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Correlations of mid-rapidity light charged particles (LCPs) and intermediate mass fragments
(IMFs) with projectile-like fragments (PLFs) have been examined from the 35 MeV/u 70Zn + 70Zn,
64Zn + 64Zn, and 64Ni + 64Ni reaction systems. A new method was developed to examine the flow
of the particles with respect to the PLF. The invariant PLF-scaled flow allowed for the dynamics of
the mid-rapidity Z = 1-4 particles to be studied. Strong differences in the PLF-scaled flow were
observed between the different isotopes. In particular, the most n-rich LCPs exhibited a negative
PLF-scaled flow in comparison to the other LCPs. A classical molecular dynamics model and a
3-body Coulomb trajectory simulation were both used to show that the PLF-scaled flow observable
could be connected to the average order of emission of the LCPs. The experimental results suggest
that the mid-rapidity region is preferentially populated with neutron-rich LCPs and Z = 3-4 IMFs
at a relatively early stage in the collision. The deuteron and 3He particles are emitted later followed,
lastly, by protons and alphas. The average order of emission of the mid-rapidity LCPs was extracted
from the constrained molecular dynamics simulations and showed good agreement with the emission
order suggested by the experimental PLF-scaled flow results.

PACS numbers: 25.70.-z, 25.70.Mn, 25.70.Pq

I. INTRODUCTION

Understanding the mechanisms responsible for particle
production in the Fermi energy domain is an important
task that could provide insights into the behavior and
properties of nuclear matter. In the examination of pe-
ripheral and semi-peripheral intermediate energy heavy-
ion collisions an important source of particle produc-
tion has been found to originate from a mid-rapidity,
or neck, region in between that of the projectile-like
(PLF) and target-like (TLF) fragments [1–6]. Explor-
ing the dynamics/mechanisms responsible for the forma-
tion of this neck-like source could provide information on
the nucleon-nucleon interaction and nuclear Equation of
State (EoS).
Two sources for particle production are often discussed

in relation to these semi-peripheral heavy-ion collisions:
(1) the decay of the excited quasi-projectile (QP) and
quasi-target (QT) which, respectively, produce the PLF
and TLF and (2) the emission of fragments from the
break-up of a neck-like source produced at mid-rapidity
in between the PLF and TLF. Experimental results
have demonstrated an increased neutron to proton ratio
(N/Z) of the mid-rapidity region in comparison to the
quasi-projectile source through the examination of iso-
topically resolved fragments as well as the detection of
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free neutrons [5–13]. For example, Lukasik et al. showed
that 65-70% of the total triton production can be at-
tributed to the mid-rapidity region in semi-peripheral
reactions [5]. Furthermore, it has been suggested that
the neck-like structure represents a low-density region
of nuclear matter between the higher density QP and
QT [14, 15]. Thus, the neck region can provide an op-
portunity to examine dilute neutron-rich nuclear matter.
The study of this low-density asymmetric nuclear matter
should provide observables sensitive to the nuclear EoS.
Theoretical models have shown that the isospin content
and production of intermediate mass fragments (IMFs)
in the neck region could be used to probe the nuclear
EoS [4, 16–18].

The mid-rapidity production mechanism suggests an
important non-equilibrium or dynamical component of
fragment formation in comparison to the binary deep-
inelastic reaction mechanism [4]. Experimental and the-
oretical studies have indicated that the mid-rapidity par-
ticles are produced from a combination of complex mech-
anisms. Gingras et al. used a molecular dynamics sim-
ulations to show that the formation of the mid-rapidity
particles could be attributed to both a prompt emission,
due to nucleon-nucleon collisions, and a later emission
from the tails of the QP and QT [19]. Similarly, 3-body
Coulomb trajectory calculations showed that the produc-
tion of mid-rapidity IMFs could be connected to both a
fast emission from the neck region and a later emission
from the surface of the QP or QT [20]. Experimental
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studies by Hudan et al. [21] and McIntosh et al. [21, 22]
suggested that QP is likely deformed after the collisions,
which produces an asymmetric emission pattern focused
towards the mid-rapidity region.
Since the mid-rapidity products are being produced

from different mechanisms or sources it is of interest
to explore the time-scale and order of their emission.
Particle-particle correlations [23–25], velocity correla-
tions [26–29], fission fragment angular distributions [30],
and Coulomb proximity affects [21, 22, 31–33] have been
used in attempts to extract information on the emission
time of fragments. The proximity of the PLF and TLF
to the mid-rapidity LCPs can be exploited to provide
information on their emission time since particles emit-
ted at early stages in the reaction will feel an increased
Coulomb potential due to the increased proximity. In
general, understanding the time and order of emission of
LCPs and IMFs is important for improving our under-
standing of the fragmentation process in semi-peripheral
collisions. More specifically, it is of interest to explore
how the order of emission may change with the isospin
concentration of the fragments as the average time of
emission of LCPs has been predicted to be sensitive to
the nuclear EoS [34]. Recently, both Hudan et al. [35]
and De Filippo et al. [36] have presented experimental ev-
idence indicating an earlier emission time for IMFs with
increased neutron-to-proton ratios (N/Z).
In the following paper, the dynamics and fragmenta-

tion of the mid-rapidity region are investigated for iso-
topically identified LCPs and Z = 3-4 IMFs. Specifically,
the correlations between the PLF and LCPs are explored
and are shown to provide information on the average or-
der of emission of LCPs, providing a complementary pic-
ture to the recent IMF results presented in Refs. [35]
and [36]. Theoretical simulations are used to help val-
idate the proposed relationship between the PLF-LCP
correlations and average order of emission.

