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Matter radius of 78Kr from proton elastic scattering at 153 MeV
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Small-angle differential cross sections of proton elastic scattering off 78Kr with a collision energy of 152.7
MeV/u were measured at the experimental Cooler Storage Ring of the Heavy Ion Research Facility in Lanzhou
(HIRFL-CSR). Low energy recoil protons from the elastic scattering were counted by a silicon-strip detector
to determine relative differential cross sections. A model-dependent root-mean-square matter radius of 4.16(12)
fm for the 78Kr nucleus was deduced by employing the Glauber model. Compared to the proton radius of 4.13
fm for 78Kr, our center value of matter radius is slightly larger. This finding in 78Kr is opposite to the known
results of 76,80Kr, where the matter radii are smaller than the corresponding proton radii. However, considering
the relatively large radius error of 78Kr, the difference is not statistically significant, and further experiments are
necessary.

DOI: 10.1103/PhysRevC.108.014614

I. INTRODUCTION

Density-dependent nuclear symmetry energy, as a key term
of the equation of state (EOS) of isospin asymmetric nuclear
matter, plays an important role in nuclear physics and as-
trophysics investigations [1]. Many independent efforts were
made to constrain the symmetry energy. However, the slope
parameter L of the symmetry energy at the saturation den-
sity has still a large spread from about 20 to 120 MeV, see
Refs. [2,3] and references cited therein. The precise determi-
nation of the symmetry energy is an open issue that continues
attracting much attention [4]. As known, the difference of
neutron distribution radius (Rn) and proton distribution radius
(Rp) in a nucleus, termed the neutron skin �Rnp = Rn − Rp >

*These authors contributed equally to this work.
†tuxiaolin@impcas.ac.cn

0, describes an excess of neutrons on the nuclear surface. It
is not only an intriguing phenomenon found in neutron-rich
nuclei in the last decades [5], but also an essential means
for constraining L [6]. For example, a linear relationship be-
tween �Rnp and L was established [6]. Although the parity
violating electron scattering experiment has been developed
recently [7,8], most of the �Rnp measurements, especially for
exotic nuclei, were model-dependent, which would result in
large systematic deviations, if some effects were not consid-
ered. The compiled �Rnp for 208Pb span from about 0.1 to 0.3
fm [9]. A systematic deviation in the oxygen isotopes was also
observed [10].

In the mass region with neutron number (N) ≈ proton
number (Z) ≈36, shape coexistence and ground state shape
changes were reported [11,12]. The deformations would result
in changes of nucleon occupation numbers on outer orbits,
thereby affecting the size of nuclei. Therefore experiments
to measure matter radii [13–15] and charge radii [16] were
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pursued in this mass region. An anomalous decrease of the
matter radii with increasing neutron number was experimen-
tally observed in neutron-deficient Ga, Ge, Br, and other
isotopic chains [13]. Additionally proton skin issue in 63Ga
was discussed in Ref. [16]. Furthermore, the proton radii
of 76Kr and 80Kr were found to be larger than their matter
radii, see Fig. 5 in Ref. [14]. This difference between proton
and matter radii is similar to that found in neutron deficient
nuclei such as B and Na, which have a proton skin (halo)
structure [17,18]. It points to there is a possible proton skin
structure (�Rnp < 0) in 76Kr and 80Kr, although the formation
of a proton skin is rather difficult for nuclei with large Z due
to the high Coulomb barrier [19]. If the proton skin structure
in this mass region is confirmed, it would be a significant
constraint for theoretical models. Along the Kr isotopic chain,
the nuclear deformation of 76Kr and 80Kr evolve from prolate
to oblate shapes. The stable nucleus 78Kr lies between 76Kr
and 80Kr, where a coexistence of prolate and oblate shapes
was reported [11,20]. The matter radius determinations of
78Kr by different experimental methods would provide an
important milestone for understanding the difference between
proton and matter radii.

Radius measurements for gaseous isotopes, such as kryp-
ton, are not easily operated in normal kinematics. In the
present work, we report the matter radius measurement of
78Kr via the small-angle differential cross sections of proton-
nucleus elastic scatting based on inverse kinematics in a
heavy-ion storage ring. The small-angle differential cross sec-
tions of proton scattering off nuclei are from the peripheral
collisions, which are sensitive to matter radii of nuclei related
to surface density distributions.

