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The coalescence approach to light fragment formation is applied to light ion induced re-
.actions at intermediate energies. These reactions show evidence of a transition between the
snowball model for fragment formation in noncomposite particle induced reactions, and the
traditional coalescence model of heavy ion reactions. Possible experiments which could be

done to better test these ideas are suggested.
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I. INTRODUCTION

We'!~? have previously proposed that energetic

light fragment emission (4 <Ay <9, where Ay is the
mass number of the fragment) at large angles in in-
termediate energy reactions involves a mechanism
in which the projectile strikes a nucleon in the nu-
cleus, and this struck nucleon then undergoes multi-
ple scattering, picking up other nucleons to form
the observed fragment. This model, which we
called the snowball model,”® was based on the
coalescence approach®’ and was applied only to
noncomposite projectiles, namely electrons and pro-
tons. - :
Another model which involves the coalescence
approach is one applied to heavy ion reactions®—1°
in which there are muitiple scatterings of the pro-
jectile to produce a thermally equilibrated state
from which the fragment is ejected. We have ar-
gued that such a mechanism cannot be the dom-
inant one for nucleon and electron induced frag-
mentation since:

(i) The ratio of electron'! to proton'? induced al-

pha emission is roughly the electromagnetic fine
structure constant squared. If one assumes that
both reactions have a common mechanism, then
only one scattering of the projectile can be involved.

(ii) A rapidity analysis of the cross sections of
both of these reactions®'? shows that the momen-
tum of the hot alpha source would have to be on the
order of five times the projectile’s momentum, if
the target nucleus as a whole is to be the source.

Of course, the snowball and thermal models are
meant to be approximations to the many pathways
that lead to fragment formation, all of which are
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present to some extent in each different projectile-
target-fragment combination. It is the purpose of
this paper to show that thé transition region from
snowball dominance to the traditional coalescence
model of heavy ion physics, which we will call the
final state interaction model (FSI) hereafter, occurs
around projectiles of mass number four, depending
on the fragment chosen. The following section of
this paper will review nucleon induced reactions
and show the relative importance of the snowball
process compared to the FSI model. Section III
will deal with deuteron and alpha particle induced
reactions, and show evidence of a transition region.
The projectile energy dependence of these reactions
will be examined in Sec. IV as a means of probing
the reaction mechanism. The conclusions will be
summarized in Sec. V, and some experiments which
would provide further tests of these ideas will be
described. Throughout the paper, our discussion
will be confined to that part of the inclusive spectra
in which energetic gjectiles (with energies above the
low energy evaporation region but not near the
kinematic limits) are emitted at large angles to the
beam direction. All of the calculations will be done
for gjectiles observed at 90°, which we presume is an
angle appropriate for the sampling of the “average”
reaction mechanism.

1I. NUCLEON INDUCED REACTIONS

We begin our discussion of nucleon induced reac-
tions with the (N,p} reaction. Many models have
been proposed'*—* to explain the production of en-
ergetic cjectiles, ranging from the direct knockout
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of a high momentum off-mass-shell nucleon to
emission from a hot thermally equilibrated source
produced by many nucleon-nucleon collisions.
While most models can fit the exponentially falling
(as a function of ¢jectile energy) double differential
cross section, only recently has experimental evi-
dence begun to accumulate against a statistical
mechanism as being the dominant contribution at
the energies under consideration here. One impc)r-I
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tant piece of evidence is the ratio of the (p,n) to
(p,p') cross sections measured at 100 MeV proton
energy.”’ A statistical model would predict that
above the evaporation region the ratio should be
about equal to the neutron to proton ratio of the
target, whereas the ratio of cross sections is ob-
served to be roughly half this prediction. In a sin-
gle scattering model with a coherently recoiling
residual system the ratio of cross section is

d*o(p,p'V/d’q  [(EpE )" 'nUOLZ | Ty |2 4N | Ty | 1d°p8lEy +M; o1 —Ep—E,—Ey)

