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Analysis of the factorizability of several sets of fragment-production cross sections has been per-
formed for ' C, ' 0, ' O, and Fe projectiles in the 1 to 2 GeV/nucleon energy region for targets
ranging from Be to U. The results of this analysis are considered in terms of geometrical concepts.
No evidence is found that there is any dependence of fragmentation channel upon the impact pa-
rameter. It is found as well that the projectile dependence of the target factors is much less than
that predicted by the abrasion-ablation theory, and also is less than that predicted by an excitation-
decay model. Nevertheless, it appears that an excitation and decay mechanism is the dominant pro-
cess in peripheral fragmentation.

NUCLEAR REACTIONS Cs Oy Os Fe projectiles& Be Cs Alp S Ti Cup

Ag, Sn, Ta, W, Pb, U targets. Projectile fragmentation in relativistic heavy-ion
collisions. Factorization of nuclear cross sections.

I. INTRODUCTION

In this paper we investigate the validity of the concept
of factorization by the analysis of the data from several
measurements of the fragmentation of relativistic heavy
ions. ' All of these experiments were performed at the
Lawrence Berkeley Laboratory 8evalac. Isotopic
fragment-production cross sections were measured both
for ' C and ' 0 projectiles' and for ' 0 projectiles using a
magnetic spectrometer to determine the momentum of the
fragments and a telescope of Si(Li) detectors to determine
their charge. Elemental fragment-production cross sec-
tions (only) were measured for Fe projectiles, using the
same Si(Li) detectors for the charge determination.

The concept of the factorization of fragment-
production cross sections originated in the description of
processes in high-energy physics. The essential feature of
this idea is that at high enough beam energies the branch-
ing of the various outgoing particle-production channels is
independent of the target. For nuclear fragmentation
cross sections, the concepts of "strong" and "weak" fac-
torization have been developed. These concepts can be
expressed as

o(P,F,T)=ypy r
for strong factorization, and

cr(P, F, T ) =y py pr

for weak factorization, where o(P,F, T) is the nuclear
fragmentation cross section for the projectile P incident
upon the target T producing the fragment E, yp is a factor

which depends only upon the species of projectile and
fragment, ypz. is a factor which depends only upon the
species of projectile and target, and yz is a factor which is
a function solely of the target species.

We test the validity of strong factorization by investi-
gating the deviations from the behavior predicted by the
strong-factorization hypothesis for any systematic depen-
dence upon the type of projectile. For the test of weak
factorization we investigate the deviations from the
behavior predicted by the weak-factorization hypothesis
for any systematic dependence upon the fragmentation
channel.

II. THEORETICAL MODELS

A. The geometrical model

We obtain a simple picture for nuclear collisions at high
energies by considering each nucleus to be a completely
absorbing disk and each fragment to be produced from in-
teractions within a certain band of overlap of the two
disks. The assumption of totally absorbing disks is made
plausible by the fact that the mean free path of nucleons
in nuclear matter is only about 1.5 fm (when calculated
with the free nucleon-nucleon cross section), and this
mean free path is small compared with typical nuclear di-
ameters, which range from about 4.5 fm for ' C to about
13.5 fm for 2 Pb.

If the total cross section is given by the area of a disk,
then the partial cross sections for producing various frag-
ments of the projectile are just the areas of annular bands
of some width. The larger projectile fragments are as-
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sumed to come from peripheral interactions between the
two nuclei, so that the cross sections for these fraginents
correspond to bands at the outer edge of the disk. If we
sum the measured cross sections for projectile fragments
for which the fragment mass is greater than half of the
projectile mass and then convert this area to an annulus at
the outer edge of the hypothetical absorbing disk, the
width of this band is only about 1 fm.

In order to relate these ideas to factorization, we note
that the cross section in this case is simply

o(P,F,T)=2'(P, T)dR(P, F),
so that we can identify ypr with 2mR(P, T) and yp with
dR(P, F). In other words, the target factor is proportional
to the sum of the radii of the target and projectile nuclei
and the fragment factor (which contains the detailed phys-
ics) is just the width of the annular band which has an
area equal to the measured cross section. For a large tar-
get nucleus and a small projectile, y pz- reduces to
=2m.R ( T), the circumference of the target nucleus; this is
the strong-factorization limit.