II. EXPERIMENT

The in-ring reaction experiment was conducted at the
Cooler Storage Ring of the Heavy Ion Research Facility in
Lanzhou (HIRFL-CSR) [21], see Fig. 1. Such kinds of exper-
iments were characterized by windowless target, low momen-
tum detection sensitivity, and low background [22–28]. The
feasibility experiment at the HIRFL-CSR has been carried out
with 58Ni(p, p) 58Ni reaction [24]. In the present work, the
78Kr26+ beam with an energy of 5.9 MeV/u from the sector
focusing cyclotron (SFC) was accelerated to an energy of
152.7 MeV/u in the main storage ring (CSRm). Afterwards,
the beam was fast extracted from the CSRm, transported
through the projectile fragment separator (RIBLL2), and in-
jected into the experimental storage ring (CSRe). The CSRe
was operated for an internal target experiment at a mean mag-
netic rigidity of about 5.545 Tm. A vacuum of about 10−11

mbar was maintained in the CSRe, enabling the 78Kr26+ to
be stored for a sufficiently long time. The stored 78Kr ions
in the CSRe interacted repeatedly with the hydrogen target,
which was generated by the internal gas-jet target system
of the CSRe [29]. The molecular hydrogen-gas target has a
typical diameter of about 4 mm and a thickness of about
1012 atoms/cm2 [29]. The energy loss of the ions due to colli-
sions with the target and residual gas was compensated by the
electron cooling [30].

FIG. 1. Schematic illustration of the setup for the in-ring
78Kr(p, p) 78Kr experiment.

In our context, the size and the thickness of the gas target
are, respectively, very small and thin [29], such that the flight
paths and energies of recoil protons from elastic scattering
would not be changed by secondary collisions with the gas
target. As a result, the differential cross sections of proton
elastic scattering can be precisely determined by measuring
the number of recoiling protons as a function of their energies.
A MICRON double-sided Si-strip detector (DSSD) BB7 with
a thickness of 1000 μm was installed for measuring the low
energy recoil protons around 90◦ and at a distance of about
630 mm from the collision point, see Fig. 1. The DSSD
was fully compatible with the ultra-high vacuum environment
and has an active area of 64 × 64 mm2. It was segmented
into 32 × 32 strips in X and Y directions. The strip width
is 1.96 mm. The DSSD covers the laboratory angular range
from about 85◦ to 90◦ in the X direction. The energies of elas-
tic recoil protons depend on scattering angles. The Mesytec
MPR-16 preamplifier and the MSCF-16 shaping amplifier
were used to process the signals from the DSSD. All signals
were recorded by a data acquisition system (DAQ), which
was triggered by a logic OR signal. In order to reduce the
effects of noise, an energy threshold of about 400 keV was
set for the trigger in this experiment. As shown in Fig. 2,
the energy of each strip was calibrated by β and α particles
with energies of 0.482 MeV, 0.554 MeV, 0.976 MeV, 1.048
MeV, 5.388 MeV, 5.443 MeV, and 5.486 MeV from 207Bi and
241Am radioactive sources, respectively. The obtained energy
resolutions, �E/E (FWHM), were about 2.6%, 1.1%, and
0.4% at energies of about 0.5 MeV, 1 MeV, and 5.5 MeV,
respectively. Otherwise, the detection efficiency also plays
an important role in extracting differential cross sections. In
the present work, the detection efficiencies at different en-
ergies were measured by using α particles from the 241Am
source. The different energies of α particles were obtained by
changing gas pressure in vacuum chamber. As shown in the
insert of Fig. 2, there is no obvious difference for the relative
detection efficiency in the energy range from about 0.5 to
5.5 MeV.

Figure 3 shows the measured recoil proton energies of
78Kr(p, p) 78Kr reaction as a function of the strip number of
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FIG. 2. A typical calibration energy spectrum from 207Bi and
241Am radioactive sources. The values in parenthesis are energy res-
olutions. The insert shows the relative detection efficiency measured
by α particles with different energies. The horizontal error bars on
the data indicate the energy spread (FWHM), which was caused by
the energy loss of α particles in gas.

the DSSD. The energy dispersion in each strip was mainly
caused by the strip width and target distribution. Compared
to the calculations by the relativistic kinematics [31,32], a
precision of about 0.4% was achieved for the average pro-
ton energies measured by Si strips, see Fig. 3. More details
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FIG. 3. Measured energies of recoil protons as a function of
the strip number in the X direction. The events in the rectangles
enclosed by red dotted curves were taken as samples to calculate the
total background. The green solid and black dashed lines denote the
calculated recoil proton energies for elastic scattering and inelastic
scattering with an excitation energy of 0.455 MeV [20], respectively.
The filled red circles are the measured average energies of the elasti-
cally scattered protons.

on the in-ring reaction experimental setup can be found in
Ref. [25].

