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Neutron-induced fission cross sections simulated fronit,pf) results
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Neutron-induced fission cross sections T and 23%U™ targets in the incident neutron energy rarige
=0.1-2.5 MeV have been deduced from surrodafd(t,pf) measurements. The surrogatep(f) reaction is
used to populate the same compound system asritfg ¢eaction before fission, and modeling is used to
compensate for the difference in population mechanisms. The calculations presented in this paper improve on
previous results by incorporating realistic angular momentum and parity distributions fot, fiechannel,
and by updating transmission-coefficient values used in the neutron-capture and emission contributions that
compete with the fission process. The results are generally reliable within the 10% systematic uncertainties of
the (t,pf) data.
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[. INTRODUCTION (the Rare Isotope Accelerajothere is interest in developing
techniques for simulating neutron cross sections using data
Direct-reaction-fission correlation measurements allowfrom (d,p) reactions done in inverse kinematidd]. Many
access to many compound systems that are unavailable fof the statistical-model and nuclear-structure considerations
neutron-induced reactions because of the lack of target matiscussed in this paper in relation to the inferencerofff
terial with suitable lifetimes. Previously, very simplistic cross sections from direct-reaction fission data are also
models were used with fission-probability data measuregbresent in the interpretation of data for these proposed sur-
[1-6]in (t,pf), (®He,df), (*He,tf) and other reactions, and rogate reactions.
with estimated neutron-induced compound-nucleus cross In the present paper we present an analysis of fission-
sections to obtain indirect estimates for,{) cross sections probability data from the?>®U(t,pf) reaction to yield esti-
[7,8]. In this earlier work, measured fission probabilities mated neutron cross sections foPU that can be compared
were simply multiplied by estimated neutron compoundto the evaluated nuclear data filENDF) results[11]. The
cross sections to yield an estimated,f() cross section. ENDF evaluation is based on a covariance analysis of ex-
Comparisons to cases wheme,{) cross sections had been perimental data and carries uncertainties of less than 2% for
measured directly indicated that this technique could yieldhe 23®U(n,f) cross section belo,=3 MeV. We attempt
estimated K,f) cross sections with accuracy of order 10— to improve on the previous surrogate methods for estimating
20 % for incident neutron energies above about 1 MeV. How{n,f) cross sections by decomposing the measured fission
ever, below 1 MeV, there were serious discrepancies thagtrobabilities into its components as a function of spin/parity
were attributed to two possible factors. First, the conversiorusing a statistical model developed to fit the fission-
of fission probabilities to cross sections did not account foprobability data and extract fission-barrier parame{@is
effects due to the difference in angular-momentum distribu-Then these probabilities can be combined with improved es-
tions in the direct and neutron-capture reactions. Secondimates of neutron transmission coefficients and summed to
there was considerable uncertainty in the low-energy neutrogive a more realisticr(,f) estimate. In addition to fission of
transmission coefficients available at that time. This led to arthe 23U J7=7/2" ground state, the detailed model can be
uncertainty in the calculated neutron compound-nucleusised to estimate fission cross sections of the" lifdmer
cross section. This ambiguity was illustrated in the case oftate at 77 eV. Inputs to the statistical model have been
the He-induced reactions where it was shown that a conevaluated and updated where appropriate, and the sensitivity
stant neutron compound cross section of 3.1 barn reproducetf the (n,f) estimates to various inputs has been evaluated.
the existing (,f) measurements where an overlap betweerin order to minimize effects due to the uncertainties in the
the data sets existed, but optical model calculations predictediscrete levels and continuous level densities used in the cal-
an unexpected increase in compound cross section with deulations, a technique is developed to renormalize the results
creasing energy below 1 Mej8]. using the experimental fission-probability measurements.
In more recent times there have been efforts to extendmprovements necessary for the development of a more pre-
“surrogate-reaction” techniques to other types of neutron-dictive approach to estimating(f) cross sections are dis-
induced cross sections. A new direction in this area was theussed.
recent estimate of>®Pu(n,2n) cross sections from the obser-
vation of y rays in the final product®%Pu[9]. Additionally, Il. MODEL
with the advent of secondary beams of radioactive species at . -
several laboratories and the prospect of a major new facility A. Fission probabilities
The double-humped fission model used to calculate fis-
sion probabilities is taken from earlier papéts-6] where it
*Electronic address: younes@IInl.gov has been used to extract fission-barrier parameters for a large
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(t,p) reaction and then, after a comparatively long time, the
equilibrated nucleus fissions. Thggf) fission probabilities
as a function of excitation enerdy, are calculated by sum-
m ming the contributions from individual™ compound states.

= The individualJ™ components are obtained from the direct-
reaction €,p) population probabilities; ) and the fission
probability P; from a given statek, ,J™) using

€3(€5)
\Wj
o

Potential Energy

Ppn(Ex) =2 Ppy(3MPi(Ex,d7), )
J’TT

\ £5(g4)
n where the direct-reaction population probabilities are deter-

FIG. 1. Schematic representation of the statistical fission modemined by distorted-wave Born approximatiGRWBA) cal-
used. The inset shows the difference between barBesmd B, culations which are further described in Sec. Il C. In this
encountered along parallel fission paths: baridras a static octu- case the energy dependence Ry ;) has been suppressed
pole deformation, whereas barriBy; is triaxial. since P ) does not change significantly with energy over

the excitation energy region of interest here.

