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Measurements and calculations of%8UJ(n, xny) partial y-ray cross sections
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Absolute partial cross sections for production of 45 discrgteays in the?38(n, xny) reactions withx
=<4 are reported for incident-neutron energies in the range 1 MEY<100 MeV. A germanium-detector
array for y-ray detection and the “white”-neutron source at LANSCE/WNR were used for the measurement.
The energy of the incident neutrons was determined using the time-of-flight technique. The data are compared
with previous measurements and with theoretical predictions ul,to30 MeV from the GNASH reaction
model. The combination of experimental results with theoretical calculations provides a means to deduce the
238(n, n’) reaction cross section.
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I. INTRODUCTION Because of their better resolution these planar detectors were
essential for actinide studies.

Measurement of th&&U neutron inelastic scattering cross ~ The data reported here are part of the initial series of
section is a challenge due to the many low-lying levels instudies on23%U [8], 238U [9], and 2%u [10]. Preliminary
233 and the competition with fission. Here we apply a tech-results were previously report¢il]. Additional experiments
nique that we developed to deduce tR€Pun, 2n)**Pu  on 196pt [12-14 and %Mo [15,16 have also been com-
cross section from partial cross-section measurements to thfeted. Al of the results obtained provide a database which is
case of inelastic scattering. This technique uses highgseful for many purposes including testing nuclear reaction
resolutiony-ray spectroscopy and detailed theoretical reacy,odel calculations in detail.
tion modeling to infer reaction channel cross sections. In 1o relatively close spacing of the levels3#U and the
addition to providing information on .nuc_lear _reactions andbackground from fission neutrons makes direct measure-
structure, such data have many applications in technology. ments of neutron inelastic scattering difficult. However, ac-

Partial y-ray cross sections for low-lying staté® par- ¢ rate and extensive high-energy-resolution measurements

. . o .
ticular, 2—HQ" ground-state transitions in even-even nu-q the emittedy rays can provide useful information on the
clei) often can be used to infer reaction channel cross seGq|astic scattering cross section. Othen,xn) (x

tions accurately because a very large fractidypically — _5 3 4 reaction channels can be studied and those lead-
— 0, _ _ . il H 3
90% of all y-ray decays pass through thé @rst-excited ing to even-mass uranium nuclei are particularly suitable for

§§§§' Th'? teghntlﬂue “hasd. been us"ed, fIOEL eéam?rlle, f%e prompty-ray technique, because the level energies are
N, xny I.an g er m§q7’|;13m-mass nucg ]. For the typically large enough and the decays are intense enough that
more complicated cases bn, xny) reactions GNASH a large fraction of the decays are readily observable. Much

nuclear reaction model calculations were tested and comy,ore jimited information is obtained for the odd-mass ura-
bined with the measqreds—zr?y data[2] to infer more accu-  niym products due to the high internal conversion rates for
rate (n, xn) cross sections:’Al was also studied to test the the many intense low-energy decays and the partitioning of

GNAsH code for lighter nucle{3], and'®0 [4] and Be[5],  the intensity among many different decay paths.
where accurate model calculations are difficult, were mea- |, the present work, GEANIE was used with the “white’-

sured as well. _ neutron source at the Los Alamos Neutron Science Center
In 1996 an initiative was taken to extend such studies tQLANSCE)/Weapons Neutron Resear@WNR) facility [17]

the much more difficult case of actinide nucléi. For this detect y rays from neutron-induced reactions over a

effort Ge and BGO detectors of the former HERA spectromyyige range of incident-neutron energied MeV<E,

eter at LBNL [7] were transferred to LANL for a joint
LANL/LLNL project. Eleven new planar-geometry Ge de-
tectors were added to the new GEAN{Bermanium array
for neutron-induced excitations spectrometer [6] and
escape-suppression shields were used to reduce backgroun

<100 MeV). y-ray energies were measured with high preci-
sion and absolute partial cross sections for production of
thesey rays were accurately determined. From such data the
cross sections for formation of specific exit channels in

Sutron-induced reactions can be deduced. The results are
compared with theoretical reaction model calculations up to
E,=30 MeV and with previous experimental results for

*Present address: Idaho National Engineering and Environmentgl-ray cross sections from inelastic scattering of neutrons up
Lab, Idaho Falls, Idaho 83415. to E,~6 MeV on?* reported in Refs[18,19.
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Il. EXPERIMENT Absolute detector efficiencies were determined using a

GEANIE is located 20.34 m from the WNR spallation variety of calibratedy-ray reference sources. Corrections for

neutron source on the 60RS0° righ flight path. A sche- the finite beam spot size andray attenuation in the sample

matic diagram of the experimental setup is shown in Fig. pere modeled using thiacne Monte Carlo radiation trans-

