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For central collisions of 1360 MeV Ar + Ag we report correlations in relative momentum and in velocity
difference for ' H ejectiles at 32' and 68'. Comparison to trajectory calculations gives a measure of the

mean emission times, and, for unlike pairs, the average emission orders. There is a strong variation of the

average emission times as a function of ejectile energy that is very similar for each H isotope; they change
from «1000 fm/c for —10 MeV in the c.m. to «50 fm/c for «30 MeV. This indicates a broad spectrum of
emission sources and associated characteristics. The longer times suggest evaporative emission from thermal-

ized systems for ' ' H of energies —10 Mev (i.e. , those near the emission barrier). The shorter times, along

with the observed energy spectra, suggest extensive prethermalization or direct emission from the central

collision zone for ' ' H ejectiles of much higher energy.

PACS number(s): 25.70.Pq

Heavy ion induced nuclear reactions give effective path-
ways for massive energy dissipation into very highly excited
central collision zones. For 34A MeV Ar + Ag, measure-
ments of energy spectra and angular distributions for light
charged particles LCP (' H and He) at polar angle
0«68' show extensive energy thermalization typical of a
single heavy emission source [1,2]. For LCP's emitted at
0~68', there is a prominent forward peak in the angular
distributions, especially for higher energy particles. This
high-energy, forward-peaked LCP emission is often attrib-
uted to "projectilelike" and "intermediate-rapidity" sources
but, of course, it may also include direct or prethermalization
emission. In this paper we present particle-particle correla-
tions measured at both 8&,b

—68' and —32'; the larger
angle strongly emphasizes emission after extensive thermal-
ization while the smaller angle emphasizes prethermalization
emission. These correlations are analyzed to give mean life-
times r, [3,4] which are of great interest since they are inti-

mately related to the nature and extent of equilibration. Cuts
are made on the ejectile energies F; to provide a systematic
pattern of ~ versus F; for each of the H isotopes. A particu-
larly simple and dramatic picture emerges for these empirical
lifetimes from 1000 fm/c (i.e., characteristic of evapora-
tion) to ~50 fm/c (i.e., characteristic of traversal times).
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Experimental measurements were made of small-angle
ejectile pair correlations with the EMRIC 25-detector array
at Grenoble [5]using techniques very similar to [6].Previous
work with a 4m multidetector has established that the detec-
tion of such a pair in itself selects the central collision group
for this reaction [7,8]. Two-particle coincidence events were
recorded and used in two ways. Following the usual practice
[6] they were binned in relative momentum P„& to form a
spectrum A(P„t). A correlation function is defined as the
ratio A(P„&)/B(P„t) where B(P„&) is a reference spectrum
for the same class of particles but from separate events. We
have used event mixing for the construction of the reference
spectrum B(P„,&); this reference spectrum is area normalized
to the total number of events in the real spectrum A(P„&). In
addition we present velocity difference (V„—Vd) spectra be-
tween protons and deuterons recorded for opening angle
y(7'. The velocity difference spectra are sensitive to the
ejectile emission order [4,7,9] as well as the mean lifetime.
Trajectory calculations from the reaction simulation code
MENEKA [3] are used to interpret both the correlation func-
tions and the velocity difference spectra. These simulations
include a detection filter and event processing that duplicate
experimental conditions [6].

Figure 1 shows experimental results and reaction simula-
tion calculations for H- H pairs from the EMRIC array
centered at 0 = 68'. Each velocity difference spectrum on
the right utilizes only those coincident pairs recorded in de-
tectors with center-point opening angle y(7' (i.e. , the near-
est and next-nearest neighbors) and energy ranges for indi-
vidual deuterons as indicated. The associated correlation
function on the left involves the same energy cuts for each
particle, but all detector pairs are accepted with no selection
on y. Reaction simulation calculations are shown by the
various smooth curves and associated mean lifetime values.
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FIG. 2. Similar to Fig. 1 but for 'H- H pairs. The calculated
curves for the velocity difference spectra use the best-fit values of
r from the left panel and then vary the fraction f,„ for proton
emission first.

5& Eg&15MeV
3000

05
~(fm c)

3000
1500
900

I s I I

0 20 40 -1 0 1

Prel (MeV/c) Vd —Vd (cm/ns)

2000

1000

0

FIG. 1. Correlation functions in relative momentum P„, (left)
and velocity difference (Vd —Vd) spectra (right) for deuteron pairs
detected in EMRIC centered at 68'. Energy gates for associated
plots are indicated on the right and the mean lifetime (or 7) values
used for the calculated curves are indicated on the left. All pairs are
included for the correlation functions but only those with @&7 for
the velocity differences.

