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Abstract. Subthreshold p and K~ and energetic #~ pro-
duction was studied in Ne + NaF, Cu, Sn and Bi, and in
Ni+ Ni collisions with incident energies between 1.6 and
2 GeV/u. The measured cross sections indicate a domi-
nant contribution of baryonic resonances. This is also
consistent with a generalized scaling behaviour of the
cross sections with the energy available in the collision
and the energy necessary to produce particles as ob-
served with Ne induced reactions. Deviations from scal-
ing especially pronounced in the Ni—Ni system will be
discussed in terms of absorption effects. The flat slope of
the excitation function for p production can be related to
a reduced production threshold caused by a reduction of
the antiproton mass in the dense and heated medium by
about 100-150 MeV/c®. A similar in-medium mass re-
duction is also indicated for K~ mesons. An increased p
reabsorption probability for the heavier systems is con-
cluded from the comparison of the p yields in Ne +NaF,
Ne+Sn and Ni+ Ni collisions.

PACS: 25.70.Np

1. Introduction

The properties of nuclear matter under extreme condi-
tions, which may exist in astrophysical scenarios such as
supernovae and neutron stars, can be studied in the
laboratory only in relativistic heavy ion collisions. At
incident energies of ~2 GeV/u for a short time interval
of 10-20 fm/c nuclear matter is compressed up to about
3 times the normal nuclear matter density p, and heated
to temperatures of ~ 100 MeV. Information on the be-
haviour of nuclear matter under such conditions may be
obtained either by analysing the particle flow in the nu-
clear disassembly or by studying secondary particles pro-
duced in the collision. If these particles are such massive
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or energetic that they cannot be produced in nucleon-
nucleon collisions at the given center of mass energy, they
are created in multistep processes and preferentially in
an early stage of the collision at high density. The mech-
anism of subthreshold particle production and the sen-
sitivity of different particle species to the macroscopic
properties of nuclear matter has been discussed in com-
prehensive reports or reviews [1, 2].

Among all studied secondary particles, antiprotons
have the highest threshold energy of 5.6 GeV for creation
in a nucleon-nucleon collision. Nevertheless this extreme
subthreshold process has been observed at the BEVA-
LAC [3] in 2GeV/u and 1.65GeV/u 2#Si+Si and 2
GeV /u **Ne + NaF reactions, and at considerably higher
energies at the JINR in Dubna [4]in 3.65 GeV /u '*C+ Cu
collisions.

Shor et al. [5] investigated the measured 5 production
cross sections in proton-nucleus and nucleus-nucleus col-
lisions in the framework of a first collision model taking
account of the internal momenta of projectile and target
nucleons. They considered also a high momentum com-
ponent of the momentum distribution, adjusted to back-
ward proton emission data. While p+ 4—p + X data [6]
can be quite well reproduced, the model completely fails
for A+ A—p + X, giving cross sections by more than three
orders of magnitude too low. The effect of multinucleon
interactions on the j production yield has been analysed
by Danielewicz [7]. While the above models assume that
the p production takes place at the beginning of the col-
lision far from thermal equilibrium, Koch and Dover [8]
in a contrary approach examine the contribution of AN
and 44 collisions to the j yield in a fireball scenario with
thermal and hadrochemical equilibrium. Ko et al. [9],
also within the framework of a thermal model, emphasize
the role of meson-meson collisions for the p production,
and find a major contribution from the p p— pp channel.
With these models only equilibrium § abundancies in
infinite nuclear matter are obtained and a direct com-
parison to measured cross sections is not possible. Trans-
port theories like BUU and QMD, taking into account
the full dynamics of an heavy ion collision, however in-
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dicate that the collision time is too short to reach thermal
equilibrium [10]. Recently, the transport models have also
been used to predict such extreme subthreshold processes
as antiproton production [11,12]. These calculations
clearly indicate that multistep processes involving to a
large extent A and N * resonances dominate the creation
of pp pairs. However no quantitative agreement with the
experimental data is obtained in these first transport
theoretical attempts, since the predicted 7 yield would be
still too low if the annihilation of antiprotons were taken
into account [111].

Due to their higher mass the 4 and N* resonances
play the role of an energy storage reducing the required
amount of kinetic energy for the p production. With re-
cent RBUU calculations [13] the result is obtained that
at 2 GeV/u incident energy the main contribution to the
p yield is due to resonance-resonance collisions.

Compared to less absorptive probes like K™ mesons
the experimentally observed p yield is more difficult to
interpret, since the dominant fraction of the initially pro-
duced antiprotons is reabsorbed in the nuclear medium
due to the large annihilation cross section. Thus systemn-
atic studies of the dependence of the p production cross
section on the incident energy, the  momentum, and the
system size are needed in order to disentangle the vari-
ation of the primordial production yield and of the reab-
sorption effects. On the other hand with antiprotons a
subthreshold process may be investigated at higher col-
lision energies than with any other secondary particle
species studied so far, thus probing highly compressed
hadronic matter containing a considerable fraction (up
to 30%) of baryonic resonances. At incident energies of
~2 GeV/u p production is even below the threshold in
a nucleon-nucleon collision, if the Fermi momenta of the
target and the projectile nucleons are added to the relative
motion. As compared to other probes like K* or 5 me-
sons [14, 15], the production cross section for antiprotons
is therefore much more sensitive to additional processes
in the nuclear medium which reduce the effective energy
threshold. The Fermi momentum corrected threshold for
various secondary particles is shown in Fig. 1.

Since the secondary particle yield at far subthreshold
energies is extremely influenced by a shift of the threshold
energy, the measured p yield is closely connected to the
effective antibaryon mass inside the nuclear medium. This
is a complementary approach to study the nuclear po-
tential for antibaryons compared to low energetic p-nu-
cleus scattering [16, 17], where only the outer region of
the nucleus with p < p, is probed due to the large anni-
hilation probability.

In Sect. 2 the experimental method is discussed and in
Sect. 3 the experimental results are presented. Section 4
summarizes the discussion under various subsections.
Subsection 4.1 addresses the enhancement of antiproton
production in nucleus-nucleus collisions. The observed
scaling pattern of the particle production over a wide
range of production energies is discussed in Subsect. 4.2.
In Subsect. 4.3 the excitation function for p production
is compared to the incident energy dependence of K~
and n ~ production. In the following Subsect. 4.4 the de-
pendence of the p production cross sections on the system
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Fig. 1. Contribution of the Fermi momentum to the threshold en-
ergy for the production of various secondary particles. The dashed
line shows the threshold energy in the lab system as a function of
the c.m. energy in the collision of two nucleons for a maximum
contribution of their internal momenta with p, =260 MeV/c.
The asterisks demonstrate the extreme subthreshold character of
the p production at 2 GeV/u compared to the production of K~ at
2 GeV/u (this work) or e.g. of K* [14] or # [15] at 1 GeV/u

size is interpreted in comparison to the predictions of a
simple geometrical fireball model. As the A4 dependence,
also the momentum dependence of the 7 yield discussed
in Subsect. 4.5 will be considerably influenced by the
reabsorption probability. The magnitude and the energy
dependence of the j production cross sections are com-
pared to the results of recent transport models in Sub-
sect. 4.6.

