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THEORETICAL ANALYSES OF (n,xn) REACTIONS
AND 239Pu FOR ENDF/B.VI

P. G. Young snd E. D. Arthur

Theoretical Division, MS B243
Los A.lamesNational LabomIm

LOSAlarnos, New Mexico 8754~ USA

“ ~corctica.1 analyses were performed of neuucm-induced reactions on 235u,
W Np, ~d 23% between ~),01 ~d 20 McV in otir 10c~cu]a~ neu~n Cmlsslon
cross’ sections and spectra for EPDF/B-VI evaluations. Coupled-channel optical model
pomuals were obtained fw each targe[ nucleus by fitting total, elastic, and inelastic scatter-
ing cross section datL as well as low-energy average monance data. The resulting de-
formed opucal model potentials were used [o calculate direct (n,n’) cross sections and
uansmisslon coefficients for usc in Hauser-Fezhbach statistical theoty analyses. A fission
model witi multiple barrier representation, width fluctuation corrections, and preequilib-
rium corrcaions were included in the anclyscs. Direct cross secrions for hi her-lying vi-

zbrational states were calculated using DWBA theo~, nomnalized using B( 4) values de-
termined from (d,d) and Coulomb excitation dam where available, and from systematic
otherwise. Initial fission btier parameters and transition state density enhanccmenu ap.
pro natc to the compound sysrems involved were obtained horn prcwous anafyses, espc.

rcial y fits to charged-panicle fission probability data. The parameters for the fission model
were ad~ustcd for each ~et system to obtain opdrnum agreement with direct (n,f) cross
section measurements. taksng account of the varsous mulrichancc fission channels, tha: is,
the different compound systems involvl d, The results from these analyses were used 10
calculate most of the neuucsn (n,n), (n,n’), and (n,xn) cross section data in the ENDF/B/Vl
evalua~ions for the above nuclei, and all of the energy-angle comclated

F
ctra. The de-

famed optical model and fission mcdel Parametcrizacsons arc &scFbcd ompeuisons are
given between the results of these unalyscs and the previous ENDF/B. V evaluations M
weli m wirh the available experimental dam

(Keywords: 235U,23%J,237Np, 2%J, neutron reactions, data cvbluation, nuclear mod.
els, coupled-channel optical maid, fission theory)

We have compl ted thwsetical analyses f neutttsn-in-
duced ~Uuon~ ~ ??5u, 238~, 237NV ,n~ 2f’9~ over he

incident energy range 0,01-20 Me in suppon of the
ENDFfB-VI evaluatiort effOtt. ~hin~ fCSUhS * ~
235U analysis were rc~ St rhe Mito tiference. [ I ]
The primsq purpose for pa-forming rha um,lyscs is to pm
virjc data cm the reacriotts ,mrtdener

?
rangoa wiwre littlemno

experimental dasa exist, cspoclally 0s neuucm emission reac-
tions and with puticular emphasis on oWA acdnldes. For
most of [hesc nuclei, neutron tad and flsslon cross sedc,
measurements exist, [2] so that pxnasneten in h calculations
CM be optimized to those alma. Addldonally, Ilmbd ela,sdc

~n81yW$ of 235,!!)81j ~d 2!9~, [31 [n t~ ~~ of n~Np,
and inelastic an uiar dlsui udon data wem available f the

however, them were vimsally no elasdc w hteldc scattorlng
dnta, only fragmentary inforttmriort on (n,y) and (n,2n) reac.
lions, and no expdmentaf data on (n,3n) rcacdons w *c.

!!
ombuy ncutms energy distribu ens, I%e reaction that Is best
described ex~timentally for 2 7Np Is flsslon, M new flsslon
ra[io measurcmertls have recently been completed at
LA ,MPFP.T4R [4] and Argonne, [5] For AII these actinides,
prompt rwbar measurements have boon mwk over much of
[he energy range of Interest, but almost no dm am avallablo
on neurron energy and angular dlmribudons al energies above
J few MeV. Therefore, depending on the s~iflc nucllde In.
volved, lhe main function of [k Ihecwetlcal analyses II to pro
vide toId, elastic, Inelastic, (n,2n), and (nJn) cross sectiuns,
und in all cmes, the angular and energy distributions of sec-
ond~ neutrons.