number of actinide nuclei from measured fission-probability ~Similarly the neutron-induced fission probability can be
data. In the present work, the version of this model that asebtained by summing over the sanmi&(E,,J™) values
sumes complete damping of the flux as it proceeds to fissioweighted by calculated neutron compound formation prob-
across the two peaks of the fission barrier is used. This apbilities,
proach neglects the resonant penetration of the two-peaked
barrier which is important near threshold, but the complete
damping limit is most appropriate for the above-barrier
energy region of interest. A truly comprehensive model Py (Ex) =2 Pen(Ex IJT)P(Ex,d7), 3
which would allow for resonant penetration, different sym- 7
metries at the three saddles and parallel paths at the second
barrier has never been attempted and is beyond the scope where the compound-nucleus formation probabilitiegy, ,
this work. are given in terms of the compound-nucleus formation cross

Schematically this complete damping model is illustratedsectionsocy (see Sec. Il ¢
in Fig. 1. In the present version of the model, fission pro-
ceeds through an inner barriér and then through one of

two parallel paths through barri&or B, . Evidence for the Ten(En ™)
existence of a parallel path to fission through barigr Pcn(Eq,d™)= CN =ne . (4
can be found in the paper by Gavrenal. [12], which re- S ren(En,d™)

produces fission-probability data from botA?U(t,pf) and o TeNEm

238(v,f) reactions in a consistent manner.

The fission probability is simply given by the ratio of the

effective number of open fission channels divided by the suni{€re the excitation-energy dependence has been converted to

of the effective number of open channels available for fis-NeUtron energy using the relatid),=E,—B, whereB, is

sion, neutron and gamma de-excitation. The effective numthe neutron binding energy. The estimated neutron-fission

ber of open channels for a decay procefem a compound ~CrOSS section is then obtained from
state with excitation energl, and spin/parityd™ is defined
in terms of its decay widti";(E,,J™) and the density of

levelsp(E,,J™) b = w
p(Ex07) by on(En=S oon(En ITIPHEIT).  (5)
Ni(Ex,JT)=27p(Ey,J") XT'i{(Ex,J7). () ’
The effective number of fission statds;, is obtained from There are uncertainties in the discrete and continuous lev-

the number of states available at theasymmetric saddl&  els used in thé\; calculations and discontinuities in the re-
and the sum of the states available at the mass-asymmetiggons where discrete and continuous level densities are
and y-asymmetric second saddles along parallel paths to figoined (see further discussion belpwThese discontinuities
sion, B andB,, . The effective number of open channels for tend to produce anomalous structures inRhg, ) (E,) func-
neutron,N,, andy ray, N,, emission are calculated using tion which are then mirrored in the, 1) (E,) function. In
standard Hauser-Feshbach formalisms. order to remove this anomalous structure, the estimated

The (t,pf) reaction is thought to proceed in two sequen-(n,f) cross section is further renormalized to the measured
tial steps: first a compound system is formed by a direcP, s data as follows:
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(expt)

E,) w 1
(ren) _ (t,pf)( X m — dte Pt
oty (En) =0 n(Bn) X — g =~ (Ex,J )—f te ty PR o2
PR (e N R P
Vg 14
= P{E(EQ) X ocn(Ep) "9
2 Pen(En,d™)P(E,,d™) where thep;=N;/Z;N; for the i=1y,n,f channels are the
R uncorrected decay probabilities. The degrees of freedpm

X

, (6 andv; for the Porter-Thomas distributions are taken equal to
2 P,py (3T P:(Ex,J7) N,, and N respectively or 1, whichever is larger. This pre-
a7 scription for the degrees of freedom was chosen to give

¢(E,,J™) a smooth energy dependence, and to provide a

whereocn(En) =2 jr0cn(Eq,J7), to produce a more robust consistent treatment of the neutron and fission channels and a

estimate of the cross section. The term in square brackets {apid damping of the many-partial-wave neutron-width fluc-

Eg. (6) contains all the dependence on angular momentunfations. The factow(E,,J™) introduces at most a 30% cor-

and population mechanisms. This term, labefidE,), can  rection to the calculated fission probabilities.

be written in a more suggestive form The statisticaly-ray decay is assumed to proceed via elec-
tric dipole transitions, and is given by
2 [Pen(En M) =P p(3MIPH(E,I7) 1L
Jm X
F(E,)=1+ , N,(E,,J")=27C AZ% 3 fo dep,(€,d',—m)
> Pl (IMPH(Ex ™) T
" X (Ex—e)®, (10

()

that makes manifest the behavior of the estimatadf)(

cross section when the population probabilities from th
neutron-capture and,(p) reactions are identical; in that case
F(E,) becomes equal to 1 and the renormalized cross se
tion in Eg. (6) is simply the product of the experimental
P pr data and the calculated compound-nucleus cross se

tion, as was done in farlierwo.[_B_]. The same simplification levels do not play an important role in the present calcula-
oceurs if thePf(E)_(,J .) probabilities are independent ‘?’"- tions. The discrete levels used are shown in Fig. 2. The con-
The factorF(E,) is discussed further in Sec. Il and in the 4,05 level density functions are discussed in Sec. |1 B.

