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Final-state Coulomb interactions for intermediate-mass fragment emission
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Information about the space-time characteristics of intermediate-mass fragment emission processes is
contained in the shape of two-fragment correlation functions at small relative rnomenta. A classical ap-
proximation to the Koonin-Pratt formula is derived which allows the calculation of correlations result-
ing from the Coulomb interaction between the two detected fragments. Distortions in the Coulomb field
of heavy reaction residues are evaluated by means of three-body Coulomb trajectory calculations.
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I. INTRODUCTION

Highly excited nuclear systems can be produced in
intermediate-energy nucleus-nucleus collisions. As the
excitation energy is raised from below 1 MeV per nucleon
up to about 10 MeV per nucleon, decays by
intermediate-mass fragment (IMF) emission are predicted
and observed to become important [1—57]. Model calcu-
lations predict that such highly excited nuclear systems
can expand either through the action of thermal pressure
[1—4,37,39) or through a dynamical compression-
decompression cycle [1,5 —12]. If nuclear matter expands
to sufticiently low densities, it becomes unstable and den-
sity fluctuations can grow exponentially as a function of
time [1]. Given enough time, the growth of these fluctua-
tions can cause a multifragment breakup [5—12]. Calcu-
lations suggest that the probability for multifragment
breakup may be sensitive to the nuclear equation of state
at low density [13]. Therefore, information about the
equation of state and the liquid-gas phase transition of di-
lute nuclear rnatter may be obtainable from detailed
studies of multifragment emission processes
[5—7,9,14—16,43 —45]. Semiclassical computer simula-
tions of the reaction dynamics, on the other hand, sug-
gest that multifragment decays could be caused by
dynamical fluctuations rather than by thermodynamic in-
stabilities [17].

At present, a full theoretical understanding of mul-
tifragrnentation processes in finite nuclear systems is not
available and alternative models for multifragment emis-
sion processes have been proposed, ranging from static
thermodynamical treatments [18—33] to rate-equation
approaches based on generalizations of compound-
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nucleus decay models [34—41]. Additional experimental
information as clearly necessary to discriminate between
the various theoretical approaches. Of particular interest
are observables which are sensitive to the time scale on
which rnultifragment emissions occur.

When two particles are emitted in close proximity and
with small relative momenta, their relative wave function
is affected by final-state interactions and, for identical
particles, by quantum statistics. Therefore two-particle
correlation functions at small relative momenta are sensi-
tive to the space-time evolution of the emitting system
[58—62]. When interactions with the residual system can
be neglected, the two-particle correlation functions de-
pend essentially on the single-particle phase-space density
of the emitted particles [60—62]. Up to now, quantitative
comparisons of experimental correlation functions with
predictions from specific reaction models have largely
been performed for the case of two-proton correlation
functions. Rather gratifying agreement between theory
and experiment was found for emission processes occur-
ring on rather different time scales. Two-proton correla-
tion functions measured for evaporative emission from
equilibrated reaction residues could be understood in
terms of slow emission-time scales predicted by
compound-nucleus decay models [63—68]. Two-proton
correlation functions measured for noncompound emis-
sion processes were found to be in good agreement with
the space-time evolution of the reaction zone as predicted
by the Boltzmann-Uehling-Uhlenbeck equation [68,69].

While the time scales of nucleon emission processes ap-
pear to be reasonably well understood, those governing
the emission of intermediate-mass fragments in energetic
nucleus-nucleus collisions are much less certain and sub-
ject to controversial interpretations [28,54]. In this pa-
per, we explore the sensitivity of correlations between
two intermediate-mass fragments to the emission time
scales. For this purpose, we apply the formalism of Refs.
[60—62] to the calculation of two-fragment correlation
functions resulting from the final-state Coulomb interac-
tion between the two detected fragments. To a high de-
gree of accuracy, such correlations can be treated classi-
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cally. In many cases of practical interest, the fragments
are emitted in the vicinity of a heavy reaction residue. In
such cases, the neglect of Coulomb interactions with the
residual system may not be justified. In order to assess
the effects of distortions in the Coulomb field of the resid-
ual system, we will also present correlation functions cal-
culated by means of three-body trajectory calculations.
To allow a reference to the work of Ref. [70], we present
calculations for correlation functions between
intermediate-mass fragments of Z =6 emitted from heavy
composite systems (Z =93).