However, nuclei do not have perfectly sharp edges; they
have a "skin" through vvhich their matter density drops
from nearly its central value to nearly zero. The thickness
of this skin is about 2 fm. Folding this knowledge into
the above model means that the probability of an interac-
tion as a function of impact parameter b (the distance
from the center of the absorbing disk) drops essentially
from unity to zero over a distance of about 2 fm. We still
can retain the picture of annular bands as probability dis-
tributions with finite widths, within which the probability
peaks at some value of the impact parameter bo and falls
for smaller and for larger values of b This is t.he analog
for heavy-ion collisions of the transition charge density
for electron scattering; bo here corresponds to the transi-
tion radius.

Moreover, because of the size of the peripheral frag-
mentation cross sections, the range of impact parameters
must be rather narrow. This means that the target factor
cannot be influenced very strongly by the fragmentation
channel, and consequently, the weak-factorization condi-
tion, Eq. (2), is expected to represent the data adequately.

The assumption here that the target factor is essentially
just the sum of the radii of the target and projectile nuclei
leads to a quantifiable breakdown of the strong-
factorization condition [Eq. (1)]. This seems reasonable
within the confines of the present simple idea.

by emitting one or more nucleons (ablation}.
In Ref. 8 it is shown, using multiple-scattering theory, '

that the abrasion cross section for removing n nucleons
from the Projectile (of mass Ap) is

8 o„(P,T, b)

Bb

Ap
[1—Ppr( b ) ]"Ppr( b ) (4)

where the impact parameter b is the relative position of
the projectile with respect to the target in the (x,y) plane
for the projectile moving in the z direction. The probabili-
ty function Ppr(b) is defined by

Ppr(b)= f d t dzpp( t,z)

NNX exp —Aro„, pr( t +b,z')dz'

(5)

where o, , is the total nucleon-nucleon cross section and

p;( t,z} is the single-particle density of the projectile
(i =P) or the target (i = T). Since the single-particle den-
sities depend only upon radial distance [p( t,z)=p(r)],
the probability function Ppz(b) is a function only of the
magnitude of the impact parameter [Ppy'(b)=Ppz'(b)].
The total abrasion cross section, after integrating over im-
pact parameter, is then

o„(P,T)= I 2m.b db[1 Ppz. (b)]"—

XPpr(b) '

Xfp(x)

Cugnon and Sartor computed the probability function
Ppr(b) for various cases, and found that its dependence
upon target is simply a translation of the impact parame-
ter,

Ppr(b}=fp(b kr}—
where fp(x) dePends only uPon the Projectile and gr de-
pends only upon the target. In terms of fp(x), the
abrasion cross section is written as

r

Ap
o„(P,T)=2nfdx(x+g-z )[1 fp(x)]"—

B. The abrasion-ablation theory

The abrasion-ablation theory is essentially a method of
computing the probability (as a function of impact param-
eter) for producing a particular fragment. The abrasion-
ablation theory of Hufner, Schafer, and Schiirmann is
constructed around the following simple concept, first in-
troduced by Bowan, Swiatecki, and Tsang. When a rel-
ativistic projectile nucleus passes near a target nucleus
such that there is an overlap of their matter volumes, the
region of the overlap is sheared off (abrasion), leaving a
distorted nucleus of smaller mass. This nucleus is now in
an excited state by virtue of its distortion, and it deexcites

and they state that setting the lower limit of integration
equal to zero introduces an error of no greater than one
percent. By defining N„p (in units of length) to be the
normalization constant for the distribution

[1—fp(x)]"fp(x)

and letting (x„p ) be the value of x averaged over this dis-
tribution, the expression for the abrasion cross section can
be written as

o„(P,T)=2m „N„p((x„p)+gz.),
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where the term ((x„p)+gT) is just the average value of
the impact parameter which contributes most strongly to
the process for the abrasion of n nucleons. The value of
(x„p) varies weakly with both n and P C.ugnon and Sar-
tor observe that o„(P,T) breaks weak factorization by 10
to 15 % and strong factorization by a much larger
amount.

