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Investigating the time dependence of neutron-proton equilibration using molecular
dynamics simulations
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Neutron-proton equilibration has previously been studied experimentally in dynamically deformed nuclei in
heavy ion collisions [Phys. Rev. Lett. 118, 062501 (2017); Phys. Rev. C 95, 044604 (2017)] using the NIMROD
detector array at the Cyclotron Institute at Texas A&M University. Results indicated the composition of the
two heaviest fragments originating from the excited projectile-like fragment evolved exponential with respect
to their orientation angle to be more similar. Constrained Molecular Dynamics and Antisymmetrized Molecular
Dynamics simulations were performed for different formulations of the density dependence of the asymmetry
energy term of the nuclear equation of state. The simulations are compared to experimental results, which
indicate a better agreement with a softer interaction in the nuclear equation of state.
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I. INTRODUCTION

The nuclear equation of state (nEoS) has a broad impact
on terrestrial and astrophysical phenomena such as isotopic
abundances, cluster formation at low densities, outer crust
of neutron stars, and heavy element formation in supernova
explosions [1]. Of particular importance is constraining the
density dependence of the asymmetry energy term [Esym(ρ)].
The asymmetry energy corresponds to the difference in
binding energy between pure neutron matter and symmetric
nuclear matter (N = Z). The constraints in the density depen-
dence of the asymmetry term are usually reported in terms
of the saturation energy [S0 = Esym(ρ0)] and slope of the

asymmetry energy at saturation density (L = 3ρ0
∂Esym (ρ)

∂ρ
|ρ0 ).

While the value of S0 is reasonably well constrained [1,2], the
value of L is still poorly constrained. This leads to a range of
functional forms for the density dependence of the asymmetry
energy.

In the laboratory, heavy-ion collisions can give insight into
the density dependence of the nEoS. This analysis focuses
on the neutron-proton (NZ) equilibration. In the momentum
dampening phase of the projectile and target interaction, a
low-density neck region is formed between the two fragments,
allowing for neutron and proton flow. The neck region is char-
acterized as being relatively neutron rich due to a lower value
of the asymmetry energy [3]. The extent of the neutron and
proton flow is governed by the form of the density dependence
of the nEoS. Due to the velocity gradient, the interacting
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projectile and target become highly elongated before breaking
apart into an excited projectile-like fragment (PLF*) and an
excited target-like fragment (TLF*). Focus has been given to
the dynamics of the PLF* due to limitations in detecting the
TLF*. The collisions of a peripheral and midperipheral nature
cause the PLF* to rotate around its center of mass before
breaking apart into a heaviest fragment (HF) and second
heaviest fragment (LF).

The PLF* decays via two mechanisms: Statistical and
dynamical. For dynamical decay, the PLF* is highly de-
formed and elongated causing it to break apart on a very
short timescale of approximately 10−21 s or 300 fm/c. The
fragments break apart along the PLF-TLF axis of separation
and generally in order of size with the HF decaying forward of
the LF [4–6]. In the case of statistical decay, surface tension
is strong enough to prevent dynamical decay resulting in a
spherical PLF*. This will then decay isotropically on a longer
timescale (≈10−20–10−19 s).

Because the regions from which the HF and LF originate
have a different chemical potential, neutrons and protons are
exchanged to minimize this difference, a process which is
referred to as neutron-proton (NZ) equilibration. For dynam-
ical decay, the contact time between the HF and LF is short,
minimizing the extent of the NZ equilibration. Therefore, the
LF is more neutron-rich in comparison to the HF, which is
more neutron-poor [3–5,7]. In the case of statistical decay, the
fragments achieve equilibrium before breaking apart.

Previous experimental results [8,9] showed the evolution
of the NZ equilibration to be exponential for both the HF
and LF with an average mean equilibration time of 0.3 zs or
10−21 s (≈100 fm/c). While the results give insight into the
dynamics of the NZ equilibration, comparison to simulations
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can give further insight into the functional form of the density
dependence of the nEoS.

II. EXPERIMENTAL AND SIMULATION PARAMETERS

The experimental results were obtained at the Cyclotron
Institute at Texas A&M University using the K500 Supercon-
ducting cyclotron. The 70Zn + 70Zn reaction was performed
using the Neutron Ion Multidetector for Reaction Induced
Dynamics (NIMROD) [10]. NIMROD was chosen due to its
large angular coverage ranging from 3.6◦ to 167.0◦, and excel-
lent isotopic resolution up to Z = 17 in many detectors and
Z = 20 in select Si-Si-CsI stacks [11]. Elemental resolution
was achieved up though the beam (Z = 30). The combina-
tion of the angular coverage and the isotopic resolution was
key to measuring the neutron-proton equilibration with high
resolution.

Constrained Molecular Dynamics (COMD) [12] and Anti-
symmetrized Molecular Dynamics (AMD) [13] are molecular
dynamics codes, which simulate the collision dynamics by
solving time-dependant wave functions. AMD maintains the
Pauli exclusion principle by solving antisymmetrized Slater
determinants, and COMD maintains the Pauli exclusion prin-
ciple using occupational densities. A Skyrme interaction was
used for the parametrization of the density dependence of the
nEoS.

