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Discreteg-ray spectra have been measured as a function of incident neutron energy for nuclei produced in
the 196Pt(n,xng) reactions. Spectroscopy was done using the large-scale Compton suppressed Geg-ray spec-
trometer GEANIE. The ‘‘white’’ source neutron beam was produced at the Los Alamos Neutron Science WNR
facility. Reaction neutron energy was determined using the time-of-flight technique. Reaction-channel yields
were inferred from the measured intensity sum of the 21

1→01
1 and the 22

1→01
1 transitions for the196Pt(n,xn)

reactions forx<15. Weisskopf-Ewing calculations~including precompound! done with theHMS-ALICE code
correctly predict the bulk of the (n,xn) reaction products for low multiplicity. However, they do not accurately
predict yield ratios of the different (n,xn) reactions forx>9. In addition, there is no consistent experimental
indication of charged-particle reaction channels (n,pxn) for incident neutron energies above 60 MeV where
they are predicted to account for approximately 1/3 of the total reaction cross section. Several possible causes
are discussed for these discrepancies. Finally, the region ofE-J phase space populated in this reaction is
probed for several of the strongest reaction channels through the observation of relative yields for different
yrast and off-yrast states.@S0556-2813~98!50706-6#

PACS number~s!: 23.20.Lv, 24.10.2i, 25.40.Sc, 27.80.1w
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Detailed information regarding high-excitation ener
@60,Ex(MeV),200#, low-spin compound nuclear system
is sparse, in part due to the lack of high-energy light-i
accelerators coupled to large-scaleg-ray spectrometers. Sev
eral recent experiments using neutron beams fill in some
these gaps through the use of unusual combinations of r
tion mechanisms and spectroscopic tools. Gillet al. @1#
coupled the TESSA3 detector array to a reactor neu
source and added a plethora of information regarding
yrast nuclear structure to the well-studied nucleus168Er.
Vonachet al. @2# took advantage of the high-energy neutr
beam at LANSCE/WNR to study the208Pb(n,xng) reaction
usingg-ray spectroscopy. They measured the 21

1→01
1 g-ray

yields for x<9 using a combination of a single Ge detec
and the WNR~Weapons Neutron Research! @3# spallation
neutron source. Cross section results were presented in
experiment, and the effect of different level density form
lations on the predicted cross section was tested. O
enough spectroscopy was performed to identify the reac
products, i.e., the decay of the first excited state in even-e
products. We report here some first results from a new fa
ity which couples the spectroscopic power of the large sc
Compton suppressed Ge array, GEANIE~GErmanium Array
for Neutron Induced Excitations!, with the intense ‘‘white’’
neutron source at LANSCE/WNR. We measured yields
discreteg rays produced in the196Pt(n,xn) reaction as a
function of incident neutron energy forEn between 3 and
250 MeV. These yields were used to determine which nu
were formed and to probe the population of off-yrast a
moderate spin states. Although we observed qualita
agreement between reaction theory and fractional reac
product yields for low-evaporated particle multiplicity, di
crepancies were observed with model predictions for
570556-2813/98/57~6!/2799~5!/$15.00
of
c-

n
f-

r

his
-
ly
n

en
il-
le

f

ei
d
e

on

e

higher evaporated particle multiplicity reactions (x>9), and
for the charged particle channels throughout the incid
neutron energy range.

GEANIE is a composite of the former HERA array from
Lawrence Berkeley National Laboratory augmented by
suite of planar detectors. The array is comprised of a com
nation of Compton suppressed coaxial Ge detectors with
proximately 25% of the efficiency of a 3 inch33 inch NaI
crystal and planar Ge detectors~LEPS, low energy photon
spectrometers!. GEANIE is located on the 60R flight path
20.34 m from the WNR spallation neutron source, at the L
Alamos Neutron Scattering Center~LANSCE!. Neutron en-
ergies at the WNR ‘‘white’’ source cover the range from le
than 1 MeV to' 600 MeV. The neutron flux falls rapidly
between 5 and 20 MeV. The combination of the neutron fl
array efficiency and beam time allocation does not take
vantage of the resolving power of the array forg-g spectros-
copy in this experiment. We report results for a short run~44
hours! with sufficient statistics to allow for analysis ofg-ray
singles up to incident neutron energies on the order of
MeV.

