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The nuclear symmetry energy plays a key role in determining the equation of state (EoS) of dense,
neutron-rich matter, which connects the atomic nuclei with the hot and dense matter in universe,
thus has been the subject of intense investigations in laboratory experiments, astronomy observations
and theories. Various probes have been proposed to constrain the symmetry energy and its density
dependence. Currently, the extensive data yield already a good and consistent constraint to the symmetry
energy (Esym(p)) at saturation density, but do not yet give a consistent result of one critical EoS
parameter, L, the density dependence of the symmetry energy. In this work, we report a new probe
of L at saturation density. A good linear correlation is found between L and the charge changing cross
section difference (Aoc) of mirror nuclei 39Si-%S for both the Skyrme-Hartree-Fock theory (SHF) and
covariant (relativistic) density functionals (CDF). We found that the pairing effect for this mirror pair is
essential to get a consistent correlation between L and Ao, in both the SHF and CDF. Here, the cross
sections are calculated on the same target and at the same energy using the zero-range optical-limit
Glauber model. The linearity is found to be in the same precision as those found between L and neutron
skin thickness or proton radius difference.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The symmetry energy of nuclear matter, Esym(p0), is the energy
required to create an isospin asymmetry between neutrons and
protons. It plays a key role in understanding the equation of state
(EoS) of dense, neutron-rich matter, and has a crucial impact in
nucleus-nucleus collisions, in the structure and stability of atomic
nuclei, and also in supernova explosions and neutron star stabil-
ity [1-8]. The investigation of Esym(0) can be accomplished from
normal to light density region by compressing and heating up nu-
clear matter in high-energy heavy-ion collisions [9-11], by proper-
ties of finite nuclei [5,12], and by detecting the binary neutron-star
merger event [13,14].
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The symmetry energy at saturation density, pg, has been con-
strained to be around 30 MeV [15,16]. However, the density depen-
dence of symmetry energy, L =3p0[dEsym(0)/0p]lp=p,, remains to
have a significant uncertainty. L provides the dominant baryonic
contribution to the pressure in neutron stars [17] and affects the
neutron skin thicknesses in heavy nuclei [18,19]. Constraints of
L have been put on, e.g., using the neutron-skin thickness of fi-
nite nuclei [20,21], the dipole polarizability of finite nuclei [22,23],
the radius of neutron stars [24], proton-elastic scattering [25],
charge-exchange reactions [26-29], the nucleon global optical po-
tentials [30], and also from heavy-ion collisions [31] and astro-
physical heavy pulsar masses [32]. The latest compilations give L in
the range of 40.5-61.9 [23], 42.4-75.4 [33] and 30.6-86.8 MeV [34].

The neutron skin thickness, particularly for 298Pb, is of great
contemporary interest due to the strong correlation between Rgﬁi
and the slope of the symmetry energy L [35-38]. The updated
neutron skin thickness of 2%8Pb (R% ) from the PREX-1 and -2
combined data is determined as 0.28340.071 fm [39]. Within a
specific class of relativistic energy density functionals, Reed et al.
determines L = (106 +37) MeV [40], implying a stiff symmetry en-
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ergy at the typical densities of p ~0.15 fm~3 in atomic nuclei. It
is systematically larger than previous limits based on both theoret-
ical approaches and experimental measurements. From the linear
correlation between L and neutron skin thickness of 28Pb within
a class of extended Skyrme density functionals, Yue et al. [41] gives
L =85.5+22.2 MeV by the constraints from the PREX experiment
and the symmetry energy density slope L(p) values at subsatura-
tion cross density p-=0.11/0.16 pg. A reanalysis of the PREX data
based on different types of nuclear energy density functions (EDF)
gives L =54 + 8 MeV [42]. The discrepancy comes from the fact
that the significant one-sigma uncertainty of PREX-2 value of the
parity-violating asymmetry (APV) makes it difficult to use it to
constraint current EDFs.

