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Doubly differential cross sections for production of pions with 400-MeV/N *Ne on C, NaF, Cu, and Pb
have been measured for a range of 20 MeV < T,-*® < 100 MeV and 30° < 6,"*® < 150°. The results are
compared with previous data with 800-MeV/N *Ne. The broad maximum at 9™ = 90° in the center-of-
mass angular distribution of low-energy pions observed at 800 MeV/N is not seen at the present energy.
Neither was such a maximum at the central-rapidity region observed in (p + nucleus) reactions at E, = 730
MeV. The 90° maximum seems to be a phenomenon specific to nucleus-nucleus collisions around 1
GeV/N, where the multiplicity of A formation is high and multiple A interaction could influence the pion
production. The distribution at higher bombarding energies has yet to be studied.

measured o (E;,6,), E, =20-100 MeV, 6,=30°-150°.

[NUCLEAR REACTIONS C, NaF, Cu, Pb(*Ne, %)X, E/A =400 MeV/nucleon;]

I. INTRODUCTION

Pion production in high-energy nucleus-nucleus
collisions is of special interest because it provides
unique information on the reaction mechanism. In
the (p +p) and (p + nucleus) reactions it is well
known that the mechanism of pion production in the
energy range from the threshold to a few GeV is

dominated by formation of the A(1232), so that the v

isobar model works well in understanding the
mechanism. The formation of A must play an im-
portant role also in heavy-ion reactions at ener-
gies around 1 GeV/N. '
We have previously measured pion production
cross sections with the 800-MeV /N 2°Ne beam of
the BEVALAC on three nuclear targets: NaF, Cu,
and Pb.? In this work we observed that the angu-
lar distributions of pions with intermediate ener-
gies (50 < T¢™ <300 MeV) were forward and back-
ward peaked in the center-of-mass system, re-
flecting the nature of the nucleon-nucleon collision
process and the formation of the A isobar. How-
ever, in the low-energy region (7T5™ <50 MeV)
the angular distribution was nearly isotropic, and
a slight enhancement at 6:™=90° was observed.?
A broad maximum at 90° in the center-of-mass
frame was barely seen and its significance was
not quite convincing. However, recently a similar
situation was observed in an independent measure-
ment for 1.05-GeV /N “°Ar +*°Ca by Wolf et al.}
This low-energy component of pion spectra seems
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to be specific to the nucleus-nucleus collision
processes in this energy region.

We have extended the measurement of pion pro-
duction cross sections to a lower beam energy,
400 MeV/N, and compared results with those at
800 MeV/N, We thought differences could arise
because the energies are above and below the free
nucleon threshold for formation of the A(1232)
resonance, and indeed we observed interesting
differences.

II. EXPERIMENTAL METHOD

The experimental method used to measure pion
production cross sections with the 400-MeV /N
*Ne was essentially the same as that used in the
previous measurement at 800 MeV/N,? and only a
brief description of the experimental method will
be given here.

The 400-MeV /N ?°Ne beam accelerated by the
BEVALAC at Lawrence Berkeley Laboratory was
incident on four different targets: C, NaF, Cu,
and Pb. Thicknesses of the targets were about
500 mg/cm?® except for the C, which was 300 mg/
cm®. The NaF target was used because the aver-
age mass is approximately equal to that of the pro-
jectile *Ne, and therefore transformation of
laboratory-frame cross sections to the center-of-
mass frame is straightforward. The size of target
was 6 cm X 6 cm. The beam intensity was mea-
sured with an ionization chamber which was cali-
brated against plastic scintillation counter mea-
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surements of individual beam particles at lower
beam intensities. The validity of extrapolating
the calibration from the low beam-intensity region
to higher intensity was checked in the previous
experiment?® to an accuracy of 30% by the activa-
tion method of the *C(**Ne, *®Nen) ''C reaction.

