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Abstract

We have investigated the utility of high-order azimuthal correlation functions as probes of collective motion from both
rotation and flow at intermediate energies. Reaction simulations indicate new and distinct signatures for rotational collective
motion which are important for its characterization and its distinction from collective flow. For the system Ar + Sc (35-1154
MeV), experimental high-order correlation functions are used for a clear demonstration of the disappearance of collective
flow at 93 14A MeV. The method is direct and circumvents reaction-plane assignment,

The study of collective motion in intermediate en-
ergy heavy ion collisions is predicted to provide im-
portant insight into heavy ion reaction dynamics and
the nuclear equation of state (EQS) [1-6]. In fact, re-
cent microscopic transpert models [ 7-10] have linked
the magnitude of parameters of the EOS to the dom-
inance of repulsive versus attractive collective mo-
tions in heavy ion reactions. Such collective motions
- termed flow - are currently under active investi-
gation [11-15]. In addition, much effort has been
devoted to the study of rotational collective motion
which must be distinguished from flow in intermedi-
ate energy heavy ion reactions [16-21].

Measured azimuthal angle distributions [with re-

spect to an inferred reaction plane] have been shown
to be sensitive to both flow and rotational collective
motion [17,18,20]. However, their quantitative uti-
lization is marred by the large corrections that must be
applied to experimental results to account for the dis-
persion of the experimentally inferred reaction plane
about the true reaction plane. Various methods have
been exploited to improve the accuracy of the assign-
ment of the reaction plane from experimental data and
to correct for its dispersion {4,22,23]. Nonetheless,
reservations are still expressed in the literature [24]
concerning the accuracy of measured collective vari-
ables {e.g. flow) which rely on a knowledge of the
reaction plane.
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Multifragment azimuthal correlation functions have
been shown to provide another potentially powerful
probe for heavy ion collision dynamics [21,25]. Un-
like the more “remote” azimuthal angular distribu-
tions, these correlation functions can be directly inter-
preted and do not require any assignment of the reac-
tion plane. An important consequence of this is that
one circumvents the event-by-event estimation of the
reaction plane and hence, the corrections for disper-
sion of the angle of this plane about the true reaction
plane. Collateral benefits include a reduction in Sys-
tematic uncertainties associated with detector accep-
tance, efficiency, etc. Another virtue of multifragment
azimuthal correlation functions is that they allow the
direct investigation of higher-order correlations be-
tween fragment multiplets (three or more fragments).
Such high-order correlation functions have been re-
cently used to study collective flow in the system Ar
+ Au (0.4A GeV) [26].

In this letter we extend the utility of high-order mul-
tifragment azimuthal correlation functions to the study
of both rotational collective motion and the disappear-
ance of collective flow at intermediate energies. On the
one hand, we show - by way of reaction simulations
- that high-order multifragment azimuthal correlation
functions yield new and distinct signatures for rota-
tional collective motion. We believe that these signa-
tures are important for the distinction and character-
ization of both rotational collective motion and flow.
On the other hand, we report new experimental high-
order correlation functions for the system Ar + Sc
(35AMeV to 1154 MeV) which show clear evidence
for the disappearance of collective flow at 93 + 44
MeV and its resurgence at higher energies.

The “°Ar beams (354 MeV to 1154 MeV) used
in the experiments were provided in 10 MeV steps by
the K1200 cyclotron at the National Superconducting
Cyclotron facility (NSCL). The beam intensity was
approximately 100 electrical pA and the thickness of
the Sc target was 1.6 mg/cm?. Charged reaction prod-
ucts were detected with the MSU 4# Array {27].

The MSU 47 Array consists of a main ball of 170
phoswich detectors (arranged in 20 hexagonal and 10
pentagonal subarrays) covering angles from 23° to
157° and a forward array of 45 phoswich detectors
covering angles from 7° to 18°. The thirty Bragg curve
detectors recently installed in front of the hexagonal
and pentagonal sub-arrays were operated in ion cham-

ber mode (for AE determination) with a pressure of
500 torr of P5 gas (95% argon, 5% methane), Since
the hexagonal anodes of the five most forward Bragg
curve detectors are segmented, 55 separate A E gas de-
tectors were employed for these measurements.

The gas detectors provided AE signals for charged
particles (Z > 2) that stopped in the fast plastic scin-
tillator of the main ball. Consequently, the Array was
capable of detecting charged fragments from Z = 1
to Z = 12, Low energy thresholds for the main ball
were 17A MeV, 34 MeV, and 54 MeV for fragments
of Z = 1, 3, and 12, respectively. The low energy
threshold for the forward array was ~174 MeV. Data
were taken with a minimum bias trigger (charged par-
ticle multiplicity (m) > 2) and a more central trigger
(m23).

