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Inclusive cross sections for production of 7+, T, p, d, °H, *He, and *He have been
measured at laboratory angles from 10° to 145° in nuclear collisions of Ne + NaF,
Ne + Cu, and Ne + Pb at 400 MeV/nucleon, C + C, C + Pb, Ne + NaF, Ne + Cu,
Ne + Pb, Ar + KCl, and Ar + Pb at 800 MeV/nucleon, and Ne 4+ NaF and Ne + Pb at
2.1 GeV/nucleon. The production of light fragments in proton induced collisions at beam
energies of 800 MeV and 2.1 GeV has also been measured in order to allow us to com-
pare these processes. For equal-mass nuclear collisions the total integrated yields of nu-
clear charges are well explained by a simple participant-spectator model. For 800
MeV/nucleon beams the energy spectra of protons at c.m. 90° are characterized by a
“shoulder-arm” type of spectrum shape with an exponential falloff at high energies,
whereas those of pions are of a simple exponential type. The inverse of the exponential
slope, E,, for protons is systematically larger than that for pions. This value of Ej is
larger for heavier-mass projectiles and targets. It also increases monotonically with the
beam energy. The angular anisotropy of protons is larger than that of pions. The yield
ratio of 7~ to total nuclear charge goes up with the beam energy, whereas the yields of
composite fragments decrease. The ratio of low-energy 7~ to 7™, as well as that of °H to
3He, is larger than the neutron to proton ratio of the system. The spectrum shape of the
composite fragments with mass number 4 is explained very well by the Ath power of the
observed proton spectra. The sizes of the interaction region are evaluated from the ob- -
served coalescence coefficients. The radius obtained is typically 3—4 fm. The yield ratio
of composite fragments to protons strongly depends on the projectile and target masses
and the beam energy, but not on the emission angle of the fragments. These results are
compared with currently available theoretical models. .

NUCLEAR REACTIONS Ne + NaF, Ne + Cu, Ne + Pb,
E /A = 400 MeV/nucleon; C + C, C + Pb, Ne + NaF, Ne + Cu,
Ne + Pb, Ar + KCl, Ar + Pb, E/A4 = 800 MeV/nucleon; Ne + NaF,
Ne + Pb, E/A = 2100 MeV/nucleon; p + C, p + NaF, p + KCl,
p+ Cu, p+ Pb, E =800 MeV; p + C, p + NaF, p + KCl, p + Cu,
p + Pb, E = 2100 MeV; measured o(p,6) for 7+, 77, p, d, *H, *He,
= and “He. ]

SEPTEMBER 1981

I. INTRODUCTION

Since 1977 we have been measuring light frag-
ment spectra at large laboratory angles in high-
energy nuclear collisions. Although a part of the
data has already been published in letter jour-
nals,' =7 we would like here to report systematically
all the existing analyzed data. In the present paper
we report inclusive spectra-only. In the near future
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we plan to report particle correlation data including
two particle correlations and high multiplicity
events. ,

It is, of course, hard to extract the entire picture
of high-energy nuclear collisions from inclusive data
alone. Nevertheless, inclusive spectra are important
in many aspects. In the first place, all basic
processes which occur during the collisions are con-
tained in the inclusive process. Therefore, when one
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starts to study nuclear collisions by using new beam
energies, or by using new projectile and target '
species, or by measuring new types of produced
particles, the first important experimental variables
to be measured are the inclusive spectra. These
spectra provide the crude but overall features of the
reaction mechanisms involved in the new domain.
Secondly, the absolute values of inclusive cross sec-
tions are relatively easy to measure, and one can
compare the data directly with theoretical predic-
tions, since most of the current theories provide ab-
solute cross sections for inclusive spectra only. In
the present paper, we first describe what types of
new features are observed in nuclear collisions at
high energies, and then compare the data with
currently available theories.

In nuclear collisions at beam energies above 0.1
GeV/nucleon, the de Broglie wavelength of the in-
cident nucleons is shorter than the typical internu-
cleon separation (d ~ 1.8 fi) inside the nucleus.
This fact implies that the projectile nucleons can
recognize the individuality of nucleons inside the
target nucleus. In other words, the individual in-
teractions between nucleons inside the projectile and
target are likely to be more important than the in-
teraction through the mean field. Such a situation is
characteristic of nuclear collisions at high energies.
Consequently, it becomes quite natural to picture a
high-energy nuclear collision as a superposition of
nucleon-nucleon collisions, as shown in Fig. 1.
Under these circumstances nucleons involved in nu-
clear collisions may be classified into two types; the
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FIG. 1. General features of high-energy nuclear col-
lisions.

participant nucleons which interact strongly with
each other during the collision, and the spectator
nucleons which are not actively involved in any
strong nucleon-nucleon collisions. Of course, such
a classification is rather arbitrary and crude, but it
helps us to define roughly the kinematical domain
into which various types of particles are emitted.

In the plane of rapidity y = % In[(E + p))/

(E — p|P], and of transverse momentum pr/mc of
an emitted particle, the projectile and target frag-
ments from the spectator nucleons are more likely
to be clustered at (y,pr/mc) = (yp,0) and (y7,0),
respectively, where yp and yr are the projectile and
target rapidities. On the other hand, particles emit-
ted from the overlap region between projectile and
target, which consists mostly of participant nu-
cleons, are observed over a wide region of rapidity
and transverse momentum allowed by the kinemat-
ics. These particles are mainly nucleons and pions,
since in these nucleon-nucleon collisions the energy
transfer involved is much higher than the nucleon
binding energies.

In the laboratory frame, projectile fragments tend
to be high-energy particles emitted at very small an-
gles, whereas the target fragments are low-energy
particles emitted at all angles. Particles from the
overlap region are of relatively high energy and are
emitted over a wide range of angles. In the present
experiment, relatively high-energy light particles 7,
T, p, d, 3H, 3He, and “He have been detected at
large laboratory angles. In this respect, our data
tend to reflect more of the features of the partici-
pant region.

The beams used in the present experiment are Ne
at 400 MeV/nucleon, C, Ne, and Ar at 800
MeV /nucleon, and Ne at 2.1 GeV/nucleon. Parti-
cles with momenta from a few hundred MeV/c to a
few GeV/c were measured by a magnetic spectrom-
eter at angles from 10° to 145°. The projectile mass
dependence was studied by using three projectiles,
C, Ne, and Ar at 800 MeV/nucleon, and the beam
energy dependence was studied with Ne projectiles
at three bombarding energies. Targets were (a) of
nearly equal mass to the projectile and (b) heavier-
mass elements such as Cu and Pb. In order to
compare heavy-ion induced collisions with proton
induced collisions, we also studied 800 MeV pro-
tons and 2.1 GeV protons on various targets.

The present measurements are complementary to
many other experimental data obtained at the Be-
valac. Papp et al.,® Anderson et al.,’ Greiner
et al.,'° Lindstrom et al.,'! Heckman ez al.,'> West-
fall et al.,'’ and Gazzaly et al.!* have measured



protons and pions at forward angles. Schroeder
et al."® have measured protons and pions at back-
ward angles. These data are primarily related to the
study of projectile and target fragmentations. At
large laboratory angles, Westfall et al.,'® Gutbrod
et al.,'"” Gosset et al.,'® Stock et al.,'® and Sandoval
et al.?® have reported extensive data for protons,
deuterons, and heavier fragments. Our experiment
partly shares the same physics interest with these
others, but the main difference of our data lies in
the energy of the measured particles; namely, we
measured relatively high-energy particles while they
measured mainly low-energy particles, typically pro-
tons less than 200 MeV. Our data for protons cov-
er the energy region from 70 MeV to 2 GeV. With
regard to pions, the data of Chiba et al.,”! Nakai

et al.,”> Wolf et al.,” and Benenson et al.* should
be mentioned. Here, low-energy pions below 100
MeV were measured, while we report in this paper
relatively high-energy pions, typically from 30 MeV
to'1 GeV.

In Sec. II details of the experimental techniques
and procedures are described. General remarks
about the results are given in Sec. III. In Sec. IV
the total inclusive cross sections evaluated from the
data are discussed. Several specific features ob-
served in the spectra of protons and pions are
presented in Sec. V, and compared with the predic-
tions of theoretical models. Composite fragment
emission is described separately for pions and pro-
tons in Sec. VI. In Sec. VII the present study is
summarized.

II. EXPERIMENTAL TECHNIQUES
AND PROCEDURES

A layout of our experimental setup is shown in
Fig. 2. A magnetic spectrometer was mounted on a
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rotatable platform. A total of nine planes of mul-
tiwire proportional chambers (MWPC’s) placed be-
fore and after the spectrometer magnet determined
particle trajectories. The momentum, charge, and
mass of each particle were determined from three
independent experimental variables, time-of-flight
between the plastic scintillation counters G 1 and

G 3, dE /dx of the particle in G3 (or G 1), and the
trajectory traced by the MWPC’s. In order to cov-
er a wide momentum range (0.3—3 GeV/c) we nor-
mally took data at two different settings of magnetic
field, 10.2 and 3.2 kG.

Beams were accelerated by the Berkeley Bevalac.
The size of the beam spot at the target was 4 —8
mm in both width and height. A typical beam in-
tensity was 10 particles/pulse. Each pulse had
about a 1 s beam-on period followed by about a
4—5 s beam-off period. The beam intensity was
monitored by an ionization chamber (IC) and a tele-
scope of three plastic scintillation counters pointed
at the target. The position of the beam was moni-
tored by two sets of MWPC’s placed upstream and
downstream of the target. The targets were mount-
ed on a 10 cm X 10 cm frame. The thickness of
each target was typically 1 g/cm?.

The event trigger used the requirement

G =G1*G2+*G3. (1)

Here we assumed that the efficiency of each of these
three counters was close to 100%. The time resolu-
tion of the coincidence G 1*G2 was set at 10 ns
while that for G 1*G 3 was 50 ns so that protons
with momenta from 100 MeV/c up could be ac-

- cepted. The MWPC’s were not required-in the

event trigger so that the several efficiencies related to
the MWPC’s could be evaluated during the off-line
analysis.

Data were recorded on-line on magnetic tape by a
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FIG. 2. Layout of the experimental setup.
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TABLE 1. Beams, targets, detected particles, and the available types of data. An.aster-
isk indicates that the data are partly available.

E /nucl Data type available
(MeV) Projectile Target Detected particles Inclusive TPC* HME®
400 Ne NaF, Cu, Pb %, p, d, *H, *He Yes Yes *
800 C C, Pb 7, p, d, *H, *He Yes Yes *

Ne NaF, Cu, Pb %, p, d, *H, *He Yes Yes  Yes

Ar KCl, Pb =%, p, d, *H, *He,*He Yes Yes  Yes

2100 Ne NaF, Pb 7%, p, d, °H, ’He, *He  Yes Yes  Yes

800 P C, NaF, KCl 7, p, d, °*H, 3He Yes Yes No-
Cu, Pb

2100 P C, NaF, KCl 7%, p, d, *H, *He Yes Yes No
Cu, Pb

*TPC—two-particle correlations.
YHME—high-multiplicity events.

PDP 11/20 computer, and then analyzed off line plastic scintillation counters. The dimensions of
with a CDC 7600 computer. Beams, targets, and . these elements are summarized in Table II. The in-
the produced particles studied in this experiment are cident angle of a particle into the C magnet, 6;, was
summarized in Table I. The details of each element determined by P 1X and P2X, where the angle
used in the present experiment as well as the experi- 0; = 0 is defined by a line normal to the detectors
mental procedures are described in the following P1 and P2. The outgoing angle, 6,, from the magnet
subsections. net was determined by P3X and P4. The other five
. planes of the MWPC’s were used to select a good
A. Magnetic spectrometer trajectory by requiring various consistency checks.
Also, when two or more particles entered the spec-
As shown in Fig. 2, the magnetic spectrometer trometer, these additional planes were very useful in
consisted of (a) a C magnet, (b) MWPC’s, and (c) separating the tracks.

TABLE II. - Elements used in the spectrometer.

Element - Dimension

C magnet Pole dimension = 33 cm (width) X 61 cm (length) X
15.2 cm (gap)

Multiwire proportional chambers (MWPC)?

Pl 64 wires (X) X 64 wires (Y); 1 mm (spacing)
P2 64(X) X 64(Y); 2 mm (spacing)
P3 192(X) X 192(Y) X 192(U); 2 mm (spacing)
P4 256(X); 2 mm (spacing)
P5 256(X); 2 mm (spacing)
Plastic scintillators

G1 (1 set) 5.08 cm (width) X 3.81 cm (height) X 0.64 cm (thickness)

G2 (5 sets) 2.54 cm (width) X 7.62 cm (height) X 0.32 cm (thickness)

G3 (3 sets) 55.9 cm (width) X 8.89 cm (height) X 0.95 cm (thickness)

°X indicates vertical wires and Y indicates horizontal wires. The wires indicated by U are tilted by 45° with respect to X
and Y.
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A three dimensional field map of the C magnet
was measured before the installation of the
MWPC’s. Using the actual magnetic field we per-
formed trajectory calculations for particles with
various momenta, and found a simple relation
between the particle rigidity (p /Z) and (6; and 6,):

p___ Bm
Z  sinf; — sinf,

X21.1 [(MeV/c)/ charge ], (2)
where B is the effective magnetic field in units of
kG. The values of B4 were 10.18 and 3.24 when
the magnetic fields at the center of the C magnet
were 9.89 and 3.13 kG, respectively. The approxi-
mation of Eq. (2) is good to within a 2% accuracy
over the whole momentum region measured in the
present experiment.

The calibration of the bending angle through the
magnet was done by two methods. Firstly, particle
tracks at zero magnetic field were measured in or-
der to calibrate the zero bending angle. Secondly,
the spectrometer was set at angles —5°, —2.5°, 0°,

+ 2.5°, and + 5° at which settings the bending an-
gle of the primary beam was measured. These cali-
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brations were done occasionally, once or twice per
one week run period. From these measurements we
found that the bending angle was reliable to within
0.1°, and the absolute rigidity was reliable to within
a few percent.

