"*3 
Hence, E L = - 14.3 keV, Г^о = 55.6 eV, and T y = 3.1 eV. 

Thi3 result is only a first approximation, and a more detailed fit 
will be attempted; this may need two negative energy resonances. 

It will be realised that many of the results we have obtained are 
only intelligent guesses: better results must await more experimental 
information. It is clear, in particular, that effective channel radii 
need to be better known, and that some more information on capture widths 
is needed (perhaps from resonance integral measurements). However, it is 
hoped that this detailed discussion of the nickel isotopes will have 
illustrated, and shown the usefulness of, the methods. 
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MECHANIZED EVALUATION OF NEUTRON 
CROSS-SECTIONS 

A. HORSLEY AND J. B. PARKER 
ATOMIC WEAPONS RESEARCH ESTABLISHMENT 
ALDERMASTON, UNITED KINGDOM 

Abstract 

MECHANIZED EVALUATION OF NEUTRON CROSS-SECTIONS. The evaluation work to provide 
accurate and consistent neutron cross-section data for multigroup neutronics calculations is not fully 
exploiting the available theoretical and experimental results; this has been so particularly since the intro
duction of on-line data handling techniques enabled experimenters to turn out vast quantities of numbers. 
This situation can be radically improved only by mechanizing the evaluation processes. Systems such 
as the SC1SRS tape will not only largely overcome the task of collecting data but will provide speedy access 
to it; by using computers and graph-plotting machines to tabulate and display this data, the labour of 
evaluation can be very greatly reduced. 

With some types of cross-section there is hope that by using modern curve-fitting techniques the 
actual evaluation and statistical accounting of the data can be performed automatically. Some areas 
where automatic evaluation would seem likely to succeed are specified and a discussion of the mathematical 
difficulties incurred, such as the elimination of anomalous data, is given. 

Particularly promising is the use of splines in the mechanized evaluation of data. Splines are the 
mathematical analogues of the draughtsman's spline used in drawing smooth curves. Their principal proper
ties are the excellent approximations they give to the derivatives of a function; in contrast to conventional 
polynomial fitting, this feature ensures good interpolation and, when required, stable extrapolation. Various 
methods of using splines in data graduation and the problem of marrying these methods to standard statistical 
procedures are examined. 

The results of work done at AWRE with cubic splines on the mechanized evaluation of neutron scattering 
total cross-section and angular distribution data are presented. 

DISCUSSION 

K. PARKER: This is the only paper dealing specifically with the need 
to develop and use computer techniques for handling the ever-growing 
volume of experimental data with which the evaluator must struggle. • 
Believers in mechanized evaluation do not claim that computers can make 
the physics judgements essential in evaluation, but that much of the tedious 
routine work can be done on computers (for example, the least-squares fit 
of the 2200-m/s cross-sections of fissile nuclides). As SCISRS tapes 
become more widely available one can envisage programmes that will 
produce best-fit curves to many sets of experimental measurements having 
different statistical e r rors and different weights. The physics consists in 
assigning weights to experiments that give values differing by more than 
the combined stated statistical e r rors , but the remainder of the process 
can be automated, leading to an evaluated curve at each point of which one 
can calculate a probable e r ror in the evaluated cross-section. 

R. TASCHEK: I should like to warn against the assumption that all 
one requires for solving an evaluation problem are the right kind of 
computer code and the correct calculational approach. One often needs to 
determine where a complex experiment has gone wrong or whether experi
mental values really are correct within the e r ror given. This is a matter 
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for pe r sona l judgement and a highly profess ional pa r t of evaluating which 
cannot be done by computer . 

K. PARKER: I was careful to say that compute r s cannot make phys ics 
dec i s ions . However, they can be used to compute bes t cu rves through 
conflicting exper imenta l m e a s u r e m e n t s once ce r ta in decis ions on the 
phys ics have been made . This i s what i s done with the l e a s t - s q u a r e s 
analys is of 2 2 0 0 - m / s c r o s s - s e c t i o n s of f iss i le nucl ides . Drawing a bes t 
smooth curve as a function of energy i s a m o r e difficult, but s t i l l solvable, 
problem for a computer , and it i s with th is kind of problem that mechanized 
evaluation in the sense of pape r CN-23/24 i s concerned. 

J . J . SCHMIDT: In my paper (CN-23/124) I s t r e s s e d that d i s c r epanc i e s 
between se t s of different exper imenta l data for one and the s a m e quantity 
const i tute the bas ic bot t le-neck in evaluation. The difficulties of the 
evaluator a r e often inc reased by the fact that exper imenta l i s t s t hemse lves 
do not make a sufficiently thorough compar i son of the i r r e su l t s with those 
of o ther groups . 

THE ROLE OF ISOTOPIC COMPOSITION 
MEASUREMENTS IN CROSS-SECTION 
EVALUATION 

P.G. ALINE 

GENERAL ELECTRIC COMPANY, 

SAN JOSE, CALIFORNIA, UNITED STATES OF AMERICA 

Abstract 

THE ROLE OF ISOTOPIC COMPOSITION MEASUREMENTS IN CROSS-SECTION EVALUATION. 
Isotopic composition measurements, made on fuel irradiated in operating power reactors, provide a valuable 
input to select the most useful set of evaluated cross-sections for reactor design application. Evaluators 
often establish the validity of a cross-section evaluation by analysis of resonance integral measurements 
and critical experiments. Experimental data obtained from operating reactors can provide a more sensitive 
test of the adequacy of cross-section sets. 

Critical experiments test evaluated data for eta, while isotopic ratio measurements test relative 
reaction rates of all isotopes present. A vast amount of data for a wide range of conditions provides a 
statistically significant sample for cross-section ratio evaluations. This statistical sample provides a 
more sensitive test of relative reaction rates than is normally obtained from precise laboratory measurements 
of a limited range for conditions occurring in critical experiments. 

If cross-section evaluating is to be kept in proper perspective, the evaluation process cannot be con
sidered independently of the cross-section applications. The use of only critical experiments or resonance 
integrals, to test an evaluated set of data and models, is not sufficient to arrive at the best set for general ' 
application. Ratios of reaction rates, inferred from isotopic composition measurements, should be included. 
For light-water power-reactor design application, as for other reactor types, the interaction between cross-
section data uncertainties and approximations used in the models is sufficient to affect significantly final 
results and conclusions. For these reasons it is important to make use of all sources of data, including 
data from operating power reactors, to select evaluated cross-section sets for general use in reactor design 
calculations. 
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Abstract 

EVALUATION OF THE ELASTIC AND INELASTIC SCATTERING CROSS-SECTIONS OF 14-MeV 
NEUTRONS FOR EVEN-EVEN NUCLEI. A method for the evaluation of elastic and inelastic scattering 
cross-sections for the first collective state of even-even nuclei is described. Some theoretical results are 
compared with the experimental ones-, comparisons are also made with DWBA. 

TABLE DES INTEGRALES DE RESONANCE 

R. VIDAL ET F. ROULLIER 
CEA, CENTRE D'ETUDES NUCLEAIRES DE FONTENAY-AUX-ROSES, 
FRANCE 

Abstract — Résumé 

TABLE OF RESONANCE INTEGRALS. The authors' purpose is to regroup the measured resonance 
integrals for a number of materials, after correcting them with a view to reducing them to a common 
definition, and to compare them with the value calculated from resonance parameters, when these para
meters are known with a sufficient degree of accuracy. These comparisons are made for use with the infinite 
dilution method. 

The resonance integral above the 1/V part, which corresponds to infinite dilution, is defined by 
the relationship: 

Ec 

a ( E ) - o 0 j | -

From this we derive the total integral Ir by selecting the lower limit of integration Ec equal to 0. 55 eV. 
Only those materials are studied whose lowest resonance wing is extinguished at this energy. 

The resonance integrals calculated from the parameters are determined for infinite dilution by 
means of the Z.UT computation programme and the complementary TUZ programme for the contribution 
of unresolved resonances. 

The authors have made certain corrections in the measured resonance integrals to standardize and 
thereby facilitate comparisons. These consisted, in particular, of the following: calculation of the 1/V 
part to obtain I from Ir ; modification of quenching to reduce them to energy Ec = 0. 55 eV; standardization 
relative to the resonance integral for gold, taken as equal to I = 1540 b and to the cross-section at 2200 m/s 
of natural boron, taken as equal to 761 b or 771 b, depending on the isotopic concentrations; extrapolation 
to infinite dilution; adoption, if necessary, of the final thermal cross-sections when they enter into the 
calculation of I. 

For each material the authors mention all the measurements with which they are acquainted, the 
calculated value and the recommended values for I and Ir that can be ded uced from this compilation. 
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TABLE DES INTEGRALES DE RESONANCE. Les auteurs se proposent de regrouper, pour différents 
corps, les valeurs des intégrales de résonance mesurées, après les avoir corrigées pour les ramener à une 
définition commune, et de les comparer à la valeur calculée à partir des paramètres de résonance lorsque 
ceux-ci sont connus avec une précision suffisante.. Ces comparaisons se font pour la dilution infinie. 

L'intégrale de résonance, au-dessus de la partie en 1/V, correspondant à la dilution infinie, est 
définie par la relation 
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On en déduit l'intégrale totale Ir en choisissant la limite inférieure d'intégration Ec égale â 0,55 eV. 
On n'étudie que les corps dont l 'aile de la résonance la plus basse est éteinte à cette énergie. 

Les valeurs des intégrales de résonance calculées à partir des paramètres sont établies pour la 
dilution infinie à l'aide du programme de calcul ZUT et de son complément TUZ pour la contribution 
des résonances non résolues.. 

Sur les valeurs des intégrales de résonance mesurées, les auteurs ont effectué certaines corrections 
afin de les normaliser pour faciliter les comparaisons, en particulier: calcul de la partie en 1/V pour 
obtenir I à partir de Ir; modification de la coupure pour les rapporter a l'énergie Ec = 0,55 eV; normalisa
tion par rapport à la valeur de l'intégrale de résonance de l'or prise égale à 1 = 1540 b et à la section 
efficace à 2200 m/s du bore naturel prise égale à 761 b ou 771 b suivant les concentrations isotopiques; 
extrapolation à la dilution infinie; éventuellement, adoption des dernières valeurs des sections efficaces 
thermiques lorsqu'elles interviennent dans le calcul de I. 

Pour chaque matériau, les auteurs citent l'ensemble des mesures dont ils ont eu connaissance, la 
valeur calculée et les valeurs recommandées pour I et Ir qu'ils ont pu déduire de cette compilation. 
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Abstract 

ACTIVITIES OF THE CROSS-SECTION COMPILATION AND EVALUATION CENTERS AT THE. 
BROOKHAVEN NATIONAL LABORATORY. The growth of the compilation and evaluation efforts at the 
Brookhaven National Laboratory are reviewed. The current work of the Sigma Center is discussed, including 
the status of the publication of supplements to BNL-325 and the current state of the SCISRS-I tape. Future 
needs for BNL-325 type publications and SCISRS-II cross-section tapes are outlined. 

The history of the Cross-Section Evaluation Center at the Brookhaven National Laboratory is similarly 
reviewed. The status of current work is discussed, including the growth of the ENDF/A tape. The status 
of US efforts to produce a cross-section tape (ENDF7B) at an early date to satisfy the needs of US reactor 
designers is discussed. The continued importance of integral experiments and their accurate analysis to 
provide checks of the cross-section tapes is pointed out. 

The role of the Brookhaven National Laboratory in collaboration on an international basis is reviewed, 
including its current relationship to the ENEA Neutron Data Compilation Centre, the International Atomic 
Energy Agency and other nuclear centres. 

1 . INTRODUCTION 

The Brookhaven National Laboratory has traditionally played a key role 
in the measurement, compilation and evaluation of neutron cross-sections. 
At a time when new information centers are being proposed and when "centers 
of excellence" are supposed to spring up Minerva-like into instant maturity 
it may be well to reflect on the major reasons for these past accomplish
ments; the presence of strong staffs of both nuclear and reactor physicists, 
of the required tools such as advanced research reactors, accelerators and 
computers', and last but not least the steady support of the USAEC and its 
advisory bodies. 

We last reported on Brookhaven's activities in cross-section compila
tion and evaluation at the AEC-ENEA sponsored seminar of last May [l]. We 
assume that the papers which were presented at this Conference are gener
ally available and shall therefore concentrate on developments since that 
time. 

2 . THE SIGMA CENTER 

During the p a s t y e a r , t he c o m p i l a t i o n and e v a l u a t i o n e f f o r t s a t t h e 
Brookhaven N a t i o n a l Labora to ry have been a c c e l e r a t e d . We s h a l l d i s c u s s 
f i r s t the s t a t u s of the p u b l i c a t i o n s of supplements to BNL-325 s i n c e t h e s e 
a r e of worldwide i n t e r e s t . In May, 1965 we were ab l e to r e p o r t t h a t a 
comprehensive th ree-vo lume second supplement was i n p r e p a r a t i o n . Volume I , 
Z=l-20 had a l r e a d y appeared and Volume I I I , Z=88-96 was d i s t r i b u t e d dur ing 

* Work performed under the auspices of the United States Atomic Energy Commission. 
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the summer of 1965. The rapid increase in cross-section data for medium 
weight elements has made it necessary to publish Volume II in three 
parts, each consisting of about 400 pages, in our new book-size format. 
The formal work on this volume was completed in August, 1966. At that 
time, Volume II-A, Z=21-40 had been published and distribution had been 
started. Volume II=B, Z=41-60 was in press and distribution is antici
pated in October. The final volume of the series, Volume II-C, Z=61-87 
is expected to be in print about the end of this year. 

With the completion of these supplements there will be a lull in 
formal BNL publication activities. As M. Goldberg has pointed out [2], 
the next edition of BNL-325 will certainly run to several volumes. We are 
therefore anxious to learn whether a new ten-volume set of BNL-325's will 
be as well-thumbed as the older editions. Some speed-up in our methods 
of processing and publishing data will also be required and we are con
cerned lest the quality of the work suffer on this account. During the 
next year we shall be gaining experience with fast computer-based, 
graphical plotters. A modern Cal-Comp plotter and associated equipment 
has recently been acquired by the BNL Applied Mathematics Department. As 
these facilities become operative, an attempt will be made to supplement 
BNL-400, the angular distribution compilation, entirely by computer. 

The storage and transmittal of cross-section data at the BNL Cross-
Section Compilation Center has for some time been accomplished by use of 
a magnetic tape data library known as SCISRS [3], the Sigma Center Infor
mation Storage and Retrieval System. The rapidity with which the SCISRS 
tape can grow is indicated by the fact that it contained only 230 000 in
dividual data points when Goldberg reported on its use in March, 1966 at 
the Conference on Neutron Cross-Section Technology [2]. In August 1966, 
it contained over 600 000 data points. Much of this growth is attribut
able to the digestion of data contributed by the Nevis group at Columbia 
and to the transfer of all data contained in BNL-400, the "Angular Dis
tribution" compilation, onto tape. A similar large increase in data stor
age is expected as the recent Los Alamos bomb test cross-section data 
arrives and is digested. 

To date no problems have arisen in the rapid storage and transmittal 
of data via SCISRS and relatively modest blocks of machine time are re
quired for this purpose. As an example, the bulk of the recent Columbia 
data was rapidly transferred to tape by arranging for block time on the 
IBM-7094 computer. A block time of two hours per night (during which up 
to 20 000 data points can be processed) is found to be more than ample to 
keep up with the current rate of data acquisition and no requirement for 
an order of magnitude increase in machine time is anticipated in the 
future. 

