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Direct emission models which have been proposed for hadronically induced inclusive reactions are tested by
comparison with electromagnetically induced reactions. It is found that proton emission in both (p,p’) and (y,p)
reactions is consistently described by a direct emission model. The available {e,cx) data are sufficiently sensitive to
‘the assumed residual excitation energy of the model that a firm conclusion cannot be drawn for the role of direct
emission in fragmentation processes. Predictions for particle multiplicities corrésponding to two direct emission -

models are discussed.

reactions at intermediate energies; predictions of charged particle multiplici

[NUCLEAR REAC.TIONS Test of models for (#,p"), (v,p), (p,), and (e,a) :l

ties in (p,%’) reaction.

L INTRODUCTION

A considerable amount of theoretical work*™ in
recent years has gone into trying to understand the
emission at backward angles of protons and light
fragments carrying a fair fraction of the incident
projectile’s energy. There seems to be a growing
amount of evidence that the reaction mechanism is
not one which involves emission of these particles
from a thermally equilibrated excited nucleuns.

The evidence is as follows:

(1) The target dependence of the double differ-
ential inclusive cross section d%g/dRdE for pro-
tons emitted with kinetic energy of 100-200 MeV
(incident energy of 500-800 MeV) shows?*™® that
the cross section increases roughly as the mass
number of the target A, for targets from *He to
BT, I is difficult to believe that “He could be-
have like a thermally equilibrated system with
gseveral hundred MeV excitation energy. Since the
cross section for heavier targets than *He just in-
crease roughly as the number of nucleons in the
target,? then presumably proton emission for
heavy targets is also not exclusively from some
thermally equilibrated system. '

{2) The analyzing power® % for proton emission
at 90° has values which are typically in the 10-20%
range. This is in sharp contrast with @-particle
emission at the same energies and angles, where
the analyzing power® is very close to zero. Again,
this indicates that the protons do not come from a
source in which the knowledge of the incident pro-
jectile has been lost.

(3) Caleulations®® involving multiple high momen-
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tum transfer collisions of the incident proton with
nucleons having a sharp cutoff in the momentm
space wave function underestimate the cross sec-
tion by at least an order of magnitude. -

In summary, it is very likely that the incident
proton and the cbserved proton have suffered only
a very few collisions during the reaction. Shown
in Fig. 1 ig the ratio of d%/dQ4E for the (e, @) to
{(p, @) reactions®™ * on a nickel target at similar
projectile energies and the same a-particle ener-
gy. It is clear that although the (e, @) cross sec-
tion is less forward peaked than (p, @), the ratio
of the cross sections is roughly equal to the elec-
tromagnetic fine structure constant squared, &, =,
¥ one believes that the (p, @) and (e, @) reactions
have a common mechanism, then this result tends
to argue that a significant fraction of the events
require only one scattering of the projectile to pro-
duce the ejectile. This conclusion also is sup-
ported by a multiple scattering calculation®® re-
cently done in 10-100 MeV proton induced reac-
tions. Hence, we will concentrate our attention on
possible mechanisms which involve only one or
two collisions of the incident projectile,

The purpose of this paper is to use electromag-
netic probes to test the models proposed for pro-
ton induced reactions (including the normalization).
In Sec. I we will outline a direct emission model
for the (p,p’) reaction, and apply it to the (»,p)
reaction,’** Section HI will extend this model to
the {p, @} reaction,* ® and then contrast its pre-
dictions for (e, @) with experiment,®5%% Other
tests of these models will be discussed in Sec. IV,
and the conclusions presented in Sec. V.
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II. DIRECT EMISSION MODEL FOR (p.p") AND {v,p)

The bagic assumptlion of our model is that the nucleons in the final state can be separated into two
groups: the participants in the reaction which carry off significant recoil momentum and spectators
which do not, The inclusive cross section then becomes a sum over terms with different nimbers of re-
coiling participants, and for the (p,p’} reaction takes the general form (adopting the convention of

