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FOREWORD

Acting on the recommendation of the International Nuclear Data 
Committee (INDC) the Agency convened a Panel Meeting in Vienna, 
20-24 November 1972, to review  the progress in the field  of neutron standard 
reference data. The meeting was a follow-up o f a previous Agency panel 
entitled Nuclear Standards fo r Neutron Measurements, held 8-12 May 1967 
in Brussels. The report of that meeting was issued as a technical document, 
IAEA-107.

Both meetings were convened as part of the Agency1 s general responsi
b ilities to promote and coordinate the evaluation and exchange of scientific 
information in the field  of nuclear data. Between 1967 and 1972 the initiative 
fo r  review ing improvements in neutron standard reference data was shared 
among many organizations. The 1970 symposium at the Argonne National 
Laboratory, which was sponsored by the European American Nuclear Data 
Committee, was devoted exclusively to neutron standards, and sessions 
covering various aspects of standards were included in severa l other 
m eetings.

The present Proceedings contain all papers presented at the November 
1972 meeting as w ell as the essential details of the technical discussions. 
In addition to the conclusions and recommendations the final section con
tains b r ie f summaries o f the status of currently available data fo r  light - 
elementstandards and fission  and capture standards. Some important con
clusions o f the meeting are the following.

The determination o f the neutron flux no longer appears to be an out
standing source of uncertainty in standard cross-section  measurements. 
Continued improvement in these data must be accomplished through small 
improvements in many aspects o f the measurements.

F o r  the light-elem ent standard 6L i(n ,a )T , recent measurements of the 
(n ,a )  cross-section  near the 250-keV resonance appear to agree within 
experimental e rro r . These measurements tend to ca ll into question either 
the total cross-section  data or the assumptions o f the theory used to in ter
pret the total and (n,cr) cross-sections.

Below about 500 keV it was concluded that the fission cross-section  of 
235U was sufficiently w ell known fo r an evaluation o f the available data to 
achieve 5% accuracy. However, it was emphasized that consequences of 
fluctuations in the cross-section  must be carefu lly considered when 236U is 
used as a standard below about 100 keV.

Measurements of the gold capture cross-section  by counting prompt 
capture gamma rays appeared to be more consistent than measurements by 
the activation technique. It was concluded that resolution o f discrepancies 
between the two methods would be a significant contribution toward making 
gold a more reliab le standard.

D ifferences between values of v fo r spontaneous fission o f 252Cf deter
mined by d irect measurement and values derived indirectly from  m easure
ments o f the param eter r) are many times la rger than the total erro rs



assigned to each method. The v experts attending the Panel, a ll of whom 
had made d irect measurements o f v, challenged the indirect determinations 
o r the uncertainties assigned to those measurements.

The Panel recommended that a standard fission neutron spectrum be 
included among the neutron standard reference data. The spectrum of 
neutrons from  spontaneous fission o f 252Cf was proposed as the primary- 
standard, and the neutron spectrum from fission o f 235U induced by neutrons 
o f energy less than 150 keV was recommended as an associate standard.

When reporting experimental work on neutron standards, the partic i
pants insisted that it was essential to include detailed information about 
sources of uncertainty and possible systematic e rro rs .

A  third Agency-sponsored meeting devoted to nuclear standard reference 
data is tentatively planned fo r late 1976. The somewhat ea rlie r  date recom 
mended by the participants and reported in these Proceedings has been 
postponed because of the possible partial overlap of subject matter with 
other meetings already scheduled during the intervening period.

The INDC has recommended that the scope o f the next meeting be 
expanded to include a ll nuclear standard reference data instead of being 
restricted  to the acknowledged neutron standards discussed at the present 
meeting. It was emphasized that the standard reference data to be discussed 
should have direct relevance to practical problems in nuclear science and 
its peaceful applications, which constitute the continuing responsibilities of 
the International Atomic Energy Agency.



CONTENTS

I. SUMMARIES OF PRESENT AND PLANNED WORK ON 
NEUTRON STANDARDS IN VARIOUS COUNTRIES AND 
RELATIONSHIP TO NATIO NAL NUCLEAR ENERGY 
PROGRAMMES

Current activities in the neutron standard data field  in the
United States o f Am erica  (IAEA-PL-246-2/1) ................................... 3
W .P. P o e  n i t z
Discussion ...............................................................................................  5

Present and planned work on neutron standards in Australia
(IAEA-PL-246-2/2) ...................................................................... ! .......  7
J.W. B o l d e m a n
Discussion ...............................................................................................  7

Work on neutron standards at the Kernforschungszentrum
Karlsruhe (IAEA-PL-246-2/3) ...........................................................  9
F . K a p p e l e r
Discussion .................................... ................................... '....................... 9

Present and planned neutron standard reference data at the
Central Bureau fo r  Nuclear Measurements (IAEA-PL-246-2/4) ... 11
A.J. D e r  u y t t  e r  , H. L i s k i e n
Discussion ...............................................................................................  13

Neutron standard reference data activities in Japan
(IAEA-PL-246-2/5) ..................... .......................................................... 15
K. T s u k a d a  

Neutron standard reference data activities in Sweden
(IAEA-PL-246-2/6) ................................................................................ 17.
H. CondG

Present and planned work on neutron standards in the United
Kingdom (IAEA-PL-246-2/7) ..............................................................  21
M.S. C o a t e s ,  D.B. G a y t h e r
Discussion ............................................. .................................................  23

Present and planned neutron standard data activities in France
(IA E A -PL-24  6-2/8) ................................................................................ ‘ 25
J.L. L e r o y
Discussion ........................................... ................................................... 27

General Discussion ........................ ........................................................... 29

II. METHODS AND TECHNIQUES OF NEUTRON FLU X  
MEASUREMENTS

Progress in the establishment of neutron standards at the :
National Physical Laboratory (IAEA-PL-246-2/9, Abstract only).. 35
E.J. A x t o n ,  J.B. Hu n t ,  J.C. R o b e  r  t s on , T.B . R y v e s



International intercomparison of fast neutron flux density 
sponsored by Bureau International des Poids et Mesures 
(IAEA-PL-246-2/10) ........................................................... .................  37
E.J. A x t o n

Experimental test of the calculated effic iency of the Harwell 
black detector at high neutron energies using the Harwell
long counter (IAEA-PL-246-2/11) ............................ .........................  41
M.S. C o a t e s ,  D.B. G a y t h e r ,  G.J. Hu n t ,  D.A. B o y c e
Discussion ...............................................................................................  44

Two flat-response detectors fo r absolute and relative neutron
flux measurements (IAEA-PL-246-2/12) ..........................................  47
W .P. P o e n i t z
Discussion ...............................................................................................  57

P rec ise  neutron flux monitoring by T (p ,n )3He associated-particle
counting between 0.25 MeV and 1.3 MeV (IAE A-PL-246-2/13 )....... 63
J.L. L e r o y ,  I. S z a b o ,  J.Y. T o c q u e r
Discussion ...............................................................................................  73

Absolute neutron flux determination in the energy region between
0.4 MeV and 2 MeV (IAEA-PL-246-2/14) ..........................................  75
F . K a p p e l e r
Discussion .........................................................................: ..................... 83

Neutron flux measurements at the L L L  linac (IAEA-PL-246-2/15)... 85
J.B. C z i r r ,  G.S. S i dhu 

General Discussion ...................................................................................  89

III. L IG H T-ELEM EN T STANDARDS

A. THE 6L i(n ,a )T  CROSS-SECTION FOR FAST NEUTRONS

The 6L i(n ,a ) cross-section  (IAEA-PL-246-2/16) ..............................  95
W .P. P o e n i t z ,  J.W. M e a d o w s
Discussion ...............................................................................................  102

Measurements of the relative 6L i(n , a) cross-section  in the
energy range 1 keV - > 500 keV (IAEA-PL-246-2/17) ..................... 105
M.S. C o a t e s ,  G.J. Hun t ,  C .A. U t t l e y
Discussion ...............................................................................................  110

Experimental methods used at Cadarache to determine the 
6Li(n , o )T  cross-section between 20 keV and 1700 keV
(IAEA-PL-246-2/18) ..............................................................................  113
E. F o r t ,  J.P. M a r q u e t t e
Discussion ...............................................................................................  117

Analysis of experimental methods and proposal of recommended 
values for the 6Li(n , o )T  reaction between 20 keV and 1700 keV
(IAEA-PL-246-2/19) ............................................................................. 119
E. F o r t
Discussion ...............................................................................................  125



B. 10B(n ,a) and i°B (n ,a ,7) CROSS-SECTIONS FOR 
FAST NEUTRONS

Prelim inary measurement of the re lative 10B(n, a ,  7 ) cross-
section (IAEA-PL-246-2/20) ........................ '.....................................  129
M.S. C o a t e s ,  G.J. Hu n t ,  C .A. U t t l e y
Discussion ............................................................................................... 131

C. THE 3H e(n ,p )T  CROSS-SECTION FOR FAST NEUTRONS

D ifferential cross-sections fo r  the reactions 3He(n, p )T  and
3He(n,d)D (IAEA-PL-246-2/21) .........................................................  135
A. P a u l s e n ,  H. L i s k i e n  

The 3H e(n ,p )T , 6L i(n ,a )T , and 10B(n,a) standard cross-sections
(IAEA-PL-246-2/22) ..............................................................................  149
Leona S t e w a r t
Discussion ...............................................................................................  159

General Discussion ..................................................................................... 161

'IV . FISSION AND CAPTURE STANDARDS

A . THE 235U(n,f) CROSS-SECTION FOR FAST NEUTRONS

ORELA measurements of the 235U (n,f) cross-section  to 100 keV
(IAEA-PL-246-2/23) ................. ...........................................................  165
R.W. P e e l l e
Discussion ...................:............... ...........................................................  171

Discrepancies observed in fission cross-section  measurements
using fission fo ils  from  different origins (IAE A-PL-246-2/24 ).....  175
I. S z a b o ,  J.L . L e r o y ,  J.P. M a r q u e t t e
Discussion ................................ ....................... ;................... ..................  186

Measurements of the 235U fission cross-section  in the fast
neutron energy range (IAE A -PL-246-2/25 )........................................ 189
W .P. P o e n i t z
Discussion ...............................................................................................  196

Measurement of the 235U fission  cross-section  in the energy
range 1 keV to 1 MeV (IAEA-PL-246-2/26) ......................................  201
D.B. G a y t h e r . ,  D.A. B o y c e ,  J.B. B r i s l a n d
Discussion .................................... ............................................................ 209

Measurement of the neutron fission cross-section  of 235U
between 0.5 and 1.2 MeV (IAEA-PL-246-2/27) ............. ...................  213
F . K a ' p p e l e r
Discussion ...............................................................................................  224

Progress report on LASL measurement o f the 236U fission
cross-section  from  1 to 6 MeV (IAE A-PL-246-2/28)....................... 227
B.C. D i v e n
Discussion ...............................................................................................  230

General Discussion of structure in systematics of 235U fission
around 1 MeV ..........................................................................................  235



B. FAST NEUTRON CAPTURE CROSS-SECTIONS OF 197Au 
AND OTHER APPR O PR IATE  CAPTURE STANDARDS

Measurements of the capture cross-section  of 197Au between
75 keV and 500 keV (IAEA-PL-246-2/29) ..........................................  239
E, F o r t ,  C . L e  R i g o l e u r ,  A.  A r n a u d ,  J. T a s t e ,
J.L . H u e t ,  J. M a l o i z e l
Discussion ...............................................................................................  251

Neutron flux measurement in the keV energy region:
Suitability of indium as an activation standard fo r keV neutrons
(IAEA-PL-246-2/30) ............................................................................  255
T.B , R y v 'e  s
Discussion ...............................................................................................  256

C. THE VALUE OF v FOR THE SPONTANEOUS 
FISSION OF 252Cf

The value of v fo r 252Cf (IAEA-PL-246-2/31) ......................................  261
E.J. A x t o n

Summary of the absolute measurements of 77 fo r the
spontaneous fission of 252Cf (IAEA-PL-246-2/32) ........................... 277
H. C o n d e
Discussion to papers IAEA-PL-246-2/31 and 32 .............................  287

Prom pt neutron yield from  the spontaneous fission of 252Cf
(IAEA-PL-246-2/33) ............................................................................ 291
J.W. B o l d e m a n
Discussion ...............................................................................................  310

D. THE 2200-m/s FISSION AND CAPTURE CROSS-SECTIONS 
OF THE COMMON FISSILE NUCLIDES

Summary of the consultants' meeting on the 2200-m/s fission 
and capture cross-sections of the common fiss ile  nuclides 
(IAEA-PL-246-2/34) ..............................................................................  315
A.J. D e r  u y t t e r
Discussion ............................................. ... .............................................. 318

E. FISSION NEUTRON SPECTRA

npHMeHeHHe Ka^H$opHHa-252 b KasecTBe cTaMapTa npH n3MepeHH5ix
v h cneKTpa HeiiTpoHOB (IAEA-PL-246-2/35) .......................................... 321
B.,5. K y 3 bMHH0 B
(Use of californium-252 as a standard fo r V and neutron 
spectrum measurements: B.D. Kuzminov)
Discussion ...............................................................................................  324

Experimental study of prompt fission neutron spectrum 
induced b.y 0.5-MeV incident neutrons on 235jj

(IAEA-PL-246-2/36) ..................................................................  327
P .I. J o h a n s s o n ,  B. H o l m q v i s t ,  T.  W i e d l i n g
Discussion ...............................................................................................  332

Standard fission  neutron spectra (IAEA-PL-246-2/37) ....................  333
A .T .G . F e r g u s o n
Discussion ...............................................................................................  337



V. CR ITER IA  FOR STANDARDS FOR NEUTRON DATA 
MEASUREMENTS: GENERAL COMMENTS

Connections between and common problems for low-energy 
(eV region) and high-energy (keV to MeV reg ion ) precision
measurements (IAE A-PL-246-2/38 )...................................................  341
A.J. D e r  u y t t e r

V I. SUMMARIES, CONCLUSIONS AND RECOMMENDATIONS........... 349

L is t of participants ..................................................................................  367





L SUMMARIES OF 
PRESENT AND PLANNED WORK 

ON NEUTRON STANDARDS 
IN VARIOUS COUNTRIES 

AND
RELATIONSHIP TO 

NATIONAL NUCLEAR ENERGY PROGRAMMES





IAEA-PL-246 -2/1

CURRENT ACTIVITIES IN THE 
NEUTRON STANDARD DATA FIELD 
IN THE UNITED STATES OF AMERICA

w. P. POENITZ
Argonne National Laboratory,
Argonne, in . ,
United States of America

At the time of the firs t IAEA Panel on Nuclear Standards for Neutron 
Measurements, held in 1967 in Brussels1, very  few endeavours in the 
standard field  were being carried out in the United States o f Am erica. There 
w ere some measurements of the light nuclei reaction cross-sections and 
capture measurements on gold. However, a major effort was being made 
to determine v of 252Cf.

Activities in the standard field  have rapidly increased in recent years, 
re flecting the importance o f this area for nuclear data in reactor evaluation 
and design. Starting with only one project on the absolute fission  cross- 
section o f 235U in early 1968, we now have a wealth o f experiments being 
carried out, presently under way or being planned for the near future.
Some work on the light elements and other standard quantities is also being 
carried out; the work on v o f 252C f was concluded.'

LOW -ENERGY RANGE

The standard cross-section  programme at Gulf Radiation Technology, 
San Diego, C a lif., includes measurements o f capture cross-sections and 
reactions in the light-nuclei region. Absolute measurements o f the capture 
cross-section  of gold (and ^SU) and 3He(n, p) were concluded and reported 
at the 1970 Helsinki IAEA Conference, the 1970 Argonne Sym posium  and 
the 1971 Knoxville Conference. Newer measurements were carried out for 
1(?B(n, a) in the 4- to 150-keV energy range re lative to the hydrogen 
scattering cross-section  with an uncertainty of 2-3%. The 10B(n, qt'y) cross- 
section was measured in the 4- to 1000-keV energy range with 1-2% 
uncertainty. Measurements o f the ®Li(n, a) cross-section  are planned for 
the future.

Measurements are in progress at the Lawrence L iverm ore Laboratory 
which w ill yield ratios o f the capture cross-section  o f gold to BLi(n , a) and 
235U(n, f). These measurements extend from  100 eV to 1 MeV. M easure
ments o f the fission  cross-section  of 235U relative to the hydrogen scattering 
cross-section  are now under way in the 50-keV to 16-MeV energy range. 
Results with an accuracy of better than 2% are expected in 1974.

At Oak Ridge National Laboratory, measurements o f the 235U cross- 
section are being carried  out up to 80 keV relative to the 10B(n, a) cross- 
section. Three different groups are working on this problem and are

1 INTERNATIONAL ATOMIC ENERGY AGENCY, unpriced document IAEA-107 (1968).
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4 POENITZ

attempting to resolve the present international discrepancies. Work on 
238U(nj y) is continuing and being extended to the 0.5-MeV region. Total 
cross-section  measurements o f 6L i are presently under way in the 20- to 
500-keV energy range, and the possibility of measurements of ( 10B(n, a 0))/  
(10B(n, a j )  is being considered.

INTERM EDIATE AND HIGH-ENERGY RANGE

The standard cross-section  programme at Argonne National Laboratory 
(A N L ) includes measurements on the light nuclei, the fission cross-section  
o f 235U, capture measurements on gold and 238U, and severa l standard- 
related quantities. Measurements o f the total cross-section  o f ®Li in the 100- 
to 1500-keV range were completed and published. Recent measurements 
o f the 6Li(n, a) cross-section  between 90 and 600 keV are presented in paper 
IAEA-PL-246-2/16 in these Proceedings. The absolute cross-section  o f'
235U was measured between 30 keV and 3.5 MeV by applying three absolute 
and two re lative measuring techniques." Some of these data are presented in 
paper IAEA-PL-246-2/25 in these Proceedings. Measurements of the fission 
cross-section  in the higher MeV energy range are planned, as w ell as 
10B(n, a, y) measurements in the keV energy range.

Recent measurements of the 235U fission cross-section  at Los Alamos 
Scientific Laboratory were carried out re lative to the hydrogen scattering 
cross-section  in the 1- to 6-MeV energy range. An uncertainty of about 
3% is anticipated. P re lim in ary  values w ill be presented subject to final mass 
assay o f the fiss ile  samples.

At the U niversity o f Michigan, a programme is under way in which 
absolute 235U and 239pu cross-section  values are measured using radioactive 
(y, n) neutron sources, absolutely calibrated with a manganese bath. At 
present, a value o f 1.216 ± 2% for 235U using a NaBe source (966 keV) was 
obtained. The next measurement w ill be on235U using a NaD source.

TO TA L  ENERGY RANGE

At the National Bureau o f Standards (NBS), measurements are planned 
utilizing a white-neutron source (linac) and a monoenergetic neutron source 
(Van de Graaff). The measurements are planned to start within about one 
year and w ill cover the energy range from  1 keV to 16 MeV. An accuracy of 
1% is anticipated. Presently, measurements o f the total, scattered and 
(n, y) cross-sections o f ®Li are being carried out. The objective is to 
establish these cross-sections in the 1-keV to 1-MeV range with better than 
2% accuracy.

OTHER STANDARD DATA

Additional measurements o f V o f 252C f were proposed recently. Such 
measurements are also being considered at the University of Michigan.

Measurements of the fission  cross-section  averaged oyer the 252Cf 
spectra w ere carried  out at NBS. Age measurements are planned for the 
near future.
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Measurements o f the branching ratios o f the associated activities 7Be 
and 65Zn w ere completed at A N L . The value for 7Be is 0.1042 ± 0.0018.

U TIL IZA TIO N  OF DATA

Two different committees are concerned with the nuclear standard data 
field . The US Nuclear Data Committee (USNDC)is review ing and fostering 
experimental work on standard data. The Cross-Section Evaluation Working 
Group (CSEWG) is concerned with the evaluation o f data to be included in the 
ENDF/B data file . Both committees have subcommittees on standards 
with overlapping membership.

CSEWG has recently reviewed the standard cross-sections o f H(n, n), 
3He(n, p), 6Li(n , a), 10B(n1a), C(n, n), and 235U(n, f). The data were included 
in ENDF/B-III and are thus utilized by reactor evaluators. This data set was 
made available by the USAEC to the IAEA.

D I S C U S S I O N

C .D . BOWMAN: I have a comment on the age measurement of 
californium. Those measurements at the Bureau o f Standards are complete. 
The analysis is not yet finished, but I would like to present some results 
from  that work which I think have significance for the fission spectrum 
of californium.

I also have a comment on the measurement of the fission cross-section  
which is being made at the University of Michigan. Recently, this group 
attended the Am erican Nuclear Society Meeting in Washington, D. C . , and 
the result presented was 1.223 b at960keV, which is higher than the value 
quoted by M r. Poenitz.

W .P . PO EN ITZ : M r. Knoll o f the U niversity of Michigan called me 
especia lly about this point. A  correction was omitted from the value of .
1.223 b. The correct value is 1.216 b±2% at 966 keV, which is what I quoted.
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PRESENT AND PLANNED WORK 
ON NEUTRON STANDARDS IN AUSTRALIA

J.W. BOLDEMAN
Australian Atomic Eneigy Commission,
Lukas Heights, NSW,
Australia

This is a short summary of work on standards in Australia over the 
last few  years. We have made severa l v measurements for thermal fission 
o f 233U, U, 239Pu and 241Pu, a ll re lative to 252Cf. We have also measured 
v for spontaneous fission o f 240Pu and 242Pu. We have measured the va ria 
tion with neutron energy of v for 233U, 235u and 239Pu relative to 252Cf. As 
a complementary work, we have measured the variation of the average total

233 235kinetic energy o f the fission fragments for U and U. Recently, we 
have measured the absolute number of neutrons emitted in the spontaneous 
fission of 252 Cf. This measurement is almost complete although there are 
a few  little things that must s till be examined. A  fu ll report on that work 
is given in paper IAEA-PL-246-2/33 in these Proceedings.

For the future, there are plans to consider fission neutron spectra 
(252Cf and 235U), p rim arily  because these are o f interest in our v m easure
ments and could result in quite significant corrections; they might possibly 
cause difficulties. There are also plans to measure the capture cross- 
section of 238U using a white source. We are not yet quite sure who w ill 
supply us with a white source but we plan to use one and to check some spot 
points with a Van de Graaff. Depending upon the results of this Panel, we 
may in fact examine some fission cross-sections o f 235U. We hope that 
we w ill have m ore people working in this area for the next years.

D I S C U S S I O N

A.J.  DERUYTTER: Do you mean that you have absolute measurements 
on 235U at 2200 m/s or only ratios to californium?

J.W . BOLDEMAN: We have the original ratios to californium; we 
have not repeated the measurements recently. However, we have used the 
data which we obtained in the recent californium measurements to correct 
the ea rly  233U and 235U data. In other words, these measurements can now 
be quoted independently o f californium.
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WORK ON NEUTRON STANDARDS 
AT THE KERNFORSCHUNGSZENTRUM 
KARLSRUHE

F. KAPPELER
Kemfarschungszentrum Karlsruhe,
Karlsruhe,
Federal Republic of Germany

At the Kernforschungszentrum, the fission cross-sections o f 235U 
in the energy region above 500 keV are being measured. One measure
ment between 500 keV and 1.2 MeV is reported in paper IAEA-PL-246-2/27 
in these Proceedings. Other work is being done at higher energies, up to 
about 20 MeV, using the cyclotron. Furthermore, the total cross-section 
o f 10B was measured between 10 and 300 keV. For future activities, there 
are plans to measure the capture cross-section  of Z38U up to about 500 keV 
and also the capture cross-section  o f gold up to that energy.

D I S C U S S I O N

T. A. BYER: When do you begin the measurements on the capture 
cross-sections of 238U and gold?

F. KAPPE LE R : We hope to start these experiments at the end of 
this year or the beginning of next year.

9
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PRESENT AND PLANNED NEUTRON 
STANDARD REFERENCE DATA AT THE CENTRAL 
BUREAU FOR NUCLEAR MEASUREMENTS
A.J. DERUYTTER, H. LISKIEN 
Central Bureau for Nuclear Measurements,
Euratom,
Geel, Belgium

One o f the main objectives o f the Central Bureau for Nuclear Measure
ments (CBNM) was and remains to provide experimenters within Euratom 
(and also outside on request) with ve ry  well defined targets that may be used 
fo r neutron standard reference data evaluations. In particular, the CBNM 
provides alloys and layers o f fiss ile  m aterials and absorption standards 
such as boron and lithium. More information on these services can be 
obtained upon request from  our laboratory.

For neutron standard reference data evaluations, certain quantities 
are sometimes needed in 'cross-section  calculations, such as alpha half-

234life  values. The ha lf-life  for alpha decay of U was recently published 
and is relevant to the standard 2200-m/s fission  cross-section  o f 235U 
which, in its turn, is used for the normalization of this cross-section  in 
the resonance region and even higher up in energy. The CBNM is at 
present measuring the alpha ha lf-life  values fo r 233U and 239Pu which are 
also needed fo r a sim ilar purpose. In both cases, the recent calorim etric 
measurements of Oetting are lower than the best values obtained from  
precise alpha-counting combined with destructive methods o f target definition.

Concerning the low neutron energy standard activity, two papers were 
recently published in the Journal o f Nuclear Energy1 on the normalization 
o f the fission cross-sections o f 235(J and 239Pu to the 2200-m/s values for 
these isotopes, and values of suitable resonance integrals are suggested , 
for further normalization o f these cross-sections. Two detailed papers 
were prepared on the CBNM measurements to deduce the 2200-m/s fission

0Q<5 q q n  '
cross-sections of *ouu and Pu. They were discussed in detail in the 
Concultants1 Meeting on the Third Evaluation o f the Therm al Fission 
Constants, held in Vienna from  15 to 17 November 1972.

Our low -energy programme includes measurements o f the 2200-m/s 
crf-values of 233U and 241Pu. Especia lly 241Pu is important as there is 
practically no precise direct measurement available.

Recently, transmission experiments were perform ed on solutions of 
L i8S04 in heavy water fo r natural and highly enriched lithium in the neigh
bourhood of 2200 m/s. However, fo r the highly enriched solutions, the 
results obtained for the 2200-m/s absorption cross-section  of eL i  were 
quite different from  the generally accepted value. For this reason, we 
are now planning transmission experiments on 6L iF  layers to try  to resolve 
this discrepancy.

1 DERUYTTER. A .J .. WAGEMANS, C . , J. Nucl. Energy 25 (1971) 263.
DERUYTTER, A .J .. et a l . . J. Nucl. Energy 26 (1972) 293,

11
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Further, we plan to study the scattering of a collimated beam of fission 
fragments from  different scatterers (A and Z values) and under different 
angles to try  to improve the precision o f 2n, 4-n and low-geom etry fission 
counting experiments.

Measurements on the fission resonance integrals of 233u were made
241with a linac, and further measurements are planned on Pu in the low- 

resonance region with the intention o f norm alizing them to the reference 
,2 200-m/s values and of suggesting absolute resonance integrals for further 
normalization.

It is also planned to measure the 6L i(n ,a ) to 10B(n,a) ratio with a linac 
and to begin this direct comparison at 2200 m/s with well defined layers 
and geometry. This im plies an evaluation of the number of boron and 
lithium atoms and the availability of sufficiently thin layers to resolve the 
reaction product spectrum.

Further, we began to measure the fission cross-section  of 235U relative 
to 10B, including a low-energy part for normalization, and intend to go up 
to 100 keV.

Measurements of crtot( 6L i)  through the firs t resonance are being p er
formed by Bockhoff et al.

Our programme of comparing the results of different flux determination 
methods (associated-particle method, proton reco il telescope, methane- or 
hydrogen-filled proportional counter) at different neutron energies is des
cribed in the proceedings of the 1970 Argonne symposium. In the meantime, 
we have added to this series a comparison at 250 keV (between the associated- 
particle method and a proportional counter with 7 - discrimination). A  cor
responding paper has been accepted by Nucl. Instrum. Methods. At present, 
these flux methods are applied to the determination of 197Au(n, 7 ) cross- 
sections in the energy range 0.1-1 MeV by the activation method, but no 
results exist so far.

Some effort has been put into compiling and evaluating the information 
on d ifferential cross-sections for the source reactions T (p ,n ), D (d,n) and 
T (d ,n ). P relim inary results have been published as E A N D C (E )-"L " docu
ments. New or additional information has been received in the meantime, 
and at present a re-evaluation is performed. The final results w ill be 
published in Nuclear Data. Using the reciprocity theorem, the results of 
the T (p ,n )3He and D (d ,n )3He evaluation may also be interpreted as evalua
tions for differential cross-sections of the reactions 3He(n, p) and 3He(n, d).
A  report o f this investigation is presented in paper IAEA-PL-246-2/21 in 
these Proceedings.

Finally, there are experiments under way to determine the fission 
•neutron spectra fo r 235U and 25zCf.

We also helped in a comparison with a high-intensity neutron beam 
of a Szabo and White fission chamber with the aim of resolving some 
systematic differences between the two chambers for 235U.

As concerns the relationship of the CBNM activities to the national 
nuclear energy requirements, it can be said that, on one side, the activities 
in the fie ld  of standards have always been guided by the European-American 
Nuclear Data Committee (EANDC) and especia lly its subcommittee on 
standards. On the other side, the recommendations o f the Joint European 
Nuclear Data and Reactor Physics Committee (JENDRPC) and the Euratom 
Working Group on Reactor Dosim etry have always been carefu lly considered.
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D I S C U S S I O N

E. MIGNECO: Do you plan to push the measurements on the ratio 
o f the (n, a )  cross-sections o f eL i  and 10B to 100 keV?

A.J. DERUYTTER: Measurements upto 100 keV are intended for the 
235U fission cross-section  relative to 10B(n ,a ) . The work on the ratio of 
10B(n,a) to 6L i(n ,a ) is s till being planned. We intend to begin with a 
comparison at thermal energies. Then using the same technique, we shall 
try  to go to higher energies. The ratio w ill be determined d irectly by 
counting the alpha particles.

E. MIGNECO: Some years ago, precision measurements at high 
energies were difficult because o f the gamma flash. Has this problem 
been solved?

A.J. DERUYTTER: That is the reason why our previous measurements 
did not extend to higher energies; we could not measure c losely enough to 
zero-tim e. We now have a much improved arrangement fo r gamma-ray 
shielding.
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Japan

The present activities in Japan concerning neutron standard reference 
data deal with the evaluation of 6L i(n ,a ) and 235U (n ,f) cross-sections. The 
evaluation work is one of the activities o f the Japanese Nuclear Data 
Committee. It is expected that some of the neutron standard reference 
data, such as the 197Au(n, y) c r o s s - se c t io n ,  can be measured using the 
JAERI electron linear accelerator.

1. Evaluation of the sL i(n , a )  cross-sections 
in the range o f 10-500 keV [1 ] '

The cross-section  o f this reaction is one o f the important nuclear 
standards. However, the number o f cross-section  measurements in the 
range of 10-100 keV is rather meagre, and the experimental values are
scattered considerably. Furthermore, a resonance around 250 keV has
not yet been fixed unambiguously. In the present evaluation work, the 
cross-sections in the region where the l/ v  law applies (< 100 keV) and the 
250-keV resonance are analysed with the follow ing formula

g (E ) = ■ -1) JE  + (const. 2 ) _ A g  {1)

(E 0 - E )2 +  ^ r 2 n/e "

Here, the 250-keV resonance is considered to be p-wave, and the energy 
dependence of T  and ra is neglected. The so-calied Shapiro term  A ct is 
taken into account. The five  param eters, i .e .  E 0, T, const. 1, const. 2, 
and A ct, are derived from  the observed cross-sections by using the least- 
squares method. The experimental data collected in the range o f 10-500 keV 
are grouped into two parts, i .e .  data obtained before 1964 and those obtained 
after 1964. The difference between the two groups is much la rger than the 
experimental erro rs  shown by the authors. For the present work, the data 
after 1964 were chosen, i .e .  those published by Schwarz (1965), Fort (1970) 
and Sowerby (1970). (Condi (1965) and B arry  (1966) are excluded because 
o f scarcity of the data points. ) These data are treated with equal weight.

15
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The result of the evaluation is given in the following equation:

0.0144 J E __________  0.1491 . ...
CTna(E ) ~ (0.245 -E) 2 +(0.107)2/4 + ^

where the energy is expressed in MeV.
The x2-value in the range of 0.001-500 keV is 1.45 per point. The 

obtained value of r ,  i .e .  107 keV, is narrower than previously reported 
values, while the resonance energies agree w ell with each other. The 
thermal value, 0 ^  = 937.5 b, which is obtained by extrapolating Eq. (2), 
agrees w ell with d irectly measured values, i. e. 938 ±  6 b by Meadows et al. 
(1970), 936 ±  4 b by Meadows (1970), and 944 b ±  a few per cent by Becker 
(1970), as well as a recommended value in Rep. BNL-325, i .e .  945 b.
We are expecting the results of newm easurem entsofthe6Li(n, a) cross- 
sections by the Harwell group.

2. Evaluation of the* 235U(n, f )  cross-sections 
in the range of 1 keV - 20 M eV [2]

The review  and evaluation work by members of the Japan Nuclear Data 
Committee (JNDC) is progressing. Most of the experimental data on fission 
cross-sections of 235U reported before 1965 are compiled in Rep. BNL-325, 
2nd Edition and Supplement No. 2. The JNDC has collected the cross-section  
data after 1965 as far as possible. 32 data have been collected. In the 
same period, three important evaluations have been published, i. e. Davey's 
(1966, 1968), ENDF/B-III (1972), and Konshin and N ikolaev's (1972). These 
three evaluations disagree discernibly in the range of 10 to 50 keV and 
around 1 MeV. In the same energy region, the experimental values also 
show rather large discrepancies.

In the present work, data other than the fission cross-section, i .e .  
total cross-section, capture cross-section  and scattering cross-section, 
w ill also be evaluated consistently with the fission cross-section. The work 
is not yet completed.

R E F E R E N C E S

[1 ] NAKAGAWA, T . , IGARASI, S ,, oral report to 1972 meeting of Atomic Energy Society of Japan.
[2 ]  MATSUNOBU, H . , NISHIMURA, K . , to be published as JAERI report.
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ACTIVITIES IN SWEDEN
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Research Institute of National Defence,
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At present, no d irect measurements o f neutron standard cross- 
sections are being done in Sweden. However, there are some activities 
which are related to problems connected with the determination and 
evaluation of neutron standard cross-sections.

METHODS AND TECHNIQUES OF NEUTRON FLU X MEASUREMENTS

The Monte-Carlo program M ULTSCAT for calculations of neutron 
attenuation and multiple scattering effects has been further developed and 
tested by Holmqvist et al. [1 ,2 ], The program has recently been used to 
correct data of fast neutron elastic and inelastic scattering measurements. 
In these experiments, the cross-sections fo r the H(n,n) or C(n,n) reactions 
have been used as reference data.

A  proton reco il telescope [3] has also been developed to measure fast 
neutron fluxes based on the (n,p) scattering cross-section. The telescope 
is equipped with solid-state detectors.

FISSION AND CAPTURE STANDARDS

Stromberg [4] gives a review  of the experimental fission  cross- 
section data fo r  233U, 235 U, 238U, 239Pu, 240Pu and 241Pu. The review 
points out the deviation between different evaluations and experimental 
data in the region 10 - 200 keV fo r the 235u fission  cross-section  and the 
structure below about 100 keV.

It is intended to measure fission cross-section  ratios at neutron 
energies above 5 MeV at the pulsed neutron facility, Tandem Accelerator 
Laboratory, Uppsala [5]. Experiments are planned on 236U, 238u and 
232Th, using the 235U fission cross-section  as a standard but also 
re ferr in g  to the (n, p) cross-section  by the use of a proton reco il te le 
scope. The 235U fission fo ils  were prepared at the Central Bureau for 
Nuclear Measurements, Geel, and a back-to-back ionization chamber 
with tim e-o f-fligh t techniques w ill be used.

n c n
Different corrections to the measurement of v fo r " C f  by Asplund- 

Nilsson et al. [6] have been investigated. The French effect was studied 
experimentally, and in accordance with results by Soleilhac et al. (see 
Ref. [7 ]) a correction  of -0.6% in the absolute i7-value was found [ 8].

Axton [9] has calculated the leakage correction  for a s im ilar 
scintillator as was used by Asplund-Nilsson 'et al. and got a different 
result. The possibility to re-investigate the correction  fo r the leakage

17
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of neutrons from  the liquid scintillator is being discussed. The co rrec 
tion was necessary because the leakage of neutrons from  the large liquid 
scintillator was different in the case of isotropically emitted neutrons 
from  a Cf-source put in the centre of the tank and in the case of neutrons 
scattered by an anthracene crystal. In the latter case, the neutrons enter 
the scintillator at certain angles corresponding to certain energies of the 
scattered neutrons. A  Monte-Carlo calculation was made by Asplund- 
Nilsson et al. which resulted in a leakage correction  of (1.3 ± 0.3)%.

Furtherm ore, experiments by Bergqvist et al. of capture cross- 
sections in the M eV-region are in progress, comparing results from 
activation measurements with those from  gam ma-ray spectrum m easure
ments. A  large contribution from thermal neutron capture has been 
observed near the target in the activation measurements, stressing the 
importance o f a sm all thermal capture cross-section  o f the m aterials to 
be used as standards in this type of measurements.

F inally, the measurement by Johansson et al. [2] of the 235U fission 
neutron spectrum has been continued. Accurate results exist at 0.53 MeV 
o f incident neutron energy, which are in better agreement with a Watt 
distribution than with a Maxwellian distribution. The spectrum has been 
measured from  0.6 to 15 MeV of fission neutron energy, using tim e-o f- 
flight techniques and a liquid scintillator detector with pulse-shape d is
crimination against gamma rays. The relative efficiency o f the detector 
was determined from n-p scattering.

STANDARD REFERENCE DATA REQUIREMENTS

The standard data activities reported above are related to a number 
o f re lative neutron data measurements which are in progress, e.g. on 
neutron elastic and inelastic scattering, fast neutron capture and fission 
neutron spectra. These measurements are in general initiated as being 
requested for reactor or shielding calculations.

The last Request List fo r Neutron Data Measurements from  Sweden 
was presented in October 1971 and is included in WRENDA. The fast 
neutron data set of the SPENG lib rary  has also recently been discussed 
by Haggblom [10,11] in two reports about adjustments of neutron cross- 
section data by a least-squares fit of calculated quantities to experimental 
results. Integral data obtained fo r some fast zero-pow er reactors including 
the FR-0 reactor were used. The required accuracies of the neutron data 
were determined from  the effect of cross-section  erro rs  on the integral 
data. Haggblom concludes in his report that the sensitivities to changes 
in the neutron data of the fuel isotopes are very large, leading to very 
sm all acceptable erro rs  in these data. Some of the accuracies required 
can probably not be achieved by d ifferential measurements. In any case, 
this emphasizes that very  accurately determined standard cross-sections 
are needed.

R E F E R E N C E S

[1 ] HOLMQVIST, B ., GUSTAVSSON, B .. WIEDUNG, T . , Ark. Fys. 34 (1967) 481.
[2 ] JOHANSSON, P. I . ,  HOLMQVIST, B .. WIEDUNG, T . , Neutron Physics Lab. Ann. Prog. Rep.,

1 July 1971 -  30 June 1972, AB Atomenergi Rep. S-455 (1972).
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United Kingdom Atomic Energy Authority, 
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Parti

The present and planned standard neutron reference work in the United 
Kingdom on the measurement of neutron flux and light-elem ent standard 
cross-sections is reported briefly. The experiments have been carried out 
at the Atom ic Energy Research Establishment, Harwell, and at the National 
Physical Laboratory (N P L ), Teddington. The work at N P L  re ferred  to 
is condensed from  a paper by Axton et al. [1 ].

F irs t, the flux measurements in the two laboratories are described.
At Harwell, there are three experiments o f interest.

(1) The Harwell long counter has been recalibrated absolutely on the 
pulsed Van-de-Graaff IBIS over the energy range 50 keV to 1300 keV, using 
the associated-activity technique. Th is work, done by Adams et al., has 
been published as a Harwell report [2] .

(2) The Harwell black detector, which is used to measure the relative 
flux spectrum on the neutron booster o f the 45-MeV linac, has been cross
calibrated against the Harwell long counter on IBIS in the energy range of 
64 keV to 2 MeV in order to test its theoretically predicted efficiency.

(3) Rose at Harwell has measured the re lative efficiency of a liquid 
scintillation counter to higher accuracy over the energy region o f 100 keV 
to 13 MeV using neutrons o f known prim ary energy which are scattered 
from  hydrogen.

For the future it is hoped to build a type o f proton reco il telescope for 
use in tim e-o f-fligh t work above 1 MeV.

At N P L , facilities are provided to establish neutron flux density 
standards at a number o f neutron energies from  thermal to 19 MeV. At 
thermal energies, a standard neutron-flux facility has been successfully 
commissioned which uses fast neutrons produced by a Van de Graaff 
accelerator and moderated in graphite. A lso an intense slowing-down flux 
proportional to l/E  has been established using a s im ilar fast-neutron 
source moderated in water. F or a great part o f the higher-energy range 
above about 100 keV and up to about 2 MeV, the prim ary standards are 
neutron sources calibrated in a manganese sulphate bath. Work has been

*  Part I: M .S. Coates, Part II: D.B. Gayther.
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done to establish long counters as secondary standards by calibration 
against the standard sources and by d irect comparison with the response 
o f a vanadyl sulphate bath over the energy range 150 keV to 630 keV. At 
14 MeV, the neutron flux has been measured to higher accuracy by means 
of proton reco il monitors, and progress has been made in establishing iron 
and aluminium foils as secondary standards.

For the future it is expected to use the associated-activity technique 
as w ell as hydrogen proportional counters to improve the accuracy of 
absolute measurements up to about 2.5 MeV. At higher energies it is hoped 
to use the associated-particle technique on the D (d,n) reaction for neutrons 
between 2.5 MeV and 5 MeV and on the T (d ,n ) reaction for neutrons between 
14 MeV and 19 MeV.

The light-element standard cross-section  measurements are all being 
made at Harwell. Two experiments to determine the 6L i(n ,a ) cross-section  
have been done. F irs tly , Clements and Rickard have used 6L i sandwich 
detectors to obtain a measurement in the energy range of 160 keV to 
3.9 MeV using Van de Graaff accelerators, and secondly, Coates et al. 
have used ®Li glass scintillators on the electron linac to obtain measurements 
between about 1 keV and 500 keV. This latter experiment is described in 
paper IAEA-PL-246-2/17 in these Proceedings. The Clements and Rickard 
data have been published as a Harwell report but this is not available for 
general reference.

A  prelim inary measurement o f the 10B(n,a) cross-section  has been 
obtained between 1 keV and 300 keV on the electron linac using a B2Oa 
disc in conjunction with Nal scintillation counters. This is described in 
paper IAEA-PL-246-2/20 in these Proceedings. For the future, more 
measurements on the 10B(n ,a) cross-section  are planned and also, i f  
necessary, further measurements on 6L i(n ,a ).

A ll o f the work mentioned has d irect relevance to the United Kingdom 
-nuclear energy programme. At Harwell, the work is d irectly geared to 
meeting the Category-1 and -2 requirements. Although the prim ary aim 
o f the N P L  work is not the same, this part o f their work effectively moves 
towards the same objective.

R E F E R E N C E S
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Part II

As regards the fast fission cross-section  o f 235U, the sole activity in 
the United Kingdom consists o f my measurements on the linac. These 
are in the energy range of 1 keV to 1 MeV and are re lative measurements 
of the cross-section. The measurements are made by detecting prompt 
fission neutrons with a pulse-shape discrimination system. As flux 
standards, the black detector o f Coates and Hart and the Harwell long 
counter are used. An accuracy o f between 3% and 4%, depending on the 
energy, has been achieved for these measurements. Although we are 
dealing here with standards, I think that these data should not be considered

239completely in isolation. We have measurements o f the Pu fission 
cross-section  and o f its ratio to' 235U, but these are not completely analysed 
yet.

In the future, with highest priority , we hope to improve our knowledge 
o f the lower-energy end o f the incident neutron spectrum using a thin ^Li 
glass detector. Because the neutron beam which is used for these m easure
ments w ill also be used in the future for important capture cross-section  measure
ments, we hope to do further work on the neutron flux spectrum at higher 
energies, possibly with the proton reco il detector used by Rose for the 
fission neutron spectrum work. With less urgency we hope to measure the 
235U fission cross-section  in the 1- to 5-MeV region on the Harwell 
synchron-cyclotron using flux measurements with the proton reco il detector 
mentioned in Part I.

This type of measurement is a p r io r ity -1 request in the UK Nuclear 
Data Request L ist. An accuracy o f ±3% is being asked from  100 eV to 
5 MeV and is not presently available in evaluated cross-sections.

Ferguson has done work on the fission neutron spectrum. Currently 
his group is continuing measurements on the Harwell pulsed Van-de-Graaff 
IBIS on the 235U fission neutron spectrum at an incident neutron energy 
o f 550 keV. This energy was chosen to be exactly comparable with the 
measurements o f Holmqvist. It was found that a double Watt spectrum is 
required to fit the data. These measurements were made with a solid 
cylindrical sample. Measurements above 550 keV with a 235U fission 
chamber were also made. F inally, high resolution measurements on 25̂ Cf 
with a 3-m -long flight path are made to investigate data from  Russian 
reports on structure at high energies.

Again the motivation fo r  this work comes from  the UK Nuclear Data 
Request L ist. Although the request is not priority  1 at the moment, it is 
considered of great urgency to make the experimental measurements. The 
request is for a mean energy of the neutron spectrum to better than ±2%.

D I S C U S S I O N

E. J. AXTON: This comment is an extension o f what Mr. Coates said 
about the N P L  work. The work at N P L  is mainly oriented towards its own 
problems and not specifically aimed at neutron data measurements. N ever
theless, where N P L  techniques can be used to make a significant contribution 
to the nuclear data field , specific nuclear data measurements are undertaken.
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The main items are the U capture cross-section in the range 150 keV 
to 600 keV and the measurement of i7 of 252Cf. The v measurements are 
described in paper IAEA-PL-246-2/31 in these Proceedings. The 238U 
activation cross-section measurements are not covered because this is not 
a standard cross-section. Detailed papers describing the keV measure
ments with the long counter and vanadium bath and also the 14-MeV work 
are available. Since these have been submitted to journals, they are not 
presented here.

H. LISKIEN: You mentioned that it is planned at Harwell to construct 
a proton recoil telescope for. time-of-flight measurements. What type of 
fast detectors do you plan to use for such a device and what resolution do 
you expect?

M. S. COATES: We have not yet considered the details of the construc
tion but we would expect it to be a telescope of the type used by Macklin at 
Oak Ridge which has a hydrogenous foil radiator and semi-conductor 
detectors to detect the recoil protons.

H. LISKIEN: Also for the dE/dx counter?
M. S. COATES: I do not think we w ill use a dE/dx counter.
H. LISKIEN: So telescope in this sense does not mean that a coincidence 

condition is required?
M.S. COATES: The geometry of the detector would be used to define 

the energy received, so that an essentially monoenergetic pulse would be 
produced rather as in the Kappeler telescope. Time-of-flight methods 
would be used to determine the actual energy.

H. LISKIEN: What sources were used in calibrating the Harwell long 
counter by the associated-activity method?

M.S. COATES: Targets of vanadium and iron were activated by the 
reactions 51V(p, n)51Cr and 57Fe(p, n)57Co. The activated targets were 
compared with standard sources of 5]Cr or 57Co.

H. LISKIEN: These measurements are extremely difficult, partly 
because they are so sensitive to background neutrons. The sources are 
very weak, and the long counter has no directional selectivity.

M.S. COATES: To overcome this difficulty, a second experiment was 
performed in which a ®Li glass scintillator plus time-of-flight analysis 
were used to check for false neutron groups. 1

F. KAPPELER: What is the energy range in which you plan to use the 
proposed telescope?

M. S. COATES: It would be used above 1 MeV because of the difficulty 
of getting a thin enough foil, and we hope to go up to about 5 MeV.

F. KAPPELER: I am wondering how you plan to discriminate against 
the background caused by neutron reactions in the silicon of your detector.

M.S. COATES: The detectors would be out of the beam.
L. STEWART: W ill this telescope be used in the linac measurements?
M.S. COATES: Yes. Perhaps it w ill also be used on the synchro

cyclotron, certainly for time-of-flight work. This is really very much 
in the future; we have not the effort at the moment to actually do it. A ll 
we have done is to order the fo il from Geel.
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1 Editor1 s note: In Ref. [2 ] o f Part I  it is stated that the angular distributions of neutrons from each 
o f the activating reactions were measured at a number o f incident proton energies: "The background angular 
distributions, measured with a paraffin absorber between the target and detector were essentially isotopic 
in all cases."
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1. DEVELOPMENT OF NEUTRON FLUX MEASUREMENT
TECHNIQUES AT CADARACHE

During the last few years, the reaction cross-section measurements 
were an essential part of our programme. Therefore it was necessary to 
have a reliable and precise device for measuring neutron fluxes. The 
results of this research effort have partly been published, but more work 
has been done recently with the aim of enlarging the available energy rsinge 
and obtaining more stringent cross-checks. Especially, associated- 
particle counting with the T (p ,n )3He reaction was used. These develop
ments are reported in another paper in these Proceedings [1]. It is 
planned to continue this work during the next year.

Some investigations are also planned at Bruyeres-le-Chatel, the aim 
of which is to cover the energy range of a few hundred keV to 15 MeV. This 
work w ill begin with associated particles at low energies.

2. LIGHT-ELEMENT STANDARDS
g

The L i(n ,a)  cross-section has been measured with the associated- 
particle technique in the energy range 80 keV to 500 keV, and in the energy
range 20 keV to 1700 keV by comparison with the calibrated flat response
counter developed at Cadarache. This is discussed in detail in two papers 
by Fort in these Proceedings [2], From the experimental point of view, 
this work is nearly finished, although a few minor checks are still to be
done.

The 10B(n,a) cross-section has also been measured from 20 keV to
150 keV by Szabo at Cadarache. The reaction products emitted from a 
boron layer were counted in a multi-wire proportional counter. This layer 
was made and calibrated at Geel. The geometry of the experiment and the 
procedure used were as close as possible to those of the fission cross- 
section experiment, and most of the systematic errors are essentially the
same. ■ The aim of this experiment was to compare this technique with the 
measurements based on the difference between total and scattering cross- 
sections. The values obtained are still preliminary because the calibration 
of the fo il has to be improved by comparing it with a reference fo il in a 
thermal flux. Presently, the results are in agreement with the evaluation 
by Gubernator and Moret [3] and slightly higher them the recommendation of 
Sowerby et al. [4] below 80 keV. The calibration of the fo il w ill be completed 
and a few more points measured during the next year.
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3. FISSION AND CAPTURE STANDARDS

The 235U fission cross-section has been studied extensively at Cadarache 
by Szabo and his co-workers; for a discussion of these studies, see the 
paper by Szabo et al. in these Proceedings [5]. As this cross-section is 
of great importance for the measurement of other fission cross-sections, 
this programme will be continued in a larger energy range.

The absolute measurement of v for 252Cf was contemplated at 
Bruyferes-le-ChStel, but this experiment has been delayed because the 
large liquid scintillator is being used at the 60-MeV Saclay linac for one 
and a half years. The experiment is a measurement of the variations of_ OQQ OOC
v for Pu and “XT over the resonances. The results obtained are 
interesting and the experiment is still in progress. The decision to 
undertake an absolute measurement of v for 2o33f will be reconsidered.

The fast neutron capture cross-section of 197Au has been measured 
at Cadarache by two different techniques, between 70 keV and 550 keV.
This work is described in detail in a paper by Fort et al. in these P ro 
ceedings 16]. It is a part of an important programme of capture cross- 
section measurements which will be continued for several years. The 
energy range will be extended from a few keV to 700 keV.

4. RELATIONSHIP OF THESE ACTIVITIES TO THE NATIONAL 
NUCLEAR ENERGY REQUIREMENTS

Accurate standards are useful for cross-section measurements for 
the development of nuclear energy. For instance, neutron standards 
can be used in the field of fast reactor physics. The material buckling 
of a fast reactor can be obtained from neutron flux distributions in a 
critical assembly like MASURCA. The measured distribution must be 
corrected for spectral perturbations near the boundary of the medium.
The correction can be computed from the spatial distributions obtained 
using several detectors with different energy response, for instance
n o s  n n o

U and fission chambers. An improvement of the method would 
be to use an extra 6L i detector whose maximum sensitivity corresponds 
roughly to the peak of the imperturbed neutron energy spectrum. The 
shape of the ®Li cross-section has to be accurate around the 250-keV 
resonance.

6 L i and 10B samples will be used in the core of the PHENIX fast 
reactor as integrated flux monitors. After irradiation, a comparison 
of the burn-up of these materials with the burn-up of the other materials 
irradiated at the same place will allow effective cross-sections of practi
cal interest for reactor operation to be derived.

The thermal fission and capture cross-sections of fissile elements 
are used as standards for calibrating the detectors used to measure spectral 
indices.
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D I S C US S I ON

A.J.DERUYTTER: You mentioned the evaluations of the 10B(n,» )  cross- 
section by Gubernator and Moret and by Sowerby et al. How do the pre
liminary values measured at Cadarache compare with these evaluations 
with regard to structure up to about 100 keV?

J. L. LEROY: Pending final calibration of the foil, our values are 
slightly higher, by about 2 % I believe, than those.recommended by 
Sowerby et al. There is no definite structure, but our points are not 
close enough together to eliminate the possibility.

E.J. AXTON: I would like to know the dimensions of the liquid 
scintillator tank used in the measurements of i/ for Zo2c f  and 23oU and 
to inquire whether provisional values are available.

M. SOLEILHAC: The large liquid scintillator is spherical with a 
diameter of 70 cm. Since it is now being used at the Saclay linac, absolute 
values for the Bruyeres-le-Chatel measurements are not yet available.
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B. D. KUZMINOV: At the Institute of Physics and Energetics in 
Obninsk, reference-data efforts are directed at the present time to research 
on the fission neutron spectrum from spontaneous fission of 252Cf. We 
consider californium to be a very good reference for calibrating neutron 
detectors. We measure neutron fluxes using n-p scattering in a thin stilbene 
crystal, and we also use a proportional counter containing hydrogen. Briefly, 
this is our programme for the next few years.

C.D. BOWMAN: I would like to comment on the needs and justifications 
for some of the measurements currently going on in the United States. Two 
rather important developments in the past year have caused an emphasis
on the. region from about 3 MeV to 15 MeV. There are sizable engineering 
efforts under way in the controlled thermonuclear reactor programme which 
require higher-accuracy data in this energy range. The second matter is the 
strong interest in using 14-MeV neutrons for cancer therapy. Both of these 
relatively new needs, I think, w ill place a great deal more emphasis, at 
least in our country, on measurements of cross-sections with greater 
accuracy in the higher-energy range so that the question of standards in’ 
that energy range will become far more important than in the past.

J. J. SCHMIDT: I would like to ask for comments on the impact of 
WRENDA1, the World Request List for Nuclear Data measurements for 
reactors, on national measurement programmes. May I invite comments 
of speakers who have not dealt with this before. The question I would like 
to have answered is, "Is WRENDA really used as a guide for national 
measurement programmes? Or is it just a list about which nobody really 
cares?"

■ E. J. AXTON: The two nuclear data items which I mentioned in my 
summary were both P r io r ity -1 'starred' requests in WRENDA. In addition 
to these, there are many P r io r ity -1 'unstarred' requests and many Priority-2 
and -3 requests. It seems to me that there are so many requests in this 
document that anything which does not have at least Priority  1 w ill not attract 
very much effort.

J.J. SCHMIDT: Would you say that, for example, you yourself would 
consult this list to see if there is a P r io r ity -1 item which fits into your 
general field of measurements? Would you then consider it?

E.J. AXTON: Yes.
L. STEWART: Having currently been working on the US Request List,

I certainly agree with Mr. Axton. There are so many requests in WRENDA 
that the only things that have received any attention at all have been, in 
my opinion. P r io r ity -1 items. For that reason, I think a great deal of 
effort needs to be extended to reduce the request list or at least to re-judge 
the priorities. The funding in the USA is such that the P r io r ity -1 items 
are about the only things that are touched. I think some people have the 
tendency to use our request list merely to look at.

J .L . LEROY: In France, the WRENDA list is related to the programme 
of measurements. The number of requests is so large that we must use 
some criteria to discriminate among them. Our own requests, which of

1 RENDA was changed to WRENDA when the IAEA assumed responsibility for the publication of the 
world-wide request list, i .e .  at the end of 1972.
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course are included in the list, are one criterion. In other cases, for 
example the neutron capture programme which is expected to cover a large 
number of isotopes, the consideration of all requests for a particular type 
of measurement has resulted in the completion of some measurements which 
might otherwise never have been made at all.

A. J. DERUYTTER: The WRENDA list is not restricted to standards 
and is used at our laboratory as a guide for other types of measurements.
For planning of standard measurements we have relied until now on the 
International Nuclear Data Committee (INDC) Standards Subcommittee .and 
on the Joint European Nuclear Data and Reactor Physics Committee.

E. MIGNECO: I remember that when I worked in Geel, we considered 
the WRENDA list very carefully in order to find experiments which we could 
perform effectively. We noticed that feedback to us, concerning our experi
mental results, from those people who originated the requests, was extremely 
slow. This gave us a very poor impression of the effectiveness of the request- 
list procedure.

J. L. LEROY: I think that what people really need are evaluations; 
users should not have to ask for measurements. The reason for long feed
back times is that new measurements usually are not considered by reactor 
physicists directly and therefore remain unused until a new evaluation is ■ 
made. Maybe it would be more effective if requests were made at a meeting 
of evaluators rather than by the users of the data.

B.D. KUZMINOV: We envisage a means of taking into account the 
established priorities with an objective theory of the planning of experiments. 
Usachev has done relevant work in this field. I agree with Mr. Leroy to the 
extent that requirements established theoretically should be supplemented
by an evaluation of the data acquired. In this evaluation, discrepancies and 
errors should be considered. The evaluation should not give a single figure 
but should include a representation of the statistical and systematic errors.

E. MIGNECO: If one considers requests for resonance parameters,
I think the confusion is complete because of the importance of the formalism 
used to analyse the resonance. The results depend not so much on the experi
mental data as on the way in which the analysis is applied. When I see a 
list of requests for resonance parameters with specified precision, I wonder 
whether it makes sense to ask for such high experimental precision when 
we know that we cannot analyse the results with equivalent precision.

J. J. SCHMIDT: Mr. Migneco's comment relates to the credibility 
of the request, which should be assured by discussions between the requestor 
and experimentalists who could actually perform the measurements before 
the request is put on the list.

H. LISKIEN: I want to return to the point which Mr. Leroy has raised.
I remember that two or three years ago, there were two problems: first, 
to make a world-wide list out of the EANDC's RENDA, and second, to agree 
on the contents of the list, i. e. whether it should contain requests for experi
ments or for evaluations. At that time it was decided not to attack both 
problems at the same time but first to attempt to enlarge the geographical 
scope of the list. I now want to ask what is foreseen, by INDC or others, to 
solve the second problem, namely the flow of information from experimenta
lists to evaluators to reactor physicists? I direct this question to Mr. Schmidt 
in particular.

J. J. SCHMIDT: One part of our programme for co-ordination of the 
flow of information among measurers, evaluators and users is the new
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WRENDA system,  which is currently under development by the Agency's 
Nuclear Data Section with the co-operation of the Nuclear Data Centre in 
Saclay. This project was begun after recommendation by the European- 
American Nuclear Data Committee (EANDC) that the scope of its RENDA 
list be expanded, and following a subsequent recommendation by the Agency's 
own advisory group, the International Nuclear Data Committee (INDC). I 
shall not describe the programme in detail, but I would like to mention some 
features which are directly related to Mr. Liskien's question.

One weakness of the old RENDA list was that it was not updated and 
edited every year, and we consider yearly updating essential i f  the list is 
to be useful. This means that the users, requestors, evaluators and 
measurers of data must be contacted at much shorter intervals.

Another problem is the credibility of the requests which are put into 
the list. What are their justifications within the scope of the various national 
programmes? We feel that the credibility of the requests must be the 
responsibility of the national nuclear data committees and ultimately of 
the requestors themselves.

Of course, a request list must be reviewed periodically to determine 
which requests are filled, or partially filled, and which should remain open. 
The review procedure could operate either on a national basis or could 
employ topical reviewers to review all requests of a certain type. This 
matter continues to be under discussion.

One criticism of the RENDA list is that it contains too many requests;
I think the present number is almost 400. Many of the requests refer to 
essentially the same quantity but differ slightly, in detail. We plan to 
subdivide the new list into blocks which would contain all the requests 
for the same quantity. For example, there would be one block for the 
239pu fission cross-section which would contain the approximately 15 requests 
for that quantity which appear in RENDA. This subdivision should make the 
list more readable and should eliminate duplication of much redundant 
information.

As you know, there are four neutron data centres in the world who 
are supposed to compile all experimental neutron physics data and to 
exchange them as rapidly as possible. Whether these centres do this 
effectively is not my point, but this is the aim of what we call 'four-centre 
co-operation1.

Some of these data are then evaluated by more or less national evaluation 
groups. The evaluated data are used in computer programs for reactor 
physics, and the reactor physicists compare their calculations with, for 
example, the results of critical experiments and other integral measure
ments. In co-operation with the evaluators, they then reformulate their 
requests for different or more accurate experimental data.

We are devising a scheme where, all these requests w ill be put together 
in the WRENDA system and published annually. The neutron data centres 
may participate in the collection and exchange of data-request information 
as well as in the exchange of experimental data.

At the IAEA, we w ill use the WRENDA list as a means of promoting 
and implementing the nuclear cross-section measurement programme which 
we operate primarily in the developing countries. Presumably, other 
countries might make similar use of the list to obtain the data which are 
needed in the context of their own national programmes.
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I hope this has explained briefly the kind of information exchange which 
we envisage and which we are trying to promote and facilitate.

Outside of this close group co-operation there is one further way, which 
was mentioned in informal discussion, to accomplish maximum dissemination 
of new experimental information. Anyone who has completed, or who has 
under way, measurements which directly relate to a WRENDA request 
should inform the requestor directly.
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Abstract

PROGRESS IN THE ESTABLISHMENT OF NEUTRON STANDARDS AT THE NATIONAL PHYSICAL 
LABORATORY.

Facilities are provided at the National Physical Laboratory to establish neutron flux density standards 
at a number of neutron energies from thermal to 19 MeV. A 3-MeV Van de Graaff and a 150-keV Sames 
positive ion accelerator are used in conjunction with analysing magnets to direct beams of accelerated 
charged particles along a number o f flight tubes to irradiate neutron-producing targets in a number of neutron 
production and measurement facilities. Standards already available in the thermal, intermediate, and fast 
neutron energy ranges are described, together with plans for their extension and for calibration in the 1-eV 
to 1-keV energy range. A kerma standard for neutron therapy is also envisaged.

The full text of this paper has been published in Neutron Monitoring for 
Radiation Protection Purposes (Proc. Symp. Vienna, 1972) 2, IAEA,
Vienna (1973) 431.

* Present address: Dundee College o f Technology, Dundee, United Kingdom.
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Abstract

INTERNATIONAL INTERCOMPARISON OF FAST NEUTRON FLUX DENSITY SPONSORED BY BUREAU 
INTERNATIONAL DES POIDS ET MESURES.

An international intercomparison of fast neutron flux density has been undertaken at nine laboratories 
under coordination by the Bureau International des Poids et Mesures. Neutron energies and transfer instruments 
related for the intercomparison are discussed briefly.

INTRODUCTION

During the past few years, the Consultative Committee for Measurement 
Standards of Ionizing Radiations (Section III, Neutron Measurements) of the 
Bureau International des Poids et Mesures (BIPM) has had under consideration 
the organization of an international intercomparison of fast neutron flux 
density. The main difficulty was to reach an agreement on a suitable trans
fer instrument with which to effect an intercomparison of the absolute flux 
density measurements in the various countries. Other difficulties were the 
choice of monoenergetic neutron energies, and whether or not to include 
pulsed white spectra from linear accelerators. At the April 1972 meeting of 
the committee, some firm  decisions were made with a view to completing 
an intercomparison during 1973. Since such an intercomparison is considered 
relevant to the subject matter of this panel it seems pertinent to report the 
present status of this exercise.

CHOICE OF NEUTRON ENERGIES

To keep the intercomparison to a reasonable size and yet represent 
energies of interest to nuclear energy, neutron protection, and neutron 
therapy, three neutron energies were selected. These are shown in Table I, 
together with the dates at which the participating laboratories expect to 
complete the measurements.

The committee wishes to adopt a non-exclusive policy concerning the 
participation of other laboratories and so the chairman was authorized to 
put additional participants on the list with the proviso that the number of 
participants should remain small.
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TABLE I. SELECTED ENERGIES AND COMPLETION DATES OF 
INTERCOMPARISON MEASUREMENTS AT NINE LABORATORIESa

Energy CBNM BIPM CEN ETL IMM NBS NPL NRC PTB

250 keV 1972 - 1972 1972 - 1973 1972 1972 1974?

2.5 MeV 1973 J 1972 1972 - 1972 1974 1972 1972 1974!

14.5 MeV 1972 - 1973 ? 1972 1974 1972 - 1974?

3 CBNM— Central Bureau for Nuclear Measurements, Euratom, Geel, Belgium. 
BIBvl — Bureau International des Poids et Mesures, Paris, France.
CEN — Centre d'fitudes nuclfiaires de Saclay, Gif-sur-Yvette, France.
ETL— Electrotechnical Laboratory, Tokyo, Japan.
IMM— Institute for Metrology, D .I. Mendeleev, Leningrad, USSR.
NBS — National Bureau of Standards, Washington, D .C ., USA.
NPL— National Physical Laboratory, Teddington, UK.
NRC— National Research Council, Ottawa, Canada.
PTB — Physikalisch-Technische Bundesanstalt, Braunschweig, FRG.

TRANSFER INSTRUMENTS

After considerable discussion it was decided to enter a phase of study of 
the properties of transfer instruments in order to select an optimum instru
ment or instruments and then later proceed with the intercomparison. It 
seemed desirable to adopt one moderation method and one reaction counting 
method at each energy, and Table II shows the instruments which were 
proposed for each energy. The long counter was eliminated for a number of 
reasons. There would be uncertainties in its energy response, no two 
laboratories possessing counters of exactly the same design. The problem 
of determining the effective centre is a major operation, and also it was felt 
that the flat response was not necessarily an advantage. To circulate one 
long counter to each participating laboratory in turn would extend the time- 
scale of the intercomparison beyond acceptable limits.

The gold-foil-sphere combination, and the indium and the nickel foils 
were eliminated because of the low count rates expected from the available 
flux levels. The 235U fission chambers were rejected for the two higher 
energies and 238U fission chambers selected instead, the reason being that 
although the 238U cross-section is lower, there are no problems of thermal 
neutron background. The sphere-counter combination was eliminated at 
14,8 MeV because the sphere size would be very large and would introduce 
severe scattering problems. Therefore, the following transfer instruments 
have been selected:

250 keV Sphere and counter 235U fission chamber
2.5 MeV Sphere and counter 238U fission chamber
14.8 MeV Iron foil 238U fission chamber



TABLE II. POSSIBLE TRANSFER INSTRUMENTS

Energy Moderation methods Reaction counting

250 keV CHj sphere

(Au foil, BF3 counter, 
Lil scintillator,
Li glass scintillator)

Long counter 115In(ttt y)116mIn fo il

(54-min 0 -y  activity, 
irradiated in Cd cover)

3 He gas

(scintillator or 
proportional counter)

Z35U(n, f) fission 
ionization chamber

2.5 MeV CH2 sphere
(Au foil, BF3 counter,
l i l  scintillator,
Li glass scintillator)

Long counter 58 Ni(n, p)58 Co fo il 
(70 -d EC activation 
detector)

238U (n,f) fission 
ionization chamber

Z35U (n,f) fission 
ionization chamber

14.8 MeV CHj sphere
(Au fo il, BF3 counter,
Lil scintillator,
I i  glass scintillator)

Long counter “ Fe(n,p)56Mn foil 
(2.6 -h 0-y activation 
detectoi)

” A l(n ,a )“ Na fo il 
(15-h B-y activation 

detector)

238 U (n,f) fission 
ionization chamber

235U(ft,f) fission 
ionization chamber

CO
CO

IA
E

A
-P

L-2
4

6
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Various thermal neutron counters are being investigated by four 
laboratories in an effort to find a sufficiently stable detector for the sphere- 
counter combination:

BIPM BF3 and 3He proportional counters
CEN 6Li-glass scintillator with photomultiplier
CBNM 3He gas scintillator
NPL Solid-state semiconductor with 6L i layer

The use of iron foils at 14.8 MeV is subject to prior agreement on the 
beta counting of 60Co foils which w ill be issued by the National Physical 
Laboratory.

The reaction counter methods w ill be investigated by three laboratories 
as follows:

CBNM 3He gas scintillator
NRC 3He proportional counter
NBS fission chamber

238U fission chamber

It is hoped that the feasibility studies w ill be completed by late 1972 
so that the intercomparison measurements can get under way in 1973.
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Abstract

EXPERIMENTAL TEST OF THE CALCULATED EFFICIENCY OF THE HARWELL BLACK DETECTOR A T HIGH 
NEUTRON ENERGIES USING THE HARWELL LONG COUNTER.

The Harwell black detector has an essentially constant time response in the neutron energy range 
10 eV to 700 keV with a fast enough time response to be used in time-of-flight experiments. Recently 
the theoretical efficiency calculated by Monte-Carlo techniques has been confirmed experimentally. It 
is considered that the relative efficiency has been established to ± 2”7o.

The Harwell black detector has been described in detail elsewhere [1,2] 
and only a brief summary is given here. The detector is designed to have 
an essentially constant efficiency over a wide neutron energy range (10 eV - 
700 keV) and a fast enough time response to be used in time-of-flight experi
ments on the neutron booster of the Harwell 45-MeV linac.

The device consists of a homogeneous mixture of vaseline (effectively 
CH2 05) and 10B contained in a thin spherical aluminium shell. A radial 
re-entrant hole allows a parallel neutron beam to fa ll on the inner end near 
the sphere centre. Neutrons are moderated and captured in 10B to produce 
478-keV gamma rays, which are detected at the surface of the sphere in Nal 
scintillation counters. By suitably varying the parameters of the detector 
and calculating the properties with a Monte-Carlo code, a design was chosen 
in which the efficiency had the required energy characteristics. The neutron 
lifetime in the system (time to capture 99% of incident neutrons) is ~0.7 /js. 
The calculated properties of the detector were shown to be insensitive to 
changes in the relevant nuclear data over the region of flat energy response. 
The parameters of the experimental detector are listed in Table I.

The calculated efficiency is known to an estimated accuracy of ± 1 - 2%. 
This precision can be reached with other detectors only over relatively 
limited energy ranges, which gives rise to normalization problems in the 
regions of overlap. Therefore, the wide energy range covered by the present 
detector will prove particularly useful. It must be demonstrated experi
mentally, however, that the calculated efficiency is correct. At low energies, 
measurements with detectors based on standard cross-sections provide a 
test, and some data are reported elsewhere in these Proceedings. At higher

*  On attachment from Imperial College, University of London.
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Sphere radius 

Re-entrant hole depth 

Re-entrant hole diameter 

Containment shell 

Boron contenta

12 cm nominal

8 cm nominal

2. 5 cm nominal

Aluminium, 0 .17S cm thick

10S9 g powder (nominally 90% pure boron with 90% 
10B content.
Impurities: C (2%), Fe (0 .1%), Ni (0.
Si (2 .4% , Oi (1%), (Cr + A l + Co + Cu) (1.9%)

Vaseline content 5389 g

Nal crystals Four crystals symmetrically placed and essentially
in contact with the sphere surface. Each crystal 
is 10. 8 cm in diameter and 5 cm thick.

Comments: The re-entrant hole is formed by placing a thin-wall (0.0125 cm) stainless-steel
tube across the sphere on a diameter and inserting into this an aluminium cylinder 
(0 .025-cm-thick walls) containing 10B-vaseline. The Nal crystals have 2. 5-cm- 
thick lead collars to ensure that they detect only gamma rays from the required 
area on the sphere surface.

The isotopic content and the presence o f impurities were included in the calculations.

energies, the Harwell long counter has been used as the calibration detector 
in measurements on the pulsed Van de Graaff IBIS over the energy region 
from 6 8  keV to 2 MeV. Recently, the efficiency of the long counter has been 
re-measured [3] in this energy range to an accuracy of ±1-2%, using the 
technique of associated activity.

For technical reasons the black detector could not be installed easily 
on IBIS, so a secondary detector was used for the comparison. This secon
dary detector is a 10B-vaseline cylinder, 7 cm dia. and 10 cm long, sur
rounded by four Nal scintillation counters to detect the 478-keV gamma rays 
following neutron capture in 10B. It had been calibrated previously against 
the black detector on the 300-m flight path of the neutron booster [2] . In 
the IBIS measurements the Li(p,n) and the T(p,n) reactions were used to 
cover the required neutron energy range, with the secondary detector and 
the long counter set at 2 0 ° to the incident proton beam to allow a simul
taneous accumulation of counts at a given neutron energy. Nanosecond 
time-of-flight analysis was used with the secondary detector in order to 
obtain accurate background determinations. The data and representative 
error bars are shown in F ig .l, where the continuous curve gives the secondary 
detector efficiency deduced from the black detector calibration, and the 
points give the efficiency obtained with the long counter. The two data sets 
are normalized to give the best eye fit of the continuous curve through the 
points between 6 8  keV and 700 keV. The experimental data confirm within 
the errors of measurement that the theoretical efficiency is correct. It is 
considered that the relative efficiency has been established to ~  ± 2%. It 
is" to be noted that above 700 keV the IBIS measurements can be regarded • 
as a calibration of the black detector efficiency in a region in which it cannot 
be calculated with confidence.
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D I S C U S S I O N

W.P. POENITZ: How large were the deviations between the measured 
efficiency and the calculated efficiency in the higher energy range ?

M.S. COATES: We have a calculation of the efficiency above 700 keV 
which extends to something like 1.5 MeV. As far as I remember, the devia
tion from the measured efficiency was not more than about 2 %, but it was a 
systematic deviation. I would have to confirm that value. I really would not 
want to believe the calculated efficiency above 700 keV, partly because the 
efficiency begins to change more rapidly there and also because one can 
get gamma rays from inelastic scattering in the sodium iodide crystals at 
that energy. And so one would tend, perhaps, not to believe the data anyhow.

W.P. POENITZ: But you are really measuring the 411-keV gamma ray 
from the boron. You should have considerable discrimination against back
ground from sodium iodide.

M.S. COATES: No, this is not true because the gamma rays coming 
from the sodium iodide are approximately of that energy.

J.L. LEROY: Is it correct that you have no experimental check below 
300 keV?

M.S. COATES: No, this extends down to 6 8  keV.
J.L. LEROY: Do you plan to have more experimental checks below 

this energy?
M.S. COATES: Below this energy region the standard cross-sections 

are assumed to be known to better accuracy than we know the calculated 
efficiency. In the region below 10 keV the results which I shall present on 
thin lithium glasses tend to confirm that the efficiency is correct there, 
because the measured values are proportional to 1/V. To bridge the gap 
between 10 keV and the lowest energy obtainable with a Van de Graaff, one 
must take the calculated shape as the best available. It is possible to make 
measurements to lower energies on a Van de Graaff, but I tend to be sceptical 
of making measurements at backward angles when this sort of accuracy is 
required. Perhaps one could go down to 20 keV, but that is not much further 
down.

J.L. LEROY: Is it a question of background?
M.S. COATES: Yes.
J.L. LEROY: Some special arrangements would be required. It is 

possible, but it is difficult.
M.S. COATES: For the benefit one would get from extending the experi

mental check from 70 keV down to 20 keV, I think it would require unreasonable 
effort.
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W.P. POENITZ: In addition, in this low energy range the calculated 
efficiency should be increasingly reliable. There should be essentially no 
question about the calculations if they are checked at higher energy.

R.W. PEELLE: Did I understand that the calibration of the black detector, 
is via a second detector of similar type, then a long counter and then some 
source to calibrate the long counter?

M.S. COATES: Yes, that is more or less correct. The long counter 
was calibrated absolutely. The step in going from the black detector to the 
secondary detector was done on the linac with very good statistics, better 
than 1%. Systematic effects enter from the measurement of background and 
are the major sources of error in transferring the calibration from one 
detector to the other. This error must then be compounded with the statis
tical error of the points on the long counter calibration curve considering 
that there are several points. Finally this error must be compounded with 
the systematic error quoted for the long counter.
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TWO FLAT-RESPONSE DETECTORS 
FOR ABSOLUTE AND RELATIVE 
NEUTRON FLUX MEASUREMENTS*
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Abstract

TWO FLAT-RESPONSE DETECTORS FOR ABSOLUTE AND RELATIVE NEUTRON FLUX MEASUREMENTS.
The application of the Grey Neutron Detector at higher neutron energies is considered. The detection of 

different capture y-rays provides for a satisfactory check of the evaluated efficiency functions. A new detector, 
the Black Neutron Detector, was designed for absolute neutron flux measurements in the MeV energy range.
The detector has a fast time response and converts the primary neutron energy into proton recoil energy. The 
energy sum spectra obtained from these proton recoils allows a simple extrapolation to zero energy and thus 
an accurate absolute count-rate determination. The detector is a promising instrument for accurate cross- 
section experiments in the MeV energy range.

1. INTRODUCTION

Since the earliest days of neutron physics there is a need for neutron 
detectors with a smooth and flat efficiency over a large energy range.
One of the first detectors designed for this purpose was the long counter, 
which was applied in a large number of experiments in the past. However, 
soon it became apparent that this detector had several shortcomings, 
mainly associated with its heterogeneity. Thus, different concepts were 
introduced in a variety of detector designs, including among others the 
Marion counter, the Macklin sphere, the boron pile, and the large liquid 
scintillator [1], An exceptional position has the manganese bath [1], 
which not only has a superior flat efficiency curve over a large energy 
range but also can be used to measure absolute neutron fluxes.

Here, two detectors are considered, which were designed as relative 
and absolute neutron flux detectors in neutron cross-section experiments.

2. THE GREY NEUTRON DETECTOR

The Grey Neutron Detector concept combines the flat efficiency 
curve of a manganese bath with the semi-prompt detection technique of 
a large liquid scintillator. Indeed, the first design provided a manganese 
bath surrounded with a thin shell of liquid scintillator for the detection 
of the capture 7 -rays of manganese. In the final stage, the liquid scintillator 
was substituted by one or more Nal detectors. This provides for a better

Work performed under the auspices o f the US Atomic Energy Commission.
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FIG. 1. Schematic o f a Grey Neutron Detector and comparison o f its efficiency curve (b) with that o f i 
manganese bath (a).
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FIG, 2. Schematic energy spectra obtained with a vanadium sulphate solution, and efficiency curves 
corresponding to different spectra portions.
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NEUTRON ENERGY (keV)

FIG. 3. Ratio o f the relative neutron flux as a function o f energy determined with the y-spectra and 
efficiencies shown in Fig. 2.

background identification. This detector was discussed in detail else
where [2-4], and only some additional considerations, mainly concerning 
the application at a higher neutron energy, are given here.

A Grey Neutron Detector consists of a moderator with an entrance 
channel for a collimated neutron beam. The neutrons are slowed down in 
the, moderator to thermal energy and subsequently captured in the moderator 
material. The capture 7 -rays are detected at the surface of the moderator. 
Whereas the capture process corresponds to the capture of the neutrons 
in a manganese bath and thus has a flat efficiency curve (see F ig .l, 
curve a), the detection of 7 -rays leaking through the surface of the 
moderator is dependent on the 7 - ray absorption within the moderator.
This 7 -ray attenuation causes a second-order correction to the original 
energy dependence of the efficiency and a rise of the efficiency with 
increasing energy (see F ig .l, curve b).

The application of the detector at higher energies requires a larger 
correction and thus an increased uncertainty. When using the detector 
up to 3.5 MeV, several effects were considered:

(a) The correct description of the leakage by the flux function used 
for the efficiency evaluation was checked by comparing the evaluated 
leakage for a californium source with experimental values reported 
recently by DeVolpi [5], The evaluated leakage agreed within ±0.5% with 
the experimental values.

(b) Different moderators were used, including MnSC>4 , VOSO4 , water 
and paraffin. Because the 2.25-MeV capture 7 -ray of hydrogen is part
of the 7 -ray spectra obtained with the salt solutions, a direct comparison 
of the relative neutron flux measured in either way could be made.
Because of the different 7 - ray attenuation coefficients the efficiency 
curves are quite different as shown in F ig.2. The same is true for the 
vanadium bath solution as shown in F ig .3. The ratio of the relative
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FIG. 4. Schematic comparison o f a conventional scintillation detector (left) and the Black Neutron 
Detector (right).

neutron flux determined with the high-energy capture 7 -rays of vanadium 
to that determined with the hydrogen capture 7 -ray is shown in this 
figure.

A version of the Grey Neutron Detector with a timing in the range of
0.5 ns was recently reported by Coates et al. [ 6 ]. As moderator, a 
mixture of 10B and vaseline was used and the 411-keV 7 -rays from the 
10B ( n ,ay )  conversion reaction were detected. A detector containing a 
mixture of various salts of elements with large (n,7 ) cross-sections in 
the keV range was suggested [7]. This would allow the construction of 
a much cheaper and thus larger detector with a flat and larger efficiency 
in a more extended energy range.

3. THE BLACK NEUTRON DETECTOR

A disadvantage of the Grey Neutron Detector for use in fast-neutron 
cross-section experiments at higher energies is its slow time response. 
Several detector types are available which easily achieve the desired fast 
time response. For example, plastic or liquid scintillators viewed by a 
photomultiplier have usually a time resolution of few nanoseconds. How- 
ever, for absolute counting, such a system has several disadvantages. 
Secondary effects cannot be sufficiently well evaluated because of 
uncertainties in the carbon total cross-section and especially the angular 
dependence of the scattering cross-sections. Owing to secondary pro
cesses and the noise of the photomultiplier, the spectrum obtained with 
such a conventional arrangement has a large percentage of low-energy 
pulses, making it difficult to determine the total count rate.
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FIG. 6. The Black Neutron Detector.