Energy loss (dE /dx) and time-of-flight (TOF)
were measured by the plastic scintillation counters
G1 and G3. G3 consisted of three counters, each
of which was 56 cm long and 8.9 cm wide. The
signals from the two ends of each counter were fed
to both analog-to-digital converters (ADC’s) and
time-to-digital converters (TDC’s). The digitized
ADC outputs of each pair of signals in G3 were
averaged, after the adjustment of gains, and used to
determine the dE /dx of the particle. Also, the
average of the TDC outputs was used to obtain the
TOF of the particle. In addition, the difference of
these TDC outputs was used to determine an ap-
proximate position (within a few cm) of the particle
in G3. This information was used to calibrate the
efficiency of the MWPC’s, which will be discussed
later in Sec. IIC.

In order to attain good time resolution of the
TOF between G 1 and G3 we fed both G1 and G 3
time signals directly to stop channels of a CAMAC
TDC in which a common start was generated by
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FIG. 3. Scatter plot between time-of-flight (TOF) and dE /dx.
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the event-trigger signal. The time resolution of the
G 1-G 3 TOF was measured by using low-intensity
carbon beams at a spectrometer setting of —2.5°.
Since the timing of the event trigger signal was care-
fully adjusted so as to be determined by G 1, the
time resolution measured by the G 3 stop channel
(relative to the start event trigger) should in princi-

- ple be the same as the time resolution measured
from the time difference between the two stop chan-
nels of G1 and G 3. However, the actual time reso-
lution was 500 ps at FWHM in the former case,
while it was 300 ps at FWHM in the latter case.
Such an improvement was primarily due to the fact
that the time jitters induced by the logic circuits
were eliminated when we took the time difference
between the G 1 and G 3 stop channels.

For a particle with charge Z and velocity Bc, the
TOF and dE /dx are given by

TOF =d/(Bc), (3)

dE /dx = Z*f(B),

where d is the distance between G 1 and G3. From
Egs. (3) and (4), the particle charge Z can be deter-
mined. Figure 3 shows a scatter plot of TOF and
dE /dx for one of the G 3 counters, from which we
selected Z = 1 and Z = 2 particles. The mixture

(4)
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of Z = 1 particles into the Z = 2 region due to the
Landau tail is negligible (< 1%).

After the selection of the particle charge, the par-
ticle mass was identified from the bending angle and
TOF information [see Egs. (2) and (3)]. Figure 4
shows a scatter plot of (tan8; — tan6,)(180/7)
and TOF for Z = 1 particles traversing a 10.2 kG
magnetic field, where the former quantity is nearly
equal to the bending angle (in units of degrees) for a
small bending angle. The choice of tanf; and tan6,
rather than the bending angle itself was done simply
because of the convention of the data analysis, since
tanf; (or tanf) is the difference in the wire-position
readings between two successive MWPC’s divided
by the distance between these two chambers. We
see that p, d, and *H are very well separated. For
the detection of pions and low-energy protons we
decreased the magnetic field to 3.2 kG. In this way
much clearer separation between pions and protons
was obtained. The separation between *He and *He
was also good.

The momentum resclution for high-energy parti-
cles is determined by the wire spacing of the
MWPC’s, while for low-energy particles the resolu-
tion is determined by the multiple Coulomb scatter-
ing. The calculated momentum resolution
(FWHM) was 10% at 400 MeV/c, 5% at 1000
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MeV/c, and 10% at 2000 MeV/c. These calculat-
ed numbers are comparable to the measured resolu-
tion, 8%, 5%, and 14%, respectively, where these
experimental numbers were evaluated from the mea-
surements of elastically scattered protons in p +
CH, collisions.

The solid angle of the spectrometer is about 10
msr. The acceptance of the spectrometer as a func-
tion of the particle rigidity was calculated by Monte
Carlo methods, using the three-dimensional field
map. The result is shown in Fig. 5. If the beam
spot moves vertically by a few cm, the acceptance
decreases by up to 7—8 %. During the actual
data-taking runs we tried to keep the vertical posi-
tion of the beam within +(2—3) mm from the:
center. In addition, in the data analysis we com-
pared the final results of cross sections with the
sample data in which only G 3 (center) was used,
since in the latter case the acceptance is not influ-
enced by modest vertical movement of the beam -
spot. We confirmed that these sample data were
consistent with the final results. The calculated ac-
ceptance was experimentally checked by two
methods; one by using pp elastic scattering in 800
MeV p + CH, collisions and the other from the test
of the consistency between high (B4 = 10.2 kG)
and low (B = 3.2 kG) field measurements.

B. Beam monitor

The absolute beam intensity was determined by
recording the total charge collected by an ionization
chamber (IC) before and after each pulse. At low
beam intensities, from 10° to 10° particles/s, the IC
reading was calibrated against the coincidence
counts between two plastic scintillation counters
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FIG. 5. Acceptance of the spectrometer.

(called the B and T counters) inserted in the beam.
The actual setup for this calibration run is shown in
Fig. 6.

The coincidence between B and T was important,
especially for light-ion beams such as protons, since
long-lived B-radioactive elements were produced in-
side the plastic scintillation counters and these ele-
ments increased the single counting rate. If we take
a coincidence between B and T, however, the coin-
cidence counts are not the true beam flux, because
of the scattering of beam particles by the upstream
counter (the B counter). The scattering effect was
measured by inserting lucite absorbers right after the
B counter. The normalized coincidence rate
(B*T)/B was measured as a function of the thick-
ness of the lucite absorber and then extrapolated to
zero thickness of the B counter. This correction
turned out to be about 5%. The IC reading thus
calibrated agrees also to within 5% with the calcu-
lated values based on the known value of dE /dx in
the gas inside the IC.

A monitor telescope (M) placed at 120° with
respect to the beam was used to verify that the IC
performance did not deteriorate at high beam inten-
sities. The telescope consisted of three plastic scin-
tillation counters, as shown in Fig. 6. Because of its
directionality, it detected mainly the fragments from
the target. It was designed so that the count
(M 1%M 2+M 3) was insensitive to the movement of
the beam spot at the target. First, the rate M
(=M 1+M 2*M 3) was measured against (B*T) at
low beam intensity, and then the IC reading was
compared with M at high intensity. The linearity of
the IC turned out to be good to within a few per-
cent up to the highest intensity used in the present

l Target
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FIG. 6. Beam-intensity monitor system. Both
counters B and T were taken out of the beam line after
the calibrations of the ion chamber and the monitor tele-
scope (M 1-M 2-M 3).
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experiment.

Once the IC and M were calibrated, both could
be used to determine the absolute beam flux. Since
the target-out/target-in ratio of the coincidence
counts M was < 1%, we normally used M for the
beam intensity determination when the target was
in. When the target was out (dummy run), the IC
reading was used. The absolute beam flux thus
determined was reliable to within +10%.

C. Data taking and off-line data analysis

The electronic circuits were very conventional
and will not be discussed here in detail. Three
CAMAC crates were controlled by a MBD-11
microprogrammable-branch driver which was cou-
pled to a PDP 11/20 computer. Data were first
written on disc and then dumped onto magnetic
tape. Signals of TDC’s, ADC’s, MWPC’s, and
coincidence registers were recorded in each event.
The scaler counts as well as the IC readings were
recorded in each beam pulse (with an interval of
about 1 s). Normally, histograms of ADC’s,
TDC’s, and MWPC’s, as well as two-dimensional
scatter plots, were monitored on line on a Tektronix
scope display.

The off-line data analysis was done with a CDC
7600 computer. It consisted of the following steps:

(1) Raw data analysis. This was done to adjust
gains and zero points of ADC and TDC histo-
grams; to select charges of particles from TDC-
ADC scatter plots; to obtain good hit patterns of
the MWPC’s and trace orbits through the spectrom-
eter; to select particle masses from TDC-bending
angle scatter plots; and to calculate the momentum
of each particle.

(2) Cross-section evaluation. This was done to ap-
ply necessary corrections to the raw momentum
spectrum, such as dead time, MWPC efficiency,
spectrometer acceptance, the efficiency of orbit trac-
ing through the MWPC’s decay-in-flight correction
for pions, etc.; to evaluate multiple scattering effect
of particles inside the target or in the spectrometer;
and to estimate cross sections and tabulate them.

Several corrections applied in the present experi-
ment are summarized in Table III, in which the
type of correction, typical value of the correction,
and the associated error are listed. Values of
corrections of items (2)—(5) in Table III change
from run to run, and were thus calculated in each
run. Most of the corrections are self-explanatory.

TABLE III. Corrections and associated errors applied in the present experiment. An asterisk indicates that the
correction and associated error are important only for low-momentum region.

Typical correction value

Associated error

Type of correction Proton Pion Proton Pion
(1) Absolute beam intensity 0 0 +10% +10%
(2) Dead time 20% 20% +1% +1%
(3) MWPC efficiency 10% 20% +5% +10%
(4) Untraceable good event 2% 10% +2% +10%
(5) Beam spread at target 10% 10% +5% +5%
(6) Two or more particle hits 0 0 +5% +5%
(7) Loss due to the dE /dx-TOF 0 0 +3% +3%
’ scatter plot cut
(8) Loss due to the bending 0 0 +2% +2%
angle-TOF scatter plot cut
(9) Loss due to particle decay 0 * 0 *
in flight
(10) Spectrometer acceptance 0 0 +5% +5%
(11) Target thickness and * * * *
multiple Coulomb scatterings
Overall +15% +20%
Other systematic +15% +15%
Total +20% +25%




Here we describe the MWPC efficiency [item (3)],
the orbit-tracing efficiency [item (4)], and the correc-
tion for two or more particles entering the spec-
trometer [item (6)].

The MWPC efficiency was measured by selecting
particles with hits in G 1, G2, and G 3 (center). The
particle position at G 3 (center) was determined
from the time difference between two ends of the
G 3 (center) counter, and only particles which
geometrically hit all the MWPC’s were selected.
The efficiency of each MWPC plane was typically
98% but depended on counting rate and particle
type. Typically, the efficiency for low-energy pro-
tons ( < 400 MeV) was 99% while that for high-
energy protons or pions was 98%. Even with a sin-
gle plane efficiency of 98%, the total efficiency for
nine planes would be down to ~80% if all planes
were uncorrelated, and such corrections are not
negligible. The efficiencies were evaluated for each
of the individual runs and for each type of emitted
particle.

The procedure of orbit tracing through the
MWPC’s was as follows. The hit pattern of parti-
cles in each chamber was constructed based on the
assumption that if two or more adjacent wires were
fired, only one particle was involved. After the con-
struction of the hit patterns of all the MWPC'’s, the
five MWPC'’s after the magnet (P3, P4, and P5)
were first tested to eliminate background hits by im-
posing two conditions: (a) the horizontal trajectory
through P3X, P4, and P5 was a straight line, and
(b) the hit patterns within P3X, P3Y, and P3U
(which had wires tilted by 45° with respect to those
of P3X and P3Y) were mutually consistent. The
use of P3U was effective when two or more parti-
cles entered the P3 chamber. Events satisfying
these conditions were then subjected to conditions
involving the hit patterns of P1 and P2. Here we
required that (a) an orbit was vertically on a straight
line through P1Y, P2Y, and P3Y, (b) the trajec-
tories defined by P 1 and P2 extrapolated to within
an area of 1 cm X 1 cm at the target position, and
(c) the horizontal line defined by P 1X and P2X in-
tersected the line defined by P3X and P4 at approx-
imately the center of the magnet. Such selected
orbit(s) were used for the actual determination of
the momentum of the particle(s). Some good
events were eliminated by imposing these conditions,
since the criteria of these conditions were sometimes
too strict. By relaxing these criteria we could evalu-
ate the correction for the untraceable good events.
This was about 2— 10 %.

In the case where two or more particles entered
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the spectrometer, we tried to analyze as many parti-
cles as possible. However, unless individual parti-
cles hit different G 3 counters, it was usually not
easy to analyze these events because of the incorrect
readings of TOF and dE /dx. In addition, the
MWPC hits for more than two or three particles
entering the spectrometer were not always recorded
due to the 32 word limitation of the CAMAC
readout module of the MWPC’s. These facts have
introduced about 5% ambiguity in the absolute
values of inclusive cross sections.

Based on the quoted errors in Table III the resul-
tant errors are +15% for protons and +20% for
pions. However, the proton cross sections taken at
B 4= 3.24 kG were occasionally higher than those
at By = 10.18 kG by a factor up to 1.3 (thus
+15%). Taking into account this systematic error
of +15% we conclude the final uncertainties of the
absolute cross section values to be +20% for p, d,
3H, 3He and *He, and +25% for pions. Relative
values between detected particles are reliable to
within +15% for nuclear fragments and +20% for
pions.

IIL. 'i‘YPICAL FEATURES OF SPECTRA

Since we cannot present here all of the data mea-
sured in the present experiment, the complete set of
the measured cross sections of p, d, *H, 3He, “He,
%, and 7~ together with graphic displays are given
separately in Ref. 25. In the present paper we dis-
cuss some of the interesting features seen in the
data. In this section we present a few examples of
the measured cross sections and describe the typical
features. In the following three sections we study
the total cross sections (in Sec. IV), the proton and
pion spectra (in Sec. V), and the composite fragment
emission (in Sec. VI).

In Figs. 7— 11 the momentum spectra of p, d,
°H, *He, *He, and 7~ in 800 MeV/nucleon Ar +
KCI collisions are displayed. In order to compare
heavy-ion induced collisions with proton-induced
collisions, proton spectra in 800 MeV p + KCl
collisions are also presented in Fig. 12. Here the
Lorentz-invariant cross sections,

oy = (E/p*)(d*0)/(dpdQ) , (5)

are plotted against laboratory momentum.

We first discuss the proton spectra in Ar 4+ KCl
as compared with those in p + KCI collisions (Figs.
7 and 12). At forward angles in p + KCI collisions
sharp peaks are observed. Here, the pp and pn
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FIG. 7. Inclusive spectra of protons in 800
MeV/nucleon Ar + KCI collisions.

quasielastic scatterings are the important mechan-
isms.” On the other hand, in Ar + KClI collisions
such peaks do not show up. The spectra simply
vary smoothly with the momenta of the emitted
protons. At forward angles in the Ar 4+ KCl case,
however, the invariant cross sections at low momen-
ta decrease rather slowly with increasing momenta,
while those at high momenta decrease approximate-
ly exponentially with a steeper slope. We call such
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FIG. 8. Inclusive spectra of deuterons in 800
MeV/nucleon Ar + KCl.

a spectrum shape the “shoulder-arm” shape. The
turning point between the shoulder and arm is lo-
cated at a momentum close to the peak observed in
p + KCI collisions.

