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We consider interference effects in the inclusive emission of two identical particles from a compound
nucleus. Statistical assumptions result in a correlation of the emitted particles that depends upon the
coherence properties of the level widths in a form similar to that describing fluctuations in an exclusive
cross section. A schematic application to the decay of a rapidly rotating compound nucleus shows that
the observed source size can depend upon the kinematics of the measurement.

PACS numbers: 25.70.Gh, 24.60.—k

Most aspects of nuclear collisions involving momenta
larger than the Fermi momentum of nuclear matter are
well described by classical considerations (e.g. , Boltz-
mann-Uehling-Uhlenbeck, cascade, or fluid-dynamic
simulations). ' However, quantal phenomena can be
relevant for those final states in which the relative wave-

length of two detected particles is small compared to the
size of the system. Analysis of the resulting structure in

the two-particle inclusive cross section is generally
termed "interferometry" in analogy with the Hanbury-
Brown-Twiss method for determining stellar sizes, al-
though final-state interactions between the detected par-
ticles and the symmetry or antisymmetry of their wave
function must be included for a proper analysis.

To date, interferometry has been performed with pro-
tons, pions, neutrons, and light nuclei for heavy-ion col-
lisions from 10's of MeV per nucleon, as well as for
nucleon-nucleon and electron-positron collisions. A
typical analysis assumes a source distribution (e.g. ,

Gaussian) for the emitted particles parametrized in

terms of a size and lifetime (and occasionally an anisot-

ropy) and proceeds to determine these parameters by
fitting the data. Such studies are likely to become even

more important as ultrarelativistic heavy-ion beams are
exploited.

The interpretation of these parameters is, at best, phe-
nomenological. While plausible "derivations" of the
connection between the source distribution and the two-
particle inclusive cross section can be given, a rigorous
foundation is lacking. Any observable reaction must be
expressed ultimately in terms of S-matrix elements, but
we have no way to relate the source distribution to these
more fundamental quantities. We also lack the proper
procedure for generating interferometric patterns from
the simulations currently used to describe nuclear col-
lisions. '

In this Letter, we take a step toward addressing some
of these questions by considering interferometry within
the standard statistical description of the compound nu-

cleus. In particular, we consider an equilibrated com-

pound nucleus decaying through the emission of two or
more identical particles (nucleons, pions, photons, etc.).
We show how the two-particle correlation function (viz. ,
the "size" and "lifetime" of the source) is related to
coherence in the decay amplitudes and the average prop-
erties of the compound-nuclear states.

We assume that the reaction proceeds from the initial
channel i through an equilibrated compound nucleus to
an evaporation residue in state y by the sequential emis-
sion of identical particles of momenta pi and p2, with en-
ergies E& and E2, respectively. The corresponding T-
matrix element at total energy E is

T( )= (yt P2 Pl 'Yyp P2, )
a, p E —t.'p —t I p]'2 —E i

+ +2Re[Ty*, (p2, P&)T„(p,, p2)]2yr8
y

= tTdir(PI~P2) —print(pi, p2) . (2)

Here, the upper or lower sign is appropriate depending
upon whether the two emitted particles are spatially
symmetric or antisymmetric, and the term 2' is a
shorthand notation for 2yt6(E Ey F. i

—E2). ——

Here, a and P are the intermediate compound-nucleus
levels, with energies e, and ep and total widths 1, and I p,
respectively. y,„(p) is the reduced width for compound-
nucleus state p to decay to v by the emission of a parti-
cle of momentum p, and y„ is the reduced width for the
entrance channel.

The two-particle inclusive cross section is proportional
to the square of the coherent sum of the amplitudes cor-
responding to the two diAerent orders of emission,
summed over final states y,

o(pi py) ~ Z I Ty (p»pi) +' Ty (pi, p2) I'2tt&
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The cross section is thus composed of direct and in-
terference terms. Both of these can be evaluated with
the usual assumption of maximal randomness of the re-
duced widths. That is, only pairwise correlations of the
widths are nontrivial, and these are given by expressions
such as

(y,P(P2) y„*P (Pl)) =—
&PP (&,P(P))g,P(P2, P1),

(yP. (Pl) yP. (P2)) =—&..(&P.(P))gP. (Pl, P2),
(3)

2

gap plip2 gpy p2~pl( ) ( )
I p + E2 —Ei

(4)

where the last line follows if we assume that the proper-
ties of the successive compound nuclei are similar.

