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Several models of light fragment emission are confronted with data from electron and proton
induced reactions. The data appear to favor a mechanism, called the snowbatl model here, in
which there is a single collision of the projectile and a few collisions of the secondary nucleons
which then form the observed fragment. The parameter of the model is determined by fitting
new isetopically separated inclusive differential cross section data.

NUCLEAR REACTIONS St:atistical, knockoui, and coalescence models, fight frag-
ment emission, electron and proton induced reactions.

There have been several models, each with very
different assumptions, proposed over the last decade
or so to explain light fragment inclusive production -
data at intermediate energies.! There are now suffi-
cient data available to show that one class of models
seems to be preferred, altheugh the data are not yet
detailed enough to make a unique selection. We wilt
briefly review the current theoretical and experimen-
tal sifuation, and advance a mechanism, called the
snowball model, which is consistent with the extant
data.

Our attention will be coneentrated entlrely on pro-
ton and electron induced emission of light fragments.
The differential cross sections for these reactions, as
exemplified by the {p, o) and (e, «) reactions™? at
bombarding energies of about 100 MeV, are very
similar, showing an evaporative peak at low energy
and a long “tail’” at higher energy. The evaporation
region being well understood, we will concentrate on
the expianation of the high energy tails. Because of
the very strong similarity of the {e, o) and (p, @)
data, any model of fragmeniation should be tested
against both data sets.

One of the earliest models proposed to explain in-
clusive data was a two step model® in which an equili-
brated excited source nucleus with a mass near the
target nucleus is produced in the first step, and a
fragment is evaporated from this source in the
second step. 1t has already.been pointed.out’ in a ra-
pidity analysis of the (p, o)} data at 200—500 MeV in-
cident proton kinetic energy that the momenta of
such sources are significantly larger than the projec-
tile momenta. This implies that a large amount of
momentum be carried off at 180° to the beam. The
(¢, &) reaction s a good test of this model since the
clectromagnetic vertex strongly favors forward
scaitering of the eleciron.® We have perfarmed the
standard rapidity anaiysis of the (e, &) data’ for s

B

emitfed with 30 to 50 MeV kinetic energy. We find
that the ralio of source momentum to projectile
momentum is about 5, similar to ratios found in-the
(p, o) analysis. Because the electron is very likely
scattered into the forward direction, conservation of
momentum implies that the target nucleus must lose
at least two high energy nucleons at 180°.to the beam
(for a 40 MeV o) just to produce a source ali.of
whose excitation energy goes into the kinetic energy
of one fragment. A more realistic source with more
excitation energy requires even more backward emit-
ted nucleons. Still larger numbers of backward emit-
ted nucleons were found to be required in the (p, o)
analysis. It is very difficuit to imagine a model in
which this is the most likely scurce velocity. In fact,
the nickel (e, o) data require a source with the same
mementum as the electron to have only about ten
nucleons. Hence, we feel that models which involve
a thermally equilibrated target nucleus are argued
against by both the (e, o) and {p, o) data.

At the other extreme are direct knockout models’
in which the projectile strikes a clusier of nucleons
moving with high momentum, a model analogous to
one? which successfully describes inclusive proton
emission in (p,p’) and (vy,p) reactions. Using this
approach there are three parameters: #.y, the effec-
tive number of clusters in the nucieus, £% the aver-
age excitation energy of the residual nucleus, and
lastly kg, appearing in the cluster mementum distri-
bution, which goes like exp(—k/ky) for large cluster
momentum, k. The p-cluster scattering amplitude is
assumed to be the on-mass-shell elastic amplitude.
This can be extracted from do/dr. We fitted the in-
termediate energy data in the literature by

dd‘: =1064'Sexp(5.5419%) mb/GeV? (1)

where the four-momentum transfer ¢ has units of
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GeV?. With these assumptions and using the integra-
tiocn approximation described in Ref. 6, we found that
kg in MeV/c {and E*in MeV) had values of 80 (20),
90 (35), and 100 (40) for “He, '2C, and 0, respec-
tively, emitted from Ag. Shown.in.Fig. 1 is a com-
parison of the direct knockout predictions with the
data® for these fragments observed at 90°, The fit
was made to data at 20°, 90°, and 160° simultanéous-
ly, which is why the curves do 1ot go straight
through the data.

