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Simulated neutron-induced fission cross sections for various Pu, U, and Th isotopes
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Neutron-induced fission cross sections have been extracted for targ&t&?6§24®u, 234236.237.2%  gnd
231.233Th from E,=100 keV to~2.5 MeV using surrogatetpf) fission-probability data and a detailed
statistical model to compensate for the difference between neutron-induced, phdgactions. This paper
extends the results of previous work on tHéU(n,f) cross section, which serves as a proof-of-principle study.
The (n,f) cross sections are compared to earlier estimates based on the same surrogate data, but obtained using
a more simplistic approach. The cross sections are also compared to accepted values where direct measure-
ments exist and are consistently accurate to within 20% b&gw0.5 MeV and 10% at higher energies. The
case of the?”®U(n,f) cross section, simulated from surrogatgp() data, is investigated in greater detail to
reconcile contradictory measurements in the literature.
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[. INTRODUCTION neutron-compound-nucleus formation cross sections or to the
correction factors for the different angular-momentum distri-
Surrogate reactions, coupled with modeling, can be usebutions in ¢,pf) and (,f) reactions.
to estimate nuclear properties in systems that may be impor- There is a large amount of fission-probability data avail-
tant in some environments, but for which appropriate targetable for a wide range of actinide nuclei. In earligr(f)
may not be available for a direct measurement. One examplexperimentg3—5], data were obtained on a series of Th, U,
of this technique is the direct-reaction fission-correlationand Pu isotopes, and a simplistic model was used to convert
measurement using the reactianp(f) on a target of mass these fission probabilities to estimatewl, ) cross sections
A to simulate neutron-induced fission on a target of mas$or neutron energies in the range 1-2 Mg8J. The 23%U test
A+1. discussed above showed that the current médielcould
In a previous papdrl], a model was developed to convert improve on these cross-section estimates and extend the ap-
fission-probability data obtained in the direct-reactionplicable neutron energy range to 0.1-2.2 MeV. The surro-
fission-correlation measuremeRrtiU(t,pf), to an estimated gate targets available in the,pf) dataset§3—5] are shown
neutron-induced fission cross sectiofr>®U(n,f)]. The de- in Table I. There are five case3¢?>23¢) and 24%24%py)
duced cross section is reproduced in Fig. 1, and compared tshere high-quality direct measurements of tef{ cross
the accepted values in the evaluated nuclear datéEN®F/  section can be used to further test the technique. 2t
B-VI) [2]. The ENDF/B-VI evaluation in this case is based (T,,=6.8 day$, several very difficult experiments
on the covariance analysis of experimental data, and i57,8,10,1]1 have yielded inconsistent data with large uncer-
thought to be accurate within 2% in the neutron energy rangeainties and so there is a significant question as to the mag-
displayed. This model contains corrections to the fissiomitude and shape of this cross section. The remaining cases
probabilities due to the difference in the angular-momentun(?31:233rh, 239 and 243Pu) with half lives from minutes to
distributions excited in thet(pf) and (n,f) reactions. Esti- hours cannot be measured directly, but their fission cross
mated €,f) cross sections were then obtained by multiply-sections could be important in environments where multiple
ing the fission probabilities with calculated neutron- neutron captures are possible on a short time scale.
compound-nucleus formation cross sections for each spin/ In this paper, we obtain estimated, ) cross sections for
parity in the compound system, and summing these partiahrgets of 240:241.24py 234236.237.239) = gnd 231.23%h jn the
contributions. In both the previous paper and the presenteutron energy range 0.1-2.2 MeV. Where possible, results
work, the ENDF/B-VI compilation has been used as a benchare compared to the ENDF/B-\R] evaluation to estimate
mark because it incorporates recent measurements,6f ( the reliability of the method. Thé*'U case is discussed in
cross section, where they are available, or reasonable calcdetail and the overall systematics of,{) cross sections in
lations where there are no experimental data. For neutrothis region are presented. Tabulated values of the fission-
energies above about 0.5 MeV, tR&U(n, ) results showed probability data and deducedh,f) cross sections are being
agreement to within the estimated10% uncertainty quoted made available separatelg2].
for the (t,pf) fission-probability result§3—5|. For energies
in the 0.1-0.5 MeV range, the estimated cross sections
tended to exceed established ENDF/B-VI values by up to
20%. It was not clear whether the discrepancy at the lower The data used in this paper were taken from work by Britt
incident neutron energies was due to limitations in theet al.[3] in the case of thé*¥U(t,pf) reaction, from Cramer
and Britt [4] for the 230237h(t,pf), 26234(t,pf), and
240.24py(t,pf) reactions, and from Britt and Cramgs] for
*Electronic address: younes@IInl.gov the 2332%y(t,pf) and 2%Pu(t,pf) studies. In some cases,
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TABLE I. List of neutron targets and their properties studied by

