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This meeting was held at Saclay from Monday 20th 
to Wenesday 22nd Hay 1974. The list of participants is given 
i• page 5. 

The aim was to brir.g together experimenters, eva-
luators and users of resonance parameters in order to com
pare their points of view, and to try to clear up the sta
tus of the needs and of the accuracy of the available data. 

To this end several papers have been presented 
at this n^etina - four of them being reviews whose aim was 
to recommend sets of evaluated data. The texts cf these 
contributions and review are published in this report 
(see "Table of contents", next page). 

These contributions and reviews have been used ac 
basis for the discussions during the various plenary or pa
rallel sessions. The summary of these discussions during 
the last two days have been drawn up by their chairmen and 
submitted to all participants : then they represent the 
general view of this meeting. They are given in pages 6 
to 18 (Conclusions and recommandations). 

The organisers thank all the participants to this 
meeting and, mostly, the reviewers and the chairmen of the 
various sessions. 
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CONCLUSIONS MID EECOMMENDATIOHS 

A - SESSIONS OH RESONANCE PAFAMETERS OF FERTILE M'JCLEI 

1. Interpretation of measurements with respect to ac
curacy limitations 

It was generally agreed among experimente-s at 
this meeting that with a few exceptions resonance pa
rameters for the resolved regions in 2 3 2 T h and 2 3 8 U 
are determined with approximate precisions of + 5% for 
rn and + 10% for Ty. It was clear from the data pre
sented, however, that ••.he dispersion in values from 
various experimenters is still frequentj -/ greater 
than this. 

Î.1. Kansmis^ign^exger iments 

Transmission measurements present little experi
mental difficulties. The analysis of the data is 
straightforward, at least in principle, and is dona 
by area or shape analysis. It was pointed out that 
shape analysis is to be preferred, even if Doppler and 
resolution broadening mask the true shape of the re
sonance, because the conditions for good area analy
sis are rarej,y fulfilled. 

In order to avoid systematic errors in the de
termination of Tn from transmission results a range of 
sample thicknesses should j* measured such that for 
each resonance the condition naQ 4 1 is fulfilled by 
at least one sample. If tfcis condition is not fï^fil-
led, large systematic errors are to be expected. If 
these precautions are taken it should be possible to 
determine r to better than 5%'. 

1.2. Sçattering_exEerlments 

From a contribution on scattering measurements 
in the resolved resonance energy.range perfoimed on 
2 3 8 U given by Poortmans and the ensuing discussion ca
me the following conclusions. 

An at curacy of about 5% on the scattering area 
can be obtained if samples with no 0 « 0.1 are used. 
Normalizing the data with the o of Pfc introduces 
systematic errors estimated at+1%. For the Ir.rger 
resonances (m i Ty) the background subtraction in-
•trodaces another 1%. Multiple interaction and self 
screening corrections are difficult to calculate and 
it is also difficult to estimate the error they in
troduce. From the results which have been published 
up to now, 5% seems to be a lower limit on"the accu
racy that can be attained at the present time. 
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1.3. Çagtu^e^exgeriments 

An accurate knowledge of the energy dependence 
of the incident neutron flux and the relative effi
ciency of the capture detector, together with correc
tions for finite sample thickness and multiple inte
raction of the scattered neutrons, are the minimum, 
requirements for the calculation of the capture cross-
section from the observed data. 

In the energy region below 100 keV detectors 
using the i°B, <ri,a) and/or (n,ay)reactions are pos
sibly the best means of measuring the neutron flux. 

All types of Y~ray detector must approach p-\ 
efficiency for detecting a neutron capture event that 
is indépendant of the Tf-ray cascade and have an effi
ciency for detecting the scattered neutron that is 
very low compared with the capture detecting efficien
cy, i.e. (e n/ £ y i 10-"). 

The general remarks concerning multiple interac
tions which were made in relation to scattering expe
riments apply also here, including the recommendation 
to use samples with na 0 ^ 0.1. In view of present un
certainties, capture areas have (mostly hidden) errors 
of 5 - 10%. At higher energies (a few keV) the capture 
cross-section should be measurable absolutely to bet
ween + 5 and + 10% : the shape is probably obtainable 
to within + 24. 

According R.SPENCER, for large scintillation 
tanks, the uncertainty in shape of the capture y ray 
pulse height response below threshold ( 2 - 3 Mev ener
gy) limits the overall precision to about + 10%. 

1.4. Sgneral_ remarks ! ' 

a) Al least soi.;e of the individual discrepancies 
observed are due to non-ideal sample thick
nesses used in the cross section mearurements. 

g) Some errors have occurred due to inconsistent 
treatment of backgrounds or off-resonant con
tributions in the analyses of cross section 
data. 

Y) The accuracy of derived resonance parameter1" 
shoul.-l.be better than + 5%. 

6) 'Complete' experiments, that is scattering 
measurements as well as of capture and total 
measurements» would be desirable. 

http://shoul.-l.be


2. Distributions 
2.1. SBaçing_distribution 

There seem to exist several methods to determine 
<D>, the average spacing between resonance levels and 
the (standard) deviation and error on this value. Very 
often it is not even clear which one is givsn. The Wi-
gnar distribution gives for the observed D a fractional 
standard deviation of 0.52/V5 «here N is the number of 
spacinys counted. This expression is most frequently 
used. This formula, however, doci not taxe into account 
the long-range ordering effects described in a series 
of papers by Dyson aniJ Mehta (1) and applied to a spe
cific case by Liou et al < 2'. If the levels belong to 
an orthogonal ensemble which implies that they form a 
complete set of s-wave levels with no levels missed 
and without p-wave_contaminationi the fractional stan
dard deviation of 5 is » 1/N, due to long-range orde
ring effects which e-y.ist for such ensembles. However, 
the Working Group had the feeling that such a stan
dard deviation is probably an underestimate due to 
systematic errors. In practice the value of » is given 
by the following formula 

obs s p 

where N o b s is the number of observed s-wave levels in 
the energy interval considered, H E is the number of s-wave levels missed and N p is the number of p-wave levels accidently included ; the values of N a and N p can be derived from the Porter-Thomas distribution of 
reduced neutron widths. The Working Group felt that 
the error in <D> should 'include the contributions 
from the errors in N s and N_ as well as the error in S associated with the spacing distribution. This sug
gestion requires further consideration bat it should 
be remembered that for reactor calculations <D> is 
required in the unresolved energy range where there 
must be additional uncertainty because one ia extra
polating data from the resolved region. 

2.2. Neutron_width_di3tributlon 
The importance of the neutron width distribution 

for level counting was already mentioned in the dis
cussion on everage level spacings. This implies that 

(1) F.J. Dyson, J. Math. Phys. 3 U962), 140, ibid. 
157, ibid. 166, ibid. 1199 and M.L. Mehta and F.J. 
Dyson ibid. 4 (1963) 701, ibid. 713. 

(2) H.I. Liou et al., Phys. Rev. 5C. U972) 974. 

• '" '"* 'I " J-
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the GDGurr.ptiono underlying the Porter-Thomas distri
bution arc valid for a single population of neutron 
widths, which io generally accepted. Discrepancies 
r.rc usually an indication of unknown experimental 
errors cut if not they need careful attention and 
r.crc cxpcrinental confirmation. The existence of 
such deviations in 232Th is emphasized by E.OTTEWITTE. 

The subject of the various methods of comparing 
a Porter-Thomas distribution with experimental data 
was not included in the discussion although it would 
bo worthwhile to come to an agreement on standard prac
tice for this important distribution. 

2.3. S2rralatigns_between_rn_and_rj 

Such a correlation was found for 238 U ; never
theless no definitive conclusion was reached as to its 
origin : is it a nuclear effect (i.e. : a correlation 
between rg and Ty) or an experiinental effect ? 

The importance of this possible nuclear corre
lation for the calculation of the cross sections in 
the tens of kev range was emphasized, and it has been 
suggested a"s a possible explanation for a part of the 
unexplained discrepancies. 

7.4. 2ÊEÊDâ2D£-§_2Ï_£&§_E3âiâÈiïe_wldth._with_the 
Ëâritjj " " ™ " 

Presuoptivi» evidence of a dependence of Ty on the 
orbital moment'jun of the incoming neutrons has been put 
forward in the case of 232Th and 238U. It has been sug
gested that this may also solve some of »;he unexplained 
discrepancies between average resonance parameters and 
integral data. 

3. Status of the rccoaemeniled values 

Agreement b«i-*;een. different measurements of neu
tron widths is poor. ït would help in evaluation if 
measurers would quote, or send.to, the data centres, 
either the areas measured, or the covariance between 
the derived V and Ty as well as their variances. 

A few values and recoonendations regarding the 
parameters of the individual nuclei were agreed upon. 
For 232ïh the current recommended value of the average 
radiation width from the resonance data is 21.45 + 
0.25 raeV. The resonance Integral calculated from the 
p-iraroaters recommended by Derrien and Ribon is 
83.7 + 2.7 neV compared with the measured value of 
«5.8 + 2.5 raeV. 
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For the individual resonance parameters of 232 
Th, it is recommended that the critical discussions 
given by Derrien and Ribon at this meeting be consul
ted. 

The situation in 0 is not iso clear. A more de
tailed summary of discussions about this nuclei is 
given in S 4. The present situation including a com
prehensive discussion of possible sources of error has 
been given in the paper at thi» meeting by Hoxon. The 
large discrepancy between various experimenters for 
the shapa of the capture cross section of * 3 8 u in the 
keV neutron energy region still remains but should be 
at least partially resolved by data presented. 

For the fertile nuclei- ; 240 l'u the paper by 
Weigmann et al. at this rr.c ;ing gives a detailed and 
thorough summary. 

4. Summary of the Present Situation regarding U238 
(n.y) for Neutron Energies below about 25 kev 

We wish to bring to the attention of nuclear physicits 
the present situation concerning differential and 
integral data for 0238 (nrf) for neutron energies 
below about 25 kev. This cross section is of great 
importance to reactor physicists» and in particular 
the temperature dependence of the shielded cross-
F ction is the main contributor to the Doppler effect 
i.i a fast reactor. 

There are three sources of information for the 
data : 

(i) The parameters of the resolved resonances 
(measured so far up to 5 kev} allow the 
estimation of mean widths and spacings, 
at least for the s-wave resonances. Hote 
that a very large proportion (̂ 80%) of the 
0238 Doppler effect of a fast reactor un
der normal operating conditions arises 
from these resolved resonances. 

(ii) Measurements of the_infinitely dilute ave
rage cross section âmlE) 

(iii) Integral measurements in reactors, leading 
(via data adjustment programmes) to esti-
mates_of the shielded average cross sec-
tion o s n{E) 

The derivation of average resonance parameters 
from (1) lo very difficult ; this is clear from the 
widely discrepant values obtained by different wor- . 
kers (see paper by Sowerby). Hence, by itself (i) 

'' r 'mr* 
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cannot give reliable cross sections in the unresolyed 
region, but it is possible to obtain mean parameters 
diet are consistent either with (i) and (ii), or with 
(i) and tiii). Reactor integral measurements imply a 
cr.pturo cross-section about 12%, or two standard de
viations, balow broad resolution measurements between 
1 and 10 keV. 

However, it is not possible at present to obtain 
data that are consistent both with average unshielded 
cross sections and with reactor intégral measurements. 
This ic so for the following reason. 
If we write : 

5sh ( E ) = f 5 » C E> 

where f is tha shielding factor, then f is only weakly 
dependent on the resonance parameters, as has been 
shown by Barre at this meeting, and by unpublished 
work in the UK. Consequently, since reactor measure
ments imply a reduction in 0 . of about 12% it is also 
necessary to reduce 5. by about the same amount : 
making the usual assumptions about mean parameters and 
distributions we cannot find a set of resonance para
meters that will decrease 5 h without also decreasing «• 

Summarising, there is a discrepancy of about 2 standard 
deviations between measurements of the average unshiel
ded crosa section for U238 (n,v) and between reactor 
integral measurements that lead to values for the 
shielded cross section. Possible explanations of the 
discrepancy could include : 

(a) systematic errors in either the measurements 
of C m or in reactor measurements or in their interpretation. 

(b) syste.tiatic faults in the adjustment proce
dure ; Cor example other cress sections 
used in the interpretation may be erro
neous ; 

(c> some new physical effect in the 0238 reso
nance parameters {for example, a correlation 
between f and rif ; or different Ty's for 
s and p-wave resonances). 

The best expérimental "alue for Ty is 24.14 meV 
(M Moxon) s but reactor measurements would be better 



fitted by a smaller value. 
Very different values of strength functions have 

been obtained by different workers (see tho paper by 
M G Sowerby). The mean resonance spacing, 6, also dif
fers in different analyses 8 Rahn obtained (20.8 + 
0.3) ev from his own measurements, but these same 
data have been used by H Weigmann, and independently 
by M James, to give values of about (22.5 + 2 ) eV. 
The larger figure is in better agreement with reactor 
measurements. There is conflicting evidence afr-'Ut 
whether Ty is the same for s-wave and p-wave reso
nances. 

The adjusted data may appear adequate for most 
reactor calculations, but in our opinion the discre
pancy should not be overlooked, for two reasons. First, 
it is undesirable to cover-up a discrepancy, which 
implies that we dc not fully understand the physics 
of the problem. Secondly, it may be dangerous to use 
the data in situations very different from those con
sidered in the adjustment studies, for example in 
extreme accident conditions. 

238 
Recommendations for further measurements on u . 

The following types of measurements are recom
mended : 

(1) High resolution thin sample measurements, 
either to give resonance parameters or to 
be us'rJ directly in reactor calculations. 

(ii) Low resolution thick sample measurements, 
preferably at several temperatures, to com
pare with reactor integral measurements. 

(iii) High resolution thick sample measurements 
to indicate which resonances are not 
s-wave. 

(iv) Whenever possible, total, capture are scat
tering measurements should be carried out 
and the resonance parameters obtained from 
area analysis used to calculate cross sec
tion curves for comparison with the obtained 
data. 
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B - SUB-GROUP S5SSI0H OH 239 PU 

The main subjects discussed were as follows : 

I - !i. JAÎES and M. SOHEHBY reviewed the requirements 
of the reactor physicist for Pu-39 cross sections. 
Those are mostly for the fission cross section 
above I KeV for which a 3% accureey is desired, and 
for the capture cross section for which the accuracy 
requirement i3 approximately 3 to 5% in a-. 

At the present time the cross section uncer
tainties for Pu-235 based on differences between 
integral data and predictions from differential 
data aïe small compared to those of other materials 
(particularly U-238) hence there is no pressing need 
for improvement in the Pu 239 data, although any 
significant improvement in accuracy reduces the mar
gin of acceptable adjustments and hence will help. 

239 
However, more precise measurements for Pu 

would add to the constraints Imposed on the less 
well-known cross-sections in the least squares ad
justment computations. Present requests are for an 
accuracy of + 3* ir. the fission cross section 
above 1 keV,~and + 3 - + 5% for a=<J /o.. 

Self indication and transmission measurement 
as a function of temperature would be of conside
rably less interest for Pu-233 than for U-I38. 

II - P. RIBON inquired about the treatment o£ interme
diate structure in the generation of "statistical 
cross section" in the U.K. - M. JAMES described 
how statistical resonance parameters are generated 
by the code GENEX which uses the Vogt multilevel 
formalisn, and adjusts the strength function and the 
average fission width of the J » I state so as to 
reproduce the evaluated average total and fission 
cross sections for each energy group. 

Generation of resonance parameters from statisti
cal distributions for reactor calculations should 
take account of the observed intermediate struc
ture in the cross sections. The 'ladders' of these 
pseudo-resonances should include the effect of 
long-ranÇjO ordering if possible : this applies also 
to ladders for other nuclides such as 23Bu> 235u. 

Ill - A discussion followed on whether the structure of 
the cross cection in the unresolved resonance re
gion could be ceasured with sufficient details to 
eliminate the need for mock-ups by the generation 
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of statistical parameters. It appears that the 
resolution is available in principle ar.J, if good 
measurements of the fluctuations of the cross sec
tions were made, these could be used directly by 
the reactor designers. But'this approach needs to 
be discussed mere extensively. 

IV - F. CORVI proposed a new technique to measure a by 
detecting a low energy gamma ray transition simul
taneously with some characteristic fission.gamma 
ray line. The method, although very interesting, 
has many inherent assumptions, so that it would 
probably not be an improvement over the more clas
sical methods used in measuring à. 

V - B.RIBON was curious to know why, for instance, the 
SACLAY evaluation of the Pu-239 resonance parame
ters was not adopted for the ENDF/B Version IV 
evaluation. A discussion followed on a comparison 
of the cross sections obtained with the resonance 
parameters publishedby P.RIBON and those obtained 
with the preliminay parameters of EHDF/B - I". One 
of the conclusion of this discussion was that it 
would be desirable that evaluators discuss their 
evaluation with respect to previous evaluations and 
state clearly the shortcomings of previous evalua
tions so that evaluator-3 know in which respect 
their work needs to be improved. 

VI - It is now feasible in principle to measure Pu 
cross-sections with sufficient resolution to show 
all the resonance structure up to perhaps 25 keV. 
If this could be done consistently for all cross 
sections (or at least for the total, capture and 
fission cross sections) the results could be Dop-
pler broadened and used directly in reactor cal
culations without analysis into resonance parame
ters. This would also avoid the need for genera
tion of pseudo-resonances. 

VII - The two latest evaluations for Pu, by Riîjùn and 
LeCog, ai.d for ENDF/BIV, differ in a number of 
respects. It was not- thought possible to recom
mend one rather than the other : indeed, it is pro
bably desirable to have the two alternatives for 
comparison. 
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C - SUB-GROUP 5S5I0N OH "THERMAL RANGE" 

I - P.Reucs presented an evaluation of the uncertain-
tics on the thermal temperature coefficient due to 
the uncertainties on the slopes of crVE in the ther
mal range and commented specially two points : 
- the uncertainties, particularly the ones due to the 
capture cross sections of fissile nuclides, are 
not negligible and can have some implications for 
reactor design. 

- there ars some significant discrepancies between 
measurements of the temperature coefficient and 
the calculation with/the UK library. 

The precision of calculated temperature coefficients 
is not well-known, due principally to uncertainties 
in the low energy fission cross sections of 235u and: 
239p u. Discrepancy between the calculated and mea
sured teicpsrature coefficient of thermal reactors, 
is not inconsistent with the uncertainties in the 
low energy cross sections, particularly in their 
shapes. The observed temperature coefficient could 
be used bo calculate the slope of the cross sections 
with energy. 

II -• The recent CBHN measurements of the fission cross 
secticn of 2 3 9 P u , presented by C.WAGEMANS, hav; bc=en 
carried out on the BR2 reactor and the CENM Linac. 
Two points were made : 
- The problem of obtaining the 2200 m/s cross sec
tion : an error of 0.1% has been added to account 
for the differences in the value obtained by 
several different fitting procedures ; the pro
posed value is 741.9 + 3.4 b. 

- Calculation of the Westcott's g-factor betvreen 
0 and 1U00°C from the data were carried out and 
the value obtained at room temperature (1.0522 
+ 0.0035) is in perfect agreement with AIEA re-
corcimndcd value. 

Ill - Experii-.orsta are being considered that will measure 
n and o f for 235 u a n a 239p u with great precision below lrcV (+ 0.5Î for n). 
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D - SUMMARY OF RECOMMENDATIONS. 

I - Where possible, shape fitting routines with a chi-
square least error determination are preferred over 
area analyses since the former should result in a 
more consistent treatment of backgrounds or off-
resonant contributions particularly when multiple 
sample thicknesses are used. 

II - Data from several sample thicknesses are desired 
both to obtain near optimal thicknesses for as 
many resonances as possible and also to help in 
the proper determination of such difficult cor
recting as multiple scattering effects, etc. 

Ill - High resoiution thin sample measurements should be 
made on 2 3 8 U , either to give resonance parameters 
or to be used directly in reactor calculations. 

IV - Low resolution thick sample measurements, prefe
rably at several temperatures, should be made on 
2 3°U, to compare directly with reactor integral 
measurements. 

V - High resolution thick sample measurements should 
be made on 238u ..0 g i v e a p indication of resonan
ces that are not possible due to s-wave neutrons. 

VI - Whenever possible, total, capture and scattering 
cross sections should be measured and resonance 
parameters obtained from area analyses should be 
used to calculate cross section curves for com
parison with the observed data. 

VII - The feasibility should be investigated of measu
ring the cross sections of 239pu up to about 25 
keV with sufficiently high resolution to show 
all the fine structure. These cross sections could 
then be used directly- without analysis into 
resonance parameters, in reactor calculations. 

VIII - Experimenters should in all casen state clearly 
any parameters used to fit background and/or off-
resonant cross sections in their analyses. When 
experimental values of parameters are interdeper 
dent, covariances such as cov (T , Vy) should be 
given. 
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Experimenters making area Measurements are asked 
to send to the Data Centres for each sample ei
ther the actual area measured, or the covariances 
between the derived'neutron'and capture widths. 
This Will help evalua'tors to obtain a better weigh
ting for each experiment and a more consistent 
set of parameters. 

Further experimental study is needed of the shape 
of the fission and capture cross sections (or of n) 
below 1 eV of 239p u (and of 235U). v 

- Methods of deriving the mean spacing of resonances 
from observed resonance parameters, and allowing 
for missed resonances, should be. compared. 

- The large discrepancy between the measured capr.ure 
cross section for 2 3 B u below 10 JteV and that requi
red to explain reactor integral measurements 
should be investigated. 

XII - 'Ladders' of pseudo-resonances generated in the 
unresolved resonance region for use in reactor cal
culations should allow for intermediate structure 
where that has been observed, and for long-range 
ordering In resonance energies. 

XIII - There should be a specialist meeting on resonance 
formalises for use in reactor calculations. 
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APPENDIX 

A ~ Expressions used for Porter-rhomas distribution 

a) P x (x) dx = (2nx) ~ l / 2 exp (-x/2) dx 
with X = r£ /<r°> 

This is the standard expression. 

b) if <r > is used explicitly as a parameter 
P 2 (y,u) dy = <2nuy} ~ 1 /' 2 exp <~y/2u> dy 
with y = r° and u = <Vt> * n n 

c) the integral distribution 
PL {x & z) = / z " P x (x) dx = S° (2nx) ~l/2exp(-x/2)0.x 

This form has the disadvantage of not showing clear
ly the interesting region of small ,,'idths. 

d) P 4 (w) dw = (2/ir)1/'2 exp (-w2/2) dw 
1 / 2 _ jpo j < TIO^S 1 / 2 with w = x 

Ihis form of the distribution has .nany advantages 
over the other formulas because of the regular behaviour 
near the origin( its closer connection to the nuclear matrix quantities and the more restricted range of va
lues of interest for w as evidenced by the shape of the 
distribution. 
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SPECIALIST MEETING OH RESONANCE PARAMETERS 
OF FERTUE NUCLEI AND 239 Pu ÏSOTOPE. 

IMPORTANCE OF RESONANCE PARAMETERS OF FERTILE 
NUCLEI ANP OF 23? Pit ISOTOPE FOR FAST POWER 

REACTORS . C 

J.V.BARRC - A. KHAÎXAUAH \^T-> 

IOTRODUCTIOH 

The importance of resonance parameters of f e r t i l e 
nuclei and of 239 Pu isotope for fast power reactors will be r e s t r i c t e d . 
in t h i s preGentation» to mixed - oxide - uranium - plutonium 

fuelled , sodium-cooled and uranium - oxide - sodium re f lec ted 
fas t r e a c t o r s . The power range lies between 200 and 2000 MWe. 

Among the top ics of t h i s s p e c i a l i s t meeting, the i s o 
topes t o bo considered a re ,p r imsr ly 239 Pu, then 238 U and 
240 Pu. 

P.oeonance parameters are, mainly used in fast power reac
tor calculations through the well-known concept of self shiel
ding factors. After a short description of the determination 
ar.d the use of these self-shielding factors, their sensitivities 
to resonance parameters are characterized from some specific 
examples : those sensitivities are small. 
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Then, the main design parameters sensitive to the 
amplitude of self—shielding factors are considered : criti
cal enrichment, global breeding gain. The relative imp"T-*-ance 
of isotope, reaction rate and energy range arc mentionned. 

In a third part, the Ooppler effect , sensitive to the 
temperature variation of self—shielding factors, is considered 
in the same way. 

Finally, it is concluded that the present knowledge 
of resonance parameters for 238 U, 239 Pu and 240 Pu is suffi
cient for fast power reactors from a designer point of view. 

All this analysis is based on the Cadarache multigroup 
cross section set and code CARNAVAI Version III /J7and the CSA 
fast reactor physics programme. In this CEA approach, it must 
be mentionned that the used cross section adjustment procedure 
allows to consider well-known the average raultigroup cross 
sections from systematic integral measurements on several typi
cal fast reactor lattices. This is specis*"./ true for 230L' , 
239 Pu and 240 Pu capture cross sections and 239 Pu fission 
one. 
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- USE OF RESONANCE PARAMETERS IN FAST REACTOR CALCULATIONS 

II-l. SELF-SHIELDING FACTOR CONCEPT 

1- It should be recalled that multigroup calculations 

with an ultrafine energy mesh allowing to describe point-

by-point cross sections in the heavy isotope resonance 

energy region cannot be considered in a standard way. 

To take into account, in standard multigroup calculations, 

the fine structure of the spectrum inside the energy 

limits of s broad group g, the well-known self-shielding 

factor concept is used. 

2- The spectrum fine structure depends on the relative 

contributions of all the resonances from all the isotopes 

to the total macroscopic cross section. An average cross 

section; \>oti, , over the group g energy liraics, obtai

ned by weighting the point-by-point cross section V£ (Ej 

with an energy-flat spectrum is culled " infinite 

diluted " cross section. An average cross section Q~g î. 

over the group g energy limits obtained by weighting the 

point-by-point cross section U£ (Ç) with the re" spec

trum ̂ i.e. taking into account the fine structure 

inside the group g due to the isotope i, is called ef

fective cross section. The self-shielding factor f g,i,x 

for one isotope i,one reaction x and one energy group g 

is defined by the relation : 

Ml ni H I mi i i i l l l l li 'i il il ill ! • • l i n n I i in •mil i i n n limn • 

î.*,« - o~ $,*>,* 
a- s>*>* 
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Then, by definition, self-shielding factors are lower 
than 1. /•'-•' '•;. " ' 

3- The more the isotope i contributes to the fine struc
ture of the total, macroscopic cross section, the more the -
self-shielding factor is small. : these factors f are 
medium - dependant. To avoid a new calculation of the f 
factors for each medium, they are" tabulated. at once for 
each isotope i versus a parameter called dilution Di . 
That dilution characterizes the relative contribution of : 
the isotopes of thé lattice, as compared to'the isotope i, 
to the total macroscopic cross section : '• 

Jjj = • ~ . ; Nj <= atomic densities. .-
v . : ^ ;: _ .-: .. .. 

Then, for a new medium,^ by interpolation versus, the- dilu
tion in the tabulation of the t factors and,from the 
multigroup infinite diluted cross sections t medium,- , , •• 
independent ) , the useful'effective.multigroup cross 
sections are obtained for all reactions X and isotopes i: 

4- Calculations of tabulated"self-shielding factors are 
performed from resonance parameters with more or less 
sophisticated nuclear models that will be.discuesed, 
during this meeting. The temperature dependence of self-
shielding 'factors is normally included in th^/tabulation, . 
taking into account the resonance Doppler broadening in < 
the .model. .. -
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5- For c::aiï:j)lo, in the CARNAVAL III systea self-shielding 

factor» ara tabulated in a 25, group energy mesh from 

414 cv up to 67,4 Kev ( 24 à. G £ 10 ) for a dilution 

variation between 0 and infinity and a 300°K to 3000"K 

terporature range . For 239 Pu, 238 U and 240 Pu, reac-

tioo considered are capture,total, °lastic, fission ( not 

for 238 0 >. 

The 233 U capture self-shielding factor variation versus 

energy is shown on fig.l for a normal 238 U dilution in a 

fant reactor ( 40 barns > and two temperatures 300 and 

900° K. 

Figure 2 presents the 238 U capture self-shielding fac

tor variation versus dilution for the energy group 

1.23 -2.0<! Kev and two temperatures 300 and 900°K. 

II-2 SENSITIVITÏ OF SELF-SHIELDING FACTORS TO RESONANCE 

PARAMETERS. 

Sensitivity studies have been performed on the 238 U 

capture cross section for two energy group» located in 

the energy range of the largest capture rate :: 

450 - 750 ev g - 19 

3,3 - 5,5 Kev g - 15 

Three 238 U dilutions have been studied : 

50 ( usual dilution ),100 and 500 barns. 

Parameters considered are the averaged 333 capture cross 

section in the group calculated from the nuclear model 

£ f c > , the coif-shielding factor f , the variation 

of the sclf-ehiclding factor versus temperature between 

Jither 300 and 900* K or 900 and 3000'K . 

The present uncertainties accepted on resonance parameters 

for 238 C are the following ones : 

+ 10 % on TY 

+ 10 % on Tn (swaves ) 

+ 20 4 en Tn (pwaves ). 
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The sensitivities of the parameters previously mentionned 
to the maximal possible increase of these resonance 
parameters are presented respectively in tables I,II, 
and III. 
The main conclusions drawn from these results are : 
1- The average capture cross section variations remain 
large, e.g, up to 5% for a 10 I increase in Ty. 

2- Self-shielding factor sensitivities to resonance 
parameters are small for example : 

- 0,5 % for a + 10* on Ty 

3- Sensitivities of self-shielding factor variations 
( if ) between two temperatures are limited to + 3% 
for a standard 238 U dilution. 
4- For self-shielding factor» the sensitivity dscreases 
when the dilution or the energy increase. 

Ill - INFLUENCE OF RESONANCE PARAMETERS ON DESIGN PARAMETERS 

III.l. SELF-SHIELDING FACTORS VALUES 
a)The self-shielding factors f averagad over the whole 
spectrum of several cores have been calculated for 
238 U capture, 239 Pu fission and capture, 240 Pu fission 
and capture cross sections ( Table IV ). 
These lattices cover the whole range of sodium-cooled 
fast power reactors, The results concerning metallic 
fuels studied in some critical experiments ore also 
presented to put in evidence the dilution influence 
(fuel density variation ) . 

Fron these results, it appear» clearly that,in the frame 
of the problems considered in this meeting, only the 
self-shielding factor knowledge for 238 U captu-'.* is 
important for fast power reactors. 
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b) Tor 239 Pu fission, the self-shielding effect repré

senta between .4 S and . 7 % of the reaction rate. 

Figure 4 represents the self-shielding effect on 

239 Put!.value versus the spectrum index r that charac

terizes globally the whole spectrum of a lattice : 

it remains small ( 1,3 % ) and independent of the core. 

For 240 Pu capture cross section, it varies from 1 % 

for PHENIX ( 14 % Pu 240 ) up to 2,6 % for SUPER-PHENIX 

( 20° Pu 240 ). 

c) The variation of the parameters ( 1 - Î" ) for 236 

capture versus the spectrum index r { fig 3 ) ,! shows the 

strong increase of the self-shielding factor when the 

spectrum softens ( low r values ) . f r o m 9 % 0 f the 

capture rate for PHENIX inner core, up to 18 * for 

SUPER-PHENIX inner core. 

III.2. INFLUENCE ON DESIGN PARAMETERS 

a)The two parameters considered are Keff, or critical 

enrichments, and internal breeding gain (I B G ) for the 

inner core of a 1200 MWe reactor at the equilibrium 

stage, the Pu fuel containing 20 % Pu 240. 

Sensitivities of these two pa.-ameters to cross section 

variation have been calculated from the USACHEV generalized 

perturbation theory ( code PECTUS ) . For I B G, after 

a 1% cross section increase, the criticality is obtained 

by enrichment variation ( Table V ) . 

b) The contributions of the total self-shielding effects 

to these two design parameters ( Table VI ) confirm the 

only importance of 238 U capture self-shielding factors. 

c! Taking into account the whole sources of uncertainties, 

it is 'Kfcïlttûd that the contributions of self-shielding 

fautor.i uncertainties must be: 

AKeft" + 0.2 % û IBG - - . 015 
"KëTr" ° " 
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So, from the previous results ( Tables V and VI ), the 
following requests on self-shielding factors can be made, 
looking either to Keff or to IBG parameters : 

Reaction Af*from "7 X«Zf Af % from IBG 

238 U Capture + 1.1 » + 3.8 
239 Pu Fission + 0.4 * • +13. 
239 Pu Capture + 3.3 * ± <•' 
240 Pu Capture + 10.0 * + 22 

In all cases, the requests from Keff is more stringent (H) , 
These requests correspond to the following relative 
uncertainties or the parameters ( 1 - f > : 

239 Pu fission + 40 % 
239 Pu Capture + 180 * 
240 Pu Capture + 400 % 

Looking to the small influence of resonance parameters 
on self-shielding factors (Tabla I, II, III ) , these 
requests can be considered satisfied to day. 

d) For the nost sensitive cross section, 238 0 capture one, 
the present uncertainties on Ty and Tn (pwaves ) 
are sufficient. < See § II and Table I and III ) . 

Considering the energy distribution of the 238 U capture 
rate, it appears also that the present kiiwuledge of Va 
(swaves ) parameters is sufficient, F>_ r the saroc 1200 MWc 
core, the probability of 238 U capture rate below the 
energyE "represented on fig 6. That probability can be 
characterized by the following figures : 



E <f 1 Kev 8 % 
E < 4 Kev 22 % 
2 < 10 Kev 36 % 
E < 67 Kev 68 % 

of the capture rate 

The rJiir, 238 U capture appears in an energy range 
( 4 Kev- 60 Kev ) where the consequence of Tn (swaves ) 
zesonance parameter uncertainties on self-shielding 
factors are largely lower than the requested accuracy. 
e) Finally, due to the CEA philosophy in fast reactor 
physics, the cross section adjustment procedure allows a 
direct determination of effective 236 U capture crost> 
section fron systematic integral measurements of the 
238 Uranium capture to 235 Uranium fission ratios. So 
the variation of the average 238 V capture cross sec
tion due to uncertainties on resonance parameters 
( see § II Table I, II, III ) hai no consequence. The 
only problem cones rrom the uncertainty on the trans
position from integral expérimenta to power reactor 
( dilution variation ). 
It has been shown that this problem is sufficiently 
wsll-known. 
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INFLUENCE OF RESONANCE PAR11METERS ON DOPPLER EFFECT 

IV . 1. CONTRIBUTIONS TO THE DOPPLER 

The Doppler effect is entirely due to the temperature 
change of resonance self-shielding, and almost entirely due to 
that of fertile ( 2 3 8U, 2 4 0Pu) and fissile i ? 3 9Pu) isotopes. 

For a large fast power reactor (1200 Mwe E - 12 % -
P; 

isotope 
240 238 

20 % Pu), the major contributor to the Dopple- effect is U 

239, Pu - 10 « 

The energy distribution of the Doppler effect in such a 
reactor (Fig. 5) shows that the major part comes from low 
energiesj say below 15 Kev: 

2 3 8 U " 75 % below 3.4 KeV 
~ 80 % below 5.5 KeV 
~ 90 % below 15 KeV 

2 3 9 P u - 60 % below 200 eV 
- 90 % below 1 KeV 

Then, the Doppler effect is mainlv due to U resolved 
resonances. 

IV . 2. EFFECT OF 2 3 8URANIUM RESOLVED RESONANCE PARAMETER 
UNCERTAINTIES 

a)The 0 Doppler effect is proportionnai to the 
following expression.' 

AK i. 19* 0* g < o >* L\, * 
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whan : 0^ and 0"* are the direct and adjoint flux in energy group g. 

V c ) ' is the averaged (unshielded) group capture 
crocs section 

âtc is the change, due to temperature change, of the 
self-shielding factor. 
Uncertainties on resolved resonance parameters have a double 
influence : 

•• to modify the averaged cross sections 
- to modify the self-shielding factors and their 

temperature variations. 

b) An previously mentionned for the two design parameters, 
Keff and IBG (seo § III),the averaged cross section variation has 
not to be taken into account. 

For the self-shielding variation, it can be clearly 
seen from tables I, II, III (§ II) that ; 

a) A 1C % uncertainty in/J'leads to a maximum variation 
of 2 » in the Doppler effect. 

b) A lO t uncertainty in fj (s waves) results in a 
r.axinum variation of 3 « in the Doppleir effect. 

c) A 20 * uncertainty in fl (p. waves) leads to a 
maxinum variation of 2 » in the Doppler effect. In 

fact, if this uncertainty is weighted on the Doppler effect ener
gy distribution , this variation remains lower than 1 %. 

c) The combination of these uncertainties gives a 
maximum variatio.i of A to 5 t on the Doppler effect due to the 

230 knowledge of «J resonance parameters. 

This figure has to be compared : 
first to the design request accuracy : - 20 S 
second to the other error sources, mainly the calcula
tion of the flux spectrum •. - 20 to 30 % 
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.Then, it is concluded that the present uncertainties 
on resonance parameters are certainly not the major limitation 
of the accuracy of the Doppler effect prediction in large fast 
power reactors. 

V - CONCLUSION 

.Resonance parameters are used in faot reactor calcu
lations through the well-known concept of self-shielding factors. 

.From the calculated contributions of self-shielding 
effect for fertile isotopes 2 3 8 U , 2 4 0 P u ) and fissile 2 3 9 P u ) 
ones to design parameters of large power reactors, it appears 

236 clearly that only U capture self-shielding factors play a 
role on critical enrichment ( Keff) and internal breeding gain, 
even for the soften spectrum of the inner core of a 1200 MWe 
plant. 

.For the Doppler effect, only temperature variations 
219 of self-shielding factors for ' 0 capture cross section in the 

resolved resonance energy region are important. 

.The following uncertainties on resonance parameters 
238 for Uranium isotope are presently evaluated : 

ry : - 10 » Tn (s waves) : - 10 S 

Tn (P waves) : - 20 « 

.From the sensitivity studies performed, it is conclu
ded, at the CEA, that these uncertainties are presently largely 
sufficient to answer all the design requests on large fast 
breeder plants, many other sources of error still playing a 
leading part. 
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TABLE I. 

Effect of a + 10 » increase in Ty. 

0/ d-«Tc> SFc/fc 
(3oo:3oo'$ 

f(àX)/*7c 
(3ooo -9oo0k) 

/a ^-v. «rc> 
SFc/fc 

(3oo:3oo'$ 
f(àX)/*7c 
(3ooo -9oo0k) 

group 19 

<J50-750o< 

(Tp= 50 barn: 

* 5. 

- 0.5 

- 0.4 

- 0.2 

- 0.6 

- 0.4 

+ 0.1 

- 0.3 

- 0.1 

• 0.5 

group 19 

<J50-750o< 100 

soo 
* 5. 

- 0.5 

- 0.4 

- 0.2 

- 0.6 

- 0.4 

+ 0.1 

- 0.3 

- 0.1 

• 0.5 

qrcup 15 IK. 50 barns 

+ 5. 

- 0.4 

- 0.3 

- 0.1 

+ 1.8 

+ 2.2 

+ 2.6 

qrcup 15 
1 F-

100 

soo 

+ 5. 

- 0.4 

- 0.3 

- 0.1 

+ 1.8 

+ 2.2 

+ 2.6 

TABLE II. 

Effect of a + 10 % increase in Tn { Swaves ) 

oA d<Oi> <rrc/rc 

(300'K) (9m' • ioo'X) 

<f(à7<ù/A% \ 
^ N k «Tc> 

<rrc/rc 

(300'K) (9m' • ioo'X) (3ooo-3ao"k) 

group 19 

4S0-7S0o" 

Opz 50 b. 

!00 

500 

* 4.5 

- 3 

- 2.5 

- 1.2 

- 1.8 

- 0.3 

+ 3 . 

* 0.8 

+ 2 

+ 4 .5 

3 ,5 -5 ,5 \(Tp- 50 h. 
Kev| ' 

qroup 15i 100 

[ 500 

+ 1.5 

- 0.8 

- 0.5 

- 0.2 

+ 3 . 

+ <• 

+ 6. 
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TABUE H I . 

Effect of a t 20 t Increase In I~n ( pwaves ) 

o / é«Tc> éU/fc 
faoo'ff) 

<f(â7c)/âfc 
(goo'.ioork) > ^ <arc> 

éU/fc 
faoo'ff) 

<f(â7c)/âfc 
(goo'.ioork) 

group 19 0 0 0 

group 15 « 

0 p = 50 b. 

100 

500 

+ 6 . 

+ 0 .5 

+ 0 . 3 

+ 0 . 1 

- 2 

- 3 

- 3 
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TABLE IV. 
Average Self-shielding factors. 

23B U Pu 239 Pu 239 Pu 239 Pu 240 Pu 24 0 

Capture Capture Fias. Capt. Fiss. 

METAL FUEL 
E = 25 ! .869 .963 .991 .971 .984 1 

ia & .807 .956 .9B7 .968 .979 1 
12 t .703 .949 .982 .966 .969 1 

OXYDE FUSL 

.703 .949 .982 .966 .969 1 

PHENIX- 2 E = 25$ .911 . .983 .996 .9C7 .990 1 
PHENIX 1 E * 18» .856 .980 .994 .987 .985 ' 1 
1200 MWe 2 E- 192 .855 .981 .994 .937 .976 . 1 

. 1200 KWe 1 E =154 .820 .980 «993 .987 .974 1 

TABLE V. 

Sensitivities of Keff and IBG to a + 1ft cross section 
increase - 1200 HWe inner core . 6 8 1 = - 0.13 

Reaction éK/K % élBG (absolute)] 

233 U Capture - 0.23 • .0049 
239 Pu Captuse + 0.55 +,.0012 1 

239 Pu capture - 0.06 - .0032 
,240 Pu Capture - 0.02 - .0087 

• . , . ' 
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' TABLE Vl".. • 

Contributions of the total self,-aliieiding 
effects on Keff and IBG ( 1200 MWe' inner core ) 

R e a c t i o n 0-p)% xfK/K% é &BQ 

238 U C a p t u r e 18.0 + 4 . 1 - .088 

239 Pu F i s s i o n 0 .7 - .'38 - .0008 

239 Pu C a p t u r e 2 .0 + .12 + .0064 

240 Pu C a p t u r e 2f6 + .05 - .0018 
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INTRODUCTION -
Before undertaking any neutronic study, it is 

important first of all to estimate the validity of the nu
clear constants on which most of calculations are based. 
Such an analysis is particularly necessary for thorium 232 
where fundamental data are much scarcer than in the case of 
uranium 238 for instance, given the comparatively recent 
interest created by the development of high temperature 
reactors (H T R). 

From the view point of a reactor physicist, the 
most important quantity to be established for a fertile 
nucleus is without any dcubt the resonance integral on 
which the conversion ratio depends in particular. We have 
abready studied the problem of the résonance absorption 
calculation (ref [l] ) and proposed a set of evaluated re
sonance parameters, on the basis of measurements published 
by different laboratories. We have also carried out a com
parative study in which the values of the resonance inte
gral in Infinite dilution, calculated by means of different 
sets of parameters, were compared with experimental values 
obtained froa integral measurements. For this purpose, a 
compilation oe measurements was prepared in order to der-
tercine the 'be3t" value as reference for comparisons. 

The following value was then adopied : 

I.» =/ <Jfc(E) ̂ r = 83,7 + 2,5 b (1) 
Jo.5 ev fi 

In this work, no detailed critical study of the 
measurements available was attempted and the results were 
therefore taken simply as published. 

In order to improve the estimation we have re
peated this 3tudy examining each measurements in detail 
and adding recently published values. Before presenting 
this new evaluation wc should point out that the definition 
adopted for the resonance integral is given by the formula 
1, which means that the so-called "1/v" part is included. 

1 - COMPILATION -
This is based on the lates*. version of the 

C I M D A reference index (ref [2} ) dated October 1973 
(Supplement n°l), which can be considered ar an exhaustive 
list of references on the experiments carried out to date. 
We were thus able to obtain all the original articles apart 
from a thesis by OEKKER entitled "The local pile oscillator 
as a device for measuring temperature dépendance in epither-
mal neutron absorption" mentioned in the index "Dissertation 
abstract" (section B, vol 30 p. 3817 - February 1970). Howe
ver, it Geems that the infinite dilution resonance integral 
in not studied in this work. It should be noted also that in 
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the case of reference 114 (see table I) we only 
nal result which is taken from BNL 325 (ref [3] ) 

Fourteen measurements altogether have been col
lected and their characteristics are listed in table I (see 
end of text). This table also includes 3 other compilations 
for purposes of comparison (see comments on table I). 

2 - GENERAL CHARACTERISTICS OF THE EVALUATION 

The measurements are discussed individually in 
the notes on table I. From a detailed study of each measu
rement the validity of the result has been judged and cor
rections applied as necessary. There we shall merely present 
the choices made in order to justify our recommended values 
for each measurement. 

2-1. Normalisation values 

Generally speaking the results were renormalised 
using the latest values published in the BNL 325 (ref [3] bis) 
for the cross sections of référerce nuclides. These values 
are essentially : 

- Resonance integral of gold 197 : I » u = 1560 b 

- Cross sections at 2200 m/s for : 

. Gold : o £ U - 98,8 + 0.3 b 

= 759 + 2 b 

. Thorium : cr£n = 7,4 + 0.08 b. 

For the error on the resonance integral of gold, 
the BNL 325 gives + 40 b, which seems rather pessimistic. A 
recent evaluation by P. RXBON (ref [7] ) confirms the BNL 
325 value but with an error reduced to a more rfialistic fi
gure + 22 b. In this work we have therefore adopted the va-
l u e Ï5? = 1560 ± 22 b-

2-2. Error calculation 

All activation measurements directly involve the 
3 factors a A U f x AU a n d 0Th , 3 e e n o f c e 1 Q n ^ œ e a s u r e _ 

ments), " which means that the relative error due to the uncer
tainty on these 3 values can be expressed by : 

0 A U AU 
O o 
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In fact it was decided to add the different er
rors casadratlcally, which gives an uncertainty of 1.8% or 
1.6 b." 

For tha otner kinds of measurement (absorption) 
the 3 factors are generally not involved in the suae way. 
However it can bo shown by calculating the exact error in 
each cane that the expression of the systematic error due 
to these 3 normalisation values is similar in relative va
lue to that of activation measurements. 

2-3. Cut-off energy 

Since the so called "cut-off" energy given by 
different authors is not always the same (see table I) the 
results arc reajusted to the energy E = 0^5 eV, the gene
rally accepted nominal value 

2-4. " W " part 

In case where the n i / V part is not included, 
a contr*.ration rfU/V) = 1.46 b was added (reference [6] ) . 
It takes into account the presence of bound level below 
neutron binding energy in the compound nucleus of thorium 
233. This problem have already been dealt with in ref [l] 
and we shall not return to it here, except to mention that 
the thermal cross section of thorium decreases faster than 
a 1/V law and consequently the actual contribution of this 
coinpoment is smaller thon that obtained by applying the for
mula : 

dwv) ^JTs ^\/h f - » °oh vIS - ̂  ^ 
ïn the whole, the published value for the ac

tual contribution is about 1.5 b, as given by STEEK (ref. 
[ 6 ] , and DEIiSIEN (ref. [8]) . Since the study of STEEN 
seems to be the r.ost accurate study on the subject, we have 
adopted thisi value. Furthermore, the value 1.46 b agrees well 
with those calculated from the parameters generally taken 
for the firt bound level. 

Each measurement will now be examined briefly. 

3 - ANALYSIS OF EACH MEASUREMENT 

A few comments on the methods employed, will be 
found in the noter, of table I. 

EÊfeEBnSS.Ïi_.J§i-§ÏSÏ!iïïS§> 

If 'i 1 



- 48 -

If we refer to the values obtained for the other 
isotopes studied, especially uranium 236 (I»= 278 b), W3 
can consider this as a good measurement (ENL 325 value is 
275 + 5 b). Consequently the result has merely been renor-
inalizsd. However, the experimental error applied is larger 
thar. that apparently adopted, by the author since many 
ey jnples taken from values given for other isotopes show 
that the various sources of uncertainty were not accounted 
for systematically. 

The experimental uncertainty adopted will thus 
be the value we can calculate directly from the error on 
the cadmium ratio measurement. Finally we obtain : 

I w - S8.6 ± 3 b (exper.) 

It should be noted that the "1/V" part is in
cluded in the measurement result itself and hence there is 
no need to modify the measured value 

EëfÊE§2£§-ï2_i£;i_S3ë§ïgNHUBER_and_ali) 

On original f»nture of this work is that absorp
tion and activation measuiements were carried out in the sa
me sample. In addition, the reactivity variations are mea
sured with high precision (1%) by a special technique known 
as D C M ("Danger coefficient method";. 

Both results given by the author include a "1/V" 
contribution of 3.7 b, which is much too large according to 
our findings, although the cut off energy here is 

Ecd = 0.4 eV and / o c (E) ̂  = 0.39 b. 
«'0.4 ev b 

The result have therefore been corrected as fol
lows 

a) Renormalisation : 89,91 b (ABS) et 86,22 b (ACT) 

b) "1/V" Capture : 1,46 b 1,46 b 

The error calculation was repeated in detail for 
each measurement and led to an experimental error of + 5.3 b 
for the absorption measurement and + 1.9 b for the activa
tion measurement,whence the values 7 

absorption : 1 » = 91.4 + 5.3 b (exper.) 

activation : Io= = 87.7 + 1.9 b (cxper.) 

5eferençe_I3_iJi_HARDY). 
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Many corrections are made to allow for diffe
rent effects and as a result the spectrum shown to approach 
a l/E form. This suggests that the measurement is carefully 
done. The -r.certainty due to the normalisation values seems 
to be undar estimated, but since we separate the two. causes 
of error {experimental and "systematic") this makes no dif
ference. The experimental error taken is that given by the 
author, + 2%, whence the result after nor»- ' J.sation : 

I-Q= 83.6 + 1.7 b (exper.) 

Concerning the "1/V" contribution, the same re
mark applies as for reference II. 

The value of the resonance integral in infln-te 
dilution is obtained by extrapolation of reactivity measure
ments carried out as part of a more general study on reso
nance absorption in Th 232-U.238 mixtures. {W.K. FOEI& : 
Doctoral Thesis - 1964 - Standford university). 

Many theoritical and experimental correction.-
are applied in order to account for %-aricus effects (devia
tion from l/E spectrum, energy-disp-ndence of adjoint flux, 
reactivity effect of fast fissions;, experimental corrections 
on diffusion of absorbers an diluents e t c . ) . 

According to the authors, 1 b out of the 3.4 
barns total esror is due to uncertainty on the resonance in
tegral of gold. The experimental error will there fore be 
taken as + 2.4 b, giving a renorraalised result : 

Ioo= 80.3 + 2.4 b (expar.) 

It is to be noted that the authors obtain a theo
ritical value of 32.3 b on the basis of the BSL 325 reso
nance parameters, (ref. [3] ) . 

Ë2tSESD£Ê_ï§_i-Si_SÏBÛî|) 

In this work all effects beable to influence the 
result are studied in detail, expecially the affect of \.^o 
joining function for the spectrum calculation in the therma™ 
lisation range (treatement by the Horowitz and Trctiakoff 
formalism). It is worth noting that the restiit obtained for 
isotopes such as indiur.i (3200 + 70 b) , hafnium (2080 + 50 b) , 
silver .(670 + 20 b), cobalt (50 + 5 b) anS caesium (450 + 
15 b) generally agree very well with the latest evaluation 
reported in the DÎJL 325. More over, the different sources 
of error are listed in especial detail. The various experi
mental errors have been added quadvaticcaiy, the result 
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renormalised and finally, the "1/V" contribution {1.46 b) 
added, giving : 

Iw= 86.1 + 4.3 b (exper.) 

The value calculated by the authors from the 
resonance parameters is I<~= 87 + 6 b (without "1/V") 

8§fë£ëQ£e_I6_j[Mi_BROSE) 

The article gives relatively little information 
on the measurement, but we have the normalisation .values 
adopted by the author (particularly low for the resonance 
integral of gold : 1461^8. b) and we can therefore renormaUse 
the result. 

The uncertainty given by the author (+ 1.8 b) 
seems greatly underestimated if the error on the normali- , 
sation values are included. Accounting for the errors quo
ted on the cadmium ratio value the experimental uncertain
ty obtained is + 1 b, which seems more realistic than that 
given by the author (0.66% or 0.6 b). 

The value adopted will therefore be : 

r»tfB7.7 t 1 b (exper.) 

Note that the value calculated by the author 
from the resonance parameters is 96 b, which seems very 
high. 

The reference value for gold are almost the same 
as ours ( j M _ 1 5 6 ^ b^ 0A'J. = g 8 < 8 h ) ^ b u J_ h e - l h o r l u m cross-
section at 2200 m/s is taken as 7.45 b (instead of 7.4 b he
re) . In the case of vanadium no correction are necessary, 
while the deviation of the thorium thermal cross section 
from a "1/V" law has been estimated correctly (1.5 b). _ 

The only corrections here is therefore that ap
plied to the thorium cross section at 2200 m/s. The experi
mental error seems to be about 3% which gives the result : 

I».' 83.4 + 2.4 b (exper.) 

The authors calculate a resonance integral (wi
thout "1/V") which varies from 79.6 b to 91.8 b according 
to the parameters used. 
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Ss£sï£5S2_.ïJLJi-iï-255§3> 

Since the report is devoted mainly to the cal
culation of self shielding, it contains few details on the 
resonance integral r.ea3urement itself. It is possible ne
ve, fcheless • to renormallser the result knowing that the va-
lue adopted by the author are : jAO = 1 5 1 0 b ( w i t n o u t n 1 / v-) 

and 0* = 7.45 b, giving 82.75 b for the resonant part, to 
'.;hich°we add 1.46 b for the "1/V" contribution. 

Lacking detailed information on the different 
sources of error we take, as experimental error, the total 
error reported (+ 6 b) minus 2.5 b for the normalisation 
error contribution which gives : 

1..= 84.2 + 3.5 b (exper.) 

The value calculated by the author is 82.3 b 
(without "1/V"). 

5SÎSESSSe_ï2_^Si5i_ÏATTERSAI;L) 

According to the authors them selves, the spec
trum probably diverges appreciably from a, 1/E form, although 
there cay be cose compensation du to the adjoint flux 
( * x' <J> 'V 1/E). in addition the "self screening" correc
tion seems rather approximate, which casts doubt on the ex
trapolation for infinite dilution. 

In view of these different sources of uncertainty 
it was decided to disregard this measureroent, which in fact 
would weigh very little considering the margin of error in
volved (+ 10 b). 

SSÊSES!!£S_ïiS_iSi!Îi_JQSHSTgH_and_al^) 

Of the 5 results given we concentrated on the 
last two, which correspond to measurements carried out on 
the thinnest sarple. After nnormalisation oi1 each measure
ment the average value was taken. With regard to the range 
of error, account is taken of *he feet that the uncertain
ty on the resonance integral of gold is smaller thr.n the 
author suggests. Frcr. the known total error, the experirr.en-. 
tal uncertainty ID estimated at + 4 b. 

The value finally taken is : 

Ico- 84.5 + 4 b (exoer.) 

