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In&wduc-tion: Because of t h e l a r g e range of i o n i z a t i o n and m u l t i p l i c i t i e s 

of f ragments t h a t a r e produced i n c o l l i s i o n s between heavy i o n s , e l e c t r o n -

s e n s i t i v e n u c l e a r t r a c k emuls ions a r e p a r t i c u l a r l y s u i t e d fo r s t u d i e s of heavy 

ion i n t e r a c t i o n s owing t o t h e i r h i g h s p a t i a l r e s o l u t i o n and u n r e s t r i c t e d s e n s i ­

t i v i t y t o r a t e s of energy l o s s . We a re p r e s e n t l y c a r r y i n g out an e x p e r i m e n t a l 

s tudy u s i n g t h e emulsion t e c h n i q u e t o examine t h e a n g u l a r and momentum 

d i s t r i b u t i o n s of fragments e m i t t e d from n o n - p e r i p h e r a l c o l l i s i o n s between 

emulsion n u c l e i (AgBr) and h e a v y - i o n p r o j e c t i l e s ' 'He, l s 0 , and "*0Ar in t h e range 

of e n e r g i e s 0 .2 t o 2 .1 GeV/A. The beams and t h e i r s p e c i f i c e n e r g i e s used f o r 

t h e exper iment a r e : 

Beam Energy(dcV/A) 

4 He 2 . 1 , 1.05 

1 6 0 2 , 1 , 0 .20 

"•0Ar 1.8 

S e l e c t i o n CIUXQAAJX.: The s e l e c t i o n c r i t e r i o n we have adopted f o r a non-

p e r i p h e r a l c o l l i s i o n i s t h a t t h e i n t e r a c t i o n e x h i b i t s an absence of p r o j e c t i l e 

f r a g m e n t a t i o n , i . e . , an i n t e r a c t i o n where no b e a m - v e l o c i t v fragments ( Z c > 1 
r 

from "*He in te rac t ions , Z > 2 from 1 6 0 and 4 0 A r in terac t ions) are produced M j l V l t D 

within 5° (when E b e a m = 1.05 and 2.1 GeV/A) or 10° (when \ e a m = 0.20 GeV/A) of 

the incident beam di rec t ion . Interact ions selected under t h i s c r i t e r i o n are 
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deemed to be "central" collisions between the projectile and target nuclei, 

qualitatively characterized by impact parameters that are in the range 0 < b 

< | R T - Rp|. 

Seaming and MzaMUilng: Botli along-the -track and volume scanning techniques 

were used to locate events. All track-coordinate measurements were made under 

oil-immersion objectives, lOOOx total magnification, using three-coordinate 

digitally-encoded microscopes. 

MeoiatemeatA: For those heavy-ion interactions that satisfied the selection 

criterion, the following measurements of angle and track range were carried out 

for each beam nucleus: 

1) The production angles were measured for all secondary fragments 

having a restricted grain density g > 2 e . , after correcting 

for the dip angle. (A Z=l particle with g > 2 g . has an energy 

E < 250 MeV/A.) 

2) Track ranges and angles were measured for a subset of fragments 

with ranges < 4 mm, with no minimum range cutoff except that due 

to obscuration of short tracks at the point of interaction. (A 

4 mm range in emulsion corresponds to proton and "*He energies 

equal to 31 MeV/A.) 

3) Each fragment measured under (1) w a s classified as to whether its 

potential range was less or greater than 4 mm. This visual 

estimate of potential range was made by the scanner-measurer 

by observing the grain density (g > 10 g - for protons) and 

multiple scattering of the track in the pellicle containing 

the event. 



In order to identify data measured under the above procedures, we shall 

use the notation "E < " to signify data whose energy limits are made either by 

measurements of grain density (1), or by estimated range (3). Data identified 

by R < 4 mm (2), for which G = E/A = 31 MeV/A for protons and ̂ Ke, will signify 

that the data are based on actual range measurements. 