Mirror nuclei are the nuclei with the same atomic number
A but with the proton number Z and neutron number N inter-
changed. Assuming a perfect charge symmetry in atomic nuclei,
the point-proton density distribution p, of one nucleus (Z, N),
would be the same as the point-neutron density distribution p;,
of the mirror nuclide (N, Z). As a step further, one expects that
the proton distribution radius of one nucleus (Z, N) would be
the same as the neutron distribution radius of the mirror nuclide
(N, Z). Then the difference of proton radii between mirror nuclei,
Ruirr, should naturally reflect the neutron skin thickness of (Z, N),
Rskin(Z, N), namely,

Rsiin(Z,N) = Rn(Z,N) — Rp(Z, N)

1
~Rp(N,Z) — Rp(Z,N) = Rpirr(Z, N). (M

The linear correlation between the charge radius difference of
mirror nuclei, Ry, and the slope parameter L was first identified
for the mirror pair 3°S and 39Si by Wang et al. [43]. Brown [44]
examined by constructing 48 Skyrme functionals that the charge
radius differences of mirror nuclei are proportional to L at satura-
tion density for a particular mirror pair, even in the presence of
the Coulomb correction. The same findings were confirmed later
in an approach based on the relativistic mean-field model span-
ning a large range of the slope of the symmetry energy L [45,46].
Given the R — L correlation at the nuclear saturation density,
Brown [47] deduced L = 5-70 MeV based on charge radii of the
36Ca -365 and 38Ca -38Ar mirror pairs. They found a different slope
for the linearity by comparing the theoretical predictions based on
Skyrme and Relativistic mean field functionals.

Experimentally, the measurement of charge radii of atomic nu-
clei can be performed by electron scattering [48-50], @ atomic
spectrum [51,52], laser spectroscopy [53,54]. However, due to fac-
tors such as the yield of unstable nuclei and the requirement of
radioactive isotopic targets, all these methods have certain limi-
tations when studying peculiar nuclei far away from the stability
line. Recently, a new and effective method has been developed
to extract charge radii of unstable nuclei [55,56]. It relies on the
precise charge-changing cross section measurements o.. on a well
known target in combination with Glauber-type model interpreta-
tion. This method is suitable to extract the proton radii of radioac-
tive isotopes, and has been used in the last years to determine
the proton radii of several isotopic chains, e.g., 2719C [56,57],
7,9—12,14B [58], 17—22N [59]' 30Ne and 32,33Na [60]

The concrete purpose of this work is essentially twofold: One
intention is to propose a potential new probe to study L from the
aspect of charge-changing cross section measurements of mirror
nuclei. This method is easy to evaluate and has a similar precision
to the neutron skin thickness R, and the charge radius differ-
ence Ry of mirror nuclei. The second purpose is that we will
discuss how robust of this new probe regards to reaction energies
and masses of mirror nuclei.
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2. Charge-changing cross section difference of mirror nuclei

The charge-changing cross section (oc.) reflects the probabil-
ity to remove one or more protons from the incident nucleus
during a collision with a target nuclide. Assuming that only the
protons in the projectile will contribute to the charge changing re-
action, the experimental data at a few hundred MeV/nucleon or
higher can be reasonably described by the zero-range optical-limit
Glauber model [55,61,62]. Glauber model is based on the individ-
ual nucleon-nucleon collisions in the overlap volume of the high
energy colliding nuclei, and the nuclide is modeled as uncorrelated
nucleons sampled from the density distributions. In this frame-
work, 0. can be written as:

e = / (1—TP(b))db @)

where b and TP (b) are the impact parameter and the transmis-
sion function, respectively.
TP (b) reads

T? (b) =exp{ — opp f Loy (b=s) - p,(5)]ds
(3)
— Opn / [/Og(b—s) . ,0;{(8)](15} .

Here oy, and oy, represent the free proton-proton and proton-
neutron reaction cross section, respectively. s and (b-s) are the
distances from the centers of the target and projectile nuclei, re-
spectively. p;% is the proton (neutron) density distribution in
target (projectile) nuclide integrated along the beam axis. Reaction
targets like carbon or hydrogen are routinely used in the cross sec-
tion measurements and have well established density distributions.
pg of incident nuclei and o are thus correlated. In case of a pro-
ton target, the proton distribution density can be described by a
Dirac density function §. Eq. (3) can be simplified as:

TP(b) =exp’ —Opp / [,Og(b—s) .Sg(s)]ds} @)

=expl—opp - pp(b)] .