3Sf SESSSS_ïii_iH.-.5i_fitïMÊSÏS5J.2Eâ_âï • > 

Given the abnormally low value provided by this 
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measurement, the results obtained, for other isotopes were 
compared with the recomnanded val«es in the latest BNL 325 
(ref. [3] ). For uranium 238 the measurement gives.224 + 40 b, 
whereas the value quoted in L3] is 275 + 5 b. Similarly for 
silver, we have : 

measurement : 466 + 70 b BNL 325 t 747 + 20 b 

and for indium : 

measurement : 2220 * 300 b BNL 325 : 3200 + 50 b 

etc... 

This general disagreement is probably due very 
largely to the form of the actual spectrum, for which no 
correction has been applied. Therefore, this measurement has 
been disregarded. 

SëÊëEëD£§_ïI2_ISiSi_MYASISHÇEyA_ana_nl.) 

The measurements were carried out successively 
in 3 quite different regions of the core where the spectra 
are probably very far from a 1/E form. Only by knowing the 
form of the spectrum could be explained the disparity of the 
results and a conclusion reached. In the absence of such 
information, this measurement will be neglected. 

The two articles dealing with this measurement 
give two sightly differeit values : 67 b (without "1/V") and 
69.8 b including a "1/V" .lompoment of 3.2 b. The value adop
ted here is the latter, given in the more recent publication 
(Progress in nuclear energy). 

The article does not explicitly state the value 
used for the thermal cross section of thorium, but in a cal
culation of the "1/V" contribution the author applies formu
la (2), i.e an expression of the form <f (1/V) = oi <?-. In 
principle ^ = 2 Eo = 0 - 4 5 0 f b u t l f w e r e f o r t o t h o v a l u o 

calculated for gold; (1/V) = 45 b with <j- = 98 b, we find 
<*=0.459 whores author uses a. - 0.44. Xt finally seems that 
the value emo'.oyed forcis 0.459, whicn gives for thoriun 
(<f (1/V) = 3.2 b) : a-T" « 7 b. 

From this value and from those adopted for gold, 
the result can be renormalised, which gives 73.28 b. Since 
the cadmium cut off is 0.4 eV, the integral fraction between 
0,4 eV and 0.5 eV, i.e 0.39 b, must be aubstracted, whence 
the final value : 

Ico-72.9 1 5 b (exper.) 

The error given here is that reported by the au
thor in the other article !J.N.5.). 
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Aa nentioned above the original article concer
ning thio nr.oaaurement is not avalaible. The only informa
tion wo possess cones from the BNL 325 (1965 edition), and 
from, a cc::.-ont by .Vacklin in the article just referred to 
(reS 113}. 

It seems that this r.sasurement carried out in 
the first Chicago graphite pile (reactor CP3), is an "ab
solute" measurement which is therefore indépendant of any 
normalisation against another isotope. 

The problem is to fix a narglr of error for the 
result. The choice is made more difficult by the fact that 
the method uced cannot be compared to any ither. We there
fore decided to take an arbitrary margin of + 5 b, the ma
ximum error found so far. 

The value adopted is thus : 

I*>- Bi + 5 b (exper.) 

4 - EVALUATION PROCEDURE 

In view of the corrections applied, it may be 
considered that the experimental error assigned to the 11 
remaining r.easurerents covers the different sources of expe
rimental uncertainty. Each measurement Xj can then be wei
ghted by the inverse square of the experimental error x, 
using the formula : 

11 , 
^•r x t / ( dxtiz 

^Z V tux.) 2 

1=1 

which gives 85.C b. 
To estimate the total uncertainty on thio result, 

the two sources of error must now be distinguished. 
a'l Uncertainty on the normalisation values, which car, be 

called the systematic error._The same value is taken for all 
the measurements, i.e. cf, x = 1.6 b 

b) Experimental uncertainty which can be estimated by 



- SI -

applying the formula : 

11 

t <f, x ) 2 
(x, - x ) 2 x l/< A x , ) 2 

'2 * ' 3Ï -
(11-1) > , 1/CAxj)' 

We thus find an error <f2 x = 0.9 b. 

Adding these two errors linearly, we obtain a 
total error of 2.5 b. 

Finally our recommanded value for the resonance 
Integral of thorium 232 is : 

/ 
"'0.5 

Cfc (E) â£ = 85.8b+0.9(exper.)+l.6 (norm.) 



TABLEAU I 

osiGisu 

« r . Ji,iBo.iA!«n 

! (•) j (b) 

VALEUR ERREUR 

C 

IMEBE 
MESURE 

( c ) 

ARACTERISTiqUE 

NQKIMMS. 

S 
(c ) 

K.XRGIS 
COUPURE 
(EC en cV) 

E:JL.325 
(réf. [3] 

( f ) 

EVALUATIONS 

BSWv. M1ALL 
<rfi£.[4]> <rK.[5]) 

<S> (h) 

Cc travnil 
(erreur 
oxpEri-

r;:ntaln) 

tl JKJL |i97f. E3. t ^ ACT AU:Io-l5501i 5! 0 .5 88,6+3 I 

a c.r ::97v £ 3 . 3 
93 . 

+ 4 
% 6 

ACT 
ABS 

AU:Io«l509*b 
AU:lo»1509*b 

0 .4 
0 .4 

87 ,7+1 ,9 
91 ,4+5 ,3 

4 
2 

13 l ET I96S 82 .5 • 3 ACT AU.-IO-155S b 0 .5 83 ,3+3 83 .6*1 ,7 1 

14 MR 1965 8 1 . 2 4 • 3 .4 ABS AU:Io-1579 b 0 .5 79 + 3 81 ,2+3 .4 8 1 , 2 + 3 , 4 BO,3+2,4 2;5 

15 FAR 1964 9 1 . • 4 ABS AU:IO-1540 b 0 .5 90 • 4 85,4+4 88 ,1+4 ,3 3;5 

16 UK 1964 82 .7 • l .B ACT AU:Io-146l ,8b 87 + 2 8 2 , 7 + 1 . 8 82 ,7+1 ,8 87.7+1 t ;5 

V C A 1962 8 4 . i 5 ACT AU:Io-1561 b 0 .52 83 + 5 83 ,4+2 ,4 6 

IB WIN 1962 8 3 . * i 6 ACT AU:Io-1510*b 0 .18 86 î 6 84 ,4+6 «4 ,2+3 ,5 2;7 

» '.AR I960 1 0 6 * i 1 0 ABS AU:Io-1513*b 0.67 109 + 10 107 +10 106+10 3;8 

110 CRI. I960 8 5 . +8 .5 ACT AU:Io»1565 b f 0 . 5 83 î 8 84 ±8 .5 8 5 , 4 + 8 , 5 84,5+4 1:5 

111 CCP 1959 6 1 . 8 + 12 ABS L i ( O o - 7 l + l b ) 0 .49 62 +12 61,8+12 2;5 

112 CCP 1957 p l u s i e u r s v a l e u r s ACT AU:Io-1316'b " 0 . 5 77 + 8 9 6 + 6 1;9 

113 

114 

CM. 

AM. 

1955 

1944 

6 9 . 8 

8 4 . 

• 5 ACT 

ACT 

AU:Io-155B b 0 . 4 70 

84 

+ 5 7 1 . 4 69 ,8*t 
67+5 

72,9+5 

84.0+5 

10 

•Valeur ne comprenant pan la capture de la par t ie on "1/V". 
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COMMENTS ON TABLE I 

- a) The CINDA code has been adopted for the laboratories 

- KJL : INSTITUT!' FOR ATOKENERGI, KJELLER NORVEGE 
- GFK : GESELLSCHAFT ZUR FOr.DERUNG DER KERNENERGIE, GRAZ 

AUTRICHE 
- BET : WESTINGHOUSE : BETTIS ATOMIC POWER LAB - Pittsburgh 

U.S.A. 
- HTR : PHILLIPS PETROLEUM COMPANY - Nat. React, testing Sta

tion (IDAHO-FALLS) U.S.A. 
- FAR : Centre d'Etudes Nucléaires de Fontenay aux Roses -

FRANCE 
- KFK : Kernforschungszentrum - Karlsruhe - ALLEMAGNE 
- G.A : General Atomic - SAN DIEGO (CALIFORNIA) U.S.A. 
- WIN : AEE - Winfrith - Dorchester ANGLETERRE 
- HAR : HARWELL - Atomic Energy Research Establishment 

ANGLETERRE 
- ORL : Oak Ridge National Laboratory (Tennessee) U.S.A. 
- CCP : U.R.S.s. 
- ANL : Argonne National Lab. LEMONT (illinois) U.S.A. 

- b) The year is that of publication 
- c) Two distinct types of measurement are generally 

involved : 
ACT : Activation measurements which use the cad

mium ratio technique 
ABS : Absorption resonance integral mear;ureir.2nt 

using the technique of reactivity variation 
set up in a pile when an absorbant sair.ple is 
introduced (see notes after theses corrments). 

- d) AU-Io refers to the resonance Integral of gold 
which is usually taken as the normalisation quan
tity. 

- e) The cut off energy only applies in tho case of ac
tivation measurements which involve a eaduiun fil
ter. For absorption measurements the énergie is 
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corcly conventional (ncininal value). 

f) Evaluation ported in EliL 325 {ref nj) 

ï« = 83 + 3 b 

This estimation refers to a value 1535 b for the 
resonance integral of gold. In the latest version 
of the E3I, 325, the recorraanded value is 85 + 3 b. 

g) Evaluation made by Drake (ref [4] ) : 

I„. = 84 + 5 b 

This estimation refers to a value 1550 b for the 
roconance integral of gold 

h) Evaluation reported in ref. [5] , based on the 
choice of the "best" reeasurer.ent which, according 
to the author is that of JOHNSTON (ref. 110) : 

85.4 + 6.5 b. 
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NOTES OS THE MEASUREMENTS 

(Table I) 

Measurement using an activation technique, based on the 
comparative activities of a bare Irradiated sample and 
the sar.e sample irradiated under cadmium. The formula 
used is then : 

Th 
0 

R AU _ 

r cd 1) - AU 

o 0 
R T h -R cd 1) c 

where Red is the "Cadmium ratio" 
2 - Measurement by absorption. The method is based on a 

static measurement of the reactivity variation genera
ted by the introduction of an absorbant sample. In brief 
the process used is as follows : 

- The constant a , which characterises the spec
trum at the measurement point { r

efj=g ^o + 0'Ie») is 5e-
ternlned by means of a gold resonant standard 

- Sample containing thorium are then measured and 
Ic«obtained from the results. 

The calibration value linking the reactivity varia
tion to the reaction rates is obtained by the use of bo
ron* . To evaluate self shieldirg, several measurements 
are carried out and the value ir infinite dilution is 
obtained by mass linear extrapolation. 

3 - Measurement of the same type ar. above {note 2) except 
that the reactivity measurement are performed by the 
oscillation method. 

4 - Activation measurement based on the cadmium ratio tech
nique but with a formulation slightly different from 
that given in note 1. The formula used is : 

I4T <r 
TtTO R A U 

• For reference 111 the standard is lithium. 
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whore 
. r is Kescott index (« being the spectrum index) 
. g(T) Kescott's factor : g = 1.005 for gold 

-riaW-go™ ¥•] ASfi ( ̂ joining ^o L o v j v function 
0AU 

r -'- i " i " function) 
. Ecd = 0.55 eV (must be expressed in k T units). 

AU Pron the measured ratio R"X = 2.065 it is possible to 
deduce « . The sane formula, this tics applied to tho-
riua (g = 1), leads to : 

Th Th 
"r a -0.429 Kcd , 2 
aTh - R T h . ^-?Ec3 
o cd 

0.429! 

Th The measurement of R ", ( = 2.363 + 1%) can then be 
Th c d 

used co deduce o _ , which the integral required (wi
thout "1/V" part!-

5 - Measurement carried cut in a 1)235 - H,0 pilrc 
6 - Measurement carried out by comparison of the Th - 233, 

At! 198 and Vd-52 activities resulting from inadiation 
of Th 232, AU 197 and Vol 51 in the reflector of the 
reactor TRIGA (11235 - Zr Hz) then in.a thermal column 
("Vanadiira substractlon technique"). The conventional 
cadmium ratio method ±a also applied but gives poor 
results hero. 

7 - For this reference 16 the measurements are carried out 
in a thermal column of the reactor NESTOR (U235-H-0) 
and also in the U235 - graphite reactor ZENITH. 

3 » Oscillation r.oasurements are performed at the center of 
a heavy water-moderated reactor (DIHPLE). The irradia
tions arc carried out in two spectra, one of which ther
mal in ordor to measure the. cross section at 2200 ra/s and 
the g factor. 

9 - Measurement carried out in a heavy water reactor. 
10 - Measurement performed in a uranium - graphite reactor. 
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n, DERRTEN AKD P. RIEOH , i-
CEN - SACLAY. ^ S 

In tho study af tho lew energy crers sections of even heavy nuclei 
232 23G 

Guch es * Th end U cniy the clastic (n„nl end capture Cn.yJ reactions 

have to JÙ ccns-idcrcd, tho fission bcoine of very Jittjo importance -for 

reactor applications i for each rooonanca these reactions are ceracterized 

by ttio neutron uidth F end tha total radiative capture width F • These para

meters can bo obtained by the enalyoio of up tc 4 hinds of experimental data 

trcncnieolcn, coif -indication, scattering end ccpturo ̂ oasyrements. 

Tho various technics which can be utilized fcr tho analysis of the 

QHperlm.cntcl dote ccn be chercd between tve groups of ncthodc : 

o) the area cnalyelo : tho widths V cr.d F aro dotorrcincd from 
n Y 

tho study cf the cxporifTDntal area of the resonances. Each oxperlrental 

value of the area, A^, is a function of T , T end cf tho thickness n of tho c n, y 

anr.plo. This function, A «» f {T t V , „ i t is nssuxed, to bo Known i it is 

than psnsiclc to crew in the IF, F ] plena thD curve depleting r as a 

function of T for each oxporinontal data» All of those curves should go 

through the point [X ,, F •»] .corresponding to tho triu* parameters T . end 

F » af the rcccncnco i At fl matter cf fact there is a spreading of results, 

ail of the curven -o not go through tha C&TO point end tho problem is to 

dotorr.ir.Gj tha best converging points The function f £F , F > n] tekes into 

ccccunt eKparirrnntnl offsets like aalf screening end multiple scottoring. 

Tha resolution fu:icticn Is not needed, but it is necessary to dotcminp tho 

expérimente! value af the tctal area of tho rescnenca, including the wings j 

fcr ncn isolated rcscncnco sera difficulties can oriso. An other difficulty 

is the right eiatir^tlon cf the multiple scattering effect in thick aor.ples. 
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b) Thg shepe analysis : the theoretical, value is calculated for 

each date point in the resonances and compared to the experimental va2uo i 

the theoretical curve can be adjusted to the experimental pointa (fitting pro

cedure) by a least square method which provides the valuBS of the resonance 

parameters. It is necessary to take into account the resolution function 

end the Doppler effect j presently the memory size ant the speed cf compu

ters are great enough to allow for complicate formulations of the resonant 

cross sections for large number of resonances and largo number of data points. 

This method can be easily used for transmission data for which no complicated 

correction have to be done. For the partial cross.section» such as capture 

cross secticn, it is necessary to use experimental date corrected fdr 

self-screening and multiple scattering effects on each measured point i if 

this can be done, simultaneous analysis of transmissions and partial cross 

sections will provide very accurate resonance parameters. 

Ths problem of the right Knowledge of the resolution and of the 

Doppler effect is important in the shepe analysis if one wont to dotormino 

accurate vali<e of the total width. However this problem is not crucial at 

lew energy due to the excellent resolution achieved at the prêtent time in 

the tirce of flight experiments end to the fact that the Doppler coefficient :s 

Known with an accuracy better than o few per cent. Then accurate values of 

T can be obtained for low energy resonances and consequently accurate 

value for the average capture width <T >• At higher energy, the resolution 

function can be adjusted to obtain the seme<r > value. Such mstnod has boon 

used by one of us for Th LRi b'9j i he obtained very good values below 

300 oV i abovo, the values are more scattered but coherent in thoir average 

All transmission data obtained up to now at tho Srtclay BO ttoV 

linac have been analysed by least «quare. ohape analysis. Th« codes uced for these 

analysis havo boon described in detail elscwharo [fU BlJ. The theoretical 

transmission at the neutron energy E is calculated by a formula of tha fol

lowing type : 

Tr IB) - a • c D ~ n c rA t E ) * RtE) 
oxp 
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cr (£ï ia tho erase occtlcn broadened by the Ooppler effect 

Iczzcritialy a cur, of C1 end ip function plus o terc teking into account the inter

ference between rosennneca in the neutron channel) ; 

s is o torn for background cdJuDtrcnt (equal to zero if there is 

no Gyctc.Tîûtlc orror in the bochgreund determination) i 

c ic tho normelizotirn coofficicnt (equal to cno if the normali

zation la correct) i 

R Cc] iii a gaujaion, resolution funccion 

Several cote of experimental dote cen be einultenecusly enelysed. 

The lceot cçuorc adjustment cen bo done en tho resonance parer-etoro 

fE, r end ?} end, for eech date sat, on tho corrective parameters s and c-

The X 2 to bo minimized hoo tho following form : 

*' - E F T v P - ( a - C 0 " n C T j [ E ' * R [ E 1 ) ] 2 

Far inatencD, the bacKgrcund adjuatnent corresponds t o the 

solution of tho foilcwinc equation : 

â . o . E î [ T P - a - c o ^ t E 1 *RIE)1 
3a E °*p 

E t T r - a ) . £ e . * W i I E 1 * (HE) 

if the cum ic rede en en energy interval lar^o enough compared to tho rooonanc^ 

widthD» tho oocend rcmSnr of t h i s equation représenta the theoret ical to ta l 

erce for each rooenflnce end in independant of thn resolution function» So, 

ef tor cdJuatT2.it by Icaat sqwero of the parameter a, wo alweyn have : 

theoret ical area °2-« (Tr_ - a] • oxperirrcntaJ. oraa. 
_ 03<p 

http://cdJuatT2.it
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Then, thi least square shape analysis method givoo tho right value 
of the area, evan if tho resolution function 1» wrong, after c possible 
correction of the background. 

In the second part of this paper, w» shell oxenine soma results 
obtained by shape enalysia performed on sonic ° rh end U transmission 
data frorri Gael and Columbia. 

A - RESULTS COUcmilKG 232Tk 

Table I Dhows tho results, obtained from the Columbia dota in tho 
1450 tc 1550 eV energy renga. A part of these results concerns tho old 
Columbia data (Columbia 13 end has been reported already by l'HCrltcau et al 
at the K.noxville Conference £197*) [LR 71J. Fronts this teblo, one can drc-j/ 
the following conclusions j 

1) The r values obtained from all thB transmission data (Columbia I. 
n 

Columbia II, SaclayJ by cur shipe analysis egres wtthin the error b&r, whilo 
the values obtained by Gerg et al by area analysis on the Columbia t data 
are lower by a factor about 2 ; 

2) the shape analysis of Columbia I data brines cut an important 
systematic error in the background (27 % for the thin oemplo, for instance) B 
this crrcr is probebly at the origin of the discrepancy observed between 
Porg values and ours i 

3) the values obtained by Rohn from Columbia II ograo with curs 
within 5 \ on the avorago i in fact, thero Is very little correction to bo 
done Dn the background (less then 0.Q1) In this energy ronge for Columbia II 
doto. 

In tho energy ronge from 2,5 keV to 2,7 kcV the parame
ters resulting from cur shepe analysis of Coli'T.bia II date agrco with Rehn 
rooults within 4 % on the overage, but tho background correction varies frorr 
G H 10"3ta 3 x 10""2, i, o. is greater than in the 1 »45 to 1,65 koV energy 
range. 
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Tcblc I I shews tho r e c u i t s obtained between 3#2 keV and 

3.7 I'.cV frc:r Columbia I I da te . There l o a disogresment o f 10 % on t he average 

between fîohn r cau l te end euro . Tho disagreement on tho le rga resonances 1 B 

General ly c rea tor then 15 ?». The background co r rec t i on i s equal t o 0,036 

f o r tho C.Û324 o t / b aen-plo end 0.065 f o r t he 0.0311 a t / b ser.ple. I t seems 

tha t a systemat ic orrct- i n thn bEcKgrcund s t i l l e x i s t e t h igh energy f o r 

tho CalurrMo I I da ta , end l a et the o t i g i n o£ tho decreasing of the T v a 

lues obtained t y Rahn whan tho energy increases. This r.iey be the exp ienet ion 

c f the low volL'o of tho l oco l s t reng th f u n c t i o n obtained by Rehn above 3 heV. 

C - RESULTS CH 23SU 

I U t t-4tJU>-:UJ.a ± A U' IU U U D l UQUU n o v o UCÔTt Û M Û * J ( 3 Ê U * M a n ë • • -i J tîCv 

ts 1.C0 KeV onsrey rense Tho background correction is negligible on thB 

Gael trencr.ianions zr\C vory email for thoeD of Columbia. Our results of the 

Gc»l end Colur.bia date chepo analysis end the values published by Rahn ere 

in agreement within lc?>o then 4 t on tho overage, while the values publisher? 

by Carraro [Co 711 ore 15 ;i or 20 * higher. The following remarks ' ve to be 

deno : 

1Î cur ahopo m;>lyois of tho Cclurbla transissions .io nearly in 

agreement with Refcp, ÙTZC rnelysis of tho sar.o dota j 

2} cur chspo cnolysis of tho Hool transmission is in disagreement 

with Cerroro results for tho sera deto i 

3) Correro I* values era prcbebly overestimated j a simultaneous 

Ghcpa analysis cf CoïU"'aIû end Geol transmissions would lead to results not 

for frer.i Reîin reruKcvt "'.'nis cnolysis rothed wauld give- ccrïaus cmolioratian 

in thn U resonance- ccrer.ctcr evaluation, 

CCXÇLltSIOU 

Frcn thoso studies W9 conclude : 

1) the Ghcpo analysis prcvidc all tha information resulting from 

tho afGfl analysis, oven Sf tha résolution function is errenacus t 
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21 the shape analysis allows the detection Of systematic errors 
on thy nornalization and the background dotermination, and their corrections j 

3) tho shapB analysis ia particularly usefull when thoro oro no 
sophisticated correction such as self-screEning and multiple scattering j 

41 the origin of discrepancies between various recent transmission 
data is mostly linked to analysis nethods (case of ~ U between Geal end Columbia ) ; 
there is a problcn of background determination for EOEC old results, or at high 
energy for sotne recent data. 

51 for high quality evaluations of résonance pnremotors it is 
rec-mmandfrd to chock tho analysis Df expérimental data in selector energy 
ranges i in particular, tho previous erroneous Columbia data (Columbia I) 
would not have been recorrmanded i 

G) from our analysis we conclude that, for U, below 2 KcV, 
the Columbia II sot Df roscnenca parameters is bettor than tho Gcol's sot. 

232 For Th we conclude that, although it rray bo a little bit overvalued, 
the Secley set of neutron widths has ta ho preferred to Columbia's sot 
which presents en underestimation increasing with energy. 



Ptîîi Columbia T- valut* te tvfica 1550 cv end 1ÉC!} ev. 

Enercy 
"-

published val'-ica 
[ca 64] 

; Shape aaalyoio oî 
J Coïunbïd I data 

C o t e i i a I I 
cubliahcd valuca 

[Oa 72] 

Shape STisîynip 
et Columbia XX. data 

(present uorït) 

I5E3.5 c ï 22.5 - 4.5 =cï 9.9 i 1.6 «V ! 23.1 i 1.7 coV 21.0 i 1.59 coV 20.5 i 1.0 coV 

1588.7 

•601.S 

362 - 19 

55 Î 6 . 5 

20? i 16 

3D i 4 

] 325 i 11 

! 59.8 i 3.6 

2C9.3 i 39.87 

48.04 i 6 

330 - 5.0 

46.1 - 2 

!6:0.3 349 î 33 

40 Î 8 

303 : 20 

40.5 * 6 

j 501.0 i 18 

! 65.7 i 4 

510 i 50.1 

44.1 - 4.86 

520 - A 

42.0 - 2 

1660.7 132 i 13 77.5 i 8 ! 110 i 7 114.1 i II.&2 111 î 3.5 

zr. 1160 676 ; 1055 I02B 1078 

In the shape ûnalyoio of Columbia I data the adjusted background parenecorc a were equal to : 

0.01S; O.lt ar.4 0.27 <3 mi^lca) 

In the shape analysis oZ Columbia 12 dota the adjusted background parnr.etera a «ere equal to : 

O.009 for the O.G934 ût/b 3£=?tc; 

O.003 " " 0.0311 " " ; 

O.0D1 " " 0.0052 " " 
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TABLE II. 

*fh - Colunbia T values between 3200 ev and 3620 ev. 

Energy 
Shape a . i a lyo i s 
of C o l u r x i a d a t j 

(2 t h i c k n e s s e s ) 

Columbia 
p u b l i s h e d v a l u e s 

[Rn 72] 

3229.4 e v 

3242 .5 

3252.7 

3270.0 

3295.7 

3331 .8 

3342.9 

3383.5 

3409.5 

3442.9 

3471.9 

3521 .8 

3574.4 

3594.4 

3611.6 

16 - 1 tneV 

14 i i 

97 Î 5 

22 - 2 

461 - 10 

5 2 - 3 

147 - 7 

106 - 6 

1 0 - 2 

19 - 2 
+ 

1 5 - 2 

127 - 7 

!4 - 2 

20 - 2 

1 3 9 - 7 

17 Î 3 « v 

14 Ï 3 

84 i 9 

2 6 - 4 

405 - 44 

4 2 ^ 6 

172 - 19 

74 - 10 

5 Ï 2 

2 0 - 3 

18 - 3 

107 - Id 

, 7 i 3 

21 Î 4 

120 - M 

ZK, 1259 1142 

In th*j chnjjc onalyois o£ Columbia dntn the .idjuGtcd background 

paragetcra a were e^ual to : 

0.037 for 0.0934 at/b rmnplc 

0.065 for 0.0311 at/b cample. 



CE.M. - SACLAY 

INTRODUCTION 

In the last few years important work has been 
undertaken on 2 3 2 T h resonance parameters. The results 
achieved both for the individual values and the average 
values are frequently in disagreement. The main purpose 
of this work is to examine the inost significant results 
and to propone a sot of resonance parameters which see-s 
rM>re_ credible. It is obvious that the selection of a stt 
of parameters has effects in cany areas, particularly in 
calculating cross sections ii. the thernal area and high 
energy average cross sections ; it is also necessary to 
check whether the capture integral calculated as from the 
differential data chosen is in agreement with that evalua
ted as from integral determinations. Consequently the 
pattern of this paper will be as follows : 

Evaluation of resonance parameters and of their average 
values. 
Cross sections in the thermal range and negative resonances. 
Calculation of the capture cro30 section by a statistical 
model and comparison with the measured values. 
Evaluation of the capture integral from differential 
data and comparison with the integral measurements. 
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I - EVALUATION OF RESONANCE PARAMETERS AND OF THEIR MEAN VALUES. 

I - 1. Experimental data 

For the choice of resonance parameters we selected 
seven sets of experimental data obtained, in chronological 
order, from the laboratories of San Diego [Ha 65] , Harwell EAs 66] , Saclay [Rl 69] , Brookhaven [Bh 67] , Argonne Bo 68], Los Alamos [Fo 71] and Columbia [Ra 72J. In the 
case of the Columbia data, we disregarded old publications. 
Different types of measurements and different methods of 
analysis were employed ; so that the problem of selecting 
the parameters tnuy be properly determined, we shall review 
them for each laboratory. 

1' l32-SiÊ99 " 

The capture cross section only was measured. Three 
sample thicknesses were used (0.0038 ; 0.0012 and Û.0004 
at/barn) ; the capture Y rays were detected by a liquid 
scintillator. For each resonance the experimental results 
were analysed by area method based on the convergence of 
a set of curves in the (r n, Ty) plane, the capture resonance 
area being considered as a function of parameters r n and 
Fy and of the thickness n of the sample. The values'of 
r n and Vy were determined for 11 resonances between 21.8 
eV and 221.9 eV. 

2) Harwell -

A varied set of techniques and sample thicknesses 
was employed : 

a) transmission measurement using 15m, 120m and 
.,.92m flight paths with sample thicknesses varying from 
0.00024 at/b. to 0.113 at/b; 

b) capture cross section measurement by moans of a 
Moxon-Rac detector with a 32.5m flight path and three 
sample thicknesses (0.00071 ; 0.0014 and 0.0029 at/b.) ; 

c) scattering cro£j section measurement using a 
lithium glass detector with a sample thickness of 0.00014 
at/barn. 

The resonance parameters were established up to an 
energy of 866 cV by three diffirent methods : 

a) analysis of the transmission data using Lynn 
[Ly 60] area analysis code (intersection of curves giving 
the relationship between a0 k 2 a 2 and T/ka) and Atta-
Harvcy [At 61] area method . The r and Ty values wore 
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obtained for resonances up to 170 eV, and r n for the other 
resonances, ft net of curves of TB versus Tt were also 
established for certain résonances and different sample 
thicknesses ; 

h) simultaneous analysis of capture and scattering 
crosa sections, by studying the convergence of several 
curves in the plane (Fn ,Ty) ; the values of Tn and Fy 
wort obtained for most of the resonances ; 

c) study of the convergence of all the curves in the 
ir n, fv) plane obietned for each resonance as from all the measurements and all the sample thicknesses ; a third 
set of r„ and Fy values was thus obtained. 

A comparative table of the parameters obtained from 
the three rr̂ i-hods was given. 
3! Sac lav, -

The set of parameters was mainly established as frosi 
the transmission measurement of a 0.120 at/barn thick 
sauple, made with a IQGn flight path with a very good 
resolution. The resonance parameters were dete-rrained by-
least square shape analysis method [Ri 66]. With this 
method,Fn can bo determined in every case,and t'y by diffe
rence between r and F n if the Doppler effect and the width 
of the experimental resolution function are not too impor
tant (up to about 300 eV in this measurement). The neutron 
v/idth values are given up to 3 keV. 
4) Brookhaynn -

The measurements concern only the 21.7 ; 23.4 ; 59.4 
and 6S.1 ov resonances. "Those transmission measurements 
used a 29.7m flight path with the BNL fast chopper. Five 
sample thicknesses were used (0.00015 ; 0.00076 ; 0.0030 ; 
0.0092 and 0.028 at/barn). The fttta-Harvey method was 
used to obtain the resonance parameters, i.e. r a and the total width r ; Vy was obtained from the F - r n difference. 

5) Arggrmg -
Those also were transmission measurements, made with 

t.,a AWE. fast Chopper, in the purpose of obtaining the 
parameters of the first lour resonances. The preliminary 
results only hnva been published, in a progress report, 
without any indication as to the analysis methods used. 
The !'n and l'y parameters of the resonances were given. 

The capture cross section was measured on the Physics-8 
underground explosion, at a 250 m flight path, with a 
codified Hoxon-Eae detector ; the neutron tiux was measured 
bv the 6I.i (n,a) reaction. Two sample thicknesses were 
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used : 0.001 at/barn and 0.05 at/barn. For the largo reson
ances, the TY values were obtained front the capture areas 
by using Garg [Ga 64] r n values up to 1 keV and Bibon'o 
[Ri 69] from 1 keV to 2 keV. The theoretical area was cal
culated taking into account the contribution A to the 
capture after a first scattering in the sample j Aj was 
always very snail with respect to the main contribution Ao. 
The theoretical area was adjusted to the experimental area 
by a trial and error method by assuming r n to be well 
known ; Ty was thus obtained for G6 levels up to 2 keV. 
For the snail resonances, the same method was used ; but 
Vy = 20 mev was arbitrarily applied, the capture area then 
being but little sensitive to the choice of Ty ; thus gX n 

was obtained for 124 levels up to 2 JceV. The averaae 
capture cross section was al«o measured up to 60 keV. 
7) Columbia -

Three kinds of measurement were made using the syn
chrocyclotron : 

a) transmission measurements at 40m and 200m flight 
paths with sample thicknesses varying from 0.10 at/barn 
to 0.0011 at/bârn ; 

b) self Indication measurement at a 40m flight path 
with sample thicknesses varying from 0.03 at/barn to 
0.0011 at/barn ; 

c) capture measurement with a Moxon-Rac detector at 
a 33m flight path with 0.0052 at/barn and 0.00112 at/barn 
thick samples. 

The results were analysed by the same kind of method 
as those of San-Diego and Harwell, namely, for each reson
ance, by studying the convergence of curves in the {r n, 
Vy) plane, obtained from different expérimental areas. A 
shape analysis was also made for somo resonances of tho 
thick sample transmission. The resonance parameters <r n and I"Y) were given up to 4.5 keV. 

1 - 2 . Examination of the results obtained for the four "a" 
resonances below 100 eV. 

Those four resonances are of particular importance 
in calculating the capture integral to which they contri
bute for about 70'%. Hence the greatest care is needed in 
determining their parameters. Table I - 1 Guramarises the 
results obtained as from seven sets of experiments the 
characteristics of which have just boon recalled. The 
dispersion of the experimental values is quite important 
especially concerning the resonance at 23.4 cV. However, 
for the three first rasonances, tho neutron width io small 
against the radiation width ; the capture area being pro-
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portional to r n ry/(rn + Fy), it is then important to 
determine P n utth the beat accuracy, for this ratio is 
timidly sensitive to the error on Py ; for instance, a 
variation of 201 on Vy induces a variation of about 2% 
in the capture area of the firstresonance, i'c in the 
second and 4'J in the third. 

The dispersion In the values obtained for Ty can 
be casely understood, since, in addition to the errors of 
experimental origin due to the fact that the exact deter
mination of the experimental capture area requires much 
adjustment (efficiency of the detectors, flux measurement, 
self absorption corrections and multiple scattering correc
tions, etc...), the area methods used in the analysis are 
frequently not very accurate ; the set of curves obtain
ed in the (T n, l'y) plane is far from converging to a 
single point : the lack of convergence may be due to a 
formalism defect and to systematic errors in the experi
mental data. The dispersion of some T n values are core 
difficult to accept, for they should be determined with 
good accuracy from the transmission measurements alone 
which are absolute measurements free of the systematic 
errors encountered in capture and scattering measurements. 
Probably t'rto method of analysis are at the origin of the 
dispersions cbserved. It would be dee^rable to apply the 
name shape analysis method to all the transmission ex
perimental data', bailing such a comparison, wc. must make 
do vith the critical examination of the values in table 

r - i. 

In accordance with the principle itself of 'vhe shape 
analysis by least sqvaro method, the energies proposed 
by Saclay arc free of the error introduced by the estima
tion of the "centre" position of the resonance. Ihey 
agree with the other energies to within oil, except with 
the Sîarucll values whore the difference is 043 for the 
four resonances. Also, up to 3 !:cV, the energies quoted 
by Columbia regain in perfect agreement with those of 
flaclay. It therefore seems reasonable to keep the Saclay 
values i/lth a passible systematic error of oil, in other 
i.-ords the £ollc;ing values : 

21.783 t 0.Û22 eV 

23.439 t 0.02'] oV 

59.514 1 0.060 eV 

59.223 ± 0.070 oV 

2) Choice_of_rn_ar.d_rx.yaluns 

The vo!u-:s proposed by San-Diego arc only based on 
the annlyolc of a capture cross section. The authors agroo 
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TABLE I - I . 

Reference 
0 

1 

T n 

r„r> 
' " . • ' V 

Ha 65 21 .80 ± 0 .04 2 1 . i 5 . 2.1 ± 0 . 2 1.909 

As 66 21.69 2 4 . 6 - 1.2 1.88 - 0 . 05 1.746 

Ri 69 21 .783 21 .3 ± 3 . 7 1.96 ± 0 . 0 8 1.795 

Bh 67 21.78 22 .4 ± 2 . 4 2 . 6 ! ± 0 . 1 7 2 .338 

Bo 68 21 .80 - 0 .04 26 .5 i i . 2 2 .09 ± 0 . 0 3 1.937 

Ra 72 21 .78 - 0 .02 2 0 . ±2 1.91 ± 0 .09 1.743 

Ha 65 23 .47 ± 0 . 0 4 22 ± 4 4 . 0 ± 0 . 3 3 .385 

As 66 23.35 2 9 . 9 ± 1.6 3 .41 ± 0 .08 3.061 

Ri 69 23 .439 28 .2 ± 2 . 9 3.64 ± 0 . 1 2 j 3 .224 

Bh 67 23 .45 2 2 . 0 ± 2 . 6 4 .17 ± 0 . 25 3 .506 

Bo 68 ' 23.47 - 0 .04 25 .2 ± l . l 11.11 - 0 .05 j 3 .534 

Ra 72 2 3 . 4 3 ± 0 .02 2 5 . ± 2 3 .24 ± 0 .24 j 2.B68 

Refe rence i E 0 ! r 
i 

i r 
i n 
i 
i 
1 

! r n<V Refe rence i E 0 ! r 
i 

i r 
i n 
i 
i 
1 

J r n + r V 

lia 65 5 9 . 5 ± 0.1 22 ± 7 1 4 . 0 ± 0 . 4 3 .385 
A3 66 59 .34 23 .2 ± 2 . 0 ! 3.34 ± 0 . 0 9 2 .920 

Ri 69 159.514 23 .6 ± 0 .7 ! 3 .93 ± 0 .08 ' . 3 7 0 

Eh 67 5 9 . 4 6 16.2 ± 2 . 3 I 4 .41 ± 0.27 3 .466 

Co 68 5 9 . 5 : ± 0 .07 3 1 . 7 ± 2 .9 i 3 .77 ± 0 . ! 5 3 .370 

Fo 7! 59 .5 22.7 ± 6 . 0 j 4 .01 ± 0 . 3 1 3 .408 
tia 72 5 9 . 4 8 ± 0 .08 25 ± 2 ! 3 .93 i ± 0 .23 3 .396 

Hi 65 69 .2 ± 0 . ; 24 ± 2 I «• ± 1 5 15.89 

As 66 6 8 . 9 5 21 .2 ± 1.0 j 4 1 . 4 ± 1 . 2 14.02 

?.l 69 69.223 2 0 . 5 - 1.0 j 4 4 . 0 ± 0 . 5 13.98 

Bh 67 0 9 . 1 3 2 1 . 5 - 4 .7 j 42 .9 ± 2 . 5 14.32 

Gu 63 69 .23 - 0 .07 2 3 . 5 ± 1.4 j 42 .0 ± 0 . 8 15.07 

To 71 69.1 2 1 . 9 ± 2 . 8 j 4 2 . 5 ± 1 . 7 14.45 

R., 72 ! 69 .17 ± 0 . 1 0 25 ± 2 j 44 .0 ± 2 . 0 15.91 
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an the fact that the area method used gives only r n with precision if r n << Ty, and only Ty if T n > Ty. Therefore 
the J'y values of the first three resonances will be eli
minated, as well as the r value of the fourth resonance, 

n 
Harwell's values are coherent on the whole, except 

for T n of the third resonance where the dispersion of the values obtained by different ir.ethods is very great : 
3.76 meV (transmission at 120m and 15m) ; 
4-60 meV (transmission at 120m) ; 
3.05 ffioV (capture and scattering) ; 
3.34 raeV (total results) ; 

as this dispersion is not explained, the f n value for this 
resonance will be eliminated. 

The values of Saclay should be kept as a whole ; 
they were obtained by a shaje analysis using the least 
square r.ethod : the adaptation of the theoretical curve 
to the experimental transmissions is excellent. The Ty 
values obtained from the (I"- fn) differences are fairly 
accurate, for the Doppler width and the width of the re
solution function are rather small at these energies. 

The rr. values proposed by Brookhaven are systema
tically greater than the other values for the three first 
resonances. The authors pointed out that, fsr determining 
P n of these resonances, the weight of ten was assigned to 
the transmission measurements of the thinner sample 
(0.000154 at/barn) and the weight of one to the other 
thicknesses. Now, for such a small thickness (i.e. 0.000154 
at/barn) and in view of a bad resolution, the minimum of 
transmission at the peak of the resonances is greater than 
0.95. The method is therefore surprising and justifies 
the elimination of the l'n obtained. As for the fourth re
sonance (69.22 eV) the parameters are very consistent 
with tho ot!ier results ; incidentally, the authors have 
published the results of the analysis by the Atta-Harvey 
least square method, for six experimental areas ; in 
this case, Mie adaptation of the theoretical areas to the 
experimental areas is excellent. 

Thj values of Argonno were published in a progress 
report and were considered as preliminary by the authors. 
There is no systematic disagreement with the other results, 
e::cepfc for the third resonance for which Ty is excessively 
groat and which \;a shall eliminate. 

Tho Los-Alamos results do not include the resonances 
at 21.C and 23.4 cV ; for the third and fourth resonance, 
the authors used Garg's r„ values (which do not differ 
much from the now values of Columbia) ; so wo rhall only 
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keep the Vy values which they propose for these two reso
nances. 

The values of Columbia are to be kept as a whole, 
although the r n value proposed for the secend resonance 
is rather low ; as a fact, it contributes to the signi
ficant dispersion observed in the neutron widths of this 
resonance. 

3) 5§S2!B5§!î§Êâ-YSiHêi 

The recommended values are given in table 1 - 2 , 
They are obtained by averaging the selected values 
weighted by the reciprocal of the square of the absolute 
error. In the last column of this table, the I"n Ty/d",, • 
TY) ratios, calculated as from the recommended values, 
are indicated. These ratios are very close to those which 
may be calculated from the San-Diego and Los-Alamos 
parameters, in other words they give a good representation 
of the measured capture areas <San-Diego and kas-Alamoa 
being the only laboratories to propose resonance parameters 
from capture measurements only), 

The errors in the recommended values are not es
tablished from a strict criterion ; they attempt to re
concile the greatest number of. experimental values. In 
particular, the error on r n of the second resonance 
(around 10%) reflects the great dispersion on the measur
ed values. This is the r.ain black point of this evaluation 
and it would be necessary to reconsider the analysis for 
this resonance. 
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TABLE 1 - 2 

Er.ercy 
UV) 

n, rr r n '"V 

(rceV) 

Er.ercy 
UV) Value 

(coV) 

Or ig ine Value 

faeV) 

Or ig ine 

r n '"V 

(rceV) 

21,783 Î 0,022 

23.439 - 0,024 

59,5!4 i 0,060 

69,223 - 0,070 

2,02 Î 0,06 

3,SO - 0,40 

3,90 - 0,15 

43,2 - 1,0 

SD, HAR 

SAC, ARC 

COL 

SD, IIAR, SAC 

BRO, ARC, COI 

SD, SAC 

ARC, COL 

HAR, SAC 

DRO, ARC 

CO!. 

24.5 ^ 2.0 

26.6 - 1,5 

23,7 - 1,0 

21,9 - 0,7 

HAR, SAC 

ARG, COL 

HAR, SAC 

ARG, COL 

HAR, SAC 

LAL, COL 

HAR, SAC 

BRO, ARG, 

LAL, COL 

1,87 - 0,06 

(SD — 1,91) 

3.39 - 0,35 

(SD —»3,3S) 

3,35 io.14 

( L A - * 3 , 4 0 ) 

( S D - , 3 , 3 8 ) 

14,53 i 0,70 

(LA —^14,45) 

SD = KAtI DIEGO (Ha 6 5 ) 

EÎAR ' ElARMELt, (AG 6 6 ) 

SAC = SACLAY (EU 6 9 ) 

ARG • = l.iiQOSSB ,Do 6 8 ) 

COI. -; COLUMBIA (Ra 7 2 ) 

LAL, -- LO3-ALAM0S (Fo 7 1 ) 

BRO = - Dr.OOI',!l".VEH (Dh 5 7 ) 
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1 - 3 . Comparative study of the resonance parameters from 0 
to 3 keV. 

In order to do this comparative study we selected 
four sets of results, those of Columbia, Saclay, Harwell 
and Los-Alamos. It will enable us to select a set of re
sonance parameters which can be used to calculate the 
crosr sections in the resolved energy range, and a set 
of average parameters which can be used at higher energies. 
A method for testing the different experimental results 
consists in comparing the average parameters and their 
change with energy, for the purpose of finding the sys
tematic deviations ; this comparison can be done on the 
reduced neutron widths, leading to the So and Si strength 
functions, and on the radiation capture widths. 

1 ) tjSutron_widths_gf_the_"s"_£S§2SâS£ëS_â29_§û._S££êS2£!î 
function 

Table 1 - 3 shows the comparison between the So 
strength functions obtained in 0.5 keV or 1 KeV energy 
intervals. There are no Los-Alamos values in this table, 
the authors having used Garg's neutron widths or Ribon's 
for the "s" resonances. There is excellent agreement 
between Columbia and Saclay in the 0 to 0.5 keV energy 
range ; that corresponds to a good agrc .nont vhen comparing 
the individual resonance parameters. At i 'gher energy 
there is a disagreement which in creases ,, ith the energy : 
3.5% from 1 keV to 2 keV and 7S between 2 keV and 3 keV. 

TABLE 1 - 3 

S 
o 

, ,0* 
• — I 

Energy 

range 

cV 

S 
o Energy 

range 

cV 

Calu~biù ! ^JC: Harwell 
transmis- | n i l 
Dion j data 

0 - 500 

500 - ICOO 

0.840 

0.760 
0.80 1 ° - M 0 < 0.62 

1 0.800 ) 
0.010 0.790 

iflOO - 1500 

1500 - 2000 

0.5i 

l.2Cu 
. .,;o 0.573 \ 0 9 1 

1.260 ) 

2C33 - 2500 

2500 - 3000 

0.Û30 

1.010 " 
0.B2 ° - 6 8 0 ( 0.0B 

1.090 ) 

MOD - 3500 

.,500 - 6000 

0.670 

0.453 

} 
( 0.56 
) ! 
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A disagreement of this kind, although .arger, had 
already been reported between the old values of Colimbia 
and those of Saclay. In order to find the origin of this 
disagreement, a shape analysis using the least square 
nothed was undertaken by l'Herlteau et col. on the 
Columbia transmissions [Lh 71] ; this analysis showed 
that the disagreement vanished on condition that the 
background in the measurements of Columbia was revaluat-
cd. Wo used the oaco shape analysis on the new Columbia 
transmissions, in two energy ranges (2.48 keV to 2.76 JceV 
and 3.2 keV to 3.7 keV) ; the detailed results of this 
v/ork are given in another report Ipe 74] . It seems to 
be still necessary to revalue the background: then. 
In the 2.43 kcV and 2.76 keV energy range the difference 
between the r n values published by Columbia and those 
wc obtain by the ahapo analysis is around <S% in the average. 
If th's deviation is taken .-".nto account the difference 
with the P.ibcn valves is only 3Î. Between 3.2 keV and 
3.7 koV, the deviation can be as high as 12* for the great 
résonances. 

The So strength function obtained at Harwell between 
0 and O.S fccV is consistently less than that of Columbia 
and Saclay by 3.5a or 7» according the results considered 
(a ilysls of the transmissions only or analysis of all 
the experimental data). 

2) S3di05:i£S-£3B£V!,!:G_l!iat!!S 

Table 1 - 4 chows the average values of Ty which 
can bo extractedfrom four series of measurements (arith
metical average). 

TOOLE 1 - 4 

LaîïOïacorjr Encicy 
(eVJ 

<ry> Vsriuce 
fccV)* 

I'^zhcr of volume 

i^clay 0 - ->:!) 21,15 -O.SU IC li {aClccticmcl) 

Coli;::-.! in 0 - 2"ifi0 2t,25 - 1,20 7 67 

I'.ncuotl o - ;,:::, 2t,S3 * 0,77 5 23 

Lea M tas* 0 - 2-.-Z 21,29 - 3.CD 17 *S 

Tii.i; v a r i a n c e given in t h i s t ab l e a re cgtml to 
<>;'ys;;•-<[•-< -- i tîscy sroflact, in pa r t i cu la r , the dlcncroion 
oC ?ttû VJ1U23 duo tn> e r r o r s of experimental o r ig in . Shore 
i s rc.varkablo ayro:_".::r.t butwn.-r-. the ccm values obtained 
la tha vjr.loj3 lofc&r.it-.'ffles. h'evcrtheleas vc s h a l l cor- .:nfc 
:'.:i follows : 
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a) fou Saclay values are used in the calculation 
of tho average value : the 14 valueo selected by Ribon 
are comprised in the energy interval up to 300 e'.'. The 
other values are very scattered and not very accurate 
(variance equal to 4? for 34 values between 0 and 1 kev); 
this is a characteristic of the shape analysis which 
cannot give a precise value of fy unless the Û/T ratio 
of the Doppler width to the resonance width is relatively 
era 11 : 

b) concerning the I>os-Alamos results, Forcan cal
culated tho Fx widths by using Garg's neutron widths 
betv;ecn 0 and 1 ÎceV, and those of Ribon between I keV and 
2 kcV. We revised the Vy values by also using the T„ 
values of Ribon between 0 and 1 keV. The variance then 
decreases from 23 to 18 in this energy range ; this io 
due to the fact that soae large values of TV obtained 
fren Garg's EV are closer to the average when Ribon's 
f n -- used (resonances at 192.6, 569.8, 590.2 and 943.4 
eV) ; 

c) table I - 5 cVjws the individual values of ff 
which served to establish the arithmetical average values 
of table 1 - 4 . The arithmetical average of all those 
values equals 21.33 r.cV. If the average in evaluated by 
weighting each individual value by the reciprocal of the 
squaic of the absolute error, a value equal to (21.25 * 
0.18) noV ic found, If the errors are re-adjuoted to find 
a reasonable X 2 for each resonance, tho value of (21.66 
* 0.20) r.oV is found ; thin illustrates the dispersion 
introduced by various averaging procedures upon the es
timation of tho r.can value ; 

d) tab'c I - G shows some correlation coefficients 
obtained frcr. individual values of Prand reduced neutron 
widths. Up to 900 etf, a fairly strong correlation ia no
ticed botv.-oen the difÊecoiit experimental series of IV, 
anil thin socr-.s to Indicate that the fluctuations noticed 
frcri rt or.ansa to resonance arc portly real. On the other 
hand, bcz::~r.r. 0 and 2 UcV, the correlation coefficient 
between ttts Vss-Ma-.-.as values and those of Coiurfjia lo 
fairly uâatt ; this ia due to the fact that cho Los-Alair.oc 
values ko.z',7^ increasingly less accurate towards the iilgh 
cn-jfiïics, ihc fluctuations observed then ore mainly duo to 
cîifirir.cntal errajro. The correlation coefficients between 
t!;2 ÏOJ.«CC:Î nutitrcn viriths and tr.c different fy series 
ari; cr.rilî .ir/2 ::3;i 3i'/n'.',fleant. 
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"A31.B I - 5 . - Tabla of 8*y v a l u e s . 

ECoV) 
unj.(Fo 'IJ LA'JLBTo 715 

Gael's f"n niboa'o I* 

SAC 

CRi 69] 

UAH 

JA3 66) 

COL 

(So 72) 

59,5 22,7 22,0 22 23,2 25 

69,2 21,9 21,5 20,5 21,2 25 

113,0 21,0 (7,4 20,4 20,1 20 

120, a 21,0 17,3 20,7 20,7 22 

129,2 16,4 21,4 18 

154,3 

ira, 4 22,3 21,9 19,3 22,2 26 

192,7 3D,3 22,5 16,8 19,6 17 

tS?,4 17,9 19,9 is 

221,3 21,5 22,1 22,0 20,3 22 

251.7 22,2 21,7 25,4 2 . , . 24 

363,3 17,3 10,6 2a,o 17,9 19 

2CS.0 10,0 17,6 24,9 21,8 20 

s:s,s te,3 17,2 22,0 24,2 20 

323,9 24.0 21,2 23,7 22,9 26 

341,0 :D,6 19,7 21,0 20,5 19 

U3,l 21,0 22,7 23.0 21 

147.3 2 t , 2 2 * , * 29,0 22 

•eci," 19,3 14,9 31,0 
: 

10 

4S*, Ï 

• « « . ' J ?9.3 19,0 j Ï 2 . 0 21,5 22 

AZ'i,':, 17.2 17,2 19,0 19,2 10 

i:;.'i,S 17.4 !?,9 33,0 | .20 

: t f « , 0 C3,? 20,1 | 25.0 J9.3 t 19 

593.3 3:1,0 î i j S ; 33,0 ! 19 

«•5,0 la .? !> 6,3 21,0 *° 1 
._. J ! ; — -..-, .a 1 



- 86 -
TABLE I - 5. - Table of fy valuco.Ccontinucd) 

LASLtFo 71 
£rwa 

Gars'» T n 

:uSL(Fa 711 
£roa 

Ribcn's r 

SAC 

(S I 69J 

UAfi 

[A3 66) 

cm, 

[no 72} 

665,3 

675,2 

687,4 

701,2 

712,? 

741,1 

773,7 

"04,2 

842,3 

046,3 

070,1 

943,2 

902,9 

«11,5 

10(0,6 

«Oi-M 

1(10,0 

MID, 9 

no.:; 

tZK.9 

O J 4 , 0 

14,6 

18,4 

18,1 

28,0 

t3,1 

19,8 

24,2 

19,5 

20,0 i 

26,0 ! 

29,6 j 

20,6 

10,4 i 

12,4 

18,4 

18,9 

13,6 

23,7 

25,0 

19,6 

21,0 J 

35,0 j 

22,2 J 

25,0 j 

10,6 j 

• 7,7 i 

20.2 I 

Î 
31.3 i 

23,0 

10,0 

21,0 

23,0 

8,0 

24,0 

29,0 

29,0 

41,0 

41,0 

20,0 

22,0 

32,0 

34,5 

25,0 

«9,2 

1,0 

2 5 . ' 

36,4 

24, 1 2?,4 

j. 
;%/ 

ID, 5 ; 3,2 

21,6 

20, 

23, 

18 

19 

23 

17 

19 

23 

26 

20 

19 

23 

21 

23 

21 

25 

20 

1? 

19 

22 

23 

20 

20 

25 

2; 

26 
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ÏADta l - 5. - Tabic of r e v a l u e s , (ond) 

E(eV) 

337Q.O 

saw,9 

1426,6 

1433,9 

1530,7 

1524,3 

1531,1 

I3'3?,S 

I «32, à 

«64S,0 

«651.* 

«677,9 

Ii?ÏT',€l 

!?4â,CI 

Garp.'o f_ 

JLASLflTo 21) 
j f rca 

n 

SAC 

(Bi 69J 

HAP. 

EA3 661 

COL 

(Ba 72) 

21,5 24 

19,7 23,5 19 

21,2 -2 21 

26,8 [ IE 

19,0 | 24 

25,2 ' 9 . 0 | 20 

j 26, <J 1 
i 

20 

! 23,1 15,0 ! 24 

"•T, I 19,1 | 24 

\f,2 17,0 19 

19,0 20,1 2S 

24,'1 45,0 23 

10,4 

! \ >7 

17,7 "f i it 

l*.o 2%-t Ij j 27 

f 0 , G ÎS .0 { |! 21 

ÎC,C .12,9 :: ' Î 0 

-iv>„ V .u,o • '; la 

v.S^J S J , 6 23 

10,'" 

ty,G 
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TABLE I - .6 

Correlation coefficients 

Loo Alacos i 
Columbia J 
0 co 900 eV } 

Log Alamos 
Harwell 

0 to 900 cV 

Harvell 
Columbia 
0 to 900 

|t<03 A10C03 

j Columbia 
cv j 0 to 2keV 

1 r ( ff ,rT' ) 0.29 ,* 
i 

0.43 0.49 | 0.09 

Los AiJîrr.os ' Columbia Harwell 

r <r o-.rv, - 0.12 J 
t 

...i. 

