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Some Hî nii-̂ rits in t:ie Evaluations or cue
Thermal Cross Sections and Rasonap.ce Parameters

of the Ac tin ides""

-" KOTICS

ability.

. '• . Mughabghab ana M. Divadeenan
3rookhaven National Laboratory

Upton, New York 11973

Submitted to: IAEA. Consultants Meeting on Uraniu.7. z.r.d PLutor.iu?i Isotopes
Resonance Parameters

28 September 2 October, 19 •> 1
Vienna, Austria

h supported jy Lat 'J.5. De par':.?.eat 5i "nor^y

r • • ."A



Ihe resonance parameters and .. .irmai eras,-.
sec t ions .if '--,--33Li and ''• ''J *~^'(*?\i a r - r j -v - iuac^d by
consLderLny th<? :neasurerr.-;i"!Cs car r ied ou I. -.inc- ! W J .
Capture, s r a t t e r i u ^ , L: i:;:-: L>;I! cross scctLu.io -:. w<_-1 L a:->
resonance i n t eg ra l s are -.-aiCuLaCed froin the parameters
and are compareci with ;.-:peri mental values with the
ob jec t ive of achieving consis tency between
c a l c u l a t i o n s and measurements. The Dyson-M.ehta 6^
s t a t i s t i c a l ana lys is was applied in order to c a l c u l a t e
average level 3pacings. Calcula t ions of average
r a d i a t i v e widths based on aystarcatics --re ca r r i ed out
and are compared with experimental values as well as
with Moore's and Lvnr.'s e s t i m a t e s .



1. IMTRODUCT £Un

An accurate knowledge of the individual as veil as average resonance

parameters asul til̂ rm-') i iHiuUmi ;.s :;ui' t ; on:; oi Liu- • "•' L : :i; <.ii:.s i.'. ! niportiint Ln

Che design or thermal SP.G fast reactors, in doppiar coefficient studies, ana

optical model and systematic investigati^ns. Since 19T 3, several data sets

became available in Che opep. literature ana via private communications which

warranted a new reevaluation of these parameters. The final results will be

published shortly.

2. TUJi EVALUATION iJRCCEDUKc

We briefly describe the steps adopted in the evaluation of the resonance

parameters. The evaluation of the thermal cross sections was discussed

previously in detail.^

(1) The first step in the evaluation of ciie resonance parameters is

compilation of the data. A complete and correct documented data

base is imperative. The National Nuclear Data Center CS ISiiS Library

was used for this purpose. A computerized resonance parameter file

supplemented by die ::i.;st recent data which was ootained via private

communications vas created.

(2) 'L"ne second aL'jp ii; a reJut"!. n m ol Liie vari-ous .i.uta s « U to a

standard form such as g? values.

(3) This i.s followed by grouping of the various ciata sets aocording to

resonance energy and gT values, taking the weighted averages, and

calculating the internal and external errors for the parameters of

each resonance.



(4) ixaiaip.u'. . ;.i of c.ie results of the previous step- and making necessary

ad jus emeries .

(5) Ilia computerized racnrameautiU resonance parameter file is

subsequently transformed into an E;JDF-type z.ir-.ist. Then physics

checking computer codes partially based on E;iDF codes operate on

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

incoherent amplitudes) cross sections as well as resonance integrals

and strength functions.

(6) In addition, staircase plots of the cumulative number of resonances

and reduced neutrons widths are produced. Values of

the ti. statistics are calculated and are compared with experimental

values to check on the possible missing or misassigning of the /and

J values of resonances.

(7) Consistentcy checks between differencial -ind i.nteyrul measur^ine TLs

are made. Possible adjustments in the parameters of the low-lying

resonances .ire made to achieve i'nl.z objective .ino/iir iu:;;ativi: i.-nur.-'.y

resonances are postulated.

It may be necessary that several iterations of these steps are required

before a satisfactory recommended set of resonance parameters is obtained.

To estimate reliable nvurajji." l-t.'V.vl S p;tc i:i;;:; (.us-L;; uLiier Lr.un liio i'.>rL'--r-

Thonas distribution are required for estimating whether any levels have been

iiiis.'ioii. 11) u Uy si'/ii-Mch La i.̂  liLul LsLui:,J v-ju pruviJc .in iuUc^cnduitt loil.

