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Neutron Induced Fission of U Isotopes up to 100 MeV

J, P. Lestone and A. Gavron

Los ALUIIOSNational Laboratory, Los Alamos, NM 87545, USA

Abstract
We have develqed a sla[istical modeldescriptionof the neutron induced fission of U
isotopes~sing densities of intrinsic states and spin cut off parameters obtained dire.ctly

from appropriate Nilsson model single particle levels. l%e first chance fission CKKS

sections arc well reproduced when the rotational contributions to the nuclear kvel
densit]es are taken into account. In order to fit the U(n.f) cross sections alxwe the
threshold of secondchance fission, we need to: 1) assume that the rnaxial kvcl density

enhancement is washed out at an excitation energy of -7 ?vleV above the triaxial
tmrricrs with a width of - I MeV, implying a y defornlatiun for [hc first barriers d

10°< y < 20°; and 2) include pre-equilibrium particle emission in the calcul~tions.
A~WC an incoming neutron kirw!ic energy of -17 MeV our statistical model U(n.f)

cross sectionsincrca$in~ly ovcrwtimate the experimental data when so called “good”

optical model potentials are used 10 cakulam the compound nucleus formation moss
vxvions. This is not surprising since at these high energies little data exists on the

w’~rtcring of mwtrons to help gude the choice of optical model parameters. A
wui~t’w’t~)wreproduction of dll the available U(n,f) ~’r~)%%wctions above I? MeV Lf
ohlaincd by J simple waling of our calculdtcd ~ompound nucleus formation L-

wc!l(ms. ‘llm scaling fa~’tor ftills from 10 at 17 MeV to ().X2 at 100 MeV.
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shiqx parame[en’, with the coupled channels code ECIS8. lle optical rndel parameters

of Haouat el al.9, which were obtained from analysis of low energy resonance data,

neutron total cross section data, and neutron scattering data to 3,4 MeV, were nmdified
slightly by S[rottman and Muwchlecner10 and Young’ to cover the incidenl energy range

to 10C MeV. This modification was made solely on [he basis of neutron total cross section

cia[ai I ‘l ~. Calculated cross sections for [he reactions directly populating the ground sta[e

rotational band and low lying vibrdlional levels. Udinc[. were sabwac[ed from calculated

nuclear reaction cross sections, OR, to give compnd nucleus formation cross .smions

UCN. Our calculated n + 235U and n + 238U compound nucleus formation cross sec[ions

differ by no more lhan 12% and 4% in [he energy ranges of 0.5 -4.0 MeV and

4- 100 MeV, respectively. The averages of these IWO op[ical model calculations were

used as [he compound nucleus fcmmalion cross Seclions in [he statistical mcdel analysis of

all the U(n, f) reactions prescmeci in this paper. Our calculated n + U compound nucleus

fm-rm]tion cross .smions are Shown in figure I by [he solid line below 17 MeV ‘Ind the

d;Lshcd Iinc. The solid line hove 17 McV will be descmbed Ia[er.

For an equilibrated sys[cm, the fission decay wid[hs were given b}

1 N1N2
rf=2nPq N1+N2

BRFRM(A, Z,J)
Bf(J) ~X .-.,.._. :.. .... . .

BRk RM(A, Z,O)



Pti(E,J) = (2J + 1) Q(E-Emt(J))

where Q is the density of inrnnsic states, and q, is the spin cutoff parameter (parallel to

the symmetry axis). Note that Ptrl is enhanced relative to pax by a factor of (8rt)1’2 Ull.

For the miu~sasymmetric second ba.nier the ievei densi[y wm multiplied by an additional

factor of two because of the reflection asymmetry] 4. For the statistical model analysis

presented here, both Q and oil were obtained directly from appropriate Nilsson model 15

single particle levels, using codes written by P. Moller16 and S. M. Grimes] 7. me

parameters chosen to specify the shapes of the equilibrium deformation and saddle

points I~ are shown in table 1. Even though the first saddle is y deformed, we still calculate

the density of intrinsic states at the first barrier assuming an axially symmetric shape. We

feel this is justified since the difference between an axially symmetric and triaxiiil level

density is dominaied by the triaxial level density enhancement factor of (8rt)]’ z q, and is

relatively insensitive to any dependence of Q on the y deformation.