II. EXPERIMENT

The K500 Superconducting Cyclotron at the Texas
A&M University Cyclotron Institute was used to produce
beams of 70Zn, 64Zn, and 64Ni at 35 MeV/nucleon which
were collided with 70Zn (95%), 64Zn (99.8%), and 64Ni
(98.0%) self-supporting targets, respectively. The reac-
tion products were collected using the 4π NIMROD-ISiS
array (Neutron Ion Multi-detector for Reaction Oriented
Dynamics with the Indiana Silicon Sphere) [37]. The
entire charged particle array is housed inside the Texas
A&M Neutron Ball [38], which provides an average neu-
tron multiplicity.
The charged particle array consists of 14 concentric

rings, labeled rings 2-15, ranging from 3.6◦ to 167.0◦ in
lab. Rings 2-9, ranging from 3.6◦ to 45.0◦, had the same
geometry as the INDRA detector [39] and rings 10-15
were of the ISiS geometry [40]. Rings 2-9 each consisted
of 10 single telescope modules and 2 super telescope mod-
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FIG. 1. Typical experimental plot of the slow versus fast
components from the CsI(Tl)-PMT signal.

ules. A single telescope module contained a 150µm or
300µm silicon detector placed in front of a thallium doped
cesium iodide crystal, CsI(Tl). The super telescopes had
both a 150µm and 500µm Si placed in front of the CsI(Tl)
crystal. Rings 10 and 11 each had 18 single telescope
modules with 300µm Si-CsI(Tl) detectors. Rings 12-15
each contained 18 single telescope modules with a 500
µm thick silicon detector in front of the CsI.
Three methods of particle identification are available

in the NIMROD-ISiS array. In rings 2-11 pulse shape
analysis of the CsI(Tl)-PMT (thallium doped cesium-
iodide with a photomultiplier tube) signals allowed for
isotopic identification of light charged particles, Z = 1-2.
As shown in Fig. 1, clear separation of neutron/gamma,
proton, deuteron, triton, 3He, and alpha particles is ob-
served. Isotopic resolution of heavier mass fragments was
achieved through ∆E-E plots from the Si-CsI (single tele-
scope), shown in Fig. 2, and Si-Si (super telescope) mod-
ules. In the forward angle rings isotopic resolution of
Z = 1-17 particles and elemental resolution up to the
charge of the beam was obtained through the Si-CsI and
Si-Si detector modules. Detector thresholds limited the
isotopic resolution to Z = 1-2 particles for the backward
angles.
A linearization procedure was utilized to complete the

particle identification [37, 41]. This provided a 1-D dis-
tribution from the 2-D plots. An example of a linearized
Si-CsI plot is shown in Fig. 3 for the Z = 12-15 fragments,
where the linearization distance is labeled as LinZ. The
most prominent isotope of each elemental band are la-
beled accordingly. Each isotope was fit with a Gaussian
function defined as

G(x) = C · e−0.5·(x−µ
σ )2 (1)

where C is the height, µ is the center, and σ defines the
width of the Gaussian. The parameters for each individ-
ual Gaussian were determined by minimizing the error
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FIG. 2. Typical experimental ∆E-E plot showing the CsI(Tl)-
PMT signal plotted against a 500µm silicon signal. The data
extends to channel 4000 on the Si axis. An expanded view is
presented to demonstrate the isotopic resolution.

between the sum of the Gaussians and the experimental
data for each element. One of the main advantages of fit-
ting the 1-D projections with Gaussian functions, rather
than setting hard limits to define each isotope, is that the
accuracy of the isotopic identification can be quantified.
The percent contamination for a given LinZ value was
calculated for each particle as

%Contam =

(

NGauss
∑

i=0

Gi(LinZ)

)

−GMax(LinZ)

GMax(LinZ)
(2)

where NGauss is the number of Gaussian functions used
for the given element, Gi(LinZ) is the value of the
ith Gaussian at the point LinZ, and Gmax(LinZ) rep-
resenting the maximum Gi(LinZ) from all the Gaus-
sians. The mass of each particle was defined by the
A of the Gaussian which had the maximum value,
Gmax(LinZ), for the LinZ associated with the parti-
cle. If the %Contam ≤ 20% then the mass identifi-
cation of the particle was used in the following analysis.
If %Contam > 20% the particle was considered to be
elementally identified only.
The silicon and CsI detectors were calibrated in order

to determine the total kinetic energy of each detected
particle. The relationship derived by Tasson-Got [42]
was used to relate the light output from the CsI to the
particle energy. Proton (30 and 55 MeV), deuteron (60
MeV), and alpha (100 MeV) calibrations beams were col-
lected in order help constrain the parameters of the CsI
calibration. The punch-through energies of the identified
fragments, a 228Th source, and a 500 MeV 20Ne calibra-
tion beam, were used to constrain the silicon detector
calibrations. The final energy spectra were compared to
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FIG. 3. Experimental 1-D projection of Si-CsI plot for the
Z = 12-15 elemental band. The most prominent isotope of
each element is labeled.

previous NIMROD data sets for 35 MeV/nucleon systems
of similar size and showed excellent agreement [43, 44].

