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Long-time drift of the isospin degree of freedom in heavy ion collisions
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The drift of the isospin degree of freedom (IDOF) is experimentally visualized through the wide-range
angular distribution and the beam energy dependence of the isospin composition of light charged particles
(LCP) produced in heavy ion collisions. It is evidenced that the net isospin transport is presented in the whole
process from early dynamic emission to the statistical evaporation lasting to very late stage. Due to the long-time
accumulation of the isospin effect, the angular distribution of the relative neutron excess summing over the LCPs
is utilized as a sensitive probe to the symmetry energy. With S fixed at 28.3 MeV, a soft density dependence
with L = 33–61 MeV (0.95 confidential level) at ρ0 is circumstantially deduced using an improved quantum
molecular dynamics transport model attached with a statistical emission afterburner.
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The process of relaxation of a physical degree of freedom
(DOF) is a matter of fundamental interest in all transport
processes in nature. One such process occurs during the
collision of two heavy ions at Fermi energies, in which
the transport process is characterized by the relaxation of
various DOFs including isospin [1], i.e., the evolution of
the difference in the number of neutrons and protons. The
transport of the isospin DOF (IDOF) in heavy ion collisions
(HIC) manifests itself in the isospin fractionation, an analog
phenomenon to the chemical distillation, which states that the
neutrons are easier to be repelled to the gas phase due to the
presence of the density-dependent symmetry energy Esym(ρ)
[2,3]. But it is not clear how fast the transport of IDOF is,
given that no consistent conclusion on the equilibration of
IDOF in HIC has been achieved so far. Early studies suggest
the equilibration of IDOF is established [4–7]. However,
nonequilibration has been demonstrated by increasing the
beam energy so that the relaxation time constant of IDOF
becomes longer than the thermal dynamic one [8–11]. Using
the kinetic energy of quasiprojectiles as a clock [12], it has
been shown the equilibration of IDOF is not as fast as the
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separation of the incident partners at peripheral collisions
[13–15]. Clearly, these conclusions are obtained under varying
conditions associated with the isospin diffusion, which refers
to the transport of IDOF between the regions separated by the
N/Z gradient. On the other hand, the isospin drift refers to
the transport of IDOF driven by the density gradient. The later
effect can be further viewed in well-designed experiments.
For instance, it is shown that the transport of IDOF persists
beyond 1200 fm/c and isospin drift takes effect [16–18]. As
far as the isospin drift is concerned, a fundamental question is
naturally raised about how fast the IDOF reaches equilibration
and whether it is associated with a certain process.

Isospin drift and isospin diffusion are both related to
Esym(ρ) proportional to the chemical potential difference
between proton and neutron in nuclear system. The density
dependence of Esym(ρ) influences not only the thermodynamic
properties [19–22] and the collective motion [23] of finite
hot nuclei, but also the structural properties of neutron stars
[24–26] and the boundary of the nuclear chart [27,28].
However, it has been the most uncertain part of the equation of
state (EOS) of neutron-rich nucleon matter so far [29]. Since
the early attempt to extract Esym(ρ) in the isospin diffusion
experiments [30–32], progress on constraining Esym(ρ) has
been reported using various observables in HIC [33–42]
with the value S and the slope L of Esym(ρ) at ρ0 being
confined as S = 32 ± 2 MeV and L = 50 ± 25 MeV [43].
There is still room to reduce the uncertainty particularly of
the slope L; while many studies aim currently for reliable
estimations of the systematic error bars of the different
probes, the search for more stringent probes is ongoing. A
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recent measurement characterizing the N/Z relaxation in
subzeptosecond resolution suggests that the time dependence
of the N/Z equilibration carries more information about
the nuclear EOS [44]. Quantitative elucidation of Esym(ρ)
becomes one of the major motivations for rare isotope beam
facilities [45,46]. For a recent review, we refer to Ref. [47].

Concerning the constraint of Esym(ρ), the isospin drift at
work has two physical consequences which are less discussed:
(i) the low-density neck formed in HIC is more neutron rich
and carries a wealth of information on Esym(ρ) [48–52] and
(ii) the softness of Esym(ρ) has significant influence on the
liquid-gas transition of nuclear matter [53–59], since the two
phases can be distinguished in density. Hence, novel isospin
observables related to the long-time isospin drift process [18]
at work in liquid-gas transition [20,60] offer opportunities to
further constrain Esym(ρ) at ρ < ρ0.

