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Isotropic emission components in splintering central collisions:
(17—115A MeV “°Ar + Cu, Ag, Au
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The ensemble of charged isotropically emitted ejectiles is studied for central collisions-oL{5JA MeV
40Ar + Cu, Ag, Au. Measurements of average multiplicities, spectral slopes, and masses of the heaviest
fragments are compared to statistical models for multifragmentation or sequential evaporation. The multifrag-
mentation models predict much more complete nuclear disassembly than is observed. The evaporation model
reproduces the data much more closely except for the spectZa=df ejectiles. The kinetic energies @f
=1 and 2 ejectiles are much less than found farGeV **’Au+ *2C for similar energy depositions. Entrance
channel dynamics seem to affect the isotropic emission ensembles, often taken to define an equilibrated
emission source.

PACS numbds): 25.70.Pq, 25.70.Hi

Central collisions between mass asymmetric heavy nuclefhe ejectiles have been separated into isotropic and forward-
at near-barrier energies<(10A MeV) generally lead to ex- focused components. Isotropic emission in the moving frame
cited compound nuclei. These compound nuclei can be rath@f the heaviest fragment can be associatgdiori with equi-
well characterized by entrance-channel mass, charge, and dif2rium emission from a very hot initial nucleus. Below we

ergy because preequilibrium emission is not very prominant/ill comment on this pointa postiori Forward directed

The equilibrium emission from these systems is identified byEMISSIon can be asssociated with a preequilibrim spray from
o . T iIncomplete fusion and/or from splintering central collisions
its “isotropic” emission (or more properly, forward-

. o [5—8]. Here we discuss properties of the isotropic emission
backward symmetry in the frame of the emission SOUIEE  gnsemble; in another paper we disuss the forward-peaked
A major objective of intermediate energy heavy ion reactionssmission componen{s].

is to continue the characterization and study of the properties The Michigan State University K1200 cyclotron delivered
of hot composite nuclei to higher excitation energies and, in*°Ar beams from (8- 115)A MeV, i.e., from near barrier to
particular, to energies that lead to nuclear disassembly. Stavell above fermi energies. The MSUmrarray provided both
tistical or equilibrium models have been developed fora multiplicity filter and an event by event list of angles, en-
nuclear decay that leads to multifragmentation for nucleagrgies, and identities for the charged particles, and fragments
temperatures of=4 MeV [2,3] and to sequential pairwise [9)- Along with the basic “soccerball” array from-18° to
decay (or evaporation at lower temperaturelst]. Compari- ~~162°, three forward-angle detection devices were ugd:
son of measurements to such model calculations provides tﬁge zero degree detectGZDD), a ring of eight plastic tele-

. ' . opes covering polar angles ©f0.5° to 1.5°[10], (b) the
means to assign values to the thermodynamic properties aryland forward arrayMFA), a second ring of plastic tele-
the hot nuclei produced.

X , ) scopes from 1.5° to 3F11], and(c) a set of 45 Si detectors
A practical problem for intermediate energy={5A (~3 cmx3 cmx 140 um) [8,12] mounted~ 70 cm from the
MeV) reactions is the increasing probability for preequilib- target in front of the 45 telescopes-8° to 18°) of the high
rium (or dynamical emission and hence its separation fromrate array(HRA) [9]. lonization chambeA E detectors were
the equilibrium emission is quite importaf®]. In recent  also used from 18° to 162° in front of each of the 170 tele-
work on the reactiong®Ar + Cu, Ag, Au, we have studied scopes in the bafl9]. Data from the plastic and gas detectors
heavy fragments along with charged ejectiles i €r [6,7]. were recorded as described elsewhéa], but only if two or
more telescopes fired in the ball. In addition, energy and
time-of-flight signals were recorded from each Si wafer. The
*Present address: Battelle Pacific Northwest National Laboratorydata from these Si detectors were corrected for pulse height
National Security Division, Box 999, K6-48, Richland, WA 99352. defect [14] and analyzed to give massémesolution =5
Present address: Hughes Space and Communications, P.O. Bex10%) for the slow moving fragment#\& 10), while data
92919, Los Angeles, CA 90009. from the other telescopes were analyzed to give atomic num-
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FIG. 1. Deposition energy for isotropic emission ¥#\r beam
energy: squares from LMT valué§], diamonds from reconstruc-
tion of the isotropic emission ensemblg]. Overall errors are FIG. 2. Average mass of the heaviest fragment from experiment
~15%. (closed circlesand calculations from the Copenhagen madglen
circles, the Berlin model(squares and sequential evaporation
model (diamonds. Errors are~10%.