Appendix. In the remainder of this paper, we will drop the 1 neytron emission channel is described by a standard
“ (ren)” superscript for o,y and it will be implicitly as-  gatistical formula

sumed that ther(,f) cross section has been renormalized as
in Eqg. (6), unless otherwise specified. ji+d j+1/2
_The statistical fi_ssion model _used to produce_ the pr_oan(EX,Jﬂ)zz _ ; ; Ti(Ex=Bn—€) 8y m(-1yt
abilities P;(E,,J™) in Eq. (2) is discussed next, with addi- ioi=lisae=li-12
tional details given in Secs. Il B and Il C. From a compound

whereA is the mass number of the compound system, and
C, is a normalization constant fixed a0~ ® MeV~3, in
€accordance with Ref3]. The level density , refers to states

in the first well of the compound nucleus. In the caseyof
Wecay in the first well of3%U, the energy integral in E¢10)
reduces to a sum over discrete states?flJ below the
f)'airing-gap energy, 2=1180 keV; however these discrete

state with excitation energl, and spin/parity™ three pos- L L
sible decay paths are considergddecay, neutron emission, + E E _; f de
and fission, represented by the number of effective open 3 j=lar-a) == A

channelsN,,, N, andN; in each case, respectively. Then , p
Xpn(€,d", (= 1)) T (Ex—Bp—e),

P¢(Ex,Jd™) (11
N((E,,d™) written here explicitly in terms of discrete-level and continu-
=¢p(E,,J7) - - —. ous level-density contributions. The summation over index

N, (Ex:d™) + Nn(Ex,37) +N¢(Ex,I7) in the first term covers all discrete states {;,m;) below

(8)  the maximum excitation enerdy, — B, or the pairing energy
A, , whichever is smaller. In the case of neutron emission

The coefficient$(E,,J™) is a width-fluctuation correction from U to %, the neutron binding energy i8,
factor for both neutron emission and fission, assuming a=6.545 MeV, and the adopted pairing energy Ais,
Porter-Thomas distributiof3] in both cases. This correc- =690 keV [16]. The transmission coefficients are denoted
tion is an extension of the formula in Réfl4] to the case by T,;, andp, is the level density in the neutron-out chan-
where both fission and neutron fluctuations may be impornel.
tant. Following Moldauef15], the expression fo®(E,,J™) Fission through a barrids is given by the standard Hill-
can be written as the integral Wheeler form
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2A _ Na(Ng+Ng,)
-------------- . N¢(Ex,d7) = NatNptNg, (13
5: >
1%;2: In the present calculations, we todkw,=0.90 MeV,
1000-- 3+—,_Z: hwg=0.65 MeV, andfiwg =0.90 MeV. These are typical
2 —T" values of the barrier curvature parameters for the actinide
L — region[3]. Variation of these values within errors produces
. negligible changes in the final deducet}, ;) values in this
paper(see the Appendix The three barrier heights, the only
10— adjustable parameters in the model, were optimized to repro-
1712 An o — % d_uce theP; pr) data. The remaining inputs to the_ model were
< ]gg:;\%%@- —_ fixed based on physically reasonable assumptions.
) 11807 i
= E%ﬂ— 5z B. Input level densities and discrete levels
! —
m 1%:3: o gF— At excitation energies near the fission barrier and near the
S ¢ — neutron binding energies, the fission probabilities can be
s strongly affected by the details of the specific states available
Yo ————— for decay by either fission or neutron emission. In the energy
e/ regions below the pairing gaps it is essential to carry out the
e I L calculations using discrete levels with specified spin, parity,
i . and excitation energy. At excitations above the pairing gaps
I — in even-even and odA- nuclei the levels become dense
132 4 enough that a continuous statistical level density can be used.
A . In the present model discrete spectra are used for even-even
72— systems up to the pairing gap& (+ A,) and for oddA sys-
Z; - ¥ tems up toA, or A,,. For an odd-odd system the continuous
0= t——— 7 O level density would be used at all energies. The discrete
235U 236U spectra used in the first well fot*>23U are obtained from

standard compilationgl7,18, and shown in Fig. 2.
FIG. 2. First-well discrete levels used in the calculations. The Figure 3 shows vibrational states appropriate for each bar-
spin/parity label appears on the right for positive-parity levels andrier. The lowestK"=0"%,2" 4% and 0 ,17,2 states were
on the left for negative-parity levels. The pairing gapg for the  obtained from results of fitting direct-reaction-fission angular
odd-A system and & for the even-even nucleus are marked by correlation studie§1,2] and from fits to sub-barrier reso-
dotted lines. nances in ¢,pf), (t,pf), and (y,f) studies[3,4,19 (see
Fig. 3). These experiments are not sensitive enough to iden-

J'jiémﬁi tify more than the lowest vibrational band with ea¢hand
Np(Ex,d7) = E TE_E they give only approximate locations for these bands. These
"4 ex;{ ZWM) vibrational states were then coupled in pairs to form the re-
fiwy maining levels in Fig. 3. Following Griffif20], the energy
- po(€,d, ) of the two-phonon state was taken tq be the sum of the en-
+ de = , (120  ergies of the individual states. Rotational bands were con-

