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Abstract. Correlations between protons are studied in the
target fragmentation region of reactions of protons and !0
with C, Cu, Ag, Au and of 32S with Al and Au at 200
A GeV. The emitted protons were measured with the Plastic
Ball detector in the WA80 experiment at the CERN SPS. The
comparison of the correlation function with calculations, as-
suming a spherical, gaussian shaped source with a lifetime
7 =0 fm/c, allows the extraction of radius parameters. The
values are very close to those expected from the geome-
try of the target nuclei and increase with the target mass

as o AKS .- Even in proton induced reactions the whole
target nucleus is involved. The dependence of the radii on
centrality, polar angle 8,,,, and energy, and their relation to
measured proton yields are presented.

1 Introduction

The investigation of the target fragmentation region offers an
opportunity to study the interaction of particles emitted from
the primary interaction zone with the surrounding nuclear
environment (spectator matter). This has been the topic of
several earlier WA80 publications [1, 2, 3, 4, 5]. They show
that the entire target nucleus is involved in the reaction due
to rescattering.

The actual size of the target region, which is participating
in the reaction, can be obtained with the help of two-proton
correlations, which provide information about the space-time
characteristics of the proton source. The shape of the cor-
relation function is dominated by three effects. On the one
hand, the long range Coulomb repulsion and the Pauli exclu-
sion between two protons cause an anticorrelation at small
relative momenta. On the other hand, the attractive S-wave
nuclear interaction gives rise to a maximum in the correlation

function at a relative momentum q = p; — p2 =~ 40 MeV/c,
when the protons are less than about 10 fm apart at the time
of emission [6, 7, 8]. The height of this maximum is in-
versely proportional to the volume of the source and thereby
provides means to measure its size. An expression for the
two-proton correlation function is given in [7] as,

c®,q-= /d37‘ Fp()|®(q,0)*

where r =1 — r; is the relative coordinate, P = p; + p; is
the total momentum and @ (q, r) is the relative wave function
of the proton pair. The function Fp (r) contains the phase
space distribution of the emitted protons after many-body
interactions have ceased.

2 Data analysis

The data were taken with the Plastic Ball detector in the
WABS( experimental setup at the CERN SPS. This detec-
tor has already been employed in an analysis of two-proton
correlations for the reactions Ca + Ca and Nb + Nb at
400 A MeV, measured at the Bevalac [9]. The Plastic Ball
[10] consists of 655 AE-E scintillator telescopes and cov-
ers the polar range of 30° < 6y, < 160° (which corresponds
to the pseudorapidity range —1.7 < n < 1.3). It allows the
identification and energy measurement of positive pions and
charged fragments up to helium isotopes.

In ultra-refativistic heavy ion reactions one must cope
with very high particle multiplicities. The charged particle
density dN/dn at n = 1 reaches values of up to 100 for
328 + Au collisions [3]. Obviously, the high multiplicity of
particles provides a very difficult enviroment for the Plas-
tic Ball detector. Such a situation approaches the detector
limits imposed by the finite granularity. Nevertheless, a suf-
ficiently clean particle identification could be achieved as
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Fig. 1. The linearized AE-distribution for the reaction 32§ + Au without
energy cuts. The AE-E bands were linearized and projected onto the AE
axis. The solid lines mark the identification window used for the 160- and
328.induced reactions. The window for data from p-induced reactions is
represented by the dashed lines (see text)
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Fig. 2. Phase space density of the accepted protons (log. scale) as a function
of pr and g for 90 + Au collisions

demonstrated in Fig. 1 where the linearized AE distribu-
tions, showing the 7*, p, d and t peaks measured in 3’S
+ Au reactions, are displayed. In order to assure a similar
quality of proton identification as is obtained in proton in-
duced reactions, the accepted AE-E-band for protons was
chosen narrower in the case of '®0 and 3?S induced reac-
tions. The accepted proton regions are indicated by lines in
Fig. 1. In this analysis the energy of the protons is restricted
to 40 MeV < Ey;, < 200 MeV. This assures that only pro-
tons, which are fully stopped in the E-counter and therefore
provide a complete AE-E-signal, are accepted. Additional-
ly, the misidentification of punch-through deuterons as pro-
tons is negligible below the energy limit of 200 MeV. This
leads to an acceptance limited in rapidity to |yib| < 0.6 and
in transverse momentum to 100 MeV/c < pr < 650 MeV/c
as displayed in Fig. 2.