——— ENDF/B-VI [2]
e Present work

the surrogatet(p) reaction in this work.

Neutron J7 Typ

target

ZITh 5/2¢ 25.52 h

233Th 1/2* 22.3 min

24y 0" 2.455< 10° yr

By 712" 7.038< 10° yr
4 By 0" 2.342< 107 yr

=1y 1/2* 6.75 days

241py 5/2 14.290 yr
7 2%3py 712 4.956 h

™ }H{HHWHHMHW\ zzzgu S <

uted to a systematic- 10% uncertainty on all the fission-
probability values used in this work.
Ill. MODEL OVERVIEW

The model used in this paper to deduce thef) cross
section from surrogatet(pf) fission-probability data is de-

E, (MeV)
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scribed in detail in Ref{1]. For convenience, the important
aspects of the technique are summarized here.
The (t,pf) reaction is assumed to proceed in two sequen-

FIG. 1. Plot of the 2%U(n,f) cross section deduced from tial steps: .first a compound system is formed by a direct
24)(t,pf) data in Ref[1] and compared to the ENDF/B-VI evalu- (t,p) reaction and then, after a comparatively long time, the

ation.

the excitation-energy scale of these datasets has been shift
generally within experimental uncertainties, to match the

equilibrated nucleus fissions. In an earlier work by Cramer
and Britt [6], the neutron-induced fission cross section was
éi@duced from measured, pf) fission probabilities ; 1 as

a function of excitation energkg, of the compound system

fission-probability data measured by Bagtkal.[13,14]. The by simple multiplicgtion with a calculated neutron-
Back et al. data were calibrated more precisely, but are no£°mMPound cross sectioncy(Ey):
optimized for the surrogate-reaction technique applied in this

work. In the most extreme case, th&%Pu(t,pf) data were

T (n,1y(En) = acn(En) P pn(Ex), D

shifted up in energy by 200 keV, a significant amount com- o _ _
pared to the+50 keV uncertainty quoted for the original Where the incident neutron energy, is related to the exci-
data. For more details on the energy shifts, see Reck.  tation energyE, of the compound system by,=E,

[13].

—B,,, with B,, the neutron binding energy. The compound

In all cases the fission probability was measured as &ross sectionocy(E,) was calculated using the code
function of excitation energy in the compound systemABACUS and accepted optical-model parameféisAt that
formed by the directt(p) reaction. “Singles” events corre- time, it was thought that the compound cross section implied
sponding to the detection of the outgoing proton were reby the ABACUS calculation was overestimated bel&y
corded along with coincidences between detected proton anmd1 MeV, and in later efforts to extrach(f) cross sections
fission-fragment signals. The ratio of the number of coinci-from ®He-induced surrogate reactioft5], a constant 3.1 b
dence to singles events, corrected for detection efficiencyalue was used at all energies i@g(E,) instead(see Fig.
gives the probability that the compound system formed by2). In addition, Eq.(1) makes no provision for the different
the (t,p) reaction will subsequently fission. The excitation spin and parity distributions transferred byt,) and
energy of the fissioning nucleus is reconstructed from theéneutron-induced reactions, respectively.
measured proton energy and the kinematics of the reaction. In the present, improved approach, thgp(f) fission

