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

The aim was to bring together experimenters, eva-
luators and users of resonance parameters in order to com-
pare their point: of view, and to try to clear up the sta-
tuc of the needs and of the accuracy of the available data.

To thls end several papers have been presented
at this meeting - four of them belng reviews whose aim was
to recommend sets of evaluated data. The texts cof these
contributicns 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 varlous plenary or pa-
rallel sessions. The summary of these discussions during
the last two days have besen drawn up by thelr chairmen and
submitted to all participants : then they represent the
general view of this meeting. They are givean in pages 6
to 18 (Conclusions and rezommendations).

The organisers thank all the participants to this
neeting and, mostly, the reviewers and the chairmen of the
various scssions.
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COUCLUSIONS AND RECCMMEINDATIONS

A ~ SESSIONS ON RESONANCE PAFAMETERS OF FERTILE NUCLEI

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 resonancg pa=-
rameters for the resolved regions in 2327h and 23By
are determined with approximate precisions of + 53 for
'n and + 10% for I'y. It was clear from the data pre-
sented, howeyer, that *the dispersion in values from
various experimenters is still frequent:v greater
than this.

1.1. Transmission experiments

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

In order to avold systematic errors in the de~
termination of I'm from transmission results a .range of
sample thicknesses should b2 measured such that for
each resonance the condition no, < 1 is fulfilled by
at least one sample. If this cogditicn is not fr.fil-
led, large systematic errors are to be expected. If
these precautions are taken it should be possible to
deternmine Fn to better than 5%.

From a contribution on scattering measurements
in the resolved resonance energy. range perfoimed on
38y given by Poortmans and the ensuing discussion ca-
me the following concluslons. :

An af curacy of about 5% on the scattering area
can be obtained if samples with nd, < 0.1 are used.
Normalizirg the data with the Og of Pt int.-oduces
systematic errors estimated at +1%. For the lirger
resopances (Im 2 Ty) the background subtraction in-
‘troduces another 1%. Multiple interaction and self
screening corrections are difficult to calculate and

L 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. Capture experiments

An accurate knowledge of the energy dependence
of the incident neutron flux and the relative effi-
clency of the capture detector, together with =zurrec-
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 keVv detectors
using the 10B, {n,a} and/or (n,ay)reactions are pos-
aibly the bes: means of measuring the neutron flux.

All types of y-ray detector must approach an
efficiency for detecting a ncutron capture event that
is independant of the Y-ray cascade and have an effi-
ciency for detecting the scattered neutron that is
very low compared with the capture deteciing efficlen-
cy, i.e. (e /z $ 10-4).

The general remarks concerning nultiple interac~ ‘

tions which were made 1in relation to scattering expe-

riments apply also here, including the recommendation

to use sawples with ng, € 0.1. In view of present un-

certainties, capture areas have (mostly hidden} errors

of & - 10%. At higher emergies (a few keV) the capture

crosg=section should be measurable absolutely to bet-

ween + 5 and + 10% : the shape i probably obtainable

to within + 2%, )

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

1.4, aner al.zemazks ? :

a) Al ieast soue of the ind1v1dual discrepancies -
observed are due to non-ideal sample thick-

resses used in the cross section mearurements.

§) Some efrqrs have occurred due to inconsistent
treatment of backgrounds or off-resonant con-
tributions inm the analyses cof cross section
data.

¥} The accaracy of derived resonance parameterﬂ
" should. be beLter than + 5%.

§) 'Complete' experiments,. that is scattering
meagurements as well as-of ‘czpture-and total
measuznmentsl wou;d be’ desinable. S
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2. pDistributions
2.1. Spacing_distribution

There seem to exist several methods o determine
<b>, the average spacing between resonance levels and
the {standard} deviation and error on this value. Very
often it is not even clear which cne is given. The Wi~
gner distribution gives for the observed D a fractional
standard deviation of 0.52/VK where N is the number of
spacinys counted. This expression is most frequently
used. This formula, however, docs not take into account
the long-range ordering effects described in a series
of papers by Dyson and #ehta (1) and appiied to a spe-
cific case by Liou et al (2}, 1f the levels balong to
an orthogonal ensemble which implies that they form a
complete set of s-wave levels with no levels missed
and without p-wave_contamination, the fractional stan-
daxd deviation of D is & 1/, due to long-range orde~
ring effects which cxist 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 N is given
by the following formula B

ons T Ng 7 N,

where Ngp o is the number of observed s-wave levels in
the energy interval considered, N, fs the number of
s-wave levels missed and Ny is the number of p-wave
levels accidently included” ; the values of Ny and Np
can be derived from the Porter-Thomas distribution of
reduced neutron widths, The Working Group felt that
the error in <D> should *nclude the contributions
from the errors in Ng and N, as well as the exror in
N associated with the spaciRg distribution. This sug-~
gestion requires further consideration but it should
be remembered tha: for reactor calculations <D> is
reguired in the unresolved energy ramnge where there
must be additional uncertainty because one ia extra-
polating data from the resolved region.

2.2. Neutron width distﬁibution

The importance of the neutron width diatribution
for level counting was already mentioned in the dis-
cussion on everage level spacings. This implies that

(1) F.J. Dysen, J. Math, Physe. 3 (1962), 140, ibid.
157, ibid. 166, ibid. 1199 and M.L, Mehta and F.J.
Dyson ibid. 4 (1963) 791, ibid. 713.

(2} H.I. Linu et al., Phys, Bev; 5C {1972) 974,
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urptions underlying the Porter-Thomas distri-

ion are velid for a single population of neutron
widths, which io generally accepted. Discrepanciles
arc usuelly an indication of unknown experimental
crrors but i€ not they need careful atteation and
rmore experinental confirmation. The existence of
such deviations in 232Th is emphasized by E.OTTEWITTE.
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The subject of the various methods of comparing
a Porter-%homas distribution with experimental data
was not included in the discussion althcugh it would
be worthuhile to come to an agreement on standard prac-
tice for this important distribution.

2.3. Correlations_between I'n_and Iy

Such a corrclation 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 experimental effect ?

The importancce of this possible nuclear corre-
lation for the calculation of the cross sections in
the tens of kev range was amphasized, and it has keen
suggested as a possihle explanation for a part of the
unexplained discrepancies.

?.4. Dependance_of the radlative width with_the
parity

Preswnptive evidence of a2 dependence of Ty on the
orbital momentwuwn of the inconing neutrons has been put
forward in the casc of 232Th and 238U. It has been sug-
gested that this may also solve some of khe unexplalned
discrepancles between average resonance parameters and
integral data.

3. Status of the rccommended valuea

Agreepent berveen different mcasurements of neu-
tron widths is poor. 3t would help in evaluation 1f
measurers would quote, or send to the data centres,
either the areas mcusured, or the covarjance between
the 'derived rn and Ty as well as. thelr variances.

A fow values and recommendations regarding the
parametere of ¢he individual nuclei were agreed upon.
For 232%h the current relommended value of the average
radiation width fzom the resonance -Jata is 21.45 +
0.25 meV. The rescnznce integral calculated from the
paraivsters recommended by Derrien and Ribon is
83,7 + 2.7 meV compared with the measured value of
45.8 + 2.5 meV. ’
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For the individual resonance parameters of 232
Th, it is secommended that the critical dl.cussions
given by Derrien and Ribon at this meeting be consul=~
ted. - - .

The situation in 2"811 is not o clear. A more de-
tailed summary of discussions about this nuclel ie
given in § 4, The present situation including a com—
prehonsive discussion of possible sources of error has
been given in the paper at this meeting by Moxon. The
large discrepancy between various experimeg;grs for
the shaps of the capture cross section of U in the
keV neutron energy region still remains but should be
at least partially resolved by data presented.

For the fertile nucler: 240 Pu the paper by
Weigmann et _al. at this mc :ing gives a detatled and
thorough summary.

4. Summary of the Present Situation regarding U238
(h.y] for Neuiron Energles Delow about 25 Rev

We wish to bring to the attention of nuclear physicits
the present situztion concerning differential and
integral data for U238 (n,y) 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-
s ction is the main contributor to the Doppler effect
i, a fast reactor.

There are three sources of information for the
data ¢

(1) The parameters of the resolved resonances
(measured so far up to 5 kev) allcw the
estimation of mean widths and spacings,
at least for the s~wave resonances. Note
that a very large proportion (vB0%) of the
U238 Dopplexr effsct of a fast reactor un-
der normal operating conditions arises
from these resolved resonances.

(1) Measurements of the_infinitely dilute ave~
rage cross section a (E) :

(1i1) Integral measurements in reactors, leading.
(via data adjustment programmes) to esti-
mates_of the shielded average cross sec-
tion ¢ sh(E)

The derivation of average resonance pafameters
from (1) is very difficult ; this ig clear from the
widely dlscrepant values obtained by different wor-
kers (see paper by Sowerby). Ménce, by itself (i)

ol
3
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cannot give rclieble cross sections in the unresclved .
region, but it is possible to obtain mean parareters
that are conaistent 2ither with (1) and (ii), or with
{i) and {iii)., Reactor integral measureilents imply a
capturc cross-scction about 12%, or two standard de-
viations, below broad resolution measurements between
1 and 10 keV, : .

However, it is nct possible at present to obtain
data that are consistent both with average unshielded
cross sections and with reactor integral measurements.
This it so for the folluwing. reason.

If we write :
Cup (B} = £ 0, (B)

where £ is thz2 shielding factor, then £ is only weakly
dependent on the rescnance parameters, as has been
shown by Barre at this meeting, and by unpublished
work in tne UK. Corsequently, since reactozr measure-
ments imply a reduction in ¥_ . of about 12% it is also
necessary to reduce d, by ahSBt the same amount :
making the usual assumptions about mean parameters and
distributions we cannot find a set of resonance para-
meters that will decrease Sch without also decreasing
e

Summarising, there is a discrepancy of about 2 standard
deviations hetween measurements of the average unshiel-
ded cross section for U238 (n,¥) and between reactor
intégral 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 € cr in reactor measurements or in their
interpretazion.

(b) systematiec faults in the adjustment proce-~
dure ; for example other crcss sections
used in the interpretation may be erro-~
neous ; ’

(c} some ncw physical effect in the U238 reso-
nance parameters (for sxample, a correlation
between U and T'y ; or different T'y's for
s and p-wlve resonances).

The best experimental value for Ty is 24.14 meV
(M Moxon) : but reactor measurements would be better
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fitte2 by a smaller value.

Very different va;ues of strenth functions have
been obtalned by different workers (see the paper by
M G Sowerby). The mean resonance spacing, B, also dif-
fers in different analyses :  Rahn obtained (20.8 & -4
0.3) eV from his own measurements, but these same
data have been used by H Welgmann, 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 1s coiflicting evidence ab~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 overlocked, for tws reascns. 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 accildent 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~d directly in reactor calculations.

{i1) Low resvlution thick sample measurements;
preferably at several temperatures, Lo com-
pare with reactor integral measurements.

(1ii1) High resolution thick sample measurements
to indicate which resonances are not
s-wave.

(iv) Vhenever possible, total, capture are scat-
tering measurements should be carried out
znd the resonance parameters obtained from
area analysis used to calculate cross sec-
gion curves for comparison with the obtained
ata.
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B - SUB-GROUP SESSION ON 239 PU

The main subjects discussed were as follows :

- M. JAMSS and M. SOWERBY reviewed the requirements
of the reactor physicist for Pu~39 cross sections.
These are mostly for the fission cross section
above I KeV for which a 3% accurecy is desired, and
for tha capture cross section for which the accuracy
requirement i1s approxinmately 3 to 5% in a-.

At the present time the cross section uncer-
tainties for Pu-239 based on differences between
integral data and predictions from differential’
data are cmall compared to those of other materials
{paxticularly U~-238) hence there is np pressing need
for improvemen: in the Pu 239 data, althougn any
significant improvement in accuracy reduces the mar-
gin of acccptable adjustwents and hence will help.

However, more precise measurements for 239
would add to the constraints imposed on the less
wrll-known cross-secticns in the least sguarcs ad-
justment computations. Present requests are for an
accuracy of + 3% ir the fission cross section
above 1 keV, and + 3 - + 5% for a=5c/op.

Pu

Scltf indication and transmission measurement
as a function of temperature would be of conside-
rakly less interest for Pu~232 than for U-138.

- P. RIBON inquired about the treatment of interme-
diate structure in the generatinn of "statistical
cross section® in the U.K. - M, JBMES described
how statistical resonance parameters are generated
by the codc GENEX which uses the Vogt multilevel
formalisn, and adjusts the strength function and the
averaqge 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 cal’culations should
take account of the observed intermediate struc-
fure in the cross sections. The "ladders' of these
pseudo-rosonances should include the effect of
long-range ordering if possible : this agplies also
to ladders for other nuclides such as 238y, 235y,

-~ A discussion follnwed on whether the structure of

the cross section ir the unresolved resonance re-
gion could be reasured with sufficient details to
eliminate the need for mock-ups by the ganeration
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of statistical parameters. It appears that the
resolution is available in principle and, 1f gouod
measurements of the fluctuations of the cross sec—
tions wera made, these could be used directly by
the reactor designers, But this apprqach needs to
be discussed mcre extensively.

L2

.

Ce R

i
1

IV - F. CORVI proposed a new technique Ly measure o hy
detecting a low energy gamma ray transition simul-
taneously with sone characteristlc fission gamma
ray line. The method, although very Intecesting,
has many inherent assumptions, so that it would
probably not he an improvement over the mure clas-
sical methods used in measuring a.

Vv - P.RIBON was curious to know why, Eor instance, the
SACLAY evaluation of the Pu~239 resonance parama-
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 by
parameters published by P.RIBON and those obtained .
with the preliminay parameters of ENDF/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 ¢learly the shortcomings of previous evalua-
tions so that evaluators know in which respect
their work needs to be improved.

VI - It is now feasible in principle to measure 239Pu 4

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 sectlons) the rezults could be Dop-

pler broadened and used directly in reactor cal-

culationg without analysis into resonance parame-

ters. Thie would also avoid the neced for genera-

tion of pseudo-resonances.

VII - The two latest evaluations for 239?u, by RiLon and
LeCog, aid for ENDF/BIV, differ in a numker 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
comparisot, »

e

el

| o3
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C - SUB-GROUP 'S©SSION ON "THERMAL RANGE"

P.Reucs presented an evaluation of the uncertain-
tics on the thermal temperature coefficient due to
the uncertainties on the slopés of oVE in the ther~
mal range and commented specially two points :

~ the uncgertaintlez, particularly the ones due to the
capture cross secticns of fissile nuclides, are
not negligible and can have some implications for
reactor design.

-~ there are scme significant discrepancies between
measurerents of the temperature coefficient and
the calculation with the UR ilbrary.

The nrecision of calculated temperature coefficients
is not well~known, due principally to uncertainties
in the low ecnergy fission cross sections of 235U and
239%pu. Discrepancy between the calculated and mea-
sured texperature coefficlent of thermal reactors,
is not inconsistent with the uncertainties in the
low energy cross sections, particularly in their
shapcs. The observed temperature coefficient could
Le used o calculate the slope of the cross sectlons
with encray.

The recent CBMN mecasurements of the fission cross
secticn of 239pu, presented by C.WAGEMANS, hav= been
carried out on the BR2 reactor and the CENM Linac.
Two points were made : .

- The probilem of obtaining the 2200 m/s cross sec-
tion : an error cf 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 + 1.4 b. .

~ Calculation of the Westcott's g-factor betveen
0 and 1u00°C from the data were carried out and
the valuc obtained at room temperature {1.0522
+ 0.0035) is in perfect agreement with AIEA re-
cormanéed value.

Experitionts are _being considered that will measure
n and o, for 233 Uy and 239py with great precision
below 1°cV (+ 0.5% for n).
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D - SUMMARY OF RECOMMENDATIONS.

Where possible, shape fitting rcoutines with a chi-

square least error-determination are preferred over

area analyses since the former should result in a
more cunsistent treatment of backgrounds or off-

resonant contributions particularly when multiple
sample thicknesses are used. o ‘e

Data f£roimn 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-
rectirns as multiple scattering effects, etc.

High resolution thin sample measurements should be
made on U, either to glve resonance parameters
or to be used directly in reactor calculations.

Low resoluticn thick sample measurements, prefe-
ragly at several temperatures, should be madse on
238y, to compare directly with reactor integral
measurements.

High resolution thick sample measurements should
be made on 238y <o give an indication of resonan-
ces that are not possibie due to s-wave neutrons.

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.

The feasibllity 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 ke used directly. without analysis into
resonance parameters, in reactor calenlations.

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 interdepen
dent, covariances such as cov (Pn, Ty) should be
given. : B

Cvreet
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Experimenters making area measurements are asked
to send to the Data Centxes for gach sample ei~
ther the actual area measured, or the covariances
between the derived’ neutron and capture widths.
Thic well help evaluators to obtain a better weigh-
ting for cach experiment and a moie consistent

gdet of parameters.

Further cexperinental study 1z needed of the shape
of the fission and capture cross sections {or of q)
below 1 eV of 239wy (and of 235U).

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

The large discrepangg between the measured caprure
croas section for 438U below 10 keV and that requi~
red to explain reactor integral measurenents
should be investigated.

'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
crdering in resonance energies.

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

A - Expressions used for Porter-Thomas distribution

a) P, (x) dx = (2nx) ~Y? exp (-x/2) dx

1
- - o 4
with x = Fn /<Pn>

This is the standard expression. . b

o
if <Fn> is used explicitly as a parameter s
~-1/2

b

~

P, (y,u) dy = (2muy} exp {(~y/2u) dy

with y = r; and u = <r;>

c) the integral distribution
Py (%22 = fzm P, (x) dx = fzm'{2nx) 'lfzexp(-x/Z)dx

This form has the disadvantage of not showing clear-
ly the interesting region of small widths.

&) p, () aw = (2/m*? exz (~w?/2) au

with w = x2/2 = (rp /7 < T;>).1/2

This form of the distribution kas .nany advantages
over the othzr formulas because of the regular behaviour
near the origin, its closer cocmmection 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 ON RESONANCE PARAMETERS
OF FERTILE NUCLET 4Np 239 Pu ISOTOPE.

IMPORTANCE OF RESONANCE PARAMETERS OF FERTILE
é NUCLET  AND OF 239 Pu ISOTOPE FOR FAST POWER
REACTORS . c
e
J.Y.BARRE - &, KHAIRALLAH Wald

INTRODUCTION

The importance of rescnance parametersjof fertile
nuclei and of 239 Pu isotope for fast power reactors will be restricted,
in this prescentation, to mixed - oxide ~ uranium = plutonium
fuelled , sodium-cooled and uranium = oxidé - sodinm reflected
fast reactors, The power range lies petween 200 and 2000 MWe.

Ao <o

Among the topics of this spccialist meeting, the iso-

topes to be considered are,primerly 239 Pu, themr 238 U and
240 Pu.

Nesonance parameters are mainly used in fast power reac-
tor calculations through the well~known concept of self shiel=-
ding factors. After a shorxt description of the determination
and the use of these self-shielding factors, their sensitivities
£o resonance parametexrs are characterized from some specific
examplos @ those sensitivities are small.

| U
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Then, the main design parameters sensitive to the
amplitude of self-shielding factors are ~onsidered : criti-
cal enrichment, global breefing gain. The relative impnrtance
of isotope, reaction rate and 2nergy range ar< mentionned.

In a third part, the Doppler 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 demigner point of view.

All this analysiyg is hased om the Cadarache multigroup
cross section set and code CARNAVAI Version IIX /I/and the CEA
fast reactor physics programée. In this CEAR approach, it must
be mentionned that the used cross section adjustment procedure
allows to consider well-known the averagc multigroup cross
sections from systematic integral measurements on several typi-
cal fast reactor lattices. This is specis' .y true for 238U ,
239 pu and 240 Pu capture cross sections und 239 Pu fission

one.

5 oo
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11 ~ USE OF RESONANCE PARAMETERS IN FAST REACTOR CALCULATIONS

II-1. SELF~-SHIELDING FACTOR CONCEPT

1~ It should be recalled that nultigroup calculations
with an ultrafine energy mesh allowing to describe point-
by-point crose sections in the heavy isotope resonance
energy regilon cannot be considered in a standard way.
To take into account, in standard multigrcup emlculations,
the fine structure of the cpectrum inside the energy .
limits of & broad group g, the well-known self-shielding
factor corcept is used.

2~ Thé spectrum fine structure depends on the relative
contributions of all the resonances from all the igotopes
to the total macroscopic cross seétion. An average cross
section: ﬁf? < + over the group g energy limics, obtai-
ned by weighting the point-by-point cross section a" (E)
with an energy-flat spectrum is called " infinite -
diluted " oross seciion. An average ¢ross section (T}5£
over the group g energy limi® obtained by weoighting the

point~by-point cross section 0:, (E) with the re- spéc—
trum,i.e, taking {into, account the fine structure
inside the group g due to the isotope i, 13 called ef-~
fective cross section. The self-shielding factor £ g,i,x
for one isotope i,one reaction x and one energy group g
io defined by the relation :. .

é:g,é,x. (,)

§réx

£ 9.4,%

I IEEEIER] IR EREITEEI T NE l B BRI RN DTN 10 Tmn (T (e IWIW L e e o
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Then, by definition, selfushielding .tactcrcvcre 1ower

than 1. )
3- The more the isotops i contributev to‘the fine btruc~
ture uf the total, macros”opic cross aection, the more the -
self~shielding factor is small ¢ these factorl £ are N
medium - dependant, To avoid a naw calculation of the f
factors for each medium, they are 't&bulatcd at once for
each isotope i versus a parameter ‘called d&luticn Di .
That dilution characterizes the relative contributtan of .
the isotopes of the latttce, as compared e the isctope i,
to the total macroscopic czoss secticn :

5

’!i ‘5}’7 . * : : | e
JD\.’ = —dEe e Nj = atomic densities. .’
oA, o

Then, for a new medium, by interpclationgve'sdn the dllu~
tion in the tabulation of the £ factors and £rom the

multigroup infinite diluted cross sec*lcns ( medium~ . -

independent ), the useful effective multigroup cross
sections are obtained for all rcaCtions x ‘and’ 1sotopes iz

~ ' o
N oo i s
. i kd

0},4:,}: =“’pg,4,x 0})@*

4- Calculations of tgbulated aelf-shielding factors are
performed from resonance parameters with more or less
sophisticated nuglear models that will be.discuesed.
during this meeting. The temperature dependeﬁce of éélf—
shielding‘factors is normally'inciuded in'thﬁitabulation,
taking into account the resonance Doppler brcadeninq in
the mogdel. L - ' ; ‘
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5- FPor example, in the CARNAVAL III systenm self-shielding
factoro arce tabulated in a 25 group energy mesh from
414 ev up to 67,4 Kev { 244 G %10 ) for a dilution
variation betweer 0 and infinity and a 300°K to 3000°K
tenperature range . For 239 pu, 238 U and 240 Pu, reac-
tion considered are capture,totai, =lastic, fissica ( not
for 238 U ). o '
The 238 U capture self-shielding factor variétion versus
energy is shown on fig.l for a normal 238 U dilution in a
fast reactor ( 40 barns ) and two-temperatur§;300 and
900° K. ‘

vFigure 2 presents the 238 U capture self~shielding fac-
tor variation versus dilution for the energy group
1.23 -2,04 Kev and two temperatures 300 and 900°X.

II~2 SENSITIVITY OF SELF~SHIELDING FACTORS TO RESONANCE
PARAMETERS,

Sensitivity studies have been performed on the 238 U
capture cross section for two energy groupa 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.

Paramet2rs considered are the aversyed 233 capture cross
section in tha group calculated from the nuclear model
T e > the colf-shielding factor fc' the variatien
of the sclf-shiclding factor versus temperature between
sither 300 and 900° K oz 309 and 3000°K .

The present uncertainties accépted oh resonance parameters
for 238 U are the following ones :
10 % on Iy

10 % on I'n (swaves )
20 & cn e (pwaves ).

(R4

1+ I+
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The sensitivities of the parameters previously mentionned
to the ma:imal possible increase of these resonance
parameters are presented respectively in tables I,II,
and YII.

The main conclusions drawn from these results are :

1- The average capture crosg section variations remain
large, e.g, up to S% for a 10 &t increase in [y.

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

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

3- Sensitivities of self-shielding factor variations
( Af )} bpetween two temperatures are limited to t 3%
for a standard 238 U dilution.

4- For self-shielding factors the sensitivity decreases
when the ‘dilution or the energy increase.

III - INFLUENCE OF RESONANCE PARAMETERS ON DESIGN PARAMETERS

III.1, SELF-SHIELDING FACTORS VALUES

a)The self-shielding factors f averaged over the whole
spectrum of several cores have been calculated for
238 U capture, 239 Pu fission and capture, 240 Pu fission

and capture crcss sectioms { Table IV ). :
These lattices cover the whole range of sodium-cooled

fast power reactors, The results conceraing metallic

fuels studied in some critical experiments are also
presented to put in evidence the dilution influence
(fuel density variation ).

From these results, 1t appears clearly that,in the frame
of the problems considered in this meeting, only the
csclf-shielding factor knowledge for 238 U captuse is
important for fast power reactors.
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b} Tor 239 Pu fission, the self-shielding effect repre-.
s~nts between .4 % and ., 7 8 of the reaction rate.
Figurce 4 reprecsents the self-shielding effect on

239 Puc{value versus the spectrum index r that charac-’
terizes globally the whole spectrum of a lattice :

it rermains 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 ).

¢) The variation of the parameters ( 1 - £ )} for 238
capture versus the spectrum index r ( fig 3 ), shows the
strong increase of the self-shielding factor when the
spectrum Softens ( low r values ) : from 9 % of the
capture rate for PHENIX inner core, up to 18 % for
SUPER-PHENIX inner core.

III.2. INFLUENCE ON DESTGN PARAMETERS

a)}The two parameters considered are Keff, or critical
enrichments, and internal breeding gain (I B G )} for the
inncr core of a 1200 MWe reactor at the equiiibriuﬁ
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 fERTUS ) . For I B G, after

a 1% ¢ross scction increase, the criticality is obtained

by enrichment variation ( Table V).

b) The contributions of the total self-shielding effects
to these two desigqn paramcters ( Table VI ) confirm the
only importancec of 238 U capture sclf-gshielding factors.

c! Taking into accsunt the whole sources of uncertaintiss,
it is ndmitted thali the contributions of self-shielding
factors uncertajintivs muct be:

AKefE _ + 0.2 % 4 IBG = I . 015
He
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So, from tihe previous results ( Tables Vand VI }, the
following requests on self-slhielding facto:s can be made,
looking either to Xeff or to IBG parameters :

Reaction Aftfrom Keff Af: 3 from IBG
X

238 U Capture + 1.1 » + 3.8

239 Pu Fission + 0. " +13.

239 Pu Capture + 3.3 »* + 4.7

240 Pu Capture +10.0 ”» + 22

In all cases, the reguests from Keff is more stringent(*)_

These requests correspond to the following relative
uncertainties or the parameters {( 1 - £):

239 pu fission + 40 %
239 Pu Capture + 180 %
240 Pu Capture + 400 &

Looking to the small inflvence of resonance parameters
on self-shielding factors (Table I, II, III } , thege
requests can be considered satigfied to_ day.

d) For the nost sensitive cross secticn, 238 U capture gne,
the present uncertainties on 'y and Tn (pwaves )
gre sufficient. ( See § II and Table I and III ).

Consldering the energy distribution of the 238 U capture
rate, it appears also that the present kn.uledge of In
(swaves ) parameters is sufficient, Fur the same 1200 MWe
core, the probability of 238 U capture rate below the
energy E 15represcnted on fig 6. That probability can be
characterized by the following figurcs :
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g &£ 1 Kev 8 & of the capture rate
E £ 4 Kev 22 % "
2 & 10 Kev 36 8 "
£z & 67 Kev €68 % "

The mair 238 U capture appears in an enargy range

{ 4 Kev~ 60 Kev ) where the consequence of I'm (swaves )}
zosonance 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 238 U capture cross
section from systematic integral measurements of the
238 vraniun capture to 235 Uranium fission ratios. So
the variation of the average 238 U capture cross sec-
tien due to uncertainties on rescnance parameters

( see § II Table I, TI, III ) has no consequence. The
only problem conmes rrom the uncertainty on the trans-
position from integral experiments to power reactor

{ dilution variaticn }.

It has been shouwn that this problem is sufficiently
well-known.
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IV - INFLUENCE OF RESONANCE PARMMETERS 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 (2380, 240Pu) and fissila (239%) isotopes.

For a large fast power reactor (12C0 Mwe E &' 12 & -

240. 238U

20 % Pu), the major contributor to the Doppler effact is
isotope :
ZBBU % 85 %

23%, ¥ 104

240p, £ 538

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

238

"R

u 75 8 nelow 3.4 Hev
Y 8o % below 5.5 keV
Y 90 % below 15 Kev
2%y * 60 s below 200 ev
o~

90 & below 1 Kev

238

Then, the Doppier cffect is mainlv due to U resolved

resonances.

IV . 2. EFFECT OF 238URANIUM RESOLVED RESCNANCE PARAMETER
UNCERTAINTIES
a)The 2380 Doppler cffect is proportionnal to the

following expression.

N
skn- 2% g9 <o > ur, 9
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wien : @2 and ﬂﬂg are the direct and adjoint flux in energy group g.

<929 it the averaged (unshielded) group capture
cross section

A
afC 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
terperature varlatlons.

b) As previously mentionned for the two design parameters,
Keff and IBG (sec § 11XI),the averaged cross section varjation has
not to ke taken into account.

For the self-shielding variation, it can be clearly
seen from tables I, I1II, III (§ II) that :

a) A 1C % uncertainty inf' leads to a maximum variation
0f 2 % in the Doppler effect.

i
‘
i
Il
]

b) A 10 ® uncertainty 1n|; (s waves) results in a
maximum variation of 3 % in the Dopple: effect.

b

i

|

] c) A 20 3 uncertainty .i.nf,',l {p. waves) leads to a

1 maxirmum variation of 2 % in the Doppler effect. In

; fact, if this uncertainty is weighted on the Doppler effect ener-
|
|
|
1

gy distribution , this variaticon remains lower than 1 %.

c} The corbination of these uncertainties gives a
! maximum variation cf 4 to 5 t on the Doppler effect due to the
kncwledge of 2383 resonance parametcers.

This figure has to be compared :

first to the design request accuracy : * 209

second to the other error sources,mainly the calcula-
tion of the flux spectrum:’ twto30n
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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.

- CONCLUSION

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

.From the calculated contributions of se1f~§h1e1dinq
effect for fertile isotopes ?BBU, 24oPu) and fissile 239Pu)
ones to design parameters of large power reactors, it appears
clearly that only 2380 capture self-shielding factors play a
role on c¢ritical enrichment ( Keff) and internal breeding gain,
even for the soften apectrum of the inner core of a 1200 MWe

plant.

.For the Doppler effect, only temperature variations
of self-ghielding factors for ““ U capture crross section in the
resolved resonance erergy region are important.

.The following uncertainties on resonance parametors

for 238Uranium isotope are presently cvaluated :
r'y : 210 Tn (s waves) : £ 10 &

I'n (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 plaving a
leading part.
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TABLE I,
tffect of a + 10 § increase in ly.
~ " ~ ~ o4 s
o FLIeD JFc/fc de};_.)/ﬂfc J(AQ)’/A/'C
° \_\ L0c> | (300°K) | (900°-300%)| (3000 - G00°K)
group 19 |(p= 50 barn - 0.5 - 0.6 - 0.3
450-75009 100 + 5. ~ 0.4 - 0.4 -~ 0.1
500 - 0.2 + 0.1 + 0.5
arcup 15" a;k 50 barns - 0.4 + 1.8
3.3-5.5.9 100 + 5. ~ 0.3 + 2.2
500 ~ 0.1 + 2.6
9

TABLE II.

Effect of a + 10 % increase in I'n { Swaves )

~ fad o d ~s, ~, P
o d<T > |I% fhc | MOF AT |dtaTy/ax. |
<0c> | (300°%) | (0" - 300°%)| (3000 - 00°k)
group 19 CrP: 50 b. -3 - 1.8 + 0.8
450-7500] 100 + 4.5 - 2.5 ~ 0.3 + 2
500 - 1.2 + 3, + 4.5
3,5-5,5 - 50 5. - o, .
[ a;, 50 5 0.8 + 3
group 159 100 + 1.5 - 0.5 + 4.
504 - 0.2 + 6.
L




TABLE III..

Effect of a + 20 % increase in I'n ( pwaves )

o~ |dLT|dbe /i |dut. g,

LTed> { 300° k) (900°- 300°%)\
group 19 o o o
Op= 50 ‘_ + 0.5 -2
group 15 100 + 6. + 0.3 -3
500 + .0.1 -3
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TABLE IV.

Average Self-shielding factors.

238 U Pu 239 | Pu239.| pu 239 |Pu 240 pu 240
T
Capture | Capture Piss, JCh= 7 Capt. | Fiss.
YETAL FUEL
E=25% .869 .963 .991 m .984 1
18 8 .807 .956 .987 .958 .979 1
12 8 1 .703 w45 | .982 .966 .969 1
R el e e i e e
OXYDE FUSL )
PHENIX 2 E = 25% L9111 | .983 .996 .97 | .990 1
PHENIX L £ = 18% 858 | .980 | .99a | .07 985 f 2
1200 Mie 2 E= 193 | .855 981 | .9sa .987 978 1
1200 ¥We 1 E =158 | .820 .980 993 ] .987 974 1
TABLE _V,

sengitivities of Keff and 1BG to a + 1% cress section

increase ~ 1200 Mie inner core . GRI =~ 0.13

Reaction : JK/K % di86 (.ab-,olute)
235 U Capture © - 0.23 + .0049
239 Pu Capture + 0.55 +,.,0032
239 Pu Capture - 0.06 - ‘- L0032
.240 Pu Capture © = 0.02 1T - .0037




-3 -

" TABLE VI:-

B .
P

1,

Contributions of the total self-shielding

"effects on Xeff and IBG ( 1200 MWe inner core )
: B < 44

Reaction (4-;‘)% JK//(‘/‘ J]‘j,es ‘
238 U Capture 8.0 + 4.1 - .088
239 Pu Fission 0.7 - .38 - .0008
239 Pu Capture 2.0 + .12 + ,0064
240 pu Capture | 276 BRI Y ~ .0018

[
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ZLTRCDUCTION -

Before undertaking any ncutrenic study, it is
toportant 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 {(# T R).

From the view polnt of a reactor physicist, the
most important quantity to be established for a fertile
nucleus 15 witkout any dcubt the resonance integral on
which the ccnversion ratio depends in particular. We have
abready studied the problem of “he résonance absorption
calculation (ref [1] ) and proposed a set of evaluated re~
sonance parameters, on the basis of measurements published
by different laboratorles. 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 from integral measurements. For this purpose, a
compilation o€ (easurements was prepared in order to der-
terrine the 'best" value as reference for comparisons.

The follewing value was then adopied :

oo

Tew = o) £ =83,7+2,5b (1)

0.5 ev E

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

In order to improve the estimation we have re-
peated this study examining each measurements in detail
and adding rccently published values. Before presenting
this ncw evaluation we should point out that the definitiloen
adopted for thc resonance integral is given ky the formula
1, which mecans that the so-called "1/v"” part 1s included.

1 = COMPILATIQY ~-

This is based on the lates . version of the
C I N DA reference index {ref [2] ) dated October 1973
(Supplement n°1l}, which can be considered ar an exhaustive
list of refercrces 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 dependance in epither-
mal neutron absorption” mentioned in the irdex "Dissertation
abstract” (section B, vol 30 p. 3817 - February 1970). Howe-
ver, it ceems that the infinite dilution resonance integral
is not studied in thig work. It should be noted also that in
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the case of reference Il4 (see table I} we only have the fi-
nal result which is taken from BNL 325 (ref {3] ).

Fourteen measurements altogether have been col-
lected and their characteristics are listed in table X (sce
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 tor-
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 publlished in the BNL 325 (ref [3] bis)
for the cross sections of referarce nuclides. These values
are essentially :

- Resonance integral of gold 197 : I 2 - 1560 b

- Cross sections at 2200 n/s for :

AU

. Gold : 6G° - 98,8 £ 0.3 b

. Boron : G5 =759 % 2 b

Th

» Thorium : Uo = 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. RIBON (ref (7] ) confirms the BAL
325 value but with an error reduced to a more realistic f£i-
gure + 22 b, In this work we have therefore adopted the va-

lue AU . 1560 + 22 b°

2-2. Error calculation

All activation measurements directly involve the
3 factors UQU I 2“ and Ogh {see note 1 on the measure-
ments), which means that the relative error due to the wncer-
tainty on these 3 values can be expressed by :

Acgu 2 AcTh
AU * TEp t <
LN r? oTh -

o
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In fact it was decided to add the different er-
quadratically, which gives an uncertainty of 1.8% or

ors
.6 b

[t

For th2 other kinds of measurement {absorption}
tihe 3 factors are generally not lnvolved in the sune way.
However it can be shown by calculating the exact errer in
cach case that the expression of the systematic error due
to these 3 normalisation values is similar in relative va-
luc to thet of activation measurements.

2-3. Cut-off enecrgy

Since the so called "cut-off" energy given by
differcnt authors 1s not always the same (see table I) the
results are reajusted to the energy Ec = 0.5 eV, the gene-
rally accepted nominal value

2-4. ")2/V" part

In case where the "1/V"” part is not included,
a contriation d(1/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 [1
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
compoment is smaller thon that obtained by applying the for-
mula : .

o0
d(1/v) =J;5 oty /B & cgh\/ﬁsc 3,33 b

In the whole, the published value for the ac-
tual contributicn is about 1.5 b, as given by STEEN (ref,.
{ 6], and DERRIEN (ref. [8]) . Since the study of STEEN
seems to be the rost accurate study on the subject, we have
adopted this value, Furthermore, the value 1.46 b agrees well
with those calculated from the parameters generally taken
for the firt bkound level.

Cach measurement will now be examined briefly.

3 ~ ANALYSIS OF DACH MEASUREMENT

A fow comments on the methods employed, wiil be
found in the nctes of table I.

referenge Il _(E._STEINNES)
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If we refer to the values obtained for the other
isotopes studied, espacially uranium 238 (I~= 278 b), we
can consider this as a good measurement {BNL 325 value is
275 + 5 b). Consequently the result has merely been renor-
maliz2d. However, the experimental error applied is larger
thar. that apparently adopted; by the author since many
e» .nples 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 :

Too = 88.6 + 3 b (exper.)

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

Reference_I2_(L. BRESTENHUBER_and_al,!}

. On original f-eature of this weork is that absorp-
tion and activation measurements 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

0.5 ev de
Ecd = 0.4 eV andJ o, (E) T - 0.39 b.
0.4 ev

The result have therefore been corrected as fol-
lows
a} Renormalisation : 89,51 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 experiwental exror of + 5.3 b
for the absorption measurement and + 1.9 b for the activa-
tion measurement,wheuce the values

absorption : I= = 91.4 5.3 b {cxper.}

4

activation : Tee= 87.7 + 1.9 b (exper.)

Refercnce I3 (J. HARDY).




Many correcticns are made to alicw for diffe-
rent effects and as a result the spectrum shown to approach
a 1/E form. This suggests that the measurement is carefully
done. The —acertainty due to the normalisation values scems
to be under estimated, but since we separate the two causes
af error (eyperimental and "systematic") this makes no dif-
ference. The experimental error taken is that given by the
author, + 2%, whence the result after nor~’’sation :

Joo= 83.6 + 1.7 b (exper.)

Concerning the "1/V" contribution, the same re-
mark applles as for reference Il.

Reference_I4_(W.K FOELL and_al.)

The valuec of the resonance integral in infin.te
dilution is obtained by extrapolation of réactivity measure-
ments carricd out as part of a more general study on reso-
nance. absorption in Th 232-U,238 mixtures. (W.K. FOELL :
Doctoral Thesis - 1964 - Standford university).

Hany theoritical and experimental correction.
are applied in order to account for varicus effects (devia-
tion from 1/E spectrum, energy-dep-~ndence of adjoint flux,
reactivity effect of fast fissiohs. experimental corrections
on diffusion of absorbers an diluzants etc...).

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

Ioo= 80.3 + 2.4 b (expar.)

It is to be noted that the authors obtain a theo-
ritical valuc of 82.3 b on the basis of the BNL 325 reso-
naace parameters (ref. [3] ).

Roference I5_(_R. VIDAL)

In this work all effects beable to influence the
result are studied in detail, expecially the cf£fect of ihe
joining functicon for the spectrum calculation in the therma-
lisation range (treatement by the Horcwitz and Tretiakoff
formalism). It is worth noting that the result obtained for
icotopes such as indlam (3200 + 70 b), hafnium (2080 + SO b),

silver (670 + 20 b), cobkalt (50 + 5 b) and caesium (a50 +
15 b) generally aguee very well with the latest evaluation
reported in tho DML 325, More over, the different sources
of crror arc listed in cospecial detail. The various experi~

mental crrors hiave keen added guadiaticcaliy, the result
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renormalised and finally, the ®1/V" contribution {1.46 b)
added, giving : :

‘

= 8B.1 + 3.3 b ({exper.)

s

The value calculated by the authdrs from the
resonance parameters i Ieo= 87 + 6 b (without "1/V")

The artiéle 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 renomaHse
the result.

The uncertainty given by the author (+ 1 8 b)
seems greatly underestimated if the error on the normali- .
satlon volues ‘are included. Accounting for the errors quo-
ted on the cadmium ratic 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 :

Joo = B7.7 + 1 b (exper.)

Note that th2 value calculated by the autnor
from the resonance parameters is 96 b, which seems very
high. .

Reference 17 (J.B. SAMPSON and_al.)

The reference value for gold are almost the same
as ours  GBU 1561 b, 020 = 98,8 b), but he thorium 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 correcticn are necessary.,

while the deviation of the thorium thernial cross section
from a "1/V" law has been estimated correctly (1.5 b)

The cnly corrections here is therefore that ap-

plicd to the thorium cross section-at 2200 m/s. The experi-
mental error seems to be about 3% which gives the result :

Ioc= 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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Refeorengo_IB (1. I _TIREN)

Since the report is devoted mainly to the cal-
culation of self sniclding, it contains few details on the
rcsonance integral measurement itself. It is possible ne-
ve_theless-to renormaliser t£he result knowing that the va-
1 dor i .
luc adopted by the author are : Iﬁg = 1510 b (without "1/V")

and Ggh 7.45 b, giving 82.75 b for the resonant part, to
which“we add 1.46 b for the "1/V" contribution.

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

Too = 84.2 + 3.5 b (exper.)

The value calculated by the author is 82.3 b
.(without "1/V7).

Reference I8 _(R.B. TATTERSALL)

o According tc the authors them selves, the spec-
trum probably diverges appreciably from a, 1/E form, although
therc ,may be some cormpensation du to the adjoint £lux

(9 x ¢ ~1/E). In addition the "self screening®™ correc-
ction seems rather approxirate, which casts doubt on the ex-
trapolation for infinite.dilution.

In view of these different sources of uncertainty
it was decided to disregard this measurement, which in fact
would weigh very little conslder ‘ng the margin of error in-
volved (+ 10 b}.

0f the 5 results given we concentrated on the
last two, which correspond to measurements carried out on
the thinnest sarple. After renormalisation of each measure-
rent the averagce valuc was taken. With regurd to the range
of error, account i:s taken of the fzct that the uncertain-~
ty on the resonancce integral of gold is smaller thaon the
author suggests. Frem the known total error, the experimen-—.
tal uncertainty £5 cotimated at + 4 b.

Tac value finally taken is :

Io= 84.5 + 4 b {exper.)

Reoforaonce_Ii)_ (V.B. KLIMENTOV_ and_al.)

Given the abnormally low value provided by this
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measurerent, the results obtained for other isotopes werc
compared_with the recormanded values in the latest BNL 325
{ref. [3] }. For uranium 238 the measurement gilves 224 + 40 b,
whereas the value dquoted in [3] is 275 + 5 b. Similarly for
silver, we have :

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

and for indium :
measuremant : 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 apmlied. Therefore, this measurement has
been disregarded.

