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Intermediate mass fragment emission in heavy-ion collisions: Energy and system mass dependence
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Emission of intermediate mass fragmeritMFs) (Z=3) from central collisions of*°Ar+4°Sc (E/A
=35-115 MeV), *®Ni+%Ni (E/A=35-105 MeV), and®Kr+%Nb (E/A=35-95 MeV) was studied.
For each system, the average number of IMFs per event increased with beam energy, reached a maximum, and
then decreased. The beam energy of peak IMF production increased linearly with the combined mass of the
system. The number of IMFs emitted at the peak also increased with the system mass. Percolation calculations
showed a weaker dependence of the peak beam energy and the number of IMFs on the total mass of the
system.
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Nucleus-nucleus collisions can lead to highly excited sysoccur at some intermediate energy, followed by a decrease
tems that form hot compressed nuclear maftdr These due to the transition to a nuclear gas phgk®19,34.
systems expand due to thermal presg@ie The expansion The emission of intermediate mass fragmeiité-s), de-
can cause density fluctuations which recover to normal derfined as those particles with<8Z=<20, in nuclear collisions
sity [3] or expand indefinitely, leading to the onset of multi- has been studied for more than a decade. de Setuala[26]
fragmentation. This behavior is governed by the incompressshowed that as the beam energy increased from 35 to 110
ibility of nuclear matter, which is determined by the low- MeV/nucleon for°Ar+'¥"Au collisions, the IMF multiplic-
density nuclear equation of staf@]. With increase in ity for central collisions showed a steady increase with inci-
available energy, the system can develop from evaporation t@ent energy. Also the IMF multiplicity decreased as the col-
multifragmentation to vaporization, signifying the liquid-gas lisions moved from central to peripheral. On the other hand,
phase transition of nuclear mat{&-g]. Several experimen- Tsanget al.[28], in their investigation of *’Au+**’Au from
tal and theoretical investigations of the liquid-gas phase trant00 to 400 MeV/nucleon, found that the IMF production

sition and critical phenomena of nuclear matter have beef€2K shifted from near central towards peripheral as the
carried out[9—-15. The process of multifragmentation has beam energy was increased. For central collisions, where the

been successfully treated in terms of equilibration hypoth—exCitation energy is best defined, they found a rapid decrease

. B : . of the IMF multiplicity with increase in energy. A more
eses and statistical approachéd—-16. To investigate the comprehensive study was carried out by Peastes. [29] in

cilt:;:altrr]eg:jon of ]E:)hase trgnslltlon experlmentall)./(,j one musHWeir studies of the®Kr+19Ay from 35 to 400 MeV/
study ne decay from a sSingie Source over a wide range q ucleon, where they found that the IMF multiplicity in-

beam energies. One way to .achleve this gogl IS to StchI}freased with increasing energy to a maximum around 100
central c_oI_I|5|ons of symmetric sys_tems. _Emlssmns_ fromMeV/nucIeon and then decreased slowly. Stetel. [30]
such collisions are expected to be isotropic, supporting theseq a more symmetric system 8Kr + %Nb from 35 to 95
idea that central collision events can be regarded as “singleyev/nucleon to obtain IMF multiplicity distribution as a
source” events. function of beam energy by selecting central events.

The formation of the various phases of nuclear matter in |t s clear from the previous studies that for a particular
heavy-ion collisions has been investigated by measuremengystem the IMF multiplicity should increase with beam en-
of nuclear species emitted from the excited systems. Theaergy at low energie$26,29,3Q. Competing with this trend
retical studies indicate that it is most feasible to study thewould be the depletion of IMFs as a result of excess energy
liquid-gas phase transition by observing multifragment emiscausing the IMFs to break up into smaller fragments. As the
sion from nucleus-nucleus collisionsl7—20. Statistical energy increases the latter phenomenon should become more
nuclear multifragmentation is a signature of the transition ofdominant and the production of IMFs should decrease due to
nuclear matter from a liquid phase into a phase of severahe transition into the gas phase of nuclear matter as ob-
nuclear fragments with a broad mass distribution. Numerouserved by Tsangt al. Comparison of the different studies
investigations of multifragment emission from excited also shows that the IMF multiplicity increases with the sys-
nuclear systems have been carried &-30. The prob- tem mass for measurements at the same energy. However,
ability of multifragment emission is expected to increase aghere were no systematic studies of the production of IMFs
the excitation energy increases because of available phass a function of beam energy and system mass in a controlled
space and barrier penetration probabilityt,31-34. How-  fashion. We have therefore measured and report in this paper
ever, a peak in the fragment multiplicities is expected tothe IMF multiplicity distributions for*°Ar+4°Sc from 35 to
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115 MeV/nucleon *®Ni+ °&Ni from 35 to 105 MeV/nucleon, 27