Reaction g-rays produced by neutrons incident on
97.4% isotopically enriched196Pt sample were measure
with the following experimental setup: The target, tw
0.54 gm/cm2 foils, was placed at the focal point of GEANIE
The results presented in the current work were obtained w
a partial implementation of GEANIE, consisting of 8 coaxi
and 5 planar detectors~all suppressed!. Spallation neutrons
were produced at theWnat spallation source driven by an 80
MeV proton beam with an average current of'2 mamp, and
the following time structure: 100 Hz of ‘‘macropulses,’’ 62
ms long, composed of approximately 340 ‘‘micropulses
spaced every 1.8ms. The overall duty cycle was 6%. Re
corded data consisted ofg-ray pulse heights correspondin
R2799 © 1998 The American Physical Society
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FIG. 1. Coincident gamma-ray
spectrum~coaxial detectors! gated
on neutron energy~1–8 MeV! and
g-ray energy~all members of the
ground-state band up toJ58\!.
Transitions in196Pt are marked by
theJp andEx in keV of the parent
level. The inset shows the time-of
flight spectrum for the planar de
tectors where thex axis has units
of 4 ns ~the TDC timing resolu-
tion! and the y-axis has units o
counts.
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to energies between 40 keV and 4 MeV together with
event time, correlated with respect to the beam micropu
RF signal. The time-of-flight method was used to obtain
energy of the reaction neutron. Data were taken for 44 ho
and recorded onto magnetic tape. A total of 31 milliong
singles and higher fold data were recorded~19 million co-
axial and 12 million planar!. Data acquisition was done usin
a specially modified version of the VME-based Michig
State University data acquisition system@4#.

Although bothg-g coincident andg-singles data were re
corded the small amount of coincident data~'2.1% of the
total! precluded any significant additions to the alrea
known Pt level schemes@5#. Nevertheless, theg-ray spec-
trum shown in Fig. 1 from the coaxial detectors gated
neutron energy (En51 – 8 MeV) and~in turn! the four low-
est members of the ground state band illustrate the low b
ground of the coincident data. Longer runs are likely to p
duce impressive results. Transitions are identified in Fig
that indicate population of the known yrast and off-yra
states in 196Pt with J<12 \. The coincident data were
also used to obtain the time resolution of the detect
from the FWHM of the prompt peakg-g timing spectra of
all of the detector pairs. The average values for the coa
~planar! detectors were FWHM534.460.3 (14.160.2) ns
respectively.

The g-ray singles data were analyzed over a wide ran
@5<En(MeV)<250# of incident neutron energy. Coinciden
data were unfolded, added to the singles data and so
off-line into two g-ray energy vs neutron time-of-flight ma
trices, corresponding to the two different detector types~co-
axial and planar!. The detector pulse heights and neutr
time-of-flight for each detector channel of GEANIE we
aligned in order to facilitate analysis of the data. The inse
Fig. 1 shows the total projections onto the time axis from
planar matrix~with time increasing from the left to the right!.
The largest peak in these spectra corresponds to theg
flash,’’ produced when the incident proton beam strikes
spallation target. Counts to the right of the ‘‘g flash’’ corre-
spond to beam-correlatedg rays plus a time-independen
background from target radioactivity. Counts to the left c
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respond mainly to target activity which is not tempora
correlated with the immediately prior beam pulses; the
counts were scaled and subtracted from the right-hand-
data to obtain the beam-induced spectrum. In addition to
backgroundg rays, the left-hand side of the spectrum i
cludes ‘‘wrap around’’ events induced by low energy ne
trons with time-of-flight longer than the time between micr
pulses~1.8 ms!. The highest ‘‘wrap-around’’ neutron energ
with the present experimental conditions is 650 keV. T
only state in196Pt with an excitation energy below this is th
yrast Jp521 state at 356 keV. Therefore, this is the on
state that can be populated by ‘‘wrap-around’’ neutro
Contamination from the ‘‘g flash’’ limited analysis to events
with En<150(250) MeV for the coaxial~planar! detectors,
respectively. Although there were nearly twice as many
axial as planar detectors, the superior timing resolution of
planars made them far more useful for the observation
reaction products resulting from high energ
(En>70 MeV) neutrons.