The measuvements Were carried out successively
in 3 quite different regions of the core where the spectra
are probably very far fram 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 msasurement will be neglected.

Refercnce I1: (R.L. MAKLIN)

The two articles dealing with this measurement
give two sightly different values : 67 b (without "1/V") and
69.8 b including a "1/V" compoment of 3.z b. The valuc adop-
ted here is the latter, given in the merc recent publication
(Frogress in nuclear energry).

The article docs not explicitiy state the value
used for the thermal cross section of thorium, but in a cal-
culation of the “1/V" contribution the zuthor applics formu-

la (2), i.e an expression of the form ¢ (1/V) =& 7o¢ In

principle o . 5 EO - 0.450, but if we refer to the value
calculated for gold,” {1/V) = 45 b wath ¢ = 98 b, we find
o¢=0,459 wherers aukhnr uses of = (.44. [t £idally secms that
the value emnloyed forooiz 0.459, whica gives for thoriun

(4 (1/V) = 3.2 b) : 50 =7 b, o

. From this valuc and from those adopted for gold,
the result can be renormalised, which gives 73.28 b. Since
the cadmium cut off ig 0.4 eV, the integral fiaction between
0.4 ¢V and 0.5 eV, i.c 0.39 b, must be substracted, swhence
the final value :

Joo=m72.9 + 5 b {exper.)

The error given here is that reported by the au-
thor in the other article {J.N.S.).
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noference_3l4_{L._SEREN)

Ag nentioned akbove the original article concer-
nirg this mcasurement is not avalaible. The only informa-
tion we posscas cemes from the BNL 325 (1965 edition), and
frem a ccrent by Macklin in the article just referred to

rzef I3},

It seoms that this mezasurement carried out in
the first Chicago graphite plle (reactor CP3}, is an "ab-
colute” reasuremcnt which is therefore independant of anyv
noyoalisation against another isotope.

The problem is to fix & margir of error for the
result. The choice is made more difficult by the fact that
the pothod uced cannot be compared to any c¢ther. We there=-
forec decided to take an arbitrary mardgin ¢f + 5 b, the ma-
ximun error found so far.

The value adopted is thus 3

Io=84 + 5 b (cxper.)

4 - EVALUATICN PRCOCEDURE

In view of the corrections applied, it may be
considered that the experimental error assigned to the 11
remaining reasurerents covers thc different sources of expe-
rirental uncertainty. Each measurement Xy can then be wei-
ghted by the inverse square of the experimental error xg
uging the formula :

11 2
z x, / (Axil

= . =1

an = i
S 1/ (Bx,) 2

[
i
>

which gives 85.8 b,

To cstimate the total uncertainty on this result,
the two sources 2f crror rust now be distinguished.

a: Uncertainty on the normalisation values, which can be
called the systematic error. The same value is taken for all
the rcasnrements, l.e. dy x = 1.6 b

b) Experimental uncertainty which can he estimated by
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applying the formula :

11 o
; (x, - % 12 x 1/(ij_)2

{11-1) ? 1 Ax
=3

(d, 12 =

We thus £ind an error d, ¥ = 0.9 b.
Adding these two errors linearly, we obtain a
total error of 2.5 b.

Firally our recommanded value for the resonance
integral of thorium 232 is :

f a. (£} SE = 85.8b10.9 (exper.)+1.6 (norm.)




TASLEAV 1

QRIGINL MIUCRES CARACTERISTIQUES EVALUATIONS
{c) Ce travail
, (315101 RN, ENERGIZ |BNL.I25 | DRALD DARALL ) (erreur
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16 (IR {1965 | B81.24 + 3.4 | aBS [AU:To=1579 b 0.5 79 + 3| 81,2:3.4181,243,4 | 80,332,4] 255
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COMMENTS ON TABLE I
The CINDA code has been adopted for the labkoratories

INSTITUTY FOR ATOMENERGI, KJELLER NORVEGE

GESELLSCHAFT ZUR FO.DERUNG DER KERNENERGIE, GRAZ
AUTRICHE

WESTINGHQUSE : BETTIS ATOMIC POWER LAB ~ Pittsburgh
U.S.A.

PHILLIPS PETRCLEUM COMPANY - Nat, React. testing Sta-
tion (IDAHO-FALLS) U.S.A.

Centre d'Etudes Nuclé&aires de Fontenay aux Roses -~
ERANCE

Kernforschungszentrum - Karlsruhe - ALLEMAGNE
General Atomic - SAN DIEGO (CALIFORNIA) U.S.A.
AEE - Winfrith - Dorchester ANGLETERRE

HARWELL - Atomic Energy Research Establishment
ANGLETERRE

Oak Ridge National Laboratory (Tennessee) U.S.a.
U.R.S5.S.

Argonne Natlonal Lab. LEMONT (illinois) U.S.A.

The year is that of publication

Two distinct types of measurement are generally
involved :

ACT : Activation mcasurements which use the cad-
mium ratio technique

ABS : Absorption resonance integral measurement
using the technique of reactivity variation
set up in a pile when an absorbant serple is
introduced (see notes after theses corments).

AU-Io refers to the resonance integral of gold
which is usually taken as the normalipation gquan=
tity.

The cut off energy only applies in the case of ac-
tivation measurements which involve a cadmiun £il-
ter. For absorption measurements the energie is
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marcly conventional (ncminal value).

Cvaluation ported in BNL 325 (ref 7))
o= 83 + 3 Db

This estirmation refers to a value 1535 b for the
resonance integral of gold. In the latest version
of the ENL 325, the reccrmanded value is B85 + 3 b.

Evaluation made by Drake (ref [4] ) :
I.=84+5hb

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

Evaluation reported in ref. [5] , based on the

choice of the "best” measurement which, according
to the author is that of JOHNSTON (ref., I10) :

85.4 + 8.5 b.
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NOTES ON_THE MEASUREMENTS

(rable I}

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

AU _ Au

;T _ oTh Rea” DT
°o = o Th av
Rea~— 1 0,4

where Red is the "Cadmium ratio”

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 o , which characterises the specc~
trum at the measurement point ( Gof:5g Uy +0 To)} 1s Jo-
termined by means of a gold resonant standard

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

The calibration value linking the reactivity varia-
tion to the reaction rates is oktained 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.

Measurement of the same type ar above (note 2) except
that the reactivity measurcment are performed by the
oscillaticn method.

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

v q
a = \[rTo AU v
g 2a Fea

X
(R -1)+
oAU cd

]

Ecd

s For reference Ill the standard is lithium.
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where
. r &c Vescott index (« being the spectrun index)

. g{T) Vescott's factor : g = 1.005 for golad

o9
. oM =f [c(v)-g oY 3°] a2 ( 4,joining
x o function)

. Ecd = 0.55 eV (must be expressed in k T units).

Pron the measured ratio AU = 2.065 it is possible to
deduce & . The same formuig this time applied to tho-
riut (g = 1), leads to : :

Th Th

4] .
4 . % -0.429 cd 2 .
ST T ne -, ¢ VEe = 0479
] cd
The measurcrent of R 22 { = 2.383 £°1%) can then be

used o deduce o:h » which the integral required (wi-

thout “1/V" part)- i
Measurcrent carried cut in a U235 - Hzo pile

Measurement carried out by comparison of the Th - 233,
AU 198 and Va-52 activitles resulting from inadiation
of Th 232, AU 197 and Vol 51 in the reflector of the
reactor TRIGA (U235 - 2r Hz) then in.a thermal column
{"vanadiun substraction technique®). The conventional
cadmiun ratio method im also applied but gives poor
results here.

For this rcfcrence I8 the measurements are carried out
in a thermal column of the reactor NESTOR (U235-H,0)
and also in the U235 - graphite reactor ZENITH.

Oscillation rcasurements are performed at the center of
a heavy watcr-moderated reactor (DIMPLE). The irradia-
tions are carriled out in two spectra, one of which ther-

mal in ordor to immeasure the. cross section at 2200 m/s and

the g factor.
Measurement carried out in a heavy water reactor.

Measurement performed in a uranium - graphite reactor.
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TRANSMISSICN DATA

+

17, DERRTEN AND P. RIEON -
w
CEN = SACLAY. G

In tho study of the lcw energy crcrs sections of even heavy nuclei
such as 2327h end 23°u cnly tho clestic {n,n} end captura (n,Yy) reacticns
hava te Jc conslidored, tho ficolen beeing of very little irportance for
reactor agpplicaticns 3 for each rogonance these reectiens are ceracterized
by trn noutren width l'n cnd the totol racietive capture width l‘y. These para-
metars cen bo chtoined by the enalysis of up te 4 kinds of oxporimentel data :

troncmisolicn, colf-indicotion, scattering end cegture moasurcrants.

Tho varicus tochnics which cen be wtilized fer tho enalysis of the

axperinentel dete ezn ba chered between twe groups of nmetheds

8} the crea enolycis : tho widths I‘n cnd TY arg dotermincd from
tho otudy of thc cxperirantal orca of the roscnences. Eoch oxperirental
value af the orea, /\E, ig a functicn of I‘q. I‘Y end ¢f the thicknoss n of tho
armple. This functicn, AE
thon pogsible to crow in tha [I‘n. Pyl plene tho curve depicting I‘n as a

e f (T.‘_, I'n, w3, 15 eosurcd to bo known ) it is

functicn of [ for cach exparimental data, A1l of theso curvos should go
through the potat (T ,, l‘w] corrosponding to the true poremators T, end

T
YA
a1l of tho curven oo nat go thrcugh the care point eng the problen is to

of the rcocoacnes ¢ at 8 mattor of fuct thore 1s @ opreading of results,

dotormire tha best c:nuurg?ng peint. Tho functlon f ([, I'n. n] tckes into
feccunt exparimontal offects like solf serpening and multiple scottering.
Tho rosoluticn funeticn 1s not nceded, btut it 4s eeocosoo-y to dotcmina tha
oxporimontol valuc of the total crea of theo resoncnca, insluding the wings ¢
fer nen isoleted rosenenca oema difficulties cen crizc. An cthor difficulty
19 the right usticction of the cultiple scattering affect in thick samples.
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b) The shepe analysis : the theoretical) value is calculated for
gach date point in tke resanances and ccmparcd to the expsrima_ntal valua

the thecretical curve can bg adjusted to the experimental points (fitting pro-
cedure) by a least squere mathod which provides the valups of tha rcoonance
paramsters, It 1s necessary to teke fnto account the raﬁoldtion functian

and the Ocppler efvect 1 presently the memory size ant the orzed cf compu-
ters ara greet enough to allow for :nmﬁlicato formulations of the resonsnt
cross sections fer large number of resanences anc largo number of dste points,
This method can be eesily used for tranemission dsta for which no complicated
correction have to be done. For the partial croas_sacfiun, such as cepturo
cross secticn, it is naecessary to use experimental date corrected for
self-screaning and multiple scattering effects on sach measured point ; if
this can be done, simultaneous erelysis of transmissions and partial crosos

secticns will provide very accurate rescnanco parameters.

Thka prablem of the right knawledge of the resolution and of the
Doppler effect 1s important in the shepe enalysis i one want to detarmine
accurate velve of the totel width. However this prgblem is not crucial at
lcw Energy due to the excellent resolution achievod at the pretont time in
the time of flight experiments end to tho fact thet the Doppler cocfficient is
known with an accuracy better thén a few per cent. Then accurate values of
T cen be cbteined for low energy rosonances and consequently accurate
valug for the everage cepture width <Py>. At higher snergy, the rnasolution
function cen be adjusted to chbtein the seme <T > vslue, Such motied has been
used by one of us for 2:AzTh GE 59] 1 he obta!.:ed very good values below

200 oV 3 above, the voluee ars more scattered but cohoront in thoir averspa.

All trenciiisaion data obteined up to now at the Saclay 60 MoV
tinac have been anslysed by least square ohape analysis. The codes uped for these
analysis hovo boon described in detail elscwhero [Rl 84]. The theoretieal
trenemissicn at tho neutron energy € is calculated by a formmuls of tho fol-

leving type 3

) - asceo " By
axp
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g A(E] fs tho crass gocticn braedengd by the Ooppler offect

{ozoontinly a cus of U end o functicn pluo o term teking into account the inter~

forpnca botuwcer rosenzneca in the neutwon channel)

s 15 g torm for bechkground edjustrment {egual to zero if there is

no cyotcaotle oppar in tho background dotcemination)

¢ i tho nommalizoticn coofficient {(equal to cne 1f the normali-

zation is corrocti
A (E) iy a gousoian resalution funceien

Scveral sots of oxpericmental doate cen beo simultenecusly enalysed.
Tho lesat sguero edjustment cen Lo €eno en tho rascnance peremators

(€, I‘n end T) end, for cech dats sot, on tho correctivo parametors s and c.

The X* to bo minimizcd hog tho follewing form :
- Tr - fo« D-nq‘[E)*R[E] :
x Z axp c
L

For 4nstance, the tackground adjustrmont corresponds to the

solution of tho follrwing cgustien

'-‘l’)-o-ZZ [Tr

oa E

- a = poePOALE) -I
oxp = @ 7 €0 A RIE)}

le Gt

Z [Truxp - a) = Z co'r’UA[E] ¥ RE)
€ I

if th2 sud 15 cede on en crergy intorval lerpo cnough compared to tho rgsonanca
widths, tho socond rcminr of this equation representa the theoretical total

crea far cach resznance cnd i3 indrpongant of tha resoluticn 4function. Sc,

aftor cdjustront by leant cguera of the gpararcter e, wo alioayd havp

theorctical arco = 4w (Tr a) = oxperirental oroa.
E

axp
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Then, th: lesst sguere shopp analysis methed givos tho right volue
of the area, evan if the resclution function 1s wrong, efter a peosoiblo

correction of the beckground.

In the socond part of this pspar, we shell oxanino somo rasults

238,

chtained by shepe enalysis performed on some zazl'h and U trancmicoion

date from Geel ang Columbis.

A - RESULTS CONCERNING 23%rh

Table I shows the results chtalned from the Columbia dota in tho
1455 te 1550 eV energy rengo. A part of these results concerns tho 0l
Columbia deta [Columbie I} end has becon reportsd already by 1°Héritcau ot al
at the knoxville Conference (1974) [LR 71]. Frome this teble, ono cen drow

the following conclusions :

1) The I‘n valups obtained from all the tranomission deta (Columbia I,

Celumbie II, Saclay) by cur shipe enalysis egree within the cerar ber, while
the values cbteined by Cerg et ol by arce enslysis an the Colurbis 1 dets

are lower by a facter about 2

2) tha shepe snelysis of Columbia I data brings out an importent
systemetic orrer in the backgrournd (27 % for the thin cemple, for inctence)
this error is protebly at the origin of the discrepaency chservcd batween

Garg velues and ours

3} the valuos chteined by Rahn from Columbia II egroc with gurs
within 5 % on the avprage 5 in fact, thero ic very 1little corrocticn to bo
dong on the beckground (leos then 0,01) in thic emergy ronpe for Columble II
gato.

Ir the enegrgy rongo from 2,5 koV to 2,7 keV the parems-
toro resulting from cur shepe enalysis aof Colimbia II dete egreco with Rehn
reoults within ¢ % on the overago, but tho background corroctien vaorics from
G % 10 %o 3 x 1072, i, e. 15 groster than in the 1.45 to 1,66 koV enargy

renga.
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Teblc 1I shows tho results ehtelned tetween 2.2 keV and
Su7 kel frer Celunbip II dotos Thero 1s o disogresment of 10 % on the average

Cav

botwoon fiohn rooulto end curs. The dissgrecment on the lerge resonences is

cererally prooter then 15 %. The bockground corrgetisn is equsl to 0,036
fgr Tha C.0324 at/b semple end 0,065 for the 0.0211 ets/b oavple. It ceems
that o systcnatie orroe in tho beckgreund still exist et high enorgy for
tho Cclywbie 11 dota, cnd is et the otigin of 4he cecreesing of the l‘n va~
lucs chtoincd ty Rehn whan the cnergy inerpeses. This mey be the explenstion

of the low velue of tho lecol strength function cbteinez by Rabn above 2 keV,.

c - nesutts oy 238,

Tin: Codunbio 11 o Tuwi dola
ts 1,60 keV crnargy venge, Tha hackground correction is negligible on the
Caoel trencnisnlons end vory cmall for thoco of Colurbla. Qur recults of the
Crel ong Columbio date chepo anelysis end tho values publisted by Rahn ere
in agrecment within loss then 4 % on the evorego, while tho vsluos gublisher
by Carraro [Cn 711 org 15 % ar VED % higher, The following remarks ‘-ve to be

deng ¢

1} cur ghogo rnalycis of tho Colusbia trencmissions is rearly in

agrezment with Reho arzo erelysis cf tho samp deta 2

2} cur chapo caoslysls of tho Gepl trensmissicn is in disagrecment

with Cerrare rosulty for tho soma cdeta

3) forrero I'n voluca era prebebly cvarestimated 1 e simultenccus
chcpa cnolyads of Colutiio end Ceel treansmissions would lced te rasults not
far fren Rehn reculene Tnin enalyods cothed would pive seriqus smelioration

in tho 7egy rcaonznce gorancter cvaluatien,

INCLUSTON

Frem thoso atudics we conclude @

1) tke zhape enalyols previde all tha informaticn resulting from

tho oroa analysts, sven If the resslution function 43 grrcnecus o
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2) tre shepe analysic allows tho detection of systematic crrors

on theg normalization anrd the background dotormination, and their corroctions »

3} the shape analysis is particularly usefull when thore era no

sophisticated correction such as salf-sergening eand multiple scattoring

4} the origin of discrepancias between various reocont trancmissicn
data is mostly linked to analysis methods {case of 238U betwean Gesl end Coluzbia )
there is a problem of background deternination for sorme cld results, or at high
energy for some rccent data.

5] for high cuality svaluations of rescnance paramgtors it io
rec=mmanded to check the enelysis of exporimental data in solectod ansray
rarges i ip perticular, the previcus erronegus Cclumbis date (Cclumtia 1)
wouic not have been recormanded )

6) from our analysis we ccnclude that, for ZSBU' beolow 2 kaV,
the Columbila II set of roscrencs paraemgters is bettor than tho Goel's sot,
For 232Th we conclude that, although it may ba a little bit avervelucd,
tre Secley set of meutron widths has to ho proferred to Columbia's sot

which presents en underastimsticn increasing with encrgy.



TABLE 1.

s

2 coldia ¥, valuaBetveca 1550 ev cud 1ETD ov,
Surse enaliois Colu=dia 1 Shapa nnalynis of Colr-3ia 11 Lhage anslysis

Ezezpy publishcd valuzo Colu=hia 1 datn publighed valces cf Coluzbin IL data
[Ga €3] [m 71} [nn 72) {present vork)

ISED.4 e 225265 ov 9.9 2 1.6 wV 230 2107 v 21,03 1,50 ey 20.5 ¥ 1.0 =V

1588.7 w2 29 207 16 s T 269.3 £ 39.07 310 5.0

1601.8 55 = 6.5 am g 49.8 % 3.6 48.84 2 6 a6y L2

1620.3 549 233 303 * 20 s01,0 2 18 $10 = 5001 50 g

1639.8 w *e W 2o 65,724 461 2 4,86 42,0 T2

1660.7 122 %3 1.5 o8 e g aa 2 e 1 2as

zr 1160 676 1055 1028 1078

n

In the shose aanlysio of Colu=hia I data the adjusted background parcmefere a vere gqual to @
0.015; 9,11 and 0.27 (3 ne=plas)
In the shope analysis of Coluzbia II duta the ndjusted backgrovnd parazeters a were equal to @

0.009 for the 0.6934 at/b aaople;
0.003 " ® 0.031) " "o
o0.001 “ " 0.0052 " » .

~ £9
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TASLE 11.

fh - Columbia [, vzlues between 3200 ev and 3620 cv.

Shape analysis Columbia
Snergy of Columuia data published values

(2 thicknecases) [nn 72)
3229,4 eV 16 21 mev 17 23 pov
32642.5 AR 1423
3252,7 9725 8529
3270.0 2t 2624
3295.7 461 = 10 405 & 44
3331.8 5223 2216
3342.9 147 2 7 172219
3383.5 06 2 6 4t 0
3409.5 102 522
3442.9 1922 2023
3471.9 1522 183
3521.,8 12727 107 X4
3574.4 16t 2 17 %3
3594.4 w2 21 24
3611.6 139 ¥ 7 120 ¥ 15
i 1259 1142

In thu shape enalysis of Columbia data the adjusted backpround

paramcters a were cgual to

0.037 for
0.065 for

0.0934 at/b  aample

0.031)

at/b ocaomple,

|
}
J
E
|
@,
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EVALUATICN OF 232Th RESONANCE PARAMETERS

2. DERRIEN

4

C.E.N. - SACLAY L

INTRODUCTION

In the last few years important work has been
undertaken on <24¢Th resonance parameters. The results
achieved both for the individual values and the average
values are frequently in disagreement. The main purpose
of this work ls to cxamine the wmost significant resules
and to propose a set of resonance paraneters which seews
rore credible. It is obvious that the selection nf a set
of paramoters has cffects in many areas, particularly in
calculating cross sections i the thermal area and high
<saergy average cross sections ;o it is also necessary to
check whethor the capture integral calculated as from the
difforential data chosen i5 in agreement with that evalua-
ted as from integral deterninations. Consequently the
pattern of this paper +ill be as follows :

Evaluation of resonanco parameters and of their average
values.

Cross sections in the thermal range and negative resonances.

Calculation of the capture cross section by a statistical
model and ccmparison with the measured values,

Evaluation of the canturc integral from differential
data and comparison writh the integral measurenents.
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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 exverimental data obtained, in chronological
order, from the laboratories of San Diego [Ha 65], Harwell

As 66}, Saclay [Ri 69], Brookhaven [Bh 67], Argonne

Bo 68], Los Alamos [Fo 71] and Columbia [Ra 72]. In the
case of the Columbia data, we disregarded old publications.
Different types of measurements and different mathods of
analysis were employed ; so that the problem of selecting
the parameters m.y; be properly determined, we shall review
them for each laboratory.

The capture cross sectlon only was measured. Three
sample thicknesses were used (0.0038 ; 0.05i2 and 0.0004
at/barn) ; the capture y rays were detected by a liguid
scintillator. For each resonance the experimental results
were analysed by area method based on the convergence of
a set of curves in the (I'n, Ty} plane, the capture resonance
area being considered as a function of parareters I, and
Iy and of the thickness n of the sample. The values of
I'n and Ty were determined for 11 resonances between 21.8
eV and 221.9 eV.

2) Harwell -

A varied set of techniques and sample thicknesses
was ermployed :

a) transmission measurement using 15m, 120m and
192m flight paths with sample thicknegses varying from
0.00024 at/b. to 0.113 at/b;

b} capture cross cection measurement by means of a
HMoxon-Rac detector with a 32.5m £light path and three
sample thicknessces (0.00071 ; 0.0014 and 0.0029 at/b.) :

¢) scattering crosas section measurement using a
lithium glass detector with a sample thickness of 0.00014
at/barn.

The resonance paramctors were established up to an
encrgy of 866 eV by three diff.rent methods :

a) analysis of the transmigsion data ugsing Lynn
[Ly GO]arca analysis code (intersection of curves giving
the rclationship betwecn o, k? a? and I'/ka) and Atta-
Harvey [at 61] arca mcthod . The T, and Ty values were
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obtaincd for reconances up to 170 eV, and Ty, for the other
veoopances. A get of curves of T versus Ty were also
cstabkliched for certaln resonances and different sample
thicinesses ; i

b) simultancous analysis of capture and scattering
cerans sections, hy studying the convergence of several
curves in the plane (I Ty} ; the values of T'p and Ty
were ebteined for most of the resonances ;

¢} study of the convergence of all the curves in the
{Thr 'y} plane okicined for cach resonance as from all
the measurcments and all the semple thicknesses ; a third
set of I'y and 'y values was thus obtained.

A comparative table of the parameters obtained from
the threc rmathods was given.

3 sazglay -

The set of parancters was mainly established as from
the transnission measurement of a 0.120 at/barn thick
ganple, made with a 106m f£iight path with a very good
recoluticn. The reconance parancters Wwere detormined by
least cquarg chape analysis method [RL 66}. With this
rethed, 'y can be determined in every case,and I'y by diffe-
rence between T and Ty 1f the Doppler effact and the width
of the euperimeontal resolution function are not tco impor-
tant (up to about 300 eV in this measurement). The neutron
width values are given up to 3 keV.

4) Bpopgkhaven -

The nmeasurcments econcern nnly the 21.7 ; 23.4 ; 59.4
and 6%.1 oV rasonances. These transmission measurements
uscd a 29.7m flight path with the BNL fast chopper. Five
garple thicknosses were used (0.00015 ; 0.00076 ; 0.0030 ;
0.6092 and 0.028 at/barn). The Atta-Harvey methed was
uscd to cbtain the reconance parameters, i.e. Iy and the
total width T ; Ty was obtained from the [ - I'y difference.

Thosa alco were transmiasion measurements, made with
t..0 ANE f£aast Chopper, in the purpose of cobtaining the
pararctors of the £irst iour resonances. The preliminary
reoulto only havo been published, in a progress report,
withowt any indicatien as to the analysis methods used.
The p and I'y parameters of the resonances were given.

6} Legzhlanes =

_The wopturc cross section was measured on the Physics-8
undcrground cuplonion, et a 250 m flight path, with a
rodificd Moxen-Rae detector ; the neutron flux was measured
by the SLi (n,a) reaction. Two sample thicknesses were
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used : 0.001 at/barn and 0.05 at/barn. For the large reson-
ances, the [y values were obtained from the capture arcas
by using Garg [Ga 64} I'n values up to 1 keV and Ribon’s
[{RL 69] from 1 keV to 2 keV. The theorotical arca was cal~
culated taking into account the contribution A, to the
capture after a first scattering in the sample™; A) was
always very small with respect to the main contribution Ao.
The theoreticai area was adjustei to the experirental area
by a trial and error method by assuming [p to be well
known ; Ty was thus obtained for 66 levels up to 2 keV.
For the small resonances, the same rethod was wsed ; but

Cy = 20 meV was arbitrarily applied, the capture area then
being but little sensitive to the choice of Ty ; thus gT,
was obtalned for 124 levels up to 2 keV. The averaac
capture cross section was alao measured up to 60 keV.

7) Columbia -

Three kinds of measurement were made using the syn-
chrocyclotron 3

a) transmission measurements at 40m and 200m f£light
paths with sample thicknesses varying from ¢.10 at/kara
to 0.0011 at/barn ;

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 2.00112 at/barn
thick samples.

The results were analysed by the same kind of method
as those of San-Dlego and Harwell, uamely, for cach reson-
ance, by studying the ceonvergence of curves in the (Ty,
Fy) plane, obtained from different experimental arecas. A
shape analysis was also made for somc resonances of the
thick sample transmission. The rescnance parameters {Tp
and My} were given up to 4.5 keV.

2. Examination of the results obtained for the four “"s”
resonances below 100 eV.

These four resonances are of particular importance
in calculating the capture integral to which they contri-
bute for about 70%. Hence the greatest care is neceded in
determining their parameters. Table I - 1 summariscs the
results obtalned as from seven ceto of experimentso the
characteristics of which have 3ust been recallecd. The
dispersion of the experimental valucs i3 guitc important
especially concerning the resonancc at 23.4 cV. However,
for the three first rasonances, the neutron width 1s =zmall
agalhat the radiation width : the capture area being pro-
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portional to Ip I'y/(In + Iy}, it is then important to
deternine Tp with the best accuracy, for this ratio is
haidly sensitive to the error on Ty ; for instance, a
variation of 202 on Iy induces a variation of about 2%
in the capturc area of the firstrasonance, 3% in the
second and 4% in the ¢hird,

The dispersion in the values obtained for Py can
be cagely undarstood, since, in addition to the errors of
oxperinontal origin due to the fact that the exact deter-
mination of the experimental capture area requires much
adjustrent {efficlency of the detectors, flux measurement,
sclf absorption corrections and multiple scattering correc-
ticus, ote...}, the arca methods used in the analysis are
frcguently not very accurate ; the set of curves obtain-
ed in the (Ty, I'yv) plane is far from converging to a
single point : the lack of convergence may be due to a
formalion defect and to systematic errors in the experi-
mental data. The dispersion of some ' values are more
difficult to accept, for they should ke determined with
good accuracy fron the transmission neasurements alone
wlilich are absolutce weasurermants free of the systematic
crrors cncountered in capture and scattering reasurements.
Prgbably the method of analysls arse at thke origir of the
dispersions cbzerved. It would be decirable to apply the
soame ghape analvsis method to all the transmission ex—
pericengal data.  Pailing such a comparison, we must make
do with the critical exanmination c¢f the values in table

I-1.

1J Resonanco onergics

In accordance with tho principle itzelf of “he shape
analysls by least sgrare nmethed, thie encrgies proposed
by Saclay are froc of the error introduced by the estima-
tion of thc "centre" pesition of the resonancc. They
agreoc with the other encrgics to within o1%, excep: with
the Harwell volues where the difference 15 4% for the
four resonances. dlso, up to 3 keV, the cnergies quozed
by Coalurbia rorain in perfect agreement with those of
Saclay. It thorcfore soems reasonable to keep the Saclay
valuog with o posaible systematie crror of 019, Ln other
vords the follewing waiuvee ¢

783 * 0.022 ¢V
L5439 & 0,024 oV
514 = D.060 oV
223 0.070 ev

11

The valves propoced by San-Dicga are only baced en
tho analysic of o capturc €ross section. The authors agree
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T
£ H (a rY
Reference o ; Tl' T“ T:*—'T
H
Ha 65 21.80 % o.04 !' 21. s, 21 fon 1.909
As 66 21.69 baae T2 1.88 20.05} 1.746
Ri 69 21.783 21.3 3.7 1.96 to.08} 1.795
Bh 67 21.78 22.6 2.4 2.6! Yo.7! 2.338
Bo 68 21.80 2 0.04 26.5 *1.2 2,09 Zo0.03] 1.937
Ra 72 21.78 ¥ 0.02 0. 22 1.91 20.09) 1.743
Ha 65 23.67 Yo.061 22 s 6.0 To0.3 | 3.385
As 66 23.35 29.9 2 1.5 3.40 20,08t 3.061
Ri 69 23,439 28.2 % 2.9 3.64 20,121 3.224
3h 67 23.45 22.0 ¥ 2.6 4.7 20,251 3.506
Bo 68 23.47 20.061 25.2% 1.1 1.1 20,051 3,53
Ra 72 23.43 Zo.02% 25. %2 3.2 % 0.24 1 2.868
| Tr
n
Reference Eo E FY l‘n ‘.n+ F,(Y
Ha 65 59.5 0.1 22 %7y .0 Zo0.4 3.385 ;
A5 66 59.34 23.2 % 2.0 3.3 fa.09{ 2.920 §
Ri 69 59.514 23.6 £ 0.7 3.93 Yo.e8! =.370
Eh 67 59,46 16.2 ¥ 2.3 a4 20.277 3.466 !
Lo 68 59.52 2 p.o7 35,7 % 2.9 3.77 2005} 3.370
Fo 71 $9.5 22.7 2 6.0 4.00 20,31} 3.408
La 72 59.48 2 0.08 25 2 3.93 20.23) 3.39 ;
i
e 65 69.2 o 24 a2 a7, Is 15.89 ;
As 66 68.95 21.2% 1.0 s a2 | ors02 iJ
Ri 69} 69.223 20.5 % 1.0 4.0 *o.5 | 13.98 j'i
me7 1693 2.5 >4 42,9 2.6 | 14.32 B
o 63 1 69.25 2owr ! 235 %04 42.0 0.8 | 15.07 i
Fo 71 4 63.1 21.9%2.8 a2.5 21,7 114088 i
za72 4 697 foaef 25 22 4.0 2 2.0 {1591 i
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on the fact that the area method used gives only T, with
precisicn if P << Ty, and only Ty if Ty > Ty. Therefore
the I'y values of the first three resonances will be eli-
minated, as well as the Pn value of the fourth resonance.

Harwell's values are culierent on the whole, except
for T of the third resonance where the dispersion of the
values obtained by different methods is very great :

3.76 meV (transmissiou at 120m and 15m} ;
4.60 meV (transmission at 120m) ;

3.05 meV (capture and scattering) ;

3.34 meV (total rcsults) ;

as this dispersion 1s not explained, the I value for this
resonance will be eliminated.

The values of Saclay should bhe kept as a whole ;
they were obtained by a shawe analysis using the least
squarc nethod : the adaptation of the theoretical curve
to the experinmental transmissions is excellent. The Ty
values obtained from the (F -T,) differences are fairly
accurate, foxr the Doppler width and the widih of the re-
solution funcstion are rather small at these energies.

The Tr values proposed by Brookhaven are systema-
tically greater than the other values for the three first
regondnecs. The authors pointed out that, fir determining
I'n of these resonances, the weight of ten was assigned to
the transmission neasurements of the thinner sample
{¢.000154 at/barn) and the weight of one to the other
thicknesses. Now, for such a small thickness (i.e. 0.000154
at/barn} ard in view of a bad resolution, the minimum of
transmission at the peak of the resonances is greater than
0.95. The method Ls thercforec surprising and justifies
the climination of the I'y obtained. As for the fourth re-
sonance {62.22 V) the parameters are very consistent
with the ether results ; incldentully, the authors have
pudbliched the results of the analysls by the Atta-Harvey
least squara methed, for six experimental areas ; 1n
this cace, the adaptation of the theoretical areas to the
crxperimontal arcas 1o excellent.

The values of hrgonna were published in a progress
report and werce considered as preliminary Ly the authors.
There is no systomatic disagreement with the other results,
cxcept for the thicd r.oconance for which Ty is excessively
great and uhich we shall clbninate.

The Los-Alamos repults do not include the resonances
at 21.8 and 23.4 ¢V ; for the third and fourth resonance,
the authors used Garg's Tp values (which do not differ
ruch from the now values of Columbia) ; so we rhall only
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keep the Ty values which they propose for these two reso-
nances.

The values of Columbia are to be kept as a whole,
although the I'p value proposed for the seccnd rescnance
is rather low ; as a fact, it contributes t= the signi-
ficant dispersion observed in the neutron widths of this
resonance.

3) Regommended_values

The recommended values are given in table I - 2,
They are obtained by averaging the selected values
weighted by the reciprocal of the sguare of the absolute
error. In the last column of this table, the T, Py/{l, +
'y} 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 Los~Alamos
being the only laboratories to propose resonance parameters
from capture measurements onlyj.

The errors in the reconmended values are not es-
tablished from a strint criterion ; they attempt to re-
concile the greatest number of. experimental values. In
particular, the error on I, ©of the second resonance
(around 10%) reflects the great dispersion on the measuxr-
ed values. This is the main black point of this evaluation
and it would be necessary to reconsider the analysis for
this resonance.
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TABLE T -~ 2

fu y Ly
Erergy — — f‘n +y
(eV) Value Origine Value Origine
[{=11'8] (reV) {meV)
SD, HAR
21,783 Y 0,022 | 2,02 ¥ 0,06 sac, arc 26,5 2 2,0 | mar, sac | 1,87 2 0,08
coL ARG, COL [ (SD —= 1,91)
23,439 2 0,024 | 3.88 ¥ 0,40 cp, AR, SaC{26,6 ¥ 1,5] HAR, sac | 3,39 ¥ 0,35
580, ARG, €Ol ARG, COL | (5D —»3,38)
59,584 % 0,060 § 3,90 2 0,15 sp, sAC 23,7 ¥ 1,0 | mawr, sac | 3,35 20,14
ARG, COL LAL, COL | (1A—>3,40)
{sp —-3,38)
69,223 £ 0,070 { 43,2 21,0 mar, sac 21,9 20,7 | war, sac { 14,53 2 0,70
DRO, ARG BRO, ARG, | (1A —e14,45))
catl. LAL, COl
SP = G DIEGD (Ha 65)
HAR © HARWELL (A5 66)
SAC = SACLAY (Ri 69)
ARG = LRGONNE 85 68)
©OL = COLUMBIA (Ra 72)
LAL = LO3-PLAMOS (Fo 71)
BRY = DROOKILVIN  (Dh 67)
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1 - 3. Comparative study of the regsonance paramecters from 0

to 3 keV.

In order to do this comparative study we selected
four sets of results, those of Columbia, Saclay, Harwell
and Les-Alamos. It will egnable us to select a set-of re~
sonance parametcrs which can be used to calculate the
cros: sections in the resolved energy rarge, and a sct
of average parameters which can be used at higher ecnergies.
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-
teratic deviations ; this comparison can be done on the
reduced neutron widths, leading to the Sg and S§p strength
functions, and on the radiation capture widths.

1) Leutron widths of the "s" rcsonanges_and Sg _strength

function

Table I - 3 shows the comparison between the Sg
strength functions obtained in 0.5 keV or 1 keV energy
intervals. There are no Los-Alamos values in this takle,
the authors having used Garg's neutron widths or Ribon's
for the "s" resonances. There is excellent agreement
between Colurbia and Saclay in the 0 to 0.5 keV enexgy
range ; that correspeonds te a good agrc sent when comparing
the individual resonance paramcters. At i ‘gher energy
there is a disagreerent which in creases .:th the energy :
3.5% from 1 keV to 2 keV and 7% betwecen 2 keV and 3 keV.

TABLE I -~ 3
-1
S, & IOI‘
Energy .
range Columbia FRLH Harvell
transmic- all
cv sion data
- s ) )
0 - 50D 0.849 ¢ 0.00 0.840 { 0.82 6.010 0.79%0
500 - 1CCO 0.7¢0 ) 0.800 )
| )
Lann - - )
iGl0 - 1500 0.51 ¢ B 0.573 { 0.91
1500 - 2080 F.200 ) 1,260 )
- - ) )
2000 - 2500 0.63D ¢ 0.82 0.680 ( 0.68
2530 - 3000 1,010 ) §.690 )
060 - 3 3
3000 3500 ¢.570 ¢ 0.56
587 = 4080 G.433 )
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A disagreerznt of this kind, although .arger, had
already heen reported between the old values of Columbia
and thooo of Saclay. In order to find the origin of this
disagrecnieat, a chape aralysis using the least square
rethod was undertaken by l'Heriteau et col. on the
Colusbia trancmiosions [Lh 71 ; this analysis showed
that the disagrecnent vanished on condition that the
background in the ncacurements of Golurbia was revaluot-
cd. Ve uged the same shape analysis on the new Columbisn
trancnigclions, in two energy ranges (2.49 keV to 2.76 keV
and 3.2 keV to 3.7 keV) ; the detailed results of this
work are given in another report [De 74]. It seems to
be skill necescary to  revalue  the background: then,
in the 2.48 keV and 2.76 keV energy range the difference
between the Ip values nublished by Columbia and thaose
we obtain by the shapo analysic 1s around 4% ‘n the average.
If this deviation is taken 2nto account the difference
with the Ribon valves is only 3%. Betwgen 3.2 keV and
3.7 keV, tho doviaticn can be as high as 12% for the great
rCoonances.

The Sg strength funceion obtained at Harwell between
0 and 0.5 kecV is conoistently less than that of Columbia
and Saclay by 3.52 or 7% according the results considered
(a lysis of the trancoisolons only or analysis of all
the experirontal datal.

2) Radiaticn capturc_widthn

Table I - 4 shews the average values of Ty which
can bo cxtractedfron four scrics of measurements (arith-
motical averaga).

TABLE I = 4

g &£ r:( » l'arilnzce tuzher of volues
(meV)
21,75 £ 0,50 16 14 {sélectionncd}]
; 2,25 2 1,20 7 o7
Corwelt o~cin 2,53 % 0,77 5 23
Les Alwszs | o - 200n 1 2,20 % 3,00 17 65

glven in this table are cgual Lo

s yofince, in particular, the dicpeorsi

2un to orrors af experamontal corigin. ¢
v ggreont hatweon Bhe mean wolues obtold

o kb vorloas Lok whes. Nevertholeas we chall conoos

20 folliows
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a) fou Saclay values are used in the calculation
of the average value : the 14 values celected by Ribon
are comprised in the energy interval up to 300 oY, The
other values are very scattered and not very accurate
(variance equal to 47 for 34 values between ¢ cnd 1 keV);
this is a characteristic of the shape analysis which
cannot give a precise value of Fy unless the &/1 ratio
of the Doppler width to the resonance width is relatively
small

b) concerninc the Los-Alamos results, Forman cal-
culated the [y widths by using Garg's neutron widths
between ¢ and 1 keV, and those of Ribon between 1 keV and
2 koV. We revised the Uy values by also using the
valucs of Ribon betwezen 0 and 1 keV. The variance tﬁcn
dzcreases from 23 to 18 in this energy range ; this is
due to the fact that some large valucn of Yy obhtained
€rom Garg's [y, are closer ta the average when Rikon's

r -+ used (resomances at 192.6, 565.8, 593.2 and 943.14
ev)

c) table I - 5 shuws the individual values of [y
which scrved te establish the arithmetical average values
of table I - 4. The arithretical average of all these
values equalg 21.33 meV. If the average in evaluated by
welghting cooh individual value by the reciprocal of the
aguase of the absclute error, a value cgqual to (21,25
0.18) meV L5 f£gund, If the crrors are rc-adjuoted to find
a reascnable X for cach resonance, the value of (21.66
s 0.20) mev ic fcournd ; thio 1llustratea the dispersion
introduccd by voricus averaging precedures upon tho ca-
timatien of the cean value

d) rable I - 6 shous nome corrclatlion cocfficicnes
ohtalned Eren individeal values of fyard reduced ncutron
widtho. Up to 900 oV, a £airly strong corrclatlon ia no-
ticcd botwoon the diffcront experinental cerics of Ty,
and this seems to Indicato that the fluctuaticons noticed
nie to resonange are pagtly real. On the other
n 0 and @ keV, the caryclation cocfficicnt
“co=hlaras valuos and those of Colunmbia g
this 19 due to the fact khiat tho Los-Alarmos
tho #igh
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tASL{Fo 7IJLASL{To 71} Sac HAR CoL
cl{eV) from frea
Gaeg'e €, } Riboa'n |'u {Ri €9} {is 66) (ra 72)
59,5 22,7 22,8 22 23,2 25
69,2 21,9 21,5 20,5 21,2 25
13,0 21,0 17,4 20,4 20,1 20
} 1200 21,0 17,3 20,7 20,7 22
129,2 16,4 21,4 18
154,3
170,4 22,3 21,9 19,3 22,2 26
192,7 30,3 22,5 16,8 19,6 7
15,4 17,9 19,9 18
221,3 2,9 ¢ 22,1 22,0 20,3 22
281,7 2,2 | ;7 25,4 21,1 24
263,58 17,8 19,4 29,0 17,9 19
205,80 19,0 17,6 24,9 21,8 20
35,5 e, 3 17,2 22,0 24,2 2
23,9 24,0 21,2 23,7 22,9 26
341,08 2,6 19,7 21,0 20,5 19
145,2 21,0 22,7 2,0 | 21
24,2 26,3 4,4 39,0 22
43,0 19,5 14,9 31,0 10
454,2 '
£87,5 w3 | o 22,0 20,5 22
a83,7 S P 19,0 19,2 10
45,8 7,4 0,9 22,0 20
IR e 2,0 1 e | 19,3 19
F 30,0 I, e !omo | "
| ase 187 1 55,3 ( a0 | 0
‘
” h l |

m
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TABLE I - 5. ~ Table of FY valuea,.(continued)

PR, S

LASL{Fo 71}LASL{Fo 71} SAC AR €01,
E{ev) frem from
Gazg's T, [Riven's T | (R 693 | fas 66 (ea 72)
665,3 14,6 12,4 10,0 19
75,2 18,4 18,4 21,0 19
887,4 18,1 18,9 29,0 23
701,2 28,0 7
712,9 13,1 13,6 8,0 19
741,) 19,8 23,7 24,0 21,6 23
779,7 24,2 25,0 26
£n4,2 39,5 19,6 29,0 20,8 | 20
842,98 20,8 ; 2,0 P20 23,2 19
045,3 26,0 ‘ 35,6 | 41,0 } 23
50,1 2.4 i 22,2 4,0 | Lo
943,2 22,6 | 250 i 20,0 23
952,9 20,4 15,6 | 22,0 I Co
30,5 16,4 E 7.7 | ane [ 2
1010,6 oo, 34,5 ;20
1943, 4 5’ 20 f
11,0 LoanL3 i &2 Lo
1120,9 l 23,0 ]' 1.0 1 e
1050,5 . J } 22
joz20,c Dot | oz i S
S RPN ' H]
" 045,V G 364 l’ :' 15
P o,a { ; . : P%0
f[ 05,2 4,1 29,4 ! 25
; [ PEA [ 12,8 37,7 F ) 25
*1' 1754,0 Eoyas b me l 24
L H ! } } i n
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FADLE 1 ~ 5. ~ Table of T'yvalues. (end)

1ASLEFo J1LASL{Fe 71} SAC HAR coL
f(oV) frcn fron
Garg's T, Biben's I'n {ri 69) fas B6) {Ra 72)
1378,0 21,5 24
1597,9 19,7 23,5 19
1426,6 21,2 -2 ] 21
1433,% 26,8 e
1510,7 19,9 24
1524,3 25,% 0,0 20
1531,1 26,4 20
1552,5 L 23,1 15,0 24
1€32,4 T b 19,1 24
2625, 19,2 17,0 19
1642,0 to9,0 20,1 | 25
1658, & 24,4 | 45,0 | 25
167F,9 .4 | i
: !
: i Y
: oo | |
%7 23
P40 1 35,4 | 27
10,6 26,0 L
L wE o ane Lo
] ;
" Wd o L4,0 SR
‘ ;
o Poows,a 1 ELG 25
i i i
ic.a LT 22
o I v &P
! ! .
fenT 0 25T - Jots]
] ]
{ bt o owne boas
! |
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TABLE I - 6

Correlition coefficlentg

Los Alugos Los Alamos Harwell zloa Alaros
Columbia Harwell Coluzbia | Columbia
0 to 900 eV | O to 900 eV 0 to 970 ev ; O to 2keV
() 0.28 0.43 0.49 0,09
Loa Alamos Colurbia Harwell
3 (Fn",f‘v) ~ 0.12 0.13 0.15

3) Parapgters_recormended for the resonances.

a) Meutron widths

The agreement between Saclay and Columbia is very
gaod under 500 eV ; the Harwell values are 3 or 7% lecs
an average than those of Saclay and Columbia (see table
I - 3 and scction I.3.1.;. At higher cnergy, the disa~
greenent between Columbic and Saclay increases ; the
Zolurbia values are probably teo small ; from 3 to 4 kev,
particularly, the locel value of 3 according to Columbia
uould appeer to be 33% under the average vaiie bolow 3 keV,
and this 1s rethsr unlikely according to the gtatistical
distributicn lsws. Also, the shape analysis of the
Colusbia data gives values of g I'§ (and thereforeof Sg)
which arc asprociably greatzr {scc section I.3.1, and
[De 7433. tic conclude from this that the present Columbia
rooules are not conpletoly corrected for the grave defecte
wadeh had falsed thoso of 1961, and that a tondency to
under estimation of the large g [, du: to an undcr ostima-
tlon of the background, porsists abova adout 1 keV. For
these reasens, we recemmend the set of saclay neutron
widtha up to 3 keV.
it 15 alszu necossary

N3 a consegquance of thig choice
te reccooend the Saclay strength function valuo, i.c.

