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Abstract. Measurements of slow, singly charged frag- 
ments in the target rapidity region have been performed 
for proton and pion induced reactions with various nuclei 
at 200 GeV/c. Multiplicity, angular and energy distri- 
butions are examined and used to study the effects of 
rescattering in the nuclear medium. Data are compared 
to a "geometric cascade model" and to simulations with 
the VENUS 3.11 and the FRITIOF 1.7 Monte Carlo 
codes. 

1 Introduction 

The great interest shown in multiparticle production 
mechanisms in nucleus-nucleus collisions at ultra-relativ- 
istic energies has revived the importance of hadron-had- 
ton and hadron-nucleus interactions [ 1 ]. The gross fea- 
tures of the data obtained in the nucleus-nucleus colli- 
sions at these high energies can be understood in terms 
of the collision geometry [2]. One way to get further 
knowledge of the underlying mechanisms is to study had- 
ron-hadron and hadron-nucleus interactions. This is 
needed when making more detailed extrapolations to nu- 
cleus-nucleus reactions. The characteristic features of 
hadron-nucleus collisions should in principle be a helpful 
tool when extracting effects induced by the surrounding 
nuclear medium. The number of collisions (v) in hadron- 
nucleus interactions, sometimes referred to as the nuclear 
thickness, is believed to be closely correlated to the av- 
erage number of emitted slow particles, i.e. singly charged 
nuclear fragments, Nf [3,4]. Once the hadron has un- 
dergone the first collision it is no longer acting as a free 
hadron but appears as an excited state of hadronic matter 
whose characteristics are not very well known. It is gen- 

erally believed that most of the hadronization takes place 
outside the nuclear medium and that cascading in the 
nuclear medium is rather limited [5]. The emitted hadrons 
in these collisions can be divided up into two classes; 
produced particles (mainly pions) and the slow, target 
associated fragments. In this work the results from a study 
of singly charged slow fragments are used to address the 
questions of their target mass dependence as well as the 
existence of a cascade in the nuclear medium. Earlier data 
[6-9] on these subjects obtained with visual track detec- 
tors like emulsion or bubble chambers mainly suffered 
from low statistics. The data presented here is the first 
high statistics, high granularity measurement of target 
fragments performed at high energy. There have however 
been studied at slightly lower energies [10] and in nucleus- 
nucleus collisions [ 11 ]. 

2 Experimental setup and data analysis 

The data on proton and pion induced reactions at 
200 GeV/c reported here were taken with the WA80 ex- 
perimental setup [12] at the CERN SPS. A secondary 
mixed beam of protons and pions was used, and the sig- 
nals from gas Cherenkov counters were used to define 
valid beam triggers for protons and pions. The contam- 
ination of other beam particles amongst the accepted trig- 
gers are less than one percent. The data were taken with 
a minimum bias trigger requiring: i) a valid beam particle 
and ii) at least one accepted charged particle in the pseu- 
dorapidity region 1 . 3 < ! / < 4 . 2  measured with the 
streamer tube multiplicity detectors [13]. For the study 
of energy- and angular distributions we wanted an essen- 
tially background free event sample. To achieve such a 
sample of events, uncontaminated by background events, 
we have selected events with high (E r > 5 GeV) trans- 
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TaMe 1. General event information for the data presented in this 
article. The minimum bias sample was used for the multiplicity 
studies and the high E r sample were used for studies of angular 
and energy dependencies 

Target Target Event Event a (high Er) 
thickness sample sample a (min bisff 
(mg/cm 2) min bias E r > 5 GeV 

p-Au 250 167 408 93 955 17.5 % 
p-Ag 200 84 521 40 685 15.3 % 
p-Cu 200 168 538 73 493 13.3 % 
p-A1 200 127 437 47 103 10.0 % 
p-C 209 361 470 162 725 3.0 % 
p-No - 11 735 44 0.13% 

zr-Au 250 40 567 17 548 10.0 % 
n-Ag 200 21 793 7 480 8.6 % 
zt-Cu 200 37847 11 571 7.4 % 
n-Al 200 29 859 7 836 5.7 % 
rc-C 209 85 741 34 181 2.0 % 

-No - 5 626 11 0.03 % 

verse energy, measured by the mid rapidity calorimeter 
[14], which has full azimuthal coverage for pseudo- 
rapidities in the range 2.4 < r / <  5.5. For  the multiplicity 
studies, we have chosen to use our minimum bias data 
with suitable corrections from 'target out '  runs. The 
corrections remove approximately 30% from the events 
samples. More general information on the data sets is 
given in Table 1. The results discussed in this work were 
obtained using the Plastic Ball spectrometer [ 15] covering 
the target rapidity region ( - 1.7 < r / <  1.3). Each of the 
655 detector modules is a particle identifying telescope 
with a AE (CaF2) and E (plastic) detector, which are read 
out via one common photomultiplier (Phoswich tech- 
nique). These telescopes have the capability of  fully iden- 
tifying Z = 1, 2 fragments from 30-250 A MeV and with 
the extension up to 400 MeV for protons. This gives us 
a sample of  singly charged fragments that is essentially 
free from pions and Z > 1 fragments. Above this energy 
the contamination of  pions will be too severe to give an 
acceptable separation between these and the protons. 