In practice, the singles data were contaminated over locaprobabilities are calculated as a function of excitation energy
ized energy ranges by protons resulting fraiyp] reactions E, by summing the contributions from individual com-
on the carbon backing used to support the actinide sampleppund states. The individual™ components are obtained
and from oxygen nuclei present in the actinide-oxide targefrom the direct-reactiont(p) population probabilitie®;
layer. A background subtraction was applied to the singlesind the probabilityP; of fission from a given stateH,J")
data to eliminate the effect of the contaminants, but contribusing
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FIG. 3. Schematic representation of the statistical fission model
4.0 - . used. The inset shows the difference between barBeasd B,

encountered along parallel fission paths: bafBdras a static octu-
pole deformation, whereas barriBy, is triaxial.

treated in a standard Hill-Wheeler formalism that imple-
ments the schematic representation in Fig. 3. In this picture,
the fissioning nucleus traverses an inner barfierith tri-
axial symmetry, and proceeds through one of the two parallel
fission paths, through a reflection-asymmetric barBeor
another triaxial barrieB,, . Fission through the combined
E, (MeV) barriers is given by a nonresonant penetration formula.
) For each of the decay channels, and for the three barriers
FIG. 2. Compound-nucleus cross section for the neutron-capturg, o tecion channel. the calculation incorporates a set of
reaction calculated in the present work using transmission Coeﬁiéxperimental discrete ,Ievels up to the pairing gap and a con-
cients from DietricH 17] and from oldemBacus results, compared tinuous level density above the pairing gap. The level density
to the constant 3.1-b cross section used by Brital. Note the . . . - .
offset zero in the ordinate scale. is obtalned_ from the_ permutation of partlcles_m the shell-
corrected single-particle spectra at the appropriate saddle and
ground state configurations, using a Strutinsky renormaliza-
p(t’pf)(EX)zz P.p) (3™ P(Ey,d7). (2)  tion process. In the present calculations,_the same set of dis-
a7 crete states was used on top of the fission barriers for each
: - actinide. These discrete transition states were deduced from
The (t,p) population probabilitie® ,)(J") are calculated o, horimental measurements, and have been augmented by
in a distorted-wave Born approximation approach, and theyenerating two-phonon states through the harmonic coupling
are essentially independent of excitation energy over the et the gne-phonon levels. The transition states are given ex-
ergy range of interest. The fission-probability components,jiqiyy in Fig. 3 of Ref.[1]. Discrete states in the first wells
Pi(E4,J") are obtained using the double-humped-barrien,ere”taken from the evaluated nuclear structure data file
statistical fission model summarized in Fig. 3, reproducquNSDF) [18], compiled from experimental results. Where
from Ref.[1]. The P{(E,,J") values are calculated assum- 1, ENSDF data are insufficient, rotational bands have been
ing statistical .competltlon between three possible qeca\éxtended up to the pairing gap using a standard axial-rotor
paths from a given compound statg:decay, neutron emis- {5 mulation of the band-member energies.
sion, and fission. A correction for neutron- and fission-width  5ce the fission-probability componer®s(E, ,J™) are
fluctuations[16] is included but does not have a significant calculated, the rf,f) cross section is obtained by folding
effect on the final estimate of then(f) cross section. The am with a neutron-compound cross sectigg, calculated
y-decay channel is assumed to proceed via statistical electrigii, the same transmission coefficients used in the descrip-
dipole transitions(Partial widths for magnetic dipole radia- {ion of the neutron-emission channel,
tion are typically weaker than the corresponding electric di-
pole widths by several orders of magnitude, and have been
neglected in the present calculatioriBhe neutron-emission g(n’f)(En):E oen(En,d™)P¢(E,, ™). (3
channel is calculated using transmission coefficients ob- a7
tained by making a coupled-channel calculat{d@T]. The
neutron-compound cross section calculated using these trans- The model described above was constructed to incorpo-
mission coefficients is in better agreement with the constantate the important physical aspects of the formation and fis-
3.1-b cross section successfully used in Ré&b] than the  sion processes, with a minimum of adjustable parameters. In
earlier ABACUS result(Fig. 2. The fission channel is fact, only the heights of barrier& and B have been opti-
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mized in the present work to reproduce the measured fissiomore current set of barrier heights for the actinide nuclei
probabilities up to the neutron binding energy. A price mustdiscussed here. To this end, a simplified, nonresonant version
be paid for such a constrained approach and, indeed, th& the double-humped fission-barrier model has been used
mismatch between discrete levels and continuous levelthat averages out any resonant structures observed below the
density formulations becomes apparent as oscillations in theeutron binding energy. Therefore, the barrier heights ob-
fits to many of theP ; 1) datasets abovE,=B,,. Inorderto  tained here cannot be taken literally. The renormalization
compensate for this limitation, a renormalization procedurdechnique introduced in Refl], and repeated in Sec. I,
has been devised, which is thoroughly described in Rdf. compensates for limitations of the simplified model used
Thus, the 0, f) cross sections in E¢3) are multiplied by the  here.