The spectrum in the arm region is interesting. In
this region no proton emission is kinematically al-
lowed if the Ar nucleus is a simple assembly of 18
independent stationary protons and 22 neutrons
without any mutual interactions. Therefore, the
spectrum in this kinematical domain reflects nuclear
effects, such as the internal motion of nucleons in-
side the nucleus, short-range correlation between nu-
cleons,?~28 or multiple nucleon-nucleon collision
effects. These are effects which have long been ob-
served and discussed, particularly from the back-
ward production in proton-nucleus collisions. %2832

As the laboratory angle increases, the position of
the turning point between the shoulder and arm,
seen in Ar + KCl, shifts to smaller momentum
and the exponential tail becomes steeper. At angles
larger than 70° no shoulders are seen within the
momentum region measured in the present experi-
ment.
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FIG. 9. Inclusive spectra of *H and *He in 800 MeV/nucleon Ar + KCl.
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At angles between 15° and 60° the yields of low-
momentum protons (~400 MeV/c¢) in the Ar +
KCI collisions are about ten times the proton yields
in p + KCl collisions. At large angles such as 60°,
however, we note that the slope of the proton spec-
tra is less steep for Ar + KCI than for p + KCI.
Here, the yield ratio becomes 100 for 1.2 GeV/c
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FIG. 11. Inclusive spectra of 7~ in 800 MeV/nucleon

Ar + KCI collisions.

protons emitted at 60°. In free nucleon-nucleon col-
lisions the nucleon emission at angles larger than 90°
is prohibited by the kinematics. Therefore, the
emission of relatively high-momentum protons in
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FIG. 12. Inclusive spectra of protons in 800 MeV
p + KCl collisions. The momentum of the peak seen at
forward angles agrees very well with the expected
momentum due to pp or pn quasielastic scattering.
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heavy-ion collisions at large angles, especially at
backward angles, again supplies interesting informa-
tion on nuclear effects, similar to that obtainable
from a study of high-momentum tails at forward
angles.

The above features of the proton spectra seen in
Ar + KCI collisions were observed at all of the
bombarding energies used in the present experi-
ments and for all combinations of projectiles and
targets. Furthermore, we found that low-energy
protons (less than a few hundred MeV) are more
copiously produced for heavier-mass targets such as
Pb than for lighter-mass targets, presumably because
of the effects of target fragmentation. Once the pro-
jectile mass is fixed, however, the shape of the high-
momentum tails at forward angles does not strongly
depend on the target mass.

The spectra of composite fragments are shown in
Figs. 8—10. Similar to the proton case, the spectra
are very smooth functions of fragment momenta.
The deuteron spectra at forward angles show a
shoulder-arm behavior. The position of the turning
point between the shoulder and the arm sits at
around 3 GeV/c, which is almost twice the momen-
tum of the turning point observed for protons (see
Fig. 7), i.e., at the same velocity as with protons.
The 3H, 3He, and *He spectra have, however, no
structure within the momentum regions observed in
this experiment. Naively we expect the turning
point to be around 4.5 GeV/c for *H and *He and

to be around 6 GeV/c for “He. These momenta are
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FIG. 13. Deuteron spectra at 30° and 60° in[Ne + NaF
and Ne + Pb collisions at three different beam energies,
0.4, 0.8, and 2.1 GeV/nucleon.

larger than the momentum range covered in the
present experiment.

Examples of the beam energy dependences of the
deuteron spectra are shown in Fig. 13 for the Ne
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FIG. 14. Contour plots of inclusive proton spectra in the plane of rapidity (y) and normalized transverse momentum
(pr/mec) for 800 MeV/nucleon Ar + KCl and Ar + Pb collisions.-



+ NaF and Ne + Pb systems. For the Pb target

at Oy,, = 30°, the deuteron cross sections are in-
dependent of the beam energy at p; < 1.5 GeV/c
(which corresponds to 260 MeV /nucleon kinetic en-
ergy). For the Pb target, not only the cross sections
of deuterons but also those for *H (<2 GeV/c) and
protons (< 700 MeV/c) at 30° are independent of
the beam energy. This confirms the observation re-
ported by Gosset et al.'® in which the spectra of
composite fragments, such as *He, were measured at
30° in Ne + U collisions. For fragments with en-
ergies less than 100 MeV/nucleon emitted at 30°, it
was found that the spectra are independent of the
beam energy. For the NaF target, on the other
hand, the 30° spectra have a strong beam energy
dependence, as seen from Fig. 13.

In the pion spectra shown in Fig. 11 a clear
shoulder-arm shape does not show up at any angle.
Instead, the cross sections decrease monotonically
with increasing momenta. The decrease of the cross
section depends on the angle, being steeper at larger
angles. We have also observed that for pions the
shape of the spectra and the angular distributions do
not depend strongly on the projectile and target
masses.

In order to visualize the proton and pion data we
display contour plots in Figs. 14 and 15 for both Ar
+ KCl and Ar + Pb collisions, in the plane of
rapidity () and normalized transverse momentum
(pr/mc). Two adjacent solid thick curves differ by
a factor of 10 in cross section. The projectile and
target rapidities are indicated by yp and yr, respec-
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FIG. 15. Contour plots of inclusive 7~ spectra in the
plane of rapidity (y) and normalized transverse momen-
tum (pr/mc) for 800 MeV/nucleon Ar +KCl and Ar
+ Pb collisions.
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tively. The line (yp + y7)/2 corresponds to 90° in
the NN (nucleon-nucleon) center-of-mass frame, and
Yem. refers to the rapidity of the c.m. frame of the
total projectile plus target system. ypp is the c.m.
frame of the participant piece calculated by the
straight-line geometry of the participant-spectator
model 3>

For proton spectra we expect two peaks at
pr/myc = 0; one located at y = yp due to projectile
fragmentation and the other at y = y; due to target
fragmentation. When the target mass is larger than
the projectile mass, we further expect larger yields
aty = yr than at y = yp. In the small pr/myc re-
gion we in fact observe such effects in the data, as
shown in Fig. 14.

In the region far from (y,pr/m,c) = (yp,0) and
(y7,0), the contributions from the projectile and tar-
get are no longer separable. In addition, as we go
to higher pr, the contour lines tend to become
symmetrical with respect to the line y = y,. This
Yo is close to (yp + y7)/2 in the case of Ar + KCl
because of the nearly equal masses of the projectile
and target. For Ar+Pb the value of yo (=0.53)
lies between ypp (=0.42) and (yp + y7)/2 (=0.61).

For the pion spectra shown in Fig. 15, the data
cover a much wider kinematical region than the
proton data in the plane of y and pr/m ,c. Here,
the contributions from projectile and target are not
separable in any of the kinematical regions. In most
of the kinematical region the contour lines are al-
most symmetrical with respect to the line
y = (pp 4+ yr)/2, although in the Ar + Pb case
the symmetry axis tends to shift toward the target
rapidity for very low-energy pions.

IV. TOTAL INCLUSIVE CROSS SECTIONS

Before studying the detailed structures of the
spectra let us first evaluate the total inclusive cross
sections o7 by integrating o;, which is defined by
Eq. (5) over all momenta and angles. For this pur-
pose we plot, in Fig. 16, d%0/dp dQ as a function
of momentum on a linear scale. Each spectrum has
a peak at a certain momentum and approaches zero
at very small momentum. We assume that
d?0/dpdQ =0 at p = 0. This assumption is well
justified, since it is known that o; approaches a con-
stant (finite value) at very small momentum.'®% In
the region of p < 350 MeV/c no data are available
in the present experiment. The contribution to
do/dS) from this region is, however, very small at
angles smaller than 60°, and a simple extrapolation
as shown in Fig. 16 does not induce a large error in
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FIG. 16. d%o/dp dQ for protons emitted in 800
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do/d). At angles larger than 60°, the contribution
to do/d() from the momentum region p < 350
MeV/c is comparable to that from the p > 350
MeV/c region, and the ambiguity in evaluating
do/d(Q is large. However, since the value of
do/dQQ itself is very small at these larger angles,
such an ambiguity does not cause any significant er-
ror in the value of the total cross section o7.
Integrations of do/d () over the angle 6 (practical-
ly, integrations of do/d @ over 6) have been done, in
most cases, based on the data taken at angles
15° < 6 < 145°. Smooth extrapolations of the data
into the angular regions smaller than 15° and larger
than 145° have been done in order to evaluate the
total yield from 6 = 0° to 180°. An example of the
integration is shown in Fig. 17. In Table IV the
results of oy for p, d, 3H, *He, “He, 7+, and 7~
are tabulated. In the 10th column of the table are
listed the total nuclear charge yields 0% which have
been obtained by

i .

where i refers to the type of detected fragment (o, d,
*H, etc.), Z; is its charge, and o’ is the total in-
clusive cross section of that fragment. In this sec-
tion we mainly discuss this o'Z.

In nuclear collisions the geometrical cross section
is expressed as

0 =mroX(dp'? + AFV 7

where Ap and Ay are the mass numbers of the pro-
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FIG. 17. do/d0 plotted as a function of 6 for protons
emitted in 800 MeV/nucleon Ar+KCl collisions. .In-
tegration has been done under the assumption that
do/d6 =0 at 6 = 0° and 180°. This assumption is
reasonable, since do/d () is expected to have finite values
at these angles.

jectile and target nuclei, respectively. Here, we have
assumed that nuclei have sharp radii. If a proton
inside the projectile nucleus hits the target, it be-
comes a participant, otherwise, it remains as a spec-
tator. Under the assumption that the projectile nu-
cleus consists of Zp independent protons and Np in-
dependent neutrons, the average number of partici-
pant protons from the projectile nucleus, which
represents the participant charge from the projectile,
is given by

(z f,)ﬂ,?i) = Zp X (target cross section)/og
=ZpA7 (4" + AFVPP (8a)
Similarly we have
(ZBF) = ZrAp™3/(Ap3 + 472 . (8)

The total yield of participant protons, namely the
total yield of nuclear charges from the participant
region, is therefore given by

YPa(nuclear charge ) -
=((ZB) +(Z ) X o
=mroXZpAr**+Z1A4p¥?) . ©)

This formula is a natural consequence of the
Glauber theory** and is also derived by Hiifner
et al¥®

Shown in Fig. 18 are the experimental data of to-
tal nuclear charge yields oZ. For equal-mass nu-
clear collisions (Fig. 18 left) the yield is almost in-
dependent of the beam energy, implying that the to-

tal yields of nuclear charges are determined mainly
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TABLE IV. Total inclusive cross sections for particle emission at large angles. .
Eveam/A Reaction Total cross section (b)* T
(MeV) p d H ‘He a ot T z® Z
Ne + NaF 39 1.2 » 0.19 0.17 0.077 0.086 5.6 1.5 X 1072
400 Ne + Cu 8.6 3.1 0.66 0.44 0.14 * 13.2 *
Ne + Pb 18.8 8.5 2.2 0.9 0.21 039 313 1.2 x 1072
800 C+C 22 0.41 0.039 0.034 * * 0.16 2.7 5.8 x 1072
C+Pb 16.8 7.0 1.6 0.9 * * .17 272 4.3 x107?
Ne + NaF 5.1 1.12 0.16 0.14 * 0.36 0.41 6.8 6.0 X 1072
800 Ne + Cu 12.2 3.7 0.74 0.45 * 0.77 0.89 17.8 5.0 X 1072
Ne + Pb 30.5 12.3 3.3 1.4 * 1.37 2.10 493 4.1 X 1072
800 Ar+KCl 141 4.0 0.62 0.52 0.16 1.0 1.4 20.1 7.0 X 10~2
Ar + Pb 43.0 18.9 5.0 2.7 1.4 22 4.3 76.5 5.6 X 1072
2100 Ne+ NaF 5.1 0.8 ~0.07 ~0.05 * ~1.6 1.63 6.0 2.7 x 107!
Ne + Pb 39.7 13.9 2.8 1.5 ~0.2 * 10.6 59.8 1.8 x 10!
p+C 0.33 0.03 0.002 * * * 0.008 0.36 2% 1072
p + NaF 0.52 0.07 0.005 ~0.002 * * 0.014  0.60 2% 1072
800 p + KCl1 0.86 0.11 0.007 * * * ~0.2 0.98 2% 1072
p+Cu 1.08 ~0.21 0.01 * * * 1.3 *
p+Pb 191 ~0.56 0.04 * * * 2.5 *
p+C 0.26 0.03 0.002 0.002 * * 0.04 0.30. 1.3x 107!
p + NaF 0.50 0.06 0.005 0.002 * b 0.08 0.57 1.4 x 107!
2100 p + KCl 0.94 0.12 0.01 0.01 * * 0.13 1.1 1.2 x 107!
p+Cu 1.15 0.23 0.02 0.01 * * 0.16 1.4 1.1 x 107!
p+Pb 3.1 0.8 0.09 0.05 * * 0.34 4.1 0.8 x 107!

*Typical systematic errors of the absolute values are about +20% for p and d and +30% for H, *He, 7+, and 7~. Re-
lative errors are, however, smaller; typically +10% for d to p, +15% for *H to p or for 3He to p, and +20% for 7~ to

p. Indicated by * are either “not measured” or “unable to deduce the value because of low statistics.”

The cross sec-

tion value with “~ in front of the figure has an error of the order of +40—50%. °Z indicates the total nuclear

charge obtained by p + d + *H + 2 X *He 4+ 2 X *He.

®Z indicates the total nuclear charge obtained by p + d + *H 4 2 X *He + 2 X *He.

by the collision geometry. In fact, Eq. (9), which is
based on a simple geometrical consideration only,
explains very well the absolute values of the data
with ro = 1.2 fm. This value of r, is quite reason-
able.