Calculations of o. depend on the accuracy in the physical in-
puts, and moreover how well one can treat the collision process
of projectile protons with target nucleons in terms of nucleon-
nucleon interactions. Effects induced by, e.g., the zero-range ap-
proximation and the role of neutrons in the projectile nuclei have
been discussed [63-66]. However, in the present work, the abso-
lute cross sections are less significant. Instead, we focus on the
difference of the charge-changing cross section (Ao.:) of mirror
nuclei on the same target at the same energy. In this case, all the
physical inputs are identical except the proton density distributions
in projectiles. The uncertainties induced by the common parts, e.g.,
the density distribution in target nucleon, would be largely can-
celed out. To quantify this, we refer to an empirical formula of
Occ [67],

mat pprot
_ mat prot targ " proj 2
Occ = H[Rtarg + Rproj + Rmat 4 RProt -], (5)
targ proj

where R and Rg;g; are the matter radius of the target nuclide
and the radius of the proton distribution of projectile nuclide, re-
spectively. a is related to the surface interaction term and c reflects
the effect of surface transparency. Considering the charge symme-

try in mirror nuclei, Ao, can be approximated as:
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Fig. 1. (a) Charge-changing cross section for 3°Si and 3°S on a proton target as func-
tions of beam energy. (b) Same as (a) but for the difference Ao and the relative
difference Aocc/occ. The band represents the variance when using the different pro-
ton density distributions in the SHF models.

Aoce ~ 27 (1+af*)[Rig + af R (Z, N) — CIRmirr (6)

where f = Riiz/[Rig + Rgi:g}(Z,N)]. To the first order, Ao is
nearly linearly correlated to Ry and thus the neutron skin thick-
ness. Moreover, the uncertainty induced by the matter radius of
the target nuclide, is much reduced considering the small Rj.

3. Results and discussions

The ground-state properties of mirror nuclei including the radii,
the proton and neutron density distributions and the slope of the
symmetry energy are computed by the Skyrme-Hartree-Fock the-
ory (SHF) with 39 different Skyrme forces [68-74], including SLy,
SKkI, SV and SIII-SVI series. We take 3°Si-39S pair to study the rela-
tion between o and L. The proton skin thickness of 39S is about
a factor of 2 thicker than that of the neutron skin thickness of 30Si
in the mean-field calculations. This interesting phenomenon [75]
is interpreted as the enhanced effect in the neutron deficient nu-
clei due to both the Coulomb repulsion and the symmetry energy,
which together push protons out to the surface and thus create a
larger proton skin.

We calculate the o of 39Si and 3°S on the !H target using
the zero-range optical limit Glauber model. A proton target is sug-
gested to be a better choice to extract the nuclear size [76-78].
Other targets, like the commonly used carbon target, would com-
plicate the present study of interest due to the additional contribu-
tion of neutrons in target nuclei. We would like to mention that all
the results shown in this work remain valid when using a carbon
target, although a slightly worse linearity with L is found.

The charge-changing cross sections of mirror nuclei and their
difference versus the incident energy are plotted in Fig. 1. The
band represents the variation caused by choosing different pro-
ton density distributions in the SHF models. As expected, the en-
ergy evolution follows the same trend as Upﬁ" The cross section
of 39S is systematically larger than that of 3°Si due to the en-
hanced collision of additional 2 protons in 3°S. The cross section
difference is minimal at an energy of around 250 MeV/nucleon,
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Fig. 2. Correlation between o and R, for 30Si and 3°S (a), and that between the
difference in cross sections (Aocc) and in rms proton radii (Rpi) (b). The charge-
changing cross sections are calculated at 900 MeV/nucleon on a proton target. The
dashed line is the linear fit to the calculated results by SHE. Numbers in parentheses
represent the correlation coefficients. Refer to the text for details.

and keep almost constant at the energies of 700-1000 MeV/nu-
cleon. The relative difference, Aoc/0c, on the other hand, reaches
the maximum value of about 13% at 250 MeV/nucleon, and has
the maximum dispersion at 700-900 MeV/nucleon. Hereafter we
take 900 MeV/nucleon as an illustration for further discussions. At
this energy, Ao is more than 40% larger than 250 MeV/nucleon,
thus is easier experimentally. Furthermore, the maximum disper-
sion makes it best to distinguish the impact induced when using
various proton density distributions.