where the kinematic labels are defined in Fig. 1.
Here the vertex function n(k) in plane wave im-
pulse approximation (PWIA) language is the proba-
bitity .of finding a proton (or neutron) of momen-
tum —Kk in the nucleus and is normalized to unity.
The transition matrix element for p 4-# scattering
in the numerator and denominator are evaluated at
different momentum transfer: In the (p,p’) reaction
the incident proton charge exchanges with the neu-
tron at small u (z being a member of the usual
Mandelstam set of variables s, ¢, and u), while in the
(p,n) reaction the proton is scattered forward at
small ¢, the same value as in the p +p scattering
term. Approximate evaluation of these integrals®
gives the required factor of about % at 100 MeV.
Expanding the treatment of the residual system to
include a sum over a variety of recoiling states as
suggested in Ref. 16 would not significantly change
this result. The (p,n) and {n,p} reactions will be
discussed further in the following section; the main
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FIG. 1. Kinematic labels for direct knockout of an
ejectile {which may be a nucleon} with a coherently
recoiling residual system of j nucleons.
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point which we wish to make here is that there

seems to be evidence that there are only a few
scatterings of the projectile and ejectile in nucleon
induced nucleon emission. This is not to say that a
projectile can produce only one high energy ejectile.
Certainly it may scatter several times in a large nu-
cleus, but there is probably only one interaction be-
tween an observed ejectile and the projectile.

The snowball model for nucleon induced frag-
ment emission involves an initial interaction to pro-
duce a high energy nucleon, as in the direct
knockout model, followed by multiple scattering of
the struck nucleon to form the observed fragment.
This is shown as diagram I in Fig. 2. For calcula-
tional simplicity, we will assume that the (p,p’} dif-
ferential cross section is the same as (p,n) and sim-
ply calculate the cross section for emission of a
fragment with 4 nucleons. Thus, geometrical,
combinatoric, and Pauli blocking factors, as well as
spin averaging, will be omitted, and the reader is re-
ferred to Refs. 3 and 10 for a discussion of their in-
clusion. We justify omission of these factors on the
grounds that we will be concerned with ratios of
cross sections throughout most of this paper, and
these extra factors will, by and large, cancel out.

A

MULTIPLE
COLUISIONS.

DEUTERON DEUTERON

I I

FIG. 2. Two possible contributions to deuteron pro-
duction. Diagram I represents the snowball model in
which a high energy nucleon “picks up” another nu-
cleon to form a deuteron. Diagram II represents the fi-
nal state interaction model in.which two nucleons emit-
ted from the projectile-nucleus interaction region
coalesce to form the fragment.
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Then, the snowball prediction for the differential
cross section is : .

d*c dio
JEdQ (p,Fy= JEdQ (p,N)
P, i Ap=l| gy Artl
x; a1 271 )
2)

The cross section on the right hand side (rhs} is for
a nucleon emitted at the same energy and angle as
the observed fragment and arises from the first col-
lision. This struck nucleon, in turn, will undergo
several collisions, the probability that it undergoes i
of them being P;. At each collision, there is a pro-
bability ## that another nucleon will be scattered
into a momentum space volume ¥, around the aver-
age momentum per nucleon in the fragment. This
volume we take to be

Vs:%'”pss}’ ’ : 3

where ¥ is the usual relativistic contraction factor,
which we will set equal to unity for the remainder
of this paper since the energies considered here are
generally nonrelativistic. Because # is small, we
will approximate this expression by

do
dEdQ

2
do (p,F)=

Ap—1
(p,N}# 7 3 P;
dE dQ ik

i
Ap—1]|"

4

It is difficult to get an accurate estimate of what
the P; distribution should be, but a crude approxi-
mation would be to have P; roughly constant for
0<i <4, for example, and dropping rapidly thereaf-
ter. Sample calculations then show that the sum
over the product of P; and the binomial coefficient
is of the order unity for light fragments. In partic-
ular, for Ar=2 this sum has a value of between 1
and 2 for several simple distributions chosen.
Hence, we will set the sum equal to unity and work
with the equation

do d%

1
T AT TT)

(p, Ny ", (5)

which will underestimate the fragment cross section
in the snowball model for a given p,, or equivalent-
ly, slightly overestimate the value of p, obtained in
fits to fragment production data.