Both Dyson's ensemble theory and Wigner' s random matrix theory"4 predict

high correlation of single population of levels resulting in approximately

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

randomly distributed.



The A. statistics is sensitive to the position or individual levels and

is given oy

inin 1 /-" E ,.,,.> . . . ,2 ,,.

> = —~- [ln(N) - 0.0687]

Error (<i >) = 0.11

Based on Monte Carlo calculations Ceor;;opulos .'iml C::in.'ird;i h.'ivu j>r<jviilc>i

graphs which heip in determining the number of missed levels by making use of

the A- statistics calculated for the observed single population sequence. Tne

average level spacings were evaluated by applying the A, statistics in

combination with staircase plots of the cumulative number of resonances versus

neutron energy as shown in Fig. 1.

A brief description oi the results or the evaluation follows.

3. RESULTS

~ U is an important material in connection with power reactors and

related applications. The need for an evaluated set of resonance parameters

Cor this material need not be emphasized.
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.Some oL L m : u'nij 1^'HJ; .-ISSOI1 Luted witii Liu; ""JJU i'usoiuiin'o p a r a m e t e r s l>ave

been discusred by K.eyworth and Moore and Moore et al. Since 1973, no new

measurements of the widths o[ resonance.1; of ~J U iiavi: b<n:n uiadr:.

In addition to Keyworth'sa polarization measurements Michaudon et al. , '

and Blons et al., i u reported total and fission cross-section measurements

which extended up to 150 eV. Also three other data sets by Ryabov et al. , " ,

Corvi et al., i 2 and Felvinci13 were considered to arrive at a recommended

resonance parameter set for U. Other data sets available at the MMDC

(CSISKS Library) were also surveyed for the purpose of 2-°U resonance

parameter evaluation.

In evaluating the resonance parameters an attempt was made to conserve

fission areas with proper 2gF , T and V (F~ f, •*• f_ ; f <<T) and these

parameters were mainly derived from rbore et al. ,*"*, Michaudon et al.,' and

Blons er al., 1 0 combined set, and Ryabov et al., 1 1 data set.

The spin assignments aade by Keyworth et al.,a based on their

polarization measurements were adopted up to 300 eV. However, the resonance

parameters 2gT , r., T_ , ana o Tc extend up to about 150 eV, beyond which only

the spins are ^ivon tiXLomlinj; up to 300 eV. .lore precise capture nieasuremeat:,

would reduce the errors on T values and would provide a further check on the

total widths required to describe resonances. The total wiiitiiM (K-rivi-d hv

Michaudon et al.,' are not always compatible with the fission widths and areas

reported by >k>ore ec ai.' ' The recommended parameters reflect the single-

level aspect of the Breic-Wigner formalism. These should not be compared with

uny inuLl. i-lcvel paramutcru for U.



A calculation o. the thermal capture and fission* cross-sections

indicates tnat bound levels are required to describe these cross-sections and

the capture and fission resonance integrals as well. Table I p'esents the

recommended average resonance aarameters. For comparison Moore's and

Lynn'sitj estimates of average rapture widths are included along with our own

estimation basei on i:he expression derived by Maiecky and which was derived

from systematics.

235
" A reevaluation of the U thermal parameters and resonance integrals is
in progress, as such consistency check of the differential and itegral
measurement was not undertaken yet.



Table I

Average Resonance Parameters

Target Bn(KeV)

3" 1.10+0.06 35.4+1.9
6550 1.03+0.10 1.8±0.3 39±3 37 37

4~ 0.88+0.05 34.2+2.0

238U 4806 '/-,+ 22.5±1.4 1.0+0.1 1.7±0.3 23.2+0.3 34 25 21.5+1.4

0K 7.9+0.8 36.0+2,4
239lJu 6534 1.3+0.1 42+3 43 48

1+ 3.4+0.2 35.9+2.5

2/tOl'u 5241 V/ 11.5+1.9 0.93+0.08 31+2 38 36 29.7+1.5

2+ 2.7+0.3 35.9+1.0
2 4 1 Pit 6309 1.5±0.3 38+3 38 33

3+ 2.7+0.3 35.6+1.0

242Pu 5034 V?+ 15.6+1.7 '0.90±0.16 27+2 36 26 27.0H.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).