3.1. Design and principle of the Black Neutron Detector

A detector, called the Black Neutron Detector, is designed to maintain 
the fast time response of a conventional scintillation detector while over
coming its weaknesses for absolute neutron-flux measurements. The 
detector consists of a cylinder of hydrogenous scintillator material. The 
neutron beam enters the detector system through a channel which 
terminates in approximately the centre of the detector. The system is 
sufficiently large so that a neutron undergoes several successive collisions 
before it falls below a low-energy threshold or leaks out of the system.
As a result, most of the primary energy of the majority of the neutrons 
converts to hydrogen and carbon nuclei recoil energy and then to light.
The scintillation light is detected with several photomultipliers. The 
qualitative difference in concept and response of the conventional scintilla
tion detector and the Black Neutron Detector is illustrated in Fig.4.

The advantage of an additive device is appreciable. The extrapola
tion to zero pulse height can be carried out with high accuracy because 
there are very few small pulses if the detector system is sufficiently 
large. The probability for a first collision can be in the range of 99-95% 
for incident neutrons with energies of 1-10 MeV. Because of the small 
opening angle of the neutron beam entrance channel with little back- 
scattering escape and the mechanism of multiple collisions, the influence 
of any involved cross-section is expected to be small.
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N E U T R O N  E N E R G Y  (M eV)

FIG. 7. Efficiency o f the Black Neutron Detector versus energy.
H = 40 cm, R = 13 cm, = 15 cm, Rq = 1. 26 cm, Eq = 200 keV, N q  = 4.2 x  102!/cm3, 
Nh =7. 04 X 10” /cm3.

3.2. Monte-Carloevaluation

The use of the detector in absolute-flux measurements of good 
accuracy requires a precise knowledge of the cross-section effects and 
of the optimization of the various detector parameters. For these 
purposes a Monte-Carlo code, CARLO BLACK, has been developed for the 
evaluation of a Black Neutron Detector of cylindrical shape with an axial 
neutron-beam entrance channel surrounded by a lead shield. The detector 
cylinder has a height H and radius R and is filled with a scintillator having 
the hydrogen and carbon atomic densities Nh and Nc. The neutron-beam 
entrance channel has a radius Rc and a height Hc . The incoming neutron 
beam is centred and has a circular, homogeneous distribution with a 
radius Rn . A neutron is described by its position parameters X, Y, Z, 
its directional parameters U, V, W, and its energy E. The history of a 
neutron is followed until it either leaks out of the system, falls below an 
energy threshold Et),r , or exceeds a time threshold Tthr before it is lost 
due to either of the two other reasons. The light produced by the recoil 
particles or by other charged-particle reaction products during the history 
of a neutron is summed and recorded at the end of the neutron history.
High probabilities for first and second collisions within the detector 
require a large scintillation system. The size and thus the useful energy 
range for the application of the Black Neutron Detector are limited by the 
absorption of light within the scintillator and by the background, which 
increases with the volume of the detector. In the present considerations, 
a neutron energy of 10 MeV was chosen as a useful upper energy limit.
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RELATIVE PULSE HEIGHT 

FIG. 8. Pulse-height spectra evaluated for three different monoenergetic neutron beams.

Figure 5 shows the schematic flow diagram for the problem. The 
frequency of the path a neutron may take in this flow diagram is indicated 
by the thickness of the lines. The main loop is that in which a neutron has 
to be followed through successive collisions. The average number of 
collisions of a neutron before its history is terminated by one of the above 
limitations is five to eight, depending on the incident energy. Usually 
two-thirds or more of these collisions involve hydrogen. About 90% of 
all collisions take place in Zone 1 of the detector which is the cylindrical 
part without the channel. Most neutron histories are ended by the neutron 
falling below E thr • 1 0  0 0 0  to 2 0  0 0 0  histories usually give sufficiently low 
statistical errors. This is a computational reflection of the high physical 
efficiency of the detector (> 90%). Some parts of the present problem are 
extensively described along with their solutions in the general literature 
dealing with Monte-Carlo problems [8-10]. A summary description of the 
present evaluations is given elsewhere [ 1 1 ].

4. EFFICIENCIES AND SPECTRA

The efficiency of the Black Neutron Detector w ill depend mainly on 
the choice of the parameters R, H, Rc, Hc, Nh, and N o  The detector 
parameters should be selected in such a way that the efficiency has the 
least dependence on the accurate knowledge of these parameters. Thus 
an investigation of the dependence of the efficiency on these parameters 
is of primary importance. As a result of these investigations [11], a 
detector with a size fulfilling these requirements was built. This detector 
is shown in F ig .6 .
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4.1. Efficiency versus energy

Figure 7 shows the efficiency of the Black Neutron Detector as a 
function of energy. A first glance at the structure of the efficiency curve 
appears disturbing if a smooth efficiency is required for the detector. 
However, the structure is very small and thus of minor importance. The 
uncertainty of the efficiency curve is small because of the insensitivity 
even to large changes in the cross-sections and parameters of the 
detector. The change in the carbon cross-sections around 2.0-2.1 MeV 
by a factor of 3-4 is reflected in the efficiency only by a change of about 1%.

4.2. Time distribution

The time resolution is mainly determined by the flight-time distribution 
for the first collision within the system. Although the full width at half 
maximum is 4 ns, an appreciable tail extends to about 10-12 ns. Still, 
this time resolution is reasonable for most fast-neutron cross-section 
experiments with monoenergetic neutron beams.

4.3. Energy spectra

Pulse-height spectra evaluated for three different primary neutron 
energies are shown in F ig .8 . The spectra are normalized to the same 
maximum pulse height. The spectra still show the first-collision hydrogen 
pulse-height spectra underlying the more complicated sum spectra which 
result from the multiple-scattering events. The centre of a spectrum lies 
closer to the maximum pulse height for higher energies than for lower 
energies. The spectra shown in F ig . 8  were calculated under very simpli
fied assumptions about light attenuation and light reflection. Thus, only 
the gross structure of the spectra, that is, the peak at larger pulse 
heights and the minimum for low pulse heights, can be expected to be 
seen in experimentally obtained pulse-height spectra. '

5. CONCLUSIONS

The Black Neutron Detector promises to be a very useful instrument 
for absolute neutron flux measurements in the MeV energy range. First 
experimental checks of the design concept showed a time resolution for 
the detector of 4 ns for the prompt 7 -flash. The energy spectra shown 
in F ig .9 do not show a specific structure but confirm the expected low 
number of counts of small pulse height.

The Black Neutron Detector appears to be a promising instrument 
for the MeV energy region. Thus, with the Grey Neutron Detector and 
the Black Neutron Detector the whole energy range of interest for nuclear 
data for reactors is accessible.
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D I S C U S S I O N

B.D. KUZMINOV: In calculating the efficiency, did you consider 
scattering from the lead shielding of the detector?

W.P. POENITZ: We did take into account scattering from the lead 
shield by making some rough calculations. Changes in these correction 
factors with neutron energy would cause changes in the efficiency. In 
this energy range most of the neutrons fall below the threshold for light 
production before they escape from the scintillator. Therefore changes 
in efficiency due to changes in reflection from the shield are not expected 
to be significant. At higher energies, this would be a problem if the size 
of the scintillator were not increased.

B.D. KUZMINOV: Did you take into account the effect of the passage 
of the neutrons through the collimator?

W.P. POENITZ: Not at the point where we evaluated the efficiency 
of the detector itself, because there we assumed that we had an incoming 
collimated neutron beam. But in the experiment in which the cross- 
section was measured we have of course corrected for the effect of the 
collimator.

C.D. BOWMAN: In the measured pulse-height spectra in F ig.9, the 
intensity drops very much more rapidly on the high side than on the low 
side. There appears to be a very remarkable difference between these 
spectra and the calculated spectra of F ig .8 .

W.P. POENITZ: I noticed this myself and made a small effort to 
obtain a more linear spectrum. I was able to observe spectra in which 
the centre was more on the other side, but still I could not directly make 
out a bump on the higher-energy side.

I did not investigate further because the important thing is the extra
polation to zero pulse height. We investigated the linearity on the low- 
pulse-height side using a white source and the computer to isolate different 
energy ranges. The linearity is satisfactory for extrapolation.

C.D. BOWMAN: But you must rely on your calculated efficiency to 
take into account the effect of structure in the carbon cross-section, etc..



58 POENITZ

on the efficiency. It is important to'be able to calculate at least a close 
approximation of what you measure.

W.P. POENITZ: Yes, but remember that the carbon light is not 
included. The rise of the pulse-height spectrum at low pulse heights 
is due to carbon light, and we measure outside this range. The carbon 
light has only a secondary effect on the rest of the spectrum.

C.D. BOWMAN: But it changes the efficiency.
W.P. POENITZ: Not really. It is only the direct scattering effect 

from the carbon which changes the efficiency. For example, if you have 
a large resonance in the carbon cross-section, then it becomes increasingly 
probable that a neutron w ill be scattered by carbon rather than by hydrogen. 
Then maybe the scattered neutron could leak from the scintillator imme
diately. This is the effect, not the light production from the carbon. The 
result is a drop in efficiency at the energies of the carbon resonances.

J.L. LEROY: Do you think that a direct experimental confirmation 
of your efficiency curve would be useful? For instance, one could look 
for this drop in efficiency at the energy of a carbon resonance.

W.P. POENITZ: It is an excellent idea to look for the effects of the 
carbon resonances, and there is an experiment to do that. One measures 
the yield of the 7 Li(p,n) reaction using the detector whose efficiency is 
being studied and looks at the ratio of the second neutron group to the 
first neutron group. If the ratio is a smooth function of energy, and there 
is no reason to assume otherwise, there should be a noticeable effect 
on the ratio when the energy of the primary neutron group passes through 
a carbon resonance.

When we attempted this experiment, the results were insufficiently 
accurate statistically, and we did not have time to perfect the experiment.
I was using a smaller detector at the time. The carbon resonances are 
very narrow so that there is a resolution problem in addition. One must 
use a very thin lithium target, but this causes statistical problems.

J.L. LEROY: Without any experimental check, the shape of your 
efficiency curve is purely theoretical. Although there are many reasons 
to believe that the calculations are good, can you guarantee an accuracy 
of better than 2% without a direct experimental cross-check when so many 
factors must be considered?

W.P. POENITZ: The basic design of the detector prevents large 
errors because in principle its efficiency should be 100%. If you vary some 
of the contributing factors in the calculation, e.g. the total or angular 
differential scattering cross-sections of carbon or the size of the detector, 
the changes must become very large before the uncertainty reaches 1% or 
the efficiency changes by 1%. We have studied these effects extensively.

J.L. LEROY: I agree that if you vary these parameters, the change 
in efficiency is small. But does this prove that the absolute efficiency 
is correct? You may have neglected something in your analysis which 
may cause 1% error.

W.P. POENTTZ: For just this reason it is our basic principle to 
measure cross-sections by as many different techniques as possible. 
Reasonable agreement among the various results serves as an indirect 
check of the whole procedure. '

F. KAPPELER: Did you have count-rate problems or pulse pile-up 
problems because of the high efficiency of the Black Neutron Detector?
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W.P. POENITZ: This problem is discussed in detail in my paper 
on the 235U fission cross-section. To reconcile the efficiencies of the 
fission counter and the Black Neutron Detector, we used a double-collimator 
system to limit the number of neutrons reaching the Black Detector.

F. KXPPELER: Did you have background caused by captured neutrons?
W.P. POENITZ: The time-of-flight spectra are also shown in my 

paper on the 235U fission cross-section. We eliminated the background 
caused by capture 7 -rays by the time-of-flight method. Of course, time 
resolution is not so good as with a smaller scintillator because of the 
time difference caused by the multiple-collision flight path. But it is 
good enough to get a very narrow peak and to see the capture 7 -rays as 
a broad, flat background underlying the neutron time-of-flight peak. The 
capture 7 -ray background causes only a very small number of counts in 
the narrow neutron time-of-flight peak although it may contribute some
thing like 20-30% of the counts in the total time-of-flight range (500 ns) 
which was recorded.

One could try to eliminate the background due to 7 -rays by applying 
pulse-shape discrimination, but this might affect the efficiency. You 
w ill see from the time-of-flight spectra that it is unnecessary anyhow.

C.D. BOWMAN: I have a question about the Grey Neutron Detector.
I was concerned about the problem which you might have with 7 -rays 
detected in the sodium iodide crystal which do not come from the sphere, 
for example the 2.2-MeV 7 -rays from capture in the concrete in the walls 
of the accelerator room. The detector response, I think, is perhaps not 
fast enough to eliminate this kind of background by timing alone. Also 
with regard to the use of this kind of detector for linac measurements 
with the black resonance technique, such as Mr. Coates described earlier,
I do not think one eliminates, with the black resonance technique, the 
neutrons that come down the flight path, scatter off the detector, hit the 
floor and come back within a time less than the width of the resonance.

W.P. POENITZ: Let me answer my part of this question first, and 
then perhaps Mr. Coates may wish to speak.

We have completely surrounded our Van de Graaff source with 
shielding. Our detector is behind a very big lead shield, which is part 
of the large liquid scintillator located nearby, so that the detector is 
shielded from 7 - rays which come directly from the source shield.

Everything which goes into the room and which in some way comes 
back into the detector would cause some background. It is measured by 
plugging off the hole in the beam collimator. In addition, the time- 
independent or machine-independent background is measured.

C.D. BOWMAN: But‘when you plug off the beam, you also eliminate 
the neutrons which leak from the detector sphere and are captured in the 
walls of the room and which therefore contribute to the background.

W.P. POENITZ: Very few neutrons, perhaps 1%, which enter the 
detector come out of it.

C.D. BOWMAN: Is that true even at 1 or 2 MeV?
W.P. POENITZ: Our detector is much larger than the one which 

Mr. Coates described. Ours has a 38-cm effective radius sphere.
C.D. BOWMAN: Would the plug also eliminate a neutron scattered 

off the inner walls of the collimator?
W.P. POENITZ: That raises the question of collimators, which I 

think is a separate one, but an important one for the use of this detector.
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It is difficult to see how the space angles which extend between the 
collimator, the source and the detector could allow a background effect.
To check this, we measured a time-of-flight spectrum at the entrance 
hole to the Grey Neutron Detector. At Karlsruhe we used a 10B(n,a) 
detector with about 1-ns resolution. The timing equipment was available 
because it was anyway used in the measurement of fission or capture 
cross-sections. We could make sure that the known prompt or known 
monoenergetic components were less than 1%.

M.S. COATES: Mr. Bowman inquired about the black-resonance 
technique's not picking up neutrons which were scattered within the time 
band of the 'black' channels.

(1) The time band of the black channels is very short. It is difficult 
to think how neutrons could be scattered and then enter the detector again 
within this time limit.

(2) With the Black Detector only a very small fraction of the neutrons 
is scattered out of the detector.

(3) In the transfer detector, where many neutrons are scattered, it 
was possible to inject a monoenergetic pulse of neutrons produced with
the Van de Graaff (IBIS) and to check the time distribution of the detector1 s 
response. When we did this, we had exactly the same shielding around 
the detector as when we used it on the linac. Very few neutrons are 
detected in the period of time to which you refer.

C.D. BOWMAN: The time scale is not necessarily short. You proposed 
to use a flight path of 1 0 0 - 2 0 0  m, so the time range might be of the order 
of 1-10 ( js  for an appropriate black resonance. Therefore you cannot rely 
on timing alone to eliminate problems unless you use a sufficiently wide 
time gate.

M.S. COATES: In the Van de Graaff work, the measurement of back
ground depends on how infrequently the machine can be pulsed. Normal 
operation was 1 us between pulses, and we increased this to 10 ( is.  If the 
fraction of neutrons in the tail of the distribution does not change as the 
repetition rate is changed, one can have some confidence in the results.

E. MIGNECO: With regard to the use of the black-resonance technique 
in linac experiments, I share the same fears as Mr. Bowman, especially 
for measurements in the lower-energy region. The only way to be sure 
of the black-resonance technique is to keep the background so low that any 
error introduced in the analysis is negligible. Some other way should be 
found to verify at least once that the background really is low. Unless this 
can be done in a rather obvious and simple way, I would be afraid to 
assign high precision to an experiment which uses this technique.

M.S. COATES: I would agree with the point of keeping the background 
low, and that is what one tries to do. I think it is certainly true that the 
black-resonance technique is not perfect, but it is one of only two which 
can be applied. The other way to tackle the background problem at higher 
energies is to measure a well known cross-section, for example carbon 
or hydrogen, where the cross-section is varying rapidly with energy.
Then by suitable combination of the results for different sample thicknesses, 
one can arrive at some conclusion about what the background is and how it 
is attenuated. One actually tries to feed in background neutrons. In the 
case of the carbon cross-section, which increases with decreasing energy, 
if the background is caused by faster neutrons colliding with collimators 
of flight tubes or whatever, there w ill be relatively more of them when
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there is a sample in the beam. By varying the sample thickness, you can 
work it out.

In fact, the black-resonance technique is the only one we used in this 
particular set of experiments, although we are using the other one as well 

W.P. POENITZ: This discussion of background problems is relevant 
for all data which come .from white source measurements; with a pulsed, 
monoenergetic neutron source,' one has a completely different background 
problem which is much more difficult to check.
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Abstract

PRECISE NEUTRON FLUX MONITORING BY T (p ,n )3He ASSOCIATED-PARTICLE COUNTING BETWEEN 
0.25 MeV AND 1.3 MeV.

The associated-particle method has been used to monitor neutron flux produced by the T(p, nf He 
reaction in the energy range 0.25 MeV to 1.3 MeV. 3He+ + particles were counted with a solid-state detector 
after unwanted charged particles had been eliminated with an analyser which employed both electric and 
magnetic fields. Associated-particle counting has been used independently to confirm a previous calibration 
o f a long counter by the MnS04 bath method within experimental errors o f both methods.

1. INTRODUCTION

When the T(p, n)3He reaction is used to produce neutrons, a 3He particle 
is associated with each emitted neutron. This property can be used in two 
different ways:

(1) When establishing coincidences between 3He particles and neutrons, 
the ratio of the number of coincidences to the .total number of counts given 
by the 3He counter is equal to the neutron detection probability. This 
probability is also the efficiency of the neutron detector if the arrangement 
is such that every neutron associated with a counted 3He particle impinges 
on the neutron detector and if the detection probability is independent of 
the impact point. The associated-particle method has very often been used 
with the D(d, n)3He and D(T, nJ*He reactions. It has been used for the first 
time with the T(p, n)3He reaction by Fort and Leroy [1, 2] for measuring 
the efficiency of- a ®Li glass scintillator.

(2) An absolute counting of the 3He particles can be made over a 
definite solid angle. From this measurement and the kinematics of the 
reaction, it is possible to calculate the neutron flux in the associated 
direction. This method was used for the first time with the T(p,n)3He 
reaction by Liskien and Paulsen [3,4],

This paper describes a new version of the second associated-particle method.

2. DESCRIPTION OF THE METHOD (Fig. 1)

The 3He particles are detected at 10° or 30° from the direction of the 
beam. The target is a 200 yg/cm2 T iT  layer on a 200 jug/cm2 aluminium 
foil. As the beam passes through the target, scattering of protons from 
titanium, aluminium and tritium sends a large number of protons and 
tritons towards the detector. An analyser combining electric and magnetic 
fields is used to eliminate these unwanted particles.
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FIG. 1. Arrangement of the experimental apparatus showing the charged-particle analyser and the reference 
detector to be calibrated.
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2.1. Description of the analyser

As an absolute counting is to be made, all the unwanted protons and 
tritons have to be eliminated by the analyser without loosing any of the 
3He particles emitted at the solid angle defined by the entrance collimator. 
The trajectory deviations caused by the analyser are small, and therefore 
the small-angle approximation is applicable. In this approximation, the 
deviation given by the electric field is:

ZV K 1i 1 
E

The deviation given by the magnetic field is:

ZH K2 I 2 

JmE

As these deviations are of opposite direction, the total distance between 
the centre of the detector and the collimator axis is:

. _ ZVKjii  , Z H K a ia

111

where
Z = charge
E = energy ■ of the particle 
m = mass
V = voltage applied to the electrostatic analyser 
H = magnetic field
i j  = 1  distances between the detector and the centre of the 
i 2 -  J electrostatic (1 ) or magnetic (2 ) field

= r constants depending on the geometry 
K2 J

As the magnetic field is proportional to the current I in the coils, 
from Eq. (1) the following equation can be obtained:

—  -■% + 0 =  (2)

where a and /3 are constants of the apparatus. This relation is used as 
a guide to make the necessary adjustments of the analyser for a given 
energy (see Fig. 2). The measured count rate is plotted as a function of I 
in Fig. 3. The width of the plateau of the curve is defined as the 'no-loss 
domain1; this domain is also plotted in Fig. 2. As the thickness of the . 
target is often a significant fraction of the range of the 3He particles, the 
energy spectrum of the particles is often broad.

The analyser should be adjusted in such a way that the energy dispersion 
of the particles does not produce any spatial dispersion at the detector
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FIG. 2. Current supplied to the magnetic analyser as a function o f the 3He energy, E, for fixed 
electrostatic-analyser voltage, V, and also as a function of V for fixed E, in the 'no-loss domain' for 
particles o f charge 2+. A  Function o f V for fixed E; ■  Function o f E for fixed V.

location. This condition is achieved in first order if the deviation due to 
the magnetic field is twice the deviation due to the electric field. In this 
case, da0/dE = 0 .

The compensation obtained in this way is valid as long as the value of I 
obtained for a fixed V from Eq. (2) remains inside the 'no-loss domain' 
defined above. The dashed curve in Fig. 2 shows an example of I as a 
function of E for a defined V. It can be seen from Fig. 2 that a variation 
of E by a factor 1.8 is allowed without a significant counting loss.

2.2. Measurement of the analyser transmission

It is important to verify directly that all the 3He particles passing the 
entrance collimator are collected at the detector. This was done with a 
proton beam elastically scattered from an aluminium foil. The scattered
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FIG. 3. Variation o f the 3He count rate o f the charged-particle analyser as a function of current supplied 
to the magnetic analyser for a given 3He energy and voltage applied to the electrostatic analyser. The 
plateau in the curve is the 'no-loss domain'. EsHe = 1.95 MeV, VanajySer = 6 kV,

protons passing through the collimator were counted in the usual arrange
ment and directly without the analyser. Another solid-state detector 
directed at the target was used as a monitor. The ratio of the two count 
rates was 1.004 ± 0.01. This result shows that there is no significant 
loss of particles. The experiment was repeated with several energies of 
the incoming beam without any change to the analyser adjustment in order 
to check the energy variation allowed without loss. The results were in 
agreement with section 2 . 1 .

2. 3. Charged-particle collimator

The useful solid angle of the analyser was defined by a rectangular 
slit of 2 mm X 1 mm, placed at 1 m from the target. The surface of the 
slit was measured using an opticalmagnifier. The diameter of the incoming 
proton beam was limited to 2 mm by a diaphragm. If proton scattering 
occurred at microscopic irregularities of the defining slit, some of these 
protons could reach the detector. To eliminate this background, a second 
slit, 3 mm wide, was placed at 20 cm from the defining slit.
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FIG. 4. 3He pulse-height spectrum from the solid-state detector o f the charged-particle analyser. Note 
logarithmic ordinate.

2.4. 3He absolute counting

Figures 4, 5 and 6  show two examples of the pulse-height spectrum 
obtained from the solid-state detector. The main peak corresponds to 
the 3He++ associated with the neutrons. The smaller peak at higher energy 
is due to 3He recoil produced by proton scattering on the small ®He content 
of the target from tritium decay.

When a non-tritiated target was used, the count rate at the place of 
the main peak was divided by at least 1000. The peak-to-valley ratios of 
the spectra were never worse than 50 and are generally between 100 and 1000.

The low-energy side of the main peak had a tail which extended to 
lower energies than could be expected from the thickness of the T iT  target.
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FIG, 5. sHe pulse-height spectrum from the solid-state detector of the charged-particle analyser. Note 
logarithmic ordinate.

The area under this tail was 2-3% of the total number of counts. When 
the spectrum of the 3He particles in coincidence with neutrons was measured 
in order to analyse the meaning of this tail, the tail was reduced to 0.5% of 
the peak area. The low-energy 3He particles probably came from scattering 
inside the target and should not have been counted. Therefore, the lower 
lim it of the peak was obtained from an extrapolation of the low-energy side 
of the peak.

The target could tolerate a beam of 1-2 /nA. A  typical value of the 
3He count rate was 25 counts/pC.

2.5. Charge-exchange correction

Because of charge-exchange phenomena, some of the 3He particles 
emerging from the target have captured one or two electrons. In the range
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FIG. 6. 3He pulse-height spectrum from the solid-state detector of the charged-particle analyser. Note 
linear ordinate.

of interest (1-3 MeV), the proportion of neutralized3He is very small.
The proportion of 3He+ can be measured directly when the electric and 
magnetic fields used during the 3He++ counting are multiplied by two. The 
ratio 3He+/3He++ measured in this way is in good agreement with the values 
given by Armstrong et al. [5], According to them, the charge equilibrium 
fraction for 4He is given by:

(0.273 ± 0.005) E -(2-00±0-02> (e  in MeV)

This result was transposed for 3He, assuming that the effect depends only 
on the speed and charge of the particle. The charge equilibrium fraction 
for 3He is then:

3He+ -2
3^ ;  = 0.154 E (E in MeV)

3. APPLICATION OF THE METHOD TO THE CALIBRATION OF A 
REFERENCE DETECTOR

The reference neutron detector, a collimated long counter, has been 
described elsewhere [1]. It has been calibrated using the manganese 
bath technique [2]. This experiment was intended as a check.
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The efficiency of the neutron counter is

e = Cn(1~a) • R • fair
C„ rcn

where
C„
C«
a
fia

R
fair

= count rate of the neutron counter 
= count rate of the 3He detector 
= fraction of single-charged 3He particles 
= solid angle of the analyser 
= solid angle of the neutron counter 
= laboratory to centre-of-mass conversion factor 
= air-scattering correction factor

The solid angle of the neutron counter fin is computed according to 
the method described in Ref. [2], ■ It includes the edge-effect correction 
factor. The neutrons scattered from the target holder and its surroundings 
are eliminated by the collimator of the neutron counter. Shadow-bar 
measurements are made to determine the remaining background.

N E U T R O N  E N E R G Y  (M e V )

FIG. 7. Comparison o f the efficiency o f a long counter determined by various experimental methods and 
by Monte-Carlo calculation. □  Monte-Carlo calculation, A Manganese bath (Oct. 1969),
O Manganese bath (Dec. 1970), ®  Associated-particle (June 1972), Z  Associated-particle (Nov. 1972).
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TABLE I. ESTIMATED ERRORS IN THE ASSOCIATED-PARTICLE 
METHOD (%)

At present
Possible 

after further 
development

«  , f  neutron counter 0.5 0.5
Solid angle  ̂ 3............

6  ̂ He collimator 1.0 0.5

Analyser transmission 1.0 0.5

Contribution o f 3He+ 0.5 0.3

Ta il o f 3He++ peak 1.0 0.5

Background 0.1 0.1

Air scattering 0.3 0.3

Statistics 0.5 0.5

/ n \4
------ -

n «2 . 0 «1 . 3

4. RESULTS

Measurements were made for neutron energies between 0.250 MeV 
and 1.3 MeV. For the lower part of this range the 3He particles were 
detected at 10°, for the higher part at 30°. The range could be extended 
to cover the range 0.2 MeV to 1.75 MeV. The results are shown in 
Fig. 7, together with the previous results from the MnS04 bath method [2], 
Both experiments are in agreement, within the error bars, although the 
values from the associated-particle method are 1% higher on the average. 
The estimated error from the MnS04 bath was ±1.8%. The typical errors 
of the present experiment are given in Table I together with the errors 
expected after further development.

5. CONCLUSION

Previous calibrations of a long counter by the MnS04 bath method 
have been confirmed by the present measurements using the associated- 
particle technique, a fully independent method.
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D I S C U S S I O N

C.D. BOWMAN: How is the long counter used?
J. L. LEROY: It is used to measure the neutron flux, for example in 

a fission cross-section measurement.
C.D. BOWMAN: Then the question of background becomes very 

important since the long counter is a slow time-response system. The 
calibration technique seems very clean without significant problems of 
background.

J. L. LEROY: We put a shadow bar in front of the collimator. With 
the collimator plugged like this, the background was 0.5% to 3% depending 
on energy. Of course the background is greater at higher energies because 
it is due mainly to neutrons going through the shielding, and this effect 
is greater at 2 MeV than at 300 keV.

C.D. BOWMAN: You have just described the background during 
calibration of the long counter. My point is that when you measure a 
fission cross-section using the long counter for measuring the flux but 
without the 'associated particle', the background conditions are different.

J .L . LEROY: No, the background measurement technique is the 
same during a fission cross-section measurement. Neutrons may be 
produced by the 7Li(p, n) reaction. The flux is measured at 20°, for instance, 
and the fission chamber is at 20° in another direction. It is easy to put a 
shadow bar between the target and the neutron detector to make the back
ground measurement. The device has a good signal-to-noise ratio; it is 
not sensitive to neutrons scattered by the wall.

E. J. AXTON: Was the water shield in your detector loaded with a 
thermal absorber?

J. L. LEROY: At present it is not. Maybe this would be an improvement.
E. J. AXTON: Then you get some thermal neutrons leaking from the 

detector into the counter?
J. L. LEROY: Yes, but these are taken into account in the calibration.
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Abstract

ABSOLUTE NEUTRON FLUX DETERMINATION IN THE ENERGY REGION BETWEEN 0.4 MeV AND 2 MeV.
A detector for absolute neutron flux determination in the energy range between 0.4 MeV and 2 MeV 

is described. It is based on the hydrogen scattering cross-section as a standard and works similarly to a 
proton recoil telescope. The main advantage is that corrections are almost entirely avoided. To establish 
its reliability, the influence of all parameters which determine the accuracy has been checked carefully.
In this way, an overall uncertainty of the determined neutron flux of about ± 2% was reached.

1. INTRODUCTION

For the experimental determination of any partial neutron cross-section, 
it is essential to know the value of the absolute neutron flux. The neutron 
flux can be determined by counting the events of a neutron reaction, the 
cross-section of which is well known as a function of energy and therefore 
can be used as a standard. In the energy range above a few hundred keV, 
the only standard cross-section with an uncertainty of less than 1 % is the 
hydrogen (n, p) cross-section [1 ]. In the case of thin samples, the neutron 
flux can be determined from the simple relation

■ Z  (1)
• N H • e H

♦
where $ = neutron flux

Z = detector count rate
cth = hydrogen scattering cross-section
Nh = number of hydrogen atoms
eH = detector efficiency

The advantage of the hydrogen scattering cross-section as a standard 
led to the use of the well known proton recoil detectors [ 2 ] in a variety 
of experiments. However, except for energies above 2 MeV where telescope 
counters can be used, the accuracy of the proton recoil detectors is limited. 
Their low-energy background requires an extrapolation to zero pulse height 
in the energy distribution of the recoil protons and hence a substantial 
correction of eH. Moreover, the efficiency is dependent on threshold 
stability as well as on neutron energy. Other problems arise from the 
determination of the number of atoms in the case of a plastic scintillator 
or from volume effects and scattered neutrons in the case of gas-filled 
counters.
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To avoid these difficulties, various other methods have been developed 
which are not based on the hydrogen scattering cross-section. Examples 
are the associated-particle method [ 3], activation methods [4 ] or the use 
of flat response counters [5] ,  which allow a shape measurement that may 
be calibrated at some well known points. But in most cases the accuracy 
achieved was hardly better than that of the proton recoil detectors.

In this paper, the application of a method [ 6 ] is described which extends 
the advantages of the proton recoil telescope counter to lower energies. Thus 
it has been possible to use the hydrogen scattering cross-section as a 
standard without the above-mentioned uncertainties of the ordinary proton 
recoil detectors.

2. DESCRIPTION OF THE DETECTOR

The principal features of the detector can be seen in Fig. 1. Recoil 
protons are produced in a thin layer of hydrogenous material (the radiator) 
and are detected by a solid-state detector placed at a certain distance from 
the' radiator. By this arrangement of radiator and detector, only those 
recoil protons hit the detector which have been scattered through small 
angles 8. Because of the kinematics of the scattering process, which can 
be described by

Ep = En cos2 9

these protons have the highest possible energies. Figure 2 shows the 
pulse-height distribution of the recoil protons measured with this arrangement

INCIDENT NEUTRONS

NEUTRON WINDOW 0.1mm

FIG. 1. Schematic view of the proton recoil detector.
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FIG. 2 . Comparison of pulse-height distributions of recoil protons measured with the experimental detector and 
of those measured with a common proton recoil detector.

and, for comparison, a schematic spectrum of all possible recoil protons 
that would be expected for a gas-filled or plastic scintillation detector. It is 
clear that the new detector shows the advantages of the telescope counter 
concerning threshold and extrapolation problems. Some disadvantages are 
incurred, however, i. e. coincidence measurements for background 
suppression are not possible because of the low proton energy, and the 
efficiency is relatively small since the radiator thickness is limited.

The background determination was performed by shielding the recoil 
protons from the solid-state detector. A thin sheet of bronze was moved by 
a small motor between definite positions, thus covering the solid-state 
detector during every second cycle of an automatic sample changer. In this 
way, the background spectrum could be measured directly. Test runs without 
radiator ensured that there were no differences greater than a statistical 
uncertainty of 0. 5% between the spectra measured with covered and uncovered 
solid-state detector. These runs also showed that there were no hydrogenous 
contaminations on the counter walls. During operation the counter was 
evacuated to better than 10" 4 torr. A cooling baffle with liquid nitrogen 
prevented the diffusion of oil vapour into the counter.

The recoil protons were registered in a surface barrier counter of 
100 |jm thickness and 450 mm2 sensitive area (Ortec A-030). It had an 
entrance window of 40 ng/cm2 gold and an energy resolution of 30 keV for
5. 5-MeV a-particles.

The detector thus described was used in an absolute measurement of the 
neutron fission cross-section of 23 5U, which is reported in paper 
IAEA-PL-246-2/27 in these Proceedings. In section 3, the characteristic 
features of the flux measurement are described in detail. A ll further state
ments refer to the energy region of this experiment, between 0. 5 MeV and
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1.2 MeV, although the whole useful energy region of the counter ranges from 
0.4 MeV to 2 MeV. It is limited at low energies because of background 
problems and at about 2 MeV by the onset of neutron reactions in the solid- 
state detector.

3. EXPERIMENTAL DETAILS

3.1. Neutron source

The measurement was performed at the Karlsruhe 3-MeV pulsed 
Van de Graaff accelerator with a pulse-width of 1 ns and a repetition >.’ate 
of 2. 5 MHz. Neutrons were produced by the 7Li(p, n)7Be reaction using 
metallic lithium targets on thin tantalum backings. The target thickness 
was between 40 and 50 keV.

The neutron spectrum was measured with the time-of-flight method by 
a lithium glass detector at 3. 20 m distance from the target and a time 
resolution of better than 1 ns/m. This allowed the energy determination 
with an uncertainty of somewhat less than ± 5 keV. The width of the neutron 
energy distribution was determined by the'’-target thickness. It was calculated 
from the time-of-flight spectra for each run separately with an uncertainty 
of ± 1 0 %.

3.2. Samples

The high hydrogen content makes substances of the type (CH2)X 
especially suited as radiator samples. The radiators must be thin enough 
so that the energy loss of the protons is small compared with their energy. 
Therefore, evaporated layers of stearic acid (C 18H360 2 ) as well as of 
glycerol tristearate ([C 1 7 H3 5COO ] 3 C3 H5) on thin stainless-steel backings 
have been used as radiator samples. These substances are available in a 
very pure chemical form. Their low melting point allows a clean evaporation 
process free from contaminations.

TABLE I. THICKNESS, MASS AND UNCERTAINTY OF THE RADIATOR 
SAMPLES • ■

Substance
Radiator thickness 

(Mg/cm2)
Total mass 

(mg)
Uncertainty

<%)

Stearic acid 218 5.775 0.5

230 3.191 0.9

229 3.170 0.9

115 1.596 1.8

Glycerol 198 5.242 0.5
tristearate

152 4.012 0.7

140 3.685 0.8

102 1.888 1.4
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The samples were weighed with a microbalance before and after 
evaporation. In this way, the sample masses were determined with an 
uncertainty of about ± 30 ng. To exclude systematic uncertainties, several 
different radiators were used throughout the experiment. Their masses are 
listed in Table I.

A fter the measurements had been finished, the hydrogen and carbon 
content of the radiator samples was determined by a standard chemical 
microanalysis [7] .  For an analysed amount of 4 mg the standard deviation 
was ± 0.18% for the carbon content and ± 0.13% for the hydrogen content. 
Deviations of between 1. 9% and 3. 0% from the stoichiometric amount were 
found for the hydrogen content, dependent on how long the samples had been 
in vacuum. An explanation may be that small amounts of gaseous carbon- 
hydrogen compounds split from the large molecules during the evaporation 
process and in vacuum. For these losses a correction was made assuming 
a linear time dependence. The resulting uncertainty was estimated to be 0. 8 %.

3.3. Efficiency

In the following, the counter efficiency, eH, is defined as the ratio of 
detector events to all events which happened in the counter. As only the 
forward-peaked recoil protons are detected, eH is determined by the inner 
geometry of the counter. From the radii of radiator and entrance aperture 
of the solid-state detector and the distance between them, the efficiency was 
calculated using the Monte-Carlo program described in Ref. [ 6 ]. The values 
of eH for the different counter geometries used are shown in Table II. In 
the investigated energy range, the dependence of eH on the neutron energy'- 
was negligible (see also Ref. [ 8 ]).

The overall efficiency of the proton recoil detector depends on eH, on 
the sample thickness and on the hydrogen scattering cross-section. Under 
the conditions of this experiment, the overall efficiency was roughly 4 x 10’ 6.

TABLE II. VALUES OF THE COUNTER EFFICIENCY eH FOR THE 
DIFFERENT COUNTER GEOMETRIES USED DURING THE EXPERIMENT

Diameter of solid- 
state detector mask 

(mm)

Efficiency, 
(x 10"2)

Uncertainty

<*).

16.75 1.999 0.8

17.92 2.277 0.8

19.00 2.537 0.8

3.4. Electronics

A fter passing through the pre-amplifier and timing amplifier, the pulses 
of the solid-state detector were divided into a pulse-height and a time branch 
The pulse-height and time signals of each event were coded in analogue-to- 
digital converters TADC) and stored in the memory of a 16-K computer as a 
two-dimensional spectrum. Independently, a second pulse-height spectrum
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FIG.3. Horizontal cut of the two-dimensional spectrum of the proton recoil counter.

FIG.4. Pulse-height spectrum of the recoil protons between the flight times t! and tj (E,j = 909 ± 22 keV).
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was accumulated in a multi-channel analyser. This was used for control and 
for a better survey. Every ADC was coupled with the automatic sample 
changer mentioned above, so that the spectra, with the solid-state detector 
covered and uncovered, were stored in two different fields of the respective 
memories.

Figure 3 shows a horizontal cut through the two-dimensional spectrum 
of the proton recoil counter at a neutron energy of 909 ± 22 keV. At low 
pulse heights, there is. an overlap between the band-like recoil proton 
distribution and the broader background of the solid-state detector. In 
Fig. 4, a cut along the pulse-height axis is shown, containing all events 
with flight times between ti and t2 . The corresponding distribution with 
the solid-state detector covered is shown by the open circles. The 
horizontal cut line of Fig. 3 is drawn as a dashed-dotted line in Fig. 4.

The background at low pulse heights is somewhat dependent on the 
neutron energy. It generally limits the useful energy region of the counter 
for low neutron energies. At about 400 keV, background and recoil protons 
■become comparable and this causes a very high statistical uncertainty. The 
time resolution of the counter is about 1 2  ns in the energy range of this 
experiment.

3.5. Corrections

Besides the correction concerning the deviation from the stoichiometric 
amount of hydrogen in the samples, there is another correction necessary 
which accounts for the interaction of scattered neutrons with the detector. 
Several different types of scattered neutrons may falsify the detector count 
rate. The wall-scattered neutrons lead to a time-independent background 
and can easily be subtracted in the time-of-flight spectra. Two other types 
of scattered neutrons can be discriminated in the pulse-height distribution 
because of their low energies. The maximum energies of these groups are 
indicated in Fig. 4 by arrows. The first type are neutrons which have been 
scattered in the target region. Their low energy is due to the kinematics of 
the neutron-producing reaction, which causes a strong dependence of the 
neutron energy on the angle with respect to the incident protons. The 
second type originates from the 7Li(p, n)7Be+ reaction in which the beryllium 
nucleus is left in its first excited state. For primary neutrons below 1. 2 MeV, 
this second group always has energies lower than the first type of background 
neutrons. Therefore, the only correction necessary is for neutrons 
scattered in the counter or by the nearby surroundings. In this case, the 
working principle of the proton recoil counter restricts drastically the region 
from which neutrons can be scattered and produce recoil protons with correct 
energies. This region contains only the plane end of the cylindrical counter. 
The contribution of these scattered neutrons to the count rate was calculated 
by a Monte-Carlo program for a slightly simplified geometry from the 
differential scattering cross-sections of the corresponding materials. The 
result was that in the whole energy region from 400 keV to 1. 2 MeV the 
scattering correction is smaller than 0. 5%.

4. CONCLUSIONS

It was shown by experiments that the method described for absolute 
neutron flux determination can be used in the energy range between about
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TABLE III. EXPERIMENTAL UNCERTAINTIES

Source o f uncertainty
Uncertainty

<*>

Hydrogen (n,p) cross-section, 0.5

Number of hydrogen atoms, NH

Sample mass 0.5 - 1.8

Stoichiometric correction 0.8

Efficiency, 0.8

Count rate,

Statistical uncertainty 1.0

Correction for scattered neutrons 0.2

Overall uncertainty 1.7 - 2.4

400 keV and 2 MeV. The reliability of the measurement was carefully 
evaluated and checked by a systematic variation of all important parameters. 
For this purpose, the experiment was performed with eight radiator samples 
of two different materials and with a threefold varied counter geometry 
leading to three different counter efficiencies. In this way, the results of 
the sample mass determination, the stoichiometric correction and the 
determination of the efficiency were proven to be consistent with the 
experimental uncertainties summarized in Table III.

The achieved accuracy of the neutron flux determination was possible 
because corrections could be reduced considerably. Extrapolation 
corrections and corrections for volume effects have been avoided, the 
scattering correction is almost negligible and the remaining correction for 
the deviation of the stoichiometric hydrogen content is small and therefore 
causes a relatively small uncertainty.

A ll these features make the described method suitable for absolute 
neutron flux determinations with an overall uncertainty of about 2 %.
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D IS C U S S IO N

C. D. BOWMAN: Why are carbon recoils  not observed?
F . K APPE LE R : Recoil carbon atoms have about 1 /12 of the energy 

expected for protons and therefore do not appear in the observed energy 
range.

W .P . POENITZ: Can you explain the background in your experiment?
A t the 1970 Argonne Symposium you showed proton-recoil tim e-o f-fligh t 
spectra in which the ratios of the rea l count rates to background count rates 
were approximately 1 :1 , and you could not explain the origin  of the background.

F . K APPE LE R : The background depends on the neutron energy. A t 
Argonne, I showed spectra taken at 440 keV and at about 500 keV in which the 
background was 1/3 to 1/2 of the proton-recoil contribution. The spectrum 
presented in this paper was taken at about 900 keV, and therefore the back
ground was much lower. I s till cannot explain its origin.
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Abstract

N E U T R O N  F LU X  M E A S U R E M E N T S  A T  T H E  LLL L IN A C . ■

Three detector systems to cover three overlapping energy ranges will be used in high-accuracy 

measurements of the 235U  fission cross-section with the LLL linac: (1) Thermal to 100 k e V — thin 6Li glass 

scintillator; (2) 50 keV to 2 M e V — gas-filled proportional counter; (3) 1 to 20 M e V — proton recoil 

telescope. The status of each detector system is reported.

A programme o f neutron-flux measurements is being carried  out at 
the L iverm ore linac in preparation for high-accuracy fission cross-section  
measurements on 235U.

It is planned to cover the neutron energy range from  thermal to 20 MeV 
in three overlapping energy regions using the following detector systems:
(1) thermal to 100 keV — thin 6L i glass scintillator, (2) 50 keV to 2 MeV — 
gas-filled  proportional counter, (3) 1 to 20 MeV — proton-recoil telescope. 
The present state of development o f these three systems is described below.

We have obtained and are currently using a 1-mm-thick 6L i  glass 
scintillator which is viewed by two RCA-4525 phototubes optically coupled 
to the scintillator edges as shown in Fig. la . The phototubes are 15 cm 
apart and are. placed outside of the neutron beam to m inim ize scattering. 
Pulse-height resolution has been optimized by adding the pulses from both 
phototubes and by surrounding the assembly with an aluminium re flector 
fo il. Figure 2 shows the resolution obtained with a 10-cm-dia. neutron 
beam centred on the scintillator. The full width at half maximum is less 
than 20% under these conditions. (Fu ll irradiation of the 10 cm by 15 cm 
scintillator yields a resolution o f 22%.)

Improvements in proportional counter response have concentrated on two 
areas — decreasing the range of re co il protons and elim inating the effects of 
reco il carbon nuclei inherent in methane-filled counters. Tim e-response 
measurements indicate that a suitable time resolution can be obtained with 
a broad range o f methane-krypton concentrations. The goal o f this study 
is to extend the useful energy range above 1 MeV to afford a suitable overlap 
with the proton reco il telescope. A search for h igh -drift-ve locity gases 
other than methane is in progress in an effort to elim inate the carbon 
reco il problem.

A proton-recoil telescope currently.in use with a 7L i  glass scintillator 
as the proton detector is shown in F ig . lb . A  10-cm-dia. hydrocarbon 
radiator is placed at the downstream end of a 6-cm -dia. by 50-cm-long 
lead cylinder and is viewed by the scintillator from  a distance o f 10 cm.
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The 4-cm -dia. scintillator and its attached phototube are shielded from 
the d irect beam by the lead cylinder. Figures 3, 4 and 5 show the pulse- 
height response obtained at 2.9 MeV, 8.0 M eV and 17. 5 MeV.

For all three detector systems, the data are recorded in a two- 
dimensional mode to allow signal-to-background optimization and to reduce 
systematic errors caused by base-line shifts.

FIG. la. The 1-mm-thick 6Li glass scintillator.

b. The  geometry of the proton-recoil telescope.
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FIG. 2. 6Li glass scintillator pulse-height distribution. Full width at half m a xim um  is 19 .5% .

Pulse Height

FIG. 3. Proton-recoil telescope pulse-height distribution. The  neutron energy was 2 .9  M e V  with an energy 

spread of 0.16 M e V .
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FIG. 4. Proton-recoil telescope pulse-height distribution. The neutron energy was 8.0  M e V  with an energy 

spread of 1 .2 M e V . The  pulse-height separation between the proton and carbon events is evident.

Pulse Height
FIG. 5. Proton-recoil telescope pulse-height distribution. The neutron energy was 1 7 .5  M e V  with an energy 

spread of 4 .0  M e V . Th e  data for Figs 3, 4  and 5 were not obtained with the same gain conditions.



G E N E R A L  DISCUSSION

H. LISKIEN: I would like to describe b rie fly  some work done at Geel 
which w ill appear very  soon in Nuclear Instruments and Methods. At the 
1970 Argonne Symposium, I described our programme to compare different 
flux-measuring techniques at various energies in order to discover hidden 
systematic e rro rs . We have used the conventional re co il telescope above 
1 MeV, hydrogen- or methane-filled proportional counters below 3 MeV and 
the associated-particle method with the T(p, n) and D(d, n) reactions. We had 
made comparisons at 15 MeV, 2.5 MeV, 1 MeV and 0.5 MeV.

Since the 1970 Argonne Symposium, we have also made a comparison at 
250 keV, which is exactly the lowest energy in the range which M r. Leroy  
has studied. Our methods were ve ry  sim ilar to his; we used associated - 
particle counting with the T(p, n)3He reaction. As a second method we used 
a methane/hydrogen-filled proportional counter with pulse-shape d iscrim i
nation against gamma rays.

Our associated-particle method differs from  the Cadarache arrange
ment in that, in addition to pulse-height discrimination, we also use an 
electrostatic field and charged-particle tim e-o f-fligh t methods for d is 
crimination among the various particles.

We claim 2% accuracy for the associated-particle method, which is 
exactly the figure M r. L e roy  quoted earlier, and about 3% for the proportio
nal counter.

Although it is always good to have a new device to check consistency,
I do not agree with M r. Kappeler that extrapolation to zero  pulse height is 
such a great problem. We claim 3% for our proportional counter. Combining 
this accuracy with that o f the associated-particle method should give an 
expected accuracy for the ratio o f the two methods o f 3.6%. We have made 
six comparisons o f the two methods at 250 keV and we find a precision of
0.7%; for the ratio of the two methods, both of which are in themselves 
absolute, we find 0.996. We would have expected the deviation o f the ratio 
from unity to be la rger than this 0.4%.

J. L . LEROY: Down to what energy do you expect to be able to use the 
associated-particle method?

H. LISKIEN: The next point where we plan to compare flux-measuring 
techniques is 100 keV. A  comparison at, say, 200 keV would not yield much 
new information. We do not believe that the associated-particle method can 
be used at 100 keV. Therefore we made prelim inary tests with the associated- 
activity method using vanadium but found difficulties with background neutrons 
because the source was so weak. For comparison of the proportional counter 
with other methods, we found that measurements with the proportional 
counter were unreliable because of the poor foreground-to-background 
counting ratio.

Some other type o f detector is required to make the measurements at 
100 keV and then to make comparisons with the other methods at higher 
energies. Such a counter either would have to be more efficient or would 
have to be insensitive to scattered, background neutrons. However, with 
a long counter and the vanadium source we found that the ratio o f neutrons 
coming d irectly from  the target to those coming from the beam tubes 
and other places was very  unfavourable. This was the reason for my 
earlie r questions to M r. Coates about calibration o f a long counter at 
Harwell using a vanadium source.
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M .S. COATES: This is the work o f Adams et al. (UKAEA Report 
AERE-R 6429). The actual measurements on vanadium were d. c. m easure
ments using proton currents o f up to 50 /jA. The background was studied with 
a ®Li glass scintillator and tim e-o f-fligh t equipment with the Van de Graaff 
operated in a pulsed mode. It was assumed that i f  the background were clean 
and the neutron groups were monoenergetic in the pulsed mode/ then the same 
conditions would appertain in the d. c.m ode.

W .P . PO EN ITZ : M r. L iskien mentioned that he did not think extra
polation o f the recoil-proton  pulse-height spectrum to zero  pulse height 
was a significant source o f uncertainty with the proton-recoil counter which 
he used. What uncertainty was actually assigned to the extrapolation?

H. LISKIEN: This extrapolation is always made with the aid o f a 
theoretical spectrum calculated with a Monte-Carlo program. The experimen
ta l spectrum is compared with the theoretical spectrum step by step. The 
experimental spectrum is rather flat down to the point where the gam ma-ray 
contribution becomes very  strong. Using gamma discrim ination shifts this 
point nearer to zero  pulse height so that the gap which must be extrapolated 
becomes sm aller. There is a point where gamma discrim ination no longer 
works, and there extrapolation must begin. The parameters o f the Monte- 
Carlo program  are then varied to determine reasonable lim its and uncertain
ties for the extrapolation. (Editor's Note: For details, see LISKIEN, H ., 
PAULSEN, A . ,  Nucl. Instrum. Methods 69 (1969) 70.)

F. K A PPE LE R : How did you determine the effective volume of the 
proton-recoil detector?

H. LISKIEN: The sensitive volume is defined by the 'fie ld  tubes' which 
are inserted in the two ends o f the counter to compensate for distortion o f 
the e lec tric  field because o f end effects. The sensitivity o f the counter is 
then uniform over its entire length and falls o ff sharply at each end o f its 
effective volume. The effective volume was calculated from  the geom etry 
o f the counter and, in addition, was checked by scanning along its length with 
an X -ray  beam. The deviations o f these methods were included in the 
uncertainty o f the total volume o f the detector.

J .L .  LEROY: In a proton-recoil counter a sm all number o f low er- 
energy neutrons can give an incorrect shape to the proton-recoil pulse- 
height spectrum and thereby cause an incorrect extrapolation to zero  pulse 
height. For instance, a low -energy neutron group might come from 
scattering o f neutrons in the target backing, which is sometimes quite 
thick. Since the scattering cross-section  o f hydrogen decreases with 
increasing energy, the proton radiator has a higher efficiency for low- 
energy neutrons. I f  the shape o f the theoretical spectrum calculated by 
the Monte-Carlo code is not exactly the shape of the experimental spectrum, 
it is .very difficult to make the correct extrapolation. We tried  to use a 
proton-recoil counter and had trouble for these reasons.

W .P . PO EN ITZ : We also tried  a proton-recoil counter. The Monte- 
Carlo evaluation could be adjusted in so many ways that we w ere a little 
dissatisfied.with the extrapolation. That is why I prefer a counter such as 
M r. Kappeler described. Incidentally,was not the counter used by White 
o f the latter type? (WHITE, P .H . ,  J. Nucl. Energy 1£ (1965) 325.)

F. K A PPE LE R : Yes, but White's counter had a very  short distance 
between the radiator and detector so it measured essentially the same 
spectrum as a gas-filled  counter.

W .P . PO EN ITZ : So that was why its spectrum was much broader.



GENERAL DISCUSSION 91

H. LISKIEN: I do not know what Monte-Carlo programs each o f you 
has used, but I should point out one problem with the original Aldermaston 
program . When the energy o f a neutron does not correspond closely with 
an energy o f the program 's data tables, the program  makes a slight e rro r. 
The result is a theoretical spectrum with a slope which d iffers from  the 
experimental spectrum. When this e rro r is corrected, the theoretical 
spectrum is flatter.

E .J . AXTON: What is the energy dependence of this effect?
J .L .  LERO Y: We made an overa ll background measurement and did 

not measure components due to individual causes. However, I think the 
effect o f thermal neutrons would be sm all because our Monte-Carlo calcu
lations show that the efficiency does not vary much, at least below 1 MeV; 
for higher incident energies, thermal neutrons may have greater effect on 
the background.

M .S. COATES: Was the 4% accuracy o f individual points from the 
Monte-Carlo calculations due to the complicated structure o f the detector?

J .L .  LERO Y: No, it was because o f statistics. To  obtain an accuracy 
o f 4% for a single point requires 10 minutes o f IBM 360/65 computer time.
O f course one could achieve better accuracy, but it would be expensive.

W .P . PO EN ITZ : You have shown energy spectra of the ®He particles 
which you detected. There was one peak due to re co il of 3He particles 
following scattering o f protons on 3He which was present in the tritium 
target from  3-decay o f the tritium . As the prim ary (proton) energy was 
changed, was there any region  where the separation o f the re co il peak and 
the peak due to the T (p , n)3He reaction was so poor as to make the technique 
useless?

J .L . LEROY: The positions o f the peaks change with incident proton 
energy, but they were always sufficiently w ell separated. With decreasing 
proton energy the re lative size o f the re co il peak becomes la rger.

W .P . PO EN ITZ : Why did you measure fission cross-sections using the 
calibrated detector as a flux monitor instead o f using your associated- 
particle apparatus to determine the flux directly?

J .L .  LEROY: There are two reasons: (1) intensity; (2) the charged- 
particle counting apparatus required a large amount of m aterial — such as the 
target assembly, the analysers, etc. — to be near the target. In cross- 
section measurements with thin-walled, re la tive ly  unshielded fission 
chambers, scattering from all this m aterial would be troublesome. However, 
in the calibration experiment this scattering is not a problem because the 
collim ator looks at the target only.

F. K A PP E LE R : The experimental proton distribution in a gas-filled  
counter can be fitted ve ry  accurately in the upper energy range above the 
threshold. My feeling is that most difficulties arise at low proton energies 
where the adsorption o f gas at the walls and other effects make it very  
difficult to describe the processes which are occurring and hence to make 
an accurate correction.

H. LISKIEN: O f course, we try  to correct for adsorption on the housing 
o f the detector. We have compared the proton-recoil proportional counter 
at 2.5 MeV with a counter telescope, at 1 MeV both with the telescope and 
with associated-particle counting, and at 500 and 250 keV with associated- 
particle counting. In a ll cases we have applied the same correction  proce
dures, and the results o f the measurements have agreed within estimated 
uncertainties; I f  we have underestimated some sources o f e rro r, the 
consequences have certain ly not made our results useless.
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Abstract

T H E  6 Li(n, ct) CROSS- SECTION .

Measurements of the 6L i(n ,a ) cross-section were carried out in the 30- to 600-keV energy range 

using the Grey Neutron Detector. O f  major interest was the ratio between the peak of the resonance and 

the m inim um  between 80 keV  and 100 keV  for which a value of 4 .9 6  was obtained. The present on a 

values were combined with recent ctot measurements in an attempt to fit both cross-sections with one 

set of resonance parameters. Both the fitting results and the absolute cross-section values are preliminary 

and will be supplemented by additional work.

INTRODUCTION

The 6Li(n,a) cross-section  is used as a reference cross-section  fo r the 
low  keV energy region with increasing frequency. The cross-section  is 
sufficiently large and has a smooth energy dependence. M oreover, the 
utilization of this reference cross-section  via lithium glass detectors pro
vides fo r powerful neutron flux monitors in white neutron source flux 
measurements. However, the possible extension o f the usable energy range 
to the higher keV energy range, as well as the accuracy of the cross-section  
in the 50-100 keV range are restricted  by large uncertainties in the resonance 
energy range around 245 keV. Most notable are differences in the order of 
20% fo r the peak value between recent measurements by Fort [1] and 
Uttley et al. [2].

The present measurements were carried  out in the energy range from  
90 to 600 keV with the m ajority of the measurements in the resonance region. 
The ct„ a values were combined with recent crtot measurements in an attempt 
to fit  both cross-sections with one set of parameters.

MEASUREMENTS

The schema of the set-up is shown in F ig . i.  A  collimated neutron beam 
passes through a lithium glass detector and is captured in a 'beam-catcher' 
type neutron detector. The 7 Li(p,n) reaction was used as a neutron source. 
Thin lithium metal targets yielding a resolution of 7 keV were used. Below 
120 keV prim ary neutron energy, a second low -energy neutron group exists 
which is , however, sm all in the case of the present measurements.

The lithium glass detector was positioned at the end of a 1.88-m flight 
path. Besides passing through the 0.09-cm-thick lithium glass (NE 905), 
the neutron beam passes through two thin aluminium windows, thus neutron

*  Work performed under the auspices o f the US Atomic Energy Commission.
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scattering in the detector is negligible except fo r  scattering in the lithium 
glass. The lithium glass was chosen sufficiently thin to keep the correction 
fo r scattering in the lithium glass mostly below 5% and always below 10%. 
Four photomultipliers view  the scintillation light in the lithium glass through 
a ir. A  'f r e e : mounting of the lithium glass was chosen in order to best 
approximate the assumptions of the Monte-Carlo evaluations fo r the efficiency 
of the glass.

The Grey Neutron Detector [3] was used as a neutron flux monitor.
Both water and vanadium-bath solution were used as moderators. Over 
the energy range o f the present measurements the efficiency rises  with 
increasing energy by about 3.5% fo r the water moderator and 1.5% fo r the 
vanadium bath. The G rey Neutron Detector should be extrem ely well suited 
for this energy range.

Measurements were carried out with a pulsed and bunched beam of about 
1-2 ns duration. The tim e-o f-fligh t spectra, the energy spectra of the lithium 
glass detector, and the energy spectra of the Na l(T l) detector were recorded 
with an on-line computer system. The same input term inal was used for 
both signals, thus elim inating dead-time corrections.

The alpha count rate, C a , is given by

C a = Wg-cfa^d- f t  - 1 - eg p (- Etotd> + C Sc
t̂Ot U

= N6 ' t*n.ad • *  • k

where N6 is the number of 6L i  atoms per cm3, d is the thickness of the 
glass, $ the neutron flux per cm2, Etot the macroscopic total cross-section
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of the lithium glass and C®° the contribution to the alpha count rate from  
neutrons scattered in the glass. The correction factor

k = kj +k2

with

_ 1 - exp(-Etotd)
1 _ ' Etctd

and

k* = C * / E ad#

consists of two parts, the firs t of which corrects for the attenuation of 
the prim ary neutron flux (loss) and the second o f which corrects fo r  the 
count-rate gain from  scattered neutrons. The factor k j could be determined 
in a transmission experiment-which yields d irectly exp (-£ totd). This should 
be done fo r thicker glasses, but was not necessary fo r  the present experi
ment where Etotd was usually sm aller than 0.05. The factor k as obtained 
from  a Monte-Carlo evaluation is  shown in F ig .2. The figure suggests that 
the energy range of the oxygen resonance fo r which the correction is largest 
should be avoided. For the existing uncertainties in the input data the co r
rection is undesirably large in this range.

The neutron count rate, Cn, is

Cn = r j ( E ,  E 0 ) • rj( E 0 ) • $

where rj(E ,E0) is the energy-dependent efficiency, normalized at E 0 to 1.0, 
and tj(E0) is the absolute efficiency at this energy. rj(E,E0) was considered 
extensively in recent reports [3], rj(E0) was obtained by comparing the activa
tion of the vanadium bath from  a 500-keV neutron beam with that of a 252Cf 
source.

NEUTRON ENERGY (keV)

FIG.2. The correction factor k versus neutron energy obtained by Monte-Carlo calculation.
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Corrections were made fo r the attenuation of the neutron beam in air 
and in the lithium glass, which again causes the largest correction  at the 
oxygen resonance. Non-monoenergetic components in the neutron spectrum 
were w ell monitored with the tim e-o f-fligh t method applied to the lithium 
glass detector. Corrections o f usually less than 3% were applied. A  major 
source fo r  these neutrons is the in-scattering from  the neutron source target 
backing.

The maximum neutron energy was determined from  the magnetic field  
of an analysing magnet measured by a Hall probe. The calibration was made 
with the threshold of the 1 L i(p , n) reaction. The energy spread was deter
mined once from  the known target thickness and the spread due to bunching 
of the prim ary proton beam, and again from  the spread of the tim e-o f-fligh t 
spectra. Both values agreed within '1-2 keV. The energy uncertainty was 
estimated to be 3 keV.

RESULTS

The experimental values are shown in P igs  3 and 4. The energy uncer
tainty o f 3 keV is shown but not the resolution o f about-7 keV. The present 
values are compared in F igs 3 and 4 with other recent absolute measure
ments and values obtained from  fits o f the total cross-section  and other 
data. At 100 keV, good agreement was obtained with recent measurements 
by Fort and Marquette [10], Conde et al. [ 8 ], and Uttley et al. [2 ].

At the resonance peak, the present values are somewhat low er than 
those by Uttley et al. [2] and higher than those by Fort and Marquette [10]. 
They agree best with the peak values obtained by Meadows and Whalen [4] 
and Coates et al. [ 5 ]. The energy o f the resonance is slightly lower than 
that obtained by Meadows and Whalen [4], but not as low as that obtained by 
Uttley et al. [2] and Coates et al. [5].

The present values for o-n a were combined with previous measurements 
o f the total cross-section  [4], A  prelim inary fit to the data was made by 
m inimizing the function

E = ) d2 W ■
u a i  a l

ai

where dai is the difference between the calculated and experimental cross- 
sections for reaction a  at energy E j,  and Wai is the weight. In this instance, 
where the number o f total cross-section  data points was much la rger than 
the number o f (n , a ) points, the weights for each reaction were normalized, 
so that

I w « = 1
i

The fit was made using the same basic assumptions as previously used 
in fitting the total cross-section  only [4]:

(1) The sole contributor to the 5/2" channel is potential scattering 
plus a single isolated resonance near 250 keV. The explicit equations are
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ENERGY (keV)

FIG. 5. Results of simultaneous fit of the present measurements of the 6 Li(n, a ) T  cross-section and the 

experimental total cross-section data of Meadows and Whalen [4 ] ,

given in Section X II. 1 o f Ref. [11]. The variable param eters are the neutron 
channel radius, R n, the reduced alpha and neutron width, y 2 and 7 ^, and 
the energy eigenvalue, E x. The alpha channel radius was fixed at 2. 5 ferm i 
for reasons given elsewhere [4 ].

(2) The reactions in the other channels are described by complex 
phase shifts o f the form

6 = C + i(aP?n + b P {nP ra )

where Pin and P {ct are neutron and alpha-particle penetrabilities and have 
hard-sphere scattering. The param eters are a and b, and the channel 
radii R n and R a. However, these are fixed by other experimental data out
side the range o f this experiment such as the thermal (n,ar) cross-section, 
the low-energy elastic scattering cross-section  and the angular distribution 
o f the tritons. The actual values are given in Ref. [4]. F igures 4 and 5 show 
the result from  this fit.
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D IS C U S S IO N

L . STEWART: The data o f Meadows and Whalen, which you used in the 
fits o f your data, apparently have an oxygen contamination above 400 keV 
which has not been subtracted. Perhaps this affects the consistency o f your 
analysis o f the total and (n, a )  cross-sections.

W .'P . POENITZ: We also have observed the oxygen resonance in our 
experimental data; it appears as a very  sm all bump around 440 keV. The 
inconsistency between our (n,a )  data and various total cross-section  data 
exists over the whole 300- to 600-keV range, and I think the size o f the 
oxygen cross-section  is insufficient to account for it.

A .J . DERUYTTER: How was the 6L i content of the glass determined?
W .P . POENITZ: Our Chemical D ivision has analysed three samples 

o f the lithium glass, and the results o f their chemical analyses fo r the 
total lithium content agree w ell with the analysis supplied by the manu
facturer. Analysis o f the isotopic composition is not yet complete so we 
have re lied  on the manufacturer's report.

A . J. DERUYTTER: What e r ro r  do you put on a typical (n,ar) cross- 
section point in the peak of the resonance?

W .P . POENITZ: The final e rro r  o f course includes the question o f the 
mass analysis. At present I have assigned something like 3% to 3.5% total 
e r ro r  to the values which have been shown. On the side o f the resonance, 
the effective e rro r  is much la rger because o f the uncertainty in the energy.
I should mention that we have prepared an experiment to determine the 
energy o f the resonance by a completely different technique. We plan to 
measure the total cross-section  using a neutron spectrum which is white 
over a restricted  energy range which covers the 250-keV resonance. We 
w ill shift the detectors in such a way that the gamma peak appears at. exactly 
the position o f the resonance in the transmission curve. The repetition 
frequency o f the accelerator is then the only time-determ ining element 
besides the flight path so that we do not have to determine a time scale 
fo r a wide range o f neutron energies in order to measure the absolute 
resonance energy.

A .J . DERUYTTER: With what white source do you intend to perform  
this experiment?

W .P . POENITZ: With our tandem-dynamitron. By white source I 
meant a source which gives a flat neutron spectrum over the restricted 
energy range from  about 200 to 300 keV, just covering the resonance.
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C .D . BOWMAN: Would you describe the pulse-height spectrum obtained 
from  the 6L i  glass. I am interested in the effects o f the coincidence requ ire
ment and o f the bias settings.

W .P . POENITZ: The photomultiplier outputs are added in pairs and a 
coincidence is  required between those pairs. The resolution is  not so good 
as i f  the glass were in contact with a photomultiplier. We p re fer to put the 
photomultipliers at the side in order to reduce the scattering problem.

We always recorded two-dimensional (pulse-height and flight-tim e) 
spectra, although we did not attempt to achieve very  high time resolution.
The gamma peak is  not. very  great because o f the coincidence requirement 
and because o f the small size of the glass. We set a window over the tim e- 
of-flight peak and an equally wide window on an adjacent period. In each o f 
these windows we obtain an energy spectrum. From  one window we obtain 
a background spectrum, which is  small and mostly due to scattered thermal 
neutrons.

C .D . BOWMAN: Did you make a correction  for the small-amplitude, 
but genuine, (n.aO pulses which are lost because o f the bias setting and the 
coincidence requirement?

W .P . POENITZ: We made an extrapolation which amounted to 1. 2% -
1. 5% o f the total counts. In the range where the noise was such that the 
spectra could be compared with and without coincidence, the coincidence 
condition did not seem to change the shape o f the spectra sufficiently to cause 
an e rro r greater than 0.5% which was assigned to the extrapolation anyhow.
I believe this uncertainty is sm all compared to the uncertainties in the flux 
determination and in the 6L i content.

E . FORT: Would you explain a little  more about the determination o f 
the 6L i  concentration?. Roughly speaking, are the results o f your own 
chemical analysis higher or low er than the analysis supplied by the 
manufacturer?

W .P . POENITZ: The manufacturer's analysis did not specify a range 
o f uncertainty. I f  one assumes that the uncertainty is roughly the range o f 
the last decimal place which he gives, then the agreement between our 
analysis and his is within 2%. I do not reca ll the direction o f the discrepancy.

M .S. COATES: In measurements with which I am fam iliar, where 
people have measured the concentration o f lithium in glass, it seems that 
the manufacturers overestim ate the amount o f lithium in the glass some
times by several per cent. I believe this was the case in a measurement with 
a thick glass at Gulf General Atom ic, and I think M r. Fort had the same 
experience.

E. FORT: Regarding the Monte-Carlo calculation o f the correction  for 
multiple scattering in the glass, I am surprised by the size o f the peak due 
to caesium in view  o f the rather low caesium content o f the glass. Other
wise, I think most of the divergences between your calculation o f this 
correction  and our calculation can be explained by differences in the data 
lib rary  used in the Monte-Carlo program .

W .P . POENITZ: I was surprised about the caesium peak m yself. The 
data lib rary  is from  Macklin, and I have not checked where he obtained the 
data. I do not consider the caesium peak to be very  important for our results 
because it is due to a very  sharp, narrow resonance, and one should simply 
avoid making measurements near the resonance energy.

I do not think that differences in the input data can explain why the 
silicon resonance does not show up in M r. F o rt 's  calculation; it appears 
in our correction  factor and in the one calculated by Macklin.
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E. FORT: We should compare our Monte-Carlo program.
J .L . LEROY: A re  you sure that the composition o f the glass is the 

same?
W .P . POENITZ: I think the compositions' cannot account for the 

differences at this resonance. The composition and channel leve ls  might 
vary a little  but should not- affect the general features o f the resonance. 
These comments are even more true for the oxygen resonance.
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M EA SU R E M E N TS  O F  TH E  R E L A T IV E  
6L i(n , a ) C R O SS -SEC TIO N  
IN  TH E  E N E R G Y  R A N G E  1 keV to >  500 keV

M .S . COATES, G.J. H UNT*. C .A . UTTLEY 
United Kingdom Atomic Energy Authority,
Atomic Energy Research Establishment,
Harwell, Didcot, Oxfordshire,
United Kingdom

Abstract

M E A S U R E M E N T S  O F  T H E  RELATIVE 6Li(n,ot) C ROSS- SECTION  IN T H E  ENERGY  R A N G E  1 keV  to > 500 k eV .

The 6Li(n,ci)T cross-section has been measured between 1 keV  and 500 keV using the neutron booster — 

45- M eV linac system and the Harwell black detector as flux monitor. Data have been obtained for two 

6 .35- cm  dia. &I.i-loaded glasses, one 0.5 m m  thick and die other 9.5 m m  thick. The  background was 

determined using the black-resonance technique, and corrections for multiple scattering were m ade using 

Monte-Carlo calculations. In contradiction to preliminary results, the cross-sections determined for the thick 

and thin glasses agree. The new results agree'well with those obtained by Fort and Marquette if systematic 

energy shifts of approximately 5 keV  are introduced. The peak cross-section value is about 10%  lower than 

the peak value of the (n.ot) cross-section derived by Uttley and Dim ent from their measurements of the eLi 

total cross-section.

Some prelim inary measurements o f the re lative ®Li(n, a) cross- 
section using thin 6L i glass scintillators have been reported ea rlie r [ 1 ]. 
Since then, further data have been obtained with glasses o f different thick
ness and, in addition, a m ore accurate determination has been made of 
the neutron flux spectrum used to derive the cross-section. The experiments 
were carried  out on the 300-m flight path o f the neutron booster — 45-MeV 
linac system at the Atom ic Energy Research Establishment, Harwell. The 
6L i glass yields were obtained at a 120-m station and the neutron flux 
spectrum was measured with the Harwell black detector [1 ] at the 300-m 
station.

New data were obtained with two ®Li-loaded glasses (Type GS20). One 
glass was 0.5 mm thick, 6.35 cm d ia ., and the other was 9.5 mm thick,
6.3 5 cm dia. The phototube was separated from  the glass in each set of m easure
ments by 5.25 cm to reduce the effects o f multiple scattering o f neutrons [1 ],  
C o llim ators 'o f boron-loaded wax (60 cm long) and lead (15 cm long) lim ited 
the neutron beam to 5 cm dia. at the detector position. The background, 
which was never greater than ~  10%, was determined with filters  o f A l,
S i02 and Mn using the black resonance technique. D iscrim inator bias con
ditions w ere such that no pulses from  the eLi(n, a) reaction w ere m issed. 
Measurements were made also with 7L i glasses (Type GS30) o f the same 
dimensions as the two 6L i glasses to see i f  there were any effects attribut
able to neutron capture in the constituents o f the glass other than L i. No 
measurable effect was observed.

‘T‘ O n  attachment from Imperial College, University of London.
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FIG. 1. Measurement of the 6L i(n ,a )sH  cross-section.
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TA B LE  I. THE 6Li(n , a) CROSS-SECTION OBTAINED WITH A
0.5-mm-THICK GLASS SCINTILLATOR

Neutron

energy

(keV)
°n a

Neutron

energy

(keV)
°na

Neutron

eneigy

(keV)

°na

Neutron

energy

(keV)
°na

Neutron

energy

(keV)

°not

3 9 9 .8 0 .5 5 2 2 3 1 .4 2 .7 8 5 8 3 .1 . 0 .6 3 2 7 .2 9 1 .7 5 8 2 .1 6 3 .2 2 9

3 9 2 .6  ■ 0 .5 7 1 2 2 5 .1 2 .6 3 0 7 8 .2 0 .637 6 .9 4 1 .756 2 .1 0 3 .2 8 5

3 8 S .6 0 .6 0 3 2 1 9 .1 2 .4 5 4 7 2 .2 7 0 .630 6 .6 2 1 .8 5 5 2 .0 5 3 .4 5 9

3 7 8 .8 0 .6 2 8 2 1 3 .3 2 .2 3 9 6 6 .9 8 0 .6 4 5 6 .3 2 1 .856 2 .0 0 3 .2 9 5

3 7 2 .2 0 .6 3 8 2 0 7 .7 2 .0 3 0 6 2 .2 5 0 .6 5 8 6 .0 4 1 .9 7 4 1 .9 4 6 3 .2 7 9

3 6 5 .7 0 .6 9 2 2 0 2 .4 1 .826 5 8 .00 0 .6 7 4 5 .7 8 1 .9 1 9 1 .8 9 8 3 .3 6 8

3 5 9 .4 0 .7 2 7 1 9 7 .2 1 .6 5 8 5 4 .1 8 0 .6 7 9 5 .5 3 1 .9 7 1 1 .851 3 .2 8 9

3 5 3 .3 0 .7 7 3 1 9 2 .3 1 .548 5 0 .7 2 0 .6 8 9 5 .3 0 2 .0 1 7 1 .806 3 .4 9 3

3 4 7 .3 0 .8 1 9 1 8 7 .5 1 .420 4 7 .5 8 0 .7 1 0 5 .0 9 2 .0 4 4 1 .762 3 .539

3 4 1 .5 0 .8 5 7 1 8 2 .9 1 .3 1 8 4 4 .7 2 0 .7 4 3 4 .8 8 2 .1 2 6 1 .721 3 .5 9 9

3 3 5 .8 0 .8 7 2 1 7 8 .5 1 .2 3 3 4 2 .1 1 0 .7 5 0 4 .6 9 2 .1 8 0 1 .680 3 .697

3 3 0 .3 0 .9 6 4 17 4 .2 1 .1 4 1 3 8 .6 8 0 .7 9 1 4 .5 1 2 .2 2 0 1 .6 4 1 3 .7 2 5

3 2 4 .9 1 .015 17 0 .1 1 .0 6 5 3 4 .6 4 0 .8 3 5 4 .3 4 2 .2 4 5 1 .6 0 4 3 .806

3 1 9 .6 1 .096 16 6 .1 1 .0 4 3 3 1 .2 0 0 .8 7 9 4 .1 8 2 .2 0 3 1 .567 3 .8 2 3

3 1 4 .5 1 .183 16 2 .3 0 .9 8 0 2 8 .2 5 0 .9 0 0 4 .0 3 2 .3 6 2 1 .5 3 2 4 .0 7 5

3 0 9 .4 1 .256 15 8 .6 0 .927 2 5 .6 9 0 .9 1 8 ' 3 .8 9 2 .4 6 9 1 .4 9 8 4 .0 1 3

3 0 4 .5 1 .3 2 8 15 5 .0 0 .8 9 1 2 3 .4 7 0 .9 7 3 3 .7 5 2 .4 3 8 1 .4 6 5 3 .8 8 6

29 9 .7 1 .417 15 1 .6 0 .8 7 1 2 1 .5 3 1 .0 1 9 3 .6 2 2 .4 8 0 1 .4 3 3 3 .8 9 4

2 9 5 .1 1 .5 0 2 14 8 .2 0 .8 3 9 1 9 .8 2 1 .081 3 .5 0 2 .5 3 5 1 .403 3 .8 2 3

2 9 0 .5 1 .6 3 4 14 5 .0 0 .7 9 2 18 .30 1 .087 3 .3 8 2 .5 7 6 1 .3 7 3 3 .767

2 8 6 .0 1 .732 1 4 1 .9 0 .7 7 0 1 6 .9 5 1 .1 3 5 3 .2 7 2 .6 0 0 1 .3 4 4 4 .0 2 4

2 8 1 .7 1 .8 8 2 1 3 8 .8 0 .7 5 6 1 5 .7 5 1 .240 3 .1 7 2 .6 1 9 1 .3 1 6 4 .2 4 5

2 7 7 .4 2 .0 3 3 1 3 5 .9 0 .7 5 6 1 4 .6 7 1 .272 3 .0 7 2 .8 0 9 1 .2 8 9 4 .0 0 0

2 7 3 .3 2 .1 8 9 13 3 .0 0 .7 1 9 1 3 .70 1 .315 2 .9 7 2 .8 4 7 1 .2 6 3 4 .1 3 2

2 6 9 .2 2 .2 3 2 1 3 0 .3 0 .6 9 5 1 2 .82 1 .359 2 .8 8 2 .8 7 8 1 .237 4 .3 0 3

2 6 5 .2 2 .3 7 6 12 5 .7 0 .6 8 2 1 2 .0 2 1 .3 6 2 2 .7 9 3 .0 3 8 1 .2 1 2 4 .1 6 4

2 6 1 .3 2 .5 0 4 11 9 .5 0 .6 6 0 1 1 .2 9 1 .4 3 0 2 .7 1 2 .9 1 5 1 .1 8 9 4 .3 0 5

2 5 7 .5 2 .6 5 6 1 1 3 .8 0 .6 5 7 1 0 .6 3 1 .467 2 .6 3 3 .0 0 5 1 .1 6 5 4 .3 8 8

2 5 3 .8 2 .7 0 4 1 0 8 .5 0 .6 4 2 1 0 .0 3 1 .5 0 3 2 .5 5 2 .8 5 3  ' 1 .1 4 3  . 4 .4 2 4

2 5 0 .1 2 .7 7 8 1 0 3 .5 0 .6 2 5 9 .4 7 1 .5 0 8 '2 .4 8 3 .030 1 .1 2 1 4 .5 1 4

2 4 6 .6 2 .8 7 0 9 8 .8 0 .6 3 5 8 .9 6 1 .5 4 4 2 .4 1 3 .0 7 7 1 .099 4 .7 6 3

2 4 3 .1 2 .9 4 3 9 4 .5 0 .6 2 5 8 .4 9 1 .617 2 .3 5 3 .1 3 9 1 .0 7 9 4 .5 2 7

2 3 9 .7 2 .8 5 7  ’ 9 0 .5 0 .6 2 7 8 .0 6 1 .6 8 8 2 .2 8 3 .127 1 .0 5 9 4 .5 6 5

2 3 6 .3 2 .9 1 3 8 6 .7 0 .6 2 1 7 .6 6 1 .7 2 4 2 .2 2 3 .2 2 3 1 .039 4 .5 8 6
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FIG. 2. Comparison of 6Li(n , a )  cross-section determinations.
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Corrections have been made for multiple scattering effects o f neutrons 
in the 6L i glasses using M onte-Carlo calculations made by Fort [2 ] (9.5-mm 
glass) and Macklin [3 ] (0.5-mm glass). The re lative corrections between 
~1 .5  keV and 300 keV are 30% fo r the 9.5-mm glass and ~3%  for the 0.5-mm 
glass. Above this energy, the correction  factors increase because o f the 
effect o f the oxygen resonance at 440 keV, to a maximum value of ~  1.7 for 
the thicker glass and ~1.1 for the thinner glass. Some o f our ea rlie r 
measurements, which have been published as a progress report [4 ],  indicated 
that there was a significant difference between the cross-sections determined 
from  the thin and thick glass measurements over the region o f the resonance 
at ~250 keV. Further measurements proved that this result was incorrect 
owing to a c'ount-rate-dependent instrumental fault in the tim ing equipment 
which invalidated the thick-glass data. Our present results show good agree
ment between the cross-sections determined from  the thick- and thin-glass 
data. The analysis with the m ore accurately determined flux spectrum 
re ferred  to above has resulted in a lower cross-section  value over the 
resonance peak than reported in the prelim inary measurement o f Ref. [ 1 ].
The results for the 0.5-mm glass are shown in F ig . l ,  normalized between
1.5 keV and 10 keV to the ®Li(n, a) cross-section  deduced by U ttley and 
Diment from total cross-section  measurements [1 ] .  The data are listed 
in Table I. The U ttley and Diment cross-section  has been recommended 
as the most accurate one available in a recent evaluation [ 5 ] .  There is 
a discrepancy o f ~  10% between the peak cross-section  values.

Recently, Fort and Marquette [ 6 ] have published new absolute m easure
ments of the 6Li(n , a) cross-section  over the resonance region  using several 
glasses o f different thickness. The experiments w ere made on a Van de 
G raaff accelerator at Cadarache using a flat-response detector o f the super- 
long counter type for the flux determination. Our glass results agree w ell 
with these new data i f  an energy shift o f ~  5 keV is introduced between the 
two sets. The Van de G raaff data lie  system atically higher in energy than 
the linac values. The results with e rro r  bars are shown in F ig . 2 without 
any energy normalization. At present, experiments are being carried out 
at Cadarache and Harwell to see i f  any systematic energy e rro r can 
be traced.

