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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 targets of240,241,243Pu, 234,236,237,239U, and
231,233Th from En5100 keV to '2.5 MeV using surrogate (t,p f) fission-probability data and a detailed
statistical model to compensate for the difference between neutron-induced and (t,p) reactions. This paper
extends the results of previous work on the235U(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% belowEn'0.5 MeV and 10% at higher energies. The
case of the237U(n, f ) cross section, simulated from surrogate (t,p f) data, is investigated in greater detail to
reconcile contradictory measurements in the literature.

DOI: 10.1103/PhysRevC.68.034610 PACS number~s!: 25.85.Ec, 25.40.2h, 25.85.Ge
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I. INTRODUCTION

Surrogate reactions, coupled with modeling, can be u
to estimate nuclear properties in systems that may be im
tant in some environments, but for which appropriate targ
may not be available for a direct measurement. One exam
of this technique is the direct-reaction fission-correlat
measurement using the reaction (t,p f) on a target of mass
A to simulate neutron-induced fission on a target of m
A11.

In a previous paper@1#, a model was developed to conve
fission-probability data obtained in the direct-reacti
fission-correlation measurement,234U(t,p f), to an estimated
neutron-induced fission cross sections@235U(n, f )#. The de-
duced cross section is reproduced in Fig. 1, and compare
the accepted values in the evaluated nuclear data file~ENDF/
B-VI ! @2#. The ENDF/B-VI evaluation in this case is base
on the covariance analysis of experimental data, and
thought to be accurate within 2% in the neutron energy ra
displayed. This model contains corrections to the fiss
probabilities due to the difference in the angular-moment
distributions excited in the (t,p f) and (n, f ) reactions. Esti-
mated (n, f ) cross sections were then obtained by multip
ing the fission probabilities with calculated neutro
compound-nucleus formation cross sections for each s
parity in the compound system, and summing these pa
contributions. In both the previous paper and the pres
work, the ENDF/B-VI compilation has been used as a ben
mark because it incorporates recent measurements of (n, f )
cross section, where they are available, or reasonable c
lations where there are no experimental data. For neu
energies above about 0.5 MeV, the235U(n, f ) results showed
agreement to within the estimated610% uncertainty quoted
for the (t,p f) fission-probability results@3–5#. For energies
in the 0.1–0.5 MeV range, the estimated cross secti
tended to exceed established ENDF/B-VI values by up
20%. It was not clear whether the discrepancy at the lo
incident neutron energies was due to limitations in
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neutron-compound-nucleus formation cross sections or to
correction factors for the different angular-momentum dis
butions in (t,p f) and (n, f ) reactions.

There is a large amount of fission-probability data ava
able for a wide range of actinide nuclei. In earlier (t,p f)
experiments@3–5#, data were obtained on a series of Th,
and Pu isotopes, and a simplistic model was used to con
these fission probabilities to estimated (n, f ) cross sections
for neutron energies in the range 1–2 MeV@6#. The 235U test
discussed above showed that the current model@1# could
improve on these cross-section estimates and extend the
plicable neutron energy range to 0.1–2.2 MeV. The sur
gate targets available in the (t,p f) datasets@3–5# are shown
in Table I. There are five cases (234,235,236U and 240,241Pu)
where high-quality direct measurements of the (n, f ) cross
section can be used to further test the technique. For237U
(T1/256.8 days!, several very difficult experiments
@7,8,10,11# have yielded inconsistent data with large unc
tainties and so there is a significant question as to the m
nitude and shape of this cross section. The remaining c
(231,233Th, 239U, and 243Pu) with half lives from minutes to
hours cannot be measured directly, but their fission cr
sections could be important in environments where multi
neutron captures are possible on a short time scale.

In this paper, we obtain estimated (n, f ) cross sections for
targets of 240,241,243Pu, 234,236,237,239U, and 231,233Th in the
neutron energy range 0.1–2.2 MeV. Where possible, res
are compared to the ENDF/B-VI@2# evaluation to estimate
the reliability of the method. The237U case is discussed in
detail and the overall systematics of (n, f ) cross sections in
this region are presented. Tabulated values of the fiss
probability data and deduced (n, f ) cross sections are bein
made available separately@12#.