III. EVENT CLASSIFICATION

Peripheral collisions can often be characterized by the
formation of a projectile-like and target-like fragment
along with light charged particles. In examining the neck
emission process it is important to separate events ac-
cording to a consistent ordering parameter since the size
and mechanisms of the mid-rapidity region may change
from the most central to peripheral collisions [5]. In the
following analysis, the charge (Z) of the PLF is used for
event classification. For each event, the PLF was se-
lected as the heaviest detected fragment with a positive
center-of-mass velocity. In central collisions the heaviest
detected fragment may not truly represent a “projectile-
like” fragment yet can still provide event classification.
The focus of this paper is on the results from PLFs with
a charge near to that of the projectile. Furthermore, all
events must have passed the criterion that the total de-
tected charge for each event (SumZ) be greater than 40%
of the charge of the total system. This helped improve
the event classification by eliminating events in which
the PLF was not actually detected in the NIMROD-ISiS
array.
Molecular dynamics simulations were used to exam-

ine the correlation between the PLF Z and the reduced
impact parameter, defined as bred = b/bmax. The value

of bmax was taken as 1.2(A
1/3
proj + A

1/3
tgt ). In Fig. 4 the

reduced impact parameter for each simulated event is
plotted against the charge of the PLF from the con-
strained molecular dynamics, CoMD, simulation [45, 46]
(refer to Section V. for a description of CoMD). The
results shown have been filtered using a software replica
of the NIMROD-ISiS array and the SumZ criterion has
been applied. An almost linear relationship between the
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FIG. 4. (color online) Contour plot depicting the relationship
between the charge of the detected PLF and the reduced im-
pact parameter, bred, for the 70Zn + 70Zn reaction from the
CoMD simulation.

PLF Z and bred is observed for PLFs with Z = 15-30.
Thus, selecting events by the charge of the PLF, for PLFs
with Z > 15, should provide a relatively well-defined im-
pact parameter selection. Below a PLF Z of about 15
it appears that the heaviest detected fragment can be
associated with a wide variety of impact parameters.

The relationship between the azimuthal angle of the
PLF and the reaction plane was also examined. For very
peripheral collisions, where the PLF charge is close to
that of the projectile, the azimuthal angle of the PLF
should be strongly correlated with the reaction plane an-
gle. The difference between the reaction plane and PLF
azimuthal angle, ∆φPLF−RxnPlane, is shown as a func-
tion of the PLF charge in Fig. 5 from the CoMD simula-
tion. This correlation is again examined using the filtered
molecular dynamics simulations, in which the known re-
action plane can be compared to the azimuthal angle
of the PLF. The results demonstrate that the average
∆φPLF−RxnPlane is almost perfectly anti-aligned (180◦)
from the reaction plane. The 180◦ anti-alignment with
the reaction plane is due to the dominance of the attrac-
tive mean-field below the balance energy [47, 48] caus-
ing the projectile to stick and rotate around the target.
Figs. 4 and 5 demonstrate that selecting classes of events
by the charge of the PLF provides both an impact param-
eter selection as well as a correlation with the reaction-
plane for PLFs with Z & 15.

PLF Z
5 10 15 20 25 30

rx
np

la
ne

φ∆

0

100

200

300

0

100

200

300

400

500

600

700

800

FIG. 5. (color online) Contour plot depicting the relation-
ship between the charge of the detected PLF and the dif-
ference between the reaction plane and PLF azimuthal angle,
∆φPLF−RxnPlane. Results are shown from the filtered CoMD
simulation for the 70Zn system.

IV. EXPERIMENTAL RESULTS

A. PLF-scaled Flow

The correlation between the PLF and LCPs has been
investigated through a transverse flow type analysis. In
heavy-ion collisions, transverse flow has been commonly
studied by plotting the average fragment momentum in
the reaction plane as a function of rapidity. In the fol-
lowing, the average momentum of the LCPs in the plane

of the PLF, 〈px〉, was calculated and examined as a func-
tion of the fragment rapidity. This then allows for the
correlation, or movement, of the LCPs with respect to
the PLF to be investigated.
In order to compare transverse flow results at a variety

of energies Bonasera and Csernai used a scale-invariant
flow analysis [49]. Similarly, in order to examine the cor-
relations between the LCPs and PLF different scalings of
the PLF-plane momentum (〈px〉) and rapidity (Y ) of the
fragments were investigated. The different scaling analy-
ses are discussed below and a comparison of each method
is presented in Fig. 6.
Following the work of Bonasera and Csernai [49] the

fragment properties can be scaled as,

p
Proj||
x =

px,frag/Afrag

pcm||,proj/Aproj
(3a)

Y Proj|| =
Y cm
frag

Y cm
proj

(3b)

where p
Proj||
x is the PLF-plane momentum per nucleon

of the fragment (px,frag/Afrag) scaled by the parallel
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(a) (b)

FIG. 6. (color online) Average scaled PLF-plane momentum, 〈px〉, of alpha particles in correlation with Z = 4 (a) and Z = 25
(b) PLFs is shown as a function of the scaled rapidity (Y ). The presented results are from the 35 MeV/nucleon 70Zn + 70Zn
system. The scaled momentum and rapidity have been calculated as described in Eqs. 3-5.

momentum per nucleon of the projectile in the center-
of-mass (pcm||,proj/Aproj). Y

Proj|| represents the fragment

center-of-mass rapidity (Y cm
frag) scaled by the center-of-

mass rapidity of the projectile (Ycm
proj). This scaling, as

mentioned, was originally used to compare the flow at
different energies and therefore is sensitive to the kine-
matics of the projectile rather than the PLF.

In order to account for the PLF properties, p
PLF||
x and

Y PLF|| were calculated as

p
PLF||
x =

px,frag/Afrag

pcm||,PLF/APLF
(4a)

Y PLF|| =
Y cm
frag

Y cm
PLF

(4b)

with the PLF-plane fragment momentum scaled by the
parallel momentum of the PLF (pcm||,PLF /APLF ) and the

rapidity of the fragment scaled by the PLF rapidity

(Y cm
PLF ). Both p

PLF||
x and Y PLF|| are invariant with re-

spect to kinematics of different PLFs.
Lastly, a transverse PLF scaling, pPLF⊥

x , was calcu-
lated as,

pPLF⊥
x =

px,frag/Afrag

pcm⊥,PLF /APLF
(5)

where the PLF-plane transverse momentum of the frag-
ment is scaled by the transverse momentum of the PLF
(pcm⊥,PLF /APLF ). The average p̃

