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We study neutron-proton equilibration in dynamically deformed atomic nuclei created in nuclear
collisions. The two ends of the elongated nucleus are initially dissimilar in composition and equilibrate on a
subzeptosecond time scale following first-order kinetics. We use angular momentum to relate the breakup
orientation to the time scale of the breakup. The extracted rate constant is 3 zs~!, which corresponds to a
mean equilibration time of 0.3 zs. This technique enables new insight into the nuclear equation of state that
governs many nuclear and astrophysical phenomena leading to the origin of the chemical elements.

DOI: 10.1103/PhysRevLett.118.062501

The description of atomic nuclei as microscopic liquid
drops, proposed in 1935 [1], described the masses of a broad
range of nuclides with a simple concept. Subsequently,
many liquidlike properties were discovered. For example,
viscous forces were seen to play an important role in fission
[2] and a boiling transition was observed when nuclei were
moderately excited [3]. These and other discoveries moti-
vated the investigation of the nuclear equation of state
(NEOS), which describes the relationships between the
thermodynamic state variables for a system of strongly
interacting dilute nuclear matter (p > 10'! g/cm?). The
NEOS governs many aspects of astrophysics such as neutron
star physics and nucleosynthesis during the explosive death
of stars [4-7]. In terrestrial environments, the NEOS is
integral in explaining the neutron skin thickness of heavy
nuclei, collective excitations of nuclei, and the dynamics of
heavy-ion collisions [8—11].

The energy associated with an imbalance of neutrons and
protons is termed the symmetry energy, and its density
dependence is largely unconstrained. A refined under-
standing of nuclear material with extreme neutron-proton
ratios is necessary, for example, to understand the origin of
the elements and characterize the structure and composition
of neutron stars. Nuclear scientists across many subfields
have contributed to expanding our understanding of the
NEOS of neutron-rich and neutron-poor material [12,13].
One method to constrain the symmetry energy involves
multi-nucleon exchange between nuclei leading to neutron-
proton (n-p) equilibration. Although there has been sig-
nificant work focused on measuring the asymptotic com-
position of the nuclei [14—17], some experiments have
probed the time scale of the n-p equilibration process.
Important efforts in the 1970s and 1980s [18-23] estab-
lished the time scale is in the range of 0.1-1.0 zs
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(1 zeptosecond is 1072! seconds). This was achieved by
measuring the isotopic composition of fragments as a
function of either the energy dissipation or the separation
orientation. The dissipation is related to the interaction time
and can be estimated through a model. A recent measure-
ment of a broad range of isotopes and energy dissipation is
consistent with this time scale [24]. Similarly, the separa-
tion angle is proportional to the interaction time and can be
calibrated via angular momentum. Recent measurements
by Hudan ez al. [25-28] employing this technique reported
certain fragment compositions explicitly as a function of
time, indicating the persistence of the equilibration process
for as long as 4 zs, though the majority of the equilibration
takes place within 1 zs.

In this Letter, we report direct evidence of n-p equili-
bration between nuclei on a subzeptosecond time scale.
Equilibration chronometry is made possible by applying
the method pioneered by Hudan et al. [25-28] to exper-
imental data with near-complete angular coverage and
excellent isotopic resolution. With the present data, this
technique allows us to examine the detailed evolution of the
n-p composition of both reaction partners in 0.1 zs time
slices.

In the experiment, a beam of 7°Zn nuclei was accelerated
to 35 MeV/nucleon by the K500 cyclotron at the Texas
A&M University Cyclotron Institute. The beam was
focused onto a thin foil of 7°Zn (95% pure). The nuclear
reaction products were measured in NIMROD (Neutron Ion
Multidetector for Reaction Oriented Dynamics) [29], which
provides nearly complete geometrical coverage (3.6° to
167.0° relative to the beam axis). NIMROD provides
excellent isotopic identification of charged particles up
to Z =17 in most detectors, and up to Z =21 in some
detectors [30,31]. Elemental identification is achieved up
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through Z = 30 (atomic number of beam). The combina-
tion of the isotopic resolution and the full geometric
coverage are crucial to observing the time dependence
of the n-p equilibration with high resolution. In contrast to
previous work where the lighter fragment of a binary split
was measured and interpreted as demonstrating equilibra-
tion with its heavier partner, in this work we make the
simultaneous measurement of both reaction partners of a
binary split, conclusively demonstrating observation of the
equilibration process.