For unequal-mass nuclear collisions (Fig. 18
right) we again observe that the yields are roughly
explained by Eq. (9). In the Ne+ Pb case, how-
ever, the yield increases systematically as the beam
energy increases. This fact may imply that target
fragments from the Pb nucleus get higher excitation
energies at higher beam energies, and thus emit

more light fragments. This statement may conflict
with the concept of limiting fragmentation which
has been established for projectile fragmentation stu-
died in light-mass beams.”~!! However, there is no
a priori reason to believe that this concept should
hold in the fragmentation process from a heavy-
mass target such as Pb. In order to release nu-
cleons or light fragments from the target, at least an
8 MeV/nucleon internal energy has to be brought
into the system, and this energy is not negligible
when the system contains a large number of nu-
cleons. Such a tendency of higher yield at higher
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FIG. 18. Total yields of nuclear charges for equal-mass nuclear collisions (left) and unequal-mass nuclear collisions
(right), plotted as a function of ZpA** + Z;Ap*>. Data are compared with the predictions given by Eq. (9), which is

based on a simple geometrical model.

bombarding energy was also observed by Sandoval
et al.® in their study of Ne+U collisions.

Summarizing the above studies we learn that (a)
the total nuclear charge yield o2 is mainly deter-
mined by the collision geometry but not by the col-
lision dynamics, and (b) the particles emitted at
large angles, especially those from equal-mass nu-
clear collisions, are mostly from the participant nu-
cleons.

V. PROTON AND PION SPECTRA

In this section we discuss several features ob-
served in the proton and pion spectra, especially the
energy spectra, the projectile and target mass depen-
dences, the angular distributions, the yield ratios of
pions to total nuclear charges, the beam-energy
dependences, and the 7~ to 7+ ratio. Further, in
this section, we describe the comparison of the data
with theoretical models.

A. Energy spectra at 800 MeV/nucleon
Although relatively high-energy particles emitted

at large angles arise mainly from the participant nu-
cleons, the energy spectra at c.m. 90° should be par-

ticularly interesting in the study of the reaction
mechanism for the participant nucleons, since there
the contributions from both projectile and target
fragments should be the smallest. We therefore
describe first the energy spectra at c.m. 90°,

Shown in Fig. 19 are energy distributions of pro-
tons and negative pions at y = (yp + y7)/2 which
corresponds to 90° in the nucleon-nucleon c.m.
frame. Here the invariant cross sections are plotted
as a function of the kinetic energy E§ of protons or
7~. The beam energy was 800 MeV/nucleon for
all cases. In general, the spectrum shape does not
strongly depend on the projectile and target masses.
The shape of the proton spectra approaches an ex-
ponential at high energies, while at low energies it
substantially deviates from the exponential type.
Such a shoulder-arm type of distribution is a typical
feature of the proton spectra at 800 MeV/nucleon.
For 7, however, the spectrum shape is almost ex-
ponential at all energies.

Let us parametrize the pion spectra, as well as the
high-energy proton spectra, by

oy < exp(—Eg/Ey) . (10)
Then, E is 70—90 MeV for protons and 60— 70
MeV for m~. We observe two features of E, from
Fig. 19. The first one is that E is systematically
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y = (yp + y7)/2 (Which corresponds to 90° in the
nucleon-nucleon c.m. frame), from several nuclear col-
lisions at 800 MeV/nucleon. Ef is the kinetic energy in
the nucleon-nucleon c.m. frame. Ej is the slope factor
when the cross sections of high-energy protons or pions
are approximated by exp(— Eg /E).

larger for heavier projectile and target combinations;
for example, for proton emission, E, = 68 MeV for
C + C but =87 MeV for Ar + Pb. The other
feature is that E is systematically larger for protons
than for pions. The exponential type of shape, the
shoulder-arm type of distribution for protons, to-
gether with these two features for E, characterize
the observed energy spectra at c.m. 90° for 800
MeV/nucleon collisions.

B. Projectile and target mass dependences

We now discuss the projectile and target mass
dependences, based on the three almost equal-mass
combinations: C 4+ C, Ne + NaF, and Ar + KCl,
KCl, at Ey,,/nucleon = 800 MeV. First, we
study the A dependence for particle emission at c.m.
90°. In this case, the cross sections are to a good
approximation parametrized by

O(ER) « 47K (11)
where A4 is the projectile (and target) mass. The ob-
served values of a(Eg ) are displayed in Fig. 20 for
various c.m. kinetic energies Eg. If all protons are
emitted from direct processes without any multiple
collisions, then we expect that the 4 dependence is
determined only by the.collision geometry. In this
case the expected 4 dependence of o7 is given by
A7, since the inclusive yield is proportional to the
participant proton number (which is proportional to
A) multiplied by the geometrical cross section

EK(MeV)

FIG. 20. Projectile and target mass dependences of
the proton and 7~ cross sections at 0., = 90°, studied
from 800 MeV/nucleon C + C, Ne + NaF, and
Ar + KCl collisions. Invariant cross sections (o) are
parametrized by o; « 4% Eg is the kinetic energy in
the c.m. frame.

(which is proportional to 4%/3). This power depen-
dence can also be easily derived from Eq. (9). We
refer to the value of a(Eg) = % as the geometrical
limit. The observed values of a(Eg) for low-energy
protons are close to this geometrical limit. Howev-
er, as the proton energy increases, a(Eg) increases
and reaches 2.6 at Ef = 700 MeV. Also, the
values of a(Eg) for 7~ are slightly below 5 at low
energies but exceed it at high energies. If a(Eg) is
larger than -:—, it implies that the number of nu-
cleons involved in the collisions is larger than ex-
pected geometrically. This situation is possible
when we have frequent multiple NN collisions.
Since high energy particles at c.m. 90° have a large
P, the observed data imply that high p events tend
to involve more multiple collisions.

The high-energy protons (or pions) at c.m. 90°
correspond to high p7 particles in the midrapidity
region between projectile and target. For protons
the value of p; covered by the data shown in Fig.
20 extends up to 1.3 GeV/c. It is interesting to ex-
tend this type of 4-dependence analysis to various
kinematical domains into which particles are emit-
ted. As an example, we studied the 4 dependence
for protons emitted at forward angles, such as 15° in
the laboratory frame, in Fig. 21. In this case the

. value of pr is relatively small ( < 0.6 GeV/c) while

the rapidity of the emitted protons extends from 0.5
to 1.5. (Note that yp = 1.23 and yr =0.) If we
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FIG. 21. Projectile and target mass dependence of the
proton cross section at 6y, = 15°, studied from 800
MeV/nucleon C 4 C, Ne + NaF, and Ar 4+ KCI col-
lisions. Invariant cross sections (o) are parametrized
by gy < A

parametrize the laboratory cross sections at

O = 15° in the form of a{p,,,) « Aa(p“‘"), then the
observed value of a(py,,) is very close to % in the
region of p, < 2 GeV/c. It is larger than % only
for protons with p,;, > 2 GeV/c. Therefore, we
learn that the 4 dependence in the small py region
is almost what is expected by geometry over a wide
region of the rapidity.

The expected momentum from pp quasielastic
scattering (QES) is 1.37 GeV/c at 15°, as indicated
in Fig. 21. Thus we see that the proton emission at
Plab =2 GeV/c is far from the nucleon-nucleon
kinematical limit in which the nucleus-nucleus col-
lision is regarded as a simple superposition of the
nucleon-nucleon collisions. Even in such a high
momentum region the observed 4 dependence is
still consistent with the geometrical expectation.>®*’
This fact implies that high-momentum protons in
the region of p,, < 2 GeV/c are not necessarily
emitted through multiple NN collisions. Instead,
their production may be more closely attributable to
the intrinsic properties of the projectile nucleus,
such as Fermi motion or short-range correlations

o
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FIG. 22. Angular distributions of protons and 7~ in
800 MeV/nucleon Ar + KCI collisions, plotted as a
function of the angle in the frame of y, (which is close to
the nucleon-nucleon c.m. frame). Here, in the y -pr/mc
plane y, indicates a line around which the angular distri-
butions of high-energy protons or high-energy pions be-
come symmetrical, as shown in Fig. 14.

between nucleons.

In the study of high-multiplicity events in Ref. 5
we suggested that the high-momentum tails in the
inclusive spectra at forward angles tend to originate
from single NN collisions while those at c.m. 90°
are mainly multiple NN collisions. This is con-
sistent with the present study of the projectile and
target mass dependences.

C. Angular distributions

For Ar + KCI collisions the angular distribu-
tions of protons and pions in the c.m. frame are
plotted in Fig. 22. For protons strong forward and
backward peaking is observed up to very high ener-
gies, while for pions the observed anisotropy is less
at higher energies. Recently, Chiba et al.?"*? and
Wolf et al.?? found that low-energy m+ (Eg < 50
MeV) have an almost isotropic angular distribution
with even a slightly larger yield at around c.m. 90°,
while high-energy 7+ at Ef ~ 150 MeV show for-
ward and backward peaking. Our data are con-
sistent with their high-energy 7+ data. The aniso-
tropy of the pion angular distribution reaches its
maximum at pion energies around 150 MeV in the
c.m. frame.

In order to study the angular anisotropies in more
detail we take
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R(E2) = 0.5[04(0 . = 30°) + 07(0cm. = 150°))/07(6m. = 90°) . (12)

The reason we have chosen 30° is that this is the
smallest angle covered in the present measurements.
As seen in Fig. 23, this ratio for protons monotoni-
cally increases with proton energies and reaches a’
constant value (around 4) at high energies, while
that for pions has a peak at around E§ ~ 150 MeV.
Note that we expect R (Eg) = 1 at E§ = 0, since
the cross section should be independent of angle at

Eg = 0. At beam energies of 800 MeV/nucleon a
similar behavior was observed for C + C and Ne
+ NaF, although in C 4+ C, R(Eg) for protons

is around 4 at Eg ~ 200 MeV and stays constant
up to E§ ~ 600 MeV.

These features cannot be explained by any con-
ventional theoretical model. We have tested two
theoretical models, the firestreak model®® and the
hard-scattering model.*® However, both models
predict anisotropies for high-energy protons which
are too large. For high-energy pions the firestreak
model predicts too small an anisotropy while the
hard-scattering model predicts too large an anisotro-
py. Neither model predicts the peak for pions at
Eg ~ 150 MeV.

D. Beam energy dependence

In Fig. 24 the energy spectra of protons‘and neg-
ative pions at 0., = 90° are plotted for collisions of
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FIG. 23. Angular anisotropies, R = 0.5 [0,(30°)
+ 07(150°))/0(90°), for protons and 7~ emitted in 800"
MeV/nucleon Ar + KCl collisions. Eg is the kinetic
energy in the c.m. frame.

Ne + NaF at 400, 800, and 2100 MeV/nucleon.
At the higher bombarding energies the emitted par-
ticles distribute themselves over a wider energy re-
gion, and as a result, the inverse slope E increases
monotonically with increasing bombarding energies.
For the proton spectra the shoulder-arm feature
seen at 400 and 800 MeV/nucleon disappears at
2100 MeV/nucleon. For pions the shapes are near-
ly exponential at all bombarding energies.

The observed values of E are plotted in Fig. 25
as a function of the available beam energy per nu-
cleon in the c.m. frame. Recently Antonenko
et al.*® have measured proton spectra with 3.6
GeV/nucleon *He and !>C beams and showed that
the value of E is about 120 MeV. If we combine
their results with ours, it seems that E approaches
the limiting value at high energy of about 140 MeV
for protons and about 120 MeV for pions. In addi-
tion, we should note that, for any beam energy, the
value of E is systematically larger for protons than
for pions. This point will again we discussed in Sec.
VF.

For Ne + NaF collisions the yields do/d} at
c.m. 90° are plotted in Fig. 26 as a function of the
available beam energy per nucleon in the c.m.
frame. There the proton yield decreases as the
beam energy increases. This tendency is opposite to
the case of the total proton yields o7, which are list-
ed in the 3rd column in Table IV, as oy for protons
increases with the beam energy. On the other hand,
both do/dQ (90°) and o for the 7~ yield increase
rapidly as a function of the beam energy, and their
ratio is almost independent of the beam energy.

These features of the cross sections are consistent
with the angular distributions. In Fig. 27 the angu-
lar anisotropies R (Eg) defined by Eq. (12) are plot-
ted as a function of Eg, the kinetic energy in the
c.m. frame. For protons the anisotropy is very
large at 2.1 GeV/nucleon, especially for higher pro-
ton energies. As we decrease the beam energy, the
anisotropy becomes smaller. For pions, the aniso-
tropy is small at all beam energies, and R (E¢) has
less beam-energy dependence than for protons.

Such features of the angular distributions in nuclear
collisions are at least in qualitative agreement with
those observed in pp and pn collisions. The larger
anisotropy means that fewer particles are emitted at
90°. For protons, thus, the 90° yield is expected to
be smaller at higher beam energies. For pions, an
almost constant ratio of o to do/d () is expected.
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The tendencies observed in the ratios of o to rest mass in the case of pions. The energy flux at
do/dQ are therefore consistent with the results of c.m. 90°, Eq,,, is defined by
angular anisotropies.

In relation to the angular anisotropy let us ask
here what fraction of the total energy flux emerges

—"&% for Ne+NaF (6 m =90°)
in the form of charged particles at c.m. 90°. In d

. . 1000
Table V the experimental resuits of the quantity E ' ' ' k 3
[ E(d%/(dEdQ))dE at c.m. 90° are listed for 7, C i
protons, and deuterons in units of (GeV fm?)/sr. B 4
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frame.

Epy = fEdEdeE/ao, (13)
where oy is the nucleus-nucleus total cross section.
In the 6th column of the table the values of oy are
listed in units of fm?. The numbers listed in the 3rd
to 5th columns divided by oy are the observed ener-
gy fluxes at c.m. 90°.

In order to compare the results with theoretical
expectations, we list in the 7th column of Table V
the total energy flux summed over various types of
particles which emerges at c.m. 90°, which is 3Eg,,
(7m7) + 2Equ(proton) + Eg,,(deuteron). Assump-
tions involved here are that Eq, (77) = Egyy
(%) = Eqyy (7°) and Eg,, (proton)
= Equ(neutron). Contributions from nuclear frag-
ments heavier than deuterons are less than 10% of
the total energy flux, and thus we neglect them.
Also, the contributions from other mesons and lep-
tons are neglected. According to the simple
participant-spectator model, if all the Kinetic ener-
gy brought in by the projectile were to be isotropi-
cally emitted in the c.m. frame, the expected total
energy flux per unit solid angle, E {2, in the c.m.
frame would be given by

Efh = (y — Dmyc?