2. Experimental method

At bombarding energies in the range of 2 GeV/u, the p
and K~ production cross section is very small, while
pions are abundantly produced. Therefore a very efficient
and unambiguous particle identification is required.

Ion beams extracted from the synchrotron SIS at GSI
are focussed on targets with a thickness corresponding
to about 30% of the interaction length. Negatively charged
particles emitted from the target at 0° are selected by the
Fragment Separator FRS [18], a magnetic 0° spectrom-
eter of 72 m length with 4 dipole magnets and 4 focal
planes (S1 —.54). Since high momentum resolution is not
required, a special “high acceptance” mode, which is non-
dispersive at each of the focal planes, was developed
[19], in order to increase the rate of observable antipro-
tons. A solid angle of 3 msr and a momentum acceptance
Ap/p= 1+3% was achieved, ten times more than with
the usual setting optimized for momentum resolution.
The primary beam and all nuclear fragments are bent
off the beamline by the first dipole magnet and do not
produce any background from the 2nd to the 4th focal
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Fig. 2. Schematic view of the experimental set-up. The total length
of the spectrometer is 72 m. The target chamber and the detectors
are not drawn in correct scale

plane. The intensity ratio of negatively charged particles,
however, differs by many orders of magnitude, e.g. at a
momentum of 1.5 GeV/c the intensity ratio is roughly
N, - :Ng-:N5~107:3000: 1. For pion discrimination the
times of flight and the velocities of the particles are there-
fore determined several times independently. At each of
the focal planes a time signal is taken from horizontally
placed position sensitive plastic scintillators, yielding the
times of flight for 3 sections of the separator (S1— 52,
S2— 83, and §3— 84). In addition, both at the central
and the final focal planes (S2 and S$4) two Cerenkov
detectors with different thresholds (lucite and aerogel)
were used in a veto mode to distinguish the different
particle species. A schematic view of the set-up is shown
in Fig. 2. The lucite detectors in total reflection geometry
with a velocity threshold £, = 0.90 veto pions of all mo-
menta in the relevant momentum range and K~ with
p>1GeV/c. In order to be sensitive for the K™, the
aerogel Cerenkov detectors with a threshold 8, =0.96
are used, vetoing kaons only at momenta above 1.7
GeV/c. The event trigger was generated by one of the
following conditions: a signal from the S2 scintillator and
no veto signal from the S2 aerogel Cerenkov detector, a
signal from the S4 scintillator and no veto signal from
the S4 lucite Cerenkov counter, a coincidence of a com-
bination of scintillator signals (S1 and S2, or S2 and S4)
matching the p time of flight, or one of the single events
from any of the scintillators at a strongly downscaled
rate. The latter single triggers were used to measure the
pion rate at each of the focal planes, and thereby to
control the transmission through the spectrometer. The
transmission for 7~ and K~ was corrected for the decay
of the particles, to obtain the yield at the position of the
target. For 1.5 GeV/c momentum, at the central focal
plane 66% of the pions and 4.3% of the kaons have sur-
vied. At 1.0 GeV/c the fraction is reduced to 53% and
0.9% respectively. From the variation of the ratios of the
n~ rates at the different focal planes we conclude that
the transmission through the spectrometer varied by less
than 10% during the experiment.

Prior to the j and K~ production runs the whole set-
up was tested with positively charged particles
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(a,d, p,n ") and the setting of the beam optical compo-
nents was optimized for maximum transmission of pro-
tons. This setting differs only slightly from the values
for the optimum pion transmission due to the different
energy loss of pions and protons in the detectors and the
vacuum windows. Good agreement with the predicted
values from the Monte Carlo simulation [19] was ob-
tained both for the transmission and for the spatial dis-
tribution of the protons at the focal planes (Ax~ 10 mm
at S4).

The beam intensity was monitored by measuring the
current of secondary electrons emitted from a set of al-
uminium foils, which are passed by the beam in front of
the target [20]. The beam monitor was calibrated at low
intensities < 10° ions/s, where single counting of pro-
jectiles with a scintillator was still possible. The absolute
value of the intensity measured in that way is estimated
to be correct within 20%. The maximum available beam
intensities were 3-10° *°Ne ions/spill and 3-10® **Ni
ions/spill with a spill duration of 2 s and a repetition rate
of 0.2 spills/s.

Very good background suppression allowing back-
groundfree identification of antiprotons was obtained
from the Cerenkov counters at the central focal plane.
In Fig. 3 a time of flight spectrum for the FRS segment
S2~— 83 is shown for events which passed the anticoin-
cidence filter of the aerogel Cerenkov detector at S2 (up-
per part) and for events with no veto signal from either
of the Cerenkov detectors at S2 (lower part). By these
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Fig. 3.a, b. Time of flight spectrum of negatively charged particles
in the reaction 2 GeV/u *Ne+Sn at p=1.5GeV/c for the spec-
trometer segment S2—-53. In spectrum a only events with no signal
in the aerogel Cerenkov counter at §2 were accumulated, for spec-
trum b in addition the veto filter of the lucite Cerenkov detector
was required. The corresponding total amount of pions detected at
the focal plane S3 was 1.3-10%
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veto conditions the =~ rate is reduced by more than 4
orders (aerogel) and by more than 6 orders of magnitude
(both lucite and aerogel) respectively, i.e. the number of
pions not seen by the Cerenkov counters is extremely
small. The pulse height distribution of the scintillator
signals for the j events is in agreement with the pulse
height spectrum measured for protons. In addition it was
verified that the times of flight for the p events are con-
sistent with each other for all FRS segments (S1— 52,
S§2— 83, §3—54). However, due to the high efficiency
of the veto detectors the last segment of the spectrometer
was not required for a background free detection of
antiprotons.

In order to extract production cross sections, the
measured particle yields were corrected for absorption
effects of the projectile ions and of the secondary particles
in the target. The obtained production cross sections refer
to the mean projectile energies taking into account the
energy loss in the target.

3. Experimental results

Ne beams at incident energies of 2.0, 1.8 and 1.6
GeV /u were focussed on NaF (6 cm), Cu (3 cm), Sn (5 cm)
and Bi (4.5 cm) targets. The mean projectile energies in
the targets were approximately 100 MeV/u lower than

. . . . . d’a
Table 1. Survey of measured invariant particle production cross sections (a =FE ——)

the incident energies, namely 1.93 GeV/u, for the NaF
target, 1.90 GeV/u for the Cu target, 1.89 GeV/u for the
Sn target and 1.87 GeV/u for the Bi target, respectively.
Secondary negative particles were measured at momenta
of 1.0 and 1.5 GeV/c. The maximum pion rates were as
high as 3-10°/spill.