Bleszynski and Sander" noted that the fragmentation
cross section is related to the abrasion cross section by

cr~ =10m(aT+ap)[E)(X)+in(X)+y], (1S)

where E&(X) is the exponential integral and y is Euler's
constant. The parameters aT and ap are given by

2
4&) ts + ~&

Qg 9k
(16)

where c; is the half-central-density radius, t; is the skin
thickness, and k =41n5. 7 is given by the expression

Ap —A~

o,g,(P,F,T)= g a„(F,P)o„(P,T), (10)
o(E).pT(0)pp(0)ar apx=

10(aT+ap)2 2

and since the values of (x„p) do not vary greatly (for a
given P) we can approximately factor the term
((x„)+gT) out of the summation (letting n' denote the
dominant n leading to the fragment F) and make the iden-
tifications

yp ——2m g a„(F,P)
Ap

N„p (12)

(13)

According to Ref. 8, the excitation energies of the abraded
nuclei are low enough so that there is typically only one or
two particles emitted in the ablation stage, which corre-
sponds to one or two terms in the summation in Eq. (11).

We can see that the target factor of Eq. (13) corre-
sponds to the average impact parameter for a particular
fragmentation channel (n'). A deviation from weak fac-
torization can be taken to mean that there is a dependence
of the fragmentation channel upon the impact parameter
or, conversely, if weak factorization holds exactly then
there is no impact parameter dependence within the frag-
mentation channel. We note that a lack of deviation from
weak factorization is contrary to the basic premise of the
abrasion stage of the abrasion-ablation theory.

where a„(F,P) is the branching ratio for the abraded nu-
cleus of Ap nn—ucleons to decay into the final-state frag-
ment F. Including the expression for o„(P,T), w. e get

T

Ap
„„(P,F,T)=2 y „(F,P) „&„((,) +g )

where o (E) is the average energy-dependent nucleon-
nucleon cross section and p; (0) is given by

p~(0) =
~ p.;exp(c;/a;)',

where

kg
4mc; [1+(m t; /19. 36c; )]

(18)

(19)

This reaction cross section is related to peripheral frag-
mentation cross sections in the following way. Consider
reactions in which there is a single quasielastic nucleon-
nucleon collision. In this case, fragmentation resulting in
the projectile losing more than one nucleon is an excita-
tion and decay process where the scattered nucleon must
impart sufficient energy to the projectile in order to allow
the latter to decay into the various fragmentation chan-
nels. At this point we make the simplifying assumption
that the excitation energy e of the projectile is just the ki-
netic energy of the struck nucleon in the projectile.

In order to consider the excitation-energy dependence of
the peripheral-fragmentation cross section, we differen-
tiate Eq. (15) with respect to e,

Bo~, , BE&(X)
=10m.(aT+ap) + (20)

For a typical case (P=' C, T= Fe, and o =10 to 40
mb), we have X&4.5 and E&(X)(2X10, so that
BE&(1')/Be is negligible. Also, the only factor in X which
depends upon e is cr, so that B ln(g)/Be=B lno/Be. Clear-
ly, the relative branching ratios for different fragmenta-
tion channels will depend upon e. We can write the
excitation-energy-dependent fragment-production cross
section as

C. The excitation-decay model Bo(P,F, T) 10 2 2 B lno= 1077 aT+ap ap (21)

o~ ——2m I [1 T(b)]b db, — (14)

where T(b) is the transmission probability, i.e., the proba-
bility that the projectile will not interact with the target at
impact parameter b. The reaction cross section is

We have derived an alternative description of peripheral
fragmenation through the use of the theory of nucleus-
nucleus total reaction cross sections as formulated by
Karol. '2 The following discussion [Eqs. (14)—(19)] sum-
marizes the result of Karol's work and is used as the basis
of our model. The total reaction cross section is comput-
ed as

A calculation of the branching ratios ap(E) would involve
the probabilities for particle emission from a nucleus P
with excitation energy e. This is not our goal here,' rather,
we note that ap(e) does not depend upon the type of tar-
get T. From Eq. (21) we obtain the total fragment-
production cross section by integrating over e

o(P,F, T) =1(br(aT+ap) ap(e)de,8 lnCT F
~F B6'

where ep is the energy threshold for fragment F and Ep is
the projectile energy per nucleon. This integral has no
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dependence upon the type of target, so that we can make
the identifications

and

yp=K10n I ap(~)«F P 8 lno F
~F B6

ypT=K (ap-+aT),—1 2 2

(23)

(24)

where K (in units of length) is a relative normalization
constant. Since the skin thickness t; is approximately con-
stant for all nuclei the parameter a; is essentially a mea-
sure of the radius of the ith nucleus, so that ypT is propor-
tional to the sum of the radii of the target and projectile
nuclei plus a constant.

