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HIGH ENERGY NUCLEAR FRAGMENTATION AND 

EFFECT OF CLUSTER SUBSTRUCTURE IN NUCLEI 

* Naohiko Masuda 

Department of Physics, University of Marburg 
D-335 Marburg, Germany 

and 

Fumiyo Uchiyamat 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

A phenomenological study of fragmentation of nuclear heavy ions in 

the Bevatron energy region is made with a simple cluster substructure model 

of nuclei. It is shown that because of the slight energy transfer between 

colliding nuclei, the intercluster binding energy of the nucleus plays an 

important role in the fragmentation even in the high energy region and that 

the main features of the relative partial cross sections and the momentum 

distribution widths of fragments can be understood with adi-cluster model. 

KEYWORD ABSTRACT 

, High Energy Nuclear Fragmentation: Analyze data on the particle 

cross sections and momentum width distribution at the forward of fragments 

from 0 16 and C12 at 2.1 and 1.05 GeV per nucleon in the view of di-cluster 

model. Intercluster binding energy of the nucleus plays an important role. 
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The fragmentation of heavy nuclei at very high energies has recently 

been studied in a series of nuclear heavy ion inclusive experiments. l ,2,3 

One of the interesting questions is whether the nuclear structure is still 

relevant in the high energy nucleus-nucleus collision or not. 

In this paper we analyze recent data on the partial fragmentation 

cross sections of 0 16 and C12 at 2.1 GeV per nucleon2 and on the momentum 

16 12 . width distribution of fragments of 0 and C at 2.1 and 1.05 GeV per 

nucleon. 3 Assuming the crude cluster substructures4 for 0 16 and C12 , we 

show that there is a definite relationship between the intercluster binding 

energy of 0 16 and C1
'
2 and the partial cross sections of the fragments. We 

also derive a gross parabolic dependence of the momentum width distribution 

of fragments on their masses with the di-cluster substructure model. We 

further predict the small deviation of momentum width distribution from the 

parabola due to the effect of the intercluster binding energy. 

We consider the fragmentation of a beam nucleus 0 16 (or C12
) under 

the influence of a target nuclear field as in the Heckman group's experiment. 2 ,3 

The nucleus B with nucleon number nB and mass ~ is the incident beam and, 

upon collision with a target nucleus A, acquires an energy E (3.nd becomes a 

nova (a fireball) B*(E) through diffractive excitation.
5 

It is noted that 

the nova B*(E) is a combination of the states of the nucleus B and has the 

6 
characteristics of the diffractively excited spectrum of resonances. The 

nova B*(E) thereafter decays into the several nuclear fragments as 

B*(E) 
, 

+ C. + D. + .•.. , 
1 1 

(i=1,2, ... ) • (1) 

where C. is assumed as an observed fragment in the inclusive experiment, and 
1 

D. + ... represents its associated products. The subscript i (i = 1,2, •.. ) 
1 
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represents one of the possible sets of cluster substructures (or fragments) 

of B. 

In order to deduce empirical systematics from the partial cross 

section data, we assume that the nucleus B has the di-cluster substructure 

with constituent clusters c. and D. (i=1,2, ... )7 and that the novaB*(E) 
l. l., 

decays direc, tly into fragments (clusters) C. and D. (i = 1,2, ... ). The di-
l. l. 

cluster approximation may be justified by the fact that the total inte.rcluster 

binding energy of the nucleus B is generally smallest whenever the number of 

clusters is two. The wave function ~B of the nucleus B can be expressed as 

-+ 
the superposition of the products of cluster wave functions ¢C.(RC.)' 

l.l. 
-+ -+ 

¢D (~ ) and the relative wave function X.(R.) as . -n· l. l. l. l. _ 

= (2) 

-+ -+ -+ 
where R. 

l. 
R - ~ represents the distance between the centers of clusters 

C. -n. 
-+ 
RC. and 

l. 

channel 

-+ l. l. 

~.' and gi represents the expansion coefficients of ~B into a 
l. 

of a particular cluster substructure. 

In Table I the intercluster binding energies of 0 16 and C12 are 

listed for the cluster C. (the observed fragment in inclusive experiment) 
l. 

along with its associated cluster D .. The experimental results of partial 
l. 

cross sections are also listed in Table I. 

In order to find any systematic behavior of the partial cross section 

which might reflect the cluster substructure of the nucleus B, we have plotted 

the inclusive partial cross section against the intercluster binding energy 

in Fig. 1. 

