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Neutral pion production in the ' 0+ Al reaction at 94 MeV/nucleon
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The production of neutral pions in the reaction ' 0+ Al at 94 MeV/nucleon was studied with a mul-
tidetector, which includes 180 BaF2 modules. Kinetic energy spectra for several laboratory angles were
measured. The total cross section for neutral pion production was deduced. Results were compared
with previous findings on charged pions from the same reaction at the same energy and with the predic-
tion of a dynamical model based on the numerical solution of the Boltzmann-Nordheim-Vlasov equa-
tion.

PACS number(s): 25.70.—z

I. INTRODUCTION

Production of charged as well as neutral pions has been
studied over the past years at energies significantly lower
than the absolute free nucleon-nucleon (N N) thres-hold
[1]. The relatively large cross sections observed in
nucleus-nucleus collisions at energies as low as 25
MeV/nucleon have been understood in terms of the Fer-
mi momentum which couples to the relative motion of
the colliding nuclei and/or of cooperative effects involv-
ing several nucleons from the projectile and target. Semi
exclusive experiments on charged pion production have
been carried out around 100 MeV/nucleon [2,3] with the
aim of looking at the velocity and angular distributions of
the associated light charged particles and, hence, to get
information on the violence of the collision.

In case of neutral pions, some of the experimental limi-
tations which are inherent to charged pions can be over-
come: (i) A large solid angle can be covered employing a
large array of y detectors; (ii) energy spectra can be mea-
sured down to very low kinetic energies, where the max-
imum cross section is usually found in this energy
domain. Moreover, pion reabsorption and any final-state
interaction between the emitted pions and residual nu-
clear matter can be easily disentangled from Coulomb
effects.

Along this line a few inclusive experiments on neutral
pion production at energies 25 —100 MeV/nucleon have
been reported [4—8]. Most of these experiments have
been carried out by lead glass Cherenkov counters to
detect the two y rays originating from the m- decay. A
recent review [9] has discussed the various techniques
employed in the earlier experiments. Only recently has
the availability of large-volume BaF2 scintillation detec-
tors allowed the exploitation of the interesting discrim-
inating features of this scintillator material for the detec-
tion of hard photons and light charged particles, and ar-
rays of such scintillators have been built for exclusive

measurements in heavy-ion reactions at intermediate en-
ergies [10—13].

The use of these large arrays of detectors will allow for
exclusive measurements of pion production, in which a
large part of the reaction products will be detected in
coincidence with a pion trigger, thus giving, in principle,
the possibility to measure global variables which give an
overall description of the event and to extract the impact
parameter for the collisions producing pions [14].

In view of future exclusive experiments with this new
experimental setup, a preliminary inclusive experiment
was undertaken with the detector MEDEA (multielement
detector array) [12], on the reaction ' 0+ Al at 94
MeV/nucleon, in order to compare neutral and charged
pion production at the same energy and on the same sys-
tem [2,3,15]. An additional motivation for this study was
to compare the information extracted from BaF2 arrays
to that obtained with lead glasses.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was carried out at GANIL, by using
an ' 0 beam at 94 MeV/nucleon. A 1.6-mg/cm -thick

Al target was bombarded with an average beam current
of a few nA. The pulsed beam had a 0.6-ns width, while
the repetition rate was 13.3 MHz.

Figure 1 gives a sketch of the experimental setup.
Neutral pions were detected through their main (98.8%)
decay branch into two y rays. The BaFz modules of
MEDEA multidetector were used. They are arranged
into eight annular rings, covering the polar angles from
30' to 170'. Each ring is segmented into 24 detectors,
each spanning Ay= 15' except for the last backward ring,
which only includes 12 detectors. In the present experi-
ment, one ring was missing at backward angles, thus re-
ducing the number of BaF2 modules to 180. Each BaF2
module has a tapered shape with a trapezoidal cross sec-
tion with a length of 20 cm, and it is placed 22 cm from