- X[mro*(24¥))/(4m0y) (14)
where (y — l)m,,c2 is the kinetic energy per nu-

cleon in the c.m. frame which was brought in by
the projectile and A4 is the projectile (and target)

TABLE V. Energy fluxes at c.m. 90°. The total energy flux E g, evaluated from the data is listed in the 7th column,
gl for an isotropic angular distribution. Errors are typically +20%.

which is compared with the calculated value,

f E[d%/(dEdQ)]dE at c.m. 90° Observed  Calculated®
E& Reaction in units of GeVfm? /sr o° Equ at Eq,, for E®
A c.m. 90° isotropic
distribution Eg
(MeV) 7" proton® deuteron® (fm?) (MeV/sr) (MeV/sr) (%)
400 Ne + NaF 0.13 2.8 0.7 132 51 80 64
C + C 0.26 1.5 0.27 80 51 103 50
800 Ne + NaF 0.64 3.8 0.8 132 78 153 51
Ar + KCl 1.7 13.0 2.8 239 142 243 58
2100 Ne + NaF 3.1 39 0.4 132 133 358 37

“Both pion rest mass and kinetic energy are included.
®Only the kinetic energy is included.

°Total cross section deduced from Eq. (30) in Sec. VIA 2.

“In order to obtain this value we assume that the yields as well as the energy spectra are the same for 7+, 7, and #°.
We also assume that they are the same for protons and neutrons. Contributions from heavier fragments then deuterons

are neglected. Therefore, listed here is 3E (77 ) + 2E qu(p) + Equx(d).

¢ From Eq. (14).
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mass numbei. Here, equal-mass collisions with

N = Z are assumed, and this equation is a natural
result of Eq. (9). In columns 7 and 8 of Table V
the experimental numbers and the above calculated
values for E g, are listed, and in the last column the
fractions of E > /E ﬁﬁlx are listed. As the projectile
and target masses increase, more energy flux flows
out at c.m. 90°, as seen from three types of col-
lisions at 800 MeV/nucleon. For Ne + NaF at
three bombarding energies, we note that the fraction
of the available energy flowing out at c.m. 90° de- -
creases with increasing beam energy. The smaller
ratio ESX/E §2 at higher beam energy is consistent
with the larger anisotropy of the angular distribu-
tion. Furthermore, the larger ratio for a heavier-
mass combination between the projectile and target
implies that the nucleus becomes less transparent
for a heavier-mass system.

When one discusses the beam-energy dependence,
the concept of “scaling” should also be mentioned.
It was demonstrated by Papp et al.? that in pion
emission at very forward angles the scaling law
holds very well; invariant cross sections fall on a
universal curve as a function of the Feynman scal-
ing variable x (=K || /K max), where k5., is the max-
imum c.m. momentum allowed by the kinematics.
In addition, Anderson et al.” showed that the p,._

distribution for projectile fragments is almost in-
dependent of the beam energy. It is therefore in-
teresting to test if some scaling law exists for parti-
cle emission at large angles. Unfortunately, the
present data do not scale with any known scaling
variable, such as xg (=pr/pmax)s Xg(=p7r/V's ), or
xs{ =[(pr?* + m?)/5]"/?} proposed in Ref. 41. In-
stead, we found an empirical scaling law, as plotted
in Fig. 28; the cross sections for protons and pions
emitted at 6., = 55° are, to a good approximation,
expressed as

o; = ogexp(—x) , (15)
with '
x = Eg/yBpoc for protons
=(Eg + m,c?)/yBpyc for pions , (16)

where pg is a constant and y and 8 are the Lorentz
transformation factors which define the nucleon-
nucleon c.m. frame relative to the laboratory frame.
We choose 0=155° in the c.m. because there P,( cos
0)=0 and thus the first-order anisotropy effect
vanishes. The best fits, as shown by dotted lines in
Fig. 28, have been obtained with o5 = 1.8 X 10*
[mbc3/(sr GeV?)] and py = 116 MeV/c for pro-
tons and oo = 3.2 X 10*[mbc?/(sr GeV?)] and
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FIG. 28. Empirical scalings for proton and 7~ emissions in Ne + NaF collisions. ¥ and B are the Lorentz transfor-
mation coefficients which describe the c.m. frame relative to the laboratory frame. Dotted lines in the figure are drawn at
0o = 1.8 X 10* and p, = 116 MeV/c for protons and 0o = 3.2 X 10* and p,.= 95 MeV/c for pions, where o, and Do are
parameters given in Eqgs. (15) and (16). Units in gy are (mbc?)/(sr GeV?).
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Po =95 MeV/c for pions. The quantity yBm,c is
the c.m. momentum per nucleon of the beam (or
target), and yBm,c times the fractional momentum,
Po/myc, is the denominator in Eq. (16). Therefore,
this empirical scaling implies that the proton emis-
sion and pion production depend upon the c.m.
momentum instead of c.m. energy. Of course, the
scalings seen in Fig. 28 are still purely empirical at
the present stage and we have not been able to as-
sociate any deep physical meaning.

As the final subject of the beam-energy depen-
dence, we discuss the 7~ to total nuclear charge (Z)
ratio listed in the last column of Table IV. So far,
this ratio has been extensively studied in streamer
chamber experiments, first by Fung et al.** and
more recently by Sandoval et al.* We plot their
results together with our present data in Fig. 29. A
common feature seen from all of these results is that
the ratio 7~ /Z monotonically increases as the beam
energy increases. Although the experimental condi-
tions might be different in these measurements, our
observed ratios are consistently larger than those ob-
served by Fung et al. The discrepancy of the abso-
lute values of our data from the data of Fung et al.
might be due to the fact that our data are more
biased toward the participant region while their
results might include both participant and spectator
regions. Sandoval et al., on the other hand, studied
equal-mass nuclear collisions, Ar + KCl, especial-
ly in central collisions by selecting extremely high-
multiplicity events. Their results are consistent with
our equal-mass cases, Ne + NaF, C + C, and Ar
+KCl, as seen in Fig. 29 and Table IV.

Fung et al. stated in their paper that the 7~ /Z
ratio is almost independent of projectile and target
masses. However, upon looking at graphs in Fig.
29 it seems that the results are not independent of
mass. In our experiment the 7~ /Z ratio systemati-
cally decreases as the target mass increases, as seen
from the comparison between the Ne + NaF and
Ne + Pb cases. Naively one would expect that
the 7~ /Z ratio should increase as the target mass
increases, since 7~ /N, which is expected to be near-
ly equal to 7% /Z, would be a constant in any pro-
jectile and target combination, and consequently,
7~ /Z would be larger than 7~ /N (or 7+ /Z) for
the system with N > Z. The observed result is in
contrast to such an expectation, and suggests that
pion absorption is important.

Empirically the beam-energy dependence and the
target-mass dependence of the 7~ /Z ratio are, to a
good approximation, given by the following formu-
la:

Ic T T T ]
- 7/Z Ratio ]
Empirical formula |
(Eq.(7))
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FIG. 29. Ratios of m~/Z observed in Ne + NaF
(black squares) and Ne + Pb (black triangles) collisions,
plotted as a function of the laboratory beam energy per
nucleon. The same ratios measured by Fung et al.* (in-
dicated by X) and Sandoval et al.*? (indicated by O) are
also plotted. To a good approximation, the present data
as well as the results by Sandoval et al. are described by
the empirical formula of Eq. (17).

(77 /2Z) = (Ap/A7)*Pexp[—2.15/8y%)], (17

where B and y are the familiar Lorentz transforma-
tion variables that define the nucleon-nucleon c.m.
frame relative to the laboratory frame.

.. E.Ratioof 7~ to 7+

For equal-mass nuclear collisions with equal pro-
ton and neutron numbers involved, we expect, to a
first order approximation, that both 7~ and 7+
yields are the same. However, as pointed out by
Benenson et al.,?* for low-energy pions the observed
7~ to w ratio at 0° in Ne + NaF collisions is
much larger than one, especially at a pion rapidity
equal to the beam rapidity. Recent theoretical stud-
ies** indicate that such a large ratio can arise from
the Coulomb interaction between pions and positive
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nuclear charges. Since the measurements by Benen-
son et al. have been carried out only at 0°, it seemed
worthwhile to us to extend such measurements to
larger angles.

In Fig. 30 the observed 7~ to 7 ratios in 800
MeV/nucleon Ne + NaF, Ar 4+ KCl, and Ar + Pb
collisions are plotted as a function of the pion
momentum. In the Ne + NaF case the ratio is
larger than unity only in the small momentum re-
gion of 30°, while it is close to one at 60° and 90°
for all momenta. A similar tendency is also ob-
served for Ar 4+ KCl. These facts imply that the
Coulomb effects are anisotropic in the laboratory
frame and are stronger at smaller angles. This is
consistent with the expectation that most of the
nuclear charges are clustered along the beam axis.
For Ar + Pb the normally expected 7~ to w+ ratio
(without any Coulomb effect) is 1.4— 1.5 because of
the neutron excess of the system. The observed ra-
tio in the small momentum region at 30° is about
2.5. In the high-momentum region at 90°, howev-
er, the observed ratio seems to be less than 1.5.

As to the absolute values of the 7~ to 7 ratio,
the recent theoretical papers***> supply the formulas
to calculate the numbers. For Ar + KCl at 1.05
GeV/nucleon, the predicted ratio at c.m. 90° at
pr = 0 s 2.8 for the fireball geometry and 1.6 for
the completely transparent case.*® By extrapolating
our data to pr = 0 at c.m. 90°, we have 2.1 + 0.3,
which is just in between the two extreme cases
evaluated by these calculations.
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FIG. 30. Ratios of 7~ to #w*+ studied in 800
MeV/nucleon Ne + NaF, Ar 4+ KCl, and Ar + Pb col-
lisions.

F. Comparison with théoretical models

In this section we compare our proton and pion
results with currently available theories. In most
theoretical models, the geometrical aspects of the
collisions are based on the participant-spectator idea.
Since this idea explains reasonably well the total nu-
clear charge yields at large angles, as studied in
Fig. 18, and in addition, since protons are the dom-
inant fragments among the observed nuclear frag-
ments, as seen in Table IV, the absolute integrated
yields of protons are explained fairly well by most
of the available theoretical models. Differences
between models are thus seen mostly in the dynami-
cal aspects of the collisions which are reflected in
the energy spectra, angular distributions, pion to nu-
cleon ratios, beam-energy dependences, and compo-
site particle emission. Rather than describe the de-
tailed comparisons of our data with various models
we point out in the present paper both the merits
and the difficulties associated with each of them.

In the past, two extreme models have been exten-
sively studied; the thermal model and the single NN
(nucleon-nucleon) collisions model. These two °
models are based on different and somewhat mutu-
ally contradictory physical assumptions, since the
thermal model assumes that multiple NN collisions
are the dominant process so that energy equilibrium
is- reached among the nucleons involved in the col-
lisions. In terms of the mean free path (A) and the
reaction size (R ), the thermal model assumes
A << R, while the single NN collision model as-
sumes A >> R. In the energy region of 1
GeV/nucleon it has been shown’ that A ~ R.
Therefore, both models are obviously too extreme,
and each of these models describes only a very lim-
ited aspect of the actual collisions. Despite their ob-
vious shortcomings, however, these models have
very frequently been used. Therefore we describe
them briefly in the first and the second parts in this
section. In the third part we discuss unified models
which atttempt to be somewhat more realistic.

In addition to the models described in this paper,
hydrodynamical models have extensively been
developed during the last few years. These models
explain some of the useful features of nuclear col-
lisions and predict interesting possibilities. Howev-
er, at the present stage direct comparison with our
data is not feasible, simply because no calculations
on the energy spectra up to high fragment energies
are available. With respect to composite fragment
production one hydrodynamical calculation has ap-
peared very recently. It will be mentioned later in
Sec. VI.



1. Thermal models

After the proposal of the nuclear fireball model,'®
several models based on thermodynamics have ap-
peared.“""‘%49 The initial fireball model,!® in which
the participant nucleons are clustered in a single
fireball, assumed that the total available energy in
the participant piece was completely thermalized.
This model has a number of difficulties in reproduc-
ing the data. First, the predicted angular distribu-
tion is isotropic in the c.m. frame of the fireball,
which does not reproduce the observed angular an-
isotropy seen in Figs. 22, 23, and 27. Secondly, no
pion-degrees of freedom are included in this model
and thus the pion spectra cannot be explained. As
a consequence, the predicted temperature is too high
to explain the observed energy spectra; for example,
T = 120 MeV for 800 MeV/nucleon Ar + KC1
which is much higher than the observed slope seen
in Fig. 19. Thirdly, the temperature obtained in this
model reaches its largest value for equal-mass nu-
clear collisions, while for unequal-mass collisions
the temperature is lower. This again contradicts the
observed mass dependence shown in Fig. 19 in
which the inverse slope E, for Ar + Pb is larger
than for Ar + KCIl. Therefore, this model is clearly
in contradiction to the available experimental facts.
The only merit of the initial fireball model is its
simplicity and its qualitative explanation of the ex-
ponential type of behavior of the proton energy
spectra. ‘

The first modification of the fireball model was to
include the pion degree of freedom.® As a result,
the temperature decreased to a value that roughly
explains the observed exponential slope. However,
two new difficulties arose. As seen in Figs. 24 and
25, the observed proton slope is different from the
pion slope, whereas in this model both slopes
should be almost equal, reflecting the temperature
of the fireball. This is the first difficulty. The
second one is that the thermal model predicts a
nearly exponential Boltzmann-type spectrum which
contradicts the observed shoulder-arm feature seen
in Fig. 19.

The firestreak model’!*® and the two-fireball
model*? were introduced to explain the observed an-
gular anisotropy. These models qualitatively explain
a general feature of the large anisotropy for protons
and the small anisotropy for pions. In addition,
they qualitatively explain the dependence of the in-
verse slope E on the projectile and target masses.
However, two more difficulties arose. the first one
is related to the composite particle emission, which

24 PRODUCTION OF PIONS AND LIGHT FRAGMENTS AT LARGE. .. 995

will be discussed more in detail in the next section
(Sec. VIA 1). The second difficulty is related to the
pion energy dependence of the angular distribution.
As shown in Figs. 23 and 27 the anisotropy of pion
emission in the c.m. frame decreases, above

Eg ~ 150 MeV, as Ef increases, while the fires-
treak model predicts larger anisotropy with larger
Eg.3® Furthermore, the two difficulties mentioned
in the preceding paragraph; namely, the slope differ-
ence between protons and pions and the shoulder-
arm feature of the proton spectrum remain unex-
plained in these models.

