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Abstract. The composition of forward-going projectile spectator matter in fixed-target Pb+Pb collisions
at 158 A-GeV at the CERN SPS has been studied as a function of centrality. The data were measured with
the NA49 veto calorimeter. We observe that forward-going spectator matter in central collisions consists
of 9 neutrons, 7 protons, and half a deuteron on average. At large impact parameters most spectator
nucleons are bound in fragments. The relative resolution of the average impact parameter derived from
the measurement of spectator neutrons is roughly 19% in the range from zero to half maximum impact
parameters.
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1 Fig. 1. Upper: A view of the collimator
configured to accept spectator nucleons.
Lower: A fragmentation run setup. Only
the relevant detectors are depicted. The
target is 25 m upstream of the front face of
the collimator. Two Vertex Magnets (VM)
ﬂ are used to separate particles of different
charge-to-mass ratios. The ring calorime-
ter measures the energy in the laboratory
pseudorapidity range of 3.2 < n < 4.9 in
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1 Introduction

In heavy ion experiments, forward-going particles are of-
ten used for on-line triggering. In a simple geometrical
picture, forward-going matter reflects the degree of cen-
trality of each event. The more central a collision is, the
fewer fast particles enter a forward region of small solid
angle around the beam. In peripheral collisions, a large
fraction of the beam energy remains in the forward region
[1].

Projectile fragmentation in heavy ion collisions has
been studied [2,3] at Bevalac energies. The cross sec-
tions for the emission of fragments, which can result from
the strong nuclear interaction or the electromagnetic in-
teraction, depend on the impact parameter of the colli-
sion. When fragmentation is caused by the nuclear in-
teraction, the cross sections are strongly dependent on
the geometry of the collision. According to the hypoth-
esis of limiting fragmentation [4], these cross sections and
spectra have little beam energy dependence above kinetic
energies of about a hundred A-MeV. There are experi-
mental confirmations of this hypothesis [5,6]. Within the
scenario of limiting fragmentation, the fragmentation of
forward-going projectile matter at SPS energies (= 160
- 200 A-GeV) would be similar to those which have been
measured at the Bevalac [7,8] (=1 A-GeV), SIS [9,10] (~
0.1-1A-GeV), and AGS [11,12] (= 10 A-GeV) energies.
Indeed fragments with mass numbers close to the one of

the projectile have been observed in peripheral heavy-ion
collisions involving light projectile nuclei (oxygen and sul-
phur) at 200 A-GeV [13,14], however, the reported cross
sections are smaller than predicted by limiting fragmen-
tation at 200 A-GeV [13].

For better understanding of the Pb+Pb reaction mech-
anism, it is important to investigate the composition of the
spectator matter which consists of nucleons and nuclei. In
this work we study the composition of spectator matter in
terms of bound and free nucleons as a function of impact
parameter. We define spectator nucleons by requiring that

their momentum in the projectile rest frame is below 270
MeV/c.

2 Experimental setup

The experimental setup of the NA49 fragmentation run
is shown in Fig. 1. It uses two superconducting dipole
Vertex Magnets (VM1 & VM2) with a total bending
power of 7.8 T-m immediately downstream of the target to
bend the trajectories of charged particles in the horizontal
(bending) plane. In the fragmentation region where every
nucleon has approximately the beam energy per nucleon,
the deflections of charged particles depend mainly on their
charge-to-mass (Z/A) ratios (apart from the spread due
to the Fermi momentum). At a distance of 25 m from
the target, where the front face of the collimator is posi-
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tioned, the average horizontal deflection of charged parti-
cles from the undeflected beam trajectory is 11.9 c¢m for
the 29¥Pb nuclei (Z/A=0.39), 15.1 cm for the particles
with Z/A = 1/2, and 30.3 cm for protons, as shown in
Fig. 2.