In a second experiment Ni targets were bombarded
with 1.93 and 1.84 GeV/u **Ni beams. Targets of dif-
ferent thickness (18 mm and 9 mm) were used in order to
check the thickness effect on the particle yield. By using
the thin target at 1.93 GeV/u and the thick target at
1.84 GeV /u for the j production run, the excitation func-
tion was measured with a step of 190 MeV /u with respect
to the effective incident energy (1.85 and 1.66 GeV/u,
respectively). A much larger momentum range was stud-
ied for the pions (0.5 GeV/c< p<2.8GeV/c) and also
for kaons (1.0 GeV/c< p<2.2GeV/c) than in the Ne
induced reactions. Antiprotons were measured at mo-
menta of 1.5 and 1.9 GeV/c.

As mentioned in Sect. 2, the measured production cross
sections of secondary particles cover 9 orders of magni-
tude, namely from Ed*a/dp®~30b-GeV/(GeV/c)?
for z~ with 0.5 GeV/c momentum, produced in 1.89
GeV/u **Ni+ Ni collisions, down to Ed*c /dp*~20nb
-GeV/(GeV/c)® for f with 1.5 GeV/c momentum in
1.66 GeV/u *®Ni-+ Ni collisions. The p rate was typi-
cally 1—2 j/h in the *Ne induced reactions and

3

7 ) Only statistical errors are given. The error due to
D

a possible variation of the transmission through the separator is less than 10%. The calibration of the beam monitor is estimated to be
correct within 20%. Some settings were chosen to measure K~ and n~ or z~ only

Projectile Target E_ . Piab o; Op- G,
nb GeV ub GeV [ mb GeV ]
GeV/u GeV/c —— - —_—
(Gev/ul [Gev/el [(GeV/cP] [(GeV/c)3] (GeV/c)?
“Ne NaF 1.93 1.0 68.9+18.5 79 + 21 3770
1.5 452% 84 140 £ 5 423
Cu 1.90 1.5 82.1+13.0 236 + 7 555
Sn 1.89 1.0 88.3424.4 2550 + 71 7650
1.5 88.3% 17.0 3215+ 103 672
1.69 1.5 3BIL 76 123 £ 5 369
1.49 1.5 3% 36 156
Bi 1.87 1.5 11 419 395 + 11 796
SN Ni 1.85 0.5 30 140
0.8 20190
+1373
1.0 so77 10 3390 +366 9 840
1.5 127 £38 592 + 26 960
+24.6
1.9 5351000 187 + 7 215
+207
22 157 0, 5524 50 106
275 18.2
1.66 1.0 1109 +171 6370
1.5 net!l) 29 + 8 517
1.9 172 598+ 7.8 9.6
25 18.7
28 52




0.3—0.5 p/h in the *Ni+ Ni experiment. The number
of detected antiprotons at given beam energy, target and
secondary particle momentum was typically 20 to 30
in the Ne+ X experiment, and 10 p in the Ni+ Ni ex-
periment, respectively.

K™ and 7~ production cross sections were obtained
together with those of the antiprotons. Due to time limi-
tations some of the combinations of the incident energy
and the secondary momentum were chosen to measure
K~ and n~ mesons only. The measured particle pro-
duction cross sections for all studied collision systems are
summarized in Table 1. The magnitude of the z~, K~
and p production cross sections measured in *’Ne + NaF
collisions is in good agreement with the measurement of
Shor et al. [3], who studied the same reaction. Among
the asymmetric systems we investigated the system
Ne + Sn most extensively, by varying both the incident
energy and the secondary particle momentum. In the col-
lisions of Ne + Cu the particle production cross sections
are 20% to 30% smaller than in the Ne+ Sn system at
the same incident Ne energy of 2 GeV /u, while those for
Ne+ Bi are 20% to 30% larger. K~ and n~ production
cross sections measured in 1.85 and 1.66 GeV/u Ni+ Ni
collisions as a function of the particle momentum are
shown in Fig,. 4.

Antiproton production cross sections are shown ex-
plicitly in Fig. 5 for 1.93 GeV/u Ne + NaF, 1.89 GeV/u
Ne + Sn and 1.85 GeV/u Ni+ Ni collisions, the systems
which were studied at different § momenta. Com-
pared to the momentum dependence of the n~ and
the K~ yield, the variation of p production with the
momentum is much weaker. No momentum depen-
dence between 1.0 and 1.5GeV/c is observed
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Fig. 4. K~ and »~ production cross sections measured in the col-
lision of 1.85 GeV/u and 1.66 GeV/u **Ni with Ni as a function of
the particle momentum. For better visualization the data are con-
nected by dotted lines and the K~ data are scaled by a factor 100
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Fig. 5. Measured j production cross section in the reactions
193 GeV/u Ne+NaF, 1.89GeV/u Ne+Sn and 1.85GeV/u
Ni+ Ni as a function of the § momentum. The projectile energies
given are mean energies in the targets
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and 88.3(417.0)nb-GeV/(GeV/c)?, respectively) a
slight decrease from 1.0 to 1.5GeV/c for Ne+
NaF  (0,,,=68.9(+18.5)nb-GeV/(GeV/c)® and
452(+8.4)nb-GeV/(GeV/c)®, respectively) and a
more pronounced decrease from 1.5 to 1.9GeV/c
for Ni+ Ni(o,,,=127(438)nb-GeV/(GeV/c)®> and
53.5 ( fﬁ?) nb-GeV/(GeV/c)?, respectively).

The p production cross sections measured for
1.90GeV/u Ne+Cu and 1.87GeV/u Ne+Bi at
p;=1.5GeV/c follow the expected trend of increasing
particle yield with increasing size of the colliding system,
similar to the m~ and K~ cross sections, With
Oiy=111(4+19) nb-GeV/(GeV/c)® the p production
cross section measured in 2 GeV/u Ne + Bi is a factor of
2.5+0.6 larger than in Ne-+ NaF. The ratio of the p
production cross sections for 1.93 GeV/u Ni+Ni and
2 GeV/u Ne+NaF is 2.8 4+ 1.0, but if one takes into ac-
count the lower incident energy of the Ni beam using the
measured excitation function, a higher ratio of 4.6+ 1.6
is obtained.

