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In intermediate energy heavy-ion projectile fragmentation the width of the transverse
momentum distribution for a given fragment mass depends on the charge number of the
fragment. The greater the charge number, the smaller is the width of the transverse
momentum distribution. Such a charge effect may be explained in terms of a Coulomb fi-
nal state interaction between the fragment and the protons dissociated from the projectile.
With simple assumptions concerning the fragmentation process, analytic expressions for
the momentum dispersions are obtained and are found to give good agreement with experi-
mental results.

NUCLEAR REACTIONS Heavy ions. Projectile fragmentation. In-
termediate energy. Coulomb final state interaction. Calculate o&', o ~~'.

Ideally, fragment momentum distributions in
projectile fragmentation provide useful information
on the nuclear ground state. The dispersions of the
fragment momentum distributions measure the
magnitude of the Fermi momentum. ' The high
energy end of the fragment spectra may reflect the
high momentum tail of subsystems inside a nu-

cleus. The momentum distribution for single
nucleon removal exhibits sensitivity to the Wigner
function on the nuclear surface.

In reality, the connection between measured
momentum spectra and nuclear ground state prop-
erties is modified by important corrections. The
Pauli exclusion principle has the effect of reducing
the width of the momentum distribution. The an-

gular distributions of nuclear fragments at inter-
mediate energies are influenced by the deflection of
the projectile in the field of the target. Final state
interactions are expected to play a role in the ob-
served fragment momentum distributions.

In this regard, Legrain has recently pointed out
striking systematics in fragment angular distribu-
tions for E/2=100 MeV/nucleon which seems to
be a general feature for all existing data: Ar + C
at 118 MeV/nucleon '; ' 0 + Al, Au at 90, 100,
and 120 MeV/nucleon "', and ' C + Ag at 86
MeV/nucleon. ' In the projectile fragmentation re-
gion for these reactions, the widths of the angular
distributions for fragments with different masses

follow approximately the description of an intrinsic
momentum distribution modified by orbital disper-
sion. However, for fragments with the same mass
but different charge nuinbers Zz, there is a small
but systematic decrease in the widths as the charge
number increases. For the longitudinal momentum
distributions, there is some hint that a similar
charge effect is present but with a much reduced
magnitude. ' '"

Figure 1 shows data for Ar and ' 0 projectiles
in terms of the dispersion of the transverse momen-
tum distribution crt The r.egular progression of
widths through the valley of stability for all isobars
rules out any explanations based on Q values.
Differing Fermi momenta for neutrons and protons
must also be excluded, as the required difference
(boo-25 MeV/c) is far too large to be reconciled
with other existing data. In any case, such a differ-
ence would produce a corresponding dependence in
the longitudinal distributions as well. This, howev-

er, is not observed. Because of the charge depen-
dence of the effect, a Coulomb final state interac-
tion is strongly suggested.

It is evident that the Coulomb interaction be-
tween the projectile spectator and the target cannot
explain the effect, as the transverse widths for ' 0
+ Al are essentially identical to those with the Au

target, whereas the charges of the targets differ
greatly. What remains is the possibility of a
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FIG. 1. Transverse momentum widths oj as a func-
tion of ZF and I' for the reactions (a) Ar + C, 118
MeV/nucleon (Ref. 10); (b) ' 0 + Al, 100 MeV/nucleon
(Ref. 11); (c) ' 0 + Au 100 MeV/nucleon (Ref. 11). The
lines represent the calculated transverse momenta with
the Coulomb final state interaction as described in the
text.

Coulomb final state interaction between the projec-
tile spectator (the observed fragment) and the nu-

clear matter removed from it.
In order to give a quantitative estimate of the ef-

fect of the Coulomb final state interaction, it is
necessary to construct a concrete picture of the pro-
cess. Two scenarios may be shown to be incompati-

ble with data, at least as the predominant mechan-
ism, leaving a third plausible description. If the
projectile were to equilibrate after scattering and
then only later decay into the observed fragment,
the effect due to the final state interaction will be
independent of direction. This is not the case, judg-
ing from the weak charge effect in the longitudinal
direction contrasted with the strong charge effect in

the transverse direction. Also, if the projectile of
charge number Zz were to break up into two mas-
sive fragments, the final-state interaction would
contribute to the width as ZF(Z„—Zz). This is
also not the case, as the width always decreases with
increasing ZF.