From Table I and Fig. 1 the following characteristic behavior of 

partial cross sections can immediately be realized: 
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i) Partial cross section tends to decrease as the proton

neutron asymmetry It:.zl = IN - N I (where Nand N are the numbers 
n p p n . 8 

of protons and neutrons in fragment C. respectively) increases. 
1 

ii) Aniong the mirror nuclei (with the same It:.zl), the proton 

excess nucleus has a smaller partial cross section than that of 

the neutron excess nucleus. This can be understood by the fact 

that neutron excess nucleus can more easily be formed than that 

of proton excess nucleus because of no electromagnetic repulsion. 

iii) It is noted that a c.luster with a neutron number larger 

than nB/2 or proton number larger than half of the proton 

number of B cannot he multiply-formed in the nucleus Band 

therefore the corresponding fragment cannot be multiply

produced. On the other hand, in cases of lighter fragments 

such as p, d2 , t 3, He 3, He-, and Li6 etc., the partial cross 

section should reflect the average multiplicity of those 

fragments. And our assumptions of cluster substructure and 

the fragmentation mechanism of nucleus B should reflect the 

effective numbers of those clusters in the nucleus B.9 For 

example, the partial cross section for He- from 0 16 should 

be about four times as large as that of C12 (if the ratio of 

the effective number of He- clusters to that of C12 in 0 16 

is four to one. 

(iv) As is seen in Figs. la and lb there is a definite 

relationship between partial cross section and intercluster 

binding energy. That is, the smaller of the intercluster 

binding energy becomes, the larger the partial cross section 

of this fragment (cluster) becomes. This finding is quite 

significant ,since all the existing phenomenological partial 

cross section formulas predict the partial cross section of 

N1S fragment twice as large as that of C12 fragment from 0 16 , 

and they also predict about equal cross sections for B11, 

C12 , C13 , and N1- fragments from 0 16 • The new experimental 

data clearly contradict the prediction of the existing phenom

enological formula. 8 On the other hand, the new data on the 

above fragments can consistently be understood in terms of 
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of the magnitude of the intercluster binding energies as is 

seen in Fig. 1. 

(v) Those f~agments (open circles in Fig. 1) which cannot be 

produced by the di-cluster (two fragments) model seem to 

deviate slightly from the systematics of the two fragment case, 

but the general relation between partial cross section and 

intercluster binding energy found in (iv) still holds. 

The qualitative b"ehavior of the fragmentation cross section as a 

function of intercluster binding energy can intuitively be understood, although 

the eXact relationship is yet to be derived. We assume here a crude di-cluster 

substructure of the nucleus B. Since the correlation among the n~cleons is 

mostly observed near the top of the Fermi distribution, we can safely expect 

4 
the clustering substructure to be most important on the nuclear surface. 

Concerning the interaction between two clusters, an analogy can be drawn to 

the case of di-atomic molecules. That is, the intercluster interaction is, 

in the long range, attractive (but with a short tail due to nuclear inter-

action), and the short range part is repulsive due to the Pauli exclusion 

. . 1 10 pr1.nc1.p e. In our crude argument it may safely be assumed that the absolute 

value of the intercluster binding energy is proportional to the inverse of 

some positive powers of the relative distance between the centers of two 

clusters; this is similar to the case of di-atomic molecules. For the i th 

set of clusters Ci and Di of the nucleus B (we assume the spherical structure 

of nucleus B even when two clusters are formed), we may write the "diameter" 

d. of the nucleus ~ as 1. 

where 

R. is 
1. 

Re. and ~. 
1. 1. , 

the average 

di = RC. + ~. + Ri 
1. 1. 

are the radii of the clusters C. and D. respectively and 1. 1. 

distance between the centers of the clusters. Since the 

(3) 

elastic cross section is less than 20% of the total cross section, we assume 
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that every high energy collision at the impact parameter value b. = d./2 
1 1 

would result in only the fragments C. and D. after it is excited to B*. 
1 1 

We obtain the cross section 0. of the production of fragments C. or D. as 
111 

0. a; 27T b. 6b 
1 1 7T(RC. +~. + R)6b 

1 1 

where 6b is a constant with dimension of length. 