Bjorken and Drell for spinless objects)™

ds _ 1 Elradi+1) d3 ;
Ty “TCVBE, &

- where we use the labels p, ¢, pp, and %, for the
momaenta of the incident projectile, observed pro-
ton, scattered projectile (after the collision}, and
recoiling participants, respectively. It is assumed
that the remaining A, —i — 1 nucleons are at rest
before and after collision. If the observed back-
ward going proton is preduced in a direct collision
with the projectile it must possess a sizable mo-
mentum inside the nucleus before it is struck.
Recent calculations® ® jndicate that high momen-
tum components arise from short-range two-hody
or few-body correlations. Also we have argued in
Sec. I that the data suggest that the number of col-
lisions the incident projectile undergoes is small.
Taken together, these facts suggest that the im-
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FIG. 1. Ratio of d%/dQdE for the (e, ) reaction
(Ref. 31) fo the (p, @) reaction (Ref. 32). Data for both
are taken on a nickel target with T,=120 MeV, T,=100
MeV, and 7',= 30 MeV,
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portant terms in Eq. (1) are those where ¢ is small
and, furthermore, that the recoiling participants
are emitted into a fairly limited region of phase
space. We therefore replace the phase space in-
tegral [ 11,d%,/E, by an integration over a limited
invariant mass spec_:trum and choose a parametriz-
ation of 7, which gives the inclusive cross section
the form

d’c _ 1 aivl)
T TEVGE, 3y My,

xf%d%b,_{}f)n(k)iﬂz

x6*energy-momentum), (2)

where K is the total four-momentum of the recoil-
ing i-nucleon jet (% is the three-momentum) and

YOS S U

is its invariant mass distribution. The quantity T
is the elementary nucleon-nucleon scattering am-
plitude evaluated at ¢ = (p —p)? and its presence in
(2) reflects the direct nature of the reaction. The
remaining dependence of the cross section on the
kinematic variables is summarized in the struc-
ture function n. The recoiling participants attain
the momentum % through few-body momentum
correlations in the initial state or multiple scat~
tering in the collision. In either case the prob-
ability of imparting a large momentum is small
which suggests that it is reasonable to take # to be
a function only of 2. We note that in a plane wave
impulse approximation picture #(%) is the single
nucleon inclusive momentum distribution but we
emphasize that the fom of Eq. (2) is more general
than that,

Our particular parametrization of the weighting
factor is 2, =g"" where g is a constant. A second
parameter %k, appears in the expression for the
structure function z(k) which is chosen to be

o)

The normalization constant C in the above equa-

n (k) = =CF (k). @
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tion was determined by the approximate normaliza-
tion comdition

Ap=1
¢ [FR)EE 5 o
AT: 2 3 izl >
(2r) M,
where we have assumed that the incident projectile
‘can scatter off any of the nucleons in the nucleus.
{The average bound nucleon mass M is taken to
be 31,5 MeV.)
The parametrization of the elementary -N am-
plitude was chosen as follows. The elastic and

charge exchange NN differential cross sections
have the form®”

(5)

d
Etg =Ae"/(Bdrm®p?) , (8)

where ¢ is the four-momentum transfer squared.
In the energy range of interest,  has a value of
~10 GeV™? for pp elastic scattering and ~30 GeV™2
for prn charge exchange (charge exchange is re-
quired if the struck object in the nucleus is to
emerge as a proton), However, the projectile is
probably striking a two-nucleon system at short
separation. Qur only hints for the appropriate
value of b for such a system come from p-2H elas-
tic .scattering®™ > (p~25 GeV™?) or p-*He elas-
tic scattering®®~% (3~ 23 GoeV8), As a compromise
we chose b=15 GeV? for p <20 GeV/c, and =21
GeV~2 for p =400 GeV/c. The constant A was de-
termined by setting the integral of Eq. (6) equal to
the total NN cross section, which we chose for
convenience as 40 mb throughout the energy range.
For the purpose of the inclusive emission caleula-
tion,  was defined by the vectors ﬁ and ﬁf, and
the appropriate energy was Simply defined as the
energy of the projectile.

To take into account the distribuiion of invariant
masses the function D, (K) was introduced into Eq.
(2). In the limit n,~ 0, D (K) =400 (k) -m?)/
201, (k) and the d% integral becomes the usual d%
integral on-shell. For the purposes of the calcu-
lation, we chose 9 to be equal to i times the free
nucleon mass, and 1; to be ¢ times 15 MeV, Fora
single nucleon recoiling, we eliminated the distri-
bution and simply put the nucleon mass equal to
the free mass plus 10 MeV for the excitation ener-
gy of the residual system.

