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Neutron-proton equilibration is a process which has been used to study the density dependence of the
symmetry energy term in the nuclear equation-of-state. This study utilizes constrained molecular dynamics
(CoMD) simulations of 70Zn + 70Zn with collision energies of 35 and 45 MeV/nucleon. An algorithm is
used which searches through CoMD events and identifies the PLF* after it separates from the target and
determines its lifetime, �t . It also determines the fragments that the PLF* breaks apart into and determines their
angular alignment. This technique gives an opportunity to explore how the average alignment of dynamically
produced fragments, 〈α〉dyn, evolves with PLF* lifetime. An approximately linear relationship was determined
with d〈α〉dyn/d�t = 0.98 ± 0.08 rad/zs and 1.06 ± 0.09 rad/zs for the 35 and 45MeV/nucleon, respectively,
indicating a correlation with magnitude consistent with classically determined values which were used for prior
experimental studies.
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I. INTRODUCTION

In intermediate energy heavy-ion collisions, nuclear matter
far from equilibrium can be produced. This can result in shape
deformations, density gradients, neutron-proton asymmetries,
and nonuniformly excited nuclear matter. The properties of
these exotic nuclear systems both affect and can be stud-
ied through the collision dynamics. Collision dynamics are
guided by the nuclear equation-of-state (nEOS) which re-
lates the thermodynamic properties of pressure, temperature,
density, chemical potential, and internal energy [1,2]. The
symmetry energy in the nEOS is the energy penalty associated
with having excess nucleons of one type [3,4]. In particular,
for nuclear systems with excess neutrons and extreme density
gradients, the nuclear asymmetry energy influences neutron-
proton equilibration, which in turn influences the collision
dynamics [5].

This analysis investigates a dynamical breakup process
known to occur in noncentral heavy ion collisions at inter-
mediate energy using a theoretical model. This mechanism is
illustrated in Fig. 1. If a collision is central, then multifrag-
mentation is likely to occur, and if the collision is peripheral,
then there is only modest perturbation of the projectile and tar-
get nuclei [6,7]. However, for midperipheral collisions, with
impact parameter b ≈ 6 fm, there is enough overlap between
the projectile and target material to strongly deform them
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both without necessarily totally fragmenting the system [8,9].
For such collisions, a low density neck can form between
the primary excited projectilelike fragment (PLF*) and the
primary excited targetlike fragment (TLF*) as these two bod-
ies begin to separate from each other [10,11]. The symmetry
energy is density dependent and drives excess neutrons to this
low-density region [12].

Figure 1 illustrates the low-density, relatively neutron-rich
region (blue) and the near saturation density, less neutron-rich
regions of the PLF* and TLF* (red). Eventually, the PLF*
breaks from the TLF*, carrying some portion of the neutron-
rich neck with it. At this point the PLF* is a strongly deformed
excited large nuclear fragment with regions of varying neutron
excess; it also can contain some significant amount of angular
momentum. This may be true of the TLF* as well, but since
the daughters of the PLF* are easier to observe experimentally
we focus on the PLF*. Within the PLF*, the nucleons may
rearrange to allow equilibration of the chemical potential (as
well as shape, excitation, density, etc.); thus, the different
regions of the PLF* may approach a more similar chemical
potential as time progresses [13,14].

Due to the extreme deformation and velocity gradients, the
PLF* can break apart dynamically into two sizable fragments
[10,15–17] (also illustrated in Fig. 1) which we refer to as
the heavy fragment (HF) and the lighter fragment (LF). Once
these fragments are separated, chemical equilibration is halted
between the HF and LF, as nucleons can no longer transfer
between them. The longer the PLF* takes to break apart, the
more time there is for nucleons to redistribute themselves

2469-9985/2020/102(6)/064625(9) 064625-1 ©2020 American Physical Society

https://orcid.org/0000-0001-6267-7023
https://orcid.org/0000-0002-8218-8056
https://orcid.org/0000-0002-4382-7142
https://orcid.org/0000-0002-0735-5133
https://orcid.org/0000-0003-2582-9731
https://orcid.org/0000-0001-6305-3079
https://orcid.org/0000-0003-0282-3548
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.102.064625&domain=pdf&date_stamp=2020-12-28
https://doi.org/10.1103/PhysRevC.102.064625