II. EXPERIMENTAL DETAILS

The data used in this paper were taken from work by B
et al. @3# in the case of the234U(t,p f) reaction, from Cramer
and Britt @4# for the 230,232Th(t,p f), 236,238U(t,p f), and
240,242Pu(t,p f) reactions, and from Britt and Cramer@5# for
the 233,235U(t,p f) and 239Pu(t,p f) studies. In some cases
©2003 The American Physical Society10-1
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the excitation-energy scale of these datasets has been sh
generally within experimental uncertainties, to match
fission-probability data measured by Backet al. @13,14#. The
Back et al. data were calibrated more precisely, but are
optimized for the surrogate-reaction technique applied in
work. In the most extreme case, the239Pu(t,p f) data were
shifted up in energy by 200 keV, a significant amount co
pared to the650 keV uncertainty quoted for the origina
data. For more details on the energy shifts, see Backet al.
@13#.

In all cases the fission probability was measured a
function of excitation energy in the compound syste
formed by the direct (t,p) reaction. ‘‘Singles’’ events corre
sponding to the detection of the outgoing proton were
corded along with coincidences between detected proton
fission-fragment signals. The ratio of the number of coin
dence to singles events, corrected for detection efficie
gives the probability that the compound system formed
the (t,p) reaction will subsequently fission. The excitatio
energy of the fissioning nucleus is reconstructed from
measured proton energy and the kinematics of the react

In practice, the singles data were contaminated over lo
ized energy ranges by protons resulting from (t,p) reactions
on the carbon backing used to support the actinide samp
and from oxygen nuclei present in the actinide-oxide tar
layer. A background subtraction was applied to the sing
data to eliminate the effect of the contaminants, but cont

0.0

0.5

1.0

1.5

2.0

2.5
σ

(n
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 Present work

FIG. 1. Plot of the 235U(n, f ) cross section deduced from
234U(t,p f) data in Ref.@1# and compared to the ENDF/B-VI evalu
ation.
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uted to a systematic610% uncertainty on all the fission
probability values used in this work.

III. MODEL OVERVIEW

The model used in this paper to deduce the (n, f ) cross
section from surrogate (t,p f) fission-probability data is de
scribed in detail in Ref.@1#. For convenience, the importan
aspects of the technique are summarized here.

The (t,p f) reaction is assumed to proceed in two sequ
tial steps: first a compound system is formed by a dir
(t,p) reaction and then, after a comparatively long time,
equilibrated nucleus fissions. In an earlier work by Cram
and Britt @6#, the neutron-induced fission cross section w
deduced from measured (t,p f) fission probabilitiesP(t,p f) as
a function of excitation energyEx of the compound system
by simple multiplication with a calculated neutron
compound cross sectionsCN(En):

s (n, f )~En!5sCN~En!P(t,p f)~Ex!, ~1!

where the incident neutron energyEn is related to the exci-
tation energy Ex of the compound system byEn5Ex
2Bn , with Bn the neutron binding energy. The compoun
cross sectionsCN(En) was calculated using the cod
ABACUS and accepted optical-model parameters@6#. At that
time, it was thought that the compound cross section imp
by the ABACUS calculation was overestimated belowEn
'1 MeV, and in later efforts to extract (n, f ) cross sections
from 3He-induced surrogate reactions@15#, a constant 3.1 b
value was used at all energies forsCN(En) instead~see Fig.
2!. In addition, Eq.~1! makes no provision for the differen
spin and parity distributions transferred by (t,p) and
neutron-induced reactions, respectively.

In the present, improved approach, the (t,p f) fission
probabilities are calculated as a function of excitation ene
Ex by summing the contributions from individualJp com-
pound states. The individualJp components are obtaine
from the direct-reaction (t,p) population probabilitiesP(t,p)
and the probabilityPf of fission from a given state (Ex ,Jp)
using

TABLE I. List of neutron targets and their properties studied
the surrogate (t,p) reaction in this work.

