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Thermal excitation and decay of nuclei from antiproton-nucleus interactions at 1.22 GeV
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The formation and subsequent decay of nuclei excited via the annihilation of 1.22-GeV antiprotons have
been investigated at the low energy antiproton ring~LEAR!. Both neutrons and charged products, from protons
up to fission fragments and heavy residues, were detected over a solid angle of 4p by means of the Berlin
neutron ball~BNB! and the Berlin silicon ball~BSiB!, respectively. All events associated with an inelasticity
greater than 10 MeV were recorded, a condition fulfilled for 100% of the annihilation events. The distributions
of excitation energy (E* ) of the transient hot nuclei have been investigated for a large range of target nuclei,
E* being determined event by event from the total multiplicity of light particles. The average excitation
energies are about twice as large as for annihilations at rest, and range from 2.5 MeV/nucleon for the Cu target
to 1.5 MeV/nucleon for the U target, in good agreement with the predictions of an intranuclear-cascade model.
The distributions extend toE* .8 MeV/nucleon for Cu andE* .5 MeV/nucleon for Au, with cross sections
exceeding 1% ofs reac. Thanks to the capability of determiningE* for all events, largely irrespective of their
mass partitions, the probabilities of the different decay channels at play could be estimated as a function ofE* .
The data show the prevalence of fission and evaporation up toE* 54 – 5 MeV/nucleon for Au and U. The
fission probabilityPfis was measured for the first time over the full range ofE* . The reproduction of the data
by statistical models is reasonable, provided that the ratioaf /an is adjusted for the different targets and a
transient time shorter than 1310221 s is considered. The experiment has allowed the fission probability to be
investigated as functions of the associated neutron and light-charged particle multiplicities. The intermediate-
mass fragment multiplicities rise smoothly withE* up to about 1 unit atE* 51 GeV for Au and U, with no
indication of significant contribution from another process than evaporation. Heavy residues have been mea-
sured quite abundantly at the highestE* , with most of their kinetic energy arising from the recoil effects in the
evaporation stage. Overall, the data allow a coherent picture to be established, consistent with the hot nucleus
retaining conventional decay properties.

DOI: 10.1103/PhysRevC.63.034616 PACS number~s!: 25.43.1t, 24.60.Dr, 24.75.1i
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I. INTRODUCTION

The behavior of strongly heated nuclei and the prospec
reaching the maximal or ‘‘limiting’’ temperature that nucl
can sustain@1,2# have been a subject of great interest for t
last decade. The advent of medium-energy heavy-ion be
~several tens of MeV/nucleon! and relativistic-energy beam
~hundreds or thousands of MeV/nucleon! has raised expecta
tions that nuclei could easily be led to thermal energies
proaching or even exceeding their binding energies and
a new field of investigation could thus open up. However
quickly became evident that in medium- or high-ener
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nucleus-nucleus collisions, the nuclei also experience col
tive excitations strongly favored by their large masses. N
clei are compressed, deformed, and subject to transfer
orbital angular momentum into intrinsic spin, with the im
portance of all three collective effects being strongly dep
dent on the masses of the nuclei, the bombarding energy,
the impact parameter. Investigating the effects of nucl
temperature from such nuclei becomes a challenge when
eral collective degrees of freedom are simultaneously at p
Indeed, the latter can strongly influence the decay patter
the nucleus and ultimately mask the sought-after thermal
fects. Moreover, the presence of several heated nuclei
single event—a projectilelike and a targetlike nucleus w
sometimes additional intermediate-velocity fragments b
from parts of them—makes the experimental character
tion of the different products extremely tedious, if at all po
sible.

In order to circumvent the above mentioned difficultie
the thermal energy should not be brought in from a mass
projectile but rather from a light one: a GeV or multi-Ge
hadron. As shown in several model calculations@3–7# a light
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
projectile, in particular a shower of pions from antiproto
annihilation, generates neither much compression, nor m
spin, nor strong deformation, although a substantial amo
of thermal energy~about 1 GeV! can be generated on a ve
short time-scale~30 fm/c) in the impinged nucleus. More
over, the problem of dealing with multiple hot nuclei in
single event simply vanishes, making the data analysis m
straightforward.

The entire heating process in antiproton-annihilation re
tions can be modeled@5,7# by considering an intranuclea
cascade~INC!, with all elementary processes associated w
probabilities derived from free meson and baryon inter
tions. At high bombarding energy, due to the boost impar
to the freed pions arising from momentum conservation
large fraction of the created pions interact simultaneou
with the nucleus, leading to higher energy depositions t
when following annihilation at rest. The present investig
tion has been limited to the highest antiproton energy of 1
GeV available at the low energy antiproton ring~LEAR! at
CERN. It must be stressed that, when the present experim
was performed, there were rather few investigations invo
ing energetic antiproton nucleus reactions@8–13# as com-
pared to those involving antiproton-nucleus at rest. Si
then, another experiment@14# has been performed.

The aim of the study was twofold: to investigate both t
ability of energetic antiprotons to heat up nuclei and to stu
their decay properties over a broad range of excitation e
gies in great detail, with some emphasis on fission. To
knowledge, this is the first time that a fission study has b
made over such a large range of excitation energies~up to
about 1 GeV! and with different target materials~Au, U!
under very exclusive experimental conditions. Indeed,
only the excitation energy is inferred on an event-by-ev
basis, but the numbers of accompanying light charged
ticles ~LCPs!, neutrons, and intermediate mass fragme
~IMFs! are also measured. As it will be shown for the
target in particular, for a given excitation energy there ex
a strong correlation between the fission probability and
ratio of the numbers of emitted neutrons and LCPs.

The observed decay properties have been confronted
the predictions of the statistical model, the characteristic
the transient primary nuclei being modeled with an IN
model. The fission probability gives direct access to
saddle time when most of the other experimental approac
are only sensitive to the scission time@15,16#. Also, because
of the broad range of excitation energies involved and t
the broad range of emission times, the investigation of
so-called transient time for fission is made possible in
much broader domain than before@17#.

The paper is organized as follows. In a first section,
characteristics of the annihilation process will be review
and the comparison with other approaches~proton- and
heavy ion-induced reactions! will be examined. After a de-
scription of the experimental setup, the obtained data will
presented. The method used for inferring the excitation
ergy of the struck nucleus after energy relaxation on
event-by-event basis will then be discussed. The heating
pability of the 1.22-GeV antiprotons on different nuclei w
be reviewed and compared with model predictions. Fina
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the decay properties of the hot, heavy nuclei will be
viewed as a function of the thermal energy deposited
their fissility. The whole paper will then be summarized a
some prospects given.

Partial accounts of the present results concerning the
citation energy distributions have already been published
Ref. @18#, concerning the total fission cross sections in R
@19# and the decay modes of heavy nuclei, fission, and he
residue formation in Ref.@20#. The results concerning th
decay properties of light nuclei~Cu,Ag! where multifrag-
mentation and even vaporization have been observed@21#
due to the attainment of high excitation energy per nucle
will not be detailed here.

II. BASIC FEATURES OF ANTIPROTONIC HEATING
OF NUCLEI

The most interesting features of the heating of nuclei
ing low-energy antiprotons are the following.

~i! Their ‘‘softness’’ and short associated time scale: T
thermalization process is mediated through several pions
are emitted after annihilation of the antiproton. These pio
are the main mediators of the energy deposition through t
absorption and the excitation of the delta resonance. As
pion momenta are comparable with the intrinsic nucleon m
menta, the expression ‘‘radiationlike heating’’@22# appears
appropriate. In order to maintain the ‘‘softness’’ of the he
ing process, it is desirable to keep the momentum of
incident particle as low as possible while the focusing of
pion cloud into the nucleus calls for high velocities. Th
present antiproton energy 1.22 GeV might represent an o
mal compromise.

According to some calculations@4#, it does not take more
than 30 fm/c for the thermal equilibrium to be reached.
such a short time is also essentially involved in GeV proto
or pion-induced collisions@23#, it takes much longer to reac
thermal equilibrium in a heavy nucleus-nucleus collision
several tens of MeV per incident nucleon@24#. It must be
remembered that the characteristic evaporation time o
nucleus of mass 200 atE* 5500 MeV is about 30 fm/c and
that achieving thermal relaxation very promptly is a decis
advantage. Only little cooling is expected to take place d
ing the thermalization stage.

~ii ! The minimization of collective excitations as show
by INC simulations@7,25#. As already pointed out, this is
distinctive aspect of light projectiles and of antiprotons
particular, provided that the initial momentum is not to
large. The struck nucleus is not imparted any apprecia
compression, deformation, or rotation in contrast to wha
achieved in heavy nucleus-nucleus collisions.

~iii ! The relatively low loss of mass and charge of t
target nucleus during the heating stage. This is a diffic
requirement to be fulfilled in heavy-ion~HI! induced reac-
tions as exemplified in@26#. In order to explore broad range
of excitation energy and temperature, the authors had to
with an extended variety of nuclei with masses ranging fr
A5200 down toA550. This drawback is strongly mini
mized in antiproton-induced reactions as shown from IN
calculations giving the average mass and charge of
6-2
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
nucleus as a function of the excitation energy, which
reached at thermal equilibrium@7#. When ‘‘preparing’’ nu-
clei with E* 51 GeV from a U target, seven charge units a
23 mass units are lost on average during the INC stage. It
also be shown that the spin generated in such reaction
mains feeble~about 20\ units for a U target! and is very
weakly dependent on the excitation energy aboveE* 5100
MeV. This is not the case in heavy-ion induced reactio
when the available angular momentum in the entrance ch
nels often exceeds thousands of\ units @27#. Even if a small
fraction of this huge amount is to be found as intrinsic s
of the excited nuclei, this represents nevertheless m
larger spins than the ones involved in antiproton-induced
actions.