Turning now to a value for #, the probability
that a nucleon will be scattered into V, per
projectile-nucleus encounter is given by

o
1L depn, o
R .

where M is the mean nucleon multiplicity, o5 is the
reaction cross section, and d’c/d% is assumed to
be sufficiently constant that we have replaced the
integral of it over the phase space volume by its
product with that volume. The incident energies of
interest for the cross sections in Eq. (6) are those of
the observed fragments, namely 100150 MeV.
Data'? at 90— 100 MeV incident energy show that,
for a target of mass A, around 60, gg /Ay is about
13 mb/u, while Ar—'d*o(p,p’)/dE dQ is roughly
constant at forward angles and has a value of about
60 pb/MeVsru. At higher incident energies f{or
wider ejectile angles) d?c/dE dQ decreases slowly
with ejectile energy, a point with which we will be
concerned later in the discussion of a-induced reac-
tions. The mean nucleon multiplicity is about 3 at
these energies, the same as what one would expect
for the average number of collisions per projectile-
nucleus encounter assuming straight line trajectories
and averaging over the impact parameter. Hence, it
will be assumed that there is one nucleon emitted
per collision in the nucleus, and Eq. (6) is the
correct probability for insertion into (5).

The other coalescence approach we will use is
that developed in heavy ion physics, which we will
call the final state interaction model here, and is
shown’® as diagram II in Fig. 2. In this model, no
attention is paid to the details of the projectile-
fragment interaction, rather it is assumed that any

" nucleons emitted with less than a given relative

momentum will coalesce. This lack of a constraint
on the distance apart that the nucleons can be, yet
still form a fragment, probably leads to an overesti-
mate of the cross section for a given ¥;. The form
of the expression for the cross section is similar to
the snowball expression
3 3

dsq (P,F )= d g
d°py

1 dd |

or d’py

1
(p,N)—
d’py r Ap!

-

(7

except that all of the quantities in the expression are
evaluated at the same momentum per nucleon py.
Again # has been assumed to be small. It is also
assumed that M > > Ay, which is valid for heavy
ion collisions or light fragment emission in high en-
ergy proton induced reactions. Hence the sum over
the multiplicity distribution has been replaced by a
delta function at its average value, and, in turn, the
M which appears in the binomial coefficient cancels
with the M appearing in 7. The ratio of Eq. (5} to
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Eq. (7) can be evaluated using existing data to see
what the relative importance of each model is.
Shown in Fig. 3 is a calculation of this ratio for the
Ap=2 differential cross section at 90° for a 500
MeV incident proton. This proton energy was
chosen because of the availability of compatible
(p,p') data'>! and reaction cross section data®? for
the energies of interest. A slightly less reliable cal-
culation {because of the lack of data from a medium
mass target) has also been made for a 1 GeV in-
cident proton.} Both calculations underestimate
the falloff with fragment energy which would arise
if the integral over phase space in # in the snow-
ball model were evaluted more accurately. The fall-
off could be in the 30% range over the energy range
of the figure. One can see that the snowball contri-
bution is significantly larger than the FSI contribu-
tion, although it becomes less so as the ejectile ener-
gy increases.

