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Abstrac-t 

A review has been made of the differential measurements of the ratio of the 
capture to fission cross-sections (alpha) for Pu~239 in the energy range 100 eV to 
1 MeV. The' methods of measuring alpha are discussed and it is concluded that no 
detector system used to date is perfect. The history of measurements made prior to 
1967 is presented and from this the dangers of relying upon calculations for accurate 
data ca.n be seen. The alpha measurements in the energy range 100 eV to 30 keV, 
•where the data are most discrepant, are considered in detail and possible sources of 
error in the measurements are identified. An evaluation covering the energy region 
100 eV to 1 MeV is performed using the data available in March 1971 and the 
recommended values are considered to be accurate to approximately _+10°/o below 
30 keV increasing to +20°/o at 100 keV and +30°/° at 1 MeV. These recommended 
values are then compared with the nev: differential measurements published bet'.veen 
March and December 1*971 and with integral data and it is concluded that the 
agreement is satisfactory. A number of recommendations regarding further 
measurements are summarised in the conclusions. 



1. Introduction 

At the hXFA experts' meeting on the status of a (pu-239) data held at Studsvik, 
Sweden in .June '1 970, it was recommended that a review of all available'alpha data 
should be written. In this paper, v:hich results from this recommendation, the data 
on Pu-239 alpha, the ratio of the neutron induced capture («~ny) and fission (o^) 
cross-sections, are reviewed in the energy range above .100 eV. We have chosen to 
neglect the energy range "below 100 eV because a review in this energy range cannot 
be divorced from a detailed discussion of individual resonance parameters and the 
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data at thermal energies have recently been considered in detail . It should be 
remembered from the start, however, that most users of the data Would like 
information on'.cr̂ , rather than on alpha, but as we '.will see later experimental 
considerations make it much easier to measure the latter. 

A knowledge of the variation of alpha for Pu-239 as a function of neutron energy 
is important for a Variety of reasons. For instance a knowledge of alpha combined 
with data on the fission and total cross-sections gives information on resonance 
parameters and their distributions v/hich are important for nuclear structure 
considerations.' . However, the main reason why alpha above 100 eV is so important 
lies in the development of large dilute oxide fuelled fast reactors. These are 
attractive for a number of reasons. 

(a) They produce power cheaply 
(h) They can breed more Pu-239 from the 11-238 in the reactor core and blanket 

than is consumed and hence they increase the world's limited, supply of 
fissile material and 

(c) They use. Pu-239 which is produced as a by-product in thermal power reactors. 

A knowledge of alpha is required in order to be able to calculate the critical size-
of the reactors and also to be able to predict important quantities like the doppler 
temperature coefficients, the reactor fuel inventory and the flux distribution across 
the reactor. However, as has been demonstrated many times it is most important in 
calculating the breeding gain, G- (the number of-Pu-239 atoms produced per Pu-239 atom 
consumed minus l). The value of alpha directly enters the calculation of G because 
a neutron captured in Pu-239 is effectively a neutron.which cannot be captured in 
U-238 to breed more fissile material. 

Information : on alpha can be obtained from integral reactor experiments as well 
as from differential cross-section measurements and, of course, it is the' "integral" 
value of.--alpha-.that; the reactor designer wishes--..-to" predict. In sodium cooled oxide 
fuelled - power-''reactors the median energy of neutrons .captured in: Pu-239 is 20 keV but 
neutrons with energies - as, low as- a few hundred eV will be important* This - means that 
integral experiments in existing fast power reactors arc not particularly useful 
because their neutron spectra are too hard. Direct integral measurements are difficul 



in aero energy critical assemblies which have a satisfactory softer -spectrum because 
the half-life of the Pu-240 formed by neutron capture is so long that the 
activation technique is useless. This means that the Pu-240 content of irradiated 
samples must be obtained by mass spectrometric techniques and these require 
irradiations in a high neutron flu:-: unless the starting material has a very low 
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Pu-2i|.0 content (a few parts in 10 ). However, even if a suitable direct measurement 
is made, great care is necessary to interpret the result because the value of alpha 
obtained is strongly dependent upon the neutron spectrum in the reactor. In this 
review we are therefore going to concentrate on the differential measurements of 
alpha, particularly those giving data below 30 koV where there are serious 
discrepancies. 

Differential measurements of alpha for Pu-259 are acknowledged to be difficult 
to make because the activation method cannot be used and the relatively short a decay 
half life of Pu-239 'makes it difficult to put more than tens of milligrams of 
material in fission chambers. This has meant that until recently the experimental 
data have been'rather sparse and it was necessary to interpolate using what appeared 
to be sound theoretical ideas to get values between 100 eV and 30 keV. It was 
generally realised at the time of the Karlsruhe Conference on Past Reactor Physics 
in 1967 that this interpolation could be wrong. The provisional data of Schomberg 
et al^^ gave values between 1 and 10 keV 'which were up to a factor of two higher 
than the values given by typical evaluations based upon interpolations of the old 
KAPL integral data (e.g. Schmidt^ and G-reebler et al^*7). Such values, however, 
vvere not entirely unexpected because similar values had been calculated from total 

' • ' ' ' (g) ' •' •:"' 
and fission cross-section measurements and the integral measurements by, for 
instance, Fox e t " a l ^ indicated that a was underestimated in the then current 
nuclear data sets. The reason for the interpolation being incorrect is now well 
understood (see for example Patrick and Jamesv•), following the discovery of inter-

. . • • • • . . . ( < ? > • • • mediate structure in sub-threshold fission by Paya et alv . and Migneco and Theobald- ' 

The history of the discovery that Pu-239 alpha is "high" between. 1- and 10 keV • 
is important because it shows the dangers of relying upon theory to determine 
important parameters. In this "review .we are therefore going to devote a section to 
the history of the measurements of Pu-239 alpha in the years before 19^7. The 
remainder of the review. will be divided into 9 sections. In the first of these the 
methodsof making differential measurements of alpha will be discussed while the 
second will be the historical -review.>• In.the subsequent two sections the differential 
data above and below 30 keV available in March 1971 will be discussed. In Section 6 
all these data v/ill.be evaluated to give recommended values of alpha as a function of 
neutron energy and these in turn will be compared with data published botv/yS:: March 
and December, 1 97'.f Section 7 will deal v/ith the interpretation of the evaluated alpha 
values while Section 8 considers the - comparison of the evaluated data'with the 



integral information now available, finally in Section ,9 a. number of conclusions 
reached in the review *'.vill be summarised,! 

2,. Methods of measuring alpha • 

The measurements of alpha for Pu-239 that have been made over the years are 
essentially aimed at obtaining information on the capture cross-section. In the 
energy region being considered here the partial cross-sections and the total cross-
section are related through the formula: 

<y = o" „ + o" r + cr + o' , (1) nT nf nY nn nn1 .v ' 

where o" cr and a* , are the total, elastic scattering and inelastic scattering 
nT' nn nn1 ' ° ° 

cross-section respectively. Therefore one method that can be used to obtain cr^, is 
to measure all the other cross-sections and find o"ny "by subtraction. In practice 
o* has not been meq-sured accurately and it has to be obtained from the accurately 

n n ( { 0 N known shane elastic scattering cross-section (cr ' and relatively inaccurate se 
calculated values of the corn-pound elastic scattering cross-section (cr ). The average CG 
values of cr^, (^ e c r e a s e with increasing energy but the average values of o"ce 
are essentially constant. Hence this method can only give significant data below 
1 keV where <cr ,> is greater than '<tr >. 

nY ° ce 
An alternative method of obtaining o^. is to measure the absorption cross-section 
= cr^, + o*^) and find oj^. by subtracting the fission cross-section measured at 

the same energy.:This is usually done'-by. the shell transmission - technique .which, to 
first order gives o ^ rather than °"nqi« The problem with fissile materials is that the 
transmitted neutrons have to be distinguished from the fission neutrons. Results for 
Pu-239 have been obtained by this technique in the keV energy range but in general 
the capture cross-section values obtained have been relatively inaccurate. 

Another method of obtaining information about alpha is to measure "H. , the 
number of neutrons produced per neutron absorbed. is related to a through the 
relationship: 

n . = ( 2 ) 
• 1 -i- o, • 

v/here V is the average number of neutrons per fission. Two different types of 
measurement have been made which give data in the eV and keV energy ranges 
respectively. 3?or the low energy range a sample is placed in a neutron beam and the 
number; of fast neutrons produced in the sample is measured. If Y. is the number of 
these detected per incident neutron 

Y = - T ) \ ( 1 -52LL5.SlL) + (3) 

where is the efficiency of the detector, '!? is the sample transmission, Ms is the 



multiple scattering correction and o" . is . usuallv zero. Thus bv measuring Y, T 
" . n n ' 

and cr̂ , as a function of neutron energy, t\ can be determined if lis can be 
calculated. Ms is small at the peak of strong resonances in the eV energy range 
where o~nn/cr^ is small and T can be made zero. At higher neutron energies o^/o"^ 
increases and multiple scattering corrections can be large for Pu-239 if the sample 
is thick enough for T to be small. As with the first method, errors in seriously 
limit the accuracy above a few hundred electron volts. 

For the measurements of *°>- in the keV energy range the samples are placed 
around a neutron source and the fission neutrons produced and the source neutrons 
transmitted are observed. In these experiments multiple scattering corrections 
are not too important because the neutrons scattered by the sample, which-are later 
absorbed in the sample, have on average the same r^ as the neutrons of the source 
energy. Therefore if it is possible to measure the total number of neutrons which 
escape from the sample without being absorbed and also the number of fission neutrons 
produced then -r\ can be obtained. This method cannot be extended to the KeV 
energy range because of the difficulty of differentiating between source and fission 
neutrons. The difference in the two types of measurements is basically that Yiith 
the. low energy measurements in the eV range the neutrons absorbed are determined, 
from transmission measurements and a calculated correction is applied for those 
scattered. In the second method the neutrons scattered are correctly identified as 
those which are not absorbed. This method could be used in the low energy region 
with beam geometry if the total number of neutrons scattered from the sample could be 
determined. 

It is usually assumed in 'v\ measurements that "V can be assumed to be 
constant below, a few keV; however, recent measurements by '.Ye in stein et al^' ^ and 
Ryabov et a l ^ ' h a v e shown that "V for J^ = 0 h resonances differs by 3°/o from 
that for J h = 1"1 resonances. Unfortunately the measurements are discrepant as 
Yfeinstein et al suggest that the 0 resonances have the higher V while Ryabov ot 
al find the reverse. Data obtained by 7/eston et al , however, suggest there is 
little difference in for the resonances of the two spin states. One can only 
conclude from this that thei-e is uncertainty 'particularly "in the energy range between 
100 eV and 30 keV where there are few measurements and consequently the values of ct 
deduced from ^ can be seriously in errorwhen a is small. In addition -r̂  -
measurements only give useful data when alpha does not change significantly within 
the neutron energy resolution of the experiment because the reactor physicist require 
the'..average capture cross-section (<cr̂ ,.>) • o r ratio to the average fission 
cross-section (<a

nY>'//<0nf>^ rather than average a These limitations mean that the 

* In all Sections of the paper except this, a. usually means <cr
nY>/<a

nf>' 



"beam geometry experiments can only provide useful data "belov" a few hundred eV 
while the shell geometry measurements have their greatest accuracy around 30 keV. 

All the other experimental methods which have been used to obtain data on the 
capture cross-section of Pu-239 .are direct determinations. Because the half-life of 
Pu-240 is so long (6,600 y) the activation technique cannot be used in differential 
measurements and it is necessary to detect neutron capture "by observing the prompt 
gamma-rays emitted as the Pu-240 compound nucleus decays to its ground state. Since 
the spectrum of these gamma-rays can vary significantly from resonance to resonance 
it is vital that the efficiency of the gamma ray detector for capture events should 
be independent of the shape of the spectrum particularly if the capture cross-section 
is to he measured for or normalised- on individual resonances. There are at present 
essentially three.satisfactory-types.of .capture detector: 

(a) a large liquid scintillator 'which has an efficiency of almost 100°/o 
for any capture event. 

(b) a.Moxon-Rae detector ' whose efficiency is proportional to gamma-ray 
energy and the efficiency for capture events is therefore independent 
of the form of the Y-ray cascade. 

-(c) the system proposed by Maier-Leibnits and described by Macklin and 
G-ibbons^1^^. In this system corrections are applied to the pulse height 
distribution from the detector to give it a L'oxon-Rae characteristic. 

Using these systems it is not possible to distinguish the capture gamma-rays 
from those produced in fission and the detectors therefore respond to both fission 
and capture events. In principle the capture detector can be combined with a fission 
detector and by using anticoincidence techniques all fission events measured by the 
capture detector, can be identified. In practice experimental considerations have 
kept the efficiency of fission detectors well belov/ 100°/o and so it has been 
necessary to perform experiments where.both the capture and fission cross-sections 
•or alpha have been determined. 

In order to do this it is necessary to use two detectors, one of these being a 
capture detector and the other a fission detector. Consider these two detectors 
observing the fission and canture events in the same sample. If M v and N^ are the 
number of counts for a given incident neutron energy or per time-of-flight channel 
then these'are related to the number of fission (n̂ .) a.nd capture (nc) .events in ..the 
sample by the equations 

. N Y = . S f nf £ c o n o 
t\T _ v> , £ v i f c \ • - - - - ••.'.... 1 1 , — ~ « * J 4~> ' *r • ••• ** 1 1 1 . 7 1 r f f c • c v -' 

where and £- are the efficiencies of the canture detector for fission and 
C j . cc - • 



capture events respectively and „ and „ are the corrssuondin efficiencies • i f f c -
l e s 

through the follo7.-ing relationships: 
fox* the fission detector, The values of n and n,, depends on the cross-sections 

n c = y 3 i v + . f b a - < ( l _ T . ) S l l L > + . . . I ( 6 ) 

°nT °nT °iiT' 

o- cr o-
n f = $ ( 1 - T ) [ + - 2 S - < ( 1 - T ' ) > . . . j ( 7 ) 

1 ° n T ° n T • V ' J 

where 0 is the incident neutron flux and T is the transmission of the sample. The 
triangular "brackets denote averages taken over the volume of the sample and over the 
possible scattering angles and the quantity in these brackets gives the probability 
of a scattered neutron causing a further reaction; the primed quantities are the 
values of the cross-sections etc. after scattering. These equations are simpli-
fications as they do not alio?.' for the sample can or impurities in the sample. 
However, except where there are strong resonances (e.g. at 1 eV in Pu-240 or at 
35 keV in Al) these effects can be neglected. Dividing equation (6) by ( 7 ) and 
simplifying vre obtain 

\ i . . . < ( . 1 - 1 " ) — • 

11 1 m O" a O" „ c l nT nT' nf — = a • — — 

> + 

(8) 
V f fnn °nT °nf' 

1 + < ( 1 - T ' ) . > + 
°nT nT' °nf 

0*0 

where a = o'^So^ and a* = °"nY'^°nf'' -^ese equations can be simplified to give 

A - 1 - 1 n • ... 
: 'P.. ' ' ' • % ' 
— = a S = J (9) 

: . . . . • . N y •. . . .. . 
B - C 

N F 

where S is the multiple scattering correction and-A = > ® = ^ c c / ̂  cf 
c = In the majority of exoariinents C is zero or very small. These 
equations show several important features: 

(a) Multiple scattering corrections are zero or negligible when either 
o m / o n T is small, or the sample .is /thin (i.e. (l -T1) is small) or a-is 
constant as a function of neutron energy (c. = c,1). 

(b) S is unity on the peaks of the strong resonances below 100 eV because a 
tends to be a :con:jtont through a resonance and cr^/cr^ is small. Therefor 



since a values are known for the resonances, experiments are frequently 
normalised by determining A, B and C from the values of measured 
for these resonances. 

(c) The corrsctions for scattering (and also self screening) are minimised 
by measuring a, rather than o" ... J n} 

(d) Errors are minimised if K^ and rl̂  are measured with saaples of the same 
thickness. . 

(e) If G- is zero and S is unity there is a. linear relationship between 
N / * f and a. . . . 

In practice since the reactor physicist requires <crnY>'/'<0"nf> than the average 
value of alpha, the con-ections are more complex to formulate- However, the feature 
noted in (c), (d) and (e) above still apply. In calculating values of <CJay>/<0n;['> 

care has to be taken to minimise the effects of self screening particularly in the 
energy region below 30 keY where most experiments have been performed using pulsed 
neutron sources with white neutron spectra and the time-of-flight technique. 
However, if reasonably thin samples are used (e.g. samples of thickness 10 atoms 
per barn at neutron energies above 100 oV), multiple scattering corrections can be 
neglected and reasonable corrections for self screening made if equation (9) is 
modified so that <o* ,,>/<cr „> is given by nY nf ° J 

< c r n Y > AR - 1 
(10) 

<o" B - CR 
nx 

and R comes from the following equation 

£ o'nT(i) A S ( i ) 

R 
± 1 0 ( 1 ) ( 1 " T ( ± ) ) (11) 
i2 Np(i) onT(i) Az(i) , 

2 
i-1 

0 (i) (1 - T(i)) 

Here and N_p(i) are the number of capture and fission counts, o"n,p(i) is the 
total cross-section, $(i) is the incident neutron flux, T(i) is the transmission 
and A fi(i) is the energy interval for the i" timing channel. Timing channels i^ 
and correspond- 'to the energy limits over which the cross-section 
average is taken. N^ and must be measured for samples of the same thickness 
and the neutron energy resolution must be reasonably good over the energy range 
where the samples are not thin. 



In the experiments made using Van de G:raaff accelerators in the 10 keV" to 1 J-ieV 
energy range, the values of the efficiencies (£ & _ and £ J have "been found 
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absolutely. For the lower energy experiments in the 100 eV to 30 keV energy range 
the values of the efficiencies have been found by normalising the experiments in 
the thermal and/or 5 eV to 100 eV energy ranges. Y/hen this is done it is assumed, 
that the efficiencies are independent of neutron energy. This assumption is known 
to be correct for bizt there must be doubts about ~ and ^ depends upon GO OX XX Oi 
the total energy and spectrum of the prompt gamma rays emitted ir. fission. These 
quantities are knov/n only moderately well at thermal neutron energies and there are 
no data on them at higher energies. The changes in the relative fission-gamma-ray 
yield as a function of fragment mass.have been m e a s u r e d ^ a n d found to be ~50°/o 
of the variations of the number of neutrons emitted. It follows, therefore, that 
the experiments normalised below 100 eV could be in error at higher energies where 
p-wave effects become significant and the mass distributions consequently change. The 
agreement between the Tun de G-raaff experiments and the lower energy experiments in 
the region of 30 keV probably confirms that ~ can be taken as constant. However, CX 
this effectively means that the experiments are normalised a.t 30 keV as well as at low 
energies and therefore we should give the greatest weight to the Van de G-raaff 
experiments in the energy range above 20 keV. 

Consideration of the constancy of as a function of neutron energy depends 
upon the detector system used for detecting fission events. Essentially three methods 
have been used 

(a) detection of fission fragments (i.e. fission chamber) 
(b) detection of the fast neutrons emitted), in the fission process and 
(c) detection of fission gamma-rays using the "high bias technique". 

(The total energy of capture gamma-rays is 6.K5 MeV at zero incident neutron energy 
and if the bias of.a large liquid scintillator is set at a significantly higher 
energy, at say 11 MeV, only fission events will be detected.) 

Such a variety of techniques have been \ased because the high specific a activity of 
Pu-239 (2.3 x-10"* disintegrations per gram per second) makes it - extremely difficult 
to have sufficient fissile material in a fission chamber to enable measurements to 

( n \ 

be made in the keV energy range. -.There a fission chamber has been usedv in a 
laboratory experiment its efficiency was low (~50°/o) and it therefore could be 
sensitive to the known changes in the fission fragment angular distribution in the 
energy range where p-wave interactions become important. In this experiment the 
fission chamber v/as at-the ccntre- of a large liquid scintillator and fission events 
.were selected by taking coincidences between the two detectors.1 It has recently been 
found by Soleihacetal that under these conditions, coincidences are most 
likely, to occur when the number of neutrons emitted per fission (S) ) ; j.s large. The 
reason for this effect is not understood but since "V is large when the total 



gamma ray energy per fission is likely to be small, it could possibly lead to errors 
in alpha. 

'.There the 'fission events are identifiedTvneutron detection, t?- „„ can vary since •7 \ I I 

may depend upon the spin of the resonance^ 1 Y/here measurements have been made, 
corrections can be applied but it is probable that is not known to better than 
+2°/o between 100 aV and 30 keV. If the neutron detectors subtend a small solid 
angle at the sample ^ ^ can also change with the fission fragment angular 
distribution. The "high bias" technique selects fission events which have a large 
total gamma-ray energy. Since we know essentially nothing on how the fission 
cramma-rays denend unon incident neutron energy, errors in alpha due to variation 

( n ) 

in a r e possible. However, where this technique has been used by Gwin et al 
measurements were also made with the 50°/o efficient fission chamber. Since they 
agree, this probably suggests that the assumption of ^ ^ being a constant is valid. 

As a result of 'this discussion the following conclusions can be drawn:-

(a) Determinations of the capture cross-section from total, scattering 
and fission cross-section values lead to reasonably accurate data only 

r 
below 1 ke';/.. j 

(b) ^ measurements only give useful data on a.for energies below ~100 eV 
unless the technique correctly identifies the difference between absorbed 
and transmitted neutrons. 

(c) Y/here direct measurements of alpha are made it is advisable that the two 
detectors used should look at the same "thin" sample so that self screening 
and multiple scattering errors are minimised. 

(d) The capture detector used should be insensitive to the changes in capture 
and fission gamma-ray spectra and in the total energy of fission gamma-rays. 
It is probable that detectors with Moxon-Rae characteristics are 
preferable to most large liquid scintillators as far as the changes of 
gainma-ray spectra are concerned but the situation is reversed when total 
energy is considered. 

(e) The efficiency of the "fission" detector should be insensitive to changes 
in the fission process. No detector that has been used is perfect but it 
is probable that errors from the imperfections are in general not 
significant. 



3. Historical ?.-:;yiew 

Essentially all reactors made in the early years of the world's mi dear energy 
programmes were thermal reactors; fast reactors were not constructed until the 
nid-'l 950s or later. It is not surprising therefore that the first knowledge on a 
for Pu-239 was confined to the energy range thermal to 0.3 eV. As early as 1947 
it was known that relative to U-235 the pu-239 a values were high in this energy 
range and a programme of measurements was started at the Knolls atomic Power 
Laboratory, USA to see if a was smaller at higher neutron energies. The principal 
motive of the work war. to see if the breeding of fuel might be feasible in an 
interncdiate reactor spectrum (i.e. the motive for a measurements has not changed 
over the last 25 year-si). The results of this programme-; were reported by Kanne et 
a l ^ ^ in 1955 and subsequently summarised by Sampson and I.Jolinoin 1957. Two 
types of measurement were performed. In the first ci was measured by irradiating 
Pu-239 OrS - 197 npm Pu-240) in a thermal reactor, under neutron shields designed to 
give neutron transmissions of 0.33 at 5, 30, 200 and 5000 eV; an unshielded exposure 
was also performed to check the technique.. The numbers of fissions in the samples 
were measured by the chemical analysis of the fission products and the number of 
captures by measuring the spontaneous fission rates of Pu-240. The results are given 
in Table 1. 

Table . i 

KAPL l''oil measurements of a 

Cut-off Median fission Pu-239 
. energy (eV) energy (eV) °nY/o"nf 

None Pile s-Dec'trum 0.42-i-0,08 
R 30 0.65+0.14 

30 100 0.80+0.17 
200 1200 0.60+0.12 

5000 15000 0.45+0.08 

The values of the median fission energies for the cut-off energies of 200 and 
5000 eV have been recently re-evaluated as 1450-1500 eV and 25-30 ke7 by Barre et 

(? t) 
alv . It has usually been assumed that these KAPL results are equivalent to mono-
energetic determinations at the median energy - this is undoubtedly false. 