Heavy-ion reactions in this energy regime produce an
excited projectilelike fragment (PLF*) and an excited target-
like fragment (TLF*). As the PLF* and TLF* begin to move
apart after colliding, a neck of nuclear material is formed
between them as illustrated in Fig. 1(a). The system is
strongly elongated by the collision dynamics, and is
stretched beyond the capabilities of the attractive nuclear
force to hold it together. As aresult, the neck ruptures and the
emerging PLF* and TLF* are typically strongly deformed
along their axis of separation (7cy) [32-34]. Figure 1(b)
depicts the deformation of the two fragments shortly
after the neck rupture and prior to subsequent breakup.
Because of the deformation, the PLF* and TLF* are likely to
break up promptly along the deformation axis. These types

FIG. 1. Tllustration of dynamical deformation and decay. Panel
(a) shows the deformed PLF* and TLF* system before rupture of
the neck. Panel (b) shows a later time after the PLF* and TLF*
system has separated. The PLF* has rotated relative to the TLF*
separation axis (D¢y) and is itself about to break up into two
fragments (HF and LF). The time the PLF* lives before breaking
up is measured by the angle a. The color denotes the composition
with blue indicating neutron richness and red indicating relative
neutron deficiency.

of breakups, referred to as dynamical decay, exhibit a
characteristic angular distribution peaked along the beam
direction [34-36]. Because our detectors are optimized to
measure the fragments of the PLF* with high efficiency, we
focus on the PLF* decay with the understanding that the
same process occurs for the TLF* [33]. Since the fragments
of the TLF* are not measured, they are represented as gray in
the cartoon. The coloring of the PLF* reflects the measured
composition, which will be discussed later.

In order to focus on the dynamical decay of the PLF*, we
selected events in which at least two charged particles were
measured in NIMROD. Fragments were sorted by their
atomic number with charge-identical fragments sorted by
mass number. We refer to the fragment with the largest
atomic number as the heavy fragment (HF) and the
fragment with the second largest atomic number as the
light fragment (LF). The HF was required to have an
atomic number of Zy > 12, and LF was required to have
an atomic number of Z; > 3. We also require a total
measured charge of 21 < Z,, < 32, which includes Zy, Z; ,
and all other charged fragments measured. These require-
ments maximize the likelihood that these two fragments are
the heaviest two daughters of the PLF*. Finally, we require
that both the HF and LF be isotopically identified.
Evidence that both the HF and LF originate from the
PLF* is seen in the velocity distributions [31]: both frag-
ments are centered above midvelocity as illustrated in
Fig. 1, and consistent with previous work [34].

To examine the strong alignment expected from
dynamical decays of a deformed PLF*, we look at the
distribution of the alignment angle a = acos[vcy; - Trgr/
(Ioemll 1 oreLll)]- The  velocity vectors represent the
two-fragment center-of-mass velocity Doy = (mpplyp +
mypULg)/ (mup + mip) and the relative velocity Tggp =
Uyr — U p. These quantities are illustrated in Fig. 1(b).
After the neck rupture, and as they move apart along their
separation axis (the direction of 7cy) the PLF* and TLF*
continue to rotate and their shapes continue to evolve. A
later point in time is shown in panel (b) when the PLF* is
about to split into two fragments (HF and LF). The
lifetime of the PLF*, after breaking from the TLF* and
before breaking into the HF and LF, is correlated with the
rotation angle a [depicted in panel (b)]. Thus the equili-
bration chronometry technique utilizes Uy and Tgp to
define the orientation of the PLF* at those two critical
points in time, and the angle made by these vectors can then
be related to its lifetime. By this definition, a = 0°
corresponds to ¢ = 0 with the LF emitted in the backward
direction relative to the HF, and larger rotations correspond
to longer time.