The paper is organized as follows. In Sec. II, we give a
brief derivation of the classical approximation to the for-
malism of Ref. [62], treating only the Coulomb interac-
tion between the two detected fragments. In Sec. III, we

compare longitudinal, transverse, and angle-averaged
correlation functions, calculated with the generalized
Koonin-Pratt formula by treating the Coulomb interac-
tion between the two detected particles classically and
quantum mechanically. Results of three-body trajectory
calculations are presented in Sec. IV. A summary and
conclusion are given in Sec. V.

II. CLASSICAL TREATMENT
OF COULOMB INTERACTION

BETWEEN THE DETECTED FRAGMENTS

In Sec. II A, we give a brief summary of the Koonin-
Pratt formula for the two-particle correlation function
derived in Ref. [62]. In Sec. II B, we derive a classical ex-
pression for the Coulomb interaction between the two

fragments.

A. Summary of Koonin-Pratt formalism

The usual treatment of two-proton correlations at
higher energies is based upon the Koonin-Pratt formula.

I

The derivation of this formula is based upon the assurnp-
tion that the final-state interaction between the two
detected protons dominates, that final-state interactions
with all remaining particles can be neglected, and that
the correlation functions are determined by the two-body
density of states as modified by the interactions between
the two particles. The density of states for two particles
separated by the relative coordinate r and emitted in the
asymptotic state characterized by the relative momentum

q is the square of the relative wave function. If the two
fragments are emitted simultaneously with thermal distri-
butions or if the momentum distributions are very broad,
as is the case at high energy, this approach provides a
near-exact answer provided interactions with third bodies
may be neglected. For emission from long-lived com-
pound nuclei, the emission is thermal but far from simul-
taneous. Furthermore, distortions in the long-range
Coulomb field of the residual nucleus might not be negli-

gible, especially for particles emitted with energies close
to the exit-channel Coulomb barrier. While the Koonin-
Pratt formula is expected to be reliable for higher-energy
collisions which are characterized by rapid disintegra-
tions, its range of validity is less clear when it is applied
to less energetic regimes.

The Koonin-Pratt formula allows the calculation of the
two-particle correlation function in terms of the single-
particle phase-space distribution and the relative wave
function of the emitted particle pair [62]:

I+R (P, q)= f d rFp(r)~P(q, r)~ (1)

Here, P=pi+p2 is the total momentum of the particle
pair and P(q, r) is the relative two-particle wave function.
Here q=pdr/dt is the relative momentum between the
two particles, r is the relative coordinate, and
p=m, m2/(m, +m2) is the reduced mass. The relative
Wigner function Fp(r) is defined by

f d X f&(Pp/m2, X+rp/m&, t& )f (2Pp /m&, X—rp/ &m, t )

Fp(r)=
~ f d X&f&(Pp/m2, X,, t ) f d X2ft(Pp/m„Xz, t )~

(2)

Here, X is the coordinate of the center of mass of the
fragment pair, f, (p;, r;, t& ) is th. e phase-space distribu-
tion of particles of type i with momentum p; at position

r; at some time t & after the emission process. If the par-
ticles cease to interact at a time earlier than t &, then the
relative Wigner function is independent of the particular
choice of t& and the function f, (p;, r;, t& ) can be ex-

pressed in terms of the emission function, g, (p, , r, , t), i.e.,

the probability of emitting a particle of type i with
momentum p, at location r, and time t [62]:

f, (p, , r, , t )= dtg, (p, , r, —p, (t& —t)/m, , t) .