The second set of KAPL measurements were reactivity measurements where', 
effectively -1-a was determined. The experiments' '.were made in a preliminary pile 
assenoly and hence are often called the KAPL PPA measurements. As with the; KAPL ; 
foil measurements the data are associated with a median fission energy and the ' • 
results arc given in Table . 2. • -, " . 

\ O • 



Table P. 

KAPL PPA M o a o u r e m o n t s . o f a 

Median fission a energy (keV) a 

0.15 0.70+0. 10 
3 0.53+0. •18 

225 0.10+0. •10 

At about the same period, measurements of t\ and <x ̂  in the keV region 
became available. These are summarised in Table 3 and the values of a deduced 
using iip to date values of and o" ̂  are given and are plotted in Pig. 1. The past 

1 

Table 3 

. Values of a deduced from measurements 
of oj^ and t\ in the keV energy range 
made in the years before 1960 , 

Authors 
Neutron 
energy 
(keV) 

' cr , 
11A 

(barns) n 
a 

deduced 
V v' 

assumed 

Plerov and 
Polikanov 
(1954) (2?) 

Macklin et 
al (1956) (2!») 

24 (30) 2 , 2 2 + 0 . 1 6 0 . 3 0 + 0 . 1 0 | 2 . 8 8 4 

4.4 
11.8 
33.1 
39.6 
4 4 . 0 
48.8 

4.4 +0.6 
3.2 +0.5 
^.7 ±0.5 
2.2 +0.5 
2.4 +0.5 
2.5+0.5 

0.83+0.25 
0.S9+0.27 
0.08+0.32 
0.47+0.33 
0.61+0.34 
0.68+0.34 

° h f " ; 
assumed ; 

2 .40 
1 .89 
1 .57 
1 .50 
1 .49 
1 .49 

Spivak et i 24 
al (1956) (3«.)h;,.o-

I 2 6 5 
i 2 6 5 
1 9 6 0 

Andreov 
; (1958) ( ^ ) 

(30) 
(140)1 
( 2 5 0 ) j 
(250)! 
(900) 

i 24 ( 2 4 ) 
| 265 ( 2 4 0 ) 
i 9 6 0 . ( 8 8 0 ) 
I 2 4 (22,.) 
i 265 ( 2 4 0 ) 
| 960 ( 8 8 0 ) 

2.01+0.05 
2.35+0.12 
2 . 6 0 + 0 . 1 8 
2 . 5 0 + 0 . 1 1 
2.57+0.12 

0.43+0.04 
0 .23+0 .06 
0 . 1 2 + 0 . 0 8 
0.17+0.05 
0 . 1 7 + 0 . 0 6 

2.884 
2 . 9 0 0 
2.916 
2.916 
3.009 

2.56+0.09 
1.59+0.11 
1.79+0.13 

2.17+0.07 i 
2 . 8 2 + 0 , 1 2 i 
.3.0070.19 

0.33+0.04 
0.03+0.04 
0.00+0.07 
0.50+0.05, 
0.24+0.07 
0 . 0 5 + 0 . 0 8 

2.884 
2.916 
3.009 

1 , 7 1 
1.53 
1.70 

•T- Energy quoted in original publication is in brackets 
* Data taken from evaluation of Hart fab) 
Data taken from evaluation of. Mather and Bampton (21) 

- a -



ton years has seen significant reductions in the recommended values of o" ̂  in this 
energy range and so the deduced values of a obtained from those or^ data have tended 
to rise. The value of Macklin et al at l\..k- lrnV gives an alpha which is consistent 
with the modern values. However, when the 'experiment was performed a fission cross-
section of 3.5 barns was used in the analysis of the data and 'this gives an alpha of 
0 . 2 6 + 0 . 1 7 which is more consistent with the KAH. data described above. 

Measurements of eta and the total and fission cross-sections were gradually 
extended to higher energies with improved neutron 'enei'gy resolution during those 
years. In 1958 the measurements of Bollinger et al provided the first 
comprehensive set of s-wave resonance parameters which covered the energy range up to 
~50 eV. The partial cross-sections can be calculated at higher energies from the 
average values and distributions of these parameters; the average partial cross-
section <cr >'. being given by 

. . o 2 y2 gJ rn r x _ <o" > = 2% y
h — < > (12) nx 

D J J 

• where ^ is the wave' length of the incident neutron divided by gj is the spin 
weighting factor, D T is the level spacing, ^ and f are the neutron and total 

* j • n 

widths and F is the width' for .the reaction x. • • The'- summation ' is\ .over, the possible 
spin states (j) of the compound nucleus and the triangular brackets represent 
averages. Now p < T > < P > 

» = . H — - i - ( 1 3 ) 

" r > -
where R is a parameter known as the fluctuation factor which can be calculated from 
the moan values and distributions of the partial widths. Calculations of the fission 
and capture cross-section and hence a were undoubtedly made in this period but since 
the results did not contradict the KA.PL data they were not used in the early 
evaluations of Pu-239 data for fast reactor calculations. 

One of the first comprehensive and well documented studies,leading to a data 
)M se-
, ( 2 . 0 ) 

set for fast reactor calculation .was made by Yiftah et al^ ̂  in 1 960 (the YOM set). 
They adopted, with some reservation, the Pu-239 ct-curve of Sampson and Molinov 

shown in Fig. 1 .which was largely based on the KAPL data. The data in Table 3 did. 
not contradict the curve and they felt there was:little basis for attempting marginal 
improvement on the earlier analysis. They did, however, recommend that reliable 
monochromatic measurements would be the real answer to - the problem. ' . 

The first direct monochromatic measurements of alpha were those of Hopkins and 
Diven^°} in the energy range above 30' keV.' These fixed, the shape of the a-curve 
above 30 keV and " the evaluation of Schmidt shown in Fig, i was essentially based on -: 
the IOiPL data at low energies and these data at higher energies. This evaluation of 



a or ones similar in shape have "been in common use until about three years ago when 
the direct a measurements between 100 eV and 30 koV became available and were accepted. 

However, oven in the early sixties there was evidence.that the KAPL data at 
1.2 and 3 keV were too low. Uttley^^ in 1 9 m a d e accurate measurements of the 
Pu-239 total cross-section from 100 eV to 100 keV. From his data he obtained an 
accurate value of the shape elastic scattering cross-section and he also calculated 
the compound elastic cross-section. Yfhen the resultant absorption cross-section 
obtained by. subtraction "was combined with the fission cross-section measurements of 

(31) 
James values of alpha greater than 1 in the keV region were obtained. However, 
Uttley and James noted that <o^»> / e ^ (SQ is the s-wave strength function and E 
is the neutron energy) was lower above°600 ©V than "below. Tho reason for this was not 
understood as it can be seen from equation (12) that below 1 keV,..where p-wave effects 
are unimportant, the quantity should be constant. It was.therefore felt that the 
calculation of the dompound elastic scattering cross-section might be in error. ("i> H) 

•However, in 19°S Hartv produced an evaluation of the Pu-239 cross-sections in which 
the high a curve of Uttley and James was selected. At the first IAEA Conference on 
Nuclear Data for Reactors in 1966 there was much discussion, mainly informal, on Pu-239 
alpha. There were three important points in' the(discussion 

(a) Y/as the approach of Uttley and James reasonable or did the change in 
<o"nj,> ./~E/g above 600 eV invalidate the method? 

0 . . . . . . . 
(b) If the value of alpha was . in the keV region, then it was not consistent 

with the resonance parameters measured below 300 eV by Derrien et al . 
(c) The values calculated from resonance parameters (see.the curve of G-reebler 

• (4 ) . et alv "in Fig. 1) were consistent with the KAPL data. 
f a " ) • 

After the Conference, Sowerby and.Patrick-• 7 made an evaluation of a and decided 
to use the Uttley and James technique. They decided that the fluctuation in 
/Eyg was unlikely to affect the calculation of o"^ and obtained the curve shown in ' Q 

Fig. 1. This agrees reasonable well with the most recent data and perhaps the 
lesson to be learned from their evaluation when compared to earlier ones is the 
importance of making sure that evaluated cross-sections are consistent 'With the 
usually accurately measured total cross-section. Other data became available during 
19o7, e.g. the integral a data of Fox et al^ r' ̂ ,'which suggested that the earlier 
evaluated alpha values were too low. The provisional results-of the direct measurement 
by Schomberg et al, which confirmed that alpha in the 1 -5 keV region was M , were-
presented at the Karlsruhe Conference on Fast Reactor Physics. Other integral data 
which supported them wore also presented at the same conference and from this an 
explosion .in the number of integral and differential measurements started. 

At this point i t is .important to look back and consider the lessons one can: learn 
from this series of events. , Undoubtedly the reason that the ItA.PL. data wore accepted • 



as correct in the keV range for so long was that they agreed with the values 
calculated from resonance parameters. These calculations gave values consistent 
with the available data above 30 keV and in the resonance region and therefore the 
calculations could be considered as an interpolation rather than as an 
extrapolation. • The warning that these calculations were suspect lies in the 
behaviour of <crnf> v^/g which would essentially be independent of neutron 
energy if the ° calculations were correct. As we will see later the 
explanation of the behaviour lies in the discovery of intermediate structure in 

("3) ( q ) sub-threshold fission by Paya et. alv ' and Migneco and Theobaldv . Since the 
+ fission through the channels with spin 1 is sub-threshold the assumptions made 

+ . 

in the calculations about the mean fission widths of the 1 resonances are no 
longer correct. There are three important points resulting from this discussion. 

(a) If it is important to know a quantity accurately, then if possible 
it must be measured directly and accurately. 

(b) Theoretical calculations are only as good as the data they are based 
upon. Even what appears to be a reasonable calculation can bo in 
serious error if the assumptions made cannot be tested. 

(c) Even when a calculation appears, to fit the data in two energy ranges, 
it does not automatically follow that it is correct elsewhere. 



4. Alpha measurements in the energy region from 0.1 to 30 keY 

During the period 19^7 to March 1971 several experimental measurements of the 
a-values for Pu-239 in the energy region below 30 keV have been published and our 
knowledge has advanced considerably. Essentially seven different laboratories have 
contributed to these measurements - Oak Ridge, USA (the measurements of G-win et al. 
(II ) , (su)), Harwell, UK (the measurements of Schomberg et al. (3$)), Livermore, USA 
(the measurements of Czirr and Lindsey (•&>)), Moscow, USSR (the measurements of 
Beljaev et al. ), Los Alamos, USA (the measurements of Farrell et al. (58)), 
Dubna and Obninsk, USSR (the measurements of Kononov et al. ("V3) and Ryabov et al. 
((/.<?)). All these measurements differ in method and experimental technique as well 
as in normalization procedure. They can be divided into two groups depending on 
whether or not fission neutrons were used to identify fission events. The 
measurements of Schomberg et al., Czirr and Lindsey, Belyaev et al., and Ryabov 
et al. belong to the first group while the remainder (Groin et al., Parrell et .al. 
and Kononov et al.) belong to the second group. The first group of measurements is, 
.in principle-, subject to a larger uncertainty caused by the spin-dependence 
uncertainty in -values. 17e have accepted that this uncertainty might be as much 
as 2°/o in "O and 5°/o in ct. 

In order to• ease the task of the reader we have prepared, abstracts for the 
seven workr. mentioned above, which -are given in the Appendix, where all necessary 
information such as accuracy, fission and capture detectors, sample details, 
experimental arrangement, data normalisation, corrections and errors, authors' 
comments and our comments are presented. In this way the reader need not consider 
details of the experiments unless he wishes to do so. In the present Section the 
results and the errors are as given by the authors. 



(a) Measurements of (Twin et al. 0""') , 

The details of this experiment are given in abstract 1. The first data set 
for a measured by Gv/in et al. was published in reference ( V), and the second set 
which supersedes the first one, is given in reference ('£ij). The main differences 
between them is that (a), in the latest analysis Gwin uses a different procedure 
for the normalisation of the metal foil data by equating the energy integrals of 
the neutron fission and capture cross-sections over the energy range from 7.3 to 
100 eV to the values derived from the measurements using the ionization chamber, 
and (b), the time-dependent background in the experiments was interpreted 
differently. 

The latest set of the data for alpha reported by G-win et al. (l>lf) is given in 
Table 4. The results were obtained with an" 11-gram metal foil up to 30 keV and 
with a fission chamber up to 4 keV. The two sets are shown separately because 

i 

except for normalisation-the methods used were independent of each other. A 
comparison of the results, shown in Table 4, obtained for the metal foil with those 
using the fission chamber indicates agreement within experimental uncertainties. 

Table 4 i 

The results for <cr- ,>/<cr n>, <cr „> ond <cr .> obtained by Gv/in et al. (3k) 11Y nf nf nil J • <' 

Energy <cr . > • 11A (barns) <0nf> (barns) <o' „>/<0'• > nY . nf 
Interval Interval 
(keV) 11 g-foil Ionisation 11 g-f oil- Ionisation 11 g-foil lon.isation 11 g-foil chamber 11 g-f oil- chamber 11 g-foil chamber 

0,1- 0.2 35.4 +2.3 36.4+1.8 18.1 +0.73 18.2 +0.51 0.96+0.12 1.00+0.15 
0.2-0.3 35.3 +2.3 35.6T1.8 17.2 +0.66 17.4 +0.5 1.06+0.12 1.05+0.15 
0.3- 0.4 18.6 + 1 . 2 18.7+1.3 7.94+0.33 8.3+0.27 1.34+0.14 1.25+0.18 
0.4- 0.5 13.95+0.9 • 14.4T1.3 9.42+0.41 9.5+0.27 0.48+0.09 0.52+0.10 
0.5- 0.6 27.6 +1.8 27.3+1.7 15.5 +O .56 15.3 +0.39 0.78+0.11 0.78+0.13 
0.6- 0.7 11.8 +0.76 12.9+1.4 4.12+0.24 4.4+0.17 1.87+0.18 1.93+0.24 
0.7- 0.8 11.2 +0.72 12.3+1.8 5.57+0.26 5.70+0.18 1.00+0.12 I . I6+O.I7 
0.8- 0.9 9.61+0.62 10.4+1.3 4 . 6 4 + 0 . 2 3 5.04+0.17 1 . 0 7 + 0 . 1 4 1.06+0.16 
0 . 9 - 1 . 0 14.5+0.93 16.0+1.4 8.17+0.32 8.50+0.23 0.77+0.10 O.88+O.I4 
1 . 0 - 2 . 0 8.23+0.53 9.0+1.3 4.28+0.19 4.36+0.13 0.92+0.12 1 . 0 6 T 0 . I 6 
2 . 0 - 3 . 0 3.33+0.16 

0.92+0.12 
1.38 

3.0-4.0 3.12+0.16 1 . 26 
4.0- 5.0 4 . 4 4 + 0 . 5 1 2.24+0.15 2.34+0.12 0.98+0.13 
5.0- 6.0 3.98+0.34 • . • • - . • ' - • • " • • ' - , - "• 2.08+0.14 2 . 0 9 + 0 . 1 1 0;91+0.12 
6.0-7.0 3.81+0.34 2.03+0.14 2 . 0 5 + 0 . 1 1 0 . 8 8 + 0 . 1 2 
7 . 0 - 8 . 0 3.57+0.34 • •• • • -••.•'.'•:-•.. ... . - • • 2 . 1 0 + 0 . 1 6 2 . 1 3 + 0 . 1 2 0.71+0.11 
8 . 0 - 9 . 0 3.49+0.33 ••;: 2.21+0.17 2 . 2 2 + 0 . 1 2 0.58+0.10 
9 . 0 - 1 0 . 0 3.04+0.29 1 .85+0.14 1 . 8 8 + 0 . 1 0 0.64+0.11 

1 0 . 0 - 1 5 . 0 2.87+0.27 1 . 8 2 + 0 . 1 4 1 . 8 3 + 0 . 1 0 0 . 5 8 + 0 . 1 0 
15.0-20.0 2.61+0.25 1 .80+0.14 i. 79+0.10 0.45+0.09 
20.0-25.0 •'•.•2.51+0.24 .'..v. : .•-••:• •.-'..••'"• '•-..• " .:• ' .... • i 1.80+0.14 1.78+0.10 0.39+0.09 
25.0-30.0 i 1. ' . • 0.44+0.15 



(b) Measurements of So bomber,^ el: al. (5 ) , 

The provisional results of this experiment were giv.en by Schomberg et al. (d ) 
while the final results are given in reference The details of these 
measurements are given in abstract 2. The latest alpha data set obtained by 
Schomberg et al. which is given in Table 5 supersedes all the previous data of 
the same authors. The main differences betv/een the latest data set and the 
previous ones are in the experimental technique, the experimental conditions used 
and in the resonance alpha values which have been used for normalization purposes. 

Table 5 

"Values of <cr v>/<cr „>, <o" „> and <o' .> obtained by Schomberg et al. (VS) 

Energy Interval 
(keV) 

i 
<c ,> nA <cr „> nf <c „>/<cr „> n 1 nf Energy Interval 

(keV) (barns) (barns) 

0.1 0.2 36.36+2.40 18.55+0.59 0.96+0.12 
0.2 - 0.3 32.99+2.61 18.43+0.58 0.79+0.13' 
0.3 - 0.4 18.66+1.55 8,76+0.30 •1.13+0.16 
0.4 - 0.5 14.04+1.17 9.75+0.31 0.44+0.11 
0.5 - 0.6 25.56+1.43 15.68+0.50 0.63+0.08 
0.6 - 0.7 ••11.71+0.85 4.80+0.19 1.44+0.15 
0.7 - 0.8 10.65+0.79 5.49+0.28 0.94+0.13 
0.8 - 0.9 8.2370.95 5.38+0.19 0.53+0.16 
0.9 - 1.0 12.46+0.83 8.04+0.27 0.55+0.09 
1.0 - 2.0 7.96+0.57 4.71+0.16 0.69+0.10 

: 2.0 - 3.0 6.59+0.51 3.43+0.13 . 0.92+0.13 
3.0 - 4.0 5.38+0.41 3.11+0.11 0.73+0.12 
4.0 - 5.0 4.18+0.30 2.43+0.08 0.72+0.11 
5.0 - 6.0 0.80+0.11 
6.0 - 7.0 3.43+0.27 2.03+0.07 0.69+0.12 
7.0 - 8.0 . 3.43+0.24 2.16+0.07 0.59+0.10 
8.0 - 9.0 3.43+0.23 2.20+0.08 0.56+0.09 
9.0 - 10.0 3.12+0.21 1.90+0.06 0.64+0.10 

10.0 • - 15.0 2.61+0.16 1.72+0.06 0.52+0.08 
15.0 - 20.0 2.34+0.13 1.6070.05 O.46+O.O7 
20.0 - 25.0 2.26+0.13 1.56+0.05 0.45+0.07 
25.0 — 30.0 2.17+0.13 1.62+0.06 

I • 
0.34+0.06 



(c) Measurements of Czirr ami Lindsay (3b) 

The results of the measurements of Csirr .and Lindsey are published in 
reference (iu). and details of the measurement are presented, in abstract 3. The 
results are given in Table 6, 

TableJ) 

Values of <c >/«x >,' <o; _> and <o' > obtained by Cairr and Lindsey (36) 

Energy Interval <cr , > nA <0'nY>/<0"nf> 
0 :eV) v (barns) i (barns) 

<0'nY>/<0"nf> 

0.1 0.2 30.6 17.2 0,78+0.05 
0.2 - o:.3 32.3 17.4 0.86+0.06 
0.3. - 0.4 17.5 8.3 1.11+0.07 
0.4 - 0.5 12.8 8.8 0.45+0.03 
0.5 - 0.6 23.4 14.2 0.65+0.05 
0.6 - 0.7 10.4 4.0 1.60+0.13 
0.7 - 0.8 8.6 4.5 0.90+0.08 
0.8 - 0.9 8.5 5.2- 0.64+0.05 
0.9 - 1.0 12.1 7.1 0.70+0.06 
1.0 - 2,0 7.3 4-2 0.85+0.07 
2.0 - 3.0 6.1 3.0 1.01+0.08 
3.0 4.0 5.25 2.8 0.88+0.07 
4.0 - 5.0 4.25 2.32 0.80+0.07 
5.0 - 6.0 0.87+0.08 
6.0 - 7.0 0.87+0.08 
7.0 - 8.0 0.62+0.07 
8.0 - 9.0 0.55+0.06 
9.0 - 10.0 0.62+0.07 

10.0 - 15.0 0.42+0.05 
15.0 - 20.0 0.41+0.05 
20.0 30.0 0.37+0.04-

- i t f -



( a ) . Measurements of Brfyaev et al. ("?) 

The results of the measurements of Bolyaev et al. (37) are given in Table 7, 
and the detail's of the measurement are presented in abstract 4. 

. T a b l e 7 

Values of <cr J>/<& <o" ,,> and <o" .> obtained by Belyaev et al, (3 nY nf ' nf mi J v 

Energy 
Interval 
(keV) 

<0" .> mi <o" „> nf 
<°nY>/<anf> 

• <cr .r>/«? n> nY nf <cr , >/<cr „> nY nf Energy 
Interval 
(keV) (barns) (barns) <°nY>/<anf> (l-Itil and.ZnS) (stilbene) 

0.1 - 0.2 33.15 17.65 0.88+0.03 0.87+0.03 0.92+0.07 
0.2 - 0.3 33.5 16.18 v 1.07+0.04 1.09+0.04 1.03+0.07 
0.3- O A 20.3 9.09 1.23+0.05 I.24+O.O6 1.20+0.10 
0.4 - 0.5 13.'05 9.00 O.45+O.05 0.47+0.05 

0.7*3+0. Oo 
0.2,2+0.10 

0.5 - 0.6 22.'3 12.77 0.75+0.05 
0.47+0.05 
0.7*3+0. Oo 0,73+0.10 

0.6 - 0.7 14.4 5.29 1.72+0.13 1.71+0.15 1.74+0.24 
0.7 - o; 8' 10.2 5.28 0.94+0.09 0.9 2+0.10 0.99+0.20 
0.8 - 0.9 10.0 5-64 0.78+0.09 0.87+0.11 0.63+0.17 
0.9 - 1.0 10.75 6.29 0.71+0.08 0.75+0.09 0.63+0.17 
1.0 - 2.0 8.75 4.33 1.02+0.06 •1.06+0.07 • 0.9^+0.10 
2.0 - 3.0 7.14 3.20 1.23+0.08 1.23+0.09 1.23+0.17 
3.0 - 4.0 5.40 2.76 0.96+0.11 0.98+0.13 0.92+0.20 
4.0 - 5-0 4.72 2.58 0.83+0.10 0.87+0.11 0.76+0.20 
5.0 - 10,0 3.73 2.23 O.67+O.O7 0.67+0.08 0.66+0,14 

The errors quoted are statistical. An additional error, which is approximately 
+5°/o for a values between 0.6 and 1.1, must be added to allow for normalization 
uncertainties. The <o-.f>'; values are-given without 'corrections for self screening. 



(o) Measurements of Parrell et al. ( ) 

The results of the measurements of .Farrell et al. (3?) are given in 
Table 8, and the details of the measurements are nresented in abstract 5. 