While SCISRS is therefore satisfactory for the internal needs of the 
Center, it is realized that it cannot, in its present form, satisfy the 
needs of all users. Recommendations for the specifications of a second 
generation SCISRS has therefore been undertaken by a subcommittee of the 
NCSAG (Neutron Cross Section Advisory Group) for the USAEC Division of 
Research. As of this date, the required SCISRS-II specifications have 
not yet been defined but every effort will be made to coordinate the 
Sigma Center compilation work with that of its many diverse groups of 
users. 
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3. THE CROSS-SECTION EVALUATION CENTER 

An important group of users of the Sigma Center compilations is the 
USAEC Division of Reactor Development and Technology (DRDT). This Divi
sion maintains the Cross-Section Evaluation Center at Brookhaven. In 
contrast to the work of the Sigma Center, the work of the Cross-Section 
Evaluation Center is primarily that of systematic evaluation of neutron 
cross-section data. However, the operations of the two Centers are 
linked and their personnel have always worked in close proximity which 
results in considerable mutual benefits. The work of this group has 
been previously described [l] and the recent individual evaluation ef
forts of its members will be discussed in a companion paper by D. Goldman 
and K. Parker. 

We shall therefore confine our discussion of the Cross-Section Eval
uation Center's work to group efforts. First, it is worth mentioning 
that the optical model code ABACUS-2 of E. H. Auerbach has received world
wide interest and distribution. Recognition of the rapidity and flexi
bility of this code has led to a continuing series of requests for its 
listings, master deck or other components from universities and major 
nuclear research laboratories both in the United States and abroad. The 
international appeal of such codes as ABACUS-2, THERMOS, etc. points out 
the importance of this work. It is clear that the field badly needs an 
improved optical model code for neutron cross-sections of similar flexi
bility and convenience. In the same vein, we badly need satisfactory cal-
culational models for multilevel fits of neutron cross-sections both for 
compilation and for evaluation work. For some time the Cross-Section 
Evaluation Center directly supported the application of the Adler and 
Adler multilevel formalism to fissionable isotopes. Some work of this 
type is now supported directly by the DRDT Division of the USAEC. 

In addition to the work of its Centers, members of the Reactor 
Physics Division at Brookhaven have frequently published reports which 
contain correlations of nuclear data with integral experiments [l]. Dis
crepancies that have been noted between differential cross-section meas
urements and integral measurements have frequently led to the correction 
and improvement of the techniques for both types of experiments. As an 
example, the discrepancy in the epithermal value of alpha of 2 3 Би which 
was the subject of a special panel discussion at Gatlinburg in 1965 [4] 
has now been considerably clarified. Similarly, the analysis of critical 
experiment data for thermal reactor assemblies in the U. K. had led 
G. Tyror and J. R. Askew to recommend a substantial reduction in resonance 
integrals for 3 8U, a recommendation that requires serious further inves
tigation of these supposedly firm numbers. 

Cross-section accuracies of about %% are frequently requested and can 
be justified for several nuclides. However many cross-section measurers 
feel that accuracies of 1-3% are probably ultimate limits. On the other 
hand, criticality data (and associated material tolerances and quality 
control) to \% appear feasible. With techniques for integral experiments 
improving to the point where measurements of detailed neutron spectra are 
becoming feasible, it appears that integral and critical experiments for 
thermal as well as fast spectra should continue to be important for many 
years. 

4. THE ENDF FORMAT 

Various systems for storing and retrieving evaluated nuclear data 
have sprung into being at individual laboratories in response to their 
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specific requirements. The need for a flexible standard format was 
recognized some years ago by H. Honeck at Brookhaven. Under the 
sponsorship of the Reactor Mathematics and Computation Division of the 
American Nuclear Society, he developed the punched card/magnetic tape 
system called the ENDF or Evaluated Nuclear Data File. Details of the 
system are contained in various BNL reports [5,6] and Cross-Section 
Evaluation Center Newsletters. The latter are issued whenever major 
changes or additions to the ENDF Master Library are made. 

As shall shortly be made clear the ENDF system has recently been 
split into two systems ENDF/A (Evaluated Nuclear Data File, Version A) 
and ENDF/B. Version A contains evaluated point data and is intended 
for use by individuals actively engaged in evaluation work. Thus it 
may contain multiple evaluations of the same data. It may be frag
mentary in the sense that the entire energy range may not be covered or 
a complete set of partial cross sections may not be given. On the other 
hand, it uses the original, highly flexible format. 

Version В is intended as direct input into multigroup and Monte Carlo 
codes. It will contain one complete set of data for each material and a 
relatively simple format. The data on Version В will serve as a refer
ence cross-section set for user groups. Where Version A is a continuously 
growing library, it is expected that ENDF/B will be changed only occasion
ally, possibly on an annual basis. 

The library ENDF/A presently contains an updated version of the 
Aldermaston/Winfrith Data File. An entirely tape-to-tape Fortran II 
program was written to convert the data to the ENDF/A format. About 
15 minutes of IBM-7094 time were required to convert the first such tape 
received, dated July 1, 1964, which contained 23,964 BCD card images in 
the A/W format. In addition, ENDF/A contains a recent KAPL evaluation 
of fast neutron cross-sections of oxygen and recent GA evaluations of 
thermal neutron scattering kernels for graphite, beryllium and water. As 
similar careful evaluation efforts are completed and sent to S. Pearlstein 
at the Cross-Section Evaluation Center they will be placed in the ENDF/A 
Library at the Brookhaven National Laboratory. 

5. THE CROSS-SECTION EVALUATION WORKING GROUP (CSEWG) 

The limitation of the original ENDF system was that it was open-
ended. There remained the need to close the loop for reactor designers 
by putting the data into a format of immediate use to the largest or the 
smallest user. The splitting of the ENDF system into two parts was a 
step in this direction. Additional links are however still required. 
There are shown schematically in Fig. 1. 

The circles in Fig. 1 may be thought of as data libraries, while the 
boxes are computer codes designed to process the data. The links desig
nated as SC0RE and ENC0RE are complex and do not yet exist. Since SC0RE 
forms the link between SCISRS and ENDF/A, it is part of the problem 
currently under consideration by the NCSAG. Some steps in the develop
ment of SC0RE and ENC0RE have also been taken by the DRDT Division of 
the USAEC, but it is clear that it will take considerable time before 
these steps are fully implemented. 

For these reasons, the.DRDT Division of the USAEC on the advice of 
its Advisory Committee on Reactor Physics (ACRP), has decided to concen
trate on the early completion of an ENDF/B library and its associated 
programs. The ENDF/B tapes can serve as direct input to existing Monte 
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THERMOS MUFT 
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FIG. 1. Schematic of the flow of nuclear data from compilation to reactor calculation 

Carlo codes or the MC2 code which is being designed by the Argonne 
National Laboratory for the design of fast breeders. For other applica
tions, further processing of ENDF/B data is required. The code ET0M 
(ENDF to MUFT) is currently being developed to process the data into mul-
tigroup sets for thermal codes such as MUFT. Finally, FLANGE has been 
developed to obtain thermal neutron scattering kernels from the scattering 
laws contained on ENDF/B. All of these codes are expected to be opera
tional during the Fall of 1966. 

The evaluation of the data required for the first ENDF/B tape is 
being carried out by a working committee (CSEWG) composed of representa
tives of USAEC laboratories and contractors having direct responsibili
ties to the DRDT Division of the USAEC, plus representatives from the AEC, 
the Advisory Committee on Reactor Physics and laboratories in the Naval 
Reactors Branch. The effort is focused in the BNL Cross-Section Evalua
tion Center with S. Pearlstein as its Chairman. The goal is a complete 
set of cross-section data for some fifty reactor materials and isotopes 
from hydrogen to curium-244 by November, 1966. Once the data has been 
placed on ENDF/B, distributed to reactor designers and processed into mul-
tigroup forms, it will be tested against integral measurements obtained 
from critical and exponential experiments. The total experience gained 
from using the data plus new cross-section data can then be combined in an 
attempt to generate an improved ENDF/B tape. With time it is expected 
that formats and codes will also be improved and the list of isotopes ex
panded. 

At the CSEWG meeting of June 9-10 at Brookhaven, members of the com-
mitee agreed to the following standards in their evaluation of data for 
individual isotopes: Data submitted for inclusion in the ENDF/B library 
should be documented even if in minimal form. The source of the data, 
whether by report or personal communication should be indicated. In addi
tion comments about the methods, experimental or theoretical, used in de
riving the data are requested. Participants are urged to provide as com
plete a documentation as possible. The CSEWG committee itself is composed 
of a strong group of nuclear and reactor physicists most of whom have had 
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experience i n reactor c r o s s - s e c t i o n eva lua t ion . Many previous data eva l 
uat ions are a v a i l a b l e to them. Thus, in s p i t e of time l i m i t a t i o n s , i t i s 
hoped that the f i r s t ENDF/B l i b r a r y , a f t e r thorough checking, w i l l become 
a widely used t o o l . 

6. INTERNATIONAL COOPERATION 

By i n t e r n a t i o n a l agreement, the Sigma Center a t BNL s e r v i c e s the 
United S t a t e s and Canada in the compilat ion of measured neutron data. 
Similar Centers now e x i s t in Sac lay , Vienna and Obninsk. By agreement 
with the ENEA, the SCISRS data are r o u t i n e l y s en t to the Neutron Data 
Compilation Center (CCDN) a t Saclay . The second CCDN newle t t er (CCDN-NW2) 
contains a complete l i s t i n g of t h e i r SCISRS master tape as of June, 1966. 
During the f i r s t e i g h t months of 1966 some 450,000 data po in t s were sent 
from the Sigma Center to the Saclay Center. In a d d i t i o n , the Sigma 
Center cooperated in the tra in ing of personnel for both the Saclay center 
and the IAEA Nuclear Data Unit a t Vienna although formal cooperat ive 
agreement for regular exchange of l a r g e blocks of data, with the l a t t e r 
Center has not yet been e s t a b l i s h e d . However, some f i s s i o n c r o s s - s e c t i o n 
data, publ i shed in BNL-325, were sent to the IAEA Center for t h e i r use a t 
t h i s Conference. 

The return flow of c r o s s - s e c t i o n data from Saclay to Brookhaven i s 
s t i l l sporadic . In p a r t , t h i s i s due to computer problems and to the 
strong e f f o r t being made there on the СINDA System. We have found the 
CINDA system u s e f u l , p a r t i c u l a r l y in c r o s s - s e c t i o n eva lua t ion . The s y s 
tem s t i l l has some weaknesses, c h i e f l y the lack of completeness of i t s ' 
re ferences and lack of documentation behind some of i t s c i t e d r e f e r e n c e s . 
The l a t t e r problem could be avoided i f minimum standards were adopted for 
c r o s s - s e c t i o n e v a l u a t i o n , whi le the former problem can be overcome with 
time and a strong s t a f f of CINDA readers . 
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DISCUSSION 

J . S. STORY: I should like to ask whether the ENDF systems are 
available to users outside the United States. Many of the European files 
are already available from the ENEA Neutron Data Compilation Centre 
(CCDN) at Saclay, from where I believe Honeck obtained them for inclusion 
in the ENDF/A system. 

J . CHERNICK: Many of the evaluations already on the ENDF/A tape 
are immediately available. The ENDF/B system still requires a certain 
amount of testing. We hope that the scope of our agreements with the 
ENEA Neutron Data Compilation Centre at Saclay and with similar centres 
will be enlarged to include the ENDF/B system. 

J .S . STORY: I should like to raise the same question in relation to 
the associated computer programmes. I think this poses a somewhat more 
complex organizational problem, because computer programmes always 
need up-dates, and of course an adequate operating manual. Most of the 
computer programmes associated with the UKAEA Nuclear Data Library 
are available from the ENEA Computer Programme Library at Ispra. A 
review of nuclear theory programmes useful for data evaluation was pre
pared by Mike James earlier this year. This review was published in 
Newsletter No. 5 from the ENEA Computer Porgramme Library. Later 
another member of the Winfrith evaluation staff spent two weeks at Ispra 
ensuring that the programmes associated with the UKAEA Nuclear Data 
Library would operate on the computer at the ENEA centre. 

J. CHERNICK: Certainly the special programmes will be available at 
Brookhaven. In addition, Argonne National Laboratory will have an 
arrangement with the ENEA Computer Programme Library at Ispra. 





Session XI 

INTERNATIONAL CO-OPERATION IN THE FIELD 
OF NUCLEAR DATA 





INTERNATIONAL CO-OPERATION IN THE 
FIELD OF NUCLEAR DATA 

D.W. COLVIN 
EUROPEAN NUCLEAR ENERGY AGENCY, 
NEUTRON DATA COMPILATION CENTRE, 
GIF-SUR-YVETTE, FRANCE 

I see from the p r o g r a m m e of this Conference that I am supposed to 
be giving a talk, the t i t le of which would be announced. P e r h a p s the 
o rgan i z e r s of this Conference showed some wisdom in a r ranging that 
the t i t le was not in fact known s ince a sess ion heading of " in ternat ional 
Co-opera t ion in the Fie ld of Nuclear Data" would normal ly be m o r e 
than sufficient to ensu re a l imi ted audience. However, now that I have 
a captive audience, and, I s ee , a ve ry l a rge one, inveigled by the lack 
of t i t le , if not by the speake r , I am fair ly safe in giving the t i t le of my 
talk as "Internat ional Co-opera t ion in the Fie ld of Nuclear Data in as 
far as i t i s Influenced by Recent T rends in the Measurement and Storage 
of Such Data and the Effects on this of Grandiose Schemes for a World 
Locked in Pe rmanen t E m b r a c e by Compu te r s " . 

Now, before you all l eave , perhaps I can tempt you by changing 
the t i t le to that of "The Effects of Progeny on Legalizing I l l ici t Unions" 
and also r e m a r k that , bor ing as i t may be , it i s perhaps c o r r e c t that the 
major i ty of you who were thinking of leaving a r e of course profess ional 
sc ien t i s t s who should perhaps ponder at l eas t a few of the se r ious r e 
m a r k s which I hope to make this afternoon. 

The re a r e s eve ra l l eve ls of in ternat ional co-opera t ion in the field 
of nuc lear data, if not in many o ther f ields, not all of which I should 
wish to expat ia te . They may be convenient ly classif ied as follows: 

1. Co-operat ion at government level which manifes ts i tself mainly 
in conducted v is i t s of sc ien t i s t s under official ausp ices , the exchanges 
of pe rsonne l , b i - l a t e r a l (and occasional ly mu l t i - la te r a l ) a g r e e m e n t s , 
exchanges of s a m p l e s , exper imenta l equipment, e tc . These co
opera t ive ven tures a r e a r r anged pr incipal ly by pol i t ic ians , lawyers ,scient i f ic 
l awyer s and polit ically motivated sc i en t i s t s , and, except a s they 
influence each and every one of us in some way, even if only indirect ly , 
a r e not pe rhaps of g rea t i n t e r e s t at this meet ing. 

2. In ternat ional commi t t ees of which the best known example i s the 
Eu ropean -Amer i can Nuclear Data Commit tee (EANDC), who exist in 
a somewhat autonomous manner and succeed in set t l ing what can be 
done by co-opera t ion without coerc ion; these I would like to r e tu rn to; 

3 . Internat ional c e n t r e s , such as EURATOM, Dubna, the T r i e s t e 
Cent re and the European Neutron Data Compilation Cent re , which 
I had be t te r r e t u r n to , if only because I have a fair working knowledge 
of how internat ional co-opera t ion can be affected, o r can go sour , in 
this pa r t i cu l a r mil ieu; 
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4. International secretariats, such as the United Nations, the 
International Atomic Energy Agency (IAEA) in Vienna, and the European 
Nuclear Energy Agency (ENEA) in Par is , who exist to further scientific 
co-operation in an international manner, whether or not they carry 
out particular projects, as some of them of course do. Here the em
phasis is on creating a formal framework within which scientists from 
many countries may discuss and set up international collaborative ex
changes and projects; 

5. International scientific meetings which, like the present one, are 
a specific co-operative activity of the organizations of the previous 
group which I mentioned above, and whose main benefits are provided 
by their facilitating my final level of international co-operation. 

