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Dynamics of the Multifragmentation of 1A GeV Gold on Carbon
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An exclusive study of the interaction ofAlGeV Au with C shows a separability into two stages:
a prompt stage involving emission of mogt= 1 and someZ = 2 particles and a second stage
involving the decay of an equilibrated remnant, which typically undergoes multifragmentation. The
mean mass, charge, excitation energy, and the initial temperdturef the remnant have been
determined as a function of the total charge multiplicitg, as has the freeze-out temperature
T;. Both T; and T, increase linearly withm and their values at the critical point have been
determined. T, rises monotonically with excitation energy as expected for a continuous phase
transition. [S0031-9007(96)00615-1]

PACS numbers: 25.75.Dw

We have recently extracted the critical exponentdight of the MF dynamics, determine the above properties
¥, B, 7, and o from a model independent analysis of the of the remnant as a function ef, and determing’s(m).
multifragment breakup of A GeV gold ions incident on The values off; and T, at the critical multiplicity, m.,
carbon [1,2]. The values of these exponents were fountiracket the critical temperature of the nucleus.
to be remarkably close to those for ordinary fluids [3]. The experimental apparatus, described in detail in
These results indicate that multifragmentation (MF) may{1], consisted of a time projection chamber [12], a
arise from a continuous phase transition, and may belonggme-of-flight wall, and a multiple sampling ionization
to the same universality class as ordinary fluids. Theyhamber [13]. These detectors allowed us to identify the
also can provide direct information about the equatiomuclear charges and momenta of all charged projectile
of state of nuclear matter in the vicinity of its critical fragments with high efficiency. Mass identification was
point [4]. possible forZ = 5. The analysis is based on 33 000 fully

The determination of the critical exponents is based omeconstructed events, where the total charge for the Au
a number of assumptions, the validity of which rests in thesystem was found to bg =+ 3.

MF dynamics. These assumptions are (1) the formation Figure 1 shows the laboratory rapidity distributions
of an equilibrated remnant with char@g, massA;, exci-  of several light fragments. In this reverse kinematics
tation energyE”*, and temperaturg;, following the emis-  experiment, we see that many of the fragments are moving
sion of prompt particles in a first stage and (2) the direchear beam rapidity. This is the case for all Li and
proportionality between the total charged particle multi-higher Z fragments, which show strong peaking near
plicity, m, and temperature [5]. The target independence..,. The symmetry of these distributions is consistent
of MF in heavy ion interactions [6] indicates that the en-with emission from an equilibrated projectile remnant. In
trance and exit channels are decoupled, consistent with (1gontrast, the lighter particles, particulagty d, and 3He,
Fragment energy spectra have shown that MF occurs in trehow extensive tailing at low from peaks neappeam-
breakup of a system lighter than the original nucleus with & hese tails are due to particles which are knocked out of
strongly reduced Coulomb energy [7—10], suggesting thathe Au nucleus in the first stage of the interaction.

the remnant undergoes expansion and cooling prior to MF To determine the mass-weighted average velocity of the
[11] with freeze-out occurring at a temperatdie Inthis  projectile remnant we used the Li, Be, and B fragments
Letter we explore the validity of the above assumptions irto compute a mean velocitg,. We find 8, = 0.873
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for low m, decreasing monotonically to 0.867 for high
m. A linear interpolation givesB,(m). As a check FIG.2. Contour plot of invariant cross sections for light

on the accuracy of this velocity we have computed thdharticle emission in the indicated multiplicity bins. The linear
ntours correspond to equal particle number intervals. The

masses of various heavy fragments using the experlmentﬁ\iavy curves are cuts separating first and second stage particles.
momenta ang3,(m). The mean masses of C, N, and O

fragments agree within 1% with the corresponding values

obtained from a yigld-\{veighted average Of,iSOtOPica”ythe inclusion of prompt particles does not significantly
resolved fragments in high-energyXe interactions [14]. change the values of the critical exponents [1,17].

The mean masses of fragments with> 10 show a 15 'qeterminet*/A; we use the energy balance relation
similar agreement with values deduced from the EPA 18]

parametrization of the most probable charges of produc
formed in high-energy reactions [15]. . cin