Our particular interest on isospin drift has a twofold
motivation: (i) to visualize the long-time feature of isospin
drift and (ii) to identify a sensitive probe of Esym(ρ) related to
isospin drift because the persisting accumulation of the work
of isovector force enhances the sensitivity of the observable
on Esym(ρ). We focus on the analysis of light charged
particles (LCPs) since they carry highly sensitive information
of Esym(ρ) [51,61].

In this paper, we present the experimental results on the
angular distribution of the isotopic yield ratio of the LCPs
in Ar+Au at 30 MeV/u. Based on the collision kinetics,
the angular distribution of the neutron richness of LCPs
is translated into the long-time transport of IDOF ranging
from early dynamic emission of the overlapped region to the
statistical evaporation of the hot target-like fragments (TLF)
lasting to late stage. Careful comparison to the simulations
using an improved quantum molecular dynamics (ImQMD)
model coupled to the GEMINI afterburner has been conducted
to constrain Esym(ρ) with high sensitivity.

The experiment was performed on the Radioactive Ion
Beam Line at Lanzhou (RIBLL). The beam of 30 MeV/u
40Ar was delivered by the Heavy Ion Research Facility at
Lanzhou to bombard the 1-μm-thick Au target installed in
the scattering chamber at the end of RIBLL. Four parallel
plate avalanche counters (PPAC) with sensitive area of
30 × 35 cm2 were installed to measure the coincident fission
fragments. The center of each PPAC was located in the same
horizontal plane with the beam line and the PPAC-target
distance was 35 cm. The polar angles of the four PPACs were
±30◦ and ±60◦, respectively. The PPACs were running with
6-mbar isobutane at 490 V so that the LCP and intermediate
mass fragments were suppressed. To measure the LCPs in
coincidence with fission fragments, nine telescopes, each
consisting of two Si(Au) �E units backed with one CsI crystal
of 3 cm thickness for E measurement, were installed from 19◦
to 160◦ in the laboratory. The distance to target ld, the polar
angle in laboratory θlab, the azimuthal angle φ, the collimator
diameter dc, and the thicknesses of �E1 and �E2 units are
listed in Table I. In this Rapid Communication, we present
the inclusive data of the LCPs measured by the telescopes.

Figures 1(a) and 1(c) present the distribution of the inclusive
isotopic yield ratio RI for Z = 1 and Z = 2 LCPs as a function
of θlab. It is shown that the neutron-deficient isotopic ratios,

TABLE I. The parameters of the 9 LCP telescopes.

Telescope ld θlab φ dc �E1 �E2

no. (mm) (deg) (deg) (mm) (μm) (μm)

1 301 37 69 8.0 150.0 200.0
2 231 19 39 8.0 75.0 200.0
3 231 19 141 8.0 75.0 200.0
4 556 45 170 8.0 50.0 200.0
5 304 74 39 12.0 30.0 200.0
6 236 70 13 5.0 50.0 300.0
7 230 161 37 5.5 25.0 300.0
8 266 109 196 12.0 30.0 200.0
9 590 135 110 5.0 50.0 300.0

Y (p)/Y (d) or Y (3He)/Y (α), increase with θlab, while for
the neutron-rich isotopic ratios Y (t)/Y (d) or Y (6He)/Y (α), a
decreasing trend is observed. It suggests that the LCPs emitted
at small angles are relatively more neutron rich.

The angular behavior of the isotopic ratio can be interpreted
in terms of the time evolution of IDOF from early dynamic
emission to the later statistic emission. Due to the kinematics
of the fixed target experiment, the emissions at intermediately
small angles are contributed more by the dynamic emission
of short time scale, while the emissions at large angles are
mainly contributed by the statistical emission of the compound
nuclei. This scenario can be schematically illustrated by a
simplified moving-source analysis to α spectra at various
angles. Here we assume the LCPs are mainly contributed
by two sources: One is the intermediate velocity source
(IVS) with higher source velocity and higher temperature,
and the other is the compound nuclei source (CNS) with
lower source velocity and lower temperature. Figure 2(a)
displays the best-fit curves superimposed on the spectra at
74◦, 70◦, and 37◦. The fitting technique is similar with that
in Ref. [62]. The Coulomb barrier BC and the temperature
T of CNS are obtained by a single-source fit to the spectra