Tablo 8 

Values o f <°"nT>'/'<crnf;>'' <°nf> ana<°"riA> obtained by ?arrell et al, (sfc) 

Energy Interval 
. (keV) ' 

<o" . > nj-i 
(barns) 

nf 
(barns) 

. I 
<CTnY nf> 

O.i _ 0.2 35.25 21.1 
j 

0.67+0.09 
0.2 - 0.3 34.40 20.6 0.67+0.09 
0.3 - 0.4 18.3 9.43 0.94+0.11 0.4 - 0.5 16.2 10.3 0.57+0.10 
0.5 - 0.6 26.6 16.2 O.64+O.II 
0.6 - 0.7 12.05 4.50 1.68+0,13 
0.7 - .0.8 11.3 6.11 0.85+0.11 
0.8 - • 0.9 9.7 5.43 0,79+0.11 
0.9 — 1.0 14.7 0.67 0.70+0.10 
1.0 - 2.0 9.7 4.47 1.17+0.12 
2.0 - 3.0 8.0 3.47 1.31+0.13 3.0 - 4.0 6.4 3.28 0.95+0.11 
4.0 - 5.0- 4.92 2.59 0.90+0.11 
5.0 - 6.0 5.0 2,59 0.93+0.11 6.0 - 7.0 4.15 2.23: '0.86+0.11 
7.0 - 8.0 4.10 2.44 0.68+0.11 
8.0 - 9.0 3.92 2.48 0.58+0.10 
9.0 - 10.0 3.70 2.11 0.74+0.11 

10.0 - 20.0 3.10 1.94 0.60+0.10 
' 20.0 30.0 2.74 

. 
1.85 

• 

0.48+0.09 

The errors quoted in Table 8 are standard deviations and include statistics, 
error in fission gamma subtraction, and estimates of systematic errors due to 
target density, detector efficiency and solid angle etc. 

- O - -



(?) Lleasurements of Kononov et al. f-'̂  ) 

The results of the measurements of Xononcv et al. (V.) arc given in Table 9. 
The details as "well as discussion of the measurement are presented in abstract 6. 

TABLP 9 

Values of < o " n y > / ' " - n d <o„.P> obtained by Kononov et al, n t •nf 

Resolution Resolution Hesolution Resolution 
Energy 'i 5 nsco/ia 220 nsec/rn 15 nsec/n 220 nsec/m 

Interval 
(keV) 

<o- .,>/<0" ..> ni m <CTnr>/<°nf> <onf> ( + 1 5 % ) <0nf > Interval 
(keV) (barns)" (barns)* 

0.1- 0.2 0.71+0.07 0.73+0.05 2-i . 6 3 I S . 9 4 
0.2- 0.3 1 .31+0.23 0.72+0.16 17.88 18.39 
0.3- O A 1 .7l"'0.23 0.82+0.23 7.30 8.77 
0.4- 0.5 0.48+0.16 0.60+0.12 12.30 9.33 
0.5- 0.6. 0.68+0.10 0.70+0,10 18.33 15.61 
0.6- 0.7 0.75+0.13 0.92+0.21 7.34 7.32 
0.7- 0.8 1.03+0.07 0.707-0.16 . 6,57 • 5,34 
0.8- 0.9 0.68+0.14 0.63+0.14 !'• 7.03 5.68 

' 0.9-1.0 0.48+0.11 0.65+0.15 10.93 7.16 
1.0- 2.0 0 . 6 5 + 0 . 1 4 0.78+0.13 5.56 5.01 
2.0- 3.0 0.89+0.14 0.83+0.14 3,61 2.91 
3.0- 4.0 O . 6 7 + O . 0 8 • 0.77+0.11 . 3.65 2.95 
4.0- 5.0 0.95+0.08 0.71+0.08 2 . 6 5 2 . 3 6 
5.0- 6.0 0.90+0.05 0.65+0.09 2 . 3 6 2.20 
6.0-7.0 0 . 9 7 + 0 . 0 8 0.59+0,10 2 . 1 3 2.18 
7.0- 8.0 0.46+0.07 0.44+0.08 2.55 2.39 
8.0-9.1 0.49+0.06 0.43+0.08 2.32 ! 2.26' 
9.1-10.1 0.43+0.06 0.46+0.09 2.22 i 2 . 1 7 

1 0 . 1 - 2 9 . 5 0.48+0.10 0.36+0.08 i 
i 

* The fission cross-section values measured are of illustrative nature only, 
have been obtained v/ith different normalization. 

" 1 

as o" and a-valueJ nf 

- 7 V -



(g) Keagiyr:;.!snts of P.yabov at al. ( ) 

The results of measurements of P.yabov et al. ( w ) are presented in Table 10 
and the details and discussion of the measurement are given in abstract 7. 

TABLE 1 0 

Values of <o" >/<cr p> and <cr f> obtained by Ryabov et al. (40) 

s 
Energy 
Interval 

(keV) 
<0nY>/<°nf> <cr „> nf 

(barns) 

0.1 0.2 O.85+O.II 18.1 
0.2 - 0.3 'i .00+0.10 17.8 
0.3 0.4 'i .00+0.18 5.8 
0.2,. 0.5 . 0.89-i0.09 3.7' 
0.5 - 0,6 0.84+0.08 16.4 
0.6 - 0.7 1.44+0.43 4.6 
0.7 - 0.8 1.31+0.13 6.1 
0.8 - 0.9 1.15+0.16 6.1 
0.9 - 1.0 . -1.21+0.18 S.5 
.1.0 - 2.0 1.04+0.13 4.9 
2.0 - 3.0 1.09+0.18 3.2 
3.0 - 4.0 0.96+0.14 3.1 
4.0 - 5.0 0.78+0.05 2.6 
5.0 - 6.0 0.82+0.14 1.8 
6.0 - 7.0 0.75+0.18 1.9 
7.0 - 8.0 0.60+0.17 2.1 
8.0 - 9.0 0.50+0.07 2.0 
9.0 - 10.0 0.43+0.08 1.8 

10.0 20.0 0.37+0.05 1.55 



5. He suits of alrih" :noasur<saonts at oner .7x0 s higher than 20 IrcV 

As in the urovious Section, only data published in the period up to March 1971 
are considered-in this Scction. The measurements in this energy range arc not as 
discrepant as those below 30 keV and so the experiments rd.ll not bo considered in 
the same detail. Except in the case of n. measurement*; the results and errors will 
be as given by the authors. For the measurements the values of ~> used to 
derive a are taken from the recent evaluation of Uathcr and Bar.mton ). 

(») ISxnorinisnts of Spiva*: oi al. (2 

Measurements of „„ (= -n ) were carried out by Snivak tst al. with nhotc-eff x - ' J 

neutrons v.'ith energies of 24, l-'j-O, 265 and 960 keT. They measured neutron 
absorption and fission neutron production b;/ means of two detectors having different 
sensitivities for different neutron energy x-angss. The measurements wore performed 
with the source alon,e and then with the source embedded in a plutoniuia sphere. The 
experimental results obtained are presented in Table 11. 

rn T>T -1 a .1 

The experimental results obtained by Spivak et al. {oil.) 

Neutron Energy (kc >v) 
| _ 
i v -| 'eff • 

i 
i 
I a 

1st detector 2/,. 
140 
265 

keV 
J 
: 2.01+0. 
• 2.35+0. 
i • 2/60+0. 

05 
12 
IS 

! 2.884 
• 2.900 
, 2.916 

! 0.43-1-0.04 
: 0.23+0.06 

0,12+0.00 
2nd detector 265 

960 
keV ' 2.50+0. 

! 2.57+0. 
11 
12 

2.916 
i 3.009 

! 0.17+0.05 
0.17+0.06 



( b ) flxftorirnentr. o f / V n u r n o v ) 

Fhotoneutrcns with anergics of 24. keV, 265 koV r;nd 9^0 ke7 vrere used. Andreov 
used a sphere 'r cm thick and with an internal diameter of 5 cm. The fission detector 
(ionization ch&abnrs v/ith IJ-235 and 11-233) was set no inside and the neutron source 
outside the sphere. The experimental results obtained 2-re given in Table 

TABLE 12 

The experimental result? obtained by Andreov at al. 

Koutron Energy 
(keV) n 

i i 

i ^ 
i a i 

24 
' 265 

960 

2 . 1 7 + 0 . 0 7 
2.82+0.1 2 
3.00+0.19 

! n op 1 j c., ou/f 
i 2 . 9 1 6 

3 . 0 0 9 

! 0.33+0.04 
i 0 . 0 3 + 0 . 0 4 
i 0 . 0 0 + 0 . 0 7 



(c) Experiments of Honking..fnd "Plyerr (/• ° ) 

The neutrons were obtained vrith the -primary protons being produced by means of 
the reactions Li-7(p,n) for 30 keV neutrons and T(p,n) for neutrons in the range 
60 keV - 1 MeV.. Capture or fission events were detected in a large liquid' 
scintillator by moans of their prompt gamma rays. Fission was identified by the 
delayed pulses produced by capture in the 'scintillator, of the fission neutrons. The 
experimental results obtained by Hopkins and Diven are given in Table 13. The 
standard deviation for a are,a combination of both statistical uncertainties and the 
uncertainties in the extrapolation of the spectra to aero energy. 

. TABLE 13 
Experimental results obtained by Hopkins and Diven (3o) 

Neutron 
Energy O-
(keV) 

30-1-10 0.343+0.038 
6 0 + 15 i 0.145+0.017 

175 25 ! 0 . 1 4 2 + 0 . 0 2 3 
2 5 0 + 5 0 | 0 . 1 0 6 + 0 . 0 1 6 
400 -i 90 ! 0.089+0.009 
6 0 0 H- 7 6 ! 0 . 0 6 5 + 0 . 0 0 9 
750 ~ 70 i 0 . 0 4 6 + 0 . 0 1 0 
900 "+ 63 ! 0 . 0 3 5 + 0 . 0 1 2 

• 1 0 0 0 + 58 ; 0.027+0.007 



(;l) fixngrimen ha of Van'>:ov and Stavisskii ) 

Photoneutrons of energy 24 keV wore used to measure and o^.. The detector 
system consisted of a water tank containing small moveable.fission chambers and the 
neutron source was contained in a i m diameter cavity. The changes in count rate 
were measured at various distances from the source and <\ and cr , deduced. The nA 
results are presented in Table 14 and it can be seen that the two values of o. 
deduced are discrepant. 

TABLE 14 

Exporimental Results obtained by Van'kov and Stavisskii (4-1 ) 

0" . (barns) na x a V 
assumed 

,, °hf . (barns) 
assumed 

< 

2.15+0.06 
2.75+0.16 

0.34+0.04 
0.61+0.10 

2.884 
1.71 

i-

In this evaluation we will only consider the value based upon as the value of 
o" . appears high, compared to other data. 



(e) Experiments of Lofttin e I al. (4---) 

The principle was oho same as in the experiments of Hopkins and, Diven. A signal 
recorded by the spherical scintillator (gamma rays and ro'coil protons) corresponded 
to a fission event if it was followed by at least one other signal within 3.0 (.1 sec 
(capture of a'neutron by the gadolinium). The neutrons were produced by 'means of 
the reaction Li-7(p3n) with a Van cle Graaff •accelerator generating the primary 
proton beam. Below 100 keV a thick target was used and the neutron energies wei'e 
determined by the time-of-flight method. Above 100 keV they used a thin target and 
it v/as possible to obtain monoenergetic neutrons 7/ith good resolution. The 
results of these measurements in the energy region 17 to 600 keV are shown in Table 15-
The total error in alpha is given at 30.1 keV, and alpha-values at other energies 
were normalised to the ci-value at 30.1 keV and only the statistical error is given for 
the other energies. The statistical uncertainty in the alpha value at 30.1 keV was 
assumed to be 6.5°/q and the systematic uncertainty at this energy was accepted as 
7.6°/o, giving the total error of 10°/o at 30.1 keV. For evaluation purposes we have 
taken the value of 7 . 6 % as a systematic error to be added to all the error values 
giÂ en in Table 15 (except at 30.1 keV). 

TABLE 15 

Alpha-values 'obtained by Lottin et al. (4-20 

Neutron Neutron 
Energy a Energy a 
(keV) (keV) 

17.7 0.395+0.108 38.5 0.253+0.017 
18.3 0.490+0.109 40.5 0.226T0.016 

, 18.8 0.443+0.097 42.3 0.246+0.016 
19.4 • 0.Vh2+0.089 ' 44.5 . 0.22^+0.017 
20.2+0.6 0.350+0.075 46.7 0.286+0.017 
21.0 O.353+O.O7I 48.5 O . I99+O .O27 
21.7 0.406+0.071 51.0+2.5 0.198+0.028 
22.4 0.409+0.048 54.5 0.195+0.030 
23.1 0.371+0.040 ' 57.5 0.178+0.032 
23.9 0.353+0.036 60.7 0.176+0.025 
24.0 0.350+0.034 64.0 0.174+0.022 
25.7 0.355+0.030 ' - 68.0 0.169+0.021 
26.8 0.327+0.027 72.0 0.165+0.020 
27.9 0.289+0.025 77.0 0.160+0.021 
29.0 0.281+0.023 82.0+5.0 0.172+0.034 
30.1+1.2 0.329+0.033 200.0+7.0 0.127+0.008 
31.0 0.297+0.020 300.0+6.0 0.116+0.011 ; 
32.3 0.303+0.01 9- 400.0+6.0 0.078+0.011 
33.8 0.288+0.01 S " • 500.0+6.0 0.065+0.005 
35.3 0.299+0.019 600.0+5.0 ; vJ * Û jP'r 

• 37.0 0.228+0.017 

u -



The agreement between these data and those of Hopkins and Diven (3o) is 
satisfactory, but both of these data were obtained by very similar techniques with 
the net result-that there may be some systematic error Ubsocinted with these 
measurements. 



(f) Experiment of Bancll fit al. 

The shapes of a and have been measured in the neutron energy region from 8 
to 60 keV. The neutrams vfere obtained "by means of the reaction Li-7(p,n)?,e-7 at a 
Van de fi-raaff accelerator." The absorption was found by a comparison of the 
scattered neutrons from the Pu-sample with those from a non-absorbing lead sample. 
The scattered neutrons were detected by a Li-6 glass scintillator and fission 
neutrons '.vers simultaneously measured by an organic liquid scintillator with pulse 
shape discrimination against Y-radiation. 

The a-values obtained were, normalized to the data of Lottin et al. in the energy 
region from 40 to 50 keV. The statistical uncertainties in the o-values measured 
are 5-10°/o, systematic uncertainties tire about 1 0 % , and uncertainty due to 
normalisation is about 10°/o, giving the total errors, of 15-20°/o. The c-data 
obtained by Bandl et al. are given in Table 16. 

TABLE 16 

Alpha-values obtained by Bandl et .al. ("•-') 

Energy Interval (keV) a(Pu-239) 

8-9 0.687 
9-10 . 0.689 

10-11 0.617 
, 11-12 0.604 
12-15 . " 0.505" 
13-14 0.539 

. 14-15 0.566 
. 15-16 , : " 0.450 

16-17 0.381 
' 17-18 0.386 

18-1 9 . 0.389 
19-20 0.388 

20.0-22.5 0.354 
22.5-25.0 0.304 
25.0-27.5 0.287 

. 27.5-30.0 0.284 
30.0-35.0 .•••'•>>:•,••.•;•• 0.291 
35.0-40.0 0.280 
40.0-45.0 0.244 
45.0-50.0 . 0.236 

,50.0-60.0 0.218 

- I t 0 -



6. An Evaluation of Alpha 

(a) Energy varies 100 ci'/ to 30 keV . 

The evaluation of alpha is host considered in two overlapping energy 
ranges; 100 eV to 30 keV and 20 keV-to 1 KeV. In the energy range from 100 eV to 
30 keV thero are now a number, of measurements which have been discussed in Section 
The results of these are collected together in Table 17 and plotted in Fig. 2. The 
data of Bandl et al. and Lottin et al., which overlap the two energy ranges are also 
considered. It can be seen that the results are not in good agreement and it is the 
aim of this section of the paper to obtain the best values from the available data. 

There are a number of possible reasons why the various low energy experiments 
may give discrepant results: 

(a) the experiments are not all normalized in a consistent manner 
(b) the errors in some of the experiments have been underestimated 
(c) there are flaws in the experimental techniques used in some of the 

exne'riments and 
(d) the experiments which use the detection of fast fission neutrons to 

select fission events -will -get different answers 'if V . fluctuates 
as a function of incident neutron energy. 

( 0 Normalization 

The simplest way -to check that the normalizations are consistent is to 
compare the a-values obtained (or used, for normalization) for well resolved resonances 
below 100 eV. The available results are shown in Table 18 and it can be seen that 
on -the. whole the agreement between experiments is reasonably good particularly when 
one considers all the resonances simultaneously. The normalization of the remaining 
experiment .of- Farrell et al, is discussed in the appendix and though'-we • do not have 
the exact values of the resonance ©.-values' obtained it is our opinion that they are 
probably consistent with the numbers in Table 18. Therefore, since the differences 
between the alpha values are much smaller than the differences between the 
measurements of <°ny>/<0"n^>> we consider that effectively all the experiments are 
consistently normalised. In virtually all the experiments the - normalization- is 
essentially based on the a.-values -.'in the thermal - energy range. At least two values 
are required to obtain the values of A and B in equation (\o ) and though the thermal 
a value is accurately known ( \ ) the values at other energies are. relatively 
inaccurate and this limits the accuracy to which a can be measured. '.7e consider that 
this limiting accuracy: can be expressed as > 1 % of (-1 +3.3c.) for the a values between 
0 and 3, (i.e. +0.02, 0.043, 0.06 and 0.11 for a..= 0,3, 1, 1.5 and 3 respectively). 

(ii) Experimental Errors' 

It is difficult to assess-whether or not realistic errors are quoted in the 
various experiments. At certain, energies it looks as if the spread in values is'-



TA3LE 1 7 

M e a s u r e m e n ! s o f A l o h a bait-

E n e r g y 
I n t e r v a l 

( k e V ) 

fi-v/in e t a l . ) 

P o l l m i s s i o n 
c h a m b e r 

S c h o m b e r g C z i r r a n d ; B e l y a e v „ 
e t a l . -(s%) L i n d s e y (•&«•) ' e t a l . ( r ! ) e t a l ] 

0.1 
0.2 
0 , 3 
0.1,. 
0 . 5 
0 . 6 
0 . 7 
0,8 
0 . 9 
1 , 0 
2 , 0 
3 . 0 
4 . 0 
5 . 0 
6.0 
7 . 0 
8.0 
9 . 0 

10.0 
1 5 . 0 
20.0 
25.0 

0.2 
0 . 3 
0 . 4 
0 . 5 
0.6 
0 . 7 
0.8 
0 . 9 
1 . 0 
2 . 0 
3 . 0 
4 . 0 
5 . 0 
6.0 
7 . 0 
8.0 
9 . 0 

10.0 
15.0 
20.0 
25.0 
30.0 

0.96+0.12 
1 . 0 6 + 0 . 1 2 
1 . 3 4 + 0 . 1 4 
0 . 4 8 + 0 . 0 9 
0 . 7 3 + 0 . 1 1 
1 . 8 7 + 0 . 1 8 
1 . 0 0 + 0 . 1 2 
1 . 0 7 + 0 . 1 4 
0 . 7 7 + 0 . 1 0 
0 , 9 2 + 0 . 1 2 

0 . 9 3 + 0 . 1 3 
• 0 . 9 1 + 0 . 1 2 

0 . 8 8 + 0 . 1 2 
0 . 7 1 + 0 . 1 1 
0.58+0.10 
0 . 6 4 + 0 . 1 1 
0 . 5 8 + 0 . 1 0 
0 . 4 5 + 0 . 0 9 
0 . 3 9 + 0 . 0 9 
0 . 4 4 + 0 . 1 5 

1.00+0.15 
1 . 0 5 + 0 . 1 5 
1 . 2 5 + 0 . 1 8 
0.52+0.10 
0 . 7 8 + 0 . 1 3 

1 ; 9 3 + 0 . 2 4 ' 
1 . 1 6 7 0 . 1 7 
1.06+0.16 
0.88+0.14 
1.06+0.16 
1 .JO -
1 . 26 * 

0.96+0.12 
0 . 7 9 + 0 . 1 3 
1 . 1 3 + 0 . 1 6 
0 . 4 4 + 0 . 1 1 
0 , 6 3 + 0 , 0 3 
1.44+0.15 
0 . 9 4 + 0 . 1 3 
0 . 5 3 + 0 . 1 6 
0 . 5 5 _ + 0 . 0 9 
0.69+0.10 
O.92+O.13 
0 . 7 3 + 0 . 1 2 
0 . 7 2 + 0 , 1 1 
0 . 3 0 + 0 . 1 1 
0 . 6 9 + 0 . 1 2 
0 . 5 9 + 0 . 1 0 
O.56+O.O9 
0 . 6 4 + 0 . 1 0 
0 . 5 2 + 0 . 0 8 
0 . 4 6 + 0 . 0 7 
0 . 4 5 + 0 . 0 7 
0 . 3 4 + 0 . 0 6 

0 . 7 8 + 0 . 0 7 
0 . 8 6 + 0 . 0 8 
1 . 1 1 + 0 . 1 0 
0 . 4 5 + 0 . 0 4 ' 
0 . 6 5 + 0 . 0 7 : 
1 . 6 0 + 0 . 1 7 ; 
0 . 9 0 + 0 . 1 0 
0 . 6 4 + 0 . 0 6 
0 . 7 0 + 0 . 0 8 ; 
0 . 8 5 + 0 . 0 9 
1 . 0 1 + 0 . 1 0 ; 
0 . 8 8 + 0 . 0 9 ' 
0 . 8 0 + 0 . 0 9 
0 . 3 7 + 0 . 1 0 
0 . 3 7 + 0 . 1 0 
0 . 6 2 + 0 . 0 8 
0 . 5 5 + 0 . 0 7 
0 . 6 2 + 0 . 0 8 ; 

0 . 4 2 + 0 . 0 6 
0 . 4 1 + 0 . 0 6 ; 

0 . 3 7 + 0 . 0 5 -

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

iy 0.67+0.11 
l! " 
j 

i) 

if 

0 . 6 7 + 0 . 0 5 
0.67+0. o!;: 
0 . 9 4 + 0 . 1 1 
0 . 5 7 + 0 . 1 C 
0 . 6 4 + 0 . 1 1 
1 . 6 3 + 0 . 1 8 
0 , 8 5 + 0 . 1 1 
0 . 7 9 + 0 . 1 1 
0 , 7 0 + 0 . 1 0 
1 . 1 7 + 0 , 1 ? 
1 . 3 1 + 0 . 1 3 
0 . 9 5 + 0 . 1 1 
0 . 9 0 + 0 . 1 1 
0 . 9 3 + 0 . 1 1 
0 . 8 6 + 0 . 1 1 
0.68+0 ,11 
0 . 5 8 + 0 . 1 0 
0 . 7 4 + 0 . 1 0 
0 . 6 0 + 0 . 1 0 

0 . 4 3 + 0 . 0 9 

* E r r o r n o t g i v e n b u t a s s u m e d t o b e + 0 . 3 0 i n t h i s : e v a l u a t i o n 
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M e a s u r e m e n t .<; o f A l n h a b e l o . y 3 0 k e V 

' z i r r a n d , B e l y a e v ? a r r e l l 
•trlsey ("••<.) e t a ] . ( r f ) e t a l . (re) 

K o n o n o v e t a l . ( v j 

1 5 n s / r a 2 2 0 n s / m 

n .yar .ov 
e t a l . ( • . . } 

L o t t i n 
e t a l . ( u i ) 

B a n d l . e t 
a l . ( • 1 

0 . 7 8 + 0 . 0 7 
0 . 8 6 + 0 . 0 8 
1 . 1 1 + 0 . 1 0 
0 . 4 5 + 0 . 0 4 
0 . 6 5 + 0 . 0 7 
1 . 6 0 + 0 . 1 7 
0 . 9 0 _ + 0 . 1 0 
0 . 6 4 + 0 . 0 6 ' 
0.70+0.08 
0 . 8 5 + 0 . 0 9 
1 . 0 1 + 0 . 1 0 
o . s n + 0 . 0 9 
0 . 8 0 + 0 . 0 9 
0 . 8 7 + 0 . 1 0 
0 . 8 7 + 0 . 1 0 
0.62+0.08 
0 . 5 5 + 0 . 0 7 
0 . 6 2 + 0 . 0 8 
0 . 4 2 + 0 . 0 6 
O.4I+O.O6. 
0 . 3 7 + 0 . 0 5 . 