The WAS80 minimum bias trigger requires a valid beam
particle in the start counters and at least one charged parti-
cle in the multiplicity detectors for all projectile types. For
the ion-induced reactions an additional condition demands
less then 88 % of the beam energy to be measured in the
Zero-Degree-Calorimeter [11] (n > 6). The requirement to

Table 1. Definition of centrality via Ezpc/ Eneam together with the average
number of target participants <. Npyy > and the average impact parameter
< b > for the Au-target

< Npgn > < b> (fm)
16

Centrality Ezpe/Epeam 50 3§ 0o ¥5
central 0-30 % 389 638 37 3.7
semi-central 30-50 % 233 399 58 55
peripheral 50-88 % 9.7 169 175 1.7

measure at least two protons in the Plastic Ball introduces
an additional bias towards more central events. The ZDC
is also used for a classification of the events into 3 cen-
trality bins by applying cuts in the measured ZDC-energy.
We used the event-generator FRITIOF [12] to extract the
average number of target participants < Np,, > and the av-
erage impact parameter < b > as a measure of the centrality.
These variables, which are mainly determined by the reac-
tion geometry, are well described by event-generators like
FRITIOF. The values are listed in Table 1 together with the
definition of the centrality bins.

The experimental two-proton correlation function is ob-
tained by dividing the distribution of proton-pairs by uncor-
related pairs. The uncorrelated pair distributions were gen-
erated with the event-mixing method. To ensure that only
protons from comparable events were mixed, the events
were divided into 7 classes of centrality and each event
was combined with 5 other events of the same event class.
Mixed-event pairs with both protons in the same module
were rejected. This corresponds to a cut in the opening
angle at ¥ = 7°. The correlation function was measured
as a function of the Lorentz-invariant relative momentum
Q = /=@ — p5)*. The resolution in this variable, which
is dominated by the granularity of the detector, has an aver-
age value of 0o ~ 23 MeV.

Since there is no simple analytical expression for the
two-proton correlation function, which can be fitted to the
experimental value, one has to extract the radius parameter
R by comparing a numerical calculation to the data. This has
been done using a program, which calculates the two-proton
correlation function from an assumed phase space distribu-
tion of the protons. From this distribution proton pairs are
randomly chosen and the square of the relative wave function
is calculated, including the effects of the Coloumb repulsion,
the Pauli exclusion, and the strong interaction between the
proton pairs. Our simulation is based on a spherical, gaussian
shaped source distribution p with a lifetime of 7 = 0 fm/c.

2
p(r,t)= Poexp{——R—z} 5(t — to)

In the case of a non-zero lifetime this gives an upper limit
for the spatial extent of the source. The momenta of the
protons were generated according to the measured single-
particle distributions.

The original computer code was modified in order to in-
clude detector effects [13]. Mainly the angular resolution,
limited by the modular structure of the detector, had to be
taken into account. Additionally, the energy resolution ac-
cording to the value measured in [10] was implemented.

Another important point is the possible misidentification
of particles in the detector. Protons falsely assigned to other



Table 2. Summary of all analyzed systems with the number of accumulated
proton pairs Np,irs and the average proton multiplicity < Np >. The values
for < Np > are weighted with the number of proton pairs in each event and
efficiency corrected as explained in the text. Also given are the percentages
of misidentified particles and the resulting correction factors, which are
applied to the result of the simulated correlation function

Reaction Npm,_glO’3 < Np >  Background % Correction
Factor
p+C 58 33 106 + 1.1 0.80 £ 0.05
p+Cu 663 5.4 10.1 £ 06 0.81 £ 0.05
p+ Ag 1318 73 104 + 04 0.80 % 0.05
p+Au 4219 10.1 124 £ 04 0.77 £ 0.05
160 4+ C 116 3.5 8.8 + 04 0.83 + 0.05
%0 + Cu 1760 7.3 9.5+ 02 0.82 + 0.05
160 + Ag 4036 11.6 98 +£ 02 0.81 £ 0.05
150 + Au 27316 19.2 12.0 £ 0.2 0.78 &+ 0.05
28 + Al 997 4.0 14.0 + 03 0.74 £ 0.05
28 + Au 26696 18.7 146 + 0.3 0.73 + 0.05

particles are not relevant for this analysis. Particles, that are
wrongly accepted as protons, however may influence the
correlation function. Reasons for misidentification are :

— The particle is scattered out from the original module
into an adjacent module and therefore shows only an
incomplete E-signal.