The thermal expansion model was introduced
later to explain the slope difference between pions
and protons.>® According to this idea the system
isentropically explodes after the formation of the ini-
tial fireball. During the explosion stage the tem-
perature of the system goes down, and finally, when
the particles are emitted, the temperature of the sys-
tem is significantly lower than that of the initial fire-
ball. Hence, the energy spectrum is the superposi-
tion of the thermal spectrum and the explosion
flow. Since larger-mass particles are more sensitive-
ly affected by the flow velocity, the proton spectrum
has a wider energy spread than the pion spectrum.
At 800 MeV/nuclon, if we assume that half the
available energy goes to the temperature of the final
system and the rest goes to the explosive flow, then
the observed slope difference between pions and
protons is reasonably well explained. Furthermore,
the shoulder-arm feature of the proton spectrum as
well as the nearly exponential shape of the pion
spectrum are well explained. A difficulty with this -
isentropic expansion model, however, is found in the
2.1 GeV/nucleon data where the proton spectrum
has no shoulder-arm structure. Another difficulty
of this model lies in the fact that the explosion time
is comparable to the thermalization time. Thus, the
assumption of this model that the system explodes
while staying in thermal equilibrium may not be
well justified.

Finally we mention the pion to nuclear-charge ra-
tio discussed in Sec. VD. According to a simple
thermal model, which takes into account the pion
degree of freedom, the temperature T for equal-mass
nuclear collisions is given by*’

9/2
2
m.,c*,

Ej/d =T 42282
| p

m,c?

(18)

where Ej /A is the c.m. kinetic energy per nucleon
of the incident beam, p is the freezeout nucleon den-
sity at which particles are actually emitted from the
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TABLE VI. Temperature and 7~ /Z ratio predicted by a simple thermal model. p and T
refer to the freezeout density and the temperature, respectively. po is the normal nuclear

matter density.

p/po=0.5 p/po=1" p/po=12 Observed
Ei® /4 ES™/4 T T /Z T /Z T 7w /Z 7 /Z ratio
(MeV) (MeV) ~ (MeV) (MeV) (MeV)
400 95 56 0.024 0.015 61 0.008 ~ 0.015 + 0.003
800 182 83 0.1 0.08 99 006  0.06+0.01
2100 428 114 041 130 035 148 029  0.27+0.05

fireball, and p, is the normal nucleon density. For
the temperature determined by the above equation,
the 7~ /Z ratio is given by*®*

(7=/Z) = 0.46(p/po) T /m ,c)* . (19)

In Table VI the calculated temperatures as well as
the calculated 7~ /Z ratios for various values of p
are tabulated. In order to reproduce the observed
7~ /Z ratio within the framework of the thermal
model, we have to take a very large value of the
freezeout density such as 2.0. If we take such a
large value, however, the temperature is too high to
explain the observed slope for protons and pions.
In addition, such a large value of the freezeout den-
sity seems unrealistic. If we use the commonly ac-
cepted freezeout density, p/po = 0.5— 1.0,%%*° the
calculated 7~ /Z ratios are 50— 100 % larger than
the observed values. In this respect, further modifi-
cations of the model are needed to explain the ob-
served 7~ /Z ratio. For example, it may help to in-
clude the transparency of the projectile and target,
or the pion absorption effect.

The isentropic expansion model gives a lower
temperature than the normal thermal model, but
currently this model underestimates the 7~ /Z ratio
compared with the data, because of the too low tem-
perature.>* The firestreak model has partly taken
into account the transparency effect, but this model
still overpredicts the cross sections for pion emission
by a factor of 2.3 All in all the description of these
data in terms of presently existing thermal models is
not satisfactory.

2. Single NN collision model

In the present data several observed features sug-
gest the importance of single NN collision processes,
namely, the following:

(a) As shown in Fig. 14, y,, which shows the
symmetry axis for high-energy proton angular distri-
butions for Ar + Pb, lies between ypp and
(yp + yr)/2 and closer to the latter, the NN c.m.
frame.

(b) The turning point between the shoulder and
arm of the proton spectrum, as shown in Fig. 7, sits
right at the momentum of the pp or pn quasielastic .
peak observed in proton-nucleus collisions.

(c) The pion angular distributions exhibit a strong
anisotropy at E{ ~ 150 MeV, as shown in Figs. 23
and 27. This implies that A formation via NN col-
lisions is likely to be important for pion production
at 800 MeV/nucleon.

In addition to these facts, the experimental obser-
vations of two-proton correlations®® that proved the
existence of quasielastic pp or pn collisions in

C + C, Ne + NaF, and Ar + KCI collisions also
suggest the importance of the single NN collision
processes.

Schmidt and Blankenbecler™ proposed a single
collision model based on an idea similar to the par-
ton model applied in high-energy pp collisions.
They succeeded in explaining the pion spectra ob-
served by Papp et al.® at forward angles. This idea
was later applied by Hatch and Koonin® to explain
the data at large angles. They assumed that the
momentum (p) of each nucleon inside the projectile
(or target) was distributed as

(p/po)/sinh(p /py) ,
with po = 90 MeV/c . (20)

This value of p, was taken from Ref. 29. The cal-
culations are successful in explaining the gross
features of both the proton and pion spectra at 800
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MeV/nucleons: The exponential shapes, the ob-
served slopes, the proton and pion yields, and the
slope difference between protons and pions are
roughly explained.

However, if we look at these calculations more
carefully, we find several problems. First, if we use
the nucleon momentum distribution of the form of
Eq. (20), the shoulder-arm behavior of the proton
spectrum cannot be reproduced; the model gives a
simple exponential shape for protons. Secondly, the
calculated pion energy spectrum has a peak at
around E§ ~ 100 MeV, while no such peak is ob-
served in the data. Thirdly, at high energies the
model predicts too large angular anisotropies for
both protons and pions.

In the calculation by Hatch and Koonin, the as-
sumption of Eq. (20) is necessary in order to repro-
duce the exponential tail in the observed energy
spectrum. In our proton-nucleus reaction data,’
however, we found that the nucleon momentum dis-
tribution inside the nucleus is predominantly a
Gaussian shape [exp(—p2/2p )] rather than an ex-
ponential one. If we use the Gaussian shape, then
the spectrum shape of protons at c.m. 90° calculated
by the single NN collision model is not exponential
at high energies, and it falls off much more rapidly
than the data. ‘

- Our data on event multiplicities associated with
single proton emission® further showed that these
multiplicities were higher when the pr of the detect-
ed proton was larger. Within the framework of the
single NN collision model, the associated multiplici-
ties should not depend on this py. Considering
these observations, the explanation of the high pr
component of the proton or pion spectrum in terms
of a single NN collision model under the assump-
tion of Eq. (20) is quite dubious. As stated in Sec.
IV B, it is more reasonable to conclude that the
high pr particles are produced by multiple NN col-
lisions.

With regard to the 7w~ /Z ratio, let us evaluate it
by the single NN collision model, using the A-isobar
model.*® For an equal-mass nuclear collision with
equal numbers of protons and neutrons it is expect-
ed that the ratio of the total integrated yields of
pions to nuclear charges from the participant region
is given by

ot

Z

T
N A model

Amodel
_ 5ep) + S0 en) 1)
2 X [or(pp) + or(pn)] -~

Here, a simple calculation using Clebsch-Gordan
coefficients has been done, and the formula is valid
only for the total integrated cross sections. The pro-
duction rate of 7+, 7°, and 7~ is 5:1:0 for p + p,
1:4:1 for p + n, and 0:1:5 for n + n. The combina-
tion of pp, pn, and nn. collisions in equal-mass nu-
clear collisions with N = Z is 1:2:1. Therefore, the
pls'oduction rate ofl' 7~ is proportional to
()opp) + 2(¢)oF(pn), which forms the
numerator of the above equation. The denominator
is the production rate of protons. From p + p and
n + n we have two protons, whereas we have only
one proton from p + n. But, since there is a weight

. factor of 2 for the p + n combination, the total rate

of proton production is proportional to

2[or(pp) + or(pn)]. Further assumptions involved
in Eq. (21) are: (a) all the inelastic channels are of
the NN—NA type, namely only a single A is excit-
ed for one inelastic collision; (b) all the pions are
emitted solely from the decay of A; (c) there is no
absorption of pions during the course of their emis-
sion; and (d) o{pp) = o(pn). At 2.1 Gev/nucleon
not only A but other excited states such as N* and
p are produced. Using an empirical pion multiplici-
ty M per inelastic scattering,’’ we approximate the
expected (7~ /Z) ratio as

m

Z

T

=M
><Z

, (22)

A model

where M = 1 for 400 MeV and 800 MeV/nucleon
and M = 1.44 (Ref. 57) for 2.1 GeV/nucleon. The
predicted values as well as the observed data are
compared in Table VII. AT 800 MeV/nucleon the
calculated value is about 2.5 times the experimental
result, while at 400 and 2100 MeV/nucleon the
agreement between theoretical and experimental
values is good. It is surprising that the disagreement
with the A-model predictions is the largest at 800
MeV/nucleon, since it is there that the production
cross section of A is large. Thus, it is likely that
some of the assumptions used in deriving Eq. (21)
are not appropriate.

3. Unified models

As pointed out earlier, both the thermal and the
single NN collision models are too extreme. How-
ever, before rejecting them completely we examine
attempts at formulating theoretical models which in-
clude some features of each. Pirner and Schur-
mann® tried to apply transport theory (the Fokker-
Planck equation) to nuclear collisions to describe
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TABLE VII. 7~ /Z ratio predicted by the single NN collision model using the A-isobar

model.
E&./A  orlpp)  ofpp)  orlpn)  ofpn) M T /Z
(MeV) (mb) (mb) (mb) (mb) calculated data
400 24.9 1.77 333 0.97 1 0.015 0.015 + 0.003
800 46.3 22.8 34.3 13.5 1 0.15 0.06 + 0.01
2100 42.3 24.7 40.1 30.3 1.44 0.27 0.27 + 0.05

both single and multiple NN collision components.
The proton data are reasonably well reproduced by
this model but the pion data are not. Malfliet*®
developed the sequential-scattering model using the
Boltzmann equation to reach a reasonable agree-
ment with the 400 MeV /nucleon data of p, d, *H,
and *He. Chemtob and Schurmann® proposed a
direct plus thermal model. The shoulder-arm
behavior of the proton spectrum is well reproduced
by this model. In these calculations the Gaussian-
type momentum distributions of nucleons inside the
nucleus were used.

Extensive linear-cascade calculations based on the
row-on-row geometry have been reported by
Hifner, Knoll, and Randrup.”"“’62 Through these
calculations they found that, if a nucleon experi-
ences more than two nucleon-nucleon collisions,
then the resultant spectrum is, to a good approxima-
tion, replaced by a thermal model prediction. By
taking into account this conclusion, and by using
row-on-row geometry, a theory based entirely on
nucleon-nucleon phase space has also been
developed.5*% With this phase-space theory the pro-
ton spectra at 800 MeV/nucleon are very well ex-
plained, while the pion spectra, especially their abso-
lute values, are still overestimated by a factor of 2.5
One inherent problem of the row-on-row model is,
however, that it neglects transverse communication
between adjacent tubes. Because of this omission,
multiple NN collisions after particle emission from
the tube are underestimated. For example, the
two-proton yields and their target-mass dependence
reported in Ref. 7 are not well reproduced.
Nevertheless, this linear-cascade approach has the
great merit of simplicity compared to the full three-
dimensional cascade calculations described below.

The most extensive calculations which could be
classified under the term “unified models” are the
cascade calculations. So far a number of trials®~"!
involving both classical and quantum mechanical
methods have been reported. Among these the cal-

culations by Yariv and Fraenkel™® and by Cugnon’!
reproduce well, within a factor of 2, our data at 800
MeV/nucleon. Agreement is especially good for
protons, but some detailed disagreement is observed
for pions. When one compares the data with cas-
cade calculations, however, a difficulty arises in the
statistics of the calculated results. Because of this,
usual cascade calculations cannot explain very small
cross sections. For example, it is not very easy to
compare the calculated results with the data in the
high p7 region. In general, the unified models
reproduce the data better than the two extreme
models described in the previous two subsections.

VI. COMPOSITE PARTICLE EMISSION

In this section we discuss two features of the
composite fragment spectra. The first one is the
spectrum shape of composite fragments as com-
pared with the proton spectrum; it is discussed in
Sec. VIA. In Sec. VIB. The yields of composite
fragments are compared with those of protons.

A. Spectrum shape

According to a simple phase-space consideration,
the probability of forming a deuteron is the greatest
when a proton and a neutron are located within an
interaction region and have a small relative momen-
tum. Thus we expect

Pd(V = Vd) o« PP(VP = Vd)‘Pn(V,, = Vd) > (23)

where P(V) is the probability of a particle having
the velocity V. The above relation is called the
coalescence model.”>’>!” In high-energy nuclear
collisions the spectra of neutrons can be approxi-
mated by those of protons.” Thus, we expect for
the composite fragment of mass 4,

E4(d’04/dp;) = C4[E,(d%0,/dp))]* | (24)
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FIG. 31. Spectra of deuterons (a), *H (b), and *He (c)

in 800 MeV/nucleon C + C collisions, as compared with
the squares (for deuterons) and cubes (for *H and *He) of

the observed proton spectra in the same collisions.

where py = Ap,, and C, is a constant. As an ex-
ample, the spectra of deuterons are compared with
the square of the observed proton spectra in Fig.
31(a), and those for *H, and *He with the cubes of
the proton spectra in Figs. 31(b) and (c). With one
normalization constant C, for each fragment, the
relation (22) holds very well at all fragment energies
and at all angles.