In this paper, we will use a simple parametrization for the
emission functions g(p, r, t), corresponding to surface
emission from a spherical source of radius Rz with a fixed
lifetime ~ and a Maxwellian energy distribution charac-
terized by a temperature parameter T:

g(p, r, t) ~(r p)8(r p)5(r —Rs)8(E —Vc)QE —Vc
—(E—Vc )/T

Xe e (4)

Here, 8(x) is the unit step function which vanishes for
x (0, 5(x) is the delta function, r and p are unit vectors
parallel to r and p, and E =p /2m. The parameter Vc is

introduced to account for Coulomb repulsion when emis-

sion occurs from the surface of a heavy reaction residue
assumed to be at rest at the origin of our coordinate sys-
tern.

For calculations of two-fragment correlation functions
based upon Eq. (1), we neglect nuclear interactions and
assume the particles to be distinguishable. Furthermore,
only phase-space points are integrated over for which the
relative separation between the two fragments is larger
than the sum of their radii, r & 1.2(A', + A2 ) fm.

The relative wave function can be calculated by using a
partial-wave expansion of the Coulomb scattering ampli-
tude. In our quantum-mechanical treatment of the two-
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fragment Coulomb interaction, the number, I,„,of par-
tial waves included in the calculations was scaled accord-
ing to the classical relation 1,„=20(h /2'�)
+(q r 2—rtqr)'~, where r)=Z, Z~apc/q is the Sommer-
feld parameter and a =2~e /hc =

37 is the fine-structure
constant.

d8, /d8=
2qpcos8p

cos8 sinO —2pk sin8/r pq
X cos8+

[sin28 —4pk(1 —cosO)/rpq ]'

(14)

B. Classical treatment of two-fragment Coulomb interaction

d4'=d(()o . (6)

Calculations based upon Eq. (1) are rather tedious and
time consuming [71]. It is, therefore, of interest to derive
a classical expression. Again, we assume that the correla-
tion function is the ratio of available states with and
without interactions. If qp and q denote the initial and
final relative momentum vectors, we have

q odqosinOodOodgo
C(q, rp) =

q dq sinO d 8 dP

Here, 8p and 8 denote the angles between the initial rela-
tive position vector rp and the initial and final momentum
vectors, respectively: cos8p=rp qp and cos8=rp. q. From
angular momentum conservation, we have for azimuthal
rotations about the axis parallel to rp:

C(q, rp) =(1—2pk/q ro )'~ (16)

which can be used for calculating the angle-integrated
correlation function R (I',q). Equation (15) indicates that
two-fragment correlation functions measured for different
particles pairs depend largely on the variable

Using Eqs. (7) and (12)—(14), one can express
sin8pd8p/sin8d8 in terms of the initial relative coordi-
nate rp and the asymptotic values of 8 and q. Hence,
Eqs. (6)—(8) and (12)—(14) allow the expression of Eq. (5)
in terms of the final relative momentum and the initial
relative position of the emitted particles. Integration
over all relative positions of the emitted particles gives
the final expression for the correlation function

1+R(P,q)= f d roFp(rp)C(q, ro) . (15)

If all directions of q are integrated over, Eq. (5) reduces
to a particularly simple expression,

Energy conservation gives the relation
pk/q =pe Z, Z2/(pu«&) ~(Z, +Z2)/u«i . (17)

qp =q —2pk/r (7)

where k =Z&Z2e is the product of the charges of the
two emitted fragments. From Eq. (7) one immediately
obtains

qpdqp=(1 2pk/q rp)'—q dq .

By using the fact that the eccentricity vector

a=qXL/pk+r=qX(r Xq)/pk+r

(8)

is a constant of motion and equating its two components
in the scattering plane at the time of emission and at very
large times, one obtains the following relations:

pk +7'pqpsin 8p=pk cos8+ rpqqpsin8 sin8p

ppq pcos8psin8p = rpqqpcos8 sin8p —pk sin8

(10)

COSOp= (q /qp )cosO (pk /rpqo )sinO/sinOo

Differentiation of Eq. (12) yields

(13)

Here, we made use of angular momentum conservation
and of the fact that the two vectors r and q become paral-
lel for t ~ ep. Equation (10) can be cast into the form

sinOp=(q/2qp) [sinO+[sin 8—4pk(1 —cosO)/rpq2]'~2] .