Within the acceptance region the efficiency of  'slow pro- 
ton'  detection is close to 100%, except for angles close to 
90 degrees where we suffer from absorption in the target 
chamber. The occupancy in the most  forward of  the Plas- 
tic Ball modules were 14% in the case o f p - A u  collisions. 

3 Resu l t s  

Distribution of  the multiplicity, Nf, of  slow singly charged 
fragments, hereafter referred to as slow protons, 
(30 A MeV < E < 400 A MeV), emitted in the target ra- 
pidity region ( -  1.7 < r / <  1.3) for proton and pion in- 
duced interactions at 200 GeV/c  can be seen in Fig. 1 and 
2. The distributions are corrected for 'no target '  contri- 
bution. To study the shape of the distributions in more 
detail a simple "geometric cascade model" [3], (GCM),  
was adopted. The basic idea behind this model is that a 
single struck target nucleon (v = 1) produces slow pro- 
tons according to a geometric distribution'  

P,(N/)=(1 - - X ) X  Nj (1) 

where 

X -  ( N f )  v=' (2) 
1 + ( X f ) v = l  

This assumes that collisions between the projectile 
hadron and any target nucleon yields, on the average, the 
same number  of  slow protons. The validity of  such an 
assumption was confirmed in a neutrino-nucleus bubble 
chamber experiment [16] at Fermilab and this model was 
also able to describe the data of  De Marzo et al. [8] (p - A 
interactions at 200 GeV/c) ,  Rees et al. [9] (rr •  at 30 
and 64 GeV/c)  and Faessler, Braune et al. [10] (hadron- 
A at 20, 37, 50, 100 and 150 GeV/c) .  

In order to consider all collisions that the incoming 
hadron undergoes in the target nucleus we have to esti- 
mate the distribution of  the number  of  collisions (v). This 
was calculated using a frozen straight line geometry and 
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Fig. 1. Distributions of slow singly charged 
fragments Nf from minimum bias proton induced 
reactions on a variety of targets ranging from 
carbon to gold. The curves are fits, made with the 
GCM-model described in the text. The error-bars 
represent statistical errors 
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Fig. 2. Distributions of slow singly charged 
fragments N s from minimum bias pion induced 
reactions on a variety of targets ranging from 
carbon to gold. The curves are fits, made with the 
GCM-model described in the text. The error-bars 
represent statistical errors 

nuclei formed by nucleons placed randomly in a Woods- 
Saxon potential [ 17, 18]. To achieve the Ny - distributions 
for v = 2, 3, 4 ..., the geometric distribution given in (1) 
was folded v times, yielding (3) which is easily recogniz- 
able as a negative binomial. The final N/-distribution, 
given by (4), is then obtained by adding all P (N/) dis- 
tributions weighted according to the v-distribution. 

( Nu+ v-1)Nu P v ( N f ) = \  ( 1 - - X ) ~ X  Ns (3) 

v m a x  

P (Nf) = ~, n (v).  Pv (Nf) .  (4) 
Y = I  

The resulting distribution was fitted to the experi- 
mental distribution of slow protons using ( N f ) v = l ,  as 
the only free parameter. The fit is done with the first two 
bins excluded from the fit, as these are highly dependent 
on background corrections and susceptible to trigger in- 
fluence. Although suffering slightly from the inaccuracy 
in the absolute cross section determination, the model 
gives a fairly good description of the spectra for all the 
targets. The fits are shown as lines in Fig. 1 and 2. 

3.1 The mass dependence o f  slow proton production 

The target dependence of  slow proton production and 
related quantities can be seen in Table 2 where the fol- 
lowing mean values can be found: 

Table 2. Target dependencies for slow proton related quantities. 
Where not indicated the systematic errors are less than 1% 

Projectile C AI Cu Ag Au 

P (Ns) 0.66 1.06 1.94 2.93 4.55 
(v) 1.66 2.09 2.65 3.10 3.68 
(Nf)v_ t 0.28 0.40 0.68 0.90 1.23 

(Ni) 0.65 1.00 1.69 2.48 3.67 
(v) 1.45 1.76 2.19 2.47 2.90 
(Ns,)v 1 0.33 0.44 0.69 0.83 1.19 

0.72 • 0.01 
0.28:]=0.01 
0.56 • 0.02 

0.63 • 0.01 
0.24 • 0.01 
0.47 • 0.05 

( N i )  = T h e  average number of slow protons produced 
in an interaction. 
( v )  = The average number of leading hadron-nucleon 
collisions in an interaction. 
( N f )  v = ~= The average number of  fragments produced 
in each leading hadron-nucleon subcollision extracted 
through the GCM-model. 