Reaction products were identified on the basis of char
teristic g rays in spectra generated by making contiguo
gates on the TOF axis of theEg-TOF matrices. The width of
these gates corresponded to 5 MeV at low neutron ene
and increased with greater neutron energy so as to match
uncertainty in energy determined by the detector timing
DEn51s. A particular reaction product was assigned if~a!
at least three prompt transitions in the ground-state b
were observed, and~b! the correct threshold behavior as
function of neutron energy was observed for each transit
Figure 2 shows a TOF-gated background subtracted pla
spectrum with neutron energy gates between 120 and
MeV. All ( n,xn) reaction channels withx odd up tox515
were identified in the planar detector spectra set, wher
only x513 were observed in the coaxial detectors spec
set. The limitation was due to contamination from the ‘g
flash’’ and an inability to align the timing signals due to the
greater relative width.

Assignment of the odd-A and odd-odd reaction productg
rays was more difficult than for the even-even products d
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FIG. 2. Time-of-flight gated
planar spectrum with 120
<En (MeV)<220. Transitions
in various (n,xn) reaction prod-
ucts are marked.
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to greater fragmentation of theg-ray strength caused by th
higher level density at low excitation energy in these nuc
Transitions were assigned to odd-mass Pt nuclei for
(n,xn) reactions withx<10, but exhaustive searches faile
to consistently place any set of transitions from an evapo
tion residue corresponding to a charged particle channel.
non-observation of the odd-odd Ir (Z577) nuclei can be
attributed to decreased individualg-ray strengths due to frag
mentation as well as the presence of isomeric states w
would distort the measured time-of-flight. However, the la
of transitions in odd-mass Ir nuclei is more puzzling sin
the naive expectation would be that theg-ray fragmentation
in these nuclei should be comparable to that seen in the
A Pt. Recent results from a similar experiment study
neutron-induced reactions on anatLu (Z571) target using
GEANIE suggest sizable discrepancies between experim
and the predictions ofHMS-ALICE @6#, highlighting the need
for further examination of charged-particle reaction yields

Absoluteg-ray partial cross sections require neutron fl
and detector efficiency measurements which were not ta
in this experiment. Thus it is not possible to make dire
comparison of cross sections predicted byHMS-ALICE with
measuredg-ray intensities. However, a surrogate is ava
able. The 21

1→01
1 yield in even-even residues represen

about 90% of the total reaction cross section@2#, and this
estimate can be improved by adding in the 22

1→01
1 yields.

The detector efficiency-corrected intensity of the 21
1→01

1

and 22
1→01

1 transitions for each of the even-even Pt re
dues was extracted from theEg-TOF matrices, and summed
@The 22

1→01
1 feeding for all of the even-even Pt nuclei stu

ied never exceeded 10% of the 21
1→01

1 intensity for all of
the (n,xn) reaction channels.# The ratio of the yield for each
of the even-even Pt residues over the total yield for all of
even-even products was then determined for every neu
energy. This ‘‘fractional yield’’ for a given reaction produc
xPt is given by the following expression:
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xPt!5

I g~xPt;21
1→01

1!1I g~xPt;22
1→01

1!

(x5184
194 I g~xPt;21

1→01
1!1I g~xPt;22

1→01
1!

x5even. ~1!

The fractional yield is independent of the neutron flux f
a given incident neutron energy range if the bin is kept sm
enough so that the flux does not vary across it apprecia
The measured fractional yield for each of the even-even
nuclei with 184<A<194 is shown by the~l! data points in
Figs. 3~a!–3~f! over the energy range 10–200 MeV. Th
threshold for the (n,xn) reaction based on the known an
calculated masses@7# for each of the reactions is indicated b
the arrow on thex axis. The196Pt(n,n8)196Pt reaction is not
included in this comparison due to contamination of the1

1

→01
1 transition by low-energy ‘‘wrap-around’’ neutrons

The 196Pt(n,15n)182Pt reaction is not included since the 22
1

→01
1 transition was not identified.