Equation (4) has a physically appealing form. The in-
terference is governed by factors associated with the spa-
tial and temporal extent of the compound nucleus. The
spatial dependence is embodied in g(pl, p2), which de-
scribes the momentum coherence of the particle emission

( yp. (p2) y,*p(p 1 ) y,p(p2) yp. (pl ))

which define the function g, and where p=(pl+p2)/2
= pi = p2 is the average momentum of the emitted par-
ticles and the partial widths are I,„=y,„. The angular
brackets denote averaging over the compound-nucleus
states. Note that we assume randomness with respect to
the discrete level indices, but cannot do so with respect to
the continuous momentum label.

We can express the ratio of the interfereoce cross sec-
tion to the direct cross section for pi =p2 as

R (pl ~ p2) = o inl (pl i

p2)/nadir

(pl i p2)

(p) =r(. & &'F((p) &(,(P)(lm(J.M, I J,M, ),
m

(5)

where g,„ is a random variable having zero mean and
unit variance, J,„are the fragment angular momenta, l
is the angular momentum of the emitted neutron, M, „
and m~ are the magnetic quantum numbers, and F~ is a
radial integral. Note that the definite parities of v and p
restrict l to only even or odd values.

Because of angular momentum conservation, we can-
not factor the average of four reduced widths into the
product of two averages of two reduced widths, as we did
in Eq. (3). Rather, the angular dependence of the in-
terference cross section is proportional to

matrix elements. For zero relative momentum, g(p, p)
=1, and g is expected to fall to zero with increasing rela-
tive momentum on a scale A, /R, where R is the radius of
the compound nucleus. The temporal dependence is em-
bodied in the Lorentzian factor involving the energy
difference Ei —E2, the scale being set by the average
compound-nucleus width, suggestive of Ericson-Brink
fluctuations. Indeed, it is natural that the two-particle
inclusive cross section and the autocorrelation function
of a one-particle exclusive cross section have the same in-
formation content.

To make these ideas concrete, we consider evaporation
of neutrons from a rapidly spinning compound nucleus,
as might be formed in a heavy-ion collision. We neglect
the spin of the neutrons and of the initial target and pro-
jectile nuclei as small compared to the other angular mo-
menta of the problem. We concentrate on the depen-
dence on the relative angle between the two emitted par-
ticles, because the difference in absolute momentum is
mainly governed by the second factor in Eq. (4) which is
trivially evaluated. We can then adopt, for the reduced
widths, the expression

i ' ' F(, (pl)F('(p2)FI, (p2)F(,'(pl ) I (, , (pl)I (,','(P2)I l, ,(P2)I (','(Pl)
I m 1 I2, m2 I,m I 12,m2

&&QTJ (2J,+I)gpJ gpJ g (llmlJpMpi J,O)(l2m2JrM~i JpMp)
Ja Jp Jy Mp ~p.My

x (I lm 1 JpMp i J,0) (l2m2J~M i JpMp) .

Here, J is the angular momentum of the initial com-
pound nucleus, TJ is the entrance-channel transmission
coefTicient, and pJ describes the angular momentum dis-
tribution of the compound-nucleus levels. For neutrons
detected with equal energies, the ratio of the interference
to direct cross sections is given by

( rp (p2) r,*p(pl ) r,p(p2) rp. (pl ))
(yp. (pl) y,*p(p2) y.p(p2) yp. (pl))

(7)

For our schematic calculation, we have assumed
sharp-cutoA' models for both TJ and F(, TJ =0(J, —J),
and F((p) =0(l, —l), where l, can be identified as pR, R

being the radius of the compound nucleus. Hence, in-
creasing l, can be identified with increasing neutron en-
ergy. We have also taken the standard form

pj cx: (2J+1)exp

We consider three possible "paths" of directions for
the emitted neutrons. In terms of the conventional polar
angles, path I has p 1