0.13 0.15 

3) Pora;.2tors_reçor^;.endçd_fgr_the_resgnançe2i 

a) Neutron widths 

The agreencnt between Saclay and Columbia is very 
qaaa under 500 eV ; the Harwell values are 3 or 7% lees 
on average than those of Saclay and Columbia (see table 
1 - 3 and section I.3.1./. At higher energy, the disa
greement between Columbia and Saclay increases ; the 
Columbia values are probably too snail ; froa 3 to 4 iceV, 
particularly, tho local value of S 0 according to Columbia 
would appear to be 338 under the average vax'.'o below 3 koV, 
and this io rather unliltoly according to the statistical 
distribution laws. Also, tho shape analysis of the 
Caluri>ia data gives values of g r£ (and thoreforoof So) 
which arc amrcciably greati-r (sec section 1.3.1. and 
[Do 74]}. I.'c conclude from this that the present Columbia 
résulta are not corr.oletoly corrected for the grave defecto 
which had falsed thoco of 1961, and that a tendency to 
under estimation of the largo g r„, du2 to an under estima
tion of the background, persists abovo about 1 IceV. For 
these reasons, wo rcccr^.end tho sot of Saclay neutron 
widths up to 3 kcV. 

As a consequence of this choice it is ai£?_i nocooaary 
to rccc=r.end the Saclay strength function value, i.e. : 

S0 = (0.09 ± 0.11) 10 

b) jtadiativo capture widths. 

ïhc ccherenco io good between tho radiation capture 
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widths, particularly concerning the iosan values. The 
CoI.~bia results appear to be the most accurate ; 
their dispersion io less than for the other results. The 
Imov/icdgc of the capture area, g r n TY/(rn + Vy), given by 
a capture CKpcrircent, io inproved in principle by the other 
experiments (transmission, self-indication) provided that 
there is no oysteMtlc error ; we concluded that this was 
not the case with the Cclurbia transmission. This is why 
v;e adopted the LASk capture areas which only cone from a 
direct r.casurcncnt of the capture and are free of other 
influences ; v;e deduced fron then the individual values 
of Ty. 

It should be observed that the influence of experi
ments other than the capture on Ty is srjall when g r„ is 
great ; it is likely that an error on g T n then has little 
effect on Vy, which can explain tie absence of disagreement 
between the fy values of Columbia and the other results. 

Our choice (rn of Saclay and capture area of Los-
Alar.os) io probably not the only possible one, but it has 
the advantayo of coriining coherence, quality and simpli
city. 

There is no difficulty to choose a nean value of Ty ,-
we propose the following value which io a co-promise bc-
fcwoen the different ways of estimating the a'-eragc of the 
Individual values in tabic 1 - 5 (ceo I - 3.2.c). 

<T-(> ~ (21.45 î 0.25) r.oV 

The t.o:;-JM.a-D3 a u t h o r s have p u b l i s h e r a c o m p a r a t i v e 
t a b l e of t j i e i r r e d u c e d r . c u t r c a w i d t h s f o r s ~ a l l reconar .eoo 
a n 3 t h o s e of :: .-jlny ( t a b l e I - 7 ) . O b v i o u s l y t h e r e a r c 
g r o a t dlCEcsrtr:...'!.:; bc twacn c i c L t i a I n d i v i d u a l v a l u o o b u t 
CKColior.t Ufjtrt..." :_>'Jifc ba twacn t h e r.ean v a l u s s o b t a i n e d f ron 
02 ce:.-.!2:i £«.;:: j . c o r ; £0 .53 r a t i o be tween Inci V.:o r.êan 
viii:^-J] . '.':> <.-.':.: ' : ï â l d l s a ^ r e c r : . : : t i o t o b e rcnar ' - .cJ t ' i t î i 
:--he CoIu.-Jii i r ::;.:lfcti (.1 s i g n i f i c a n t e r r o r w i th r e s p e c t 
t o t t .e fcacl;'j:^.•.:::! has l u e t i c - I n f l u é e s en t h e i::::asurcd 
a r c j oC c.v.all .:C,;:;onnnsooî.. 

I n csv.::!.- I-j !:cr:p o u i c v o l u a t i c : : e ï î ' . G i c t c n t , tî'.o 
:i--.cLay ci.'.:.ï!ï ï'J-ar:.'i:\cô n ? É J V J L U C S can t e Ë^3sr~c-ndê:il, 
liy cuxtlt-'.-.^îitL:'..; tl\c~ u ï t h " t n » &ss-,Ma:-?.; VJIIUÛS no t 
rnipaarllrv; i n t!:e Cas lny r e s u l t s î t a b j e Z - ? r . c n t l o n a 52 
n.T-:-r:~ rer.sc.ar.ae'S o u t Of t'r.o 12S v a i u s s oE U4i-i"\la;:33 
a:;;! ?'.'.:• l î s va"i:a:; e f C v i t î y t e t w o e n 0 a - d 3 fccVÎ. 

tiovûïSîiCi n-. ri fe i ; t:ï_irV,3 rcop:3 t". b s r a i e c j n c e r -
nlr.rr t h e i d e n t l f l c a e i c : ; cE' t h a o f b i t a l :-^:-.:nt o f t h e 
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TABLE 1 - 7 v a l u e s {front Po 71) , 

• 0 " a * 
« i . • ' . " ' ta l a *: •*. *.« *'"« K 

i-n 
u.*» 

**m (v»n») (Mt> m (•«r) w (Taltt) i—r> I I > (•*»> a i 0*1»7 i-n 
u.*» 

m 
0.11 o.ooaio 11 311.3 0.11 13 0.11 t o 1041.* i . i 13 -ër~ n i i . i t 0.00011 1 1 333.* 0.40 14 0.34 13 i.i 1 . 1 1 

Jb.1 0.C0M4 » O.0O101 w 3(0.1 0.1» 1 1 1.10 i i nu', s ! i.io 40 
U . l Û.0ÛO17 34 0.000*1 4 0 SJO.l 0.41 13 r 1.00 M 
«1.0 C.OMJI 1* 0.00034 * C 171.1 0.40 17 0.73 10 u i i l i ;.» 1 ) »." 17 

41.0 0.00174 11 0.00133 10 377." t . B 1 ) i . i r 11 1117.1 o.u 71 0.11 10 
41.1 0.OÛC44 4 1 0.0001 7 * 311.1 0.CI1 1 » 1111.1 0 » 4 0 0.40 11 
11.1 0.0011 3D p 3»-,0 0.143 

J» 0.10 » l l l t . l 0.10 1 » 
n . i r 0.00» 11 117.3 1.31 V 4 . 1 10 1171.1 O . M li 0.11 30 

**.* F 0.0003 » 411.1 0.011 13 P 1113.» 0 . 1 *» « . i a. D U 10 0.007 4 0 411. T O.OÎS 73 1101.7 1 . 1 1 ) 1.11 1 ] 
» J . I 0.DO4 1 1 0.001 3 0 <)).• 0.0T1 î * 1114.1 , 103.1 o.oai) 3 * 0.004 444.3 O.ÏO 4« 0.0* 13 1114.1 o . l l 30 10 
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anmll resonances. On the basis of the fact that the pro
bability of observing r n values exceeding ten times the 
average value is virtually nil, all the authors. [Rl 69, 
Ra 72 and Fo 71] have assigned the orbital moment 1 = 0 
to the resonances for which r n E3/2 > 10~ 7. 

There is no reason to question these assigments. 
Obviously this method does not apply to those resonances 
at the boundary of the classification (small "s" resonan
ces or large "p" resonances). By using a least square 
shape analysis with or without potential interference 
terms, Ribon was able to assign the orbital momentum 
(0 or 1) to 25 of these resonances. But in general, the 
assigments are based on statistical arguments. This is 
the case of Rahn et al [Ra 72] who made a complete classi
fication of the resonances. This classification does not 
always agree with Ribon's. Let us examine it in the 1000 
to lbui) eV energy interval for instance. 

In this energy range, according to the Porter-
Thomas law and considering Rahn's average parameters, 
there should be about 4 "s" resonances and 28 "p" re
sonances with neutron widths such that : 0.3 <g r n<3 meV. Owing to the repulsion of levels, little or no "s" re
sonances will be lost (one single population) ; but, many 
"p" resonances may be lost (2 resonance populations and 
they can be hidden by large "a" resonances). According to 
Rahn's results, between 1000 eV and 1500 eV, there are 8 
"s" resonances and 16 "p" resonances for which gr n is comprised betv;een 0.3 r.f:V and 3 meV, i.e. an excess of 
n 3 n resonances. If Ribon's results are accepted (which 
places the 1093.0 eV, 1204.4 eV and 1335 eV resonances 
in the group of "p" resonances) the corresponding popula
tions are brought down to 5 "s" resonances and 19 "p" re
sonances, i.e. in better agreement with the statistical 
predictions. Finally, it seems reasonable to take Rahn's 
results as basis, except when there is contradiction with 
Rlbon, for assigning the orbital momentum by a shape ana
lysis is preferable to that based on statistical argu
ments ; this also enables the excess of small "s" reso
nances existing in Rahn's results to be offset. 

The Sy atrenght function suggested by Ribon [Ri 69] 
is equal to (1.4 ± 0.5) 10~ 4 ; it was verified by studying 
a simulated total cross section generated by a Monte-
Carlo method. This value is in agreement with L7 x 10*^ as given 
by Forman et al [Fo 71] . Rahn et al [Ra 72] studied the 
influence of the possible confusion between "a* and "p" 
resonances to establish a lower value 0.6 x 10"4 and an 
upper value 1.4 x 10" 4 of Sj ; they proposed an order of 
magnitude for S^ equal to 0.9 x 10"4 (at the limit of 
the error bar given by Ribon). 

Another source of information on the Si strenght 
function is the measurement of the total cross section 
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between 1 KeV and 1 MeV due to C.A. Uttley et col. [ut S4] . 
By setting Û.80 x 1Q~4 a s the value of the Sn strenght 
function, they obtained the following value • 

S - (1.64 ± 0.24) 10 * 

This latter value is obtained by a completely diffe
rent method from those which use the resonance parameters 
and is consistent with the Saelay and Los Alamos values. 

We therefore propose an arithmetical mean of these 
three values, whilst retaining a significant error of 30% 
to allow for the conclusions of Columbia ; this then gives 

Sj = (1.58 ± 0.50) x 10 

4. Conclusion 

The list of resonance parameters emerging from the 
critical examination we have just made is given in 
Appendix 1. Except for the first four "s" resonances, it 
was established in the following manner : 

a) the energies and the neutron widths are those 
proposed by Saclay [Ri 69] supplemented by the Los-Alamos 
values [Fo 7l] for some small resonances not appearing 
in the Saclay list ; 

b) the radiation capture widths were determined 
from the Saciay neutron widths and the capture areas 
measured at Los-Alantos ; the mean value 21.4 mev is as
signed to the resonances for which Tf could not be deter
mined î 

c) the assignent of the orbital moment complies with 
that made at Columbia [Ra 72] except when there is contra
diction with the results of Saclay [Ri 69] . 

The average parameters proposed are : 

<D> S = 16.9 ± 0.7 eV 

<D>_ = 5.7 eV 

S Q = (0.89 ± 0.11) 10 

S x = (1.58 4 0.50) 10" 

<îy> = 2 1 . 4 5 t 0 . 25 HieV 
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II - CROSS SECTIOMS IN THE THERMRL AREA 

Except for a few cases, there have been no new expe
rimental results since 1962 ; most of them are found in tne 
BNL N° 325, and issue, supplement N° 2, to which we wouia 
refer the reader. 

II - 1. Capture cross section 
The four most accurate measurements are shown in the 

table II - 1. 
Table II - 1 

Authors Référencée Method ' 1 Results j 
(barns) ! 

i 

CROCKER 

SHALL 

Cr 55 

Sm 55 

Activation 

Pile 
oscillation 

7.32 - 0.!2 

7.57 - 0.17 

MYASISCHEVA 
et al My 57 Activation 7.32 * 0.10 

HUBERT PC al Hu 57 Transmission -3 from 10 to 
2.210"3 eV. 

7.60 - 0.16 

The weiaht-.cd mean of these four values is : 
(7.40 • 0.065)" barns. Like BNL 325 [Bn 73] we shall adopt : 

VTC2200) " °-i0 - °-m b a r n S 

The contribution of the positive energy resonances 
calculated from the parameters recommended in I is 0.43 
barns. Therefore the contribution of negative resonances 
must be 6.97 barns. Several authors have proposed para
meters for a negative resonance. We quote only the three 
3eries of values given in Table II - 2. 



TABLE II - 2 

Référence E 
(eV J 

r n

4 

(maV) (maV) 
contribution 
at 2200 m/a. 

TIREN et JENKINS 
( Ti 62 ) - 4.3 0.704 40 6.21 
COOPER et al 
( Co 61 1 -3.5 0.636 30 6.34 
LUNDGREN ( Lu 68 ) -5.1*0.5 1.8-0.4 24 6.79 

Probably one single negative resonance contributes 
significantly in the thermal area ; we propose the follo
wing parameters for this negative resonance : 

E =-5.0 eV ; r° = 1.974 raeV ; Ty = "1.6 eV 

enabling a contribution of G.97 barns to be obtained for 
the capture at 2200 m/s. 

The capture cross section in the thermal range can 
then be described by : 

o„ „ "'Ë = a + b E = 1.189 - (0.45 t 0.10) E ; 

for Westcott's g factor, this gives : 

g = 
1 + I I Eth 

1 + ! E t h 
jt 1 + j ~ - E h = 0.9952 t. rt,0ôl0 

2» Scattering cross section and total cross section 
The value of dp = 11.70 barns <R' = 9.65 fm) ob

tained by Ribon [Ri t>9] from the analysis of experimental 
transmissions correctly normalized below 3 keV agree with 
several other experimental results, particularly with those 
of Uttiey [Ot 64] who proposes o-p = 12.06 ± 0.36" barns as 
from the analysis of average high energy total cross sections 
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(1 ksV to 1 MeV). The value o p = (10.41 t 0.60) barns 
(R* =9.1 t 0.3) proposed by Eann [Ra 72] from the ana
lysis of resonances, is distinctly lower, zs is that of 
iû.15 barns recommended by Leonard for ENDF - B3. Therefore 
there is a choice to be taade between a high value close 
to that of Ribon, and a low value close to Rahn's. Table 
II - 3 shows that the high value is consistent with the 
total cross sections generally accepted for 2 3 2 T h at low 
energy ; the deviations between the measured cross sec
tion and the calculated cross sections are then relatively 
small ; they could be due to the fact that the description 
of the total cross section by allowing for one negative 
resonance only is probably insufficient. As for the low 
value, it is consistent with the total cross sections, 
apparently accurate, measured by Pattenden [Pa 65] and 
which constitute one of the bases of Leonard's evaluation. 

For the moment we recommend the value : 
Op = (11.70 ± 0.30) barns which agrees with a significant 
number of experimental data. 

TABLE II - 3 

Energy 
(MoV) 

<^K °1* *? o-T(>) <TT(2) o^(.)-<rT /7-f2)-Cr T 

0.1 5.5S - 0.5a 4.97 16.1 * 0.2 11.13 

6.0 i.oa - 0.88 0.20 l i . 9 - 0.2 10.7 - 0.04 11.70 10.58 

12.0 0.67 - 1.15 - 0.08 11.5 * 0.2 10.26 - 0.04 11.98 10.74 

+ 
°R 

R 

o T ( D 

<J T(2> 

»î 

= negative resonance contribution according to the 
parameters recommended in (II-1) ; 

=> contribution of positive resonances {above 100 eV) 
according to the parameters recommended in (1-4) 

= a ~ + a + . 
R + R ' 

= experimental cross sections according to [BN 58] 
[Ka 56] and different evaluations ; the large 
error bar is *ie to the fact that the values were 
taken from a graph (BN 58, Ka 68) ; 

•= total experimental cross sections of Pattenden [pa 65) ; 

f^was calculated by the following relation for each 
resonance of energy EJJ 

o.esgsa x i o g -rn<ry+r„'.€> 
~TST +5.544 10 

r° 
3 ' f t 

(E-E A)
J a~^ 

the cross sections are expressed in barns 
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III " CfiPOTBE CROSS SECTION BETWEEH 1 keV ftNB 500 keV 

III - 1. Experimental data 

We only considered the following recent results 
(less than 10 years old) : 

1) the oldest results we are taking into consideration 
are those of Macklin and Gibbons [Ma 63] , apparently 
known only by private communications (see Fo 71, for ins
tance) ; 

2) the results of Moxon {Ma 63] come from one of the first 
experiments done with the "Moxon-Rae" detector ; the cross 
sections obtained are 30* lower than the other values and 
we shall not retain them ; 

3) the results of Forraan et al were obtained by time-of-
flight method on a nuclear explosion. The authors only 
published their values up to 30 keV £FO 71] ,- as we have 
seen these results seem to be very good in the region of 
resolved resonances, and there is every reason to believe 
that this is also the case in the 10 keV region and above ; 

4) the results of, Nagle et al were obtained by activation 
with neutrons of 100 keV to 3 MeV [Na 7l] ; on figure m-i 
we have only shown the results below 500" keV. The normali
zation was done relatively to the fission of 235u given 
in ENL 325 (1965 issue) ; the values should be lowered 
by around 2% (but we did, not do so). The authors state 
that for gold they obtain good agreement with other ex
perimental or recommended data ; 

5) the results-of Stavissky, Chèlnokov et al, was obtained 
with a slowing-down spectrometer and published in final 
form, in 1973 [Ch 73] . These values are shown In figure XII-
1 ; the error indicated by the authors is probably a sys
tematic one. The behaviour of this capture rross section 
as a function of energy is very different from the other 
data and cannot be explained by any theoretical calcuJ a-
tion ; so we did not take it into account. 

Ill - 2. Description of the experimental data by statistical model 

The capture cross section, calculated by means of the 
FISINGA code [Le 70], is showr. in figure III - 1. The dott
ed line curve corresponds to the cross section calculated 
from average parameters resulting from the study of the 
resonances (see 1 - 4 ) and supplemented by the values 
S, = 1.10-4 and S, = 2.10"* for the strenght functions of 
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the orbital moments 1 = 2 and 1= 3 ; the mean radiative 
capture width was taken as being equal to 21.45 eV for 
all the " 1" values considered. The results obtained are 
lower than all the experimental cross sections 
between 5 keV and 50 keV. In order to obtain agreement 
between the experimental and theoretical values, the 
average parameters had to be adjusted. The solid line 
curve corresponds to the following parameters for the 
strength functions : 

5 u = 0.93 X 10~ 4 

Sj = 1.80 x 10" 4 

5 2 = 0.65 X 10~ 4 

5 3 = 2.7 x 1 0 - 4 

and, at the binding erergy, for average ?evel spacings 
and radiative capture rfidths s 

D (J = 1/2 ) = 16.5 eV 
Ty (J+) «= 21.6 meV 
fy (J-) =25.8 meV 

Comments on the choice of these parameters. 
1) The contribution of the neutrons with orbital momentum 
1= 0 to the capture is small above 10 keV. Sc the corres
ponding parameters were only slightly modified ; we ad
justed them by a quantity equal to half the error bar 
.giver, in I •• 4. This adjustment enables better agreement 
to be obtained with the experimental data below 10 keV. 

2) The "p" capture (capture of neutron of orbital momentum 
1 = 1 ) represents 2/3 of the. capture between 20 keV and 
50 keV. However s 10% increase on Si produce only a 3% 
increase on the total capture cross section. HBHce, *-* 
seemed to us that the best way of obtaining agreement 
between the calculated cross section and the experimental 
one was to increase the average capture width of the "p" 
neutrons, by introducing Yy values depending on the parity 
of the compound nucleus ; thi= can be justified by the 
two following arguments : 

a) the fundamental of 2 3 3
T h i s i/a+ s p l n a n d p a r i t y . 

it is possible, as for Pu, that most of.the levels 
below 0.5 MeV are also of positive, parity. The dljrect Ej 
transitions to low-lying states from negative parity 
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resonances would therefore be more probable, according 
to the selection rules, thereby producing : 

r? (J~> > r7"(j+) ,-

b) the only "p" level for which the experimental 
values of Ty has been determined, is that at 8.3 eV ; 
results [Pa 65j [Rl 69j give a value close to 30 meV for 
Ty, with, however, large error bars ; indeed, these two 
arguments are not quite conclusive but they do make a 
dependence of Ty with parity plausible. 

We have also shown on figure III-l the results of two 
recent evaluations : 

- that of Davletskin et al [lia 7l] which, on ave
rage, agrees with ours but gives a less marked structure 
towards 50-100 keV ; 

- that of the British DFN 930 (1973) band which 
is from 20 to 30% above, ours. 

Ill - 3. Conclusion 
It is therefore quite possible to describe the 

capture cross section of 232yh up to 500 keV by a set of 
average parameters in very good agreement with that de
duced from the study of resolved resonances. However the 
Sj and S3 values, adjusted to improve the agreement, must 
not be taken too seriously. 

Before ending this section, we shall observe that 
the non elastic cross sections, were also calculated by 
nieans of the FIS1NGA Code. They appear to be about 15% 
too small, which is rather satisfying since there were 
no adjustments on experimental non elastic cross sections. 
TCIÔ values appearing in the evaluated data (ENDF-B format) 
were arbitrarily increased by 15%. 

IV - RESONANCE INTEGRAL ACCORDING TO THE DIFFERENTIAL DATA. 

The various contributions to the Rl 0 resonance integral, calculated froa the differential data, are given 
in table IV - l. We shall run through the .methods used to 
obtain them. 

IV - 1. Contribution of positive resolved resonances 
We have indicated the individual contribution of the 
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main resonances below 200 eV and the total contribution 
'jf the other resonances between 0.2 keV and 1 keV, and 
also between 1 keV and 3 ketf. The effect of a 5% variation 
on parameters T n and Ty of each resonance was also eva
luated. 

2. Contribution of unidentified resonances in the resolved 
area. 

These resonances hav^ small Tn va.ues but their con
tribution to the capture integral is relatively significant. 
We simply estimated it in the following rainier : 

- between 1 keV and 3 keV, we took it as being equal 
to the difference between the result of the calculation by 
statistic model and the values of the mean cross sectlc.is 
calculated from resonances parameters ; 

- we assumed that, below 600 eV, the dd fference 
between these two methods or calculation corresponded to 
fluctuations in the sampling, that is to say that the uni
dentified resonances were few (this is probably true for 
the "s" resonances below 500 eV [Ri 69] ) ; 

- between 600 eV and ! keV, we used a correction 
equal to half the difference between the? statist-ic rcodel 
and the calculation from resonance parameters. 

3. Contribution of negative resonances 

This contribution may be calculated by means of the 
following integral : 

,106 ffn,ï(E) 

Ri" = / dE ; 
° J £ 

0"~ „ is the part of 0" „ due to the negative resonances ; 

n,Y c n,Y 
E is the cut-off energy. 

On the assumption that RI^ can be described by a 
single negative resonance, with a n /y (2200) = 6.97 barns 
and the jiararoeters indicated in II - 1 for the negative 
resonance, we obtain : 

RI~ =1.41 barns 
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IV - 4» Results 

The sura of the partial contributions of table I u - 1 
gives : 

RI = 83.7 ± 2.7 barns c 

The error was calculated by adding quadral-ically 
the errors in each of che contributions to RI C. The error 
due to the only resonance at 23.4 eV is 2.5 barns. Without, 
it, the error in RIc would be around 2.1 barn. It there
fore appears that learning more about RI C as from diffe
rential data first presupposes a better knowledge of the 
parameters of the resonance at 23.4 eV. 

A detailed review of the measured values was made 
by Greneche [Gr 74] . We would refer the reader to it. He 
recommends the following value : 

RI - 85.8 ± 2.5 barns 

This value agrees with that which we obtain from 
differential data. A mean value of these two results can 
then be recommended : 

RI = 84.8 ± 1,8 barns c 
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TABLEAU - IV - I. 

Capture resonance integral of "J Th 

Energy Résonance 
pira-etcra Infinite dilution 

Finite dilution 
P 

E 
(cV ) 

r„ 
(neV) faeV) 

ai 
c 

barns 

effect of • 5Z vari.itiot ni 
c 

barna 

effect of * 5Z variation 
E 

(cV ) 

r„ 
(neV) faeV) 

ai 
c 

barns 
on fj on t'y 

ni 
c 

barna 
o„ r; on rH 

C.32 
13.03 
21.75 
23.41 
59.48 
69.19 
113.0 
12.03 
129.2 
154.4 
170.4 
192.7 
199.4 

2.02 
3.88 
3.90 
43.8 
13.6 
23 
3.46 
0.21 
60.9 
18.1 
10.4 

24.5 
26.6 
23.7 
21.9 
17.4 
17.3 
16.8 
18.8 
21.9 
22.5 
17.9 

0.017 
0.005 
16.31 
25.55 
3.91 
12.62 
2.47 
2.79 
0.7 
0.03 
2.30 
1.12 
0.69 

• 4.6 Z 
» 4.4 Z 
« 4.3 Z 
* 1.7 Z 

+ 0.4 Z 
• 0.7 Z 
* 0.7 Z 
+ 3.4 Z 

3.05 
3.69 
0.92 
1.19 
0.45 
0.46 
0.23 
0.03 
0.29 
0.19 
0.17 

* 2.2 Z 
• 2.! 2 
* 2.0 Z 
- 0.2 Z 
* 1 Z 
• 0,4 Z 
• 2.1 Z 
• 3.9 Z 
- 0.8 Z 
• U.5 Z 
• 1.0 Z 

» 2.6 Z 
< 2.8 Z 
» 2.S Z 
• 5.2 Z 
• 3.9 Z 
• 4. 52 
• 2.8 I 
• 0.8 Z 
• 5.8 Z 
+ 4.4 Z 
• 3.S Z 

Others resolved resonances 
below I IceV S.17 18.35 • 2.3 Z • 2.8 . 

Resonances between 1 and 
3 keV 1.83 • 1.9 Z • 3.2 X 

•Unresolved resor.anccs 
between 0.6 and 1 keV 
between 1 and 3 keV 

0.17 
0.44 

Capture crocn section 
between 3 kcV and 1 HeV 3.06 

Contribution of negative1 

resonances 1.41 

TOTAL : 83,67 
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CONCLUSION 

In this work, we have proposed a set of resonance 
parameters from a critical examination of the main expe
rimental data available at present. 

This set of parameters was not obtained by taking 
the mean values of all the experimental data ; a selec
tion was made and a justification of this choice has been 
given. It is mostly based on *-.ho Saclay transmission 
measurements and the Los-Alamos capture cross section 
measurement. From this has resulted, a set of average 
parameters which is very consistent with that which is 
likely to represent the experimental capture cross sec
tions up to 500 keV. Obviously other sets of parameters 
can be proposed ; but we consider that any other set/ 
prepared as from other bases, would approximate closely 
to that we are proposing, particularly when it is a ques
tion of calculating average cross sections. 

232 ft complete evaluation of Th is given in the ENDF-
D format under number MAT 445. Our contribution concerns the 
data under 1 MeV ; particularly the resonance parameters 
and capture cross sections. The data above 1 HeV are 
taken from ENDF-B MAT 1296. 

The author is grateful to Dr P. Ribon for his in
terest in this work and his help for all theoretical 
calculation. He is also indebted to D. Gi'enSche for his 
help in the determination of the resonance parameters 
below 100 eV. 
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APPENDIX I 

Resonances parameters of Th 

Energy *rn 
£ r* C L A , ! 

(eV) (meV) ( X . ) ( e V ) '.*,) 
1 8 .346 0 . 0 0 0 3 130 2 9 . 0 30 1 232 90 
2 1 3 . 1 1 1 0 . 0 0 0 2 160 1 232 90 
3 2 1 . 7 8 3 2 . 0 2 0 0 3 0 2 4 . 5 8 0 232 9 0 
4 2 3 . 4 3 9 l ,800 30 2 6 . 6 6 0 232 90 
5 3 6 . 9 2 6 0 . 0 0 1 0 300 1 232 9 0 
6 3 b . 1 6 5 0 . 0 0 0 b 400 t 232 9 0 
7 4 0 . 9 2 5 0 . 0 0 0 6 4 0 0 1 Z3Z 9 0 
b 4 7 . 0 0 1 0 . 0 0 1 4 300 1 232 9 0 
9 4 9 . 8 5 0 O.Q006 760 1 232 90 

10 5 4 . 1 3 0 0 . 0 0 1 1 500 1 232 90 
11 5 8 . 7 8 0 0 . 0 0 9 6 1 1 0 1 232 9 0 
12 5 9 . 5 1 4 3.9Q0O 2 5 2 3 . 7 4 0 232 90 
13 64 .5B0 0 . 0 0 0 5 90 C 1 232 90 
14 6 9 . 2 2 4 4 3 . 6 0 0 ~ 2 5 2 1 . 9 4 0 232 90 
15 9 0 . 0 9 8 O.0OÏ 400 1 232 9 0 
lb 9 8 . 1 0 6 0 . 0 0 5 500 ( 1 1 232 90 
I f 1 0 3 . 6 4 6 0 . 0 0 6 . ' 400 ( 1 1 232 9 0 
lb 1 1 1 . 9 8 7 0 . 0 0 4 3 900 ( 1 1 232 90 
19 1 1 3 . 0 3 2 1 3 . 6 0 0 0 3 0 1 7 . 4 2 0 0 232 9 0 
20 1 1 7 . 7 5 2 0 . 0 0 2 0 900 1 232 90 
21 1.10.870 2 3 . 0 0 0 0 30 1 7 . 3 30 0 232 90 
22 1 2 6 . 2 1 0 0 . 0 7 3 0 180 111 232 90 
23 1 2 9 . 1 9 0 3 . 4 6 0 C 1 0 0 1 6 . 8 1 6 0 232 9 0 
24 1 4 5 . 8 7 1 0 . 0 9 1 0 100 1 232 90 
25 1 4 8 . 0 7 4 0 . 0 1 2 0 3 0 0 ( 1 1 232 90 
26 1 5 4 . 3 8 2 0 . 2 0 5 0 80 1 8 . 8 76 0 232 90 
2? 1 6 7 . 0 4 3 0 . 0 1 6 0 6 5 0 ( 1 1 232 9 0 
26 1 / 0 . •(•03 6 0 . 9 0 0 0 30 2 1 . 9 10 0 232 90 
29 1 7 8 . 9 3 1 0 . 0 2 3 0 300 1 232 90 
30 1 9 2 . 7 5 6 1 8 . 1 0 0 0 40 2 2 . 5 21 0 232 9 0 
31 1 9 6 . 3 1 6 0 . 0 8 3 0 120 0 232 9 0 
32 1 9 9 . 4 4 4 1 0 . 4 0 0 0 50 1 7 . 9 16 0 232 90 
33 2 0 2 . 6 6 6 0 . 0 2 8 0 2S0 1 232 90 
34 2 1 1 . 0 9 1 0 . 0 1 6 0 350 1 232 90 
35 2 1 9 . 5 4 V 0 . 0 5 1 0 200 ( 1 ) 232 9 0 
36 2 2 1 . 3 3 6 3 0 . 7 0 0 0 30 2 2 . 0 15 0 232 90 
37 2 3 2 . 0 2 0 0 . 0 1 3 0 ( 1 1 232 90 
36 2 3 4 . 2 2 0 0 . 0 2 0 0 ( 1 ) 232 90 
3» 2 4 2 . 520 0 . 0 4 9 0 2 0 0 III 232 90 
40 2 6 1 . 7 3 0 3 2 . 6 0 0 0 4 0 2 1 . 7 15 0 232 9 0 
41 2 5 8 . 2 6 7 OoOlOO 900 ( 1 1 232 90 
42 2 6 3 . 3 0 5 2 3 . 3 0 0 0 4 0 1 6 . 6 19 0 232 90 
«3 2 7 2 . 6 1 9 C . 0 1 9 0 ( 1 ) 232 90 
44 2 7 6 . 6 1 9 0 . 0 3 5 0 ( 1 1 ZÎZ 9 0 
45 2 8 5 . 7 9 7 3 1 . 2 6 0 0 50 1 7 . 6 12 0 232 90 
46 2 9 0 . 4 0 6 0 . 0 7 0 0 250 ( 1 1 232 90 
47 2 9 9 . 5 7 8 0 . 0 4 2 0 250 ( 1 1 232 9 0 
46 3 0 2 . 5 6 5 0 . 1 2 8 0 200 ( 1 1 232 90 
49 3 0 5 . 5 0 1 2 6 . 6 0 0 0 50 1 7 . 2 15 0 232 90 
SO 3 0 9 . 3 7 0 0 . 0 5 3 0 3S0 tit 232 90 
511 3 2 1 . 8 0 0 1 0 . 0 6 0 0 3 5 0 1 (11 232 9 0 
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ncsononccû paramctcro of Th 

Energy 
B r n £ r, C 

L À z 
i _ (cV) ( n e V ) «.) ( e V ) (X) 

52 3 2 8 . 9 5 6 7 5 . 2 9 8 0 6 0 2 1 . 2 10 0 232 90 
53 3 3 5 . 0 5 2 0 . 0 3 5 0 9 0 0 us 232 9 0 
54 3 3 8 . 0 4 9 0 . 0 5 0 0 4 0 0 ( 1 1 232 9 0 
55 3 4 1 . « 3 1 4 0 . 0 0 0 0 75 1 9 . 7 15 0 232 90 
56 3 5 1 . 8 0 0 0 . 0 7 7 0 ( l i 232 90 
57 3 6 1 . 2 0 2 0 * 1 0 0 0 300 ( 1 1 232 9 0 
su 3 6 5 . 1 8 3 2 5 . 4 0 0 0 100 2 2 . 7 20 0 232 90 
59 3 6 9 . 3 2 2 2 6 . 0 0 0 0 110 2 2 . 4 30 0 232 90 
60 3 8 0 . 4 8 7 0 . 1 1 5 0 300 i l l 232 9 0 

& 3 9 1 . 6 9 7 0 . 1 7 6 0 300 ( 0 ) 232 9 0 
62 4 0 0 . 9 1 8 1 1 . 9 0 0 0 100 1 4 . 9 50 0 232 90 
63 4 0 3 . 0 0 0 0 . 1 0 4 0 <11 232 90 
64 4 1 1 . 7 8 1 0 . 2 8 0 0 2 0 0 1 232 9 0 
65 4 2 0 . 8 5 3 0 . 5 4 0 0 160 10 ) 232 90 
66 4 2 7 . 1 0 0 0 . 0 1 9 0 ( 1 1 232 90 
67 4 5 4 . 2 1 8 i . 2 3 0 0 130 0 232 9 0 
6» 4 5 8 . 8 6 4 0 . 0 6 0 0 400 ( 1 1 232 9 0 
69 4 6 2 . 5 4 1 6 5 . 5 9 9 0 8 0 1 9 . 0 16 0 232 90 
70 466 .400 0 . 1 0 0 0 «20 ( 1 1 232 90 
71 4 7 0 . 6 1 7 0 . 0 4 0 0 750 ( 1 1 232 9 0 
72 4 7 6 . 2 9 7 0 . 1 0 0 0 3 0 0 ( 0 1 232 90 
73 4 8 8 . 7 7 5 6 0 . 1 0 9 0 80 1 7 . 2 24 0 232 90 
74 5 0 0 . 0 0 3 0 . 0 5 0 0 8 5 0 ( 1 1 2 3 2 9 0 
75 5 1 0 . 3 5 9 5 . 3 2 0 0 100 0 232 90 
76 5 2 8 . 4 9 6 1 5 . 7 0 0 0 100 1 7 . 9 24 0 232 90 
77 5 3 3 . 3 2 7 0 . 3 1 0 0 200 ( 1 1 232 90 
78 5 3 5 . 508 0 . 3 4 0 0 2 0 0 ( 1 1 232 90 
79 5 4 0 . 2 0 8 1 . 1 8 0 0 150 1 232 90 
80 5 3 0 . 3 0 0 0 . 4 1 0 0 111 232 90 
81 5 6 9 . 7 8 5 2 8 . 7 0 0 0 9 0 2 6 . 3 30 0 232 9 0 
82 5 7 3 . 5 5 5 0 . 7 5 0 0 2 0 0 ( 0 1 232 90 
B3 5 7 8 . 0 9 3 2 . 9 7 0 0 180 0 232 90 
84 5 8 4 . 0 0 0 0 . 0 8 5 0 ( 1 1 232 9 0 
«5 5 9 4 . 0 1 2 0.1COQ 5 0 0 111 232 9 0 
ee> 5 9 8 . 2 7 9 1 0 . 0 9 9 0 140 2 6 . 6 40 0 232 9 0 
87 6 1 7 . 8 3 8 4 . 0 9 9 9 180 0 232 9 0 
88 6 2 5 . 1 0 0 0 . 0 5 3 0 7 0 0 i l l 232 90 
89 6 2 8 . 0 0 0 0 . 0 5 5 0 ( 1 1 232 9 0 
90 6 3 4 . 2 0 0 0 . 0 7 3 0 111 232 90 
91 6 4 4 . 1 0 0 0 . 0 9 0 0 750 111 232 90 
9 * 6 5 6 . 6 0 2 4 9 . 1 0 0 0 80 1 6 . 3 18 0 232 9 0 
93 6 6 0 . 7 0 0 O.200O 4 5 0 111 232 90 
94 6 6 5 . 3 0 3 2 5 . 1 0 0 0 9 0 1 2 . 4 18 0 232 9 0 
95 6 7 5 . 1 9 8 2 1 0 . 0 0 0 2 4 0 1 8 . 4 14 0 2 3 2 9 0 
96 6 8 7 . 4 4 6 5*..8O0O 100 1 8 . 9 17 0 232 9 0 
97 6 9 5 . 8 0 0 0 . 1 7 0 0 680 ( 1 1 232 90 
9a 6 V 8 . 9 2 9 O . Î S 0 O 750 tit 232 9 0 
99 7 0 1 . 1 9 0 1 0 . 8 9 9 0 160 0 232 9 0 

103 704<53b[ 0 . 1 7 0 0 750 111 232 9 0 
! 101 712 .9221 2 9 . 6 0 0 0 90 1 3 . 6 30 0 232 90 
1 102 720 .2001 0 . 0 9 3 0 ( 1 1 232 9 0 



Resonances parameters of Th 
Energy "i e r, C L A z 

( e v ) (meV) ( Z . ) ( e V ) CZ) 
L A z 

103 7 2 4 . 1 0 il. HOC 750 11 ) 232 90 
104 7 4 1 . 0 9 1 9 3 . 0 0 0 1 45 2 3 . 7 10 0 232 90 
105 7 4 9 . 3 0 0 . 3 4 0 0 i n 232 90 
106 7 5 8 . 5 4 0 . 2 4 0 0 500 : i > 232 9 0 
107 7 6 4 . 7 9 0 . 8 2 0 0 2 0 0 101 232 90 
10B 7 7 1 . 5 0 0 . 1 0 4 0 m 232 90 
109 7 7 4 . 3 8 0 . 0 5 0 0 7 5 0 m 232 9 0 
110 7 7 8 . 7 2 1 0 . 9 9 9 0 2 5 0 2 5 . 0 19 0 2.12 9 0 
111 7 8 4 . 6 0 0 . 0 7 7 0 m 232 90 
112 7 0 8 . 4 0 0 . 0 7 8 0 I D 232 90 
113 7 9 3 . 0 0 0 . 0 8 3 0 890 m 232 90 
114 8 0 4 . 2 4 1 8 0 . 0 0 0 1 6 0 1 9 . 6 12 0 232 90 
115 8 0 8 . 4 " 0 . 1 4 0 0 4 2 0 i n 232 90 
116 8 1 6 . 6 5 0 . 1 8 0 0 500 en 232 90 
117 8 2 1 . 0 0 1 . 1 5 0 0 180 ( 0 1 232 90 
118 8 2 a . 8 8 0 . 2 8 0 0 300 < i i 232 90 
119 8 3 6 . 8 7 1 . 5 9 0 0 1 2 0 ( 0 1 232 90 
120 8 4 2 . 3 5 2 7 . 2 0 0 0 90 2 1 . 0 20 0 232 90 
121 8 4 6 . 9 0 0 . 1 4 0 0 5 5 0 t u 232 90 
122 8 5 0 . 7 6 1 . 1 4 0 0 170 ( 0 1 232 90 
123 8 6 6 . 3 3 1 2 . 8 6 0 0 1 2 0 3 5 . 4 2 8 0 232 90 
12". 8 6 9 . 4 1 0 . 7 S 0 0 2 0 0 ( 1 ) 232 90 
125 8 7 8 . 3 0 0 . 1 9 9 0 ( 1 1 232 90 
12b 8 8 4 . 6 3 0 . 3 6 0 0 2 2 0 (1> 232 90 
127 8 9 0 . 1 4 37 .90001 60 2 2 . 2 13 0 232 90 
128 8 9 9 . 6 0 0 . 0 6 2 0 111 232 90 
129 9 0 6 . 4 9 2 . 1 1 0 0 160 1 232 90 
130 9 1 4 . 5 0 0 . 1 6 0 0 750 111 232 90 
131 9 1 9 . 0 2 0 . 4 8 0 0 3 0 0 111 232 90 
132 9 2 6 . 8 7 0 . 4 4 0 0 2 5 0 1 0 ) 232 90 
133 9 3 4 . 2 8 0 , 2 7 0 0 4 0 0 111 232 90 
1 3 * 9 4 3 . 2 2 4 4 . 9 0 0 0 60 2 5 . 8 13 V 232 90 
135 9 5 5 . 9 8 0 . 1 8 0 0 750 ( 1 1 232 90 
136 9 6 2 . 7 2 b . 6 2 0 0 150 9 232 90 
137 9 7 4 . 2 9 0 . 2 7 0 0 750 ( 1 1 232 90 
138 9 6 2 . 9 2 3 5 . 4 0 0 0 100 1 8 . 6 1 7 0 232 90 
139 9 9 0 . 5 3 8 9 . 8 0 0 0 80 1 7 . 7 15 0 232 90 
140 9 9 5 . 4 9 0 . 5 8 0 0 750 ( 1 1 232 90 
141 1 0 0 1 . 1 7 0 . 2 8 0 0 400 ( 1 1 232 90 
142 1 0 1 0 . 5 7 1 2 5 . 5 0 0 1 80 2 0 . 2 15 0 232 90 
143 1 0 2 1 . 5 2 0 . 3 8 0 0 750 11 ) 232 9 0 
144 1 0 2 9 . 4 0 0 . 3 5 0 0 750 ( 1 ) 232 90 
145 1 0 3 9 . 1 6 8 . 5 6 0 0 160 0 232 SO 
146 1 0 4 3 . 9 2 0 . 7 0 0 0 3 0 0 ( 1 ) 232 90 
147 1 0 4 9 . 5 0 0 . 2 6 0 0 ( 1 ) 232 90 
146 1 0 5 4 . 8 0 0 . 3 4 0 0 ( 1 ) 232 90 
149 1 0 6 0 . 5 0 0 . 2 6 0 0 ( 1 ) 232 9 0 
150 1 0 6 ^ . 4 3 6 . 0 3 0 0 2 0 0 2 5 . 0 99 0 232 90 
151 1 0 7 3 . 7 0 0 . 2 0 0 0 5 i 0 11 ) 232 9 0 
152 1 0 7 7 . 2 3 fa.6900 180 0 232 9 0 
153 1 0 9 3 . 0 0 1 . 7 8 0 0 2 2 0 1 232 9 0 
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Rcocnoncoo parameters of Th 

f ' 1 kncrcy ««i € r, T X, A z 
I I (oV) (ncV) « . ) (<rV) (*; 

16*{ 1109.97 ii.aooc 120 3 1 . 3 30 0 232 90 
155J U14.S0 1.7000 4C0 10» 232 9 0 
15&J 1116.22 1.0000 7 5 0 l i t 232 9 0 
15! 1120.60 3.3500 170 0 232 9 0 
15£ 1126.82 C A ^ V I J IVC I D 232 9 0 
159 1132. 67 0.4000 3 5 0 11) 232 9 0 
160 1138.90 16.0000 140 2 3 . 0 30 0 232 90 
161 1150.46 17.3000 130 0 232 9C 
1 6 * 1167.20 0.1000 i l l 232 9 0 
163 1175.83 0.3500 300 111 232 90 
164 1184.90 O.100O i l l 232 90 
»65 1194.53 7.5000 ISO 0 232 9 0 
166 1204.44 2.1600 230 1 l 232 9 0 
167 1214.14 0.3000 900 ( 1 1 232 9 0 
166 1217.34 0.6000 700 ( 1 1 232 9 0 
168 1224.15 0.4200 500 ( 1 1 232 9 0 
170 1227.98 38.6QCC 100 1 6 . 1 25 0 232 90 
171 1233.20 0.7000 700 111 232 9 0 
172 1243.09 18.7000 160 0 232 9 0 
173 1248.91 123.6000) 7C 2 2 . 8 17 0 232 9 0 
1 7 * 1260.81 0.6000 350 111 232 90 
175 1261.70 0.3000 350 111 232 90 
176 1266.36 0.2800 750 I D 232 9 0 
177 1269.40 24.7000 140 0 232 90 
178 1287.57 0.1000 9 0 0 11) 232 90 
179 1292.16 102.6000 80 2 4 . 1 2 6 0 232 9 0 
180 1301.5b 50.3000 100 1 5 . 6 24 0 232 9 0 
181 1307.80 0.3500 111 232 90 
162 1334.95 3.2000 2 0 0 1 232 «0 
183 1346.03 1.0500 3 0 0 i l l 232 9 0 
I B * 1349.40 0.7000 4 0 0 ( 1 1 232 90 
185 1354.78 83.7990 100 1 8 . 5 20 0 232 90 
136 1359.86 9.0000 2 5 0 0 232 9 0 
187 1372.33 1.0000 3 0 0 ( 0 ) 232 9 0 
18tt 1378.05 51.6000 IOC 2 1 . 5 25 0 232 90 
189 1384.60 O.300O 6 0 0 111 232 90 
190 1387.45 2.200O 2 5 0 ( 0 1 232 9 0 
191 1397.86 140.0001 70 1 9 . 7 20 0 232 90 
192 1408.70 0.4000 50 C ( 1 1 232 9 0 
193 1417.91 0.6000 3S0 ( I t 232 9 0 
1 9 * 1426.63 112.0000 9 0 2 1 . 2 18 0 232 9C 
195 1433.90 34.8000 170 2 6 . 8 19 0 232 9 0 
196 1441.42 1.5000 300 ( 1 1 232 9 0 
197 1449.60 0.2800 111 232 90 
19B 1461.02 1.4000 3 0 0 ( 0 1 232 9 0 
199 1465.40 0.1500 111 232 9 0 
209 1469.30 0.3000 600 111 232 9 0 
201 1478.33 2.3000 2 5 0 ( 0 ) 232 9 0 
202 1484.10 0.1500 i l l 232 90 
203 1502. ! * O.8000 400 111 232 90 
20<> 1508.60 1.0000 500 ( 0 1 2 3 2 9 0 



Resonances parameters of 232„ 

Energy 
(eV) 

205 
206 
Z07 
20b 
209 
210 
211 
212 
213 
214 
215 
216 
217 
2 l e 
219 
220 
221 
222 
223 
224 
225 
226 
227 
226 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
.243 
249 
250 
251 
2 52 
253 
254 
255 
__L 

1509 .60 
1515 .34 
1518.71 
1524 .31 
1555 .60 
îsai.oa 
1589 .53 
1602 .60 
1611 .16 
1623 .48 
1630 .90 
164C.B0 
1 6 6 1 . 4 3 
1668.70 
1677 .95 
1689.81 
1697.01 
1 7 0 5 . 3 4 
1719 .80 
1725 .42 
1730 .13 
1740 .15 
1746.79 
1753.6V 
1762 .77 
1767 .30 
1 7 8 5 . 3 2 
1793 .25 
1603 .50 
1812 .07 
1824 .23 
1834 .47 
1847 .76 
1854 .76 
1 8 6 1 . 9 8 
1888.90 
1 8 9 6 . 6 0 
190C.36 
1928 .30 
1 9 3 1 . 1 0 
1940.02 
1951 .06 
1971 49 
1981 .84 
1988 .25 
2 0 0 5 . 2 4 
2015.AS 
2020.46 
2 0 2 6 . 2 1 
203S.06 
2052.41 

(meV) 

JL 

3.ÛÛ0O 
1.6000 

196.000 2 
2 0 6 . 0 0 0 1 

6 . 4 0 0 0 
2 2 . 3 0 0 0 

3 6 2 . 0 0 0 3 
54 .9000 

0 .9500 
0 . 6 0 0 0 

549 .0004 
39 .9000 

132 .0001 
0 .5000 

2 4 . 3 0 0 0 
1 .1000 
2 . 5 0 0 0 
3 . 5 0 0 0 

3 9 . 5 0 0 0 
1.2000 
1.800O 
6 .7999 

3 3 . 1 0 0 0 
0 . 7 0 0 0 

1 1 6 . 6 0 0 0 
1 .4000 
2 .4000 
0 . 4 8 0 0 

100 .0000 
4 4 . 1 0 0 0 
92 .9990 

1 .4000 
4 .2000 

31 .4000 
34 .1000 

1 .1000 
6.000C 

114 .0000 
7 .0000 

J0 .5000 
0 .3200 

90 .7990 
222 .0001 

1 .3000 
4 7 . 4 0 0 0 
26 .9000 

1 .0000 
1 .0000 
1 .3000 
1 .0000 

18 .0000 

c 
(%.) 
200 
740 
100 

80 
320 
210 

60 
120 
700 
60S 

60 
210 
100 

200 
700 
400 
280 
140 
300 
400 
200 
140 
900 

70 
600 
350 
700 
110 
200 
100 
600 
250 
180 
180 
400 
740 
100 
ISO 

150 
900 
110 

90 
999 
200 
280 
750 
750 
750 
750 
250 

(eV) 

1 9 . 8 
2 5 . 2 

26.*, 
2 3 . 1 
2 7 . 1 

1 9 . 2 
1 9 . 8 
2 4 . 4 

1 8 . 4 

e 

1 9 . 7 

2 4 . 6 

1 8 . 0 
28.0 
20.2 

24.3 
29.6 

1 8 . 9 
1 9 . 0 

24.6 
24 .1 

(1) 232 
«11 232 
0 232 
0 232 
0 232 
0 232 
0 232 
0 232 
(It 232 
111 232 
0 232 
0 232 
0 232 
«11 232 
0 232 
(1) 232 
to> 232 
(0) 232 
0 232 
ill 232 
(I 1 232 
(01 232 
0 232 
(11 232 
0 232 
(11 232 
10) 232 
111 232 
0 232 
0 232 
0 232 
(11 232 
(0) 232 
0 232 
0 232 
11) 232 
til 232 
0 232 
10) 232 
!0) 232 
(11 232 
0 232 
0 232 
«11 232 
0 232 
0 232 
«11 232 
(11 232 
(1) 232 
(11 232 
0 232 
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Resonances parameters of Th 

1 1 Energy ern £ ft C L A z 
J ( cV) (neV) ( I . ) (eV) (Z> 

256 2 0 5 5 . 7 0 0 . 5 0 0 0 600 ( 1 1 232 90 
257 2 0 6 2 . 1 4 5 7 . 0 0 0 0 200 24.0 99 0 232 90 
2 SB 2 0 7 3 . 5 6 8 . 5 0 0 0 700 ( 0 ) 232 9 0 
2 5 i 2 0 7 8 . 9 9 1 0 . 0 0 0 0 4 0 0 0 232 90 
260 2 0 9 6 . 9 9 1 . 2 0 0 0 6 0 0 ( 0 1 232 90 
261 2 1 1 7 . 6 1 7 9 . 4 9 9 0 150 0 232 9 0 
262 2 1 3 9 . 5 2 1 . 0 0 0 0 700 i l l 232 90 
263 2 1 4 7 . 5 2 9 4 . 6 9 9 0 140 0 232 90 
26*. 2 1 5 7 . 7 3 1O.000S) 500 i l l 232 90 
265 2161a83 1 2 2 . 0 0 0 0 130 ( 0 ) 232 90 
266 2 1 7 0 . 7 3 2 . 8 0 0 0 500 lit 232 90 
267 2 1 7 7 . 9 4 6 3 . 7 9 9 0 1 3 0 0 232 9 0 
26B 2 1 9 7 . 3 5 5 6 . 0 0 0 0 150 0 232 90 
269 2 2 0 8 . 1 5 2 . 2 0 0 0 4 0 0 ( 1 ) 232 9 0 
270 2 2 1 6 . 2 6 2 8 . 1 0 0 0 200 0 232 90 
271 2 2 2 1 . 6 b 9 5 . 8 9 9 0 130 0 232 90 
272 4 2 3 4 . 0 7 2 . 5 0 0 0 4C0 ( 0 ) 232 90 
273 2 2 4 3 . 1 7 O.TOOO 9 9 9 ( 1 ) 232 90 
2 74 2 2 4 7 . 6 7 0 . 6 0 0 0 800 ( 1 1 232 90 
2 75 2 2 6 2 . 1 6 0 . 6 0 0 0 7 0 0 ( 1 ) 232 90 
276 2 2 7 1 . 0 6 2 8 . 3 0 0 0 190 0 232 90 
277 2 2 7 6 . 2 5 9 1 . 3 9 9 0 2 2 0 0 232 90 
276 2 2 6 6 . 4 5 2 7 8 . 0 0 0 2 90 0 232 90 
279 2 3 0 6 . 8 1 3 . 2 0 0 0 4 0 0 ( 1 1 232 90 
280 2 3 1 3 . 0 1 1 . 6 0 0 0 4 0 0 ( 1 1 232 90 
2B1 2 3 2 1 . 3 1 4 . 0 0 0 0 350 (0> 232 90 
2B2 2 3 2 9 . 9 2 2 . 2 0 0 0 50T ( I t 232 9 0 
283 2 3 3 5 . 7 2 1 2 4 . 0 0 0 0 130 0 232 90 
284 2 3 4 4 . 3 3 6 . 5 9 9 9 300 ( 0 ) 232 90 
265 2 3 5 2 . 5 0 1 5 . 0 0 0 0 200 ( 0 1 232 9 0 
2B6 2 3 5 3 . 7 0 1 4 . 0 0 0 0 200 (OJ 232 90 
287 2 3 6 1 . 7 4 0 . 6 0 0 0 800 ( 1 1 232 9 0 
266 2 3 6 9 . 4 4 I . 1 0 0 0 750 ( 1 ) 232 90 
269 2 3 7 4 . 9 7 1 1 9 . 0 0 0 0 130 0 232 90 
290 2 3 8 2 . 6 5 4 . 5 0 0 0 4 0 0 ( 0 1 232 9 0 
291 2 3 9 1 . 4 5 4 . 0 0 0 0 350 ( 0 1 232 )0 
292 2 4 0 6 . 6 6 0 . 5 0 0 0 750 ( 1 1 232 90 
293 2 4 1 3 . 0 7 0 . 6 0 0 0 70C ( 1 ! 232 90 
294 2 4 1 8 . 6 3 9 7 . 0 9 8 9 1 2 0 0 232 90 
295 2 4 2 3 . 9 7 2 . 3 0 0 0 750 ( 1 1 232 90 
296 2 4 2 7 . 56 3 . 0 0 0 0 3 5 0 ( 1 1 232 9 0 
297 2 4 3 5 . 1 6 z.;loo 350 ( 1 ) 232 9 0 
296 2 4 4 0 . 6 4 10.6000 2 2 0 ( 0 1 232 90 
299 2 4 5 2 . 0 0 4.0000 7 0 0 I D 232 90 
300 2 4 5 2 . 5 0 1.0000 750 ( I ) 232 90 
301 2 4 5 5 . 7 7 165.0001 120 0 232 90 
302 2 4 6 2 . 6 9 4.0000 700 ( 1 ) 232 90 
303 2 4 7 4 . 3 0 0.9000 750 ( 0 ) 232 90 
304 2 4 8 0 . 9 1 0.6000 750 ( 1 ) 232 90 
305 2 4 9 1 . 6 1 8.4000 3 0 0 ( 0 ) 232 90 
300 2 5 0 1 . 1 2 0.6000 700 ,111 232 90 
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ResonanceB parameters of Th 
Energy sr n | « rr 

C L A 7 
<eV) (neV) | ( I . ) («V) ( I ) 

L A 

307 2508.99 357.0002 9 0 0 232 9 0 
308 2E26.93 52.3000 180 0 232 9 0 
309 2535.94 2.2000 650 111 232 90 
310 2543.84 0.4000 7 0 0 ( 1 1 232 9 0 
311 2548.15 0.4000 700 ( 1 1 232 90 
312 2557.15 4.9999 500 ( 0 ) 232 90 
313 2563.29 326.0002 120 0 232 9 0 
314 2569.39 71.9990 2 2 0 0 232 90 
315 2582.77 1.1000 700 I D 232 9 0 
316 2589.77 2.0000 7 0 0 ( 1 ) 232 9 0 
317 2595.38 0.8000 7 0 0 ( 1 1 232 90 
3 IB 2603.16 2.4000 350 ( 1 1 232 90 
319 2612.72 97.5990 1 2 0 0 232 9 0 
320 262'-.44 10.2000 2 8 0 ( 0 ) 232 9 0 
321 2635.30 176.0001 100 0 232 90 
322 2653.16 2.5000 7 0 0 10» 232 9 0 
323 2663.62 209.0002 100 0 232 9 0 
324 2677.53 11.9000 300 ( 0 ) 232 90 
325 2688.64 207.0001 100 0 232 9 0 
32b 2713.16 101.9900 130 0 232 90 
327 2722.76 12.0000 2 5 0 ( 0 ) 232 90 
32B 2733.83 410.0003 100 0 232 9 0 
329 2748.55 14.2000 3 0 0 ( 0 ) 232 90 
330 2763.28 1.8000 500 111 £32 9 0 
331 2773.49 72.6990 160 0 232 9 0 
332 2782.70 2.5000 400 111 232 90 
333 2793.09 161.0001 110 0 232 90 
334 2802.41 4.9999 4 0 0 111 232 9 0 
335 2810.32 D.2300 900 1 1 ) 232 9 0 
336 2815.62 27.0000 2 5 0 0 232 9 0 
337 2824.33 1.4000 4 0 0 1 u > 2 3 2 9 0 
338 2833.03 54.0000 190 0 232 9 0 
339 2839.50 1.2000 500 ( 0 1 232 9 0 
340 2844.44 0.7500 700 ( 1 ) 232 9 0 
341 2852.51 216.0001 95 0 232 9 0 
342 2861.05 6.9999 6 0 0 ( 1 1 232 9 0 
343 2870.56 1.9000 4 0 0 111 232 9 0 
344 2684.07 5.3000 300 ( 0 1 232 90 
345 2895.37 4.0000 300 ( 0 1 232 9 0 
3-ib 2907.38 2.0000 500 111 232 9 0 
347 2914.49 4.9999 400 10 ) 232 9 0 
343 2922.89 1.4000 700 ( 1 1 232 9 0 
349 2932.15 1.SC00 6 0 0 ( 1 1 232 9 0 
353 2939.80 1.6000 750 ( 1 1 232 90 
351 2948.13 104.0000 140 0 232 9 0 
352 2956.68 49.2000 180 0 232 9 0 
353 2966.45 14.2000 280 1 0 ) 232 9 0 
354 2979.15 9.8000 300 ( 0 ) 232 9 0 
355 2988.58 34.4000 2 0 0 0 232 9 0 
356 2995.84 2.3000 750 ( 1 1 232 90 
357 1 3006.85 J 2.0000 4 0 0 ( 0 ) 232 90 



REFERENCES 

As 66 M. ASGHAR et al Nuclear Physics 76, 196 (Feb. 66) 
A', 61 S.E. ATTA and J.A. HARVEY ORNL - 3205 (1961) 
Bh 67 M.R. BKAT and R.E. CHRIEN Physical Review 155 

n°4 (Harsh 67). 
Bn 58 BNL 325 
Bn 73 S.F. MUGHABGHAB et D.I. GARBER, BNL 325 

3 r d edition. Vol. I (1973) 
Bo 68 L. BOLLINGER WASH-1093 p.12 (Ap. 68) 
Ch 73 V.B. CHELNOKOV et al, INDC (CCD) 32/V, p.8 

(1973) 
Co 61 G.S. COOPER et al. Trans. Am. Nuc. Soc. 4, 271 

(1961) 
Cr 55 V.S. CROCKER, J. Nuclear Energy 1, 234 (1955) 
Da 71 A.V. DAVLETSHIN et al , IHDC (CCP) IS U, p.3 

(1971) 
De 74 H. DERRIEN and P. RIBON, Contribution to this 

meeting 
FO 71 L. FORMAN et al,CONF. 710301 Vol. 2, p. 735 

(Knoxville 1971) 
Ga 64 J.B. GARG et al, Phys. Rev. L34. (1964) B985 
Gr 74 GRENECHE, Contribution to this meeting 
Ha 65 E. HADDAD ot al, GA 6272 Ap. 1965 
Hu 57 P. HUBERT et al, TID 7547, p. 39 (1957) 
Ka 68 KALEBIN. Atoranaya Energya 24. 243 (March 1968) 
Le 70 G. LE COQ, Internal report DRP/SMPNF 832/70 
Lh 71 J.P. L'HERITEAU and P. RIBON, CONF 710 301 Vol. 1 

p. 438 (Kno:cville 71) 

Lu 68 LUNDGREN, Nukleonik 11, 61 (1968) 
Ly 60 J.E. LYNN, Hu. Inst, and Meth. 9 (1960) 315 



- 112 -

Ma 63 R.C. MACKLIN and J.M. GIBBONS, WASh 1044 (1963) 
and private communication 

Mo 63 M. MOXON, private communication to CCDN (1963), 
see also thesis, NP 17 644 (1968) 

My 57 G.G. MYASISHCHEVA et al, Atomnaya Energiya 2, 
22 (1957) 

Na 71 R.J. NAGLE et al , CONF 710301 Vol. 1, p. 259 
(Knoxville 1971) 

Pa 65 N. PATTENDEN et al , AERE - PR/NP8 11 toay 1968) 
Ra 72 F. RAHN et al,Phys. Rev. C, Vol. 6, n"5 

(Nov. 1972) 
Ri 66 P. P.IBON et al, CN 23/71 (Conf. Paris 66) 
Ri 69 P. RIBON, Note CEA - N - 1149 
Sm 55 V.G. SMALL, J. Hue. En. 1, 319 (1955) 
Ti 62 L.I. TIREN and J.M. JENKINS, AEEW - R 163, 

p. 15 (1962) 
Ut 64 C.A. UTTLEY et al.Conf. Paris, Vol. 2, p. 700, 

(Paris 1964). 



