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Heating 17 Au Nuclei with 8 GeV/c Antiproton and 7~ Beams
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Comparison of the heating effect produced by 8 GeV/c =~ and antiproton beams incident on '’ Au
nuclei has been conducted with the Indiana silicon sphere 47 detector array. Event reconstruction
indicates formation of thermal-like heavy residues with excitation energies up to 1.7 GeV. Enhanced
energy deposition is observed for antiprotons relative to negative pions. For events with excitation
energies that exceed 1000 MeV, there is a 50% increase in cross section for the antiproton beam relative
to the 7~ beam. The predominant decay mode at these high excitation energies is multifragmentation

in which three or more Z = 3 fragments are emitted.

PACS numbers: 25.70.Pq, 25.43.+t, 25.80.Hp

Antiproton beams provide an attractive mechanism for
studying the therma component of the nuclear equation
of state in that they have been predicted to enhance
high excitation-energy (E*) events significantly relative to
other hadron projectiles [1,2]. This E* enhancement de-
rives from the reabsorption of some fraction of the annihi-
lation pions ({(n,) = 5), which complements the internal
heating created by 7-N and N-N scattering and A reso-
nance excitation [1-3]. After the rapid thermalization
of such systems [2,4], the most highly excited targetlike
residues are expected to disintegrate primarily via multi-
fragmentation events, believed to be the signa for a
nuclear liquid-gas phase transition [5—7]. A further ad-
vantage, common to all hadron beams, is that they create
a single source of thermal-like heavy residues, and at the
same time minimize the dynamical effects due to the com-
pression/decompression cycle and angular momentum as-
sociated with heavy-ion reactions.

The objective of the present research was to determine
experimentally whether antiproton beams produce higher
excitation energies than other hadrons in collisions with
heavy nuclei, and if so, to quantify the magnitude of
the effect. Previous experiments at LEAR with stopped
antiprotons [8] and 2.1 GeV/c antiprotons [9] incident
on heavy nuclel did not show evidence for enhanced
deposition of excitation energy. While the 2.1 GeV/c
measurements reported E* values up to about 900 MeV,
the probability for multifragmentation was found to be
negligible. This result is consistent with the expected
threshold of 800—1000 MeV for multifragmentation of
Au-like systems [5—7]. Thus, more energetic antiprotons
appear to berequired in order to pursue multifragmentation
studies with antiproton (p) beams. However, studies with
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proton, 77—, and *He beams have demonstrated that once
the beam energy exceeds about 6 GeV, there is little
increase in the probability for forming high-E* residues,
primarily due to decreased nucleon stopping at higher
energies [10-12]. Hence, a p momentum of 6—8 GeV/c
would appear to be optimum for observing maximum
excitation-energy deposition.

Observation of increased excitation-energy deposition
with p beams would thus identify the antiproton as the
optimum projectile for investigation of the thermal com-
ponent of the nuclear equation of state. Of current inter-
est in this regard would be extending the nuclear heating
(caoric) curve [13] for thermally excited matter to the up-
per limits accessible to experiment. The data of Pochod-
zallaet al. [13], obtained in Au + Au collisions, suggest
that the onset of nuclear vaporization may occur as low as
E*/A ~ 10-12 MeV for thermal-like systems—near the
upper limits observed with p, 77—, and *He beams [12,14],
but potentially accessible with p beams.