(12)

Equation (12) has two solutions: For a given final relative
momentum q, there are two different trajectories which
pass through the relative coordinate rp. Both trajectories
must be considered when calculating the correlation
function. Equation (11)can be written as

In the last step, we have made use of the fact that most
intermediate-mass fragments are produced close to the
valley of stability, i.e., we have approximated m; ~2Z;.
Within this approximation, one can generate two-
fragrnent correlation functions by combining the statis-
tics from several fragment combinations and evaluating
the dependence as a function of the "reduced" relative
velocity,

ured u«1 /QZl +Z2 (18)

We will use this variable to display the results of our nu-
merical calculations. The use of the reduced velocity as
an independent variable is different from the convention
employed in Ref. [55] where mixed-fragment correlations
were evaluated as f unction of relative velocity of the em-
itted fragments. Close inspection of Eqs. (5)—(8) and
(12)—(14) shows that most of these relations also scale as
pk /q, the only exception being Eq. (13) which contains
a term which scales as pk /qo. If dependences on the an-
gle 8 are important, scaling of mixed-fragment correla-
tions with pk/q is not exact, but it may still be a reason-
able approximation.

III. VALIDITY OF CLASSICAL APPROXIMATION

In this section we assess the validity of the classical ap-
proximation, Eqs. (5)—(8) and (12)—(15). Calculations
with these equations are compared to calculations with
Eq. (1) in which the full Coulomb scattering wave func-
tion is used for the relative wave function. As a specific
example, we calculate correlation functions for the ernis-
sion of two distinguishable carbon nuclei, using emission
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1.25 — Koonin —Prat t formula
VC=63MeV, RS=12fm, T=15MeV
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v„„/UZ, +Z (10 c)
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FICx. 1. Comparison of angle-integrated carbon-carbon
correlation functions. Calculations with Eq. (l) are shown by
points; calculations with the classical approximation, Eqs. (15)
and (16), are shown by the curves. The emission times are as in-
dicated.

functions of the form of Eq. (4). In these calculations we
kept the parameters T=15 MeV, R~=12 fm, V&=63
MeV fixed and varied the lifetimes ~ as indicated in the
figures.

Figure 1 gives a comparison of correlation functions
integrated over all relative orientation between the total
and relative momenta of the two emitted fragments. The
points show calculations with Eq. (1) and the curves show
results obtained with the classical expression, Eqs. (15)
and (16). The two calculations produce virtually identical
results indicating that the classical approximation is very
well justified. [Some small differences exist at large rela-
tive velocities for the calculations with v=500 fm/c;
these are due to the limitation in the number of partial
waves used in our calculations with Eq. (1).]

In Fig. 2, calculations for longitudinal and transverse
correlation functions are compared for ~=200 fm/c.
These correlation functions are defined in terms of the
angle g between P and q, %=cos '(P q/Pq). Longitudi-
na1 correlation functions correspond to the angular inter-
val 41=0'—30' or %'=150 —180'; transverse correlation
functions correspond to the angular interval
+=80' —100'. The curves show the results obtained with
Eq. (1) and the points show the results obtained with the
classical relations, Eqs. (5)—(8) and (12)—(15). Again, the
two calculations produce virtually identical results. We
conclude that classical treatments of correlation func-
tions between intermediate-mass fragments provide an
excellent approximation. The validity of the classical ap-
proximation is, of course, expected for emission from
sources with dimensions comparable to or larger than the
Bohr radius. For the two-carbon system the Bohr radius
is 0.13 fm, which is, indeed, much smaller than the size of
the emitting system.