PLF⊥
x was plotted against

the Y PLF|| from Eq. 4, as shown in Fig 6. The transverse
scaling is PLF-invariant since both pPLF⊥

x and Y PLF|| are
scaled relative to the properties of the PLF.
The discussed scalings, Eqs. 3-5, are compared in Fig. 6

for the correlation of alpha particles with both a Z = 4

and Z = 25 PLF. The results for the Z = 4 PLFs and
alpha particles show a constant 〈px〉 = 0, which demon-
strates no significant correlations. A 〈px〉 = 0 is repre-
sentative of a random emission of alpha particles with
respect to the Z = 4 PLF. In contrast, strong correla-
tions are observed between the Z = 25 PLF demonstrat-
ing that the emission of the alpha particles is affected by
the PLF.
From Fig. 6, it is clear that the choice of scaling method

has a distinct effect on the shape of the 〈 px〉 vs. Y
plot. The scaling by the projectile kinematics, defined in
Eq. 3, shows the weakest correlations between the alpha
particle and Z = 25 PLF. In comparison the parallel
PLF scaling, Eq. 4, shows a distinct decrease, or dip, in
the 〈px〉 around Y = 1. This indicates a correlation, or
interaction, between the alpha particles and PLF when
they have a similar rapidities.
In examining the results from the Eq. 5 scaling (PLF⊥)

two distinct regions are now present. A mid-rapidity re-
gion ranging from 0.0 ≤ Y ≤ 0.45 and a PLF region from
0.5 ≤ Y ≤ 1.5, in which there appears to be a Coulomb-
dip due to the alpha particle interaction with the PLF.
While these features are also present in the PLF|| scal-
ing of Eq. 4, they are more prominent with the transverse
PLF scaling. It is interesting to note that the strongest
correlations appear when the alpha particle PLF-plane
momentum was scaled relative to the transverse momen-
tum of the PLF. If the observed PLF-plane momentum of
the alpha particles had been simply due to the inherent
transverse motion of the PLF, the strong correlations ob-
served in Fig. 6 would be diminshed by the PLF⊥ scaling.
Thus, it appears that the transverse PLF scaling helps
remove the inherent transverse momentum of the event
and allows for the correlation between the fragment and
PLF to become more pronounced.
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The following analysis is performed using the scaling
of Eq. 5 with

〈

pPLF⊥
x

〉

and Y PLF|| . For simplicity the
scaled fragment momentum and rapidity, from Eq. 5, will
be denoted as 〈p̃x〉 and the scaled rapidity as Ỹ , respec-
tively. Additionally, this analysis will be referred to as
the PLF-scaled flow, since it represents the scaled flow of
the particles with respect to the PLF.

B. Mid-Rapidity Slope

The slope of the 〈p̃x〉 over the mid-rapidity region,

denoted as ∂ 〈p̃x〉 /∂Ỹ , can provide information about
the movement of the fragments with respect to the
PLF [50, 51]. For example, a positive slope would indi-
cate that the closer the fragment is to the PLF, the more
strongly it’s motion is correlated with the PLF direction.
In order to investigate the movement of the mid-rapidity
fragments a linear fit was applied to the 〈p̃x〉 vs. Ỹ plot

from −0.1 ≤ Ỹ ≤ 0.45. The fit could not be extended to
Ỹ < −0.1 due to increased detector thresholds at back-
ward angles. Fig. 7 presents the 〈p̃x〉 as a function of

Ỹ for protons, deuterons, and tritons in correlation with
Z = 24 PLFs. The linear fit is shown as the solid line
for each isotope. The slope of the linear fit is then used
to quantify the PLF-scaled flow for the different particle
types.

A negative offset from zero in 〈p̃x〉 is present for the
Z = 1 fragments of Fig. 7. This offset is not unexpected,
as 〈p̃x〉 would only pass through zero if calculated with
respect to the reaction plane. While the PLF plane is cor-
related with the reaction plane, significant deviations are
indicated from the CoMD simulation in Fig. 5. Thus, the
negative offset can be attributed to the reaction plane dis-
persion, which should not affect the extracted slope [52–
54].

The PLF-scaled flow results suggest that the mid-
rapidity protons, deuterons, and tritons are moving in
different directions with respect to the PLF. The pos-
itive slope exhibited by the protons would imply that
they are, on average, moving in alignment with the PLF.
In contrast, the tritons appear to move in the opposite
directions, away from the PLF, implied by the negative
slope or PLF-scaled flow.

The mid-rapidity slope (∂ 〈p̃x〉 /∂Ỹ ) was extracted for
the protons, deuterons, and tritons in correlation with
PLFs of charge Z = 3 to Z = 30. In Fig. 8, the extracted
slopes are plotted as a function of the charge of the PLF.
The results demonstrate that beyond a PLF Z of about
20 the magnitude and sign of the proton, deuteron, and
triton slopes are drastically different. In particular, the
difference increases with increasing charge, or size, of the
PLF. As indicated by the linear fits, the extracted slopes
suggest that the protons, deuterons, and tritons have dif-
ferent trajectories relative to the PLF. These results in-
dicate very different dynamics for the different Z = 1
isotopes.

Y~
0 0.5 1 1.5 2

〉 xp~ 〈

-1.5

-1

-0.5

0

Z1 A1

Z1 A2

Z1 A3

FIG. 7. (color online) The average scaled PLF-plane mo-
mentum, 〈p̃x〉, of protons, deuterons, and tritons is shown as

a function of the scaled rapidity, Ỹ , from the 70Zn + 70Zn
system. The solid lines represent linear fits over the range
-0.1≤ Ỹ ≤0.45.
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FIG. 8. (color online) The slope of the mid-rapidity particles,

∂ 〈p̃x〉 /∂Ỹ , shown as a function of the PLF charge for protons,
deuterons, and tritons. The data are from the 70Zn + 70Zn
system.

