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PHENOMENOLOGICAL APPROACH TO 

NUCLEAR FRAGMENTATION';' 

Fumiyo Uchiyama 

Lawrence Be rkeley Laboratory and 
Space Sciences Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

The nova model of hadron-hadron scattering is extended to treat 

the fragmentation of heavy nuclei, and the re suIts are in agreement 

with recent experiments. 
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The fragmentation of heavy nuclei has been studied recently in a 

series of heavy ion inclusive experiments, 1 and we present here a 

model that succes sfully describes the results. As in the nova or dif

fractive excitation model of hadron-hadron scattering, 2, 3 we assume 

that nuclear fragmentation occurs in a two-step process: the diffractive 

production of two unstable novas, followed by their decay into the ob-

served nuclear fragments. In Fig. 1a we depict the situation for the 

process A+B-~C+anything, where the fragment C comes from nucleus 

B. We have assumed that double-nova production is the dominant 

proces s ,4,11 unlike the hadronic case, because the small nuclear binding 

energy makes it likely that both nuclei will fragment in s,uch reactions. 

By an obvious generalization of the arguments of Ref. 2, the in-

elusive cross section corresponding to the aforementioned reaction is 

given by 

(1 ) 

where q is the overall center-of-mass momentum of C; p AB(m
1
,m

2
) 

is the production cross section for novas of mass m
1 

and m
2 

in an 

A+ B collision; and D~(m2' q) is the decay rate of a nova of mass m
2

, 
" , 

formed from nucleus B, into fragment C with momentum q. The 

diffractive component of the total inelastic cross section is given by 

D 
G. l(s) Ine 

( 2) 
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To rrlOti vate the choice of the nova producti~nspectruITl P AB' we 

recall the ITlulti-Regge expression for double diffractive dissociation, 5 

corre sponding to Fig. 1 b: 

(3) 

Here, f3 AAR (0) is the forward coupling of SOITle Reggeon R to nucleus 

A; siITlilarly, for f3
BBR 

(0), a
R 

and a p are the trajectories of the 

Reggeon R and the POITleron, and gPPR (t) is a triple-Regge coupling. 

Since the energies involved in the experiITlents of interest are not very 

high (2.1 GeV Ic of beaITl ITlomentuITl per nucleon),-triple-PoITleron terITlS 

are unlikely to contribute appreciably and we aSSUITle R is the highest-

intercept secondary Reggeon of appropriate quantuITl nUITlbers, the f, 

with af(O) = t. Using a linear trajectory ap(t) = ap(O) + art and ex-

ponential triple coupling gPPf(t) = gpPf(O)e yt we can integrate over t 

to obtain a prototype ITlissing ITlass distribution 

P
AB

(ITl 1 ,ITl
2

) z" (0)-\ ) 2ap (0)-a
f
(0) 1 

f3 AAf(O) f3BBf(O) s P 2
1 

2 
- z: 

dITl1 dITl2 
= 

ITl1ITl2 

X [Z,,'IOg 
s 

+ Zy]-1 exp [< Z,,' log 
s 

+ Zy) t . ] 2 2 2 2 nun 
ITl1ITl2 ITl1ITl2 

( 4) 

where the ITliniITluITl ITlOITlentUITl transfer t . isa known cOITlplicated 
ITlln 

function of s, ITl
A

, ITl
B

, ITl
1

, and ITl2 (Re£.6) and its appearance will 



- 3-

suppress the production of very massive novas. As in Ref. 2 we use 

instead of Eq. (4) a modified expression 

where -f3/n B (m 2-mB ) 
n

B 
e 

G B (In 2) = ------. -=2-
[n

B 
(m

2 
-m

B
)] 

(5) 

(6) 

f3 is a constant, and we have departed slightly from previous work in 
I 

adding several factors of n
B

, the number of nucleons in B. The latter 

is necessary to obtain the correct nova mass dependence. This modified 

nova mass distribution has the following properties: (i) m~ 2 m Z 
2 

fall 

off at high energy as expected from triple-Reggebehavior when 

m. /.JS < < 1; (ii) diffractive total nova production cross section is 
1 . 

independent of the parent mass: in other words it is completely deter-

mined by the effective nucleus-Reggeon residues f3 AAf(O) f3 BBf(O) at the 

2 
high energy limit. The value of f3 depends the type of nova: 2.1 .GeV 

for pion-produced novas and 1.8 GeV for proton novas; in the present 

case of heavy nuclei we use the value f3 < 1.8 GeV. In Fig. 2 we plot 
I 

G
B 

as a function of X :: m
2 

- m
B 

(for B = 12C ); note that the maximum 

occurs at m
2 

= m
B 

+ f3B/2nB. The actual maximum nova mass will be 

somewhat lower than this ,due to the t . dependence in Eq. (5) . For 
mln 

the triple-Regge coupling we use the results of some recent phenomen

ology 7 and choose gPPf(t) = 3.5 e 4.4t. The Reggeresidue functions 

1/3 
f3 AAf(O) would be expected to have an ,A dependence on nucleon 

number due to the peripheral character of the reaction, and this 
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behavior has been fotmd consistent in an analysis of KL - KS regener-

8 
ation by charge =exchange degeneracy on nuclear targets. 

In Fig. 3 we compare the experimental inelastic cross section 

with the results of a calculation using Eq. (2, 5, 6) normalized at lead, 

and the agreement is satisfactory. 