B. HARVEY et al. PHYSICAL REVIEW C 102, 064625 (2020)

Ti
m

e

z-Component of Velocity

PLF*TLF*

ProjectileTarget

Projectile and Target 

in Contact

Equilibration

LF HF
ts2

ts1

α

ts1 ts2

vc.m.

vrel

Equilibration
Rotation

FIG. 1. Depiction of the breakup mechanism of interest in this
work. Blue regions indicate regions of higher neutron density,
and red regions indicate lower neutron density. PLF* rotation and
neutron-proton equilibration take place between ts1 and ts2. The
alignment angle, α, is defined as the angle between the relative and
center-of-mass velocity vectors.

within the PLF* toward chemical equilibrium. The LF in
dynamically induced breakups most often originates from the
neck region of the PLF* [10,14,18–21].

The LF is thus generally more neutron rich than the HF,
but the longer it equilibrates with the HF the less neutron
rich it becomes. Conversely, the HF is expected to become
more neutron-rich. This implies that relative neutron-richness
and the time between PLF* formation and breakup are corre-
lated. Since angular alignment and the extent of equilibration
are both dependent on the time of equilibration, the angular
alignment is sensitive to the relative compositions of the LF
and HF. Experimentally this timescale is infeasible to measure
directly, but the angular alignment is thought to be a valid
surrogate for time [13–15,18,22–27].

If the PLF* has angular momentum from its off-center col-
lision with the target, then when it separates from the TLF*,
it will rotate until it breaks apart again. Define ts1 to be the
time when the PLF* separates from the TLF*, and let ts2 be
the time when the PLF* breaks apart into the HF and LF. The
amount of rotation of the PLF* during the time between ts1

and ts2, �t , can be assessed by the angle between the HF-LF
relative velocity vector and the HF-LF center-of-mass velocity
vector. This is defined to be the alignment angle, α, as shown
in the lower portion of Fig. 1.

In recent experimental efforts, a general timescale of about
1–4 zs was established for neutron-proton equilibration using
the velocities of the LF and HF [13,15,22,23,28]. Further
support for the connection between α and the equilibration
process of the PLF* was investigated via isoscaling parame-
ters in Refs. [4,27,29,30]. These determinations of timescale
are consistent with much earlier and recent assessments of nu-
clear breakup times [2,28,31–38]. Later experimental analysis
in Refs. [14,25] used classical dynamics to approximate the
angular velocity of the PLF* to link the alignment to the rate
of neutron-proton equilibration. Work done with constrained
molecular dynamics (CoMD) [39,40] in Ref. [23] has con-
tinued to reaffirm the direct relationship between �t and α.
The present work expands on using CoMD simulations to
understand this correlation, and its dynamic origins.

II. EVENT TREE ANALYSIS

The angular alignment of the PLF* breakup can be de-
termined experimentally by assuming that the two heaviest
fragments detected forward of mid-velocity are the HF and
LF, given they are each sufficiently heavy. This experimental
assumption (E.A.) cannot be used to make any direct mea-
surement of the total lifetime of the PLF*, during which
equilibration can take place. Rather the timescale is extracted
via other observables in the event based on the assumption that
the HF and LF are properly identified. For this reason, a new
method of identifying the PLF*, HF, and LF within CoMD
simulations of heavy-ion collisions is used in this study. The
following sections outline this analysis technique, and com-
pares it to the technique which replicates the experimental
assumptions.

This work uses two sets of 400 000 CoMD simulations
each of 70Zn + 70Zn nuclear collisions over a triangular
distribution of impact parameters ranging from 0 fm to the
maximum impact parameter ∼10 fm. Both datasets used the
medium stiffness parameter CoMD offers. The collision en-
ergies are the only differentiating feature of the two data sets
and are 35 and 45MeV/nucleon. The data collected from the
CoMD simulations included the position, momentum, charge,
and a unique identifier of each nucleon. For the purposes of
this paper, time step refers to one of these output times. A
clusterization routine was used which is based entirely on
the nucleons’ relative positions, considering nucleons with
center-of-mass positions within 2.76 fm of each other to be
part of the same fragment. This process also stores a unique
identifier of each nucleon for the purposes of tracking the
fragments through the simulation. The mass, proton number,
center-of-mass position, and center-of-mass velocity of each
cluster were then computed based on the properties of its
constituent nucleons.