In order to address these questions experiment E900 was
performed with a tagged secondary beam of 8.0 GeV/c
negative particles (7#~,K, p) a the Brookhaven Na
tional Laboratory Alternating Gradient Synchrotron
(AGS) accelerator. Light-charged particles (LCP = H
and He isotopes) and intermediate-mass fragments
(IMF: 3 = Z =< 16) were measured with the Indiana
silicon sphere (ISIS) 47 detector array [15]. Beams of
~4 X 10° particles/cycle (4.5 s cycle time and =2.2 s
spill flattop) wereincident ona2 X 2 cm? self-supporting
97Au target foil of thickness 2 mg/cm?. To minimize
reactions due to the beam halo, the target was suspended
on two 50 um tungsten wires. Beam particles were
tagged with a time-of-flight (TOF) Cerenkov-counter
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identification system. The time-of-flight system em-
ployed a 12-mm-thick Bicron 418 plastic scintillator as
a start detector and a 5-mm-thick Bicron 418 scintillator
64 m downstream as a stop element. Timing resolution
(o) was =200 ps and provided clean separation of p and
7~ projectiles (8:1 peak-to-valley ratio). This permitted
simultaneous measurement of the p and =~ reactions
under identical conditions. Beam composition was ~98%
7, 1% K™, and 1% p at the target. A CO, Cerenkov
counter operated at atmospheric pressure was used to
identify and veto negative pionsthat overlapped with the p
distribution in the time-of-flight spectrum. A segmented
halo-veto scintillator array, described in [11], operated in
anticoincidence with the TOF-C-ISiS coincidence signals.

The ISIS array consists of 162 gas-ion-chamber/
500 um silicon/28 mm Csl detector telescopes that
cover approximately 74% of 47 and polar angles from
14°-86.5° and 93.5°-166° [15]. Charged particles with
energies 1 = E/A = 92 MeV were Z identified up to
Z = 16. |sotoperesolution wasobtained for H, He, and Li
gectilesin the energy range 8 = E/A = 92 MeV. Also,
unidentified fast charged particles (or “gray particles,”
primarily protons) with energies from 92 to 300 MeV
were measured. The minimum-bias |SiS hardware trigger
required fast signals in three or more silicon detectors, but
did not include gray particles. The final data set analyzed
here contained 24000 p and 2.4 X 10° 7~ events in
coincidence with one or more He ions or IMFs.

An important measure of energy dissipation in GeV
hadron and *He-induced reactions is the multiplicity of
charged particles observed in an event [10]. In Fig. 1
we compare the multiplicity distributions of all observed
charged particles (N.) and IMFs (Ni¢) for the 8 GeV/c
p and 77~ beams. The total number of events for each
beam is normalized to atotal probability of > N; = 1. Itis
observed that the high multiplicity events are significantly
enhanced for the p beam in both distributions. This
enhancement becomes more apparent when the ratio of
the probability for a given multiplicity for each beam
[P(p)/P(7w7)] is examined as a function of multiplicity,
as shown in the lower part of Fig. 1. In particular, the
ratio increases by nearly an order of magnitude beyond
N. = 20. The results demonstrate a significant increase
in energy dissipation for the antiproton beam.

In the left-hand panels of Fig. 2 the distribution of
detected transverse energy per event, Ey.ns = 2 E; SiN%0;,
is compared for the p and =~ beams. Again greater
energy dissipation is indicated with the antiproton beam.
However, it should be noted that while transverse energy
is expected to be a first-order indicator of the excitation
energy, E.ans includes contributions from preequilibrium
processes that occur prior to the breakup of the thermalized
system. Thus the total charged-particle multiplicities and
Eyans are not ideal indicators of thermalized excitation
energy.

In order to characterize the properties of the targetlike
residues, it is necessary to differentiate between charged
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FIG. 1. Left: Measured charged-particle multiplicity distribu-
tion for p and 7~ beams (top) and the ratio of the probability
for a given multiplicity for each beam, P(p)/P (™) (bottom).
Right: Same figures for IMFs only. Note log scale on ordi-
nate. In lower left panel open squares show p /7~ probability
ratio for thermal charged particles.

particles associated with the fast cascade and those which
originate from a thermal-like source. We define thermal-
like charged particles as protons with kinetic energy K/ <
30 MeV and complex particles with