Analytic VticczduAZ: Owing to the high excitation energies and the large 

average number of particles that partake in non-peripheral [central') collisions 

of tne type selected for this investigation, we make the practical assumption 

that the system we are considering is large enough and the mutual interactions 

are strong enough so that it can be described statistically, based on the 

hypotjhesis of equal a pfuLofu. probabilites in phase space. Such a statistical 

distribution is the Ma:cwell-Bolt:mann distribution. This distribution, expressed 

in a ,:ovariant, non-relativistic form, in terms of the velocity 6 of the emitted 

fragments appropriate for the range of velocities we consider in this experiment 

is as follows: 

d'N/dSdu-BV^-^V^V ( 1 ) 

where 0.. is the longi tudinal veloci ty of the par t ic le .emi t t ing system, u = cos8 

where 9, is the laboratory angle between the momenta of the fragment of mass M 

and thel incident p r o j e c t i l e , and (T = /ST/W i s the cha rac te r i s t i c spect ra l 

velocityi of Maxwell-Boltzmann d i s t r i bu t ion . The effective "temperature" of 
i 

the syst'pm is T(MeV/A), for a fragment of mass M = AM . 

i 

We ijOw express Eq. 1 in terms of range R and \i, the two quantities 
i 

measured in this experiment. In general, the velocity S!.* P/M} of a particle 
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with mass M and charge z , h a v i n g a r e s i d u a l r a n g e R. i s given by t h e r e l a t i o n 

B = f (Rz 2 /M) . (2) 

To good approximation, the R-B relation for nuclear emulsion is given by the 

power-law expression 

B = k(Rz2/m]n (3) 

where k = 0 . 1 7 4 , n = 0 , 2 9 , R i s i n u , and z and m a r e the atomic mass number 

and mass of t h e f ragment , r e s p e c t i v e l y , t h e l a t t e r be ing in u n i t s of t h e pro ton 

mass , i . e . , m = M/M . In t e r m s of range R and y = c o s 8 , t he Maxwell-Bolt^mann 

d i s t r i b u t i o n (Eq, 1) becomes 

j 5 , , , , „ , , i , , 3n n 3 n - l -(k \l~ -2kR B,. VJ)/8 z , , . 
d^N/dRdvi « (z^/ra) R e H o (4) 

where 

6 = ^ ( m / z 2 ) n and 6 0 = ' B 0 ( m / s 2 ) n . (Sa) 

It follows that the parameter we shall denote as 

*o = Bll / 0o = 6n/e0, (5b) 

which is the ratio of the longitudinal velocity of the center of mass By to the 

characteristic spectral velocity R of the fragmenting system, is common to 

both the velocity and range spectra, and is independent of (m,z). 



-5-

Thus, the longitudinal velocity g„ and spectral velocity g that 

characterize the range spectrum of unidentified fragments (Eq. 4) are related 

to the corresponding quantities for the velocity spectrum (Eq. 1) for any 

fragment (m,z) by the quantity (m/z2) , where n is the range-velocity index. 

In this experiment, the parameters g and R are determined from the range and 

angle data using Eq. 4, assuming m/z 2 = 1, for which g" = g and a. = g,, . By 

fitting the measured range and angle data to evaluate $.. and 6 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 dominated by one species, 

i.e., protons, thereby minimizing any significant difficulties in defining R 

in the Maxwell distribution (Eq. 1), and 

iii) to the extent that (ii) is satisfied, the g.. and g parameters 

that characterize the range and angular distributions are the same as those 

that describe the velocity distribution for nuc.leons. 

Ex.pznune.ntal. ReAultA: 

A. P/iong numboA dLbtAA.buti.om. Figure 1 presents the distributions 

of prong number per event, N , for the interactions of each heavy ion beam 

C*He and 1 60 at 2.1 GeV/A, "*0Ar at 1.8 GeV/A) selected under the criteria 

previously described. The prong distributions for the lower energy '•He and 1 6 0 

beams are similar to those shown. The distributions pertain to charged prongs 

having restricted grain densities g > 2 g . , i.e., equivalent to proton 

energies < 250 MeV, emitted from events selected only when the projectile 

was fully occulted by the target nucleus. If we first consider the multiplicity 

http://Ex.pznune.ntal
http://dLbtAA.buti.om
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d i s t r ibu t ions of prongs a r i s ing from ' t 0 Ar and 1 6 0 c o l l i s i o n s , we note t ha t 