A pion range telescope was used to measure
low-energy positive pions from 7,"4B=20-100 MeV
at angles from 6,°4B=30°-150°, Thetelescope was
a stack of 12 plastic scintillators. For identifica-
tion of pions in a strong background of protons, we
used the m* — u* decay. When a pion stops in one
of the scintillators it generates a pair of pulses,
one due to the pion and the other due to a muon
emitted in the 7* — u* decay. Since most of nega-
tive pions are captured, making instantaneously
an energetic disintegration of a carbon nucleus,
only positive pions generate the double pulse. In
addition to the double pulse, the AE vs E relation
was also used by taking pulse-height information
from all scintillators of the telescope. Hence, we
obtained a high redundancy in identifying positive
pions. A time spectrum between the 7* and u*
pulses was stored for each scintillator, and the
number of pions was deduced by extrapolating the
time spectrum to £=0. Thedeadtimeindetecting
the p* pulse was typically 10-15 nsec. The data
were taken by a PDP/11-MBD/11-CAMAC sys-
tem. Details of the pion range telescope and the
data-taking system are reported in a separate
publication. *

The pion range telescope was mounted on an arm
rotatable around a post on which the target was
mounted.

For comparison between pion productions from
high-multiplicity (more central) events and low-
multiplicity (more peripheral) events, a system
with eight counter telescopes, called “tag coun-
ters,” was used for multiplicity tagging. The tele-
scopes consisted of three scintillation counters,
aliquid Cherenkov counter, and a copper absorber,
so that crude momentum analyses and particle
identification could be done. The tag-counter
telescopes were mounted on a cone centered on
the target with an opening angle of 40°. With this
system we detected high-energy multiple particles,
mainly protons with energies greater than 200 MeV
emitted at 6VAB = 40°,

III. RESULTS

Doubly differential cross sections for low-energy
positive pion production with the 400-MeV /N *°Ne
obtained in this experiment are listed in Tables
I-IV and plotted in Fig. 1. The errors shown are
only statistical errors for individual numbers.

The overall uncertainties for the absolute values
of cross sections were about 30%.
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The cross sections have been corrected for the
following effects®*: (a) decay in flight, (b) nuclear
reactions of pions in the scintillators, (c) multiple
Coulomb scattering, and (d) detector edge effect.

For comparison with the previous measurements
at 800 MeV/N , contour plots of Lorentz-invariant
cross sections (1/p)(d?0/dEdS) in a plane of T;™
and 6™ are shown in Fig. 2(a) for (p +p) at 730
MeV, in 2(b) for (*°Ne + NaF) at 800 MeV /N, and
in 2(c) for (®°Ne +NaF) at 400 MeV/N,

IV. DISCUSSION

A. Global behavior of pion production

In the previous measurements of pion production
with the 800-MeV /N 2°Ne?5 the following results
have been reported (cf. Fig. 2):

(1) The high-energy pions (7™ > 300 MeV) are
emitted nearly isotropically in the center-of-mass
frame, and the invariant cross section has an ex-
ponential dependence on the pion energy T,;
(1/p)d%0/(dEAQ) < exp(-T,/T), with T ~70 MeV.

(2) The pions with intermediate energies (50
<T{™ <300 MeV) have a forward- and backward-
peaked angular distribution in the center-of-mass
frame reflecting the individual nucleon-nucleon
process. ‘

(3) The low-energy pions (T$™ <50 MeV) are
nearly isotropic, though there seemed to exist
some components which showed a slight 90° peak-
ing in the center-of-mass angular distribution.

These results indicated that there were two
groups of pions, which we shall refer to as the
“direct” and the “secondary” pions. ‘

Most of the intermediate-energy pions are direct
pions, produced in formation and decay of the
A(1232) resonance. The forward- and backward-
peaked angular distribution strongly suggests this
interpretation. This behavior was also observed
at the present energy of 400 MeV/N. In the pre-
vious paper?® we pointed out that gross features of
pion production were generally well reproduced by
the individual nucleon-nucleon collision picture:

A relatively good fit of an incoherent superposition
of (proton +nucleus) cross sections to the experi-
mental (Ne +nucleus) cross section at 800 MeV /N
was obtained. This result had already indicated
that the direct pions were emitted not only from
the peripheral collisions but also from more cen-
tral collisions. In order to test this point we
studied effects of the tag-counter coincidence mul-
tiplicity on the pion distributions, watching whether
or not the forward/backward peak might be sup-
pressed by the high-multiplicity (more central)
tagging. No significant difference was observed
between the inclusive and the tagged distributions.