As stressed in a previous paper@18#, the excitation energy
distribution as obtained from the INC model calculation
rather broad and extends to values up to 1 GeV for mas
targets. One of the aims of the present experiment wa
check these predictions and this task has been done f
series of target nuclei:12C, natCu, 89Y, 92Mo, 100Mo, natAg,
natSn, 165Ho, 197Au, 209Bi, and 238U. For this purpose a
simple procedure has been adopted in order to infer even
event the thermal energy. It is based on the fac
substantiated by an evaporation code@28#—that the energy is
essentially removed by neutron and light charged part
emission as exemplified in Fig. 1 for two different targ
nuclei. The final fate of the nucleus~splitting into two frag-
ments, as in binary fission, or more fragments, or no splitt
at all when an evaporation residue remains! has only a minor
impact on the number of emitted light particles. When o
serving both, the evaporation of neutrons and of LCPs,
total number of these particles is the most relevant quan
to be considered as shown in Fig. 2, leading to a resolutio
the E* determination of about67% ~which, however
doubles to approximately615% when the actual detectio
efficiencies for neutrons and LCPs are taken into accou!.
Considering the number of either only neutrons or only LC
would lead to poorer resolutions. There is thus a defin
improvement in usingboth neutrons and charged particle
measured with high efficiencies (.80% for both!. In order
to ameliorate further this determination, one would nee
kinetic energy measurement for each emitted particle, wh

FIG. 1. Average multiplicities of different light particles evap
rated from Au and Cu as calculated byGEMINI. The error bars
correspond to the full width at half maximum~FWHM!.
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the present neutron detector cannot provide. Neglecting
IMFs in the described procedure has no significant impac
the grossE* distribution in so far as their measured mul
plicity is on average very low. It is only for rather rare even
~mostly for light- or medium-mass targets! that the presence
of several IMFs in the same event justifies to take them i
consideration in the energy balance@21#. However the lack
of kinetic energy measurement of the neutrons as well as
rather crude identification of the IMFs~and thus of their
binding energy! make it difficult to assessE* in a more
accurate approach anyway. For this reason, in the pre
paper, we rather prefer disregarding the IMFs in the exc
tion energy balance in such a way that the data for all tar
nuclei are presented in a homogeneous way.

III. EXPERIMENTAL ARRANGEMENT
AND DATA EVALUATION

The experiment PS208 was performed at LEAR at
maximum available energy of 1.22 GeV and with a bea
intensity of about 105 particles per second delivered in
continuous way. The beam was tagged 16 m upstream
means of a 2-mm-thick, 6 cm32 cm plastic scintillator
~referred to as START in the following!. Off-axis particles
were vetoed by an annular plastic scintillator detector, pla
close to START, and a set of detectors positioned in fron
the neutron ball, inside and outside the beam pipe. The a
protons were focused onto targets of 1–2 mg/cm2 areal den-
sity, deposited on a 0.2-mm-thick Al frame~20 mm in diam-
eter!. The noncorrelated background was measured in r
with an empty frame in place of the target. The beam w
stopped in a shielded beam dump, 10 m downstream of
target.

A shorter run was also performed with antiprotons at re
the initial momentum of 200 MeV/c was degraded by mean
of a movable, tapered moderator whose position was se
as to maximize the annihilation rate in the target foil. T
particle-tagging detector, 6 mm in diameter, was position

FIG. 2. Relative resolutionDE* /E* of the excitation energy
determination using the multiplicities of evaporated neutrons~n!,
light charged particles~LCP! or all light particles (LP5LCP1n) as
calculated withGEMINI. DE* was deduced from the FWHM of the
corresponding particle multiplicity distributions. The calculatio
was performed without including the effect of the detection e
ciency.
6-3
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
inside the silicon ball described in the following, at a d
tance of 2 cm from the target.

Figure 3 displays a schematic view of the experimen
setup. The reaction products were detected by means of
concentric 4p sr detectors: the Berlin neutron ball~BNB!
containing in its central part the Berlin silicon ball~BSiB!
@29#. The target, standing at their common center, w
mounted on a movable, very thin aluminum target ladde
order to minimize the shadowing for charged particles.

The BNB is a spherical tank with an outer diameter
140 cm, housing a 40-cm-in-diameter scattering cham
and filled with 1.5 m3 of liquid scintillator NE343, loaded
with gadolinium, 0.5% in weight. The light signals are re
out through 24 fast 4-in. phototubes mounted at the surf
of the tank. This detector generates two types of signals w
different time scales@30#. First, a so-called prompt signal i
emitted within tens of nanoseconds, whenever a nuclea
action takes place and emitted particles of any kind
charged particles or neutrons, org rays—propagate throug
the scintillator tank. This prompt signal is fed into the trigg
and allows the whole inelastic reaction cross section to
measured. Due to the large annihilation cross section and
associated production of pions, the latter are the main c
tributors to this prompt light flash.

The delayed light flashes occur after the thermalization
the neutrons, their diffusion within the scintillator and the
final capture by the Gd and H nuclei. The time spread
these captures over several tens of microseconds allow
counting of neutrons@30#. The so-called correlated back
ground measured on-line in a second, 44-ms wide gate arbi-
trarily issued 400ms after the first counting gate, amounte
to 0.7 count in the neutron gate. It was subtracted from
multiplicity distribution via a standard deconvolution proc
dure. The detection efficiency@30#, checked with thê E&
52.1 MeV neutrons of a Cf source, amounts to 85% at t
energy and decreases steadily for higher neutron ene

FIG. 3. Schematical view of the experimental setup.
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~40%, 25%, and 15% for 30-MeV, 50-MeV, and 100-Me
neutrons, respectively! as simulated in a Monte Carlo ap
proach@31#. It is worth stressing that these detection char
teristics favor considerably the counting of evaporationl
neutrons whose energy is essentially lower than 10 MeV
that the neutrons from the fast INC step are registered w
much less efficiency. This feature is central to the meth
used for estimatingE* .

Figure 4 displays the event yield plotted as function of t
amplitude of the associated prompt signal and the neu
multiplicity, measured with a 2-mm-thick Pb target bom
barded by the 1.22-GeV antiproton beam~left! or by a 1.22-
GeV proton beam~right!. The calibration of the light signa
has been obtained from the light generated by the char
muons arising from the nuclear reactions induced by the c
mic rays in the atmosphere, the trajectories of the mu
being defined along a diameter by two plastic scintilla
detectors located on both sides of the BNB.

In Fig. 4 ~left!, the annihilation events form a broad grou
associated with large light amplitudes and multiplicities. T
corresponding figure for proton-induced reactions at
same bombarding energy@Fig. 4 ~right!# is quite different,
the event yield being concentrated along a continuous ri
projecting out of the origin, and the most probable lig
amount is lower by about a factor of 3 compared to t
antiproton case. The apparent lack of correlation between
light amplitude and the neutron multiplicity observed in Fi
4 ~left! can be explained as follows: asE* , or equivalently
Mn, increases the number of pions escaping the nucleus
creases~only slightly actually, by 30% betweenE* 5200
MeV andE* 51 GeV for U! but their kinetic energy is also
reduced. Since the BNB measures only the energy loss o
pions passing through~which represents only roughly 30%
of their kinetic energy on an average!, and since the energy
loss increases with lower kinetic energy, the overall variat
of the prompt-signal amplitude withE* is weak.

LCPs~H and He isotopes!, IMFs, fission fragments~FFs!
and heavy evaporation residues~HRs! were detected by the
BSiB composed of 162 independent silicon detectors~0.5
mm thick, pentagonal and hexagonal in shape! forming a

FIG. 4. Experimental yield plotted as functions of the prom
light amplitude and the neutron multiplicity, as measured with
2-mm-thick Pb target for 1.22-GeV antiproton~left! or proton
~right! beams.
6-4
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
sphere, 20 cm in diameter~Fig. 5!. These detectors cover a
active solid angle of 90% of 4p sr. Due to the absorption o
charged particles in the target foil itself when the partic
are emitted at a small relative angle with respect to the la
Monte Carlo simulations had to be performed in order
infer the actual BSiB efficiency for all types of particles~Fig.
6!. The latter amounts to 84%, 81%, and 79% for proto
a-particles, and IMFs, respectively. For FFs, the detect
efficiency depends strongly upon the mass and kinetic
ergy of the fragments, which in turn are related to the dep
tion in A andZ of the nucleus with increasingE* in the INC
step. Monte Carlo simulations have been performed in or
to first infer the characteristics of the fragments issued fr
the two-step formation process, including the INC step a
the deexcitation/fission~using the evaporation compute
codeGEMINI @28#! and then to take into account the ener
loss and straggling in the target foil as a function of t
emission angle relative to the target plane@20#. For U, the
probability to detect both FFs in coincidence amounts to 0
at low E* and falls to 0.45 atE* 51000 MeV. The estimated
uncertainty in these figures is610% as could be checked b
measuring under the very same conditions the FFs from
source deposited on a very thin Ni backing. As for the
target, the fission detection efficiency is further reduced@to
0.50 and 0.30 (620%), respectively# due to the lower ki-
netic energy imparted to the fragments resulting from
lower Coulomb repulsion from a less charged nucleus.

Time-of-flight signals, energy signals, and pulse-sha

FIG. 5. Photograph of the BSiB in its supporting frame.
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discrimination~PSD! signals were generated~one of each per
charged particle! and processed by 20 eightfold time-to
digital converters ~TDCs!, analog-to-digital converters
~ADCs!, and charge-to-digital converters~QDCs! from
SILENA. The electronic threshold was lower than 2 MeV f
all detectors. The pulse shape information was obtained f
the amplitude of the differentiated current pulse of the p
amplifier. The time-of-flight~TOF! information was relative
to the START detector with an overall time resolution
about 1 ns.

