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Enhancement of electron–ion recombination rates at low energy
range in the heavy ion storage ring CSRm∗

Nadir Khan1,2, Zhong-Kui Huang(黄忠魁)1, Wei-Qiang Wen(汶伟强)1,2,†, Shu-Xing Wang(汪书兴)3,
Han-Bing Wang(汪寒冰)1, Wan-Lu Ma(马万路)3, Xiao-Long Zhu(朱小龙)1,2, Dong-Mei Zhao(赵冬梅)1,

Li-Jun Mao(冒立军)1,2, Jie Li(李杰)1, Xiao-Ming Ma(马晓明)1, Mei-Tang Tang(汤梅堂)1,
Da-Yu Yin(殷达钰)1, Wei-Qing Yang(杨维青)1, Jian-Cheng Yang(杨建成)1,2,

You-Jin Yuan(原有进)1,2, Lin-Fan Zhu(朱林繁)3, and Xin-Wen Ma(马新文)1,2,‡

1Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
2University of Chinese Academy of Sciences, Beijing 100049, China

3Hefei National Laboratory for Physical Sciences at Micro-scale, Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China

(Received 28 November 2019; revised manuscript received 6 January 2020; accepted manuscript online 10 January 2020)

Recombination of Ar14+, Ar15+, Ca16+, and Ni19+ ions with electrons has been investigated at low energy range
based on the merged-beam method at the main cooler storage ring CSRm in the Institute of Modern Physics, Lanzhou,
China. For each ion, the absolute recombination rate coefficients have been measured with electron–ion collision ener-
gies from 0 meV to 1000 meV which include the radiative recombination (RR) and also dielectronic recombination (DR)
processes. In order to interpret the measured results, RR cross sections were obtained from a modified version of the semi-
classical Bethe and Salpeter formula for hydrogenic ions. DR cross sections were calculated by a relativistic configuration
interaction method using the flexible atomic code (FAC) and AUTOSTRUCTURE code in this energy range. The calcu-
lated RR + DR rate coefficients show a good agreement with the measured value at the collision energy above 100 meV.
However, large discrepancies have been found at low energy range especially below 10 meV, and the experimental results
show a strong enhancement relative to the theoretical RR rate coefficients. For the electron–ion collision energy below
1 meV, it was found that the experimentally observed recombination rates are higher than the theoretically predicted and
fitted rates by a factor of 1.5 to 3.9. The strong dependence of RR rate coefficient enhancement on the charge state of the
ions has been found with the scaling rule of q3.0, reproducing the low-energy recombination enhancement effects found in
other previous experiments.
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1. Introduction
Electron–ion recombination is one of the most fundamen-

tal atomic collision processes, and plays an important role in
plasma physics, astrophysics as well as accelerator physics.[1]

The experimentally obtained electron–ion recombination rate
coefficients can be not only used to study the energy level
structure of highly charged ions, thereby testing the theoret-
ical methods for atomic structures calculation, but also used
as the basic input parameters for plasma diagnosis and mod-
eling to interpret the emission spectrum of astrophysical and
man-made plasmas.[2] Additionally, the electron–ion recom-
bination also reduces the lifetime of the ion beam which leads
to the positive ions loss mechanism during electron cooling,
particularly at high ion charge state and high beam veloc-
ity when the residual gas processes become less important.[3]

The electron–ion recombination with its large cross section
and rates at the low energies also provides a very favorable

scheme for the production of antihydrogen.[4] However, most
of these electron–ion recombination cross sections are calcu-
lated by different theories with limited accuracy, and exper-
imental studies to benchmark these theories are very impor-
tant and have been already investigated for decades. There
are two most dominating electron–ion recombination channels
for low energy collision range called radiative recombination
(RR) and dielectronic recombination (DR). The RR is a one-
step non-resonant process where a free electron recombines
with an ion by simultaneously emitting a photon to release the
excess energy

Aq++ e(E)→ A(q−1)(n)+hv. (1)

The DR is a two-step resonant recombination process, where
a free electron recombines with the ion resonantly exciting an-
other core electron. In the second step the system stabilizes
itself by emitting a photon. This process can be interpreted as
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a time reversed Auger emission

Aq++ e(E)→ A(q−1)+∗∗→ A(q−1)+∗(n)+hv. (2)

Heavy-ion storage rings equipped with electron coolers are
powerful tools for experimental study of the electron–ion col-
lision processes at the well-controlled relative energy. A very
low collision energies down to few meV can be only achieved
and investigated by using electron and ion beams of nearly
same velocities by the merged-beams technique at storage
rings.[5] In these experiments, the ion beam is merged with
a cold and magnetically guided electron beam in the electron
cooler where the electron beam offers not only the cooling
medium for the ion beam but also is used as a cold electron
target for electron–ion recombination.