2% 44 F{ €TEp— Ex) structed on top of the vibrational states up to the pairing-gap
ex 2’7T . . . 2 —
h oy energy, using a moment of inertiagiven by#</27=7, 5,
and 7 keV for barrierg\, B, andB,, , respectively.
whereEy, and% w,, characterize the height and curvature of  Beyond the pairing-gap energy, the continuous level den-
the barrier. The discrete-level and continuous level-densitgities were taken directly from an earlier fission-probability
contributions have again been written explicitly. The summa-model[19]. In that model, a continuous state densityE) is
tion over indexi in the first term extends over discrete tran- obtained from the permutation of particles in the shell-
sition states above the barrier with excitation enesggyand  corrected single-particle spectra at the appropriate saddle and
spin/parityj; /m; up to the maximum energl,—E,, or the  ground state configurations using a Strutinski renormaliza-
pairing-gap energy 2&,, whichever is smaller. tion process. These estimates incorporate appropriate pairing
In the fission model depicted in Fig. 1, three barriers ardnteractions using pairing gaps obtained directly from the
consideredA, B, andB,,. The fissioning nucleus traverses same single-particle spectra. Level densities for spedific
the inner barrie’A and proceeds through one of two parallel are then obtained using the microscopic level density en-
fission paths, through barri@ or B,, . Fission through the hancement factors from Bjoholm, Bohr, and Mottelson
combined barriers is given by the non-resonant penetratiof21]. The level densities obtained &> at the appro-
formula priate deformations are shown in Fig. 4. A detailed descrip-
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______ 2A with o, =5.45. The collective enhancement factors are bro-
ken down in terms of the symmetry at the deformation of
— 24, 24 interest,
O grormmemsRmsT
1500+
¥>— ¥ S>— ¥ crf/[ V2mX o (U)]  axially symmetric
2 . .
2 ) 2t ] k(U)=4 207/[V2mXa(U)] reflection asymmetric
B o P P
O O ot triaxial,
—Cg_ 5 —Cg_
_ (16)
1000+
" - . " -
— go—<F i fo—F
% cz z c§: cz whert_aoH(U) is calculgted along withw(U) by the combi-
= o8 natorial method described above.
>< o+ O o*
] 4* 27 4 4 27
B By <
500+ fo—— ; C. Transmission coefficients and formation cross sections
2*—(:2— . . -
) . ) ) - The evaIL_Jatlon of Eq¥2) _and(5) requires an estimate of
go— %3—; Zo— the population cross sections in thé,g) and neutron-
Cr- induced reactions as a function of @4, andE,. Figure 5
shows a comparison of calculated populations via the)(
ol o 7 . o (d,p) and neutron-induce¢ht E,,=0.5 and 2.0 MeV reac-

tions. The {,p) and d,p) results are taken from Ref3].
Barrier A Barrier B Barrier B;, The transfer cross sectiong(¢) are taken directly from a
DWUCK calculation[22] and multiplied by a requisite (2
FIG. 3. Vibrational transition states used in the calculations,+ 1) normalization factor. As a check, calculations done us-
given for each barrier and labeled by th&F quantum numbers. ing the codebwucka [22] show that for proton detection
The actual levels are generated by building rotational band meMangles greater than 90°, varying optical parameters, the
bers on top of each vibrational state with moment of ineftgiven o5, energy and excitat’ion energy within reasonable’ ex-
2 - . .
th / ZhZ— £ 5,hand ! ke\? f%rﬁbwairge_rABB, :nd Bh” ' ffesplectnl/erlly. tremes does not affect the neutron fission cross section esti-
ote that, In the case of th&"=0" bands, the first level has - a5 i this paper. For neutron capture, the population cross
spin/parity I". The dashed line denotes the pairing-gap energies. sections are discussed in more detail below
) _ _ . ) It can be seen in Fig. 5 that the decomposition of the
tion of the level-density calculations is given in RE]. The  fissjon probability into spin/parity components is a necessary
level densities used in the present work were calculated W|th§tep in theo-, , calculation, since the formation cross sec-

out adjustable parameters and the discrete levels were al§gns from the {.p) and neutron-induceén) reactions are
generated in a systematic way up to the pairing gap. Thig, ;ita different, especially forE,=0.5 MeV. For E,

approach was preferred because it does not introduce addi:, MeV, the ¢,p) and (n) distributions are more alike,

tional degrees of freedom into the fission-model calculatiorh“hough the neutron-induced reaction is more akin to the

and the fit to theP(, »r) data. The price that is paid for this (§ 1) process for comparable energy transfers, as might be
choice is the mismatch observed between discrete and co xpected. The calculation of the formation process is de-

tinuum regions in Fig. 4. Sensitivity tests in the AppendiX ¢qriped in this section.
show that, because of the renormalization in &)}, improv- The population probability in thet(p) reaction, needed

ing the maiching between these regions does not signifiy, g4 (2 is obtained using the simple formalism described
cantly affect the deduced(f) cross sectiorisee, e.g., tests by Backet al. [3], wherein the expression

1 and 7.

In general terms, the continuous level densities used in 1\2
this paper can be written in the form 1 J+ 5)
Sitoy(J7T)==(2J+1)exp| — ———
(B dm) =t KW (JoPwU), (14 i R
J+lg
where U=E,—A,— A, is the excitation energy corrected for 2 Toyn
pairing, f . gives the dependence on parity (in practice I =13-1g|
f_=f,=1/2), and the spin dependence is given by the Tt —[9—1g+ 1’ (17
function
2341 JJI+1) Wherglo is t_he tar_g_et spin, is n_ormalized with respect to all
f(J;0?)= S—exp — > | (15 possible spin/parities formed in the compound nucleus to
gy g, give the formation probability
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FIG. 4. Total level densities[p(Ey)
=3 ,.-p(Ey,J™)] appropriate fora) the first well
in 238U, (b) the first well in 22U, (c) barrier A,
(d) barrierB, and(e) barrierB,, .

