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We have performed an experimental study of the angular and momentum distributions of fragments emitted
from central collisions between emulsion nuclei (AgBr) and heavy-ion projectiles *He, 'O, and *°Ar at beam
rigidity 5.72 GV. Central collisions are here defined as interactions that exhibit an absence of projectile
fragmentation, i.e., no beam-velocity fragments are produced within 5° of the incident beam direction.
Production angles have been measured for all fragments having a restricted gain density g > 2guin
corresponding to protons of E < 250 MeV. Both range and angle measurements have been made for fragment
ranges <4 mm, corresponding to protons of E < 31 MeV. The data are analyzed in terms of a modified
Maxwell-Boltzmann distribution from which we obtain estimates of the longitudinal velocity 8, and the
characteristic spectral volocity B, of the particle-emitting systems. We find that no unique Maxwellian
distribution can account for the observed fragment distributions. The angular distributions do not display
statistically significant structure attributable to collective phenomena.

NUCLEAR REACTIONS AgBr(‘He,x), E=2.1 GeV/A; AgBr(i®0,x), E
=2.1 GeV/A; and AgBr(*Ar,x), E=1.8 GeV/A; measured fragment multiplici-

ties; range and angular distributions for ranges =4 mm (E

=31 MeV); an-

proton

gular distribution for E o, <250 MeV. Nonperipheral collisions, Maxwell-
Boltzmann parametrization.

I. INTRODUCTION

The characteristic features of the interactions
between nuclei at relativistic energies, from a
geometrical concept, depend sensitively on the im-
pact parameter of the collision. In particular, if
R, and R, are the radii of the target and projectile
nuclei, respectively, the limiting values of the
impact parameter b give rise to the concepts of
peripheral collisions, i.e., & =R, +R,, and of cen-
tral collisions, where 06 |R, - R,|. Peripheral
collisions characteristically exhibit the emission
of fragments of the projectile in a narrow forward
cone, whose angular width is determined by the in-
trinsic Fermi-momentum distributions of the nu-

cleons within the fragmenting nucleus. Figure 1
is a photomicrograph of an “°Ar interaction ob-
served in this experiment that shows typical fea-
tures of a peripheral collision. In contrast, cen-
tral collisions give rise to a large range of com-
plex phenomena that can result in the catastrophic
destruction of the interacting nuclei. The occur-
ence of such an event is shown in Fig. 2. Here,
the interaction between the “°Ar projectile and tar-
get nucleus involves high levels of excitation and
the emission of a large number of secondary frag-
ments, predominantly nucleons and light frag-
ments. Because central collisions at high ener-
gies subject nuclear matter to physical conditions
heretofore unavailable in the laboratory, there is

FIG. 1. An interaction of an ‘’Ar projectile, E=1.8 GeV/A, observed in Ilford G.5 emulsion that shows the character-
istic of projectile and target (AgBr) fragmentation. The forward cone of (5) He fragments, one of which produces a
secondary interaction, indicates a peripheral collision has taken place. A 7~ meson produced in the interaction is
brought to rest and forms a three-prong star (above the point of interaction).
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FIG. 2. An interaction of an 4°Ar projectile, E=1.8 GeV/A, with a heavy emulsion nucleus that leads to catastrophic
destruction of the projectile and target nuclei. This.example of a central collision has 63 fragment tracks—the largest

number of fragments encountered in this experiment.

currently much theoretical and experimental ac-
tivity on this aspect of heavy-ion physics.'™

Inthis experiment we examine the angular and mo-
mentum distributions of fragments emitted from
relativistic central collisions between emulsion
nuclei and heavy-ion projectiles *He and *°0 at
2.1 GeV/A and “°Ar at 1.8 GeV /A (all beams have
rigidity pc/ze=5.7 GV). The selection criterion
we adopt to define a collision as “central” is that
it exhibits an absence of projectile fragmentation,
as we illustrate in Fig. 2. We have used Ilford
G.5 emulsions for this study because they are sen-
sitive to minimum-ionizing singly charged par-
ticles. We are able, therefore, to detect all frag-
mentation nuclei produced in heavy-ion collisions,
irrespective of charge and velocity. By carrying
out the experiment at £ ~2 GeV/A we exploit the
fact that the difference between the projectile and
target rapidities (rapidity y =tanh~'g;) is suffic-
iently large to effectively separate target from
projectile fragmentation products. In order to ex-
clude further from this experiment effects due to
projectile fragmentation we have limited our mea-
surements of angular distributions to ionizing
tracks having restricted grain densities g = 2g,,,,,
corresponding to proton energies £ <250 MeV/A
for Z =1 nuclei, and to track ranges R <4 mm,
corresponding to proton energies E <31 MeV
(244 MeV /c).

This study thus pertains to particle energies that
are primarily associated with target fragmenta-
tion. Our ionization and range criteria are similar,
but not identical, to those adopted by Jakobsson
et al.»®' and Chernov ef al.'* in their emulsion
studies of 0 (E=0.2,2.0 GeV/A) and *N(E =2.1
GeV/A), respectively. Also, the limitations we
have placed on track range and ionization, i.e.,

E <31 and <250 MeV/A, closely match the sensi-
tivity thresholds for ionizing tracks in AgCl cry-
stals (E, <28 MeV and E, <200 MeV/A) used by
Schopper and colleagues in their measurements of
the angular distributions of particles emitted from
high-multiplicity reactions initiated by high-energy
‘He, '?C, and '®0O nuclei.®

II. EXPERIMENTAL PROCEDURES
A. Detectors and scanning methods

Individual stacks of Ilford G.5 nuclear track
emulsion were exposed to Bevatron-Bevalac beams
of *He, '°0, and *°Ar at rigidity 5.7 GV, corre-
sponding to E=2.1 GeV/A for the *He and °0
beams, and 1.8 GeV/A for the “°Ar beam. The
emulsions were sensitive to singly charged rela-
tivistic particles which yielded ionization tracks
with blob densities typically 20 blobs/100 um at
minimum ionization. Consequently, all fragmen-
tation products, irrespective of charge and veloci-
ty, are detectable, a feature essential to this ex-
periment since the recognition of projectile frag-
mentation is to be the basis for our selection cri-
terion for central collisions. Both along-the-track
and volume scanning techniques were used to lo-
cate events under 200X magnification. All track-
coordinate measurements were made under oil
immersion objectives, 1000x total magnification,
using three-coordinate digitally encoded (1-um
readout) microscopes.