Since Che resonance spins are uniquely assigned (J =3 and 4 ) for s-wave

resonances, U provides a very good example for testing the A-, statistics on

a target with nonzero spin: Each (ijJ) sequence of resonances nay ba

considered as a pure sample for statistical purposes. The A, values

calculated for the observed sequence of levels for J=3 and 4 are listed in

Table II at R =60 eV, 70 eV and the maximum energy considered for evaluating

the average level spacing for each set. The corresponding theoretical

(A,) values are also included with 0.11 ns uncertainty.

In the case of J=3 resonances the experimental A- value agrees with the

theoretical value up to about 100 eV. Sased on the A, value of 0.366 one

could estimate 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 spacing for spin 3

resonances is i.10 + " . eV.
0 .Ob

In the case of J=4 resonances it is estimated that 6 levels are missed in

an energy region up to 73 eV. Thus the average level spacing is O.tJ6

± O ' Q 5 SV. The quoted errors reflect only the missed level information.

It is interesting to note the comparison between experimental and

theoretical A- values for J=3 and J=4 resonances. A sudden increase in the

experimental A value indicates possible missing oi levels (Kig. 2) or the

presence of spurious levels.



A3 5 LULL GLL.CS

I1')
I

235.

0.0 20.0 30.0 40.0 70.0 80.0 90.050.0 60.0

Fig. 2a. Comparison of iiKporJmental and theoretical A3 values for U -J=3~ resonances.
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Ginparisor. between Theoretical and

Experimental ~, Valuss

IT
J En(eV) !£>:peri;-ental Theorec icai :\o. o i

xesonances

54

63

89

1.091 +

1.030 ±

1.090 +

0

0

0

.077

.07 1

.0 60

50 0.370 0.399 + 0.11

70 0.362 0.413 ± O.ii

iJO 0.366 0.44S - O.ii

4~ --q.0 0.437 0.422 ; O.ii 66 0.S54 z 0.053

70 0.545 0.437 z O.ii 7? O.i62 ± 0.050

73 0.523 0.442 ± 0.11 3<-i 0.36J i 0.04J

* The e r rors are estimated with the help of the equation i<2> = 0.52<.?>N"~ V 2 .

Several xeasursaer.ts1 ° i H to deterniine no re accurate values of the

resonance parameters c.i ~~/O'C have been ' ' a r r lec out. These i.irluti-..*

transmission, s ca t t e r ing , capture, and self indicat ion measurements. The

m a j o r a:\\\ l u s : ; w a ; " . p l . n - . j d D a t . i e J ^ ^ n i U i i . i L i o n o i L;)v.- r u j i. j t i v « ; w i u t . i ^ u f e l m

low energy s-vave resonances. The r e su l t s of these inves t iga t ions are the

Jocrejso of tue value oi .iie raoiati'.'t; vioLr: of tne 6.o7 jV resonance froa _6

± 2 sieV to 22.S ± 0.6 njeV and the increase or :he scazzering widen of the 20.9

eV resonance froa 3.7 z 0.5 îeV to iO.O i 0.2 ~eV.

In addi t ion, the pari ty assignments of resonances are 3t present placed

on a f i r^ basis because a new technique to es tab l i sh the I values of ~"'*'J

resonances was developed by Corvi et ai ."-- Tnis is aased on the .̂-..:;ir..i rav

spectra differences bet.veen s an.d p-wave neutron capture .
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With the aid of this technique, Corvi et al. , were able to identify the p-

wave resonances or U in the energy range 63-1548 eV. More recently Moore

eu al. , 2b successfully extended these measurements up to an energy of 3341

eV.

The variation of the theoretical and experimental A_ values calculated

for the s-wave resonances is illustrated in Fig. 3. As shown, the sudden

increase of the experimental £„ value at a neutron energy of 1400 eV indicates

ill.-i I. s-w.'ivi- li'VL'I"? •'lru I ' i t i u T i;ii !i:ii:i| o r |>o s : > i b t y m i s u u s i y n c d a s p - w a v e

levels. Below this energy, the s-wave average level spacing is determined to

be 22.5 ± 1.4 eV. The recommeded average resonance parameters of U are

shown in Table 1.