ratio of measured to calculatd®|; , values. It was shown In this section, results for simulated,f) cross sections

in Ref.[1] in the case of th&*®U(n,f) cross section deduced on targets of?40:241.24py 234.236.237.239) - gng 231.233h wjl|

from 23%J(t,pf) data that the results are made more reliablebe presented, discussed, and compared to ENDF/RY/I

and more robust by this renormalization procedure. In effectwhere possible. In a following section, the systematics and
the renormalization process produces a correction factor teeliability of the estimated cross sections will be investi-
Eq. (1) that depends on the differences in angular-momentungated.
distributions in the (,pf) and (n,f) reactions. All the q,f)

cross sections presented in this paper have been renormalized "
in this manner. A. *Pu(n,f)

For all but the thorium case, the height of the parallel Results for the simulated**Pu(n,f) reaction are shown
outer barrierB;, was not adjusted in the present calculationin Fig. 4. In this case, an extensive set of direct measure-
but, rather, was fixed at 6.40 MeV, the value established foments exists. A comparison to the evaluated dataset ENDF/
238 in Ref. [19]. For the Th calculations, the model was B-VI is shown. The estimated cross section is approximately
slightly modified to accommodate the known anomaly in thel5% below the ENDF/B-VI in the neutron energy region
barrier shape. Both barrierd and B were taken to be above 0.5 MeV.
reflection-asymmetric in shape, with the appropriate modifi- The appearance of some gross structure in the region near
cations to the discrete levels and continuous level densitieg,, = 1.5 MeV is within the estimated systematic errors and
built on top of the barriers, and barri&;, was eliminated may well be due to uncertainties in the determination of Pu
altogether. singles distributions in the vicinity of C and O contaminants.

In the case of the eveA-neutron targets?*%Pu, 24U, The previous estimates of Cramer and Bfé{ are also
and 28U, no discrete levels were used in the model, and thesshown in Fig. 4, and the present results are systematically
calculated continuous level-density functions were extendetbwer. This is primarily due to the improved calculations for
below the pairing gap instead. In addition, barrier heightshe neutron-compound-nucleus formation cross section.
were not adjusted to fit th€; ,;) data in those cases, but Similar deviations from the Cramer and Britt estimates will

instead were taken directly from an earlier wog0]. be seen in the other cases presented below.
IV. RESULTS B. 2%py(n.f)
The aim of the present work is to deduce timef() cross Results for the simulated*3Pu(n,f) reaction are shown

sections from {,pf) data, but not necessarily to produce ain Fig. 4. In this case the ENDF/B-VI file is also plotted, but
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there have been no direéf%u measurements of the cross the McNally data at low neutron energies and the Cramr
section due to its short half-life of 5 h. The ENDF/B-VI file results at energies above 1 MeV. The ENDF/B-VII evalua-
is obviously a calculation that bears little relationship to thetion [9], which was generated without prior knowledge of
real cross section, except maybe #>1 MeV. The esti- our work, is consistent with the Cramer values fiy,
mate of Crameet al. for the (n,f) cross section lies higher >1 MeV, and agrees with the present results néar
than the present result, again due to the limitations of the=0.5 MeV. The estimated cross section from the present

optical-model calculation. work is a reevaluation of the Cramer result. It is somewhat
lower and flatter with a mean value of about 0.5 b for neu-
C. 2%(n,f) tron energies above 0.5 MeV, as compared to the previous

