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The rescnanc2 garamelers and  ..armal  Iross

. - s Y= N LR el W N .
seorions of 4359380 and 4377¢M40y are rioolluatad by
cons idering the measurements carried out sincs: 14735,

Capture, scattering, flszlen cross secbluas wn Weill da
resonance Lntegrals are vaicuiated from the parameters
<perimental values with the

and are compared with
objective of achieviing consistency between
calculations and measurements. The Dyson-iehta &y
statistical analysis was applied in order to calculate
average level 3spacings. Calculations of averaugs
radiative widths based on systamatics ar2 carriad ogut
and are compared with experimental values as well as
with Moore's and lvnr's estimates.



l. INTRCDUCT Lo

An accurats knowlzdge of the individual as well as averag
parameters amd thermal aoeutron

the design of thermal and Iast

optical model and systematic

iterature and via private communications which

-

became avallable ia the open

warranted a new reevaluation of these parametars. Th2 [inal results will e

published shortly.l

“n
2. THE EYALUACION PRCOCEDURE

We briefly describe the steps adopted in the evzluation of the resonance
parameters. The evaluation of the thermal cross sections was discussed
previouasiy in detail.?

(1) The first step 1o the evaluation of ©ne resonsnce paraacters is
compilation oif the data. & complete and correct documented data
base is imperative. The National Nuclear Data Canter CSISRS Library
was used for thils purpose. 4 computerized resonaace parameter ifile
supplemented by the most recent data which was ovtalned via private
communications was created,

various ddta seis to o4

v -.
z

(2) Tue sccoad step bs o resuciion ol
standard form such as g?n values.
{3) This is foliowcd by groupiag »f the various data scis accordiag to

resonance enerzy and g?n values, taking the weignted averages, and

tn

calcuiating the internal and extesrnal errors Zor the paramsters o

each reasonancea.



and maklag n2cessary
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(&) Examina..:: 57 cae r2suv.is of the pr

ad justments.

{5) The computarized recommeaded  resonance  parameter  f£ile  is
subsequently transfdrwmed into an ENDF~-typz {urust. Then physics

checking computer codes partielly based on ENHDF codes operate on

this file to calculate capture, fission, scattering ({coherent and

o

ince ent amplitudes) cross sections as well as resonance integral

and strength functions.

{(6) 1In addition, staircase plots of the cumulative nuaber of rasonances

and reduced neutrons widtas are produced. Vaiues %
.
tae AB statiscics are calgulated a2nd are comparsd with experimental

values to check on the possibi2 missing or wmisassigniang of the 4 and
J values of resonances.

{7) Consistentecy checis bdetween cdirifersatial and integral aeasuremenils
are made. Possible adjustments in the parameters of the low-Iviag
rasonances are made to achieve iz objective ana/or nepgalive cnersy
resonances are postulated.

It may be necessary that severai iterations of these steps ire reguired

before a satisfactory recommended set of resouance parametiers 1s obtaine

To estimate reliable average leevel spaciaus tests olher Lonan Lac Porler—

Thomas distribution are resquired for estimating whether any levels have beasn

missed. fhe Bysou=Mehta 4 sLalistics” cau provide aua todupeandenlt Lest.
~
. . . . . / .
Both Dyson's ensemble theory and Wizner's random matrix theecry” pradict

igh correlation of single population ol levels resulting In approximalely

o

equal spacings. This means that the levels are highly ordered rather than

randomly Jdistributed.



The 6. staciscics 1s sensicive to the position of individual ievels and

3

is given by

, min 1 SE iy o oacoit e
3 - :\,B _—:E— [ Ld(hl Al‘ L‘J -
~o
A D = NY -
4> 7 [1a(y) -~ 0.0687] .
Er

ror (<4,>) = 0.11

Based on Monte Carle calculations Georpopulos and Camardus have provided
graphs which heip in determining the number of missed levals by making use of
the A3 statistics calculacted for the observed single popuiation sequence. The
average level spacings were evaluated by appiyiag <che &3 statistics in
combination with staircase plots of the cumulative number of resonances versus

neutron energy as shown in Fig. 1.

A brief{ description of the results of the evaluatioa follows.

3. RESULTS

235y,.

20 . . . . . .
‘st is an unporcant material 1n connectlon with power reactors aad
related applications. The need for an evaluated set of resonance parameters

for this material need not be emphasized.
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: ; e : Lo - cory Doy
Some oL Lite srobplems assoclated with Lhe 770 resonauce pdramelers bave

been discusred by Heyworth and doore® and Moore et al.’ Since 1973, no naw

- 235, .,
measurcements of the widths of resonances of 2920 have been wade.

