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Neutron-proton equilibration in 35 MeV /u collisions of *7°Zn + %7°Zn
and %Zn,*Ni + %Zn,%Ni quantified using triplicate probes
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Previous work has quantified the degree of neutron-proton equilibration in heavy-ion nuclear collisions by
observing the convergence of isospin observables (such as the isoscaling parameter o) to an expected value
based on similar symmetric reaction systems. We present a new signature of equilibration: the convergence of the
isospin asymmetry (as quantified by three isoscaling metrics) of two mirror asymmetric reaction systems toward
each other rather than a predefined point. For the reactions of 35 MeV/u %7°Zn + %7°Zn and ®Zn, ®Ni +
67n, *Ni the neutron-proton equilibration was found to be approximately 80%, and this result is compared

directly to previous work.
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I. INTRODUCTION

The nuclear equation of state (EOS) represents the rela-
tionship between thermodynamic variables that describe the
nature of nuclei and nuclear matter. An improved under-
standing of the EOS and the form of the asymmetry energy
provides information relating to fundamental nucleon-nucleon
interactions, nuclear structure, nuclear reactions, and astro-
physical processes such as the core collapse of supernovae,
dynamics of neutron star mergers, and properties of neutron
star crusts [1-7]. Particular effort has been made to improve
experimental constraints on the density dependence of the
asymmetry energy, the term with the largest uncertainty in the
EOS.

While the asymmetry energy of nuclear matter is relatively
well understood in the ground state [6], heavy-ion collisions
provide the ability to probe the EOS away from ground-
state density and temperature. Numerous experiments have
been conducted in order to place constraints on the density
dependence of the asymmetry energy through a variety of
experimental observables such as free neutron-proton ratios
[6,8,9], isobaric yield ratios [10-13], isoscaling [12,14-25],
isospin diffusion [2,21,26-30], collective flow [31-37], and
neck dynamics and emission [38—44].

Early neutron-proton (N-Z) equilibration work, also re-
ferred to as isospin equilibration in the literature, used isotopic
ratios to demonstrate the beam energy dependence of equili-
bration in the Fermi energy regime [45-48]. Ideally we would
like to measure the composition of the quasiprojectile (QP, the
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primary, excited, projectile-like fragment immediately follow-
ing the collision), quasitarget (QT), and any remaining neck-
like structure immediately after separation. This would give an
exact measure of the amount of equilibration in a nuclear reac-
tion. Thus the isospin asymmetry of the QP (Agp = NQ;;QPZQ")
could be compared to the isospin asymmetry of the projectile
and target in order to calculate the amount of equilibration
[10]. Measurement of the composition of the QP accurately
would require an 87 detector system. Fragmentation of the
QP due to excitation energy, as well as evolution of the sys-
tem due to pre-equilibrium emission, further complicates this
comparison and will not yield a complete description of the
equilibration of the system. In reality, observables that were
linearly dependent [10,29] on the isospin composition of a
source were used as surrogates for the actual Agp. Several ob-
servables have been suggested that fit this criterion including
free n/ p ratios [6,9], isobaric yield ratios [11,13,29], charged
pion ratios [9], and the isoscaling parameter « [10,17,18,21].
The degree of equilibration can be quantified by determining
isospin asymmetry of the hot source after the reaction, and
comparing it to the initial state.

Using these surrogates we can construct the isospin trans-
port ratio [Eq. (1), henceforth referred to as R;), a means
of quantifying the degree of equilibration in a reaction. This
concept was originally formulated by Rami ez al. [49] and has
been used in a multitude of studies to measure equilibration in
nuclear systems [2,6,10,21,29,38,49-55]. Equation (1) quan-
tifies the position of an observable for a specific source (x;)
relative to the same observable for a different source (x;/). A
neutron-rich source (xng) will give a value of Ryg = 1 and a
neutron-poor source (xyp) will give Rxp = —1, so that any
source that is mixed between these will yield an R; value
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between —1 and 1.
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Rami ef al. [49] showed that more central collisions lead
to more equilibration, i.e., a greater degree of equilibration
was observed for smaller impact parameters. Central reactions
provide a greater overlap between projectile and target, and
therefore more damping and longer contact times. These
longer contact times between projectile and target allow more
equilibration to take place [56-58]. Thus signatures of equi-
libration are expected to be more pronounced in strongly
damped or more central collisions [59].

