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239Pu„n,2n…238Pu cross section deduced using a combination of experiment and theory
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The 239Pu(n,2n)238Pu cross section has been deduced using a combination of measured partialg-ray cross
sections and enhanced Hauser-Feshbach reaction modeling from threshold toEn<20 MeV. Eight
239Pu(n,2ng)238Pu partialg-ray cross sections were measured using theGEANIE spectrometer, the time-of-
flight technique, and energetic neutrons produced at the LANSCE/WNR facility. The (n,2n) cross section was
obtained by multiplying the sum of observed noncoincident partialg-ray cross sections by the calculated ratio
of the (n,2n) cross section divided by the sum of the same partialg-ray cross sections. A comparison between
the data and model calculations indicates potential deficiencies in the modeling of theg-ray cascade.
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Efforts to measure the239Pu(n,2n) cross section over the
past three decades have faced formidable challenges,
notably the competition with fission. Prompt neutron me
surements@1,2# as a function of incident neutron energy a
complicated by the presence of a large~21 barns! fission
channel which produces on average 3–4 neutrons. The m
accurate measurement performed to date of the cross se
involved a-decay counting of a239Pu sample that initially
contained less than one part in 109 of 238Pu following irra-
diation using an intense 14 MeV D-T neutron source@3#.

This Rapid Communication reports the measuremen
prompt g-ray cross sections in238Pu over a wide range o
incident neutron energies using a high-resolution (DEg /Eg)
g-ray spectrometer coupled to a pulsed ‘‘white’’ neutr
source. The (n,2n) cross section is obtained by multiplyin
measuredg-ray partial cross sections by the calculated ra
of the (n,2n) cross section to the partialg-ray cross sections
obtained from a Hauser-Feshbach based reaction mode@4#.
The model provides the ‘‘missing’’g-ray intensity that does
not produce observedg rays while the measurement remov
the uncertainty in the model calculation arising from the u
certainties in the total reaction cross section.

Several examples exist in the literature where par
g-ray cross sections were used to estimate channel cross
tions where the majority of theg-ray intensity was observe
or there was no competition from other channels@5#. In 1994
Vonachet al. @6# suggested that partialg-ray cross sections
could be converted into a channel cross section through
use of reaction modeling. The work presented here is the
attempt at performing this transformation where there
strong competing channels and numerousg-ray decay paths
at low excitation energies in the residual nucleus. This te
nique provides a new means to determine reaction cross
tions where conventional measurements are intractable.

Neutrons were produced from the Weapons Neutron
search~WNR! facility at the Los Alamos Neutron Scienc

*Present address: Idaho National Engineering and Environme
Laboratory, P.O. Box 1625, Idaho Falls, ID 83415.
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Center~LANSCE! @7# spallation source. The time structur
of the proton beam (I average5226 mA) consisted of 100–
119 ‘‘macropulses’’ per second, each 625–750ms in length,
providing an overall duty cycle of'6 –7 %. These macro
pulses were composed of ‘‘micropulses,’’ spaced every
ms, thereby allowing for determination ofEn from the time
of flight. In-beam and beam-offg rays were detected usin
the GEANIE spectrometer.GEANIE is composed of 15 coaxia
Ge detectors~nine suppressed! and 11 planar Compton sup
pressed Ge detectors. The spectrometer and the experim
setup are described in greater detail in the references@8#. A
target of 98.014% enriched239Pu @9# with thickness of
0.0277~8! cm ~thin! or alternatively 0.0500~3! cm ~thick! was
placed in the array center of a distance of 20.34 m from
spallation target. Neutron fluences were measured with235U
and 238U fission chambers located 18.48 m from the spa
tion target.

In-beam recorded data consisted ofg-ray pulse heights
with 20 keV<Eg<1 MeV for the planar and 50 keV<Eg
<4 MeV for the coaxial detectors, together with correlat
event time relative to the beam micropulse time. Scalar d
were recorded to allow determination of the system de
time. The array efficiency was measured using a set of c
bration sources. MCNP calculations@10# that reproduced the
source data were used to interpolate between discreteg-ray
energies and to correct for beam profile and target geom
effects @11#. Data representing a total of 24 and 12 d
beam-time were collected on the thin and thick targets,
spectively. An overall check atEg5846.8 keV was obtained
by placing a pair of 83106 natFe foils on either side of the
239Pu target during one of the irradiations. The measu
partial g-ray cross section for the56Fe 21

1→01
1 transition

was extracted from the data to be 862.6~10.0! mb at En
513.9(0.6) MeV, in excellent agreement with the tabulat
value of 855~51! mb at 14.5 MeV@12#.