III. DATA ANALYSIS

Precise measurement of reaction luminosity is a chal-
lenging task for the in-ring reaction experiments, since it is
difficult to precisely determine gas-target density, beam inten-
sity, and the overlap between the target and the beam [33].
To reduce the error bars caused by the uncertainty of absolute
normalization, the matter radius of 78Kr was deduced through
relative differential cross sections. A similar method has been
used to determine matter radii of 20,22Ne, 24,26Mg [34], and
16O [35] in the previous work. To further check the possible
uncertainties caused by the relative analysis, we inspected
data from Ref. [36] to extract the matter radius of 12C based
on the symmetrized Fermi (SF) distribution model, where
the matter and proton radii of 12C are expected to be almost
the same. The obtained radius of 2.35(2) fm for 12C agrees
very well with the result based on the SF density model in
Ref. [36]. It indicates the employed method does not introduce
extra error into resultant radius.

A. Relative differential cross sections

The elastic scattering angles have a one-to-one relation-
ship with the measured proton kinetic energies. The relative
differential cross sections dσ

d�
(θ )re can be obtained using the

relations [31,32]

2mpKlab = 2p2(1 − cos θ ),

dσ

d�
(θ )re = 1

sin θ

(
�Nall

�θ
− �Nbg

�θ

)
, (1)

where mp, Klab, and p are the rest proton mass, measured
proton kinetic energy, and momentum in the center-of-mass
frame, respectively. �Nall and �Nbg are the numbers of mea-
sured total events and background events in the bin size �θ

of the scattering angle θ in the center-of-mass frame, respec-
tively. In this experiment, p was 550.5 MeV. We can see
that the angular resolutions of differential cross sections are
mainly influenced by the energy resolutions of the DSSD,
because the flight paths and energies of protons would not be
affected by the gas target. The used �θ of 0.1◦ corresponds
to an energy difference of about 4%, which is larger than the
measured energy resolution, see Fig. 2.

As shown in Fig. 3, the inelastic scattering events from
the state with an excitation energy of 0.455 MeV [20] can
clearly be distinguished. The measured energies of the elas-
tically scattered protons are in the range from about 0.4 to
4.5 MeV. Thus, the DSSD used in this work was thick enough
to effectively stop the scattered protons. To reduce the effects
of the gas target distribution and the geometry of the vacuum
chamber on solid angle, according to the GEANT4 simulations,
only events with energies in the range from about 0.5 to
3 MeV were considered in the analysis, which corresponds
to scattering angles θ from about 3.25◦ to 7.75◦, see Fig. 4.
In particular, the detection efficiencies in this energy range
were about consistent, see the insert in Fig. 2. We note that
there is a difference of about 0.3% for the azimuth angles
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FIG. 4. The best fit of the dσ

d�
(θ )re for 78Kr as a function of

θ in the center-of-mass frame (red solid line). The blue dashed
line indicates the calculated differential cross sections by using the
FRESCO program [38] with the phenomenological OMP parameters
(KD03) [37]. The insert shows the best fit of the small-angle relative
differential cross sections for 40Ca, 58Ni, and 208Pb [58–60]. Relative
differential cross sections dσ

d�
(θ )re were normalized to the calculated

absolute cross sections of the Glauber model by multiplying with A0.

φ covered by an individual strip. However, compared to a
statistical fluctuation of about 9% for the relative differential
cross sections, these small uncertainties were neglected in the
present analysis. The background contributions are mainly
from cosmic rays, scattered residual gas particles, and elec-
tronic noises. To reduce the background of electronic noises,
only the coincident events between the X and Y strips were
considered. The measured background events from 16 strips
in the rectangles enclosed by red dotted curves, see Fig. 3,
were used to estimate the total background of 32 strips. The
obtained background counts were subtracted from total counts
according to formula 1. Multiple events were attributed as
cross-talk signals and thus excluded in our analysis.

Figure 4 shows the obtained relative differential cross
sections of 78Kr(p, p) 78Kr in this work. As known, the phe-
nomenological optical model potentials (OMP) describe well
the differential cross sections of proton elastic scattering. The
global phenomenological OMP (KD03) parameters were ex-
tracted through proton elastic scattering data with incident
energies from 1 keV up to 200 MeV [37]. The reaction cross
sections for proton scattering on stable nuclei can be repro-
duced with a precision of 5% to 10% by the KD03 parameters.
As shown in Fig. 4, the trend of our differential cross sec-
tions is as well consistent with the calculated result by using
the KD03 parameters [37] based on the FRESCO program [38].
It indicates a reliability of our differential cross sections.

