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P. G. Young and E. D. tiur

h Ahmcx Nticmd ti[ory, b Ala.mos, New Mexico, USA

~: (30+ +s for neuucns:induced reactions on 235U between 001 and 20 MeV have

km calculated ush prckunxry andyns fm the ENDF/B-Vl evaluation, with particular emphasis on
vcutrcm inelastic attaing. A deformd

J
tical crnkl potential Lhal fits toss.1,elastic, inelastic, and

low-energy svua e resonance data is u
L

to cmlculafe direct (n,l? cross sections and ~srnission
cmffwknts fcxs user-l%hbach statistical thmty analysis using a multiple fission barrier rcpre-
semscion. Pircct moss aocdons fcr higher-lying vilxational states arc providd from DWBA calcu-
lations, ~d ushg B(EQ) YAIWS tktincd from (Ld’) Md Coulomb excitation data. Inii]al
fission bamicr parameters and mnsition state density enlmncemcnts appropriate to the ~m und

rsystems invotved - ohaind !Yom previous analyses, e wishy fi:s 10 charged-particle ]ssion
probability dsta, Funk modifications to fit 2%(n,f) x ta were small, and tie final fission

y cmsistcm with published values. The results from dsisprclimi.rmy ana.ly-
whh SJKENDF/B-V cvslustim as well u with cxpcrimcnti dah

mm: WJ, ~~ ~, data cvs.h.mtion,nucku models, COUt)k.d-ChMsnCloDtical
oxxlcl,

llw cwnmt ENDF/B-V2 mlusrion of n@5U inelastic

{
neutron, (n,2n), and n,3n) data is W on the 1973 cvalua-
rion by Stewari M s.I., which wax incapxatod into ENDF/B-
Iv. since Ilml IilxK, limited new expdmclltd dJta have tE-
corne avtiltble and, eqwcially, majcm dvances have &en
m.sdc in IWku

T
-S th.mpermit ma’c rclisbk cakull-

tion of neutron cmis cm dsta. FW example, the neuuon acal-
tcring. (a,2n),

%
(n,3n) dtts in the existing ENDF/B-V.2

evaluation fcmn F% w dgni!kmly impmvtd ovu c.arliu
evaluations b udlid.rtg a ccmrkm dtomdcal malysis.z The
I-tsulls fm 23+u dcmonstmb~y iqwovcd agecmcnt of calcu-
lations vilh f t uidcal expirssents that uc sensitive to ncu-

r
cm. ~T’k ~scn’. calcukrims were .ndcmken to

~vi e t skihr tiwrti for @moving the neutron elrda-
don data in th stpaminL n@W A* fm ~FB-~.

mti~

TIIe basic txmrpmwnts
W

tJKcmhl Calculmiclns arc

!
escnbcd In cwl.ict mslysa of neutron &tmr8ctions wids
39PU~d 234U. ~~

foursmill Rmi7,1
describe c!hcoreacdon cmrnbudona to inch.sdc acmcring
frorothe pund USLCnxadcm.al M Hsu=+eshbuh SMbS-
sical theq to cakulm compcwtd-n~kus cutribudotu m the
rmclicms; Clir,bmd.waw Ban approx ~ti (DWBA)=ICW
lmions for (urwoupled) members of 2 W Vibtwtkmsl W;
and, a mu~clple-buder fission model m tik k fisdon
channels h! cxmtpetc with neutrcm mtd gwrmtway mxdssbm.
l-he ncuh’on Uxnunisckn cacmcknu n?qubedb the H.4um-
FeshtWh Cs.lculati m oblnd h * mupkddlanml
andysk, thereby cnsudng condstcrtc be, we.cn the com-

Y
urd-nuckus and k crmin*I-W L paudtkcAku-

miorm. Abe an Inchnt mum energy d -10 McV, an
exciicm p4quUNn5um mcdel W8Su- m ~ du tadsdcal
Iheoty Calculad’ms fcu IKmeqtWhh,sm efroms.