There must also be pions emitted after some
statistical processes in nuclei such as scattering,
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TABLE I. Cross section for 7" from 400-MeV/N ?'Ne on the C in ub/sr MeV. The numbers
in parentheses are statistical uncertainties. The overall uncertainty is 30 %.

Pion
energy Angle (deg.)
(MeV) 30 45 60 75 90 105 120 150
19 14.8 15.9 19.9 22.5 24.9 20.9 21.4 22.2
(2.0) (1.5) (1.6) (1.3) (1.1) (1.0) (1.2) (1.2)
29 23.1 22.3 22.5 27.5 28.1 27.1 25.9 23.3
(2.4) (1.9) (2.2) (1.3) (1.1) (1.0) (1.3) (1.3)
40 22.0 25.2 29.0 33.7 33.2 31.0 27.8 26.2
(4.5) (2.7) (2.5) (1.5) (1.1) (1.1) (1.4) (1.4)
49 35.5 36.1 35.8 35.8 34.6 30.3 27.7 21.2
(3.6) (1.8) (1.9) (1.2) (1.0) (1.0) (1.3) (1.1)
61 46.1 39.5 33.7 37.6 30.9 27.0 20.9 17.6
(3.2) (1.9) (1.9) (1.6) (1.0) (1.0) (0.9) (1.0)
76 45.2 40.6 36.0 29.7 24.9 19.1 17.0 8.8
(4.8) (2.8) (2.5) (1.7) (1.1) (1.0) (1.2) (0.9)
86 49.0 45.5 34.3 27.1 22.7 15.2 12.0 4.6
(5.5) (3.8) (3.2) 1.7) (1.4) (1.0) (1.0) (0.6)
93 51.0 41.9 32.5 25.5 20.6 12.1 10.2 4.8
(6.8) (3.4) (3.4) (1.4) (1.2) (1.3) (0.9) (0.6)
102 50.4 38.8 27.4 '20.3 14.6 10.0 6.9 3.0
(5.9) (2.3) (2.3) (1.1) (0.9) (0.8) (0.5) (0.5)
TABLE II. Cross section for m* from 400-MeV/N 2'Ne on the NaF in ub/sr MeV. The num-

bers in parentheses

are statistical uncertainties. The overall uncertainty is 30%.

Pion
energy Angle (deg.)
(MeV) 30 45 60 75 90 105 120 150
19 23.3 23.8 32.0 34.3 38.0 31.1 35.3 35.6
(2.4) (2.1) (1.5) (1.3) (1.4) (2.2) (1.3) (2.0)
29 35.5 35.3 39.7 42.5 46.2 45.9 44.2 37.0
(3.1) (3.2) (2.1) (1.8) (1.6) (2.3) (1.5) (2.0)
40 44.7 42.1 51.8 53.0 52.5 51.7 46.4 44,2
(7.1) 4.5) (2.1) (2.0) (1.8) ~ (2.4) (1.5)" (2.1)
49. 48.2 55.7 57.1 56.6 54.4 55.2 45.2 34.9
(4.3) (4.2) (1.9) (1.5) (1.5) (2.3) (1.4) (1.6)
61 71.6 61.6 54.8 56.6 52.4 43.6 37.3 26.8
(4.9) (4.0) (1.8) (1.5) (1.6) (1.8) (1.0) (1.2)
76 70.9 63.7 51.5 48.7 37.6 27.1 23.9 17.7
(6.1) (4.9) (2.4) (2.3) (1.8) (2.0) (1.5) (1.4)
86 80.4 60.5 52.9 43.1 32.9 16.9 17.8 11.4
(8.1) (6.5) (3.3) (2.9) (1.8) (2.5) (1.5) (1.3)
93 81.4 60.6 51.4 38.5 31.6 17.6 15.2 8.4
(9.4) (6.5) (2.8) (2.0) (1.8) (2.4) (1.2) (1.2)
102 83.6 59.5 40.7 29.8 21.6 15.0 9.6 6.4
(6.0) (5.4) (1.7 (1.5) (1.0) (1.5) (0.7) (0.8)
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TABLE III. Cross section for 7" from 400-MeV/N *Ne on the Cu in ub/sr MeV. The num-
bers in parentheses are statistical uncertainties. The overall uncertainty is 30%.

Pion
energy Angle (deg.)