B. Criteria for central collisions

In the present experiment we define a central
collision to be one that does not exhibit projectile
fragmentation. To establish a criterion for the
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selection of such collisions we refer to our pre-
vious investigation on the properties of projectile
fragmentation. There, Heckman ef al.'® found that
about 12% of the interactions of 2.1-GeV/A 2C, N,
and '°0 beam nuclei in nuclear emulsion led to
“pure” projectile fragmentation; interactions
whose distinctive features are (i) all fragment nu-
clei are emitted in a narrow forward cone at near-
beam velocities and (ii) no low-energy target-re-
lated particles are produced in the event (often
termed an n,=0 type star, where 7, is the number
of heavily ionizing tracks). Measurements of the
angular distributions of Z=1 and Z =2 fragments
of the projectile produced within the forward cone
showed them to be compatible with a Gaussian dis-
tribution, with standard deviation widths 6sp =2.0°
and 0.9°, respectively. These angular widths can
be expressed in terms of 0, , the standard devia-
tion of the p, distributions of the emitted frag-
ments:

T, AB
s Ap’

where pp is the beam momentum, equal to 5.7Z,
GeV/c, and Ap and A are the mass numbers of
the beam and fragment nuclei. The values of 0,
evaluated from Eq. (1) for Z=1 and Z =2 frag-
ments, taken to be, for simplicity, « particles
and protons, produced by the fragmentation of
Z/A =% beam nuclei, are thus approximately 100
MeV/c and 190 MeV/c, respectively. The corre-
sponding standard deviations in the longitudinal
momentum distribution in the projectile frame,
Opy =g-1/2 0, (assuming isotropy in this frame),
are 71 and 130 MeV/c, in agreement with the mea-
surements of 0, by Greiner et al.,'® who obtained
Tpy = 69 +4 MeV/c for protons (distribution non-
Gaussian, however) and 0, =(130+1) MeV/c for
“He.

The salience of the above discussion is that the
topology of projectile fragments is well defined and
conducive to efficient detection of projectile frag-
ments in emulsion. Thus, the presence or ab-
sence of projectile fragmentation can be established
on an event by event basis, which allows us to sel-
ect interactions that are restricted to heavy emul-
sion nuclei Ag and Br, with impact parameters
small enough to effectively occult the projectile
nucleus. The events we designate as central colli-
sion events thus fulfill the following criteria:

(1) For *He intevactions: No beam-velocity frag-
ments are observed within 5° of the incident beam
direction. This establishes an angular void of par-
ticles in the fragmentation cone approximately
2.565p (protons).

(2) For 0 and “ Av intevactions: No beam-vel-
ocity fragments with Z =2 are observed within 5°

sin 93[) =

(1)

of the incident beam direction. This establishes
an angular void approximately 56sp (*He), and
greater than this for higher fragment charges.
One or two minimum-ionizing Z =1 tracks are al-
lowed in the 5° acceptance cone.

C. Measurements

For those heavy-ion interactions that satisfied
the above criteria, the following procedures for
the measurements of angle and track range were
carried out for each interaction:

(1) The production angles were measured for all
secondary fragments having a restricted grain den-
sity g2 2g,..,, after correcting for the dip angle.

A Z =1 particle with g>2g,,;, has an energy E <250
MeV/A. Angle measurements were carried out
for a minimum of 6500 fragments for each beam.
(2) Both track ranges and angles were measured
for a subset of at least 1200 fragments with ranges
<4 mm. No minimum range cutoff was made, ex-
cept that due to obscuration of short tracks (=3
um in length) at the point of interaction. A 4-mm
range in emulsion corresponds to a proton (and
‘He) energy equal to 31 MeV/A.

(3) Each fragment measured under (1) was classi-
fied as to whether its potential range was less or
greater than 4 mm. This visual estimate of poten-
tial range was made by the scanner-measurer by
observing the grain density (g =10g,,, for protons)
and multiple scattering of the track in the pellicle
containing the event. Fragments with estimated
ranges less than 4 mm were classified as E, < 31
MeV events, and were used to augment the statis-
tics for the angular distribution of fragments with
R <4 mm, measured under (2).

III. ANALYTIC PROCEDURES

The fragment range and angular distributions
presented in this paper are formed by summing
over all of the events observed, rather than treat-
ing interactions individually. We make the practi-
cal assumption that the system we are considering,
i.e., the ensemble formed by all the central colli-
sions observed, is large enough to be considered
statistically based on the hypothesis of equal
a priori probabilities in phase space. This allows
us to parametrize our distributions in the form of
a modified Maxwell-Boltzmann distribution. This
distribution, expressed in a covariant nonrelativis-
tic form, in terms of the momentum P of the
emitted fragments, with c=1, is as follows:

d®N/dPdu e P? exp[-(P? —2MB Pu)/Py?], (2)

where By is normally considered to be the longi-
tudinal velocity of the particle-emitting system
KL =cosf, where @ is the laboratory angle between
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the momentum of the fragment of mass M and the
momentum of the initial projectile, and P,

=(2 ME,)! /2 where E, is the characteristic energy
per particle in this hypothetical moving system.

Note that Eq. (2) does not contain an effective
Coulomb barrier V.. Support for this assumption
comes from the work of Kullberg, Otterlund, and
Resman,” who found that the spectrum of protons,
E< 10 MeV produced in interactions, selected
without bias, between cosmic-ray heavy ions and
AgBr nuclei in emulsion was compatible only with
low values of ¥, consistent with Vz;=0. Ciok etal.'®
also observed ¥ =0 was in good agreement for the
range distribution of tracks R <4 mm measured
in proton-nucleus interactions at £ =24 GeV. The
results of Sullivan ef al.'® also show the marked
suppression of the effective Coulomb barrier to
light fragment emission in 2.1 GeV/nucleon O
+Au collisions relative to that observed in 2.1 GeV
P +Au collisions.