Following the approach exploited in Refs. [21,26],
the high-order multifragment azimuthal correlation
function is defined as a ratio of two distributions

Neor (Y}
Nuncor ($)’

where Ny (i#,) is the observed ¥, distribution for
fragment multiplets selected from the same event and
Nuncor(#,) is the ¢, distribution for fragment mul-
tiplets selected from mixed events. The two distribu-
tions are area normalized. For a multiplet of w frag-
ments, #,, represents the geometric mean of the k pair-
wise azimuthal separations (A¢) between the frag-
ments [26]
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There are M!/(M — w) w! possible multiplets of size
o for an event in which M fragments are detected.
Consequently, each event was appropriately weighted
by the factor (M — w)lw!/M! to ensure equal contri-
bution to ,, by all events. For the results presented
here, mixed events were obtained by randomly select-
ing each member of a fragment pair or multiplet from
different events with the same impact parameter. Im-
pact parameters were determined by way of cuts on
the total transverse momentum [28,29].

For orientation, we show simulated high-order cor-
relation functions for flow and rotational collective
motion in Fig. 1. The simulations, which were made
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Fig. 1. Reaction simulation for rotational collective motion (left
columnn) and flow (right column) for the system Ar + Sc. Az-
imuthal correlation functions are shown for fragment pairs (a and
b), three-fragment multiplets (¢ and d), and four-fragment mul-
tiplets (e and f). See text for details.

for several characteristic event shapes, employ Gaus-
sian fragment momentum distributions to simulate col-
lective motion for negative rapidity fragments. For ro-
tational collective motion we used an oblate momen-
tum distribution (o, = o, > oy) where z is the beam
axis, x is in the reaction plane, and y is normal to
the reaction plane. For flow we used a prolate mo-
mentumn distribution rotated (20°) about the y axis,
The left column of Fig. 1 shows results for pure rota-
tional collective motion. The right column shows re-
sults for pure flow. The two top frames (Figs. 1a and
1b) show correlation functions for fragment pairs. The
other frames show high-order correlation functions for
three-fragment multiplets (Figs. 1c and 1d) and four-
fragment multiplets (Figs. le and 1f). A comparison
of the correlation functions for flow (right column Fig.
1), indicates that the strength of the correlation func-
tion increases appreciably (an approximate four-fold
increase at low ) as the size w of the fragment multi-
plet increases from 2 to 4. However, the basic shape of
the correlation functions does not chan ge with w. The
peaks [at low ] in these correlation functions are a
manifestation of the extent to which collective flow
causes fragment multiplets to be closely spaced in az-
imuthal angle. For pedagogic reasons, we note that an
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isotropic emission pattern leads to a flat (Clg,)=1)
high-order correlation function for all fragment mul-
tiplets.

For rotational collective motion (left panel Fig. 1),
the evolution of the correlation functions [with w]
is significantly different from those shown for flow.
They do not show the large change in magnitude [at
small ¢] with increasing w displayed by the corre-
lation functions for flow. Instead, one can clearly see
characteristic and distinct shape changes as o is in-
creased. The apparent shape differences between the
correlation function for fragment pairs (Fig. 1a) and
those for three-fragment ( Fig 1c) and four-fragment
(Fig. 1e) multiplets is particularly striking. The gen-
eral features of these correlation functions are con-
sistent with the fact that rotational collective motion
gives rise to preferential fragment emission in a plane
perpendicular to the rotational axis. We conclude from
Fig. 1 that high-order correlation functions aid the dis-
tinction between rotation and flow and may provide
important insights on collective motion [in multifrag-
ment decay] which are inaccessible via conventional
two particle azimuthal correlation functions.

Experimental cotrelation functions for Ar + Sc
[35A MeV] are shown in Figs. 2b, 2d, and 2f for
fragment pairs, three-fragment multiplets, and four-
fragment multiplets, respectively. In order to enhance
possible signatures for flow and collective rotational
motion [17,20,21], only fragments with negative cm
rapidities (—0.5 < y < —0.05) from relatively cen-
tral collisions (b/bmax < 0.33) were used (b is the
estimated impact parameter and by, is the maximum
impact parameter [28,29]). In constructing these
correlation functions, the fragment yield for each de-
tector was randomized (in azimuth) over its surface.
In addition, we required the presence of a He “trigger”
fragment in each of the fragment pairs or multiplets
used to evaluate . These experimental correlation
functions have shapes which are qualitatively differ-
ent from the correlation functions shown in Fig. 1.
On the contrary, there are unmistakable similarities
between these experimental correlation functions and
the simulated correlation functions shown in Fi gs. 2a,
2¢, and 2e. These latter correlation functions were
constructed assuming nearly equal contributions from
flow and rotational collective motion. We conclude
from these results that, at low bombarding energies,
there are significant contributions from both flow and
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Fig. 2. Experimental (right column) and simulated (left columa)
azimuthal correlation functions for the system Ar + Sc (354
MeV). From top to bottom, correlation functions are shown for
fragment pairs, three-fragment multiplets, and four-fragment mul-
tiplets, respectively.
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Fig. 3. High-order azimuthal cormelation functions for
three-fragment multiplets. Correlation functions are shown for the
system Ar + Sc for several beam energies as indicated.

rotational collective motion. Of greater significance
is the fact that these high-order correlation functions
provide new and powerful signatures for their charac-
terization.