(MeV) 30 45 60 75 90 105 120 450
19 42.9 42.2 53.9 56.3 68.1 54.2 67.9 77.6
(5.5) (6.0) (3.8) (3.2) (4.5) (4.0) (3.6) (3.2)
29 67.3 70 76.0 80.5 - 89.4 88.1 91.5 90.2 .
(9.2) (10) (3.7) (3.6) (3.8) (3.5) (3.3) (4.7)

40 102 73 93.2 97.5 112 92.2 106 96.5
(20) (13) (5.6) (4.0) (5) (3.3) (4) (4.6)

49 105 94 108 102 118 98.8 91.4 88.8
(10) (10) (4) (4) 4) (3.3) (3.6) (3.6)

61 121 110 102 - 110 103 84.8 78.7 65.5
(11) (10) (5) (4) 4) (2.9) (2.5) (3.2)

76 125 100 94.0 78.8 85.1 56.7 54.2 38.5
(15) (14) (5.5) (4.2) (3.9) (4.0) (3.4) (3.2)

86 134 89 92.5 73.2 60.3 42.4 35.4 30.3
(22) (18) (6.1) (4.9) (4.6) (4.0) (2.7) (3.3)

93 140 87 86.2 73.3 56.3 45.6 35.1 324
(16) (16) (8.1) (4.3) (5.8) (3.6) (1.2) (2.8)

102 145 85 70.7 62.0 46.9 29.0 24.9 15.4
(13) (13) (4.4) (3.7 (3.4) (2.5) (1.7) (1.8)

TABLE IV. Cross section for 7* from 400-MeV/N ?*Ne on the Pb in ub/sr MeV. The num-
bers in parentheses are statistical uncertainties. The overall uncertainty is 30%.

Pion
energy Angle (deg.)
(MeV) 30 45 60 75 90 105 120 150
19 55 45 32 48 - 77 51 60 101
(11) (10) (10) (8) (8) (9) (10) (10)
29 88 89 66 80 105 121 125 153
(21) (16) (9) (7) (7) (7 (8) (10)
40 1m 134 87 129 141 137 145 183
(38) (21) (12) (7) (10) (7) (10) (13) -
49 168 141 122 125 146 140 141 163
(24) 17) 9) (7) (7 (7) (8) (9)
61 186 155 110 137 142 133 115 123
(25) (17) (9) (7) (6) (5) (6) (8)
76 163 142 102 102 113 100 93.5 71.8
(37) (20) (11) (9) (7N (8) (6.6) (8.3)
86 179 158 101 103 82 85.2 63.5 38.1
(42) (24) (13) (10) (10) (7.5) (8.1) (8.6)
93 208 159 98‘ 98.4 85.8 70.0 56.9 39.6
(43) (23) (10) (8.2) (9.3) (6.7) (6.7) (6.7)
102 230 158 81.5 69.3 66.3 52.1 42.2 19.4
(32) (18} (7.2) (5.9) (5.0) (4.2) (4.3) (4.2)
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FIG. 1. Doubly differential cross sections for positive pion productions with 400-MeV/N %Ne on (a) C, (b) NaF, (c)

Cu, and (d) Pb targets.

charge exchange, absorption, and reemission.

The statistical nature of the processes would pro-
duce an exponential -type energy dependence (of the
invariant cross section) with a parameter T,

When the statistical processes are well developed
to reach at an equilibrium state, the parameter T
represents the temperature of the pionic ensemble.
The system may be partially thermalized and those
pions may be called “thermalized” pions, but we
chose not to do so and called them more generally

“secondary” pions. The exponential energy de-
pendence was seen in the high-energy region. Al-
though it was not seen at the intermediate-energy
region because the direct pions dominated, there
must be components of the secondary pions in this
region too.

Shown in Fig. 3 are pion momentum spectra at
90° and 150° inthe center-of-mass frame. Ex-
perimental data of three measurements, from
Refs. 2 and 5, and the present one, are sum-
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FIG. 2. Contour plots of the Lorentz—invariant cross sections for (a) p+p—7*+x at 730 MeV, (b) 2Ne+ NaF—7 *+%
at 800 MeV/N, and (c) ®XNe+NaF—7*+x . The numbers written along contour linesare Lorentz-invariant cross sec-
tions in units of mbsr-! (GeV)=2c. The dots in the figure indicate observed points. The contour lines should be sym-
metric about 6 '™ =90°.