In Fig. 2, we draw the scatter plots of o versus root-mean-
square (rms) proton distribution radii (R,) for 3°Si and 3S. In a
geometric collision model, o should be approximately correlated
to the square of Rp. To the first order, o versus R, follows well
a straight line with a linear correlation coefficient of about 1.00.
This results in the linear correlation between the cross section dif-
ference Ao and the proton radius difference R for the wide
range of Skyrme parametrizations. The correlation is in a qualita-
tive agreement with the linear fit to the microscopic calculations
and Eq. (6) as shown in Fig. 2(b), namely, Ac«=102.0(77) Rmirr *
26.5(9) (mb), where R is in the unit of fm. The corresponding
linear correlation coefficient r is 0.91.

Moreover, we performed the dedicated calculations using the
SAMi-ISB forces [79], an effective Skyrme-like interaction that rec-
onciles standard nuclear ground-state properties with the current
understanding of the density behavior of the symmetry energy
and the reproduction of the isobaric analogue state (IAS) en-
ergy of 298pPb as well as in Sn isotopes. The NOCEX, NOFSIZE,
NOISB, NOPAIR and NOVP refer to the calculations when neglect-
ing Coulomb exchange, electromagnetic finite size effects, charge-
symmetry-breaking (CSB) and charge-independence-breaking (CIB)
effects from nuclear strong force, pairing and vacuum polarization
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Fig. 3. Slope of the symmetry energy at nuclear saturation density as a function of Rein (a), Rmirr (b) and Ao (c) for the 30Si-39S pair. Panels (d)-(f) are the same as
(a)-(c), but for including the pairing correction. The dashed lines are the relevant linear fits to SHF or/and CDF calculations. Numbers in parentheses represent the correlation
coefficients. Indicated by the color coded areas are the two recent interpreted L results from the combined PREX data. Refer to the text for details.

correction to the Coulomb potential, respectively. Nicely, the re-
sults obtained by switching off these corrections in strong and
Coulomb forces, have little impact on the general linear trend from
the wide range of Skyrme parametrizations.

In Fig. 3, the density dependence of symmetry energy, L are
shown as a function of Rgin, Rmirr» and Ao for 30Si-30S pair,
respectively. Within the Skyrme functionals, the linear correlation
coefficients of L versus Ao reaches 0.95. It is comparable to 0.92
for L versus Rgkin and 0.94 for L versus Rprr. Considering the fact
that a direct measurement of its charge radius or the neutron skin
thickness remain a challenge for isotopes like Si, Ao can be used
as a new probe to constraint L. It avoids the model uncertainty
rooted in the radius determination from the Glauber-type model.
The very different L predictions from Ref. [39,40] and Ref. [42] are
also indicated by the color-coded areas in this figure. To constrain
L, a precision down to 1 mb is required. This is feasible exper-
imentally because many systematic errors can be reduced in the
difference for mirror nuclei.

We extended the calculations by using the covariant (relativis-
tic) density functionals (CDF). The widely used parameter sets,
nonlinear parameter sets NL1, 2 [80,81], density-dependent RMF
(DDRMF) parameter sets DD-ME1, 2, PKDD [82-85], and density-
dependent relativistic Hartree-Fock (DDRHF) parameter sets PKO1,
2, 3 [86,87] are shown in Fig. 3. The relativistic results generally
scatter along a linear trend and show a somewhat different slope
from the SHF results. Taking Aoc. =42.0 & 0.5 mb as an example,
the SHF and CDF results would give L =135+ 11 and 79 &8 MeV,

respectively. The SHF prediction is about 71% larger than the CDF
one.

The different linearities in the relativistic and non-relativistic
models in fact reflect the different structures in prediction of the
mirror nuclei, as noticed for example in Ref. [88]. We have per-
formed a check on the effect of spin-orbit interactions similar
to Ref. [47] on the central bump of the density for N=16 and
Z=16. Spin-orbit effects in this pair of 395i-3°S has some impact,
but it can not resolve the discrepancy between relativistic and
non-relativistic models. For open shell nuclei, pairing correlations
should be taken into account [89]. We have fitted for each func-
tional the neutron and proton pairing gaps to the experimental
values evaluated by the five-point mass-difference formulae along
the N, Z=14 and N, Z=16 isotopic and isotonic chains. This will al-
low to fix the pairing strength to a realistic value and avoid the
problems when magic numbers appear in the calculations. The
new results with the inclusion of pairing correlations are shown
accordingly in Fig. 3 (d)-(f). Now the SHF and CDF results are con-
sistent in describ L versus Rggin, Rmirr and Aocc. The resulting
linear correlation coefficient is somehow in between the values of
SHF and CDF without the pairing. The linear coefficient of L ver-
sus Ao. amounts to be 0.87, which is the same as those found
between L and Rgkin Or Rpi. Moreover, we performed the calcu-
lations of Ao¢ in the energy range of 100 to 900 MeV/nucleon,
and obtained a similar linearity with L.