Different levels of identification are considered. As show
in Fig. 7, the TOF vsE information allows three groups o
data points to be distinguished, corresponding to the heav
nuclei ~FFs and HRs!, to IMFs, and to LCPs. The distinction
betweenZ51, Z52, and IMF makes use of theE vs PSD
signals as shown in Fig. 7. Protons and alpha particles
energy larger than 8.2 and 32.2 MeV, respectively, are
stopped in the 0.5-mm-thick Si detectors buta particles with
energies up to about 55 MeV can nevertheless be identifi
Isotopic separation ofZ51, 2 particles has not been consi
ered since it is only possible in a restricted energy doma
The distinction between IMFs anda particles is unambigu-
ous above 25 MeV from theE vs PSD matrix, and still

FIG. 6. Top: Experimental~circles! and simulated~histograms!
angular distributions forp, a particles, and IMFs. The isotropic
distributions depicted by the dotted curves were used as inputs
the Monte-Carlo simulations, which took into account the ene
loss in the target foil. Bottom: Corresponding detection efficien
curves for the different particles, as deduced form the simulatio

FIG. 7. Identification matrices for the BSiB detectors: energy
time of flight ~left! and energy vs pulse-shape discrimination p
rameter.
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
possible below this energy from the TOF vsE information.
For heavier fragments a mass calibration has been

formed from TOF vsE information, considering usual instru
mental effects such as pulse-height defects@32# and plasma-
delay effects@33,34# in Si detectors. Use has been made
rather cold-fission events~associated with low neutron mu
tiplicities! for the U target in order to further adjust the ca
bration parameters. It has been checked for different cla
of events~at different excitation energies! that the summed
mass of all light- and intermediate-mass particles~after
proper detection efficiency corrections! and both fission frag-
ments led on the average to a mass fairly close to the ta
mass. As a matter of fact some deficit was generally
served, as due to the mass of high-energy particles~both
LCPs and neutrons! from the INC step that are not detecte
The mass resolution of the FF is estimated to be of the o
of 10–20 %, arising from the limited flight path of 10 cm an
TOF resolution. Fission events were selected as bin
events with two fragments heavier than a certain impo
mass threshold~30 and 35 mass units for the Au and
targets, respectively!, to be distinguished from IMFs, with
the additional condition that 70% of the initial mass is d
tected.

The HRs suffer more than any other reaction prod
from the slowing down in the target. Due to the low rec
momentum imparted in the INC stage, their extraction fro
the target is greatly facilitated by the subsequent recoils
companying the evaporations of light particlesp or n and
more efficient, the emissions ofa particles and IMFs, as
demonstrated in Sec. V C. They are thus detected wit
larger probability at higher excitation energy:eHR is esti-
mated at only 0.06 (630%) atE* 5200 MeV, but increases
to 0.35 (620%) atE* 5200 MeV. Alternatively, the HRs
have also been experimentally selected in the events
which the total measured mass represents more than 70
the target mass with only one detected fragment with a m
larger than the minimum one attributed to a FF, as defi
above, for the considered target. The conditions of the
detection being rather difficult to control, one relies also
the high detection probability of at least one of the two
fragments in order to infer their emission probability. Inde
in events for which the greatest detected mass is an IMF,
probability of missing both fission fragments can be co
puted, with the complementary part attributed to HRs.

The master trigger of the acquisition system was a co
cidence between the signal of the START scintillator, no
vetoed by the annular detector, and the prompt light signa
the BNB, with a threshold of about 10 MeVee, as calibra
with the cosmic muons.

IV. DATA RELATED TO EXCITATION ENERGY
DEPOSITION

The present investigation considers all decay chan
with a ‘‘genuine’’ minimum-bias trigger in so far as the tot
reaction cross section is probed. It does not focus on sele
and rare exit channels. Instead, one has tried to get a c
prehensive picture ofall phenomena that are at work as
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function of the excitation energy that is deposited in t
struck nucleus by the incidentp̄.

A. Reaction cross sections

The high sensitivity of the scintillator detector to any kin
of emitted particle makes it particularly suited to register
inelastic reaction channels. Thep̄-nucleus reaction cross sec
tions ~for events associated with a prompt response gre
than 10 MeV! are shown in Fig. 8 together with th
p-nucleus cross sections systematics@35# ~dashed curve!, as
a function of target massA. Both distributions can be wel
fitted with a function of the formpr 0

2A2/3, with r 051.38 fm
for the antiprotons~solid curve in Fig. 8! and 1.26 fm for the
protons. The largerr 0 radius of the disk needed to fit thep̄
nucleus relative to thep-nucleus cross sections can be inte
preted as the consequence of larger elementaryNN̄ cross
sections in the former case. Also, the strong dependenc
energy of theNN̄ cross sections can be stressed when co
paring the present data with those obtained at a lower b
barding energy@37#.

B. Correlated neutron and charged-particle multiplicities
for a series of targets: 12C, natCu, 89Y, 92Mo, 100Mo,

natAg, natSn, 165Ho, 197Au, 209Bi, and 238U

The correlated neutron and light charged particle mu
plicities are presented in Fig. 9. They have been measu
for a series of targets from C to U and for an empty tar
frame. This spurious contribution is easily removed from
measurements and does not impair the quality of the da

FIG. 8. Total reaction cross sections measured in this work p
ted as a function of the target mass~dots!. The solid curve corre-
sponds to a fit with the functions reaction5pr 0

2A2/3, r 051.38 fm.
The dashed curve corresponds to the systematics of Ref.@35# for
p-induced reactions and the star to the experimental result of
@36#, obtained with the same technique as the present work.
6-6
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
Similar patterns have already been observed@38# in
heavy-ion induced reactions. When starting from the ori
of the distribution~very weakly excited nuclei with neither
single neutron nor a single light particle detected but nev
theless a trigger provided byg rays or charged pions! one
observes a continuous evolution, with a pattern strongly
pending upon the nature of the targets. For light targets th
is no offset for charged-particle emission in contrast to w
is observed for heavy targets. This reflects Coulomb bar
effects: at low excitation energy a heavy nucleus evapor
neutrons much more easily than charged particles where
high excitation energy this Coulomb hindrance becomes
effective. This Coulomb effect is much weaker for light ta
get nuclei, as evidenced by the observation of a more
anced sharing between neutron emission and char
particle emission at all excitation energies. The excess
neutrons observed for the100Mo target as compared to92Mo
target can be ascribed to the difference in the neutr
separation energies. All these plots indicate that the m
sured particles are mostly evaporated ones as expected
the energy-dependent efficiencies of the detectors. Thi
confirmed in Fig. 10 displaying contour plots of the invaria
velocity distributions of LCPs, detected for the Au target
their angular isotropy manifests the dominant evapora
character. It has been checked that this isotropic charact
the angular distributions is maintained independent of

FIG. 9. Experimenal yield of 1.22-GeVp̄-induced reactions
plotted as a function of the measured neutron and charged-pa
multiplicities for different targets and an empty frame. No bac
ground was subtracted.
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associated total light-particle multiplicity.
The measured neutron multiplicity (Mn) distributions,

corrected for the correlated and noncorrelated backgrou
are shown in Fig. 11. In the tails of the distributions and
the lighter targets~C and to a lesser extent Al! the neutron
number is found to exceed the number of neutrons conta
in the target nucleus. Such an effect is not related to pile
effects but to secondary reactions induced by the esca
pions either in the liquid scintillator or in the BNB walls
thus generating extra neutrons. The average multiplicity
these neutrons has been estimated to 1.9 for the Au ta
from Monte Carlo simulations with the high-energy com
puter codeGEANT @39#.

Coming back to Fig. 11, it can be noted that the mu
plicities of about 30–35 neutrons observed for the Au and
target nuclei represent about one-half of the neutron mu
plicity observed@40# with a similar probability when a 29-

cle
-

FIG. 10. Galilei-invariant velocity distributions measured f
Z51 and Z52 particles, plotted as a function of the velocitie
parallel and perpendicular to the beam. The circles, displayed
orientation, are centered on the origin.

FIG. 11. Experimental inclusive neutron multiplicity distribu
tions for different targets, corrected for correlated and uncorrela
backgrounds. The distributions are multiplied by successive fac
of 10 for clarity, fromC onward.
6-7



is
pr
co

i
f
e
in
en

sio
s
d

he
co

ck
in

on
a
it
th
bu
s
c
u

e
n

th
tiv
id
p
th
tr
io
em

m
x-
of

also
il-
the
gy
t

nd
s

nt
, if

n

an
ns,
ed
is

onte
neu-
apo-

e
e

rage,

ns.

-
w

-

he
-

-

B. LOTT et al. PHYSICAL REVIEW C 63 034616
MeV/nucleon Pb projectile collides with a Au target. Th
readily demonstrates that heating a nucleus with an anti
ton can be roughly as effective as in a nucleus-nucleus
lision induced at intermediate bombarding energy with sim
lar available energy~3 GeV!. However the decay patterns o
nuclei heated to similar energies are comparable at low
citation energies only, where fission and evaporation lead
to residues dominate in both cases. At high excitation
ergy, the Pb1Au system disintegrates@40# into a large num-
ber of nucleons and small fragments, whereas binary fis
and evaporation remain by far the dominant exit channel
the Au nucleus initially heated by antiprotons. As alrea
stressed, the fates of nuclei at high excitation energy can
strongly influenced by the collective excitations and t
strong dynamical effects experienced in nucleus-nucleus
lisions.

