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Abstract

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 snowball 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 Isotopically separated Inclusive

differential cross section data taken at TRIUMF.
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There have been several models, each with very different assump-

tions, proposed over the last decade or so to explain l ight fragment

inclusive production data at intermediate energies.1 There are now

suff icient data available to show that one class of models seems to be

preferred, although the data are not yet detailed enough to make a

unique selection. We w i l l br ie f ly review the current theoretical and

experimental s i tuat ion, and advance a mechanism, called the snowball

model, which is consistent with the extant data.

Our attention w i l l be concentrated ent i re ly on proton and electron

induced emission of l ight fragments. The di f ferent ia l cross sections

for these reactions, as exemplified by the (p,ot) and (e,a) reactions2 '3

at bombarding energ ies of about 100 MeV, are very s i m i l a r ,

showing an e v a p o r a t i v e peak a t low energy and a long " t a i l "

at h igher energy . The e v a p o r a t i o n reg ion being w e l l under-

stood, we w i l l concentrate on the explanation of the high energy t a i l s .

Because of the very strong s imi lar i ty of the (e.ct) and (p,a) data, any

model of fragmentation should be tested against both data sets.

One of the ear l iest models proposed to explain these data was a two

step model14 in which an equil ibrated excited source with a mass near

the target nucleus is produced in the f i r s t step, and a fragment is

evaporated from this source in the second step. I t has already been

pointed out5 In a rapidity analysis of the (p,a) data at 200-500 MeV

incident proton kinet ic energy that the momenta of such sources are

signif icantly larger than the project i le momenta. This implies that a

large amount of momentum be carried of f at 180° to the beam. The (e,a)

reaction is a good test of this model since the electromagnetic vertex
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strongly favors forward scattering of the electron.6 We have performed

the standard rapidity analysts of the (e,o) data2 for a's emitted with

30 to 50 HeV kinetic energy. We find that the ratio of source momentum

to projectile momentum is about five, slmiiar to ratios found in the

(p,a) analysis. Because the electron is very likely scattered into the

forward direction, conservation of momentum implies that the target

nucleus must lose at least 2 high energy nucleons at 180° to the beam

(for a 40 MeV a) even to produce a source all of whose excitation ener-

gy goes Into the kinetic energy of one fragment. A more realistic

source with more excitation energy requires even more backward emitted

nucleons. Even larger numbers of backward emitted nucleons were found

to be required In the (p,a) analysis. It is very difficult to imagine

a model In which this is the most likely source velocity. In fact,

the (e,o) nickel data require a source with the same momentum

as the electron to have only about 10 nucleons. Hence, we

feel that models which Involve a thermally equilibrated target nucleus

are argued against by both the (e,a) and (p,a) data.

At the other extreme are direct knockout models7 in which the pro-

jectile strikes a cluster of nucleons moving with high momentum, a

model analogous to one 8 which successfully describes inclusive

proton emission in (p,p') and (r»p) reactions. The reader Is referred

to the original paper7 for details. Using this approach there are

three parameters: neff, the effective number of clusters In the nucleus,

E, the average excitation energy of the residual nucleus and lastly k0,

appearing in the cluster momentum distribution, which goes like

exp{-k/ko| for large cluster momentum, k. The p-cluster scattering



amplitude is assumed to be the on-mass-shel1 elast ic amplitude, which

we roughly f i t by:

^ 1 - 106 A*- 6 5 exp{5 .5 A1-06 t |mb/GeV2 (1)

where the four momentum transfer t has units of GeV2. With these as-

sumptions and using the integration approximation described in Ref. 6,

we found that k0 in MeV/c (and I in MeV) had values of 80 (20) , 90 (35)

and 100 (kO) for '•He, 12C and 160 respectively. Shown in Ftg. I is a

comparison of the direct knockout predictions with the data9 for these

fragments observed at 90°. The f i t was made to data at 20° , 90° and

160° simultaneously, which is why the curves do not go straight through

the data.