The calculations make only limited use of reaction models
and assumptions; they use the energy spectra observed for
the particles of interest in the detectors of interest [4]. This
minimizes the effect of errors in the energy calibrations as
well as items such as the emitter velocity, its temperature,
etc.

An outline of the steps in the calculation is as follows. (a)
Convert observed ejectile spectra from laboratory to an as-
sumed emitter frame (EF). (b) Include emitter recoil effect
with an assumed emitter mass to obtain channel energy spec-
tra. (c) Choose a channel energy F.; for the ejectile (or par-
ticle) and its direction from a zone larger than that of the
EMRIC array. (d) Calculate the asymptotic particle direction
in the EF. (e) Select exit channel angular momentum or /,
values at random from a triangular distribution and direct
them at random in the plane perpendicular to the particle
direction. (f) Given a velocity and radius of the emitting
source, these choices of F, and 8; allow one to define the
initial position and momentum of the ith ejectile at the sur-
face of the emitting source. (g) After emission of the first

particle, a time t is selected for emission of the second par-
ticle; this choice is made from the assumption of exponential
decay P(t) = exp(tl r) with a given input value of the mean
lifetime 7.. A three-body trajectory is then calculated and
filtered by the experimental acceptance [3].(For this reaction
we find that three-body trajectories give essentially the same
results as many-body trajectories. )

Calculations are shown in Fig. 1 for each pair of plots
with the input v values as indicated on the left. From the best
overall fit a mean lifetime ~d was assigned; by similar analy-
ses values of v, were determined with data for H- H pairs.
The values of ~d and ~, vary strongly with ejectile velocity;
they will be discussed below along with Fig. 4. In separate
calculations the roles of various assumed input quantities
were explored. We used an emitter velocity from the average
for heavy residual nuclei reported in Ref. [1],but changes of
even 50% do not affect the calculated results. Initial emitter
mass numbers A; were taken from [1,10] and normal nuclear
radii were used to assign the initial distance between emitter
and ejectile. Reduction of -30% in A; has only a small
effect on the calculated curves. Use of a smaller nuclear
density (i.e., an expanded source) would lead to somewhat
smaller assignments for ~; therefore, these ~ values can be
taken as upper limits for cases of v~ 100 fm/c [11].

For like-particle pairs, as in Fig. 1, we use primarily the

P„j correlation functions to obtain v.; the velocity difference
spectra provide useful confirmation by their agreement. For
unlike particle pairs, however, these velocity difference spec-
tra add an independent constraint on the emission order
[4,7,9]. In Fig. 2 we illustrate this with 'H- H pairs, each
selected by a high velocity cut as indicated. The P„& corre-
lation function is sensitive to the 7 value [e.g. , 3]; but it is
essentially insensitive to the fraction f,„for proton emission
first. The velocity difference spectra for unlike particles are
generally asymmetric about V~ —Vd=0; this asymmetry is
related to differences in the individual particle velocity spec-
tra, but it is also driven by the emission order. Shown for
comparison are curves calculated with f,„=0 and 100%. In
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FIG, 4. Summary graph for lifetimes of each ejectile obtained at
32' and 68'. The abscissa is the average laboratory energy in (a)
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FIG. 3. Similar to Figs. 1 and 2 for 'H- H pairs but with a
different approach to the calculated curves. Values of r„(as indi-

cated on the left) were taken from the systematics (see Fig. I); then

several calculated curves are obtained for various values of 7„as
indicated. Velocity cuts for each 'H and H were applied as indi-

cated on the right.

short there is high detection efficiency for pairs if the higher
velocity particle is emitted first and the contrary. The data in

Fig. 2 show a high peak for Vd) V„compared to only a
shoulder for V„~Vd. This indicates that deuterons predomi-
nate as the first particle emitted for this velocity cut. Least
squares fits to these asymmetric velocity difference spectra
lead to the low values indicated (f&„= 24 or 17%) for
proton emission prior to the deuterons for the conditions in-

dicated. The use of a correlation function in V„—Vd leads to
identical conclusions, but its shape does not lead to an intui-
tive interpretation.

Figure 3 illustrates a more interesting way to analyze such
data, one that seeks to characterize the 'H and H emission
processes in terms of two separate exponential decays with
their respective mean lifetimes ~~ and ~d. Such a character-
ization will generate a specific average emission order and
time intervals between ejectiles as a direct result of the rela-
tive magnitudes of these lifetimes. From Fig. 1 for H- H
pairs we have determined r„veaslufor several velocity (or
energy) cuts. For the analysis in Fig. 3 we have used these
values of rd from the H- H data (as indicated) and then

have varied only the value of 7~ to get best fits to the com-
binations of correlation functions and velocity difference
spectra at 0&,b

= 68'. Calculated curves are shown for four
ejectile velocity intervals, each with several values of 7.„as
indicated. The best-fit lifetimes vary enormously, from
-4500 fm/c to —60 fm/c as the velocity increases. This
series of analyses has also been performed for ejectile pairs
observed with EMRIC centered at 32 .