— Deuterons and tritons suffering reaction losses in the
scintillator may fall into the proton window.

— Because of the high multiplicity double hits in a module
may occur.

The last point is strongly dependent on the hit multiplic-
ity and on the 6j,-angle. The apparent momentum of fake
protons bears almost no information on the true momentum
of these particles — they are uncorrelated and will reduce
the height of the measured correlation function and thereby
simulate a larger source. Therefore a correction factor has
to be applied to the result of the simulation. To obtain this
correction factor, the background of misidentified particles
has to be estimated. This was done by fitting a projection
of the AE-E band of the protons (Fig. 1) with the sum of a
Gaussian curve and a polynomial for the background. From
the integrals of Gaussian curve plus polynomial and of the
polynomial alone in the range of the accepted protons the
percentage of misidentified particles is obtained. Because
the background is strongly dependent on the multiplicity of
the reaction and on the fj-range, it is measured for ev-
ery analyzed system separately. Typical values are given in
Table 2. The background for the p- and '®O-induced reac-
tions is, despite the strongly different multiplicity, the same,
because the particle identification is less restrictive for the p-
projectiles. This table also contains the number of used pro-
ton pairs Npairs and the average proton multiplicity < N, >,
which is measured with the same proton identification win-
dow for the proton- and the '°0- and 32S-data, in order to
make a direct comparison possible. The values listed here
for < N, > are weighted with the number of proton pairs in
each event and corrected with an efficiency, which was cal-
culated in [1] with a Monte-Carlo method for the reactions
%0 + Cu, Ag, and Au. The extracted efficiency corrections
are extrapolated for the other reactions. Corresponding to [1]
the uncertainty in < IV, > is assumed to be +15%.
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Table 3. Radius parameters R in fm for all analyzed reactions

Target
Projectile Au Ag Cu Al C
p 39+024 344+£024 2.7+024 1.8 +£0.24
150 44+ 030 38 +024 331024 22+024

2g 42 +0.34 27+£024

The result of the correlation calculation is normalized
in the same region as the experimental correlation function:
195 MeV < @ < 300 MeV. To extract a radius parameter,
the calculation is performed for a set of different radius pa-
rameters and then compared to the data by calculating the
x?-value.

The systematic uncertainties are mainly introduced by
the imperfect knowledge of the background, caused by the
false particle identification. Especially multiple hits of 7%,
é-rays, neutrons, and <y’s can lead to a signal, which lies in
the proton identification window. The relative uncertainty of
the correction factor is estimated to be less then 7%. This
leads to a variation of the radius parameters of < 0.1 fm. The
comparison of two correlation functions measured with dif-
ferent identification windows provides a test for the quality
of the background correction. For the reaction 1°0 + Au this
yields a difference in the resulting radius parameters of only
0.1 fm, which is within the range of estimated uncertainty.

The effect of multiple hits also worsens the energy res-
olution in a way that is not implemented in the simulation.
This becomes evident by the fact that the experimental cor-
relation function is not so well reproduced in systems with
high multiplicities such as 2S + Au. To estimate the result-
ing uncertainty, the simulation was artificially adapted to the
data by varying the energy resolution parameter in the simu-
lation. This leads to a deviation of the radius parameters by
0.1 fm for 'O + Au and by 0.2 fm for *>S + Au. Bin size
effects introduce a further uncertainty of < 0.1 fm.

The total systematic uncertainty is given by the quadratic
sum of all of the contributions listed above.