Results for the simulated®®U(n,f) cross section are accepted valug2] of about 0.7 b.

shown in Fig. 5. These are the same results as in Fig. 9 OtL The corrtlparlslct)n 0; th?[htr;rr]ee p,[.ev'lousl exlpf[e.rlmegts LW'th
Ref.[1], and are included here for completeness. The esti- € present result and wi eoretical calculations by Lynn

PR : d Hayed21] has been discussed in detail in a separate
mated cross section is in very good agreement with ENDFAN .
B-VI. Above E,=0.5 MeV, the agreement is essentially report[11]. A summary is included here. Below 0.5 MeV, the

within the +10% systematic uncertainty of the data of Britt McNally 7], Cowan[10], and present results are in reason-

et al. [3]. Below 0.5 MeV, the present result exceeds theabIe agreement. The average cross section in the present

ENDF/B-VI evaluation, which is thought to be accurate towork, taken over the rangEn_=O.1—0.4 Me\_/, _is 0.8 times
within 2% belowE, =3 MeV, by 20% at most. Note that the McNally values, well within the uncertainties of the Mc-

this remarkable agreement between deduced and accept'é'&”y ﬁxpefnrr%ﬁnt. APO\TE”:O'SbIMeV' th.e llé(]:tNally valudes
cross sections is achieved even thoughRig,s) data are not r'St.e S far pty- li;{)‘ ica dazgssSm ytexperlm mriasure a
perfectly reproduced by the fission model calculation in Fig.ra 10 of integra an neutron Cross sections, aver-

5(a). The success of the surrogate technique in spite of thi gedﬂ?ver a rakglgtehof heutron e(;l_erqtlhes, dM%FtJMmﬁltelTlal
limitation can be attributed to the renormalization schemd'©™ th€ Same balch as was used in the direct Mcially mea-
discussed in Sec. II. surement. The critical-assembly neutron spectrum was

peaked at about 100 keV with significant flux extending out
D. 21(n.f) to about 2 MeV. The experimental value obtained for the
' ’ integral 22"U/?® cross-section ratio was 0.39D.012.
Results for the?*'U(n,f) cross section are shown in Fig. However, when the same ratio was calculated with the
6. There has been considerable interestity, but previous  critical-assembly spectrum, and assuming the McNally fis-
measurements were extremely difficult to analyze due to itsion cross section, a value of 0.62 was obtained, in disagree-
short half-life of 6.8 days. Figure 6 includes data reported byment with the measured 0.391 result. Using the present re-
McNally et al. [7] and Cowaret al. [10]. The data of Mc-  sults for the?*’U(n,f) cross sections and the same neutron
Nally et al. were obtained using an underground nuclear exspectrum as McNally in Ref7] yields a ratio of 0.43, which
plosion as an intense neutron source, and the measuremeigsl0% higher but in reasonable agreement with the mea-
of Cowanet al. relied on neutron sources with a spectrumsured[8] critical-assembly value of 0.391. It has been as-
peaked near 200 keV. In addition there was a critical-sumed that the discrepancy between the critical assembly
assembly measurement by B&8i, which appeared to con- and McNally integral ratio was due to problems with the
flict with the McNally results. The ENDF/B-VI file follows McNally results at high incident neutron energies, as re-
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FIG. 6. The top panel shows the best(blid curve to mea-
sured 23%U(t,pf) fission-probability datdfilled circles. The verti- FIG. 7. Effect of scaling thé*U(n, ) cross section of McNally
cal dotted line marks the position of the neutron binding energy for€t al. by a multiplicative factor of 0.8 to match the present results
the compound system. The bottom panel shows the deduced croBglowE,=0.4 MeV, and adding a 25% contribution from the con-
section compared to data from McNalgt al. and Cowanet al,  taminant®*Np(n,f) cross section.
and to the deduced cross section from an earlier analysis of the