The reason for the discrepancy between the latest glass data sets and 
the Uttley and Diment cross-section  determination in the resonance region 
is not clear. Further ®Li total cross-section  measurements are clearly 
very  desirable to test the valid ity o f the basic data used by U ttley and 
Diment to calculate the (n, a) cross-section.
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D I S C U S S I O N

M .S. COATES: I want to add some remarks on planned future work on 
the 6L i cross-sections.

(1) We intend to make m ore total cross-section  measurements to 
increase the accuracy o f the U ttley and Diment data in the high-energy 
region and around the minimum near 100 keV where there could be systematic 
erro rs  in their data. They used too thin a sample to get highly accurate data 
in these regions.

(2) Using the Van de Graaff, we intend to investigate the possibility 
o f an (n, y )  contribution to the peak o f the total cross-section. We do not 
expect any, o f course.

(3) In a recent discussion, M r. U ttley raised the possib ility that the 
theoretical analysis is based on a false prem ise. The p-wave resonance at 
250 keV has been analysed in term s o f a contribution from  a single leve l on 
top o f an s-wave contribution. However, there is the possib ility o f in ter
ference between a just-bound leve l, which has previously been taken as an 
F-state, and the 250-keV leve l. On the basis o f a rough calculation, such 
interference might qualitatively explain the fact that observed (n, a) cross- 
sections seem to be low compared with values derived from  measurements 
o f the total cross-section.

Previously  at Harwell we had been considering differences in experimen
tal techniques which might account for the discrepancies among the various 
(n, a) and total cross-section  data. In the last few months the experimental 
situation has crystallized considerably. I think that our results are now in 
agreement with those presented by M r. Fort and by M r. Poenitz in these 
Proceedings i f  a normalization factor is allowed. Norm alization may be 
perm issib le since the ®Li contents o f the various glasses have not been 
finally established. We might therefore conclude that a ll the experimental 
data from  ®Li glasses are in agreement within 3 -4%.

This conclusion contradicts U ttley's analysis based on h is 'm easure
ments o f the total cross-section. In his analysis, i f  the peak o f the total 
cross-section  is raised, then the (n, a) cross-section  is lowered. To 
represent the experimental (n, a ) data correctly  would requ ire a peak total 
cross-section  o f over 11.1 b. Uttley believes strongly in his peak value of 
10.8 b, which agrees w ell with the value o f Hibdon and Mooring apart from 
very  sm all energy shifts, and thinks he could ra ise it at the most to 10.9 b 
unless some very  serious e r ro r  in his data were discovered. I f  one accepts 
the value o f 10.8 b, then one is forced to conclude either that some other 
reaction is taking place or that the theoretical analysis is too simple minded.

I think one must accept the experimental evidence that the (n, a) and total 
cross-section  data are discrepant according to the present analysis and must 
therefore consider carefu lly the possibility that the theoretical analysis is 
incorrect and that there is interference from  another resonance. This is 
the opinion o f both Uttley and m yself.

R .W.  PE E LLE : J .A . Harvey at Oak Ridge National Laboratory is 
measuring the total cross-section. He has obtained a peak value o f over
11.2 b. This number is prelim inary and I mention it at this tim e only to 
suggest that there may possibly be total cross-section  data which support 
the experimental (n, a) results.

A .J . DERUYTTER: U ttley and Diment derive from their measurements 
o f the total cross-section  the value o f 940 ± 6 b for the (n, a) cross-section  
at thermal energy. How was it derived, and what is the meaning o f the error?
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M .S . COATES: Th eir measurements extend down to 70 eV where the 
total cross-section  is essentially a ll (n, a). The thermal value was derived 
from  a fit o f the low -energy data which included a sm all correction  for 
scattering.

The quoted e rro r is due m ostly to uncertainty in the 6 L i  content o f the 
enriched lithium metal samples.
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E X P E R IM E N T A L  M ETHODS USED  
A T  C AD AR AC H E  TO D E T E R M IN E  
TH E  6Li(n , <*)T CR O SS-SECTIO N  
B E T W E E N  20 keV A N D  1700 keV

E. FORT, J.P. MARQUETTE 

CEA, CEN de Cadarache,
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Abstract

EXPER IM EN TAL  M E T H O D S  USED  A T  C A D A R A C H E  T O  D E TER M IN E  T H E  sLi(n,ce)T CROSS- SECTION  BETWEEN 

20  keV A N D  1700 keV.

T h e  6L ± (n ,a )T  cross-section has been measured absolutely in the energy range 20  keV  to 1700 keV  using 

6 Li glass scintillators and the Cadarache Van de Graaff. Th e  6Li content of the scintillators was determined 

from low-energy transmission measurements m ade with the 60-M e V  Saclay liiiac and by comparison with other 

glass scintillators whose ®Li content had been determined absolutely by the phase oscillation technique. The  

efficiencies of the glass scintillators were measured by two methods: (1) associated 9H e  particles from the 

T ( p ,n ) 3H e  reaction were detected in coincidence with neutrons counted in the glass scintillators; (2) using 

time-of-flight techniques, the responses of the glass scintillators were compared with the response of a BF3 

counter previously calibrated by both the associated-particle and M n S 0 4 bath techniques. Th e  6L i (n ,a )T  

cross-sections derived from the two efficiency measurements agree within experimental error, except for an 

unexplained discrepancy of about 5 %  at the peak of the approximately 250- keV resonance.

The ®Li(n, a )T  cross-section  can be determined in two ways:

(1) Relative measurements can be normalized at an energy where the 
absolute cross-section  is w ell known. A t present, the cross-section  is 
sufficiently well known only below 10 keV. High fluxes of neutrons extending 
to the energy range below 10 keV cannot be produced with electrostatic 
accelerators of the Van de Graaff type but can be conveniently produced with 
electron linacs.

(2) Absolute measurements can be made more conveniently with 
Van de Graaff accelerators.

The second method was used in the present experiments.
I f  the (n, a) cross-section  is determined from  the efficiency of 6Li-loaded 

glass scintillators, an exact knowledge of the 6L i  content is necessary. The 
cross-section  can be expressed as follows:

e
a  = N x Fc

where e = effic iency of the glass scintillator 
N = 6L i content in atoms/cm2 
Fc = a ll correction factors.

The effic iency of the 6L i glass scintillator was measured with two 
different methods (F ig. 1). The firs t was an 'associated-particle ' experiment
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of the coincidence type, using the T(p,n)3He reaction [ 1, 2 ], The scintillator 
efficiency is equal to the ratio of the number of coincidences, Nc , to the 
number of 3He particles detected, N3He:

N,
3 H e

In the second method the glass scintillator was compared to a (calibrated 
detector of known efficiency. The tim e-o f-fligh t technique was used to 
distinguish d irect neutrons from  background neutrons. In this way we could 
explain and d irectly measure the effect of scattering in the target, which 
has been a source of uncertainty in measurements with a continuous neutron 
beam. Our reference detector was a flat-response directional BF3 counter 
calibrated with the MnS04- bath technique [3 ] and an associated-particle 
technique [ 4] .

The ®Li content, N, was determined by two non-destructive methods.
The firs t method is a comparative method. The scintillator employed 

was compared to a 'secondary-standard' scintillator in a monoenergetic 
beam. The 'secondary-standard' scintillator was compared to a 'prim ary- 
standard' scintillator in a monoenergetic neutron beam. The ®Li content 
o f the 'prim ary-standard' scintillator was measured by the phase-oscillation 
method [ 5].

In the second method, the transmission of the glass scintillator is 
measured in the energy range between a few eV and about 100 eV. The 
transmission varies according to a/v/E + b. As a function of t = a//E, the 
transmission curve becomes a straight line whose slope determines the 
®Li concentration. Neutrons were produced with the 60-MeV Saclay linac [ 6 ],

In the 'associated-particle ' experiment, the correction factors involve 
multiple scattering of neutrons inside the scintillator and multiple scattering 
of the 3 He particles inside the tritiated target. The spectrum of em ission 
angles and the energy distribution depend on these two phenomena. These 
correction  factors were calculated using a Monte-Carlo method and were 
particu larly large in the energy range between 350 keV and 500 keV because 
o f the resonance in leO at 425 keV. To prove that they were correctly  
calculated, the computations were compared with the experiment in three 
ways, with neutron scattering and 3He scattering occurring separately and 
then simultaneously. The results were conclusive within the experimental 
e rro rs .

The comparative experiment was repeated with glass scintillators of 
different thickness so as to v e r ify  again our calculation of neutron multiple 
scattering. By comparing theoretical calculations and experimental results, 
we were also able to show that the effect of scattering in the target was 
correctly  calculated with the Monte-Carlo method [ 7].

The a ir-scattering corrections were calculated with a Monte-Carlo 
method and the usual transmission formula. Both calculations gave the 
same result.

The values of the ®Li(n, a )T  cross-section  obtained by the two experi
mental methods agree v e ry  well, except fo r  the region at the peak of the 
resonance where an inexplicable discrepancy of about 5% occurs.

It must be noted that the two experimental techniques involve either 
different parasitic effects or identical effects with different magnitudes.
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The experimental values are compared with previously published values 
by different authors as follows:

(a) In the region between 80 keV and 500 keV

There is good agreement between the absolute values of Conde et al. [ 8 ], 
the renorm alized relative values of Schwartz et al. [9 ] and our values (see 
F ig . l  in Fort's  paper IAEA-PL-246-2/19 in these Proceedings). We consider 
this convergence as significant.

The discrepancy between the prelim inary values of Coates et al. [ 10], 
given at the Argonne EANDC symposium, and our values is about 20% fo r 
the range of low -energy resonances. There is good agreement otherwise.
The discrepancy decreases to about 7% to 8% if a relative shift of 5 keV is 
made [ 11 ].

Presently, there is no reason to renorm alize our values, but a further 
check of the 6L i  glass content w ill be made in the near future.

(b) In the region between 500 keV and 1700 keV

Our absolute values obtained by a tim e-o f-fligh t comparison are in 
agreement with the absolute values of Ribe [ 12]. They are consistent with 
the total cross-section  values of Hibdon and Mooring [13 ], Meadows and 
Whalen [ 14] and Uttley and Diment [ 15] on the one hand, and with elastic 
cross-section  values of Lane et al. [ 16] and Knitter and Coppola [17]  on 
the other (see F ig . 2 in F o rt 's  paper IAEA-PL-246-2/19 in these Proceedings).

We fitted our experimental results using an R-m atrix form alism  [ 18].
We used Le R igoleur's program  [ 19] with the one-level and two-open-channel 

Our reference values were as follows:

: values of Uttley and Diment, and of Hibdon and Mooring:
70 eV < E < 1700 keV.

: values of Deets et a l . , Robaye et a l . , Darlingtone et al. 
and Baudinet-Robinet et al.

: values of Lane et al. ; 50 keV < E < 1700 keV

: values of Lane et al; 500 keV < E < 1700 keV 

: 941. 5 b at thermal energy 

: 0. 72 b at thermal energy

The 3/2+ leve l contribution to the 1/v law was found equal to 19%, and 
the r a and r n partial widths of the 5/2' resonance were equal to 43 keV and 
107 keV, respectively, giving a ratio r a /rn = 0.4.
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D I S C U S S I O N

A . J. DERUYTTER: In the second method (transmission measurement) 
which you used to determine the 6L i content of your sample, some value of 
the total cross-section  must be introduced. What value did you use?

E. FORT: We used the value 941. 5 b at thermal energy.
M. S. COATES: What are the reasons fo r the discrepancy between your 

associated-particle results and the flat detector, tim e-o f-fligh t results in 
the region around 300 keV?

E. FORT: Figure 1 of my paper shows only data obtained at Cadarache 
from  a ll the various methods. Note that although many different thicknesses 
of glass were used, the overa ll agreement is quite good. I do not have an 
explanation fo r  the disagreement between the associated-particle and 
comparative methods around 400 keV. Perhaps we should attempt to extend 
the energy range of each measurement in order to determine whether the 
disagreement is systematic or purely accidental.

There is also disagreement, of perhaps 5%, between the two methods 
at the resonance. I cannot explain the deviations; perhaps the correction 
for finite resolution of the neutrons was not correctly  calculated in the 
associated-particle results.

R. W. PE E LLE : Can you demonstrate that a ll neutrons which are 
produced in the tritiated target in association with 3He-particles do indeed 
enter the 6L i glass scintillator?

E. FORT: Yes, we can demonstrate this. The glass scintillator was 
p rec ise ly  5 cm away from  the neutron-producing target so as to intercept 
a ll associated neutrons in the allowed range of emission angles: In fact, a 
critic ism  which might be brought against this method is that the neutron 
spectrum incident upon the glass is rather spread out. The spread of the 
neutron distribution is about 15 keV at half height but becomes ve ry  wide at 
the base, roughly 40 keV.

To prove that the glass rea lly  did intercept a ll neutrons we varied  the 
distance between the scintillator and target; up to about 10 cm, the efficiency 
did not change. In addition, we measured the variation in the coincidence 
count rate as a function of angle to check fo r multiple scattering of 3He in the 
target.





IAEA-PL-246-2/19
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Abstract

A N A LY S IS  O F  E XPER IM EN TAL  M E T H O D S  A N D  PROPOSAL OF  R E C O M M E N D E D  V A L U E S  FOR TH E  

6 Li(n, c^T R E A C T IO N  BETW EEN  20  keV  A N D  1700 keV.

Uppei and lower bounds for the ( n ,a )  and elastic scattering cross-sections of 6 Li have been calculated 

from the best known properties of the 6 Li + n system. These limits were obtained by keeping the total width 

constant but varying the ratio of the alpha and neutron partial widths. Measurements of the (n, a )  and elastic 

cross-sections which fell outside these limits and measurements which were unconected for extraneous and 

multiple scattering effects were eliminated. The remaining experimental data appeared to converge and 

could be fitted with a m ean deviation of 4*70 by an R-matrix formalism in the one-level and two-open-channel 

approximation. Recommended values and recommendations for further experimental work are given.

A fter a critica l study of the many measurements and evaluations which 
have been made on the ®Li(n, a )T  reaction, it can be concluded that the 
follow ing cross-sections are well established:

(a) The total cross-section  over the whole energy range [1 ].
(b) The (n, o) cross-section  in the energy range where it varies 

according to 149.5/\/e " -0.024, which gives a value o f 940 b at 
thermal energy [2], This value agrees very  well with the values 
given by all other investigators and evaluators within 0.5%.

(c) The elastic scattering cross-section  from  500 keV up to 1700 keV.
(d) With reservations, the elastic scattering cross-section  from  thermal 

energy to about 70 keV. In this energy range, elastic scattering
can be approximated by potential scattering. Thus, the cross- 
section is nearly constant and equal to about 0.7 b.

In addition, there are angular distribution measurements fo r  (n, a) 
reaction and fo r elastic scattering which, although inaccurate (especially 
concerning the (n,a) process), are very  useful because they can be used 
to define the respective contributions of l/2+ and 3/2+ leve ls  to the 1/v 
law re la tive ly  w ell [3],

In the studied energy range, only one resonance, a 5/2” resonance, is 
known near 250 keV. Besides, the cross-section  results from  a reduced 
number of open channels ((n, a) and (n,n) channels; the (n, 7 ) channel is 
neglected). We therefore believe that the theoretical values can be proposed 
as recommended values on condition that they are calculated taking into 
account the spectroscopic structure of 7L i and the known values noted above.
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TAB LE  I. PARAM ETERS USED IN THE R -M ATR IX  CALCULATIO N 
Reaction channel: 2.98 ferm i; elastic scattering channel: 4.32 ferm i

X s I

V2X
’ aSje.J

(M e V  * fermi)

* a s { ,J

(rad)

e ( C . M . )

(M e V )

(Lab)

(M e V )

E(’ U*)

(M e V )

r n

(M e V )

Fa
(M e V )

r

(M e V )

fiLi + n l/2+ 1 /2 0 3 .2 5 0 0 2 .5 4 7 2 .9 7 3 9 .8 0 6 .3 0 0

a + T l/2+ . 1 /2 0 0 .1 4 7 0 0 .9 4 6 7 .2 4 6

6 Li + n 3 / 2 + 3 /2 0 2 .3 0 3 0 3 .8 8 4 .2 5 6 1 1 .1 7 5. 513

a  + T 3 / 2 + 1 /2 2 0 .0 9 2 3 . 600 0 .4 9 9 6 .0 1 2

6 Li + n 5 /2 " 3 /2 1 2 .5 7 0 0 0 .2 5 2 7 .4 8 0 .1 0 7

a  + T 5 / 2 ' 1/2 3 0 .0 2 6 8 1 .6 5 0 0 .0 4 3 0 .1 5 0

6Li + n 3 / 2 " 1/2 1 1 .3 9 0 0 1. 92 2 .2 4 0 9 .1 7 0 .9 7 0

a  + T 3 / 2 " 1/2 1 0 .0 5 8 2 .6 0 0 0 .3 2 1 1 .2 9 1
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TABLE  II. THEORETICAL VALUES

Energy

(keV)

(n, a)  reaction Elastic scattering

o

(b)

Bi

(mb/sr)

Bz

(mb/sr)

o

(b)

Bi

(mb/sr)

Bz

(mb/sr)

Thermal

energy

9 4 1 .5 0 0 0 .718 16 0 0

0..0001 4 7 0 .6 8 0 0 0 .7 1 8 1 4 0 0

0 .0 0 1 148. 83 0 0 0 .718 0 0 0

0 .0 1 4 7 .0 4 7 0 0 0 .7 1 7 8 0 0

0 .1 14 .8 6 2 0 0 0 .7 1 6 9 0 0

1 4 .6 8 8 0 0 0. 7143 0 0

10 1 .4 8 8 0 .4 6 0 1 .013 0. 706 -1.658 0 .019 3

20 1 .0 6 6 0 .7 7 0 1 .5 7 9 0 .703 - 3.418 0. 0841

70 0 .6 4 6 2 .8 2 0 5. 060 0 .7 2 5 - 14.378 1 .6 7 7

SO 0 .6 2 9 3 .4 3 8 6 .1 0 6 0 .7 3 9 - 17.15 2 .4 5 0

100 0 .6 2 3 5 .048 8 .8 5 2 0. 790 -23.548 4 .8 7 7

123 0 .6 6 4 7. 857 1 .703 0 .9 0 3 - 32.664 10 .10 7

150 0. 799 13 . 591 2 . 779 1 .1 8 9 - 46.60 2 3 .1 4 6

162 0. 909 1 7 .63 3 3 0 .9 8 0 1 .412 - 54.104 33 . 562

178 1 .1 3 4 5 .457 4 5 .0 6 9 1 .9 0 9 -65.037 55 .64 4

200 1 .6 7 6 4 3 .4 2 5 7 7 .98 6 3 .1 8 9 - 77.845 11 3 .1 4

233 2 .9 6 3 84 .0 7 9 1 5 5 .4 1 6 .8 8 1 - 44.509 2 7 8 .5 2

242 3 .1 4 5 8 9 .3 3 6 16 6 .6 8 7 .693 -14.208 3 1 4 .8 2

252 3 .0 9 5 8 7 .11 0 1 6 4 .3 5 7 .9 9 8 2 3 .1 9 6 3 2 8 .3 5

270 2 .5 1 7 6 8 .06 3 1 3 1 .2 6 7 .1 1 7 72 .8 4 4 288. 66

300 1 .5 1 8 3 6 .3 8 0 7 3 .20 2 4 .8 3 8 92 .3 1 18 6 .5 7

322 1 .0 9 5 2 3 .3 4 6 4 8 .7 0 1 3 .7 3 5 8 7 .1 4 5 13 7 .2 0

350 0. 793 14 .18 3 3 3 .9 6 4 2 .8 8 8 76 .9 3 6 99 .2 5 8

363 0 .7 0 3 1 1 .6 4 9 28 . 531 2 .6 2 5 73. 000 87. 874

390 0. 573 8 .0 8 7 2 2 .7 2 6 2 .2 3 3 6 5 .2 7 5 70 .04 9

420 0 .4 8 2 5 .000 14 .30 3 1 .8 7 3 58.20.0 56. 926

454 0 .4 1 5 3 .4 4 4 10 .16 2 1 .7 3 4 52; 429 4 7 .9 0 0

493 ' 0 .3 6 4 2 .1 1 8 7 .4 8 1 1 .5 6 7 4 6 .8 6 4 0 .4 9 0

565 0 .3 0 8 0. 696 4 .5 7 2 1 .3 7 7 3 9 .2 6 7 3 1 .9 8 4

800 0 .2 3 5 - 1.132 0. 761 1 .117 2 5 .1 3 2 0 .0 2

1000 0 .2 1 6 -1..912 - 0.919 1 .0 2 8 18. H I 1 5 .19 1

1200 0 .2 1 3 - 2.609 -2. 573 0 .9 4 0 13 .1 0 4 11 .97 1

1400 0 .2 2 4 - 3.357 -4. 698 0. 975 9 .5 4 7 10. 539

1600 0 .2 5 0 5 .671 - 5.001 1. 010 7 .6 1 8 1 3 .17 4

1700 0 .2 6 8 6 .0 3 3 - 6.101 1 .0 5 0 7 .4 8 9 17 .46 1
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When the well-established values fo r the various cross-sections are 
taken into account, the calculated 6Li(n , a )T  cross-section  cannot be rep re
sented by a unique curve but, considering the experimental e rro rs , should 
be represented by a curve system lim ited by the two curves, C i and C2 .
Each curve is characterized by the same value fo r the sum r a + r n (of the 
(n, a) and (n,n) partial widths of the 5/2" resonance) and by a different value 
fo r  the ratio ra/rn. The curves Cj and C2 determine a 'coherent area' 
(E ig .l).  In the same way a 'coherent area' can be determined fo r the elastic 
scattering cross-section  (P ig .2 ).

We made a critica l analysis of experimental methods concerning the 
6L i(n ,a )T  reaction between 20 keV and 1700 keV. Values which were not 
corrected fo r  neutrons scattered by the target backing (all measurements 
with a continuous beam) and fo r multiple scattering inside scintillators, 
and values which were inexplicably fa r from  the 'coherent area' were 
neglected.

We are of the opinion that there exists a significant convergence between 
the absolute value of Cond6 et al. [4], the renorm alized re lative values of 
Schwartz et al. [5], the values of Ribe [6] and our own values [7,8 ]. These 
values determine a 'convergence region1. At this point of our evaluation, 
we believe that we can determine theoretically (within a few per cent) the 
asymptotic values which the experimental results approach. Consequently, 
we choose the curve which goes through the mean point of the convergence 
region. Our recommended values are the theoretical values of the curve 
so defined. The associated accuracy is equal to the mean discrepancy 
between the converging experimental values and the theoretical ones.
This accuracy approaches 4%.

Using L e  R igoleur's program  [9], calculations in the R-m atrix  form alism  
were made in the one-level and two-open-channel approximation using the 
param eters given in Table I (the energy leve ls  are those calculated by 
Barker [10]). Table II gives the recommended theoretical values which 
were obtained from  the calculation.

Further experimental work is recommended as fo llow s-.

(1) More precise angular distributions fo r the (n, a) reaction are necessary.
(2) E lastic scattering angular distribution measurements between 100 keV 

and 500 keV are needed. They would help to discrim inate between the 
"values o f Coates et al. [11] and ours.

(3) As suggested by Ribon [12], transmission measurements with a 
Van de Graaff and a linac on the1 same sample of an element having 
narrow and well-known resonances between 100 keV and 300 keV would 
help to determine exactly the energy of the 5/2" resonance fo r which 
various investigators have reported values ranging from  247 keV ,to 
268 keV.

New measurements of the 6L i content in the glass scintillators used 
at Cadarache w ill be made in order to ve r ify  the necessity of renorm alizing 
our results.
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D I S C U S S I O N

E. FORT: The statement contained in the second recommendation at 
the end of my paper must be changed as a result of information presented 
at this panel. In the energy range 100 - 500 keV, the data presented by 
M r. Coates and our own data are now basically in agreement within the 
quoted erro rs . We must now attempt to explain the disagreement with the 
data presented by M r. Poenitz in this energy range.

W .P. POENITZ: I think there is no rea l discrepancy between your 
data and our data. The e r ro r  bars s till overlap. The absolute amplitude 
o f my values has not yet been finally established; I may even consider 
normalizing to some average of experimental values around 100 keV.

Your curves marked C i and C2 in F ig . l seem to illustrate a problem 
which we experienced with theoretical fits around 100 keV. The calculated 
values were low compared with the experimental values in this energy 
range. One could try  to adjust the calculation by changing the ratio of the 
contributions from  the 1 /2+ and 3/2+ states. To study this effect, we 
a rb itrarily  varied this ratio. In order to see what the maximum effect 
would be, we even allowed the contribution from  one leve l to go all the 
way to zero while s till requiring that the value of the thermal cross- 
section be reproduced correctly. The effect of this variation on the ca l
culated cross-section  around 100 keV was extrem ely small.

It seems to us that the calculated cross-section  in the minimum around 
100 keV can be e ffective ly  adjusted only by changing the widths of the con
tributing resonances. I noticed that M r .F o rt 's  theoretical curves also 
appear to lie  on the low side of the experimental data around 100 keV.

E. FORT: I want to re-em phasize that the contributions from  the 
various leve ls  are not arb itrary, and this is what I have tried to illustrate 
with the curves marked C i and C2 in F ig . l .  This is due to the re la tive ly  
w ell established relationship that the product of the partial width of the 
3/2+ leve l and the corresponding partial width of the 5/2" leve l is given 
by the coefficient B i from  the Legendre polynomial fit  of the elastic 
scattering cross-section  in the energy range 100-500 keV where there can 
be no interference from ' other leve ls .

J.L. LEROY: I think that a ll the groups who have attempted to fit the 
6L i cross-sections over a wide energy range have experienced this difficulty. 
This is something to fo llow  up in the coming months.

W .P. POENITZ: I think the problem is not lim ited to the fitting 
procedure,, although it would be extrem ely helpful i f  the three laboratories 
(Harwell, Cadarache and Argonne) could agree on the form alism  to be used
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and on how results are to be quoted (widths in the laboratory versus 
centre-of-m ass system, etc.). More importantly, I have the feeling that the 
total cross-section  data may not be as well established as was previously 
thought. The peak value may be re la tive ly  well established, but in the energy 
range above 300 keV the fitting of the (n, a) cross-section  depends strongly 
on the value of the total cross-section. I have found that in this energy 
range the newest total cross-section  data of Uttley et al. and those of 
Meadows and m yself d iffer by about 10%, which is a pretty large e r ro r  fo r 
a total cross-section.

M.S. COATES: I would like to continue the comments of M r. Poenitz:
(1) Uttley is w illing to accept that his data at high energies are not 

v e ry  accurate because his sample was not sufficiently thick. We intend to 
make more total cross-section  measurements both in the higher energy 
range and near the minimum around 100 keV in order to get more accurate 
data.

(2 ) I mentioned previously that Clements and Rickard have new data 
above 300 keV. Their measurements actually cover the range 160 keV r
3.9 MeV and were obtained using lithium sandwich detectors. The data have 
been normalized to the values of Uttley and Diment in the region 300-500 keV 
and are considerably lower than the data of P o rt and Marquette.

It seems to me that at present the greatest experimental discrepancy 
in the 6L i(n ,a ) cross-section  is  in the region above 400 keV. It is  almost 
a factor of 2 .

W .P. POENITZ: If comparison is restricted  to recent absolute m easure
ments, the disagreement is not so great. Otherwise one must consider 
problems such as the 235jj fission  cross-section. The old data of Gorlov 
et al. and of Gabbard et al. are very  difficult to use.

M.S. COATES: The new data of Clements and Rickard are not absolute 
but are normalized. However, the flux measurement was with a fla t- 
response detector over part of the energy range. At the highest energies 
the measurement was re lative to the 238U fission cross-section  and is 
therefore perhaps not so accurate. Nevertheless there exists a big d is
crepancy with other values, and this must be explained.
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P R E L IM IN A R Y  M E A SU R E M E N T  OF TH E  
R E L A T IV E  10B(n, a, 7 ) C R O SS-SECTIO N

M .S . COATES, G.J. H UN T*, C .A .  UTTLEY  

United Kingdom Atomic Eneigy Authority,
Atomic Eneigy Research Establishment,
Harwell, Didcot, Oxfordshire,
United Kingdom

Abstract

PRELIMINARY M E A S U R E M E N T  O F  T H E  RELATIVE 1°B (n ,a ,)') CROSS- SECTION.

Recent measurements of the 10B (n .o ,x ) cross-section on the 120-m flight path of the Harwell neutron- 

booster linac system have been re-analysed using a more accurate measurement o f the neutron flux spectrum. 

The data are compared with a recent evaluation by Sowerby et al.

IAEA-PL-246-2/20

A  measurement has been made of the relative 10B(n, a , 7 ) cross-section  
on the 12 0-m  flight path of the neutron booster using the same neutron beam 
geom etry as fo r  the ®Li(n, a) cross-section  measurements reported in paper 
IAEA-PL-246-2/17 in these Proceedings. The techniques of flux measure
ment and background determination are also those described there. The 
results have been published in a progress report [ 1 ]. Since then, the data 
have been re-analysed using a more accurate measurement of the neutron 
flux spectrum.

The sample was a 10B2O3 disc, 4.4 mm thick and 7.65 cm d ia ., containing 
95% 10B. Four Nal scintillation counters lying outside of the neutron beam 
detected the 478-keV gamma rays from  the 10B(n, a , 7 )7L i reaction.
Corrections fo r multiple scattering in the sample have been provided by 
Moxon [2] .  F igure 1 shows the derived cross-section  data, a numerical 
listing of which is given in Table I. The results are compared with the 
evaluation of the 10B(n, a) cross-section  by Sowerby et al. [ 3], combined 
with the evaluated branching ratio of the 10B(n, a) reaction given by Gubernator 
and M oret [4 ] ,  The branching ratio is defined as the probability R fo r  the 
reaction to go to the ground-state. The laB(n, a , 7 ) cross-section  is thus 
related to the 10B(n, a) cross-section  by a (n ,a ,  7 ) = a(n, a) [1 - R ]. The data 
are divided by (constant)/-/E s o  that a 1/v dependence of the cross-section  
is a horizontal straight line in the figure. The experimental points are fitted 
by eye to the curve derived from  the evaluations between 1 and 2 keV. The 
results are slightly low er than the evaluated curve up to 100 keV, and above 
100 keV there is no evidence fo r the resonance near to 150 keV as postulated 
by Sowerby et al. It should be noted that all data points which contribute to 
this feature depend on the scattering data of Mooring et al. [ 5 ]. It is 
intended to make another measurement of the B(n,or, 7 ) cross-section  in this 
energy region using a 10B metal sample.

*  O n  attachment from Imperial College, London University.
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TA B LE  I. CROSS-SECTION 10B(n,<*,7 )7L i R E LAT IV E  TO  19.30/>/E b

Neutron

energy

(keV)

Ratio

Neutron

energy

(keV)

Ratio

Neutron

energy

(keV)

Ratio

1 .0 3 0 .9 1 1 9 .0 0 0 .8 7 9 58 .6 0 .8 8 0

1 .0 8 0 .921 9 .5 1 0. 889 6 2 .9 0 .8 7 3

1 .1 3 0 .9 3 2 1 0 .1 0. 891 6 7 .8 0. 883

1 .1 8 0 .9 2 8 1 0 .7 0 .8 9 9 7 3 .2 0. 891

1 .2 5 0. 918 1 1 .3 0. 899 7 9 .2 0. 883

1 .3 1 0. 910 1 2 .1 0 .892 8 6 .1 0 .9 1 3

1 .3 8 0 .9 1 5 1 2 .9 0 .871 9 3 .9 . 0 .9 0 4

1 .4 6 0 .9 2 0 1 3 .8 0 .8 9 8 1 0 0 .0 0 .911

1 .5 4 0 .9 4 0 1 4 .8 0 .891 105 0 .906

1 .6 4 0 .9 3 5 1 5 .8 0 .8 8 5 110 0 .9 0 8

1 .7 4 0 .9 2 4 1 7 .1 0 .879 116 0.895-

1 .8 4 0 .9 1 0 1 8 .4 0. 883 121 0 .9 0 8

1 .9 6 0 .9 0 9 1 9 .9 0 .8 8 0 .128 0. 903

2 .0 9 0. 916 2 1 .2 0 .8 7 4 135 0. 881

2 .2 4 0 .9 2 5 2 2 .1 0 .879 142 0. 912

2 .0 4 0 .9 1 3 2 3 .1 0. 882 150 ■ 0. 909

2. 58 0 .9 1 0 2 4 .1 0 .876 159 0 .9 0 4

2 .7 8 0 .927 2 5 .3 0. 890 168 0. 893

3. 01 0 .9 3 2 2 6 .5 0 .8 7 5 179 0 .861

3 .2 6 0 .9 1 6 2 7 .8 0 .8 7 5 190 0 .8 7 3

3 .5 4 0 .9 2 0 2 9 .1 0. 877 20 3 0. 852

3. 86 0 .9 1 5 3 0 .6 0. 898 217 0 .8 4 3

4 .2 4 0 .9 0 7 3 2 .2 0 .8 9 3 232 0. 815

4 .6 7 0. 906 3 3 .9 0 .9 1 9 243 0. 801

5 .1 6 0 .891 3 5 .8 0. 905 250 .0 .7 9 0

■5.74 0 . 883 3 7 .9 0. 902 258 0 .771

6 .4 3 0 .8 8 3 4 0 .1 0. 894 266 0 .7 3 4

6 .9 7 0 .8 7 7 4 2 .5 -0. 893 274 0 .7 3 4

7 .3 1 0 .8 8 9 4 5 .2 0 .8 9 4 282 0 .7 4 4

7 .6 8 0 .897 4 8 .1 0. 881 291 0 .731

8 .0 9 0 .9 0 1 5 1 .2 0. 883 300 0 .6 9 3

8 .5 2 0 .8 7 0 5 4 .7 0 .8 8 6
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Neutron Energy ( ke V)

FIG. 1 . 10B(n ,a1 ,y )7Li cross-section relative to 1 9 .3 0 / / F  b.

•  |  •  present data; * -- *- data by Sowerby et al. [3] the evaluated branching ratio

by Gubernator and Moret [4] is included.
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D I S C U S S I O N

R. W. PE E LLE : A re  the experimental e rro rs  statistical or systematic?
M .S. COATES: They include a systematic e rro r . The purely statistical 

e rro r  is better than 1% for the points shown. The systematic e rro r which is 
included is  due to determination o f the background with the black-resonance 
technique. We have included a fa ir ly  generous erro r, I think.

C. D. BOWMAN: How large were the multiple scattering corrections 
in this experiment?

M.S. COATES: The combined multiple scattering and self-screen ing 
corrections were about 15%. We did not extend our measurements to higher 
energies because the sample was B20 3, and the presence of oxygen com pli
cates the measurements. That is why we intend to use 10B metal in our next 
experiments.

C ;D . BOWMAN: Macklin and Gibbons used to claim  that there was a 
resonance around 30 keV. How does this affect the l/ v  behaviour of the 
cross-section?
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M .S. COATES: My data may show a hint of a resonance around 35 keV, 
but the deviations from  1/v are barely outside the scatter of the points,

L . STEWART: My recollection  is that Macklin and Gibbons thought 
that many people had failed to observe deviations from  1/v behaviour in the 
total 10B(nJor) cross-section  because one channel drops below 1/v while the 
other channel rises  above 1/v. The two partial cross-sections combine to 
give a total (a, a) cross-section  which is approximately 1/v.
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D IF F E R E N T IA L  CRO SS-SECTIO NS FO R  
TH E R EACTIO N S 3H e (n ,p )T  AND  3He(n, d)D

A . PAULSEN, H. LISKIEN
Central Bureau for Nuclear Measurements,
Geel, Belgium

Abstract

DIFFERENTIAL CROSS- SECTIONS FOR T H E  R E A C T IO N S  3He(n, p )T A N D  3H e (n ,d )D .

Using the reciprocity theorem for nuclear reactions, differential cross-sections for the reactions 3H e (n ,p )T  

and 3H e (n ,d )D  are deduced from the corresponding T (p ,n )3H e  and D (d ,n )3H e  data. At the same time, new 

best curves for the total 3H e (n ,p )T  and 3He(n, d)D [cross-sections are resulting from this conversion.

1. INTRODUCTION

Besides one measurement at 'l4.4 MeV [1, 2] no further experimental 
data about differential 3He(n, p )T  and 3He(n, d)D cross-sections are 
available. A lso, the CCDN compilation and evaluation o f neutron cross- 
sections for 3He [3] does not include differential data.

The d ifferential data resulting from  a re-evaluation [4] o f the recent 
T(p, n)aHe and D(d, n )3He cross-section  evaluations [5, 6] w ere used in the 
present paper to carry  out a conversion by the reciprocity theorem for 
nuclear reactions. At the same time, new best curves for the total 
3He(n, p)T and 3He(n, d)D cross-sections are resulting from  this conversion. 
They can claim the highest re liab ility  because a ll available information 
about re lative angular distributions, 0° differential and integrated cross- 
sections for both pairs o f inverse!reactions has been taken into account 
and had to be fitted simultaneously.

2. FORMALISM

For the nuclear reaction 2(l,i3)4, the cross-section  w ill be indicated 
by &2(1,3)4 • Correspondingly, the inverse reaction and cross-section  are 
given by 4(3, 1)2 and 04(3,1)2 . The theorem of reciprocity for nuclear 
reactions is based on the invariance against tim e inversion and leads to the 
simple relation between differential cross-sections [7]:

dcr2( 1 ,3 )4  2  _  dCT4 ( 3 , l ) 2 _  2 , .

1.2 S i .2 dfi 3 .4 g 3 -4 K '

i
where both sides o f this equation have to be taken at centre-of-m ass angles
and energies which do correspond kinematically to each other.

Especially, the energies are 're la ted  by
i ■i

E l ,2  = iE 3 ,4 +  * ^ 4 (3 ,1 )2

135
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F IG . 1. T h e  evaluated total cross-sections for the reactions 3He(n, p)T and 3He(n, d )D .

with E j j  = E iM j/(M i + Mj) i f  the particle i with mass Mi and LA B  energy 
is hitting the particle j which has the mass Mj and is at rest. 

kitj and g j j  o f Eq. (1) may be calculated according to

Mi - Mi
h’ ^.i = M T M  (3)

i j

gl j  = (2 Ii + l ) ( 2 I j + l )  (4)

where Ij, Ij = spin o f particles i, j.
For the 3He(n, p )T  reaction, one gets finally

dfi 1 n) dfi 1 p' E n (5)

with E n = E p - 1.019 M eV.
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F IG .2 . T h e  normalized (A j = 1) Legendre coefficients for the reaction 3H e (n ,p )T .

Integration over a ll solid angles leads to

E r
CT(n ,p ) (® n )|  ~ CT(p,n) ( E p ) j ;

n

The corresponding results for the ^ e fn , d)D reaction are:

dcr (n, d) 
dfi (En) =

do- td.n)
(E d)

2Er
d' E (7)

with E n = 0.668 • E d +4.361 MeV. Here, after integration, the right-hand side 
has to be divided by two because ;of the symmetry o f the d-d reaction:

E
CT(n,d) (En)' = CT(d.n) „ (8)

The data to be transformed [5, 6] have been given as:

(°‘>z  A*pi <“ >»>■ iA i -1
; i i

(9 )
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F IG .3 . T h e  relative centre-of-mass anisotropy for the reaction 3H e (n ,p )T .

and

cr = 4jt A 0 ■“  (0°) (10)

The conversion is perform ed by transform ing <r and the energy using 
Eqs (5) to (8), while the A 1 coefficients remain unchanged. D ifferential 
cross-sections are given by
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3. RESULTS

The tabulated pairs o f energy and cross-section  values for the 
inverse reactions were transformed following the equations o f section 2. 
These transformed data were plotted, and from  the smoothed curve the 
readings were taken and tabulated. A  s im ilar procedure was followed 
for the A| coefficients.

3. 1. The reaction 3H e(n .p )T

The plot of the total cross-section  for the 3He(n, p )T  reaction as a 
function o f the neutron energy is given in Fig. 1. The curve starts at 0.2 MeV 
because the evaluation o f the T(p, n )3He cross-section  [6] excludes the 
proton energy region between forward (1.019 MeV) and backward
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F IG .5 . Th e  normalized (AJ = 1) Legendre coefficients for the reaction 3H e (n ,d )D .

(1.148 MeV) threshold owing to lack o f re liab le differential data. But as 
far as this cross-section  is concerned, data for the region from  thermal 
energy to 0.2 MeV can be found in the CCDN evaluation o f 3He neutron 
cross-sections [ 3] which fit exactly to the curve presented here. Further on, 
the He(n, p)T cross-section  curve in Fig. 1 stops at 9 MeV corresponding 
to the high-energy end of the T(p, n)3He evaluation (10 MeV).

The plot of the A^ coefficients in the same energy region is shown in 
F ig .2. Here, rea lly  no data are available between thermal energy and 
0.2 MeV. But F ig .2 suggests that A^ and A^ continue to smoothly approach 
zero  at thermal energy. How far centre-of-m ass isotropy is already 
reached at 0.2 MeV neutron energy may also be seen from  the three- 
dimensional plot in Fig. 3.

The readings from  Figs 1 and 2 are listed in Table I. A  comparison 
o f the total cross-section  with the results of other evaluations is made in 
Table II. For practical use, Table III lists differential 3He(n, p )T  cross- 
sections in the LAB  system calculated in steps of 5° for the same energy 
values as quoted in Table I. A  survey about these data is presented in 
Fig.4. These three-dimensional plots are produced with the help o f the 
computer program  TRICE [8].

3. 2. The reaction 3He(n. d)D

Figure 1 also shows the plot of the cross-section  curve for the 
3He(n, d)D reaction as a function o f the neutron energy. The cross-section
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TABLE  I. EVALUATED  3He(n, p )T  CROSS-SECTIONS AND NORM ALIZED 
LEGENDRE COEFFICIENTS A^

En
(MeV)

CTn,p
(b)

A '
1

A' 'a 2 A '
3 A4

0 .2 1.350 -0.095 0 .0 3 2

0.3 1.104 -0.215 0 .1 1 2

0.4 0.992 - 0 .30 8 0.183

0.5 0.932 - 0 .38 6 0.246

0 .6 0.8 9 2 -0.450 0 .3 0 2

0.7. 0.883 -0.501 0.352

0 .8 0 .8 7 6 -0.540 0.393

0.9 O.8 76 -0.572 0.428

1 .0 0 .8 8 2 -0.590 0.467 - 0 .0 0 2

1 .1 O.8 8 7 - 0 .6 0 0 0.516 -0.005
1 .2 0 .8 9 0 - 0 .6 0 2 0.575 - 0 .0 0 8

1.3 O.891 -0.592 0.643 -0.013
1 .4 0 .8 8 8 -0.587 0 .7 1 8 - 0 .0 1 8

1.5 0.884 - 0 .5 8 6 0.794 -0.024
1.6 O.S77 -0.587 0 .8 1 0 - 0 .0 31

1.7 0.870 -0.590 0.914 -0.038

1.8 0.8 6 2 -0.595 0.959 -0.046

1.9 0 .8 5 0 - 0.6 0 0 0.995 -0.056
2.0 0 .8 3 8 -0.606 ' 1.024 -0.067
2.5 0.756 -0.644 1.131 -0.137
3.0 0.642 - 0 .6 9 0 1.210 - 0.22 6 0.033
3.5' 0.534 - 0 . 7 3 7 1.2 6 5 -0.325 0.074
4.0 0.459 - 0 .7 6 9 1.294 -0.432 0 .1 1 6

4.5 0.401 - 0 .7 8 9 1.293 -0.540 0 .1 6 2

5.0 . 0.359 - 0.8 01 1.271 -0.644 0 .2 0 8

5.5 0.325 - 0 .8 1 1 1.253 -0.736 0.254

6.0 0.297 -0.817 1.235 -0.819 0.300

6.5 . 0.274 - 0 .8 0 8 1.178 -0.850 0.348

7.0 0.255 -0.777 1.08 8 -0.860 0.396

7.5 0.236 -O .72 9 1.00 8 - 0 .8 6 0 0.447

8.0 0.220 - 0 .6 8 0 0.934 -0.852 0.500

8.5 ' 0 .2 0 8 -0.626 0.867 -0.837 0.549
9.0 0.198 - 0 .5 6 8 0 .8 11 -0.819 0.590



TA B LE  II. COMPARISON OF THE EVALUATED ®He(nJ p )T  TO TA L  CROSS-SECTION W ITH THE RESULTS OF 
OTHER EVALUATIONS

(MeV)
a n,p  (*>)

This
eva lu a tio n

ENDF/B-III 
MAT 1146

Dev.®
(% )

UKNDL 
DFN 220

Dev.a
(% )

CCDN-NW/6 

R e f .  A167
Dev.a

(%)
KEDAK Dev?

(%)

0.2 1.35 1.32 -2 .2 1.32 -2 .2 1.35 0 .0 1.275 -  5.6

0 .5 0.932 0.930 -0 .2 0.930 -0 .2 0.91 -2 .4 0.830 -1 0 .9

1.0 0.882 0.879 -0 .3 0.879 -0 .3 0.89 +0.9 0.796 -  9.9

2 .0 0.838 0.825 -1 .6 0.825 -1 .6 0.84 +0.2 0.888 + 5 .6

5.0 0.359 0.372 +3.6 0.372 +3.6 0.37 +3.1 0.355 -  1.1

9 .0 0.198 0.196 -1 .0 0.202 +2.0 0.20 +1.0 0.172 -13.1

d e v ia t io n  from the r e s u lts  o f  th is  e va lu a tion .
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T A B L E  III. D IFFE R E N T IA L , 3H e(n , p )T  CROSS-SECTIONS IN  TH E  L A B  SYSTE M

Energy
(MeV)

0.200 0 . 3 0 0 0 . 4 0 0 0 . 5 0 0 0 . 6 0 0 0 . 7 0 0 0 . 6 0 0 0 . 9 0 0

OT(mb)
A1 0
A' \ A'  2

Centre-of-mass Input values for the reaction 3He(n, p)T

1 3 5 0 . 0 0 0  1 1 0 4 . 0 0 0  9 9 2 . 0 0 0  9 3 2 . 0 0 0  8 9 2 . 0 0 0  8 8 3 . 0 0 0
1.000 1.000 1.000 1.000 1.000 1.000

- 0 . 0 9 5  - 0 . 2 1 5  - 0 . 3 0 8  - 0 . 3 8 6  - 0 . 4 5 0  - 0 . 5 0 1
0 . 0 3 2  0 . 1 1 2  0 . 1 8 3  0 . 2 4 6  0 . 3 0 2  0 . 3 5 2

8 7 6 . 0 0 0  8 7 6 . 0 0 0
1.000 1.000

- 0 . 5 4 0  - 0 . 5 7 2
0 . 3 9 3  0 . 4 2 8

Angle (degree) Differential cross-sections (mb/sr) in the laboratory system

0 .0
5 . 0

10.0
1 5 . 0

20.0
2 5 . 0
3 0 . 0

3 5 . 0
4 0 . 0
4 5 . 0
5 0 . 0
5 5 . 0
6 0 . 0
6 5 . 0
7 0 . 0
7 5 . 0
8 0 . 0
8 5 . 0
9 0 . 0
9 5 . 0  

100.0
1 0 5 . 0
11 0 .0
1 1 5 . 0
120.0
1 2 5 . 0
1 3 0 . 0
1 3 5 . 0
1 4 0 . 0
1 4 5 . 0
1 5 0 . 0

1 5 5 . 0
1 6 0 . 0
1 6 5 . 0
1 7 0 . 0
1 7 5 . 0
1 8 0 . 0

0 . 1 2 9 E 03 0 . 1 0 5 E 03 0 . 9 5 7 E 02 0 . 9 0 6 E 02 0 . B7 6 E 02 0 . 8 8 0 E 02 0 . 8 8 7 E 02 0 . 9 0 1 E 02
0 . 1 2 9 E 03 0 . 1 0 5 6 03 0 . 9 5 5 E 02 0 . 9 0 2 E 02 0 . 8 7 2 E 02 0 . 8 7 6 c 02 0 . 8 8 2 6 02 0 . 8 9 5 E 02
0 . 1 2 9 6 03 0 . 1 0 5 6 0 . 9 4 7 E 02 0 . 8 9 3 E 02 0 . 8 6 1 E 02 0 . 8 6 2 E 02 0 . 8 6 7 E 02 0 . 8 7 9 E 02
0 . 1 2 8 E 0 3 0 . 1 0 4 E 03 0 . 9 3 5 E 02 0 . 8 7 8 6 02 0 . 8 4 3 E 02 0 . 8 4 2 E 02 0 . U4 4 E 02 0 . 8 5 3 E 02
0 . 1 2 7 E 03 0 . 1 0 3 6 03 0 . 9 1 9 E 02 0 . 8 5 9 E 02 0 . 8 2 0 E 02 0 . 8 1 5 6 02 0 . 8 1 3 6 02 0 . 8 1 9 E 02
0 . 1 2 6 6 03 0 . 1 0 1 E 03 0 . 9 0 1 E 02 0 . 8 3 6 6 0 2 0 . 7 9 4 E 02 0 . 7 8 4 E 02 0 . 7 7 8 E 02 0 . 7 7 9 E 02
0 . 1 2 5 6 03 0 . 1 0 0 E 03 0 . 8 8 0 6 02 0 . 8 1 1 6 02 0 . 7 6 5 6 02 0 . 7 5 0 E 02 0 . 7 4 0 E 02 0 . 7 3 8  E 02

0 * 1 2 4 c 03 0 . 9 8 2 6 0 2 0 . 8 5 9 E 02 0 . 7 8 6 c 02 0 . 7 3 6 E 02 0 . 7 1 6 6 02 0 . 7 0 3 E 02 0 . 6 9 6 E 02
0 . 1 2 2 6 0 3 0 . 9 6 4 E 0 . 8 3 7 E 02 0 . 7 6 1 c 02 0 . 7 0 8 E 02 0 . 6 8 5 E 02 0 . 6 6 8 6 02 0 . 6 5 8 6 02
0 . 1 2 1 E 03 0 . 9 4 7 E 0%0 . 8 1 7 6 02 0 . 7 3 9 E 02 0 . 6 6 3 E 02 0 . 6 5 7 c 02 0 . 6 3 7 6 02 0 . 6 2 5 E 02
0 . 1 1 9 b 03 0 . 9 3 0 E 02 0 . 7 9 9 E 02 0 . 7 2 0  E 02 0 . 6 6 3 6 02 0 . 6 3 4 c 02 0 . 6 1 3 E 02 0 . 5 9 8 E 02
0 . 1 1 7 E 03 0 . 9 1 5 6 0 . 7 8 4 6 02 0 . 7 0 4 t 02 0 . 6 4 7 E 02 0 . 6 1 8 E 02 0 . 5 9 5 E 02 0 . SHOE 02
0 . 1 1 6 6 03 0 . 9 0 1 E 02 0 . 7 7 1 E 02 0 . 6 9 3 6 02 0 . 6 3 6 E 02 0 . 6 0 7 E 02 0 . 5 8 5 6 0 2 0 . 5 7 0 E 02
0 . 1 1 4 E 03 0 . 8 8 6 6 02 0 . 7 6 2 6 02 0 . 6 8 6 E 02 0 . 6 3 1 6 02 0 . 6 0 3 6 02 0 . 5 8 2 6 02 0 . 5 6 8 6 02
0 . 1 1 2 6 03 0 . 8 7 8 6 02 0 . 7 5 5 E 02 0 . 6 8 3 6 02 0 . 6 3 1 E 02 0 . 6 0 5 6 02 O. 5 0 5 E 02 0 . 5 7 3 E 02

. 0 . 1 1 1 E 03 0 . 6 6 9 E 02 0 . 7 5 2 E 02 0 . 6 8 3 6 0 2 0 . 6 3 5 c 02 0 . 6 1 2 6 02 0 . 5 9 5 E 02 0 . 5 8 5 E 02
0 . 1 0 9 6 03 0 . 8 6 2 6 02 0 . 7 5 1 6 02 0 . 6 8 7 c 02 0 . 6 4 3 E 02 0 . 6 2 4 E 02 0 . 6 0 9 6 02 0 .  601 E 02
0 . 1 0 7 6 03 0 . 8 5 6 E 02 0 . 7 5 2 c 02 0 . 6 9 3 E 02 0 . 6 5 3 E 02 0 . 6 3 8 6 02 0 . 6 2 7 6 02 0 . 6 2 2 6 02
0 . 1 0 6 E 03 0 . 8 5 2 6 02 0 . 7 5 4 E 02 0 . 7 0 2 E 02 0 . 6 6 6 E 02 0 . 6 5 5 E 02 0 . 6 4 7 E 02 0 . 6 4 5 c 02
0 . 1 0 4 E 03 0 . 8 4 8 E 02 0 . 7 5 & E 02 0 . 7 1 1 c 02 0 . 6 8 0 E 02 0 . 6 7 3 E 02 0 . 6 6 8 6 02 0 . 668E 02
0 . 1 0 3 E 0 3 0 . 8 4 5 E 0 . 7 6 3 6 02 0 . 7 2 1 5 02 0 . 6 9 4 E 02 0 . 6 9 1 6 0 2 0 . 6 0 9 c 02 G. A9 2 c 02
0 . 1 0 1 E 03 0 . 8 4 3 E 02 0 . 7 6 8 E 02 0 . 7 3 1 E 02 0 . 7 0 9 E 02 0 . 7 0 9 6 02 0 . 7 0 9 E 02 0 . 7 1 4  E 02
0 . 1 0 0 6 03 0 . 8 4 1 6 °l 0 . 7 7 2 E 02 0 . 7 4  IE 0 2 0 . 7 2 2 E 02 0 . 7 2 5 E 02 0 . 7 2 8 E 02 0 . 7 3 5 E 02
0 . 9 9 2 E 02 0 . 8 4 0 E 02 0 . 7 7 7 E 02 0 . 7 5 0 E 02 0 . 7 3 4 c 02 0 . 7 4 0 E 02 0 . 7 4 5 E 02 0 . 7 5 4 E 02
0 . 9 8 0 E 02 0 . 8 3 8 6 02 0 . 7 8 1 E 02 0 . 7 5 8 c 0 2 0 . 7 4 5 E 02 0 . 7 5 4 E 02 0 . 7 6 0 E 02 0 . 7 7 0 E 02
0 . 9 6 8 6 02 0 . 8 3 6 E 02 0 . 7 8 5 E 02 0 . 7 6 5 E 02 0 . 7 5 5 E 02 0 . 7 6 5 E 02 0 . 7 7 3 E 02 0 . 7 8 4 6 02
0 . 9 5 8 E 02 0 . 8 3 5 6 02 0 . 7 8 b 6 02 0 . 7 7  IE 02 0 . 7 6 3  c 02 0 . 7 7 5 E 02 0 . 7 6 3 6 02 0 . 7 9 5 E 02
0 . 9 4 8 5 02 0 . 8 3 3 6 02 0 . 7 9 0 c 02 0 . 7 7 6 E 02 • 0 . 7 6 9 c 02 0 . 7 8 3 E 02 0 . 7 9 2 c 02 0 . H04E 02
0 . 9 3 9 6 02 0 . 8 3 1 6 02 0 . 7 9 2 E 02 0 . 7 8 0 E 02 0 . 7 7 5 E 02 0 . 7 8 9 E 02 0 . 7 9 9 E 02 0 . 8 1 1 E 02
0 * 9 3 1 6 02 0 . 8 3 0 E 02 0 . 7 9 3 6 02 0 . 7 8 3 c 02 0 . 7 7 9 E 02 0 . 7 9 4  6 02 0 . 8 04 c 02 0 . 8 1 7 c 02
0 . 9 2 4 6 02 0 . 8 2 8 6 0 2 0 . 7 9 4 c 02 0 . 7 8 5 E 02 0 . 7 6 2 c 02 0 . 7 9 8 E 02 0 . 8 0 8 E 02 0 . 8 2 1 E 02
0 . 9 1 6 k 02 0 . 8 2 7 6 02 0 . 7 9 5 c 02 0 . 7 8 7 E 02 0 . 7 8 4 E 02 O.ttOOE 02 0 . 8 1 1 6 02 0 . H 2 4 E 02
0 . 9 1 3 6 02 0 . 8 2 6 6 02 0 . 7 9 5 c 02 0 . 7 B 8 E 02 0 . 7t t6c 02 0 . 8 0 2 6 02 0 . 8 1 3 b 02 0. H26E 02
0 . 9 1 0 E 02 0 . 8 2 5 E 0 . 7 9 6 c 02 0 . 7 8 9 E OZ 0 . 7 8 7 E 02 0 . 8 0 4 F 02 0 . 8 1 4 C 02 0 . M27c 02
0 . 9 0 7 E 02- 0 . 8 2 4 6 02 0 . 7 9 6 E 02 0 . 7 9 0 E 02 0 . 7 8 8 6 02 0 . 804E 02 0 . 8 1 5 c 02 0 . 8 2 8 5 02
0 . 9 0 5 b 02 0 . 8 2 3 E 02 0 . 7 9 b c 02 0 . 7 9 0 E 02 0 . 7 8 8 c 02 0 . 8 0 5 E 02 0 . 8 1 5 6 02 0 . H 2 8 6 02
0 . 9 0 4 6 02 0 . 8 2 3 E 02 0 . 7 9 6 E 02 0 . 7 9 0 E 02 0 . 7 8 8 6 02 0 . 8 0 5 E 02 0 . 8 1 6 E 02 0 .  ft 2 H E 02
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T A B L E  III (cont. )

Energy
(MeV)

1*000 1 .100 1 .2 00 1 . 3 0 0 1 . 4 0 0 1 . 5 0 0 1 . 6 0 0 1 . 7 0 0

(mb)T 
A * 0 
A* X A1 2
A 1 3

8 8 2 . 0 0 01.000
- 0 . 5 9 0

0 . 4 6 7
- 0 .0 0 2

Centre-of-mass input values for the reaction 3He(n,p)T

8 8 7 . 0 0 0  1.000 
- 0  . 6 0 0  

0 . 5 1 6  
- 0 . 0 0 5

8 9 0 . 0 0 01.000
- 0 . 6 0 2

0 . 5 7 5
- 0 . 0 0 8

8 9 1 . 0 0 0
1.000

- 0 . 5 9 2
0 . 6 4 3

- 0 . 0 1 3

b88.000 
1 .000 

- 0 . 5 8 7  
0 . 7 1 8  

- 0 . 0 1 8

8 8 4 . 0 0 0  
1 .000 

- 0 . 5 8 6  
0 . 7 9 4  

- 0 . 0 2 4

8 7 7 . 0 0 0  
1.000 

- 0 . 5 8 7  
0 . 8 1 0  

- 0 . 0 3 1

8 7 0 . 0 0 0
1.000

- 0 . 5 9 0
0 . 9 1 4

- 0 . 0 3 8

Angle (degree)

0.0
5 . 0

10 .0
1 5 . 0
20 .0
2 5 . 0
3 0 . 0

3 5 * 0  
4 0  * 0  
45  * 0
5 0 . 0
5 5 . 0
6 0 . 0
65  * 0
7 0 . 0
7 5 . 0
8 0 . 0
8 5 . 0
9 0 . 0

9 5 . 0  
100.0
1 0 5 . 0
1 1 0 .0
1 1 5 . 0
1 2 0 .0
1 2 5 . 0
1 3 0 . 0
1 3 5 . 0
1 4 0 . 0
1 4 5 . 0
1 5 0 . 0

1 5 5 . 0
1 6 0 . 0
1 6 5 . 0
1 7 0 . 0
1 7 5 . 0
1 8 0 . 0

Differential cross •sections (mb/sr) in the laboratory system

0 . 9 3 7 E 02 0 . 9 9 0 E 02 0 . 1 0 6 E 03 0 . 1 1 5 E 03 0 . 1 2 3 E 03 0 . 1 3 1 E 03 0 . 1 3 2 E 03 0 . 1 4 2 c 03
0 . 9 3 1 E 02 0 . 9 8 3 E 02 0 . 1 0 5 6 03 0 . 1 1 4E 03 0 . 1 22E 03 0 . 1 3 0 E 03 0 . 1 3 1 E 03 0 . 140c 03
0 . 9 1 2 E 02 0 . 9 6 1 6 02 0 . 1 0 2 6 03 0 . H 1 E 03 0 . 1 1 9 6 03 0 . 1 2 6 r 03 0 . 1 2 7 6 03 0 . 1 3 6 E 03
0 . 8 8 2 E 02 0. 927fc 02 0 . 9 8 6 b 02 0 . 1 0 6 6 03 0 . 1 1 3 6 03 0 . 1 2 0 6 03 0 . 1 2 0 6 03 0 . 1 2 9 6 03
0 . 8 4 4 6 02 0 . 8 8 2 6 02 0 . 9 3 4 t 02 0 . 1 0 0 E 03 0 . 1 0 6 6 03 0 . 1 1 2 6 03 0 . 1 1 2 6 03 0 . 1 1 9 6 03
0 . 7 9 9 E 02 0 . 8 3 1 E 02 0 . 8 7 4 6 02 0 . 9 3 1 6 02 0 . 9 8 3 c 02 0 . 1 0 3 6 03 0 . 1 0 3 E 03 0 .  108 E 03
0 . 7 5 2 E 02 0 . 7 7 6 E 02 0 . 8 0 9 6 02 0 . 8 5 4 6 02 0 . 8 9 4 b 02 0 . 9 2 9 E 02 0 . 9 3 1 E 02 0 . 9 7 1 6 02

0 . 7 0 5 E 02 0 . 7 2 2 E 02 0 . 7 4 5 6 02 0 . 7 7 7 E 02 0 . 8 0 5 6 02 0 . 8 2 7 E 02 0 . 6 2 8 b 02 0 . 8 5 2 6 02
0 . 6 6 2 6 02 0 . 6 7 1 6 02 0 . 6 8 4 6 02 0 . 7 0 5 E 02 0 . 7 2 0 E 02 0 . 7 3 1 6 02 0 . 7 3 0 c 02 0 . 7 3 9 c 02
0 . 6 2 4 E 02 0 . 6 2 7 E 02 0 . 6 3 1 c 02 0 . 6 4 IE 02 0 . 6 4 4 E 02 0 . 6 4 4 E 02 0 . 6 4 1 6 02 0 . 6 3 6 6 02
0 . 5 9 4 E 02 0 . 5 9  IE 02 0 . 5 8 8 6 02 0 . 5 8 8 E 02 0 . 5 8 1 c 02 0 . 5 7 1 6 02 0 . 5 6 7 6 02 0 . 5 4 9  E 02
0 . 5 7 3 E 02 0 . 5 6 5 E 02 0 . 5 5 6 6 02 0 • 5 ^ 8  E 02 0 . 5 3 2 6 02 0 . 5 1 5 c 02 0 . 5 1 0 6 0 2 0 . 4 8 2 6 02
0 . 5 6  IE 02 0 . 5 5 0 E 02 0 . 5 3 7 E 02 0 . 5 2 2 c 02 0 . 5 0 0 6 02 0 . 4 7 7 6 02 0 . 4 7 1 6 02 0 . 4 3 5 6 02

0 . 5 5 8 E 02 0 . 5 4 6 E 02 0 . 5 2 9 c 02 0 . 5 1 0 c 02 0 . 4 8 4 E 02 0 . 4 5 7 F 02 0 . 4 5 0 c 02 0 . * 0 9 E 02
0 . 5 6 4 E 02 0 . 5 5 1 E 02 0 . 5 3 3 b 02 O . S l l c 02' 0 . 4 6 3 6 02 0 . 4 5 3 6 02 0 . 4 4 6 6 02 0 . 4 0 4 6 02
0 . 5 7 7 E 02 0 . 5 6 4 6 02 0 . 5 4 6 c 02 0 . 5 2 3 b 02 0 . 4 9 5 6 02 0 . 4 6 5 6 02 0 . 4 5 7 E 02 0 . 4 1 5 6 02
0 . 5 9 5 E 02 0 . 5 6 4 6 02 0 . 5 6 7 6 02 0 . 5 4 5 c 02 0 •  517  f: 02 0 . 4 8 8 c 02 0 . 4 8 0 6 02 0 . 4 4 1 6 02
0 . 6 1 8 c 02 0 . 6 0 9 6 02 0 . 5 9 4 E 02 0 . 5 7 3 b 02 0 . 5 4 7 E 02 0 . 5 2 1 6 02 0 . 5 1 3E 02 0 . 4 7 7 E 02
0 . 6 4 3 E 02 0 . 6 3 7 6 02 0 . 6 2 4 6 02 0 . 6 0 6 c 02 0 . 5 8 3 6 02 0 .  5606 02 0 . 5 5 2 6 02 0 . 5 2 1 6 02

0 . 6 6 9 E 02 0 . 6 6 5 b 02 0 . 6 5 6 6 02 0 . 6 4 1 c 02 0 . 6 2 2 c 02 0 . 6 0 3 6 02 U . 5956 02 0 . 5 7 0 6 02
0 . 6 9 5 E 02 0 . 6 9 4 E 02 0 . 6 8 8 6 02 0 . 6 7 6 6 02 0. 6611: 02 0 . 6 4 7  6 02 0 . 6 3 9 E 02 0 . 6 2 0 6 02
0 . 7 2 0 E 02 0 . 7 2 2 E 02 0 . 7 1 9 b 02 0 . 7 1 0 b 02 0 . 7 0 0 c 02 0 * 6 8 9 6 02 0 . 6 8 2 6 02 0 . 6 6 9 6 02
0 . 7 4 3 E 02 0 . 7 4 7 E 02 0. 74bfc 02 0 . 7 4 2 c 02 0 . 7 3 6 c 02 0 . 7 2 9 6 02 0 . 7 2 2 6 02 0 . 7 1 5 6 02
0 . 7 6 3 E 02 0 . 7 7 0 E 02 0 . 7 7 3E 02 0 . 7 7 1 t 02 0 . 7  6 8 c 02 0 . 7 6 6 E 02 0 . 7 5 9 E 02 0 . 7 5 8E 02
0 . 7 8 1 6 02 0 . 7 9 0 E 02 0 . 7 9 6 E 02 0 . 7 9 7 c 02 0 . 7 9 7 c 02 0 . 7 9 9 E 02 0 . 7 9 2 6 02 0 . 796E 02

0 . 7 9 6 E 02 0 . 8 0 7 E 02 0 . 8 1 5 E 02 0 . 8 1 9 c 02 U. 62 2 E 02 0 . 8 2 7 c 02 0 . 3 2 1 6 02 0 . 8 2 9 E 02
0 . 8 0 9 E 02 0 . 8 2 1 6 02 0 . 8 3 1 6 02 0 . 8 3 7 c 02 0 . 8 4 3 c 02 0 . 8 5 1 6 02 0 . 8 4 4 6 02 0 . 6  5 66 02
0 . 8 18E 02 0 . 8 3 2 E 02 0 . 8 4 4 E 02 0 . 8 5 2 E 02 0 . 8 6 1 E 02 0 . 8 7 1 6 02 0 . 8 6 4 6 02 0 . 880E 02
0 . 8 2 6 E 02 0 . 6 4 1 6 02 0 . 6 5 4 6 02 0 . 8 6 4 c 02 0 . 8 7 5 6 0.2 0 . 8 8 7 6 02 0 .  8806 02 0 . 8 9 9 6 02
0 . 8 3 2 6 02 0 . 8 4 8 E 02 0 . 8 6 2 E 0 2 0 .  87 3fc 02 0 . 8 8 6 E 02 0 . 8 9 9 E 02 0 . 8 9 3 E 02 0 . 9 1 4 E 02
0 . 8 3 6 E 02 0 . 8 5 3 E 02 0 . 8 6 8 E 02 0 . 8 8 0 6 02 0 . 8 9 4 6 02 0 . 9 0 9 c 02 0 . 9 0 3 b 02 0 . 9 2 6 E 02

0 . 8 3 9 6 02 0 . 8 5 6 E 02 0 . B 7 2 6 02 0 . 8 8 6 6 02 0 . 9 0 0 E 02 0 . 9 1 6 6 02 0 . 9 1 0 6 02 0 . 9 3 4 6 02
0 . 8 4 2 E 02 0 . 8 5 9 E 0 2 0 . 8 7 5  E 02 0 . 8 8 9 E 02 0 . 9 0 5 E 02 0 . 9 2 2 E 02 0 . 9 1 5 6 02 0 . 9 4 1 E 02
0 . 0 4 3 6 02 0 . 8 6 0 6 02 0 . 8 7 7 b 02 0 . 8 9 2 E 02 0 . 9 0 8 b 02- 0 . 9 2 6 E 02 0 . 9 1 9 6 02 0 . 9 4 6 E 02
0 . 8 4 4 6 02 0 . 6 6 1 E 02 0 . 6 7 8 b 0 2 0 . 8 9 4 6 02 0 . 9 1 0 E 02 0 . 9 2 8 6 02 0 . 9 2 2 6 02 0 . 9 4 9 6 02
0 . 8 4 4 6 02 0 . 8 6 2 6 02 0 . 8 7 9 b 0 2 0 . 8 9 5 E 02 0 . 9 1 1 6 02 0 . 9 3 0 E 02 0 . 9 2 3 6 02 0 . 9 5 1 c 02
0 . 8 4 4 E 02 0 . 8 6 2 E 02 0 . 8 7 9 E 02 0 . 8 9 5 E 02 0 . 9 1 2 E 02 0 . 9 3 0 E 02 0 . 9 2 4 E 02 0 . 9 5 1 E 02
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T A B L E  III (cont. )

Energy
(MeV) 1.800 1.900 2 .000 2.500 3.000 3. 500 4 .0 0 0 4 . 500

□ t  (mb) 
A' 0 
A* 1 
A'  2 
A1 3 
A* 4

6 6 2 . 0 0 0
1.000

- 0 . 5 9 5
0 . 9 5 9

- 0 . 0 4 6
0.000

Centre-of-mass input values for the reaction 3He(n, p)T

6 5 0 . 0 0 0  
1 .000 

- 0 . 6 0 0  
0 . 9 9 5  

- 0 . 0 5 6  
0.000

8 3 8 . 0 0 0
1.000

- 0 . 6 0 6
1 . 0 2 4

- 0 . 0 6 7
0.000

7 5 6 . 0 0 0
1.000

- 0 . 6 4 4
1 . 1 3 1

- 0 . 1 3 7
0.000

6 4 2 . 0 0 0
1.000

- 0 . 6 9 0
1.210
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Angle (degree) Differential cross-sections (mb/sr) in the laboratory system

0.0
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10 .0
1 5 . 0
20.0
2 5 . 0
3 0 . 0
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4 0 . 0  
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6 5 . 0
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9 5 . 0  
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1 0 5 . 0
110 .0
1 1 5 . 0
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1 2 5 * 0
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1 3 5 . 0
1 4 0 . 0
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1 5 0 . 0

155.0
1 6 0 . 0
1 6 5 . 0
1 7 0 . 0
1 7 5 . 0
1 8 0 . 0

0 • 145c 03 0.1466 03 0.145E 03 0 .1 3 3 c 03 0.112E 03 0.9106 02 0.7456 02 0.610E 02
0.143E 03 0.144E 03 0 .1 4 4 c 03 0.1326 03 0.1116 03 0.900E 02 0.737E 02 0.603E 02
0.138E 03 0.1396 03 0 .1396 03 0.127E 03 0.107E 03 0.6706 02 0.714E 02 0.5856 02
0.1316 03 0.132E 03 0 .1316 03 0 .12  IE 03 0.1026 03 0.823E 02 0.6776 02 0.557E 02
0.121E 03 0.122E 03 0 .12 1c 03 0.1126 03 0 .9456 02 0.762E 02 0.6296 02 0.5206 02
0.110E 03 0.110E 03 0.1106 03 0.1016 03 0.8556 02 0.6915 02 0 .5746 02 0.4796 02
0.9816 02 0 .9 8 1 E 02 0.9766 02 0 .9 0 0 c 02 0.758E 02 0 .6 l5 c 02 0.5156 ,02 0 .4356 02

0.8566 02 0.853E 02 0 .8486 02 0.7816 02 0 .6 5 7 E 02 0.536E 02 0 .4546 02 0.391E 02
0.7376 02 0.731E 02 0 .7256 02 0.6646 02 0.560E 02 0.4606 02 0.395E 02 0 .3486 02
0.6296 02 0*6216 02 0 .6136 02 0.5566 02 0.469E 02 0.389E 02 0.340E 02 0.306E 02
0.5386 02 0.527E 0.5176 02 0.4626 02 0.3906 02 0.326E 02 0.290E 02 0 .2676 02
0.4676 02 0.454E 02 0.4436 02 0.387E 02 0 .3256 02 0.274E 02 0.246E 02 0.2316 02
0.418E 02 0.4036 02 0 .3906 02 0.3326 02 0.2776 02 0.2336 02 0.2116 02 0 .2006 02

0.3916 02 0.3746 02 0*3606 02 0.2996 02 0.246E 02 0.2066 02 0.185E 02 0.175E 02
0.384E 02 0.367E 02 0*3526 02 0.287E 02 0.233E 02 0.1926 02 0.169E 02 0.1576 02
0.3956 02 0.378E 02 0*3636 02 0.2956 02 0.236E 02 0.191E 02 0.1646 02 0 .1486 02
0.422E 02 0.404E 02 0*3896 02 0.3196 02 0.255E 02 0.2026 02 0 . 1696 02 0.1476 02
0.460E 02 0.443E 02 0 .4 2 9 c 02 0.3576 02 0.285E 02 0.2256 02 0.1846 02 0 .1566 02
0.5066 02 0.4906 02 0.4766 02 0 .40 4  6 02 0.325E 02 0.2566 02 0 .2096 02 0.174E 02

0.556E 02 0.542E 02 0 .5296 02 0.4576 02 0.3716 02 0.295E 02 0.240E 02 0.1996 02
0.609E 02 0.596E 02 0 .5846 02 0.5136 02 0.4216 02 0.3376 02 0.277E 02 0 .2306 02
0.6606 02 0*6486 02 0 .6 3 7 c 02 0 .5 6 8 c 02 0.4726 02 0.3826 02 0.317E 02 0 .2656 02
0.7096 02 0*698E 02 0.6886 02 0.6216 02 0.522E 02 0.4286 02 0.359E 02 0 .3036 02
0.753E 02 0.744E 02 0 .7356 02 0 .6 7 0 c 02 0.5696 02 0 .4 7 1 E 02 0.400E 02 0.3416 02
0.7936 02 0.7856 02 0 .7776 02 0.7146 02 0.613E 02 0.5136 02 0.4396 02 0.3796 02

0.8276 02 0*8216 02 0 .8146 02 0.7536 02 0.6526 02 0.5506 02 0 .4766 02 0 .4146 02
0.8576 02 0.8516 02 0.8456 02 0 .78 66 02 0 .6866 02 0.5846 02 0.509E 02 0.4466 02
0.8816 02 0*8776 02 0.8716 02 0.8146 02 0.7156 02 0.6136 02 0.538E 02 0.4756 02
0.9016 02 0*8976 02 0.8926 02 0 . 8 37 6 02 0.7406 02 0.6386 02 0.564E 02 0.501E 02
0.9176 02 0.914E 02 0*9096 02 0.8556 02 0.7606 02 0.6596 02 0.585E 02 0.5236 02
0*9296 02 0*9276 02 0*9226 02 0 .87 06 02 0*7766 02 0.6766 02 0.6036 02 0 .5416 02

0.9396 02 0.937E 02 0*9326 02 0 .8 8 1 6 02 0.7896 02 0.6906 02 0 .6186 02 0 .5566 02
0.946E 02 0*9446 02 0*9406 02 0.8896 02 0.7996 02 0.7016 02 0 .6296 02 0 .5676 02
0*9516 02 0*9496 02 0*9456 02 0.89 56 02 0.8066 02 0.7096 02 0 .6376 02 0.5766 02
0*9546 02 0.953E 02 0.949E 02 0.8996 02 0.8116 02 0.7146 02 0 .6436 02 0 .5826 02
0.9566 02 0.9556 02 0*9516 02 0.902E 02 0 .8146 02 0.7176 02 0 .6476 02 0.5866 02
0*9576 02 0.9556 02 0*9526 02 0.9026 02 0.815E 02 0.718E 02 0.6486 02 0 .587  6 02



T A B L E  III (cont. )

Energy
(MeV) 5 . 0 0 0 5 . 5 0 0 6 . 0 0 0 6 . 5 0 0 7 . 0 0 0 7 . 5 0 0 8 . 0 0 0 8 . 5 0 0 9 . 0 0 0

Centre-of-mass input values for the reaction 3He(n,p)T
o f  (mb) 3 5 9 . 0 0 0 3 2 5 . 0 0 0 2 9 7 . 0 0 0 2 7 4 . 0 0 0 2 5 5 . 0 0 0 2 3 6 . 0 0 0 2 2 0 . 0 0 0 2 0 8 . 0 0 0 1 9 8 . 0 0 0

A* 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0  . 1 . 0 0 0 1 . 0 0 0
A1 1 - 0 . 8 0 1 - 0 . 8 1 1 - 0 . 8 1 7 - 0 . 8 0 8 - 0 . 7 7 7 - 0 . 7 2 9 - 0 . 6 8 0 - 0 . 6 2 6 - 0 . 5 6 8
A* 2 1 . 2 7 1 1 . 2 5 3 1 . 2 3 5 1 . 1 7 8 1 . 0 8 8 1 . 0 0 8 0 . 9 3 4 0 . 8 6 7 0 . 8 1 1
A1 3 - 0 . 6 4 4 - 0 . 7 3 6 - 0 . b l 9 - 0 . 8 5 0 - 0 . 8 6 0 - 0 . 8 6 0 - 0 . 8 5 2 - 0 . 8 3 7 - 0 . 8 1 9
A'  4 0 . 2 0 8 0 . 2 5 4 0 . 3 0 0 0 . 3 4 8 0 . 3 9 6 0 . 4 4 7 0 . 5 0 0 0 . 5 4 9 0 . 5 9 0

Angle (degree) Differential cross-sections (mb/sr)  in the laboratory system
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5 . 0 0 . 4 9 9 E 02 0 . 4 2 IF 02 0 . 3 6 1 B 02 0 . 3 2 2 6 02 0 . 2 9 3 E 02 0 . 2 7 7 E 02 0 . 2 6 9 E 02 0 . 2 6 8 E 02 0 . 2 7  2E 02

1 0 . 0 0 . 4 8 5 E 02 0 . 4 1 0 6 02 0 . 3 5 2 c 02 0 . 3 1 3 6 02 0 . 2 8 3 E 02 0 . 2 6 6 E 02 0 . 2 5 7 E 02 0 . 2 5 4 E 02 0 . 2 5 6 6 02
1 5 . 0 0 . 4 6 3 6 02 0 . 3 9 3 E 02 0 •  3 39 fc 02 0 . 3 0 0 E 02 0 . 2 7 0 E 02 0 . 2 5 1 E 02 0 . 2 3 9 E 02 0 . 2 3 5 E 02 0 . 2 3 5 b 02
2 0 . 0 0 . 4 3 7 E 0 2 0 . 3 7 3 E 02 0 . 3 2 3 E 02 0 . 2 8 5 E 02 0 . 2 5 5 6 02 0 . 2 3 5 E 02 0 . 2 2 1 E 02 0 . 2 1 4 E 02 0 . 2 1 2 6 02
2 5 . 0 0 . 4 0 7 E 02 0 . 3 5 1 E 0 2 0 . 3 0 7  6 02 0 . 2 7  lb 02 0 . 2 4 2 E 02 0 . 2 2 2 E 02 0 . 2 0 6 E 02 0 . 1 9 7  E 02 0 . 1 9 2 E 02
3 0 . 0 0 . 3 7 6 E 02 0 . 3 2 9 E 02 0 . 2 9 1 b 02 0 . 2 5 9 b 02 0 . 2 3 2 E 02 0 . 2 1 2 E 02 0 . 1 9 6 E 02 0 . 1 8 6 E 02 0 .  180E 02

3 5 . 0 0 . 3 4 5 E 0 2 0 . 3 0 7 E 02 0 . 2 7 7 b 02 0 . 2 4 9 b 02 0 . 2 2 6 E 02 0 . 2 0 8 E 02 0 . 1 9 2 E 02 0 . 1 8 2 E 02 0 . 1 7 5 6 02
4 0 . 0 0 . 3 1 4 E 02 0 . 2 8 6 E 02 0 . 2 6 3 b 02 0 . 2 4 0 E 02 0 . 2 2 2 6 02 0 . 2 0 7 E 02 0 . 1 9 3 E 02 0 . 183E 02 0 . 177E 02
4 5 . 0 0 . 2 8 4 6 02 0 . 2 6 4 E 02 0 . 2 4 8 E 02 0 . 2 3 1 E 02 0 . 2 1 8 E 02 0 . 2 0 6 E 02 0 . 1 9 5 E 02 0 . 1 8 8 E 02 0 . 182E 02
5 0 . 0 0 . 2 5 4 E 02 0 . 2 4 1 E 02 0 . 2 3 0 6 02 0 . 2 1 9 E 02 0 . 2 1 2 6 02 0 . 2 0 4 E 02 0 . 1 9 7 E 02 0 . 1 9 1 E 02 0 . 187E 02
5 5 . 0 0 . 2 2 4 E 02 0 . 2 1 7 E 02 0 . 2 1 1 E 02 0 . 2 0 4  E 02 0 . 2 0 2 E 02 0 . 1 9 8 E 02 0 . 1 9 4 E 02 0 . 1 9  IE 02 0 . 189E 02
6 0 . 0 0 . 1 9 7 E 02 0 . 1 9 3 E 02 0 . 1 8 8 b 0 2 0 . 1 8 6 b 02 0 . 1 8 8 6 02 0 . 1 8 7 E 02 0 . 1 8 6 6 02 0 . 185E 02 0 . 184E 02

65 . 0 0 . 1 1 2 E 02 0 . 1 6 9 E 0 2 O. lbbfc 02 O.lfefcE 02 0 . 1 7 0 E 02 0 . 1 7 1 E 02 0 . 1 7 2 E 02 0 . 1 7 3 E 0 2 0 . 1 7 3E 02
7 0 . 0 0 . 1 5 3 E 02 0 . 1 4 8 E 0 . L 4 4 E 02 0 . 1 4 5 b 02 0 . 1 5 1 E 02 0 . 1 5 3 E 02 0. .154E 02 0 . 1 5 6 E 02 0 . 1 57E 02
7 5 . 0 0 . 1 4 0 E 02 0 . 1 3 2 E 02 0 . 1 2 6 E 02 0 . 1 2 7 E 02 0 . 1 3 2 6 02 0 . 1 3 4 E 02 0 . 1 3 5 6 02 0 . 1 3 7  E 02 0 . 137E 02
8 0 . 0 0 . 1 3 4 E 02 0 . 1 2 3 E 02 0 . 1 1 5 E 02 0 . 1 1 4 E 02 0 • 1 1 6 r 02 0 . U 7 E 02 0 . 1 1 7 E 02 0 . U 8 E 02 0 . 1 1 8E 02
85 . 0 0 . 1 3 8 E 02 0 . 1 2 2 E 02 0 . 1 1 0 b 02 0 . 1 0 6 6 .02 0 . 1 0 7 E 02 0 . 1 0 5 6 02 0 * 1 0 3 6 02 0 . 1 0 2  E 02 0 . 101E 02
9 0 . 0 0 . 1 4 9 E 02 0 . 1 3 0 E 02 0 . 114b' 02 0 . 107fc 02 0 . 1 0 4 E 02 0 . 9 9 2 6 01 0 . 9 5 1 E 01 0 . 9 2 1 E 01 0 . 8 9 1 6 01
9 5 . 0 0 . .169E 02 0 . 1 4 5 E 02 0 . 1 2 6 6 02 0 . 1 1 6 6 02 0 . 1 0 H 6 0 2 0 . 1 0 0 E 02 0 . 9 3 2 E 01 0 . 8 7 8 6 01 0 . 8 2 8 E 01

1 0 0 . 0 0 . 1 9 5 E 0 2 0 . 1 6 8 E 02 0 . 1 4 6 b 02 0 . 131b 02 0 . 1 20F 02 0 . 1 0 8 E 02 0 . 9 8 1 6 01 0 . 9 0 1 E 01 0 . 8 3 1 E 01
1 0 5 . 0 0 . 2 2 7 E .02 0 . 196E 02 0 . 1 7 1 E 02 0 .  I 5 3 t 02 0 . 1 3 B E 02 0 . 1 2 2 E 02 0 . 109E .02 0 . 9 8 5 E 01 0 . 8 9 5 6 01
1 1 0 . 0 0 . 2 6  IE 02 0 . 2 2 8 E 02 0 . 2 0 1 b 02 0 . 1 7 9 b 02 0 . 1 60E 02 0 . 1 4 1 6 02 0 . 1 2 5 6 02 0 . 1 1 2 6 02 0 . 1 0 1 6 02
1 1 5 . 0 0 . 2 9 7 E 0 2 0 . 262.E 02 0 . 2 3 3 E 02 0 . 2 0 b t 02 0 . 1 8 6 6 02 0 . 1 6 3 6 02 0 . 144E 02 0 . 1 2 9 E 02 0 . 1 1 6 E 02
1 2 0 . 0 0 . 3 3 3 E 02 0 . 2 9 6 E 02 0 . 2 6 5  e*. 02 0 . 2 3 8 b 02 0 . 2 1 3 6 02 0 . 1 87E 02 0 . 1 6 6 6 02 0 .  149E 02 0 . 1 3 4 6 02
1 2 5 . 0 0 . 3 6 7 c 02 0 . 3 2 9 E 02 0 . 2 9 7 6 02 0 . 2 6 8 6 02 0 . 2 4 0 6 02 0 . 2 1 2 E 02 0 . 1 8 9 E 02 0 .  170E 0 2 0 . 1 5 4 E 02
1 3 0 . 0 0 . 3 9 9 E 02 0 . 3 6 0 E 02 0 . 3 2 b t 02 0 . 2 9 7  c 02 0 . 2 6 6 6 02 0 . 2 3 6 6 02 0 . 2 1 1 E 02 0 . 1 9 1 6 02 0 . 173E 02
1 3 5 . 0 0 . 4 2 7 E 02 0 . 3H8E 02 0 . 3 5 6 b 02 0 . 3 2 3 b 02 0 . 2 9 1 E 02 0 . 2 5 9 E 02 0 . 2 3 2 6 02 0 . 2 1 1 E 02 0 . 1 9 2 6 02
1 4 0 . 0 0 . 4 5 3 b 02 0 . 4 1 4 E 02 0 . 3 8 1 b 02 0 . 3 * 7 b 02 0 . 3 1 3 E 02 0 . 2 8  06 02 0 . 2 5 2 6 02 0 . 2 2 9 E 02 0 . 2 1 0 E 02
1 4 5 . 0 0 . 4 7 5 b 02 0 . 4 3 5 b 02 0 . 4 0 2 E 02 0 . 368b 02 0 . 3 3 3 E 02 0 . 2 9 8 E 02 0 . 2 6 9 6 02 0 . 2 4 6  E 02 0 . 2 2 6 E 02
1 5 0 . 0 0 . 493fc 02 0 . 4 5 4 E 02 0 . 4 2 1 b 02 0 . 3 8 5 c 02 0 . 3 4 9 E 02 0 . 3 1 4 E 02 0 . 2 8 4 E 02 0 . 2 6 0 E 02 0 . 2 4 0 6 02

1 5 5 . 0 0 . 5 0 8 E 02 0 . 4 6 9 E 02 0 . 4 3 6 b 02 0 . 4 0 0 E 02 0 . 3 6 3 E 02 0 . 3 2 7 E 02 0 . 2 9 7 E 02 0 . 2 7 2 E 02 0 . 2 5 1 6 02
1 6 0 . 0 0 . 5 2 0 b 02 0 . 4 8 1 E 0 2 0 . 4 4 8 b 02 0 . 4 l 2 t 02 0 . 3 7 5 E 02 0 . 3 3 8 E 02 0 . 3 0 7 E 02 0 . 2 8 2 E 02 0 . 2 6  IE 02
1 6 5 . 0 0 . 5 2 9 E 02 0 . 4 9 0 E 02 0 . 4 5 7 t 02 0 . 4 2 1 c 02 0 . 3 8 3  6 02 0 . 3 4 6 E 02 0 . 3 1 5 E 02 0 . 2 8 9 E 02 0 . 2 6 8 6 02
1 7 0 . 0 0 . 5 3 5 E 02 0 . 4 9 7 F 02 0 . 4 6 4 b 02 0 . 4 2 7 E 02 0 . 3 8 9 E 02 0 . 3 5 2 5 02 0 . 3 2 0 6 02 0 . 2 9 5 E 02 0 . 2 7  3E 02
1 7 5 . 0 0 . 5 3 9 E 02 0 . 5 0 I E 02 0 . 4 6 8 b 02 0 . 430b 02 0 . 3 9 3 E 02 0 . 3 5 5 6 02 0 . 3 2 3  E 02 0 . 2 9 8 6 02 0 . 2 7 6 6 0 ?1 8 0 . 0 0 . 5 4 0 E 02 0 . 5 0 2 E 02 0 . 4 6 9 E 02 0 . 4 3 2 b 02 0 . 3 9 4 E 02 0 . 3 5 6 F 02 0 . 3 2 4 E 02 0 . 2 9 9 E 02 0 . 2 7 7 E 0 *



T A B L E  IV . E V A L U A T E D  3He(n< d)D CROSS-SECTIONS AND  N O R M A L IZ E D  LE G E N D R E  C O E F F IC IE N T S  A^

E „
(MeV)

°n, d 
(mb)

A*2 A6 kh A '*10

. k ‘ 3 1.7 0.633 0 .0 2 8

5.0 18 .8 1.0 36 0.313

5.5 32.7 1 .1 7 0 0.703 0 .0 6 0

6 .0 42.6 1.239 1.0 6 0 0.155

6.5 50.3 1.304 1.377 0.2.85

7.0 56.1 1.378 1.642 0.430 0 .0 0 7 0.005

7-5 6 1 .0 1.452 1 .8 6 3 0.583 0 .0 3 8 0.010

8.0 64.9 1.503 2.043 0.734 0 .0 6 8 0.013

8.5 68.0 1.528 2 .1 6 9 0.879 0 .0 9 6 0.020

9.0 70.7 1.538 2.239 1.019 0 .1 2 1 0.027

9.5 72.9 1.540 2 .2 8 2 1.148 0.146 0.031

10.0 74.8 1.540 2.310 1 .2 6 7 0 .1 6 8 0.038

10.5 76.3 1.538 2.326 1.369 0.183 0.042

11.0 77.7 1.529 2.332 1.455 0.197 0.049
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rises  from  zero at the forward threshold o f 4.36 MeV to about 70 mb at 
10 MeV. The readings listed in Table IV  extend up to 11 MeV, co rres 
ponding to the high-energy end (10 MeV) o f the D(d, n)3He cross-section 
evaluation [ 5].

