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Information on the neutron distribution in the nuclear periphery was obtained by the annihilation
of stopped antiprotons and the yield of residual nuclei. The last atomic transitions of the antiproton
before annihilation gives complementary results. Properties of very hot nuclei (up to 1 GeV) after
annihilation of stopped antiprotons were studied by neutron emission and fission. Absolute prob-
abilities of fission induced by stopped and fast antiprotons were determined. The experimental data
are compared with elaborate calculations taking into account the annihilation process, the fast
cascade and pre-equilibrium emission, thermalisation, particle evaporation and fission.

1. Introduction

The interaction of antiprotons and nuclei yields a
wealth of new and interesting information on atomic
nuclei [1]. Stopped antiprotons form antiprotonic
atoms and cascade down to lower orbits by emission of
of x-rays and Auger electrons. As soon as the antipro-
ton touches the nuclear surface, it annihilates with a
proton or neutron. This happens already at more than
twice the nuclear radius, where the nuclear density is
only a few percent of the central density. The last
populated orbit has principal quantum numbers n=35
for Ni and n=9 for U. Consequently, careful analysis
of experimental observations may yield information
on the neutron and proton densities at these distances.
One method is the measurement of the last antipro-
tonic x-rays, their widths, shifts and intensities. This
has been done with sufficient precision only for few
nuclides. But a new series of such measurements began
in 1995 at LEAR/CERN (PS 209). Another method
was developed recently by our group (PS 203) [2, 3].
It uses the yield of (N—1) and (Z—1) nuclei after
antiproton annihilation (N and Z are neutron and
proton numbers of the target, respectively). This yield
reflects the neutron and proton densities at large dis-
tances as will be discussed later.
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The antiproton annihilation produces between 2
and 8 pions with mean energies of several hundred
MeV (and in a few percent of the annihilations also
kaons). Some of these particles enter the nucleus and
heat it to thermal energies up to nearly 1 GeV. In
contrast to heavy ion collisions this multipion reac-
tion has a relatively smooth energy transfer without
compression or large angular momentum. Therefore,
reactions in very hot nuclei may differ from those
produced otherwise. We studied particle emission, dis-
tribution of residual nuclei and fission, and obtained
information in a series of target nuclides on processes
in very hot nuclei, distributions of thermal excitation
energies, the time scale of these processes and fission
probabilities.

In order to understand all these reactions, detailed
Monte Carlo calculations were performed which sim-
ulate all steps of processes, the antiprotonic atom, the
fast intranuclear cascade, coalescence emission of par-
ticles, pre-equilibrium stages, evaporation, fission and
evaporation from fragments. This resulted in a good
overall reproduction of the experimental data in many
cases.

2. Study of the Nuclear Periphery with Antiprotons

In about 10% of all cases when an antiproton anni-
hilates with a heavier nucleus, almost no excitation
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Fig. 1. Neutron halo factor plotted as a function of the neu-
tron binding energy B, [3].

energy is transfered to the nucleus, either because the
annihilation takes place too far outside the nucleus, or
because too few pions are produced. Consequently,
residual nuclei are obtained with only one neutron or
one proton missing from the annihilation. The num-
ber of these (N —1)- and (Z — 1)-nuclei is proportional
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to the density of neutrons and protons in the far pe-
riphery of the nucleus, respectively. The numbers can
be determined experimentally by measuring the y-ac-
tivity of the (N —1)- and (Z — 1)-nuclei. This has been
done by our group for a series of target nuclides be-
tween Ni and U and shows that in about 10% of all
annihilations in heavier nuclei only (4 — 1)-nuclei are
produced [4]. Only **°Te and '7°Yb have larger val-
ues, which can be explained with the E2 resonance
effect [5]. A neutron halo factor can be defined which
gives the ratio of the neutron density to the proton
density in the far periphery of the nucleus, corrected
for the N/Z ratio and the antiproton absorption prob-
ability ratio at neutrons and protons [3].