6. The personal contacts between individual scientists. 

Let me just make three points about the last two levels of inter
national co-operation. First , they are undoubtedly the most fruitful 
form of co-operation in their effect on the advances of science. Secondly, 
one of the unfortunate facts of life is that most of you who come here earn 
your trip by writing a paper. This is a hardship arising largely from 
the dealings between your directors and their suppliers of money. The 
inevitable effect, as we all know, is the presentation in many instances 
of slightly revised versions of papers already given elsewhere. The 
effect of this on the multiplicity of reports and the resulting confusion 
has to be seen to be believed, but its worst features are felt most 
severely by the groups who compile references and data. I therefore 
make two pleas which have been made ever more frequently recently: 
if you must give a follow-up paper then please, if only in the written ver
sion, give us the relationship between your new paper and its multi
tudinous predecessors and tell us what supersedes what. My second 
plea which will fall on more barren ground is that those of you who 
are directors of research groups try sending some of your personnel 
to conferences without their presenting a paper. Let them come just 
to talk to their colleagues. 

And the last point, which necessitates a jump ahead in this paper, 
is that I should like to give an assurance on the part of the Compilation 
Centres, which I hope can also be given by national atomic energy 
commissions, that the old-established personal contacts of scientists 
with each other will not, and should not, be destroyed by the existence 
of committees, centres, and agencies whose chief prerogative is that 
of collecting data and collecting knowledge about data. 

I don't consider that it is part of my duty this afternoon to describe 
the activities of my level 4 of international co-operation, i. e. the 
international agencies, who are well able to look after their own self-
advertisment, mainly by the issue of excellent annual reports of their 
activities. 

I come now to the international committees and international centres 
and I will concentrate on the field of neutron data. Tedious as these 
matters may be to many of you at this meeting, it should be evident to 
all of us by now that the hard facts of life have to be faced. Nowadays, 
almost every government has a limited amount of money which it will 
allow to be spent on research, and we are fast approaching the point 
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where there is a limited number of highly qualified professional scientists 
available to supply all the scientific disciplines. The neutron scientist 
no longer has the romantic appeal of twenty years ago, which limits 
the intake into the field, and perhaps he has also been so successful 
in his work that governments must now of necessity question the useful
ness, if not the interest, of further spending of vast quantities of money 
in this field. 

So it behoves us, if we wish to continue in what can still be an 
exciting field, to attempt the maximum amount of co-operation to avoid 
duplication and to improve the process of decision making for the future 
by pooling our brains rather than charging off in all directions for reasons 
of national prestige, or simple inability to talk to each other. 

Luckily, as it turns out, or perhaps it is not so surprising, there 
are broad areas of agreement between the requestors of data, which are 
quite independent of national boundaries. At the same time it is obvious 
that work carried out in one research laboratory can be of great interest 
thousands of miles away and that this information not only should get 
from one of these laboratories to another but should be widely available 
to anyone who can make the slightest use of it. 

Co-operation in these matters has been attempted over the last six 
years through the medium of the European-American Nuclear Data 
Committee. This committee, which carefully inspects requests for data, 
bearing in mind the present status of available nuclear data, allocates 
a system of priorities which depend to some extent on the requestors 
providing adequate reasons for their demand. Discussion within this 
committee enables measurements on nuclear data to be carried out in 
a rational manner and avoids, where possible, unnecessary duplication 
of effort. 

The EANDC, which is an organization of the OECD countries, was 
based on the original Tripartite Nuclear Cross Sections Committee, the 
TNCC and has been a fruitful example of the effective international 
committee [1] . Perhaps its autonomous nature and the fact that 
scientists themselves run it have in no small way contributed to its 
success. 

We can now look forward hopefully to a world-wide organization of 
this type which could be promoted under the aegis of the International 
Atomic Energy Agency and which might succeed the International 
Nuclear Data Scientific Working Group (INDSWG). 

I return now to a point hinted at earlier; results of experimental 
research are unnecessarily difficult to find and do not reach the various 
users of data — other research workers, evaluators, reactor designers. 
There is only one solution to this problem — the formation of information 
centres, whose main objectives should be that of efficient collection and 
dissemination of the material of relevance in any particular field. Where 
possible, it appears more sensible to organize these on an international 
scale. The results which they collect are produced all over the world 
and are needed all over the world. In the case of neutron data the 
very quantity of the material and therefore the expense of its collection 
and dissemination make it less than reasonable for each and every 
country to set up its own information unit. On the other hand, the 
efficient operation of such a centre will probably limit its geographical 
coverage to that area which it can most effectively service. 
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This br ings me then to level th ree of in ternat ional co-opera t ion . 
I am re fe r r ing to neutron data compilat ion c e n t r e s . The four pr inc ipa l 
ones which I shall d i scuss a r e the Centre de compilat ion de données 
neutroniques serving those European count r ies and Japan which a r e 
m e m b e r s of the Organisat ion for Economic Co-opera t ion and Development, 
(OECD),the Obninsk Centre se rv ing the USSR, the Sigma Center in 
Brookhaven serving North Amer i ca , and the Vienna Nuclear Data Unit 
at the moment serving other a r e a s . 

The common s e r v i c e s which a r e provided by neutron data c e n t r e s , 
although all do not n e c e s s a r i l y take place in any one unit, may be 
c lass i f ied quite eas i ly into collection of r e f e r e n c e s , collection of data, 
a s s e s s m e n t of data which I have liked to cal l in the pas t "phys ics 
evaluation", collection of evaluat ions, and finally evaluation act iv i t ies . 

-as the word is now understood today, in the i r en t i re ty . 
The Amer ican ac t iv i t ies , which I take up f i rs t for h i s to r ica l r e a s o n s , 

have been concentra ted until recent ly in the collection of r e f e r ences 
which began in the United Nuclear Corporat ion in 1956. This col lect ion 
of r e f e r e n c e s , which is cal led CINDA (Computer Index of Neutron Data), 
was conceived by P r o f e s s o r Herbe r t Goldstein and his co l l abo ra to r s . 
F r o m obscure beginnings,, this index has achieved world-wide recogn i 
tion despite some undoubted faul ts . It i s now concentra ted at the Di
vision of Technical Information Extension, of the United States Atomic 
Energy Commiss ion si tuated at Oak Ridge. 

The collection of data has taken place at the Sigma Center in Brook-
haven from the ea r ly days of Don Hughes. The "phys ics evaluation" 
which I r e f e r r e d to above is also c a r r i e d out at the Sigma Center and 
takes the form of " b a r n books" , the well-known BNL 325 and i t s many 
volumes and supplements . Collection of evaluations and evaluation 
act ivi t ies themse lves a r e c a r r i e d out at the evaluation cen t re at Brook-
haven National Labora to ry . 

The act ivi t ies in the USA have been ve ry fully descr ibed by Goldberg 
at the 1966 Washington Conference [2] , and by Chernick in a paper to 
this Conference [3] ; t he re fo re , I need not go into g r e a t e r deta i l . 

The United S ta tes ' efforts to compile the m o r e widely used n e u t r o -
nic data, in the face of the rapidly inc reas ing quanti t ies of exper imenta l 
data being produced, pointed out inadequacies in exist ing compilat ion 
fac i l i t ies . The Amer i cans had under taken it alone and the r e s t of us 
had made no grea t contribution in the compilat ion field. But now the 
si tuation had become c r i t i ca l and this i s where we see the effects of 
the different levels of in ternat ional co-opera t ion which I mentioned above. 

Informal contacts , some taking place at in ternat ional mee t ings , 
r e su l t ed in the EANDC recognizing that a c r i s i s was fast approaching. 
I t was a ve ry common complaint that the end r e s u l t s of r e s e a r c h w e r e 
becoming m o r e and m o r e difficult to obtain and were not reaching the 
u s e r s . The EANDC, which had i tself introduced co-ordinat ion into 
m e a s u r e m e n t p r o g r a m m e s , r ecommended the c rea t ion in Europe of a 
cen t re for compiling and classifying data, making the i r exis tence known, 
and dis t r ibut ing them on r eques t . This proposal was studied within 
the f ramework of the European Nuclear Energy Agency and i t s imp lemen
tation took the form of the Neutron Data Compilation Cent re (bet ter known 
under i t s F r e n c h abbrevia t ion - CCDN, Centre de compilat ion de données 
neutroniques) es tabl ished in May 1964 at the Centre d 'études nuc léa i r e s 
at Saclay, F r a n c e . Final ly , in 1965 a co-opera t ive a r r a n g e m e n t was 
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agreed between the European Nuclear Energy Agency and the United 
States Atomic Energy Commission for the exchange of information. We 
can see here in this very brief summary of the course of events, actions 
taking place at all the levels of co-operation which I mentioned above. 

The activities of the CCDN are concentrated on the collection of 
references, the collection of data, the study of the data, and the collec
tion of evaluations ; the CCDN does not itself carry out evaluation. 

At about the same time as the West was trying to improve the 
data situation the International Atomic Energy Agency had of course 
recognized the same problem but on a world-wide scale. The Nuclear 
Data Unit in Vienna was formed to aid compilation in those parts of the 
world not already served by previous organizations. Here activities 
have covered collection of references, and more recently of data, but 
a physics evaluation of the 2200 m/s fission data is perhaps the Unit's 
most widely known activity to date [4] . 

In the meantime the Information Centre for Nuclear Data set up in 
the USSR at Obninsk by the State Committee on the Utilization of Atomic 
Energy had made perhaps the most overall attack of any of the Centres 
on the problem. This Centre produces bulletins, the first of which was 
issued in 1964 by the Publishing House for Atomic Literature, Atomizdat 
[5] . This book of more than 400 pages was an up-to-date compilation 
covering much of the information on the interactions of neutrons, 
microscopic constants, empirical formulae and integral parameters 
used in calculations for reactors and reactor shielding. Most of the 
data, which had not been referred to in previous publications by Atomizdat, 
were obtained in 1963 to 1964, or became available at that time. A 
second bulletin appeared in 1965 [6] and Dr. Usachev, who is the director 
of this Centre along with Dr. Abramov, informed me that the third bulletin 
should be out in about one month's time. 

The Obninsk centre produces progress reports on its activities. 
It centralizes in Obninsk all the CINDA reference-type activities for 
the USSR; it is collecting data on punched cards and shortly on magnetic 
tape; it produces evaluations and multigroup cross-sections, the latest 
result being an up-dating of the multigroup set originally produced by 
Abagyan et al. [7] . The Obninsk Centre is also in contact with the Inter
national Centre at Dubna and arrangements are being made for centralized 
collection of data. 

There are further connotations in the short title of this talk. The 
vast quantity of data resulting from the nuclear effort and the simul
taneous development and improvement of computers and long distance 
telecommunications have met in the recent recognition that computers 
are as effective in collecting information as they are in carrying out 
complex or long and tedious scientific calculations. The implications 
of this were most recently described in an issue of the Scientific Ameri
can [8] which was devoted entirely to this subject. It has taken some 
time to recognize that computer languages used in calculation are not 
necessarily convenient ones for compilation but inevitably, for historical 
reasons, somewhat limited languages have been used in the data field. 

The Sigma Center at Brookhaven foresaw this problem of the 
quantity of material in 1961 when they commenced to write their so-
called SCISRS programme (Sigma Center Information Storage and Retrieval 
System) [9] . This programme, in which was invested more than two 
man-years of effort, was the first major programme used for handling 
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compiled neutron data in compu te r s . At the same t ime , Goldstein at 
Columbia Univers i ty converted his CINDA index into a computer -
or iented sy s t em. I donft wish to go into any detail whatsoever on 
these s y s t e m s or p r o g r a m m e s o r the in terchange act ivi t ies which a r e 
al l fully descr ibed in the f i r s t Newsle t te r [10] i ssued by our Cent re 
at Saclay. F o r those of you unfamil iar with this work F i g s . 1 and 2 
show a typical page of CINDA. 

The re a r e now 1400 pages like this in CINDA '66 [11] , which was 
pr inted on 1 July, and the f i r s t Supplement to CINDA '66 [12] went to 
p r e s s today. This index is contr ibuted to by so-ca l led "CINDA r e a d e r s " 
whose efforts in the USA go to DTIE, whose efforts in Europe and Japan 
a r e collected at Saclay, whose efforts in the USSR a re collected at 
Obninsk, and whose efforts in Poland, India, Aus t ra l ia and recent ly 
South Africa a r e collected by the Vienna Data Unit. Exchange tapes 
between the USA and Europe regu la r ly Ду the Atlantic and the p r o c e s s 
i s completely automatic up to the point where , on one occasion, we 
even sent the exchange m a t e r i a l a c r o s s the Atlantic and a c r o s s the 
channel by te lecommunicat ion l inks s t ra ight off magnet ic tape . 

I should like to pay a specia l t r ibute here to our col leagues in 
Russ ia and Japan who have joined this English language activity, not 
only in a foreign language but especia l ly in a different alphabet. Here 
i s an excellent example of spontaneous internat ional col laborat ion. 

A page of SCISRS output i s shown in F i g s . 3 and 4. 
The contents of the data tapes a r e of course never published in the i r 

en t i re ty but a r e consulted by machine r e q u e s t s . 
At this point I can re fe r back to computer language p rob lems by 

r e m a r k i n g that CINDA was wr i t ten in FORTRAN which makes it flexible 
in i t s exchange with o ther data c e n t r e s , but inefficient in actual machine 
usage . SCISRS, on the o ther hand, was wri t ten in FAP for efficient 
use of 7094s but with the resu l tan t inabil i ty of easy t r ans f e r to o ther 
mach ines . F u r t h e r m o r e , being wr i t ten in F A P , a t ime-consuming , 
ski l led and difficult p r o c e s s , i t i s difficult to a l t e r . The analogy he re 
i s between houses built of prefabr ica ted units and those built in b r i ck 
and concre te . The fo rmer can be taken down and rebui l t at will and 
a r e perhaps cheaper to build in the f i r s t p lace . The l a t t e r if they need 
majo r changes mus t e i ther be blown up or sunk without t r a c e . The 
ups t a r t c e n t r e s , at l eas t in Europe and Vienna, hope to benefit from 
this exper ience and from inevitable developments in languages sui table 
to handling data . As an example , some p r o g r a m m e r s now use the 
appropr ia te util i ty p r o g r a m m e s supplied by the software s e rv i ce s of 
computer manufac tu re r s and a l te rna t ive high-level languages were used 
to opera te on the ' b i t s ' contained in the m a s t e r SCISRS l i b r a r y to produce 
an even m o r e condensed packing of the SCISRS information and a different 
Output a r r angemen t from that shown in F ig . 3,as shown in the th i rd 
Newsle t te r of the CCDN [13] (see F ig . 5). SCISRS exchange tapes too 
flow a c r o s s the Atlantic in ever inc reas ing quant i t ies . 

Where the amount of the m a t e r i a l has not been grea t , the Vienna 
Unit and the Obninsk Unit have been able to join in to CINDA act iv i t ies 
by using the faci l i t ies a l ready set up in the USA and in Europe . The 
quantity of data on the other hand, which as we have agreed can only 
be handled by compute r s , poses much m o r e se r ious p rob lems of machine 
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compatibility. Dr. Usachev has told me of the Russian attempts to solve 
such difficulties in close collaboration with the Vienna Data Unit who 
have been very successful in handling data from the extensive range of 
computers in use today. 

