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Intermediate mass fragmer{td1F) and light particles emitted from théNi +5Ni reaction at a beam energy
of 375 MeV have been studied. The fragments and light particles were measured in coincidence wity4
spectrometer. Th&=6 (C) kinetic energy spectra and the distribution of the final nuclei in coincidence with
the emitted C are well described by Hauser-Feshbach calculations extended to many channels. A detailed study
of C-y and 3x-vy correlations indicate a strong selectivity of the IMF decay. Our results indicate that the IMF
can populate nuclei that are not accessible via multiple light parti&te3) emission and, thus, are useful for
nuclear structure studies.
[S0556-28188)50102-1

PACS numbef): 25.70.Pq, 23.76:j, 25.70.Jj, 27.60k]

The characterization of intermediate mass fragnii&iF) mas$ were consistent with statistical model calculations, ei-
emission in heavy-ion collisions at low and medium bom-ther the asymmetric fission model varief$,7] or full
barding energiet to 100 MeV/nucleonhas been an impor- Hauser-Feshbach calculatidi®. For the highest energies, it
tant ingredient in the study of heavy-ion nuclear reactiorwas observed that the angular distributions were not sym-
mechanismg¢1,2]. From the early work using light projec- metric with respect to 90° because a strong forward peaking
tiles like *He [3,4] or “He[5], it was clear that the IMF cross occurred even for fragments as heavy Zs6 [4,5]. For
sections integrated over angles greater than (@@hter of heavier projectiles at energies below 15 MeV/nucl¢8a

10], also the dominant behavior was that of compound
nucleus emission and equilibrium decay. For energies above
*Present address: NASA Ames Research Center, M/S T272A-115 MeV/nucleon, the emphasis on the IMF studies has been

Moffett Field, CA 94035-1000. on IMF multiplicity which could provide signs of possible
"Present address: Sektion Physik der Univérskaichen, D-  multifragmentation effect§1]. The use of IMF measure-
85748 Garching, Germany. ments in conjunction with # y-ray detectors has been also
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very useful in determining temperatures of the collision zone .,
by measuring the ratios of the excited states of the IMF 58N1458Ni at EGBN=375 MeV
populated in these reactiof2,7,8,11,12 Also, these mea-
surements have been extended to include excited states of t
IMFs above particle threshold using patrticle-particle correla:
tions. A review of this subject has been given recen#j
Although in many of the studies just mentioned, the com-
pound nucleus decay properties have been deduced fro 500+
cross-section measurements, angular distributions, or ratic
or excited states, no attempt has been made to study tt 250
residual nuclei left in excited states after the emission of the
IMF. In this regard, the present communication shows for the o ] . . . ' .
first time such a measurement where the final nuclei hav 0 40 60 80 100 120 140 160 180 200
been studied by their characteristirays. With these mea- Ec (MeV)
surements, in addition to learning in more detail about the
mechanism of the emission process, we may be able to pro- FIG. 1. Energy spectrum of C ions compared to statistical model
duce nuclei in states of angular momentum and excitatioalculations(solid curve.
energy than are not normally populated via light particle
emission. count in the calculations. A maximum critical angular mo-
The reaction®®Ni+®Ni was studied at a bombarding en- mentum of 6& for the compound nucleys,9], and a level-
ergy of 375 MeV, using the beams from the ALPI accelera-density parametera=A/10 were used. The calculations
tor facility of the Legnaro National Laboratory in Padova, indicate that for the bombarding energy of 375 MeV, 90% of
Italy. The main purpose of these measurements is to compléhe IMF emission occurs in the first step of the decay pro-
ment those done at higher energies of 8 and 11 MeV/nucleogesses. Since in the present experiment the absolute cross
[8,9] and to advance the understanding of the IME<@@  sections were not measured, the calculations were normal-
<12) emission process. The experimental setup consisted éfed to the data at the maximum counts. A good agreement
a y-ray spectrometefGASP[13]) used to detect the discrete between the calculated and experimental shapes of the en-
vrays emitted by the evaporation resid(E®) and IMF and  ergy spectra is needed to establish the recoil effects that are
a Si-ball(1SIS[14]) for the detection of charged particles. In used to correct for Doppler broadening of the emitjeys.
this configuration the ISIS consisted of 33, 5@6+thick The y-ray spectrum in coincidence with C ions, shown in
ion-implanted silicon detectors that were operated in thdrig. 2, was obtained by summing the spectra of all Ge de-
“flipped mode” that identified the IMF using pulse shape tectors of the GASP array. Also, all the Si detectors that had
analysis(see Ref[15]). Seven conventional silicoAE-E an identifiable carbon group were added together. Doppler
telescopes completed the ISIS and were used mainly to déroadening corrections were made by determining the veloc-
tectp’s anda’s at backward angles. A recoil mass spectrom-ity vectors of the recoils using the measured carbon energies
eter (RMS) [16] was used to detect the ER emitted in theand angles on an event by event basis. The symbols on some
forward direction. Coincidences between GASP-ISIS and th@f the y-ray peaks in Fig. 2 identify several of the residual
RMS were recorded and were extremely useful to identifynuclei produced in this reaction. The residual nuclei pro-
uniquely many of the ER’s produced. Due to the low coin-duced by the decay via C were identified by placing multiple
cidence efficiency between the IMF and RMS, data from thegates on a-y matrix built in coincidence with C. The-ray
RMs were not used in the present analysis. energy resolution is about 4 keV at 200 keV and 15 keV at 1
The IMF detected by ISIS were identified by the charac-
teristic two-dimensional plot of the rise time of the pulse vs