We now examine how Eq. (2) is modified when it
is expressed in terms of range R and p, the two
quantities measured in this experiment. To good
approximation, the R-p relation for Ilford emul-
sion is given by the power-law expression

B=k(Rz?/A)", ®)

where £=0.174, n=0.29, R is in mm, and z and A
are the atomic and mass numbers of the fragment,
respectively. Interms of B, Eq. (2) becomes

d*N/dpd < B2exp[ (B2 —Z—BHBN)/B_Oz], (4)

where B,=(2E,/M)!/2. If we transform this dis-
tribution to a distribution of track ranges R, the
distribution in R-u space becomes

dzN/de[.LCﬁ(Z Z/A)SnRan—l

x exp[—(k*R*" - 28,kR" 11) /B, ], (5)
where
Bi=Bu(A/z%)" and B,=By(A/z?). (6)
It follows that the parameter we shall denote as
Xo=Bui/By=Bu/By, M

which is the ratio of the longitudinal velocity of the
center of mass g, to the characteristic spectral
velocity B, of the fragmenting system, is common
to both the velocity and range spectra, and is in-
dependent of (A, z).

Thus the longitudinal velocity B8, and spectral
velocity B, that characterize the range spectrum of
unidentified fragments [Eq. (5)] are related to the
corresponding quantities for the velocity spectrum
[Eq. (4)] for any fragment (4, 2) by the factor (A/
z?)" where 7 is the range-velocity index. There-
fore the parameters g, and By, the only quantities

we may deduce from our range and angle data,
can be evaluated from the velocity distribution
[Eq. (4)] for any value of A/z2 through Eq. (6). In
our analysis, B, and 8, were actually evaluated
using the velocity distribution [Eq. (4)] assuming
A/z%=1, for which B,=B,and 8= 8. Thekey point
here is that the two range-distribution parameters
By and B, can only be identified as fragment vel-
ocities B, and EO(EO) when the isotopic distribu-
tion of stopped fragments is known. By fitting the
measured range and angle data to evaluate 8, and
B, we are effectively testing how well such data
can be described given the following assumptions:
(i) The observed range and angle distributions are
interpretable in terms of a single Maxwellian-
range (velocity) distribution.

(ii) The isotopic distribution of fragments is dom-
inated by one species, i.e., protons, thereby mini-
mizing any significant difficulties in defining B, in
the Maxwell distribution [Eq. (4)].

(iii) To the extent that (ii) is satisfied, the B, and
B, parameters that characterize the range and
angular distributions are the same as those that
describe the velocity distribution for protons.

(iv) The effective Coulomb barrier ¥ for proton
emission is vanishingly small for the central high-
energy-deposition collisions selected in this ex-
periment.

Physical interpretations of the parameters S,
and B, (we shall omit the bar notation henceforth)
can be clarified if we introduce g% = ;% + %, where
Bz and Br are the longitudinal and transverse com-
ponents of E =§/M, to Eq. (4), which then becomes
factorable:

d?N/Brdp rdBL * exp (-—BTZ/BOZ)exp[—(BL - B”)z/Boz] .
(8)
Thus, we note that the marginal probability dis-
tribution for B, (= rapidity y) is Gaussian, with
(B =By (1st moment of the 8,
distribution) (9a)

and

02(BL)=B,2/2=E,/M (variance of the 8,
distribution). (9b)

This variance can also be expressed in the form
02(7)=7/M,, where the equivalent “temperature”
of the system is 7 (MeV/A) and M,, is the nucleon
mass.

The observed distributions of velocity 8 and
angle UL =cosé, for fragments produced by each of
the incident projectiles were binned in a 5 1 ma-
trix, normally 20X 10 in size, and fitted to Eq.
(4) (with A/z2=1) by use of the minimizing rou-
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tine MINUIT,?® assuming statistical errors ~N /2,
to determine B, and 3,. The errors quoted for
these parameters correspond to a change of 1.0

in the value of x?® for the fit. The integration of
Eq. (4) over the variables 3 and W =cos6 leads to
the following expression for Nj;, the expected num-
ber of fragments bounded by the ith interval of S,
B; <B <P, and the jth interval of wu, ;s p <py,,:

Ny Pl = F(i) +G(1y0) = Gy, (10)
where

F( ) =[exp(x,> u*){ exp[ =X,2(8: /By = 1]

= expl =X (Bi+1/Bu = W]},
G(1) = V7 xok[exp(x* ) Hert[xo(Biy /By - 1))
- erf{xo(8;/By = W]},

and

Xo=B1/By-

The angular distribution derived from Eq. (4) for
fragments in the ith interval §; <B <B;,, is

dN . o o
" [exp(x,y? 1)

X AN(B;) = h(Biyy) =27 T (1 +2x,2 12)
x| g(8:) -g(Bi )Y, (11)

where

h(B) =Xo(B/Bu + Lexp[=X,2(8/B) — 1)?]

and

g(PB) =erf[x,(B/By - w)].

Note that when the angular distribution is mea-
sured without regard to fragment velocity, dN/du
becomes a function of the single fitting parameter
Xo=Bi/B, only. In this case, the ratio of the num-
ber of fragments in forward to backward hemis-
pheres, F/B is given by

1 +erfx,

b= 0
F/ 1 -erfy,

(12)

To first order in X,, dN/du and F/B can be ex-
pressed as

4
dN/duzexp[T/-—ﬂ—xou] , (13a)
4
F/B ~exp [T;— xoi\. (13b)
Hence,
dN/du ~(F/B)*, (13c)
dN/d6 ~sin6( F/B)\>? . (13d)

For the values of F/B we shall obtain in this ex-

periment (F/B=2.5), Eq. (13c) is a good approxi-
mation of the exact expression dN/du [Eq. (11)].
These analytical procedures are similar to those
embodied in the two-step vector model that is
widely used to interpret the production of the resi-
dual target by recoil techniques.?! In this model
it is assumed that the velocity of a product nucleus
is given by Vi, =0+V, where U is the velocity of
the excited system produced on impact of the pro-
jectile and target and V is the velocity imparted to
the product nucleus in the deexcitation stage. For
the case where V has a Maxwell-Boltzmann dis-
tribution, the commonly used quantity n,={v,/V)
and X, = Bi/B, used here are related by the expres-
sion 1y =2771"2x,.