If the intercluster binding energy 0C. is expressed as a function 
1 

of the average value R., it is 
1 

a; - -a R. 
1 

where a is a positive number, we obtain the partial cross section for the 

production of fragment Ci or Di as 

0. "" a+blo.I-1
/
a 

1 1. 
(4) 

where a and b are positive constants. We fitted Eq. (4) to the cross section 

data of fragments with mass mc. ;;;'~/2 alone and obtained a 16 = 0.66 and 
1 0 

a 12 =0.69. The fitted curves are shown in Fig. 1, demonstrating the clear 
C 

correlation between the intercluster binding energy and the fragmentation 

cross section. 

Next, assuming the same di-c1uster substructure for nucleus B, we 

consider the momentum width distribution of fragments. The momentum distri-

3 bution of the secondary decay product C. was found to be a gaussian in the 
1 

beam rest frame, except for the hydrogen (hereafter we omit the subscript i 

for simplicity). 

where we have resolved the momentum of nucleus C into longitudinal (qL) and 
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-+ 
transverse (qT) components with respect to the incident nucleus B. Further-

more the average momentum width 0c was found to be a roughly parabolic 

function3 of the mass of the secondary nucleus C with a maximum at the half 

of the beam mass ~/2. 

Several authorsll- 13 reproduced the parabolic shape observed in 016. 

The two body nuclear clustering model also predicts it. The model further 

predicts some deviations from this parabola depending on the internucleus 

binding energy 0c as is seen below. 

Denoting the masses of nuclei C and D by mC and ~ respectively in 

the C.M. system of the nova B*(E) with a rest mass ~*, energy conservation 

implies 

~+E (5) 

-+ 
In the case of our interest, IPcI <mc(~)' so we can expand Eq. (5), 

~+E P~ ( 1 1 ) m+tIL+---+-· 
C u 2 mC ~ 

Solving the above equation for PC' we obtain 

= = (6) 

In order to obtain the last line, we substituted ~ = ~ - mC - 1oc I by ~ - ~ 

neglecting lOcI (the intercluster binding energy) which is much smaller than 

one nucleon mass. The momentum of the fragment C in the beam rest frame 

and that of C.M. frame of the nova are related by a Lorentz transformation. 

Its effect appears as a shift in the center of the longitudinal momentum 

distribution, but the momentum width 0c in both frames remains the same. 
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-+2 
The average momentum squared (Pc) can be obtained from Eq. (6) by 

substituting E with the average energy E carried by fragment C. Assuming 

the isotropic momentum distribution in the nova rest frame, we obtain 

= = (7) 

2 The major variation of 0c with mass mC is parabolic with the maximum at 

mC = ~/2, but the factor (EC - lOci) gives some departure from this simple 

shape. Denoting the excitation energy spectrum of the nucleus B as PB(E) , 

we may write 

(8) 

where N(E) is the number of open di-cluster channels at excitation energy E 

(Emax 1 
and Ne = Joe PB (E) N(E) dE is a normalization constant. The cut-off value 

E is chosen to be the pion production threshold, although Eq. (8) is a max 

convergent integral. The dependence of 0c on E is very weak. max 

We use an ad hoc formula for the excitation energy spectrum known to 

be appropriate for protons and pions,6 

= (9) 

which has a maximum at SB/2. 

Experimental information on the nuclear excitation energy spectrum 

is rather scarce at the present time. However, the data on the momentum 

distribution of Jaros et al14 on the nuclear inclusive reaction, A+B -+ A+ 

anything, provide some information. The situation is depicted 

in Fig. 2 which shows the relationship between the momentum 

distribution and nuclear excitation spectrum. The 
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missing mass (the nova mass) spectrum from a deuteron off of a carbon target 

(Le., d+C12 
-+ d+X) at 1.05 GeV per nucleon at 8=2.5° is plotted in Fig. 

3 as a function of the excitation energy E = m - m 12. The continuous curve 
x e 

shown in Fig. 3 is the carbon excitation spectrum with 8=8 MeV used to 

calculate Eq. (8). The agreement is quite good and justifies our choice 

of p (E). It is worth mentioning that the peak position of the excitation 
e12 

spectrum is consistent with the first (or second) excited states of e12 

nucleus within experimenta'l error. 

