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Target-fragment, shower-particle (meson), interacting-proton (36-400 MeV), and total multiplicities
in ' 0+Ag collisions from 52 MeV to 2&10'8 MeV are studied. The target disintegration exhibits en-

ergy independence above 1008 MeV even in the most central collisions. Above 52 GeV the energy
dependences of the three diferent categories of particles are similar to those from proton-nucleus in-

teractions. The absolute yield of target fragments is also the same while the yield of protons is twice as
large and of shower particles 6-7 times larger in ' 0-induced central collisions as compared to p-nucleus
reactions.

pACS numbers: 25.70.Np

The collection of data within the EMUOl Collabora-
tion contains an extensive set of analyzed ' 0-induced
collisions at energies from 5A MeV to 2x 10 A MeV.
The information about multiplicities of various kinds of
particles and fragments is particularly complete. In order
to describe the reactions in this wide energy region one
must consider phenomena ranging from nuclear structure
physics to particle physics in a nuclear environment.

The impact parameter plays an essential role for the
dynamical evolution of the collision and thereby for the

particle emission [1]. In an asymmetric collision, at im-

pact parameter close to zero, the nuclei will fuse at low
energies. At a few tens of MeV per nucleon the fusion
process tends to become more and more incomplete and
eventually a transition into a fast multifragmentation
process appears [2,3]. The disintegration will become
more and more efticient with increasing beam energy un-
til the formation time starts to play a role which leads to
enhanced transparency for the produced particles. If the
stopping of the beam nucleus is large enough, the
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TABLE I. Statistics and maximum multiplicities in the various energy bins. The numbers marked with an asterisk are partly
based on estimations for NT =2, 3 collisions.

(Energy interval)/A
(MeV)

(zl/w
(MeV)

Number of events
with NT~4

Total number
of events NT

Maximum observed
N, N'g N/

5-15
16-35
36-75
76-128

129-179
180-220
450-470

2020-2080

1 1 ~ 3
25.4
57.0
90.8

165
195
460

2050
3700

14 600
60000

200000

84
155
541
421
763
835
184
608

1568
644
486
509

95*
175 *

606 *

469 *

847
926
203
664

1686
689
515
534

9
11
18
24
32
33
40
65
88

125
211
333

0
0
0
0
0
0
2

26
49
97

176
303

0
0
3

9
10
12
18
31
45
35
45
31

8
11
15
19
18
19
20
22
20
20
19
23

creation of a quark-gluon plasma may occur.
Since the reaction time at high energies becomes small

compared to the transverse communication time, a part of
the larger nucleus in asymmetric collisions will be left
quite undisturbed. For semiperipheral collisions such
spectator regions will be discernible except at the lowest
energies, where the time is long enough for an eAective
transfer of mass and energy.

The data presented in this Letter are based on nine
diAerent horizontal ' 0 exposures at six accelerators
[GANIL, LBL Bevalac, SATURNE, Dubna Synchro-
phasotrone, BNL Alternating Gradient Synchrotron
(AGS), and CERN Super Proton Synchrotron (SPS)]
[4-8] with fluxes of (5-40) x 10 ions/cm . The collision
energies below 0.5A GeV are determined from the residu-
al beam range [4] with an error of at most a few percent.
Comparisons with p-nucleus data [9-12] at energies
above 5 GeV are also presented.

It should be noticed that in all exposures the minimum
grain density is large enough to allow for the observation
of the particles with the smallest ionization. In the high-
energy stacks the forward tracks have been resolved by a
second point of inspection and ionization measurement at
a large enough distance from the collision. No bias in the
total multiplicity of charged particles is therefore expect-
ed in any stack.

As a compromise between large enough statistics and
small enough collision energy intervals we have divided
our data sample into twelve energy bins presented in

Table I.
The total number of charged particles (NT) is further

divided into four classes of particles. Normally these
classes are strictly defined by energy loss (dE/dx) and
range (R) criteria, where dE/dx is measured by grain
counting, photometric measurements, or 6-ray counting.
In order to include the same kind of particles with respect
to their origin both at low and high energies, we use the
following classification.

(i) PF particles represent projectilelike (noninteract-
ing) fragments with a charge Z ) 2, classified by the con-
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dition dE/dx=(Z /Zq«m)(dE/dx)b, , at the collision
point. In addition, it is required that P=Pb, , (from
range or constant dE/dx). Z is determined from width
or profile photometric measurements or 6-ray counting.

(ii) b (black) particles represent target association
(target evaporation particles). They are classified by
R ~ 3 mm (protons with E & 26 MeV) except for short-
range PF fragments at low energies which are placed in
the previous class.

(iii) s (shower) particles represent produced mesons
and noninteracting protons (plus d, t) in the relativistic
region. They are classified by dE/dx & 1.4(dE/dx)

(iv) g (grey) particles represent interacting singly
charged particles corresponding to the proton energy in-
terval 26-400 MeV. They contain all remaining parti-
cles, i.e. , those with R & 3 mm and dE/dx & 1.4(dE/
dx);„(p & 0.7, participant protons).

Only projectilelike particles with Z =1 will fall into
diA'erent groups depending on the beam energy. At the
lowest energies (mainly the first energy bin) they will fall
into the b group, at medium energies (—second to sixth
energy bins) into the g group, and at the highest energies() seventh bin) into the s group.