IV. EXPERIMENTAL RESULTS
A. Prong-number distribution

Figure 3 presentsthe distributions of prong number
per event N, for the interactions of each heavy-ion
beam selected under the criteria stated in Sec. II B.
The distributions thus pertainto charged prongs
having restricted graindensities g> 2g_, ., i.e.,
equivalent to proton energies <250 MeV, emitted
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FIG. 3. Distribution of number of prongs (fragments)
per event emitted from central collisions with restricted
grain densities g >2g,,,, corresponding to proton ener-
gies E,<250 MeV. Beam energies are 2.1 GeV/A for
4He and 180, and 1.8 GeV/A for 4°Ar. The mean number
of prongs/event (n) are indicated. The CNO peak
(N, ~ 6-8) is not included in the value of (n) for ‘He.
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from events selected only when the projectile was
fully occulted by the target nucleus. If we first con-
sider the multiplicity distributions of prongs arising
from “°Ar and *°0 collisions, we note that each distri-
bution shows a single maximum and is approximately
symmetric about its mean prong number. In con-
trast, the N, distribution for ‘He projectiles shows
two maxima, one in the region of N, =6 to 8, and
the other at N, =19. We attribute the low-prong-
number peak to collisions between the *He projec-
tile and CNO (light) nuclei, and the high-number
peak to collisions with AgBr (heavy) nuclei because
He can be occulted in CNO as well as in AgBr col-
lisions. The absence of this CNO peak in the 'O
and “°Ar prong distributions indicates that nonoc-
cultation of the projectile by the target nucleus
occurring in collisions between these projectile
nuclei and light CNO targets invariably shows evi-
dence for projectile fragmentation.

We argue, therefore, that the prong distribu-
tions observed for “°’Ar and %O projectiles are due
to interactions with heavy emulsion nuclei only,
principally Ag and Br. Similarly, the ‘He events
having N, > 9 are also attributable to interactions
with Ag and Br. We superimposed the *0 prong
distribution, normalized for N, > 9, upon the “He
prong distribution to illustrate the similarity be-
tween these distributions. The mean values of
these distributions (») are statistically equal, i.e.,
19.1 for “He (after eliminating the CNO peak) and
18.9 for *0, and they have comparable widths,

o, equal to 6.6 and 6.2, respectively. The prong
distribution of “°’Ar has a greater mean prong num-
ber and dispersion, 25.2+7.2, than is observed
for the “He and '°0 distributions, indicative of in-
creased excitation energies in the *°Ar collisions.

Thus, by eliminating prong numbers N, <9 from
the “He data, we have limited the interactions of
relativistic “He, '°0, and *°Ar nuclei in nuclear
emulsions in the present study to near-central
collisions with Ag and Br having little, if any, re-

maining contribution to the data from collisions
with lighter emulsion nuclei.

B. Salient features of the angular distribution

of prongs (fragments)

In Table I we summarize the angular distribu-
tion data for fragments produced by each beam nu-
cleus. The data are catalogued according to the
energy (or range) window of the fragments, i.e.,
E,< 31 MeV, E,<250MeV, and R< 4 mm. (The
notation “E,<” will be used to signify that the
given energy limit is estimated by inspection of
the grain density and multiple scattering of the
fragment. Data identified by R <4 mm, for which
€=E/A =31 MeV/A for protons and *He, will sig-
nify that the data are based on range measure-
ments.) Included inthe tabulations are the number
of prongs that comprise the data base, and their
division into forward and backward hemispheres.
The data given in Table I(a) show a significant
decrease in the amplitude of the low-energy com-
ponent, E,< 31 MeV, as the mass of the incident
ion increases. For a *He projectile, 67% of the
fragments produced in central collisions are < 31
MeV, whereas this fraction is reduced by about a
factor of 2, to =30%, for *°Ar projectiles. Al-
though the absolute number in the forward and
backward hemisphere varies, the forward-back-
ward ratios for the E,< 31 MeV data (Table I) and
the R <4 mm subset of this data, are virtually in-
dependent of the mass of the projectile. The F/B
ratio tends, however, to become smaller as Ayeam
increases. For the higher-energy window, E,
<250 MeV, this slight trend of F/B is reversed,
and this ratio for *°Ar increases dramatically,
relative to the (approximately equal to one another)
F/B ratios for *He and '°0. Note, however, that
for the projectiles used for these data, the number
of back-hemisphere prongs per event, N,(6> 90°)/
Nint, is nearly constant, being 6.8, 6.7, and 7.1

TABLE I. Summary of the measurements on the angle and range distributions. Nj,t is the
number of interactions and N, denotes the number of prongs (fragments) observed. F/B is the

forward/backward ratio.

Beam Nint N,(total) N, (6 <90°) N,(6<90°) F/B
(a) Angular distributions only, E < 31 MeV (E< 250 MeV)
‘He 335 4462(6666) 2649(4397) 1813(2269) 1.46 +0.04(1.94 + 0.05)
o) 352 3491(6644) 2015(4291) 1476(2353) 1.37 +0.05(1.82 + 0.06)
WAy 270 2045(6832) 1170(4902) 875(1930) 1.34 £ 0.06(2.54 + 0.07)
(b) Range and angular distributions, R< 4 mm

‘He 123 1396 811 581 1.40 + 0.08

Rle) 308 2471 1408 1063 1.32 £0.05

DAy 240 1459 817 642 1.27 £+ 0.07
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FIG. 4. Angular distributions of fragments with
ranges R <4 mm emitted from central collisions be-
tween AgBr target nuclei and ‘He, 10, and 4°Ar pro-
jectiles. The beam rigidity (pc/ez) is 5.7 GV for all
ions. The curves drawn through the data are least-
squares fits to Eq. (10). The parameters B, and B,
are given in Table II.

for “He, '°0, and *°Ar, respectively. The changes
in the F/B ratios are thus primarily attributable to
changes in the fragment-production cross sections
in the forward hemisphere.

C. Range and angular distributions, R < 4 mm

Figures 4 and 5 present the angular and range
distributions observed for fragments with ranges
R <4 mm emitted from the previously described
central collisions produced by the *He, %0, and
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FIG. 5. Range distributions for fragments for ranges
R <4 mm emitted from central collisions in emulsion.
Projectiles are *He, 10, and 4Ar with rigidity 5.7 GV.
The fitted range distribution, Eq. (10), is illustrated
for the %0 data. The parameters g, and By are given in
Table II.