Since the R; was introduced, many studies have continued
to probe N-Z equilibration in reactions around the Fermi
energy. Experimental [2,6,10,19,21,28,29,50,60-64] as well
as theoretical [26,27,53,65,66] efforts have attempted to place
stricter constraints on the asymmetry energy. A recent review
[67] concluded that experimental, theoretical, and observa-
tional analyses constrain the symmetry parameters So and L to
29.0-32.7 MeV and 40.5-61.9 MeV, respectively. This review
did not address higher-order cubic and quartic terms. With
knowledge of only the first two terms in the Taylor series
expansion, any extrapolation away from saturation densities
(to subsaturation and supersaturation) is prone to large uncer-
tainties due to these higher-order terms.

In the present work we will use isoscaling, isobaric yield
ratios, and reconstructed QP asymmetry from the NIMROD
array to measure the amount of N-Z equilibration that takes
place between the QP and QT. This will be directly compared
to previously reported values of fractional equilibration.

II. EXPERIMENTAL

The NIMROD 47 array at Texas A&M University [68] was
used to study the reactions 647071 + 647071 and %Zn, Ni +
%7n, %Ni at 35 MeV/u. Details of the setup have been
described in Refs. [31,32,68,69] and will not be discussed
here. The array achieved isotopic identification of fragments
up to Z = 17 and elemental identification up to Z = 30. This
exceptional sensitivity allows the kinematic reconstruction of
the hot QP immediately after interaction and reseparation.
Such reconstruction dramatically improves the quality of
source selection as well as isoscaling fits [23,70].

To ensure a well-defined QP source, a series of constraints
were placed on the reconstruction. These constraints allow
selection of thermally equilibrated QP sources [71-74]. The
first constraint is a cut on the velocity in the direction of the
beam of individual fragments which excludes fragments that
do not originate from the QP (fast pre-equilibrium emission
as well as particles from QT-like sources). By comparing in-
dividual fragment velocities, v., to that of the largest fragment
in the event, v, s, particles that have velocities consistent with
pre-equilibrium emission or midrapidity sources are excluded.
Numerically, this cut only includes fragments whose veloci-
ties fall into the following ranges: ;= = 1£0.65 forZ = 1,

Y= = 140.60 for Z = 2, and VV— =140.45forZ > 3.

Vz.res 2
A wide mass range was considered to reconstruct the
QP in order to cover all possible reaction channels leading

to fragmentation. The reconstructed QPs were selected to
have a total proton number (SumZ) fulfilling the requirement
15 < SumZ < 35 and total nucleon number (SumA) fulfilling
the requirement 48 < SumA < 76. Narrower cuts on recon-
structed SumZ had no appreciable effect on the values in the
analysis, only on the level of statistics. Utilizing such a large
mass and charge range also provides a large variability in
possible QP asymmetries for study.

A final cut is applied to constrain the shape of the QP.
Shape equilibration is a much slower process than either
thermal or N-Z equilibration [75] and therefore a spherical QP
should be well equilibrated. Spherical QPs are selected by ex-
amining the relationship between the total particle momentum
in the beam direction, p,, relative to the transverse momentum,

> p:
>3 pi
where the sum is over all charged particles in the associate
with the QP in the event.

Previous work has shown both the benefits of including the
free neutrons in source reconstruction [23,72,76], as well as
the possible concerns and uncertainty [76,77]. Free neutrons
were used in this analysis only in the reconstruction of the
QP and in the determination of the reconstructed total nucleon
number.

P:, such that the sphericity of the event is Seyent =

III. ANALYSIS AND CONCLUSIONS

Isotopically identified fragments from reconstructed QPs
were used to calculate the ratio of yields of each of the seven
reactions to the yields of the most neutron-poor reaction:
847n 4 %4Zn. Two sets of reactions were analyzed. The first
reaction set, %7°Zn + %707n, compares the cross reactions
formed by two different isotopes of zinc, producing a set of re-
actions that displays an isospin asymmetry difference between
projectile and target, with no Coulomb difference between
projectile and target. A set of reactions with these properties
has also been studied in Ref. [21]. In the present work, we
additionally study the %47n, %Ni + %Zn, ®*Ni reaction set.
The #7°Zn + +7°Zn reaction set holds Z constant but varies
asymmetry by varying reactant mass A. The ®Zn, **Ni +
647n, ®Ni reaction set holds A constant but varies the asym-
metry by changing reactant proton number Z. This choice of
reactions was made to isolate the individual effects of these
changes on the overall dynamics of isospin transport.