The number of open channel N(E} at E for 0 16 is determined in the 

following way. From Table I we observe that the number of open cluster 

channels in the energy interval O~E<lO MeV is roughly 1, 3 in 10~E<20 

MeV, 10 in 20 ~ E < 30 MeV, 18 in 30 ~ E < 40, and so on. Assuming the 

exponential dependence of N(E} on v'If as 

N(E) bvE l e a 

and using the above numbers of open channels, we roughly determine 

a = 2.0 

In Table II, we show the results of the calculation along with 

experimental results where the same excitation function P (E) is used 
e12 

(10) 

for the fragmentation of 0 16
• The dependence of the momentum width on the 

location of the peak in the excitation energy spectrum, PB(E}, is as 

follows: a shift of the peak position 8/2 from 4 MeV to 7 MeV increases 

the momentum width of fragments at most by 10% for the cluster channel 

of smaller 0., but increases the width by only a few percent for the 
1 . 

larger 0i. 
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A general rule for the correlation between binding energy and the 
. '. 

momentum width may be deduced from E'qs. (7) and (9). The factor relevant in 

the discussion is [Ec - 1oC I] as the other factor, mC (~ - mc) /~, is connnon 

for isobars. The question is whether the factor (Ec-Iocl) becomes larger 

or smaller as lOci increases. The rate of decrease of the probability function 

PB(E)/N(E) in Eq. (8) for smaller lOci is greater than that of larger lOci 

due to the combined effect of decreasing functions PB(E) and l/N(E). This 

property makes the distance (EC - 1oc I) between EC and the threshold 1oc I 

larger as lOci increases. Thus, our model predicts that for isobars of frag

ments, the momentum width for larger 0C. is larger than that for smaller 0c .. 
1 1 

This general property seems consistent with the data. This feature remains 

unchanged even when we choose a different decay probability function. For 

instance, in the compound nuclear theory we have a more elaborate decay 

probability functionl5 
2 

Kc 0c (E) 

I K~ 0y(E) 
(11) 

where K and ° (E) are momentum and cross section in the process of forming y y 

a compound nucleus B* at energy E. Aside from the threshold effect, this is 

essentially the same as N(E) if cross sections of forming a nucleus B* from 

all y cluster channels are the same. 

Since the momentum distribution width of fragments is rather sensitive 

to its mass, an order of 10-20 MeV increase can easily. result from producing 

the fragment in one of its higher excited states instead of in the. lower 

lying states. The fact that our theoretical predictions of momentum widths 

agree reasonably well with those of the experimental data indicates that most 

of the fragments are produced in their lower lying states. According to our 

model, the momentum width distribution is independent of beam energies, and 
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also of target nuclei. Whether these general properties hold or not in 

future experiments will be one of the tests of our model. 

As shown in Fig. 2 the excitation energy of nova B*(E) is dominantly 

peaked in the range of the interc1uster binding energies (4-25 MeV) of most 

of the cluster configuration. The closeness of the main portion of the 

excitation energy spectrum to the intercluster binding energy, even for 

high energy collisions, may be the reason for the existence of the correlation 

between partial cross sections and intercluster binding energies. 
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TABLE I-A. Partial cross sections and di-c1uster binding energy. 
Data are grouped by the same 6Z = N - N • 

n p 

A. 0 16 beam (2.1 GeV/n) on C1Z target. 

Observed Associated Di-c1uster Cross 

Fragment C. Fragment D. 
Binding Sections 

1 1 Energy (MeV) (mb) 

. . . . · · · · · 
6Z = 0 

N
14 
7 dZ 

1 
20.74 41. 8 ± 3.3 

C1Z 4 7.16 65.1 ± 5.2 
6 

He z 

B10 
5 Li: 30.88 20.3± 1.6 

L .6 
13 B10 

5 
7.16 35.9 ± 2.9 

4 C 12 7.16 494. ± 42 He 2 6 

d2 
1 

N14 
7 20.74 406. ± 36 

· · . · . · . . . . . . · · · · · · · · · · · 
6z = 1 

N15 
7 P 12.13 54.2 ± 2.9 

C13 
6 

He 3 
2 

22.79 27.7±1.4 

Bll 
5 

Li 5 +He4 +p 
13 2 

27.12 25.9 ± 1. 3 

9 B7 31.86 9.06±0.Sl Be4 5 

L· 7 B9 + 2He" + p' 31. 78 26.3± 1.3 13 5 2 

t 3 
1 

N13 
7 25.03 151.±11. 