Neutron Jp T1/2

target

231Th 5/21 25.52 h
233Th 1/21 22.3 min
234U 01 2.4553105 yr
235U 7/22 7.0383108 yr
236U 01 2.3423107 yr
237U 1/21 6.75 days
239U 5/21 23.45 min
240Pu 01 6564 yr
241Pu 5/21 14.290 yr
243Pu 7/21 4.956 h
0-2
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P(t,p f)~Ex!5(
Jp

P(t,p)~Jp!Pf~Ex ,Jp!. ~2!

The (t,p) population probabilitiesP(t,p)(J
p) are calculated

in a distorted-wave Born approximation approach, and t
are essentially independent of excitation energy over the
ergy range of interest. The fission-probability compone
Pf(Ex ,Jp) are obtained using the double-humped-barr
statistical fission model summarized in Fig. 3, reproduc
from Ref. @1#. The Pf(Ex ,Jp) values are calculated assum
ing statistical competition between three possible de
paths from a given compound state:g decay, neutron emis
sion, and fission. A correction for neutron- and fission-wid
fluctuations@16# is included but does not have a significa
effect on the final estimate of the (n, f ) cross section. The
g-decay channel is assumed to proceed via statistical ele
dipole transitions.~Partial widths for magnetic dipole radia
tion are typically weaker than the corresponding electric
pole widths by several orders of magnitude, and have b
neglected in the present calculations.! The neutron-emission
channel is calculated using transmission coefficients
tained by making a coupled-channel calculation@17#. The
neutron-compound cross section calculated using these t
mission coefficients is in better agreement with the cons
3.1-b cross section successfully used in Ref.@15# than the
earlier ABACUS result ~Fig. 2!. The fission channel is

FIG. 2. Compound-nucleus cross section for the neutron-cap
reaction calculated in the present work using transmission co
cients from Dietrich@17# and from olderABACUS results, compared
to the constant 3.1-b cross section used by Brittet al. Note the
offset zero in the ordinate scale.
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treated in a standard Hill-Wheeler formalism that imp
ments the schematic representation in Fig. 3. In this pictu
the fissioning nucleus traverses an inner barrierA with tri-
axial symmetry, and proceeds through one of the two para
fission paths, through a reflection-asymmetric barrierB or
another triaxial barrierBII . Fission through the combine
barriers is given by a nonresonant penetration formula.

For each of the decay channels, and for the three barr
in the fission channel, the calculation incorporates a se
experimental discrete levels up to the pairing gap and a c
tinuous level density above the pairing gap. The level den
is obtained from the permutation of particles in the she
corrected single-particle spectra at the appropriate saddle
ground state configurations, using a Strutinsky renormal
tion process. In the present calculations, the same set of
crete states was used on top of the fission barriers for e
actinide. These discrete transition states were deduced
experimental measurements, and have been augmente
generating two-phonon states through the harmonic coup
of the one-phonon levels. The transition states are given
plicitly in Fig. 3 of Ref. @1#. Discrete states in the first well
were taken from the evaluated nuclear structure data
~ENSDF! @18#, compiled from experimental results. Whe
the ENSDF data are insufficient, rotational bands have b
extended up to the pairing gap using a standard axial-r
formulation of the band-member energies.

Once the fission-probability componentsPf(Ex ,Jp) are
calculated, the (n, f ) cross section is obtained by foldin
them with a neutron-compound cross sectionsCN calculated
with the same transmission coefficients used in the desc
tion of the neutron-emission channel,

s (n, f )~En!5(
Jp

sCN~En ,Jp!Pf~Ex ,Jp!. ~3!

The model described above was constructed to incor
rate the important physical aspects of the formation and
sion processes, with a minimum of adjustable parameters
fact, only the heights of barriersA and B have been opti-
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FIG. 3. Schematic representation of the statistical fission mo
used. The inset shows the difference between barriersB and BII

encountered along parallel fission paths: barrierB has a static octu-
pole deformation, whereas barrierBII is triaxial.
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FIG. 4. Best fits~solid curves!
to P(t,p f) data ~filled circles! for