The neutron distribution has first been corrected for ba
ground and for the spurious neutron production in the sc
tillator. With the neutron detection efficiency depending
the neutron energy, it is easier to fold the results of the c
culation with the detector efficiency and compare them w
the raw experimental data. This is done in Fig. 12 where
dashed lines represent the true neutron multiplicity distri
tion as generated in both the INC and evaporation stage
the simulation. Because of the very rapid loss of efficien
for neutrons exceeding 20 MeV, the efficiency-folded, sim
lated data~solid lines in Fig. 12! mostly retain the low-
energy, evaporated neutrons. A good agreement with the
perimental data, both in shape of the distributions a
absolute cross sections is found for the heaviest targets~Ho,
Au, U!. For Cu and the lightest target nuclei in general,
agreement is poorer. This effect is attributed to the rela
weight of spurious neutrons created in the scintillator liqu
which increases as the target mass decreases. This ex
mental problem is specific to neutrons and does not blur
charged-particle data. The average experimental neu
multiplicity data corrected for background and spurious p
production are listed in Table I. The given error bars st

FIG. 12. Comparison between the measured~circles! and theo-
retical ~curves! neutron-multiplicity distributions for different tar
gets. The dashed curves depict the true distributions calculated
the combined models INC1GEMINI, while the solid curves corre
spond to the distributions filtered with the BNB efficiency.
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mostly from the correction uncertainties and very little fro
statistics. It is noticeable that the observed multiplicities e
ceed considerably the ones measured from annihilation
antiprotons at rest measured in the same experiment,
given in Table I. This increase results from the larger ava
able energy and is linked to the Lorentz boost imparted to
pions, providing them with larger average kinetic ener
~450 MeV instead of 250 MeV! and forcing them to interac
more intimately with the target nucleus.

Charged-particle multiplicity data are shown globally a
for different Z numbers in Fig. 13 and Table II. The IMF
contribute rather weakly in comparison toZ51, 2 particles
to the total charged-particle multiplicity. This is the first hi
that multifragmentation must be weak in such reactions
contributing at all for heavy targets.

The excitation energyE* has been reconstructed on a
event-by-event basis. The method@18# used for this recon-
struction makes use of the total measured light-particle~LP!
multiplicity, which minimizes the fluctuations arising from
the stochastic nature of the decay and associates with itE* .
From the experiment it is not possible to distinguish on
event-by-event basis the number of evaporationlike neutro
i.e., the ones that account for the cooling of the thermaliz
nucleus from those emitted before thermal equilibration
achieved, thereafter referred to as cascade neutrons. M
Carlo simulations have shown that the detected cascade
trons compensate to a large extent for the nondetected ev
rated ones, on average. To reconstructE* , it has thus been
assumed@18# that the measured neutron multiplicity can b
identified with the multiplicity of evaporated neutrons. Th
correctness of this method has been tested on an ave
thanks to a separate experiment@41# measuring the inclusive
neutron kinetic-energy distributions for the same reactio

ith

TABLE I. Average measured neutron multiplicities^Mn&, aver-
age neutron multiplicities corrected for the BNB efficiency and t
electronic dead timêMn&

corr for different target nuclei using 1.22

GeV p̄ or p̄ at rest. For 1.22-GeVp̄, the efficiency-corrected, av
erage multiplicities measured@41# with a time-of-flight spectrom-
eter are given for comparison.

Z
AX ^Mn& ^Mn&

corr ^Mn&
TOF

1.22-GeVp̄
12C 1.660.2 1.960.5
27Al 2.660.3 5.160.5
natCu 5.060.6 8.861.5 8.9
natAg 8.061.0 13.162.0 12.9
165Ho 12.861.5 19.663.0 20.8
181Ta 14.762.0 22.263.5 22.4
197Au 15.462.0 23.264.0 23.4
natPb 16.362.0 24.464.0 22.9
238U 18.262.0 26.564.5 27.5

p̄ at rest
natCu 1.760.2 1.960.4
165Ho 6.861.4 8.261.6
197Au 7.460.9 8.961.8
238U 9.661.1 11.762.3
6-8
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
Once folded with the BNB efficiency, these spectra ha
enabled the equivalent neutron multiplicity as measured
the BNB to be computed, and it has been checked that
latter reflects closely that of the evaporative component id
tified in these spectra. The relationMLP(E* ) was calculated
with GEMINI ~see Fig. 1!. In Fig. 14, the experimental yield
for Au is plotted in a contour diagram as a function of t
so-obtainedE* andMn ~a! or MLCP ~b!. The model predic-
tions for the average multiplicities folded with the detecti
response~dots connected by a line! fit closely the ridge of the
distributions, showing that the sharing betweenn and LCP is
well accounted for by the model on average. This good
production gives support to the validity of theE* -assessmen
method.

FIG. 13. Experimental distributions~symbols! of multiplicities
of total light particles,Z51, Z52 and IMFs, for different targets
~multiplied by successive factors of 10 for clarity!.

TABLE II. Average inclusive multiplicities of light-charged
particles, corrected for the BSiB efficiency, for the different targ
nuclei.

Z
AX ^MCP& ^MZ51& ^MZ52& ^M IMF&

12C 1.560.2 1.060.1 0.560.1 0.0460.10
natCu 3.860.5 2.460.3 1.260.2 0.3360.10
89Y 4.060.5 2.460.3 1.260.2 0.3160.10

92Mo 4.160.5 2.460.3 1.260.2 0.3060.10
natAg 4.260.5 2.660.3 1.360.2 0.2760.10
natSn 4.560.6 2.760.4 1.460.2 0.3060.10
165Ho 4.860.6 2.860.4 1.660.3 0.3160.10
197Au 4.960.6 2.860.4 1.660.3 0.2960.10
209Bi 4.860.6 2.960.4 1.760.3 0.2860.10
238U 4.860.6 2.860.4 1.660.3 0.2660.10
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At E* .1 GeV, once corrected for efficiency, the prese
average experimental LCP multiplicity amounts to about
units. This value is in good agreement with those extracte
previous works@42,43# on heavy-ion induced reactions for
similar E* .

The experimentalE* distribution can be compared wit
the one generated by the INC model. The result, shown
Fig. 15, is satisfactory over a broad range of excitation
ergies for target nuclei of different masses. For target nu
with masses close to 200~from Ho to U!, excitation energies
of up to 1 GeV are reached, i.e., roughly 5 MeV/nucleo
They nevertheless represent rather rare events and thus

t

FIG. 14. Contour diagrams of experimental yield as a funct
of E* andMn ~upper panel! or MLCP ~lower panel!, compared with
calculated average multiplicities~dots connected by a line!. The
intensity change between two contour lines is a factor of 3.

FIG. 15. Experimental~circles! and theoretical~lines! excitation

energy distributions for 1.22-GeVp̄ reactions induced on differen
target nuclei. For Cu, the stars show theE* distribution constructed
from the measured LCPs only.
6-9
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
cross sections~a few millibarn!. Although a more effective
heating mode than antiprotons at rest~the averageE* , listed
in Table III, are about twice as large! or than protons at the
same bombarding energy, the 1.22 GeV antiprotons rema
modest heat converter, since at the very best one-third o
available energy of 3.1 GeV~kinetic1annihilation energy!
can be found in excitation energy and moreover just wit
tiny fraction of the reaction cross section. This is somew
less effective than the use of medium-energy heavy-ion p
jectiles as heaters and this represents a ‘‘price to pay’
order to avoid the collective excitations inherent in the lat
type of projectiles. For lighter target nuclei such as Cu
energy deposition, although weaker than in heavy targ
reaches values of up to 10 MeV/nucleon, which exceed
binding energy. The fate of light nuclei, more effective
heated than heavy ones, is the topic of another paper@21#.

C. Discussion of the merits of different projectiles

In the light of what precedes, it is worthwhile to revie
the arguments determining the choice of a projectile for st
ies devoted to the thermal decay properties of nuclei. M
the projectile be a composite particle, a single baryon, a
son, or an antiparticle?

Composite particles such as3He have been shown t
present some of the drawbacks of more massive nucle
though to a lesser extent@44#. Moreover, it has been show
@45# that by using3He or a proton as a projectile, both wit
a total kinetic energy of 2 GeV, leads to rather similar ex
tation energies in massive target nuclei, thus giving no d
sive advantage to the heavier projectile with respect to
ergy dissipation. Similar mass yield curves found@46# for
protons and heavy-ions at the same total kinetic energ
indicative of the same effect. For these two reasons ther

TABLE III. Average excitation energieŝE* & deduced with the
method described in the text, estimated average excitation ene
per nucleon using the masses predicted by the INC model,^E* /A&
~in parentheses, maximum excitation energies per nucleon co
sponding to 1% of the reaction cross section! for different target

nuclei, obtained with 1.22-GeVp̄ or p̄ at rest. The correspondin
energies^EINC* & and ^EINC* /A& predicted by the INC model are
given for comparison, as well as the average energies measure

Polsteret al. @22# with p̄ at rest^Ep̄
* &.

^E* &
^E* /A&

(Emax* /A) ^EINC* & ^EINC* /A& ^Ep̄
* & @22#

Z
AX ~MeV! ~MeV/A! ~MeV! ~MeV! ~MeV!

1.22 GeV-p̄
natCu 144620 2.53~11.3! 135 2.5
165Ho 269630 1.73~5.4! 265 1.7
197Au 309630 1.65~5.4! 295 1.6
238U 348640 1.52~4.3! 330 1.5

p̄ at rest
natCu 85620 1.44~5.7! 87 1.52 130615
165Ho 138630 0.88~3.3! 145 0.93 187626
197Au 142630 0.74~2.7! 158 0.83 183621
238U 161640 0.70~2.3! 171 0.75 160620
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thus no obvious motivation for using composite particles
projectiles, since they already bring in part of the drawba
of more massive ones.