B. Extraction of the matter radius

Proton-nucleus elastic scattering can provide direct infor-
mation on matter density distribution of a nucleus through
appropriate reaction models. The matter radius of 78Kr was

extracted by fitting the measured small-angle dσ
d�

(θ )re with
a procedure based on the Glauber model [39]. This reac-
tion model has been widely adopted to extract matter radii
of nuclei, see Refs. [36,40–43] and references cited therein.
Basic formulas used for the analysis of proton-nucleus elas-
tic scattering in this work are similar to those used for the
analysis of the IKAR data [43]. The differential cross sec-
tions of proton-nucleus elastic scattering were calculated in
the Glauber model via [43]

dσ

d�
(θ ) = |Fel (q)|2, (2)

where the elastic scattering amplitude Fel (q) is a function
of matter density ρ(r) and nucleon-proton profile function
γN p. The γN p is related to the free nucleon-proton scattering
amplitude fN p as

fN p = ik

4π
σN p(1 − iαN p)exp

(
− q2βN p

2

)
, (3)

where σ , α, and β are the total cross sections, ratios of the
real to imaginary parts of the forward-scattering amplitudes,
and slope parameters, respectively. The index N p represents
proton-proton (pp) and neutron-proton (np) channels.

Similar to the radius extractions of 76Kr and 80Kr [14],
the matter density distribution was described by the two-
parameter Fermi (2pF) model in this work,

ρ(r) = ρ(0)
1

1 + exp
(

r−R
a

) , (4)

where ρ(0) is the density normalization factor. R and a are
the half-density radius and the diffuseness parameter, respec-
tively. Our differential cross sections in this angle region
cannot constrain R and a simultaneously [22,44], since the
first diffraction minimum was not covered [22]. As known, the
reported a of the charge densities and folded matter densities
for the stable medium-heavy nuclei are almost constant, and
are in the range from 0.5 to 0.6 fm [41,45]. Thus, as the used
method in Refs. [14,17,46], the diffuseness parameter a was
fixed to be 0.55(3) fm in this work, which was determined by
the matter density distributions of neighboring 58Ni and 90Zr
nuclei [47]. The uncertainty of the diffuseness parameter only
results in a difference of about 0.02 fm for matter radius.

In the χ2-minimization procedure for 78Kr, the half-density
radius R and the absolute normalization A0 were used as
free parameters to fit the obtained relative differential cross
sections. The χ2 function is defined as

χ2 =
N0∑
j

[
A0

dσ
d�

(θ j )re − dσ
d�

(θ j )cal
]2

[
A0�

dσ
d�

(θ j )re
]2 , (5)

where N0 and � dσ
d�

(θ )re are the number of data points and
the uncertainties of relative differential cross sections, respec-
tively. dσ

d�
(θ )cal are the differential cross sections calculated

with the Glauber model. Subsequently, the matter radius Rm

was calculated by taking the obtained R and fixed a via

Rm =
(∫

ρ(r)r4dr∫
ρ(r)r2dr

) 1
2

. (6)
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TABLE I. The N p scattering amplitudes used in the Glauber model calculations. The matter radii Rm are the results from this work. Rlit
m

as radii of reference were deduced from the compiled neutron skin thicknesses [9] and proton radii. The errors of Rlit
m are only statistical

uncertainties. The βpp = βnp = 0.68(3) fm2 was adopted to reproduce the matter radii of 40Ca, 58Ni, and 208Pb based on the 2pF density model,
where a was fixed to be 0.55 fm, see text.

Ep σ corr
pp σ corr

N p Rlit
m Rm

Nuclei MeV mb mb αpp αnp fm fm

78Kr 153.8 16.60(27) 33.70(42) 1.507(20) 0.883(14) 4.16(12)
40Ca 156.0 16.68 33.55 1.486 0.871 3.39(1) 3.40
58Ni 160.0 16.82 33.28 1.454 0.853 3.69(1) 3.68
208Pb 160.0 16.82 33.28 1.454 0.853 5.55(1) 5.56

At intermediate and high energies, the free N p scattering
amplitudes can directly be used to analyze the data [36,43].
However, due to Pauli blocking, in-medium modifications of
σ have to be considered at low and intermediate energies [48].
The in-medium total cross sections σ corr

N p for nucleon-nucleus
scattering were estimated via [48]