The ratio of the yields of a neutron-rich source Y, to a
neutron-poor source Y| are compared for a range of isotopi-
cally identified fragments. The yield ratio, shown in Eq. (2),
is parametrized by the exponential form shown in Eq. (3),
where C is a scaling constant and « and 8 are the isoscaling
parameters for neutrons and protons, respectively [21].

Ra(N, 7) = 2N-2) 2
2n(N, Z) = YN.Z)' )
Ry(N,Z) =Cexp(aN + BZ2). 3)

The isoscaling parameter « is assumed to be linearly depen-
dent on the source asymmetry in isospin transport studies
[10,17,18,21,29]. The parameters « and g are linearly related
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FIG. 1. An example isoscaling plot using an expanded Z range
in fragments. The plot shows the isoscaling of abundant isotopes
from Z = 4-14 for the ®Ni + *Ni system relative to the *Zn +
%7n system. The red fit lines correspond to the resulting global fit
according to Eq. (3).

to the chemical potentials, which depend on the local density
and asymmetry and influence the migration of neutrons.

An example isoscaling plot is shown in Fig. 1. The yield
ratio from Eq. (2) is plotted as a function of neutron num-
ber for isotopes of all elements from beryllium to silicon
(Z = 4-14). Note that yields from the ®*Ni + **Ni reaction
were divided by the yields from the %*Zn + %*Zn reaction.
Error bars representing statistical error are included here and
for all subsequent figures and are typically smaller than the
data points. For any given element, the yield ratio increases
monotonically with the neutron number. The solid red curves
represent a single exponential fit of the data in both Z and
N space simultaneously using the parametrization in Eq. (3).
Thus the curves have the same exponential slope and are
equally spaced. The exponential fit describes the data well,
and deviations from the fit line follow no clear system-
atic trend. This indicates that reaction mechanisms such as
isospin density gradients driving equilibration, observed in
other experimental data [1,26], are observed here as well.
Also, isoscaling is observed for all fragment sizes presented,
indicating that these fragments originate from sources that
have achieved the same degree of equilibration.

The left panels of Fig. 2 show plots of the yield ratio as
a function of neutron number for isotopes of all elements
from beryllium to oxygen (Z = 4-8). Ratios from the most
neutron-rich reactions, with respect to the most neutron-poor
system, in each set are shown: Fig. 2(a) for 7°Zn 4 7°Zn and
Fig. 2(c) for ®Ni + *Ni. The limited range in Z was used
to allow a direct comparison with Ref. [21]. Again, the red
curves represent the result of one single exponential fit to
all the data points using the parametrization of Eq. (3). The
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FIG. 2. Isoscaling plots for the Zn (**7°Zn + ®7°Zn) and A =
64 (**Zn, ®*Ni + %Zn, %Ni) reactions. Panel (a) shows the yield
ratios as a function of neutron number N for the three most abundant
isotopes of Z =4-8 for the "°Zn 4+ 7°Zn system, and panel (c)
corresponds to the three most abundant isotopes of Z = 4-8 for the
%4Ni 4- % Ni system. Panel (b) is a plot of « (see text for details) as
a function of composite system isospin asymmetry for the Zn set of
reactions, and panel (d) corresponds to the A = 64 set of reactions.

yield ratios increase monotonically with the neutron number,
and the resulting curves have the same exponential slope and
are equally spaced, demonstrating a clear scaling between
isotopes that is consistent with previous measurements for
similar systems [23].

The isoscaling parameter « is used as a surrogate for the
isospin asymmetry of the quasiprojectile, and as a way to
assess the degree of N-Z equilibration. In fully N-Z equi-
librated reactions, the QP and QT should exhibit identical
isospin asymmetries. Mirror reactions, such as *Ni 4 %Zn
and %Zn + %Ni, are identical if the target and projectile are
swapped. Thus the QP of one system will be identical to the
QT of the other system. If the cross systems have reached
full N-Z equilibration, their isoscaling parameters o should be
identical.