Selected angular distributions, cos(a), are shown in
Fig. 2. The upper left panel of Fig. 2 (Zy = 14,
Z; =5) shows a large peak near cos(a) = 1. The peak
extends with significant yield out to cos(a) = 0.5. Beyond
this, the yield becomes relatively flat, but displays a slight
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FIG. 2. Normalized angular distributions for select Zy and Z;
pairings. Emission of the lighter charged fragment in the back-
ward direction (toward the target) corresponds to cos(a) = 1.

excess near cos(a) = —1. This trend is seen as well in the
other three panels (Zy =14, Z; =7; Zy =12, Z; = 5;
and Zy = 12, Z; = 7). These pairings were selected to
examine the impact of varying Zy and Z; independently.
Forty-three pairings were analyzed, with Zy ranging from
12 to 19 and Z; ranging from 3 to 11. Those shown
represent a good compromise between a significant varia-
tion in (Zy, Z;) and high statistics, and are representative
of the entire set. The similarities for the angular distribu-
tions indicate the same basic reaction dynamics.

To understand the observed yield we consider two
mechanisms of production: statistical decay and dynamical
decay. For statistical decay from a nonrotating source, the
angular distribution should be flat as a function of cos(«).
With rotation, the distribution evolves to have increased
yield at cos(a) = +1 due to the tendency to decay in the
plane perpendicular to the angular momentum vector. The
larger the angular momentum, the greater the yield at
cos(a) = %1, though symmetry about cos(a) = 0 would
be maintained. The observed yield for cos(a) < 0 may
therefore be due primarily to statistical decay. The effect of
the measurement device on the symmetry of the angular
distribution was investigated using the statistical model
GEMINI++ [37]. The simulation was filtered with a
NIMROD array simulation environment. The granularity,
resolution, and thresholds of the detection device preserve
the symmetry of the angular distribution for statistical
decay. Hence, the larger yield for cos(a) > 0 seen in Fig. 2
cannot be ascribed to purely statistical decay.

The excess yield for cos(a) >0 is consistent with
dynamical decay: the breakup of the PLF* tends to occur
aligned with the separation axis of the PLF*-TLF* breakup.

The angular distribution is therefore peaked for the most
aligned configuration, cos(a) = 1, and decreases in yield
with decreasing alignment. This excess yield is largest and
most strongly aligned for the most asymmetric splits
(Fig. 2, left panels: Zyz=14, Z; =5; and Zy =12,

=5). For more symmetric pairings, the preference
for strongly aligned backward emission decreases slightly,
as seen by the decrease in the peak value of the normalized
yield and slight broadening of the distribution from (top left
panel: Zy = 14, Z; =5) to (bottom right panel: Zy = 12,
Z; =), in agreement with previous studies of dynamical
decay [34]. This may be understood in terms of a large
collectivity and larger potential barrier slowing the sym-
metric splits and decreasing their likelihood. This provides
support that the HF and LLF are produced dynamically. The
time scale of dynamical decays of the PLF*, evident in
Fig. 2, is short relative to PLF* rotation time. Less aligned
decays represent longer times. This is the basis for using the
rotation of the dinuclear system as a clock.

For each pairing of (Zy, Z;), the asymmetry (A) =
(N —Z/A) was calculated as a function of the alignment
angle (a) for both the HF and for LF. Figure 3 shows (A)
distributions for the same (Zy, Z;) pairings shown in
Fig. 2. The large number of angular bins afforded by the
experimental configuration allows the evolution of (A) to
be examined in detail. For the LF, a large initial (A;) value
is seen (at @ = 0°, r = 0), followed by a sharp decrease in
(Ap) for small angles of rotation. After the initial decrease,
(Ar) levels off. Complementarily, (Ay) starts at a small
value, initially rises, and slows its ascent at a rate similar to
that of (A;). The evolution of (A;) and (Ay) with
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FIG. 3. Composition as a function of decay alignment showing

equilibration. As the angle of rotation increases (« increases from
0° to 180°), the (N — Z/A) initially decreases rapidly for Z; and
increases for Zy before plateauing. The majority of equilibration
occurs between 0° and 80°.