For emission from long-lived systems, longitudinal
correlation functions are predicted to exhibit a wider
minimum at q =0 than transverse correlation functions.
This directional dependence is due to the fact that the
Coulomb force is parallel to the relative displacement of

1.25 — Koonin —Pratt formula

1.00—

VC=63MeV, RS=12fm, T=15MeV
7 = 200fm/c
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FIG. 2. Longitudinal and transverse correlation functions for
~=200 fm/c. Longitudinal correlation functions (4'=0' —30' or
150'—180') are shown by the solid curve and circular points;
transverse correlation functions (4=70'—110') are shown by
the dashed curve and square points. Curves show calculations
with Eq. (1); points show calculations with Eqs. (5)-(8) and
(12)-(15).

the particles. Therefore, the Coulomb hole in the corre-
lation function will be strongest when the relative
momentum is parallel to the strongest dimension of the
pair s separation. For long-lived sources this is the longi-
tudinal direction [61,62].

IV. TRAJECTORY CALCULATIONS

This emission function was sampled by Monte Carlo
techniques. For the emission of a second fragment, we

imposed the additional requirement that the second frag-

The derivation of Eq. (1) is based upon the assumptions
that the phase-space distribution does not vary
significantly over the range —,'P+q and, furthermore, that
dynamical correlations and distortions in the Coulomb
field of other reaction residues can be neglected. In this
section we assess the validity of these assumptions by
means of trajectory calculations. The use of trajectory
calculations is justified by the validity of the classical ap-
proximation.

In our trajectory calculations we consider the sequen-
tial emission of two-carbon nuclei from the surface of a
source of radius R& which is initially at rest and which
has a total charge of gs =Z, e =93e and a total mass of
Mz= Az u. In order to isolate the effect of three-body
Coulomb distortions from dynamic distortions resulting
from the recoil of the emitting system, we use an
artificially large mass number for the emitting source,
A& = 10000. Further below, we evaluate recoil effects for
a more realistic heavy source of mass number A+ =226.
To be consistent with the calculations presented in Sec.
III, we assumed an emission function of the form

g (p, r, t) ~ (r.p)e(r. p)5(r Rs )B(E)&Ee —e

(19)
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ment had a minimum initial separation of
r ) 1.2( A 1~ + A z~ ) fm from the first fragment. Upon
emission, the particle trajectories were calculated by in-
tegrating Newton's equations, and the asymptotic parti-
cle mornenta were stored as coincidence events and as
single-particle spectra. Correlation functions, 1+R, were
constructed from the calculated coincidence and single-
particle yields Y,2(p„pz) and Y;(p; ), respectively:

QY,2(p), p2)=C[1+R (q)]QY, (p, )Y~(p2) . (20)

Here, pl and pz are the laboratory momenta of fragments
1 and 2; q =pv„l is the relative momentum of the particle
pair, and C is a normalization constant determined by the
requirement that (R(q) ) =0 at large relative momenta
where the final-state interaction between the emitted
fragments can be neglected. For each gating condition
on P and rll=cos '(q.P), the correlation function was
evaluated by summing both sides of Eq. (20) over all
momentum combinations corresponding to a given value
of q (or v„d). The parameters used in our calculations
were chosen to be consistent with those used for the cal-
culations presented in the previous section, T =15 MeV
and Rz =12 fm. The emission times are indicated in the
figures.

First, we explore the validity of using the approximate
form of the phase-space distribution, Eq. (2). For this
purpose we have performed trajectory calculations in
which the Coulomb interaction with the emitting source
was turned off. In Fig. 3, the results of these calculations
are compared to calculations based upon Eqs. (15) and
(16) [these latter calculations are identical with results ob-
tained from Eq. (1)]. The open points represent the re-
sults obtained from these trajectory calculations and the
curves show the results obtained from Eqs. (15) and (16).
The difference between the two calculations is significant,
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FIG. 3. The points represent correlation functions obtained