There is no decisive advantage either in choosing a me
rather than a baryon as a projectile for heating a nucleus.
nuclear stopping of pions has been shown to be very sim
to that of protons with the same energy over a broad ene
domain @47,48#. A less direct approach@49,50# has con-
firmed this property: positive and negative pions, posit
kaons, protons~and even deuterons! of a given energy gen-
erate very similar numbers of neutrons by spallation on th
targets. It was also shown@49,50# that antiprotons and pro
tons had a similar behavior in so far as the total availa
energy was considered~i.e., taking the annihilation energy in
addition to the kinetic energy for the antiparticle! for produc-
ing neutrons in thick targets. A similar conclusion has be
obtained@51# from the study of the fragment mass distrib
tions using radiochemical techniques. A recent experim
with protons on thin targets~more relevant than the exper
ments implying thick targets in so far the energy deposit
in a given nucleus is concerned! shows large similarities in
energy deposition for a 2.5-GeV proton and the presen
studied 1.22-GeV antiproton, i.e., for two hadrons with clo
total energies@52#. The merits of antiprotons, protons, an
p-mesons for heating a nucleus have also been investig
in a recent experiment@14# and at higher bombarding ene
gies showing slightly largerE* with the former projectiles.
Although antiproton annihilation carries no decisive adva
tage over protons or pions as for theE* generation, it is
possible as suggested in Ref.@53# that it involves a lower
mass loss in the INC stage and that thermal equilibrium
reached faster. A careful comparison of the decay of
nuclei excited via these different processes would be v
enlightening in this respect. In principle, the recent 2.5-Ge
proton experiment mentioned above will enable such a co
parison, under very similar experimental conditions. The b
possible choice could actually be a beam ofd̄, which may be
available in the near future, at a quite moderate bombard
energy around 1.5 GeV/nucleon in order to still benefit fro
the softness of this heating mode.

V. DECAY PROCESSES

A. Fission

Before presenting the experimental fission data, some
oretical predictions for fission from the combined IN
1statistical models will be given for orientation. For the st
tistical model~SM!, the codeGEMINI has been used, but th
code ABLA @54# has also been applied to demonstrate t
though the quantitative aspects may vary, the gross feat
are largely independent of the specific models employed
must be recalled that the SM does not consider any dynam
and that, while a transient delay for the motion from equil
rium to the saddle point has been introduced in both cod
the shape evolution from the saddle to the scission point
not taken into account. Consequently, the evaporation fr
the composite nucleus is immediately followed by that fro
the separated fragments. In the following, only ma
symmetric fission is considered.
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e-
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
1. Theoretical properties of the fission events

The population of primary nuclei from the INC stage th
will eventually undergo fission will be considered first. O
may expect that these nuclei are proton richer than th
eventually ending up as evaporation residues. The los
more neutrons and/or fewer protons than average during
INC stage leads to an enhanced fissilityZ2/A of the resulting
primary nuclei and thus to a reduction of the associated
sion barriers. This expectation is supported by the calcula
as illustrated in Fig. 16 displaying the fission probability f
p̄1Au andp̄1U as a function of theN andZ numbers of the
nuclei as they are left at the end of the INC step~the nuclei
with Z.Ztargetor N.Ntargetare produced in charge exchan
reactions!. For orientation, the yield of the latter is plotted
a linear scale as contour lines. The fission probability
much higher for nuclei withN and Z close to those of the
target nucleus~associated with lowE* ) in the case of U as
compared to Au, as expected from the difference in fissil
However, in both cases, only proton-rich primary nuclei u
dergo fission with a sizable probability.

The time scales characterizing the fission process ar
prime interest since they provide unique information on
dynamics. For the primary nuclei produced with the Au t
get, the fission barriers are fairly high (Bf.20 MeV!; con-
sequently, the fission must occur before too much energ
lost via the evaporation of light particles. This problem
less severe for the primary nuclei produced from U tar
nuclei, associated with fission barriers as low as 6 MeV
larger number of presaddle particles is thus allowed in
latter case. This behavior is illustrated in Fig. 17 where
numbers of presaddle particles are compared to the
numbers of evaporated particles as a function ofE* , for the
Au and U targets: the average multiplicities of presaddle p
tons anda particles are about twice as large and that
neutrons three times as large for U as for Au. All presad
multiplicities remain roughly constant forE* larger than 300
MeV, which means that the fraction of the post-saddle p
ticles ~considered as emitted by the FFs in the calculation
already pointed out! increases continuously withE* . By
summing up the times elapsed between the evaporatio
two consecutive presaddle particles, as deduced from th
tal widths, the fission presaddle time can be estimated.
so-obtained average presaddle times are plotted in Fig. 1
a function of the excitation energy of the primary nuclei. A
expected, the different multiplicities of presaddle partic
for the Au and U cases translate into different presaddle t
scales, the difference reaching a factor of 10 or more
E* .300 MeV. For Au, the predicted fission time at highE*
becomes of the same magnitude as the thermalization t
estimated at 10222 s ~30 fm/c) as mentioned above. Also fo
E* .500 MeV, the excited-nucleus lifetime, as given by t
emission time for the first neutron, becomes shorter than
thermalization time. Both features may cast some doubts
the applicability of the sequential statistical model at hi
E* .

2. Fission cross sections

The first data that are presented concern the an
integrated, total (E* -integrated! fission cross sections. Th
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fission cross sections amount to 185681 mb and 9406200
mb for the Au and U targets respectively. Clearly these cr
sections increase with the target fissility, as expected for c
ventional fission. It is interesting to compare these cross s
tions with those previously measured in proton-
a-induced reactions in the GeV bombarding-energy ran
@55–57#. For 3-GeV protons, associated with an excitatio
energy range probably comparable to that for 1.22-GeVp̄,
the latter cross sections were found as 103621 mb @55# or
100 mb@56# for Au and 12106180 mb@55# or 13216100

FIG. 16. Fission probability~boxes! plotted as a function of the
N and Z numbers of the primary nuclei as calculated by the IN
1GEIMINI models for the Au and U targets. The contour lines dep
the yield in a linear scale with 200 counts between neighbor
lines.
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
mb @57# for U. These cross sections are compatible w
those of the present work within the error bars, although t
appear slightly lower for Au and greater for U. These po
sible differences, in addition to resulting from different ma
losses in the INC cascade, can be tentatively ascribe
differences in the excitation energy distributions, the fiss
probabilities at highE* exhibiting opposite trends as a fun
tion of E* for Au and U as will be shown in the next sectio
A more detailed comparison with earlier data was made
previous paper@19#. Slightly different integrated cross sec
tions in @19# (160611 mb and 9206200 mb for the Au and
U targets, respectively! are due to different conditions ap
plied to select the fission events.

FIG. 17. Theoretical total~open symbols! and presaddle~solid
symbols! multiplicities of evaporated particles plotted as a functi
of the initial excitation energy for the Au and U targets.

FIG. 18. Theoretical average time for the decision to fiss
plotted as a function of the initial excitation energy.
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No particular effort has been made to reproduce th
integrated cross sections theoretically since the evolution
the fission probability as a function ofE* , addressed in the
next section, offers a much more stringent test to the th
retical models.

3. Fission probability: Evolution with E*

The fission probability (Pfis) is a key observable for sev
eral reasons. On the one hand, the disappearance of fis
with increasing excitation energy may manifest the onse
another, less collective breakup channel. On the other h
the fission probability at high excitation energy is sensitive
the transient time necessary for the fission mode to attain
stationary decay width. The increased presaddle emissio
charged particles taking place during this transient time le
to a decrease in fissility, manifesting itself by a reduction
Pfis . This effect is all the more prominent at highE* as the
mean evaporation time of light particles decreases. Study
Pfis at highE* is thus a unique means to gain insight into t
fission dynamics prior to the saddle point. For instance, ot
methods involving the measurement of precision neutr
@15# or g rays @58#, or the blocking technique in a singl
crystal @16#, provide only information about the prescissio
time ~pre- 1 post-saddle time!. The sensitivity ofPfis to the
transient time has already been exploited in several works
particular by Morettoet al. @17# in a-induced fusion reac-
tions, associated withE* ,100 MeV. The latter authors
could set an upper limit for the transient time of 3310220 s.
The present experiment allowsPfis to be investigated over a
considerably broader excitation energy range, enabling
nificantly shorter time scales to be probed. This question w
also discussed for fission following stopped-antiproton an
hilation @59–61#.

The fission probability has been obtained by dividing t
yield at a givenE* of binary-fission events, corrected for th
detection efficiency via the procedure described above
detailed in Ref.@20#, by the total yield of events associate
with that E* . It must be stressed that the unique featu
afforded by antiproton annihilation combined with the e
perimental method employed in this work, set up the pro
framework for an investigation ofPfis as a function ofE* ,
the following conditions being met simultaneously, as me
tioned above.

~i! The number of nucleons expelled during the INC sta
of the reactions being quite moderate~10% of Atarget at E*
51 GeV!, a well-defined, fairly fissile group of nuclei re
mains after this stage has subsided. As the fission width d
tically depends on the primary nucleus, this feature is cen
to the present study.

~ii ! Since the total reaction cross section is probed,
total yield of events at a givenE* can be determined.

~iii ! E* is assessed via a procedure based on the t
number of evaporated light particles, and is thus highly
dependent of the decay channel, i.e., of whether the nuc
undergoes fission or not.

The fission probabilities measured forp̄1Au and U are
shown in Fig. 19 as a function ofE* . Since at highE* the
mass distribution of the fission fragments~FF! broadens con-

n
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siderably, the distinction between a FF and an IMF becom
somewhat ambiguous. Consequently different mass
have been applied@20# to the data, the error bars in Fig. 1
depicting the effect of a610-unit change in the cut. Th
behaviors ofPfis for the two targets are very different: for th
Au targetPfis steadily increases with increasingE* , whereas
it first rises steeply and then slowly falls off for U. Th
observation strongly suggests that the fissility remains
driving parameter and that conventional fission, and no
mechanical process, as advocated in Ref.@62#, for example,
is present here.