Sp = (0.89 & 0.11) 10™4

b} Radiativo copturo widtho.

7he echerence is good »etwecn the radiation capture

DI
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widths, particularly concerning the wsan values. The
Colu=bia results agpear to be the most accurate ;

their éisperasion 15 less than for the other results. The
anrlcqgc of thec capturc area, g Ip y/({T, * I'y), given by
a capturc cuperirent, is improved in_pr anigle by the other
cxperiments (tranomigsien, self-indication) provided that
tacre 15 no gystoratic error ; we concluded that this was
nst the case with the Celurbia transmission. This is why
vz adopted the LASL capture areas which only come from a
dircct reasurchont of the capture and are free of other
influences ; we deduced fron them the individual values

of [y.

It should be oboerved that the influcnce of experi-
ments other than the capture on Ty ig small when g T s
grcat ; it is5 likely that an error on g Ty then has Yitere
cffect on Iy, which ean explain tle abscnce of disagreement
Eetwcen the Ty values of Columbia and the other results.

Qur cholce (Tp of Saclay and capture area of Los-
Alporos) is probably not the only possible one, but it has
the advantaye of comdining ccherence, gquality and simpli-
city.

crc la no difficulty to chooso a moan value of Ty ;
we prcps se the follewing value which io a cocpromise be-
evoon the diffcrent ways of cstimating the arerage of the
irndividunl walves Iin table I - 5 {ceec I - 3.2.¢).

<fy> = (21,45 & 0.25) mov

4) Soozial o _the “n" _rosonmonens

REPeP AT RSP R A UpRrp S b e N S A

Tiie Los-hlamas nuthers have publisheu a comparative
table of thele redused ncutren widths £or ocmall reconances
8 1y fe2kle I - 7). Chvisusly there are

otwoon gorbadn Andivideal wvalunc but
LL L fuC”“ the nean valuoes obtolned £ren
{3.09 z*ti& betwets Loo tWD ©oan
is to to zopngied with
cant erroz whth ronpoct

imClucaze en the rasurcd

UJLLC' cJ:
the Lea=fleoss
culzo {eable
o A2% waluon ©fF Les-dlanas
y homwoen © 1R koW,

mado cuneore

govertho. 0t 0 fow golarn
ning the Zdentlifleanicn of el ATTR N ny of the




TABLE I - 7 grn values {from Fo 71).

t [t3) -
:, arla, o, w, o ale, .r_' ur, w,
volee (] (Faate)  (mem) 1m0 mn G ) (valra)  deeny £ m
13 [ 0.23 P 8 | 1841, 1. 19 2
16 | 3.6 Q.40 i 0.4 3 12‘.:: :.: 1 an
30 | 30,1 0.7 3 118 i N8 13 [
o § 3308 0.61 3 me.z r »
ac Jma .80 EH aun {2 L 33 iis
3 s e By wlunt  en 1 0
s a2 0.083 ” HiLb 0.43 « n '
39+.0 0.28% B LR BITTR 0.10 ” i
n el 3.32 ¥ #luns  on 3 ©
RN 0.033 T3 L] nan.e 0.k ”
6.058 3 oLy L FEI. BT ] ;
0.073 ™ [TTTIY * 0.3 'Y !
0.30 I o.00 L YT 0.33 % 0.6 n N
047 [} r 12281 0.43 i H
> 0,13 B | ana o 0 .70 n E
a.at [ B Bluss o » wo n i
0.09) b 124604 2.28 2 '
.31 “ 2.1% » 11874 } ) b
0,334 n uals A E] :
0,048 " 0.2 » 1.3 L 3 3.2 t] 1
o.67 »non ® | ansa 1 10 © .
0.108 » 1357.3 13 9.0 1 i
”n 9,08 % | 30 1 n i
9.077 [ 14,8 13 .2 13 It
o.070 [ Kok2 €. "
() ” T LI X »
0,133 49 7 §a.e 1 1.3 » H
0.074 o 32 f sas b4 :
10 1 50 1 1.8 » t
0.ty 0 2 1 she »
136 13 12 X "
13 3 v [ e H ’ !
(et 3 20 | 1o 50 ©
g1y 5t WorL o) n
0,30 n a1 anyne n % :
0.981 ” te1ns 2 7
L 3 31 wuna I "
0.57 20 9
a.53 :b ] 1 w
a1 ] LU T ] » 0
» B oo F2) »
729 11 13| g 0 ”
2,28 " By s 39 0
0AL & E BN s 3
a3 “ o1y "
a5 1 » s ¥
an 1 3 i;,'.; 12 » ?3
e 25 L8 IS P 0 [ :
g.:: » 3.8 4 e
o 0,72 5 “

" Values of gl u are from this work and gl (5) are from Ribon'’s listing. i

Resonance energles are from this work, il a gI' value 13 reported, aond
estimated to be 20.15%. The letter P in & column signifies evidence for
a resunanc2, and PR indicates that a previcusly reported level c¢culd not
be obucrved because of Interference from m neightoring resonancel
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gzall resonances. On the basis of the fact that the pro-
bability of observing Iy values exceeding ten times the
average value is virtually nil, all the authors [Ri 69,
Ra 72 and Fo 71] have assigned the orbital mement 1= 0
to the resonances for which I g3/2 > 1077,

There 1s no reason to question these assigments.
Obviously this method does not apply to those resonances
at the boundary of the classification (smali "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 nlassi-
rication of the resonances. This classification does not
always agree with Ribon's. Lat us examine it in the 1000
to 15.0 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 Tp<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 "s® resonances). According to
Rahn's results, between 1000 eV and 1500 eV, there are 8
"s" resonances and 16 "p" resonances for which glp is
comprised betweer 0.3 naV and 3 meV, i.e. an excess of
; “s" 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 reasonavle to take Rahn's

E results as basis, except when there is contradiction with

i
)
{
1
i
i

Ribon, ior assigning the orbital momentum by a shape ana-
lygis 1is preferable to that based on statistical argu-

i ments ; this alsco enablec the excess of small "s" reso-
nances existing in Rahn's results to be offset.

The §; strenght function suggested by Ribon [Ri 69]

* i3 equal to (1.4 * 0.5) 10~4 ; it was verified by studying

a oimulated total cross section generated by a Monte-

Carlo method. This value is in agreement with L7 x 109 as given
by Forman et al [Fo 71]. Rahn et al [Ra 72] studied the
influence of the possible confusion between "s® and "p°®
rosonances to establish a lower value 0.6 x 10™4 and an

upper value 1.4 x 1074 of 5; ; they proposed an order of
ragnitude for §; equal to 0.9 x 1074 (at the limit of

the error bar given by Ribon).

Another sgource of information on the S3 strenght
function 1s the measurement of the total cross section
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between 1 KeV and 1 MeV due to C.A. Uttley et col. f[ut 64].
By setting 0.80 x 10™% as the value of the Sp strenght
function, they obtained the fcllowing value -

€, = (1.64 2 0.24) 1074

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

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

$, = (1.58 ¢ 0.50) x 107*

4. Conclusi.n

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

a) the energies and_the neutron widths ars those
proposed by Saclay [Rl 69] supplemented by the Los-Alamos
values [Fo 71] for some small resonances not appearing
in the Saclay list ;

b} the radiation capture widths were determined
from the Saclay neutron widths and the capture areas
measured at Los-Alamos ; the mean value 21.4 meV is as-
signed to the resonances for which Ty could not be deter~
mined ;

¢} the assigment of the orbital moment complies with
that made at Columbia [Ra 72] except when_ there is contra-
diction with the resnlts of Saclay [Ri 69].

The average parameters proposed are :

<D>s = 16.9 0.7 eV

<D>_ = 5.7 eV

(0.89 + 0,11) 1073

w
1

S, = (1.58 & 0.50) 107%

21.45 £ 0.25 meV

A
=
<
v
[
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II - CROSS SECTIONS IN THE THERMAL AREA

Except for a few cases, there bave been no new expe-
; most of them are found in the
BNL N° 325, and issue, supplement N° 2, to which we would
refer the reader.

ITI - 1. Capture_cross section

The four most accurate measurements are shown in the

rimental results since 1962

table II - 1.

Table II - 1

Authors Références Méthod Résults
(barns}
CROCKER Cr 55 Activation 7.32 2 0.12
SMALL Sm 55 Pile 7.52 ~ 0.1?7
oscillation
MYASISCHEVA .
et al My 57 Activation 7.32 - 0.10
HUBERT et al Hua 57 Transmission!
From 1077 to 7.60 X 0.16
221073 ev.

The weighted mean of these four values is

(7.40 * 0.065) barns. Like BNL 325 [Bn 73] we shall adopt :

9, (2200}

= {7.40 * D,0B) barns

The contribution of the positive energy resonances
calculated f£rom the parameters recommended in I is 0.43
barns. Theorcfore the contribution of negative resonances
must be 6.97 barns. Several authors have proposed pana-
meters for a negative resonance. We quote only the thxee
series of values given in Table II - 2,
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TABLE IT - 2

e T s
Référence E la 4 centribution
(eV ) (maV) (meV) at 2200 o/s.

TIREN et JENKINS

(Ti 62) -4, 0.704 40 6.21
COOPER et al

( co 61) -3.5 - | 0.636 30 8.34
LUNDGREN ( Lu 68 ) ~5.1%0.5 [ 1.8%0.4 24 6.79

Probably one single negative resonance contributes
signifivantly in the thermal area ; wie propose the follo-
wing parameters for this negative resonance :

=-5.0 eV ; I‘; = 1,974 meV ; Ty= "1.6 eV
enabling a contribution of 6.97 barns to be obtained for
the capture at 2200 m/s.
The capture cross section in the thexmal range can
then be descrihed by :

° YE= a+bE=1,189 - (0,45 ¢ 0.10) E ;

for Westcott's g factor, this gives =

= 0.9952 £+ 1. 0010

b
#1+2a Eth

2. Scattering cross Bection and total cross section

The value of dp = 11.70 baras (R’ = 9.65 £m} ob-
tained by Ribon [Ri gQ'l from the analysis of experimental
transmissions correct ly nornmalized below 3 keV agree with
several ather experimental results, particularly with those
of Uttliey [Ut 64] who proposes = 12.06 * 0.36 barns as
from the analysis of average higg energy total cross sectioms

k]
¢
1
,
;

|
|
A
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(1 keV to 1 MeV). The value gy, = (10.41 £ 0.€0) barns

(R* = 9.1 t 0.3) proposed by Rann [Ra 72] from the ana-
lysis of resonances, 15 distinctly lower, .5 is that of
10.15 barns recamwended by Leonard for ENDF - B3. Therefore
there is a choice to be made between a high value close

to that of Ribon, and a low value close to Rahn's. Table
If - 3 shows that the high value is consistent with the
total cross sections generally accepted for 2327h at low
2nergy ; 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, 1t ic consgistent with the total cross sections,
apparenily accurate, measured by Pattenden [Pa 65] and
which constitute one of the bases of Leonard’s evaluation.

For the moment we rescommend the wvalue :
o = {11.70 % 0.30) barns whichk agrees with a significant

ngmber of experimental date.

TABLE II -~ 3

- + T
Energy | O Tx Ta azp(h CEA - -a T
(MeV) T R T R
0.t { s5.55 - 0.58 4.97 16.1 = 0.2 1113
6.0 | 1.08 - 0.88 0.20 11,92 0.2 | 10.7 T 0,04 | 11.70 10.58
12.0 | 0.67 - 1.15 - 0.48 1.5 0.2 | 10.26 ¥ 0,04 11.98 10.74
)

Sn = negative resonance contribution according to the
parameters rectimmended in (II-1) ;
g; = contribution of pasitive rezonances {zbove 100 eV)
according to the parameters recommended in {I-4)
T g - +
UR = R + UR 2
0,(1) = experimental cross sections according to [BN 58]
[ka 66] and dlfferent evaluations ; the large
error bar is due to the fact that the values were
taken from a graph (BN 58, Ka GB) ;
oT(Z) = total experimental cross sections of Pattenden [pa 65];
'Ggwas calculated by the following relation for each
resonance of energy Ej;
- ° ? []
+ 0.65658 x 108 Tn(Ty+[o/E) al
o +5.544 10° ==
R o B E;\

(E~Ey ) ?

the cross sections are expressed in barns
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III - CAPTURE CROSS SECTION BETWEEN 1 keV AND 500 keV

III ~ 1. Experimental data

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

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

2) the results of Moxon {Mo 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 Forman et al were obtained by time-cof-
flight method on a nuclear explosion. The authors only
published thelr 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 aiso 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 7)) ; on figure ILI-]
we have only shown the results below 500 keV. The normali-
zation was done relatively tc the fission of 235y given

in BNL 325 (1965 issue) ; the values should be lowered

by around 2% (but we did not do s80). The authors state
that for gold they obtain good ayreement with other ex~
perimental or recommended data ;

5) the results of Stavissky, Chelnokov et al, was obtained
with a slowing-down spectrometer and published in Iinal
form, in 1973 [ch 73] . These values are shown in figure:il-
1 ; the error indicated by the authors is probably a sys-
tematic one. The behaviour of this capture ~ross section

as a function of energy is very different from the other
data and cannot be explained by any theorstical calcula-
tion ; so we did not take it into account.

III - 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
resonpances (see I - 4) and supplemented by the values
5, = 1,107 and Sy = 2.10"¢ for the strenght functions of
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the orbital maments 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 :

s =0.93 x 1074
y
s, = 1.80 x 1074
1
= -4
S, = 0.65 x 10
-4

S, = 2.7 x 10

and, at the kinding erergy, for average level spacings
and radiative capture w#idths :
+ .
J=1/2"} = 16.5 eV
(a*y = 21.6 mev

(37) = 25.8 mev

33 o

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 medified ; we ad-
justed them by a quantity equal to half the error bar
given in I - 4. This adjustment enables better agreement
to ke obtained with the experimental data below 10 keV.

2) The "p" capture {capture of neutron of orbital momentum
l= 1) represents 2/3 of the capture between 20 keV and
53 keV. However # 10% increase on 5; prodace only a 38
increase on the total capture cross section. gerdce, 1t
seemed to us that the best way of obtaiaing agreement
between the calculated cross section and the experimenta
one was t9% increasze the average capture width of the "p”
neutrons, by introducing Ty values depending on the parity’
of the compound nucleus ; thi= can be justified by the

two following arguments 3 .

233
a) the fundamenta%agf Th is 1/2 spin and parity ;
it is possible, as for Pu, that most of. the levels
below 0.5 MeV are alsgo of positive parity. The direct Ej
transitions to low-~lying states from negative parity

e i

"
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resonances would therefore be more probable, according
to the selection rules, thereby producing :

v @) > Trw@h

b) the only "p" level for wWhich the experimental
vaiuves of Ty has been determined, 1s that at B.3 eV ;
results [Pa 65} [R1 69] 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 I'y with parity plausible.

) We have also shown on figure TTII-1 the results of two
recent evaluations : . .

- that of Davletskin et al [va 71] which, on ave-
rage, agrees with ours but gives a less marked structure
towards 50--100 keV ;

~ that of the British DFN 930 (1573) band which
is from 20 to 30% above ours.

3. Congclusion
It is therefore gquite possible to describe the

capture cross section of 232Th 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

S; and 53 values, adjusted to improve the agrcement, must
not be taken too seriously.

’ Before ending this section, we shall observe that
the non elastic cross sections were also calculated by
means of the FISINGA Code. They appear to be about 15%
too small, which is rather satisfying since there were

no adjustments on experimental non elastic cross sections.
Tue values appearing in the evaluated data (ENDF-B format)
were arbitrarily increased by 15%.

RESCNANCE INTEGRAL ACCORDING TOlTHE DIFFERENTIAL DATA.

The various contributions to the RI. restnance in-~
tegral, calculated from the differentisl data, are gilven
in table IV = 1. We shall run through the meihods 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 contxrik.itfon

~»f the other resonances between 0.2 keV and 1 keV, and
also betwean 1 keV and 3 keVv. The etfect of a 5% variation
on parameters I'p ana Ty of each resonance was also eva-
luated.

Iv - 2. Contribution of unidentified resonances in the resolwved
area.

These resonances hav2 small T, va.ues but their con-
tribution to the capture integral is relatively significant.
We simply estimated it in the following manner :

~ between 1 %eV and 3 keV, we took it as being equal
to the difference hotween the result of the calculation by
statistic model and the values of the meun cross secticas
calculated from resonances parameters ;

- we assumed that, below 600 eV, the difference
between these two methods of 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 [RL 69]);

- between 600 eV and ! keV, we used a correction
equal te half the difference between tha statistic model
and the calculation frem resonance parameters.

IV - 3. Contribution of negative resonances

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

. 108 Fq,y(E)
RI_ = //' ——— 4E ;
E
Ee
[l is the part of 0 due to the negative resonances ;
n,¥ n,y

EC is the cut-off energy.

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

RI; = 1.41 barns
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4. Results

The sum of the partial contributions of table IV ~ 1
gives :

RIc = B83.7 ¢t 2.7 barns

The error was calculated by adding quadratically
the errors in each of che contributions to RI;. The error
due to the only resonance at 23.4 eV is 2.5 barns. Withouc
it, the error in RIg would be around 1.} barn. It there-
fore appears that learning more about RI; as from diffe-
rential data first presupposes a better knowledge of the
parameters of the rescnance ot 23.4 eV.

A detailed rnview of the measured values was made

by Grentéche [Gr 74] . We would refer the reader to it. He
recommends the following value :

RIC = 85.8 £ 2.5 bharns

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

RI_ = &4.8 * 1.8 barns
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Capture resanance intégral of

%32

Th

Finite dilution

Energy Résonance
pirasmeters Infiuite dilution ?
o effect of + 5% variatiod effec: of # 5T variaticn
e G v &I, . - I -
(ev) (meV) (mev) barps | " 'm o8 ¥ lbama| o n l on X
I
E.32 0.01?
13.39 0.005
21.75 2.02 24,5 16,31 + 4,612 + 042 3.05 +2.22% + 262
23.41 3.88 6.6 25.55 + 4,42 +071 3.69 *2.5 2 42812
59.48 3.90 3.7 3.9 + 4,31 +0.712 0.92 +2.01% +2.82
69.19 43.8 21.9 12,62 +1.7 2 +3.42 1.19 -0.27 + 523
3o 13.6 17.4 2.47 0.45 + 1 I +391
12,08 23 17.3 2,19 0,46 ¢ 042 44, 52
129.2 3.46 16.8 0.7 0.23 * 2,11 +281
154.4 0.2! 18.8 0.03 0.03 *+3.%31 + 0,812
170.4 60.9 2.9 2.30 0.29 -0.812 +5.82
192.7 18.¢ 22.5 .12 0.19 40,51 442
199.4 10.4 17.9 0.69 0.17 + 102 3162
Others resolved resonances
below § keV 6.17 18.35 + 2312 +2.8 .
Resonances between ! and
3 keV 1.683 + 1912 +3212
-Unresolved resoraaces
betveen D.6 and 1 keV 0.17
betveen 1 znd 3 keV 0.44
Capture crosn section
between 3 keV and ) MeV 3.06
Contribution of negative
resonances 141
TOTAL : £3,67




CONCLUSION

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

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 *+he Saclay transmission
measurements and the Los~Alamos capture cross section
maasurement, From this has resulted, a set of average
parameters which is very cecnsistent with that which is
likely to represent the experimental capture cross sec-~
tions up to 500 keV. Obviocusly other sets of parameters
can be proposed ; but we consider that any other set,
prepared as from other bases, would approximate clouely
to that we are proposing, particularly when it is a ques-
tion of calculating average cross sections.

A complete evaluation of 232Th is given in the ENDF-
B format under number MAT 445, Our contribution concerns the
data under 1 MeV ; particularly the resonance parameters
and capture cross sectlons. The data above 1 MeV are
taken from ENDF-B MAT 129¢6.

The author is grateful to Dr P. Ribon for his in-
terest in this work and his helb for -all theoretical
calculation. He is also indebted to D. Grenéche for his
help in the determination of the resonance parameters
below 100 eV.
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APPENDIX 1

Resonances parameters of Th .
Energy g ];‘ £ [‘,_ e L A 2 i
(eVv) (meV) (Zo)] (eV)} %) .
1 Be 345 0.0003} 130} 29.0]30 1 232 9
2 13.111 0.0002] 160 1 232 90
E] 21.783 2.0200] 30] 24.5] 8 0 232 90
4 234439 2 .800] 30} 26e.6| 6 [¢] 232 S0
5 306+926 0.00101300 1 232 90
3 36.165 00,0006 400 1 232 90
1 40.925 0.0006] 400 1 232 90
) 47.001 0.0014| 320 1 232 90
9 49850 0.0006| 750 1 232 90
i0 54,130 0.0011} 500 1 232 90
11 584780 000561110 1 232 90
12 59« 5L4 3.5000] 25 23.7]| 4 (4] 232 90
13 64, 580 0.0005|906C 1 232 90
e 69,224 43,5007 25 21.9) 4 0 232 90
15 90.05%8 0.007 {400 1 232 20
lo 9B. 106 0.005' {500 1) 232 90
3 103,646 0,006 400 tyr) 232 99
18 111.987 0.,004C)900 (1) 232 90
19 113.032 13.6000] 30 l7.4{20 ¢ 232 [0
20 117752 G.0020{900 1 232 90
21 120. 870 25,0000{ 30 17.3]30 1] 232 90
22 1284210 0.,0730|180 113 232 90
23 129. 190 3.460C] 100 A6« 815 a 232 9a
24 145.871 0.0910|100 1 232 90
é5 146,074 0.0120(300 {1) 232 90
26 154,382 D.2050] 80 10.8{78 /] 232 90
21 167.033 0.0160]650 {11 232 90
28 170,400 60,9000 30 ¢ls9]10 a 232 90
29 178.931 0.0230]300 1 232 90
30 192. 756 18.1000] 40| 22.5})21 Q 232 90
31 196,315 0.083G:120 1] 232 S0
3 199 4%4 10,4000( SO 17.9(16 )] 232 90
33 202 065 0.,0280(250 1 232 90
34 211.091 0,01460}350 1 232 90
35 2194 547 0.0510] 200 (1) 232 90
36 221.236 30.7000| 30 22.0(15 1} 232 90
37 232.020 0.0130 i1 232 90
38 2344420 0,0200 t1) 232 90
g 2424520 Ce0420/200 112 232 90
40 251 730 32,8000| 40 21 7§15 Q 232 90
41 258, 287 0.0100| 900 (1) 232 %0
42 2634305 23.3000] 40) 1lb.0]|le 0 232 90
43 21240619 G.0150 [BY) 232 90 .
44 276019 0.0350 [$9) 232 0 !
45 265797 31,2600} S0 17.6]12 0 232 90 :
46 2904 406 0.0700}250 (3 Y] 232 90 ;
47] 299.578 0.04201 250 t1y | 232 | 90 !
4B 302.565 0.1280}200 1y 232 S0 !
49 305,501 28.68000| S50 17.2]15 0 232 20 !
50 309.370 0.0530{350 1) 232 30
51 3210800 0.0600}350 (B9] 232 | 90
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Ncsonances parpmeters of 232y,

Energy e r;‘ & [ c L A z

{eV) {(meV) (Za){ (eV) §(Z)
52] 328.9%6 75.2980; 601 21.2{}0 o 232 90
&3 335,092 0.0350; 900 (1) 232 90
) 338,069 0.0500/ 400 i1 232 | 90
551 341.531 40.0000] 75| 19.7{15 ] 23z | €0
556 351.800 0.0770 1) 232 Q0
52 361202 ©21000} 300 1) 232 90
Sb 365,183 25.4000| 100 | 22.7|20 0 232 | 90
54 369.322 264000011101 22.4|30 [+ 2321 90
[} 380. 487 0.1150]300 1) 232 1 90
6l 391.697 0.1760] 300 {0) 232 90
&2 400.918 11.9000(100 1 14.9{50 0 232 | 90
63] 403.000 0.1040 (1) | 232 20
54 611.751 D« 2500 208 1 232 90
&5 420 853 C. 5400 160 (o) 2321 90
[ 427.1C0 0.0190 1) 232 Q0
67 454,218 1.2300!130 o 23z | 99
66 45B. 804 0.0620( 400 i1 232 | 90
69 462+ 541 65.5990( B80] 19.0{16 0 232 | 90
19 4664400 01000/ 42 1) 232 | 90
71 47Ca 617 0.0400) 750 1) 23z | 90
72 4760297 0.10001300 o) 232 90
73 488.775 60.1000| B8C| 17.2(2¢ 0 23z ( 90
16 500000 0.0500{ 850 1) 232 90
75 510,359 543200]100 1] 232 ] 90
1L 528s 496 15,7000/ 100} 17.9|24 Q 232 90
7 533.327 0.3100] 200 1) 232 90
78} 535.508 043400, 200 i1 232 20
9 S54De 208 1.1800) 150 1 e3z | 90
80 5504300 0.4100 (§9] 232 | 90
81 569. 185 2607000] 90§ 24.3|30 [} 232 90
82 5734555 0.7500] 200 10} 232} 90
83 578.093 249700] 180 0 2321 90
84 584.000 0.,0850 (Y4 232 90
85 544.012 0. 1600 500 11} 232 90
&b 5984279 10,0990 140} 26.6]|40 o] 232 | 90
87 617.838 4%«0999| 180 4] 232 | 90
88 6254100 G. 0530} 700 {11 232 90
89 628.000 0+0550 t1: 2321 90
99 634.200 0.0730 i1 232 90
% G444 100 0.0900] 750 1 232| 90
9zl 8564602 49.1000] B0} 16.3118 [ 232 90
93 660. 700 0.2000] 450 (1} 2321 90
54 6650303 25,1000 90( 12.4(1l8 g 2321 90
95 6754198] 210.0002] 40§ 18,4|14 ¢ 2321 90
96{ 6BTe446] 52.8000]100) 18.9|17 o 232 | 90
91 6954 BOO) 0.1700] 6480 {14 232 | 90
9 a¥8e 729, 0.1500{ 750 412} 232 90
99} 7014190 10,8990, 160 0 232 90
100 704: 530 01700 750 (9 Y] 232 ] 90
101 Tlza922 29.6000| 90| i13.0[30 Q 232 | 90
i0e 71204 200, 0.0930 1) 232 | 90
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Resonances parameters of 232qy
Ener
& el ¢ & e L A z

(eV) (mev) {(Za)f (eV) [(Z)
103 724.10 061500} 750 i1) 232 90
104 T41.09 193.0001} 45] 23.7]10 0 232 90
105 749+ 30 Q43400 (1) 232 90
106 758+ 54 Q. 2400} 500 Y] 232 90
i07 764479 0.,820Q] 200 10) 232 90
108 771.50 G.1040 (DY} 232 90
109 774,38 0.0500| 750 (L 232 90
110 778.72 10.9930] 250 25.0{ 19 0 232 90
111 T84e 60 0.,0770 (R Y] 232 <20
1ie 78840 0.0780 i) 232 90
113 793.00 0.0330| 890 (1) 232 90
114 80424 180.000i| 60 19.6(12 o 232 90
115 808.40 0.1400] 420 (1) 232 90
115 816.85 0.1800] 500 i1} 232 90
117 821.00 1.1500{ 180 01 232 Q0
118 823.88 0.2800| 300 {1 232 90
Lio 836.87 15900120 {01 232 90
120 842435 27.2000] 90 21.0] 20 0 232 90
121 846, 50 041400 550 1) 232 90
122 850. 76 1.1400{17C ({1 ] 232 20
123 866453 12.8600{ 120 35.4} 28 0 232 90
124 669,41 0.7600] 200 (R ¥ 232 90
125 878,30 0.1920 (3] 232 90
126 884468 043600]| 220 (P 8] 232 90
127 890+ 14 37.90000 590 222} 13 o 232 95
128 899,60 00620 (1t 232 90
129 306043 2.1100} 180 1 232 90
130 914450 0.1600{ 750 11} 232 S0
131 319,07 0. 4600] 300 (1) 2324 90
132 926.87 0.4400| 250 o) 232 90
133 93428 0.2700| 400 (1) 232 90
13% 943,22 44.9000f 60 2548|13 v 232 20
135 955,98 0,1800} 750 1) 232 90
136 962,72 be6200] 150 2 232 S0
137 974429 0.27007 750 (1} 232 90
138 982,92 35.4000{ 100 l8e6( 17 0 232 90
139 960453 89,.8000] 80 17.7{ 15 0 232 90
140 995,49 0.5800) 750 1} 232 90
141] 1001.17 0.26800] 400 (13 232 90
142] 1010.57 125.5001] 80 20,215 0 232 90
143 1021.52 0.3400{ 7250 1) 232 90
L44f 1029.40 0.3500{ 750 (1) 232 90
145] 1033,16 8,54500| 160 o] 232 20
146] 1043,92 0.7000( 300 11} 232 20
147 104%.50 0.2600 {1} 232 90
148| 1054.80 0,3400 {1} 232 90
149} 1060, 50 0.2600 (39] 23z 90
150) 1044 43 4.0300/ 200 25,0/ 99 o] 232 90
1511 1073.,70 0.2000; 5.0 {1} 232 99
152] 1€77.23 be6900| 180 0 232 | 90
153] 1093.00 1476800(220 1 232 90
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LSD o

Reocenances paraneters of B2y

E

nerey gr;l £ [} ' L A 2

(V) (oeV) (Zs)f (V) (2
1845 11C9.97 21.8000]120 31.3]30 4} 232 90
1551 1LR4a.59 1.70001 400 (0} c32 90
156f I22m.22 1.0000{ 750 (i 232 20
RG71 1120.60 3,3500(170 0 232 90
i58; 1124.2 $e255G; 3553 (R Y] 232 90
159) 1132.57 Q44000350 (BB 232 90
16Df 113B.90 16.0000]140 23.0}/30 0 232 90
161] 1150.46 17.3000(130 1] 232 9C
lézf 1167.2G 0.1000 (§ 9] 232 90
163} 1175.83 0.3500] 300 (B Y] 232 90
166§ 1186450 0.1000 1) 232 90
Je5f 1194453 7500011580 0 232 90
1ot} 1204.44 2.1600)230 1 232 90
a7} 1214, 14 0.3000]9¢0 (9] 232 90
1668( 121734 0.6000(700 1 232 90
1691 122%+15 04200 500 1) 232 90
170{ 1227.%8 JdeaCC[100 loel} 25 0 232 90
1711 1233.20 0.70G0| 720 [B1) 232 90
172} 1243.09 18.7000! 140 0 232 90
173] 1248.91 123.6000} 7C CRe 817 1] 232 90
1i4] 1260.81 0.6000| 350 (12 232 90
175] 1261.70 0.8000] 350 (13 232 90
176] 126b.3¢6 0.2800| 750 (BB 232 90
177} 1263.40 24.7000] 140 0 232 90
178] 1287.57 0.1000]/ 900 113 232 90
1791 1292.1s 102.4000; 80 24e1}2C 0 232 90
180§ 1301.58 50.3000] 100 15.6]24 9 232 90
181§ 1307.80 0,3500 (F¥] 232 20
182] 1334.95 3.2000§200 1 232 90
183 1344.03 1.0500{ 300 i1) 232 %0
184 13459.40 0.7000] 400 () 232 90
185] 1354.78 83.7990( 100 18.5|20 (o} 232 90
136] 1355. 66 9.0000{ 250 g 232 90
187) 1372.,3% 1.0000) 300 0) 232 90
188] 1378.05 51l.6000110¢C 2le5125 o} 232 90
189| 13844060 043000]| 600 114 232 90
190] 138745 2.20001250 ) 232 90
181, 1397.8s 140,Q001F 70 17. 720 [ 232 90
194] 1408.7C Q. 4000} SOC (1) 232 90
193} 1417.51 0.6000]} 350 (28] 232 90
194] 1426.63 112.0000f 90 21e2i18 0 232 s0
195] 1433.5%0 34.8000]170 2648119 0 232 90
196] 144l.42 1.5000( 300 $1) | 232 | 50
197] Le49,80 0.2800 1y} 2321 90
(98] 1461.02 L.4000| 300 (3:} 232 90
199] 1465440 0.1500 {1) 232 90
200) 1469.30 0.3000] 600 (XY 232 90
201] 1478.33 <»3000] 250 10} 232 90
202] 2484.20 0«1500 1k | 232 | 90
203} 1302.L4 0.8000| 400 {1y | 232§ 90
204 1508.060 1.0000 0 232 90
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232

Resonances parameters of Th
Energy sl 4 N € L A z
(eV) (oeV) (Ze)f (V) | (X)

205] 1509.60 245600200 th 232 S0
206] 1515.34 1.6000]| 740 i} 232 90
207] 1518.71 196,0002;:20C 19.8|15 o 232 90
20b] 1524.31 206.0001| 80 25.2( 16 o 232 So
209) 1555,60 6»4000)320 o] 232 30
210] 158l.06 22.5000]210Q ] 26e%)32 0 232 90
211] 1589.53 362.0003] 60 23.1|15 0 232 90
212 1602460 5449000120 ] 27.1}22 0 232 90
213| 1l6l1.18 0.9500{700 (i 232 90
214 1623.48 0.,6000160% 1} 232 90
215 1630.%0 549.0004§ 60 19.2118 4] 232 90
216 164C.80 39.9000(210 19.8]20 0 232 90
217 166102 132.0001[100 | 24.4|l6 o 232 90
2181 1lo668.70 0.5000 ) 232 30
219) 1677.95 2443000]200 } 184438 (4] 232 90
220) 168S.81 141000700 {1 232 90
22l 16%7.01 245000 (400 [{:¥] 232 20
222 1705434 3.5000|283 (2] 252 S0
223) 1719.80 39,5000(140 s 232 20
2245 1725442 12000300 a1d 232 30
225| 1730.13 1,8000 |400 (i) 232 90
226] L740.15 67999 |2C0 (§17] 232 90
227| 1746479 33,1000|140 19.7(18 Q 232 S0
228] 1153.6% 0.7000}500 (B Y] 232 90
22%9| 1762.77 116.6000} 70 24e6 (18 0 232 90
230 1767.30 14000600 tL 232 90
231] 1785.32 244000350 10 232 90
232) 1793.25 0.48G0| 700 1} 232 9
233]| 1803450 100,0000|110 | 18.0(17 0 232 90
234| 1812.07 44,1000)200 | 28,0(22 0 232 90
235| 1824.23 92.9990(100 2042 |22 0 232 90
236] 1834.47 1.4000|600 (1) 232 90
2371 1847.76 4020001250 {0) 232 90
238] 1854.76 31.4000(180 24«3 (33 0 232 90
239| 186l1.98 34,1000(180 29.6(27 ] 232 30
240] 1888.90 1,1000| 400 (1) 232 90
2411 1896.60 6.0006( 740 1} 232 20
242} 190C.36 i14,0000(100 0 232 90
2431 1928.30 7.0000(150 {0} 232 90
244) 1931.10 106 5000150 ] 232 S0
2451 1940.02 0. 3200500 (1) 232 90
245] 1951.06 90.79901110 ) 18.9}20 4] 232 90
2471 1971 49 222.,0001| 90 19.0j22 o 232 90
243) 198l.84 1230001999 [N 232 90
2491 1988.25 47.4000|200 | 244699 o 232 30
250] 2005424 2659000280 [ 24.1 |99 4] 232 90
2511 2015445 1.0000(750 (1 232 90
2521 2020440 1,0000{750 (1} 232 90
2531 2026421 1.3000(|750 (B ] 232 S0
256 2035,06 1.,0000[750 n 232 S0
255} 2052.41 16.0000)250 0 232 90
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232

Resonances parumeters of Th

Energy 4 [:\ £ f‘r ¢ L A

(eV) (neV) {2 tev) | (%)
256) 2055.70 0.5000] 4600 1) | 232
257 2062.14 57.0000j200 | 24.0|9% [ 232
256 2073458 845000700 (0 | 232
253 2078499 10.0000[400 2} 232
2¢D | 2096.99 1.2000)600 (1] 232
261} 2117.61 19.4990} 150 0 232
262 2139.52 1.6000f 700 13 ¢ 232
263| 2147.52 94406950 140 0 232
264| 2157.73 10.0000(500 (B8] 232
265 2lé6l.83 122.0000] 130 i0) 232
266 217073 2.8000(500 (1) | 232
267) 217749% 83.7990}130 [+] 232
268) 219735 56.0000{150 0 232
269] 2208.15 24200014006 1) 232
270| 22i6.26 28410001260 0 232
271 2221.0b 95,8990/130 0 232
272] 4234.07 2.50004CH 0) 232
273| 2243.17 0.7000| 999 1) 232
274 2247.061 0.6000) 800 {n 232
275] 2262.18 0.4000 700 (i) 232
2761 2271.06 28,3000 150 0 232
277 2276425 91.39901220 4 232
276| 22Bb6e45 | 278.0002] 90 0 232
279| 2306.81 3.2000{400 (B8] 232
2a0| 2313.01 1.6000]|400 (93] 222
28l] 2321.31 4.0000( 350 (42 234
282) 2329.92 2.2000] 501 (1} 232
283 2335.72 124.0000(130 Q 232
284| 2344433 645999( 300 (Q) 232
285] 2352.50 15.0000] 200 (0} } 232
286| 2353.70 14.0000] 200 (0) 232
287] 2361.74 0.6000] 800 (1 : 232
2861 2368244 1.1000{ 750 (B ¥ 232
289 237497 | 119.0000}130 0 232
2901 2382« 65 4« 5000{ 400 (0} | 232
291] 2391«45 440000] 350 (0} | 232
292] 2406466 0.5000{ 750 (3] 232
2931 2413407 0.6000] 706 (1t | 232
294} 2418.82 97.0989]120 [} 232
295 2423.97 2.3000] 750 (P8} 232
296§ 2427458 3.0000)350 11} 232
297 2435.18 245700] 350 (11 [ 232
296 2440.64 10.8000]220 (0) 232
299{ 2452400 400000700 1) } 232
300} 2452450 1.0000{ 750 (1} 232
301] 2455.77 | 165.0001{120 "] 232
302) 2402449 4%+0000( 700 (L} | 232
3031 247%.30 0.9000| 750 (@) | 232
304| 2480.951 0.6000( 750 i) 232
305] 2491.61 844000] 300 (0) | 232
300| 2501.12 06000 700 (1)} 232
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Resonances parameters of 2324y

Energy el 4 P4 [ L A 7

{eV) (meV) (Zs)) (eV) j(X)
307 2508.99 357.0002| 90 1] 232 90
308] 2526493 5243000] 180 0 232 90
309] 2535,94 202000} 650 1) 232 90
310) 2543.84 0« 4000 700 (X%} 232 90
311} 2548.,15 0,4000} 700 (1} 232 90
312 2557.15 449999 500 [£2] 232 90
313] 2563429 326.0002|120 ] 232 0
314 2569439 71.99%0] 220 ] 232 30
315) 2582477 1.1000| 700 t1) 232 90
ale] 2589.77 2.0000{ 700 {1 232 90
3171 2595.38 0.8000( 700 1) 232 90
318| 2603.18 2.4000] 350 (1 232 90
319] 2612.72 97.5990{ 120 0 232 90
320 ] 2624444 10.2000]| 280 (0) 232 30
321) 2635.30 176.0001]| 100 [¢] 232 30
322 2653.1¢6 245000} 700 to) 232 90
323] 2663.62 209.0002|100 0 232 0
324 2677.53 11.9000(300 (0} 232 90
3251 2688464 207.0001]100 0 232 90
326 27T13.18 101.9300,130 0 232 S0
327 2722. 706 12.0000{250 i0) 232 90
3287 2733.,83 410,0003)100 Q 232 20
3291 2748.55 14.2000] 300 0} 232 S0
330 | 2763.28 1.8000) 500 11} «32 90
331 2773.49 72.6950]160 [¢] 232 90
3321 2782.70 2445000400 1) 232 90
333] 2793.09 161.0001(110 O 232 90
334 | 2802.41 4.9999 | 400 t1) 232 90
335} 2810.32 D.2300|900 i1 232 90
336 | 2815002 27.0000;250 o 232 90
337} 2824.33 1.4000 400 €1 <32 90
338 | 2833,03 54.00001{190 4] 232 90
339{ 2839.50 1.2000 {500 9} 232 920
340 | 2844444 0.7500] 700 1) 232 90
34) 1 2852.51 216.0001| 95 ] 232 S0
342 | 2861.05 69999600 (8] 232 90
3431 2870.56 19000 |400 (1} 232 20
344 | 26884.07 543000300 (0} 232 90
3451 2895.37 40000 {300 (0} | 232 90
346 | 2907.38 240000500 (2 232 2C
3471 2914+.49 4459991400 (0} 232 90
2441 2922.89 1.40001700 (1) 232 90
349 ( 2932,15 1.8C00(600 (1 232 90
350 | 2939.80 1.6000]750 1) 232 90
351 | 2946413 104.0000 | 140 [+] 232 20
352 | 2956468 45.2000|180 ] 232 90
353 | 2966445 14.2000 | 280 (0} 232 90
354§ 2979.15 9.8000 {300 0 232 90
3551 2988.58 3444000200 [s] 232 9Q
356 | 2995.84 2+3000(750 1) 232 90
357 ] 300L.85 2.0000 | 400D 9} 232 20
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Th-232 Resonance Integral and <[ ~
X

A ¢oarse review was made of the Th-232 absorbtion resonance
integral. Table 1 shows the results. Rencrmalized measured
values range from 81 to 90 barns with typical error estimat:s
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 chree
Anmerican evaluations and from the work of Derrien presented
at this meeting. The relative importance of each resonance

is indicated in the last colunn 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 bottoni of the table. The range of average
radiation widths, <FY> is seen to be about 21-26 milli ev.