III. LIGHT ION INDUCED REACTIONS

From the analysis presented above, it would ap-
pear that the snowball mechanism is important for
light fragment formation in nucleon induced reac-
tions at fragment energies in the 30— 150 MeV
range. We will now turn our attention to light ion
induced reactions to see if there is evidence. for a
transition to the FSI coalescence model used in
heavy ion physics. '

One would not expect to find evidence for such a
transition in deuteron induced reactions. The deu-
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FIG. 3. Ratic of snowball to FSI contributions to
two nucleon fragment production from proton bombard-
ment at 500 MeV (solid curve) and 1.04 GeV (dashed
curve).

teron is such a loosely bound system that the nu-
cleons probably act independent of one another.
Indeed, in a comparison of {d,F) to (p,F) differen-
tial cross sections, Zebelman et al.** found that this )
ratio was a constant as a function of energy (for
fragments emitted at 90°) for ¥ =*He, "Li, "Be, °Be,
and °Be. The value of the ratio was found to be
about 1.5 in a comparison of 2.1 GeV/u deuterons
with 4.9 GeV protons. On the basis of (p,p’) data
or the estimated enmergy dependence of the total
cross section,' this number should be multiplied by
a correction factor of 1.3 to 2 to allow comparison
of these ratios at the same kinetic energy per in-
cident nucleon. For example, in Fig. 6, the curve
drawn through the data points for the (p,p’) reac-
tion on heavy targets (7,=100 MeV, 8,~160°)
shows an increase of 1.65 between 2.1 and 4.9 GeV
incident proton energy. This would give a value for
the (d,F)/(p,F) ratio of about 2.5, with considerable
error. This is roughly what one would expect if the
deuteron behaved as two independent nucleons.
The exact value which one would expect would de-
pend on the (n,F)/(p,F) ratio, which may not be
unity for a neutron-rich target like uranium.

For the (a,p) reaction, the direct knockout model
would suggest that the differential cross section
should obey

(a,p)/(p,p")=2[1+(np)/(p.p"1], (8

independent of energy and angle, if the projectile
nucleons are acting independently.

The {#,p) cross section can be calculated in analo-
gy to Eq. (1). Data®®—3" are available on this ratio
for comparison at 1 GeV/u incident energy. The
charge exchange (u~0) and elastic (¢=~0) parts of
{ Tpn | > have roughly the same functional form as
the pp elastic amplitude

{ T, (small 1) | 2=64msp. i (dap, /dt)
=64msp, m 2 X 148 exp(6.31) ,

(9)
| Tpy (small 2} ] 2= 64msp. m. z(a'ap,, /dt)

=64msp, m 2 X 89 expl(4.91) ,
(10)
| Ty (small u) | 2=64nsp,, , 2d 0, /du)
=64msp, . 2 X 16exp(5.7u) ,
| a1

where | T'| 2 has units of mb/GeV? and ¢ is in units
of GeV? The normalization convention used here
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{and throughout) to connect | T'|? to the differen-
ttal cross section is the conventional one for the
scattering of spin =0 objects. All of the fits were
done at about 1 GeV incident nucleon kinetic ener-
gy. The parameters in the exponentials are within
about one standard deviation of a value of 5.5
GeV~2

A small peak in the charge exchange reaction be-
tween O<u < —0.05 GeV? was omitted in the fit
used. Its inclusion would raise the charge exchange
contribution by perhaps 159%. However, given the
errors caused by comparing these cross sections at
different incident energies, the error introduced into
the {n,p)/(p,p’} ratio by neglecting this peak is not
significant. Because the functional form of the in-
tegrands in Eq. (1) are very similar, the rhs can be
approximated by the ratio of the intercepts of
do /dt and do /du appropriately weighted. Thus

—1
{p,n)/(p,p")= 1.66%4»0.18 . (12)
Similarly,
N —1
{n,p)/(p.p')= 1.66+0.18§ (13)
and .
r " E _Ii
{n,n')/(p,p")= Z+0.11 /1+0.11Z .

