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Light particle correlations for the He+Ag reaction at 200 MeV
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Two-proton correlation functions, measured at small relative momenta in the He+Ag reaction at
200 MeV, increase monotonically with the kinetic energy of the detected particles. Very strong corre-
lations are observed for intermediate energy protons. These correlations scale with the weaker correla-
tion functions measured for heavier projectiles, and can be reproduced by the Boltzmann-Uehling-
Uhlenbeck equation. Even stronger correlations measured for beam velocity protons, however, may be
remnants of the initial-state wave functions of the He projectiles.

Light particle correlations depend on the size and life-
time of regions emitting light particles during an energetic
nuclear reaction [1-15]. Measured correlation functions,
for relativistic proton [15] and intermediate energy
heavy-ion [4,6-12] induced reactions, increase monotoni-
cally with ejectile velocity, consistent with an evolution
from more to less energetic emission as the reaction pro-
ceeds from initial contact towards an equilibrated target-
like residue. Solutions of the Boltzmann-Uehling-Uhlen-
beck equation reproduce the energy dependence of
proton-proton correlations measured for ' N induced re-
actions at E/A =75 MeV [12]. The calculated correla-
tion functions are sensitive to the in-medium nucleon-

nucleon cross section [5,12].
For collisions at nonrelativistic energies, correlation

functions gated on the energy of the detected particles re-
veal that the space-time extent of sources producing the
most energetic particles increases with the size of the pro-
jectile [10]. The most dramatic sensitivity to the space-
time evolution of a nuclear reaction might therefore be ex-
pected for light-ion-induced reactions on heavy targets,
refIecting the evolution from initial configurations involv-
ing the projectile and a few target nucleons to the equili-
brated target-like residue. A comparison of two-proton
correlation functions for p+ Ag and ' N+ Ag reactions at
500 MeV, which included all protons above the detection
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FIG. 1. Single-proton inclusive cross sections for the He +Ag reaction at 200 MeV at the indicated laboratory angles. The
dashed curves are the corresponding moving source fits using Eq. (1) of Ref. 10 with (N~, N2, N3. 11.93, 0.9137, 1.158 mb/MeVsr),
(P/ P2 P3. 0.0080, 0.0408, 0.2450), and (T~, Tz, T3. 2.22, 10.42, 1 3.3 1 MeV). The histograms denote the energy spectra for nucleons
(renormalized by a factor =0.4) predicted by the BUU simulations.
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thresholds, however, displayed little sensitivity to the size
of the projectile [14]. In this paper, we investigate two-
proton correlations for He induced reactions as functions
of the energies of the detected protons and compare these
measurements to other measurements performed with
heavier projectiles. This comparison suggests a natural
scaling of the correlation functions for energetic protons
with the projectile mass.

The experiment was performed at the Indiana Universi-
ty Cyclotron Facility. A natural 1.05 mg/cm Ag target
was bombarded by 200-MeV He ions. Coincident light
particles were detected with a high-resolution hodoscope
consisting of 13 closely packed telescopes [16]. Four of
these telescopes were each comprised of four silicon detec-
tors (75 pm, 100 Itm, 5 mm, and 5 mm thick). The other
nine telescopes were each comprised of two silicon detec-
tors (200 pm and 5 mm thick) and a 10-cm-thick NaI(T1)
detector. Two single-wire gas counters were placed in
front of each telescope to provide x and y position infor-
mation. Energy calibrations of the silicon detectors were
obtained using an 'Am source and extended to higher
energies with a precision pulser. The NaI(Tl) detectors
were calibrated with the AE information from the 5-mm
Si(Li) detectors and by detecting recoil protons produced
in the bombardment of a polypropylene target by 200-
MeV He ions. Measurements were performed with the
hodoscope centered at B~ =42' and 109' in the laborato-
ry frame.

Measured proton inclusive cross sections are shown in
Fig. 1 . At low energies, E & 1 6 MeV, the spectra are
dominated by evaporation from equilibrated or nearly
equilibrated target residues. At higher energies, non-
equilibrium emission processes dominate, with some con-
tributions from projectile breakup. These higher-energy
contributions become less important with increasing an-
gle.