Comments on Th-232 Absorption Resonance Integral, <T >, 

and Neutron Width Statistics 

VV- ' 

Eric H. Ottewitte 
EIDG. INSTITUT FUER REAKTORFORSCHUNG 



- 114 -

Th-232 Resonance Integral and <P..̂  
- _ — ^ — _ — — _ i-

A coarse review was made of the Th-232 absorbtion resonance 

integral. Table 1 shows the results. Renormalized measured 

values range from 81 to 90 barns with typical error estimât is 

of 3 barns. The higher values have been achieved in more recent 

years. Evaluation and veview values center on 84 - 85 barns. 

Thus the probable range to the absorption resonance integral 

is estimated to be 84 < RI < 90 b. 

Table 2 gives some key Th-232 radiation widths from three 

American evaluations and from the work of Derrien presented 

at this meeting. The relative Importance of each resonance 

is indicated in the last column by its resonance integral 

contribution. The average for the most important resonances 

as well as for all the resonances considered in the reference 

is given in the bottom of the table. The range of average 

radiation widths, <r > is seen to be about 21-26 mllli ev. 

Table 3 makes some comparisons be* .een <r > and resonance 

integrals. On this basis one would expect 

25 •: <T > < 29 
Y 

In comparison, Derrien has recommended s value «r > = 21 , 

based on the resonances in the range 59.5 1 E 0 £ 285.7 . 

These are shown in Table 2 under the column labelled Derrien, 

Table V. 

However, it has been pointed out in the meeting discussion that 

the set (r | deduced depend on the set of jr \ assumed. Both 

r and r determine the resonance integral. Thus the significance 

of the above disagreement is diminished somewhat. 
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Th-232 Neutron Width Statistics 

Two indepeHsns workers hove recently suggested that Th-232 neutron widths 
may not have a Porter-Thomas distr ibution (PT). To pursue this idea the 
Th-232 s-ravs widths in BNL-325-3 ware plotted as shown in Figure 1. (The 
bottoni portion of the figure is an enlargement of the f i r s t bin in the upper 
portion. !n each portion one can observe the change In width distr ibution 
as one includes resonances from higher neutron energies. Thus one observes 
a non-PT beiow 2S0 eV shif t ing towards a PT by ~ 1 keV. However, a non-PT 
remains within the f i r s t r 0/<t"°> bin as shown in Figure 2. n n 

A similar evaluation for U-230 neutron widths from the same source, BNL-325-3 
shows none of these patterns (Figure 2). Possible answers to the Th-232 
behaviour could be £-wave misasslgnments. part icularly at lower energies 
and/or missed levels. A test for missing resonances should be made. 



Table 1. Th-232 Resonance Integral 

Measured Values 
Year Source Value 
1972 Stelnnes 83 z 3 
1970 GfK «C ± 4 
1965 BET 82.5± 3.0 
1965 MTR 81.2± 3.4 
1964 KfK 88 t 2 

Standard 

(15*60,Au) 
U555,Auj 
U579,Au) 
C1560,Au) 

Evaluation and Review Values 

1974 BNL-325-3 85: 
1967 Sehgal 84 
1966 H e l l s t r a n d 84 

1.1966 Drake 84 

(1560,Au) 
(1560,Au) 
(1560,Au) 

Probable Range 84 < RI < 90 



Table 2. Th-232 r .Y 

<eV) WAPD ENDF/B 
TH-378 -3 
(1970) 
26.3 25.9 21. 8 

23. 4 
59. ,5 
69. ,1 

113. ,0 
120. ,B 
170, ,3 
192, .6 
ls», .3 
221 .2 
251 .5 
263 .0 
285 .7 

Avg.21.8 
23.4,69.1 

25.9 

Avg.All 
Resonances 26.3 25.9 

Derrien Resulting Contr. 
BNL-325 

-3 
Table 

III 
Table 

V 
RI 

(KNDF/B-3) 

23.0 24, 5 16.2 
25.0 26, 6 24.6 
23.2 23, ,7 22.0 4.0 
21.9 21 .9 20.5 13.9 
20.1 20.4 2.7 
21.0 20.7 3.2 
22.4 
18.0 

19.3 
16.8 2 I 

2.6 
l- 7 1.1 

18.5 17.9 8 
20.7 22.0 1.2 
21.5 25.4 .9 
18.6 28.0 .7 
20.8 24.9 .7 

26.6 



Table 3. TH-232 Resonance Inteqral and <r > 
Z Y_ 

Values Calculated from Resonance Parameters or ^roup Constanta 

Source 
.Original ABBN 
BNL-325-2 (65) 
WAPD-TM-971 (70) 
BNL-32S-3 !74) 

W(b) <r > 
Y 

>100 
84 .5 25 .9 
85 .2 2 6 . 3 

<79 21 .2 

Empirical Value (Maleckv et al, JINR) 

Predicted <T > = 35 - RI = 100 Y 

Best Guess 25 < (r ) < 29 
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Fig. 1 

Distribution at Th-232 Reduced Neutron 

Widths Reported in BNL 325, Third Edition 

[ ] 1.6 Ke» < E„<SK«v 

Q 1 Kev i E n O.SKtv 

500 tv « E„ <1Kcv 

260 S E„ < 500 tv 

JÊ En < 250 cv 

? W I 
5 5 0 — I r^TT 

m^m m 

RfUtiïB Linear Scale 

M EL 



Number of 
R«sonane»5 
in Each 

- 120 -

Distribution of I ) -238 Reduced Neutron 

Widths Reported in BNL 325, Third Edition 
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NEUTRON WIDTHS FOP. ' J a U FROM HIGH RESOLUTION 
TRANSMISSION MEASUREMENTS AT A 100 M 

FLIGHTPATH 

G. CarrarOi A. Brueegan 
CBNM, Euratom, Geel, Belgium 

1. EXPERIMENTAL PROCEDURE 

A 3er ies of neutron tranomiflsion m e a s u r e m e n t s has been performed 
236 on U aiming at a determination of the resonance p a r a m e t e r s and 

their s tat is t ical p rope r t i e s . (For r e fe rences see (1), (2), (3), (4), 
(5)). The analysis range covered neutron energies from 40 eV to 
4 .1 keV. The exper iments were ca r r i ed out a t „, 100 m flightpath 
of the 80 MeV electron l inear acce le ra to r of CBNM using a Bslab-
Nal detector and 2 0-oxyde samples on loan from the USAEC 
(for isotopi». composition see table 1). Table 2 displays the deta i ls 
of 6 experimental runs , 3 of which were a r ranged in such a way 
that the effect of the U and U impur i t ies in the sample on the 
t ransmiss ion was automatical ly compensated. F o r t h i s , samples 
were put into the "open beam" position of the sample changer: they 
contained the same Specific quantities of the impur i t ies a s in the 

U-saroples . Sample changer operat ion, data acquisition and 
s torage wore controlled by an IBM 1800 computer . The background 
was determined with the "black resonance" method. 

?.. DATA ANALYSIS AND RESULTS 

Reuonance pa ramete ra have been evaluated by means of a modified 
vers ion (6) of the Att.i-IIarvoy a r e a analysis program (7) using up 
to 1. ? IteV the I valuer, and between 1. ? keV and 4 .1 keV the "f 

V Y 
value giver, by Mcwisscn (2). The resul t s a re l isted in table 3 
together with those published by Carlson (1), The l eve l s at 63.1 cV 



and 243. 0 eV quoted by CarlBon were not observed in this exper i 
ment. Though the T values ag ree in the overlapping energy range 
of both exper iments within the e r r o r l imi t s for all resonances ex
cept two (43.92 eV and 192. 89 eV resonances) , the values of the 
present work a r e on the average slightiy' higher than those of 
Carlson. 

In the energy range up to 1.6 keV the observed level density is 
a lmost constant. Considering a lso the resonances given by 
Carlson at 5. 45 eV, 29. 7 eV, 34. 0 eV and 63. 1 eV, we obtain 
for the mean level spacing the value D~ (16. 2 Hh 0. 3) eV. 

Assuming that the undetected smal l resonances do not influence 
noticeably the sum of all T up to 4 . I keV,the strength function 
turns out to be n 

s o = E'1 . E l—= ( l - 0 0 i °* 1 0 > - ! 0 ~ 4 

n 1 
which includes Car l son ' s T values below 63. 1 eV. — n 

From the D value determined in the energy range 5 eV < E < \. 6 keV 
and Che S value which i s supposed to be valid for the total energy 

range 5 eV < E < 4 .1 fccV we deduce 

7^ = (1.61 + 0. l6meV). n — 

It is assumed that p-wave resonances do not play a role in these 

considerat ions. 

Correct ing for mis sed levels by the method of T, Fuketa and 
J. A. Harvey (6) over the ent i re range up to 4. 1 keV we obtain 

D = 16. 2 eV F 7 r = 1.66 meV and S = 1 .03-10* 4 . 
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Table 1: Samples Composition 

2 36 Isotopic composition of the two U 
8 9 % o f Z 3 6 U ; 9. 2 % o f E 3 5 U ; 1.3% 

samples : 
o f 2 3 8 U ; 0. l % o f 2 3 4 U 

1 sample U 

41 . 19 

,,nd , 236,, 2 sample U 

Total weight of U-O (gr): 41 . 19 57. 88 

Thickness (at /b): 8. 9 8 - 1 0 " 3 1.34-10" 3 

Diameter (mm): 33.6 103. 0 

Sample U ,. . 238,, Sample u 

Total weight of U.O (gr): 
5 o 

2.413 0.385 

Thickness (at/b): 1 . 3 6 1 0 ' 4 2. 1 5 - 1 0 " 5 

Diameter (mm): 70.0 70.0 



Table 2: Main cha rac te r i s t i c s of different runs 

1 Run 2 Run 3 Run 4 Run 

Total energy range (cV) 148 - 768 390 - 1672 1559-4140 37 - 238 180 - 870 851 - 3198 

Burst width 70 ns 24 ns 23 ns 22 ns 22 \.s 22 ns 
Repetition Jatc 400 Hz 600 Hz 600 Hz 400 Hz 400 Hz 400 Ha 
Electron energy 65 MeV 65 MeV 65 MeV 69 MeV 69 MeV 69 MeV 
Black resonances Bi;Mn;W Na; Bi AliNa Mn;Co Co; Bi! Mn Bj;Na 
Energy range (eV) (a) 147.70-

170.02 
389.66-
641.06 

). 558. 74 -
4132.85 

37 .13-
106.31 

180. 51-
870.19 

851. 02-
1874.7 

(b) 

(c) 

(d) 

170. 02-
768.13 

641.06-
870.28 
870 .28-
1057.6 
1057.6-
1671.9 

106. S l 
u g . 62 
179.62-
228.01 
2 2 8 . 0 1 -
237.95 

1874.7-
3198.44 

Channel widths (a) 0.32 us 0. 16 us 0. 02 us 0.32 us 0. 08 u s 0.04 us 
(b) 
(c) 
(d) 

0. 08 us 0. 06us 
0. 04 us 
0. 02 us 

0. 16 us 
0.08 us 
0.04 us 

0.02 us 

Over lap filter 0 .41gr of 
lOBC/cm 2 

0.41gr of 
1 0 B C / c m 2 

0.41 gr of 
1 0 B C / c m 2 

0. 41gr of 
1 0 B C / c m 2 

0. 41gr of 
I 0 B C / c m 2 

0. 41gr of 
1 0 B 4 C / c m 
+ C.2° gr 
1 0 B / c m 2 

Sample thickness (at/b) 8.98. 1 0 " 3 8. 98- 10~ 3 8. 98' 1 0 " 3 1. 3 4 ' 1 0 " 3 1.34-10" 3 1 .34 .10" 3 
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Table 3 : îï r esonance p a r a m e t e r s : nmttron widths 

E (eV) 
o 

PrcaiMt. work Ou- lnmf l ) 

E (eV) 
o 

R r n ( m e V ) n r ° (moV) r IrtKV) 
n 

5.45 2 . 1 6 + . 0 8 
29 .7 . 585+ . 03 
34 .0 2. 35 7 . 1 3 
43 .92 + . 0 3 17 .5 + 4 . 0 2 .64 11 .8 + . 6 
63.1 . 034+ . 005 
71.47 + .06 24. + 6. 2 .84 19 .0 + 1.0 
86. 51 + . 07 36. + 9. 3.87 26. 0 + 2. 0 

102.25 + .14 .75+ .20 .07 . 8 + . 0 8 
Î20 .95 + . 0 6 57. +11. 5.2 51.8 7 4 . 0 
124.88 + .08 17. + 2 . 1. 52 15.9 7 1.9 
134.57 + .11 1.4 + . 4 .12 1. 08 +. .09 
137.76 + .11 .84+ . 30 .07 . 4 8 + .1 
164.72 + ,14 2 .1 7 .7 . 1 6 2 .09 7 . 1 5 
192.B9 + . 1 3 9 .4 + 1.6 . 6 8 13.2 7 1.3 
1 9 4 . 3 5 7 . 1 0 58. 7 6. 4 .16 52.0 7 l 3 . 0 
212.75 + .11 98. 7 l 5. 6.7 98 .2 7 l 0 , 0 
229.63 + .13 2 .2 7 . 5 . 1 5 2 . 3 4 + .14 
243.0 . 3 7 . 1 5 
272.93 + .12 38. + 5. 2 .30 55.0 7 1 5 . 0 
288.68 + . 1 3 14. 3 7 1. I . 84 13 .5 + 2 . 0 
303.15 + .14 81 . 7 6. 4 .65 8 3 . 5 +15 .0 
320. 50 + . 20 S. 5 7 1.1 .31 5. a + . 6 
334,96 + . 22 6.4 7 1.1 . 3 5 6.3 7 . 4 
357.05 + .30 .70+ . 2 5 .04 .64 7 .1 
366. 9 5 + .30 .40+ .30 .021 . 4 + . 3 
371.18 + , 1 8 15. 8 7 2 .2 .82 13.8 + 1.0 
379.81 + .19 ' 1 5 . •'•24. 5.9 130.0 + 30.0 
415.39 + .21 1 7 . 7 7 2 .0 .87 17.8 7 2 . 0 
430.95 + .22 65. 7 8. 3.13 
440. 63 7 .23 68. 7 9. 3.24 
465. 50 7 . 2 5 1 5 . 4 7 2 .0 .71 
478.39 + .26 40. 7 3. 1.83 
500.41 + ,40 2 . 8 * . 9 . 1 3 
507.06 + .28 20. 7 3. .89 
536. 37 7 . 31 33. 7 3. 1.43 
542 .82+ .44 1 2 . 6 7 2 ,4 .54 
563.76 + .33 81 . + 7 . 3.41 
576.23 7 .34 156. 7 25. 6.6 
607.10 7 . 4 3 13. 7 2. . 53 
617. 80 + . 38 53. 7 7. 2 .13 
637.77 7 . 3 9 74. 7 8. 2 .93 
647. 60 7 . 57 7. 7 3. . 2 8 
655.63 7 , 4 1 lo i . 7 io. 3.95 
673. 63 + . 43 59. 7 7, 2 .27 
691.32 + .44 38. 7 4. 1.45 
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Table 3 : (continuad) 

E (eV) o 

Present work 

E (eV) o g r n (mcV) g r ° ( m e V ) 

706.02 + . 45 32. + 4. 1.20 
720. 53 T .47 105. 7 l 0 . 3.91 
746.25 + . 49 24. 7 3. .88 
770. 65 T .52 192. +19. 6.92 
789. 43 + ..53 87. 7 l l . 3 .10 
806. 56 7 . 55 42. 7 6. 1.48 
820. 28 7 . 81 8.4+ 3 .6 .29 
827.43 T . 57 259. 750. 9 .0 
849.04 7 . 85 4. 7 2. . 14 
864.90 + .87 18. 7 6. .61 
888.84 7 . 51 10. + 3. . 34 
9 0 0 . 3 5 + .65 9. + 3. . 30 
930. 74 7 . 54 11. + 3. . 36 
948.42 + .43 170. 7 l 5 . 5.52 
955. 20 + . 56 40. 7 5. 1.29 
969. 2B 7 . 44 359. 747. 11 .5 
994. 70 7 . 4 6 153. +12. 4 .85 
998.13 + .60 i l . 7 . . 35 

1013.10 + .61 11. 7 4. . 35 
1024.19 + .48 298. 737. 9 .3 
1032.10 7 . 6 3 43. 7 5. 1.34 
1064.62 7 . 5 0 43. 7 5. 1.32 
1075.71 7 . 6 7 6. 7 3. .18 
1084.22 + . 80 2. 7 1. . 0 6 
1098.00 7 .80 3. 7 2. . 0 9 
1104.75 7 . 53 124. 7 l l . 3.73 
1 1 3 2 . 1 0 7 .72 11. 7 5. . 33 
1136.68 7 . 55 116. 7 9. 3.44 
1157.12 7 . 57 60. 7 6. 1.76 
1166.94 7 . 5 7 11. 7 3. .32 
1184.00 +..-60 72. 7 9. 2.09 
1218.64 + . 80 8.57 4 . 0 .24 
1254.25 7 .81 7.57 1.5 .21 
1268.83 + .83 6.07 1.5 .17 
1281.72 + .85 3.07 1.5 .08 
1291.66 7 .66 168. 7 l 6 . 4 .68 
1315.90 + .90 4.0+ 1.5 .11 
1324.40 + . 9 0 1 5. 7 4. .41 
1339. 53 + .70 75. 7 l 0 . 2 .05 
1349.23 + .71 69. 7 l 0 . 1.88 
1363.62 + .72 230. 721 . 6.23 
1367.4 +1.2 4. 7 ?.. .11 
1395.65 7 .98 21. 7 7. . 5 6 
1405.0 +1.0 50. 7 9. 1.33 
1413.44 + .75 275. 722. 7.32 
1426.64 + .76 26. 7 7. . 69 
1440.4 +1.0 4. 7 2. .11 
1458.3 +1.0 !4 . 7 4. . 37 



- 126 -

Table 3 : (continued) 

E (eV) 

P re sen t work 

E (eV) g r (meV) g r ° (meV) 
o n n 

1470.02 + .80 212. +19. 5. 53 
1477.1 ±1 .1 31. 7 6. . 8 1 
1506.30 + .83 145. +16. 3.74 
1535.0 +1.1 11. 7 3. . 2 8 
1548.03 + .86 207. +22. 5. 26 
1553.8 +1.2 10. 7 4. . 25 
1584.1 +1.2 4. 7 2. . 10 
1592.47 + .90 110. +11. 2 .76 
1609.1 +1.2 19. 7 5. . 4 7 
1614.3 7 l . 2 8. 7 3. . 20 
1659.96 + . 9 5 98. 7 l l . 2.41 
1690.9 +1.1 59. +10. 1.44 
1698.6 +1.7 1 Ç. 7 4. . 3 6 
1723.2 +1.2 25. + 6. . 60 
1738.5 +1.4 12. + 5. . 2 9 
1779.0 +1.1 50. 7 l 0 . 1. 19 
1789.0 +1.4 13. 7 5. . 31 
1794.6 +1.1 82. +15. ) . 94 
1813.1 +1.4 22. + 7. . 52 
1831.1 7 l . 3 70. 7 l 7 . 1.64 
1853.6 +1.1 192. 725. 4 .46 
1856.9 +1.1 310. 750. 7. 2 
1882,6 +1.3 40. +13. . 9 2 
189 5.2 +1.2 80. +16. 1.84 
1954.5 +1.4 84. ±11 . 1. 90 
2010 +1.5 82. 720. 1.83 
2017 1 +1.5 4 1 . +16. . 9 1 
2034.9 +1.3 26. +11. . 58 
2047.5 +1.1 89. +16. 1. 97 
2063.2 +1.3 12. + 8. . 2 6 
2084.7 +1.1 37. 7 l 5 . . 8 1 
2106.0 +1.0 510. 750. 11. 1 
2131.1 +1.2 98. +16. 2. 12 
2142.0 ±1 .2 72. ±14. 1. 56 
2165.7 +1.4 24. ~ 8 . . 52 
2219.8 +1.1 275. +26. 5. 84 
2216. 6 +1.1 250. 730. 5.29 
2249.7 +1.1 109. 7 l 6 . 2. 30 
2269.0 +1,3 B2. +14. 1. 72 
2308.1 +1.1 112. +16. 2. 33 
2324.3 +1.3 63. +10. 1.31 
2328.3 7 l . 3 68. +10. 1.41 
2349.8 +1.3 92. +16. 1, 90 
2380.7 +1.4 •11. +18. . 8 4 
. 189.2 +1.6 23. ±13. . 47 
2407.0 +1.2 140. +25. 2 .85 
245*. 6 +1.4 35. +12. . 71 
2459.9 +1.4 65. +17. 1.31 



Tabic 3 (continued) 

E 0 (eV) 

Present work 

E 0 (eV) g rn(ra»v) g r ° (meV) 

2480, 0 +_1. 5 23. + 13. . 4 6 
2489. 8 7 l . 2 165. + 3 0 . 3.31 
2499. 5 j+1. 5 15. 7 8. . 3 0 
2564.1 7 l . 5 59. 7 16. 1. 17 
2581.2 +1. 3 135. + 25. 2.66 
2632.2 +1.6 27. + 1 5. . 53 
2643.9 +1 .9* 
2660.3 +1. 6 100. + 23. 1.94 
2672. 9 + 1 . 6 132. + 25. 2 .55 
2772.7 7 l , 5 330. 7 52. 6 . 3 
2807. 7 + 1 . 7 53. + 1 5. 1.00 
2822.7 7 l . 8 70. + 20. 1.32 
2854. 3 7 l . 8 23. + 15. . 4 3 
2870. O t l . 5 160. + 3 2 . 2.99 
2880. 3 7 l . 7 155. 7 30. 2.89 
2917. 9 7 l . 8 100. + 25. 1.85 
2958.9 +2.0 30. + 12. . 5 5 
3015.3 +1.6 660. 7 84. 12.0 
3 0 7 9 . 3 + ^ . 0 104. + 27. 1.87 
3101.1 +"2. 4 40. + 1 2 . . 7 2 
3 1 3 1 . 7 + 2 . 0 126. + 30. 2 .25 
3164.2 +.2.1 95. + 25. 1.69 
3188.4 72 .1 100. T 2-7. 1.77 
3219. 6 72 .1 93. 7 25. 1.64 
3245.4 72 .1 65. 7 20. l . U 
3282. 8 +2. 2 125. 7 28.' 2. . 8 
3 3 0 7 . 2 + 2 . 6 26. + 10. . 4 5 
3365. 5 + 2 . j 110. + 2 5 . 1.90 
3434.5 +2.3 60. 7 20. 1.02 
3468.4 T2.4 116. 7 26. 1.97 
3528.9 +2.6 62. + 20. 1.04 
3560.4 ~2 . 5 100. + 30. 1.68 
3594.1 +2.1 510. + 60. 8. 5 
3601.1 +2. 5 115. + 2 5 . 1.92 
3628. 9 ~2 . 5 90. 7 20. . . 4 9 
3644.0 +2.7 50. + 1 5. . 83 
3683.0 +2.6 300. + 70. 9 
3715. 2 +2.6 310. + 75. . 1 
3737. 5 +2.6 290. 7 70. •1.7 
3743.9 +3. 1* 
3 7 5 8 . 7 + 2 . 7 . . 250. + 60. 4 . 0 8 -
3790 .5+2 .7 320. + 75. 5: 2 
3 8 0 4 . 9 + 2 . 7 105. * 30. 1. 70 
3825.6 +3. 1 7 5. + 30. 1.21 
3871. 6 Ï 2 . 8 210. * 60. 3.38 
3966.8 +2.9 170. + 50. 2.70 •. 
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Table 3 : (continued). 

E (eV) o 

P r e s e n t work 

E (eV) o g r n(meV) g r° (meV) 

3984.6 +2.9 
3994.3 +2.9 
4031.1 +3.5 
4 0 5 9 . 9 + 3 . 4 
4 1 0 6 . 2 + 3 . 0 

950. + 120. 
130. + 50. 

50. + 30. 
90. + 35. 

190. + 60. 

15.1 
2 .06 

. 79 
1.41 
2.97 

Levels which e r e unce r t a in 

Calculated s ta t is t ical p rope r t i e s : 
D = (16. 2 + . 3) eV (in the range 0 * 1660 «SV) 
S = (1. 00 ±. 10)-10""* (in the range 0 + 4 .1 keV) 

r ° = (1 . 61 + . 16)meV (result ing from D and S ) 
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riEUTnCW CnûSS-SKTÎW MEAStfflEWirTS OU 2 , , U BELOW 2 keV 

L. Mevieiec,, F. Poor r i — • 

S.C.K./C.E.N. MOL 

C, Rohr, H. tfeigaann, J.P. Theobald 

C.3.K.M. Euratom, Geel ,•?•"'' 

G. Vanpiaet 

R.b.C. Antwerp 

1. Introduction 

Until now, only little Infor/notion has been published on the resonance parameters 

af 2 3 e u . Harvey at a l l j determined the neutron widths for 9 resonances from 

transmission measurements belcw 400 eV, Carlson at al 2 analysed capture and self-

indication experiments up to 115 BV and the neutron widths have also been published 

by Harlan' for 14 resonances up to 375 eV. 

At C.8.N.M., two types cf experiments have been performed : 

1) Carraro snd Brusegan did high resolution transmission experiments on a 100 

motor flight path up to 6 keV, using 57.Q g UsOc enriched to 89.4 t. Preliminary 

results have already been communicated at the Budapest Conference ** . 

The analysis of their experiments is now completed and the results will be 

published soon. 

A list of the neutron widths for 185 levels up to 4.1 KeV will distributed at this 

meeting. 

2) Wo did capture end scattering cross-section measurements below 2 heV and also 

transmission experiments using the small sample ( 0 11 mm] facility on a 30 meter 

flight path with 5.4 grams Usui, enriched to 99,7 % 2 " u \ 

This report will describe tho socond series of experiments and discuss the results., 

obtained from the analysts of tho ccattering, capture and transmission experiments 

front the 30 motor flight path. 

2. Experimental details 

Tho experimental details ara listed in Table 1. 

Tho samples wore prepared by onttling In alcohol and canning under vacuum between 

two aluminium pistes of a thicKnoaa of 0.5 mm* , The uranium oxide was on loan 

•From tho USAEC. In the partial cross-section measurements, only the thick sample 

run was analysed. The meo su remonta with the thin sample £99.7 t * " u ) were used 

to identify the 2 ï t U reaonancos. 



3He high pressure gaseous scintillators CLNO type 3001 were used as neutron 

detectors in the scattering and transmission experiments. The capture cross-

section measurements were performed with a (loxon Rae-type detector. 

Tr-.s raw data from scattering are shown on Fig. 1 anrj from capture on Fig. 2. 

3. Analysis of the data 

An area analysis of the transmission data was done, using a modified version of 

the Atta-Harvey program 6 . 

"he scattering cross-section was measured relative to Pt far which o n = 11.26 

î 0.5 earns7 - The data were corrected for self-screening and for absorption of 

tnp scatterea neutrons. For this correction, it was assumed that any second 

interaction was an absorption. This approximation was not valid for some strong 

resonances belcw 500 eV so that for these cates. the resonar.ee parameters T n and Ty 

..jere cec\-:e.: 'ram the capture and transmission results only. 

"he capt .:•? €'.-:•:• rimants were performed at a 60 m flight path station. The shspe 

o* the nt-.'rz- -:„r w.^ "odsured with a °B slab viewed by a Haï crystal i the 

l c 3 In, a' :* r :, ••: -s-ir*- -m is assumed tJ vary as £~ l /' 2 in the energy range of 

interest. ""••:>. D̂:rJi .:•• .J1ibration of the product detector efficiency times 

neutron flux was done t:y -ciserving capture in blach résonances Df ftg at S.2, 16.3, 

51.4 and 70.9 eV. 

The resonance analysis was done with a capture area analysis program due to Frohner 

and Haddad B . 

4. Results and discussion 

The resonance parameters T n and F« were nbtcined by combining tho results frci the 

area anlysis of the three experiments. The neutron width T n could be determined 

for 97 levels up to 1.8 kcV and ths capturti width for S? among them. The results 

arc listed in Table 2. The error on Vy which la listed in Table 2 Is only the 

statistical error. The additional systematic error of about 5 %t mainly duo to 

the normalization and to the uncertainty in the sample thickness is addbd to tho 

error an the moan capture width. 

fig. 3 shc-js a plot of the number af observed levels versus onorgy. This figure 

^hews that not meny levels oro miasod bolow 15C0 oV. The rr.ofin level spacing, 

calculated below 12C0 eV is : 

— 2 
D « (1G.1 ± O.SleV (fractional uncertainly = — 1 

If wc correct for thD number of missed lovolo, using tho method of Fukoto and 

Harvoy ' wo find : 

°corr " [ 1 5' 2 f D - 5 ] B V 

http://resonar.ee
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• ;.;;. •! ZT-.Z.-JZ tnc sun of tho reduced neutron widths ÙS a function of energy together 

..;t̂  the strength function : 

S 3 - rn°/D ° 11.05 i 0.14) 10"" 

;racticn3l uncertainty = 1.4/î n 

n ^ nurçrcr of levels - 3S-

The r.ost important result from those experiments Is the mean capture width : 

f^ » [23.0 ± 0.5 Cstat.l i 1.0 tsyst.l] meV. 

'r-.is value was obtained as a weighted avarag-s *"or 5? capture widths, obtained 

Da low 1.7 keV . 

From the comparison with the results of Carlson 2 we <*ee that : 

1rj! two small levels at 243 eV and 35b eV are detacted by Carlson but not In any 

sf our oxperi.rcnts. 

2C) For aoout 80 î of the levels, the IY> values of Carlson agree with the present 

results within the error limit but there is a desagreement of about 50 % In the 

nnutrcn widths for two strong resonances at 272.5 eV and 373.6 eV. 

3-J The mean capture width cStained oy Carlson ?y = (23.9 ± 1.0) meV is In good 

£greemant with our results. Carlscn does not give a systematic error and this mean 

value wos obtained for 12 resonances. 

Gy comparing our results with those of Carrara and Brusegan10 the following 

cancluslcns can be dr^wn : 

1°) Duo to the bettor resolutions of their experiments three mare levels are 

c"etactcd by Carrara In the anercy region below 1tJO0 eV, 

2ci The strength function value found by Carraro is (1.0 - G.1J 10"''. obtained 

frcTi 105 levais up to 4.1 KoV. This is in gcod agreement with cur result although 

in the energy region below 1.6 KoV thoir neutron widths are systematically larger. 

In fact If v.r\Q calculates the strength function from their neutron widths below 

1.3 kcV, cno find : S a - £1.10 £ 0,15)10"'' what Is approximately 12 * higher than 

cur result. The rcancn for this difference is not yet explained. 
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Figure captions 

Fig. 1, Scattering neutron yield below 1500 eV 

Fig. 2. Capture yield curve below 9D0 eV 

Fig. 3. Plot of the observed number of levels versus energy 

Fig. 4. Plot of £r n
3 versus energy. The slops gives the S-wave strength function. 
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Table 1. Experiacnttl Details 

t ransmission capture sca t te r i ng 

Ulnae parawstors 

burst w id th 22 no 32 ns 32 ns 
burst frequency 400 Hz 400 H2 400 Hz 

F l i g h t path longth 31.22 ± 0.02 rasters 60.53 * 0.02 meter? 31.10 î 0.02 motors 

t l r e - o f - f l i g h t r eso lu t i on 1.5 - 5.1 na/n 0.7 - 6.7 ns/in AE (F.W.H.M.l/E = 1 * 1 0 - i 

background f i l t e r s fJa. Mn. Co, PIo, A A l , fil, Cu, Co, W Na, tin, Co, Mo, A 

samples 

thickness 7.6 x 10'' a t / b 2.15 10" ' o t / b 1.5 10"" a t /b some as Tor capture 
t o t a l quan t i t y 5,4 g UJD» 5.4 g UiOt 57.B g UjO» 

I su tcp i c composition 99.'/ ï " * U 99.7 Î J , * U 89.4 '. s , ' u 

D.2 t I 5 ! U 0.2 ». S , 5 U 0.1 % "-u 

0.1 1 »»U 0.1 h 2"U S.Z 

1.3 
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Table 2. Resonance parameters of 

â f n (rrrcV) 

5.45* 

29,? z 

34.12 

43 . SO 

64.29 

71.47 

86 .51 

102.3 

120.9 

124 .9 

I 134.4 

; 137.8 

i 164 .6 

! 192.a 

| 194,3 

! 212.7 

| 223.6 

2 7 2 . . 

288.6 
303 .1 

. 320.5 

j 334 .3 

357 
371.2 
379.8 

, «15.4 
433.9 
443.6 
! ,C5'5 

I 470.4 

Î27.1 
I 

2.16 
0,585 
2.4 
IS 
0,037 
16.5 
28.0 
0.B3 
50 
17 
1.2 
0.57 
2.1 
9.0 

44 
65 
2 
31 
11.5 
n 
5.4 
6.2 

13.5 
31 
15.7 
C2 
02 
13.0 
37 
2.4 

a 03 
a .03 
0 .12 
a 7 
0 005 
2 0 
1 5 
0 04 
2 

0 5 
0 04 
0 0? 
0 08 
a 3 
i 3 
4 
a 12 
1 5 

3 
D 3 
a 4 

0.0 
2.5 
2.5 
0.7 
2.0 
0.4 

0.926 24.5 
0.107 -
0.411 
2.26 19.2 
0.005 
2.19 22 
3.01 20 
0.03 
4.55 20 
1.52 19 
0.10 
0.05 
0.16 
0.65 
3.16 20 
5.63 22.6 
0.13 
1.B8 23.5 
0.68 25 
4.42 22 
0.30 
0.34 

0.70 24 
4.67 22 
0.77 22 
2.69 22 
2.95 j 24 
D.E4 16 
1.69 21 
o. i i ; 
0.84 22 
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Table 2 . Continued 

Ea l«V) r„ ir„ rn" rY 1 <«T 
(otot.I 

536.5 30 3 1.30 22 2 
542.9 10.3 0.05 0.44 30 8 
563.8 80 4 3.37 22 1 
576.2 142 10 S.92 26 1.3 
637.0 13.3 0.7 0.54 2D 8 
617.8 52 5 2.09 24 1.2 
637.9 78 ù 3.09 24 1.2 
647.1 6 1 0.24 

655.6 96 8 3.75 23 1.S 
673.7 54.5 S 2.10 24 2 
691.3 32 1.22 27 3 
706.1 28.7 1.0B 21 2 
720.7 97 3 3.61 21 1 
746.5 20.4 0.75 18 2 
770.9 181 15 6.52 22 1 
789.6 B5 3.03 23 1.5 
BOG.5 38.6 1.6 1.36 24 2 
B20.0 9 0.31 

82'.4 237 20 8.24 28 1.5 
848.2 2 0.G7 

865.1 17 0.58 19 2 
ess.3 7.5 0.25 

sea.: 4.4 0.15 

933.4 6 2 0.20 

348.6 1E2 S 5.2G 24 1.5 
9S5.2 35 5 1.13 

969.4 300 20 3.64 23 2 
038 

S94.7 150 15 4.76 22 1.3 
1013 16 1.5 0.50 

102* 237 i5 7.41 2G.5 2.2 
1032 29.S G 0.92 28 I 

B 
1065 3S 2 1.07 29 6 
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Table 2. Continued 

Eo (071 r„ Wn V •t LTy Istst) 

1075 13 3 0.4'J 
1334 
1093 
1104 122 15 3.67 25 2 
1132 11.5 2 0.34 
1136 120 12 3.56 21.5 2 
1157 63 6 1.65 26 2 
1166 
1164 57 6 1.66 25 2 
1219 5 1.5 0.14 
1254 7 2 0.20 
1263 5 4 0.14 
1282 
1291 162 16 4.51 30.5 4 
1316 
1324 23 4 0.55 
1339 67 7 1.63 24 2.5 
1349 51 c 1.39 32 5 
1364 212 25 5.74 29 5 
1335 12 4 0.3: 
«as 35 10 0.93 
1414 3C0 EO 7.98 21 4 
1426 28 6 0.74 
1440 
145! 15 3 0.39 
1470 220 30 5.74 27 4 
1477 20 5 0.68 
1535 105 15 2.71 26 4 
1534 13 3 0.33 
1549 tea 20 4.58 22 4 
15Q2 91 10 2.28 26 4 
1510 13 3 0.3Z 

1014 S 2 0.20 

IGCti 85 10 2.09 28 44 
1C50 4. 10 1.17 26 4 



Table 2 . Continued 

E 0 (BV) rn i r n 
r ° 

1699 15 3 0.36 
1723 24 5 0.58 
1738 14 3 0.34 
1779 45 10 1.07 
176B 13 5 0.31 
1794 60 15 1.42 
1813 2B 10 0.61 
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RESONANCE SCATTERING CROSS-SECTJON OF 2 3 8 U BELOW 220 eV* 

H. CEULEMANS 

S . C . K . / C . E . N . , 2400 MOL, Belgium ^ ' 

ABSTRACT 

Resuite of a pilot-scale scattering experiment on 238u are presented. 
It is shown that with thin samples reliable values for r n can be obtained. 
In favourable cases it should be possible to combine information from scat
tering and transmission experiments to obtain an indépendant determination 
or r r 

INTRODUCTION 

For the accurate determination of the parameters of a given neutron 
resonance, total cross-sect ion measurements alone are often inadequate. 
An example of this is 2 3 " u which has been studied repeatedly (1-5) but shows 
errors on the neutron and gamma widths I".. and T , which are st i l l about 
15 f. To Improve the situation, partial cross-sect ion measurements are nee
ded, preferably both capture and scattering as the sensitivity of these m e 
thods for r n or T,y depends very much on the ratios r n / r t and i y / r j . The 
weaknesses of the capture measurements are their normalization to a sui
table reference cross - sec t ion , and the variation of detector response with 
7-ray energy. These difficulties do not exist with scattering experiments 
because Pb i s available as a good standard material and detector response 
is uniform. Secondary Interactions however can be very disturbing in both 
cases , and corrections for thicker samples are difficult to calculate. The 
purpose of this measurement i s to investigate to what extent the accuracy on 
the partial widths of 2 3 8 u can be improved. 

EXPERIMENTS 

The experiments were performed at the electron Linac of the Central 
Bureau for Nuclear Measurements (CBNM), Euratom, Ceel on a 30 m flight 
path. The samples used in these measurements consisted of metal discs of 
natural II alloyed to Al. The U content was about 20 Jt by weight, the dia
meter 120 mm arid the thicknesses were 1.303 X 10-5 at/barn, 
5.519 i! 1 0 - 5 at/barn and 1.920 x 10" 4 at/barn expressed in atoms of , 2 3 6 U . 

Work performed as a joint Euratom-C.E.N. /S. C.K. programma under 
termn of contract number 002-66-12. 
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The samples were prepared and assayed by the sample preparation division 
of CBNM. The scattering from these samples was detected by 9 3 H e pro
portional counters of 15 cm active length, 2 .5 cm diameter and filled to a 
pressure of 10 atm. The sample was placed in an evacuated aluminium 
tube at right angles to the neutron beam. The detectors were mounted with 
their axis parallel to the incoming neutron beam and could detect neutrons 
scattered between 55* et 135*. The background was very low and about 
10" 3 t imes the counting rate obtained if all incident neutrons were scat
tering by the sample. A 2 mm thick pure Pb sample was used as a refe
rence scatterer. The transmission of the samples was measured in iden
tical resolution conditions as the scattering by observing the signal from a 
14 mm thick Pb scatterer with the O-samples in transmission geometry. 
The data were taken with timing channel widths of 160 ns but the resolution 
was mainly determined by the response time and the geometry cf the scat
tering detectors. The resolution function wca assumed to be Gaussian with 
an experimentally determined width of W(E) » ki E + k2 E 3 / 2 with 
kj M . ?6 x 10-5 and k2 » 6 .0 X 10-4 a n ( j g g i v e n j n e v . 

RESULTS 

The experimental data were analysed using a shape-fitting programme. 
Only E D and r n were allowed to vary however and r_ was used as a para
meter such that for each value of I\y, the corresponding best fitting value 
of r n was obtained. The scattering yield was calculated under the assumption 
that after a first scattering event in the direction of the detectors, an even
tual second interaction war. equal to a removal or a Iocs of the scattered 
neutron. In calculating the probability for a second interaction, the energy 
shift of the neutron was taken into account. The ««sumption of complete 
removal at a second interaction may seem somewhat drast ic , but for s a m 
ples with ncr0 * 0 .5 the corrections are moderate and the final influence 
of this assumption must be small. This can be judged, from the results 
obtained with different sample thicknesses. Even for a predominantly scat
tering resonance such as the one at 190 e V r the r n values obtained from 
the thinnest sample ( iw 0 ~ 0.1) and the thickest (n0 o S 2) are different by 
only 10 jf. In table 1 the values of T n for five resonances a s obtained from 
the thinnest sample are given for three différait assumed valuas of I\y. In 
view of the difficulty to normalize the data to the Pb cross-sect ion in an 
absolute way, they were normalized to r n •» 31 meV, Vy = 24 meV for the 
36 eV resonance. 

This normalization i s chosen because it i s a strong low-lying resonance for 
which most authors agree on the parameters chosen for this normalization. 
Although, in principle, a combination of the remi t s .from this scattering 
experiment with the accurate value of r n or the product r„rt obtained from 
a transmission experiment would give a value for Ty, we have no suffi
ciently accurate data to make the choice. In the most favourable cases 
( r n ~I\y) a 10 £ variation in r 7 introduces a shift of about 5 i> in r n . 
With careful transmission experiments, this l eve l of accuracy could be 
attained. 

CONCLUSIONS 

The present results show that with thin samples and straightforward 
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Lorrpction procedures, accurate values can be obtained for r n from scat-
tering experiments. Together with capture and transmission experiments, 
an overdetes'inined set of parameters could be constructed to an accuracy of 
about •> ?!. Thus, the distribution of the widths would become more meaning
ful ond the existence of fluctuations more firmly established (or disproved). 
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TABLE 1 

Eo <eV) 
Present Itosults r n (meV) 

Ref. I 
Tn (meV) 

Eo <eV) 

r 7 = 22 meV T = 24 meV 7 T T = 26 meV 

Ref. I 
Tn (meV) 

21 .0 

36 .7 

66.2 

102.7 

189.6 

9.1 + 0. 5 
3 0 . 0 

21 .6 +• 1.0 

60 .0 + 3 .0 

140.0 + 7 

9. 5 + 0. 5 
31."o" 

22.3 + 1.0 

61.1 + 3 .0 

150.2 + 7 

9. 9 + 0. 5 

31 .9 

2 2 . 9 + 1.0 

62.3 + 3 .0 

151,8 + 7 

8. 7 + 0. 3 

31.15 + 1.0 

25.2 + 1 . 0 

66 .0 + 2 .0 

150 + 3 

taken as normalization value. 
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6. Venpraet K % 
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Abotraot 

ScatU-sir.g ovooo-occticn rrvaourcnento have been perfumed on 2 3 8 I / belov I keV. 
A part of the data has been analyacd and the rcoulte are compared with previous 
me Gouvwwnto. 

I . INTRODUCTION 

A now aerieo o f p a r t i a l and t o t a l crcoa-Qcct ian measurements an ? 3 8 U are being 

porformad a r ore i n preparat ion at tha i i nac Qf C.B.f l . t l . Gaol. Sca t te r ing cross-

ccc t ion measurements w i t h very t h m samples hawo boon dene below 1 KeV. The 

cnolyalo o f those data has boon p o r t l y f i n i s h e d . Fur ther measurements a t h igher 

cnorgy and w i t h th icKor sarplos have been o t a r t o d . The capture cross-SBct ion 

noasur*menta w i t h the ^6^*6 datector aro i n preparat ion and t ransmission 

measurements w i t h coolod s ampins w i l l be a tar t f ld soon* 

This repar t describes the sca t t e r i ng cross-aoct ion measurements below 1 keV and 

cs^parea tha r c a u l t i n g r n v n l m * from a p r o l i r i n a r y analys is w i t h those from 

previous exparinonts l - 7 * . 

Tho publ ishad remuîta, f o r tho roscnanca psramotora I"n *nd Ty were i n general ob

tained by a corroinatian of capture , t ransmission and s e l f - i n d i c a t i o n experiments. 

Only tho Harwell r e s u l t s *^ wora from capture and sca t t e r i ng experiments. 

In tha energy range below 1 koV, the resonances arc i n general w e l l i s o l a t e d , a 

C'Jod t i n o - o f - + l i g h t r eso lu t i on l a eas i l y obtained and the f l u x normal izat ion f o r 

tho p a r t i a l c ross-sect ion measurements I s lass d i f f i c u l t than a t h igher énerg ies . 

In cp l t e o f these favourable experimental cond i t i ons , the discrepancies between 
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the existing resultf ora still vary important. This io Illustrated on figs. 1-4, 

which show seme typical results for fn and Vy from different groups at Harwall2' 

Colu^oia1-7', Les Alamos3'. Dubna6' and Geel"»5'. 

The normalization procedure of the scattering data 13 more easy than Df tho cap

ture data. The scattering cross-section can ba measured relative to Pb which Is 

a good standard. In tho case of capture measurements, the procedure lo in gene

ral ths following : the shape of the neutron flux is treasured using for oxample 

tne 6 M in.a) or 1 0 B (n,a) reaction and the absolute calibration of the product 

af dstcctor efficiency times neutron flux is done with the "black resonance* 

technique, ïriis procedure can give ripg to systematic errors. For the resonances 

wt-.ore r n s i>. the parameters Tn and r-y can al30 be determined by combining tho 

results from scattering and transmission experiments. Those are good examples to 

cf-GCH eventual systematic errors on the capture experiments, 

2. EXPERIMENTAI DETAILS 

The experiments were performed on a 3D meter flight path. The most Important 

factor i.i tha time-of-flight resolution was the flight path uncertainty, due to 

the size of tho sampjo so that c£ (FWhtl) / E was approximately 2x10"'. 

The detector system consisted of six 3Ho high-prsssuro gaseous scintillators 

(LNO typo atmi, placed at an angle cf 140°. 

Two very thin samples have boon used 11.31 t 0.01? 1D"5 otomos 2 3 eU/b and 5.53 i 

0.01 10* s atomes 2 3 8 U / B ) . It KOTO alloys of aluminium and natural uranium, 

Tho thinnest soirplo contained 23 Î by wolght of uranium ond tho thickest ono 17 4. 

Tho scattering ylold curves are shown on figs 5 and 6. 

The scattering cross-soction was measured relative to Pb for which On • 11.28 

î a.as o 8 ) . Tho Pb sample hod a thickno33 of 6.581 - 0.007 10~ 3 atomeo/B. 

3. UKCERTAIOTIES IK THE MEASUaEKEtirS 

5.1. Syacenatic errors 

Tho major systematic error of f.oout 2.5 * Is associated with tho normalisation and 

So due to tho uncertainty of tho Pb cross-section [0.5 Î) the error on the cor

rection for self screening and multiple scattering in tho Pb scattering experiments 

t < 1 1), tho Instability of scattering detector end monitor during the experiments 

i < Î.5 ^3 and the background subtraction in the Pb expérimenta t < 1 % } . 

The thickness of the thinnest uranium samplo le k'own to 1.3 i and the other one 

to 0.1 'i. 
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~-o z.£-£'.cz were so thin that tho r-ultiplo ocattoring corrections can be neg-

icstcs. Tho corrections en tho rooonE.nca area -for self screening and for ab-

--rpticr; cf the scattered noutrona «oro in tho worst case '35.7 eV resonance) on

ly ? *;. For r»3t roac COG, thooc corrections wore leso than 2 >. 

3.2. Statistical errors 

Tno atotistical error waa loao than 1 *; for strong rosanancos and could Do about 

1Q 'i for wcoK roaanar.-oo. To obtain tho area under tha resonant scattering poaK, 

*c have subtracted tho cacHgraund end tho contribution of potential scattering 

•rem uranium and oÎL-nnlun. Tho ou^ cf toth, bacKgrcijnd ana potential scattering, 

could fcs deduced from tho count ylold outnidn the roacnancoo. The background 

contrifcutscn was- ncacurod separately with tho black resonance technique U3ing Ptn, 

Co* Mo and W an DlacK roao.nenco filters, with Co aa permanent filter. 