The composition of the fragments in one time step was
used to determine its daughters in the next time step. Every
fragment then has a lineage, a chain of fragments, in later time
steps which contain its nucleons, which are its descendants.
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It also has a lineage of nucleons in earlier time steps which
contain its nucleons, defining its ancestors. These lineages
are called the heaviest-daughter and heaviest-parent chains
(HDCs and HPCs), respectively. This parent/daughter hier-
archy of all of the fragments in an event is called the event
tree and is the primary tool used to identify the PLF* and its
decay. It allows for tracking every fragment precisely through
the event and identifying which (if any) fragments at the end
of the simulated event are correlated to PLF* breakup.

The event tree analysis begins by identifying the initial
fragment which eventually breaks apart into the PLF* and
TLF*. It is found by looking for a common descendant of the
projectile and target. An algorithm is imposed to follow the
heaviest-daughter chains of the projectile and target fragments
until they merge and form a Z � 50 nucleus, as determined
from the clustering routine. Here, two fragment chains merg-
ing is defined by the chains sharing a common fragment at any
later time.

The HDC of the newly identified compound nucleus is
tracked until a PLF*/TLF* separation is found. To find this
separation, at each time step, the heaviest daughter is com-
pared to the second heaviest daughter. If these fragments
are found to satisfy the following conditions, then they are
considered the PLF* and TLF*. It is required that the PLF*
and TLF* are sufficiently large to break apart into smaller
fragments later in the simulation [these fragments will be the
HF and LF with Z requirements given in Eqs. (3) and (4)].
Thus, it is required that

ZPLF*,ZTLF* � 15. (1)

In the center-of-mass frame, it is also required that the pro-
jections of the momenta of the PLF* and the TLF* onto the
beam-line axis have opposing direction, or equivalently,

(pz,PLF*)(pz,TLF*) < 0. (2)

The fragment with the positive beam-line momentum is taken
as the PLF*. Because the target and projectile have the
same number of protons and neutrons, the event is later in-
verted and is registered as a new, statistically independent
event with the PLF* identified as the fragment with opposing
beam-line momentum. This technique effectively doubles the
number of collisions in the data set, giving a total of 800 000
events for each collision energy. The event tree structure is
utilized to add additional requirements to ensure that a com-
plete TLF*/PLF* separation has occurred. The PLF* and the
TLF* must have nonmerging heaviest-daughter chains (out
to 1000 fm/c), and further must have nonmerging heaviest-
parent-chains when starting at the last fragment in each of
their HDCs. The first time step with a PLF* and TLF*,
meeting the above requirements is considered ts1. If the two
fragments do not satisfy these conditions, then the heaviest
daughter is compared to the third heaviest daughter and so
on, until either a PLF*/TLF* pair is found or there are no
more daughters in the current time step. In this latter case,
the heaviest daughter is taken as the new compound fragment,
and its daughters are searched for the PLF*/TLF* pair in a
recursive manner.

If a PLF* is successfully identified in an event, then its
HDC is then tracked in the same way as before to find frag-
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FIG. 2. Cartoon depicting merging heaviest-daughter chains.
Equilibration and rotation persist until the HF and LF’s last breakup.
Here, blue and red coloring indicate relative neutron and proton
richness, respectively.

ments that qualify as the HF and LF. The only differences are
the specific requirements used to accept or reject the PLF*
breakup based on two of its daughters. It is now required that

ZHF � 11 (3)

and

ZLF � 4. (4)