In Figs. 32 the observed parameters C, for deu-
teron emission from the Ne + NaF collisions at
three bombarding energies ‘are plotted as a function
of the deuteron momentum. As clearly seen from
the figure, the value C, is almost independent of the
deuteron momentum and the deuteron emission an-
gle. Further, the value C, is almost independent of
the projectile energy. For all the beam energies and
projectile and target combinations studied in the
present experiment we found that every d, °H, *He,
or *He spectrum is explained very well by Eq. (24)
with a parameter C, which is almost independent of
fragment momentum and angle. The observed
parameters C, for various projectile and target com-
binations are tabulated in Table VIII. As an exam-
ple, we learn that, for deuteron emission, the param-
eter C is almost independent of the beam energy
and depends only on the projectile and target
masses.

The good agreement of Eq. (24) with the data
raises a fundamental question as to what coalescence
is. The original coalescence idea is based on the as-
sumption that, once a composite particle is pro-
duced, it never breaks up again into individual nu-
cleons. Therefore, in Eq. (24) the right-hand side
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FIG. 32. Ratios of Ey(d’0/dpi)/[E,(d’a/dp;)]* at
Pa = 2p, for Ne + NaF collisions at three beam energies,
0.4, 0.8, and 2.1 GeV/nucleon. Data are compared with
the predictions of the firestreak model.
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TABLE VIII. Observed coalescence coefficients C (in units of [(mb/sr)(c®/(GeV)?]' =) and the radii of the interaction
region (in units of fm). Typical errors in C, are +20% for d /p?, +30% for *H/p?, and +50% for *He/p> and *He/p*.
The error in R is +10% in all the cases. The “~” in front of a figure indicates that the error in C4 is more than a fac-
tor of 2, and the symbol ““~” indicates that it is more than a factor of 5. Corresponding errors in R are +20% for “~""

and +30% for “=”, respectively.
Ewen Reaction  ¢g? d/p? H/p3 SHe/p? ‘He/p*
A C, R C, R - Cy R C, R
(MeV) (mb) (fm) (fm) (fm) (fm)
Ne + NaF 1324 1.4x10°° 3.5 1.3x 1071 3.1 0.8 X 10710 3.3
400 Ne+Cu 2051 08x1073 3.7 0.5x 101 32 0.3 x 1010 3.4
Ne+Pb 3507 4.4x10°¢ 4.1 1.3x 107" 3.7 0.6 x 1071 3.9
g0 C+C 801 3.0x10°° 3.1 0.6 X 10~° 2.8 0.6 X 10~° 2.8
C+Pb 2973 0.6 X 1073 3.9 2.5x 101 3.5 1.5x 10~ 3.5
Ne + NaF 1324 1.6 10~° 3.3 2.1 x 10" 2.8 1.6 X 10~1° 3.0
800 Ne+Cu 2051 0.8x10°3 3.7 0.5 x 10~10 3.2 0.4 x 10~10 3.3
Ne+Pb 3507 0.4Xx10°° 42 1.2 x 10~ 3.7 0.6 X 10~ 3.9
00 Ar+ KCl 2390 0.8Xx10°° 3.5 3.5 %101 32 35x%x10°1 32 03x10°® 28
Ar+Pb 4556 0.3 1073 43 0.9 x 10~ 3.6 0.5 x 10~ 37 03x107'¢ 30
s100 Ne+NaF 1324 14X 10-3 35 ~05%X1071° <36 ~05x10"19 ~3.6
Ne+Pb 3507 0.4X% 103 42 ~06X%X10"" ~42 ~03x107" ~44
p+C 281 ~8X1075 ~3.0 . =4x107° =27 =2Xx107° =31
p + NaF 406 ~5%10° ~3.3 ~10~° ~3.2 ~10~° ~3.2
800 p +KCl 593 ~3%x107° ~35 =5x1071° =32 =2x10"° =37
p+Cu 844 ~2X 1075 ~37 =3X10710 =32 ~10~1° ~3.8
p +Pb 1847 ~1Xx10=° ~39 =3x107" =40 =3x107" =37
p+C 281 1.0x 10~ 28 =5x107° =26 =3Xx107° =29
p + NaF 406 0.6 X 10~* 3.1 ~10~° ~3.2 ~10~° ~3.2
2100 p +KCl 593 0.3x 1074 35 =6x1071° =31 =2x1071° =37
p+Cu 844 0.2x107* 3.7 =3x1071° =32 ~10-1° ~3.8
p+Pb 1847 1.0x 1073 39 =4x107" =38 =2X107'"" =40

“Deduced from Eq. (30).

should contain the originally produced proton spec-
tra before the formation of the composite particles.
The good agreement of the data between the ob-
served composite fragments and the Ath powers of
the observed protons suggests that a sort of equilibri-
um exists between the formation and the breakup of
the composite fragments: for example, d ==p + n.
The beam-energy independence of the parameter
C4 may have further implications. First, it implies
that the majority of composite fragments are emitted
via final-state interactions. It is possible to use the
beam energy dependence to study the various pro-
duction mechanisms; for example, by detecting
knockout clusters we can study the preexisting com-

posite clusters inside the projectile or target. So far
no evidence of knockout clusters has been found in
the data shown in Fig. 32. In what follows further
implications seen in Fig. 32 and Table VIII are
described.

1. Thermal model

According to a simple thermal model the in-
clusive spectra of composite fragments with mass
number A are expressed as

d30,/dp; = const X Vexp(—E}/T), (25)
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where V is the volume of the fireball and E is the
total kinetic energy of the fragment in the fireball
cm. frame. If we take Ef = AE,’, then we readily
get Eq. (24) with

C, = const/(yVy4A—1, ' (26)

where y is the Lorentz factor of the emitted particle
measured relative to the c.m. frame of the fireball.”®
In the nonrelativistic limit where y =1, C4 is a
constant, and hence the simple thermal model is
consistent with the coalescence model. However, in
the relativistic case the thermal model does not, in
general, agree with the coalescence model. In the
data shown in Fig. 32 the range of ¥ covered by this
J

experiment is 1.0— 1.3 for 400 MeV/nucleon,

1.0— 1.6 for 800 MeV/nucleon, and 1.1—2.0 for
2100 MeV/nucleon. Therefore, within a factor of 2
the power law between deuterons and protons holds
for the simple thermal model.

If we extend the thermal model to the firestreak
model, then Eq. (24) does not hold at all. In the
firestreak model the temperature from tube to tube
is different, and each tube contributes independently
to the cross section. For simplicity, if the total sys-
tem consists of two subsets with equal nucleon
numbers but with different temperatures T'; and T,
then the left-hand side of Eq. (24) is proportional to

[exp(—E;/T1) + exp(—E/T,))/2 = [exp(—AE, /T}) + exp(—AE, /T,)1/2 for Ef = AE) (27a)
while the right-hand side of Eq. (24) is proportional to

[[exp(—E, /T}) + exp(—E, /T, /21" 5 [exp(—AE, /T + exp( ~AEP*/T2)]/2 for T\~ T,. (27b)

Therefore, Eq. (24) does not hold. In fact, in the
firestreak model the predicted value of C, has a
strong dependence on the fragment momentum and
angle, as plotted in Fig. 32, and disagrees with the
data. As mentioned previously, the thermal model
is an extreme simplification of the multipole NN
collisions. Thus, the modification of the thermal
model into subsystems in which only a very few nu-
cleons are involved does not seem to be appropriate.

2. Size of the interaction region

Since C,, is proportional to (1/¥)? !, as seen in
Eq. (26), Mekjian*® proposed that the composite
particle emission can be used to determine the
source size, which we also call the size of the in-
teraction region. As we saw in the previous subsec-
tion, the thermal model is not consistent with the
coalescence model. But, if we allow an ambiguity
of a factor of 2 in the volume (therefore, 20— 30 %
in the radius), the thermal model can still be used to
roughly evaluate the source size.

According to Mekjian the volume is given by

3h3

EO/T)I/(A-I)
~3
4mp,

V=(x!yle , (28)

where

1/(4 —1)

Po3

2A

Po=1"as, + 1)

1/(4 —1) Imo,
0

41

2A
A%2S, +1)

Zp+2Zy
ot i AZCA
Np + N7

1/(4 =1)

X |xWy! , (29

and p, (or sometimes p,) is called the coalescence
radius. Here, x and y are the proton and neutron
numbers, respectively, in the composite particle
(A4 = x + y), E, is its ground state binding energy,
T is the temperature, S, is the spin of the composite
particle, m is the nucleon mass, oy is the nucleus-
nucleus total cross section, Zp and Np are the pro-
ton and neutron numbers in the projectile, and Z
and N7 are the proton and neutron numbers in the
target.

In the above formula we can replace exp(Ey/T)
by 1 to a good approximation, since Ey << T. Us-
ing the empirical formula of g,.”’

oy = WOZ(API/I! + AT1/3 _ 6)2 ,
‘with ry = 1.29 fm , (30)

where
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6 =1.0—-0.0284,;,
with Amin = Min(Ap,AT)'
=0 for A, > 30, (31

we can evaluate the volume V from Eq. (28). The
radii R of the equivalent spheres (V = 47R3/3)
derived from the volume V are plotted in Fig. 33
for 800 MeV/nucleon C, Ne, and Ar beams. Em-
pirically R can be expressed by

R=ad4p+ 47 + b, (32)

with @ = 0.24 + 0.08 fm and b = 2.0 + 0.2 fm for
deuterons, b = 1.6 + 0.2 fm for *H and *He, and
b = 1.0 + 0.4 fm for *He.

For the Ar + Pb system our analysis-leads to a
value of R ranging from 3.0 to 4.3 fm, depending
on the emitted fragment. For this system a pion in-
terferometry experiment performed at 1.8
GeV/nucleon incident energy’® gives a value of
R = 3.1+ 0.9 fm in an inelastic trigger mode and
4.0 + 0.8 fm for the central-collision trigger mode.
It is worthwhile to note that such different experi-
ments lead to similar dimensions for the size of the
interaction region.

We should also note that the value of R deduced
from the present analysis is systematically smaller
for heavier-mass fragments. Does it mean that the
heavier-mass nuclear fragments are emitted from
smaller source volumes? The answer to this ques-
tion is not clear at the present stage, since the radius
obtained from Eq. (28) could include both the ef-
fects of source radius and fragment radius. In fact,
Sato and Yazaki’® recently derived a simple relation
of po~! « (R? 4+ Rz?)'%, where R is the source ra-
dius and Ry is the radius of an emitted fragment.

6 : — S
Lab
| Eson/a-B0OMEVA
0 24(a3+A%)420
a4 é\/ 02403+ + 1.6 -
£ / 0.2403 A% + 1.0
1S
/ # 3H
2 4 3He
4 HHe
| 1 1 L L | L L L ! L
5 0 5
/3, /3
(A3 +AT3)

FIG. 33. Radii R of the interaction region deduced
from the observed ratios E,(d3a/d>p,) /
[E,(d%a/d’p,)]* , where A = d, *H, and *He.

This formula is qualitatively consistent with the
present results, as Rp(d) > Rp(*H) ~ Rp(*He)

> Rp(*He). However, this formula contains a
practical difficulty in fitting our present data, since
the value of p, has a theoretical upper limit pg*
in order to satisfy the condition of R > 0; accord-
ing to Sato and Yazaki this pg™* amounts to 248,
304, and 356 MeV/c for fragments with mass
numbers 2, 3, and 4, respectively. The observed
values of p, are often larger than these values of
P&, especially for lighter-mass combinations
between the projectiles and targets. Clearly, more
extended theoretical analysis is required to explain
the results shown in Fig. 33.

B. Yield ratio

So far we have discussed the spectrum shape in
terms of the power ratio of the cross sections given
by Eq. (24). The simple yield ratio

R;(4) = (do/dQ),/(do/dQ), (33)
or

R (4) = o7(A)/o7(p) (34)

_ gives additional information and will be discussed in

this section.

In Fig. 34 the ratios R;(A4) are plotted for 800
MeV/nucleon Ar + KCl and Ar + Pb as a func-
tion of the laboratory angle. Values of R;(A4) stay
almost constant and are equal to R(4), except at

L e B I e o s
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FIG. 34. Ratios R/(4) = (do/dQ),/(do/dQ), in
800 MeV/nucleon Ar + KCl and Ar + Pb collisions,
plotted as a function of the laboratory angle. Dashed
lines in the figure indicate the total integrated ratios,
R(A) = o7(A4)/o7(p), where, 4 = d, *H, and *He.
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forward angles in Ar + KCI collisions, where R;(A4)
is slightly larger than Rp(A4).

According to the thermal model,** the yield ra-
tio of composite fragments to protons, Rr(4), is
given by

372
RT(A) = 4

Y (28, + 1)

R y
X (ppAr V! {% ] : 35)

where S is the spin of the composite particle, p, is
the proton “freezeout” or “breakup” density at
which the composite fragments are emitted, (N /Z)
is the neutron to proton number ratio inside the
source, y is the neutron number inside the compo-
site fragment, and Ay is the thermal wavelength of
protons defined by

Ar = h/(2am,T)"? . 36) .

Based on Eq. (35) the *H to *He ratio should be
given by

or(*H)/or(*He) = N/Z . (37)

In Fig. 35 the above ratios are plotted as a function
of N/Z, where N /Z has been evaluated for the par-
ticipant region as
N (N) Npdr”*+ Npdp®”
z  (Z) 417+ Zrap”?

Note that this (N )/(Z ) is almost equal to

(38)

30— T T T

-

N/Z(Parfticipant)

FIG. 35. Ratios o7(*H)/or(*He) and or(7~)/or(m*)
plotted as a function of the neutron to proton ratio in the
participant region.

Np + Ny

Zo + Z7 (39)

The observed ratios o7(*H)/07(*He) are much larger
than N/Z. Empirically, this ratio is expressed ap-
proximately by (N /Z)2.

In order to study the large deviation of the *H to
3He ratio from N /Z we plot in Fig. 36 the ratios

[E4(d®04/dps")]), _sy/IE4(d*04/dps)], spe
(40)

as functions of the fragment momenta for 800
MeV/nucleon Ar 4+ KCl and Ar + Pb collisions.
In the case of Ar + Pb the ratio is larger than
(N/Z)py, and (N /Z),, in the small momentum re-
gion, while it is close to unity at very high momen-.
tum. such a tendency is commonly observed at all
the angles shown in the figure. On the other hand,
in the case of Ar + KClI the ratio is much closer to
the N /Z ratio of the system, with a slight tendency
toward larger ratios in the smaller momentum re-
gion.