Physically, one expects a fragmentation process
to be a prompt peripheral process, with the ob-
served fragment being the spectator part of the
parent projectile nucleus. The participant part of
the parent nucleus lies in the region where the nu-
clear matter of the projectile and target overlap.
After such a peripheral encounter, the participant
part of the projectile is likely to dissociate into a gas
which moves with only a small momentum relative
to the observed fragment (Fig. 2). Experimental
evidence for such a behavior comes from the in-

plane 180' correlation which exists in the laboratory
system between the slow target fragments and the
fast charged particles which are presumably the tar-
get participants in a peripheral collision. ' This
correlation data, on which our model is based, can-
not be explained by the conventional fireball
model. '~ Rather, it is plausible for peripheral col-
lisions in which the participant nucleons traverse
only a short distance through the other nucleus that
they could not be brought to rest to form a fireball.
Theoretical calculations with nuclear hydrodynam-
ics, which can only be used as a very rough qualita-
tive guide, also exhibit the nucleonic gas clouds fol-
lowing the spectator pieces for sufficiently peri-
pheral collisions. ' '

In our model, the Coulomb final-state interaction
consists of the vector sum of all Coulomb kicks ex-
erted between each dissociated proton in the gas and
the fragment. Nevertheless, the proton gas will not
be distributed isotropically with respect to the frag-
ment, but rather will be localized on the same side
as the target nucleus. For simplicity, we assume
that the dissociated nucleons lie in the half-space
opposite the projectile spectator, and the plane di-
viding participants and spectator is normal to the
transverse momentum the projectile receives in the
field of the target nucleus, Di.

The fragment momentum PF (referred to the pro-
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A, Z BEFORE projectile in the field of the target contributes a
momentum D with a distribution

1
PD(D) =

(~2'} Og)J l7Dz

Xexp[ D—z /2oD& . D—z /20Dz '],

(a)
AFTER

F, ZF

where cr» is shown to be
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X o ~ oo and similarly, we can show that cruz for a fragment
with mass F is given by
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I = INTRINSIC FERMI MOTION

0 = ORBITAL DEFLECTION

C;,C), ... = COULOMB KICK

Here, o.
&z and 0.

&z measure the degree of the disper-
sion, respectively, in the transverse and the longitu-
dinal directions due to the orbital deflection of the
projectile in the field of the target nucleus. Finally,
the Coulomb final-state interaction between ith dis-
sociated proton and the fragment contributes a
momentum C; with i =1, . . . , Zz —ZF. Based on
the description of the fragmentation process dis-

cussed above, the distribution of C; is

-C-
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—C-
1
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FIG. 2. {a)Schematic representation of the fragmenta-
tion process in the center of mass system. {b) Momentum
diagram indicating the contributions due to intrinsic Fer-
mi motion I, orbital deflection 0, and Coulomb final
state interaction C; in the projectile center-of-mass sys-
tem.

jectile center-of-mass system} arises from three
types of contributions in the present treatment. The
distribution of the intrinsic momentum I due to the
Fermi motion of nucleons prior to collision is taken
to be

PI( I )=,exp( I /2oi ), —
( 2~~, )'

where'

o'I'=F (A F)~o'/(A —1)— (2)

with A the projectile mass number, and 00 related to
the Fermi momentum p~ by pro =p/ /5 The orbi-.
tal motion due to any dynamical deflection of the

I

Here, the step function specifies that the Coulomb
kick is distributed on a half-sphere either on the
same side or the opposite side of the transverse
component of the orbital deflection vector Dz, de-

pending on the sign of the scattering angle. The
sign inside the step function is positive for positive
angle scattering and negative for negative angle
scattering. We can estimate the magnitude Co by
energy considerations as follows:

2 C 2

+
2m 2mF

ZF. 1 e 2

R

where m and mF are the mass of a proton and the
fragment, respectively, and R, parametrized as
R =rQ 'r, is the mean initial separation between a
dissociated proton and the fragment. We therefore
obtain

Co +2IZFe F/(F+1——)-R .

The momentum distribution for the fragment is
therefore

W(P )= g I d I dDdC;P (I)P (D)P (C;)5 P —I —D— g C.
J=1
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from which are derived the longitudinal and trans-
verse dispersions,
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where the positive (negative) sign indicates positive
(negative) angle scattering. We see that the
Coulomb final-state. interaction increases o.

~~
by a

term proportional to (Zz —Zz) (random walk with
zero mean), but increases 0& by a term proportional
approximately to (Zq ZF) (r—andom walk with
nonzero mean). The charge effect is larger in the
transverse direction than in the longitudinal direc-
tion, when the scattering angle is positive.