P oot . . Ayt . C]
In addition to Keywortn'sd polarization measurements Michaudon et al.,

and Blons et al.,'Y reported total and fission cross-section measurements

11

which extended up to 150 eV, Also three other data sets by Ryabov a2t al.,-*,

Corvi et al.,iz and Felvineild were considerad to arrive at a recommended

resonance parameter set £for 233U. Otner daka sets available at the NJNDBC

(CSISR5 Library) were also surveyed [for the purpose of 235y resonance

parameter evaluation.
Teew

In evaluating the resonance parameters an attempt was made to conserve

fission areas with proper 2an, Ff and FY (I~ rf + FY; Fn<<P) and these

parameters were malnly derived from Moore et al.,l“, Michaudon =t al.,9 and
Blons et al.,10 comhined set, and Ryabov et al.,11 data set.

The spin assigoments made by Xeyworth et al.,® based on their
polarization measurements were adopted up to 300 eV. However, the resonance
parameters 2gfn, Ff, T , ang co?f extend up to avout 15U eV, deyond which only
the spins are given extending up to 300 eV. Jdore precise capture measurcmenis
would reduce the errors on TY values and would provide a further check on the
total widihs required to describe resonances. The total widths derived by
Michaudon et al.,® are not always compatible with the fission widths and areas
reported by More et al th ‘ihe recommended parameters reflect the single-
level aspect of the Breit-Wigner formalism. These should not be compared with

235,

any multi-level parameters for

s



A calcuiaticn of the thermal <capture aad fission® cross-sectizas
indicates tuat bound levels are required to describe these cross~-sections and
the capturs and fission rescnance iategrals as well. Table I p-esents the

15

recommended average rasonance parametars. For comparison Yoore's and

Lynn's!® estimates of average capture widths are included along with our own
estimation based on the expression derived by Malecky*7 and which was derived

from systematics.

. ; = Lo 235, o . .
* A reevaluation of the U thermal parameters and rescnance integrals i
in progress, as such consistency check of the differential and itegra

measurement was not undertaken yet.

r= 0



Table 1

Averdage Resonagnce Parameters

u

- 7 o \ Y v Ay @ b c
farpuet Bn(hLV) J DJ(eV) S, S1 IY(mLV) IY(__V) FY(meV) FY(meV)
) 37 1.10£0.06 35.421.9
235y 6550 1.03:0.10  1.8#0.3 3943 37 37

47 0.88£0.05 34.2£2.0
238, 4806 YT 22.5t1.4 1.0£0.1 1.7¢60.3  23.2£0.3 34 25 21.551.4
N 0% 7.9:0.8 36.0£2.4
2394 6534 ) 1.3:0.1 4243 43 48

1Y 3.410.2 35.9£2.5
240p, 5241 U3 1158149 0.93£0.08 3142 38 36 29.7¢1.5
, 2t 2.7£0.3 35.9£1.0
2y 6309 1.5£0.3 383 18 33 .

3Y 0 2.750.3 35.641.0

7

242y, 5036 Y7 15.651.7  “0.90:0.16 2742 36 26 27.081.3
(a) Present calculations based on systematics (ref. 17).
(b) Lynn calculations based on giant dipole resonance model (ref. 16).
(c) Moore calculations based on giant dipole resonance model (ref. 15).



a2

Since the resonance spins are uniquely assigned (J"=37 and 47 ) for s-wave
resonanceas, 235U provides a very good example for testing the AZ statistics on
a target with nonzero spin: Each (2,J) sequence of resonances may be
considered as a pure sample for statistical purposes. The A3 values
calculated for the observed sequence of levels for J=3 and 4 are listed in
Table II at E, =60 eV, 70 eV and the maximum energy considered for evaluating
the average level spacing for each set. The corresponding theoretical
(A3) values are also included with Q.11 as uncertainty.

