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Measurement of 58Ni(p, p)58Ni elastic scattering at low momentum transfer by using the
HIRFL-CSR heavy-ion storage ring
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The very first in-ring reaction experiment at the Cooler Storage Ring at the Heavy Ion Research Facility in
Lanzhou (HIRFL-CSR), namely proton elastic scattering on stable 58Ni nuclei, is presented. The circulating
58Ni19+ ions with an energy of 95 MeV/u were interacting repeatedly with an internal hydrogen gas target in
the experimental storage ring (CSRe). Low-energy proton recoils from the elastic collisions were measured with
an ultra-high vacuum compatible silicon-strip detector. Deduced differential cross sections were normalized by
measuring k-shell x rays from 58Ni19+ projectiles due to the 58Ni19+-H2 ionization collisions. Compared to the
experimental cross sections, a good agreement has been achieved with the theoretical predictions in the measured
region, which were obtained by using the global phenomenological optical model potentials. Our results enable
new research opportunities for optical model potential studies on exotic nuclides by using the in-ring reaction
setup at the HIRFL-CSR facility.
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I. INTRODUCTION

The investigation of direct reactions induced by light ions,
e.g. proton and α particles, provides important information
on nuclear structure and astrophysics [1]. Elastic scattering
of light ions, since the Geiger-Marsden experiment in 1908
[2], has been used widely, not only to study fundamental
properties of nuclei, such as nuclear matter distributions [3],
but also to extract optical model potentials (OMPs) [4], which
are essential for the description of direct reactions on exotic
nuclei with the distorted-wave Born approximation [1].

The proton elastic scattering on stable nuclides has been
investigated both theoretically and experimentally [5]. The
phenomenological and microscopic OMPs were developed to
understand and predict reaction cross sections. With scatter-
ing data from stable nuclides, the global phenomenological
OMP parameters for proton elastic scattering on heavy ions
in the energy region up to 200 MeV have been extracted
theoretically [6,7]. However, since it became clear that the
radial shape and strength of the OMPs depend strongly on
the proton-neutron asymmetry [8,9], the OMPs extracted from
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stable nuclei cannot directly be used to predict the scattering
cross sections on unstable nuclei.

Direct reactions induced by light ions were mostly per-
formed in direct kinematics, where the light-ion beams in-
teract with a target made of the nuclei of interest [10]. Ob-
viously, such kinds of experiments are limited to stable or
very long lived nuclides. To explore direct reactions on exotic
nuclei, experimental methods based on inverse kinematics,
such as active gas targets [3] and 6Li scattering [11], have
been developed. In recent years, a new experimental method,
namely studies with stored beams in storage rings interacting
with internal gas-jet targets, has attracted much interest. The
exotic nuclei studied in light-ion induced reactions at stor-
age rings (EXL) project [9,12] has been developed to study
nuclear matter distributions [13–15], giant resonances [16],
and astrophysical reaction rates [17,18] at the Gesellschaft
für Schwerionenforschung mbH (GSI) and later Facility for
Antiproton and Ion Research (FAIR) [9]. It has been demon-
strated that direct reactions induced by light ions, especially
for scattering processes at very low momentum transfer,
which play an important role in studies of isoscalar giant
monopole resonances and nuclear matter distributions, can be
successfully approached with the novel in-ring reaction exper-
imental methods [13,16,19,20]. For proton elastic scattering
at low momentum transfer, the cross sections are rather high.
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Most important is that the differential cross sections in the
low-momentum-transfer region are very sensitive to deduce
nuclear matter distributions, and thus the size and radial shape
of nuclei can be determined precisely [21–23].

As one of the existing facilities, the Cooler Storage Ring
at the Heavy Ion Research Facility in Lanzhou (HIRFL-CSR)
[24] provides an opportunity for performing in-ring reaction
experiments by using internal gas-jet targets to study, e.g.,
proton elastic scattering on nuclei at low momentum transfer.
Proton scattering on stable 58Ni nuclei has been measured
widely at different energies, see Ref. [6] and references cited
therein; however, data on cross sections at low momentum
transfer are still scarce. Furthermore, for the 100-MeV proton
elastic scattering on 58Ni nuclei in Ref. [25], the authors found
that the differential cross sections would not be described by
the optical model with a good χ2/N , and a search for phys-
ical reasons was proposed [25]. The inconsistency was also
observed for the global phenomenological OMPs in Ref. [6].
In this work, a first in-ring reaction experiment on proton
elastic scattering of 95 MeV/u 58Ni19+ ions at low momentum
transfer was conducted at the HIRFL-CSR heavy-ion storage
ring. The measured differential cross sections can be used to
check the inconsistency reported in Refs. [6,25]. The present
successful experiment enables the capability for OMPs studies
of exotic nuclei at the HIRFL-CSR heavy-ion storage ring.