The NA49 setup is equipped with two calorimeters:
the ring calorimeter (Ring Cal) and veto calorimeter
(Veto Cal). Ring Cal consists of an electromagnetic lead-
scintillator calorimeter of 16 radiation lengths (1 inter-
action length), followed by a hadronic iron-scintillator
calorimeter of 6 interaction lengths. It is a barrel that
has an inner/outer radius of 0.28/1.50 meters. Ring Cal
measures the energy (Eg) with an overall relative energy
resolution (o(ER)/ERr) of about 100%/v/Er (Eg in GeV)
in the laboratory pseudorapidity range of 3.2 < n < 4.9
for neutral particles. Since the charged particle trajecto-
ries are bent by the magnetic field the phase space seen by
Ring Cal is a complex function of rapidity and transverse
momentum, but the total energy per event detected by
the Ring Cal is still a good measure of the centrality of
the collision. The projectile spectator matter is found at
small angles not covered by Ring Cal and travels through
its hole to Veto Cal.

The energy (Ey) of the forward-going spectator mat-
ter is measured in the veto calorimeter. It is a lead-
iron/scintillator hadronic calorimeter with a total of 10
interaction lengths. Its relative energy resolution is about
200%/vEy (Ey in GeV). It was calibrated with the Pb
beam of energy 32.9 TeV. The acceptance of Veto Cal is
defined by the opening of the iron collimator positioned
immediately upstream of Veto Cal. The size and position
of the opening(s) are adjustable. The full opening, 43 cm
wide in the horizontal direction and 10 cm in the ver-
tical direction, is sufficient to accept the spectator neu-
trons, protons, and fragments, including their spread due
to Fermi momentum. The collimator opening can be ad-
justed to different sizes (see Fig. 2) to accept various spec-
tator species in separate runs. As illustrated, the possi-
ble configurations are labeled ‘neutron’, ‘proton’, ‘nucleon’
(i.e. neutron+proton), ‘fragment’; and ‘all spectator’ (i.e.
neutron+proton+fragment). In each configuration, suffi-
cient amounts of data without a target (target-out runs)
were collected in order to estimate the effect of the back-
ground.

Two target thicknesses—2.0% and 0.5% of the Pb+Pb
interaction length—and two trigger configurations were
employed. In the minimum bias mode, a gas Cerenkov
detector positioned a few centimeters downstream of the
target was used to veto non-interacting Pb-beam parti-
cles. In this mode, the ratio of target-out to target-in in-
teractions for the 2.0% target was about 1/5. The back-
ground resulted from interactions of Pb particles with low
Z material in the upstream part of the beam line. It is
suppressed by the second trigger (medium bias) condition
which requires an energy larger than ~ 4 TeV in the ring
calorimeter. The ratio of target-out interactions to target-
in interaction with an off-line centrality cut of Fp > 6
TeV is 8% for the thick target and 28% for the thin tar-
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get. Whenever necessary, the background was subtracted
in the analysis presented below.

3 Data analysis

The correlation of the energy measured in Veto Cal (Ey )
as a function of Er measured in Ring Cal for events
obtained with a minimum bias trigger is displayed in
Fig. 3 for three different collimator configurations (see
Fig. 2). The data collected in the 'Fragment’ (upper panel)
and "Nucleon’ (lower panel) are represented by the boxes
whereas in both panels the ‘All spectator’ configuration
results are shown as crosses. Qualitatively, all correlations
can be understood within a participant-spectator picture.
In central collisions, many nucleons collide resulting in a
multitude of produced particles, which deposit their en-
ergy in Ring Cal, and only a few spectators remain. In
peripheral collisions, a large number of spectator nucle-
ons and fragments deposit a substantial fraction of the
incoming beam energy in Veto Cal and there is only lit-
tle energy from produced particles seen in Ring Cal. The
fragments show a similar behavior as all spectators (upper
panel) whereas the energy in the nucleons (lower panel)
reaches a maximimum at intermediate energies in the ring
calorimeter.

The lower FEr region (< 6 TeV) is increasingly contam-
inated by Pb+air interactions the contribution of which
was quantified in target-out runs and subtracted wherever
appropiate. In order to increase statistics on valid Pb+Pb
interactions, data with medium bias trigger (defined in the
previous chapter) were taken in all collimator configura-
tions.