Fig. 3 shows experimental high-order azimuthal
correlation functions for three-fragment multiplets
measured at several different beam energies for Ar +
Se. As discussed above, only fragments with nega-
tive cm rapidities (—0.5 < y < —0.05) from central
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Fig. 4. Correlatior: functions for negative rapidity fragments (left
panel) and mid-rapidity fragments (right panel). Simulated results
are shown for flow (a and b) and rotation (c and d). Experimental
results are shown for 654 MeV Ar 4 Sc (e and 1).

collisions (&/bmay < 0.33) are used for the evalua-
tion of these correlation functions. Figs. 3a-3d show
results for 65, 85, 95, and 1154 MeV, respectively,
subsequent to small corrections for momentum con-
servation. In contrast to the experimental correlation
function shown earlier for the 354 MeV beam (cf.
Fig. 2d}, the overall features of these correlation func-
tions are consistent with a preponderance of collective
flow. The validity of this notion is demonstrated in
Fig. 4 where the experimental three-fragment corre-
lation function for negative rapidity fragments (Fig.
4e) is compared to that for mid-rapidity fragments
(Fig. 4f). For orientation, calculated results for pure
collective flow (Figs. 4a, and 4b), and pure rotational
collective motion (Figs. 4c, and 4d) are also included
in the figure. A comparison of Figs. 4a and 4b clearly
shows that the strong flow signature exhibited by
negative rapidity fragments is essentially absent when
mid-rapidity fragments are selected. On the contrary,
the signature for rotational collective motion shown
by negative rapidity fragments is unperturbed when
midrapidity fragments are selected (cf. Figs. 4c and
4d). This being the case, it is evident from Fig. 4f that
rotational contributions to the experimental correla-
tion function shown for negative rapidity fragments
(Fig. 4e) are not significant at 654 MeV. If present,
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the characteristic features of such contributions would
show up in Fig. 4f. A similar analysis leads to the
same conclusion for beam energies >654 MeV, This
finding is consistent with earlier work [21] which
demonstrated that rotational collective motion is neg-
ligible [for the Ar + Sc system] for beam energies
> 65A MeV.

A prominent feature of Fig, 3 is the evolution of
collective motion with increasing beam energy. In this
figure, one observes that the positive correlations at
small ¢ angles decrease with increasing beam energy
up to ~95A MeV. This decrease is consistent with
the disappearance of flow. As the beam energy is in-
creased above 954 MeV, one sees clear evidence for
an increase in the strength of the correlation function
at small 4%, indicating the re-appearance of flow. These
results constitute the first demonstration of the power
of high-order correlation functions for the study of the
disappearance of flow. They are particularly important
because they circumvent any significant complication
associated with reaction plane determinations.

Precise measurements of the beam energy at which
collective flow disappears (Epa) is of great current
interest for constraints on the nuclear EOS. Conse-
quently, we have made a first attempt to extract Epy
from our multifragment correlation data, In light of the
discussion above, one can assume that the peaks [in
the correlation functions] at small ¢ angles are dom-
inated by flow for beam energies >65A4 MeV. Using
this assumption, we represent the magnitude of collec-
tive flow as an integral of C (¢3) — 1 over the angular
range 0-40 degrees. These integrals are plotted as a
function of beam energy in Fig. 5. In the figure, we
have assigned negative flow values for beam energies
less than 954 MeV in accordance with results from
BUU calculations [9,10]. The dashed curve in Fig. 5
illustrates the results of a fit to the unsigned values of
the integrals with the function Flow = A X |Epeam —
Epa|. The value of Epy (931+4A MeV) extracted from
such a fit corresponds to the point of intersection of
the curve with the dotted line representing zero flow
in Fig. 5. When the analysis is repeated for » = 2,
a similar value is obtained for Epy (94 & 84 MeV)
but the associated error bar is much larger. The re-
ported error bars represent the 90% confidence limits
obtained for Ey; from the fits. The extracted value of
Eyal [for w = 3] compares rather well with the value
(~ 87 £ 124 MeV) previously obtained for the Ar
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Fig. 5. Flow vs. beam energy for the system Ar + Sc. Negative
flow values are assigned for beam energies <954 MeV (see text),
The dashed curve represents a fit to the data as discussed in the
text.

+ Sc system [15,30]; however, the accuracy is much
better and the approach provides for considerable im-
provement. .

In summary, we have demonstrated the utility of
high-order multifragment azimuthal correlation func-
tions as probes for rotational collective motion and the
determination of Eyy (i.e. the disappearance of flow)
at intermediate energies. We have shown that higher-
order correlation functions yield new and distinct sig-
natures for rotational collective motion that allow its
distinction from flow. Such signatures may very well
prove invaluable for the distinction and characteri-
zation of these types of collective motion. We have
also shown that high-order correlation functions offer
a powerful alternative for the study of the disappear-
ance of flow at intermediate energies. First results for
the system Ar + Sc yield a value for Epy = 93 + 44
MeV. The directness and precision of high-order mul-
tifragment azimuthal correlation functions can be said
to provide an alternative/supplement to those analy-
ses of collective motion which rely on knowledge of
the reaction plane,
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