This halo factor is displayed in Figure 1. A strong
dependence on the neutron binding energy B, is ob-
served, indicating the obvious fact that loosely bound
neutrons have larger radii and present some kind of
halo. The theoretical interpretation of these results is
in progress.

The width, energy shift and yield of antiprotonic
x-rays also give information on the neutron density in
the nuclear periphery. The combined evaluation of
both mentioned methods is expected to improve our
knowledge in this field. First experiments this year
seem to indicate a strong change of the last antipro-
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Fig. 2. Distribution of residual nuclei after interaction of stopped antiprotons and 1 GeV protons (left side) and 1.2 GeV

antiprotons and 6 GeV protons (right side) with Au targets.
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tonic x-ray intensities of the isotopes between *®Ni
and °*Ni, probably due to the increasing radius of the
neutron distribution.

3. Residual Nuclei After Antiproton Absorption

The number of emitted particles after antiproton
annihilation in heavier nuclei is roughly proportional
to the thermal excitation energy. Since mass losses up
to 80 nucleons were observed after the annihilation of
stopped antiprotons in U, excitation energies of
700 MeV can be achieved [6]. It is an interesting ques-
tion whether the distribution of excitation energies
obtained by antiproton annihilation is basically differ-
ent from excitations with other projectiles. We give
here the example of °7Au targets bombarded with
stopped and 1.2 GeV antiprotons [7] and with 1 GeV
and 6 GeV protons [8]. The distribution of residual
nuclei was measured by their induced y activity. Fig-
ure 2 shows that the mass loss and consequently the
excitation energy is very similar for the corresponding
reactions and therefore indicates similar heating
mechanisms. However, antiprotons bring much more
thermal energy into the nucleus with less projectile
energy.

4. Neutron Emission Before and After Scission
of U Targets

It has been shown recently that the time scale of
processes in very hot nuclei can be investigated by
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measuring the number of neutrons emitted before and
after scission [9, 10]. Our experimental arrangement
is shown in Figure 3. We measured the time-of-flight
neutron spectra emitted parallel and perpendicularly
to the fission axis following antiproton annihilation
in 2*®U. These spectra can be decomposed by a
moving-source-fit into five Maxwellian-like distribu-
tions originating namely from the fast intranuclear
cascade (INC) (1072%s), pre-equilibrium emission
(PE) (10~ 2's), evaporation from the compound nu-
cleus before scission (CN) (10~2%s) and evaporation
from fission fragments parallel, antiparallel or 90° to
the fragments (FF) (10~ !8s). This is shown in Fig. 4
(upper part). Table 1 gives the obtained neutron multi-
plicities and T-parameters for the various stages of the
hot nucleus. A more detailed analysis of these multi-
plicities and T-parameters as a function of the mass
loss (determined by E,;, and time-of-flight of the fis-
sion fragments) shows that the multiplicities of the
neutron spectra before scission increase with the mass
loss (excitation energy) while the neutron multiplic-
ities from the fragments and all T-parameters are
rather independent of the mass loss.

The neutron multiplicity after scission is in good
agreement with results from heavy ion reaction
(Table 2), which demonstrates that fission is in most
cases a rather slow process giving the nucleus enough
time to cool until it reaches the scission point [9, 10].
An increase of the excitation energy mainly increases
the pre-scission neutron numbers. However, the theo-
retical calculations with the intranuclear cascade
evaporation model [14] show a strong dependence of
the evaporation spectra from fission fragments on the

$1,52: telescope counters
- Al-Aé: pin diode arrays
NTN&: neutron counters
CP:charged particle veto
counter

P M:Moderator, T: Target

Fig. 3. Experimental arrangement
to measure particle spectra in coin-
cidence with both fission fragments.
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mass loss (lower part of Figure 4). The total calculated
90° neutrons spectrum is shown in the upper part of Fig.
4 (small dashes). The calculated spectrum above
30 MeV is about a factor 2 smaller than the measured
spectrum. This is a serious deficiency of the theory
which was observed already earlier and cannot be
resolved easily.