To summnriti tie anal SCIbriefly, couplai chxnnel da.
rformed o twal mm’cl ctdcu atbns were performed with Ihe

1;(7S c~e [6] over [he incident neutron energy range from
xpprnxlmatcly (),()01 to 20 McV, The martlng point for our

optical model analyses were usually extensions [7] of [he
rtentids of Lagsange, [3,8] which were then further mmh led

for the resent analysis to im rove the calculations above 10
MeV. %s0 Iorlrole of the coup dannel calculadcms in tic prc-
sem analysis are soobtain total, elastic, and ground-suuc rosa-
tional. bmtd (n,n’) cross sections, and to provide neutron
uastsmisslois ccmfflcients fw Hnuser-Fcshbach statistical thc-
ov calculations.

lle Hauser-Fcshbach statistical cslculmions were per-
formed with tho COMNUC [9] and ONASH [ 101 codes.
Both cabs include a double-humped fhuion btier model,
using uncou led oscllkx’s for the banler representation in

cl’GNASH an coupled or uncoupled o@llmrs In COMNUC,
ITe Cm4NUccalculations Inclu& WkILh@CNaliOn Corrcc.
Ilorw, which are naedad m lowr one~ms, whereas GNASH

[
rovides the reoqulllbrhsm correcdons that arc required al

fi her cnerg em Accordingly, COMNUC WIS used In the
fca culadons below the threshold fof second chance fission

(approximdy 5 MeV), utilklng falrfy smcmgly damped COIJ
pled oscillators. The ONASH cde was employed at higher
cnetgies, using uncoupled oscillators for second and hi her

Jchance fission. Flsslon snnshion state spectm were c cu.
Ialcd from Inputted bandhead pammetem or were cmtsr.nued
by raking known (OScalcuhed) energy levels and compress-

i’
ing Ihcir s schtg by a factor of 2, As usual, Gilbert bml
Cameron [ I ] phenomc Iolcsgicrd level density functions wcm
used 10 represent continuum Ic vels at ~und-slam de[om)u.
dons, a proprir!ely matched to availa~ Ie experimerd level
ilata. h! ultipllcative fanon wem applied IU lk level dcn~lty
fullctlcms to accoum fos enhancements in dIe fi”smn uansl-
lion-wata densities at bamlers d~ to increased rlymmet~’
condhions.

The flsslon hanier parameters fa the l~n(.f, 1~7NP JIId
~~~pu ~alculations uc given in Table i, The fls Sion LrOJS

~ecl’ons from the calculstlou for rnIl four acllndcs ,Irc
compared with expcrimenul dm In Fi1, i. The du~hcd
cutves given In I;lg, I for the 2J1U and 2J Np CBSCIIllu*ImIe
the contributions from first., second., and lhlrd chttnuc
flsxmn,



Table 1. Banier Parameter%Used in the Fission Calculations
for Z3BU, ZJ7NP, and 239Pu.

“ + 237NP Compound Syslems

l?!!b? XL!l 2* RYP

EA tlleV) 5.87 620 5.70 6.40

hmA (McV) 0,31 085 050 0.85

EB (McV) 5.40 5.59 540 5.90

tI(JIB(Me V) 0.36 0.55 0.40 055

Dcnsmy Enhancement:
Barr-kr A 4,5 4,!i 1.0 1.0

Barrier B 4,5 .$.5 10 i .0

“ + ZMU Compound Systems
Z39U 23HfJ zJ71,J Z3611

—— ——

EA (hfCV) 623 5.83 6.03 6.10

hfJA (MeW 0.75 0.50 0.50 0.50

Eg (McVI 6.00 533 563 5.90

MW.I(MeVl 050 0,50 0.50 0.50

Dc;s’Iry Erknccments:
Barrb A 15. 38 1.8 I .0

Bnrrier B 2. 2.0 18 1,0

“ , 239pu Compound Systems

240pu 139pu Z311pu 237pu
—— ——

EA (MeV) 5.78 5.75 5.65 565

hOIA (MeVl 0.80 0.63 0.90 Loo

EB (WV) 5,46 510 5.10 5.10

h~B (kkv) O.w 0.52 0.85 055

DensiIy Enhsncemcnu:
BarrierA 16. 1.1 10 25
Bmkr B 2 1,1 1.0 2.5

AILhough most of the directreaction conmibution to irs-
Clasric scattering is provided by the coupkd-chamel calculs-
[ions of tie ground state romional bsndc (usually the first
thm membm), additional di.rcct condbutiom come hm ~i-
bra[ional states, generally lying m higher excitation energies.
Because of the CIOSCspacing of levels in 23%f, 237Np, and
239pL, exwnmen~ htfosmatinrt 0ss(n,n’) rcacdona to such
wbmlional wcs is csscntielly nonexhcm. 71screfm, m ac-

count for such conaibutions, wc performed distonod-wave
Born apprcmimadon (DWBA cslculadons 0ssnearby even-

ieven nuclei (2~.23W, 238!24 PU), udng reduced tmnsithr
probabilities F@l) from (d,d) and Coulomb cxci~don mea-
surements [ 12] 10 obtain absolute (n,n’) cress sections, and ●

weak coupling mcuiel [ 13] to apply the results 10 stma In
235u, 237NP, Md 239fi, TIM strongest transitions obsetwd

in Ihe (d,d’) measurements involve population of 3. usd 2+
vitjrutionnl SIaICS, con’espondlng to tngulu momentum
lrnnsfets of Q-3 and Q=2, rem ctively. For 237N , the

r &defonnn~’on pammetcrs needed a ncwmallzlng the D CK
ctilculatitms were estimated from symemmlcs, thnt is, the

dekmined in :hc nnalyscs for ‘35~~8U and~~~ar$fi
required B{E2) and B(E3) vduc w m esdmm

Ihe Q=2 and 11=3 vibrational strength wu placed Into Iwo
fic~i[lous SMICSnear En = ! McV. In rhe cue of 2~%J, tie
qum of (n, n’, crcm sections calculmcd from ihe dominmnt
I?-3 and I?=2 tru.rssldon~ .amountcd 10 approximately If)% of
the cou led-channel direcl reactions at a neumm energy of 3

?McV, .0% at 8 McV, and 23% M 20 McV, While lhese
direct contributions are noI large, they do kad ro a harderdng
~~(the inelastic ncuuon ~pectrum fhat should be Included In
[he EKDF/B. Vl evaluadons, All the DWBA calculmions
were Pctiorrred wlrh the DWUCK cA,( 14]

As stmd above, ve Ilmhod qmrlmentd data exlII (W7cIfisIIc wxIIetirsg, ine]sm c sc~tterlng. and (n,xn) cross scc-
!irms for !he odd-A actinides, usd iomc of [he data thnl do
exist are dlscmpam [n Fig. 2 claatlc scauerhsg angular dls-
ttihu~icnl %s)m lhO 239PISurd lil are compared 10 cxpert-

[inenlal Iha and 10csriler END /?3evaluations mta (CW incl.
tlcfsl encrgkt,
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Fig, 1. Calculm[ed and me ured neutron.induced Ilx!ion
!!crrm secdons for 2 Np, 2~8U, and 2~~Pu from np.

proximately S0 keV 10 20 McV, The noln[s
represent expesimentcl dma2 and the curves arc ~he