FIG. 1. The inclusive isotopic ratio for Z = 1 (upper) and Z = 2
(lower) isotopes as a function of laboratory angle at 30 MeV/u (left)
and of beam energy (right).
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FIG. 2. (a) The energy spectra of α particles fitted by two moving
sources. (b) LCP yield as a function of θlab for the emissions from
IVS (black square) and CNS (open circle), respectively; see text. (c)
The average emission time (〈τ 〉 − τ1) seen by the LCPs as a function
of θlab in units of (τ2 − τ1).

at 135◦ and 161◦. Then the IVS parameters are optimized
by fitting the spectrum at 19◦ with two moving sources. By
applying the parameters to fit all spectra with the multiplicity
being a free parameter at each angle, the intensities of the
two sources can be obtained. The optimized Coulomb barrier,
source velocity, and the temperature parameters are listed in
Table II. Figure 2(b) presents the LCP yield as a function of
θlab for IVS and CNS emission, respectively. The reference
dotted curves represent the calculations, assuming all moving
source parameters are fixed as obtained at 70◦. It is shown that
the multiplicity decreases with θlab more rapidly for IVS than
CNS emission, in accordance with the results of intermediate
mass fragments observed in the same reaction [63]. The
different forward-angle concentration between CNS and IVS is
expected due to the different source velocities. Adjusting the
relative contribution of the two sources by varying θlab, one
can readily probe different emission stage on average, since
the emission time scale is very different for these two sources.
The time scale τ1 of the IVS is deduced at about 102 fm/c
using the small angle correlation technique [64,65] and using
the temperature evolution in HIC [66]. For the statistical
emission of the CNS, the typical emission time scale τ2 is
on the order of 103 fm/c. In the simplified two-source picture,
the average time scale of the particle emission, expressed as
〈τ 〉 = (n1τ1 + n2τ2)/(n1 + n2) where n1 and n2 denote the
α yield from IVS and CNS, respectively, shows a continuous
increasing trend with θlab as shown in Fig. 2(c), where the quan-
tity (〈τ 〉 − τ1)/(τ2 − τ1) = n2/(n1 + n2) is plotted. In such a
way the ordinate is independent of the values of τ1 and τ2.

In a more realistic view of the collision, it is reasonable
to assume that the mean time of LCP emission is shorter on

TABLE II. The source velocity vs, Coulomb barrier BC, and
temperature T of CNS and IVS.

Source vs (cm/ns) BC (MeV) T (MeV)

CNS 0.9 18.6 5.2
IVS 3.7 3.5 9.5

average at smaller angles, although it is less straightforward to
draw a quantitative relationship between θlab and 〈τ 〉. In this
regard, the isotopic ratio varying with θlab shown in Fig. 1(a)
evidences that the LCPs emitted earlier are more neutron rich
and the neutron concentration keeps decreasing until a very
late stage of the vaporization of the hot target-like fragment
(TLF). It confirms the isospin-dependent hierarchy of particle
emission derived by analyzing the energy spectra of Z = 1
species in Ar+Au at 35 MeV/u [62].

It is worthwhile to note that the correspondence between 〈τ 〉
and θlab is smeared, if not vanished, in the target rapidity region,
because the contributions are dominated by the statistical
emission of the TLF with a time scale much longer than the
dynamic emission. To visualize the time evolution of the LCP’s
isospin composition over the long statistical decay chain, it
is important to measure the beam energy dependence of the
average N/Z of the LCPs at large angles. Data at Ebeam = 30
and 35 MeV/u are collected here. The later is taken from
our earlier experiment [62]. Figures 1(b) and 1(d) compare
the isotopic yield ratios at 160◦ for the two beam energies. It
is shown that for the emissions at Ebeam = 35 MeV/u where
the TLFs are at higher excitation energy, the relative yields
of neutron-rich (neutron-poor) isotopes like t and 6He (p and
3He) are higher (lower) than those at 30 MeV/u. It suggests
that the nuclear vapor sampled by the LCPs is more neutron
rich if the liquid drop is hotter.

Isospin drift and isospin diffusion are usually entangled
with respective contributions depending on specific process in
HIC. The analysis focuses on the LCPs representing the vapor
distinguished from the heavy nuclei by density. Considering
the process, either early in dynamic emission or late in
evaporation, that the LCPs are drawn from the interior of the
hot nuclei and emitted at surface with the path passing through
different density regions, we suggest that isospin drift is the
main mechanism governing the dynamics of IDOF here.