We define the experimental correlation function R(q)
in terms of the measured coincidence yield Y~2(p~, p2) and
the singles yield Y~(p&) and Y2(pz):

QY„(p, ,p, ) =C[I+R(q)]QY, (p~) Y2(p2) . (1)

Here, p ~ and p2 are the momenta of the two particles in
the laboratory and q is the relative momentum between
the two particles. For each experimental gating condition,
the sums on both sides of Eq. (1) are extended over all en-
ergy, position, and detector combinations corresponding to
specific relative momentum bins. The normalization con-
stant C in Eq. (1) is chosen so that R(q) vanishes at large
relative momenta where final-state interactions between
the two particles become negligible.

Figure 2 shows two-proton correlation functions for en-
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ergy gates containing different portions of equilibrium and
nonequilibrium emission. Consistent with previous mea-
surements [4,6-15], the correlation functions exhibit
maxima at q 20 MeV/c due to the attractive singlet S-
wave final-state interaction. For low-energy protons
(Ez 12-16 MeV at B~ 42' and E& =12-25 MeV at
Bz =109') the maxima are strongly attenuated, qualita-
tively consistent with an evaporative emission mechanism
as suggested by the inclusive spectra. The maxima in-
crease with the kinetic energy of the emitted particles,
reaching values for Et 50-80 MeV which are the largest
so far observed in medium-energy experiments [4,6-14],
indicating rapid emission by a small source.

Two-proton correlation functions may be calculated via
the equation [1,3,5]
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FIG. 2. (a) p-p correlation functions measured for the

He+ Ag reactions at 200 MeV. The energy gates and angular
locations of the center of the hodoscope are indicated in the
figure. The curves are discussed in the text. (b) Comparison of
experimental p-p correlation functions with predictions of the
BUU theory for the He+ Ag reaction at 200 MeV. The dotted
curve is discussed in the text.

fd A f(P/2, X+ /2, t )f(P/2, X —/2, t )
I fd'~f(P/2, X,t ) I

' (2)

Here, P =p~ +p2 is the total momentum of the proton
pair, and p(q, r) is the two-proton relative wave function.
The Wigner function f(p, x, t & ) describes the phase-space
distribution of protons of momentum p and position x at
some time, t &, after the emission process. It can be ob- f(p, r, t & ) dt g [p, r —p(t & t )/m, t] . —(3)

I

tained from the probability, g(p, r, t), for emitting a pro-
ton of momentum p at location r and time t by
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For illustration, the solid and dotted curves in Fig. 2(a)
show correlation functions calculated assuming surface
emission from an Ag targetlike residue (Rs =5.7 fm),
with an exponential time dependence given by

d cr
—t/i

3
(r" p)6(r" p)8(Rs —r) 6(t) .

P
g(p, r, t ) ch po

(4)

with the specific source radii ro given in the figure. The
calculations illustrate that the correlation functions for
the most energetic protons are consistent with instantane-
ous emission by a system significantly smaller than the
target nucleus.

Further insight can be obtained from the comparison, in
Fig. 3, of the Gaussian source radii extracted from this ex-
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FIG. 3. Systematics of Gaussian source radii extracted for a

variety of reactions. The solid and open points depict experi-
mentally extracted source radii. The solid line is an interpola-
tion of the source radii extracted for ' N projectiles. The
dashed and dot-dashed lines are extrapolated from the solid line
via the ratio of the projectile radius to the radius of ' N.

Here, po is a normalization constant, 6(t) is the unit step
function, r is the source lifetime, b is the Dirac delta func-
tion, r" and p are the unit vectors for position and momen-
tum, and d cr/dp is extrapolated from moving source fits
to the single-proton inclusive spectrum, shown as the
dashed lines in Fig. 1. The correlation functions for low-
energy protons can be reproduced with lifetimes of
r = 300-3000 fm/c; the solid curve shows a calculation
for r =500 fm/c. While larger maxima at q =20 MeV/c
are predicted for smaller r, even the assumption of a van-
ishing source lifetime (dotted curve) underpredicts the
correlation functions measured for the two highest-energy
gates where nonequilibrium emission dominates. The
dashed and dot-dashed curves show calculations for
Gaussian sources of negligible lifetime,

g(p, r, t) cx:pp(e
' "')B(t), (5)