~a! 240Pu(t,p f) and ~c!
242Pu(t,p f) measurements, and
the correspondingly deduced~b!
241Pu(n, f ) and ~d! 243Pu(n, f )
cross sections, respectively. I
panels~a! and~c!, the vertical dot-
ted line marks the position of the
neutron binding energy for the
compound system. Comparison
to estimated (n, f ) cross sections
by Cramer and Britt and to the
ENDF/B-VI evaluation are also
shown in panels~b! and ~d!.
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mized in the present work to reproduce the measured fis
probabilities up to the neutron binding energy. A price m
be paid for such a constrained approach and, indeed,
mismatch between discrete levels and continuous le
density formulations becomes apparent as oscillations in
fits to many of theP(t,p f) datasets aboveEx5Bn . In order to
compensate for this limitation, a renormalization proced
has been devised, which is thoroughly described in Ref.@1#.
Thus, the (n, f ) cross sections in Eq.~3! are multiplied by the
ratio of measured to calculatedP(t,p f) values. It was shown
in Ref. @1# in the case of the235U(n, f ) cross section deduce
from 234U(t,p f) data that the results are made more relia
and more robust by this renormalization procedure. In eff
the renormalization process produces a correction facto
Eq. ~1! that depends on the differences in angular-momen
distributions in the (t,p f) and (n, f ) reactions. All the (n, f )
cross sections presented in this paper have been renorma
in this manner.

For all but the thorium case, the height of the para
outer barrierBII was not adjusted in the present calculati
but, rather, was fixed at 6.40 MeV, the value established
238U in Ref. @19#. For the Th calculations, the model wa
slightly modified to accommodate the known anomaly in
barrier shape. Both barriersA and B were taken to be
reflection-asymmetric in shape, with the appropriate mod
cations to the discrete levels and continuous level dens
built on top of the barriers, and barrierBII was eliminated
altogether.

In the case of the even-A neutron targets,240Pu, 234U,
and 236U, no discrete levels were used in the model, and
calculated continuous level-density functions were exten
below the pairing gap instead. In addition, barrier heig
were not adjusted to fit theP(t,p f) data in those cases, bu
instead were taken directly from an earlier work@20#.

IV. RESULTS

The aim of the present work is to deduce the (n, f ) cross
sections from (t,p f) data, but not necessarily to produce
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more current set of barrier heights for the actinide nuc
discussed here. To this end, a simplified, nonresonant ver
of the double-humped fission-barrier model has been u
that averages out any resonant structures observed below
neutron binding energy. Therefore, the barrier heights
tained here cannot be taken literally. The renormalizat
technique introduced in Ref.@1#, and repeated in Sec. III
compensates for limitations of the simplified model us
here.

In this section, results for simulated (n, f ) cross sections
on targets of240,241,243Pu, 234,236,237,239U, and 231,233Th will
be presented, discussed, and compared to ENDF/B-VI@2#,
where possible. In a following section, the systematics a
reliability of the estimated cross sections will be inves
gated.

A. 241Pu„n,f …

Results for the simulated241Pu(n, f ) reaction are shown
in Fig. 4. In this case, an extensive set of direct measu
ments exists. A comparison to the evaluated dataset EN
B-VI is shown. The estimated cross section is approximat
15% below the ENDF/B-VI in the neutron energy regio
above 0.5 MeV.

The appearance of some gross structure in the region
En 5 1.5 MeV is within the estimated systematic errors a
may well be due to uncertainties in the determination of
singles distributions in the vicinity of C and O contaminan

The previous estimates of Cramer and Britt@6# are also
shown in Fig. 4, and the present results are systematic
lower. This is primarily due to the improved calculations f
the neutron-compound-nucleus formation cross sect
Similar deviations from the Cramer and Britt estimates w
be seen in the other cases presented below.

B. 243Pu„n,f …

Results for the simulated243Pu(n, f ) reaction are shown
in Fig. 4. In this case the ENDF/B-VI file is also plotted, b
0-4
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FIG. 5. Same as in Fig. 4, bu
for ~a! 234U(t,p f) and ~c!
238U(t,p f) measurements, and th
correspondingly deduced ~b!
235U(n, f ) and~d! 239U(n, f ) cross
sections, respectively.
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there have been no direct243Pu measurements of the cro
section due to its short half-life of 5 h. The ENDF/B-VI fil
is obviously a calculation that bears little relationship to t
real cross section, except maybe forEn.1 MeV. The esti-
mate of Crameret al. for the (n, f ) cross section lies highe
than the present result, again due to the limitations of
optical-model calculation.