D~
The coupkd+hsnnel defacsmd @cal del cdclJla-

dons were pafawmt! vhh the ECIS quter codc,4 The
flrsl duee rules ill she,&t&ml&lW tmatkmd bnd 0/2.,
9/2., 1 1/2”) -

x T
Asundardfmtt

Wu Uad fcx the
nelcd3

xl uudcl paend.al, “ms! the coupling
form fumsl hltheox akmofthtop&XlpWrWm
Were Utumed Ot?mpkx, M r Values fm h mum optic

Ypa,mmewrs - ohdned frun the atMIyaAsof 1490s,mtet d,
which rtlkd II@@ at fits ~ WRd, @h4dC, Ad hwhltk CrOsl
adorn S8 MN u a- d pwwe nauucut mngth fundcm.
Modlflcadons wmndemthc Hmm~mmenhm
~nltihti~~ ‘7~a w 1 MeV,

fission thcq)

and 10 extend the pammctcrization to a neutron energy of 30
MeV. The resuldn tical tic] and domacion parametersf’%tarcgiven in Table . ncuucxl total cmxs s02kn IXkulatcd
with this potential is coqmred toexprirmntxl data~ in Fig. 1,

Fcr incident neuuon energies Mow 5 McV, rhe I-ImJscr-
Fcshbach Smtisrical t.krry cxlculadons were @cnmwI with

the reaction theory cak C0MNUC,9 which sncludes widds-
fluctuation concoctions. At higher neutron energies the
GNASHIO code WSS UsCd, wids

%?

uilih-km comcctions
incoqmatui ah ~ -10 MeV.

II’
@WMXSRnO]O@d kwl

dcnmy model of OilkR and Cameron,l 1 together with me
ammeters of Cmk et sI.,12 were used to dexri~ condnuum

evel densities, The c-ondnuum I@cl dcnxhies were mstchul
with the cqmirmntsl kvd dm fm d residual nucleus in tk
cslculat.ions, so M to reproduce the cumuladve number of
levels st low excitadcm enagy while pining srnmthly to the
Farni- as formukicm at l)i@cr q,

+ ra.nsmisdon cocffkscnts for puns mys were calcu-
IAtcd using a gianldipole-ruonance cx

r
ssion,’~ utiliting

two 14rcntzlan fmns to mprcscm * sp ‘t giant dipok rem
nancc. The anuna-ray strength function was nosma.lizcd

!~using 2R(l_7) (D vah,ws oMA * ~~ &ta with s-
Wtvc Muuons. Strength fhncdon that rcsdtul was used
f(rall Coqxnld Sysmns in dwcdcuhtim.

Thccalcu19sedclAssicsId inclasdc satsdng MgulardiJ.
ributions uc canparul its Fig. 2 with messurerncnts by
Haoum et al.d M 0.7 MeV and in Fig. 3 with HaouMs
memremcnss at 3,4 MeV. k to ti clme spacing of levels
In WJ, the “elastic” utgttlar disuibudcms dso contdn (n,n’)
conoibutions to the lowest 1~+ and 3~+ excited ssmcs, M
similarly she 9~- utd 5/2+ states were not resolved 1sstie
lncla.sdc d.iWitXJd~S. AI 3,4 McV, k

%T’
led-channel direcl

reudcm mqomnu domlns~, bu[ st 0,7 CVshecampound-
nxkus cunpcmenU are s?il.1dgnifkanL Overall the ~nt

of the calculations witi the expcrimenml dsta ip~mrs
rcuonsbk.

Tlw httegnted elude mmtering d knv+in Inelastic
flevel mss ectlons uc annpd m meuurmenu y Smith

ant! @enthcr14 Ttb4e 2. Again, kau~ cd the cbsc tpM-
9In of kvek in ~~U, the olusic nmmmemenl WM not re.

f60 W fkscn the lowest oxciti bels, m we summed the
(non’) U08S *Sup m an exclttdon

T
E. (MC Table

u)lwhhdwclaaliccalmancdonm~ ththislYmAsm-
tst.m, ‘he cdcuktd msulu, whkh s,rv domlvmed by the
ground smterot8tkmallm@m IwamJnablycutsLWcrll with the
stwasur?mem s.lthou h dtey -w m fdl at k lower ul~e of