· · .. · . · . . . . . · · · · · · · · · · 
6Z =-1 

0 15 
8 

n .15.66 42.9±2.3 

N13 t 3 25.03 8. 06±0. 42 
7 1 

C 11 
6 

He 5 + He~ + n 25.88 18.5 ± 0.9 

Be 7 Be9 31.86 22.3 ± 1.1 
4 4 

He 3 C13 22.79 136.0 ± 8.0 
2 6 

· · . · .. · . . . . . . · · · · · · · · · 



Observed 
Fragment C. 

1. 

L · 8 
1.3 

Be lO 
1+ 

B12 
5 

C1I+ 
6 

011+ 
a 

t.Z = 3 

Li: 

B 11 el+ 

B13 
5 

C15 
6 

t.Z = -3 

C9 
6 

013 
a 

t.Z = 4 

Be l2 
1+ . . . . 

· · 

· · 

· · 

· · 

· · · 

· · · 

· · · 

· · · 
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Associated 
Fragment D. 

1. 

Ba 
5 

6 
Bel+ 

Li~+He3+p 

· 

p+p 
(3-body) 

va 
1.3 

6 He
2 

t 3 + n 1 
(3-body) 

n+n 
(3-body) 

· 
B~ + Hel+ + 3p 

5 3 Bel+ + He + 2p 

3p 

P 'IT 
+ 

· . · · 

He~ +n 

3n 

· . · · 
4p 

· . · · 

· 

· 

· 

· 

· · 

· · 

· · 

· · 

Di-c1uster 
Binding 

Energy (MeV)· 

38.00 

48.6 

35.71 

40.32 

22.33 

48.6 

38.00 

45.12 

28.89 

· . · · 

54.00 

54.4 

43.17 

· · · 

59.41 

52.05 

· · · 
60.07 

· · · 

· · · 

· · · 

· · · 

· · · 

· 

Cross 
Sections 

(mb) 

2.0 ± 0.21 

2.5 ± 0.18 

3.98 ± 0.3 

2.44± 0.15 

4.71 ± 0.31 

1. 38 ± 0.13 

2.51 ± 0.16 

o. 731±0. 071 

1.67±0.12 

· · · · · 

0.59 ± 0.067 

0.194 ± 0.033 

0.437 ± 0.045 

0.04 ± 0.013 

· · · · · · 

0.408 ± 0.086 

0.221 ± 0.035 

· · · · · · 
0.033 ± 0.016 

· · · · · 
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TABLE I-B. Partial cross sections and di-c1uster binding energy. 
Data are grouped by the same 6Z = N - N 

n p 

B. C 12 beam (2.1 GeV In) on C 12 target. 

Observed 
Fragment C. 

1. 

. . . . . 
6Z = 0 

B10 
S 

LiG 
3 

4 He2 

d2 
1 

· · 
6Z =+1 

BII 
S 
9 Be4 

1"7 
1.3 

t 3 
I 

· · 
6Z =-1 

Cll 
G 

B< 

He 3 
2 . . . . · · 

6Z = +2 
Bl2 

5 

Be lO 
4 

Li 8 
3 

HeG 
2 . . . . · · 

!1Z = -2 

Nl2 
7 

C10 
G 

B8 
5 

· · 

· · 

· · 

· · 

· · 

· · 

· 

Associated 
Fragment D. 

. 1. 

d2 
1 

LiG 
3 

Be8 -+ 2He4 
4 

B10 
S 

· · 

p 

He3 

LiS -+ He4 + p 
1 3 

B9 
S 

· · · · 

n 

H~ -+ He4 + n 

9 Be4 

· · . . · · 
+ 

'IT 

· 

· 

· 

p+p (3-body) 

Li4 -+He 3 +p 

BeG 
4 

· · · · · 

'IT 

n+n (3-body) 

ti + n(3-body) 

· · . . · · · 

· · 

~ 

· 

· · 

· · 

· · 

Di-c1uster 
Binding 

Energy (MeV) 

25.19 

28.18 

7.27 

25.19 

· · · 

15.96 

26.28 

24.6 

· . . . · 

18.72 

26.27 

26.3 

· · · 

27.19 

43.17 

35.97 

· · · 

31.80 

45.94 

· · · 

· · · 

· · · 

· · · 

· · · 

· · · 

Cross 
Sections 

(mb) 