The p production cross sections were also measured
at lower beam energies with 1.8 GeV/u ?°Ne ions and
1.84 GeV /u **Ni ions, coresponding to effective incident
energies of 1.69 GeV/u for Ne + Sn and 1.66 GeV /u for
Ni+ Ni, respectively, The 200 MeV /u reduction of the
incident energy reduces the observed p yields by a factor

of 2.7+ 0.8 for Ne+ Sn and by a factor of 5.6+2 6

. for
Ni+Ni. —3.2

4. Discussion

4.1. Enhancement of the antiproton production

Despite the low rate of detected antiprotons, the p yield
is much too high to be produced by single nucleon-nu-
cleon collisions as calculated in [5]. Within this first col-
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lision model, taking account of high momentum com-
ponents of the internal momentum distribution of the
nucleons, the j production cross section should be
~0.1 nb-GeV/(GeV/c)? for 2 GeV /u %Si+ Si collisions
while an approximately 3 orders of magnitude higher p
yield is observed. This is a strong evidence for a dominant
role of multistep processes with the excitation of 4 and
N * resonances as intermediate steps, which contribute to
the creation of pp pairs at incident energies in the region
of 2GeV/u. Since in the first collision model [5] the
reabsorption effects for antiprotons produced in nucleus-
nucleus collisions have not been taken into account, the
disagreement between the measured j yield and the pre-
diction of the model is even larger. For c.m. momenta
between 0.2 and 1 GeV/c the elementary pp annihilation
cross section ranges from approximately 200 mb to 50 mb
[21]. Since an annihilation cross section of 100 mb cor-
responds to an absorption length of ~0.6 fm for normal
nuclear matter density, only a small fraction of the cre-
ated antiprotons leaves the reaction zone without being
annihilated. Medium effects on the nucleon and p masses
reducing the pp production threshold have an opposite
influence on the j yield. Since only a small fraction of
the baryon-baryon collisions in the nuclear medium is
enough energetic to create a pp pair, the g yield is very
sensitively related to the production threshold, and there-
fore medium effects on the nucleon and p masses should
enhance the j production cross section.

4.2. Scaling behaviour
of the particle production cross sections

Down to extreme subthreshold processes, the invariant
production cross sections for all secondary particles (7,
K™, p), measured in the **Ne+ X reactions were ob-
served to fulfill approximately a scaling relation, inde-
pendent of the particle species:

Ed30_/dp3mexp(_Eprod/E0)' (1)
For a given incident energy the cross section depends
only on the energy required in the nucleon-nucleon center
of mass frame to produce the particle with the measured
momentum, E_ 4= Eq, + En, where Ey, and EJ7 are
the threshold energy for the particle creation process and

the kinetic energy of the particle in the center of mass,
respectively. This behaviour was found by Shor et al.
[3,22] for ®Ne+ NaF and 2*Si+ Si reactions. In the
Ne+ X reactions studied here, the inverse slope parameter
of an exponential curve fitting the cross sections of all
particle species is approximately E,~80 MeV. The mea-
sured values are given in Table 2.

A comparison of the particle yields at a given c.m.
momentum at different incident energies in the range from
1.6 to 2 GeV/u gives similar slope parameters with re-
spect to the mean available energy per nucleon-nucleon

collision EY, as for the dependence on E_,,,. This sug-
gests a generalized scaling relation
Ed?’a/dpg’mexp[(Egg;*Epmd)/EO]' (2)

Equation (2) indicates that the cross sections depend ex-
ponentially on the net energy deficit for the particle pro-
duction in a binary collision. A variation of the mean
available energy per NN collision or a variation of the
required production energy by the same amount results
in the same production cross section. The parameter E,
in the scaling realtion has a twofold significance; for fixed
incident energy it describes the spectral distribution of
the produced particles and is thus related to the “tem-
perature” in the collision zone, while it defines the ex-
citation function for particle production for fixed c.m.
momenta of the particles. The overall agreement of the
measured cross sections with the generalized scaling re-
lation (2) with E,=80 MeV over 9 orders of magnitude
is shown for the systems *°Ne + NaF and **Ne+ Sn in
Fig. 6.

For symmetric systems as “’Ne+ NaF or *Ni+ Nj,
the quantity EX2 used in the scaling relation (2) is given
by the center of mass kinetic energy in the nucleon-nu-
cleon system. In asymmetric systems the numbers of par-
ticipant projectile and target nucleons are different, and
their ratio depends on the impact parameter. At given
impact parameter b

Vs
N,+N,

with the nucleon mass » and the numbers of participant

projectile and target nucleons N, and N,, respectively.

The number of participants is obtained from the geo-

Em(b)=2-< 3)

Table 2. Measured inverse slope Syst E GeV Eavil [GeV GeV E [MeV
parameters E, as defined in relation (1) ystem meen [GEV /] v [GeV] P [GeV/e] o [MeV]
for different reactions. For the Ne induced  Ne + NaF 1.93 0.80 1.0, 1.5 8244
reactions the invariant production cross
section versus E 4 of all secondary Ne+Cu 1.90 0.77 L5 8244
particles was fitted by one exponential Ne + Sn 1.89 0.74 1.0, 1.5 82+1
curve, for Ni+ Ni the z~ and the K~ Ne+Sn 1.69 0.67 1.5 78+6
yields were fitted separately ) ) )
Ne+Sn 1.49 0.60 1.5 70+5
Ne+Bi 1.87 0.71 1.5 8042
Ni+Ni 1.85 0.77 0.5-2.75 117+5"
104 + 6%
Ni+Ni 1.66 0.70 1.0-2.8 11746"

109+ 9%
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Fig. 6. Invariant production cross section for secondary particles
in the reactions *Ne+ NaF and *Ne+Sn as a function of the
difference of the available energy per nucleon- nucleon collision and
the energy required for particle production EJN ~ E_ 4 (explana-
tion see text). The data are roughly described by an exponential
with an inverse slope E,=80 MeV. The cross sections measured for
Ne 4 Cu are 20% to 30% lower than for Ne + Sn, those for Ne + Bi
are 20% to 30% higher

metrical overlap of projectile and target nuclei. This ge-
ometrical model is discussed in more detail in Sect. 4.4.
The square of the total energy in the collision zone is

s=(N,m)*>+2N,(m+E)N,m+(N,m)>. 4

For the mean available energy per NN collision we use
the impact parameter averaged value

bmax

_f db b art (b) avall (b)
B == , (%)
I dbbNg, (b)

which is weighted by the square of the number of par-
ticipant nucleons Npor= N, + N,. The maximum impact
parameter b, is given by the sum of the nuclear radii
of projectile and target R, + R,.