“°Ar projectiles. Tabulated in Table II are the
range-velocity parameters 8, and §,, and the
quantity x, evaluated therefrom, obtained by
least-squares fits of the data to Eq. (10). The two-
parameter fitted curves are superimposed on

the angular distribution data (Fig. 4) and on the
range spectrum of fragments observed in '°0O col-
lisions (Fig. 5). The principal feature of these
data is the near independence of the normalized

TABLE II. Range-velocity parameters B, B,, and X,=8,/8, versus range interval for R< 4
mm. € is the proton energy corresponding to range R.

Range €
(mm) (MeV) ‘He &le) OAr
Bu 0.016 + 0.004 0.015 + 0.002 0.012 + 0.002
0-4 0-31 By 0.117 +0.002 0.115 + 0.002 0.117 + 0.002
Xo 0.14 +0.04 0.13 +0.02 0.10 +0.02
Bu 0.010 + 0.002 0.012 + 0.002 0.014 +0.004
0-1 0-14 By 0.105 +0.003 0.104 + 0.003 0.110 + 0.003
Xo 0.10 +0.02 0.11 +0.02 0.13 +0.04
By 0.030 +0.011 0.016 + 0.005 0.016 + 0.003
1-4 14-32 By 0.169 + 0.015 0.122 + 0.004 0.143 £+ 0.012
Xo 0.18 +0.07 0.13 +0.04 0.11 +0.02
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range and angular distributions on the mass of the
projectile, as indicated by the statistical constancy
of the parameters 8, and 5, (Table II).

Important differences between the data and the
two-parameter Maxwell-Boltzmann distribution
[Eq. (4)] are evident, however. We first refer to
Fig. 4, which shows the angular distribution of
fragments having R <4 mm, plotted as a function
of incident ion. A close inspection of dN/dcos6
for cos0> 0 shows that its slope is nearly zero,
compatible with isotropy in the laboratory, corre-
sponding to B8, =0. The angular distributions sys-
tematically tend to be nearly more isotropic in the
forward hemisphere (in the laboratory) relative to
the backward hemisphere. We shall elaborate on
this point later. Second, as illustrated by the %O
data (Fig. 5), the computed range distributions
are systematically lower than the data for ranges
R>2 mm. Such differences are consistent with
the well-documented experimentally observed ex-
cess of energetic fragments, relative to that ex-
pected from particle-evaporation models.?* The
differences between the data and fitted curves
therefore indicate that unique values of 8, and 8,
cannot account for the shape of the range spectra.
To examine how 3, and 3, depend on range, we al-
so performed fits to the range-angle data for the
range intervals 0 <R <1 mm, equivalent to proton
energies € <14 MeV/A, and 1 SR <4 mm, equiva-
lent to 14 <€ <31 MeV/A. The results are in-
cluded in Table II. They show that as the range,
hence, energy, of the fragment increases, both
By and B, increase. The ratios Xo» however, ap-
pear to remain constant, all values being compat-
ible with a mean value (X, =0.11 £0.01. The longi-
tudinal velocities of the particle-emitting system
By are small and, within the accuracy of the mea-
surements, independent of projectile. As we shall
discuss later, the values of 3, observed here are
equal to those measured for low-energy fragment-
emitting systems produced in proton-nucleus colli-
sions over a broad range of energies. We also
point out that the temperatures 7 implied by the
velocities 8, =(27/M,)!/? are typically 6-7 MeV/A,
characteristic of the binding energies of nuclei and
also compatible with the temperatures associated
with projectile fragmentation.'®?3

Figure 6 presents the range-angle data in the
rapidity variable y =3;, where B, is the longitudi-
nal component of the quantity E, obtained from Eq.
(3), assuming z°/A =1. By equating each frag-
ment range to an equivalent proton (or *He) veloci-
ty, we obtain a rapidity distribution that is repro-
duced well by the two-parameter Maxwell-Boltz-
mann distribution [Eq. (8)]. The mean value (y,
=py is indicated for each distribution, as is the
standard deviation o, =8, /V2 =(‘r/A'I,,)‘/2. The cut-

dN/dy

-1
T0T

N.

4 . 4
-03 -02 -0f 00 o0/ 02 03
=4

FIG. 6. Rapidity distributions y= g, of fragments with
ranges R <4 mm, assuming A /z2=1, Cutoff values of
B, =0.260 are indicated by the arrows on the abscissa.
Values of g, and By=V"2¢ are given in Table II. The
energies of the projectiles indicated are 2.1 GeV/A
(*He and %0) and 1.8 Gev/A ({Ar).

off values of y at R=4 mm are +0.260, which are
indicated by the arrows in the figure. The aver-
age standard deviation of the three rapidity dis-
tributions is o,) =0.082 £0.001, corresponding to
a longitudinal momentum P, =77 MeV/c per nu-
cleon.

D. Angular distributions Ep < 31MeV

As described in Sec. IIC, the scanner-measurer
made, by visual inspection only, an estimate of the
potential range of all fragments based on the grain
density and multiple scattering of the track, and
tagged those events with potential range <4 mm.
Under this criterion, protons and *He nuclei with
E, <31 MeV/A were identified. When a sample of
the tagged fragments was followed to the end of
their ranges, or to a maximum of 4 mm, we found
that approximately 85% of the tracks came to rest
within a 4-mm range. The angular distribution for
tagged events was also observed to differ little
from that for fragments whose ranges were actual -
ly measured to be <4 mm.

The angular distributions observed for fragments
with energies E, < 31 MeV, based on estimated
range, produced by each of the incident projectiles,
are shown in Fig. 7. The distributions are pre-
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FIG. 7. Angular distributions for fragments E,
<31 MeV emitted from central collisions observed in
nuclear emulsion. Solid curves are fits of the data
to Eq. (10), —1 <p <1, using the parameters indicated.
The dashed and dotted curves are fits to the data, for
the backward and forward hemispheres, respectively.

sented as functions of both 6 and cosf. Drawn
through the data are curves derived from the fitted
Maxwell-Boltzmann distributions. Because these
angular distributions were taken without know-
ledge of particle ranges subject only to the condi-
tion that E,< 31 MeV, we found that the minimum
x? fits did not yield unique values for 8, and Bos

but rather gave values of 8, and j, that were lin-
early coupled. Thus, we chose to fix 3, at the
value determined previously from the range-angle

data and evaluate $3,. The values of 3, thus ob-
tained are indicated in Fig. 7, along with the ap-
propriate g,’s taken from Table II. The longitudi-
nal velocities 8, derived from the angular distri-
butions shown in Fig. 7 are in statistical agree-
ment with the 38, parameter obtained from the
range-angle data, although a small systematic
increase in 3 is indicated. This increase is con-
sistent with the inclusion of misidentified frag-
ments in the sample of events having ranges > 4
mm that were excluded from the previously de-
scribed data where the ranges were accurately
measured.