The neutrons are produced iM'&W spallation target driven port code[22]. The details of the modeling and source mea-

by an 800-MeV proton beam with a time structure that Con_furemelnts e}’re given in Ref23]. I_:)ata acquisition system
sists of 625 to 725s-long “macropulses,” with each mac- dead times” were measured using scalers and corrections

ropulse containing  subnanosecond-wide “micropulses,’were applied to the data. Typical dead time values were

spaced every 1.788s. The energy of the neutrons was de- ~45%. During the experiment the data were stored on mag-
termined using the time-of-flight technique. GEANIE is netic tapes for subsequent offline analysis. A total~of

comprised of 11 Compton suppressed planar Ge detectofs 10° y singles and higher fold data were recordddOx

[low-energy photon spectrometgtsEPS], 9 Compton sup- 1000 ———— —
pressed coaxial Ge detectors, and 6 unsuppressed coaxial ( C
detectors. For the present measurements the detectors & o
arranged so that the LEPS are at angles nearly normal to th -
surface of the samples, in order to minimize attenuation of oo, O
low-energy+y rays in the sample. o o

In a first run(in 1998 of the experiment, the target con- L o .
sisted of on&38 foil, 730 mg/cnt thick. In a second rugin - ©
1999, the target consisted of tw&®U foils, 840 mg/cm
thick in total, and four natural Fe foils, 165 mg/€nick in
total, two in front and two at the back of tRé&U foils. In the
1999 run the samples were housed in a thick Monel ring with °
thin Be windows, the same as was used in a previously re. L A % _
ported measurement witi®Pu[12]. The Fe was included so i a
that the cross section of the strong 846.8-keV line*%fe e
from inelastic scattering could be used as a check on the r 2 % 7
absolute cross sections obtaingsge discussion belgwlIn o o,
both runs the target was rotated to 109° about the vertica =
with respect to the neutron beam. ARU foils used in the 1°
present work were 99.798% enriched?iiU, the rest being
mostly 233U and very little23U.

The neutron flux on target was measured with a fission ; —
chamber, consisting o*®U and 22& foils [20,21], located E_(MeV)
18.48 m from the center of the spallation target. The neutron :
fluences determined for each run versus neutron energy are FIG. 2. Neutron fluences in the 199&quares and 1999
shown in Fig. 2. (circles runs deduced from the fission chamber data.
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FIG. 3. Level schemes showing the transition§3f23U discussed in the present work. Level energies are given for the low-lying levels
in the odd-mass isotopes. Ajkray and level energies are given in keV. The white portion of the arrows indicates the fraction of the decay

that is internally converted.

10° planar and 2881(C° coaxia) in the second run of the

(i) The neutron flux® versus neutron energy was de-

experiment, while approximately one half this amount wasduced from the fission chamber. The uncertainty in the neu-

collected in the first run.

IlI. ANALYSIS AND RESULTS

The production cross sections for a total of #%ays of

235-23%) jsotopes were determined. All these transitions are
included in the level schemes shown in Fig. 3. The cross

tron flux is estimated at less than 4% fgf<14 MeV and
less than 8% foE, <30 MeV.

(iii) The absolute partiaj-ray cross section was obtained
using the relation

|- DeadT (1+a,)-C,
®(E,)-DeadTy, - €, -t

o)(Ep) = 1)

sections as a function of incident neutron energy, deduced

from the present work for the transitions in Fig. 3, are showrwhereay is in mb, 1, is the yield of ay ray in counts/MeV,

in Fig. 4. (For further details on the cross sections see Refd is the incident neutron fluence in neutrons/Med/,is the
[9].) Based on the shapes of the excitation functions in Figsdetection efficiency of the array for the particulmray en-
4(xxii), 4(xxviii), and 4xxxiii), it appears that we observe ergy corrected for attenuation within the target and holder

previously unknowny rays in %U near E,=932 and
993 keV, and in**U at E,=1113 keV. The hlgher energy
peaks in Figs. &xiv) and z(xxv) are probably due tg rays
from fission fragments.

The off-line analysis consists of the following steps:

(i) Two-parameter arraygmatriceg of y-ray energyE,
versus time of flighttranslated to neutron enerdsy,) were

[23], a, is the conversion coefficient for the particukaray,
C, is the angular-distribution correctiqsee Ref[9]), andt
is the target thickness in atoms/mb.