each d i s t r i bu t ion shows a s ing le maximum and i s approximately symmetric about 

i t s mean-prong number. In con t r a s t , the N -d i s t r i bu t i on for '•He p ro j ec t i l e s 

shows two maxima, one in the region of N = 6 to 8, and the other at N ^ 19. 
P P 

We attribute the low-prong-number peak to collisions between the '•He projectile 

and CNO flight) nuclei, and the high-prong-number peak to collisions with 

AgBr (heavy) nuclei because **He can be occulted in CNO as well as in AgBr 

collisions. The absence of a CNO peak in the 1 6 0 and 1 , 0Ar prong distributions 

indicates that the non-occultation of these projectiles by the light CNO 

target nuclei invariably shows visual evidence for projectile fragmentation. 

Thus, by eliminating prong numbers N < 9 from the '•He data, we limit the 

interactions of high energy uHe, 1 6 0 , and 1+[)Ar nuclei to near-central collisions 

with Ag and Br with little, if any, contribution to the data from collisions with 

lighter emulsion nuclei. 

B. Rangz and anguZaA ctilst>u.butloni- R < 4 mm. Measurements of the 

ranges and angular distribution of the fragments with R < 4 mm permit us to 

determine the velocity-parameters (L. and 0 , and therefore x , by least-squares 

fits of these data to Eq. 4, These parameters are tabulated in Table !. One 

of the features of these data is the near independence of the range and 

angular distributions for fragments with R < 4 mm, with respect to the mass of 

the projectile at beam energy 2.1 (1.8) GeV/A, as indicated by the approximate 

constancy of each of the fitted parameters. The longitudinal velocities of 

the particle-emitting systems, &. , increase with decreasing beam energy, whereas 

the spectral velocities appear jto be equal to within 10%, irrespective of 

the mass and energy of the projectile. The values of g„ are in close agreement 
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with those measured for low-energy fragment-emitting systems produced in a 

variety of nucleus-nucleus and proton-nucleus collisions over a broad range 

of energies. ' The temperature T implied by the velocities B = I'2T /M 

are typically 6-7 MeV/A, characteristic of the binding energies of nuclei, and 
3 4 also compatible with the temperatures associated with projectile fragmentation. ' 

In Fig. 2 we present an example of the range-angle data obtained at beam 
.1 

energies 2.1 CI•8) GeV/A in terms of the rapidity variable y * B, (y = tanh B,) . 

where B, is the longitudinal component of the quantity % = k(Rz2/m) , assuming 

z2/m = 1. The mean value ( y > = p.. is indicated for each distribution, as is 

the standard deviation a = B //2= /T/M . The average standard deviation of the 

three rapidity distributions is <a > = 0.082 ± 0.001, which corresponds to a 

longitudinal momentum P = 77 MeV/c per nucleon. 

C. AngutaA. dii>tn-Lba.tioiU. Examples of the angular distributions 

observed for fragments with energies E < 31 MeV and E < 250 MeV obtained with 

2.1 (1.8)-GeV/A beam projectiles are shown in Figs. 3 and 4, respectively. 

The distributions are presented as functions of both 9 and cose. Drawn through 

the data are curves derived from the fitted Maxwell-Boltimann distributions. 

Because the angular distributions of the low energy fragments E < 31 MeV (Fig. 

3) were taken without knowledge of particle ranges, subject only to the 

condition that E < 31 MeV, we found that the minimum x2-fits did not yield 

unique values for BM and B , but rather gave values of Bi. and B that were 

linearly coupled. Thus, we chose to fix 6- at the value determined previously 

from the range-angle data and evaluate Bn• The values tnus obtained are indicated 

in Fig. 3 , along with the appropriate B 's taken from Table I. 
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When the angular distribution of fragments is measured without regard 

to fragment velocity, dN/dy (Eq. 1] becomes a function of x = ft./0 only. 

We have fitted the measured angular distribution for fragments with E < 250 

MeV to this asymptotic form of the angular distribution to obtain one-pa~.;ueter 

fits to the data (Fig. 4). 