C. Order of Emission

We propose that the different trajectories of the mid-
rapidity fragments, shown in Fig. 8 are connected to their
proximity to the PLF and TLF at their time of emission.
Fig. 9 presents a simplified illustration of the possible ef-
fect of the PLF-TLF proximity to the mid-rapidity frag-
ments. If the mid-rapidity fragment is emitted while in a
close proximity to the PLF and TLF (left side of Fig. 9)
then the Coulomb potential would likely force the frag-
ment trajectory to be anti-aligned, or perpendicular, with
the PLF-TLF axis. This would result in a negative slope
of the 〈p̃x〉. If the formation of the fragment occurs at a
later time, where the PLF-TLF proximity is decreased,
then it is possible for a more aligned emission to occur
(right side of Fig. 9). Particles following the trajectory
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FIG. 9. (color online) Simple illustration demonstrating the
proposed PLF-TLF proximity effect on the mid-rapidity frag-
ments. The left side depicts the mechanism producing nega-
tive slopes due to an early emission of fragments. The right
side shows a later emission of mid-rapidity fragments produc-
ing a positive slope.

of the PLF would produce a positive slope value or PLF-
scaled flow. In this context, the results from Fig. 8 would
suggest that the average order of emission for the mid-
rapidity Z = 1 isotopes is τt < τd < τp, where τ is the

average time of emission, since ∂ 〈p̃x〉 /∂Ỹ decreases from
the protons to deuterons to tritons.
In order to improve statistics for the extracted PLF-

scaled flow, events where combined producing bins rep-
resenting a selection of PLFs based on their charge, as
shown in Fig. 10. The binning of the events does not
change the overall trends observed in the PLF-scaled flow
for the Z = 1 isotopes. Combing the events with different
PLFs is possible since the scaling used (Eq. 5) is invariant
to the PLF.
As previously mentioned, it is important to note that

the separation between the proton, deuteron, and triton
slopes increases with an increasing PLF charge. This
may be understood by the increased Coulomb force that
would be imparted on the mid-rapidity fragments from
a higher PLF charge. Thus, events with a larger PLF Z
should be more sensitive to the average order of emission
of the particles.
The PLF-scaled flow of the Z = 1 isotopes are com-

pared between the 70Zn + 70Zn, 64Zn + 64Zn, and 64Ni +
64Ni systems in Fig. 10(a). The results from all three sys-
tem are not presented for the Z = 2 isotopes because the
error bars, from the linear fits, were larger than the differ-
ences between the systems. The results for the Z = 1 iso-
topes show that the PLF-scaled flow of the fragments is
sensitive to the colliding system. The absolute magnitude
of the slope was the largest for the 64Zn (N/Z = 1.13)
system followed by the 64Ni (N/Z = 1.28) and then 70Zn
(N/Z = 1.33) systems. This demonstrates a dependence
on the neutron to proton ratio of the colliding system
where the PLF-scaled flow decreases with an increasing
N/Z.
In Fig. 10(b) the slopes extracted from the Z = 2 iso-

topes are shown. Following the argument connecting the
magnitude and sign of the slope to the average order of

(a)

(b)

FIG. 10. (color online) The extracted slopes, ∂ 〈p̃x〉 /∂Ỹ , for
the Z = 1 (a) and Z = 2 (b) isotopes, are shown as a function
of the binned PLF charge. Results from the 35 MeV/u 70Zn
+ 70Zn, 64Zn+64Zn, and 64Ni+64Ni systems are presented for
the Z = 1 isotopes. Results from the Z = 2 isotopes are
shown only from the 70Zn+70Zn system.

emission, the results suggest that the 6He and 8He frag-
ments are on average emitted in the early stages of the
collision followed by the 3He fragments and then alpha
particles.

The Z = 1 and Z = 2 results show that the most
neutron rich isotopes (triton, 6He, 8He) are on average
formed early in the mid-rapidity region in comparison to
the more proton-rich isotopes. This is likely related to the
formation of a neutron-rich neck region. As mentioned,
previous studies have shown an increased N/Z content
in the neck region [5–11] and these results suggest that
this may be connected to the preferential emission of the
most neutron rich LCPs into that region during the early
stages of the reaction process.

In Fig. 11 the extracted slopes from the PLF-scaled
flow are combined for each element. The Z = 1 and
Z = 2 results show an increasing positive PLF-scaled
flow as a function of the PLF charge. This would sug-
gest that all the Z = 1 and Z = 2 fragments have a
relatively late emission time, which produces the posi-
tive slopes. However, when examining the Z = 1 and
Z = 2 isotopes separately (Fig. 10) it is clear that the
dynamics can vary widely and that the elemental results
are dominated by the proton (Z = 1) and alpha (Z = 2)



8

PLF Z

Y~ ∂/〉 xp~ 〈∂

-0.5

0

0.5

1 Z 1
Z 2
Z 3
Z 4

 5≤ 5≤ 6-10 11-15 16-20 21-25  26≥

FIG. 11. (color online) The extracted slopes, ∂ 〈p̃x〉 /∂Ỹ , for
the Z = 1, 2, 3 and 4 fragments shown as a function of the
binned PLF charge. Results are from the 35 MeV/u 70Zn +
70Zn system.

particle trajectories.

The PLF-scaled flow was also investigated for the
Z = 3 and Z = 4 fragments, as shown in Fig. 11, as
a function of the PLF binned charge. The results for
the Z = 3 (6Li, 7Li, 8Li) and Z = 4 (7Be, 9Be, 10Be)
isotopes all showed identical PLF-scaled flows within the
statistical uncertanties and, therefore, only the elemen-
tal results are shown. Based on the proposed arguments,
the results imply that the mid-rapidity Z = 3 and Z = 4
fragments have, on average, a relatively early emission
time since they exhibit a strong negative PLF-scaled flow.
This begins to present a scenario in which the fragments
commonly observed to have an increased mid-rapidity
production (such as the triton, 6He, Z = 3 and Z = 4
fragments) are also being produced on a relatively early
time scale.