For the COMD simulations, 107 events were simulated
for each asymmetry energy parameter. The simulation used
a triangular impact parameter distribution and stopped at
1000 fm/c, at which point the vast majority of the dynamical
decays have occurred [14]. The same energy corresponding
to the saturation density was used [Esym(ρ0) = 30 MeV].
The slopes extracted from the input parameters correspond to
L = 51 MeV for the soft interaction, L = 75 MeV for the stiff
interaction and L = 105 MeV for the superstiff interaction.

For the AMD simulations, 105 events were simulated for
each asymmetry energy parameter using a combination of uni-
form and triangular distributions (5% and 95%, respectively,
for the soft interaction, and 8% and 92%, respectively, for the
stiff interaction). The simulations were stopped at 300 fm/c
due to the significant CPU time required. For the density
dependence of the asymmetry energy, two parametrizations
were used. The energy at saturation density was Esym(ρ0) =
30.5 MeV for both interactions. The L values selected were
L = 21 MeV for the soft interaction and L = 65 MeV for the
stiff interaction.

Two approaches were taken to analyze the neutron-proton
equilibration results. In the first case, the fragments at the
end of the COMD or AMD simulation were passed through
a software filter replicating the experimental conditions. In
the second case, the fragments at the end of the COMD or
AMD simulations were further de-excited using the GEMINI

de-excitation code [15] before being filtered. Figure 1 shows
the normalized total charge and mass distributions for the
experimental data plotted in black, COMD data plotted in teal,
and AMD data plotted in purple. The solid lines correspond
to the results without GEMINI de-excitation. All distributions
are normalized by the total yield. The jagged nature of the
experimental mass distribution is due to isotopic identification

FIG. 1. Experimental and simulated charge distributions (left)
and mass distribution (right) of all particles that were detected in
NIMROD or passed the software replica filter. The black lines rep-
resent the experimental distributions. The solid lines are the results
without GEMINI and the dotted lines are results after GEMINI is
applied. The teal lines correspond to the COMD results and the
purple lines correspond to the AMD results. The simulated charge
distributions reproduce the experimental results well. The simulated
mass distributions slightly overproduce the total mass of the system.
The jagged nature of the experimental results is due to the isotopic
identification of the heaviest fragment.

of the fragments with a charge of Z � 17. In the NIMROD
array, charge identification is achieved up through the beam.
However, the mass resolution was only achieved up through
Z = 17 in many Si-Si-CsI stacks and up through Z = 21 in
one stack. For the fragments without mass resolution, the
fragment was assigned a GuessA value equal to the most
common isotope for each atomic number. Overall, the sim-
ulations reproduce the elemental and mass distributions well
with better agreement observed for the simulations after the
GEMINI de-excitation code was applied.

III. DETERMINING THE SOURCE

In order to focus on the dynamical decay of the PLF*,
events were selected in which at least two heavy charged
particles were identified after being passed through the exper-
imental filter. The fragments were sorted by atomic number
followed by mass number for charge-equivalent particles. The
heavier of the two fragments was labeled the HF, or heavy
fragment, and required to have an atomic number of at least
ZH � 12. The second heaviest fragment was labeled the LF,
or light fragment, and required to have a charge of at least
ZL � 3. In the experimental data, both fragments were re-
quired to be isotopically identified. All simulated data were
isotopically identified. A total charge requirement of 21 �
Ztot � 32 was also implemented, which included the ZH , ZL

and all other charged particles that passed through the filter.
The charge distributions of the HF and LF are shown

in Fig. 2. For the LF, which is plotted on the right side,
the charge distribution for the COMD (teal lines) and AMD
(purple lines) results matches the experimental results (black
lines) fairly well. The COMD and AMD results with GEMINI

(dotted colored lines) underpredicts the charge of the larger ZL

fragments. However, applying GEMINI does not significantly
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FIG. 2. Charge distribution of the HF (left) and LF (right). Ex-
perimental results are plotted in black, the teal lines are COMD
results and the purple lines are the AMD results. The solid lines are
the non-GEMINI results and the dotted lines are the GEMINI results.
The experimental ZL distribution is well reproduced by the simula-
tions. The experimental ZH distribution shows a cut off at ZH = 21
due to the isotopic limitations of the NIMROD array. This cut off is
not implemented in the simulated data.

change the shape of the distribution. In the case of the HF,
both simulations with and without GEMINI overpredict the
average charge of the HF relative to the experimental results.
This effect is due to the isotopic requirement of the HF.
The charge distribution falls off quickly after ZH = 16 since
the number of Si-Si-CsI stacks in NIMROD with isotopic
identification for Z > 16 decreases significantly with only one
Si-Si-CsI stack having isotopic resolution up through Z = 21.
Although the simulations do not match the distribution well
for larger Z , only the results for ZH � 19 will be presented in
this analysis.

