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Abstract: Two-proton correlation functions are compared for equilibrium and
non-equilibrium emission processes investigated, respectively, in “reverse
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kinematics” for the reactions Xe+“ Al an

Sn at E/A=31 MeV and in
“forward kinematics” for the reaction 145,197 Ay at E/A=75 MeV. Observed dif-
ferences in the shapes of the correlation functions are understood in terms of
the different time scales for equilibrium and preequilibrium emission.

Transverse and longitudinal correlation functions are very similar.
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Two protons, emitted at small relative momenta from an excited nuclear
system, carry information about the space-time characteristics of the emitting
gsource [1-10]. The shape of the‘two-proton correlation function reflects the
interplay of the short-range attractive nuclear interaction, the Pauli exclu-
sion principle, and the long range repulsive Coulomb interaction between the
two emitted protons. The short range nuclear interaction is dominated by the
attractive singlet S-wave nuclear interaction which leads to a pronounced max-
imum in the two-proton correlation function at relative momentum q#20 MeV/c,
when the Average distance upon emission is of the order of 10 fm or less [1].
The long range Coulomb interaction and the Pauli exclusion principle give rise
to a minimum at q=0. Some directional information is provided by antisym-
metrization effects [1,7,8] which are important when :3-;:<h, where a and

denote the relative momentum and position vectors upon emission.

The average distance between two coincident protons upon emission depends
on the spatial dimension, d, of the emitting system and on the time interval,
T, between the two emission processes; it is of the order of d+VY, where V is
the average velocity of the emitted protons. For the decay of equilibrated
compound nuclei with temperatures below 5 MeV, estimated emission times are
larger than several hundred fm/c [11]. As a consequence, the average distance
between enitted particles is much larger than the size of the emitting nucleus
and the effects of the Coulomb interaction and the Pauli principle should
dominate. On the other hand, preequilibrium light particle emission in inter-
mediate energy hedvy ion collisions is calculated to proceed on much shorter
time scales [12,13] and average particle separations may reflect the spatial
dimension of the emitting system rather than the emission rate. Here, the

nuclear interaction should be prominent.



In this letter, we report a comparative study of two-proton correlation
functions measured for preequilibrium and equilibrium emission processes. When
light projectiles impinge on heavy target nuclei, preequilibrium emission is
strongly enhanced at small angles, whereas equilibrium emission dominates at
backward angles, see e.g. refs, {5,10]. Preequilibrium emission was studied in

14,197

"forward kinematics" for the reaction ~°N

Au at E/A=75 MeV. Equilibrium
emiggion was studied at a lower energy, E/A=31 MeV, in "reverse kinematics"

129, .27 129, 122

for the reaction Xe+" 'Al and for the nearly-symmetric system

Xe+ ““Sn.
The experiments were performed with beams from the K1200 cyclotron from
the National Superconducting Cyclotron Laboratory at Michigan State

University. We used 27Al, 122 197

Sn, and Au targets with areal densities of
5.6, 5.3, and 15.9 ng/cmz, respectively. Light pdrticles were detected with
two AE-E detector arrays consisting of 300-400 Mm thick silicon AE-detectors
and 10 cm long CsI{Tl) or NaI(Tl) E-detectors. An array consisting of 37 S8i-
CsI(Tl) telescopes [14] was centered at the polar and azimuthal angles of
6=25" and ¢=0°; each of its detectors had a solid angle of AQ=0.37 msr and a
nearest neighbor spacing of 46=2.6°., Another array consisting of 13 Si-NaI{Tl)
telescopes was centered at 0=25° and %=90°; each of its detectors had solid a
angle of AQ=0.5 msr and a nearest neighbor spacing of A6=4.4°., Coincidence and
downscaled singles data were taken simultaneously. Energy calibrations are ac-
curate to better than 2¥%. Typical detector energy resolutions were of the

order of 2% and 1% for protons of 40 MeV and 100 MeV, respectively. All data

were corrected for random coincidences.



The two-particle correlation function, R(q), is defined in terms of
the coincidence yield, le(ﬁl,ﬁz), and the single particle yields, YI(BI) and

-
Yo(py):
EY15(B,8,) = €, (14R(Q)IIY, (3))Y,(3,) . (1)

Here, Bl and 32 are the laboratory momenta of particles 1 and 2, and q is the
relative momentum of the particle pair. For each experimental gating condi-
tion, the sums on both sides of Eq. 1 are extended over all energy and
~detector combinations corresponding to the given bins of q. The normalization

constant, 012, is determined by the requirement that R{q)=0 for large relative

momenta.

Two-proton correlation functions measured for the 14N+197

Au reaction are
shown in Fig. 1. A strong dependence on the total laboratory momentum, P, of
the coincident proton pair is measured, consistent with previous observations
[2-6,8]. The solid curves show theoretical correlation functions predicted for
sources of Gaussian density, p(r) « exp(-rzlr%), and negligible lifetime,
providing an upper limit for the size of the emitting system. For the high to-
tal momentum gates, rapid nonequilibrium processes dominate and the neglect of
temporal effects may be justifiable [8]. The lowest total momentum gate
selects protons of low energy, E#10-20 MeV, for which contributions from equi-
librated target residues may be important. For this gate, the shape of the
minimum at q¥0 can only be reproduced by short-lived sources of unphysically
large dimensions (dashed curve) or by long-lived evaporative sources discussed

below (dotted curve).