KP < (9.0Z; + 40) MevV, (1

where KCF is the kinetic energy of each charged par-
ticlein an event, transformed into the source frame. This
definition is based on a systematic analysis of spectra
shapes as afunction of total observed charge and IMF mul-
tiplicity in the 4.8 GeV 3He + '’Au reaction [10,14,16].
The spectra measured in E900 exhibit nearly identical
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FIG. 2. Upper: Probability distribution for detected trans-
verse (left) and thermal (right) energy deposition in the 8 GeV
p,m~ + TAu reactions. Lower: Ratio of p/7~ probability
as a function of transverse and thermal energy.
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behaviorsin the character of their evaporationlike peak and
hard exponential tails. Nearly al of the IMF yield isin-
cluded in the thermal gate of Eq. (1). In the right-hand
panel of Fig. 2 the distribution of Eem, the energy sum
of al thermal charged particles in an event, is compared
for the p and 7~ beams. The results, along with the cor-
responding probability ratios, also suggest that larger ex-
citation energies are reached in the p-induced reactions.

The p/7~ probability ratio for the thermal charged-
particle multiplicity distributions (Nerm) iS shown as
open squares in the lower left panel of Fig. 1. These
ratios are observed to be similar to those for IMFs. The
comparison of Ny, and N, in Fig. 1 reveals much larger
values for total charged particles than for the thermal
component. This behavior is consistent with a scenario
in which only a fraction of the p annihilation energy is
converted into internal excitation energy, the remainder
appearing in the form of fast particles [17].

Excitation-energy distributions have been determined
experimentally on an event-by-event basis according to
the prescription,

M.
E* =YK + MiK,) + Q + E,. )

Here K< is summed over all charged particles detected
in an event of multiplicity M., transformed event by event
into the source frame. We make two assumptions with
regard to the fragment kinetic energy acceptance. The
first employs the thermal energy definition of Eq. (1). The
second approach includes al particles up to K;F/A <
30 MeV/nucleon, according to [18]. Fragments with
energies between the upper limits of Eq. (1) and Ref. [18]
correspond to the hard tails of our spectra.

The second term in Eq. (2) involves the neutron mul-
tiplicity M,, and the average neutron kinetic energy (K,,).
Measured charged-particle vs neutron correlations were
used to determine M, [9] and (K,) was initially esti-
mated from Coulomb-corrected proton spectra and then
iterated to obtain a self-consistent value (K,,) = 3/2Ty,
where Ty, = (E*/a)'/?> and a = A/11 MeV~!. There
constructed event serves to define the binding energy dif-
ference Q. The small amount of undetected energy from
photon decay of the primary fragments is about a 2% ef-
fect, assumed to be proportional to the total event multi-
plicity. The experimentally deduced quantities of Eq. (2)
were corrected for |SIS geometry to obtain the final value
of E*. We stress that both p and =~ data were measured
and analyzed identically.

Because of the experimental trigger, the reconstruction
procedure is uncertain below E* < 250 MeV, where
neutron emission dominates. The charge of the excited
residue was obtained by subtracting the measured fast
charged particles from the target charge, corrected for
geometrical acceptance and folded by the corresponding
angular distribution. The multiplicity of fast neutrons
Mt is taken to be 1.93 X M*', where M*' is the
corrected multiplicity of fast protons (E, > 30 MeV).

This procedure is intermediate between the experimental
systematics of Ref. [8] and the N/Z of the target [19].

In Fig. 3 the top panel shows the reconstructed dis-
tribution of excitation energy for the thermal fragment
Kinetic energy acceptance of Eq. (1). At the 1% proba-
bility level for our normalization (vertical linesin Fig. 3),
the excitation energy per nucleonis E*/A = 9.0 MeV and
10.3 MeV for the 77— and p beams, respectively. The ex-
citation energy enhancement with antiprotons appears to
grow with increasing E*, as is apparent when the proba-
bility ratio for the two beams is examined. In the bottom
frame of Fig. 3, the probability of reaching the highest ex-
citation energies is seen to be at least 2 times greater for
antiprotons than for 77~ beams at the maximum deduced
values, E* ~ 1.7 GeV. However, these values at the 1074
probability level must be interpreted with caution due to
fluctuation effects. Nonetheless this suggeststhat p statis-
tics comparabl e to those obtai ned with pions might produce
a significant enrichment of high-E* events, and perhaps
extend the caloric curve into the vaporization regime [13].