Figures 2(b) and 2(d) show the isoscaling parameter « as
a function of the composite system asymmetry W :‘Z). Solid
black lines connect systems with the same projectile. The
solid red and solid blue lines represent the separation between
two cross systems, and two symmetric systems, respectively.
The isoscaling parameter « of the cross reactions differs from
that of the symmetric reactions. This can be interpreted as
a degree of mixing, but not complete mixing, between the
projectile and target. If the projectile and target mix com-
pletely, then there would be no difference between two cross
reactions, and their « values would be the same.
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This metric of isospin transport has been the basis of
measurements of equilibration in previous works. However,
the cross reactions are not centered about the average « values
of the symmetric systems in either set of reactions. This
is evident in Ref. [21] as well. The R; used in that work
assumes that a fully N-Z equilibrated cross system will be
halfway between that of the two symmetric systems from the
same reaction set. This assumption is limiting because the
equilibrium value of isospin, or the equilibrium value of «,
need not necessarily be half way between the values for the
symmetric systems. It could be that for a large amount of
mixing the reaction mechanism changes such that significant
mass is lost in the early phase of the reaction, and the isospin
of the lost mass is neutron rich thus affecting the equilibrium
value of the isospin of the remaining, relatively neutron-poor
system. This limitation led us to develop a new measure for
equilibration that is not dependent on reaching a predefined
endpoint. This measure of the equilibration in a reaction
quantifies the convergence of cross systems toward each other,
relative to the difference between the symmetric systems.

Equation (4) (based on Ref. [62]) is used to compare the
linearly dependent isospin observables of all reactions in a re-
action set. The variables X, s; and X, s, are the first and second
cross systems '°Zn 4 %*Zn and %Zn + °Zn, respectively. By
comparing the separation between cross systems (X;si-Xys2)
to the separation between symmetric systems (¥Ng-XNp), @
value of fractional equilibration I'¢q can be extracted. A value
of 0 indicates cross systems that are identical to the symmetric
reaction systems, while a I'¢q of 1 indicates that the two cross
systems are identical to each other. The advantage of this
method is that any differential loss outside of the QP-QT pair,
through pre-equilibrium particle emission or neck formation,
does not affect the calculation of how much equilibration has
taken place.

ro— (xNR — XNp) — (Xxs1 — Xx52)
eq — .
(XNR — XNP)

“

This method of calculating the fractional equilibration
between QP and QT can be extended to study equilibration
as a function of the impact parameter b. Calculations using
the ASY-SOFT constrained molecular dynamics (CoMD) code
[78,79] were used to identify an observable related to the
impact parameter. The reconstructed QP velocity (v, gp) par-
allel to the beam showed the strongest correlation with impact
parameter, compared to excitation energy and QP deflection
angle. The top panels of Fig. 3 show the reconstructed QP
velocity in the laboratory frame as a function of the event
impact parameter b. We see a monotonic correlation between
vz op and b for b > 2 fm. A simple function correlating the
variables v, gp and b was extracted from this. The data were
partitioned into ten bins in v, gp (Fig. 3 bottom panel) such
that there was approximately equal data in each bin. While the
bins overlap, the peaks are separated well enough to observe a
general trend of smaller v, gp values corresponding to smaller
impact parameters, or violent collisions. This allows the anal-
ysis of N-Z equilibration as a function of the violence of the
collision using v, qp bins as surrogates for impact parameter
bins.

N
o
o
o

Yield (arb. units)
T

1000 — y
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FIG. 3. (a) Reconstructed QP velocity in the parallel beam direc-
tion (in units of ¢) in the laboratory frame as a function of the event
impact parameter b (in fm) from ASY-SOFT CoMD simulation of the
4 Ni 4- %*Ni system. (b) Resulting distribution of b in each of the nine
QP v, bins.

This surrogate for impact parameter, and violence of colli-
sion, was used along with three separate metrics to quantify
N-Z equilibration: 1) The isoscaling parameter « as dis-
cussed above; 2) the isobaric yield ratio of tritons to helium-
3 Y(H)/Y(*He); and 3) the reconstructed QP asymmetry
Agp. The evolution of these isospin-dependent metrics, as a
function of violence of collision, is studied using R; [Eq. (1)].