It is interesting to notice here that there are two pieces of 

preliminary experimental results on target dependence to be investigated 

further: The target dependence of total inelastic cross section, 0".AB
1

, 
. dO" C lnc 

is A 0.42 (Fig. 3) while that of partial cross section tB is A 0.256 
d q 

which was observed for YA assuming factorizability of target and beam 

(e~ < 12mv) 

These two information on target dependence implies that the average 

multiplicity should decrease as target mass increases as 

1 
AB 

0" . 1 lnc J 
if we assume that the target dependence is factorizable and has the 

same dependence at all angles. 

The decay distribution of a nova is conventionally2 considered to 

be a Gaussian in the nova rest frame 

(7) 

where we have resolved k into longitudinal (k
L

) and transverse (k
T

) 

I, 
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components with respect to the incident nucleus B. This form is 

inferred from a cascade decay picture, but similar decay distributions 

can be derived from a bootstrap model. 9 N
C

(m
2

) is a normalization 

factor which is related to the average number of fragments C into 

which a nova of mass m
2 

decays. K
C

(m
2

) gives the width of the 

momentum distribution of fragments C, and we make the simplest 

reasonable assumption that it is a constant independent of m
2

• For 

pions produced from proton novas it is found
2 

that K~ :::::: 1/9 (Ge V/ c), 2 

while in the nuclear case 1 the form of Eq. (7) fits the data roughly with 

K~ :::::: 1/25 (GeV/c). 2 (There is C-dependence, as discussed later. ) 

It is noted that for heavy nuclei, the nova rest frame is found experi-

10 
mentally to coincide with that of the parent nucleus B; the energy 

transferred to the nucleus presumably just dissociates it into sub-

nuclei with small relative momenta. However, there is an indication 

of the existence of the recoil momentum (P 01· 540 MeV/c) for a 
reCOl 

16 I carbon target with 0 beam at 2.1 GeV c. The fact that the momentum 

distribution is narrower for nuclei is understandable from the nova 

mass distribution in Fig. 2. 

We can make a more quantitative statement about the dependence 

of K on Cwith the aid of a simple model. Suppose a nova decays 
c 

into just two fragments. This is probably not true in gene ral, but the 

actual fragmentation could simulate this simpler case. If a nova produced 

. from nucleus B decays into two nuclear fragments C and D, then by 

baryon number conservation and the approximate constancy of binding 

energy per nucleon we have m
B 

= mC + m
D 

+ 6. (The mass defect 

6 « mC' mn-) Furthermore, if P is the momenta of C (and D) in 
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the rest frame of the nova (of mass m
Z
)' then conservation of energy 

implies 

In the case of interest, P« m
C

' mn so we can rewrite the last 

equation as 

Averaging over nova mass, we obtain 

where N is normalization and 

whe re the constant Q2 is independent of C. 

-z Q ,. ( 8) 

2 
Thus K is a parabola as 

c 

a function of m
C

' with a maximum at mC = m B /2. This formula is 

16 
compared to expe riment in Fig. 4, for an 0 nova, and the agreement 

of the shape is quite good for its simplicity. The parabolic shape of the 

target dependence is also predicted from the quantum mechanical sudden 

. . 12 d h· .. 1 d 1 13 approxImatIon an t e statIstlca mo e • 

At the peaks of the nova mass spectrums, . m 1 ,Z = mA,B + 13/2nA,B' 

. 16 
the momentum P of the fragment C at mass number 8 for 0 nova, 

and the target recoil momenta are calculated as a function of 13 and 

shown in Table L The be st result is obtained at 13 = 0.5 ± 0.1. The 

fragment momentum is rather sensitive on 6 at small 13 and could have 
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a factor as large as 1/-/3. 

We conclude by summarizing some of the predictions of the 

diffractive double-nova production model: 

1) To the extent that diffraction is dominated by a Pomeron with 

intercept near 1,. we expect little or no energy dependence of total 

inelastic production cross sections. 

2) The dependence on the target nucleus occurs mainly through 

the Regge residue function i3
AAf

(O), with small corrections due to the 

appearance of t . in Eq. (5), and phase space. At high energy . mln 

limit it reaches to A1/ 3 dependence. 

3) With further approximations, the width of the momentum 

distribution of secondaries is found to have a parabolic dependence on 

the mass of the secondary. 
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TABLE 1. The target nova recoil rnornenta are calculated at the peak 
points of nova rnas s distributions. The rnornenturn P of the fragrnent 
is also listed for the case when 160 breaks into two rnass nurnber 8 
fragrnents. 

Recoil momentum Fragment momentum 
(MeV/c) at mass number 8 

~ p(o = 8 MeV) C Au Cu Pb 
Pararneter 

f3 = 0.4 22 10 7 5 183 

f3 = 1.0 54 27 18 12 400 

f3 = 1.8 97 47 33 22 602 
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Figure Captions 

FIG. 1a. Diffractive double-nova production and subsequent decay into 

fragments. 

tb. Multi-Regge approximation to double-diffractive nova production. 

FIG. 2. Nova mass spectrum, Eq. (6) for carbon beam. 13 = 1.8. 

FIG. 3. Target dependence of the total inelastic cros s section. The 

16 12 
data points are from Ref .11. • = 0 beam, 6. = C beam at 

2.1 GeV /nuc1eon. The continuous curves are the results from 

calculation which is normalized at Pb for 160 beam. 

FIG. 4. Momentum width distribution, Eq. (8), along with the experi-

mental result from Ref. 10. The value of (J normalized to be 

160 MeV/c at mass number A = 8. 
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Nova A~ P Nova B 
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