062501-3



PRL 118, 062501 (2017)

PHYSICAL REVIEW LETTERS

week ending
10 FEBRUARY 2017

alignment appears exponential, suggesting first-order
kinetics. The evolution of the composition is illustrated
by the inset in Fig. 3 and by the coloring in Fig. 1, using
blue to indicate a neutron abundance and red to indicate a
relative neutron deficiency.

To understand the origin of these features, consider the
dynamical mechanism. Because of the dynamical defor-
mation of the PLF* and presence of a velocity gradient, the
PLF* tends to quickly break into two pieces along the
direction of deformation. The material near midvelocity,
i.e., the neck connecting the PLF* and TLF*, is neutron rich
due to preferential flow of the neutrons to this region of low
density [38]. This flow occurs as the system seeks to
minimize the symmetry energy. If very prompt decay
occurs then the composition of the LF, which originates
near the neck region, will be neutron rich, and the HF will
be neutron poor to compensate. However, the attractive
nuclear force has a chance to delay or even prevent
dynamical decay; surface tension drives the strongly
deformed PLF* toward sphericity. While these regions of
the PLF* are in contact, their densities may evolve toward
each other, allowing their asymmetries to do likewise. Thus
a slower decay (farther from a = 0°) ought to exhibit more
similar values of (Ay) and (A;).

The plateau values seen in Fig. 3 are not necessarily
equal. The thermodynamic equation of state indicates that
the HF and LF should approach a common chemical
potential rather than a common composition. The chemical
potentials are dependent on variations in internal energy,
density and ground-state binding energies; the conversion
from composition to chemical potential is not trivial. The
composition is directly measurable and model independent.

We explored the effects of secondary decay within
GEMINI++. Secondary decay causes a modest decrease of
the A values, and a slight reduction in the range of A.
However, the exponential trend is neither created nor
destroyed by secondary decay, and the rate constant of
the exponential is not affected within experimental
uncertainty.

The change in (A;) is larger than the change in (Ay)
(Fig. 3) due to mass conservation. Since Zp is larger,
exchanging nucleons affects (A;) more than (Ay).

To study the equilibration kinetics, the dependence of
(Ay) and (A;) on a was parameterized by the form
(A) = a+ b-exp(—ca). The results of the fits are shown
as the black curves in Fig. 3. The exponential form
describes the experimental data well, confirming first-order
kinetics. The parameter c is a surrogate for the equilibration
rate constant. It is a direct measure of the exponential slope
of the composition with respect to rotation angle. The rate
constants for all eight curves shown in Fig. 3 are equal
within experimental uncertainty. This consistency holds
true for all 43 pairings analyzed. The average rate constant
was 0.02 4 0.01 per degree for the HF and 0.03 £ 0.01 per
degree for the LF. The rate constant for the HF is

independent of Z;, and the rate constant for the LF is
independent of Zp. The agreement of rate constants within
experimental uncertainty indicates that the force driving the
equilibration is independent of the size of both partners,
and only depends on the difference in asymmetry, or, more
accurately, on the difference in chemical potential.

If the correlation between rotation angle and decay time
is monotonic (i.e., decay time is short relative to rotation
period), then ¢ is a good surrogate for the rate constant.
Strong evidence of this exists in the angular anisotropy seen
in Fig. 2; if decay time were not significantly shorter than
rotational period, the angular distribution would appear
isotropic. By making the assumption that the correlation
between rotation angle and decay time is linear, then ¢ can
be used to find a true rate constant in units of inverse time
rather than inverse angle. The time scale is determined
through ¢ = a/w, where t is time and w is angular
frequency. The angular frequency is dependent on the
angular momentum (J) and moment of inertia (/):
@ = (Jh)/I.g. The moment of inertia is calculated for a
system of two touching spheres, the HF and L F, rotating
around their common center of mass: Io = mpyréy 4+
Imyry + mpréy +%myri. Here, ry is the radius of the
HF, r; is the radius of the LF, rcy y is the distance from
the center of the HF to the two-fragment center-of-mass,
and rcyy ;. is the distance from the center of the LF to the
two-fragment center-of-mass. The masses of HF and LF
are denoted by my and m;, respectively. The moment of
inertia ranged from 2.8-9.9 x 10~*> MeV - s? for different
combinations of the HF and LF, but contributes little
uncertainty for any given pairing.