As do the angular distributions for fragments
with R <4 mm (Fig. 6), the distributions of dN/
dcos6 consistently show greater isotropy in the
forward, relative to backward, hemisphere. In
the case of the '°0O data, the fits to the data in the
backward and forward hemispheres are indicated,
which illustrates the marked difference between
the angular distributions for cos6< 0 and cos6> 0.
In Table III the fitted parameters x, = B“/BO that
characterize the angular distributions in the back-
ward, forward, and combined hemispheres for the
E,< 31 MeV data are listed. The angular spectra
of the low-energy fragments, when examined in
either hemisphere, continue to exhibit projectile
independence. Qualitatively, the spectrum for
each projectile shows that x,(-1< u< 0) is about
0.3, whereas x,(0< wu< 1) is consistent with zero.
Thus, the diminution of the ratio x,=p8,/8, as one
proceeds from the backward to forward hemis-
pheres indicates, we believe, marked differences
in the physical processes that contribute to low-
energy fragment emission in the two hemispheres
at projectile energies ~2 GeV/A.

If we now refer to the angular distributions
plotted as dN/d6 versus 6, the “break” in the dN/
dcosd distribution near cosf=0 leads to a general
excess of particles near 90° when compared with
the Maxwell-Boltzmann fit based on fits over the

TABLE III. Angular distribution parameter X,=8,/8, for the backward, forward, and com-
bined hemispheres as a function of energy window E, and projectile. Values of X, given by
Eq. (13b), applicable to the interval —1<u<1, are also tabulated.

EP
(MeV) p=cosé ‘He Lo} OAr
0-31 —1<p<0 0.25 + 0.07 0.31+£0.10 0.28 +0.11
0<p<1l 0.05 + 0.05 0.07 + 0.07 —-0.07 + 0.10
-l<p<1 0.16 +0.02 0.15 + 0.04 0.11 +0.03
Xo(F/B) 0.168 0.139 0.130
0-250 —1<u<o0 0.31+0.08 0.37 +0.09 0.52 + 0.06
0<p<1l 0.24 +0.04 0.18 + 0.03 0.39 + 0.06
—1<p<1 0.28 +0.03 0.26 +0.02 0.41+0.02
Xo(F/B) 0.294 0.265 0.413
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interval —=1< p< 1. The measured distributions
dN/d6, however, are smoothly varying, with
maxima at 70-75° and do not display statistically
significant fine structure indicative of well-de-
fined collective phenomena.

E. Angular distributions £ p <250 MeV

The angular distributions dN/d§ and dN/dcosé
for all fragments with g=>2g, . are given in Fig. 8.
The experimental data were fitted to the angular
distribution given by Eq. (11) to obtainthe parame-
ter X,. The values of X, for the E, < 250 MeV data
are given in Table III for backward, forward, and
combined hemispheres, the latter fit superimposed
on the data shown in Fig. 8. By extending the ener-
gy window from E,< 31 to E, < 250 MeV, the sharp
break between the angular distributions has been
noticeably reduced. However, the effect persists,
largely owing to the low-energy component, as
indicated by the systematically higher values of
Xo (=1< 1< 0) relative to x, (0< < 1). The fits
to the angular distributions in the forward and
backward hemispheres are indicated for frag-
ments produced by '®0O projectiles.

In contrast to the angular spectra for the low-
energy fragments, the angular distribution for
fragments with E, < 250 MeV do exhibit a depen-
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FIG. 8. Angular distributions for fragments with g
<2 gniny Ep<250 MeV, emitted from central collisions
observed in nuclear emulsion. See caption for Fig. 7
for identification of the plotted curves.

dence on projectile mass. Whereas the spectral
shapes for the *He and '®0O data are indistinguish-
able, i.e., the x,'s are equal within their errors,
the angular distribution of fragments from “°Ar
interactions clearly shows the effects of increased
mass number of the projectile. This difference is
attributable to a large increase in the number of
fragments produced by “°’Ar projectiles between

E, =31 and 250 MeV, which leads to an approxi-
mate doubling of the F/B ratio for this projectile
as E, increases from 31 to 250 MeV (Table I).
With an increase in the energy window of the frag-
ments, we note that the maxima in the dN/d6 dis-
tributions are at smaller angles, the maxima
having decreased from 70-75° when E, < 31 MeV,
to 55-60° when E, < 250 MeV.

The one-parameter Maxwellian fits to the data
shown in Fig. 8 give x* values typically 1-2/data
point, hence, are satisfactory representations of
the observations. Included in Table III are the
values of X, evaluated from the approximate ex-
pression for this quantity in terms of the F/B
ratio [Eq. (13b)]. The agreement between X, (F/B)
and the value of X, deduced by least-squares fitting
is excellent. The expressions for dN/du and dN/
d6 [Eqs. 13(c) and 13(d)] also approximate well a
Maxwell-Boltzmann distribution that is charac-
terized by the parameters 8, and B,=(2 T/M,,)l/z,
for which the observed F/B ratios in the laboratory
frame are simply related to 8, and §, by the Egs.
(12) or (13b).

V. DISCUSSION

One of the principal objectives of this experiment
was to discover whether or not the interactions
between nuclei at relativistic energies, selected
on the basis that the collisions were near central,
show phenomena significantly different from that
observed in previous experiments involving either
heavy-ion or proton projectiles. Existing data with
which we can best compare our observations are
for the low-energy fragments E= 30 MeV/A. We
recall that the low-energy spectra produced by
“He, 'O, and “°’Ar beam nuclei observed in this
experiment are distinguished by the following char-
acteristics:

(i) The angular and range distributions are, within
the experimental errors, independent of the mass
of the projectile.