via trajectory calculations assuming emission from an un-
charged source; the curves show the result obtained from Eqs.
(15) and (16). The parameters used in these calculations are as
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FIG. 4. Calculations for flat fragment spectra, T= ~, in-
tegrated over the indicated momentum intervals. The solid
points represent correlation functions obtained via trajectory
calculations assuming emission from an uncharged source; the
curves show the results obtained from Eqs. (15) and (16); the
open points represent three-body Coulomb calculations neglect-
ing recoil effects. The parameters used in these calculations are
u:ndicAei:

but not necessarily surprising. The emission function
varies over characteristic momenta of the order of
hp=&2mT =0.6 GeV/c. The Coulomb minimum of
the two-fragment correlation function has a width of the
order of Aq =0.2-0.3 CxeV/c. Hence, the condition
hq &&hp is only poorly satisfied. It is somewhat better
satisfied for large values of ~ than for small values of ~.
Therefore, the agreement between the two calculations
becomes better for larger lifetimes. According to the
above arguments, the discrepancy between trajectory cal-
culations and calculations based upon Eqs. (1) or (15)
should become less for larger slope parameters T used to
characterize the energy spectra. This expectation is
borne out in the calculations shown by the solid points in
Fig. 4, which were performed for the extreme limit of flat
energy spectra, T = Oo, for two ranges of the total
momentum P of the particular pair. For the emission of
energetic fragments, P /A & 150 MeV/c, reasonable
agreement exists with results from the Koonin-Pratt for-
mula (upper panel of Fig. 4). However, for low-energy
fragments, P ~ 140 MeV/c, the discrepancies are still
considerable (lower panel of Fig. 4).

We now address distortions in the Coulomb field of
heavy reaction residues of total charge number Z&=93,
still neglecting recoil effects by setting the mass of the
emitting source to M&=10000 u. In Fig. 5, we explore
the scaling of the two-fragment correlation functions
with the reduced relative velocity, Eq. (18). In these cal-
culations we used the parameters T = 15 MeV and
~=200 fm/c. One fragment was assumed to be carbon
(Z& =6) and the other fragment was taken as a fragment
of element number Z2=4 —9. The sequence of emission
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FIG. 5. Two-fragment correlation functions calculated via
three-body trajectory calculations as a function of relative
momentum (upper panel) and as a function of reduced relative
velocity, Eq. (18) (bottom panel). Souce parameters and atomic
numbers of the emitted fragments are as indicated.
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FIG. 6. Comparison of two-carbon correlation functions cal-
culated by means of three-body trajectory calculations (points)
with correlation functions calculated with Eqs. (15) and (16)
(curves). Upper and lower panels show results for total momen-
ta per nucleon of P/A ~ 110MeV/c and P/A ~ 110MeV/c, re-
spectively. The parameters used in these calculations are as in-
dicated.

between fragments 1 and 2 was chosen randomly. For
the mass number of the emitted fragments, we assumed
A =2Z. In the upper panel of the figure, the correlation
functions are displayed as a function of relative momen-
tum q. As expected, the minimum at q =0 becomes wider
as the charge of the second fragment is increased. The
lower part of the figure shows the dependence of the cal-
culated correlation functions as a function of the reduced
relative velocity. The scaling of the calculated correla-
tion functions with the reduced velocity of the emitted
fragment pair is rather well preserved. Such scaling can
be of significant practical importance since considerable
improvements in statistical accuracy can be gained from
two-fragment correlation functions integrated over many
fragment combinations. For orientation, the curves show
calculations with Eqs. (15) and (16). While these calcula-
tions do not accurately reproduce the shape of the corre-
lation functions obtained via trajectory calculations, they
are still useful in providing a first estimate of the lifetime
of the emitting system.

