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Direct knockout model for nuclear fragmentation
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A direct knockout model is developed for intermediate energy inclusive nuclear reactions involving the
emission of light fragments in the backward hemisphere. In particular, the model is applied to the A(p, a)X
reactions where A = 'Be, "Al, and Ag. Predictions are made for the (p,pa) reaction with the a particle
scattered into the backward hemisphere.

NUCLEAR REACTIONS Direct knockout model; {P,n) inclusive reactions at
intermediate energy; {p,p&) predictions.

I. INTRODUCTION

Over the past several years, data on the proton
induced fragmentation of nuclei at intermediate
energy have become available. ' These data show
a clear break in the inclusive differential cross
section d2o/dQ, dE, of the observed light fragment
as a function of T„kinetic energy of the emitted
fragment. For fragments with between 4 and 12
nucleons, below the transition region of T, -30
MeV the data can be successfully explained by con-
ventional evaporation models. Above this region,
the slope of the differential cross section is sig-
nificantly different from what one would expect
from an evaporation model employing physically
reasonable level densities and excitation energy
distributions. %e propose that this "nonevapora-
tive" region can be understood in terms of a
mechanism which involves the single scattering'
of a proton from a transient cluster in the nucleus,
the result of the collision being to eject the clust-
er.

In Sec. 1I of this paper, we will discuss the ques-
tion of the validity of the quasi-two-body scaling'
(QTBS) approach to this problem, and outline the
single scattering model used here. Section III
contains our results for the Ag(P, n)X reaction,
as well as predictions for a possible (P, Pn) ex-
periment. Our results are discussed and conclu-
sions presented in Sec. 1V. Although data are
available for fragments from 'He to '2C with a
silver target, we will concentrate our attention
exclusively on 'He, for reasons to be outlined be-
low.

II. THE DIRECT KNOCKOUT MODEL AND QTBS

The single scattering model has been quite suc-
cessful in explaining the high energy inclusive

spectra of protons produced in the backward hemi-
sphere. '~ It has also been successfully applied
to proton emission in high energy heavy ion reac-
tions. ' Although the single scattering model has
theoretical shortcomings, 6 it does provide a useful
basis for phenomenological analysis and it is nat-
ural to extend it to inclusive reactions in which
composite fragments are emitted.

In the single scattering picture an incident pro-
ton is scattered elastically from the observed
secondary particle (a nucleon or composite frag-
ment), the remainder of the nucleus being a spec-
tator. The closure approximation is usually made
so that effectively the final state consists of three
particles: the incident proton which is scattered
largely in the forward direction, the emitted par-
ticle, and the recoiling nucleus approximated by a
single state with some average excitation energy.
Our kinematic labels for these particles are given
in Fig. 1.

The expresssion for the differential cross sec-
tion is'

INCIDENT
PROTON —=

(Ep,P)

RESIDUAL

NUCLEUS
(Ek,k)

FORWARD
PROTON

LIGHT FRAGMENT

(Eq, q)

FIG. 1. Direct knockout model notation; the energy
and momenta labels of the three particles in the final
state are: measured fragment {E~,q), forward proton
(E&, p&), and residual nucleus (8&, k). The average ex-
citation energy of the residual nucleus is denoted as 8*.
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where p„ is the angle between p x tl and k x (p —fl).
The quantity T is the proton plus observed parti-
cle elastic scattering amplitude and F(k) is some
effective structure function. Within the single
scattering model F(k) gives the probability that
the ejected particle has momentum k in the nu-
cleus. The normalization constarit C can be inter-
preted by use of the relation
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where ~, is the mass of the observed particle and

ff is the effective number of target particles seen
by the. incoming proton. We note that for inclusive
proton data our analysis indicates that the effec-
tive number of target protons equals Z to a good
approximation.

Frankel' proposed that the expression on the
right hand side of (1) could be rewritten as

'- G(k &.)f(P, q),dQ dE )p q)

where f is a slowly varying function of p and q and
6 is a function only of the nuclear recoil moment-
um k, when k and P& are collinear. This is the
quasi-two-body scaling (QTBS) hypothesis, and
should be distinguished from the single scattering
model of Eq. (1). QTBS can be partially derived
from (1) when

~

T ~' is a much more slowly varying
function of k than F(k). This is roughly true for
backward inclusive proton scattering at interme-
diate energies, where we would expect a steep
falloff in F(k) because of the large internal mo-
menta required for the nuclear protons. In es-
sence, QTBS can be treated as an approximation
to the single scattering model where the k ~~pz

configuration dominates the cross section. QTBS
has enjoyed reasonable success in describing the
available backward inclusive proton spectra on a
wide variety of targets at intermediate energy.