D. PLF Velocity Gates

Additional evidence that the extracted slope, or PLF-
scaled flow, is connected to the average emission order is
presented in Fig. 12. In each PLF charge bin, the PLFs
were gated on their velocity relative the projectile veloc-
ity (Vproj). Then the PLF-scaled flow was extracted for
the alpha particles from each PLF velocity gate. If the
extracted slope is correlated to the proximity of the PLF
and TLF, then a decreased slope would be expected for
events in which the PLF velocity is dampened, since the
PLF (and likely TLF) would separate slower. Therefore,
the mid-rapidity particles would be in closer proximity to
the PLF-TLF and have a decreased PLF-scaled flow due
to the increased Coulomb potential. Similarly, when the
PLF is moving at a faster velocity (near that of the pro-
jectile), the PLF and TLF would separate much quicker

PLF Z

Y~ ∂/〉 xp~ 〈∂

0

0.5

1

proj70-75% V

proj75-80% V

proj80-85% V

proj85-90% V

proj90-95% V

proj95-100% V

proj>100% V

3-53-5 6-10 11-15 16-20 21-25  26≥

FIG. 12. (color online) The extracted slopes, ∂ 〈p̃x〉 /∂Ỹ , for
alpha particles are shown as a function of both the velocity
and charge of the PLF. In each PLF charge bin the slope was
extracted from events in which the velocity of the PLF was
within a certain percentage of the velocity of the projectile,
as described in the legend.

and the proximity to the mid-rapidity particles would be
decreased. Thus, an increased PLF-scaled flow would be
expected.
As shown in Fig. 12, a strong correlation is observed

between the PLF velocity and the extracted PLF-scaled
flow for the alpha particles. The PLF-scaled flow shows
a clear increase with increasing PLF velocity. Negative
slopes are even extracted for some of the most dampened
events, in which the PLF velocity is 70-75% of the pro-
jectile velocity. Since the PLF-TLF separation is much
slower for these dampened events, the negative slopes
should be representative of a strong proximity of the
PLF to the alpha particles. The largest effects were ob-
served in the Z ≥ 26 PLF bin, which would produce the
strongest Coulomb interaction.
The results presented in Fig. 12 provided experimen-

tal evidence that the extracted slope from the PLF-scaled
flow can be connected to the proximity of the PLF and
TLF to the mid-rapidity particles. In combination with
the results from Figs. 10 and 11 it appears that the av-
erage order of emission for the mid-rapidity Z = 1 frag-
ments follows τt < τd < τp and the order for the mid-
rapidity Z = 2 fragments is τ8He ≤ τ6He < τ3He < τα.
Additionally, the Z = 3 and Z = 4 PLF-scaled flows
imply a relatively earlier emission during the reaction
process.

V. THEORETICAL SIMULATIONS

While the experimental data suggests a connection be-
tween the PLF-scaled flow and average order of emission
of the mid-rapidity fragments it is important to explore
this idea in the context of simulations where the PLF-
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TLF proximity, strength of the Coulomb potential, and
time of fragment formation can be examined.

A. Coulomb Trajectory

The Coulomb trajectory of mid-rapidity particles was
examined through a Monte Carlo simulation in which the
proximity of the PLF and TLF was varied. A depiction
of the Coulomb trajectory simulation is shown in Fig. 13.
The initial configuration consisted of particle placed di-
rectly in between the PLF and TLF. The PLF and TLF
were described by a sphere containing 30 protons with a
radius of 4.9 fm, which is representative of a 70Zn projec-
tile. In the simulation, the PLF (TLF) was propagated
at a velocity of 0.13 v/c with a center-of-mass angle of
θcm = 13◦ (193◦), which corresponds to moving at the
center-of-mass velocity of the 35 MeV/u 70Zn projectile
and entering the forward most ring of the NIMROD-ISiS
array. The velocity vector of the mid-rapidity particle
was randomly determined from a Maxwell-Boltzmann
distribution with T = 6 MeV (the results did not de-
pend significantly on the value of T ). However, the x-
component of the velocity (vx) was adjusted such that the
center-of-mass angle of the mid-rapidity particles (θcm)
was similar to that of the PLF or TLF. Thus, the initial
trajectories present a scenario in which a mid-rapidity
particle is emitted in alignment with the motion of the
PLF or TLF. The dashed red line represents the average
initial trajectory of the mid-rapidity particles.
After determining the initial conditions for the simu-

lation the mid-rapidity fragment, PLF, and TLF were
propagated for 200 fm/c. The trajectories of the PLF
and TLF, shown as the solid black lines, were propagated
along their initial trajectory. The mid-rapidity fragment
was propagated within the Coulomb field produced by
the PLF and TLF, which is represented by the contour
lines in Fig. 13. The simulation was carried out 5500
times in order to obtain the average trajectory of the
mid-rapidity particles. After propagation for 200 fm/c
the final PLF-plane momentum and scaled rapidity for
each particle was calculated in order to examine the PLF-
scaled flow for the different initial PLF-TLF proximities.
The results from the Coulomb trajectory simulation,

shown in Fig. 14, demonstrate the strong effect that the
proximity of the PLF-TLF can have on the trajectory of
the mid-rapidity fragments and therefore, the extracted
slope. When the distance of the PLF and TLF from
the mid-rapidity particle was small, 15-25 fm, the strong
Coulomb potential forces the particle to move perpendic-
ular to the PLF-TLF axis producing a negative slope. As
the distance of the PLF and TLF from the mid-rapidity
particle is increased the initial trajectory of the parti-
cle is disturbed less by the Coulomb field and the strong
negative flow is diminished. For example at a PLF-TLF
distance of 45-50 fm the slope becomes very similar to
positive slope that would be extracted from the initial
trajectory of the particles, shown as open circles.