Table 3 makes some comparisons be’ .een <Fy> and resonance
integrals. On this basls one would expect

25 <« <P > < 2
5 FY 9

In comparison, Derrien has recommended a value <FY> = 21+,

based on the resonances in the range 59.5 £ Eo £ 285.7 .
These are shown in Table 2 under the column labelled Derrien, !
Table V.

However, it has been pointed ocut in the meetinc discussion that
the set [r deduced depend on the set of ,r 1 assumed. Both ;
r and r decermine the resonance integral. Thus the significance :
of the ahove disagreement s diminished somewhat. ;
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‘ Th~232 Neutron Width Statistics

Two independzaz workers have recently suggested that Th-232 neutron widths
may not have & Porter-Thomas distribution (PT). To pursue this idea the
Th-232 s-wave widths in BNL-325-3 were plotted as shown in Figure 1. (The
bottom portion of the figure is an enlargement of the first bin in the upper
portion. In each portion one can observe the change in width distribution

as one includes resonances from higher neutren energies. Thus one observes

a non-PT beigw 250 eV shifting towards a PT by ~ 1 keV. However, a non-PT
remains within the first fg/(r:> 5in a5 shown in Figure 2.

A similar evaluation for U-238 neutron widths from the sam2 source, BNL-325-3
shows none of these patterns (Figure 2). Possible answers to the Th-232

behaviour could be €-wave misassignments, sarticularly at lower energies
and/or missed jevels. A test {or missing resonances should be made.
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Table 1. Th-232 Resonance Integral

Measured Vzlues

YXear Source Va:ue Standard

1972 Steinnes 88 T 3 -

1970 GEfK ac * 4 {1560,Au)

1965 BET g2.5t 3.0 (1555,Au) .

1965 TR © o Bl.2% 3.4 {1579, Au) ;
1964 KEK 88 * 2 (1560,Au) )

Evaluation and Review Values

1974 BNL~325-3 85%3 {1560 ,Au) :
1967 Sehgal 84 (1560,Au)
1966 Hellstrand 84 {1560,Au) :
V1866 Drake B4

Probable Range 84 < RI < 90




E, {cV)

21.8
23.3
59.5
69.1
113.¢
120.8
170.3
192.6
1%5.3
22i.2
251.5
263.0
285.7

Avg.21.8
23.4,69.1

Avg.All
Redonances

Table 2. Th-232 T

Derrien
WRPD ENDF/B BNL=-325 Table Table
TH-378 -3 -3 I1I \
{1970)
26.3 25.9 23.0 24.5
25.0 26.6
23.2 23.7 22.0
21.9 21.9 20.5
20.1 20.4
21.0 20.7
22.4 19.3
18.0 16.8
18.5 17.9
20.7 22.0
21.5 25.4
18.6 28.0
20.8 24.9
26.3 25.9 23.3 24.3
26.3 25.9 21.2 26.6

21,

Resulting Contr.
RT
(ENDF/B~3)

16.2
24.6

4.0
13.9

- LIT -
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Table 3. TH-232 Resonance Inteqral and <l >

Values Calculated from Resonance Parameters or firoup Constants

Source RI(b) <rx>
Original ABBN >100
BNL-325-2 (65) 84.5 25.9
WAPD-TM~971 (70) 85.2 26.3
BNL-325-3 {74) <79 21.2

Empirical Value (Malecky et al, JINR)

Predicted <rY> = 35 - RI = 100

Best Guess 25 < (rY) < 29
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Fig, 1

Oistribution of Th-232 Reduced Heutron
Wwidths Reportet in BNL 325, Third Edition
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Fig. 2

Distribution of U -238 Reduced Neutron
Widths Reported in BNL 325, Third Edition
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NEUTRON WIDTHS FOR 236[1 FROM HIGH RESOLUTION

TRANSMISSION MEASUREMENTS AT A 100 M
FLIGHTPATH

0>

G. Carraro, A, Brusegan !

CBNM, Euratom, Geel, Belgium

1. EXPERIMENTAL PROCEDURE

A series of neutron tranomission measurements has been periormed

236
on

U aiming at a determination of the resonance parameters and
their statistical properties, (For references see (1), {2), (3), (4),
(5)). The analysis range covered neutron energies from 40 €V to
4.1 keV. The experiments were carried out at o 100 m flightpath
of the 80 MeV electron linear accelerator of CBNM using a 10541an-
Nzl detector and 2 236U-oxydc samples on loan from the USAEC
(for isotopi. composition see table 1}, Table 2 displays the details
of 6 experimental runs, 3 of which were arranged in such a way
that the effect of the 2350 and 238

transmission was automatically compensated, For this, samples

U impurities in the sample on the

were put into the Mopen beam™ position of the sample changer: they
contained the same speeific quantities of the impurities as in the
236U‘aamples. Sample changer operation, data acquisition and
storage were controlled by an 1BM 1800 computer. The background

was determined with the “black resonance” methad.

Z, DATA ANALYSIS AWD RESULTS

Ilecuonanse parametery have been evaluated by means of a modified
version (6) of the Atta~-IIarvey arca analysis program (7) uaing up
to 1,7 eV the T valucs and betweea 1, 7 keV and 4, | keV the T‘Y
value given by Mewissen (2). The results are listed in table 3
together with those published by Carlson (1), The Jevels at 63,1 eV
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and 243, 0 eV quoted by Carlson were not observed in this experi-
ment, Though the I‘n values agree in the overlapping energy range
of both experiments within the error limits for all resonances ex-
cept two (43.92 eV and 192, 89 eV resonances), the values of the
present work are on the average slightly higher than those of

Carlson.

In the energy range up to 1, 6 keV the observed level density is
almost constant. Considering also 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 tte value D (l6.2 +0.3)ev.

Assuming that the undetected small resonances do not influence
noticeably the sum of all I‘g up to 4.1 keV,the strength function

turns out to be n

[+]
s =il (o =(1.00+0.10).107%
o'En-r-:l sET e Re

which includes Carlson's I‘: values below 63,1 eV,

From the D value determined in the energy range 5c¢V < En <1,6 keV

and the So value which is supposed to be valid for the total energy
range 5eV < E_ < 4,1 keV we deduce

n
r: = (1.61 4 0,16 meV).

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

Correcting for migsed levels by the method of T, Fuketa and

J. A. Harvey (8) over the entirc range up to 4.1 keV we obtain

D -16.2ev ﬁ: 1.66 mev and S =1.03.107%

ar
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Table 1: Saraples Composition

Isotopic composition of the two 236(] samples:

89% of 230U;  9.2% of 23%U; 1.3% of 2%y, 0.1% of 2}y

15t sample 236U 'an sample 236U
Total weight of U308(gr)z 41.19 57. 88
Thickness {at/b): 8.98.107> 1.34.1073
Diameter (mm): 33.6 103.0

Sample 235U Sample 238U
Total weight of Uaos(gr): 2,413 0. 385
Thickness (at/b): 1.36-107% 2.15-107°

Diameter (mm): 70.0 70.0




Table 2: Main characteriotics of differen. runs

1% Run 2™ Run 3" Run 4" Run s™ Run 6t Run
Total cnergy range (eV) 148 - 768 390 ~ 1672 1559-4140 37 ~ 238 180 - 870 851 - 3198
Burat width 70 ns 24 ns 23 ns 22 ns 22 e 22 ns
Repetition :ate 400 Hz 600 Hz 600 Hz 400 Hz 400 Hz 400 Hz
Eleztron encrgy 65 MeV 65 MeV 65 MeV €69 MeV €9 McV 69 MeV
Black resonances Bi;Mn; W Na; Bi Al; Na Mn; Co Co; Bi; Mn  Bj;Na
Energy range {eV) (a) 147,70- 389, 66- 1558. 74 - 37,13. 180, 5]- 85], 02-
170,02 641,06 4132, 85 106, 31 870,19 1874.7
{b) 170.02- 641,06~ 106,31. 1874.7-
768,13 870,28 179. 62 3198. 44
{c) 870, 28- 179, 62-
1057, 6 228. 01
(@) 1057. 6- 228.01-
1671.9 237,95
Channel widths (a) 0.324s 0.16us 0.02 s 0.32 s 0.08 us 0.04 s
(b) 0,08us 0. 08us 0.16pus 0.02us
{c) 0.04 us 0,08 us
{d) 0,02 us 0.04ps
Overlap filter 0.41gr of 0, 41gr of 0,4) gr of 0,4lgr of 0.41gr of 0. 4lgr of
10BC/cm? 10pC/ecm2 10BC/em? 10gCc/cm2 O9RC/cm?2 10B4C/cm2
+£.2% gr
!OB/ cmé
. -3 -3 -3 -3 -3 -3
Sample thickness (at/b) 8.98.10 8.98-10 8.98:10 1.34:10 1.34.10 1.34.10
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Table 3 : Z36U rcaonance parameters: noutron widths
Present work ! Farlaeall)
Ul

E (eV) gL fmeV) 1 gl (man)| 1 g (e ¥)

5.45 2,16+ .08
29.7 . 585+ .03
34,9 2.35+ .13
43.92 +.031 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 + .08
120.95+ .06 57. 411, 5.2 51,8 + 4.0
24,88 +.08} 17. + 2. 1.52 5.9 + 1.9
134.57 + .11 1.4+ .4 12 1,08+ .09
137.76 + .11 84+ 30 .07 .48+ 1
164.72 % .14} 2.1+ .7 .16 2.09+ .15
192,89 +.13| 9.4+ 1.6 . 68 13,2 +1.3
194,35+ .10 58. + 6 4.16 52,0 +13.0
212,75+ .11 98. +15, 6.7 98.2 #+10.0
229.63 £ .13 2.2+ .5 .15 2,34+ .14
243.0 .3+ .15
272.93 + .12} 38. + 5. 2,30 55.0 +15.0
288.68 £.13114.3 1 1.1 . B4 13,5 + 2.0
303,15 + .14 ) 81, + 6, 4. 65 83,5 +15,0
320.50+ .20} 5.5+ 1,1 .31 5.8 + .6
334,96 +.22§ 6.4+ 1.1 .35 6.3 + .4
357.05 + .30 .70+ .25 . 04 .61+ 1]
366.95 +.30 .40+ .30 . 021 .4 + .3
371.18 + .18} 15.8 + 2.2 .82 13.8 + 1.0
379.8i +.19 15, +24, 5.9 130,0 +30.0
415,39 +.21117.7% 2.0 .87 17.8 + 2.0
430,95 + .22} 65, + 8. 3.13
440.63 + .231 68. + 9. 3.24
465.50 +.25415.4 % 2.0 .71
478.39 + .26 40, + 3. 1,83
500.41 + .40} 2.8+ .9 .13
507.06 + .28 { 20, #+ 3. .89
536.27 + .31} 33, + 3, 1.43
542,82 % .44 12,6+ 2.4 .54 ;
563,76+ .33}181. + 7. 3.41 :
576,23 + .34 |L58. + 25. 6.6 :
607.10 + .43 | 13, + 2, .53
617.80 .38 53, + 7. 2,13
637.77 .39} 74. + 8. 2,93
647.60 + .57{ 7. * 3. .28 :
655,63 + .41 101, + 10, 3,95 i
673.63+.43]59. t 7, 2,27 :
691,32+ .44 |38, ¥ 4, 1.45 :
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Table 3 : (continued)

Present work
o
E, (eV) g [ {meV) gT_ (mev)

706,02 + ,45 32, + 4. 1.20
720,58 t ,47 105, 10, 3.91
746.25 % .49 24, * 3. .88
770,65 + .52 192, +19. 6.92
789.43 ¥ , 53 87. 11, 3.10
806.56 1 . 55 42, % 6. 1.48
820.28 + .81 8.4+ 3.6 .29
827.43 + .57 259, 150. 9.0

849,04 + .85 4, + 2. .la
864.90 + .87 18. + 6. .61
888.84 + .51 10, + 3. .34
900.35 % . 65 9. % 3. .30
930.74 + . 54 11, * 3. .36
948.42 + .43 170. 15, 5. 52
955.20 + .56 40, + 5. 1.29
969.28 1 .44 359, 447, 11,5

994.70 + . 46 153, %12, 4,85
998.13 ¥ .60 1, % . .35
1013,10% .61 11, * 4. .35
1024.19 + .48 298, 137. 9.3

1032.10 % .63 43, ¢ 5. 1,34
1064.621 .50 43, + 5. 1,32
1075.71 + . 67 6. + 3. .18
1084.22 + . 80 2, + 1. . 06
1098.00 ¥ . 380 3.+ 2 .09
1104.75 .53 124, +11, 3.73
1132.10% . 72 11, 3 5. .33
1136.68 ¢ . 55 116, * 9. 3.44
1157.12 % , 57 60. ¥ 6. 1.76
1166.94 % , 57 11, % 3. .32
1184.00 + .60 72, + 9. 2,09
1218.64 ¥ . 80 8.5¢ 4.0 24
1254.25 ¢ .81 7.5+ 1.5 W21
1268.83 % .83 6.0+ 1.5 Y
1281,72 % .85 3.0+ 1.5 .08
1291.66 + , 66 168, +16. 4,68
1315.90 + .90 4.0+ 1.5 !
1324.40 + .90 15, % 4. .41
1339.53 + .70 75. 310, 2,05
1349.23 % . 7 69. +10, 1.88
1363.62 + ,72 230, +21. 6.23
1367.4 *i.2 4, % 2. -1
1395.65% .98 2L+ 7. .56
1405.0 1.0 50. + 9. 1.33
1413,44 ¥ .75 275. 322, 7.32
1426.64 + .76 26, + 7. .69
1440.4 1.0 4, + 2, .1
1458.1 1.0 14, + 4, .37
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Present work
E (eV) gT {meV) g (meV)
o n n

1470.02 + .80 212, #19. 5.53
1477.1 *1.1 31, % 6. .8l
1506.30 % .83 145, +16. 3.74
1535.0 #1.1 11, * 3, .28
1548.03 + .86 207. +22. 5.26
1553.8 +1.2 10. + 4. .25
1584,1 *1.2 4. % 2. £10
1592.47 % .90 110, *11. 2.76
1609.1 1.2 19. + 5, .47
1614.3 ¥1.2 8. % 3. .20
1659.96 + .95 98. +11. 2,41
1690.9 ¥1.1 59. *l0. 1. 44
1698.6 +1.7 15, + 4. .36
1723.2 $1.2 25, 1 6. .60
1738.5 +1.4 12. * 5. .29
1779.0 +1.1 50. +10. 119
1789.0 *1.4 13, + 5. .31
1794.6 #1.1 82. *15. 1.94
1813.1 *l.4 22. % 7. .52
1831.1 +1.3 70. 317 1. 64
1853.6 1.1 192. 125 4.46
1856.9 11,1 310. +50 7.2

1882.6 +1.3 40, +13, .92
1895.2 +1.2 80. 6. 1.84
1954.5 +1.4 g4, *11. 1.90
2010 11.5 82. +20, 1.83
2017 1+ *1.5 41, 116, .91
2034,9 +1.3 26, 111, .58
2047.5 1.1 89. +16. 1.97
2063.2 *1.3 12. ¥ 8. .26
2084,7 1.1 37. %15, .81
2106.0 *¥1.0 510, +50. 1,1

2131, 11.2 98, +16. 2,12
2142,0 1,2 72, 414, 1. 56
2165.7 +1.4 24, * 8. .52
2219.8 #1.1 275. 126, 5.84
2236.6 1.1 250. *30. 5.29
2249.7 1.1 109, t16, 2.30
2269.0 31,3 B2, tl4, 1.72
2308,1 1,1 112, 14, 2.33
2324.3 1.3 63. 10, 1.31
2328.3 1.3 8. 110 t, 41
2349.8 1.3 92, 116, 1,90
2380.7 *1.4 41. 18 .84
.189.2 tl.6 23. 13 .47
2407.0 11.2 140. *23, 2.85
2450.6 1.4 35, +12 )
2459.9 t1.4 65. ¥17. 1.31
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Table 3 (continued)

Present work

Eq {eV) g T, (mev) grz {meV)
2489,0 +1.5 23, 413, .46
2489.8 #1.2 165, # 30, 3,31
2499,5 #1.5 15, + 8 .30
2564.1 31.5 59. + 16 1,17
2581,2 ¥1.3 135, % 25. 2. 66
2632,2 1.6 27, * 15, .53
2643,9 ¥1,9%

2660,3 1.6 100. % 23. 1,94
2672.9 #1.6 132. + 25. 2.55
2772.7 ¥1.5 330. ¥ 52, 6.3
2807.7 #1.7 53, + 15, 1.00
2822.7 #1.8 70, % 20, 1.32
2854.3 #1.8 23, ¥ 15, .43
2870,0 1.5 160, # 32, 2,99
2880,3 #1.7 155, + 30. 2.89
2917.9 +1.8 100, * 25. 1.85
2958.9 2.0 30, +12, . 55
3015,3 +1.6 660. + B4. 12,0
3079.3 ¥2.0 104, ¥ 27. 1.87
3101,1 32.4 40. +12. .72
3131,7 2.0 126, * 30, 2.25
3164,2 +2,1 95. + 25, 1,69
3188.4 2,1 100, 27, 1.77
3219.6 32.1 93, + 25, 1. 44
3245,4 2.1 - 65, * 20, 1.1a
3282.8 +2.2 125, + 28, 2.8
3307.2 +2.6 26, + 10, .45
3365.5 2. 4 110. # 25. 1.90
3434, 5 £2. 3 60. + 20. 1,02
3468.4 12.4 116, % 26. 1.97
3528.9 £2.6 62, + 20, 1.04
3560, 4 2.5 100. + 30. 1.68
3594,1 12,1 510, + 60, 8.5
3601.1 #2.5 115, % 25, 1.92
3628.9 £2.5 90. + 20. .49
3644.0 2.7 50, ¥ 15, .83
3683.0 $2.6 300, * 70, 9
3715.2 12,6 310. * 75. .1
3737.5 2.6 290. ¥ 70, L 4,7
3743, 9 33.1% oo . '

3758, 7 32.7 . 250, + 60, 4,08~
3790.5 2.7 320, * 75, 5:2
3804.9 $2.7 105, * 30, 1.70
3825.6 +3.1 75. % 30, 1,21
387i.6 +2.8 210, + 60, ) i.38°
3966.8 +2.9 170, ¥ 50. 2.70
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Table 3 : (continued).,

.

: Rresent work
, . =
E, (eV) g I‘n(mev) 8T, (meV)
3984.6 12.9 950, +120. 15.1
3994.3 2.9 130, & 50, 2,06
4031.1 3.5 50. ¥ 30, .79
4059, 9 +3.4 90..+ 35. 1,41
4106.2 13.0 190, + 60, 2.97

* | evels which aFe uncertain

Calculated statistical properties:

D = (16.2 +,3) eV (in the range 0 + 1660 &V)
S = (1.00 +.10):10"% (in the range 0 * 4.1 keV)

T%= {t.e1 +.16)meV (resulting from D and So)

i
i
i
|
i




HEUTRO CROSS-SECTION MEASUREMENTS ON 2°°U BELOW 2 keV
L. Mevicser, F. Poortmass
S.C.R./C.E.N. MOL
G. Rohr, H. Weigmann, J.F. Theobald

C.B.N.M. Euratoem, Geel

G. Vanpraet
R.U.C. Antwerp
1. Iotraduction

Until now, only little information has beese published on the resonance parareters
13¢
of

U, Harvey ot el” datermingd the neutron widths for 9 resonances from

:‘i transmission measursmants belcw 460 eV, Carlson et alzJ analysed capture and self-
indication expariments up to 415 eV and the neutron widths have alsc been published
by Harlan’) for 14 resonences up to 376 eV.

At C.B8.N.M., two Lypas cf experiments have ceen perfarmed :

1)} Carraro and Brusegan did high resolution trensmission experiments on a 100
moter flight path up to 6 keV, using 57.8 g UaO¢ enriched to 89.4 %. PFreliminery
results have already been communi~aied at the Budapest Conference ‘].

The analysis of their expariments 1s now completad and the results will be
published saon.

A iist of the neutron widths for 185 levels up to 4.1 keV will distributed at this
mpeting.

2) Ws did capture end scattering crosg-section measurements besiow 2 keV and also
transmission experimants using tho small semplo { § 11 mml facility on a 30 meter
*light path vith 6.4 grams yYsDa, onriched to 83.7 % %%y,

' This report will describe tho socond series of experiments and discuss the results,
aatalpod from tho analyslis of tho scettering. cepturs and transmission expsriments

from tha 30 motor flight path.

2. Experimental details

The oxparimontal detells aro listed {n Table 1.

The somples wore prepared by sattling in elcchol and canning under vacuum between
two aluminium plztes of a thicknosa of 0.5 mS). The uranivm oxlde was on loen
from tho USREC. In the partial croas-saction mgasurements, only the thick sample
Tun wos analysag‘. The measurements with the thin sample (99.7 % 23645} were used

to idcnidfy the #3%0 resonances.
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*He high pressure paseous scintillators (LND type 3001 were used as neutron
getectars in the scattering and transmission experimenta. The capture £ross-
sectlon mzasurements were performed with & Moxon Rae-type detector.

Trha raw data fram scattering are shown on Fig. 1 and from capture on Fig. 2.

3. Analysis of the data

An area analysis of the trensmission dats was done, using a modified version of

)]
the Atta-Harvey program 6,

“he scattering craoss-section was measured reletive to Pt for which o = 11.28

+ 0.6 barns’l The data were carrected for self-screening and for absorption of

tne scatterea neutrons. For this correction, it was assumed that any second
{rteraction was an absorption. This approximation was not valid for some strong
resonances belcw 500 eV so that for these cases, the resonarce parameters I'n and TY

wgre zec.:e: ‘rom the capture and transmission vesults anly.

imants were performed at a 60 m flight path station. The shape

The capt .ra

of the ne."ri~ “l.x : ~ogsured with a 19 s1ab viewad hy a Nal crystal 1 the
Y (n, o T v riiegers on ig assumed ta vary as E /% 1in the engrgy range of
interest. T~ aousi.to _alibration of the product detector efficiency times

neutron flux was done by -userving capture in black resonanres of Ag at 5.2, 16.3,

51.4 ang 70.8 eV.
a
The resonance analysis was done with a capture area gnalysis pregraem due to Fréhner

and Hagded ®7.

4. Results and discussion

The resonance parameters Iy end [y were obtsined by combining the results from the
area 3nlysis of the threc experiments. Tha neutron width Iy could be determinaed :
for 97 levels up to 1.8 keV and the capture width for 57 among them. The results
arc listed in Table 2. The error on PY which 19 1listed in Teble 2 15 only the
stetistical error. The edditional systematic ervor of about 5 %, mainly due ta
the narmzlization and to the uncertainty in the sample thickness 1is added to the

error on the mgan capture width.

Fig. 3 shaus a plot of the number of chserved levels versus cnergy. Thio figure
ghows thot not meny levels ara miased bolow 15C0 oV. The maen leval spacing,
calculated below 1200 eV ig :

0 = (16.1 ¢ B.5)aV (fractionai uncertainly = %—]

If we correct for tho number of missed levels, using the method of Fukota and

Harvoy » wo fing =

Ocopr = [15.2 ¢ 0.5%eV



http://resonar.ee

reduced neutron wicths as a function of energy together

«iih the strength function :
Sy = TnO/D = (1.05 £ 0.14) 107°

281 uncertainty = 1.4/¥n

n = numrer of levels = 38.
Tre most importent result from these experiments is the mean cepture width :
[y = [23.0 = 0.5 (stat.) 2 1.0 (syst.)] mev,

Tnis valuao was cbtaincd es s welghted avaraga “or 57 capture widths, obtained
nalow 1.7 kev.

2} we see that @

From the comparisaon with the results of Carlaon
1%} two small levels 2t 243 eV and 35b eV are detacted by Carlson but not in any

of cur oxperircnts.

2t} For about G0 % of the lovels, the Tn values of Carlson agree with the present
results within the srror limit but there is a desagreement pf about S0 % in the
~nutren widths for two strang rescnances at 272.28 eV and 379.6 eV.

3%} Tho mean capture widbth c@tained by Cerlsen F; = (23.8 ¢ 1.0) meV 1s in good
cgreemant with our cesulta. Carlscn does not give o systematic error and this mean

va3lug won gbtained for 12 resgnances.

By comparing  our results with those of Carrara and Brussgan‘°) the following
conclusicns can be drewn

1) Ouc to tho potteor rosoluticns of tholr oxperiments threo more levels are
detacted by Corrara in the anergy region bolow 1800 eV.

i The strength functics volue feund by Carraro is {1.0 % 0.1) 107", abtatned
frem 185 lovals up to 4.1 koV. Thia 1s in pgecod agrecment with cut result slthough
in the anorgy region beolos 1.8 kaV tholr noutron widths are systematically larger.
In fact if cno colculatog tho strength function from thelr nautron widths below
1.8 ke, cno find & 3 = (1,20 & 0,13)10™" what i3 approximately 12 % higher than

cur rosult. The roascn fer this cifferance 13 not yet explained.
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Figure captions

Fig. 1. Scattering neutron yield helow 1500 eV
Fig. 2. Capture yield curve below 900 eV
Fig. 3. Plot of thg observed number of levels versus enargy

Fig. 4. Plot of IIp° versus energy. The slope gives the S-wave atrength fuynction,
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Table 1. Experimentsl Details

transmission capture scattering
Linac paramotors
burst width 22 m 32 ns 32 na
burst frequency 400 Hz 400 Hz 400 Hz

Flight path langth
tiro~cf-f1light resolution
backgroung filters

samples

thickness

total quantity
isuvtepic composition

31.22 : 0.02 megters
1.5 - 5.1 na/m
Na, Mn, Co, Mo, A

7.6 x 107% at/b
5.4 g Uila
ag.7 % 2%y

0.z v %%y

0.1 5 %y

60.53 ¢ 0.02 moters

0.7 - 6.7 na/m

Al, Bi, Cu, Co, W

2.15 107" ot/b
5.4 g Uals
9g.7 % ¥y
0.2 % %y
Q.1 5% 2%y

1.5
57.8
689.4
0.1
5.2
1.3

10" at/h
€ Usle
LY 2!IU
5 2y
s 2!SU

1 ZIHU

31.10 * 0.02 maters
AE (F.M.H.M.)/E B 2 x 1077
Na, tn, Co, Mo, A

S4ne 05 or capture

- 9¢1
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Table 2. Resonance paraceters of 2°SU

€, lov Tp (raV) 4%, (mov) Ip° (mav) .’..' € ar, (mev)
tstat.}
. 5,45 2.18 0.0 0.925 2a.5 1.0
o 29.7 = 0.585 0.0 0.107 - -
34.12 2.3 a.12 0.411
43.80 H 0.7 i 2.26 19.2 1
£4.29 0,087 0.905 0.00s
71.47 8.5 2.0 2,19 22 1
86.51 23.0 1.5 3.01 ; 20 1
102.3 0.88 0.0% 0.03
120.8 <0 2 4.85 20 1
124.8 17 0.5 1,52 19 2
134.4 1.2 0.04 0.10
i3 0,57 0.02 0.05
'  164.8 i 24 0.08 0,16 !
j 192.3 s.0 0.3 .65
194,3 4 1.3 3.16 20 1
! 212.7 85 2 5.83 22.8 1
| 228.6 H 0.12 0.2
: tz72.. 2 1.5 1.88 23.5
} 288.6 s | 1 0.68 25 8
ama.e » fa a.42 22
: 1 328.5 5.4 a.3 0.30
4 s 1 62 | 04 0.34
as? ‘
: 7.2 1.5 15 .70 28 4
1; 379.8 31 A 1 4.67 22 1
g‘ | 5154 15.7 0.8 : 6.77 ; 22 4
420.9 2 2.5 ; 2.88 ! 22 1
g 449.6 r3 2.5 ‘ 2.95 i 24 1
J | 465.5 1.9 0.7 D.E4 18 6
H | 470.4 a2 2.0 ] 1.69 2 1
by s, 2.4 9.4 0.4
j Lo 03 1 0.84 22 3
a H
; /
L
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Table 2 . Continued

€o V) Tn &Cn Tn® Ty ary
{stst.)

536.9 30 3 1.30 22 2
542.9 10.3 0.05 0.44 30 8
5€3.8 80 4 3.37 22 1
576.2 182 10 5.92 26 1.3
€37.0 13.3 a.? D0.54 20 a
617.8 52 5 2.09 29 1.2
637.9 78 a 3.09 24 1.2
647.1 [ 1 0.29
655.6 98 8 3.7% 23 1.5
673.7 54.5 S 2.10 23 <
691.3 k¥ 1 1.22 2?2 3
706.1 28.7 1 1.08 21 2
720.7 §? 3 3.61 21 1
746.5 20.4 1 0.75 18 2
770.8 181 15 6.52 22 1
7859.6 as 6 3.03 23 1.5
B0E.5 38.6 1.6 1.36 248 2
820.0 S 1 0.1
827.4 237 20 8.24 23 1.5
846.c 2 1 0.7
865.1 17 1 0.58 19 2
288.3 7.5 1 0.25
§CJ. © 4.4 1 Q.15
933.4 5 2 0.20
540.6 162 B 5,26 24 1.5
855.2 35 5 1.13
963.4 3o 20 .64 23 2
938
538,27 RED] 15 4.78 22 1.3
1613 16 1.5 0.50
024 237 5 2.4 26.5 2.2
1032 23.5 [:3 a.92 28
1065 3s 2 1.07 29 6
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Table 2. Continued
reo (o4 T, at, £ I, ATy tatet)
:
© 1078 13 3 0.4y
i 1984
1098
. 10 122 15 3.67 25 2
L1132 11.5 2 0.34
1138 120 12 3.56 2t.5 2
1157 63 5 1.85 26 2
1166
1184 57 B 1.66 25 2
1219 H 1.5 0.14
1254 7 2 0.20
1263 5 s 0.14
1282
1281 162 16 4.51 0.5 49
1216
1324 20 4 0.55
1339 67 7 1.83 24 2.5
1249 51 s 1.39 EH 5
1364 212 25 5.78 29 5
1395 12 4 0.3z
1405 35 10 0.93
1414 T €0 7.98 21 4
1426 28 3 0.74
| 1440
| 1asa 15 ) 0.39
f 170 220 a0 5.73 27 4
to1ap? 25 1 0.68
[o1535 105 15 2.71 26 a
[ 1534 12 3 0,33
1548 100 20 4.58 22 4
1592 9 10 2.28 26 4
1512 13 3 0.32
i 1614 8 2 0.20
R1=7 8s 10 2.09 28 44
’ 1080 LS 10 1.47 6 4
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Table 2. Continued
Ey tev) T AT, e
1699 15 3 D.36
1723 24 5 0.58
1738 14 3 0.34
1779 45 10 1.07
1788 13 5 0.31
1794 60 15 1.42
1813 26 10 0.61
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RESONANCE SCATTERING CROSS-SECTION OF 2380’ BELOW 220 eV;

H., CEULEMANS

S.C.K. /C.E.N,, 2400 }OL, Belgium \

ABSTRACT

Results of a pilot-scale scattering experiment on 2380 are presented.
It is shown that ‘with thin samples reliable values for Ty, can be obtained.
In favourable cases it should be pogsible to combine information from scat-
tering and transmission experiments to obtain an independant determination
of Ty :

INTRODUCTION

For the scuurate determination of the parameters of a given neutron
regonance, total cross-gection measurementg alone are often inadequate.
An esample of this is 288y which has been studied repeatedly (1-5) but shows
errors on the neutron and gemma widths I'.. and T, which are still abtout
15 ¥, To imprcve the situstion, partial crous-:ecaon measurements are nee-
ded, preferably both capture and scattering as the scnaitivity of these me-
thods for I'y or Ty depends very much on the ratios In/T¢ and T, .‘/T‘-l_ The
weaknesses of the capture messurements are their normalization to a sui-
table reference cross-section, and the variation of detector response with
y-ray energy. These difficultien do not exist with scattering experiments-
becaugse Pb {s available as a good standard material and detector response:
is uniform, Secondary interactions however can be very disturbing in both
cages, and corrections for thicker samples are difficult to calculate, The
purpose of this measurement is to investigate to what extent the accuracy on
the partial widtha of 2337 can be improved,

EXPERIMENTS

The experiments were periormed at the eleciron Linac of the Central
Bureau for Nuclear Measurements {CBNM), Euratom, Ceel on a 30 m flight
path, The gamples uded in these measurements consisted of metal discs of
natural U alloyed to 4l. The U content was about 20 % by weight, the dia-
metor 120 mm dnd the thicknesses wepe 1,303 x 10-5 at/barn,

5.510 % 1079 at/barn and 1,920 x 10°% at/barn expressed in atoms of 23sU.

* Worl performed as a joint Euratom-C,E,N, /S.C.K. programma under
terms of contract number 002.66-12. ’



The samples were prepared and assayed by the sample preparaticn division
of CBNM. The scattering from these samples was detected by 9 “He pro-
portional counters of 15 em active length, 2,5 cm diameter and filled to a
pressure of 10 atm. The sample was placed In an evacuvated aluminium
tube at right angles to the neutron beam, The detectors were mounted with
their axis parallel to the incoming neutron beam and c¢ould detect neutrons
scattered beiween 55* et 135", The background was very low and about
10-3 times the counting rate obtained if all inc!Jent neutrons were ccat-
tering by the sample. A 2 mm thick pure Pb sample was used as & refe-
rence scatterer, The transmission of the samples was measured in iden-
tical resolution conditions as the scattering by obgerving the signal from a
14 mm thick Pb scatterer with the U-samples in transmission geometry.
The data were taken with timing channel widtha of 160 ns but the resolution
was mainly determined by the rssponse time and the geometry of the scat-
tering detectors. The resolution function wes assumed to be Gaussian with
an experimentally determined width of W(E) = k; E + kp E 3/2 with

ky = 4.76 x 10-3 and k2 = 6.0 % 10~% and E given in eV,

RESULTS

The experimental data were analysed using a shape-fitting programme,

Only Eg and I'n were allowed to vary however and T, was used a8 a para-
meter such that for each value of T, the corretponging hest fitting value

of Tp 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 waz equal to o removal or o iocs of the scattered
neutron. In calculating the probability for a second interaction, the energy
shift of the neutron was taken into account. The aagumptlon of complete
removal at a second interaction may seem somewhat drastic, but for sam-
ples with nog < 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 180 eV, the I'y values obtained from
the thinnest sample (9o = 0.1) and the thickest (n0y < 2) are different by
only 10 #. In table 1 the values of ', for five resonances as obtained fram
the thinnest sample are given for three different aspumed valuzs of T,,. In
view of the difficulty to nermalize the data to the Pb cross-section in an
absolute way, they were normalized to I'y = 31 meV, Ty = 24 meV for the
36 eV resonance. )

This normalization is chosen becausz it i a strong low-lying resonance for
which most authors agree on the parameters chosen for this normalization,
Although, in principle, a combination of the results from this scattering
experiment with the accurate value of Ty or the product 'yl obtained from
a transmission experiment would givc a value for Ty, we have no suffi-
ciently accurate date to make the choice. In the most favourable cases

('n &T+) a 10 % variation in T., introduces a shift of about 5 % in Iy

WIth careful tranamission experiments, this level of accuracy could be
attained,

CONCLUSIONS
The present results show that with thin samples and straightforwsrd

i
)
s
i
|
|
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vorrection procedures, accurate values can be obtained for I'; from secat-
tering experiments, Together with capture and transmisgsion experiments,

an overdetermined get of parameters could be constructed to an accuracy of
about 5 . Thus, the distribution of the widths would become more meaning-
ful ord the existence of [luctuations more firmly established (or disproved).
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TABLE 1

Present Itesults T (meV)

To (V) Ref. 1
‘V

Fy =22 meV |, =24mev | T, =26mev T (meV)

21,0 9.1+ 0.5 9.5 + 0.5 9.9 + 0.5 8.7 + 0.3

36,7 30,0 31, 0" 31,9 31,15 + 1.0

66.2 21,6 + 1,0 | 22.3 + 1.0 22,9 + 1.0 25.2 + 1.0
102. 7 60.0 + 3.0 61.1 + 3,0 2.3 + 3.0 66.0 + 2.0
189. 6 140,0 + 7 150.2 + 7 151,8 + 7 150 + 3

=
taken as normalization value,
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HEUTRON SCATTERING CROSS-SECTION MEASUREMENTS ON
238y IN THE RESOLVED ENERGY RANGE

F. Poortmans, L. Mewissen
S.C.K./C.E.N., MOL

J. Rohr, H. Weigmann
C.B.N.M, Euratom Geel

G. Vanpraet ‘5\ S5
R.U.C. Antwerp i

Abatrace

Seatte.ing ovoso-sacticn measurementg kave been performed on 238U below 1 keV.
A part of the data haz been analysed and the recults ame compared with previous
MCGOUINTCNES.

§. INTRODUCTION

A new 9erios of partial and total crcss-nection measurements an 2385 are baing
porformed or are In proparation at tho iinac of C.B.N.M. Geel. Scattering cross-
coction moasuremontswith very thin samplog havo boen dene below 1 keV. The
anolyosio of thoso dats has boon partly finished. Further messurements at higher
cnorgy and with thickor sarplos bavo baen atartod. The capturs cross-section
measuruments with the CGFG dotector aro in preparation and transmissien
mgosurgmants with cocled samplos will be startad agon.

This report describos the scotterling cross-section moasurements below 1 keV and
campares tha repulting Cn valuae from a proliminary analysls with thosa froom
pravious exgaricents -7,

The publishod resulto for the roccnonco parametors T'n and Ty were in gensral ab-
talned by a combination of copturo, trenamissian and self-fndication experiments,
Cnly the Harwall results 2] wora from captura and scattaring experlments.

In the enargy rango below 1 kaV, the resanances are in ganeral wall isaolated, a
Cuo0 timg-of-+light resolution is aasily chtainad and the flux normalizaticn for
tho partial cross-section moasuroments is less difffcult than at highar anergies.
In gpite of these favourable sxpurimental conditisns, the discrepencics between



the existinrg results ora still very importsnt. This 15 illustrated an figs.1-4,
wnich show seme typical rosults for Tn and I'y fram difforent groups st Harwe)1?}

R
Calumbtal*”!, Los Alamas?), Dubna®) and Geal“sS),

The normalization procadurs of the scattering data is more ocasy than of tho cep-
ture data. Tha scattsring cross-section can ba measured relative ta Pb which is
a good standard. In the case of capture measuraments, the procedura is in gene-
ral the following : tho shape of the nsutron flux 1s measured using for oxample
the 8.1 in,a) or 198 (=,a) reaction and the absolute calibration of the product
of dztector efficlency times nautron flux 1s done with the ®black reaonance®
technigua. This procedurs can give rirg to systematic errors. For the resonnacesa
whara Tn g 'Y, the parameters In anda [y can also be determined by combining the

resuits from scattering end transmission expordments, Thoso ara good cxamilos to

creck evantu3al systematic errors on thg capture expariments,

2. EXPERIMENTAL DETAILS

The expariments wera performod on a 30 mater flight path. The most important
factar ia tha timo-of-flight resalution was the flight path uncertalnty, dun to
the size of tho samplo so that 45 (FWHM) / E was approximataly 2x10°3,

The dotector gystem consisted of six Ing high-pressure gaseous scintillators

(LND typo 800), placed at an angle cf 140°,.

Twa vary thin samplss have boon used (1.31 ¢ 2,017 10-5 atomos 2381/b and 5,53 ¢
2.01 1075 atamos 228U/w). It weore alloys of aluminium end naturnl urenfum.

Tha thinngst somple contalnad 23 % by woight of uranium and tho thickost onc 17 %.
Thp scattoring yépld curvos sre chown on figs 5 and 6,

Tho scattaring cross-section was measured relative to Pb for which on = 11.28
+ 0,06 b 8. Tho Pb pampla had @ thicknoss of 6.581 : 0.007 10°2 atomes/b.

3, UNCERTAINTIES IN THE MEASUREMENTS

3.1. Syscenatic errots

Tho major syotematic errcr of foout 2.5 % is ossaciatod with tho normalization end
£¢0 due to the ungartainty of the Pb crosa-nsctiop {0.5 %) the error on the cor-
rcctinn for self screening and muitiplo ocattering in tha Pb scattering exparimants
(< 1 %), the fnatability of scattering datector and monitor during the experiments
{ < 1.5 %] and tha bachground subtraction in the Pb axparimants ( < 9 %).

Tho thickness of tha thinnest uranium sampls is k-own to 1,3 ¥ and tha other ane

ta 0.7 %.
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2g thin that tho multiple scattering corrgctions can be neg-

ozticns on tho rosonenco area for self screening and for ab-

hz gccttored noutron) wore In tho worst cese {25.7 eV resonsnce) an-

For most ros: tos, these correcticns were less than 2 5. .
3.2, Stetistical errors

Tho ototistical arror was loss than 1 % for strong resananzos and could be about
13 % for weak resjananzos. To obtoin the orea undor the resonznt scattering peak,
»2 kave subtrasted tho cachground and the consributicn of patentisl scattering
“rocm uranium and alu=inicm.  Tho sun of bath, background and patential scattering,
ssuld te dedusod fron the count ylold outside the rescnances.  The background
coneributicn wWal measyres scparately with thoe black resanance technigua using Mn,

Zo, Mo and W a3 Black rosangnco filters, with Co ag poarmanent filtar.

4. RESULTS AND DISCUSSION

W1 houe. Up to now, amalyzed £ rossnencos bolow 300 oV of tho 1.3% 1075 atsmes/b
semple run and S rocanencsos botwoon 200 oV and €20 eV of tho 5.52 1075 astoros/b

czmplo run. FLgs 1-4 oh3~ 4%0 ralaticn tctwean Tn and Ty chbtained frcm an areco

analysls for como ressrencog. Also shown on thesp figuros are the rosults pub-

lishicd previcuily.

Fram ehle first analyaio {n vhis anorgy rengo. tho following canclusicns can te
arawn 2

ing nautron widths chtalagd ky Fehn ot 217! ot Colubia univorsity arc systomati-
cally highar than nur rng5yito ant tho Harwall rosults by Aogher ot ai1?! arg
cyotomaticolly lowers Thore soc™s to o no systomatic tron? in tho comparison
«itn tna other rosults fron Solubtall, Zeel“s3) ond Cubna®l.  1n tenle 1 are

glven the nautron widtha Tn (for Uy < 24 moVi for tho four strcngost rosenances

rotWacon 07 oV oend LD oV togotror wlth tho provisysly publisnod rosuits. Also

{r thic cncegy rangs, tho sema dlfforencen appear, but less pranounced.