And now I should like to close without forgetting about my alter
native title for this talk. I am going to quote, if I may, an analogy 
made by Professor Goldstein in his talk "Neutrons, Nuclei and Oyster 
Creek" given at the Washington Conference [14] . 

"Perhaps an analogy will be useful (if not stretched too far). Let 's 
say that over.the past 20-25 years the two groups, those who produce 
cross-sections and those who use them, have been carrying on an affair 
with each other. And like all affairs i t 's had its ups and downs. Some
times it 's reached peaks of intensity, at other times the partners may 
not be on speaking terms, or are just bored with each other. On occa
sion one partner has been deeply involved, while the other has been 
uninterested or more concerned in a flirtation with a third party. But 
now the time has come to put an end to the affair and to settle down to 
steady respectable matrimony, each sharing a continuous and clear 
responsibility for the common good. And if matrimony bespeaks much 
that is humdrum and routine, it also implies a lasting and constructive 
attachment. 

The change to domesticity always requires some alterations in 
attitude. For example, the in-laws (you know who they are) will have 
to give their whole-hearted, sincere, blessing to the union. They may 
have to decrease a bit of their spending on glamorous status symbols 
and help set up the couple with the more down-to-earth (but still expen
sive) equipment with which they need to furnish house. An they 'd 
better not be stingy — many a marriage has gone on the rocks for such 
a cause." 

Professor Goldstein ended by modestly remarking that it was not 
for him "to stand on the platform and pronounce our couple "man and 
wife", but here and now may be as good a time as any to get accustomed 
to the idea". 

I would like to stretch this analogy just a little further and to indicate 
how we might at least get to the point of publishing the bans. He referred 
earlier in his talk to two new types of professional activity, the old 
activities were those of the measurers and the users; the new types of 
middle-men as he called them were of course the compilers and the 
evaluators and perhaps now you will see my point. They of course are 
the progeny, spawned by the illicit and protracted union of their erst
while respectable parents. Like all bastards of course we are looked 
down upon by the respectable members of the community, including our 
parents. But We all know that despite their unruly and often ungracious 
treatment of their parents the appeal of young children, bastard or other
wise, has on many occasions been the causative factor in bringing their 
parents home and dry if a little tired and dishevilled to the bonds of 
matrimonial со-existence. 

One final note: children accomplish little of significance in their 
early years but when they do begin to grow, and we all know how poisonous 
they are in adolescence, their output in terms of contribution to the 
community rapidly reaches parity with that of their parents. Most parents 
are indulgent in these early years but also admonitory. An analysis of 



EXAMPLE OF A C I N D A ENTRY § 

The extract from Supplement 2 to C I N D A ' 6 5 , given on page xx iopposi te , demonstrates the kind of infor
mation which C I N D A provides. As a particular example, we can discover from the f inal entry on the page (last 
two lines) that: 

1) an ar t ic le in the Journal 

2) Physical Review, Volume 139 , page В 331 

3) published in July 1965 

4) reports on an experiment, with some theoretical interpretation 

5) carried out in a laboratory in Yugoslavia 

6) on the reaction _«Ti (n,d) 

7) at 14 M e V ( 1 . 4 x 10 e V ) . From the comment we note further that: 

8) this part icular experiment measured the angular distribution of the deuteron group leaving the residual 

nucleus in the ground state, О 

9) using a counter telescope to detect the deuterons, and t-

10) a Cockrof t -Wal ton accelerator as the neutron source. The second l ine of this entry indicates that: tí 

11) the ar t ic le in Physical Review supersedes a paper given as Contribution 22 at a Conference held in Antwerp 

in July 1965. 

If we should be interested in the actual history of the C I N D A entry itself we can observe that: 

12) a second ('supersedes') card was entered by the C C D N (Serial no. 5 0 7 , 5 1 7 is > 5 0 0 , 0 0 0 ) referring to an 
entry added to the master tape 

13) on 15th October 1965 as a result of a C I N D A operation originating in 

14) the US C I N D A Center (Serial no. 24 ,566 is < 5 0 0 , 0 0 0 , and US Center denoted by "U") on an entry con
tributed by its C I N D A reader for the Physical Review 

15) Professor H . Goldstein (Reader Symbol " G " ) . 

In point of fact the C C D N had also made an entry for this paper as an Antwerp Conference contribution 
(the entries appear together on page 56 of the 1st Supplement to C I N D A '65 dated October 15th, 1965) , later 
deleted it and entered their second card. 

FIG. 1. Example of a CINDA entry 
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MUN 

GEL 

IND 

ORL 

Entry appearing for first time 

GOOD.20 RES.CRV \ 651015U* 24562 

GOOD*. PULSED VDG. GRAPH. «660210E9 505370 

GOOD,WN,REDUCED WN.AVG D FOR 20 RES 651015U* 24563 
Data in 

GOOD.REDUCED STF 5.8+-.2 651015U+ 24564 reference 
entered 

GOOD*. 2.6*-.9 SWAVE. «660210E9 505371 into com
puter data 

REL INTENSITY VERSUS CHANNEL NUMBER «651202E8 504472 library 

G SPECTR ABS METHD.NIESE+.AECTR-6186 »660210E8 505372 / 
V 

L3.2+-L.0MB REL TO S32(NP>=66MB 650915EE 502738 SAC 

LISKIEN*PAULSEN.ALL DATA.XCIT FNCTN »660208EE 506146 С 
CHATTERJEE TABLE WITH REFS 651015UH 25324 
GOOD*. 2.6*-.4 AVERAGE LVL SPACING «660210E9 505373 

TI 22 048 TOTAL XSECT 
TI 22 048 SPECT NGAMMA 
TI 22 048 N. PROTON 
TI 22 048 N. PROTON 
TI 22 048 N.PROTON 
TI 22 048 N. PROTON 
TI 22 048 N. PROTON 
TI 22 048 N.DEUTERON 2 

~~У~ 

Entry пае appeared in a previous CISDA 
issue but has since been changed 

50 3 65 5 HASHI064 P.30 0 /65 EXPT-PRCG DKE VDG.NOG. TBP ANNALS PHYSICS. 

THR 

PILE 

14 7 

12 7 20 7 
FISS 

0RNL3425 60 

KE 6 37 

0RNL3672 

EANDC(E)57 U 

EANDC(E)57 U 

63 EXPT-PROG CRL 

1/63 EXPT-JOUR ROS 

REL INTENSITY VERSUS CHANNEL NUMBER \»651202EB 504473 

G SPECTR ABS METHD.NIESE*.AECTR-6186\*660210E8 505374 

1/65 EXPT-REPT ORL STRAIN. BY NAT ELEMENT IRRAD. 

2 / 6 5 EXPT-PROG GER HAMBURG.XCIT CURVE.T-D-NS 

132MB «660301U* 

650915EE 

650915EE 

651015UH 

27829 
502740 SAC 
502741 SAC 
25323 

2 / 6 5 EXPT-PROG MUN 3 .3+-0 .2MB REL TO S32(NP>«66MB 
10 

13 7 16 7 NUC 23 8 112 8/65 COMP-JOUR IND | CHATTERJEE g TABLE WITH REFS g 
7/65 EXTH-JOUR VyG C-W,COUNTER-SCOPE.D DIST VS A TO GND 651015ÜG24566«-l ** 

SUPERSEDES 65ANTWRP 22 7/65 • ' v—' f 507517 

2 3 4 1 I4 v ' 13 1 

14 7 PR 139 ВЭЭ1 

11 15 12 
FIG. 2. Page of a CINDA entry 



A N EXAMPLE FROM SCISRS OUTPUT 

The pr in tout of a section of the l ibrary tape , g iven on page 31 oppos i te , demonstrates the k ind 
of in format ion p rov ided . The f i rst l ine on the page shows that : 

1) for a measurement in an I ta l ian laboratory 

2) the data is taken from a j ou rna l , augmented by a pr iva te commun ica t i on , 

3) (Physics Letters 5 , page 205 

4) June 1963). 

5) For 2 H e 4
 o 

6) the d i f f e ren t i a l e last ic scatter ing cross section ^ 

7) at a neutron energy 14.9 MeV 2 

8) and an angle Cos 0 .6584 

9) has the va lue 169.1 mb/s terad ian. 

10) This is the most recent measurement. 

11) A reco i l counter was used 

12) and values are normalised to the tota l cross sec t ion . 

13) The comment at the foot of the page gives the reference for the va lue used in normal isa t ion . 

The asterisked entries for the next reference show an energy resolut ion of 0 .44 MeV and an error 
in the cross sect ion of + 0 .030 barns. 

FIG. 3. Example from SCISRS output 



002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 
002 

004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
0C4 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 
004 

DIF 
DIF 
DIF 
DIF 
OIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 
DIF 

ELASTIC 
ELASTIC 
•ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 
ELASTIC 

TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 

14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
14.9 
.94 
1.50 
1.98 
2.49 
2.99 
4.95 
5.52 
6.06 
6.59 
7.10 

+ 0 

+c 
+ 0 
+ 0 
•0 
+ 0 
+ 0 
+ 0 
+ 0 
+ C 

+ 0 
• 0 
+0 
+ 0 

+c 
+ 0 
+0 
+ 0 
+ 0 
+ 0 
+ 0 

+c 
+0 
+ 0 
+ 0 
+ 0 
+ 0 

+c 
+0 
+ 0 

+c 
+ 0 
+ 0 

12.35+0 
12.65+0 
13.13+0 
14.10+0 
14.14+0 
15.18+0 
17.62+0 

MEV 
MEV-
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 
MEV 

016LR 
012LR 
010LR 
010LR 
008LR 
050LR 
040LR 
034LR 
030LR 
028LR 
010LR 
010LR 
010LR 
010LR 
010LR 
010LR 
044LR * 

.65840 

.60900 

.55940 

.51000 

.46003 

.41100 

.36140 

.31200 

.26240 

.21300 

.16340 

.11400 

.06440 

.01500 
-.03460 
-.0840C 
-.13360 
-.18300 
-.23260 
-.28200 
-.33160 
-.3810C 
-.43060 

9 

169.1+0 
144.3+0 
128.2+0 
112.5+0 
1O0.2+Ü 
92.7 
8C.2 
69.6 
53.0 
43.8 
48.0 
38.Э 
31.7 
30.4 
24.3 
20.5 
20.7 
17.4 
14.2 
12.6 
12.6 
10.2 
10.5 
6.31 
5.62 
3.98 
3.16 
2.79 

+0 
+0 
+0 
•0 
+0 
+c 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
•0 
+0 
• 0 
+0 
+0 
+0 
+0 
+0 

2.18 3+П 
2.352+0 
1.961+0 
1.358+0 
1.780+0 
1.177+0 
1.15 7+0 
1.079+0 
1.030+0 
1.ЭЭ5+0 
.967 
.895 

+0 
•0 

io i2 ; 
11 1 

! 

1 -4 ' » + f~ 5 RC = ' ITALY К PHVS.LETT 
5 RC = К 
5 RC = К 
5 RC = К 
5 RC= К 
" RC= К 
5 RC- К 
5 RC= К 
5 RC= К 
5 RC= К 
5 RC= К 
5 RC= K' 

013L 
011L 
OOfiL 
OOéL 
0C6L 
02CL 
02^-L 
020L 
020L 
02-L 
0 2 :L 
02CL 
02CL 
02CL 
02JL 
02 CL 

". RC= К 
î RC= К 
î RC= К 
î RC= К 
* RC= К 
; RC= к 
ч R C = К 
5 R C = К 
; RC= к 
* RC= К 
5 RC= К 
5 АС- LUS ALAMOS К HUCL. PHY 
5 АС- К 
" AC- К 
" AC- К 
5 4C- К 
5 AC- К 
5 A C - К 
5 AC- К 
Ч АС- К 
5 АС- К 
5 АС- К 
- АС- К 
5 АС- К 
5 АС- К 
5 АС- К 
5 АС- К 

0 3 U * 5 AC - к. 

13 

63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN-
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
63JUN= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 
59JUL= 

R.MALARODA ET AL. NORMALIZED TO NUCL.PHYS.12,291 1959 (CCUN6 660415 

LOS ALAMOS PHYSICS AND CRYOGENICS GROUPS CRYOGENIC METHODS 

FIG. 4. Page from SCISRS output 
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10/14/66 С С D N EDIT NUCLEAR DATA PAGE 8 

I A XSCT EMIN EMAX SOURCE ТУР OAT LAB KTHD STATUS NO DPOINTS 

003 006 NA 10Е-П2 10E-02 AF 29 45 J 65K FOA ST 0CC001 

H.CONDE ET AL. LI6 CLASS SAMPLE = DETECTOR. LI7(P.N) N-SOURCE. 
PULSED VAN OE -GRAAFF. PRIMARY N SELECTED BY TOF. (CCDN3 661007 ) 

E(MEV) ERR 2NDE COSTHETA ERR XSVALUE ERR STD 

100 -3 10 LR 0.64 2 L -

10/14/66 С С D N EDIT NUCLEAR DATA PAGE 9 

Z A XSCT EMIN EMAX SOURCE TYP OAT LAB MTHD STATUS NO DPOINTS 

003 006 NA 15E-02 28E-02 PARND.67 V 66J CAD SC 0C0012 

E.FORT AND J.L LEROY. SAMPLE*DETECTOR. LI6-GLASS MAJOR PART OF 
UNCERTAINTY (2.5PC) OUE TO NUMBER OF LI6 ATOMS DETERMINATION MADE 
BY PILE OSCILLATION MEASUREMENT BASED ON LI6 THR ABS C/S= 936B.TJE 
,N) N-SOURCE,ASSOCIATED HE3 DETECTED WITH ELSTAT • PAGN SPECTROMTR 
CORRECTION MADE FOR HE3 COULOMB SCATTERING. (CCDN3 661006-7). 

E(MEV) ERR 2NDE 1 

150 
160 
190 
200 
210 
220 
230 
245 
253 
262 
272 
282 

-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 
-3 

;OSTHETA ERR X-SVALUE 

1.07 
1.45 
1.73 
2.00 
2.30 
2.60 
2.7b 
2.92 
2.99 
3.00 
2.87 
2.75 

ERR STO 

6 
7 
10 
10 
10 
10 
11 
12 
11 
10 
12 
12 

L -
L -
L -
L -
L -
L -
L -
L -
L -
L -
L -
L -

FIG. 5. Example of SCISRS output arrangement from C C D N Newsletter 3 

activities in CINDA demonstrates very clearly this type of growth. In 
the data, which is a more difficult accomplishment, the apprenticeship 
has been harder and longer. The present number of data lines in the 
SCISRS main library is approximately 675 000. The Sigma Center in 
Brookhaven has collected some 575 000 of these data lines and its up
start younger brother the CCDN has coUected some 100 000. Perhaps 
this was the reason why in Dr. Chernick's paper [3] , he took the part, 
was it that of the admonishing parent or the in-law, and referred some
what unkindly to the sporadic efforts here in Europe. However, I feel 
that if Dr. Chernick had time to look more closely at the different types 
of material being collected and remembered that the Brookhaven collec
tion stems from many years of collecting activities and the vast 
mountains of paper which have resulted, and that the Saclay centre 
started from absolute scratch to the point two and a half years later 
where it engages fully in all its proper activities, has a full staff of 
professional physicists, and its own computer and programmers, that 
he will indulge us just a little longer, and I hope, be surprised at the 
final results . 