“s
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(2J+1)
(2X3+1)(21,+1)

Sy (37 _
P(t’p)(JW):L()_ (18) Ten(Ep,d™) =72

> S(t,p)(I7)
J7T

1
li+35 J+S

It is assumed that the two neutrons transferred in the)( Xsi“E_m' Y TuE)f(m), (20
reaction are in af =0 relative state and, therefore, in Eq. ot t=1-9)

17),

where the transmission coefficierits; are averaged over the
0031 7= 0031 O (—1)t X T (19 possible alignments of the intrinsic spin:

The dimensionless formation cross section fop) reac- 1

tions, o, is taken from Ref[3], and displayed in Fig. 5. Te(Bn)= oo [+ DTy e 1o BEn) + €T -1 En) |-
The neutron-induced cross-section and the neutron-decay (21)

calculations require neutron transmission coefficients for rel-

evant transferred orbital and total angular momeiitg)(as N . .

a function of energy. These inputs have been obtained usinégﬁlg\t’ii'gr;::rlﬁgigfgfé:) in Eq. (20) ensures parity con-

optical models with accepted parameter sets and a coupled- :

channel formalism to calculate transmission coefficients 1

[23]. Neutron capture into compound states with specific _ Y

guantum numbersH, ,J7) is given by[24] Fe(m) 2|7T+( 1)ty (22)
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FIG. 6. Neutron transmission coefficien®y; calculated by
Dietrich [23] and used in the present work, compared to older cal-
culations using thesacus program(Crameret al. [7]). only the
coefficients with¢<2 are shown.

FIG. 5. Relative cross sections for the,q), (d,p), and
neutron-inducedn) reactions aE,=0.5 and 2.0 MeV, as a function
of transferred orbital angular momentuén Lines are drawn con-
necting the {,p), (d,p), and(n) points to guide the eye.

A sample of the more important transmission coefficientstector at 180° in order to get maximum coincidence statistics.
used is compared in Fig. 6 to older calculations using theThis configuration resulted in strong C and O contaminant
ABACUS code[7]. Itis seen that the trend in the new Dietrich peaks near and just abo®s, and limited the energy range
calculationq 23] while showing some structure are generally that could be studied to about 0.5 MeV abde.

much closer to the empirical constant value successfully | these experiments the major problem in determining a

used in previous work8] (see Fig. 7. fission probability is extracting the singles cross section for
23%U(t,p) due to the large background of protons from reac-
. RESULTS tions on carbon and oxygen included in the targets. The ex-

A. Fit to 24J(t,pf) data citation energy regions where tf&U(t,p) is obscured by C

and O contaminants is shown by open symbols in Fig. 8 for

There are two available sets df |§ f) data that were pub- both experiments. In general tH&U(t,p) singles were de-

lished by Brittet al.in 1968[1] and Backet al.in 1974[3]. . .
The data sets differ significantly in the region just below thetermlned by extrapolating underneath the observed C and O

o L . aﬁ)eaks. In the 1968 experiments this was much easier because
neutron binding energy as shown in Fig. 8. The experiment f the smaller kinematic spreads and because a separate set
techniques and objectives in the two experiments were quit P P

different. The 1968 experiment involved a detailed measure?! measurements was a_lso performed using an even smaller
olid angle for the particle telescope. Additionally, in the

ment of the fission-fragment angular correlations with the® . o X
goal of identifying the positions of major collective bands at1968 experiment the fission fragment angular correlations
the fission saddle point. It used a small solid-angle telescopd€re measured directly, which made the integration of the
for proton identification and measurement. The triton bom-distribution over 4r more reliable. For this reason thg; o)
barding energy of 18 MeV with proton detection at 140° data for the region of the neutron binding energy and higher
shifts most of the carbon and oxygen contaminant peaks ou$ believed to be more reliable in the 1968 experiment.

of the proton energy region of interest in this work. The 1974 In the present work we refit the 1968 data. The barrier
experiment was aimed at measuring sub-barrier resonané®ightsE, and Eg were adjusted to reproduce th, pp)
structures with relatively low fission probabilities. It used adata below the neutron binding energy, and the barrier height
bombarding energy of 15 MeV, a large solid angle protonEs, Was taken to be the same as?ffU, as established in
telescope at 90° and a single large-angle annular fission d&ef.[12] (see the Appendix for the effect of different fitting
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FIG. 7. Compound-nucleus cross section for the neutron-capture F|G. 8. Comparison oP . o1, data from Brittet al.[1] and Back
reaction calculated using transmission coefficients from Dietrichet g, [3] experiments. Open symbols represent regions where the
[23] and from oldemBAcus results(Crameret al.[7]), compared to  gata were contaminated by carbon and oxygen peaks. Uncontami-
the constant cross section used by Beittal. [8]. nated data are represented by filled symbols. The dotted line marks

the neutron binding energy.