and 8%r+Nb from 35 to 95 MeV/nucleon. In order to

obtain a reliable mass dependence of the IMF multiplicity, s L

we have chosen three systems that range in mass by a factor ’ >

of 2. For each system, we made measurements over a suffi- ",

ciently broad energy range so that we can observe the rise L6 - &

and fall of the IMF multiplicity. In all cases, we selected Max = 12.7 AMeV

central collisions of approximately symmetric systems so i Max (N, )= 1.90

that we can explicitly define the energy available in the cen- 14 -

ter of mass. We find that the IMF multiplicity does increase D

with energy, reaches a peak and then decreases. We also C ’

observe that the IMF multiplicity at the peak of the distribu- 35 g L] i i

tion increases with the combined mass of the colliding sys- R Tor ) -

tem. T L =
The experiment was carried out at the National Supercon- 2 32 [ : >

ducting Cyclotron Laboratory at Michigan State University. f Max = 17.5 AMeV -

The heavy-ion beams were accelerated in the K1200 cyclo- 3 - Max (N, )= 3.61

tron and momentum analyzed in the double dipole A1200 S

analyzing system. The beam energies were known to about 275 preboobinboe b b,

1% and the energy resolution of the beams was about 0.1%. i & ¥

The beam line elements were adjusted for minimal steering 45

of the beam by the focusing quadrupoles and produced a i

beam spot on target of less than 5 mm in diameter. The 4r 5

targets were mounted at the center of the MSid-Array 35 b E

detector systemi36]. More details of the 4-Array detector r Max = 19.4 AMeV <

system and experimental method are given elsewhere 3 [ Max (N, )= 497

[37,38. For the Ar+ Sc experiment, beams 8fAr ranging r "

from 35 to 115 MeV/nucleon in steps of 10 MeV/nucleon 25 T Bl L L b

were incident on &°Sc target. The Ni+ Ni experiment was 575 10 125 15 17.5 20 225 25 27.5 30

carried out with energies from 35 to 105 MeV/nucleon in E_ .. (AMeV)

steps of 5 and 10 MeV/nucleon. For the Kr Nb experi-

ment, 35 to 95 MeV/nucleon beams &Kr in steps of 5 and FIG. 1. Average number of IMFs emitted per event plotted as a