So finally it comes to a plea, first to you professional physicists 
here who need us, to give us all the help you possibly can, and to the 
agencies, governments, and committees, in fact Goldstein's in-laws, 
to be forbearing and give us a chance to get the work done. International 
co-operation although more difficult is not basically different from the 
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fundamental rules of treating your neighbour as you would wish to be 
treated yourself, or for that matter your children. 
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P A N E L D I S C U S S I O N 

R. Taschek (United States of America) 
H. Goldstein (United States of America) - Session I 
A. Michaudon (France) - Sessions II and III 
R. Batchelor (United Kingdom) - Sessions IV and V 
A. B. Smith (United States of America) - Session VI 
N. Starfelt (Sweden) - Session VII 
G.C. Hanna (Canada) and N.J . Pattenden (United Kingdom) 
- Session VIII 
S. I. Sukhoruchkin (USSR) - Session IX 
G. H. Kinchin (United Kingdom) - Session X. 

Session I: Nuclear data requirements 

H. GOLDSTEIN: Session I was concerned primarily with nuclear 
data requirements. Three applications were considered: thermal 
reactors, in paper CN-23/117 by G. H. Kinchin; fast reactors, in paper 
CN-23/52 by R. D. Smith and paper CN-23/14 by M. Segev, S. Yiftah 
and L. Gitter; and reactor shielding, in paper CN-23/118 by myself. 

All papers agreed that calculation techniques had improved to the 
stage where basic microscopic cross-sections could soon be utilized 
directly; no longer would it be necessary to "adjust" the cross-sections 
in order to cover up inadequate calculation techniques. There is, 
therefore, a reason for measuring cross-sections: they will be of 
direct use. 

All the papers dealing with reactors pointed out that there was a 
limit beyond which variations associated with the composition and 
dimensions of actual reactors could not be reduced. Accordingly, 
there was a limit beyond which there was no point in demanding greater 
accuracy of cross-section measurements; and we were rapidly 
approaching this limit. 

In discussing thermal reactors, Dr. Kinchin concluded that 
reactivity was the most important single parameter. In this connection, 
he felt that existing data and experiments in progress came close to 
satisfying foreseeable reactivity data requirements; while one might 
continue to worry about certain problems (such as 241Pu in the thermal 
region, or whether the discrepancy in v conceals some - as yet un
known — physical phenomenon, such as a variation in v with energy 
over small energy ranges, the general state of affairs was satisfactory. 

I doubt whether Dr. Kinchin's opinion is shared by everyone involved 
in work with thermal or near-thermal reactors; uncertainties in the 
data used for burn-up calculations can have a very significant effect on 
the economics of such reactors. In undermoderated reactors, more
over, emphasis shifts from the thermal region to energies of the order 
of several electron-volts, where there are gaps and discrepancies 
(e.g. for 239Pu). 

However, Dr. Kinchin's main conclusion — namely, that we are 
closer to satisfying requirements in this field than in any other — does, 
I believe, hold good. 

Moderator: 
Panel members: 

397 
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Dr. Smith, surveying fast r e a c t o r s , a lso emphas ized the ca lcu
lation of reac t iv i ty , which natura l ly d i r ec t s the spotlight to the p r o p e r t i e s 
of the f iss i le and fer t i le m a t e r i a l s . He re , the accuracy r e q u i r e m e n t s 
a r e much m o r e s t r ingent than for t h e r m a l r e a c t o r s , in re la t ion both to 
exist ing data and to the m e a s u r e m e n t capabi l i t ies . The energy range 
i s , of cou r se , much g r e a t e r , with emphas i s pe rhaps on ene rg ie s of the 
o r d e r of 2 MeV. 

In addition to reac t iv i ty , fast r e a c t o r s pose a number of s e r ious 
ques t ions , relat ing to safety (for example , Doppler coefficients and 
sodium void coefficients) and to the economics of breeding; indeed, 
some fast r eac to r study groups may cons ider that m o r e emphas i s should 
be placed on such quest ions than on the calculation of reac t iv i ty in cold 
s y s t e m s . One would then encounter quest ions ranging from the resonance 
p a r a m e t e r s of the fissionable and coolant m a t e r i a l s , through the cap ture 
c r o s s - s e c t i o n s in the keV region of most of the m a t e r i a l s p re sen t , to 
the e las t ic and inelas t ic sca t te r ing of 238U, oxygen, carbon and other 
nuclei p resen t in fuel e l emen t s . Even when the r equ i r emen t s cannot 
be met by existing data, they at leas t appear to be within p re sen t 
measur ing capabi l i t ies . 

Reac tor shielding, on the other hand, p r e sen t s a different p i c tu re . 
The dominant energ ies of in te res t (5 MeV and above) a r e difficult of 
a c c e s s , while the emphas i s shifts from the famil iar f ission and cap ture 
c r o s s - s e c t i o n to t r an spo r t and sca t t e r ing p r o p e r t i e s , and from the 
heavy to the l ighter e l emen t s . The inadequacies of the data a r e c o r 
respondingly worse in shielding than in other nuc lear appl icat ions . The 
economic incentives a r e pe rhaps l e s s s t rong; on the other hand, the 
accuracy r equ i r emen t s a r e usual ly much l e s s s t r ingent than for any 
of the r e a c t o r core ca lcula t ions . 

The question na tura l ly a r i s e s as to how far the new data p r e sen t ed 
at th i s Conference will help in satisfying the nuc lear data r e q u i r e m e n t s 
d i scussed in Session I. I hope that the other panel m e m b e r s will 
a d d r e s s themse lves to this question in the i r s u m m a r i e s . I myself 
cannot help noticing the lack of new data for energ ies above 5 MeV. 

Discuss ion 

R. BATCHELOR: With r e g a r d to the question of making m e a s u r e m e n t s 
at ene rg ies above 5 MeV, the techniques a r e avai lable; it is s imply a 
m a t t e r of getting down to the job. The m o r e publicity Dr . Goldstein 
can give to his shielding r e q u i r e m e n t s , the re fo re , the be t t e r the chances 
a r e of getting something done in th is energy region. 

Sess ionI I : C r o s s - s e c t i o n s and resonance p a r a m e t e r s of non-f iss i le 
nucl ides in the resonance energy region 

Sess ion III: Special Sess ion: S ta t i s t ica l p r o p e r t i e s of r e sonance 
p a r a m e t e r s 

A. MICHAUDON: Session II opened with an account of m e a s u r e m e n t s 
with mechanica l choppers - slow choppers for low-energy neut rons and 
fast choppers with be t t e r resolu t ion for neutrons of higher energy and 
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for s m a l l s a m p l e s . The l a t t e r point was i l lus t ra ted by Z. K. Kara lova 
and c o - w o r k e r s (CN-23/104) in s tudies c a r r i e d out on 150 mg of 2 3 0Th. 

Severa l p a p e r s dealt with h igh-resolu t ion m e a s u r e m e n t s on 
s t r u c t u r a l m a t e r i a l s and coolant fluids. F o r example , Rohr and c o 
w o r k e r s (CN-23/9) have c a r r i e d out m e a s u r e m e n t s on 51 v , 5&Mn and 
5 6 F e , while groups at Harwel l (CN-23/27) and Saclay (CN-23/72) have 
done s i m i l a r work with sodium. The Harwel l g roup ' s m e a s u r e m e n t s 
indicate that the resonance at 2860± 15 eV has 1 = 0 and J = 1, while 
the r e sonance at 54± 1 keV has 1 = 1 and J = 2. However, ag reement 
on these r e s u l t s has not yet been reached by the different groups of 
e x p e r i m e n t a l i s t s . The Saclay m e a s u r e m e n t s show in t r a n s m i s s i o n 
n a r r o w resonances that a r e a l so found in the capture c r o s s - s e c t i o n by 
o ther g roups . 

The re were a l so s e v e r a l p a p e r s re la t ing to the s t reng th function So-
These may be s u m m a r i z e d by consider ing different a spec t s of th i s p a r a 
me te r . 

(a) Studies of So as a function of A show that So va lues a r e genera l ly 
in good ag reemen t with the pred ic t ions of the opt ical model , except 
in the range 100< A< 120, where the expe r imen ta l va lues a r e 
cons is tent ly lower ; 
(b) Studies on loca l va r i a t ions in SQ as a function of A a r e being 
c a r r i e d out by the Kurchatov group with s epa ra t ed isotopes of 
cadmium (CN-23/108) and t in (Ref. [11] of CN-23/107) . F o r the 
l a t t e r e lement the So values ag ree with those obtained at Oak Ridge, 
although they a r e consis tent ly higher (the Kurchatov group makes 
no co r r ec t ion for p -^e sonances ) . They a r e a lso in ag reement with 
the t h r e e - q u a s i p a r t i c l e in te rmedia te s t r u c t u r e calcula t ions (except 
pe rhaps for 1 2 2Sn); 
(c) According to r e s u l t s p r e sen t ed by the Kurchatov group (CN-23/107)3 

the s t rength function So is different for l 0 7Ag and 109Ag, although 
these have the s a m e spin. The d i sagreement with the r e s u l t s of the 
Saclay group (which has found the two So values to be equal) may 
only be an apparent one, due to the fact that the Saclay m e a s u r e m e n t s 
were made with na tu ra l s i lve r ; 
(d) Var ia t ions in So as a function of the spin of the compound nucleus 
have been found at Saclay in a sys temat ic study (CN-23/64) on a 
group of s ix nuclei having spin f (So(j=2) — 2 So(j=i)). Var ia t ions 
have a l so been found for spins other than \ (for example , 77Se 
having spin \)s but t hese have s t i l l to be confirmed; 
(e) Fluctuat ion in SQ a s a function of energy and with a pe r iod of 
about 70 keV has been found in cobalt at ene rg ie s up to 120 keV 
(CN-23/65) . It is a lso found in the to ta l c r o s s - s e c t i o n at e n e r g i e s 
up to approximate ly 500 keV. This r e su l t should be compared with 
s t a t i s t i ca l s tud ies c a r r i e d out at the Inst i tute for Theo re t i ca l and 
Exper imen ta l P h y s i c s , Moscow, on a l a rge number of isotopes 
ranging from 13C to 2 0 9Bi (CN-23/105), in which the per iod was 
found to be 60-70 keV. A s i m i l a r per iod is observed in the f irs t 
exci ted s t a t e s of the nuclei (with the exception of col lect ive levels ) . 
The s a m e s t a t i s t i ca l study, on a l a rge number of nuclei with s m a l l e r 
resonance spacing, gives a per iod of about 100 eV. This should be 
compared with m e a s u r e m e n t s on 239pu p re sen t ed in Session VIII. 
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Many of these r e su l t s cannot be explained, even by means of the 
in te rmedia te s t ruc tu re concept. 

The s t rength function Si for p waves 

A sys temat ic study of Si has been c a r r i e d out at Harwel l (CN-23/36) 
by the h igh-energy average c r o s s - s e c t i o n method; some approximate 
va lues for S2 (strength function for d waves) a r e a lso given in this pape r . The 
Si values for 93Nb and 103Rh a r e in good agreement with the Saclay 
r e s u l t s obtained by resonance ana lys i s . 

Dis t r ibut ion of level spacings 

The r e su l t s of m e a s u r e m e n t s made by the' Kurchatov group on 
150 g of 107Ag and 109Ag (CN-23/107) a r e in agreement with theory 
(for random merging of two Wigner dis t r ibut ions) and conflict with the 
r e s u l t s obtained at Columbia Universi ty with na tu ra l s i lve r . Resul t s 
obtained at Saclay with 2 g of 155Gd and 157Gd also br ing out the impor tance 
of having adequate amounts of sepa ra ted isotopes and the difficulty of 
analysing m e a s u r e m e n t s made with na tu ra l e lements . No cor re la t ion is 
fpund in the Kurchatov m e a s u r e m e n t s between the 107 Ag and the 109Ag 
leve l s . 

The Saclay r e s u l t s for 1 6 9 Tm (J = \) and 197Au (J = f ), where the 
number of undetected levels is probably ve ry smal l , a r e in ag reement 
with theory (CN-23/63). F o r other m e a s u r e m e n t s , the effect of unde tec
ted levels may be g r e a t e r ; in the case of 238U, for example, it may 
give r i s e to a very cons iderable apparent d i sagreement with theory . 
Owing to the consis tent non-detect ion of sma l l spacings and the con t r i 
bution of p - r e s o n a n c e s , it is difficult to make a compar i son with the 
s ingle-populat ion Wigner dis tr ibut ion as it should be in an even-even 
isotope. 

Individual radiat ive capture t r ans i t ions 

Accura te m e a s u r e m e n t s with Ge -L i de tec to rs have been r epor t ed 
by the Saclay group (CN-23/60) for 1 9 5Pt and by the Harwel l group for 
1 9 9Hg. The two se t s of r e s u l t s a r e in agreement with a dis t r ibut ion 
having one degree of f reedom. 

Session IV: (n, p), (n, a), (n, 2n) r eac t ions e tc . and inver se reac t ions 

Session V: C r o s s - s e c t i o n s and constants used as s t andards 

R. BATCHELOR: Because of the t ime l imita t ion I p ropose to 
confine my r e m a r k s to those r e s u l t s p r e sen t ed in these two s e s s i o n s , 
which have a d i rect bear ing on impor tant r e a c t o r r e q u e s t s . 

F i r s t , a few r e m a r k s on (n, p), (n, 2n) and (n, a) r e a c t i o n s . The 
Swedish group (paper CN-23/18) s e e m to be obtaining good data on the 
shape of the 9 Be (n, 2n) reac t ion n e a r th reshold . This is of s ignif icance 
s ince , although the c r o s s - s e c t i o n is s m a l l in th is region, it has con
s ide rab le weight when averaged over a r e a c t o r spec t rum. 
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At th is Conference we have been p re sen t ed with m o r e data on the 
s o - c a l l e d " threshold r e a c t i o n s " - (n, p), (n, a) e tc . — which lead to 
radioact ive nucle i . These reac t ions a r e of impor tance in d o s ime t ry 
work and in c rude s p e c t r a l m e a s u r e m e n t s . It should be noted that the 
absolute accuracy we have for these c r o s s - s e c t i o n s is at bes t 5%, and 
in many c a s e s it is probably w o r s e . We a r e often p r e s s e d to improve 
the accu racy of data re la t ing to t he se r eac t ions , but I am s u r e that it 
will be a v e r y difficult and t ime-consuming task to improve on the 
p r e sen t 5%. I t he re fo re feel that we should enquire fur ther into how 
these data a r e going to be used before embarking on new and m o r e 
accura t e m e a s u r e m e n t s . It i s quite poss ib le that what the u s e r r ea l ly 
wants is not the actual c r o s s - s e c t i o n da ta , but the accu ra t e ca l ibra t ion 
of the detector he u s e s to detect the J3 or 7 radia t ion from the product 
nuc leus . If this i s the ca se , s e v e r a l s t eps , each of which involves an 
e r r o r and al l of which a r e no rma l ly r equ i r ed in an absolute c r o s s - s e c t i o n 
m e a s u r e m e n t , can be by -pas sed , the overa l l e r r o r the reby being 
cons iderably reduced. I admit that th is does not provide a u n i v e r s a l 
answer to the p rob lem, but it at l eas t provides a local solution. Before 
leaving this topic , it should be pointed out that t h e r e is s t i l l a lack of 
data in the 9-14 MeV region, mainly because , as far as I know, only 
one group, that at Chalk River , has made m e a s u r e m e n t s on these 
c r o s s - s e c t i o n s , using a Tandem a c c e l e r a t o r . 