47 231 1993 The American Physical Society



232 A. BADALA et aI. 47

Phos~iches

30 -138

150 -170
10 -30

the target. The MEDEA array also includes a set of 120
phoswich detectors, arranged into five rings of 24 detec-
tors each and covering polar angles from 10' to 30'. The
whole system operates in a vacuum vessel at pressures
around 10 mbar. A complete description of the detec-
tor, together with its properties, is reported elsewhere
[12]. For this experiment the trigger was generated by
any twofold coincidence of the BaFz modules belonging
to the six rings around 6=90'. A threshold roughly cor-
responding to 18 MeV y-equivalent energy was imposed
for each detector on the trigger logic. Photon-hadron
separation was achieved by time-of-Bight and pulse-shape
analyses employing the fast and total components of the
light output from the BaFz scintillators. Calibration of
the detectors was determined both with y rays from ra-
dioactive sources and by the response of the detectors to
cosmic rays. The reconstruction of the incident photon
energy is not a trivial problem since the electromagnetic
shower initiated by hard photons in a given detector usu-
ally develops in the neighboring ones. The improvement
in the photon energy reconstruction, which can be ob-
tained by summing up the energy deposited in all the
detectors interested by the shower, was carefully studied
in order to define the granularity and crystal size of the
MEDEA array [12). The response of BaFz detectors of
similar size (20 cm long, 5.2 cm inner diameter, hexago-
nal shape) to photons of 3—50 MeV energy has been re-
cently reported [16], and it was shown that the experi-
mental spectra can be well reproduced by electromagnet-
ic shower simulations with the Monte Carlo code crEANT3
[17]. For the experiment presented here, further calcula-
tions [18] were carried out with the code aEANT3 with
the purpose to study the overall response of the array to
neutral pions decaying into two gamma rays.

The information associated with the different involved
detectors allows one to extract more reliable values of the
energy and emission angle of the two photons originating
from the pion decay. In this experiment several of the
BaFz modules were not active, this fact being taken into
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FIG. 1. Sketch of the experimental setup. The set of BaF&
modules is shown together with the phoswich detectors at for-
ward angles. In the present experiment, the trigger was generat-
ed by any twofold coincidence of the six BaFz rings around 90 .
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FIG. 2. Invariant mass spectrum from the ' O+ Al reaction
at 94 MeV/nucleon. The peak around 120 MeV corresponds to
neutral pions. The spectrum is compared to the result of a
GEANT3 calculation (solid histogram).

account to extract from the simulations a reliable
efficiency. Because of the limited statistics, however, it
was not possible for this preliminary experiment to con-
sider only those events for which the two electromagnetic
showers are fully reconstructed (both clusters of detectors
considered). To extract the invariant mass and energy
spectra, the analysis was thus extended to those events in-
volving two counters which have at least one cluster of
detectors around them.

Since no laser-based monitoring system is yet in opera-
tion for the multidetector MEDEA, possible shifts or
drifts of the gain during the experiment can be expected,
as for similar detectors [13]. This was accounted for by
comparing the energy spectra for all detectors in each
run (30 min long) to the corresponding spectra of a refer-
ence run and correcting the calibration of each run when-
ever required.

Figure 2 shows the experimental invariant mass distri-
bution obtained from the reaction ' 0+ Al at 94
MeV/nucleon. This was obtained after proper discrim-
ination of the gammas against the hadrons in the fast to-
tal and energy time-of-Bight matrices. For further back-
ground suppression, only events with relative angles be-
tween the two showers, 8&z & 90', were considered. From
simulation it was estimated that this cut introduces no
yield loss for pions with kinetic energy lower than 40
MeV and about 7% at 50 MeV. The loss increases with
the kinetic energy of the pions, but it was verified that the
overall effect on the efficiency correction amounts to a
few percent of the total yield, since the cross section is
mainly dominated by low-energy pions. Moreover, the
condition E, +Ez ) 100 MeV (E, and Ez being the ener-
gies of the two showers) was also imposed in order to ex-
clude possible events in which the showers are badly
reconstructed as a result of the large energy leakage.
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where m0 is the m rest mass, 612 is the relative angle be-
tween the two showers, and the asymmetry parameter X
is defined by