=p2 = (r/2 and 01 = (r/2 —8, 02
=(r/2+k path II has 01=02=(r/2, and pi = —(p2=8,
while path III has (t1=0, &2 =(r, and 01 =02 =6'. Thus, 6
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C(pi, pz) = dridrqD(ri, p)D(r2, p)cos[q (r —rq)],

(10)

where the source distribution D(r, p) is assumed to have
unit spatial integral and where q is the relative momen-
tum, whose magnitude is given by q =2psin6. Expand-
ing Eq. (10) to second order in q and performing the in-

tegrations over ri and rz yields

C(pi, pp) =1 ——,
' q'&r'),

with &r ) =JdrD(r, p)r the mean-square source radius.
Thus, the second derivative of C with respect to 6' at

1.0

0.5
Z, =10
0 —20

0.0
1.0

is the half-opening angle of the pair in all cases. For
each path, we calculate the ratio

&yp. (p2) y,*p(pi ) y„ii(p2) yii, (pi ))~
C pi p2

&yp. (p2) yap(pi) y,p(p2)yp. (pi))8 0='

which is experimentally more convenient than the ratio
of the direct to the interference cross sections, but carries
the same information content.

Typical interference patterns that result are shown in

Fig. 1. All peak at 6=0, with a width narrowing with
increasing I,. There are also small oscillations for larger
opening angles whose amplitude diminishes as l, in-
creases.

An experimental measure of the source "radius" is
given by the small-angle behavior of the ratio C. The
correlation function is usually written as

8 =0 is given by

d'C(pi, p2) . . . 8= ——, p &r ) —= — t, (t, + I ), (12)d6' p=p

where i~ is defined by &r ) =R /x =l, (l, + I)/p i~.

clearly depends upon the eff'ective source geometry and
has the values 1 and 3 for surface and volume emission,
respectively.

In Fig. 2, we display the effective source geometry as
extracted from our correlation functions for various
values of l, . Note that l,. =5 corresponds to a neutron
kinetic energy of 20 MeV if a nuclear radius of R =5 fm
is assumed. Whereas the source radius extracted from
path II is consistent with surface emission (i~ =1), paths
I and III yield smaller radii, consistent with volume
emission for higher values of l, . This behavior persists
for other reasonable compound-nucleus parameters, al-
though equal radii are found for all three paths when

J, =0.
The physical origin of this diAerence in eA'ective

source radii is easy to understand. The angular momen-
tum coupling favors neutron emission in the plane per-
pendicular to the fragment angular momentum. The
emission probability thus decreases more rapidly perpen-
dicular to this plane (path II) than in the other plane
(paths I and III), suggesting a larger radius. We there-
fore conclude that the source radius obtained from inter-
ferometry has to be interpreted with care. The reaction
mechanism can introduce corrections and anisotropies
that do not correspond to the geometry of the emitting
source, and that can be of the same order of magnitude
as the latter. This conclusion should be valid for all

types of reactions, although our specific calculation has
been for compound-nucleus processes. It should also be
noted that our calculation has not taken into account the
final-state interaction between the emitted neutrons,
which distorts the correlation significantly.

0.5

0.0
1.0 —Path I

Path II
Path III

0.0
0 10 20 30 40 50 60 70 80 90
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FIG. 1. Correlation functions calculated for several different
values of the neutron-cutoA angular momentum I,; the half-
opening angle of the neutron pair is 6. The three diAerent lines
correspond to the paths described in the text. Results are qual-
itatively similar for other values of the compound-nucleus pa-
rameters J, and a.

FIG. 2. Radii extracted from the small-angle correlation
functions measured along the three diferent paths as functions
of l, . The compound-nucleus parameters are as in Fig. 1. For
comparison, the horizontal lines corresponding to K =1 and 3

are shown.
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In conclusion, we have derived a simple formula [Eq.
(4)] for quantal interference eII'ects in the inclusive emis-
sion of two particles from a compound nucleus. The re-
sult involves the momentum and energy coherence of the
partial widths in a manner similar to that describing
fluctuations of exclusive cross sections. In a schematic
application, we have calculated the correlation function
for two neutrons emitted from a rapidly spinning com-
pound nucleus. We found that the source size extracted
from the small-angle correlation of equal-energy neu-
trons scaled with the nuclear radius, but showed a dis-
tinct dependence upon the direction of emission relative
to the beam.
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