We can examine the behavior of the invariant cross £ /Ai = (I/Ai)[Z_(Ej + Q) +3nTi/2 + Qn}»
sections as a function of’;, and v,, the transverse J (1)
and longitudinal velocity components in the moving '
system. The results for several light particles are showmvhereE}‘m and Q; are the kinetic energy in the moving
in Fig. 2. The contours are nearly symmetric aboutsystem and the separation energy of fiie charged
v, = 0 for low v, indicating approximately isotropic fragment emitted in the equilibrium stage, respectively,
emission in the projectile frame. However, for highern is the second stage neutron multiplicity, agy, is
v, the contours skew towards negative, as expected the sum of the separation energy of these neutrons. The
for prompt emission. We have made a constant 30 Me\tmean neutron kinetic energy has been assumed t%ﬂ‘be
cut in the proton kinetic energies in the moving systemcorresponding to volume emission [19]. The valuenof
in order to separate the two sources in an approximate 10 on average, is the difference betwegnand the sum
way. The same energy per nucleon cuts have beegfthe second stage fragment masses. In order to rEfate
made for the otheZ = 1 andZ = 2 particles. The cuts andT in Eq. (1) we assume the Fermi gas model relation,
determine particle yields for the two stages. The firstf = (E*/a)!/2, where the level density parameteris
stage multiplicity,m;, consists of~70% of the Z =1  taken asA/13. This value is consistent with the observed
particles and~10% of the Z = 2 particles. The second decrease of: with increasingt™ from ~A/8 to ~A/13,
stage equilibrium multiplicitym,, is linearly proportional  at which pointa appears to level off [20]. This fixed
to my, and m;, = %m By varying the position of the value of a is consistent with the range of values of
cuts in a manner that preserves approximate isotropy, i.eoptained whef; is extracted fronE* as a function ofx;
between 25 and 35 MeV per nucleon, we estimate a 7%ee below. Equation (1) is quadratic(if*/A)'/2 and has
uncertainty inm;. only one physical solution.

We determineZ; by subtracting from 79 the charges As a test of the procedure embodied in Eq. (1), we
of the promptZ = 1 and Z = 2 particles. To obtain have applied it to simulated events generated by the
A; we assume the knockout of 1.7 prompt neutrons perSABEL cascade code [16] coupled with a statistical MF
prompt proton on the basis of a cascade simulation [16Jmodel (SMM) [21]. The energies of SMM fragments and
Figure 3(a) shows the linear variationm$ with m. This  neutrons lead t&* values that are in very good agreement
linearity is the chief basis of our previous assertion thatvith those given for the same eventsIBpBEL.
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FIG. 3. Dependence on total charge multiplicity of (a) the . .
second stage multiplicity, (b) the mean excitation energy peAU. We have used this He-Li thermometer as well as a He-
nucleon of the remnant, and (c) the mean mass of the remnarlR T thermometer based on tR/*H yield ratio to estimate
Statistical errors are smaller than the size of the points wherg',. Both T, were obtained by means of equations given
not shown. in Ref. [22]. Our results have not been corrected for feed-
in from the decay of heavier fragments, which has been
estimated as a 20% correction [23]. We believe that the
Figure 3(b) shows the variation of the me&ityA; with  T.pr are more accurate than tfig..; because they do
m. The result is subject to systematic errors associatedot require a correction for low-lying excited states. In
with the source velocity determination, mass identificationaddition to the statistical error, the error T pt is due
first stage cut, and neutron number and energy. Thede the uncertainty in the separation between the first and
effects were investigated by making reasonable changesecond stages, which i83%.
in the velocity cut and in the assumptions about neutron Figure 4 shows the variation @f; with m. Both ther-
emission. The combined uncertainty from these sources imometers give similar results and indicate thats a lin-
~15%. The nonlinear dependenceBf/A; onm reflects  ear function ofn. Whenm = m., Ty = 5.1 = 0.2 MeV.
the increase of™ with m and the associated decreasdin This temperature is close to the cracking temperature
[Fig. 3(c)]. Thus the mass of the remnant decreases fromredicted by various statistical models [21,24] and also
~190 to ~110. agrees with a determination based on a thermal liquid drop
The temperature of the unexpanded remnant with maswsodel description of the isotopic yields of fragments from
A; may be obtained fromE™ according to the single p-Xe collisions [8]. Figure 4 shows thdye.pt iS sub-
component Fermi gas model. It is assumed that thetantially lower thar;, where their ratio decreases from
remnant thermalizes in the volume formerly occupied by0.77 for lowm to 0.51 for highwm. Evidently, the remnant
the Au projectile. Figure 4 shows that is a practically cools down on its approach to freeze-out due to both ex-
linear function of m in the region where MF occurs, pansion and evaporation, with a higher degree of cooling
m ~ 10-60, thereby confirming one of the assumptionsoccurring at highE*. The values ofl's(m.) and T;(m.)
in the determination of the critical exponents [1,2]. At bracket the critical temperature of the nucleus, which thus
the critical multiplicity, m. =26 = 1 [1], T; = 8.7 =  has a value between5 and9 MeV.
0.7 MeV, where the error reflects the uncertainty of the Figure 5 shows the monotonic increaseTqf. ot with
input parameters in the Fermi gas model. E*/A;. This variation is consistent with that expected
The equilibrated remnant expands and cools prior tdor a liquid-gas phase transition in the critical region.
breakup. The freeze-out temperature may be obtainelochodzallaet al.[23] have presented a similar curve
from the ratio of isotope yield ratios, where each pairfor the interaction of 608 MeV Au with Au which
of isotopes differs by one neutron [22]. Pochodzata displays a roughly constant value @%...; between 2
al. [23] recently used théHe/*He and®Li/ ‘Liyield ratios ~ and 10 MeV/nucleon followed by a sharp rise at higher
to determinel, for the interaction of 608 MeV Au plus  E*/A;. Atthe highestE*/A;, where the difference in the
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