(ii) The longitudinal velocities 8, of the particle-
emitting systems are low, typically 0.014 +0.002,
with little dependence on the mass of the projec-
tile.

(iii) The ratio x, = By/B, appears to be constant,
independent of projectile mass and energy (range)
of the fragments.
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In Table IV we have tabulated a representative
sample of published data on the forward-backward
ratios F/B and longitudinal velocities 8,. These
parameters describe the qualitative features of the
spectra of low-energy fragments emitted from both
selected and unselected interactions between heavy-
ion and proton projectiles, and targets of Ag and
heavy emulsion nuclei [Ag(Br) can be identified by
selecting interactions with 7,2 10]. Because 8, is
a model-dependent parameter, we shall concen-
trate on the measured F/B ratios in our compari-
son. We note, nonetheless, that the longitudinal
velocities B, are all low, typically 0.01< 8, < 0.02,
irrespective of projectile, energy, and (possibly)
fragment. If we compare the results of the emul-
sion experiments in which the fragments were
identified by range only (the range intervals for
this experiment and Refs. 14, 24, and 26 are com-
parable), we find the mean of the F/B ratios ob-
served in nucleus-nucleus collisions is 1.41+0.03,
whereas it is equal to 1.32 +0.05 in proton-nucleus
collisions. A tentative conclusion would be that a
slight increase in the F/B ratios of the low-energy
fragments is indicated as one proceeds from light
to heavy projectiles, but this reasoning is ob-
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scured by the observation that the F/B ratios for
“°Ar and proton projectiles are in close agreement,
and that our data show, in fact, an opposite trend
inthe F/B ratios with projectile mass. The agree-
ment between this experiment and the results of
Chernov el al.,** who observe F/B=1.40+0.06 for
N ions at 2.1 Gev/A, is of particular interest in
that their data were obtained from an unselected
sample of interactions. Based on our data, only
about one-third of their N interactions would be
central collisions of the type selected for our ex-
periment. Thus, we find no evidence for a depen-
dence of the forward/backward asymmetry in the
low-energy fragment distributions on the presence
or absence of projectile fragmentation in the inter-
action. We may infer, therefore, that the velocity
of the particle-emitting system does not depend
sensitively on the impact parameter of the colli-
sion.

The F/B ratios measured for He fragments Ey.
<50 MeV?* and <80 MeV,?? produced by protons
at £E=2, 3, and 5.5 GeV, as a group, are relative-
ly low in comparison to the average of the F/B
ratios tabulated. Hyde, Butler, and Poskanzer®®
noted the low average velocity of the emitting sys-

TABLE IV. Comparison of the results of this experiment and representative literature val-
ues of the F/B ratio and B, for fragment spectra E< 31 MeV/A produced in nucleus-nucleus
and proton-nucleus collisions. Targets denoted as AgBr refer to emulsion experiments where
target identificationwas madeby the criterion n#=< 7, those denoted as CR refer to cosmic rays.

Eeam
Beam (GeV/A) Target Fragment F/B B, Ref.
Nucleus-nucleus
‘He 2.1 AgBr R<4 mm 1.46 +0.04 0.016 + 0.004 This exp.
e} 2.1 AgBr R<4mm 1.37 £0.05  0.015+0.002  This exp.
OAr 1.8 AgBr R<4mm 1.34+0.06  0.012:0.002  This exp.
4y 2.1 Emul. R<3 mm 1.40 + 0.06 14
e 2.1 AgBr  E§™< 25 MeV 0.022 £ 0.001 13
Rle} 2.1 AgBr E<11 MeV/A 1.12 +0.08 12
CR 2<E<15 Emul. R<3.5mm 1.48 :0.09  0.0262 24
CR E>1.5 AgBr g 6gm, 0.0292 25
p-nucleus

P 2.2 Emul. R<3.5mm 1.32 £ 0.05 26

) 2 Emul.  Ey,< 50 MeV 1.15+0.09  0.015 27

P 3 Emul.  Ey,< 50 MeV 1.09 £0.11  0.020 27

? 5.5 Ag Ey,< 80 MeV 1.17 0.003 22

P 24 Emul. 10<R<2745um 1.16 +0.07 28
CR 101-10° Emul. 10<R<2745um  1.28 +0.09 18

CR Emul. 8Li 1.5 0.016 29

b 5.5 Ag 8814 1.36 0.008 + 0.002 22

P 9 Emul. 8Li 1.44+0.20  0.013 + 0.003 30

P 9 Emul. 8Li 1.7 0.015 31

P 19 Emul. 8Li 1.65 0.015 32

P 24 Emul. 8Li 1.54+0.22  0.015 +0.003 30

P 25 Emul. 8Li 1.20+0.05  0.008 33

2Evaluated from B =8, cosby,,, where 8,,, is median angle of fragments in laboratory sys-

tem, and 3, is assumed to be ~0.16.
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tem B, and the suppressed F/B ratio for the He
fragments, and suggested these effects were in
keeping with the ease of emission of the fragments
from nuclei at all levels of excitation. Pertinent
to this observation, Jakobsson ef al.'? also com-
mented on the high degree of isotropy of He nuclei
with 7.5 <E <65 MeV/A emitted from interactions
between AgBr and 2.0 GeV/A projectiles—a degree
of isotropy comparable to the evaporation like
spectra observed for low-energy hydrogen, E <11
MeV/A and He, E <7.5 MeV/A. The emission of
8Li (which are uniquely identified in emulsion by
the ®Li ~®Be -2 a decay chain) in proton-nucleus
collisions does not show the anomalous effects
suggested by the He data.?® These augmented by a
number of similar experiments over a broad range
of proton energies, are in remarkably good agree-
ment with the F/B and B, parameters observed in
the present experiment considering the major dif-
ferences between the experiments as to projectile
mass, beam energy, and the methods used to mea-
sure and analyze the low-energy fragment spectra.
The fact that 8, remains small and nearly constant,
irrespective of projectile, even for interactions
initiated by projectiles with as many as A =40 nu-
cleons in central collisions with target nuclei
comparable in mass, is a striking feature of the
nucleus-nucleus and p-nucleus interaction.

