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Charged pion production is studied at different energies in two sytems,
Ni + Ni and Au + Au, using the FOPI detector at GSI. The pion pro-
duction probability is found to be reduced for the heavier system. The
rescattering of pions from spectator matter is observed under all condi-
tions, it is responsible for the non-thermal shape of the rapidity spectra.
The excited Baryon resonances are shown to be a major source of the ob-
served pions, higher resonances than the A{1232) are responsible for pions
with large transverse momenta.

PACS numbers: 13.60. Le

1. Introduction

The production of charged pions 7% was studied at bombarding energies
ranging from 1 to 2 AGeV with the 47 detector FOPI at the SIS accelerator
of the GSI/Darmstadt. The following symmetric projectile - target systems
were measured:

Aul: 17Au4+197Ay at £ = 1.06 AGeV,
Nil: ®°8Ni+4+ %8®Ni at E = 1.06 AGeV,
Ni 2: 58Ni 4 58Ni at E = 1.45 AGeV,
Ni 3: 58Ni+ 58Ni at E = 1.93 AGeV.

At the time of these experiments the FOPI detector was not yet completed.
It consisted of the forward detectors PLA and ZER, which covered the lab.
region from 1.2° < 9 < 30° with full azimuthal coverage, and of the central
drift chamber CDC at angles 30° < ¥ < 150°, which was installed inside a
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solenoidal magnet field of 0.6 T strength. Also the CDC provided full azi-
muthal coverage. Charged pions could only be identified in the CDC since
the PLA and ZER detectors only allow nuclear charge identification.

Because of the CDC boundary at ¥ = 30° only 30% of the pion phase
space in the forward hemisphere of the cm frame was measured. To extent
the coverage of the total phase space to approximately 90% the symmetry
relation f(@,®) = f(r — O, 7 + ) was employed which holds when target
and projectile are identical.

To present the data we use a rapidity normalized to the cm rapidity

Y = (y— ycm)/ycm s

and a normalized transverse momentum
0 _
P = pe/A - (Poroj/Aproi) ~*-

In general quantities in the cm frame will be presented by capital letters.
In this contribution the forward detector PLA is only used for trigger
purposes, i.e. it defined central, intermediate and peripheral collisions by
means of the selected particle multiplicity nppa. Minimum bias collisions
correspond to no trigger selection, i.e. all multiplicities are accepted.
In the following sections we present results on

e the pion multiplicity n, as function of the participants Apare,
e the pion phase space distributions,

e the identification of Baryon(S = 0) resonances in the (p, 7¥) channel.

2. Charged pion’ multiplicities

The number of participants Apar is not directly measurable but has to
be deduced from other observables z. For z one may choose any quantity
which is a monotonous function of the impact parameter b, like the forward
particle multiplicity nppa, or the total particle multiplicity ntoT, or the
baryonic charge Z2%~ measured with the CDC. The method to relate z
with b and then Apay is to compare the measured cross section o(z) with
the calculated cross section ogeo(b) = 27 fbb"‘“ p?(r/2)rdr/p3, and then to
obtain Apare from the geometrical and b dependent overlap of 2 identical
nuclei with Saxon-Woods density profile p(r) = po(1 + exp{(r — ro)/a})~ .
In accordance with electron scattering we chose for the nuclear radius ro =
1.2- A3, and for the surface parameter ¢ = 1.04+0.6 fm. The error in a was
used to obtain an estimate for the uncertainty in determining Apare. The r*
multiplicities are shown in Fig. 1 as functions of Apa,¢ for the Au 1(left) and
Ni1(right) reactions. The 7~ multiplicity as function of Apaye was studied
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Fig.1. Pion multiplicities as functions of Apayt for the reactions Aul (left) and Nil
{right).

previously by Harris et al. [1] in the light systems Ar + Ca and La + La.
These results, when extrapolated to the Aul and Nil reactions, are shown
as straight lines in Fig. 1. Two conclusions are obvious: The number of
charged pions n, increases with Apayt, and the data are in close agreement
with the Harris extrapolation for the Nil, and also the Ni2, Ni3 reactions,
but they are smaller than predicted by the Harris extrapolation in case of
the Aul reaction. The observed reduction of the pion multiplicities in this
reaction was also observed by the KaoS and TAPS collaborations [2].