One may question if the light mirror nuclei can be used to con-
strain EoS, since they are far from the infinite matter. The infinite
matter refers to an infinite uniform system of nucleons, which is
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ence in charge-changing cross sections of 30Si-30S at 900 MeV/nucleon. Numbers in
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via the strong force without electromagnetic interactions. In addi-
tion, the surface corrections could be large in light nuclei. Answer-
ing this question has to rely on the microscopic models: can they
describe the light, intermediate, and heavy nuclei self-consistently
with a good accuracy? The neutron skin thicknesses of 48Ca and
208ph are well known to be linearly correlated with L at the nu-
clear matter saturation density in e.g., [21,36,37,90,91]. In Fig. 4,
with the same SHF interaction forces but including the pairing
correlations, we examine the relations between Ao of 39Si-30S
mirror nuclei and the neutron-skin thickness of 48Ca and 2%8Ppb.
We see a linear correlation for both #8Ca and 2%Pb, and a coeffi-
cient of 0.84 is reached for the latter. This indicates that even the
light-mass mirror pair, although far away from the infinite matter,
informs us about the density dependence of the symmetry energy
around saturation. However, it should be noted including the pair-
ing correlations reduces slightly the linearity with L.

Having established the existence of a strong correlation be-
tween Aoc and L, we discuss now the experimental feasibility.
Due to the fact that systematic uncertainties associated to the large
set of nuclear models employed will dominate with respect to
pairing or deformation effects, we will neglect such effects in our
qualitative discussion. Specifically, we calculate Ao of 16 pairs of
mirror nuclei from #C-140 to >8Ni->8Zn. BothAoc and Accc/0cc
decrease with the increasing proton number. The relative variance
varies from about 29% at A =20 to 10% at A =52 for the Tz=2
chain, and from about 22% at A = 14 to about 5% at A =58 for
the Tz =1 chain. The lighter the mirror nuclei are, the easier the
experiment can be carried out with the present experimental tech-
nique.

In the current charge-changing cross section measurements, the
typical uncertainty for charge radius extraction is a few mb and
the relative uncertainty can be as precise as 1% or even lower pro-
vided a good statistic. Therefore, it is experimentally reachable in
the current experimental studies. We noted that a similar high pre-
cision in total neutron-removal cross sections has been proposed
to study L in Ref. [63]. As for the isotopic chain, the slope of the
Tz = 2 chain as a function of mass number A is about a factor of 2
larger than that for the Tz =1 chain. This is simply due to the en-
hanced effect from the proton-neutron asymmetry. A particularly
interesting point would be to perform a systematic evaluation for
various mirror nuclei, helping to verify the new L probe.

Physics Letters B 833 (2022) 137333

4. Summary

We studies o¢. by using the mean field model SHF and CDF
together with a Glauber model analysis. In this work, we show
there is a good linear correlation between the difference of charge-
changing cross sections of mirror nuclei on the same reaction tar-
get at the same energy and the density dependence of symmetry
energy. In the cross section calculations, the proton density distri-
butions are taken from both the SHF and CDF models. The pairing
correlation is found to be crucial to get linear correlations con-
sistently of Rgkin, Rmirr, and Ao to L. Our results improve the
theoretical analysis presented in previous investigations [44,45,47].
Our results also support the recent study [89] that neglecting pair-
ing would artificially increase the correlation between R and
L.

The present work shows the possibility of using the charge-
changing reactions of mirror nuclei to probe the density depen-
dence of the symmetry energy. A high precision measurement of
occ is already possible with the current facility. Thus, dedicated
experiments have been already proposed at HIRFL-CSR [92] and
HIMAC. The energy-, mass-, and isospin-dependent evaluation are
key issues to constrain the symmetry energy. Direct comparisons
with experimental observable are expected soon.
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