(14)

For a uranium target, the (n,p)/(p,p’) ratio is equal
t0'0.51, and Eq. (8) yields

(a,p}/(p,p")=3.0. . : as)

The experimental value for this ratio, determined by
taking smooth fits to the data, is also equal to 3,
showing only small variations with energy and an-
gle. A typical result is shown in Fig. 4. In this
model, the (a,p}/(p,p’) ratio is predicted to have
very little target dependence. Ignoring geometrical
factors, Egs. (8) and (13) predict that this ratio will
increase only to 3.1 for a target such as aluminum.
We predict as well that the ratio will also change
only slowly as the energy is fowered. Taking nu-
cleons with about 400 MeV incident energy as an
example, a fit to the data®®>” gives

| Ty (small #) | *= 64sp,. .2
' % 62.9exp(0.46t) , (16)
| Ty (small )| 2= 64msp, 1 2

X 62.9exp(1.91¢) , (n
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FIG. 4. Experimental ratios of the (a,X)/(p,X) dif-
ferential cross sections for X =p, d, and ¢. The data are
from Ref. 33 and were measured at 1.04 GeV/u.

{ Ton (small u) | *= 64msp, p, °
% 114.2 exp(8.06u) . (18)

One can see that at this energy, the charge exchange
reaction is going to be much more important {again,
the small peak at # ~0 has been neglected). Be-
cause the data do not all have the same functional
form (unlike the 1 GeV example), either a detailed
numerical integration must be performed, or 2 more
coarse approximation must be made. For our pur-
posed here, the latter will suffice. The integrals in-
volved in Eq. (1) and similar expressions will in-
volve, at this energy, a rapidly falling momentum
distribution and slowly varying amplitudes. A very
coarse calculation would invelve simply removing
the amplitudes from the integral and comparing
their magnitude. A slightly better approach wouid
be to compare their ¢ (or u) integrals over the range
of interest in Eq. (1), usually 0 < —r <0.1 {stmilarly
for u). Adopting this approach, we would predict
-1

(p,m) Ap,p’) = {1.09%“.37 , (19)
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—1

(n,p)/p,p") = 1.09+1.3.7—‘Z‘i , (20)
ne n AN el N
(n,n")/(p,p')= Z+1.26]/ 1+1.262 .

1)

These ratios will change as the ejectile energy in-
creases and the corresponding range of ¢ in the in-
tegrands changes.

The target dependence of these predictions, as a
rough function of Ay, is shown in Fig. 5. Shown
for contrast are the results of Egs. (12)—(14).
These curves have been generated by calculating the
ratios for a number of readily available targets, and
are not exactly equal to what would be obtained if
the minimum of the valley of B stability were fol-
lowed. Using these ratios, one finds that the
(a,p)/(p,p’) ratio declines from about 2.8 for a
light target to about 2.6 for a heavy target such as
uranium. So, the ejectile energy dependence of this
ratio is not very strong, although it may be experi-
mentally detectable.

In summary, the production of protons in alpha
induced reactions is consistent with a ‘model in
which the projectile nucleons act independently.
For production of fragments, this does not appear
to be true. Figure 4 also shows the (a,d)/{p,d) ra-
tio, which clearly has a substantial energy depen-
dence. This behavior poses a problem for models in
which the fragment is evaporated from a thermally
equilibrated source (aside from the difficulties

N
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FIG. 5. Estimated target mass number (A7} depen-
dence of various (N,N) differential cross section ratios
in the direct knockout model at 400 MeV (dashed curve)
and 1 GeV {solid curve} incident nucleon energy.

raised in Sec. 1). In such models, the slope of the
differential cross section at a fixed ¢jectile angle is a
measure of the temperature of the source. Nucleon
emission in p and a induced reactions would indi-
cate that the sources in each of these reactions have
the same temperature [since the {(a,p)/(p,p’) ratio is
constant], while deuteron emission would demand
different source temperatures or velocities.