The fit is reasonably good and the average- exc1ta~
tion energies are not grossly different from what one
might expect. Although one might expcct Hefy 10 be _'
small, we found for a silver target that the values
were about +(4r/4,) for *He and - <5 (A/4;) for 12C.
and 10, where Ar and Ay are the target and frag-
ment mass numbers, respectively. Forther it was
found’ for e emission that ng/ A7 actually decreased
for light targets whose ground states might be expect-
ed to have a larger fraction of o clusters (eg., 12C,
Be) compared to heavy targets. The absenceof 2 °
quasifree peak fand any significant analyzing =
power!®], in contrast fo the characteristics of the
(p.p') reaction, also argile against the preformed
cluster model. Hence, although the -model gives ac-
ceptable fits to the inclusive data, it'has the above
mentioned interpretational problems. An attempt to
fit the (e, a) data with the direct knockout model was
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FIG. 1. Comparison of diréct knockout model-with ex-
periment (Ref. 9) for *He, 2C, and %0 fragments emitted
at 90° from 480 MeV protons on a silver target.

inconclusive.® S
The lack of any significant analyzing power for

“(p, @) may argue for multiple scattering, probably in

the pickup cr coalescence of nucleons near the nu-
clear surface to form the fragment, This approach was

- first-investigated some years ago,'! although the steps

which led up'to'the final coalescence state were not

- treated in detail and no explicit or implicit mechanism

for the production of the coalescing nucleons was

‘ gwen What js often called the coalescence model in

heavy ion physncs12 isa model in which there are

_mubtiple scatterlngs of the incident projectﬂe to pro-

duce a. cascade of nuclcons, some of which coalesce.
We feel that cannot be the case for noncompaosite

| projectiles, since multiple scatterings of the electron
would reduce the (e, @)/{p, &) ratio to many powers

of e2/4mkc (Sa.y) lower than the observed value® of
roughly e.,2. Further, fragment formation would be
difficult because of the much smaller e-# coupling
compared to.¢-p 7 Energeti¢c neutrons would have to
be produced through secondary p-n scattérings:

We propose that'a more appropriate mechanism,
which we will call the ‘snowball ‘model to aveid con-
fusion with the models discussed above; uses coales- -
cence as a final step but assumes that there is one’
primary scattering of the projectile [so'that (¢, o}/
(P a) ~ agp?l and it is the nucleons involved in the
Ay —1 multiple scatterings of the first struck nucleon
that form the observed fragment. The cross section
is then of the approx:mate form :

__I_.dzo(p, frag) dzo'(p,N )
Cry  dO,dE; 49 dE
: S A1
% 1 do(pN') (2)
Tr. . d3P ' ’

where the first cross section on the hght hand side
(rhs) is the inclusive (p,N’) cross section at @, and
E = E; + E* [we assume (p,n) = (p,p) =+ (5, N)].
The combinatoric factor Cry is glven.by

Z;r‘NT'Af‘(AT Af)'
NN —NNZA(Zr = Z WAL

Fortunately, (1/47) d*o/d Q dE for (pp’) at
=50—-100 MeV (the energies appropriate for the
secondary scatterings) and at forward angles is rough-
ly constant with an average about 40—60 pb/MeV st
nucleon. As'well, (1/47) o has a value® of about’
25 mb/nucleon, similar to the valué of the free N-N
total cross section. The phase space volume ¥, into

which the'struck nucleons must scatter to form the
cluster, we parametrize at these low velocities as
%wpf A plot of logo|Cif ld*o (p, frag) /d O dE ]} - vs
A;—1 allows extraction of p,. For electron induced
reactions, the only changé'is that the first cross sec-
tion on the rhs is replaced by that for the (e,p) reac-
tion.
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FIG. 2. Logw(Cﬁrl d2a/d @t dEY vs Ay —1 for fragments
emitted at 100 MeV and other conditions as in Fig. 1. The
points are from smooth fits to the data of Ref. 9.

We performed this fit for several angles and ener-
gies of the observed fragments and found that the
fits consistently gave p, = 140 MeV/c. A sample is
shown in Fig. 2, the data points® being the average of
all major isobaric contributors to a given value of A,
These new data from TRIUMF allow a better test of
the model than would be obtained by analysis of data
for an individual fragment: extraction of p, from an
individual fragment involves taking p, to a latge
power and hence, large changes in the data will be
hidden in smali changes in p,. The fit was to A, in
the range 3 to 9.

Since we have neglected Pauli blocking, we would
intuitively expect that p, should have a value less
than the Fermi moementum, and so the 140 MeV/¢
result obtained here is quite acceptable. Although we
have not shown the detailed angle and energy depen-
dence the agreement is generally good to about 50%
up to A, =9. Above this, the momenta per fragment
nucleon are below 150 MeV/¢, and the approxima-
tions in (2) are no longer valid. Treatment of isotop-
ically separated fragments and predictions for (e,
fragment) reactions will be given in more detail later.
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