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We argue that relativistic nuclear collisions may provide experimental evidence of « clustering in light
nuclei. A light a-clustered nucleus has a large intrinsic deformation. When collided against a heavy nucleus
at very high energies, this deformation transforms into the deformation of the fireball in the transverse
plane. The subsequent collective evolution of the fireball leads to harmonic flow reflecting the deformation
of the initial shape, which can be measured with standard methods of relativistic heavy-ion collisions. We
illustrate the feasibility of the idea by modeling the '2C-28Pb collisions and point out that very significant
quantitative and qualitative differences between the a-clustered and uniform '>C nucleus occur in such
quantities as the triangular flow, its event-by-event fluctuations, or the correlations of the elliptic and
triangular flows. The proposal offers a possibility of studying low-energy nuclear structure phenomena
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with “snapshots” made with relativistic heavy-ion collisions.
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In this Letter we show that the nuclear collisions in the
ultrarelativistic domain may reveal, via harmonic flow,
geometric a clustering structure of light nuclei in their
ground state. As a particular example we present a study of
a clustering in '>C, where a triangular structure induces a
similar pattern in the flow.

The a cluster model was proposed by Gamow [1] even
before the discovery of the neutron and rests on the
compactness, tight binding B,/4 ~7 MeV, and stability
of the “He nucleus [2—4], which fits into the SU(4) Wigner
symmetry of the quartet (p1, pl, nt, nl) (see, e.g., [5] for
an early review and [6] for a historic account, while many
references can be traced from Refs. [7-10]). The remai-
ning weak binding per bonding between the a particles,
Ve/bond ~2 MeV, accounts for nuclear binding and
makes a molecular picture of light nuclei quite natural.
This suggests a vivid geometric view of the self-conjugate
A = 4n nuclei classified by point group symmetries [11].
For instance, in *Be the two a clusters are separated by as
much as ~2 fm, '?C exhibits a triangular arrangement
of the three a’s ~3 fm apart, '°O forms a tetrahedron, etc.
The condensation of « clusters was described in Ref. [12]
for '2C and '°0O . Clustering of *°Ne has also recently
been described within the density functional theory [13].
Model calculations are verified by comparing to the
experimental binding energies, the elastic electromagnetic
form factor, and the excitation spectra. Experimental
evidence for clustering comes from fragmentation studies,
see, e.g., Ref. [14].

Our basic observation and the following methodology
stems from the fact that the intrinsic wave functions of light
a-clustered nuclei are deformed [15], exhibiting spatial
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correlation between the location of clusters. Imagine we
collide a light a-clustered nucleus against a heavy nucleus
at extremely high energies, as in relativistic colliders
(RHIC, LHC) or fixed-target experiments (SPS). During
the almost instantaneous passage of the light nucleus
through the medium, its wave function collapses, revealing
the spatial correlation structure. Let us consider '*>C as an
example of a triangular a-cluster arrangement, colliding
with 2%8Pb. In a typical collision event, the shape of the
created fireball in the transverse plane reflects the shape of
12C |, washed out to some degree by different orientations
of 12C and statistical fluctuations. Next, this asymmetric
fireball evolves. As the setup is very similar to that in
relativistic heavy-ion collisions, we expect collective
dynamics to properly model the evolution of the compact
dense system, which can be achieved with hydrodynamics
(for recent reviews see Refs. [16,17] and references therein)
or transport [18] approaches. It has been well established
in the studies of relativistic heavy-ion collisions (and even
in d-Au and p-Pb collisions [19,19-24]) that collective
dynamics leads to an event-by-event transmutation of the
initial anisotropies, described in terms of the harmonic
transverse-shape coefficients ¢,, into the harmonic flow
coefficients in the transverse momentum distributions of
the produced particles, v,. Therefore, applying the well-
developed methods [25-28] of the harmonic flow analysis
successful in relativistic heavy-ion collisions we may
indirectly measure, or assess, the spatial deformation of
the initial state. In this Letter we argue that the effects of the
a clustering in light nuclei lead to flow effects which are
strong enough to be detectable via ultrarelativistic nuclear
collisions.
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The mentioned eccentricity parameters ¢, and the
angles of the principal axes ®,, for a distribution of points
in the transverse plane are defined as ¢,e”® =
> jp;.’ei"q’f />_;pP}, where n is the rank, j labels the points,
while p; and ¢; are their polar coordinates. The measures €,
and e; are referred to as the ellipticity and triangularity.