sameP; ;1) dgta by Cramer and Britt. The ENl_DF/B-VI and ENDF/ due to the short half-lifg23 min), and there is no ENDF/
B-VII evaluations are also plotted for comparison. B-VI file for the 239U(n f) reaction. The238U(t pf) surro-

flected in the ENDF/B-VI evaluation. Based on the presengate reaction is the only experimental technique available to
new results and previous measurements beldy  estimate the?®®U(n,f) cross section, and the results pre-
=0.5 MeV, the likely explanation for this discrepancy is the sented here should be reliable and accurate within the global
presence of a larger contribution froRi’Np (the B-decay  systematic uncertainties discussed in Sec. V.

daughter of2U) than the McNally group originally esti-

mated. In the surrogat€®U(t,pf) measurement, a 99.88%- F. 2 Th(n f)

enriched sample of*®U was used, with a negligible 0.12% _ _ ’ _

23%) contamination[4]. Figure 7 shows a plot of the The thorlum nuclei represent a special class of systems
237y(n,f) cross section deduced in this paper with an addiwhere the barrier structure is not well understood. The treat-
tion of 25% of the®'Np(n, ) cross sectioritaken from Ref. ~ment of the fission barriers in th@"?*Th(n, f) calculations

[2]) compared to the McNally results renormalized by a fac-is discussed in Sec. Ill.

tor of 0.8 to match the present results below 0.4 MeV. The Results for?**Th are shown in Fig. 8. Direct measure-
McNally et al. values are reasonably well reproduced by thisments are practically impossible due to the short half-life
procedure. In a theoretical prediction of tR€U(n,f) cross  (25.5 h, and again there is no corresponding ENDF/B-VI
section, Lynn and Haygd®1] chose to address this problem file. The results presented here should be reliable and accu-
by renormalizing the McNally results to match the critical- rate within the global systematic uncertainties discussed in
assembly integral value. However, based on the argumentsec. V.

above, we believe that the estimated cross sections from the

(t,pf) surrogate reaction obtained from the present work are G. 3Th(n,f)

- 37 .
the most reliable for thé>U(n, ) reaction. Results for the?®Th(n,f) reaction are shown in Fig. 8.

239 For this case, the barrier-height values that fit the data below

E. (n.f) E,=B, do not reproduce the data aboBg. The reason for
Results for the?®U(n, f) simulation are shown in Fig. 5. this discrepancy is not clear but it may be due to an improper

For this case, direct measurements are practically impossibl@odeling of the barrier structure, as discussed in Sec. Il
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However, the renormalization procedure should still yield re- V. DISCUSSION

liable esfumates for ther(f) Cross section. In this section, the comparisons to the ENDF/B-VI evalu-
In this case as well, direct measurements of the

23371 . icallv | ible d ation wherever possible will be discussed. The relation of
(n,f) cross section are practically impossible due tOyheqe results to the earlier attempt by Cramer-Biit to

the short half-life (22.3 min. There is no corresponding estimate ,f) cross section from surrogate, §f) reactions
ENDF/B-VI file. There is, however, a file in the JENDL-3 \;5ing the same datasets utilized in this work, but with a
databas¢22] which agrees very well with the present esti- simpler procedure described in Sec. I, will also be pre-
mate for the ?®3Th(n,f) cross section. The source of the sented.

