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Discretey-ray spectra have been measured as a function of incident neutron energy for nuclei produced in
the 1%Pt(n,xny) reactions. Spectroscopy was done using the large-scale Compton suppresseayGeec-
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 tie-20; and the 2 —0; transitions for the*®Pt(n,xn)
reactions forx<15. Weisskopf-Ewing calculationéncluding precompounddone with theHms-ALICE code
correctly predict the bulk of then(xn) reaction products for low multiplicity. However, they do not accurately
predict yield ratios of the different(xn) reactions forx=9. In addition, there is no consistent experimental
indication of charged-particle reaction channeispixn) 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 regide-dfphase 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 statefS0556-28188)50706-9

PACS numbsgs): 23.20.Lv, 24.10-i, 25.40.Sc, 27.86:w

Detailed information regarding high-excitation energy higher evaporated particle multiplicity reactionsX9), and
[ 60<E,(MeV)<200], low-spin compound nuclear systems for the charged particle channels throughout the incident
is sparse, in part due to the lack of high-energy light-ionneutron energy range.
accelerators coupled to large-scateay spectrometers. Sev-  GEANIE is a composite of the former HERA array from
eral recent experiments using neutron beams fill in some dfawrence Berkeley National Laboratory augmented by a
these gaps through the use of unusual combinations of reagtlite of planar detectors. The array is comprised of a combi-
tion mechanisms and spectroscopic tools. Gillal. [1] nation of Compton suppressed coaxial Ge detectors with ap-
coupled the TESSA3 detector array to a reactor neutroRroximately 25% of the efficiency of a 3 inet8 inch Nal
source and added a plethora of information regarding off€rystal and planar Ge detectofisEPS, low energy photon
yrast nuclear structure to the well-studied nuclé@éer.  SPectrometejs GEANIE is located on the 60R flight path,
Vonachet al. [2] took advantage of the high-energy neutron 20.34 m from the WNR spallation neutron source, at the Los

beam at LANSCE/WNR to study ti@®Pb(n, xny) reaction Alamos Neutron Scattering CentdrANSCE). Neutron en-

. 4 + ergies at the WNR "“white” source cover the range from less
using y-ray spectroscopy. They measured the-20, y-ray than 1 MeV to~ 600 MeV. The neutron flux falls rapidly

yields forx<9 using a combination of a single Ge de_teCtorbetween 5 and 20 MeV. The combination of the neutron flux,
and the WNR(Weapons Neutron Reseajcl8] spallation  ray efficiency and beam time allocation does not take ad-
neutron source. Cross section results were presented in tm%ntage of the resolving power of the array fey spectros-
experiment, and the effect of different level density formu-cqpy in this experiment. We report results for a short
lations on the predicted cross section was tested. Onlyourg with sufficient statistics to allow for analysis gfray
enough spectroscopy was performed to identify the reactiogingles up to incident neutron energies on the order of 250
products, i.e., the decay of the first excited state in even-eveRleV.

