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Neutron-proton equilibration was studied in dynamically-deformed nuclei produced in reactions
707n+79Zn at 35A MeV. The composition of the two largest daughters of each excited projectile-
like fragment is examined as a function of alignment angle. The lighter fragment is initially
neutron rich relative to the heavier fragment, and the compositions evolve towards each other
exponentially with increasing angle. The alignment angle, as a result of rotation, is related to
time through the angular momentum of the projectile-like fragment, and a rate constant of 3 zs ™!
is extracted. This corresponds to a mean equilibration time of 0.3 zs. This technique provides a

new window through which to gain insight into the nuclear equation of state.
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The nuclear equation of state (nEoS) relates thermodynamic state variables for nuclear matter.
Implications for understanding the nEoS range from microscopic to astronomical. Microscopic
implications include understanding collective excitations of nuclei, neutron skin thicknesses of
nuclei and dynamics of heavy-ion collisions [1, 2, 3]. Astronomically, the nEoS influences the
radius and crust composition of neutron stars [4, 5]. The nEoS for stable nuclei near saturation
density has been well constrained.

The symmetry energy is the portion of the nEoS that describes the penalty for having a relative
excess of neutrons or protons. The density dependence of this energy penalty is the least well
constrained term in the nEoS. In the laboratory, this can be probed by creating nuclear matter at
sub- and supra-saturation density through heavy ion collisions. Several probes have been used to
study this density-dependence include neutron-proton ratios [6, 7], isoscaling [8, 9, 10], isospin
diffusion [11, 12, 13], and neck dynamics and emission [14, 15, 16, 17]. Recently, the time-
dependence of neutron-proton (NZ) equilibraton has re-emerged as an additional probe.

Experiments initially probing the timescale of NZ equlibration [18, 19, 20] in the 1970s and
1980s established a timescale between 0.1-1.0 zs (1 zeptosecond is 102! seconds). These ex-
periments measured the mass composition for nuclei of select atomic number as a function of
the energy dissipation or separation angle. The interaction time between the target and projectile
is related to the energy dissipation. Recent measurements by Hudan ez al. [21, 22, 23] used the
separation angle as a surrogate for the interaction time, which can be calculated using the angu-
lar momentum. Results showed signs of equilibration persisting up to 4 zs, although most of the
equilibration occurs within 1 zs.

In this proceeding, evidence of neutron-proton equilibration between nuclei on a sub-zeptosecond
timescale is presented. The equilibration chronometry technique, pioneered by Hudan et al., was
applied to experimental data with almost complete angular coverage and excellent isotopic resolu-
tion. The evolution of the NZ equilibration was observed in 0.1 zs time slices.

A 7Zn beam was accelerated to 35A MeV by the K500 at the Cyclotron Institute at Texas
A&M University. The beam was impinged on a "°Zn thin foil target. Charged products of the nu-
clear reaction were measured in NIMROD (Neutron Ion Multidetector for Reaction Oriented Dy-
namics) [24]. NIMROD has nearly 47 coverage from 3.6°-167.0°. The detector array has excellent
isotopic resolution up to Z=17 for most detectors and Z=21 for select high-performing detectors.
Elemental identification is achieved through the atomic number of the beam. The combination
of the isotopic identification and almost complete geometric coverage allows for coincident mea-
surement of the composition of the two heaviest fragments of the excited projectile-like fragment
(PLF*) with high resolution.

In the energy regime of 35A MeV, nuclear reactions primarily result in the formation of an
excited projectile-like fragment (PLF*) and an excited target-like fragment (TLF*). After collid-
ing, and as the two fragments begin to separate, a neck region of nuclear matter forms as depicted
in Figure la. Due to collision dynamics, the system becomes stretched, and attractive forces can
no longer hold the system together causing it to break apart. The resulting PLF* and TLF* are
strongly deformed along their axis of separation, and as a result, are likely to break-up again. The
deformed PLF* shortly before breaking up is shown in Figure 1b. break-ups resulting from the
strong deformation of the PLF* or TLF* are referred to as dynamical decay and have a character-
istic angular distribution aligned close to the beam direction [17, 14, 15]. This analysis focuses
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Figure 1: Depiction of the origin of dynamical deformation and its decay. Panel a shows the deformed PLF*
and TLF* system before rupturing. Panel b shows a latter time where the PLF* and TLF* have broken apart.
The PLF* has rotated relative to vcy;. The PLF* is about to break apart into twp fragments (HF and LF).
The interaction time of the HF and LF before breaking up is related to the angle . The coloring denotes the
composition of the fragments. Blue corresponds to neutron richness and red to relative neutron deficiency.
The TLF* is in gray since it is not measured in this analysis.

on the daughters of the PLF*, with the understanding that in the symmetric collisions the same
features should exist for the daughters of the TLF* [16].