To obtain the total pion yield per Apart the nonlinearities with A,y have to
be taken into account. From n, = a; - Aparg+ a2+ A%arz +as- Agart it follows

that 2%’;% =a1+% - Ao+% - A% where Ay is the total number of nucleons

in the system. The results, obtained with the FOPI detector, are plotted in
Fig. 2, the 7° contribution was included using the isobar model [3].

The nonlinearities with Apar also influence the 7~ to n¥ ratio B.. If
these ratios are normalized to the values expected from the isobar model,
i.e. R, = 1.95 for Au + Au and R, = 1.12 for Ni + Ni, the increase of
the normalized ratios with increasing Apart/Ao is similar for all reactions
studied, as shown in Fig. 3.
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Fig.2. Pion production probability for different systems as function of energy.
Fig.3. #~ to =% ratio for different systems as function of Apart-

3. The pion phase space distributions

The phase space distributions of charged pions under minimum bias
condition are shown in Fig. 4 for the Ni1 reaction. Increasing grey shades
correspond to the increase of the invariant cross section 1 - o ona loga-
rithmic scale. A close inspection reveals that the phase space distributions
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Fig.4. Phase space distributions of negative (left) and positive (right) pions.

are non-thermal. We have chosen to demonstrate this behaviour by project-
ing from the phase space distributions into the pion angular distributions
do/dS2, the pion kinetic energies for different cm angles ©, and into the

pion rapidities with p§°) > 1 in case of Au 4+ Au and pgo) > 0.8 in case of
Ni + Ni collisions.
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Fig.5. Pion angular distributions for the Au 1(top) and Nil(bottom) sytems.

3.1. The angular distributions

The angular distributions do /df? of charged pions are non-isotropic, they
display an enhancement at forward an backward angles as demonstrated in
Fig. 5. The forward-backward peaking is predicted by the IQMD model, it
is caused by the decay of Baryon resonances in the spectator matter which
were excited by the absorption of pions from the participant. Contrary to
the IQMD prediction the angular anisotropy does not decrease with de-
creasing impact parameter b: it is for central collisions (Apart/Ao > 0.9)
almost as strong as for peripheral collisions (Apart/Ao < 0.2). It is possi-
ble that besides rescattering phenomena in the spectators also the known
strong forward-backward enhancement of the fundamental pp — Ap process
causes the observed anisotropies [3]. Furthermore the angular distributions
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show a secondary maximum at © = 90° in central collisions of the Au + Au
system which is not apparent in the Ni + Ni system at the same conditions.
At the moment the reason for this difference is not known.

3.2. The kinetic energies

In all reactions studied the shape of the kinetic energy spectra

1 e
nE  dEdQ

is concave, suggesting that the assumption of 2 temperatures, 7}, and T}, ,
has to be made if these spectra are to be fitted by exponentials. The de-
duced temperatures vary for angles [90° — @| > 45° whereas for angles
around © = 90° the temperatures remain reasonably constant. The average
temperatures in this angular range are listed in Table I together with their
contribution to the complete £ 4—1 spectrum. It is evident that the tempera-
tures are almost independent of system mass or energy, whereas the relative
contribution of the high-temperature component increases with system mass

and energy.
TABLE I

Temperatures T" and yields Ry = HT:) from fits to the pion energy spectra
y I(T»

T - Tl,1r+ Tl,vr RT(ﬂ'_) RT(TF+)

’

Aul | 422427 494+23 964+51 0.74+£028 0.75+0.43
Nil | 478+13 525+43 93.14+6.6 1.54+0.57 1.40+0.98
Ni2 { 51.7+24 564427 995140 1.17+0.63 1.53+0.67
Ni3 | 49.0+1.0 56.6+25 101.6+2.0 0.524+0.18 0.563+0.14

3.3. The rapidity distributions

The projected rapidity distributions - (0) of the Au 1 reaction are shown
in Fig. 6 under minimum bias condmon The dotted curve displays the
expected distribution if the pions were emitted from thermal sources at
midrapidity, which have 2 temperatures 7} ., T . The data deviate from
these expectations and suggest that pion emission is enhanced at rapidities
|Y©)| > 1.This finding is corroborated by the pion angular distributions
which are enhanced at forward and backward angles in the cm frame. The
Ni + Ni reactions yield similar results. The rapidity spectra were fitted by
3 Gaussians centered at Y(©) = 0 and [Y(%)| = 1, the latter representing
the contributions of pions rescattered from target and projectile spectators.
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Fig.6. Aul rapidity distributions of negative (left) and positive (right) pions.