products. We report here some first results from a new facil- Reaction y-rays produced by neutrons incident on a
ity which couples the spectroscopic power of the large scal®©7.4% isotopically enriched®Pt sample were measured
Compton suppressed Ge array, GEAN(EErmanium Array  with the following experimental setup: The target, two
for Neutron Induced Excitationswith the intense “white”  0.54 gm/cm foils, was placed at the focal point of GEANIE.
neutron source at LANSCE/WNR. We measured yields ofThe results presented in the current work were obtained with
discrete y rays produced in thé®®Pt(n,xn) reaction as a a partial implementation of GEANIE, consisting of 8 coaxial
function of incident neutron energy fd, between 3 and and 5 planar detector@ll suppressed Spallation neutrons
250 MeV. These yields were used to determine which nucleivere produced at thé/" spallation source driven by an 800
were formed and to probe the population of off-yrast andMeV proton beam with an average currente? wamp, and
moderate spin states. Although we observed qualitativéhe following time structure: 100 Hz of “macropulses,” 625
agreement between reaction theory and fractional reactiops long, composed of approximately 340 “micropulses,”
product yields for low-evaporated particle multiplicity, dis- spaced every 1.@s. The overall duty cycle was 6%. Re-
crepancies were observed with model predictions for theorded data consisted gfray pulse heights corresponding
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to energies between 40 keV and 4 MeV together with thaespond mainly to target activity which is not temporally
event time, correlated with respect to the beam micropulseorrelated with the immediately prior beam pulses; these
RF signal. The time-of-flight method was used to obtain thecounts were scaled and subtracted from the right-hand-side
energy of the reaction neutron. Data were taken for 44 hourgata to obtain the beam-induced spectrum. In addition to the
and recorded onto magnetic tape. A total of 31 millign packgroundy rays, the left-hand side of the spectrum in-
Singles a.nd h|gher f0|d data were record&@ m|”|0n CO- C|udes “Wrap around” events induced by low energy neu-
axial and 12 million plangr Data acquisition was done using rons with time-of-flight longer than the time between micro-
a specia!ly m_odified versipr} .of the VME-based Michigan pulses(1.8 us). The highest “wrap-around” neutron energy
State University data acquisition syst¢#. with the present experimental conditions is 650 keV. The

gltréoyhgh bo”;l”"’ comtmdfent gnqé/-sT%le; galtoa/wir?hre- only state in*®®Pt with an excitation energy below this is the
corded the small amount of coincident d¢ta2.1% of the yrastJ"=2" state at 356 keV. Therefore, this is the only

total) precluded any significant additions to the alreadyState that can be populated by “wrap-around” neutrons.

't(r:(r)nwr;hf)t/vlﬁ Vi?]l éi(;helm fegrl.n ’t\:livecggiilzfz'ettr;?{(;?g Sapt?e?j- or]Contamination from the % flash” limited analysis to events
neutron energy, = 1—8 MeV) and(in turn) the four low- with E,<150(250) MeV for the coaxialplanay detectors,

est members of the ground state band illustrate the low back€SPectively. Although there were nearly twice as many co-

ground of the coincident data. Longer runs are likely to pro_axial as planar detectors, the superior timing resolution of the

duce impressive results. Transitions are identified in Fig. Planars made them far more useful for the observation of
that indicate population of the known yrast and off-yrastféaction  products  resulting  from  high  energy
states in1%Pt with J<127%. The coincident data were (E,=70 MeV) neutrons.
also used to obtain the time resolution of the detectors Reaction products were identified on the basis of charac-
from the FWHM of the prompt peak~y timing spectra of teristic y rays in spectra generated by making contiguous
all of the detector pairs. The average values for the coaxigates on the TOF axis of tHe,-TOF matrices. The width of
(planad detectors were FWHM 34.4+0.3 (14.1-0.2) ns these gates corresponded to 5 MeV at low neutron energy
respectively. and increased with greater neutron energy so as to match the
The vy-ray singles data were analyzed over a wide rangeincertainty in energy determined by the detector timing of
[5=<E,(MeV)=250] of incident neutron energy. Coincident AE,=10. A particular reaction product was assignedaif
data were unfolded, added to the singles data and sorteat least three prompt transitions in the ground-state band
off-line into two y-ray energy vs neutron time-of-flight ma- were observed, antb) the correct threshold behavior as a
trices, corresponding to the two different detector tyms  function of neutron energy was observed for each transition.
axial and planar The detector pulse heights and neutronFigure 2 shows a TOF-gated background subtracted planar
time-of-flight for each detector channel of GEANIE were spectrum with neutron energy gates between 120 and 220
aligned in order to facilitate analysis of the data. The inset ifMeV. All (n,xn) reaction channels witlk odd up tox=15
Fig. 1 shows the total projections onto the time axis from thewere identified in the planar detector spectra set, whereas
planar matrix(with time increasing from the left to the right  only x=13 were observed in the coaxial detectors spectra
The largest peak in these spectra corresponds to the “set. The limitation was due to contamination from the *
flash,” produced when the incident proton beam strikes thdlash” and an inability to align the timing signals due to their
spallation target. Counts to the right of the/ flash” corre-  greater relative width.
spond to beam-correlategl rays plus a time-independent  Assignment of the odd- and odd-odd reaction produgt
background from target radioactivity. Counts to the left cor-rays was more difficult than for the even-even products due
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to greater fragmentation of thgray strength caused by the IL(Pt2f —07)+1,(Pt; 23 —07)