JENDL-3 evaluation is not clear, but appears to be based on

an analysis of the Cramér?Th(t,pf) data[4]. The results A. ENDE/B-VI

presented here should be reliable and accurate within the

global systematic uncertainties discussed in Sec. V. For the purposes of this paper, the ENDF/B-VI evaluation

is taken as the “gold standard” of currently accepted cross
sections. It should be noted that, the ENDF/B-VI cross sec-
H. 2*%u(n,f), 2%U(n,f), and 2%0(n,f) tions used here are often quoted in the database without un-
certainties, with the exception of tHéU(n,f) cross section,
There are three even-even nuclei available as neutron tawhich is thought to be known to better than 2% féy,
gets that can be measured using the surrogate technique er8 MeV.
corresponding even-odd targets. F8fPu, 23U, and 2%, Table Il presents comparisons of averaged surrogate and
target material for direct n(,f) measurements is readily ENDF/B-VI data for the five cases where the ENDF/B-VI
available. Thus, these cases provide another validation of thevaluations exist. For a global comparison, an average was
technique in a different class of nuclei. Figure 9 shows retaken in the region £ E,, (MeV)<3, where the,f) cross
sults for the simulatedn|f) reactions. In these calculations, sections are all relatively constant with respect to incident
the previously determined barrier parame{@@] were used neutron energy. For targets 6fU, U, and 2*%Pu, the
with no adjustment. As shown in detail in the previctisU deduced K, f) cross sections differ from the accepted ENDF/
paper, the renormalization to the experimentab() fission  B-VI results by less than the estimatedl10% systematic
probabilities corrects for any inadequacies in the fit to theuncertainty quoted in Ref¢4,5]. Deviations in two cases,
measured® ; ,ry values. 2% and ?*Pu, are slightly larger and of opposite sign
Figure 9 shows that the simulated,{) cross sections (+13.5% and—14.6%), respectively. These values and
compare quite well with the ENDF/B-VI files, which are their scatter fit well with the estimatedt 10% uncertainty
based on extensive direat,f) experiments?*®Pu and®*U  estimate, if that estimate is taken as a standard deviation. It
tend to drop slightly below the ENDF/B-VI values at the should be noted that this discussion does not address uncer-
higher end of the energy range, while fi®U there is a tainties in the evaluated ENDF/B-VI cross sections, which
similar deviation in the middle of the energy range. The di-are difficult to discerr{except in the case of th&®U(n,f)
rect (n,f) measurements evaluated in ENDF/B-VI are takencross sectioh In addition to the global comparison, local-
as a reliable reference, and the deviation of the surrogatized differences in shape between the ENDF/B-VI and sur-
results from these reference values will be used in Sec. V toogate cross sections can be seen in Figs. 4—6 and 9. The
quantify the systematic uncertainties in thef() cross sec- differences in shape in the region bel&y=0.5 MeV or so
tions obtained here. are in the=20% range. Abové&,=0.5 MeV, the observed
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discrepancies could be due to the additional uncertainties ito limitations in the correction for the angular-momentum
the (t,pf) singles data in narrow energy regions where reacmismatch betweenn(f) and ¢,pf) reactions.

tions on C and O contaminants contribute peaks that obscure

the measured actinidet,p) cross section. BelowE, B. Comparison to Cramer-Britt (n,f) estimates

=0.5 MeV for the two thermal fissioning target$°U and . .
241py, there is a tendency for the surrogate results to rise In a previous papef6], Cramer and Britt attempted to

more rapidly than the ENDF/B-VI data with decreasing neu_estimate them,f) cross sections for the even-.odc_i nuclei pre-
tron energy. This effect is much less pronounced than ir§ented herg using the samten(f) datasgts.As IS dlscyssed In
previous attempts to deduce the,{) cross section where more detail in Ref-[ll t_he _correc_:tlon for the different
inadequate neutron-compound-nucleus formation cross Segpgular-momentum dlsltr|bu't|ons mt,lp) and neutron-
tions were used6]. These residual discrepancies could bemduced reactions, which is most important _beldi\ﬁ
due either to uncertainties in the compound cross sections, o:ro‘5 MeV, allows the current surrogate technique o be
used down to the energy resolution limit of the experiment,
0.1 MeV. The present results also differ from the earlier
TABLE Il Average cross sections for<lE, (MeV)=<3 ob-  Cramer-Britt estimates because of a much improved set of

tained in the present surrogate work{{{}) compared to the calculated compound-nucleus formation cross sectjai@$