In order to obtain information about the number of
spectator nucleons from the measured energies in the veto
calorimeter one has to correct for the contributions from
other sources. These non-spectator contributions are due
to energy leaking out from the back of the collimator and

‘All spectator’

‘Nucleon’ —a

/
[ i
‘Neutron’ ‘Fragment’ ‘Proton’
Scm
Pb Z/A=1/2
0 — ceo@P
-5¢cm T T T
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Fig. 2. An illustration of the horizontal deflection of charged
particles at the front face of the iron collimator. The broad-
ened distribution of each species is due to the Fermi motion of
nucleons or fragments; additionally, the oval shapes are due to
the deflection of charged particles in the magnetic field. The
sizes of the distributions correspond to one standard deviation.
The open circles in the fragment acceptance represent particles
of Z/A other than one half
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Fig. 3. Upper: The energy measured in Veto Cal with the
open collimator (crosses) and with the ‘fragment’ configura-
tion (boxes) as a function of the energy measured in Ring Cal.
Lower: The same correlation with the ‘nucleon’ configuration.
The central Pb+Pb collisions are characterized by high Eg,
and the peripheral collisions by low Er

energy of participating nucleons as well as produced par-
ticles which pass through the various openings of the colli-
mator. The latter consist mainly of neutral particles from
the primary interaction and include particles from sec-
ondary interactions in the air. The corrections were com-
puted using the GEANT code [15] to simulate particle
trajectories. The input to the simulation was derived from
the event generator VENUS [16] (version 4.12) which,
however, does not generate any fragments. All spectator
nucleons are treated as free nucleons with beam energy
and zero transverse momentum. In order to simulate frag-
mentation A/Z=2 nuclei were formed according to the
following prescription which is based on a comparison of
the energy in the veto calorimeter as given by the VENUS
code with what is measured in the 'Neutron’ configuration
for a given Eg interval. The difference between VENUS
prediction for spectator neutrons and measurement is at-
tributed to those spectator neutrons which are bound in
fragments and are therefore deflected away from the 'Neu-
tron’ opening of the collimator. These excess neutrons are
combined with an equal number of spectator protons to
become deuterons (or other Z/A=0.5 fragments) The mul-
tiplicity and Z/A ratio of the formed fragments are not
important since Veto Cal cannot distinguish the energy
carried by a fragment of atomic number A from the sum of
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Fig. 4. VENUS simulation of the correlation between impact
parameter and the energy seen by the ring calorimeter Er with
the NA49 magnetic field on

Table 1. Er bins and their corresponding average impact pa-
rameter values and their spread in RMS values

Er (TeV) (b) (fm)
12 - 14 2.1 + 0.9
10 - 12 3.7 + 0.9
8§ — 10 5.4 + 0.7
6 - 8 6.9 + 0.7
4 - 6 8.4 + 0.7
2 - 4 10.5 + 0.8
0 - 2 13.4 + 1.5

energies carried by a collection of smaller fragments whose
nucleon numbers add up to A. In this way, the GEANT
output is made to match the measured neutron data and
provides a reasonable estimate of the contributions from
non-spectator sources to the energy measured by the veto
calorimeter in the different collimator configurations.

The VENUS simulation provides a distribution of the
impact parameters (b) for a given value of Fr. Fig. 4 shows
the corresponding correlation. (b) and its RMS width in 2
TeV bins of Egr are given in Table 1 for the whole range
of energies obtained from the ring calorimeter.

In the simulation, the total energy deposited in the
veto calorimeter through the particular collimator open-
ings consists of the spectator part (which is denoted
E;yoat) and the non-spectator part, which is composed of
the leakage through the collimator and the energies car-
ried by produced particles and participant nucleons. The
latter are defined to be those that have momenta greater
than 270 MeV/c in the projectile rest frame (Veto Cal ac-
cepts protons with momenta smaller than 315 MeV/c in
the same Lorentz-frame; for neutrons the same cut applies
to their transverse momenta). The essential information in
the simulation is the fraction of the total energy (Evgro)

which is due to spectator nucleons and fragments (E°" ).
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Table 2. GEANT simulation of fragmentation (Energy in TeV). The ratio of E;P¢¢
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imput 10 EvETO is the correction factor to be

applied to raw data. (# spec) is the average number of nucleons in each spectator species expected to be within the acceptance,
and their errors are RMS values. (# prtcp) is the average number of participant nucleons expected to be within the acceptance