higher level density at low excitation energy in these nuclei. Ygad *PY)= <1z XS oT ¥ XS T ¥
Transitions were assigned to odd-mass Pt nuclei for all Zx=16d,(PE2 =01, (PE2 =04 )

(n,xn) reactions withx<10, but exhaustive searches failed X=even. 1

to consistently place any set of transitions from an evapora-

tion residue corresponding to a charged particle channel. The The fractional yield is independent of the neutron flux for
non-observation of the odd-odd IZE77) nuclei can be @ given incident neutron energy range if the bin is kept small
attributed to decreased individugiray strengths due to frag- €hough so that the flux does not vary across it appreciably.

mentation as well as the presence of isomeric states which® measured fractional yield for each of the even-even Pt
would distort the measured time-of-flight. However, the lacknUclei with 184<A<194 is shown by th¢#) data points in

of transitions in odd-mass Ir nuclei is more puzzling sinceFigS' 3a)-3(f) over the energy range 10-200 MeV. The

the naive expectation would be that theay fragmentation thrlei:‘aqclg dfr?: thsigg]);nr) rear(]:tlcf)?hba;szd tiorrll trilei:giowtn dagd
in these nuclei should be comparable to that seen in the od?—aC as © eaclgo © ?1% ons Is indicated by
.y . . the arrow on thex axis. The'®Pt(n,n’)%%Pt reaction is not

A Pt Recent results from a similar experiment StUdylngincluded in this comparison due to contamination of the 2
neutron-induced reactions on"8Lu (Z=71) target using o+ ition b IID " 9

GEANIE suggest sizable discrepancies between experiment 119(;[:33”5'“0” 1823(3 ow-energy “wrap-around™ neutrons.
and the predictions afims-ALICE [6], highlighting the need The+ t(n,15n) Pt reaction is not included since the 2
for further examination of charged-particle reaction yields. —01 transition was not identified.

Absolute y-ray partial cross sections require neutron flux

and detector efficiency measurements which were not takel 1'8~ 1 a) 194pt | b) 192pt | ¢) 190pt
in this experiment. Thus it is not possible to make directg 0:6; | |

comparison of cross sections predicted His-ALICE with 3 .4 B B ,
measuredy-ray intensities. However, a surrogate is avail- = o een | | %0000, o0
able. The Z2—0; vyield in even-even residues represents § , L L L
about 90% of the total reaction cross sect[@}, and this 3§ | o 1oepr| A oeop| f n 1Pt
estimate can be improved by adding in the-20; yields. & N i i

The detector efficiency-corrected intensity of thg-20; ' i :

and 2 —0; transitions for each of the even-even Pt resi- > i ot TR TRE
dues was extracted from tie,-TOF matrices, and summed. % 100 150 o0 504 100 150 0 50 /Moo 150 200
[The 2, —0; feeding for all of the even-even Pt nuclei stud- & (WY

ied never exceeded 10% of thg 207 intensity for all of FIG. 3. Fractional yield plots from planar detectdqr¢) and

the (n,xn) reaction channel}The ratio of the yield for each s alice calculations(—) for even-mass Pt reaction products with
of the even-even Pt residues over the total yield for all of thejga<A<194 (a—f). The Hms-ALICE calculations were weighted to
even-even _prOdUCt_S Was_then deterr_nined for ‘every neutrofflect the detector timing. The arrows indicate the neutron energy
energy. This “fractional yield” for a given reaction product, threshold for formation of the reaction product based on the
*Pt is given by the following expression: masses$7].
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1. above the reaction threshold. However, significant deviations
—-— 452, @ | [—e—a,752,* (b) | [ —m— 4,* 52+ (0) ) . )
o 57> 44+ | _194py| | e 5,74t | 192pg || e 5 4,* | 190py between experiment and the calculations are evident for the
0.8l o 4,15 2,* L] o 4, 52,* | -0 4, 52,*