Secondary particles produced in the **Ni + Ni reaction
were analysed within a much wider momentum range, in
order to obtain 7~ and K~ production cross sections in
the same EVN —E, , regime. The maximum z~ mo-
mentum of 2.8 GeV/c¢ corresponds to a center of mass
kinetic energy of more than 1 GeV. In contrast to the
scaling behaviour deduced from the data obtained in the
Ne induced reactions, obv1ously, as can be seen in Fig. 7,
in the **Ni+ Ni reaction 7~ and K~ cross sections are
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not described by a universal curve. The production cross
sections for 7~ are a factor 10 to 15 higher than for K~
at the same value of ENN —E, ., in the regime where
both particles were measured. A similar deviation is vis-
ible for antiprotons in Fig 7, if one extrapolates the K~
data to low values of EXNY —E,.q- A closer look at the
cross sections reveals a more differentiated view on the
slope parameters for the production of 7~ and K~ in
the various systems: from a separate fit of the # = and
K~ cross sections in the different systems one obtains
inverse slope parameters E,, =116+6MeV and

Eox=104+7MeV for ®Ni+Ni, E,,=100+5MeV
and E; =89 1+4MeV for *Ne+Sn and E,, =90
+3MeV and E, ,=86+4 MeV for 2°Ne + NaF. Com-
paring these values with the inverse slope parameter
E,~80 MeV from the generalized scaling relation (2) for
all particles, the 7~ and the K~ distributions deviate
from a common exponential curve also in the 2°Ne + NaF
and *Ne +Sn reactions. However these deviations are
more pronounced in the **Ni + Ni reaction.

There seems to be a relation between the slope param-
eters and the size of the colliding system. Note that the
symmetric **Ni+ Ni system has on the average more par-
ticipant nucleons in the collision zone than the asym-
metric *Ne + Sn system (see Sect. 4.4). In a geometrical
picture the spectator nucleons (more numerous in the
asymmetric “’Ne + Sn system), not participating in the
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Flg 7. Invariant production cross section for secondary particles
in the relation **Ni+ Ni as a function of the difference of the avail-
able energy per nucleon-nucleon collision and the energy required
for particle production ENY — E_, (same representation as Fig. 6).
The data deviate from a partlcle independent scaling refation. The
=~ and K~ production cross sections are described by separate
exponential curves with inverse slopes E{™~115MeV and
E{F~105MeV
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particle production processes, are also not relevant for
the reabsorption of particles emitted at 0°. This leads to
the interpretation that the different slope parameters and
hence the different ratio o, /g at the same net energy
excess (E,,,;— E,0q4) is due to the increasing reabsorp-
tion probability for larger systems. Qualitatively one ex-
pects that the reabsorption probability decreases with in-
creasing center of mass momentum. This would reduce
the yield of secondary particles at low energies more than
at high energies and hence shift the inverse slope of the
momentum distribution towards higher values.
Experimental cross sections on 7 ~ and K~ absorption
in nuclei are available [23, 24], however nearly nothing
is known about their absorption in compressed hot nu-
clear matter. In the medium pions are absorbed in reso-
nances by the 7 N—A channel, but the pions reappear

via the decay of the 4 resonances on the surface of the
collision zone or at a later state of the reaction at low
densities. A fraction of the initially created pions may be
lost due to the AN— NN channel but in hot nuclear mat-
ter also the reverse reaction NN—AN has to be con-
sidered, reducing the pion absorption probability. The
K™ are absorbed by K~ N-»(m) Y processes [8], elimi-
nating the K~ from the observable yield. ¥ may be a A
or a Z hyperon. The larger reabsorption probability for
K~ than for =~ could account for a suppression of the
K~ compared to the z~ yield, i.e. for deviations from
the scaling behaviour.

In this context it is interesting to compare the pro-
duction cross sections of K~ mesons and of Xt mesons,
which have much lower absorption cross sections in the
nuclear medium than K~ due to their antistrangeness
content. Recent experiments [25] revealed that pions and
K" mesons produced in 1.0 GeV/u Au+ Au collisions
have production cross sections which are well described
by the scaling relation (1) with an inverse slope parameter
E,=78 MeV. This confirms the interpretation that the
deviations from the scaling behaviour observed for K~
and 7~ are due to reabsorption effects of X~ . It should
be mentioned however that there is an inconsistency be-
tween this interpretation supported by [25, 26] and
the measurement of Shor et al. [3] who observe much
larger inverse slope parameters E,=240+92 MeV for
K mesons in 2.0 GeV/u Si+ Si collisions.

4.3. Excitation function of the particle production

The slope of the excitation function is probably the most
important quantity concerning subthreshold antiproton
and X~ production which can be determined experimen-
tally. Apart from minor effects due to the variation of
the momentum distribution of the nucleons in the colli-
sion zone by the variation of the incident energy, the
energy dependence of the p and X~ production cross
section is not affected by the unknown reabsorption prob-
ability. Thus the slope of the energy dependence could
yield direct information on the effective pp and K"K~
production threshold in the hadronic medium. Due to the
strong exponential dependence of the cross sections on
the production energy a variation of the effective thresh-

old by 20% as an example results in more than 2 orders
of magnitude variation of the p yield.

The excitation function of particle production will be
discussed in the following with respect to the available
energy in the nucleon-nucleon system for fixed particle
momentum in the lab system, corresponding to the ex-
perimental data. The measured cross sections are com-
pared with the exponential relation

Ed*a/dp*occexp(ENN/E,). (6)

Note that the inverse slope parameters E, are not iden-
tical with the slope parameters £, as defined in the scaling
relations, because the excitation functions were measured
with fixed lab momentum of the produced particles.
Therefore their c.m. momenta change with changing
bombarding energy. The parameter E is 17% (7), 23%
(K7) and 25% (= ™) smaller than E, in the scaling re-
lation for an energy range between 1.9 and 1.7 GeV/u.
The excitation function of § production in Ne+Sn
and Ni+ Ni at a § momentum of 1.5 GeV/c is shown in
Fig. 8. The effective incident energies were 1.89 and
1.69 GeV/u for the **Ne+Sn reaction and 1.85 and
1.66 GeV /u for the ¥Ni+ Ni reaction, respectively. The
inverse slope parameter for the Ne+Sn system
E =69+20MeV is in agreement with the value mea-
sured by Shor et al. [3] for *8i+ Si (E, =63+ 11 MeV).
The data suggest a steeper excitation function for
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Fig. 8. Excitation function for subthreshold p production with re-
spect to the available energy in the nucleon-nucleon system for
Ne+ Sn, Ni+ Ni and Si+ Si collisions. The Si+ Si data are taken
from [3]. The inverse slope parameters E_ are given for an expo-
nential dependence on EXY as in relation (6). Using free nucleon
and p masses, the calculated [33] energy dependence (dotted line)
is much too steep



i + Ni— 5+ X with £,=39 7 1> MeV, but with large
statistical errors. A fit of the excitation function in the
three reactions with a common slope parameter yields
E_ =58+ 14 MeV.