In Fig. 6 we compare two-carbon correlation functions
calculated by means of trajectory calculations (points)
with the correlation functions calculated with Eqs. (15}
and (16} (curves). The upper and lower panels show the
results for carbon pairs emitted with total mornenta per
nucleon, P/A ~110 MeV/c and P/A ~110 MeV/c, re-
spectively. For the low-rnornentum gate, the fragments
are emitted with very small initial velocities and distor-
tions in the Coulomb field of the emitting source should
be maximal. Indeed, significant distortions already exist
for ~=200 fm/c. For longer emission times, calculations
with Eqs. (15) and (16) can still provide useful guidance,

as is illustrated by the good agreement with the trajectory
calculations for v=500 fm/c. However, for shorter life-
times (v %200 fm/c), distortions in the Coulomb field of
the emitting source become so large that Eqs. (15) and
(16) become virtually useless. As may be expected, dis-
tortions by the Coulomb field of the emitting system are
less important for fragment pairs emitted with larger ini-
tial velocities. This qualitative expectation is borne out
by the calculations for more energetic fragment pairs
with P/A ~ 110 MeV/c. For this momentum gate, Eqs.
(15) and (16) provide reasonable approximations for emis-
sion times v. ~200 fm/c. However, for shorter emission
times, the disagreement is still substantial, though much
smaller than for the low-momentum gate.

For the emission of rather energetic particles, three-
body Coulomb distortions of the angle-averaged correla-
tion functions become small, even for rather short emis-
sion times. As an example, the open points in Fig. 4
show the results of three-body Coulomb trajectory calcu-
lations performed for flat energy spectra, T = oo, and for
Z&=93. For energies well above the Coulomb barrier,
P/A ~ 150 fm/c, the distortions in the field of the emit-
ting source become small and trajectory calculations (for
Zz =0 as well as Zz =93) agree nearly quantitatively with

calculations performed with Eqs. (15) and (16) even for
emission time scales as small as ~=50 fm/c. However,
for low-energy ernissions, P / A ~ 140 Me V/c, the
discrepancies are appreciable. It is interesting to note
that three-body Coulomb distortions and inaccuracies of
the Koonin-Pratt formula for Z&=0 appear to become
small at comparable energies.

Distortions in the Coulomb field of the emitting system
can be particularly large for 1ongitudinal and transverse
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FIG. 7. Longitudinal and transverse correlation functions be-
tween two carbon fragments calculated via trajectory calcula-
tions for ~=200 fm/c.

correlation functions. As an example, Fig. 7 shows lon-
gitudinal and transverse correlation functions for a rela-
tively long lifetime, i=200 fm/c. For this lifetime,
angle-integrated correlation functions calculated via tra-
jectory calculations still exhibit reasonable scaling with
the reduced velocity (Fig. 5), and deviations from the cal-
culations with Eq. (1) or (15) are still relatively modest
(Fig. 6). In order to increase statistics, we had to widen

the angular acceptance for the longitudinal correlation
function, (p=0' —50' or 130'—180'. (In the present simu-

lation, the energy spectra are relatively strongly peaked
at the Coulomb barrier. As a consequence, only relative-

ly few events in the longitudinal gate fall into the region
of relative velocities of interest here. ) The longitudinal
(circular points) and transverse (square-shaped points)
correlation functions deduced from the trajectory calcu-
lations were normalized with the same normalization
constant determined from the asymptotic behavior of the
angle-integrated correlation function. Although the sta-
tistical errors for the longitudinal correlation function are
large, it is clear that it exhibits a narrower minimum at
u„d =0 than the transverse correlation function, in corn-

plete disagreement with the qualitative trends predicted
from Eq. (1) or (15), see Fig. 2. Hence, the detailed shape
of longitudinal and transverse two-fragment correlation
functions can be strongly affected by residual interactions
with the Coulomb field of the residual system. It would
be of interest to investigate whether such sensitivities to
the charge distribution of the emitting system could be
exploited to differentiate between various reaction models
for multifragrnent disintegrations.