e  Exp.
1000 *P

Calc.

7504 <©)gp>=36°

Counts

the energy. In this fashion, IMF of Li, Be, B, C, N, and O . . 58N (58Ni,Cop)
were clearly identified. The IMF above O and those with | ’
energies below~5 MeV/nucleon were stopped by a cylin- « 96mn
drical Cu absorber, 14m thick, placed in the center of the 4000 4 ' + 9%

A 95Ru

chamber and around the target, to stop the elastically sca
tered Ni nuclei. The energy spectrum for carbon ions showi £
in Fig. 1 was obtained by projecting on the energy axis the§
band(corresponding t&=6) drawn in the two-dimensional 2000 A
identification plot. The spectrum in Fig. 1 corresponds to the

sum of five silicon detectors placed at an average scatterin
angle of 36° with an aperture of12°. Statistical model

3000

1000 -

calculations were done for the first step of the decay with the 0 R
codeBusco (Ref. [8]) and then coupled to the code.ITA S0 100 150 200 250 300 350 400 450 500 550
(Ref.[17]) for the subsequent steps of the decay. The solic Ey (keV)

line drawn in Fig. 1 corresponds to the statistical model cal-

culation assuming decay of a fused and completely equili- FIG. 2. y-ray spectrum measured in coincidence with C frag-
brated system. The energy loss in the target and Cu absorbekents. The symbols correspond to several of the residual nuclei
as well as the geometry of the detectors are taken into agroduced.
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Ey (keV) FIG. 4. y-ray spectra corresponding to t8Ru nucleus. Each
panel shows the spectrum corresponding to the indicgtey en-
FIG. 3. y-ray spectrum in coincidence with at least Barticles ~ €rgy gate, the arrows show the location of the gate on the energy
(top panel. y-ray spectrum in coincidence with ®ottom panel  Spectrum. Notice also that tf€Ru nucleus is populated by'4C «
The arrows drawn in the figure indicajdines corresponding to the 4PN emission.
%Ru nucleus.
clearly the 281, 283 doublet, but the most contrasting result
MeV and is mostly due to the Doppler broadening arisingwith those of Refs[18] and[19] is the absence of the line at
from the large solid angle subtended by the silicon detector255 keV. Certainly, this indicates that more work is needed
Since mosty-ray spectroscopy experiments use reactiondo understand the decay scheme®Ru, but many of the
that involve emission of light particlesi(p or ), it is inter-  differences noted can be due to the fact that our work is the
esting to compare the-ray spectra associated with multi- first one that populates this nucleus by a heavy-ion reaction
light particle emission to that of the IMF. The relevant com-in the entrance channel and, thus, populates higher spin
parison to C emission is the emission of Particles. The states. With the present statistics, our study’®u cannot
v-ray spectrum obtained in coincidence with at leastpar-  go beyond what is presented in Fig. 4.
ticles identified in the ISIS is shown at the top panel of Fig. Another example of identification of residual nuclei is for
3. The bottom panel shows thgray spectrum in coinci- the case of®Rh nucleus for which gates were placed on
dence with C ions. As seen in this figure, the C channel-ray energiegin keV) of 99 and 125. The resulting spectra
shows enhanced selectivity compared to the hannel: are in good agreement with the known decay schg2fg in
only a few strong peaks are present in the C channekontrast with the®®Ru case. This is perhaps because the
whereas the @ channel shows about twice as many peaksstudy given in Ref[20] was also done using a heavy-ion
Also, some of the intensg peaks in the & channel are weak reaction (“Zn+4°Ca) and, thus, populates similar angular
in the C channel and vice versa. The arrows drawn in thenomentum states as in odfNi+°Ni reaction. Also, our
figure correspond tg rays at 281 and 313 keV and belong to decay scheme foP’Pd agrees with the one given in Ref.
the %Ru nucleus that is populated only by the C decay. Thd20].
selectivity of the C channels was also confirmed ya®d C Many other nuclei were identified and their relative yields
v-y coincidences. This fact indicates that the decay of thavere determined by the intensity of therays of the lowest-
IMF is a selective tool for spectroscopic studies of residualying states. These intensities were corrected for the effi-
