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Pauli correlations are shown to be important in interpreting the momentum distribution
of nuclear fragments formed in high-energy heavy-ion collisions.

PACS numbers:

The fast fragments emerging from relativistic
heavy-ion collisions have a narrow momentum
distribution with a Gaussian shape.’ This distri-
bution is described with some success by the in-
dependent-particle model.”> However, the inde-
pendent-particle model ignores all correlations
beyond the purely kinematical ones. The Pauli
correlations, in particular, are very important
and reduce the dispersions in measurements of
one-body operators. I will show that this is also
the case for the momentum operator, and that in-
clusion of these correlations improves agreement
between theory and experiment.

I first recall Goldhaber’s derivation of the mo-
mentum dispersion in the independent-particle
model.? One can pick F nucleons from the projec-
tile to make the fragment, and calculate the ex-
pectation of the squared momentum of these nu-
cleons in the projectile initial state. In the frame
of the projectile, this yields a dispersion

0?=([33p,()])

:F<p32(1)>+F(F_1)<pz(1)pz(2)>' (1)

The first term in Eq. (1) can be estimated in the
Fermi-gas model as?

<pzz> = %p F2J
where p is the Fermi momentum, as measured,
for example, by inelastic electron scattering.
To calculate the second term in Eq. (1), Gold-

haber uses the fact that the total momentum of
the original nucleus is zero:

(.01

=A(PS () + AA =1 p,(1)p,(2))=0.  (2)

Combining Eqgs. (1) and (2), I find, for the mo-
mentum dispersion,

02 = (0= (A~ P)/(A-D](+5). ®
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Experimentally, with *°Ar projectiles, it is found
that the dispersion ¢2 is 31% lower than predicted
by Eq. (3).*

I will improve this model by treating the corre-
lation terms involving identical nucleons more
carefully. Qualitatively, one expects that there
is a large anticorrelation between the momenta
of two identical particles when they are close to-
gether in coordinate space. To calculate the ef-
fect, one needs to include some spatial details of
the measurement process. The experiment meas-
ures the momentum in the z direction when a re-
gion of matter delineated in the transverse direc-
tions is removed from the projectile. Thus the
operator acting on the nucleus has the form

0=p.f(x, ), (4)

where f=0 or 1 in the regions of the nucleus that
are removed or remain in the fragment. The op-
erator ©? can be easily evaluated in a determi-
nantal wave function that is separable in Carte-
sian coordinates,

v=allo, (99, 016, (o). %)

Here n=(n,,n,,n,) labels the quantum numbers
of the occupied orbits, and the total number of
orbits is a. The matrix elements are evaluated
as

W 021 0= nymy If [y, X, 0.2 n,), (6)

a@=~1)

@l 2 0,0;4)

1%

== EI<nxny|flnx,ny'>2<ng‘pz|nz,>2' (7)
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I also need to include the correlation between non-
identical nucleons. The complete expression for
the momentum dispersion in a nucleus with four
nucleons in each orbit, i.e., A=4a, is given by

a afa-1)
<02>: 4<¢|E Oizl d)) + 4<ll)l é)j oi Ojl ¢>+ 12a2<0i Ok>nonidentical' (8)
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In the last term, the expectation value is an average over particles having different spin and isospin
quantum numbers. ‘

It can be shown that in the limit of a very large nucleus, the first two terms in Eq. (8) already reduce
the dispersion by a factor of the order of 4Y3/In A (Ref. 5). However, for quantitatively useful results
one needs to evaluate Eq. (8) more explicitly. I use harmonic-oscillator wave functions to evaluate the
first two terms. The last term I obtain analogously to Eq. (2). Neglecting the spatial correlations be-

tween nonidentical nucleons,
5 . 3F*
12a%0; Oj) nonidentical — T(pipj>n0nidentical ==

The last step follows from Eq. (8) for the full nu-
cleus, f=1. I now take f=6(x), which leaves half
the nucleus in the fragment. For ¢=10, corre-
sponding to “°Ca, this yields for the three terms
in Eq. (8),

(©?)=(40 = 17.0 = 10)(0| p 2| 0) =13.00| p 2|0).

To compare with the independent-particle mod-
el, I note that for a=10, (p,>)=2(0|p,*|0), and

<02>independent patticle ~ [20(20)/39] 2<0 lp;gzl 0>
=20.5¢0|p,2| 0).

Thus the dispersion is reduced by 37%, compared
to 31% measured reduction. For a very heavy
nucleus, such as ?3¥U, the calculated reduction in
the dispersion is more than a factor of 2. It
would be interesting to confirm the A dependence
predicted by the Pauli correlations.

Before asserting that the effect of Pauli corre-
lations has been demonstrated, I must examine
other processes that affect the momentum distri-
bution.® Particles evaporating at temperatures
~1 MeV do not contribute significant momentum,
but do affect the final fragment mass. However,
Eq. (3) is insensitive to the fragment mass near
F=A/2, so the presence of evaporation of ~5
particles would not affect the conclusion. Other
dynamics effects beyond the initial state correla-
tions would increase o2, and so make the pres-

Olp710) 327
a

A (9)

ence of the Pauli reduction more compelling.

It would also be interesting to study the effect
of the Pauli correlations on the transverse-mo-
mentum distribution. Experimentally, it is the
same as the longitudinal-momentum distribution
at relativistic energies.! Since the fragmentation
operator produces a spatial correlation in the
transverse directions, I expect the momentum
anticorrelations to be enhanced transversely. Un-
fortunately, the operator itself introduces trans-
verse momentum; a calculation of the net effect
requires a more detailed model, which is beyond
the scope of this Letter.
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