The bending at the low-energy end is due to the
Coulomb effect.

marized. We can estimate the secondary-pion
component by extrapolating the exp(-T,/T) spec-
trum from the high-energy region.® Then, the
figure shows that the pions at 90° are mainly se-
condary pions, while at 6™ = 150° both direct and
secondary pions contribute to the energy spectrum.

B. On the broad maximum at 6™ = 90°

We noted in the data with 800-MeV /N *Ne that
though the angular distribution of low-energy pions
was nearly isotropic, there existed some pions

- . ' ,L ' ' ] which were emitted preferentially to 90° in the
5 Ne + NaF — 7'+ X ] center-of-mass frame."? Being stimulated by this
[ ou_ (s verk Nagamiyaetal- observation, we started the present experiment at
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FIG. 4. Center-of-mass angular distributions of pions
with different center-of-mass energies.
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FIG. 3. Pion momentum distributions at 63'™ =90° and
150°. Experimental data from Refs. 2 and 4 were used.
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matter and, if so, the same or even more en-
hanced bump should be seen at the lower collision
energy. However, we observed no bump at 400
MeV/N and found a significant difference in the
low-energy pion distributions.

Results of the previous experiments are shown
in Fig. 2. Figure 2(Db) is a contour plot of the in-
variant cross section in the center-of-mass angle
and kinetic-energy plane for the (**Ne + NaF — 7*
+x) process at 800 MeV/N. For comparison, the
same plot for the (p +p — 7" +x) process at 730
MeV is shown in Fig. 2(a). Cuts of the contour
plot at several different pion c.m. energies are

shown in Fig. 4. In contrast to the pions with en-
ergies higher than 100 MeV, which show forward
and backward peaking in the angular distributions,
the low-energy pions (T¢™ <30 MeV) are emitted
with an angular distribution enhanced at 6;™ =90°,
If we subtract the contribution of the nucleon-
nucleon process from the pion distribution from
the (**Ne + NaF) reaction, the 90° peak would be
more enhanced.

The contour plot of the 400-MeV /N data is shown
in Fig. 2(c). The angular distribution of inter-
mediate-energy pions is forward and backward
peaked. The maximum around 65™ =90° is not
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TABLE V. Appearance of the broad maximum at the
“central” region of pion distribution.

MeV/N A+A ptA ptp
~800 Yes No No
~400 No e e

seen, though the bumps at the intermediate -energy
region are similar to the 800-MeV /N data.

In order to extend the comparison to heavier tar-
gets and also to (p +nucleus) processes, where
the center-of-mass frame is not uniquely defined,
we plotted the invariant cross section (1/p)(d%c/
dEdS) in the rapidity (y=3In[(E +P,)/(E - P,)])
and transverse momentum (p,) plane. Then, the

shape of distribution is independent of the Lorentz ~

frame. i

Shown in Fig. 5 are plots for (a) p +p at 730
MeV, (b) **Ne + NaF at 400 MeV/N, (c) ®Ne + NaF
at 800 MeV/N, (d) p + Pb at 730 MeV, (e) *°Ne + Pb
at 400 MeV/N, and (f) *°Ne + Pb at 800 MeV /N,
The arrows in the figures indicate the rapidities of
target (y,) and projectile () and the central
rapidity [y,=3(yp+¥7)]. The bump around 6™
=90°and 7™ =30 MeV in Fig. 2(b) can now be
seen as the bump at the central region around y .
=0.61 in Fig. 5(c). The bump in the central re-
gion is also seen in the (**Ne + Pb) process at 800
MeV/N [Fig. 5(f)]. We note, however, that the
bump does not appear inthe 400-MeV /N data
[Figs. 5(b) and 5(e)], nor in the (proton +nucleus)
data [Fig. 5(d)]. We may summarize the situation
as shown in Table V.,

It is, of course, difficult to deny the existence of
such a small effect in the 400 MeV/N data from the
present experiment. However, similar results
have also been reported by Wolf e/ al.’ in their
measurements of the (**Ar +*°Ca) collisions at
1.05 GeV/N and 400 MeV/N.