Cttheertubumlhc lx. Anexccpdcml stlwclkukicmtlthc
heat enm~ (0,93 MeV , which k fow usnclud dCVido?lS
below the dasa. ‘INs m d
the~n[ofthe

~~~-ex~ntby

T
uhdon SI 0,7 MeV with the uMsurc-

umu of Hsouu el al, shown In Fi#, 2,

-, --- .-,,-,. .
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Altiough rrwsl of k di.rcct rmction cmrnbution to in-

elastic scarreting is provided by tie couplcd<hannci calcula-
tions of he

F
und smtc rcmational bmd (Corrcsponchng m ~e

9/2- and 11 L- cxcimd sules at excitation encrgsc of 462 and
1030 kcV), tiditional conrnbuuons can corrw from vibra-
tional SU[:S. gencrxlly iying al higher cxcimtion cncrgics.
Bccausc of rhr CIOX spacing of levels in 235U, expcnrncn[al
information on (n,n’) racrions to mch vibrational smtcs is
essentially noncxislcnt. ThercforY, 10 accounl for such conoi -
burions, wc pcr’ormcd DWBA ulcuhions on tic even-even
~.gc( nuc]~i z~l,l ~ 2381J, using rcducc.d mansition pmb.9-
bibtics B(Ef!) from (d,d’) md Coulomb cxci~tion rocasurc-
mcntsl f [o obmin ~bs.olutc (n, n’) cross sccrions and a WC*
coupling rndcl’6 10 apply the rcsulls to states in 235U. Tbc
B(EQ) values for 2~U, w~ch m-c more lppropria[c (or apply-
ing this crdcl to ‘5U, 1P to bc of tic order of 40% l.argcr
thar for 236U. Wc considcrd chc 238U dsm bccmssc the
amount of infcrmricm is smmwhal grcstcrin his m.

The strongest trmci[lons observed in 2~4U(d,d’) and
2~8U(d,d’) mcesurcrncn[s involve population of 2’ md 2+
vibrational st.atcs, cnrr?spmding to ur UIU momcnrum n_ans-
fcrs of 1=3 and Q=2, respectively. #h e sum of 2JSU(n, n’)
cross sccrions cdculatcd froin she domitmnt &3 and Q-2 crxn-
sitions uroums to approxi.rrmcly 10% of the Cm-tplcd<hxnnel
cli.rect rc.accions at a Mum energy of 3 McV, 30% m 8 McV,
xnd 23% a[ 20 McV. While dwse dirccrconoibutions m not
lugc, they do led to a ~dcning of tic incla.s[ic ncuuon
spmmrn s.ndwill Ix itwlukxf in k ENDF/B-Vf CValusticm.

AldIough we m rclytng cm cxpcrirncntd d-m fcm Lhe
tod flssicm crms K&n in Lhc- cvxluxtion, i: k e=nd
10 calculaw chc fissiom chxn.ncl rcLiably bccausc il provides x.n
impt.ant consrrainl on the Hauser-Fcshb%ch calculations of
[he (n,n’), (n,2n), md (n,3n) rmcbms. In mu cs.lculationu
wi[h lYGd_ICOhi NIJC and GNASH, wc Urilizc s double-
humpcd barricf rzmlcl witi rwo uncm~lcd oscillation for the
banicr rcprcscn~tion. Under these cucumsunces mc [otal
fission omsmissiun cmcfflciem fm a given compound nucleus

staIc ofcrmgy fi cpin J, u-d puiry R is tiven by

NA(EJ,x)N (EJ,x)
TF(E),x) =

NA(E,J,K) + NB(E,J,R)
<1)

The subscripts A and B mfcr to tic inner and ou[cr bmicfs,
rcsFccrivcly. The qw.ntiry NA (MM!similuly NB) is given by

NA(EJ, R) =
&

P:(E,J,x)

J
p (CJ,K) &

-, (2)
+ exp[2n(E~ + c - EW~l

~To Correct for SYt-nMCa-y effects, wc included enhancement
faclors d-IaI dirccfly multiply tic ICVCI d:nsitics calculated for
ground-s[atc dcforrrmoons.

lni[ial fission barrier Itcigllls ~d vducs for hm were
obtained fr~m analyses of (t,p~ data.18 WC look general
guldancc for the form @ftic ICVC1densiry cnbanccmnts from
the work of Bj$mholrn cl a..,19 altiough they were &ljustcd

~~:;~witi hc fission bticr hcighu m improve agreement