(n,xnvy) reaction withx=9. It should be noted that although

these deviations appear sizable in the graphs of fractional
yield, they represent a small percentage of the summed
(n,xn) cross section at higher neutron energies. Two pos-

5

Ratio: Iy12{—> 0%

ooig- sible explanations for these deviations follow. The first is
. SRR " P I that competition from other reaction channels resulting in
Lo .d Mg 28 oddA Pt and Ir nuclei are not accurately predicted by the
[ l l l . . . .
o 30 100 150 o 00 150 25 75 e i7s model caIchanns. This explanation is supported by thg lack
E, (MeV) of observation of any strong, charged particle channels in the

data. Another possible cause is that the relative strength of

FIG. 4. y-ray intensities as a function of incident neutron energythe compound nuclear and precompound reaction mecha-
normalized to the yrast2-0; transition for'®Pt (a), %Pt (),  nisms are not correctly represented in the model. The differ-
and°%t (c) from the planar detectors for two yrast; 4-2; (W),  ences in the shape of the curves for the theoretical and ex-
5, —4, (#), and one off-yrast 4—2, (O) line. perimental fractional yield support this latter interpretation.

A normalized cross section curve would provide a better

The behavior of three structurally similar transitions WaSComparison between experiment and theory than the frac-
tracked over the same neutron energy range for the thregonal yields. This would aid in a determination of which of
(n,xn) reaction channels witk=3, 5, and 7. Contamination the two mechanisms described above is responsible for the
from stronger transitions in other channels made it difficultdeviations between experiment and theory. However, the
to track these transitions in the lighter Pt nuclei. The purposgack of a neutron flux and an absolute detector efficiency
of this analysis was to gain insight into which regions of measurement precludes this analysis of the current data.
energy-angular momentunE¢J) phase space were being  The data from this experiment can also be used to gauge
populated at different values of incident neutron energy. Thehe relative population of nuclear states with different exci-
transitions tracked included thg'4-2;" , the 4 —2; , and  tation energy and angular momentum as a function of inci-
the 5, —4, . The ratios of the yields for these transitions dent neutron energy. We have restricted our study to a rep-
over the 2 —0; transition as a function of neutron energy resentative sample in the strongest reaction channels:
are presented in Figs(@-4(c). (n,3ny), (n,5ny), and (,7ny). The plots in Figs. &)—

We now compare measured gamma-ray yields with pre4(c) give an appreciation for the variation in the population
dictions of theHms-ALICE code[8]. The nuclear model em- of two higher spin yrast statggd"=4" andJ"=5") with
bodied inHMS-ALICE includes the Weisskopf-Ewing model increasing incident neutron energy. The plots show that these
of nuclear reactiongevaporatiol, together with a Monte states are populated more strongly for neutron energies near
Carlo treatment of precompound reaction mechanisms. Théreshold, where the compound nuclear reaction mechanism
calculations were performed using the “standard” set of in-predominates. In contrast, the off-yrasf 42, transition
put parameters. These include a Fermi gas level deffsity shown in Figs. 4a)—4(c) is more intense with increasing
both nucleon and fission barrier statesith a=Ac\/9 and  incident neutron energy, where precompound mechanisms
the A. J. Sierk fission barriers. play a greater role. These results can be understood in terms