. Treating the process of fragment formation as be-
ing due solely to the FSI mechanism also produces
difficulties. At these bombarding energies, the
(e,p) and (p,p’) differential cross sections are both
parametrized at fixed angle as

dio
dEdQ

where X =aq,p and where T is the kinetic energy per
projectile nucleon. The slope parameter 3(7T) is the
same for a and p induced reactions, while the nor-
malization parameter £y has

£ =3E, . (23)

This parametrization shows that there is no ejectile
energy dependence in the ratio (a,F)/(p,F) for the
FSI model of Eq. (7). This same kind of reasoning
is applicable to a model in which @-induced frag-
mentation is due to the snowball model alone,

However, this kind of behavior is what one ex-
pects in the transition region between snowball
dominance for proton induced reactions, and FSI
dominance for heavy ion reactions. A calculation
to the accuracy required to test this hypothesis can-
not be done at present for lack of input data. How-
ever, the general behavior of the transition region
can be obtained by considering Egs. (5} and (7) with
the parametrization of Eq. {22). Ignoring constants,
the ratio R of the snowball to FSI contribution to
a-induced deuteron production should be propor-
tional to

~ . Inabal T Ty Jexpl = B(TIT, —,(T, T, /2)
' o plat(Dexpl —B(TIT,)

« [0R,abp{ Ty) /O pEal Tlexpl —Bp(TyT, /2) ,

(X,pt=Lx(Texp(—B(T T},  (22)

(24)
where o ; refers to the total reaction cross section
in a reaction induced by species i. We have em-
phasized that one of the exponents in the numerator
is associated with a proton induced reaction by in-
cluding a subseript p.

Compared to the ratio of these contributions to
proton induced fragment formation, this ratio will
be larger because of the extra £, in the FSI contri-
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bution. To some extent, the larger value of £, com-
pared to §, fusing the incoherence assumption, we
have not only (ap)/(pp')=3, but also
(a,n)/(p,n)=~6] will be reduced by the effects of
the reaction cross section ratio in Eq. (24). Howev-
er, the reaction cross section appears to grow much
more slowly with the mass number of the projectile
than does £, so the FSI contribution will be consid-
erably enhanced, perhaps by a factor of 3. Hence,
the two contributions are much more likely to be
comparable in magnitude. Further, the snowball
contribution should decrease relative to that from
the FS1 model for increasing T, because of the ex-
tra B(T,)T,; /2 in the exponent. In the calculation
for Fig. 3, B(T,~100 MeV, 6, forward) was set
equal to zero as an approximation. In fact, even
- though it is not nearly as large as B(6,=90"),
nevertheless, it will cause a decrease of perhaps %
for a change in T, (of the fragment) of 50 MeV at
6, ~20°. This is the kind of behavior required by
Fig. 4.

For triton emission, the FSI term should dom-
inant over the snowball term, because there will be
extra £,” in the FSI term. Further, the ratio of the
snowball to FSI terms will now go like
exp( —2B(T;)T, /3), so that the snowball contribu-
tion will decrease even faster for increasing T,.
Again, this is the kind of behavior shown in Fig. 4
for triten emission.

In summary, although it is not yet possible to do
detailed calculations on the sum of the snowball and
FSI contributions, we see that a-induced fragmenta-
tion is inconsistent with the snowball or FSI models
alone, but shows a transition between them.

- IV. PROJECTILE ENERGY DEPENDENCE

A majority of the model analyses of inclusive
spectra look only at their variation with ejectile en-
ergy and angle, and ignore their variation with pro-
jectile energy. This is at least in part attributable to
the fact that the detailed energy dependence is often
not known experimentally. However, encugh data
are now available that this energy dependence can
be investigated, if only coarsely, and some indica-
tion given as to where experimental effort should be
put to place the analysis on firmer footing.

Most of the inclusive spectra of the reactions dis-
cussed in the previous section vary with projectile
energy (at fixed ejectile energy and angle), as shown
in Fig. 6. The points are from smooth curves
drawn through the data®-3*®—% for (p,p') reac-
tions on heavy targets with the proton being ob-

104

1k ]
(pp') REACTION ON HEAVY TARGETS

3
% mb 7 Gev® s nucleon)

3q

ep‘=160°
-1 Tp'= 100 MeV
oA
. . .
1 10 100
Tp (Gev)