After the energy-momentum delta function is in-
tegrated out, there will be three remaining inte-
grals to evaluate. For two of these, we use an
analytical approximation descrived in the Appen-
dix, while fhe third, which we choose to be over
the invariant mass, is done numerically by using
Simpson’s approximation.

The parameters 2, and g are determined by fit-
ting the 800 MeV data of Frankel ef al.2™2% For

®1i and "Be targets, the data were well described
by %2,=120 MeV/c and g=0.9, while for Ta the
same value of & required k,=130 MeV. A least x?
fit was not attempted, but it is likely that both pa-
rameters eould be changed by up to 10% without
seriously affecting the fit. (Of course, the param-
eters cannot be independently varied by 10%; de-
creasing %, requires increasing £.) The results
are shown in Fig. 2. The energy dependence of
the model was tested by comparison with p =6 and
400 GeV/c data®2® taken with a Be target. Shown
in Fig. 3 is the comparison at least 6 GeV/c,
along with the contribution of each term in Eq. (2)
0 their sum (data are only available at 1629, The
predictions at 400 GeV are shown in Fig. 4, and
although the angular dependence is not too {ar off,
there is an obvious deterioration in the quality of
the fit,

To test whether this model actually accounts for
a gignificant part of the inclusive (p,p’) cross
section, i.e., whether the structure function does
have a large high momentum tail, we can use the
model to make predictions for other reactions
whose only unknown is the structure function.

A good candidate for such a test is the (7,2) re-
action. Although this reaction has been studied
previously (see, for example, Refs. 63-66), the

sr nucleon)
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FIG. 2. Comparigon of direct knockout model with ex—
periment Refs, 21-23) at 300 MeV incident proton
kinetic energy, The upper set of curves is for protons
observed at 100° while the lower set is for 158°, The
values of the parameters are g=0.9, k=120 MeV/c¢ for
Li and Be; g=0.9, ;=130 MeV for Ta.
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FIG. 8. Comparison of direct knockout model predic-
tions for Be(p,p")X experiment (Ref, 26) at 6 GeV/e
incident proton momentum. Contribution of several i
mueleon jeis is shown,

niodels generally involve an arbitrary (or poorly
determined) normalization constant (such as ap-
pears in the guasideuteron model)®® which often
varies with the incident photon energy, or brems-
strahlung end point energy.”® The approach taken
here will be to assume that the incident photon is
captured by one off-shell proton, as in the (p,5")
direct knockout model. (This is similar to a2 mod-
el proposed in Ref. 67.) The differential cross
section for an incident photon of energy E, is then
of the form
d%c gy
% 2°(n) 2E E,

ai z+1)

i=L

x_”d“KDf (E)n(k)Y | T|26*(energy-momentum),
("
where Di(K) and (k) are defined in Egs. (3) and
(4}, the normalization Eg. (5} changing with the

replacement of 4, by the number of protons in the
target Z,. The Y-p vertex has the form

3| 7l=er Sleva 2, ®)
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FIG. 4, Comparison of direct knockout model predic-
tions for Be(p,p")X with experiment (Ref. 28) at 400
GeV incident proton energy. The upper curve is for
protons observed at 90°, while the lower is for 180°,

where e is the electromagnetic charge, « the pho-
ton polarization vector, and J the proton eleciro-
magnetic current. Summing over spins, we have

f |€J |2=4425in%0, + 2 E,2(1 +x)*

+ higher order terms. )

For comparison with a bremsstrahlung photon
spectrum N(E,) the expression becomes

(10)

where®
= (1/E,} f N(E)E,dE, (11)

and E, is the bremsstrahlung end point energy. We
have used the expression for N(E,} derived by
Schiff,

The predictions of the model for £,=1050 MeV
bremsstrahlung photons® are shown on Fig, 5.
The agreement is remarkably good considering
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FIG, 5. (a) Comparison of direct knockout model with

2¢(y,p)X data (Ref. 38) for Ey=1050 MeV at 43°, 90°,
and 154°, The parameters used are g=0.9, k=120

MeV/e. () Comparison of a quasideuteron model caleu-

lation (Ref. 66) with 2C(y,p)X data (Ref, 38).

the approximations made in fixing the normaliza-
tion from the {p,p’) reactions. The data provide
the best test of the calculations since the emitted
protons have more than 100 MeV kinetic energy
(so one is again looking at high recoil momentum),
but the photons required to produce them are not
near the kinematic limit of the bremsstrahlung
spectrum. The calculations were tried for lower
values of the end point energy® and it was found

‘that the model began to systematically overpredict

the data by E,~600 MeV. For example, results
for £,=335 MeV on a Li target*® are shown in
Fig. 6. The reason for the overprediction very
likely lies in the fact that the residual excitation
energy in this model cannot be properly deter-
mined from the {p,p’) reaction. Hence, as the
proton energy comes closer to the kinematie lim-
its, the calculation will be less reliable.