prescriptions Barrier heights of E,=6.2 MeV, Eg
=6.0 MeV, andEg =6.4 MeV were used in the fit. Th& 1~ bands become available and bring in the rest of the states
and B barrier heights are somewhat higher than those obexcept for the I and 0" since in this model it is difficult to
tained by Backet al. [3] because of the differences in the make 1" or O~ states at excitations below the pairing gap.
data and in the level-density formulations used. The result¥he first 1" arises from a two-phonon excitation of tie
are shown in Fig. 9. The fit is reasonable in the barrier region=0~ and 1" according to the model of Griffifi20]. There-
but overshoots the data in the region n&yand under- fore, in this model, fission through these states is inhibited in
shoots in the region nedt, =8 MeV. The origin of these the low-energy ,f) region. This effect sets the stage for
deviations is not clear. In the region & ~B,, there is a possible deviations that are tied to target spin in low-energy
significant difference between the two data sets so the profission cross sections. For example2iU with ground state
lem could be experimental. In the region near 8 MeV the dip)”=7/2" there is little involvement of 1, 0~ fissioning
may be due to problems in the level densities in the regionstates at low energies. For*®Pu, with ground state)”
where the discrete levels transition to a continuous level den=1/2", it can be expected that*l 0~ states will be
sity. It is the presence of this anomalous structure that led tstrongly excited in the region belo®,=1 MeV and that
the necessity for the renormalization procedure discussed ieir fission may be inhibited. IF3®U there is also a low
Sec. Il A. lying isomer (at 77 eV} with J™=1/2" which in principle
The P 1) calculations involve summing the individual could allow an experimental investigation of this effect.
P¢(J™) over all J™ weighted by the partial cross sections The P;(E,,J™) results shown in Fig. 10 also illustrate
shown in Fig. 5. Thus, it is possible to examine the indi-that forE,>1.5 MeV (E,>8.0 MeV) the fission probabili-
vidual P; distributions to obtain insight into the factors in- ties converge and no longer show a significant dependence
fluencing P pry in the region near threshold. Figure 10 onJ™. This is because this region is now dominated by the
shows theP; distributions for individuald states with(a) statistical level densities which have similar spin distribu-
positive and(b) negative parities. It is seen that the behaviortions that cancel out in the ratio of the number of open chan-
in the threshold region is driven by two components. Firstnels, N;/N,. This result verifies the validity of the earlier
fission proceeds through the=0" and 0" bands with natu- observation[7,8] that direct-reaction fission probabilities
ral parity states (0, 2%, 4%, ...)and (I, 37,57,...). could be transformed ton(f) cross sections simply by mul-

Then at higher excitation energies the vibratioikat 2* and  tiplying by the neutron compound-nucleus cross section.
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FIG. 9. Best fit to theP; ,r, data(top pane), and estimated 0'04 -
(n,f) cross section compared to the original result of Craeteal.
[7] and the evaluated ENDF/B-VI valug¢bottom panel The dot- Ex (MeV)

ted line in the top panel indicates the neutron-binding energy value.
The error bars on the estimated, , values correspond to a 10%
systematic uncertainty in the; s data. The Crameet al. cross
section carries the same 10% uncertainty associated witR the
data(error bars not shown

FIG. 10. Best-fit values of the individual fission probabilities
P:(E,,J™), as a function of excitation enerds of the compound
nucleus. The positive-parity probabilities are plotted in paiagl
while the negative-parity ones are shown in pafip! The dotted
vertical line indicates the neutron-binding energy value.

B. Simulated (n,f) cross section . . N .
mu (n.f) ! and do not incorporate spin and parity in the calculation.

Figure 9 shows the estimated,{) cross section results Crameret al.’s cross section values, plotted in Fig. 9, are
from the model WItl’Pf renormalized to thet(pf) data. The averaged over 100-keV intervals be|cﬂﬁ: 1 MeV, and

[11]. It is seen that the simulated cross sections generallget [7]. The (n,f) cross section estimated in the present
agree with ENDF/B-VI within the estimated systematic er-yory is clearly in much better agreement with the ENDF/
rors (i.lo%) pu0bI|shed for thg (pf) dqta except for an ./ eyajuation than the original result, especially for inci-
approximate 20% ovgrshoot in the region of 0.2-0.5 MeV.dent neutron energies below 1 MeV.
This is an energy region where bOI.h the data and the calcu- Because of the renormalization technique used in(gqg.
lated neutron compound cross sections could have mcreas«.letdis not ibl ; :
L . . S . possible to extrapolate the inferred cross sections
uncertainties and the interpretation of this discrepancy is un- ide th din th i
clear. However, overall the agreement between the simulate tside the energy range coveredin () measurement
cross section and ENDF/B-VI is remarkably good. This com-\En=0-1=2.5 MeV). Possible improvements that could give
parison involves no adjustable “parameters” so that themore predlc_tlve powers to this technlque will be discussed in
agreement implies that this procedure, the absolute fissioti'® APpendix. A following paper will show calculated surro-
probability measurements, and the calculated neutron conglate fission cross sections obtained fronp() data for a
pound cross sections are collectively accurate to approxiseries of other Th, U, and Pu isotopes, many of which are not
mately 10%.(Although the possibility of larger errors which directly measurable.
cancel in the product cannot be ruled puthe 23%U(n,f) As discussed above, there is a predicted dependence of
cross section deduced in this work is also compared to ththe (n,f) cross section on the target spin in the energy region
original estimate by Cramegt al. [7] in Fig. 9. Crameret  E,<1.5 MeV. This effect is most prominent for target spins
al.'s results are based on the safg ,y data as the present that involve strong populations of "land 0 states in the
work, but rely on older transmission-coefficient calculationscompound nucleus. The fission of the 1/Bomer at 77 eV
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] ) 23 ] FIG. 12. Plot of the factoF defined in Eq.(7) for neutron-
FIG. 11. Best-fit estimates @8 the **U™(n,f) cross section, induced fission on both th&U ground state and isomer.
and (b) the isomer-to-ground-staten(f) cross section ratio. The

error bars ono, r reflect a 10% systematic uncertainty in the IV. DISCUSSION
P(t.pr data.