In Fig. 5 the coefficients are plotted versus the neutron energy scale. 
The A *2 coefficient decreases steeply to zero at the reaction threshold. 
Num erical values o f the coefficients are also given in Table IV.

For the 3He(n, d)D reaction, the backward threshold is at 6.57 MeV 
neutron energy. As this reaction is o f minor importance in neutron 
m etrology, no differential cross-sections in the LAB  system are given 
here. To obtain them, the differential centre-of-m ass cross-sections 
calculated from  Eq. (11) and the data of Table IV have to be divided by 
J = dnLAB/dnCM, the ratio o f the d ifferential LAB  and centre-of-m ass solid 
angles. Values of J can be calculated, for example, following the equations 
and the computer program of Horstmann and Liskien  [9].
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TH E  3 H e (n ,p )T , 6 L i(n >ff)T  A N D  10B (n ,a )  
ST A N D A R D  CRO SS-SECTIO NS*

Leona STEWART
Los Alamos Scientific Laboratory,
Los Alamos, N . M e x .,
United States o f America

Abstract

THE 3He(n,p)T, 6Li(n, a )T  AND 10B(n, ct) STANDARD CROSS-SECTIONS. -
The evaluated cross-sections in the ENDF/B-III library are reviewed and compared with recent 

experimental measurements over the energy range established for each standard cross-section. While the 
3 He(n. p), 6 Li(n, a) and 10 B(n, a ) data seem to be adequately established up to approximately 10 keV, the 
10 B data should be separated into the a0 and a t channels, which is now allowed by a recent ENDF format 
revision. A ll o f the cross-sections require further study above 10 keV to gain the precision necessary for 
standards. Recent experiments on 10 B carried out at Gulf Radiation Technology, San Diego, Calif. (GRT) 
are briefly discussed and the results presented.

1. INTRODUCTION

This paper is confined to a discussion of the standard neutron cross- 
sections, in particular to the light-elem ent absorption cross-sections, 
since the hydrogen scattering cross-section  is w ell established as a 
prim ary standard from  a few hundred keV to 20 MeV. Below 1 keV, the 
hydrogen scattering cross-section  is constant, while the 3H e(n ,p )T ,
6 L i(n ,a )T  and 10B(n, abs) cross-sections are generally given by a 1/v 
energy dependence plus a sm all constant term , A ct. A  more precise 
representation o f the absorption cross-section  is obtained from  the low- 
energy S-wave expansion derived by Bergman and Shapiro [1]:

ffabs = A / j E n + Act + B j E n + CE„ + ... (1)

where the constants are quoted with E in eV and ct in barns.
Many o f the present data fo r crabs have been obtained through fitting 

measurements of the total cross-section  and generally assuming that the 
constants B and C are zero . Some recent measurements o f the scattering 
cross-sections have been combined with data on CTtot to obtain a value for 
the constant A ct, which was found to be small, again neglecting terms 
containing B and C. Several years ago, Gubernator and M oret [2] fitted 
a ll available data on o-tot and aabs fo r  10B to obtain values o f a ll of the 
param eters listed in E q .(l).

*  Work performed under the auspices o f the US Atomic Energy Commission.
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The standard cross-sections on the ENDF/B-III files  have been 
evaluated by various CSEWG1 organizations and reviewed by the CSEWG 
Standards Subcommittee. A status report on the standards data was 
recently written by Drake [3], and the summary documents fo r each 
evaluated file  have been included in Drake1 s report.

Since other standard cross-sections are often measured with respect 
to the hydrogen scattering cross-section, the theoretical analysis of 
Hopkins and Breit [4] was used to generate the hydrogen evaluation for 
ENDF/B-III at the Los Alamos Scientific Laboratory (LASL) [5]. These 
data are available as file  M AT 1148 and it should be noted that the angular 
distributions of the elastic neutrons are neither isotropic nor symmetric 
about 90° above a few MeV, as assumed in a ll o f the previous evaluated 
file s . Even though this cross-section  is assumed to be known with high 
accuracy, it should be pointed out that angular distribution measurements 
of the neutrons and reco il protons are s till required in order to determine 
the accuracy with which hydrogen can be used as a standard.

At low energies, exoergic reactions which have a large cross-section  
and a smooth energy dependence make the best standards since such 
reactions produce easily detectable signatures in neutron flux monitors. 
These criteria  combine to make the 3H e(n ,p )T , 6L i(n ,a )T  and 10B(n,abs) 
reactions excellent standard cross-sections up to the region of approxi
mately 100 keV. However, since 3He is a gas and is easily  contaminated 
with T , lithium and boron have enjoyed w ider application. Each of these 
reactions is described in more detail in the following sections.

2. 3H e(n ,p)T Q = +0.7645 MeV

M AT 1146 on ENDF/B-III is an evaluation performed by Stewart and 
LaBauve [6] severa l years ago. The thermal value o f 5327 b was derived 
from  measurements made by A ls-N ie lsen  and Dietrich [7], and the cross- 
section is assumed to go as 1/v up to 1.7 keV. Above this energy, the 
slope is changed to re flect h igher-energy measurements of Gibbons and 
Macklin [8] and Macklin and Gibbons [9] as shown in F ig . l .  These 
comparisons are extended to 100 keV in F ig .2. Figure 3 shows an 
extension o f the data to 1 MeV including measurements at other labora
to r ie s2. Although the thermal cross-section  is known to better than 1%, 
the energy at which this cross-section  deviates from  1/v is not w ell 
established. In addition, it should be pointed out that precise experi
mental measurements have not been carried out above a few eV, thereby 
placing severe restrictions upon the accuracy accompanying the use of 
the 3He(n,p)T cross-section  standard. The 10% e rro r  estimates on the 
Oak Ridge National Laboratory (ORNL) data are d irectly  related to 
uncertainties in the analysis o f the samples employed. Certainly, further 
work is needed on this cross-section  standard, especia lly above 100 eV.

1 The Cross-Section Evaluation Working Group which is chaired by the Head of the National 
Neutron Cross-Section Center at Brookhaven National Laboratory.

2 The experimental data o f Costello et al. (Nucl. Sci. Eng. 39 (1970) 409), which show a constant
cross-section o f about 900 mb from 300 keV to 1 MeV, have been omitted for the sake o f clarity.
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FIG. 1. The (n,p) and total cross-sections for 3He from 1 to 10 keV. The curve drawn through the 
experimental points deviates from 1/v at 1.7 keV.

3. 6Li(n,or)T Q = +4.786 MeV

The ENDF/B-III data, M AT 1115, were furnished by LASL [10] and 
were based on the evaluation by Uttley et al. [11] below 500 keV. It is w ell 
known that gross inconsistencies have been observed in the (n ,a) and 
total cross-sections fo r 6L i, both in the magnitude o f the cross-section
and in the energy scale, especia lly near the 250-keV resonance. These 
inconsistencies made it virtually impossible to perform  an evaluation 
uging a ll of the partial cross-sections. The evaluation of Uttley et al., 
based on a theoretical analysis of the total cross-section, gave results 
that are consistent with prelim inary measurements of Coates et al. [12] 
on the (a ,a )  cross-section . As this evaluation showed consistency between 
the partial and total cross-section , it was chosen until the time when the
experimental problems can be studied in more detail.

H e(n ,p )T  
4  MACKLIN,ORNL 1963 
+  GIBBONS,ORNL 1966

He(n,p)T 
CURVE 1/v FROM

a3H,(ap)T = 5327bat 0.0253 eV

TABULAR VALUES FROM 
1/v EXTRAPOLATION

l a 5sL 5 d.il gTOT

10 eV 2.0 267.9 269.9
50 eV 2.0 119.6 121.8

lOOeV 2.0 84.73 86.73
500 eV 2 0 37.89 39.89

1 keV 2 0 26.79 28.79
1.7 keV - 2055 —

USE EXPERIMENTAL-

J -------------- 1-----------1_______I______I_____I____ L
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FIG. 2. The (n.p) and total cross-sections fo r3 He from 10 to 100 keV.

During the past 2-3 years, much progress has been made. For 
example, 'thin' and 'thick' lithium glass detector responses have been 
studied, especia lly at Harwell, and consistent results obtained. Further 
work is under way at Cadarache and at Harwell to determine the cross- 
section and to establish the energy scale near the resonance peak. 
P re lim inary (n,a) results at Argonne [13] show better agreement with 
the Uttley evaluation than the older data of Meadows.

The (n,a) data in M AT 1115 are calculated from  the formula:

CTn.c = (149.56/,/En)- 0.024 (2)

with the energy in eV and the cross-section  in barns. The cross-sections 
in the file  deviate from  a strict 1/v dependence by a maximum of 0.4% up 
to 10 keV, giving a thermal cross-section  of 940.25 b. F igure 4 shows 
the evaluation of Diment and Uttley (from which the ENDF/B-ni data were 
derived), along with some o f the recent experimental measurements.
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FIG. 3. The (n,p), elastic, and total cross-sections for 3 He from 100 keV to 1 MeV. The Costello data, 
which indicate a cross-section o f about 900 mb from 300 keV to 1 MeV, have been omitted for the sake 
o f clarity.

These data indicate that the (n,a) cross-section  up to 10 keV is 
accurately determined unless discrepancies evolve in establishing the 
energy scale in this energy region. It is important, however, that the 
cross-section  be extended to 100 keV with high precision fo r  use as a 
standard. Further extension to 1 MeV would be useful.

■4, 10B (n ,«0)7Li; (n ,a i )7L i*  Q 0 = +2.792 MeV; Q x = +2.314 MeV

MAT 1155 on ENDF/B-III contains a 10B evaluation by Irving [14] 
perform ed severa l years ago. To conform to the recommendations made 
by the CSEWG Standards Subcommittee fo r ENDF/B-III, however.
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NEUTRON ENERGY (keV)

FIG. 4. The 6Li(n, a )T  cross-section from 1 keV to 1 MeV.
.......... experimental data o f Coates et a l. ; --------- Diment and Uttley calculation, representing the
ENDF/B-III evaluation; x x x x Diment and Uttley experimental values; AAAAAA Fort values.

LaBauve [15] at LASL made changes in the (n,ar) cross-section  over the 
energy region where it is employed as a standard. Therefore, the (n,u) 
data in MAT 1155 were taken from  the evaluation by Sowerby et al. [16] 
up to 100 keV. This procedure gave consistency between the 6Li/ 10B 
ratio measurements and the elastic scattering data of Asam i and Moxon [17] 
on 10B.

The (n ,a ) cross-sections up to 100 keV were calculated from the 
formula of Sowerby et al. [16], which is given below:

_ 13.837 1 O il M IQ '2 r r  l 2-809 X lt)S____________
CTn-“  " ° ’ 31'2 1,(114><10 \ 'E 'n[(170.3-En)2 + 2.243X 104]

( 3 )

with a in barns and E in keV. The thermal cross-section  in M AT 1155 
obtained with the above formula is 3836.45 b.

The total (n,a) cross-section  given in ENDF/B-III is not an adequate 
representation o f the standard cross-section  since the 478-keV y-ray is 
often the observed quantity in a flux monitor. It is only recently that the 
ENDF/B form at3 has been extended to allow the (n ,a0) and (n,a j) channels 
to be input as separate reactions.

3 MT = 780 is now assigned for (n, a0) and MT = 781 for (n, otj). The sum o f these two reactions 
w ill still be input into MT = 107 which is the total (n, a ) cross-section.
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Measurements have been made on the ( n ,a i j )  and total (n ,a ) cross- 
sections at GRT by Friesenhahn et al. [18] which w ill be considered in the 
next evaluation fo r the ENDF/B file s , along with other recent experiments. 
Since the GRT data have not yet been published, these experiments are 
discussed b rie fly  below and the results presented.

Both the total (n.a) and (n .a ^ )  cross-sections were measured relative 
to hydrogen scattering in the region from  4 to 750 keV with an extension to 
1 MeV fo r the latter. Quoting from  Friesenhahn et al. [18]: "The data were 
obtained with neutrons from  an electron linac target by employing tim e- 
o f-fligh t techniques. Hydrogen and methane gas proportional counters were 
used to determine the neutron flux from  ** 1 keV to 1 MeV. In order to 
allow consistency checks to be made, the 10B (n ,») cross-section  was 
measured with both BF3 gas proportional counters and with a parallel 
plate ionization chamber containing 10B-loaded self-supporting film s.
The 10B (n ,a i7 ) cross-section  was measured with a lithium-drifted 
germanium spectrom eter."

The total (n ,a )  cross-sections are plotted in F ig .5 along with measure
ments from  other laboratories and the ENDF/B-III evaluation. Note that 
the GRT experimental results are higher above about 60 keV than ea rlie r 
experiments and, therefore, the ENDF/B curve; they also show'more

1000

E.(keV)

FIG. S. The 1G B(n, a) cross-sections with the GRT results labelled 'present data’ . (This graph is Fig. 45 
o f Ref. [1 8 ] . )
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FIG. 6. The 10 B(n, otjy) cross-section up to 1 MeV with the GRT measurements labelled 'present 
measurements'. (This graph is Fig. 42 o f Ref. [ 1 8 ].)

1.0

4cc
oz
5 s 
<  -  tc

X
3£

02

•  PRESENT DATA 
? Gel L i)/B I|. E„ < 60 keV 

Ge(LI)/IC, E„>60keV 

□ MACKLIN & GIBBONS 
—  IRVING EVALUATION 
A  SOWERBY

-J__________ I______I____L.
10 100 1000

NEUTRON ENERGY (keV)

FIG. 1. The branching ratio, i. e. the ratio of the (n, ctrf) to the total (n, a) cross-section with the GRT 
results labelled 'present data'. (This graph is Fig. 46 o f Ref. [ 1 8 ].)
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NEUTRON ENERGY (keV)

FIG. 8. The 10B(n, o'ty) cross-section relative to 610. 3/i/E (eV ) with the GRT measurements labelled 
'present data1. (This graph is Fig. 43 of Ref. [1 8 ] . )

structure than previously observed near 450 keV. On the other hand, the 
GRT (n.orj-y) data fa ll in between the measurements of N e llis  et al. [19] 
and Macklin and Gibbons [20] above 200 keV, as shown in F ig .6.

These results combine to give a branching ra tio4 which drops 
significantly below the measurements of Macklin and Gibbons [20] and 
of Sowerby et al. [2 1 ], 'as indicated in F ig .7. The Irving evaluation shown 
by the smooth curve is discussed in Ref. [14]. Certainly, these data show 
disagreement with ea r lie r  measurements at the higher energies which 
has hot been resolved. On the other hand, the G R T ^ .q ^ y ) data show good 
agreement with prelim inary measurements at Harwell up to 200 keV. The 
(njttjY) cross-sections are plotted relative to 610.3/\fE(eV ) in F ig .8, 
using the ENDF/B-III total (n,<*) cross-section  and Irv ing1 s branching

4 Defined here as the ratio of the (n, y) to the total (n, a.) cross-section.
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ratio. Currently under way at GRT is a programme to extend these 
measurements to energies below 4 keV' and to confirm the present (n,a) 
results above 100 keV.

In a re-evaluation of the 10B(n,ar) cross-sections, it should be borne 
in mind that the (n ,y ), (n,p) and (n ,t2a) cross-sections have positive 
Q-values and all of these reactions are assumed to make a-zero contri
bution to the absorption cross-section  below 1.2 MeV in the ENDF/B file . 
This assumption has not been ver ified  experimentally, as pointed out by 
Stewart [22] severa l years ago. The problem is twofold, since the (n,a )  
cross-section  is often derived from  measurements of the total cross- 
section, assuming CTn, a=  <*tot- Such an assumption could even place the 
normalization point itse lf in question. Following previous evaluations, 
however, this assumption is carried over to the ENDF/B file  up to 
1.2 MeV. Although some experimental work is currently under way in the 
USA to determine the importance of the (n, t2or) reaction at low energies, 
the (n, 7 ) and (n, p) contributions have not received attention.

5. CONCLUSIONS

Although hydrogen scattering has been accepted as a well-known 
standard cross-section, further angular distribution measurements are 
required to determine the accuracy with which it can be applied experi
mentally. Suffice it to conclude that such accuracy w ill be intimately 
related to the accuracy with which the angular distributions themselves 
can be determined*

The 3He(n,p)TNcross-section  is assumed to follow a 1/v dependence 
up to 1.7 keV, but the energy at which the deviation occurs is not w ell 
established. Below 1'00 eV\, this assumption is perhaps valid to 2%. The 
6 L i(n ,a )T  and 10B(n,abs) cross-sections c losely follow a 1/v dependence 
to approximately 10 keV and are therefore w ell accepted standards. It 
would be extrem ely useful to establish the 6L i(n ,a ), 10B(n,a) and 
10B (n ,an ') reactions to higher energies with good precision in order to 
overlap the energy range where hydrogen is the accepted standard. Work 
is under way at GRT which should extend these cross-sections to 1 MeV, 
although the observed structure may lim it their usefulness over part of 
the energy range.
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D I S C U S S I O N

M.S. COATES: I would like to support your remarks about the 
3H e(n ,p)T reaction. One must always be able to use a standard. Unless 
it is possible to build a simple counter in which it is possible to have 
confidence, the standard w ill not be used even though it may be very  well 
known. The hydrogen cross-section  at lower energies is such an example.
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The attractiveness o f using 3He in a gas scintillation counter adds 
weight to your recommendation that the 3He(n,p)T cross-section  should 
be better known. F o r  exactly this reason, higher accuracy has been 
requested fo r this cross-section  in the UK nuclear data request lis t, but 
no work has been done. Perhaps this Panel should make a sim ilar 
recommendation.

L . STEW ART: When I visited Mol about one year ago, they were 
interested in using 3He counters but could not get pure enough 3He.
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G E N E R A L  DISCUSSION

A.J. DERUYTTER: To what accuracy do you think the 6Li(n,ar) 
cross-section  is known up to 100 keV based on your evaluation?

L. STEW ART: I would like to divide up the energy range. Up to 
10 keV the cross-section  is known to 2%; up to 100 keV, to 3-3.5%.

A.J. DERUYTTER: I agree with that. Unfortunately, one of the 
conclusions of the Argonne Symposium from  the working group on light - 
element standards was that, in the energy range up to 100 keV, the 
®Li(n,a) cross-section  was given by an expression proportional to 1/v 
to ± 1%.

C.D. BOWMAN: We now have an accuracy o f perhaps 3% on the 
6L i(n ,a ) cross-section  at 100 keV, and if we want accuracies of 1-2%, 
perhaps we must give up the idea of using the total cross-section  to 
provide guidance about the value of the (n ,a )  cross-section. The (n,a) 
cross-section  is about 30% of the total cross-section. Therefore, i f  one 
measures the total cross-section  to 1%, this implies a lim it of about 3% 
on the accuracy to which one can get information about the (n,ar) cross- 
section. In addition, a shape analysis with R -m atrix theory requires 
knowledge of the bound levels and also of the excited-state leve ls  to well 
above the resonance. Considering all these uncertainties, I think it is not 
possible to get information from  the total cross-section  which w ill help 
to bring the accuracy of the 6L i(n ,a ) cross-section  below 4%. These types 
of two-channel R-m atrix  analyses of the 240-keV resonance probably 
represent the greatest e ffort that has gone into fitting any resonance 
anywhere. I am doubtful that one can go much further.

H. LISKIEN: In the case of standards I have always thought that more 
information than just the integral cross-sections was required. A re  there 
plans to include angular differentia l cross-sections in ENDF/B?

L. STEWART: At present, the only angular distributions in ENDF/B 
are fo r  reactions which have neutrons in the exit channel. Inclusion of 
angular distributions fo r reactions such as 3H e{n ,p)T and ®Li(n,a)T is 
being discussed in our national Cross-Section Evaluation Working Group 
(CSEWG).

A.J. DERUYTTER: F o r the i0B(n,a) cross-section , if the total (n,a) 
cross-section  and the branching ratio are included in the file s , is it 
necessary to include the 10B(n,or,Y) cross-section  as well?

L. STEW ART: At present, the ENDF/B files  allow only cross- 
sections and not branching ratios, so we shall probably put in the (n,ao) 
and (n,a i )  cross-sections from  which the branching ratio can be calculated.

M.S. COATES: I think it is important to include the (n ,a ,y )  cross- 
section as w e ll as the total (n ,a). In many applications it is easier to 
measure neutron flux by counting the 478-keV gamma rays from  the 
10B (n ,ff,Y ) reaction. I f 'i t  is necessary to go through severa l extra steps 
to obtain a standard 10B(n,<*, y) cross-section, it is much more difficult 
to identify inherent erro rs  in the experimental technique.

L. STEW ART: I agree that the 10B (n ,a0) and 10B (n ,a1) reactions should 
be evaluated separately. We shall s till include in our files  the total (n,a) 
cross-section  so the system w ill be over-determ ined. I hope it w ill be 
consistent.
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O R E L A  M EA SU R E M E N T S  O F  TH E  
235U(n, f )  C R O SS -SE C T IO N  T O  100 keV*

R.W. PEELLE
Oak Ridge National Laboratory,
Oak Ridge, Tenn.,
United States of America

Abstract

ORELA MEASUREMENTS OF THE 235U(n,f) CROSS-SECTION TO 100 keV.
Two sets o f measurements of the !35U(n,f) cross-section made with ORELA in the energy range below 

100 keV are compared. In both measurements, fission was detected by coincidence between pulses from a 
multi-plate fission chamber and a two-segment boron-loaded scintillator tank. Neutron flux was measured 
using a beryllium-walled parallel-plate pulse ion chamber containing 10BF3. The response of the ion chamber 
was assumed to be proportional to the shape of the 10B(n,a) cross-section, for which the shape given by Sowerby 
et al. was assumed. In the experiment of Gwin et a l . , ORELA was operated at sufficiently low pulse frequency 
so that measurements could extend through the thermal energy range. They were normalized to the value 
83,74 b-eV over the energy interval 0.02 to 0.4 eV. The data of Perez et al. were obtained at higher 
accelerator pulse frequency and are normalized over the energy range 100-200 eV where several recent 
measurements are in agreement. Preliminary data from both ORELA experiments are compared with other 
measurements.

The purpose o f this paper is to elucidate b r ie fly  two measurements 
o f the 235U(n, f) cross-section  in the 0.1- to 100-keV range. Both measure
ments were made at the Oak Ridge E lectron Linear A ccelera tor (ORELA) 
using apparatus chosen p rim arily  to allow simultaneous measurements of 
fission and capture cross-sections, but these measurements have weight 
and need to be considered. Most o f these results are believed to be 
essentially finai, and for each experiment the respective authors are now 
preparing more complete documentation [1, 2 ] ,

In each case, fission  was detected by coincidence between pulses from 
a multi-plate fission chamber utilizing 99.7% pure 235U and a large two- 
segment boron-loaded scintillator tank [3] ,  each segment biased at a fast 
pulse height corresponding to an electron energy re lease o f about 0.2 MeV. 
A total deposited energy of £3 MeV was required in the scintillator for an 
event to be recorded. The fission  chamber has 20 plates, 7.5 cm in dia
meter, spaced by ~  1.5 mm, with electroplated 235U deposits of about 
1.7 mg/cm2 on both positive and negative plates. As operated, the fission 
chamber efficiency for detecting a fission event was about 0.6, and the tank 
efficiency for a fission  was about 0.85 or 0.6, depending on whether or not 
a fast coincidence was required between the two segments o f the tank.

Background, including that from  o ff-energy neutrons, was determined 
by the 'notch f i lt e r1 technique to be < 1%. By studying tagged events from  
a 25̂ Cf-loaded fission chamber present during the measurements, it was 
possible to exclude any effects o f efficiency variations as a function of 
neutron energy.

*  Research sponsored by the US Atomic Energy Commission under contract with the 
Union Carbide Corporation.
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F IG .l. Averaged U(n,f) cross-sections o f Perez et al. [1 ] and Gwin et al. [2 ] compared with some 
other representative values from the literature.

Neutron flux was measured using a beryllium -walled parallel-p late 
pulse ion- chamber containing ~ 9  mg/cm2 o f 10BF3 . This chamber was 
used in the transmission mode and recorded the spectrum during the fission 
measurements, A  stable fraction o f the spectrum was selected for use, 
and it was then assumed that the efficiency o f the chamber was proportional 
to the 10B(n, a) cross-section.

Beyond the sim ilarities o f equipment listed above, the experiments 
and analysis of P erez  et al. [1 ] and o f Gwin et al. [2 ] w ere quite indepen
dent. Both, however, assumed the shape o f the 10B(n, o r )  cross-section  
given by Sowerby [4] .

Gwin, S ilver, Ingle, and W eaver perform ed their main experiments at 
a flight distance of 40 m and in some cases used a sufficiently low burst 
repetition rate so that the measurements included the thermal neutron 
energy range. These measurements were normalized to the value of 
83.74 b-eV over the energy interval 0.02 to 0.4 eV, implying a norm aliza
tion o f about 2.5% below the values given by Deruytter and Wagemans in 
1971 for the 7 .4 -to 10-eV interval [ 5 ] ,  (D ifferent thermal cross-sections 
w ere assumed.)

Perez , de Saussure, S ilver, Ingle, and W eaver utilized measurements 
at both 40 m and 150 m; the results at the shorter distance are now prepared 
for publication, while those at the longer flight path are considered more 
prelim inary. The present results are to be used in preference to the 
prelim inary results re leased in 1971 based on part of the same experimental
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TAB LE  I. AVERAGED CROSS-SECTIONS AND ESTIMATED STANDARD 
ERRORS FOR NEUTRON FISSION of 235U(n, f)

Ei - Ee
(keV)

Perez at
of
(b)

al. [1 ] 
Aof
(b )

Gwin et
of
(b)

al. [2 ] 
A Of

(b)
Ratio Perez/Gwin

0.10 -  0.12 18.9 0.5 18.2 0.4 1.04

0.12 -  0.15 25.0 0.8 24.4 0.5 1.02

0.15 -  0.20 19.4 0.6 19.0 0.4 1.02

0.20 -  0.25 21.9 0.7 20.7 0.4 1. 06

0.25 -  0.30 19.9 0.6 18.8 0.4 1.06

0.30 -  0.40 13.3 0.4 12.8 0.3 1.04

0.40 -  0.50 14.0 0.4 13.1 0.3 1. 07

0.50 -  0.60 15.6 0.5 15.5 . 0.4 1. 01

0.60 -  0.80 11.5 0.3 10.9 0.3 1.06

0.80 -  1.00 7.98 0.24 7.6 0.3 1.05

1.0 -  1.2 9.14 0.36 8.64 0.3 1.06

1.2 -  1.5 7.72 0.31 7.22 0.2 1. 07

1.5 -  2.0 6.76 0.27 6.28 0.2 1.08

2.0 -  2.5 5.65 0.23 5.14* 0.2 1.07

2.5 -  3.0 5.30 0.21

3.0 -  4.0 4.86 0.19 4.58 0.2 1.06

4.0 -  5. 0 4.36 0.17 4.08 0.2 1.07

5.0 -  6.0 3.77 0.15 3.72 0.2 1. 01

6.0 -  8.0 3.44 0.14 3.11 0.1 1.11

8.0 -  10.0 3.14 0.13 2.95 ° . l 1. 06

10 -  12 2.74 0.22 2.70 0.10 1.01

12 -  15 2.56 0.20 2.59 . 0.10 0.99

15 -  20 2.29 0.18 2.29 0.10 1.0

20 -  25 2.19 0.17 2.18 0.09 1.0

2 5 - 3 0 2.11 0.17 2.04 0.09 1.03

30 -  40 2.02 0.16 1.94 0.08 1.04

40 -  50 1.96 0.15 1.81 0.07 1. 08

50 -  60 1.92 0.15 1.82 0.07 1.05

60 -  80 1.85 0.14 1.74 0.09 1.06

80 -  100 1.73 0.13 1.57 0.09 1.10

4 For 2.0- to 3.0-keV region.
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PULSE-HEIGHT CHANNEL

FIG.2. Spectrum of integrated charge pulses for Z35U fission. A 0 .1-mg/cm2 deposit was placed on the 
negative electrode of the parallel plate ion chamber with ~  6 -mm spacing.

data [6 ] . ‘ For the 40-m measurements a boron filte r was used to cut o ff 
the neutrons o f lowest energy to enable a higher repetition rate to be used. 
The results were normalized in the 100- to 200-eV range to a value 
consistent with the O R N L-R P I experiment [7] ,  the Saclay work o f Blons [8 ] 
and the LASL work o f Lem ley [ 9] .  (In turn, the O R N L-R PI values are 
normalized to 127.9 b for the resonance integral from  0.45 to 10 eV. For 
the fission integral from 5.0 to 10.0 eV, the O R N L-R PI normalization is 
~1% below that proposed by Deruytter and Wagemans [5 ] and by inference 
somewhat above that now adopted by Gwin et a l . ) The results of P e rez  et al, 
at the 150-m flight-path length were in turn normalized to the integral of 
the 40-m data over the 2- to 10-keV range. The measurements at 150 m 
have the advantage o f a smooth incident flux because ORELA replaced 
aluminium with beryllium in the container for the water moderator surround
ing the tantalum electron target.
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0 100 200 300 400 500
PULSE-HEIGHT CHANNEL

FIG.3. Pulse-height spectrum of the 10B(n1ct)7Li reaction observed with the gridded ion chamber.

Figure 1 illustrates the unit-weight average cross-rsectionresults o f both 
experiments on a segmented scale, along with some results o f other w ell- 
known experiments. Table I  contains the corresponding experimental results. 
It is seen that the two sets of ORELA results are almost para lle l in the 
energy region  shown, so that the main difference between them is a matter 
of normalization which is to some extent subject to review  by data evaluators. 
Since the results o f Gwin et al. [ 2] nearly agree with the O R N L-R P I data 
below 10 eV, one co rrectly  concludes that the shape o f the Gwin data between 
20 and 100 eV does not quite agree with that given in the O R N L-R P I work.
No explanation for this difference has been located after considerable effort, 
and indeed the corresponding data sets for 239Pu(n, f) are in better agreement.
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To check the question o f low -energy shape for 235U(n, f), Gwin and Weston 
prepared an independent test with a 20-m flight path using the fission chamber 
without the presence of the scintillator tank. The shape o f the recent Gwin 
data appeared to be confirmed.

The uncertainties assigned to the average cross-sections do not include 
any component from  uncertainty in the shape of the 10B(n, a) cross-section. 
Uncertainty in the efficiency o f the boron chamber for recording a reaction is 
somewhat difficult to estimate, but pulse-height spectral measurements by 
Gwin im ply an uncertainty for his data o f about 4% at the highest energies.
The plotted uncertainties do include observed fluctuations in results from 
one experimental run to the next, and uncertainties in effecting the stated 
normalizations. The data o f P erez  et al. above 10 keV have for the present 
an additional uncertainty assigned because these data w ill be subject to 
further analysis. I f  the two ORELA data sets were normalized together in 
the 7- to 11 -eV region (by joining O R N L-R PI with the P erez  et al. data), 
the two data sets would disagree by about 5% in the 1- to 10-keV region, 
not inconsistent with the estimated uncertainties.

To  compare these measurements o f 235U(n, f) cros's-sections with others 
using continuous sources, one may inspect the results of Blons [ 8 ] and of 
Lem ley [9 ] which both agree with the results o f P erez  et al. in the 100- to 
200-eV interval. Blons' measurements generally agree with those of 
P e re z  et a l . , but the data o f Lem ley (measured against 6L i(n , a)) drop to 
lower values above a few hundred eV. For orientation, a ll the results fa ll 
below the 40-keV value o f White [10 ] and the 24-keV value of Perk in  et al. 
[11 ] and are nearer to the results by Szabo et al. given in 1971 [12] ,

Work on the 235U(n, f) cross-section  at ORNL is expected to continue 
in two form s. The measurements o f P e rez  et al. w ill be refined and 
extended in support o f further efforts to measure the ratio o f capture in 
23®U to fission in 235U. P ee lle  and Weston are undertaking measurements 
pointed d irectly toward the 235U(n, f) cross-section, but no data from  this 
investigation have yet been analysed. The emphasis so far is on the use 
o f 'thin' ionization chambers with which high efficiencies can be achieved 
in recording the few nuclear events taking place. At firs t we w ill be 
satisfied with normalizations at low energy in the style o f the m easure
ments described above. Figures 2 and 3 show pulse-height distributions 
observed for low -energy neutrons with the counters now ready for use. The 
Frisch-gridded boron chamber would probably be biased just above the group 
o f pulses corresponding to the TLi particles from the ground-state reaction.
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D I S C U S S I O N

E. MIGNECO: You have described measurements o f the same quantity 
at the same laboratory which have been normalized in different ways. P r e 
sumably, there must be technical reasons for the different choices of 
normalization. I think it is very  important that the experimentalists 
publish the reasons for their selection o f a specific normalization so that 
their reasons are known to evaluators and users in other laboratories. Can 
you describe in greater detail the reasons for the various choices of normal
ization?

R. W. P E E LLE : I also hope that the final reports w ill contain the reasons 
for selection o f a particular normalization. The reason that different choices 
are made is fa ir ly  simple. Experimentalists do not a ll agree on the best 
way o f doing things.

Gwin felt it was essential to normalize at thermal energies, and in 
order to do so he was w illing to operate the accelerator at 10 pulses per 
second, which resulted in a ve ry  long, slow experiment.

De Saussure and P erez  believed that there were already sufficiently 
many experiments in the energy region below a few hundred eV and that 
therefore it was not necessary for new experiments to extend a ll the way 
to thermal energy or even down to 10 eV. They therefore chose to operate 
the accelerator with a repetition rate which produced a higher counting rate 
and required less running time but which did not perm it normalization at 
thermal energy.

This mode o f operation required that the data be normalized at some 
energy. P erez  and de Saussure selected the 100- to 200-eV range and 
normalized to the previous O R N L-R PI values o f de Saussure et al. [7 ] 
because severa l different experiments were in accord in this energy range. 
W ere it not for the agreement with other experiments, some other energy 
region would have been selected.
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Below 100 keV the present data o f Gwin d iffer in shape from other 
experiments. F or instance, i f  the seem ingly random part o f the e rro r is 
removed, these data d iffer by about 5% from the O R N L-R PI data of 
de Saussure et al. in the region between about 3 0 eV and about lOOeV. (The 
present measurement by de Saussure et a l . , which is described in this 
paper, does not cover this energy reg ion .)

J. L.. LEROY: In the para lle l plate ionization chamber used to monitor 
the flux, how do you determine the transmission correction for boron s e lf
shielding and how large is it?

R. W. P E E LLE : Gwin gives an uncertainty owing to the transmission 
correction  o f about 1%,' which represents a significant fraction o f his 
normalization uncertainty. The transmission correction is one argument 
not to extend measurements to thermal energies because there the correction 
is severa l per cent while it is negligible above a few eV.

J . L .  LEROY: One reason for the efficiency o f a fission chamber with 
thick layers o f fiss ile  m aterial to vary with neutron energy is that the angular 
distribution of fission fragments varies with energy. The angular distribution 
is known to vary in a stepwise manner whenever a new fission  channel opens. 
Many o f the angular distribution data are old. Does anyone know of new, 
complete results on the angular distribution o f fission fragments from 235U?

R. W.  PE E LLE : The thick layers o f fiss ile  m aterial were used to perm it 
simultaneous measurement of the capture and fission cross-sections and 
would not have been used in a simple measurement of the fission  cross- 
section alone.

The thick layers are a technical weakness of the experiment. As I 
rem em ber from the old data, it is fortuitous that the fission-fragm ent 
angular distribution changes much less rapidly with neutron energy for 
23®U than for, say, 239Pu.

In considering the effects o f changes in the angular distributions of 
the fragments, the design o f the fission chamber should also be considered. 
The spacing of the plates and the thickness of the foils bias against fragments 
emitted both perpendicular and parallel to the plates. Fragments emitted at 
intermediate angles have higher probability of detection. The coincidence 
requirement with the scintillator tank probably does not introduce much 
additional bias in favour o f fragments emitted at intermediate angles. As 
far as I know, none o f the experimenters at ORNL has made a detailed 
calculation o f the counter's efficiency as a function of fragment angle. I do 
not think the calculation would be a simple one since multiple scattering and 
other effects would have to be considered. 1

W .P . PO EN ITZ : Meadows made an approximate calculation in connection 
with measurements o f the -capture-to-2350-fiss ion  ratio. Around 2 MeV
in either 23 ®U or 235U, there is a big change in fragment angular distribution 
o f the order of 1%. For 2ir or 4n counting in a 200 /jg-cm'2 foil, the resulting 
correction  for absorption in the fo il was o f the order o f 1%. In the energy 
range o f the ORNL experiments the effect should be much sm aller unless 
there are changes in angular distribution from  resonance to resonance; I 
think there are no data about such effects.

B .D . KUZMINOV: Another effect which could influence the efficiency 
o f the chamber is changes in energy o f the fission fragments. However, 
Obninsk studies show that changes in fragment energy are not more than 
about 0.5% from  thermal energy up to 5 MeV incident neutron energy. Such 
a change would not require a significant correction  to the efficiency.
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A . J. DERUYTTER: Perhaps it is easier to make corrections for a 
thick fo il since a thin fo il can be of ve ry  non-uniform thickness unless it is 
carefu lly made.

B .C . DIVEN: I should think that below 100 keV these effects which we 
have been discussing would not be very  important compared to other uncer
tainties. However, it would be nice to have some quantitative information.

A . J. D ERUYTTER: The new value o f the 2200 m/s fission cross- 
section for 23̂  w ill probably be somewhat higher than the value in 
ENDF/B-III. I f  the Gwin data were renorm alized to the higher value, I think 
they might agree better with other data.

R. W.  P E E LLE : I agree that the Gwin data ought to be renorm alized to 
take into account recent experiments and evaluations. The evaluator ought 
to select the best low -energy value for the renormalization, but whether 
the best value is the thermal value or the 10-eV value is open to discussion. 
I have already mentioned that normalization at 10 eV avoids the uncertainty 
in the correction  for self-shield ing in boron.
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Abstract

DISCREPANCIES OBSERVED IN FISSION CROSS-SECTION MEASUREMENTS USING FISSION FOILS FROM 
DIFFERENT ORIGINS.

During the past few years, the fission cross-sections of 235U and 239Pu have been measured below 1 MeV 
using a Van de Graaff accelerator and rime-of-flight techniques. Measurements obtained with three fission 
chambers have been intercompared. One fission chamber containing a 2J5U foil was constructed, calibrated 
and used previously by P. H. White. Two other thin'walled chambers, identical to each other, were equipped 
with 235U and 239Pu foils, respectively, prepared and assayed by the Central Bureau for Nuclear Measurements 
(CBNM). The count rates of the three chambers in a thermal neutron beam were also intercompared at CBNM. 
Since the cross-section data obtained using the thin-walled 235U chamber were systematically low while ratio 
data were systematically high, a detailed examination o f sources o f the systematic error was begun. Loss 
o f material from the 235U fo il prepared by CBNM has been confirmed by both 2ir and high-geometry alpha 
counting but the times at which losses have occurred have not yet been established. The data for the 235U 
fission cross-section based on the White chamber and reported at the Argonne Symposium in 1970 remain 
unchanged. The data for the same cross-section reported at the Knoxville Conference in 1971 must be corrected 
because o f the loss o f material from the CBNM fo il and because of a new value for the half-life o f 234 U.

1. INTRODUCTION

During the last few  years, we measured the fission cross-sections of 
235 U, 239Pu and 241 Pu at neutron energies lower than 1 MeV. F o r 235U, two 
sets o f measurements were made, the firs t one (Ref.tlJ) using a fission 
chamber, constructed and calibrated by P.H. White, and the second one 
(Ref. [2]) using our thin-walled chamber containing a 235U foil, from  the 
Central Bureau fo r Nuclear Measurements (CBNM), Geel, Belgium. As 
the two fission  chambers were used separately in measurements at different 
neutron energies, no significant difference could be established between the 
two sets of results obtained.

For the extended measurements in the 1- to 2-M eV region, we have 
used both the White chamber and our own one, sym m etrically placed with 
regard to the incident proton beam, and the results so fa r indicate a 
d ifference between the two chambers varying from  a few tenth per cent to 
4%. The discrepancy did not exceed the sum of the e rro rs . However, the 
fact that in most measurements our fission chamber gave lower fission 
cross-sections indicated the possibility of systematic e rro rs . Thus a 
careful investigation of a ll possible sources of systematic e rro rs  was 
needed.

This paper discusses the various measurements made in order to 
find out the origin  of the discrepancy. In section 2, the fission measurements 
are described in which a difference between the two chambers was observed.

175
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Section 3 is devoted to an attempt to resolve the disagreement. Section 4 
analyses the various sources of e rro r and discusses some problems con
nected with the fission fo ils  used.

2. DISCREPANCIES IN FISSION CROSS-SECTION MEASUREMENTS

2.1. Experimental procedure (F ig .l)

Neutrons were produced with the pulsed Van de Graaff accelerator via 
the 7L i(p ,n )7Be and T (p ,n )3He reactions. The two fission chambers were 
placed along two generators of a cone whose apex was at the target. The 
neutron flux was measured by a calibrated counter placed along a third 
generator of the same cone. The tim e-o f-fligh t technique was used to 
determine the neutron background. The pulse-height and tim e-o f-fligh t 
spectra of each fission chamber were simultaneously recorded and 
compared to the flux detector count rate. Thus, from  a single experiment, 
absolute values of the fission  cross-section  and their ratio could be simul
taneously deduced. Such an arrangement could also be used to compare two 
fo ils  of the same isotope.

FIG .l. Experimental arrangement.
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ENERGY (MeV)

FIG. 2. Results o f 235 U fission cross-section measurements.
- — --  Davey, A White, TO  Poenitz, □  Allen, m Dorofeev, O Kappeler. 
Present work: ■  White's foil, •  CBNM foil.

FIG. 3. 239Pu and 235U fission cross-section ratio.
S = Smith, IS Henkel, V Netter, + Smirenkin, x Dubrovina-Shigin, □  Allen-Ferguson, A White, 
Z = Poenitz, O Pfletschinger et al. Present work: ■  White's 235U fo il, •  CBNM 235U foil.
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FIG.4. Fission cross-sections o f 235U showing present measurements with the White and CBNM foils. 
Arrows indicate simultaneous measurements.
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During 1971, three sets o f measurements were made, each of them 
involving the comparison of two of the follow ing chambers:

(a) Chamber U I (containing a 235u fo il), described in R e f.[3], constructed 
and calibrated by P.H. White

(b) Chamber U II, the 235u fo il of which was prepared and assayed by 
CBNM (R e f.[2])

(c) Chamber Pu which is identical to U II but contains a 239Pu fo il 
from  CBNM.

In February 1971, chambers U II and Pu were used to measure both 
the fission  cross-section  of 235U and 239Pu and their ratio at energies lower 
than 200 keV. Results of this firs t  set of measurements are given in R e f.[2 ]. 
As mentioned in the Introduction, no noticeable difference was seen between 
the new cjf values obtained with chamber U II and the older ones measured 
by means of chamber U I [1 ].

From  May to August 1971, an intercomparison of the three chambers 
was made in the 1- to 2-MeV region. D iscrepancies of a few  per cent were 
observed fo r  both (jf (235U) (F ig .2) and the ratio  o{(239Pu)/crf ( 235U) (F ig .3).
In the whole energy range, chamber U II gave lower 235U fission  cross-sections 
and higher ratios. Systematic e rro rs  were suspected.

In December 1971, continuing the comparison of chambers U I and U II 
in the keV region where previously no difference could be detected since 
the measurements were not simultaneous, we observed here also discrepancies 
from  2 to 6% (Fig.4).

3. COMPARISON A T  THERM AL ENERGY

Because of the discrepancies observed in the above measurements, 
the correctness of the 235U fission  cross-section  measured seemed 
questionable. To check the re liab ility  of the two chambers, we used them 
to measure the well-known 235U fission  cross-section  and the fff(239Pu)/fff (235U) 
ratio at thermal energy. As.these quantities are known with an accuracy 
better than 1%, the 'righ t' chamber would be the one which gives results 
closest to the recommended values of <rf ( 235U) and af (239Pu)/o-f ( 235U) at 
thermal energy.

The measurements were done in May 1972 in collaboration with 
A.J. Deruytter from  CBNM and included severa l comparisons:

(a) Chambers U I and U II
(b) Chambers U I and Pu
(c) Chambers U II and Pu
(d) Chamber U II and a boron chamber which should measure the 

absolute neutron flux and hence perm it to ’deduce the absolute 
value of af (235U) at thermal energy.

Unfortunately, comparison (d) had to be withdrawn because o f the high 
sensitivity of our boron ionization chamber to 7 -rays. The pulse-height 
spectrum was distorted in such a way that no accurate measurement of the • 
absolute neutron flux could be made. Nevertheless, from  comparisons (a),
(b) and (c) it was possible to deduce the ratio of the count rates of chambers 
U I and U II and af (239Pu)/af ( 235U) ratios at thermal energy.

2.2. M easurem ents
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The thermal neutron beam was extracted from  a tangential beam hole 
of the Belgian BR-2 reactor. The geom etry of the beam tube and the slow 
chopper are described in detail in R e f.[4].

The two fission chambers to be compared were alternatively placed 
in the beam fo r a pre-determ ined number of counts of the beam monitor 
( 235U layer + solid-state detector outside the beam). The chambers were 
moved perpendicularly with regard to the beam axis by means of a chamber 
changer. The length of the flight path changes from  1607.1 ± 0.8 mm fo r 
thin-walled chambers to 1608 ± 0.8 mm fo r the White chamber.

The tim e-o f-fligh t and pulse-height spectra were recorded simultaneously 
in two subgroups of a 1024-channel analyser. The pulses were counted 
simultaneously when the chamber was in the counting position. Measure
ments were made alternatively with and without a cadmium filte r  in the beam.

3.1. E xperim ental procedure

TABLE  I. 235U FISSION CROSS-SECTION -  PR E LIM INAR Y RESULTS

En
(MeV)

of ( 235U) 
White's chamber

.235 rT.of ( U) 
CBNM foil

Of (CBNM) 
Of (White) 

( * )

0.730 1.14 1.09 -4 .5

1. 020 1.18 1.153 - 2.3

1.08 1.18 1.18 - 0.1

1.282 1.19 1.15 - 3.3

1.405 1.205

1.484 1.24 1.241 + 0.2

1.484 1.22 1.196 - 2

1.578 1.22

1.680 1.24 1.20 - 3.3

1.797 1.27

1.915 1.32 1.308 - 0.9

1.997 1.28 1.28 + 0.1

2.1 1.284

0.019 2.48 2.323 - 6.3

0. 040 2.05 1.923 - 6.2

0.055 1.822 1.745 - 4.2

0.075 1. 707 1.680 - 1.6

0. 088 1.556 1.522 - 2.2

0.135 1.491 1.459 - 2.8
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FIG. 5. Count-rate ratio of the 2S5U fission chambers.

3.2. Data

Prelim inary results o f the 235U fission cross-section  measurements 
are given in Table I.

The count-rate ratio C(U I)/C (U  II) o f chambers U I and U II from
0.01 to 0.1 eV is plotted in P ig .5. This ratio is normalized with regard to 
the contents of 235U atoms of the two fo ils  and must be in principle equal 
to unity. Table II summarizes the mean values of the count-rate ratio fo r 
different energy intervals. The deviation from  unity is about 4.7%. As 
shown in P ig .6, the crf (239Pu)/crf(235U) ratios successively measured with 
chambers U I and U II d iffe r  by the same amount. The dashed line is obtained 
by dividing the upper curve (U n as 235U standard) by the count-rate ratio 
C(U I)/C(U II) plotted in F ig .5. Thus the dashed line represents an indirect 
determination of the crf (239Pu)/<jf(235U) ratio as re ferred  to the White chamber.

TABLE  II. COMPARISONS A T  THERM AL ENERGY

Energy range 
(eV )

C(U I)/C(U II)
o f (239Pu)/of ( 235U) 

(U I)
of ( 28sPu)/of(z35U) 

(U I I )a
o f (239Pu)/of(2a5U)(U I I )a 
of ( 239Pu)/of ( 23SU) (U I)

0.02 -  0. 03 1.041 ± 0.022 1.280 ±.0.029 1.349 ± 0.024 1.053 ± 0.030

0.01 - 0.06 1. 048 i  0. 021 1.307 ± 0.024 1.386 ± 0.022 1.060 ± 0.026

0.005 -  0.1 1.047 ± 0.019 1.369 ± 0.023 1.442 ± 0.022 1.053 ± 0.025

a Calculated with original 235 U content.
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FIG. 6. Fission cross-section ratio of ( 239Pu)/of ( Z35U). 

" I "  White's Z3SU fo il, CBNM 235U foil.

The-averaged discrepancy is somewhat greater at thermal energy than 
in the keV and MeV regions. There is good agreement between the fission 
cross-section  ratio obtained by means of the White chamber and that 
measured by other authors, but no definitive conclusion can be made about 
the CBNM fo il. The problem was becoming more and more complicated.
A t the end of the measurements at thermal energy it was decided, as a check, 
to re-m easure the CBNM fo il activity. The results deduced from  low- 
geom etry alpha counting differed by minus 5% from  the original activity 
which was measured in January 1971 before the fo il was sent to Cadarache.
If the new value of the 235 U content is used fo r calculation, the count-rate 
ratio C(U I)/C(U II) becomes nearly equal to unity and the crf ( 239Pu)/<Tf (235U) 
ratios measured at thermal energy by means of both 235u fo ils  are in agree
ment. Thus the discrepancy seems to be resolved.

Although the appearance of the CBNM fo il surface is good and does not 
show any obvious sm ear, the decrease in activity indicates an important 
loss of m aterial. A  27r-geometry alpha counting was made with the fo il ' 
removed from  the ionization chamber. The residual alpha activity was 
about 0.3% of the total activity and it was proved that some loss of m aterial 
had occurred.
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TAB LE  III. A LPH A  COUNTING

CBNM foil White's foil

Date Method Activity
Deviation from 

mean value 
(1c)

Date Method Activity
Deviation from 

mean value 

(%)

10.1.1971 low
geometry

1504.7 0 1969 2ir 9470 + 0.14

21.1.1971 2tt 1509. 5 - 0.43 1.9.1971 2ir 9425 - 0.34

1.9.1971 2ir 1516.9 + 0.06 17.11.1971 2tt 9460 + 0.03

17.11.1971 2ir 1519.5 + 0 .2 3 12.4.1972 2rr 9476 + 0.2

12.4.1972 2ir 1517.9 +  0.12 14.10.1972 2ir 9455 - 0.02

14. 5.1972 low
geometry

1428.5 -  5 .1a
Mean 2ir 9457 <

14.10,1972 2ir 1467.0 -  3.23

Mean (2ir) 
up to 
4.1972

i

1516. 0

a Deviation from original low-geometry assay.

It is important to find out when and how the fiss ile  m aterial has been 
lost. Table III gives the various 2it alpha countings that were made in the 
course of the experiments, at the beginning of a set of fission  cross-section 
measurements. The fo il activity remained constant from  January 1971 to 
A p ril 1972, The alpha measurement in A p ril 1972 was made just before the 
chambers were sent to CBNM fo r  thermal energy measurements. The low - 
geom etry alpha assay of May 1972 revealed a decrease o f activity of 5%.
It seemed that m aterial was lost during package manipulations and transport 
from  Cadarache to CBNM. Under these circumstances, we can only rest assured 
that a ll the fission  cross-section  measurements described in section 2 were 
made with the same amount of 235 U atoms in the CBNM fo ils . However, 
some loss might have occurred also during the firs t  transport when the fo il 
was delivered to us. The absolute activity of the fo il, as measured in various 
27r-geometry alpha assays, indicates that up to A p ril 1972 the original 235u 
content was s till on the fo il. But some doubt about this remains since 
27r-geometry assay is less accurate than low-geom etry assay. We plan to 
calibrate our 2 rr-assay  method with r e g a rd  to the lo w -geo m etry  alpha 
counting used at CBNM.

Finally, the measurements at thermal energy indicate a good agreement 
between the two 235U fo ils  i f  we take into account a loss of 5% of 235u atoms 
fo r the CBNM fo il, as measured by low-geom etry counting. For the fission 
cross-section  ratio erf( ^^uj/crf ( 235U), both chambers give values that agree 
with the evaluated data. Unfortunately, the loss of m aterial complicates the 
problem and makes the renorm alization of measurements at high energy 
more difficult.
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Besides the neutron flux measurement, problems encountered in most 
fission  cross-section  measurements are mainly related to the absolute deter
mination of the number of fiss ile  atoms in the layers, the efficiency of the 
detector used and corrections which must take into account some parasitic 
effects such as neutron scattering. A  general and complete survey o f these 
problems is outside the scope of this paper. For a recent survey see 
Ref. [5]. Our examination is more restricted  and concerns mainly the 235U 
fo ils  used in our measurements. With respect to the Z35U content of the 
fo ils , great care was taken in order to m inimize systematic e rro rs . Both 
235u  fo ils  were assayed by at least two independent methods [1-3]. However, 
despite the good agreement between the various methods used at each labora
tory, there is s till the possibility of systematic differences between two or 
m ore laboratories.. A  few  years ago, it was recommended to implement a 
fo il exchange programme and an intercomparison of the assaying methods 
used at different laboratories. This was firs t done by CBNM in collaboration 
with Chalk R iver Laboratory and Idaho Nuclear Corporation, as reported by 
Lauer [6].

It seems advisable that laboratories, which are not mainly engaged in 
the assay of fission fo ils but use them fo r cross-section  measurements, 
also participate in the exchange and intercomparison programme. A  second 
step, including fo il users, has been initiated by CBNM.

Fission cross-section experimenters have to check the fiss ile  quantity 
before, after and even during the measurements. For this purpose we used 
27r-geometry alpha counting. The accuracy of this method is sufficient to 
control the reproducibility of the fo il activity and hence to detect a significant 
loss of m aterial. The method seems to us very  convenient since alpha counting 
can be made without removing the fo il from  the ionization chamber where it 
is  placed fo r fission cross-section  measurements. However, this method 
is not suitable fo r high-alpha-activity fo ils . A lso, a more accurate method 
is needed fo r  determining the absolute amount of fis s ile  atoms at de livery 
of the fo il. Low-geom etry alpha counting is the most suitable method fo r 
this purpose. When we received the CBNM fo il, an attempt was made with 
our low-geom etry alpha counting set-up. As the geom etry factor (10‘ 4) 
was too small and the fo il activity was low, this attempt suffered from  very  
poor statistics. As there was no reason fo r suspecting at that moment a 
loss o f m aterial, this attempt was not continued. With regard to problems 
associated with handling, it must be noticed that the White fo il was never 
removed from  its chamber while the CBNM fo il was taken out of its chamber 
severa l times before it was packed and sent to CBNM. The two ionization 
chambers d iffer also in that there is no gas circulation in the White chamber, 
which only had to be re filled  from  time to time, while the 'gas was continuously 
circulated inside the thin-walled chamber. So it was not surprising that 
particles were lost from  the chamber, and this could explain the fact that 
the residual contamination of the chamber was only 0.3% instead of the 5% 
which were actually lost.

There are severa l problems in connection with the efficiency of the 
ionization chambers. The absorption of a small part of the fission fragments 
in the fo ils  is closely connected with the inhomogeneity of the layer and 
hence with the preparation technique. The White 235u fo il was painted whereas 
the CBNM fo il was electrosprayed. Although the fo ils  are of the same thick

4. DISCUSSION
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ness (0.5 mg/cm2), the fo il absorption corrections d iffer by nearly 2%.
The correction factor fo r the White chamber given by the author himself 
is 1.059. For the CBNM fo il, the correction factor of 1.042 was deduced 
from  measurements of White on electro sprayed fo ils  [7], The absorption 
correction  fo r the specific White fo il used in our experiments is somewhat 
greater than the value of 5% which can be deduced from  the slope of the 
curve plotted in F ig .2 o f Ref. [7].

In the literature, absorption correction  data are not very  numerous, 
and further work on this subject is needed. For the absolute counting of 
fission  events, an extrapolation of fission pulse-height spectra to zero 
bias is  also necessary. The extrapolation procedure is not unique but varies 
with the experimenter. For the two 235u fo ils  which we used, the extrapola
tion was made in the same way as described in R e f.[3]. The extrapolation 
problem is severe and is one of the main critic ism s of 2?r-geometry fission 
counting. At the present state of knowledge of fo il absorption and extra
polation to zero bias, a 1% e rro r  on the detection efficiency is not so 
pessim istic fo r fo ils  with a thickness of a few hundred pig/cm2.

The neutron scattering correction was calculated with the Monte-Carlo 
method. The results fo r  the White chamber were verified . In R e f.[3], 
neutron scattering in the chamber structure was analytically calculated 
and checked by complementary experiments. The values given there were 
compared with the results o f our Monte-Carlo calculation at the same 
energy. In most cases, the difference is less than 1%.

5. CONCLUSION

As mentioned in section 3, the fission cross-section  ratio of 239Pu and 
235U measured at thermal energy with the White chamber is in good agree
ment with the recommended value. Thus, the results obtained fo r  o-f ( 235U) 
with the White chamber, which were published in R e f . l l ] ,  need not be changed. 
As regards the CBNM fo il, the detected loss of fis s ile  m aterial makes the 
results published in R e f.[2] questionable. However, it may be possible to 
correct these measurements, and complementary experiments are planned 
fo r this purpose. As shown in Table III, the loss o f fiss ile  m aterial as 
measured by low -geom etry alpha counting is 5% while the re lative variation 
of the alpha activity as indicated by 27r-geometry alpha counting is 3%. It 
can be assumed that the fis s ile  m aterial was lost in two parts, i.e . 2% 
during manipulation and transport from  CBNM to Cadarache and 3% during 
the return to CBNM. This can be checked by calibrating our 2?r-geometry 
alpha counting with respect to low-geom etry alpha counting of CBNM. In 
case the above assumption is confirmed, the data of R e f.[2] have to be raised 
by 4% (2% because of the new h alf-life  value of 234U (CBNM) and 2% for 
m aterial loss before the measurements).
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D I S C U S S I O N

L . STEWART: Do the data in Table I replace values in the previous 
literature?

J.L. LEROY: No. The prelim inary values in Table I serve only to 
illustrate the difference between the two chambers. We pre fer not to publish 
more values until the matter of loss of m aterial has been finally resolved.

L . STEWART: A re the values which you published previously now in 
question?

J.L. LEROY: The measurements presented at the 1970 Argonne 
Symposium were made with White's chamber and fo il and are not in question 
regarding the loss-o f-m ateria l problem. The measurements presented at 
the 1971 Knoxville Conference w ill very  probably have to be raised by 4%, 
i.e . 2% because of loss of material, but this figure must s till be confirmed, 
and 2% because the 234U half-life  value used was not the best one available.

F . K APPE LE R : I was told-by experimenters from  Geel that destructive 
analysis by the isotopic dilution technique can determine the content of fiss ile  
samples to an accuracy of 0.5%. Why was this method not used to resolve 
the problems with the Cadarache CBNM fo ils?

J.L. LEROY: We have only one fo il, and we do not want to destroy it 
before a ll other possible explanations o f the discrepancy have been checked.
I believe the last thing which remains to be checked is the 2ir geometry, in 
which an e rro r of 2% would explain a ll the experimental observations.

T .A . BYER: In the measurement of the ratio 239Pu/ 235U, the correction 
fo r loss of m aterial from  the uranium fo il w ill e ffective ly  increase the 235u 
cross-section. This w ill bring the ratio of fission  cross-sections fo r 
239pu/235u into much better agreement with the data of Pfletschinger and 
Kappeler (Nucl. Sci. Eng. 40 (1970) 375). Have you also checked fo r  sim ilar 
losses in the plutonium fo il?

J.L. LEROY: Our low-geom etry alpha-counting results, which are much 
easier obtained than the results fo r 235xj because of the higher activity, have 
always been in excellent agreement with the original count rates determined 
at CBNM, so we had no reason to suspect a change in the plutonium fo il.
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A.J. DERUYTTER: A  change of this magnitude in a uranium fo il is 
ve ry  unusual. We have exchanged fo ils  with Idaho Pall's, Chalk R iver and 
Aldermaston and have observed some very  sm all effects but never anything 
of this size.

J .L . L E R O Y : I believe the high loss of fission  m aterial was due to an 
accident. Even though the probability of such accidents is ve ry  low, we 
shall check fo r them routinely in the future.

A.J. DERUYTTER: I have two recommendations fo r experimentalists 
who order precision fo ils  from  standards laboratories such as CBNM, Geel.

(1) O rder many fo ils  rather than just one. Several fo ils  should be 
retained by the standards laboratory and checked period ically. A t the 
experim entalist's laboratory, fo r example in a fission experiment, one fo il 
should be used in the fission  chamber and two others should be kept for 
regular comparison with the fo il used in the chamber. Both the standards 
laboratory and the experimental laboratory then have a complete history of 
intercomparisons among the various fo ils , and these records can be extrem ely 
useful in tracing possible erro rs  during the course of an experiment.

(2) In the case of Z36U -fo ils , high enrichments may not always be 
desirable. In a sample enriched to 99.9% in 235U, the 234U content is less 
than 0.1%. The accuracy of alpha counting in 2ir geom etry w ill be greatly 
reduced because of the low specific activity, which is due to 234U. Many 
measurements at neutron energies below the fission threshold o f 234U can 
tolerate 1% of 234U in the sample. Such a 234U content w ill greatly improve 
the' accuracy of both 2ir and low -geom etry alpha counting, which are so 
useful in assaying, intercomparing and checking experimental samples.

A.J. DERUYTTER: Without opening White's fission  chamber the fo il 
can only be examined in 2it geom etry, no matter what technique is used.
Would it be worth while to open the chamber and to examine the fo il by, 
fo r example, low -geom etry alpha counting?

J.L. LEROY: We have examined the White chamber in a thermal 
neutron flux, which I think may be a better technique than alpha counting.
As Szabo has explained in a previous paper, a correction  is required for 
loss of fission  fragments in the fo il. This correction depends on how the 
fo il was constructed, fo r  example whether it was painted or electrosprayed. 
The comparison o f fo ils  in a thermal flux takes a ll these corrections into 
account, and therefore I think it may be the better method.
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Abstract

MEASUREMENTS OF THE 235 U FISSION CROSS-SECTION IN THE FAST NEUTRON ENERGY RANGE.
The fission cross-section of 235 U was measured in the energy range from 35 to 3500 keV. The 

shape o f the cross-section was measured using the Grey Neutron Detector with different moderators.
The shape curve was normalized with three absolutely measured values, one using the associated-activity 
method, die second using the neutron flux integration technique, and the third using the Black Neutron 
Detector for absolute neutron flux counting. The present results are subject to final fa il assay and will be 
supplemented by additional measurements.

1. INTRODUCTION

The fission cross-section  of 235U has a unique importance for reactor 
evaluations and cross-section  measurements alike. Uranium-235 is a 
m ajor fuel m aterial fo r fast reactors. Most other fission cross-sections 
as well as some capture cross-sections are measured re lative to that of
235U in the fast energy range.

However, existing data for 235U fission d iffer by more than a factor 
of two, and recent absolute measurements show differences in the order of 
20%. A  general downward trend exists in the values o f measurements 
reported between 1940 and the present [1], A  comparison of absolutely 
measured capture cross-sections of 238U and gold with those measured 
relative to 235U leads to the conclusion of possible lower fission cross-section 
values of 23oU [2]. This was supported by prelim inary measurements using 
roughly the same experimental method as applied to the absolute capture 
cross-section  measurements [3],

Because of the importance of the 23ou fission cross-section, a programme 
was initiated to measure this cross-section  by severa l independent tech
niques. The results were planned to be independent not only of the flux 
determination but o f experimental techniques and fiss ile -m ass determina
tions as well. The results presented here represent a portion o f this effort. 
The fiss ile  masses were determined, with the exception of spherical counters, 
only by alpha counting.

*  Work performed under the auspices of the US Atomic Energy Commission.
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FISSION
COUNTER

FIG .l. Schematic set-up for shape measurements.

FIG. 2. Correction for diape measurements. .

2. SHAPE MEASUREMENTS

A cross-section  is characterized by its shape and absolute amplitude.
In most experiments some systematic uncertainties apply to a ll values (for 
example, mass assignment). Thus, separating the shape measurements 
from  the absolute measurement is well justified. In addition, this separation 
may result in more favourable experiment designs for a shape measurement 
if  the absolute value is not required and vice versa. This approach, p re
viously applied to capture cross-section  measurements 12,4], was followed 
here. However, an open geom etry was used for the fission counter in order 
to overcom e the tremendous count-rate problem in a closed geometry. The 
set-up is shown in Fig. 1.

The 7Li(p , n) reaction was used as a neutron source. Measurements 
were carried  out at angles of 0° and 60° to the incoming neutron beam.
Target thicknesses ranged from  3 keV in the low-energy range to 70 keV 
in the high-energy range. The prim ary proton beam was pulsed and bunched 
to about 1-2 ns width and with a repetition rate o f 2 MHz.
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NEUTRON ENERGY (keV)

FIG. 3. Results o f 235 U shape measurements.

The fission counter was designed fo r obtaining a low scattering back
ground. The detector was a gas scintillation chamber of cylindrical shape 
with a diameter o f 22 cm and a height o f 16 cm. The scintillation light was 
viewed by four photomultipliers. The signals were added in pairs and a 
twofold coincidence was required. The fiss ile  deposit had a diameter of 
5 cm and was electroplated on a 0.013-cm-thick molybdenum backing. The 
uranium consisted o f 99.85% 235U, 0.054% 238UJ 0.027% 234U and 0.062% ?36U.
A  thickness of 400 ixg/cm2 w as used. The fiss ile  deposit was located on 
one side o f the detector, between 10-25 cm away from  the target, and 
perpendicular to the incident neutron beam.

The Grey Neutron Detector described elsewhere (paper IAEA-PL-246-2/12 
in these Proceedings) was used as a neutron detector. MnS04 • HgO,
V0S04 • H20  and water moderators were used in the detector with an effective 
radius of 46 cm. U tilizing the different capture 7 -ray  spectra allows a check 
on the evaluated efficiencies. In addition, a 28-cm effective radius detector 
o f paraffine was used in part o f the energy range.

Corrections were applied for elastic and inelastic scattering in the 
molybdenum backing (<1%), transmission through air (usually < 5%, but
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FIG.4. Fission'fragment energy spectra for spherical ionization chamber and 4tr gas scintillation counter.

about 9% in the oxygen and nitrogen resonances around 440 keV), the second 
neutron group of the 7L i(p ,n ) reaction (< 1%), transmission through the 
fission counter wall and backscatter from  the wall and m ultipliers (usually 
about 2%, but la rger in some strong iron resonances), and change o f the 
fission counting efficiency with energy (< 1%). Figure 2 shows the total 
correction applied as a function of energy.

The background for the Grey Neutron Detector was determined by runs 
with a closed collim ator channel. Most background from  the fission detector 
was eliminated by the tim e-o f-fligh t technique. The tim e-o f-fligh t spectrum 
from  the fission counter was stored with an on-line computer. The energy 
spectra from  selected tim e-o f-fligh t intervals were also stored. The 
7 -spectra from  the Grey Neutron Detector were stored in the on-line 
computer via the same data term inal in order to avoid dead-time effects.

The results from  the shape measurements are shown in Fig. 3. The 
contributions from  statistical uncertainties to the total uncertainties of 
the values shown in the figure are dominating in the energy range below
1.5 MeV (1.5 - 2.5%). At higher energies, the uncertainty from the detector 
efficiency is an increasing factor and dominates at 3.5 MeV (1.5-2.8%). 
Systematic differences between different sets of measurements and reproduci
b ility  are within the statistical uncertainties, as can be seen in Fig. 3. An 
eye-guide curve was drawn through the experimental points.
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FIG. 6. Absolute values obtained for the 2S5U fission cross-section.

3. ABSOLUTE MEASUREMENTS

3. 1. Associated activity

This type o f measurement has been described previously [5], A  
spherical fission counter surrounds a vanadium target. The olV (p ,n )olCr 
reaction is used as a neutron source. The associated 51Cr activity is 
utilized to determine the absolute neutron flux. Additional measurements 
were carried  out to improve the uncertainty from  the mass assignment 
which was previously based on one sphere only. Two new spheres were 
used and the fiss ile  m aterial determined by destructive analysis. Fission 
spectra obtained with these fission counters are shown in F ig . 4. In addition, 
new absolutely calibrated olCr samples were obtained from  Euratom and
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FIG. 7. Tim e-of-flight and energy spectra o f the Black Neutron Detector at 3.5 MeV.'

from  Chalk R iver Nuclear Laboratories. The calibration values are shown 
in Fig. 5. The new average value for this efficiency is approximately that 
obtained with the Euratom samples and caused the m ajor change o f the 
previous values. A  previous analytical estimate of the major correction, 
i. e. the scattering o f neutrons in the inner shell, was replaced by a Monte- 
Carlo evaluation. The change was about 12% of the original correction 
and affected the result only by 0.3%. The results for the fission cross- 
section o f 235U are shown in Fig. 6. A ll values are averages of two or three 
measurements.

3. 2. Black Neutron Detector

Absolute cross-section  measurements using a Black Neutron Detector 
(BND) are most favourable in the 2.5- to 5.0-MeV energy ran.ge,' Below 
1.0 MeV the cut-off energy influences the efficiency and may cause some 
systematic uncertainty at higher energies. Above 5.0 MeV the efficiency 
drops below 95% and thus the uncertainty of the evaluated efficiency increases 
proportionately.

The m ajor problem for an absolute fission cross-section  measurement 
using the Black Neutron Detector is the incompatibility o f the count rates 
obtained from  a fission counter with that o f the BND. The BND has an 
effic iency close to one, and a count rate o f 1000 counts/s is reasonable 
fo r the electronic and computer equipment. The 1000 counts/s correspond 
to 1000 n/s in a collimated beam. A  500 /jg/cm2' uranium fo il would yield
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about six fissions per hour in this beam. To reconcile both effic iencies, 
a double collim ator system was used. The measurement was carried  out 
at 3.5 MeV.

A  neutron beam was firs t collimated such that the entire deposit of a 
4 t 235U sample positioned in a gas scintillation counter at a flight path of 
173.4 cm was radiated, but not the structural m aterial of the scintillator 
chamber. A  second collim ator provided a lower-intensity beam for the 
Black Neutron Detector. The fission counter was a 4 t gas-scintillation 
chamber. A  400-/ug/cm2 , 5-cm -dia. fiss ile  deposit on Vyns-backing was 
supplied by the Central Bureau for Nuclear Measurements, Euratom. The 
amount o f fiss ile  m aterial was determined by a-counting in a low-geom etry 
o-counter. A  destructive analysis w ill be obtained at a later date. The 
fission spectrum obtained in this measurement is shown in Fig. 4.

The neutron tim e-o f-fligh t spectrum and the energy spectrum of the 
BND are shown in Fig. 7. The energy spectrum shown is that obtained in 
the neutron tim e-o f-fligh t peak after subtracting the energy spectra from  
an equally wide tim e-o f-fligh t range adjacent to the neutron peak.

Corrections were applied for the transmission through the collimator 
and scattering from  the collim ator (0.5%), the effic iency of the fission 
counter (4.2%), the attenuation in air (3.2%), the less-than-one efficiency 
of the neutron counter (3. 3%), and the second neutron group (0.4%). The 
result for the absolute fission cross-section  of 23oU at 3.5 MeV is shown 
in F ig . 6.

3.3. Calibrated vanadium bath

2_2 A  third absolute measurement was carried out utilizing a well calibrated 
Cf source [6 ]. A  collimated neutron b ^ m  of 500 keV passes through a 

gas scintillation counter and is captured in the Grey Neutron Detector with 
a vanadium-sulphate solution. The 2.25-MeV 7 -ray  from  the neutron capture 
in hydrogen is used as a neutron monitor. The same fission counter and 
An fo il as described in section 3.2 were used.

The counting efficiency was determined by radiating the set-up for 
10 m in  with a 5 0 0 -k e V  neu tron  beam  and m e a s u r in g  fo r  two 1 0 -m in  p e r io d s  
the 1.4-MeV 7 -ra y  from  the decay o f o2Vf then repeating the same procedure 
with the 2o2Cf source.

Corrections for leakage from  the vanadium bath (0.7% and 1.4%) and 
the absorption in the channel m aterial (0.2%) were made in addition to the 
corrections mentioned in section 3.2. The value.obtained for the 235U 
fission cross-section  is also shown in F ig . 6.

4. RESULTS AND DISCUSSIONS

The eye-guide curve shown in Fig. 3 was adjusted with the three absolute 
measurements shown in Fig. 6 by m inimizing the average deviations. The 
resulting curve is also shown in Fig. 6. This curve has an uncertainty of 
about 3.5%, combined from  about 1-2% statistical uncertainty and reproducibi
lity  and 2.5% from  the absolute measurements. Above 950 keV the agree
ment o f the present results with measurements by White [7], Szabo et al. [ 8], 
and G illiam  and Knoll [9] is good. At lower energies the agreement is best 
with the measurements by Szabo et al. [ 8] after norm alizing these data with
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values which they obtained with a fission chamber independent from that of 
White. The present results are essentially lower than previous evaluation 
results (BNL-325, ENDF/B-II, K F K -120), and partia lly lower than the 
m ore recent evaluation of ENDF/B-III. Final normalized values w ill be 
published after obtaining destructive analyses of the uranium samples and 
completing the analyses of additional data measured relative to 6Li(n,<*) 
and Au(n, 7 ).
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D I S C U S S I O N

Supersession of previous results

R. W. PEEL.LE: Do the results which you have presented here replace 
the prelim inary values obtained with the Grey Neutron Detector four years 
ago?

W .P . POENITZ: Yes. The present data replace those of 19681, which 
were marked prelim inary.

The data from 19702 have also been modified but not d irectly replaced. 
We obtained new calibrated 7 -ray  sources which resulted in a 1% correction 
to the 1970 data, but additional new measurements have been combined with 
the older measurements. A ll other changes were minor compared to 1%.

Correction for fission fragments absorbed in the fo il

A. J. DERUYTTER: In the An geom etry fission pulse-height spectrum 
which you showed, how large was your correction fo r lost fission events?