A. Isoscaling parameter o

We calculate fractional equilibration I'¢q by substituting the
isoscaling parameter o for x in Eq. (4) for each bin in v, gp.
In this way, we can examine I'¢q as a function of collision
violence. In Fig. 4, R; is plotted as a function of v, gp for
the A = 64 reactions relative to the neutron-poor %Zn + %Zn
reaction. We recall that by definition R; is 1 or —1 for
the symmetric reactions, and that R; values are expected to
converge for the cross reactions relative to the symmetric
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FIG. 4. Isospin transport ratio (R;) value [Eq. (1)] for the isoscal-
ing o parameter as a function of v, gp bin number from experimental
data. Lower v, qp bin number on average means a more central
collision. This shows the results from the A = 64 set of reactions:
$Zn + %Zn, Zn + *Ni, *Ni + *Zn, and *Ni + *Ni.

reactions. The R; for cross reactions in Fig. 4 converge toward
each other as the reactions become more violent (v, gp bin
= 0), indicating that the QP and QT are becoming more
similar in isospin as the violence of the collision increases.
The R; values show substantial equilibration for even the most
peripheral collisions analyzed (v, gp bin = 9).

The equilibration observed at large v, gp may also be partly
due to overlapping v, gp bins. Bin 9 of v, gp is peaked at b =
7 fm, whereas touching spheres is estimated at b = 10 fm for
these reactions. Although v, gp of 9 corresponds to the most
peripheral reactions in these data, more peripheral collisions
are physically possible, where a smaller I'q is expected.

Two different isotopic ranges were used to extract I'eg:
a shortened range from Z = 4-8 using only the three most
prominent isotopes to compare to Ref. [21], and an expanded
range using all isotopically identified fragments (Z = 4—
14) from the NIMROD array. The ®Zn, **Ni + %Zn, ®Ni

reactions yield a I'eq 0f 0.83 &= 0.05 for the shortened Z range,
and 0.85 =+ 0.07 for the full Z range. For the %*7°Zn + %470Zn
reactions we calculate a I'eq of 0.78 4= 0.05 for the shortened
Z range, and 0.76 £ 0.07 for the full Z range. These values
are reported in Table I. The differences in I'¢q experienced
by the charge symmetric systems (%*7Zn + %470Zn) vs the
charge asymmetric systems (®*Zn, ®*Ni + %Zn, %Ni) agree
within experimental uncertainty. The effect of the Coulomb
asymmetry does not seem to be at play at this level of
sensitivity. The uncertainties quoted here are dominated by the
uncertainty in the yields of each isotope due to contamination
from neighboring isotopes.

In Ref. [21] the T in 50 MeV/u 241128n 4 124112,
reactions was reported as ~0.5. Applying Eq. (4) to the o
values of that work we calculate a I'eq of 0.54 & 0.02. This is
also reported in Table I along with the I'eq values for reactions
studied in this work (discussed subsequently).

B. Isobaric yield ratio

The isobaric yield ratio (IYR) employs a single source
as the isospin-dependent metric, and in previous work has
exhibited linear dependence on the isospin asymmetry of the
source [73,76]. The ratio of the yields of two isobars are used;
the yield of the neutron-rich isotope (Y4 nr) is normalized to
the yield of the neutron-poor isotope (Y 4 np):

Y,
Isobaric yield ratio = AR

. ®)
ANP

The A = 3 isobars, tritium and helium-3, are used to exam-
ine how the collision violence impacts the extent of N-Z equi-
libration. The A = 7 isobaric yield ratios show the same trend
as the A = 3. The raw isobaric yield ratio YCH)/Y(*He) is
plotted as a function of v, gp in Fig. 5 top (panel a). The
isobaric yield ratio shows an overall increase with increasing
collision violence (decreasing v, gp). To quantify the extent
of N-Z equilibration, we plot R; as a function of collision
violence in Fig. 5(b). The R; value is obtained by substituting
the isobaric yield ratio in Eq. (1). The convergence of the
cross reactions with increasing collision violence is more
apparent after this transformation. Figure 5(b) appears to show
a smaller degree of equilibration for peripheral collisions
relative to Fig. 4, and comparable equilibration for violent
collisions. Isoscaling is known to be sensitive to secondary
decay [73]. It may be that the A = 3 isobaric yield ratio probe
is less sensitive to secondary decay, since copious amounts

TABLE I. Fractional equilibration I'q calculated from experimental data based on the isoscaling metrics used in this work.