C. 235U„n,f …

Results for the simulated235U(n, f ) cross section are
shown in Fig. 5. These are the same results as in Fig.
Ref. @1#, and are included here for completeness. The e
mated cross section is in very good agreement with EN
B-VI. Above En50.5 MeV, the agreement is essentia
within the 610% systematic uncertainty of the data of Br
et al. @3#. Below 0.5 MeV, the present result exceeds t
ENDF/B-VI evaluation, which is thought to be accurate
within 2% belowEn53 MeV, by 20% at most. Note tha
this remarkable agreement between deduced and acce
cross sections is achieved even though theP(t,p f) data are not
perfectly reproduced by the fission model calculation in F
5~a!. The success of the surrogate technique in spite of
limitation can be attributed to the renormalization sche
discussed in Sec. III.

D. 237U„n,f …

Results for the237U(n, f ) cross section are shown in Fig
6. There has been considerable interest in237U, but previous
measurements were extremely difficult to analyze due to
short half-life of 6.8 days. Figure 6 includes data reported
McNally et al. @7# and Cowanet al. @10#. The data of Mc-
Nally et al. were obtained using an underground nuclear
plosion as an intense neutron source, and the measurem
of Cowanet al. relied on neutron sources with a spectru
peaked near 200 keV. In addition there was a critic
assembly measurement by Barr@8#, which appeared to con
flict with the McNally results. The ENDF/B-VI file follows
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the McNally data at low neutron energies and the Cramer@4#
results at energies above 1 MeV. The ENDF/B-VII evalu
tion @9#, which was generated without prior knowledge
our work, is consistent with the Cramer values forEn

.1 MeV, and agrees with the present results nearEn

50.5 MeV. The estimated cross section from the pres
work is a reevaluation of the Cramer result. It is somew
lower and flatter with a mean value of about 0.5 b for ne
tron energies above 0.5 MeV, as compared to the prev
accepted value@2# of about 0.7 b.

The comparison of the three previous experiments w
the present result and with theoretical calculations by Ly
and Hayes@21# has been discussed in detail in a separ
report@11#. A summary is included here. Below 0.5 MeV, th
McNally @7#, Cowan@10#, and present results are in reaso
able agreement. The average cross section in the pre
work, taken over the rangeEn50.1–0.4 MeV, is 0.8 times
the McNally values, well within the uncertainties of the M
Nally experiment. AboveEn50.5 MeV, the McNally values
rise sharply. The critical assembly experiment@8# measured a
ratio of integral 237U and 235U neutron cross sections, ave
aged over a range of neutron energies, with237U material
from the same batch as was used in the direct McNally m
surement. The critical-assembly neutron spectrum w
peaked at about 100 keV with significant flux extending o
to about 2 MeV. The experimental value obtained for t
integral 237U/235U cross-section ratio was 0.39160.012.
However, when the same ratio was calculated with
critical-assembly spectrum, and assuming the McNally
sion cross section, a value of 0.62 was obtained, in disag
ment with the measured 0.391 result. Using the present
sults for the237U(n, f ) cross sections and the same neutr
spectrum as McNally in Ref.@7# yields a ratio of 0.43, which
is 10% higher but in reasonable agreement with the m
sured @8# critical-assembly value of 0.391. It has been a
sumed that the discrepancy between the critical assem
and McNally integral ratio was due to problems with th
McNally results at high incident neutron energies, as
0-5
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flected in the ENDF/B-VI evaluation. Based on the pres
new results and previous measurements belowEn
50.5 MeV, the likely explanation for this discrepancy is t
presence of a larger contribution from237Np ~the b-decay
daughter of 237U) than the McNally group originally esti
mated. In the surrogate236U(t,p f) measurement, a 99.88%
enriched sample of236U was used, with a negligible 0.12%
235U contamination @4#. Figure 7 shows a plot of the
237U(n, f ) cross section deduced in this paper with an ad
tion of 25% of the237Np(n, f ) cross section~taken from Ref.
@2#! compared to the McNally results renormalized by a fa
tor of 0.8 to match the present results below 0.4 MeV. T
McNally et al.values are reasonably well reproduced by t
procedure. In a theoretical prediction of the237U(n, f ) cross
section, Lynn and Hayes@21# chose to address this proble
by renormalizing the McNally results to match the critica
assembly integral value. However, based on the argum
above, we believe that the estimated cross sections from
(t,p f) surrogate reaction obtained from the present work
the most reliable for the237U(n, f ) reaction.