4. RESULTS AND DISCUSSION 

>*•->. havo. up to now, analyse** 2 resonances bolaw 30D oV af the '.31 10*^ atames/b 

ùù-*(>l8 run aid £ rcsonarcao notwoon 303 oV and E30 BV of tho 5.52 10" 5 atonos/b 

ceTplo run. Figs 1"$ ch3.̂  t*"0 relation octweari Tn and Ty obtained frcs an area 

jr.jlyoio for cc-c resonances. Aloo ahawn en these figuros ore thE results pub

lished previously. 

•rror̂  thi'-i firat unalyaia in ihis onorgy rango. thD following conclusions can to 

rtrown : 

The no-itrcrt widths obtained by Pahn ot a}?' a*. CoIuTtoin University aro systemati

cally higher thin o«r rns j l to on-j tho Harwall results, by Aaghar et a l 2 1 QUI 
r,yptc~:>ti colly lower. Thorc -:CC~J to L*o nn nystn-vitic trono" in thn corrparison 

«itn tho other roouUs -Fro^ Colurtiia* 1» Gcol1**5! and Cubna 6 ' . In Casio 1 aro 

given tho neutron widths Tn ï ' o r Vf - 24 roVJ for tho four ctrcngost rcsnnonceo 

rc-tweon Z':,~ n\f end LU') nV toRatrrr with tha proviGusîy c-.jMiShod rasu ï tc . Aïso 

In this energy range» tho "ùro dlfforonccn Appear, faut loss pronounced. 

rha resonance pararretara, Tr. and Tv con bo dotiucod tiy corrtîining tho rooultn from 

.p.-i arcn -anolyoiu- af pa r t i a l end to t a l erûso-û&ctien nwasura^ento. So» in por t , 

thu uncortûirttlû'j »n Tf are due to tho uncertainties in tho neutron width Tn. 

rnc rom Centura width < Vy » ootsined hy the Colu^fcïrt group 7 ' i s 22,3 * 0.5 [otatJ 

* -.0 ;syat«) rcV which i s acrawhst onallor than abLoined at Gecl**' : 

- :>• > = 24.G5 ± D.65 naV» a t Du^na : < Ty > a 24 r*v and at H-arwoll : < I> > » 

::;./0 * *.C0 r«V. A port of the diffsronca could ouantu3lly be explained if tho 

:"n v\;luo3 cbtainod 5t Coluntoia should ti» tea largo. 
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T A B U I 

Result» for fn (aeV) for the ttisstace» «t Slt .S «V, 535.5 eV, 580 eV nul 595 

ED 518.S OV 535.S oV 580 GV 595 cU 

present results 42.5*3.5 41J3.S 40.5*3.5 B1.5I5 

Garg oc al.'' 43.2*2.3 37±?.3 27 i 0.7 82 i 5 

Psgnar et al 2' 39 *. 2.2 -9*2.5 37.5*2.6 71 • 3.6 

Rchr ot al'*, 49 ± 1.5 43*1.4 42.5*1.6 es • 2.5 

Carraro et al s î SS ± 4 45±2 44 t 3 B4 • 5 

Kalétaki ot al?' 42 * 6 S5±1S 36 t S 93 î 10 

Raïin ot al 7 f (8!5 45±S 41 * 4 85 • 5 

i 
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FIGURE CAPTIONS 

Figs 1-4 Results from an area analysis of our scattering data (relationship t»-
tween rn and Ty). Also shown are the results obtained at Los Aiemos 
and Columbia 1 , 3 ) CCDL.LA). Harwell *' tHAR), Geel '*' !G£). Dubna 6 l 

(DU3) and ColuM>la " (COL). 

Fig 5 Scattering yield curve with the- sample of 1.31 10" 5 atames/b. 

Fig 6 Scattering yield curve with the sample of 5.53 1D"S atomes/D. 
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Evaluation of U-2J58 fissonanee Parageters 

H. C. Hojcon i ^ ' 
A.5.8.S., Harwell, Oxfordshire, 0X11 CHA, O.K. 

Tho interest in this Gubjcct ar ises froa the fact that individual resonance 
parameters are- required in calculation» of the self screening, multiple scattering 
and dopplor offsets for fact reactors. At present soo-a evaluations of the U-23B 
recor-anco p a r a f e r a aro based naialy on the values given by one set of oeasureaents, 
rather than cay weights ccan values given by a l l the available data. 

A l io t of available data i s given in Table 1» together with details of the 
neacuresento and co=i=cntn on th» data. If no errors are quoted, then for the 
resonance energy i t i s acsuced to be equivalent to three t ines the quoted resolution 
at that energy, and for the neutron and radiation width to be *pO$ of the quoted 
value. 

In this evaluation the weighted aean values for a l l para&eters have been 
calculated usin£ a l l the pubisched data and are given in Table 2. Where only 
one cwacurecent of the rceonar.co parameter exiatc. thia i s quoted. 

Checks were carried out to see i f data i'roa any one reference were the cause 
of the high values of * 2 that were observed. Table > gives values of chi-squared 
per degree of freedom for the paraceters with and without the data froa the given 
reference. Thio table indicates that leaving out the data fro» any one reference 
will sot significantly change tho overall value of chi-squared* Thus there appears 
to be at preaont no technical reason for leaving out any of tho data and the 
weighted racan values are probably the best ones that can be obtained at present. 

(a) Resonance Energies 

Weighted ncan values of the reconar.ee energies were obtained fro» the 
published data and gave the sua of % 2 for a l l the resonances equal to 13&9-5 tor 
689 degrees of frcedoo. Systematic differences were noticed between different 
ceacurenents and as the Coluabia data of Rahn et a l ' 1 ? ) covered almost the largest 
energy range 6 oV to ^.ô koV i t was chocan an a standard. A least squares f i t was 
then carried out on tho other cots of data to deteraine a fl ight path length and 
zero tico correction. The values obtained are given in Table 4 and are aostly 
withir tho calculated errors. A value of ^08.5 forXS vas then obtained from the 
recalculated energies* Tho low values ofX^ and large errors on some of the 
adjusted flight path lengths and zero Uses are probably dvx to a s overestiaate 
of tho errors where cone have boon quoted- Thio reac t ion in j j ^ suggests that the 
cyctc=atic differences between the cote of data have bsen removed and the weighted 
wan values given by these nets of data are taken to be the recommended values. 

(h) Neutron Widths 

The high value of X of 2**22.1 for 6?9 degrees of freedom, obtained from 
a cepparicon of tho aeutran widths» indicates that either there are so»o systematic 
differences in tho ceto of data or that coae of the uncertainties have been 
underestimated. 

A dependence of X on the neutron width {which does cot appear to be energy 
dopendont) i s shown in Figure 1- A pocoibli explanation of the low values of X 2 

for cr^ll resonances could be that errors tend to be rounded up, e.g. ra -
0.30«p.l6 coU would be reported as r s = 0.3*0.2, «• reduction in the weighting of 
alcost a factor of two. I t i s also possible" that the s t a t i s t i ca l errors being 
fractionally larger for the saal ler resonances tends to hide Jfey systematic errors 
that my bo present. 

A search for systematic difference?* was carried out in the energy range up to 

http://reconar.ee
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1 keV, as in this region there may be as many ae nine reported values for the 
neutron width of a resonance. This was carried out using the fractional difference 
FM in rn, between the data from a given reference and the weighted mean value 
calculated from all the other available data. Coluan 1 of Table 5 gives a 
weighted aeon value of this fraction and columns 2 and 3 give a least square fit 
of the fraction to the form FN = a + b x Ej>, where a and b are determined from 
the data and Bp is the resonance energy- Column ^ is the correlation coefficient 
for this fit to the data. 

Some of the sets of data, e.g. Asghar et al , show only a constant 
difference from the average values, whereas the data of Cbrg et al* 1' give a 
negative correlation with neutron energy and that of Carraro et ol'1^) a positive 
one with neutron energy. Explanation of these differences could lie in the 
follcwing:-

(i) the type or types of measurement 
(ii) the method of analysis 
tiii) doppler and resolution effects 

Most of the values of r n are obtained from transmission measurements or transmission 
combined with other types of measurements, in which the transmission data make 
the largest contribution in determining the value of r n. There is very little 
that can explain these discrepancies in transmission experiments* Poor monitoring 
in transmission experiments will only affect the value of the potential scattering 
and not the resonance area as this method of analysis is insensitive to the 
absolute valuer, of the transmission. The determination of the background could 
be a source of error but there is very little documentation on this subject and 
the errors associated with it. 

In references 3 and 11 no transaission data are used to obtain the resonance 
paraoeters [ref. 3 is some 10# lower and 11 some 8& higher than the average values]. 
Asghar et alA-5) use scattering and capture data to obtain the resonance parameters. 
In this case I*n is determined mainly by the capture data when T n « Fy and by 
the scattering data when I*n » ry. An examination of their results would indicate 
that there is better agreement with the average values of T D when it is smaller 
than ry and this would possibly indicate on error in the normalisation of the 
scattering data. Rosen et al* 1 1' use self indication techniques to obtain their 
results. The analysis of this type of data is difficult and several problems are 
present that are not in the transmission measurements using a flat detector. The 
two most important are the effect of multiple scattering in the detector foil 
and the sensitivity of the Y-ray detector to scattered neutrons; neither of these 
arc discussed in any detail in the paper. 

All but one measurement (ref. 8) use some form of area analysis to obtain 
the resonance parameters. Problems arising from the analysis or uncertainties 
in the analysis are not discussed in any of the papers. Such problems can 
arise from correction from finite cut off to the resonance areas, long tails on 
th* resolution function, self screening corrections, and interference effects. In 
sol/ indication measurements additional probloms as given above add to the 
difficulty of analysis of the data. 

Only two papers 1 mention the effective temperature of the sample used 
in the analycia of the data. This could affect the analysis and should bo given 
in the paper. 

Possibly one or all those effects contribute to the discrepancies in the 
observed values of the neutron width. As transmission measurements are the 
simplest to perform and interpret, it should be possible to compare the measured 
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*]•;•.•;-.".lesion:; with .1 curve calculated from the final paraneters, but none of the 
c :<.%<? rir.aazc using area analysis techniques even hint trait euch a procède has been 
-larri^d out* 

Ac .it present there appears to be no real explanation for these systematic 
differences and to take this into account, i t is suggested that the quoted errors 
in Tabic 2 on the neutron widths should bo at least doubled. 

(cï Radiation Width 

In the c;ico of the radiation width, only 5 references (3, 11, 12, 1J, 16) 
Civc values of Py for a largo nuaber of resonances- The overall value of v . 2 of 
1?3.T_ for 1 JScv degrees of frecden indicates that the allocated errors are reasonable 
ana that there appears to te no significant systcr-atic differences between tr.e 
reported values. 

The high values of '*"• in Table 6 for the weighted average values of Ty for 
ocn reference subject that there is a natural spread of **2 =eV but to be sure 

mue. iT̂ jre accurate values of Py re required- Tabic 6 also gives tne results of 
.1 least squares fi t of the valueo of Vf to functions of Tn for all sets of 
published d-ats. The data frrrn Colur-bia' 1^ and Geel* 1 t > ' , i . e . tua of the sets 
of data covering a largo energy range, show a positive correlation for a l l three 
functions that were tr ied. The correlation between T n and Ty has no physical 
significance, but will be observed if there is a correlation between either !> 
uni r n ° , or Ty and the scattering area. If this correlation between the radiation 
width and the reduced neutron width is genuine» i t could have significant effects on 
reactor calculations, especially in the keV region when self screening corrections 
nre large. Two sets of correlation tes ts were carried out on the weighted nean 
values of Py. The f i rs t used only the quoted cean errors and did not show any 
correlation between the functions af Tn and r y . Pue to the fin-te nimb--." of 
transitions in neutron capture, fluctuations in the values of r Y are to be 
expected; thin i s confirr,ed by the high value of / 2 0 f 197 f 0 r 76 degrees of 
freedom, obtained for the weighted r.can value of rV* To take this into account, 
a second correlation test was carried out using as weights for Ty the inverse 
quadratic sun of the quoted errors •* 1tta of the value of Py, this gave a positive 
correlation between the functions of Tn and Ty (see Figure ,j). Measurements of 
the Y-ray spectra omitted on neutron capture in U-238 reported by John et al^ 1 *" 
and ThorjaCtfl) show a variation in shape fron resonance to resonance» John et a l ' 1 ? ) 
conclude that thoro i s a shift downward in the centre of gravity of the ganna ray 
spectra as the neutron energy increases. This effect nay be enhanced by the 
detection of Y-rayc froa resonanco scattered neutrons captured in the detector and 
surrounding equicrsent, as they only correct for background using the between 
resonance Y-ray cpectra. Therefore changes in the observed radiation width could 
fcc associated with this change in the Y-ray spectra or could be due to changea in 
tiic efficiency of detecting: neutron capture events as the Y-ray cpecti-a change. 

Therefore at present there appears to be very l i t t l e evidence in theory or 
experiment to expect a physically real correlation botween the radiation width and 
the reduced neutron width. Tho above s ta t i s t ica l tests iaply that the capture 
equipment could be core sensitive to the scattered neutrons than oxpected, or 
corrections for r.ultiplo ccattoring had been undj rest ira ted* In oithor cane the 
Measured radiation widtha for resonances with largo neutron widtho would be increased. 

Cd) RecogaGndat io n 
Weighted r.can valueo of all available data given in Table 2 would appear 

to be tho Lest data that can bo obtained at present* As indicated in Table 3, 
Leavir;; out data from any one reference will not significantly change the overall 
valuer, of tho parâ etort;. These values give an infinite dilution resonance 
intégrai of 27'*.96̂ 2.08 b using a radiation width of 2k,îk neV when no radiation 
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width is given. Tho quoted errors on the resonance energies would appear to bo 
realistic but the errors quoted in Table 2 on the neutron width shouIU be 
increased by a factor of two to take; into account the systematic discrepancies 
between different sets of data. The use of the weighted average radiation width 
for resonances in which no measured valu?» is given, should be carried out with 
caution and checks carried out to see the effect of a natural spread of **- +2. neV 
in the radiation widths. 

If a large fraction of the radiation width is correlated with the reduced 
neutron width then assumption about the energy, spin and orbitnl angular eoncntun 
independence of Vy aust be viewed with coze suspicion and atteopts should bo 
rj.de to measure sone of the radiation widths of resonances with email values of 
r n° to either prove or disprove tho presence of a correlation. 

Nuclear Physics Division, 
Building M 8 , 
A.K.R.r,'.. Harwell. 

10th May, 197**. 
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1 Available data on recona-<ce parameters of U-238. 

2 Rccoc-endcd resonance paraneters for U-2JS8. 

3 The change in X per degree of freedom with and 
without the data fros a given reference. 

b Correction, to the f l ight path length and zero t i ce 
utùric reference 13 ac a standard. 

> Fraction variation of r for a Qiven reference 
re la t ive to the weighted tsean of a l l other 
avaiïafcle data in the neutron energy range up 
to 1 KeV. 

6 Weighted ncan radiat ion width and recui ts of least 
cqoaroa fifco of Vy to functions of T n . 

Figure 1 Chi-cquarod per degree of freedoo «ercuc the neiitr 
width. 

2 T„ versus V froa the Columbia data of j-fcthn et a l 
i n 

3 Averaiçe values of L vermis r • 

(15) 



tt Authors r Year nnd 
Laocvatary 

Enorrv Ranee 

1 J . B. Corç e t a l , 
Coluntia (19&) 

0.1 - 4 .0 ksV 

F. W. K. Fîrk e t 
a l , Harwoll (1963) 

6 eV - 2 keV 

Type of Uo a aura no nt_ 

TRAttSHISSIKJ uaing 
thu cyclotron in 
conjunction with a 
fast chopper to 
reduce tho background 

TRAÎlS!iISSÏO.ï using 
tho 15 UeV electron 
linac 

3 M. Aughar at « 1 , 
HamoU (1966) 

6 eV - B.Î0 «V 

K J . S. Levin and 
D. J . Hush», 
Braolctenn (1955) 

é «V - M) oV TRAHSIlEiSIOH using 
a i'ait chop? n r 

5 J. A. Harvey e t a l , 
BMOktoven (1955) 

0 - 700 eV TRANSMISSION using 
a fast cbopi,ui-

Ë B. ft. Fluharty et 
a l , Idaho (1954) 

10 - J00 oV THAHSWSSIOtl using 
a fast chopper 

7 I,. U. Bollinger e t 
a l , Argonno (1956) 

h - 350 oV TRAllSSaSSICN using 
a fast chopper 

Detector ijtmplop Typo of tofi^ont a 
.Analysis 

HaI-B-10 5 ounplo3 Area anulysis 
n fron 11.8 taking, into 
- 590 b/a account tho 

interférence 
e f f e c t . 

Hal-B-10 5 sacplcs Area analysis 
n fron 5.6 x using inter
1u-3 - 0.13 o/b ference ef fects 

developed by 
J . E. Lynn» 

Uoxoti-Rati 2 oamplas Area analyst» 
capture noglecting 
dateotor interference 
Li-6 glane 3 samples 
+ Li-7 B--aao *.2i x 10 w * -
to 1.59 * 10-3 
coapenaate 
for ganaa.-
ray détection 

e f f e c t s . 
Multiple sca t t 
ering correction 
carried out In 
ooth cases using 
Honte Carlo 
techniques. 

BP, counter* 4 saaples Area analysis 
j using single 

l eve l Breit-
«igner fonsula. 

BF. counters i A- staples Hughes area (aosuaes BF. counters 
analysis interference 
techniques. e f fec ts ore 

2 sanples 
.*.naly«i< 
techniques. 

Boron loodod 8 ssaples 
l iquid 0.001" to 0.7' 
s c i n t i l l a t o r 

thinly area 
analysis but 
a«to shape to 
h»îp confira r 
values. 



r.af. 
No. 

A-ih:,-3, Year or.i 
T & o r a t o r f t 

^nor^y Hf.nj-;3 

8 H. S . Jackaan aril 
J . 8. Ijma, Arg3r.-.e 
(1362) 

6-5 - 6-3 e^ 

r.-.a;.'i i (cont 'd) 

Typa of Uaaaure-ant 

TfU.ijXX^iiIO:! us ing a 
l'nst chc^por 

i . H. Bo l i in to r ana 0 - 200 oï 
0 , E . Shoaas, Argonr.o 
(19É3) 

10 Yu. V. Hyabol e t a l , 6 - 7 aV 
DutM (1970) 

ïiL'ui^UlS^IOIJ using the 
puloed r eac to r 

11 J . L. Koaen oft a l , 
Coluniia (1959) 93 «V - L 3 *aV liolf ind ica t ion 

18 H. lialnoki o t » 1 , 
Dufcna (1971) 

13 R. Rata o t a l , 
Csl iaM* (1972) 

66 aV - 600 eV TiUKSUISSIO'i, CAPW» 
using tho puisai* rouctor 

6 oV - 4 .6 koV ÎHAHSfflSSIo:) 

CAPÎUHÏ 

Soif indica t ion 

11» 0. Carraro and 
!•'• Kolar, Cool 
(WO) 

60 eV - 5.7 koV TRANSMISSION uolng Oool 
oloctron linac 

Detector Sample3 
Analysis 

icz-nrtiz 

2 c o t a i fo i la Shapo. 
and 2 cxido k*eûSuroc<mt» 
oacplna voro woro pcrforcad 
studied t o loo's a t 

ao l id a tn to 
oiYocto on the 
uraniun G,7aV 
ruooransos and 
#oro ca r r i ed out 
a t tarcporaturoa 
a*°K. 77°K, 239°K. 

Baron-ioadad Sovoral thici: Snnpo ua«d t o 
l iqu id oncplos o!' puro ident i fy p-wavo 
û o i n t i l l a t o r U-23B coolod t o thon area 

l iqu id nitrogen sna iya ia t o givo 
te=poraturo 

sr„. 
Boron loaâad U-23B Area a n a l y s t s . 
l i qu id i c p u r i t i g a in ( in te r ference 
s e i n t i l l a t o r sanplos of U-2J5 ef focta «re orrallï 

Sovoral fo i l a Area a n a l y s i s . 
for the Aeouœeo interference 
Je toc tor ana e f fec t s negl ig ib le 
tranattUoion 
sanploa 

on thin samples. 

Stmiral aaaplua Area a n a l y s i s . 

Nftl-b-10 Mainly area Used as 
Several sa&plos ana lys i s and oos« standard 

lioxon-Uao uaod on each ohnpo analyeio on for 
noasureipont tho th ick nataplo x»»onan(» 

r i a a t i c tranr.miaclon da ta . owrgy 
s c i n t i l l a t o r 
NoI-B-10 1 aorapla ATfA-Hartfoy area 

analysis. 
(includes resonance-
potential interference) 



15 J . 2 . «yr,n n r J i> - 1.0 tiV riWNL-"fJJie:!, SAPriM:;, Uj) to 5 aacpluo Ai-oa ana ly s i s , 
K» J . r - ' - o r . i on , LCAWïrti:;» «aiji/î t i ; U son) usud n tc lsc t l i ig 
K K W » U ,M5!> 15 ::oï oJcoiron llu-w intorfomnco of fcc to . 

16 0 . Hc!;r ut o l , 
Gcol t 1 « i ) M - 1 e » oï W ' . ' J . L ; .•.«or.-tti.o 2 siLploo Area a iu i ty i i s . Wood in 

with valuon 

roiorotico 
14. 



z:.-i-: 5 

l 5 '• ^ 6 7 3 

r i ; " . 
" 0 . 

1 

Ji£i^L«l«t3 c ; 3 î ; ? ; i 

i 0TJ"^ i i i 

t o i or.or«y 

i i 

r.autrc.i i . i i t h 

i l 

r a d i a t i o n wid th 
r i ; " . 
" 0 . 

1 

s? , n Vf i 0TJ"^ i i i 

t o i or.or«y 

i i 

r.autrc.i i . i i t h 

i l i i i 
r i ; " . 
" 0 . 

1 2Î« Dît 0 2 .6-5 2.155 0 .M4 0.533 3.041 "3T3Ï9 
2 73 73 6 1.374 1.442 0.»E6 0.464 3.196 3.BCS 0.b63 1.425 

3 46 46 27 1.822 1.C65 0.487 0.425 2.967 3.5C3 0.659 1.182 

1, 3 5 3 o.eoo 0.320 0.695 0.619 1.735 1.562 1.095 1.276 

S 10 13 û 1.011 1.C35 0.561* o . ; 6 i 3.972 3.GG5 

6 Q 8 It 0.7£3 0.751 0.1.22 0.373 5.403 5.0JS 1.275 1.411 

? u 13 4 2.9Z2 0.^,3 0.i,?2 0.432 4.C32 3.672 1.163 1.376 

3 1 1 1 0.11,6 0.11,0 0.155 0.153 0.765 1.127 0.123 0.702 

9 16 16 0 2.977 2.535 2.435 1.959 0.23} 0.24} 

1û 1 1 1 0.155 0.11,0 0.134 0.153 1.203 1.127 0.579 0.702 

11 55 55 32 0.773 1,211 0.426 0.436 3.561. 3.332 0.733 1.119 

12 46 39 23 1.126 1.124. 0.310 0.321 4.299 3.332 0.631 1.193 

13 £8ï 233 71 1.223 2.022 0.4<6 0.529 4.586 3.718 0.523 1.165 

1!» l3 i* mv 0 1.215 2.039 0.487 0.524 3.387 3.860 

15 7 7 6 0.65B 0.586 0.337 0.345 5.322 4.933 O.9O0 1.404 

16 23 28 28 1.21.3 1.0B4 0.265 0.240 3.539 4.185 0.556 1.170 

To t a l X- and dcgrc 
fraodora 

o of 1369.5/689 403.5/689 21,22.1 A>79 158.1/138 

Section i and i i of colunns 5, 6, 7 and 8 refer to i "~ per dopreo o:' freedom without and v/ith tho data 

from the given reforonco respectively. 



i'ABLK H 

Rof. No. Plight path 
length (o) 

Corrected f l ight 
path lensth (m) 

Corroctod coro 
t ioo ((jjoc) 

1 200.0 199.9*0.27 -0.120*0.467 
2 55.0 55.03*0.5? 0.383*.1.433 

3 32.54. 32.59^0.09 0.253^0.380 

4. 20.0 19.92^0.31 0.026*4.534 

5 20.0 20.06*0.96 0.995±6.759 
6 30.0 29.39i1.99 -6.143*18.00 

7 58.70 58.71*5.81 -0.276_j.68.31 

6 58.90 - 0.000*7.190 

9 60.00 59.67^0.38 -0.412^3.724 
10 30.00 - -1.891*4.932 
11 J5.00 34-. 99*0.05 0.195^0.163 
12 30.00 3O.O1t_0.Ol6 0.103^.048 

13 200.0 STANDARD 

14. 100.0 100.00.0.018 0.087*0.029 

15 20.00 19.93^0.75 0.150*.9.695 
16 60.00 60.0U0.073 0.069*0.256 

http://-0.276_j.68
http://3O.O1t_0.Ol6


TABUS 5 

Hof. ! l o . râ !*oaat oqtuares ; ' i t t o Fli •- a * b x E.. 
i 
I 

b Co r ro la t i an J b 
c o e f f i c i e n t 

1 -0 .0462. 0.0101 0.0267^0.0371 -).OCOI67iO.C00071 -O.311 

2 0.0244*0.0136 -O.CQ93.0.0.'129 3.000136^.0.000163 0.173 

3 -O.IO7O.O.OIII -0.1030^.0.0345 -3.00001 7+.0.000109 0.024 

4 -0.0216.0.0490 0.0313+.O.OW3 -3.003603^0.002820 -0.783 

5 0.0053^0.0260 -0.0620_.0.0555 3.001333^0.000652 0.4S2 

6 O.1598+O.O872 -0.0634iO.2255 3.002135^0.001726 0.451 

7 0,051J>+0.0262 0.0934+.0.0263 -3.000731^.0.000338 -0.546 

6 0.0283i0.014'.' - - -
9 0.0294+.0.0610 -0.0276J.O.1055 3.000763.0.001249 0.212 

10 -0.0158+0.0212 - - -
11 0.0814+0.0162 -0.0243^0.0236 3.O0O4531.Û.OO0O76 0.632 

12 0.0184+0.0161 -0.0110+0.0344 3.000108+0.000100 0.181 

13 0.0476+.0.0129 0.0293.0.0237 3., 0000.43^0.00001,4 O.117 

14 0.1182+0.0106 O.O348+O.O219 3.0001 73*.0.000040 0.511 

15 -0.0746+.0.0225 -0.0563+O.O318 -3.000326^0.000462 -0.301 

16 0.0333+.0.0072 0.1063.0.0234 -3.000068..0.000055 -0.241 

http://-0.0634iO.2255


Bel' . 
No. 

« 0 . O f 
çaluos 

"iTûichted Wean 
a 

T 4 = a » b Fn 

b X 2 o a b 

-, a . b r „ ° 
X 2 

• V 
B 

0 . b-V/diR * (^„ . r x)) 
b X 2 0 

2 6 26.31 
£ 1.23 

22.01 23.65 
i 6.65 

0.089 
£0.200 

20.9 0.216 13.15 
£ 7 . 1 6 

3.40 
£1.76 

11.1 0.694 16.64 
• 5.76 

35.56 
£19.81 

11.54 0.668 

5 27 23.61 
£ 0.47 

38.56 24.16 
£ 1.00 

-0.0122 
«0.0180 

37.9 - 0 .1J4 23.20 
£ 1.00 

0.121 
£0.241 

38.2 0.100 23.05 
£ 0.B4 

3.03 
£ 3.30 

37.30 0.181 

1. 3 21.. 74 
+ 1.69 

1.49 23.06 
£ 0.66 

0.6P 
£0.16 

0.08 0.973 21.53 
£ 0 . 5 9 

4.23 
£0.64 

0.03 0.989 23.30 
£ 0.75 

59.58 
£17.34 

0.11 0.960 

6 4 27.60 
£ 9.27 

0.23 27.88 
± 4 . 9 1 

-0 .012 
£0.163 

0.23 -0 .05 28.54 
£ 7.12 

-0 .27 
£1.87 

0.23 -O.1O3 29.04 
£ 5.70 

- 6.01 
£20.10 

0.22 -0.207 

7 1> 23.67 
• 1.76 

1.53 23.99 
« 2.3» 

-0 .038 
£0.22." 

1.50 -0 .12 24.73 
£ 2.86 

-0.61 
£1 .40 

1,39 -O.293 24.30 - 5.51 
£15.69 

1.44 -0.241 

11 32 24.C9 
i 0.67 

17.81 23.56 
i 0.67 

0.009 
£0.008 

16.96 0.215 23.58 
£ 0.84 

0.18 
£0 .23 

17.45 0.159 24.07 
£ 0.72 

0.16 
£ 4-34 

17.81 0.01 

12 23 23.64 
£ 0.49 

7.47 24.58 
• 0.44 

-0.015 
£0.006 

5.65 -0 .491 24.06 
£ 0.45 

-0 ,12 
£0 .10 

7.00 -0.251 23.74 
£ 0.37 

- 0.66 
• 1.53 

7.41 -0 ,093 

13 71 22.31 
£ 0.31 

84,16 21.26 
• 0.46 

0.014 
£0.004 

72.72 0.365 20.93 
£ 0.48 

0.502 
£0 .1 J1 

69.12 -0.419 21.71 
A 0.41 

6.12 
£ 2.J8 

76.65 0.296 

'5 6 24.45 
i 1-05 

17.35 26.86 
i 1.96 

-0 .211 
£0.106 

8.68 -0 .704 27.07 
£ 2.31 

- I .5O3 
•1.213 

12.47 -O.527 26,21 
£ 2.38 

-16.57 
£13.88 

12.66 -O.513 

16 28 24.21 
• 0.26 

62.58 23.32 
£. °-56 

0.013 
£0.006 

53.42 O.SBO 23.58 
£ 0.68 

0.198 
£0.179 

59.72 0.212 24.15 
£ 0.57 

0.67 
£ 3.42 

62.49 O.C" 

ttoi 
TO. 

htoâ 
tlSS 

76 24.14 
i 0.15 

e r r o r s 

196.S 

m r j i 

24.11 
i 0.33 

acraasod 

0.0004 
£Û.O04O 

y 10£ o f 

196.8 

the va 

0.013 

LUQ ot* r 

24.07 
£ 0.37 

0.025 
_;0.104 

196.7 C.C28 24.07 
£ 0.31 

0.57 
£1 .74 

196.5 0.038 

J 22.<1 
£ 0,4< 

0.0091 
£0.0040 

45.4 ; . 258 22,28 
£ 0.43 

0.363 
£0.117 

43.5 0.339 22.73 
• 0.J6 

5.554 
£2.187 

45.3 a.283 

0 i3 the correlation cMjIVicicut for the f i t 
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fil using the inverse of the quoted errors squared 
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C01U1N KUHBER 
1 

• OR-
3.6>22E*03 1.27E*00 
3 .U59E*03 1.28E*00 
3.7331E*03 1.28E*00 
3.76386*03 1.3SE*00 
3.7813E*03 1.36E»0C 

* 3.79986*03 3.20E*00 
3.8306E*03 1.36E*00 
3 .8567E03 1.37E*30 
3.8720E*33 1.37E*00 

* 3.89516*03 3.3CE*00 
3.901SE*03 l .37E*00 

* 3.91346*03 1.50E*00 
» 3.9390E*03 l.50E*00 
* 3.9S39E*03 1.50E*00 
* *.0*04E»D3 N50E*00 
* 4.06306*03 1.50E+00 
* 4.08946*03 l .60E*30 
» 4.1240E*03 1.60E*30 
» 4.1678E*D3 1.60E*30 
« 4.1.7826*03 1.706*00 
« 4.2094E*33 1.70E»00 
» 4.2577E*03 1.70E+00 
* 4.29906*33 1.70E*00 
* 4.3060E*03 1.70E*00 
* 4.32396*33 1.70E*00 
* 4.3332E+33 1.80E*00 
* 4.4350E*03 1.80E+00 
* * . *872E*03 1.80E*00 
* 4.51036*03 1.806*00 
* 4.54206*03 1.805*00 
* 4.5672E*03 1.80E»00 
« 4.5927E*03 1.90E*00 

2 
• a « -

2.9681E-01 3.35E-02 
6.4769E-02 1.30E-02 
1.8238E-01 3.33E-02 
4.18456-02 5.49E-03 
3.1660E-01 4.30E-02 
3.08216-03 3.0ÛE-03 
6.4435E-03 2.38E-03 
4.3421E-01 3.91E-02 
1.B738E-01 4.39E-02 
4.9928E-03 3.12E-Q3 
2.S796E-01 5.14E-02 
9.0082E-02 1.50E-02 
1.2992E-01 2.0JE-02 
1.0815E-01 1.51E-02 
6.48356-02 1.02E-02 
2.9959E-02 8.29E-03 
7.2262E-02 1.47E-02 
3.2109E-02 7.71E-03 
1.6010E-01 3.496-02 
3.8137E-02 9.05E-03 
4.0226E--02 9.08E-03 
1.6965E-02 7 .186-03 
1.3179E-01 1.77E-02 
1.148*6-01 1.716-02 
6.181 IE-02 9.866-03 
3.2914E-03 1.976-03 
1.0522E-01 2.53E-02 
2.6795E-03 2 .016-03 
5.0503E-01 7.996-02 
7.4S08E-02 1.21E-02 
3.3791E-02 8.11E-03 
1.8298E-02 6.106-03 

0.09 2 
0.42 2 
0.01 2 
0.11 2 
0.69 2 

0.25 2 
0.24 2 
0.04 2 

0.76 2 

6 7 

1.12 2 
0.23 2 
0.33 2 
7.44 2 
0.82 2 

0.02 2 
3.68 2 
0.56 2 

0.15 2 



CCLUX'i Him EU 

• IIR-
3.S277E*33 6.42E-01 
3.0*226*33 9,176-31 
3.05DiG*03 4 .3 ÏE -01 

» 3,;C30Ë*33 2,35Et30 
3.1G93E*03 6.70E-01 
3.1329E*33 * . 4 4 E - 0 l 
3.1470E*03 7.Û7E-31 
3.1687E*D3 7.0BE-01 
3.1778E*Û3 T.03E-31 
3.1878E*03 7.036-31 
3,20465*03 7.10E-01 

* 3.21706*03 I . IOE*00 
3.2251E*03 T. lOE-01 
3,2«B2E*D3 7.11E-01 

* 3,27206*03 l .ME*0O 
3.2?81E*03 T . l l E - D l 
3.2954E+03 "J.CHE-Ol 
3.3106t. *03 7.12E-31 
3.32036*03 7 .37E-0! 
3.3327E*03 T.7SE-01 
3,354SE*33 7.75E-01 

• 3.37O9E*03 2.65E«0O 
3,3897E*03 T.T7E-01 
3.4078EO3 8.09E-01 
3.4179E*03 I.IOE+QO 
3.4352E*33 a . i i E - 3 1 
3.45666*33 8.41E-QI 

* 3.4699E*03 2.80E*00 
3.4S41E*03 8 .416-01 
3,*931E*03 8.416-01 

* 3,51196*03 2.85E+00 
3.52636*03 1,18E*00 
3,5602E*03 B.44E-D1 
3,57246*03 a.44E-oi 
3,5931E*03 e.i.SE-01 

* 3.6000E+93 2.95E*00 
• 3.6110E*03 2,<»5E*00 

3.6223E*03 1.19E*00 
3.6286E«03 l.27E*0C 

* 3.6470E*03 3.00E*00 
3.6T22E*0Ï 1.27E*00 

2 
• f .a -

1 .S578E-01 9 . 6 2 E - 0 3 
2 . 4 8 1 9 È - 0 3 7 . 8 0 E - 0 4 
2 .7167E-02 2 . 9 9 E - 0 3 
4 .44Û6E-03 1 .67E-D3 
1.9948.E-01 1 -21E-02 
7 . 8 8 6 8 6 - 0 3 8 . 9 3 E - 0 4 
9 , 4 J l « E - 0 2 5 .91E-Q3 
9,'J»92E-Q3 1 . 0 2 E - 0 3 
3 . 5 3 8 6 S - 0 2 5 . 9 4 Ë - 0 3 
9 , l< ,0!E-0i ' 6 . 4 4 E - 0 3 
<3.0<S78E-02 5 .80E-O3 
7.94Û6E-03 3 ,V?E-03 
2 . 5 3 7 8 6 - 0 2 4.0QE-C3 
1.7124É-02 2 . 1 8 6 - 9 3 
4 . 0 0 4 1 E - 0 3 J . 7 2 E - 0 3 
1 .3856E-01 1 .48E-02 
5 . 6 1 3 2 E - 0 3 1 . 3 9 E - 0 3 
1.1101E-O1 7 . 9 2 6 - 0 3 
l . 0 3 à ? E - 0 l 8 , 1 4 6 - 0 3 
7 .4922E-02 5 . 5 9 E - 0 3 
1.0S70E-O1 7 . 2 9 E - 0 3 
2.Ï03CE-O3 1 . 1 6 6 - 0 3 
1 .2320E-02 1 . 8 7 E - 0 3 
2.0352E-O1 1 .22E-02 
3 .5081E-O3 2 . 0 7 E - 0 3 
3 . H 6 6 E - 0 1 1 .91E-02 
5 .6434É-01 3 . 0 3 E - 0 2 
1.IT81E-Q3 1 . 1 8 E - 0 3 
1 .025SE-01 7 . 5 5 E - 0 3 
9 . 8 6 1 8 E - 0 3 1 . 7 2 E - 0 3 
2 . 9 6 3 I E - 0 3 1 . 1 9 6 - 0 3 
5 .4633E-03 2 . 6 6 6 - 0 3 
1 .9846E-01 2 . 5 3 E - 0 2 
3 . 5 9 6 8 E - 0 1 2 . 0 0 E - 0 2 
2 .5626E-C2 3 . 4 1 E - 0 3 
3.0O0OE-O3 3 . 0 0 E - 0 3 
3.0046E-O3 1.20E-O3 
5 . 0 4 4 3 6 - 0 3 2 . 4 5 6 - 0 3 
2 . 9 0 9 2 6 - 0 1 3 , 0 9 6 - 0 2 
3 .0195E-03 3 . 0 2 E - 0 3 
4 .3927E-03 2 . 5 7 E - 0 3 

<t •> b ? 

0.29 3 1.79 3 
0.50 2 0.12 2 
0.52 3 0,5b 3 

0.08 3 16.25 3 
0.07 3 1.31 3 
0.39 3 14.<)5 3 
0,04 3 0,72 3 
0.58 3 2.51 3 
0.45 1 11.96 3 
0.55 3 8,47 3 

0.1) 3 1.21 3 
0.11 3 9.96 3 

0.65 3 43.09 3 
0.25 3 1.45 3 
0.11 3 9,39 3 
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>JO?.:: cements on the evaluation of the unresolved resonance parameters of U-238 

!•'., G. Soworby 

.\.Ï*R.Î*, Harwell, Oxfordshire, 0X11 QHA, U.K. t^yS 

'' Prelipinary CotsT.ents-

i'/aluations of unresolved resonance parameters are required GO that good 
calculations can bo side of self shielding factors, the doppler temperature 
coefficient of reactivity tr.d other reactor paraneters which depend on resonance 
;:ructurc« The s i c of these evaluations ie to. enable a set of résonances to be 

generated which have a oinilar distribution of properties as the resonances 
-Actually present- The generation of these resonances is done using various 
c^-p-ater rrc^ra.-rr.es and the fornalis^s used and anrsunptionn mde in these my 
to slightly different. The- Author iias nade no attenpt to investigate this 
protiicn but there arc probably no great inconsistencies. However» because of 
passible differences one should take care in drawing detailed conclusions frorc 
-.orripririsonu of unresolved paraceters» 

Any evaluation of unresolved resonance parameters ciust have as i t s 
foundation the average values and distributions of the resonance parameters 
o^.erved in the resolved energy range. The foras of the various distributions 
ire of course baaed on resonance parameter data fron r-any different nuclei- The 
cvalu 'ttiona are alco rjide to bo consistent with ceasurecents of the average 
cr3S-;-sf.'Ct*0"iu in the utirer,clved region- For U-2j3 the unresolved resonance 
,.1 ras ters , arc often chs:;or. so that usinn a particular cot, of computer procrar.-os 
Mi'iy reproduce nn evaluated capture cross-section. It i s well-Known that for 
;>- J'1 the ft? in çQti'jitiovàl'la uncertainty ataut the individual resonance parameters 
ml (ïoîicc there in nico uncertainty in their average values. 

. . LiotruJ.nd Dtr.-aun.~i. or. of Unresolved^ Region lia ta and £valq-tier.s 

Un any aval m tier, tfco dz.at tnoticn between; the resolved and urJ*esoivcd onerpy 
iviîii'O';. is vory blurred tos'3u:io .in increasing jiusber of tho chiller resonances 
ire rat njviiyned, cuirg t s l'ic,': ai* ro:;çlut:c,*ît sa ar.û cote closer to the 
'. s./.her- î"*-̂ re:y end of th? r-'-^stvn,; energy ran^c» Iho evaluator therefore has 
to allow top these usin^ t:i«? "^r^r.alvcd rcsar-inco paracr^tcrs". .*'or 'J-Jj/Z 
•„:\o î'nsalviïd ennrfjy ran,;;u eater, i:: up to *~* he" and fcense the unresolved resonance 
;j',r::^-3torr'. nro needed Star, < I» \yjj to a few tcr.s of heV* Ir. this energy ranraj 
«:• I-...:vo to cjr.:-.i(tor ;;.» p DS-Ï d w ;ytr ins êrac tics:; CI » £>» 1 ur.-i ?.'t though the 
i-viv-o csr-triLiit U.T- -.s ;:-..: ff-trLr.-,̂  I. y :-.iiî th.'it we eiri Licit d i^ - j^ ios to the 
.-. m.i r:=wivo c;sr.tril.u.ti::r:;; Ct-;o v:L\[;' oi' V;e iS-vive ^trc-r^tb fa-tticn and ?.•::*& 
r.u ; -.tier. WiUt'.i ur<: u:-.u-*lty :̂r.v.-.od ta to !;tc car,:? au the c»«'*vo «,-;sEt:o:i}« For 
,-','...) the n-u-iWA ir-tor-astior.-.* f^rr. csr.fOur.i r.uslcar sUttes wltîi c;in ofiJ :u.-ity 

. A* W:ILLO far pswrsves. 5î .r vain?:: .ir<! ^ " asi }/£"• ror cruel of tl'-.er.o sjiir. 
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i.(^ ;ï'.f> n-ir, v.-iU.-î or t"-? tot,i; ra^L.jticri width ar.i tnc distr t tatscn 
i'cr.ctir-r, of tlia Mi'̂ thr.* 
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shown that there is a snail amount of sub-threshold fission, which has the 
characteristic intermediate structure, and this will have to be included in 
the future. 

The distribution functions for widths and spacings have been discussed 
extensively in the literature (see for example Lynn [2]) and there is a general 
concensus that 

(1) the level spacing distribution is in good agreement with the Wigner 
form 

(2) the reduced neutron width distribution is a distribution with the 
number of degrees of freedom ( ) being 1 or 2 depending on whether 
or not the spin state can be formed for both channel spins I + £ 
and I - £• ( F° r = 1 the distribution is of course the Porter-
Thomas distribution)-

(5) The total capture widths have a narrow distribution about their mean 
value (similar to a >*• ̂  distribution with "V very large) and it is 
usually assumed that the capture width is a constant. 

Table 1 lists the main techniques that have been used to obtain the average 
resonance parameters used in evaluations of the unresolved region. A number of 
assumptions that have usually been made in the analysis of the results are listed 
below 

(a) The average level spacing Dj is related to the spin J as follows 

Dj = D Q exp ( JÇJ+1] ) 

where D is a constant and o is approximately 6. 

(b) For a given 1 wave the strength function is assumed to be independent 
of J. 

(c) The value of the radiation width Ty is assumed to be independent 
of J and 1. 

Table 2 gives the average resonance parameters obtained from some typical 
experiments and analyses. The most striking difference is in the p-wave strength 
function where the analysis of transmission data gives values about 6ft*S higher 
than the other techniques. However, it can also be seen that none of the 
parameters, except the effective potential scattering radius, are consistent 
within vlCfio and this makes it necessary in evaluations for fast reactor purposes 
to select parameters which will reproduce the measured average capture cross-
section. 

Table 3 gives the average unresolved resonance parameters used in various 
evaluations. There is considerable variation in the values chosen and on the 
whole they are all consistent with the typical "experimental" values given in 
Table 2* The calculated average capture cross-sections, which are also given in 
2 energy ranges, show a large spread and one would expect significant discrepancies 
in the calculated total cross-3ections. There are some good total cross-section 
data available in this energy region and it would appear to be sensible to 
recommend evaluitors to take note of these. Perhaps it is also necessary to 
repeat these cross-section measurements as it is doairable to have as many 
checks on the U-23B resonance data as reasonably possible. 
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It is perhaps now worth considering what other checks are possible, First, 
hswever, one should note that Zor reactor calculations one would like checks on 
the resonance parameter data at various sample temperatures so that the reactor 
physicists can get improved confidence in calculations of the doppler temperature 
coefficient of reactivity. In principle they would like to do calculations at 
temperatures up to >QQO°K, but at the present time there are only data below 
~1C0C°K. Two types of measurement have been done which are checks on average 
resonance parameter data and the changes of thick sample self screening calculations 
as a function of temperature. The first of these is the measurement of average 
transmission of neutrons by thick samples and the second is the measurement of the 
average self indication ratio* Measurements of the first type have been done by 
Vankov et al £1}] and of both, types by Byoun et al f^l* 

Table k gives the results obtained by Vahkov et al from their data. In 
considering the results it should be remembered that many of the parameters 
obtained are effectively the result of analysing the thin and thick sample 
average transissions at rode temperature. Table 5 gives the best values of 
Byoun et al for the p-wave parameters along with the assumed s-wave data. The 
data in both tables are not in particularly good agreement with the evaluated 
data given earlier except perhaps for the second set of results of Vankov et aj. 
where <Ty> and the average e-wave level spacing are kept constant. 

At tne present time calculations are being.made at Harwell on these two 
types of measurements as a preliminary to performing similar experiments. The 
changes in" thick sample transmission with sample temperature appear to be 
mainly duo to the increased doppler broadening filling in the minima in the 
total cross-section caused by the resonance-potential interference produced by 
s-wave neutrono. The biggest effects are produced by the resonances with large 
T n and the results are slightly sensitive to the value of ry. The calculations 
of the self indication ratio are not complete but in the region below 10 keV 
the changea as a function of temperature also appear to be sensitive to the 
s-wave rather tiun the p-wave parameters. For instance for a given sec of s and 
p-wave T n values, changing Vy for the p-wave resonances by a factor 2 produces 
negligible changes in the average self indication ratio and its temperature 
dependence* However» a similar change for the s-wave resonances produces 
significant changes in both the self indication ratio end its temperature 
dependence* Around 1 keV the changes are mainly associated with the large r n 

resonances but the situation appears more complex at higher energies and 
calculations are continuing. However, from this discussion it can be seen 
that these typea of expérimenta should help to improve calculations of the 
doppler temperature coefficient of reactivity as a large part of the observed 
changea as u function of sanple temperature arise from the large s-wave resonances 
which are heavily eelf-scrcened in a reactor. 

J. Conclusions 

In conclusion a number of points can be made 

(1) The average resonance parameters in U-238 are not well known and 
inproved data are required* 

(2) Insufficient checks hav* b*en made to date to see that evaluations 
fit all the data that are available» 

(?) In the future «valuators should check that the resolved and 
unresolved data on U-238 are consistent with 

(a) ftvevage capture cross-section data 
Cb) average total cross-section data 
Cc) average transmission data for thick camples (including variation 

with sample temperature), 
(d) average sell indication ratio data and their variation wi<.n 

transmission sample temperature. 



186 -

References 

[13 Block R. C., Hockenbury R. W., Slovacek R. E., Bean E. B. and Cramer D. S., 
Fhys. Rev. Lett. 3J. (1973) 21»?. 

[23 Lynn J. E., The Theory of Neutron Resonance Reactions, Clarendon Près?, 
Oxford (1968). 

[33 Rahn F., Camarda H. S., Hacken G«, Havens W« W. Jnr., I*iou H. I., Rainwater J., 
Slagowita M. and Wynchank S., Pays. Rev. C 6_ (1972) I35<i. 

[<f3 Rohr G-, Weigmann H. and Winter J., Nuclear Data for ReactorB J^ 413-

C5D Corraro Q. and Kolar W., CONF 710301, p.?Q (1971). 

[6] Uttley C. A., Newstead C. M. and Diment K. M., Nuclear Data for Reactors 1_, 
165, IAEA Vienna (1967). 

[7] Lynn J. E., Proc. Phys. Soc. 82 (1963) 903. 

[83 Moxon H. C , M.Sc. Thesis (1968). 

[93 Pitterle T. A. and Durston C , Private Communication (1971). 

[103 James M. F., Private Communication (1971*). See also EANDC 90 L. 

[113 Schmidt J. J., KFK 120 (1966). 

[123 Abagyan L. P., Abramov A. I., Nikolaev H. N., Stavisskii Yu. Ya» and 
Tolstikov V. A., INDC(CCP)11/0 (1971). 

[133 Vankcv A. A. t Grigoriev ïu. V., Nikolaev H. N., Fillipov V. V., Boehmer B., 
Collatz S. and Pickelner L. B., INDC(CCP)-16/L, Page ^9 (1971) also Nuclear 
Data for Heactors 1., 559, IAEA Vienna (1970). 

[Tt3 Byoun T. Y., Block R. C. and Semler T., CONF 720901, p.1115 (1972) and Private 
Communication (197*0* 



Tablo 1 

MA thesis of obtaining data on unresolved resonance parameters 

Mflthod Assumptions Data obtained 

A Analysis of resolved 
resonance data 

The average values of 
paraaetera in the 
rccolved region are 
the sace as th<? un
resolved region when 
known energy dependence 
allowed for 

s-wave s t rength function (SQJ 
a-vave l e v e l spacing and 
hence DQ 
<TV> for a-vavea 
s c a t t e r i n g radiu3 R' for 
s-vaveo 

B Analysis of average t o t a l 
cro&s-stcfcicn da ta 

S 0 and p and d-wave s t rength 
functions (S., and S2) 
Diraensionleas q u a n t i t i e s for 
0 and p-waves (ft 0 and Ri 1" ) 
which allows foi- tho effect of 
d i s t an t l eve l s 
The value of R0°° effect ively 
g ives R» 

C Analysis of th i ck sample 
average transmit s ion data 

Values of T/0, <TY> 
% ana d i s t r i b u t i o n of 
s-wave neutron widths a re 
assumed 

S 1 and H' 

X) Analysis Df average capture 
c ross raeaaurementa 

Values of 5 0 and S^ a r e 
assumed plus d i s t r i b u t i o n 
of neutron widths 

<Ty> for s-waves 

<py> for p-wavoa 

Tho values <Ty> for s-waves 

and Si a rc s t rongly correlated 



;rable g 
Data obtained from typical experiments and analyses 

Experiment Type s»wa/e level 
spacing (ev) 0 e f fec t ive 

po t en t i a l 
s c a t t e r i n g 
rad ius (fm) 

S 1 ^ ^ oeV Comment 

Rat. • e t a l ( 3 ) A 20.8 1.08+ 
0.10~ 
r. 10-* 

9.6 +_0.5 - 1 . 4 , 
X 10-1» 

22.9 
+0.5 ( o t a t ! 
+0.9 ( synt ) 

Analysis to divide 
l e v e l s in to s anâ 
p populations 

(4) Eohr e t a l A 24.64 
+.0.85 

Carraro and 
Kolar '5) 

A 17.8.0.9 1.1}» 
O.13-

Assumes a l l 
resonances <2 keV 
produced by 
s-«ave neutrons 

Httloy e t a l t 6 ) B 4f.guiBed 
to be 
1.0,x 
10-'* 

Assumed to 
s» 9.18s 

2.47+0.16 
-O.28 

x 10-1* 

Lynn*" 0 AGsumed t o 
bo 18.0 

AGSumed 
to be 
1.0, x 
IO-1* 

9.185+O.14 2.5+0.4 
x TO-1* 

Assumed to 
be 27 

Koxon < 8 ) U 1.0.40.} 1.59+0.45 < T Y > / D 0 = 
5.7+0.9 x 
10"3*" (s~wave) 
= 5.8+1.2 x 
10"^ Tp-wave) 

If s-wave leve l 
spacing - 20.8 eV 
<T t> = 23.7 « V 

»~r 



•fcble 3 

Comparison of Evaluations of unrecolved resonance paramotera 

^ " ^ E y a l u i t i o n 

yuantity ^ H ^ . 

BDF/B m ( 9 ) Jaoeu for UK 
SDR-CQŒX 
evaluation 
(10) 

Schmidt ' 1 1 J Ab'.igyan et 
a l<«> 

S o 1.05 x 10 ouï varied bj up 
to 1535 bolou 10 keV 

0.93 x 10"* 0.90 x lO - 1* 0.91 x 10" J l 

s 1 Variable betveen 1.337 * 
10-* and 1.933 x 10-* 

1.58 » 10"* 
.4 

2.5 X 10 2.0 x 10"* 

s-wave leve l spacing Variable decreasing from 
20 to 18.59 eV froa 4 to 
45 keV 

22.5 eV 20.8 oV 20.4 eV 

p-wave level spacing 
J = 1/2 

J = 2/2 

AB o-wtve 
Variable decreasing from 
10.98 to 10.51 eV from 4 
to 45 keV 

22.5 eV 

11.25 eV 

20.8 eV 
11.4 eV 

6-uave ocattering 
radiue (H') 

9.184 x 1 û " 1 i cm 9.1843 x 1 0 " 1 3 9.18 x 1 0 " 1 J cm 

radius used for 
calculating 
penetrabil i ty 

8.401 x 1 0 " 1 } cm 8.3662 x 1 0 " 1 3 9.18 x 10 - 1 - 5 cm 

<V 23-5 moV 23.0 moV 24.8 meV 24.3 moV 

Content Parameters chosen to 
reproduce overage capture 
cross-section 

Parameters chosen 
to give shielded 
cro.-is-aectiono 
required to f i t 
reactor measurements 

Parameters chosen 
from the types of 
experiments l i s t ed 
in Table 1 

Parameters chosen 
from resolved 
resonance data 

Average calculated 
capture cross-section* 
5-6 keV 
10-20 koV 

0.972 
0.645 

0.885 
0.547 

1.138 
0.736 

1.04 
0.68 

•Values in l a s t column i ron INDCICCPI'-II/U. Otherwise data in tatlDC 90 L quoted. 
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ïhble 4 

Results of Vankov et al 

All parameters 
varied 

<Ty> and s-wave 
level spacing 
kept constant 

S 
0 

0.90Ç+0.07) x 10 0.89(+0.004) x 10"1* 

s 1 i.28(+0.33) x 10 _ <* 1.87(4.0.03) x IO"1* 

s-wave level spacing 25.1 +. 1.4 eV 20.8 eV (rixed) 

Effective scattering 
radius R' 

9.232 x 1 0 " 1 3 cm 9.053 x 1 0 " 1 3 cm 

<iy. 17.2 +. 4.6 meV 24.8 meV (fixed) 

Table 5 

Best p-wave data from Byoun et a l 

Best Fit urometers 

A B c 

s., (x io"S 

Mean p-wave (eV) 
level spacing 
(both spin states) 

<T y> p-waves (meV) 

I.58+O.I 

II.3+2.O 

47.5+8.4 

I q 4 t 0 ' 1 

II î + 3'° 

(,, Q+11.6 
^• 8-13.6 

Assumed data 
effective scattering 
radius fi' (fin) 

Radius for penetrability 
(fm) 

s o (x io"'
h) 

s-wave level spacing (el/) 

<TJ> s-waves (meV) 

9.3 

8.74 

9.2 

8.74 

9.0 

8.4 

Assumed data 
effective scattering 
radius fi' (fin) 

Radius for penetrability 
(fm) 

s o (x io"'
h) 

s-wave level spacing (el/) 

<TJ> s-waves (meV) 

1.0 

20.7 

23.0 
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INTRODUCTION 

The lack of agreement in the value and shape of the neutron capture cross section 
238 

of U below 100 keV obtained in three recent high resolution time-of-?llght measurements 

t l - 3 ] suggests that further measurements of this important cross section may be of value. 