A very important conclusion can be readily drawn fro
Fig. 19: fission remains a very substantial decay channe
E* /A.4 MeV/nucleon, exhausting more than a third of t
yield. This finding has two major implications.~i! The
nucleus appears to keep conventional properties up to
above excitation energy; and~ii ! this significant abundanc
of fission points to a quite short transient time needed
reach the saddle point at such high excitation energies.

The latter conclusion arises from the expectation tha
large transient time would lead to a dramatic reduction ofPfis
at highE* as both the remainingE* and the fissility would
have dropped considerably by the time the saddle poin
reached.

The set of curves in Fig. 19 represent the results of
INC1GEMINI calculations for different values assumed f
the transient timet f , varying from 0 to 2310221 s. The
af /an ratio has been taken as 1.022 and 1.00 for Au and
respectively, in agreement with the expected tendency
with the ratios used previously in similar works@63#. The
general trend is correctly reproduced by the calculations
suming no transient time for the two targets, althoughPfis is
overestimated at lowE* for the U case. The inclusion of
delay larger thant f50.5310221 s leads to a strong deterio
ration of the quality of the agreement at highE* . It is im-
portant to note that the ratioaf /an and the transient time, a

FIG. 19. Experimental fission probability~solid points! plotted
as a function of the initial excitation energy of primary nuc

formed in p̄1Au and U. The curves correspond to theoretical
sults obtained with INC1GEMINI for different transient timest f :
t f50 ~solid!, 0.1310221 s ~dot-dashed!, 0.5310221 s ~dashed!, 2
310221 s ~dotted!.
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implemented inGEMINI, do not affect the dependence ofPfis
on E* in similar ways: whileaf /an governs the magnitude
of Pfis over the fullE* range,t f rulesPfis only at highE* .
The two parameters can thus be determined independe
via Pfis(E* ), while their respective influences cannot be d
entangled from the integrated fission cross sections alo
This conclusion will actually be qualified when employin
the modelABLA instead ofGEMINI.

The limit on the transient time can be reasonably se
1310221 s, more than an order of magnitude lower th
established in the work of Morettoet al. @17#.

4. Comparison with the predictions ofABLA

In order to test the previous conclusions obtained w
GEMINI, further comparisons have been made withABLA

@54#. ABLA computes the fission probability with th
transition-state formalism@64# of Bohr and Wheeler~BW! as
GEMINI does, but the fission hindrance related to the visco
is taken into account as proposed in Ref.@65# via a reduced
viscosity parameterb. The fission probabilityPfis is deduced
from the fission widthG f and the neutron emission widthGn

as follows:

Pfis5
G f

G f1Gn
@12 exp~2t i /tn!# with

G f5G f
BW~A11g22g!, ~1!

where G f
BW is the Bohr-Wheeler fission width andg

5b/2v0 is the dissipation coefficient.v0 is the frequency of
the harmonic oscillator defined by the inverted potential
the saddle point,tn is the mean particle decay time, andt i is
defined ast i5t f2(k51

i 21 tn,k , i.e., the sum of the precedin
particle decay times in the actual deexcitation cascade.
transient time or fission delayt f is

t f5H b21 ln~10Bf /T!, b!2vT

b~2vT
2!21 ln~10Bf /T!, b.2vT ,

~2!

with vT5v0'131021 s21 is the frequency of the harmoni
oscillator oscillating the potential at the initial position,Bf is
the fission barrier, andT is the temperature.

There exists a value ofb around 231021 s21 for which
the transient time is minimum: for lowerb, the coupling
between the collective fission motion and the heat bath
weaker making the motion slower, while for largerb the
motion is overdamped, two situations corresponding to
two cases of Eq.~2!. This minimum transient time as a func
tion of b is close to (1 – 2)310221 s over most of the range
in E* explored in the present experiment.

The results of differentABLA calculations, for b52
31021 s21, 331021 s21 and with the stationary Bohr
Wheeler approach are displayed in Fig. 20 for the Au and
targets. Theaf /an ratio has been taken according to the p
scription of Ignatyuket al. @66# that the authors ofABLA use
as the default option@this ratio will be referred to as
(af /an) Ign in the following#. In the calculation of the leve
density at the saddle pointaf , a surface term is added to th

-
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B. LOTT et al. PHYSICAL REVIEW C 63 034616
volume term to account for the increase in level density
sulting from the deformation. For the stationary Boh
Wheeler case, the results corresponding toaf /an51 are also
shown. This calculation yields results very similar to those
GEMINI for the same af /an ratio as expected. Using
(af /an) Ign with the stationary Bohr-Wheeler approach lea
to a strong overestimate ofPfis , which is found to saturate a
1 for both targets at highE* , in strong disagreement with th
data. However, the combination of parameters~stationary
case,af /an51) and@b5331021 s21, (af /an) Ign] provide
fairly similar reproduction of the data, although the fissi
probability for the Au is systematically underestimated by
factor of 2–3 as compared to the experimental data. As m
tioned above, any finite value ofb significantly different
from 231021 s leads to a longer transient time and to

FIG. 20. Comparison between the experimental fission proba
ity ~circles! and the theoretical probabilities calculated with IN
1ABLA ~curves!, for different values ofb, or in the BW approach,
andaf /an .
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sizable reduction of the fission probability. At least for Au,
appears that the only reasonable way to reach a better a
ment with the data is to increase theaf /an ratio, as had to be
done with GEMINI ~a fair reproduction being obtained wit
af /an51.022). It can be concluded from this comparis
with the experimental data that the transient time has to
close to its lowest possible value in order to account for
large observed fission probabilities at highE* . A similar
conclusion has been obtained via the study of the isoto
dependence of the fission cross sections of different he
nuclei at GSI@67#.

It must be noted that the value ofb5331021 s21 is close
to that found@68# to best reproduce the fission cross sectio
in relativistic heavy-ion collisions,b5131021 s21 and
those needed@15# to account for the prefission neutron mu
tiplicities, b>231021 s21.

The sensitivity ofPfis to the spin generated in the INC
stage has also been investigated withABLA . Increasing the
spin predicted by the INC model by 30% leads to an incre
by a factor close to 2 for the Au target over most of theE*
range, while there is an increase by 20% for the U targe

5. Fission probability: Dependence on the multiplicities
of neutrons and LCPs

To go one step further,Pfis has also been studied as
function of the relative amount of detected neutrons and
of detected charged particles. Let us recall that these dete
particles arise essentially from evaporation because of
low efficiency of the setup for high-energy particles. To o
knowledge, this is the first time thatPfis can be investigated
in such a systematic way.

il-
for
s is
g

FIG. 21. ~Color! Experimental fission probability~color scale! plotted as a function of the measured LCP and neutron multiplicities
Au and U. The total event yield is overlaid as contour lines~logarithmic scale, not shown, the factor between neighboring contour line
3.5!. For Au, the four points correspond to the average location of the events withE* 5200, 400, 600, and 800 MeV for increasin
multiplicities, as calculated with the INC1GEMINI model.
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
The fission probability is plotted in Fig. 21~color scale!
as a function ofMn andMLCP for the U and Au targets. The
fission probability has been calculated as

Pf is~Mn ,MLCP!5
Yfis~Mn ,MLCP!

Ytot~Mn ,MLCP!
, ~3!

whereYfis(Mn ,MLCP)@Ytot(Mn ,MLCP)# is the fission~total!
yield of events associated with the multiplicitiesMn and
MLCP.

The event yieldYtot is superimposed as contour lines
logarithmic scale~please note that the axes are interchan
as compared to Fig. 9!. As was discussed in the context
Fig. 9, the position of the ridge of yield observed in th
figure reflects the competition between neutrons and LCP
the excitation energy increases~for illustration, the average
location of the events withE* 5200– 800 MeV with 200-
MeV steps, as calculated with the INC1GEMINI model, have
also been depicted for Au!. Consequently, iso-E* curves cor-
respond roughly to straight lines perpendicular to the rid
Very different behaviors ofPfis are once more observed fo
the two targets. For the Au target,Pfis depends only a little
on the relative amount of evaporated neutrons and LCPs
sharp contrast, for the U target,Pfis displays a dramatic drop
between the high-Mn region and the high-MLCP one, at a
constantE* . Very interestingly, it is observed that the larg
E* , the larger the drop, which reaches a factor of about 5
E* .1000 MeV~high-multiplicity end of the ridge!. One can
quantify this effect via an ‘‘apparent shift’’DMn between
the ridges ofYfis and Ytot at a constantMLCP: for U, one
finds DMn.2, while for Au DMn.0.

An experimental effect, namely a large variation of t
detection efficiency with the FFs’ atomic numbers, can
safely ruled out as an explanation for the behavior ofPfis
observed for U: an estimate of this efficiency change lead
an upper limit of 20% for the variation in the FFs’ atom
numbers considered here; moreover, the effect would
more pronounced for Au than for U as the charge lowering
more detrimental to the detection efficiency in the form
case.

Figure 22~top! displays the corresponding theoreticalPfis
calculated as described in the previous section witht f50
~without filtering with the setup acceptance!. The trend ex-
hibited by the data is reproduced for the two targets~ABLA

also gives similar results in this respect, with the two sets
parameters mentioned at the end of the previous section!.