nuclei. The ®*Ru nucleus has been studied previously byciency of the GASP array. In this analysis nuclei with low
(a,xn) (Ref.[18]) and (°Li, pxn) (Ref.[19]) reactions. In lying isomeric stateglike %“Ru) were not included because
the region of excitation energy around 2.6 MeV, the decaythey could not be measured with our experimental setup. In
schemes reported in Refd8] and[19] give conflicting re-  Fig. 5 we show the resulting intensitiéspen histogramsas
sults. In particular, the sequence ofrays (in keV) of 207, a percentage of the total yield measured in coincidence with
281, 283, and 313 are clearly seen in the work of R3], C. The calculationghatched histogramsorrespond to the
but the 281, 283 doublet is not seen in H&8]. Both works  statistical model predictions already discussed in connection
observe an intense line at 255 keV. In the present work, theith the carbon energy spectt&ig. 1). (In these calcula-
dominant decay lines in the same region of excitation energgions, a 10% relative yield corresponds to 9 mb absolute
are(in keV) 206, 237, 281, 283, and 313. The relevasrtny ~ cross section The good agreement between the experimen-
spectra corresponding to the various gates are shown in Fital and theoretical yield distributions indicates that the emit-
4. The first comment is that in the present work, we seded complex fragmentén particular,Z=6) originate from
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0 some of the predictions of the IMF emission. For example,
7 58Ni(58Ni,C-y) as ay-spectroscopic tool, it seems possible that higher angu-
é 7 cal lar momentum states are better populated via IMF emission.
_ é e This is due to the fact that the IMF emission originates from
8 20- W Exp. states in the compound nucleus with the highest angular mo-
= é mentum(this could be achieved by studying these or similar
£ é reactions at lower bombarding energies to allow the emis-
2 é ] ? ] sion, mostly one IMF, and a few light partic)esAnother
K] 10- g é 7 Z 7 interesting study would be to populate nuclei nd&rZ
= / é é % é é =50 via IMF emissior(for instance, the predicted cross sec-
Z % Y Z tion, for 1%°Sn at a bombarding energy of 375 MeV is 6.5
ub, which is an order of magnitude larger than the cross

section for decay of only light particlgs

In conclusion, our results indicate that the emission of
S o , . complex fragments in th&Ni-+5%8Ni reaction at 375 MeV
FIG. 5. Distribution of relative yields of the residual nuclei pro- bombarding energy is consistent with the decay of a com-
duced by the decay of C. The solid histograms correspond to th letely fused and equilibrated system. This is supported by
experimental distribution and the hatched one to the calculation e good agreement between the measured kinetic energy
described in the text spectra forZ=6 and the statistical model calculations, as

the decay of a compound nucleus. The calculations given iWell as the agreement between the measured partial yield
Fig. 5 are done for the case of coincidences with C. How-distributions of the residual nuclei populated by the carbon
ever, the full calculations include, of course, all possible de€mission and the statistical model predictions.

cay channels. From the full calculations, it is possible to Furthermore, this study establishes the usefulness of IMF
make predictions about production rates. For example, th8Mission as a spectroscopic tool. Not only does IMF emis-
production of®Ru by the 3 channelplus a4pn) discussed ~ SION popu_late the hlgh-sp_m_ states, but it alsc_> shows a very
in connection with Fig. 2 is an order of magnitude smallerStrong exit-channel selectivity. For example, it may provide
than that via the emission of C, explaining why tPRu y @ unique tool to reach nuclei in the vicinity of%n.

lines are not seen in thend spectra(see Fig. 3 Also, the

calculations indicate that the emission af 8r multiple-light Research at the Oak Ridge National Laboratory was sup-
particles removes more energy and angular momentum thavorted by the U.S. Department of Energy under contract No.
the equivalent clustgifMF) emission. In view of the present DE-AC05-960R22464 with Lockheed Martin Energy Re-
analysis, it would be of interest to investigate in the futuresearch Corporation.
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