E. 239U„n,f …

Results for the239U(n, f ) simulation are shown in Fig. 5
For this case, direct measurements are practically imposs

 

FIG. 6. The top panel shows the best fit~solid curve! to mea-
sured 236U(t,p f) fission-probability data~filled circles!. The verti-
cal dotted line marks the position of the neutron binding energy
the compound system. The bottom panel shows the deduced
section compared to data from McNallyet al. and Cowanet al.,
and to the deduced cross section from an earlier analysis of
sameP(t,p f) data by Cramer and Britt. The ENDF/B-VI and ENDF
B-VII evaluations are also plotted for comparison.
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due to the short half-life~23 min!, and there is no ENDF/
B-VI file for the 239U(n, f ) reaction. The238U(t,p f) surro-
gate reaction is the only experimental technique available
estimate the239U(n, f ) cross section, and the results pr
sented here should be reliable and accurate within the gl
systematic uncertainties discussed in Sec. V.

F. 231Th„n,f …

The thorium nuclei represent a special class of syste
where the barrier structure is not well understood. The tre
ment of the fission barriers in the231,233Th(n, f ) calculations
is discussed in Sec. III.

Results for 231Th are shown in Fig. 8. Direct measure
ments are practically impossible due to the short half-
~25.5 h!, and again there is no corresponding ENDF/B-
file. The results presented here should be reliable and a
rate within the global systematic uncertainties discussed
Sec. V.

G. 233Th„n,f …

Results for the233Th(n, f ) reaction are shown in Fig. 8
For this case, the barrier-height values that fit the data be
Ex5Bn do not reproduce the data aboveBn . The reason for
this discrepancy is not clear but it may be due to an impro
modeling of the barrier structure, as discussed in Sec.

r
oss

he

FIG. 7. Effect of scaling the237U(n, f ) cross section of McNally
et al. by a multiplicative factor of 0.8 to match the present resu
belowEn50.4 MeV, and adding a 25% contribution from the co
taminant237Np(n, f ) cross section.
0-6
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FIG. 8. Same as in Fig. 4, but for~a!
230Th(t,p f) and ~c! 232Th(t,p f) measurements
and the correspondingly deduced~b! 231Th(n, f ),
and ~d! 233Th(n, f ) cross sections, respectively.
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However, the renormalization procedure should still yield
liable estimates for the (n, f ) cross section.

In this case as well, direct measurements of
233Th(n, f ) cross section are practically impossible due
the short half-life ~22.3 min!. There is no correspondin
ENDF/B-VI file. There is, however, a file in the JENDL-
database@22# which agrees very well with the present es
mate for the 233Th(n, f ) cross section. The source of th
JENDL-3 evaluation is not clear, but appears to be based
an analysis of the Cramer232Th(t,p f) data@4#. The results
presented here should be reliable and accurate within
global systematic uncertainties discussed in Sec. V.

H. 240Pu„n,f …, 234U„n,f …, and 236U„n,f …

There are three even-even nuclei available as neutron
gets that can be measured using the surrogate techniqu
corresponding even-odd targets. For240Pu, 234U, and 236U,
target material for direct (n, f ) measurements is readil
available. Thus, these cases provide another validation o
technique in a different class of nuclei. Figure 9 shows
sults for the simulated (n, f ) reactions. In these calculation
the previously determined barrier parameters@20# were used
with no adjustment. As shown in detail in the previous235U
paper, the renormalization to the experimental (t,p f) fission
probabilities corrects for any inadequacies in the fit to
measuredP(t,p f) values.