In the case of J=3 resonances the experimental A3 value agrees with the
theoretical value up to about {00 eV. Based on cthe &, value of 0.356 one

‘.

could escimate the number of missed levels with the help of probability curves

provided by Georgopulos and Camarda®. The number of missed J=3 levels seems

to be about 5. Hence the recommended average level spaciang for spin 3
. 0.00
resonances is i.10 % 2V,
sonances 1is 1 0.06 ©

in the case of J=4 resonances it 1s estimated that 6 levels are aissed in
an energy region up to 73 eV. Thus the average level spacing is 0.86
0.00 . .- .
* 0.05 eV. The quoted errors reflect only the missed lavel information.
It 1s interesting to note the comparison between experimental and
theoretical A3 values for J=3 and J=4 resonances. A sudden increase ian the
experimental A3 value indicates possible wissing of levels (Fig. 2) or the

presence of spurious levels.
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3
m - g e T = g g .- - - e
J Ln\ed/ Zxperinental Theoratical No. of gihel
R&s0nances

37 50 D.37C J.399 = G.11 34 1,091 & 3.G7
70 0.352 U.413 2 0.1 53 1.930 = 9.071
190 0.3656 U.L4h = wall 52 1.299 £ 2,350

4= ~.A0 U.437 0.422 £ 0.1t 58 0.854 = G.053
70 C.5353 0.437 = 0.11 79 0.202 & $.030
73 0.523 0.442 £ 0.11 338 0.303 & 3.049

* The errors are estimated with the help of the esguation 3KI> = 5.32¢m>x7 172,

2.0,

2.0,

Several wmeasuramentst® ¢¥ to determine nmore accurate values of the
resonance paramecters of <7°C  have bLeen carried  out. These  laclicue
traasmission, scattering, c¢apture, and seli indicazion measuraments. The
major ewphasis was placed oa tae getermraalion oi Lae radiative widtus of Che
low enecgy s-wave rescnances. Ine vesulis of these iavestigatiocans sre the
decrease of tie value ol fhe raclative wicln of tne 5.7 2V resocnance froa 2%
* 2 meV to 22.5 z 0.¢ meV and the increase o- the scatfering widca of the 20.72
2V resonance from 5.7 2 J.3 meV to 10.0 £ 0.2 meV.

In additien, the parity assignmeats of rescnances are at prasent -laced

.. . e L . . Z . = 238,
on 2 Ilrm Jasls oecaus2 3 new telnnique o 2sta2dlish fhe values of g
. . D - .
ra2sonances was developed by Corvi =t z2i.~> This is naased on rav
specira differaznces Detdeen s and p-wave neuirsa capiuara.,
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With the aid of this technique, Corvi et al.,% were able to identify the p-
wave resonances of 238U in the energy range H3-15348 eV, More recently Moore
et al., % successfully extended these measuremeats up to an energy of 3341
aV.,

The variation of the theoretical and experimental A3 values calculated
for the s-wave resonances is illustrated in Fig. 3. As shown, the sudden
increase of the experimental £3 value at a neutron energy of 1400 eV indicates
that  s-wave  levels are cither mtssed  or possibly misassigned as  p-wave
levels. Below this energy, the s-wave average level spacing is determined to
238y,

be 22,5 + l.4 ev. The recommeded average resonance parameters of are

shown in Table 1.
The recommended positive energy s Jave resonances contribute 2.35b to the

2200 m/sec capture cross section. This is to be compared with the recent

measurement of  Poenitz et al.,27 who reports OY = .68 ¢ 0.019 b,

P>

Calculations of the direct capture component in the framework of the Lane and
31 . . s z .
twan "  theory following the Mughabghad 28 approach indicate that the
norresonant contribution to the thermal capture cross saction is 0.08 b.
..
Thera2fore, a negative energy resonance is postulated in order to take 1into
account the difference batween the calculations and the measurement and to

describe the coherent scattering length. The parameters of this resonance are

shown in Table IIT.

Ne major changes have taxen place in the recommended resonance parametsars

2w meazsuramen:s have been carriad ourt as rat.

o
o
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Table I1T.
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2600400019 b
009 b
0.0012:0.0008 mh
0047 ah
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D8
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P> 0.0

2100003 eV

Dy = #2014 oV

Ny = 274813 av

Ky = 1.0tan

8§, = 1.740.3

8,07 1031008

Iy = 29743 b
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2. = 40002404 KoV

o,(M = 000 b

Fa (e\) J ot I (meVv) er, (mav) ry, (meV) el’d (meV) el (mev) re (mev)
-147 (23.2) 04.4

4. 40000, 004 1 0,00011¢ 0,00001 3.5 10.3

B.u71a0.0u2 1/ 0 2.3 ¢ 0.0 1.50 ¢ . 22.u10.0 0,501 +0.009 0. 006008740, GUDOM
"10.23710.000 3/2 1 000185 O, OV0HS 4.0 10,0