Since all three of the above m< ntioned experiments were carried ou» using linac produced 

neutror» it would seem that a measurement with the pulsed Van de Graaff making use 

of the Li [p, n] Be reaction for neutron production might provide a degree of experimental 

independence and in that way resolve previous difficulties. For example, the Van de 

Graaff technique has no interfering gamma-flash and, due to the very fast time-of-flight 

method employed, background considerations are very different and less complex than 

in the previous experiments. Also since B was cbossn as a neutron flux monitor in all 

three linac experiments, it was decided that the present measurements would make use 
235 

of the very well known U fission cross section for this purpose. 

The present measurement will be carried out in three separate stages. In the first 

stage, the results of which are reported here, a shape measurement was made with the 

800 liter liquid scintillator tank fn the neutron energy region From 20 - 550 keV relative 

to the ^ fission cross section. As an independent check a simultaneous measurement 
197 

of the Au [ n / ï ] yield was made. The second stags will consist of the calibration of 

a Moxon-Rae detector using a pulsed, monoenergetfc neutron beam of 17 meV energy 
238 

at the Karlsruhe, FR 2 Reactor, and capture samples'of both gold and U. Due to 
235 

possible difficulties with ike small amount of U with relatively large fission cross 
238 

section in the U sample, the gold measurement may be essential. In the final stage 

several measurements in the keV neutron energy region will be performed at the pulsed 

Van de Graaff with this calibrated system using the same samples as-!n stage two. 

235 
The U fission detector will be û :>d as a neutron monitor for both the last two 

stages also. This then will provide the "absolute" capture cross section to be used as a 

reference for the shape measurement. 
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2 3 8 U CAPTURE SHAPE 

The shape measurements were carried out using a thick lithium target to produce 

a "white" noutron spectrum for energies below about 160 keVand thin lithium targets 

giving "monochromatic" neutrons at higher energies. A 1 mm thick sample of 99.76 % 
238 purity U, a 1 mm thick gold sample and a carbon sample For background determination 

were cycled into the detector of intervals determined by the proton beam integrator. 
235 

Flight paths for all samples were 203.3 em. A U.gas scintillation,fission chamber 

operated with a flowing mixture of 85 % A M 5% N , was, placed in the collimated 

neutron jeam before the scintillator tank. This chamber was carefully adjusted so that 

its two U foils covered the entire beam. The U was elecrrosprayed onto thin 

VYNS backings C4], Thus both fission fragments were observed In coincidence to discriminate 

completely against the natural a-activiry of the foils. Flight paths for the two fission 

foils were 92.15 and 98.75 cm. F c the low energy [continuous energy] run the accelerator 

was pulsed at a 500 kHz repetition rate, whereas for the monochromatic neutron runs 

a 2.5 MHz rate was used. Capture events were stored in 256 channel ttime] by 12 channel 

(pulse height] arrays and fission events for each sample were stored Into 512 time channels. 

The scintillator tank is optically divided into quarters :o that it was possible to carry out 

a "Voter" coincidence whereby a routing pulse was generated if simultaneous pulses 

occurred In any two of the quarters. Both "Voter" and'Non-voter" events were stored 

separately. This system differs fror fhat used in référença [3] where halves were run in 

coincidence. 

Ihe results of these neasvrements are presented In Figures 1-3 where they are compared 
238 to other reported values. In Figure 1 the present results for the U capture cross section 

shape a% computed from the gold reference sample yield is shown as points with error bars 

representing counting sf 'sties [which vary from + 2.7 . , at low energies to + 0 .7 % at 

high energies]. 

Figure 1 gives the result of the continuous energy run only. The gold cross sections of 
238 

Kompe 15] were used in Hi» calculations along with the "Voter" yields for both U and 

gold. The spectrum fractions required [data counts divided by total capture events] for 
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238 
both U and gold were derived from an extrapolation of the "Voter " pulse height 

spectra to zero gamina-ray energy below our thseshold of 2 MoV. Since this extrapolation 

could conceivably be in error, thus resulting in a systematic error in the calcu'jted 

cross section of perhaps + \Q% these results should bo considered as a shape measurement 

only. 

235 
Using the U fission cross section as evaluated by Sowerby, et a l . , Co] a totally 

238 238 
independent result for the U capture shope was derived from the U capture yield 

235 
and U fission chamber counts. These values are shown as horizontal lines in Figure 1 

and include corrections for the energy dependences of the spectrum fraction, air 

scattering between fission chamber and sample, and self shielding plus multiple scattering. 

In order to achieve reasonable statistics in fhejftssion chamber counts, channels were 

added together corresponding to 10 keV neutron energy intervals up to 100 keV and 20 keV 

intervals at higher energies. The resulting relative cross sections were normalized to the 

average value [210.8 mb] obtained for the present gold reference I result in the region 

from 90 to 100 keV energy. 

'he shape calculated in this way is seen to be in excellent agreement with the shape 

obtained with the gold reference. Also shown are the decimal interval averaged results 

of the experiments of references CÎ-33. These values were taken from Table VI of reference 
238 

£3], It may be seen that the present cross section shapes for U capture ore in excellent 

accord with the shape of the reference [3] results £to appro*. 1 % ] , show some deviations 

from that of reference [1] and agree well with reference 12] at high energies but show 

a large deviation [12-15 %} at lower energies. 

It should be noted that the total estimated error for the data of reference [3] are 

given by the length of the data bar and is somewhat representative [although not exactly 

soj Of the total errors estimated for the data of references [1,23. 

238 
In Fig.l a significant fine structure in the, U capture cross section as computed : 

from the gold reference data was observed, particularly in the region below 50 keV. 

Figure 2 is an enlarged plot of this region showing the present results and a replot of the 
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high resolution results of de Saussaure, « t a ! . , [33. ^rra latter were averaged 

over tho same energy intervals as the present results. It may be seen that the 

present results and those of reference K? are in excellent agreement with regard 

to the fine structure in addition to the overall shape jgreement shown previously. 

Finally, in Figure 3 is shown a plot of the present results from E = 20 to 
238 &5 

550 keV of the U capture cross section shape referenced to the U fission 

cross section evaluation of Sowerby et a l . Co] and normalized to the value 210.8 mb 

at 95 keV. The large gap in the 550-300 keV region was caused by the loss of three 

thin target runs due to electronic difficulties and these runs will be repeated in the 
238 

near future. For comparison the evaluated U capture cross section of ref. [6] 
is also shown. The present results normalized to 210.8 irb at 90-100 keV lie 6-10 % 

higher than the evaluation in the region below 150 keV. 

CONCLUSIONS 

The present measurements show a very good internal consistency between the 
235 -^ 238. 

gold «referenced and U O . referenced capture era', section of ^ J . This is nf 

utmost importance because the gold referenced measurement totally eliminates any 

air scattering correction and also makes negligible any shape dependence on the 

multiple scattering and self-shieiding correction Ithe lurter correction is virtually 

the same for the gold and uranium samples]. 

The present results represent the first good shape confirmation in recent tïme-

of-f light measurements of the ^} capture cross section in the neutron energy region 

below 100 keV. This agreement strongly suggests that this shape is now quite well 

determined and that future measurements should be primarily directed to obtaining an 

absolute cross section at one or more energies in the keV range. It should be pointed 
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out that such absolute measurements should be carried out under conditions of 

known neutron flux shape, preferably with relatively good energy resolution 

since measurements with very poor resolution can give significant errors even 

for a / v cross section. The st. uehire observed near 30 keV could enhance this 

effect. 

tn conclusion it should be slated clearly that the numerical results of the 

present experiments whiih will be of significance are not the crow section values 

used here to illustrate the fluctuations in shape, rather the cross section rafias 
238 235 238. 197 197 

U capture to U fission, TJ capture «a " A u capture, and Au capture 
235 to U fission. These ratios are currently being derived and will be reported 

at a later date in tabular form. 
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Nota Added in Proof 

It was brought to the authors' attention by Dr. Koxon at this meeting that 

there oîïioto a recent absolute raeaaurement of the capture cross section by 

Ryves, et ol.fJourn. of Nuclear Energy, JZ7_ (1973) 519. For the neutron energy 
238 

range 157 + 20 keV these authors give Çç^o? ( DÏ " 162 ab with a standard 

deviation of 2.4% . Averaging of our gold referenced data over this same 

neutron energy interval yields a value O-.--, ( U) • 159 + 0.5 mb where the 

error accounts for counting otatistics only. Although this energy region may 

contain soce effect due to ineiastically scattered neutrons being recaptured 

in the samples (both U and gold), this effect is not expected to be large. 

Therefore! the excellent agreement of the present data with the Ryves result 

would appear to show that our analysis of the Voter spectrum fractions was 

valid. 
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FIGURE CAPTIONS 

F : g. i : Present results of the shape measurement of the 2 3 8 U 
f** 197 

[n, X 3 cross section referenced to O Cn, ? 3 for Au 
and toO , . . For *U compared with three other 

recent lime-uf-f light measurements. Error bars on the 

only. 

197 
Au referenced result demonstrate counting statistics 

Fig. 2: Comparison of the detailed structure of the present 

u On, "t 3 cross section [referenced to u [n, ¥3 

for Au3 with the very high resolution data of 

reference [33 averaged to give the present energy resolution. 

Errors bars represent counting statistics only. 

238 
Fig. 3: Comparison of the present result for the U [n f 7f] cross 

/•*•* 235 section [referenced toO c . . for U and normalized to rission 
210.8 mb at 95 + 5 keV3 with the evaluation of ref. [63. 
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RECENT MEASUREMENTS ON 238 U AT ORNL 

G. de Saussure 

flak Ridge National Laboratory i ̂ iV* 
Oak Ridge, Tennessee 

In 1972, Ferez» ililver and I completed a series of neasurenents of the 

capture cross section of U-238 in the range 5 eV to 100 keV, using a large liquid 

scintillator. These reasurements have been discussed In detail in ORNL-TM-

4059 and In Bud. Sci, and Eng. 

Te have compared our data to the tvo previous sets of data obtained by 

the tiae-of-fV^t technique, those of Koxon (Harwell) and Friesenhahn et al. 

(G.G.A.). The three sets of data show systematic discrepancies which are larger 

than the known uncertainties of the measurements. 

To attempt to resolve these discrepancies» Feres, Kacklln, Halperln and 

I have started a new series of measurements with a detector entirely difierent 

frost that used in 1972. We hop* that a comparison of the results obtained between 

the tvo different ayetess util help In identifying the reasons for the discrepancies. 

Va have not yet reduced the data obtained in this last series of measurements 

to the point where vu can say with which previous neaaureaent they agree, if any. 

I .shall briefly describe the experimental techniques used in the two sérias 

of OWL measurements» then X will discuea some of our 72 result-, in the resolved 

range. 

Tig. 1 (68-10673R) shows the large liquid scintillator detector. It contains 

3000 I of KE-224 poisoned with trlmathylborate, and is viewed by 32 photorailtipllers. 

An nlumlnlted nyler foil» not shown, separates the tank in two halves. Coincidence 

signala between th*se two halves and singles are stored separately. The U-238 
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sample, a disk of about 8-cm dlannstctr, vas placed l a the center of the tank 

end decoupled from the s c i n t i l l a t o r by a L1H l i n e r , 2 .5 era th i ck . 

We stored separate ly the coincidences and s i n g l e s a s w e l l as two pulse -he ight 

groups, but ve did not observe s i g n i f i c a n t aysteam t i c cahoges i n the r a t i o of 

coincidences to s i n g l e s or in the !?H d is tr ibut ion» e i t h e r vfth energy, or 

from l e v e l to l e v e l in the renolved iraage. 

P ig . 2 (69-1344R) I l l u s t r a t e s that the s igna l to background r a t i o la about 

e ight t i n e s b e t t e r i n the coïncidences thon in the s i n g l e s and that the r a t i o 

of s i n g l e s to coincidences remain* constant from l e v e l to l e v e l , wi th in our 

accuracy of approximately 5*, 

F i g . 3 (70-11350) i l l u s t r a t e s how the background was determined. The 

l e v e l of the background i s obtained i n the notches of a s e t of resonance f i l t e r s . 

Inbetween these notches the shape of the background i s obtained from a run 

where the uranium i s replaced by lead (with minor correct ions far the capture 

In l e a d ) . This background shape I s taoatly determined by the l i f e t i n e of the 

scat tered neutrons In the tank and i s not a s e n s i t i v e function of the thickness 

of lead used. 

From the runs with the notch f i l t e r s v e determined the net counts per 

inc ident neutron sway from the notches . From a second s e t of runs without 

notch f i l t e r s ve then obtain the ne t count r a t e over the regions wi th notches» 

F i g . 4 (70-7209) I l l u s t r a t e s the Incident neutron spectrum with and 

without the notch f i l t e r s . This spectrum was measured with a BP* i o n i z a t i o n 

chamber and with a 1-tam thick Li g l a s s . The two measurements agreed within . 

ZX over decimal Interva l s up to 100 keV. The s tructure «above 20 k«V I s 

caused by the f i l t e r i n g of the beam by a 20-mm aluminum housing surrounding the 

ORELA moderator. This housing was l a t e r replaced by béryl l ium and the spectrum 

became much smoother. The neutron spectrum decreases at low energies due to a 

B overlap f i l t e r . 



- 205 -

Fis* 5 (71-2354R2) illustrates the normalization of the data by the 

oaturctcd resonance technique. The solid line was obtained by a (fente Orlo 

calculation, uhlch Is insensitive to Cha exact value of the resonance parameters. 

It Is difficult to see how thle normalization could be la error by more than 21. 

In order to obtain average capture cross sections, the data must be 

corrected for ciultiple scattering and resonance self-shielding. Above 4 keV 

this correction la less than 4Ï tor the two sample thicknesses used and ve have 

evaluated it by a method due to Dresner and coded by R. L. Kacklln. Below 4 keV 

and particularly over the 100 eV wide intervals» the statistical approach breaks 

down and ve have used the E&JF/B-III resonance parameters (which are in fair 

agreement with our data) to canpute the RSP and MS corrections by a Honte Carlo 

technique* For the thick sauples used in the Measurement (.0028 at/b) the 

correction becomes as large as 300ïî for the thin sample (.0004 at/b) it Is 

always craller than 40Z. 

Before discussing discrepancies between measurements X like to describe 

briefly the detector used in our new sérias of measurements. This detector was 

designed by Hackliu and 1B illustrated in Fig. 6 (69-14021). 

The rectangular sample, perpendicular to the neutron beam, is placed 

between a pair of non-hydrogencous scintillator cells (HE-226) viewed by photo-

multlpllars. On line pulse-height weighting Insures that the capture detection 

efficiency lu Independent o£ multiplicity and function only of the total 

energy released (blnoing energy). The 1F_ and proton recoil monitors shown in 

the figure hava now been replaced by a .5-mm LI glass monitor. The normalization 

la dons by the saturated resonanc* technique. The scattering background is 

obtained by replacing the uraniua sample by a lead sample and Is normalized to 

the main run by the- ratio of the monitor counts. 
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Turning now to the discrepancies along neasurenents, Fig. 7 (72-12634R) 

Illustrates three data sets sveraged over dedaal Intervals In the range .5-100 

keV. Our data agree, more or leas within errors, with Moxon's up to 10 keV 

and vlth Frleeenhahn's above 50 keV. Fro» 10 to SO the three aets of data are 

Inconsistent and over swat of the range ,5-100 keV at leaat one sac of dsta 

Is iucrsslstent vlth the others. Dote also that In the Interval .9 to 1 key 

our capture la 25Z larger than that of Hoxon. 

In Fig. 8 (72-1295*) we compare our data averaged over 50 eV Intervals 

(solid line) vlth data obtained vlth Van de Graaff's and other wmoenergetic 

sources, fflthla the rather large unceztaintiea of these earlier data, and the 

large fluctoatlona of tha cross section, the various sets of data are consistent 

vlth ours. Probably a comparison of the lacent tlae-of-flight data on a scale 

that shows these fluctuations could help Is Identifying sources of discrepancies 

such as errors in energy scale or in backgrounds. 

Fig. 9 (72-12306) Illustrâtes a comparison between our results and a 

calculation based on EHDF/B-III. The discrepancies are noatly la the area and 

peak values of particular levels, such ss those near 1100 eV and sone small 

levels at lover energies. In the range .9 to 1 keV our value of the average 

capture la 27 beV"" higher than that of Hoxon. The figure see» to rule out, 

that the dlscrepency could be due to an under-estlmate of the background. 

Fig. 10 (73-3649) and 11 (73-4917) shov comparisons between our data and 

calculations baaed on the neutron widths published by Carrara. Ag*in our data 

Indicate more captura than predicted by tha resonance parameters, and the discrepancy 

Is not systematic but conceutratsd on a fav levels. 
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ID conclusion, we are etlll puzzled by the dlscreapncles between different 

csaourcnsnts. We are attempting to better Identify the source of these dis

crepancies] by new measurements using different techniques and followed by detail 

corparlsoos of the datfl from the differeat measurements. We shall also shortly 

do soce tranonlsslon experiments and analyze our lov energy data for resonance 

parameters* 
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it was separated into two equal halves with an aluminum relfector located in 
the vertical plane containing the "beam axis. This separation is not shown on 
the figure. 
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AN EVALUATION OF 2 4 0 p u RESONANCE PARAMETERS 

H. Weigmann and G. Rohr 
CBNM, Euratom, Geel» Belgium 

and 

F . Pour tmans 
SCK/CEN, Mol, Belgium 

ABSTRACT 

240 The status oX data on Pu resonance p a r a m e t e r s is reviewed. 
Some s ta t is t ical tes ts a re performed on the data and recommen
dations a r e given, par t icular ly with respect to the average pa
r a m e t e r s . 



- 220 -

I, Introduction 

There have been several extensive evaluations of the neutron 
cross-sections of Pu, including its resonance parameters 

3} 
Since the most recent one had appeared, there have been impor
tant changes in the experimental data, particularly what concerns 

4, 5) 
the parameters of resolved resonances , and new data have be
come available . In the following we will give a survey of the pre
sent status of our knowledge about the resonance parameters and 

240 
some related properties of cross-sections of Pu: In section II 
we will discuss the cross-sectjona in the thermal region and the pa
rameters of the first strong resonance at 1. 056 eV neutron energy; 
in section III we will compare the available data on the parameters 
of resolved resonances and discuss, in section IV, their statistical 
properties; finally, in section V, some information on average re
sonance parameters will be obtained from the cross-sections in the 
unresolved resonance region. 

II. Gros s-sections in the thermal energy range and parameters o£ 

the first resonance at 1.056 eV 

Various evaluations have been made for the resonance parameters 
of the first resonance. These evaluations were based on results of 
transmission measurements in this resonance, performed with 
crystal spectrometers or fast choppers in the period 1955 - 1959. 
In general, the parameters were adjusted in order to get a thermal 
cross-section value consistant with the measured results. 

3) In the last evaluation done by X**Heriteau and Kihon , the following 
parameters are recommended: 

Bn « 1,056 + 0.002 eV r = 2. 30 4 0,15 .neV r =32.2 +2 meV 
o — n — Y "~ 

The value of T has been adjusted to get a thermal capture cross 
section u ??oo = 2 8 * £ * barns. 
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Sinctj 1970, two new measu remen t s have been performed: 
I) Ramakrishna and Navalkar did t ransmiss ion m e a s u r e 
ments in the f i rs t resonance using a c rys ta l spec t rometer 
and obtained the following resultB: 

from a shape analysis : 
T = 28. 8 + 3 meV T = 2. 18 + 0. 1 meV 

Y - n -

from an a r ea analysis : 
r - 28.7 + 2 meV V = 2. 15 + 0. 10 meV 
V n 

These r e su l t s d i sagree with the previously published values 
and a r e inconsistent with a the rmal c ros s - sec t ion value 
o ~ 281 ba rns . It mus t be noted however that their exper i -

Y 
ment s were performed with a ve ry bad neutron energy r e s o -

240 
lution and with a sample containing only 9. 24% of Pu. 8) 2) Lounsbury et a l . have obtained a very p rec i se value for 
the thermal capture c ro s s - s ec t i ons : 

o = 289. 5 + 1,4 b. 
c •* 

i. e. about 3% higher than the value to which the p a r a m e t e r s of 
3Î the f irs t resonance had been adjusted in ref. ' . On the other 

hand, we es t imate a contribution of ^out 2 ba rns to the thei* -
ma l c ros s - sec t ion from the higher energy resonances . Allo
wing for a s imi la r contribution from bound s ta tes as well , we 
es t imate that the 1.056 eV resonance may contribute about 
286 ba rns to the thermal c ross - sec t ion . Thus we adjust the 
p a r a m e t e r s of the f irs t resonance to 

E = 1. 056 + 0. 002 eV r = Z, 34 + 0. Î 5 meV T = 32. 2 + 2 meV 
0 — „ — Y — 

III. P a r a m e t e r s of resolved resonances 

a) General 

As far a s the p a r a m e t e r s of resolved resonances a r e concerned, 
3) the evaluation of L'Heritcau and Rib on was based on two se ts 
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of d a t a a v a i l a b l e i n 1 9 7 0 , f r o m m e a s u r e m e n t s a t G e e l a n d H a r -
9) w e l l . T h e G e e l d a t a i n c l u d e d a m e a s u r e m e n t of t h e t o t a l c r o s s 

s e c t i o n u p to 5, 7 k e V n e u t r o n e n e r g y a n d m e a s u r e m e n t s of t h e 

c a p t u r e a n d , f o r a few r e s o n a n c e s , e l a s t i c s c a t t e r i n g c r o s s 

s e c t i o n , u p t o 8 2 0 e V . T h e H a r w e l l d a t a ' i n c l u d e a l l t h r e e 

t y p e s of m e a s u r e m e n t s t o o , bu t g o u p t o o n l y 1 k e V n e u t r o n e n e r 

gy , a l s o f o r t h e t o t a l c r o s s - s e c t i o n , a n d r e s o n a n c e p a r a m e t e r s 

w e r e a v a i l a b l e o n l y u p to 2 8 7 e V . In b o t h c a s e s , t h e c a p t u r e d a t a 

w e r e n o r m a l i z e d t o t h e c a p t u r e r a t e a t t h e 20 eV r e s o n a n c e . 

T h e t w o d a t a s e t s s h o w e d i n t e r n a l i n c o n s i s t e n c i e s a n d s y s t e m a t i c 
3} 

d i s c r e p a n c i e s w h i c h w e r e e x t e n s i v e l y d i s c u s s e d i n r e f . 
4} M o r e r e c e n t l y , i t h a s b e e n s h o w n ' t h a t e s s e n t i a l l y a l l of t h e 

d i f f i c u l t i e s w e r e d u e t o w r o n g p a r a m e t e r s u s e d i n r e f . 

f o r t h e 2 0 e V n o r m a l i z a t i o n r e s o n a n c e , N e w , v e r y c a r e f u l m e a -
4 ) 

s u r e m e n t s of t h i s r e s o n a n c e p e r f o r m e d a t H a r w e l l w h i c h a p p l y 

n o r m a l i z a t i o n t o t h e c a p t u r e r a t e a t t h e 1 . 0 5 6 e V r e s o n a n c e , y i e l d e d 

r = 2 . 6 5 m e V a n d V ~ 32 . 2 m e V f o r t h e 20 eV r e s o n a n c e , i . e . 
n y 

l a r g e r t h a n a s s u m e d b e f o r e b y 2 9 % a n d 5 8 % , r e s p e c t i v e l y . 

B o t h , t h e H a r w e l l a n d G e e l c a p t u r e d a t a h a v e b e e n r e - a n a l y s e d 

w i t h t h e i m p r o v e d n o r m a l i z a t i o n d u e t o t h e s e p a r a m e t e r s , a n d 
5) 

t h e r e n o r m a l i z e d G e e l s e t h a a b e e n p u b l i s h e d , A l r e a d y b e f o r e , 
a n e w s e t of r e s o n a n c e p a r a m e t e r s f r o m t o t a l a n d c a p t u r e c r o s s 

s e c t i o n m e a s u r e m e n t s a t R P I h a d b e e n p u b l i s h e d \ In t h i s c a s e , 

t h e c a p t u r e d a t a w e r e n o r m a l i s e d b y c o m p a r i s o n of t h e m e a s u r e d 

c a p t u r e a r e a of t h e 9 2 , 5 eV r e s o n a n c e t o t h e a r e a c a l c u l a t e d w i t h 

t h e a i d of t h e r e s o n e a c e p a r a m e t e r s a s o b t a i n e d f r o m t h e s i m u l t a 

n e o u s t r a n s m i s s i o n e x p e r i m e n t . T h i s n o r m a l i z a t i o n w a s c h e c k e d 

t o a n o t h e r o n e b a s e d on t h e 20 eV r e s o n a n c e a n d a c r o s s n o r m a l i 

z a t i o n t o A u . 
2 4 0 

T h e p a r a m e t e r s of P u r e s o n a n c e s u p t o 6 6 5 e V n e u t r o n e n e r 
g i e s a s g i v e n b y t h e s e t h r e e e x p é r i m e n t e a r e l iB ted in t a b l e 1. 
O n l y t h e n e u t r o n w i d t h s f r o m the G e e l t r a n s m i s s i o n d a t a e x t e n d 
a u o v e t h i s e n e r g y (up to 5. 7 k e V ) . 



b) Neutron widths 

. 240^. By far the most extensive set of neutron widths of Pu r e s o -
9) 

nances in due tc the total c ros s - sec t ion data from Geel . 
In this set» the values obtained for a few strong resonances at 
very low neutron energ ies were influenced by the low value assumed 
lor r . These resonances have therefore been re-analysed and 

V the r e su l t s a r e given in table 2. 

Table Z: Resul ts from a re -ana lya t s of the Geel t r ansmiss ion data 9) 

Rcsonar.ee energy (eV) Neutron width (meV) 

(20.45) 
38.32 
41.62 
66.62 
72.78 

105.00 

121.6 
267.1 
405 .0 
665. 1 

(2. 65 £ 0.07) 
17.0 + 1 . 0 
15 « £ 1 . 0 
52.0 £ 2 . 0 
21.0 +1 .0 
43.0 £ 2 . 0 
14.5 £ 1.0 

i 32 £ 7 
108 - £ 5 
iV5 + 8 

For the 20 cV resonance» we have adopted the Harwell-value 4) 

With two exceptions, the above improved neutron widtbB a r e iden
tical to those given in ref. a s resul t ing from a combined ana
lys i s of the Geel t r ansmiss ion , capture and scat ter ing data; the 
two exceptions a r e the very strong resonances at 66.62-eV and„ 
287,1 eV, whoie the scat ter ing data a r e probably l e s s accura'.e 
due to l a r g e r multiple scat ter ing effects. Y.r''>» ;he *bove change
ments applied, the neutron widths of ref. ' • in the range of 
overlap» i . e . below 500 eV neutron energy, iii eryt?ood agreement 
with the two other s e t s . We finally recommend the revised Geei 
set of neutron widths because- of the following r e a s o n s : 
F i r s t of al l , the Geel t ransmiss ion measu remen t s a r e by fak: the 
most extensive ones, both with respec t to the energy range cove
red as well as with respec t to the number of individual runs with 

http://Rcsonar.ee
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diffèrent sample thicknesses. Secondly, in combining this set 
with the set of recommended J* -values of the next paragraph, 
one obtains a set ci{ Quantities T V /V- they may be compared 
to the corresponding quantities from the three different labora
tories: For all of thç 6 resonances where F ** given by all three 
laboratories, the "reeomniended"' r r J T differs from the ave
rage over the three individual values by less than 1%. Finally, 
the difference between the three sets of neutron widths are usually 
very small, with in mostcases the Geel value lying in between the 
two others. Remarkable differences occur essentially for reronan-
ccs which are either particularly large or particularly small; but 
it is in these cases.-f.hat measurements with strongly different 
sample thicknesses are most important. 

The recommended neutrons widths are listed in table 3. 

c) Radiative widths 
240 

There are three extended sets of radiative widths for Pu reso
nances, from the measurements at RPI , and the renormalized 
sets from Harwell and Ce el ' . They differ systematically, in 
the sense that the Geel values arc on the average, about 8 ft larger 
than those of RPI, with the Harwell data lying in between, although 
the difference is inside the combined experimental errors which 
are mainly due to normalization uncertainties. In all cases, the 
radiative widths have essentially been obtained from combining 
the capture cross-section measurement with a'transmission ex
periment which practically determines the neutron widths. 
Under this circumstance and as long as not always r > T an 
error ir. the normalization of the-capture measurement which is 
an error on the quantities T T /T, causes an error on r 

n V. • - Y 
which is the larger, the smaller T . Also a systematic error 
in the transmission measurement ( r -values) has a similar 

effect. ,,.. 

Therefore, the correlation coefficients corr { f . r } between 
neutron and radiative widths have been calculated for the three 

http://cases.-f.hat
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sets of data, and are given below: 

Laboratory | RPI Harwell Geel 

corr{ r r } 0. 35 + 0.23 
n v 1 — 

-0.07 + 0.25 - 0 . 1 3 + 0. 26 
y 

where the errors are given by (1 - corr ) / fnj and indicate the 
uncertainty of the correlation coefficient due to the limited size 
n of the sample. The figure for the Harwell set changes drastically 
if one omits the last resonance (with by far the largest r ) at 
267.1 eV t namely to corr (T V } = + 0.44 + 0 ,21 . 

n y -
Principally, a positive correlation between neutron and radiative 
widths could alBO arise from an insufficient treatment of multiple 
scattering corrections or a sensitivity of the capture y -ray de-

240 tector for scattered neutrono. However, for the case of Pu 
we exclude this possibility, because the same methods as used 
in ref. have successfully been applied by the same authors to 
much more critical cases (larger ratios T /T ) like structural 
materials . Although they are at the limit of being significant, the 
above correlation coefficients indicate that for the RPI (Geel) data 
set the radiative widths are the smaller (larger)» the smaller r . 
According to the above discussion, this may be explained by a too 
low (too high) normalization, of the capture cross-sect ion data 
(however, as mentioned above, it might also be due to systematic 
errors in the transmiscion data). In fact, comparing values of 
r r / r from the three different laboratories, it turns out that n y 
the Gccl values are, on the average, 3% higher than those from 
RPI, with again the Harwell one» lying in between. 
All of this would explain the systematic difference in the three 
sets of radiative widths and indicate that the correct values 
should l ie in between the two extreme ones. 

One may further ask the question whether the scatter of individual 
T -values around their average a* observed in the experimental 
data, i s physically real, or just an expression of the experimental 
uncertainties. To answer this question, we have calculated the 
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correlation coefficients c o r r { r (Or V ( 2 ) } , where ( l )and 
(2) stand for any two of the three data sets: 

(1) - (2) RPI-Geel Harwell-Geel RPI-Harwell 

corr{r Y ( l) ,r y (?-)} 0 .45 + 0 .28 0.44 + 0.31 - 0.17 +. 0 .29 

At first .*ght, the situation seems confusing. However, one has 
to recognize that the three correlation coefficients are calculated 
from different subsets of the data corresponding to different ener
gy intervals. The fact that for two out of the three combinations 
the correlation coefficient is positive, seems to indicate, to our 
opinion, that most of the scatter may be regarded as physically 
real. 

In table 3 we give a final set of recommended radiative widths. 
They have been obtained in the following way: First of all , each 
individual set of radiative widths has been renormalized by 
multiplication with a factor f = 30. 6 meV/ r , where r »• the 
average radiative width as given by the respective laboratory 
{see next section) and the value of 30. 6 meV is the average of 
the th»ee F -values. Then, for resonances where more than one 

Y 
T -value i s available, the average of these is taken, 

V 

d) Fiss ion widths 
. 240,. The fission widths of Pu resonances are characterized by 

the well-known intermediate structure. Many intermediate 
structure peaks have been observed, but only in the first one 
at ~ 780 eV neutron energy the experimental resolution of the 

13) data of ref. ia sufficient to unambiguously determine the 
fission widths of the individual resonances. They are included 
as recommended values in table 3. An analysis of this interme
diate structure group v.i'.h the maximum likelihood method 

14) described in ref. ' yields the parameters 
E n = 778eV r* = 12. 5 eV r ' = 0.16 eV ( a i i u m i ' j r* » I*> ) 

in reasonable agreement with more rough estimates made before. 
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Besideu of the resonances witnin the 780 eV intermediate 
otructure peak, individual fission widths are known for the 
first three resonances. The fission widths recommended in 

1 3l ref. * ' for the 20. 46 eV and 38. 32 eV resonances have io 
be changed, because they are based on measured ratios T/T. 
and a low assumed value of T , The revised values are also 

Y 
included in tabic 3. 

IV. Average Resonance Parameters and Statistical Properties 

a) Leve l spacing and s-wave strength function 
q 

Following ref» , in the discussion of statistical properties of 
neutron widths we limit ourselves to the neutron energies from 
thermal to i . 5 keV, because in this range the number of missed 
levels is slill small. The distribution of experimental neutron 

3 9) widths {ref. * ) shows that all observed levels may be regarded 
as s-wave. 
Application of a missed level analysis using a Fortran program 
similar to that a s has been used by Fuketa and Harvey , which 

-9 1 4 takes into account the experimental bias (0 = 4 . 1 - 1 0 £ ' ) for 
the detection of weak resonances, yields the following parameters 

which we recommend: 

D(l = OH (12. 7 + 0. 3) cV; S Q = (1. 04 *jj' J*)-10* 4 

The error on S is obtained according to the prescriptions of 
° 17) Liou and Rainwater ', whereas the error on D(.l = 0) includes 

an estimate of the uncertainty in determining the number of m i s 
sed levels ( i 3 out of 117). 
The values given here differ slightly Irom those of ref, '; for 
D(l = 0) this i s due to the different method of analysis, whereas 
the difference in S i s due to the changes in the neutron widths 
for a few low oner g y resonances as discussed in section III b. 

b) Average radiative widths 

For the average radiative widths, there arc 3 experimental 
values. Additionally, a statistic»! model estimate is given in 
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16) These data a r e compared in table 4. 
240„ Table 4: Average radiat ive widths for Pu resonances 

Labora tory Source f y(meV) Quoted e r r o r 
• 1-

R P 1 6 > 
H a r w e l l 4 ' 
Ceel 5> 
Geel 1 6 > 

experiment 
experiment 
experiment 
stat . model 

29 .5 
30.2 
32 
32 

5 
not given 

S 
25 

The (small) difference between the experimental values has 
been discussed in section III c); from this discussion, we 
expect the t rue value to l ie approximately half way between 
the ex t reme figures and finally recommend the average of the 
individual recommended radiat ive widths of table 3: 

< T > = (30.» + 1) rneV 

c) Fiss ion widths 

The problem of the s ta t is t ical p roper t i es of the fission width J 
240 of Pu i s more complex than that of neutron and radiat ive 

widths. 

F i r s t of all» one has the intermediate s t ruc tu re peaks . F o r the 
average p a r a m e t e r s charac ter iz ing their p rope r t i e s , only rough 
es t imates may be given. F r o m réf. ' J we es t imate the average 
spacing of the in termedia te s t ruc ture groupa to be 

DJJ = (650^100) eV 

F o r the p a r a m e t e r s r ' a n d T* (again we a s sume r * » r * ) j 
we have the figures obtained above for the 730 eV group and 
some further, although l e s s p rec i se , information from the 
groups at 1405 eV and 1920 eV. Taking into account the bias 
introduced in determining the expectation value of a P o r t e r -
Thomas distribution from a small number (3) of individual 
quantities . we adopt as averages 

30 eV r * = 0.16 eV 



For an estimate of the average (over all resonances) of the 

fission width* we have to take into account two contributions: 

1) the "background" fission width due to tunneling through both 

peaks of the double-humped fission barrier without amplifica

tion by any c lass II state, and 2) the average fission width ob

tained if the fission strength within the intermediate structure 

groups is thought to be smeared out over all resonances; the 

latter contribution is a meaningful quantity only at higher ener

gies where the position of intermediate Structures i s no longer 

of practical importance. 

1) The "background" fission width may be estimated as 

r f (backgr. > = s f P£to 

where P . is the minimum transmission through the double -mm * l a ) 

humped barrier which according to Ignatynk et al. is given 

by 

*min 4 A B 

and the transmission (actors P and P_ through the first and 

second barrier may be obtained from the above quantities r 

and r ' according to r~ » = - ? ï - P . , "F"» = T ^ - P D ; 
£TT A C IT o 

with the above figures we get r* (backgr. ) = 0.23 meV in rough 

agreement with the experimental fission widths of the resonances 

at 20.46 eV and 3S. 32 eV. The fact that the fission width of the 

1. 056 eV resonance i s so mue» smaller, may be explained as 

being due to Porter-Thomas fluctuations. 

2) The second of the above contributions to the average fission 

width would simply be given by 

f - ( i .s.) = T ' ^ r , ( i . s . ) = r 1 -=p = 3 . 1 m e V 
II 
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Altogether 

r { = r, (bacfcgr.} + r , (i. s. } = 3. 3 meV at low energies, 

where both terms contain P . and thus increase with energy 
approximately as exp(6 M e V * . £ } (r\(backgr. ) also contains 
P , but as it contributes only little to r , « we neglect its 
variation with P« ) . 

Thus, at 25 keV ~F{ - 3.B meV, at 100 keV 7^ = 6.0meV 
i. e. smaller than T by a factor of 8.1 and 5 .1 , respectively. 
Assuming no correlations between fission and neutron widths, 
this average fission width would lead to an average fission 
cross-sect ion which i s smaller than the average capture croas 
section by roughly the same factors. Actually in the case 
T' a> r ' there is a third contribution to the average fission 
cross-sect ion which i s due to the direct population of the c lass II 
states and which i s not contained in the above estimate. This 
contribution i s however, only of the order of I %. The assumption 
of no correlation which i s equivalent to the assumption that 
T' » T ' , i s not assured (for a more detailed discussion see 
ref. " ) , In the opposite case , r t < t | ' , « strong anti-corre
lation between fission and neutron widths is to be expected which 
could easi ly reduce the average fistiuu cross-sect ion by a factor 
of 2 againnt the above estimate. All of the rest of the above d is 
cussion remains valid also in the case n « r ' , with only T ' 
and P interchanged with r* and P _ , respectively. 
Experimentally"', the average fission cross-section is approxima
tely 2051 of the capture cross-sect ion in the region from 20 to 
30 keV, i . e . even larger, by a factor of 1. 6 than the first estimate. 
This could mean an additional support for tho assumption fi » T ' 
in Pu, 
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V. Data from the unresolved resonance region and p-wave 

strength function 

There have been severa l approaches to a calculation of the average 
240 c roos-acc t ions of Pu in the unresolved resonance region from 

resonance p a r a m e t e r s . Pr ince , Yiftah et a l , ' a s well as 
Caner and Yiftah have employed the optical model and Hause r -
Fcshbach calculations to determine average c ros s - sec t i ons ; he re , 
resonance p a r a m e t e r s which could not be determined from r e so l 
ved resonance data, aa the p-wave strength function, were ob-

22) tained from the optical model . On the other hand» Dyos has 
used the method of Monte-Carlo generation of l adders of resonan
ces to de termine the average c ros s - sec t i ons . In all these cases , 
the calculations aimed in predict ing the c ros s - sec t ions on which 
no experi* ental information was available. To day, essent ia l ly 
the only experimental data on average c r o s s - s e c t i o n s in the kvV 

ipare 
21) 

region a re those of Hockenbury et at . . These authors compare 
their average capture data to the calculations of Yiftah et al 

22} and of Dyos a s well a s to an own calculation on the bas is of the 
isolated resonance approximation of the s tat is t ical model. As the 
resu l t s of this las t c a l cu l a t e i depend on assumptions made about 
the cor rec t ion factor for width fluctuations (no information is given 
on this point), we have repeated a Dyoa-tyne analysis in o rde r to 
de termine the p-wave strength function from a comparison to the 
exper imental data of Hockenbury et a l . 
In. (his analysis the average capture c ross - sec t ion i s given by 

( 1 s-waves 
v.(E) = ( 2 for 

( p l 
1 ——,;o,=k..R p-wave» 

I+p. 
where R = 9.1 • 10* cm and the r . (J) » c sampled from P o r t e r 
Thomas distribution» with the Average r ' '(J) - S.- D(J), and 
the position» of resonance» a r e sampled f iom Wigner distribution» 
with average i p r c m g 
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D ( j ) = ^ ~ ( ~ - ) exp{2 ^ ( f O « r - « m e x p C - ^ i ^ } 
2 T 

with U = 4. 8 MeV (effective binding energy) 
a = 25. 10~ 6 MeV"1 

<r = 4 
and D = 24. 85 eV in accord with the observed spacing of resolved o 
s-wave resonances. 
For each energy interval the computation is repeated a sufficient 
number of times such that the average of results i s statistically 
precise to better than 1%. S and r are chosen according to 

° v - 4 
the above discussion as S = 1 . 04* 10 , r =31 meV; and the 

o y 
cross-sect ion calculated for the best choice of the p-wave strength -4 function, S. = 2 . 2 . 1 0 , i s compared to the experimental data of 
Hockenbury et al. in fig. 1. 
Table 5 gives values for the p-wave strength function as proposed 
by several authors. 

240 Table 5: Data for the p-wave strength function of Pu 

Authors Caner and Yiftah Prince Hockenbury Present 
et al. &) report 

SjTIO" 4] 1.95 1.98 2 ,8 2 .2 

Of these, only the last two are baaed on (the same) experimental 
data. The difference between them i s not only due toftie different 
methods of calculation, but also to the different figures used for 
the other parameters like, e . g . the level spacing. 

We recommend Sj = (2. 2 + 0.2) . 10~ 4 

both, because most up to date values of D , , S and r have been 
l o y 

used, and because in the Monte Carlo sampling method width fluc
tuations are automatically taken into account in a correct way. 
V. Conclusion 

Since the latest extensive evaluation by JL'Heriteau and Ribon 
the experimental situation in the resolved resonance region has 
been improved very much due to the sew measurements of RPI 
and the re normalisation of the capture data of Harwel l 4 ' and Geel 5 ) . 
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However, there are still discrepancies: The average capture widths 
fronn. Geel and RP1 still differ by about 8% and parameters of indivi
dual resonances differ sometimes up to 20%. Aa discussed before, 
there are arguments for the assumption that the true parameters lie 
in between the extreme experimental ones, and we expect the recom
mended parameters' quoted in this paper to be accurate within 5 to 
10fcX' (3% for <r >)< However, in order to check on this expectation 
and to resolve the cases of particularly large discrepancies, addi
tional measurements arc desirable, also in the light of requests 
for, e. g . , the capture cross section in the resonance region which 
demand accuracies down to 3%, It is unsatisfactory also, that above 
500 cV neutron widths are available from only a single measurement. 
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Table 1: Resonance Parameters of Pu up to 665 e\^ as measured at Geel, RPI and Harwell. 

Laboratory G e e l 5 - 9 ' RPI 6 ' 4) Harwell ' 

E 0 C « V 1 9 ) 
r n rv f n r v r 

n 
r 

Y 

20,45+0.01 
38. 32+0. 02 
41.62To. 02 
66.62+0.05 
72.78+0.05 
90. 77~0. 06 
92. 5lTo. 06 

105.00+0.07 
121.6 +0. 0 
130.7 To. 15 
135.3 +0. 10 
151.9 To. 12 
162.7 +0.13 
170.1 +0.14 
185.8 To. 16 
192.0 +0.20 
199.6 +0.17 
239.2 +0.15 
260. 5 To. 1 5 
287.1 To. 17 
304.9 +0.20 
318.3 +0.15 
320.7 +0.15 

2 .7+0 .3 
19.2+0.9 
16.8+0.9 
55.9T2.2 
22.0+1.0 
13.5+0.6 

3. 0+0. 2 
45.5+2. 5 
14.5+0.9 

0. l l + 0 . 0 6 
18.5+1.1 
14.2+1.0 

B.6T1.0 
13.7+1.2 
16. 3Tl .2 

0.20+0.12 
0.94T0.1 

12. 2+1). 7 
23.2+1.2 

138.2+7.0 
7 .2+0.7 
5. 2+0. 5 

19. 3Tl .0 

30 +2 
33 T2 
31 T2 
32 « 

35. 512 

32 +3 
30 T2 

2. 2+0.6 
17. 0T0. 5 
14.2+0.5 
53.2+1.0 
21. 5To.5 
12.7+0.3 

3. 3+0.1 
47. 5+1. 5 
I 5. 0+0. 5 

0. 19+0. 03 
20. 6+ÏÏ. 5 
13.8T0. 5 

9. 0T0. 3 
17. 5T0. 5 
I8.8T0. 5 

0. 3T0. 04 
1. 0+0.1 

13.8+0.6 
25.0+0.9 

137.0+0.4 
7.4+0.2 
6. 0T0. 3 

20. 0+0, 6 

25. 5+0.8 
32.8+1.0 
27. 4+0. 6 
27. 0T0. 6 
39. 511. 0*' 

37, 5+1. 0 X ' 

29.5+1.1 
27. 5T0. 9 
27. 3T0. 9 
28. 810.9 

27.7+1.0 
30. 5T1.O 
33.0+1. 1 

2.65+0.09 
17. I6T0. 50 
17.64+0.31 
54.48+0.72 
20.7 Tl.O 
12.8 To. 75 

2.96T0.10 
42 .0 +1. 5 
13.8 +0.7 

17.0 +2.0 
14.5 +0.7 
18.0 +2. 0 
14.5 Tl. 5 
1 5. 5 Tl . 5 

12.2 +2.5 
23. 5 T2. 5 

142 +15 

32.2 1 3 . 5 
29.4 +2.8 
27. 36To. 93 
32.74+0.89 
29. 5 +2. 5 
27.5 +3.0 

34.0 +2. 5 
31.0 1 4 . 0 

31.3 +2. 5 
27.7 +2.0 
27.0 +3. 5 
30. 0 +5. 0 
32.7 1 5 . 0 

29 +6 
34 +7 
28 +4 



Table l (continued) 

Labora tory G a * l 5 ' 9 ) R P I 6 ) 41 J 
Harwell ' 

E r e V l " 
o * ' r n r 

Y 
f n r 

Y 
n r 

Y 

338.4+0.15 
346. 0~0.1 5 
363.7+0.15 
37Z.0jO.17 
405. 0+"o. ZO 
419. 0~0. 20 
445.3+0. 30 
449.8+0.20 
466. 5+"0. 22 
473. 3 Ï0 . 22 
493,9+0.22 
499.3+0.25 
514.3+0.25 
526.1+0.40 
530.8+0.40 
546.4+0.25 
553.2+0.25 
566. 3+0.30 
584.1+0.45 
596. S+0. 20 
608.1+0. 20 
632. 5+0. ZO 
637. 5+0. Z0 
66 5.1+".20 

5, 7 +0. 6 
16. 5 +0.7 
32. 5 +1.3 
13.8 +0.8 

108. 5 +5. 0 
6.1 +0.7 
1.6 +0.3 

16 .5 +1.2 
3. 1 +0.6 
4 . 2 ÎO. 5 
5 .8 +1.1 

19.3 +1.4 
21. 5 +1.5 

0 .91+0.5 
0. 70 Ï0 .4 

3 1 . 0 + 2 . 2 
18. 5 +1.5 
31, 5 + Î .7 
1.14+0.6 

57. 5 +2. 5 
2 2 . 8 +1.4 
13.3 +1.2 
11.7 +1.2 

197. 0 +8. 0 

3 5+3 

30+2 

3 6+.4 

29. 5*2 

33.5+2 
31.5+.3 

33+2 

7. 4+0. 3 
17. 7+0. 5 
30 .4~1. 5 
16. 0+1. 5 

102.6+"6. 0 
6. 2+0. 3 
2. 2+0. 2 

18.7+3.5 
2.4T0. 2 
4. 3+0. 3 
6. 4+0. 3 

17.0~2. 2 

32.8+1.7 
27. 5+0. 3 
30. 0+0. Z 

33. 5+1. 5 

http://37Z.0jO.17
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Table 3: Recommended P a r a m e t e r s of Pu Resonances 

E (cV) o T (meV) n 1 I" (meV) P. (meV) 

1.056+0. 002 2.34+0. 15 1 ^ 2+Z 0.006 
20.4 5 +0 .0 ! 2. 65To. 07 32. 2+3.5 0.23 
38.32 +0.02 17.0 Tl.O 28. 5+2 0.11 
41.62 Î 0 . 02 15. 5 +1. 0 31 T2 
66.62 +0.05 52.0 T2.0 30, 5T2 
72.78 +0.05 21.0 Tl.O 29. 5+2 
90. 77 _f 0. 06 1 3. 5 To. 6 28 +3 
92.51 To. 06 3.0 "O. 2 

105.00 To. 07 43 .0 +2.0 34 +2 
121.6 To. 10 14. 5 +1.0 31. 5+4 
130.7 +0.15 0. 15+0.06 
135.3 +0.10 18.5 Tl . 1 32 +2. 5 
151.9 +0. 12 14.2 +1.0 29. 5+2 
162.7 +0.13 8.6 Tl.O 28 TZ 
170.1 To. 14 13.7 +1.2 29. 5T2 
185.8 +0.16 16.3 +1.2 31. 5Ï2 
192.0 +C.20 0.20+0.12 
199.6 +0,17 0.94T0.1 
239.2 +0.15 12.2 +0.7 29 +2 
260.5 +0.15 23.2 T l . 2 32 +2 
287.1 To. 17 132 T7 30. 5+2 
304, 9 To. 20 7.2 +0.7 
318.3 +0.15 5.2 +0.5 
320.7 To. 15 19.3 Tl.O 
338.4 Tti. 15 5. 7 TO. 6 
346. 0 +0.1 5 16. 5 To. 7 
363.7 To. 15 32.5 +1.3 34 +2 
372.0 +0.17 13.8 To. 8 28. 5T2 
405 .0 +0.20 108 T5 30 T2 
419 .0 +0.20 6.1 +0.7 
445.8 +0.30 . . 6 +0.3 
449.8 +0.20 16. 5 T l . 2 
466.5 +0.22 3.1 +0. 6 
473.3 To. 22 4 .2 To,. S 
493. 9 TO. 22 5.8 T l . l 
499.3 TO, 25 19.3 T l . 4 34.5^3 
514.3 TO. 25 21 .5 +S. 5 
526.1 +0.40 0.91~0. 5 
530.8 +0.40 0.70'+0.4 
546.4 "0 .25 31.0 +2.2 34. 5+4 
553.2 TO. 25 18 .5 +1. 5 
566.3 +0.30 31 .5 +! .7 28 +2 
584.1 +0.45 1.14~0. 6 
596. 8 To. 20 57, 5 +2. 5 32 +2 
608.1 To. 20 22 ,8 T l . 4 30 +3 
632. 5 To. 20 13.3 T l . 2 
637.5 +0.20 11.7 +1.2 
665.1 +0.20 195 Ts 31.5+2 
678. 6 +0. 20 26.0 +1.8 
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Table 3: (continued) 

o r (meV) r (meV) r f ( m e V ) 

712. 1+0.30 1.3+ 0 .6 
743. 3+0. 30 1.0+ 0 .7 
750. 0+0. 24 68.2+ 3.4 7.8+1.0 
758.9+0.25 6.0+ 0.9. 
778.3+0.30 1.2+ 0 .8 
782.2+0.30 2.8+ 1. 0 > 4 5 
791.0+0.25 23.9+ 1.4 12.9+1.7 
810. 5+0.25 213.0+10 9 .6+1.2 
819.9+0.26 110.0+ 5.5 1.0+0.1 

Table 3 : continued ( change in a r rangement of table) 

E„ (eV) o T (meV) n iî E (eV) 
il ° 

r n imeV) 

845. 6+0. 27 10. 3+ 1.0 " 1 3 6 2 . 9 + 0 . 6 7.4+ 3.0 
854.9+0.27 48. o7 2. 5 !! 1377. 0+0. 5 64. 7+ 4. S 
876. 5+0. 27 " 13.9+ 1.3 !! 1389. o7o. 6 14.2+ 2 .8 
891.5+0.27 94. 5? 4 . 5 i" 1401.2+0.6 5. 2+ 3.1 
903. 9+0. 28 21.8+ 1.5 ii 1408. 6+0, 6 10.9+ 2 . 5 
908.9+0.28 79. 1+ 4 .0 ii 1426.1+0. 5 36.7+ 3.7 
915.3+0.28 36. 1+ 2 . 2 JJ 1429. o7o. 5 15. 07 3.0 
943. 5+0. 30 122.8+ 5.5 jj 1450.2~ 0 . 5 64.6+ 5.2 
958.4+0.30 71.5+ 3 . 5 jj 1462. 9+0. 5 

ii 1481.270.7 
2 i ; o 7 3 .3 

971. 3?0. 30 80.4~ 4. 0 
jj 1462. 9+0. 5 
ii 1481.270.7 9.4+ 3. 0 

979. 2+0. 32 7 ,37 1.5 ii 1540.7+0.5 101.07 6.1 
)001.8+0. 32 98.2+ 5.0 ii 1549. s7o. 5 156. 77 8. 6 
1024.1+0.42 5.0+ 1.5 11.1563.7+0.5 114. 77 8. 0 
1041.6+0, 35 12.7+ 1.9 li 1575.3+0.5 126.2+ 7.6 
1045.7+0.35 4,0+ 1.6 il 1609.6+0,6 34. 8+ 3. 9 
1072. 6?0. 35 109.3+ 5 .5 |! 1621.4+0.6 28.6+ 3.7 
1099.8+0.35 84.1+ 8. 5 Jj 1643.0+0.6 107. l 7 7 .0 
1115.7+0.5 2.6+ 1.6 » 1662.6+0.6 63.9+ 5.2 
1128.8+0.4 50.1+ 3.0 « 1687.9+0.6 32 .77 4 . 3 
1133.8+0.4 6. 7+ 2. 0 Il 1724.1?0. 6 83. s7 6. 7 
1142.7+0.4 40.4+ 2 . 8 I! 1741.6+0.6 24.9+ 4 . 3 
1159. 6+0.4 22.1+ 2. 2 Il 1763.7+0.6 51.7+ 4 . 8 
1185. 5+0.4 157. 5+ 8.0 li 1771.4+0.8 9.8+ 5. 0 
1190.8~0. 4 114.8+ 6.0 || 1779.0+0.6 491 725 
1208.9+0.4 62. 9+ 3. 8 JJ 1841.2+0.7 125.87 9 .0 
1228.0+0.4 10. o7 2 .0 jj 1852.7+0.7 34 .47 5. S 
1236.5+0.4 11,4+ 2 .2 « 1872.7+0.7 7 7 . 4 + 7 . 0 
1254.7+0.4 76. 8~ 4. 6 n 1901.670.7 209 7 l 2 . 5 
1281.4+0.4 4. 3+ 2. 1 Il 1916.670.7 35. 9~ 6.1 
1300.3+0.4 245 7 l 2 . 5 il 1943.3+0.9 8. 07 5. 0 
1328. l7o . 4 369 +18.5 i! 1949.1+0.7 82.5+ 7.6 
1345.'i+0. 5 26.1+ 3.1 ,'i 1956.2+0.7 261 7 l 6 . 0 
1350.9+0.6 8. 3+ 2. 5 H 1973.1+0.7 1 68. 1+ 7. S 
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T.ible 3 : (continued) 