The target dependence has been parametrized as A t  
When the GCM-model is applied to the data the two first 
bins are excluded because of the large background cor- 
rections and their sensitivity to any trigger bias. The val- 
ues of ~ for ( N f )  v_l are similar for proton and pion 
induced reactions, indicating that the cascading in these 
two cases behave very much in the same way. This is 
expected since the main difference between proton and 
pion induced reactions are the number of  leading hadron- 
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Fig. 3. The average number of slow protons produced in any 
projectile-target nucleon collision (Ns) v = ~ extracted through the 
"geometric cascade model" studied as a function of the target mass 
A. The line represents the function const-A ~/2 
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nucleon subcollisions, ( v ) ,  and ( N f )  v = 1 is the average 
contribution from each subcollisions. 

We found that ( N f ) v =  1 depends on the target-mass 
roughly as ]~ - .  A dependence like A ~/3 would be ex- 
pected for a very limited intranuclear cascade, i.e. only 
the nucleons excited by the projectile are able to knock 
out other nucleons. The number  of  slow protons should 
then be proportional to the distance that the struck nu- 
cleon would have to travel through the remaining target. 
The larger value found here indicates that a nucleonic 
cascade is present and this is in reasonable agreement 
with earlier findings [19]. For  the average number of  slow 
protons per interaction, ( N f ) ,  one observes some differ- 
ence between proton and pion induced reactions, Table 2. 
The difference here can be attributed to the difference in 
the elementary cross section for protons and pions. 

3.2 Model comparisons 

We have also compared our data to the results of  the 
Monte  Carlo model VENUS 3.11, chosen since it in- 
cludes a treatment of  the reinteraction of decay products 
f rom string fragmentation among themselves or with 
spectator nucleons [20], and the F R I T I O F  1.7 model that 
does not contain any rescattering [18]. To compare our 
data to the model calculations, an experimental filter has 
been applied to the models, taking into account the ab- 
sorption of particles in the target foil and the target cham- 
ber. Furthermore the models do not handle the produc- 
tion of heavier fragments, deuterons and tritons, but only 
protons. The models are not able to reproduce the ex- 
perimental distributions for p-Au, as seen in Fig. 4, nor 
are they able to describe the distribution for p-C colli- 
sions. With an increase of  the "baryonsize"-parameter  in 
VENUS that model gives a descent description of  the 
data (this parameter  is the distance between two "point- 
like" baryons which is the limit below which a secondary 
interaction will occur). A value of  3.4 fm, which is much 

larger than the default parameter  1.5 fm, is required to 
make the model fit the slow proton distribution. Such a 
large value seems however to be unphysical. 

3.3 Angular distributions of slow protons 

As mentioned above in order to limit the effect of  back- 
ground contributions only interactions with a transverse 
energy > 5 GeV are considered here. This has been taken 
into account also in the model calculations. Furthermore 
because only proton spectra are calculable in the model 
we limit the studies to slow protons identified in the plas- 
tic ball (i.e. the deuterons and tritons are omitted). The 
angular distributions are shown in Fig. 5 and it is found 
that the shape is relatively well described by the form 
e . . . . .  0, with the parameter  x being roughly 0.8 for the 
heavier targets but rising for the lighter ones. That  the 
lighter targets have a more forward peaked structure is 
easily understood as they are not large enough for a cas- 
cade to become fully developed. For  the heavier targets 

is rather constant, and only a small change is found 
when going from copper to heavier targets. When similar 
studies were performed for hadron induced reactions on 
emulsion at widely different energies it was found that 
had a value of 0.96, independent of  energy [21]. Our 
definition of slow protons and what is called grey tracks 
in emulsion are however not selecting exactly the same 

Table 3. The values for exponential fits to the angular distribution 
e ..... 0, for both the model and the experiment 

Target ~ Data K Venus 

Au 0.75 • 1.66-t-0.01 
Ag 0.79 • 0.01 1.67 • 0.01 
Cu 0.85 • 0.01 1.73 • 0.01 
AI 1.00 • 0.01 1.89 • 0.01 
C 1.32-t-0.01 2.21 • 
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Fig. 4. The data compared to the models for 
proton induced reactions on gold. The solid line is 
the results of VENUS with it's standard 
parameters, and the dashed line represents the 
FRITIOF results 
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Fig. 5. The angular distributions of protons for proton induced 
reactions on gold and carbon. Data and the VENUS calculations 
are compared. The lines are fitted exponentials, see Table 3. The 
drop due to absorption in the experimental setup around 90 ~ can 
be clearly seen 