Equilibration 35MeV/u
metric 64707 4 64707n
Isoscaling o 0.78 £ 0.05
(Z=4-8)

Isoscaling o 0.76 = 0.07
(Z =4-14)

Y(*H)/Y(He) 0.72 £ 0.04
Agp 0.96 £0.05

35 MeV /u 50 MeV /u
64Zn, 64Ni + 64Zn, 64Ni 124,11251,1 + 124,11251,1 [21]
0.83 £0.05 0.54 £ 0.02
0.85 £0.07
0.77 £0.04
0.85£0.05
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FIG. 5. (a) Isobaric yield ratio and (b) isospin transport ratio R;
for A =3 isobar as functions of v, gp bin for the A = 64 set of
reaction systems: *Ni + %Ni, *Ni 4 %Zn, ®*Zn + *Ni, and *Zn +
64

Zn.

at A = 3 particles are produced in the initial stages of the
reaction. The stronger dependence of equilibration seen from
the A = 31YR probe (Fig. 5) than the isoscaling probe (Fig. 4)
suggests that indeed the A = 3 I'YR probe is less sensitive to
secondary decay.

Integrating over impact parameters gives an average I'¢q
for each reaction. For the ®Zn, ®Ni + ®Zn, ®*Ni reactions
we calculate a I'eq of 0.77 & 0.04. For the %7Zn + %797
reactions we calculate a I'eq of 0.72 £ 0.04. These values are
reported in Table 1.

C. Reconstructed quasiprojectile asymmetry

The isoscaling o parameter and the isobaric yield ratio
are indirect metrics of the source asymmetry. The ¥ of
the QP can be measured directly using isotopically identified
particles in the NIMROD 4 detector to reconstruct the QP.
In this work the NIMROD array also measured the neutron
multiplicity. This gives us a direct measure of the source
asymmetry via reconstruction of the QP.

Keksis et al. [62,80] improved a technique, initially devel-
oped by Rowland [81], to reconstruct the hot postinteraction
QP from its breakup into various charged fragments. By
making appropriate cuts on the detected charged particles
to remove contamination from pre-equilibrium emission and
neck region emission, the remaining particles could be back-
tracked to reconstruct the hot QP immediately following re-
separation of the QP-QT pair. This reconstruction gave a value
of fractional equilibration (described subsequently) of 0.53,
consistent with [21,62]. This marked the first attempt to ex-
perimentally determine the asymmetry of the source directly
(rather than rely on a surrogate for the isospin asymmetry),
and apply it to an equilibration study. Experiments conducted
using the NIMROD array [23] determined that the quality
of isoscaling fits could be greatly improved by selecting not
only on reconstructed QPs, but also by including free neutron
information. This allows a more detailed reconstruction of the
QP, in particular its isospin asymmetry %. In this work a
well-defined hot QP was reconstructed by applying rigorous
source cuts. We assumed that this reconstructed QP is the
state immediately following the interaction and reseparation
of the projectile and target. Note that the reconstructed total
nucleon number cut (SumA) selects QPs that are slightly more
neutron-rich on average. Since the effect is similar for all the
systems it does not affect the data shown in Fig. 6(b).

Figure 6(a) shows the reconstructed QP asymmetry Aqp
as a function of the v, gp, while Fig. 6(b) shows the R; when
substituted with QP asymmetry Agp. We do see evidence of
isospin equilibration since the cross systems %*Ni + %4Zn and
%47n 4 *Ni lie between the symmetric systems. However,
there is little to no change in Agp between the two cross
reactions and the data show no obvious convergence as a
function of impact parameters, indicating that the degree of
equilibration does not depend on the impact parameter.

This observation for Agp is surprising considering that
these reactions showed a dependence of the degree of equili-
bration on the impact parameter when analyzed using isoscal-
ing (Fig. 4) and isobaric yield ratios (Fig. 5). One explanation
for this observation is the correlation between the velocity
damping and neutron multiplicity. Violent collisions produce
slower PLFs and more free neutrons, protons, and low mass
fragments. Thus the uncertainty in the neutron multiplicity
measurement might wash out the convergence of the cross
systems toward each other. Another possible explanation is
the effect of secondary decay on the isotope yields. The A =
64 QP Agp data also show a strong neutron-rich enhancement
in the QP asymmetry for the cross reactions relative to the
center of the two symmetric reactions.