W. P. POENITZ: Basically we have used the experimental data of 
White. There also exist several evaluations of this effect for both Air and 
2ir fo ils. A fter studying the differences in the evaluations for 4ir and 2ir fo ils.

1 POENITZ, W .P ., Neutron Cross Sections and Technology (Proc. Conf. Washington, D .C ., 1968), 
USAEC (1968) 503.

2 POENITZ, W .P ., Neutron Standards and Flux Normalization (Proc. Symp. Argonne, 1970), 
CONF-701002, AEC Symp. Ser. 23, USAEC, Oak Ridge (1971) 281.
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we decided to reduce W hite's correction by something like 20-30% fo r the 
400 ng  • cm '2 fo il. The main difficulty was to adjust the correction for the 
effect of a Vyns versus an aluminium backing.

The Air counter gives a much n icer spectrum than the 2ir counter because 
the total energy deposited by the fragments can be added together; however, 
the total absorption cannot be determined so well.

F. KAPPE LE R : We attempted to determine d irectly the fractions of 
fission fragments which were absorbed in 2ir- and 47r-counting arrangements. 
A  sm all amount o f 252Cf was mixed with the fiss ile  sample. The absolute

2*52 mactivity of the Cf could be determined very  accurately by low-geom etry 
counting so that we could compare the count rate obtained in 2 it geom etry 
with that obtained in low geom etry and thus determine the absorption losses.

A .J . DERUYTTER: The method requires that the 252Cf be distributed 
homogeneously within the target, and I do not know whether this problem 
has been solved as yet.

J. L . LEROY: The idea is interesting, but it has the disadvantage that 
a fission counting background is introduced where the rea l fission count 
rate is already very  low.

F. K APPE LE R : The background would not be disturbing. The 252Cf 
concentration can be kept very  low, and in a measurement with a pulsed 
neutron source the background w ill be time-independent so that it can be 
conveniently subtracted.

Double collimation and fo il uniformity

C.D. BOWMAN: In the absolute measurement with the Black Neutron 
Detector, not a ll of the neutrons which pass through the fiss ile  deposit 
reach the flux monitor because this is the purpose o f the collim ator between 
the fission detector and the flux monitor. Have you verified  that there are 
no problems owing to variation in the uniformity of the deposit since the 
flux monitor does not view the entire fo il?

W. P. POENITZ: The firs t collim ator located between the neutron 
source and the fiss ile  sample produces a beam which is slightly larger 
than the 5-cm -diam eter fis s ile  deposit and at the same time prevents 
neutrons from  being scattered from  the photomultipliers and the heavier 
structural parts of the fission .chamber. Since transmission is nearly 100%, 
normal variations in the sample thickness are unimportant. At a flight path 
of 1.8 m the neutron beam from  the 7L i(p ,n ) source was assumed to be 
uniform. Of course the firs t collim ator between the neutron source and 
the fission chamber must not be so close to the source that the beam becomes 
non-uniform. If the beam is indeed uniform after it passes through the 
fission chamber, the second collim ator between the fission chamber and the 
flux monitor should cause no problems.

The Ait fission chamber

C. D. BOWMAN: Would you explain how you obtained from  the Air 
fission chamber the pulse-height distribution shown in Fig. 4? I am parti
cularly interested in how you eliminated noise from  a-particles , e tc . , 
without elim inating rea l fission events at the same time.
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W. P .  POENITZ: The signals from  the four photomultipliers which 
viewed the gas scintillator fission chamber were added together using 
various coincidence requirements, which did not have very  great effect.

We always recorded two-dimensional (tim e-o f-fligh t and pulse-height) 
spectra. Figure 4 shows an energy spectrum at the tim e-o f-fligh t peak, 
which is quite sharp because the time resolution of the gas scintillator is 
about 3 ns. The a-peak is not covered by the energy scale o f the figure.

A  background spectrum determined from  an adjacent time range was 
subtracted from  the spectrum in the tim e-o f-fligh t peak. This eliminated 
noise'as w ell as the time-independent part of the a-background. Another 
background spectrum determined from  measurements made with the fiss ile  
fo il removed from  the fission chamber was subtracted to eliminate back
ground from  other sources.

There is a small a-background which appears in the tim e-o f-fligh t 
peak and which is due to (n, a )  and (n,p) reactions in the argon and nitrogen 
gas used to f i l l  the fission chamber. The size of this background is sensi
tive to the bias settings on the fission chamber. We have observed this peak 
in measurements without the fiss ile  fo il, and I have attempted to ensure that 
it was properly subtracted from  the fission cross-section  measurements.

Shape measurements with the large fission chamber 
and the G rey Neutron Detector

E. FORT: In many of your experiments you measured the neutron flux 
after transmission through the fiss ile  sample. You must therefore know 
accurately the transmission through the fission detector. At Cadarache, 
we used symmetric angles from  the beam so that we did not have to worry 
about transmission through our fission detector.

W. P. POENITZ: In the fission measurements the transmission co rrec 
tions were not large because the fo ils  were thin. Only the walls o f the 
chamber are o f concern. In the fission detector used with the Grey Neutron 
Detector, one of the walls was unfortunately not so thin as would have been 
possible, and therefore the correction for transmission was la rger than 
necessary. Even so, this correction was only o f the order of 3% over most 
of the energy range.

The fission chamber used in the shape measurement was made as large 
as possible in order to obtain a low scattering background. We thought it 
would be sim pler to evaluate the transmission correction than to correct 
for scattering from  the irregu lar geom etry o f the detector.

The transmission correction includes corrections for transmission 
through air and through the back wall of the detector and for scattering 
in the sample backing. In the shape measurements, molybdenum fo il was 
used as backing because it has a smooth cross-section  without resonance 
structure. Most of the structure in the correction curve shown in Fig. 2, 
such as the resonance at 430 keV, is due to transmission through air. Only 
a few of our measurements fa ll within the energy range o f one of these 
resonances. The calculated corrections are based on reasonably well- 
known cross-sections.



The neutron source reaction: 7L i(p ,n ) versus T (p ,n )

M. S. COATES: You have used the 7L i(p ,n ) reaction as a neutron source 
throughout the energy range o f your measurements. Did you have problems 
with multiple neutron groups?

W. P . PO ENITZ: We corrected for the second neutron group. The 
ratio o f the second group to the prim ary group is rather well known. I 
have also measured it using the Black Neutron Detector and tim e-o f-fligh t 
up to an energy where I could no longer resolve the tim e-o f-fligh t peaks.

The second neutron group contributes a maximum of about 10% of the 
total neutrons. Between the energies of the two groups, the 235U cross- 
section varies by not much more than 10%. These numbers imply a maximum 
effect of 1%. If the correction is known within only 20%, the uncertainty 
in the measured cross-section  is about 0.2%.

The ratio o f the zero-degree angular d ifferential cross-sections is 
rea lly  needed to produce each neutron group, and there are some data 
available. However, our sample was sufficiently far away so as to subtend 
a sm all enough solid angle so that the effects of the angular distribution 
were negligible. I f  it were possible to study effects as sm all as 0.2%, then 
perhaps the angular distribution would be a m ore important consideration.

At higher energies where we are planning to make measurements, we 
shall have to use a different neutron source such as T(p, n )3He. Above about
3.5 MeV, neutrons are produced in inconveniently large numbers in the 
backing of the lithium target by reactions such as Ta(p, n). At sufficiently 
high energies, 7 L i  itse lf disintegrates in neutron-producing reactions.
At energies where it is possible to make corrections for the second neutron 
group, we have continued to use the 7L i(p ,n ) source because we find it more 
convenient than a T (p ,n )3He source, which would require special arrange
ments fo r handling the tritium.
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Abstract

M E A S U R E M E N T  O F  T H E Z35U  FISSION CROSS- SECTION IN T H E  ENERGY R A N G E  1 keV  T O  1 M e V .

Measurements of the fission cross-section of 235U  using a 45- M eV  linac and time-of-flight techniques 

have been extended into the energy region where most measurements have been m ade with Van de Graaff 

accelerators. The reported relative measurements cover the range 1 keV  to 1 M e V . Fission events were 

detected by  observing the fission neutrons with proton recoil detectors using pulse-shape discrimination against 

gam m a rays. Most measurements were m ade with two detectors at 45 ° and two at 90*. The  incident neutron 

spectrum was measured with a calibrated boron-vaseline plug detector. Background was determined by the 

'black* resonance filter technique. Corrections were applied for self-shielding, multiple scattering and 

changes of fission neutron detection efficiency resulting from changes with incident energy in the temperature 

and angular distribution of the fission neutron spectrum. The measured relative cross-section has been 

normalized to an average value of 2. 349 b in the 10- to 30-keV energy interval in agreement with the 

evaluation of Sowerby et al. The  normalized data agree well with the Sowerby evaluation except below

3 keV  and in particular confirm the shape of the cross-section in the 30- to 100-keV range as reported by 

Sowerby, in contrast with other recent evaluations. The estimated error of the relative cross-section is less 

than 4Pk>
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1. INTRODUCTION

ooe

The discrepancies in the existing U(n, f) data above the resonance 
region are disquieting because not only is the cross-section for this reaction 
used as a standard, but in the 10-keV to 1-M eV neutron energy region its 
value is of considerable importance to the design of fast reactors. Further 
accurate measurements are required and we have extended the tim e-of-flight 
technique on the 45-M eV linac to energies where most measurements have 
been made on Van de G raaffs. F ission events were recorded by observing 
the prompt fission neutrons, and the spectrum of the incident neutron beam  
was determined with a calibrated boron-vaseline plug detector [ 1 ] .

2. E X PE R IM E N T A L  METHOD

Both the fission yield and spectrum measurements were made on a 100-m  
flight path using the booster [ 2 ] target of the linac as the prim ary neutron 
source. A ll measurements were taken with an electron pulse length of 150 ns 
and a repetition frequency of 192 Hz. The events were recorded on a tape 
recorder with channels of 125 ns width. The overall resolution for both 
detector arrangements was 1. 7 ns/m. The neutron beam was collimated

2 0 1
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to 8 cmiin diameter at the 1 0 0 -m  station and passed only through thin 
M elinex '(M ylar) windows, a 5 .6 -m  path in a ir  and a graphite-clad overlap  
filter containing 0.43 g/cm2 of 10B. The only significant structure introduced 
into the spectrum of the incident neutron beam by the flight path was a dip 
of ~  15% at 440 keV due to the path length in a ir.

■ 2 .1. The fission detector

The prompt fission neutrons were detected in one or more of the four 
NE 213 proton recoil detectors placed around the 235U sample but out of the 
incident neutron beam. The samples, 7.9 cm in diameter, were mounted 
in a boron sleeve which served to reduce the background from  backscattered  
neutrons. Gamma rays from  neutron capture or inelastic scattering were  
rejected with a pulse-shape discrimination system using the charge- 
comparison method. This system was designed for high instantaneous count 
rates (up to 10® Hz) and gave good gamma discrimination at low energies [ 3 ].  
The detection of scattered neutrons with incident energies below 1 MeV 
was prevented by setting the neutron discrim inator bias of each detector 
above this energy. With the bias nominally at 1.5 MeV, tim e-of-flight tests 
with gold and iron samples showed that the detection of gamma rays in 
the 235U fission yield measurements would be negligible at a ll energies. 
Sim ilar tests with scattering samples showed that the detection of scattered 
neutrons would also be insignificant up to at least an energy of 1 MeV.

Above 100 keV incident neutron energy, the initially isotropic fission  
fragment emission is known to become forward peaked. The fission neutrons 
can be expected to exhibit a sim ilar but less pronounced anisotropy and, in 
order to allow for this effect, the fission yields were measured with the 
detectors placed at various singles to the incident beam. Most of the 
measurements were made with two detectors at 45° and two detectors at 90°, 
the yields being recorded simultaneously. Further measurements were  
also made with detectors placed at 22.5°, 67.5°, 135° and 157.5° to the beam. 
The most accurate data were taken at 90° and these were used to derive the 
m easured cross-section after correction for the angular dependence of 
neutron emission.

With the particular geom etrical arrangement and bias setting used, the 
efficiency of each NE 213 detector for detecting a prompt fission neutron 
was < 0. 5%. In this case and for a thin sample, the observed fission yield 
per incident neutron of energy E is accurately proportional to e(E )vp(E)fff(E ), 
where e (E ) is  the detector efficiency for a single prompt neutron, ^p(E ) is 
the number of prompt neutrons per fission and cr{ (E ) is  the fission cross- 
section. In practice, samples of thickness 1.08 X 10‘ 3 and 3.8 X 10‘ 3 

235U atoms/b were used and corrections for self-shielding and multiple 
scattering in the samples had to be applied.

2 .2. The spectrum measurement

The most accurate method of measuring the neutron booster spectrum  
above the energy region where ' 1 /v' detectors are available is to use the 
'b lack 1 detector of Coates et al. [4 ] .  However, this is a device whose 
relative neutron detection efficiency cannot be predicted above 700 keV and, 
because of its relatively slow time resolution, its use above ~  100 keV 
requires a 300-m flight path. For these reasons, the spectrum at the
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100-m station was m easured with a 'secondary standard1 detector. This 
consisted of a boron-vaseline cylinder, 7 cm in diameter and 10 cm long, 
surrounded by four Nal crystals which detect the 478-keV gamma rays from  
the 10B(n, a, 7 )7L i reaction. The secondary detector was calibrated from  
1 to 700keV against the black detector using the linac 300-m flight path, and 
from  6 8  keV to 2 MeV against the H arwell long counter [ 5] using the pulsed 
Van de G raaff IBIS.

The fission and spectrum measurements were made with the same 
instrumentation and used the same flight-path collimation. Both m easure
ments were also made with the detectors in the same position, and the time 
resolution in each case was therefore almost identical. This is of importance 
above 100 keV where the booster spectrum shows structure (dips of up to 
~  8 %) caused by the stainless-steel booster fuel element cladding.

2.3. Background determination

The backgrounds in the tim e-of-flight measurements were determined 
with the 'black' resonance filter technique using samples of manganese, 
aluminium and SiOa. A ll the background points between the 2 .38-keV 
manganese resonance and the 440-keV oxygen resonance could be well fitted 
by a simple power law in flight time and this was used to extrapolate the 
background to 1 M eV. With the measurements extending to high energies 
it was not feasible to leave permanent resonance filters in the beam since 
these would introduce troublesome structure into the spectrum. Instead, 
measurements were made for each background resonance with several filters  
of different thickness. The background rem oval factor for the filter could 
then be determined and the open-beam background derived ( i .e .  the back
ground for zero filter thickness).

In the fission measurements the ratio of the time-dependent background 
component to the true counts in the open beam was found to vary from  
~  0. 002 at 2. 38 keV to 0.028 at 440 keV, and the extrapolated ratio at 1 MeV 
was 0. 02. In the spectrum measurements the time-dependent background 
fraction was found to be about 50% greater than the above values.

In both measurements the time-constant background component was only 
significant at the lowest energies and was accurately determined with the 
usual background gate.

3. CORRECTIONS

After the tim e-of-flight measurements have been corrected fo r back
ground and any count loss effect, three further factors have to be applied 
before the cross-section is obtained. These are the corrections for self
shielding and multiple scattering in the sample, for the energy dependence of 
the neutron detector efficiency, e (E ), and for T7p(E ). To some extent, the 
first two corrections can be dealt with experimentally.

3.1. Sample thickness

F o r  the thicker of the two fissile samples, the self-shielding factor

{1 - T (E )} /In {1 /T (E )}
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was determined from a tim e-of-flight measurement of the sample 
transmission, T(E)_. The measurements were made at the 100-m position 
with a thin boron-plug detector. Fo r both samples the self-shielding and 
multiple-scattering corrections were calculated with the Monte-Carlo code 
of Lynn and Moxon [ 6 ] using average cross-sections from the U K N D L-D FN  
271D. F o r  the present neutron energy range and because of the sm all 235U

shielding in the calculations. Fo r the thicker sample, the measured and 
calculated self-shielding factors were in agreement. In the 1- to 10-keV 
range the effect of multiple scattering for this sample is at a maximum and 
increases the observed fission yield by about 9%. However, because the 
multiple scattering and self-shielding corrections have opposite signs, the 
overall correction for sample thickness in this case changes by only slightly 
m ore than 2% over the complete energy range. Fo r the thinner sample, the 
increase in yield due to multiple scattering is always less than 2 %, and the 
overall correction for sample thickness changes by about 1 % over the energy 
range.

3.2. Prompt neutron detector efficiency, e(E )

A s  the incident neutron energy increases, e (E ) w ill (a ) increase because 
of the rise  in temperature of the prompt neutron spectrum, and for a detector 
at 90° to the incident beam it w ill (b) decrease because of the increased  
forward peaking of neutron emission.

The increase in e (E ) with prompt neutron temperature is due simply to 
the increased number of neutrons above the detector bias. Since the effect 
is  sm all at the present energies, it is adequate to represent the spectrum by 
a Maxwellian function with an average energy [ 7]

be constant below 100 keV and to increase linearly between 100 keV and 
1 M eV. With these assumptions and the experimental bias set at 1.5 MeV, 
e(E ) is  constant below 100 keV and rises  by ~  0. 7% at 1 MeV.

The measurements taken with the detectors at various angles to the 
beam showed the effect of anisotropic neutron emission to be quite sm all. 
Below ~  200 keV, no difference in the energy dependence of the fission yield 
could be found between any of the angles. The only noticeable difference 
was an increase of about 2% in the ratio of the yield at 45° to the yield at 
90° between ~  200 keV and 1 MeV. Because the anisotropy is sm all and 
difficult to m easure; the variation of e (E ) for the 90° detectors was calculated 
from  the known fragment angular distribution

W (a ) being the fragment yield at an angle a to the incident neutron. 
Experimentally, A  has been found to change from  0 at 1 8 0  keV to 0 . 1 1  at
1 MeV [8 ,9 ] . F o r simplicity, a ll the prompt fission neutrons were assumed 
to be emitted isotropically in the fragment rest systems. Allowance was 
made for the 1 .  5 - MeV detector bias and for the angular resolution of the 
detectors. The calculation confirmed the experimental 4 5 o/ 9 0 °  yield ratio

level spacing, it was considered unnecessary to include resonance se lf-

It is also reasonable to ignore the gross structure in vp(E ) and assume i/p to

W (a)/W (90°) = 1 + A  cos2**
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T A B L E  I. E S T IM A TE D  ERRORS IN  TH E  MEASURED R E L A T IV E  CROSS-
SECTIONS (%)

Energy
range
(keV)

Measurements Corrections

Total
error

Spectrum Fission
yield®

Detector
efficiency

Sample
thickness v (E) 

P

1-3 3.6 0 .2 0 1 . 0 1 . 0 3.9
3-5 3.2 0 .2 0 0.5 1 . 0 3.4
5 -1 0 0 2 . 8 0.5 0 0 1 . 0 3.0

1 0 0 -5 0 0 3.1 0.9 0 0 1 . 0 3.4
5 0 0 -7 0 0 3.3 •1.4 0.3 0 1 .0 3.7
700-1000 3.4 1 .6

i
0.5 0 1 . 0 3.9

® Statistical errors in the fission  yields are not included since they 
depend on the particular grouping of timing channels used to present 
the data. In Table I I  these statistica l errors l ie  between 0.2$ and 
Q.lfo and are included with the above total errors.

and showed that in order to allow for anisotropy, the observed 90° yields 
have to be increased above 200 keV by a maximum of 1.1% at 1 MeV.

F o r  the 90° detector used to determine the cross-section, the net change 
in e (E ) with energy due to the two effects is less than 0.4% at all energies.

3.3 . Average number of prompt neutrons per fission, v^E )

The energy variation of v„ was taken from  the evaluation by Mather and 
Bampton [1 0 ]. The evaluated vp(E ) is almost constant below 100 keV and 
increases by 5% at 1 MeV. G ross structure is present in the form  of a 
broad humped increase inT7p(E ) of about 1% around 400 keV.

4. RESULTS

At low energies where the sample thickness correction is important, 
the measured relative fission cross-sections obtained for the two samples 
were found to agree to within about ± 1 % when the data were averaged over 
wide energy intervals to improve statistical accuracy. This agreement 
extended over the complete energy range, and because there was no apparent 
systematic difference between the two sets of data, the final cross-section  
was based on the measurements for the thicker sample which had superior 
statistical accuracy.
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TA B LE , II .  CO M PARISO N  OF MEASURED AND  E V A L U A T E D  CROSS-
SECTIONS

Energy
interval

(keV)

Measured.
cross-section

(barns)

Error
( * )

Difference between measured 
and evaluated cross-section 

( * )

Sowerby 
et a l. 
(1972)

ENDP/BIII KEDAK
(1972)

1 - 2 7.881 4.1 +5.7 +4.7 +5.8
2-3 5.722 3.9 +4.3 +2.5 +5.8
3-4 5.045 3.7 +3.7 +2 .1 +3.8
4-5 4.474 3.5 +1.9 +1 .1 +1.4
5-6 4.048 3.3 +2.7 +1.7 +2.9
6-7 3.379 3.2 -2.9 -5.3 -2.9
7-8 3.280 3.1 -2.9 -1.7 +1 .8

8-9 3.071 3.1 0 . 0 +0.4 +2 .2
9 - 1 0 3.153 3.1 -0.4 -1.5 +3.7

1 0 -2 0 2.530 3*0 - 0 . 8 -8.3 +2.5
2 0 - 3 0 2 .1 6 6 3.0 +0 .8 -7.2 +3.1
30-40 1.978 3.0 -1.7 -11.5 -4.8
40-50 1.893 3.0 - 0 .8 -7.3 -5.1
5 0 -6 0 1 .8 6 6 3.0 -0.3 - 6 . 0 -2.4
60-70 1.815 3.0 +0.3 -3.6 -1.3
7 0 -8 0 1.733 3.1 +1 .1 -4.3 -2.3
80-90 1 .6 1 2 3.2 -4.3 - 8 .1 -6.4
9 0 -1 0 0 1 .5 8 8 3.3 - 2 . 8 - 6 . 0 -4.8

1 0 0 - 2 0 0 . 1.444 3.4 -0.3 -3.8 -3.9
2 0 0 -3 0 0 1.266 3.4 - 2 .1 -4.2 -5.3
300-400 1.196 3.4 -1.9 -3.0 -5.2
400-500 1.153 3.5 -0.5 -3.6 -4.4
5 0 0 -6 0 0 1.134 3.6 +1.4 - 2 .2 -3.6
6 0 0 -7 0 0 1 .1 2 2 3.8 +0.3 -2.3 -3.5
7 0 0 -8 0 0 1 .1 2 2 3.9 -2.3 -0.7 -3.2
800-900 1.156 3.9 - 2 . 2 +0 .1 - 2 .1
9 0 0 -1 0 0 0 1.218 4.0 +0 .1 +0.3 +0 .2

4.1. Normalization

The measured relative cross-section has been normalized to an average 
value in the 10- to 30-keV energy interval of 2.349 b, to agree with the 
evaluation of Sowerby et al. 111]. This energy region was chosen for the 
normalization for two reasons:

(a ) The e rro rs  in the present measurements are at a minimum.
(b ) The 10- to 30-keV region contains measurements of several 

different types. The evaluation includes three linac tim e-of-flight 
continuous measurements using both fission fragment and neutron 
detection, one Sb-Be spot point measurement and two sets of 
Van de G raaff spot point measurements.
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The measured cross-section is shown in F ig. 1. The full energy 
resolution is only shown above ~  300 keV, at lower energies the channels 
have been grouped in such a way that the statistical e rro r  on any plotted 
point does not exceed ±2%. The same data averaged over particular energy 
intervals are given in Table II.

4 .2 . E rro rs

The measurement e rro rs , expressed as standard deviations, are 
summarized in Table I.

The e rro rs in the spectrum measurement include both random and 
estimated systematic e rro rs . These include contributions from  uncertainties 
in the black detector and H arwell long counter relative efficiencies (both 
~ ± 2 %), uncertainties in the secondary standard cross-calibrations ( ± 2 % to 
±3%), uncertainties in the background determination (±0.2%  to ±1 .5% ) and 
uncertainties due to e rro rs  in the tim e-of-flight measurements (~  ± 1 % from  
500 keV to 1 M eV).

The fission yield e rro rs  given in Table I include only background and 
timing uncertainties. Random counting e rro rs  have been excluded since 
they depend on the particular grouping of timing channels used. For the 
data shown in F ig . 1, the e rro rs  due to counting statistics are generally  
between 1 and 2%, and for the energy intervals in Table II they vary from
0.2% to 0.7%. The e rro rs  given in Table II include the counting erro rs  in 
the fission yields together with the total estimated e rro r from  Table I.

L ibera l estimates have been made for the uncertainties in the first two 
correction factors. The uncertainty in the energy dependence of is based  
on the evaluation of Mather and Bampton [ 10] .

5. DISCUSSION

It can be seen from  F ig . l  that, even with grouped timing channels, the 
well known structure in the cross-section is very evident below 50 keV.
At the full experimental resolution the structure is found to be in broad 
agreement with that observed by Bowman et al. [ 12].

From  Table I it can be seen that the measurements are in close agree
ment with the evaluation of Sowerby et al. except at energies below about
2 keV. The agreement in the shape of the cross-section with the other 
evaluations is not so good. To normalize to the EN D F/B -III evaluation in 
the 10- to 30-keV range, the measured cross-sections would have to be 
increased by 7.8% and this would lead to discrepancies of between 8 % and 
12% at the highest and lowest energies respectively. Normalization to the 
KEDAK evaluation would require a reduction in the measured cross-sections  
of 2.8%, and although the general agreement is better than for END F/B -III, 
there are still discrepancies of around 8 %.

The main difference between the evaluation of Sowerby et al. and that of 
others is in the region between 5 keV and 100 keV. In the region 30-100 keV 
the evaluation by Sowerby et a l. has a relative shape which is determined 
by the bomb-shot data of Lem ley et al. [ 13]. The close agreement between 
our data and this evaluation can then be taken to confirm the shape measured 
by Lemley et a l. It can be seen from  F ig . 1 that the present data are also 
generally in agreement with the Van de Graaff measurements of Szabo et al.
[ 14, 15] and generally lie below the measurements of White [ 16].
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D IS C U S S IO N  

Comparison with other measurements

J .L .  LEROY: In your F ig . l ,  the 1971 data of Szabo et al. generally  
fall slightly below your data. These data of Szabo et al. w ill probably be 
raised by something like 4%, as I mentioned earlier, so the agreement with 
your results w ill probably become even better.

J. J. SCHMIDT: I have plotted some of M r. Gayther's data on F ig . 3 of 
M r. Poenitz's presentation on 235U (paper IAEA -PL-246-2/25 in these 
Proceedings). Gayther's data seem slightly higher in the valley around 
800 keV, but the shape is  exactly the same, rising to a kind of peak around
1 M eV.

W .P .  PO EN ITZ : I should stress again that my F ig . 3 shows the shape 
only; the normalization is only approximate. Our absolute values are shown 
in F ig . 6 and are about 1% higher than the rough normalization used in F ig . 3. 
With correct normalization, our shape measurements w ill go upward in the 
direction of M r. Gayther's values.
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L . STEW ART: Would it be possible for you to make an absolute 
measurement at some energy?

D .B . GAYTHER: No. We cannot determine the absolute efficiency of 
the detectors. Therefore, we must normalize our data somewhere.

A s  I mentioned in our status report, these measurements should not be 
considered only in isolation. We have measurements of the 239Pu fission  
cross-section and therefore a ratio to the 235U fission cross-section which is 
independent of our incident neutron spectrum. The ratio is useful in 
comparing our data with other measurements and in selecting the norm ali
zation. A possible complication is that the angular dependency of the fission  
fragment distribution is more extreme in 239Pu than in 235U.

H . LISKIEN: I notice that your Tables I and II do not include the 
normalization e rro r.

D .B . GAYTHER: These tables show only the e rro rs  of the relative  
cross-sections. The e rro r which Sowerby et a l . 1 place on their evaluation 
in the energy range used for normalization of my values is 4.5%.

Change in detector efficiency

E . J. AXTON: You stated that the efficiency of the fission neutron 
detector increases with increasing energy of the neutrons incident on the 
235U because the temperature of the prompt fission neutron spectrum  
increases so that there are more neutrons above the bias. But doesn't the 
efficiency also decrease because the hydrogen scattering cross-section  
decreases with increasing neutron energy? I did a calculation some time 
ago and found that the bias had to be reduced to 0. 8 MeV before the 
efficiency increased.

D .B . GAYTHER: W e attempted to include the effect of the change in 
the hydrogen cross-section; the correction was very sm all.

Effects of changes in the angular distribution of fission fragments and 
fission neutrons

C .D . BOW M AN: You mentioned that since the angular distribution of the 
fission fragments was forward peaked, the neutron angular distribution might 
also be peaked in the same direction. Therefore, you make measurements 
at a number of angles. Can you tell me what anisotropy you actually 
observed?

D .B . GAYTHER: Our most extensive data are at 45° and 90°. Almost 
the entire series of measurements was made with two detectors at 45° and 
two at 90°, all of which were recorded simultaneously. At 1 MeV we saw  
only a 2% change between the detectors at 45° and the ones at 90°. The same 
is  true at 135°, but the statistical accuracy was not so good. The effect 
becomes important only above 2 0 0  keV, just as the fission fragment angular 
distribution begins to become forward peaked only above this energy. Our 
calculations confirm the observed anisotropy, 2% ± 1% in the 45° to 90° ratio, 
if  the uncertainty of the observations is considered.

N orm a liza tion  o f  the m easurem ents

1 SOW ER B Y , M . G . , P A T R IC K , B . H . , M A T H E R , D . S . , U K A E A  Rep. AERE-R 7273  (1973).



Extension of the measurements above 1 MeV and structure in the fission  
cross-section near 1 MeV

L . STEW ART: Is there any possibility that M r. Gayther could extend 
his measurements above 1 MeV?

D .B . GAYTHER: W e have indeed taken measurements up to 1.5 M eV , 1 

but these have not been analysed yet.' At these energies it becomes 
increasingly difficult to discriminate against scattered neutrons without at 
the same time eliminating much of the fission neutron spectrum.

I think the main improvement in these measurements w ill come from  
an improved knowledge of our neutron spectrum, especially at low energies. 
Although I would like to see improvement, I am not so concerned about the 
uncertainties at low energies because I think the principal value of these 
measurements is to bridge the gap between the energy range where 
measurements are  usually made with a linac and the range where a 
Van de G raaff is usually used.

W .P .  PO ENITZ : One reason why it would be interesting if you could 
extend your measurements a little above 1 MeV would be to investigate 
this 'step' in the cross-section more thoroughly. I have tried to determine 
where the cross-section begins to increase and the value to which it rises. 
My values tend to indicate that the cross-section has already reached the 
top of this step-like structure at 950 keV. This appears to be confirmed 
by 235U to 239Pu ratio measurements, which are easier to do and should be 
more accurate for this purpose.

D .B . GAYTHER: My values are still rising above 1 MeV, in fact much 
like the Sowerby1 evaluation. I have not quoted numbers above 1 MeV 
because the bias settings which I used may have allowed a slight contribution 
from scattered neutrons.

A ll  these measurements were made with a flight path of only 100 m. At
1.5 MeV, tiny erro rs  become quite significant for such a short flight path 
and with long pulses of the length we used. It may be quite difficult to 
squeeze accurate numbers from  the short flight times corresponding to
1.5 MeV, but we shall try.

In the future, we plan to make measurements in this important 1- to 
5-M eV region using the synchro-cyclotron and measuring flux with a 
proton-recoil detector.

B .C .  DIVEN: The lowest-energy points of measurements, which are 
reported in paper IAEA -PL-246-2/28 in these Proceedings, stop in just this 
energy range because the e rro rs  are becoming la rge r there. Therefore, 
we would not wish to make any comment about observation of a peak around 
1 M eV.
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Abstract

M E A S U R E M E N T  O F  T H E  N E U T R O N  FISSION C ROSS- SECTION  O F  2S5U  BETW EEN  0 .5  A N D  1.2 M e V .

Because of the importance of the 235U  fission cross-section as a secondary standard, an absolute measurement 

was performed in the neutron energy range between 0 .5  and 1.2 M e V . The method adoped was based on the 

hydrogen (n,p) cross-section. Monoenergetic neutrons from a fast pulsed source provided background 

discrimination by the time-of-flight method. A  variety of runs was m ade to check the accuracy of sample 

masses and detector efficiencies. The consistency of the results confirmed that the experimental uncertainties 

of the seven absolute values lay between 2 .6 %  and 3 .4 % . In addition, 12 relative values with statistical 

uncertainties of less than 2 %  were determined in order to establish the cross-section shape.

1. INTRODUCTION

Because of the increasing importance of the fission cross-section of 
235U as a standard in the fast neutron range, a number of experiments for 
its determination have been performed during the last twenty years. N ever
theless, the situation is unsatisfactory for neutron energies higher than a 
few hundred keV. Although most experiments claim an accuracy of a few 
per cent, the discrepancies between the results of different authors are  
three to four times la rger than the given experimental uncertainties. M ore 
over, above 500 keV, there is no experiment which describes the shape of the 
fission cross-section sufficiently.

These difficulties have been the reason for a new effort towards an 
absolute measurement of the fission cross-section of 235U. The method 
adopted is described in its first form  in a previous paper [ 1 ].  In the mean
time, the method has been improved in many details, so that a short descrip
tion is given below.

2. SURVEY O F  THE E X PE R IM E N T A L  METHOD

In the case of thin samples, the relation for the fission cross-section  
is given by
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F IG . 1, Schematic view of the gas scintillation detector for the fission events.

where Z  is .the count rate, 6 the neutron flux, N  the number of fissile nuclei, 
e the detector efficiency and u an index for the quantities related to the 
fission detector.

The experimental method of this measurement was designed to allow the 
determination of a ll quantities on the right-hand side of E q . ( l )  with as few 
corrections as possible, and to check the reliability of the experimental 
results by the variation of a ll parameters on which these quantities may 
depend. By the consistency of both the estimated uncertainties and the 
experimental results, systematic or unrecognized e rro rs could be excluded.

A  fast pulsed, monoenergetic neutron beam, together with a fast fission  
detector, largely  reduced background problems in the determination of the 
fission count rate. The fission detector, which is shown in Fig. 1, is a gas 
scintillation detector filled with a continuously flowing argon-nitrogen  
mixture of atmospheric pressure. F ission events were detected by
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GEOMETRY A

TARGET

FISSION DETECTOR

PROTON RECOIL 
COUNTER

FIG . 2 . Arrangements of die detectors for fission events and neutron flux used in the experiment.

coincident pulses from two photomultipliers. By this, the multiplier noise 
was suppressed and the energy resolution was improved. For the deter
mination of a background from (n, x)-reactions, the fissile  samples could be 
withdrawn into a transport chamber. The detector efficiency euwas 
determined by comparing the measurements of samples of different thick
ness with a corresponding M onte-Carlo calculation. The number of fissile  
nuclei Nu follows from an'accurate mass analysis of the samples. The 
determination of the neutron flux (which is described in paper 
IAEA -PL -246 -2/14  in these Proceedings) was based directly on the hydrogen 
(n, p) cross-section as a standard and was free from threshold or extra
polation problems.

During the experiment, two arrangements of the proton recoil detector 
for the neutron flux measurement and the fission detector have been used, 
as is shown in Fig. 2. Geometry B served for the absolute measurement of 
the fission cross-section. In this back-to-back arrangement, the neutron 
flux is well defined for both samples and the flight path of about 30 cm between 
target and fissile  sample allows the discrimination of most of the tim e- 
dependent background.

The advantage of geometry A  is that the solid angle between target and 
fissile  sample is doubled as compared to geometry B. Therefore, only half 
of the measuring time is necessary, as the fission count rate is much lower 
than that of the proton recoil detector. However, this advantage has to be 
paid for by much la rger corrections and uncertainties. The finite size of the 
target caused deviations of about 1 0 % in the neutron flux, especially in the 
outer zones of the samples. M oreover, the poorer discrimination of the 
time-dependent background causes uncertain corrections of several per cent. 
Therefore, only relative values of tlie fission cross-section have been, 
determined from  geometry A, which were normalized to the absolute values 
of geometry B. By means of the relative values, the energy dependence of the 
fission cross-section could be described in m ore detail. Because of the short

GEOMETRY B
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distance from the target and the relatively high neutron energies, no co lli
mators were used in this experiment.

Altogether, 24 runs have been performed in geometry A  and 27 runs in 
geometry B. A ll of these served to confirm the reliability of the experiment 
by the consistency of the results for varied param eters.

3. NEUTRON FLUX

The reader is re ferred  to paper IAEA -PL-246-2/14 in these Proceedings, 
which gives a detailed description of the neutron flux determination.

4. EX PE R IM E N TA L  DETAILS

4.1. Neutron source

Neutrons were produced by the bombardment of thin metallic 7Li-targets  
with protons from the Karlsruhe pulsed Van de G raaff accelerator. A ll  
details are described in the above-mentioned paper.

4.2. Samples

The samples were fabricated and analysed by the Central Bureau for 
Nuclear Measurements (CBNM ) of Euratom in Geel, Belgium. The fissile  
layers consisted of uranium acetate electrosprayed [ 2 ] onto thin polished 
backings of stainless steel. The average range of about 2.2 mg/cm 2 for 
fission fragments in uraniuih acetate limited the thickness of the samples 
to about 2 0 0  jug/cm2; otherwise, the discrimination between a-partic les and 
fission fragments could have been disturbed.

Although the range of fission fragments is about three times la rge r in 
uranium oxide, the acetate results in a better discrimination between alphas 
and fission fragments. The reason for this effect is that the light absorption 
of the black oxide sample is much la rger for fission fragments than for 
of-particles as the specific ionization of fragments is largest near the sample 
while that of alphas is a minimum near the sample. Thus the bright, yellow  
acetate is preferred as a sample material for the gas scintillation detector.

To avoid systematic uncertainties of the detector efficiency by local 
differences in the absorption of fission fragments, a good homogeneity of 
the fissile  samples was essential. The samples provided by Geel were on 
backings with a polish of 0.5 /jm and had a homogeneity of better than 1%.

For the mass determination of the samples two methods were used. 
Before the samples had left Geel and after they had been returned to Geel 
for the final analysis, their a-activity was determined within 0.3% by low - 
geometry counting [ 3 ]. In this way it was ensured that no rem arkable 
losses of the sample m asses had happened during transport or during the 
experiment. From  the known specific activity <}f the sample m aterial the 
total mass was calculated with an uncertainty of 0.7%.

Finally, a destructive analysis of the samples by the isotopic dilution 
method [4 ] was performed with a total uncertainty of ± 0.4%. The results 
of the two methods agreed within 0.2%. Thus the sample mass is believed to 
be accurate to ± 0.4%. The characteristic data of the samples are given in 
Table I.
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T A B LE  I. THICKNESS, T O T A L  MASS AND U N C E R TA IN TY  OF THE  
235U -SAM PLES

Backing

thickness

(m m )

Sample

thickness

9ig /cm z)

Total mass 

(mg)

Uncertainty

Cfo

0 .2 5 139 1 .7 4 4 0 .4

0 .2 5 95 1 .1 9 4 0 .4

0 .2 5 74 0 .9 3 3 0 .4

0 .9 100 1 .2 6 5 0 .4

F I G .3 . Time-of-flight spectrum of the fission detector at a neutron energy of 911  ± 23  k eV .

4.3. Electronics

The scintillations of the fragments were converted into pulses by the two 
m ultipliers. Fast pulses w.ere taken from the anodes for the time-determining 
branch of the electronics, and integrated pulses were taken from one dynode 
of each multiplier for the pulse-height branch. A  coincidence between the 
fast pulses furnished the start-signal for a time-to-amplitude converter and 
the gating for the summed pulse-height signals. Thus tim e-of-flight and 
pulse-height spectra were recorded simultaneously, both steered by the 
automatic sample changer as it is described in the above-mentioned paper 
in these Proceedings.
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Figure 3 shows a tim e-of-flight spectrum of the fission detector in 
geometry B for a neutron energy of 911 ± 23 keV. The overall time resolution 
of 2.4 ns can be derived from the 7 -peak. By means of the logarithmic scale 
the background discrimination is m ore clearly demonstrated. In addition to 
a time-independent background resulting from room -scattered neutrons, a 
background due to (n, x)-reactions arises. This was directly measured with 
the sample withdrawn into the transport chamber. It was found to be 
approximately constantly 2 % of the main fission event (direct neutron flux 
in F ig. 3) over the whole neutron energy range. This main peak is somewhat 
broader than the 7 -peak because of the neutron energy distribution. Delayed 
with respect to the main neutron flux by several nanoseconds are events 
caused by slower neutrons of two different types. Both the neutrons scattered 
near the target and those from the second neutron group are discussed in the 
description of the neutron flux determination in the above-mentioned paper ' 
in these Proceedings. However, F ig .3 shows that their contribution to the 
fission count rate Zu can be discriminated by the tim e-of-flight method. The 
uncertainty of the count rate Zu is composed of the statistical uncertainties 
of the main peak and the subtracted background events.

■ 4.4. Detector efficiency

The detector efficiency euis defined as the ratio of detected fission events 
to a ll fission events which took place. For its determination it was necessary  
to know the fraction of fission events which could not be detected because of 
energy loss in the sample.

FIG.4. Measured and calculated pulse-height distributions for fission fragments.
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T A B L E  II . E F F IC IE N C Y  O F TH E  FISSION D ETECTO R

Sample

thickness

Oig/cm 2)

Efficiency Uncertainty

CM

139 0 .9 5 9  (0 .957) 1 .0

100 0 .9 6 9  (0 .969) 0 .8

95 0 .9 6 9  (0 .968) 0 .8

74 0 .9 7 8  (0 .976) 0 .6

Figure 4 shows experimental pulse-height distributions for two sample 
thicknesses. The dashed line represents a calculated distribution. The 
deviation of the measured from the calculated distribution at energies above 
70 M eV is due to the fact that the multiplier bases were designed for optimal 
time resolution. This resulted in non-linearities for large pulses, a detail 
which does not affect the results.

The adjustment of the energy scale was performed in the linear part 
below 70 MeV by means of the well known pulse-height distribution of a very  
thin 252Cf-source [5 ] .  It was confirmed by the-fit of the calculated d istri
bution to the experimental spectra of 235U. In this way the position of the 
electronic threshold was determined to be 15 ± 5 M eV. Although the given 
uncertainty of ±  5 M eV is an extreme value, its influence on the efficiency 
is very small, as follows from the shape of the pulse-height spectra.

The fraction of fragments which are absorbed or leave the sample with 
energies below 15 M eV is calculated by fitting the experimental fission  
fragment distribution to a curve computed from the theory by Lindhard, 
Scharff and Schiott [ 6 ] ,  Since dE/dx values for uranium acetate are not 
available, approximate values were taken and adjustments made according 
to the above fits. A  M onte-Carlo method was used to select the places and 
depths of fission events in the sample and the direction of fragment emission. 
The calculated distributions were also corrected for detector resolution.

The resulting values of are given in Table II for the samples used in 
the experiment. They agree well with the values in brackets, which were 
derived from an equation given by Rossi and Staub [7 ] for the absorption 
losses in a homogeneous foil with the adjusted dE/dx values as input data.
The agreement confirms again the good homogeneity of the samples.

4.5. Corrections

In the discussion of the tim e-of-flight spectrum in section 4.3, one 
background component was not mentioned. Neutrons of the prim ary flux 
which are scattered in the detector or the nearby surroundings may cause 
fission events which cannot be discriminated by the tim e-of-flight method. 
There is a possibility to determine this background experimentally, i .e .  as 
the difference between the values of the fission cross-section derived from  
normal runs and those with doubled detector m asses. But this method is 
.very uncertain because the resultant correction of about 6 % came from the 
difference of two big numbers with statistical uncertainties of the same 
order. Thus this method was used only as a check on calculated values of 
the scattering correction.
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F I G .5 . Correction factors for neutrons scattered in the detectors.

For these calculations the detector geometry was approximated by 
cylinders and planes, and the scattering correction was determined for 
random scattering places and neutron directions from the differential 
cross-sections and angular distributions for the respective detector 
m aterials [8 -1 0 ]. The correction factors ky and kH for the count rates 
of the fission and proton recoil detector are shown in Fig. 5 for the detector 
arrangement of geometry B.

The fluctuations are caused by corresponding fluctuations in the 
scattering cross-sections and the angular anisotropies. As was expected 
from the characteristics of the proton recoil detector, the correction kH is 
much sm aller than ky, although it is increased by the presence of the fission  
detector. In Fig. 5 the computed resulting correction k is shown as a 
function of neutron energy. The experimental values are given by full c ircles.

The calculated contribution of scattered neutrons to the count rate has 
an uncertainty of about 20%. Thus the uncertainty of the correction factor 
is'between 1 .0 % and 1 .6 %.

4.6. Uncertainties

In the same way as for the neutron flux determination it was ensured 
that the absolute determinations of the fission events were consistent when 
the experimental parameters were varied. By using different sample and 
backing thicknesses, the number of fissile  nuclei, the counter efficiency, 
and a main part of the scattering correction were changed. The observed 
results were again consistent with the estimated uncertainties, which are  
listed in Table III, together with the overall total uncertainty for the absolute 
values of the fission cross-section.
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T A B LE  III. E X PE R IM E N T A L  UNCERTAINTIES FOR THE ABSOLUTE  
V ALU ES OF THE FISSION CROSS-SECTION DETERM INED IN  
GEOMETR Y  B.

Source of uncertainty
Uncertainty

c*o

Number of fissile nuclei N u
0 .4

Detector effeciency
£ u

0 .6  - 1 .0

Fission count rate
z u

0 .6  - 1 .4

Scattering correction k . 1 .0  - 1 .6

Neutron flux determination 1 .7  - 2 .4

Overall total uncertainty 2 .6  - 3 .4

THIS
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*
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NORMALIZED 
RELATIVE VALUES

ABSOLUTE VALUES 

REE [1]

□  Allen und Ferguson 1957
O  Diven 1957
O Gorlov et. al. 1960 
4* Smirenkin et. al. 1962 
A  White 1965 
®  Poenitz 1968 
ffi Poenitz 1971 
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FIG. 6. Fission cross-section values from this experiment and from existing measurements.
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It is important-to notice that the main experimental uncertainties are  
related to the fission detector and not to the neutron flux determination. A  
reduction of these uncertainties caused by the scattering correction ky and 
the efficiency eu may be achieved by using a neutron collimator and thinner 
samples. However, this can be done only with decreased overall efficiency 
of the fission detector and must be compensated for by a more intense 
neutron flux.

The relative values, measured in geometry A, were normalized by an 
optimal fit to the absolute values. The uncertainty of this fit is of the order 
of 3%, corresponding to the uncertainty of the absolute values. However, the 
shape of the fission cross-section is described with much better accuracy and 
is only dependent on the statistical uncertainties. Therefore, only the 
statistical uncertainties are quoted for the normalized relative values.

T A B LE  IV. NUM ERICAL VALUES OF THE 235U FISSION CROSS-SECTION

N O R M A L IZ E D  RELATIVE VA LU E S

Neutron energy 

(keV)

Fission cross-section 

(b)

Overall uncertainty

CM

513 i 32 1 .210 0 .9

580 1 20 1 .1 9 3 1 .8

678 ± 21 1 .2 0 8 1 .2

767 ± 20 1 .165 0 .9

795  ± 20 1 .1 7 8 1 .2

872 ± 20 1 .1 2 2 .1

920 ± 22 1 .141 1 .5

930 ± 20 1 .172 1 .9

945  ± 24 1 .206 1 .1

966 ± 21 1 .2 1 3 1 .2

1013 ± 20 1 .293 1 .9

1060 ± 22 1 .227 1 .2

A B SO LU T E  VA LU E S
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A s 'a  result of this experiment, 7 absolute and 12 relative values of the 
235U fission cross-section for neutron energies between 500 and 1200 keV  
were established. The overall uncertainties of the absolute values lie between 
2.6% and 3.4% and those of the relative values between 0.9% and 2.1%. Figure 6 

gives a survey of the results of this experiment and of the cross-section  
values measured by several authors. The numerical fission cross-sections 
are listed in Table IV.

The results of the previous measurements can be divided into two 
groups, which show a discrepancy of 10 - 15%, although their given uncer
tainties are of the order of 3 - 7%. The first group consists of the values of 
Allen and Ferguson [1 1 ], Diven [1 2 ], Smirenkin et al. [1 3 ], White [14 ],
Szabo et al. [15 ] and two values of a preceding measurement [1 ] .  The 
second group with lower fission cross-sections consists of the values of 
Gorlov et al. [16 ] and of Poenitz [17 ,18 ]. In general, the two groups can be 
distinguished by the fact that the experiments of the first group are more or 
less based on the hydrogen scattering cross-section as a standard, while in 
the experiments of the second group other methods for the neutron flux 
determination are used. As can be seen from Fig. 6 , the results of the 
present experiment agree within the experimental uncertainties quite well 
with the data of the first group.

In detail, there is good agreement above 750 keV with White, Szabo et al., 
Allen and Ferguson, Smirenkin et al. and, at least above 1000 keV, with 
Diven too. For neutron energies from 500 to 750 keV the present results lie 
between the results o fR e fs  [13-15 ] and those of Refs [1 1 ,1 2 ]. However, 
these differences can be explained by the respective experimental uncertainties.

In addition to the determination of absolute values, the results of this 
work also allow a m ore complete description of the fission cross-section  
shape in the investigated energy range. This is of importance for the use 
of the 235U fission cross-section as secondary standard. Within the energy 
resolution of the experiment, the measured shape shows a smooth behaviour 
up to about 900 keV. At this energy, however, a 15% step-like increase with 
a width of 100 keV was observed. Above 1000 keV the cross-section seems 
again to be smooth with the energy.

This step in the fission cross-section was not unexpected because co rres 
ponding dips in fission cross-section ratios had already been observed at this 
energy [19 -21 ]. An explanation may be that this increase marks the end of 
the energy gap in the compound nucleus 236U. At this energy the fission width 
increases because of the onset of one-particle states. This assumption is 
supported by the behaviour of the fission fragment angular anisotropy [ 2 2 ] 
which shows a correlated decrease owing to the higher K-quantum numbers 
of the one-particle states. A lso  a correlated structure was found for the 
average kinetic energy of the fission fragments Ekin and for the average  
number of fission neutrons V [ 23 ].

5. R E SU LTS  AND  DISCUSSION
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D IS C U S S IO N

W .P . PO E N ITZ : Since you normalized your relative values to absolute
values, I would expect the e rro r bars of your final results to be larger than
those of the absolute values.

F . K A PPE LE R : You are correct. I have quoted only the statistical 
erro rs  of the relative measurements because they describe the shape of the 
fission cross-section. The normalization factor has an uncertainty which 
is at least as large as the uncertainty of the absolute values.

W .P . PO E N ITZ : How did you separate the true fission count rate from
the background?

F . K A PPE LE R : I showed the tim e-of-flight spectrum in which contri
butions from various (n, x) reactions are included (x = charged particle).
I subtracted the experimentally determined background and corrected for 
the effects of neutrons scattered in the detector itself to obtain the fission  
count rate.

W .P . PO E N ITZ : Where did you set the threshold of the detector?
F. K A PPE LE R : This is shown in F ig. 4. It was set in the valley between 

the alpha peak and the fission-fragm ent peak. If the threshold had been set 
higher, the extrapolated part of the fission fragment peak and the associated 
uncertainty would have been larger. The correction for contributions from  
(n, x) reactions was about 2 %, so the uncertainty of this correction should 
be sm all.
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W .P . PO E N IT Z : Around 700-800 keV you have high values which deviate 
from other shape measurements in this range, e. g. those of Gayther et a l .1, 
Szabo et a l . 2 and m yself3. In this range, there are very strong peaks due to 
N(n, p) and N(n, a) reactions, whereas around 900 keV, where you show a dip 
in the 235U fission cross-section, the nitrogen cross-sections also have a dip.
I assume that you also used an argon-nitrogen mixture in the fission detector.

F. K A P P E LE R : The correction for (n, x) reactions, including those you 
just mentioned, was measured over the whole energy region, so I do not 
believe they would cause a systematic e rro r  of this type.

R. W. P E E L L E : Did you see a difference in the shape of the fission  
pulse-height spectrum when the uranium deposit faced toward versus away 
from the neutron source (geometries A  and B in your Fig. 2)?

F. K A PPE LE R : I observed no definite deviations between the two spectra.
J .L . LERO Y: The uncertainty of the shape of the cross-section is not 

entirely statistical. For example, there is certainly some uncertainty in 
the energy-dependent scattering correction.

F . K A P P E LE R : That is correct. In the e rro r bars, which I called 
statistical in the text, are also included energy-dependent uncertainties for 
the scattering correction and for the scattering cross-section of hydrogen.

T . A . BYER: Since you are still waiting for the results of destructive 
analyses of the samples, should we perhaps regard these results as sem i
prelim inary.

F . K A PPE LE R : Yes. However, the samples were made from a batch 
of uranium which had a well known specific activity and have been inter - 
compared by alpha counting. Within a year, we do not expect the final mass 
determination to be very different from that which we are able to calculate 
now. Perhaps M r. Deruytter could comment on this question.

A . J. DERUYTTER : I agree with M r. K&ppeler that very little change 
should be expected as a result of the final m ass determination. In this case, 
there are no discrepancies in the alpha count rate such as occurred with 
the foil used by Szabo4 . Our alpha counting methods are very reliable in my 
opinion. By now they have been confirmed by measurements on hundreds 

• of foils.
When more than one foil have been used in a set of measurements, the 

foils can be intercompared frequently by alpha counting so that it is possible 
to determine whether any one of them has changed. Since M r. Kappeler 
used three foils, I believe it is unlikely that any additional systematic 
uncertainty w ill be added to his results as a result of the final destructive 
analyses.

F . K A P P E LE R : I made measurements on three fo ils, and I believe that 
three more foils were prepared at the same time as the foils used in the 
measurements-.

(Editor's Note: The question arose whether the data obtained by 
Szabo et a l . 4 using the fission chamber and the data of White5 should be 
raised by as much as 2.5% because of the change in the recommended value

1 Paper IAEA-PL-246-2/26 in these Proceedings.

2 Paper IAEA-PL-246-2/24 in these Proceedings.

3 Paper IAEA-PL-246-2/25 in these Proceedings.

* S Z A B O , I ., et a l . , Neutron Standards and Flux Normalization (Proc. Symp. Argonne, 1970), 

CON F- 701002, U SA E C  Sym p . Ser. 23  (1971) 257 .

5 W H IT E , P . H . , J. Nucl. Energy A /B  19 (1965) 32 5 .
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of the ha lf-life  of 234U. Such a change would result in better agreement 
between these data and the data presented by Kappeler.

In the discussion it was pointed out that the mass determination used by 
White was based on four independent methods of analysis whose results 
agreed within their assigned e rro rs . On the basis of private communications 
it was suggested that the mass determination used in the calculation of the 
cross-sections depended on the weights’ assigned to the several methods of 
analysis and that the final value was not particularly sensitive to the value 
assumed for the half-life  of 234U . )
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Abstract

■ PROGRESS REPORT O N  LASL  M E A S U R E M E N T  O F  T H E  !35U  FISSION C ROSS- SECTION  F R O M  1 T O  6 M e V .

Measurements of the 235U  fission cross-section in the range 1 to 6 M e V , using a pulsed V a n  de Graaff 

accelerator, 2ir fission counting and a proton recoil telescope to measure the neutron flux, are in progress. 

The product of the amount of 235U  on the fission foil and the efficiency of the 2ir fission counting system was 

determined in a separate experiment by comparison with the fission rate of a standard nsU  foil counted in 

low geometry in a uniform theimal neutron flux. Corrections to the data and sources of error are described. 

Preliminary data contingent upon final mass determination of the standard 235U  foils are given.

In March 1970, a measurement of the 235U fission cross-section was 
■started. The experimenters were D. M. Barton, P. G. Koontz and 
R.' K. Smith. Plans for the experiment were made in consultation with a 
task group consisting of the experimenters and R. L . Henkel, J .C . Hopkins,
G. Hansen and B .C . Diven, chairman. In 1971, Koontz retired and the 
experimenters were joined by G .A . Jarvis. In 1972, D. M. Drake replaced  
Hopkins, and Hansen replaced Diven as chairman. Hansen also has made 
extensive calculations of a ll corrections and has studied carefully the 
consistency of the data.

Before the experiment was started, past measurements were studied 
and limitations on accuracy surveyed. It was decided that the neutron flux 
should be measured with a proton telescope using polyethylene as the proton 
source. The fission counter was to use nearly 2tt geometry to avoid problems 
associated with poorly known angular distributions of fission fragments.
The 235U deposit and polyethylene foils were to have the same diameter and 
to be located as close together as possible. Solid-state detectors were 
chosen for both fission and proton detectors. The experimental arrangement 
is shown in Fig. 1.

The use of 2ir geometry produced an unacceptable uncertainty in the 
fraction of fission events detected, and a separate calibration experiment 
was performed to determine the product of the amount of 235U on the fission  
foil and the detection efficiency. In the calibration experiment the CH 2 foil 
was replaced by a thin deposit o f235U whose m ass was accurately known, 
and the proton detector was used to detect fission fragments from the 
standard foil. The assembly was placed in a uniform thermal neutron flux 
and the ratio of counts in the two detectors determined the effective mass 
of 235U in the fission counting system. Since the actual m ass of 235U on 
both fission foils and the geometry factor of the proton counting system were  
all known, the efficiency of the fission counting system could be determined.

/ 227
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T A B LE  I. 235U FISSION CROSS-SECTIONS -  PRELIM INARY DATA  
(Hansen, Barton, Jarvis, Koontz, Smith, 10 Nov. 1972)

Energy

(M eV) °f

1 .0 1 .2 3 8  ± 0 .0 1 4

1 .1 1 .2 6 1  ± 0 .0 1 6

1 .2 1 .2 5 4  ± 0 .0 1 4

1 .3 1 .2 5 0  ± 0 .0 1 5

1 .4 1 .2 3 3  ± 0 .0 2 4

1 .5 1 .2 6 8  ± 0 .0 1 4

1 .6 1 .2 4 0  ± 0 .0 1 4

1 .7 1 .2 9 4  ± 0 .0 1 6

1 .8 1 .2 7 5  ± 0 .017

1 .9 1 .2 7 4  ± 0 .017

2 .0 1 .2 7 6  ± 0 .0 1 1

2 .2 1 .2 7 3  ± 0 .0 1 4

2 .4 1 .2 5 3  ± 0 .0 1 9

2 .5 1 . 2 5 1 ± 0 .0 2 0

2 .6 1 .2 1 9  ± 0 .0 1 2

2 .7 1 .2 2 4  ± 0 .0 1 4

2 .8 1 .2 1 0  ± 0 .0 1 2

2 .9 1 .1 9 3  ± 0 .0 1 4

3 .0 1 .2 1 6  ± 0 .0 0 9

3 .2 1 . 2 1 5 ± 0 .0 1 6

3 .4 1 .1 8 3  ± 0 .0 1 6

3 .5 1 .1 8 2  ± 0 .0 1 1

3 .6 1 .1 8 2  ± 0 .0 1 6

3 .7 1 .1 5 5  ± 0 .0 1 5

3 .8 1 .1 6 4  ± 0 .017

4 .0 1 .1 4 0  ± 0 .0 1 1

4 .2 1 .1 4 3  ± 0 .0 1 9

4 . 4 1 .1 1 8  ± 0 .0 1 6

4 .6 1 .0 9 8  ± 0 .0 1 6

4 .8 1 .1 0 8  ± 0 .0 1 6
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T A B L E  I (cont. )

Energy

(M eV) °f

5 .0 1 .0 8 9  ± 0 .0 1 5

5 .1 1 .0 8 5  ± 0 .0 1 9

5 .2 1 .0 9 0  ± 0 .0 1 4

5 .3 1 .0 8 5  ± 0 .0 1 4

5 .4 1 .0 6 7  ± 0 .0 1 2

5 .5 1 .0 6 3  i 0 .0 1 4

5 .6 1 .0 4 8  ± 0 .0 1 4

5 .7 1 . 0 6 8 ± 0 .0 1 5

5 .8 1 .0 9 2  i  0 .0 2 5

5 .9 1 .1 2 9  ± 0 .0 1 8

6 .0 1 .1 4 5  ± 0 .0 2 3

Note: The  uncertainties listed include: (1) 0 .2 4 %  uncertainty in calibration factor; (2) ~ 0 . 3 %

uncertainty in secondary source factor, i .e .  neutrons not from gaseous tritium in target cell 

(vacuum background); (3) ~ 0 . 3 %  uncertainty in detector assembly in-scatter factor; (4) ~ 0 . 2 %  

uncertainty in room return factor; (5) 0 . 5 %  uncertainty in 23SU  assay; (6) 0 . 2 %  uncertainty in 

fission fragment anisotropy factor; and (7) uncertainty due to counting statistics and lack of 

reproducibility. Not included are errors associated with hydrogen assay and hydrogen scattering 

cross-section.

/-NEUTRON 
~ SOURCE

SOLID-STATE 
DETECTOR---

10 cm

U FOIL
2 cm dia.)

— C H 2 FOIL 
(2cm dia.)

APERTURE- 
(2 cm dia.)

10 cm

-SOLID-STATE
DETECTORS

FIG . 1. Experimental arrangement (not to scale).

The efficiency is 90% at 10 MeV fission fragment bias. Except for sm all 
corrections, the efficiency of the fission counter and the geometry factor 
of the proton counter need not be known because the ratio of these quantities 
was used.in both the calibration experiment with thermal neutrons and the 
fission cross-section measurement at high neutron energy.

The efficiency of the fission detector changes slightly as the neutron 
energy changes because of the changing angular distribution of fission  
fragments and centre-of-m ass effects. This change, which is not monotonic, 
varies from  zero to 1% in the neutron energy range from 1 to 6 MeV.
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In some past measurements with counter telescopes and fission counters, 
large corrections were made necessary by scattering of neutrons in counter 
m aterials. The scattering affects the two counters differently. The design 
of the counter system was carried out in conjunction with calculations of 
the scattering corrections, so that e rro rs  in the corrections could be kept 
sm all. These corrections range from 1.3% to 2.4%.

Room-return neutrons contributed a negligible e rro r  in this experiment 
because a monoenergetic pulsed source of neutrons was used, and a tim e- 
of-flight spectrum determined the fraction of fissions caused by these 
neutrons. The fraction is less than 2% in all cases.

The concentration of hydrogen in the stock from which the polyethylene 
foils were prepared was determined by two laboratories, a private chemical 
laboratory and the National Bureau of Standards.

The cross-sections resulting from this experiment are dependent upon 
the knowledge of the absolute number of 235U atoms on the standard foil 
used in the calibration experiment. Thirteen deposits of 235U were prepared  
by vacuum deposition from a single supply of 235U. Thicknesses were 
125 and 550 Mg/cm2. A ll thirteen foils were intercompared by alpha counting 
in low geometry. The intercomparisons were made by two different groups 
at Los Alam os. The. thirteen foils were also intercompared by fission  
counting in a thermal flux in a specially designed counting system. Four of 
the thirteen foils were retained as standards by the experimenters. One 
of the four foils was used in the calibration experiment. Two foils were 
sent to the U. S. National Bureau of Standards for analysis by isotopic 
dilution and coulombmetric techniques. Two foils were sent to the Central 
Bureau for Nuclear Measurements, Geel, for analysis by whatever means 
they prefer. Two foils were analysed at Los Alamos by a colorimetric 
method, and one by comparison with another local standard foil that had 
been prepared by stippling with aliquots of a 235U solution prepared from  
weighed quantities of 235U. These analyses are not yet all completed, so 
that the cross-sections given in Table I are prelim inary and w ill be multiplied 
by an appropriate factor after the analyses are all in; otherwise, all 
corrections have been made to the data. Of course, changes may be made 
in the meantime, after collection of additional data.

D I S C U S S I O N

Backgrounds from scattered neutrons and from reactions in the detectors

M. S. COATES: Have you investigated the effects of spurious neutrons 
which are scattered or produced other than in the target reaction?

B .C . DIVEN: I have mentioned the use of the monoenergetic pulsed 
source and tim e-of-flight to eliminate effects of room -return neutrons. 
Effects of neutrons scattered in the structural m aterials of the counters 
cannot be eliminated by tim e-of-flight because the spurious effects originate 
too close to the detectors. Corrections were made by calculation and were 
reasonably small. The spectrum of neutrons produced by scattering in this 
particular type of tritium target is well known from other tim e-of-flight 
experiments over the years, and appropriate corrections have been made.
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B. D. KUZM INOV: The neutron energies were sufficiently high to cause 
reactions in the solid-state detectors. What interferences do these reactions 
cause?

B. C. DIVEN: These effects depend very much upon neutron energy.
At low neutron energy there are very few reactions in solid-state detectors. 
The proton detectors in the proton-recoil telescope are of various thick
nesses; the first is quite thin. At low energies near 1 MeV, the recoil 
protons do not go a ll the way through the first detector, but the background 
is also very low. A s neutron energy is increased'to 2-3 MeV, the protons 
go through the first detector and into the second. As neutron energy 
increases, the background also increases, but as soon as a coincidence can 
be obtained between the first two detectors most of the background can be 
eliminated by the coincidence requirement.

Backgrounds are measured after each run in which 10 000-20 000 fission  
events have usually been recorded while the polyethylene-foil proton 
radiator is in front of the proton detector. Then the polyethylene foil is 
switched out of the-beam path, and another 1 0  0 0 0 - 2 0  0 0 0  fission events 
are collected during the background measurement. This background varies  
greatly with neutron energy.

Another effect also contributes to greater uncertainty as the neutron 
energy is decreased toward 1 MeV. As the proton range becomes shorter, 
the thickness of the polyethylene foil must be decreased, whereas the 
various backgrounds remain nearly the same. The uncertainty at 1 MeV  
must be significantly greater than at 2 MeV even though statistical accuracy 
is good.

Hydrogen content of polyethylene foils

H. LISKIEN: How well did the independent analyses of the hydrogen 
content of the polyethylene foils agree ?

B .C . DIVEN: The hydrogen contents of the foils submitted for analyses 
agreed to better than the 1 % accuracy claimed by each of the two laboratories. 
However, there may be other uncertainties in the hydrogen content.

The polyethylene foils which were actually used in the experiment 
might have differed in hydrogen content from  those which were destructively 
analysed. However, at many energy points, more than one polyethylene 
foil were used.

It is somewhat difficult to determine the hydrogen content of the very 
thin foils, which must be used at low neutron energies, because of 
interferences such as absorbed hydrogen and significant changes in weight 
of the very light-weight foils owing to evaporation of absorbed substances.
The m asses of these light foils can be satisfactorily determined by 'neutron 
weighing1. In a high-energy neutron beam the relative proton count rate 
of a light foil is compared with the proton count rate of a-heavy polyethylene 
radiator which can be accurately weighed. The hydrogen content of the 
light foil is then calculated from  the m ass of the heavy foil and the relative 
count rates.

H. LISKIEN: We also used this method and found that certain poly
ethylene? lost hydrogen with time.

F. k Xp PE LE R : Have you compared the hydrogen content of the 
polyethylene-foil radiators before and after use in the experiments?
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B .C . DIVEN: The experimenters are aware of M r. Liskien's 
investigations of absorption and loss of hydrogen from polyethylene. I do 
not believe they have made any investigation of these effects themselves, 
and I do not know their future plans.

E rro r  due to uncertainty in the xH(n,p) standard cross-section

B .C . DIVEN: In some energy regions, the e rro r in this experiment' 
is due mostly to uncertainty in the hydrogen cross-section for production 
of protons at zero degrees. Although the total n-p scattering cross-section  
is  quite well known in the MeV range, the angular distribution is not. In 
the higher energy ranges to be covered in these experiments, uncertainties 
in the angular distribution contribute an e rro r of 2%. At 14 MeV, for 
instance, other e rro rs  are expected to be. much sm aller than that.
In general, we expect the e rro rs  to be no greater than 3% although at 
energies where the angular distributions are very poorly known the error  
may be greater than 3%.

Pulse-height spectrum of the 2ir fission chamber

A .J . DERUYTTER: Although the calibrations were made in low  
geometry with sharply defined pulse-height spectrum, the actual m easure
ments were made with 2tr fission chambers so that the stability of the 
fission-fragm ent pulse-height spectrum must be very important.

B .C . DIVEN: Yes, the shape of the pulse-height spectrum is one of 
the considerations which lim it the thickness of the 235U deposit. The 
shape of the fission-fragm ent pulse-height spectrum must permit the 
detector bias to be set so that sm all changes in the am plifier gains and 
sim ilar electronic effects w ill not change the efficiency of the fission counter.

In this experiment the preferred bias was about 10 MeV because in 
that energy region there were few fission pulses so that the count rate was 
insensitive to changes in the electronics; however, there was greater 
danger of noise with such a low bias setting. Fission cross-sections were 
also measured with the bias settings of 20 and 30 MeV, and the ratios of 
the fission count rates thus obtained were monitored to ensure consistency.

Corrections must also be made for changes in the angular distributions 
of fission fragments with energy and for centre-of-m ass motion.

A . J. DERUYTTER : W ere data always recorded with a two-param eter 
system?

B. C. DIVEN: During the many months when backgrounds were being 
analysed and optimum experimental conditions selected, pulse heights and 
times were recorded simultaneously and analysed in an on-line computer.
It turned out that some precautions were unnecessary. For example, the 
room -return background was so sm all that it was unnecessary to use the 
two-param eter system to record simultaneously the flight times and pulse 
heights. During the actual measurements, the time spectra and the pulse- 
height spectra were recorded but not correlated.

Radiation damage from fission fragments

B. D. KUZM INOV: The stability of the detector with respect to radiation 
damage is important. In the Soviet Union, we have found it possible to
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record up to 500 000 fission fragments with target and detector im m ersed  
in the same flux without any noticeable changes in the counting characteristics 
of the detector. Could Mr. Diven comment on effects of radiation damage 
on the detector?

B .C . DIVEN: Two considerations turned out to be important in 
selecting the type of fission detector. F irst, the thickness was important 
because the detector was so close to the fission foil that scattering effects 
could have been significant. Second, the lifetime of the detector under 
bombardment by fission fragments was important.

The part of the experiment most damaging to the detector was the 
calibration in which the count rate of the detector was compared with that 
of a low-geom etry fission counter in a thermal neutron flux. The low - 
geometry counter counted 1 0 0  times m ore slowly than the one to be 
calibrated so that the latter necessarily had to experience a very large  
number of fission events. The type of detector used can take some tens of 
millions of fission events without noticeable deterioration.

During the actual measurements the detector is monitored continuously 
by recording not only all of the fission fragments but also the alpha-particle 
peak. These various ratios are watched carefully to see that they stay 
constant. So far, in this experiment it has been necessary to change the 
detector once. That is  why the calibration experiment was repeated once.

Anisotropy of the fission fragment distribution

R. W. PEELL.E: How large were the corrections for anisotropy of 
fission fragments and for centre-of-m ass motion at an energy of about 
10 MeV?

B .C . DIVEN: We have not made the calculation at 10 MeV yet, and in 
that energy range it w ill be difficult because I know of no data on the 
angular distributions of fission fragments between 8 and 14 MeV. Between 
1 and 6 MeV the erro rs  in these corrections are very sm all because 
reasonably good angular distribution data are available and because there 
is little centre-of-m ass motion.

F ission -fo il geometry and backing

C. D. BOW M AN: Since a large part of the m ass of 235U is near the 
outside of the foil, it is important in 2 jt geometry to have the foil close to 
the solid-state detector. How close was it actually?

B. C. DIVEN: The distance between foil and detector was less than
1 mm but I do not rem em ber the exact distance. The detector was 
significantly la rge r  than the diameter of the fission foil. If the fissile  
m aterial had zero thickness, so that there was no absorption in the 
235U, then the efficiency should have been 95%.

R. W. P E E L L E : You mentioned that the standard foil used in the 
calibration experiment had a stain less-steel backing while all the other 
foils associated with the measurements had heavy-element (platinum) 
backings. Fission fragments which leave the uranium deposit in the 
direction of the backing interact differently with the different backings.
Does the difference in backings affect the calibrated efficiency of the 2ir 
fission counter?
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B. C. DIVEN: I think the effect of the backing would not be important 
in a low-geom etry system, and this is one of the reasons that the calibration 
experiment was done in low geometry. Let me clarify the procedure.

The measurements with the Van de Graaff are done with a particular 
fission counter of nearly 2ir geometry, and that counter, including its foil, 
is never disturbed in any way until it fails and becomes useless. In the 
calibration experiment with thermal neutrons, a standard foil on a thin 
backing is placed adjacent to the fission chamber and counted in low geometry. 
Thereby the 2n fission chamber with all its bad scattering effects is 
calibrated against a standard foil counted in low geometry.
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GENERAL DISCUSSION
OF STRUCTURE IN SYSTEMATICS OF  

235U FISSION AROUND 1 MeV

J. J. SCHMIDT: I would like to inquire about possible physical o r  
theoretical reasons, such as channel effects, for structure in the 235U fission 
cross-section around 1 MeV.

B .D . KUZM INOV: I think it is possible that some channel effects appear 
in this energy range. In this same energy range there are  some irregu la ri
ties in U . If one analyses the variation of Ko2, the square of the average 
value of the projection of the angular momentum on the fission axis, one 
finds corresponding irregu larities. The possibility that such variation in the 
fission cross-section m aybe explained by channel effects is not excluded.

F . K A PFE LE R : A  possible explanation may be that this step-like 
increase marks the end of the energy gap in the compound nucleus 236U and 
is  due to the onset of single-particle states. This is probable because the 
angular anisotropy of the fission fragments shows a correlated decrease in 
anisotropy at the same energy. As M r. Kuzminov mentioned, structure is 
also observed at the same energy in V  and in the average kinetic energy of 
the fission fragments'.

W .P .  PO ENITZ : I looked at the reported fluctuations in 17. The bump, 
the deviation from  smooth variation of v  with incident neutron energy, seems 
to appear around 400 keV but has largely  disappeared at about 1 MeV where 
the cross-section begins to rise .

There may be one, and possibly two, other ’steps' in the fission cross- 
section before it begins to decrease around 2 MeV.

J .L .  LEROY: Should one expect a correlation between structure in v 
and structure in the fission cross-section also below 100 keV?

E . MIGNECO: I think there are two quite different phenomena which 
may account for various fluctuations in the fission cross-section. At energies 
lower than about 10 keV, fluctuations are due to the effects of the double
humped fission ba rr ie r . At high energies, about 1 MeV, one would not 
expect to see a peak because the damping of any new channel should be strong, 
and any resonance-like effect would be strung out over a large energy 
interval. A  'step1, however, would be understandable.

J .W . BO LD EM AN: A  review such as that of Manero and Konshin1 shows 
that there may possibly be several humps in the v curve below 2 MeV. 
However, careful examination shows that there are inconsistencies among 
the various data sets. Values of v  derived from  measurements of the kinetic 
energy of the fission fragments show a different divergence from  linearity 
than direct measurements. The discrepancies among the measurements 
suggest unusual effects, but it is difficult to determine exactly what is 
happening.

One trouble with the early  interpretation in terms of channel effects was 
a mistake in the determination of the fission threshold of 235U based on (d, p) 
fission studies. Since the ground-state of 235U has negative parity, only 
compound nuclear states of negative parity were populated. It was very  
difficult in that experiment to see the ground-state for fission, which is a 
positive parity state. The irregularity in V  was interpreted by some people

1 M A N E R O . F . , K O N S H IN , V . , At. Energy Rev. 10 (1972) 687.
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as being due to the availability of a K 2+ state; others thought that there were 
only a couple of fission channels available and that the irregu larities in v 
were due to a change from  s-wave to p-wave fission. These arguments no 
longer hold because it is now known that the fission threshold is 600-700 keV 
lower.

F o r  233U we have measured both the kinetic energy of the fission frag 
ments and 77; we observed some strange structure in both as a function of 
neutron energy. The structure in these parameters seems to fit well with 
the change in probability for s -  and p-wave fission.

We thought that if we were going to see channel effects in 235U, they 
would be sim ilar to those in 233U. The bump in v for 235U, which occurs at 
400 keV should really  occur about 300 keV lower, but we observed no rapid  
rise  around 100 keV.

The results of Meadows and Whalen2 are the ones which require struc
ture in V  for 235U in order to be correct. I think that M r. Soleilhac's new 
results suggest structure but could be explained without it.

M . SOLEILHAC: It is difficult to think of structure in 17 for 235U in 
addition to that at 400 keV, which is found in our results of 19703 and in 
those of Meadows and Whalen2. Since the U  data are statistically much less  
precise than the fission cross-section data, I do not think it possible to make 
meaningful correlations between structure in v  and structure in the fission  
cross-section. It is important to study other systematics such as variation  
in kinetic energy of the fission fragments and in gamma emission.

2 M E A D O W S , J . W . , W H A L E N , J. F . , J. Nucl. Energy 21 (1961) 157.

3 SO LEILH A C , M . , FR EH A U T , J . , G A U R IA N , J . , M O S IN K I , G . , Nuclear Data for Reactors (Proc. 

Conf. Helsinki, 1970) 2 , IA EA , Vienna (1970) 145.



FISSION AND CAPTURE STANDARDS

Fast neutron capture cross-sections 
of 197Au and other 

appropriate capture standards





IAEA-PL-246-2/29

MEASUREMENTS OF THE 
CAPTURE CROSS-SECTION OF 197Au 
BETWEEN 75 keV AND 500 keV

E. FORT, C . LE RIGOLEUR, A . ARNAUD,
J. TASTE, J.L. HUET, J. MALOIZEL 

CEA, CEN de Cadarache,
France

Abstract

M E A S U R E M E N T S  O F  T H E  C A P TU R E  C ROSS- SECTION  OF  197Au  BETW EEN  75  keV  A N D  500 k e V .

The capture cross-section of 197A u  has been measured between 75  keV  and 500 keV  by two methods.

(1) Prompt y-ray cascades immediately following neutron capture were detected with a liquid scintillator. 

The total-eneigy weighting technique of Maier-Leibnitz was used to render the detector response insensitive 

to details of die y-ray cascade. Neutrons were produced with a pulsed V a n  de Graaff using the 7Li(p, n)7Be 

reaction, and neutron flux was monitored with a 10B - NaI(Tl) detector. (2) In the activation measurements, 

neutrons were produced with a continuous proton beam  on a lithium targ&t by the 7Li(p, n)7Be reaction.

The neutron flux was monitored with a BF3 counter of known efficiency. The  activities of gold samples 

irradiated at different distances from the neutron source were determined absolutely by B-y coincidence 

counting and relatively by ycounting. The measurements by the two methods disagree for unknown reasons. 

The cross-sections obtained by prompt gam m a counting are more consistent with existing data and at present 

appear more reliable than the activation data.

1. INTRODUCTION 

(E . Fort).

Before a cross-section can become a working standard, it has to be 
measured by as many different techniques as possible.

The cross-section of 197Au(n ,y ) 198Au can be determined by the three 
following techniques:

(a) Spherical shell transmission method. The capture cross-section  
is directly related to neutron absorption. This method has been rarely  
used with gold (Schmitt and Cook [1 ],  Belanova [2 ]) because of multiple 
scattering and self-shielding (Froehner [3, 4 ], Semler [5 ]) for which an 
exact knowledge of the total and elastic cross-sections is needed. 
Systematic e rro rs  can develop when processes other than radiative neutron 
capture occur.

(b ) Detection of y -ray  cascades which immediately follow neutron 
capture. These methods entail the use of dete.ctors which are independent 
of the decay scheme. This independence is obtained either by giving the 
detectors an efficiency as near as possible to 1 0 0 % (large detectors:
Diven et al. [ 6 ], Gibbons et al. [7 ], Haddad et al. [ 8 ], Uiescu et al. [9 ], 
Carlson et al. [10], Poenitz et al. [11] or by making the efficiency 
proportional to the total gamma energy (neutron energy + binding energy). 
This is the principle of the Moxon-Rae detector (Moxon and Rae [12 ], 
Macklin et al. [13]) and also of the M aier-Leibnitz detectors because of a 
weighting function applied at each pulse. The weighting function is 
dependent only on the pulse size (Macklin and Gibbons [1 4 ], C z irr  [15 ],
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Le Rigoleur et al. [16]). The M aier-Leibnitz detectors have a greater 
efficiency than those of Moxon-Rae. A ll detectors of this type provide a 
fast response, so they can be used in conjunction with the tim e-of-flight 
technique. If (n ,n '7 ) processes are properly accounted for, the combination 
of these methods is capable of producing the most reliable cross-section  
values and the most accurate energy values (Le  Rigoleur et al. [16]).

(c ) Activation methods can be applied to gold because of a decay 
constant of 2.698 days and because of the favoured transition (99%) in the 
decay of 198Au 1- 198Hg. The two techniques generally employed are
absolute measurements of the |3"-activity (j3" of 962 keV) or the 7 -activity 
(412 keV) (H arris et al. [17 ], M iskeleta l. [18], Lyon and Macklin [19],
Cox [20], Johnsrud et al. [21], Gibbons et al. [22], Bame and Cubitt [23], 
Weston and Lyon [24]). This method can be easily applied. Since only 
sm all amounts of m aterial are required, corrections for multiple scattering 
and self-shielding are small. The method is suitable for energies, 
approaching thermal energy. At higher energies it is less useful because 
it gives mean values corresponding to a wide spectrum of incident neutrons. 
We describe recent work carried out at Cadarache using (i) measurements 
of the 7 -activity following neutron capture by means of a total-energy 
detector, and (ii) the activation method.

2. C APTU R E  M EASUREM ENT FROM  PROM PT 7 -COUNTING  

(C. Le Rigoleur, A . Arnaud, J. Taste)

2.1. Principle of the method

In these measurements we used the total-energy weighting technique 
proposed by M aier-Leibnitz [25] and first used by Macklin and Gibbons [26].

The efficiency of the detector for capture 7 -rays is proportional to the 
total energy released, i .e .  neutron energy plus binding energy:

m

E n+ B n = j 7 i  (1)
i = 1

The detector response was rendered insensitive to details of the cascade 
of individual 7 -rays following neutron capture by applying a weighting 
function W (I) to each pulse from  the detector. This weighting function, 
which is a function of pulse size only, is defined as follows:

N

Y  P (E y)S(I, Ey)W (I) = E y (2)
1 = 1

P (E y) is the probability for detection of a 7 -ray  of energy E y,and S(I, E y) is 
the probability to have a pulse of amplitude I if the 7 -ray  has been detected.