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

i> 0.67+0.11 
•• i 
J 

1/ 
! t 

n 

0 . 6 7 + 0 . 
0 . 6 7 + 0 . 
0 . 9 4 + 0 . 
0 . 5 7 + 0 . 
0 . 6 4 + 0 . 
1 .68+0. 
0 . 8 5 + 0 . 
0 . 7 9 + 0 . 
0 . 7 0 + 0 . 
1 . 1 7 + 0 . 
1 . 3 1 + 0 . 
0 . 9 5 + 0 . 
0 . 9 0 + 0 . 
0 . 9 3 + 0 . 
0.86+0. 
0 . 6 8 + 0 . 
0 . 5 8 + 0 . 
0 . 7 4 + 0 . 
0 . 6 0 + 0 . 

09 
09 
11 
10 
11 
18 
11 
11 
10 

11 
11 
11 
11 
11 
1 0 
10 
10 

0 . 7 1 + 0 . 
1 . 3 1 + 0 . 
1.71+0. 
0 . 4 8 + 0 . 
0.68+0, 
0 . 7 5 + 0 . 
1 . 0 3 + 0 . 
0.68+0. 
0 . 4 8 + 0 . 
O . 6 5 + O . 
0 . 8 9 + 0 , 
0 . 6 7 + 0 , 
0 . 9 5 + 0 . 
0 . 9 0 + 0 . 
0 . 9 7 + 0 . 
O . 4 6 + O . 
0 . 4 9 + 0 . 
0 . 4 3 + 0 . 

0 7 
2 3 
28 
16 
1 0 
1 3 
0 7 
1 4 
11 
1 4 
1 4 
08 
08 
0 5 
0 3 
0 7 
0 6 
06 

0 . 4 8 + 0 . 1 0 

0 . 4 3 + 0 . 0 9 

0 . 7 3 + 0 . 0 5 
0 . 7 2 + 0 . 1 6 
0 . 8 2 + 0 . 2 3 
0 . 6 0 + 0 . 1 2 
0 , 7 0 + 0 .:1 0 
0 . 9 2 + 0 .'21 
0 . 7 0 + 0 . 1 6 
0 . 6 3 + 0 : 1 4 
0 . 6 5 + 0 . : 1 5 
0 . 7 8 + 0 . ^ 1 3 
0 . 8 3 + 0 . 1 4 
0 . 7 7 + 0 . 1 1 
0 . 7 1 + 0 . 0 8 
0 . 6 5 + 0 . 0 9 
0 . 5 9 + 0 / 1 0 
0 . 4 4 + 0 . ;08 
0 . 4 3 + 0 . ;08 
0 . 4 6 + 0 . ; 0 9 

0 . 
1 . 
I . 
0 . 
0 . 

I . 
1 . 
1 . 
1 . 
1 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

85+0 
0 0 + G 
0 0 + 0 
8 9 + 0 
8 4 + 0 
4 4 + 0 
31+0 
1 5 + 0 
21+0 
0 4 + 0 
09+0 
9 b + 0 
78+0 
82+0 
7 5 + 0 
60+0 
50+0 
4 3 + 0 

. 1 4 

. 1 4 

. 2 2 

.18 
, 1 2 
. 4 5 
,18 
. 2 0 
. 2 5 
. 1 7 
.21 
. 1 7 . 
. 0 9 
. 1 8 
. 2 1 
. 1 9 
.10 
.10 

0 .36+O..08 j 0 - 3 7 + 0 . 0 7 

0 . 3 9 0 + 0 . 0 4 5 
0 . 3 3 2 + 0 . 0 3 7 

0 . 7 2 6 + 0 
0 . 7 2 9 + 0 
0 .602+0 
0 . 4 3 1 + 0 
0 . 3 6 0 + 0 
0 . 3 1 5 + 0 

. 1 0 

. 0 p 6 

. 0 4 7 

. 0 4 1 

• 3 0 i n t h i s e v a l u a t i o n 
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Table 1B 

Resonance a-values 

Resonance 
Energy 
(eV) 

G-win et al. 
( N ) 
(a) 

Schomberg et al. 

• ( b ) . ' 

Czirr and 
Lindsey •frfe) 
(a) 

Belyaev et 
al. 

( S T ) 
(a) 

Kononov et al 
(I5ns/m 

and 2 2 0 ns/in) 
and Ryabov et 
al(-VW (b) 

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

1 0 . 9 0 . 2 7 + 0 . 0 6 0 . 3 3 + 0 . 0 3 0 . 2 6 0 . 2 7 

1 1 . 9 1 . 5 6 + 0 . 1 0 1 . 5 2 + 0 . 0 7 1 . 5 7 1 . 6 6 

1 5 . 5 0 . ^ 1 4 + 0 . 0 6 0 . 1 1 + 0 . 0 5 

1 7 . 7 I . 1 4 + 0 . 0 6 1 . 1 3 + 0 . 0 5 1 . 0 4 1 . 1 4 + 0 . 0 5 1 . 0 1 

2 2 . 3 0 . 6 4 + 0 . 0 4 0 . 6 6 + 0 . 0 4 0 . 6 3 0 . 6 0 + 0 . 0 4 0 . 6 7 

2 6 . 3 0 . 9 1 + 0 . 0 5 0 . 9 0 + 0 . 0 5 , 0 . 8 8 0 . 9 9 + 0 . 0 6 0 . 8 7 

4 4 . 5 - 9 . 3 8 + 0 . 7 0 8 . 9 4 + 0 . 6 0 1 9 . 7 9 9 . 6 0 + 0 . 6 0 8 . 3 6 

(a) Values obtained from experiment 
(b) Values used for normalisation 



greater than expccted and so we must now consider if all experiments are equally 
reliable. If there are flaws in any experiment then its results should be either 
neglected or clown weighted. "7e have seen from the previous sections of this'review 
that virtually all o, measurements below 30 keY essentially consist of the measurement 
of the number of fissions (lO and the number of gamma-ray events (lO. The count 

^ l 
to background ratios are higher for than K and this means that background 
uncertainties "in N̂ , lead to larger errors in a than those in Tip. From the 
measurements of TJ 'the values of <cr „> can be obtained and, since the background 7 nF u 

levels are low, the results from the various experiments should agree when they are 
consistently normalised. If any experiment disagrees with the general trend then 
this probably suggests that there are background errors in the measurement. Since 
similar errors, which will have larger effects on a, will have probably been made 
in the N measurement we will dovm weight experiments in the energy ranges -where 
the <0

n£> and a data .are both discrepant. 
In principle before we consider the values of <o"n£> some of the measurements 

require correcting to allow for self screening effects and for the non 1/v behaviour 
of the B-10(n,a) cross-section. However, we have accepted all measurements without 
adjustment because we are only interested in discrepancies far larger than the 
magnitude of the corrections. In order to compare the experiments we have normalized 
the results to unity between 5 and 10' keV and the data are presented in Table 19, 
This energy range was chosen because both of the above corrections and the backgrounds 
in the fission, measurements should be small. If one considers large differences 
(~15°/o or more) from the bulk of the data it appears that the following 'energy 
regions are correlated, with rather discrepant a values: 

Ryabov et al. 0.3-0.5 and 0.7 - 2.0 keV 
Kononov st al. (15 ns/m) 0.3 - 0.4/0.6 - 0.7 and 0.8 - 2 keV 
•Kononov et al. (220 ns/m) 0.6-0.7 and 2 - 3 koV 

V/e will therefore down .weight these experiments in these energy ranges. • 

(iii) Possible Flaws in Experimental Technique 

In Section 2 it was concluded that the gamma ray detectors used in the 
experiments should be insensitive to the changes in the capture and fission gamma ray 
spectra and to the total energy of fission gamma rays. Table.20 summarises the gamma 
ray detectors used in the va?.-./ is experiments. Moxon-Rae typo detectors were used 
for three experiments and thsoe had a variety of values for the ratio of efficiencies 
for fission and capturo events (6 J ). (The. expected value is -1.3 for a 
detector with a Mo:con-"Rae characteristic).•••,• Schomberg et al. have shown (V5) that 
their early data taken when „ ~2.5 are correct (the high is due to ; 

. C J . C C CI 
enhanced detection of fission events). Belvaev "et al. have shown that £ for their . . . . • • • • • •••••.* - . : OO" 

detectors is not sensitive to changes in the capture gamma ray spectra in the resonance 



TABLE 1 9 

Comparison of <a -,> data normalised 
nj? 

. to unit7 'between 5 to 10 keV 

energy 
(keV) 

G'./in 
et al. 

0.1-
0 . 2 -
0 . 3 -
0 . 4 -
0 . 5 -
0 . 6 -
0 . 7 -
0.8-
0 . 9 -
1 . 0 -
2 . 0 -
3 . 0 -
4 . 0 -
5 . 0 -
6 . 0 -
7 . 0 -
8 . 0 -
9 . 0 -

' 1 0 . 0 -
1 5 . 0 -
20. -
2 5 . -

• 0.2 
• 0.3 
• 0.4 
• 0.5 
• 0 . 6 
• 0.7 
• 0 .8 
• 0.9 
• 1 .0 
• 2.0 
• 3.0 
• 4.0 
• 5.0 
• 6 . 0 
• 7.0 
• 8 . 0 
• 9.0 
• 1 0 . 0 
• 1 5 . 0 
20.0 
25. 
•30. 

Flchomberg 
et al. 

Gsirr and 
Lindsey 

(a) 

8.8 
8.4 
3.87 
4.59 
7.6 
2.01 
2.71 
2 . 2 6 
3.98 
2 . 0 8 

1.09 
1.01 
0.99 
1.02 
1.08 
0.90 
0.89 
0.88 
0.88 

8.82 
8.76 
4 . 1 6 
4.63 
7.45 
2 . 2 8 
2.61 
<2.56 
' 3 . 8 2 
2.24 
1.63 
1.48 
1.15 

0.96 
1.03 
1.05 
0.90 
0 . 8 2 
0.76 
0.74 
0.77 

} 

8 . 1 
8 .2 
3.9 
4.2 
6.7 
1.9 
2.1 
2.5 
3.3 
2 . 0 
1.4 
1.3 
1 . 1 2 

1 . 0 1 

0.99 

} 0.90 
| 0 . 8 6 

Belyacv 
et al. 
(a) 

7.91 
7.26 
4.08 
4.04 
3.73 
2.37 
2.37 
2.53 
2.82 
1.94 
1.43 
1.24 
1.16 

Earrell 
et al. 

Kononov 
et al. 

15 ns/m 
expt. 

Ken onov 
et al. 

220 ns/m 
expt. 

} 
i 

8 . 9 
8 . 7 
3.98 
4.3 
6.8 
1.90 
2.58 
2.29 
3.66 
1.89 
1.46 
1.38 
1.09 
1.09 

0.94 
1.03 
1.05 
0.89 
0 . 8 2 

0.78 

9.34 
7.72 
3.15 
5.31 
7.91 
3.17 
2.84 
3.04 
4.72 
2.40 
1.56 
1.58 
1.14 
1.02 
0.92 
1 . 1 0 
1 . 0 0 
0.96 

0.90 
0.89 

8.45 
8.21 
3.91 
4.19 

I 6.97 
: 3.27 
; 2.38 
; 2 . 5 4 

3.20 
i 2.24 
; 1.30 
! 1.32 
• 1.05 
) 0 . 9 8 
i 0.97 
i 1.07 
i 1.01 
I 0.97 

Ry ab ov 
et al. 

( a ) 

9-4 
9.3 
3.0 
1.9 
5.5 
2.4 
3.2 
j.c 
4.4 
2.6 
1.7 
1.6 
1.4 
0.9 
1.0 
1 . 1 
1.0 
0.9 
0.8 
0.8 

(a) Requires correction for self screening 



Table 2 O 

Comparison of types of capture detector-

Experiment Type of Detector Comment 

twin et al. Large liquid scintillator 

Schomberg et al. Modified Moxon-Rae ccf/ u'cc ~ 2-5 for early 
runs .5+0.2 with 
modified detector 

Czirr and Lindsey Modified Moxon-Rae c J 6 = 0.86 cf cc 
Belyaev et al. * 8 x 8 cm Nal or 7 i 5 on For Nal, Y-rays in range 

Stilbene 1-2 KeV only detected 

Farre11 et al. Solid State Moxon-Rae -cf/"'cc = 1.27+0.08 
\ 

Kononov et al. 500 1 large liquid j Detector divided into 
scintillator loaded with 2 halves connected in 
boron coincidence 

Ryabov et al. 500 1 large liquid Probably divided into 
scintillator loaded with 2 halves connected in 
Cd coincidence 



region. Of the experiments using large liquid scintillators, tv;o (Kononov et al. 
and Ryabov et al.) v;ers probably done by taking coincidences between two sections 
and tliis could load to errors. Moreover, liquid scintillators, unless thsy are very 
large, ere liable to ba more sensitive to changes in capture gamma ray spootra than 
Moxon-Uae detectors. 7/e will accept the data obtained with Moxon-Has detectors 
(Schomberg et al. , Gzirr and Lindsey and Farrell et al.) v.'ith reservations because 
the J ' values are not the same and we do not know which value is correct. The cr cc 
experiment of G-win et al. is also acceptable but there must be seme doubts about the 
experiments of Belyaev et al., Kononov et al. and Tlyabov et al, because of their 
possible sensitivity to changes in capture and fission gamma ray spectra. The 
.problem of total fission gamma, ray energy varying with incident neutron energy was 
discussed in Section 2 where it was concluded that we could accept £ as being 
constant and tho experiments correct if ws assume that they are essentially normalised 
at ~30 keV as well as at low energies. 

Table 21 shows that the various experiments have used a variety of techniques 
to measure l-Ijj. V'Q noted above that there may be errors due to the variation in 
as a function of the spin of the compound .nucleus. It will be seen later by comparing 
results of experiments using neutron detection with those using other methods that 
there is some evidence for significant erro?-s due to this effect. In Section 2 other 
possible errors associated with the .techniques were discussed and. it was concluded 
that,while no detection method was oerfect in that it was insensitive to possible 
changes in the fission process as a function of incident neutron energy,we feel the 
errors arising from these effects are not in general significant. It is worth noting 
that at 25 keV ~60°/o of the fissions are produced by p-wave neutrons. This 
percentage reduces to ~25°/o at 5 keV so it is likely that errors associated, with 
changcs in the fission process due to the increase in p-wave interactions will only 
be significant above 5 keV. 

There can in principle be serious errors in a cross-section measurement due to 
self screening and multiple scattering effects. 7/e have seen earlier that these are 
minimized by measuring a ratio of cross-sections, such as alpha, under experimental 
.conditions -where the two detoctor systems observe the same "thin" sample. (More 
detail of the experimental conditions under-which .the corrections are minimised are 
given in Section 2). As can be seen from Table 21 all the experiments except those 
of Farrell et al. and Kononov et al. used a single sample which had acceptable 
thickness (~10 ^ atoms/barn). The data of Farrell et al. are probably acceptable 
because they made corrections for self screening effects and Gwin et al. (f'-f) have 

—.'l O , 

shown that with a 'sample of 5.9 x 10 atoms per barn errors of ~2 /o in average 
cross-section are expected in th<s resonance region due to multiple scattering. 
Kononov et al. made corrections, for sample thickness when-, obtaining - their' normalisation 
constants but .no .corrections'' were made, above 100. eV. and-hence, we must down weight' their 
experiments. 



It is likely that the most serious errors in the alpha oxperimcnta are fluy to 
errors in back -round determination. It is cli.Tioult for us to nssess the background 
measurements n&ue in the various experiments mainly "bccausc of lack, of data but also 
"because each experimental .installation tends to ]v".ve different problems which are 
only fully understood by th.-? people working there. Por example in the Harwell 
experiments there will bo a high constant background due to delayed neutrons - the 
use of the multiplying neutron source with a multiplication of '10 increases the 
percentage background produced by the delayed, neutror.s from the source by the same 
factor. However, the increased, background will be independent of time-of-flight 
and so can "easily" be' determined. Backgrounds which vary as a function of tims-of-
flight are much more difficult to measure, particularly if they are changing rapidly. 
How nearly all the experiments giving data "between 0.1 and 10 keV use the time-of-
flight technique and therefore in principle a comparison of count to background ratio;; 
should tell us a lot. However, because of tho considerations mentioned above we need 
the background divided into its time constant and time dependent comnonents and also 
wish to have data on the rate of change of background. This information is not 
available and therefore we have not attempted to assess the background measurements. 
It seems to us though that if backgrounds are measured using the ro.<;onanc.a filter 
technique then results at energies greater than the highest energy filter (see 
Table 22) may.be suspect. Extrapolation of the measured background to twice the 
highest filter energy is probably satisfactory but at higher energies we feel that 
the measurements should be dorm 'weighted. "we will, therefore, down weight the 
results of Czirr and Lindsey, Belyaev ot al. and Kononov et al. at energies above 

keV. Schomberg et al. (3̂ *) noted in their paper that their results in the 0.8-3 keV 
energy range would be particularly sensitive to "background errors. ".Va will therefore 
down weight their results in this energy range. 

Errors could arise in the experiments if the delayed gamma rays produced by 
fission events arc recorded as capture events. '.7alton and Svmd (-V/-) have shown, that 
for Pu-239 3.2°/o of fission events produce isomers with half lives of between 3 and • 
80 |-iD. The total gamma ray energy produced during the decay of an isomer is always 
less than' 2 MeV. Unfortunately there appears to be little data on delayed gamma rays 
with half lives less than 3 usee. However, even if we double the number of isomers 
produced to 6°/o the errors in alpha are small because the bias of large liquid, 
scintillators is usually set above 2 MeV and the characteristic of Moxon-Rae detectors 
ensures that the isomer decays are detected with ~'l/3 of the efficiency of capture : 
events. Perhaps the most serious effect of the isomers is to produce a time dependent 
background in the gamma ray detector at high energies. In typical• .white spectrum time-
of-flight measurements approximately 50°/o of the source neutrons do not interact 
with the moderator round the pulsed neutron source. These fast neutrons produce a 
large number of fission interactions' in. the - samples and the resulting delayed gamma- . 
rays produce a time dependent background. The. effect of this, at a given energy is a 



Table I 
•Comparison of experimental arrangements 

Experiment Fission detector (jf&ntnat—ra:? listee-*©? • Sample Thickness 
j Nominal time of 
!flight re s,o].ution 
i (ns/m; | 

G-win et al Fission chamber 

Large liquid scintillator 
Hi/rh bias tschninue 

Large liquid scintillator I 

Large liquid swijrbil.ttto'r 

g Pu-239 in 
fission chamber 
Final data from 5.9x 
10-'i- atoms/'barn 

>7.1 

1. .. . j i -A. j ! 
Schomberg et al •• \ Past neutron detection in i Modified Jlo.X£>n-Has I 2.9 x 10 ' - 4-4 x • 7.2 i 

i' liquid scintillator with ! ' 10.-3 .atoms/barn. • • Most j j 
:!',•• P.SiD. | data from 0.0012 atoms/: ! 

•V--" 'C.'- j | Dam j i 

Czirr and Lindsey 
• • • . • 

Fast neutron detection in 
liouid scintillator with 
P.3.D. "/' 

Modified Hoxon-Rae I " ' 4-3 x 10 r atoms/barn ' 
• 

! 

50 j 

: 
i 

: Belyaev. et. al Fast neutron detection in 
Stilbene (with P.S.D,) ' 
Fast neutron detection in 
SnS 

Stilbene 

; Nal .'.'.•• 

• 

2.2 r10" J atoms/barn 217 | 
i 
\ ! i 

Farrell et al Solid state fission 
' chamber 

Moxon-Rae 

' • . 

1.4 x 10 ^ atoms/barn 

•' 8.3?x 1 and 5.8 x 
*! 0"-' at oms/barn 

i 
. >4 j 

i 
i i i I i 

Kononov etal 15 ns/m 
220 ns/m 

. Fission chamber 

Large liquid scintillator 

120 rag of Pu-239 in 
chamber 
7 x 10 ^ atoms/barn 

I 
15 

220 j 

' :. . • : l 
Ryabov.etal j Fast neutron detection by 

{ .-. observing neutrons captursc 
- : I in large liquid scintillate 

Large liquid scintillator 

r 

2.9,x 10"^ - 2.7 x 
10"° atoms/barn 

i 
60 



Table 3 

•Comparison of highest energy resonance filter 

Experiment-
i 

Highest energy 
resonance filter 

GvriLn et al Fission chamber 35 keV Al 
Foil 35 keV Al 

Schomberg et al 35 koV Al 
Czirr and Lindsey 2,8 keY Na 
Belyaev et al 2.8 keV Na 
Farrell et al Filter technique not used 
Kononov et al 2.8 keV Na 
Ryabov et al 17.5 keV Ti 



function of flight path length, the longest flight paths being the "best. 'There the 
flight paths are short it is important to measure the background by the "black resona; 
technique at as many points as possible so that the background shape can be followed, 
(Background shapes measured by inserting u lead, scatterer instead of Pu-239 would, 
of course, be in error), T/e.foel that, only small errors in a of +0,02 or less will 
bo produced by these gamma-rayr; at energies lower than 30 koV but for high accuracy 
measurements that may be performed in the future their effects will need, careful 
evaluation. 

The values of <cr „>/<o" „> given in Table 17 aro mainly given for 100 eY interval nY nf 
below 1 koY, 1 keV intervals from 1 to 10 keV and 5 keV or greater intervals above 
'10 ke7. How there is appreciable structure in <cr 0> and «r ,> due to both resonance n i n i 

fine structure and intermediate, structure. Thus if wo are to compare average cross-
sections from different experiments it is important to recognise•that errors in the 
energy scales of the experiments and differences in neutron energy resolution can 
make comparisons difficult. V,re have no evidence that there are problems of energy 
scale errors but resolution is very significant. In all time-of-flight experiments 
it is necessary to make a compromise between energy * resolution end' count rate." - Good 
resolution is required for two purposes (1) to measure the structure in the cross-
section -and (2) to make good background measurements using the.'resonance filter 
technique. -,7e have seen above that for some of the experiments the highest energy 
resonance filter was (due mainly to resolution limitations) ~3 ke7'and wo plan to 
down weight these experiments above 6 keV.. 7/e must.now.also'decide if some of the 
results quoted for particular energy intervals! should be down weighted, because the 
neutron energy resolution of the experiment is large compared to the energy interval. 
It is difficult to make a general rule about this' but. it', would ..seem .that the minimum 
number of resolution widths.should be 2 (when ~12°/o of the reactions are produced by 
neutrons of the wrong energy). On this account we must therefore down weight the 
results of Belyaev et al. and Kononov et al. (220 ns/in) from 400 eV to 1 koV and abov 
2 keV and Ryabov et a.l, and Czirr and Lindsey from 5 koV 10 1 0 keV. One way to 
overcome the resolution problem is to comnare the values of <<x A>/<o* „> over the nY nf 
intervals 0.1-10, 10-30 and 0.1-30 keV. The results: still ' show a fairly .'.wide spread" 
but agree better than the values over narrow1 energy intervals suggesting that 
differences in energy resolution and errors in background over limited energy ranges 
are responsible for some of the ..discrepancies. 

The data of Kononov et al. are ..-'a problem.QTbey; performed experiments with good: 
(15 ns/m)- and poor (220 ns/m) energy .resolution but neither experiment observed the 
structure visible in the.results of other experiments in the 400-700teV range. -
Structure is observed 5.n their results on fission - cross-sections'- (see Table 19) and 
so.-we must conclude that there arc, errors ,iri the Kononov/e t al. <cr ••-••• >/<cr- /> data nf ' ni 
-because-as.-we.'.can see from Table 23 the structure can be inferred from measurements 0 



Table 

Values of <cr j>/<<5 „> deduced from <cr _> and <cr _> data nT nt nT ni 

Energy 
Interval 

(keV) 

- . 