Two-proton correlation functions measured for the 129Xe+27A1 and

129Xe+1228n reactions at E/A=35 MeV are shown in Fig. 2. They exhibit a mini-
mum at g®0, but no maximum at g¥20 MeV/c. Correlation functions of similar
shape were reported for equilibrium emission in the 160+27A1 [9] and 40Ar+Ag
[10] reactions at E/A=8.75 and 44 MeV, réspectively. The data shown in Fig. 2
correspond to proton energies slightly above the compound nucleus Coulomb bar-
rier and are expected to be dominated by emission from long-lived equilibrated
composite nuclei formed in incomplete fusion reactions [15]. For the

129Xe+27A1 reaction, the total momentum gate Pz660-750 MeV/c selects energies,

in the center-of-mass frame of reference, Ecmu15-23 MeV; for the 129Xe+1228n
reaction, the gates P=540-660 MeV/c and P=660-750 MeV/c select the energies
Ecn~15—27 MeV and Ecm#27—40 MeV, respectively. For total momenta selecting
center-of-mass energies below the Coulomb barrier, the minimum in the two-
proton correlation function at g®0 becomes narrower and washes out for the
lowest energies (not shown in the figure). We refrain from a discussion of
correlation functions for sub-barrier emission, since it requires a thorough
understanding of the shape of the exit channel Coulomb barrier and its

penetration, as well as other complicating effects, such as sequential decays

of primary fragments emitted in particle unbound states [11].

Correlation functions for particle evaporation from long-lived compound
nuclei can be calculated by using the Wigner-function formalism of ref. [7].
We have performed such calculations for the simple evaporative model of ref.
[11]. In this model, the level dénsity is approximated by that of an ideal
Fermi gas at normal nuclear density. The results, averaged over the ap-
propriate momentum bins and folded with the resolution of the experimental

apparatus, are shown by the dotted curve in Fig. 1 and the golid, dashed, and



dotted curves in Fig. 2. The parameters used in these calculations (initial
mass, Ai’ charge, Zi, and temperature, Ti’ of the decaying nucleus) are indi-
cated in the figuies. Since emission rates depend mainly on the temperature
[11] and less strongly on the mass and charge number of the eanitting nucleus,
we used the compound nucleus values for Ai and Zi, but treated Ti a free
parameter. For complete fusion of 129Xe+27Al and 129){¢'-3+1228n, temperatures of
8.2 and 10.3 MeV, respectively, are calculated if one assumes the level den-
sity of an ideal Fermi gas of normal nuclear matter density; the more common
relation, T2=(8 MeV)XE*/A, gives values of 5.8 and 7.3 MeV. However, the equi-
librated emitting systems should have somewhat lower temperatures [5,15-17]
since some energy is carried away by preequilibrium euission; Good agreement
between calculations and the data for the Xe-induced reactions is obtained
with initial temperatures of about 5-7 MeV. The calculations are sufficiently
"sensitive to the initial temperature to rule out significantly higher values.

For the 14N+197

Au reaction, the assumption of emission from an equilibrated
nucleus is less justified; the reproduction of the data in the low momentum

gate is somewhat worse,

The dependence of the two-particle correlation function on the angle, ¥ =
cos-llﬁ-a/qu, between the relative and total momentum vectors of the two-
proton pair can provide clues on the source lifetime and shape [1,7,8].
Qualitatively, emission from a long-lived system will resemble a source elon-
gated in the longitudinal direction [7,8]. Because of the reduced Pauli anti-
correlation in this direction, the longitudinal correlation function (¥w0° or
180°) of a long-lived source may be enhanced compared to the transverse cor-
relation function (¥#90°}, unless the average particle separations become so

large that sensitivity to antisymmetrization effects is lost. Very similar



longitudinal and:transverse correlation functions were measured [8], at 6%30°,
for the 323+Ag reaction at E/A=22.3 MeV. These results ruled out long lifetime
effects for the emission of preequilibrium light particles. Our data for the
14N+197Au reaction are qualitatively consistent with those of ref. [8]. More
recently, differences between longitudinal and transverse correlation func-
tions of the ordef of 20% were reported [10] for back-angle emission in the
Ar+Ag reaction at E/A=44 MeV which is dominated by emission from equilibrated
residues formed in incomplete fusion reactions. We have evaluated longitudinal
and transverse correlation functions for the Xe-induced reactions, by applying
cuts of Wu=0‘-40° or 140°-180° and Wt=60°-120°. In Fig. 3, our data afe shown
by the open and solid points; calculations with the indicated parameters are
shown by the solid and dotted curvee. (In order to increase the statistical
éccuracy, the momentum gates have been made wider than in Fig. 2.) No statis-
tically significant difference between longitudinal and transverse correlation
functions is measured. This result is in accordeance with the calculations.
However, the calculations predict more significant differences between lon-
gitudinal and transverse correlations functions at higher total momenta and

for narrower nomehtum gates. Unfortunately, the statistical accuracy of our

experiment was insufficient to confirm these predictions.