II. EXPERIMENT

The experiment was carried out in inverse kinematics at
the experimental storage ring CSRe of HIRFL-CSR [24]. The
58Ni19+ beam was accelerated up to an energy of 95 MeV/u
by the heavy-ion synchrotron CSRm and then extracted and
transported to the CSRe via the second Radioactive Ion Beam
Line in Lanzhou (RIBLL2). In general, radioactive ion beams
can be produced by using projectile fragmentation reactions
at the RIBLL2, as discussed in, e.g., Refs. [26,27]. The
95 MeV/u 58Ni19+ ions were stored in the CSRe with an
intensity of about 107 particles in each measurement cycle.
Electron cooling has been applied to reduce the emittance and
velocity spread of the beam [28]. The cooled 58Ni19+ beam
interacted with an internal hydrogen gas-jet target oriented
perpendicular to the beam direction. The internal gas-jet target
has been previously applied for atomic physic studies at the
CSRe [29]. A typical diameter of the gas-jet target is about
4 mm at the interaction point. A target density of about
1012 atoms/cm2 has been achieved [30]. In order to measure
very low energy recoil protons, a single-sided silicon detector
(SSSD) with a thickness of 300 μm has been installed in the
ultra-high-vacuum (UHV) chamber, which is connected to the
CSRe. The SSSD is fully compatible with the UHV environ-
ment. For more details on the SSSD see Ref. [31]. Figure 1
shows the schematic drawing of the experimental setup. The
SSSD with an active area of 48 × 48 mm2, mounted at a dis-
tance of 503 mm from the reaction collision point, covers the
laboratory angular range from 85◦ to 90◦ for proton recoils.
The signals from the SSSD were fed to the Mesytec MPR-
16 preamplifier. The MSCF-16 shaping amplifier was used
to process the signals from the preamplifier. Afterward, all
signals were recorded by the data acquisition system (DAQ).

FIG. 1. Schematic illustration of the detector system installed
for in-ring reaction experiments. The lower part shows the CSRe
experimental ring. The SSSD was installed into a pocket at an
angle of 90◦ for proton elastic-scattering measurements. The Si(Li)
luminosity monitor was mounted in a pocket at an angle of 35◦ for
measuring x rays.

The DAQ was triggered by a logic OR of signals from the
SSSD. A typical energy spectrum of measured proton recoils
is shown in Fig. 2. It was calibrated by using 207Bi, 239Pu,
and 241Am radioactive sources. According to the kinematic
calculation, only elastic-scattering protons can be detected
in the covered laboratory angular range in the absence of
inelastic-scattering events.

The knowledge of the reaction luminosity is essential for
determining absolute cross sections. It is not easy to determine
the luminosity for in-ring reaction measurements, not only
due to the changes of the beam intensity and gas-target density
in time but also due to the uncertainty on the overlap between
beam and gas target. To determine accurately the reaction
luminosity, the k-shell x rays from inner-shell ionization of
58Ni19+ ions, which were produced in the collisions with the
H2 target, have been measured simultaneously with a Si(Li)
detector. As shown in Fig. 1, the Si(Li) detector is placed
at 35◦, at a distance to the collision point of 488 mm. The
detector was separated from the UHV environment of the
CSRe by a 100-μm beryllium window and collimated by a
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FIG. 2. The proton energies of recoils measured as a function
of the Si-strip number for proton elastic scattering on 58Ni nuclei at
95 MeV/u. The inset shows the energy spectrum measured by the
ninth strip of the SSSD. The SSSD with a thickness of 300 μm is
thick enough to effectively stop the scattered protons in the present
experiment.

hole of 4 × 8 mm2. The Si(Li) detector was calibrated with
55Fe, 109Cd, 133Ba, and 241Am radioactive sources. A typical
k-shell x-ray energy spectrum obtained in the experiment
is shown in Fig. 3. The cross sections for the x-ray emis-
sions have been extensively studied both theoretically and
experimentally in atomic physics and can be calculated with
high precision [32]. Combined with the detection efficiency
of the Si(Li) detector, the absolute luminosity for in-ring
reaction measurements can be obtained. A similar method
has been used to determine the luminosity for in-ring reaction
experiments on bare nuclei in Refs. [17,18].