Beam Energy (MeV/nucleon)

bers and energies for fragmentsbf 1—8 [9,15]. Follow-
ing Refs.[6,7] we select those reactions with mulitiplicities
in the highest 15% of those recorded; we also require th
each selected event have a total detected char@ers
(Ztargett Zprojeciid @nd a total longitudinal momentur0.70

a{except for Ar+ Au at the lower energies where the Berlin
model allows binary fission These multifragmentation

P ) model calculations are consistent with the data at the lowest
projectile’ - ) energieqallowing for binary fission in the Berlin modebut
Many properties of the observed heavy fragments hav ive much smaller HF masses at the higher energies.

been presented and discussed in R&]. In particular, the_ By contrast the evaporation modd] tracks the data very
avetragtre] linear moyentu_T;rants(dirp]AT) was l.JSEdht(?[ eSt"l well with only slightly lower average mass predictions. Evi-
mate the energy deposited into e remaining not nuc eatﬁently, the multifragmentation models invest much more en-

system. These estimated depostion energies are shown ésgy in nuclear disassembly or bond breakage compared to

squares in Fig. 1. the evaporation model. Each calculation must conserve en-

Also many properties of the light charged particles . ; :
. i ergy; therefore, the latter model must be investing more en-
LCPs and intermediate mass fragmelitlsiFs) have been oo P -
(resegnted and discusséd]. In a?ticu:ﬁar th)ese ciectiles ergy in kinetic energy of the ejectiles and less in nuclear
P ' P ' J disassembly.

were separated into forward-focused and isotropic emission Figure 3 shows average ejectile multiplicities divided into

components. The average mass, energy, and Iongitudinﬁbo categories LCPsZ=1,2) and IMFs =3 18) (both
momentum carried by these two components were deter- ’

mined and systematized. Average energies of the isotropic

emission ensemble were summed to reconstruct the initial ;5[ ® B S0 5 o MF | Ar + Au o P a0
deposition energy as shown by diamonds in Fig. 1. The gen- [osmM o @ °
eral consistency of these two methods gives a good check on [ Evep o . ]
these average deposition energies. A F 5 . s oo g ° 10
For model calculations of hot nuclear decay, the deposi- > [ g8 0 g &
tion energy is an essential input. Also required is the initial g ,[. .9 ° . . . o
mass and charge of the excited system. These quantities haveﬁ r . Ar + Ag
also been obtained from systematic results on the ejectile 5 s- e 7 5 . 8 E 20
multiplicities given in[7]. This is the most extensive set of é’ [ g o g ®
reaction systems to date that have been so characterized. v o ° ° 3 o 8
For the span of nuclear excitations shown in Fig. 1, one oo 2 0 ! ! L 0
expects that two-body sequential decdysiclear evapora- 5r Ar + Cu g o ]2
tion) will dominate at the lower energies but then yield to . 8 e o s o 8 e @
multibody breakupsmultifragmentation at the higher ener- [ g ¢ o o ; se B
. . . Jae o] @ ., ® ", M BT R
gies. Figure 2 shows data r?\nd mode] _calculatlons for the % 50 100 0 50 100 150"
average mass of the heaviest remaining fragme@if). Beam Energy (MeV/nucleon)

These calculated results are not very sensitive to the widths
of assumed distributions about the average input values. The FIG. 3. Average multiplicities of IMFgleft) and LCPs(right).
two multifragmentation model2,3] agree with one another Symbols as in Fig. 2. Overall errors arel5%.
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FIG. 4. Top panels show average multiplicities of charged ejec-

tiles from this work and neutrons from systematic extrapolations#—6 that the He emission is reasonably well described by

Lower panels show sequential evaporation model calculations€vaporation from a thermalized system. The very high values
Overall errors are-15%. of the slopeg(or kinetic temperaturgdor Z=1 ejectiles in

Fig. 6 indicate a significant amount of extra thermal energy

isotropically emittedl The multifragmentation models dra- for H emission especially for incident energies Bf65A
matically overpredict the IMF multiplicities for these reac- M&V. This back-angle emission cannot be assigned to the
tions; their IMF excitation functions also exhibit maxima at breakup of a projectilelike fragment.
~100, 70, and 50A MeV for Au, Ag, and Cu, respectively. It |§O|nterestlng to compare these result_s _for H and He
These maxima are related to the onset of so-called nucle§fom ' Ar reactions Eqm~3—4 GeV) to similar results
vaporization, i.e., the growing instability of IMFs with re- from **"Au+*C (E.,~12 GeV) [17]. The isotropic energy
spect to lighter particle formation as the nuclear temperatur€moval and initial source masses for these two studies have
is increased. Indeed, on close inspection one can see that tAeconsiderable overlap, here-43 MeV/nucleon forA.
calculated LCP multiplicity values seem to increase more™210 (Au), ~115 (Ag), or ~65 (Cu), compared to 122
rapidly when the IMF values saturate or decrease. The datdeV/nucleon forA.~130 from 1A GeV Au + C [17]. If
exhibit none of these features of multifragmentation. Theradial flow is mainly driven by excitation energ¢8] and if
evaporation model predicts smaller IMF multiplicities with all essential degrees of freedom are equilibrated, then the
points much closer to the data. isotropic emission patterns should be very similar. In other
Figure 4 shows a more detailed display of multiplicity words, details of the dynamical paths of excitation should be
excitation functions for the data compared to sequentiaforgotten, and these studies should give similar results. Both
evaporation calculationgt]. The multiplicities for the light