In Table | the enhanced cross section for producing
high excitation-energy residues with p beamsis quantified
by comparing with other hadron and light-ion data [9,14].
The comparison shows the fraction of events that exceed
the multifragmentation threshold for Au-like residues
(E* = 800—1000 MeV [5-7]), compared to al events
with E* > 400 MeV. The integrated results indicate
an enhancement of up to 50% for p beams relative to
7~ in this study and significantly larger enhancements
relative to the 4.8 GeV *He [14] and 2.1 GeV/c p [9]
studies. With respect to the LEAR results, where little
evidence for multifragmentation was observed, we find
that the average event with E* > 1000 MeV decays via
the emission of three or more Z = 3 fragments. Thus,
the difference between these two experiments appears to
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FIG. 3. Upper panel: Excitation-energy probability distribu-
tions for reactions of 8 GeV/c #~ (diamonds) and p (circles)
with 7 Au. Lower panel: Ratio of excitation-energy probabil-
ity for p relative to that for 7—. E™ values beyond the vertica
lines (dashed: 7~ ; solid: p) account for 1% of events.
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TABLE |. Ratio of the integrated events beyond multifrag-
mentation threshold to events beyond 400 MeV.

Beam p (GEV/L) T (GeV) P(Ef>800 MeV) P(E*>1000 MeV)
P(E*>400 MeV) P(E*>400 MeV)
2 8.0 7.1 0.41 0.18
T 8.0 7.9 0.32 0.12
‘He[l2] 76 48 0.22 0.053
5 [9] 21 12 0.068 0.003

be explained by the much higher probability at 8 GeV/c
for events that exceed the multifragmentation threshold.
In Fig. 4 the data are compared with predictions of
the intranuclear cascade code QGsm of Toneev [3] for
the excitation energy and mass distributions of heavy
residues that survive the fast cascade (stopped after 7 =
30 fm/c). The calculation assumes random impact pa
rameters and the default values of the code, which re-
produce other cascade results at lower beam momenta
(=3 GeV/c). The two left-hand frames compare the ex-
perimentally derived excitation-energy distributions for
7~ (top) and p (bottom) beams. Both the thermal def-
initions of EQ. (1) and that of [18] are shown. Although
the relative excitation-energy enhancement with p beams
is qualitatively reproduced, the QGsm prediction overesti-
mates the experimentally derived excitation energies for
both projectiles. On the right, the mass distributions of
the reconstructed residues are compared with the QGsM.
The model predicts dightly less mass loss than deduced
from the data using the thermal assumption, but isin rela-
tive accord with the more inclusive acceptance. The suc-
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FIG. 4. Left: Distribution of excitation energy in targetlike
residues for 77~ (upper) and p (lower) beams. Open circles
denote thermal particles only, solid circles include all energies
upto E/A = 30 MeV and lines give INC prediction [4]. Right:
Residue mass distributions; all symbols are the same as for left-
hand panels.
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cess in describing the residue mass while at the same time
overpredicting the E* distribution suggests that the proba-
bility for pion reabsorption may be too high in the code.

In summary, we have compared energy deposition in
heavy residues formed in reactions induced by 8 GeV/c
7~ and antiproton beams. Experimental signals such as
the raw multiplicity distributions, thermal and transverse
energy distributions, extend to significantly higher val-
ues for antiproton beams relative to other hadron pro-
jectiles. Event reconstruction of the residue mass and
excitation-energy distributions confirm that the probability
for reaching the highest excitation energiesis significantly
enhanced in antiproton-induced reactions at this beam mo-
mentum. An increase in cross section of nearly 50% is
observed for E* > 1000 MeV and multifragmentation is
the predominant decay mode for these events. The experi-
ment suggests that 5—10 GeV/c antiprotons provide the
most effective beams for investigation of the thermal as-
pects of multifragmentation.
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