σ corr
N p = σ free

N p

(
1 − 7

5

E f

Ep

)
, (7)

where σ free
N p and Ep are the free N p scattering total cross sec-

tion and the kinetic energy of proton beam, respectively. The
Fermi energy is E f = (3π2ρ/2)

2
3 h̄2/2mN = 36.87(89) MeV,

where the normal nuclear density ρ 0.160(6) nucleons/fm3

was chosen [49].
In the present analysis, σ free

N p were determined by fit-
ting the experimental data compiled by the Particle Data
Group [50] with the formulas from Ref. [51]. To improve
precision, the used αN p were obtained by averaging data from
Refs. [50–57]. To reduce model uncertainty, as described in
Ref. [43], the βpp = βnp was calibrated by fitting the small-
angle relative differential cross sections of proton scattering
on 40Ca [58], 58Ni [59], and 208Pb [59] at 156 MeV and
160 MeV to reproduce their matter radii, see the insert in
Fig. 4. These differential cross sections are available in EX-
FOR [60]. Model-independent radii data would be an ideal
calibrating reference. However, we noted that the results of
208Pb [7] and 48Ca [8] determined by the model-independent
parity violation electron scattering are not very consistent. As
a result, the compiled neutron skin thicknesses from different
experimental methods [9] were used to deduce reference mat-
ter radii of 40Ca, 58Ni, and 208Pb, see Table I. The obtained
value of 0.68(3) fm2 for the βpp = βnp can reproduce the
matter radii of 40Ca, 58Ni, and 208Pb within about 0.01 fm,
see Table I. This obtained value slightly deviates from the β

of 0.58 fm2 in Ref. [52], which would result in a matter radius
difference of about 0.02 fm for 78Kr. The N p amplitudes and
matter radii are summarized in Table I.

Figure 4 shows the best fit with χ2/N0 of about 37/46
for the relative differential cross sections as a function of
scattering angle in the center-of-mass frame. The deduced
model-dependent root-mean-square (rms) point-matter radius
for 78Kr is 4.16(12) fm. As shown in Fig. 3, the background
is mainly distributed in the region of energies <0.8 MeV,
which corresponds to a scattering angle of about 4.05◦. To
check the effects of background, we also fitted the relative

differential cross sections in the range from 4.05◦ to 7.75◦,
and a consistent radius of 4.15 fm was obtained.

The statistical error of matter radius is about 0.10 fm,
which is a standard deviation of matter radii determined
through randomly sampling experimental dσ

d�
(θ )re within a

confidence level of 95.4% based on Gaussian distribution.
The uncertainties of the used input parameters cause a radius
error of about 0.07 fm. Otherwise, there would be a model
error of about 0.02 fm, if we used the method in Ref. [17]
that fixed the half-density radius R, and then adjusted the
diffuseness parameter a. In general, uncertainties, such as due
to input parameters and density distribution model, can be
eliminated by calibrating β to reproduce matter radii. Thus,
it would be useful to calibrate β by measuring under the same
experimental conditions the small-angle differential cross sec-
tions of proton elastic scattering on neighboring nuclei with
well-known radii.

IV. DISCUSSION

The relation between the point-proton distribution radius
Rp and charge radius Rch includes various corrections [61].
Among them, Darwin-Foldy and spin-orbit terms are quite
small. The most important correction comes from the finite
size effects of the proton and neutron. Consequently, Rp of
about 4.13 fm for 78Kr was calculated using Rch [62] via
R2

p = R2
ch − r2

p − N
Z r2

n . The charge radius of the proton rp and
the squared charge radius of the neutron r2

n are 0.8783 fm
and −0.1149 fm2 [62], respectively. Compared to the proton
radius of 78Kr, our center value of the matter radius is slightly
larger. The point-neutron distribution radius Rn of 4.19(22)
fm for 78Kr can be obtained by using our matter radius via
R2

n = A
N R2

m − Z
N R2

p, which is consistent with Rp within uncer-
tainties. And then a �Rnp = Rn − Rp = 0.06(22) fm for 78Kr
was determined in this work. Our center value of �Rnp agrees
with a neutron skin thickness of 0.038(32) fm, which was
calculated via an empirical linear relationship deduced from
the antiprotonic atom x-ray experiments, namely, �Rnp =
(−0.04 ± 0.03) + (1.01 ± 0.15)(N − Z )/A [63]. Our �Rnp

seems to indicate that there exists no obvious proton skin
structure. However, the proton radii of 76Kr and 80Kr were
found to be larger than the matter radii, see Fig. 5 in Ref. [14].
This difference would not be able to understand through de-
formation. If taken the matter radii of 76Kr and 80Kr from
Ref. [14], �Rnp of −0.24(8) fm and −0.17(8) fm were ob-
tained for 76Kr and 80Kr combined with the proton radii

014614-5



J. T. ZHANG et al. PHYSICAL REVIEW C 108, 014614 (2023)

FIG. 5. Neutron skin thickness �Rnp as a function of the slope L
obtained by different effective interactions [67–82].

deduced from the charge radii [62], respectively. It may in-
dicate the proton skin structure in 76Kr and 80Kr.