Ths rosananco porametars Tn and [y can be doducod by combining the rosults from

an arco andlysis of partiol end total crogs-secticn messuraments. 50, in port,

thi uncerteintics fm Ty aro due tc tha uncartaintios in the neuiron width Tn,

'z moon ceptura width < Py 2 obteincd by the Colutbia group” 35 22.9 * 0.5 [otat)
+ 1.3 {oystd) roV which i3 gzmncwhnt cmaller than chiained at Geet®l :

s Uy »o= 24,65 2 0.85 reV, at Dusae @ < Ty > 2 24 meV and at Hatwoll ¢ < Ty > =
L1008t 4.05 V. A gort of the dlffgrence could evantuslly be oxplainad 1f the

77 weluod cbtained at Columbla should be ted large.
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TABLE |

Resulce for I'n (meV) for the resonances at 510.5 eV, 535.5 eV, 580 eV and 595

ED 518.5 oV | 535.5 oV | 580 oV 595 v
srosgnt rosults 42.523.5 4123.% 40.543.5 B81.9525
Garg ot avl) 63.2+2,3 | 37:2.3 2720.7 [82+5
Fognar ot al?) 33 £ 2.2 | "9:2.5 37.552.6 | 71 ¢ 3.6
Rohr ot ai®? 49 £ 1,5 | 43s1.4 42,531.6 | BS ¢ 2.5
Carraro et ol®? 55 & 4 a2 43 3 B4 s S
»alétant qt a1’ 226 85545 3 + 6 93+ 10
Rrann ot 217! 59 55 4535 41 1 4 BS & &
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FIGURE CAPTIONS

Figs }-4 Results from an area analysls of our scattering data (relaticnship be-
tween 'n and My). Also shown are the resultz obtained ot Los Alemos
and Columbia '+3) (COL,LA), Harwell 2) (HAR), Gesl ¥} (GE), Dubna 6)
(DUB) and Columbia 7] (COLI.

Fig 5 Scattering yield curve with the sample of 1,34 10~5 atomes/b.

Fig 6 Scattering yleld curve with the sample of 5.53 1075 atomes/b.
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Evalustior of U-238 Asscnance Parameters .

H. C. Hoxon e
A.E.R.E., Horwell, Oxfordghire, GX11 ORA, D.K.

Tho intercaot in this cubject ariges from the fact that individual resonance
paraceiars are rcguired in calculations of the self screening, multiple scattering
and doppler offocts for fast reactorss At present som# evaluations of the U~238
reconance paraneters are baced maianly on the values given by one set of measurenents,
rather than cay weighted cran valuos given by all tho available data.

A list of available data ic given in Table 1, logether with details of the
ofacurezento and cozceato on the datne If no errors are guoted, then for the
resorance energy it i0 acauted to be ¢quivaleat to three times the quoted resolution
at that energy, and for the noutron and radiation width to be +50% of the quoted
value.

In tkis pvaluation the weighted acan values for all paramsters have beecn
caiculnted uatnz all the publiched data and are given in Tatle 2. Whera only
onc ceagurecent of the reconance parazeter exists. this is quated.

Checks were earried out to cee if data ires any one reference were the cause
of the high valucs of X2 that were observed. Table 3 gives values of chi-sjuared
per degree of freedes for the paracetera with and without the data froz the given
reforence. Thio table indicated that leaving out the data from any one reference
will not significantly change the overnll value of chiwsguared. Thus there appears
to be at present no technical reason for leaving out any of the data and the
weighted mcan values arc probably the hest ones that san be obtained at present.

{a) Recomange Euergies

weightod mean valucs of the recorance energies were obtained irom the
publiched data and gove the cun of X 2 for all the resonances equal to 1369.5 for
689 degrucs of freedoss Systematic difforonces uar? noticed between different
reacurcaents and as the Goluabin data of Rahn et al¢13) covered almoat the largest
crergy range 6 oV to 4e6 koV it wao chosan as a standard. A least squares fit was
then carried out on $he other coto of data to determine a flight path length and
rero time correction. The valueo obtainoed are given in Table 4 and are mostly
withir tho colculated erroras A valuec of 408.5 for X2 was then obtained from the
recalculated onorgiess The luw valuec of X2 and large errora on some of the
adjusted flicht path Lengthn and zeco times are prohabvly due to an overestimate
of tho errars where cone have bocn quated. Tnio reductien inzz suggests that the
cyctemtic differences tetween the notc of cdata have tren removed and the weighted
zean values given by thecuoe sets of data are taken to ke the recom-ended valuos.

{h) DNoutron Widths

Tha high value of Ia of 2422.1 for 679 degrees of freedom, obtained from
a comparicon of the neutryoun widtho, irdicates that either there are somo oystematic
differencen in tho cetd of data or that come of the uncertainties have been
undarcstimted.

A dopendence of 7(2 on the ncutron width (vhich does rot appear to be ener
degondont)} 4o chown in Figure 1. A pocoiblc explamation of the low values of X
far czall reconancaa could be that errors tend to bhe rounded up, @.ge Ip =
0+2040.16 zeV would be reported as I'y = 0.340.2, & reduction in the weigating of
alrost a factor of twos It is alpo possible that the astatistical errors being
froctionally larger for the ssaller reconnnces tends to hide day systemtic errors
that ray bo precent.

i ctarch for pyatezatic differences was carried out in the energy range up to
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1 ke¥, as in this region there may be as many as nine reported values for the
neutron width of & resonance. This was carried out using the fractional difforence
FN in I'p, between the data from & given reference and the weighted mean valuo
calculated from all the other available data. Column 1 of Table 5 gives a
weighted mean value of this frac.iion and columns 2 and 3 give a least aquare fit
of the fraction to the form FN = a + b x Ep, where a apd b are determined from

the data and Ep is the resonance energy. Column 4 is the correlation coefficiant
for this fit to the data.

Some of the sets of data, e.g. Asghar et al(», show only a c?n-)itant
difference from the average values, whereas the data of Garg et al 1 give a
negative correlation with neutron energy and tkat of Carraro ot a1{1) s positive
one with ncutron energy. Explaration of thess differences could lie in the

follewing:=

(1) the type or types of measureczent
(ii) the method of amalysis
(iii) doppler and resolution effects

Host of the values of Iy are obtained from t ission 6 or transmission
combined with other types of measurements, in which the trancmission data make

the largest contribution in deterzining the value of [p. There is very little

that can explain these discrepancies in trancmiasion experizents. Poor monitoring
in transoission experiments will only affect the value of the potential scattering
and not the resonance area as this method of analysis is imsensitive to the
absolute vAlues of the transaission. The determination of the tackground could

be a gource of error but there is very little documentation on this subject and
the errora associated with it.

In references 3 and 11 no transmission data are used to obtain tho resonance
parameters {ref. 3 is some 10% lower and 17 some 8% higher than the average values].
Asghar et al 3) use secattering and capture data to obtain the resonance parameters.
In this case Ip is determined mainly by the capture data when I'y << Iy and by
the scattering data when I'y >> I'ye An examination of their rosultc would indicate
that there is better agreezent with the average valuea of Ip when it is smaller
than Ty and this would possibhr indicate an error in the normalisation of the
scattering data. Rosen et al 17 use self indication techniques to obtain their
results. The analysis of this type of data is difficult and cevoral problecs are
present that are not in the transoission measurements using a flat detcctor. The
two ooct 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 meacurement (ref. 8) use some form of area analyoic to obtainm
the roconance parametera. Problems arising from the analysis or uncortainties
in the analysis are not discussed in any of the papera. Such problems can
arige from correction from finite cut off to tho resonance areag, long taile on
th* rcsolution function, self screening correctians, and interferonce offectc. In
col. indication meascurements additional problems aa given above add to the
difficulty of analysia of the data.

Only two pnpers(a’“) mention the effective temperature of thc sample uged
in the analycig of the data. Thisc could affect the analysis and should bo given
in tho papers

Popoibly one or all these sffects contribute to the diecropancies in tho

aboerved values of the neutron width. Ae transaoission measurcments are the
osioplest to perform and interpret, it should be poasible to compare the meo-ured
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s with a eurve calculated froa the final mraceters, btut none of the
ing arca aralysic techniques even hint trat such a process has been

ird out.

Az at prosent thoro appeara to be no real explasation for these systeratic
differencnc and %o taxe this into account, it ic guggested that the quoted errors
in Table 2 on the poutron widths should be at least doubled.

(c} Radiation Width

In the coce of the radiation width, wvnily 5 references (3, 11, 12, 13, 16}
iive values of Ty for a large nuaber of reconanced. The overall value of 72 of
152.1 for 133 deprees of frecden indicates that the nllocated errors are reasorable
ana that there appearc to e no significant gystecatic differences tetween tne
regorsed values.

Tne high values of 2 in Table 6 for the weighted average values of Ty for
-ach reference sugpest that there i a natural spread of ~2 zeV but to ke sure
auc.. #ore accurata values of [y -re required. Table 6 also gives tne results of
a lcast cquares fit of the values of Ty, to functions,of Ty for all scts of
rubliched data.  The datn frem Celumoinl13) and Geel y Lee. tua of the sois
of data covering a large cnergy range, Show a positive correlation for all three
functionc that were tried. The correlation between Iy and Ty has no physical
sipnilficance, but will Be observed if there is a correlation between either Iy
und l'n°, or I'y and the acattering arca. If thig corrclation between the radiztion
width and the reduced neutron width is genuine, it could have significant effects on
reactor calculations, especinlly in the ke region when self screening correctiors
are large. <Tws gnets of correlatior tects were carried out on the weighted nean
values of Tre fThe first uied only the quoted cean errors and did neot show any
correlation betwcen the functions af Ty and Ty. Due to the fin.te numb.:o of
transitions in ncutrgn capture, fluctuations in the values of [y are to be
expeeted; thin 10 confirmed by trhe hiph value of 7 2 of 197 ror 76 degrees of
frecdem, obtained for tho weipghted mean value of Pye. To take this inte account,
a cecond correlatian tect wac carried out ucing as weights for Ty the inverse
guadratic sum of the quoted errors + 1035 of the value of [y, this gave a positive
corrclation between the fun¢tions of T'p and Iy (cee Figure 3). Measurerments of
the Y-ray spectra emitted on neutror capture in U-238 reported by John et al
1nd Thomas{18) show n variation in chape froo rezomince te resomances John et a1f17)
cancludo that thero ic a chift downward in the centre of gravity of the gacma ray
spectra as the nentron energy increaces. This effect =ay be cnhanced by the
detection of Y-rayc from reconance ccattered neutrons captured in the detector and
currounding equicmenty a5 they only correct for background using the tetween
resonante Y-ray cpectrae Therefore changes in the observed radiation width coulé
te acsociated with thic change in the Y-ray cregtra or could be due to changes in
tie efficiency of detccting neutron capture evento ng the Y-ray opectsa change.

Cherefcre at present there appears t0 be very little evidence in theary or
egperizent to owpect o phycically real correlation botween the radiation width and
the reduced neutron widths The above statistical tests imply that the capture
i nt could be core censitive to the scattered neutrons than expected, or
tions for nultiple ccattering had been underestirated. In either cace the
easured radiation widths for resonances with large ncutron widths would be increaced.

(d} Recoracndation

vicighted mean values of all available data given in Table 2 would appear
to bc tho Lest data that can be obtaincd at present. As indicated in Table 3,
leavi out data from ary one reference will rnot cignificantly charge the averall
ol tho parametors. These values give an infinite dilution resonance
iatesmal ot 27‘0.96;2.08 b using a radiation width of 24.14 meV when no radiation
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width is given. The guoted errors on the resonance onergios would appear to be
realistic but the errors quoted in Table 2 on the neutron width sheuid be
increased by a factor of two to take into account the systematic discrepancioes
between different sets of data. Tae use of the weighted average radiation width
for resonances in which no measurcd valu~ is given, should be carried out with
caution and checks carried out to sce the effect of a natural cpread of ~ r2 meV
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 orbital angular cocentux
indepcndence of Iy must be viewed with boze suspicion and attempts should be
made to measure some af the radiation widths of resonances with cmnll valuen of
I‘n" to either prove or disprove the presence of a correlation.

Nuclear Physica Divisian,
Building 418,
AobeH.2,, Harwells

10th May, 1974.
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Tabie 1 Available data on reconance parazeters of U-238.
2 Recormended resonance paramcters for U-238.
3 Tre change in 7. 2 per depree of freedom with and

without the dita from a givan refercace.

L Gorrection te the flight path length and zero tice
using reference 13 as o standard.

9 Fraction variation of T for a given reference
relative to the weighted mean of all other
avaiiotle data in the ncutron cnorgy range up
to 1 keV.

6 Woighted mean radiation width and results of least
squares fits of Iy to functions of Py.

Figure 1 Chi=cquarcd per degrec of freedop vercus the seutron
vidth.
2 Py versus I‘no fraa the Coluzbia data of Rahn et nlh}).

3 Average values of FY Versus r‘n".
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Authors, Year nnd
Laberatary

J« B, Gorg et al,

Coluzbia f‘lsﬁ.)

P, ®, K. Pirk et
al, Harwoll (1963)

N. Asghar et al,
Harwoll (1966)

Jo 8. Lovin and
D, J, Hughes,
Brockhavan {1955)

J. A, Harvey et al,
Brackbaven (1955)

R. G. Pluharty et
al, Idaho (1956)

L. . Bouin?er at
1956)

al, Argonne

Erorgy Rence

0.1 =~ 4,0 keV

6 oV - 2 ke¥y

6 e7 = B30 oV

6 oV - 40 ov

0 -~ 700 ov

10 - 300 oV

& = 350 ov

TAbLg 1

Type of Meanuroment

TRANSMISSICH using
thuo eyclotron in
conjunction with a
fast chopper to
rveduca tho dackground
TRANSHISSION uaing
tha 15 YeV electroa
lipac

CAPTURE

SCATTERING

TRANSNISSION using
a f'ast choprar

TBANSMISS10N using
o fast choppur

TRANSMISSION using
a fast chopper

TRANSMISSICH using
o fast chopper

Detactor Sunploa
Nal-B-10 5 susplos
n froo 11,8
« 590 b/a
Wal-p-10 S sacplos
o from 5.6 x
13 - 0,13 a/b
Usxon=Rao 2 saxmples
capturse
datactor
lLi-6 glaus 3 ssoplen
+ Li-7 glass 1,21 x 107" -
to 1.59 x 103
couponsate
for gamxs~

ray detection

BP} counters ., samples

EP5 counters 4 sanplos
2 pamples

Boron looded 8 samplss
liquid 0.001" %o 0.7"
scintillator

Typo of
Annlysis

Coononts

Ares snalysis
taking into
account tho
interlerence
effeot,

Area analysis
using inter-
faremce affscte
dsvoloped by
J. E. Lynn,

Ares amalysis
noglecting
interfarence
effects.
Multiple scatt-
erlng correction
carried out in
both ceses using
Yonte Csrlo
techniques,

Arss amlysis
uaing singls
level Breit-
Wigrar forsuls.
Hughes ares
avslysis
tochniquas,

(assouxes
interferance
effects are

Shers + arra soall)

naliyaie
techniqusa.

Bainly arca
analysis but
aomp shapa to
help conrirat
values,

- 91 -



Dof,.

= F

10

11

12

13

Authora, Yeor and

Anorgy Hango

Iype of Lossures

e
i

'

igboratory

H. B, Jackaon and
J« B, Lymn, Argonne
(1362)

L. K. Boliingor anl
G, 2, Thomas, Avgonno

(1968)

Yu. V. Byatov et al,
Dubna (1970)

J. L. Rosen ot al,
Coluxbia (1953)

H. Maleok! ot al,
pubra (1371}

2. Rahn ot al,
Coluxbia (1372}

G, Carraro and
W. Kolar, Geol
(1970}

.5 - 6.9 eV

0 =209 oV

6~ 7oV

30 oV = 1.3 kaV

66 oV ~ 600 eV

6 oV - 4.6 keV

60 oV = 5.7 kov

TAAEXIASI0N using &
tast chospor

TAANSRISEIAN

TAHRISSI0N uaing the
pulged reactor

Solf indicatien

TRAHSUISSTION, CAPTURB
using tho pulsvu revctor
TRANSIESSI0H

CAPTURE

5017 indication

TRANSHISSION uping Gool
oloctron 1linac

Doron-loadod
liquid
scintillator

Boron loaded
1{quid
scintillator

Nal-B-10
loxon-Rao

Plastic
scintillator
HoI~B-10

Sazplea

2 motal folls
ard 2 cxido
sacplaa woro
atudied

Sovoral thici
ansples of pure
U-238 cooled to
1iquid nitrogon
tosperature
U238
izpuritics in
sanplos of U-235

Sovoral toils
ror the
Jetoctor and
transnission
samples

Sovara) sacploa

Sovaral saoplas
used on cach
Dunsuranont

1 sample

flem=nnis

Typg of
Analysia

Shapo.
Hepsamonants
woro perforcad
to look at

30lid state
oft'octs on the
urandun 6,76V
raoOmNGo> and
apro carried out
at tonpgraturoa
6%, 17%, 239%.
Shopo uagd to
identify p-wave
thon area
analysia to giva
gf‘n.

Aren aralysis,
(interi rence
effocts are amall)

Arca amlysis.
Aeosumeo interferonce
effecte negligible
on thin samples.

Aroa analysia.

Mainly area Used as

analysin and some standard
chape analysio on for

the thick axmple ¥esonanco

traacmission data. onargy

ATTA~Harvoy aren
analysis.

{includeec resonance~
potential intorferenco)
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Authory, Yesr asi Loz

A T Lory
EEAIRUNLLE 5

Lotuectoy

Je 2, Lyun ard L~ L0 Y

[, J. Fat-andsn,
tarwall [ 1:59)
Ge Het wt al,
Geal L1973)

£0 - 1000 o

MRS

uadng the

2o¥ olectron lhuae

Losone=ilng

et dgn

Ub to 5 asocplun
wury usad

2 aanploa

Lypo of

Amlypis

ATOA DRalysis,
neglecting
interference effecto.

Arca analysis, Usod in
conjunction
with valuos
of I froa
reforonco
1%,
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I 6 i 8
ko : o e *rtn:r.:zma recalzulatod energy ! nmoutren sidth rudlation width
Gon| Bz 1A PR LW g i i s it 1 11
1 P =t 0 2,635 2153 N3N 04533 3,01 3,959
2 73 7 6 1oz | vz 0,365 246, 3,196 3,605 0,063 1425
i3 L6 L6 22 11022 1,083 0,487 042y 2.967 3,505 0,659 1.162
& 3 3 3 0,850 0,320 0.€95 0,619 1.735 1,562 1.095 1.276
& 18 13 4 1.0114 $.035 0,504 0,561 3.972 3,865
I3 8 8 A C.7%3 2,75t 0..22 0.373 5.403 9,086 1,27 1411
b t3 15 4L 0,043 0.472 Gal32 4eG32 3.672 1,183 1.376
! 1 ] LI BN I PN 0,140 0,155 0,453 0.765 1,127 0.123 0.702
g 16 16 [ 2.977 2.533 2.435 1.959 0.203 0,243
10 1 1 1 0.155 0,140 0.3 0.153 1,200 1,127 0,579 0,702
11 5% 55 32 0,773 1,211 0,426 0.L36 3,550 5.392 0.733 1.119
12 L4 13 23 1,126 1.2, 0.310 0.3 299 5,892 0,691 1,193
13 2835 233 7 1.223 2,022 0,436 0,52 4,586 3,718 0.428 1.165
1 195 18 o) 1.215 2.089 0.487 0.52 3,387 3.860
15 7 7 6 0.558 0.58% 0.397 0.345 5,322 4,998 0.920 1,404
16 28 28 28 1.243 1,084 0,265 0,240 34539 4,185 0,956 1.170
Total %2 and degrog of 1 - . a4 24
froodom 369.5/689 108,.5/689 24,22.1/679 158.1/138

2 ; )
Section i and 1i of colunns 9, 6, 7 and 8 rofer to X ° per degree o troedom without and with the data

froz the given referonco rospoctively.
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LABLE 4

Rof, No. Flight path Corrected flight Correctod ero
length (m) path lensth (m) tine (usec)

1 200.0 199.9+0.27 =0.1200.467
2 55.0 55.03+0.53 0.383+1.433
3 32,54 32.5920.09 0,25340.380
4 20,0 19.92+0.31 0.02624.53
5 20,0 20,06+0.96 0.99546.759
6 50.0 29.39£1.99 ~6.148+18.00
7 58.70 58.71;5.81 -0.276;68.}1
8 58,90 - 0.000+7.190
9 60.00 59.67+0.38 =0.412+3.724
10 50.00 - ~1.89144.932
11 35,00 34.99+0.0% 0,19540,163
12 50.00 30.01+0.016 0.10320.048
13 200,0 STANDARD

1 100.0 100.00+0.018 0.08740.029
15 20,00 19.98:0.75 0.150:'9.695
16 60,00 60.01+0,.075 0.069;0.2}6
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Rof', No. Fi Lonst oquares it to Fl o » b x £,
a b Gorrolation
_— coefficient
1 -0,0462,0.0101 0.0267.0,037 ~1,00616720.G0007* <0.311
2 0.0244,0.0136 -0,0098,0,0629 1,00018640,000163 0.173
3 -0,1070,0,0114 ~0.103040.0545 -1,000017+0.000109 0.024
[ ~0.021640.0490 0.031320.0508 -2.003603+0.002820 -0.788
5 0.0053+0.0260 -0.062040,0555 3,601 28340,060652 a.n82
6 0.159840,0872 -0,0684,40,2255 2,00213520,001726 C.451
7 0,051540,0262 0.093%20,0268 =3.000751:0.000518 ~0.546
& 0.02834+0.014 - - -
9 0,029%440.0610 -0.0276+0.1655 3.000768:0.009249 0.212
10 «0.015840.0212 - - -
1 0,081440,0162 ~0,021340.0286 3.000453+0.000076 0.632
12 0,01842+0.0161 =0,0110+0.0344 2.000108+0. 000100 0.181
13 0.047640,0129 0.0293,0,0237 3.000043+0.000044 0.117
14 0.118240,0106 0,034840,0219 3,000173+0,000040 0.511
15 =0.074640.0225 -0,0563+0.0318 ~1.00032640.000462 -0,301
16 0.0833+0.0072 0.106320.0234 ~2.000068+0.000055 -0.241

- 631 -


http://-0.0634iO.2255

IABLE 6

Rof.| No. of | Woighted Mean Cyzasdly Taraed® Tz 0« BG7(ER x (T Tx))
No. | values oy 2 s b x? c a b %2 o 8 b %2 c
2 6 26.% 122,00 | 23.65 § 0.009 20,9 {0,216 } 13,957 3.40 1111 § 0.69L 16,64 | 35,56 | 11,54 | 0,668
+1.23 2 6.65 | 40,200 £ Ta16 | 2176 £ 5.76 | £19.81
3 27 23.61 38,56 24,16 | »0.0922 |37.9 |-0.934 23,201 0.121 | 38,2 0,100 23,05 3,03 }37.30 | 0,184
0.7 3 1.00 | £0,0180 £ 1,00} 40,241 & 0.8 | 4+ 3.30
A 3 24,7 1,49 | 23.06 | 0.60 0.08] 0.973 | 21,531 4.2} 0.03 | 0.989 23,30 [ 59.58 | 0.11 | o0.960
+ 1.89 + 0,66 | 40,16 + 0,59 0.64 2 0.75 | 17,3
6 = 27.60 0,23 27.88 | -0,012 0,23|-0.05 28.54 } ~0,27 0,23 [-0.103 29,0 | ~ 6.0 0.22 |-0.207
+ 9.27 2 4.91 | 20,163 + 7421 44,37 £ 579 | 520,10
7 & 23.67 1.53 23,99 | -0.038 1.50]-0.12 2,73 | «0.61 1.39 |-0.293 24,30 | - 5.51 Tutdy |-0.241
2 .76 & 2.39 1 s0.227 + 2,861 +1.20 £ 231 ] 15,69
" 32 24409 17.8t 23,56 0,009 |16.96] 0.215 23,58| 0,18 17.45 | 0.139 24,07 0.16 | 47.81 | 0.0t '
= 0.67 2 0.67 | +0.008 £ 084§ 40,23 £ 0.72 | ¢ B3N -
12 23 2364 .47 2,58 | -0,015 5.65[-0.L91 2,06 § «0,12 7.00 1-0.291 23.7% | - 0,66 7,41 1-0,083 5‘
+ 0.9 2 0uliy | 20,006 + 0445 ] £0.10 G637 | 21.53 .
13N 22,31 | 8L, 16| 21.26 | 0,014 | 72,72] 0.365 | 20,93 0,502 |69.12 |-0.L19 | 21,71 6.92 176,65 | 0.296
2 0.3 + 0.6 | 20004 £ 048] e0,43¢ £ 041 | v 2,38
15 6 2445 17.29 26,86 { -0.211 8.68]~0.704 7,071 ~1,503 § 12.47 {-0,527 26,21 | ~15,57 | 12.66 j-0,5%3
% 1.05 2 1.96 | 20,106 £2.81 41,213 22,38 | #43.88
16 | 28 2L.21 62,58 23,32 0,013 1 53.42| 0.38¢ 23,58| 0.198 | 59.72 | 0.212 25,13 0.67 | 62.49 | 0.C2°
4 0.26 £ 0,56 | +0.005 + 0,6B] 16,179 2057 | 232
reighted
values
76 24,14 [196.8 24,11 0,0004 | 195,8] C.013 24,07 0,025 {196.7 c.cz8 2,07 0,57 [196.5 0.038
& 035 1 0.33 | «0.000 £ D37 0.0k £031 [ <t
arrors gn r‘g Lhepased fy 107 of ithe vallue of (Y
22,43 | 0.0091 45.4| 2,258 | 22,2B| 0.363 |u3.5 | 0.339 22,73 5.554] 45,3 | 0.283
& 04t | 40,060 2 031 20,117 + 0,36 | s2.187

o i3 tho corrolation crofiiciest f2r tho Ii¢
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-—w= fit using the inverse of the quoted errors squared
as the weighting
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quoted errors +10% of the value of fy
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1
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3.6 322E+03
3,71159E+03
3,7331E403
3.7438E403
3,7813E+03
3.7998E+03
3,8306E403
3.856TE#23
3.,8720€4223
3.8951E+03
3.9018E+0D3
3.9134E+03
3.9390E«03
3,9539E+03
4. 0404E+33
4.03630E+03
4.0094E423
4.1240E+03
4.16T8E+D3
& 1782E403
442094E+33
4a25T7E+03
4.2930E+)3
4.3060E+03
443239€403
4e3332E+23
4.4350E+03
4,4872E+03
4.5103E403
4e5420E+03
4.56T2€E+03
44,5927E403

+0R -~
1.27E+0D
1.28E+400
1.28E400
1.35E+00
1.36E+0C
3.20E+D0
1e36E400
1.37E+00
1.37E+00
343CE+00
1.37€+00
1.50E+400
1.50E+00
1.50E+00
1.50E+00
1.50£+00
1.60E+00
1.60E+00
L+60E+20
1. TOE+00
1.70E+20
1.TOE+DO
1. 70E+00
1.70E+00
1. TOE+00
1.80E+D0
1.BOE+QC
1.80E+0C
1.80€+00
1.80E+00
1.80E+00
1.90£+00

2

2.9681£-01
6,4TOSE-02
1,8238E-J1
441845€-02
3.1660E-01
3.0821£-03
6.44356-03
443621E-01
1.873BE-01
4.9928E~Q3
2.5796£-01
9.0082E-02
1.29926-01
1,0815E-01
644835E-02
2.9959E-02
T,2262E-02
342109€-02
1.6010€-01
3,8137€~02
4e0226E+-02
1.6965E-02
1.3179E~01
1e14545-01
6.1811€-02
3.2914E-¢3
1.05226-01
2.6795€~03
5.0503€~01
7.4808E-02
3.3791E-02
1,8298E~02

+0R-
3,35E-02
1,30€-02
3.33F~-02
S5«49€~013
4.30E~02
3.0BE~03
2,38€-03
3«.91E-Q2
4¢39E=02
3.12€-03
S5.14E-02
1.50€-02
2.01E-02
1.51€-02
1.02E-02
8.29FE-03
1.4T€E-p2
7.71E-03
3.,49E-D02
9,05€-03
9.08€-03
T7.18€-03
1.77€E-02
1.71€-02
9,86€-03
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2.53E-02
2,01€-03
T.99€-02
1.21€-02
8.11E-03
6.10€-03
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0,23
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0.56

0.15

NN NN N

~

- Lt -
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1

L

*

L

»

LR

»

i

3,5277E+53
3406225423
35504603
250006403
3.£0938423
3.1328E423
F.14705403
3,16987E+D0)
3,1T78E«D3
3,1878E«03
3,20465403
3,2170E403
3.2251E003
3,24B82E4+47)
3.2720E402
3,2781E+1)
3.2954F+403
3.,31060L 003
3,2203E+03
3.33276+4013
3.3545E422
33709403
3.,3887C+03
3.407BE #D3
A.4173E+03
3.4352€+33
3.4566E+403
3.4699E+03
3.4041€493
3.4931E+03
3.5119€403
3.5263E403
3,5602€403
3.5724E+03
3,5931€+03
346000E423
3.6110€403
3.6223E+03
3.6286E402
3.64T0E+403
3.6T722E403

*QR—
Ge42E~0L
. L7E-0L
243%2-01
2435E¥Q0
Ga 78E-01
tatasE~01
7.G7E~-21
Ta00€-01
T«D3E-21
T.02-01
TalQE~01
1.10E+00
Tel0E~01L
T.12E-01
1. LOE+DO
TallE-31
9.04€~01
T.12E~01
Te31E-01
TeT5E-D1
TaT5E-01
265E+00
T.TTE~01
Be09E-01
1.1QE+00
8411E-01
He41E~01
2.80E+DD
Bak1€-01
8e4lE=21
2¢85E+00
1.18E+00
Be.h%HE~0)
B4k4E-01
Be45E~01
22956400
2.95E400
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cormgRts on the wvaluation of Lthe unresolved resorance paraceters of U-238

¥, G. Zowerby
A.usBeCe, Harwell, Oxfordshire, 0OX11 OHA, U.K.

i

Zyaluationa of unresolved reazonance parameters are required so that guod
calculations can be made of self shielding factors, the doppler temperature
zoefficient of reactivity znd other reactor mraseters which depend on resonance
itructure. The aim of these evaluations is to, enable a set of resonances to be
senerated which huve a similar distribution of properties as the resonances
ictually precent. The generation of these resonances is done using various
es and the formalisss used and assunptions made in these may
e oiightly dafferent. Tho Authar nas cade no attenpt to investigate this
len but there are protably no great inconsiitencies. However, because of
sible differences one should take care in drawing detailed conclusions from
comparisons of unrecolved paraceters.

o

Any cvaluation of unrczolved recorance mrameters must have as its
foundation the average valucs and distributions of the reconinze maraceters
: ovuerved in the rcoolved energy range. The forms of the variovus distribut:ions
H are of course taged on resorance parameber data from many different nuclei. The
. cviluitions are also mde te bo consactent with measurements of the average
crugi=cictiotu in the unrecclved regione For U-233 the unrecolved reconmance

tnuy ronroduco an ovaluated capture croscesectione It i5 wellekrown taat for
=84 thope iu consideravle ungeptainty about the individual recorance parameters
et pesgs there is 0le@ unzertainty in their average values.

e Dotasled Oiroussion of Unrerolved Herion Data and Bvalusticns

In ony awnlustion the dictinoticn botween the recelved and unrecolved cnergy
canens L3 vory blurred ¥edsusw an inereasing auster of the gzaller recorarces
ire rat apalyacd, cwiny to lach of resslutien, a5 gze gete clesar o the
Leoter wnnrgy ond of the resoslved enerpy rapge. e evaluator therefore has
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shown that there is a small 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 2 distribution with the
number of degrees of freedom { ) being 7 or 2 depending on whether
or not the spin state can be formed for both channel spins 1 + 3
and I - 4. (For = 1 the distribution is of course the Porter-
Thomas distribution).

(3) The total capture widths have & narrow distribution about their mear
value (similar to a ~ € distribution with V very large) and it is
usually assured that the capture width is a constant.

Table 1 lists the main techniques that have been used ta obtain the average
resanance parameters used in evaluations of the unresolved regionm. A number of
assumptions that have usually been made in the analysis of the results are listed
below

(a) The average level spacing Dy is related to the spin J as follows

DJ = D exp { J[J+1] )
L. ]

25341 29

where Do 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 Iy is assumed to be independent
of J and 1.

Table 2 gives the average resonance parareters obtained from some typical
experiments and analysess The most striking difference is in the p-wave strength
function where the amalysis of transmission data gives values ubout 60% higher
than the other techniques. However, it can also be seen that none of the
paranecters, except the effective potential scattering radius, are consistent
within +10% and this makes it necessary in evaluations for fast reactor purposes
to gelect paramcters which will reproduce the measured average capturc cross-
section.

Table 3 gives the average unresolved resonance parameters used in various
evaluations. There is considerable variation in the values chocen and on the
whole they are all consistent with the typical “experimeatal™ values given in
Table 2. The calculated average capture cross-sections, which are also given in
2 energy sanges, show a large spread and one would expect significant discrepancies
in the calculated total cross-sections. There are some good total cross-section
data available in this energy region and it would appear to be sensible to
recommend evaluators to take rnote of these. Perhapa it is also necesezary to
repeat these cross-gection measurements as it is deairable to have as many
checks on the U-238 resonance data as reasonably possible.



- 185 -~

It is perhaps now worth censidering wnat other checks are passible. First,
rswever, one should note that lor 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. 1In principle they would like to do calculations at
temperatures up to S000PK, out at the present time there are only data below
~1C0C%. 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 & function of temperature. The first of these is the measurement of average
transmission of npeutrons by thick samples and the second is the measurement of the
average celf indication ratio. Measurements of the first type nave been done by
Vankov et al {13] and of botk typcs by Byoun et al [14].

Table 4 gives the results obtained by Vankov 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 transqissions at room temperature. Table 5 gives the kest values of
Hyoun et al for the p-wave parameters along with the assumed s-wave data. The
data in both tables arc not in particularly good agreement with the evaluated
duta given carlier except perhaps for the second set of results of Vankov et ay
where <I'y> and the average £-wave level spacing are kept constant.

At tne prezent time calculations are being.made at Harwell on these two
types of pmeasurcments as a preliminary to performing similar experiments. The
changes in thick saople transmission wiih sanple temperature appear to be
mainly duc to the increased doppler broadening filling in the mipima in the
total cruss-cection caused by the resonance-potential interference produced by
s=wave neutronce The biggest effects are produced by the resonances with large
T, and the results sre alightly sensitive to the value of I'y. The calculations
of the self indication ratic are not complete but in the region below 10 keV
the chargea as o function of temperature also appear to be sensitive to the
s-wave rather than the p~wave parapeters. For instance for a given szc¢ of s and
p-wave Ip values, changing [y 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 hoth the self indication ratio tnd its temperature
dependence. Around 1 keV the changes are mainly associated with the large I
resonances but the situation appears more complex at higher energies and
calculations are continuing. However, from this discuassion it can be seen
that theee types of experiments should help to improve calculations of the
doppler temperature coefficient of reactivity as a large part of the observed
changes ac u function of cample temperature arise from the large s-wave resonances
which are heavily self-screecned in a reactor.

3, Conclusions
in conclusion a number of points can oe mde

(1) The average resonanco parameters in U-238 are not well known and
inproved data are reguired.

(2} Incufficient checks have been made to date to swe thai evaluations
fit nll the data that are available.

(3) In the future evaluators should check that the resolved and
unresolved data on U-238 are consistent with

(a) average capture crosas-section data

(b) average total cross-section data

(¢) average trinsmiseion data for thick samples (including variation
with sample temperature).

(d) =average seii indication ratio data and their variation wiin
transsission sample temperature.
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Tabkle 1

Mathods of obtzaining data on unresolved resonance paraneters

Hathod

Agsutipt dona

Data obtained

Analysis of resoived
yesonance date

The average values of
paraseters in the
recolved region are

the sace 8 the un-
resolved regior when
known energy dependence
alloved for

gewave atrength functien (Spy)
g-wave level opacing and
hence Dy

<Ty> for a~wvaves

seattering radius R' for
swwaves

B Analysian of averags total S and p and d-wave ctrength
cross-seckticn data funetiona (S.| and 53)
Dimenslonless quantitiea for
8 and p-waves (R, and R1™)
which allows for tho effect of
distant levels -
The value of R, effectiveoly
gives R’
C Analysis of thick cample Values of I, <Ty> 5, and R'
average transmicreion data Sg and diatribution of
s~wave noutron widths are
aosuried
D Analysis of average captrre Valuee of 5, and S, are <Ty> for s-waves
¢ross meaayrements aspuned plus distribution Do
of neutron widths ay> for p-uaves
Do
Sq

The values Ty> for s-waves

Do
and S5q are strongly correlated
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Data ebtained from typical experiments and analyses

Table 2

Experiment Type swwnve level Sy Effective S1 T meV Comment
spacing (ev) potential
scattering
radius {fm)
mat - et axl? A 20.8 1.08s [ 96205 |~ 2.9 Amlysis to givide
0,10, x 107" | 40.5 (stat) | levels into s and
¥ 104 0.9 (syat) P populations
Roahr et al(l') A 2h. 64
* 0.85
Carrayo and A 17.830.9 1.13%, Assumes all
Kolarl> 2,13 resonances <2 keV
produced by
5-Wave neutrons
Uttley et Rl(6) B Arguned Assumed to 2474016
to he we 9.18% 0, 2
140, % x 10-4
10°"
Lynn(7) [+ Assumed to AGsumed 9.1853_0.1& 2.5_4‘()&11 Assumed to
bo 18.0 to be x 10~ be 27
1.0, 2
1074
® (8) - '
¥oxon L 1.0:0.3 1.5930.45] <Ty>/Dy = If sewave level
5.740,9 x sprcing = 20.8 eV
10-% (s-wave)] <Ty> = 23.7 meV
L anl-Z x .
10~ Tpawave)

30

- 88T ~



Teble 3

Comparicon of Evaluations of unresolved rosonance parameters

Evalution morzp 1r1'? Jamea for UK scnoiaet) Absgyan et
. SDR~GENEX al
?nﬁuation

Quantity 10

5 1.05 x ‘IO'l' buk varied by up 0.93 x 10.“ 0,90 x 10_“ Q.91 x 10"'

° to 15% below 10 keV

s1 Vaf}.ahlo between 1.337 » 1.58 x 10‘1‘ 2:5 x 10'1' 240 x 10"‘
10~ and 14932 x 10

s-vave level spacing Variable decreasing fron 22.5 eV 20.8 oV 20.4 eV
20 to 18,53 eV froa 4 to
45 keV

p-wave level spacing

J=1/2 An o-vave 22,5 eV 20.8 oV

J = 32 Variable decreasing from 11425 eV 11eb &V
10.98 to 10.21 =V from 4
to 45 keV

s-vave scattering 9,184 x 10~ ea 901843 x 1013 9.18 x 10" ¢

radius (R')

radius used for 8,401 x 10712 ¢ 8.3662 x 1077 9418 x 10° ' ea

calcuiating

penetrability

< 23.5 moV 2340 meV 24,8 mev 2443 moV

Corment Parameters chosen to Paraseters choacn

reproduce average capture

to give shielded
cross-sections

Parameters chosen
from the types of

Parameters chosen
from resolved

cross~-pzction required to fit :xp;;é:vn:a listed | reconance data
reactor meagurements]" °
Average calculated
capture crogse-section®
546 keV 0.972 0.88y 1.138 1.0
10-20 keV 0.645 0.547 0.736 0468

*Values in last column {

ron INDC{CCP)--11/0. Otherwise

ata in tANDC 90 L quoted.

- 681 -
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Table 4
R 13)
esults of Vankov et al
All parameters <> and s-wave
varied level spacing
kept constant
, -4 wly
s, 0.90{+0.07) x 10 0.89(+0.004) x 10
s, 1.28(20.33) x 107" | 1.87(40.03) x 107
s-wave level spacing 25.1 + 1.4 eV 20.8 eV (fixed)
Effective scattering 9.232 x 107> cm 9,053 x 107> ¢n
radius R'
T 17.2 + b6 meV 24,8 meV (fixed)
Tabklae 5
Best p-wave data from Byoun et al(w)
Best Fit Parameters
A B c
wly +0.1 +0.1
5, (x 107) 14584041 19 2.407"
Mean pewave (eV) Ma342.0 1,320 11.302:0
level spacing =35 -2
(both spin states)

. : +11.6 +0.8
<> p-waves {meV) 47.5¢8.4 43'5-13.6 }7'0-6.6
Assumed data
effective scattering
radius R' (fm) 9.3 9.2 9.0
Radius for penetrability 8.74 8.74 8.4
(£m)

5. (z 107

5 (% 10 1.0
s=wave level spacing (eV) 20.7
<> e-vaves (meV) 23.0
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PRELIMINARY RESUL"'S OF A SHAPE MEASUREMENT
OUF THE 238() CAPTURE CROSS SECTION IN THE
NEUTRON ENERGY RANGE 20-600 keV W

R.R. Spencer and F. Kdppeler

Kernforschungszentrum Karlsruhe
Institut Fr Angewandte Kernphysik

Presented at tho specialist’s meeting on
"Resonzncc parameters of Fertile nuclei [232“\, 238U, 2""ol*u] and 239Pu“ .
" Saclay, France, Moy 20-22, 1974
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INTRODUCTION

The lack of agreament in the value ond shope of the neutron capture cross section
of 238(.' below 100 keV obtained in three recent high resclution time-of-“light measurements
[1-31 suggests that further measurements of this important cross section may be of value.
Since all three of the above mv ntioned experiments were cairied out using linac produced
neutror: it would seem that a measurement with the pulsed Van de Graaff making use
of the 7Li [p,nl 7Be reaction for neutron praduction might provide a degree of experimental
independence and in thot way resolve previous difficulties. For example, the Van de
Graaff technique has no interfering ygamma-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. Alsa since mB was chosen as a neufron flux monitor in all
three linac experiments, it wos decided that the present megsurements would make use

235U fission cross section for this purpose.

of the very well known
The present measurement will be carried out Tn three seporate stages. in the First

stage, the results of which are reported here, o shape measurement was made with the

800 liter liquid scintillator tank in the neutran energy region from 20 - 550 keV relative

to the 25y fission cross section. As an independent check a simultaneous measurement

of the ]WAu [n,¥1 yield was made. The second staga will consist of the calibration of

a Moxon-Rae detector using a pulsed, monoenergetic neutron beam of2?37; meV energy
U. Dve to

possible difficulties with ite small amount of 235U with relatively lorge fission cross

at the Karlsruhe, FR 2 Reactor, and capture samples of both gold and

section in the 2::!BU sample, the gold mensur ement may be essential. In the final stoge
several measwrements in the keV neutron energy region will be performed at the pulsed
Van de Graaff with thiz colibrated system using the same samples as In stoge two.

e 235U fission detector will be us>d as a neutron monitor for bath the last twe

Th
stages also, This then will provide the "absolute" coplure cross section to be used as a -

reference for the shape measurement,
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zaau CAPTURE SHAPE

The shape mecsurements were carried out using a thick {ithium target to produce
a “white" neutron spectrum for energies below abaut 160 keV and thin lithium targets
giving "monachromaltic” neutrons ot higher energies. A 1 mm thick sample of 99.76 %
purity 238U a 1 mm thick gold sample and a carbon sampla for backgraund determination
were cycled into the detector ut intervals datermined by the proton beam integratar.
Flight poths for al} samples were 203.3 cm. A 25 U,gas scintillation,fission chamber
operated with a flowing mixture of B85 % Ar-15% N, wos ploced in the collimated
neutron uecm before the scintillator tank. This chamber was carefully adjusted so that

235

its two 235U foils covered the entire beam. The “"~U was electrosprayed onto thin

VYNS backings {41, Thus both fission fragments were observed in coincid to discrimis
complately against the natural a-activity of the foils. Flight paths for the two Fission

foils were 92.15 and 98.75 cm. For the low energy [continuous energyl run the acceleratar
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 (time] 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 simulteneous pulses
oceurred in any twe of the quarters. Both "Voler" and'Non-voter" events were stored
separately, This system differs fror that used in reference [3] where holves were run in

coincidence,

The results of thase are p d In Figures 1-3 where they are compared

to other reported values. In Figure 1 the present results far the 238U copture cross section
shapa as computed fram the gold reference sample yield is shown as points with error bars
representing counting str stics fwhich vary from + 2.7 ., at low energies to + 0.7 % at
high energies]. »

Figwe 1 gives lho result of the continuous snergy Tun only. The gold cross sections of
Kompe [5] were used in the colculations aleng with the "Veter" yields for both 2:"BU and
gold; Tha spectrum fractions required [data counts divided by total copture svents] for
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both 238U and gold were derived from an extrapolation of the "Voter " pulse height
spectra fo zéro ganuna-ray energy below our thiashold of 2 MeV. Since this extrapolation
could conceivably be in errar, thus resulting in o systematic errar in the calculated
exoss section of perhaps + 10 % these resuts should ba considered as a shape measurement

only,

Using the 2351) fission cross section as evaluwated by Sowerby, et al., [6] a totally
independent result for the 2':‘BU copture shoph was derived from the 2:‘BU capiure yield
and 23'F’U fission chamber counts. These values are shown os horizontal lines in Figure 1
and include corrections for the energy dependences of the spectrum fraction, air

scattering batween fission chamber and sample, and self shielding plus multiple -cattering.

in arder to achieve reasorable statistics in the fissian chamber counts, ch Is were

added tagether carresponding to 10 keV nevtron energy intervals uvp to 100 keV ond 20 keV

intervals at higher energies, The resulting relative cross sections were normalized to the
average value [210,8 mb] obtained for the prasent gold reference § result in the region
from 90 to 100 keV energy.