In summary, we have measured two-proton correlation functions for equilibrium
and preequilibrium emission pfocesses. Correlation functions measured for
preequilibrium emission exhibit a pronounced maximum at relative momenta qr20
MeV/c and a minimum at g®¥0 MeV/c which are, respectively, caused by the at-
tractive singlet S-wave interaction between the two emitted protons and the
combined effects of the Coulomb repulsion and the Pauli principle; the time_

scales are sufficiently short that memory of the size of the emitting system



is retained. Correlation functions observed for evaporative processes do not
exhibit a maximum at g820 MeV/c, but only the minimum at qe0 MeV/c; large
emisgion time intervals lead to large separations between emitted particles
and a loss of memory of the size of the emitting nucleus. Two-proton correla-
tion functions measured in kinematic regions dominated by equilibrium emission
could be quantitatively reproduced by statistical model calculations based on
the Weisskopf formula. For the present system, no significant differences be-
tween longitudinal and transverse correlation functions were found, in
agreement with statistical model calculations which predict them to be below
the sensitivity of our measurement, Our observations support a picture of the
collision in which the smaller impacting nucleus generates a forward spray of
energetic particles in a relatively short time scale, leaving a heated heavy
reaction residue which emits particles over a longer period of time while

cooling evaporatively.
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Figure Captions:

Fig., 1: Two-proton correlation functions measured for the 14N+197

Au reaction
at E/A=75 MeV for the indicated gates on the total momentum, P, of the two-
proton pair. The solid and dashed curves show predictions for Gaussian sources

of negligible lifetime and the dotted curve shows calculations for an evapora-

tive source with parameters indicated on the figure.

129, 27

Fig, 2: Two-proton correlation functions measured for the Xe+“ Al (part a)

129Xe+1228n (parts b,c) reactions at E/A=31 MeV for the indicated gates on

and
the total momentum, P, of the two-proton pair. The curves represent calcula-

tions for evaporative sources with parameters indicated on the figure.

Fig. 3: Longitudinal and transverse two-proton correlation functions measured

129 129, 122

for the Xe+27Al (top) and Xe+

Sn (bottom) reactions at E/A=31 MeV for
the indicated gates on the total momentum, P, of the two-proton pair. The
curves represent calculations for evaporative sources with parameters indi-

cated on the figure.



1 + R(q)

MSU-90-056
*"Au(**N,pp), E/A=75MeV, 0, =25°

[ .
20 §>¢ O P=840-1230MeV/c, |
P ¢ re=3.6fm,;
7 X ® P=450— 780MeV/c,
Q ro=4.4fm;
5 L ? 0 P=270- 390MeV/c, ~
' A Q ry=6.0fm, ]
| . ¢¢ — — — ry=70 fm,
e\ ... T,=8.4MeV
3 oo Tans e\ "% A=205, Z=83.
1.0 of-----= = S S oas kg .f A1 S
&
0.5 1 - - - -
0 50 100
q [MeV/c]



1.0

0.5

1.0

0.5

l::t‘ﬂ.Q

MSU-90-057

’ | ' | ' {
" a)  2"Al('*°%e,pp), E/A=31MeV, 8, =25°

,f P= 660-750 MeV/c
p - == T,=10MeV A=156,
i e T=TMeV b U
—— T,=5MeV =
. |

) | ' i ¥ i ’
" b) '®Sn('**Xe,pp), E/A=31MeV, 8, ~=25°

¢
’J P= 540-660 MeV/c
.I === Ti=10MeV Ai=251,
) veeer T=TMeV o T2
—— T=5MeV i
\ |

| I\

} [ ¥ ] —t ! +
" c) '*%sn('*%e,pp), E/A=31MeV, 8,,=25°

P= 660-750 MeV/c

T TETMeV o g 104

4 --- Ti=10MeV} A=251,
7/

—— T,=5MeV l
; |

0 20 40 60

q [MeV/c]

80



MSU-90-058
| ' | Y I T 1

1.2 “Al(**)%e,pp), E/A=31MeV , 0,,=25° -

1.0
P=480-750MeV/c
08 T ° 9=(60—120)° T,=6MeV
A=156
= | * ¥=(0-40,140-180)° 7 =67
E 06 I t : } ]| ; _i
+ 1.2 IBESn(mBXe,pp), E/A:B]_Mev ’ @av=25o _

P=270-750MeV /c

0.8 - / o W=(R0— 0 T,=7MeV |
%I ¥=(60-120) A28
SRRV * y=(0-40,140-180)°  7'_704
0.6 B P v —
0 20 40 60 80
q [MeV/c]

E‘Z. 2