The comparison between experiment and the predictionsf angular momentum conservation and the two competing
of HMS-ALICE requires that the mapping of time-of-flight to reaction mechanisms involved. In a compound nuclear reac-
incident neutron energy include the effect of the time dispertion the entire energy and angular momentum of the incident
sion of the Ge detector timing signal. The correction is non-heutron is absorbed in the target nucleus and its energy
linear (t«v? for E,<m,c?), and also depends on theray  equally distributed between all of the nucleons. The particles
energy and the shape of the neutron flux. A time-of-flightevaporated from this compound system for reactions with
gate corresponding to a nominal range of neutron energigzarticle multiplicities greater than 1 have relatively low en-
has a neutron energy spread due to these effects that beconsggy and are emitted isotropically, resulting in little or no
greater at higher incident neutron energies where the timdess of angular momentum and a relatively strong population
of-flight becomes smallegwhile the time dispersion remains of higher spin states. In contrast, the particles emitted follow-
constant The predictions of a reaction code for discrete in-ing a precompound or “knockout” reaction mechanism have
cident neutron energies over the entire range of neutrons e sizable portion of the angular momentum of the incident
ergies from threshold to 190 MeV was weighted by a Gaussheutron, resulting in a comparably smaller amount of re-
ian distribution centered on the experimental centroid of thesidual angular momentum in the reaction product and a rela-
neutron energy bin withr determined by they-y timing  tively greater population of off-yrast states. The shapes of
resolution. The time-of-flight bins were kept small enough tothese curves confirm that a transition occurs between these
insure that the neutron flux could be approximated as contwo reaction mechanisms as the incident neutron energy in-
stant across them. These “weighted” calculations are showereases.
for the timing resolution of the planar detectors by the solid The combination of the GEANIB-ray spectrometer and
lines in Figs. 3a)—3(f). the LANSCE/WNR high energy spallation neutron source

Comparison of the model prediction and experimental re-offers a unique combination of high-resolution coincident
sults shows thaliMs-ALICE qualitatively succeeds in repro- and singlesy-ray spectroscopy of neutron-induced reaction
ducing the persistence of specific reactions at energies faroducts. Reaction mechanisms have been studied using the
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19%pt(n,xny) reactions in the incident neutron energy range A final note: observation of exotic reactions such as
from ~1 to over 200 MeV. All everA Pt nuclei with 182 (n,15n) in a run of such short duration with a partial imple-
<A=<196 and oddA Pt nuclei with 195A<187 have been mentation of GEANIE opens the possibility of using similar
identified. A comparison of the fractional yields of the even-high-evaporated neutron multiplicity reactions to probe the
even Pt reaction products with the predictions of thes-  low-lying off-yrast structure of exotic neutron-deficient nu-
ALICE model shows qualitative agreement for the reactionglei, including most notably nuclei with 40N=Z<50. For
with lower evaporated nucleon multiplicity&7) and sig-  example,(n, xn) reactions on the lightest stable Sn isotope,
nificant deviations above this value. In addition, there ap-112sp result in the formation of very neutron-deficient Sn
pears to be a significant over-prediction of the charged pafisotopes. Although charged particle evaporation is expected
ticle channels. These differences might be attributable tqq play a larger role with decreasing proton number, recent
experimental factors in the oddl-and odd-odd reaction yegyits from the GEANIE detector using &FEr target[9]
products, including lessenegtray sensitivity due to frag-  gyggest that neutron emission will compete favorably with
mentation and/or isomeric states. However,_lnade'quame's ¥harged particle emission at high multiplicity of particle
the model calculations cannot be ruled out, including an ingmjssion. Further experiments using neutron-deficient targets

accurate treatment of precompound reaction mechanisms ang necessary to determine how wel|Xny) can be used to
increased competition from reaction channels that result "E)robe nuclei near the proton drip-line.

odd-A products. Further experimental work is warranted, in-

cluding a detailed neutron fluence and detector efficiency The authors would like to thank Mark Chadwick from
measurement, on targets with both even and odd numbers dbs Alamos for reading this manuscript and offering invalu-
protons and neutrons. Finally, calculations with codes thaable insight into reaction modeling. This was been made pos-
predict partialy-ray cross sections to allow for a quantitative sible through the U.S. Department of Energy Contract num-
comparison between experiment and theory for channels thaers W-7405-ENG-48 (LLNL) and W-4705-ENG-36

result in oddA reaction products would be welcome. (LANL).
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