Tf .; f i t is reasonably good, and the average excitation energies are

not grossly dif ferent from what one might expect. Although one might

expect the effect ive number of clusters to be small, we found for a

si lver target that the values were about j (A-r/Af) for '•He and -rg- ( A ~ )

for 12C and 1 6 0 , where Ay and Af are the target and fragment mass

numbers respectively. Further, i t was found7 for o-em?ssion that

n e f f /A j decreased for l ight targets whose ground states might be expected

to have a larger fraction of a-clusters (e.g. 1 2C, 9Be) compared to

heavy targets. The absence of a quasi-free peak, and any significant

analyzing power,10 both in contrast to the characteristics of the (p,p f )

reaction, also argue against the preformed cluster model. Hence,

although the model gives acceptable f i t s to the inclusive data, I t has

the above mentioned interpretational problems. An attempt to f i t the

(e,ct) data with the direct knockout model was inconclusive.6
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The lack of any significant analyzing power for (p,a) argues for

some multiple scattering mechanism. One version of such a mechanism

(which uses the concepts in Refs. II and 12} would be a coalescence

model in which there are multiple scatterings of the projectile, the

struck nucleons then coalescing into the observed fragment. However,

if (p,a) and (e,ct) have a common mechanism, this proposal is in diffi-

culty because, on the basis of counting coupling constants, multiple

scatterings of the electron would reduce the (e,a)/(p,a) ratio to many

powers of eV'tirfic (= aem) lower than the observed value of roughly o e m
2.

Further, fragment formation will be difficult due to the smaller coup-

ling of the neutron to the electron. Hence the (e,a) cross section

predicted by this type of coalescence model would be much lower than

observed.

We propose that a more appropriate mechanism, which we will call

the snowball model, is a marriage of the direct knockout and coales-

cence concepts: there is one primary scattering of the project!le.[so

that (e,ct)/(p,a) ~ a e m
2] and it is the nucleons involved in the multi-

ple scattering of the first struck nucleon that form the observed frag-

ment. The cross section is then of the approximate form

d2o(p,frag) d2q(p,N') f 1 d3cr(p,N')
dftf dEf dfldE [_ aR rf3P "5J

where the f i r s t cross section on the right hand side Is the inclusive

(p,N') cross section at 6f and E - Ef + E*, where E* Is an excitation

energy, we assume (p,n) at (p,p ' ) s j (p,N f) and the second cross sec-

tion for (p,N') is taken Af - I times.
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Fortunately, (1/AT) d
2a/dfidE for (p,pf) at Tp - 50-100 MeV (the en-

ergies appropriate for the secondary scatterings), and at forward

angles is roughly constant with an average about 40-60 nb/MeV-sr-

nucleon. As well, (1/AT) a R has a value3 of about 25 mb/nucleon,

similar to the value of the free N-N total cross section. The phase

space volume Vs Into which the struck nucleons must scatter to form the

cluster, we parametrize at these low velocities as -r- p s
3. A plot of

log I -o ?c (p,frag)Jvs Af - 1 allows extraction of ps- For electron in-

duced reactions, the only change is that the first cross section on the

r.h.s. is replaced by that for the (e,p) reaction.

We performed this fit for several angles and energies of the ob-

served fragments and found that the fits consistently gave ps st )40MeV/c.

A sample is shown in Fig. 2, the data points9 being the sum of all

major Isobar!c contributors to a given value of Af (we have assumed

(p,3H) - (p,3He) as the hydrogen isotopes were not measured). From the

y-Intercept, E* was found to be 30-50 MeV. The fit was to Af in the

range 3 to 9.

One would intuitively expect that p s should have a value less than

the Fermi momentum, and so the 140 MeV/c result obtained here is quite

acceptable. Although we have not shown the detailed angle and energy

dependence, the agreement is generally good to about 50% up to Af ss 9.

Above this, the momenta per fragment nucieon are below 150 MeV/c, and

the approximations In (2) are no longer valid. Treatment of !sotopi-

cally separated fragments including those of higher mass, will be given

In more detaiI later.

In summary, we feel that the combined (e,a) and (p,a) data argue
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against both fully equilibrated statistical models and direct knockout

models. The snowball model, in which there is a single scattering of

the projectile, followed by the struck nucleon forming the fragment

through multiple scattering, provides a good description of the data.

New data on isotopically separated fragment cross sections allows us to

test the model over a wide range of fragment energies and angles. These

ideas could be tested further if there were more (e,fragment) and

(y,fragment) data available.
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Figure Captions

1. Comparison of direct knockout model with experiment9 for ''He, 12C

and 1 60 fragments emitted at 90° from ^80 MeV protons on a silver

target. Errors are statistical only.

2. log(d2o/d£JdE) vs Af - 1 for fragments emitted at 50 MeV and other

conditions as in Fig. 1. The points are from a smooth fit to the

data of Ref. 9.
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