51 dc[ermines the width of [he transition from R[ - (8K)1’2all a{ E - %(J)<< q to

RI - I at E – ~Ol(J) >> ~. Hansen and Jensen found no apparenl differewe between the

level densilles of axially symmetn’c and triaxiid nuclei above an excitation energy of

20 MeV. thus Implying tz[ <20 NleV.

All l’he following sl-atisi ical IIKKki calculations inc!ude ;hc effects of prc -

cquillbrium emission. ‘Table 111shows !he triaxia.1 level derlsity enhancement washing out

parameters which give [he besi fits to the 233-~36138U(n,f) second chance fission cross

sections. The 238U rna.xial level density enhancement washing OU1 parameters were

estimated using the 238U(n,f’) third chance fission cross sections. The solid curves m

figure 2 show U(n.f) cross wctions calculated up 10 20 MeV using these wuhing out
para.me[ers. Figure 3 compares memmci 2J5.238U(n,2n) and 235”23gU(n.3n) cross sections

wi[h cidcula[ions using these same barriers and washing out pararmers. The good

agreemem with these ex~rimen~l data (which complement tb: fission cross section data)
gives us in~’rewd confidence in [he mdcl we have prescnled. The nw in the even-U(n,f)

cross sections al the threshold of second ch:mce fission is due to the com~[i[ion between

y emi~sion and fission of even-U nuclei at an exci[il[ion energy approximately equal to the

hclgh[ of Ihc fission barriers. The strength of the y emissio~ which gives [he best fit to the

rise in [hc even-ll(n.f) second chance fission ~-ross wclions is also in good agreement with

known y widhs ~1 the nculron binding energy of tictinidcs. Once above the threshold of
even-(l(n,i) second chance !Ission [hc cross sections we again de[ennincd by the

~’(~lllplilltm hclwccn nculrOn cnlissi(m ;Ind Iissim. tind [he y cmlwwn only pluys ii minor

101(’,
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in ref 19. Above -17 MeV our statistical rncdel U(n,f) cross -lions increasingly over

eslima[e the experimental data when so called “good” opticat rncdel potentials arc used to

calcula[e the compound nucleus formation cross wxtions. This is shown by the &shed

curves in figure 4. Al frm[ one might & [empled to believe thal this discrepancy is

~ssociated wlt.h a dynamical hindrance of t-he fis..ion process due [o a finite value of the

nuclear viscosity, since a hindrance of the fission prcwess will lead 10 a decrease in the

tission probably. Evidence of a dj~tid hindrance of the fissicm process has &n found

in many studies of heavy ion induced tissio#’. To tes~ this possibility we have simulated

the effect of infinite nuclear dissipation al modemte to high excitation energy by

completely suppressing all fission above an excitation energy of 30 MeV, This leads [o a

reduction of 10% in our calculated ICKlMeV 238U(n,f) cross section but Itwes our

ltY3 MeV z~~ll(n.f) cross section essentially unchanged. Both the size of this effect and i~

dependence on mrget mass arc inconsistent with the ex~rimental dam Within an =curacy
of 590 [he relative discrepancy Ee\ween our mcdel calculations and W ex~rimental U(n.f)

cross scclion~ is independent of target mass. A satisfactory reproduction of all t-he

iwailab]e U(n,f) cross sections above 17 MeV carI !x obtained by a simple scaling of our

~i]lculiited compound nucleus formation cro~ sections. his scaling fac[or falls from 1.0 at