To determine the origin of the HF and LF, the velocity
distributions of the fragments was examined. No requirement
on the charge of each HF or LF, outside of the previously
discussed range was applied due to the low statistics in each
data set. The velocity distributions are shown in Fig. 3, where
the red lines represent the vH and the blue lines represent
the vL. The solid lines show the experimental distribution, the
dashed lines show the AMD results, and the dotted line shows
the COMD results. Both the COMD and AMD simulation
distributions include the GEMINI afterburner. The dotted, black
line indicates the midvelocity (0.13c) and the beam velocity
(0.27c).

The average velocity of both the HF and LF is peaked
above the midvelocity, indicating the majority of fragments
decay from the PLF*. The ordering of 〈vH 〉 > 〈vL〉 shows a
strong preference for the PLF* to decay on a short timescale
with the HF having a velocity near the beam velocity. The
velocity of the LF is consistent with originating from the
neck region, indicating dynamical decay where the fragments
decay promptly along the axis of separation and consistent
with previous experimental results [4,6,16]. The simulated
data have a lower average velocity relative to the experimental
results for both vH and vL with the exception of the COMD
vH . This indicates the collision parameters are causing the
fragments to overinteract.

FIG. 3. Simulated HF and LF velocity distributions after GEMINI

is applied compared to the experimental distributions. The red lines
represent the HF and the blue lines represent the LF. The solid lines
are the experimental distributions, the dashed lines are the AMD
distributions and the dotted lines are the COMD distributions. The
left and right black, dotted lines correspond to the midvelocity and
beam velocity, respectively. The 〈vH 〉 and the 〈vL〉 are both above
midvelocity. An ordering is observed where 〈vH 〉 > 〈vL〉.

IV. ANGULAR DISTRIBUTIONS

Angular distributions may also provide insight into the
reaction dynamics. The angle of rotation is defined as the
dot product between the center of mass velocity (�vc.m.) and
relative velocity (�vREL = �vH - �vL) of the HF and LF as seen in
Eq. (1):

α = a cos

( �vc.m.�vREL

||�vc.m.||||�vREL||
)

. (1)

Figure 4 shows the angular distribution for the experi-
mental and simulated results. The colors are consistent with
Figs. 1 and 2, where the black line is experimental, teal is
COMD and purple is AMD. The solid teal and purple lines
show the COMD and AMD without the GEMINI afterburner
results, respectively, and the dotted, colored lines show the
results with GEMINI. A large enhancement in the yield is seen
at cos(α) = 1 for all cases shown, indicating a preference for

FIG. 4. Cosine α distribution for the experimental and simulated
results. The experimental results are shown in black. The COMD are
plotted in teal and the AMD results are plotted in purple. The solid
lines are results without GEMINI and the dotted lines are the results
with GEMINI. A large enhancement of the yield is seen at cos(α) =
1 consistent with dynamical decay. The background present for
cos(α) < 0 indicated the presence of statistical decay.
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decay of the HF forward relative to the LF. The yield falls
off quickly as cos(α) decreases reaching a minimum around
cos(α) = −0.3. A flattening in the distribution is seen for
−1 < cos(α) < −0.3.

The large enhancement at cos(α) = 1 is due to the large
presence of dynamical decay. As mentioned previously, a
PLF* that is highly elongated and deformed will most likely
break apart on a very short timescale along the PLF-TLF axis
of separation. The longer the PLF* remains in contact, the
longer the PLF* rotates around its center of mass, resulting
in a smaller cos(α). The dynamical contribution is dominant
at small angles of rotation, eventually becoming negligible
for cos(α) < −0.3, where statistical decay becomes the most
dominant mechanism. Interestingly, there is a lack of yield
at the cos(α) = −1 edge of the distribution relative to the
experimental results, suggesting the simulated total angular
momentum is lower. The total angular momentum for both
COMD and AMD is peaked at 8–10 h̄ for the HF and 2–5 h̄
for the LF. Direct comparison to the experimental data is
not possible due to a lack of well characterized total angular
momenta at Fermi energies.

The two decay mechanisms can be further explored by
examining the angular distribution from the COMD and AMD
data with and without GEMINI de-excitation. The simulation
times are fairly short (300 fm/c for AMD and 1000 fm/c
for COMD), allowing the projectile and target to interact and
separate. Since dynamical decay occurs rapidly after the PLF-
TLF break up, the majority of the fragments that break apart
into an HF and a LF before GEMINI de-excitation are produced
dynamically. Throughout the remainder of the analysis, these
events will be referred to as coming from a di f ferent source.
For events where the PLF* remains intact at the end of the
COMD simulation and before GEMINI, the HF and LF are
produced through statistical GEMINI de-excitation. These re-
actions will be referred to as coming from the same source.

Figure 5 shows the contribution of the COMD and AMD
distribution after the GEMINI afterburner was applied. The teal
and purple distributions show the COMD and AMD distri-
bution, respectively, shown in Fig. 4. The blue distribution is
the different-source distribution, and the orange distribution is
the same-source distribution. The different-source distribution
is peaked at approximately cos(α) = 1 and falls off expo-
nentially. A small background is seen at cos(α) < 0, which
is likely due to the small statistical decay contribution. The
same-source distribution is symmetric around cos(α) = 0,
which is consistent with isotropic or statistical decay. Quan-
titatively, the contribution from the same source is 69% for
COMD and 25% for AMD simulations. A direct comparison
to the experimental distribution is not feasible. However, us-
ing a method consistent with the method used in Ref. [9], the
statistical contribution is estimated to be 57%.