(0) (fm)  E;PS, / Evero =  Factor (%) (# spec) (# prtep)
Total
2.0 2.55 4.53 56 16.2 £ 5.2 11.1
4.0 5.48 7.72 71 34.7 + 10 13.1
5.8 9.87 12.4 79 62.5 + 12 15.0
7.6 15.0 17.4 86 95.3 + 13 14.5
9.1 19.3 21.1 91 122 +£ 14 12.4
11.2 25.3 25.9 98 160 £ 12 8.1
Fragment
2.0 0.12 1.04 11 08+ 1.3 4.1
4.0 1.09 2.13 51 6.9 £ 2.8 4.2
5.8 2.84 4.14 69 18.0 £ 3.8 4.4
7.6 5.48 6.83 80 347+ 5.3 3.7
9.1 8.45 9.74 87 53.5 + 10.8 2.9
11.2 13.4 14.5 92 84.7 + 14.6 1.8
Nucleon
2.0 2.43 3.70 66 15.4 £ 5.2 7.0
4.0 4.39 5.94 74 278 + 8.8 8.9
5.8 7.03 8.81 80 445 £ 114 10.6
7.6 9.57 11.4 84 60.6 + 11.3 10.8
9.1 10.8 12.0 90 68.7 £ 11.6 9.5
11.2 11.9 12.5 95 75.2 £10.2 6.3
Neutron
2.0 1.44 2.31 62 9.1+ 3.3 4.3
4.0 2.73 3.73 73 173 £ 6.1 5.2
5.8 4.39 5.61 78 278 £ 7.9 6.5
7.6 5.94 7.25 82 37.6 £ 8.1 6.6
Proton
2.0 0.99 1.66 60 6.3 £ 3.0 2.8
4.0 1.72 2.60 66 10.9 + 4.3 3.7
5.8 2.67 3.67 73 16.9 &+ 5.6 4.2
7.6 3.66 4.73 77 2324+ 5.6 4.2
The results of the simulation are summarized in Table 2.  tron (E,J;eutmn) and proton (Egmton) energies were deter-
The ratios between E;7", and Eypro are the correction mined from the corrected nucleon energy (ES,.,..) by
factors which we applied to the values of the measured the following equations:
energies in the veto calorimeter in the different configura-
tions. Eicutran - fLucleon ! ErcLeutron/(Echeutron + E;zcn‘oton) (1)

After correction for the non-spectator contribution to
the measured forward energies the sum of spectator neu-
tron, proton, and fragment energies exceeded the total
forward-going spectator energy in each bin (by approx-
imately 20%), ie. Erc;,eutron—’—E;roton+E;7"agment > Egll
where Eﬁeut’r‘on’ Eg'r'otmm Jccragmenw gll are the energies
in spectator neutrons, protons, fragments, and all specta-
tors, respectively. We conclude that the simulation does
not treat correctly the energy contributed by the par-
ticles which participated in the collision. The effect is
most pronounced in central collisions and may be either
due to shortcomings of the event generator and/or of the
GEANT code. In order to do a first order correction the
following method was adopted. The final corrected neu-

Egj)troton = ;:Lucleon ' E;roton/(EZeutron + E;roton) (2)

The correction of Ef,, .., is small because the num-
ber of nucleons in the fragments is much smaller than
the number of free nucleons in central collisions. At
larger impact parameters where both numbers become
comparable the energy in the participants is small.
With this method, the disagreement between FE¢;, and

B/ o

neutron Eproton T ESragment 1 smaller than 9%. By com-

paring the E° and E¢ +E¢ the systematic

nucleon neutron proton» - . ;
error that cannot be accounted for by the simulation is

found to be 20%.
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4 Results and discussion

The differential cross sections for the corrected energy dis-
tributions with a cut Er > 6 TeV for all the configurations
are shown in Fig. 5. The energy measured in the “all” con-
figuration has the widest distribution. The measurement
of the fragments shows a large cross section near zero Ey .
This means that in central collisions only few fragments
are formed over a substantial range of impact parameters.
A comparison of the neutron and (unbound) nucleon en-
ergy distributions shows that the sum of proton and neu-
tron energies has a significantly wider distribution than
the energy of the neutrons alone. This difference quanti-
fies the increase in resolution of a centrality measurement
derived from all unbound nucleons as compared to a mea-
surement of the neutrons alone.

