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ABSTRACT

Kinematic correlations between three heavy projectile fragments produced in Au in-
duced reactions at E/A = 600 MeV are presented. The sensitivity of these corre-
lations to the disassembly geometry is confirmed by classical three-body trajectory
calculations. The simulations suggest a fast disintegration process of an highly ex-
cited system. Within the assumed scenarios the data constrain a possibly existing
radial flow to a maximum value of about 1 MeV per nucleon. This radial motion can
be provided by the Coulomb repulsion between the fragments if the breakup occurs

out of a volume with a radius not larger than 15 fm.
PACS numbers: 24.60.Ky, 25.40.5¢c, 25.70.Np
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In several recent experiments indirect evidence for a fast breakup of excited nuclear
systems has been accumulated by comparing measured fragment yields with predic-
tions based on statistical decay models {1, 2, 3]. Nonetheless, a definite picture of the
multifragmentation dynamics has not yet emerged. Besides multisequential binary
decays at low nuclear densities [4], condensation processes in an expanded nuclear
system — which may provide a link to a nuclear liquid-gas phase transition [5, 6] -
have been discussed as a conceivable scenario [7, 8, 9]. More recently, shape instabili-
ties as a consequence of surface fluctuations have been proposed (10, 11] as a trigger
for the fragmentation process.

Observable and characteristic ﬁngerl;rints of the disintegration dynamics may show
up in kinematic correlations which are governed by the long-range Coulomb repulsion
[12-20]. First studies of fragment-fragment proximity correlations at intermediate en-
ergies 20 MeV < E/A < 100 MeV suggested emission times which were consistent with
a sequential decay process [14, 16]. Using heavier projectiles, Kim and co-workers de-
duced a rather short emission time for light fragments produced in central 3¢Ar +
%7Ay collisions at E/A = 35 MeV [17, 18]. However, the dominance of preequi-
librium processes in these reactions [14, 18, 21] renders a clean separation between
different sources of fragments to be difficult. Furthermore, in most two-fragment cor-
relation studies no information about possibly existing heavy target remnants [14, 19]
is available thus leading to uncertainties of the extracted emission times because of
the unknown recoil effects [22] and because of velocity fluctuations of the emitting
system. Indeed, Bizard and co-workers showed in a more complete study that the
relative velocity distributions of three coincident heavy fragments produced in the
similar reaction “°Ar + ®Au at E/A = 30 MeV are consistent with a sequential
production mechanism [19]. In line with this study in the Fermi energy domain we
present in this letter kinematic correlations between three heavy projectile fragments

produced in Au induced relativistic heavy ion collisions.



The experiment was performed with the ALADIN spectrometer at SIS [23, 24}.
Targets of C, Al, Cu and Pb with about 3 % interaction probability were bombarded
with a Au beam with an energy of 600 MeV per nucleon. Heavy fragments with charge
7 > 8 were identified according to their atomic number and tracked by a multiple-
sampling ionization chamber (TP-MUSIC) [25]. The charge of all other light fragments
with 2 < 7 < 7 was determined by a plastic scintillator wall. This array also provided
the time-of-flight (TOF) for all projectile fragments with Z > 2. Combining the TOF
and the TP-MUSIC information, the mass of fragments with Z> 8 was evaluated with
a relative resolution of AA/A =~ 3% (FWHM) .

We will consider only those events where exactly three fragments were tracked
in the TP-MUSIC. For this event class Zjound, defined as the summed charge of all
projectile fragments with Z> 2 [23], varies between 45 and 70 and peaks at Zyound = 535.
Typically 80 % of Ziound is contained in the charges of the three heaviest fragments.
Sorted according to their charge number, the average charges and masses of these
fragments i=1-3 are (Z;) = 22, 13, 10 and (A;) = 48, 29, 20.

The momenta of the fragments are expected to reflect the breakup dynamics. In
the present analysis the momenta p.,,.; of the three fragments in their center-of-

momentum (c.m.) frame are used to determine the summed c.m. - kinetic energy

Fo= 3 /(2 ma- A) W

i=1
where my is the atomic mass unit. In Figure 1 the average value (Es) (top part) and
the standard deviation o3 of E3 (bottom part) are displayed as a function of the sum
of a nominal Coulomb repulsion
E. =€ Z:Z;/(ro( A" + 4;"%)). (2)
i<d
For the radius parameter ro a value of 1.4 fm was used in all calculations. Within

the statistical uncertainties no target dependence is apparent and the data depend
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linearly on E.. We, therefore, parameterized our observations in terms of two straight
line fits common to the data points of all targets. The slope and intercept of these
fits are mg = 0.37 & 0.04 and bg = 76 & 5 MeV for (E3) and m, = -0.07 £ 0.01 and
b, = 44 + 4 MeV for o3.