DeadT, and DeadT,, are the dead time corrections for
the detection ofy rays from the array and neutrons in the
fission chamber, respectively, determined by monitoring the
count-rate of each individual detector in the array using scal-

built for the planar and coaxial detectors. By gating on theers gated by the beam macropulse. The dead time includes

neutron-energy axis in these matricgsay spectra in coin-

both electronic dead time during ADC conversion and read-

cidence with certain neutron-energy bins were obtained. Theut and pileup losses. The ADC conversion and readout con-

fitting of the peaks in these spectra gives the yiéld of a y
ray at a certain neutron energy.

stituted the majority of the dead time. The measured dead
time for y rays in the Ge detectors was greater than that for
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TABLE |. Estimated cross-section systematic uncertainties in  TABLE Il. Fission-barrier parameters used in the calculations.
the present work.

Nucleus Heigt ~ Heigh®  Curvaturé  Curvatur@
1998 Data%) 1999 Data%) -

E, (keV) 5e.? 5e,? 239u 6.25 6.00 0.75 0.50
100—400(Planars 5 5 23% :'g: 222 8'28 g'gg
600—750(Coaxialg 10 11 238, 6.10 5‘90 0'50 0'50
751-900(Coaxialy 9 10 235 6100 5'90 0.85 0'55
901-1200(Coaxialg 8 9 ) ) ) i
>1200(Coaxialg 7 8 #The inner barrier. Values are given in units of MeV.

®The outer barrier. Values are given in units of MeV.
En (MeV) oP(En) P(Ep)
1-4 1.0 0.8 -keV transition for which the cross section was deduced up
4-8 15 1.0 to E,=200 MeV (see Ref[9)]).
9-19 2.0 1.4
20-50 1.5 1.2 IV. CALCULATIONS
51-100 1.2 11 The GNASH reaction model code, used here to predict
cross sections for the transitions studied in the present work,
o 0.3 0.3 includes preequilibrium, direct and fission nuclear reaction

6 DeadT, 0.1 0.1 models coupled with a statistical Hauser-Feshbach calcula-

& DeadTy, 0.2 0.15 tion [24]. GNASH also includes multiple preequilibrium par-
Additional fluence uncertainfy 5 5 ticle emission as well as angular momentum conservation for

all emitted particlesGNASH predicts reaction and level cross
sections, isomer ratios and spectra fjorays, neutrons, and
charged particles. Currently, the fission model for actinide
“huclei and hence the cross-section calculations are limited to
energies below 30 MeV incident neutron energy. However,
neutrons in the fission chamber. The cross section depend¥rk is planned to extend this limit te-150 MeV. In the
only on the ratio of the dead time corrections and this corPreSenGNAsH calculations, results from diretU (n, total)
rection increased the cross-section values-dp%. Distor-  [25], (n, 2n) [26], and(n, 3n) [27] measurements were used
tion of the time-of-flight spectra due to the one stop per starto constrain the input parameters of the calculations to repro-

4ncludes uncertainties in thg-ray absorption in the sample, finite
beam size effects, as well as detector efficiency uncertainties.
bIncludes uncertainties in the fission foil thickness, fission cros
section, and ionization chamber efficiency.

TDC operation is calculated to be small. duce the total reaction cross section, and to a lesser extent to
The uncertainties in the cross section values reported ifeproduce then, 2n) and(n, 3n) channel cross sections.
this work are statistical from the yield of aray, I, in Eq. In the GNASH calculations of neutron reactions 6#U, it

(1). The systematic uncertainties for the rest of the variabless important to use an accurate coupled-chargdeformed