The larger statistical contribution in the COMD distribu-
tion is due to the clusterization parameters. Nucleons are
defined to be in the same fragment if the center of mass of the
nucleons is within 2.76 fm of each other. A large number of
events still have fragments within the clusterization radius at
the end of the COMD simulation and are therefore defined as
one fragment. Since GEMINI assumes a spherical initial source,
the deformation of the PLF* is not preserved resulting in the

FIG. 5. Cosine α distribution after GEMINI is applied broken
down based on the source of the PLF* decay. The teal and purple
distributions are the total COMD and AMD distributions shown in
Fig. 4. The navy distribution corresponds to “different” sources, in
which an HF and LF are present at the end of the COMD or AMD
simulation. The distribution is peaked around cos(α) = 1 and falls
exponentially consistent with most dynamical decay. The orange
distribution is the “same” source cases where the PLF* remains intact
at the end of the COMD or AMD simulations, and GEMINI breaks the
fragment into the HF and LF. The distribution is isotropic consistent
with statistical decay.

HF and LF being emitted isotropically. Due to this loss of
information, all subsequent results from COMD or AMD with
GEMINI will focus solely on different-source events.

V. EXAMINING AND QUANTIFYING NZ COMPOSITION
AS A FUNCTION OF TIME

The composition of the HF and LF was calculated using
the equation � = 〈N−Z〉

A . Due to the limited statistics, the
average composition for each ZH was calculated with no re-
quirement on the charge of the LF, and vice versa for each ZL

for the COMD simulations. For the AMD simulations, all HF
and LF were added together. The composition was examined
for each of the three density dependence parameters for the
asymmetry energy (soft, stif,f and superstiff) simulated in the
COMD data. Two density dependence parameters were used
in the AMD simulations (soft and stiff). The composition for
both simulations was calculated before and after the GEMINI

afterburner was applied.
Starting with the COMD simulations, the compositions of

the HF and LF for each interaction were plotted as a function
of α. The HF and LF were sorted by ZH and ZL, respectively.
To highlight the features present across all interactions, the
results for the soft interaction are shown in the top four panels
in Fig. 6. The panels on the left show the composition of the
LF versus α, and the panels on the right show the composition
of the HF versus α. The top row corresponds to the results
without GEMINI, and the middle row corresponds to the results
with GEMINI. The bottom two panels correspond to the exper-
imental results from Refs. [8,9] gated on the charge of the ZL

(left) or ZH (right). The coloring in the left panels is consistent
and shows the composition for 3 � ZL � 9, which represent
the ZL range analyzed in Refs. [8,9]. Likewise, the coloring
in the right panels is the same and shows the composition
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FIG. 6. COMD 〈�〉 vs α results for the soft interaction and
experiment. The left column corresponds to the results gated on the
charge of the LF, and the right column corresponds to the results
gated on the charge of the HF. The top row corresponds to the results
without GEMINI and the middle row corresponds to the results after
GEMINI is applied. The bottom row is the experimental results. Each
color in the top panels represents a different ZL ranging between
3 � ZL � 9, consistent with the experimental range examined in
Ref. [8,9] and shown in the bottom, left plot. The color range in
the bottom panels corresponds to 12 � ZH � 18. The exponential
decrease in the ZL is seen, consistent with the experimental results.
The HF results do not shown the exponential trend observed in the
experimental data.

for 12 � ZH � 18, also consistent with the range analyzed
in Refs. [8,9]. The colored lines are the exponential fits for
the corresponding colored points. The exponential fits will be
discussed subsequently.

For the LF without GEMINI (top, left), the composition for
each ZL starts off relatively neutron-rich before exponentially
decreasing as α increases, eventually plateauing around α �
100◦. A clustering in the initial composition (�init,L) of the
simulated data is seen, which is not present in the experimen-
tal data shown in the bottom panel of Fig. 6. This clustering
is believed to be an artifact of the molecular dynamics code.
The odd-even effect from the experimental data is not seen in
the COMD simulations where instead the asymptotic values
are sorted from smallest to largest atomic number.

After GEMINI is applied, the exponentially decreasing trend
in the �L remains. The �init,L with GEMINI is lower than the
�init,L without GEMINI. The corresponding asymptotic values
are also lower relative to the non-GEMINI data. The odd-even
effect in the final composition (�L,final) is present, consistent
with experimental trends shown in the bottom row of Fig. 6.
The extent of the equilibration (|�final,L − �init,L|) is reduced
in the GEMINI results.

Next, the composition of the HF is shown in the right
panels in Fig. 6. For the events without GEMINI de-excitation,
a slight increase in composition as a function of α is observed.
However, the increase in composition is not exponential and
the shape of the evolution is not consistent with the experi-
mental results plotted in the bottom, right panel of Fig. 6.