This observation calls for two remarks.
~i! As shown in the previous section, the calculation p

dicts that the primary nuclei eventually undergoing fiss
are proton richer than average since their fissility is hi
From this, it could be expected that the fission events
associated with more LCPs and fewer neutrons than aver
The predictions actually exhibit the opposite trend, as see
Fig. 22~top!. The large fraction of the particles emitted fro
the FFs in the calculation, as discussed in the context of
17, is responsible for this behavior. The FFs are indeed
herently neutron rich and decay via neutron emission e
more predominantly than targetlike nuclei. The differen
between the Au and U cases results from the curvature o
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b-stability valley, making the FFs relatively neutron richer
the latter case~for a constantE* ). This effect can be further
tested by plotting the same theoreticalPfis as a function of
the multiplicities that would be obtained if all particles we
emitted from the nucleus before scission~i.e., if the scission
time were infinite!. This is done in Fig. 22~middle and bot-
tom!: for U, the extra neutrons associated with a finiteQe f f

~see Ref.@15#! have been added for the pattern displayed
the middle panel, and omitted for the bottom panel~no fric-
tion!. The number of extra neutrons decreases from 2 at
E* , when the fissioning nucleus is close to U, to 0 when
fissioning nucleus’ mass is lower than 218, i.e., aroundE*
5300 MeV, taking into account the mass loss in the IN
stage.

The patterns shown in Fig. 22~middle and bottom! are
very different from the experimental ones~Fig. 21! and the
initial model predictions@Fig. 22 ~top!#, the fission events
being now associated with more LCPs and fewer neutr
than average, as expected from the proton richness of
primary nuclei mentioned above.

~ii ! The large emission from the FFs, crucial in theGEMINI

calculation to account for the features displayed in Fig.
appears to contradict the conclusion, drawn from many e
lier works involving the ‘‘neutron-clock’’ method@15#, that
the totalE* in the FFs is lower than 100 MeV regardless
the initial E* . This contradiction may be only artificial as
can be conjectured that, in the limiting case of extreme
formation, the emission from the FFs is a reasonable
proximation to the emission from the fissioning system b
fore scission. The latter emission is not easy to mo
properly because of the uncertainties affecting the differ
parameters~level density parameter, transmission coef
cients and binding energies! of the statistical model at large
deformation and their constant change with time as the
formation increases. Our data can be explainedonly if either
the above conjecture is correct or the FFs do really em
large fraction of the particles, as assumed for technical r
sons in statistical models likeGEMINI or ABLA . Experimen-
tally, the fraction of the evaporated particles emitted fro
the FFs in light-particle-induced reactions has been fou
and range between 80%@69# to 40% @59# using the correla-
tion between the FF kinetic energies and the total mass l
and close to 50%@61,70# with the ‘‘neutron-clock’’ method.
These earlier measurements were all restricted to lowE*
(E* ,200 MeV!. What becomes of this fraction at highE*
is an important issue for the understanding of the dynam
of fission induced by light particles. Depending on which
the above explanation prevails, our data could indicate
this fraction remains large at higherE* .

This issue is discussed further in the next section.

6. Kinematical properties of particles accompanying fission

The emission patterns of the light particles in coinciden
with the FFs also bring information on the fission proce
The Galilei-invariant velocity distributions for thea particles
emitted in reactions with the Au and U targets are plotted
6-15
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FIG. 22. ~Color! Same as Fig. 21, but for theoretical fission probabilities calculated withGEMINI. The upper panels correspond to th
standardGEMINI calculation leading to hot FFs, and the middle and lower ones to a modified calculation, in which the FFs are produc
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Fig. 23 as a function of the velocities parallel and perp
dicular to the fission axis for three gates on the associatedE*
~the positive axis points in the direction of the heaviest fra
ment by convention!. The histograms depict the measured
velocity distributions.

The velocity distributions displayed in Fig. 23~already
shown in Ref.@71#!, corresponding to the Au and U targe
respectively, exhibit circular patterns. For U withE* ,350
MeV @Fig. 23 ~right, upper panel!# the Coulomb ring is very
well defined, indicating that the experimental accepta
03461
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e

does not induce significant distortions. The ring becom
more and more smeared asE* increases. For the Au target,
is already smeared atE* ,350 MeV, a difference discusse
below. Inspecting the distributions more closely reveals t
the rings are actually somewhat asymmetric, with some
ditional yield on the light-fragment side at an angle of.70°
with respect to the velocity of the latter fragment~by 10%
for U at largeE* ). This asymmetry, combined with the ob
served smearing, points to a significant near-scission
postscission emission, although the large degree of isotr
6-16
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
of the ring seems to indicate that a large fraction of
particles are emitted before the FFs are fully accelerated.
larger smearing observed for Au than for U atE* ,350 MeV
might be a clue that fission takes place on a shorter t
scale in the former case, as predicted by the calculat
~Fig. 18! and leaves more excitation energy in the FFs.

Unfortunately, because of the present poorZ andA iden-
tification for the FFs, a more accurate estimation of the yi
of the different emission components cannot be obtai
with the present data. It is expected that this estimation
be possible with better quality data on proton-induced fiss
@52#.

B. Intermediate-mass fragments

In the following, IMFs are defined as fragments wi
masses between 5 and 25. The IMF multiplicity (M IMF) dis-
tribution has been investigated in order to characterize
nonfission events, exhausting the rest of the yield at a gi
E* .

The experimental IMF distributions are displayed in F
24 for different bins in the total light-particle multiplicity
MLP for the p̄1U reactions. These distributions assum
similar Poisson-like shapes throughout the range ofMLP ~the
solid squares correspond to fitted Poisson distributions!, with
no clear indication for several components of distinct origi
This observation points to a unique dominant underly
process.

The mean IMF multiplicity^M IMF& is plotted as a func-
tion of E* in Fig. 25. It increases smoothly withE* and
reaches a value close to 1 for the highestE* attained in the
present experiment. The smoothness of the evolution a
fortifies the conclusion that there is only one main proc
contributing. That the latter process is nothing else
evaporation can be justified on two grounds.

~i! IMF evaporationmust be presentjust as LCP evapo-
ration is, as soon as some sizable phase space exists f
Although the IMF mass distribution could not be asses
with enough accuracy in the present experiment, the dis

FIG. 23. Galilei-invariant velocity distributions ofa particles
plotted as a function of the velocity components parallel and p
pendicular to the fission axis, the heavy-fragment velocity be
directed in the positive direction, for the Au and the U targets.
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butions measured in proton-induced reactions@45# at similar
excitation energies are peaked at very low masses, Li or
being by far the most abundant IMFs.

~ii ! From the low maximum̂ M IMF&, multifragmentation
can be ruled out as a possible contender; even for the h
IMF multiplicity events the total mass carried off by IMF
does not comprise more than 30% ofAtarget, implying that a
heavy residue subsists. At the highestE* , events with
M IMF>3 occur with a probability approaching only 5%.

These average IMF multiplicities can be compared w
other data obtained for the sameE* range. Our value close
to 1 atE* 51 GeV for Au is in reasonable agreement wi
that obtained by Sunet al. @42# (^M IMF&.0.8 at similarE* )
in Ar-induced reactions, who also concluded that multifra
mentation is a rare process forE* lower than 1 GeV.

r-
g

FIG. 24. Experimental IMF multiplicity distributions~histo-
grams! measured for different bins in the associated total lig
particle multiplicity. None of the multiplicities is corrected for e
ficiency. The symbols depict fitted Poisson distributions.

FIG. 25. Average IMF multiplicity plotted as a function of th
initial excitation energy of the emitting nucleus, measured for
events~solid circles! and for the fission events~open circles! in the

p̄1Au, U reactions.
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FIG. 26. ~Color! Same as Fig. 21 but for the IMF-emission probability~color scale!.
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GEMINI does not provideM IMF with the symmetric-fission
option used for producing the results shown above. W
used with the asymmetric-fission option, it predicts IM
multiplicities roughly consistent with those observed he
~within 30%!, but the fission data are then poorly produc
~too large cross sections, by a factor of 2 for Au, and
broad FF mass distributions!.

A few comments are needed concerning the averag
procedure used in this work and leading to the mean mu
plicities displayed in Fig. 25. The excitation energy has be
assessed event by event solely from the light-particle mu
plicities, as described in Sec. IV B. This method assum
implicitly that the excitation energy consumed in emittin
IMFs is low. To a large extent, the low multiplicities ob
served, as well as the dominance of light IMFs found
similar works, justify the validity of the above method. F
the rare events associated with large IMF multiplicities,
above assumption may break down leading to an under
mation of E* for these events. However, adding a siza
energy per emitted IMF to the estimatedE* would entail
little changes in Fig. 25 except for the highestE* (E*
.800 MeV! where this procedure brings about a strong
tocorrelation effect betweenE* andM IMF . The latter effect
arises from the steep drop of theE* distribution in the latter
region. Since this region is dominated by fluctuations aris
both from the statistical nature of the decay and the limi
efficiency of the detector, assessing the physical behavio
the average IMF multiplicity in this region is impossible. L
us remark that the totalE* released via IMF emission
amounts to a few tens of MeV only, while the resolution
the E* determination is at least as large in the distributi
tail. To avoid the autocorrelation problem, the course of
tion opted for in this paper is to present the IMF multiplic
ties as function ofE* , as deduced from the light particl
multiplicities.

If instead of this method for determiningE* , the IMFs
are included as done by the authors of Ref.@14#, a steep
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increase of the IMF multiplicity is found for increasingE* ,
reaching about 1.3 at 650 MeV and 3 atE* 51 GeV. These
values are in close agreement with those given in Ref.@14#,
proving that no significant experimental discrepancy ex
with the present work and emphasizing the above point
the observed̂M IMF&(E* ) relation depends crucially on th
E* determination method employed. In passing, one m
also note that such a large IMF multiplicity of^M IMF&53 for
E* 51 GeV brings up the problem as to why this multipli
ity can be about three times greater in light-ion-induced
actions than in HI reactions@42#, while it should be compa-
rable if one is dealing with a pure thermal effect.