Evaluated 
- <c „> <cr „> nT nf • 

(barns) 

°se 
(barns) 

^ce + 

S n 1 

(barns) 

Total 
scattering 
cross- ] 
section j 
(barns) j 

i 

Deduced 
<OhY> 

Error 
in 

<°hY> 

EarlierH^'^ 
Calculation 
scattering 

cross-section 
(barns) 

* 

Calculated from 
resonance parameters'1" 

<°'nn>' ' <crnY> 
Energy 
Interval 

(keV) 

- . 

Evaluated 
- <c „> <cr „> nT nf • 

(barns) 

°se 
(barns) 

^ce + 

S n 1 

(barns) 

Total 
scattering 
cross- ] 
section j 
(barns) j 

i 

< 0nf > <crnf> 

EarlierH^'^ 
Calculation 
scattering 

cross-section 
(barns) 

* 

(barns) <c?hf> 
• 

0.1 0.2 49.64 18.95 10.29 4.83 15.12 0.87 .10 15.39 14.08 0.80 
0.2 0.3 49.82 18.02 10.29 6.78 17.07 0.32 .14 18.19 15.72 0.89 
0.3 0.4 32.52 8.82 10.28 3.75 14.03 1.10 .17 14.04 14.02 0,90 
0.4 0.5 25.79 9.48 10.28 1.70 11.98 0.46 .09 12.54 11.2̂ 7 0.40 
0.5 0.6 43.71- 15.36 10.27 8.31 18.58 0.64 .20 18.43 17.94 0.56 
0.6 0.7 23.91 4.49 10.27 2.80 13.07 •1.41 .23 12.53 
0.7 0.8 23.23 5.63 10.27 2.26 12.53 • 0.90 .16 12.66 
0.8 0.9 22.10 4.96 10.26 2.39 12.65 0.91 .19 12.60 
0.9 1.'0 27.23 8.17 10.26 3.95 14.21 0.59 . . .18 14.91 
1.0 2.0 21.31 4.27 10.24 2.67 13.91 0.97 .24 13-07 
2.0 3.0 19.31 3.19 10.22 2.64 12.86 1.02 .31 12.98 
3-0- 4.0 ' 17.99 2.92 10.20 2.38 12.58 O.85 .30 . 12.79 
4.0 . 5.0 17.25 2.30 10.18 2.60 12.78 0.94 .41 12.59 
5.0 6.0 17.50 2.13 10.16 3.04 13.20 1.02 .65 . 12.47 
6.0 7.0 16.55 1.96 10.13 2.61 12.74 0.95 .51 12.33 
7.0 8.0 15.88 2.07 10.11 '2.12 12.23 0.76 .37 12.23 
8.0 9.0 15.77 2.23 10.09 ; 2.14 12.23 0.59 .34 12.13 
9.0 10.0 15.25 1.86 10.07 2.05 12.12 0.68 .41 12.04 
10.0 20.0 14.41 1.74 • 9.96 1.82 11.73 0.51 .43 
20.0 30.0 13.79 1.61 9.76 1.63 11.39 0.49 

i 
.43 

value arbitrarily increased to be more consistent with <cr >/<cr „> and <o" > 
• n"i nf nf 

No allowance for inelastic scattering and p-wave contribution 

c r, data give 40.71 barns -

R i b o n ^ 



o* and a .. [The calculation of o" and cr , used in the Table v/as made to he nT nf L ce nn' 
fairly consistent with evaluated values of <<t_.̂ >; <o^,> and <cr̂ .>/<crnir,>. However, 
it can he seen that tho values are in good • agreement (~ +20°/o) with an earlier 
•calculation of 'or and al&o agree to a similar accuracy v/ith values deduced from ce 
recommended resonance parameters.] V/e therefore propose to neglect the data of 
Kononov e t al. 

The possible errors in the various experiments discussed above are gathered 
together in Table 2l\.. 7/hen it is thought that -there is no error under a particular 
heading tho letters O.K. are used. The errors of the experiments of Kononov et f.l. 
aro given oven though v/e propose to neglect the experiment. 

(iv) Evaluation -and Assessment of Errors 

In order to obtain a set of recommended values from all the experimental 
'data v/e have taken averages by a variety of methods: 

< . . . " 

(a) Dovm weighted the experiments as discussed above by adding a-. +5°/o oirror. 
in quadrature to the authors' errors for every defect given in Table 2V 
and obtained the weighted, average (assuming 1, 2 and 3 defects when the 
background is extrapolated to 2, "4 and 6 times the energy , of the highest 
energy resonance filter). The value of. +5°/o 'was chosen so that roughly 
four defects will alter the weight of an experiment by a factor 2. 

(b) Giving equal weights to all experiments since there must be some doubt thaJ 

all experimenters have been .equally rigorous in their error analyses and 
our recommended down weighting procedure is subjective. 

(c) Obtaining the best <o* .> from the experiment where these values are 
reliable (G-win et al. , Schomberg et al. and I'arrell et al.) by a weighted 
average and combining these values with evaluated data .• (Most 

-.'-: alpha .experiments .--measure.'or '/..accurately .because''the capture or gamma ray 
• detectors usually have similar efficiencies for fission and capture events 

(£ _ and in Equation 4). Hence the absorption cross-section is 
• CI • . . . . . . CC . - . , • - . . - • 

.essentially proportional to the count of the capture detector). 

The . results are given in Table 25. In evaluations. (a) and (b). the da ta .̂ of 
Bandl et al. have been included above 8 key and in the 20-30 keV range the data of 
Lottin et al. have been given--twice the weight'- of all the other experiments combined. 
(The normalizations of these two experiments are discussed later). -It can be seen 
that except between- 0.4-0.5 keV: and 0.8-0.9;.keV. the results of revaluations (a) and .., 
(b) agree to better than +1 0°/o. Evaluation (c): gives higher results above 1 keV but 
• this is not a significant .discrepancy .and: it is due in "the main ; to the relatively.-•• 
1,.: ~ ' n: Z —1-. •• ,—• . — r. 1 . . ~ • „ - 0 „ . ~ 1 "1 ~ J. - . 1 T J - . - 1 _ _ • . -s S* • - .1.1. - .X. -1.1- „ 1 „ „ "I .r . . J.Z . . - ~ : J. 1 ±511 , V - S J - W S . OJ. i-cvi i e i J . , e o •-.!. < . l o . f l i S O 'jUMJ. 11 iiiij w i i u-. wit!- il'Ji::::'..!.iSa i.-j.uili. uj. .wis 

nA 
experiments are reasonable because the o* , and cr "data are virtually independent of nA nf 
the normalization of alpha. 

- = > * " 



Table £ (+ 

Sumraaryof possible errors in experiments 

: Experiment Normalisation 

' - . • •••• \ 
Comparison of 

* <crnF> 

Performance 
of Y-ray 
detector 

Performance 
of fission 
detectors 

• 

Detectors 
observe 
single 
sample 

Background and 
high energy 

resonance filter 

Neutron energy 
resolution 

Gwin et al O.K. O.K. 

j 
O.K. 

: 

O.K.* O.K. O.K. O.K. 

Schomberg et al O.K. O.K. Do'.vn weight O.'K.*: O.K. Dovm weight 0.8-
3 keV 

O.K. 

Czirr and Lindsey O.K. O.K. Down weight O.K.* O.K. Dovm weight >6keV Down weight 5-
10-keV 

Belyaav et al O.K. O.K. Dorm weight O.K.* O.K. 
i 

• ' 

Down v,-eight >6ksV Dovm v/eight 0.4-
1 and >2keV 

. 

Farrell et al O.K. O.K. Down we ight O.K.*. O.K.? O.K. O.K. 

Kononov et al ' 
(15 ns/m) 

Down weight 
0.3-0.4, 
0.6-0.7 and 
0.8-2ke7 

Dovm weight O.K.*: Down weight Dovm weight >6keV O.K. 

- Kononov et al • 
(220 ns/m) 

O.K. Down weight 
0.6-0.7, 

and 
2-3 keV 

Down weight O.K.* .. Down weight Down w'sight >6keV Down weight 0.4-
1 and >2keV 

Ryabov et al • O.K. Down weight 
0.3-0.5, 
• ; and 
0.7-2keV 

Dovm weight O.K.* ' O.K. O.K. Down weight 
5-1OkeV 

* All possibly slightly suspect above 10 keV 
These experiments are neglected - see text 



. Table 2 o 

Evaluated <cr v>/«r „> data below 30 keV"' 

Energy Evaluation-' 

(Weighted 
average) 

. 

Evaluation 

(Equal 
weights*) 

Evaluation 
(<0 

(From crnA 
and o'j-jf) 

Evaluation type (b) 
Interval 

(keV) 

Evaluation-' 

(Weighted 
average) 

. 

Evaluation 

(Equal 
weights*) 

Evaluation 
(<0 

(From crnA 
and o'j-jf) Experiments Experiments 

Evaluation-' 

(Weighted 
average) 

. 

Evaluation 

(Equal 
weights*) 

Evaluation 
(<0 

(From crnA 
and o'j-jf) dependent 

on 
independent 

of ̂ v 

0.1 0.2 0.845 0.871 0.89 0.868 0.876 
0.2 0.3 0.912 0.929 0.92 0.930 0.927 
0.3 0.4 1.150 1.143 1.09 1.118 1.177 - 0.4 0.5 0.483 0.543 0.51 0.558 0.523 
0.5 0.6 0.704 0.724 0.72 0.718 0.733 0.6 0.7 1.673 1.669 1.65 1.550 1.827 
0.7 0.8 0.973 1.014 0.97 1.023 1.003 0.8 0.9 0.778 0.860 0.89 0.775 0.973 
0.9 1.0 0.717 0.789 0.70 0.792 0.783 1.0 2.0 0.'927 0.964 O.96 0.900 1.050 
2.0 3.0 1.108 1.136 1 .23 1.062 1.333 3.0 4.0 0.895 0.929 0.97 0.883 1.053 4.0 5.0 0.821 0.835 0.88 0.783 0.940 
5.0 6.0 0.867 0.860 0.92 0.833 0.920 
6.0 7.0 0.816 0.804 0.86 0.772 0.870 7.0 8.0 0.629 0.635 0.73 0,605 0.695 8.0 9.0 0.575 0.576 0.59 0.539 0.580 
9.0 10.0 0.617 0.625 0.72 0.565 0.690 

10.0 15.0 O.509 0.528 ] 0.51 0.441 O.616 15.0 20.0 0.419 0.439 ] 0.51 0.410 0.487 20.0 25.0 0.402 0.2,-04 ] 0-46 0.436 0.421 25.0 30.0 0.347 • 0.355 ] 0-46 0.329 0.475 

..* G-win et al data obtained with ionisation chamber given half weight from 2-4' keV 
H Neglecting the. data.of Kononov et .al. . . . 



Also given in Table 25 are the results of evaluations of type (b) where those 
experiments sensitive to "0 variations arc considered separately from the others. 
It can be seen that above 0,6 keV there are appreciable differences be two on the tv/o 
types of experiments and hence wa might suspect that changes in ^ as a function of 
neutron energy are responsible for this. However, if this is true one would expect 
that the shapes of the fission cross-section data of C-win et s.l. and Schomberg et al. 
would bo different. Careful examination of their data after correcting the former 
for the non 1/v energy dependence of the B-10(n,ct) reaction shows that belov; 10 ke7 
the agreement is very good while above 10 keY the differences are not significant. 
The errors in the two sets of alpha values are difficult to assess but ;ve feel that 
for alpha values 9 and. for comparison purposes they are ~ +0,07 and ~ +0.09 for 
the 'V dependent and independent experiments respectively. Therefore the 
differences in <o~ >/<o" „> are probably not significant at the present time and we n V nf -
shall assume that the results of all the experiments can be combined together. 
However, we cannot rule out that S> is varying in this energy range and since there 
are virtually no measurements, more are urgently required.. 

v/e consider that the best set of alpha data, are obtained from evaluation (a). 
G-.iv.ing equal weight to each experiment has its attractions but it must be better to 
rely upon the errors quoted by the different authors even though in certain .oases 
they may be underestimated. It is difficult to assess the errors in our.recommended 
curve because the errors in the experiments are mainly systematic. It has been seen 
earlier that, due to normalisation errors and errors caused by delayed fission gamma 
rays, uncertainties of +0'.0.1 (1+5.33a) andi +0.02 can be expected. These are systematic 
errors and. they set an upper limit to the accuracy that con.- be...achieved.' There are 
other systematic errors such as the energy dependence of -"V.' , the variation of total 
fission gamma ray energy and. the sensitivity of capture detectors to changes with 
neutron energy of the capture gama ray spectra. These are- 'difficult 'to assess, 
particularly since the various experiments are sensitive by differing amounts to the 
errors. 'However, we feel that the systematic errors "in the evaluated numbers are not 
too large since the low energy measurements which are normalised in the resonance 
region agree with the higher.energy data a.t 30 keV and we estimate - that a systematic 
error .of +5°/o in alpha will cover these effects.-• The main error in all the alpha 
measurements is probably--due to background uncertainties and these errors are 
probably-random between- experiments. Therefore it is reasonable to estimate the 
random errors in the weighted mean values of <cr ..>/<o' „> by normal statistical methods ... n i . ni 
and ob tain the total errors -by- combining these in quadrature v/ith- the" systematic 
errors discussed above. The resultant errors are given in Table 26 and it can be 
seen that the values.are typicaxly +10-12°/o. The errors quoted are essentially 
y < '1 j " > » ' . l 7 M r . 1 "T" rV^mr n a . c i n r v> v i a o o a w i O V f r t n v * . • A n v i r f f r i A V t n •»- VT r> ri n "••Pa v i a vn n A n C i i u. J vj. U U t i v j . *J. O u w w V w ^ j v u * U X 1 X L x . 4 U U i l U . t J l U »IJ H i 11 • U U U H 4 . U U , 4 . U " u i x 1 u l O i i U V / 1 3 ' 

between the experiments. 



Table 2 b 

Errors in Evaluated <cr v>/<0" „> data below 30 Ice'V 

Energy- Systematic Errors Error in 
i i 

Evaluated 
i 
I 

Total 1 
Interval weighted <crny> Error in 1 Interval weighted <crny> Error in 1 
(keV) Delayed I Normalisation Other Total mean <o-nf> • <c-nT> j 

1 Fission [.01(1+3.33a)] Errors Systematic 
<o-nf> • <c-nT> j 

1 
Y-rays 

[.01(1+3.33a)] Systematic 
<0"nf> | 

.1 .2 .03 .04 .04 .064 0.042 0.845 .077 

.2 .3 .03 .04 .05 .071 0.061 0.912 .094 

.3 .4 .03 .05 .06 . 0S4 0 .053 1.1 50 . 0 9 9 

.4 .5 .03 .03 .02 . 0 4 7 0.033 0.483 .058 

.5 .6 .03 .03 .04 .058 0.037 O.70L .069 

.6 .7 .03 . 0 7 .08 .108 0.078 1.673 .133 

.7 .8 .03 .04 .05 .071 0.051 0.973 ,087 

.8 .9 .03 .04 .04 .064 0.078 0.778 . 1 0 1 

.9 1.0 .03 .03 .04 .058 0.051 0.717 .077 
1.0 2.0 .03 .04 .05 .071 0.060 0.927 .093 
2.0 3.0 .03 .05 .05 .078 0.068 1.108 .103 
3/0 4.0 .03 . 04 . 0 4 .064 0.057 0.895 .086 
4.0 5.0 .03 .04 .04 .064 0.046 0.821 .079 
5.0 6.0 .03 .04 .04 .064 0.055 0.867 .084 
6.0 7.0 .03 .04 .04 .064 0.057 0.816 .086 
7.0 8.0 .03 .03 .03 . 052 0.050 0.629 .073 
8.0 9.0 .03 . 0 3 .03 .052 0.038 0.575 .064 
9.0 10.0 .03 .03 .03 .052 0.041 0.617 .067 
10.0 15.0 .03 .03 . 0 2 .047 0.038 O.509 .060 
15.0 20.0 .03 • .02 .02 .041 0.031 0.2,19 .051 
20.0 25.0) _ , . 
25.0 30.0) ^aluatxon 

! 
m-imarily based 
]...._ . ... 

on Lottin et al data 
I ; 

0.402 
0 M 

.046 

.038 



It is important to compare tne evaluated aata with otner information wna.cn is 
available. Values of <cr „,>/•: c _>' can be obtained from <o~ ,,> ;mcl. <o" ~> data. As nY nf ni nr 
discussed in Section 2 this method only leads to significant data below 1 keV and . 
it can be seen by comparing the values deduced in Table 23 that the results arc not 
inconsistent. It is also found, by renormalising the values of <0j1y'V'<crnf >̂ obtained 
in 100 eV energy intervals above 1 koV by Schomberg et al. to the evaluated curve, 
that the value of 1.26+0.32 obtained by Simpson et al. ('+!) at 2 keV with the 
scandium filtered beam agrees well v/ith our recommended curve. Thus we can conclude 
that all available data are consistent with our curve. 

(b) Energy range 20 ksV to 1 V.qV 

For the evaluation of a in the region from 20 keV to 1 KeV we have accepted 
two main data sets in this energy region: The data of Lcttin et al. ('+7-) and the 
data of Hopkins and Diven (%o). The data of Bandl et al. (tî ) as v/e 11 as the 
photoneutron measurements of Spivak et al. (-;u) , Andreev (•-''•>) and Van'kov and 
Stavisskxi (<i i ) were also included in the analysis. 

The data of Lottin et al. had originally been normalized at one energy point 
only - at 30.1-1-1.2 keV (c, 0.329). In the experiment of Hopkins and Diven the i J : • 

a-values were measured absolutely at each neutron energy. For evaluation purposes 
we renormalized the data of Lottin et al. to the mean c.-value at 30+10'.keV obtained 
from their own measurements and that of Hopkins and Diven. The mean'a-value obtained 
v/as 0.326 at 30+10 keV (the Lottin et al. a-value is 0.309 for 30+10 keV, and the 
renormalization coefficient for the Lottin data v/as 1.053). The data of .Bandl et al. 
• who measured ~'t\ , were also renormalized in the energy region from 20 to 40 koV, 
using the formula: (1 + a . .,) = (1 + a . . ,) . 1.326/1.296. The data of • revised/ v original 
Hopkins and Diven were taken in their original form. 

The first experimental points of Spivak et al. and Andreev and the value of 
Van'kov and Stavisskii were considered as applying to an energy of 24 keV which is. a 
compromise between the most recent measurements of Lalovic and 7/erle (d•?>), v/ho 
determined the average neutron energy of the first group from the Sb/Bo~source as 
26.0^1.3 keV, Schmitt's (i<.°i) measurement of 24.8+2.4 keV and the result of Ryves 
and Beale (So) of 22.8+1.0 keV. The mean ••a-value from the measurements of Spivak 
et al., Andreev and Van'kov and Stavisskii is 0.37+0.03 '.which agrees very .well with t 
renormalized a-vrdue of Ds Saussure et al. (a = 0.37 at 24-26 keV). Their a-values 
at other energies have low accuracy, because they have been obtained as the differenc 
between two nearly identical values of and T\ ,. Nevertheless, we have used the 
a values obtained by.;Spivak:et al. at two more energy points - 140 and 265 keV - and 
renormalized' them to the mean a-value of Spivak et al., Andreev and Van'kov and. 
Stavisskirl at ?4-26 kcV. For the energy uf 2o5 ke" the c:.-valucs obtained by Spivak 
with two detectors were averaged, and. the a-value at $60 keV .was not included in the 
analysis due to disagreement with the superior Van de Graaff measurements. . 



The data accepted for the evaluation in the region from 20 keY to"1 He\! arc 
shown in Figs. 3 and 4. The "best curve" through the data v/as determined by using 
a weighted least-squares orthogonal polynomial fitting programme 1 ) which 
incorporates a statistical analysis of the fitted curve, enabling statistical 
confidence limits to be assigned to each point on the fitted curve. The weight 
assigned to each experimental point for a was taken as proportional to the inverse 
square of the total relative error. The errors shovm in Figs. 3 and 4 represent the 
total errors which are a combination of statistical and systematic• uncertainties. 
For the data of Lottin et al, a systematic uncertainty of about 8°/o was added to the 
data presented in Table i ̂  to allow for normalisation errors, giving a total error 
of about 10-20°/o; for Hopkins and Diven data the total uncertainty is about 10-15°/o, 
and for Bandl et al. data the total error- is about 15-20°/o with a systematic 
component of about 15°/o. 

The evaluated q-values obtained are given in Table 27. The evaluations of'the 
low and high energy regions overlap from 20-30 keV and as might be expected the 
results are in excellent agreement. For our evaluated curve we will take the values 
between 20 and 30 keY from the higher energy evaluation. Above 20 keY the evaluation 
is essentially based on the measurements of Lottin et al. and Hopkins and Diven and 
since these use essentially the same method it is possible bhat there are common 
systematic errors. It is obviously very important that further measurements by 
alternative techniques should be made, in this'region. 

(c) Comparison of evaluation with recent data 

In this section we will compare our evaluated data with the results of 
G-win et al. (T?•), Xononov et al. (£3) and Bergman et al. (*>«) which became available 
in the period March to December 1971 and so were too late to be included in the 
evaluation. / ' ••. •• • . -

The measurements of Gwinet al. are a continuation of those reported earlier (3^). 
They., were performed using a pulsed source of neutrons produced by a different 
accelerator (OREL A.) using a fission chamber in the centre of a new large liquid 
scintillator. The experiments are busioalxy win same as one • xxtisj-un uimiuwdr 
measurements of the earlier series though in this case absorption events were only 
recorded when there was a coincidence between the two optically divided sections of 
the large liquid scintillator. The preliminary results, which cover the energy range 
up to 400 keV, are compared in Fig. 5 with our evaluated curve and it can be seen 
that the agreement is fairly good particularly in.the important region above 5 .keV. 
The agreement above 40.keV is important as these data have been measured using a • • . 
different technique to that adopted in the accurate measurements of Hopkins--'and Diven 

-T T - .1- J - . t - J - _ n . . . i . . i . . . . . . ^ • i . . • •» j.. • , • . , 
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G-wdn et .al-.-. data have a tendency to be higher than the evaluation and to be similai- to 
the original G-v;in et al. data ('-Mf ). 



Table 5 7 

Evaluated ^-values for Pu-239 in the energy region above 20 keV 

En, keV 
i 

20 - 2 5 0.395 + 0..046 ; 
25 - 30 0 . 3 5 0 + 0 . 0 3 8 ! 