The fact that the 90° bump (or the “central”
bump) appears only at the higher bombarding en-
ergy limits possibilities of our explaining the
mechanism which results in the bump. The effects
such as (1) hydrodynamic splashing,® (2) shadow-
ing, and (3) Coulomb effect could partly be in the
mechanism of forming the bump, but do not ex-
plain the difference.

As discussed in the Introduction, the difference
between the 800-MeV /N reaction and the 400-

MeV /N reaction is in the mean multiplicity of for-
mation of the A. The effective free nucleon-nu-
cleon threshold for the A formation is between the
two energies. Although the A resonance can be
formed at 400 MeV /N by the aid of Fermi motion,
the multiplicity must be much less than that at

Rapidity (y)

FIG. 6. Kinematic domains of pions from decay of a single
A (region I) and those from other origins, possibly from
multiple-A states (region II). The curves 1 and 2 corres-
pond to pions from a A moving forward and backward,
respectively, in a nucleon-nucleon collision. The curves
3 and 4 correspond to pions emitted in the central region
with energies of 20 and 50 MeV. The contour lines of
experimental cross sections are from Fig. 5(c). The
Coulomb effect suppresses the positive-pion yields in
the region shown by crosses (region III).

800 MeV/N. Vary pointed out that the multiplicity
of pion production is roughly proportional to the
pion production cross section in the nucleon-nu-
cleon process.” We can extend this argument to
the A-formation multiplicity because at this en-
ergy region the pion production is mainly through
the formation of the A isobar. Then the multi-
plicity of A formation at 800 MeV/N can be esti-
mated to be 10 times as large as that at 400 MeV/
N,

The difference between the data with 800-MeV /N
2ONe and 730-MeV proton could also be ascribed to
the multiplicity difference of A formation. The
multiplicity of A by the **Ne reactions could be at
least 10 times more than that of proton reactions.

These considerations led us to attribute the low-
energy central bump observed only with 800-MeV/
N ?°Ne to multiple-A formation. However, such
low-energy pions are not available from a decay
of single A, In Fig. 6 the possible kinematic do-
main for a pion emitted from a single A is shown
(region I, hatched zone). The curves 1 and 2 cor-
respond to pions from the A moving forward and
backward, respectively, in the nucleon-nucleon
collision. The pions emitted in the decay of the
A are distributed around these curves because of
angular and mass distributions of the A, The do-
main does not cover the central bump. The pions
from a single A have too much energy to explain
the bump.

The Coulomb effect is another important factor
for the low-energy pion distribution. As shown
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experimentally by Benenson ef al.® the effect sup-
presses the pion yields in the region near (y =y,
p,~0) and (y=~y,, p,~0). If we believe the exis-
tence of “Fireball,” or the central part, the sup-
pression would occur also around (y =y, p,~0),
In Fig. 6, those regions are indicated by crosses
(region III), This effect seems to be an important
factor in forming the central bump. However, the
difference between the data at 800 MeV /N and 400
MeV/N is not explainable by the Coulomb effect
alone.

Recently, the existence of deeply bound A-A
(dibaryon) states has been shown theoretically®
and experimentally.'® If such multiple-A bound
states were formed, the energies of pions from
their decay should be lower than those from the
single-A decay. The curves 3 and 4 in Fig. 6
correspond to pions emitted with energies of 20
and 50 MeV from a state with the central rapidity
ye=3(yp+y5). It seems to be necessary to con-
sider such a mechanism to explain the low-energy
central bump (region II). ’

The available experimental information is not
sufficient to check the argument further, and we
are not able to stress it strongly. It should be
emphasized, however, that those low-energy cen-
tral bumps, which were observed in the collisions
of 800-MeV /N 2°Ne but not of 730-MeV protons
with nuclei, must have an interesting origin spe-

cific to the high-energy nucleus-nucleus collisions.

At 800 MeV the cross section for formation of A
in a p—p collision (~20 mb) is as large as a half of

the p-p total cross section(~40 mb), so that when
nuclei collide at 800 MeV /N a quarter of the par-
ticipating nucleons become A, Such a situation
can be produced only by nucleus-nucleus collisions
in this energy region. It is of great interest to
study the pion production more systematically and
by observing correlations.
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