~~~~ed curves shown for~~Yfip~~p$;~~! ~~~
results of our theoretical mn

calculmed contrlbutlcsm from Ilrsf., ~ccmrd., AIMI
third-chance tlsslon.
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Fig. 2. Expcnmenral and calculated efasdc scattering angular
discriburions for n + 2~9Pu at incident neutron ener-
gies of 1.302, 1..565, and 4.0 MeV. The dashed and
dotled cures rcprcsem previous ENDF/B-V.2 and
ENDF/BV.O evaluations, respectively,

Comparisor?s between experimental data and results
[rem the present calculations of the 239 Pu(n,n’) and
~]9pu(n,2n) CmS9 ~ctions arc given in Fig. 3. AISO shown
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w
n + 239Pu inelastic scmcr-

in~ ln~ ~gpu(n,ln) 8~ ~~,s gectlons, The

dashed snd dotted curve~ represent revlous
fEN DF/D-V2 and ENDF/B. V.O UVI umilrms,

rcspccrivcly.

MC the previous ENDF/B-V.O and EN DF/B-V 2 evJlu JIIons
of these reactions. The present analysis leads [o signlhctinf
improvement in tic (n,2n) cross section In the Il. 15 \lc V
region, a.ldtough discrepancies in rhc data arc apparenr. The
influcncc of better accounting for direct reactions results m a
somewhat higher (n, n’) cross section lhan the previous
ENDF/’B-V.O evaluation, particularly at higher energies.

In conclusion, fhe prcscm anaJyses rtsult in subsmn-
[idly imprwti agreement wi~h the available data for ~he ma-
jor odd-A actinidcs. Excep~ for the fission and [OMI cross
sccrions, which are accusamly cletcnnined horn experiments,
results from tie present analyses am being used in the McV
region for all maJor crow sections, angular and crier y d.isui-

?butions in the HVDF/B-Vl evaluations for 23~U, 23 Np, and
~35’Pu. Because more ex@menral data arc available for n +
238U reactions, we have used covariance analyses of [he ex-
pcrimenm.1 data as well as previous ENDF/B-V anal scs of

rdata 10represent dsccross sections for several of [he ~ ~U re.
acuons, mainly utilizing our rheorcrica.1 results for conrsnuum
neutron energy and an@r disrnburions,
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