Events where at least two charged fragments were measured in NIMROD were analyzed.
Fragments were sorted by atomic number and charge-identical fragments were sorted by atomic
mass. The fragment with the larger atomic number is referred to as the “heaviest fragment" or HF.
The fragment with the second largest atomic number is referred to as the “lighter fragment"” or LF.
Events were selected in which Zy <12 and Z; <3. A total charge of all charged fragments detected
in an event of 21 <Z,,, < 32 was also required to ensure most HF and LF originate from the PLF*.
Isotopic identification was required for all fragments analyzed.

As evidence that the HF and LF are daughters of the PLF* in the mechanism illustrated in
Figure 1, the parallel velocity distributions of the HF (red) and LF (blue) are presented in Fig-
ure 2. The velocity of the beam (v=0.27¢) and mid-velocity (v=0.13c) are indicated by the two
dashed lines. The velocity of the HF is peaked just below beam velocity consistent with velocity
damping of the PLF* due to its interaction with the TLF*. The velocity distribution of the LF is
peaked at lower velocities than the HF, but is still significantly above mid-velocity. The shift of
the distribution of the LF from that of HF toward midvelocity is consistent with the mechanism
of dynamical decay illustrated in Figure 1. The three combinations of Zy and Z; shown in figure
2 are representative of all pairs of Zy and Z; examined. One more feature of dynamical decay is
evident in Figure 2: as Z; is increased or as Zy is decreased, the parallel velocity distribution of
the LF narrows and the HF broadens. The means of the distributions also shift toward each other.
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Figure 2: Velocity distribution (left) and normalized angular distributions (right) of HF and LF for selecct
pairings. For the velocity distributions, the normalized yield of HF is the red line and LF is the blue line.
The average velocity of both HF and LF is above mid-velocity (dotted line on left). The velocity of HF is
centered above HF. For the angular distributions, emission of the lighter charged fragment in the backward
direction (toward the target) corresponds to cos(o)=1.

Although only 3 pairings are shown, 43 pairings were analyzed in total. These pairings range from
Zy=12-20 and Z;=3-11. The three pairings shown throughout this work are representative of the
rest of the data set.

To focus on characteristics of dynamical decay, the alignment angular distributions are pre-
sented in Figure 2. Strong alignment is characteristic of dynamical decay. The alignment angle is
defined as a:acos(%). The velocity vectors in the equation are the two-fragment center-of-
mass velocity Vey=(mypvyr +mppVir)/(myr +mprp) and the relative velocity Vger = Var — Vir.
These velocity vectors are depicted on Figure 1b. Since most of the nuclear collisions within the
data set are peripheral and mid-peripheral collisions, the TLF* and PLF* start rotation around each
other during their interaction. After the PLF* and TLF* break apart, the PLF* continues to move
along the separation axis and to rotate around its center of mass (shown in Figure 1b). The PLF*
will eventually break apart again at a later point in time. The rotation angle ¢ is the time between
the scission of the PLF*-TLF* and the scission of the PLF* into the HF and LF. a=0° corresponds
to =0 and HF emitted forward relative to LF. Therefore, larger rotation angle corresponds to a
longer time during which the the HF and LF can exchange nucleons.

Figure 2 shows the angular distributions for same selected pairings. Focusing on the upper
panel of Figure 2, the angular distribution is peaked at cos(c)=1. A noteable enhancement in the
yield is seen out to cos(cr)=0.5 followed by a flattening between -1<cos(e)<0.5. There is a slight
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increase in the yield close to cos(e)=-1. The same trend is seen in the middle and bottom panel
indicating the same reaction dynamics at work.