Figure 9 shows that the simulated (n, f ) cross sections
compare quite well with the ENDF/B-VI files, which ar
based on extensive direct (n, f ) experiments.240Pu and234U
tend to drop slightly below the ENDF/B-VI values at th
higher end of the energy range, while in236U there is a
similar deviation in the middle of the energy range. The
rect (n, f ) measurements evaluated in ENDF/B-VI are tak
as a reliable reference, and the deviation of the surrog
results from these reference values will be used in Sec. V
quantify the systematic uncertainties in the (n, f ) cross sec-
tions obtained here.
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V. DISCUSSION

In this section, the comparisons to the ENDF/B-VI eva
ation wherever possible will be discussed. The relation
these results to the earlier attempt by Cramer-Britt@6# to
estimate (n, f ) cross section from surrogate (t,p f) reactions
using the same datasets utilized in this work, but with
simpler procedure described in Sec. III, will also be p
sented.

A. ENDFÕB-VI

For the purposes of this paper, the ENDF/B-VI evaluati
is taken as the ‘‘gold standard’’ of currently accepted cro
sections. It should be noted that, the ENDF/B-VI cross s
tions used here are often quoted in the database without
certainties, with the exception of the235U(n, f ) cross section,
which is thought to be known to better than 2% forEn
,3 MeV.

Table II presents comparisons of averaged surrogate
ENDF/B-VI data for the five cases where the ENDF/B-V
evaluations exist. For a global comparison, an average
taken in the region 1,En (MeV),3, where the (n, f ) cross
sections are all relatively constant with respect to incid
neutron energy. For targets of234U, 235U, and 240Pu, the
deduced (n, f ) cross sections differ from the accepted END
B-VI results by less than the estimated610% systematic
uncertainty quoted in Refs.@4,5#. Deviations in two cases
236U and 241Pu, are slightly larger and of opposite sign
(113.5% and214.6%), respectively. These values a
their scatter fit well with the estimated610% uncertainty
estimate, if that estimate is taken as a standard deviatio
should be noted that this discussion does not address un
tainties in the evaluated ENDF/B-VI cross sections, wh
are difficult to discern@except in the case of the235U(n, f )
cross section#. In addition to the global comparison, loca
ized differences in shape between the ENDF/B-VI and s
rogate cross sections can be seen in Figs. 4–6 and 9.
differences in shape in the region belowEn50.5 MeV or so
are in the620% range. AboveEn50.5 MeV, the observed
0-7
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FIG. 9. Calculated ~solid
curves! and measuredP(t,p f) val-
ues ~filled circles! for the ~a!
239Pu(t,p f), ~c! 233U(t,p f), and
~e! 235U(t,p f) reactions, and the
correspondingly deduced ~b!
240Pu(n, f ), ~d! 234U(n, f ), and~f!
236U(n, f ) cross sections, respec
tively. The P(t,p f) calculations in
panels~a!, ~c!, and ~e! were per-
formed using previously estab
lished barrier-height values@15#.
In panels~a!, ~c!, and~e! the ver-
tical dotted line marks the position
of the neutron binding energy fo
the compound system. Compar
sons to the ENDF/B-VI evaluation
are shown in panels~b!, ~d!, and
~f!.
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discrepancies could be due to the additional uncertaintie
the (t,p f) singles data in narrow energy regions where re
tions on C and O contaminants contribute peaks that obs
the measured actinide (t,p) cross section. BelowEn
50.5 MeV for the two thermal fissioning targets,235U and
241Pu, there is a tendency for the surrogate results to
more rapidly than the ENDF/B-VI data with decreasing ne
tron energy. This effect is much less pronounced than
previous attempts to deduce the (n, f ) cross section where
inadequate neutron-compound-nucleus formation cross
tions were used@6#. These residual discrepancies could
due either to uncertainties in the compound cross section

TABLE II. Average cross sections for 1<En (MeV)<3 ob-

tained in the present surrogate work (s̄ (n, f )
(surr)) compared to the

ENDF/B-VI evaluation (s̄ (n, f )
(endf)).

Neutron s̄ (n, f )
(surr) s̄ (n, f )

(endf) Relative

target ~b! ~b! deviation~%!