We have shown that by modeling the angular-momentum
dependence of the fission probability f6t°U it is possible
to use measured*U(t,pf) data to simulate thé>U(n,f)
: . : . cross section to within nearly the accuracy of thg €) data
model and the ratio of predicted cross sections for thel|some(ri 10% over the incident neutron energy region from 0.1 to
and the ground state. The results show a decreasg,ifj 5 5 pev. with the model developed in this work it is also
for the isomer of about 30% gt 0.1 MeV which d|sap_pears_possib|e to predict thé3U™(n, ) cross section and the re-
slowly as the neutron energy increases to 2 M-eV. This estig|its show a significant decrease dn,,, for the isomer
mate relies on the premise that the only low-lying 4tates  rejative to the ground state at energies below 2 MeV. This
at the fission saddle points come from two-phonon excitatioljecrease can be understood in terms of a reduced probability
of theK=0"®K=1" andK=1"®K=2" bands and that for fission from 1" and 0" states near the fission threshold.
the two phonon bands lie at approximately the sum energyiowever, in order to obtain these quantitative results it was
for the individual vibrational excitations. Changes in the as-necessary to renormalize the calculatégp{) probability
sumed position for the first"Land 0~ would have quantita- values obtained from the model to the experimental data. The
tive but not qualitative effects on the resulsee the Appen- renormalization procedure was necessary to smooth structure
dix). This relative inhibition of fission below 2 MeV could that appears in the model predictions due to uncertainties in
also be present iR*’U, 2%u, and?*’Cm all of which have the level densities in the matching regions between the
a 1/2"[743] ground state. Estimateah (f) cross sections for discrete- and continuous-level regions.
237y will be presented in a subsequent paper. The present In these results we see that to obtain quantitative esti-
results for the?®®U™ isomer are in general agreement with mates ofo 1y it is necessary to account for the differences
similar calculations by Lynn and Hay¢25]. in the angular-momentum distributions in thgQf) and

The effect of including spin and parity in thH&, ,r cal-  (n,f) reactions. However, the angular-momentum effects are
culations is quantified by the facterE,) defined in Eq(7). only important in the regiolE,<1 MeV. At higher energies
This factor is plotted in Fig. 12 which shows that, fB,  we find (Fig. 10 that the P{(E,,J™) distributions become
=0.1-2.5 MeV, the effect of includingd™ is at most~15%  independent ofl” because of a preponderance of decays to
for neutron-induced fission of th€U ground state but, for the continuous level-density region above the pairing gaps.
fission induced on the isomer, the effect can be as large da the continuous level-density region the levels in the first
~35%. well and on top of the barriers have very similar spin distri-

in 235U will be inhibited at low neutron energies according to
this model. Figure 11 shows predictions fof, 1) from this
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10° grrrrrrr T T A ARRARS e e g TABLE |. Description of sensitivity-analysis tests.

Test No. Description

07 1 Replaced discrete levels with continuum level density in

- ® Brittes al. [1] 2351_] X
n_g Bt 2 Eliminated all two-phonon transition states above the
107 L i barriers.
E 3 3 Used transmission coefficients from thessAcus
calculation.
: 4 Assumed twice as many positive- as negative-parity states
10° Pu— ; """"" é """ B; """"" é """"" é """" 1'0 ““““ '1'1"" in 15t wells of 2*%U and 2%%U, affecting y and neutron
E. (MeV) decays as well as the formatlon.processes.. .
X 5 Used constanP; ;) (J7) population probability up tal
A S R R R R R RS R RN LR =10, zero forJ>10.
o5 | T ENOFRVID] _ 6 Fit entireE, energy range oP, . data, varying all three
! ® Best fit (renormalized) b barrier he|ghts
 Bestht . 7  Scaled $-well continuum level density by 2.5 i#*%U and

by 2.0 in?%%U to match known level spacings at the neutron
binding energy.

8 Used double-Lorentzian dependence fprray strength
function instead o3 form in Eq. (10).

9 Raised all two-phonon energies by 30% for transition states

° _ _ above the barriers.
0.0 D e e ] 10 Scaled the discrete-level contribution N by the factor
00 05 10 15 20 25 30 35 40 45 50 0.58 to eliminate the dip in the calculat®g 7 (Ey) curve.
Eq (MeV) 11  Sethw,=0.65.

12 Setfiwg=0.90.

FIG. 13. Best fit extended tB,=11.5 MeV in 2% (top panel. _ _ . .
13 Turned off width-fluctuation correction for both fission and

The vertical dotted line denotes the neutron-binding energy value. o
The bottom panel shows then,f) cross-section calculations ex- neutron emission.
tended up toE,=5 MeV (solid line). The filled circles represent ~ 14  Fit withoutB,, barrier.
the same renormalized calculation as in Fig. 9. The ENDF/B-VI
evaluation is shown as a dashed line for comparison.

extrapolations to higher energies could be attempted albeit
butions so that any spin dependence for the ratjdN,  with increased systematic uncertainties. To test this idea the
disappears. This result confirms the empirical observation igalculations fom+23°U were extended t&,=5 MeV and
previous work{7,8]. the results are shown in Fig. 13. The prediciea, f) points

A lower limit for the application of this technique is esti- in Fig. 13 increase slowly and smoothly above 2 MeV and
mated to be approximately,~0.1 MeV. This limit is con-  are approximately 30% greater than the ENDF/B-VI value at
sistent with the energy resolution in thef) measurement E =5 MeV. It is possible that small changes in the barrier
(120-keV full width at half maximumand increasing uncer- parameters could give an even better fit. This result suggests
tainties in the neutron transmission coefficients below 10Ghat the undershoot in the excitation energy region of 8 MeV
keV. Improved experiments and theory could in principlemay be due to local mismatching of the level densities at the
decrease both of these limits. However, extensions of th@airing gaps as speculated above. This question and the gen-
surrogate technique t&, <100 keV would apply only to eral refining of the model to allow extrapolation to higher
energy-integrated cross sections. Thus for example, the meanergies will be addressed in a subsequent paper that will
sured isomer-to-ground-state ratio values of %6144 and  contain the results of systematic fits to the series of Th, U
2.47+0.45[26] at cold- and thermal-neutron energies, re-and Pu isotopes available from pastpf) measurements
spectively, could not be directly compared to the predictionsand some of the odd-nuclei that have been studied using
of the technique because th&™U(n,f) and **U™(n,f)  3He-induced direct fission measurements.
cross sections are determined primarily by the properties of
nearby resonances at these low energies.