Similar slopes as for the p excitation function are ob-
served for the excitation function of K~ production. For
K~ with a lab momentum of 1.0, 1.5 and 1.9 GeV/c in
¥Ni+ Ni inverse slope parameters E, of 59411 MeV,
70+ 6MeV and 58+ 8 MeV, respectively, were mea-
sured. In **Ne+Sn E_=61+45MeV for 1.5GeV/c K,
resulting from the measurement at 1.49, 1.69 and
1.89 GeV/u incident energy.

For 7 ~ production the excitation function has a larger
inverse slope parameter, i.e. the 7~ yield depends less on
the incident energy than the yield of the heavier particles.
This is particularly the case for those 7~ which are pro-
duced above the threshold (p,,,<1.8GeV/c at
Earn®1.8 GeV/u): In ®¥Ni+Ni, E_ =153+ 25 MeV for
Py=10GeV/c and E _=107+13MeV for p, =
1.5GeV/c. For p,,=1.9GeV/c, approximately corre-
sponding to the threshold energy, E,=83 £ 8 MeV. In
“Ne+Sn E_ =94+ 6 MeV for p,,,=1.5GeV/c.

As the energy required to create n~ at p,, =10
GeV/c and p,,=1.5GeV/c with the corresponding
c.m. energies of 0.44 GeV and 0.65 GeV, respectively,
is abundantly available in NN collisions, the inci-
dent energy dependence of the process is consequently
weaker than for subthreshold processes. In Fig.9 the
ratios of the particle yields for different incident
energies ¢ (1.85 GeV/u)/o (1.66 GeV /u) in **Ni+ Ni and
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Fig. 9. Ratio of the particle yields at ~1.9GeV/u and ~1.7
GeV/u incident energy in *Ni+Ni and ®Ne+ Sn as a function
of the required production energy in the NN system. As this
quantity varies with the incident energy, the ratios have been
plotted at the mean values of E_, 4. The ratios for #~ and for K~
at 1.5 GeV/c are almost identical for Ni+Ni and Ne+Sn. The
shaded bar indicates the available energy in the NN system at
incident energies between 1.66 and 1.85GeV/u. It separates
subthreshold particle production (right) from particle creation
above the threshold (left)
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o (1.89 GeV/u)/o (1.69 GeV/u) in *Ne+Sn are pre-
sented as a function of the required production energy
of the respective particle. The shaded bar in the figure
indicates the available energy in the NN system at inci-
dent energies between 1.66 GeV/u and 1.85 GeV/u, and
separates the region of subthreshold production on the
right side from production above threshold on the left
side. This ratio of the particle production cross sections
increases with increasing required production energy in
the region above threshold. At still higher required pro-
duction energies, especially in the region below threshold
this ratio seems to saturate.

4.4. Influence of the system size

In ®Ne induced reactions on NaF, Cu, Sn and Bi tar-
gets the influence of the target mass on the j yield at
2 GeV/u incident energy has been studied. We observe
an increase of the j production cross section with the
target mass, which is less pronounced for the heavier
targets.

In order to obtain a better understanding of the mea-
sured dependence of the yield on the system size, the data
are compared to the prediction of a simple geometrical
fireball model. Naively the size of the interaction volume
as a function of the impact parameter can be estimated,
if one assumes that the number of participant nucleons
is given by the geometrical overlap, moving the projectile
nucleus through the target nucleus. Averaging the overlap
volume over the impact parameter one obtains an effec-
tive interaction volume for the different systems. This
quantity is given in Table 3.

Since the p production is a subthreshold process, only
a small contribution is due to single nucleon-nucleon col-
lisions and a multistep mechanism is needed to produce
the antiprotons. In the model a linear dependence on the
number of NN (NA, A4) collisions and hence a quadratic
dependence on the number of participants is assumed.
Such a dependence is in agreement with the measurement
of other particles like e.g. K™ mesons produced below
the threshold [26]. For a rough estimate of the 4 de-
pendence of the p production this assumption is justified,
having in mind the failure of the first collision model [5]
and the dominant role of multistep processes predicted
by transport theories [11]. The prediction of this geo-
metrical fireball model for the invariant p production

Table 3. Effective sizes of the collision systems in which subthres-
hold antiproton production has been measured. The size is given
by the number of participant nucleons which is obtained by the
mean, impact parameter weighted, geometrical overlap of the pro-
jectile and the target nucleus

System <Npart>b
Ne+ NaF 10.2
Ne+Cu 17.5
Ne+Sn 233
Ne + Bi 29.9
Si+Si 13.9
Ni+ Ni 29.2
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cross section

bmax

Oinv = 09" j' szart(b)
0

X exp [(Eqva () — Eproa)/ Eo 10 db (7)
with E,=70 MeV is shown together with the j produc-
tion data for Ne induced reactions in Fig. 10 as a function
of the mean number of participant nucleons as given in
Table 3. The dependence of the cross section on the
energy difference EJN —E 4, which is relevant for
asymmetric reactions, was taken from the scaling behav-
iour discussed in Sect. 4.3. The slope parameter £, was
chosen in agreement with the measured excitation func-
tion for p production in *’Ne + Sn collisions. The param-
eter o, was adjusted to the measured p yield for Ne + NaF.
The small variation of the p yield for heavy targets is
obtained with formula (7), since the center of mass kinetic
energy has to be shared among more participant nucleons
in asymmetric systems and hence E]; is smaller. The
measured target mass dependence of the p yield in Ne
induced reactions is well reproduced by this simple model.
However, one has to consider that reabsorption effects
are not included. The reabsorption probability is ex-
pected to increase quite substantially if the target mass
is varied from Ne to Bi. Taking this into account, we
conclude an enhancement of the primordial g production
for heavy targets relative to the prediction of the geo-
metrical model.

In asymmetric systems the observed dependence of the
P vield on the system size is difficult to intepret, due to
several uncertainties: apart from the unknown reabsorp-

tion probability, a considerable part of the target nucleus
may not participate in the reaction, and the center of
mass frame depends on the impact parameter. The influ-
ence of the system size is therefore more directly seen in
the comparison of symmetric 4+ 4— p+ X reactions,
also shown in Fig. 10. The geometrical model predicts,
according to (7) simply an A%/® dependence for the j
cross section at fixed incident energy, i.e. a ratio of 16.4
for oxy s nims+x/ O+ NaF—5+ x> While the experimental
ratio is only 4.6+ 1.6. The different mean incident
energies in Ne+NaF (E_, =193GeV/u, ENN =

mean avail

0.80 GeV) and in Ni+Ni (E_,,,=1.85GeV/u, EXY =
0.77 GeV) were taken into account by a correction of the
experimental p cross sections, which were scaled to the
same value of E_ ., .. Due to the large statistical errors
for the *Ni + Ni system, we assume that the slope of the
excitation function does not depend on the system,
and use E_=58(414) MeV for the excitation function
oY ocexp (EN/E,) for Ne + NaF and Ni+ Ni in order
to compare the cross sections.