F irst, the pulse-height response P (E y) S(I, Ey) of our detector for a 
7 -ray  of energy Ey was calculated with a Monte-Carlo code and then W (I) 
was calculated.

The validity of this theoretical weighting function W (I) has been checked 
with calibrated 7 -sources (51C r, 137Cs, ^Mn, 22Na, 60Co, Na). It was
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found that W (I) had to be corrected by 2.5% in order that the energy of the 
sources can be calculated correctly with Eq. (2). For energies below 3 MeV, 
W (I) was established with 1% precision and for energies above 3 MeV it 
was estimated with 2% precision. Strictly, the method is applicable to 
samples of separated isotopes or to isolated resonances, as for instance 
to gold, which is monoisotopic.

2.2. Experimental set-up (see Fig. 1)

The data were obtained with tim e-of-flight techniques. Pulsed protons 
(3.5 M Hz), bunched (~1 .2  ns) full-w idth-at-half-m axim um  (FW H M ), 
accelerated by the 5.5-M eV Van de Graaff at Cadarache, interacted with
7Li to produce 1.2 ns (FW HM ) neutron pulses with a broad energy spectrum. 
Neutrons at 0°were passed through a collimator of eLiH , L i2C 0 3 plus 
paraffin, and lead. Gold samples, 25 mm dia. , were exposed at the centre 
of the prompt 7 -ray  detector at a distance of 85 cm from  the target. The 
neutron beam covered a transverse area of 28 mm dia. The 7 -ray  
detector was a 1.441-litre  C6F6 liquid scintillator contained in a quartz 
cell. The experimental time resolution was better than 1.8 ns.

The neutron flux was measured with a 10B, N a l(T l) detector at a 
distance of 170 cm from  the 7L i target. The detector had an experimental 
time resolution of 2.5 ns. The efficiency of this detector was measured by 
comparing it with a flat-response detector of well-known efficiency 
(1.8%) [27].

B SLAB PHOTOMULTIPLIER

PROTON
BEAM

F I C .l .  Experimental set-up for measurement of die 197A u (n ,)0  cross-section by detection of the prompt 

gam m a  cascade which immediately follows neutron capture.

The param eters time and pulse height were digitized for each neutron 
event and transmitted to a CII 90 10 computer for on-line processing,.
The events were sorted according to the identification code of the 7 -ray  
detector or neutron flux detector and were stored. For the events coming 
from  the 7 -ray  detector, W (I) was stored in the time spectrum of this 
detector instead of I, the amplitude of the pulse from the detector.
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2.2 .1 . Samples

The gold samples (99.99% purity) used were discs of 25 mm dia. and
1 mm or 0.5 mm thickness. For background determination, carbon samples 
were used, the thickness of which was chosen so as to match the scattering 
from  the gold samples to be analysed.

2 .2 .2 . Analysis

T im e-of-flight spectra were transformed into energy spectra with 
energy intervals AE. Non-linearities in the time digitization and photon 
flight time were taken into account. An uncorrected neutron radiative 
capture cross-section (in barns) can be calculated as follows:

_ /tti\ _ ^ 2  1 e(E n) St(E„)
‘W E> - n “ n-  ^ t b ;  (3)

where

= the solid angle of the 10B slab subtended at the 7L i target

B l = the solid angle of the gold sample subtended at the 7L i target

n = thickness in nuclei/barn of the gold sample

e(En) = efficiency of the 10B N a l(T l) detector at energy E n + A E a/2
(efficiency known with 2.5% precision)

N  = count rate of the 10B N a l(T l) detector in the energy range
(E n, En + A E n) after correction for the attenuation of a few per 
cent by the capture sample (calculated from the total c ro ss - 
section)

Sx(E n) = calculated count rate, corrected for background measured with
the carbon sample, of the 7 -ray  detector in the same energy range

Bn = binding energy of the neutron in 198Au

Calculated corrections were applied for the following sample effects:

(a ) Neutron scattering and resonance self-shielding. Analytical 
calculations adjusted by Monte-Carlo calculations at several energies were  
used.

(b) 7 -attenuation and non-linearity of the weighting function. Our 
7 -ray  detector has a high efficiency (34% for 7 -rays of 1 MeV, 20% for 
7 -rays of 4.5 MeV) so that two 7 -rays from neutron capture cascades can be 
detected simultaneously. Because of the non-linearity and the shape of
the weighting function, more weight is assigned to the sum of two pulses 
than would be to each of them separately.

We have calculated the excess weight assuming that the spectral 
distribution of the 7 -rays in the cascade has the same shape and multiplicity 
at neutron energy as at thermal energy. 7 -attenuation in the gold sample 
is also related to spectral distribution. The 7 -attenuation for individual 
7 -rays  of energy Ey was calculated with a Monte-Carlo code. The effect 
of both corrections was calculated. Calculation made with drastic changes 
in the shape and multiplicity of the spectral distribution led to confidence 
in the calculated corrections. It is estimated that these corrections 
introduce an additional e rro r of 1 .6 %.
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(c ) Several other minor corrections were applied, e .g . for scattering 
of neutrons in air and for 7 -rays  from inelastic scattering of neutrons in 
gold. The agreement between the results obtained with the 0.5-mm-thick  
sample' and the 1 -m m -thick sample gave some confidence that corrections 
dependent on the thickness of the gold sample w.ere calculated correctly.

2. 3. Results and comparison with other data

Figure 2 gives the experimental values. Typically, we get 4.5% 
precision including 2.8% statistical e rro r. Our results agree very well 
with those of Poenitz [28], i .e .  within 1-2%. Extensive comparisons of 
existing capture cross-section measurements on gold in the keV and MeV  
energy range have been made. Our results agree well with the evaluation 
of Poenitz [29] except above 450 keV where we found lower values. One 
of the interesting results of our measurements is that the gold capture 
cross-section is not smooth and that structure is observed below 200 keV.

400.0

350.0 -

300.0

250.0 -

150.0 -

100.0 -

Au

50.0

0.0 I------- 1------ 1----- 1----------1_____ J-------1____ |____ |___ L I ........................ I I 1 I I I I 1 I I I I
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FIG.2. The gold capture cross-section measured in Cadarache by counting prompt capture yrays.
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(E . Fort, J. L . Huet, J. Maloizel)

3.1. Description of the apparatus

Neutrons were produced by means of the 7L i(p ,n )7Be r'eaction with a 
continuous beam. The mean current was about 15 nA .

7L i was evaporated in vacuum on a copper backing (0.2 mm thick) or 
a tantalum backing (0.5 mm thick). The thickness of the evaporated 7Li 
deposit is between 10 and 15 keV. The target was mounted on a rotating 
support and was air-cooled. A  diaphragm of 5 m m  dia. was placed 50 cm in 
front of the target. In front of the diaphragm, on the trajectory of the protons, was 
mounted a system of 6 tungsten w ires, 0.35 mm in dia. , placed at 60° angles 
from each other. Each w ire penetrated more or less deeply into the proton 
beam and collected a certain amount of current. By means of a recorder, 
the value of this current could be established as a function of time. Thus 
it was possible to have at each moment an approximate idea of the charge 
distribution in the proton beam. The gold samples were discs of 16 mm 
dia. and 0.1 mm or 0.05 mm thick. The samples were placed at 20° with 
respect to the proton beam, on different trajectories. The sample assembly 
is made of hollow steel tubes (exterior diameter: 3 mm, thickness: 0.1 mm) 
and allows simultaneous irradiation of three gold targets (1), (2), (3), 
placed respectively at distances of 5 cm, 10 cm and 15 cm from the target 
(see Fig. 3). The neutron flux was measured by a directional BF3 counter

3. A C T IV A T IO N  METHOD

FIG . 3. Experimental arrangement of samples for measurement of the gold capture cross-section by the 

activation method.
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with flat response whose efficiency had been previously determined by 
the MnS04 bath technique and also by the 'associated-particle1 technique 
using the T (p ,n )3He reaction. This reference detector was placed at
1.72 m from the target and at 20° with respect to the proton beam. The 
neutron flux was recorded on a m ulti-scale basis — each time unit was 
15 mm.

The activity of sample (1) was absolutely determined by (3 - 7  

coincidence counting. The )3's were counted with a proportional counter 
filled with pure methane. The 7 -counter was composed of two N al(T l) 
scintillators with photomultipliers operated in coincidence. The activities 
of the samples (2) and (3) were measured relative to sample (1) (by 
7 -counting) or absolutely as in the case of sample ( 1 ).

The activities of samples (2) and (3) were needed for determining the 
contribution of background neutrons to the activity of sample ( 1 ), assuming 
that background flux does not depend on the sample position. This hypothesis 
was verified by the relative count rate of the samples and also by a 
supplementary experiment. This experiment involved the determination by 
the tim e-of-flight technique of the response, according to the distance, 
of a 6.Li glass scintillator and of a thin-walled grid ionization chamber 
containing boron. The response of these two detectors varies according 
to energy, much in the same way as the (n ,7 ) gold cross-section. The 
scintillator was used for distances greater than 1 0  cm and the ionization 
chamber for shorter distances.

3.2. Corrections

Corrections were applied for the following effects:

(a ) Neutron scattering in air. Scattered neutrons affect the BF3 counter. 
The mean value of the correction was about 6 %.

(b) Target effect. The incident flux N (E ) is contaminated by neutrons 
scattered by the backing, at energies E '<  E. The scattered neutrons have 
a spectrum n (E '). The correction can be written as:

/ n (E ')CT (E ')dE '
A E ' _____________________

/ N (E ) <j (E ) dE 
A E ________________________________

/ n (E ') dE'
1 _i__----------------

/ N (E )d E  
A E

Values of the correction were calculated from  the curve given by Vaughn 
and Grench [30] for cr(E) and from  the spectrum n(E ) calculated by F ilippi[31 ] 
using a Monte-Carlo method and were between 3% and 11%.

(c) Multiple scattering in gold targets. This effect was calculated 
by Taste [32] using a M onte-Carlo method. Values of 0.6% for samples 
0.05-mm thick and of 1.4% for samples 0.1-mm thick were obtained.

(d) Effect of the finite dimensions of the proton beam. This effect 
concerned the ratio of the solid angles. It was evaluated from data 
obtained with the apparatus described in section 3.1 in the following way:
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F IG .4 .  Compaiison of die capture cross-section of gold measured at Cadarache (1) by counting prompt 

capture y-rays and (2) by the activation method.
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The transverse area of the beam was divided into six parts. The charge 
density inside each part was believed to vary lengthwise along a ray. The 
shape of the linear variation was the same for each part and was determined 
by the value of the total current.

We have also taken into account the time distribution of the neutron 
spectrum and the decay of 198Au. This correction fluctuated between
0.05% and 1.5%.

3.3. Results

From  the activation measurements were obtained values of the gold 
capture cross-section averaged over the incident neutron spectrum. The 
shape of the incident spectrum was calculated from the measured thickness 
of the 7L i target using kinematic laws. The effect of the distribution of 
incident neutron energies on the activity observed at the end of the irradiation  
period has been taken into account. The energies reported here are the 
most probable values, and the uncertainties are the half-widths of the 
distributions at half maximum.

Uncertainties in the cross-section values obtained from  the activation 
measurements are as follows:

(a) Uncertainties concerning the measurement of the target-to-detector 
distance are evaluated at 2%, thus giving a 4% e rro r  on the cross-section.

(b) The uncertainty of the count-rate measurement of the irradiated  
sample varies between 1 % and 4%.

(,c) The uncertainty of the count rate of the reference detector is 
equal to 2 %.

If a 10% e rro r is assumed for the correction factors (section 3.2), 
a mean e rro r of 5% for the cross-section values is obtained by combining 
the partial e rro rs  quadratic ally.

4. CONCLUSIONS

The capture cross-section of 197Au has been measured at Cadarache by 
two different methods, ( 1 ) by detection of prompt 7 -ray  cascades and
(2) by activation. The results are compared in Fig. 4. Activation m easure
ments were made at neutron energies of 115 ke.V, 164 keV, 202 keV,
302 keV, 355 keV, 406 keV and 498 keV. The values of the capture 
cross-section obtained at 202 keV, 302 keV and 355 keV disagree appreciably 
with values for the same energy range obtained by detection of -y-rays.
The Cadarache activation values, however, are reproducible, and checks 
were made to ensure that the target backing was not responsible for the 
discrepancy.

Other values obtained by the activation method are plotted with the 
Cadarache activation data in Fig. 5. Agreement among the various data 
is poor. In the energy range 160-166.8 keV the apparent agreement 
between the Cadarache data and those of Gibbons et al. [22] and H arris et al. 
[17] cannot be regarded as significant because of the serious disagreement 
at other energies.

The sim ilarity in shape, but not absolute value, of the data of 
H arris et al. [17] and Cox [20] should be noted. It would help to determine
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the physical origin of the systematic e rro rs . Possible sources of systematic 
e rro r are the neutron flux measurements and the values used for norm ali
zation (Gibbons et al. [22]).

F igure 6 shows that cross-section values obtained from measurement 
of the prompt 7 -rays are m ore consistent. The values of Fricke et al. [33] 
(except those above 400 keV) and those of Poenitz et al. [11] are in good 
general agreement with the present Cadarache data of Le Rigoleur et al.
The Cadarache data were obtained with excellent timing resolution and 
show structure at least in the lower part of the energy range. These 
fluctuations occur around 30 keV at which energy Poenitz used an averaged 
value for normalization. The fluctuations show that activation methods do 
not yield reliable values for normalization at that energy. The fluctuations 
are probably the cause of the 1 - 2 % discrepancy between the present 
Cadarache values (Le Rigoleur) and those of Poenitz et al. [11 ]. Except 
at lower energies, good agreement exists between the values of H arris  et al. 
[17] (activation method), Fricke et al. [33], Poenitz et al. [11] and the 
Cadarache values of Le Rigoleur.

A s a first attempt to establish practical standard values for the 
cross-section, the data of the latter four groups of authors could be treated 
in the manner of Vaughn and Grench [30]. However, better agreement 
between data obtained by activation methods and data obtained by direct 
measurements of the radiative capture cross-section is required in order 
to establish reliable standard values of the gold capture cross-section.
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' D I S C U S S I O N  

Present accuracy of the 197Au capture cross-section

C. D. BOWMAN: I would like to know how accurately the Cadarache 
group considers the gold capture cross-section to be known at present 
and what accuracy they eventually expect to achieve in their measurement 
programme.

J. L . LEROY: Since we were beginning an extensive programme at 
Cadarache to m easure capture cross-sections of many nuclei, we thought 
it important to check our techniques by measuring the gold capture c ro ss - 
section before undertaking measurements on other nuclei.

The accuracy of the data given in section 2 of the paper is 4-4.5%, 
including 2 .8 % statistical e rro r , 2 % on the flux determination (on the 
average), 1 % on the weighting function and about 1 .6 % e rro r from other 
corrections. These data are somewhat prelim inary and their accuracy 
can be improved. If the agreement between these data and other recent 
absolute measurements using prompt gamma counting is considered, one 
might conclude that the gold capture cross-section is known to 3-4%.

Before a definitive statement, about the accuracy of the gold cross -  
section is  made, I think the discrepancy between the prompt gamma 
counting data and the activation data should be resolved. One problem with 
the activation method is to eliminate the effects of slow neutrons. This is 
possible if  the experiment is perform ed in a very large room. Incidentally, 
the National Physical Laboratory in the United. Kingdom has such a facility, 
and their activation measurements should be of very high quality. It is 
possible that a more careful consideration of the effects of slow neutrons 
may lead to an explanation of the apparent discrepancy of our activation 
measurements.
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L . STEW ART: Is anyone planning an experiment in which the cro ss - 
section is measured simultaneously by the two methods using the same 
sample? For example, could the prompt gamma rays be observed at the 
same time the sample was being activated, with the induced activity being 
counted at a later time?

J. L. LEROY: We are doing that now.
L. STEW ART: What is the highest incident neutron energy at which you 

expect to be able to make measurements?
J. L . LEROY: We are not expecting to go much above 700 keV where 

inelastic scattering begins to cause trouble.

235 197Ratio U (n ,f): Au (n ,y ) and derived fission cross-sections

J. J. SCHMIDT: Restricting my rem arks to the energy range above 
100 keV, it seems that the apparent agreement of the new results of 
Le Rigoleur with those of Poenitz [1] revives an old discrepancy. If the 
197Au capture cross-sections are combined with measurements of the ratio
235 197 235U (n ,f): Au (n ,7 ), the U fission cross-section thus derived supports
the older measurements of 235U (n ,f) by Poenitz [2] which were quite low.
If measurements of the ratio 239Pu(n, f ) :235U(n, f) are combined with absolute 
measurements of 239Pu(n, f), the derived 235U(n ,f) cross-section is in much 
better agreement with other existing 235U (n ,f) data and with most of the 
data presented at this meeting. There are no 239Pu-fission to 197Au-capture  
measurements, and such measurements might be useful. Would anyone 
care to comment on the discrepancy between the 235U (n ,f) cross-sections  
derived by these two methods?

W. P. PO ENITZ: It is very simple. Either the 235U data, the gold 
data or the ratios are wrong. A ll measurements since 1968 which I know 
of, including the data just presented, confirm our measurements of the 
197Au capture cross-section. The 235U fission cross-section is now much 
better known, and it is low er than previously believed, although not enough 
so to remove the discrepancy. We have also confirmed the ratio m easure
ments in which, by the way, activation methods have always been ilsed.
As a result of much work, all the data are better known, but the discrepancy 
remains.

Incidentally, I tend to question one of the techniques used by Byer and 
Konshin [3 ] . for the 239Pu fission cross-section. If the 235U fission data of 
Szabo [4] or White [5] are used with a set of ratio measurements to derive 
a 239Pu fission cross-section, it seems reasonable to expect the derived  
plutonium cross-section to agree with Szabo's [4, 6 ] experimentally 
measured 239Pu fission cross-sections, provided the ratio measurements 
are correct. A fter all, Szabo's data on both 236U and 239Pu were measured  
with the same apparatus and flux-m easuring technique, and I do not think 
the ratio measurements should be much in error.

J. L . LEROY: My explanation of the conflicting results is that the 
ratio measurements involving gold are probably wrong. Some time ago, 
the most important problem in measuring these cross-sections was to 
measure the neutron flux, and therefore ratio measurements were con
sidered more reliable than absolute measurements. Today, flux m easure
ment is only one of a number of equally important methods such as absolute 
fission counting, determination of sample m ass, etc. Therefore, two 
absolute measurements with the same apparatus and flux-m easuring
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technique are equivalent to a ratio measurement and are equally reliable  
so that a direct ratio measurement should not be assigned more weight.

T . A . BYER: I would like to reply to M r. Poenitz concerning the 
review of the 239Pu fission cross-section by Konshin and m yself [3 ], Above 
300 keV, the data of Szabo et al. [4] are essentially the only absolute 
measurements which exist. In the 300- to 900-keV region, there is very 
good agreement, within 2.5-3%, among four or five completely different 
sets of measurements of the fission cross-section ratio of 239Pu to 235U.
When our average fission-ratio curve is used with Szabo's 239Pu data, 
a fission cross-section for 235U is obtained which agrees with the data of 
White [5] and of Szabo et al. [ 4] .  But I do not agree with M r. Poenitz's 
point that one should necessarily expect such an agreement.

I would now like to comment on M r. L eroy 's  rem ark concerning 
capture-to-fission ratio measurements. In Sowerby's evaluation [7] of 
235U (n ,f) using the simultaneous technique, which includes ratio data for 
238U(n,-y) and 19l7A u (n ,7 ) and for 239Pu (n ,f), the recommended curve for 
the U fission cross-section dips rather low at 600-700 keV. When I 
discussed this with Sowerby, he said that he had not given dominant weight 
to the ratio of the fission cross-sections of 23̂ Pu and 235U. As a result, 
his recommended curve tended to be pulled down because of the capture- 
to-fission ratio measurements. Sowerby was coming to almost the same 
conclusion as M r. Leroy, namely that one should perhaps doubt the 
capture-to-fission ratio measurements but not necessarily the fission:-to- 
fission ratios.

W. P. PO ENITZ : I think that it is incorrect to say that Szabo's 
absolute measurements on _239Pu prove that his absolute results for 235U 
are correct. In an absolute measurement it is necessary to measure 
the flux, the efficiency of the detectors, the fission rate, and the m ass of 
the sample. If two absolute measurements use the same flux measurement 
techniques and detectors, then the only new information obtained from the 
second absolute measurement is a comparison of the fission count rates 
and the m ass determinations. Since the flux measurement and detector 
efficiencies cancel out, the two absolute measurements are exactly equivalent 
to one absolute measurement and a ratio measurement. In an evaluation, 
an equivalent information should be used only once.

T. A. BYER: I understand your point. The idea was to attempt to draw  
conclusions about the absolute value of, for example, the 235U fission c ro ss -  
section based not pnly on absolute measurements of 235[J but rather on a 
much la rge r number of independent data sets including ratio measurements.

C ross-sections and integral experiments

J. J. SCHMIDT: The results of M onte-Carlo calculations [ 8 ] of 
param eters of sm all fast-critica l assem blies seem to be in much better 
agreement with experiment when data like those presented here by 
M r. Gayther and M r. Poenitz are used in the calculations. If instead the 
older results of Poenitz [2] are used with the ratio of the fission c ro ss -  
sections of 239Pu and 235U, for which there are about ten experiments in 
agreement, then the multiplication factor is  not predicted correctly for 
any plutonium fast-critica l assembly.

To me this seems to be additional indication that Szabo's absolute 
fission cross-section measurements for 239Pu, the ratios of the fission
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cross-sections of 239Pu to 235U, and the newer values of the 235U fission  
cross-section are correct and consistent. I think this agreement lends 
support to M r. Leroy 's  suggestion that either the capture-to-fission ratio 
measurements or the capture measurements themselves are wrong.

W. P. PO ENITZ: I am glad that the question of integral measurements 
has arisen because I doubt that integral experiments can give significant 
information about differential data. As we all know, White [5 ] reported 
a low value for the 235U fission cross-section at 5.4 MeV, and some 
re-evaluated Los Alam os data later agreed with his value. As a result, 
all evaluated data files contain low values for the 235U fission cross-section  
over most of the whole high-energy range. In the M onte-Carlo calculations 
by Benzi et al. [ 8 ], essentially unmoderated fast-critical assem blies with 
very hard spectra were considered. It therefore seems difficult to draw  
conclusions about differential data in the energy range around 1 M eV and 
below, when the cross-section data used to-cover the most intense part of 
the fission neutron spectrum in these critical assem blies were values which 
we now believe to be much too low.

I do not doubt that my old, low values for 235U fission produce low  
values of K eff. However, my old data had quite large e rro rs  assigned to 
them. If the old, high data in the high-energy range above 1 MeV had 
been used with my older low data at the upper lim its of their assigned 
uncertainties, then values of Keff much c loser to unity would have been 
obtained.

L . STEW ART: Two rem arks: (1) Calculations have also been made 
for fast critical assem blies which have very low energy spectra, and 
raising the 235U spectrum in the high-energy range w ill not help to reduce 
discrepancies in K eff for them. (2) ENDF/B  was always 5% above White's 
value [5] at 5.4 MeV for the 235U fission cross-section.

I think that the 235U fission cross-section in ENDF/B w ill be reduced 
at low energies to agree with new measurements, but it w ill be 238U capture 
cross-section, not 5U fission, which must be changed most drastically  
in order to obtain K eff = 1 from critical-assem bly calculations.

W. P. PO ENITZ: From  critical assem blies, which have soft spectra, 
it may be even more difficult to draw conclusions about a single differential 
cross-section because of the many moderating m aterials which they contain.
I think that in particular the effects of capture and inelastic scattering in 
238U are causing problems.
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Abstract

N E U T R O N  FLUX  M E A S U R E M E N T  IN T H E  keV  ENERGY  REGION: SU ITA BILITY  O F  IN D IU M  A S  A N  

A C T I V A T I O N  S T A N D A R D  FOR k eV  N E U T R O N S .

For measuring monoenergetic neutron fluxes in the energy range 100-1000 keV  by activation of small 

discs, the accepted standard material,, gold, can be unsuitable because of inconveniently long half-life 

and insufficient intensity of the induced activity. T h e  suitability of indium as an activation standard for 

keV  neutrons and the required improved knowledge of the 115In capture cross-section are discussed.

The measurement of monoenergetic neutron fluxes in the neutron 
energy region 100-1000 keV by the activation of sm all disc samples is 
a simple and accurate method when the neutron capture cross-section as 
a function of energy is known. Gold has often been used for these activation 
measurements, but from  an experimental aspect, the 2.7-d half-life  of the 
198Au produced is much too long for many purposes. Thus, in general, 
the activity produced is rather low and the gold samples remain active 
and unusable for several weeks after irradiation.

F o r  recent measurements at the National Physical Laboratory (N PL ) 
on the keV neutron capture cross-section of 238U [1], it was desirable to 
use an intermediate activation flux standard, and it was decided to use 
indium rather than gold, because the accelerator runs had perforce to 
be short ( — 1 h) and the samples had to be activated daily. The activation 
of indium foils to form the 54-min 116mIn produces fa r higher relative levels 
of activity than gold in short irradiations ( ~ 1  h) and the foil activity decays 
quickly enough for the samples to be used again within a few hours. Thus 
in experiments using an accelerator to produce a point source of 10  ̂ mono
energetic neutrons ■ s"1, several large indium foils can be quickly 
activated at distances from 5 to 50 cm from the target and the specific 
activity plotted against 1 /distance2 in order to estimate the background 
activity in the usual way, whereas with gold foils the activity at the la rger  
distances from the source would be prohibitively low unless day-long 
irradiations could be made.

The 54-min indium can be assayed in a 47r)3 counter, and it is found 
that the competing reactions are  either very sm all (50-d 114mIn, 4. 5-h 115mIn) 
or have decayed within several minutes before counting starts. The indium
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foils can be calibrated beforehand by |3-y coincidence counting, making 
allowance for the K -correction, which includes the effects of the complex 
decay scheme and the interaction of y -rays in the foil and ^-counter used. 
The half-life  is known to about 0.1%.

Thus it follows that the foil activities can be measured absolutely to 
better than ± 1% after allowing for the long-lived component, and the neutron 
background estimated to the same order of accuracy. Once the neutron 
capture cross-section has been established accurately, the monoenergetic 
neutron flux can be m easured routinely.

The neutron capture cross-section has to be established before 
m easuring neutron flux. The shape of the cross-section is generally  
agreed, it falls 40% between 100 and 200 keV and then remains flat to 
within ±20% up to 1 M eV , but the resonance structure is not well known, 
nor is the absolute magnitude of the cross-section. Recent measurements 
at N P L  [1] are about 10-15% below, the evaluation in BNL-325 [2] with an 
e rro r  of less than ±2% (standard deviation). C learly, it is most desirable 
to obtain other confirmatory data before the indium activation method can 
be used to m easure the neutron flux.
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D I S C U S S I O N

W. P .  PO ENITZ: This paper introduces the old question of whether 
another capture standard should be adopted. One argument in favour of 
retaining gold is that, to establish another standard to the same reliability, 
the necessary effort may ultimately be equivalent to or exceed that which 
has already gone into the measurement of the absolute capture cross- 
section of gold.

The properties of indium seem to me to be generally suitable for a 
standard m aterial although there are some disadvantages. One possible 
inconvenience is that the softness of the metal might cause mechanical 
problems in the fabrication and use of large, thin foils.

Another possible complication is that the activation cross-section of 
indium is not identical with the capture cross-section as is the case with 
gold. In addition to the 54-min state of 116In, a higher-energy 2.16-s 
level, which decays entirely to the 54-min level, and the ground-state of 
116In, which decays differently than the 54-min level, are also excited.

If standards are selected according to their importance in practical 
applications, perhaps 238U capture would be a useful standard. A  possible 
disadvantage is that, because of the low neutron binding energy, the 
energy available to a gam m a-ray cascade following capture is very low.

E. J. AXTON: In the work which I just described where the neutron 
flux was measured as a function of distance in order to estimate the back
ground activity, indium was used in preference to 238U because 238U samples
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had to be chemically separated every time before they were used and could 
only be used for a few hours after chemical separation. In this experiment, 
gold could not be used for the reasons stated in the paper.

J. L. LEROY: If there is great interest in indium as a capture standard, 
we would want to include it in our programme of capture measurements 
which I mentioned previously. •
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Abstract

THE VALUE OF u FOR M2Cf.
A number of absolute measutements of v for 252C f have been reported with reputedly high accuracy. 

At the time o f the IAEA review in 1969, the results appeared to divide into two distinct groups at about 
3.7 and 3.8 neutrons/fission. In the intervening period, some new measurements have appeared and the 
older measurements have been subjected to an objective scrutiny in an attempt to find an explanation 
for the discrepancy. In this paper, a brief description of each experiment is given and in some cases 
suggestions are made for revising the value and/or the estimated uncertainty. The measurements now 
appear to form a consistent set with a weighted mean o f 3.733 ± 0.008 neutrons/fission.

1. INTRODUCTION

Absolute values of v, the average number of neutrons emitted per 
fission, have been requested at high accuracy by reactor designers fo r 
233u, 235U and239Pu. The use of 252Cf as a standard in this fie ld  has many 
advantages; fo r example, the spontaneous fission half-life  is such that 
sources of negligible mass can be made, and absolute neutron emission 
rates can be measured in ideal surroundings fa r from  the disturbing 
influences of reactors and accelerators. A  number o f absolute 
measurements with reputedly high accuracy have been reported and in 
1969, when the IAEA review  was published [1 ],  the results appeared to 
divide into two distinct groups at about 3. 7 and 3. 8 neutrons/fission.
In the intervening period, some new measurements have appeared, and 
the older values have been subjected to an objective scrutiny in an 
attempt to find an explanation fo r  the apparent discrepancy. This paper 
gives a b rie f description and critic ism  of each experiment, and in some 
cases suggestions are made fo r  revising the value and/or the estimated 
uncertainty. The measurement techniques fa ll into two categories:

(a) Delayed coincidence experiments in which a neutron 'gate' is 
opened fo r  a finite time a fter each detected fission event. This .method 
has the advantage that no absolute fission counting is required and that the 
same equipment can be used subsequently to measure v fo r neutron- 
induced fission. However, in the case of liquid scintillators, there is 
the disadvantage that intermediate stages of the experiment (e. g. 
absolute neutron counting) cannot be. confirmed by comparison of 
sources with other laboratories.

(b) D irect measurements in which absolute fission rate measurements 
and absolute neutron em ission rate measurements are made separately.
In this type of measurement, in principle i f  not in practice, the two 
separate operations can.be the subject of external comparisons.

2 6 1



2 6 2 AXTON

The values and uncertainty estimates derived in this paper have 
been accepted as provisional input data fo r the current IAEA review  of 
2200-m/s constants, pending further information on the problems 
discussed and discussions with the authors.

2. DELAYED COINCIDENCE EXPERIMENTS

2.1. Liquid scintillator (Hopkins and Diven [2 ] )

The californium sample is placed in a fission  counter situated at 
the centre of a cylindrical liquid scintillator tank, 1 m long and 1 m 
d ia ., light pulses from  neutron capture 7 -rays being detected by banks 
of photomultiplier tubes situated in the cylindrical wall. The neutron 
detection efficiency is determined by replacing the fission chamber 
with a plastic scintillator and observing neutron capture pulses in 
delayed coincidence with reco il proton pulses from  the scattering of 
neutrons in the plastic scintillators, in a reaction with 5 = 1 .

The description of the absolute measurement of v fo r californium 
is rather short, form ing only two or three pages of Ref. [2 a ], and 
consequently there are some aspects of the experiment which warrant 
further explanation. It appears that the work with the T(d, n) reaction 
involving neutrons in the 0- to 2-MeV and 6- to 8-M eV energy ranges, 
described on page 435 of Ref. [ 2a], is the experimental check of the 
M onte-Carlo calculations re ferred  to on page 434 of Ref. [2 a ], The 
absolute efficiency on which v is based is thus determined only from  
the runs with 0- to 1. 3-MeV neutrons using the D(d, n) reaction, as 
described on page 436 of Ref. [ 2a ],  It would be interesting to know why 
the efficiency is given as 'about 94%' on page 435, and 'about 86%' on 
page 436. What is the explanation of this difference?

Further, it is assumed, that the efficiency E is independent of 
neutron energy except fo r  the effects of variation in the leakage fraction 
and escape through the axial hole. Whilst this assumption is probably 
approximately true, it is like ly  that there is some preferential 
absorption at the lowest energies in the structural m aterials of. the 
bath and counting systems. Since there are more low -energy neutrons 
in the 0- to 1. 3-MeV calibration group than there are in the californium 
spectrum, this would lead to an over-estim ation of V. How dependent 
is the effic iency on the position of the neutron capture? In general, 
low -energy neutrons w ill finish up nearer the axis (further from  the 
photomultipliers) than higher-energy neutrons. Isotropic neutrons w ill 
finish up nearer the axis than calibration neutrons emitted at 80-90°. 
Although it is stated on page 1014of Ref. [ 2b] that no difference in the 
capture pulse-height spectrum was observed between calibration 
neutrons and fission neutrons, it would be necessary to estimate how 
large the difference would have to be fo r .it  to be detected. In any case, 
this statement applied to a sm aller tank with many more light detectors.

The Stockholm group [ 3] re ferred  to three processes which reduce 
the neutron energy fo r  a proton pulse of a given size, namely, neutrons 
scattered by a proton a fter having been scattered by a carbon nucleus 
of the plastic scintillator, neutrons scattered by a proton after previous 
scatter by another proton, and protons escaping from the scintillator
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before delivering a ll their energy. Other effects mentioned by the 
Stockholm group are: (i) the escape of neutrons a fter double scattering 
in the crystal or in structural material, and (ii) detecting ar-particles 
from  C(n, a) reactions in the crystal and mistaking them fo r proton 
pulses. The latter e ffect only applies to the part of the experiment 
concerned with leakage check. It would be desirable to see uncertainty 
estimates in the form  of upper lim its fo r  a ll these possib ilities.

The leakage estimate in Ref. [2 ] of 1. 67% fo r isotropic fission 
neutrons appears to be too high. At the National Physical Laboratory 
(N PL ), the leakage from  the 1-m spherical MnS0 4  -bath with a spherical 
cavity of 8. 8 cm in diameter is about 0. 25%. The leakage from  the 
bath under discussion (1 m d ia ., 1 m length; axial hole: 7 cm d ia .) 
should be on the one hand greater because of the reduced hydrogen 
density in the liquid scintillator compared with MnS04 in water, but on 
the other hand less because there w ill be almost no thermal leakage and 
because the average escape path for a cylinder is greater. The 
difference does not seem to be accountable by the axial hole.
Monte-Carlo calculations have been carried  out using the actual 
dimensions fo r the bath and the axial hole and the formula of Reines et 
al. [4 ] which gave the atom densities as 5 x 1022 cm "2 fo r  hydrogen,
3. 72 x 1022 cm " 1 fo r carbon and 0. 003 fo r Cd/H. Inelastic scattering in 
carbon was omitted (time did not perm it its inclusion) but anisotropic 
scattering in carbon up to 5 M eV was included by means o f Legendre 
polynomial coefficients which were kindly provided by J. L . L e roy  of 
Cadarache. The neutron energy scale was divided into 200 equal bins 
and each bin was allocated a number of neutrons proportional to 
E* exp (-E/1.43) (1. 43 being a weighted average of recent measurements 
of the Maxwellian temperature), such that the total .number came to 
15 000. These neutrons were then started at random angles to the axis 
and tracked until they were captured by hydrogen or cadmium or else 
escaped. The hydrogen capture was about 0. 6% of the cadmium capture 
and the leakage came out at 1.13%. This was reduced to 1.11% by a 
sm all correction fo r the missing carbon inelastic scattering, and it 
compares with the value of Hopkins and Diven of 1. 67%. The run was 
repeated with a spherical hole of the same diameter at the centre of 
the bath, giving 0. 52% leakage. The difference of 0. 6% is attributable 
to the distortion produced by the axial hole. F o r the effic iency 
measurement a rectangular distribution of neutrons from  0 to 1. 3 MeV 
was started off at 72° to the axis and gave 0. 05% leakage, compared 
with the value of 0. 4% by Hopkins and Diven. Thus, a fter making the 
appropriate corrections and assuming that the effic iency is independent' 
of neutron energy apart from  leakage variations, v should be reduced 
by 0.22%. However, the leakage values given on page 435 of Ref. [2a] 
were also checked. Rectangular distributions of neutrons' from
0 to 2 MeV at 79° and 6 to 8 MeV at 45. 9° were introduced, giving 
leakage fractions of 0.075% and 4.03% against the estimates of Hopkins 
and Diven of 0. 5% and 6%. If the approximate figures on page 43 5 of 
Ref. [ 2a] are taken as exact (which they are not), one can deduce that 
the true effic iency a fter correction  fo r leakage is 0. 936 fo r 0 to 2 MeV 
and 0. 9245 fo r 6 to 8 MeV.

It would be desirable fo r  the authors to re-exam ine their experiment 
with the following purposes:
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(a) To  estimate upper lim its to the various effects and include them 
as uncertainties, bearing in mind that severa l of them are 'one way'.

(b) To  supply supporting evidence fo r the assumption that the efficiency 
is independent of neutron energy and direction apart from  leakage and
the effect of the axial hole, i. e. to make measurements at more than 
one calibration energy band and to show that the various efficiencies 
agree a fter correction fo r leakage. Another possib ility would be to 
observe the effect of probing with a 7 -source.

The authors accounted for most of the queries raised by 
demonstrating that the effects were negligible. They re-calculated the 
leakage correction using slightly different atom densities (hydrogen:
0.0453 X 1024 cm"3, carbon: 0 . 03 9 6 x 1024 cm"3, cadmium:
0 . 0 0 0 0 9 x 1024 cm "3 ) and obtained significantly lower leakage fractions, 
but confirmed their original correction fo r the difference between 
californium neutrons and calibration neutrons. A  tria l run with Reines' 
mixture confirmed the calculations described above. The authors also 
made a reduction in v of 0. 3% fo r the effects of delayed 7 -rays. The 
value published in Ref. [ 1] was raised by 0. 38% because of a change 
from  1. 4 MeV to 1. 59 MeV in the value of T . La ter evidence (see, fo r 
example, Ref.'[ 5 ]) indicates that the authors' original choice was 
nearer the truth. Therefore, the authors' original value of 3.771 
(prompt) is adopted provisionally, reduced by 0. 3% as described 
above, and not adjusted fo r the 1969 spectrum change. The authors' 
estimate of uncertainty of ± 0. 83% is retained.

2.2. Liquid scintillator (Asplund-Nilsson et al. [ 3 ])

The principal features of this experiment are the same as in 
Ref. [ 2 ] but there are considerable differences in experimental detail.
The scintillator tank was a 60-cm-dia. sphere with a 6 -cm -dia. axial 
hole. The efficiency determination was carried out with an anthracene 
crystal instead of a plastic scintillator and was measured fo r many 
m ore neutron energies. A lso, the authors went into considerable 
detail in their paper to discuss possible causes of e rro r. The 
scintillator solution is given as cadmium octoate in tri-ethyl benzene, 
but the atom densities are not provided.

The crux of the experiment is the determination of the effective 
effic iency of the liquid scintillator neutron detector fo r  the detection of 
californium fission neutrons emitted iso trop ica lly .

A  study of the results of the measurement of this efficiency as a 
function of energy at fixed angles reveals apparent systematic 
differences between the sets o f results in the four groups of Table I.
F o r  example, .over the important range from  0. 65 MeV to 1. 07 MeV, 
there is a difference of from  1. 75% to 2. 7% between the Van de Graaff 
results and those of the low -energy accelerator. A  s im ilar situation 
exists in the 2. 5-MeV to 3. 01-MeV range between the D -T  results and 
the Van de Graaff results. It appears that the true efficiency could 
d iffer by up to 2% in the important region around the californium 
spectrum peak, and up to 1% in the range 2-5 MeV.

It is probable that some, i f  not all, of these differences are 
traceable to differences in leakage. The bath radius is only 30 cm.
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TAB LE  I. LEAKAGE CALCULATIONS FOR EFFIC IENCY 
MEASUREMENTS

Energy
(M eV)1

Angle a e

Rectangular distribution 
leakage 

(%

0.24 73.6 0.25 0.35
0.65 62.3 0.25 0.75
1.07 53.3 0.25 1.95

0.15 79.5 0.25 0.30
0.50 70.5 0.25 0.35
0,97 62.3 0.25 0.98
1.40 56.1 0.25 2.75
1.86 50.0 0.25 5.45
2.43 42.7 0.25 10.90
2.75 38.6 0.25 13.72
2.93 36.2 0.25 13.68

0.21 77.2 0.25 0.20
0.58 68.5 0.25 0.58
1.00 61.2 0.25 1.45
1.82 49.4 0.25 5.48
3.17 30.8 0.25 17.88

0.48 79.7 0.75 0.35
1.65 70.6 0.75 4.33
1.79 69.7 0.75 4.65
2.18 67.5 0.75 6.80
2.49 65.9 0.75 9.23
3.01 63.3 0.75 11.70
3.46 61.2 0.75 13.03

4.27 57.6 0.75 19.83
5.42 52.8 0.75 27.03
6.69 47.9 0.75 32.57
7.94 43.1 0.75 36.4
10.75 31.9. 0.75 48.3

With an axial hole of 3 cm radius the neutrons have only to traverse 
27 cm of liquid scintillator to reach freedom, even when emitted at 90° 
to the axis. Thus the bath does not seem to be large enough to justify 
the assumptions made by the authors. F o r example, on page 127 of 
Ref. [ 3a] it is  stated that "the effic iency of the spherical detector is 
assumed to be the same in a ll directions except where the cylindrical 
channel through the tank influences the sym m etry'1.

To  investigate the leakage, Monte-Carlo calculations s im ilar to 
those described above were carried  out using the correct dimensions 
fo r the spherical bath and the axial cavity. Unfortunately, the exact 
composition and density of the liquid are not stated in Ref. [ 3] so the 
m aterial used by Hopkins and Diven as specified by Reines et al. [ 4] 
was used with an atom density of 5 x i o 22 cm ’ 3 fo r hydrogen,
3.72 x lO 22 cm 3 for carbon, and 0.003 for Cd/H. The. density of
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Reines1 mixture is estimated at 0. 94. The solution used here is 
believed to have a s im ilar hydrogen density and rather less carbon and 
cadmium. Whilst the leakages from  the two solutions w ill be different, 
they w ill not be sufficiently so to affect the argument. The leakage 
above about 7 MeV w ill be slig jitly over-estim ated as inelastic scattering 
in carbon was not included. The following calculations have been made:

• (a) The energy scale was divided into 200 equal intervals from  0 to 
10 MeV, and each interval was allocated a number o f neutrons 
proportional to E$ exp (-E / l. 43) (1.43 being an average of recent 
measurements of this quantity), such that the neutron total was 15 00 0 . 
These neutrons were started off at random angles to the axis and 
followed until they either escaped or were captured. The run gave 
9.9% fo r  the leakage of isotropic fission neutrons. The calculation was 
repeated with a spherical cavity of the same radius (3.0 cm) to give 
6 .6%, the difference being attributable to the effect of the axial cavity.

(b) Neutrons with a rectangular distribution whose width was equal to 
the e r ro r  bars in F ig . 3 on page 129 of Ref. [ 3a] were introduced 
to assess the leakage fo r  each of the measured efficiency points. The 
results are shown in Table I of this paper, the points above about 6 MeV 
having been roughly corrected fo r  the effect of the m issing carbon inelastic 
scattering. The measured efficiency corrected for leakage then 
appeared to be flat at about 0.78 from  10 MeV down to about 1. 8 MeV and 
then reduced slow ly to about 0.73. Table II shows some examples of 
leakage as a function of angle to the axis fo r single energies.

There is some external evidence that the leakage fractions were 
not an order of magnitude too high in these calculations, v iz . (i) the 

i same calculation fo r the Hopkins and Diven 1-m cylindrical tank gave 
results significantly lower than those quoted by these authors, and (ii) 
the leakage fo r isotropic californium neutrons is s im ilar to the measured 
fraction fo r the 25-cm  radius N P L  manganese bath. The latter has a 
spherical cavity instead of an axial hole, and a greater hydrogen 
density, but this is offset by greater thermal leakage.

TAB LE  II. LEAKAGE VERSUS ANGLE

Angle
% Leakage

E = 2.18 MeV E = 1.5 MeV

IS 25.13 16.45

30 11.05 5.5

50 8.00

56.1 2.75

67.5 6.80

70 2.6

90 6.35 2.1
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It is evident from  the foregoing argument that certain assumptions 
made by Asplund-Nilsson et al. [3 ] are not justified. It is hoped that 
they w ill investigate this problem, possibly by extensive M onte-Carlo 
calculations based on the correct liquid specification. But in any case, 
with such a sm all bath, it  is  problematical whether the sm all 
uncertainty of 0.9% could be retained in view  of the large leakage 
corrections involved.

Apart from  the main problem of the leakage, lit  wc|uld be desirable 
to see a ll the corrections and uncertainties listed! The total uncertainty 
of 0.9% appears to be made lup of 0.77% on the average californium 
effic iency and 0.05% fo r the spectrum uncertainty (page 130 of 
Ref. [ 3a]) but this does not appear to include, fo r  example, any 
uncertainty in the 1.5% correction  fo r  pile-up (page 126 of Ref. [3 a ]).

The effective effic iency fo r californium neutrons w ill certain ly not 
be a'smooth curve because of the effects of the carbon res.onances.
One wonders whether the effic iency a fter correction  fo r leakage would 
be flat or whether there are other effects present. F o r  example, the 
light collection effic iency may not be the same fo r neutrons of low 
energy thermalized near the centre or fo r  neutrons emitted at small 
angles to the axis. This may explain the fa ll-o ff at low energies of the 
measured effic iency corrected fo r leakage-.

A t the bath diameter is only 60 cm, the system w ill be more 
sensitive to e rro rs  in the mean energy of the assumed californium 
spectrum. Table III shows the calculated leakage from  isotropic 
californium fission neutrons fo r  various assumed Maxwellian 
temperatures both fo r this system and fo r the 50-cm-dia. cylindrical 
tank described in Ref. [ 3 a ].

TA B LE  III. VARIATION OF LEAKAGE W ITH ASSUMED SPECTRUM

Maxwellian temperature
% Leakage

60-cm-dia. sphere 50-cm-dia. cylinder

1.3 8.98 11.88

1.43 9.87 12.79

1.5 10.85 13.60

The authors provided a detailed table of uncertainties, and the 
quoted v value was reduced by (0.6 ± 0.3)% fo r  the-French effect and by 
(0.2 ± 0.2)% fo r the effects of delayed y-rays . The total uncertainty 
was expanded to ± 1.5%, pending re-evaluation of the leakage corrections.

Meanwhile, fo r  the purposes of the current evaluation, the authors' 
original v value of 3.799 is retained, reduced by 0.8% as described above, 
and not corrected fo r the 1969 spectrum change. The uncertainty has been 
increased to 1.5%.



2 6 8 AXTON

2.3. Liquid scintillator (Boldeman [ 6 ])

A  recent measurement by J. Boldeman using the liquid scintillator 
technique has been reported as

v = 3.735 ± 0. 014

This measurement was made with the full benefit of hind-sight, and a well 
documented account of the experiment is presented in Boldeman's paper 
IAEA-PL-246-2/33 in these Proceedings. A t the consultants' meeting on 
the 2200-m/s parameters in November 1972 it was decided to accept the 
measurement and its estimate of uncertainty.

2.4. Boron pile (Colvin et al. [7a, 7b])

In this experiment, the neutron detector was a. 220-cm cube of graphite 
surrounded by a 35-cm re flector of graphite and containing a lattice of 
240 BF3 counters to detect thermalized neutrons. The pile efficiency was 
determined by another reaction with unit v, namely photodisintegration of 
deuterium. The system has the advantage (unlike liquid scintillators) 
that it can be used fo r independent neutron source comparisons. In fact, an 
alternative V result has been derived from  sources calibrated by the N P L  
manganese sulphate bath.

The independent result is based on some very  accurate efficiency 
measurements derived from  the D(7 , n) reaction supported by calculations 
of the pile efficiency as a function of energy carried  out by E. Pendlebury 
o f Aldermaston using the Carlsen tin technique. The Pendlebury curve is 
not a v e ry  good fit to the experimental data (see F ig . 2 of Ref. [ 7b ]). No 
explanation is  given fo r the sharp rise in this curve below 1 MeV.

F o r  the Carlsen calculation the pile was idealized to a homogeneous 
sphere of graphite, boron -1 0  and aluminium, the aluminium being used to 
simulate copper.

As a result of Monte-Carlo calculations, using the actual dimensions 
fo r the core and re flec to r but with the core replaced by a homogeneous mix 
of 97.8% graphite, 2.2% copper and 1. 3 x 10"3% 10B, the leakage is estimated 
as 0.56% for the spectrum E*exp (-E/1.43) (1.43 being'the average of recent 
measurements of the Maxwell temperature). The values fo r the captures 
are: carbon 4.41%, copperl9.29% and boron 75.74%. The effic iency as a 
function of energy can be obtained by taking a constant fraction of the boron 
capture as a function of energy, the constant being a weighted mean of the 
values obtained from  the four experimental points. This constant, applied 
to the overa ll boron capture fo r  the spectrum (75.74%), gives 0.64145 fo r 
the pile effic iency compared with 0.6428 quoted by Colvin et a l . , representing 
an increase of 0.2% in V. A  s im ilar calculation can be carried  out by 
correcting the individual measurements fo r  the appropriate leakage and 
carbon capture and then applying the overa ll leakage correction at the end. 
This gives 0.6429 in agreement with the result of Colvin et al. and 
confirming the value of 3. 713 ± 0. 015. The alternative value obtained from 
the source calibration of the pile is 3.700 ± 0. 031.

The authors have carefu lly investigated a ll the various critic ism s that 
have been made of their experiment and found no cause to change their 
result or their uncertainty. The original value and uncertainty of Colvin et
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al. are therefore retained for this paper. A t the consultants' meeting on 
the 2 200-m/s param eters it was decided to retain both values because there 
are facilities fo r  the fitting programme to accept the common manganese 
bath uncertainty of ± 0.013 on the one hand and the common boron pile 
uncertainty of ± 0.009 on the other.

3. D IRECT MEASUREMENTS

3.1.' Moat et al. [ 8a ], Fieldhouse et al. [ 8b ]

In this experiment the fission rate of a californium sample is compared 
with its neutron em ission rate using two cylindrical wax detectors of 
different dimensions, each containing severa l BF3 counters fo r  the detection 
of thermalized neutrons. The authors obtained a value of 3.77 ± 0.07, the 
more significant uncertainties being due to differences in the energy spectra 
of 240Pu and 252Cf and to self-multiplication effects. The result has had a 
rather chequered career. Fieldhouse et al. [ 8b ], after recalibration of 
the Harwell standard 240Pu source and re-evaluation of the corrections, 
re-valued the result down to 3.675 ± 0.040, the reduction in the uncertainty 
reflecting the improvement in neutron source calibrations. In the 1969 
2200-m/s revision  [ 1] the value was pushed up by 1.2% to 3.727 ± 0.056 after 
the 240Pu - 252Cf energy difference had been revised, the total uncertainty 
now including a component owing to the 1% uncertainty in this correction.
The same value and its uncertainty are retained fo r the evaluation, although 
there may be arguments, based on spectrum differences, to reduce it 
slightly.

3.2. Axton et al. [9a, 9b], Ryves and Harden [ 9c]

This experiment is not complete and the details are incom pletely 
published. Therefore, rather more detail is given in this paper. The 
experiment is based on separate absolute measurements of the fission rate 
and neutron em ission rate of many californium samples. One problem 
normally associated with this type of measurement is the incompatibility 
of neutron and fission counting effic iencies so that a source which w ill produce 
adequate statistics in a manganese bath w ill overload a fission counter i f  
2tt or 47r geom etry is used. Consequently, either the neutron source is 
inadequate or the fission counting must be performed in low geometry.

To obviate this problem, a system of aliquotting is used. From  a 
stock solution of californium chloride purified on an ion-exchange column, 
a series o f sm all sources is prepared on thin fo ils and counted in a p ill-box 
type gas-flow  proportional counter. I f  Nj and N2 are the respective count 
rates recorded in the top and bottom 2ir sections of the counter, and Nc is 
the coincidence rate, it can be shown that the true fission rate N is given 
as follows [9 b ]:

N = N2 + 2K (N: - N c )

where K is a constant which has a value between 0.5 and 1 depending on the 
method of source preparation. I f  there is no scattering of fission fragments, 
then K  = 1, whilst K  = 0.5 when there is so much scattering that no event
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goes undetected on at least one 2it section of the counter. In practice, a 
straight line is fitted to a plot of N2 against Nx - Nc , and N and K are 
obtained from  the slope and the intercept. The remainder of the californium 
chloride is then used as a neutron source fo r the determination of the neutron 
em ission rate in the manganese sulphate bath [ 9 a ]. The technique fo r the 
calibration of the bath contains a number of features which ensure the long
term  stability and repeatability of neutron source measurements. The bath 
is calibrated by stirring in a known amount of 56Mn which has previously 
been standardized by coincidence counting. Each batch of Mn
sources is counted twice, once by the neutron group on its own equipment 
and once by the radionuclide standards group. A lso, the same solution is 
used to calibrate a ve ry  stable high-pressure 7 -ionization chamber. Such 
calibrations are carried out monthly, and over a period of 8 years the ion 
chamber calibrations show a spread of less than 0.3%. Thus any weighing 
erro rs  or malfunction of counting equipment are instantly detected. A lso  
the bath detector system has two independent counting channels. A  change 
in the channel ratio imm ediately shows up any faults in the bath counting 
equipment. Finally, the bath solution is circulated continuously through 
the counters and growth (source in bath) count rates are compared with 
decay (source removed) results. Deviations of results in the ea rly  stages 
of growth and near the change-over point imm ediately reveal faults due to 
change in pumping speed, timing uncertainties, etc.

A fte r  the firs t round of ^-measurements had been completed, the 
solution was opened up to provide more 4ir fission  sources and a new neutron 
source fo r  the manganese bath. This process has been repeated up to seven 
times with the same solution, 10 fission sources being prepared each time. 
Furthermore, the experiment has been repeated using a solution from  four 
d ifferent californium samples. Thus over 20 separate neutron sources and 
over 200 separate fission sources have been measured. Three of the 
californium samples were obtained in 1968-1969 which then contained

0 50  1
~  70% Cf. The other source was an ea rlie r  sample which then contained 
35% 252Cf. A  y-value of 3.70 was originally obtained with the old sample 
whilst a ll the newer samples give about 3.725. A  recent remeasurement 
o f the old sample appears to give ~3.71. It is the resolution of this 
apparent discrepancy which is delaying the conclusion of this experiment. 
Meanwhile, fo r the purposes of this paper, a 17-value of 3.725 is adopted, 
with a 0.5% uncertainty provisionally allocated fo r fission counting.
Hopefully, the uncertainty w ill be reduced in the final report.

3.3. White and Axton [10]

In this experiment, the fission counting was carried  out in low geom etry 
at Aldermaston. The neutron source em ission rate was obtained as described 
above from ' the N P L  manganese sulphate bath. A fter consultation with White, 
some adjustments have been made to the estimated uncertainties, as discussed 
.below.

The size of the alpha peak (0.6% - 0.7% instead o f the expected 0.3%) can 
perhaps be explained by multiple scattering of c -partic les so that ~ 0 .3% of 
the particles in itia lly  emitted in other directions eventually find their way 
through the collim ator. White is therefore correct not to include this 
component in his fission estimate, but a further 0.3% uncertainty should be 
added fo r the uncertainty in the fission-product spectrum.
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The uncertainty on the background variation should be enlarged to
0.6% instead of 0.4%, while that on the solid angle should be 0.5% instead 
o f the 0.15% published in erro r.

The uncertainty table should now read as follows in percentage:

Random Systematic

Neutron measurements 0. 2
Cross-section  ratios 0.25
E ffic iency 0,15 0. 15a
Escape 0.02 a
Charged-particle reactions 0.10
Source capture 0. 05 a
Manganese resonance 0.10

Fission  measurements 0. 2
Solid angle 0. 5
Backscatter 0.5
Self-transfer 0.6
Fission-spectrum  uncertainty 0, 3

Other

Delayed neutron fraction 0. 03
Chemical and isotopic purity 0.1

Total 1.12

Independent uncertainty 1. 03
Common to a ll N P L  bath measurements 0. 33

a These uncertainties are common to all NPL manganese bath measurements o f 252C f.

The result (3.797 total, 3.788 prompt) is 1.9% higher than the current 
NPL. estimate of 3.725 total. The measurements are therefore not considered 
to disagree significantly.

3.4. De Volpi and Porges [11]

In this experiment, the neutron emission rate from  three californium 
samples is measured using the 'on-line ' manganese bath technique with, in 
some cases but not all, variable manganese concentration. The fission rate 
is  determined in a separate experiment in which neutrons are detected with 
a Hornyak detector, the fission counting effic iency being determined from  
fission-neutron coincidences.

These authors have done a great deal of work in establishing their 
neutron source calibration facilities in conjunction with their novel method 
of fission counting fo r the purpose of measuring v fo r  252Cf. It is therefore 
rather unfortunate that certain disturbing aspects of the neutron source 
measurements make it  necessary to reconsider the estimated uncertainties. 
The final i7-value is heavily weighted by the measurements with fission 
chamber number 3, the neutron calibrations of which were perform ed during 
the two-year period when weighing erro rs  occurred in the dispensation of 
56Mn aliquots.
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In 1968, as a result of an international comparison of 5 Mn, a systematic 
uncertainty was revealed in the Argonne National Laboratory (ANL) system 
fo r dispensing liquid samples. In the original A N L  technique, the mass of a 
liquid sample was determined by weighing a v ia l with a narrow neck before 
and after depositing the sample in the via l. The evaporation from  the v ia l 
occurring during the act o f deposition was neglected. Subsequently, the 
samples were weighed in a pycnometer before and after deposition; this is 
believed to be the more accurate method. In Ref. [ 11 ] (M etrologia), an 
uncertainty of 1% is im plied1, but in an ea rlie r  report (ANL-7642) a figure 
of 2% is  quoted. Further, it was found that this discrepancy reduced to 0.2% 
i f  the v ia l contained some alcohol, but no alcohol was used in the via ls for 
the measurements under discussion. Using s im ilar via ls, Goodier at N PL  
has found a discrepancy of about 0 .2% between v ia l measurements and 
pycnometer measurements fo r samples of about 100 mg irrespective of 
whether the v ia l contained alcohol or not [ 1 2 ] ,  One is thus faced with 
possible corrections of 0.2%, 1% or 2%. As indicated above, De Volpi and 
Porges in Ref. [ 11] (M etrologia) corrected a ll weighings by 1% and stated that 
this caused a lowering of the neutron em ission rate of 0.5% and an upward 
shift in the observed value of aH /crM of 1%. The originally observed value 
of' crH /ctm was in agreement with the ratio calculated from  the individual 
cross-sections. The suggestion that the corrected, and now discrepant, 
value of aH /crM could be due to impurities- in the water supply does not 
appear to the evaluator to be sufficient to explain the difference, particularly 
as no neutron-absorbing m aterial was found in the water. M oreover, the 
presence of an impurity in such abundance would invalidate the equations.

Another relevant factor is that it takes some considerable time to do 
source measurements with a large number of bath concentrations, at each of 
which the bath effic iency must be measured. I f  the weighing e r ro r  varied 
(fo r example with temperature and humidity) over this period, the effect 
would tilt the fitted line, thus changing both the apparent source strength 
and the apparent cross-section  ratio. Nevertheless, it must be assumed 
that the authors are in the best position to determine the magnitude of the 
correction  and hence the 1% value should be accepted, but it would seem 
only prudent to include an uncertainty of 0.5% on the neutron em ission rate 
to allow fo r aliquotting e rro rs .

Two other factors a ffect the slope of the line obtained with the 
h igher-energy sources (Ra-Be, Am -Be, X!f). The firs t of these is the 
change in the neutron escape fraction by nearly a factor of two as H/Mn 
changes from  30 to 300. The effect would be to increase the apparent 
cross-section  ratio. The effect upon the apparent source strength would 
depend on the concentration at which the (constant) applied leakage correction 
was valid.

The second effect is the variation in the oxygen and sulphur fast neutron 
capture of also nearly a factor of two over the same range. This experiment 
cannot determine the oxygen loss in water which accounts fo r  about 55% of 
the effect. Thus the experiment seeks to determine the variation of the loss

252as the concentration varies, a change of the order of 0.25% fo r Cf and 
1.4% fo r Am -B e. The effect of this loss variation is to change the slope of 
the line in the opposite direction to the change produced by the leakage 
variation. The estimate of the oxygen and sulphur loss variation obtained

1 A l-m g  deficiency in a sample of about 0.1 ml “  1%.
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by comparing the slopes of the fast neutron source lines with that of the 
photoneutron source line is therefore the difference between the slope changes 
produced by the leakage and fast neutron capture effects . This may explain 
why the derived values fo r the latter are so small in most cases. The high 
value fo r Am -B e remains a mystery.

The authors quote the calculations of Louw rier in support of their 
derivations. Whilst calculations by Ryves and Harden [9 c ] are known to be 
too high because the 0 (n ,a ) corrections used are too high, the Louw rier 
results are too low because their cross-sections are too low (see Ref. [ 13]). 
The effects of oxygen scattering have not been neglected by Ryves and Harden 
as stated by Louwrier. A  concentration-dependent correction of 6% - 7.6% 
was made by them fo r this effect. The Ryves and Harden calculations have 
now been repeated using a ll the latest cross-section  data (including Dandy et 
al. ) which mainly affect the oxygen effect above 7 M eV.

Unfortunately, the only published experimental measurement of the fast 
neutron capture is Ryves1 value fo r Ra-Be sources fo r  which the spectrum 
is not v e ry  w ell known; especia lly at low energies. This makes a comparison 
o f calculation and experiment uncertain. Calculations fo r Ra-Be sources 
with the Geiger spectrum using the low-energy group estimates of Z il l  [14] 
and Kluge [ 15] give 2. 52% compared with the measurement of Ryves and 
Harden of 3. 05%. The measurement is supported by an unpublished result 
by M. G. Sowerby and E. J. Axton, based on a comparison of the boron 
pile and the manganese bath. The new calculations give for 252Cf 
(N(E) = E * e"E/1 ) 0. 80% fo r H/Mn = 30 and 0. 45% fo r H/Mn = 300. These
values are slightly higher than the original Ryves and Harden calculation 
because the assumed spectrum used is harder. The values would have to be 
normalized upwards by about 20% to obtain agreement between the calculation 
and the measurement fo r Ra-Be. It is therefore fe lt that this effect has been 
underestimated by the authors.

In Table II of Ref. [11] (M etrologia), the Am -B e source value and the 
correction factors are the same fo r both treatments. This produces a ratio 
of 2.4 between the losses fo r  Am -Be and Ra-Be sources, whereas the ratio 
expected from  leakage measurements is about 1. 3.

The (constant) leakage correction  was derived from  the B IPM  fit. 
However, the measurements which contributed to this fit were fo r bare 
spheres of MnSQi and fo r  a va rie ty  of concentrations. The leakage from  a 
sphere surrounded by a water bath would be lower by about 20% or more.

Because the source strengths are a ll obtained from  least-squares fits 
to unpublished data, it is ve ry  difficult to re-value the result. A t N PL, the 
56Mn solution which is used to calibrate the manganese bath is also used to 
calibrate a highly stable sealed high-pressure ionization chamber. In this 
way, an accurate check on the long-term  reproducibility of the. in fi-y  
coincidence measurements is achieved so that fluctuating weighing errors , 
i f  present, would be revealed. There is no such check on the reproducibility 
o f the A N L  measurements other than through a study of repeated 
measurements on a source. There is a spread of 7% in the results shown 
fo r the source in F ig . 6 of Ref. [11] (M etrologia).

If the sources involved in the concentration series were a ll measured 
using the same effic iency matrix, it would be possible to obtain two 
independent evaluations of the californium source 0 by using alternative 
correction  factors and evaluating the bath efficiency as a function of 
concentration by means of the N P L  and NBS sources in turn. However, this
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would not be relevant to the all-im portant californium source 3. Under the 
circumstances it is recommended that the authors' published value be 
retained fo r  the purposes of the current evaluation with the overall 
uncertainty increased to 0. 80% to cover additional uncertainties in the 
correction  factors and in aliquotting. However, in fairness it must be 
stated that the authors claim that their original estimate of uncertainty is 
justified.

4. CONCLUSIONS

252A  strenuous effort has been made to re-evaluate the important Cf 
measurements, the results of which are given in Table IV. The listing is 
provisional in that it is subject to further information being forthcoming 
from  some of the authors. A lso, the final N P L  value is not yet available.
To the gated measurements must be added the delayed neutron contribution 
of 0. 0086 ± 0.004 [ 16]. The uncertainty of 0.001 as published by Cox has 
been increased because there is some uncertainty in the definition of 
'delayed'. There are a number of nanosecond groups listed by Nefedov 
et al. [17 ], and it is not c lear how these reconcile with the Cox measurement.

To  obtain a final value, a weighted mean of the NPL-bath-dependent 
group is firs t calculated with the bath uncertainty excluded. The weighted 
mean so obtained is then averaged with the other five measurements with 
the bath uncertainty included (see Table IV ). The final result is
3.734 ± 0.0082. The previous pattern o f two independent groups seems no

TAB LE  IV . RE-E VALU ATIO N  OF MEASUREMENTS OF v FOR 252C f

Prompt
neutrons

Total
neutrons

NPL-bath-dependent group* 

White and Axton [ 10] 3.797 ± 0.038

Axton et al. [9b] 3.725 i  0.019

Moat et al. [8a] 3.719 3.727 ± 0.055

Boron pile 3.700 ± 0.028

Other measurements

Asplund-Nilsson et al. [3 ] 3.771 ± 0.060 3.778 ± 0.060

Hopkins and Diven [2 ] 3.761 ± 0.031 3.770 ± 0.031

Boldeman [6 ] 3.735 i  0.014 3.744 ± 0.014

Colvin and Sowerby [7a] 3.713 ± 0.015

De Volpi and Porges [11] 3.729 ± 0.030

NPL-bath-dependent average 3.728 1 0.0186

Overall weighted mean 3.734 ± 0.0082

a The weighted mean of the NPL bath group is 3.728 ± 0.0138. To this must be added the 
common uncertainty of the Mn bath, 0.0123, giving a total uncertainty of 0.0186. The 
external standard uncertainty for this group is 0.0168. The boron pile value is retained 
in this group since the correlation with the other boron pile value is small.
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longer to exist, since the external standard e rro r  fo r  this group is ± 0.0088. 
Thus, the results are no longer discrepant. However, the indirect value of 
v fo r  252Cf obtained from  r) and a  fo r  235U combined with the 235U/252C f 
ratio is s till about 3.78. It therefore appears that there is some e rro r  in 
either a , rj o r the V ratio. Since 1 + a  is  involved in the calculation, a large 
e r ro r  in the cross-sections would be necessary to explain the discrepancy. 
The Boldeman value and the Colvin and Sowerby value of v fo r  235U are 
unlikely to be in erro r, and there are no problems of spectrum conversion.
It is possible that the defect lies  in the n measurements [ 18, 19]. Both of 
these experiments involve a correction  of > 3% for the complex opposing 
effects of fast fission in the sample produced by both outgoing and incoming 
neutrons and absorption of thermalized neutrons in cadmium. It is a matter 
o f opinion as to whether this e ffect can be calculated to the accuracy claimed.
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Abstract

SUMMARY OF THE ABSOLUTE MEASUREMENTS OF V FOR THE SPONTANEOUS FISSION OF ,BCf.
The experimental techniques used in recent absolute measurements o f the average number of fission 

neutrons, V, for spontaneous fission o f 8KC f are reviewed. The status o f each experiment is discussed in 
relation to recent corrections and experimental effects currently being investigated. Results are summarized 
in tables.

1. INTRODUCTION

252The absolute i/-value fo r the spontaneous fission  o f C f has been 
recognized as a suitable standard fo r v-measurement s. Thus the 252C f 
v-value is  requested in RENDA 72 with accuracies between 0.1% and 0.5% 
depending on its  use as a standard in energy-dependent V-measurements 
o f the main uranium and plutonium isotopes. The absolute measurements 
o f v for 252C f have recently been reviewed by severa l authors. The most 
recent reviews are made by Hanna et al. (1969), De Volpi (1971) and by 
Manero and Konshin (1972).

In principle, two different methods have been used in  accurate measure
ments o f the absolute i7-values fo r  252Cf. The coincidence method is 
characterized by the use o f a fission counter with high efficiency. A  re la 
tive ly  low fission rate is  used and the neutrons are detected in coincidence 
with each fission  event. In the non-coincidence method, two separate 
measurements are made, one o f the spontaneous fission  rate and one o f the 
neutron output o f a re la tive ly  strong 252Cf-source. Furtherm ore, the 
57-value for 252C f can be calculated from  measurements o f a  and r) (capture- 
to-fission  ratio and number o f neutrons per neutron absorbed) o f a fiss ile  
isotope and the 57-ratio fo r that isotope and 252C f {v = (l+a)r|).

The original results o f recent accurate measurements o f the 17-value 
fo r 252C f are given in Table I, together with characteristic data o f the 
experimental arrangements. The experiments by Hopkins and Diven (1963), 
Asplund-Nilsson et a l. (1963), Colvin and Sowerby (1965), Colvin et al. (1966) 
and Boldeman and Walsh (1972) (in p rogress ) were a ll based on the coincidence 
method, while the experiments by Moat et al. (1961), Fieldhouse et al. (1966), 
De Volpi and P orges  (1969), White and Axton (1968) and Axton (in progress) 
w ere based on non-coincidence methods.

The experiments by Hopkins and Diven (1963), Asplund-Nilsson et al. 
(1963) and Boldeman and Walsh (1972) were made with a large liquid scintil
lator as the fission  neutron detector, while Colvin and Sowerby (1965) used 
the boron pile, a graphite stack containing 240 BF3 -counters, as the neutron 
detector. De Volpi and Porges (1970), White and Axton (1968) and Axton

2 7 7



TAB LE  I. CHARACTERISTIC D ATA  OF ABSOLUTE vt MEASUREMENTS FOR 252C f

Experiment Neutron detector Method o f calibration
Approximate detector 

efficiency for 252C f neutrons
wt ( 252Cf)

Coincidence measurements

Hopkins and Diven (1963) Cd-loaded liquid scint. 
1 m long, 1 m dia.

Monte-Carlo calc, checked 
against (n, p) scattering in 
plastic scintillator

86% 3.780 ± 0.030

Asplund-Nilsson et al. (1963) Cd-loaded liquid scint. 
sphere, 60 cm dia.

(n, p) scattering in anthracene 
crystal

69% 3.808 ± 0.034

Colvin and Sowerby (1965) Boron pile: 220 cm3 
graphite containing 
240 BF3 counters

d (y, n)p reaction in ion chamber 64Pk 3.713 ± 0.015

Colvin et al. (1966) Boron pile NPL MnS04-bath 64% 3.700 ± 0.031

Boldeman and Walsh 
(in  progress)

Gd-loaded liquid scint. 
sphere, 76 cm dia.

3.73a

a Preliminary value.
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TA B LE  I (con t.)

Experiment Neutron detector ■ Method o f calibration
Fission rate 

counter
(2BCf)

Non-coincidence measurements

Moat et al. (1961)
also Fieldhouse et al. (1966)

Waxcastle cylinder o f 
paraffin containing 
BF3-counters

Mt>u standard source 
calibrated in boron pile

Fission fragment counting 
in ionization chamber

3.684 ± 0.040

White and Axton (1968) NPL MnS04-bath sphere 
98 cm dia.

B-y coincidence measurements 
o f 56 Mn activity

Solid-state detector in 
low geometry

3.796 ± 0.031

De Volpi and Porges (1969) ANL MnS04-bath sphere 
96 cm dia.

B-y coincidence measurements 
o f 56 Mn activity

Fission ionization chamber 
in coincidence with Hornyak 
button neutron counter

3.729 i 0.015

Axton (in  progress) NPL MnS04-bath sphere 
98 cm dia.

8-y coincidence measurements 
o f 56 Mn activity

4ir proportional counter to 
detect fission fragments in 
coincidence, from thin foils

3.72a

v deduced from a - and n-measurements

Hanna et al. (1969) 3.784 ± 0.014

a  P re lim in a ry  v a lu e .
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TABLE  II. CORRECTED vt -VALUES OF 252C f IN VIEW OF RECENT 
OBSERVED SYSTEMATIC ERRORS

Authors Laboratory Year Corrected value Remarks

Coincidence measurements

Hopkins and Diven LAS 1963 3.772 ± 0.030 (a)

Asplund-Nilsson et al. FOA 1963 3.778 ± 0.060 (b)

Colvin and Sowerby HAR 1965 3.713 i  0.015 d(y,n)p calibration

Colvin et al. HAR 1966 3.700 i  0.031 NPL MnS04-bath calibration

Boldeman and Walsh LHL 3.73 (c)
(in progress)

Non-coincidence measurements

Moat et al. ALD 1961 3..727 ± 0.056

White and Axton ALD 1968 3.796 ± 0.031 (d)

De Volpi and Porges ANL 1969 3.729 ± 0.015

Axton (in  process) NPL 3..72 (c)

Weighted mean (excluding the preliminary
3.731 ± 0.009

values by Boldeman and Walsh and by Axton)

De Volpi ANL 1971 3.735 ± 0.008 (e)

(a) Corrected for delayed gamma rays ( -  0.2 ± 0.2)%.
(b) Corrected for delayed gamma rays ( -  0.2 ± 0.2)%, the 'French effect' ( -  0.6 ± 0.3)°fa 

and leakage ± 1.5%
(c ) Preliminary values.
(d) Error in fission counting o f 2% discussed.
(e) Deduced from adjustment o f 2200-m/s fission constants retaining the IAEA constant for u o j .

(1972) have all used manganese sulphate baths as neutron detectors but 
different techniques when measuring the fission rates. Finally, Moat et al. 
(1961) used two cylindrical neutron detectors consisting o f BF3-counters 
embedded in paraffin wax.

A  large spread in the original results compared to the claimed accu
racies was observed (Table I). The liquid scintillator measurements 
(accuracies about 1%) by Hopkins and Diven (1963) and Asplund-Nilsson et al. 
(1963) gave about 1.5% - 2% higher 17-values than those reported by Colvin 
and Sowerby (1965) and De Volpi and Porges (1970) (accuracies about 0.5%). 
This discrepancy has initiated investigations o f possible systematic e rro rs . 
These investigations have resulted in the recognition o f some additional 
corrections and erro rs  to be applied to the originally reported V-values.
The current status o f the different experiments is shortly discussed in 
section 2, and the corrected !7-values are given in Table II. The recom 
mended 252C f 17-values o f the different experiments in the review  by 
Hanna et al. (1969) are given in Table III.
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TAB LE  III. NEUTRON YIELD  PE R  FISSION (17 ) FOR 252C f FROM THE 
IAE A  REVIEW BY HANNA et al. (1969)

Authors Laboratory Year Reassessed value Adopted mean

Liquid scintillator

Asplund-Nilsson et al. FOA 1963 3.830 ± 0.037 3.807 ± 0.024

Hopkins and Diven LAS 1963 3.793 ± 0.031

Boron pile calibrated with dfy. n)p reactions

Colvin and Sowerby HAR 1965 3.713 ± 0.015 3.713 ± 0.024

Dependent on NPL manganese bath

Moat et al. ALD 1961 3.727 i  0.056

Colvin et al. HAR 1966 3.700 ±0.031

White and Axton ALD 1968 3.796 ± 0.031 3.713 ± 0.024

Axton et al. NPL 1969 3.700 ± 0.020

ANL manganese bath

De Volpi and Porges ANL 1969 3.725 ± 0.017 3.725 ± 0.024 -

Weighted mean: 3.740 ± 0.016

Fitted value: 3.765 ± 0.010

The 17-value fo r 252C f deduced from  2200 m/s data adjustments and 
least-squares procedures is  discussed in section 3.

2. CURRENT STATUS OF THE ABSOLUTE 252C f 17-EXPERIMENTS

Recent measurements o f the fission  neutron spectrum fo r 252C f y ield 
an average value o f the Maxwellian temperature o f about 1.4 in accordance 
with the spectra used in the efficiency calculations by Hopkins and Diven (1963) 
and Asplund-Nilsson et al. (1963). Hanna et al. (1969) used the fission 
spectrum obtained by Meadows (1967) with T  = 1.59 M eV, which resulted in 
a + 0.4% and 0.6% correction  fo r the Hopkins and Diven and Asplund-Nilsson 
results, respectively.

The delayed fission  gamma rays from  252C f have been studied by 
Boldeman and Walsh (1972) who report a correction  to their 17-values of 
(-0.2 ± 0.05)%. The experimental arrangements used by Boldeman-and 
Walsh (1972), Hopkins and Diven (1963) and Asplund-Nilsson et al. (1963) 
are expected to have the same dependence on delayed gamma rays. Thus 
it is  reasonable to apply the same correction  but with a la rg e r .e rro r ,
(-0.2 ± 0.2)%, also to the Hopkins and Diven and Asplund-Nilsson results 
(Table II).
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The so-called 'French e ffec t1 suggested by Soleilhac et al. (see 
Colvin, 1970) or the dependence of the prompt pulse detection efficiency 
on the number o f neutrons detected per fission has been studied by several 
groups using different liquid scintillators. The effect has been observed 
by a ll groups but the magnitude is  reported to be sm all in most cases.
It is  ve ry  likely that the results depend on the light collection efficiency 
o f the liquid scintillator tanks. Measurements by Signarbieux et al. (1971), 
Mather (see Colvin, 1970), Boldeman and Walsh (1972) and Diven (1970) 
yie ld  a correction  o f the order o f - 0.2% or less for the French effect, while 
measurements by Soleilhac et al. (see Colvin, 1970) and Condfe et al. (1971) 
gave la rger corrections. The measurement by Conde et al. (1971) was 
made on the same scintillator as used by Asplund-Nilsson et al. (1963) but 
with a gadolinium-loaded scintillator instead o f a cadmium-loaded one.
The correction  to the absolute i7-measurement by Asplund-Nilsson et al. 
was calculated to be - 0.6%. Because o f the uncertainty introduced by the 
use o f different liquid scintillators, an e rro r  o f ± 0.3% has been-attributed 
to this correction  when applied to the Asplund-Nilsson V-value (Table 11)1

The leakage correction, i . e .  the difference in leakage between a 
spherical symmetric scintillator tank and a tank with central channel, was 
re la tive ly  large in the experiment by Asplund-Nilsson et al. (1963). It was 
estimated by a Monte-Carlo calculation. Neutrons o f energies o f 2 MeV 
and 3 MeV were started from  the centre o f the spherical detector at sm all 
angles to the axis o f the central channel. I f  the neutrons were slowed 
down to 1 keV by successive collisions within the scintillator they were 
registered  as capture. The capture probability o f these neutrons was 
compared with that o f neutrons started in a direction corresponding to 
neutrons scattered from  an anthracene crystal. The difference in escape 
o f neutrons emitted isotropically from  the fission o f 252C f and neutrons 
scattered from  the anthracene crystal was calculated and resulted in a 
correction  in Vof (1.3 ± 0.3)%.

Axton (1972) has recalculated the leakage fo r a scintillator s im ilar to 
the one used by Asplund-Nilsson et al. and got a different result. The 
possibility to do a new carefu l Monte-Carlo calculation o f the Asplund- 
Nilsson experiment w ill be looked into. As recommended by Axton, the 
e r ro r  o f the Asplund-Nilsson 252C f y-value in Table II was meanwhile 
increased to 1.5% because o f the uncertainty in the leakage correction.

The boron pile experiment was examined-in detail fo r systematic 
e rro rs  by Colvin et al. (1966). No e rro rs  could be found in the corrections 
which changed the 17-value or the erro rs  originally stated. The efficiency 
o f the boron pile was measured with the d(7 , n)p reaction and independently 
with a standard neutron source calibrated with the N P L  manganese bath.
This resulted in two independent boron-pile 17-values (Tables II and III).

Fieldhouse et al. (1966) made a recalibration o f the Harwell 240Pu- 
source used by Moat et al. (1961) for the calibration o f their neutron 
detectors. The recalibration, based on the N P L  manganese bath, resulted 
in a revised V-value o f 3.675 ± 0.040. Furthermore, recent experiments 
o f the fission neutron energy difference between 252C f and 240Pu give a value 
o f 0.40 MeV (Hanna et a l . , 1969) instead o f 0.27 MeV as used by Moat et al. 
(1961). Using this higher value o f the energy difference, the T7-value by 
Moat et al. increases by 1.1% and, assuming an uncertainty in this correction  
o f ± 1%, the e rro r  increases from  ± 0.040 to 0.056 (Tables II and III).
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In the experiment by White and Axton (1968) the neutron counting was 
made with the N P L  manganese bath facility, and the fission fragment detection 
was made at AWRE, Aldermaston, in a low-geom etry counting set-up. The 
overa ll systematic e r ro r  was estimated to be about 0.8%. Recently,
White (1970) reported that there is  a 2% discrepancy between the low- 
geom etry counting at AWRE and the fission-rate evaluations done at the 
National Physical Laboratory (N PL ) by Axton. It is also stated in the 
same report that " it  is  not known whether this discrepancy is  significant, 
and no reason has been found to account for the d ifference".

De Volpi and Porges (1969, 1970) have very  carefu lly looked into several 
systematic e rro rs  which apply to their manganese bath and fission  counting 
measurements. Three different fission counters were used having effic ien 
cies from  60% to 99%. The absolute fission-rate determination was based 
on a coincidence measurement between pulses from  a fission  ionization 
chamber and a Hornyak-button neutron counter. .The fission  counter with 
99% efficiency was the prim ary basis for the results o f the 262C f i7-value.
The estimated systematic e r ro r  o f the fission-rate determination with 
this counter was 0.13%.

De Volpi and P orges  have made several independent measurements to 
ve r ify  the accuracy o f their neutron detection manganese bath system. 
Furthermore, three different neutron sources, i . e .  Ra-Bef-y, n), Ra-Be(a,n ) 
and Am-Be(of,n), having a wide range of em ission spectra, w ere studied 
both at the National Physical Laboratory, the National Bureau o f Standards 
(NBS) and Argonne National Laboratory (A N L ). A  discrepancy o f the order 
o f 1% or more between the N P L  and A N L results was observed and the 
discrepancy increases as the neutron spectrum hardens; therefore, it was 
suggested that there is  some connection with neutron escape or high-energy 
neutron capture. De Volpi (1971b and 1972) reported correction  factors 
fo r neutron escape and source and cavity absorption. When these are 
applied, the results o f N P L  and A N L  d iffer by no m ore than 0.5% (for the 
soft-spectrum source). The e r ro r  claimed by De Volpi and Porges for 
the neutron rate measurement was 0.4%. The final value o f the A N L 
252 C f v-measurement is  given in Table II.