The heavier fragment is determined primarily by Z . In the
case two fragments have the same Z , ties are broken com-
paring first by total mass, and second by momentum in the
beam-line direction pz; larger values are attributed to heavier
fragments in all cases. The nonmerging conditions of the
PLF*/TLF* separation based on the event tree are similarly
enforced for the HF/LF breakup. A depiction of merging
HDCs is shown in Fig. 2. This cartoon shows first a PLF*
recently separated from the target, highly deformed and with a
relatively neutron-rich component, indicated by blue shading.
The PLF* is then shown breaking apart into two fragments,
one associated with the smaller, neutron-rich component, one
associated with the heavier, less neutron-rich component. The
fragments do not stay separated in this example, but rather
merge again. The two components are still interacting, both
in their combined motion and in their exchange of nucleons.
At some time later this fragment may break apart again but
with a new alignment and preferentially more equilibrated
HF and LF. The proper identification of ts2 is necessary to
ensure PLF* collective rotation and equilibration have both
been effectively halted by complete breakup. This is why the
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requirements against remerging are enforced in searching for
PLF* breakup. If no PLF* breakup is found by 350 fm/c,
then the event is dismissed in this analysis, as it is believed
that the effects of dynamic decay are predominantly observed
in CoMD by this point in the simulation [23]. After the HF
and LF are identified as the daughters of the PLF*, they are
tracked via their HDCs to t = 350 fm/c. At this point in the
simulation there is barely a contribution to the overall yield
from the dynamically decaying events (as will be verified
later in Fig. 8). This is the time-step used to calculate α to
make direct comparisons to the next method. Note that if the
requirement against remerging HDCs is not imposed, it is
possible that the HF and the LF could be falsely interpreted
as the same fragment (see Fig. 2).

III. COMPARISON OF EXPERIMENTAL ASSUMPTIONS
AND EVENT TREE ANALYSIS

It is impossible to collect the data used to construct the
event trees analyzed by the previous method experimentally.
Instead, an assumption is made that the heaviest two frag-
ments forward of midvelocity are the HF and LF. To replicate
those experimental assumptions with CoMD data, the frag-
ments found at 350 fm/c are analyzed. If the heaviest two
fragments forward of midvelocity at that time in the simu-
lation satisfy ZLF � 4 and ZHF � 11, then their momenta and
mass number are used to calculate α, as has been done in prior
experimental work [14,25].

Figure 3(a) shows distributions of accepted events as a
function of impact parameter using either one of the two
analysis methods; data is shown for beam energies of 35 and
45MeV/nucleon. Accepted events are those for which the
analysis method identifies an HF and LF. Figure 3 shows raw
yield of these events. The accepted events are dominated by
midperipheral events, with maximum probability of accep-
tance at approximately 6 fm. The experimental assumptions
are tolerant of more events, particularly at more central, vio-
lent collisions.

Figure 3(b) demonstrates this by normalizing for the effect
of the triangular impact parameter distribution at each impact
parameter. For both energies and methods, a peak is still
observed around 6 fm, indicating that the cuts imposed are
selective to not only midperipheral collisions, but to midpe-
ripheral events. This is consistent with the expectation that the
breakup mechanism of interest primarily occurs for midpe-
ripheral collisions. At larger impact parameters, the accepted
fraction drops to zero for both methods and energies since the
perturbations are minor, and dynamically deformed PLF*s are
not unlikely to be formed. For small impact parameters, the
accepted fraction plateaus below 5% when the tree method
is employed. The experimental assumptions lead to a much
higher acceptance of events than the tree method for all im-
pact parameters, but particularly at low impact parameters.
In the most central, violent collisions, about 12% of the
35MeV/nucleon collisions and 30% of the 45MeV/nucleon
collisions are accepted. If the central events typically have a
different reaction mechanism than midperipheral events (as
would be expected), then this implies that the experimental
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FIG. 3. (a) Yield of events accepted by the event tree analysis and
the experimental assumptions (E.A.) and each energy as a function of
impact parameter (out of 800 000 total events). (b) Same as panel (a),
but normalized by the yield of total events for each impact parameter
(following a triangular distribution).

analysis is not as selective to the reaction mechanism as the
event-tree method is.