(2)

E, and E2 being the energies of the two showers.
Relative merits of this method of analysis, which is less

sensitive to uncertainties in the energies E& and E2, have
been discussed in Refs. [19,20]. With this choice the in-
variant mass is given by

m =2+E,Ez sin(8, 2/2)

and the kinetic energy T o is obtained by T o=E o
—m0.

The emission angle 8 0 of the pion is extracted by

P
cosB 0= II

Ptot

E 1 cos81+E2cos82

(E
&
+E2+E&E2cosg&&)

(4)

The results of these GEANT3 simulations are fully re-
ported in Ref. [18]. In that work it was shown that for
low-energy pions the efficiency of the full array is very
close to the geometrical limit, whereas for higher kinetic
energies the efficiency decreases at forward and backward
directions, being almost constant near 90. It was also
shown that a realistic kinetic energy spectrum is correctly
reconstructed by this procedure, which was adopted also
for the present data, thus allowing one to measure the
slope parameters.

Under these conditions a peak in the invariant mass
spectrum is seen at 120 MeV, with a full width at half
maximum around 30 MeV. The solid histogram is the re-
sult of a GEANT3 simulation carried out using realistic en-
ergy and angular distributions of the emitted pions and
including the effects of the geometry, collection efficiency,
and cuts on the experimental data. Also, differences in
the energy thresholds for each detector due to different
calibration parameters and offsets were introduced in the
simulation. The effect of Auctuations in the gain of the
single modules, not totally corrected by the procedure de-
scribed before, was also introduced in the simulation by a
Gaussian spreading around the nominal value. The lack
of several BaF2 modules reduces the efficiency with
respect to that which is obtained by the use of the full ar-
ray, as reported in Ref. [18]. A reasonable agreement of
the invariant mass spectrum is found with the simulation,
suggesting that most of the experimental effects are prop-
erly taken into account in the efficiency evaluation. To

The angles of the two detected gammas were extracted
by a weighted mean over the energy deposited in each
detector of the cluster. Using energy and linear momen-
tum conservation, it is possible to evaluate the energy and
emission angle of the neutral pion from the measured en-
ergies and angles of the two decay photons. When the
y-ray energy resolution is not so good, it is usual to ex-
tract the m total energy from [19,20]

2m 0E2
(1—cos8,2)(1 —X' )

extract energy spectra at different laboratory angles from
the data, a cut was imposed on the invariant mass spec-
trum between 50 and 160 MeV.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows the invariant cross section
(1/p)d o/dQ. dT, of neutral pions for difFerent regions

of the pion emission angle. All spectra were corrected for
the experimental efficiency, calculated by including the
effects already discussed. A fit of these spectra carried
out on the exponential tail through exp( —T 0/Eo"")
gave the values of the inverse slope parameter Ez"" re-
ported in Table I.

Experimental values of the inverse slope parameter for
charged and neutral pions as a function of the incident
energy have been discussed by several authors [1]. How-
ever, the data reported so far are not easily comparable,
since these parameters have been extracted by using both
laboratory energy spectra and/or invariant cross sections
which have been fitted by an exponential falloff. More-
over, some authors report the values obtained from the
angle-integrated cross section, while some dependence on
the emission angle is usually found. The energy range
used to fit the data to an exponential shape can also
inhuence the obtained results. For this reason a detailed
comparison of the results could be of interest, provided
that they are treated in a consistent way. For sake of
completeness, inverse slope parameters E0h were also ex-
tracted from the laboratory energy spectra shown in Fig.
4. Table I reports the values of the slope parameter ob-
tained from the present investigation, together with the
results obtained for charged pions at the same incident
energy.