FIG. 6. Behavior of the (p,p’) cross section at fixed
ejectile energy and angle as a function of incident proton
energy. The targets were Ta and Pb with the proton ob-
served in the 158° to 162° range carrying an energy of
100 MeV. The points are from smooth curves drawn
through the data.

served at anywhere from 158° to 162°. One sees that
the cross section rises as a power, 8, of the incident
kinetic energy (7'®) until about 5 GeV, after which
it flattens out to a roughly constant value. The
power law dependence of the cross section in the in-
termediate energy regime is a function of the angle,
tising, at 160°, from 8~0.8 at 50 MeV ejectile ener-
gy to 1.5 at 100 MeV ejectile energy. At 90°, this
change is less dramatic, although there is a larger
error associated with the exponent because the data
are considerably more scarce. For an ejectile energy
of 50 MeV at 90°, data in the 100--200 MeV in-
cident energy range also appear to obey this power
law dependence, and can be used to determine the
exponent more accurately. The remainder of this
section will be limited to the 90° and 50 MeV
kinematic condition for the ejectile angle and ener-
gy. Shown in Fig. 7 are data from targets in the
100 < A7 < 230 range for the (p,p"), {p,*He), (p,5Li),
(a,p), and (a,d) reactions.'>!331:334%44 Thig figure
represents the best comparable data which the au-
thor could find; “best” meaning similar angles, en-
ergies, and targets. Although each line is defined
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FIG. 7. Behavior of the (p,X), X =p’, *He, °Li, and
(a,X), X =p,d cross sections as a function of energy for
a 50 MeV ejectile observed at 90°.

by at least three points, it is clear that more data
over the 100 MeV—2 GeV region would be most
welcome, particularly for the (p,d) and (p,#) reac-
tions. The exponents extracted from these curves
are listed in Table L.

Comparing first of all the (p,p’) and {a,p) ex-
ponents, one sees that they are very close in value,
consistent with the argument presented above that
the incident alpha behaves like four independent nu-
cleons as far as nucleon emission is concerned [it
will be assumed that the (n,p) and (p,n) reactions
have the same exponent, &, as does {p,p'}]. For the
(p,d) and (a,d) reactions, the two contributions: in
Fig. 2 for deuteron production will have different

TABLE 1. Exponents of the differential cross section
per target nucleon as a function of erergy per incident
nucleon. Ejectile observed at 90°, 50 MeV. :

Exponent (8, in text)

Reaction References

(p.p" 12, 31, 33, 43 0.8
(p,"He) 13 1.6
(p,5Li) 13 2.2
(a,p) 33, 44 0.7
(a,d) 33, 44 0.9

energy dependence. For fixed ejectile energy and
angle, diagram I would have an exponent close to
the (p,p’) one at the same ejectile energy and angle,
since only one power of the (p,p’) cross section is
invoived. The other diagram involves the square of
the {p,p’) cross section at half the ejectile’s energy.
For the kinematic conditions here, this latter quan-
tity would involve knowing the (p,p’) cross sections
at 25-MeV, at which energy data are not available.
Assuming that & is the same at 25 and 50 MeV (this
may be a strong assumption and should be checked
experimentally), then diagram I would predict
8§=0.8 for (p,d} or (@,d), while diagram II wouid
predict 6=1.6. We have argued that diagram I
should be dominant at these energies, and the value
of 0.9 for 8 is consistent with this.

For *He emission, the pure snowball model,
shown as diagram I on Fig. 8, would predict an ex-
ponent of 0.8. However, mean-free path arguments
would indicate that diagrams II and III might be at
least as important, since they require a smaller
number of collisions along a given nucleon’s trajec-
tory. These diagrams would predict an exponent of
1.6, which is in fact the observed value. Again, us-
ing the assumption that §=0.8 for the (p,p’) cross
section at the appropriate energy per nucleon, the
FSI term alone would predict 8==3.2 for the (p,a}
reaction. It would be interesting to compare the
(e,p) and (e,a) exponents in a similar fashion, since
there is presumably only one scattering of the pro-
jectile in electron induced reactions.

