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any legal liability or responsibility for the accuracy, 
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apparatus, product or process disclosed, or represents 
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EVIDENCE FOR STATISTICAL FLUCTUA.TION IN THE FRAGMENTATION OF 

160 AT INTERMEDIATE ENERGIES 

C~e Ming Ko 

Nuclear Science Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, California 94720 

ABSTRACT 

The asymmetry in the parallel and transverse momentum distri-

b ' f f d d b h f . f 16o . ut1ons or ragments pro uce y t e ragmentat1on o at 1nter-

mediate energies has been partially explained previously by the deflec

tion of the projectile trajectory. The remaining discrepancy of -25% 

between theory and experiment is suggested here as due to the scatter-

ing angle fluctuation as a result of the damping of the projectile 

kinetic energy. A'model is introduced to study quantitatively this 

effect. 
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Recently Van Bibber et al. [1] have measured the parallel and 

transverse momentum distributions for fragments of Z ~ 3 produced by the 

fragmentation of 16o at 90 and 120 MeVInuc1eon with Au and Al targets. 

They have fitted the energy spectra and angular distributions assuming 

a Gaussian distribution in bothpll and p1 in the projectile frame of 

reference, i.e. 

p cP) ex: 

p 2 
exp (- II 2 -

Za 
Pu 

(1) 

The distribution of G as a function of fragment mass F is 
PIJ 

in good agreement with the parabolic form o:p 2 = a 2 F (A - F) I (A - 1) 
II o 

expected from momentum conservation [2]. Here, A is the projectile 

atomic number. Theyfound that a agrees with the value 88 MeVIc found 
0 

at 2 .1 GeV I A averaged over many targets [ 3] . 

For op distribution, however, they found that it is more than 
~1 

200 MeVIc. This behavior is in sharp contrast with that at 2.1 GeVIA 

where a = a to within 10%. Van Bibber et al. attributed the 
~I P1 

large value of ap as an evidence for orbital deflections. Extending 
1 

the derivations of Ref. [2], they obtained 

2 F(A-F) 2 F (F-1) 2 (2) ap = a1 + a2 
1 A-1 A(A-1) 

where a1
2 = a

0

2 is the usual form due to the intrinsic nucleon motion, 

while a 2 
2 = 4 < P ;]_ > is the variance of transverse momentum of the 

projectile at the time of fragmentation. 
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Fitting the experimental data with Eqs. (1) and (2), they obtain 

that cr1 "' cr
0 

while cr2- (200-240) MeV/c. Using a Woods-Saxon nuclear 

potential and a point charge Coulomb potential, they have calculated the 

classifical deflection function G(b), from which they obtained the cr2 

according to 

(3) 

2 ? 
In the above, N(b) = 2b/(R -b1 ~) is the geometrical weighting factor, PA 

is the momentum of the projectile, R is the sum of target and·projectile 

radii, and b1 serves as a cutoff in impact parameter such that the frac

tion of the total cross section which appears as fragmentation is 

0.6 ± 0.1 [4]. The resulting theoretical value for cr2 obtained in 

Ref. [1] is- (170- 200) MeV/c which is systematically smaller than the 

experimental value by 25%. This happens at both energies and for both 

targets. 

We feel that the discrepanci~? mentioned above are interesting 

and point to other important physical effects which were not considered 

in Ref. [1]. For instance, the trajectory of the projectile is not only 

deflected classically it may also be dispersed due to quantal effects. 

Furthermore, the motion of the projectile is damped, resulting in a 

decrease of its velocity, which is indeed experimentally verified. Due 

to the excitation of the nuclei, we expect modifications of the classical 

trajectories also from dissipation and fluctuation effects. These ef-

fects are well studied in deep inelastic heavy ion collisions at 
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relatively low incident kinetic energies. Both quantal and statistical 

effects would lead to a dispersion of the classical deflection function. 

Therefore we expect that they would increase the value of o2 calculated 

according to Eq. (3). 