Since intermediate-mass fragments are emitted with
larger average momenta than light particles, one may ex-

pect that two-fragment correlation functions can also be
affected by dynamical correlations due to momentum
conservation effects. In Fig. 8, we assess the magnitude
of distortions resulting from the recoil of heavy reaction
residues. The solid points in the figure show three-body
trajectory calculations for emission from a realistic
source of mass Mz =226 u and the open points show the
results for emission from an artificially heavy source of
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FIG. 8. Two-carbon correlation functions calculated via

three-body trajectory calculations for sources of different

masses. Solid points, M&=226 u', open points, M&=10000 u.
The upper panel shows calculations for thermal energy spectra
and the lower panel shows calculations for fiat energy spectra,
T= 00, integrated over the indicated energies. The parameters
used in these calculations are indicated in the figure.

V. SUMMARY AND CONCLUSION

In this paper, we investigated correlations between two
intermediate-mass fragments resulting from final-state
Coulomb interactions. Such correlations are of interest
since the interaction is well understood and since classical
treatments provide an excellent approximation. The
schematic model calculations presented in this paper in-
dicate that two-fragment correlation functions are,
indeed, sensitive to the space-time evolution of the emit-
ting system. However, for emissions occurring on fast
time scales and with low kinetic energies, the shape of the

mass Mz =10000 u for which recoil effects are negligible.
The upper panel shows calculations for thermal energy
spectra with T =15 MeV and the lower panel shows cal-
culations for Hat energy spectra, T= ~, averaged over a
broad range of energies E1,E2 =63-563 MeV; other pa-
rameters of the calculation were kept fixed (Rs = 12 fm,
Zs =93, v=200 fm/c). For the calculations with T =15
MeV, recoil effects introduce only minor distortions,
largely because most particles are emitted with energies
close to the Coulomb barrier. For the emission of more
energetic fragments, recoil effects become slightly more
important as is illustrated by the calculations for T = Do,

shown in the bottom panel of Fig. 8. Our schematic in-
vestigation is aimed at emission from rather heavy nu-
clear systems. For lighter sources, of course, recoil
effects become more important. One must stress, howev-
er, that reasonably unambiguous assessments of recoil
effects can only be made within the framework of specific
reaction models, particularly for fast noncompound emis-
sion processes expected to set in at higher energies.
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correlation functions can be strongly affected by interac-
tions with the residual system thus rendering the inter-
pretation of experimental two-fragment correlation func-
tions dependent on the charge distribution of the remain-
ing particles.

For large emission times (v ~200 fm/c) and fragment
kinetic energies well above the Coulomb barrier, calcula-
tions incorporating the mutual Coulomb interaction be-
tween the two emitted fragments allow the extraction of
emission time scales with reasonable accuracy. Within
this approximation, the correlation functions depend pri-
marily on the reduced relative fragment velocity,

Ured Urel+I /Z1Z2 U~~(/QZi +Zp ~

provided that the various fragments are emitted from
sources of similar space-time geometries. Such scaling al-
lows the measurements of mixed-fragment correlation
functions with significantly improved statistical accuracy
and with minimal loss of resolution, provided that distor-
tions due to three-body or higher-order interactions do
not become prohibitively large.

For emission from heavy and highly charged systems,
distortions from interactions with the Coulomb field of
the residual system can be significant thus rendering the
analysis more model dependent. Such distortions are

particularly important for fragment emission with low ki-
netic energies or on fast emission time scales. Additional
model dependences can arise from dynamical correlations
resulting, for example, from momentum conservation.

Directional dependences of two-fragment correlation
functions are particularly sensitive to final-state Coulomb
interactions with the residual system. Indeed, the shapes
of longitudinal and transverse correlation functions can
be strongly altered by interactions with the Coulomb field
of the emitting system, even when the angle-integrated
correlation functions appear to suffer only minor distor-
tions. Such enhanced sensitivities of two-fragment corre-
lation functions to properties of the emitting system may
contain useful additional information on the emission
process and thus allow more stringent tests for various
models for multifragment disintegrations. Thus, it ap-
pears promising to pursue more detailed calculations of
two-fragment correlation functions for specific reaction
models capable of making predictions of the space-time
evolution of nuclear disintegrations by multifragment
emission.

This work is based upon work supported by the Na-
tional Science Foundation under Grant No. PHY-89-
13815.
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