Lastly, shown for comparison in Fig. 5is a
quagideuteron model calculation from Ref. 66,
Most of the parameters in the calculation were
determined by fitting low £, data, and the calcula-
tion was then performed for large E, Within the
context of the calculation of Ref. 66, the quasideu-
teron constant L would have to be made a function

)
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FIG, 6, Comparison of direct knockouf model (solid
curves) with Li{y,p)X data (Ref. 37) for Ey= 335 MeV at
30°, 61°, and 96°, Also shown are the quasideuteron
model results (Ref, 86) (dashed curves),
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of E, to obtain satisfactory agreement over the
1001000 MeV energy range.

IIl. DIRECT EMISSION MODEL FOR ( p,o) AND {e )

In a previous paper,™ we proposed a direct
knockout model for (p,«} in which the interac-
tion of the incident proton was limited to the four
nucleons which actually formed the observed alpha
particle, and this interaction was approximated by
- the free p. amplitude. The fit to the data was
good inthe 200 -500 MeV incident protonkinetic ener -
gy range, as hadbeenfound in previous applications
of such a model to Iow energy reactions,”" How-
ever, some features of the highly localized inter-
action proposed above, such as the existence of a
quasifree peak in the differential cross section or
a nonzero analyzing power, do not appear to be
observed experimentally,?®

The model which we used contains one parameter
more than those involved in the (p,p’) direct
knockout model, namely the alpha cluster forma-
tion probability. (This may go by several aliases,
but is essentially a normalization constant.) There

‘was no a priovi way of assigning a value to this
number, other than that the effective number of
alpha particles in the target should not exceed
Ap/4 by much (given all the other approximations).
Indeed, the phenomenclogically determined num-
ber was only 10 to 20% of A;/4, and so there was
no problem with conservation of probability.

A good test of this normalization constant would
be to look at an electromagunetic interaction, in
the same vein as we looked at (v,p) to test the
model of {p,p’). Our only choice is (e, @}, al-
though the data available are at an energy for
which the model may be beginning to lose some of
its validity. The results which will be presented
do not depend significantly on whether coherent re-
coil is assumed for the residual nucleus {as was
done in Ref. 70}, or a variable number of nucleons
is allowed as in Eq. (2}, as long as the calculation
is done in a consistent fagshion. We extend the
model which we have used for (p,p’) to both (p, @)
and (e, o).

For the (p,a) reactlon, Eq. (2} becomes

d” 1 la ¢ +4)
d’g’ 24(211)pE ‘ M 7,

el

xf‘md%'ﬂ (K)n(r)|T,,|?
E, i po
X 8*energy-momentum) ,

' {12)

where T, is taken to be the free proton-‘He elas-
tic scattering matrix element, and »n (%) is now the
probability for finding an ¢-nucleon recoiling jet

with momentum % accompanying an o particle. It

is normalized by

a, In(k)dsk, - (1

where n ., is the effective number of o’s in the
nucleus, and is treated as an adjustable param-
eter.

The results of a caleulation using £=0.9 and %,
=120 MeV/c [from the (p,p’) analysis] are shown
in Fig. 7. The normalization required n_,,~13,
so that #,,, =%(A/4) was used for the (e, @) calcu-
lation. Since our main interest is in the magnitude
of the (e, @) cross section we did not try to im-
prove upon the fit shown in Fig. 7.