The continuous decrease of the neutron richness with θlab

and with lowering Ebeam at large angles has an important
implication. The net isospin transport is presented in the whole
procedure from early dynamic emission to the statistical evap-
oration lasting to a very late stage, showing the distinguishing
feature from the fast equilibration in isospin diffusion process
widely discussed.

Next, we quantify the influence of Esym(ρ) by defining an
angular observable, expecting the sensitivity is enhanced due
to the lasting accumulation of isospin effect in the long-time
process. An ImQMD model [67,68] is applied to simulate the
reactions until 1000 fm/c, then a statistical evaporation model
GEMINI is appended to simulate the decay of the hot nuclei.
In the model, each nucleon is represented by a coherent state of
a Gaussian wave packet [69]. The nucleonic potential energy
Uloc is obtained from the integration of the Skyrme energy
density functional Vloc[ρ(r)],

Vloc = α

2

ρ2

ρ0
+ β

σ + 1

ρσ+1

ρσ
0

+ g0

2ρ0
(∇ρ)2

+ Cs

2

[
ργ+1

ρ
γ
0

− κs

ρ0
(∇ρ)2

]
δ2 + gτ

ρη+1

ρ
η
0

, (1)
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where δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry.
The first three terms are obtained from the potential energy
functional of Skyrme forces directly, and the last term is from
the kinetic energy density functional using the Thomas-Fermi
approximation. The fourth term is the symmetry potential
including both the bulk and the surface terms. Cs is the strength
parameter, and γ gives the density dependence of symmetry
potential. The different density dependence of Esym(ρ) can
be realized by varying γ value. In this work, we adopt the
parameter set IQ3 [70,71] with α = 207 MeV, β = 138
MeV, and σ = 7/6, g0 = 18 MeVfm2, Cs = 32 MeV, κs

= 0.08 fm2, gτ = 14 MeV, and η = 5/3. At the end of the
ImQMD calculations, clusters are recognized by a minimum
spanning tree (MST) algorithm [69]. The excitation energy
of each cluster is input into GEMINI code to simulate the
statistic decay. Detailed description of GEMINI can be found
in Refs. [72,73].

It is known that the yield of nucleons (light clusters)
is usually overestimated (underestimated) in QMD type of
transport models due to the intrinsic weakness of the clustering.
The clustering deficiency calls for an alternative observable to
constrain Esym(ρ), instead of using the absolute values of the
LCP yield ratios. Since the angular dependence of the isotopic
composition reflects the time evolution of the isospin transport
and the stiffness of Esym(ρ) determines how fast the neutrons
are repelled to the gas, the decreasing rate of the relative
neutron richness of the LCPs can be used to probe Esym(ρ)
without knowing necessarily the details of the time evolution of
IDOF. Here, in order to circumvent the problem that very high
yield of the N = Z species blurs the variation of 〈N/Z〉 when
counting an individual element, we investigate the total neutron
excess normalized to the coalescence invariant proton yield by

Yn,ex

Yp,CI
=

∑
yi(Ni − Zi)∑

yiZi

, (2)

where yi , Ni , and Zi are the yield and the numbers of n and
p of the species i summing over the Z = 1 and 2 LCPs,
respectively.

Figure 3 presents the ratio Yn,ex/Yp,CI as a function of
θlab. The crosses denote the data while the curves are the

FIG. 3. (a) Angular distribution of the relative neutron rich-
ness (symbols) summed over the LCPs in comparison with the
ImQMD+GEMINI simulations (curves) using γ = 0.4, 0.5, 0.75,
and 2, respectively. (b) The slope k of the linear fit to the data (filled
band, 1σ width) below 90◦ compared with simulations (open circles).

ImQMD+GEMINI simulations. The trend that the ratio
Yn,ex/Yp,CI decreases rapidly below 90◦ and exhibits a flat
tendency at large angles is well reproduced. However, due to
the clustering deficiency in transport model, the curves from
the simulation show offset depending on γ in the whole angular
range. Despite the ordinate offset assumed to be the same
in the whole angular range, one notices that the decreasing
rate of the Yn,ex/Yp,CI differentiates the stiffness of Esym(ρ).
It decreases more rapidly with θlabwhen the Esym(ρ) becomes
stiffer. Translating the angular behavior to time evolution, it
means qualitatively that a stiffer Esym(ρ) results in a faster
isospin fractionation driving the neutrons to the vapor. This
is consistent with previous transport model calculations [74],
where the secondary decay with GEMINI was turned off. It
supports the qualitative scenario that a change of the density
dependence of Esym(ρ) modifies the neutron richness of the
emission source as input of GEMINI, which in turn leads to
a difference in the isotopic yields. Quantitatively, a linear fit
has been conducted to the data points between 19◦ and 90◦
with

Yn,ex

Yp,CI
= kθlab + b, (3)

where the slope k describes the average decreasing rate of
Yn,ex/Yp,CI with θlab for Z = 1 and 2 species. As shown in Fig. 3
(b), k depends very sensitively on γ . Clearly a soft Esym(ρ)
with γ situating between 0.4 and 0.5 is circumstantially
favored by the data.