When GEMINI is applied, the initial composition of HF is
approximately half as neutron-rich, which is more consistent
with the experimental initial compositions. The distribution is

FIG. 7. 〈�〉 vs α for select ZL and ZH . Each panel shows all
three COMD interactions. The blue points correspond to the soft
interaction, the pink points correspond to the stiff interaction, and the
green points correspond to the superstiff interaction. The left panels
show the results for 5 � ZL � 7, and the right panels show the results
for 12 � ZH � 14. An ordering is seen for both ZL and ZH , where the
soft interaction is the most neutron-rich followed by the stiff and then
superstiff interactions.

fairly flat with a slight overall decrease seen in the composi-
tion between 60◦ < α < 120◦. The statistics above α = 120◦
are too poor to qualitatively examine the evolution of the
composition.

To compare the results across each interaction, Fig. 7
shows �L and �H as a function of α for three select ZL and
ZH values. The results do not include GEMINI in order to focus
solely on the reaction dynamics present in COMD. The left
panels correspond to 5 � ZL � 7, from top to bottom, and
the right panels correspond to 12 � ZH � 14. The ZH and
ZL values include those highlighted in Ref. [8]. Each color
corresponds to a different interaction where the blue points
represents the soft interaction, the pink points are the stiff one,
and the green points are the superstiff one.

For the ZL, all three interactions show the same general
trend where the composition exponentially evolves as a func-
tion of α. The values for the composition throughout the
distribution are very similar, with the largest difference be-
tween points corresponding to �L = 0.03 (≈0.5 neutrons).
An ordering is seen where the initial composition for the soft
interaction (blue points) is most neutron rich, followed by the
stiff (pink) and superstiff (green) interaction, respectively. The
ordering effect is seen throughout all ZL, with the exception of
ZL = 5 for the soft interaction. The change in 〈�init,L〉 is due
to the dynamics during the nucleon drift phase of the projectile
and target interaction. The difference between the asymmetry
energy at and below the saturation density is the largest for
the stiff interactions. Therefore, the potential barrier for the
enhanced neutron flow is higher for the stiffer interactions,
which causes less neutrons to flow to the neck region relative
to the soft interaction.

For the HF, the overall trends for each interaction are not as
consistent with each other as for �L. For the soft interaction,
an overall increase between the initial and final composition
is seen. For the stiff interaction, the increase, while present,
is suppressed and not present for the super-stiff interaction.
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FIG. 8. The asymptotic values for the COMD and experimental
LF results. The blue points are the soft interaction, the pink points are
the stiff interaction, and the green points are the superstiff interaction.
The black points are the experimental results. The closed points are
the non-GEMINI results, and the open points are the GEMINI results.
The non-GEMINI results show an overall increase in the neutron-
richness as the charge increases. The only exception is ZL = 3, 4 due
to the presence of unstable proton-rich fragments. The GEMINI results
show the odd-even effects observed in the experimental results. In the
majority of cases, the neutron composition of the simulation results
was underestimated relative to the experimental ones.

Similar to the �L results, the neutron-richness increases as
the interaction gets softer. While this initial neutron-richness
is well understood for the �L based on the form of the asym-
metry energy, one would expect a change in the ordering of
the �H . In a bimodal system, the excess neutrons seen in the
neck (LF) region should originate from the PLF (HF), making
the �init,H most neutron poor for the soft interaction.

To quantify the difference in the compositions between
interactions, each 〈�L〉 vs α distribution was fit with an ex-
ponential of the form seen in Eq. (2). The a is the asymptotic
value, b is the pre-exponential factor, and c is the rate constant
in degrees. The exponential was fit between 20◦ < α < 120◦,
which is consistent with the experimental data. The simulation
results were binned more coarsely than the experimental ones
due to lower statistics. The �H data was not fit due to the lack
of exponential nature in the HF results.

〈�〉 = a exp(−cα). (2)

The results for the asymptotic values are seen in Fig. 8. The
black points correspond to the experimental values and the
coloring for the three COMD interactions is consistent with
Fig. 7. The solid points represent the values without GEMINI,
and the open points are the values with GEMINI.

Overall, the asymptotic compositions of each ZL with and
without GEMINI underpredict the composition relative to the
experimental values. The only exception is ZL = 8, 9 for the
results without GEMINI. In the experimental results, an odd-
even effect is seen with the even-charged fragments having
a smaller 〈�L〉 value relative to their neighbors. The odd-

FIG. 9. COMD 〈�〉 vs α of the LF (left) and HF (right) for the
combined HF and LF results. The blue points correspond to the
COMD soft interaction, the pink points correspond to the COMD
stiff interaction, and the green points correspond to the COMD
superstiff interaction. The black points are the experimental ones.
The respectively colored lines are the exponential fits. The closed
circles are the values without GEMINI, and the open circles are the
value with GEMINI. The results show an exponential trend for the LF
results for all interactions with and without GEMINI, consistent with
the experimental results. The neutron composition of the LF is un-
derpredicted by the COMD simulations. For the HF, the non-GEMINI

results overpredict the neutron-richness of the fragments, whereas
the GEMINI results underpredict the neutron-richness.