FIG. 3. Fractional yield plots from planar detectors~l! and
HMS-ALICE calculations~2! for even-mass Pt reaction products wi
184<A<194 ~a–f!. The HMS-ALICE calculations were weighted to
reflect the detector timing. The arrows indicate the neutron ene
threshold for formation of the reaction product based on
masses@7#.
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The behavior of three structurally similar transitions w
tracked over the same neutron energy range for the t
(n,xn) reaction channels withx53, 5, and 7. Contamination
from stronger transitions in other channels made it diffic
to track these transitions in the lighter Pt nuclei. The purp
of this analysis was to gain insight into which regions
energy-angular momentum (E-J) phase space were bein
populated at different values of incident neutron energy. T
transitions tracked included the 41

1→21
1 , the 42

1→22
1 , and

the 51
2→41

1 . The ratios of the yields for these transition
over the 21

1→01
1 transition as a function of neutron energ

are presented in Figs. 4~a!–4~c!.
We now compare measured gamma-ray yields with p

dictions of theHMS-ALICE code@8#. The nuclear model em
bodied in HMS-ALICE includes the Weisskopf-Ewing mode
of nuclear reactions~evaporation!, together with a Monte
Carlo treatment of precompound reaction mechanisms.
calculations were performed using the ‘‘standard’’ set of
put parameters. These include a Fermi gas level density~for
both nucleon and fission barrier states! with a5ACN/9 and
the A. J. Sierk fission barriers.

The comparison between experiment and the predict
of HMS-ALICE requires that the mapping of time-of-flight t
incident neutron energy include the effect of the time disp
sion of the Ge detector timing signal. The correction is no
linear ~t}v2 for En!mnc2!, and also depends on theg-ray
energy and the shape of the neutron flux. A time-of-flig
gate corresponding to a nominal range of neutron ener
has a neutron energy spread due to these effects that bec
greater at higher incident neutron energies where the ti
of-flight becomes smaller~while the time dispersion remain
constant!. The predictions of a reaction code for discrete
cident neutron energies over the entire range of neutrons
ergies from threshold to 190 MeV was weighted by a Gau
ian distribution centered on the experimental centroid of
neutron energy bin withs determined by theg-g timing
resolution. The time-of-flight bins were kept small enough
insure that the neutron flux could be approximated as c
stant across them. These ‘‘weighted’’ calculations are sho
for the timing resolution of the planar detectors by the so
lines in Figs. 3~a!–3~f!.

Comparison of the model prediction and experimental
sults shows thatHMS-ALICE qualitatively succeeds in repro
ducing the persistence of specific reactions at energies

FIG. 4. g-ray intensities as a function of incident neutron ener
normalized to the yrast 21

1→01
1 transition for 194Pt ~a!, 192Pt ~b!,

and190Pt ~c! from the planar detectors for two yrast: 41
1→21

1 ~j!,
51

2→41
1 ~l!, and one off-yrast 42

1→22
1 ~s! line.
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above the reaction threshold. However, significant deviati
between experiment and the calculations are evident for
(n,xng) reaction withx>9. It should be noted that althoug
these deviations appear sizable in the graphs of fractio
yield, they represent a small percentage of the summ
(n,xn) cross section at higher neutron energies. Two p
sible explanations for these deviations follow. The first
that competition from other reaction channels resulting
odd-A Pt and Ir nuclei are not accurately predicted by t
model calculations. This explanation is supported by the l
of observation of any strong, charged particle channels in
data. Another possible cause is that the relative strengt
the compound nuclear and precompound reaction me
nisms are not correctly represented in the model. The dif
ences in the shape of the curves for the theoretical and
perimental fractional yield support this latter interpretatio
A normalized cross section curve would provide a bet
comparison between experiment and theory than the f
tional yields. This would aid in a determination of which o
the two mechanisms described above is responsible for
deviations between experiment and theory. However,
lack of a neutron flux and an absolute detector efficien
measurement precludes this analysis of the current data

The data from this experiment can also be used to ga
the relative population of nuclear states with different ex
tation energy and angular momentum as a function of in
dent neutron energy. We have restricted our study to a
resentative sample in the strongest reaction chann
(n,3ng), (n,5ng), and (n,7ng). The plots in Figs. 4~a!–
4~c! give an appreciation for the variation in the populati
of two higher spin yrast states~Jp541 and Jp552! with
increasing incident neutron energy. The plots show that th
states are populated more strongly for neutron energies
threshold, where the compound nuclear reaction mechan
predominates. In contrast, the off-yrast 42