Although the geometrical picture of separated partic-
ipant and spectator zones is certainly a crude simplifi-
cation, the comparison of the experimental data and the
model prediction indicates that the p reabsorption prob-
ability increases with the system size from Ne + NaF to
Ni+ Ni. Otherwise the observed dependency of the p
yield on the system size is not consistent with the as-
sumption that the probability of antiproton production
per nucleus-nucleus collision increases more than linearly
with the number of participant nucleons, as required for
an extreme subthreshold process.

From Fig. 10it is obvious that the experimental g data
exhibit a different behaviour for symmetric and asym-
metric collision systems relative to the model prediction.
This may be due to the incomplete thermalization in the
collision zone and thus to a significant contribution of
nucleon-nucleon collisions with the full available energy
in the nucleus-nucleus frame also in very asymmetric sys-
tems. We remind that the weak target mass dependence
of the cross sections predicted by the model for very
asymmetric systems is due to the reduction of EX., even
without reabsorption effects. Another possible explana-
tion is a different reabsorption probability due to the
different geometry in symmetric and asymmetric collision
systems.

Since also the K~ are produced subthreshold
one expects a similar dependence of the yield
on the system size as for antiprotons. The ratio
O Niok— +x/ ONetnaF—x-+x 18 64204 for 1.5
GeV/c K™ and 6.440.7 for 1.0 GeV/c K™, respectively,
within the errors not different from the ratio for anti-
protons (G§Y+Nia,;+x/ari~‘r1:+NaF—>ﬁ+X=4'6i 1.6). How-
ever, a weaker 4 dependence of the p yield than of the
K~ yield, which may be due to the larger p reabsorption
probability, cannot be excluded. For pions at 1.9
GeV/u incident energy the production threshold
corresponds to a lab momentum of ~1.8GeV/c.
Pions with 1.0 and 1.5GeV/c are therefore produced
above the threshold and their production does not
require multistep processes. We measure a ratio
O+ nion - +x/ONeanaron-+x Of 341202 for 15



GeV/c n~ and of 3.840.3 for 1.0 GeV/c n ™, signifi-
cantly lower than the ratio for K™ . This result is in agree-
ment with the observation [26] that the yield of subthres-
hold particles exhibits a more pronounced A dependence
than the yield of particles produced above the threshold.

4.5. Momentum distribution

There are two different ways to investigate the depend-
ence of secondary particle yields on the energy available
in the system relative to the required energy for their
production. An approach complementary to the study of
the excitation function for p production is the measure-
ment of the p momentum distribution. Whereas the slope
of the excitation function is nearly independent of the
reabsorption effects, the momentum distribution is ex-
pected to be influenced by the strong decrease of the
annihilation probability with increasing momentum. The
momentum dependence of the p production cross section
is shown in Fig. 5. For all systems the momentum de-
pendence is rather weak, since for increasing the j mo-
mentum the effect of increasing the required energy for
the production process is nearly canceled by the decreas-
ing reabsorption probability. The small j escape proba-
bility at low center of mass momenta is not primarily due
to the high elementary g N annihilation cross section (for
;00,2200 mb), since the nucleons in the collision
zone have roughly a momentum distribution correspond-
ing to T~ 80-100 MeV, and hence pp collisions with much
lower c.m. energies and corresponding annihilation cross
sections of more than 100 mb are rare. This interpretation
is consistent with the results of RBUU calculations [13].

The measured momenta of 1.0, 1.5 and 1.9 GeV/c
correspond to kinetic energies of ~0, 60 and 150 MeV
of the antiprotons in the center of mass system. If the
scaling formula (2) with a slope parameter E;=80 MeV
were valid for the 7 momentum dependence of the cross
section, i.e. pN annihilation were neglected, a decrease
by a factor of ~2 would be expected for 1.5 GeV/c com-
pared to 1.0 GeV/c, and a factor of ~3 for 1.9 GeV/c
compared to 1.5 GeV/c. The observed ratios of the p
cross sections, however, are considerably lower. As shown
in Fig. 5, for the larger Ne + Sn system the p production
cross section may even remain constant from 1.0 to
1.5 GeV/c within the experimental errors, while a slight
decrease of the yield is observed for Ne-+ NaF. The
smaller escape probability for antiprotons in the Ne + Sn
reaction is evident if one compares the ratios of the p and
K~ yields at 1 GeV/c for both systems:

inv inv — -5
ONe+NaF—5+x/ TNo+ Nar k- +x = 8.5(2.3)- 10
and

inv inv — -3
ONo+sn—p+x/ONo+sng - +x=23.5(0.9)-1077.

At 1.5GeV/c the p/K~ ratios are 3.2(0.6)-10"* for
Ne + NaF and 2.7(0.5)-10™* for Ne + Sn, i.e. they have
comparable values for both systems. This reflects pri-
marily the dependence of the p reabsorption effects on
the center of mass momentum and on the system size.
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The reabsorption of K~ is much less influenced by the
system size, since already at 1 GeV /c kaons are well above
midrapidity. At higher § momenta the variation of the
reabsorption probability becomes weaker, and the mo-
mentum dependence of the observed yield is dominated
by the reduced production probability. This behaviour is
visible in Fig. 5 for the Ni+Ni system at 1.5 and 1.9
GeV/c. At 1.0 GeV/c in the Ni+ Ni reaction only 7~
and K~ were measured, the single p event observed in
this run has not been included in Fig. 5. For comparison
the momentum dependence is also shown for K~ and n~
in 1.66 and 1.85 GeV/u **Ni+ Ni collisions in Fig. 11 in
a representation in which thermal distributions appear as
exponential curves. With respect to the kinetic energy in
the NN system, the cross sections as a function of the
kinetic energy in the NN system have inverse slopes of
~92 MeV for the kaons and ~96 MeV for the pions.
Within the errors no dependence of the slopes on the
incident energy is observed. These “temperature” param-
eters may be compared to the values of ~70 MeV found
for K* and #* in 1 GeV/u Au+ Au collisions [26], in-
dicating that there is only a moderate increase of the
temperature from 1 GeV/u to 2 GeV/u incident energy.
This agrees well with the observed systematics of the
“temperature” parameters in secondary particle spectra
as a function of the bombarding energy {27]. Up to
~1 GeV/u a steep rise of the temperature parameters is
found, while the increase is much weaker at higher in-
cident energies. This behaviour is interpreted as a trans-
formation of a major fraction of the translational kinetic
energy into the excitation of the internal degrees of free-
dom of the nucleons, i.e. into the production of baryonic
resonances, instead of a conversion into thermal energy.
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Fig. 11. Double differential cross sections for z~ and K~ produc-
tion in 1.85 and 1.66 GeV/u Ni+ Ni collisions as a function of the
kinetic energy in the NN system. The data are compared to thermal
distributions with the inverse slope parameters given in the figure.
The K~ data are scaled with a factor 100
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4.6. Comparison to transport models

Recently relativistic transport models were developed
which take into account the quasiparticle properties of
the nucleons and the antiprotons in the nuclear medium
[13,28,29]. The reduction of the nucleon and the p masses
due to medium effects result in a lower j production
threshold and consequently in an enhancement of the p
yield, particularly at extreme subthreshold energies. Me-
dium effects are also taken into account for subthreshold
K~ production [30]. The authors argue that without a
reduction of the effective masses the calculations are not
able to describe the experimental production cross sec-
tions. A different result is obtained in recent RQMD
calculations for p production in 2 GeV/u Ne + NaF col-
lisions [31], due to considerably smaller reabsorption ef-
fects in this model than in [13,29].