3 Results

Figure 3 shows the two-proton correlations as a function of
Q for reactions of 200 GeV protons, '°0, and 328 with dif-
ferent targets. For small values of () one can see a clear
enhancement in the data, corresponding to the two-proton
S-wave correlation. The hatched band displays the result of
the calculations which gives the best fit to the data. The
width of the band represents the uncertainty of the Monte
Carlo calculation. Theoretically, one would expect the cor-
relation function to drop to zero for @@ = 0 MeV. This value
is not reached because of the relative momentum resolution
of the detector. However the difference in height of the peak
is clearly visible, which corresponds to different underlying
source sizes. The extracted radius parameters R are listed in
Table 3 for all analyzed systems. These values are also com-
piled in Fig. 4 where all radius parameters are displayed as

: 1/3
a function of ATﬁrge[.

tionality to A}ﬁ: .t 15 observed. In the case of the p-induced
reactions the radius parameters happen to lie closely below
the geometrical nuclear radii, represented by the hatched

For all projectiles a significant propor-
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band, while for the 90 and 32S projectiles slightly higher
values are found. The rms nuclear radius is here converted
into the corresponding Gaussian radius parameters [14]:

1 2 1/3
Rgeo = E \/; 1.29 ATﬁrget

A comparison between the p and the '®O-results is attempted
by applying a function R = aA? o the data for fitting the

radius parameters of different tafraéec{-projectile combinations.
The results of this global fit are given in Table 4. For the p-
induced reactions there is an indication that the exponent 3
is slightly greater than for the '®O-reactions, suggesting that
the dependence on the target mass is stronger in the proton
case.
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Fig. 3a—c. Two proton correlation as a function of @ for reactions of
200 A GeV protons and 60 with Au, Ag, Cu, and C and of 32§ with
Al and Au. The hatched band represents the result of the calculation which
provides the best fit to the data. Note the differences in the vertical scale

To investigate the target dependence in more detail, two
proton correlations have been studied as a function of the
proton emission angle &, the measured proton multiplicity
< N, >, the number of target participants Npy, and the
center-of-mass energy of the proton pairs E .

Protons, which were detected in the forward half (30° <
Oiab < 90°), and those, which hit the backward half (90° <
B < 160°) of the detector, were analyzed separately. The
resulting radius parameters are displayed in Fig. 5 again as

a function of A}ﬁ - The results of the fit with o A%rgel are
also listed in Table 4. There is an indication that the target
dependence is stronger for Oy, > 90° than for 6y, < 90°
with a difference which is larger for the p-induced reactions
than for the '®O-induced reactions. For collisions of pro-
tons with light targets the absolute values of the radii are
significantly larger in the forward hemisphere.
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Table 4. The parameters « and 3 of the function R = o A’

G1a-Range
Projectile  Parameter Global < 90° > 90°
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8 025 £0.06 0224005 035+0.12
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A more detailed view of the 1., dependence for '°0 and
328 + Au is given in Fig. 6. In the case of the *2S-induced
reactions a significant rise of the radius parameters with 6ja
is visible. The same effect shows up for 0 + Au, but is
less pronounced.

To study the centrality dependence of the radius param-
eters, the analysis was performed for '0- and 32S-collisions
in three different Ezpc-regions. The results are displayed in
Fig. 7 as a function of the number of target participants (see
Table 1), to make a direct comparison between the two sys-
tems possible. Only a small variation over this large range
of Npar is observable, even for peripheral '°0 + Au events,
where very few target nucleons are directly involved.

It has been shown [3] that particle yields in the target
rapidity region exhibit a proportionality to the target mass.
It is therefore of interest to compare proton multiplicities
with the measured radius parameters. Such a comparison is
displayed in Fig. 8 — here all analyzed systems including the
different centrality cuts in the ZDC-energy for the Au-target
are shown.
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The observed relation ressembles very much one would
expect from the target dependence investigated above: The
data for all projectiles show a similar behaviour. When the
proton multiplicity is parameterized as a power of the radius,
an exponent of 8 = 2.1 £+ 0.5 can be extracted. Despite this
overall ressemblance there are differences in the behaviour
for different projectiles. Proton induced reactions show a
much smaller exponent of 3’ = 1.4 +0.3, while the fit yields
a power 3 = 2.1 £0.7 for '°0 and 8’ = 3.1 £ 0.9 for S
projectiles.