120910008 1 0,00039¢ 9. .0u0dB) 3.0 0 2

19,5¢910,. 000 1 0.0013 2 0,000} 4.9 0.3
STO.NTZ2I0.000 1/2 0 3).54¢ 0,50 10.04 + 0.c0 23.0:90.8 2108 16,044 0.000050 10.,000001
IRLNHOROLG1L 172 00 57.0 % (U 4 4.0 b 0.4 23.040.3 5.81 $0.07 0. 0000097 0, 000001}
45.17 10.04 ] J 0.0019 &£ w0005 10.5

40.62 10.07 ) 0.0012 £ 0.0000 10,0

£ .0t 858°%F]

[ ]

Pm



The importance of the parametzrs of tne 1.05¢ 2% resonance nas been

w
re
[
a.

recently emphasized Dy Weston.¢? It was sugge 139 that the parametars of
this resonance may provide a solution o the discrepancy between the
microscopic differential and integral data. Since this resonance contributes
98% to the 2200 m/sec capture cross section, the highly accurate measurement

of the thermal capture cross section by Lounsbury et ai.,3! imposes a

constraint on the product FnF“. Recent transmission and capture measurements
i

carried out by Liou and Carien®? reveal that cthe capture width of this

resonance is FY = 32.4 + 1.0 meV and the scattering width is Yn = 2.32 £ 0.04
S~

meV. These are more accurate than, but consistent with, the previously

recommended parameters33 : Tn = 2,30 = 0.15 meV and TY = 31 + 3 meV. Cther

recent measurements on the fission <c¢ross section by Auchampaugh and
Weston3" are concerned with the study of the subthresnhold fission widths and
hence the fission reaction mechanism. Previous similar investigatiocns were
made by Migneco and Theobald3® .

The recommended resonance parameters of 250py cover the energy range from
thermal rto 5.692 keV and are basically based on rhe measuremeats of Kolar and
Bockof£%® | Weigmann and Theobald3’ , Weigmaun and Schmid3® | and Hockenbury
et ai.®9 . The parameters ol the 1.056 ¢V resonance are bascd on the very
recent measurements of Liou and Chrien3? . The highly accurats values of both

Z

. 0
the thermal capture cross section (UT = 28Y.5 = 1.4 b) und the coberent

0.1 fm at E, = 0.08 eV) indicate that & bound

153

scattering length (b = 3.5
level 1s required to fit the thermal region. The parameters of this negative
energy resonance are derived and are included in the evaluation. The position
of this resonance is determined to be - 9.5 eV which is comparabie with an

average level spacing of 11.5 *# 1.9 eV,



The latter 1s obt aed with the ald of the o, statiscics. Lo 1s ipterastiul
to remark hare that a calculation of the average radliacive -7idth on the basis

of systematics docs not reproduce tfne ezperimencal value <1 7 = 3i & 2 meV,
The same trend seems to be true for the other even-evan target auclel

242py.  The recommended average resonance parameters a:ong with the individual

parameters of resonances up to 1335.3 eV are shown in Table 1IV.

241p,,.

Sinee, 1973, only one resonance parameter data set by 2lons and
Dirrien“® is reported. The Reich-Moore formalism was applied to the fission
cross section wmeasurement which was carried out on a sample cooled down to 77K
to reduce the Doppler effect. The neutron energy region covered in their
measurements 1s from 0.26 eV to 103.66 eoV. ‘hese parameters were adopted in
the evaluation,

In addition, the average radiative width is calculated on the busis of
the systematics!’ and is determined to be 38 meV. This is to be compared with

values of 33 meV and 35.9 #+ 1,0 meVv (J" = 2%) and 35.6 % 1.0 mev

T + . ‘ {5 . .
(J° = 37) calculated raspectively by Lynn!® and Moore!3 on the basis of the

giant dipole resonance model. The average level spacing for both spin states

is determined as 1.3 £ 0.1 eV,

2
24"Pu:
The recommended thermal capture cross section at 0.0253 eV is evaluated
0 . . - :
as oY = 18.46 + 0.49 b, which is based on the measurements of Young et zl.*!

