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Multifragment Emission Observed for the Reaction SAr + 233U at E/4 =35 MeV
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The dependence of multifragment-emission processes upon linear momentum transfer to the target
residue is determined for *Ar-induced reactions on U at E/A4=35 MeV. Significantly more
intermediate-mass fragments are emitted in central collisions. Multiplicity distributions for inter-
mediate-mass fragments emitted behind the grazing angle resemble Poisson distributions and are con-

sistent with a stochastic production process. Exit cha

and two fission fragments were observed.

PACS numbers: 25.70.Np

During the expansion stage of heavy-ion collision, re-
gions of the excited and expanding system may become
adiabatically unstable,' resulting in density fluctuations
which lead to a multifragment disintegration'™ and
“which could provide information about the equation of
state and liquid-gas phase transition of dilute nuclear
matter.>”” While multifragment emission of interme-
diate-mass fragments (IMF’s, 3=<Z=20) has been
clearly identified'®"'3 in nucleus-nucleus collisions at
high energies (E =3 GeV) the extent of this process at
lower energies has not been clearly established. Dynami-
cal calculations suggest that fast multifragmentation
processes may occur in intermediate-energy heavy-ion
collisions,*'*~'" and some multifragment decay processes
have been observed. !8-2!

The IMF angular distributions at lower energies are
strongly forward peaked,'®?>23 consistent with a fast,'8
perhaps multifragment, breakup at forward angles.
IMF’s emitted to forward angles have been described by
nonequilibrium statistical breakup models?? or as the
projectilelike residues of a binary deeply inelastic col-
lision.?* Emission at backward angles (6., = 120°) has
been described alternatively by the multifragment® or
binary?%26-3% decay of equilibrated reaction residues. To
clarify the relative importance of single- and multifrag-
ment-emission mechanisms, we have measured, with a
large-solid-angle charged-particle detection system,’! the
IMF multiplicity distributions for fragments emitted
beyond the grazing angle in 3®Ar-induced reactions on
38y at E/A=35 MeV. To discriminate between
fusionlike central and less violent peripheral collisions,
the IMF multiplicity distributions were measured in
coincidence with two fission fragments from the decay of
the associated heavy reaction residues. For IMF’s emit-

_scattered projectiles.

nnels with up to five intermediate-mass fragments

ted beyond the grazing angle, the relative probabilities
for the different IMF multiplicities can be described by
Poisson probability distributions suggesting a stochastic
IMF production mechanism.

In the experiment, a 23®UF, target of 400-ug/cm?
areal density was bombarded by a 1260-MeV *Ar beam
from the K500 cyclotron at Michigan State University.
Charged particles were detected with 96 phoswich detec-
tors of the Dwarf-Ball-Wall array developed at
Washington University.3! Each phoswich detector con-
sisted of a thin fast plastic scintillator foil followed by a
thick CsI(TD) scintillator, with 200-um plastic scintilla-
tion foils and 20-mm CsI(T1) scintillators at the forward
angles, reducing to 40-um foils and 4-mm CsI(T1) scin-
tillators at the backward angles. To suppress secondary
electrons and x rays, the Dwarf-Ball detectors (located
at 62 35°) and Dwarf-Wall detectors (located at
12° $6535°) were covered by S-mg/cm?>-thick Au foils
and 10-mg/cm>-thick Ta foils, respectively. The most
forward detectors at 6.512°, covering the grazing angle,
were shielded by 1-g/cm? Pb absorbers to stop elastically
These absorbers also ‘stopped
IMF’s, but allowed the detection of energetic light parti-
cles. For light particles, the detection array provided an
angular coverage corresponding to about 85% of 4z, For
heavy fragments, the coverage was reduced to about 78%
of 4z; about 1% of the loss in coverage is due to the Pb
absorbers with additional losses due to poor elemental
resolution for detectors located at 82 150°.