The above analysis, though primitive at present,
tends to confirm the conclusions of Secs. II and IIL.
More data on the (p,d) reaction, the (p,p’) reaction
at Tp-< 50 MeV, and on all reactions over a wider
energy range would be very useful. This kind of
analysis should also be applicable to heavy ion reac-
tions, where one would expect the exponents to be

K ¥

FIG. 8. Several possible contributors to alpha particle
formation.



3076 DAVID H. BOAL ' 25

equal to Ap times the (p,p’) exponent, at the ap-
propriate gjectile energy, if the FSI model is correct.

V. DISCUSSION AND CONCLUSION

With models that rely so heavily on data imput
as these do, these ideas will only be really testable
when a compatable set of (p,X) and (a,X), X =p, d,
t, *He data are obtained at the same incident energy
per nucleon and a range of ejectile energies and an-
gles, Information on some of the corresponding
(n,X) reactions would also be useful to check the
way in which the neutrons in the alpha have been
handled in this calculation. For example, the target
and energy dependence of the (n,p) and (p,n) reac-
tions as evidenced in Fig. 5 might be checked.

Another issue left aside is the role of charge ex-
change of the outgoing nucleons. A measure of this
could be a comparison of the (p,z} and (p, He) reac-
tions. Unless charge exchange is important, one
would not expect these to be the same for N =Z
targets. The heavier the fragment emitted, the more
N-N collisions must be involved, and hence the
greater likelihood of charge exchange. Thus, one
would expect the effect observed in the (p,n)/(p,p’)
ratio to be weaker in (p,2)/(p,’He) and weaker still
in (p,"Li)/(p, Be).

Lastly, the target and projectile energy depen-
dence of light fragment emission should be exam-
ined. Good data on the energy dependence would
allow the analysis of the previous section to be done
much more reliably. The target dependence could
shed light on the effects of the distribution, P;, of
the number of collisions, which has been neglected
here. In a small enough target, for a fragment in
the mass 10 region, for example, there will not be a
sufficiently large number of collisions along a tra-
jectory in the nucleus to ailow fragment formation
in the snowball model, or equivalently, a high
enough multiplicity to allow it in the FSI model.
Knowing the average trajectory length, one would
be able to obtain information on the interaction
length appropriate to a given fragment.

In summary, we have demonstrated in the above
analysis that the snowball-like terms in the expres-
sion for fragment formation in nucleon induced re-

actions seem to be the dominant contributors over
the fragment energy ranges which have convention-
ally been measured. This conclusion appears to
hold for deuteron induced reactions as well, al-
though the conclusion would be on firmer ground if
one could compare (4,F) and (p,F) data at the same
kinetic energy per incident nucleon. However, even
when the projectile is as light as an alpha particle,
there is evidence that the fragment nucleons may
originate in interactions with several different pro-
jectile nucleons. This should be contrasted with the
{a,p) reaction, which is well described by the direct
knockout model in which the cross sections for the
individual incident nucleons are simply added in-
coherently. That several projectile nucleons may
participate in the formation of a fragment in the
(at,F) reactions, but not the (d,F) reactions, presum-
ably has its origin in the fact that the deuteron is a
loosely bound system compared to the alpha, and
that the mean multiplicity is less. The FSI model’s
importance rises rapidly with mean multiplicity, be-
cause the FSI contribution is proportional to the
projectile nucleus cross section raised to a large
power. As one goes to heavy ions, one would expect
the FSI model to become the dominant effect, and
the (HLF) cross section {where HI is a heavy ion)
would be proportional to the (HLp) and (HI,») cross
sections (evaluated at the average momentum per
fragment nucleon) raised to the appropriate power.
Several years ago, this behavior was shown*% for
deuterons produced in Ar + KCI collisions at 800
MeV/u {assuming that the (p,p’) and (p,n) reac-
tions have the same dependence on the emitted nu-
cleon energy], and hopefully future experiments will
allow the testing of this model in heavier fragments.
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