III. DATA ANALYSIS AND RESULTS

According to the two-body kinematics in the inverse
framework [33], the SSSD with a thickness of 300 μm is

FIG. 3. A typical x-ray spectrum from the k-shell ionization
of 58Ni19+ ions, which was measured by the Si(Li) detector at an
observation angle of 35◦. The Doppler shift is not corrected.

thick enough to effectively stop the elastic-scattered protons.
The maximum measured energy of proton recoils is about
2.8 MeV, see Fig. 2. The proton-scattering angle in the
laboratory (LAB) frame (θLAB

p ) can be determined through
measuring the proton kinetic energy (KLAB

p ) by using the
following equation [33]:

2mpKLAB
p = 4(pc.m.)2

[
1

1 + (γ c.m.)2 tan2 θLAB
p

]
, (1)

in which mp, pc.m., and γ c.m. are the rest mass of the proton,
the momentum in the center-of-mass (c.m.) frame, and the
Lorentz factor of the center-of-mass frame relative to the LAB
frame, respectively. In this experiment, pc.m. and γ c.m. were
0.426 GeV and 1.098, respectively. It is convenient to make
use of the Mandelstam variable −t to extract the differential
cross sections for proton scattering [33],

−t = 2mpKLAB
p = 2(pc.m.)2(1 − cos θ c.m.), (2)

dσ

dt
= 1

L

�Nt

�t
, (3)

where −t is defined as the square of the four-momentum
transfer, which can be expressed in terms of the proton kinetic
energy (KLAB

p ) after collision with heavy ions; L is the inte-
grated luminosity; θ c.m. is the scattering angle of the proton in
the center-of-mass frame; and �Nt is the number of protons
in the bin size �t . According to Eqs. (2) and (3), for elastic
scattering, θ c.m. and −t can be determined by measuring the
kinetic energy of the proton. Since the used SSSD has an
energy resolution of better than 1% [31], this can be done with
high accuracy. Thus, one can also deduce the cross sections
as a function of −t by using the acquired data from the
SSSD. According to the position (angle) relations between
the Si strips and the hydrogen gas target, the elastic-scattering
energy peak from the hydrogen gas target can be identified
from the background events at each strip, especially for the
measured proton peaks with energies >370 keV, see the inset
in Fig. 2. The backgrounds were mainly the scattering events
of diffusion hydrogen gas. In order to reduce background ef-
fects, only protons in the elastic-scattering peaks with KLAB

p >

370 keV were adopted in the present work. However, due to
the probability distribution, the background events close to the
tails of the elastic-scattering peaks may be included, but the
effects are only around 1%.

The differential cross sections can also be expressed as a
function of the center-of-mass angle (θ c.m.) by using [33](

dσ

d�

)c.m.

= (pc.m.)2

π

dσ

dt
. (4)

As we know, the differential cross sections for proton elastic
scattering on heavy ions have been investigated for over
100 years. The OMPs have been widely used to describe the
differential cross sections at low and intermediate energies.
The OMP parameters for proton elastic scattering on stable
nuclei in the energy region up to 200 MeV have been exten-
sively studied [6,7]. In the following we employ the OMP
parameters from A. J. Koning and J. P. Delaroche (KD03)
[6] and X. Li and C. Cai (LC08) [7]. The differential cross
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sections were calculated with the coupled-reaction channels
program FRESCO [34]. On average, an agreement between
the global OMP predictions and the previous experimental
results can be achieved within 10% [6].

To obtain absolute differential cross sections of elastic
scattering in this analysis, the luminosity was deduced by
using the measured k-shell x rays,

L = NK

σKωKε �
4π

γ 2(1 − β cos θLAB)2, (5)

where � and θLAB are the solid angle and measuring angle
of the Si(Li) detector, respectively. A detection efficiency (ε)
of 100% can be achieved for x rays with an energy of 10
keV by using the Si(Li) detector [35]. The solid angle of the
effective area for the Si(Li) detector is 0.134(2) msr, which
was obtained by a Geant4 simulation. γ = 1/

√
1 − β2 is the

relativistic Lorentz factor of the projectile. ωK is the k-shell
x-ray fluorescence yield, which depends on the charge state
of the ion [36]. However, the k-shell fluorescence yield only
increases by several percentages for ions with the electronic
configuration (1s)1(2s)2(2p)5 [37] compared to neutral atom.
The k-shell fluorescence yield for neutral Ni is 0.4 [38]. This
value has been used in the calculations reported here. A k-
shell ionization cross section (σK ) of 1050 b for Ni19+ ions
was adopted to deduce the absolute luminosity in the present
work, which was determined with the Relativistic Ionization
CODE Modified program (RICODE-M). The RICODE is
based on the relativistic Born approximation [39] and is a
further development of the LOSS and LOSS-R codes [40].
The RICODE has been widely applied to predict the single-
electron loss cross sections for collisions of heavy many-
electron ions with neutral atoms in the relativistic energy
region. In this work, a luminosity of 328(6) mb−1 was deduced
where the error is the statistical uncertainty of the measured x
rays.