We see that weak factorization is predicted exactly by
this model and that strong factorization is predicted to be
broken by the dependence of the target factor upon the
sum of the radii of the target and projectile nuclei. Essen-
tially, this model predicts that the size of the fragment
does not depend upon the amount of overlap of the target
and projectile nuclei, which implies in turn that the excita-
tion spectrum of the projectile-fragment system must ex-
tend to energies sufficiently high to produce the small
fragments.

TABLE IV. Fragment and target factors for ' 0 projectiles.

Fragment

18F
17O

16O

17N

16N

15N

14N

15C

14C

13C

12C

12B

10B

10Be

Li

pp

0.520+0.049
45.86 +0.93
32.06 +0.70
27.89 +0.40
21.12 +0.88
S3.74 +0.74
12.52 +0.22
3.670+0.086

28.49 +0.52
37.10 +0.68
28.65 +0.37

8.24 +0.19
8.65 +0.17

10.35 +0. 14
23.09 +0.44

Target

U
Pb

Sn
Cu
T1
Al
C
Be

QPT

2.052+0.030
1.990+0.033
1.90 +0. 10
1.92 +0.11
1.604+0.096
1.468 +0.025
1.264+0.012
1.022 +0.010
1.000+0.009

tion hypotheses, but this is a special issue, and thus a dis-
cussion of the behavior of the hydrogen data is beyond the
scope of the present paper.

The resulting fragment and target factors are hsted in
Tables IV—VII, with the normalization that ypT ——1 for
T=Be. In general, the units of the target and fragment

III. RESULTS AND DISCUSSION
TABLE V. Fragment and target factors for ' 0 projectiles.

A. Empirical determinations of fragment
and target factors

The data from the ' Q experiment and from the earlier
experiment' with ' C and ' 0 projectiles were analyzed in
order to determine the factors yp and ypz-. These factors
result from minimizing 7 in the expression

x'= ta(p»» ypypr j'—
(25)

p p y' [5o(P ET)]'
where 5a(P», T) is the experimental uncertainty in the
measured fragment-production cross section cr(I'», T).

This analysis was performed with sets of cross sections
for ' 0 projectiles at 1.7 GeV/nucleon, ' 0 projectiles at
2.1 GeV/nucleon, ' C projectiles at 2.1 GeV/nucleon, and
' C projectiles at 1.05 GeV/nucleon. The cross sections
used in our analysis for the ' 0 projectiles are those listed
in Ref. 2, with the exception of those for heavy targets
and fragmentation channels with significant electromag-
netic dissociation (EMD) and those for the Li fragmenta-
tion channel, the latter because of systematic uncertainties
which are discussed in Ref. 2. The cross sections we used
for the ' 0 data and the two ' C data sets are listed
without parentheses in Tables I—III. These include all of
the measured cross sections except those for the EMD
fragmentation channels with heavy targets, those reactions
with hydrogen targets or hydrogen fragments, and those
where the experimental uncertainty is greater than 30%%uo of
the measured value for the cross section, all of which are
listed with parentheses.