The manganese bath measurement at N P L  by Axton is in progress.
The value given in the review  by Hanna et al. (1969) (Table III) was made 
with a sample containing only about 30% o f 252C f aiid should be considered 
as provisional. Measurements with a new sample are in progress and also 
a comparison o f the fission  rate per m illigram  o f aliquots o f the californium 
sample between the Central Bureau for Nuclear Measurements at G eel and 
N P L . The technique for the absolute counting o f the fission rate used by 
Axton (Axton et a l . , 1969) d iffers from  that used by De Volp i. The fission 
sources w ere evaporated on thin plastic film s and the two fission  fragments 
were detected separately and in coincidence. The absolute fission  rate was 
determined from  the three counting rates with an e rro r  o f about 0.2%.

A  prelim inary value o f V for 252C f from  the measurement o f Axton is 
given in Table II.

3. v ( 252Cf) DEDUCED FROM 2200-m/s D ATA  ADJUSTMENTS
AND LEAST-SQUARES F IT  PROCEDURES

The outcome o f i/t ( 252Cf) from  the revised IAEA least-squares fit o f 
2200-m/s fission param eters by Hanna et al. (1969) was 3.765 ± 0.010.
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This value can be compared with their weighted mean o f the absolute 
17-measurements, i . e .  3.743 ± 0.016 (Table III). The deviation between 
these two values points to the fact that the least-squares fit i7-value was 
mainly based on a - and ^-measurements including v-ra tios  for 233U, 235U 
and 239Pu to 252Cf. When abandoning completely a ll the absolute 
17-measurements, Hanna et al. obtained a value o f v (252Cf) of 3.784 ± 0.014.

De Volpi also points out that some reduction in the averaged value o f rj 
is  experimentally justified. The recent measurements with manganese baths 
at A N L  and N PL  indicate that the corrections for neutron escape, capture 
in sulphur and oxygen and resonance absorption in manganese should be 
revised in the ^-experiments by Macklin et al. (1960) and Smith et al. (1966).

Furthermore, i f  the recent low measurements o f the 233U and 234U 
half-lives are accepted, the 2200-m/s fission cross-section  values for 
233U and 235U w ill be about 1% higher.

From  the above considerations, De Volpi arrives  at a different set of 
data from  which he works out an adjusted set o f 2200-m/s data confined 
by the restraints i/crf = rjcra = r) (l-ta)orf = constant. The 'adjusted' value by 
De Volpi o f v fo r 252C f is 3.735 ± 0.008.
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DISCUSSION

(Papers IAEA-PL-246-2/31 and 32)

B .C . DIVEN: I would like to make some comments about the effect 
which the position in which a neutron is absorbed in a liquid scintillator 
has on the efficiency fo r observing that neutron. The pulse-height d istri
bution in a liquid scintillator, which contains a ve ry  c lea r solution so that 
the mean free  path o f a gamma ray is  much grea ter than the radius o f the 
scintillator tank, is  almost entirely determined by the leakage o f gamma 
rays from  the scintillator. I f  a 60Co source is placed at the centre o f a 
large scintillator, two scintillation peaks which are not completely, but 
almost, resolved are observed. The higher-energy peak at 2.5 MeV 
corresponds to absorption within the scintillator o f both gamma rays 
resulting from  decay o f 60Co. The other peak at about 1.25 MeV corresponds 
to escape o f one gamma ray and absorption o f the other.

It is  true that i f  a gamma ray undergoes one Compton scattering, there 
is  a very  high probability that the remaining gam ma-ray energy w ill be 
absorbed in the scintillator. In a neutron capture cascade, some o f the 
gamma rays almost certain ly escape, whereas i f  a gamma ray undergoes 
one interaction, its  energy is almost entirely absorbed in the scintillator.

I f  a gam ma-ray source such as 60Co is moved along the axis o f a 
scintillator, the efficiency for absorbing the gamma ray decreases as the 
edge o f the scintillator is  approached.' In the double-peaked pulse-height 
distribution the higher-energy peak decreases and the lower-energy peak 
increases as the probability o f losing one o f the gamma rays increases.
The efficiency fo r detecting a neutron by observing scintillation light 
produced by capture gamma rays is therefore lower when the neutron is 
captured farther from  the centre o f the scintillator.

As a result o f a le tter which I received from  M r. Axton, we made 
Monte-Carlo calculations to find the mean position in the scintillator at 
which fission neutrons from  252C f w ere absorbed and the mean position 
at which calibration neutrons were absorbed. The mean radii were fa irly  
sim ilar, as I reca ll, 18 cm and 14 cm, with the calibration neutrons being 
captured a little  c loser to the centre than the 252C f neutrons. A s M r. Axton 
has pointed out, this effect should be in the direction to increase v, but 
I think it is  a ve ry  sm all effect.

We repeated some o f M r. Axton1 s calculations using the same geometry 
and atomic densities that he used. Our results confirmed his very  w ell so 
that we have confidence in his calculations. The actual atomic densities 
occurring in our experiment w ere somewhat different, so we repeated the 
calculations using the correct values.

Our final conclusion, which confirmed Axton's, was that no change 
in our old value o f v was required. This result may be purely academic 
because we assigned a rather large e rro r  to our value o f V. Boldeman, 
fo r instance, has new measurements with a much sm aller e r ro r  so that 
our old measurements would probably receive rather low weight in an 
evaluation.

I have an observation based on the data reported in M r. Conde's 
review . I notice that in 1969, Hanna et al. reported a value o f v for
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252C f o f 3.784 ± 0.014 based on the thermal constants o f the fiss ile  nuclei 
and excluding d irect measurements o f v. De Volpi in 1971 derived a value 
o f 3.735 ± 0.008 from  essentially the same data, at least the same values 
o f Tj. The change o f 0.049 is  six times the quoted e r ro r  o f 0.008. I would 
estimate the uncertainty, or lack o f knowledge, o f v as derived from  measure
ments o f r\ and other thermal constants more by the difference between the 
analyses of, for example, Hanna andDe Volpi. I do not understand how an 
e rro r  as small as 0,00.8 can be assigned when the change in the reported 
value is  six times greater from  one year to the next.

W .P . POENITZ: From  the tables presented by both M r. Axton and 
M r. Conde, I notice that the spread among the direct measurements o f v 
used in various evaluations is  o f the order of about 2%. The final e rro r  
quoted for several evaluations is o f the order o f 1/3 o f 1%. A lso in the 
case o f the d irect measurements I would have expected the final uncertainty 
to re flec t the spread o f the experimental data m ore closely .

H. LISKIEN: I have a question concerning M r. Axton's own work 
described in section 3.2 o f his review . In the determination o f the true 
fission rate by measuring the fission count rate for 252C f sources o f various 
thicknesses, should not the factor K  in the equation in section 3.2 be a 
function o f the specific activity, i . e .  o f the thickness o f the fiss ile  deposit 
(californium chloride)? I f  K  is  not constant, then the plot would not be 
expected to be linear.

E.J.  AXTON: There are two ways to determine the counting efficiency. 
One way is to use a single fiss ile  source and to vary the counter voltage, 
which changes the collection efficiency. The second way is to count a series 
o f sources o f different strengths using the same counter voltage. When the 
count rates are plotted as described in the paper, both methods give the 
same intercept, i .e .  the true fission rate, within experimental e rro r .
I am prepared to admit that there is no theoretical proof that the line should 
be straight. We have measured something like 200 sources, and it always 
seemed to be straight.

In order fo r a fission fragment to reach a counter it must be emitted 
at an angle such that the distance through which it must trave l in the fiss ile  
deposit and backing is  not grea ter than its range in these m aterials. The 
count rates o f the detectors are functions o f the thicknesses o f the deposit 
and the backing.

There are many other effects which can be introduced into the 
expressions for the count rates. For example, the range o f a fission 
fragment in a m aterial depends on its  mass and its energy. Another con
sideration is that in order to be detected, a fission fragment must enter 
a counter with sufficient energy to produce a pulse. Various assumptions 
about scattering o f fission fragments can be used to place lim its on the 
count rates obtained by extrapolation to zero thickness. F or example, 
it can be assumed either that there is 'no scattering or that there is  so much 
scattering that at least one fragment from  each fission is scattered into 
one o f the detectors. I f  it is  assumed that the absorption o f fission products 
in the source is  exponential, then the count-rate expressions contain 
exponential integrals o f the second and third orders. We have tried  to 
study many such effects.

It is  necessary to make an extrapolation to zero thickness in order to 
obtain the true fission rate. A  mathematician advised us to plot param eters 
which were uncorrelated, and so we finally decided to plot N2 versus 
(Nx - Nc ) as described in my paper.
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The final e r ro r  o f the extrapolation w ill be based on the deviation of 
the intercepts obtained from  counting series of samples prepared from  a 
large number o f californium sources.

B .D . KUZMINOV: What is the size o f the correction  fo r neutrons 
absorbed in the source, and does this effect lim it the accuracy with which 
you can measure V?

E. J. AXTON: The magnitude o f the correction  is about 0.3% and we 
think the uncertainty o f the correction  is  about 33%. The correction  is 
based on a measurement o f the thermal neutron flux at the cavity boundary 
using manganese fo ils  and on a calculation by Ryves which agrees with the 
fo il measurements within about 8%. A  knowledge o f the capture cross- 
sections o f the m aterials comprising the source is also required.

A .T .G . FERGUSON: In Table III o f M r. Axton's paper, which re fe rs  
to the re la tive ly  sm all bath used in M r. Conde's work, the neutron leakage 
from  the bath shows significant sensitivity to the assumed spectrum of 
neutrons. Have sim ilar calculations been made fo r the large tanks and 
baths of, say, 1 m diameter?

E. J. AXTON: I think the various authors have made such estimates. 
From  time to time, values o f v are recalculated because o f changes in 
the assumed shape o f the 252C f fission  neutron spectrum. In the 1969 IAEA  
evaluation1, all the liquid scintillator values were raised, and now we have 
lowered them again. The change assigned to D iven 's2 measurement was
0.38% and to Conde's3 0.6%, which may indicate the re lative sizes o f the 
correction  fo r la rger and sm aller baths, respectively.

1 HANNA, G .C ., WESTCOTT, C .H ., LEMMEL. H .D ., LEONARD, B.R., Jr.. STORY. J.S., 
ATTREE, P .M .. At. Energy Rev. 7 4(1969) 3.

2 HOPKINS, J .C ., DIVEN, B.C.', Nucl. Phys. 48(1963) 433.
3 ASPLUND-NILSSON, I . ,  CONDE, H ., STARFELT, N . , Nucl. Sci. Eng. 16(1963) 124.
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Abstract

PROMPT NEUTRON YIELD FROM THE SPONTANEOUS FISSION OF z52Cf.
The average number o f prompt neutrons emitted per fission in.the spontaneous fission of z5zC f has 

been measured using the liquid scintillator method. A value of 3.735 ± 0.014 has been obtained.

1. INTRODUCTION

A  serious discrepancy exists between different determination methods 
of the average number of prompt neutrons (Pp) emitted in the spontaneous 
fission of 252Cf. The discrepancy is important because 252C f is used as the 
standard in measurements, especia lly in those fo r  the thermal neutron 
fission of 233U, 235U, 239Pu and 241Pu. Any e rro r in the standard appears 
d irectly in relative measurements. The discrepancy firs t became apparent 
with the publication of the data of Colvin and Sowerby [1], Using the boron 
p ile, they obtained a value of E>p fo r  252Cf which was approximately 2% 
less than the two accurate values existing at that time, both of which were 
obtained using the large liquid scintillator method (Asplund-Nilsson et 
al. [2] and Hopkins and Diven [3]). Subsequent discussion and an exhaustive 
search fo r systematic erro rs  failed to resolve the disagreement.

Recent measurements [4-7] using MnS04 baths fo r neutron counting 
are in good agreement with the boron pile. Previous experimental data 
from  the recent review  by Manero and Konshin [8] are summarized in 
Table I. The discrepancy between values based on the liquid scintillator 
method and other methods is obvious from  the table. Reference to 
Hanna et al. [9] in Table I is to a survey of the 2200 m/s fission parameters 
fo r  233U, 235U, 239Pu and 241Pu (of, oy , aa , a  and rj). They made a m ulti
param eter least-squares fit  to reassessed experimental values and included 
I/p fo r  the spontaneous fission of 252C f in the fitted data.

Careful analysis of the MnS04 bath technique has not resolved the 
discrepancy. In the liquid scintillator method, severa l sources of possible 
systematic e rro r  (delayed gamma rays, French effect, multiple photo
m ultip lier tube pulsing) have been investigated and eliminated as the source 
of the discrepancy. However, the last liquid scintillation measurements 
were made in 1963 and it was fe lt that a new measurement by this method 
would be valuable. Such a measurement is reported.

2 9 1
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TABLE  I. PROM PT NEUTRON YIELDS PER FISSION FOR 252Cf 
SPONTANEOUS FISSION

Experiment Year Value
a

Adopted Mean

Liquid scintillator

1963

1963

3 .821  +  0 .037  

3 .784  +  0 .031

3 .798  +  0 .024Asplund-Nilsson et a l .[ 2 ]  

Hopkins and Diven [3]

Baron P ile  calibrated with

1965 3.704  +  0 .015 3.704  +  0 .024

d (Y .n )p  reactions

Colvin and Sowerby [ l ]

Dependent on NFL manganese

1961

1966

1967 

1969

3 .718  +  0 .056

3.691  +  0 .031  

3.787 +  0 .0 31

3.691  +  0 .020

3.704  +  0 .024

bath

Moat et a l . [10] 

Colvin et a l . [4 ] 

White and Axton [ 5 ] 

Axton et a l . [6 ]

ANL manganese bath

1969 3 .716  +  0 .017 3 .716  +  0 .0 24De Volpi and Forges [7 ]

Weighted mean Manero and Konshin [8 ]  3 .731  +  0 .0 16  

"  "  Hanna et a l . [ 9] 3 .734  +  0 .0 16  

Hanna's fitted value 3 .756  +  0 .010

a Input data from Hanna et al. [  9].

2. DETERMINATION OF vp F O R 252Cf

The experimental system was basically s im ilar to that used by 
Hopkins and Diven and Asplund-Nilsson et al. Collimated monoenergetic 
neutrons were scattered from  a hydrogen target located at the centre of 
the scintillator, and the probability of detecting the scattered neutron was 
determined. By measuring the reco il proton energy, the energy of the 
scattered neutron and its entry angle into the scintillator can be determined.
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In principle, the experiment requires the neutron detection efficiency of 
the scintillator to be known fo r a ll neutron energies at a ll angles with 
respect to the scintillator axis. The detection efficiency fo r 252C f fission 
neutrons can then be obtained by integrating over 4n and the 252C f fission 
neutron spectrum. F o r  the required experimental accuracy, time would 
not allow the exhaustive set o f measurements needed to provide the complete 
basic data set. It was necessary to compromise as follows:

(a) The relative efficiency of the scintillator as a function of neutron 
energy and angle of em ission from  the scintillator centre with 
respect to the scintillation axis was calculated by a M onte-Carlo 
method.

(b) The calculated efficiency values were normalized at the low-energy 
end of the neutron spectrum in a measurement in which low-energy 
neutrons were scattered.

(c) The shape and absolute calibration of the energy dependence of the 
efficiency curve were checked in a second independent experiment.

Details of the experimental system are given below.

2.1. The liquid scintillator and electronics

The use of liquid scintillators fo r  fission neutron counting was originally 
developed by Reines et al. [ 11 j and Diven et al. [ 12j . Subsequent develop
ments were made by Mather et al. [13], The present experimental system 
has been described in detail in a number of previous publications [14-16],

The liquid scintillator tank was 76 cm in diameter and held approximately 
240 litres  of NE 323, a trim ethyl -benzene-based scintillator containing 
approximately 0.5 wt% of gadolinium. A  7.62-cm -diam eter tube ran through 
the centre of the tank and allowed entry and exit of a neutron beam. Neutrons 
entering the liquid are moderated principally by the hydrogen content of 
the scintillator and detected by neutron capture in the gadolinium loading. 
Scintillations produced by the capture gamma rays were viewed by twelve 
photomultiplier tubes arranged in three coincident banks, each containing 
four tubes. The average neutron lifetim e in the scintillator system before 
capture is 11 jus.

The system had been in operation fo r  a number of years, and prior to 
the present measurement the detector was replenished with fresh  scintillator 
liquid and a ll photomultiplier tubes were replaced.

The 252C f spontaneous fission counters were identical with that described 
in Ref. [14], Two were used during the measurements and had count rates 
o f approximately 8 counts/s and 55 counts/s. A  coincidence between pulses 
from  the 252C f ion chamber and the liquid scintillator (from  prompt fission 
gamma rays and neutron-proton reco il events) was used to initiate the 
neutron counting cycle. Th is consisted of a 40-jus gate, initiated 585 ns 

.a fter fission, to count the associated fission neutrons. A  second gate, 
opened 100 ius a fter the completion of the firs t gate, counted the background. 
The electronics are shown in F ig . 1(a). The system.was identical with 
that previously used, except that data were now recorded event by event 
on nine-track magnetic tape and the new system allowed up to 15 events 
to be counted during each gate. The neutron gate and background gate 
counts for each cycle were written on the magnetic tape in a single eight- 
bit word. During the course of the measurements, the scintillator was^ 
operated at approximately 84.5% efficiency f o r 252C f fission neutrons.



FIG. 1. Block diagram o f electronics.
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FIG. 2. Neutron collimator and shield for scintillator tank.

F o r  the calibration runs the system was used in conjunction with a 
Van de Graaff accelerator. Details of the neutron collim ator and shielding 
arrangement are given in Ref. [16] and shown in F ig . 2.

2.2. M onte-Carlo calculation

A  special M onte-Carlo code, in which the exact geom etry of the 
scintillator could be specified, was written to calculate the relative 
efficiency of the scintillator.

In the code, source neutrons were started from  the centre point of 
the system from  a variety  of distributions in initial energy and starting 
direction and w ere tracked through subsequent collisions until they escaped 
from  the system. Standard weight reduction techniques were used, but 
no other variance reduction techniques were implemented so that code 
debugging would not be a m ajor problem.

Cross-section  data were taken from  version III of the ENDF/B data 
file , and the energy variations o f the cross-sections were retained explicitly 
down to 0.05 eV. Below this energy, a single thermal group was introduced 
in which cross-sections were averaged over a Maxwellian energy spectrum. 
Inelastic scattering from  carbon was treated explicitly as being from  a 
single leve l of energy 4.81 M eV, with the angular distribution of the scattered 
neutron being isotropic in the centre-of-m ass fram e. E lastic scattering 
from  carbon was treated as isotropic in the centre-of-m ass fram e for
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neutron energies below 0.15 M eV, but above that energy the angular 
distributions compiled in the UKAEA data file  were used. F o r  both 
gadolinium and hydrogen the scattering was always treated as isotropic.
The thin walls of the scintillator were ignored in the calculation.

The code allowed the starting conditions to be specified, and among the 
options available were the following:

(a) Isotropic Maxwellian neutron energy distribution with specific 
temperature.

(b) Monoenergetic neutron source within lim its (AE) at a specific 
angle to the scintillator axis.

The output from  the program included the absorption probability in 
gadolinium and hydrogen. The neutron detection efficiency of the scintillator 
fo r  neutrons with the specified starting conditions is then this absorption 
probability multiplied by the probability of detection of the capture gamma 
rays so produced. Hydrogen capture is included as the capture gamma- 
ray energy of 2.2 M eV is w ell above the scintillator threshold and the 
re lative probability of hydrogen and gadolinium capture is effectively 
constant for starting neutron energies in the significant energy range. It ■ 
is assumed that the probability o f detecting the capture event is independent 
of the neutron starting conditions.

2. 3. Norm alization of the relative efficiency scale

The normalization was made to a measurement in which 2-MeV neutrons 
(±50 keV) from the T (p ,n ) reaction were scattered from  a hydrogen gas 
target located at the centre of the scintillator. Scattered neutrons con
sidered fo r  the calibration were restricted to the energy range 0 to 1 MeV 
fo r  reasons that are given later. The neutron absorption probability of 
the scintillator system was calculated fo r  a number of scattered neutron 
energies in the range considered, i. e. 1-MeV neutrons at 45° to the 
scintillator axis, 0.01-MeV neutrons at essentially 90° and a number of 
other cases between these lim its. The calculated difference between the 
two extreme cases was 0.3%.

The proton reco il counter is shown in F ig . 3. To  m inim ize neutron 
reactions of a ll kinds at the centre of the scintillator, the aluminium body 
of the detector was made as thin as could be tolerated and the system 
included the use of aluminium entry and exit windows fo r the neutron beam.

The proton counter was a standard surface-barrier detector collimated 
to an active area of 1 cm diameter. The intention was to ensure that a ll 
reco il protons considered in the experiment (2 MeV to 1 MeV) originated 
from  a uniform ly irradiated target volume (i. e. 2 -J~2 target thickness + 
diameter of collim ator < diameter of beam). The neutron beam fo r the 
experiment had a diameter of 2.5 cm.

The entire chamber was filled  with hydrogen gas at 1 atm. The target 
thickness (±20 keV) was defined by aji aluminium fo il placed in front of the 
surface b a rr ier detector. The aluminium was 0.014 g/cm2 thick and 
prevented reco il protons from reactions outside the target volume entering 
the detector. The hydrogen target thickness was determined by the average 
proton energy loss in the target volume. There are no problems with 
multiple scattering in this experiment. The multiple scattering probability 
is minute (5 X 10"5) and of no significance since the variation in efficiency 
over the entire energy range is only 0.3%.
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FIG. 3. Proton recoil counter for low-energy run.

Typical reco il proton spectra fo r  incident neutron energies of 2 MeV 
have the theoretical shape down to at least 700 keV when the gam ma-ray 
background starts to become significant. The neutron energy resolution 
(i. e. proton energy resolution plus spread in incident neutron energies) 
was of the order of ±70 keV. To determine the background contribution 
from  gam ma-ray detection in the surface b a rr ie r  detector, measurements 
were made with the chamber evacuated. The principal background in the 
experiment arose from  reco il proton events in the edge protection of the 
surface b a rr ier detector. This was apparent as the m ajority of background 
events had an associated neutron. With the range of proton energies 
restricted  to the region 1 to 2 M eV, the background correction to the neutron 
count rates was 0.33%. We have pessim istica lly assigned an e r ro r  of 
±30% to this correction.

The electronics fo r  the low-energy neutron runs are shown in F ig . 1(b). 
F o r  each reco il proton detected in the surface b a rr ie r  detector, the 
digitized proton' reco il energy was recorded on magnetic tape together 
with the neutron and background counting data from  the scintillation tank. 
Considerable care was taken to ensure that the neutron counting gate opened 
at the same delay a fter the origin  of the neutrons fo r both 252C f fission 
neutron counting and proton reco il counting. It is considered that the 
maximum systematic e r ro r  was ±5 ns. The proton reco il measurements 
w ere made with average backgrounds of 0.7 counts per gate.
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Seventeen low-energy measurements were made. Each consisted of 
a series of proton reco il energy measurements interspersed with a number 
o f 252C f measurements. High statistical accuracy fo r each 252C f m easure
ment allowed drifts in the system to be detected, but none were experienced. 
F o r  each proton reco il measurement, a background measurement was also 
made with the chamber evacuated. Each proton reco il run was analysed 
separately. Analysis included dead-time correction (although an accurate 
average correction was finally used — see later), unfolding of the neutron 
and background distribution and an assessment of the statistical accuracy. 
Two tests were made to assess the re liab ility  of the data.

(a) Since the neutron emission fo r each proton reco il must be one 
neutron, the unfolded neutron distribution should have a significant 
probability only fo r  zero  or one count. Within the statistical 
accuracy of each measurement, this was always the case.

(b) The assessed statistical accuracy can be compared with the 
distribution of data of the 17 different results. A  chi-squared 
test indicated that the comparison was acceptable.

As mentioned previously, the maximum variation in calculated efficiency 
was 0.3% from  effectively  zero-energy neutrons at 90° to 1-MeV neutrons 
at 45°. This was less than could reasonably be determined experimentally 
(although it was noted that there was no statistically significant variation), 
and there is no e rro r  in treating a ll data fo r  En between 0 to 1 MeV together 
and relating the value obtained to an average calculated value. Thus, if 
it can be assumed that the calculation of the relative efficiency of neutron 
detection is an accurate description of the energy and angular variation, 
and i f  it can further be assumed that, once a neutron is absorbed within 
the scintillator, the effic iency of detection is independent of the original 
energy, then the neutron detection efficiency fo r a 252C f fission neutron . 
spectrum can be determined and a value of Dp fo r  252C f obtained from  the 
2Ŝ Cf counting data.

2.4. Experimental verification  of efficiency curve

It was necessary to demonstrate experimentally the re liab ility  of the 
two above assumptions. This was done in a series of high-energy runs 
in which 16-MeV neutrons from  the T (D ,n ) reaction were scattered by a 
0.25-mm-thick hydrogen target (polythene) located at the centre of the 
scintillator. The background from  competing reactions, e .g . (n ,p )and 
(n, a ) ,  in the silicon detector,was so high that a single surface barr ier 
detector could not be used. To  overcom e this problem a double detector 
system was used (F ig . 4). The firs t detector a fter the polythene target 
was a 100-fjcn-thick, fu lly depleted wafer, which acted effective ly  as a 
dE/dx detector. The second was a 2-mm-thick, fu lly depleted surface 
b a rr ie r  detector [E], An 800 mg/cm2 carbon disc was placed in front of 
the hydrogen target to shield the surface b a rr ie r  detector from  (n, p) and 
(n, a ) reaction in the aluminium counter m aterial, and this ensured that 
a ll reaction products entering the surface b a rr ier detection system originated 
in the hydrogen target. Carbon was chosen because of the high Q fo r  (n, p) 
and (n, a )  reactions. Approximately 4% of the incident neutron beam w ill 
be scattered in the carbon shield. However, because of the very  high fo r 
ward peaking of the scattered neutrons, the average energy loss is very  
sm all and the end result on the experiment minute.
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2 mm THICK )

FIG. 4. Proton recoil counter for high-energy run.

The electronics are shown in F ig . 1(c). A  fast pulse in the [E] detector 
gated the analogue-to-digital converters on both the [dE/dx] and [E ] lines 
and also strobed the neutron counting gates on the liquid scintillator. Data 
w ere recorded event by event on magnetic tape. The digitized pulse 
heights from  both detectors were stored in eight-bit words, the counting 
data from  the scintillator were stored as before. The resolution of the 
total energy [E +  (dE/dx)] had contributions from  the neutron energy spread, 
the reco il proton energy loss in the hydrogen target, and from  the dE/dx 
and E detectors. The fo rm er detector had an energy resolution of approxi
m ately 250 keV, which was satisfactory fo r  the experiment, the latter had 
an energy resolution of approximately 80 keV. F o r  a number of energy 
ranges spanning the acceptable data (Ep from  16 M eV to 6.67 M eV ), the 
estimated response in both detectors was calculated a fter allowance for 
the scattering angle of the reco il proton and the energy loss in the hydrogen 
target. This allowed restrictions to be set on each detector before con
sidering an event fo r analysis. Fortunately, the experimental system 
behaved quite well. F igure 5 shows the dE/dx spectrum fo r  three selected 
total energy ranges [E + (dE/dx)] fo r  a typical run. A ll  dE/dx curves peak 
at the appropriate energy, and windows can-be set on each side of the peaks.
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CHANNEL No. [ jjf ]  DETECTOR

FIG. 5. Typical [dE/dx] detector spectra for three ranges o f the total energy.

There was some contribution to the count rate from  non-genuine neutron 
proton scattering events. This contribution was determined experimentally 
by repeating the measurement with the hydrogen target removed. The 
correction  fo r  background events was 0.1% at high energies, of the order 
of 2 to 3% fo r intermediate energies and 15% for the lowest energy. A fter 
background events are subtracted, the total energy proton reco il spectra 
approximate the theoretical shape to at least 6 MeV.

Eight independent measurements were made. During the course of 
each, frequent 252C f calibrations were made to detect any drift. A  back
ground run was also made fo r each measurement.

F o r  each energy range shown in Table II the relative efficiency of the 
liquid scintillator was calculated fo r neutrons entering the liquid
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TAB LE  II. COMPARISON OF CALCULATED  AND
E XPERIM ENTAL NEUTRON DETECTION EFFICIENCIES

Energy

(MeV)

Calculated

efficiency

(%)a

Experimental

efficiency

(%)

0.35 * 0.23
0.35 89.1 89.3 + 0.9

0.99 * 0.35
0.41 88.8 89.1 + 0.8

1.70 + 0.36 88.4 89.2 + 0.8

2.42 + 0.36 87.1 86.7 + 0.7

3.14 + 0.36, 85.8 84.5 ±  °-7

3.86 + 0.36 84.4 83.3 ±  °-7

4.59 + 0.37 82.1 81.5 + 0.8

5.32 + 0.37 80.0 79.7 + 0.7

6.03 + 0.36 76.8 76.8 + 0.8

6.73 + 0.35 73.5 74.2 + 0.9

7.42 + 0.35 . 73.5 73.2 + 1.0

8.56 + 0.77 69.4 69.2 + 0.8

a Statistical accuracy ±0. l^o.

scintillator at the average angle fo r  that range. The calculated data were 
then normalized via the 252C f calibration data using the value determined 
in the low-energy measurement. Table II shows an un-normalized 
comparison of the calculated and experimental values fo r  each energy 
range. The agreement between the two sets of data is good and confirms 
the re liab ility  of the calculation.

3. RESULTS AND DISCUSSION OF ACCURACY

The final value obtained fo r  the number of prompt neutrons emitted in 
the spontaneous fission  of 252C f was 3.735 ± 0.014. Corrections and con
tributions to the experimental accuracy are considered below and 
summarized in Table III.

3.1. Statistical accuracy

The statistical accuracy calculated as in Ref. [14] was 0.24%. This 
was the accuracy from  the comparison of the low-energy calibration of
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TABLE III. CORRECTION TO E XPERIM ENTAL D ATA  AND SOURCE 
OF ERROR

Effect Correction

(%)

Contribution

to

Accuracy

(% )

1. Statistical accuracy 0 .2 4

2. Dead-time correction:

(a ) 252Cf

(b) Low-energy proton recoil

(c ) Relative

+ 1 .107 '

40 .279

40 .828 0 .1 0

3. Delayed gamma rays -0.28 0.07

4 . Fission neutron spectra

(a ) Accuracy of E

(b ) Accuracy of energy calibration

0 .1 2

0.17

5. French effect

s01 0 .1 0

6. Effect of hole through scintillator 0 .1 0

7 . Background error in proton recoil counter 0 .3 3 0 .10

TOTAL 0 .3 8

the scintillator with the Z52Cf count rate. A  value fo r  P fo r 252C f could 
be deduced from the high-energy measurements. However, these m easure
ments were regarded purely as establishing the re liab ility  of the Monte- 
Carlo  calculations and have not been included.

3.2. Dead-time correction

The dead-time correction followed the method given in Ref. [14] but 
was extended to allow fo r  trip le pulse overlap and two overlaps per gate.
The increased correction was estimated from  a test case and amounted 
to a 2% increase of the normal dead-time correction fo r  a typical 252Cf 
measurement.

The dead time of the counting system was determined by measuring 
the average minimum separation of countable pulses [14]. The average 
minimum separation was found to be 87 ns. However, it was noticed that 
the time spectrum fo r the distribution of pulse separations had a small 
peak slightly above the average separation. This was originally considered 
to be the result of a small double pulsing probability. Subsequent investi
gation showed the time spectrum to be independent of the count rate.



TA B LE  IV. DELAYED G AM M A-RAY D ATA

Experiment
Fission
process

Half-
life
(MS)

Cascade
energies

(keV)

Isotope

Yield  per 

fission 

(7.)

Guy [17] 252c f 0.162 115.0, 296.9, 1279;8 A=134 1 .1 5 + 0 .1 0

Ajitanand [18] 252Cf <0.250 115.2

Walton &  Sund [19] 235U (n ,f )

Walton &  Sund [19] 239P u (n ,f )

Griiter et al. [20] 235U (n ,f ) 0 .20 115,297, 1280 134
Te

Boldeman [21] 252Cf

Data fo r  correction 0.162 Tota l energy 1691.7 1 .1 5 + 0 .1 0

Guy [17] 252Cf 0.62 3 2 4 .5 , 1181 .0 A=135 0 .3 1 + 0 .0 2

Ajitanand [18] 252Cf 0.63 326.7 0.25+0.02

Walton &  Sund [19] 235U (n ,f ) 3 .4
I 34 ,1 35 sb 134,135Te

Walton &  Sund [19]
239 .

P u (n ,f )

Gruter et a l .[20] 235„ /U (n ,f ) 0.57 3 2 4 .5 , 1181.0
134 ,1 35 sb 134 ,135Te

Boldeman [21]
252

Cf

Data fo r  correction 0.62 Tota l energy 1505.5 0 .2 8 + 0 .0 2



TAB LE  IV . (con t.)

Experiment
F ission
process

Half-
life
(us)

Cascade
energies

(keV)

Isotope

Yield per 

fission 

(7.)

Guy [17] 252Cf 3.1 1 9 7 .3 , 3 8 0 .7 , 1313 .3 A=137 0 .6 6 + 0 .0 5

Ajitanand [18] 252Cf 3 .4 383 .5 0 .3 9 + 0 .0 9

Walton &  Sund [19] 235U (n ,f ) 3 .4 205 , 390, 1330 0 .6 3 + 0 .2 0

Walton &. Sund [19]
239 ,

P u (n ,f ) 3 .4 205, 390, 1330 1 .30+ 0 .30

Gruter et a l .[ 2 0 ] 235U (n ,f ) 3 .2 1 9 7 , '3 8 1 ,  1313
136

Xe

Boldeman [21] 252c f 390, 1310 0 .3 0

Data fo r  correction 3 .1 Total energy 1891 0 .6 0 + 0 .0 5

Guy [17] 252Cf

Ajitanand [18] 252Cf

Walton &  Sund [19] 235U (n ,f ) 26 .7 720, 990 0 .4 5 + 0 .1 2

Walton &  Sund [19] 239P u (n ,f ) 26.7 720,990 0 .7 3 + 0 .1 5

Gruter et al. [20]
235__. 

U (n ,f )

Boldeman [21]
252

Cf 990 0 .19

Data fo r  correction 26 .7 1710 0 .3 8 + 0 .1 9



TA B LE  IV . (con t.)

Experiment
Fission
process

Half-
life
(ms)

Cascade
energies

(keV)

Isotope

Yield per 

fission  

(%>

Guy [17] 252Cf r
Ajitanand [18] 252Cf

Walton & Sund [19]
235 , .v 

U (n ,f ) 54 .0 260, 850 0 .8 5 + 0 .0 7

Walton &  Sund [19] 239P u (n ,f ) 54 .0 260, 850 0 .7 2 + 0 .0 6

Gruter et' a l . [20] 235U (n ,f ) 57 .0 257..
93

Rb

Boldeman [21] 252c f 250, 850 0 .25

Data fo r  correction 54 .0 1110 0 .5 0 + 0 .2 5

Guy [17]
252

*Cf

Ajitanand [18]
252

Cf

Walton &  Sund [19] 23V n , f ) 80. 460 , 1250 0 .3 2 + 0 .0 5

Walton &  Sund [19] 239P u (n ,f ) 80 460 , 1250 0 .4 6 + 0 .0 3

Gruter et a l . [20] 235U (n ,f )

Boldeman [21] 252c f 1250 0 .32

Data fo r  correction 80 1710 0 .64+ 0 .32
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Thus, although the effect is not entirely understood, it is now considered 
to be a consequence of the coincidence arrangements on the photomultiplier 
tubes. Then the sm all peak is produced by pulses occurring ea rlie r  than 
the apparent minimum separation. The value fo r the dead time has been 
adjusted accordingly to 78 ns, and an e rro r  equal to the correction is 
assumed.

The accuracy of the calculated dead-time correction is lim ited by the 
statistical accuracy of the counting data. Thus, there is a significant 
distribution in the magnitude of the dead-time correction fo r  the low-energy 
proton reco il measurements. To bypass any e rro r  introduced on this 
account, a composite dead-time correction was made to the combined data 
from  the 17 different measurements. There is, of course, no problem 
with the statistically highly accurate 252C f data. The dead-time correction 
fo r  the low-energy proton reco il measurements was 0.279% and fo r the 
252C f data 1.107%.

3.3. Delayed gamma rays

Delayed gamma rays have been observed follow ing fission and have 
been attributed to the decay of isom eric states. A  number of these isom eric 
states have ha lf-lives  in the range 0.15 to 80 jus and em it cascade gamma 
rays which exceed in total energy the threshold of the liquid scintillator.
They w ill, therefore, make a contribution to the 252C f neutron count rate. 
Table IV  lists the experimental data fo r h a lf-lives, cascade gamma-ray 
energies, an assignment as to their mass and charge and percentage yields 
per fission of the isom eric states that contribute significantly. A lso  shown 
in Table IV  are the yield data used fo r the delayed gam ma-ray correction.

F o r  the 0.162-|us isom er, the yield has been taken d irectly from  
Guy [17]. From  this reference, the yield  fo r  the two higher-energy gamma 
rays has been averaged. Because the difference in yield exceeds the 
experimental e rro r, a slightly la rger e r ro r  has been assumed.

F o r  the 0.62-/lis and the 3.1-jus isom ers, weighted averages of Guy [17] 
and Ajitanand [18] have been used. F o r  the longer half-life  isom ers 
there are only some unpublished data from  an experiment performed 
severa l years ago [21], The data from  this experiment were never satis
factory, and it can be seen in Table IV  that they are systematically low 
by a factor of 2, especially in comparison with the 235U and 239Pu data 
from  Walton and Sund [19], The'data of Ref. [21] have therefore been 
renorm alized to the Guy [17] and Ajitanand [18] average data fo r  the 3.1-jiis 
isom er. E rro rs  of 50% have been given to the yie ld  data.

The efficiency of the scintillator was measured fo r a number of 
gam m a-ray energies up to 3 M eV using calibrated isotopes. The con
tribution of the delayed gamma rays to the 252C f neutron counts was estimated 
from  the yield data in Table IV  and the gam ma-ray efficiency data. The 
correction  to the 252C f count rate was -0.28 ± 0.07%. The erro rs  have 
been added linearly.

3.4. Fission  neutron spectra

The efficiency of the liquid scintillator f o r 252C f fission neutrons has 
been calculated assuming that the spectrum is  accurately represented by 
a Maxwellian distribution. The experimental data generally agree with
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TABLE V. COMPARISON OF M AXW ELLIAN ENERGIES '

Experiment Maxwellian energy

Werle and Bluhm [23 ], proton recoil 2.155

Werle and Bluhm [2 3 ], 3He spectrometer 2.130

Pauw and Aten [ 24]
Consistent with

2. 085

Zamyatnin [25] 2 .22

Green [26] 2. 085

Meadows [27] 2.348

Cond£ and During [ 28] 2. 085

Bonner[29] 2. 05

Smith et al. [ 30] 2.35

this view, but there are serious discrepancies between, experimental 
determinations of the temperature describing the Maxwellian shape [22],
The discrepancy between m icroscopic and macroscopic determinations of 
the fission neutron spectrum fo r 235U and 239Pu is to some extent relevant 
to 252Cf. In addition, there appears to be a discrepancy between m icroscopic 
measurements of the temperature fo r  252C f. Table V shows a compilation 
from  W erle and Bluhm [23], Stated simply, one group of measurements 
cluster around E = 2.15 M eV (E = 1.5 T ) and the other group near 2.35 MeV. 
The evidence in our judgement is stronger fo r the lower average. We 
have accordingly used a value of 2.15 M eV fo r the average Maxwellian 
energy and have subjectively given this value an e rro r  of ±0.05 M eV. The 
present value of Pp fo r 2̂ C f can be adjusted in the future when the problem 
is  resolved, using dPp/dE = 0.091 M eV"1.

A  further contribution to the experimental uncertainty arises from  the 
precision with which the neutron energy dependence of the scintillator is 
known. The value of 5p obtained in the present experiment is based on the 
calculated energy dependence of neutron detection. From  Table III, the 
calculated shape has been confirmed experimentally to better than 1.5%.
An e rro r  (Table IV) has been estimated assuming that the energy dependence 
is  exact between thermal and 1 M eV and is in e r ro r  from  1 M eV  upwards 
at the rate of 1.5% per 10 MeV.

3. 5. French effect

It has been suggested by Soleilhac et al. (quoted in Ref. [31]) that the 
requirement of a prompt scintillator pulse introduces an e rro r  in 252C f 
fission  neutron counting. The e r ro r  is considered to occur because the 
probability of a coincident scintillator pulse is not independent of the number 
of emitted neutrons. The magnitude of the effect given by Soleilhac et al. 
was approximately -1.5% fo r a measurement performed under conditions 
sim ilar to the present one. A  subsequent investigation o f the French effect
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has shown it to be significantly sm aller. Mather et al, (quoted in Ref. [31]) 
obtained a value of -0.1% fo r an experimental set-up sim ilar to the present 
experiment. Signarbieux et al. [32] find a value of -0.1%.

F o r  the present experiment, the neutron detection efficiency of the 
liquid scintillator with and without a prompt scintillator pulse has been 
compared at a neutron detection efficiency of 84.5%. The efficiency was 
apparently 0.10 ± 0.10% higher if a coincident scintillator signal was 
required. The present experiment could have been performed without a 
coincident signal being required in the 252Cf neutron counting, but additional 
care is needed in these circumstances to m inim ize e lec trica l interference 
(e. g. from  other experiments). We p re fer to use the coincidence and 
accept the accompanying small correction and the slight increase in the 
experimental error.

3. 6. E ffect of the hole through the scintillator

The hole through the scintillator has a d irect geom etrical e ffect of 
0.5% on the neutron detection efficiency of the scintillator. In addition, 
the liquid scintillator in the vicin ity of the hole presents a varying thick
ness to the neutrons depending on' the em ission angle with respect to the 
scintillator axis. The experiments conducted fo r calibrating and proving 
the performance of the scintillator have not tested the adequacy of the 
calculation in assessing this second effect. In these experiments it was 
not possible to investigate sufficiently low-energy reco il protons. A 
possible alternative method of testing the calculation is to insert a plug 
into the hole and measure the efficiency with and without the plug. The 
effect to be looked fo r in term s of leakage is of the order of 0.25% (only 
half of the hole can be filled  because of the 252C f fission counter). Under 
these conditions, however, there is a further effect that completely 
dominates any variation in the leakage. Neutron capture in the hydrogen 
plug is of the order of 1.2%, and since the m ajority of these hydrogen 
captures w ill not be detected by the photomultiplier tubes, the efficiency 
of the scintillator w ill fa ll with the plug inserted rather than rise , by up 
to 0.9%. An effect of this size has been observed. There does not appear 
to be any satisfactory method of testing fo r  the influence of the hole.

An e rro r has been assessed as follows. The leakage from  the scintillator 
has been determined with and without the holes filled  with scintillator. The 
total effect is 0.6%. There is a geom etrical effect of 0.5% and therefore 
the calibration estimates an effect of 0.1% because of the influence of the 
hole on the surrounding volume. We have assumed an e rro r of 100% in 
this estimate.

3.7. Multiple pulsing

Signarbieux et al. [32] have suggested that multiple pulsing of the 
photomultiplier tubes on the liquid scintillator may cause an e rro r  in up 
measurement. The multiple pulsing probability could not be measured 
fo r  the present experiment. The neutron distribution data fo r  the low- 
energy proton reco il measurements suggest that the probability is less 
than 0.2%. The multiple pulsing probability would also appear in a m easure
ment of the average pulse separation. The strange effect observed in this 
measurement (re ferred  to in section 3.2 and, i f  a multiple pulsing problem,
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equal to a probability of less than 0.2% fo r neutron counting during a 252C f 
fission  neutron gate) has been.attributed to an effect of the trip le coincidence.

However, it is  not considered, that a large multiple pulsing probability 
would affect the data. The comparison in this experiment is between 
neutrons emitted in 252Cf fission and neutrons from  proton reco il reactions. 
The multiple pulsing probability should be independent of the neutron source 
and therefore would cancel. An effect would only be experienced i f  the 
probability becomes high enough to influence the dead-time correction.

3. 8. Other sources of e rro r

A  number of other sources of e r ro r  were considered:

(a) Physical d ifference between the 252C f fission counter and the proton 
reco il counter. F o r  Z52C f fission  neutrons, no variation in 
efficiency of the scintillator could be measured between the proton 
reco il counter placed d irectly beside the fission  counter and with
drawn entirely.

(b) Gate starting time. There is a possible difference of ±5 ns in the 
starting time of the liquid scintillator counting cycle between 252C f 
neutron counting and neutron counting from  proton reco il reactions. 
This difference in the efficiency is insignificant.

(c) A  nuniber of other sources of e rro r have been considered in 
Ref. [14], They have been shown there to be minute.

4. CONCLUSION

The value obtained fo r Dp fo r  the spontaneous fission of 252Cf,
3.735 ± 0.014, is in better agreement with results from  the boron pile and 
MnS04 bath determination than with previous liquid scintillator m easure
ments. Therefore, the present value seems to confirm a lower value of 
vp fo r 252Cf.
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D I S C U S S I O N

J.W . BOLDEMAN: Another effect I should mention is neutron capture 
in the steel fram e of the scintillator. I do not think this effect is important 
although it does contribute to the neutron count rate. Neutron capture in 
iron makes available about 8 M eV of gamma energy so that it does not 
m atter significantly whether the capture takes place in iron or in the 
gadolinium loading.

B .C . DIVEN: As a result of correspondence with M r. Axton we included 
a ll iron parts of our system in our Monte-Carlo calculations. I also 
looked up the pulse-height spectrum obtained from  capture in an iron sample 
at the centre of the scintillator and compared this with the pulse-height 
spectrum obtained from  capture in cadmium, with which our scintillator 
was loaded.

As expected, very  little capture occurred in the iron structure, the 
spectrum fo r capture in iron was slightly different from  capture in 
cadmium, and the efficiencies were a little  different. The resulting 
correction was negligible. Since the neutron lifetim e in Boldeman's 
scintillator was a little shorter than in ours, the correction would be even 
sm aller fo r  his experiment.

J .W . BOLDEMAN: The thickness of iron might be considered to con
tribute to the effective volume of the scintillator. I have compared two 
cases. In the firs t, it was assumed that scintillator liquid also occupied 
the space normally occupied by iron. In the second, it was assumed that 
the scintillator liquid occupied only its own volume and that no iron was 
present. The difference in v fo r  the two cases was only something like 0.04%.

H. CONDE: I would like to know m ore about the normalization of the 
re lative efficiency.

J.W . BOLDEMAN: We calculated the efficiency of the scintillator at 
a series  of neutron energies fo r  a series of angles of entry of neutrons into 
the scintillator. We thus obtained the calculated effic iency fo r a matrix 
o f neutron energies and entry angles. From  our low-energy proton-recoil
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measurements, we determined the observed efficiency fo r neutron detection 
corresponding to points along one of the sem i-diagonals o f the energy- 
angle matrix. The entire m atrix was then renorm alized to these data. It 
was then necessary to demonstrate that the variation of effic iency across 
the energy-angle m atrix had been correctly  calculated. Therefore we made 
m ore proton-recoil measurements to obtain data corresponding to points 
on another sem i-diagonal which cuts across the entire range o f energies 
and angles in the matrix. I f  the measurements agreed with our calculations, 
then we assumed that we have sampled simultaneously, and calculated 
correctly, the variation in efficiency both with neutron energy and with 

, angle of entry of the neutron into the scintillator. To  determine every  point 
in the m atrix experimentally would require measurements at a ll neutron 
energies up to 16 MeV.

H. CONDE: Is the axial hole through the scintillator included in the 
Monte-Carlo calculations?

J.W . BOLDEMAN: The exact geom etry is specified.
E. J. AXTON: Is it possible fo r a calibration neutron or a background 

neutron to find its way into the proton reco il counter and to start an event?
J.W . BOLDEMAN: I have not specifica lly worked this out, but I think 

there is sufficient information in the paper. The probability fo r  multiple 
scattering of each calibration neutron which enters the proton-recoil counter 
is  5 X 10"5. Since there is  no multiplication of neutrons, I do not see why 
the probability of producing a proton reco il should be any greater fo r  a 
neutron scattered back into the detector than fo r one which originally enters 
as part of the neutron beam.

A  neutron scattered back into the detector would also have very  low 
energy so that it would be even less likely to cause an event. This was 
one reason fo r  using low -energy neutrons in normalization experiments. 
F inally, any uncertainties contributing to e rro r  in the proton reco il energies 
are m inim ized because the variation in efficiency fo r neutron detection is 
only 0.3% over the entire recoil-proton energy range.

R.W.  PE E LLE : I have severa l interrelated questions.
(1) What does the pulse-height spectrum.:of the scintillator look like 

and where is the bias set?
(2) Is it possible to make an estimate of the absolute efficiency without 

normalizing? This would help in understanding the processes which occur, 
even though the calculated effic iency might not be so precise as required 
o r as obtainable experimentally.

(3) It appears not to matter significantly that the efficiency fo r  detection 
of a neutron varies, depending on how close to the shell of the scintillator
it is absorbed. Perhaps this is because, even at the highest energies, few 
neutrons are absorbed near the edge. In this context, what is the effect 
o f the tube which passes through the scintillator?

J. W. BOLDEMAN: We do not claim  that the probability fo r  detection 
o f gamma rays from  neutron capture is constant over the entire volume 
or even that the variation is small. Neutrons entering the scintillator 
undergo a large number o f scattering collisions so that it is not long before 
they have forgotten their original starting energy. It is only the small 
difference in the average position of neutron capture which affects the 
re lative detection effic iency fo r gamma rays.

M r. Diven pointed out ea rlie r  that the difference in average position 
of capture fo r  californium neutrons and fo r  calibration neutrons was small
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so that the effect of differences in efficiency fo r detection of gamma rays 
as a function of capture position is much reduced.

B.C.  DIVEN: As a result of correspondence with M r. Axton, I have 
recently reviewed information relevant to M r. P ee lle 's  questions. The 
shape of the pulse-height spectrum w ill, of course, vary from  one scin til
la tor to another. Our scintillator was considerably la rger than Boldeman's 
and a greater percentage of its area was covered by a photocathode so our 
pulse-height spectrum may have had a somewhat m ore desirable shape 
than his.

In the pulse-height spectrum (probability versus pulse height) of our 
scintillator, the probability was near zero  at zero  pulse height and rose 
almost linearly to a maximum at the maximum pulse height of about 
9 M eV, which is approximately the binding energy fo r  thermal neutrons in 
cadmium. With a bias of approximately 1 M eV, we could make a small 
extrapolation to estimate the fraction of pulses m issed. We started our 
gate at about 1 A-is and were able to estimate the fraction of events which 
occurred before and the fraction which occurred afterwards. I f  these 
various fractions and the estimated leakage are added up, the loss of 
efficiency of the scintillator can be accounted fo r within probably 2%, which 
is  within the accuracy to which the approximations can be made. The 
estimated efficiency is not nearly so accurate as measuring the overa ll 
efficiency by scattering neutrons off protons, but the agreement is very 
reasonable.

M. S. COATES: Do you get a severe background effect from  cosmic 
rays at low pulse heights corresponding to about 2 MeV?

J.W.  BOLDEMAN: Yes. We operate the scintillator at lower efficiency 
in order to eliminate background which rises very  rapidly at low pulse 
heights. In the californium measurements the background was about 
0.2 6 - 0.28 counts per gate.

I f  a large amount of data is accumulated, one occasionally finds very  
high energy peaks which might be attributed to cosmic rays. In some early 
experiments, scintillators were equipped with a device to ignore a ll events 
whenever a cosm ic-ray event was detected. We have never used such a 
device because we think the probability of such an event is the same for 
fission neutron or background neutron counting.

I
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Abstract

SUMMARY OF THE CONSULTANTS' MEETING ON THE 2200-m/s FISSION AND CAPTURE CROSS-SECTIONS 
OF THE COMMON FISSILE NUCLIDES.

In 1969, IAEA consultants reviewed the 2200-m /s fission parameters of the common fissile nuclei 
and recommended values on the basis of least-squares fits of the available data. In November 1972, another 
group of consultants m et at the IAEA to review the input data and the assigned errors which determine die 
weighting of the various data in least-squares fitting procedure. New recommended values o f the 2200-m /s 
fission parameters o f Z33U, 235U, z39Pu, 841Pu and J52C f will be published.

In November 1972, a consultants' meeting was held at the IAEA  to 
discuss and reassess input data for the IAEA evaluation o f the 2200-m/s 
fission parameters of 2 U, 235U, 239Pu, 241Pu and252Cf. The participants 
were B. R. Leonard, Jr . ,  J. Story, E. Axton, H. Lem m el and C. Dunford 
from  the IAEA and myself.

It is impossible to go through each single entry to this least-squares 
fit. This paper re fers  to a few points where information is s till lacking, 
where serious doubts about some measurement groups exist, or where 
striking difference in the output is obtained when one measurement or a 
group of measurements is discarded from  the input.

D iscrepancies exist among the alpha half-lives used to determine the 
number of atoms in many fission cross-section  measurements at 2200 m/s. 
In the 1969 IAEA review  [1] the value recommended for the half-life  of 
234U was (2.488 ± 0.016) x 105 a, whereas a recent determination at the 
Central Bureau for Nuclear Measurements (CBNM) using severa l counting 
techniques and severa l destructive methods (controlled potential coulometry, 
isotopic dilution, weighing in ultra-high vacuum) produced the value 
2.446 x 105 a ± 0.3% (99.7% confidence lim it). This value has been 
confirmed at Chalk R iver and at Argonne National Laboratory.

For the 233U alpha ha lf-life  the situation is much more uncertain.
There is a group o f ha lf-life  values situated around 1.61 x 105.a, and there 
are two recent low values, one by Oetting who used calorim etry and one 
by Keith who used an alpha counting technique, o f about 1.553 x 105 a. 
However, there is a prelim inary Chalk R iver value of 1.583 x 10s a that 
fa lls in between the two groups. The value used in the 1969 evaluation was
1.593 x 10s a (± 1.5% accuracy). In our last run, we used 1.58 x l ( f  a ±  0.03 
(average between high and low) with the hope that a m ore precise and 
decisive measurement w ill become available soon from  CBNM.

315



316 DERUYTTER

As regards the 239Pu alpha h a lf-life , another problem arose. Until 
now, a ll ha lf-life  measurements had been very consistent at about 
24 395 ± 29 a. The ea rlie r ca lorim etric measurements of Oetting in 1969 
were also; in reasonable agreement. However, the recent value of Oetting 
from  his calorim etric experiment is 24 065 ± 50 a, which is discrepant 
from  the value obtained by other experimenters by about 1.3%. This w ill 
be d irectly reflected by the uf -values entered in the evaluation. Here 
also, a precise counting experiment could be decisive. One should not o ve r
look that in a ca lorim etric experiment the branching ratio as w ell as the 
energies of the alpha particles are required to derive the half-life  value.

There was an extensive discussion o f use of 2200 m/s fission cross- 
sections o f ea rlie r experimenters with full regard to problems such as 
extrapolation to zero thickness for efficiencies determined in the range 
0.1 mg/cm2 to 0.5 mg/cm2.

The problem of underestimating fissiorj fragment losses in thin foils 
was also discussed. Further, the effect of fo il absorption in connection 
with fission neutron detection under 90° and 45° carried out at Aldermaston 
was brought up. Our work at CBNM concerning fo il assay and spectrometer 
calibration was extensively and critica lly  discussed, and finally a higher 
fission cross-section  for 35CJ was introduced taking into account the

234alpha half-life  change in U and some underestimated corrections in 
previous measurements. The input value fo r 235u now is about 587.5 b, 
whereas in the previous review  it was 581.6 b.

Another problem that was discussed at length was the deduction o f a 
2200-m/s' value from  an irradiation experiment. It is very hard to 
estimate the erro rs  on such an experiment because of the assumptions 
that are made concerning the neutron spectrum in which the irradiation 
took place. Not only the temperature but also eventual distortions from  a 
Maxwelliain distribution have to be accounted for. However, in the 1969 
evaluation, some alpha values and especially fission cross-section  ratios 
from  the Chalk R iver (CRC) irradiation experiments were entered with 
such a high-precision that they lim it to some extent the variation of other 
parameters. The value from  the 1958 CRC experiment for the a f-ra tio  
o f 239Pu/235U comes down a little  when the new alpha half-life  of 233U is 
taken into account, but a recent experiment [2] is half-life, independent 
and gives a value which is only 0.4% lower than the previous one. To

2*39 / 235illustrate what this means for Pu/ U, some recent values o f g-dependent 
fission cross-section  ratios are given as follows:

White et al. [3]:

Keith et al. [4] : 

Bigham et al. [5] : 

Lounsbury et al. [2]

D irect monokinetic energies 
Therm al column irradiation 
(g-dependent)
Beam extracted from thermal t
column

Therm al column irradiation

1958 CRC

CRC

1.253 ± 0.022

1.277 ± 0.025

1.235 ± 0.022

1.271 ± 0.015

1.2970 ± 0.0075

1.2926 ± 0.0081 
(temperature controlled)

CBNM ratio: 1.263 ± 0.0096
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The last two measurements are contradictory and prevent to some extent 
the 235U fission cross-section  from  becoming higher as a result o f the 
least-squares fit of a ll the data. Therefore, tr ia l least-squares fits are 
planned to evaluate the effect of some highly weighted values, which tend 
to exclude less highly weighted data with which they disagree.

There were s im ilar problems regarding the weight that the evaluated 
i7-value for 252Cf carries  as compared to the rj-values entered by Macklin 
et al. [6] and Smith et al. [7] .essentially with an e rro r  o f 0.3%, based on 
Monte-Carlo calculations of a rather complex system (3% corrections).

A  run made using all data (rj, v ratios, absolute values of Pc f) yielded 
3.750 ± 0.007 fo r vCf as output. When the absolute v (252Cf) values were 
le ft out, i/tot became equal to 3,785 ± 0.012. So here there is an inconsistency 
and probably the //-values should have wider e rro rs  assigned. A  critica l 
review  o f the i7-ratios has to be carried out.

It was also suggested to allow for differences in the fission neutron 
spectrum of various isotopes and fo r the sm all effects that m’ay result from 
a poorly defined distinction between vp and vtot, but they were considered 
o f minor importance.

Several tr ia l runs have already been performed by Lem m el with the 
new input data, but some of the problems noted here need further considera
tion before a final run can be made and before final values for a ll the 
parameters can be recommended. Nevertheless, when comparing the 
very prelim inary output from  the last tria l runs, we see that, compared 
to the 1969 IAEA evaluation, there w ill be severa l changes in the 
recommended values, i .e .  crf o f 235U w ill be increased, as o f 235U w ill be 
decreased, i7ot o f 252Cf w ill be decreased, changes w ill be made in almost 
a ll g-factors, and a (235U) w ill be decreased. There w ill be re lative ly 
little  change fo r 241Pu because the input data are so poor.

It can be concluded that, for the final revision o f the 2200-m/s fission 
parameters, analysis work s till remains to be done especially for g-dependent 
values, perhaps for rj and certainly for the alpha h alf-life  values and V ratios.
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D I S C U S S I O N

R. W. PE E LLE : In the two ^-measurements, one by Macklin et al.1 
and one by Smith et a l.2, is it possible that there are correlations between 
the uncertainties because both experiments were done with manganese 
baths? A re  these correlations taken into account in the least-squares 
programme used to evaluate the 2200-m/s data?

E. J. AXTON: In the rj-measurements using manganese baths, there 
are three important effects fo r which corrections must be made.

(1) In the centre o f the bath is a cavity with the neutron source inside 
it. It is necessary to estimate the number o f neutrons which are captured 
in the structural m aterial o f the cavity after thermalization in the solution. 
The flux density at the cavity boundary is estimated by calculation and by 
measurements using fo ils . The problem is complicated by self-shielding 
effects of the many materials present.

(2) Fast fission caused by fission neutrons leaving the sample produces 
additional neutrons which should not be counted.

(3) In addition to the thermal flux striking the cavity, there is a slowing- 
down flux from  the solution which can penetrate the cadmium shields and 
cause fast fission.

The correction given by most authors is 3.3%, and they estimate its 
uncertainty to be 6%. Even using Monte-Carlo techniques, I would think 
that a 20% uncertainty in the correction would be more realistic .

The geom etrical arrangement in a ll these experiments is sim ilar, but
I do not know to what extent this im plies correlation among erro rs . Some 
erro rs  are obviously correlated, but not all.

1 MACKLIN, R .L ., DE SAUSSURE, G .K IN G T O N , J . D . . LYON, W .S ., Nucl. Sci. Eng. 8 (1960) 210.
2 SMITH, J .R . ,  READER, S .D . , FLUHARTY, R .G ., Rep. 100-17083 (1966): see also NBS Special 

Publ. 299 1 (1968) 589, and Rep. WASH-1093 (1968) 58.
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nPHMEHEHHE KAJIHSOPHHH-252 B KAHECTBE 
CTAHflAPTA HPH H3MEPEHHHX v HCHEKTPA  
HEHTPOHOB

B.fl.Ky3bMHHOB
$H3HK0-3HepreTHHeCKHH HHCTHTyT,
0 6 h h h c k ,
Cok33 CoBeTCKHX Coi4Ha«HCTH'iecKHX Pecny6 jiHK 

Abstraa-AHHoraijMa

USE OF CALIFORNIUM-252 AS A STANDARD FORC AND NEUTRON SPECTRUM MEASUREMENTS.
In the paper, the use o f spontaneous californium-252 fission events as a standard for the calibration of 

neutron detectors in large-scale  studies is considered and the difficulties o f using californium in measurements 
o f v are pointed out. Measurements o f the neutron spectrum in spontaneous californium -252 fission require 
the collection of data in order to derive a recommended spectrum form which could be used as a standard in 
fast-neutron spectroscopy. The detectors used in the studies are described.

IIPHM EHEHHE KAJIH *O PH H fl-252  B K A H E C TB E  C T A H J IA P T A  IIPH  H3M EPEHHHX v H 
C IIE K T P A  HEHTPOHOB.

B flOKJiaae paccMaTpHBaexca Bonpoc 06 HcnojibsoBaHHH cnoHTaHHux AejieHHii Ka;iH$opHMH- 
252 b KaMecTBe CTaH^apTHOro HCTo<iHHKa HeflrpoHOB ajih rpaAyHpoBaHxa xerexTopoB  b MaccoBux 
HefiTpoHHMx HccjieAOBaHHax. OTM eianrca TpyflHocTH npMMeHeHHH Ka;iH$opHHH Ann H3 MepeHHM 
v. H3MepeHHH cneKTpa HeflTpoHos npw cnoHTaHHOM AejieHHH Ka^Hij>opHHH-252 npeaycMaTpMBaiOT 
c6op AaHHux Ann Bupa6oTKH peKOMeH^oBahhoh $opMM cneKTpa, KOTopyo moxho 6 ujio 6 h Hcnonb- 
3 0 BaTb b KaiecTBe cTaHjapTa b cneKTpocKoiwH 6 uCTpux HeitTpoHos. JlaeTca onMcaHHe AeTeKTO- 
poB, HcnojifcsyeMux b HccjieAOBaHHSx.

EOJIbinHHCTBO HeHTpOHHBIX H3MepeHHfi CBOflHTCH K OnpeflejieHHK) KOJIH" 
'lecTBa h cneKTpaJibHoro cocTaBa HeHTpoHOB. Kjih KanH6poBKH aeTeKTopoB 
HeiiTpoHOB npn pemeHHH TaKHX 3aaan Hcno^b3y » t c a  cjioacHbie h TpyaoeMKHe 
MeTOflM, BK/iKHaioiiiHe b ce 6 fl onpeaeneHHe a6cc>;iioTHOH 3i$$eKTHBH0CTH h 
sHepreTH^ecKoii HyBCTBHTejibHocTu fleTeKTopoB.

fljist H3MepeHHa KOJiimecTBa HeiiTpoHOB o6 hsho HcnoJib3yioTCH TaKHe 
MeTOflbi KaK nornomeHHe HeiiTpoHOB b MapraHueBOH BaHHe, MeTOfl conyT- 
CTByioiqHX nacTHU, H3MepeHHe HHTerpa^bHoii bkthbhocth, conpoBOMaiomeH 
06pa30BaHne HeHTpoHOB, HanpHMep b peaKUHH^iXpjii) ’B e ^ ^ e T  w cna npo- 
TOHOB OTflaHH npH paCCeHHHH H6HTpOHOB Ha BOflOpOfle. H3 MepeHHH OHepreTH- 
'leCKOH 3 aBHCHMOCTH 3$$eKTHBH0CTH fleTeKTOpa 06iI1H0 npOBOflSTCH OTHO" 
cHTeJibHo ceneHHi! TaKHX ciaHaapTHbix peaKUHii, KaK H (n,p)‘, 10B (n ,a )‘, 6L.i(n,Q')-, 
Au (n ,7 ) -, 235U (n ,f ) .  Bee sth  MeTOflw fl0 CTaT0HH0 n0flp0 6 H0 H3 Ji0 JKeHbi b pa- 
6oTax apyrHx aBTopoB. CjieayeT nmiib noanepKHyTb, u to Bee ohh Tpe6yK)T 
o t  3KcnepHMeHiaTopa SoJibinoro HCKyccTBa h 6onbuiHX 3aTpaT BpeMeHH.

B CB33H C 3THM npeACTHBJIHeTCH BeCbMa nO/le3HbIM HMGTb HCTOHHHK 
HeHTpOHOB C xopomo H3BeCTHMMH HHTeHCHBHOCTbK H CneKTpOM HeHTpOHOB, 
KOTOpblH M05KH0 6bIJIO 6bl HCn0Hb30BaTb A HR rpaAyHpOBaHHH AeTeKTOpOB 
B MaccoBbix HefiTpoHHbix HccneflOBaHHHX 6e3 npHMeHeHHH onHcaHHbix Bbime 
MeToflOB. Ha Ham B3rnafl b KawecTBe TaKoro yao6 Horo CTaHaapTHoro hc- 
TO'IHHKa HeftTpOHOB MOJKHO HCn0JIb30BaTb CnOHTaHHbie flejieHHH KajIH<J)Op-
h hh -2 5 2 .
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HHTeHCHBHbie Hcae^OEaHHH cpeflHero mtcna MTHOBeHHwx HeiiTpoHOB 
npH cnoHTaHHOM aeneHHH KajiH<£>opHH5i-252 n03B0JiHK>T HafleHTbca, h to  b 
6 jiH2KaHiuee BpeMa HeonpeaeneHHocTb 3HaHHa a io ft bgjim'ihhw 1ziocTnrHeT0I5%. 
3 to  o6 cTOHTe^bcTBO aejiaeT KajiM<|)opHHH hckhkhhtgjibho HaAexHbiM cTaH- 
aapTOM niisi H3MepeHHii v H30ionoB tophh, ypaHa, ruiyTOHHH h apyrnx aejiainHX- 
ca 3JieM6HTOB> OflHaKO cjieflyex otmeTHTb h Te TpyflHocTH, KoropBie B03- 
HHKaioT np|w hcnojib30BaHHH Ka^HcjjopHHa b Ka^ecTBe cTaHflapTa nns K3ue- 
peHHii v:

1. RjISI npet(H3H0HHbIX H3MepeHHH He0 6 x0flHM0 3HaHH6 CIieKTpOB HeH- 
tpohob npn cnoHTaHHOM aejieHHH KaJiH<|)opHHH-252 h AenenuH uccneayeuoro 
H 30T0na.:

2. Ilpouecc Renewal conpoBoacaaeTca H3 JiyHeHneM pa3Hoo6pa3Hbix no 
npnpoAe 7 -KBaHTOB b  nmpoKOM HHTepBa;ie 3Heprnft h BpeMeH HcnycKaHHa.
B CBH3H cl 3THM MOryT B03HHKHyTb TpyflHOCTH B H3MepeHHHX, 0 C0 6 eHH0 npH 
HCI10JIb30BaHMH aeTeKTOpOB, 'lyBCTBHTenbHbIX K y —H3JiyM6HHK).

3.  KbjiHMecTBO h  cneKTpa^bHWH cocTaB HcnycKaeMbix ocKomaMH HefiT- 
pOHOB CHJIbHO CKOppejIHpOBaHbl C TaKHMH XapaKTepHCTHKaMH OCKOJIKOB, KaK 
hx M accu, KHHeTHHecKHe sHeprHH h B3aHMHbie yrjioBbie pacnpe^eneHHfl.
3 to  o6cTOHTejibCTBO Tpe6yeT r/iy6oKoro H3yMeHHa KoppeJiaiiHOHHMX cboSctb 
npoflyKTOB Renehhh h TujaTeflbHoro aHajiH3a nocTaHOBKH onuTOB ripn H3Me- 
peHHHx TaKHX HHTerpaJibHbix xapaKTepHCTHK, kaK v .

4 .  Pa3JiHHHe BejiHMHH v a j ix  K aJiH $o p H H a - 252  h H c c n e a y e M o r o  H 3 0 T 0 n a  

T p e 6 y e T  BHeceHHH  co o T B e T C T B y w m H x  non p aB O K  c y^'eTOM  cweTHbix K a n e c T B  

a e T e K X o p a  HeHTpoHOB  h ajieKTpoHHofl a n n a p a T y p w .

BTopaa ciopoHa npo6 jieMM — onpefleneHHe cneKTpajibHoro cocTaBa 
HeHTpoHOB npH cnoHTaHHOM Renehhh Ka^H$opHHH-252 — Ha Hain B3rnafl ao - 
BOJibHo Aajieica o t  coBepmeHCTBa. # 0  nocneRHero BpeMeHH 0 CH0 BH0 e BHHMa- 
HHe np« H3MepeHHax cneKTpoB yaenanocb onpefle;ienmo cpeflHeft aHeprHH. 
CneKTp, KaK npaBHJio, onHctiBa^ca pacnpeaejieHHeM MaKCBeji;ia 

V E
N (E )~E  2ex p (- / T ) h  TeM caMbiM HCKJiKwaJiHCb H3 paccMOTpeHHH jiOKajibHbie 
oTKJioHeHHa ot nnaBHoii kphboh, a TaKHce BapnaijHH T no pa3HMM HHTepBajiaM

TABJIHIJA I. SHA^EHHH I7.APAMETPA I , nOJIY- 
tJEHHblE B J(H$€>EPEHUHAJIbHbIX H3MEPEHHHX  
CIIERTPO B HEHTPOHOB HPH CIIOHTAHHOM  
^EJIEHHH KAJIH$OPHHH-252

M eTOA HSMepeHHfi I JlHTepaTypa

4>OTOnnaCTHHKH 1 402  ±
1,402 *  0 ,085

1

OTOn/iaCTHHKH 1 ,5 7  ±  0 ,05 2

B p e M *  nponeTa 1 ,42  ±  0 ,05 2

_ 11 _ 1,56 3

» •» _ 1,39 ±  0,04 4

. 11 _ 1,565 5

_ 11 - 1,48 ±  0 ,03 6

npOTOHU OTAaiH 7
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Phc . 1 . CneKTpu HeiiTpoHOB npH cnoHTaHHOM Ae/ieHMM KajiH(|>opHHH-252, nojiyweHHue npH HcnonbsoBaHHH 

AeTeKTopa I (+ ), I I  ( • ) ,  III ( ° ) .

sHeprHH HeHTp0 H0 B . O i e H b  TpyaHO cyflHTb o C T e n e H H  cornacHH cneKTpoB,

H 3 M 6p e H H b ix  b  p a 6 o T a x  [1-7 ] , n o c K o O ib K y  p e 3y jib T a T b i n p e f lc ia B n a io T c a  o 6 bm- 

h o  b  BHfle r p a $ H K O B  b  noJiy7i0 r a p H c ^ )M H H e c K 0 M  M a c n i T a 6 e .  O f lH a K O  t o t  $ a K T ,  

hto 3 H a w e H H a  n a p a M e T p a  T HM eror 3 HaHHTeJibHbift p a s 6p o c  <Ta6 j i . I ) ,  r o B o p H T

o  t o m ,  q T o  h $ o p M b i  c n e K T p o B ,  n o n y ^ e H H b i x  b  p a 6 o T a x  [1-7 ] , H e  c o B n a a a io T . 

TaK p a s J iH H H e  T H a  7%  0 3 H a ^ a e T  p a 3 JiircHe M a K C B e J iJ iO B C K H x  k p h b m x  H a 8 -25%  

b  H H T e p B a J ie  a H e p r H H  H e flT p o H O B  (0 ,5 -7) M a B .

B  H arneM  H H C T H T y i e  n p e fln p u H H M a io T c a  y e n jih h  n o  h s m e p e H H K )  c n e K T p a  

H e iiT p o H O B  n p H  c n o H T a H H O M  R e n e H i w  Ka/in<J)opHHH - 2 5 2  c  r e M ,  « t o 6 m  Ha o c h o -  

B e  n o ^ y v e H H B i x  j a H H i i x ,  a  T a K x e  m h c jio b m x  a a H H b ix  flp y r H X  a B T o p o B  B b ip a6 o- 

T a T b  p e K O M e H A O B a H H y io  $ o p M y  c n e K T p a ,  K o io p y io  m o jk h o  6 biJio 6 bi H c n 0 n b 3 0 - 

B a T b  b  K a n e c T B e  C T a H ^ a p T a  b  c n e K T p o c K o n H H  6 bicT p b ix  H e i iT p o H O B . R n n  

6 oJib m eH  f l o c T O B e p H o c T H  p e 3y j ib T a T 0 B H 3 M e p e H H a  c n e K T p a  H e iiT p o H O B  a e n e -  

HHfl B efly T C H  c  H C n 0 JIb3 0 B a H H © M  p a 3 HbIX A e T e K T O p O B  H p a 3 HbIX  M e T O flO B  H X  

K a ^ H 6 p o B K H .  H a  p n e . 1 n p H B e a e H b i  p e 3y n b T a T b i  H S M e p e H H H  c n e K T p a  HefiTpo-  

h o b  n p H  c n o H T a H H O M  a e ^ e H H H  K a n H $ o p H H H - 2 5 2 , n o jiy n e H H b ie  F . H . J I o b m h k o b o h ,  

B .I J j i h c k h h m m  h  flp . H c n 0 ^ b 3 0 B a n H C b  cjieayiom H e  a e T e K T o p w :

1 . XHflKHH CUHH THJIJIHTOp  (0 = 60 MM  H L  = 60 M M )  n p O C M a T p M B a J IC a  flBy- 

ms $ 3 y ,  BKJiKweHHbiMH Ha coBnaAeHHH. fleTeKTop OKpyaceH cbhhkom , Ha 

nyTH HeiiTpOHOB TO/imHHa CBiimja cocraBJiajia 1 c m .  Ilopor aeTeKTOpa

0 ,1 7  M a B i  3 $ $ e K T H B H o c T b  H3 Mepajiacb o t  n o p o r a  flo 1 ,5  M a B  c  npHBH3- 
k o h  k  .B c e B O jiH O B O M y  C M e T M H K y . B b im e  1,5 M a B  H c n o /i b 3 0 Ba;iacfe p a c ^ e T -  

Haa KpHBaa a $ $ e K T H B H 0 C T H .. U p o j i e T H a a  6 a 3a c o c T a B n a j i a  1,0  m (+ ).

2 . cuMHTHJUiHTop b  cocyae OBajibHOH fo p M b i. R b & $ 3 Y  pac- 

nojioxeHM napa;uieJibHO h npocMaTpHBaKT jKHflKOCTb co cTopoHM 3aflHeii 

TopueBOH n0 BepxH0 CTH. $ 3 Y  BKJimeH'bi Ha coBnaaeHHa. fleTeKTop 6 hji 

3 amHmeH CBHHUOBblM SKpaH OM . ToJIH(HHa CBHHUa Ha nyTH HeHTpOHOB COCTaB- 

najia 4 cm . 3 $<f>eKTHBH0 CTb ( • )  H3MepH.nacb no oTHoineHMOK ce»ieHHio (n,p)
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pacceaHHa Ha HMnyjibcHOM TaHfleMHOM ycKopHTeJie 3>3H b flHana30He aHep- 
thh 0,5-6.,5 M aB. B HHiepBane ot 0,2 ao 2,0 M aB a$$eKTHBHocTb H3 Mepa- 
Jiacb Ha aneKTpaqecKOM ycKopHTe;ie 3 r - I  $ 3 H . Hopor no HeuTpoHaM 6 mji 
Ha ypoBHe 200 ksB. IIpojieTHaa 6 a3 a npH H3 MGpGHHHX cneKTpa HeHTpoHOB 
Aenehh0 cocTaB.na.na 1,0 m (• ) .

3. Tot * e  aeTeKTop, wto h b n. 2, ho npojieTHaa 6a3a cocTaBJiana 
1,5 m (o ). KaK bhaho, 6wjiu nojiyweHM xoporno coBnaflammHe flaHHbie. OflHaKO 
npeflCToai H3MepeHHa HHxe 1 M aB, coBepmeHCTBOBaHHe MeToflOB Ka;m6pOBKH 
AeTeKTopoB, BbiacHeHHe npHHHH pacxoxfleHHa c pe3yjibTaTaMH flpyrhx aBTopoB h 
h apyrae npoyeaypw, npeatfle wem yflacTca BbipaSoTaTb peKOMeHflOBaHHyro 
$opMy cn^KTpa npn cnoHTaHHOM aeneHHH KanH$opHHH-252 c npneMJieMofi 
HaflejKHOCTbK).

B 3aKJiKHeHMe cJieflyeT oTMeTHTb Heo6xo,miMocTb ny6;MKOBaHna ijmJipoBoro 
MaTepwa^a no pe3ynbTaTaM H3MepeHHa cneKTpoB HeiiTpoHOB AeneHHa.

Abtop  Bbipa*aeT rJiy6oKyio npn3HaTejibHocib KOJiJieKTHBy coTpyflHHKOB 
cneKTpoMeTpHMecKoii ;ia6opaTopHH 4>3H, BbinonHHBnieMy o6cyjKflaBmHecH b 
AOKJiaAe H3MepeHHH cneKTpoB HeiiTpoHOB Aenema.

J I H T E P A T Y P A

|1] H J A L M A R ,  E . ,  S L A T I S ,  H . ,  T H O M P S O N ,  S . G . ,  A r k .  F y s .  10  (1 9 5 5 ) 3 5 7 .

121 S M I T H ,  A . B . ,  F I E L D S ,  P . R . ,  R O B E R T S ,  J . H . ,  P h y s . R e v .  10 8  (1 9 5 7 ) 4 1 1 .

|3] B O W M A N ,  H . R . ,  T H O M P S O N ,  S . B . ,  M I L T O N ,  J . C . D . ,  S W I A T E C K I ,  W . J . ,

P h y s .R e v .  1 2 6  (1 9 6 2 )  2 1 2 0 .

[4] C O N D E ,  H . ,  D U R I N G ,  G . ,  A r k .  F y s .  .2 9  (1 9 6 5 ) 3 1 3 .

151 M E A D O W S ,  J . W . ,  P h y s .  R e v .  15 7  (196 7 ) 1 0 7 6 .

[6) 3 A M H T H H H , K ) . C ., K P O U K H H ,  H . H . , M E J I b H H K O B ,  A . K . ,  H E * E f l O B ,  B . H . ,

N u c le a r  D ata  for  R e a c t o r s  (C o n f . P r o c .  H e ls in k i , 19 70 ) 2 , I A E A ,  V ie n n a  (1 9 7 0 ) 1 8 3 .

[7] WERLE, H .. BLUHM, H ., J. Nuel. Energy 26 (1972) 165.

D IS C U S S I O N

W. P., PO ENITZ: How did you determine the efficiency of your neutron 
detectors?

B. D, KUZM INOV: In the lower-energy region, the detector was 
calibrated against a long counter. Above 1 MeV, the detector was calibrated 
against the n-p scattering cross-section using recoil protons from  a thin 
stilbene crystal.

W. P. POENITZ: How did the lead shielding affect the detection
efficiency1 and time resolution? There must have been considerable scattering
in the 4 -cm-thick lead shielding.

B. D. KUZM INOV: The detector was calibrated with the lead shielding 
in place. The time resolution was 4 ns.

L . STEW ART: W ere you able to measure neutron energies below 1 MeV?
B. D . 1 KUZM INOV: No. We have measurements below 1 MeV, but the 

agreement among results obtained with different detectors is poor. We 
must study this region m ore closely, and I think we shall have to use a 
different type of detector, probably one based on the 6Li(n , a) reaction.
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A .T .G .  FERGUSON: M r. Nefedov has reported previously1 results on 
the fission spectrum of 25̂ Cf which showed that there might be some line- 
structure superimposed on the smoothly varying shape of the spectrum.
Have you any additional information on such structure?

If Nefedov's ideas are correct, the time spread of the emission of the 
neutrons contributing to the line spectra can be quite large, perhaps some 
tens of nanoseconds. With such relatively short flight paths as yours —
1 m and 1.5 m — it is possible that you would not see such structure even if 
it did exist. Nefedov used flight paths in excess of 3 m.

B. D. KUZM INOV: A ll of Nefedov's results indicate the presence of this 
structure. We have not observed it in our own work. This is a question 
which we plan to investigate, and I think it would be useful if other groups 
would study it also.

1 N E F E D O V . V . N . , M E L N IK O V . A . K . ,  S T A R O S T O V , B . I . ,  Prompt Fission Neutron Spectra (Proc. 

Consultant's Meeting, Vienna. 1971), IA E A , Vienna (1972) 89 .
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Abstract

EXPER IM EN TAL  S T U D Y  O F  T H E  P R O M P T  FISSION N E U T R O N  SP E C TR U M  IN D U C E D  B Y  0. 5- MeV IN C ID E N T  

N E U T R O N S  O N  ” 5U.