Agsuming a direct knockout model with single
photon exchange, the differential cross sectlon for
the (e, @) reaction is given by

2
_dfg 1 0

dQdE,” 2P " dm? Iy E—i_(Miﬁ'—
r

Ar-d

d )
Xf%dEkﬂi(K}n(kMTeu [28{enerey},
(14}
where k=5 - J -, and where we have changed the
normahzatmn convention to that appropriate to &

spin-% object scattering from a spin-0 object.
Here, m, is the electron mass. Now, |T,,|is

T T T El T
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0= 160°
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FIG, 7, Comparison of direct knoekout model with

Ag(p, )X data (Ref, 73) for T,= 480 MeV at 90° and 160°,
Normalization required ny,=13.
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given by
_ 2 €
lTeo:|2“"Fal mezqz

X sin® [—_L4E*2E : sin'e,

1
¢ (E--Ef)z_ t_ cos (¢f ‘f’q)—;] ;

(15)

where { is the four-momentum transfer squared
between the incoming and outgoing electron, and
the alpha electromagnetic form factor is given by

Fo(0)=2(1+2.331)e%¥¢ {18)

where £ is in units of GeV-2,

Rewriting d"‘pf as p,%ip,d cose,dg,, the inl in-
tegral can be used to eliminate the energy con-
serving delta function. We then assume the for.
ward peaking approximation, so that the ¢ s inte-
gral ig set equal to 27, and the ¢, integral yields

4 . 2
J’|.T“|?d9, = |F, {2 ;E?qz sin® m

4 E?E 2
x 2 2 f -
[(E +E, n“(rn_““—:(E-E,e)z) 4EEf] ,
17)
where E, and F, are evaluated at 6,=0°. The re-

sults of the calculatmn are shown 1n Fig. 8 for
=120 MeV.

The predictions clearly overestimate the ex-
perimental data and do not reproduce the shape of
the angular distribution particularly well. Because
the energy of the incident electron is only 120 MeV,
the predictions will be sensitive 1o the excitation
energy of the residual spectator system. In the
calculation, this was set equal o zero as was done
for the (p,p’) model, However, the removal of an
a-particle presumably leaves the nucleus in a
more excited state than does removal of a proton,
To see the effect that giving an excitation energy
to the residual system would have on the predic-
tions, we also show in the figure the resuits of a
calculation done with an average excitation energy
of 20 MeV. [The {(p, @) calculation was performed
with this excitation energy first, and showed that
Mg had to be equal to Ar/4.] One can see that the
predicted cross section is reduced considerably,
although the angular shape is still not reproduced.

IV. CHARGED PARTICLE MULTIPLICITIES

To test direct emission or other models in
greater detail, one must look toward less inclusive
experiments. An attempt has already been madel?
to calculate the (p, 2p) cross sections for some
of the models to see if there is a leading particle
effect in the forward direction. Particle multiplic-
ities have also been calculated for the light recoil

T T T T

natyife, 2 )X
T = 120MeV

1 1 ) 1 ! 1 1 LY
40 60 80 100 120 140

6,

FIG. 8. Comparison of direet knockout model predic-
tions for Ni(e, @)X with experiment (Ref. 31). The upper
two eurves-are for T, =30 MeV, the lower for T, =50
MeV. The solid curve corresponds to no excitation
energy in the spectator nuclens, while the dashed curve
corregponds to 20 MeV,

direct knockout model® which was the precursor
of the model developed here. We have made an
estimate of the charged particle multiplicities
{triggered on an energetic proton) of the model
outlined in Sec. II, and for the correlated cluster
model of Fujita.” First, we will deal with the di-
rect knockout model.

In the invariant mass distribution which wag
shown in Eq. (3) no distinction is made between
bound and unbound states, so that it is not possible
to obtain a unigue prediction for the charged par-
ticle multiplicity. We will consider two extreme
cases.

{a) All emitted particles are free. For a target
of Ay nucleons of which Z, are protons, the
charged multiplicity is

Grpd= 1+ATZ-:1( ) ( ), (18)

iel
where the o; represent the partial cross sections
and the 1 comes from the incident proton.
(b) All particles emitted with 91,(k) above the ;
free particle mass are free, and all those below
are bound into one charged fragment. Then
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Ap-1 Z Ar-1 B
M) =1+ 2 [Zzz 0,(F) +0'i(<F)] / g [o—i CF) +0,(<F)], (19)

where o(&F) refers to the ith partial cross section
with 3, greater than or less than the ¢ free parti-
cle mass. These predictions are shown in Figs.

9 and 10.