It should be noted that the hydrogen-fragment and
hydrogen-target data do not fit well within the factoriza-

Fragment

15O

14O

13O

16N

4N
13N

"N
15C

14C

13C

12C

11C
10C

9C

B
118
10B

SB

"Be
' Be
'Be
Be

'Li
'Li
Li
Li
He

4He

He

PP

43.8 + 1.5
1.638+ 0.071
0.268+ 0.023
0.114+ 0.015

55.1 + 1.7
46.4 + 2.4

8.52 + 0.27
0.693+ 0.039
0.046+ 0.007
5.16 + 0.17

27.54 k 0.76
64.7 k 3.1

20.27 k 0.60
2.78 4 0.11
0.428+ 0.090
0.491+ 0.030
2.645+ 0.082

26.86 + 0.66
20.2 k 1.0

1.430+ 0.081
0.198+ 0.030
4.02 k 0.17
9.35 + 0.26

22.77 2 0.6S
0.532+ 0.070
2.61 k 0.16

27.11 + 0.66
35.S k 1.7
2.09 + 0.21

510 +22
146.8 k 5.6

Pb
Ag
Cu
Al
C
Be

PPT

1.731+0.067
1.557+0.047
1.402 +0.034
1.210+0.027
0.958+0.012
1.000+0.012
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TABLE VI. Fragment and target factors for ' C projectiles
at 2.1 GeV/nucleon.

TABLE VIII. Fragment and target factors for Fe
projectiles. '

Fragment Target Fragment Target

11C
10C

'C
12B

11B
10B

8B
10Be

'Be
Be

'Li
'Li
Li

'Li
He

'He
He

48.0 + 1.2
4.15 + 0.11
0.496+ 0.033
0.112+ 0.008

54.4 + 1.6
32.4 + 1.5

1.510+ 0.051
5.84 + 0.14

10.94 + 0.25
20.59 k 0.45
0.854+ 0.042
2.330+ 0.076

22.65 4 0.50
31.0 k 1.0
2.34 k 0.11

378 +13
130.1 + 3.0

Pb
Ag
Cu
Al
C
Be

1.983+0.067
1.669+0.046
1.460+0.034
1.193+0.018
0.971+0.013
1.000+0.013

factors are arbitrary except that the product must be an
area. We adopt the convention that the units of each are
length and that the product yields area in mb. We note
that the factors for ' C projectiles at 2.1 GeV nucleon are
not significantly different from those for 1.05
GeV/nucleon. In addition, the factors for Fe projectiles
from Ref. 3 (except for Mn fragments) are listed in Table
VIII, again with yz~ ——1 for T=B. The fragmentation
channels in this case are for elements (and not for iso-
topes).

TABLE VII. Fragment and target factors for ' C projectiles
at 1.05 GeV/nucleon.

B. Strong factorization

The validity of strong factorization was predicted by
Cugnon and Sartor to be violated to such an extent so as
not to be a useful concept. Specifically, we must deter-

Cr
V
Ti
Sc
Ca
K
Ar

117.2+3. 1

89.2+2.9
79.1+2.9
72.0+2.7
73.0+2.7
57.5+2.5
55.6+2.5

U
Pb
Ta
Ag
Cu
S
C
Be
Li
H

1.76+0.09
1.72+0. 10
1.74*0.09
1.52+0.07
1.36+0.07
1.05+0.07
0.99+0.05
1.00+0.04
0.92+0.02
0.73+0.05

'Taken from Ref. 3.
Fragments identified only by element (and not by isotope).

Q 180
'|6

2.0—
5

o 1.5—

1.0

mine the systematic projectile dependence of the target
factor. The target factors for each of the tabulated data
sets are plotted in Fig. 1. The data points for ' C shown
in Fig. 1 are the average values of the target factors from
the two experimental energies. The factors for each pro-
jectile have been normalized such that the average value
for the Be and C targets is unity. The curves shown are
fits to each set of target factors with a function of the
form

Fragment

11C
10C

9C
12B

11B
10B

8B
"Be
'Be
Be

'Li
'Li
Li

'Li
He

4He

He

fP

45.7 a 1.5
4.35 + 0.13
0.465+ 0.031
0.101+ 0.008

50.2 4 1.6
27.6 + 1.3

1.472+ 0.049
5.26 + 0.15

11.08 + 0.30
17.30 + 0.43
0.778+ 0.053
2.398+ 0.090

22.91 + 0.52
24.3 + 1.1

1.92 + 0.10
406 + 16
138.3 + 3.3

Target

Pb
Ag
Cu
Al
C
Be

QPT

2.112+0.088
1.664+0.057
1.451+0.037
1.194+0.022
0.996+0.015
1.000+0.015

0.5—

0
5 10

I

20
l

50
I

100
I

200

Target mass

FIG. 1. Normalized target factors yPT for the projectiles ' C,
' 0, ' 0, and Fe. The factors for each projectile are normal-
ized such that the average value for Be and C targets is unity.
The curves are the results of fitting the data with a function of
the form