An angle dependence of the slope parameter is ob-
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FIG. 3. Invariant cross sections for the production of neutral
pions from the ' 0+ Al reaction at 94 MeV/nucleon. Solid
lines are the result of a fit on the exponential tail to extract the
slope parameter reported in Table I (see text).
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TABLE I. Inverse slope parameters used to fit laboratory energy spectra E0' and invariant cross
sections E0"' from experiments on charged and neutral pion production.

System

Al(' O, m )X
27Al(16O 0 )~
27Al(16O 0)~
27A1(16O ~0)~

Al(' 0 m.—)X

Energy
(MeV/nucleon)

94
94
94
94
94

lab

45 -75'
75'-105'
105'-135'
135'-165'

90'

E lab

(MeV)

35+5
29+5
25+5
18+3

21.7+2.4

~inv
0

(MeV)

27+3
24+3
20+3
14+2

Reference

Present work
Present work
Present work
Present work

[15]

d20-
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served, similar to other cases at the same incident energy
[8]. A comparison with data taken on charged pions on
the same system at the same bombarding energy [15]
shows that the slopes are here larger than those obtained
for charged pions. However, a definite conclusion on this
discrepancy cannot be drawn at this stage, since the er-
rors are relatively large. These errors arise mainly from
the limited ~ kinetic energy range probed in this experi-
ment because of the low statistics, since these values are
extracted by the exponential tail of the spectra.

A moving source analysis has been carried out for
charged pions to get the value of the temperature param-
eter ~ and the source velocity in the framework of a
thermal picture [3]. Such analysis was also performed for
the present data by the momentum distribution in the
source system, which is given (in the relativistic
Maxwell-Boltzmann approximation) by

where p' and E' are the momentum and total energy, re-
spectively, of the emitted pions of mass m, E0 and E

&
are

the modified Bessel functions of order 0 and 1, respective-
ly, and o.0 is the cross section for the formation of the
source at a temperature ~. Transforming to the laborato-
ry system, the differential cross section is given by

d 0, d 0
d0 dT p'2dp'd~'

EI (6)

with

E'=y(E —Pop cos8) (7)

and

p2 )
—1/2 (8)

IV. DYNAMICAL CALCULATIONS

where E, p, and 8 are the total energy, the linear mornen-
tum, and detection angle of the emitted pions in the labo-
ratory system, respectively, and U =poc is the source ve-
locity in the same system.

A simultaneous fit of the energy spectra at all angles
through Eq. (6) gives a temperature parameter
=22. 1+0.4 MeV and a source velocity PO=0. 26+0.02.
This value is consistent with a temperature of 21+1 MeV
reported in Ref. [8). However, it must be stressed that
both in Ref. [8] and in the present work the angular bins
used to build the energy spectra are too wide, because of
statistics, to allow for a good estimation of the above-
mentioned parameters.

The total cross section for the production of neutral
pions, evaluated by extrapolating to zero the differential
cross section, was estimated to be 150 pb. While the sta-
tistical error is very low (around 3%), the error arising
from the overa11 procedure was estimated to be of the or-
der of 30%, which also includes absolute uncertainty due
to Aux and target thickness. This value is in good agree-
ment with the systematics on the integrated pion produc-
tion cross section reported by several authors [6] and
with the value of 175+35 pb reported in Ref. [8].

100 I. . . I

0 25 50 75 100 125 0 25 50 75 100 125 150
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FICx. 4. Kinetic energy spectra of neutral pions in the labora-
tory system for several angular regions, compared to the result
of a dynamical model calculation, based on the solution of the
Boltzmann-Nordheim-Vlasov equation (solid histograms).