Figs. 5 and 6 show the angular distributions dN/dcos6 vs. cos8 for E < 

31 MeV and E < 250 MeV, respectively, for the lowest beam energy, 1 6 0 at 0.2u 

GeV/A. The notable difference between the 160-produced fi£.gi»-!>ts at 2.1 and 

G.2 GeV/A is the significant increase in the relative production of fragments 

E < 31 and E < 250 MeV, in the forward hemisphere as the beam energy decreases. 

The shift of the angular distribution of the low energy fragments E < 31 MeV 

to smaller forward angles is due to an increase in g.. . 0.017 to 0.039, while 

the spectral velocity (temperature) , based on the results of the R < 4 mm data 

(Table I), remains essentially constant, i.e., 0.106-0.115 (5.3-6.2 MeV/A). 

For energies E < 250 MeV, the distribution of fragments produced by 0.20 GeV/A 
1 5 0 is increasingly peaked forward, indicated by the fact that x s BII/B 

increases from 0.26 to 0.62 as the beam energy decreases from 2.1 to 0.20 GeV/A. 

The beam-energy dependence of the angular distribution data for ^Vx- and 
1 6 0 projectiles are summarized in Tables II and III, Here we give the values 

of the parameter x„ = B.i/B_ obtained by fitting the angular distributions in 

the backward, forward and combined hemispheres, for E < 31 and E < 250 MeV, 

respectively. 

Salient features of the ar.gular distributions are: 

For E <31 MeV, 
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1) The values of x f ° r the combined hemispheres, -1 < y < 1, increase 

with decreasing E, 
" beam 

2) The change in x (-1 < u < 1) is primarily due to the increase in X Q 

for the forward hemisphere, i.e., the angular distribution becomes 
more anisotropic. 

3] At 2.1 GeV/A beam energy, the fragments are consistent with isotropy 
in the laboratory, x CO < V < 1) = 0 . (Tins is illustrated in Fig. 3.) 

4) The angular distribution in the backward hemisphere is essentially 
invariant with respect to beam and energy. Note the near equality of 
the values of x (-1 < u < 0) for the pairs of kHe and 160 data, Table 
II. 

For E < 250 V.eV, P 
1) The angular distributions are more anisotropic than those at E < 31 

MeV. 
2) The shape of the angular distributions in backward hemisphere remains 

invariant with respect to beam and energy. The values A (-1 < y < 0) 
for ''He and l s 0 are, pairwise, the same. 

3) The values of x (0 < y < I) increase with decreasing beam energy. At 
2.1 GeV/A, fragment production continues to be more isotropic in the 
forward, relative to the backward, hemisphere (Fig. 4). 

Some general conclusions of the experiment are (not a n 0 f which are obvious 
from this preview of the data): 

1) There is no unique particle-emitting system, characterized by a 
center-of-mass velocity B„ and spectral velocity p = /2r/M , that 

II ' o n 
accounts for the spectra of fragment ranges (momenta) and angles. 

2) The dN/d9 distributions are broad, Maxwellian-like, with maxima that 
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snift toward smaller angles as the fragment energy increases, and 

as beam energy decreases. 

.*) No statistically significant structure, attributable to well-defined 

collective phenomena, is observed in the range or angular distributions. 

•\) By invoking the results of Ref. 5, there is no evidence that the 

angular distribution for low^energy fragments depends on the impact 

parameters of the collision between heavy ions at E, =2.1 GeV/A. 

i) At beam energy 2.1 (1-8) GeV/A, the number of fragments per event 

that are emitted in the backward hemisphere is insensitive to the 

projectile mass, e.g. 6.8, 6.7, and 7.1 for ''He, l e 0 , and l , ( 1Ar ) 

respectively. 
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TABLE I. Fitted parameters 0.,, 0 , and x = Sii/0 obtained from the range and 

angular distributions of fragments, R < 4 mm (£ = 31 MeV/A) • 

b e a m '•HO I6n <»0 A r (GeV/A) ™ ° A r 

2.1 (1.8) a,, 0.016 ± n.004 0.015 ± 0.002 0.012 ± 0.002 

0 0.117 ± 0.002 0,115 ± 0.002 0.117 ± 0.002 o 
X 0.14 i 0.04 0.13 ± 0.02 0.10 ± 0.02 