On a more detailed examination of the angular
distributions for fragments E, <31 MeV (Fig. 7
and Table III), systematic deviations from that
expected for a Maxwellian distribution character-
ized by a unique velocity parameter x, are ob-
served. The measured angular spectra consistent-
ly show, irrespective of projectile, a nearly iso-
tropic distribution in the forward hemisphere in
the laboratory frame, i.e., X,(0 < u <1)=0, where-
as the angular distribution in the backward hemis-
phere is distinctly anisotropic, having angular
distribution parameters x,(-1 < 4 <0) =0.3. Simi-
lar behavior in the angular distribution of frag-
ments with ranges R <3mm (€ =26.4 MeV/A)
emitted from 2.1 GeV/A N interactions in emul-
sions, selected without discrimination, may have
been observed by Chernov et al.'* We have fitted
their spectrum of dN/dcos6 for black tracks
(taken from their Fig. 2) for the backward and for-
ward hemispheres, as in the present experiment,
and have found that the values of x, are, respec-
tively, 0.13 £0.11 and 0.04 +0.10. Although the
statistical uncertainties in these parameters are
large, the values themselves are consistent with
those obtained in the present experiment, indi-
cating that isotropy in the angular distribution for
low-energy fragments emitted in the forward hem-
isphere is not significantly altered by the inclusion
of CNO and peripheral interactions inthe measure-

ments. The angular distribution of all fragments
emitted from the N interactions, with g>1.4
& (equivalent to E, <500 MeV), given by Cher-
nov et al. are fitted well over all angles [by Eq.
(11)] with x,=0.36 +0.02. This value, when com-
pared to our '°Q result of x,=0.26 +0.02, shows
the angular spectra observed by Chernov ef al. to
be more anisotropic, owing to the increase in the
upper limit in the fragment energy (i.e., E, from
250 to 500 MeV) and the inclusion of noncentral
collisions as well as CNO interactions in their
data sample, all effects that would tend to give
increased fragment production in the forward hem-
isphere.

Jakobsson and Kullberg have examined the energy
and angular distributions of protons and He nuclei
produced in interaction of 2-GeV/A %0 with emul-
sion nuclei, the latter classified as to light (CNO)
and heavy (AgBr) target nuclei.'® Interactions in
which at least eight units of charge were emitted
from the target nucleus were identified as interac-
tions between the '°0 projectile and AgBr. By
comparing the particle emission for all Ag(Br)
interactions to those where the Ag(Br) target nu-
clei was totally disintegrated, i.e., n,>28, Ja-
kobsson and Kullberg effectively examined AgBr
collisions averaged over all impact parameters
to those with small impact parameters. They
found that the angular distribution of protons 40
< E =500 MeV emitted from 7, >28 events, hence,
from interactions with small impact parameters,
deviates significantly from the angular distribution
of protons emitted from the average Ag(Br) colli-
sion. Whereas dN/dcos@ for protons decreased
approximately exponentially for all Ag(Br) events,
Jakobsson and Kullberg found that the n, > 28, cen-
tral-collision events yielded an angular spectrum
of protons that is deficient of protons at small an-
gles, with dN/dcos6 decreasing only slightly be-
tween angles of emission 20-120°. They also ob-
served that the dN/dcos6 distributions for He nu-
clei emitted from the n,>28 Ag(Br) events are (i)
consistent with isotropy for Ey, <10 MeV/A and
(ii) for 10< Ey, < 250 MeV /A, consistent with iso-
tropy in the forward hemisphere, decreasing with
angles between 90-180°. The features of these an
gular distributions for protons and He nuclei ob-
served by Jakobsson and Kullberg for the high
multiplicity events thus exhibit angular distribu-
tions similar to those for (unidentified) fragments
emitted from selected nonperipheral AgBr events
shown in Figs. 4, 7, and 8.

VI. CONCLUSIONS

Although we have discussed how our measured
angular spectra differ (an excess of fragments



17 CENTRAL COLLISIONS PRODUCED BY RELATIVISTIC... 1663

near 90°) from the assumed Maxwellian distribu-
tion we have used for purposes of parametrization
and intercomparison of the data, these differences
are smooth, well-behaved, and devoid of statisti-
cally significant structure.

We summarize the specific conclusions of this
emulsion experiment on central collisions between
nuclei at 2 GeV/A:

For low energy fragments E <31 MeV/A:

(1) The angular and range distributions do not
depend on the mass of the projectile.

(2) The longitudinal velocities of the emitting
systems 3, are small, in the range 0.01< 8,< 0.03
for all projectiles (Table II).

(3) Both @y and B, tend to increase with fragment
range (energy), but their ratio x,=8,/8, appears
to remain constant.

(4) By invoking the results of Ref. 14, there is no
evidence that the angular distribution, hence, X,
=By/B,, depends on the impact parameter of the
collision.

(5) The angular distributions are consistent
with isotropy in the forward hemisphere, corre-
sponding to X, ~0, with X, =0.3 being appropriate
for the distribution in the backward hemisphere.

(6) The temperature 7=M,B°/2 is typically 6-7
MeV/A, independent of projectile.

(7) The dN/d6 distributions are broad, Maxwel-
lian-like, with maxima between 70-75°.

For all fragments with £ <250 MeV/A:

(1) The angular distributions depend on the pro-
jectile mass, characterized by values the parame-
ter X, = B4/B,~0.3 for *He and '°0 beams, and 0.5

for “°Ar.

(2) The dN/d6 distributions are Maxwellian, with
maxima between 55-60°. The angular distributions
thus shift toward smaller angles as the energy of
the fragment increases.

(3) The number of fragments per event that are
emitted in the backward hemisphere depends little
on projectile mass, e.g., 6.8, 6.7, and 7.1 for
‘He, %0, and “°Ar, respectively.

Finally, we obtain no evidence in this experiment
for structure in either the range or angular dis-
tributions of fragments emitted from central colli-
sions between 2 GeV/z *He, '°0, and *°Ar projec-
tiles and heavy emulsion nuclei. We find there is
no unique Maxwellian distribution that successfully
describes both the angular and momentum distri-
butions of the observed fragments, hence, no
unique particle-emitting system characterized by
a longitudinal velocity B, and spectral velocity 8,
=(27/M,)"2.
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