• 3 0 - 35 0 . 3 1 2 + 0.034 I 
35 - 40 0.280+0.030 j 
40 - 45 0.252 + 0.026 j 
45 - 5 0 0.232 + 0.032 j 
50 - 55 0.213 + 0.033 

: 55 - 60 O . 1 9 9 + 0 . 0 3 2 

60 - 70 0.182 + 0.025 
70 - 8 0 0.165 +0.025 
80 - 90 0.159+0.030 
90 - 100 0.160 + 0.030 
1 5 0 0.170 + 0.028 
2 5 0 0.126 + 0.018 
350 0 . 0 9 5 + 0 . 0 1 1 

450 0 . 0 7 7 + 0 . 0 1 0 

5 5 0 . 0.063 + 0.011 
6 5 0 0 . 0 5 3 + 0 . 0 1 0 

750 0 . 0 4 5 + 0 . 0 1 0 

8 5 0 0 . 0 3 8 + 0 . 0 1 0 

950 0 . 0 3 2 + 0 . 0 1 0 



Table 2 7" 

(b) 
Evaluated a values for Pu-239 in the energy range below 20 keV 

Energy 
Interval 
(keV) 

Evaluated 
<o-nY> 
<crnf> 

Error 

0 . 1 - 0 . 2 0.845 0.077 
0.2 - 0.3 0.912 0.094 
0.3 - 0.4 1.150 0.099 : 
0.4 - 0.5 0.483 0.058 ^ 
0.5 - 0.6 0.704 0.069 
0.6 - 0.7 1.673 0.133 
0.7 - 0.8 0.973 0.087 
0.8 - 0.9 0.778 0 . 1 0 1 

0.9 - 1.0 0.717 0.077 
1.0 - 2.0 0.927 0.093 
2.0 - 3-0 ' 1.108 O . I O 3 

3.0 - 4.0 0 . 8 9 5 0.086 
4.0 - 5-0 0.821 0.079 
5.0 - 6.0 0.867 0.084 
6.0 - 7.0 0.816 0.086 
7 . 0 - 8 . 0 0.629 0.073 
8 . 0 - 9 . 0 0.575 0.064 j 
9.0 •- 10.0 

. 
0 . 6 1 7 0.067 

10.0 - 15.0 0.509 ' 0.060 
15.0 - 20.0 0.4.19 0.051 

l | 



Kononov et al. h.'.-v.j measured alpha over the niier;;;/ range VsV to 1 ],!e7 nsl.fi;; 
a similar v.iq thod to Lot tin et al. Between 10 and 70 ):eV the exr-erinient was performsd 
using a continuous neutron spectruiA produced by using the Li-7(p,«) reaction with 
a thick to.rgot.and employing the fcirao-of- fl igh t technique to iaeasure neutron on orgies. 
Above 100 ko7 nonoenergctic neutrons v.'src used and the tinv.-s-of-flight technique 
employed to reduce the background level a. Tha valves o.f alphn 'obtained, which ore 
shovm in Fig. 5, have an accuracy varying between ~ +10 from 20 to 150 keV to 
+100°/o 1 I.'IeV. There is a tendency fox* the data to be lower than the evaluation 

below 300 keV, and between 16 and 30 keV and 110 to 200 koY the. differences are 
particularly marked. However, in the energy region- below 70 l:eY the signal to 
bac3:ground ratio for the capture- channel is very poor being 0.1 around 20 ke7. 

The measurements of Bergman et al. have been performed using a load slowing down 
spectrometer - a technique not previously discussed in this panor. The basic feature 
of the method is that the sample and detector are placed in an isotropic neutron flux 
which is not altered as a result of neutron scattering in the samnlo and detector. 
The capture detector was a gas rronortional counter v/ith "oxon-!?ae charactqrist les 

• • -3 -1, which v/as used with so.inplss ranging in thickness between 4.4 << 10 " and 1.7 x 10 
atoms per burn and the fission detector wa's a fission chamber. The experiment was 
normalised at thermal energies. The results are shovm in Fig. 5 and it can be seen 
that on the v;hole they tend to' be higher than the evaluated curve. However, the 
differences are probably not significant as the large discrepancies between 0.1 and 
1 keV are due to the poor neutron energy resolution. 

The three experiments discussed above on the whole suiport our evaluated curve. 
There is some evidence from the Gwin'et al. and Bergman et al. data that the 
evaluation may be too low below a few keV while the Kononov et al. data suggest that 
.it may be too high between 10 and 300 keY. ",Ye consider, however, that we should not 
alter our evaluation at the present time for the following reasons: 

(a) The data of G-win et al. are preliminary"1" 

(b) The data of Bergman et al. are unreliable because they used the lead slowing 
down spectrometer which often appears to give discrepant results 

(c; The data of Kononov et al. have a poor signal to background ratio below 
70 keY and at higher energies they tend,to be rather discrenant with data 
we consider to be superior. 

+ Bven if the data of Gwin' et al. were' not preliminary we consider that either these or 
the f is si on•chamber series of the earlier Gwin et al. data should have low weight in 
the energy range of overlap below 4 ke7 because basically the same technique was used 



7- Interpretation of Energy Variation of Alpha 

In Section 3 it"was pointed out that the high values of alpha 'between -1 and 
10 keV are inconsistent .with the values calculated, from the. average resonance 
parameters measured in the' resonance region. Therefore, initially it was very 
difficult for people to accept that alpha was" high in this energy range. -However, the 
evaluation of Sowerby and Patrick (5). shown in Fig. 1 and the provisional results of 
Schomberg et al. (3.) presented at the Karlsi'uhe Fast Reactor Conference led to attempt'-
to calculate the fission and capture cross-sections ."by using the channel theory of 
fission to obtain the average values and energy dependence of the fission widths. 
Both Ki'aichi and An (5£) and Durst on and ICatsuragi (£&) obtained high values of alpha 
•in the.keY energy range, and. a reasonable energy dependence above 10 keV by placing . 
.the first 1+ transition state in the energy range 50 to 150 keY above the neutron 
threshold. However, the calculated, values of alpha "below ~600 eV tended to be 
systematically high .though the fluctuations in alpha calculated, by T)urston and 
Katsuragi suggested'that this could possible be due to statistical;, fluctuations, 
1-Iowever, it appeared to be difficult to satisfactorily explain the 400-700 eV energy 
range.. ' 

The discovery of intermediate structure;in the sub-threshold fission of Nn-237 
':,•'•'•'...'. (M " 

and Pu-240 by Paya et al. (8 ) and Migneco and Theobald^'7 immediately suggested an 
+ • 

alternative explanation because, as we have seen above, the n-wave fission in - the. 1 •' 
channel is sub-threshold. Correlation analyses of the type suggested, "by E gel staff, 
(£~f) of the fission cross-section of Pu-239 by Blons et al. (SS) and Patrick arid. 
James (5*1) showed significant cox-relations which were interpreted as intermediate 
structure.due to fission occurring through levels,with a spacing of ~460 . eV, built 
on the second minimum in the fission potential as predicted by Strutinsky (60). -Perez 
et al. (6l), however, showed that the correlogram-technique does not necessarily 
pick out the correct level spacings though it remains a useful method to detect the 
existence of intermediate structure. James and. Patrick (63.) subsequently analysed 
both the total and fission cross-section data and showed that above 700 eV the 
modulations present in the fission "cross-section -were not present in the total 
cross-section and. they represented their average fission cross-section data by a 
series of Lorentzian terms on a smooth background. Prom this analysis it can be 
concluded that the modulations are due to variations of either < r^> or < of 
the i + resonances . (since < •». < for 0+ -resonances) . .A.-.similar .conclusion .can 
be drawn from the data of Schornberg et al. shown: in Pig. 6 where the values of 
<o"n^>/<o"^> • and < ( T / E :are compared. These data also show that the fluctuations of 
•<cr^Y>/.<cr observed below 1 keV are repeated at higher energies and hence the 
fluctuations o.n• .alpha"-are unlikely to be due to statistical fluctuations and are more 
likely to be due to intermediate structure effects [the arrows on Pig. 6 show the 
positions where James and Patrick, put the- Lorentziari peaks in their fission 



cross-section analysis], Tho final confirmation that the s tructure is flue to 
variation of < \ for tho "I resonances came from the work of the Saclay group who 
have measured the resonance pax^anoters of Pu-239 up to an energy of 660 eV (jo'b). 

(—1 -i- r \ Fig, 7 shows a' comparison. of < x for the.'! resonances given hy Trochon et al, (,4-JU.; 
compared with our evaluated <cr ..>/<o~ „> curve. The hatched areas give the limits "in ' n̂i nf 
< i ,.> and the noints on the <o" ,>/<<J „> grnnh are the values calculated from the 1 nY nf -J -
measurer] resonance parameters. It can he seen that where <o" „,>/<cr ,.> is high < '• \0> n i nf J: 
is low particularly in the 400-700 eV range where the structure is most pronounced. 

As a result of this discussion we can now understand how <cr .>/<<& •„> can be • . nf nf 
higher in the keY energy range than in the resonance region. The value over an 
.energy interval obviously depends upon' the position and strength of the intermediate 
tructure. At the present time no really satisfactory method has been, found to 

detannine the'parameters of the intermediate structure modulations because of the 
strong fluctuations ̂ due to the fine compound nuclear resonances. Attempts at 
analysing the data are being made by a number of authors and we await their results 
with - interest.- However, an interesting conclusion can be • dravm. from' some work being ., 
done by.Sowerby and North.(fc?). The aim of this is to provide a set of average 
resonance parameters which can be used with the H8SP-&ENEX system of computer 
codes ('.-•'•n) to produce a set of unresolved 'resonances and cross-sections. The 
parameters are chosen so that, the calculated, average cross-sections have the known 
structure in evaluated sets of data on total, fission -.and 'capture cross-sections. 
From this work it can be seen that the structure in <o~ ,>/<o' „> decreases as the ni n± 
neutron energy increases due to increo.se in the p-wave contribution to the cross-
sections. This increase also probably explains most of the energy dependence in 
<o"n̂ >/<a*n;r1> in, the 6-60 keV energy range.' [The p-wave contribution to <cr is 
approximately 7> .25, 38 -and 63°/o at 1 .5, 5.5, 9-5 and. 25 keV respectively. The 
fluctuations in <cr >/<crnf> reduce..from.~ +50°/° at keV to ~ +33°/o at 4 ke7 arid 
~ ±25 /o at 7 keY]. At higher energies higher ord.er partial waves become more 
important/and the inelastic scattering cross-section becomes larger - than'the capture 
cross-section. Therefore many assumptions have to be made in order to calculate 
<cr Y>/<o' „> and definitive conclusions on average resonance parameters cannot be made 



Comparison of the Kvalut; tod tt-value r, with Integral. Data. 

Kany.integral .measurements designed to.tost the differential data on Pu-239 
alpha have been performed during the past few years. In order to do them all justice 
it would be necessary to write a long and detailed review which is beyond the scope 
of this paper. Our aim in this section is to see if the integral measurements a,re 
consistent with our evaluated curve and this can be done satisfactorily by considering 
a few of the more recent measurements which tend, to be more accurate and o.grce with 
the earlier integral data. First of all, however, we will describe briefly tho' three' 
main, types of integral measurement. 

(1) Irradiation'Experiments 

A sample of fissile material (Pu-239) is irradiated, and the number of capture 
events is determined from a measurement of the amount of Pu-240 produced. The 
Pu-239 fission rate can bo determined by a variety of techniques such as fission 
product yield measurements and measurements of the Pu-239(n,f) to U-235(n,f) or 
U-238(n,T) ratio combined'with absolute determinations of the number of these latter 
reactions by measurements 'of isotopic-changes in samples of IT—235 and U-238, 

(2) The Reactivity Reaction Rate Method ,, v • 
- i ; ' ' ' v ' • • 

The reactivity 'worth of a sample of Pu-239 and -the Pu-239 fission rate are 
measured relative to the reactivity worth and reaction rate of an absorber (B-'IO or 
Li-6) or relative to the reactivity worth and•source strength of a calibrated Cf-252 
neutron source. This experiment determines a spectrum averaged value of -l-a). 
Corrections are required for the' reactivity, effects, of scattering and the variation ; 
of neutron importance -with neutron energy. 
(3) The PCTR Method .'•".: 

A zero leakage test zone consisting of fissile material, an absorber and a 
moderating material is built in a zero power critical assembly and the., reaction 
rates in the absorber are measured, relative to the fission rate in the fissile 
material.- These reac tion rates combined with 'a- measurement of k - for the test 
zone material enable a spectrum averaged value of (̂ 3 -1-a) to be determined. 
Corrections are required for the components of the neutron'balance not measured 
.directly. 1 

These .integral measurements- of Pu-239 are: us'- ' Ly combined'-with measurements of 
theneutron • energy.: spectrum.'in the reactor: : Diff v.-ntial: spectra ,are of ten determined 
using time-of-flight or proportional counter techniques or spectral indicators such 
as reaction rate ratios are measured. The: measured or calculated spectrum (jtf(E)), has 
then to be used to enable the. spectrum average a-to-be calculated so - that the 
differential and integral data can be compared. 0, i <v obtained from the formula 
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o"nY(E) 0(H) dE 

• / crnf(E) 0(E) dE 

(14) 

and hence in addition to the spectrum and alpha we also need to know the fission 
cross-section. Because the energy dependence of ff^ and cr^ are different the 
average energy of neutrons producing capture and fission events are different in a 
sodium cooled plutonium oxide fuelled fast power reactor (e.g. in Pu-239 ^+0°/o of 
captures and ~15°/o of fissions are produced by neutrons with energies less than 
10 keV and the energy spectra of capture and fission events peak at ~30 and ~200 keV 
respectively). Therefore, we must remember that when we compare the measured and 
calculated values of a we are not directly testing alpha but a combination of alpha, 
the fission cross-section and the neutron spectrum in the reactor. 

We have selected three sets of integral measurements for discussion; the 
measurements of Bouchard et al. (G"l), the measurements in ZPR-3 assembly 57 by 
Kato et al. (k^) and Bretscher et al. (63']) and the results analysed by Campbell 
and Rowlands (":'o). v 

i • 
Bouchard et al. reported three different sets of results. Measurements were 

made by the reactivity reaction rate method in the fast thermal critical assembly 
ERMINE and irradiation experiments were performed within a boron sleeve in the 
thermal reactor OSIRIS and in the fast reactor RAPSODIE. Measurements were made 
on both U-235 and Pu-239 and the results are given in Table 28 compared with 
values calculated using the Cadarache Version 2 data set and, for Pu-239J with data 
obtained primarily from our evaluation of alpha and the fission cross-section 
recommended by Sowerby et al. {u:a). In the Cadarache data set the Pu-239 alpha 
evaluation is based on the early results of Gwin et al. ("7l ) at low energies but is 
2 0 % higher than the data of Lottin et al. (u~i) above 25 keV. The results given 
for the ERMINE experiment are•for conditions under which more than 40°/o of the 
Pu-239 capture events occur at neutron energies of between 1 and 20 keV. For the 
OSIRIS data 51°/o of the Pu-239 captures occurred between 1 and 25 keV and 1 % 
occurred below 100 eV. In the RAPS0DIE experiments essentially all capture in 
Pu-239 was due to neutrons with energy greater than 20 keV. 

It can be seen from the table that for both RAPSODIE and OSIRIS the values 
calculated using the present evaluation are in good agreement with the experimental 
data. The Cadarache data, however, gives calculated values that are respectively. 
13 and 6°/o higher than experiment. This shows that the 20°/o increase of the 
Lottin et al. data in the Cadarache evaluation is too great; our renormalisation 
by 5.3°/o appears.to bo more reasonable. The Cadarache calculated value for • 



ERMINE is a little high hut since their evaluated alpha data above 25 keV is high 
we can assume that their evaluation below 25 keV (which agrees reasonably with our 
evaluation) is consistent with integral data. For U-235 the measured and calculated 
alpha values are in good agreement which confirms that there are no serious errors 
in the experimental methods used. 

The measurement of Kato'et al. in the ZPR-3 assembly 57 is the first experiment 
performed by the irradiation technique in a neutron spectrum similar to that in a -9 
large dilute fast power reactor. A sample of Pu-239 containing only 25 x 10 parts 
Pu-240 was specially prepared so that the experiment could be performed in a low 
power reactor. Spectrum measurements were made by the proton recoil technique and 
by building a similar core at the Gulf G-eneral Atomic sub-critical time-of-flight 
spectrum facility. The assembly was designed so that ~85°/o of the capture events 
and ~35°/o of the fission events were produced by neutrons with energies of less 
than 25 keV. The -irradiation which lasted --4 days increased the Pu-240 content of ! _9 
the sample to ~150 x 10 and the number of fission events was obtained by 
measuring the Ba-140 activity, this activity being related to mica track recorder 
fission measurements made in an earlier irradiation. Measurements were also made of 
central fission ratios and of alpha for U-233. The values of alpha obtained were 
0.363+0.024 (Pu-239) and 0.10+0.04 (U-233). 

Bretscher et al. used the reactivity reaction rate method in the same core and 
obtained alpha values of 0.383+0.026, 0.272+0.021 and 3.848+0.071 for Pu-239, U-235 
and U-238 respectively. The results depend slightly on the neutron energy spectrum 
used in calculating the values of the corrections for the reactivity effects of 
scattering and the variation of neutron importance with neutron energy. The values 
for U-235 and U-233 (using the irradiation method) agree well with;those calculated 
from ENDF/B data. The value for U-238 agrees with that measured by radiochemical 
techniques (3.715+0.129). The two measured values for Pu-239 in assembly 57 also 
agree well but it is difficult to draw conclusions by comparing these with calculated 
values as the calculations can vary significantly with the assumed neutron spectrum 
in the reactor. It does appear, however, as if.our evaluated curve gives a 
reasonable value but there is some evidence that it could be too low below 30 keV, 
by up to 10°/o. 

Campbell and Rowlands have considered a large number of accurate integral 
measurements and have adjusted group cross-sections so that there is good agreement 
between the calculated and measured integral data. This technique has been the 
subject of much discussion on whether or not the adjustments should be considered 
as significantly improving our knowledge 'of the cross-sections. The groat value of 
the technique is that it considers a wide variety of integral measurements r 
simultaneously and it is now agreed that at worst it is a sophisticated method of 



interpolating reactor properties (i.e. if measurements of a given reactor property-
are made over a range of compositions then if the method is used with these data the 
property will be accurately calculated for a new system with a composition within 
the range considered. If the composition is outside the range or if the property 
calculated is not included in the integral data used for adjustment then the 
prediction could well be in error). Campbell and Rowlands did not use integral 
measurements of alpha in their adjustment studies though data similar to that used 
in a PCTR measurement were included. Therefore their results are probably 
meaningful. They suggest that Pu-239 alpha values used in their calculations 
should be increased by 10+10°/o over the whole energy range. They also note that 
these adjustments are consistent with the preliminary values of irradiation 
experiments. Our evaluated curve is slightly higher than theirs below 40 keV but 
at higher energies the two are consistent. This suggests that our evaluated curve 
is perhaps too low by up to 10°/o at high energies. At energies below 30 keV it is 
probably reasonable although a slight increase cannot be ruled out. 

From'these comparisons with integral data it can be seen that our evaluated 
curve is consistent with the integral evidence. There are, however, some 
indications that better agreement would be obtained by increasing the evaluated 
data by up to 5°/o over the whole energy range. We do not propose to alter our 
evaluated curve because this conclusion could be due to errors in the spectrum 
and the fission cross-section of Pu"239. However, it is obviously very impox'tant 
that additional measurements, preferably by a new technique, should be made at 
neutron energies above 30 keV where essentially only one type of measurement has 
been pex'formed. 



TABLE 28 

Integral Measurements of Bouchard et al. 

U-235 alpha Pu-239 alpha 

Reactor 
Measured 

Calculated 
(Cadarache 
version 2 
data set) 

Measured 
Calculated 

. . (Cadarache 
version 2 
data set) 

Calculated 
(Present 
Evaluation) 

ERMINE* 0.35+0.04 0.347 0.37+0.04 0.414 
OSIRIS 0.234+0.010 0.227 0.202+0.010 0.216 0.196 
RAPSODIE. ,0.191+0.008 0.204 0.096+0.006 0.111 0.100 

+ For ERMINE the result depends on sample size and the value given here is for a cylinder 4 mni in 
diameter and 50 mm long. 



5 • Conclusion.--, 
In this paper v.re have attempted to review the experiment s which give significant 

results on tho variation of <o~ ,>/<o" n> or aloha for Pu-239 in the energy range nY nf " . ° 
abovc i 00 aV. V/'e have considered the types of measurement that have been performed 
and conclude that no detoctor system used, to date has been perfect. Ideally a 
detector system which de tacts '!00°/o of the fission events is required otherwise tho 
ga::ir,a-ray and fission detectors aro sensitive to possible changes in • the fission 
process as a function of neutron energy. Unless a very high efficiency fission 
detection system can be used it appears to us that highly accurate alpha 
measurements are not possible unless detailed measurements on fission gamma rays and 
fission fragment angular distributions are'performed as' a function of incident neutron 
energy. 

We have reviewed the history of the measurements of plutonium alpha and feel the 
discovery that alpha-is high (~l) in the keV energy range ha.s sorno important lessons 
to tell us. First of all it warns us that calculations of cross-sections are no 
substitute for measurement and secondly it indicates that interpolation of values 
using what appears to be a reasonable theory can ,be 'seriously in • error.. 

' i 
An evaluation of alpha has been performed and we estimate that alpha is known 

to approximately +10%> between 100 eV and 30 l.-eY. At higher energies the error 
increases to +30°/o at 1 MeV. The measurements show a wide spread around the 
evaluated curve below 30 keV but this is not considered.to be too surprising because 
tho values of the fission cross-sections of Pu-239.and the capture cross-soctions . 
of heavy elements such as U-238 and Au-197 are only known to ±k°/o or worse: A 
measurement of alpha is inherently.more difficult than the measurement of these 
cross-sections. Though there is less spread in the data above 30 keV this may be 
due to the .fact that the two significant measurements were made by an identical 
technique. It is obviously important that new measurements by another technique 
should be made in this energy range. 

In performing the evaluation we have checked that the dispersion in the results 
of the various experiments is not due to differences in normalisation or to variations 
of V with incident neutron energy. However, we could, not rale out that'.: V was 
varying significantly with neutron energy below 30 keV and consider that accurate 
measurements are urgently required in this energy range. V/re feel that most of the 
differences between the alpha measurements are probably -due to errors in background. 
In virtually all the experiments there is insufficient detail in the documentation 
to enable us to assess which experiments are less sensitive to background 
uncertainties and it appears to us that for important measurements it is vital that 
more details be published.. At the present time the delayed gamma-rays produced -by • 
fission products are not limiting the accuracy of the measurements. However, they • 
will become ..•••much more important as the experiments become more accurate. 

~ UAr- " 



Our evaluated curve is consistent with all the data on the total and partial 
cross-sections of Pu-239. We have also compared it with integral measurements of 
alpha made in various reactors. Within the errors of the measurements and the 
evaluation, the calculated and measured integral data are consistent though there 
is evidence that the evaluation may be low by up to 5°/o over the whole energy 
range. These conclusions could, however, be due to errors in the assumed neutron 
energy spectrum in the reactor and in the fission cross-section of Pu-239 and 
hence we consider that our evaluated curve should not be altered at the present 
time to take account of the integral data. The evaluated curve is not accurate 
enough to satisfy the requests of the reactor physicists and obviously more 
measurements are required. However, we feel that these should not be performed 
unless the techniques to be used are either new or have been significantly improved 
over those used in the measurements performed to date. 

Table 29 summarises the principal conclusions of the review with regard to 
further measurements. 



TABLTO 29 

Ho commendation P. r ngarding further measurements 

Unless high efficiency fission detectors can be used in the do termination' 
of alpha detailed measurements on fission gamma rays and fission fragment 
angular distributions are required for Pu-239 as a function of neutron 
energy. 

Accurate measurements of . for Pa-239 are required between thermal 
energies and 30 keV. 

Additional measurements of Pu-239 alpha are 'required both above and 
belov/ 30 keV to achieve the accuracy required, by the reactor physicists. • 
These, however, should-only "bo performed if the techniques to he used 
are either new or have been significantly improved. 
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1'!. Appenrlix 

Abstracts of direct alpha measurement works In tho ro.qi.on -from 0.1 to P.0 kr.Y 

Abstract 1 

Author: 

R. Gwin, L. \'i. 7/eston, G-. de Saussure, R. "t. Ingle, J. H. Todd, P. E. Gillespie, 
R. "}. Hockcnbury and R. C. Block. 