234U 1.37 1.45 25.5
235U 1.23 1.23 0.0
236U 0.87 0.77 113.5
240Pu 1.51 1.61 26.2
241Pu 1.40 1.64 214.6
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to limitations in the correction for the angular-momentu
mismatch between (n, f ) and (t,p f) reactions.

B. Comparison to Cramer-Britt „n,f … estimates

In a previous paper@6#, Cramer and Britt attempted to
estimate the (n, f ) cross sections for the even-odd nuclei pr
sented here using the same (t,p f) datasets. As is discussed
more detail in Ref.@1#, the correction for the differen
angular-momentum distributions in (t,p) and neutron-
induced reactions, which is most important belowEn
50.5 MeV, allows the current surrogate technique to
used down to the energy resolution limit of the experime
0.1 MeV. The present results also differ from the earl
Cramer-Britt estimates because of a much improved se
calculated compound-nucleus formation cross sections@17#
for the neutron channels. The success of the surrogate t
nique, where a comparison with independent measurem
is possible, is evidence for the accuracy of the calcula
neutron transmission coefficients.

VI. SUMMARY

We have presented a reliable set of estimated (n, f ) cross
sections for several thermally fissionable actinide nuclei t
are ‘‘unmeasurable’’ by direct techniques due to lifetim
limitations of appropriate target material. Based on the co
0-8
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parison with five independently measured (n, f ) cross sec-
tions, the surrogate technique appears to be reliable wi
the estimated uncertainties of the (t,p f) data sets~10% glo-
bally and 20% locally!. Within this accuracy range, the ca
culated neutron-compound cross sections appear adeq
with the possibility that some improvements might
achieved belowEn50.5 MeV. In addition to the (t,p) data
discussed in this paper, fission-probability measurements
ist for a variety of other, mostly odd-Z, nuclei, primarily
from 3He-induced reactions. In a subsequent paper,
present model will be extended to handle3He-induced reac-
tions and update the earlier attempt of Britt and Wilhelm
@15# to estimate (n, f ) cross sections on targets of230,231U,
2322238Np, 236,237Pu, and2382244Am. These datasets are in
teresting because they provide fission-probability data u
much higher energies than has been possible in the (t,p f)
experiments~e.g., up toEn'6 MeV). With a more exten-
sive range of neutron energies, certain aspects of the cu
model, such as the continuous level-density formulatio
can be more thoroughly refined and tested.

The main limitations of the present results are the unc
tainties in the (t,p f) data and the fact that the datasets o
extend to 2.2 MeV. The energy resolution in the experimen
data imposes a lower limit for the technique at aboutEn
50.1 MeV. The upper limit ofEn'2.2 MeV was taken to
stay below the triton breakup energy but, in practice, w
also dictated by the contamination of the singles spectra b
and O peaks. At present there are no triton beams avail
in the world, and the Cramer experiment cannot be repe
or improved upon. However, in at least a few cases,
experiments could be revisited in inverse kinematics w
a

K

n

rt

,

ys
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actinide beams from a fragmentation facility. The single
contaminant problem endemic to previous (t,p f) experi-
ments could be mitigated in inverse-kinematics measu
ments. Depending on the construction of the tritium targ
and the detector geometry, the contaminant peaks can
shifted to more propitious energies. The inverse techniq
have yet to be developed but they will clearly be important
future attempts to deduce neutron cross sections on uns
elements produced at a radioactive beam facility.

Another possibility for a two-neutron transfer reactio
would be (18O,16O). However, this is likely to be more dif
ficult than using the (t,p) reaction. Since most of the cros
sections tend to be contained in a momentum-match
‘‘ Q-value window’’ @23#, which is likely to be narrower for
(18O,16O) than for the (t,p) reaction, the usefulness of th
heavy-ion transfer reaction will depend on where this w
dow falls relative to the fission-barrier heights. Furthermo
a better energy resolution can be achieved with the (t,p)
reaction, compared to the (18O,16O) reaction. To our knowl-
edge, the surrogate (18O,16Of ) reaction has not been a
tempted and, in spite of potential experimental difficulties
worth considering as an alternative to the (t,p f) reaction.
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