The spectrum of fission neutrons in the energy range 0 .6  M e V  to 15 M e V  from: fission of 235U  induced by 

0 . 63- M eV neutrons has been measured by time-of-flight techniques with a large liquid scintillator. The 

relative flux o f incident neutrons produced by the 7Li(p, n)7Be reaction was monitored with a direction-sensitive 

long counter. The energy scale of the time-of-flight spectrometer was calibrated over the range 0 .5  M e V  to 

21 M e V  by observing neutron groups from com m on  source reactions and by neutron scattering from carbon.

The relative efficiency of the liquid scintillator was determined in the range 0 .9  M e V  to 15 M e V  by 

measuring n-p scattering, and below 0 .9  M e V  with the T (p ,n )sHe reaction. Pulse-shape discrimination was 

used to eliminate gam m a background. Corrections were applied for flux attenuation and for neutrons scattered 

from the uranium sample. The  Watt form of the fission spectrum fits the experimental data reasonably well 

over the entire energy range covered, whereas the Maxwellian form does not.

The shapes of prompt fission neutron spectra of the main fissile  and 
fertile isotopes have recently attracted great interest, although it had been 
assumed previously that these spectra had been measured with satisfactory 
precision. Despite the many m icroscopic measurements made of prompt 
fission neutron spectra, the results of different experimenters disagree by 
amounts exceeding the given e rro r  uncertainty, which indicates the existence 
of large systematic e rro rs . Furtherm ore, the macroscopic measurements 
recently performed indicated appreciably harder spectra than those extracted 
from  m icroscopic measurements. The general shapes of the spectra are  
known, but accurate relative intensities are  not well known abo.ve about 
7 MeV and below 2 MeV where the m icroscopic and macroscopic m easure
ments differ most. One possible reason for the discrepancies between 
fission spectra observed at different laboratories using a scintillation 
detector may be uncertainties in the measurements of the detector efficiency 
curve. The methods of calculating this curve or the use of angular distribu
tions of neutron source reactions, i .e .  T(p,n)?He, D (d ,n )3He, etc ., for 
measuring the response function do not give sufficient precision. A  more 
accurate way which has been used in the present experiment is to measure 
the efficiency curve by observing angular distributions of the well-known  
n-p scattering process at different energies.
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FIG . 1. Time-of-flight spectra from neutron-induced reactions in 235U  at 0. 53  M e V  incident neutron energy 

(circles), and background observed without any scatterers in position (triangles). The running time was 

about 40  hours.
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This investigation is concerned with the fission neutron spectrum from  
235U using tim e-of-flight techniques at an incident neutron energy of
0.53 M eV. The purpose was to measure the fission spectrum over as large  
an energy range as possible, i .e .  from  0.6 MeV to 15 M eV. The accuracy 
should allow relative measurements of fission neutron spectra from  other 
fissile  isotopes. A  comparatively large liquid scintillator was chosen as-a 
detector element in order to get a high efficiency extending over a large  
energy range, good time resolution and the possibility of using pulse-shape 
discrimination to suppress the gamma background. This experimental 
technique has given very positive results in that it has enabled the recording 
of a fission neutron spectrum with very satisfactory statistics from  about
0.5 MeV up to the highest fission neutron energy. The background conditions 
were extremely good, even up in the high-energy range, thus giving an 
extraordinary accuracy for an experiment of this type. The detector 
arrangements were located in a large shielding of lithium-paraffin, iron and 
lead. The distance between the uranium sample and the detector was 
300 cm at a detector angle of 90° relative to the incident neutron beam. 
Neutrons of 0.53 MeV energy were produced by the 7 L i(p ,n )7Be reaction, 
and the relative neutron flux was monitored with a direction-sensitive long 
counter. The tim e-of-flight spectra from  neutron-induced reactions in 235U 
at 0.53 MeV incident neutron energy are shown in F ig . l .

It is very important in measurements of this type, requiring accurate 
determinations of intensities in different energy intervals covering a large  
energy range, that the energy scale as well as the energy dependence of the 
neutron detector be known with high accuracy. The energy calibration of 
the. tim e-to-pulse-height converter of the neutron spectrometer was 
perform ed by observing neutron groups from  the reactions T (p ,n )3He,
9Be(d, n)10B and T(d, nJ^He as well as neutron scattering from  carbon. The 
energy covered was 0.5 MeV to 21 MeV.

The relative efficiency of the neutron detector was determined by 
observing neutron scattering from  hydrogen at different prim ary energies 
and at different angles. Fo r these measurements, new target facilities 
have been used, allowing the production of high neutron flux intensities.
This equipment, in combination with the pulse-shape discrimination, made 
it possible to measure the detector response function with high accuracy 
from  0 .9 .MeV to 15 MeV with the n -p  scattering process. The low-energy  
part of the efficiency curve has been m easured by detecting neutrons from  
the T (p ,n )3He reaction. Thus the energy range from  0.5 MeV to 15 MeV was 
covered. In this experiment, which required a long running time, the 
efficiency curve as well as the time calibration of the spectrometer were 
performed before as well as after the fission experiment.

At fast prim ary neutron energies, the analysis of fission neutron spectra 
recorded by tim e-of-flight techniques becomes somewhat complicated 
because of the interference between the continuous fission spectrum and 
neutrons emitted in competing elastic and inelastic scattering processes.
The high-energy end of the fission spectrum may also be somewhat influenced 
by the low-energy tail of the peak from  sample gammas incident on the 
detector. The distortion of the high-energy region of the neutron spectrum  
by the gamma peak has been eliminated by pulse-shape discrimination.
The contributions to the fission spectrum caused by the high-energy tail of- 
the elastic peak were taken care of by subtracting neutron scattering spectra 
recorded with a 181Ta sample.



330 JOHANSSON et al.

The corrections for flux attenuation in the uranium sample have been 
perform ed on the basis of the M onte-Carlo technique. The relative correction  
factor was found to vary little with the fission neutron energy, i .e .  between
1. 03 and 0. 99. Up to now, the effects of neutron multiple scattering on the 
shape of the fission neutron spectrum have been considered to be sm all and 
have accordingly been neglected. However, a more careful investigation of 
the importance of the multiple scattering effects is highly desirable.

The standard procedure for interpreting the fission neutron spectrum  
from  microscopic measurements has been to fit a sem i-em pirical function 
derived from  nuclear evaporation theory to the experimental data. One 
function chosen is that proposed by Watt:

Nw (E ) ~  exp (-E/A ) sinh (B E )1/2.

NEUTRON ENERGY (MeV)

FIG. 2 . Fission neutron spectrum from 235U  obtained at 0 .5 3  M e V  incident neutron energy. The solid line 

and the broken line are least-squares fits to the experimental points, assuming Maxwellian distribution and 

Watt distribution respectively.
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Here E is  the neutron energy, and A  and B are  constants chosen to fit the 
data points. Another function used is the Maxwellian distribution proposed 
by T erre ll:

N M( E ) ~ E 1/2 exp(-E/T )

Here E is the neutron energy and T is  the so-called  Maxwellian temperature. 
Since there is no theoretical reason for using one o r the other form , the 
Maxwellian distribution has hitherto been most commonly used. However, 
the use of a one-param eter expression leads to a lack of flexibility in 
making a very close fit to experimental data, in particular at high and low 
neutron energies.

In the present case, the experimental fission neutron distribution given 
as the number of neutrons per unit interval was fitted by the method of least

■squares with the Watt distribution and the Maxwellian distribution in the .
form  given above.. The quantity x2, defined as

- ^  rN . (E )  - N  (E ) -i2
y2 = i  \  1 cal 1 e*P
X  N  t  L  w ,  J

was chosen to compare the results o f the fitting with the two functions.
Here N (E )cal is the calculated value, N (E )exp is  the m easured one and Wj is

NEUTRON ENERGY (MeV)

FIG. 3 . Comparison between the experimental and the least-squares-fitted Watt and Maxwellian neutron 

distribution from Z35U  at 0. S3 M e V  incident neutron energy. The  circles and triangles are the quotients 

between the experimental values, N(E)exp , and values calculated from the Watt distribution and the 

Maxwellian distribution respectively.
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the experimental e rro r . The experimental data are shown in F ig . 2 as the 
number of fission neutrons per unit energy interval, N (E )exp, divided by E 1'*2, 
with arb itrary  normalization. It is shown that the Watt distribution (broken 
line) fits the data over the entire energy range. The best-fit parameters 
are A  = (1.01 ±0 .03 ) MeV and B  = (2.34 ±0 .30 ) M eV '1. The x2-value is
4.3 X 1010. The least-squares fit with the Maxwellian distribution (solid  
line) gave' the parameter T = (1.42 ±0 .01 ) MeV and the x2-value
13.3 X 1010. It is evident that the Maxwellian distribution does not fit the 
data points so well as the Watt distribution. This is also shown in F ig . 3, 
where the quotients between the experimental values, N (E )exp, and the 
corresponding values calculated from  the Watt and Maxwell distributions 
have been plotted versus the neutron energy.

D IS C U S S IO N

A .T .G .  FERGUSON: For the fission neutron spectrum of 235U there 
seems to be good consensus about the shape in the energy range 0.5 MeV to 
about 5-6 MeV. The differences among various measurements come at 
lower energies and at higher energies; some are  quite substantial and should 
be resolved.

I think it is becoming apparent that experimenters have devoted much 
attention to the efficiency calibrations of their detectors and to the energy 
calibration of the time scale. The remaining difficulties probably lie in the 
area of background subtraction.

L . STEW ART: In studies of the235U fission neutron spectrum, I wonder 
whether the geometries have always been such that anisotropy of the fission  
neutrons does not influence the measurements as the energy of the fission- 
inducing neutrons is increased.
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Abstract

S T A N D A R D  FISSION N E U T R O N  SPECTR A.

This paper reviews the advantages to be derived from the availability of a standard fission neutron 

spectrum. Th e  most appropriate choice of standard is considered and its status reviewed. It is concluded 

that the fission neutron spectrum from low-energy neutron-induced fission of 235U  and that from 

spontaneous fission of 252C f  would both be valuable as standards. In the case of 252C f it is not yet 

possible to give a satisfactory evaluation. T h e  situation for 235U  is much more satisfactory and this 

body of data is ready for re-evaluation.
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1. INTRODUCTION

The importance of neutron standard cross-sections derives from  the 
fact that absolute measurements from  first principles are  difficult and 
time-consuming. If appropriate standard cross-sections were available, 
only ratio mesurements of the required to the standard cross-section would 
be needed. Such ratio measurements are in almost a ll cases sim pler and 
more precise. This paper is concerned with a standard fission neutron 
spectrumiand deals with the following questions:

(a) F o r what purposes would a standard fission neutron spectrum be used?
(b) What is the most suitable standard or standards?
(c) What is the current status of such standards and how well are they known?

2. USES OF A  STANDARD FISSION NEUTRON SPECTRUM

2.1. Determination of fission neutron spectra

F o r  reactor physics calculations, a substantial body of fission spectrum  
data is required, especially for 235U, 239pu ancj 238u# The data for 240Pu 
and 241Pu are becoming of increasing significance. There is  some evidence 
that the shape of the fission spectrum and its average energy depend also on 
the energy of the prim ary neutron [ 1 ] and that the angular distribution is 
non-isotropic. The measurement of the fission neutron spectrum for five 
elements at several p rim ary energies and several angles is c learly  a 
substantial task.

Measurements of fission neutron spectra have certain components in 
common, whether they use tim e-of-flight techniques or a proton recoil 
spectrometer or other nuclear reactions, for instance:

333
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(a) Determination of an observed spectrum including background
(b) Determination and subtraction of background
(c) Calibration of the time or pulse height versus energy scale
(d) Initial determination of the detector efficiency as a function of energy 

and its repeated verification
(e) Corrections of the reduced results fo r multiple scattering, etc.

Component (d) is by far the most time-consuming and makes a m ajor 
contribution to the uncertainty of the final value. If a ll other experimental 
conditions: can be kept constant and a standard fission source of known, 
spectrum can replace that under study, there is no need for such careful 
and repeated calibration and the experiment is greatly simplified. This is 
a significant gain although the other measurement components remain.

2.2. Detector calibration

The efficiency variation as a function of energy of a neutron spectrometer 
can be determined by observing a known spectrum covering the desired  
energy range. A  standard fission spectrum could be valuable for this. A  
well-known spectrum with a marked energy structure would be ideal, i. e. a 
spectrum :with easily recognizable peaks. The fission spectrum covers the 
required energy range but is itself featureless: A rtific ia l structure can be 
introduced by filtering through iron, carbon or boron, whose well-known 
resonances are clearly  imprinted and give an energy calibration with 
numerous: well-known points up to 6.5 MeV.

2.3. Sem i-integral experiments

There are a number of classic sem i-integral experiments such as the 
measurement of the fission cross-section of 238U [2 -4 ] in the fission  
neutron spectrum of 235U. If the latter were a very  precisely known 
spectrum, a valuable cross-check on an extremely important set of data 
would be obtained. Sim ilar checks on other fission and threshold reaction 
cross-sections would be of great value.

2. 4. Importance for determination of v

The quantity v is one of the few nuclear quantities known to a 
comparatively high precision. Axton [ 5] and Boldeman [ 6 ] point out that 
the uncertainties in the fission neutron spectra, particularly those of 235 U 
and 252Cf, represent a significant component of the e rro r  in v. The spectrum  
is of particular importance in reconciling results obtained with very large  
and comparatively sm all detectors.

From 1 the above, it is concluded that a standard fission cross-section  
should have its place in the list of standard neutron data.

3. CHOICE OF A  STANDARD

There are two main candidates for the role of fission neutron spectrum  
standard, i. e. that from  the spontaneous fission of 252Cf and that following 
fission' of! 235xj induced by neutrons of low energy.



. IAEA-PL-246-2/37

3.1. Standard for fission spectrum measurement
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F o r this role, a standard is needed whose spectrum measurement is
easier than that of any of the other materials with which it w ill be compared.
This condition is large ly  satisfied by 235 u, which has the following
advantages:

(a) F o r tim e-of-flight measurements it can be used either as a solid sample 
or in a counter, e. g. a gas scintillator.

(b) Because of its comparatively low specific activity, amounts in excess of 
1 g can be accommodated in a fission chamber.

(c) As its biological hazard is'com paratively low, it can be used in the form  
of an uncanned solid sample, thus simplifying multiple scattering 
corrections.

(d) It is widely available in quantities adequate for such experiments in high 
isotopic purity. At incident neutron energies at which it is proposed as a 
standard, i. e. less than a few hundred keV, the principal impurity,
238U, is largely  inert.

(e) Because thermally fissile , it can be stimulated either by neutrons from  a 
reactor or by low -energy neutrons from  an accelerator.

The 235U fission neutron spectrum can equally well be observed
with a proton recoil or nuclear reaction spectrometer [7 ] ,

A  strong case can also be made for 252Cf on the following grounds:

(a) Although for tim e-of-flight experiments it must always be used in some 
form  of a detector, it is expected that the majority of comparable 
measurements w ill in future be made under sim ilar conditions.

(b) The ratio of spontaneous fission to a-partic le  emission is such that 
sources giving adequate neutron intensity can be incorporated in 
counters.

(c) It is widely available either as a thin exposed deposit or, usually in 
la rge r quantities, as an encapsulated source.

3. 2. Standard spectrum for other purposes

F o r detector calibration and sem i-integral experiments, 252cf has 
the following advantages:

(a) It requires neither reactor nor accelerator.
(b) It can be used in idealized environments where there are no problems 

.such as, fo r example, in-scattering.
(c) It presents a 'point source' in either a fission chamber or in a tiny 

capsule.
(d) Sources of sufficient strength are  now available to make such 

measurements quickly and with good statistical accuracy.

From  the above, it can be concluded that no preference can be given 
either to or to 252Cf in a ll fields in which their use as standards is 
envisaged. Both are  usable in an adequate fashion in a ll fields. It is clear 
that the balance of argument which, at the Consultants' Meeting on Prompt 
Fission Neutron Spectra, led to their being adopted as joint standards has 
been maintained.
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4. STATE OF KNOW LEDGE OF THE STANDARD SPECTRA

This was extensively reviewed at the Consultants' Meeting on Prompt 
Fission Neutron Spectra in 1971.1 In the following, the evidence on the two 
standard spectra as then presented is summarized and brought up to date.

4.1. Current status of 252Cf

The known measurements of this spectrum were summarized by 
Smith [1 ] and byK oster [ 8 ] in 1971. The average neutron energy varies  
between 2.085 MeV and 2.35 M eV with quoted e rro rs  which in general are  
sm all compared with the difference between these two figures. In his review. 
Smith [ 1] pointed out that many of the early  measurements were made with 
weak sources but that later ones, with adequate source strength, still gave 
discrepant results. Jeki et al. [ 9] have suggested that backgrounds due to 
delayed 7 ,-rays have perturbed the average energies, reducing them by as 
much as 0.1 -  0.2 MeV, and they favour the higher values. On the other 
hand, Rose [ 10] used long flight paths and pulse-shape discrimination, in 
this way avoiding such corrections, and he found a prelim inary value of 
only 2.13 ± 0.064 MeV.

There are also discrepancies in the shape of the 252Cf fission spectrum.
A  number of authors report an excess of neutrons above a Maxwellian at 
energies below 1 MeV, while others fail to observe this feature. Nefedov [11] 
reports some line structure in his observed 252£f spectrum which he 
attributes to delayed neutron groups with half-lives in the nanosecond region. 
Their intensity is weak, however, and would have no significant effect on the 
average energy deduced. I would support the comment of Koster [ 8 ] that, 
until further good measurements are available, it is a waste of time to try  
to arrive at an evaluated representation of the 252 C f fission spectrum.

4.2. Current status o f235U

There is a vast body of data on the fission neutron spectrum of 235U; 
more than sixty measurements have been reported. This was reviewed by 
both Smith [ l l  and Koster [ 8 ] in 1971. Smith deduced an average value of 
E =1. 98 MeV with an rm s deviation of 0. 09 MeV. The latter is rather longer 
than the typical values of undivided authors, i.e . less than 0.050 MeV. During 
the- last few years, the values have systematically increased by 50 -  100 keV. 
Thus Johansson et al. [ 12] report a value of ST = 2.07 MeV, Rose [ 10] 
finds E = 2.11± 0. 05 M eV , and Knitter et al. [ 13] find E = 2.02 ±0 . 08 MeV . 
Although the results are consistent as to average energy, there is some 
divergence regarding the detailed shape of the spectra. Over a restricted • 
energy range, say up to 6 - 7 MeV, a Maxwellian gives a good representation, 
but in general, when the upper limit is raised to 14 MeV, deviations are 
observed1 and the greater freedom of the Watt expression is found valuable. 
There are some discrepancies at these higher energies between recent 
measurements [ 10, 12]. Active programmes are in progress in a number 
of laboratories to attempt to eliminate these discrepancies which are 
significant mainly where the neutron intensity is very low.

i
IN T E R N A T IO N A L  A T O M I C  ENERGY A G E N C Y , Prompt Fission Neutron Spectra (Proc. Consultants' 

Meeting Vienna, 1971), IA E A . Vienna (1972).
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It is concluded that the fission neutron spectrum from low -energy
neutron-induced fission of 235jj an(j that from  spontaneous fission of 252Cf
would both be valuable as standards. Neither of them is yet known to 
adequate accuracy but, whereas a satisfactory state for ^ U  is in sight, 
considerable further work is required in the case of 252Cf.
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5. CONCLUSION

D I S C U S S I O N

C .D . BOW M AN: To what accuracy do you think the 252C f fission neutron 
spectrum must be known in order to be useful as a standard?

A .T .G .  FERGUSON: If it were as well known as the 235u fission neutron 
spectrum, it would begin to be useful as a standard. If such accuracy were 
achieved, it might be useful to agree somewhat arb itrarily  on a ’standard' 
shape which could be used in the interpretation of integral experiments in 
particular and also to tie together many diverse experiments. I think it 
w ill be at least a year before it becomes worth while to postulate standard 
values for the 252C f spectrum. The 252 C f spectrum has such great 
potential utility that its precise determination is worth significant effort.

C .D . BOW M AN: By tying together diverse experiments, do you mean 
ratios of cross-sections?

A .T .G .  FERGUSON: Yes. I mean integral ratios of fission and other 
reaction cross-sections in the californium spectrum.

I think the californium spectrum would be useful as a general calibration  
source because it is an extremely tedious job to make a point-by-point 
calibration of detectors of the type used in tim e-of-flight measurements.

B .D . K UZM INOV: I support M r.. Ferguson 's opinion regarding the 
usefulness of the 252C f spectrum as a standard. I think it is worth while to 
invest the effort necessary to resolve discrepancies apparent in the 
currently available data because californium would then become a convenient 
instrument for a whole series of measurements.
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If the 235 U spectrum is the only standard, one must always have an 
accelerator or reactor in order to make use of it. When 235u  is used with 
an accelerator, the fission neutron spectrum obtained cannot extend to 
energies lower than the energy of the neutrons used to induce fission. To  
use 235U in a thermal reactor with the tim e-of-flight method it is necessary  
to have some kind of fission chamber or a very powerful reactor in order to 
obtain sufficient intensity. When a large quantity of 235U is used, there is 
an uncertaintyassociated with the angular distribution of neutrons with 
respect to the fission fragments. Because of these difficulties with 
it seems to me that 252C f would be a very convenient standard.

E . J. AXTON: I also would like to support the use of 252C f as a standard. 
It would be extremely easy to make fission-spectrum -averaged  
cross-section -ratio  measurements using a 252 C f neutron source. The 
neutron source could be installed in a large room, surrounded by a ring of 
fission counters, and allowed to operate for weeks. This type of experiment 
could even be done in a laboratory which has no accelerator or reactor.
V ery  thin sources, which would imply very slow count rates, could be used 
because the time-duration of the experiment would be unimportant. Such 
experiments could be usefully carried out even now, while the 252 C f 
spectrum is not very well known, because later when the 252 C f spectrum  
becomes better known, the measurements could be correctly related to 
cross-section -ratio  measurements i.n other spectra.

C .D . BOW M AN: M r. Grundl at the National Bureau of Standards (NBS) 
has carried out measurements using a 262C f fission neutron source located 
at the centre of a room, which is approximately a cube with about 30-ft 
sides. He has obtained absolute cross-sections, averaged over the 
252Cf fission neutron spectrum, for 238U, 235U and their ratio. He 
considers: this technique to be an important tool in the integral measurement 
program m e at NBS.

R. W .; P E E L L E : In the tim e-of-flight measurements of the 252 C f neutron 
spectrum 'it is possible that the observed structure might be due to an 
instrumental effect such as 'ringing' if the observed peaks occur at equal 
time intervals. I have experienced such problems in tim e-of-flight 
measurements even using the best commercially available equipment.

A .T .G .  FERGUSON: Our 235u spectra taken at long flight paths show 
no comparable structure; they are absolutely smooth. I agree with
M r. Peelle , however, that there is not yet sufficient evidence to show that 
structure in the 252Cf spectrum is real.

B .D . . KUZM INOV: The structure observed by Nefedov changed position 
in the time scale when the flight path was changed, so the effect is 
apparently not instrumental.



V. CRITERIA FOR STANDARDS 
FOR NEUTRON DATA MEASUREMENTS: 

GENERAL COMMENTS

The last paper of the previous section 
by A.T.G. Ferguson contains remarks 

relevant to this section.
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CONNECTIONS BETWEEN 
AND COMMON PROBLEMS FOR 
LOW-ENERGY (eV REGION) AND 
HIGH-ENERGY (keV TO MeV REGION) 
PRECISION MEASUREMENTS
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Abstract

C O N N E C T IO N S  BETW EEN A N D  C O M M O N  PROBLEMS FOR  LOW - ENERGY (e V  REGION) A N D  HIGH- ENERGY 

(k e V  T O  M e V  REGION) PRECISION M E A SU R E M E N T S .

Experience from low-energy precision measurements should be helpful when moving to higher energy:

(1) The definition of the samples (number of atoms, isotopic composition, chemical purity, weight, choice 

of preparation technique, etc.) should be carefully considered. (2) Measurements should be performed on 

several samples to permit cross-checks, possibly with other laboratories. (3) Where possible, overlapping 

energy regions between different machines and (or) detection techniques should be available to take 

advantage of the 2200- m /s reference values. (4) Analogous detection problems exist in low-energy and 

higher-energy experiments, e .g .  2ir-geometry fission fragment counting. Problems connected with these 

measurements can sometimes better be studied at low neutron energy because of the available high-intensity 

neutron beams.

INTRODUCTION

The paper presented at the Helsinki conference on the situation in 1970 
concerning standard quantities [1 ] ,  and especially the EANDC standards 
symposium held at Argonne National Laboratory [2 ] ,  are taken as starting 
points for the following comments.

In the low -energy region, we reach now a 0.5% accuracy for fission  
cross-section measurements and even somewhat better for a few standard 
total (and absorption) cross-sections. To achieve this, it was imperative 
to develop new measurement techniques, but also the target preparation  
and definition had to be considerably improved. A s  was proved during this 
Panel, we are now moving in the direction of higher neutron energies for 
these standard cross-sections. At this moment we should not make the same 
mistakes that were made in the earlie r low -energy precision measurements, 
nor forget to use the precise low -energy cross-section  values where possible.

From  experience at the Central Bureau for Nuclear Measurements 
(CBNM ), I would like to make a few comments on connections between low - 
energy (eV region) and hijgher-energy (keV to M eV region) precision  
measurements.

341
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T A B LE  I. ISOTOPIC COMPOSITION OF EVAPO R ATED  E LE M E N T A L  
BORON LAYER S '

Target number
Witness layer 

number

at ."b 10B (witness) 

a.t.% 10B (standard)

11B atomic 

concentration 

(at.<5l>)

B 92 32 1 .009 5  i  0 .001 0 2 0 .0 1 2  ± 0 .0 3 0

33 1 .0 0 9 6  ± 0 .001 0 2 0 .0 1 4 1  0 .0 3 0

34 1 .0 0 9 2  1 0 .001 0 2 0 .0 0 6  i  0 .0 3 0

35 1 .0 0 8 8  1 0 .001 0 1 9 .9 9 8  ± 0 .0 3 0

36 1 .0 0 8 5  i  0 .001 0 1 9 .9 9 3  ± 0 .0 3 0

Average value 2 0 .0 0 5  i 0 .0 3 0

B 86 37 • 1 .0 1 0 4  t 0 .001 0 2 0 .0 3 0  ± 0 .030

\
38 1 .0 1 1 4  i  0 .0 0 1 0 2 0 .0 5 0  ± 0 .0 3 0

39 1 .0 1 0 5  ± 0 .0 0 1 0 2 0 .0 3 2  ± 0 .0 3 0

40 1 .0 1 0 9  * 0 .001 0 2 0 .0 4 0  ± 0 .0 3 0

41 ' 1 .010 9  ± 0 .001 0 2 0 .0 4 0  i  0 .0 3 0

Average value 2 0 .0 3 8  ± 0 .0 3 0

B 75 47 . 1 .0 1 9 3  ± 0 .001 0 2 0 .2 0 6  ± 0 .0 3 0

48 1 .0 1 9 8  ± 0 .001 0 2 0 .2 1 7  i  0 .0 3 0

49 1 .0 1 9 3  i  0 .001 0 2 0 .2 0 6  ± 0 .0 3 0

50 1 .0 1 9 3  ± 0 .001 0 2 0 .2 0 6  ± 0 .0 3 0

51 1 .0 2 0 0  1 0 .001 0 2 0 .2 2 0  ± 0 .0 3 0

Average value 2 0 . 2 1 1 i  0 .0 3 0

B 98 42 1 .0 1 8 3  ± 0 .001 0 2 0 .1 8 7  ± 0 .0 3 0

(not accepted)
43 1 .0 1 8 9  ± 0 .001 0 2 0 .1 9 9  ± 0 .0 3 0

44 1 .0 2 0 8  ± 0 .001 0 2 0 .2 3 6  1 0 .0 3 0

45 1 .0 2 0 1  ± 0 .0 0 1 0 2 0 .2 2 2  ± 0 .0 3 0

46 1 .0 2 0 4  ± 0 .001 0 2 0 .2 2 8  ± 0 .0 3 0

Average value 2 0 .2 1 4  ± 0 .0 3 0

DEFINITION OF SAM PLES

Only measurements on well-defined samples are valuable. This means 
that the number of atoms (e .g . in a layer) has to be determined by several 
really  independent methods. Often the physicist re lies  on the number of 
atoms given by the target constructor without much verification.

Out of CBNM  experience, I would like to give an example of the possible 
erro rs  in cross-section values from ill-defined samples. Fo r several 
measurements we used evaporated layers of elemental boron. Natural
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boron metal was used as we did not have a sufficient quantity of highly 
purified 10B metal necessary for the evaporation in the rather reduced 
geometry needed to obtain the required layer homogeneity. A s a control,
.the isotopic composition of the starting m aterial and the isotopic composition 
of each evaporated elemental boron layer was checked by our m ass- 
spectrometric laboratory [3 ] ,  and we noticed an increase in the 10B to 1:lB 
ratio. The atomic 10B concentration of the starting m aterial, the CBNM  
isotopic boron standard, was (19.824 ± 0.020) at.%. It was established 
that for each evaporated target this atomic 10 B concentration was slightly 
but significantly different. So for each layer to be used, five sm all witness 
layers were evaporated during the evaporation of the target, and afterwards 
they were carefully analysed by the m ass-spectrom etric laboratory.

Some typical results in Table I are very instructive. It can be seen 
that the 10B atomic concentration for a ll evaporated layers is  higher than 
20% or at least 1% higher (with a range from 1% to 2. 5%) than the concen
tration of the starting m aterial. A  second point is  that for each layer the 
isotopic concentration has to be measured because the enrichment varies  
from  evaporation to evaporation although the evaporation conditions are 
kept sim ilar. The variations from  target to target reach regularly  1% 
(compare, e . g . , B 92 and B 75) and occasionally even more than 2%. The 
normal spread in the measured atomic 10B concentrations among the five 
sm all witness layers evaporated on gold backings and situated around the 
target is 0.1% (see a ll witness layers of targets B 92, B 8 6  and B 75 in 
Table I). A  target like B 98, which is shown in Table I only for comparison, 
is  not accepted as a 'good fo il1 because the deviation among the witness foils 
reaches 0.2% and there might be a variation of the 10B atomic concentration 
across the foil. The e rro rs  indicated here consist of the statistical scattering 
of the measurements as well as of an estimate of the maximum possible 
systematic e rro rs . The measurements were repeated until the systematic 
erro rs  were predominant, so the e rro r on the average is equal to the e rro r  
on the measurements of a single witness layer. The possible e rro r on a 
measured cross-section, only from the isotopic composition of the layer, 
could be as high as 2 % if such a systematic and thorough m ass-spectrom etric  
study of the layers had not been perform ed.

Now we only have the relative amount of 10B in the evaporated deposits. 
The total weight's of the layers were determined by weighing the total deposit 
in ultra-high vacuum. Here we need the chemical analysis of the layers.
The contaminants were essentially metallic impurities, and the carbon  
content of the layers was always checked. These measurements showed 
again the importance of taking witness layers for each of the boron foils.
Not only was there a correction to be made but also the correction varied  
substantially from  layer to layer.

In Table II, the characteristics of a few selected boron targets are  
listed. Variations from 994 ppm (±20%) for B 69 up to 3 883 ppm (±20%) 
for B  64 are apparent for the metallic impurities. This means that a 
correction on the total m ass of 0.38% has to be applied for B  64 and a 
correction of 0.10% for B  69. The correction is  meaningful and shows 
again the importance of witness layers. A lso for the carbon content, 
fluctuations of over a factor of two are noticed, i .e .  for B  73 1080 ppm 
(±20%) and for B  69 2500 ppm (± 20%), resulting in m ass corrections of
0.25% and 0.11% respectively. The total correction for impurities can 
reach more than 0.5% and has to be checked for each layer independently.
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TA B L E  II. C H AR AC TE R IST IC S  OF E L E M E N T A L  BORON LA Y E R S

Quantity

Target

^ '\ n u m b e r

Unit
B 73 B 74 B 64 B 69

Total mass 

deposited and 

determined under 

vacuum: ..M

Mg 4 1 2 .6 5 2 5 .0 7 8 7 .2 4 9 3 .8

Estimated error 

on M

Mg 2 2 2 2

Metallic

impurities

ppm 2215 2171 3883 994

Error on

metallic impurities

ft 15 15 20 20

Carbon content ppm 1080 1450 1100 2500

Error on 

carbon content

ft 20 20 20 20

Total mass of 

boron deposited: M g

Mg 4 1 1 .2 5 2 3 .1 78 3 .3 4 9 2 .1

Error on M g ft 0 .4 5 0 .4 5 0 .3 5 0 .4 8

Calculated 

deposit area 0

cm 2 11 .35 7 1 1 .36 0 1 1 .4 5 4 1 1 .4 5 3

Error on area ft 0 .0 5 0 .0 5 0 .0 5 0 .0 5

Surface density 

of boron, m B = M g /o

Mg/cm 2 3 6 .2 1 4 6 .0 5 6 8 .39 4 2 .9 7

Error on surface ft 0 .5 0 0 .5 0 0 .4 0 0 .5 3

density (Jg/cm2 0 .1 8 0 .2 3 0 .2 7 0 .2 3

Isotopic content of at. ft 2 0 .45 0 20 .3 3 0 20 .1 2 7 2 0 .2 2 8

I0B wtft 1 8 .95 0 18 .83 7 18 .64 7 18 .74 0

Error on isotopic 

content

ft 0 .3 2 0 .3 2 0 .2 3 0 .2 3

Mass of 10B Mg 7 7 .9 2 2 9 8 .5 3 6 1 4 6 .0 6 9 2 ,2 2 0

Error on I0B mass ft 0 .5 5 0 .5 5 0 .4 1 0 .5 3

Surface density of 

10B

Mg/cm 2 6 .8 6 1 8 .6 7 4 12 .75 2 8 .052

Error on surface ft 0 .5 5 0 .5 5 0 .4 2 0 .5 3

density of 10B M g/cm 2 0 .0 3 8 0 .0 4 8 0 .0 5 4 0 .0 4 3
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Another problem  which turned up was the effect of the temperature 
of the diaphragm used in the evaporation. For instance, the evaporation 
of the targets B  73 and B 74 on the one hand and that of B 64 and B 69 on 
the other hand was perform ed at different diaphragm temperatures, which 
resulted in about 1% difference of the calculated deposit areas and could 
give a 1% difference of the calculated layer thickness. O f course, during 
the evaporation the diaphragm temperature is  constantly controlled. Now  
we can deduce the total 10B weight and also the surface density of the layers. 
The e rro rs  are in the vicinity of 0.5%. But without a ll these controls and 
systematic e rro r  analysis, the e rro rs  could easily reach several per cent 
on the number of atoms of 10B.

We had sim ilar problem s with solutions of 6 L i2 S04 in DzO which 
yielded a a°  cross-section  for 6L i that differed from  the 'now accepted' 
value by a few per cent. We are checking at present the origin of the 
discrepancy and also if  the same discrepant results would be obtained with 
transmission measurements on 6L iF .

NECESSITY OF USING SEVERAL TARGETS

Even now, single targets are often used for the measurements. Under 
no circumstances should this be permitted. A  set of targets should be 
prepared and they should be compared with each other by non-destructive 
means, e .g . verification of their relative number of atoms, based on alpha 
counting (fission fo ils), neutron-induced alpha counting ( 10B, 6 L i) or neutron- 
induced fission counting (235U, e tc .), preferably at low energy where high- 
intensity neutron beams are available, the cross-sections well known and 
the detection geometry can be adapted to the count rate.

A s  an example, it is  assumed that a laboratory wants to measure <yf 
of 235U in the keV-region. CBNM  would advise it to order five foils, 
preferably from  an institute with good knowledge in target preparation.
The experimentalist in charge should consult the laboratory which prepared  
the samples about the choice of the isotopic composition in view of the 
present state of knowledge of alpha half-lives and their relation to the 
determination of the isotopic composition of the samples. In some cases, 
a sm all amount of highly alpha-active m aterial (such as 234U ) is  not cumber
some for the fission measurements as long as one stays below the fission  
threshold of 234U, but it helps considerably in precise low-geom etry alpha 
counting to determine the amount of m aterial by this method as it increases  
substantially the specific activity of the m aterial. For instance, in order 
to have as high an enrichment as possible, a 235U sample with 99.9% 235U  
is  ordered. However, the sample received contains 0.1% 234U. With such 
a target the definition from  alpha-activity measurements w ill be rather 
inaccurate as it w ill not be possible to determine the amount of 234U with 
sufficient accuracy although it still contributes to a great extent to the 
alpha activity. However, when one can tolerate 1% of 234U in the fission  
measurement, the accuracy achieved with alpha low-geom etry counting 
w ill be even better than that achieved with most destructive methods applied 
on one sample only.

The choice of the m aterial having been made and the target having been 
prepared by the best available method, the five foils can be intercompared 
by low -geom etry alpha counting and fission counting in the institute preparing
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the foils. This institute keeps two foils which are checked at regular inter
vals. On receipt of the three other foils, the experimentalist can compare 
them with his own alpha equipment (preferably in low geometry, perhaps 
using 27r-detection, although in this case the corrections may depend strongly 
on the layer thicknesses), and perhaps by fission counting when available.
If there is  disagreement between the measurements, he> can immediately 
contact the laboratory that delivered the foils. If there is  agreement, he 
can make; a proper choice of one layer (or use a ll three layers), depending 
on the time available and the count rate used in his experiment. Once the 
measurements are perform ed, the foils are again checked for their relative 
activities. When only one foil has been used, it should nevertheless be 
compared with the two others. Then the foils are returned to the preparation  
laboratory where they are now re-m easured, together with the two witness 
foils previously kept there. The intercomparison is  very useful for 
establishing the e rro r  lim its on eventual loss of m aterial during shipment 
or while using the layer(s ) in the experiment.

O VER LAPPIN G  REGIONS

It would be extremely helpful to have data for overlapping neutron energy 
regions of reactor neutron measurements (chopper, crystal spectrometer) 
and linac-experiments which on the high-energy side would overlap with 
Van de G raaff neutron experiments. In this way, measurements of the 
low -energy end-(i.e. the 2 2 0 0 -m /s values) and other 'spot'-point accurate 
measurements would be better implemented.

At CBNM , we run at present a 235U(n, f) experiment relative to 10B(n, a )  
where the tim e-of-flight decoder is programmed in such a way that a region  
of the channels covers an energy range from 7 to 15 eV, which is linked to 
our chopper experiments [4 ], and is further programmed to start the tim e- 
of-flight analysis from  100 keV down to a few hundred eV. Of course, this 
condition of detecting a part of the low -energy neutrons lim its the repetition 
rate of the linac (or the distance between target and detector) and in this 
way the intensity, but the cross-sections obtained can be connected finally 
to the 2 2 0 0 -m /s values.

27r-GEOMETRY FISSION EXPERIM ENTS

In the higher-energy region, fission measurements are usually p e r
formed with a 27r-geometry ionization chamber o r with proportional or 
gaseous scintillation chambers, depending on the specific alpha activity 
of the fissile  m aterial used. For reasons of intensity, low-geom etry  
measurements are very difficult or even excluded. In such a 27r-geometry, 
the correction for self-absorption depends strongly on the homogeneity of 
the foil (preparation method). Generally, a very approximate method is used 
to determine the number of fission events where the fragments are completely 
stopped in the foil. The fraction of such events where the fragments are  
completely stopped is calculated as follows:

t2 + o2 / 2t R (1)



IAEA-PL-246-2/38 347

t being the average thickness of the layer and <r the thickness spread over 
the area, which depends very strongly on the preparation technique; R is  
the range of the fission fragments in the source m aterial. From  CBNM  
experience, evaporated sources have the best homogeneity. When not 
sufficient m aterial is  available, the electrospraying technique applied with 
precautions also yields good results. However, often the correction remains 
of the order of several per cent. A lso  the extrapolation to zero bias below  
the discriminator setting is liable to rather subjective criteria  and the 
e rro r assigned 'can be open to doubt. The differential relation giving the 
fraction of pulses lost, A P , for a bias change A B  (or A E B in the energy 
scale) is  given as follows:

A P  = 2(R0 - R„)2 8 E f AE b (2)

where R B is the range corresponding to the bias B , and R 0 is  the full range. 
To evaluate Eq. (2), the density of the energy loss along the path has to be 
known. This long-standing problem  has not been solved satisfactorily, 
especially at the end of the fission fragment range where atomic collisions 
become important and make extrapolations of this type questionable.

Backscattering of a fission fragment into the counter increases the 
pulse height of the other fragment pulse but does not result in an. extra 
recorded pulse. Thus, contrary to the 27r-measurements of alpha particles, 
there is  no backscattering correction for fission fragments from  foils  
of zero thickness. For thicker foils, the backscattering of the partner 
fragment of a totally absorbed fragment may cause a pulse for a fission  
event that was supposed to be stopped in the layer, and in this way back- 
scattering slightly reduces the correction for total absorption in the foil 
but increases the uncertainty of the correction.

From  this short discussion it follows that the incomplete information 
available on fission fragment scattering is insufficient, and for this reason  
the CBNM  is starting an experiment on the scattering of a collimated beam  
of fission fragments on m aterials of different (A, Z )-va lu es . Again, this 
problem  can be better studied at low energy because of the available high- 
intensity neutron beam s. In this way, valuable information w ill be obtained 
for experiments with lower intensity at higher neutron energy.

CONCLUSIONS

Both low -energy and high-energy measurements have certain problems 
in common such as sample definition and detector efficiency, and it is  
sometimes easier to resolve them in the low -energy region because high- 
intensity neutron beams are available there. Overlapping measurements 
with different types of machines are needed to take advantage of data 
available at 2 2 0 0  m/s neutron velocity and of data available at isolated 
energies such as 14 M eV. ■
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SUMMARIES, CONCLUSIONS AND 
RECOMMENDATIONS

1. METHODS AND TECHNIQUES OF NEUTRON FLU X  M EASUREM ENTS

Neutron flux measurements are divided into two groups: those methods 
that may be called absolute because they do not depend on the knowledge of 
any cross-section and those that are relative in that the flux determination 
depends upon a known cross-section.

1.1. Absolute methods

The absolute methods can be subdivided into three groups: associated- 
particle,. associated-activity, and total-absorption methods.

1.1.1. Associated-particle method -

This method makes use of neutron-producing reactions in which the 
neutron is produced in conjunction with an associated charged particle of 
unique type and energy. In the frequently used reactions D (d ,n )3He, T (p ,n )3He 
and T(d, n)4He, the neutron production is associated with the production of a 
uniquely characterized 3He, 3He or 4He charged particle, respectively. With 
these reactions, the associated-particle method can be used in either a 
'tagged' mode,, where the neutron and charged particle are detected in coin
cidence, or in an 'untagged' mode, where the neutron and charged-particle  
fluxes are measured independently.

The T (p ,n )3He reaction has been extensively used recently at Cadarache 
and at the Central Bureau for Nuclear Measurements (CBNM ), Geel, for 
absolute calibration of detectors for use in neutron cross-section m easure
ments. The method is successful from  100 or 200 keV up to about 6 MeV. 
Much effort has been expended on the development of the method, and about 
2% accuracy can be achieved in flux determinations. No single e rro r  
dominates, and improvements must be along several lines. Among the 
limitations are charge exchange and scattering in the target at low incident 
particle energies, solid-angle determinations and backgrounds. Conceivably, 
1.3% accuracy could be reached.

The D(d, n)3He reaction can be used with the same apparatus and sim ilar 
accuracy as the T (p ,n )3He reaction. Below about 100 keV deuteron energy, 
a sim pler apparatus can be used successfully.

The T(d, n)4He reaction has been used with the associated-particle method 
for accurate flux determination at 14 M eV neutron energy, but no m easure
ments were reported at this meeting. One or two per cent accuracy is 
possible.

1.1.2. Associated-activity method

In this method the residual radioactivity left in the neutron-producing 
target by the source reaction is used to determine the total neutron production 
in the target. It is capable of good accuracy, 1% or 2%, in determining 
neutron production but it is limited to a sm all number of suitable reactions.

351
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Generally, it is used for spot checks at a few energies and in cases in which 
a considerable neutron energy spread is acceptable. Examples are the 
reactions 7Li(p , n)7Be at threshold which produces 30-keVneutrons, 51V (p ,n )51Cr  
which produces neutrons up to 600-700 keV, 65Cu(p, n)65Zn and 57Fe(p, n)57Co. 
This method has been used recently in neutron standard determination by 
severa l groups for detector calibrations and cross-section measurements.

1.1.3. Total- abs orption method

The total-absorp.tion method depends upon absorption of essentially a ll 
neutrons incident upon a detector, and upon detection of those neutrons with 
an efficiency which is independent of neutron energy. While some detectors 
of this type, such as long counters, are often used only as relative flux 
monitors and are calibrated by other means, many total-absorption detectors 
are absolute flux monitors. Those in use at present include the manganese 
and vanadium baths and various detectors described as 'black' or 'g ray ' 
detectors.

An ancient example of the use of the total-absorption method as an 
absolute flux monitor is the manganese bath method in which incident neutrons 
are thermalized by scattering in the bath, captured by 55Mn, and detected 
by the induced 56Mn activity. In an alternative application, neutron sources 
which have been calibrated absolutely by the manganese bath technique are 
used to establish detector calibrations.

A  recent version of the total-absorption method is the black detector of 
Poenitz in which a collimated neutron beam falls into a well in a large liquid 
or plastic scintillator where the neutron loses essentially all of its energy by 
scattering before it can escape. The proton and carbon recoil atoms produce 
a prompt scintillation for nearly 1 0 0 % of the incident neutrons.

The best accuracy with a total-absorption technique has probably been 
achieved with the manganese bath method. However, it should be noted that 
while the,experts claim 0.3% accuracy, cross-section measurements usually 
give other e rrors that are much larger. The various total-absorption  
detectors which respond promptly, such as the so-called black and gray  
detectors, often have 2 % accuracy.

1.2. Relative methods

Many neutron flux determinations rely  on well known cross-sections. 
Commonly used for reference are the light-element reactions ^ (n ,  p), 
6L i(n ,a )T , 10B (n ,a )7L i and 3He(n,p)T.

1 .2 .1 . ^ (n .p )

Observation of reco il protons following neutron scattering from  hydrogen 
is commonly used for measurement of fast neutron flux. At the low-energy  
end, counters filled with hydrogenous gas are used, and protons recoiling at 
a ll angles are detected. The lower-energy limit of a few keV is determined 
by the sm all amount of energy available for observation of the recoiling proton. 
Above 50 keV, 2% or 3% accuracy can be achieved if considerable care is 
used. A  sim ilar proton-recoil arrangement is often used with solid or liquid 
scintillation counters, but the non-linearity of pulse height with particle 
energy complicates their application. An accuracy of 4% to 10% is commonly 
obtained.
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For neutron energies above 1-2 M eV  the counter telescope is frequently 
used. In this system a sm all fraction of the recoil protons from  a solid 
proton radiator of hydrogenous m aterial is selected by means of an aperture 
located at some distance from  the radiator and usually positioned to select 
protons near zero degrees to the neutron beam. A  suitable detector behind 
the aperture counts with 1 0 0 % efficiency those protons which pass the aper
ture. The fraction of protons counted is determined by the easily measured  
geometry factor of the aperture relative to the radiator. The accuracy of 
flux measurements with proton telescopes is about 2%. At low energies, 
background problems and determination of hydrogen m asses limit the accu
racy, and at high energy the e rro r in the cross-section for production of 
forward-scattered protons dominates. At 14 M eV this latter e rro r is about 2%.

1.2.2. 6L i(n ,a )T

For neutrons of energy below 100 keV the 6L i(n ,a )T  reaction is one of 
the most commonly used. Although solid lithium compounds can be intro
duced into counters for measurement of fluxes with this reaction, this method 
is not in common use because of the convenience of lithium glass scintillators, 
which are nearly 1 0 0 % efficient for the detection of the charged reaction 
products. Care must be taken that corrections for neutron scattering in the 
glass and its surroundings are accurate and that the lithium content of the 
glass is known. The lithium content is commonly determined by measuring 
the transmission of the glass at low neutron energy where ®Li(n,a) absorption 
dominates. Aside from  erro rs  in the 6L i(n ,a )T  cross-section, about 2% 
accuracy can be achieved below 100 keV with these detectors.

1.2.3. i°B (n ,a )

The 10B (n ,a ) cross-section is well known below about 50 keV. Below 
about 10 keV, neutron flux is monitored using this reaction by detection of 
alpha particles; above 10 keV, the detection of the gamma rays from one 
branch of the reaction seems to be more popular. The detection efficiency 
for the gamma rays can be determined by a coincidence measurement, but 
this is seldom done. The reaction usually is used for shape determination 
and is sometimes normalized at thermal energy. Detectors based on the 
10B (n ,a ) reaction can be calibrated to about 2% excluding e rro r  in the 
cross-section.

1.2.4. ^Hefn.p)

This reaction is seldom used as a standard. Probably the unavailability 
of pure 3He was initially a problem. Recent developments suggest that this 
reaction w ill be used m ore frequently in the future.

Recommendation

Absolute measurements of neutron flux by the associated-activity method 
are dependent upon absolute measurements of activities from  radionuclides 
such as 7Be, 51C r, 65Zn and 57Co. Standards laboratories should undertake an 
international comparison of the absolute calibration of such activities in order 
to evaluate the accuracy achievable with the available techniques.
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T A B LE  I. SUMMARY OF R ECENT RESULTS ON THE  
6Li(n ,a ) CROSS-SECTION

Measurement Energy range Flux measurement Normalization

Fort and Marquette [1] 

®Li glasses

15 k eV  - 1 .7  M e V Flat response 

detector and 

associated particle

Absolute

Coates et al. [2] 

eLi glasses

1 .5  keV- 400 keV Harwell black 

detector

Between 2  keV 

and 10 keV  to 

1 4 9 . 5 / / E b

Poenitz and Meadows [3] 

cLi glasses

90 keV - 600  keV Gray detector Absolute

Clements and Rickard [4] 

®Li sandwich

160 k e V - 3 .9  M eV Harwell long 

counter and B8U  

cross-section

Uttley and Diment 

value between 

300 keV  and 

500 keV

2. L IG H T -E LE M E N T  STANDARDS

2.1. The 6Li(n ,a ) cross-section

Four recent determinations of the 6L i(n ,a ) cross-section have been 
reported at this meeting. These are summarized in Table I. Considering 
first the common energy region across the 250-keV resonance, the 6L i glass 
results [1] agree to an accuracy of ± 4% between about 150 keV and about 
400 keV if systematic energy shifts of up to about 5 keV are accepted and if 
the data of Poenitz and Meadows [3] are renorm alized down by approxi
mately 5%. (This latter shift is acceptable since Poenitz's 6L i-m ass assay  
is prelim inary. ) The 6L i sandwich detector results [4] in this energy region  
are known to be inaccurate because of resolution effects and may be ignored. 
Further work is needed to -establish m ore accurately the 6L i content of the 
glasses used in the Van de Graaff experiments, and there are some differences 
of detail in the multiple scattering corrections used by different authors. The 
correct energy scale in this region must be established by further experiments.

As far as the experimental (n ,a ) data are concerned, these represent, 
a considerable improvement since the 1970 Argonne Symposium when, due 
to lack of agreement among the (n ,a ) data coupled with likely experimental 
deficiencies, it was recommended that the value of the ®Li(n,a) cross-section  
calculated by Uttley and Diment [5] from  accurate total cross-section  
measurements represented the best available value. Uttley and Diment's 
cross-section was given some support by a prelim inary measurement by 
Coates et al. The revised data of these authors, however, together with 
the other data referred  to above, are approximately 12% below the Uttley 
and Diment value at the peak of the cross-section. These results cast doubt 
on the validity of deriving the (n,0!) cross-section from total cross-section  
measurements with a theory which treats the resonance around 250 keV as 
a pure single level superimposed on an S-wave background. A  calculated
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total cross-section which correctly represents the experimental total c ro ss - 
section always results in a calculated (n ,a ) value which is too high compared 
with experiment. This is illustrated in Figs 2 and 3 of the paper of Fort and 
Marquette in these Proceedings [1] and is also confirmed by some calcu
lations of Meadows and Whalen [ 6 ] .  It appears likely that a m ore sophisti
cated attack is needed before the theoretical prediction of the (n , a )  c ro ss -  
section over the resonance peak is capable of being consistent with the most 
accurate experimental values. A  possible refinement is to consider the 
likelihood of interference from  the just-bound level at 6.64 M eV in t i .

Turning now to the energy region below 100 keV, it is considered that 
the reservations on the reliability of the prediction of the (n,ar) cross-section  
using the simple theory do not significantly alter the value of the (n ,a ) 
cross-section recommended at the 1970 Argonne Symposium for energies 
below approximately 50 keV. At 100 keV, the uncertainty in the P-w ave  
contribution is not likely to be greater than 2%. Unfortunately, the spread  
in the experimental data is about ± 8 % near this energy.

Above 300 keV, the accuracy of the cross-section is difficult to evaluate. 
The Fort and Marquette [1 ] data are substantially higher than those of 
Clements and Rickard [4] which are normalized to'the Uttley and Diment [5] 
value between 300 and 500 keV. No reasonable renormalization helps the 
situation significantly. It should be noted that the values of a (n , a ) obtained 
by subtracting the cr(n, n) data from  the total cross-section data in this energy 
region support the Fort and Marquette data [1] although the values obtained 
are not accurate to better than about 15%. It must be concluded that in this 
energy region m ore measurements are urgently needed.

Recommendations

(a) Work should be continued to establish the eL i(n ,a ) cross-section to 
the accuracy requested for nuclear e n e rg y  program m es (see W RENDA).
A  further incentive lies in the need for measurements of the lower-energy  
(less than 500 keV) portion of the fission neutron spectrum where 6L i glass 
detectors may have to be used.

(b) Effort should be directed towards obtaining a m ore sophisticated 
theoretical treatment with close collaboration among the laboratories chiefly 
concerned (Argonne, Cadarache and Harwell).

(c) The present efforts to establish the correct energy scale over the 
approximately 250-keV resonance should be continued.

(d) Another white-spectrum measurement of the total cross-section  
should be made to cover the, energy range from  about 100 eV  to about 5 MeV.
At present, the only white-spectrum measurement is that of Uttley and 
Diment [5] which should be confirmed because it has been heavily relied  
upon. It is important that the proposed measurement covers the energy range 
which is accessible to Van de Graaff accelerators using monoenergetic neutron 
sources and, in addition, extends to lower energies which are inaccessible 
with Van de Graaffs.

(e) Further total cross-sections should be measured by suitable methods 
to resolve the discrepancy at higher energies (above 500 keV).

(f) The accuracy to which the 6L i content of glasses is known should be 
improved.

(g) More angular distribution measurements for the (n ,a ) reaction are  
needed above 20 keV to provide a correct basis for interpretation of m easure
ments perform ed with 6L i sandwiches.
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2.2. The 10B (n ,a ) cross-section

Since absolute proton recoil counting with good time resolution has not 
been demonstrated for neutron energies below 100 keV, other light-element 
standards are required to extend the energy range up to 1. MeV. Because of 
the resonance structure near 250 keV in the 6L i(n ,a )T  reaction, a boron 
standard would also receive useful application up to 1 MeV.

T h e ^ fn .a r ) reaction (ground-state plus excited state) seems potentially 
useful to about 1 M eV  but is not well established above 80-100 keV. Recent 
data do not indicate changes since the 1970 Argonne Symposium in the status 
of the cross-section below 40 keV, but the new measurements of 
Friesenhahn et al. [7] for the (n ,a ) reaction are approximately 5% higher at 
10 keV and up to 50% higher around 420 keV.

The (n.a^ 7 ) reaction seems potentially m ore useful at the higher energies 
(10 keV -  1 M eV ), provided the 478-keV gamma ray can be resolved. Above 
100 keV the new data of Friesenhahn et al. for the (a .a ^y ) reaction and the 
prelim inary results of Coates et al. [8 ] agree with each other but show 
systematic disagreement with current evaluated data files and with earlier  
measurements. This disagreement is approximately 7% at 100 keV and 
increases with increasing energy.

Recommendation

Further experimental work is recommended in order to establish the 
total (n ,a ) and the (n .a-^ ) cross-sections to the necessary precision up to 
approximately 1 MeV. In consideration of the recent experiments of 
Coates et al. and of Friesenhahn et al. , recommended values of the 10B 
cross-sections above 100-200 keV are difficult to determine.

2.3. The :3He(n, p)T cross-section

The cross-section for this reaction is known to 2% below 100 eV, to 
about 5% below 10 keV and less accurately above 10 keV.

Recommendation

Further measurements at energies above 100 keV are .recommended to 
achieve the accuracy requested for this standard cross-section.

2.4. The ^HQi, p) cross-section

This cross-section is reasonably well known from 1 to 14 MeV, but since 
forward-scattered protons only are detected in the upper energy range, the 
angular distribution of the reaction is needed.

Recommendation

It is recommended that the absolute cross-section as a function of angle 
be measured at several energies above 8 M eV with the object of allowing 
the determination of the cross-section for forward-scattered protons to an 
accuracy of 0.5 to 1% at 14 MeV.



3. FISSION AND CAPTUR E STANDARDS

3.1. The fast-fisslon  cross-section of 235U

Because of considerable structure as a function of energy, the use
fulness of the 235U fission cross-seotion as a standard below 100 keV is 
questionable. However, if this cross-section is to be used as a standard 
above 100 keV, the available data sets should be examined below this energy 
as well as above. Furtherm ore, cases of usefulness as a standard below 
100 keV may occur. The data base in this region continues to improve, but 
between absolute values at thermal energies and absolute values above 20keV, 
differences in the shape of the cross-section among various experiments 
leave uncertainties of the order of ±  5%.

Since the 1970 Argonne Symposium [9 ], new measurements and m odifi
cations of earlie r results have contributed significantly to an improved 
knowledge of the fission cross-section. These new results include the 
following:

(a) New relative measurements have been made with O R ELA  [10] from  
100 eV to 100 keV by Perez et al. [11] and from  thermal energies to 100 keV 
by Gwin et al. [12 ]. Both measurements are normalized at low energies.

(b) Szabo et al. [13] have modified previous absolute measurements 
made with a Van de Graaff and have obtained new data above 1 MeV. Data 
based on White's fission chamber and reported previously at the 1970 Argonne 
Symposium [14] remain unchanged. Data reported at the 1971 Knoxville 
Conference [15] are currently being reassessed as a result of a foil 
recalibration.

(c) Relative measurements in the 1-keV to 1 -M eV region have been made 
by Gayther et al. [16] using the Harwell linac. These data are normalized
to the 1972 evaluation by Sowerby et al. [17] in the 10- to 30-keV range and 
have been reported previously only with prelim inary flux measurements.

(d) New absolute data of Poenitz [18 ], obtained with a Van de Graaff, 
replace the low prelim inary values reported previously [19 ]. The new data 
cover the range from  about 35 keV to 3.5 M eV and are subject to final 
confirmation of the fo il assay.

(e) Both absolute and relative data in the energy range 0.5 -  1.2 M eV  
have been obtained by Kappeler [20] using the Karlsruhe Van de Graaff.

( f ) New but prelim inary absolute data in the range 1 -6  M eV obtained by 
Hansen et al. with the Los Alamos Van de Graaff were reported by Diven [21].

The new data presented at the Panel are plotted in Fig. 1. A  com
parison of the data reveals the following features:

(a) From  35 keV to 1 M eV where measurements partially overlap, the 
O RELA data, the data of Szabo et al. based on White's fission chamber, and 
the data of Poenitz and of Gayther et al. are in reasonable agreement when 
the e rro rs  of apiproximately 3 -4%  in the individual data sets are considered.

(b) Of the 19 data points of Kappeler, the five between 500 and 700 keV 
lie consistently about 6% higher than the data of Poenitz and of Gayther while 
the data of Szabo et al. have intermediate values.

(c) The data of Kappeler also appear to differ in shape from  the other 
measurements in the 500-keV to 1 -M eV region althdugh both he and Poenitz 
have evidence for a 'step1 in the cross-section at approximately 1 MeV.
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(d) From  1 to 2 M eV the data of Szabo and Poenitz agree while the data 
of KSppeler are somewhat higher, and the new Los Alamos data are approxi
mately 6 % higher.

(e) From  2 to 3.5 M eV the Los Alamos data and those of Poenitz agree. 

Recommendations and observations

(a) In the last two years, overall knowledge of the ^ ^ (n , f )  cross-section  
has improved considerably. Below 500 keV the new data appear to agree 
sufficiently well so that an evaluation would be fruitful.

Above 500 keV there appear to be differences of up to 6% among the new 
data. In the important energy range 0.5 to 2 M eV it remains somewhat 
difficult to determine the shape of the cross-section, and a more detailed 
examination of this range is suggested. Although sin evaluation would best 
await a final assay of the foils used by Poenitz; and the Los Alamos group, 
even now an evaluation might achieve an estimated accuracy of about ± 3%.

(b) Turning attention to lower energies, standard fission cross-section  
integrals should be established and evaluated periodically as suggested by 
Deruytter in 1971 [22] in order to supplement the standard thermal fission  
cross-section of Z35U (as well as the thermal cross-sections of a ll other 
m ajor fissile  isotopes).

(c) For those cases in which the 235U (n ,f) cross-section must be used as 
a standard below 50 -  100 keV, it w ill be important for the experimenter to 
determine what additional uncertainties must be assigned to his experiment 
because of fluctuations in the standard cross-section.

(d) For accurate measurement of the standard fission cross-section of 
235U it is necessary to have detailed information concerning the angular 
distribution of fission fragments over the whole range of energies and angles 
of interest.

3.2. Fast-neutron capture cross-section of 197Au 
and other appropriate capture standards

The most important advantage in the use of gold as a capture standard is 
the high accuracy with which the capture rate can be determined from  the 
induced activity of 199/Vu. This outweighs the disadvantage of the large pro
portion of gamma transitions to low -lying levels, which may disturb the 
detection of prompt capture gamma rays (from  other m aterials) with split -  
tank scintillators. However, such detectors are used at present in only a 
sm all number of laboratories.

New absolute measurements of the capture cross-section of 197Au by 
Fort et al. [23] support previous values reviewed at the 1970 Argonne 
Symposium and also agree well with the evaluation presented by Poenitz [24 ]. 
Prelim inary measurements by Fort et al. [23] using the activation technique 
reveal some discrepancies of the order of 15% which should be resolved.

Based on the independent absolute measurements, the present uncertainty 
of the gold capture cross-section below 500 keV is less than ± 5%, probably  
± 3%. Discrepancy still exists between the absolute cross-section  data and 
values obtained relative to the 235U(n, f) cross-section. Sim ilar discrepancy 
with absolute measurements is also apparent for gold capture data based on 
the 238U capture cross-section. Consequences of fluctuations, which are 
present in the lower keV energy range, must be considered in individual 
experiments when gold is used as a standard.
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Recommendations

(a) Gold should be retained as the capture cross-section standard. It 
would be a useful, check to include gold in a ll measurements of capture c ro ss - 
sections even if a different standard is used for flux measurements.

(b) The assumption of spectral independence of prompt gam m a-ray  
detectors is a possible source of uncertainty in capture cross-section  
measurements. It is proposed that, in addition to the capture cross-section  
of gold, the ratio of gold-to-indium capture cross-sections be reliably  
established since the capture gam m a-ray spectra from these two elements 
are significantly different . 1

3.3. The value of v  for spontaneous fission of 2S2C f 2 

Recommendations

(a) Based on a least-squares fit of a ll known absolute measurements 
of v  for spontaneous fission of 252Cf, the following value was derived:

, = 3.733 ± 0.0083 internal e rro r  
total

± 0.0078 external e rro r

It is recommended that this value be used for normalization of future 
v  -measurements relative to 252Cf.

Input; data for the least-squares programme included the recent m easure
ments of Boldeman [26] and all absolute measurements discussed in the 
reviews by Axton [27] and by Conde [28], Weighting of the various data 
according to estimates of experimental e rro r was based upon published 
literature cited in the review papers, upon discussions during the Panel 
meeting, upon prelim inary correspondence with many other authors and upon

1 Editor* 5 note: In a review of the Summaries, Conclusions and Recommendations, some participants 

challenged the technical basis for proposing to measure or establish the ratio of the gold-to-indium cross- 

sections. It is the opinion of the secretary that the panel participants realized that measurements of the ratio 

would not resolve the primary problem of insufficient understanding of the spectral response of g am m a -ray 

detectors but thought that reliably established ratios might help to illuminate detector problems in a user's 

laboratory.

In a preliminary version of this paper, owing to a typographical error, 'iodine' was written instead of 

'in d iu m *. Several interesting points arose in the ensuing correspondence.

(a) Iodine would also be useful as a secondary standard under certain circumstances. For example, 

iodine has a smaller thermal capture cross-section than gold and would be useful when there is a large thermal 

background.

<b) There are practical difficulties [25] in the use of gold for activation measurements (as opposed to 

capture gamma-ray measurements). If indium were to be used as a standard in place of gold in order to 

avoid these difficulties, then absolute values of the indium cross-section would be required — not ratios to gold.

2 Editor's note: Because of limited time, the recommendations in sections 3.3 , 3 .4  and 3 .5  could not 

be discussed in complete detail by the full panel so that the contents of these sections m ay  represent the 

consensus of the working group rather than of the full panel. Some of the recommended numerical values are 

controversial and might have been somewhat different if they had been discussed by the full panel or by a 

different group of scientists. Hopefully, the implementation of the recommendations will contribute to the 

resolution of the controversies.
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the proceedings of the Consultants1 Meeting on the Third Evaluation of the 
Therm al Fission Constants (Vienna, 15 -17  November 1972) [ 2 9 ] ,  in which 
several m em bers of the present Panel had participated. Values of v  derived  
from  measurements of the param eter rj were excluded from the present 
analysis.

(b) From  previous discussions at the Consultants' Meeting [29 ], it 
appeared that inclusion of a ll data, both absolute and indirect, in the least- 
squares fit produced a value 0.5% higher than that recommended above and 
that exclusion of a ll absolute measurements (leaving essentially only values 
derived from  rj-measurements) produced a value approximately 1.5% higher 
than that recommended above.

The discrepancies among the results of the various fitting procedures 
can apparently be traced to the assignment of high weights to the ^-experiments. 
Therefore, the following is recommended:

(i) either the corrections and author-estimated e rro rs  of the 
ri-measurements should be reassessed  

(ii) or r\ should be re-m easured.

The Panel was not convinced that either of these recommendations would 
yield values of v  with erro rs  as. sm all as those of the direct measurements.

The Panel noted that the e rro rs  assigned to the value recommended 
above describe only the uncertainties in the direct values and do not reflect 
the discrepancy of approximately 1.5% between the directly and indirectly 
determined values. The problem of the value of v  for 252Cf is therefore not 
yet satisfactorily resolved in spite of the improved agreement among the 
direct measurements.

3.4. The 2200-m/s fission and capture cross-sections of the fissile  nuclides3 

Recommendations

(a) Because of difficulties involved in deducing 2200-m/s values from  
effective cross-section measurements, it is recommended that the quantities 
required be measured at 2 2 0 0  m/s neutron velocity.

(b) Extensive work on the alpha half-life  of 234U has been performed at 
CBNM  using several counting techniques (low geometry, medium geometry 
and 4jt alpha counting; liquid scintillation counting) and several different 
m ass determinations (controlled-potential coulometry, isotopic dilution, 
weighing in ultra-high vacuum). While this work is being finalized and 
confirmed at Argonne National Laboratory and at Chalk R iver, the Panel 
received the working group's recommendation of the value

T (234U) = 2.446 X 105 a ± 0.3%
1/2 '

for calculation of the amounts of 235U in targets used in fission cross-section  
measurements. The quoted e rro r represents three standard deviations.

(c) The difference among measured values of the alpha half-life  of 
233U is striking. Several values from  high-precision alpha counting are 
grouped around T 1/I2 ( 233U) = 1.61 X 10® a. However, recent measurements by

3 See Footnote 2.
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Keith [30] using alpha counting and by Oetting [31] using a calorim etric  
method both yield the value 1.55 X 105 a: The difference between the two 
groups of measurements is about 4%. A  recent but unpublished measurement 
performed at Chalk River by Durham et al. using the alpha-counting method 
yields a value of 1.583 X 105 a.

High-accuracy measurements of the half-life  of 233U are recommended to 
resolve the discrepancy.

(d) For the half-life  of 239Pu the counting method yields with high con
sistency a value of 24 395 ± 29 a (e rro r  = 3 standard deviations) [32] while a 
recent calorim etric measurement by Oetting yields a value of 24 065 ± 50 a [33]. 
This difference of 1.3% is directly reflected in the 2200-m/s value of the 
fission cross-section of 239Pu. Measurements of high accuracy are needed
to resolve the discrepancy.

(e) There is a persistent difference among values of 2200-m/s fission  
cross-section ratios deduced from g-dependent experiments. For example, 
values of the <rf (239Pu)/crf (235U) ratio m easured at Aldermaston in a thermal 
column are 1.277 ± 0.025 (White et al. [34 ]), 1.271 ± 0.015 (Keith et al. [35]); 
the ratio obtained with a beam extracted from the column is 1.235 ± 0.022 
(White et al. [34 ]). Values measured at Chalk River are: 1.2970 ± 0.0075 
(Bigham et al. [36 ]), 1.2926 ± 0.0081 (Lounsbury et al. [37 ]). The ratio is 
rather sensitive to the assumed g-factors, and results are different for 
different irradiation facilities. Ratio values obtained with monokinetic 
neutrons of 2 2 0 0 -m /s velocity are much m ore consistent.

It is therefore recommended that evaluators reassess the g-factors for 
the fissile  isotopes to take into account recent low-energy data. In view of 
the inconsistency of ratio values obtained with different neutron spectra, it 
is recommended that the e rro rs  assigned to the Maxwellian ratios be 
increased to a realistic value when those ratios are used in an evaluation of 
a ll param eters at 2 2 0 0  m/s.

(f) For M1Pu the available information is very scarce. Further 
measurements of the 2 2 0 0 -m /s fission and absorption cross-sections are 
needed in connection with the least-squares evaluation by the IAEA  [29].

(g) When 2200-m/s fission cross-section measurements are performed, 
they should be carried out in low geometry in order to avoid significant 
corrections for scattering and self-absorption of fission fragments in the 
fissile  layers.

(h) It is recommended that the output parameters from the IAEA  
revision [29] of the 2200-m/s parameters should be used for future norm al
izations of relative measurements.

3.5. Fissjon neutron spectra4

Recommendations

(a) It is recommended that a standard fission neutron spectrum be 
included among the neutron standard reference data. The spectrum of 
neutrons from  spontaneous fission of 252Cf should be a prim ary standard but 
the fission spectrum of 235U induced by neutrons below 150 keV should be 
regarded as an associated standard.

4 See Footnote 2.
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The choice of 252C f is derived from  its wide potential utility, not only 
for comparison with other fission neutron spectra but also in simple integral 
experiments, detector calibration, etc. [38 ]. 235U is included because of its 
convenience as a standard for comparison in many experimental applications 
involving accelerators or reactors and because at present it is comparatively 
well known. Over the energy range 0.5 -  7 M eV there is good consensus, and 
there is already at least one set of very careful measurements [39] extending 
to 15 MeV.

(b) While appreciating the value for discussions and scientific analysis
of representations of the fission spectrum in terms of param etrized analytical 
formulae, the Panel insist that the definitive representation is in numerical 
term s, i. e. a table of intensity as a function of energy. This table should 
include a statement .of the statistical and systematic e rro rs.

(c) The correction of standard measurements for the effects of multiple 
reactions requires data for the elastic and inelastic cross-sections of all 
m aterials of importance in the experiment, e .g . 235U, platinum and the 
components of stainless steel. It is suggested that the effect of present 
uncertainties in these cross-sections on the accuracy of the fission neutron 
spectra should be assessed.

(d) The possible existence of delayed neutron groups with half-lives 
less than those currently accepted makes difficult a c lear definition of prompt 
and delayed fission neutron spectra and hence could in principle result in 
observation of different spectra depending on the technique or parameters 
used. It is recommended that attention be given to establishing the existence 
and intensity of such neutron groups and their associated spectra.

(e) The present state of our knowledge of the fission neutron spectrum of 
252C f is regarded as far from  satisfactory. The experiments are mostly 
rather old, and many of them require substantial corrections, as was pointed 
out at the Consultants' Meeting on Prompt Fission Neutron Spectra [40],
Less attention was paid to detector and energy calibration than now seems 
desirable. It is recommended that the results of experiments currently in 
progress be awaited before an evaluation of the 252C f fission neutron spec
trum is attempted.

(f) It is felt that an evaluation of the 235U fission spectrum could 
profitably be carried  out as soon as a ll the results currently known in p re 
liminary form  have been finalized.

4. G ENER AL RECOMMENDATIONS

(1) Particularly in the field of neutron standard reference data, experi
menters are strongly urged to make special effort to include in the publication 
of their work a ll details required for evaluation and permanent documentation.

The reporting of sources of e rro r  and estimates of uncertainty is fr e 
quently in need of improvement. Although sim ilar recommendations have 
appeared in the proceedings of numerous meetings, further improvement is 
necessary, and therefore the following recommendations on reporting of 
erro rs  are made. Recommendations (2a) through (2c) are based on sim ilar  
recommendations of the Consultants' Meeting.on the Third Evaluation of the 
Therm al Fission Constants [29] which the Panel strongly affirm .

(2a) In general, greater care should be devoted to the identification-of 
sources of uncertainties.
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(2b) Overall random and systematic e rro rs should be reported separately, 
whether or not the combined uncertainty is also reported.

(2c) Component uncertainties in each of the above categories should be 
itemized,; especially the systematic e rrors.

(2d) Experimenters should report precisely how components of the uncertainty 
correlate among various subsets of the data. For example, the full estimated 
variance (or relative variance) on a value might be given as a sum of terms, 
one of which is not shared by any other value, one of which might depend on 
a foil assay and be shared equally among all values given, and perhaps one 
of which is shared among a subset of points with correlated back
ground or flux determination uncertainties. Such an organization of 
uncertainties would allow the construction, if necessary, of the full cova
riance m atrix of the data given.

This information is needed even to determine correctly whether various 
sets of experimental values are discrepant, and it is further needed to allow 
a rational: combination of results from various investigators. As pointed out 
by Usachev et al. [41 ], such detailed estimates of uncertainties are needed 
for final evaluated cross-sections to allow the assessment of the effects of 
uncertainties upon applications such as reactor design.

Evaluators cannot supply the required details about uncertainties unless 
m easurers provide the basic information in a clear way. Of course, much 
relevant information is often supplied by experimentalists, but the manner 
of presentation is sometimes ambiguous.

When the published account of research lacks sufficiently detailed 
information about uncertainties, often an evaluator's only option is to revise  
the uncertainties to a 'rea listic ' value. Regrettably, such revision may in 
effect exclude the measurement from the evaluation.

(2e) Journals are urged to accept for publication the detailed information 
required for subsequent evaluation and documentation, especially in the case 
of neutron standard reference data. Many Panel members had personally  
encountered rejection of important information by journals on the basis of 
excessive detail.

(3) The Panel recognized the important role of the Central Bureau for 
Nuclear Measurements (CBNM ) in providing targets and samples relevant 
to neutron standard reference data measurements, both inside and outside 
the European communities. They expressed hope that the same service  
w ill continue to be available in the future.

(4) The comparison of neutron flux measurements which'has been undertaken 
by the International Bureau of Weights and M easures (B IPM ) is a valuable 
approach which should be supported.

(5) The Euratom Working Group on Reactor Dosimetry (EWGRD) has 
indicated the need for rapid improvement of certain capture and threshold 
reaction cross-sections relevant to reactor dosimetry. In view of present 
concentration on only six prim ary standard reactions, three of which also 
belong to the reactor-dosim etry class, EWGRD should consider .whether the 
adoption of the neptunium fission cross-section as a prim ary standard would 
improve the situation. This suggestion should also be brought to the attention 
of the International Working Group on Reactor Radiation Measurements 
(IWGRRM) of the IAEA.
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(6 ) The Panel strongly urges all participants to send their data to the 
Neutron Data Centre which serves their area.

(7) In consideration of the extensive efforts presently under way at many 
laboratories, a third panel on neutron standard reference data is recommended 
for spring 1975.
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CONVERSION TABLE:
FACTORS FOR CONVERTING UNITS TO SI SYSTEM EQUIVALENTS*

SI base units are the metre (m ), kilogram (kg), second (s), ampere (A ), kelvin (K ), candela (cd) and mole (m ol). 
[F o r further inform ation, see International Standards ISO 1000 (1 9 7 3 ), and ISO 3 1 /0  (1974) and its 
several parts]

M ultiply by to  ob tain

M ass

pound mass (avoirdupois) 1 Ibm = 4 .5 3 6  X 1 0 '1 kg
ounce mass (avoirdupois) 1 ozm = 2.835  X  10* g
ton (long) (= 2 24 0  Ibm) 1 ton = 1.016  X  103 kg
ton (short) (= 2 00 0  Ibm) 1 short ton = 9 .0 7 2  X  102 kg
tonne (= metric ton) 1 t 1.00 X  103 kg

Length

statute mile 1 mile = 1.609  X 10° km
yard 1 yd = 9 .1 4 4  X 1 0 '1 m
foot 1 f t a 3 .048  X 1 0 '1 m
inch 1 in = 2 .5 4  X 1 0 '2 m
mil (= 1 0 '3 in) 1 mil — 2 .5 4  X 10"2 mm

A rea

hectare 1 ha = 1.00 X 104 m 2
(statute m ile)2 1 mile2 = 2 .5 9 0  X 10° km 2
acre 1 acre = 4 .0 4 7  X 103 m 2
yard2 1 yd2 = 8.361 X 1 0 '1 m J
foot2 1 f t 2 = 9 .2 9 0  X  1 0 '2 m 2
inch2 1 in2 = 6 .452  X  102 '  m m 2

Volum e

yard3 1 yd3 = 7 .646  X  10"1 m3
fo o t3 1 f t 3 = 2 .8 3 2  X  1 0 '2 m3
inch3 1 in3 = 1.639  X  104 m m 3
gallon (Brit, or Imp.) 1 gal (Brit) = 4 .5 4 6  X  10‘ 3 m 3
gallon (US liquid) 1 gal (US) = 3.785  X  1 0 ‘ 3 m3
litre 1 1 1 .00  X 1 0 ~ 3 m 3

Force

dyne 1 dyn = 1.00 X  10 ‘ 5 N
kilogram force 1 kgf = 9.807  X  10° N
poundal 1 pdl = 1.383 X 10_1 N
pound force (avoirdupois) 1 Ib f = 4 .4 4 8  X 10° N
ounce force (avoirdupois) 1 ozf 2 .7 8 0  X  1 0 '1 N.

Pow er

British thermal unit/second 1 Btu/s -1.054  X  103 W
calorie/second 1 cal/s = 4 .1 8 4  X  10° W
foot-pound force/second 1 f t- Ib f /s = 1.356  X  10° W
horsepower (electric) 1 hp = 7.46 X  102 W
horsepower (metric) (= ps) 1 ps = 7 .3 5 5  X  102 W
horsepower (5 5 0  f t- Ib f/s ) 1 hp 7.457  X  102 W

*  Factors are given exactly or to  a m axim um  o f 4  significant figures



M ultiply by to  ob tain

D en sity

pound mass/inch3 
pound mass/foot3

1 lb m /in 3 = 
1 lb m /ft3 =

2 .7 6 8  X  104 
1.602  X  1 0 1

kg/m 3
kg/m 3

Energy

British thermal unit 
calorie 
electron-volt 
erg
foot-pound force 
kilow att-hour

1 Btu 
1 cal 
1 eV  
1 erg 
1 f t - lb f  = 
1 kW -h

1.054  X  103 
4 .1 8 4  X  10° 
1.602  X I  O '19 
1.00 X  1 0 '7 
1.356  X 10° 
3 .6 0  X 106

J
J
J
J
J
J

Pressure
" ■

newtons/metre1
atmosphere3
bar
centimetres of mercury (0°C) 
dyne/centim etre2 
feet o f w ater (4°C ) 
inches of mercury (0°C) 
inches of water |4 °C )  
kilogram force/centim etre2 
pound fo rce /foo t2 
pound force/inch2 (= psi)6 
torr (0°C ) (=  mmHg)

1 N /m 2 
1 atm  
1 bar
1 cmHg = 
1 dyn/cm 2 = 
1 f tH 5 0  = 
1 inHg
1 inH 20  = 
1 kgf/cm 2 = 
1 1 b f /f t2 = 
1 lb f/in 2 = 
1 torr

1.00
1 .013  X  105
1.00 X  10s
1.333  X  103
1 .00  X  1 0 '1 
2 .989  X  103 
3 .3 8 6  X  103 
2 .491 X  102 
9 .8 0 7  X 104 
4 .7 8 8  X 1 0 ‘ 
6 .8 9 5  X  103
1.333  X  102

Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

V elocity , acceleration

inch/second 
foot/second (= fps) 
foot/m inute

m ile/hour (= mph)

knot
free fa ll, standard (= g) 
foot/second2

1 in/s
1 ft/s  ■ =
1 ft/m in

1 m ile/h , = -

1 knot

1 ft/s 2

2 .54  X 10*
3 .0 4 8  X  10T1 
5 .08  X  10"* 
4 .4 7 0  X  1 0 -*  
J . 6 0 9  X  10° 
1.852  X 10° 
9 .8 0 7  X  -10°
3 .048  X .1 0 '1

mm/s
m/s
m/s
m/s
km /h
km /h  •
m /s2
m/s2

T em perature, therm al co n d u ctiv ity , en ergy/area- tim e

Fahrenheit, degrees- 3 2  
Rankine
1 B tu .in /f ts .s - ° F  
1 B t u / f tS ‘ °F  
1 cal/cm -s-°C  
1 B tu /ft2 -s 
1 cal/cm 2 -min

°F  — 321

° R J =

5
9

5 .1 8 9  X  102 
6 .2 2 6  X  10* 
4 .1 8 4  X  102 
1.135  X  104 
6 .9 7 3  X  102

W /m -K
W /m -K
W /m -K
W /m 2
W /m 2

M iscellan eous

foo t3 /second 
fo o t3 /m inute  
rad
roentgen
curie

1 f t 3 /s
1 f t 3 /m in  = 

rad = 
R 
Ci

2 .8 3 2  X  10"2 
4 .7 1 9  X  10"4 
1.00 X  10-2 
2 .5 8 0  X  10~* 
3 .7 0  X  1 0 '°

m3 /s
m 3 /s
J/kg
C/kg
disintegration/s

•  atm  abs: atmospheres absolute; 
atm  (g): atmospheres gauge.

b lb f/in 2 (g) (= psig)gauge pressure;
lb f/in 2 abs (= psia): absolute pressure.
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