We focus our present study on '>C (the general program
is outlined in conclusions), as it leads to interesting pro-
perties due to large triangularity. We apply GLISSANDO
[29] to carry out the Glauber Monte Carlo ultra-relativistic
collisions with 2%8Pb. The first task is to properly model the
nucleon density of 2c including the cluster correlations.
The analysis of data for the elastic electromagnetic form
factor [30] imposes an important constraint on the charge
density [31], which leads to the function indicated with
the thin dashed line in Fig. 1 (cf. Fig. 1 of Ref. [31]).
This distribution is reproduced with the Bose-Einstein
condensation (BEC) wave function [32]. On the other
hand, calculations based on fermionic molecular dynamics
(FMD) [31], which properly reproduce the binding energy,
give a somewhat weaker clustering, with the density drawn
in Fig. 1 with a thin solid line.

To carry out the NN collisions, we need the distribution
of centers of nucleons in '>C. For that purpose we unfold
from the !>C elastic charge form factor the proton charge
form factor, assumed in the Gaussian form const X
exp (=3/2r%/r) with the charge proton radius squared
of 5 =0.77 fm?. The resulting densities of centers of
nucleons are plotted in Fig. 1 with thick lines for the BEC
case (dashed) and the FMD case (solid). Note a large
central depletion in the distributions, originating from the
separation of the a clusters arranged in the triangular
configuration.

Technically, we proceed as follows: The centers of the
clusters are placed in an equilateral triangle of side length /.
The nucleons in clusters have a Gaussian radial distribution
of the form const x exp (=3/2r?/r2), from which we
randomly generate positions of the 12 nucleons, 4 in each
cluster. We take into account the short-distance NN
repulsion, precluding the centers of each pair of nucleons
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FIG. 1. (Color online) (color online). The electric charge
density (thin lines) and the corresponding distribution of the
centers of nucleons (thick lines) in '*C for the data and BEC
calculations (dashed lines), and for the FMD calculations (solid
lines), plotted against the radius.

to be closer than the expulsion distance of 0.9 fm [33].
Finally, the distribution of 12 nucleons is recentered such
that the center of mass is at the origin. The parameters / and
r, are optimized such that the thick curves in Fig. 1 are
accurately reproduced. This apparently crude procedure
reproduces not only the one-body densities, but also
semiquantitatively (~10%—20%) the pair densities deter-
mined by the multicluster models with state-dependent
Jastrow correlations [34]. For the unclustered case we
generate the 12 nucleons from a uniform radial distribution
of the form (a + br?) exp(—c?r?), also with short-distance
repulsion and recentering. Again, the parameters are
adjusted such that the thick lines in Fig. 1 are reproduced.

The resulting two-dimensional projections of the
obtained intrinsic distributions are displayed in the left
panels of Fig. 3. For the clustered (BEC) case the projection
plane is defined by the centers of the three clusters (the
cluster plane). We note prominent cluster structures for the
BEC case (upper left panel). For the uniform distribution
(bottom left panel) there is, by construction, no clustering.
The results obtained for the FMD case (not presented here
for brevity) are qualitatively similar to the BEC case, with
somewhat weaker clustering.

We may use the eccentricities to characterize the intrinsic
nonspherical nuclear distributions. In the cluster plane the
average triangularity for the '>C distributions equals 0.59
for the BEC and 0.55 for the FMD cases. These are
substantial, as the extreme value for pointlike clusters is 1.
The average triangularity vanishes for the unclustered case.
By symmetry, ellipticity is zero. In the plane perpendicular
to the cluster plane the average ellipticity equals 0.61 for
the BEC, 0.58 for the FMD, and O for the unclustered case,
while the average triangularity vanishes by symmetry.