We can also compare the results of the angular alignment
distributions, again separated by collision energy and analysis
method. Formally, the angular alignment of the HF and LF
fragments, α, is defined as

α ≡ arccos

( �vc.m. · �vrel
|�vc.m.||�vrel|

)
, (5)

where �vc.m. is the center-of-mass velocity of the HF and LF
given by

�vc.m. = (mHF�vHF + mLF�vLF)
mHF + mLF

(6)

and the relative velocity is defined as

�vrel = �vHF − �vLF. (7)
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FIG. 4. Angular alignment distributions found by the event tree
analysis and experimental assumptions for 35 and 45 MeV/nucleon
collisions. Each distribution is fit to a model accounting for isotropic
decay, dynamic breakup, and flipped dynamic events.

The distributions of angular alignments for each energy and
method are shown in Fig. 4. This figure shows each data set
fit with a function, which will be discussed later, in the for-
mulation of Eq. (9). A definite peak associated with dynamic
breakup processes is present at approximately 35 to 40◦ for
each distribution which rises above a symmetric statistical
distribution of alignments. We see that the contribution to this
dynamic peak is higher relative to the statistical yield, which
must be symmetric about 90◦, with the event-tree method,
while the overall yield is higher under the experimental anal-
ysis method. This suggests that the event tree method is more
selective than the experimental assumption in discriminat-
ing the dynamical reaction mechanism, consistent with the
conclusions drawn from Fig. 3. The qualitative shape of all
of these distributions is in agreement with prior experimen-
tal work, which describes a dynamic peak rising above an
approximately sinusoidal statistical background [14,25]. We
expand on the models used in these prior works to try to
characterize these distributions in more detail.

To further understand how the experimental assumptions
may differ from the event-tree method, one can also compare
events where a PLF* breakup was identified by both methods.
In these cases, a direct comparison of the calculated angular
alignments are plotted in Fig. 5. This will provide further
insight into the structure of the one-dimensional distributions
in Fig. 4. Since there are two methods used to find α, we
refer to the angular alignment calculated with the tree method
as αtree, and with the experimental assumptions as αE.A.. As
expected, there is general agreement between each method
with a primary peak filled along the αtree = αE.A. diagonal for
both collision energies. This diagonal line describes 77.4% of
the 35 MeV/nucleon data and 76.2% of the 45 MeV/nucleon
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FIG. 5. Angular alignments calculated by each of the two meth-
ods for the (a) 35 and (b) 45 MeV/nucleon data. A primary peak
is shown along the main diagonal, αtree = αE.A.. A secondary peak
is populated on the off diagonal αtree = 180◦ − αE.A.. There are also
large amount of the data on neither diagonal.

data. A secondary peak is also observed along the line αtree =
180◦ − αE.A.. This peak is much less prominent than the pri-
mary peak, describing only 0.63% of the 35 MeV/nucleon
data and 0.48% of the 45 MeV/nucleon data. There are also
a large number of events where the two methods display no
obvious correlation. The origins of these features give im-
portant insight to key differences between the experimental
assumptions and the even-tree method.
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These types of discrepancies are the result of a PLF*
which emits multiple light fragments during its de-excitation.
In Fig. 6, multiple cases are illustrated, which each
corresponding to a region of the αtree versus αE.A. distribu-
tions. In each of these diagrams, the PLF* breaks apart into
an HF and LF, but then the HF breaks apart further into
two fragments. In the leftmost case, the HF simply emits a
fragment lighter than the original LF; the resulting αtree and
αE.A. are calculated from the same fragments. Events with
an HF that decays in this way or not at all will populate the
main diagonal in Fig. 5. If, however, the HF breaks apart such
that all of its daughters are lighter than the LF (middle panel
of Fig. 6), then the identities of the HF and LF found by
the tree will be the same as the fragments identified by the
experimental methods, but they will be switched. Events like
this populate the supplementary angle peak in Fig. 5. Note
that the fragment that was the light partner at the time of
the PLF* breakup is correctly identified as the LF when the
tree method is implemented. Finally, it is possible that the
original LF is lighter than both of the HF’s daughters. In this
case, the two methods would agree on the HF identification,
but pick two entirely different LFs with different trajectories.
This simply results in the events on neither diagonal, as the
two α values are corresponding to separate breakup events,
with effectively different ts2 values. The �t calculated for an
event will still correspond to the initial PLF* breakup, and the
relationship between α and PLF* lifetime are preserved by the
tree method.