From the corrected neutron and proton data, the
neutron-to-proton (n/p) ratio of the (unbound) specta-
tor nucleons was found for each centrality bin as shown
in Table 3. The errors in the table are estimates based on
the systematic error of 20%. The n/p ratio in the 2°*Pb
projectile is 126/82=1.54. In the two most central bins
the n/p ratio is slightly smaller, although by less than the
quoted errors, than that of the 2°Pb projectile. We ex-
pect this ratio to be close to 1.54, since there are almost
no fragments in central collisions. With increasing impact
parameter the number of fragments increases. The large
majority of these light nuclei have equal numbers neutrons
and protons. We expect the overall n/p ratio (including
free and bound nucleons) in spectator matter to be the
same as in the Pb-nucleus. This means that the remain-
ing free nucleons must have n/p>1.54 which is indeed ob-
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Fig. 5. The differential cross sections for the corrected energies
measured with the ‘all spectator’, ‘fragment’, ‘nucleon’, and
‘neutron’ configurations with a cut of Fr > 6 TeV

Table 3. Neutron-to-proton ratio of spectator nucleons as a
function of the impact parameter. The errors are estimated
from systematic uncertainties

(b) (fm) 2.1
n/p 1.3+0.3

3.7
1.4+0.3

5.4 6.9
1.7+£0.2  1.9£0.3

8.4
1.9£0.3
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Fig. 6. Corrected forward-going energy of various species as a
function of Fr. The average impact parameter scale is shown
at the top. The symbols are the data points. The statistical
error bars are smaller than the symbols themselves. There is an
estimated systematic uncertainty of 20%. The curves through
“All spectator” and “Fragment” data points are the results of
polynomial fits. The polygons joining the nucleon data points
are straight lines to guide the eye

served (see Table 3). Thus the ratio of free neutrons to
protons increases with and up to intermediate impact pa-
rameters. For peripheral collisions the n/p ratio will be
ill defined because of the uncertainty in the fragment size
and Z/A ratio.

The spectator composition in terms of forward-going
energy is plotted as a function of EFr and of the impact
parameter (as derived from Fig. 4 or Table 1) in Fig. 6.
The statistical error bars are smaller than the symbols.
The curves through the ‘all spectator’ and ‘fragment’ data
points are the results of fourth order polynomial fits with
the requirements that the total and fragment energies con-
verge to the beam energy of 32.9 TeV at zero Er. In
central collisions (b ~ 2 fm), the forward-going specta-
tor energy (2.7 TeV) is carried by about 9 neutrons, 7
protons, and, on average, 0.5 deuterons. Our result is in
good agreement with a measurement in Au+Au collisions
at the AGS [17], which yielded in a similar impact pa-
rameter range a forward going energy of the order of 200
GeV which translates into 182 projectile participants or,
equivalently, 15 projectile spectators. At even lower (SIS)
energies the ALADIN experiment reported a similar num-
ber of free spectator nucleons in central Au+Au collisions
[18]. As expected the number of spectator nucleons in cen-
tral nuclear collisions does not depend on the energy, it is
rather determined entirely by geometry. Some aspects of
the hypothesis of limiting fragmentation might be tested,
if our data on the ratio of free to bound nucleons (see
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Fig. 7. An illustration of the analysis of centrality resolution,
which can be deduced from the width of the Gaussian fit to the
Er distribution (lower panel) for a 0.5-TeV slice in forward-
going energy (upper panel), which is fully corrected

Fig. 6) at various impact parameters were compared to
the corresponding ratios from the ALADIN experiment
which are not available in this form yet. The experimen-
tal result from the light system Si+Al at AGS energy [11]
falls out of the systematics oulined above: a spectator pro-
ton multiplicity of roughly one is incompatible with all
other findings especially the forward energy measurement
in central Au+Au collisions at similar energies [17].