I now come to the quest ion of s t anda rds , which l ies at the root of 
the p rob lem of r e q u e s t s for p rec i s ion data. In his excel lent review 
a r t i c l e , J . Spaepen (paper CN-23/119) c l ea r ly outlined the p r e sen t 
s ta tus of work and showed how far shor t of the r e q u i r e m e n t s we w e r e . 
Outside the t h e r m a l region, the a r e a in which we a r e mos t advanced 
is cer ta in ly ¡ / -measurement s . However, the s tandard 252cf v-value 
is s t i l l not quite sa t i s fac tory , s ince the impor tant Harwel l r e s u l t s a r e 
a l i t t le lower than mos t o ther m e a s u r e m e n t s . However, a weighted 
average of al l the va lues now avai lable c l ea r ly gets ve ry c lose to the 
r eques t ed accuracy , and new m e a s u r e m e n t s a r e not going to affect the 
si tuat ion v e r y much un less they a r e ex t r eme ly accura te (i. e . to within 
about £%). I think our d iscuss ion on the 6 Li (n, a), 10B (n, a) and 197Au 
(n, 7) reac t ions made it quite c l e a r what fur ther m e a s u r e m e n t s were 
r equ i red , so I will not dwell on these now. Instead, I would like to 
comment brief ly on the r e q u e s t s for rea l ly p r e c i s e data re la t ing to 
fast r e a c t o r s which both R. D. Smith (paper CN-23/52 , s e s s i o n I) and 
J . Spaepen mentioned: namely the \% f ission c r o s s - s e c t i o n s of 235U 
and 239pu and the 1% (n/y) c r o s s - s e c t i o n of 2 3 8U. We probably know 
the l a t t e r to between 5 and 10% and the fo rmer to about 5% once 
ce r t a in l a rge d i sc repanc ie s between new and older data have been 
c l ea r ed up. I should like to s t r e s s that the c lar i f icat ion of these 
d i sc repanc ies is an urgent p rob lem. Having done th i s , however , 
how a r e we going to face up to improving the accuracy by an o rde r of 
magni tude? Or a r e we just going to pay it lip s e r v i c e ? Pe r sona l ly , I 
feel that big improvements could be made - probably not by a factor 
of 10, but maybe by a factor of 5 - but it will take a vas t amount of 
effort, un less we achieve a technological breakthrough. How much 
effort - and hence money - will probably be r equ i r ed can be seen if 
we cons ider how much has a l ready gone into obtaining a f ission c r o s s -
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sect ion to 5%? I am not going to make any e s t i m a t e s h e r e . Instead, 
I will conclude by ra i s ing the following points for your cons idera t ion : 
(1) I think we have an obligation to o u r s e l v e s , to our sponsor s and to the 

r e q u e s t e r s to point out the difficulties of the task , so that i t s economic 
worth can be a s s e s s e d and compared with that of, say, a se t of in t eg ra l 
exper iments that would fulfil the s a m e need; 

(2) Potent ia l m e a s u r e r s shouldbe quite c l e a r that th is is a ful l - t ime 
profess iona l t a sk which cannot be under taken as a s p a r e - t i m e 
p r o g r a m m a t i c activity by nuc lea r phys ic i s t s engaged mainly in 
fundamental r e s e a r c h ; 

(3) Because of the magnitude of the t a s k it will be important to l ighten 
it where poss ib le by in ternat ional exchange or col laborat ion. 
I should like to s u m m a r i z e my overa l l impre s s ion regard ing 

accu ra t e c r o s s - s e c t i o n cons tan ts . A curve descr ib ing the data 
r e q u i r e m e n t s would have two t h r e s h o l d s : the f i rs t for t h e r m a l r e a c t o r s , 
the second for fast r e a c t o r s . The indicat ions a r e that we a r e now 
c lose to satisfying the p rec i s ion data r eques t s for t h e r m a l r e a c t o r s , 
but far shor t of the r e q u i r e m e n t s for fast r e a c t o r s , and, if we keep on 
our p re sen t cou r se , we m a y never r e a c h the t a rge t . The quest ions 
to be asked a r e : (i) Is it an economic proposi t ion to t r y to sat isfy the 
r e q u i r e m e n t s by mic roscop ic data m e a s u r e m e n t s ? (ii) If so , how a r e 
we going to se t about th is t a s k ? 

Discuss ion 

H. GOLDSTEIN: I should like to make two comment s . The f i rs t 
r e f e r s to the poss ibi l i ty of by-pass ing r eques t s for accu ra t e m e a s u r e m e n t s 
of threshold detector c r o s s - s e c t i o n s . When th reshold de tec to r s a r e used 
for measur ing fast spec t r a , it is poss ib le to ca l ib ra te the en t i re detecting 
a r r angemen t by r e fe rence to a known monoenerget ic flux from a Van de 
Graaff genera to r . This is ce r ta in ly the most accura te ca l ibra t ion method, 
but unfortunately a Van de Graaff gene ra to r i s not always avai lable , so 
that it would s t i l l be useful to know the c r o s s - s e c t i o n s . 

My second comment r e l a t e s to the economic worth of some fast 
c r o s s - s e c t i o n m e a s u r e m e n t s . The es t ima ted cost of the v e r y e labora te 
t e s t facility for fast r e a c t o r s which has been proposed in the United 
States is over $100 mil l ion. I am not saying that the fulfillment of 
c r o s s - s e c t i o n r equ i r emen t s would obviate the need for such a t e s t 
facility, but it might ve ry well br ing about subs tant ia l savings . It 
might even be be t te r to spend the money on an Intense Neutron Genera to r . 

H. STARFELT: I d i sagree with Dr . Ba t che lo r ' s view that we may 
neve r satisfy the data r e q u i r e m e n t s for fast r e a c t o r s . I am convinced 
that , when we have expensive r e a c t o r s producing power economical ly , 
t h e r e will be l e s s money spent on detai led nuc lear physics ca lcu la t ions . 
This means that nuclear data r e q u i r e m e n t s will be reduced, so that we 
sha l l eventually be able to mee t them. 

J.' CHERNICK: Nuclear phys ic i s t s should cons ider the poss ib i l i ty 
of obtaining an absolute value of v for 2 3 5U from a mult ipl icat ive 
assembly . We know a for 2 3 5 U quite well , and with the aid of modern 
computing techniques , Monte Car lo calculat ions and so forth we might 
be s u r p r i s e d at the sma l lnes s of the e r r o r in measur ing n for fully 
enr iched solutions and for mult ipl icat ive a s semb l i e s of th is type. This 
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prob lem d e s e r v e s to be cons idered by nuc lear phys i c i s t s , who would 
in t roduce techniques not yet avai lable to r e a c t o r phys ic i s t s for making 
quant i ta t ive m e a s u r e m e n t s . 

R. TASCHEK (Modera tor) : I should like to take up Dr . Ba t che lo r ' s 
r e f e r en c e to t echnica l b r eak th roughs . The m e a s u r e m e n t of a was an 
impor tant p rob lem even in 1943. It was solved because a group of 
people wanted to detect neu t r inos and m e a s u r e to neutr ino in terac t ion , 
work which had no application in the atomic power field. The detection 
techniques developed by them re su l t ed in a major b reak through: the 
m e a s u r e m e n t of v and a for fast neu t rons . Hence a development in 
bas ic physics was soon followed by application in the field of nuc lear 
data, with the resu l t that the s i tuat ion regard ing these m e a s u r e m e n t s 
changed radica l ly within a shor t per iod. 

A. DIVATIA: I d i sag ree with Dr . Ba tche lo r ' s view that nuc lear 
data work is a ful l - t ime act ivi ty. P r ac t i c a l l y a l l the nuc lear data 
available at p r e sen t were obtained by nuc lear phys ic i s t s as a s idel ine 
of the i r main work. 

R. BATCHELOR: T h e r e may be nuc lear data work that the nuc lear 
phys ic is t can do in his s p a r e t ime , but not the m e a s u r e m e n t of fission 
c r o s s - s e c t i o n s to within, say , 1%. 

H. GOLDSTEIN: I should like to point out a h i s to r i ca l p a r a l l e l . 
The f i rs t absolute de te rmina t ion of the Ohm to within 1% was achieved 
by Maxwell at Cambr idge . Other phys ic i s t s , in t he i r s p a r e t ime , then 
improved on Maxwell ' s r e s u l t s by an o rde r of magni tude. However, 
the ex t remely accura te de te rmina t ions that we have today were pe r fo rmed 
by phys ic i s t s who have spec ia l ized in such p r e c i s e m e a s u r e m e n t s . 
P e r h a p s developments in the nuc lear data field a r e following a s i m i l a r 
h i s to r i ca l pa t t e rn . 

R. TASCHEK (Modera tor) : P e r h a p s I could give a m o r e recen t 
example . The p rob lem of de termining in deta i l the nucleon-nucleon 
force is not now genera l ly cons idered to be one in which high accuracy 
is r equ i red . However, r ecen t work in connection with th is p rob lem 
has involved measu r ing an energy of about 300 kV with an accuracy of 
20-30 V. This is p r ec i s ion m e a s u r e m e n t of the highest quali ty. It was 
not, however, d i rec ted towards some application, but towards a be t t e r 
unders tanding of na tu re ; it the re fore differs somewhat from the high-
accuracy m e a s u r e m e n t of fission c r o s s - s e c t i o n s . This does not mean 
that the h igh-accuracy m e a s u r e m e n t of fission c r o s s - s e c t i o n s will not, 
at some t ime in the future, be r equ i r ed for an en t i re ly different pu rpose . 

Session VI: Neutron c r o s s - s e c t i o n s a b o v e the resonance energy region 

A. B. SMITH: Two types of p rob lem were dealt with in th is Session: 
(a) the provis ion of genera l , re la t ive ly quali tat ive nuc lear data; (b) the 
provis ion of specif ic , h igh-prec i s ion data. 

The acquisi t ion of gene ra l , quali tat ive data, where uncer ta in t ies 
g r e a t e r than 5% a r e acceptable , is l a rge ly an engineering prob lem; 
s u c c e s s depends on development and efficiency, r a t h e r than on r e s e a r c h . 
Th i s is pa r t i cu la r ly t r u e at incident ene rg ie s of about 1.5 MeV and l e s s , 
whe re r eques t s a r e being met rapidly and suitable techniques a r e being 
used with a high degree of efficiency. At these low ene rg ie s nuc lear 
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s t r u c t u r e is well known, and theory can and should s e rve to guide the 
expe r imen te r as well as the evaluator . 

The re la t ive need for b road resolu t ion data at energ ies of 3 MeV 
and above has recent ly inc reased . Here the non-e las t ic components 
form a continuum. The exper iments become more difficult with in
c r ea s ing energy and the faci l i t ies fewer. However, the acquisi t ion of 
much of the information is within the capabi l i t ies of p resen t techniques , 
and again theory should satisfy many quali tat ive r eques t s , pa r t i cu l a r l y 
for e las t ic sca t te r ing information. 

The in te rmedia te energy region (1-3 MeV) r e m a i n s a difficult one, 
both exper imenta l ly and theore t ica l ly . However, nuclear s t r u c t u r e 
phys ic i s t s a r e doing much to provide the information n e c e s s a r y for 
good calcula t ions , and, as has been seen at this Conference, expe r imen ta l 
r e s u l t s of significance can be obtained. P r o g r e s s he re would be far 
fas te r if the best of p resen t technology were applied to the p rob lem. 

Turning to specif ic , h igh-prec is ion data, we find a m o r e discouraging 
s i tuat ion. Engineering techniques a r e not enough; one r e q u i r e s al l the 
sk i l l s of the nuclear s t r uc tu r e theor i s t . Fo r example , a detai led knowledge 
of inelas t ic sca t t e r ing from 235u o r Qf the mul t i -pa r t i c l e breakup 'of a 
light nucleus can only be acquired by full use of theory and exper iment . 
Indeed, some of these p rob lems a r e so difficult from an exper imen ta l 
point of view that calculat ion appears to be the most feasible approach for 
the immedia te future. In some cases the difficulty r e s i d e s solely in the 
degree of p rec is ion r equ i r ed (a few p e r cent) . Such accu rac i e s would 
be much m o r e readi ly obtained if good neutron sca t te r ing and g a m m a 
product ion s tandards were avai lable . 

I should like to conclude my r e m a r k s with the following four poin ts : 
(1) People making r eques t s should give far m o r e p r e c i s e infor

mat ion . It is not sufficient to s ta te the angular resolu t ion requ i red ; 
we a lso need to know the resolut ion r equ i r ed for the energy of the 
incident and the emerging pa r t i c l e ; 

(2) More must be done to ensure that theore t i ca l and expe r imen ta l 
information is made available to the u s e r as rapidly as poss ib le ; 

(3) Standard l abo ra to r i e s should a im to provide sca t t e r ing and g a m m a 
product ion s tandards that a r e valid for a wide energy range; 

(4) We must pay m o r e attention to the s to rage , evaluation and use of 
the information we provide . This is e ssen t ia l ly a p rob lem of d i s t r i 
bution and adver t i s ing, and un less we give cons iderable thought to it 
we may find that supply ou ts t r ips demand. 

Discuss ion 

N. STARFELT: In addition to the technica l difficulties at medium 
ene rg ie s t h e r e is the fact that no, or v e r y few, h igh-pr io r i ty r eques t s 
a r e made for m e a s u r e m e n t s in this energy region. Hence we do not 
make many m e a s u r e m e n t s at these ene rg i e s . 

A. B. SMITH: That may be t rue wi th r e g a r d to r e a c t o r s , but not 
with r e g a r d to shielding. 

R. BATCHELOR: I should like to make two gene ra l commen t s . 
F i r s t , this pa r t i cu l a r field is l ikely to appeal to the fundamental 
nuc lear physic is t s imply because it is one in which he can ex t rac t a 
fair amount of nuclear s t r u c t u r e information, espec ia l ly if he has v e r y 
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good resolut ion . Second, those in te res ted in the h igh-energy region, 
where mos t data r eques t s r e l a t e to shielding p rob l ems , a r e concerned 
mainly with p r a c t i c a l information about the heavier e lements r a t h e r 
than with scientific s tudies of t he i r nuc lear s t r u c t u r e , of which the 
s t a t i s t i ca l model p rovides a reasonab ly good unders tanding. 

Session VII: Neutron radia t ive cap ture 

N. STARFELT: The main purpose of my s u m m a r y is to cons ider 
how well cap ture data r e q u i r e m e n t s for r e a c t o r calcula t ions a r e being 
me t . However, I sha l l a lso r e f e r to radia t ive capture from the point of 
view of bas ic nuc lear phys ics , if only because it will make my t a sk a 
l i t t le m o r e p leasan t . 

The mos t s t r ik ing fea tu res of the p r e s e n t s i tuat ion as I s ee it a r e : 
(1) The convergence of the many different gold c r o s s - s e c t i o n va lues ; 
(2) The convergence , or even merg ing , of the methods used at low 

neutron ene rg ies and the e a r l i e r methods used only at high e n e r g i e s . 
At the Symposium on the Absolute Determinat ion of Neutron Flux 

in the Energy Range 1-100 keV, held at Oxford in September 1963, t h e r e 
was a definite d i sc repancy (by a factor of about two) between different 
m e a s u r e m e n t s of the gold c r o s s - s e c t i o n in the 100-keV region, and 
v e r y few of us da red to haza rd an opinion as to the r ight a n s w e r . Today, 
W. P . Ponitz main ta ins (paper CN-23 /6 , s e s s ion V) that we know the 
c r o s s - s e c t i o n at 30 keV with an accuracy of about 5%, or pe rhaps even 
2%. I am l e s s opt imis t ic , however . The best value deduced by Grench 
is some 20% above Pi jni tz 's va lues , and Abramov mentioned 20% as a 
lower l imit for the p r e sen t d i sc repancy . 