As a first attempt at the fragmentation problem,
we try the QTBS approach. We show in Fig. 2 the
function G(k ~) for 300 MeV protons on Ag, with
the e particles being observed at 90' and 160'.
The ranges of k ~ covered at the two angles do not
overlap in this experiment, and it is clear from
the figure that the factor of 50 in the normalization
of the 90 vs 160' data cannot at all be explained
as due to the slowly varying function f(P, q).
Hence, QTBS is not an acceptable description of
the (P, a) reaction, although it gives us a hint that
the single scattering model might be, as the scal-
ing function G(k „)is of the form e '/'o for both

FIG. 2. The function G(km&~) for the Ag|'p, e) reaction
with incident proton energy of 300 MeV.

data sets.
To proceed with the direct knockout model, we

need either a model for F(k) or some phenomen-
ological way of isolating it so that it can be ex-
tracted from experiment. In a recent paper, Zab-
olitzky and Ey' have looked at the effect of correla-
tions on the ground state momentum distributions
of He and "O. They find that the correlations
modify the single particle contribution to the high
momentum part of the distribution considerably,
and obtain a function grossly of the form e ' 'o
with k, -150 MeV. This falloff is much less steep
than what one expects without correlations, for
which k, -'70 MeV.

To obtain a phenomenological expression for
F(k), we look at the expression for the differential
cross section at 180'. Then, in Eq. (1), the Q„
integration is simply a rotation around the beam
axis ) and

I

d'(7 qC
@de =2(2,)M M P)p P I

I'"' ()
where we have approximated 8~ by I„,since the
recoil and excitation energies are small compared
to the mass of the residual nucleus.

Now, as we will show in Sec. III, ~T ~' is a rap-
idly varying function of k, and has the approximate
form exp-Xk' where X =13 GeV 2. If F(k} is not
such a rapid function of k, then the integral can be
approximated by

X-'F(k,.) ir(k „)i'. (5)

Hence, we can extract F(k) directly from the 180'
data. Unfortunately, the THIUMF experiment did
not measure the 180' alphas, and so we must con-
tent ourselves with extrapolating the 160 data
whichwere obtained. We find that, indeed, F(k} is
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well represented by exp(-'k/ko) with ko
- 75 MeV.

As a consistency check, we observe that such a
functional form is more slowly varying than

~

T ~'

over the allowed kinematical range.
Now that we have F(k) explicitly, we can pro-

ceed with the predictions of the direct knockout
model.

III. PREDICTIONS FOR (p, o.) AND (p, pn)

The last ingredient for the calculation is the
p+ n elastic scattering amplitude. This is ob-
tained from a polynomial fit to the parametrized
cross section

der )I'dn&I

dt &dt),

where t is the four-momentum transfer squared.
To be consistent with our normalization for the
single scattering expression (1), we ignore spin
and write

—0.481 (ln Tq)',

y =4.863' ' ' GeV

(8)

(9)

dt 64ms(p, )2

where s is the total center-of-mass energy squared
and P, is the center-of-mass momentum. Our
fit to the data in the 250-600 MeV proton kinetic
energy range, ' is

ln(~T ~,~ ) =-15.828+7.8981nT&
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FIG. 3. Comparison of' the single scatter'ing model
predictions for Ag(p, n) X with experiment for the o. ob-
served at 90'.

ization of the data alone, there is at least a 25%
error associated with these numbers.

Since the two parameters of the model have been
determined by these fits, the amplitude for the
three-body final state is now completely defined
in this model. This means that the differential
cross section for either the recoil nucleus or the
forward proton in coincidence with the alpha can
be predicted.

where T~ is the lab energy of the incident proton
in MeV, and

~

T ~,~' is in mb —GeV'. We are then
left with two parameters, C and kp These are
fixed by fitting the backward (P, n) data at 210,
300, and 480 MeV incident proton energy. A com-
parison of our fits with the data are shown in Figs.
3 and 4. We find that k, = 78 MeV and

C
25(2 w)5M~M~,

(10)

has the value 0.20 GeV~. From this value of N,
the effective number of n particles seen by the in-
coming proton can be calculated by means of Eq.
(2):

n.„=(8vk, )'M ~

l00-

lO-
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0
o 480 MeV DATA x lO
~ 500 MeV DATA

which gives 5.6 for the e'ffective number of n's.
Similar calculations have been done for (P, n)

data" taken on 'Be and "Al with 500 MeV protons
(Figs. 5 and 6), the n particle being detected at
120'. The same slope parameter k, is found for
these reactions as well, and the effective number
of alphas is found to be -0.3 for 'Be and -1.5 for
"Al. Owing to the error on the absolute normal-

40 60
Tq(MeV)

80

FIG. 4. Comparison of the single scattering model
predictions for Ag(p, n) X with experiment for the n ob-
served at 160 .