ENDF/B-VI evaluation ¢{2""). for the neutron channels. The success of the surrogate tech-
nique, where a comparison with independent measurements
Neutron oy e Relative is possible, is evidence for the accuracy of the calculated
target (b) (b) deviation (%) neutron transmission coefficients.
zzg 137 1.45 —55 VI. SUMMARY
1.23 1.23 0.0

By 0.87 0.77 +13.5 We have presented a reliable set of estimated)(cross
240py 1.51 1.61 -6.2 sections for several thermally fissionable actinide nuclei that
241p 1.40 1.64 —14.6 are “unmeasurable” by direct techniques due to lifetime

limitations of appropriate target material. Based on the com-
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parison with five independently measurenl, f) cross sec- actinide beams from a fragmentation facility. The singles-
tions, the surrogate technique appears to be reliable withinontaminant problem endemic to previousp(f) experi-
the estimated uncertainties of theff) data set§10% glo- ments could be mitigated in inverse-kinematics measure-
bally and 20% locally. Within this accuracy range, the cal- ments. Depending on the construction of the tritium targets
culated neutron-compound cross sections appear adequassd the detector geometry, the contaminant peaks can be
with the possibility that some improvements might beshifted to more propitious energies. The inverse techniques
achieved belovE,=0.5 MeV. In addition to thet(p) data have yet to be developed but they will clearly be important in
discussed in this paper, fission-probability measurements efuture attempts to deduce neutron cross sections on unstable
ist for a variety of other, mostly odd; nuclei, primarily  elements produced at a radioactive beam facility.
from 3He-induced reactions. In a subsequent paper, the Another possibility for a two-neutron transfer reaction
present model will be extended to handlde-induced reac- would be ¢80,'%0). However, this is likely to be more dif-
tions and update the earlier attempt of Britt and Wilhelmyficult than using thet(p) reaction. Since most of the cross
[15] to estimate ,f) cross sections on targets 61°2*l,  sections tend to be contained in a momentum-matching
232-238\p, 236.23py, and?3® 244Am. These datasets are in- “ Q-value window” [23], which is likely to be narrower for
teresting because they provide fission-probability data up t¢'%0,1%0) than for the {,p) reaction, the usefulness of the
much higher energies than has been possible in thgf  heavy-ion transfer reaction will depend on where this win-
experiments(e.g., up toE,~6 MeV). With a more exten- dow falls relative to the fission-barrier heights. Furthermore,
sive range of neutron energies, certain aspects of the curreatbetter energy resolution can be achieved with the)(
model, such as the continuous level-density formulationsteaction, compared to thé%0,%0) reaction. To our knowl-
can be more thoroughly refined and tested. edge, the surrogate*®0,®0f) reaction has not been at-
The main limitations of the present results are the uncertempted and, in spite of potential experimental difficulties, is
tainties in the {,pf) data and the fact that the datasets onlyworth considering as an alternative to ttiep(f) reaction.
extend to 2.2 MeV. The energy resolution in the experimental
data imposes a lower limit for the technique at ab&ut
=0.1 MeV. The upper limit ofE,~2.2 MeV was taken to
stay below the triton breakup energy but, in practice, was Valuable input on this project came from continuing dis-
also dictated by the contamination of the singles spectra by Cussions with John A. Becker, Jerry B. Wilhelmy, Frank S.
and O peaks. At present there are no triton beams availablBietrich, and Dennis P. McNabb. This work was performed
in the world, and the Cramer experiment cannot be repeatednder the auspices of the U.S. Department of Energy by the
or improved upon. However, in at least a few cases, théJniversity of California, Lawrence Livermore National
experiments could be revisited in inverse kinematics withLaboratory under Contract No. W-7405-Eng-48.
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