Rofernnee: 

Report 0 T L - ! L - T I V ; - 2 5 9 8 , part 1 , October 1 9 6 9 ; Nucl. Sci. and Eng. 4 0 ( 1 9 7 0 ) 3 0 6 ; 

Repor t ORKL 4 7 0 7 ( 1 9 7 1 ) ; Nucl. Sci. and Eng. 4 5 ( " ' 9 7 1 ) 2 5 . 

E s tab11 shine 111: 

Oak Ridge National Laboratory and Rensselaer Polytechnic Institute, USA. 

Quart titles measured: 

The neutron absorption and fission cross-sections for Pu-239 have been measured 
simultaneously over the neutron energy range from 0.02 eV to 30 kqV and the ratio 
<o* >/<o" „> was derived. nY nf 
Accuracy: 

The total error in the <cr .>/<cr' > ratio is 10-20°/o for an 11-gram foil samolo nY nf o . 
in the energy region 0.1 - 20 keV and 12.4-19.2 /o for an ionization chamber at 
0.1 - 2 keV. 

Neutron Source: 

Electron linear accelerator, time-of-flight method, the neutron flight path was 
I1SG c 25.57 m. Nominal energy resolutions/as > 7.1 —jjj— 

Fission and Capture Detectors: 

A large liquid' scintillator.- was used to detect the gamma-rays resulting from 
the absorption of a neutron in the plutonium sample (both fission and capture events). 
Fission events-were measured by using an ionization chamber or metallic Pu-239'foils 
and the high bias technique. ..Thus, -v/ith the chamber a-fission was characterized by 
a pulse from the scintillator in coincidence with a pulse from the fission chamber, 
whereas a capture was characterized by a pulse from the scintillator alone. In the 
high bias technique pulses above the bias of ~11 •MeV are produced by fission events 
while those between the low ("-2.7 KeV) and high: bias can be from both fission and 
capture. The fission chambcr was used up to the 'energy'- of '4 keV to 'determine alpha 
„ J . I , ^ •-. "L. J *u j „ J . _ ^ 1. . . « . . , . _ . * > . 1 r -7 • 1 — u H i i i.iio i ia .^ ,11 LIW- tgiiV c! illt'CH U 0 UO ' 2 KJ /CO V » ' 
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Samnio Datalis: 
Pu-239 notal foils used for the higher energy ncasurejaonts have moses of 

5.25, VI.2 and'21.3 g. The Pu in the ionization chamber (1.4 g Fu-239) v/as 
deposited on 0.005 in. Al plates. The chamber contained 21 plates. Tho Pu 
isotonic content was ~99%> Pu-239 and 0.8°/o Pu-240. The content of Cm-244 
gave ~30 spontaneous fissions per second. The chamber also contained a small 
amount of tungsten. 

Flux ea spr em ent: 

The relative energy dependence of the neutron flux was measured using a 
"parallel plate B?., ionization chamber. This was done assuming that the energy 
dependence of the reaction B-10(n,a)Li-7 is inversely proportional to the 
velocity of the incident neutron over the energy range from 0.02 eV to 30 keV. 

Experimental Arran^oment: 

The neutron beam traversed a cylindrical tube extending through the scintillator 
and containing the fissile sample. The measurements of cr , and. cr _ were performed - nil nl 
over the neutron energy region from 0.02 eV to 30 keV in two steps. The first step 
extended, from 0.02 eV to about 45 eV and the second, step extended from about 6 e'7" to 
30 keV. The pulse repetition rate (30 pps) and the neutron pulse width were 2 p.sec 
for the low-energy run and for the high-energy run the corresponding values.were 
240 pps and 0.1 (isec. In the low-energy runs the neutron filters used for background 
determination were Au(4.9 eV) and U-238 (6.67, 21, and 36.7 eV) and for the high-
energy runs the filters were Co (132 eV), Kn (337 eV), ITa (2.85 keV), and Al (35 ksV). 
Measurements were made with the ionisation chamber in the low energy runs and v/ith 
both the ionisation chamber and metal foils in the high energy runs. 
Data Normalization; 

The data were-normalized at 0.0253 eV to values, recommended by Hanna et al. ( I ), 
of 271.3^2.6 barn for the neutron capture cross-section, o"ny, and to 741.6+3.1 barn 
for the neutron fission cross-section, The data obtained in the measurements 
extending from 6 eV to 30 keV were normalized to the low-energy run over the energy 
range from 7.3 to 37.5 eV, that is the energy integr-als of the neutron capture cross-
section from 7-3 to 37.5 eV were equated for the tv/o runs as were the energy integrals 
for the neutron fission cross-sections. 

The metal foil data (11-g Pu-239 sample) were normalized by equating the energy 
integrals of the neutron fission and capture cross-sections over the energy range 
from about 7 to 100 eV to the values derived from the measurements using the 
ionization chamber. The data obtained, using the 11-g sample were mors comprsher.si.ve 
than data obtained using a 5-g and 21-g sample. For this reason the data obtained 
v/ith the 11-g sample of Pu-239 wore chosen by Gv/in et al. for a detailed analysis. 

•ftp ' 



Correction.? nnci Errors: 

A major source of uncertainties for the measurement of the neutron capture cross-
sections above -100 eY arises from errors in estimating the time-dependent background 
of the liquid scintillator counts not identified as fission events (this error was 
equivalent to about 0.2 barns over the neutron energy range from 100 eV to about 
2 keV, and decreased monotonically to about 0.1 b from 2 keY to 30 keV) ; the background 
from delayed Y-rays (<1%); uncertainty in the relative neutron flux for energies 
less than 2 keY due to "off-energy" neutrons (about 1.5°/o); the effect of neutrons 
which are scattered by the sample and absorbed, in the sample (less than 1 °/o) : 
uncertainty in o^. d\io to fissions missed by the ionization chamber (less than 
0.6°/o of o\ ̂  (Pu-239)); normalisation errors (.about 2°/o in the ratio o" J o" ,,) : llX IIJ. llr.. 
uncertainties in the response of the large liquid scintillator to changes in the 
prompt gamma-ray cascade resulting from neutron absorption iii the- sample (measurements 
of the pulse-height 'response of the large liquid scintillator for a few resonances in 
Pu-239, for both fission and capture, have not indicated any measurable differences 
in the pulse-height distribution -within the statistics of the measurements). 

Por the 11-g sample the corrections due to multiple scattering were estimated, by 
a koate Carlo method. The calculation showed that over the neutron energy range from 
7 to 76 eV about 2.5°/o of the neutrons absorbed were scattered at least once. The 
effects of resonance scattering are estimated to have a small effect (~2°/o) in the 
average cross-sections in the resonance energy region. 

Wo correction for the neutron absorption cross-section of the impurities in the 
ionization chamber or in the '11 —g sample has been made. 

Au thors' C omme n t s: 

The time-dependent background in the experiments with a Pu-239 metal foil was 
interpreted differently in the final report ("3̂ ) than in the earlier report (\~l). 
Experiments performed at RPI (by R. \7. Hockenbury) and at ORilL indicated that there 
was a background in the 0RNL-RPI measurements which was correlated with the. fissions 
in the Pu-239 sample. An allowance for this background was made and the error analysis 
incorporates uncertainties introduced by this correlated background. This re-evaluation 
of the background resulted in an increase in the ci-values above 3 keV of 0.06 to 0,1 
over those previously reported (n). 

In the prior report (\~\) the normalisation of the data for the metal-' foils - was •: 
made to values of the ratio of the neutron fission to neutron absorption cross-
sections about the peak of isolated resonances. In the latest analysis the 
normalization of the metal foil .'data was made by equating the energy integrals of the 
neutron fission and capture cross-sections over the energy range from 7-3 to 100 eY 
obtained using the ionization chamber. This procedure takes advantage of all the 
data rather than utilizing only that data about the peaks of the resonances. 



Abstractors' •Comments: 

The values of <criY>/<0" obtained are not dependent on a knowledge of V 

The final 'normalization procedure used appears to be more satisfactory and 
precise than in the earlier report. The results obtained by two different techniques 
(metal ,foils and ionization chamber) agree with each other within experimental uncer-
tainties. The use of the large liquid scintillator minimizes the effects of possible 
changes in thegamma-ray spectra from resonance to resonance. The authors say that 
they measured this effect for a few resonances, but not for high-energies where 
p-waves become important. 
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A b s t r a c t - . 2 

Author: 

1>!. G. Schomberg, M. G. Sowerby, D. A. Boyce, K. J. Murray and (Hiss) I), L. Sutton. 

Reference: 

IAEA Conference on Nuclear Data for Reactors, Helsinki, 15-19 June 1970, 
paper CN-26/33, Vol. 1, p.315 (1970). 

S s tabl i shinent: 

Harwell, Didcot, Berks., United Kingdom. 

Quantities Measured: 

The ratio <cr >/<o" „> and <o" „> were measured in the energy range from 0.1 to nY ni nf 
30 keV. , 

Accuracy: 

The total accuracy is between +5 and 8 % in <crnp>/<crniv> corresponds 
to 10 to 16°/o in <o" „>/<o" „>. j-n i nx j 
Neutron Source: 

Electron linear accelerator, time-of-flight spectrometer, flight path length 
was 34.86 in, nominal resolution was 7.2 ns/m. 

Fission and Capture Do hectors: 

Two detector systems, which basically consist of fast neutron detectors and 
gamma-ray detectors, were .used. The gamma.-ray detector was of the "Koxon-Rae" type 
and the neutron detector was a recoil proton detector, which by use of pulse shape 
discrimination had zero efficiency for capture events. It was found•with the first 
system (3,) that the ratio of the efficiencies of the gamma-ray detector for fission 
and. capture events was ~2.5 rather than 1.0 - 1.3 as expected from the Koxon-Rae 
characteristic and the known total energy of prompt fission (~7.1«eV) and capture 
(~6.4 KeV) gamina-rays. This was due to the high gamma-ray. and fission neutron 
multiplicity of fission events causing accidental coincidences. The effect has been 
investigated by rebuilding the detector system and. increasing the number of detectors, 
The results obtained v/ith the modified detector system:showed that the efficiency ratii 
was 1.5+0.2. The count to background ratio for the modified system was, on an 
average, about 1.5 higher than that for. the original system. 

Sample Details: :
: : . v ^ ' V 

Three samples 5.08 cms diameter, containing 1.07 /o Al, 0.7 /o Pu-240, canned in 
0.0127 cm Al and with sample thickncsscs of 0.0012. 0.000579 and 0.00029 atoms per 
barn; 1 sample 7,4 cm diameter, containing 1 ,8°/o Pu-240, thickness0.00^4 atoms 



per "barn, canncd in 30 cm long Al cylinder with 0.092 cm end windows. 

Flux l/.easurfjnient: 

The energy spectrum of the incident neutron flux was measured by a 0.32 cm 
thick Li-6 glass scintillator. 6.35 cms in diameter and mounted 5.25 cms from the 
photomultiplier. 

Experimental Arrangement: 

The detector system was assembled on one of the flight paths of the Harwell time-
of-flight neutron spectrometer based on the 45 MeV Electron Linear Accelerator with 
its neutron 'Booster' target. The measurement covered the incident neutron energy 
range from "10 eV to 30 lceV. A total of nine sets of experimental data were obtained 
with the two detector systems. The resonance filters used for background 
measurements were: Kn (337 eV, 1.10, 2.38, 7.17. and 8.87 keV), Mo (45, 131 eV), 
Ta'(10.34 eV), Wa (2.85 keV), Al (35 keV). B-10, Al and Na were used as permanent 
"black" filters. 

Data Normalization: 

The data were normalized to the o-values on the peaks of well resolved low energy 
resonances where the values of a are known from other experiments measuring and 
alpha. The set of resonance a-values used for normalization purposes was obtained 
by evaluation of the following four experiments: 

(a) -experiment of Bollinger et al. (2"S) (the results were neglected 
because of disagreement in shape;'with other data in the thermal region). 

(b) a-experirnent of Czirr and Lindsey (3(>) (the results have also been largely 
ignored because the experiment was only partially made in the thermal 
region). 

(c) a-experiment of Gwin et al. (l̂ j) (the evaluation made by Schomberg et al. 
(l?) depends heavily on these results, because as only one cross-

••-.'• normalization is required in the experiment of Gwin, accurate flux 
measurements are not needed, and Gwin's results are supported by the data 
of Czirr and Lindsey). 

(d) -rj -experiment of Patrick et al. (73.) (the results were originally 
normalized to the data of Brooks et al. (73) which had been normalized 
to p = 2.0 at 0,08 sV, and Sowerby made a reappraisal of the cross-
normalizations within the Brooks experiment and between it and the Patrick 
experiment). 

The Patrick et al. results renormalized through n = 2.034 at 0,057 are ahont 
20.?/o .-higher thari those of Gwin et al. in the alpha region of O.i - i.6. The authors 
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renormallzed for the second time the Patrick et al. data by combining tho 
normalization through with a normalization based on Gwiri results at 10.9? 
'14-3, 13.5, 22.-3 and. 32.3 eV resonances, and combined the values obtained with the 
values of Gwin et al. to obtain the following weighted o-valuss which were used for 
normalization: 

Resonance 
Energy a 

eV • 

7 .83 0 . 8 6 + 0 . 0 4 
10.93 0.33+0.03 
11.93 1.52+0.07 
14.30 0.56+0.04 
14.70 1.18+0.05 
15.50 0.11+0.05 
1 7 . s o 1.13+0.05 
2 2 . 3 0 0.66^0.04 
2 6 , 3 0 0 , 9 0 + 0 . 0 5 
Ml-. 6 0 8.92ph0.60 
5 0 . 2 0 2.27+0.20 
52.70 4 . 9 2 + 0 . 2 9 
65.90 0.91+0.05 
91.00 4.08+0.27 

Corrections and Errors: 

The total error quoted was typically about 1 5 % i/i a and mainly consists of: 
error due to statistics and background fitting (about 10 to 15°/.o), error due to 
uncertainties in determining the resonance a-values (thought to be 2.5°/° Qf 1 + a 
for a-values in the range 0 to 1.5 which means 5 to 7°/o in a), and error due to a 
2?/o uncertainty in "v"3 -value in the energy region above 100 eV (which leads to 
5' to 7°/o uncertainty in a). A correction for self-screening effects was made. 

It has been assumed that multiple scattering effects are negligible; no 
corrections have been made for the effect of Pu-240 in the sample. It has also been 
assumed that the efficiencies of the detectors for fission and. capture events are 
independent of neutron energy. The effect of delayed gamina-rays from fission was 
found to be negligible. 

Authors' Comments: 

The present data set for alpha supersedes all the previous data of the same 
authors. The main differences between the two data sets (the present and. the previou 
one C&v )) are in the experimental cond/itions and exnerimenta.ltecbr.icue used a^d in 
the resonance alpha values, which were used for normalization of experimental results 



The correction for multiple scattering is negligible if (a) the sample is 
"thin"; (b) a does not vary with neutron energy; (c) the ratio of the scattering 
and total cross-sections is small. The experiment "was normalized or results only 
given when at least one of these conditions was true. 

Ab s tr a o t or s' C onim en t s: 

The measurements of Schomberg et al. show the same structure in alpha as the 
measurements of Gwin. They agree reasonably well .with the results of other authors 
while, in the region 0.8 to 5 kc7, the results tend to he systematically lower than 
the others. In this energy region the results may not be as accurate as others 
.because of large background errors. 

The ci-values obtained depend strongly on the resonance ci-parameters used for 
normalization. Comparison of the resonance cx-values obtained in other ci, measurements 
with those evaluated by Schomberg et al. shows that these evaluated parameters are 
quite good and. in good agreement with the parameters of Belyaev. et 'al. (3?) for 
a < 1 , but for a >> 1 , namely at the 2(4,5 eV resonance, they are about 8-"l0°/o lowei-
than the results of other measurements. 

The results of V/eston et al. (13) give little evidence for the spin-dependence 
of -v -values and thus the error estimate in a for this effect appears to be 
•slightly "overgenerous" or, at least, not too small. 



Abstract-. 3 

Author: 

J. D. C/.irr and J. S.'Lindsey. 

Reference: 

IAEA Conference on Kuclear Data for Reactors, Helsinki, 15-19 June 1970, paper 
CN-26/47, Vol. 1,- p. 331 (1970). 

Es tabll aliment: 

Lawrence Radiation Lab., University of California, Livermore, California 94550, 
USA. ' 

' 

Quantitle s ','easu.red: ' 

The ratio «r \,>J<o' X1> has been measured over the neutron energy region from n Y ' nf 
100 eV to 30 keV. ' — 

Accuracy: 

The to tal uncertainty in the <cr >/<o" ratio, as quoted .by the authors, is r. Y n J. 

6.3/0 to 12.2 /o in the energy region from 0.1 to 30 keV. 

Neutron Source: . 
The Livermore 33 MeV electron linear accelerator,', time-of-flight method with a 

resolution of 50 nsec/m, the neutron flight path was 11 1(1. 
.Fission and Capture Detectors: 

Capture and fission gamma rays and fission neutrons were detected in a 1 litre 
liquid scintillator, using pulse shape discrimination to identify the particle type. 
Since the gamma data consist of both capture and fission events, it -was necessary to 
subtract a quantity proportional to the fission cross-section in order to obtain the 
capture cross-section. The fraction to'be subtracted was determined by normalising 
the 'fission - data -at .an' energy- corresponding to a low c.-value - from 15.5 to'16.0 eV, 

The ratio of the efficiencies of the capture detector for fission and gamma 
events was found to be 0.86. • • 

Sample details:' 

20-g metallic Plutonium foil of 4.3 10 ''" atoms/barn thickness was.- used. 
The composition of Plutonium was: 99.11 °/o Pu-239 and 0.875°/o Pu-240. 

Flux Measurement: 

'. ; The incident: neutron flux-was- measured with a single BP,. .tube inserted into the 
beam pipe during separate runs. 

Experimental Arran^ement: 

The metallic Pu foil was placed 11 m from the neutron: source and viewed by a 



1 litre liquid scintillation detector. The gamma events ;vsrc pulse-height weighted 
on-line to provide data which are essentially independent of variations in the 
capture-gumma de-excitation spectrum. This linear weighting assures spectral 
independence for capture events if the fraction of the capture-gamma energy spectrum 
below the threshold, level is not a function of the incident neutron energy. The gamma 
threshold was set at about 0.75 MeV. The background induced by out-of-time neutrons 
was measured at 4, '10, 120 and 2800 eV by inserting the resonance filters of Ha, Co 
and. Ta during a separate background run. 

Data Normalisation: 

The measured alpha-values were -normalized at 0.07 - 0.09 eV and 15.5 - 16.0 eV. 
Using a thermal value for a = 0 . 3 6 5 3 + 0 . 0 0 3 6 ( j o ) and the ENDF/B file data on .-vK ( E ) 

from thermal energy to 0.09 eV (//- ) the value of a. = 0.460+0.009 v/as obtained from 
0.0?-0.09 eV. 

For 15.5-16.0 eV the a-value was obtained by combining calculated o"^ values 
(using available resonance parameters for nearby resonances) with measured, or ̂  data. 
(2*i) taking into account the contributions from nearby resonances. This a-value 
equals 0.092T?'^7, which includes a 50°/o error increase for this effect. In order 

I +0 02 
to determine the effect of the quoted, uncertainty (_Q'Q^) unon a, the data vie re 
renormalized using a at 15 eV of 0.112 and. 0.062. The average value of a over 0.1 
'to 10 keV changed by _+3°/o upon doing so.̂  • 
Corrections and. Errors: 

The errors of the experiment mainly consist of: treatment of out-of-time back-
ground for the neutron and. gamma data (about 5°A>) , uncertainties in the other 
background compone nts ( + 2 % ) , fission-gamma Subtraction errors of 3 /o, uncertainty 
caused by the sensitivity of the liquid scintillation detector to the changes in the 
capture Y-de-excitation spectra of 5°/o, and the error due to primary alpha-
normalization of 2°/o. 

The data have been corrected, for the effect of the 0.875°/° Pu-240 concentration 
upon the normalization at 0.08 eV (the correction was 0,7%), No -.correction for the 
effect of self-shielding was made for the energies above 100 eV. The effects of 
multiple collisions were neglected in the analysis of the data, because of the small 
energy loss combined".with the small probability for elastic scattering. 

•Authors' Comments: 

.- The major source of uncertainty in the.background: treatment arises from the - : 
assumption of equal out-of-time background for the neutron and gamma data. For the 
determination of the gainma background a(E) was assumed to be a constant throughout 
...the.• .energy..-range of interestrvand..:i-t-::.then̂ -.follows-v.;that.:the-'-fraotional- background due : 
to absorption of out-of-time neutrons in the foil.would/be the same for the fission and 

j-\ C 



gamma signals. Due to a systematic trend in a above 7 keV, the above approximation 
introduces a 5°/o uncertainty in C.(E) in the 7-30 IceY energy region. 

The error'due to the uncertainty in the energy dependence of the -v--values in 
the energy region above 100 eV has not been applied to the a-values, because of the 
large relative error in this correction. 

Abstractors' Coinments: 

It is assumed in the normalization of the experiment that the efficiency of the 
gamma-ray detector for fission events is constant. -At the present time it seerns to 
be very difficult to assess the error in this assumption because of a lack of 
necessary informa.tion. We can say that this systematic uncertainty may be less than 
10°/o and incline to agree to the authors that it is 5°/o. 

The error due to uncertainty in the spin-dependence effect of the V -values, 
leading to ~5°/o uncertainty in a, should be added to the a-value error. 

The normalization point at 15-5-16.0 eV is potentially sub/ject to a large 
absolute error. The early data of Bollinger Ci'c'O yielded, a % 0.300 at 15.5 eV, 
Parrell (7>) gives a = 0.066; according to Stehn (7Co) this n,-value is equal to 
0.05+0.01; Gwin (it) gives a = 0.14+0.06, and V / H ^ = 0.035- The a-values 
for the 15-5 eV resonance of. Parr ell and of Stehn are., really' T^/ P^. and do not 
'include contributions from nearby resonces to 0"ny» value, a = 0.092+q*q^q 

was obtained without taking into account the results of Farrell, Stehn and .Gwin, 
although it agrees with'them within the assigned uncertainties. 17s have adopted that 
the uncertainty in a caused, by the noi-malization procedure used would be 5°/o. 

The normalization point at 0.07-0.09 eV is based upon data at thermal energies. 
The thermal value for a(Pu-239) was recently evaluated by Hanna et al. ( I ) as 
O.3659+O.OO39. This -recommended value is based heavily on the experimental value of 
Lounsbury et al. (~}Li) which"Czirr and Lindsey used for normalization -purposes -and 
therefore the difference between the evaluated and experimental values is very 
small (less than 0.2°/o) and may be neglected. Czirr and Lindsey used the Greebler 
data (4-) on ">q (ft) from thermal energy to 0.09 eV.' Greebler indicated in his 
evaluation that the curve given by Leonard was the best, but it might be imnroved by 
using a least-squares fitting procedure. V,re carried out analyses of the shape of 
the curve for cr^ (/sTand ci in the region 0,01-0.2 eV and came to the conclusion that 
tho curve for cr^ coincides with the curve of G-reebler within 1°/o, and the curve for 
o*n̂  is systematically 3-5°/o higher than the curve of Greebler, especially in the 
region higher than 0.1 cV and lower than 0.03 eV. The respective a-values equal 
0.442 (at 0.07 eV) , 0.465 (at 0.08 eV) ,'; O.49O (at 0.09 eV) , and the mean a-value over 
the energy region 0.07-0.09 eV is 0.466. Czirr.and Lindsey used for normalization 
the a-value 0.460+0.009, "which can be considered as adequate (the difference is 1 Vo). 
;Hence, the error of 2°/o due.to primary alpha-normalization looks reasonable. 

F\ \ 5 



Three more comments on the experiment are appropriate. The "background induce 
"by out-of-timo neutrons v;as not measured at the energies higher than 2.8 keV (that 

> . means that the n-values are less accurate at these energies); the ratio of the 
detector efficiency for fission and gamma events was found to "be 0.8b which appear 
to he a little too small. 