in Eqg. (1) are summarized in Table I. Wrap-arouftime-  optical potential, because this determines the reaction cross
frame overlap of lower-energy neutrons from a previoussection, the direct scattering cross sections to the coupled
beam pulsgoccurs in the present experiment-a650 keV  rotational states, and is also used to generate transmission
incident-neutron energy. Therefore, due to the threshold foeoefficients for the Hauser-Feshbach calculations. Our opti-
fission and other neutron-induced reactions?®tJ, wrap-  cal model parameters given in R¢28] were obtained by
around could be a problem only in the inelastic channel anditting neutron total, elastic, and reaction cross-section mea-
only for cross sections of transitions originating from levelssured data, using three coupled states. The fission model in
with excitation energy below 650-keVfirst four excited GNASH uses double-humped inverted parabolas for the barri-
states 0f?*U in Fig. 3). However, given the high spin of ers, and the transition states at fission are entered as input,
these stategthe transition deexciting the*2state has not above which a statistical level density prescription is used.
been studied in the present warkhe contribution of the These transition states are obtained from nuclear structure
wrap-around problem for these transitions is expected to bpredictions of the quasiparticle and collective excitations at
insignificant. Moreover, no corrections have been made téhe saddle points. Collective enhancements to the level den-
account for secondary effectsuch as multiple scattering sities due to breaking of nuclear shape symmetries are in-
and emission of fission neutronis the target. Such effects cluded, with a damping out of this effect at high excitation
were modeled usingicNP and a technique described previ- energies(above 15 MeV as suggested by the microscopic
ously[4], and account for less than 4% of the observed crossalculations of JensefR9]. The fission barrier heights and
sections at 20 MeV incident neutron energy the present curvatures can be obtained from compilations based on neu-
case the effects of fission neutrons higher in energy than thigon fission measurements and values inferred from direct
incident neutron were neglectgdror E,> 100 MeV the sta- transfer reactions. We also performed a systematic study of
tistics were generally inadequate forray yields|, to be  neutron reactions, including fission, for the chain of uranium
obtained through reliable fitting. An exception is the 158.5isotopes from?32U up to 238U [30]—for instance, neutron
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FIG. 4. Absolute partial cross-section values as a function of incident neutron energy for all transitions in Fig. 3, except 308.0- and
1006.0-keV transitions of*®J which are weakmaximum cross section less than 20 8. Solid lines represertnasH predictions[24].
For the transitions in the ground-state band®#1J, the dotted lines represent timvasH predictions normalized to the evaluated total
(n, 3n)-channel cross sectiaisee Fig. 5. In the cases where the transitions are doublets from the same isotope, the individual predictions
are also presented in dotted and dashed lines. These transitions are as follagws), i811.1 keV (dotted and 911.9 keV(dashed
transitions; in(xxi), 920.5 keV(dashegl and 921.2 keM(dotted transitions; and inxxix), 1014.6 keV(dotted and 1015.3 keMdashegl
transitions. The arrows iiixxii), (xxviii), and (xxxiii) indicate previously unknowry rays (see text Finally, in (xxi), the size of the
experimental points for higher neutron energies has been intentionally reduced so that the dotted line can be clearly seen in the figure.

reaction data oR*®U provides valuable information on bar- GNASH model calculations predict the overall channel cross
rier heights for23>23Q, which are needed in the present section—if, for instance, our calculations overpredict the
work for modeling fission following the emission of three (n, 3n) reaction channel cross section, then one would expect
and four prefission neutrons. The parameters of the barrietie calculations to also overpredict tkie 3ny) cross sec-
we use are given in Table II. tions. We show our calculations of tlie, 2n) and the(n, 3n)
There exist a number of measurements(of2n) and  cross sections in Figs. 5 and 6, respectively, together with
(n, 3n) reaction channels for neutrons #U. Since this experimental data for these reaction channel cross sections.
paper provides a study of thgeray deexcitation cross sec- While Fig. 5 shows a reasonably good description of the
tions in these channels, it is important to understand how thén, 2n) cross section, in Fig. 6 the calculations do appear to
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FIG. 4. (Continued.

overpredict then, 3n) cross sectiorithough the experimen- observed for the inelastic partial cross sections, although a
tal database is smalland thus may be expected to exceeddeviation with increasing angular momentum is observed for
the partial y-ray cross sections also. Due to the additionalthe ground-state rotational band with the calculations ex-
factors of spins, parities, branching ratios, and structure efceeding the measurements significantly for the-+@" tran-

fects, correct calculation of individual partigdray cross sec- Sition. For the(n, 3n) channel, as expected from the direct
tions is more difficult. (n, 3n) measurements, the calculations exceed the measure-

ments significantly. Especially for the states of angular mo-
menta greater than 4, the calculated cross sections are almost
V. DISCUSSION a factor of 2 greater than the data, but this is only a very
small fraction of the channel cross section and for other
In this section we compare the present data with othestates there is often a reasonably good agreement. Due to the
y-ray cross-section measurements. We find generally goodpservation of only a few rays from the odd-mass products
agreement with previous data with a few notable differences?*®U and 2*"U representing a very small fraction of the
Next we compare our data with th@ASH calculations of  (n, 4n) and (n, 2n) channel cross sections, we cannot con-
the y-ray partial cross sections. Fairly good agreement ilude much from the comparisons. Using the summed paral-