In Fig. 25 are also plotted the average IMF multiplici
observed in fission events. This multiplicity is observed to
slightly lower than the inclusive one at a givenE* for the U
target, while no significant difference is visible for the A
target. This behavior may suggest an emission time for
IMFs shorter than the time needed to reach the saddle p
at least for U, the decrease in fissility associated with t
emission leading to an hindrance of fission. Let us rem
incidentally that these low IMF multiplicities justify the ne
glect of the IMF emission in interpreting the fission data
the previous section.

It is interesting to investigate how the IMF emission pro
ability correlates with the relative multiplicities of evapo
rated neutrons and LCPs, along the line of the discussio
Fig. 21. The IMF emission probability is plotted as a fun
tion of the latter two multiplicities in Fig. 26, for the Au an
U targets. The iso-IMF probabilities are straight lines alm
perpendicular to the ridge observed in the yield distributio
i.e., very close to the iso-excitation energy lines mention
above. This behavior proves that the IMF emission does
affect substantially the light-particle evaporation process
in other words, that the competition between neutron a
LCP emissions is not altered whether nuclei emit IMFs
otherwise. This conclusion confirms the absence of pecu
ity in events associated with IMFs.
6-18
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THERMAL EXCITATION AND DECAY OF NUCLEI FROM . . . PHYSICAL REVIEW C63 034616
A comparison between Figs. 21 and 26 shows a strik
difference for the U case, which proves that despite arbitr
mass cuts being applied for selecting the FFs, there is l
contamination from the latter fragments in the selected IM

C. Evaporation residues

From what precedes, it is expected that heavy resid
survive in nonfission events regardless of the associated
multiplicity. As explained in the section devoted to the e
perimental method, an increasing fraction of these HRs w
E* have been detected. In Fig. 27 are compared the kine
energy distributions of the HRs and FFs for different bins
E* for the Au and U targets. Although the mass calibrati
is uncertain for very heavy fragments, it has been possibl
clearly distinguish the HR and FF components by requir
the total detected mass to be greater than 70% of the sy
mass, the fission events being associated with two coinci
heavy fragments. The mere observation that the yield r
between HR and FF evolves so strongly both withE* and
the target fissility proves that the two components do or
nate from distinct physical processes. HRs have also b
observed in HI-induced reactions for a similarE* range@42#.

According to the INC calculations, these HRs are i
parted only low momentum from the projectile during t
INC stage, too low for these fragments to escape from
target foil with a sizable probability. However, the isotropi
recoil momentum gained during the evaporation stage bro
ens the HR momentum distribution considerably; the H
associated with the high-momentum wing of this distributi
becoming detectable.

An illustration of these effects is given in Fig. 28, displa
ing the experimental HR yield plotted as functions of t
longitudinal ~i.e., parallel to the beam! HR momentum and
the sum of the longitudinal momenta of the detected char
fragments, i.e., both IMFs and LCPs, for different bins in t
total IMF1LCP multiplicity. Two islands of yield are visible
in this figure separated by a gap aroundPuu50 stemming
from the absorption in the target foil. The net excess of H
in the forward direction is due to the recoil imparted duri
the INC stage, since the recoil in the evaporation stag

FIG. 27. Experimental kinetic-energy distributions of fissi
fragments~open symbols! and of heavy residues~solid symbols! for

different bins in the excitation energy forp̄1U, Au.
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isotropic. As expected, the total momentumPuu,HR1(Puu,cp
increases with the total multiplicity of charged fragmen
i.e., with E* , evidencing the increase in the momentu
transfer. Figure 29 is equivalent to Fig. 28 for the transve
component of the momenta. The HR momentum and
total momentum carried by the charged fragments beco
increasingly antiparallel asE* rises. This effect is a conse
quence of the decreasing share of the total recoil momen
taken up by the neutrons with increasingE* . Figures 28 and

FIG. 28. Yield plotted as a function of the longitudinal mome
tum of the heavy residue and of the total longitudinal moment
carried by the detected charged particles and fragments, for di
ent bins in the measured multiplicities,Ndet of the latter.

FIG. 29. Same as for Fig. 28 but for the transverse moment
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29 prove that there is a strong kinematical bias affecting
HR detection, as mentioned above: this detection is m
possible thanks to a fortuitous alignment of the emitte
particle momenta. Larger than average multiplicities of IM
and LCPs also favor their detection since the charg
fragment emission imparts more momentum to the HR t
the neutron emission.

Monte Carlo estimates of the HR detection efficienc
taking into account the primary-nuclei momentum distrib
tion, the recoil gained during the evaporation stage, and
energy loss in the target foil lead to efficiencies ranging fr
6% atE* 5200 MeV to 35% at the highestE* . Because of
large uncertainties on these efficiencies, no direct, quan
tive statements can be made from the observed HR yi
Furthermore, the strong selection bias affecting the dete
HR makes the study of their experimental properties me
ingless. The detection of HRs in substantial amounts allo
nevertheless definite conclusions to be drawn on the com
tition between the reaction channels at play in these re
tions. Events in which neither FFs nor HRs are detected,
only LCPs and IMFs, can safely be attributed to evaporat
leading to nondetected HRs~except for a small contribution
of fission in which none of the FFs is detected, represen
about 5% of the fission events!: should one or several lighte
fragments have been produced, they would have been
tected with a probability close to 70%. The observed H
yield, corrected for the efficiencies mentioned above, is
rough agreement with this expectation.

The observation of abundant HRs at the highestE* found
in this experiment confirms the picture established above
the investigation of fission and of the IMF productio
namely that the nuclei retain conventional properties atE*
up to 4 MeV/nucleon. In particular, the observation of ve
heavy residues and fission fragments does not suppor
occurrence of a strong lowering of the density, either of d
namical origin or resulting from a thermal expansion. T
latter effect was advocated in some recent works~@72# or
@73# for an overview! on spallation reactions, with an almo
linear decrease of the density forE* below 500–700 MeV
and a density equal to one-third of normal density for lar
E* .

The observation of low apparent Coulomb barriers in
IMF energy spectra has been interpreted@72# as manifesting
the reduced density of the emitting source. The present
sults indicate that two alternative effects, neglected in
analysis of the above IMF spectra, lead to a smearing
these spectra and thus to an apparent lower Coulomb ba
These effects comprise the possible emission from the FF
from the ‘‘neck’’ connecting them before scission and t
large recoil effects exemplified in Figs. 28 and 29. Th
should be taken into account when interpreting the fit of
IMF spectra with simple functions.

VI. SUMMARY

The annihilation of 1.22 GeV antiprotons has been use
excite nuclei, offering many interesting advantages o
heavy-ion collisions. Theoretical calculations predict a f
direct stage, a limited loss of nucleons during this stage, l
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excitation of collective degrees of freedom and a single
caying nuclei. Another positive feature is the reliability an
relative simplicity of the INC models describing the intera
tion of the pions within the nucleus. In order to take fu
benefit of these favorable conditions, a large-accepta
setup has been used, involving the simultaneous detectio
neutrons and charged fragments with large efficiencies
salient originality of this work concerns the acquisition tri
ger condition corresponding to the detection of the esca
charged pions, which unmistakably manifests the occurre
of an antiproton annihilation. All annihilation events hav
thus been recorded independently of the amount of excita
energy deposited into the target nuclei.

The experimental method employed offers two main a
vantages:~i! the excitation energy can be estimated eve
by-event from the neutron and LCP multiplicities with a
unprecedented accuracy of about 15% over most of
range, regardless of the decay channel and~ii ! the relative
probabilities of the different decay channels at play can
determined as a function of the excitation energy.

The power of annihilation of antiprotons in flight to form
excited nuclei has first been investigated. The mean exc
tion energies are found to be about twice as large as th
observed for annihilation of antiprotons at rest. The distrib
tions extend up to 4–5 MeV/nucleon for the heaviest targ
in good agreement with the predictions of the INC model
Golubevaet al. @7#.

Concerning the decay properties of the excited nuclei p
duced in the annihilation on the heaviest targets, the d
analysis has been performed by trying to preserve the s
line of minimum bias as in the data collection. A cohere
picture has been obtained, embracing the full set of proce
at play in the present reaction. The overwhelming prevale
of evaporation and fission up toE* 54 MeV/nucleon for
reactions involving heavy targets like Au and U has be
demonstrated. For the first time, the fission probability h
been investigated as a function ofE* up to 4 MeV/nucleon
providing insight into the dynamics of this process. In pa
ticular, a constraint on the transient timet f,1310221 s, has
been established, which is about an order of magnitude lo
than previous limits. The competition between the evapo
tion of neutrons and light-charged particles during the fiss
process has been studied for the first time. The large ef
seen for U is interpreted as due to the large relative neu
richness of the FFs or of the elongated nucleus before sc
ion. The velocity distributions ofa particles associated with
fission events also bring qualitative information on the sci
ion time scale.

The average IMF multiplicity has been found to ris
smoothly withE* up to 1 atE* 54 MeV/nucleon. The mul-
tiplicity distributions are Poisson distributions to a good a
curacy. No indication for the presence of another underly
process than evaporation has been observed, indicating
multifragmentation is still a very rare process atE* 54
MeV/nucleon.

The observation of large HR yields at highE* , although
made only possible by an accidentally large moment
buildup during the evaporation stage, bears out the pic
established with the fission and IMF data. The data can
accounted for without evoking any substantial lowering
6-20
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the nuclear density, brought about by an expansion du
thermal pressure or by dynamical effects in the INC casca
The present work illustrates the importance of experim
tally addressing all decay channels at play to enable a c
prehensive understanding of the properties of excited nu
to emerge.
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