A dynamical calculation of the collision process was
performed by numerically solving the Boltzmann-
Nordheim-Vlasov (BNV) equation [21] with the aim of
studying the emission of neutral pions, within the same
approach used for the emission of energetic protons and
charged pions from the same system at the same energy
[15]. It is known that subthreshold pion production is
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characterized by a low cross section as compared to the
proton yield. For this reason the pion yield was evalu-
ated by using a perturbative approach [22]. Each indivi-
dual nucleon-nucleon collision gives a contribution to the
cross section for pion production through its probability
of producing a pion with a given kinetic energy and emis-
sion angle. This gives better statistics for the events of in-
terest, which would be otherwise unattainable in the con-
ventional approach. The BNV equation was numerically
solved by means of the test particle method [21], i.e., by
expressing the phase space as a collection of N ( A, +

A 2 )

test particles, where A, and A 2 are the mass numbers of
the colliding nuclei and 1V is the number of test particles
per nucleon. A Skyrme mean field giving %=200 MeV
compressibility was used to solve the Hamiltonian equa-
tion of motion and follow the time evolution of the test
particles. Momentum changes of the test particles were
allowed during the time evolution due to individual X-X
collisions. The collision integral in the BNV equation
was simulated by using the concept of mean free path
[22,23].

Each test particle was represented by a Gaussian to get
a smooth distribution function in the phase space. At the
starting time, the test particles were randomly chosen in
two shifted Fermi spheres in momentum space. The
number of test particles per nucleon employed in the
present calculation was about 100. The pion yield was
obtained from the final phase-space distribution by in-
tegrating over the impact parameter b, with step hb = 1

fm. Calculations were performed with the same sets of
parameters for all the detection angles, which were also
employed for the calculation carried out for protons and
charged pions for the same system at the same energy
[15]. All the cuts and experimental effects were also in-
troduced in the calculations wherever required. The ele-
mentary cross sections for pion production were taken
from the parametrization of Ver West and Amdt [24].

It is known that, neglecting the pion reabsorption
(k„= ac ), the calculations overestimate the experimental
spectra. Pion reabsorption is frequently taken into ac-
count in a semiempirical way by introducing the attenua-
tion factor P =exp( —R /A, ), where R is the average
path which a pion has to traverse to escape from the nu-
clear matter and A, denotes the average pion mean free
path. Mean free paths ranging from 3 to 6 fm have been
used in the past to reproduce absolute cross sections. In
the calculation reported here, the same value of 6 fm
found for charged pions [15] was used to scale also the

calculations for neutral pions. The average distance
traversed by the pion was estimated by the parametriza-
tion reported in Ref. [25]. Calculated pion spectra with
the above-mentioned procedure are reported in Fig. 4 as
solid histograms.

As it can be seen from Fig. 4, a good agreement within
the statistical errors is found with the BNV calculation in
both shape and absolute value, similar to that observed
for protons and charged pions [15]. It should be stressed
that this agreement was obtained without any normaliza-
tion of the absolute cross sections by employing the same
value for the mean free path already used for charged
pions.

V. CONCLUSIONS

Neutral pion production in the reaction ' 0+ Al was
investigated at 94 MeV/nucleon by the MEDEA BaF2
array. Pions were clearly identified by their invariant
mass. A relatively high detection efficiency was found,
thus providing a good trigger for exclusive measure-
ments.

The temperature parameter extracted by a moving
source analysis was found to be consistent with that ex-
tracted from an experiment on neutral pions carried out
with lead glass detectors and larger than that obtained
for charged pions. The integrated cross section was
found to be in agreement with the existing systematics.

Finally, the shape and absolute values of the
differential cross section, such as energy spectra and an-
gular distributions, are well reproduced by a microscopic
approach based on the solution of the BNV equation,
which was shown to give a good prediction also for
high-energy proton and charged pion production on the
same system at the same energy [15]. This shows that a
consistent description of energetic products, such as high
transverse momentum protons and both charged and
neutral pions, can be provided in the framework of
dynamical models.
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