Compared to the global high accurate OMP predictions,
an inconsistency with experimental results was observed for
the 100-MeV proton elastic scattering on 58Ni nuclei in
Refs. [6,25]. The obtained absolute differential cross sections
in the present work as a function of the scattering angle (θ c.m.)
are shown in Fig. 4 compared to the global OMP results. A
good agreement has been achieved, which proves the reliabil-
ity of the KD03 calculations [6] in the measured angle region
and clarifies the inconsistency of the cross sections reported
in Ref. [6,25].

The real part of OMPs is related to the nuclear matter
distribution [41,42]. In the present work, a simple method,
suggested by Greenlees et al. [42], has been used to estimate
the nuclear matter rms value of the 58Ni nucleus,〈

r2
m

〉 = 〈
r2

op

〉 − 〈
r2

2b

〉
,

〈
r2

op

〉 = 3

5
R2

v

[
1 + 7

3

(
πav

Rv

)2
]
, (6)

where 〈r2
m〉 is the mean-square radius of the nuclear matter

distribution and 〈r2
2b〉 is the mean square radius corresponding

to the spin- and isospin-independent parts of the two-body
potential. An updated value of 4.27 fm2 is adopted in the

FIG. 4. The measured absolute differential cross sections (A-
EXP.) for elastic proton scattering on 58Ni nuclei as a function of the
scattering angle θ c.m., which are compared to OMP calculations. A
good agreement with KD03 predictions [6] is observed. The error
bars reflect only the statistical uncertainties of the number of the
detected protons. The fitting curve is obtained with the SFRESCO
code [34].

present analysis, which is obtained by assuming the Gaussian
two-body force [43]. All OMP parameters from KD03 [6]
are fixed. Only the nuclear radius (Rv = rvA1/3) and diffuse-
ness (av) of the real volume potential remain as adjustable
parameters to fit the experimental differential cross sections
by using the SFRESCO code [34]. The values rv and av of the
real volume potential are determined to be 1.161(15) fm, and
0.667(50) fm, respectively. Then the nuclear matter rms value
of 3.74(13) fm is obtained via Eq. (6), which is consistent with
the literature results [13,44,45], see Fig. 5. Since technically
we are able to use exotic nuclei in the same way as described
here, our work illustrates the new possibility for performing
such studies also on rare systems.

FIG. 5. The nuclear matter rms value of the 58Ni nucleus ob-
tained in this work is consistent with data from Zamora et al. [13],
Alkhazov et al. [44], and Lombard et al. [45]. The error bar in the
present work reflects only the statistical uncertainty.
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IV. SUMMARY

The first nuclear reaction experiment with 95 MeV/u
58Ni19+ ions impinging on a hydrogen gas-jet target in a
storage ring was successfully performed at the HIRFL-CSR
heavy-ion storage ring. A recently developed in-ring exper-
imental method was employed in the experiment. The low-
energy protons from the 58Ni(p, p)58Ni reaction have been
measured to determine the differential cross sections. The
reaction luminosity was obtained by using the k-shell x rays
from the ionization of 58Ni19+ projectiles by the H2 target,
and thus the absolute differential cross sections for proton
scattering were obtained. Our experimental results are in good
agreement with KD03 predictions [6], which shows the reli-
ability of the KD03 calculations for the measured angular re-
gion and clarifies the inconsistency of cross sections reported
in the literature [6,25]. The first successful in-ring reaction
experiment demonstrates the applicability of the HIRFL-CSR
facility for internal target nuclear reaction studies at the CSRe
and shows a great potential for extracting reliable OMPs
of unstable nuclei. A new storage ring complex, the High
Intensity heavy ion Accelerator Facility (HIAF) [46], will be
constructed in China. The first in-ring reaction experiment at
the CSRe is an important step toward the completion of a

large angular coverage detection setup intended to be used at
a dedicated storage ring of the future HIAF.
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