17 Mcv (o 0.82 M IM MeV. Figure 5 shows he n + U compound nucleus fon-nalion

cross wction scaling t~clor as a func{icm of neulron energy, which leads to the bes~ over-

all reproduction of the U(n.f) data. A waling oi our calculated co~n~und nucleus

fomlalion cross $cclions i:~nol unre~wmahle since al [hesc high energies little data exisLs

on [he stsa[tcring of ncu[rons [o help guide [he choice of op[lcal ma.lel parametem. The
w)lid L’UI-VCS akwve 17 McV in !lgures I and 4 shows our nlodirled n + 11 c’ompourxi

nuLlcus l(ml~;lll(m L-r~~s\ vctl(ms i~d [hc Lw-rc\ponding Cal~uliiled l’(n, tj cross sec[mns.
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Table 1. Pararrwem

points of U isolopes.

TabIts

used 10 define he shqm of the equilibrium defcwmWi~ and the saddle

[ E2 I E3 [ e4
. 1

I auilibnum deformation 1+0.20 I 0.001 -0.cxil

t%xial first barrier + 0.45 0.00 + 0.04

mm asymmernc wxond barrier + 0.88 -0.18 O.m

Table Il. Heighw of tie

J -O) needed 10 reproduce the

fission.

triaxial %SI tier EA and the mass asyrnrmirk second barrier Eu (al
21Z-Z.W.2~U(n ~ -s ~bons up to the ~ld for word chance.

Iwlope E~ EB
(MeV) (MeV)——.

233u 6.0 5.7
mu ‘5.9 5.7——
235u 5,9 5.7...— .
236u 6.0 5,7..—. .-
237u 5.9 5.9
238U 6.0 5.8
239U 6.0 5.8.——

lJtIlc 111 Tnaiial level tlcnsi[y enhanccmen[ washing OUI parame[cm uhich give (he IXSI fi[ [o

[hc:ll~lt’:’k 1’( n,f) ~’ross seclmns above tie threshold of wcond cham’c fission,

ps=~-qv: :~y

__ —- ——
234U 7.7 0,6

235u ~;8 0,7
236u 8.0 0.6
237u 5.5 1.1—___ ——.
238u 7.5 0.7.—— — ..——- —
239(J 6.5 1.2..—— —



Figure captions

Figure 1. The n + U compound nucleus fomaation cross sections. The solid line lmlow 17 MeV

and the dashed line show our calculated cross sections obtained using the optical model parameters

discu~wd in the text. The solid line above ; 7 MeV shows the compound nucleus formation cross sections
which lead 10 the best over-al! reproduction of the availableU(rt.f) cfata.

Figure 2. Comparison between ekprimental U(rr,f) cross sections. circles, and statistical model

calculations. The solid curves are calculated U(n.f) cross sections using the wiem ~d rnaxial level
density enhancement washing out paramelefi presented in tabies 11 and 111 with the inclusion of pre-

equilibrium emiision. The dashed curves are calculations with no washing out of the triaxial level density

enhancements. _l%e dotted cutves arc the same as the dashed without the inclusion of pre-equilibrium

emission.

Figure 3, Ekperimcntal 275218U(n,2n) and ‘352’8U(n.3n) cross sections ( circles - ref 26:
squares - ref 27: up triangles - ref 28; and down triangles - ref 30 ), The curves show the corresponding

calculations using the barrier heights and tria~ial Iekel density enhancement washing out parameters
presented in tables 11and Ill; and ihe geometry dependent hybrid pre-equilibrium emission model.

Figure 4 Comparison between ckperimental U(n.fl cmx~ wcti~)ns In tie energY range
(),5I(x)MCV w Ithourstatis[i~~lnl~elca]cu\ations.The SOIICf Ilne below 17 !klc\’ and the dashed line

show our calculated U(n,fl cross sections using the compound nucleus fomlatiort cross sections obtmncd

using the optical nwiel parameters discussed in k [e\t. Tle wdid line above 17 MeV shows the fission
~;ros~wct]on~ obtmnecf when the compound nu~icus fw-rrraoon cross w~’Ii(m\ arc adjusted to give the best
(>~er.~11fit to [hc a~a]lable LJ(n,fj &IIa.
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