To formulate the problem explicitly, let us assume that the 

classical scattering angle has a Gaussian distribution 

P(e,b)= l exp[- (e- 8(b))2/2 t:1 2 (b)] 
I2TI L1(b) 

(4) 

where G(b) is the scattering angle obtained from a classical calculation 

for a given impact parameter b, t:1(b) is the width of the angular spread 

due to both quantal and statistical fluctuations. Equation (3) is then 

rewritten as 

where 

R 
l P 2 f db N(b) f de sin2e P(e,b) de 
2 A b 

1 

2 . 2 
= o2 + L1 o2 

2 o2 is given by Eq. (3) and 

1 2 R 2 . 2 2 t:1 2 (b) = 4 PA f db N(b)[cos 8{b)- s1n G(b)][l- e- ] . 
. bl 

In the case we are considering, we have from Ref. [1], 

(5) 

(6) 

2 This immediately shows that L1 o2 > 0. Hence, any flue-

tuation of the scattering angle will lead to an increase of the value 

of o2 calculated in Ref. [1]. For such small deflection angles, we c~ 

approximate sin2G ~ 0, cos2e ~ 1. For simplicity, we assume that 

_, 

' 
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L'l(b) ~ const ~ ~,then 

To increase a2 by 25% in order that a2 agrees with the exper

imental value, we need L'l a
2 
2 ~ 0.56 a

2 
2, i.e., 

-2 ~2 
1 - e 

2 

R 
~ 0.56 J db N(b) sin2e(b) (8) 

bl 

From the deflection function calculated in Ref. [1], which is shown by 

the long-short dashed curve in Fig. 1, the integral on the RHS of Eq. (8) 

is ~ 4.5 x 10-3. Then Eq. (8) leads to 

(9) 

At the energy we consider, the quantal fluctuation in angle is 

expected to be small. As the dominant angular momentum is ~ 200 h , 

the angular spread from the uncertainty principle is only ~ 0. 3°, which 

is indeed negligible. We therefore suggest that the required angular 

fluctuation of 3° is mainly of statistical origin .. 

In the following, we shall perform a model calculation to study 

quantitatively such an angular fluctuation. The model we shall use is 

an extension of the transport theory employed for the study of deep in

elastic heavy ion reactions at low incident kinetic energy~ 10 MeV /A [5]. 

The transport equation can be approximately reduced to equations for the 

mean trajectory and its spread. The former is similar to the classical 

Newtonian equation of motion with frictional force. The latter describes 

the evolution of the angular and momentum widths. Using the same 
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Woods-Saxon nuclear potential as in Ref. [1] and similar statistical 

input (W
0 

= 30 MeV, a = 4 fm, !J. = 14 MeV) as in Ref. [5], we obtain 

the scattering angle, final kinetic energy and angular width as func

tions of the impact parameter. These are shown in Fig. 1 for the re

action 16o + 
27Al at 92.5 MeV/A. In the range of the impact parameter 

we are interested in, i.e. 4 fm ~ b ~ 7 fm, the angular width is in

deed of the right magnitude. 

From Fig. 1, we see that the scattering angle becomes larger 

when the frictional force is introduced in the evaluation of the orbital 

deflection. This effect by itself would lead to a slight increase of 

a2 according to Eq. (3). However, this increase of cr2 is largely can

celled by the decrease of the projectile momentum PA because of the 

kinetic energy damping. Furthermore, the final projectile momentum also 

has a statistical distribution. But it affects only slightly the cal

culated value of cr2. 

In this letter, we have shown that the experimental data suggest 

strongly that the transverse momentum distributions of the fragments 

from projectile fragmentation are influenced by the scattering angle 

fluctuation of the projectile's trajectory. Its magnitude can be ex

plained by a model which is derived for deep inelastic heavy ion colli

sions at much lower energy. Since the reaction time at the energy range 

we are considering is comparable to the time a perturbed nucleus requires 

to achieve global equilibrium, we expect that only local excitation is 

realized in the course of the reaction. The parameter !J. in the statis

tical model characterizes the energy dependence of the nuclear transi

tion matrix element. The normal value as used in the deep inelastic 

t 
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heavy ion collisions is "" 7 MeV. Here we use a larger value "" 14 MeV 

because of the stronger energy dependence of nuclear transition matrix 

elements when only local e~citations prevail. If we used ~ = 7 MeV, 

the angular width would be substantially reduced, and the total kinetic 

energy loss would also be too small compared to the experimental value. 

~e author appreciates useful discussions with Drs. K. Van Bibber 

D. K. Scott, and C. Y. Wong. He especially thanks Dr. D. K. Scott for 

encouragement which leads to the writing of this report. This work was 

supported by the Nuclear Physics Division of the U. S. Department of 

Energy. 
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FIGURE CAPTION 

Figure 1. Scattering angle, 8 (--) , final kinetic energy Ef (----) , 

and angular width ~88 (- -) as functions of the impact 

parameter b. Calculations are done with the nuclear poten

tial of Ref. [1] and statistical theory of Ref. [5]. The 

long-short dashed curve is the deflection function obtained 

without frictional force . 
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