024601-6



MEASUREMENTS AND CALCULATIONS OF23&J(n, xny)... PHYSICAL REVIEW C 69, 024601(2004

Xix » XX XXi
X 905.6 keV éﬁ{' 9111 keV 920.5keV
O ke + + B +
40 - @)ysa=ey @)—4 U
&0 921.2 keV
I $911.9 keV | | 12" 2
10 73 2" 4728 922.3 keV
+ + 238
20 ™ 1 20 252 U |
¢
/o~
0 0 ’ i 3P 0
Xdi || ggo g ey XX | 2T XXiv
931.5 keV 151 5 ot 7 & 952.7 keV
20 (1)-0" 296 e 32
’3 238 U 60 9 ® 238U -
g or 1 | ees
~ »
o + XA
10 oL | a0 » é |
AL e
. .2 X0 )P I
XXV ] XXVi 30 - XXvii -
1807 7 966.9 keV
90 - 957.3keV | | 9((5(?;) k;v _ agpras
+ + | N
()4 w0 | 967.3 keV
238 1 20 U + +
° U
60 - _
|| &% ]
L|®
20 Iy 1 10 m
0 + 1 Lo L

FIG. 4. (Continued.

lel y-ray partial cross sections and the calculated ratio of thenagnitude than the present results r>2 MeV. Surpris-
sum to the total, we deduce th&U(n, n’)?%U channel cross ingly, for three of the stronger lines the agreement with
section. This technique is similar to that used previously tdOlsenet al.is poor[see Figs. @), 7(xiii ), and 7xv)]. In the
determine the?®*®Pu(n, 2n)2%%Pu channel cross sectidi0]. case ofE,=1015 keV, twoy rays contribute to the observed
Lastly, we discuss the observed weak population ofkfie Yield. Larger differencegin magnitude but not in excitation

=4 state in?®® in contrast to the much stronger population function shapg were observed between the present results
of a similar state in thé38Pu isotone. and they-ray cross sections obtained by Vossal. [19],

with their cross sections being much smaller in magnitude.
The preliminary results from the present data reported in

Ref. [11] differ slightly from the results reported here due
In Fig. 7 the results of the present work are comparednainly to the following three changes in the analysis imple-

with partial y-ray cross sections obtained in inelastic scattermented after the publication in RdfL1]: (i) the background

ing of neutrong18,19 up to E,~6 MeV on 238J. The re-  subtraction in the fission chamber data was changed to cor-

sults of Olseret al. [18] are on average somewhat lower in rect an oversubtraction foE,<4 MeV resulting in lower

A. Comparison with other data

024601-7



N. FOTIADES et al. PHYSICAL REVIEW C 69, 024601(2004)

40 xxviii 4 37T Xxix 7 60 XXX |
- 1014.1 keV
993.0keV 1 | | 1037.4 keV
30 L 2+—)2+ i (4 )_>2 U + +
1014.6 keV | 40 |- 20 ]
L {1 300 - ..‘ (3+)_>2+238U_ 23BU
20 g P/ : X i ]
| 200 -9 ¢1015.3 ke
2"‘_>2"‘ 238, | 20 T
10 q u
* 100 -
1] 0 0
200 1 xxxi | eof XXXii XXXiii
& 10603keV | | {:} 10‘(324_-)0 k;V | ©r\ 11127keV
L + + i — _ + |
150 - ..‘ 22st éﬁ ¢ oy (1)—-0
2 L A U 1 40 K] 1 380 238U h
é ]
O 20 & j b
I 2
| 11231 keV [xxxiv| | oxvooy | XXXVi
@)—21 =y wl & 14370keV | 12p 1485 keV |
. ¢ o . 22
233U 1 + U

| old | Wl |
i}{' 1 *'}#E |1t |

100 100 1 10 100

T
E, (MeV)
FIG. 4. (Continued.

cross-section values in the present daiig, weighted aver- our excitation function for the 846.8 keV; 2:0* transition
ages between the 1998 and 1999 datasets were implementgaoduced in natural Be with that from the ENDF/B-VI
in the results presented here, as opposed to simple averagegluated data for the total inelastic cross section>f6e
used in Ref[11], and(iii) corrections were made foy-ray  [32]. Because a very large fraction of the inelastic decay
attenuation in the Monel housing used in the 1999 dataset.passes through the*2:0* transition, these two quantities

In order to check for systematic uncertainties in ourare expected to be similar, and the evaluation is based on a
method of measuring-ray cross sections, the results for the large amount of data and on model calculations as well. Al-
cross section of two transition®46.8 and 1810.7 keMof  though there is agreement between the shape of the ENDF/
56Fe were compared to the evaluated cross section for thesVI curve and our excitation function, the ENDF/B-VI
transitions a,=14.5 MeV[31] (see Fig. 8 The evaluated evaluation indicates smaller cross sections than our measure-
cross sections d&,=14.5 MeV, for production in natural Fe, ment. This is consistent with the observation in the recent
are in good agreement with the observed values in thevaluation[31] that the ENDF/B-VI evaluation has a lower
present experiment. As a check on our cross sections ascaoss section than the new evaluation. This discrepancy will
function of incident neutron energy, in Fig. 8 we comparebe the subject of a future publication.
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B. Comparison with GNAsH calculations (n, 3n)-exit channel cross section from the yrast to off-yrast