The shope calculated in this way is seen to be in excellent agreement with the shape
obtained with the gold referenca. Also shown are the decimal interval averaged results
of the experiments of references [1-3], These values were taken from Table VI of reference
[3). It may be seen that the present cross section shopes for 238U capture ore in excellent
accord with the shope of the reference (3] results fto approx, 1 %), show some deviatons
from that of reference [1} ond agree well with reference [2] at high energies but show

a lorge deviation [12-15 %] at lower energies,

it should be noted that the total estimated efror for the data of reference [3] are
given by the length of the data bar and is somewhat representative [although not exactly
sol of the total errors estimated for the data of references 11,21,

In Fig.} a significant fine structure in the 23 GU capture cross section ds computad:; :
from the gold reference data was obsarved, particularly in the region below 50 keV, -
Figura 2 is an enlarged plot of this region shawing the present results and a replot of the .

g, it
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high resolution results of de Saussaure, ¢t al., [31. The latter were averaged
over the same energy intervals as the present results. It may be seen that the
present results and those of reference [J? are in excollent agreement with regard

to the fine structure in addition to the overall shape ugreement shown previously.

Finally, in Figure 3 is shown a plot of the present results fromE_ =20 1o
550 keV of the 238U cepture cross section shape roferenced to the 5U fission
crass section evaluation of Sowerby et al. 6] ond normalized to the value 210.8 mb
at 95 keV, The large gap in thc 150300 keV region was caused by the foss of three
thin target runs due to electronic difficulties und these runs will be repeated in the

238, copture cross secticn of ref, [6]

near future, For comparison the evaluated
is also shown. The present results rormalized to 210.8 mb ot 0-100 keV lie 6-10 %

higher than the evaluation in the region belcw 150 keV.

CONCLUSIONS

The prasent measurements show a very good internal eonsistency between the

2::‘SU <7 ¢ referenced cupture cro-. section of “BU. This is of

gold seferenced and
vtmost importanca because the gald referenced measurement totally eliminates ony
air scattering correction and also mokes negligable any shape depeadence on the

multipie scattering and self-shieiding corvection [the lurter correction is virtually

the same for the gold and uronium samples].

The present results represent the first good shape confirmation in recent time-
of=flight measuremenis of the 23aU copture cross section in the nevtron energy region
below 100 keV, This agreement shrongly suggests that this shape is now quite well
determined and that future measurements should be primarily directed to obtaining an
absolute crass section af one or more energies in the keV range, It should be pointed
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out that such absolute measurements should be zarried out under conditions of -
known neutran flux shape, preferably with relatively good enerﬁy resajution
since measurements with very poor resolution can give significant erors even
for a ?/v cross saction, The st.uchure obscrved neor 30 keV could enhance this

effect.

In eonclusion it shovld be stoted clearly that the numerical results of the
present experiments which will be of significance are not the cross section volues
used here to illustrate the ﬂuc!uahons in shope, tather the cross saction ratios

U capture to 23SU Fissicn, 8U coplure 10 !WAu coplure, and 197, Av coplure

o 35U fission. These ratius are cutrently being derived and will ba reparted

ot a later date in tobular form,
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Nota Added in Proof

It vas prought to the atthoxs' attention by Dr. Moxon at this mesting that
there axists a recent absolute measurement of the capture cross saction by
Ryves, et al..Journ. of Huclear Energy, 27 (3973) 513, For the neutron energy

(zzBU] = 162 mb with a standard

1
range 157 + 20 keV these authcrs give G(J\P’x‘.

deviation of 2.4% . Averaging ¢of our gold referenced data over this same

neutron energy interval yields a value Scpor (2380) = 159 + 0.5 mb where the
error accounts for countinj statistics only. Although this energy region may
contain scme effect due to inelastically scattered neutrons being recaptured

23Bl.l and gold), this effect is not expected to be large.

in the samples (both
Therefore, the excellent agreezent of the present data with the Ryves result
would appeoar to show that our analysis of the Voter spactrum fractions was

valid,
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FIGURE CAPTIONS

Present results of the shupe measurement of the 2:"laU
fn, ¥ ] cross sectian referenced to G [n, 7 1 for ]WAu
and to G‘fis‘s:’ora

recent time-uf=flight measurements, Error bars on the

'97Au referenced result demonstrate counting statistics

5,
for 237y compared with three other

only.

Comparison of the detailed structure of the present

233U [n,¥ ] cross section [referenced to G'[n, ¥]

for ‘WAu] with the very high resolution data of

reference (3] averaged to give the present energy resolution.

Errors bars represent counting statistics only,

Comparisan of the present result for the 238 {n, ¥ cross

235 .
section {r eferenced to Gﬁssion fqr U and normalized to

210.8 mb at 95 + 5 keV] with the evaluation of ref. [6].
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RECENT MEASURTMENTS ON 238 U AT ORNL
G, de Saussure
0ak Ridge Natifonal Laboratory L
Oak Ridge, Tennessee

In 1§72, Perez, $ilver and I completed a series of wmeasurements of the
capture cross eection of U-238 in the range 5 eV to 100 keV, using a large 1liquid
scintillator. These riasuremeats have been discuseed in detail In ORNL-TM-
4059 and In Nucl. Sci. ard Eng.

¥’ have comparid our data to the two previous sets of dats obtaired by
the time-of-71’3Mt technique, those of Moxon (Harwell) and Friesenhahn et al.
{(G.G.A.), Thc three scts of data show systematic discrepancies which are larger
than the known uncertainties of the measurements.

To attempt to repolve these discrepancies, Perez, Macklin, Halperin and
I hava sterted a nev sexies of measurezents with a detector entirely difiercat
from that used in 1972. We hope that a comparison of the results obtained between
the two different gystczs will help in identifying the reasons for the discrepancies.

We have oot yet reduced the date obtained in thie lest series of mezsurements
to the point where we can say with which previous measurement they agree, 1f any.

1,eball briefly describe the experimental techniques used in the two seriss
of ORML messuremsnts, then I will discuss eome of our 72 results, in the resolved
rangs.

Fig. 1 (68-10873R) shows the large liquid scintillator detector. It contans
3000 L of XE-224 poisoned with trimathylborate, and is viewed by 32 photomultipliera.
An nlusinized mylar foil, not shown, saparates the tank in two halves. Coincidence

aignals between thage two halves aud aingles are stored separately. The D-238
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semple, a disk of about 8-cm diameter, was placed in the center of the tank
end decoupled frem the scintillatox by a 5I.I.H iiner, 2.5 cm thick.

We stored separately the coincidences and singles as well as two pulse-heighbt
groups, but we did not cbserve significant systemstic cehoges in the ratio of
coincidences to aingles or in the PH distribution, either with energy, or
from level to level in the resolved range.

Pig. 2 (69-1344R) ill;unttate- that the signel to background ratio is about
eight times better in the coincideaces than in the singles and that the ratio
of singles to coincidences remaing constant from level to level, within our
accuracy of approximately S5X.

Pig. 3 (70-11350) illustrates how the background was determined. The
level of tbe background is obtained in the notches of a gset of resonance filters.
Inbetween these notches the ghape of the background is obtained from a run
where the uranium is replaced by lead (with minor corrections for the capture
in lead). This background shape 1s woetly determined by the lifetime of the
scattered neutrons in the tank and is not a sensitive function of the thickness
of lead used,

Prom the runs with the notch filters we determined the net counts per
incident neutron away froxm the notchbes. From a second aet of runs without
aotch filters we then obtain the net count rate over the repions with unotches.

Fig. 4 (70~7209) 1illustrates the incident neutron spectrum with and
sithout the notch filters. This spectrum war weasured with a BP3 ionization .
chanber and with a 1-mm thick ﬁl.i glass, The two measuremente agreed within |
3% over decimal intervals up to 100 keV. The structure above 20 keV 1s
caused by the filtering of the beam by a 20-mm aluminum housing surrounding the
ORELA maderator. This houaing was later replaced by beryllium and the spectrum
became much smoother. The neutron spectrum decreases at low energies due to a

10! overlap filter,
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Fig. 5 (71-2354RZ) 1ilustrates the normalization of the data by the
paturcted resonance technique. The solid line was obtained by a Monte Crrlo
calculation, which 15 insensitive to thc exact value of the resonance parameters.
It 15 difficult to see how thisc morsalizaiion could be in error by more than 2%.

In order to chtaln average capture crosa sections, the data must be
corrected for multiple scattering and resonance self-shieiding. Above 4 keV
this correction is less than 4X for the two sasple thicknesses used and we have
evaluated i1t by a method due to Dresner and coded by R. L. Macklin. Below &4 keV
and particularly over the 100 eV wide 1atervals, the statistical approach breaks
down and we hgve used the ENOF/B-TIII resonance parameters (which are in fair
agreement with our data) to compute the RSP and MS corrections by a Monte Cario
techoique, Por the thick sauples used in the measurement (,.0028 at/b) the
corraction becomes as large as 300X; for the thin sample (.0004 at/b) it 1s
always oraller than 40X.

Bafore discussing discrepanctes between measurements I like to describe
brisfly the detector used in our new series of measurements. This detector was
designed by Macklin and is 1llustrated in Fig, 6 (69-14021).

The ructsngular sample, perpandiculer to tlie neutron beam, is placed
batwvsen a pair of non-hydrogeneous scintilletor cells (WE-226) viewed by photo-
wultipliers. On line pulse-height weighting insures that the capture detection
efficiency 1w independent of multiplicity and function only of the total
energy releascd (binoing energy). The ll‘3 and proton recoil wonitors shown in
the figure have now been replaced by a .5-wm 61.1 glass monitor.: The normaifization
1s done by the saturated resonanca tachnique. The scattering background is
obtained by replacing the uranivm sssple by a lead sample and is normalized to

the main run by the ratio of the wonitor counts.



Turning now to the discr ies among s Pig. 7 (72-12634R)
illuatrates three data sets averaged over decimal intervals in the range .5-100
keV, Our data agree, more or less within errors, with Moxon's up to 10 keV
and vith Friegenhahn's asbove 50 keV. From 10 to 50 the three sets of data are
{nconsistent and over mnst of the range ,5-100 keV at least one set of data
18 incensistent with the others. Fote also that in the interval .9 to 1 keV
our capture is 251 larger than that of Moxon.

In Fig. B (72-~12954) we conpare our Jdata averaged over S0 eV intervales
(s0lid line) with data obtained with Van de Graaff's and other monoenergetic
sources. Within the rather large uncectainties of these earlier dats, and the
large fluctuations of the cross section, the varlous sets of data are consistent
with ours. Probably a comparison of'the recent time-of-flight data on a scale
that shows these fluctuations could help in identifying sources of discrepancies
such as errors in energy scale or In backgrounds.

Fig. 9 (72-12306) illustrates a comparison between our results and a
calculation based on ENDY¥/B~III, The discrepancies are moptly in the area and
peak values of particular levels, such as those near 1100 eV snd some small
levels at lower energles. In the range .9 to 1 keV our value of the average
capture is 27 bev” 2 higher than that of Moxon. The figure seems to rule out,
that the discrepsncy could be dus £o an under-estimate of the background.

¥ig. 10 (73-3649) and 11 (73-49i7) show compariscns between our dnta and
calculations based oo the neutron widthe published by Carrare. Again our data
indicste more capture than predicted by the resonance parameter, and the discrepancy

is not systematic but conceutrated on a few levels,
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In conclusion, we are still puzzled by the diacreapncles between different
cogouresents.  We are attecpting to better identify the source of these dis-

ccepancies by new measurements using different techniques and followed by datail

cozparisong of the dats from the differeat messuremeats. We shall also shortly
do some transmission experiments and analyze our low energy data for resonance

pargmeters.
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Fig. 3. 3ketch of the ORELA liquid scintillator tauk (ORELAST).
The tank is viewed by thirty-two 5-in.-diameter RCA 4522 photomultipliers;
it was scparated into two equal halves with an aluminum relifector located in
the verticnl planc containlng the beam axis, 'This seperatloa is not shown on
the figure.
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AN EVALUATION OF “*®p, RESONANGE PARAMETERS

H. Weigmann and G. Rohr
CBNM, Euratom, Geel, Belgium

and

F. Pourtmans
SCK/CEN, Mo}, Belgium

LA

ABSTRACT

240 . N
The status of data on Pu resonance parameters is reviewed.

Some statistical tests are performed on the data and recommen-
dations are given, particularly with respect to the average pa-

rameters,
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I, Introduction

There have been several extensive evaluations of the neutron

cross-sections of 2“’Pu, including its resonance parameteral -3).
Since the most recent onea) had appeared, there have been impor-
tant changes in the experimental data, particularly what concerns

4 5), and new data have be-

the parameters of resolved resonances
come availableé), In the following we will give a survey of the pre-
seat status of our knowledge about the resonance parameters and
some related properties of cross-sections of 24DP\:.: In section II
we will discuss the cross«sections 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 gbtained from the cross-sections in the

unresolved resonance region,

II. Cross-sections in the thermal energy range and parameters of

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 thermat

cross~section value consistant with the measured results,

3)

In the last evaluation done by L‘'Heriteau and Ribon™’, the following
parameters are recommended:
E, = 1.056 0,002 eV I‘n=2‘3010.15.~nev r‘Y =32,2 + 2 meV

The value of T has been adjusted to get a thermal capture cross

section L 2200:231 % 5barns,
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Since 1970, two new measurements have been performed:
I} Ramakrishna and Nava.lkar” did transmission measure-
ments in the first resonznce using a crystal spectrometer
and obtained the following results:
from a shape analysis:
I‘Y=28.8_+;3mev I‘n=2.18_to.lmeV

{rom an area analysis:
[‘Y = 28.7 £ 2 mey I‘n=2.1510.10mev

These results disagree with the previously published values
and are inconsistent with a thermal cross-section value

o =28l barns. It must be noted however that their experi-
mvents were performed with a very bad neutron energy reso-

lution and with a sample containing only 9,24 % of Z40Pu.

)

the thermal capture cross-sections:

2) Lounsbury et al, 8 have obtained a very precise value for

o, =289.5%1.4b.

i, e. about 3% higher than the value to which the parameters of
the first resonance had been adjusted in ref. 3). O the other
hand, we estimate a contribution of “aut 2 barns to the thex-
mal cross-section from the higher energy resonances, Allo-
wing for a similar contribution from bound states as well, we
estirmate that the 1,056 eV resonance may contribute about
286 barns to the thermal cross-section, Thus we adjust the
parameters of the {irst resonance to ‘
E, = 1.056 £ 0.002 eV I‘n =2,34 + 0,15 meV ry: 32.2 4+ 2 meV

1II. Parameters of resolved resonances

a) General

As far as the parameters of resolved resonances are concerned,

the evaluation of L,'Heriteau and Ribon 3 waa based on two sets
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of data available in 1970, from measurements at Geel and Har~
well, The Geel data included a measurement 9 of the total cross

section up to 5, 7 keV neutron energy and measurements of the

i
!
i

capture 1) and, for a few resonances, elastic scattering eross
section “), up to B20 eV. The Harwell data 12) include all three
types of measurements too, but go up to only 1 keV neutron ener-
gy, also for the total cross-section, and resonance parameters
were available only up to 287 eV. In bath caseé, the capture data
were normalized to the capture rate at the 20 eV resonance,

The two data sets showed internal inconsistancies and systematic‘
discrepancies which were extensively discussed in ref, 3 .

More recently, :it has been shown 4) that egsentially all of the

difficulties were due to wrong parameters used in ref, 10),12)

for the 20 €V normalization resonance, New, very careful mea-~
surements of this resonance performed at Harwell 4 which apply i
normalization to the capture rate at the 1, 056 eV resonance, yielded

I‘n =2.65meV and T = 32,2 meV for the 20 eV resonance, i.e.

larger than assumed hefore by 29% and 58%, respectively.

Both, the Harwell and Geel capture data have been re-analysed

with the improved normalization due to these parameters, and

the renormalized Geel set has been published 5). Already before,

a new set of resonance parameters from total and capture crosg

section measurements at RP! had heen published 6). In this casge,
the capture data were normalized by comparison of the measured
capture area of the 92, 5 ¢V resonance to the area calculated u;ith
the aid of the resonpace paramsaters as obtained {rom the simuita-
neous tranpsmission experiment, This normalization was checked
to another one based on the 20 eV resonance and a ¢ross normazli-
zation to Au.

The parameters of 2‘“)Pu resonances up to 665 eV neutron ener-
gies as given by these threc experiments are listed in table 1.
Only the neutron widths from the Geel trangmiasion data extend

abLove this cnergy {up to 5, 7 keV).
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b) Neutron widths

By far the most extensive set of neutron widths of 24C.Pu reso~
nances is due te the total cross-section data from Geel 9).

In this set, the values obtained for a few strong resonances at

very low neutron energies were influenced by the low value assumed
for I‘Y . These resonances have therefore been re-analysed and

the results are given in table 2.

Table Z: Results from a re-analysie of the Geel transmission data 9
Resonarnce energy (eV) Neutron width (meV)
(20.45) (2.65 + 0,07)
38. 32 17.0 +1.0
41,62 . is s +1,0
66, 62 _ 52.0 +2.0
72,78 . 21,0 %13.0
105, 00 R 43,0 +2.0
121.6 14,5 +1.0
2871 i £32 47
405, 0 108 :+5
655,11 ' iv5  +8
For the 20 ¢V resonance, we have addpted the Ha.well-value 4).

With two exceptions, the above: improved n'éutron widths are iden-
tical to those given in ref, as regulting from a combined ana-
lysis of the Geel transmission, captufe and scattering data; the
two exceptioha are the very strong resonances at 66,62 eV and,
287.1 eV, whueie the scattering data are probébi? less accura‘e
due to larger multiple scattering effects. Wi :he above cha.nge-
menta applied, the neutron widths of ref, ’ > in tke range of
overlap, i.e. below 500 eV neutron energy, e 'ery‘:“qtood aéreement
with the two other sets, We finally récofnme:\.d theAre'vised Geei
set of neutron widths because of ths following reasons: ’

First of all, the Geel transmission measurements are by far the
most extensive ones, both with respect to the energy range cove,-

red as well as with respect to the number of mdw_xd\_xal runs with
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‘dxfferqnt sample thzcknesses. Secondly, in combmmg this set
with the set of recommended T, -values of the next paragraph,

one obtains a set o.( qgantxhes rn ry/r i they may be compared

to the corresponding quantif‘ies l'rtl:nm the three different labora~
tories: For all of the & resonances where T i# given by all three
iaboratories, the "z"ecomﬁ‘fended“." I‘n T " T differs from the ave-
rage over the thrée individual valaes by less than 1%. Finally,

the difference between the three sets of neutron widths are usually
very small, with in mast cases the Geel value lying in between the
two others, Remarkable differences occur ¢ssentially for reronan-
ces which are either particularly l}irga or partiﬁularly small; but
it is in these cases’,xhat'mgaauremema with strongly different

sample thicknesses are most imﬁortaﬁt.

The recommended neutr;ns widths are listed in table 3.

¢) Radiative widths

There are three extended sete of radiative widths for 24(“Pu reso-

6

nances, from the raeasurements at RPI ), and the renormalized
sets from Harwell 4) and Geel 5), They differ systematically, in
the sence that the Geel values are on the average, about 8% larger
than those of RPI, with the Harwell data ly-mg in between, although
the difference ie ingide the combmed expenmental errora which
are mainly due to norma.hzahon uncertau‘txes. Inall cases, the
radiative widths have essentially been u\;tamed {from combu'nng
the capture cross-sectviori ni‘easulr'v‘ement with a' tiaﬁsmission ex-
periment which przctically deermines the fieatron widtha,

Under this circumstance and as lqng aa not always r >T an
errar ir the normalization oi the. ¢aptire measumment whyxch is
an error on the quantities I‘ T / T, causes an. errar on 1"Y
which is the larger, the smallex :rm‘ Alﬂo,a synematic‘ error

in the transmission measurement (I‘ -va-lue;) has a similar
effect, . v - '
Therefore, the correlation coemcxents eorr {r I‘v} “between
neutron and radiative widths have been calculated ior the three

3

i
¢
§
!
i
i
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sets of data, and are given below:

Laboratory l RPI { Harwell l Geel

1
corr{T T } | 0.35%0.23 l -0.07 + 0.25 ! -0.13 £ 0.26
ny - -

where the errors are given by {} - corrz)/rﬁ: and indicate the
uncertainty of the correlation coefficient due to the limited size

n of the sample, The figure for the Harwell set changes drasticaliy
if one omits the last resonance (with by far the largest T, ) at
267.1 eV, namely to corr (z‘n !'Y }=+0.44 1021,

Principally, a poaitive correlation between neutron and radiative
widths could also arise from an insufficient treatment of multiple
scattering corrections or a sensitivity of the capture y -ray de-
tector for scattered neutrons, However, for the case of 24°Pu
we exclude this possibility, because the same methodz as used

in ref, &) have successfully been applied by the same authors to
much more critical cases (larger ratios I‘n/ ry) like structural
materials, Although they are at the limit of being significant, the
above corrvclaticn coefficients indicate that for the RPI {Geel) data
set the radiative widths are the smaller (larger), the smaller I‘n.
According to the above discussion, this may be explained by a too
low (too high} normalization_of the capture cross-section data
(however, aa mentioned above, it might also be due to systematic
errors In the transmisscion data). In fact, comparing values of
rn r"_ /T from the three different laboratories, it turns out that
the Geel values are, on the average, 3% higher than those from
RPI, witﬁ again the Harwell ones lying in between,

All of this would explain the systematic difference in the three
setg of ra'diati,ve widths and indicate that the correct values

should lie in between the two extreme ones,

One may further ask the question whether the scatter of individual
rv -valuea around their average as observed in the experimental
data, is physicail-;' real, or just an expreasion of the experimental

uncertainties, To answer this question, we have calculated the
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correlation coefficients corr{I‘v {1), I‘V (2} }, where (1) and

(2) stand for any two of the three data sets:

n - {2) ’RPI—Geel ’Harwell-Gee! ,RPI-Harwnl.l

corr(rv(!),rv(z)}‘ﬂ.45i0.28 [ caszos | -oa7z02

At firsy ..ght, the situation seems confusing, However, one has
to recognize that the three correlation coeificients 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 widtha hza hean repormalized by
multiplication with a factor f = 30,6 meV/ T , where FY is 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 thiee T -values. Then, for resonances where more than one

I‘v -value is available, the average of these is taken,

d) Fission widths

The fission widths of >3'Pu resonances are characterized by

the well-known intermediate structure, Many intermediate
structure pcaks have been observed, hut only in the first one

at ~ 780 eV neutron energy the experimental resolution of the
data of ref. 13) ie sufficient to unambiguously determine the
fission widiuls of the individual resonances, They pre included

as recommended values in table 3. An analysis of this interme-
diate structure group vith the maximum likealihood method
described in ref. 14) yields the parameters

=778e¥ Tt=12.5¢V I'=0.16 eV (assumi-grt>> 1)

E
i
in reasonable agreement with more rough estimates rmade before,
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Begsides of the resonances within the 780 eV intermediate
structure peak, individual fission widths are known for the
{irst three resonances, The fissicn widths recommended in
ref. 1,3) for the 20.46 eV and 38, 32 ¢V resonances have io
be changed, because they a‘re baeed on measured ratios I‘/I‘E
and a low assumed value of rv . The revi-ed values are also

included in table 3,

IV, Average Resonance Parameters and Statistical Properties

a) L evel spacing and s-wave strength function

Following ref, 9, in the discussion of statistical properties of
neutron widths we limit ourselves to the neutron energies from
thermal to !. § keV, because in this range the number of missed
levels is still small, The distribution of experimental neutron

3'9)) shows that all observed levels may te regarded

widths (ref,
as s-wave,
Application of a2 misaed level analysis using a Fortran program
similar to that as hos been used by Fuketa and Harvey 15 , which
takes into account the experimental bias (& = 4,1 - 107 g 4) for
the detection of weak resonances, yields the fo'llowi.ng parameters

which we recommend:

= 0} = . - 10,14 -4
D(l = 0} = (12.7 + 0.3) eV; So-(l.04 _D.lz).lo
The error on S‘7 is obtained according to the prescriptions of

17)

an estimate of the uncertainty in determining the number of mis-
sed levels (+ 2 out of 117),
The values given here differ slightly from those of ref, 3); for

Liou and Rainwater , whereaa the error on D{1 = 0) includes

D(I = 0) this is due to the different method of analysis, whereas
the difference in So is due to the changes in the neutron widths

for a few low (nergy resonances as discussed in section IIl b,

b) Average radiative widths

For the average radiative widths, there are 3 experimental
values, Additionslly, a statistical model estimate is given in
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16). These data are compared in table 4.

Table 4: Average radiative widtha for 240Pu resonances

ref,

Laboratory Source T (mev) Quoted error
N %
6) R -
RPI experimsant 29.5 5
Harwcll4) experiment 30.2 not given
Geel 5) experiment 32 8
Geel lé) stat. model 32 25

The (small) difference between the experimental values has
been discussed in section lII ¢); from this discussion, we
expect the true value to lie approximately half way between
the extreme figures and finally recommend the average »f the

individual recommended radiative widths of table 3:

<T,> = (30.8 + 1) meV

c) Fission widths

The problem of the statistical prop.erties of the fission width:

of 240?1: is more complex than that of neutron and radiative

widths,

First of all, one has the intermediate structure peaks, For the

average parametcrs characterizing ;hzln;i properties, only rough
»

estimates may be given. From ref, we estimate the average
spacing of the intermediate structure groups to be

Dy = (650 + 100) ev

For the parameters T'! and T'} (again we assume 't T}),
we have the figures obtained above for the 780 eV group and
some further, although less precise, information from the
groups at 1405 eV and 1920 eV. Taking into account the bias
introduced in determining the expectation value of a Porter-
Thomas distridution from a small numter (3) of individual
quantities ”), we adopt as averages

Tt =30ev and T t=0.16evV
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For an estimate of the average (over all resonances) of the
figsion width, we havc 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 class II state, and 2) the average fission width ob-
tained if the fission strenpgth within the intermediate structure
groups ia 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 is no longer

of practical importance,

1) The "background” {fission width may be estimated as

D
oL of2)
Py (backer.) = 5= P,

where 1;(’2131 is the minimum transmission through the double-
humped barrier which according to Ignatynk et al, 18) is given

by

and the transmission factors PA and ‘PB through the first and
second barriet may be obtained {rom the above quantities I"

and T't accordingto T }= 'IZ)!?IFPA' Tt =-E£"1—PB;

with the above figurca we get Ty (backgr. ) = 0.23 meV in rough
agreement with the cxperimental fission widths of the resonances
at 20,46 &V and 33,32 eV. The fact that the fission width of the
1, 056 eV resonance is so muecl. s:tzller, 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
- -1 Dl
T, {i,9.})=T == =3.1meV
{ DII
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Altogether
Ff = 1‘f {backgr.} + F{ (i.s.) = 3,3 meV at low energies,

where both terms contain PA and thus increase with energy
approximately as exp(6 MeV"l.E) (I‘f(backgr. ) also contains

PB. but as it cantributes only little to 1‘f » we neglect its
variatian with PB)'

Thus, at 25 keV Te= 3.8 meV, at 100 keV T, = 6,0meV

i.e. smaljer than rY by a factor of 8.1 and 5.1, respectively,
Assuming no correlations between fission and neutron widths,

this average figssion width would lead to an average fisgion
cross-gection which ig smaller than the average capture €ross
section by roughly the same factors. Aciually in the case

T'! s> ! there is a third contribution to the average fission
crass-gection which is due to the direct population of the class 11
states and which is not contained in the above estimate. This
contribution is hawever, only of the order of 1 %5. The agsumption
of no correlation which is eguivalent to the assumption that
M>>I}, is not assured {for a more detailed discussion sece
rel‘.lg)). In the opposite case, '« ; }, a strong anti-corre-
lation between fission and neutron widths is to be expected which
cauld casily reduce the average fisslon cross-section by a factar
of 2 againpt the above estimate. All of the rest of the above dis-
cussion remains valid aleo in the case 't «< I'!, with only T}
and PA interchanged with I't and Pp respectively,
Experimenta.llys). the average fission cross-section is approxima-
tely 20% of the capture cross-section in the region from 20 te

30 keV, i.e. cven larger, by a factor of 1. 6' than the first cetimate.
Thii’.::o“]d mean an additional support for tho assumptionT't >> !t
in Pu,
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V. Data [rom the unresolved resonance region and p-wave

strength function

There have been several approaches to a calculation of the average

24oPu in the unresolved resonance region from

rcsonance parameters, Princezo), Yiftah et al. 2l as well as

croos-nections of

Caner and Yi{mhz have employed the optical model and Hauser-
Feshbach calculations to determine average crogs-sections; here,
resanance paramecters which could not be determined from resol-
ved resonance data, ag the p-wave sirength function, were ob-
tained from the optical model, On the other hand, Dyoszz) has
used the method of Monte-Carlo generation of ladders of resonan-
ces to determine the average cross-sections. In all these cases,
the calculations aimed in predicting the cross-sections on which
no experi- ental information was available, To day, essentially
the only experimental data on average cross-sections in the keV
region are those of Hockenbury et al, 6). These authors compare
their average capture data to the calculations of Yiftah et al 2l
and of Dyoszz) as well 238 to an own calculation on the basis of the
isolated resonance approximation of the statistical model, As the
results of this last calculativ1 depend on assumptions made about
the correction factor for width fluctaations (no information is given
on this point), we have repeated 2 Dyos-type analysis in order to
determine the p-wave strength function from a comparison to the
experimentat data of Hockenbury et al,

In &is analysis the average capture cross-section is given by

2 T.r.
- _1 2, 1 2 ni‘yi )
Ty LB 2m”y +a ) z;kixi T rni—rni (J)“J.(Ei)\“':i
{1 s-waves
\,I(E) =( 2 for
( | k.- R p-waves
———ip 7k . -
102 i

i
where R = 9,1- 10" <m and the I‘( )(J} are sampled from Porter
Thomas distributions with the avcngn I‘( () = 5, D(J), and

the positions of resonances are samipled f1om Wigner distributions

with average sprcing
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D 5/4
D{J) :'ZTI%—(Q:U—E—) exp{2 fa ( yUFE - m}cxp(-:m:_:-lﬂ)*}
"

with U = 4,8 MeV (effective binding energy}

a =25.10"% Mev™!

T =4
and Do = 24,85 eV in accord with the observed spacing of resolved
s-wave resonances,
For each energy interval the computation is repeated a sufficient
number of times such that the average of results is statistically
precise to better than 1%, S, and [ are chogen according to
the above discussion as 5_ = 1.04- 10'4, T =31 meV; and the
cross-section calculated for the best choice of the p-wave strength
function, S, =2.2. 10'4, is compared to the experimantal data of

Hockenbury et al. in fig. I,

Table 5 gives values for the p-wave strength function as proposed

by several aithors,

Table 5: Data for the p-wave strength function of z‘mPu

Authors Caner and Yiftahz) Princezo) Hockenbury Present
etal, b report

s,r0 1,95 1.98 2,8 2.2

Of these, only the last two are based on (the same) experimental
data. The difference between them is not only due to the different
methods of calculation, but also to the different figures used for

the other parametcers like, e, g, the level spacing,
We recommend 8; = (2.2 +0.2) 1074

both, because most up to date values of Dl' So and -1-‘ have been
used, and because in the Monte Carlo sampling method width fluc-

tuations are automatically taken into account in a correct way,

VvV, Conclusion

Since the latest extensive evaluation by L’'Heriteau and Ribon3)

the experimental situation in the resolved resonance region haa
heen improved very much due to the cew measurcments of RPI6)

and the renormalization of the capture data of Harwell?) and Geel5),
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However, there are still discrepancies: The average capture widths
from Geel and RP} still differ by about 8% and parameters of indivi-
dual resonances differ sometimes up to 20%. As discussed before,
there are arguments for the assumption that the true parameteors lie
in between the extreme experimental ones, and we expect the recom-
mended parameters quoted in this paper to be accurate within 5 to
10% (3% for d"Y >}, However, in order to check on this expectation
and to resolve the cases of particularly large discrepancies, addi-
tional measurcments are desirable, also in the light of requests
for, e¢.g., the capture crose section in the resonance region which
demand accuracies down to 3%, It is unsatisfactory also, that above

500 ¢V neutron widths are available from oaly a simgle measurement,
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Table 1: Resanance Parameters of 2'w}?u up to 665 eV, as measured at Geel, RPI and Harwell,

Laboratory Geel 59) RPI6) Harwellé)
E [er’) T T r T r T
o n Y n ¥ n Y

20,4540, 01 2.740.3 —-- 2.240.6 | .- 2. 6540, 09 32.2 #3.5
38,3240, 02 19,2+0,9 30 +2 17,040.5 25.540.8 17,1630, 50 29.% 2.8
41,6210, 02 1€£.840.9 33 32 14,240.5 32,841.0 17, 6410, 31 27.36%0.93
66. 6210, 05 55.912. 2 31 F2 53,2+1,0 27,410, 6 54, 4840.72 32.7440.89
72, 7840. 05 22,041,0 32 ¥ 21,540, 5 27.040.6 . ' 20,7 +1,0 29.5 42.5
90, 77%0. 06 13.5+0.6 --Z 12,710.3 39. 591, 0%) 12,8 10.75 27.5 3.0
92, 510, 06 3.040.2 . 3.310.1 -- 2.9610.10 a-
108. 0040, 07 45,5%2. 5 35, 532 47.5%1.5 37, 541, ox) 42.0 ¥1.5 34,0 2.5
121,6 $0. 0 14,540.9 NP 15,030, 5 - 13.8 0.7 31.0 $4.0
130,7 10,15 0.1510, 06 --- 0.1640, 03 --- .- -
1353 +0.10 18, 5+1.1 —- 20, 630, 5 - 17,0 2,0 31.5 42.5
i51,9 70,12 14,241.0 - 13,840.5 29.541.1 14,5 0.7 27.7 12.0
162,7 20,13 8.6%1.0 - 9.040.3 27,540,9 18.0 #2.0 27,0 #3.5
170,1 +0.14 13,741.2 ——- 17.510.5 27.330.9 14,5 11.5 30.0 %5, 0
185,8 +0.16 16,3+1.2 - 18.840.5 28.810.9 15,5 11,5 32.7 45.0
192,0 $0.20 0,200, 12 --- 0,310. 94 - - -
199.6 0.17 0.9440,1 —_ 1.010.1 - -
239,2 30,15 12.240.7 . 13,820, 6 27.741.0 12,2 #2.5 29 16
260,5 0,15 23,241.2 32 43 25.040.9 30.541. 0 23.5 2.5 34 37
287.1 30.17 | 138,2+7.0 30 2 137, 040. 4 33,0%1.1 142 #15 28 14
304.9 +0,20 7.230.7 - 7.410.2
318.3 $0.15 5.240,5 --- 6.0+0.3
320.7 #0.15 19, 3+!, 0 -—- 20,040, 6 .-

~ GEZT ~



Table 1 (continued)

Laboratory 0%15'9) RPI(’) Harwell“
E TeV) 9) T T r r r
o n ¥ n ¥ n
338.440.15 5.7 0.6 .- 7.440.3
346.0+0.15 16,5 10,7 - 17.740. 5
. 363.710.15 32,5 #1.3 3543 30.441.5 32.841.7
372.040.17 13.8 10.8 --- 16.C+1.5 27.54+0.3
405, 010, 20 108.5 5.0 3042 102, 6. 0 30, 0+0.2
419,010, 20 6.1 10,7 --- 6.240.3
445,810, 30 1.6 10.3 --- 2,240.2
449, 840,20 16.5 +l.2 ——- 18.743.5
466. 510. 22 3.1 +0.6 --- 2.430.2
473,310, 22 4.2 10.5 - 4.3%0.3
493, 940,22 5.8 #1.1 --- 6.410.3
499,310, 25 19.3 11.4 “-- 17,042, 2 33.541.5
514.310.25 21.5 +1.5
526.110. 40 0,9140.5
530,8+0. 40 0. 70+0, 4
545,440, 25 31.0-42.2 3644
553.2+0.25 18.5 #1.5
566.3+0. 30 31,5 #1.7 29,542
584,110, 45 1.1410. 6
596. 540, 20 57.5 #2.5 33.5+2
608,140, 20 22.8 +l.4 31.543
632.5+0,20 13,3 1l.2
637.540.20 11.7 1.2
665,140, 20 197, 0 18.0 3342

~ 9¢% -



http://37Z.0jO.17

- 23?7 -

Table 3: Recommended Parameters of 240Pu Resonances

Eo(cV) T, (meV) Tv {meV) T (meVv) ——1

1.05640, 002 2,3440.15 0 242 0,006
20.45 0.0t 2.65%0, 07 32.2%3.5 0.23
38,32 10.02 17.0 31,0 28. 542 0.11
41,62 $0.02 15.5 +1.0 31 42
66,62 10.05 52.0 12.0 30, 5+2
72,78 +9.05 21,0 £1.9 29. 542
90. 77 10.06 13,5 10.6 28 33
92.51 10.06 3.0 +0.2
105. 00 0. 07 43.0 ¥2.0 34 +2
12,6 30.10 14.5 ¥1.0 31, 5+4
130,7 40,15 0.15+0,06
1353 30.10 18.5 #1.1 32 #2.5
151.9 10.12 14,2 +1.0 29. 542
162.7 0,13 8.6 1.0 28 12
170.1 +0.14 13,7 1.2 29, 512
185.8 18.16 16.3 1.2 31,582
192.0 46,20 0.20+0.12
199.6 0,17 0.94%0.1
239,2 £0.15 12,2 0.7 29 2
260.5- 30,15 23,2 31.2 32 32
287.1 0.17 132 +7 30, 5+2
304.9 +90.20 7.2 $0.7
318.3 +0.15 5.2 ¥0.5
320.7 +0.15 19.3 4.0
338.4 1U.15 5.7 30.6
346.0 0,15 16,5 30.7
363,7 10.15 32,5 #1.3 4 42
372.0 +0.17 13.8 $+0.8 28, 512
405.0 +0.20 108 45 30 t2
419.0 10,20 6.1 +0.7
445.8 10.30 .6 40,3
449.8 10.20 16,5 +1.2
466, 5 +0.22 3.1 30.6
473,32 F0.22 4.2 30,5
493.9 10,22 5.8 1.1
499,3 10,25 19,3 31.4 34, 543
514,3 0,25 21,5 3.5
526.1 0.40 0.91%40.5
530.8 +0.40 0.70%0.4
546.4 +0.25 3.0 ¥2.2 34,544
553.2 40.25 18.5 +1.5
566,3 +0,30 31.5 ¥1.7 26 #+2
584.1 10.45 1,14+0.6
596.8 10.20 57.5 2.5 32 42
608.1 +0.20 22,8 1.4 30 43
632.5 30.20 13.3 #1.2
637.5 *0.20 LT Rl 2
665.1 40,20 195 18 31,542
678.6 +0.20 26.0 +1.8
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E (eV) T (meV) r (meV) I, (meV)
o n - v f

712,140, 30 1.3+ 0.6

743, 30, 30 1.0% 0.7

750, 040, 24 68. 2% 3.4 7.841.0
758.9+0. 25 6.0+ 0.9

778. 3%0. 30 1.2% 0.8 »

782,20, 30 2,81 1.0 > 45

791, 0%0, 25 23.9% 1.4 12.941.7
810. 530, 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 arrangement of table)
E (eV) T, (meV) Eo (ev) r, {meV)
H

845, 610. 27 10,34 1.0 1362.90.6 7.4+ 3.0
854,940, 27 49,03 2.5 1§ 1377.0%0,5 64,7% 4.5
876. 530, 27 “13.9% 1,3} 1389.0%0.6 14,27 2.8
891. 540, 27 94.5+ 4.5 § 1401,240. 6 5.2+ 3.1
903. 9+0. 28 21.8% 1.5 {1408, 630, 6 10,9% 2.5
908. 9%0. 28 79.1% 4.0 | 1426.130.5 36,7+ 3.7
915,370, 28 36,1% 2.2 ! 1429.0%0,5 15, 0% 3,0
943, 5+9, 30 122.8% 5,5 ! 1450.230.5 64, 6% 5.2
958. 410, 30 70.5% 3.5 i 1462, 90. 5 21.0% 3.3
o | e el |
1001, g+0. 32 98.2% 5.0 ! 1549, 5705 156, 7% 8. 6
loz4, 150, 42 5.0t 1,5 !h1563.7%0,5 114.7% 8.0
104i. 440,35 12.7¢ 1.9 ! 1575.330. 5 126, 2% 7.6
1045, 730, 35 4,0t 1.6  1'1609,6%0,6 34.8% 3.9
1072. 640, 35 109.3% 5.5 ! 1621,4%0,6 28.6% 3.7
1099, 840, 35 84,1+ 8.5 ! 1643,040,6 107,1+ 7.0
prges | gEit fdea | ame
1153 530, 4 et o Biraaitoe 83.5% 6.7
1142.750.4 40.4% 2.8 [ 1741. 640.6 24.9% 4.3
1159, 630, 4 22.1% 2.2 |l 1763, 7%0.6 51.7% 4.8
1185, 540, 4 157.5¢ 8.0 ! 1771.4%0.8 9,8% 5.0
1190, 8D, 4 114,8% 6.0 ' 1779.0%0.6 491 ¥25
1208, 940. 4 62,9+ 3.8 U 1841.240,7 - 125.8+ 9.0
1224, 040. 4 10.0% 2,0 ! 1852,7+0,7 34.4% 5.5
1236, 50,4 11,4% 2.2 1 1B72.740.7 77.4% 7.0
R B B B A R e i
1300, 340, 4 245 T12.5 1§ 1943 3%0.9 8. 0% 5.0
1328.1%0. 4 369 1185 [ 1949.130.7 82.5% 7.6
1345.540. 5 26.1% 3.1 i 1956, 2+0.7 261 16,0
1350, 910, 6 8.3t 2.5 N 1973,140.7 68.1+ 7.5
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Table 3: (continued)

- E (eVv i
oleV) Tylmev) & E(eV) T, (mév)
n
1991.5:0,7 | il4.s i '
1998, 3%0. 7 S a0 b sostTia s
2016, 70,7 535515 | 3077 451 e e
2022, 930.7 S5 15 | 3088 0m s EHE
2033.4%0,7 | 101,5¢ 9.5 & e 3. saa
2055, 630. 8 655 7.5 1| 3172 6509 S
2082, 850, 8 98,55 9.5 & 3192 %413 FHIE
2110.771.0 13,75 5.5 § 32375913 e e
2154, 0811 1933 7.0 & 3sep 503 A H
2182,0%0,8 8563 6.5 § 3353 413 e o
2198.230.8 | 130 *10.5 39230514 3. oh5
2240/6%0. 8 3.5 75 b aasa.gsiie i ha
‘ 2256.640.8 | 134.5¢11  © 3465. T n bt
; 2277.910.8 | 427 26 | 349°'51"4 s T
; 2290.7%0.9 | 208.5017  © 3585, 021, 4 o e
| 2303.3%1.2 17.25 7.0 1 3867, S 2 Hot
j 2334,4%0.9 2,65 15 § 22950111 e 5ha
‘ 2350,930.9 Weteo § dwr Tie 5 e
i 23658109 | 251 317 3665 s 2.5t
i 2373.4%0.9 - t 3700 11a g
| 2386,140.9 18.7+ 7.5 & 3723 i o 20
2405, 050. 9 2613 75 & 3am0 e o a2
[ 2416.030.9 693 9.0 & 2ee4 D16 % o
§ 2434.330.9 | 205 %15 ; ! 3852 6 % o
) 2159.430.9 ‘| 25.6% 8.5 1 3872 A % i
: 2470.8%0.9 o5 80 & 2000 316 05 129
i 2485.350.9 | 21.2% 8.5 & 3917 16 163 33
: 2521.0%1.0 | 109.5¢11 i 3954 6 5
i z338.621.0 | 267, 5¥20 b 3975 1.7 1o o2
.2%1.0 79.7412.0 1 3990 ZI. ¥
% 2575, 3%1.0 4T. €% i R 0 321
. . 331, L§1 9.5 u« 4031 1.7 *
1 2639.541.0 { 4 i 1. 120 353
; 2652.471.0 it a0 § 4100 317 260 g
! 2692.831.0 | 345 126 4 4122 hr 197 %40
; 277,731, 0 f0. 70,0 § 4134 117 s
| 2730.231.0 | 177 318§ 4149 R 6s 19
| 2748.4%1.0 | 102 113§ 4161 7 ‘s 1
i 2817. 5711 5.2510,0 § 203 34 3 a3
17. 6% LZX10,0 & 4203 %1.8 438 ¥4
:‘ 2843, 531.1 157 £16 v 4221 %
i 2859, 731.1 oH U a0 ms % Tor
; 2882, 0%1.1 3 32 L ases 1e sie Tl
2895, 611, 1 2 ha  baaEe e 305 13
2905.051.1 | 11s T4 D 4376 iR % e
igzg.tw.l, 132 Ts B 4386 ?1'2 ‘3322. 'gg
611 | 85 F1a.s i 4398 T Y
| Beo.5iz | 108 320 b 44z s | el s
2986, 2xi.2 12.55 8.0 1§ 4433 %1, $2
2994, 741, 2 § 3Ls b e i
3004.051.2 | %. 5’:’};'5 5133 o A
015 051 5 | 117 s & sess 319 26 Teo
A x 4 *1.9 526 160

-
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Table 3: (continued)

n
E, (ev) r, (meV) EE E, (eV) T, (meV)
4599 + 1.9 75 + 30 i 5194 + 2.2 313 + 55
4615 ¥ 2.0 262 t 63 W 5215 % 2.3 163 + 40
4646 T 2.0 149 ¥ 45 no 5249 ¥ 2.3 524 + 70
4721 + 2.0 510 + 75 W 5279 + 2.3 140 1 45
4745 % 2,0 245 ¥ 50 b 5299 % 2.3 270 * 45
4755 1 2.0 56 + 28 v 5334 ¥ 2.3 203 * 50
4766 % 2.0 15 * 15 4 5350 ¥ 2.3 153 * 50
4771 ¥ 2.0 22 % 20 n 5367 % 2.3 70 ¥ 40
4779 + 2.0 34 % 25 i 5393 % 2.4 84 ¥ 42
4792 % 2.0 | 133 ¥ 34 "o 5417 % 2.4 255 % 50
4812 ¥ 2.1 172 ¥ 35 P 5489 % 2.4 50 * 40
4823 ¥ 2.1 63 ¥ 25 W 5499 ¥ 2.4 87 ¥ 40
4894 + 2.1 59 + 27 i 5510 + 2.4 355 + 70
4958 ¥ 2.1 291 1 55 4 5522 % 2.5 172 ¥ 45
4969 % 2.1 158 % 50 4 5544 & 2.5 582 t 90
4993 ¥ 2.2 92 ¥ 35 4 5574 % 2.5 758 90
5072 + 2.2 509 ¥ 50 4 5592 % 2.5 207 & 60
5113 % 2,2 93 ¥ 35 4 5615 % 2.5 62 + 50
5134 % 2,2 42 ¥ 30 i 5681 ¥ 2.5 106 + 50
5148 ¥ 2,2 50 * 35 nose9z % 2.5 91 ¥ 46

5162 ¥ 2.2 40 ¥ 30 :‘E

"
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PLUTONIUM 239 RESONANCE PARAMETERS
H, DERRIEN, DPRMA, CEZN SACLAY

Commissariat 4 1'énergie Atomigue France

I - INTRODUCTION

When examining Pu 239 resonance parameters, two
kinds of information must be taken into account :
(a) the experimental data and the correspondinganalysis,
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
figsion 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 becn 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 Sauvssure, R. Gwin et al (Gw 71) made simul-
tancous mecasurements of the fission cross section and
the capture cross scction at ORNL=RPI in order to de-
termipe a. But no reconance parameters has been propo-
ged from these mcasurements.