The enhanced yield at cos(ct)=1 is understood when considering the decay mechanisms. The
first decay mechanism is standard statistical decay, which is present at all angles of rotation. For a
non-rotating PLF* before decay, the cos(o) distribution should be flat. As the angular momentum
increases, the yield at cos(a)=%*1 increases since fragments are likely to decay in its rotational
plane similar to a wet dog shaking off water. The angular distribution retains its symmetry around
cos(a)=0. The composition of angular distribution between -1<cos(a)<0 is mostly statistical
decay.

The large yield present at cos(¢t)>0 is due mostly to dynamical decay, which breaks up along
the PLF*-TLF* separation axis. Since this break up occurs within a very short timescale, dynamical
decay has the largest yield close to cos(o)=1 with a sharp decrease as the angle of rotation increases.
There is almost no contribution past cos(c)=0. The largest peak corresponding to dynamical decay
is seen for the pairing with the greatest charge difference (Zy=14, Z;=7). As the charge difference
decreases (moving from the top panel to the bottom panel), the dynamical decay peak decreases
and the distribution broadens. This trend is in agreement with previous trends [17]. Due to large
collectivity and a large potential barrier, charge symmetric splits are slowed and their likelihood
is decreased. This behavior supports dynamical production of HF and LF seen in Figure 2. The
large peak is also indicative of a short decay timescale relative to the rotational period of the PLF*,
which is the motivation behind using the angle of rotation as a surrogate for for time.

To make sure the features seen in the angular distributions are not created by the detector
array, the angular distributions were replicated using the statistical model GEMINI++ [25] and
were filtered through a NIMROD software filter. The symmetry of the statistical decay distribution
was preserved indicating that the asymmetry of the angular distribution, which is attributed to

dynamical decay, was not artifically produced by the detector array.
N-Z
A
Zy,Zy, pairings. Results are shown in Figure 3 for the same pairings seen in Figure 2. The high

The asymmetry, (A)=("=%), was calculated as a function of the rotational angle () for all
statistics and near complete angular range allows for detailed characterization of the evolution of
the NZ equilibration. The (A7) starts off neutron-rich at «=0° or r=0. As the angle of rotation
increases, the composition decreases rapidly for small angles of rotation followed by leveling off at
o ~80°. Similarly, the (Ay) starts off relatively neutron-poor and evolves to be more neutron-rich
as the angle of rotation increases. (Ay) also plateaus at oo ~80°. The evolution of the composition
is exponential in nature; this is consistent with first-order kinetics. The inset in Figure 3 depicts
the change in NZ composition as a function of corresponding angle. Blue represents neutron abun-
dance and red represents relative neutron deficiency.

The evolution of the composition can be understood by considering the dynamical mechanism.
Dynamically produced fragments are highly deformed. Due to this deformation and a velocity
gradient, the PLF* breaks apart quickly along the PLF*-TLF* separation axis (which is also the
deformation axis). Material from the neck region is relatively neutron-rich due to preferential flow
of neutrons to minimize the symmetry energy [26]. If the fragments break apart immediately,
the neutron-rich composition of the neck (now LF) is maintained. The relatively neutron-poor
composition of the PLF (now HF) is also preserved. At the same time, attractive forces are at work
delaying HF and LF decay. Surface tension also drives the PLF* towards sphericity. As long as
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Figure 3: Composition as a function of angle of rotation showing equilibration for the same Zy and Z;

pairings shown in Fig. 4. As the angle of rotation increases (o > 0°), the ( %) decreases for Z; and

increases for Zy before plateauing. This indicates the majority of equilibration occurs before ~= 80°.

the fragments are in contact, they can exchange nucleons.

However, the asymptotic values of Ay and Ay are not necessarily the same. Thermodynamics
suggest the final chemical potentials, not asymptotic compositions, should be the same. The chem-
ical potential depends on the internal energy, density and ground-state binding energies. Due to
mass conservation, the change in the (Ay) is smaller than the change in (A7).

In order to characterize the equilibration kinetics, (Ag) and (A7) were fit with an exponential
of the form (A)=a+b - exp(—co). The exponential fits are shown as the black lines in Figure 3.
The data is well described by the exponential fits providing evidence that NZ equilibration follows
first order kinetics. The ¢ value is the rate constant in inverse degrees and can be converted to time
as discussed in the next paragraph. The average rate constant was 0.02 £ 0.01 per degree for HF
and 0.03 £ 0.01 per degree for LF. These values are consistent within experimental uncertainty
indicating that the force driving the equilibration is only dependent on the difference in HF and LF
chemical composition. The driving force is independent of size of the reaction partners.