Due to the relatively large uncertainty, our result cannot
effectively constrain proton or neutron skin structure in 78Kr.
To further study the difference between proton and matter
radii for 76,78,80Kr, a well-established tool from various ef-
fective interactions [6], namely, a linear relationship of the
neutron skin thicknesses and the slope parameter L of sym-
metry energy, were adopted to analyze probability of proton or
neutron skin structure. Figure 5 shows the �Rnp of 76,78,80Kr
obtained by the nonrelativistic and relativistic models [64–66]
based on various effective interactions [67–82]. These inter-
actions cover the large spread range of L from about 10 to
140 MeV [2,3]. All calculated �Rnp are positive for 78Kr, see
Fig. 5.

Furthermore, the deformation of the Kr isotopes may cause
a change of occupation numbers, thus, result in different
�Rnp. Besides the above self-consistent mean-field calcula-
tions, to investigate the effect of occupation numbers on �Rnp,
we incorporated the shell-model occupation numbers calcu-
lated by the JUN45 Hamiltonian [83] into the realistic radial
wave functions from the Woods-Saxon potential [84], which
were determined by reproducing the experimental separation
energies and charge radii. As a result, �Rnp of 0.04 fm, 0.11
fm, and 0.17 fm were obtained by considering the occupation
numbers of nucleons in 76Kr, 78Kr, and 80Kr, respectively.
Both the self-consistent mean-field and the shell-model calcu-
lations do not support the large proton skin thickness of about
−0.2 fm for 76Kr and 80Kr. In this mass region, according
to the systematic behavior of the charge radii, the authors in
Ref. [16] also concluded that the existence of a proton skin in
63Ga would be impossible.

As known, matter radii are approximately proportional to
total reaction cross sections σR = σI + σinel, where σI and
σinel are the interaction cross sections and the inelastic cross
sections, respectively. In data analyses on 76Kr and 80Kr, as-
suming σI = σR, the σinel was ignored [14]. However, different
theories indicated that σinel could have about a few percent ef-
fect on σR [85,86]. We evaluated theoretical σR of 76,78,80Kr on
a carbon target with the Glauber model [39], see Refs. [86,87]
for details. The input density distributions were generated by
an axially symmetric Hartree-Fock-Bogoliubov method using
the HFBTHO code [88]. The SkM* interaction [89] with the
standard mixed-type pairing interaction was employed. The
resulting matter radius of 78Kr is 4.17 fm, which reproduces
fairly well the experimental matter radius deduced in this
work. Compared to the experimental σI of 76Kr and 80Kr [14],
the theoretical σR values are larger by about 70 mb. If this
deviation is adjusted, the matter radii of 76Kr and 80Kr [14]
would be larger by about 0.1 fm, and the issue of the large
proton skin would disappear. To further understand the dif-
ference between matter and proton radii in the N ≈ Z ≈ 36
mass region, more precise matter radii determined by different
experimental methods are needed.

V. SUMMARY

The small-angle differential cross section of proton elastic
scattering on 78Kr was measured in inverse kinematics at
the HIRFL-CSR utilizing an internal gas target. The Glauber
model was used to extract matter radius through fitting the
obtained relative differential cross sections. A point-matter
radius of 4.16(12) fm for 78Kr has been determined for the first
time based on the two-parameter Fermi density model. Com-
pared to the proton radius of 78Kr, our matter radius seems
slightly larger. This is different from the observed phenomena
in literature, namely, that the proton radii of 76Kr and 80Kr
are larger than their matter radii. More precise matter radii
will be helpful to further understand the evolution of matter
radii in the N ≈ Z ≈ 36 mass region. If the matter radii of
76Kr and 80Kr are confirmed, theoretical models would face
major challenges to reproduce the large proton skin thickness.
It would have a significant influence on the parameters of the
equation of state (EOS) of isospin asymmetric nuclear matter.
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