Integrating over the impact parameter gives a I'eq of
0.85 =+ 0.05 for the ®*Zn, ®*Ni + %Zn, ®Ni reactions. For the
64.707n 4 94.707n reactions we calculate a Teq of 0.96 & 0.05.
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FIG. 6. (a) Quasiprojectile asymmetry Aqp as a function of v, gp
bin. (b) Isospin transport ratio R; for the QP Agp as a function of
v, qp bin. Data for the A = 64 set of reaction systems are shown:
Ni + *Ni, **Ni + %Zn, “Zn + *Ni, and *Zn + *Zn.

D. Integrating over v, gp

The isobaric yield ratio Y (*H)/Y(*He) and the recon-
structed Aqgp are plotted as functions of composite sys-
tem asymmetry in Fig. 7, similar to Figs. 2(b) and 2(d).
Solid black lines connect systems with the same projectile.
Y(*H)/Y(*He) and Aqp of the cross reactions differ from
those of the symmetric reactions. Similar to the results from
the isoscaling metric « this difference can be interpreted as a
degree of mixing between the projectile and target, but not
complete mixing. For both metrics the cross reactions are
not centered around the midpoint between the two symmetric
systems.

|
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FIG. 7. Analysis from this work reproducing the right side of
Fig. 2 for the A = 64 (**Zn, ®*Ni + %Zn, %Ni) reaction systems
using (a) the A = 3 isobaric yield ratio and (b) Agp observables.
(a) Ratio of yields Y(3H)/ Y (3He) for the A = 64 set of reactions as
a function of the composite system isospin asymmetry. (b) Recon-
structed Aqp for the same reaction set as a function of the composite
system isospin asymmetry.

We recall that the R; used in [21] assumes that a fully
N-Z equilibrated cross system will be halfway between that
of the two symmetric systems from the same reaction set.
This assumption is limiting because the equilibrium value
of an isospin observable is not necessarily halfway between
the values for the symmetric systems. Figure 7 highlights the
importance of using a technique that compares the separation
between cross systems to the separation between symmetric
systems to extract a value of fractional equilibration I'eq.
Thus any differential loss outside of the QP-QT pair, through
pre-equilibrium particle emission or neck formation, does not
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affect the calculation of how much equilibration has taken
place. Analysis predicated on the assumption of convergence
to a midway point would under represent the degree of equi-
libration in the ®*Ni+ %Zn system, and over represent the
degree of equilibration in the **Zn + %Ni system [Fig. 7(b)].

IV. SUMMARY AND CONCLUSIONS

We have presented an analysis of neutron-proton equi-
libration in heavy-ion reactions around the Fermi energy
using three independent probes of the equilibration: (1) the
isoscaling parameter «, (2) the A = 3 isobaric yield ratio
Y (®H)/Y (*He), and (3) the neutron-proton composition of the
Agp as reconstructed with a 47 detector. The values of I'eq
presented in this work are consistent among the three different
probes employed. Incomplete N-Z equilibration is observed.
A clear dependence of the degree of equilibration on the
collision violence (impact parameter) is seen. Equilibration
is not necessarily seen when an observable reaches a value
midway between two reference points; rather, equilibration
is seen when the same observable measured in two reaction
systems, which are spatial reflections of each other, reaches a
common value. Given this observation, an appropriate method
for calculating the degree of equilibration is proposed. The

degree of equilibration is calculated for each method, and
reasonable agreement is observed. The method is applied
to data taken at higher beam energy; less equilibration is
observed as would be expected from a reduced interaction
time [47,48].

The equilibration chronometry technique presented in
Refs. [82,83] found the rate of neutron-proton equilibration
to follow first-order kinetics with a rate constant of 3 inverse
zeptoseconds (1072! seconds), across a range of systems at
one energy. The technique presented in this work can probe
equilibration at various beam energies. A complementary
approach employing both can explore the sensitivity of model
predictions to the fundamental interaction, in particular the
asymmetry energy, in order to constrain the equation of state.
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