Although significant progress in the development of microscopic transport models
has been achieved during the last decade [26], a detailed and consistent microscopic
theory which describes both, the disassembly dynamics as well as the formation of
observable fragments is not yet available. In order to test the semsitivity of our ob-
servations to the breakup geometry we, therefore, performed classical three-body tra-
jectory calculations. We examine two schematic disintegration configurations which
mimic the main categories of breakup scenarios discussed in the literature [1, 2, 3]:
(1) The first class simulates two sequential, binary splittings of the initial nucleus. In
both steps, the surfaces of the two produced fragments were initially separated by
a fixed distance 2-D. The time delay ¢ between the two decays was chosen from an
exponential distribution P(t) < exp(—In2+¢/7). The initial relative energy of the two

fragments was selected from a distribution
P(E) x E* . exp(—E/T) (3)

where for the exponent a values of 0.5 or 1 were used. The direction of the corre-
sponding initial relative velocity was isotropically [27] distributed.

(1) With the second type of simulations a simultaneous emission out of a given vol-
ume is modelled. The centers of the three non-overlapping fragments are distributed
randomly within a sphere of radius R. To each fragment an isotropically distributed
initial velocity was assigned. Constrained by total momentum conservation, these
velocities were selected according to the energy distribution described by Eq. 3. In
addition to this random motion, an initial radial flow velocity #;; = (2¢;/mo)"/2-d;/R
was taken into account. Here, d_: is the position of the center of the fragment i with

respect to the center-of-momentum, and the parameter ¢; denotes the flow energy per
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nucleon for fragments located at d; = R.

The charges and masses of the fragments were obtained by a Monte Carlo sampling
of the measured events, thus reducing significantly the uncertainties associated with
the fragment distribution. For each event the temperature parameter T was chosen
according to the experimental value of Zysuna from the relation T = fr - (2 - (79 —
Zyouna))?, where fr is a free pa,ra,metér. For fr = 1 this relation describes within
the relevant range of Zyound the temperatures of the initial projectile spectators as
predicted by microscopic transport calculations [3] reasonably well. The paths of the
fragments were calculated under the influence of their mutual Coulomb field and two-
fragment proximity forces according to Ref. [28]. Since for the further analysis those
trajectories were rejected for which the fragments did overlap during the propagation,
the influence of the proximity force turns out to be rather small. In order to account
for the recoil from light particles emitted sequentially from the initial fragments, the
measured charges and masses were increased prior to the trajectory calculations in
accordance with the initial temperature. After the fragment-fragment interaction has
ceased, the sequential emission of light particles leading to the observed masses and
charges was assumed to take place.

In order to quantify the agreement between the simulations and the experimental

observations we define a reduced x*

X' = = 3w - )/ ®)

i=1
Here, #; are the four coefficients characterizing the fits to the data in Fig. 1 and, in
addition, the mean scaled [17] relative velocity between the two lighter fragments 2 and
3, {Baa/v/Z2 + Z3) = 0.0206 + 0.0005. §; and y; denote the experimental uncertainties
of these quantities and the corresponding model predictions, respectively [29].

The results of the sequential type of calculations are summarized in Fig. 2, The

box-plot in part (a) displays for a given lifetime of 7 = 100 fm/c the variation of x* as a



function of the two other model parameters fr and D. For orientation, contour lines for
x? = 4 and 10 are shown. A distinct minimum at D = 2 4 0.5 fm and fr = 1.25 £ 0.05
can be discerned. Within the quoted uncertainties, similar minima were found at the
same values of D and fr for all considered values of 7 < 10% fm/c. However, the height
of this minimum, x2 . , increases strongly for large values of 7 (Fig. 2b) and clearly
excludes emission times 7 > 2000 fm/c. The good agreement of the simulations with
the data for smaller values of r is illustrated in parts c and d of Fig. 2 [30]. Whereas
the E,. dependences of (E£3) and o3 provide no further constraint on 7, the probability
distribution Pga of Bg3 is best reproduced by calculations using small 7 ~ 10 fm/c
(solid line in Fig. 2e). This preference for very small relative emission times is even
more evident in Fig. 2f where we compare the measured and predicted correlation
functions [14] of fragment 2 and 3, Raa(B2a)+1. Note that the background events for
the correlation functions were generated by using the c.m. momenta, thus minimizing
the uncertainty associated with the collective velocity of the decaying system.
Results of calculations modelling the simultaneous volume emission of the three
fragments are compiled in Fig. 3. Similar to the case of the sequential simulations a
clear minimum of x* can be determined for each given flow parameter ¢; by varying
independently the other two model parameters R and fr. Part a of Fig. 3 shows in
a R - fr plane the contour lines with x* = 2 for ¢4 = 0 (at R ~ 15 fm), 0.5 (R ~
22 fm) and 1 MeV (R = 26 fm) and for two different values for the exponent «. The
corresponding minimal x? are displayed in part b as a function of e;. Values of ¢; larger
than 1 MeV are ruled out whereas smaller values of €; show no significantly different
x2in- Nonetheless, for each given value of o there exists a rather unique relation
between €7, R and fr. For large emission radii R the data can only be described if a
collective radial velocity is taken into account. This radial motion can be provided by
the Coulomb repulsion between the fragments if the breakup occurs. out of a volume