IV. MODELING THE ANGULAR ALIGNMENT
DISTRIBUTIONS

The alignment distributions have contributions from
isotropic, statistical decay following an approximately sin α

distribution and a dynamic peak associated with the events
where neutron-proton equilibration is most prominent. The
functional form chosen to model the dynamic yield is shown
in Eq. (8):

Ydyn(α) = α

λ2
exp

(
− α2

2λ2

)
. (8)

The fit parameter, λ, describes both the width and the mean
value in the dynamic peak. The yield of the total α distribution
is modeled by

Y (α) = A

2
sin α + BYdyn(α) +CYdyn(180

◦ − α), (9)

which was used to fit the data shown in Fig. 4 with four
parameters. The coefficients A, B, and C, are related to the
relative yield of the statistical, dynamic, and peak associated
with the dynamic events with an inverted �vrel. The contribution
to the flipped term in the experimental assumptions is in part
due to ternary decay.

It is also possible that the component of the PLF* as-
sociated with the LF breaks off as the heavier component,
especially in nearly symmetric PLF* breakups with ZLF ≈
ZHF. Figure 7 shows how the ratio C/B depends on the
parameter

η ≡ ZHF − ZLF
ZHF + ZLF

, (10)

which is a measure of the charge asymmetry of the PLF*
breakup. In all four data sets, when the breakup is very
symmetric (η ≈ 0), the ratio of C/B approaches nearly 1.
The daughter associated with the originally more neutron-rich
region of the PLF* is taken as the lighter of the two heaviest
daughters of the PLF*. This means that if the LF and the HF
happen to be similar in size, they can be confused, resulting
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FIG. 7. Ratio of yields from the flipped peak to the dynamic peak
as a function of the charge asymmetry of the PLF* breakup.

in an enhancement of C/B at low η. This general trend can is
supported by data presented in Refs. [15,26]. Conversely, one
notices that as η increases to 1 (asymmetric breakup), the yield
in the dynamic term dominates over the flipped term andC/B
goes to 0 for all data sets. We note that B > C for the entire
domain of η, and the dynamic peak dominates the flipped peak
by a factor of 10 or more for η � 0.4.

V. CHARACTERIZING DYNAMIC BREAKUP
WITH RESPECT TO TIME

In prior work [14,25], the angular frequency, ω,
of the PLF* formed in collisions of 70Zn + 70Zn at
35 MeV/nucleon was found using a classical approximation,
ω = L/I , where L is the angular momentum of the fragment,
and I is its moment of inertia. The moment of inertia was
estimated by assuming that the PLF* was comprised of two
rigid touching spheres with radii corresponding to the HF and
LF nucleon number, leading to values of inertia in the range
of 2.8–9.9(10−42 MeVs2). An estimate of L = 22h̄ was used
resulting in an estimated angular frequency of 1.5 rad/zs �
ω � 5.2 rad/zs.

We use the event-tree analysis to relate �t and αtree for
each event. As neutron-proton equilibration is seen particu-
larly in PLF*s which break apart dynamically, the expected α

value in the dynamic peak is predicted to have a relationship
with time. The angular distribution from the tree analysis
may be partitioned into intervals of �t separated by 10 fm/c
(governed by the interval between output time steps). In each
of these time windows, the αtree distribution was fit with the
functional form of Eq. (9). This fit can then be used to derive
the average angular alignment in the dynamic component of
the distribution by integration of Eq. (9) as given by Eq. (11):

〈α〉dyn =
∫ ∞
0 αYdyn(α)dα∫ ∞
0 Ydyn(α)dα

=
√

π

2
λ. (11)
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FIG. 8. The angular alignment is plotted against the time be-
tween the PLF*/TLF* breakup and HF/LF breakup for the 35 and
45 MeV/nucleon collision energies. The determinations of 〈αdyn〉 for
each �t are plotted as solid black points. The data are fitted linearly
and the average values of the total yield, 〈α〉, are also plotted as open
circles.

Figure 8 shows the alignment angle αtree versus �t for both
collision energies. This plot is in qualitative agreement with
results in [26], which used antisymmetrized molecular dy-
namics simulations. The average alignment angles, 〈α〉, are
plotted as open points in each bin of �t . Additionally, the
average alignment in the dynamic peak, 〈α〉dyn, are plotted
in solid data points. Only points which have a dynamic peak
inconsistent with 0 are used (require B > σB from the fit). We
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TABLE I. Effective rotational speeds of the excited PLF* for
different energies of 70Zn + 70Zn collisions.