For comparison we show the results for charged
particle multiplicities predicted by the correlated
cluster model of Fujita using Eq. (4.8) of Ref. T
(curves labeled cc in Fig, 10). This model is also
based on the direct emission picture and provides
a reasonable description of inclusive (p,p’) cross
sections in the 0.6 to 0.8 GeV range. The multi-
plicities in the correlated cluster model are very
different from ours and at high incident energies
are essentially constant as a function of the ob-
served proton momentum. I is not clear how
seriously one can take this latter prediction since
this model tends to greatly overestimate the dif-
ferential cross section at high energy. This is
shown in Fig. 11 where a comparison is made of
the correlated cluster calculation with Be(p,p’)X
data at incident proton energles of 0.8 and 5.14
GeV. We conclude that this model is, at best, ap-
plicable over a very limited range of energies.

V. DISCUSSION AND CONCLUSIONS

We have developed a model for the inclusive
{(p;p’) reaction based on the ideas that the recoil-

Belp, p')X
Tp= 0.8Gev

T
— 8 =100° .
4l —~——8q =160° e T A

-

(N}

100 200 300
Ta{Mev)

FIG. 9. Predictions of direct lmockout model for {n 4}
at T,=800 MeV on Be, The angle of the trigger proton
is 100° for the solid curve and 160° for the dashed
curve., The upper curves are from model I and the
lower two from model II,

Iing participants in the reaction are emitted in a
limited phase space region and the dominant fall-
off of the cross section is given by a function of
the total recoil momentum. With two energy inde-
pendent parameters the model gives a good de-
scription of large-angle inclusive cross sections
for incident proton energies from 0.8 to 400 GeV.
Thig is extended (with no change of parameters)
to the {¥,p) reaction bremsstrahlung photons) and
good agreement is obtained for 2¥Cly, )X with a
photon end point energy E, of 1.05 GeV. At E,
=0.335 GeV, where the observed protons are clos-
er to the kinematic limit, the model systematically
overestimates the cross section. This is probably
an indication that the strict spectator approxima-
tion used here is not appropriate when the recoil
energy becomes too small, In any case our de-
scription is as good as the quasideuteron model
which is the standard deseription of high energy
photodisintegration.

The structure function n(%) represents the prob.-
ability of producing the final recoil state either

Be(p,p’} X
Bq=160°
"-'-—Tp= 0.8GeV
4F - Ty=3Gev 1
“——T, =10 GaV -
P e
e
.—f""/
sl I _~ i
gy T
21 N
1+ ccC 4
00 200 300 .
Ta{MeV)

FIG, 10, Predictions of direct knockouf model for
{nep) at Tp=0.8, 8, and 10 GeV with a proton trigger at
180°, The upper three curves are for model 1, the
middle two for model II, and the lower two for the cor-
related cluster model (Ref. 7). Only for model I are the
3 and 10 GeV predictions distinguishable,
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FIG. 11, Predictions of correlated cluster model for
Be(p,p")X at 9,=160" and T,=0.8 and 5,14 GeV.

through multiple collisions or correlations in the
initial state wave function. In the plane wave im-
pulse approximation n(k) would be interpreted as
the single nucleon momentum distribution. Al-
though the parametrization Eq. (2) is more general
than that, the exponential falloif of our phenomenoc-
logical #{k) [Eq. (4) with 2,=120 to 130 MeV/c] is
nearly the same as the behavior of the high mo-
mentum tail of the single nucleon momentum dis-
tribution calculated by Zabolitsky and Ey, Fur-
thermore, with the normalization of Eg. (5) the
magnitude of #{k} is about a factor of 2 larger

than the calculated single nucleon momentun dis-
tribution at high momentum (for the Reid soft core
N-N potential). In other words ihe recoil states
produced in inclusive reactions are similar to
those invclved in high momentum ground state cor-
relations which provides good evidence for the di-
rect nature of the reaction mechanism.

The value of g found in the fit- may appear to be
somewhat surprising at first, but is probably not
unreasonable. Among the approximations which
we have used, the 2 +{ body-phase space of Eq.