with R = 15 fm. The corresponding average initial distance between fragment 2 and



3 is about (dz3) ~ 18 fm and is comparable to a value of (das) ~ 16 fm obtained for
the sequential scenario using 7 = 10 fm/c.

The interplay between the Coulomb repulsion on one hand and the initial velocity
- composed of the random thermal motion and the radial flow - on the other hand,
is exemplified in Fig. 3c and d. Adopting the optimal parameter set for the case ¢f
= 0.5 MeV and & = 1, i.e. R=22.5 fm and fr = 1.2, the sequential evaporation (E),
flow (F) and the Coulomb repulsion (C) have been added successively to the initial
thermal energy (T). The decrease of the thermal contribution by about 5 MeV when
going from ¢; = 0 (fr= 1.35) to ¢; = 0.5 MeV (fr=1.2) is small compared to the
additional contribution of 20 MeV which is due to the radial flow. Furthermore, the
dotted histogram in Fig. 3c illustrates that the slope parameter mg is also affected
by the increasing temperature in more central collisions which are characterized by
smaller average fragment charges and hence smaller values of E.. Finally, we show
in panels e and f of Fig. 3 that also for this emission geometry, the relative velocity
distribution of fragment 2 and 3 and the correlation function Rps -+ 1 are reasonably
well reproduced for all values of e < 1 MeV [30].

In conclusion, we have studied kinematic correlations between three heavy projec-
tile fragments produced in Au induced reactions at E/A = 600 MeV. A comparison
of the observed correlations to schematic trajectory calculations indicates a strong
sensitivity to the disassembly geometry. Although the present data do not allow to
unequivocally determine this geometry, they significantly limit the possible parameter
space of the breakup scenario. The simulations suggest a fast disintegration process
of an highly excited and rather extended nuclear system. Because of the stronger
Coulomb repulsion, smaller emission volumes would require lower temperature pa-
rameters leading to smaller fluctuations of the kinetic energies. Although we can not
exclude that the resulting underprediction of o5 may be compensated by fluctuations

of the initial excitation energy, the observed sensitivities raise the hope, that these data



will not only narrow the parameter space for such extended parametrizations or other
conceivable fragmentation scenarios [10, 11] but also for more specific disintegration
models [8, 9].
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Figure 1:

Mean center-of-mass total kinetic energy ( E3) (top) and the standard deviation o3
(bottom) as a function of the nominal Coulomb energy for the three largest projectile
fragments emitted in Au + C, Al, Cu and Pb collisions at E/A = 600 MeV. The
points were obtained by sorting the data in 30 MeV wide bins.

Figure 2:

Summary of the sequential decay calculations. Part a: Two-dimensional display of
x? as a function of the initial fragment-fragment separation D) and the scaling factor
fr of the temperature for a life time 7 = 100 fm/c. The area of the largest box
corresponds to x* = 50. Part b: Minimum x? as a function of the lifetime 7. Parts
c and d: Optimal predictions for { E3) and o3 for different lifetimes . Parts e and
f: Coincidence yield and two-fragment correlation function of fragment 2 and 3 as a

function of their scaled relative velocity for the optimum parameter set with D=2 fm

and fr = 1.25 and the indicated values of r.

Figure 3:

Summary of calculations assuming a volume emission. Part a: Contour lines for x? in
a plane defined by the volume radius R and the scaling factor fr of the temperature
for flow parameters ¢; = 0, 0.5 and 1 MeV (increasing from left to right). Part b:
Minimum x? as a function of ;. Parts ¢ and d: Predictions for ( Es) and o3 for the
case €5 = 0.5 MeV. Parts e and f: Coincidence yields and two-fragment correlation
function of fragment 2 and 3 as a function of their scaled relative velocity adopting

the optimum parameter set for the indicated flow energy.
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