-~fU(n,f) cross S.cc[ion mcasurcmcn[s. The ENDF/B -

V,z )0 and E~F/B.WZl ~~~[~ (n,f) c~s =Uons wmc
used LOrcprcscn[ dw cx~tmnml cIAtaba.sc A comptiwn of
our flt[cd calculation wth these evaluated data is given m F]g,
4. The dashed and dotrcd cmes in Fig, 5 illusrrarc tic fm[-,
second-, and third-chance fission conuibutions. TbL fission
buricr prmrrwtcrs tiat rcsLlmd from tbc malysis MC lismi ]n
Table 3

T_hcthreshold for second-chance fission of ~5U wcurs
near an incident ncurron energy of 6 McV, while Lhird-chance
fission kom-tcs importan[ abwc -12 Mc1’. Al thcsr cncrgics
~hc major competition to the (n,~) channels comes from (n,xnj
reactions. The results of our calculations of tic 2~5U(n,2n)
and (n,3n) cross sctlions u-c com sued wi[h the ●vailable

1cxpcrimcnti da~a~ ~d witi tic NDF/B-V.2 cvduation?~
in Fig. 5. There is rc-swmablc agmcrncnl bctwccn tic cxlcu-
la~cd and rncasm-cd (n~n) cress sections at nmst cncrgi~s and
slmiluly for tbc (n,3ri) values below -15 McV. At higher
cncrgics, however, tic cdculatcd (n,3n) cro+.s scc[lon nscs
significant above LIWcx rirncn W da~, rc~hing abut s

[J ~cV ][ is intercsrinf [O 90tc *a[fac[or of 2 1 her near 20
tic dtcorctic malys~s includd in Ref. 22 rcsu [cd In cxlcu-
la[cd (n,3n) cross sections t.lut agreed well witi expcrimcn[
but that ovcrprcdictcd tic (n,f) cross sc.cticm, whrrc~k tic
convemc is Ouc for Lbc

r
scn[ anal si$. It tight thc~cforc k

difficult to reconciie Lc dau tn c (n, f) channel ,vld? the
(n,3n) mcasurcmcn[s,~ a.l[hough we have not yet msdc ●

thorough study of Lti> problcm.

The pmscn[ a.nrJysls s.uaxssfully dctibcs much of the
ava)lu Llc cross ‘cction and angultr distribution d-la for
ncu~ron reac[ions wilh 235U bcrwecn 0.01 ~d 20 MeV,
Bccausc tic anal sis is still in pmpss xnd W1.imrml rcftne-

7mcn[s uc Posslb c, dte prcs.cn[ results should k ,~gdcd as
prclimi,lmy Any funhcr clmgcs UC, lwwcm, I&cly to lx
#mull. The fin?l malysis of tic (n,n), (n n’), (n,2n), and
(ll,3n) cross sections, mlgula.r disrnbutions, and emitsion
s~cma will bc combined m O* FUd c Narima.l f-ab-slow2~

Jwiti a [few rcsonsnce puamc[cr m ysis~ srd wfk updnlcd
cvxluations of tie fission neutron s~munr M \,. k

rfission neutron tmul[iplicity, fm tit upmming LND /13-V?
evaluation,

1 R E Hh~ntcret sI., LA-5172 (1973)

2 E. D Anhurc[ d., ~UC]. hi, En~,~ 56(1984)

? J Q Zhmct d., Nu:l Sd, Ens. ~ 350(! 9:1?11

4 J. Raynsl, IAEA SMR-9/$, h~ AL En, A~cncy (1970)

5, C M Pmv and F G. Percy, AL Dam UKl Nuc Dan
Tables ~, ) (1976)

6 L Haoua[ et d., Nucl Sci. Eng. ~, 491 (’,Y:z}

7 W P Panitz C( al,, Nucl, Sci, Eng ~, 3~3 (1981)

8 Expcrmwnul dIIJ avtiati frcrn LIEcSISRS cm-npllsuon
by [hc NNDC, Brcdhmven Nauorssl lab , Up[on, N ‘I’.



REPRCDIJCED FROM
BEST AVAILABLE COPY

9,

10.

11.

C. L. Dunfarcl, ALAEC-12931, Atcmics h. (1970).
En = 0.7 Mgv

+ Haouot, 1981

9/2”, 1/2+, 312’ Sta?m

-%

.0

P. G. Youn snd 1?. D. Arthur, LA-6947 (1977); E, D.
bAHhur, LA- -88-382 (1988).

A. Gilbm snd A. G. W. Cameron, Can. J. Phys. Q
1446 (1%5).

J. L. Cook et d., Amt. J. phYS. ~ 477 (1%7).12.

13. D. M Brink, Nucl. fiyS. & 215 (1937); P. A.@ ~YS.