The rate constant can be converted from degrees to time if the correlation between the rotation
angle and time is monotonic. The large yield at cos(c)=1 in Figure 2 suggests that the decay time
is much shorter than the rotational period. If this were not the case, the distribution would appear
symmetric around cos(a)=0. The equation used to convert the angle of rotation to time is r=a/ o,
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where ¢ is the time and  is the angular frequency. This assumes the relationship between the
angle of rotation and time is linear. The angular frequency is w=(J%)/I.rr, where J is the angular
momentum and /.7, is the moment of inertia. The moment of inertia is calculated assuming two
touching spheres, HF and LF, rotating around their common center of mass (Z, ff:mH’%M.H +
%er%, +er%M’L + %erz). ry is the radius of HF, ry is the radius of LF, rcy g is the disténce
from the center of HF to their center-of-mass, and rcy . is the distance from the center of LF to
their center-of-mass. mpy and my were the masses of HF and LF respectively. The moment of
inertia was calculated to be between 2.8-9.9x 10"+’ MeV s,
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Figure 4: Out-of-plane o-particle distribution for the experimental data (blue) and the results of the statis-
tical model GEMINI++ (red). An angular momentum of 227 was the input value for GEMINI++.

The angular momentum was calculated using the width of the out-of-plane a-particle distri-
butions from fission studies [27]. These studies have determined the angular momentum of the
combined species is proportional to the width of the out-of-plane fragment distribution. The spin
axis is perpendicular to the reaction plane, which is defined by the beam axis and the HF and LF
center-of-mass velocity vector Veys. The angle relative to the reaction plane, ¢, was calculated for
all coincident at-particles. The experimental distribution is represented by the blue line in Figure 4.
The experimental data was fit with a gaussian and a width of 0.28 was extracted. The variation is
very minimal for different pairings of Zg,Z;. The distributions were reproduced with GEMINI++
varying the angular momentum and excitation energies. The value ranged from a spin of 10% and
excitation energy of E¥/A =0.8MeV) to a spin of 507 and an excitation energy of E*/A=1.2MeV.
Given the difficulty in pinpointing the exact spin and excitation energy, the geometric mean of 227
was used. This produced a systematic uncertainty of a factor of 2.2. The GEMINI++ results cor-
respond to the red line in Figure 4. The rotational periods extracted are between 1 and 4 zs. The
average is 3j:? zs. The results for the pairings shown and the average of all are seen in Table 1.

The NZ composition of deformed, out-of-equilibrium nuclei was examined as a function of
time. The composition of the two heaviest fragments originating from the PLF* is observed to
evolve exponentially over time. The timescale was extracted using the angle of rotation as a sur-
rogate and taking advantage of the short decay time relative to the rotational period. The time-
dependent measurement of the NZ equilibration can be used to further constrain the nuclear equa-
tion of state. The measurement presented in this proceeding is the first measurement showing NZ
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Zy,Z; Pairing | Period (zs) | kg (zs™M) | kp (zs™Y) | 1y (zs) | 71 (25)
12,7 39 243 445 1 0.5+, | 0.340¢
aAC 14,5 243 443 6+] | 0309 | 02404
14,7 3+] 343 343 | 04407 | 04403
Average 3j:? 3j:‘21 4j:§ O.Sigg 0.318:?

Table 1: Rotational period, rate constants for HF (kz) and LF (k;), and the mean lifetime for HF (7g) and
LF (7). The (Zy,Zr) pairings chosen in the table are the same as shown throughout the analysis. The last
value is the average of all 43 pairings.

equilibration follows first-order kinetics. The rate constant extracted was approximately 3 zs~!,
corresponding to a mean lifetime of equilibration of 0.3 zs.

In 2004, Tsang et al. [11] used BUU simulations to demonstrate that NZ equilibration is
sensitive to the form of the nuclear equation of state employed in the model. The simulation
showed the composition is dependent on the contact time of the fragments, the driving potential
and the initial asymmetry of the target and projectile. Much research has focused on the asymptotic
composition values. Measuring the composition as a function of time can give more insight into
the nuclear equation of state. Through applying this technique to data, theoretical models as well
as the understanding of fundamental interactions of nuclear materials can be enhanced.
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