The relative contribution Ry of pions from the participant region to pions
from the spectator regions is displayed in Fig. 7. For the Ni + Ni reactions
Ry does not depend strongly on the impact parameter b, but it increases
with energy. This is mainly due to an increase of the width of d—}%—‘%ﬁy:o,
whereas the rapidity widths of pions from the spectators remain constant.
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4. The identification of baryon resonances

Pions are assumed to originate from Baryon resonances which were ex-
cited by the nucleon-nucleon collisions in the participant. The A(1232)
resonance dominates this process:



3012 D. PELTE

N+N=N+A A= N+n7

The observed independence of the pion temperature 7}, from system mass
and energy supports this hypothesis. The concave shapes of the pion ki-
netic energy spectra, which is equivalent to the existence of a second higher
temperature T} ., is interpreted as due to the emission of direct’ pions or
the contribution from higher Baryon resonances.
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Fig.8. Invariant mass specrum of (p, 7) pairs with pion transverse momenta
100 < py < 200 MeV /¢ for Aul (left) and Ni3 (right) reactions.

The transient existence of Baryon resonances in the participant ought to
be seen in the invariant mass spectra of correlated (p, %) pairs. Because of
the large amount of uncorrelated protons, the probablity to find a correlated
pair amounts to r = 'nl—p'O[EPEf ~ 0.01, where n,, is the proton multiplicity, o
accounts for isospin conservation, €, is the detector acceptance for protons,
and ey takes care of the rescattering of protons by nuclear matter. The
background of uncorrelated pairs Sy, which amounts to approximately 99%
of all pairs Sy, is reconstructed using tlie technique of event mixing.

The invariant mass spectrum of the Baryon resonances is obtained from

S=5 - (1-r)-S,

with €5 as a free parameter. All p, 7 correlations other than those due to
the resonance decay, are assumed to be of identical strength in S; and S,
in order to make this procedure applicable. For this purpose the azimuthal
angle is measured with respect to the reaction plane, and only those events
are mixed which have the identical n, values. The effects caused by the
pion rescattering in spectator matter are not well understood.

The background corrected invariant mass spectrum of (p, 7¥) pairs de-
pends on the pion transverse momentum p;. It is shown for the Aul and
Ni3 reactions in Fig. 8 where 100 < p, < 200MeV/c. The curves show
the fitted Cugnon [4] parametrization of the A resonance, which yields a
value for the A mass which is lower than accepted for the free A resonance.
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Fig.9. Invariant mass spectrum of (p, 7t) (left) and (p, ™) (right) pairs with pion
transverse momenta 400 < p, < 600 MeV /¢ for Ni3 reactions.

Notice that (p,7~) and (p,n*) pairs were combined in Fig. 8. The Fig. 9
displays the invariant mass spectra separately for (p,7~) and (p, #1) pairs
from the Ni3 reaction where now 400 < p; < 600MeV /c. The spectra are
shifted to larger mass values and they are different for the two types of
pairs. This difference is expected when higher Baryon resonances become
involved, since the (p, 7) channel can only be populated by the decay of
the A resonances, whereas the (p, #~) channel can also be populated by the
decay of N* resonances.

5. Conclusion

The main conclusions from our investigation of the 7% production at 1
to 2 AGeV energy are:
The number of pions n, per participants Apar is for the system Ni + Ni
in agreement with the earlier results from Harris et al. [1], which were ob-
tained with systems of total mass Ag < 200. For the Au + Au system with

Ag =~ 400 the ﬁ“>—> value is reduced by a factor 0.65 when compared to

the results of Harrls et al.The pions from the Ni + Ni and Au + Au sys-
tems are rescattered by spectator matter. This and the forward-backward
enhancement of the fundamental pp — Ap process cause the pion rapidity
distributions to become non-thermal. The concave shape of the pion kinetic
energy spectra near midrapidity is generated by the decay of Baryon res-
onances. The contribution of resonances with masses larger than A(1232)
increases with the pion transverse momentum, and also with the system
energy. Equivalently high-energy pions become more abundant without a
considerable change of the apparent pion temperature.
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