The reconmended 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 a - 2.68 ± 0.019 b.

Calculations of the direct capture component in the framework of the Lane and

LynnJ* theory following the Mughabghab i 8 approach indicate that the

nor.resonant contribution to the thermal capture cross section is 0.08 b.

Therefore, a negative energy resonance is postulated in order to take into

account the difference between the calculations and the measurement and to

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

shovn in Table III.

No major changes have taken place in the recoir.raer.ded resonance parameters

7 70
of -J'?u because no new -nessuraments have been carried out as vet.
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The importance of the parameters of the 1.056 eV resonance nas been

recently emphasized by iveston. It v;as suggested3 that the parameters of

this resonance may provide a solution to Ihe 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 1 i-nposes a

constraint on the product T I\ . Recent transmission and capture measurements

carried out by Liou and Chrien reveal that the capture width of this

resonance is T = 32.4 + 1.0 meV and the scattering width is i* = 2.32 ± 0.06

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

recommended parameters33 : ? = 2.30 ± 0.15 meV and r = 3 1 + 3 meV. Other

recent measurements on the fission cross section by Auchampaugh and

Weston are concerned with the study of the subthresholc fission widths and

hence the fission reaction mechanism. Previous similar investigations vere

made by Migneco and Theobald35 .

The recommended resonance parameters of " Pu cover tiie energy r^age from

thermal to 5.692 keV and are basically based on the measurements of Kolar and

Bockoff^ , Weigmann and Theobald37 , Weigmann and Schmidio , and Hockenbury

et al. . The parameters of llie 1.056 eV rusonam-i: .in; !)as<_ii on Liic voiy

recent measurements of Liou and Chrien . The highly accurate values of both

the thermal capture cross suction (o_ = 2t>9.5 ± 1.4 b) and the coherent

scattering length Co = 3.5 ± 0.1 fm at E n = 0.0S eV) indicate that a bound

level is 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.S eV which is comparable with an

average level spacing of 11.5 ± 1 . 9 eV.



The Latter i.s obLi'.ita witn the aid o£ the ^- statistics. in is interesting

to remark hare that <i calculation of the average radiative ••;idth oa the basis

of systematics docs not reproduce the experimental value ''"•'_/ = 3i ± 2 me'1/.

The same trend seems to be true for the other even-evan target nuclei "u and

Pu. The recommended average resonance parameters along with the individual

parameters of resonances up to 135.3 eV are shown in Table IV.

241Pu:

Since, 1973, only one resonance parameter data set by 31ons and

Dirrien is reported. The Reich-Moore formalism was applied to the fission

cross section measurement which was carried out on a sample cooled down to 7 7K

to reduce the Doppler effect. The neutron energy region covered in their

measurements is from 0.26 eV to 103.66 GV. These parameters wcru adopted in

the evaluation.

In addition, the average radiative width is calculated on the basis 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 meV (j11 = 2+) and 35.6 ± 1.0 meV

(J = 3 ) calculated respectively by Lynn10 and Moore15 on the basis of the

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

is determined as 1.3 ± 0.1 eV.

242Pu:

The recommended thermal capture cross section at 0.0253 eV is evaluated

as o° = 18.46 ± 0.49 b, which is based on the measurements of Young et al.1*1

Durham et al.,4^ and Butler et al.**0 The scattering cross section,



Table IV. The Recommended Thermal Cross Sections, Average Resonance Parameters and the
Low-Enevgy Resonances of ^"Pu.

TllliHMAL CilOaa SECTIONS

% D

u . •- I.H-tiO.OU ll
a, - U.(l:>(U(l!i:W b
I ' . , , - 2 I71U.UI
''•.ul.- 3.3111.1 f i l l
II' " U.IHII.^ f i n

ItliSONAMCE IMI

< ! ' , „ > - <HUIil) .U02 oV

-••"' D,, - l l . a i l . i l eV
:;„ - n ' j i i i i . a u
b,u- y/j'j
I, ~ lil/'Di^UO U

it - 1.11 i)

UtttOHAHL'K I'AllAMliTEHM

0* Stt - t>2tl.3iU.V UcV

(moV) TY (meV) grj (meV)

• O l " (32 .4 ) U.tU
l.ll:i7iO.IIU2 1/2 I) 2 . 3 2 1 1 1 . 0 ( 1 112.111.0 2.2311 1O.IMO O.OUU

£!>.l.*> i l ) . III
a».:i;: i n . i c 1/2 u

1 ) 1 1 . 7 1 1 ( I . ( I I )

U . . ' . M i l l . I l i i

Ilia.uu IU.UI
U l . l i i l l . I

I 3 H . 7 K l . l

i : i a . a i i i . i

2.32t
2. liSi

'.';. :i

in ,7
M
;:'..<
12.11
a.i

•H.l)

n.2
O.!',

111.7

X

X

X

1

X

I
1
i.