Now we are ready to carry out the collisions with 2%3Pb,
which is prepared in a standard way by uniformly gen-
erating 208 nucleons from a Woods-Saxon radial distribu-
tion, with the short-distance repulsion taken into account
[33]. The Glauber mechanism of the reaction (for a review
see, e.g., Ref. [35]) proceeds through independent high-
energy collisions of the nucleons from '?C with nucleons
from 28Pb. The concepts of wounded nucleons (those that
interacted inelastically at least once) [36] and the binary
collisions turn out to be very useful in describing the
particle production mechanism. Final multiplicities of the
produced particles are properly reproduced if the initial
parton production is proportional to a combination of the
number of wounded nucleons, N,,, and binary collisions,
Npin, namely ~(1 —a)/2N,, + aNy;,, which is the mixed
model of Refs. [37,38]. For the collision energies corre-
sponding to the top SPS energy of /syy = 17 GeV we
take a = 0.12. The total NN inelastic cross section is, at
this energy, o\’ = 32 mb (all our results do not qualita-
tively change when oif! is increased up to the LHC values
of ~70 mb). We use the realistic Gaussian wounding
profile in the simulations [29], meaning that the probability
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FIG. 2. (Color online) (color online). Snapshot of a single
central '>2C-2%8Pb collision, displaying the distribution of sources
in the transverse plane, BEC case, N,, = 66, Ny;, = 93. In this
simulation the transverse and cluster planes were aligned.

that the two nucleons interact is a Gaussian in their relative
impact parameter, of the width controlled by oiIgl.
The wounded nucleons and binary collisions are jointly
referred to as sources. The outcome of the Monte Carlo
simulation is a distribution of locations of sources in the
transverse plane in each event, f(X) =3 ;6(x —X;). In
actual applications the sources are smeared. This physical
effect is necessary in preparing the initial condition for

hydrodynamics.

A single event of a central (for vanishing impact
parameter) '>C-2%Pb collision is shown in Fig. 2. Here
we have used the clustered '>C BEC distribution and aligned
the transverse and the cluster planes (the carbon hits the lead
“flat’’). The shown collision led to 66 wounded nucleons and
93 binary collisions. Note the typical “warped” structure
following from the stochastic nature of the process, with the
underlying three clusters structure visible.

The eccentricity coefficients of the fireball have two
sources. One comes from the average shape (for instance, in
noncentral A-A collisions the overlapped almond-shaped
region produces ¢, or in the present case the triangular
cluster shape of '2C generates triangularity), but, in
addition, there is a component from fluctuating positions
of the finite number of N sources. This fluctuating
component [39-43] is suppressed with N. The intrinsic
density of sources of rank » is defined as the average over
events, where the distributions in each event have aligned
principal axes: fi'"(X) = (f(R(—®,)x)). Here the brackets
indicate averaging over events and R(—®,) denotes an
inverse rotation by the principal-axis angle in each event.
The result of this procedure for generating the intrinsic
fireball densities of rank n =3 is shown in the middle
panels of Fig. 3 for high-multiplicity collisions (with more
than 70 wounded nucleons). In these simulations the
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FIG. 3. (Color online) (color online).

Glauber Monte Carlo simulations with GLISSANDO for the '2C-28Pb collisions at the SPS

energy /Syy = 17 GeV. The top panels correspond to the clustered BEC case, while the bottom panels display the unclustered case.
The left panels show the intrinsic densities in the '>C nucleus, the middle panels give the corresponding rank n = 3 intrinsic densities
of sources in the fireball in the transverse plane for collisions with a high number of wounded nucleons, N,, > 70, and the right panels
show the event-by-event statistical properties of the fireball (average ellipticity, triangularity, and their scaled standard deviations) as
functions of the number of wounded nucleons. See the text for details.
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orientation of the '>C nucleus is in general completely
random; however, the cut N, > 70 (imposed for better
visibility of the clustering effect) selects preferentially the
alignment of the transverse and cluster planes (see the
following paragraph). We note the clear traces of the three o
clusters in the middle top panel, while the uniform case
(middle bottom panel) is smooth. Note, however, that even
the uniform case develops some triangularity, which is
entirely due to fluctuations [43].