periment to radii extracted from measurements for ' N,
' 0, and Ar projectiles incident on heavy targets [6,9,
10,13]. To contrast the correlations of protons emitted at
comparable stages of equilibration, these radii have been
plotted as functions of v~/vb„~, the ratio of v~, the mean
velocity of the detected protons, to vb„, the velocity of
the beam. For v~/vb„m~ 0.7, the extracted source radii
for ' N projectiles (open points and diamonds) decrease
systematically with v~/vb„m, the trend, interpolated by
the solid line, is remarkably independent of the incident
energy of the projectile. While the source radii for ' 0
projectiles closely parallel those for ' N projectiles, corre-
sponding source radii extracted for Ar (solid diamonds)
and He (solid points) projectiles are much larger and
much smaller, respectively. The dot-dashed and dashed
lines, in Fig. 3, are extrapolated from the solid line by
multiplying the source radii for the solid line by the ratios
(40/14) 't and (3/14) 't, respectively. This agreement of
extrapolated and measured source radii for He and Ar
projectiles suggests that the spatial extent of the emitting
region for energetic protons is governed initially by the
overlap of these relatively small projectiles with the heavy
target and, therefore, scales with the radius of the projec-
tile. It is important to note that these simple trends, ob-
served for v~/vb„~ 0.7, would not be observed in energy
averaged correlation functions, because such data pri-
marily reAect the correlations of the more abundant low-
energy protons where the correlation functions are more
sensitive to emission time scales than to spatial source di-
mensions. Indeed for protons with v~/vb„~0. 7, the
source radii for the three projectiles are comparable.

In order to determine whether the strong correlations
observed in the present experiment can be reproduced by
microscopic dynamical calculations, we have calculated
correlation functions using Wigner transforms which
satisfy the Boltzmann-Uehling-Uhlenbeck (BUU) trans-
port equation [17,18]. This equation includes a self-
consistent mean field, nucleon-nucleon collisions, and the
Pauli exclusion principle, but does not describe the emis-
sion of clusters. In our calculations we assumed a free
nucleon-nucleon cross section and an equation of state
with a compressibility coefficient EC=240 MeV. Follow-
ing Refs. [5] and [12], nucleon emission was calculated
during a time interval of ht, =140 fm/c after the initial
contact of the colliding nuclei. Further details of the nu-
merical procedure are given in Refs. [5l, [121,and [19].

The nucleon diAerential cross sections at 8=32.6' and
57.6' predicted by the BUU simulation are shown for
E ~ 30 MeV by the solid histograms in Fig. 1 [20]. The
dashed, dot-dashed, and solid curves in Fig. 2(b) show the
correlation functions from the BUU calculations. For
nonequilibrium emission at low (E~ =16-25 MeV) and
intermediate (E~ =35-50 MeV) energies, the calculations
are in reasonable agreement with the data. For the most
energetic protons (E~ =50-80 MeV), however, the calcu-
lations underpredict the observed correlations. For this
energy gate the extracted source radius was smaller than
the systematic extrapolation presented in Fig. 3, also sug-
gesting an enhancement in the correlation function.

To explore whether this discrepancy may be a remnant
of the spin correlation in the He ground state, we varied
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the relative weighting of the singlet and triplet states in
the p-p relative wave function in Eq. (2) according to

where a is a weighting factor and p, (q, r) and p, (q, r) are
the singlet and triplet spatial wave functions. Setting
a= —,

' selects the standard statistical weighting adopted
for all calculations but those depicted by the dotted lines
in Fig. 2(b). Choosing a=0.45 raises the correlation
function to values depicted by the dotted line in Fig. 2(b),
comparable to the measured one. This value of a is con-
sistent with the assumption that about 27% of the proton
pairs in the highest-energy gate originated in the He pro-
jectile and propagated to the detectors with their initial
spin correlations undisturbed.

In summary, two-proton correlation functions measured
for He induced reactions on Ag at E =200 MeV increase
dramatically with the energy of the detected protons.
Combined with other correlation function data, these

measurements suggest that the spatial extent of the emit-
ting region is governed initially by the overlap of the
projectile with the target. For proton energies with
E =16-50 MeV, the measured trends are consistent with
those predicted by the Boltzmann-Uehling-Uhlenbeck
equation, suggesting that the localization in space-time of
the emission of protons with these energies is reasonably
well described by the model. The correlation functions of
more energetic protons are underpredicted by the model,
an effect which may reAect remnant spin correlations
from the ground state of the He projectile.

This work is based upon work supported by the Nation-
al Science Foundation under Grants No. PHY-86-11210,
No. PHY-89-13813, and No. PHY-89-06116, by the
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