1.05 u„ 0 .021 ± 0 .001 

e o 0 .116 ± 0.002 

X Q 0 .18 ± 0 .01 

0 .20 0|| 0 .38 ± 0 .003 

0 Q 0 .106 ± 0.002 

X Q 0 .36 ± 0 .03 



TABLE IT. Parameter x = 6/6 for the Maxwellian distribution (Eq. 1) fitted to the 

angular distributions of fragments with E < 31 MeV. The values of 

6 are given for the backward, forward, and combined hemispheres. 

beam Beam -1 < V < 0 0 < p < 1 -1 <- u- *S 1 

0.20 

1.05 

2.1 

2.1 

16n 

"He 
16r 

"He 

0.33 + 0.10 

0.22 + 0.07 

0.31 + 0.10 

0.25 + 0.07 

0.35 + 0.05 0.37 + 0.02 

0.20+0.05 0.22+0.06 

0.07 + 0.07 0.15 ± 0.04 

0.05 + 0.10 0.16 + 0.02 



TABLE III. Parameter x for the Maxwellian distribution fitted to the observed 

angular distribution of fragments with g > 2 g . (E > 2S0 MeV). The 

values of x„ are given for the backward, forward, and combined hemispheres. 

beam Beam - 1 < M < 0 0 < V < 1 - 1 < v < 1 

0 .20 1 6 0 0.41 ± 0 .08 0 .70 ± 0.04 0 .62 ± 0 .02 

1,05 ••He 0 .31 ± 0 .09 0 .34 ± 0 .04 0.34 ± 0 .02 

2 . 1 i e 0 0.37 * 0 ,09 0 .18 ± 0 .03 0 .26 ± 0.02 

2 . 1 "He 0 .31 ± 0 .08 0 .24 ± 0.04 0 .28 ± 0 .03 
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FIGURE CAPTIONS 

Fig. 1 Distribution of number of prongs (fragments) per event emitted from 

non-peripherai collisions with restricted grain densities g > 2 g . , 

corresponding to proton energies E < 250 MeV. Beam energies are 

2.1 1eV/A for "*He and l ! ,0, and 1.8 GeV/A for 1 + 0Ar. The mean number 

of prongs/event,<n ) , are iidicatnd. The CNO peak (Np~ 6-8) is not 

included in the value of < n > for ''He. 

Fig. 2 Rapidity distributions y = 0. of Lragments with ranges R ̂  4 mm, 

assuming m/: 2 = 1. Cut-orl* values of 6 = 0.26 are indicated by the 

arrows on the abscissa. Values of B and B„ = ^o are given in 
II ° 

Table I, E b e a m s = 2.1 (1.8) GeV/A. 

Fig. 5 Angular distributions for fragments, E < 31 MeV. Solid curves are 

fits of the data to Eq. 1 -1 ̂  cose <; 1, using the parameters 

indicated. The dashed and dotted curves are fits to the data, for 

the backward and forward hemispheres, respectively. 

Fig. 4 Angular distributions for fragments with g < 2 g . , E < 250 MeV. 

See caption Fig. 3 for identification of the plotted curves. 

Fig. 5 Angular distribution dN/dcose vs. cos8 for fragments, E < 31 MeV. 

Projectile nucleus is 1 6 0 at 0.2 GeV/A. The parameters of the fitted 

curve are 8 = 0.039 and a = 0.106. 

Fig. 6 Angular distribution dN/dcos6 vs. cos6 for fragments with g > 2 g . 
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(E < 250 MeV). P r o j e c t i l e nucleus i s 1 6 0 a t 0.2 GeV/A. The 

parameter for the f i t t e d curve i s x = 0 . 6 2 . The data point at 

cos8 = 0.9 was not included in the f i t , owing to a background of 

Z=l fragments of the p ro j ec t i l e not excluded by our select ion 

cxviteria. 
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