The Saclav 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 S0 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.



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 80 eV (Fa 68).

B - The evaluations

We shall retain two evaluations : the first by P.
Ribon and G. Le Cog (Ri 71) based on the set of Saclay
experimental parameters and the second by O.D. Simpson
and F.B. Simpson (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 (bDe 73b).

What are the problems arising on the resonance pa-
raneters of Pu 239 and their use for reactor calcula-
tion ? First, there is the problem of interferences due
to the wide resonancesof the O% 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 parare-
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 calculaclons be sim-
plified. A second problem, which could also be important,
is that of the intermediate structure obvious in the
fission cross section due o the 1+ spin state (De 73a) :
what is its importance in calculating the average cross
section at high energy and must the variations of <) +
due to the coupling between the class I and class 1!
states be taken into account ?

These various problems could pe 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 elimipated righkt from the start :

1) the anomalies mentioned by 0.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
cnough 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-
orectical interpretation of the distribution of fission
widths obtained by Parrell, 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

ﬂ,, Pf and r} values which, particularly, lead to aber-

rart o values.
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II - EXAMINATION OF THE SACLAY PARAMELYERS AND COMPARISON WITH
THE PARTIAL RESULTS FROM OTHER LABORATORIES.

A - gingle level parameters

All the results concerning the definitive analysis
of Saclay's experimental data will be found in reference
(De 73a}. They comprise :

1) the encrgies 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 attributicn of 164 spins by direct or indirect
! methods : 63 resonances in the Ot state and 101 in the
i 1+ state ;

! 5) the attribution of spin 1+ to the resonances for

; which no direct or indirect spin assignment method 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 O+ resonances in this group
is of no conscquence for the evaluation, since the 2 gT°
valves of this rescnances are aenerally very weak.

P The table of the experimental parameter set has
I already been published (De 73a) ; this table is also re-
: produced in reference (Ri 71).

1 The table I shows the mean values of the parameters
] per spin state :

| TABLE I
i .. IR
Kl t ¢5,‘v ‘2"n’ §Tx10 -rl> <r*>
mY mv Vv
o' | v 9,60:3;:2 0,7220,131,5620,28 | 2145235029,524,0
v e §3,20°0013 14 s410,0611,1310,12 [33,528,0]42,201,4
) -0,20 l ] » » ] £} > il ’
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The main difficulties of the single level analysis
come from the wide Ot resonances, which interfer strongly
and, owing to this, are very far from the single level
Breit-Wigner form. Four particularly difficult cases
should be considered :

a) the 11.5 eV resonance considercd as O which is
only used to mask the interference effect betweon the
10.93 and 11.89 eV 1+ levels (one of the rare casev of

significant interference between narrowW resonances) ;

b) the group between 55 eV and 66 eV in which three
wide Ot resonances were introduced, whereas the multi-
level analysis will show that there are in fact orly
two large and highly interfering resonances ;

c)} the group between B0 and 86 eV also containing
three large resonances against two in the multi-level
analysis ;

d) between 300 and 400 eV the parameters resulting
from the single level analysis do not reproduce the to-
tal and fission cross sections, unless 2 very high resi-
dual cross section is introduced. This led P. Ribon and
G. Le Cog to introduce two :xtra very wide levels at
320 and 364 eV.

These difficulties being due to the ilnterference
effect the fact of introducing extra symmetrical resonan-
ces is obviously only a nmakeshift ; 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 faet 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 paramesters of
20 resonances up to 53 eV (Bo %8), obtained frcm the
single level analysis of a total cvross 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. C.A. Uttley
gave the values of g ﬂn and T for 63 resonances between
100 and 300 eV : his ¢ Iy values are, on average, 6%
smalier than ours. The 1oca1 strerght functions deduced
from the Baclay measurements and ihose deduced from
the Harwell measurements are compared in the table II.
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TABLE 11
Energy 1 . 1 . ur . »
n ['s
o - 100 1.56 | 0.02 | 0.34

100 - 200 1451 0.03 1.04 | 0.02 L k] 0.01 § 0.25
200 -Jc0 B.56 | 0,02 1,27 | 0.04 1.51 .02 § 0.33

300 ~4c0 | s,021¢ 002 0.86 | 0.01 | 0.19
400 - 500 | 0.76 | 0,02 0,75 | 0.0t | o.1?
503 = €GO t.n {002 .77 0.03 1 0.29
1 H So x 104 according to C.A. Uttley's average cross

scctions ;

1r s 5, x 104 according to C.A. Uttley's resorance pa-
raneters ;

TEI 1 S_ x 104 according to the rescnance parareters
o

(De 73a) ;
a : expexvirental statistical error.
b : sampling error.

Excellent agreement is found between the local
strengh functions obtained from the Saclay resonance pa-
rameters and those deduced frem the average values of
Uttley's total cross scctions ; the difference ketween
the fiqures im columns IX and III is due to two causes :

a) Uttley probably underestimated the 29 fh 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 47 possible comparisons, there are only
6 disagreements, all the explanations for which were fa-
vourable to the Saclay assignment.

As for thc ORNL-RPI reasurements, it is not possi~
bie to establish a comparison on the resonance parame-
ters : the only analysis made on these results is que to

0.0. Simpson and F.B. Simpson, on the Saclay and ORNL-RPI
data simultaneously. According to what we said at the begin-

ning of this report, the resclts of this analysis are not
an improvement compared with the Saclay analysis.
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B -~ Multi~level parameters

The multi-level analysis carried out at Saclay is
given in detail in reference (De 73a). It is a least
sguare analysis simultaneously made on the total cross
section and the fission crous section, between 4 eV ind
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 :

3) there are two, open or partly open, fission chan-
nels for the Ot transition states.

‘The following conclusions may be drawn from this
multi-level analysis :

1) the base assumptions were confirmed and enabled
the theoretical cross sectisn to be adapted very satis-
factorlly to the experimental data :

2) the 1+ resonance parameters arce almost unchanged
in relation to the single level analysis ; the few chan-
ges mades are due to threec causes :

a) z few rare cases of interference

L) a better accuracy on the determinaticn of the
parameters is achleved by the simultancous analysic of
two cross sectlions ;

c)} the analysis of the narrow resonances was made
easier, s5ince tho shape of the wido resonances, playing
the role of "background noise” in rclation to the narrow
resonances, was well reproduced ;

3) the individual 07 resonanco paramcters arc generale
ly very diffcrent from those obtained in the ningle level
analysis but thexe is no significant change in the avora-
ge _values, as it ic ghown in the taoble IJ1.
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TABLE III
Nucher of | <P%ae | < TA %or Sge «Tg o,
regerances| (a¥) ™) (e}
onc level 2% 8,85 1,52 w202 1.7 1,47
analysic
caltilevel 22 9,70 |n66 % 1073 1L, 1,59
analysis

4] the two ot fission channels arc respectively cha-
racterisced by the mean £ission widths @

(Q]) ot = 14305 ¢V (open channel)

e ¢+ = @.27€ ¢V (partly open chann *}
N2/} ©

Tha results of the multi-level analysis are given
in tablc IV.

Corgarlson with azhor rulti-level analysis

The fragvonwary aralysis iade by E. Vogt (Vo 60)
and C.0. Jares (Ja ¢BY . can hardly be considercd for
thin estpat 3. wan first was made £rom 9.3 to 10 eV
au? ean be uncd oo calculate the total cross section
and *~ €ssnion crons gection in the therral région.

It alias far o aoyative resonance but is not in agree-
font witi the opin astigrrent at present accepted for

e 15,24 oV ronenonce. The aeesnd eoneexns the wide re-
g in ehe onnrgy range Erom 80 to 85 oV ; it was
cnie done ta ghow that the nurker of open, or partly open,
UY tigaton chaaneln ig at lcast cgual to 2.

An
B H

Thore resatns J.A. Farrell's 20 eV to 78 ¢V ana=
ivsim. In che intreduction to this report we cxplained
Wiy it anould be cxcladed. As for the work undertaken
by D.0. Adler and ¥.B. Adler on the Fu 239 cross sections,
the cumparlssn with cur results can only be made throuch
tho trassformadion which dlagonalises the level matrix
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(Ad 68) ; there is no doubt that identical results are
obtained if the analysis 1s 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 coxrectly, 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 sald at the beginning of this report, we
shall not go into this problem in detail, but simply re-
call that 6. de Saussure and R.B. Perez (Sa 73a) studied
it in the particular case of U 235. They showed that pra-
tically no difforoncz ouictod botwsen the statistical
properties of the cross sections achieved by multi-level
formalism and that obtained by single level formalism ;
these différences are too small, particularly towa:."'s the
high temperatures (> 300° K), to have any effect on the
reactor caglecylations. this conclusion being still more
true for Pu 239 than for U 235S.

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 functions. In
such & case the set of multi-level parameters we are pro-
posing can prove useful.

Where we are concerned, we shall only xeep, from
the multi-level analysals, the extra accuracy it gives to
the parameters of the 1t resonances and the fact that
the mean parameters of the Ot resonances vary but little
irrespective of the kind of analysis used.


http://diffcrcr.es

~ 251 -
TABLE 1V
Encrpy i XCtannd 1* Channel 0 J
D wew fr, ewfr, ewr, 0] e o
0,296 0,24 0,000 | o
2,600 0,77 | ~p,0870 )
10,910 5,65 | -0,5200 '
11,870 0,98 0,020 1
18,307 0,66 0,0610 )
14,660 192 0,0370 1
15,405 5,13 ~0,4¢20 | 0,099¢ | o
12,433 1,80 | -0,0408 '
22,234 2,%9 =0,0640 1
23,875 0,05 0,0100 i*
26,223 1,52 ©,06¢0 )
27,133 0,15 ~0,0050 I
32,265 0,84 -0,1140 | ©
38,422 0,25 0,003 1
51,373 3,79 | 0,006 1
<5823 1,38 0,0434 "
24,435 5,83 | -0,005¢ )
42,494 5,25 0,2610 | ~0,0700 | ©
49,606 2,84 -0,78¢0 | -0,0850 | o
50,033 2,97 | -g,0128 1
52,533 10,02 0,0050 '
55,582 1,5 0,0220 )
57,003 14,47 ~1,85¢0 | 0,080 | o
39,153 4,80 2,1020 1
61,868 | 26,23 7,0020 | 0,0200 | o
6,018 0,10 0,0800 I
85497 | 1,06 0,280 | 0,1510 o*
65,911 9,17 0,0285 '
74,053 3,57 | -0,0260 1
74,937 | 22,70 | -0,0370 )
78,98 0,03 ©0,0020 ]
€. 4,95 © 9630 0,520 ] 0
82,666 0.33 0,010 1
85,4%0 P45 0,00% [
03,55 | 4 - 2,0t00{ 0,0530[ 0
20,71 1,88 0,000 1
82,433 0,70 0,0090 )
95,3750 1,50 § - 0,0250 i
96,332 20,68 0,3t20) Hae0| ©
100,733 9,05 -a,8230| o0{ o
103,010 1,6 02,0100 [
108,301 4,78 |- 0,00c0 )
104,670 8,93 )~ 0,0260 [
110,410 0,48 0,0830 ¥
18,602 2,50 - 1,65407 = D,0130] 0
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Energy T, Fhannel P Chanuel o* Kl
e e |y, @, o @]e
115,185 6,21 0.1800 s '
116,075 | 11,75 -0,1170] ~ 0,1356 | ©
118,831 16,85 (= 0,030 1
121,006 2,38 0,016 1
123,467 0,5 |- 0,039 1
126,226 1,93 |- 0,0200 )
127,557 0,51 0,0250{ 1
132,321 | 35,08 3,990 - 0,0350 | o
133,784 5,59 |- 0,0060 1
136,770 | 10,24 - 0,080} 0
139,340 0,10 10,1200 '
142,965 3,26 0,0820 )
143,470 4,08 0,0310 1
145,250 7,08 0,0130 1
147,496 3,53 1,4990| G,0860( @
148,262 0,44 0,1020 . 1
149,462 1,69 0,0500 ' )
157,009 32,55 0,G290 0,4730f O
161,988 o,n 0,003 '
65,568 | 28,00 |- 0,008 '
167,128 5,83 0,069 1
170,52% 0,57 0,120
171,150 3.4 ~0,208 | 1,606 | o
176,012 2,09 0,031 1
377,253 3,57 0.00% '
178,924 1,22 0,014 !
183,673 1,68 9,028 1
185,167 | 16,93 -1022 | 049 | o
188,305 0,61 0,609 )
190,677 1,62 0,013 '
195,399 | 57,73 -0t | omz | o
196,742 4,01 0,025 1
199,434 8,93 0,065 ]
203,473 2,26 0,036 2|
203,980 | 59,39 0,33 | o018 | o

2) Spins praviously assigned;

b) Spins arbitrarly assigned; (the prohalities for a correct assipnment is great);

values with can be censldered as resulting from multilevel analysis.
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IIT1 - SET QF RECOMMENDED PARAMETERS

This set is based on che results of the Zaclay sin-
gle lcvel analysis of the 4§ eV to 660 eV neutron energy
range. Obviously sonmc of the parameters cannot be measu-
red ; particularly some of the I values cannot be deter-
iined experirentally, for they correspond to resonances
which have too small neutron widths or fission widths.
The cvaluation made by P. RIBON and G. Le Cog enables the
paramcter table to be completed according to a certain
number of coherence criteria with the reasured cross sec-
tions.

Table V showe how the cross section, calculated as
from measuvred or evaluvated pvarameters, compares with the
Saclay cxgperimental cross scction. This comparison 'Jigh-
lights the local dewviations due to the interference ef-
fects in the Ot resonances. However there is a compensating

E
ef fect, and the sum g ’Tf_i_ o, t; obtained between 40 and
i

600 eV (by introducing two additional large resonances
between 300 and 500 eV} differs very little from the
fission lantegral calculated from the experimental fission
€cross section @

600 eV
5 % [ =10 513 barns-ev
40 eV
600 eV
OE(E)exp_ dE = 1D 488 barns-eV
40 ov

The difference between these values is only 0.28.

The one level resonance parametera recommended by
Eibon and Le Cog are given in table VI (Ri 71).


file:///igh-

TABLE V
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2 E2
[ o S ¥k
! El
Energy from O, (E) from o= T, from
Intervala experimegtal experimegtnf {ri 71)
valucs values evaluation
[81 20} {51 20}
(eV) (barns eV) (barns eV) (barns eV)

40 - 50 293.5 286 287.7
50 - 60 777.1 27 732.8
60 - 70 571 661 663.4
70 - 80 655.7 578 579.2
80 ~ 90 690.2 75¢ Bt8.S
90 ~100 3t7.4 219 221
40 ~100 3305 3222 3303
100 ~200 1218 1837 1885
200 ~300 1802.5 1737 1772
300 ~400 904 733 933
400 ~500 985 Mm 946
500 ~600 1574 1652 1674
40 ~600 10488.5 10097 10513
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TABLE VI

Pu cvaluated resopance parareters

E L jE ql; £ Ty |« e e
{ev) tmev) (8)] (mev) [i3o)] tmevy| (83} (mevy {(a)| 7
1} 0.297 98.8 0.9600 38.2 60.4 0
2} 7.820 e7.8! si a.5998( 33! 40.0{ & «7.0 6] 1
3} 10.930 159.8) 10} 1.4077] 53] 55.0{17 | 143.0[12] 1
%} 11.500 55.8 6.0744 41.5 10.0 o
sl 11.890 67.0 10] 0.7634] 65} 42.0/11 24,013 1
61 14.310 101.4! B} 0.45111 52| 34.0)16 67.0{11§ 1
7} 14.680 69.9 10| 1.4177{ 17] 28.0(10 30.0{10] 1
81 15.460 | 699.8] 7] 0.4858} B0} 42.0]99 | 656.0{15] o
9] 17.660 74.6) 11} 1.3582! 18| 39.0/11 34,011 1
10] 22.290 | 108.0 9] 1.9828| 25| 44.0}11 62.0jt0} 1
11} 23.940 70.1 17{ 0.0644| 74 32.01i3s 38.0{31
12} 25.240 a3.el 12] 1.0005] srl 28,0h1% sr.0list 1
13} 27.240 42.2' 19] o0.1041] 33} 37.0:20 5.0i5%
14} 32.310 151. 8 13] 0.2082) 48} 41.0j19 | 110.0[14{ ©
15] 34.600 o1.5f 0.0099 41.5 5040
16] 35.50C 4743 19| 0.2131] 4&] 43.0)19 40|54 1
17§ 41.420 52,11 16} 3.0733] 29] 44.0|17 4.0126| 1
18] 41.660 106.0;, 16] 1.0013[124| 58.0/22 76.0{25
19} 44.480 58.6{ 12] 4.9421| 20| 47.0{13 5.013] 1
201 47.600 | 311.6] 8] 1.4177] 52] se.0l26 | z4s.0i10] o
21] 49.710 800.3] 25] 1.0905| 92| 50.0;99 | 746.0|27| o©
22} 50.080 57.0} 26] 2.2554] 4%} 41.0)25 13.0026{ 1
23] s2.600 68.4 L4 7.7824| 95] 49.5]16 9.0{17} 1
24 55.620 58.4, 50] 1.0905i 55§ 36.0}52 21.0§27}) 1
25| S57.440 § 499.8 50| 3.2220(500} 42.0[59 | 445.0|40} ©
261 56.840 | 1059.0; 50} 2.T7263[500] 42.0(99 | 1047.0{50] ©
27| 5%.220 LA0.4] 8l 4.0847) 55| 52,019 | 123.0{12] 1
28] 604940 | 6797.0 50 4.9570( 35| 42.0{S9 [6736.0{40| ©
29{ 63.080 155.2 11} o0.594a(210] 43.0(80 | 111.0{33
30} 65.350 92.0 0.2677 415 50.0
31{ 65.710 137.¢] 10} 9.0316! 28] s54.0l13 T1.0811 ) 1
321 74,050 7.5 11| 2.2545; 42] 36.0{13 32.0413] 1
33| 74.950 146.9} 101 10,4570 45§ 41.0(16 84.0j11} 1
34| 78.950 91,7 0.G800 41.5 $0.0
351 61.760 | 2047.0 50§ 2.4785)500] #42.0(59 | 1996.0/40| ©
35| 82.880 70.7 0.2718 | %0.0 30.0
37§ 83.520 | 1750.0 50} 0.5948]500] 42.0}99 | 1706.0}40] ©
38| 85.320 | 2053.0] 50| 13.0000[343| 42.0i{99 }2002.0i40| ©
39 85.480 T4.8! 12] 5.8492] 31) 51.0{22 16.0}52 | 1
40{ 90.750 56.8] 17] 9.1486( 23} 39.0}22 8.6119} 1
51| 92.970 57.0, 9| 0.5205] 0] 47.0/]13 9.051
42f 95.3561 98.1) 10} 1.5614] 471 66.0111 3001154 1
43| 96.491 | 1700.0] 20] 3.3112] 39| +2.0(99 |1645.0|23| O
441100.250 | 6000.0f 50} 2.7759|500] %2.0{99 ! 5947.0j4¢0} O
45[102,990 47.4) 10§ 1.1%95] 33| 36.0[22 10.0{27] 1
461105.306 ©8.00 15] 3.4500] 57| 38.0{16 S5.4419{ 1
471106.670 75.60 S| 6.9199] 42| 40.0} & 26.4f 7]
451110,380 43.8 37| 0.3272[106] 30.0 40 13.0{50
490L14,440 | 1499.0 So| 0.3470]50¢} 42.0]99 | 1456.0150
501115.,100 205. 0.1586 40.0 165.0
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TABLL VI { continued )
239?-.1 evaluated revonance parameters
E Llel 9of] el ry 1e e |e 5
(ev) (mev) [#)} (meV) [(&q)] (meV)| ($)] (meV) (%)
51{116.030 267.7] 6] 2.4817| 24§ 39.0{38 218.0f % 4]
521118.830 102.1] 6]112.8480] 23} 43.0; 9 -42.0] B 1
$3]1120.950 T8.3['15] 1.8240] 41} 32.0121 39.0]18 0
541123.440 63.7| 22] 0.3470(110] 24.0([88 3%.0i56
55]126.200 959 11] 1.4672| 40| 70.0{18 20.0}51} to)
56]127.510 64.8/ 191 0.3617[120} 40.0|28 24.0140
57[131.750 | 3799.0] 6! 8.9226 6% 42.0(99 ] 2722.0;10} -0
58[133.760 $5+5]/ 10} 4.1539| 361 44.0(13 6.0{51 1
5911364750 126.1| 8| 2.5379| 30! 32.0|25 84.0}112 0
60])139.280 321.6 00,0892 4le S 280.0
61§142.920 137.2[ 15f 2.4091] 44] S2.0(26 82.0(20 ]
62{143.470 83.0{ 14] 3.0336( 24] 48.0]15 31.0{16 1
6311464250 70.0] 10] S.2445] 30] $0.5]11 12.5[12 1
641 147.440 | 1000.0} S0} 0.5948]500| 42.0[99 956,050 0
651148.210 149.6] 50] 0.3470|140] #7.0|58 16G2.0|50
66]1149.420 118.5 17| 1.2987] 4&] 67.0(22 50.0f 25
67]1157.080 621.6] 8] 8.4000]| 23| 48.0}47 540.0{ 9 /]
68]160.800 141.7 0:1041 41.5 100.0
69]161.560 150.2 0.1041 40.0 110.0
TO1164.540 798.7 12§20.8190] 72| 43.0{20 B8.0{15 3
T2(167.100 1107 T} 443373 46 37.0{15 69.0j10 1
72]170.490 158.8) 38] 0.4263( 23| 38.0{%59 120.0}48
73]171.080 5S9.7} 50 0.4412] 34| 42.0§93 956.01{35 0
T4]174.560 241, 5 0.0297 41.5 200.0
75]175.980 73.1] 7] 1.5564} 32| 39.0}17 3l.0}21
76|177.220 51.5] 127 2.6569| 33| 41.5(13 6.5]24 1
77]178.500 58.2{ 5] 0.9071; 33| 43.0} 9 14.01256§ U1}
78| 183.640 72.3] 50] 1.1351) S2| 42.C)62 28.0(71
791184.870 20%98.0] 10| 4.6595)200] 42.0{%9 | 2030.0]30 o]
80f186.270 52.9] 19] 0.4560; T5| 43.0}22 9.0{54
811190.640 67.0! 13| 1.24421 36| 49.0}19 13.0}52 | (0)
821195.360 446.4] 9114.8T10| 40] 52.0(52 335.0{12 0
83|196.690 111. 6 16| 3.4857| 60| 53.0(21 54.0120 1
84{19%.390 132.5{ 10] 7.16826| 521 43.0/16 80.0/)12 1
851203.460 T2.4 2.9742 4195 25.0
86)203.930 440.6| 50]13.40004{ 38] 42.0(99% 345,052 0
87]207.370 56.9] 9| %.2048} 40§ 44.0|10 6.011L8 1
88}211.090 789.7) 50] 0.6940|500} 42.0]99 T45.0|50 0
891212.020 § 1500.0| 50] 0.5948 {500} 42.0{99 | 1456.0|50 0
90}213.280 155.6] 30] 0.3470{280} 42.0/99 157.0]65
91}216.530 67.2] 10] 5.6595] 421 50.0]13 11.0|32 1
921219.490 70.5 14} 2.6569| S0} 41.0|24 20,0133 1
931220.220 52.4) 18] 5.5220| 44} 34.0/23 11.0}35 1
941223.160 $9.41 10] 2.5279; 28] 47.0]|14 9.0(5% 1
95]|224.590 85.5 20} 1.2689| 56| 58.0|30 25.0[54
96]227.770 | 8095.0) T.6337|5L3] 41.5 8024.0[50¢ O
971227.890 66.7 15] 1.2590| 56] 33.0(29 32.0(|301 (1)
$81231.400 53.8f 18] 8.8234| 56§ 3T.0(23 $.0(27 1
9%9]232.630 120.4 50f 0.3272]220} #0.0|66 80.0
100§ 234.320 T4al] 12| 7.608%] 40} 49.0/14 15.0/17 1




- 257 -

TABLE VI

{ continued )

2399u cvaluated resonance parameters
E l"c £ g[;‘ € Ty & rf & 5

tev) meV) [(3)] (meV) [(%o)] (mev)) (3)] (moV) | (%)
1011239,040 72.4[12] 4.0399 | 50| 51.0{13 16.0[19 1
162{249.6CC 241.5 0.0248 4l.5 200.0
103{242.8080 96.5 6] 4.9373 | 45 ] 34.0 (14 56.0{10 1
2041242.500 260.3( 20} 0.6741 {140 45.0 (99 | 234.0(39
105§248.860 61.6} 10}10.9690 | 40{ 42.0 (13 5.0{16 1
1861251.230 §2.2f 6]20.4220 | 30; 43.0{10 12.0410 1
1071254.500 54.8/ 18| 2.0819 | 70} 27.0 {24 25.0124 | (11
10812546.110 91.31 17} 4.7031 | 50| 53.0i20 32.0(22 1
109§259.000 241.8 0.1983 4l.5 200.0
1101262.370 | 6299.0) 50]|24.7650 |S00 | 42.0]99 | 6158.0|30| O
111§262.740 59.6{ 1T 1.8043 j12% | 46.0 )20 10.0|45
1121264.230 341.7 0.1239 4leS 300.0
2131269.110 130.0] S0{ 1.0409 |400| 42.0{95 864056
114}269.540 71.8] 28{ 2.8750 (120 40.0{33 28.0134% i
115§272.620 91.6) 11]120.7200 ] 36} 33.0/20 31.0113 1
116}274.800 791.8| 50] 6.9390 {140} 42.0(%9 736.0)40
21171275.570 149.1) 20§17.3990 | 43| 54.0/37 T2.0)27 1
1168)277.230 | 5299.0[ 50{ 4.4613 |500] 42.0|99 | 5240.6(50; O
1191279.590 111.0] 7] 5.2742| 30} 3%4.0]20 56.0(13 | O
120|202.920 85.0! 7{18.7370 73| 49.0|10 11.0(14 1
121|285.730 34145 0.0496 4le5 300.0
122]1268.000 | 6498.0] 50| 7.1380 [507] 42.0{99 | 6428.0,87] ©
123|288.30C 341.5 0.0397 41.5 300.0
124|292.330 114.5) 10} 2.8849 | 41| 31.0¢34 T2.0117 | (O)
1251296.460 Bla2f 15] 244239 40| 48.0 (34 30.0]52] (1)
1261298.590 13.4] 10] 7.8320] 39] 42.0/15 20.0{23 1
127{301.810 108.0] s~]13.5320] 37] 42.0}19 48.0]17 1
1281308.200 150.3( 20| 2.1810} 62} 48.0}85 98.0145
1291309.010 84.5| 14| 10.4590} 35} 47.0(18 24.0]|18 1
130{311.120 82.2 0.3619 4le5 40.0
1211313.620 61.5 10| 10.1120] 35| 38.0|13 10.0(1L5 1
1321316.4660 73,1} 14| 3,8416 [#00] 43.0(25 25.0145 1
133]1320.000 | 5061.90 10.0000 4le5 5000.0
1341321.750 341406 0.0991 4le5 300.0
1351323.360 156.8) 10{14.9700| 39| 53.024 47.0{18 | (0)
136}325.300 104.4] 10] 643449 40| 50.0/25 46,0127 1
137§329.650 | 199%9.0{ 50] 2.6767|500] 42.0{99 | 1947.0]40] ©
120}333.910 67.4] 10| 4.0845] 26| 52.0([14 10.0(51 1
1391335.530 82.6] Tj13.1850] 26] 47.0}11 1B.0]17 i
140§337.950 74.0/ 10| S.9530) 35] 55.0/]12 11.0(32 1
1411333.240 80,7 15] 2.4388; 40] 37.0]33 34.0|34] O
1421343,.180 T4e6| 80[ 11.T430§ 33| 41.0]99 18.0(16 1
143]34£.560 | 1200.0 50} 2.5776]118] 42.0}99 | 1148.0|55] ©
144|350,300 97.3] 6] 15.9860} 28} 41.0(11 35.0/10 1
145(352.820 6848 19] 2.8948{ 40} 48.0{21 17.0)28} (1)
146]754.890 79.1 0.2974 41e5 37.0
147[357.870 5999.q 50] 2.2306 (500} 42.0/99 | 5949.0]50; ©
1481359.990 1153.¢ 20| 0.8229|110} 32.0{99 80.0(55
1491361.280 341. 0.1638 41.5 300.0
150]364.000 { 3051. 5.0000 4l.5 3000.0
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TABLE VI ( continued )
23%y evaluatad resonance parameters
E R lel of el ry e e le 5
(ev) (mev) {(8) } (meVv) [(Ro)] (meV)| (3} (meV) (%)
151]366.000 § 4999.0} 501 2.6767{500f 42.0({9944947.0}50| ©
152] 368.330 162.0 0.2974 41e5 120.0
153§ 370.310 89.9] 20| 1.9332| &1| 57.0(46 2940183
1541 371.720 § 3399.0] 50] 5.7005{500] 42.0}99 }3335.0}50]1 ©
155]375.020 42.9| 28| 1.9828| 75] 29.0(36 6.0142]| ©
156)1377.100 99.9| 20| 1.4771]100| 5B8.0(29 39.037
157] 378,040 224.3 0.9319 41.5 181.0
158]382.430 129.6| 50] 0.3123]240| 43.0(99 686.0175
159] 384.260 108.6] 30} 4.2382| 58] 28.055 75.0]34 1
160] 385.900 999.7 50] 0.56540[500] 42.0(%9 955.0(50 0
161]389.510 T4.1] 191 1.0360| 90} S51.0|3) 21.0|6%
162}391.520 124.6] 19} 0.93569 100} 55.0]65 68.0 56
163]1394.430 L06.%1 131 4.8479| 30| 48.0/22 52.0120 1
164 396,910 108.1] 20} 1.5713| 64] 44.0}36 61.0129
165} 401.560 219+2; 10114.4240| 401 46.0]39 154.0(15 1
166]404.240 155.0/ 15§17.2500] 37} 56.0/24 76018 1
1671 406,030 3zl.2 1.3532 4l.5 277.0
168} 406,950 331.4/ 50| 0.7237 %10} 30.0{99 3C0.0(50
169] 408.710 114.9 50| 0.9616{150} 55.0(53 58.0|50
170] 412.310 14448 10] 6.6473] 4T} 66.0120 70.0119 1
171] 415.660 61.8| 20| 2.4239| T4] 50.0(23 T.0[54
172|417.600 230.3( 24] 1.1896[140] 50.0(9% 178.01(57
173]419.850 139.0( 18] 4.5158] 50] 59.0|32 T4.0}27 i
174] 425.670 341.8 0.1983 4le.5 300.0
175]1426.370 | 6996.G| 50] 7.3343 42.0 (84 | 6925.0 |50 0
176]|429.640 T19.6| 50] 2.8056[140| 42.0(99 732.0|30
177431290 | 3490.0 3.4699 41.5 343,050
178} 432.730 341.0 0.7634 4le5 298.0
179(437.760 6171 25] 2.0026| T4| 4#9.0(28 10.0 |56 § (L}
1801 438.720 60.5 201612 55.0 3.0 (90 L
1811440.070 341.9 0.2082 %leS 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§ 4!.5 80.0 |55
164}451.350 59.1 10.4590| 50] 4l.5 3.T |47 1
185}1454.450 402.1 0.3470 41.5 360.0
186]455.730 615-.2 19.6790| 60} #1.5 495.0(32 [
187{457.330 170.5 5.5022| 60] 41.5 116.0[35
186|456.800 79.1 3.4203| 80] 41.5 33.0 |40 1
189]461.260 974 1.7349{100] 41.5 52.4 (46
190]462.640 128.2 0+3966 1300| 41.5 B6.0 |85
191] 468.200 | 2092.0 3.2220)150] #41.5 2045.0}30
192]470.000 | 5085.0 T«4355)302] 41.5 5030.0 |50
193] 473.100 55.6 3.0733| &0| 41.5 10.0 |57 1
1941 475.310 582.0 247759 |250]| #1.5 535.0 |30
195]476.900 | 1993.0 1+3383 |400] 41l.5 1950.0 (50
1961 479,240 201.6 0.0991 4Lle5 160.0
197[464.150 59.9 1.9332] 80| 41.5 L4.5190
1561487.290 22407 1.6358 41.5 180.0
1991487.810 226.6 2.5776 41e5 180.0
200§ 490.650 | 2280.0 9.2140| 60} 41.5 2220.0(30
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TABLE VI {(end)
239[7u avaluated resonance parareters
E L |e gl el Ty |¢ T |e 5

{ev) {mev) [(9)§ (meV) (%)) (meV)| (3} (meV) [(¥)
2011 494.100 | 11640 3.4203] 60} 41.5 70.00 41} 1
202[495.630{ 202.6 0.5948 41.5 160,0)
203} 500.500 76.9 245200 {180f 4145 3z.0{ 65] (1}
204] 502,060 85.3 8.8234 {100} 41.5 32.00 43| 1
205} 505,780 ] 442.3 D.4461 41.5 400.0,
206 508,220 § 69Z.1 0.3470 41.5 65040
207} 509.740 | 260.1 38.7630{160] 41.5 167.0{46] 1
20681 511,520 | 3353.0 6.3945 (500] 41.5 3300.0] 50
209! 515,160 | 4B82.4 0.4957 4.5 %44D.0
210} 5164570 | 321.7 0.1487 41.5 200.0
211f 507,900 | 362.1 0.3470 41.5 320.0
212] 520,220 99.3 11.1030 {130§ 41.5 %3.0/ 38] (1}
213} 524.210 91,8 22.7%520 j200] 41.5 20.0) 40] 1
214} 525.400 [10650.0 59,9790 41.5 10500.0] 50
215) 526.000 94,0 0.7435 |500) 41.5 $1.0) 90
216f 527.3¢0 59.0 0.7435 |600] 41.5 16.0; 90
ziplsan,e2al 2230 a.8250 12000 41,8 75.00 601 o
218 539,170 55.2 864764 (150] 41.5 2.4/ 66) 1
219} 540,710 85.5 1.9328 41.5 40,0
220] 541.650 894 3,965 %1.5 40.0
221 563,080 58.1 8.7243 |]150} 41,5 5.0 46} 1
222] 545.e50 | 1178.0 8.6747| 90} 41.5 1120.0{ 30
2231 547.140 | 843.2 0.8523 |600] 41.5 800.0] 50
224] 546.670 60.2 8.7738| 70] 41.5 7.0, 49] 1
22s] 553,500 61.3 8e4269|170] 41.5 3.0; 50
226] 554.130 | 1232.0 2548750 60 41.5 1140.0; 50
227] 5554720 ] 446.3 2.4209 {500] 41.6 400.0{ 50
228] 5594160 68S.5 20.2240| 60| 41.5 21.0! 36f 1
229] 562.840 § 274.6 26.5650| 0] 41.5 180.0! 50
230) 564.030 52,2 44,8578 [120] 1.5 2.0; 53
231] 585.810 6046 7.03689 | 70| «1.5 5.0/ 38
232{ 571.110 83.0 6.3945 10| 41.5 33,9038 (1)
233] 574.0C0 | #19.1 39.4080 | 60] 41.5 220.0] 38] (o}
234 575.770 ee. 9 29.5930| 80{ 41.5 8.0]40] 1
2135] 578.000 80.0: 1.2392 [300] 41.5 36.0] 90
236] 575.040 5543 5.1057 | 85| 41.5 7.0/39( 1
237§ 584.810 | 2322.1 0.3470 41.5 280.9,
23g] 588.090 62.7 8.3773 | 5§ 41.5 10.0[ 38] 1
239] 589.640 | 44l.9 0.2478 41.5 40040
240} 593.520 487 1.5862 150} 41.5 4,0} 99
241) 597.350 55.0 643645 (1501 4.5 5.0/ 661 1
242 598.040 | 5976.0 10,4090 [200{ 41.5 5915.0] 50
243] 604.010 69.6 1846380 [LOO| 41.5 3.5/ 441 1
244] £07.€40 5848 72372} 60| 41.5 T.7{39] 1
245] 609,290 63.7 11.6680| 25| 415 6.6}41] 1
246} 6124820 66,2 4a3821) 65 4le5 149.0; 39
247, 620.640 58.7 B.8234} 60| 41,5 Se4j 40| 1
268] 622.5%0 61.0 T+2867§ 60| 41.5 2.8/39] 1
24¢6] 625.170 5648 5.8492 | 65] 41.5 7.5/ 45] 11}
250] 628.210 5247 1.0905 |120] 41.5 9.0] 85
251| 832.970 | 3874.0 16.8530f 90| 41.5 3800.0] 30
252| 636.470 65, %] 3.9655110] 41.5 16.0; 65
253} 639.280 5647, 6.8902{ 60| 41.5 6.0{47{ 1}
254} 641.420 | 522,14 0.3470 41.5 480.0
255} 644,940 504 ) 4.3521) 70} 41.5 3.0/99) 1
256] 646,650 | 242.9 07435 41.5 200.0
257} 658.290 1 141.4 60.4750]100} 41.5 19.0{45] 1
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IV - CONCLUSION

In this paper we have examined a set of parancters
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 Saclay multi-level parameter set bet~
ween 4 eV and 205 eV in the casc it should be found ne-
cessary to allow £or the interferences in wide resonan-
ces. There arc probably other problemns needing to be ayxa-
mined, particularly the inter normalization of the va-
rious crass sections existing in the literature. It is
obvious, for instance, that a nermalization of a fissien
cross section will lead to a change in the corresponding
fission widths, namely, to a change in the o vaives,

This is why an evalvation of the kind carried out by 0.D.
Simpson and F.B. Simpson is worthy of further considera~
ticn, 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 is required in order to prepare the neutron

cross sections in the resonance region, t¢ be utilized by the reactor

physicists:
i) the analysis of experimental data
ii) the calculation of the cross section prefile functions.

In the first step, a good fit of the expericental data implies
the use of an adequate formalism besed on a theory of the nuclear reso

nances.
For consistency, the same formalism must be used in the second

step.
It is well tnown that meny difficulries are oncoauntered ra carry

out the full procedure, the main of which are:

i) the corplexity of the exact theoretical expressions which implies
the use of some approximstions;

11} the great number of frec parameters entering the formulas nat
linearly;

iii) the uncertainties in the experimental data which generally make

unuseful to adopt a sophisticated formalism.