E (eV j r fcieV) 11 E (eV> r ( tnéV) 
o n » ° n 

1991 .5+0 .7 114. S± 9. 5 |j 3029. 0+1 .2 21 .0±11 .0 
1998 .3+0 .7 5. 6+ 4 . 0 « 3054. 7+1 .2 47 7 i 5. 0 
2016 .7+0 .7 52. 57 7. 5 II 3077. 4 7 l . 2 128 7 l 9 
2 0 2 2 . 9 + 0 . 7 55. 5+ 7. 5 ! 3088. o 7 l . 2 3 5 ± 1 7 . 0 
2 0 3 3 . 4 + 0 . 7 101,5+ 9 . 5 !! 3112. 7 7 l . 2 38. 5~14.0 
2055 .6+0 .8 68. 5+ 7. 5 1! 3172. 5+1.3 225 ~23 
2082. s7o . 8 98 . s7 9. 5 II 3192. S~ l . 3 349 +35 
2 U 0 . 7 ~ 1 . 0 13 .7+ 5. 5 1! 3237 5 + 1 . 3 72 +1 5. 0 
2154. o T l . l 1 4 . 3 7 7 .0 j] 3268. 5+1. 3 134 720 
2182. 0~0. S 85. fc7 8. 5 ;; 3332. 0 7 l , 3 14. S7l0 
2198 .2+0 .8 130 7 l 0 . 5 1! 3 4 2 3 - 0 7 l . 4 34 .5+12 .0 
2240 /6+0 . 8 34. 1+ 7 . 5 « 3458. 0+1.4 68 7 l 3 . S 
2256 .6+0 .8 134. S 7 l l 1! 3465. 5+1.4 344 735 
2277 .9+0 .8 427 726 1! 3493. 5+1.4 65 +13.5 
2 2 9 0 . 7 + 0 . 9 208. 57 l 7 !! 3555. 0+1 ,4 91 +15 .5 
2303. 3 Î I . 2 1 7 . 2 7 7 .0 II 3567. 5+1.4 162 720 
2 3 3 4 . 4 + 0 . 9 36. 67 7. 5 II 3595. 0+1 .4 28. 5+13. 5 
2 3 5 0 . 9 + 0 . 9 31 .6+ 8 . 0 11 3657 7l .5 293 730 
2365. B 7 O . 9 241 ±17 JJ 3665 + 1.5 54.5719 
2373 .4+0 .9 -7 - ;; 3702 + 1.5 51 +17 

. 2 1 R 6 . 1 Î 0 . 9 18 .7+ 7 . 5 « 3723 7 l .5 60 720 
2405.o70. 9 2 5 . 1 7 7 .5 II 3800 7l .6 101 +23 
2 4 1 6 . 0 + 0 . 9 64. 97 9. 0 II 3844 +1.6 76 +20 
2434 .3+0 .9 205 +15. ;• II 3852 +1 .6 98 720 
2 1 5 9 . 4 7 0 . 9 25. 67 8. 5 !!' 3872 + 1 . 6 46 7 l 9 
2470. a7o. 9 45 . 5+ 8. 0 R 3900 + 1.6 209 727 
2485. 3?0. 9 21 .2+ 8. 5 S 3917 +1 .6 163 723 
2 5 2 1 , 0 + 1 . 0 109. 5+11 •| 3954 + 1 . 6 92 721 
2 5 3 8 . 6 + 1 . 0 287. 5+20 j ' 3975 7l ,7 102 722 
2549. 2 Î I . 0 7 9 . 7 7 1 2 . 0 i> 3990 + 1 . 7 29 7 l 8 
2 S 7 5 . 3 Î 1 . 0 47 . 5+ 9 . 5 ï 4031 + 1.7 109 721 
2 6 3 9 . 5 + 1 . 0 426 7 4 2 II 4084 7l .7 120 723 
2 6 5 2 . 4 Î I . 0 36 .3+ 8 . 0 ,'i 4100 + 1. 7 257 +28 
2692. s7 l .0 345 +26 .', 4122 7l.7 497 740 
2 7 1 7 . 7 + 1 . 0 4 0 . 7 7 ) 0 . 0 II 4134 +1 .7 67 723 
2 7 3 9 . 2 7 l . O 177 7 l 8 !! 4149 + 1.7 265 729 
274 8. 4 + ! . 0 102 7 l 3 J] 4161 +1 .7 89 724 
2 8 1 7 . 6 + 1 . 1 4 1 . 2 7 ) 0 , 0 u 1203 + 1 . 8 438 743 
2 8 4 3 . 5 + 1 . 1 157 7 l 6 I! 4221 •1.8 68 " 2 1 
2 8 5 9 . 7 + 1 . 1 27 +11 II 4270 7l .8 159 727 
2882. 0 7 l . 1 30 +12 II 4288 + 1 . 8 316 741 
2895. ô 7 l . J 60 7 l 2 " 4329 +1 .8 302 +35 
2905. o 7 l . l 115 +14 S 4376 + 1 . 8 82 7 3 0 
2 9 Î 8 . 0+1 .1 . 132 7 l 5 !! 4386 +1 .8 32 7 2 4 
2 9 6 8 . 6 7 1 . 1 85 ? I 3 . 5 !', 4398 + 1 . 9 78 725 
2 9 8 0 . 5 7 1 . 2 108 720 || 4422 + 1 . 9 61 724 
2986. 2 + i . 2 12. 57 8 .0 |i 4433 + 1 . 9 47 ±22 
2994. 7 Î I . 2 S6 7 l l . 5 || 4458 ± 1 . 9 102 +27 
3 0 0 4 . 0 7 1 . 2 76. 5+13 |j 4570 ± 1 . 9 220 7 4 5 
3018. 0 7 l . 2 117 +18 n 4588 + 1 . 9 526 " 6 0 



Table 3: (continued) 

E (eV) 
o r n ( m e ï ) ! E

0 < e V > p (meV) 
n 

4599 + 1.9 75 + 30 ! 5194 + 2 . 2 313 + 55 
4615 ± 2 . 0 262 "+ 63 ! 5215 T 2. 3 163 + 40 
4646 + 2 . 0 149 T 45 1 5249 + 2 . 3 524 + 70 
4721 + 2 . 0 510 ~ 7 5 | 5279 + 2. 3 140 + 45 
474 5 + 2 . 0 245 + 50 ! 5299 + 2 . 3 270 + 45 
4755 +' 2 . 0 56 + 28 1 5334 + 2 .3 203 + 50 
4766 + 2 . 0 15 + 15 ! 5350 + 2 .3 153 + 50 
4771 ~ 2 . 0 22 T 20 | 5367 + 2 . 3 70 + 40 
4779 ~ 2 . 0 34 ~ 25 i 5393 + 2 .4 84 + 42 
4792 + . 2 . 0 133 ~ 34 5417 + 2 .4 255 + 50 
4812 T 2. 1 172 ~ 35 p 5489 + 2 .4 50 T 40 
4823 + 2 . 1 63 + 25 ' 5499 + 2 . 4 87 + 40 
4894 + 2 . 1 59 + 27 ! 5510 + 2 . 4 355 + 70 
4958 + 2 .1 291 + 55 ! 5522 + 2 . 5 172 + 45 
4969 + 2. 1 1 5 8 + 5 0 ! 5544 + 2 . 5 582 + 90 
4993 + 2 . 2 92 T 35 [ 5574 + 2 . 5 758 + 90 
5072 + 2 . 2 509 ~ 50 | 5592 + 2 . 5 207 + 60 
5113 ~ 2 . 2 93 + 35 [ 5615 T 2 . 5 62 " 50 
5134 + 2 . 2 42 + 30 5681 + 2 . 5 106 + 50 
5148 T 2 . 2 50 + 35 5692 + 2 . 5 91 + 46 
5162 + 2 . 2 40 ï 30 
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PLUTONIUM 239 RESONANCE PARAMETERS 
H. DERRIEH, DPRMA, CEN SACLAY 

Commissariat 3 l'énergie Atomique France 

INTRODUCTION 
When examining Pu 239 resonance parameters, two 

kinds of information must be taken into account : 
(a) the experimental data and the corresponding analysis, 
and (b) the various evaluations made so far. 
A - Experimental data 

The oldest to be taken into account are L. 
Bollinger's concerning the total cross section and the 
fission cross section up to around 50 eV (Bo 58). These 
data have been analysed with a one level formalism and 
E. Vogt also proposed a multi-level analysis up to 10 eV 
(Vo 60). 

The total cross section and the scattering cross 
section have been measured and analysed at Harwell, the 
former by C.A. Uttley (Ut 65).who proposed a set of re
sonance parameters in the 100 eV to 300 eV neutron ener
gy range and the latter by M. Asghar (As 67) who also 
attributed a certain number of spin . up to 300 eV. 

G. de Saussure, R. Gwin et al (Gw 71) made simul
taneous measurements of the fission cross section and 
the capture cross section at ORNL-RPI in order to de
termine a. But no resonance parameters has been propo
ned from these measurements. 

The Saclay results are the largest and most com
plete set of data in the resonance field (Bl 70, De 70, 
Tr 70, De 73a). The transmission measurements used five 
sample thicknesses cooled at liquid nitrogen tempe
rature, with 50 and 100 n flight paths ; the fission 
cross section was also measured at liquid nitrogen tem
perature (up to around 30 KeV) with a 50 m flight path. 
The scattering measurement was done with a 50 m flight 
path, thus providing a resolution comparable to that of 
the transmission and the fission. A complete set of pa
rameters was obtained up to 660 eV by a single level a-
nalysis and up to 205 eV by a multi-level analysis. 
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The fission cross section was measured at Los Alamos 
(Sh 65) on an underground nuclear explosion and was 
analysed by J.A. Farrell with a multi-level formalism 
between 20 and BO eV !Fa 68). 
B - The evaluations 

We shall retain two evaluations : the first by P. 
Ribon and G. Le Coq (Ri 71} based on the set of Saclay 
experimental parameters and the second by O.D. Simpson 
and F.B. Sirapson (Si 72) who tried to match the Saclay 
and O.R.N.L. experimental data ; comments about the lat
ter evaluation have been previously done (De 73b). 

What are the problems arising on the reson-nce pa
rameters of Pu 239 and their use for reactor calcula
tion ? First, there is the problem of interferences due 
to the wide resonancesof the 0 + spin state. The single 
level analysis cannot provide a set of parameters correc
tly describing the cross sections in these resonances. 
We are therefore obliged to compare two sets of parame
ters due to two different kinds of analysis, namely the 
one level analysis and the multi-level analysis. Sophis
ticated computation codes are required when using multi
level parameters. Then, it can be wondered if the problem 
of interferences is really important for calculating 
reactors and, if so, how can these calculations be sim
plified. A second problem, which could also be important, 
is that of the intermediate structure obvious in the 
fission cross section due to the 1 + spin state (De 73a) : 
what is its importance in calculating the average cross 
section at high energy and must the variations of < C X + 
due to the coupling between the class I and class ir 
states be taken into account ? 

These various problems could be examined at this 
session. I shall merely examine the set of parameters 
that Saclay proposes, and compare this set with other 
results, incidentally, two sources of significant disa
greements can be eliminated right from the start : 

1) the anomalies mentioned by O.D. Simpson and F.B. 
Simpson (Si 72) concerning the narrow resonances disap
pear quite naturally when the spin of the resonances is 
taken into account in calculating the scattering cross 
section. This is a common place observation sufficient 
enough to warrant this evaluation being disregarded ; 

2) J.A. Farrell*s (Fa 68) multi-level analysis leads 
to parameters that are far from reproducing the total 
cross section (De 73a), since it is quite impossible to 
determine all the parameters of the 1 + resonances only 
from the fission, even by multi-level formalism : a the
oretical interpretation of the distribution of fission 
widths obtained by Farrell, such as was done recently 
(Va 73), leads to wrong conclusions as to the number of 
exit channels and that of missed resonances. In this ana
lysis just the resonance areas can be kept, but not the 
V , fj and r values which, particularly, lead to aber
rant a values. 
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II - EXAMINATION OF ^HE SACLAY PARAMETERS AND COMPARISON WITH 
THE PARTIAL RESULTS FROM OTHER LABORATORIES. 
A - Single level parameters 

All the results concerning the definitive analysis 
of Saclay's experimental data will be found in reference 
(Do 73a). They comprise : 

1) the energies and the neutron widths of 254 identi
fied resonances up to 660 eV neutron energy ; 

2) the fission widths of 212 resonances ; 
3) the capture widths of 107 resonances ; 
4) the attribution of 164 spins by direct or indirect 

methods : 63 resonances in the 0+ state and 101 in the 
1 + state ; 

5) the attribution of spin 1+ to the resonances for 
which no direct or indirect spin assignment nethod could 
be used. I.e. to the 90 remaining resonances, in agre
ement with the (2 J + 1) law for the level spacings! 
the risk of including a few 0 + resonances in this group 
is of no consequence for the evaluation, since the 2 gT" 
values of this resonances are generally very weak. n 

The table of the experimental parameter set has 
already been published (De 73a) ; this table is also re
produced in reference (Ri 71). 

The table I shows the mean values of the parameters 
per spin state : 

TABLE I 

J» t «V 
m.1 

s°»ia4 

BIT 
'V 
HV 

o* 1/4 ».<;2 0,72:0,13 I,5610,2» 21*5:350 31,524,0 

i* 3/4 '.»3:3 1,54iO,M 1,1540,12 M,S14,0 
. 

«2,2:1,4 



- 246 -

The main difficulties of the single level analysis 
come from the wide 0 + resonances, which interfer strongly 
and, owing to this, are very far from the single level 
Breit-Kigner form. Four particularly difficult cases 
should be considered : 

a) the 11.5 eV resonance considered as 0 + which is 
only used to nask the interference effect betwtïn the 
10.93 and 11.89 eV 1 + levels (one of the rare caser of 
significant interference between narrow resonances) ; 

b) the group between 55 eV and 66 eV in which three 
wide 0+ resonances were introduced, whereas the roulti-
level analysis will show that there are in fact only 
two large and highly interfering resonances ; 

c) the group between 60 and 36 eV also containing 
three large resonances against two in the multi-level 
analysis ; 

d) between 300 and 400 eV the parameters resulting 
froni the single level analysis do not reproduce the to
tal and fission cross sections, unless a very high resi
dual cross section is introduced. This led P. Ribon and 
G. Le Coq to introduce two sxtra very wide levels at 
320 and 364 eV. 

These difficulties being due to the interference 
effect the fact of introducing extra symmetrical resonan
ces is obviously only a makeshift ; the use of Adler 
formalism shows that the true cross-section is the sum 
of symmetrical (pseudo Breit-Wigner) and asymmetrical 
functions, and that,in no case,can an extra symmetrical 
resonance account for the destructive part of the asy
mmetrical function, unless it is of negative area. 
This fact is at the source of the introduction of a 
smooth file in the ENDF-B format to allow for these ef
fects, when a single level set of parameters is used. 

Comparison with other single level analysis 

L. Bollinger et al. published the parameters of 
20 resonances up to 53 eV (Bo 58), obtained from the 
single level analysis of a total t-ross section and fis
sion cross section. We are only mentioning them here to 
draw attention to the overall good agreement existing 
between their results and those of Saclay. r.A. Uttley 
gave the values of g T n and r for 63 resonances between 
100 and 300 eV ; his a r n values are, on average, 6% 
smaller than ours. Thé local strer.ght functions deduced 
from the Saclay measurements and those deduced from 
the Harwell measurements are compared in the table II. 
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TABLE II 

Energy 
in cV 

I a 11 m III * i 

0 - 100 
100 - 2C0 
200 -300 
300 - «00 
«00 - SOO 
303 - «CO 

L I ! 
1,54 
1.02 
0.76 
1.71 

0.03 
0.02 
0.02 
0.02 
0.02 

1.04 
1.27 

0.02 
O.Oi 

1.56 
1.13 
LSI 
O.Bt 
0.75 
LJ7 

0.02 
0.01 
0.02 
0.01 
O.Ot 
0.03 

0.34 
0.25 
0.33 
0.19 
0.17 
0.39 

I : S x 10 according to C.A. Utt ley's average cross 
sections ; 

II : S 0 x 10 according to C.A. Utt ley's resonance pa
rameters ; 

4 Til : S 0 x 10 according to the resonance parameters 
(Do 73a) ; 

a : expeirirental statistical error, 
b : sampling error. 

Excellent agreement is found between the local 
strengh functions obtained frora the Saelay resonance pa
rameters and those deduced from the average values of 
Ottloy'3 total cross sections ; the difference between 
the figures in columns II and III is due to two causes : 

a) Uttley probably underestimated the Zg fn values ; 
b) he did not allow for the wide resonances in his 

analysis. 
The comparison between the spin assignment due to 

M. Asghar and those due to J. Trochon was also made 
{Tr 70) ; out of *7 possible comparisons, there are only 
6 disagreements, all the explanations for which were fa
vourable to the Saclay assignment. 

As for the ORNL-RPI neasurements, it is not possi
ble to establish a comparison on the resonance parame
ters t the only analysis Bade on these results is due to 
O.D. Simpson and F.B. Simpson, on the Saclay and ORNL-RPI 
data simultaneously. According to what we said at the begin
ning of thia report, the resutts of this analysis are not 
an improvement compared with the Saclay analysis. 
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B - Multi-level parameter» 
The multi-level analysis carried out at Saclay is 

given in detail in reference (De 73a). It is a least 
square analysis simultaneously made on the total cross 
section and the fission crojs section, between 4 eV and 
205 eV. It uses the Reich-Moore formalism and is founded 
on three main assumptions : 

1) the resonance spin assignments have been correctly 
done by the single level analysis ; 

2) there is only one fission channel, partly open, 
for the 1+ transition states t 

3} there are two, open or partly open, fission chan
nels for the 0+ transition states. 

The following conclusions nay be drawn from this 
multi-level analysis : 

1) the base assumptions were confirmed and enabled 
the theoretical cross section to be adapted very satis
factorily to the experimental data ; 

2) the 1 resonance parameters arc almost unchanged 
in relation to the single level analysis ; the few chan
ges made are due to three causes : 

a) & few rare cases of interference ; 
h) a better accuracy on the determination, of the 

parameters is achieved by the simultaneous analysis of 
two cross sections ; 

c) the analysis of the narrow resonancea was made 
easier, since the shape of the wide resonancea, playing 
the rolo of "background noise" in relation to the narrow 
resonances, was well reproduced ; 

3) the individual o resonance paramctero are general
ly very different fron those obtained in the Dingle level 
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TABLE I I I 

tiunber of 
srcscrcanccc (•V) 

*0-
(eV) 

one lovel 34 B.65- i.S! « 1er3 1.71 1.47 

rr.-.iltiîevel 52 9,70 1.66 « 10- J • •71 1.59 

4) the two 0 + fission channels arc respectively cha
racterised by the r.san fission widths : 

/ Ç , ^ „+ = 1.305 eV (open channel) 

(Fc2) O* a 0 ' 2 7 6 c V fparfcly °P 0" chonn M 

Ko results of the r.ulti-J.evcl analysis are given 
In table IV. 

eorparlaanjrflth tithn.T rultl-lcvel analysis 

TJte fraarontary analysis taJe by E. Vogt |Vo 60) 
art-J CD. Jarss (Jn 681» can hardly be considered for 
this co-partccn. ï.'so f irst was cade fron 0.1 to 10 eV 
ati-J can he ur:c:l en calculate the total cross section 
and »*.- fission cross section in the tb.jrr.al rCgion. 
I t ill», far a Rotative resonance but Is not in agrcc-
rcuiit wltn tî".e npin nsslr/rj-ent at present accepted for 
t!ic 15.34 cV rnns^.ir.ce. "he second concerns the wide ro-
GSf.ar.cca in ^ho c-irejy range from 80 to 85 eV ; i t was 
oniy flsT.o to tih-:,« that the r.urier of open, or partly open, 
0* i lesion chatir.clr, is at least equal to 2. 

Thorp rc=attïs J.A. rar re l l ' s 20 oV to 78 oV ana-
Ivr.is. If. the introduction to t*il» report we explained 
w:-,y i t should be excluded. As for the work undertaken 
by D.D. Adler and »'-B- Adler on the Fu 239 cross sections, 
the eanparison with our remits can only bo made through 
the transforcaïlon which dlagonallaes the level matrix 

http://tb.jrr.al
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(Ad 68) ; there is no doubt that identical results are 
obtained if the analysis is carried out on the same cross 
sections and starting from the same bases. 
C - The role of multi-level analysis in evaluating re

sonance parameters and calculating cross sections. 
In order to define this role correctly, it would be 

necessary to know the effect of the Interferences in the 
calculation of the cross, sections in the non-resolved do
main. As was said at the beginning of this report, we 
shall not go into this problem in detail, but simply re
call that G. de Saussure and P.B. Perez (Sa 73a) studied 
it in the particular case of 0 235. They showed that pra-
tically no diffcrcr.es existed between the statistical 
properties of the cross sections achieved by multi-level 
formalism and that obtained by single level formalism ; 
these differences are too small, particularly towa:- s the 
high temperatures (> 300° K ) , to have any effect on the 
reactor calculations, this conclusion being still more 
true for Pu 239 than for U 235. 

Efforts are also being made in the United States, 
still by G. de Saussure and R.B. Perez, to develop sim
ple calculation methods allowing multi-level parameter 
sets to be employed in the resolved region (Sa 73b). The
se methods transform multi-level sets into sets composed 
of pseudo Breit-Wigner parameters and parameters defi
ning a smooth background ; the calculations are then done 
only by means of the conventional •? and f functions. In 
such a case the set of multi-level parameters we are pro
posing can prove useful. 

Where we are concerned, we shall only keep, from 
the multi-level analysis, the extra accuracy it gives to 
the parameters of the 1+ resonances and the fact that 
the mean parameters of the 0+ resonances vary but little 
irrespective of the kind of analysis used. 

http://diffcrcr.es


TABLE IV 

Kîicrp,y 
(cV) <ccV> 

Chmndl* C h a n n e l 0 T J Kîicrp,y 
(cV) <ccV> r, («v r f l («v | r <2 <«V> (•) (b) 

0,296 0,2« O.J600 0 
7,600 0,77 -0.0470 1 

10.910 1.63 -0,1200 1 10.910 
0,98 0,0210 1 

It,301 0,66 0,0610 1 
14.660 1.92 0,0370 1 
13,(05 1,73 -0,4420 0,099« 0 
17.«3 1,83 -0.0«05 1 
22.234 2.39 -0,0640 1 
23,676 0,09 0,0300 • 
26,223 1,52 0,0440 1 
27,133 o,rs -O.OOSO 1* 
32,265 o,e« -0,1140 0 
35.122 0,25 0,0033 1 
«1.373 3,79 -0,0036 1 
. : . c :3 1,38 0,0434 •• 
««.«35 5.83 -0,0050 1 
«7.«91 5,25 0,2810 -0,0700 0 
«9,4«6 3,44 -0,7860 -0,0610 0 
50,033 2,97 -0,0125 1 
32.533 10,03 0,0030 1 
55,582 >,SI 0,0220 1 
52.003 l«,«7 -1,3540 0,0780 0 
59.153 «,B0 C.I020 1 
61.(66 26,25 7,1020 0,0200 0 
63,016 0,70 o.caoo 1* 

« ,«97 I3,i<6 0,2380 0,1510 0* 
«1.711 9.17 0,0283 1 
M.C53 3.37 -0,0260 1 
7«.»37 22.78 -0,0370 1 
78,968 0,04 0,0020 1 
«0,315 «.55 0 9630 0,5820 0 
•3,«66 0.39 O.OIW 1 
«S.«30 ;,«5 0,0031 1 
•3 .5M 33,«1 • 2,0100 0,0550 0 
30.711 11,86 0.0050 1 
§2,533 0,70 «,00*0 1 
«S,3r« 1.90 - 0,0150 1 
« .332 30,66 0,««20 1,1160 0 

101,731 9.05 - 4,t330 0,0150 0 
10],OIS 1,61 «,0100 1 
103,301 «,7a - 0,0060 1 
104.670 8,93 - 0,0260 1 
•10.410 0,«« 0,0130 1-
II»,«?2 1,30 - 1,65«0 - 0,0170 0 

! 
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E n e r g y r 
n 

<«oV) 

channel ï > C h a n n e l 0 * J E n e r g y r 
n 

<«oV) r t («Ï) r t, (cV) r { 2 (»v) <•) (M 

115,181 6,21 0.1600 1 

116,075 11.7S - 0,1170 - 0,1390 0 

II8.B3É 16,85 - 0,0340 1 

121,006 2,36 0.0360 1 

123,467 0,51 - 0,0390 1 

126,226 1,93 - 0,0200 1 

127,557 0,51 0,0250 1 

132,321 35,06 3,9910 - O.0350 0 

133,7B4 5,59 - O.0060 1 

136,770 10,24 - 0.0840 0 

139,340 0,10 0.1200 1 

142.963 3,24 0,0820 1 

143,470 4,08 0,0310 1 

146.250 7,05 0,0130 1 

147,496 3,53 1,4990 0,0860 0 

148,242 0,44 0,1020 1 

149,442 1,69 0,0500 1 

157,009 32,55 0,0290 0.4730 0 

I6I .98B 0,11 0,003 1 

164,561 28,00 - 0,008 1 

I6J,128 5,83 0,069 1 

170,529 0,57 0,120 

171,150 3.14 - 0,208 1,606 0 

176,012 2,09 0.031 1 

177,253 3.57 0,006 1 

178,924 1.22 0,014 1 

161,673 1,68 0,028 1 

185,167 16,93 - 1,422 0,499 0 

188,305 0,61 0,009 1 

190,677 1,67 0,013 1 

195,399 57,73 - 0,411 0,012 0 

196,742 4,01 0,025 1 

199,434 8,93 0,065 1 

203,473 2,26 0,036 1 

203,980 59,39 0,343 0,038 0 

— 

a) Spins previously assigned; 

b) Spins arbitrarly assigned; (the probalities for a correct assignment is great); 

values with * can be considered as rejulting from multilevel analysis. 
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III - SET OF RECOmiEMDSD PARAMETERS 

This set is based on che results of the Suclay sin
gle level analysis of the 4 eV to 660 eV neutron energy 
range. Obviously some of the parameters cannot be measu
red ; particularly some of the If values cannot be deter
mined experimentally, for they correspond to resonances 
which have too spall neutron widths or fission widths. 
The evaluation cade by P. RIBON and G. Le Coq enables the 
parameter table to be completed according to a certain 
number of coherence criteria with the measured cross sec
tions. 

Table V shows how the cross section, calculated as 
from measured or evaluated parameters, compares with the 
Saclay experimental cross section. This comparison \igh-
lights the local deviations due to the interference ef
fects in the 0 + resonances. However there is a compensating 

effect, and the sun T 2L T Ç obtained between 40 and 
El 2 f 

S00 eV (by introducing two additional large resonances 
between 300 and 500 eV) differs very little from the 
fission integral calculated from the experimental fission 
cross section : 

600 eV 

z 
40 cV 

j 05 f£ = 1 0 513 barns-eV 

600 cV 

/ 
40 oV 

<n(E) dE = \0 488 barns-eV 
f* 'exp. 

The difference between these values is only 0.2%. 

The one level reaonancc parameters recommended by 
F.ibon and Lo Cog arc given in table VI (Ri 71). 

file:///igh-
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TABLE V 

Energy 
Intervals 

(eV) 

j <TJ(E)dE 

from<JJ(E) 
experimental 

values 

tfll 70] 

(barns eV) 

E2 

El 
from 0" C 

experimental 
values 

lai 7o] 
(barns eV) 

o f 

from 
fRi 71]. evaluation 

(barns eV) 

40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
90 -100 

40 -100 
100 -200 
200 -300 
300 -400 
400 -500 
500 -600 

293.5 
777.1 
571 
655.7 
690.2 
317.4 

3305 
131» 
1802.5 
904 
985 
1574 

286 
727 
661 
578 
751 
219 

3222 
1837 
1737 
733 
911 
1652 

287.7 
732.8 
663.4 
579.2 
818.5 
221 

40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
90 -100 

40 -100 
100 -200 
200 -300 
300 -400 
400 -500 
500 -600 

293.5 
777.1 
571 
655.7 
690.2 
317.4 

3305 
131» 
1802.5 
904 
985 
1574 

286 
727 
661 
578 
751 
219 

3222 
1837 
1737 
733 
911 
1652 

3303 
1885 
1772 
933 
946 
1674 

40 -600 10468.5 10097 10513 



TABLE VI 

Pu evaluated resonance parameters 

[ rt £ *« ; £ r Y 
£ r f £ 

J 

I1 <RV) (nev) { * ) (ceV) U o ) (meV) { * taevj- <») J 

1 0 . 2 9 7 9 8 . £ O . 0 6 0 0 3 8 . 2 6 0 . 4 0 
z 7 . Û 2 0 C7.f i S 0 , 5 9 9 8 3 3 4 0 . 0 6 4 7 . 0 6 1 
3 1 0 . 9 3 0 1 9 9 . E 10 1 . 4 0 7 7 53 5 5 . 0 17 1 4 3 . 0 11 1 
4 1 L 5 0 0 5 1 . £ 0 . 0 7 4 4 4 1 . 5 1 0 . 0 0 
5 1 1 . 0 9 0 6 7 . C 10 0 . 7 6 3 4 6 5 4 2 . 0 11 2 4 . 0 13 1 
6 1 4 . 3 1 0 1 0 1 . 6 ! B 0 . 4 5 1 1 5 2 3 4 . 0 16 6 7 . 0 11 1 
7 1 4 . 6 8 0 6 9 . 9 ! 1 0 1 . 4 1 7 7 17 3 8 . 0 10 3 0 . 0 1 0 1 
8 1 5 . 4 6 0 6 9 9 . 9 J 7 0 . 4 8 5 8 80 4 2 . 0 9 9 6 5 6 . 0 15 0 
9 1 7 . 6 6 0 T 4 . 6 i 11 1 . 3 5 8 2 10 3 9 . 0 11 3 4 . 0 1 1 1 

10 2 2 . 2 9 0 I OS.b! 9 1 . 982B 25 4 4 . 0 11 6 ? . 0 10 1 
11 2 3 . 9 4 0 7 0 . 1 ! 17 0 . 0 6 4 4 7 3 2 . 0 35 3 8 . 0 3 1 
12 2 6 . 2 4 0 8 3 . 4 ! 12 l .Q9n<i 4 8 3 8 = 0 16 4 4 . 0 1 C 1 
13 2 7 . 2 4 0 42.2J 19 0 . 1 0 4 1 8 3 3 7 . 0 2 0 S .O 54 
14 3 2 . 3 1 0 1 5 1 . 8 13 0 . 2 0 0 2 4 8 4 1 . 0 19 1 1 0 . 0 14 0 
15 3 4 . 6 0 0 9 1 . 5 1 0 . 0 0 9 9 4 1 . 5 5 0 . 0 
16 3 5 . 5 0 C 4 7 . 3 19 0 . 2 1 3 1 46 4 3 . 0 19 4 . 0 54 1 
17 4 1 . 4 2 0 5 2 . 1; 16 3 . 0 7 3 3 2 9 4 4 . 0 17 4 . 0 26 1 
18 4 1 . 6 6 0 106 .0" 16 1 . 0 0 1 3 124 5 8 . 0 22 ' 6 . 0 25 
19 4 4 , 4 8 0 5 8 . 6 12 4 . 9 4 2 1 20 4 7 . 0 13 5 . 0 13 1 
2 0 4 7 . 6 0 0 3 1 1 . 6 8 1 . 4 1 7 7 52 5 8 . 0 2 6 2 4 8 . 0 10 0 
2 1 4 9 . 7 1 0 8 0 0 . 3 25 1 . 0 9 0 5 9 2 5 0 . 0 9 9 7 4 6 . 0 27 0 
2 2 5 0 . 0 8 0 5 7 . 0 2 4 2 . 2 5 5 4 4 4 4 1 . 0 25 1 3 . 0 2 6 1 
23 5 2 . 6 0 0 6 0 . 4 ] 14 7 . 7 8 2 4 95 4 9 . 0 16 9 . 0 17 I 
24 5 5 . 6 3 0 5 8 . 4 ! 5 0 1 . 0 9 0 5 55 3 6 . 0 52 2 1 . 0 2 7 1 
25 5 7 . 4 4 0 4 9 9 . a! 50 3 . 2 2 2 0 500 4 2 . 0 59 4 4 5 . 0 4 0 0 
2 6 5 8 . 8 4 0 1 0 9 9 . 0 5 0 2 . 7 2 6 3 5 0 0 4 2 . 0 9 9 1 0 4 7 . 0 5 0 0 
27 5 9 . 2 2 0 1 0 0 . 4 8 4 . 0 6 4 7 55 5 2 . 0 19 1 2 3 . 0 1 1 1 
2 8 6 0 . 9 4 0 6 7 9 7 . 0 5 0 4 . 9 5 7 0 35 4 2 . 0 9 9 6 7 3 6 . 0 4 0 0 
2 9 6 3 . 0 8 0 1 5 5 . 1 1 1 0 . 5 9 4 8 2 1 0 4 3 . 0 BO 1 1 1 . 0 3 3 
30 6 5 . 3 6 0 9 2 . 0 0 . 2 6 7 7 4 1 . 5 5 0 . 0 
3 1 6 5 . 7 1 0 1 3 7 . 0 10 9 . 0 3 1 6 2 6 5 4 . 0 13 7 1 . 0 11 1 
32 7 4 . 0 5 0 7 1 . S 11 2 . 3 5 4 5 4 2 3 6 . 0 13 3 2 . 0 13 1 
3 3 7 4 . 9 5 0 1 4 6 . 9 10 1 6 . 4 5 7 0 45 4 1 . 0 16 8 4 . 0 1 1 1 
34 7 8 . 9 5 0 9 1 . 7 0 . C 8 0 0 4 1 . S SO.O 
35 8 1 . 7 6 0 2 0 4 7 . 0 5 0 2 . 4 7 8 5 5 0 0 4 2 . 0 9 9 1 9 9 6 . 0 4 0 0 
3 6 8 2 . 6 8 0 7 0 . 7 0 . 3 7 1 8 4 0 . 0 3 0 . 0 
37 8 3 . 5 2 0 1 7 5 0 . 0 50 0 . 5 9 4 8 5 0 0 4 2 . 0 99 1 7 0 6 . 0 4 0 0 
38 8 5 . 3 2 0 2 0 9 3 . 0 50 1 3 . 0 0 0 0 143 4 2 . 0 99 2 0 0 2 . 0 4 0 0 
3 9 8 5 . 4 8 0 7 4 . 8 12 5 . 8 4 9 2 31 5 1 . 0 2 1 1 6 . 0 5 2 1 
4 0 9 0 . 7 5 0 5 9 . 8 17 9 . 1 4 5 6 23 3 9 . 0 22 8 . 6 1 9 1 
4 1 9 2 . 9 7 0 5 7 . 0 9 0 . 5 2 0 5 40 4 7 . 0 13 9 . 0 5 1 
4 2 9 5 . 3 6 1 9 8 . 1 10 1 . 5 6 1 4 4 7 6 6 . 0 1 1 3 0 . 0 I S I 
4 3 9 6 . 4 9 1 1 7 0 0 . 0 20 3 . 3 1 1 2 39 4 2 . 0 9 9 1 6 4 5 . 0 2 3 0 
44 1 0 0 . 2 5 0 6 0 0 0 . 0 5 0 2 . 7 7 5 9 5 0 0 4 2 . 0 9 9 5 9 4 7 . 0 4 0 0 
45 1 0 2 . 9 9 0 « 7 . 6 10 1 . 1 9 9 5 3 3 3 6 . 0 12 1 0 . 0 2 7 I s 

4 6 1 0 5 . 3 0 C 4 8 . 0 15 3 . 4 5 0 0 57 3 8 . 0 16 5 . 4 19 1 1 
4? 1 0 6 . 6 7 0 7 5 . 6 5 6 . 9 1 9 9 42 4 0 . 0 6 2 6 . 4 7 r | 
45 I I C . 3 8 U 4 3 . 6 37 0 . 3 2 7 2 106 3 0 . 0 40 1 3 . 0 50 i I 
49 1 1 4 . 4 4 0 1 4 9 9 . 0 5 0 0 . 3 4 7 0 501 4 2 . 0 99 1 4 5 6 . 0 5 0 1 
SO 1 1 5 . 1 0 0 2 0 5 . 3 0 . 1 5 8 6 4 0 . 0 1 6 5 . 0 1 ! 

| _ » ^ J 

http://C7.fi
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TABLi; VI ( continued ) 

239 
Pu evaluated re .onaace parameters 

E r t 
£ *•"» e rY 

£ 1 r £ 
e 

(eV) (neV) (%) (meV) (%.) (meV) t* (meV) (%) J 

51 116.030 267.7 6 2.6817 24 39.0 38 218.0 9 0 
52 118.B30 102.1 6 12.8480 23 43.0 9 42.0 B 1 
53 120.990 78.3 15 1.8340 41 32.0 21 39.0 18 0 
54 123.440 63.1 22 0.3470 110 24.0 86 39.0 56 
55 126.200 95.9 11 1.4672 40 70.0 18 20.0 51 101 
56 127.510 64.8 19 0.3817 120 40.0 28 24.0 40 
57 131.750 3799.0 6 8.9226 6 42.0 99 3722.0 10 •0 
58 133.780 55.5 10 4.1539 36 44.0 13 6.0 51 1 
59 136.750 126.1 8 2.5379 30 32.0 25 84.0 12 0 
60 139.260 321.6 0.0892 41.5 280.0 
61 142.920 137.2 15 2.4091 44 52.0 26 82.0 20 1 
62 143.470 83.0 14 3.0336 24 48.0 15 31.0 16 1 
63 146.250 70.0 10 5.2445 30 50.5 11 12.5 12 1 
64 147.440 1000.0 50 0.5948 500 42.0 99 956.0 50 0 
65 148.210 149.6 50 0.3470 140 47.0 58 1G2.0 50 
66 149.420 119.5 17 1.2987 46 67.0 22 50.0 26 
67 157.000 621.6 8 8.4000 23 48.0 47 540.0 9 0 
68 160.800 141.7 Oil 041 41.5 100.0 
69 161.960 150.2 0.1041 40.0 110.0 
70 164.540 78.7 12 20.8190 72 43.0 20 B.O 15 1 
71 167.100 111.7 7 4.3373 46 37.0 15 69.0 10 1 
72 170.490 158.8 3B 0.4263 23 38.0 99 120.0 48 
73 171.080 999.7 50 0.4412 34 42.0 93 956.0 35 0 
74 174.560 241.5 0.0297 41.5 200.0 
75 175.980 73.1 7 1.5564 32 39.0 17 31.0 21 
76 177.220 51.5 12 2.6569 33 41.5 13 6.5 24 1 
77 178.900 58.2 ~5 0.9071 33 43.0 9 14.0 26 (1) 
78 183.640 72.3 50 1.1351 52 42. C 62 28.0 71 
79 184.870 2098.0 10 4.6595 200 42.0 99 2030.0 30 0 
80 188.270 52.9 19 0.4560 75 43.0 22 9.0 54 
81 190.640 67.0 13 1.2442 36 49.0 19 »3.0 52 (01 
82 195.360 446.4 9 14.8710 40 52-0 52 335.0 12 0 
83 196.690 111.6 16 3.4897 60 53.0 21 54.0 20 I 
84 199.390 132.5 10 7.1826 52 43.0 16 80.0 12 I 
85 203.460 72.4 2.9742 41.5 25.0 
86 203.930 440.6 50 13.4000 38 42.0 99 345.0 52 0 
87 207.370 56.9 9 5.2048 40 44.0 10 6.0 18 I 
88 211.090 789.7 50 0.6940 500 42.0 99 745.0 50 0 
89 212.020 1500.0 50 0.5948 500 42.0 99 1456.0 50 0 
90 213.280 199.6 30 0.3470 280 42.0 99 157.0 65 
91 216.530 67.2 10 4.6595 42 50.0 13 11.0 32 1 
92 219.490 70.5 14 2.6569 50 41.0 24 2o.0 33 1 
93 220.220 52.4 18 5.5220 44 34.0 23 11.0 35 1 
94 223.160 59.4 10 2.5379 28 47.0 14 9.0 51 1 
95 224.Û90 85.5 20 1.2609 56 58.0 30 25.0 54 
96 227.770 6095.0 7.6337 503 41.5 8024.0 50 0 
97 227.890 66.7 15 1.2590 56 33.0 29 32.0 30 (11 
98 231.400 53.8 18 8.8234 56 37.0 23 5.0 27 I 
99 232.630 120.6 50 0.3272 220 40.0 66 80.0 
100 234.320 1 74.1 

" 
7.6089 40 49.0 14 1S.0 17 1 
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TABLE VI ( continued ) 

S>u e v a l u a t e d r e s o n a n c e p a r a m e t e r s 

E rt £ ' » * » £ rY 
£. Pf £ 

(eV) (mev) (») (meV) (%.) (meV) <») (ITOV) (%) J 

101 239.040 72.4 12 4.0399 SO 51.0 13 16.0 19 I 
102 240.6CC 241.5 0.0248 41-5 200.0 
103 242.880 96.5 6 4.9173 45 34.0 14 56.0 10 I 
Z04 24 7.500 280.3 20 0.6741 140 45.0 99 234.0 39 
Î0S 248.860 61.6 10 10.9690 40 42.0 13 5.0 16 I 
106 251.230 82.2 6 20.4220 30 43.0 10 12.0 10 1 
107 254.500 54.8 18 2.0819 70 27.0 24 25.0 24 (11 
108 256.110 91.3 17 4.7091 50 53.0 20 32.0 22 1 
109 259.000 241.8 0.1983 41.5 200.0 
110 262.370 6299.0 50 24.7650 500 42.0 99 6158.0 30 0 

m 262.740 59.6 17 1.8043 124 46.0 20 10.0 45 
112 264.230 341.7 0.1239 41.5 300.0 
;i3 269.110 130.0 50 1.0409 400 42.0 95 86.0 56 
114 269.540 71.8 28 2.8750 120 40.0 33 28.0 34 1 
115 272.620 91.6 11 20.7200 36 33.0 20 31.0 13 1 
116 274.800 791.8 50 6.9398 140 42.0 99 736.0 40 
117 275.570 149.1 20 17.3990 43 54.0 37 72.0 27 I 
116 277.230 5299.0 50 4.4613 500 42.0 99 5240.0 50 0 
U S 279.590 111.0 7 5.2742 30 34.0 20 56.0 13 0 
120 202.920 85.0 7 18.7370 73 49.0 10 11.0 14 1 
121 205.730 341.5 0.0496 41.5 300.0 
122 268.000 6498.0 50 7.1380 501 42.0 99 6428.0 87 0 
123 288.300 341.5 0.0397 41.5 300.0 
124 292.330 114.5 10 2.8849 41 31.0 34 72.0 17 (0) 
125 296.460 81.2 15 2.4239 40 48.0 34 30.0 52 (11 
126 298.590 73-4 10 7.8320 39 43.0 15 20.0 23 1 
127 301.810 108.0 ft 13.5320 37 42.0 19 48.0 17 1 
128 308.200 150.3 20 2.1810 62 48.0 85 98.0 45 
129 309.010 84.9 14 10.4590 35 47.0 18 24.0 18 1 
130 311.120 82.2 0.3619 41.5 40.0 
131 313.620 61.5 10 10.1120 35 38.0 13 10.0 15 1 
132 316.660 73.1 14 3.8416 400 43.0 25 25.0 45 1 
133 320.000 5061.0 10.0000 41.5 5000.0 
134 321.750 341.6 0.0991 41.5 300.0 
135 323.360 159.8 10 14.9700 39 53.0 24 47.0 18 (01 
136 325.300 104.4 10 6.3449 40 50.0 25 46.0 27 1 
137 329.650 1999.0 50 2.6767 500 42.0 99 1947.0 40 0 
130 333.910 67.4 10 4.0845 36 52.0 14 10.0 51 1 
139 335.930 82.6 7 13.1850 26 47.0 11 10.0 17 1 
140 337.950 74.0 10 5.9930 35 55.0 12 11.0 32 I 
141 339.240 80.7 15 2.4386 40 37.0 33 34.0 34 0 
142 343.180 74.6 80 11.7430 33 41.0 99 18.0 16 1 
143 346.560 1200.0 50 2.5776 118 42.0 99 1148.0 55 0 
144 3S0.300 97.3 6 15.9860 2B 41.0 11 35.0 10 1 
145 352.820 68.8 19 2.8948 40 48.0 21 17.0 28 (11 
146 '54.890 79.1 0.2974 41.5 37.0 
147 357.S70 5399.0 50 2.2306 500 42.0 99 5949.0 50 0 
148 359,990 113.6 20 0.8229 110 32.0 99 80.0 55 
14V1361.280 341. a 0.1636 41.5 300.0 
150J364.000 3051.0 5.00001 

1 
41.5 3000.0 



258 

TABLE VI ( continued ) 

2 3 9 P u évaluât ad resonance parameters 

E rt 
£ 

* rn e rY 
£ rf £ 

J 
(eV) (meV) (*) (meV) <%o) (meV) <*) (meV) (») 

J 

151 366.000 4999.0 50 2.6767 500 42.0 99^4947.0 50 0 
152 36B.330 162.0 0.2974 41.5 120.0 
153 370.310 89.9 20 1.9332 61 57.0 46 29.0 83 
154 371.720 3399.0 50 5.7005 500 42.0 99 3335.0 50 0 
155 375.020 42.9 28 1.9828 75 29.0 36 6.0 42 0 
156 377.100 99.9 20 1.4771 100 5B.0 29 39.0 37 
157 378.040 224.3 0.9319 41.5 181.0 
158 382.430 129.6 50 0.3123 240 43.0 99 86.0 75 
159 384.260 108.6 30 4.2382 58 28.0 55 75.0 34 1 
160 385.900 999.7 50 0.6940 500 42.0 99 955.0 50 0 
161 389.510 74.1 19 1.0360 90 51.0 31 21.0 64 
162 391.520 124.8 19 0.9369 100 55.0 65 68.0 54 
163 394.430 106.4 13 4.B479 30 46.0 22 52.0 20 1 
164 396.910 108,1 20 1.5713 64 44.0 36 61.0 29 
165 401.560 219.2 10 14.4240 40 46.0 39 154.0 15 1 
166 404.240 155.0 15 17.2500 37 56.0 24 76.0 18 1 
167 406.030 321.2 1.3532 41.5 277.0 
168 406.950 331.4 50 0.7237 410 30.0 99 3C0.0 50 
169 408.710 114.9 SO 0.9616 150 55.0 53 58.0 50 
170 412.310 144.8 10 6.6473 47 66.0 20 70.0 19 1 
171 415.660 61.8 20 2.4239 74 50.0 23 7.0 54 
172 417.600 230.3 24 1.1896 140 50.0 99 178.0 57 
173 419.850 139.0 18 4.515E 50 59.0 32 74.0 27 1 
174 425.670 341.B 0.1963 41.5 300.0 
175 426.370 6996.C 50 7.3363 42.0 84 6925.0 50 0 
176 429.640 779.6 50 2.8056 140 42.0 99 732.0 30 
177 431.290 3490.0 3.4699 41.5 3V43.0 50 
178 432.730 341.0 0.7634 41.5 298.0 
179 437.760 61.7 25 2.0026 74 49.0 28 10.0 56 ( I l 
180 438.720 60.9 2.1612 55.0 3.0 90 1 
181 440.070 341.9 0.2082 41.5 300.0 
182 442.410 411.8 13 5.2048 50 44.0 87 347.0 17 0 
183 449..50 133.4 0.9914 100 41.5 90.0 55 
184 451.350 59.1 10.4590 50 4 L 5 3.7 47 l 
185 •454.450 402.1 0.3470 41.5 360.0 
186 455.730 615.2 19.6790 60 41.5 495.0 32 0 
187 457.330 170.5 5.5022 60 41.5 118.0 35 
188 458.800 79.1 3.4203 80 41.5 33.0 40 1 
189 461.260 97.4 1.7349 100 41.5 52.4 46 
190 462.640 128.2 0.3966 300 41.5 86.0 85 
191 468.200 2092.0 3.2220 150 41.5 2045.0 30 
192 470.000 5085.0 7.4355 300 41.5 5030.0 50 
193 473.100 55.6 3.0733 60 41.5 10.0 57 1 
194 475.310 582.0 2.7759 150 41.5 535.0 30 
195 476.900 1993.0 1.3383 400 41.5 1950.0 50 
i96 479.240 201.6 0.0991 41.5 160.0 
197 484.150 59.9 1.9332 80 41.5 14.5 90 
198 407.290 224.7 1.6358 41.5 180.0 
199 487.610 226.6 2.5776 41.5 180.0 
200 490.650 228O.0 9.9140 60 41.5 2220.0 30 
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239 

Pu avaluatec rcGonance parameters 

1 E rt 
£ ' • * » e r v £ r £ £ 

J u (eV) (rcov) («J (neV) [ to ! (rr.eV) (% (neV) <») J 

2 0 1 494.100 116. C 3.4203 6 0 4 1 . 5 7 0 . C 4 1 1 
2 0 2 495.630 202.6 0 . 5 9 * 8 4 1 . 5 160.C 
2 0 3 500,500 76 .9 2 .5200 1B0 4 1 . 5 32.0 6 5 ( 1 1 
2 0 4 502.060 85 .3 8 . 8 2 3 * 1 0 0 4 1 . 5 32.0 4 3 1 
2 0 5 505.700 4 * 2 . 3 0 . * * 6 1 4 1 . 5 400.0 
2 0 6 5QB.220 6 9 2 . 1 0 . 3 * 7 0 4 1 . 5 650 .0 
2 0 7 5 0 9 , 7 * 0 2 6 0 . 1 36 .7630 1 6 0 4 1 . 5 167.0 4 6 1 
2 0 0 511.520 3353 .0 6 . 3 9 * 5 5 0 0 4 1 . 5 330O.0 5 0 
2 0 9 515,160 482 .4 0 .4957 4 1 . 5 440 .0 
2 1 0 516.570 321 .7 0 .1487 4 1 . 5 200.0 
2 1 1 5t? .900 3 6 2 . 1 0 .3470 4 1 . 5 320.0 
2 1 2 520.220 9 9 . 3 11.1030 130 4 1 . 5 43 .0 3 8 ( 1 1 
2 1 3 524.210 91.!3 22.7520 2 0 0 4 1 . 5 20 .0 4 0 1 
2 1 4 525.400 10650.0 59 .9790 4 1 . 5 10500.0 SO 
2 1 5 526.COO 9* .C 0.7435 5 0 0 4 1 . 5 51-0 9 0 
2 1 6 527.300 59 .0 0 .7 *35 6 0 0 4 1 . 5 16. 0; 90 
m 530,5>0 243; 0 31 .6259 2 0 0 4 1 . 5 75 .0 60 0 
2 1 8 539.170 ~55^2 B.*764 1 5 0 4 1 . 5 2 . 4 6 6 1 
2 1 9 540.710 as.5 1.9328 4 t . S 4 0 , 0 
2 2 0 5*1 .650 89 .4 3 . 9 6 - 5 4 1 . 5 4 0 . 0 
2 2 1 5*3.0B0 5 8 . 1 8.T243 1 5 0 4 1 . 5 5 . 0 4 6 1 
222 545.050 1178.0 8 .67*7 9 0 41 .S 1120.0 3 0 
2 2 3 5*7 .140 843 .2 0.B923 6 0 0 4 1 . 5 800 .0 SO 
2 2 * 549.670 6 0 . 2 fi.7738 7 0 4 1 . 5 7 . 0 4 9 1 
2 2 5 553.500 61 .3 8 .4269 1 7 0 4 1 . 5 3 . 0 SO 
2 2 6 554.130 1232.0 25 .8750 6 0 4 1 . 5 1 1 * 0 . 0 5 0 
2 2 7 555.720 446 .3 2 .4289 5 0 0 4 1 . 5 4 0 0 . 0 5 0 
2 2 8 559.160 89 .5 20.2240 6 0 4 1 . 5 2 1 . 0 3 6 1 
2 2 9 562 .5 *0 274 .6 26 .5690 6 0 4 1 . 5 180 .0 5 0 
2 3 0 5 6 * . 0 3 0 53 .2 4 .8578 1 2 0 4 1 . 5 2 . 0 S3 
2 3 1 565.810 6 0 . 6 7 .0389 7 0 4 1 . 5 5 . 0 3 8 
2 3 2 571.110 83 .0 6 .3945 7 0 4 1 . 5 3 3 . 0 3 8 ( 1 1 
2 3 3 574.0CO 4 1 9 . 1 39 .4080 6 0 4 1 . 5 220 .0 3 0 ( 0 1 
2 3 * 575.770 ee.9 29 .5930 8 0 4 1 . 5 8 . 0 4 0 1 
2 3 5 57S.OO0 eo.o 1.2392 3 0 0 4 1 , 5 3 6 . 0 9 0 
2 3 6 579 .0 *0 55 .3 5 .1057 8 5 4 1 . 5 7 . 0 3 9 1 
2 3 7 584.310 322 .1 0 .3470 4 1 . 5 280 .0 
2 3 6 589.090 6 2 . 7 8 .3773 6 5 4 1 . 5 10 .0 38 ( 1 ) 
2 3 9 5 6 9 . 9 * 0 4 4 1 . 9 0 .2478 4 1 . 5 4 0 0 . 0 
2 * 0 593.520 4 8 . 7 1.5862 1 5 0 4 1 . 5 4 . 0 9 9 
2 * 1 597.350 5 5 . 0 6 . 3 9 * 5 1 5 0 4 1 . 5 5 . 0 6 6 1 
2 * 2 590.040 5976.0 10.4090 2 0 0 4 1 . 5 5915.0 5 0 
2 * 3 604.010 69 .0 18 .6380 1 0 0 4 1 . 5 3 . 5 4 4 1 
2 * * 607 .640 sa.s 7.2372 6 0 4 1 . 5 7 . 7 3 9 1 
2 * 5 609.290 63 .7 11.6980 7 5 4 1 . 5 6 . 6 4 1 1 
2 * 6 612.820 6 4 . Z 4.3621 6 5 4 1 . 5 14 .0 3 9 
2 * 7 620.640 58 .7 8.8234 6 0 ' 1 . 5 5 . 4 4 0 1 
2 * 8 622.590 61 .0 7 .2867 6 0 4 1 . 5 9 . 8 3 9 1 
241 625 .170 56 .6 5 . 8 * 9 2 6 5 4 1 . 5 7 . 5 4 5 11» 
I S O 628.210 52 .7 1.0905 1 2 0 4 1 . 5 9 . 0 8 5 
2 5 1 632 .970 3974 .0 16.8530 9 0 4 1 . 5 3800 .0 3 0 
2 5 2 636 .470 6 5 . 4 3 .9655 1 1 0 4 1 . 5 16 .0 6 5 
2 5 3 639.280 56.7 6 .8902 6 0 4 1 . 5 6 . 0 4 7 1 
2 5 * 6 * 1 . 4 2 0 5 2 2 . 1 0 .3470 4 1 . 5 480 .0 
2 5 5 6 * 4 . 9 * 0 50.3 I 4 .3621 7 0 4 1 . 5 3 . 0 9 9 1 
2 5 6 646 .650 242 .3 0 .7435 4 1 . 5 200 .0 
2 5 7 658 .290 141 .1 60 .4750 1 0 0 4 1 . 5 19 .0 4 5 1 
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IV - CONCLUSION 

In this paper we have examined a set of parameters 
that may be used for calculating Pu 239 cross sections 
from 4 2V to 660 eV by the single level formalism. We have 
also proposed the Saolay multi-level parameter set bet
ween 4 eV and 205 eV in the case it should be found ne
cessary to aJlow for the interferences in wide resonan
ces. There are probably other problems needing to be exa
mined, particularly the inter normalization of the va
rious cross sections existing in the literature. It is 
obvious, for instance, that a normalization of a fission 
cross section will lead to a change in the corresponding 
fission widths, nareely, to a change in the o values. 
This is why an evaluation of the kind carried out by O.D. 
Sir.pson and F.B. Sinpson is worthy of further considera
tion, taking into account several total, fission and 
capture cross sections and the fact that the resonance 
spins are known. 
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1. INTRODUCTION 

A two step procedure i s required in order to prepare the neutron 

cross sections in Che resonance region, cc be u t i l ized by the reactor 

physic is ts : 

i ) the analysis of experimental data 

ii) the calculation of the cross section prof i le functions-

In the f i r s t s tep, a good f i t of the experimental data implies 

the use of an adequate formalism based on a theory of the nuclear ros£ 

nances. 