Energy (MeV/nucleon) ωeff ( rad zs−1) 〈α〉dyn,0 (deg)
35 0.98 ± 0.08 32.5 ± 0.7
45 1.06 ± 0.09 33.3 ± 0.7

note that by about 220 fm/c this condition fails as the dynamic
yield is relatively small and our sample size is limited at this
extreme. The correlation of 〈α〉 and �t is approximately
linear between 0 and 100 fm/c, where it begins to plateau
to 90◦ as the statistical contribution dominates. Notice, that
there is an apparent correlation between 〈α〉dyn and �t which
is approximately linear for both collision energies. Both 〈α〉
and 〈α〉dyn have approximately the same slope with small �t
where dynamic decay dominates, but have different offsets
due to the removal of the statistical component.

A quantitative relationship between the dynamic term and
the PLF* lifetime is extracted through a linear fit, Eq. (12), to
the 〈α〉dyn versus �t data:

〈α〉dyn = 〈α〉dyn,0 + ωeff�t . (12)

The fit results are shown in Table I. The parameter ωeff repre-
sents a metric to test the existence of the angular alignment’s
dependence on dynamically decaying PLF*’s lifetime. For
both collision energies, the parameter ωeff was found at both
energies to be about 1.0 rad/zs, which is different than 0 with
convincing statistical significance (over 10σ ). This affirms
that there is a correlation between 〈α〉dyn and �t .

The magnitude of this dependence did not vary in any ap-
preciable way between the two energies, and was reasonably
close the lower limit of values utilized by previous experimen-
tal work [14,25]. Additionally, the dependence demonstrated
here is even more supportive of the proposed description of
the dynamic decay process than just the effects of the relative
dynamic yield decreasing with PLF* lifetime.

VI. SUMMARY

A new event tree method of analyzing molecular dynamics
simulations to study collision dynamics has been presented.
The CoMDmodel used here provides accurate distributions of
fragment masses and velocities. Moreover, it handles the col-
lision dynamics well allowing at all times dynamical breakup

and therefore also providing good relative velocity distri-
bution and good angular distributions. Because of the way
CoMD explicitly enforces Pauli blocking, it is fast to run
which allows for obtaining a large sample size necessary for
the present analysis. This analysis method investigates the
correlation between the lifetime of excited projectilelike frag-
ments and the angular alignment of their largest daughters.
The analysis method uses the positions of nucleons at discrete
times during the reaction. At each time step, nuclear clusters
are identified, and the parents and daughters of the each cluster
are found by comparing the nucleon content of each cluster in
adjacent time steps. Through this, the lifetime of the PLF*
from its formation to its binary breakup is calculated.

The alignment angle distribution is deconvoluted into its
statistical and dynamical components, and the mean align-
ment angle of the dynamical component is compared to the
PLF* lifetime. A linearly increasing correlation is observed
with a slope of approximately 1 rad/zs. This is true for both
collision energies in this study (35 and 45MeV/nucleon). The
rotational speed calculated here helps validate the values im-
plemented in analysis of experimental results in Refs. [14,25].
The demonstration of this effective rotational speed connect-
ing PLF* lifetime and angular alignment is encouraging: this
lends support that the mechanism proposed to explain the
experimental results is borne out in the dynamical simulation.
Further, this opens the door to future studies of the dynami-
cal decay mechanism, such as the concurrent neutron-proton
equilibration. The observables focused on in this study may be
sensitive to the symmetry energy. In principle, by comparison
of experimental data to dynamical simulations in which the
equation of state is varied, it may be possible to probe the
asymmetry energy at subsaturation density. Such results are
model dependent, and the observables can be impacted by
more than one ingredient in the model. Therefore, not only
are new high resolution experiments necessary, but reliably
constraining the EOS may require significant effort in theoret-
ical developments to allow multiple models to simultaneously
describe multiple observables across multiple beams, targets,
and energies.
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