1→22
1 transition

shown in Figs. 4~a!–4~c! is more intense with increasin
incident neutron energy, where precompound mechani
play a greater role. These results can be understood in te
of angular momentum conservation and the two compe
reaction mechanisms involved. In a compound nuclear re
tion the entire energy and angular momentum of the incid
neutron is absorbed in the target nucleus and its ene
equally distributed between all of the nucleons. The partic
evaporated from this compound system for reactions w
particle multiplicities greater than 1 have relatively low e
ergy and are emitted isotropically, resulting in little or n
loss of angular momentum and a relatively strong populat
of higher spin states. In contrast, the particles emitted follo
ing a precompound or ‘‘knockout’’ reaction mechanism ha
a sizable portion of the angular momentum of the incid
neutron, resulting in a comparably smaller amount of
sidual angular momentum in the reaction product and a r
tively greater population of off-yrast states. The shapes
these curves confirm that a transition occurs between th
two reaction mechanisms as the incident neutron energy
creases.

The combination of the GEANIEg-ray spectrometer and
the LANSCE/WNR high energy spallation neutron sour
offers a unique combination of high-resolution coincide
and singlesg-ray spectroscopy of neutron-induced reacti
products. Reaction mechanisms have been studied using
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196Pt(n,xng) reactions in the incident neutron energy ran
from '1 to over 200 MeV. All even-A Pt nuclei with 182
<A<196 and odd-A Pt nuclei with 195<A<187 have been
identified. A comparison of the fractional yields of the eve
even Pt reaction products with the predictions of theHMS-

ALICE model shows qualitative agreement for the reactio
with lower evaporated nucleon multiplicity (x<7) and sig-
nificant deviations above this value. In addition, there
pears to be a significant over-prediction of the charged p
ticle channels. These differences might be attributable
experimental factors in the odd-A and odd-odd reaction
products, including lessenedg-ray sensitivity due to frag-
mentation and/or isomeric states. However, inadequacie
the model calculations cannot be ruled out, including an
accurate treatment of precompound reaction mechanisms
increased competition from reaction channels that resul
odd-A products. Further experimental work is warranted,
cluding a detailed neutron fluence and detector efficie
measurement, on targets with both even and odd numbe
protons and neutrons. Finally, calculations with codes t
predict partialg-ray cross sections to allow for a quantitativ
comparison between experiment and theory for channels
result in odd-A reaction products would be welcome.
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A final note: observation of exotic reactions such
(n,15n) in a run of such short duration with a partial imple
mentation of GEANIE opens the possibility of using simil
high-evaporated neutron multiplicity reactions to probe
low-lying off-yrast structure of exotic neutron-deficient n
clei, including most notably nuclei with 40<N5Z<50. For
example,~n, xn! reactions on the lightest stable Sn isotop
112Sn, result in the formation of very neutron-deficient S
isotopes. Although charged particle evaporation is expec
to play a larger role with decreasing proton number, rec
results from the GEANIE detector using an170Er target@9#
suggest that neutron emission will compete favorably w
charged particle emission at high multiplicity of partic
emission. Further experiments using neutron-deficient tar
are necessary to determine how well (n,xng) can be used to
probe nuclei near the proton drip-line.
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sible through the U.S. Department of Energy Contract nu
bers W-7405-ENG-48 ~LLNL ! and W-4705-ENG-36
~LANL !.
s.

p,
@1# R. L. Gill et al., Phys. Rev. C54, 2276~1996!.
@2# H. Vonachet al., Phys. Rev. C50, 1952~1994!.
@3# P. W. Lisowski, C. D. Bowman, G. J. Russell, and S.

Wender, Nucl. Sci. Eng.106, 208 ~1990!.
@4# M. Maier, M. Robertson, A. Vander Molen, and G. D. Wes

fall, Nucl. Instrum. Methods Phys. Res. A337, 619 ~1994!.
@5# Evaluated Nuclear Structure Data Files~Brookhaven National
Laboratory, Upton, NY, 1997!.
@6# D. E. Archer, E. A. Henry, and W. Younes, Bull. Am. Phy

Soc.42, 1687~1997!; ~unpublished!.
@7# G. Audi and A. H. Wapstra, Nucl. Phys.A595, 409 ~1995!.
@8# M. Blann, Phys. Rev. C54, 1341~1996!.
@9# W. Younes, in Proceedings of the First GEANIE Worksho

edited by D. Strottman and J. A. Becker, 1997~unpublished!.