Particle identification was achieved by integrating the
photomultiplier anode current over three different time
gates. This information was combined to obtain the en-
ergy of the detected particle as well as elemental
identification up to about Z =6 and isotopic identifica-
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tion for light particles (Z =2) stopped in the CsI scintil-
lators. Fission fragments were detected with two X-Y
position-sensitive parallel-plate multiwire detectors®?
covering angular ranges of 6,=36°-116°, and
6= —(39°-89°) in the reaction plane. In the off-line
analysis, energy thresholds for Dwarf-Ball detectors of
12 and 18 MeV for hydrogen and helium nuclei, respec-
tively, and thresholds for Dwarf-Wall detectors of 20
MeV for both hydrogen and helium were used. All
heavier particles which passed through the absorber and
scintillator foils were analyzed, corresponding to thresh-
olds of E/A=6-9 MeV and E/A==2-3 MeV for the
Dwarf-Wall and Dwarf-Ball detectors, respectively. Un-
fortunately, double hits by two a particles caused
significant contamination in the Z=3 particle-identifi-
cation gate. Therefore, we only present IMF multiplicity
distributions for fragments with Z=4. Contributions
from random events were negligible for all observables
discussed in this Letter.

The solid line in Fig. 1 shows the inclusive folding-
angle (9g=9f1+0f2) distribution for fission-fission coin-
cidences.>® The dashed and dotted-dashed curves show
folding-angle distributions gated by the detection of at
least one and three intermediate-mass fragments at
backward angles (62 35°) in the Dwarf Ball, N\ =1
and 3, respectively. Distributions gated by N$r =1 and
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FIG. 1. Folding-angle distributions between coincident

fission fragments. The upper scale gives the linear momentum
transfer, AP/P, in units of the projectile momentum to the
heavy reaction residue assuming symmetric fission. The vari-
ous gating conditions are explained in the text. For compar-
ison, the distributions are normalized to give the same integrat-
ed yields, with the inclusive distribution multiplied by an addi-
tional factor of 2.0. The measured yields of the inclusive,
Ne= 1, N> 3, Nr= 1, and N{k=3 spectra are
2.2x10% 3.1x10% 2.6x103, 3.8x10%, and 2.1x 103 counts, re-
spectively.

3 are remarkably similar indicating that single and mul-
tifragment emissions to intermediate and large angles
can be associated with violent, fusionlike collisions
characterized by large linear momentum transfers. %34
The light and heavy dotted curves show distributions
gated by the detection of at least one and three interme-
diate-mass fragments at forward angles (8:535°) in the
Dwarf Wall, N$%=1 and 3, respectively. The condi-
tion N {7k =1 does not select a very specific class of col-
lisions, with contributions from both incomplete fusion
reactions and peripheral collisions. The requirement
N 1(1\‘2);:23, on the other hand, clearly selects more peri-
pheral collisions with smaller linear momentum transfers
to the heavy reaction residue.

Figure 2 shows associated charged-particle multiplici-
ties, Nc =N,;;— N [(ﬁﬁ‘:e), where N,y is the total observed
charged-particle multiplicity®® (excluding fission frag-
ments) and N denotes the number of fragments in
the gate. The curves are defined as in Fig. 1: The solid
line shows the inclusive distribution for fission-fission
coincidences; the dashed and dotted-dashed (light and
heavy dotted) curves show distributions gated by
N¥F=1 and 3 (W21 and 3), respectively. A
correspondence of collisions with large linear momentum
transfers to collisions with large charged-particle multi-
plicities has been observed previously.>*%%37 Consistent
with these findings, the observed associated charged-
particle multiplicities are large for IMF’s emitted at
6= 35° and rather similar for the N =1 and 3 gates.

- The requirement N Rkz3 leads to lower mean associat-
“ed charged-particle multiplicities consistent with a bias

towards more peripheral collisions. The different gates
discussed in Figs. 1 and 2 clearly select different classes
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FIG. 2. Associated charged-particle multiplicities, Nc. The
various gating conditions are explained in the text. For com-
parison, the distributions are normalized to give the same in-
tegrated yields, with the inclusive distribution multiplied by an
additional factor of 2.0.
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of collisions reflecting impact-parameter ambiguities
which obscure the interpretation of inclusive data. These
ambiguities can be removed by suitable choices of reac-
tion filters.

Figure 3 shows probabilities for observed multiplici-
ties, Nimr, of intermediate-mass fragments for dif-
ferent gates on folding angle. Open circles correspond to
the inclusive distributions for fission-fission coincidences;
open squares correspond to small-momentum-transfer
collisions gated by 85> 160° (AP/P <0.2); solid points
correspond to large-momentum-transfer collisions gated
by 6z=133° (AP/P=0.5). Both single and multifrag-
ment emissions occur with significantly higher probabili-
ties in central collisions characterized by large linear
momentum transfers. (The present experiment cannot
address whether even higher multiplicities would be
characteristic of collisions which do not lead to fission).
Even though most IMF’s are produced in events with
Nive=1,%* unit IMF multiplicity does not appear
uniquely significant. Instead, the multiplicity distribu-
tions decrease monotonically from Npyp=0 and are
rather well described by Poisson probability distributions
(an example is shown by the solid curve).