For consistency, the same formalism must be used in the second 

step. 

I t is '.:e!l known that many d i f f i cu l t i e s are onrnmirçrpd m carry 

out Che full procedure, the train of which are: 

i ) the complexity of the exact theoret ical expressions which implies 

the use of so£e approximations; 

ii) the great number of free parameters entering the formulas not 

l inearly; 

i i i ) the uncertaint ies in the experimental data which generally make 

unuseful to adopt a sophisticated formalism. 

Fui," theâc reasons, c isç i i f ied formulas are used, which are a 

good compromise between the most rigorous formalism and prac t ica l 

exigencies of reactor phys ic i s t s . 

The formalismjcurrently u t i l ized for the representation of the 

resolved resonances are: 

1) Breit-Wij-ner Bingle-level formula (SL) 

2) Breit-Wij^ier multilevel formula (KL) 

3) Reich-Moore formalism (RM) 

4) Adler-Aaler formalism (AA), 

A critical review of the advantages awd disadvantages of such 

formalismshas already been presented in a previous meeting on neutron 

nuclear data evaluation /1,2/, The conclusions are still actual and 

we want to recall the main observations there reported, useful to justify 

the present work. 
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The SL formalism is o too poor approximation for all the cases 

where tho ratio "f/D>0.1 . Then, it does not work properly for 

fissile nuclei and for ligt.r nuclei (Fe, ÎJi, Cr f ....) in the 

ton ItcV rang-- . As advantage, the Doppler broadening ; t- performed 

quite eûGily through the analytical functions Ç» and X , so that 

the formalism is uoed as a first guess in nearly all cases. 

The ML formalism is sometimes used also for non-fissile nuclei, 

taking into account only the resonance scattering interferences 

/3/, /i/, or it is used for the fission cross section calculations 

in the Sailor version /5/, which was deduced from the Feshbach et 

al. approximation /6/. The formalism would be very convenient, 

because it uses the physically meaningful R-matrix parameters. 

The following disadvantages can be attributed to the method: 

a) It way not yield an accurate description of the cross sections 

in the region where the widths are larger than the spacings 

/6/, pi. 

nevertheless, under this regard ; it Can be observed that, in 

applications, the approximate WL versiun of the interference 

tern between two resonances, has been found to differ from the 

Lane-Thomas full approximation /&/ by less than the experimen

tal error /S/, /9/. 

b) The formalise is settled down for the most commonly used 

approximation in which a great number of levels but few 

channels arc concicc-red. It does not fleeD to be feasible if 

the approximation is needed in which few lovels but a great 

number of channels are considered /10/. 

c) In our information,, n generalised analytical Dapplcr broadening 

formalism has not been given for nil the reactions. The prob

lem has boon solved for the cr.e-channel fission reaction by 

Cook /9/. A corresponding pr.a-:cdure for the elastic reaction, 

including both rccnnr.nce to potential and resonance to reso

nance interference Ccrma» has not been found in the literature. 

The RM fomalien is convenient for the analysis and calculation of 

the fission cross section. The R-xstrix parameters J re- used. 

Starting from the Wigner-Eisenbud formalism /ll/ the order of the 

level matrix to be inverted is reduced to tha number of retained 

interfering channels by using the simplification coning from the 
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statistical hypothesis for the radiation widths. In our opinion, 
the main disadvantage of the formalism lies on the fact that nu
merical Doppler broadening is needed, because the analytical cen_ 
volution with the maxwallian could not be àcr,* till now. 

4. The AA formalism, by means of a previous diagonalization of the 
A level matrix, has the property that the Doppier broadening 
can be performed analytically through the usual 0 and X func
tions. 3ut the R-catrix real parameters are lost and any con
version to these ones from the new coinplex and tnergy dependent 
parameters is quite difficult. Moreover the assessment of inter
fering levels cannot be guessed "a priori". 

The above picture on the status of the formalism seems to indi
cate as convenient» in many cases, the use of the ML formalism vhich 
may be a good compromise between the exigency of simplicity for reactor 
calculations and the requested accuracy of the fit which would be, as 
ren'-arked above, generally better than experimental precision. 

For these reasons, the Authors were interested in the arrange
ment of the formalism in order to obtain analytical Doppler broadening 
for all the reactions. 

In fact, the main disadvantage of the numerical broadening is 
that it cay be quite easily wrong if not sufficiently fine tabular 
description of the resonant cross section ia given. The fine tabulation 
is hard Co be carried out, due to the sane nature of the resonance func
tion which requirea a high number of points Co be well described. 

The arrangement started from a reduction of the existing formula 
in tutrix form. The main advantage of such a representation is a cross 
section, factorization in which: 

one factor is an energy independent matrix with the elements 
containing the products of the reduced widths y' s » 

another factor is an energy dependent matrix which does not con
tain the reduced widths. 

Ac a consequence we have: 

i) The role of the interference is more evident and easily aesigned; 

ii) the cign attribution to the reduced widths, in all the possible 
pcrmutatio-a, is core easily generated /12/. 
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The first version of the formalism so assessed ha been presented 

at the Karlsruhe Meeting on structural materials /13/. Any reaction and 

both interference type were included (i.e. for elastic reaction, the 

resonance to potential and the resonance to resonance interference terns). 

In the last version, which will be described by us in a separate 

report /14/ , an analytical expression has been obtained for the ML 

Dcppler broadened cross sections which make use of the well known * and 

X functions. 

Here we want now to describe BOTES results of the application of the 
239 

ML formalism to the multilevel P-tnatrix parameters of Pu 

The Farrell set /15/ , with two open fission channels in the inter

val between Ï& to 90 eV, has been used. It consists of 47 resonances 

of which 32 have been assigned to the 1 spin state and the remaining 

15 to the 0 state. 

The fiBsion width of each resonance was put entirely in one 

channel or in the other one, as justified by the Author, This fact made 

possible to use our ML code, essentially prepared for the case of one 

open fission channel, which can be easily adapted to the two-channel 

calculation, in this special case. 

Our cho'.ce of parameters does not involve any judgement on their 

validity with respect to other discussed sets (e.g. '16/,III/ and refer

ences there reported) which coulii not be used with our codf, in absence 

of the condition of only one open fission channel, at each level. 

The aim of application was to solve some questions arising when 

the ML formalisa is used. 

The queotions are the following: 

Î) The sens-rivity of the fiûsion cross section, at different 

energies, due to any selected sequence of signs for the reduced 

width products. 

ii) The variability with the tenrpcrature of the SL and ML cross 

section profile functions. 

iii) The dependence upon dilution and temperature of the group SL and 

tfL cross ccctionG. 

Let us examine auch problems in some detail. 
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i) Cross section dependence upon the set of the reduced width signs 

According to Bethe's assumption (see /B/ , peg. 302)» when a 
large number of levels must be treated, the average cross section» 
within a finite energy interval, can be obtained assuming random sign*1 

for the reduced width amplitudes. 
On the other hand, the consequence of a random c.ioice of the 

signs on the cross section values at any given energy, till now were 
not examined by calculations. With respect to the random choice of 
signs,, it will therefore be interesting to calculate: 

a) the amount of uncertainty in the cross section values and its 
variability as a function of the neutron energy; 

b) the difference between the arithmetic means of Che cross section 
values at fixed energies and the corresponding SL values» which 
does not depend upon the Y signs; 

c) the search for the distribution density of the cross section 
values at any fixed energy point. 

In order to solve these questions, it has been calculated - at 
four energies - the frequency distributions of the cross section within 
the range determined by a sample of 1000 different permutations of the 

46 Y signs (the total number cf permutations is 2 for 47 resonances 
A2/>, 

The frequency hystograms are shown in figs. 1 to 6. 
The nain statistical quantities of such distributions are given 

in table 1, 
The following «.oiments can be made: 

a) The choice of signs of the reduced width amplitudes may have a 

great influence upon the results. If the choice is random» the 
cross section uncertainty is largely variable with the energy, 
'ilie dispersion coefficient ranges, in our examples, from Î.7SS 
at a resonance energy to a maximum of 93.132 in the energy intej_ 
val betveen two resonance peaks. 
Of course, only the experimental values lying within the uncer
tainty bond can be satisfactorily approximated by means of a 

proper choice ef the signs. In the other cases, it seems reason 
able to change the résonance paranieters. 
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b) The r.oan vales of the frequency distribution always resulted to 
be equal to the SL value, at each energy and tecperature. 
It hao been previously observed that, if the interference terms 
"contribute constructively at one energy, they will contribute 
destructively - in roughly equal treasure - at sor.e other energy" 
/l0/t /12/. From the present result, one can infer that a simi
lar full condensation exists, with regard to the change of signs, 
at each fiiced energy and for any tecperature. 

ii) Tecperature dependence of the ML and SL cross sections 
239 The Pu fission, elastic and capture cross sections have been 

calculated free the Farrell's paraceters in tha range 1&-90 eV at 0 , 
300 , 900 and 21C0 *K température degrees. 

Following a previous uork concerning calculations of elastic 
cross section at 0*K temperature for structural rcaterials /13/ , both 
ML and SL fomalisci have been used again for the fission and elastic 
cross sections, in order to estimate the error arising fron the applica 
tton of the SL fomalisn: to ML parameters for different terperatures. 

In the figures at the end of the paper the differences ML-SL are 
plotted. 

Looking at the results, sora relevant local differences between 
ML and SL curves can be observed. However, a remarkable absolute 
reduction and smoothing of such differences were obtained with the 
increasing of the temperature. Moreover, the difference in the nean, 
over energy intervals including nany resonances, tends to Hininish and 
reduces here to the relative value 2.632 over an interval including all 
the resonances OOilOO cV). By considering the Farrell set of v signs 
aa a random one, rhcBethe's assumption r.eans that, by the random choice, 
a convergence to the SL rcoulta is obtained in the mean for an increasing 
number of résonances, 

iii) ^ccpcraiure and dilution dependence of the ML and SL group cross 
pactions 

lc nay be reportant for reactor calculations to compare the change, 
with dilution and temperature, of both the SL and ML group cross 
sections. 
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The formalism commonly adopced by reactor physicists i s the 
single level one, sometime corrected with a background term lUf. 

In order to verify the hypothesis that a temperature independent 
background can be retained trfiea Targe groups are considered, in the 
present work th i s term has been assumed to be equal to the difference 
ML-SL at 0°K degrees. 

The comparison among ML, SL and SL+ "background" (SL*Bg) fission 
and to ta l group crass sections in the Russian l ibrary (ABBM) schema, 
is shown in Cables 2 and l* respectively, «f a function of the di lut ion 
(o ) and temperature (T) values therein considered. o 

As expected, because of the self-shielding effect , the re la t ive 
differences between ML and SL cross sections decrease with the increasing 
of Che temperature and, core appreciably, of the d i lu t ion . In table 3 
the percent differences, for the ficsicn cross section, arc given. The 
same behaviour has been observed for the t o t a l cross section, with regard 
to the di lut ion parameter o , while the temperature dependence becomes 
unsignificant. 

It can be seen in tables 2 and U that, by the addition of the 
background term to the SL cross section, the relative differences 
[(SL+Bg)-MLJ/ML becomeo negligib'e. 

In any case, with the Fui L parameters, the SL torealism 
gives rise to an overestimate ot ic group cross section 

CONCLUSIONS 

The ML formalism , set up with the analytical Deppler 
broadening, can be considered to be suitable, J... a large number of eaoes, 
for reactor calculations. In our opinion, Che fission cross section con 
also be treated cusccBsfully, if no more than one or two partial fission 
widths aro r.soumcd for Nuch reaction. 

239 
The licaiion of the formalism to the Fu reoonences has 

ohovn, preliminarly, come important results» the main of which are: 

1) The great variability of the fission, and consequently of the 
total crc-.c section, with chc choice of the t signa. An inves
tigation Co find chc distribution lew vs. energy, empirically 
found with the histograms of figs. 1-1» would probably be very 
useful fur the cross section fits. 
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2) Significant var iab i l i ty of the microscopic differences ML-SL 
with the teîrperature was observed, in the present calculations. 
Then, with the above defined "background" tern» the assumption: 

SL + Bg 2 ML , 

may introduce non-negligible e r ro r s , whenever microscopic or 
2 fine group cross sections are required (e .g . Monte Carlo, MC 

calculat ions, e t c . . ) * 

3) The var iab i l i ty of the differences ML-SL are reduced in the mean, 
if large group cross sections arc considered, as in the ABBN 
scheca. Then the condition SL+Bĝ ML is sat isf ied in ABBN j.oup 

23? calculations with the assumed Pu*" parameters. If generally 
cenfimed, th i s resul t night he of Breat pract ical importance 
in the explications. 
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TABLE 1 

STATISTIC.».!. Q'.*A.TnnC5 OF TSE HSSION CROSS SECTION DISTRIBUTION AS A FUNCTION 

CJ sre:;5 or TÎÏÏ EEQCÏÏ^ «TDTIIS. TOE CROSS SECTION IS DOPPLER BROABENKU AT 3OO°K 

E.ierey Targe 

•It-arcs) 

A F 

fede 

C 
S tanda rd 
dev iu tU in 

(borna) 

Sl-.ecneos 
(A-B) /C 

D i s p e r s i o n 
c o e f f i c i e n t (%) 

C/A 

Nearc3t 
r e sonances 

<eV) 

F n r r c l l ' s 
vûlue 

( b o m s ) 

Zb.JÎ 

41.50 

44 ,51 

4 . Ï 6 

45.JÛ 

W.OQ 

124.70 

0 . 9 5 

E6.4 

U 9 . 9 

110 .6 

0.1827 

7J .9974» 

116.4485 

77.1202» 

0 . 8 0 

13.83 

2 . 1 0 

3 0 . 0 3 

0 .87 

1.04» 

0,60 

1.11» 

93 .13 

16.00 

1.75 

27 .15 

35.A7 ; 37.25 

41 .43 ; 41.72 

resonance level. 

6 3 . 1 6 ; 65 .40 

0.233 

97.35 

118.368 

109.04 

Karj-unitxtdalt lîàetributàcns; cho code3 have been ao surged to bo in the maximum peak (see f igs . 2 and 4)-
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TABLE 2 

FISSION GROUP CROSS SECTION OP P u 2 3 9 IN THE RESOLVED RECION 

(A33N- U-EICHTING FLUX AND REF./1S/PARANETERS) BOPPLER BROADENED 

BARN UNITS 

E 
l e v e r 

(eV) 

E 
upper 

(ev) 
i \ ° 0 10 10* 1 0 3 oo FORMULA 

CROW 
No 

10. 21.5 

300 
7 .46 
5 .20 
5 .23 

9.70 
7.31 
7.34 

18.97 
16.31 
16.31 

37.99 
35.08 
35,08 

50.98 
48.58 
48.48 

SL 
KL 

SL*Bg 

20 10. 21.5 900 
7 .65 
5.3B 
5.42 

9.97 
7.59 
7.64 

19.80 
17.16 
17.21 

39.50 
36.77 
36.72 

51.56 
49.14 
49.01 

SL 
KL 

SL»Bg 
20 10. 21.5 

2100 
7 .90 
5.64 
5 .70 

10.3B 
8.03 
8.10 

20.95 
18.37 
18.3B 

41.06 
38.81 
38.19 

51.87 
4^.45 
49.27 

SL 

SL+Bf, 

20 

21 .5 46.4 

300 
3 .69 
2 .71 
2 . 7 3 

4.61 
3.70 
3.72 

8.28 
7.51 
7.52 

16.27 
15.25 
15.27 

21.67 
21.01 
21.03 

SL 
ML 

SL*B;, 

19 21 .5 46.4 9S0 
4 .04 
3 .05 
3.07 

5.15 
4.22 
4.23 

9.44 
8.64 
8.6? 

17.69 
16.74 
16.72 

22.21 
21.54 
21.54 

SI 
KL 

SL "B 8 

19 21 .5 46.4 

2100 
4 . 4 6 
3 .43 
3 .45 

5.76 
4.78 
4.SO 

10.72 
9.86 
9.87 

18.92 
18.13 
18.13 

22.50 
21.83 
21.91 

SL 
ML 

SL*Bg 

19 

seo. 

300 
18.73 
15.33 
15.02 

22.33 
18.95 
10.91 

36.33 
34.16 
34.13 

62.27 
61.55 
61.59 

89.31 
88.77 
8B.85 

SL 
ML 

SL*ÏÏS 

10 seo. 9 SO 
19.18 

' . . 73 
15.71 

23.3t 
19.69 
19.87 

24.63 
21.26 
21.24 

38.07 
35.93 
35.90 

64.55 
64.02 
63.95 

89.53 
89.01 
89.09 

SL 
KL 

^ [ . • B R 

10 

2100 
2 0 . 3 9 
16.81 
...» 

23.3t 
19.69 
19.87 

24.63 
21.26 
21.24 

40.33 
38.15 
3B.16 

67.15 
66.85 
66.55 

B9.72 
89.21 
89.29 

SL 
ML 

SL'BB 

10 

V.-j " Background, i . e . etie d i f f e r e n c e HL-SL c a l c u l a t e d a t 0*K t e ^ j o r a t u r c d e g r e e . 
SL - S i c i l e l e v e l . 
KL. <* [ [ u l t i l c w l . 
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TABLE 3 

[-2::.:c;rr I-HI./.TIVE DIFFERENCES (SL-:a;/M. FOH TES cscy? FISSION CROSS SECTION 

KO» TABLE 2 

E 
SO-JCC 

<cV) 

E 
upper 

(cVJ 
0 10 10 2 ! 0 3 

OQ 

ABBN 
Groin 

No. 

^ " 
21.5 

300 

500 

2100 

43.8 

42.2 

40.1 

32.7 

31.4 

29.3 

16.3 

15.4 

14.0 

1.3 

7.4 

5.8 

4.9 

4.9 

4.9 

20 

21.5 •',6.4 

3oa 
900 

2 WO 

36.2 

32.5 

30.0 

24.6 

22.0 

20.5 

10.3 

9.3 

8.7 

6.7 

5.7 

4.4 

3.1 

3 . ! 

3.1 

19 

! 

46.4 1(30 

300 

900 

2 ICO 

24.6 

23.2 

21.2 

17.3 

17.2 

15.9 

6.4 

ô.O 

5.7 

1.2 

o.e 
0.7 

0.6 

0.6 

0.6 

18 
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TABLE 4 

• iAL (ABBN-type) GROUP CROSS SECTION IN THE RESOLVED REGION 

FOR P u 2 3 9 (ABBN WEIGHTING FLUX AND REF./l5/PARAMETERS) 

BARN UNITS 

l l E 

lower 
(eV) 

E 
upper 

(eV) 

\ » (b) 
0 10 1 0 2 1 0 3 ao FORMULA 

GROUP 
No 

10. 21 .5 

300 
13.57 
11.99 
12 .00 

15.27 
13.51 
13.51 

23 .89 
21 .65 
21 .68 

52 .32 
50 .23 
50 .28 

05 .32 
82 .98 
82 .88 

SL 
ML 

SL+Bg 

20 10. 21 .5 900 
13.62 
12.03 
12.04 

15.39 
13.62 
13.64 

24 .36 
2 2 . 1 8 
22 .25 

55.75 
53 .04 
52 .91 

8 6 . 3 1 
83 .95 
83 .82 

SL 
ML 

SL+Bg 
20 10. 21 .5 

2100 
13.64 
12.05 
12.08 

15.51 
13.75 
13.79 

25 .27 
22 .78 
22 .91 

58 .81 
56 .52 
55 .96 

86 .82 
84 .46 
84 .28 

SL 
ML 

SL+Bg 

20 

21 .5 46 .4 

300 
13.19 
12.15 
12.16 

14.46 
13.46 
13.47 

20 .23 
19.37 
19 .38 

35 .72 
35 .02 
35 .02 

53.47 
5 2 . 6 0 
52 .82 

SL 
ML 

SL+Bg 

19 21 .5 46 .4 900 
13.36 
12.31 
12.32 

14 .90 
13 .83 
13.90 

2 2 . 3 8 
21 .54 
21 .54 

36 .53 
3 5 . 8 0 
35 .32 

54.81 
54 .13 
54 .14 

SL 
ML 

SL+Bg 
19 21 .5 46 .4 

'.100 
13.54 
12.51 
12.54 

15 .30 
14 .28 
14.31 

2 4 . 2 4 
2 3 . 4 9 
23.57 

43 .79 
43 .04 
43 .06 

55 .51 
5'. 76 
54 .81 

SL 
ML 

SL+Bg 

19 

« . 4 SOO 

300 
21 .3 ) 
18.55 
18.55 

24.45 
21 .36 
21 .36 

38 .63 
35 .92 
3 5 . 9 0 

71.47 
70 .20 
70.17 

114.67 
114.13 
114.21 

SL 
HL 

SL+Bg 

18 « . 4 SOO coo 
21.42 
18.79 
18.78 

24 .78 
2 1 . 8 0 
21 .79 

40 .36 
37.67 
37 .62 

72 .75 
71 .33 
72 .24 

115.12 
114.61 
114.68 

SL 
ML 

SL+Bg 
18 

! 
210O 

21.69 
19 .25 
19.25 

2 5 . 4 0 
22 .02 
22 .05 

42 .71 
40 .02 
39 .96 

78 .45 
77.17 
77 .31 

115.41 
114.91 
114.99 

SL 
HL 

SL+Bg 

18 

t'ô * Cjiijri)L-.".J, i . e . er-.r d i f f e r e n c e HL-SL c a l c u l a t e d oc 0°K Cccperaturo dogroe. 
G!» * E î r j t o l a v a i . 
Î 1 » K u l c i l o v c i . 



FIGL'PE CAPTIONS 
239 Frequency histogram of the Pu fission cross section at different 

energies, obtained by 1000 random permutations of signs (±) of the reduced 
widths. The absolve values of Farrell's parameters /15/ we"e used. 

FIG. 1 - neutron energy E>36.75 eV 
FIG. 2 - " E-41.50 eV 
FIG. 3 - " " E-44.51 eV 
FIG. 4 - " " E-65.30 eV 
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CROSS SECTIONS 
ML-SL differences of Pu-239 fission and elastic cross sections from 

Farrell's parameters /15/ in the interval 105)00 eV at different tempera
tures . 
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THE TEMPERATURE CÛEFFIC7B/TS IN 

THE THERMAL REACTORS 

G. LE COQ et P- REUSS , ̂  

The temporature coefficient if a reactor is defined as the logarithmic 

derivative of the multiplication factor K with respect to the temperature : 

K 3T 

It is genoraly expressed in "pert per degree". 

ExpeJUmc*U-caZcu£ation camp<vil&ùn& 

Some comparisons have been rade for graphite or watjr moderated 

lattices i it appears a discrepancy of about 2 pcm/û (calculation < experiment) 

at room temperature. This difference decreases at higher temperature. Notice 

that sometimes the measurements can be made with a precision of ± 0.5 pcm/°. 

VoppZ&L eXflecC 

An urror cm lite Ooppler effect cannot explain such a deviation. Indeed 

the order of magnitude of this effect is - 2 pern/0 : so it would be necessary 

to cancel this effect to nullify the deviation. 

OxiQJn o& -the tzmpeAcUtvie. coetifrtcient In tht Jthe/imaZ nange. 

When the temperature increases, the thermal neutrcn spectrum moves 

towards the higher energies. If all the crass-sections had the same law with 

energy» this shift would not produca any effect on thB multiplication factor 

which is a quotient of reaction rates. lb is because that is not the case 

that the temperature coefficient does exist. 
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Reie/teiice iav (»"• -tùe Oioa-6e.ctJ.onJi 

1 

It is practical to chose the "—- law" as the reference law for the 

cross-sections. Then one can say that the temperature coefficient is duti to thta 

deviation of the cross-seotlons from this — - law. At the first order the devia

tion can be charactei ize by a X parameter such thst : 

a 
(1) otEJ = — [1 t U ] ta : constant) 

Clf the Breit and Wlgner fornx o can be used one can see that X = 2/E where 

E is the energy of the resonexe). One can also characterize the deviation 

by the difference between the Westcott's g-factor and 1. A simple calculation 

shows that : 

12) g - 1 » - X E o CE Q - 0.0253 oV) 

Incwtabxtiu on the calculation of, the teapenatune. cae.jiicA.ent 

An approximate calculation of a is sufficient to estimate the Incer-
tainties. Let us consider the contribution of the reaction rate R to a. It can 
be written ; 

3k /k 3R/R 

3R/R 3T 

The first factor, h, can bB deduced of the hBUtronic balance. The second one I s . : 

1 3(1 • X Ê") A K Î Ë 

, . - » » ' -
1 • x F 3T m l ir 3T ; •. : 

http://Oioa-6e.ctJ.onJi
http://cae.jiicA.ent


2S3 

oinco H is proportionnel to aC1 • X E) (E : average energy of thB thermal 

neutrons) as shown by t1). finally one can approximately take : 

3£ 3 
— » — h tk : Boltzraann'B constant) 
3T 2 

i.o. suppose that the derivative of E is the same than the derivative of the 

overage energy of the Itexwell's spectrum. Therefore this contribution is : 

3 
h X ~ k 

2 

and the incertainty on this contribution due to the incertainty on X : 

3 
C3J A a = - k h A X » 1 3 h A X 

2 

(A a : p a w " > A X : e v " 1 ) 

ApptiaUioM 

The table below gives some numerical examples of those incartainties. 

- For tho fissile nuclides X and A X have been evaluated by (2) from g and 

Ag of [1]. 

- For u* wa have taken A X ° A becausa a precise measurement of the slope of 

Ot/Ê has never been mado [we had studiod in [2] the Implications of a passible 

p-wave resonance in the thermal range for this isotape s tha effect on a. would 

bo small and increase tho discripancy with experiment J, 

- For Pu wo havo token the same A X than for Pu fission. 



N u c l i d e 
2 3 S U 

F i s s i o n Captura 

2 3 6 u 
2 3 3 . Pu 

F i s s i o n CaptLTQ 

Z 4 °Pu 
2 « V u 

F i s s i o n Capture 

g - 1 

Ag 

* S . 
< -i pe r QV 

A X ( 

- 0 .024 0.04 

0 .002 0 .02 

- 130 320 

20 150 

10 

10 

0 .057 0 .15 

0 .003 0 .02 

450 1200 

20 11,0 20 

0 ,042 0 .04 

O.ODB 0 .02 

330 320 

EO 150 

NUGB 

HTR 

h 0 2 0 

PW 

PWR-Pu 

0 . 5 4 - 0 .08 

0 . 3 9 - 0 .12 

0 .56 - 0 .08 

0 . 3 5 - 0 . 1 1 

0 .03 - 0 .01 

- 0 ,32 

- O.OS 

- 0 .30 

- 0 .10 

- 0 0 3 0.3B - 0 .20 - 0 .19 0 ,09 - 0 . 0 3 I, 
,WOB 

A 0 HTR 

p c n / ° D O 

WR 

PWR-Pu 

1.4 1.6 

1.0 2 .3 

1.5 1.6 

0 . 9 2 . 1 

0 . 1 0 . 2 

0 ,4 

0 . 1 

0.4 

0 . 1 

0 .0 1 .2 3 .9 0 .5 0 . 6 0 . 6 

2 .2 

2.5 

2 .2 

2 , 3 

4 , 3 
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ConcZu,&ion& 

- The incDrtaintles on a appear rather big : the dlscrlpancy oetween calcu

lation ana experiment is not a priori surprising. 

- For a great part the total incertainty comes from the incertainty *3f the 

csp_tur_e cross-section of the fissile nuclides. 

~ The integral meesurement of <x can be precise enough to bring an useful 

informations for thB knowledge of theso cross-sections in the thermal 

range [slopes of o*^f). 

[1] H.D. LEHKHL 

Third IAEA evaluation of thermal fisslcn data j g-factors. 

(1 Scptertoor 1973Ï 

[2J K.J. EASIUK. - G. LE COQ - P. REUSS 

Intérêt d'uno masure de la section efficace de capture de 1» U 

dans la damoina thermique. 

Internai repart : CEA/SERMA n° 140 "S" (1973) 
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THE LOW-ENERGY NEUTRON INDUCED FISSION CROSS-SECTION OF 2 î 9 P u AND 

THE TEMPERATURE DEPENDENCE OF THE WESTCOTT 

9 f " "CTOR ^ 

C. UAGEMANS* and A . J . DERUYTTER*" 

S.C.K. /C.E.N. , B-2400 MOL and C.B.N.M. Euratom, B-2440 CEEL 

BELGK/M 

I n t r o d u c t i o n 

The neutron induced f i ss ion crr3S-section of 2 3 9 F u was determined in an absolute 

way at the slew chopper f a c i l i t y of t'ie BR2 h igh- f lux reactor of S.C.K./C.E.N.. 

Hoi i n tna energy region U.U05 eV to D.1 eV * ' . F-"rcm th i s measurement an absolute 
o 

value of tho thermal f i s s i on cross-section oy =• '741.9 * 3.4] barn was calculated. 

A complementary measurement was performed at a we l l col l imoted short f l i g h t path 

o f the C6ï;ri l i nac 3 . Here we determined the re la t i ve f i ss ion cross-section from 

Û.Q1 eV to 30 eV. The large region o' overlap wi th the above mentioned SR2 
o 

measurement, permitted a d i rec t normalization to the absolute o\. value obtained 

there. 

Both measuremonto were performed with Si (Au) surface barrier detectors. The 
a 3 ,Pu (n, fission] rnte and the l 6B(n, a) 7Li rate wera compared directly at the 

sar.o pc3itlon In the neutron bean, using the 1/v - behaviour of the iaB(n. a] 7l_i 

reaction cross-section. For a detailed description of the apparatus, th<; 

expérimentai procedure ana the treatment of data wo refer to l 2 . 

In this paper wa examine the most important Of (E) measurements in the energy 

raglan considered and wo laok for the origins af the discrepancies batween them. 

Wo furthar use our differential cross-section data to calculate the Westcott g^ -

factor in function of tho temperature Df the Maxwellian neutron distribution. 

INFWO, University of Ghont and S.C.K./C.E.N.. Mol 

' present addreso :INWj Proeftulnstraat, 86 

B-9000 Gent. Belgium. 
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The neutron induced fission cross-»*cCion date and the inoortance of • proper 
normalization procedure 

Figura 1 shows* the 2 S*Pu neutron inuuead fission cross -section a , (£1 in function 
af the neutron energy from 0.008 sV to 10 ev*. The data below 0.02 ev" ara obtained 
at the BR2 reactor i those above 0.02 ëV are the Linac résulta. Figure 2 covers 
the same energy region but here all the BR2 data are used CO.00b - 0.0717 aV] and 
completed with tha Linac results from Q»Q?17 - 10 aV. Figure 3 shows o f EEÏ versus 
E from 1 eV to 3D eV. 

The Linac results ara normalized to the Integral 

. 0 ( 0 01 eV 

f (E) dE = C5.15 * 0.131 bam. eV 

obtained at the BRZ. This normalisation method i s more accurate than a 3irrple 

no-mallzation of the relative cross-section at thermal energy to the 2200 m/s 

reference cross-section. 
DERUVTTER wd 8£LK£N! ' expidin itiiteed iùoL wilt". ûr.s -ir.£lc zci 5f sfesslute o--*»*» 
one can obtain différent orj-values in function of the f i t t ing procedure applied. 
So they obtained d£ = [742.5 ± 3.3] barn when applying a straight line f i t through 
ths data points In the region around 0*0253 eV. With a f i t of mare physical nature, 
i . e . a formula taking Into account interference between four 1* levels [-0.53 eV t 
0,30 eV J 7.9U eV and 11.0 eV) with the usual arglt-Wigner terms added, and when 
minimizing the sum of the squares of the deviations between the experimental points 
and ths f i t in a small region around 0.0253 eV* they obtained 0"J •> (740.7 ± 3.3) barn. 

Because of the small sensit ivity of the obtained Of - value to the f i t t ing procedure 
« . $ j . 

used they then calculated f i t s of thB type a*VZ = E CiE1 ' for N going from 
1 B J 

2 to 0. From this series of f i t s they feel that an error of 0.10 % has to ha added 
to thm total error, dye to the curvj f i t t ing procedure in the neighbourhood of 
2200 m/s. The final value accepted in their work ID ths average value of a l l f i t s ! 

a'i€" « 118.00 bameV J /* leading to <J| «(741.9 ± 3.4)b. 

The same f i t t ing problem reappears when one nBeds ta determine the relative o^-value 
at D.0253 BV, Thxs small but not negligible ^fit t ing effect" can be avoided by 
using fission integral as we did. 

The great advantage of th is set of data i» that the Linac results ao well as tha 
data used for normalization are obtained with the same basic detection techniques 
by the same group of physicists. 

To compara these data with previous result» obtained with other detection techniques 

or by other ways of normalization, we examined the reeults of several authors. 

In Table 1 the moot relevant flsalon integrals U f (E)dE ara glvon. 



Tho integrals in the lower pert of this Table (E>6 eVJ were obtained from an 

integration by tho PJ.E.A. Neutron Data Compilation Centre, 

Saclay (Franco) of the differential data retrieved from their files j the low-

ensrgy integrals given in the upper pari, (borrowed from GWIN et al. 3*]are 

in good egrsëment. The lower part of this table r«.eals differences up to more 

than a factor of two between the different integrals. The same difference* are 

found back when calctlating the resonance integrals 

JI £•""•$• 
To determine tho reasons far these differences we first of all examined the 

normalization methods applied in the different measurements» Table 2 shows that 

they are nearly ai" different. Only half of the measurements are directly 

normalized to o. but different numerical values are used. All the other 

"UîTSÎizsticn rnnthcdG zxz ir.oirsct ÛÛU IJÙMCÙ inula iiablu tu systematic errors. 

So wo wonted to checK up to what extent the differences in normalization procedures 

were responsible for the discrepant fission Integral values. Therefore we loohed 

for a convenient fiasion integral which could be i "«ad to renormalize the different 

measurements in the name way. Such an integral ->. save a sufficiently high 

counting rate, thus contain one or more large resonance. Furthermore its 

numerical value should nearly not be affected by timing errors» which implies 

that the cross-sections at its limits must be very small. Finally it 3hould cover 

an energy region easily attainable by most experiments. 

We found that the fission integrals 

,-2 0.0 eV 
J oy (E) riE "Ï122S.3 ± 12.23 barn oV 

J*.a eV 

f-2 0 • I 

nd J 
/ J , 0 | 

eV 
and I <Jf (E3 dE - (104B.S * 10.4) barn eV 

eV 

obtained from our measuremunt would be very convenient. The Indicated errors are 

composed of the error on tho primary normalization integral (obtained at the BR2) 

and the error on the relat ive cross-section experiment (interconnection of the 

différant runs, f i t t i n g of the neutron spectrum, background, correction, stat ist ical 

errors]. 

Before renormalizing the oy - measurements mentioned in Table 1 , we verified their 

relat ive behaviour with respect to our oy - curve. Therefore we calculated the 

ratio of our fission integrals in the most Interesting energy intervals to the 

corresponding integrals obtained from the other measurements. These results are 

given in Table 3. 
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They clearly show that the ratios are constant within the precision of the experi

ments for the data of GWIN et al.sl*'and BLONS Bt el. 5' In the case of GWIN1'*' 

the ratios are about equal to 1 which means that their normalization yields about 

the same result as ours. This nearly constant ratio means that the four Of - meas

urements considered have a vary similar shape and that the differences are mainly 

a normalization e -feet. The same can be said with respect to the integrals obtained 

from the ENDF/BÏ1I file. 

In the case of BOLLINGER et el.ejthe ratios fluctuate significantly but within 

reasonable limits. The same can be said about IGNATIEV'S7* results although the 

fluctuations become important. The ratio for the energy interval 9 eV - 20 oV 

[which is indeed the renormalizatian factor) is about the mean value of the extreme 

ratios as well for BOLLINGER as for IGNATIEV. This could be an indication that 

the integral considered is well chosen for normalization purposes, 

finally with the data of RVABQV et al.1' the ratios fluctuate very strongly. It 

is clear that such strong discrepancies can only to a minor extent be explained 

by normalization effects t they are probably due to systematical Brrors or experi

mental effects. SincB the normalization of one cross-section to another is anS.y 

valuable end accurate if the normalization factor doBS not change with the energy* 

it has no sense ta renormalizo RYABOV'S data which should in fact be rejected. 

In Table a we summarize the numerical values of the fission integrals of Gwin, Blona 

Bollinger and Ignatiev after renormalization to our integral ' 

(2 0 eV 
) o> (E) dE = (1045.6 ± 10.4) barn eV 

The original discrepancies are considerably reduced, in such a way that our results 

and those of Gwin and Blons are in good agreement now over the whole energy range 

covered. Recently BLONS ' renormalized his data in the way proposed by us. Compared 

with the ENOF/B III results the agreement is good except from 350 eV to 650 eV. 

Also the rinta of Bollinger agree rather w^K. The results of Ignatiev are in botter 

agreement now but there remains clearly a slope in his date. 

These results together with the preceding considerations stress once more *' ied 

for a reliable common normalization method of all relative fission crosa-sqetian 

curves. 



The Uestcott g£ - factor in function of the temperature 

The acnnrol oppression for thD reaction rote per atom for a neutrcn induced reaction 

' ) nîv) .Of.v) .v.d 
tl) 

with n(v) the neutron density distribution in the velocity interval (v,v • dv] 

and atvJ tha reaction cro35-sdcticn. 

WESTCOTT l 0 ] dofined a so-called effective cross-ssctian âîT) and a g(T) factor 

for a pure Maxwelliei distribution with absDlutB temperature T in the fallowing 

way : 

ÔQ) » 0,, . g[T) 

R " n.vj.ô » n.v0.o-0.g[T) (?) 

with n =• J nCvîdv, v a =- 2200 n/s and ff„ = aEv=v0 J. 

From (1) and (2) following expression for g(T) i9 deduced : 

j n(v). a[v). v. dv 

g[T) 

ag. v&- | n(v).dv 

which gives in funct ion of the energy 

g!TI - f " 0 (E) . * f .n [E ] .dE 

wi th n(E)dE = 1 

(3) 

.i[E) - — oxp [ -E/M] 

k a the Boltznann constant 

E 0 • 0.0253 eV . 

In the caSB af a f i s s i o n react ion thB e x p l i c i t temperature dépendance g f (T) i s 

derived from eq. C31 : 

g-!T) • — f —^ sxp [-E/kTlo-tElEdE 
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I o r Sf t T ) B 7 \ axp {'E/KT)i^t7f(E)^*dE 

SD the g-factor is a function of temperature and can be calculated from the cross-

section curve ff(E) In 'rhe low-energy region. Especially far the fissile nuclides 

the g„ - factor is of considerable Importance for the physics of thermal reactors. 

From equation (3Î it follows that g(T) » 1 for cross-SBCtlons with a 1/v-law* 

So the gfTJ-factor is measure for the deviation from the Vv-2ew# It should be 

stressed that g(T) depends only on the shape of the cross-section and nat Dn its 

absolute value. 

For the calculation of gf[T) we had to Bxtrapolate our OfCE) data from 0 eV to 

Q.DQ8Ç e" M.n. our first differential data point). Therefore WB fitted our 

CTf(El JÊ curve from O.O0B6 eV to Q.D717 eV with a polynomial function 
3 

o f [ E ) » ^ = Z c. E ~ l . By extrapolat ion t h i s polynomiu* funct ion y ie lds the 
i = i 

missing part o f the aytEJ/E" curve. 

Based an expression (4) we calculated gf ïT) i n three steps wi th a program wr i t t en 

by H. DE PUYDT 

. 0 0 86 eV X .0 0 86 ev 

exp [ -E/KT] i€" . \l C i E 1 " 1 ! ^ 
eV U = l J 

Ei=E, 
I exp f-Ei/kT].0 f(E 1).E i.AE i 

A Z exp f-Ei/krJ.o-ffEiJ.Ei.Aëi with A 
Ei-Ej o 0 /nr 0 . [KT) 3 / 2 

U) 

Thanks to the very small energy distance between the differential data points, 

the part of the Integral (4] between 0.Û066 sV and infinity can in very good 

approximation be replaced by the second and third tarroaIn eq (5Î. The Energy 

limit Ei is introduced as a variable, and extermines the part of the differential 

diV;a that in fact determines g^. 

With expression (5) we first calculated gf for T <* 20.44 °C with the a (E) data 

given in Fig. 1 which ZÏB mainly Llnec - resultsi 

This yielded g f [20.44 °C) =• 1.0.522. The Linac data contribute for 6 7 V " this 

value. 



J» ... , u a ,li. 
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Tha aama calculations were radone with the data given in Fig. 2 [mainly BR2 data). 

So wo obtained gf[20.44 °C) « 1.0531 . The BR2 data contribute for 86% to this 

value. 

From both results wo dBduce a final valus of 

gf(20.44 °C1 = 1.053 ± 0,003 

which supersedes the values given in !Î2J« 

Tho error is to a large extent due to the extrapolation to zero energy» for *hich 

we adopted very conservative errors. The first term from (5) (extrapolated term) 

indaed contributes for about 11 I to gf (at 20,44 °CJ, Its -nagnitude decreases 

considerably at higher températures : from 5 % at 200 'C to 0.5 \ at 1000 °C. 

From 0.35 eV on the contribution la negligible at 20*44 °C. Thia result far 

g~ (20.44 °C] is in perfect agraament with IAEA recnmrr.an da rf value 1 ?* 

gf(20.44 °C) - 1.0548 ± 0.003D 

and with WESTCGTT's "beat value" 

gf(20.44 °C) - 1.0522,± 0.G0346. 

Furthermore we calculated the temperature dépendance of the gç - factor. There-

ford we varied T In aq. (5) from 0 °C to 100D °C In steps of 10 °C. 

Based on tne a f (E) data from Fig.. 1 we obtained the g f

 f.T) curve from 0 °C to 1000 °C 

which is shown in Fig. 4, The numerical values are given in Table 5i With the 

Ç-. (EÏ data from fig. 2 wa obtain quite similar results tich are given in Table 6. 

Both.-aaulta are slightly higher than thB tabulated g f (*i > - values of WESTCOTT
 l v J . 
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Figure i : Fiss ion c ross -sec t ion from 0. OOS eV to 10 eV for Pu (mainly Linac data) 239,. 



239 Figure Z: Fiss ion c ross - sec t ion from 0.008 eV to 10 eV for 7 P u (mainly BR2 data) 
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239 Figure 3; F i ss ion Cross-Sect ion from 1 eV to 30 eV for pu 
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239„ Figure 4: The Weetcott g,-factor in function tf the temperature for Pu 



T a b l e ! : Pu fission integrals / <j (E)dE (Barn, eV) without renormal i ïa t ion 

Energy This ENDF/B 
>« III 

Gwin Gwin Blons Bollinger Ryabov Ignatiev 
interval measuremei 

ENDF/B 
>« III (1971) (1969) (1971) (1958) (1968) (1964) 

<«V) 

0 .02-0 .03 7 .53 7. 50 7.49 7.52 
0 .03-0 .04 6.42 6.43 6.44 6.47 
0 .04-0 .06 11.21 l ï . n 11.17 11.25 
0 .06-0 .010 19.51 19.39 19. 53 19.68 

6 .0 -9 .0 179.7 181.4 180.8 181.0 182.7 173.0 107.0 Ï59. 0 
9 .0 -12 .6 502.8 505,2 494 .8 497 512.7 516.9 348.3 412.9 

12 ,6-20.0 543. B 554,2 547.5 546.5 558.0 538.4 479 .5 443.2 
20 .0-24 .7 223.2 226.7 224.3 223 224.5 221,4 192.5 171.8 
24 .7 -30 .0 100.3 103.7 100.7 100.5 103.2 105.5 46 .8 83.7 

30-54 429 421 425 466 250 324 
54r78 1734 1719 1750 1850 939 1070 
78-92 748 735 746 785 529 435 
92-109 41?. 405 417 441 323 

109-152 827 818 839 852 635 
152-172 332 329 338 355 205 
172-350 2639 2718 2780 2830 1860 
350-415 662 583 596 640 283 
415-650 2742 2458 2510 2540 1710 
650-1000 2185 2145 2180 2220 2600 



Table Z: Comparison of the normalization methods applied in the different o measurements of Pu 

Bollinger et al. (1958) 

Ignatiev et al. (1964) 

James (1965) 

De Saussure et al. (1967) 
Blons et al. (1966) 

Blorn et al. (1968) 

Patrick et al. (1968) 
Ryabov et al. (1968) 

Gwin é ta l . (1969) (1971) 
This measurement 

Blons (1973) 

normalized at 0. 0253 eV to <j = 730 barn. This value is about 
2% too low. 
normalized to the vrlue T / V = 0.465 for the 7. 8 eV resonance. 
Estimated normalization erreur s 5%. 
normalized to the integrated fission cross-sect ion from 4 eV to 
16 eV of Bollinger, 
normalized at 0.0253 eV to t ' = (741. 6 ± 3.1) barn. 
normalized to the value j f =108. 2 barn. eV for the 7. 8 eV 
resonance as given by Bcmnger. 
normalized to the g r, -value» for the 44. 5 eV, 47. 6 eV, 52. 6 eV 
and 74. 95 «V resonances from Blons (1966). 
normalized at 10. 95 eV to n = 2. 041 assuming v = 2 . 864. 
normalized at 0. 0253 eV to nf = (740 ± 4) barn. Lowest data 
point given by the author is 5 eV. 
normalized at 0. 0253 eV to op = (741. 6 + 3.1) barn. 
normalized to the absolute integral \ '«. 06001 eV o f (E)dE = 25.15 + 

0.02001 eV 
0.13 barn. eV corresponding to a a° -value of (741. 9 4; 3.4) barn 

a . normalized to our integral ( 2 0 e V o.(E)dE = (1226. 3 + 12. 2)barn. eV. 
1 J 6 eV l 



Table 3: Ratio of our {isiion integrals j Of(E)dE to the c o r n sponding integrals obtained from other 

measurement!* E 

Energy 
interval ENDF/B III Gwin 

U971) 
Gwin 
(1969) 

Biona 
(1971) 

Bollinger 
(1958) 

Ryabov 
(1968) 

Ignatiev 
(1964) 

6.0- 9.0 0.991 0.994 0.993 0.984 1.039 1.679 1.130 
9. 0 -U .6 0.995 Î .016 1.012 0.981 0.973 1.444 1.218 

17.. 6-20.0 0.981 0.993 0.995 0.975 1.010 1.134 1.227 
20.0-24.7 0.984 0.995 1.001 0.994 1.008 1.159 1.299 
24.7-30.0 0.967 0.996 0.998 0.972 0. 951 2.143 1.198 
9.0-20.0 0.988 1.004 1.001 0.976 0. 999 1.262 1,220 



20 eV 

Table i: Pu fission integrals (barn. eV) renormal ized via our integral / af(E)dE = 1046. 6 barn. eV 

A eV 

Energy 
interval 

(eV) 

This 
measurement ENDF/B in Gwin 

(1971) 
Gwin 

(1969) 
Blcns 

(1971) 
Bollinger 

(1958) 
Ignatiev 

(1964) 

6.Û- 9 .0 179. 7 179.2 181 .5 181. 5 176. 6 171.6 194.4 

9 . 0 - 20.0 1046. 6 1046.6 1046.6 1046.6 1046.6 1046.6 1046.4 

20 .0 - 24.7 223. 2 224.0 225.2 223.7 219.4 219.6 210.0 

2 4 . 7 - 30.0 100. 3 102.4 101. 1 100.8 100.9 104.6 102.3 

30 - 54 424 423 426 455 396 

5 4 - 7 8 1713 1726 1755 180H 1308 

78 - 92 739 738 748 767 532 

92 -109 407 407 418 43Î. 

109 -152 . 817 821 842 833 

152 -172 328 330 339 347 

172 -350 2607 2729 2788 276.i 

350 -415 654 585 598 62a 

415 -650 2709 2468 2517 2483 

650 -1000 2159 2154 2187 2170 



Table 5: The We6tcott g f - fac tor in function of the tempera ture (baaed on a ,{E) data from fig. !) 

T ( * C ) g f 
ii 
ii 
ii 

T ( ° C ) 8 f 
II 

T ( ° C ) B f 

11 

i'| T(°C) 
li 

B f 

0 1, 04003 
n 

250 1.35107 n 500 1.97256 !! 750 2.61394 
10 1.04 577 n 260 1.37152 H 510 1.99968 ,',' 760 2 .636 ' ; i 
20 1.05192 II 270 1.39251 ii 520 2. 02678 Il 770 2. 65961 
30 1.05850 H 280 1.41403 'it 530 2. 05384 || 780 2. 68204 
40 1.06555 n 290 1.43606 J' 540 2.08086 || 790 2. 70420 
50 1.07308 j ! 300 1.45856 H 550 2.10781 JJ 800 2. 72607 
60 1.08113 « 310 1.48152 II 560 2.13467 !< 810 2. 74767 
70 1.08971 !: 320 1.50492 II 570 2 .16145 !! 820 2.76898 
80 1 .09*86 II 330 1.52872 II 580 2 .18811 !! 830 2. 79001 
90 1.10859 It 340 1.55291 i l 590 2.21464 1! 840 2 .81075 

100 1.11892 n 350 1.57746 II 
II 600 2.24105 u 850 2.83121 

110 1.12986 II 360 1.60235 If 
II 610 2. 26730 || 860 2.85137 

120 1.14145 ", 370 1.62754 II 620 2 .29340 || 870 2.87124 
130 1.15367 II 380 1.65303 II 630 2.31932 || 880 2. 89083 
140 1.16655 ]| 390 1.67877 II 640 2. 34506 || 890 2.91012 
150 1.18008 II 400 1.70475 I I 650 2. 37062 900 2.92912 
160 1.19428 " 410 1.73095 II 660 2.39597 ii 910 2.94782 
170 1.20914 II 420 1.75733 II 

II 670 2.42112 " 920 2.96624 
180 1.22466 It 430 1.78388 II 

tl 680 2 .44605 !! 930 2.98436 
190 1.24083 11 440 1.81057 II 

II 690 2.47076 !! 940 3.00219 
200 1.25763 II 

Ii 450 1.83739 II 
II 700 2.49523 !! 950 3.01973 

210 1.27509 II 
tl 460 1.86431 II (I 710 2.51947 Il 960 3.03698 

220 1.29317 II 470 1.89130 II 720 2. 54347 ,',' 970 3.05394 
230 1.31188 II 480 1.91835 II 730 2. 56721 || 980 3.07061 
240 1.33118 n 

II 
II 
n 
n 
I I 

490 1.94545 II 
II 
il 
il 
II 
II 

740 2. 59070 || 990 
» 1000 
II 
II 

3.08699 
3.10309 



Table 6 : The Westcott g f - fac tor in function of the t empera tu re (based on n -(E) data from fi«>. 2) 

"— ~~ 
T ( ' C ) h ii T(°C) 

n 
% 

u 
ii 
ii 
ii 
11 

T ( * C ) 
«£ 

n 
H 
ii 
H 

H 

T C C ) 
g f 

0 1.04137 " 250 1.35139 II 500 1.97262 II 750 2.61392 
Î 0 1.04705 » 260 1.37182 1! 

li 
510 1.99973 760 2.63689 

20 1.05313 !; 2vn 1,39279 H 
II 520 2. 02683 1| 770 2. 65959 

30 1.05965 II 280 1.41430 II 530 2.05389 I I 
ti 780 2. 68202 

40 1.06664 II 290 1.43631 11 540 2. 08090 790 2.70418 
50 1.07411 ji 300 1.45880 i i 550 2 .10784 .1 800 2 .72605 
60 1.08210 ;; 3 i o 1.48174 M 560 2.13470 II 810 2. 74765 
70 1.09063 >' 320 1,50513 l i 570 2. 16147 I I 820 2. 76896 
80 1.09972 « 330 1.52892 « 580 2.18813 II 

ii 830 2 .78999 
90 1.10940 '! 340 1.55310 11 

11 590 2. 21467 :; 
I I 340 2.81073 

100 1.11969 II 350 1.57764 11 
11 600 2.24107 n 

II 850 2.83118 

no 1.13059 li 360 1.60251 II 
II 610 2 .26731 II 

ii 860 2.85135 
120 1.14213 ',! 370 i . 6 2 7 6 9 I! 

ii 
620 2 . 29341 i i P70 2.87122 

130 1.15432 ',! 380 1.65317 H 630 2.31933 n 8S0 2.89080 
140 1.16716 II 390 1.67890 fl 640 2. 34507 n 890 2. 91009 
150 1.18066 || 400 1.70487 !i 650 2. 37062 I I 900 2. 92909 
160 1.19482 ;' 410 1.73106 » 660 2. 39597 H 910 2 . 94779 
170 1.20965 i! 420 1,75743 H 670 2.42112 11 920 2 .966 21 
•180 1.22514 II 430 1.78398 H 680 2.44605 II 

11 930 2. 98433 
190 1.24129 II 440 1.81067 V. 690 2 .47075 II 

11 940 3.00216 
200 1.25806 !l 450 1,83748 II 700 2.49523 i! 

H 950 3.01970 
210 1.27549 II 460 1.86439 710 2.51946 11 960 3.03695 
220 1.29356 II 470 1,89137 it 720 2. 54346 '1 970 3. 05391 
230 1.31224 1! «30 1.91842 it 730 2 . 56720 11 980 3. 07058 
240 1.33151 |1 490 

11 
H 

1.94551 II 
li 

ii 

740 2. 59069 II 
II 
Il " 
il 

11 

990 
1000 

3. 08696 
3 .10306 
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