Durham et al.,*? and Butler et al.*? The scattering cross section,



Table IV. The Recommended Thermal Cross Sections, Average Resonance Parameters and the
Low-Energy Resonances of 4%0py,

H
4
THERMAL THOSY SECTIONS @
(nl:
0% - 205114 b v
o, = Lo4:10.00 v 5
g, = 0UMLUOSY b v
V= 47100 ‘;}
Boa= 4.0:00 I bl
W= G0 fm
RESONANCE PROPERTIBS
e~ Q110,002 sV
oo U, - 118110 eV
Yy = D0E 008
Sya= 710
1, = MO0 b
15 =10 h
RESGHARCE PARAMETERY
| L 9, = d241.310.7 keV
o {t) = ZBUI b u,(8) =320
By (eV) J t e (nav) ry (mev) erh (mev) r'e (meV)
~D.0 {32.4) 3.84
3. un750.002 12 ] 2.3921 0,04 24110 2.258 10,080 0.008
20, h 10 .ouaL 0,07 a2 2ad 0,588 10,013
AW 0,02 174 0y F I RN 2,99 10,08
4100 at ul th,? 1 .Y e.00 20,09
w1001 o 11 31.041.9 .8 10,1
S YR T .42 0.7 2h.511.0 .51 20,00
noL oo 12,8 4 0.3 27.549.0 1.4 20,00 o
UL b1 2l i daLun 0.%2 0.0 in
Ha, m a0.0¢ 44,0 1 3,0 . 0al.0 4,89 12D.1d «
141,60 10,1 14.2 2 U0 31 44 y.200 20,00
10,7 201 [IRVISINIK] 0.0 10,0600 <
[HE T 1.7 1 1.5 a1.5:2.0 1 2013 <
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O = .24 = uld L, is deterelned from the cobereat scattering lengta n =
8.1 + 0.1 fm. These thermal constants provide conscraints oa the parameters

of a bound level and the first resonance at 2.66 eV.

. L 242 .

Recent measurements ol the resonance parameiers  of “Pu have becn

. W s
carried out by Poortmaas et al.,*" (at, o » Gs), Harvey et al.,'> (ot) , and
Auchampaugh and Weston*?® (af) . in addition, fissinn areas reportad by
4h . - . N P . PP

Auchampaugh et al., were used in deriving subthreshold fission widths for

242 . : . . o ;
Pu. There is general agreement between the various I values reported by

these authors. The average radiative width determined by ?Poortmans et

al.,*™ is 21.9 + 1.1 meV which is slightly lower than the radiastive width"®

e

of the 5.675 + 0.002 eV resonance. A coherent scattf 1ng length of 8.1 % 0.l
fm combined with a potential scattering length of 9,6 * 0.2 fm obtained from
the systematics and Irom neighboring nuclides indicate the presence of a
nearby wnegative energy resonance. T» obtain acceptable values for the
parameters of this bound level, it was necessary to adopt the lower limit of
the capture width (FY = 25.0 + 1.5 meV) of the 2.68 eV resonance which was
derived by Young and Reeder®’ who used a shape fit analysis adopting the
Reich-Moore multilevel formula. It is interesting to point out here that the
accurate position of the resonance energy, Eo = 2.676 * 0.002, as determined
oy Schrack*® and Harvey“® can be used as a neutron energy standard.

The fissiom cross section at 0,0253 eV is calculated as 0.21 b from the
evaluated resonance paramelers. o addition, Lhe paramcters iandicate that the
capture and fission resonance integrals are 1107 b and 6.4 b respectively.

With the aid of the A3 statistics, the average level spacing is determined as

D, =15.6 £ 1.7 eV.



G CONCLUS L0 s SUMMARY

R 5 PR 235,23y,
The current status of Lhe resonance parameters ol lae actinides 33, 305

and 239-241p, i briefly described. Average resonance parameters are derived
and in particular the Dyson-iMehta AS statistics was applied in conjuaction
with the staircase plots to arrive at average level spacings. Average
radiative widths are calculated here on the basis of systematics as derived by
Malecky et al.,'’ and .re compared with Moore's!® and Lynn's}® estimates. It
is interesting to point out that the calculations on the basis of systematics
are in reasonable agreement with the experimental values £for the even-odd
target nuclides 235y and 239’241Pu but not for the even-even target nuclides

238U and Eh0’242Pu. The radiative widths of the low energy neutroa resonances
of 838y are at present well established thus resolving a previous discrepancy
between integral and differential measurements. Additional spin assignments
for 235U have been made using polarization measuremsnt., It seewms that the
(2J+1) lew is obeyed in this case. It will be of great interest to apply the
¢ 241

same experimental technique to determine the spins o Pu resonances. At

present these were determined by the method of interference in the fission

channel which does not give urambiguous assignments.\

The scattering and radiative widths of the 240py resonance at 1.057 eV
are determined3? to a higher accuracy. The result of this measurement
indicates that a re-examination of the integral measurements for 24OPu is
necessary.

The recommended resonance parameters of "BNL-325" which can be prasented

1n an ENDF-type format arc avatlable oo request {rom the National Nuclear Data

Center.
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