O Experiment
— Fit

Table 1. Neutron multiplicities and T-parameters of Max-
- wellian distributions of the different neutron emission stages
0° L 90° in a U target.

= i' Am=
—0-15u P —0-15u INC PE CN FF
odh B il

a6 gt Multiplicity 33(3) 41(4)  62(6) 32(3)x2

d®M/dE/dQ [1/MeV/fission/srad]

per fission
T-parameter 40 (4) 7.5 (5) 2.6 (2 19 (2)
in MeV
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Table 2. Pre- and post-scission neutron multiplicities from

Energy [MeV] different reactions.
Fig. 4. Neutron spectra emitted after antiproton annihila-  Reaction E*/MeV M M (FF) Ref.
tion in 2*#U at 0° and 90° to the fission axis. The upper part (PE+CN)
shows the experimental spectra with the decomposition in
the INC (dot-dash), PE (full line), CN (large dashes) and FF 20N 4 2098; 120 57 (4) 64 (5 [11]
- (dot) components. The calculated spectra have small dashes. +238y 140 8.4 (17) 8.6 (17) [12]
The lower part displays calculated spectra of post-scission ?60+205pb 187 78 (3) 68 (3) [13]
neutrons (FF) for different mass loss (excitation energy) win- p+ 238U 220 10.3 (7) 6.3 (6) this work
dows.
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Fig. 5. Absolute probabilities of antiproton induced fission as a function of A. The data with triangle are from Bocquet et al.
[19]. The curves are calculated with the liquid drop model (LDM) and the modified liquid drop model (MLDM). The left side
shows the values for stopped antiprotons and the right side the values for 1.2 GeV antiprotons.
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5. Probability of Fission Induced by Stopped
and Fast Antiprotons

Fission probabilities provide information on fis-
sion barriers, but how the fission barrier depends on
the excitation energy is still an open problem. This
question is related to the surface tension and viscosity
as a function of temperature in nuclear matter. Since
antiproton annihilation is a very special way to obtain
very hot nuclei, it is desirable to study fission proba-
bilities as a function of the target mass number. Theo-
retical calculations are available and predict a mini-
mum near Ag. We determined recently with a special
wire chamber and also with pin diodes the probability
of fission induced by stopped antiprotons for a series
of targets between Cu and U (Fig. 5, left side) [15, 16].
The minimum near Ag is clearly visible. With the new
47 neutron and 47 charged-particle detector, the
Berlin Ball (PS 208) [17, 18], we measured fission prob-
abilities for 1.2 GeV antiprotons (Fig. 5, right side).
Due to the higher excitation energy and the resulting
larger mass loss the minimum near Ag disappeared.
However, fission events are not easy to identify and to
separate from multifragmentation in light nuclei. The
values below Ag have to be considered, therefore, to
be to some extent upper limits. Figure 5 shows that
neither the calculations with the liquid drop model
(LDM) nor with the modified liquid drop model
(MLDM) [20] are able to reproduce all data with
stopped or 1.2 GeV antiprotons. A new effort is neces-
sary to understand fission of hot nuclei and nuclei
with lower A.
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6. Conclusion

Antiprotons are a very valuable probe for investi-
gating nuclei under special conditions. Antiprotonic
atoms and stopped antiproton annihilation with
nearly no energy transfer both give information on the
neutron density in the nuclear periphery. Particle
emission and residual nuclei distributions provide in-
sight into processes in very hot nuclei. Fission studies
elucidate the time scale of the processes and are re-
lated to the fission barrier in hot nuclei. Concerning
the p-induced fission we have shown that this fission
process is in accordance with the knowledge from
other fission reactions and thus is in the majority of
cases a rather slow process. While until recently the
intranuclear cascade evaporation calculations were in
reasonable agreement with the experiments, some
clear discrepancies have now appeared.
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