The angular momentum was determined using the width
of the out-of-plane a-particle distribution. Fission studies
[39] have shown the out-of-plane fragment distribution
width is proportional to the angular momentum of the
parent nucleus. In this case, the parent is the combined HF
and LF system. The spin axis is perpendicular to the
reaction plane, defined by the beam axis and the two-
fragment center-of-mass velocity vector Ucy. For alpha
particles measured in coincidence with any HF and LF
pair, the angle ¢ relative to this reaction plane is calculated.
Figure 4 shows the experimental distribution of sin(¢) in
blue. The width of the measured distribution, 0.28, is
sensitive to the angular momentum of the parent. The
detector efficiency impacts the central four bins, but doesn’t
impact the width of the distribution. The distribution has
only negligible variation for different (Zy, Z;) combina-
tions. Comparison of the distribution of forward emitted
alpha particles to Fig. 4 indicates that our assessment of J is
robust with respect to strong deformation of the PLF*. We
use the GEMINI++ model to assess the angular momentum.
The experimental distribution may be reproduced for a
variety of angular momenta and excitation energies. A spin
of 107 can reproduce the width of sin(¢) for low excitation
energy (E*/A = 0.8 MeV). A spin of 50% can reproduce
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FIG. 4. Out-of-plane a-particle distribution comparing exper-
imental data and the GEMINI++ model to evaluate the spin (227).

the width of sin(¢) for higher excitation (E*/A =
1.2 MeV). Beyond this range, it is difficult to justify
higher angular momentum transfer or lower excitation
energy. Taking the geometric mean of the extremes of
the range in spin, we obtain 227 with a factor of 2.2
systematic uncertainty. The resulting angular distribution at
227 from GEMINI++ is shown by the red line in Fig. 4. From
this, we calculate rotational periods ranging from 1 to 4 zs,
with an average of 34$ zs. The calculated time scales, rate
constants and mean lifetimes are shown in Table I. Details
may be found in Ref. [31].

We have examined binary decay of deformed, out-of-
equilibrium nuclei. The composition of the daughters
exhibits a smooth evolution over time. The time scale is
directly probed with the angular distribution by taking
advantage of the fact that the decay occurs on a fraction of
the rotation time scale. With this measurement, we dem-
onstrate the power of this experimental technique for
measuring n-p equilibration in action. The examination
of the time dependence of the equilibration provides a
direct connection to the nuclear equation of state. A
previously unobserved consequence of the nuclear equation
of state is now demonstrated using this technique: namely,
that the equilibration of neutrons and protons in nuclear
matter follows first-order kinetics. The rate constant is
around 3 zs~!, which corresponds to a mean lifetime of
equilibration of 0.3 zs.

TABLE 1. Extracted parameters quantifying the rate of n-p
equilibration.

ZH, ZL

Pairing  Period (zs) ky (zs7') k; (zs7!) 1y (z8) 1, (28)
12,5 2437 343 74 04457 0.1+£53
12,7 KE= 243 443 0.5+, 0.3+3¢
14, 5 243 443 6+] 0.3+£3% 02451
14,7 34] 343 38 0445 04+58
Average 348 343 443 0307 0340

In 2004, Tsang et al. [14] published nucleon transport
simulations that displayed sensitivity of n-p equilibration to
the form of the density dependence of the symmetry energy
employed in the model. A plot of the composition of the
reaction partners changing in time illustrated that equili-
bration depends on the contact time, the potential driving
equilibration, and relative n-p asymmetry of the reaction
partners. Subsequent research focused on how the final-
state nuclear compositions might be used to constrain the
equation of state rather than on measuring the time
dependence of the equilibration. However, the time depend-
ence carries more information about the NEOS than the
final-state values, and our current results demonstrate that
this can be observed with the proper tools. This new data,
and the new avenue of experimental research it opens up,
will guide theoretical developments in nuclear science.
These advances promise to deepen our understanding of the
fundamental interactions of nuclear material.
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