even effect is preserved for the GEMINI results. Examining
the results without GEMINI can give insight into the effects of
secondary decay on the final compositions. The results point
to GEMINI over-de-exciting the LF relative to the experimental
results. In the results without GEMINI, the final composition
increases linearly between ZL = 5–9. In the case of ZL = 3, 4,
the composition does not follow the same trend due to the
production of nonstable isotopes. ZL = 4, AL = 8, and ZL =
3, AL = 4, 5 is converted to the corresponding combinations
of p, d, α particles after the COMD simulation has finished,
increasing the asymptotic value.

To best compare the COMD and AMD simulations, all
ZH and ZL were combined to view the total HF and LF
compositions over α. The results for COMD and AMD are
shown in Figs. 9 and 10, respectively.

For both figures, the left panels corresponds to the com-
position of the LF, and right panels correspond to the HF.
The results without GEMINI are plotted in closed squares or
circles, and results with GEMINI are plotted with open squares
or circles. The coloring in Fig. 9 is consistent with the coloring
in Fig. 6. For Fig. 10, the yellow points correspond to the soft
interaction, and the orange-red points correspond to the stiff
interaction.

The COMD results for the combined HF and LF without
GEMINI are consistent with the previously discussed trends,
where �L exponentially decreases and �H is fairly flat, in-
creasing slightly for the soft interaction. The ordering from
most to least neutron rich of soft, stif,f and superstiff is still
present for HF and LF. The curvature of the exponential
decrease in �L is approximately the same across the three
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FIG. 10. AMD 〈�〉 vs α of LF (left) and HF (right) for the
combined HF and LF results. The yellow points correspond to the
AMD soft interaction, the red points correspond to the AMD stiff
interaction, and the black points correspond to the experimental ones.
The respectively colored lines are the exponential fits. The closed
circles are the values without GEMINI, and the open circles are the
value with GEMINI. The results show an exponential trend for the
HF and LF results for both of the interactions and the experimental
results. The non-GEMINI results overpredict the neutron-richness of
the fragments, whereas the GEMINI results underpredict the neutron-
richness.

interactions, indicating the rate of change in the composition
is similar for each interaction.

Interestingly, this is not true for the �L results after GEM-
INI was applied. The curvature of the superstiff interaction
is greatest with the distribution approaching the asymptotic
value at α ≈ 80◦. The stiff interaction has less curvature,
approaching its asymptotic value at α ≈ 120◦. The asymp-
totic value is yet to be approached at α = 180◦ for the soft
interaction.

Another difference between the �L with and without GEM-
INI is the initial composition. �init,L without GEMINI was
≈25% greater than �init,L with GEMINI. While the overall
composition throughout the distribution was greater for the
results without GEMINI, the composition for the stiff and su-
perstiff interactions started to merge towards each other. The
asymptotic values differ by only �L ≈ 0.09 (0.2 neutrons).
The most stark difference in composition is seen for the soft
interaction, potentially due to the low ZL values dominating
the isotopic distribution.

When the LF composition results are compared to the ex-
perimental ones, a stark deviation is seen. Unlike the COMD
data, the experimental rate of change is much slower where
the final composition at α = 180◦ is far from the asymptotic
value. The deviation from the experimental data is due to the
combination of the ZH and ZL, which will be discussed in
further detail at the end of the section when quantitatively
comparing rate constants.

For the HF, the application of GEMINI did not significantly
change the shape of the distribution. GEMINI caused the com-
positions to collapse onto each other at �H ≈ 0.55. A change
in the ordering of the points is observed where the super-stiff
interaction is the most neutron rich followed by the stiff and
the soft interactions, respectively. The change is most likely

due to the stability of the initial compositions of HF after
COMD, since the average angular momentum and excitation
energy of the HF are consistent for the three interactions.
The average initial composition for the soft interaction cor-
responds to an excess of ≈3–5 neutrons, which is on the
higher side of the valley of stability. Due to the large neutron
excess, GEMINI is more likely to over-de-excite the fragments
to achieve stability, resulting in less neutron-rich compositions
for the more neutron-rich inputs.

The COMD results without GEMINI presented in this work
can be contrasted to previous COMD simulation results from
Stiefel et al. [17]. In both analyses, the composition of the
LF for ZL = 4 shows a decrease in the composition as a
function of α. However, a direct comparison of the shape
of the distribution cannot be made due to the difference in
binning between analyses. In both analyses, an ordering is
seen where the softest interaction is the most neutron rich.
The greatest difference arises when comparing the HF distri-
butions. The HF distributions in Ref. [17] show an equivalent
increase in the composition as α increases for all three interac-
tions. An opposite ordering is seen where the soft interaction
is the least neutron rich. These results are in contrast with
the results observed in this work. Sources of the difference
may include the time-step at which the data was analyzed
and the experimental filter through which the simulation was
passed.