Rev. ~ 671 (1962).

14. A. B. Smith d P. T. Oucnther, ANIJNDM-63 (1982);
experimcnmldue otxehed from Ref. &

15. Y. A. Ellis-Akovsli, Nucl. DMS Sheets 49523 (1983);
E. N. Shurshikov cl cl., Nucl. Data Sheets ~, 277
(1983).

16,

17.

18.

19.

20.

R. J. Rtcrson, Ann. Phys. Q 40 (1969). I

:b:31H.ill end J. A. Wheeler, Phys. Rev, ~, 1102 ,

I

H. C. Britt, - ccmmuniceticm(Sept. 1982). ~ 0.0 30.0 eo.o 00.0 Ino.o 150.0 1

ANGLE (deg)
S. Bj@nholm u sI., IAE.A-SM- 174, V.1 (1974) p. 367.

M. R. Bbat, ENDF/B-V, kvisim 2 deta !Ue for 235U
(MAT 1395), BNL-NCS-17S4i (ENDF-201 , 3td Ed.,
Sup. ], j-. 1985).

A. D, CarbrI u al., Rd. Efkts 96,87 (1986) snd psr-
wnd ~uniadon (hhy 1908).

L. R. Veeser end E. D. Artlw, Ra. humConf. m Neut.
Phys. snd Nucl. Date for Rwtcws end Other Applied
-s. ~~s ~ ( *pmbCT, 1978) p. 1054.

L, W. Weston. ORNL, ~el communication (MaY.

Fig. 2. Measu# end calculated mmon scettedn~ cross
sections of 23~U ●t & = 0.7 MeV fa

F
of levels, u

Indicsted. Note thet the grwttd mateof 5U is 7/2=, aM tk
upperctme matnly cwmpmds m eldc madng.

21.

*
22.

23. . .
1988), - .

H, Denien et al., ORNI/IW-10W8 (1986).24.

●

19TON lV?S
■ ‘M6N, IWO

—“ #w’~%?CL AJIAWStO

b{
c~o 300 So.o ! Ito.o lMIO I

ANG&’&)

, , t
r I

id
&’oPl cNBRt2Y $fl

‘ Fig. 3. Meesured6 end celcukd twttron mtterlng cross
sections of ~~~U -t & = 3.4 MeV for

P
ps of levels, m

indlcmd, Note @t the ground am of 33U Is 7n-, snd the

~-23Ju,



3, 1

I

:~ 1
0.0 8.0 4.0 co so 10.0 120 14.0 16.0 10.0 So.o

NEUTRON ENERGY (MeV)

Fi .4. Comparison of our anslysis (smooth cumes) of the
f23 U(n,!) cmas smkm with the ENDFm-V.2~ and ENDF/B-

W21 cross amion evaluations. The latter evaluation is a
mndard cross section for ENDF/B-VI. The dashed and
dotted curves indicate the cmtributioas from first-,second-,
and third-chancefission.
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Table 1. OpticalModel andDeformation Parruxuters Used in
the calculations*

Potential rl 81

~ = 46.4- 0.3E 1.26 =5
WsD = 3.3 + 0.4E ES8Mev
WsD = 6.5- 0.046(E-8)

1.24 0.50
lb8McV 1.24 0.50

w“ = .o.7 + o.lE R7MCV 1.26 0.63
vso = 6.2 1.12 0.47

$2= 0.215 p4 -0.075

*Tile well depths and energies arc in Mcv, geometric parame-
ters am in fcrmis. A Woods-Saxon form factor is used
throughout.

Table 2. Comparisonof Calcuhcd ScatteringCross Sections
with tk Measurementsof Smith and Guenther. lb

&
0.93

1.27

1.49

1.85

2.55

3,55

Ex Range

0.0-0.09

0.0-0.12

0.0-0.13

0.0-0.13

0.0-0.30

0.0-0.30

UC% & A(rexp
fLnlQ

S.02 i 0.20

4.13 * 0.12

4,11 * 0.12

4.23 t 0.13

4.5S t 0.18

5.14 * 0.15

acalc

4.28

3,95

3.88
4.00

.4.53

4,94

Table 3. Barrier Pararnetera Used in Fission Calculations

236U 23SU 234U 233U

EA (MeV)
— .. . — —.
5.s7 5,73 5.50 5,50

htl)A (MeV) 0.9 0.85 0.7 0,85
E)j (MeV) 3.49 S,63 5.40 5.30

w mew 0.5 0.s5 0.5 0.55

DensityEnhancetnenta:
Ihrrier A 2.1s 2.5 1,0
Bmier B 2.15 2.0 1.0 :::
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Fig, 5, Meaaured~~2 and calculated 2~SU(nJn) and (n,3n)
cross sections, The

r
sent analysjs is repmaented by the

soljd curves, rad the NDF/B-V,2 evaluation {s given by the
dotted and dashed ctmes,