In Fig. 4 the absolute cross sections deduced in this worlkransitions in the calculations will probably give better agree-
for the y-ray transitions of the U isotopes in Fig. 3 are com-ment with the experimental data. However, the spectroscopy
pared with cross-section predictions fromnaAsH calcula-  of the off-yrast states iR*®U is not as complete as that in
tions [24] up to E,=30 MeV. In the 2%8(n,n’) reaction 238U and many states still remain unobserved. This presently
channel the experimental cross sections for the yrast transienders incomplete any approach based on the technique of
tions do not decrease as rapidly as the calculated cross segray spectroscopy alone. Hence, an extensive knowledge of
tions for E,>10 MeV for the 103.5-keV and 158.5-keV the low-lying level scheme of®U will help considerably
transitiong[see Figs. @) and 4vi)]. Hence, it is necessary to toward this end. Adjusting the calculations to shift part of the
increase the population of the lower spin yrast states aross section from thén, 3n)-exit channel to thén, 2n)-exit
higher neutron energies. As mentioned previously, the conang/or(n, 4n)-exit channels, while preserving the total cross
tribution of secondary scattering effects within the target tosection, is unlikely to give better agreement because these

the cross section at high neutron energies is calculated to tl:ehannels peak at different neutron energies than(than)

small, and hence, cannot account for the observed differ- :
. channel. BecauseNASH calculates an, 3n) cross section
ences at neutron energies above 10 MeV.

In the (n, 3n)-exit channelGNASH overestimates the cross that appears somewhat large, we have scaledctesH

sections for the transitions of the ground-state band and tencﬁg’ 3ny) cross section calculations by the ratl-o of the EN_DF/
to underestimate the cross sections for the side-feeding tra®-V! [25] to GNASH (n, 3n) channel cross sections to provide
sitions [compare cross sections in Figgii% 4(vii), 4(ix), a comparison in which the scaled calculations more closely
and 4xi), with the cross sections for the 687.6-keV andmatch the availablén, 3n) data. These scaled partial cross
966.9-keV transitions—second peaks in the cross sections #ections are plotted as dashed curves in Figs), 44(vii),
Figs. 4xv) and 4xxvii). Hence, shifting part of the 4(ix), and 4xi). Note that the scaled calculations still over-

2
1.8 - B80(n,3n)"U — ENDF/B-VI
1.6 4 --- GNASH
1.4 4
1.2 A
S 14 - TSNl FIG. 6. Experimental data[27] (points),
© 0.8 - . - F T S N evaluation[25] (solid line) andGNASH calculation
’ - N (dashed ling for the 238J(n, 3n)23% channel
0.6 e ] L'} cross section.
0.4 9 // o i }
P 1
0.2
0 T T T T T
11 13 15 17 19 21 23
E, (MeV)
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ferences in the shape of the cross-section curves are ob-
NatFg served, such as the 931.5-keV and 962.0-keNdys in Figs.
846.8 keV 4(xxii) and 4xxvi); these may be due to contamination of
the peaks from unidentified sourcé®r example,y rays
originating from one or more of the higher-yield fission frag-
ments produced in the fission &fU).
o Eva [31] The 911.9-, 1015.3-, and 1060.3-keV transitiojsee
Figs. 4xx), 4(xxix), and 4xxxi)] originate from the same
level (at 1060.3 keV excitation energy™=2"). Using the
known branching ratios for these three transitigs], a
deconvolution of the contributions of the 911.9- and 1015.3
-keV transitions in the total cross sections reported in Figs.
M 4(xx) and 4xxix) is possible. However, the resulting cross
200 sections, when compared to the cross section observed for

the 1060.3-keV transition, are not in agreement with the

1400
e Experiment

1000

— ENDF[32]
600

‘g 180l ® known branching ratios indicating that this is a more com-
\g plicated case involving perhaps contamination from addi-
L7 1810.7 kev tional unknown transitions. The use of coincidences between

v rays, by allowing gating on known transitions belonging to

» a particular isotope, would help to reduce or even eliminate
§ contamination from overlapping rays in the data. But the

L statistics for y-y coincidences in the present experiment

were insufficient to remove these issues of overlap.