A brief overview of the data analysis procedure is p
sented here~more details can be found in Ref.@13#!. The
LEPS data were the primary focus of the analysis forEn
<1 MeV due to their superior energy resolution and pe

tal
©2002 The American Physical Society01-1



. 1

tro
hi
n
-
ed

e
.
k
iv
ta

-
wa
ns
e
to

re
fo

a

d

ke

th
ed
iz
th

m
re

er
-

.
en
le
ro

els
The
r-
und

ron
tion
x-

cle
e-

el.
ble

gni-
vel
pera-
ro-

ara-
as
at

on
el
-

-
en-

g

l

set
fer
ull
ro-

e
is-
re-
ion
tion
in

a

s
e
s

gh-

the
e

RAPID COMMUNICATIONS

L. A. BERNSTEIN et al. PHYSICAL REVIEW C 65 021601~R!
to-background ratios compared to the coaxial detectors
candidate (n,2ng) transitions were identified by theirg-ray
energy in a spectrum corresponding to an incident neu
energy between 1 and 25 MeV. A parametrized fit of t
g-ray spectrum was obtained for energies near each ca
dateg ray using theGF2code@14#. g-ray spectra correspond
ing to adjacent 20 ns wide time-of-flight bins were form
and the parameters obtained from theEn51 –25 MeV inte-
grated spectrum were used to produceg-ray yields as a func-
tion of En . All parameters in the fit were fixed except for th
peak heights and the quadraticg-ray energy background
g-ray yields (Gyield) were obtained by dividing the pea
areas by the total neutron fluence extracted from an equ
lent 20 ns time-of-flight bin from the fission chamber da
using (n, f ) cross sections from Ref.@15#. The average neu
tron energy and the uncertainty for each of these bins
calculated taking into account the detector timing respo
as 10–20 ns. Only eight of the 13 candidate transitions
hibited the correct threshold energy with respect
Eth(n,2n)55.6 MeV for assignment to the (n,2n) channel.

The g-ray yield curves for these eight transitions we
converted into partial transition cross sections using the
lowing formula:

spartial g-ray5
Gyield

N239Pu3FFC
3W~u!~11a tot!

LTGe

LTFC
3

1

e
,

~1!

whereN239Puis the number of239Pu atoms in the target,FFC
is the neutron flux as deduced from the fission chamber d
W(u) is an angular distribution correction factor,a tot is the
electron conversion coefficient,LTGe and LTFC are the Ge
detectors and fission chamber live-times, ande is the effi-
ciency for detecting theg ray. Conversion coefficients an
multipolarity assignments~as well as mixing ratios, when
appropriate! used to calculate the cross sections were ta
from the National Nuclear Data Center@16#.

Cross sections were in good agreement among all of
data sets. The data sets were gain-matched and summ
form one spectrum for each neutron energy cut to minim
statistical uncertainties. Figure 1 shows a region of
summedg-ray spectrum near theEg5157.4 keV 61 (Ex
5303.4 keV)→41 ~top! and the Eg5936.6 keV 42(Ex
51083.0 keV)→41 ~bottom! g rays from 238Pu corre-
sponding to a neutron energy of 11.37~45! MeV. The analysis
procedure described above was repeated for these sum
spectra to produce partial transition cross sections. Figu
shows the four strongest transitions in238Pu observed in the
data; the yrastEg5157.4 keV 61(Ex5303.4 keV)→41,
the Eg5210.0 keV 81(Ex5513.4 keV)→61, the Eg
5936.6 keV 42(Ex51083.0 keV)→41, and the Eg
5924.0 keV 22(Ex5968.1 keV)→21 transitions. Obser-
vation of the two lowest yrast transitions, the 21

1→01
1 and

41
1→21

1 transitions, was hindered due to internal conv
sion, attenuation of theg rays in the target, and contamina
tion from a fission fragmentg ray with the same energy
Several higher energy off-yrast transitions were readily id
tified in the data in part because they were less susceptib
target attenuation, internal conversion, and background f
Compton scattering of239Pu decayg rays.
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A description of the Hauser-Feshbach reaction mod
used to extract the channel cross section is given next.
GNASH @17# andIDA @18# nuclear model codes apply Hause
Feshbach theory for processes in which the compo
nucleus decays by fission, and by neutron andg-ray emis-
sion. The coupled-channel optical model@19# within theECIS
@20# code is employed to obtain spin-dependent neut
transmission coefficients and to describe the direct-reac
scattering to low-lying rotational levels. A semiclassical e
citon model is used to simulate the preequilibrium parti
emission. More computationally-intensive quantum m
chanical Feshbach-Kerman-Koonin@21# preequilibrium cal-
culations were also performed atEn514 MeV incident en-
ergy to benchmark the accuracy of the exciton mod
Comparisons with neutron spectra from heavy nonfissiona
and actinide targets were carried out to validate the ma
tude of calculated preequilibrium emission. Continuous le
densities were based upon Fermi-gas and constant tem
ture models, with level density parameters chosen to rep
duces-wave level spacings measured at the neutron sep
tion energy. The continuous level density model w
matched smoothly onto the experimentally known levels
low excitation. Calculations of effective fission transmissi
coefficients follow the double-humped fission barrier mod
by Bjornholm and Lynn@22#; the barrier heights and curva
tures were adjusted so as to reproduce the measured~multi-
chance! fission cross section.