We analyze the experimental data of ' 0 at 100
MeV/A, and Ar at 118 MeV/A in terms of Eqs.
(10) and (11) and assume positive angle scattering.
The cr~ data for Ar are very satisfactorily repro-
duced with oo ——80 MeV/c, 0&j ——150 MeV/c, and a
radius parameter ro ——1.0 fm fsolid curves in Fig.
1(a)]; alternatively, comparable agreement is
achieved with ao ——90 MeV/c, o~j ——150 MeV/c,
and r0=1.2 fm [dashed curves in Fig. 1(a)]. Only
qualitative agreement for ' 0 is attained; the solid
(dashed) curves in Fig. 1 represent the calculations
for oo ——80 (70), cr&j

——150 (170), ro 1.0 (1.0——) for
the Al target, and 70 (60), 150 (175), 1.0 (1.2) for the
Au target. The assumption of a negative angle
scattering leads to a very small charge effect and is
inconsistent with the data.

The longitudinal momentum distributions are af-
fected also by the presence of the Coulomb final-
state interaction. Again, the greater the charge
number, the larger is the width of the longitudinal
momentum distribution. This charge effect is, how-

ever, very small, as one observes in Fig. 3 where we
show the dispersion o.

~)
for Ar + C and ' 0 +

Al calculated with the set of parameters o.o——80
MeV/c and ro-—-1.0 fm inferred from the transverse
momentum distributions, and viz ——0.' There is
qualitative agreement with data, and no charge ef-
fect exceeding experimental errors is predicted. '

Thus, the inclusion of the Coulomb final-state in-

teraction is consistent with both the transverse and
the longitudinal momentum data.

As is evident from Eq. (10}, the presence of the
Coulomb final-state interaction gives an overall
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FIG. 3. Experimental and calculated longitudinal
momentum widths O.

II
as a function of ZF and I' for (a)

~Ar + C, 213 MeV/nucleon (Ref. 13); and (b) ' 0 +
Al, 92.5 MeV/nucleon (Ref. 8). The lines indicate the
calculated 0~~ with 00——80 MeV/c and ro ——1.0 fm for
both systems.

broadening of the longitudinal momentum distribu-
tions. As far as the overall broadening is con-
cerned, the case of Ar + ' C for 00——80 MeV/c
with the Coulomb final-state interaction represented

by ro 1.0 fm can b——e approximated as a case
without the Coulomb final-state interaction but
with an effective intrinsic momentum dispersion

00 ——92 MeV/c, essentially the result of 94+5

MeV/c determined experimentally in Ref. 13.
Similarly, the overall increase of o~~ for ' 0 ~ C
due to the Coulomb final-state interaction with
o.o——80 MeV/c and ro ——1.0 fin can be approximat-
ed as a case without the Coulomb final-state in-

teraction but with an effective intrinsic momentum
dispersion cro 86 MeV——/c, in agreement with the
dispersion determined in Refs. 8 and 14. The small
value of the intrinsic momentum dispersion o.o may
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be due to Pauli suppression, as explained previous-

ly
7

The overall enhancement of the transverse
momentum distributions due to orbital dispersion
has been previously pointed out, and the magnitude
of the effect estimated in a simple picture. There,
the refraction of the projectile in the Coulomb-
nuclear field of the target was calculated for a pure-

ly real attractive potential, implying largely nega-
tive angle scattering. It is to be noted, however,
that the contribution to the transverse width associ-
ated with any projectile-target interaction is a
positive-definite quantity; and, in fact, the charge

FIG. 4. Predictions on 0.
& and o.

~~
for the fragmenta-

tion of Ar in the high energy limit when 0.»——0.&z
——0.

They are calculated with oo——80 MeV/c and ro ——1.0 fm.

effect strongly suggests that the scattering is
predominantly to positive angles.

It is interesting to note that the effect of the
Coulomb repulsion on the transverse widths mani-
fests itself in Eq. (11) not only in a term proportion-
al to (Zz —Zz), but also in a cross term with the
transverse orbital dispersion. This latter term, in
fact, dominates at these lower energies for ejectiles
not far removed from the projectile mass where the
orbital dispersion is known to be significant.
Nevertheless, even in the limit of no such disper-
sion, substantial differences are expected between crz

and O.
i~. Figure 4 shows the predictions for Ar

with oD ——80 MeVlc, o~z ——o&z ——0. This limit is
probably realized for the fragmentation of Ar at
high energies.

In summary, the charge dependence seen in frag-
ment angular distributions at intermediate energies
is plausibly shown to result from a Coulomb final-
state interaction with the protons dissociated from
the projectile. Although the present data in no way
unambiguously determine the details of the spatial
and momentum distributions of the system after in-
teraction, the mere observation of the charge
behavior already indicates that nucleon removal is
predominantly prompt in fragmentation. Further-
more, it appears necessary that the fragments are
ejected to the same side of the projectile in its in-
teraction with the target, while the dissociated nu-
cleons are ejected on the side of the target, as ex-
pected, on simple geometrical grounds.
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