Ix
J

II. 0(1

u.tiv
O.t i

11.11

1
U.7

o.:i
11.)

0.11
(i. '1:1

1. :>

:i2.^i.i
3 2 . 2 i 2
2!).4t2

31.011
211. .1x1
27.64 3

a;>.iij;c

:n x*

:n. bi^

. 0

.1

.11

.7

.a

.1)

. 0

:.'.i

2
0

II
^
1

1)

4
I
0

1

.231)

.ailll

. 7 0

.t a

.u

.ai

.in

.:i2
,2U
.2'.!

.ma
.111

1 0 .
1 0 .

i O .
1 0 .
HI,

m,
i n
in
±i)
10
j<>

HI

OtIO

o r j

nu
,0!)
, i

.011
,<r.i

.111
. i s
.ir.)
. (.ii.i
. 1 3

:



o = ,3.24 j. •'•- 0, is (ititar^iuori froiit the co'n^rea'c scattering langta i -

3.1 + 0.1 fm. These thermal constants provide constraints on the parameters

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

Recent measurements of clie resonance parameters ol ~ '~l'u have been

carried out by Poortmans et al.,1*4 (o.., a , a ), Harvey ec al.,''3 (o ) , and
L [ S L

Aunhampaugh and Weaton1*6 (a.) . In addition, fission areas reported by

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

Pu. There is general agreement between the various i values reported by

these authors. The average radiative width determined by Poortmans et

al.j 4 4 is 21.9 + 1.1 meV which is slightly lower than the radiative width 4 &

of the 2.bib ± 0.002 eV resonance. A coherent scattf ing length of 8.1 ± 0.1

fm combined with a potential scattering length of 9.6 + 0.2 fm obtained from

the systeraatics and from neighboring nuclides indicate the presence of a

nearby negative energy resonance. To obtain acceptable values for the

parameters of this bound level, it was necessary to adopt the lower limit of

the capture width (T = 25.0 ± 1.5 meV) of the 2.68 eV resonance which was

derived by Young and Reeder1*3 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, E Q = 2.676 + 0.002, as determined

by Schrack and Harvey'*•' can be used as .1 neutron energy standard.

The fission cross section at 0.0253 eV is calculated as 0.2i b from the

uva lualt-'d royon.iiH'e JJ:I r;niu;Lcrs. In addition, the paraiueLers indicate Chat the

capture and fission resonance integrals are 1107 b and 6.4 b respectively.

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

DQ =15.6 + 1.7 eV.



4. CONCUISiOH :••...) SUMMARY

• • ^35 ''3aThe current status of Uhe resonance parameters ot tae actimdes -•J-''--' :j

and Pu is briefly described. Average resonance parameters are derived

and in particular the Dyson-Mehta &„ statistics was applied in conjunction

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. ,'7 and ..re compared with Moore1 slt> and Lynn's10 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

nor 2^9 24 I

target nuclides JU and " > Pu but not for the even-even target nuclides

U and ' Pu. The radiative widths of the low energy neutron resonances
n op

of U are at present well established thus resolving a previous discrepancy

between integral and differential measurements. Additional spin assignments

for U have been made using polarization measurement> It seems that the

(2J+1) law is obeyed in this case. It will be of great interest to apply the

same experimental technique to determine the spins of •* Pu resonances. At

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

channel which does not give unambiguous assignments.

The scattering and radiative widths of the Pu resonance at 1.057 eV

are determined"12 to a higher accuracy. The result oC this measurement

indicates that a re-examination of the integral measurements for Pu is

necessary.

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

in an EN'DF-type format are available on recjuust from the National. Nucluar Data

Center.
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