A number of differences exist between theGNASH andIDA

codes.GNASH calculations of fission included low-lying dis
crete transition states going over to a continuous level d
sity description whereasIDA included an angular-momentum
dependence@23# to the barrier height, based on the rotatin
liquid drop model.IDA used a Brink-Axelg-ray strength
function @24# in contrast to the model of Kopecky and Uh
@25# implemented inGNASH. The two differentGNASH calcu-
lations differ in that the first set~ GNASH99! uses spin distri-
butions peaked at lower spins compared to the second
~GNASH00! reflecting the small angular momentum trans
that occurs when a preequilibrium particle is emitted. A f
description of the details of these calculations will be p
vided in a forthcoming paper.

The 239Pu(n,2ng) reactions were modeled as follows: th
optical model defined an initial composite system spin d
tribution; neutron emission may occur through either the p
equilibrium or compound nucleus mechanism in competit
with fission; subsequent neutron decay occurs in competi
with fission, leaving a residual nucleus sufficiently low
excitation energy so that it preferentially decays through
g-ray cascade to the ground state of238Pu. The portion of the
g-ray cascade withEex.Ecut is modeled using a continuou
level density andg-ray strength function. The part of th
cascade withEex,Ecut is carried out using discrete state
and branching ratios.Ecut51.1 MeV for theGNASH99 cal-
culations. TheIDA and theGNASH00 calculations contain 15
additional levels incorporated into the238Pu level scheme
based on a systematic study of low-lying levels in the nei
boring isotone236U and also240Pu and238U. Ecut was then
set at nearly 1.33 MeV.

Figure 2 shows the partial cross sections obtained for
four strongest 238Pu g rays observed, along with th
1-2
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FIG. 1. LEPS spectrum for
En511.37(45) MeV in theg-ray
energy region near the238Pu yrast
61→41 ~top! and the 41

2 (Ex

51083 keV)→41 ~bottom! tran-
sitions.g rays arising from target
radioactivity are marked by an as
terisk ~* !. (n,2n) reactiong-rays
are labeled with their energies.
pl
rti
t

as
e
er
b

ul
s

th
ra
to

g
-

the
rate
el

two

oth
the

n
is
in

an

the
the
GNASH99, GNASH00, and IDA calculations scaled to fit the
data. The numbers in the insets are the scale factors ap
to the model calculations to reproduce the observed pa
cross sections. The reaction cross section employed in
GNASH00 calculations was adjusted to reproduce the yr
61→41 transition. The large differences in magnitude b
tween the observed partialg-ray cross sections and the oth
model calculations highlight the fact that any attempt to o
tain the channel cross section directly from a model wo
fail due to the~often large! uncertainties in the reaction cros
section.

Another significant discrepancy between the data and
calculations is the difference in the scale factors for the y
and the off-yrast transitions. For example, the scale fac
for the yrast 61→41 and the off-yrast 42→41 ~in paren-
theses! transitions for theGNASH00, GNASH99, andIDA calcu-
lations are 1.03~0.44!, 2.14~0.27!, and 2.14~0.90!, respec-
tively. These differences suggest problems in the modelin
the g-ray cascade in the residual238Pu nucleus. This prob
02160
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lem can in turn be attributed to an inaccurate modeling of
spin-energy region populated, or an incomplete or inaccu
continuousg-ray cascade and/or low-lying discrete lev
scheme.

The small difference between the scale factors for the
yrast transitions, (1.1221.03)/1.0358.7% for theGNASH00

and (2.3122.15)/2.1557.4% for IDA indicate that the spin-
energy distributions are reasonably well reproduced in b
models However, the much larger discrepancy for
GNASH99 @(3.1822.14)/2.14548.6%# as compared to the
GNASH00 calculations, particularly at higher incident neutro
energies, indicates that the preequilibrium spin distribution
more accurately modeled by the lower distributions used
the GNASH00 calculations.

This leaves an incomplete discrete level scheme or
inaccurately modeled continuousg-ray cascade as a likely
cause for the discrepancy in relative intensity between
calculated yrast and off-yrast transitions. The fact that
two calculations using an augmented level scheme~GNASH00
1-3
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andIDA! and the calculation made solely with known leve
~GNASH99! show the same inability to accurately reprodu
the observed yrast vs off-yrast intensities points to the c
tinuous g-ray cascade used aboveEcut as the most likely
cause.