L] To deduce the inelastic channel cross section from the
60 Fowoesg, present data and calculations, 36ray transitions(103.5,

- 635.2, 680.1, 687, 886.2, 905.6, 922, 931.5, 952.7, 993.0,
ke I 1015, 1037.4, 1060.3, 1084.0, 1437.1, and 1485)keV
238y were used. These transitions feed in parallel the ground
state and the first*2state of?% (see Fig. 3, hence, their
£ 15 25 3 45 55 & absolute cross sections contribute independently to the in-

En (MeV) elastic channel cross section. By summing the absolute cross
sections for these transitions, part of the cross section ob-

3 ' : ; ;
FIG. 8. Absolute cross-section values as a function of incidenlé_.erved for the” SU(n, n’) reaction channel is obtaingdee

. 9). Above 10 MeV neutron energy the cross sections for
neutron energy for the 846.8-keWpper parnt and 1810.7- keV '9 .~
(lower parj transitions of°®Fe in natural Fe. The open diamonds the 687-, 922-, 952.7-, 993.0-, and 1084.0-keV transitions

are taken from an evaluation at 14.5 MeV neutron endigg]  have not been included in the sum due to obvious contami-

based on 21 and 11 studies, for 846.8 keV and 1810.7-keV transation from other reactions present at these neutron energies
tions, respectively. In the upper part the ENI82] evaluated in-  for these transitions. In Fig. 9 the sum of thrASH predic-
elastic channel cross section f§Fe (solid line—values decreased tions for these transitions is included together with the
by 8% to account for the percentage®Fe in natural Feis plot- ~ GNASH prediction for the?*®U(n, n’)-channel cross section.
ted. The experimental points are higher than threasH predic-
tions by about 20% in the energy range above about 4 MeV,
predict the observed yields, but now by some 20% to 50%and account for approximately 70% of the predicted reaction
instead of about 100%. channel cross section for 2 Me¥VE,,<7 MeV. Moreover,

In the two- and four-neutron channetsAsH underesti-  the inelastic channel cross section deduced from the present
mates the two transitions observed in the former chajse®l  data corrected using theNASH predictions is included. The
Figs. 4iii) and 4v)] and overestimates one transition ob- correction is done by multiplying the experimental points at
served in the latter channfdee Fig. 4iv)], although back- each neutron energy with the ratio of tbelAsH prediction
grounds, probably from fission fragments, make direct comfor the channel cross section divided by theASH predic-
parison with calculations of thegn, 2n) cross sections tion for the sum of the 16 transitions at the same neutron
difficult. These transitions represent only a small fraction ofenergy. ForE,=7 MeV, the underestimation of the cross
the cross section for these channels, and, hence, no genesalction from the calculations, as mentioned previously, re-
conclusions can be drawn for these channels, other than thatilts in the experimental points rising higher than the chan-
the excitation function shapes agree well. nel cross section. It may be that the direct inelastic scattering

In many cases in Fig. 4, the shape of the experimentallynd/or the level density and decay modeling in theAsH
observed excitation function is similar to the correspondingcalculations tend to underpredict the inelastic channel cross
model prediction, while in other cases there are differencesection. However, we cannot completely rule out the possi-
in the magnitude of the cross sections ofgge, for instance, bility that some portion of the higher-energy cross section
the case of the 1437.1- and 1485-keV transitions in Figsresults from experimental effects such as contributions from
4(xxxv) and 4xxxvi)]. However, in certain cases large dif- reactions other than inelastic scattering. Similar effects have

140

100+ =

20
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' ' ' ' two-quasiparticle state, because the neutron states involved

o - are ground states of the oddneighbors[36]. Below we
=g Umn,n) discuss the observed population of these states in the previ-
ously reported®®Pun, 2n)2*%Pu[10] reaction data and in the
; °::::':da'=-5:'m‘:"|="'a' °’°S*:_se°"°"s . present?®U(n, 3n)?%% reaction results in relation to their

e e e e nuclear structure, |
0 Present data corrected using GNASH In the case of*%®Pu(n, 2n)238u, a strong population of the
o - - ENDF/B -Vl evaluation (47), 8.5-ns, 1082.57-keV state was obsenjéd] with a
prominent(4”) — 4" decay transition. The strong population

of the (47) state likely arises fronK conservation constrain-
7 ing the feeding. The reported branching ratios show most of
the decay(91.4%) in the (47) — 4" transition with very little
in the decays to the 85.2%), (57)(2.0%), and (27)(1.4%)
levels. This level accounts for about 14% of the
23%Pu(n, 2n)2*%Pu cross section @&,=10 MeV and thus car-
ries considerable weight in the determination of the channel
T cross section.