¢ reasons, cimnlified formulas are used, which are a

good compromise between the most rigorous formalism and practical

exigencies of reactor physicists,
The formalismscurrently utilized for the representation of the

resolved resonances are:

1) Breit-Wipner single-level formula (SL)
2) Breit-Wigner multilevel formula (ML)
3 Reich=Moore formalism {RM)

4) Adler-Aaler formalism (AA).

A critical review of the advantages aud 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.




o T—e

The Si forralism is o too poor approximation for all the cases
where the ratio T/D>0.1 . Then, it does not work properly for
fissile nuclei and for lignt nuclei (Pe, Ni, Cr, ....) in the
ten ke range . As advantage, the Doppler broadening ‘: performed
quite cacily through the analytical functions ¢ and X , so that

the formalism is used as a first guess in nearly all cases.

The ML formalism is sometimes used also for non-fissile ruclei,
toking into account only the resonance scattering interferences
13/, 14/, or it is used for the fission cross section caleulations
in the Sailor versior /53/, which was deduced from the Feshbach et
al. opproxination /6/. The formalism would be very convenjent,
because it uses the physizally rmeaningful R-matrix parameters.
The following disadvartages can be attributed to the method:

a) It may not yield an accurate degeription of the cross sections
in the region where the widths are larger than the spacings
16/, 17/.
tievertheless, uader this regard; it can be observed that, in
applicaticns, the zpproxicate ML versiun of the interfererce
term betwecen two resonances, has been found to differ froc the
Lane~Thoras full spproximation /8/ by less thon the experimen-
tal ervor /S/, /9/.

) The formalisn is setticd down for the most comronty used
approximetion in which o great nu=ber of levels but few
channels arc considered, It does not secp to be feasible if
the approxinmation is nceded in which few levels but a great
nucber of channels are considered f10/.

¢) In our information, a generalized analytical Doppler broadening
formalisz has not been given for all the reactions., The prob-
lers has been solvea for the one-channel fission reaction by
Cook /9/. A zorreoponding prasedure for the nlustic' reaction,
including both recrmaance to potential and rescnance to reco-
nance interforence terms, has not been found in the literature.

The RM formaliem is convenient fur the arnlysis and calculation of
tite fission cross section. The R-ratrix parameters arc used,
Starting from the Wigner-Eisenbud formalism /11/ the order of the
level matrix to be iaverted is reduced to the nuzber of retained
interfering channels by using the simplification coning from the
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statistical hypothesis for the radiation widths, Ia our opinion,
the wain disadvantage of the formalism lies on the fact that nu~
merical Doppler broadening is needed, because the analytical ccn

volution with the maxwallian could not be done till now.

[ 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 ¢ and y func-
tions. 3ut the R-patrix real parameters are lost and any con~
version to these ones from the new complex and energy dependent
parameters is quite difficult. Moreover the assessment of inter-

fering levels canmot 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 which
@ay be a good compromise between the exigency of simplicity for reactor
caleulations arnd the requested accuracy of the fit which would be, as
remarked above, generally better than experimental precision.

For these reasons, the Authors were interested in the arrange~
zent of the formalism in order to cbrtain analytical Doppler broadening
for all the reactions.

In fact, the main disadvantage of the numerieal broadening is
that it cay be quite easily wrong if not sufficiently fine tabular
description of the resonant cross section is given. The fine tabulation
is hard to be carried out, due to the same nature of the resonance fune-
tion which requires a high number of points to be well described.

The arrangement started from a reduction of the existing formula
in roerix form. The main advantage of such a representation is a cross

section factorization im which:

- one foctor ie an energy independent matrix with the elements

centaining the products of the reduced widths 's 3

- another factor is an energy dependent matrix which does not con-~

tain the rcduced widchs.
Az a congequence we have:
i) The role of the interference is more evident and easily agsigned;

i) the sign attribution to the reduced widths, in all the possible

permutatio- s, is more easily gencrated f12/.
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The first version of the formalism so assessed ha bDeen presented
at the Karlsruhe Meeting on structural materials /13/. Any reaction and
beth interference type were included (i.e. for elastic reaction, -the
resonance to potential and the resonance to resonance interference terms).

In the last version, vhich will be described by us in a separate
report /14/ , an analytical expression has been obtained for the ML
Scppler broadened cross sections which make use of the well known ¢ and

x functions.

Here we want now to describe some results of the application of the
ML formalism to the multilevel R-matrix parameters of Pu’ ™",

The Farrell set /15/ , with two open fission channels in the inter-
val between 14 to 90 eV, has been used. It consists of 47 resonances
of which 22 have been assigned to the 1° spin state and the remaining
15 o the 0" state.

The fission 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 chamnel, vhich can be casily adapted to the two-channel
calculation, in this special case.

Our choice of parameters does not involve any judgement on their
validity with respect to other discussed sets (e.g. /16/,/17/ and refer-
ences there reported) which coull not be used with our cede, in absence
of the condition of only one open fission channel, at each level.

The aim of application was to solve gome questions arising when
the ML fermalism is used.

The questions are the following:

i) The sens.vivity of the fission ¢ross section, at different
cnergics, duc to any oclected sequence of signs for the reduced
width products.

1i) The variability with the tezperature of the SL and ML cross
section profile functions.

iti} The dependence upon dilution and terperature of the group SL and
ML cross gectiang.

Let us cxanine guch problems in some detail.
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i} Cross section dependence upon the get of the reduced width signs

According to Bethe's assumption (see /B/ , pag. 302), when a
large number of levels must be treated, the average cross section,
within a finite energy interval. can be obtained assuming rzndom signe
for the reduced width amplitudes.

On the other hand, the consequence of a random cacice of the
signs on the cross section values at sny given energy, till now were
not examined by calculatioms. 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 fumction of the neutron energy:

b) the difference between the arithmetic means of the cross sactien
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 emergy 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
¥y signs (the total number ¢f permutations is 2[‘6 for 47 resonances
/127y,

The frequency hystograms are shownm in figs. 1 to 4.

The rain statistical quantities of such distributions are given
in cable 1,

The following comments can be made:

a) The choice of signs of the reduced width amplitudes may hove a
great influence upon the results. If the choice is random, the
cross section uncertainty is lorgely variable with the energy.
ilte dispersion coetficient ranges, in our examples, from 1.75%
at a resonance enctgy to a maximum of 93.13% in the energy inter
val betveen tvo resonance peaks.

OF course, only the experimental values lying within the uncer-
tainty band can be satinfacterily approrirated by means of a
propec choice of the signs. In the other coses, it geems reason

able to change the resononse parameters.
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b) Tre tean valeue of the frequency distribution always resulted to
be equal to the SL value, at each energy and tecperature.
It hac been previously cbserved that, if the interference terms
"contribute constructively at one erergy, thev will contribute !
destructively - in roughly equal measure - at soce other energy”
/10/, /12/. From the present result, cne can infer that a simi-
lar fuil compensatior exists, with regard to the rchange of sigmns,

at cach fixed energy and for ony temperature.

ii) Tecperature dependence of the ML ond SL  cross sections

239 _. . . .
The Pu fission, clastic and capture cross sections have been

calculated from the Farrell's paraceters in the range 14-90 eV at 0 ,
300 , 900 and 2100 °K terperature degrees.

Following a previous work concerning calculations of elastic
cross section at O°K terperature for structural materials /13/ , both
ML and SL formalism have been used again for the fission and elastic
croes sections, in order to estimate the error arising from the applica :
tion of the SL formalism to ML parareters for different terperatures.

In the figurcs at the encd of the paper the differences ML-SL are
plotted.

Looking at the resulrs, some relevant local differences between
ML and SL curves can be observed. However, a remarkable absoiute
reduction and smoothing of such differences were obtained with the
increasing of the terperature. Moreover, the difference in the rean,
over energy intervals including many resonances, tends to Aiminish and
reduces here to the relative value 2,637 over an interval including all
the reaonances (10100 cV). By considering the Farrell set of y signs
28 a random one, theBethe's assurption means that, by the random choice,
a cenvergence to the SL regults is obtained in the mean for an increasing

nucher of resenances.

iii) Terperature and dilution dependence of the ML and SL group cross

sections
lc may be icportant for rcactor caleulations to corpare the change,
with dilution and terperature, of both the SL and ML group cross

sections.
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The formalism commonly adopced by reactor physicists is the
single level one, sometimes corrected with a background term /f4&4/.

In order to vcrify the hypothesis that a temperature independent
background can be retained when large groups are considered, in the
present work this term has been assumed to be equal to the difference
ML-SL at O°K degrees.

The comparison ameng ML, SL and SL+ "background" (SL+Bg) fission
and total group cross sections in the Russian library (ABBY) schema,
is shown in tables 2 and &4 respectively, a2 a function of the dilution
(oo) and temperature (T) values therein considered.

As expectecd, because of the self-shielding effect, the relative
differences between ML and SL cross sectiocns decrease with the increasing
of the terperaturc and, wore apprecisbly, of the dilution. In table 3
the percent differcnces, for the ficsion cross mectien, arc given, The
same behaviour has been observed for the total cross section, with regard
to the dilution parareter O » vhile the temperature dependence becomes
unsignificant.

It can be seen in tables 2 und 4 that, by the addition of the
background term to the SL cross gection, the relativ: differences
[(sL+Bg)-ML} /ML becomen negligibe.

In any casc, with the Fur .1 parameters, the SL tcrmalism

gives rise to an overestimate of 1o group crogs eecticu-

CONCLUSIONS

The ML formalism , set up with the analytical Deppler
broadening, can be considered to be suitable, .. 2 large number of caces,
for reactor calculaticns. In our opinion, the figaion cross cection can
aloo be treated cuscessfully, if no morc then one or two partial figsion
widehs are 2souczed for nuch reaction.

The lication of the formslism to the Pu239 trgononces has

ohown, prelicinarly, come itportant results, the main of which are:

1) The grea: variability of the fission, and concequently of the
total crcss section, with che choice of the y signa. An inves-
tigation to fiud the digtribution law va. encrgy, copirically
found with the histograms of figs. 1-4, would probably be very
uscful for the cross section fits.
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2) Significant veriability of the misroscopic differences ML-SL
with the temperature was observed, in the present calculatiens.

Then, with the above defined “background” term, the assumption:

SL+Bg~ ML,

may intreoduce non-megligible errors, whenever microscopic or

fine group croos eections are required (e.g. Monte Carlo, Mcz

calculaeicns, etc..).

3) The varizbility of the differences ML~SL are reduced in the mean,

i€ large group crosoc sectiens are considered, as in the ABBN

scheca, Then the condition SL+BgAML  is satisfied in ABBN .oup
calculaotions with the ossumed l’u23 parameters. If generally
confirmed, this result oight be of great practical irportance

in the gvplicaticno.
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TADLE

1

TISTICAL GUANTITIES OF THT TISSION CROSS SECTION DISTRIBUTION AS A PUNCTION

200009 WIDTHS,

THE CROSS SECTRON IS DOFPLER BROADENED AT 309°K

B g o i 3 B Cc
vy | e sreptort | momens | Sigperion | eerese | rorreue
) (tarns (baraa) (a-myfe c/a (eV) (barns)
36.73 G.%6 0.9% 0.1627 0.80 0.87 93.13 35.47 ;3 37.25 0.233
41.50 55,20 5.6 ; 71.9%74m 13.83 1.04% 16.00 41.43 81,72 97.35
450 10,00 119.9 118,4685 2.10 0,69 1.75 regonance level 118.368
63,310 12.70 110.6 77.1202¢ 30.03 1.1]1= 27.15 63.16 ; 65.40 109.04

L s N - - .
Woneunioedal distributicns; the codes have been assuzmed to be in the

naxinum peak (see figs. 2 and 4).

- ELT ~
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TABLE 2

FISS10N GROUP CROSS SECTION OF Pu?3® 1N THE RESOLVED REGION
(ABBN WEIGHTING FLUX AND REF./15/PARAMETERS) COPPLER BROADENED

BARN UNITS

E E ao(b)
tover |upper| T 0 10 102 103 00 |FORMULA
(eV) | (ev)| (*K)

GROUP
No

7.48( 9.70|18.97 {37.99 | 50.98 SL
300 5.201 7.31}16,31135,08) 48.58 ML
5.23| 7.34{16.31}35,08] 48.48 | SLeBg

7.65}) 9.97 ] 19.80}39.50] 51.56 SL
10, | 21.5 900 5.38| 7.59]17.16 36,77 49,14 ML 20
5.421 7.64{17.21{36,72(49.01 | SLeBg

1.901 10.38 | 20.95 | 41.06 | 51.87 SL

2100 5.64( 8.03118.37 {38.81]4%.45 M
$.70} 8.10118,38 138,19 ] 49.27 | SL+Bg

3.69] 4.61) B.28}16,27 ) 21.67 SL

300 J7E| 370} 2.51 115.25) 21.01 ML

2
2,73 3.72{ 7.52 | 15.27 | 21.03 | SL+D,

4.041 5.15) 9.44 (17,69 ! 22.2] SL
1.5 [ 464 30 3.05 | 4.22| B.64 {15.74 | 21.54 ML 19
3.071 4.23 ] 8.62 [16.72 1 21.56 | SL+Bg

61 5.76 [ 10.72 18,92 [ 22.50 SL
2100 3.43) 4.78) 9.86)18,13}121.83 ML
3,451 4.B0( 9.87 {18.13 121,91 | SleBg

18.73 | 22,33 1 36.33 | 62,27 | 89.31 SL
300 15.23 | 16.95 | 34.16 { 61,55 | 88,77 ML
15.02 ] 16.95 | 34.13 1 61.59 ; BB.85 | SL+By

£9.38 ( 23.31 { 38,07 {64.55 | 89.53 SL
Lh.L oo, 530 "%.73119.69 135,93 164.02 ] 89.01 HL, 10
15.71{ 19.87 { 35,90 [ 63.95 ] 89.09 | uLe+Bg

20,38 1§ 26,63 140,33 }67,15 | B9.72 SL
2160 16.81 | 21,26 | 38.15 {66.87 | 89.21 ML |
5,80 21.26 § 38,06 ]1¢6.55 | 82.29 | SLeBg

iy = Cackgrouad, f.c. the difference ML-SL esleulated at O°K tecperature degree.

SL o« Sieale Level.
tL + fultdlevil.
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TADLE 3

TIVE DIFFE2ENCES (SL-ML)/ML FOR TEZ GRLUP F1SS10N CROSS SECTION

Fr0d TABLE 2

€ s ) ABDS

upper | T " a 10 107 | to? o0 G';““

n ] exy o
, 150 43.8 | 32,7} 163 | 3.3 | 4.9

10 2L.5 500 62.2 ] 3.6} 15,6 ] 7.6 ) 4 20
2100 so.1 | 2.3 ) s s.s | a9
330 6.2 ) 266 | 103 | 6.7 | 3.1

21.5 | 46.4 900 12, 2.0 9.3 { 5.7 | 3.1 19
2100 30.0 | 20.5 8.7 | & | 3.1
300 2.6 | 17.3 6.4 § 1.2 | 0.6

ws.6 | 100 900 23.2 | 1.2 6.0 | 0.8 ] 0.6 18
2160 2.2 1 15.9 5.7 | 0.5 | 0.6
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TABLE 4

: AL (ABBN-type) GROUP CROSS SECTION IN THE RESOLVED REGION

For Pu>3? (ABBN WEIGKTING FLUX AND REE./15/PARAMETERS)
BARK UNITS
E E o (b)
lower |upper| T o 10 { 102 | 107 oo |romMULA G:gm’
@) | | 0
13.57 |15.27] 23.89] 52.32] 85.32 | s
300 11.99 {13,51] 21.65§ 50,23 | 62.98 | ML
12.00 {13.51] 21.68) 50.28 | 82.88 | sL+Bg
13.62 §15.39) 26.36] 55,75 | 86.31| s
10, | 21.5 900 12.03 f13.62] 22.18 s3.04 | 83.95| M 20
12.04 {13.64{ 22,25 52,01 | 83.82 | StL+Bg
13.64 |15.51} 25.27] ss.81 | s86.82 | siL
2100 12.05 {13.75 | 22.78] s6.52 | 84,46 | W
12.08 {13.79 | 22.91( 55.96 | 84.28 | sSL+Bg
13.19 J14.46 | 20.23] 35.72[ s53.47 | st
300 12.15 {13.46 | 19.37| 35.02 | s52.80 {
12.16 {13.47{ 19.38( 35.02 | 52.82 | sLesg
13.36 | 14.901 22.38] 36.53 | s4.81 | st
21.5 | 46.4 900 12.31 §13.88] 21.54{ 35.80{ 5413 ] 19
12.32 {13.90 [ 21.54( 35.32 [ 54.14 | SLeBg
13.56 115,30 24.24] 43,79 s5.51 ] su
<100 12.51 [ 14.28] 23.49) 43,06 ] s+ 78 | ML
12,54 [14.31} 23.57{ 43.06 | 54.81 | SL+bg
21.31 J24.45) 38,63} 71,47 { 116,67 | su
300 18.55 [21.36 | 35.92] 70.20 [ 114.13 | m.
18.55 [21.36 | 35.90{ 70.17 { 114.21 | sL+Bg
21.42 |24.78] 40,36} 72,75 | 115.12 | st
4.4 | oo to0 18,79 {21.80} 37.67] 71.33 | 114,61 | L 18
18,78 |21.79 | 37.62] 72.24 | 116.68 | Si+g
20.69 | 25,401 42.71) 78.45 | 115,41 | sL
2100 19.26 |22.02 ) 40.02| 77.17 J 116,91 | M
19.25 {22.05 | 39.96( 77.31 | 114.99 | sts0g

©
[~
l”:

-

rL

ackground, d.ea the difference ML-SL calculated at 0°K temperature dogree.

-
& Sirgle bevol.
a N.luluuet.
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FIGURE CAPTIONS

. 2 I ;
Frequency histograms of the Pu 39 fission cross section at differen<
encrgies, obtained by 1000 random permutations of signs (*) of the reduced

widths. The absoluue values of Farrell's parameters /15/ weve used.

FIG. 1 - nreutron enetrgy E®36.75 eV

FI1G. 2 - " " E~41,50 eV
FI16. 3 -~ v " E=44.51 eV
FIG. &4 - " " E<£5.30 eV
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CROSS SECTIONS

ML-SL differences of Pu~239 figsion and elastic cross s_ectionn from
Farrell's parameters 15/ in the iaterval 10:100 eV at different tempera~-

tures.
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THE TEMPERATURE COEFFICIENTS IN
THE THERMAL XEACTORS

G. LE COQ et P. REUSS \

The temporaturg coefficient 2f a resctor is defined as the logarithmic

derivative of the multfplicatiun factor k with respect te the temperature :

[}
n
x[=
In:
o

|
-

It 1s generaly sxpressed in “pcm per degree®.

Experiment-cafonfation comparisuons

Sore ccmpariscons have been made for graphite or watzr mederated
lattices : it appears a discrepancy of shout 2 pom/® (calculation < experiment)
at room tempaeroturo. This difference decreases at higher temperature. Notice
that sometimos tha maasurements can be made with a precision of * 0.5 pom/°.

Doppfen edfect

An error on Lie Ooppler offect cennot explein such a deviation. lndeed
the order of magnitude of this affect 4s - 2 pem/°® : so it would be necessary
to cancel this effect to nullify the deviation.

Ondgin of the tomperature coeffdcient in the theamal range

When the temporature increases, the thermel neutren spactrum moves
towards the higher energics. If all the cross-sections had the same law with
enargy, this shift would not produce apy effect on the multiplication factor
which is @8 quotient of reactlon rates. It is becauss that is not the case
that the temporature coefficient does exist.




Reference faw for Uie crosd-sections

It is practical to chasa ths "%,- law* -as the refersnce law for the

H
:
i
F
:
1
;
i
;
i
;
r

cross-sections. Then one cen say that the temperature coefficient 1is duw te the

deviation of the cross-sections from this % - law. At the first order thas devis-

tion can be characterize by a A parameter such thst :

a
(13 O(E) = == {1+ A E) {e : constant)
/E

{if the Breit ang Wigner forst .o gan ba used ona cen see that A = ZIEr where
Er is the energy of the resonace). 0One can also characterize the deviation
by the oifferencs t«iween the Westcott's g-factor and 1. A simple calculation i

shows that : ;

(2) g-1=3ixE (€, = £.0253 V)

Incentainties on the caleulfotion of the temponature coefficient

An approximate celculation of o is sufficient to sstimate the incer-
tainties. Let us consider the contribution of the reaction rate R to a. It can

bs writton ¢

3k/k  3R/R

3R/R T

The first factor, h, can be deduced of the nezutronic balance. The second one is. :

1 31+ AE A EE



http://Oioa-6e.ctJ.onJi
http://cae.jiicA.ent

|

- For

- For

since R 1o proportiomnel to a(1 + A B) (E & averasge energy of the thermal
ncutrons) as shown by (1). Finally one can epproximatively take

% 3
=K {k : Boltzmann’s canstant)
aT 2

i.0. tuppose that the derivative of T is the same than the derivative of the
averege energy of the Maxwell's spsctrum. Therefore this contributien is :
3
haA—~Kk
2

and the incertainty on this contribution due to the incertainty on A :

3
(31 Aa=—~khaA=13hAA
2

o pen/® 3 LA eV )

Anplications

The tahlo below gives some numerical examples of these Incartainties.

For tho fissile nuclidas A and A A have been svaluated by (2) from g ang
bg of {11.

235Ll we hava takgn 4 A = A beceusa a precise measurement of the slops of
o/E hes never been made [we had studied in [2] the implications of a possible
p-wave resonance in tho thermel range for this isotope : tha effect on @ would

be small and increase tha discripancy with experiment].

240 239,

Pu wp have token the seme A A than for Pu fission.




235 238 244
Nuclide 1] 236, Pu 2405, Pu
Fisaicn Captura Fission CaptLre Fission Capture
g~ 1 - 0.024 0.04 0.057 0,75 0,042 c.04
Ag 0.002 0.02 G.003 0.2 0.0C6 0.02
A i wperav | - %0 320 10 450 1200 330 320
AX 0 150 10 20 150 20 0 150
KUGS 0.54 - 0.08 - 0.32
HTR 0.39 - D12 - 0.02 o
h 0,0 0,56 ~ 0.08 - 0,39 ;g
PR 0.35 ~ 0.1 - 0.10 § c
PYR~Pu 0.03 - 0.0% - 0-c3 0.38 - 0,20 - 0.18 0,09 - 0.03 3 &
NUGE 1.4 1.6 0.4 2.2
Aa HIR 1.0 2.3 0.1 2.5
penv'® 0,0 1.5 1.6 0.4 2.2
PYR 0.8 2.1 0.1 2.3
PWR-Pu 0.1 0.2 0.0 1.2 3.9 0.5 0.6 0.6 4.3

v6e -
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Conclusions

- The incortainties on o appear rather bilg : the diseripancy oetween calcu-
lation eng experiment is not a prlorl surprising.

- For 8 great part the total Incerteinty comes from the incertainty »f the
cepture cross-section of the ﬁ.ssila nuclides.

~ The intejral meesurement af a can be precise enough to bring en useful
‘informations for the knawledge of these cross-sections in the thermal
range (alopes of ovEd.

[1] H.D. LEMMEL
Third IAEA evaluation of thermal fissicn data ; g-factors.
{1 Septemdber 1973)

{2} M.J. BASIUK - G. LE COQ - P, REUSS
Intérft d'une mesure de la sscticn efficace de cepture de ],ZBBU
dans lo domoino thermigue.
Internal roport : CEA/SERMA n° 140 *S* (1973)
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THE LOW-ENERGY NEUTRON INDUCED FISSION CROSS-SECTION OF 2%°Py AND
THE TEMPERATURE DEPENDENCE OF THE WESTCOGTT

g9¢ - FACTOR s

C. WAGEMANS® and A.J. DERUYTTER®®
5.C.X./C.E.N., B-2400 MOL and C.B.N.M. Euratom, B-2440 GEEL

BELGIUM

Intreduction

The neutron induced féssion crrss-section of 2’°Fu was determined in an absolute
way at the slcw chopper facility of the BRZ high-flux reactor of S.C.K./C.ELN.,
riol in tna enargy regicn 0.005 ev to 0.1 eV 1". from this measurement an asolute
valuae of the thermal fisslion cross-section c:- = 1744.8 * 3.4) barn was calculated.
A ccrplemantary measurement was performed at a well collimeted short flight path
of the CBNM Linac 2’. Here we detormined the relative fission cross-section from
0.01 eV to 30 eV. The large region ol overl-p with the abhave mentioned BR2
measuremen®. parmitted a direck naormalization tao the absclute G: value abtained
thara.

Both measuremants were parformed with $i (Au) surface barrier detectors. The
23%y (n, fission] rote and the '°Bin, a) L1 rate wera compared girectly at the
saro pesition 1in the nautreon besn, using the 1/v - behaviaur of the 'p(n. @) Ut
reaction crass-section. For a detailed description of the apparatus, the

R 1 2)
expurlmental proceoure and the treatment of data we refer to '

In this paper wa oxamino tke most important op {E) measurements in the energy

rogion cansidered and wo look for the origins of the discrepancies batween them.

Vo furthar use our differential cross-section data ta calculats the Westcott & -
factor in function of tho temperaiure of the Maxwellian neutron distributien.
® NFWO, University of Ghant and S.C.K./C.E.N., Mol

** prosent agdrpsg :INW, Proeftuinstrast, 86
B-8000 Gent, Belgium.
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The neutton indeced fission cross-section date and the importance of a praper

normalization procedure

Figure 1 shows tha 27%Py neutron inuouced fission cress-section g, {€1 4n function
of the nadtran energy fram 0.008 sV to 1D aV. The data below 0.02 eV are chtoined
at the BR2 resctor 1 those above D.02 @V are the Linac results. Figure 2 covers
the same snargy region but hera all thé BR2 data are used (0,008 - 0.0717 aV) and
complatad with tha Linac rasults fram 0.0747 - 10 aV. Figure 3 shows LP (€} versus
£ from 1 8V tp 30 ev.

The Linac results ere normalized to the integral

.cgop1 BV
j:‘; (E) dE = (25,15 % 0.13) barn. sV
©

L0208 BY
obtained at the BR2. This normalization method is more accurate than & simple
no-malizetion of the rolative cross-sectfion at thermal energy to tha 2200 m/s
referance cross-ssction.
DERUYTTER goa BECKER'? expiain indeed Liol will onz single oot of sheslute fo-dsta
one can abtain difierent u'f}-values in function of the fitting prucedura applied.
So they obtained U:. = (742.5 + 3,3) barn when applying a straight line fit through
the data points in the reglon around D.D253 eV. With a fit of mors physical nature.
{.e. a formula taking into account interference between four 1* levels (~0.53 eV ;
0.30 v s 7.9 eV and 11.0 eV) with the usual ﬁreit-blignar tarma added, and‘ when
minimizing the sum of the squares of the deviations betwesn the experimentat points
and the fi%t 1n a small region around D.0253 eV, thay cbtatnsd of = (740.7 % 3.3) barn,

Becawse of the small sensitivity of the obtained 0‘}‘- value to the fitting procedure
used they then calculated fits of the type gf/_= f“l CiEi" for N going from .

2 to 8. From this series of fits they feel that an error of 0.10 % has to bs added
to the totel error, due tp the curva fitting procedure in the neaighbourhood of

2200 m/s. The final value acceptea in their work in tha average valus of all fitg ¢
a2/E = 118,00 barngV'/? leading to 0} ~(741.9 * 3.4)b. ‘

The seme fitting praoblem raesppears when one neads ta determine the relative‘qf-\'ulue
at D.D253 s¥. Thas small but not negligible “fitting effect” cen be avnided by
wsing fission integral as we did.

The great advantage of this set of data i1s that the Linac rasults as well as tha
data ussd for normalization are obtained with the same basic detection tn:hn;qugs'
by the same group of physicista. .

To compare these datawith previocus results obtsined with other detection technigues
or by othar ways of normalization, we axamined the results of several authars.
Ea2 )

1n Tablp 1 the moat relevent fisasion intngrals iof {E)ME 2ra givon.
1
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Thao intopgrels in tha lower pert of this Table (E>6 aeV) were obtained from an
iategration by tho N.E.A. Neutron Dats Compilation Centre,

Saclay (Franca) of tho differential data retrieved from their files ; tha low-
enargy integrels given in the upper par. (barrowed fram GWIN et al. "]are

in good egrzement. The lower part of th:ls table rw.eals differences ug to more
than a factor of two jetwoen the differsnt integrals. The same differences are
found back when calct lating the resonance integrals

Ez
dE
j;‘ g5 (E] -5

To determine the raasons far thase differances we first of all examined the
normalization meth:.ds applisd in the differant measuraments. Tetle 2 shows -that
thoy are nearly al” different., Only half of the measurement: cre directly
normslized to o:. but diffsrent numerical values are used. All the other

normeldzstion oz

iract ond hanics owic iloble Lo systematic errors.
So wo wantad to check up to what axtent the differencesin narmaiifzetion procedures
ware responsible for the discrepant fission integral values.‘ Therefare we looked
for a convenient fiasion integral which could be L ‘ad to renormalize the differant
mgagurefmunts in the aame way. SUEh an integral -~ .. “ava 2 sufficiently high
counting rate, thus contain onge or more large resonances. Furthermore its
nunerical value should nearly not be affected by timing errors, which implies
that the cross-sections at its limits must be very small. Finally it should covar
an enargy reglan easily attalnable by most experiments.
We found that the fission intsgrals

rZD.G Y

oy (E) dE =1{122€,3 £ 12.2) barn cV
i ev

9.¢ eV
obtsined from our measuremunt would be very conveniant. The indicated srrors are

0.0 eV o
anJ o (E) dE = (1046.6 £ 10.4) barn eV ‘

i composed of ths error on tho primary normalization integral {obtainad at the BR2)
and the error on the relative cross-section experiment (interconnection of the
different runs, fitting of the noutrun spsctrum, background, correction, statistical
errors).

Bafore renormalizing the o ~ messursments mentioned in Table 1, wa verifisd their
relstive bohaviour with respact to our Oy - curve. Tha.rafora we calculated the
ratio of our fission integrals in the most interesting snergy intsrvals to the
corresponding integrals obtaingd from thnl other mlnurmqts. These results are

given in Table 3,
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They clearly show that the ratics are constant within the precision of the experi-
mants for the data of GWIN et al.?}*Jand BLONS et 81.3) 1In the case of GWIN*'*!

the ratios are about equal to 1 which means that their normalization yiaids about
tha same result as ours. This nearly constant ratio means that the four O - moas-
urements considered have a very similar shape and that the differsnces aro msinly

a normalizatian e fact. The sams can be said with raspect to the integrals obtained
from thes ENDF/BT1I fila.

In the cese of BOLLINGER at e1.%Jthe ratios fluctuste aignificantly but within
reasanable limits. The same can be said about IGNATIEV'ST) rasults although the
fluctuations become impartant. The ratio for the energy interval 8 eV - 20 oV
"(which 1s indeed the renormalization factorl Is about the mean value of the extreme
ratios as wall for BOLLINGER as for IGNATIEV. This could be an indicetion that

the integral considered is well chosen for normalizatinn purposes.

Finally with the data of RYABOV et al.} the ratios fluctuate very strongly. It

is clear that such strong discrepancies can oniy teo a minor extent be explained

by normalization effects ; the3 are probably due to systematil:éi errors or sxpori-
mental effects. Since the normalization of one cross-sgction to another is anly
valuable and accurate 1f the normalization factar doas not change with the Briergy.
it has no sense to rennrmalize RYABOV'S date which shuuld in fact be rejacted.

In Table 4 we summarize the numerical valugs of the fission integrals of Gwin, Bluns

Bollinger and Ignatigv after rencrmalizetian to our integral !

20 eV
J agg (E) dE = [1045.6 * 10.4] barn eV
5 eV

The original discrepancies are considerably raduced, in such e way that our rasults
and those of Gwin and Blans ars in good agrsement now over the whele energy rdnga
covered. Rsecently BLDNS’) renormalized his data in the way proposed by us. Campai-ed
with the ENDF/8 III rasults the agreement 1s good except from 350 -V ta 650 eV. .
Also thre #nta of Bollinger agree rather well. The rosults of Ignatiev sre in 'bott‘er

agreemant now but there remaina clearly a slope in his data.

Thase results together with the prece¢ing cansiderations stress aonce more ** v 7ed
for a rsliable common normalization msthod of all relative fission cross-saction

curves.
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The Westcatt gp ~ factor in function of the temperature

The gennral oxpression for tho rasction rots per atom for a neutron induced reaction

is

- ’ i {
R X niv).olvl).v.dv (19

with n(v) tha neutron density distribution in the velocity interval (v,v + dv)
and oi{v} the resction cross-sscticn.

WESTCOTT !9 gofined a so-called effective cross-section J{T) and a glT) fector
for a pure Maxwellien distributio_n with absplute temperature T in the following
way ¢
otT) =0y . glT)
R = n.va.a ° DeVgoOg.gIT) (?)
with n :J n(vldv, v, = 2200 /s and gy = olv=vy}.
(]

From (1) and (2) following expressian for g{(T) is deduced :

rn(v)- olvl. ve dv
(]

glT} =
. w
Jo. Vi- [ alv).dv

which gives in function of the =

giT) = JREIGR RTINS

0o /E, (31

-l
with j n({EJdE = 1
0

2a/E [en]
AlE} » we———eee—  @xp [“E/KT,
(mkT) M2

Kk = the 8Boltzmann congstant
Eg = 0.0253 eV, !

In tho case of a fission reaction the explicit temperature dependance gf(T] is

derived from eq. (3] :

1 2 ;
g (1) = J"’ exp [-E/y\1]o(EIECE
f of B o (kT2 [l




or ge(T) = f axp CE/KTIE 0 (EWE cE (a1

& MEa (kY2

So the g-factor is a function of temperature and can be calculated fram the cross-
section curve o(E} in “he low-energy region. Especially for the figsile nuclidoes
the gs " factor is of considerable importaence for the physics of thermal reactors.
From equation (3} it follaows that g{T) = 4 for cross-sections with & 1/v-law.
So the g(Tl-factor is measure far the daviation from the 1/v-lsw. It should bs
stressed that g(T) demends only on the shape of the crass-section ard nat on its
apsolute value.
For the calculation of g¢(T) we had to extrapclata' our g¢(E) data from 0 eV to
0.0086 oV (i.a. aur first difforential data point). Therefore we fitted our
as(E) vE curve from D.DUBG gV to 0.0717 eV with a polynamial function
3
U;[E]/E =z ¢y Fi LN By extrapclation this polynomiea function yields the
i=1
missing pert of the GF[E}/L? Surva.
Based on expression (4} we colculated g;{T) 1n thres steps with a program written

by H. OE PuYOT )

L0856 BV . 1
gelT) = A.f exp [-E/KT]VE . [?ﬂciEi"JdE
o .

aV
£1=E)
+ A, T axp [-Ei/kT].aflEi).Ei.AEi
€,°0.00d6 Ev
E4*108V 2
* A L exg [FE{/KT].Gf(Eq)Eg AEY with A 5 emeSme—e (s)
Eg=E1 aorMEg . (kT) /2

Thanks to the very small energy distance between the differential data points,
the part of the integral (4) betwesn 0.0088 sV end infinity cen in very gaod
eppraximatian bs replaced by the sscond and third tepmain eq (5}, The enaergy’
limit E1 i3 introduced as a variabls, and <atermings the peri; of the diffaerentisl
doa that in fact determ.nes gg. ’ ! : :

With expression [5) we first calculated g¢ for T = 20,44 °F with the dg {E) duta *
given in Fig. 1 which zie meinly Linasc - results. . :

: L
This y’Zslded 8; (20.44 °c) = 1.0522. The Linac data contribute for 67 % chin

va}us.

i
]
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Tho oama calculotions wers redone with the date given in Fig. 2 (mainly BRZ data).
So we obtslined gp(20.44 °C) « 1.0534 . The BRZ dats contribute for 86% to this
valug,

From bath results wo deduce o final value of

gf(20.44 °Cl = 1.053 % 0,003
which supersades the velues given in '12),

Tho orror is to a larga aextent dua to tha extrspolation to zsro energy, for which
wa adopted vary canzervative errors. ‘The first term from (5) (extrapclated term)
indaed contributeds for ebout 11 % to gp (et 20.44 °C)}. Its sagnitude decreeses
considerably at higher teomperatures : fram 5 % at 200.°C to 0.5 % at 1000 °C.
From 0.35 @V on the contribution is negligible at 20.44 °C. This result for

g (20,44 °C) is in perfect sgresment with IAEA recomrendse value 17}

g¢(20.44 °c) = 1,0548 ¢ 0.003D
and with WESTCGTT's "best velue®

£¢(20,44 °C) = 1.0522 ¢ 0.00348.

Furthermore we calculatad the tsmprai:ura deﬁendsnce of 't.ha Agf - factor. There-

fouos we varied T in sq. (5} from 0 °C to 1000 °C in steps of 10 °C. .

Easeq on tne o (E) data from Fig. 1 we cbtained the 8 T} curve from O °C te 1000 °C
which is shown in Fig. 4. The.rumprical values ers given in Table 5, With the

Ce (E} data from fig. 2 we obtain quits ‘similar results ich ars givan in Table 6.
Hoth ragults. ere slightly higher than the tsbulated B¢ {i) - values of WESTCOTT 1),
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Figure I: Fission cross-section from 0,008 eV to 10 eV for

Pu (mainly Linac data)
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Table 1: 2¥%pu fission integrals f 2 ar(E)dE {Barn, eV) without renormalization

I:l
Energy This ENDF/B Gwin Gwin Blons  Bollinger Ryabov Ignatiev
interval measurement Y[ (1971) {1969) {1971) {1958) (1968) (1964)
(ev)
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 1.1 11,17 11,25
0,06-0,010 19, 51 19,39 19. 53 19. 68
6,6-9,0 179, 7 181.4 180,8 181.0 182.7 173, 0 107,0 159.0
9,0-12,6 502.8 505.2 494.8 497 512.7 516.9 348.3 412. 9
12, 6-20.0 543.8 654, 2 547.5 546, 5 558, 0 538.4 479.5 443.2
20,0-24,7 223.2 226,17 224,3 223 224.5 221,4 192. 5 17,8
24,7-30,0 100.3 103.7 160. 7 100, 5 103.2 105, 5 46, 8 83.7
30-54 429 421 425 166 250 324
54-78 1734 1719 175D 1550 939 1070
78-92 748 735 746 785 529 438
92-109 412 405 417 441 323
109-152 827 818 839 452 635
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
6501000 2185 2145 2180 2220 2620

- 60 =~

v om o | ¢
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Table 2: Comparison of the normalization methods applied in the different o, measur emnents of Z39P“

Bollinger et al. (1958)
Ignatiev et al. (1964)
James (1965)

De Saussure et al. {1967)
Blons et al. (1966)

Blons et al. (1968)

Patrick ¢t al, (1968)
Rvabov et al. (1968)

Gwin et al, (1969) {1971)

This measurement

Blons (1973)

normalized at 0. 0253 eV to a? = 730 barn, This value is about
2% too low,

normalized to the volue I'/ T = 0.465 for the 7. 8 eV resonance.
Estimated normalization errd¥ < 5%,

normalized to the integrated fission cross-section from 4 eV to
16 eV of Bollinger,

nomalized at 0.0253 eV to o= (741.6 + 3,1) barn,

normalized to the value ¢ [, = 108, 2 barn, eV for the 7,8 eV
resonance as given by Bellinger.

normalized to the g I", -values for the 44,5 eV, 47.6 eV, 52.6 eV
and 74, 95 eV reaongﬁ{ces from Blons {1966).

normalized at 10, 95 eV to n = 2. 04} assuming V_ = 2.864,

normalized at 0, 0253 eV to af = {740 + 4) barn, Lowest data
point given by the author is 5 eV,

normalized at 0. 0253 eV to of = (741.6 # 3.1) bara,

0.06001 eV (ovan - 25 154

o 0. 02001 eV

0.13 barn, eV corresponding to a g, -value of (741.9 & 3.4) barn

20 eV
6 eV

normalized to the absolute integral

normalized to our integral

uf(E)dE = {1226.3 % 12, 2)barn, eV.

- 01¢ -
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Table 3: Ratioc of our fission integra.\s[ cf(E)dE to the corr. sponding inteyrals obtained from other

Mmeasurements

£

il:x:l::vBayl ENDF/B III Gwin Gwin Blons Bollinger Ryabov Ignatiev
(eV) {1971) (1969) (1971) (1958) (1968) (1964}
6,0- 9.0 0.991 0,994 0.993 0.984 1,139 1.679 1.130
9,0-12.6 0.995 1,016 1.012 0.981 0,973 1,444 1,218
12,.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 ¢, 951 2.143 1,198
9.0-20.0 0,988 1,004 1,001 0,976 0. 999 1,262 1,220

- T1e =



20 eV

Table : Z”Pu fission integrals (barn. eV) renormalized via our integral oI(E)dE = 1046, 6 barn. eV
9 eV
TS et SOOI G o s s
6.0- 9.0 179.7 179.2 181.5 181. 5 17€. 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~ 24.7 223.2 224.0 225,2 223,17 2l19. 4 219.6 210.0
24.7- 30.0 100, 3 102, 4 101,1 100.8 106,9 104. 6 102.3
30 - 54 424 423 426 455 396
54 - 78 1713 1726 1755 1808 1308
78 - 92 739 738 748 767 532
92 -109 407 407 418 43
109 -152. 817 821 842 833
152 -172 328 330 339 347
172 -350 2607 2729 2788 2764
350 4415 654 585 598 624
415 -~-650 2709 2468 2517 2483
650 ~1060 2159 2154 2187 2179

- Ttk ~
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Table 6: The Westcott gf-iactor in function of the temperature(based on o f(.'E) data from fig, 2}
I i : i
© <N o o a
T(°C) 8 ';E T(°C) g EE T(°C) g g T(°C) g
) 1t 1
0 1.04137 ¢ 250 1.35139 W 500 1.97262 W 750 2, 61392
30 1.04705 ho2e0 1.37182 £ 510 1.99973 4760 2, 63689
20 1.05313 W20 1.39279 4520 2,02683 770 2,65959
30 1.05965 W 280 1.41430 & 530 2, 05389 "o780 2, 68202
40 1. 06664 i 290 1,43631 540 2, 08090 4790 2.70418
50 1.07411 i 300 1.45880 5 550 2.10784 3 800 2.72605
60 1, 08210 ¥o310 1,48174 i 560 2.13470 n o BlO 2, 74765
70 1, 09063 & 320 1, 50513 i 570 2.16147 u 820 2, 76896
83 1.09972 4 §3g } ggg;}g ] : ;?2(1)_3’ n 830 : 78999
Hi » . .
100 | 1196 §o3s0 | ames b 600 2241001 § a0 2. 83118
110 1.13059 i 360 1. 60251 4 elo 2,26731 Y g0 2.85135
120 1.14213 o370 1.62769 & 620 2,29341 & pr0 2, 87122
130 1.15432 1 380 1,65317 4 630 2,31933 8§80 2. 89080
140 1.16716 i 390 1. 67890 1640 2.34507 B 890 2, 91009
b | bmee oA LT d e | Zasr Lo | Eoem
170 1.20965 b oazo 1,75743 b 670 242112} 920 2.96621
180 1.22514 No430 1,78398 Y 680 " 2.44605 I 930 2, 98433
190 1.24129 i+ 440 1, 81067 i 690 2.47075 910 3, 00216
200 1. 25806 @ 450 1,83748 4 700 2.49523 ¥ 950 3,01970
210 1.27549 U 460 1.86439 & 710 2. 51946 i 6e0 3, 03695
220 1.29356 W 470 1. 89137 &oo720 2, 54346 no 970 3. 05391
230 1,31224 i 4s0 1.91842 8 730 2. 56720 5 9gg 3. 07058
246 1,33151 " 490 1, 94551 4 740 2. 59069 n 990 3, 08696
i i : i 1000 3.10306
i 4 g

- bTE =
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