(g 1/3+g 1/3 g)

where g and 5 are fitting parameters (see Table IX). The solid
curve corresponds to the ' O data, the short-dashed curve to the
' C data, the medium-dashed curve to the ' 0 data, and the
long-dashed curve to the Fe data.
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TABLE IX. Parameters from strong-factorization analysis.

Projectile
Parameter

g
5

PPT

18O

0.265 +0.002
0.09 +0.04
1.999+0.019

16O

0.221+0.004
0.16 +0.10
1.830+0.043

12C

0.261+0.003
0.65 +0.06
1.975+0.031

56Fe

0.202+0.003
1.13 +0.11
1.740+0.036

From curve
ratio with 1.149+0.023

respect to 56Fe

'The units of g are the same as those for yPT.
For AT ——208.

1.052+0.031 1.135+0.029 1.000

ytT=g(~T +~i1/3 1/3 C. Weak factorization

where g and 5 are adjustable parameters. The resulting
values for g and 5 are listed in Table IX. Our geometrical
inodel constitutes the basis for this parametrization of the
target factors: 5 is a relative measure of the overlap of the
target and projectile nuclei which contributes to peripheral
fraginentation.

The test of strong factorization hinges upon a compar-
ison of the target factors for the different projectiles.
Consider the values of the fitted curves for Ar ——208
(T=Pb). These values are listed in Table IX, along with
the ratio of the value for each of the light projectiles to
that for Fe. In order to compare with the abrasion-
ablation theory, we compute the target factors for the pro-
jectiles ' C and Fe with a Pb target by estimating the
values for (x„p ) and g'T with the normalization appropri-
ate to Fig. 1. This ratio is 1.29, which is to be compared
to the value 1.14+0.03 from the data. Computing this ra-
tio by the use of our excitation-decay model [Eq. (24)],
with values of c; and t; obtained from Ref. 13, we produce
the value 1.21, which also is larger than that for the data.
If the data were to exhibit precisely the behavior of strong
factorization, the value of this ratio would be unity. This
is clearly not the case. However, it also is clear that the
data do not exhibit as great a dependence upon the projec-
tile as that predicted by either the abrasion-ablation theory
or our excitation-decay model.

Both of the theoretical models considered here predict
that the values of target factors for Pb targets decrease
monotonically with increasing size of the projectile. This
behavior also is not exhibited by the data, although the
variations between the different sets of data in Fig. 1 are
possibly the result of systematic errors and are not con-
clusively physical in nature. However, the fact that the

Fe data are consistently lower than those for the smaller
projectiles is in agreement with the trend of the theoretical
models.

Even though we cannot make a definitive determination
of the extent to which the data deviate from the strong-
factorization limit, the data do indicate that strong factor-
ization is broken, but to a significantly lesser extent than
that predicted by the models.

In order to see how well the factors yt and ypT (Tables
IV—VII) fit the measured cross sections, we compute the
ratio

r(P F, T)=ypypr/a'(P F,T) (26)

I,= g (r r) /1V~-
PFT

1/2

for each set of cross sections (X is number of cross sec-
tions in the sum). Table X shows the results of this
analysis. That the values for r are nearly equal to unity is
merely a verification that the yz and yzT were computed
correctly. That the values for r are not exactly equal to
unity results from the fact that the weighting factors are
the inverse squares of the error bars; i.e., the cross sections
are not weighted uniformly. The values for I „ for ' C
and ' 0 projectiles are considerably larger than that for
0 projectiles. However, in consideration of the large X

for the ' 0 case, it is apparent that the different value for

TABLE X. Parameters from weak-factorization analysis.

Projectile

18O

16'
12Cc

12Cd

77
118
90
86

53
81
67
63

1.001
1.016
1.000
1.011

0.039
0.118
0.097
0.115

225
75
52
55

'Xd1 is the number of degrees of freedom.
Results from weighting with statistical uncertainties only; see

text for a discussion of systematic uncertainties and the signifi-
cance of g .
'2. 1 GeV/nucleon.