If we study the total integrated inclusive yield,
then the *H to >He ratio as well as the 7~ to 7 ra-
tio have almost the same dependence on the N /Z
ratio of the system, as seen from Fig. 35. This fact
may immediately suggest that the Coulomb effect is
important in both cases. However, if we compare
the momentum dependence of the ratio for ’H to
3He (Fig. 36) with that for 7~ to 7% (Fig. 30), we
notice that the mechanism which causes the devia-
tion of such a ratio from N /Z may not be neces-
sarily the same. For example, in the case of 7~ to
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FIG. 36. Ratios of *H to He invariant cross sections
in collisions of 800 MeV/nucleon Ar + KCI (left) and
Ar + Pb (right), plotted as a function of the laboratory
momenta of these fragments.
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7¥, a ratio larger than N /Z is observed in the
small momentum region at forward angles but not
at large angles, while such a large ratio is observed
at all angles in the case of °H to *He.

For the system with N/Z > 1 one would naively
expect that a different mechanism might be involved
in the case of the *H to 3He ratio as compared to
the 7~ to 7+ ratio. The neutron to proton ratio for
the nucleons originally produced (in the sense of
cascade calculations) would be almost equal to the
N /Z ratio of the system. However, some of these
nucleons will be combined to form composite frag-
ments before they are actually emitted. Among
them the deuteron emission would be the largest.
Since deuterons carry equal numbers of protons and
neutrons, the remaining neutrons and protons might
have a feature that the neutron to proton ratio is
larger than the N /Z ratio of the ststem. This idea
has been formulated theoretically by Randrup and
Koonin®! and also by Stevenson®? in order to ex-
plain the observed neutron to proton ratios,”” which
are larger than N /Z in Ne + U collisions, especial-
ly in the small momentum region. According to
these theoretical papers, such a large ratio is expect-
ed because deuterons are more easily produced in
the low-energy region. A similar argument may
hold when one tries to explain the *H to *He ratio,
since after the formation of deuterons, *H might be
more easily produced than *He.

The projectile and target mass dependences of the
ratio, R7(A), for 800 MeV/nucleon beams are
shown in Fig. 37. The ratio increases as the mass
increases. Empirically, the ratio, R1(4), is propor-
tional to (4p + Ar)%, where a = 0.36 for deuterons
and @ = 0.8 for *H. The *He production has no
straightforward power law dependence. The ob-
served tendency is more or less understandable. As
we increase the mass of the system, it becomes
easier for one nucleon to pick up other nucleons to
form composite fragments, and the mass depen-
dence is expected to be stronger for three nucleon
systems (°H or *He) than for the two nucleon sys-
tem (d). The less copious production of *He than of
3H for heavier-mass systems is simply due to the
fact that more neutrons than protons are available
in this system. The thermal model formula of Eq.
(35) disagrees with the data, since it predicts no pro-
jectile and target mass dependence, at least for equal
mass nuclear collisions with N = Z. Obviously,
some important mechanisms, such as the effect of
finite nucleon number, are missing in Eq. (35).

The beam energy dependence of the ratios,

R (A), are shown in Fig. 38. These ratios are
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FIG. 37. Ratios R(A4) = or(A4)/or(p) in several col-
lisions by 800 MeV/nucleon beams, plotted as a function
of the sum of the projectile and target masses. Here,

A =d, *H, and *He.

smaller for higher beam energies. The decrease of
R(A) as a function of the beam energy is more
pronounced for Ne + NaF than for Ne + Pb. Ac-
cording to Eq. (35), the beam-energy dependence ar-
ises through the terms p, and Ay, namely from the
change of the freezeout density and temperature.
Since these two quantities do not strongly depend
on the projectile and target masses, the different
beam energy dependences of the two targets are not
easy to explain by Eq. (35).

Qualitatively, however, the observed behavior in
Fig. 38 could be explained as follows: As we in-
crease the beam energy, a larger phase-space volume
will be opened up. Since formation of composite
fragments is less likely for larger phase-space
volumes, we expect smaller ratios of d /p, *H/p,
and so on. Such a tendency is clearly observed for
Ne + NaF. In heavier-mass targets such as Pb,
slow composite fragments could be produced more
copiously because they tend to originate in the tar-
get. Since it is expected that the spectra of target
fragments do not have strong beam energy depen-
dence, we could expect less beam energy depen-
dence for heavier-mass targets.

The beam energy dependence of the composite
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lisions. Here, 4 = d, *H, and *He.

fragment emission is closely related to the recent
work on entropy.®3~8* According to Siemens and
Kapusta,®® the observed entropy is much larger than
the normally expected value. They evaluated the
experimental entropies from theoretical fits of their
explosion model to our measured proton and deu-
teron spectra at c.m. 90°. However, if we evaluate
the experimental entropies solely from the observed
ratios of deuterons to protons, the resultant values
of entropies are somewhat smaller than those re-
ported in Ref. 83.

In Fig. 39 the measured entropies evaluated from

entropy = 3.95 — In(Ny4/N,) (41)

are plotted as a function of baryon energy per nu-
cleon in the c.m. frame. Data points were obtained
from- the ratios of (do/d (1) at c.m. 90° and also
from the ratios of total cross sections listed in Table
IV. At E{® /nucleon = 2.1 GeV the value of the
horizontal axis, the energy available to the baryon
degrees of freedom, is model dependent; there we
assumed that half the available energy goes to the
baryon degree of freedom.%® Mishustin ez al.® have
recently reported theoretical entropy values which
are larger than those obtained by Siemens and
Kapusta. At 0.8 and 2.1 GeV/nucleon the theoret-
ical values obtained by Mishustin et al. agree
reasonably well with the data. Significant disagree-
ment is observed at 400 MeV/nucleon only. Garp-
man et al.®® have evaluated entropy values in nu-
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clear matter by including several baryonic reso-
nances, and showed that the entropy increases if one
takes into account these resonances. At 400

MeV /nucleon their result agrees very well with that
of Siemens and Kapusta, because there the baryonic
excited states do not play an important role. How-
ever, at higher energies such as 2.1 GeV/nucleon
their value is even larger than the value calculated

8 I T T I |

; 2.1 GeV/A
0.8 GeV/A l -

e

P
0.4 GeV/A 1

T Stdcker ‘ $¢§+/ i
N L

P

a Mishustin
E et al.
-4 ]
z
c
73 -
w0
o / cm. inte-
M oL 90° grated |
/
/ Ne+NoF ¢ 3
| _// Ar+KCl ¢ ) N
|
|
0 | | L ] |
[0) 50 100 150 200 250

Baryon energy /nucleon in c.m. (MeV)

FIG. 39. Observed values of 3.95 — In(N4/N,) in Eq.
(41), as compared with the theoretical predictions. In or-
der to directly compare the data with the theoretical pre-
dictions reported in Refs. 83 and 84, the horizontal axis
must be the energy per nucleon in the c.m. frame for the
baryon degrees of freedom. This is nearly equal to the
c.m. beam energy per nucleon minus the energy taken
out by the pion degrees of freedom, but the value itself is
model dependent. For an 800 MeV/nucleon beam this
baryon energy per nucleon (c.m.) is about 155 MeV (see
Ref. 83), whereas the beam energy per nucleon (c.m.) is
182 MeV/nucleon. At 2.1 GeV/nucleon we assumed
that half the available energy goes to the baryon degrees
of freedom and the remaining half to the pion degrees of
freedom. A justification of this assumption is written in
detail in Ref. 86. This value has a large uncertainty but
the main argument discussed in the text is not largely af-
fected by this uncertainty. At 400 MeV/nucleon the un-
certainty of the value of the horizontal axis is negligibly
small.
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by Mishustin et al. It should be noted that the en-
tropy value also strongly depends on the nuclear
matter density, as pointed out in Refs. 83 and 85, so
that the discrepancy between the theory and experi-
ment at 400 MeV/nucleon might simply imply that
composite fragments are emitted at the stage when
the nucleon density is very small (such as

p/po ~ 0.2). Another possibility, which was pointed
out very recently by Stocker,?’ is that the quantity
of entropy may not be directly related to the d /p
ratio. According to him, the hydrodynamical-
thermal model which takes into account the shock
compression gives a value of -In(N;/N,) around 0.9
to 1.6; thus, the value of the right-hand side of Eq.
(41) is almost independent of the beam energy. On
the other hand, the entropy value has a strong
beam-energy dependence. Therefore, his conclusion
is that the entropy is not related to the d /p ratio in
the form of Eq. (41). A preliminary result from his
calculations is shown in Fig. 39. These calculations
reproduce our observed d /p and 7~ /Z ratios very
well.

One of the interesting questions regarding the en-
tropy is whether it is constant during the collision
processes; if so, it tells us some useful information
about the equation of state in the early stage of the
collisions. However, according to the recent
theoretical work by Csernai and Barz,® this quanti-
ty is not necessarily constant. Obviously this is an
interesting question for the future. Furthermore, the
entropies studied from *H, He, and *He spectra
also form an interesting future subject.

VII. SUMMARY

As mentioned in Sec. I, a high-energy nuclear
collision may be regarded as a superposition of
nucleon-nucleon collisions, and, consequently, the
participant-spectator idealization is expected to hold
reasonably well. In the present experiment the total
nuclear charge yields have been studied, and are
very well explained by this picture.
~ From the plot of the proton invariant cross sec-
tions in the y — py-/m,c plane we have learned that
the effects of projectile and target fragmentations are
separable in the small pr region, while in the large
pr region both projectile and target contributions
are highly intermingled.

The energy distributions of protons emitted at
c.m. 90° are characterized by a shoulder-arm type of
spectrum shape with an exponential falloff at high
energies, whereas the energy spectra of pions at the
same angle are of a nearly exponential type over the

entire range of energy measured in the present ex-
periment. The inverse of the exponential slope, E|
is systematically larger for protons than for pions.
This E| is also larger for heavier-mass projectiles and
targets. Further, it increases monotonically with the
beam energy, and at high energies E, seems to ap-
proach the limiting value of about 140 MeV for
protons and about 120 MeV for pions. These
features of E tell us that in the transverse direction
the average kinetic energy of protons is larger than
that of pions, and that the energy transfer in this
direction during the collision is larger for heavier-
mass projectile and target system and for higher
beam energies. The limiting feature of E at high
energies indicates that the average energy transfer
into the transverse direction does not linearly in-
crease with the available beam energy in the c.m.
frame. :

At 800 MeV/nucleon, proton and pion emission
into the large pr region has a stronger projectile-
and target-mass dependence than does emission into
the small pr region. In addition, in the small py re-
gion the mass dependence is close to the geometrical
limit of A¥3. These facts imply that multiple NN
collisions are important in the production of large
pr particles. On the other hand, proton emission at
forward angles almost follows the A% mass depen-
dence up to fairly high momenta (<2 GeV/c). The
high-momentum parts of the spectra at forward an-
gles are thus not necessarily due to multiple NN
collisions. Other contributions such as those due to
momentum fluctuation of nucleons (Fermi motion)
inside the projectile must be considered.

The angular anisotropy in the c.m. frame is larger
for protons than for pions. For an 800 MeV/ nu-
cleon beam, the anisotropy of pions reaches its max-
imum at a pion energy at around 150 MeV. These
features have not yet been explained by any conven-
tional model, but it seems that such a feature of
pion emission is consistent with the A-isobar model,
since the decay from delta increases the pion yield
at around 150 MeV and might have a large aniso-
tropy there.

Yield ratios of 7~ to total nuclear charge have been
studied in order to compare the present data with
streamer chamber results. Our data for equal-mass
collisions agree very well with the central-collision
triggered data of Ar + KCI taken by the streamer
chamber. The smaller 7~ to total nuclear charge
ratio for the larger-mass target suggests the impor-
tance of pion absorption.

In order to determine the importance of Coulomb
effets in inclusive processes we have studied both the
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ratio of 7~ to 7+ production and that for *H to
*He. In the small momentum region and especially
at forward angles, such as 30°, the 7~ to 7™ ratio is
significantly larger than the neutron to proton ratio
of the system. This strongly suggests the impor-
tance of the Coulomb effect for low-energy pion
emission at finite angles. The ratio of >H to *He is
also larger than the neutron to proton ratio of the
system, especially in the small momentum region of
these fragments. These results may not be due sole-
ly to Coulomb effects but may involve other
mechanisms related to the formation of composite
fragments such as those mentioned in greater detail
in Sec. VIB.

The spectrum shape of composite fragments con-
taining 4 nucleons is explained very well by the Ath
power of the observed proton spectra. The mea-
sured coalescence coefficients do not depend on the
beam energy but only on the projectile and target
masses and the fragment type. These facts suggest
the importance of final-state interactions in forming
the composite fragments. Sizes of the interaction re-
gion have been evaluated from the observed coales-
cence coefficients. They agree with the data of pion
interferometry results. In addition, we observe that
the size is smaller for the emission of heavier mass
fragments.

The yield ratio of composite fragments to protons
strongly depends on the projectile and target masses
and the beam energy. However, this ratio does not
depend on the emission angle of the fragments. We
have also studied the concept of entropy, especially
the problem of the large discrepancy between the
experimental and theoretical values, which has been
pointed out by Siemens and Kapusta. Within the
present analysis, such a discrepancy is not observed
with 800 and 2100 MeV /nucleon beams, but only
with 400 MeV/nucleon beams.

In the present paper we have also compared the
data with theoretical models. Both the thermal and
single NN collision models have succeeded in repro-
ducing some of the gross features observed in the
data. However, these models have many difficulties
in reproducing the detailed structures seen in the

data. In general, models that are classified with ei-
ther the thermal model or single NN collision
model succeed in reproducing certain aspects of the
data on one hand, while on the other hand, they fail
to reproduce others. For example, the isentropic
expansion model has succeeded in reproducing the
slope difference between protons and pions as well
as the shoulder-arm spectrum shape of protons, but
has failed in reproducing the pion yields. In this re-
gard the unified models described in Sec. VIF 3. are
better in reproducing the data and perhaps should
be developed more extensively in the future.

We conclude the paper by mentioning that the
present data of inclusive spectra have revealed
several features that are unique to high-energy nu-
clear collisions. Although most of these features
can qualitatively be explained.in terms of nonexotic
orthodox theories, none of the currently available
theories have a full quantitative explanation of all
the observed data presented here.
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