The uncertainty of this single measurement has been
estimated in the current model framework. In the energy region
of the present studies, it has been shown that the parameters
of the MST coalescence procedure has insignificant influence
on the isospin observables. For instance, it is less than 8% to
the single n/p ratio as the first-order isospin observable [75].
Since the Pauli blocking is important here, the contribution of
the two-body collisions is also limited and influences slightly
the isotopic ratios (<1%) [76]. If the IQMD calculation is
extended to 3000 fm/c and the GEMINI burner is turned off,
both the value of Yn,ex/Yp,CI and the slope on θlab are consistent
with the calculations with γ = 0.4–0.5, although the ratios
are increasingly enhanced at small angles with γ approaching
to 2. Thus, an uncertainty of 10% is empirically assigned to
the ratios Yn,ex/Yp,CI for the model calculations. With this
uncertainty level, the calculated points of Yn,ex/Yp,CI vs θlab

in the same angular range are fitted and the uncertainties of k
are plotted by the error bars in Fig. 3(b). The uncertainty of
the experimental ratios Yn,ex/Yp,CI includes the contributions
from both the statistical fluctuation and 5% (10%) systematic
uncertainties arising from the detection threshold effect and
the particle identification cuts for Z = 1 (2) isotopes. As a
result of the regression analysis, the expected value of γ is
derived as γ = 0.46 with the standard deviation sγ = 0.025.
The slope of the symmetry energy at saturation density of
L = 33–61 MeV is then deduced at 0.95 confidential level
with nDOF = 1 and S being fixed at 28.3 MeV. This range of
L is consistent with the latest update of L = 20–66 MeV by
analyzing the electric dipole polarizability of various nuclei
[77,78], with L = 52.7 ± 22.5 MeV from the global optical
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potential analysis [79] and L= 51.8 ± 7.2 MeV from the
proton radioactivity analysis [80].

We would like to caution here that further comparisons are
still needed between the data and different model calculations
using simultaneous multiobservables before accurate and
convincing Esym(ρ) can be achieved, because intertwined links
between the model parameters may exist and some physics
are differently treated or even missing in existing models.
As one can see, important discussions have been raised on
the convolution of other effects in the extraction of Esym(ρ),
including effective n-p mass splitting [81], short-range corre-
lations [82–86], tensor forces [87], and parameter correlations
[88]. It is suggested that a robust constraint of Esym(ρ) relies
on the analysis in the multidimensional parameter space using
a valid model. The new probe introduced in this work provides
a new line to crosscheck the description of HIC in transport
models [89] and adds a new observable in the covariant
analysis to pin down the systematic uncertainties of Esym(ρ)
parametrizations in transport calculations. Further experiments
utilizing 4π detector or including neutron measurement
over wide angular range are important. For the latter, the
coalescence invariant n/p ratio can be adopted in place of
Eq. (2) to overcome the weakness of transport model on
clustering.

In summary, it is reported that the neutron richness of
the LCPs decreases with the emitting angle in laboratory

over a wide range and with lowering the beam energy at large
angles in the Ar+Au reaction. It suggests that the isospin
drift, which refers to the transport of IDOF from the high-
density region (liquid phase) to the low-density region (vapor
phase), occurs from early dynamic emission to statistical
evaporation at very late stage. The slow feature of isospin drift
is different from the fast relaxation of the IDOF in isospin
diffusion.

Due to the accumulation of the effect of Esym(ρ) in the
long-time isospin drift process, the angular distribution of the
relative neutron excess of the LCPs representing the gas phase
is proved to be a sensitive probe to the symmetry energy. By
analyzing the decreasing rate of the relative neutron excess
of the LCPs with angle, a soft Esym(ρ) with L = 33–61 MeV
is circumstantially deduced at 0.95 confidential level fixing
S = 28.3 MeV.
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