The spectator fragment energy is larger than the spec-
tator nucleon energy for b 6 fm. Large fragment energy
in peripheral Pb+Pb collisions may represent survival of
heavy fragments or breakup of heavy fragments into a
large number of lighter fragments. The spectator energy in
free nucleons first increases with impact parameter. It then
decreases sharply in peripheral Pb+Pb collisions, comple-
menting the large fragment energy.

One goal of the present fragmentation study is the de-
termination of centrality by the use of various species of
spectator matter. An important question is: Given a value
of the forward-going energy of a particular species, what
is the resolution of the centrality measurement? Since Egr
is strongly correlated with the total energy carried by
the projectile spectators (cf. Fig. 3) it is a good measure
of centrality. The impact parameter resolution at a mea-
sured value of Fr can be determined using the VENUS
model and comes out to be constant (0.8fm) in the range
2fm<b<12fm (cf. Fig.4). The additional loss of resolution,
if only part of the forward going energy is measured (e.g.
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Fig. 8. Bottom: The mean (Er) as a function of Ey for three
different cases: neutrons only, nucleons, and fragments only.
The average impact parameter scale is given on the right. Mid-
dle: The relative resolution of Fr as a function of Ey. The
fragment points are shifted down by 5% with the scale given
on the right (see arrow) in order to avoid overcrowding of data
points. Top: The relative resolution of (b), which is a function
of Er estimated from Fig. 4, plotted against Ev

neutrons or neutrons+protons), can be deduced from the
spread of the Erdistribution at a given value of Ey . The
procedure is graphically illustrated in Fig. 7 for the spec-
tator neutron energy. The Er distribution for a 0.5-TeV
slice of Fy is fitted by a Gaussian curve, whose mean
((E'r)) and width (6ER) allow centrality determination.
The slices are made in increasing Ey until the correspond-
ing Er distributions are no longer Gaussian-shaped due
to background contamination and/or the trigger cut. The
results of this analysis for the spectator nucleon, neutron,
and fragment energies are shown in Fig. 8. In the bottom
panel of the figure, the mean Fg is plotted as a function
of Ey with the average impact parameter scale given on
the right. The middle panel of Fig. 8 shows the relative
resolution of Eg, 6ER/ER, as a function of Fy with the
fragment data points being shifted down by 5% as shown
by the scale on the right side in order to avoid overcrowd-
ing of data points. For central collisions, the relative reso-
lution of Eg is about 5% with neutrons only and 4% with
free nucleons. Since the average impact parameter ((b)) is
a function of Eg, the relative resolution of (b) is given by

6(b)

_ d(b) Eg 6E
W = dEx ) B’ ®)
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The relative resolution of (b) was calculated by fitting the
average impact parameter as a function of Er in Fig. 4.
This resolution is displayed in the top panel of Fig. 8.
In central collisions, the relative resolution of (b) is about
19% for the spectator neutron energy, 15% for the nucleon
energy, and 12% for the fragment energy. The variation in
6(b)/(b) as a function of Ey is small for all three cases. The
intrinsic spread of the impact parameter of about 0.8 fm
which was mentioned earlier is not included in the values
shown in the top panel of Fig. 8.

5 Conclusion

The composition of projectile spectator matter in Pb+Pb
collisions at SPS energy was measured for various im-
pact parameters. The different measurements of forward-
going energy are internally consistent within the system-
atic uncertainty of 20%. In central collisions, there are
approximately 9 spectator neutrons, 7 protons, and half
a deuteron. On the other hand, fragments dominate the
spectator matter in peripheral collisions. The relative res-
olution of the average impact parameter obtained using
only the spectator neutrons and neutrons+protons in cen-
tral collisions is 19% and 15%, respectively.

H. Appelshéuser et al.: Spectator Nucleons in Pb+Pb Collisions at 158 A-GeV
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