For the AMD simulations, the LF results without GEMINI

show the composition of the LF for both interactions starts
off relatively neutron rich and evolves exponentially to be less
neutron rich as α increases consistent with the experimental
trends [8,9]. One notable difference between the two interac-
tions is the composition of the LF. For the stiff interaction,
the composition starts off more neutron rich, which is in
contradiction to the enhanced neutron flow in the neck region
due to the potential energy barrier. While the two values start
to merge around α = 80◦, the asymptotic composition of the
stiff interaction is much larger for the stiff interaction. This
greater curvature observed for the stiff interaction indicates a
larger rate constant.

The results after the GEMINI afterburner is applied show an
overall decrease in the composition as a function of α relative
to the results without GEMINI. The composition decreases
fairly linearly for α � 60◦. For 60◦ < α < 120◦, 〈�L〉, the
value starts to plateau before decreasing again. While the
de-excited results mirror the non-de-excited results, the ex-
ponential decay is not as pronounced in the results with the
de-excitation.

When focusing on the HF results without GEMINI, an over-
all increase in the composition of the HF is seen as a function
of α. The increase in the composition for both interactions
is exponential in nature. The initial composition of the HF
is more neutron-poor for the soft interaction consistent with
a greater neutron contribution to the neck region from the
PLF during the momentum dampening phase. In both cases,
the curvature is less pronounced as the experimental data,
indicating a slower neutron exchange process.

The GEMINI results show a flat distribution across the entire
α range. The overall composition for the HF is lower than
the results without GEMINI. The lack of the increasing trend
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FIG. 11. Rate constant (κ) of the HF (left) and LF (right) for
the combined HF and LF results. The coloring is consistent with
Figs. 9 and 10. Only κH and κL are shown, where the exponential
fit converged. The κH shows agreement between the AMD soft
interaction and the experimental results, while the κH for the stiff
interaction underpredicts the rate constant. For κL , the AMD soft
interaction reproduces the experimental κL well within error bars.
The AMD stiff interaction and the COMD results with and without
GEMINI overpredict κL .

is most likely due to GEMINI over-de-exciting the fragments,
washing out this effect.

A similar trend was observed in the Piantelli et al. [18]
analysis. In the case of ZL = 5, AMD simulations with GEMINI

were able to reproduce the decrease in the composition as a
function of α observed in the experimental data. The exponen-
tial increase in the HF composition was not observed in the
AMD data with GEMINI, consistent with the results presented
in this work. However, it is important to note the exponential
trend was also not observed in the experimental data shown in
Ref. [18].

To quantitatively compare the simulated results for HF
and LF to the experimental ones and each other, the rate
constants were plotted in Fig. 11. The coloring for all panels
is consistent with the coloring in Figs. 9 and 10. The left panel
shows the rate constant for HF (kH ), and the right panel shows
the results for the LF rate constant (kL). Only the results were
shown for systems where an exponential fit converged. For
the kL results for COMD, two values were plotted: Results
without GEMINI in closed points and results with GEMINI in
open points. The GEMINI points are offset slightly to allow
better comparison of the data. The y-axis range is the same
for both panels.

The HF exponential fits only converged for the AMD data
without GEMINI and the experimental results. Both the AMD
soft and stiff results underpredict the experimental value. In
the case on the soft interaction, the value is consistent within
error bars with the experimental value.

For the LF, the fits converged for the AMD results without
GEMINI, COMD results with and without GEMINI, and the ex-
perimental results. Unlike the HF results, the rate constant for
the AMD stiff interaction is greater than the rate constant for
the AMD soft interaction. Only the AMD soft results are con-
sistent within error bars with the experimental results. For the

FIG. 12. Rate constant as a function of ZL (kL (ZL )) for the three
COMD interactions with and without GEMINI and the experimen-
tal results. The blue points correspond to the soft interaction, the
pink points correspond to the stiff interaction, and the green points
correspond to the superstiff interaction. The closed points are the
non-GEMINI results and the open points are the GEMINI results. The
black points are the experimental values. The majority of the simu-
lated points are greater than the experimental ones.

COMD results, an ordering is seen for both the results with-
out GEMINI (closed squares) and with GEMINI (open squares),
where the soft interaction has the lowest rate constant, fol-
lowed by the stiff and the superstiff ones, respectively. For the
superstiff results, the rate constant was approximately equal
for the calculations with and without GEMINI. A shift is seen
for the soft and stiff case, where the GEMINI rate constant is
smaller than the non-GEMINI one. The greatest effect is seen
for the soft interaction. Both the COMD results with and
without GEMINI have rate constants significantly greater than
the experimental ones.

The comparison between the experimental and simulated
data can be further explored by looking at the effect of charge
sorting on the rate constant. Figure 12 shows the rate constant
for each ZL [kL(ZL )] with no condition on the charge of the
corresponding HF. The coloring and use of open and closed
points is consistent with previous COMD figures. Only results
where the exponential fit converged are shown. The values are
offset based on whether or not the results include GEMINI and
the stiffness of the interaction used. Overall, the rate constants
for all three interactions across a given ZL are constant within
error bars. Greater deviation is seen for larger ZL due to
statistical limitations. In the majority of cases, the simulated
rate constants are overestimated relative to the experimental
results.