In the RBUU calculations of [13] the j selfenergy
in the medium was treated as a free parameter, since
the real part of the potential is expected to be strongly
influenced by the annihilation channel, i.e. the imaginary
part of the potential. From comparison with experimental
P production cross sections for Si+ Si [3] and for Ni+ Ni,
measured by our group [32], Teis et al. [13] deduce a p
selfenergy in the nuclear medium of ~ 150 MeV. The ex-
traction of this value, however, is based on the correct
treatment of the j reabsorption, which reduces the p yield
by more than two orders of magnitude in this calculation.

In very recent papers Li et al. studied antiproton [29]
and antikaon production [30] in a VUU model with self-
energies of the p and K~ in the medium obtained in a
mean field approximation using a G-parity transforma-
tion. In both reactions attractive scalar potentials lower
the effective p and K~ thresholds and thus enhance the
production cross sections at low bombarding energies. A
comparison to the § and K™ production cross sections
measured in 1.85 GeV/u Ni+ Ni collisions demonstrates
that in these calculations [29, 30] in-medium mass reduc-
tions are needed both for antiprotons and K~ mesons in
order to reproduce the experimental data.

Due to the insensitivity of the excitation function for
p production to the unknown reabsorption effects, it is
interesting to compare the measured slope parameters
with the values obtained in the transport models. As
shown in Fig. 8, a much steeper excitation function than
measured with an inverse slope parameter £, ~15 MeV
is predicted by a BUU calculation [33] for Ne+Sn. It
includes p production via AN and AA collisions (which
are the dominant channels) and uses the free nucleon and
antiproton masses, and does not take into account reab-
sorption effects. The much higher observed f yield at low
incident energies indicates that the p production thresh-
old is reduced in the nuclear medium compared to the
free threshold. With the recent RBUU calculations [13]
much better agreement is obtained also for the slope of
the excitation function. For the reaction Ni+Ni—7+ X
the excitation function of the p production was calculated
for incident energies from 1.4 to 2.5 GeV/u, using an
attractive p potential of — 100 MeV. Between 1.6 and
1.85 GeV/u an inverse slope parameter of 68 MeV with
respect to the available energy in the NN system is ob-

tained in these calculations, which should be compared

with the value 39i i(?; MeV obtained for Ni+ Ni experi-
mentally.

5. Summary and outlook

Antiproton production in Ne + NaF, Cu, Sn and Bi and
in Ni+ Ni collisions has been investigated at far sub-
threshold energies. Simultaneously to the j production
the 7~ and K~ yield at 0° was measured. The previously
[3] observed scaling of secondary particle yields with re-
spect to the energy and the mass of the particles was
extended to the dependence on the bombarding energy.
The scaling behaviour has been confirmed in the Ne in-
duced reactions with p=1.0 and 1.5 GeV/c, i.e. within a
similar limited range of particle momenta. In Ni+ Ni
collisions 7 ~ and K~ cross sections, measured in a much
wider momentum range, however, are not described by
a single exponential curve. A gap between the 7~ and
the K~ yield for the same value of £, ; may result from
K~ absorption effects, but it is questionable whether the
scaling really holds over this wide range of momenta for
each particle species in the other systems studied so far,
and how large the influence of the system size on the
deviations is.

The excitation function for g production is much flat-
ter than theoretically predicted, if the free nucleon
and antiproton masses are used, even if multistep pro-
cesses (e.8. AN, AA collisions) are included. It has been
demonstrated [13] that flatter excitation functions are
obtained if medium effects on the masses are taken into
account. In a direct comparison of calculated p produc-
tion cross sections with experimental data the p yield
measured in Ni+ Ni collisions has been used [13,28] to
deduce the j selfenergy in the hadronic medium. The
consistency, however, is based on the correct prediction
of the reabsorption probability. More reliable conclu-
sions on the j selfenergy may be obtained from a com-
parison of the calculated and the measured slope of the
excitation function, which is almost independent of the
reabsorption.

In order to interpret the dependence of the 5 yield on
the system size, the experimental data were compared to
the prediction of a simple geometrical fireball model. In
this model the p yield per nucleus-nucleus collision has
a quadratic dependence on the number of participant
nucleous. The j production cross section measured in
symmetric reactions shows a weaker increase with the
system size than predicted by the model, which indicates
an increasing reabsorption probability for heavier sys-
tems. The target mass dependence in asymmetric systems,
which is in agreement with the model prediction neglect-
ing reabsorption effects, is more difficult to interpret.

A very weak momentum dependence of the p yield is
observed for p,,, < 1.5GeV/c, ie. low center of mass
momenta p,,, < 0.3 GeV/c, due to the decreasing ab-
sorption probability with the increasing escape velocity
of the antiprotons. At 1 GeV/c the influence of the system
size on the j reabsorption probability is clearly visible.



From the momentum distribution of the K~ and =~
“temperature” parameters of ~92MeV and ~96 MeV
respectively are derived. This parameter shows whithin
the error no dependence on the incident energy between
1.66 and 1.85GeV/u, which is consistent with the
interpretation that at incident energies in the region of
2 GeV/u additional translational kinetic energy is mainly
absorbed via the excitation of baryonic resonances.

In forthcoming experiments it is planned to extend the
measurement of the subthreshold p and K~ production
to lower incident energies in Ne + NaF and Ni+ Ni, and
to determine the slope of the excitation function to a
better accuracy. On the other hand also measurements at
high 7 momenta up to 2.7 GeV/c are foreseen. At the
corresponding center of mass kinetic energies up to
~0.4 GeV, significantly above typical thermal energies
of ~100 MeV, the j escape probability is expected to
increase considerably.

On the theoretical side, further investigation of the
influence of the nuclear medium on the excitation func-
tion will deepen our understanding of p and K~ pro-
duction at far subthreshold energies. More comprehen-
sive calculations including also the #~ and the K~ pro-
duction under identical experimental conditions will
certainly be helpful.
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