It would be valuable to have a fission model that, when fit
to data in the barrier region, could predRy; 1) ando(n,f) We are grateful to Frank Dietrich for providing new cal-
values up to equivalent neutron energies of 5 MeV or moreculations of neutron transmission coefficients and for many
The renormalization technique used in this paper limits theuseful discussions on the development of the model. Valu-
applicability of our model to the range of available experi-able input on this project came from continuing discussions
mental data. However, if the need to renormalize is due priwith John Anderson, John Becker, Daniel Gogny, Dennis
marily to problems in the level density regions where dis-McNabb, Andre Michaudon, Erich Ormand, and Morton
crete bands are matched to the continuous densities, théfeiss. This work was performed under the auspices of the
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FIG. 14. Sample of sensitivity tests for the estimated) cross
section on the?”®U ground state and isomer. A description of the
various tests can be found in Table I.

FIG. 15. Sensitivity of the factdf defined in Eq(7) to the tests
described in Table | for théa) n+23%U, and(b) n+23U™ reactions.
The legend is the same as in Fig. 14.

U.S. Department of Energy by the University of California, apjlities by effectively reducing the number of low-lying lev-

No. W-7405-Eng-48. calculated cross sections is most readily seen in the case of
neutron-induced fission on thé®U isomer where the calcu-
APPENDIX: SENSITIVITY ANALYSIS lated o 1y values in this test overshoot the best-fit curve. In

practice, the discrete levels U are well known up to the

In this appendix ther, 1y calculations described in the pairing gap, and it is not necessary to lower the matching
main body of the paper are subjected to a series of sensitivitgoint between discrete and continuum regions. In the same
tests. These tests will show that the final cross section resultpirit, the contribution td\,, from discrete states was scaled
are insensitive to all but a few factors in the model. Thepack in test 10 to reduce the dip in calculaeg s values,
robustness of the results is due in large part to the renormalyith less than a 6% change in the cross sections on either
ization of the o, ) calculations to theP . data. This ground or isomeric states iU,
renormalization procedure, described by K6) partitions Removing all two-phonon states above the barriers, as
the calculated 1f,f) cross section into three contributions: was done in test 2, mostly affects the fit to tRg ,r data
the measured fission probabilitieB; o1y, the calculated and then+23U™ cross-section calculation. In this test, it
neutron-capture cross sectioigy, and the factoF defined  was necessary to supplement the reduced number of discrete
in Eq. (7). The first factor,P(7%) is purely experimental, states above the barriers by replacing the discrete spectrum
ocn is largely determined by the neutron transmission coefwith a constant level density function from about 900 keV in
ficients, and the factdr is influenced primarily by the num- excitation energy up to the pairing gaps. This prescription
ber of open discrete fission and neutron channel€fes 1 actually introduces a higher density of Gnd 1" states than
MeV and becomes model independent at higher energies. is shown for the best-fit calculation in Fig. 3. As a conse-

A set of sensitivity tests is detailed in Table I, and a se-quence, the calculations performed under test 2 produced an
lection of these is shown in Fig. 14. Ti&E,) curves cor- isomer-to-ground-state cross-section ratio slightly higher
responding to the tests plotted in Fig. 14 can be found in Figthan the one shown in Fig. 11, rising to 1Bt~0.6 MeV. A
15. less drastic modification of the discrete levels above the fis-

In test 1 the continuum level density fi®U was extended sion barriers was carried out in test 9, where the two-phonon
down to the ground state, replacing the discrete levels. Thistate energies were raised by 30% to mimic the effect of
variation mitigates the “dip” in the calculate®; ,) prob-  anharmonicities in the vibration. In that case, the resulting
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o (n,1) Cross sections deviate by less than 6% from the best-figffect can most clearly be seen in the neutron-induced cross
values. section on the?>®U™ isomer. However, the factor-of-two en-
The most striking departure from the best fit occurs forhancement of positive-parity states is very likely excessive,
test 3 where an older set of transmission coefficients, proand the difference in density between the two parities should
duced using the codeBacus [7], was used. Interestingly, quickly disappear with excitation energy.
there is essentially no difference between E{&,) values The effect of a significant change to thef) formation
calculated with either the older or current transmission coefprobability was investigated in test 5. The changes in the
ficients(see Fig. 1p Therefore the transmission coefficients calculatedo, ) values are confined to the region below
primarily affect the capture cross-section calculation. En~ 200 keV. More realistic variations &, ,, obtained by
In test 4 the density of positive-parity states was increasedltering the input parameters in the DWBA calculations
to twice the density of negative-parity states in the first wellswithin reasonable limits produce negligible changes in the
of 2% and . This change was motivated by the dearthresulting ,f) cross sections.
of negative-parity orbitals near the Fermi surface for the ac- Additional tests are described in Table I, but not shown in
tinides and it affects the calculated fission probabilitiesFigs. 14 and 15. These tests did not produce significant
P{(Ex,J") as well as the formation probabilitie’ ) (J™) changes in the calculated,, r, values(i.e., less than- 15%
andPcn(Ey,J™). These changes produce a noticeable variadeviations from the best fit for fission on either the ground
tion in the calculatedr(E,) values(Fig. 15. The resulting state or the isomer if>U for E,=100 keV).
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