The errors in a,-values given by the authors seem to he a little too low. For 
the time "being we have added, for evaluation purposes, the uncertainty caused "by 
the si -values (5°/o) and taken a 5°/o error for fission subtraction rather than 
3 % . 



Abstract I;. 

Author: 

F. N. Belyaev, K. G-. Ignat'ev, P. I. Sukhoruchkin, S.-P. Borovlev, V. V. Pavlov, 
K. V. Polosov, A. IT. Soldatov. 

Reference: • 

IAEA Conference on Nuclear Data for Reactors, Helsinki, 15-19 June 1970, 
paper CN-26/89, Vol. 1 , v.559 (1970). 

E s tabli shment: 

Institute of Theoretical ancl Experimon tal Physics, Moscow, USSR. 

Quanti Lies Measured: 

The a-values for Pu-239 have been measured from thermal energy up to 10 keV. 
The o-values were determined from the ratio of experimental counts due to capture 
and fission events. 

Accuracy: 

The total error in the ct-value is from 7 •toj20°/o (with an average of 13°/o) 
iii the energy region from O.'i to 10 keV, 

Heutron Source: 

The cyclotron of ITSP, time-of-flight spectrometer, the neutron flight path was 
- • 11 ŝ c 

14.5° ni, nominal energy resolution was >, 217 • 

Fission and Capture Detectors: 

Two kinds of detectors- were 'used - Z11S detector for detection of neutrons and 
'Nal-crystal for registration of capture and fission gamma-rays in one case, and a 
stilbene crystal with pulse shape discrimination in a second case. The insensitivity 
of both fission detectors to gamma-rays has been checked by the absence of the 1 eV 
capture resonance for Pu-240 on the measured fission curves. 

Sample Details: ,. 

Metallic Pu-239 sample with thickness of 2.2 . 1 0 atoms per barn, containing 
1 . 8 % of Pu-2/,-0. 

Flux Measurement:' 

Two BF7-counters were used for relative measurement of neutron flux. 3 
Experimental Arrangement: 7 • 

• The measurements- of a-values were made in two steps. The first step extended 
from 0.3 eV to 10keV, and the second one extended from 0.025 eV to 10 eV. The 
measurements in the second step '.vero carried out with the same flight path, and' the 



same detectors, as was dons in the first step, "but the pulse repetition rate was 
decreased (the repetition period was 'i7000 .usee instead of 2300 .usee) and the neutron 
pulse width was 8 u s e e instead of 3 j i s ec . In the second step measurements of 
the neutron transmission were also made using a ZnS (Ag) with detector. 

The neutron filters used for background determination were Mn, TTa and Ag; 
"out-of-time" neutrons were monitored with Cd. For capture events a constant 
component of background due to natural radioactivity of a sample v/as about 30°/o 
in the resonance energy region and. a time-dependent background component determined 
by resonance J-n, T'Ta and Ag filters was about 40-50°/o at 5-10 koV and war. equal to 
aero in the resonance energy region. In the case of fission events only-a constant 
background component due to spontaneous fission of Pu-240 was present (about 20°/o 
in the resonance region). 

Da ta TTormal 17,;.;. t ior,: 

The measured a-values were normalized at thermal energy and at the energy 
0.30 eV, For these purposes the measurements of the values of a and T\ /V were 
carried out from thermal energy"up to 10 eY. The values of obtained in these 
measurements were 2.11 at thermal energy and 1.728+0.026 at 0.3 eV, Using these 

-values and the V -value in the thermal energy (~v = 2.83 from (\ )) the authors 
obtained the following o.-values: 0.36 at thermal energy and 0.66 0.3 cY, 
which were used for normalization. 

Corrections and Errors: " ' ' • 

The total error quoted by the authors was typically about 13°/o in a and mainly 
consists of: error due to statistics and background fitting (from 3 to 12°/o), error 
due to normalization (about 5 % for a = 0.6 - 1.1). 

It was assumed that the sensitivity of the detector to the possible changes of 
the capture gamma-ray spectra was low. This assumption had been checked by special 
measurements of gamma-ray spectra due to capture of resonance neutrons, both for 
IJ-235 and Pu-239.. 

Au. th or s' C ommen t s: 

Gamma-rays from capture and fission events were detected in the 1-2 KeV energy 
range only. It was done, in this energy range, because firstly, the best ratio of 
gamma ray yields from capture and fission events "was observed (about 1:1), and 
secondly, the background due to scattered neutrons:was?.lower - in this case, for there 
is no transition with great intensity in capture gamma-ray spectra in I (the detector 
used was TTal). 

.. -For comparison purposes only the. resonance a-valuos were obtained in this 
experiment for five fully resolved resonances at the energies of 7.85, 17.7, 22.3, 
26.3 and-44.5 eV. The values obtained are in good agreement with those of Gwin'-ot al. 



and those of Schomberg et al. (except the resonance at V+.5 eV), 

Abstractor r>' Comments: 

The o.-re suits obtained with the two different detector systems agree with each 
other within their experimental uncertainties. This allows the authors to reduce the 
statistical errors considerably. 

An uncertainty in the o.-values due to uncertainty in the energy dependence of 
the -values (about 5°/o in a) should be added, to the total a-error. 

In the experiment only gamma-rays in the 1-2 KeV range were detected. The 
authors say they chocked, in the resonance region that their results "were not sensitive 
to changes in the capture gamma-ray spectra, but presumably they cou.14 be in error at 
high energies where p-waves become important. 

Wo uncertainties; caused "by the sensitivity of the gamma detector to the possible 
changes in the capture gamma spectra, are included into the errors. 

The data have not been corrected for the effect of the i.8°/° Pu-22.,0 concentration 
upon the normalization at thermal energy. This correction presumably would be about 
1 . 5 % . I 

The correction for multiple scattering was not introduced, but it is negligible 
for their sample. • 



Abstract 5 -

Author: 

J. A. Farrell, 0. I7. Auchampaugh, M. S. Koore and P. A. Seeger. 

Reference: 

IAEA Conference on Nuclear Data for Reactors, Helsinki, 15-1 9 dune '1970, paper 
CN-26A6. Vol. 1, p.543 (ir70). 

E s tab 11 sht.i en t: 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico 87344, USA. 

Quantities '.'easurad: 

The fission, capture, scattering and total cross-sections of Pu-239 have been 
measured simultaneously over the neutron energy range from 20 eV to 1 KeV, and the 
ratio <cr .,?/<cr „> was derived. nY nf 
Accuracy: 

The total error in the average value of alpha was from 10 to 19°/o in the 
energy region from 0.1 to 30 keV. 

Neutron Source: -

As a pulsed neutron source an underground nuclear explosion -was used. The 
resolution in the thermal region was about 20 nsec/m and above 300 eV the resolution 
improved to less than 1 nsec/m, but was limited to about 4 nsec/n by the data m e or din 
system. 

Fission and Capture Detectors: 

The plutonium.samples used for the fission event detection, were .viewed by Si 
solid state detectors at 55° and 90° to the beam. The foils used for the capture 
cross-section measurements were viewed by two solid state Koxon-Rae type detectors, 
the efficiency'of.which was determined absolutely 'with an accuracy of 5°/o. 

Sample Details: ' 

There were three Pu-239 samples, a thin foil, 1.4 . 10-^ atoms/barn, for the 
fission cross-section measurement and two thicker foils, 0.00083 atoms/barn and 
0.0058 atoms/barn, for the capture, scattering and transmission measurements. The 
Pu-samples used were 94.41°/o Pu-239, 5.27°/o Pu-240 and 0.3°/o Pu-241. 

Flux Keasurcmont: 1 

= The neutron flux consisted of two parts, a •thermal Maxwollian spectrum peaking 
at 80 eV and extending to 300 eV, and a 1/E spectrum at higher energies. The neutron 
flux was. determined from the Li-6 and 11-235 foils. There was a 1.0-15°/o discrepancy 



at the higher energies between the two flux monitors which is probably duo to 
errors in the cross-f.ections used for li-6 and 15-235- 'The TJ-235 evaluation of 
Davey (77) was.used as reference cross-section. 

Exnerii.iovital. ' rrangcin3nt: 
The neutron beam v;as brought to tho surface of tho ground in an evacuated pine 

and collinated to a circle of 1.74 era diameter before passing through the stack of 
samples. Background for the flux monitors and the fi:-;sion cross-section wore measured 
with the "blank foil. A bismuth sample provided a measurement of the scattered neutron 
background in the capture cletr -jfcors. Transmission through the Pu-samples v/as 
measured by Li-o foils located above each sample. 

Data NormalizationJ 

To obtain the capture cross-section the fission contribution was subtracted 
from the raw capture plus fission signal. The fission gamma efficiency v/as determined 
from eight broad 0+ resonances to be 1.27+0.08 times the capture efficiency. The 
efficiency of the capture detector was determined by a separate experiment on the 
same event by activation of a ribbon of gold. 

Corrections and Errors: 

The predominant errors in trie capture cross-section and consequently in alpha 
are due to the subtraction of the large fission background, especially at high 
energies. The estimated error in the capture detector efficiency determination is 
5°/o, and the determination of the efficiency v/as dependent on the assumption that the 
efficiency is independent of the gamma-ray spectrum. The total error in the a-value 
measured includes statistical errors, errors in fission gamma subtraction and estimates 
of systematic errors due to target density, detector efficiency and solid angle etc. 
Not included are possible systematic errors due to uncertainty in the zero level of 
the amplifiers used and the background from the aluminium sample container, which 
are expected to be small below 30 kcV. 

The capture plus fission data were corrected for self-absorption using the 
signals.recorded from the Li-foils positioned on each side of the caoture samples. 
No multiple scattering correction has been made (the correction is estimated to be 
5-10°/o on the highest peaks). 

Au thor s' C omments: 

In the present experiment, the.energy dependence of alpha for Pu-239 is determined 
rather accurately below 10 keY. Above 10..keY, where the capture cross-section is 
small, the .error due to the subtraction of the large fission-background (about 85°/° 
of the signal at .30 keV) is Targe. Besides,, above: 30 kcY there, was an additional 
background due to the: aluminium sample container.-'. Therefore in the energy region from 
10 to 30 keV a-values v/ere determined v/ith an accuracy of about 30u/o, which is less 
than the accuracy achievable in,the Van de G-raaff measurements. 

; ••-.'.. t\ n 



/ibstrac born' Comments: 

No corrections for the content of Pu--240 and. Pu-24'l .-in the samples were 
incorporated. There is no need to introduce the correction for the opin-onergy 
dependence of v -values into the results of this experiment. 



Abstract 6 -

Author: 

V. N. Kononov, M. A. Kurov, S. D. Poletayev, Yu. S. Prokopots, Yu. V. Ryabov, 
So Don Site, Yu. Ya. Stavisslcii and.N, Chikov. -

Reference: . 

Dubna Preprint P3-5112•(1970)j also Nuclear Data for Reactors, Vol. 1, IAEA 
Vienna (1970) 345- and Atomnaya Energiya 30, (1'971) 362. These measurements are 
referred to in this abstract as the JIITR-FEI data. 

Establishment: 

Joint Institute for Nuclear Research, Dubna, and Institute of Physics and 
Power Engineering, Obninsk, USSR. 

< Quantities Tvleasured;. 

The quantity CX(E) = • CRNY(®)/°R
NF(R) h a s been measured in the energy region 0.1 to 

29.5 keV. .. v • 
.''.•' : 'f '• Accuracy: . 1 . - ' 

The total error in the a-valuo is 7 to 30°/o iri the energy region "from 0.1 to 
30 keV. • . .; 

Neutron Source: 

As a source of neutrons in one case a pulsed fast reactor with the resolution . 
of 220 nsec/m, and in the second case a pulsed fast reactor with an electron injector 
microtron with a resolution of 15 nsec/m have -been used. •Time-of-flight;method with 
a flight path of 250 m was used. 

Fission and Capture Detectors: 

Fission events were measured, by using a high-efficiency ionization fission 
chamber containing 120 mg of Pu-239. A large liquid scintillator with a volume of 
500 litres was used for recording capture and fission gamma-rays. The detector was 
divided into two halves connected in coincidence, and it had an important character-
istic, namely the low sensitivity to any minor changes in the capture, gamma spectrum. 

Sample Details: •••••.-•.••••••.•;•. 

"Thin" layers of Pu-239 were used, in an ionization chamber (120 mg of Pu-239). 
A " thick", sample used in a liquid scintillator was about 7 grams (7•'x 10 ^ atoms/barn) 
.with the content of 1.5°/o Pu-240. 

Flux• Measurement; •.•••••••-•:' . • • • •'•• • •• 

The energy dependo^v' ne., 'on flux has not been measured, in this 
experiment, and the shape of tho flux was assumed to be E as had been obtained 



by other authors with a flight path of 250 m. 

Exns rimer, tal Arran ftemen t: 

The neutron beam passed through • the central channel of the scintillation 
detector where a sample v/as placed in nearly 1+ -geometry. The neutron filters used 
were' Na (2.85 koV), Kn (0.337 key), Co (0.132 keV), Ag (5.2 eV). For microtron 
operation three series of- measurements were carried out using a sample, and one series 
of measurements using the fission chamber. For reactor operation one series of 
measurements was performed using the chamber and one series using a sample. 

Data Normalization: ; 

For calibration purposes the authors used the resonance alpha-values for 12 well-
resolved resonances obtained in the other -works,' namely in the '.work of Derrien et tC . 
('VOStehn et al. ("Ac), Bollinger et 'al. (--?'), G-win et al. (\'i ), the first set of 
alpha resonance parameters of Schomberg et al. (l?,) and Ryabov et al. (T'I ) . These 
data were not simply averaged, but were used to obtain the normalization constants 
by a least squares method which'took into account both the errors in each set of 
.a-values and the errors in the experimental values of N.„ and N. 'obtained in the Y F 
experiment. 

Corrections and Errors: 

The total error, in the.a-value measured (about 15-20°/o) mainly consists of 
statistical errors in the measurement of IT^/N^, statistical errors in the background 
determination, and the normalization errors. 

The. results for microtron operation were obtained,by averaging for the three 
series of measurements and the errors given characterize the mean square spread of 
•the data in these series. The error in a is due to statistical error in the 
measurement of the ratio N^/N^ and to allowance for the background for each series 
(20-50°/o). In the ca.se of reactor operation the accuracy of the a-values measured.-' 
is +1 5-20%. 

Authors'Comments: 

; The . fission cross-section values measured in this experiment with an accuracy of 
15°/o are of illustrative nature only, as cr^ and alpha have been obtained with 
different normalization. There is good,agreement over the entire energy range with 
the JIKR-2 measurements (4.0 ) using a resolution of 60 nsec/m. The measurement of . 
both capture -and; fission events• was1 .-carried. out with a thick, samnle, and fission. . . 
events with a thin one. To obtain the normalization constants (A and B) the areas 
under, resonances have been corrected for the thickness, using an area analysis 
method with taking into account: the rcson-ance parameters and Doopler widths. So the 
constants A and B effectively;;belong-i,to\a:.(thin--saifl̂ le.v-and--ali>:the samples used;• were • 
considered to be thin.in the energy•region higher than 0.1 keV. 



Ab strao tors' Corr.m.ent s: 

As the measuremont of fission events was made by an ionization chamber, and 
capture and fission events were measured "with a thick sample, the latter results 
(capture plus fission) will require a correction for resonance self-shielding. 
Such a correction was not made in the JINR-FSI measurement in the region of 
unresolved resonances. • \ 

No correction ''v/as made for the content of FU-240 in the sample. 

The JIKR-SSI and .JINR-2 measurements of Ryabov et al. (/ft>) do not agree with 
each other in the region around 600 eV' where the structure exists. 

The reasons for rejecting this experiment or considering it with less weight 
are the following: 

(1) The data do not show the structure expected around 600 eV. It is surprising 
< -

that in the energy region 0.65'keV there "is a great difference between the 
JIJIR-?EI measurement "which gives the a-value less than'1, and the results of 
other measurements where a varies from 1 Ji4 to 1.89. . Such absence of the 

\ 

structure which has been reliably determined in the other measurements gives 
evidence of the weak sensitivity of the experiment used to genuine a-variation. 

(2) The difference between a-values obtained in microtron and reactor conditions is 
rather significant in some energy intervals, such as 0.2 - 0.3, 0.3 -•0.4,' 
0.7 - 0.8," 4 - 5, 5 - 6 , 6 - 7 keV, lying outside the experimental 'errors given 
by the authors.; The data of both:series differ greatly in some energy 
intervals:from the mean values of other measurements. 

Because of poor accuracy in cr^ obtained'in the present work (about '15°/o) it 
is difficult to make detailed comparison between the data of the present 
experiment and the other experiments. Rough comparison shows that the data of 
the present experiment are systematically higher, particularly in the energy 
region 0.3 - 1 keV (about 20-30°/o). V/e agree with the remarks of the authors-
that <cr „> values are not always sufficient criteria of the duality. of the 
experiment, because background for the detection of fission events is, as a.rule, 
quite low and can be treated very well, but the absolute value of depends 
upon both normalization of o'̂ j, and the .energy dependence of neutron flux, which 
do not affect the ci-values measured. The energy dependence of neutron flux has 
not been measured in. the present work, thus the o"n£, values obtained are to be 

. m a i n l y considered as. illustrative only. 

(3) The reactor series oI: muauur-'ments were carried out with poor energy resolution 
••..and -therefore comparisons with other; experiments are difficult because nf the . 
structure'in the cross-sections of :Pu-239. 



Abstract 7 

Authors: 

Yu. V. Ryabov, So Don Silt, N. Chikov and M. A. Kurov. 

Reference: 

Preprint of. the Joint Institute of Nuclear Research P3-51''3> 1970; IAEA Conference 
on Nuclear Data for Reactors, Helsinki, 15-19 June 1970, paper CN-26/124, parti, 
Vol. 1,-p. 345 (1970) and Atoranaya Energiya 30, (1971) 258. The second series of 
measurements referred here as the JINR-2 measurement and in the text as .Ryabov et al. 
measurement. . .. 

E s tab li slim ent: 

Joint Institute for Nuclear Research, Dubna, USSR. 

Quan titles Measured:' 

The quantity C I , ( E ) = O * N Y ( E ) / < R ^ , ( E ) ' has been measured in tho energy region 0 . 1 to 
• • 2 0 keV. ' 

Accuracy: . 

The. total error in a(.E) is 7 to 25°/o 'in the energy region from 0.1 to 20 keV. 

Neutron Source: 

A pulsed fast reactor, time-of-flight method, the neutron flight path -was 
1010 m, and the resolution 60nsec/m. 

Fission and Capture Detectors: 

A 500 litre liquid scintillation detector in which cadmium had been added to the 
.solution, so that the ratio of the nuclei Cd to II was 0.004. The fission events were 
recorded by double delayed coincidences in the liquid scintillator, and capture 
events were detected in the same scintillator without coincidences. 

Sample Details: 

• Five different samples of Pu-239 were used: 2.85.10-'1', 5.8.10-^, 8 .7 .10"^, 1.42. 
10~3, 2.7.10~3 atoms/barn with the content of 1.5°/° Pu-240. , 

Flux Measurement: : . 

The relative energy dependence of the neutron flux v/as measured by 10 BF^ 
counters. 

Experimental:Arrangement: 

Time spectra for fission and radiative-capture in samples of Pu-239 v/ero measured. 
The threshold for- gamma-ray detection from fission was 0,3 MeV, and: for garmaa-ray from 
capture - 0.7 MoV, and for neutrons - 0.8-1.5 McV. For experimental determination of 
the background level the neutron filters used were Ag, Co, Mn, Na and Ti. 



Data IIormal xzation: 

For normalization purposes the authors used the same resonance alpha-values 
taken from the same works .as in the JIIIR-PEI measurements. 

Corrections and Errors: 

The total, error in the a-value measured is mainly determined hy systematic errors 
due to the variable background component, scattered neutrons, and normalization errors 
No correction for the Pu-240 content in the samples was introduced. The detector-" 
efficiences were considered to be constant in the energy region measured. The final 
results for a have been obtained by averaging over all the sets of measurements, 
while the errors shown describe the mean square spread of a for individual series of 
measurements. 

Authors' Comments: 

The measurement of a have been made with a'view to further refining previously 
published results ). Two modifications have been made since the first experiment 
had been carried out: 

(a) the total background has been reduced from 10°/a to 40°/o in the case of 
capture events, and in the case of fission the total background was reduced 
to 30°/o; • 

• (b) in order to avoid the problem of incorporating multiple scattering 
corrections, the alpha measurements were.carried- out with several plutonium 
samples of different -thicknesses from 2.05.10 -.'-' to 2.7.10 nuclei/barn. 

It is necessary to point out that in the present work the major part of fission 
gamma-rays has been subtracted, using the anti-coincidonce technioue ( ̂  J ^ was 

" .- CX • C u 

equal to 0.5). Therefore .the method used in the experiment is little sensitive to 
"o" ̂ -criteria", but sensitive to a certain degree .to scattered neutrons. 

The•• <xn£. values' which are given in the report, do not represent the 'best1 cross-
section, but they are just one of a series -.obtained' with the sample of thickness 
5.10 atoms/barn.: 

Abstractors' Comments: 

(1) At the energies 0.45, 0.75, 0.85 and 0.95 keV the. a-values obtained by 
Ryabov et al. look very high, higher than the results of other six; laboratories. It. 
looks like there is the-..-same •••tendency, .towards the high ci-value s in the region 0.4 - 1 
keV as in the earlier work by Ryabov . Earlier this effect was explained by . 
correlation with the low cr values.. In the present measurement the cr values-are nf J nf 
very low :in the region 0.3 - 0.4 and 0.4 - 0.5 keV (5.0 and 3.7 barns instead of 
8. 8 and 9. 5 barns), and in; the energy region 0.5 - .0 keV they are slightly higher 
than those of other laboratories, coinciding -with them within error limits. 



The sensitivity of the method used for scattered neutrons can lead to higher 
a-values in the regions where o" „ is small. n i 

The question which seems to require careful cheeking in this experiment, as well 
as in the JIT-Hi-USI measurements (lA), is the role of "tails" in the resolution 
function of the neutron spectrometer. Indeed, if the strong fluctuations in the 
energy a-dependence are due to maxima and minima in cross-soctions, then the tails 
in the resolution function will add to the small cross-section values a considerable 
part from the nearest maximum, so the real fluctuation of the a-value would be 
artificially smoothed. 

The authors have carried out the a-measurements for five different sample 
thicknesses and have not discovered the dependence of a on the sample thickness. The 
effect of resonance sel ['-shielding might in principle' lead to such dependence. The 
resonance self-shielding v/ill be different for cr^ and cr , because broader fission 
resonaunes are less affected by this effect than the narrow resonances with high a. 
The errors quoted do not include the systematic errors. ",7e propose to add in 
quadrature to the emoted error the larger of _+7°/o and _+0,04 to correct for this 

' - ' I ; deficiency. I 

An uncertainty in the a values due to uncertainty in the energy dependence of 
the v -values (about 5°/o in a) should be added, to the total a-error. 
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FIGURE CAPTIONS 

Early measurements and. evaluations of Pu-239 alpha. 

Measurements of f o r Pu-239 between lOOeV and 30keV. 

Measurements of Pu-239 alpha between 10 and lOOkeV. 

Measurements of Pu-239 alpha between lOOkeV and IMeV. 

Comparison of the present evaluation with recent measurements. 

Structure in a nd <ffplf/> between 0.1 and 4keV observed 
by Schomberg et al(35) • 

Comparison of for l1" resonances with ffTvf-^ . The hatched 
areas give the limits in KP^y and the points on the < cr^x>/<; <5-^y 
graph are the-values calciliated from x-esonance parameters. 
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