Figure 4 shows the complete set of mean lifetime values
as a function of average ejectile energy as observed in the
laboratory and as transformed into the emitter frame. As a
consistency test of this pattern we have compared the data
shown in Fig. 2 to simulations that use the results given in

Fig. 4. For each selected energy of 'H or H one chooses the
~ value from Fig. 4; thus there are no free parameters. The
calculated curves account for the data in an acceptable way
with f,„values of 26% and 33% for 69' and 32', respec-
tively. These results indicate a reasonable overall consistency
in the approach. We have avoided the use of 'H- 'H correla-
tions here due to the possible ejection of small amounts of
preformed He, which would greatly complicate their inter-
pretation [11].In addition, this interwoven use of data for
'H, H, and H gives a broad view of the reaction pathways,
which goes well beyond that from 'H-'H as deduced else-
where [12], e.g.

It is very surprising that these different ejectiles exhibit
such similar behavior over such a wide range of energy and
lifetime and for both 32 and 68, because one would expect
the mechanisms to be very different. The energy spectra in
Fig. S illustrate this point. They show a variation with angle,
which can be mainly accounted for by evaporation from a
single emitter for back angles (e.g. , for 8)68') [1,2,6,7].
However, for 0 = 32 the observed spectrum has a com-
pletely different shape from that calculated for evaporation
from the same source. The spectral shapes imply that H and
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H at 32' arise from additional mechanisms, e.g. , prether-
malization emissions. Our expectation was that such a mix-
ture of mechanisms at 32' would lead to a different pattern
of ~ values when compared to that for ao evaporationlike
source that seems to dominate the 68' spectrum.

One possible rationalization of this behavior can be
sought by considering the time interval that is required for
fusion. Schematically, this time can be said to be approxi-
mately the nuclear radius divided by the projectile velocity,
i.e., —50 fm/c. Direct emission, such as that calculated in
molecular dynamics models [15],e.g. , is indeed predicted to
occur on just such a time scale. Emission after fusion and
complete thermalization must, therefore, come later in the
collision sequence. Figure 4 shows that the observed ~ val-
ues reach —30 fm/c for the highest ejectile energies at both
32 and 68'. Thus one might conclude that these very short
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FIG. 5. Energy spectra for H and H compared to evaporation
model calculations [13,14] for an emitter with average linear mo-
mentum transfer of 85% [1,7]. For our trajectory calculations we
use the observed energy spectra to start, and a program test of steps
(a-f) is the simulation's rematch to these spectra.

ejectile emission times are being limited as they approach
—50 fm/c by dynamical constraints demanded by the time
required for the interpenetration of projectile and target nu-
clei. Much longer emission times for the lower energy par-
ticles seem to reflect an extensive internuclear collision cas-
cade required for thermalization. The occurrence of such a
broad span of particle emission times (and presumably emit-
ters) may well be a critical feature that has clouded the in-

terpretation of 'H-'H correlations [16—18], e.g. In the ab-
sence of velocity cuts the apparent space time extent of the
source would include averaging over an enormously compli-
cated set of emitters.

Our qualitative conclusion is that the higher energy ejec-
tiles at both 32 and 68 come from prethermalization emis-
sion in contrast to the lower energy ejectiles that are emitted
after much more extensive thermalization. Therefore, the use
of the phrase "projectilelike source" or "intermediate rapid-
ity source" (in the context of the high energy ' ' H from this
reaction) should be taken to include ejectiles, which retain
some memory of the translational motion of the projectile,
but are almost directly ejected from the collision zone. This
notion of "source" is quite different from that of a heated
projectilelike fragment which exits from the collision zone
and then suffers evaporationlike decay. The latter process is
almost surely important for peripheral collisions but is much
less important for the central collisions studied here [1,2].
This work shows that LCP emission from the central colli-
sion zone covers the full dynamic range of reaction times,
from essentially direct ejection to extremely slow particle
evaporation. This wide range of processes makes it very dif-
ficult to use an energy integrated set of LCP data to probe the
space-time extent of the reaction zone. The fast, high veloc-
ity particles, however, are of particular interest since they can
provide just such a probe; in addition they offer a very inter-
esting possibility analogous to a start signal for a stopwatch
on the reaction dynamics [9,15].
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