(1) was approximated by a 3-body phase space in
Eq. {2), Since this phase space grows as a power
of 4, the “real” value of g would be less if this

approximation had not been made. Other evidence
that a large value of g is not- unwarranted comes
from the relative differential cross sections for
heavy fragment production. One finds*™-*! that
after a rapid drop in cross section in going from
inclusive proton to inclusive o production, the de-
crease for heavy fragment emission is slow for
increasing fragment mass. I heavy fragment
emission has its origins in some multiple scatter-
ing mechanism, then the probability for myltiple
scattering does not decrease i-a.pidly with increas-
ing number of collisions (most of these “extra”
collisions are of low momenta compared to the

"injtial momentum given the struck nucleon, and

will have a larger cross section if the momentum
is low enough),
A similar model wasg then developed for proton

- induced @ emission. No attempt was made to get

a best fit to all of the (p, @) data, insofar as we
were largely interested in obtaining the magnitude
of the cross section. As in the proton emission
case, the model was then extended to an electro-
magnetically induced reaction, namely (e, @),
Assurming the sanie parameters as found for the
{p,p’) reaction, and adding no excitation energy
to the residual spectator system, it was found that
the predicted cross section was up to'an order of
magnitude larger than the data, and was much ..
more sideways peaked than the data.

However, because the energy of the incident
electron is only 120 MeV for these data, and
therefore the assumed invariant mass distribu-
tions are broad compared to the available phase
space, the calculations are sensitive 'to the excita-
tion energy assumed for the residual system. It
was found that when an average exciation energy of
20 MeV was put into the residual spectator sys-
tem, the magnitude of the predictions was reduced
by a factor of 3-10 although the sideways peaking
was not significantly changed,

To sort this problem out, it would be most use-
ful to have data on electron induced fragmentation
at electron energies of at least 400 MeV, so that
a 50 MeV emitted fragment, for example, is not
near the kinematic limits of the experiment. Un#il
such data are available, it will be difficult to draw
any firm conclusions about the mechanism for
fragment emission. At the present time, it would
appear that models which assume o emission from
a thermally equilibrafed source have difficulty ex-
plaining the rather unusual constraints placed by
experiment on the nature of the source.”™ How-
ever, if the lack of sideways peaking in the (e, a)
data persists to higher energies, then it is likely
that the projectile-fragment interaction will have
to be treated in more detail, as has been attempted
in the pre-equilibrium models.™ ™
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APPENDIX

Because Eq, (2) involves a triple integral after
removal of the energy and momentum conserving
delta functions, it was decided to develop an ap-
proximation for two of the integrals and use Simp.
son’s approximation to numerically evaluate the
third. We begin by rewriting Eq. {2) as

d*c 1 g (i+1) J‘

d% 27(2n)pE, :2:1: My, D, oy Jow, dom, I Gm,)
(A1)

where

. .
I{om,) = I%L— @*kd%, 8*(energy-momentum) ,
r iy

(AZ)
J

‘rE
1tom,) ~—AC me-g[

PSPEE, J;

where ¢ is the angle between p — g and the beam
and ¥= 0; = Omy. Since o and ., are usually
small, the integral can be approximated by

= =ycL
AC -E(prpf+ mul) , (AS)

0%}~ B3PE, 5, ° kok

~ 20D, sin(r+ Gy )+ L= sin(a—y - g,

Q
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The £ integral is used to integrate out the momen-
tum conserving 5 function, and the inl integral
the energy conserving 8 function {the angles are
defined with respect to the beam)

R T2
I@n)= f;;f;wd cosb,do,, (A3)

where

PSP = 'pf(E El)+—(qcose -p,) cost,

(A4)

1 :
+E—kq sinf, cosg, sinf,

From the form of # (%) and | T|? adopted in the
model [Eqs. (4) and (6)] at large % the numerator
of the integrand has the form

AC ght-t/ 2y = AC ot (A5)

" which has a maximum at

: Ip—qlsing,
B, L
S 9B ko + 1P — gl cosd,

=giné, .. . (A6)

This expression can be solved iteratively, but in
practice, the angle is sufficiently close to 0° that
one can substitute the values of p; and % at 0° and
obtain a reasonably close answer ( by is & very
slowly varying function of 6, at small §;). Assum-
ing that PSP and E, are slowly varying functions
of & and ¢, (which is true for large E,), then

- - _
! ax )]‘ siny d£ d¢, , (A7)

where all quantities are to be evaluated at Oy
In tests of -this approximation, we found that it
was generally accurate to about 20% for &> 15
GeVv™2,
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