Table 4. The values for exponential fits to be energy distribution, 
e -E/E~ in the energy range 80-400 MeV for both the model and 
the experiment 

Target Angular Data Venus 
interval E 0 (MeV) E 0 (MeV) 

Au 60 ~ 90 ~ 554-1 119-t- 3 
90~ 120 ~ 49+2 82+ 3 

120~ ~ 44• 64• 4 

Ag 60 ~ 90 ~ 48-t-1 118• 3 
90~ ~ 41 _+2 82+ 3 

120~ ~ 40• 65• 3 

Cu 60 ~ 90 ~ 57-t-1 115• 3 
90~ ~ 52• 84+ 3 

120~ ~ 46• 64• 4 

A1 60 ~ 90 ~ 60• 117• 3 
90~ ~ 53• 804- 3 

120~ ~ 48-I-7 52• 4 

C 60 ~ 90 ~ 49• 111• 3 
90~ ~ 42• 1 73• 5 

120~ ~ 41 -b 4 55 • 20 

particles. Grey tracks are belived to contain in the region 
of 10% pions and might select protons in a different en- 
ergy interval as well. The trend is the same for the VE- 
NUS model, but the slopes are approximately twice as 
steep as can be seen in Table 3 and Fig. 5. 

3.4 Energy distributions of slow protons 

As in the last paragraph only protons from interactions 
with transverse energy in excess of 5 GeV have been used 
in the following analysis. When the energy distributions 
of protons are investigated they are found to have the 
form, e-E/Eo, in the interval 80-400 MeV. The reason for 
the energy cutoff at 80 MeV for this examination is that 
the energy is not unambiguously determined in the region 
30-60 MeV. This does not affect the results for N/and 
0 distributions studied earlier in this paper. The energy 
of the protons are determined from A E measurements in 
the plastic ball, giving quite large uncertainties in the 
energy determined for the punch-through protons 
(E > 250 MeV). This has the effect of making the exper- 
imental distribution flatter and might thus increase the 
extracted E 0 value. Because of  this we have limited the 
region of our slope determination so that we use only 
protons of energies up to 350 MeV. We observe an an- 
gular dependent energy spectrum as seen in Table 4 and 
Fig. 6. This angular dependence is stronger in VENUS 
than in the experiment. The bump in the experimental 
distribution that can be seen in Fig. 6 is due to conta- 
mination of  high energy deuterons in the the proton spec- 
tra, and as expected it is not as prominent in the backward 
hemisphere. This region were also excluded when the fits 
were performed. The E o values presented in Table 4 show 
no target dependence, indicating that for the lighter tar- 
gets the backward protons are produced by the same 
mechanism as for the heavier, although the yield is 
smaller. 
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Fig. 6. Energy distributions for proton induced reactions on gold 
for three different 0-bins. Data and the VENUS model are com- 
pared. The lines are exponential fits, see Table 4 

The distributions produced by VENUS have similar 
shapes, but the E0-values are considerably larger and thus 
the energy distributions extend to higher energies. The 
experiment exhibit a much stronger intranuclear cascade 
than VENUS, an interpretation that is in agreement with 
the result for angular distributions studied in Sect. 3.3. 

4 Conclusions 

The distributions of slow singly charged fragments in 
proton and pion induced interactions at 200 GeV/c  can 
be reasonably well understood in terms of a "geometric 
cascade model". The data indicates that we have a rela- 
tively large intranuclear cascade, as the average multi- 
plicity of produced fragments, normalized to the number 
of  target participants clearly shows a dependence that is 
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s t r o n g e r  t h a n  A 1/3. N e i t h e r  F R I T I O F  n o r  V E N U S  p r o -  
duce  e n o u g h  s low p r o t o n s  in c o m p a r i s o n  wi th  the  ex- 
p e r i m e n t a l  obse rva t ions .  T h e  ene rgy  d i s t r ibu t ions  o f  s low 
p r o t o n s  exh ib i t  a n g u l a r  bu t  n o t  t a rge t  mass  dependence .  
T h e  a n g u l a r  d i s t r ibu t ions  h o w e v e r  exhib i t  a c lear  t a rge t  
mass  d e p e n d e n c e  b u t  the  d i f fe rence  is fa i r ly  smal l  fo r  
nucle i  o f  m a s s  g rea t e r  t h a n  70. Th is  seems to  ind ica te  
t ha t  a l r e ady  a c o p p e r  nuc leus  is b ig  e n o u g h  fo r  the  cas- 
cade  in the  n u c l e a r  m e d i u m  to ful ly  deve lop .  
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