The NT distributions for the twelve energy bins are
presented as distribution functions P() NT) in Fig. 1.
Because of the diA'erent efficiency for NT ~ 3 events, all
distributions are normalized to unity for AT=4. The
steeply falling I' functions at low energies get a more and
more extended shoulder with increasing collision energy.
The largest observed event (see Table I) falls in all cases
close to the 10 level. Typical maximum errors (1 stan-
dard deviation) in the interpolated and extrapolated P
curves are presented as the shadowed areas in the figure.
The original distributions for ' 0+emulsion reactions
have been renormalized to ' 0+Ag collisions [13].

The well™defined P =10 ' and 10 levels as well as
the 10 level, based on extrapolations, are shown as a
function of bombarding energy in Fig. 2. We also show
the average NT value (for ' 0+emulsion). The (NT)E-
relation is (occasionally) well described by one single
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power law in the whole energy interval. In the extreme
high multiplicity tail this is only possible for E» 200'
MeV. A detailed analysis [13] for the low-energy region
shows that the transition from fusion to multifragmenta-
tion and the onset of pion production cause kinks in the
Nr Erelation. -The dashed curves and the lowest solid
curve ((Nr)) come from proton-induced collisions [9-12 .
These curves, which fall substantially below the corre-
sponding ' 0 curves, also show a weaker energy depen-

dence due to the diA'erent composition of b, g, and s parti-
cles.

The observation of limiting fragmentation in the pro-
jectile breakup from 2A to 200M GeV has been discussed
in another paper [141. All other observations about PF
particles in the experiments discussed here are consistent
with the results for the b particles, representing the target
breakup.

At high energies, the 6 particles come only from the
target disintegration except for a minor contribution from
low ene-rgy pions (E ( 35 MeV). The maximum possi-

Fig. 3(a) a maximum Nb value of only —Ztarget/2 even at
the P =10 level. It is unlikely that peripheral events
contribute, due to the strong correlation between large Ng

an arge ~. nd 1 N . Instead, it is possible that Nq relates only
eus Z =30to the nonoverlapping part of the target nucleus (Z=

for a small impact parameter in a straight-line geome-
try). A sharp geometrical cut can possibly be believed

3(a) that the saturation of the maximum NI, value is

reached already at —0.18 GeV. Below this energy there
is a gradual decrease of P for all three levels which is a
natural consequence of the fact that the total excitation
energy no longer exceeds the binding energy. As men-

tioned before, fusion is expected at the lowest energies
where b particles contain both evaporation particles and
preequilibrium particles [13].

The high Nb values for energies between 0.1A and lA
GeV could be explained in two ways. Either the contri-
bution to Nb from particles coming from the preequilibri-
um source is gradually getting more important with de-
creasing energy or the target em~ss~on process remains
the same also below 1A GeV. The observation that
proton-induced collisions above 5 GeV give the same con-
stant maximum Nb is intriguing. It could be a pure coin-
cidence that an initial cascade process leaves a remaining
target spectator of the same size as in the ' V+A case.
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FIG. 3. The 10 ', 10 ', and 10 ' levels of the distribution functions for (a) Nb, (b) Ns, and (c) iV, vs bombarding energy for
' 0+emulsion collisions. Notations as in Fig. 2.

Detailed comparisons with models which treat the pre-
equilibrium processes in a realistic way are necessary to
answer these questions.

At incident energies of —50M MeV the production of
grey particles starts [Fig. 3(b)]. The Ng distribution ex-
hibits a steeply increasing maximum multiplicity until
—1A GeV where a saturation is reached. The g particles
are believed to be dominated by protons from nucleon-
nucleon (NN) scattering or other fast (preequilibrium)
processes. Our data confirm this assumption. The level-

ing oA' at high energy is at least partly due to the fact
that protons from preequilibrium processes get such high
energies that they fall into the s category. Proton-
induced collisions above 5 GeV show again a similar en-

ergy dependence but the maximum g multiplicity lies a
factor of —2 lower. In an independent nucleon-nucleon
scattering picture nearly all projectile nucleons interact
(e.g. , in an optical Glauber calculation). Thus the nu-

cleons meet -8 times fewer "effective" nucleons in the
target than the proton. Another explanation is that the
number of participant protons scattered into spectator
matter comes from the surface of a projectile tube. This
gives an ' 0/p ratio of —[6't =2.5.

At projectile energies of a few hundred times 2 MeV
the shower particles show up [Fig. 3(c)]. There are two
reasons for this; projectile associated protons start to fall
in the s region (already at —100M MeV due to the Fermi
boost) and the pion production starts. The energy depen-
dence of the shower-particle multiplicity in central
' O+Ag collisions is very similar to that observed in

p+Ag collisions. In this case the ' 0/p yield ratio is
=7, i.e., close to 16 =6.3, which is expected if N—
(participant volume). Comparisons with proper calcula-
tions for the early reaction phase are of course necessary
both for g and s particles.
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In conclusion, we observed that the energy dependence
of the average total charged-particle multiplicity follows
one single power law in a very wide energy region
(10M-10 A MeV) for ' 0+ emulsion collisions. The
dependence is more complicated for the maximum multi-
plicity where the fusion-multifragmentation transition
and the onset of pion production affect it. The number of
black particles increases in the most central collisions up
to an energy of —100' MeV and from there it remains
constant. The maximum number of grey particles follows
the trend which is expected if they originate from in-
teracting nucleons. The shower particles are introduced
where the onset of meson production is expected. All

multiplicities follow the same energy dependence as ob-
served in proton-nucleus collisions. The maximum multi-
plicity is the same for target-associated particles while it
is a factor of 2 lower for grey particles and a factor of
6-7 lower for shower particles in p-nucleus collisions.
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