particles A<4) are in reasonable accord with the data. Both Excitation Energy of Isotropic Emission (GeV)

the data and the calculations show rather small multiplicities 20—t 07 05 05 08 1z 07 13 20

for Li and for Be-Cl, so these fragments do not have a major __  [eexperimental - = z

role in the decay patterns. A similar result was obtained for 7%  [°Ceuated

reactions induced by antiprotofi&6]. It is interesting that 2 1w} g8 88 0ot 8 - ¢ -

the evaporation model represents these general aspects of the ” Lo o ® o8

data pattern even though it has been generally expected to &,

fail for the higher energies. R B B
Figure 5 shows spectral shapes at high energies from data = «® . . . ® ¢

and from evaporation calculatiod] for Z=1 andZ=2 5 ol #2060 e oo e . ° ]

ejectiles @,,,~93°). The characteristic exponential fall off § P 8° g°° @0 ©

has been parameterized by fitting with the traditional Max- © g ar+cu |V Ar e Ag Ar + Au

wellian form P(E)«(E—B)exp(—E/s), where the spectral o(;' P e er T
slope parameter is. Figure 6 shows these empirical slope
parameters for the data compared to values obtained from
evaporation calculationg4] (by the same procedureThe FIG. 6. Spectral slope@.e., kinetic temperaturg¢gor Z=1 and
calculations account for the slopes of the spectra forahe 2 gjectiles atg,,,~93° (observed and calculatecErrors from cali-
=2 ejectiles for all energies, but f@=1 ejectiles only at brations and statistics are 10%. Calculated values are from an

the lowest incident energies. One may conclude from Figsevaporation model.

Beam Energy (MeV/nucleon)
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studies do reveal significant extra thermal enefgyssibly  substantial density compression possibly followed by expan-
radial flow) especially for the light ejectilesz(=1) but the  sion to forms that might resemble bubbles or doughfis
magnitudes are quite different. FPAr reactions the extra In fact, the BUU model calculations predict an oscillating
thermal energy is apparent only for H emission, but not forcore nuclear volume for the Ar reactions compared to one
He. For Au + C a substantial extra thermal energy wascontinuous volume expansion for At C [17]. At these high
found for H, He, and even largérvalues. In particular, the deposition energies, a substantial fraction of the lighter ejec-
average kinetic energies for isotropically emitted He arejles may well depart before the collective motions and
~65 MeV for 1A GeV Au + C compared to~28 MeV for  clear shapes can equilibrd22].
115A MeV Ar + Ag. The average kinetic energy difference | symmary, we have studied the isotropic emission en-
for emission of H ejectiles is alse 60 MeV. . semble and the masses of the heaviest remaining fragments
The vastly different kinetic energies indicate that eqU|I|—i central collisions of“°Ar [(17—115)A MeV]. Results
ﬁfave been compared to calculations for multifragmentation

than is observed. The general features of the data are ac-

counted for reasonably well by the sequential evaporation

model even for core nuclear excitation of up to 10 MeV/

energies are quite similar. Dynamical BUU model Calcula_nucleon where multifragmentation or vaporization is gener-

tions indicate a significani difference in the localization of ally expected._ Less extra thermal energy is found here for the

the deposition enerav due to the differences in the masZ=1 and 2 ejectiles, than that found elsewhere for the reac-
P gy flon 1A GeV Au+12C [17]. It seems that even the isotropic

asymmetry_and th_e pace OT the reactighs, 1. emission components are significantly affected by entrance
The obvious difference is the nucleon-nucleon c.m. en-

ergy. A major path for energy deposition iliGeV Au + C chan_nel (_jynamlcs, which challenges the simple notion of
- ; equilibration.

collisions is resonance and meson creati@d], but one

would expect only mild compression of the nuclear material. Financial support has been provided by the U.S. Depart-

By contrast, there is very little meson or resonance producment of Energy, the National Science Foundation, and the

tion for 115A MeV “Ar reactions, but they should generate CNRS of France.

Evidently for the highly excited nuclear systems formed by
Ar + Cu, Ag, Au, the dynamical evolution follows a very
different path from Aut+ C, even though the total deposition
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