Z (fm)
-100 -50 0 50 100

X
 (

fm
)

-100

-50

0

50

100

FIG. 13. (color online) Trajectories of the PLF, TLF, and
mid-rapidity particles are shown from the Coulomb trajec-
tory calculations in which the initial distance of the PLF and
TLF was 25 fm from the mid-rapidity particle. The initial
position of the PLF (TLF) is shown as the black filled (open)
circles and the solid black lines represent the trajectory of the
PLF (TLF). The contour lines depict the Coulomb potential
produced from the final position of the PLF and TLF. The
trajectories of the mid-rapidity particles are shown as solid
lines originating from the (0,0) position. For clarity only 50
of the 5500 mid-rapidity particle trajectories are shown. The
red dashed line represents the average initial trajectory of
the mid-rapidity particles under no influence of the PLF-TLF
Coulomb field.

The Coulomb trajectory results demonstrated that in
a simple scenario, in which the nuclear force is neglected,
the mid-rapidity particle trajectory is strongly affected
by the proximity of the PLF and TLF. Both the positive
and negative PLF-scaled flows from the experiment were
qualitatively reproduced through varying the distance of
the PLF and TLF from the particle.

B. Classical Molecular Dynamics (CMD)

The classical molecular dynamics (CMD) model [55,
56] provides a more sophisticated simulation than the
Coulomb trajectory calculation in which the nuclear
force, nucleon-nucleon collisions, and dynamical particle
production is included. The CMDmodel was used to sim-
ulate the 35 MeV/u 70Zn + 70Zn reactions up to a time
of 400 fm/c. The CMD results were filtered with a soft-
ware replica of the NIMROD-ISiS array which accounts
for geometry and energy thresholds of the detector.

Unlike the Coulomb trajectory calculation, the prox-
imity of the PLF and TLF cannot be varied at the time of
emission of the mid-rapidity particles in the CMD model
since it is a dynamical simulation in which the particle
emission is occurring throughout the reaction. Therefore,
in order to investigate the affect of the Coulomb potential
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FIG. 14. (color online) Average scaled PLF-plane momentum,

〈p̃x〉, is shown as a function of the scaled rapidity (Ỹ ) calcu-
lated from the Coulomb trajectory simulation. The proximity
of the PLF and TLF to the mid-rapidity particle was varied
as described by the legend.
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FIG. 15. (color online) Average scaled PLF-plane momen-

tum, 〈p̃x〉, is shown as a function of the scaled rapidity (Ỹ )
for protons in correlation with a PLF Z = 21-25 from the
filtered CMD simulations at 400 fm/c. The magnitude of the
Coulomb potential was varied as described by the legend. A
linear fit, represented by the solid colored lines, over the mid-
rapidity region is shown for each of the CMD results.

(VC) from the PLF and TLF on the mid-rapidity region
the magnitude of the potential was varied.
In Fig. 15 the 〈p̃x〉 is shown as a function of Ỹ for

protons in correlation with PLFs with Z = 21-25. The
results show how the repulsive Coulomb potential com-
petes against the attractive nuclear force in determin-
ing the trajectories of the mid-rapidity protons. When
the Coulomb potential was not used in the CMD simu-
lation (VC = 0), the trajectory of the protons was deter-
mined from a combination of nucleon-nucleon collisions
and the nuclear force. Without the repulsive Coulomb
potential, a relatively large positive slope was extracted
from the PLF-scaled flow, as shown by the solid black
circles. The magnitude of the slope was decreased when

the Coulomb potential is taken into account in the simu-
lation, as shown by the red triangles. When the strength
of the Coulomb potential was doubled, the PLF-scaled
flow actually becomes negative.
The CMD results show that the magnitude of the

Coulomb potential is strongly connected to the result-
ing PLF-scaled flow. An increased Coulomb potential
caused the particles to be repulsed away from the PLF
and TLF producing a negative PLF-scaled flow. In the
experimental data, this would imply that the particles
which exhibited a negative flow must have felt a stronger
Coulomb force than the positive flow particles. There-
fore, the observation of a negative PLF-scaled flow should
be associated with an early time of emission, since the
mid-rapidity particles would have to be in close vicinity
to the PLF-TLF. At the later stages of the reaction, the
Coulomb field in the mid-rapidity region would not be as
strong and therefore, a positive PLF-scaled flow could be
observed.

C. Constrained Molecular Dynamics (CoMD)

The constrained molecular dynamics (CoMD)
model [45, 46] was used to examine the average order
of emission the LCPs in the mid-rapidity region. The
dynamical CMD and Coulomb Trajectory simulations
provided evidence supporting the idea that the PLF-
scaled flow of the LCPs and IMFs is connected to the
average order of emission. However, these simulations
do not provide a complete description of the heavy-ion
collision. The CoMD model includes the nuclear force,
Coulomb potential, nucleon-nucleon collisions, and
Fermionic nature of the nuclei. The Pauli Principle is
accurately described through examining the occupation
probability of each nucleon at each time step. The
reaction was followed for 3000 fm/c within the CoMD
model allowing the system to evolve and cool dynam-
ically. The statistical decay of any remaining hot or
unstable fragments after 3000 fm/c was completed with
the GEMINI++ code [57, 58]. However, after 3000 fm/c
very little excitation energy remained in most fragments.
The production of particles in the mid-rapidity region

was studied in reference to the final mid-rapidity yield at
t = ∞, which is defined as the final distribution calcu-
lated after applying GEMINI++. Each event was tagged
according to the charge of the PLF at t = ∞ and the
%Y ield defined as

%Y ield =
Y ield(t = τ)