10 MeV/nucleon were incident on ¥Nb target. To define function of available center of mass energy for collisions*t#r
the available energy in the center of mass of the systemt “*Sc, **Ni+°Ni, and ®Kr+%Nb. The curves are quadratic fits
during the collision as accurately as possible, central collit0 the data, which determine the peak of the IMF emission and the
sion events were selected. For the present analysis, the ce#fiergy at which the peak occurs.
tral events were chosen to be the 10% of all events for a
given beam-target combination which had the largest transsion, second order polynomials were fit to the data. These are
verse energy. The average number of IMFs per e{f&n}-) shown as solid curves in Fig. 1. A similar fit was made for
was calculated for each beam energy of the three systentbe 8Kr+1%Au data of Peasleet al. [29]. Although these
under study. These are plotted as a function of center of masfata were taken with the MSU Miniball, comparison with
energy in Fig. 1. The reported error bars include statistical asur measurements using the MSUr4etector is possible
well as systematic errors. because both systems have acceptances and thresholds that
The dependence @iN;r) on center of mass energy is are very similar. We have also carried out percolation simu-
similar for the three cases studied héfa. 1). The observed lations [39] for comparison with our measurements. For
behavior can be understood in terms of chemical equilibthese simulations, the bond-breaking probability for each
rium. For low energies, the number of IMFs emitted is smallsystem has been calculated as a function of the beam energy
because of the limited available energy. A large fraction off40]. The particle distributions obtained from the percolation
the initial energy may be carried away by the emission ofsimulation were used to produce simulated events which
pre-equilibrium nucleons, leaving the system with insuffi-were then filtered using a software model of the detector.
cient energy to break it up into many IMFs, resulting in The results in Fig. 2 show a variation ¢f,¢) with center
relatively few IMFs. As the beam energy increases, more andf mass energy, which is very similar to that found in the
more energy is available in the composite system, resultingata. The primary exception is that, as others have observed
in a larger number of IMFs. As the beam energy is increasef41], the percolation model slightly underpredicts the num-
further, even more energy is available, causing the breakuper of IMFs produced in all four cases.
of the IMFs into nucleons and helium fragments. Thus the As can be seen in Fig. 1, the average number of IMFs
production of IMFs is small for low energies, increases to aincreases as the system mass increases, because more par-
maximum at some intermediate energy, and then decreastsles are available in a larger system. Using the fitted curves,
again. In order to obtain average systematics of IMF emisthe maximum of the average IMF emission and the energy at
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FIG. 2. Average IMF emission obtained from percolation calcu-
lations for “°Ar+4°Sc, 58Ni+ 8Ni, ®Kr+9Nb, and ®Kr+9"Au FIG. 3. Energy of peak IMF emissioftop panel and peak
as a function of available center of mass energy. The calculationsumber of IMFs emitted per evettiottom panelplotted as a func-
have been filtered through the acceptances of thaldtector. The  tion of system masésolid squarescompared with percolation cal-
curves are quadratic fits to the calculations; they give the peak ofulations(open circles

the IMF emission and the energy at which the peak occurs. o
pendence of the energy for peak IMF emission on system

which the maximum occurred were extracted for each sysMass. However, after accounting for detector acceptance, a
tem. These are plotted as a function of system mass in Fig. ¥&1Y Slight increase of this energy with system mass is ob-
For sufficiently massive systems, it is expected that the nurgervedespecially for the largest systgrbut the effect is not

ber of IMFs emitted shouid be proportional to the total com-S Sirong as in the experimental data.

bined mass. The maximum number of IMFs certainly in_IMIIZn COI?Clll.JS.'ton’ wefhavtg mafdg ?thVStemat'C studydof the
creases with system massolid squares in bottom panel multiplicity as a function of both béam energy and sys-

but does not vary linearly with the mass, presumably due t em mass for central symmetric heavy—lo_n _cpllls_lons. We
surface and Coulomb effects. It appears to increase as ve found that the peak in the IMF n_1u|t|pI|C|ty Increases
with the system mass at a rate which is less than linear. In

power of the total mas#°’. An extrapolation of our results ” o
seems to limit the average maximum number of IMFs emit-add't'on' we have found that the energy for peak IMF emis

ted per event for the heaviest systems to about 8. This norTs_ion increas'esllinearly with the system mass. The percolation
linear variation of peakNjye) with system mass is also model qualitatively reproduces the features of the data, but

supported by percolation calculatiofpen circles f[he dep_endence on the system mass is yveaker_. It might be
The energy for the emission of maximum number Of!nterestmg to compare dynamical calculations with our data

IMFs per event is shown in Fig. @op panel. The energy in order to understand the role of effects such as radial flow

increases by-50% when the system mass is doubled. This" these studies.

phenomenon, requiring a much higher energy for the emis- This work has been supported by the U.S. National Sci-

sion of IMFs to peak in heavier systems, is unexpected. Ouence Foundation under Grants No. PHY 9971888MV-

raw percolation simulations did not show any significant de-Dearborn and PHY 9528844NSCL).
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