20 DIRECT KNOCKOUT MODEL FOR NUCLEAR FRAGMENTATION 1881

L

C)

wO, I-
bm
D Q

that

Tp= Tp + T + 5++ T~. (12)

The last two terms will sum to perhaps 20 MeV,
so that, for 40 ~ T, ~90 MeV, T~ will be fairly
large, especially for large T~. This relationship
then says that T~ willbe roughly the same, indepen-

Py

dent of 8&,~, the angle between the forward pro-
ton and the beam axis. Hence, a measure of Tp&

in the (p, po. ) reaction should give a good measure
of 8*.

In light of the above, we focus our attention on
the (p, pn) reaction. We will calculate d'o/dQ,
dAQE„ integrating over k and ~pz ~

to get rid of
the four dimensional delta function. We find

40 60
T&{MeV)

Io

FIG. 5. Comparison of the single scattering model for
Be(p, 0.) X with experiment. The incident proton energy

is 500 MeV and the alpha is observed at 120'.

O'

dQf dQ, dE,

M~,pf
P [P&(E&+M&—E&) —

Ip qI E& cosII&]

x F(&) ~&)', (13)

In our calculation we have set the average ex-
citation energy of the residual nucleus A. ' equal
to zero. In reality the residual nucleus will carry
some excitation energy. Evaporation calculations
indicate that the average excitation is in the 10-20
Me V range so that a large number of residual nu-
clear states contribute to the inclusive cross sec-
tion. This would undoubtedly complicate the inter-
pretation of alpha plus recoil nucleus coincidence
experiments.

On the other hand the binding energy per nucleon
is grossly the same for all the states involved so

where 8& is the angle between p& and p —tl. As a
sample calculation, we have looked at 300 MeV
protons producing z particles at 90' and 160'.
The differential cross section for the forward
protons is shown in Figs. V and 8. We have chosen
the kinetic energies of the alphas to be 40, 70, and
100 MeV. The angle 8& is positive for the proton
on the opposite side of the beam from the alpha,
and the particles are all taken to be coplanar.
As before, 8* is set equal to zero.
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FIG. 6. Comparison of the single scattering model for
27A1(p, n) X with experiment. Same conditions as with
Fig. 5.

FIG. 7. Predictions of the single scattering model for
Ag(p, pn) X with 300 MeV protons and the alpha at 160 .
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FIG. 8. Predictions of the single scattering model for
Ag(P, pe) X with 300 MeV protons and. the alpha at 90'.

IV. DISCUSSION AND CONCLUSION

We have shown that the inclusive (p, a) data at
backward n angles are well described in terms
of a single scattering mechanism. From the model
amplitude cross section for the (p, p~) reaction
for n's in the backward'. hemisphere is predicted.
While our sample calculation was for Ag(P, Pn)X,
we feel confident about our predictions for any
target with 20 &A ~120. Measurement of the

(P,Pn) reaction should provide a reasonable test
of this model, provided multiple scattering effects
are not too important for the proton.

The two parameters of the model, C and ko, are
extracted by a fit to the ( P, a) data (this is not a
least X' fit, as the computing costs would have been
fairly high). Presently, we do not have any a pr-
ior way of determining these parameters, but
sbme comments on their values are worth making.
The value of k, that was obtained is within 10% if
the value found for the ( P, P') reaction This is.
not unreasonable if the structure function F(k)
=e ' 'o approximately represents the probability
of having a nucleon of momentum k. Then, the

probability of finding N nucleons in a cluster with
momentum k, would be roughly proportional to

(e 0) N e-0/ Q (14)

While this argument is quite crude, it indicates
that k, should not vary dramatically from one
emitted cluster to the next.

The constant C is more of an enigma. It should
really be a product of three effects:

(1) the probability of cluster formation, as dis-
cussed above,

(2) the probability that the cluster will not be
rescattered after it is struck by the proton,

(2) the probability that the cluster is emitted with
sufficiently small excitation energy that it will not
break up after leaving the nucleus. It is unlikely
that this will be important for alpha particles, but
may be significant for higher mass fragments.

It is of interest to look at the A dependence of
the effective number of alpha particles. We ex-
pect that rescattering effects which decrease the
cross section should become more important as
A increases. The fact that our n,« increases
monotonically with A could then be interpreted as
indicating that the probability of cluster formation
is a rapidly increasing function of A. We note
that this behavior of n,« is different from that ob-
tained by Dollhopf et al." in the (n, 2o.) reaction.
There, n,«was found to increase with A in the
range 6 &A & 23 and tended to be constant for high-
er mass targets.

It is likely that rescattering effects are more
important in (n, 2a) and lead to this discrepancy.
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