1.05 6eV/nucleon.

for each of the cross sections cJ(P,F, 'r). First, we deter-
mine the mean value

r= g r/X
PFT

and the width
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r(P,F,T) =mpTAF+bpT (27)

{a)

C)
C)

X
I-

E

I

1.5

1.0

I- 'P

20 50

18O

'teo

+ "'C, 2.1

Q "2C, 1.05

100 200
Target mass

FIG. 2. Comparison of the measured values for (a) mpT and
(b) bpT with those expected from the abrasion-ablation theory,
for 18O 160, 12C at 2.1 GeV/nucleon, and ]AC at 1.05
GeV/nucleon projectiles {see the text for the derivation of these
values). The dashed curves correspond to the predictions of the
abrasion-ablation theory. The solid curves result from the as-
sumption that the target factor is the sum of the radii of the tar-
get and fragment nuclei (see the text).

thus generating values for the parameters mpT and bpT.
According to the abrasion-ablation theory, there should be
a systematic dependence of mpT (or equivalently, of bpT)
upon AT. Figures 2(a) and (b) show the resulting values
for mpT and for bpT, respectively. As a result of the pro-
cedure for calculating the values for r, the parameters
mpT and bpT are not independent; they provide two views
of the same information. Note that a zero value for mpT
(or equivalently, a value of unity for bpT) means that the
values for r (a measure of the deviation from weak-
factorization behavior) have no dependence upon the frag-
mentation channel.

The deviation from weak factorization predicted by the
abrasion-ablation theory results from the fact that the tar-
get factor is not only a function of the target and projec-
tile, but also depends somewhat upon the fragmentation
channel, through the dependence of (x„p ) upon n and P.
It is possible to compute the systematic behavior of this
predicted deviation from weak factorization and to obtain
an estimate of its magnitude. For this, values of
(x„p ) +gT are used in place of those for tr(P, F,T) in the
analysis described above. The set of values for (x„p) and

gT used for this is given in Table XI, and was chosen to be
a representative sample for ' 0 projectiles. It should be
noted that this sample spans a somewhat smaller range of
target and fragment sizes than the full ' 0 data set in or-
der to provide a conservative estimate for the predicted
deviation from weak factorization.

The systematic behavior of the values for r(F, T) which
result from this analysis, shown in Table XII, is such that
r(heavy, light) and r(light, heavy) are greater than unity
while r(light, light) and r(heavy, heavy) are less than unity.
The values for mph. and bpT which were determined from
this analysis are plotted as the dashed curves in Figs. 2(a)
and (b). It is readily apparent that the data show no sys-
tematic dependence upon the fragmentation channel, in
striking disagreement with the abrasion-ablation theory.

Alternatively, one can consider another geometrical
model in which there is a smaller but nonzero deviation
from weak factorization. In this model we include expli-
citly the overlap of the emitted larger fragment and the
target by assuming that the target factor is the sum of the
radii of the target and fragment nuclei:

YPT ro(A T +AF1/3 1/3

I „results from nonstatistical experimental uncertainties
which are not included in the weighting function. The
systematic uncertainties for the ' G cross sections are ap-
proximately 5%%uo of the measured values of these cross sec-
tions. If this 5% were included in the factorization
analysis, the 'sQ data would be perfectly consistent with
the weak-factorization condition [Eq. (2)].

Next, we investigate these values for r in order to deter-
mine whether and to what extent there is any systematic
dependence either upon A~ or upon Az. . In this analysis,
the values for r are fitted with the linear function

TABLE XI. Values for (x„p) and g'r for "0projectiles.

AF' (x.p & Target r'
15
13
10

1 C —2.3
3 Al —1.3
6 T1 —0.5

Cu 0
Ag 1.1
Pb 2.6

AF is the fragment mass used in the factorization analysis:
A~ ——18—n —2; i.e., for the case when two particles are emitted
in the ablation stage.
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TABLE XII. Values for r(I', T) showing weak-factorization
systematics.