There is a geometric link between the orientation of the
clustered intrinsic distribution of '>C and the multiplicity of
the collision. When the transverse plane and the cluster
plane are aligned, the clusters hit the Pb nucleus side by
side and create most damage, i.e., produce the largest
number of sources. In that orientation we have on the
average the highest triangularity and the lowest ellipticity
(which comes only from fluctuations). On the other hand,
when the cluster plane is perpendicular to the transverse
plane, we have the opposite behavior: lowest multiplicity,
small triangularity, and large ellipticity, which in this
case picks up a contribution from the elongated shape of
the fireball in the transverse plane. These orientation-
multiplicity correlations are crucial for the qualitative
understanding of the results in the right panels of Fig. 3.

Quantitative results for the event-by-event averages,
(€,), and the scaled standard deviations, o(e,)/(¢,), for
ellipticity and triangularity are shown in the right panels of
Fig. 3, where we plot these quantities as functions of the
number of the wounded nucleons, N,,. For the average
eccentricities, we can see the advocated behavior from the
orientation-multiplicity correlations in the top right panel.
We note a significant increase of (e;) with N,,, and a
corresponding decrease of (¢,). For the scaled variances the
behavior is opposite, as expected from the division
by (€,). For the unclustered case (bottom right panel)
the behavior of €, and €5 is similar, as both follow from the
fluctuations only.

The discussed orientation mechanism also leads to
specific correlations of ellipticity and triangularity for
the clustered case, as displayed in Fig. 4, where we notice
a significant anticorrelation, with the correlation coefficient
p(es,€3) = —0.3. The unclustered case exhibits no corre-
lations of this kind.

The final important point is the relation of the obtained
shape parameters of the initial fireball to measurable
features in the momentum distributions of produced
hadrons. The key result here, following from the collectivity
of the evolution, is the proportionality of the average values
of the harmonic flow coefficients to average eccentricities,
(v,)/(€e,) = A, with the constant A increasing slowly with
the particle multiplicity [44-48]. Therefore, for instance,
when (e3) increases with multiplicity, so will (v3). For the
fluctuation measures the situation is a bit more involved
due to possibly large contributions to variances at the
hadronization stage from the finite number of produced
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FIG. 4. (Color online) (color online). Correlations between
ellipticity and triangularity for events with N,, > 40 for the BEC
clustered case.

hadrons. Nevertheless, it was found by combining experi-
ment and model simulations that to a good approximation
o(v,)/(v,) = o(e,)/(€,) [49-51]. This means that in our
case the scaled variance of the triangular flow should be
significantly larger than for the elliptic flow.

In conclusion, we list the geometric signatures of a
clustering in '>C to be seen in ultrarelativistic heavy-ion
collisions: (1) Increase of v with multiplicity. (2) Decrease
of scaled variance of v; with multiplicity. (3) Event-by-
event anticorrelation of v, and v;. More sophisticated
analysis of the predicted effects should incorporate
event-by-event hydrodynamic or transport-model studies,
as well as hadronization. Extensions to ultrarelativistic
collisions of other light a-clustered nuclei colliding on
heavy nuclei are straightforward and will be presented
elsewhere. The reason for the selection of such asymmetric
collisions is the fact that in light nuclei the geometric
deformation due to a clustering is large (the eccentricity
parameters are big), while the collision with a heavy
nucleus leads to fireballs which are sufficiently large and
dense to exhibit well-understood collective behavior in the
evolution, leading to harmonic flow. That is not necessarily
the case for collisions of two light nuclei.

Hopefully, possible future data in conjunction with a
detailed knowledge of the dynamics of the evolution of the
fireball will allow us to place constraints on the a-cluster
structure of the colliding nuclei. Conversely, knowledge of
the clustered nuclear wave functions may help to test
geometric patterns in fireball evolution models.

From a broader perspective, our proposal may be viewed
as an example of the study of nuclear deformations or
correlations via harmonic flow. For heavy deformed sys-
tems (U-U, Cu-Au, as measured at RHIC), certain analyses
were recently proposed [52,53]. For very light-heavy
systems the elliptic flow has been detected in d-Au
collisions [20], while the proposed studies of the triton-
Au or 3He-Au collisions at RHIC [21] should look for
similar signatures as discussed in this Letter. However, as
discussed above, larger systems with intrinsic deformation,
such as light nuclei with a clusters, create larger fireballs
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whose evolution is expected to be as collective as in the
heavy-ion case, thus leading to the eccentricity—harmonic
flow transmutation.
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