However, unlike the results seen in the left panel of Fig. 11,
the experimental and simulation results in Fig. 12 are more
similar. Figure 13 shows the effect of charge-sorting the data
on the average rate constant. In the left panel, the first six
points show the rate constant for the LF (κL) when all HF
and LF fragments were combined, followed by the average
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FIG. 13. The left panel shows the LF rate constant for the com-
bined HF and LF system (κL) and the average LF rate constant for
the system sorted by ZL [kL (ZL )]. The blue, pink, and green results
correspond to the soft, stif,f and superstiff interaction input for the
COMD simulations. The black points are the experimental values,
which also include the averaged LF rate constant for the system
sorted by ZH , ZL pairings. Results show agreement between the κL

and kL (ZL ) for each interaction. A large increase in the rate constant
is shown in the experimental results as the sorting requirements
become more stringent. The right panel shows example �L vs α

experimental distributions for the combined system (darker purple),
system gated on ZL = 7 (lighter purple), and system gated on ZH =
12, ZL = 7 (blue).

rate constant for the LF [kL(ZL )] gated on ZL for each COMD
stiffness interaction. The last three points correspond to the
rate constant extracted for the experimental data when all
fragments were combined together (κL), the averaged value
for kL for a given ZL, and lastly, the averaged value for kL

for all ZH , ZL pairings shown in Ref. [9]. All average values
were calculated using weighted averages. Focusing first on
the COMD results, the rate constants κL and kL(ZL ) for each
interaction are consistent within error bars. Deviation between
the κL and kL(ZL ) values is most likely due to the statistics
when calculating the weighted average.

The greatest effect is seen in the experimental results. For
the case where no restrictions were made on the charge of the
HF or LF, the rate constant is the lowest, indicating the rate
of change is the slowest. When gating solely on the charge of
the LF, the average rate constant is approximately doubled,
and approximately tripled when also gating on the charge of
the partner fragment.

The effect is further visible when looking at the right panel
of Fig. 13. The darker purple points correspond to the com-
bined results. The lighter purple points are �L vs α values for
ZL = 7 and no cut on the charge of ZH , and the blue points are
the corresponding values for ZH = 12, ZL = 7. The difference
in the evolution of the composition is due to the mixed yield
contribution from various sources. If the yield distribution as
a function of α was equivalent for all ZH , ZL pairings, the rate
constant should be consistent regardless of the selection on
ZL and/or ZH . Instead, the yield for smaller ZH and ZL values
is significantly greater. In addition, as discussed in Refs. [8,9],
the peak of the α distribution moves closer to α = 0◦ for larger

ZH + ZL and ZH − ZL. As the HF and LF system becomes
more charge-symmetric, a greater yield is seen at α > 120◦.

Therefore, the �L value across the α distribution starts
similar to the more neutron-rich �L vs α distributions seen
in Refs. [8,9]. The larger relative contribution from the large
ZL values decreases the 〈�L〉 at smaller and larger α. The
flattening of the distribution results in a smaller rate constant.
The same effect to a lesser extent is seen in the �L vs α

distribution for the results gated solely on ZL = 7 as seen in
Fig. 13. The resulting average rate constant is intermediate
relative to the combined and ZH , ZL paired ones.

VI. CONCLUSION

The overall trends in the AMD and COMD results point
towards a smaller L value reproducing the experimental trends
better. In the case of the AMD data, both the soft and stiff
interactions reproduced the experimental trends seen for LF
and HF well. The rate of change in the composition of both
LF and HF for the smaller L-value interaction were more
consistent with the experimental data.

For the COMD results, the exponential increase in the LF
composition was seen for all three interactions. An ordering
is seen for the results with and without GEMINI, where the soft
interaction is the smallest, followed by the stiff interaction,
and then the superstiff one. Yet, all of the interactions have a
rate constant greater than the experimental one. For the HF,
an increase in the composition is seen for the soft interaction,
which is minimized for the stiff interaction and not present
for the superstiff interaction. The trend is not exponential or
consistent with the experimental results.

However, greater agreement in the rate constants for the
COMD simulations is seen when the LF fragments were
sorted by ZL. While the experimental average rate constant is
still lower than the simulated ones, the value is approximately
twice as large as the results for the combined HF, LF ex-
perimental result. Furthermore, upon comparing the weighted
average of the experimental results when sorting solely on
the charge of the LF versus sorting on the charge of both the
HF and LF, another increase in the average rate constant was
seen. The value increased from kL(ZL ) � 0.2 to kL(ZH , ZL ) �
0.3. Therefore, the most accurate view of the evolution of the
composition of the binary decay mechanism can be examined
when sorting on both the ZH and ZL.

Further examination of the dynamics observed in the sim-
ulation as well as a larger simulation data set may give further
insight into the evolution of the composition of the HF and LF
and, therefore, the functional form of the density dependence
of the asymmetry energy.
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