35.1 ± 3.4 

30.0 ± 2.4 

373. ± 33.0 

314. ± 28.0 

· · · · · · 

53.8 ± 2.7 

10.6 ± 0.5 

21.5 ± 1.1 

129.0±11.0 

· · · · · · 

46.5 ± 2.3 

18.6 ± 0.9 

125.0 ± 7.0 

· 

· 

0.104±0.010 

5.81 ± 0.29 

2.18 ± 0.23 

2.21 ± 0.22 

· · · · · · · 
0.078 ± 0.011 

4.11 ± 0.22 

1.72 ± 0.13 

· · · · 
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Observed· Associated Di-c1uster Cross 

Fragment C. Fragment D. Binding Sections 
1- 1- Energy (MeV) (mb) 

!::.Z = +3 

Li 9 p+p+p (4-body) 46.84 0.8S}± 0.082 
3 

. . . . . . . . . . . . . . . . . . . . . . . 
!::.Z -3 

C9 
6 

n+n+n (4-body) S3.21 0.S39±0.066 
. . . . . . . . . . . . . . . . . . . . 
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TABLE II-A. Momentum distribution width (0 16 beam). 

The theoretical value of GC for fragments of mass 
smaller than mB/2 can be read fr·om that of its assoc-
iated fragments which has mass larger than mB/2. 

Proton Mass Theory Experiment Number Number 
Z A 

GC(MeV/c) GC(MeV /c) 

6 12 116 120 ± 4 

7 15 72 95 ± 3 

8 15 76 94 ± 3 

7 14 112 112 ± 3 

6 14 114 125 ± 3 

6 13 135 130 ± 3 

5 11 161 160 ± 2 

7 13 138 134 ± 2 

6 11 165 162 ± 5 

8 14 121 99 ± 6 

5 10 180 175 ± 7 

4 9 186 166 ± 7 

4 10 186 159 ± 6 

6 10 189 190 ± 9 

5 12 171 163 ± 8 

5 13 157 166 ± 10 

7 12 175 153 ± 11 

5 8 205 175 ± 22 

8 13 162 143 ± 14 

3 9 207 

4 11 193 188 ± 15 

6 9 209 
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TABLE II-B. Momentum distribution width (C 12 beam). 

The theoretical value of GC for fragments of mass 
smaller than mB/2 can be read from that of its assoc-
iated fragments which has mass larger than mB/2. 

Proton Mass Theory Experiment 
Number Number 

GC(MeV/c) Gc(MeV/c) 
Z A 

5 11 76 102 ± 11 

6 11 79 105 ± 10 

3 7 150 142 ± 7 

5 10 114 135 ± 9 

4 7 152 140 ± 6 

4 9 134 131 ± 9 

4 10 116 125 ± 11 

5 9 135 

3 6 157 122± 10 

6 10 121 126 ± 8 

4 6 167 

3 8 164 166 ± 26 

5 8 166 139 ± 12 

3 9 153 139 ± 19 
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FIGURE CAPTIONS 

Partial cross sections of fragment C. from 0 16 against inter-
1 

cluster binding energies. I: the process in which two-fragment decay 

is assumed. &: the same as above but multiple production of C. 
1 

possible. 0: more than two fragments are necessarily involved. 

The continuous curve is the best fit to the data (we used only those 

data o. EO;; 35 for the fit) with Eq. (4). 
1 

Fig. lb. The same as in Fig. 1a from C12 . 

Fig. 2. Schematic diagram for ~he reaction A+ B -+ A+ apything. The 
-+ 

relation between the observed momentum of target nucleus A, PA and 

nova mass, ~ = Jrr?p,+ (QA- PA)2 = ~+E used for transformation of 

momentum distribution to excitation energy distribution: 

- K do - K' do , where K and K' are Jacobians. - d~ - dE 

Fig. 3. The excitation energy spectrum. The error bars for energy 

are calculated from the momentum reso1ution14 by us. The continuous 

curve is Eq. (9) with (3=8 MeV. 

Fig. 4. Comparison of theoretical predictions (circled) of momentum 

widths by Figs. (7) and (8) with data at 2.1 GeV/n from 0 16 beam. 

The parabola represents the best fit to the data obtained by D. E. 

3 Greiner et a1. Theoretical value of 0c for fragments of mass 

smaller than ~/2 can be read from that of its associated fragments 

which has mass larger than ~/2. 
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.----_____ LEGAL NOTICE------___ --. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disc1o$ed, or represents that its use would not infringe privately 
owned rights. 
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