Y ield(t = ∞)
× 100% (6)

was calculated where Y ield(t = τ) represent the yield of
a given particle type at some time, τ , and Y ield(t = ∞)
is the particle yield after the GEMINI++ de-excitation.
Therefore, the %Y ield represents the relative yield pro-
duced at each time step. In Fig. 16 the %Y ield, cal-
culated for particles with 0.0 ≤ Ỹ ≤ 0.45 (mid-rapidity
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FIG. 16. (color online) Mid-rapidity %Yield as a function of
time for different particle types from the CoMD simulation.
The results are shown for events in which the final (t = ∞)
PLF Z = 21-25.

region), is shown as a function of time for events in which
the final PLF Z = 20-24.
The results shown in Fig. 16 are in good agreement

with the emission order extracted from the experimental
PLF-scaled flow. The %Y ield of the Z = 1 isotopes,
panel (a), shows that a large production of the mid-
rapidity tritons occurs relatively early in comparison to
the deuterons and protons. The simulation indicates that
almost 50% of the mid-rapidity protons are emitted after
1000 fm/c, at which time the proximity of the PLF and
TLF should be diminshed.
The %Y ield results for the Z = 2 isotopes, Fig. 16(b),

are also in agreement with the emission order determined
from the PLF-scaled flow. The mid-rapidity 6He frag-
ments are produced very early in the collision, followed
by the 3He fragments and the alpha particles. The 6He
fragments show a %Y ield greater than 100% at 200 fm/c
which represents that some of the produced 6He break-
up at a later time steps. Therefore, any 6He that were
to reach the detector would likely have had to been pro-
duced or formed very early.
The results for the mid-rapidity 6Li and 9Be fragments

(panel (c)), which are the dominant Z = 3 and Z = 4
isotopes, show a relatively early emission time for the
total produced yield. Similar to the 6He, the results sug-
gest that some of the 6Li and 9Be fragments break-up
at the later stages since the %Y ield value increases be-
yond 100%. Again, this supports the experimental re-
sults which suggested that the Z = 3 and Z = 4 fragments
were emitted relatively early and exhibited a PLF-scaled
flow similar to the tritons and 6He.
Overall, the average emission order from the CoMD

model is in good agreement with the experimentally de-
termined emission order from the PLF-scaled flow mea-
surements. The CoMD results depict a scenario in which
the mid-rapidity region is preferentially populated with
tritons, 6He, Z = 3, and Z = 4 fragments at the early
stages of the reaction.

VI. SUMMARY

The correlation of LCPs (Z = 1-2) and IMFs (Z = 3-4)
with PLFs has been investigated for the 35 MeV/nucleon
70Zn + 70Zn, 64Zn + 64Zn, and 64Ni + 64Ni systems.
The flow of the LCPs with respect to the PLF has been
studied using the new scaling method presented in Eq. 5
and termed the PLF-scaled flow. The results showed
strong correlations between the mid-rapidity LCPs and
IMFs with the PLF in the peripheral events.
The magnitude of the PLF-scaled flow, taken as the

slope over the mid-rapidity region, was very sensitive
to the different Z = 1 and Z = 2 isotopes. This
demonstrated that the different isotopes exhibit differ-
ent dynamical characteristics. The PLF-scaled flow of
the LCPs and IMFs in the mid-rapidity region was sug-
gested to be sensitive to the proximity of the PLF-TLF
and therefore, the average order of emission of the mid-
rapidity LCPs/IMFs could be obtained. The results indi-
cated that on average the order of emission for the Z = 1
isotopes starts with tritons followed by deuterons and
then, lastly, protons. The Z = 2 isotopes presented an
average emission order beginning with the early emission
of 8He and 6He followed by 3He and then alpha particles.
The Z = 3 and Z = 4 IMFs showed no significant iso-
topic effects but showed strong negative PLF-scaled flow
indicating a relatively early emission time.
These results depict a scenario in which the mid-

rapidity, or neck, region is preferentially populated by
the neutron-rich fragments (tritons, 6He, 8He) and IMFs
(at least Z = 3 and Z = 4) at relatively early stages of
the collision. This compliments the recent results of Hu-
dan et al. [35] and De Filippo et al. [36] which suggest
that IMFs with increased N/Z are emitted earlier in the
reaction. Thus, it appears the trend of shorter emission
times with increasing N/Z is present for both IMFs and
LCPs.
A variety of theoretical models and simulations were

used to demonstrate the validity of the connection be-
tween the PLF-scaled flow and order of emission.
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1. The Coulomb trajectory simulation showed that the
slope of the PLF-scaled flow is strongly sensitive to
the distance between the mid-rapidity particle and
the PLF-TLF. A close proximity of the PLF-TLF to
the mid-rapidity particle produced a negative PLF-
scaled flow.

2. The CMD model demonstrated that the magnitude
of the Coulomb force felt by the mid-rapidity par-
ticles directly affected the slope of the PLF-scaled
flow. In particular, an increased Coulomb poten-
tial caused the protons’ positive PLF-scaled flow to
become negative.

3. The average order of emission of the LCPs/IMFs
was extracted from the CoMD model. The ex-
tracted average order of emission was in direct
agreement with the experimentally obtained emis-
sion order from the PLF-scaled flow interpretation.

Together, all the simulations and models provide a consis-
tent picture describing the relationship between the PLF-
scaled flow and the order of emission of the LCPs/IMFs.

In conclusion, a new method, the PLF-scaled flow, has
been developed to examine the dynamics of the mid-

rapidity LCPs and IMFs in peripheral collisions. The
resulting trajectory of the particles, or slope of the PLF-
scaled flow, was shown to be sensitive to their average
order of emission. The results indicate that the increased
neutron enrichment of the neck region is connected to a
preferential emission of neutron-rich fragments relatively
early in the reaction.
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