In the present case 8f%U(n, 3n)%%%U, a similar(4)~ two-
neutron quasiparticle excitation is known iR%U at
1052.89 keV with a lifetime of 100 ns. However, the nuclear

t . structure in2%®U is sufficiently different from23&u that,
____________________________________________ rather than one stron@)™— 4" transition, the decay inten-
= v s sity is spread among four transition$4) —37(38.3%,

E, (MeV) (4)"—5 (42.4%), and(4)"— 2" (1.6%), with only 17.6% of
the total intensity in thé€4)”— 4" transition. Both the frag-

FIG. 9. Summed cross sectidfilled circleg for the 103.5-, menting of the decay strength among differgmays and the
635.2-, 680.1-, .687-, 886.2-, 905.6-,.922-, 931.5-, 952.7-, 993.0Jonger lifetime of the stat¢that spreads out the intensity in
1015-, 1037.4-, 1060.3-, 1084.0-, 1437.1-, and 1485-keV transition®ur time spectrum, hence distorting the neutron energy de-
(see Fig. 3 of 238U, Above 10 MeV neutron energy the cross sec- pendence of the excitation functipmake it difficult to ob-
tions for the 687-, 922-, 952.7-, 993.0-, and 1084.0-keV transitionserve thesey rays. Indeed, we only observe the 308-keV,
have not been included in the sum due to obvious contaminatiof4)”— 3~ transition with a peak cross section of approxi-
from other reactions present at these neutron energies for thesgately 12 mb. From the known branching ratios we calcu-
transitions. The dotted and solid lines are ¢heasH predictions for  late a channel cross section of about 30 mb for the popula-
the sum of these transitions and for t##U(n, n’)-channel cross tion of this state, which corresponds to only 1.5% of the total
section, respectively. The open squares show the inelastic chann@l, 3n) observedy-ray decay in contrast to th&%u case.
cross section deduced from the data and calculatiees text The  Because all decays from the dtate in?3®J pass through the
ENDF/B-VI [25] evaluated cross sectigdashed lingis shown for ~ measured 4— 2* decay, the unobserved decay strength is
comparison with the deduced cross section. contained in thé&n, 3n) channel cross section determination.
Because of the small contribution to the total, no correction
been observed in our other datasets?8®u [10] and 1%6Pt for the 100 ns lifetime of this state was made in determining

the (n, 3n) channel cross section. Another possibiestate is

[13], for example. ; ified in23%U C
The evaluated inelastic channel cross section from ENDFHENtified in“U at an excitation energy of 1070.0 keV. We
B-VI is also shown in Fig. 9. The evaluation does not sho Iso measured decay from this state with a peak partial cross

i 0, in-
the peak structures observed in our data at low incident neuts—eCt'_‘t)n %f 50 mijabout 2.5% of the totaln, 3n) decay in
tron energies, and, like theNAsH calculation, the evaluation ensity o serveyd Lo

Despite the fact that th&®U(n, 3n) reaction is expected

values at incident neutron energies above 10 MeV are about i )
n average to populate states of higher spin than the

a factor of 2 lower than our deduced channel cross sectio 395 !

Because the neutron elastic scattering cross section is usually T N, 2n) reaction(due to the low average angular mo-
deduced from the measured neutron total scattering crodgenta of evaporated neutronee observe less population of
238 than in2%%u. Indeed, despite their

section and the sum of inelastic and nonelastic reactions, thi§e K"=4" state in

result, if correct, requires substantial changes in the evalua®"y s:imziéar band structures, we see less side feedirigfin
than in 22%Pu, however, it is not possible to establish the

ton. reason for this difference from the limited set pfay tran-
C. Population of the K*=4- state sitions observed in these datasé&onservation is still con-
- op sistent with the?*%u data, howevelK conservation in ac-
One state of special interest is the firStlével that has tinide nuclei deserves more study.
been identified as a two-neutron quasiparticle state with a
VI. SUMMARY

Nilsson configuration ofvZ[743]+v3[631] [34,33. In the
even-even isotone€sS®U and?*%u, the two-neutron quasipar-  Partial 228J(n, xny)?%®*U, x<4, cross sections for 45
ticle K™=4" state is expected to lie lower than any othertransitions have been measured for neutron energies

c(b)
» v":

Sl gttt T
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1 MeV<E,<100 MeV. The results are compared with pre- inelastic channel cross section differs significantly from cal-
vious experimental results foy-ray cross sections from in- culations and evaluations at incident neutron energies greater
elastic scattering of neutrons upEg~6 MeV on?3U and  than about 10 MeV.

with theoretical calculations up t&,=30 MeV from the

GNASH reaction model. Agreement between experimental re-

sults and theoretical predictions was established in many ACKNOWLEDGMENTS

cases while the differences observed provide valuable feed-
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