The uncer ta in ty about the shape of the c r o s s - s e c t i o n in the 1-1000 keV 
region is s t i l l cons iderab le , about 15%, even if the 30-keV value should 
happen to be exact . I ag ree with Abramov that the p rob lem is not yet 
solved, even if the s i tuat ion has improved immense ly in the l a s t two 
y e a r s . The different exper imen ta l methods should be studied fur ther 
and sys t ema t i c e r r o r s looked for, as in the sphe re t r a n s m i s s i o n s tudies 
p r e sen t e d by D. Bogar t (paper CN-23/83) . This might be a t a s k for 
in ternat ional co-opera t ion , pe rhaps through the Internat ional Atomic 
Energy Agency. 

The second fea ture I ment ioned e a r l i e r has r e su l t ed from the 
downward movement of the lower l imit for Van de Graaff expe r imen t s 
(for ins tance, in the liquid sc in t i l l a tor work r e p o r t e d by D. Kompe in 
p a p e r CN-23/10) , and the l a rge upward shift in the upper l imit for l inac 
expe r imen t s (for example , those r epor t ed by Block et al. in pape r 
CN-23/126) , which is now approaching 1 MeV. 

I expect a l a rge amount of useful data to e m e r g e from the l inac 
e x p e r i m e n t s : not only beautiful counting r a t e c u r v e s , but a l so c r o s s -
sec t ions and resonance p a r a m e t e r s . 

At th i s Conference, we have had keV capture data from only one 
l inac l abora to ry . I should like to see g r e a t e r competi t ion between the 
different l a b o r a t o r i e s . 

The detai led study of Г у c a r r i e d out at Saclay (paper CN-23/62) 
should be mentioned in th is connection, as well as in re la t ion to radioact ive 
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cap tu r e . Here , the high intensi ty of the l inac , toge ther with the g a m m a -
r a y reso lu t ion of g e r m a n i u m de t ec to r s , has opened up a l a r g e field for 
ref ined m e a s u r e m e n t s . 

How then a r e cap ture с r o s s - sec t ion r e q u i r e m e n t s being me t? I do 
not know al l the E u r o p e a n - A m e r i c a n Nuclear Data Commit tee (EANDC) 
r e q u e s t s by hea r t , but I know of s e v e r a l c a s e s , in addition to gold 
c r o s s - s e c t i o n s , where the r e q u i r e d accuracy has not been a t ta ined. 
Many of these c r o s s - s e c t i o n s a r e now being m e a s u r e d by sufficiently 
a ccu ra t e methods (for ins tance , on the R e n s s e l a e r Polytechnic Ins t i tu te ' s 
l inac) , but o the r s , espec ia l ly those for the u ran ium and plutonium 
i so topes , a r e difficult to m e a s u r e , while the reques ted accuracy is high. 
Much hard work r e m a i n s to be done. P e r h a p s the expe r imen t s of Diven, 
Hemmendinger and o the r s with bomb s o u r c e s will help, espec ia l ly in 
the ca se of radioact ive i so topes . 

Another p rob lem r e l a t e s to the c r o s s - s e c t i o n s of fission p roduc t s . 
Here c r o s s - s e c t i o n calculat ions have been pe r fo rmed for a l a rge number 
of i so topes , with cons iderab le s u c c e s s . Compar i sons with t h e r m a l 
va lues and resonance in tegra l s have lent support to the r e s u l t s , but m o r e 
expe r imen t s a r e needed. 

F o r neutron ene rg ie s above 1 MeV li t t le p r o g r e s s has been r epor t ed . 
Here the in te res t from the point of view of r e a c t o r s is not so g r e a t . We 
have heard of s e v e r a l fits of calcula ted c r o s s - s e c t i o n s to expe r imen t s , 
but I doubt whether t heo re t i ca l extrapolat ion is useful in obtaining c r o s s -
sec t ions at higher ene rg i e s , where the react ion mechan i sm is compl ica ted 
by d i rec t and s e m i - d i r e c t cap tu re . . I would like to see m o r e expe r imen t s 
and theo re t i ca l work re la t ing to the region about 1 MeV. The re a r e 
t h e o r i e s for es t imat ing c r o s s - s e c t i o n s in th is region, but they a r e of 
l i t t le use in p r a c t i c e . 

The las t t h r e e y e a r s have seen g r ea t p r o g r e s s . My guess is that , 
in t h r e e years* t ime , most of the easy or modera te ly ea sy p rob l ems 
wil l have been solved, while a few difficult ones of high p r io r i t y and 
entail ing high accuracy will s t i l l be far from solved. 

I should like to conclude by posing a number of g e n e r a l ques t ions . 
F i r s t , how can we solve these difficult p rob l ems? I do not know the 
answer , but I am s u r e that the solutions will be found in the most 
advanced and wel l -equipped l a b o r a t o r i e s a l ready in the front l ine . 

' Second, what can those of us do who a r e working in s m a l l l a b o r a t o r i e s 
with l imi ted budgets? Could in terna t ional col laborat ion help us to solve 
the difficult p r o b l e m s ? I ask these quest ions at th is Conference in the 
hope of obtaining an answer . 

Final ly , what sha l l we do when we have met the nuc lea r data r eques t s 
for r e a c t o r s ? Work in atomic energy l abo ra to r i e s has contr ibuted much 
to bas ic sc ience , while bas ic sc ience has contr ibuted much to the develop
ment of atomic energy . We must find a way of continuing with bas ic 
phys ic s , including nuc lea r phys ics , in the atomic energy l a b o r a t o r i e s . 
One possibi l i ty is to move in the d i rec t ion of m a t e r i a l s c i ences ; it is 
a field where bas ic r e s e a r c h is needed and where impor tant improvements 
in r e a c t o r technology could resu l t . Moreover , it i s one where many 
of the techniques and methods developed in nuc lear phys ics a r e appl icable . 
P e r h a p s you can suggest o ther ways of ensur ing that bas ic phys ics has 
a place in atomic energy l a b o r a t o r i e s . 
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Session VIII: C r o s s - s e c t i o n s and p a r a m e t e r s of f issi le nucl ides (Par t 1) 

G. С HANNA: The f i rs t four pape r s of Session VIII r e l a t e to the 
t h e r m a l neutron c r o s s - s e c t i o n s and p a r a m e t e r s of f iss i le nucle i . This 
i s one a r e a where the r e a c t o r des igne r s a r e , or should be , just about 
sa t is f ied with the accuracy of the data that a r e avai lable . Some of the 
r e s u l t s p r e sen t ed in p a p e r s (CN-23/21 and CN-23/2 were in a sufficiently 
final form for inclusion in the Westcott et a l . l e a s t - s q u a r e s fit, but the 
new de te rmina t ion of a for 2 4 1Pu by Cabell has an impor tant effect on the 
r e s u l t s for 2 4 1Pu as Westcott showed in the d iscuss ion . One of the m o r e 
unsa t i s fac tory fea tures of these data so far has been the wide sp read in 
the r epor t ed values of the 2 3 9 Pu fission c r o s s - s e c t i o n . Although it is 
probably s t i l l t r u e that the mos t r e l i ab le value of this quanti ty i s obtained 
from the absorpt ion c r o s s - s e c t i o n and the m e a s u r e d value of a, it is 
mos t gratifying to see that the new, d i rec t ly m e a s u r e d va lues r e p o r t e d 
by P . H. White et a l . in pape r CN-23/58 a r e in such good agreement 
with the indirect va lue . 

Another, m o r e impor tant , d iscrepancy has a lso exis ted for some 
t i m e , and unfortunately it shows no s igns of d i sappear ing . I r e f e r to 
the value of v for the spontaneous fission of 252Cf and espec ia l ly to the 
ve ry accura te and careful m e a s u r e m e n t c a r r i e d out by Colvin and 
Sowerby, which is lower than o ther va lues by an amount (~2%) that is 
not explicable in t e r m s of the e r r o r s quoted for the different m e a s u r e m e n t s . 
This si tuation was d i scussed during Session V, but I r e f e r to it again 
he re because of the d i sc repancy , s t r e s s e d by D. W. Colvin in paper 
CN-23 /33 , between his va lues of v for 233u and 235U and those obtained 
from n-measurements v ia the a - m e a s u r e m e n t s r epo r t ed by M. J . Cabel l 
(paper CN-23/21) and C . B . Bigham et al. (paper CN-23 /2 ) . P a p e r 
CN-23/50 , by J . R. Smith and R. G. Fluhar ty , though not ora l ly p re sen ted , 
r e p r e s e n t s an impor tant contr ibution to the p rob lem of gett ing the mos t 
r e l i ab le information f rom m e a s u r e m e n t s c a r r i e d out in Maxwellian s p e c t r a . 
So far , only p r e l i m i n a r y r e s u l t s a r e r epor t ed on the so -ca l l ed "g f ac to r s " , 
but evidently an approach of th is type is mos t va luable . 

The r e s t of the f i rs t pa r t of Session VIII was concerned with m e a s u r e 
men t s of p rompt and delayed neu t rons . P a p e r CN-23/77 r epo r t ed new, 
accu ra t e m e a s u r e m e n t s of the neutron mult ipl ici ty dis t r ibut ion, and 
may r e p r e s e n t a f i rs t s tep towards a new, p r e c i s e m e a s u r e m e n t of V for 
2 5 2 Cf. 

P a p e r CN-23/19 , on the var ia t ion of v with the energy of the neut rons 
causing fission in 2 4 1Pu, has shown that the slope dv/dE n over a b road 
range of energy is v e r y s i m i l a r to that observed in other nuc le i . However, 
the p a p e r s from the Soviet Union p re sen t ed in th is s e s s ion have drawn 
attention to the fine s t r u c t u r e that ex i s t s in the J7/En r e la t ion . These 
effects a r e of cou r se impor tant just as data, but the i r in te rp re ta t ion , 
in t e r m s of a be t t e r unders tanding of the f ission p r o c e s s , was a l so 
d i scussed in these p a p e r s and m e a s u r e m e n t s were made of the m a s s 
division and kinetic energy r e l e a s e in o r d e r to elucidate the phenomena. 
S imi la r ly in pape r CN-23/102, the changes in delayed neutron emis s ion 
for (n, nf) have been s tudied. 

It is pe rhaps appropr ia te to conclude by s t r e s s i n g that no fully 
sa t i s fac to ry data on f ission will be provided without a p r o p e r detai led 
unders tanding of the f ission p r o c e s s . In the pas t we have seen 
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examples of m e a s u r e m e n t s that have gone wrong through an incomplete 
apprecia t ion of the complexi t ies of fission, for example the angular 
co r r e l a t i ons between neut rons and f ragments . Poss ib ly some of the 
remain ing d i sc repanc ies a r e a t t r ibutable to a s i m i l a r lack of 
unders tanding. 

Discuss ion 

R. TASCHEK (Moderator) : I would like to second what Dr. Hanna 
said about fission, which is of course bas ic to al l th is activity concerned 
with r e a c t o r s . We s t i l l do not have a rea l ly sa t i s fac tory theory of 
fission, although we keep finding out new things. I must say that the 
Obninsk paper on the (n, n ' ) fission of delayed neutron dis tr ibut ion 
(CN-23/102) was a s u r p r i s e to me , and I am su re it will lead to 
in te res t ing follow-up expe r imen t s . Of course , nuc lear theory is 
hard ly be t te r unders tood than f ission: we a re s t i l l dealing with 
essen t ia l ly phenomenological t heo r i e s , which a r e not penetra t ing in 
the i r bas ic approach. 

Session VIII: C r o s s - s e c t i o n s and p a r a m e t e r s of f iss i le nucl ides (Par t 2) 

N. J. PATTENDEN: May I f i rs t r emind you of the p a p e r s p r e sen t ed 
in the second par t of Session VIII before giving my opinions on the m o r e 
significant points brought out? My views a r e inevitably coloured by the 
p r o g r a m m e of my own pa r t i cu l a r l abora to ry . F i r s t , we hea rd J . E . Lynn, 
in paper CN-23/122, giving a t heo re t i ca l in te rpre ta t ion of the fission 
p r o c e s s in t e r m s of the channel theory . The theory s t i l l s e e m s s e c u r e , 
and indeed it s e e m s that it may now a s s i s t in the in te rpre ta t ion of 
detai led s t r uc tu r e in the th resho ld region of the fission c r o s s - s e c t i o n s 
of thor ium-230 , thorium-232 and u ran ium-238 . 

Next, B .H. P a t r i c k (paper CN-23/30) and H. D e r r i e n (paper CN-23/70) 
desc r ibed plutonium-239 f ission and to ta l c r o s s - s e c t i o n s and n - m e a s u r e -
men t s over a wide energy range , and I will r e t u r n to th is l a te r . 

V. F . Geras imov (CN-23/112) and C D . Bowman (CN-23/38) then 
gave r e s u l t s of some spa rk chamber m e a s u r e m e n t s of fission c r o s s -
sec t ions of active s amp le s and demons t ra ted the r e a l power of this 
pa r t i cu l a r technique. K. H. Bockhoff (CN-23/89) descr ibed to ta l c r o s s -
sect ion m e a s u r e m e n t s on plutonium-240, s i m i l a r to our work at Harwel l 
as mentioned in paper C N - 2 3 / 3 1 . The wide energy range now available 
for resonance analys is with plutonium-240 is rea l ly due to the work 
of the Los Alamos Labora to ry in providing la rge s amples of highly 
enr iched m a t e r i a l s and a lso to the in tens i t ies of e lec t ron l inacs . 

A. Michaudon, in paper CN-23/123 , gave an excel lent review talk 
on the s ta te of spin ass ignment m e a s u r e m e n t s , and the sca t t e r ing 
method of assigning spins was desc r ibed by M. Asghar (CN-23/31) for 
plutonium-239 and F . P o o r t m a n s (CN-23/79) for u r an ium-235 . Inci
dentally, in paper CN-23/70 , which I mentioned just now, H. D e r r i e n 
r e f e r r e d to spin ass ignments by sor t ing the Tf va lues into two g roups . 
I think after Michaudon's rev iew t h e r e is no need for me to say any m o r e 
about spin a s s ignment s , as it was v e r y comprehens ive . 
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Some of the significant points emerg ing from these p a p e r s a r e as 
follows: 

(1) The channel theory is vindicated and can be of a s s i s t a n c e in . 
descr ib ing fission c r o s s - s e c t i o n s by var ious s t a t i s t i ca l 
d is t r ibut ions of p a r a m e t e r s . It can a lso explain why average 
c r o s s - s e c t i o n s m e a s u r e d over wide energy in te rva l s need not 
co r r e spond to a ca lcula ted average c r o s s - s e c t i o n from a 
summat ion of contr ibut ions from individually obse rved 
r e sonances . The significance of th i s is that we mus t be 
careful in extrapolat ing from regions where the individual 
r e sonances a r e available for ana lys is . 

(2) T h e r e is an inc reas ing amount of evidence that the f ission 
c r o s s - s e c t i o n between resonances is much lower than was 
observed in e a r l i e r m e a s u r e m e n t s . The impor tance of th is 
is that the p rev ious mul t i level fits made on the older data may 
be highly suspec t , because the mul t i level fits a r e quite sens i t ive 
to the actual c r o s s - s e c t i o n values between r e s o n a n c e s , where 
in te r fe rence effects may be quite significant. 

(3) In the ca se of plutonium-239 the re i s now cons iderab le evidence 
that the f ission c r o s s - s e c t i o n as a function of energy drops 
r a t h e r sharp ly in the 600-eV region, w h e r e a s the to ta l c r o s s -
sect ion as a function of energy does not. Now, if we a s s u m e 
that t h e r e a r e no sha rp changes in the sca t t e r ing c r o s s - s e c t i o n 
as a function of energy over th is region, th is impl ies that the 
value of a as a function of energy becomes ve ry l a r g e , of the . 
o rde r of 2, at about th is energy and s tays la rge unti l about 10 kV, 
where it converges towards the value given by the high energy 
di rect m e a s u r e m e n t s . This is c lea r ly a point of much significance 
in f a s t - b r e e d e r r e a c t o r design. 