Target
Pb

2.5

2.0—
15
13
10

1.064
0.993
0.898

1.032
0.996
0.948

1.012
0.999
0.980

1.005
0.999
0.992

0.989
1.001
1.017

0.973
1.003
1.043

1.0

The solid curves in Figs. 2(a) and (b) were derived using
this assumption. (Note that these curves do not depend
upon the value of ro used. ) One can see that a deviation
from weak factorization of this lesser magnitude is not
ruled out by the data; but neither do the data exhibit the
trend indicated by this assumption.

Bleszynski and Sander" suggested parametrizing the
target dependence of fragmentation cross sections as

~ ~ (Ap'"+A,'"), (28)

where the exponent y indicates whether a process is peri-
pheral, y = 1 (o is proportional to the sum of the radii), or
central, y =2 (cr is proportional to the area which
represents the total reaction cross section). They predicted
(from abrasion-ablation calculations) that y depends upon
the fragmentation channel and that it should increase
from a value near unity for a single-nucleon removal pro-
cess to a value approaching twice that for removing a sig-
nificant number of nucleons from the projectile. Figure 3
shows the results of fitting the fragmentation cross sec-
tions with the functional form of Eq. (28), where a value
of y is determined for each fragment and projectile (except
that the EMD fragments are not included). The curve
was obtained from the results of the abrasion-ablation cal-
culations presented in Ref. 11. It can be seen in Fig. 3
that for a small number of nucleons removed
(Ap —Ap & 6), the experimentally determined values for y
do not cluster enough to rule out this model, but for
lighter fragments (Ap —Ap&6), the data deviate signifi-
cantly from the trend of the model. One can also see,
with this parametrization, that the data do not show the
predicted dependence upon the fragmentation channel.

IV. IMPLICATIONS

The present data indicate that strong factorization is
probably violated. However, a comparison of the data for
the projectiles ' C, i60 isO and s6Fe shows that strong
factorization certainly is not violated to the extent predict-
ed by either the abrasion-ablation theory or our
excitation-decay model. That this is the case indicates
that the amount of overlap of the target and projectile nu-
clei, leading to peripheral fragmentation, actually is less
than predicted by these models. In other words, peri-
pheral fragmentation occurs at larger impact parameters
than those predicted by the abrasion-ablation and our ex-
citation decay models.

Of the fragmentation data sets that exist now, the one
for ' 0 projectiles provides us with the most stringent

0.5—

10 12

Ap —AF

FIG. 3. Values of the exponent y vs gp gF for &8O i60, and
' C projectiles (see the text for a discussion of the derivation of
these values). The curve, obtained from the results of Ref. 11,
shows the value of y expected from the abrasion-ablation theory.

test of weak factorization. It is clear, from the analysis
described above, that the deviation from weak factoriza-
tion predicted by the abrasion-ablation model is not mani-
fested in any of the present data, especially those for ' 0
projectiles. Moreover, the data (excluding hydrogen tar-
gets and fragments) show no systematic deviation whatev-
er from weak factorization; there is no dependence of the
target factor upon the fragmentation channel.

Within a geometrical picture of peripheral collisions, a
deviation from weak factorization can result only when
the branching to a fragmentation channel depends upon
the amount of overlap of the target and projectile nuclei.
It is clear from the results presented here that any depen-
dence of the fragmentation channel upon impact parame-
ter is much smaller than that predicted by the abrasion-
ablation theory.

Thus, from the combined results of the strong- and
weak-factorization analyses, we know that the average im-
pact parameter leading to peripheral fragmentation is
such that ihe target and projectile do not overlap very
much and that the range of impact parameters leading to
the various fragmentation channels is quite small.

The final conclusion we draw from this analysis is that
peripheral fragmentation appears to be dominated by an
excitation and decay process, in which weak factorization
is exact, and that the abrasion process of the abrasion-
ablation theory does not provide a valid description for
the fragmentation process.

This work was performed under the auspices of the
U.S. Department of Energy under Contract Nos. W-
7405-ENG-48 (LLNL) and DE AC03 76S-F0009-8 (LBL)
and the National Aeronautics and Space Administration
under Chant No. NGR OS-003-S13.
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