Poisson distributions are characteristic of processes
which occur with a low and constant probability. Such
conditions may prevail for nuclear decays at high excita-
tion energies and with low fragment multiplicities. For
example, the statistical weight for fragment emission is
small as compared to that for light-particle emis-
sion when calculated in a statistical-rate-equation ap-
proach,?”28:38-40 guch as a sequential-evaporation mod-
el.?"240 1p this case, deviations from Poisson distribu-
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FIG. 3. Probabilities per fission trigger for the detection of
single and multiple fragments with Z=Z4. Open circles: no
gate on Oy; open squares: Og> 160°; solid points: 85y=133°.
Solid curve: Poisson distribution, P(N,v) =e ~*v"V/N!, with
v=0.25; dashed curve: prediction of the percolation model
(Refs. 41 and 42) for p, =0.55.
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tions would be expected to occur mainly for high frag-
ment multiplicities or small systems when emission prob-
abilities are affected by energy or mass conservation. To
illustrate that Poisson distributions may also be expected
in a static theory which encompasses a phase transition,
we show in Fig. 3 a distribution predicted by the percola-
tion model.***> While the IMF detection efficiency of
the present experiment is sufficient to reveal the qualita-
tive trends of the multiplicity distributions, the IMF
yields below the detection thresholds of the present ap-
paratus would be required to determine the exact shape
of the multiplicity distributions and hence, definitive
values for the percolation parameter p, or the average v
of the Poisson distribution. A model-independent correc-
tion of the IMF detection efficiency is beyond the scope
of the present measurement.

To test the assumption of statistically independent
emission, with a reduced sensitivity to the detection
inefficiency, we have examined the “charge-correlation
function,”

C(Z,,Z,) =N, (%Y,-k (Z],Zz)]/ [IE(}’,-(Zl)Yk (Zz)] .
(1)

Here, Y« (Z,Z,) denotes the coincidence yield for par-
ticles of charge number Z, and Z, detected in detectors i
and k, respectively, and Y;(Z) denotes the singles yield
for particles of charge number Z in detector i. To elimi-
nate peripheral interactions, fission-fragment folding an-
gles were restricted to 85=133° and at least one inter-
mediate-mass fragment, Z;, was required to be detected
in the Dwarf Ball (§=35°). The summations over i and
k include all detectors in the Dwarf-Ball and Dwarf-
Ball-Wall arrays, respectively. The measured values are
listed in Table I. They are constant within about
+10%, supporting the assumption of statistically in-
dependent emission.

In summary, we established the occurrence of mul-
tifragment-emission processes for the 3Ar+ 2%U reac-
tion at £/ 4 =35 MeV. Single and multiple emissions of

TABLE I. Charge-correlation function defined in Eq. (1) of
the text. Fragments with label Z; are detected by the Dwarf
Ball (at §235°). To simplify comparisons, the correlation
function was normalized to one at Z; =Z,=35. Statistical er-
rors are less than 5%. The Li cross sections contain a
(20-25)% contamination from ¢-¢ double-hit events, causing

- corrections which cancel to first order in the correlation func-

tion.

VARNY A Li Be B C
Li 1.05 0.92 0.97 0.94
Be [.13 1.01 1.04 1.00
B 1.06 0.91 1.00 0.91

C i 1.10 1.01 1.01 0.93
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intermediate-mass fragments to large angles (0Z35°)
occurs essentially in reactions characterized by large as-
sociated charged-particle multiplicities and large linear
momentum transfers to the heavy reaction residues. The
measured fragment multiplicity distributions are well de-
scribed by Poisson distributions, and the measured
charge-correlation functions are constant within about
4 10%. Both observations are consistent with a stochas-
tic IMF production process. Final states with only one
intermediate-mass fragment in the exit channel represent
only one of a family of final states. Future experimental
and theoretical investigations should address whether
such multifragment emissions are better described by
models of nearly instantaneous fragmentation or by
models of sequential multistep emissions.
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