In conclusion, we must say that in th is region we a r e ce r ta in ly 
well on the way to meet ing the more important r eques t s for 
r e a c t o r data, pa r t i cu la r ly as r e g a r d s the impor tant plutonium-239 
r e q u i r e m e n t s , but the individual m e a s u r e m e n t s a r e s t i l l not 
rea l ly accura te enough and, perhaps even m o r e impor tant , they 
have not been thoroughly verif ied by independent m e a s u r e m e n t s 
in many l a b o r a t o r i e s . 

Discuss ion 

R. TASCHEK (Moderator) : P e r h a p s I should mention the Los Alamos 
Labora to ry ' s ro le in connection with the samples of plutonium-240. It 
was m e r e l y the work of convers ion into meta l and fabricat ion that was 
pe r fo rmed at Los Alamos , while the production and separa t ion were 
c a r r i e d out at Oak Ridge. 

Session ГХ: Compar i son of f ission c r o s s - s e c t i o n s in the re sonance 
energy region 

S.I. SUKHORUCHKIN: In th is specia l sess ion c r o s s - s e c t i o n s of 
f issionable nuclei we re compared and the re was a useful exchange of 
information on the exper imen ta l s i tuat ion as r e g a r d s the c r o s s - s e c t i o n s 
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of the f issionable isotopes 235U, 239U and 2 3 9 Pu. On the whole t h e r e is 
good agreement between the r e s u l t s obtained in the different l a b o r a t o r i e s , 
especia l ly for fission c r o s s - s e c t i o n s . This could be seen also in the 
in tegra l evaluations made by W. Good's group in the Vienna compilat ion 
cen t r e , which were c i rcu la ted to pa r t i c ipan t s . The d i sc repanc ies in 
f ission c r o s s - s e c t i o n s between r e sonances pointed out by A. Hemmendinger 
ca l l for fur ther exper imen ta l and theo re t i ca l study. The number of 
independent m e a s u r e m e n t s , for ins tance nine m e a s u r e m e n t s for 235U, 
make it poss ible not only to make compi la t ions , but a lso to evaluate 
p a r a m e t e r s using mul t i - l eve l fo rmulae . We may hope that in ternat ional 
col laborat ion in th is will i nc r ea se and that the exper imenta l data will 
become so accura te that it will even be poss ible to make a choice between 
the different approximat ions in mu l t i - l eve l fo rmal i sm. At th is s e s s ion 
we h e a r d t h r e e v e r y good exper imenta l p a p e r s , and it s e e m s that we a r e 
now getting m o r e independent m e a s u r e m e n t s . In a way the s i tuat ion 
r e m i n d s us of the F i r s t Geneva Conference, where it was poss ib le to 
work out world average s tandard values for t h e r m a l c r o s s - s e c t i o n s 
e l iminat ing sys t ema t i c e r r o r s and reducing s t a t i s t i ca l s c a t t e r in the 
data . After the work of compi la t ion , mul t i - l eve l analys is and 
compar i son of the r e s u l t s I think we wil l be able to obtain a set of 
p a r a m e t e r s that will sat isfy C. R. Lubitz. You will r e c a l l that he 
e x p r e s s e d c r i t i c i s m regard ing the s c a t t e r of the data on resonance 
neutron radiat ion widths and e x p e r i m e n t e r s mus t ag ree with him as 
to the need for be t t e r accuracy and fur ther m e a s u r e m e n t s , especia l ly 
for cap ture c r o s s - s e c t i o n s . I think that not only r e a c t o r des igne r s , 
but a lso nuc lear phys ic i s t s , will ag ree t h e r e is a need for fur ther 
m e a s u r e m e n t s of p a r t i a l c r o s s - s e c t i o n s of f issionable nuclei in the 
r e sonance range . 

Discuss ion 

E. G. SILVER: I have a gene ra l question add re s sed to al l m e m b e r s 
of the panel . Dr. Hemmendinger ' s pape r (CN-23/42) on the development 
of v e r y intense s o u r c e s has , so to speak, thrown a bomb into the field of 
m e a s u r e m e n t s with l inea r a c c e l e r a t o r s and, pe rhaps , cyc lo t rons . It 
s e e m s to be agreed that t h e r e a re ce r t a in advantages in using a bomb 
s o u r c e , as compared with the m o r e conventional s o u r c e s , for radioac t ive 
nuclei , but I bel ieve that t h e r e a r e in fact cons iderable advantages for 
a wide range of m e a s u r e m e n t s . It would be in teres t ing to hea r comments 
on th i s . 

A. HEMMENDINGER: This is a difficult m a t t e r for me to comment 
on, because in any specia l ized b ranch of nuclear physics it t akes a lot 
of work to l ea rn how to do a job. However, it does appear to me that 
once we know how to make m e a s u r e m e n t s of th is so r t it wi l lbe poss ib le to 
save a lot of effort, compared with the man-hou r s and expenditure 
involved in making the same m e a s u r e m e n t s with an acce l e r a to r , even 
on s table nuclei . However, the p rob lem of making absolute m e a s u r e m e n t s 
doesn ' t d isappear just because we have this ve ry intense pulsed sou rce , 
and this is s t i l l one of the ve ry difficult p rob lems in r e a c t o r application. 
Another p rob lem is that exper imen t s in which it is n e c e s s a r y to do what 
amounts to coincidence m e a s u r e m e n t s a r e probably not feasible by this 
method. 
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A. MICHAUDON: F o r fission c r o s s - s e c t i o n exper imen t s nuc lear 
explosions cer ta in ly const i tute outstanding s o u r c e s , but before choosing 
between a nuc lea r explosion and, say, a l inea r a cce l e r a to r one should 
know the cost of the explosion. Are t he re any figures on th i s? 

R. BLOCK: Maybe I shouldn' t say this but at the Washington 
Conference on Neutron C r o s s Section Technology I r a i s e d the v e r y s a m e 
quest ion, and the answer was that one of the explosions cos t s just about 
as much as the new Oak Ridge l inear a cce l e r a to r . 

R. TASCHEK (Modera tor) : I 'm not s u r e th is topic of cost is worth 
pursu ing . Of cour se one would never use a nuclear explosion to conduct 
just a few e xpe r im en t s . Being а 4зг source it i s used to bes t advantage 
when the re a r e ve ry many expe r imen t s , and one should a l so r e m e m b e r 
that the s igna l - to -no i se ra t io of th is source cannot be be t t e r ed by 
anything e lse at the moment . These a r e the advantages that should be 
taken into considera t ion . 

N. J . PATTENDEN: May I ask what i s the p r e sen t and ant icipated 
t ime resolut ion of the nuc lear explosion t ime-of-f l ight s p e c t r o m e t e r ? 

A. HEMMENDINGER: This is rea l ly a va r iab le quantity and it 
depends on how ambit ious you a r e in designing an exper iment . If you 
ins is t on covering al l ene rg ie s from 10 eV to 10 MeV, t h e r e will be 
s o m e ranges where the reso lu t ion suffers . At low ene rg ie s t h e r e a r e 
no neut rons un less a m o d e r a t o r is used; a mode ra to r will give a neutron 
l ifet ime of one or m o r e mic roseconds , while for the neut rons of higher 
energy the pulse duration is l e s s than a tenth of a mic rosecond . The 
resolut ion thus v a r i e s through the spec t r a l region. One could, of 
cou r se , design an exper iment to maximize resolu t ion at some energy . 
At 50 eV the resolu t ion is defined by a pulse length of, say , four 
mic roseconds and a path length of two or t h r e e hundred m e t r e s de
pending on the ac tual exper iment . However, at about a kilovolt or a 
l i t t le l e s s t h e r e is a c r o s s - o v e r r ange , where the neutron sou rce is 
no longer const i tuted by the m o d e r a t o r but by the actual explosion 
itself, and from then on the bu r s t length is c l o s e r to a tenth of a 
mic rosecond . 

Session X: Neutron data evaluation 

G. H. KINCHIN: In Session X we s e e m to have r eached agreement 
on what is meant by evaluation - the provis ion of a complete se t of data 
for s e v e r a l i n t e r r e l a t ed p a r a m e t e r s , usually over a fair ly wide energy 
range . J. Chernick has a lso s t r e s s e d the fact that p a r t i a l evaluat ions 
should not be ignored. J . J . Schmidt suggested that an evalua tor mus t 
be fami l ia r with the exper imenta l techniques used and the data being 
produced, with nuc lea r theory , compute rs and the needs of Reactor 
phys ic i s t s . In view of the data r e q u i r e m e n t s it i s des i r ab le for an 
evaluator to be concerned with all the p a r a m e t e r s for a given isotope 
even though it may be m o r e convenient or m o r e in te res t ing for him to 
concent ra te on a p a r t i c u l a r p a r a m e t e r , say the f ission c r o s s - s e c t i o n , 
for a l l i so topes . 

The p rob l ems of the evaluator a r e connected to a g rea t extent with 
d i sc repanc ies and incons i s tenc ies , and we have heard of a number of 
these during the Conference - v and the gold c r o s s - s e c t i o n , to ment ion 
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only two. J . J . Schmidt dwelt on the data for i ron and molybdenum in 
his paper (CN-23/124), and I think he feels with R. Taschek that t hese 
c a s e s a r e not suitable for automatic evaluation. However, t h e r e a r e 
c a s e s where these pa r t i cu l a r p rob l ems a r e not impor tant and where 
the methods descr ibed by A. Hors ley and J . B . P a r k e r (CN-23/24) and 
K. P a r k e r et a l . (CN-23/28) can be used to a s semble and fit l a rge 
quant i t ies of broadly consis tent data points . 

Another p rob lem for the evaluator is that of filling gaps in the 
exper imenta l data. We have hea rd a g r ea t deal at th is Conference about 
the application of the optical model for extending the range of data, and 
in pape r CN-23/54 , by M. F . J a m e s and J . S. Story, we hea rd of the 
use of negative and unreso lved energy levels for filling in data in the 
t h e r m a l region. 

The ro le of in tegra l m e a s u r e m e n t s in data ve valu at ion has evoked 
cons iderable in t e re s t . It may pe rhaps be useful to t r y to subdivide 
these m e a s u r e m e n t s into t h r ee g roups . The f i rs t type has been 
accepted by eva lua tors for a long t ime , and can be exemplified by 
the de terminat ion of aQ , where the energy dependence of c r o s s - s e c t i o n s 
is well known and m e a s u r e m e n t s in a Maxwellian spec t rum s imply gave 
an absolute normal iza t ion . The second type is exemplified by r e sonance 
in tegra l m e a s u r e m e n t s , such as those in paper CN-23/73 by R. Vidal 
and F . Roull ier , and a single c r o s s - s e c t i o n can be adjusted to give 
ag reement with this type of in tegra l m e a s u r e m e n t . I would argue that 
th is should have been done in the ca se of the ep i the rma l 235U data, but 
th i s may not now be n e c e s s a r y s ince t h e r e is no longer any d i sc repancy 
between the differential m e a s u r e m e n t s and the in tegra l m e a s u r e m e n t s . 
Final ly , t h e r e is the mos t difficult type of in tegra l m e a s u r e m e n t , as 
d i scussed by Y. Re i s s (CN-23/15), L . N . Usachev (CN-23/94) and 
K. P a r k e r (CN-23/28), where one t r i e s to fit many c r o s s - s e c t i o n s for 
different m a t e r i a l s over a wide energy range to the r e s u l t s of r eac t iv i ty 
and other m e a s u r e m e n t s made on a s s e m b l i e s containing mix tu r e s of 
i so topes . If the reques ted accu rac i e s r ea l ly a r e too high for differential 
m e a s u r e m e n t s one may have to re ly on the in tegra l approach which, 
although unproven, is in pr inc ip le quite p romis ing . 

Of cou r se , an evaluator needs m a t e r i a l to work on, and we have 
h e a r d something of the data compilat ion cen t r e s from J . Chernick and 
D. W. Colvin. K. P a r k e r gave us an account of available evaluated 
data together with an i m p r e s s i v e l is t of eva lua tors and we have heard 
something of the ro le of Brookhaven Sigma Center and the ENEA Neutron 
Data Compilation Cent re in exchanging evaluat ions . The effort r equ i r ed 
for evaluation has been made ve ry c l e a r at this Conference, and we mus t 
hope for increas ing in ternat ional co-ordinat ion and exchange in the 
evaluation field. 

Final ly, a g e n e r a l r e m a r k . This Conference has been p r i m a r i l y 
concerned with the bas ic m e a s u r e m e n t of quanti t ies needed for r e a c t o r 
design and with the in te rpre ta t ion and compilat ion of the r e s u l t s of such 
m e a s u r e m e n t s . Now, although I reco l lec t that Los Alamos did have a 
gold-pla ted r e a c t o r at one t i m e , I think nobody is frantically in t e re s t ed 
in another one, and perhaps too much t ime is devoted to what is at bes t 
a secondary s tandard , whereas too l i t t le t ime is devoted to the m e a s u r e 
ment and evaluation of data that a r e in fact of in te res t in r e a c t o r design -
for ins tance , I think a d i sc repancy in a gold c r o s s - s e c t i o n need not 
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rea l ly w o r r y u s as much as a d i sc repancy in, say, the 235U fission 
c r o s s - s e c t i o n . 

Discuss ion 

R. TASCHEK (Moderator) : I have one gene ra l r e m a r k which 
poss ibly runs a l i t t le bit con t r a ry to Dr . Kinchin 's las t comment . The re 
is a mutual s t imulus between the i n t e r e s t s of those who p e r f o r m the 
r a t h e r p rosa i c t a sk of measu r ing data and the i n t e r e s t s of those using 
the data to improve our unders tanding of na ture by way of nuc lea r 
phys ic s . This s t imulus can only be beneficial and it should be encouraged. 
The people in neutron phys ics have made a rea l ly major contribution to 
out understanding of the nucleus , whilst s imul taneously satisfying other 
i n t e r e s t s . 

In conclusion, could I ask Dr . Goldberg to give a quick s u m m a r y 
of Session XI, on in terna t ional co-opera t ion in the field of nuc lea r data? 

M. GOLDBERG: I have l i t t le to add. I think Dr. Colvin has given 
us a r a t h e r thorough survey of act ivi t ies per ta in ing to the va r ious 
fo rms of in ternat ional co-opera t ion . These act ivi t ies have been g rea t ly 
intensified during the las t five y e a r s , and the world of neutron c r o s s -
sect ion u s e r s i s beginning to r e a p the benefi ts . CLTNTDA has grown from 
a p a r t - t i m e activi ty of one or two phys ic is t s to a t ru ly in ternat ional 
concern . Exper imen ta l data from all over the world have been col lected 
at Brookhaven for the las t fifteen y e a r s , and we a r e glad that th is 
labour can now be sha r ed as a r e su l t of the founding of the ENEA Neutron 
Data Compilation Cen t r e , the IAEA data cen t re in Vienna and the USSR 
data cen t re in Obninsk. Internat ional co-opera t ion will undoubtedly 
be extended to the field of evaluator data. As a ve t e ran of many y e a r s ' 
exper ience as data compi le r , I should like to a s s u r e my good friend 
and colleague Dr. Colvin, and by inference o thers who a r e even newer 
in the occupation, that the ups and downs of sibling r i va l ry and outside 
p r e s s u r e a r e v e r y n o r m a l and should be to le ra ted in the i n t e r e s t s of 
p r o g r e s s . The s e r v i c e we a r e render ing in th is n o - m a n ' s land between 
e x p e r i m e n t e r s , evaluator s and u s e r s is an important one, and it is 
only this conviction that can keep us going. 
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