One possible cause for the poor modeling of theg-ray
cascade aboveEcut is the lack of nuclear structure informa
tion in the continuous level density andg-ray strength func-
tions. At excitation energies ofEcut51.33 MeV ~1.1 MeV
for the GNASH99 calculations! nuclear structure, such as th
projection of the angular momentum onto the symmetry a
of the nucleusK, can play a significant role. In well
deformed nuclei, like238Pu, K is an approximately con
served quantity. TheJp541

2 level at 1083 keV is the lowes
lying K54 bandhead, making it a preferential end-point
high-K cascades. The inability of the models to correc
predict the strong population of this state is expected si
the continuousg-ray cascades do not takeK conservation
into account. The persistence ofK conservation for excita-
tion energies in the range of the continuousg-ray cascade
(Ex.Ecut) is further supported by recent thermal neutr
captureg-ray data@26#.

The lack of detailed nuclear structure information in t
models makes any attempt to extract the239Pu(n,2n)238Pu
cross section solely from the most intense partialg-ray cross
section~the 61

1→41
1 transition! inappropriate. A successfu

technique would have to ‘‘add back’’g-ray intensity that is
incorrectly attributed to a different decay path. One su
approach involves adding together partial cross sections
populate states that are ‘‘parallel’’~i.e., noncoincident! to
each other. This reduces the uncertainties due to missing

FIG. 2. Partial cross sections for the four strongest transition
238Pu observed in the data together with the scaled calculated
ues from theGNASH99 ~dotted line!, GNASH00 ~solid line!, and the
IDA ~dashed line! model calculations. Numbers in each panel are
scale factors that the model calculations were divided by to bes
the data from 6–20 MeV.
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crete levels, nuclear structure issues in the statistical cas
~such asK conservation!, and spin distributions in the re
sidual nucleus. The transformation equation takes the fo

s~n,2n!5(
g i

sexp~n,2ng i !3
s the~n,2n!

(
g i

s the~n,2ng i !

. ~2!

In the case of the Pu data five of the eight observ
239Pu(n,2ng)238Pu cross sections are employed; the 15
keV 61

1→41
1 , the 936.6 keV 41

2→41
1 , the 918.7 keV 11

2

→21
1 ~corrected for the branching ratio fromENSDF @16#!,

the 924.0 keV 21
2→21

1 , and the 617.3 keV 52→41/32

→21 doublet. The partialg-ray sum~for both the data and
the model calculations! is shown in Fig. 3. The similarity in
shape between the twoGNASH calculations suggests that th
different preequilibrium spin distributions do not affect th
modeled (n,2n) cross section. However, the difference ne
threshold betweenIDA and GNASH is more surprising since
the compound mechanism, which is dominant in this ene
region, is identical in both models. One possible explanat
for the difference is the different treatment of fission betwe
the two models since the (n,2n) and the second chance fis
sion channels have the same threshold energy. The ‘‘para
paths approach will fail if~a! there is a strongg ray that is
contaminated by a background line or~b! there are numerous
weak decay paths that bypass the transitions used in the
where the model systematically under- or overpredicts

in
al-

e
fit

FIG. 3. Theg-ray sum ~empty symbols! used to deduce the
239Pu(n,2n)238Pu cross section and the deduced cross section~filled
symbols! using the twoGNASH ~squares and circles! and IDA ~tri-
angles! reaction models together with thea-decay measuremen
from Lougheed@3# ~diamonds! and the evaluation of actinide
(n,2n) cross sections by Navratilet al. @27#. The inset shows the
values obtained from theGEANIE data with theGNASH00 calculation
and data from the earlier measurements by Frehaut@2#, Mather@1#,
and Lougheed@3#, and the evaluation by Navratilet al. @27#.
1-4
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g-ray path intensity. These effects are probably quite sma
this case (,5%) based on a comparison of known paral
g-ray paths.

The 239Pu(n,2n) cross section deduced using all thr
model calculations is also shown in Fig. 3. The similar
between the cross section extracted using the different ca
lations suggests that the result is relatively independen
reasonable differences in the low-lying level scheme.

There are two independent checks on this result.~1! The
measurement performed near 14 MeV@3# and ~2! a cross
section deduced from a systematic study of (n,2n) cross sec-
tions on other actinides from thorium to uranium@27#. The
two points, also plotted in Fig. 3, are consistent with t
cross sections obtained in this work. The results of the ea
direct neutron measurements@1,2# are plotted for comparison
in the inset of Fig. 3.

In summary, the239Pu(n,2n)238Pu cross section has bee
deduced using a combination of measured partial cross
tions and model calculations. The summation of ‘‘paral
ys
.
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paths’’ technique employed produces similar results des
changes in the details of the model~GNASH or IDA! or the
low-lying level scheme~measured and extended!. The larger
than predicted population of the off-yrast high-K states indi-
cates that nuclear structure effects, such asK conservation,
could play a significant role in theg-ray cascade leading to
these states.
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