Figure 9 shows the dependence of the radius parameters
on the center-of-mass energy E.n. = P?/(4m,;) of the pro-
ton pairs. Systems with a nonzero lifetime could reveal an

increase of R with the energy of the proton pairs [7] since
the longitudinal expansion of the source is of the order of
(Pem/2myp) 7. For the systems analyzed here, there is no
such effect visible.

4 Discussion

Protons in the target fragmentation region may originate
from two mechanisms. They may either participate only in
the primary reaction and leave the target nucleus without
further interaction, or they may be involved in rescattering
processes — as participants or target spectators. These two
mechanisms should also be refiected in the respective source
sizes for these particles. Primary participant protons origi-
nate from the overlap region of projectile and target ~ their
source size should depend on both projectile and target mass.
Rescattered participants or spectators may undergo their last
interaction anywhere in the target — their source size should
exhibit mainly a strong target dependence. The observation

that proton source radii are close to the geometric radii of
1/3

the target and show an approximate proportionality to Ay,

illustrates the importance of the rescattering processes.

Protons emitted into the backward hemisphere cannot
originate from a single binary nucleon-nucleon collision.
They have to undergo rescattering. This is in line with the
observation of a stronger target dependence of the radii for
angles Oy, > 90°.

In the forward hemisphere the target dependence is
weaker — this can be expected, because here protons from
primary reactions may also contribute.

The angular dependence of the radii for the heaviest sys-
tems ('O and *2S + Au, see Fig. 6) may be taken as another
hint for the existence of these two proton sources. The con-
tribution from the participants reduces the effective source
size for forward angles. These heavy systems obviously pro-
vide a situation, where both mechanisms are observable. This
is not as clear for other systems: light targets do not allow
rescattering to be as important. The comparably small ra-
dius value at backward angles for the reaction p + Cu, for
example would not be expected for a scenario of ’complete
rescattering’. The full understanding of these values obvi-
ously requires a better knowledge of the space-time devel-
opment in the target region.

From the comparison of proton yields and radii (Fig. 8)
one can see that data for different projectiles exhibit differ-
ent behaviour. For proton projectiles the increase of proton
yields with increasing radii is much weaker than for heavier
projectiles. Obviously the number of emitted protons varies
for different systems, which could be understood as a differ-
ent degree of excitation. The uncertainties do not allow to
analyze this in more detail, but this example may illustrate
that the study of particle yields on its own is not sufficient
to understand the reaction geometry.

The observation, that there is no centrality dependence
for the Au target, fits into this picture. Even a peripheral
collision excites the full target nucleus, but the degree of
excitation may vary.
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Table 5. Radius parameters R in fm for p and !0 reactions for protons observed in the forward and backward 1,-angle regions

Target
Projectile  8j,5-Range Au Ag Cu
p < 90° 394024 35+024 304+024 18+034
> 90° 40+£034 324024 204+£024 154024
e} < 90° 42+030 38+024 334024 234024
> 90° 46 +034 404034 331+024 161034

5 Summary and conclusions

We have presented an analysis of two-proton correlations in
the target fragmentation region of proton-, '°0-, and 32S-
induced reactions with various targets at 200 A GeV. By
comparing the correlation function with the results of simu-
lations, it was possible to extract radius parameters.

The proton source is mainly determined by the geometry
of the target nucleus. The measured values show a depen-

dence on the target mass similar to A}fget and are close to
the nuclear radii. The target dependence is stronger for pro-
tons than for 'O projectiles. The whole target is involved
in the reaction, even in proton induced reactions and also
in peripheral heavy ion collisions. This is in agreement with
the observation, that the charged particle multiplicity is pro-
portional to the number of target nucleons [3].

The target dependence is stronger in the backward hemi-
sphere 8),, > 90° than in the forward hemisphere 6y, < 90°,
but the difference is less pronounced for the '*O-induced re-
actions than for the proton reactions.

There is no variation of the radius parameters with the
center-of-mass energy E., of the proton pairs. This indi-
cates, that lifetime effects do not play an important role, so
that the extracted radius parameters gives a good description
of the actual proton source.

It has also been shown that the study of particle yields
does not allow a direct conclusion on geometric properties
of the reaction. In the target region the number of protons
emitted per unit volume changes for different reactions.
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