The first radiative recombination experiment at low en-
ergy was performed by merging C6+ ion beam with an electron
beam in a single pass arrangement by Andersen et al.[6] In that
experiment a good agreement has been found between mea-
sured recombination rates and calculated results in the energy
range from Erel = 0 eV to 1 eV, where Erel is the relative col-
lision energy between electrons and ions. However, a signifi-
cant enhancement effect beyond the theoretical calculation has
been found in a range of low relative energies between elec-
tron and ions in the RR experiments. In order to understand
this rate enhancement phenomenon, a series of electron–ion
recombination experiments with many bare ions (D+, He2+,
C6+, N7+, Ne10+, Si14+, Ar18+, Bi83+) have been performed
to investigate this RR enhancement effect at different storage
rings.[5,7–13] These works test the variation of electron beam
density,[14] the influence of magnetic field,[5] and also the de-
pendence of charge state.[9] Strong enhancement effects have
been observed for all of these measured RR rate coefficients
as compared with the theoretical rate coefficients at a very low
electron–ion collision energies (Erel < 10 meV).

In addition to the bare-ions, the RR rate enhancement has
also been observed in experiments with non-bare ions at the
storage rings.[15–19] However, because of the complex elec-
tronic structure of non-bare ions, neither a concentrated study
is available for these enhanced rates, nor have detailed quan-
titative spectra in low relative energy region have been pre-
sented. To explain this surprising discrepancy between the
measured RR recombination rate coefficients and the theoret-
ical predictions, several theoretical models and mechanisms
have been proposed ranging from the contributions from three
body recombination (TBR),[9] the electron density enhance-
ment in the surrounding of the ions due to plasma screening
effect[20] and the effect of magnetic field taking into account
the chaotic dynamic as a result of the magnetic field inside the
electron cooler which directly influence the cross sections.[21]

Some of the models also included the contribution of transient
field effects by a magnetic field in the electron-cooler[22] and

relativistic effects by using Dirac–Slater method together with
multichannel quantum defect theory (MQDT).[23,24] Finally,
one model by taking into account of the transient field effects
from a magnetic field explained the observed RR enhancement
phenomenon with only bare ions.[25]

An approach presented in this work is mainly focused on
the investigation of RR rate enhancement in electron–ion re-
combination spectra for non-bare highly charged ions. Re-
combination of Ar14+, Ar15+, Ca16+, and Ni19+ ions with
electrons at low energy range have been investigated based
on the merged-beam method at the main cooler storage ring
CSRm. In order to interpret the measured results, RR cross
sections were obtained from a modified version of the semi-
classical Bethe and Salpeter formula for hydrogenic ions. DR
cross sections were calculated by a relativistic configuration
interaction method using the flexible atomic code (FAC) and
AUTOSTRUCTURE code in this energy range. The calcu-
lated total rate coefficients show a good agreement with the
measured rate coefficients above 100 meV. However, large dis-
crepancies have been found at the low energy range especially
below 10 meV. As the relative collision energy decreases be-
low 1 meV, it is found that the observed recombination rates
are a factor of 1.5 to 3.9 higher than the predicted rates. The
dependence of RR rate coefficient enhancement as a function
of the charge state of the ions has been obtained and compared
with bare ions.

The article is arranged as follow. In Section 2 we will
discuss the experimental set up and methods regarding to the
merged beams electron–ion recombination at the CSRm with
some important parameters. Section 3 will briefly describe
the theoretical approach related to RR and DR, with the mod-
ified semi-classical Bethe and Salpeter formula for RR and
the AUTOSTRUCTURE and FAC codes implementation for
DR. Section 4 presents the experimental results and compar-
ison with the current calculations. Additionally, the experi-
mental data are scaled as a function of the nuclear charge state
of the ions and also compared with different results from lit-
erature. Section 5 is concerning with the conclusion of the
present work.

2. Experimental method
The measurement of electron–ion recombination with

highly charged ions has been performed by employing the
merged beams method at the CSRm at Institute of Modern
Physics (IMP) in Lanzhou, China (See Fig. 1). The main fea-
tures of the experimental technique were described in the pre-
vious papers and Refs. [26–28]. Here we will just briefly de-
scribe the general experimental method and important param-
eters related to the present work. The highly charged ions were
produced in the ECR ion sources,[29] and then supplied by a
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sector focused cyclotron (SFC) to the CSRm after accelera-
tion. One injection pulse of ions from the SFC into CSRm was
enough to provide the typical ion current of 50 µA–150 µA
which corresponds to the number of ions 1×108–3×108. The
ion beam lifetime is around 50 s. The ion-beam was merged
with the magnetically confined electron-beam of the cooler in
one straight section with typical length of 4.0 m of the CSRm
storage ring.

Ar14+

dipole 

magnet 
scintillator 

detector 

Ar13+

e beam 

ion 

beam 

35 kV electron 

cooler at CSRm   

magnetic field 

detuning system 
cathode anode 

Fig. 1. The schematic view of the electron cooler and the experimental
setup for electron–ion recombination experiment at the CSRm, Lanzhou.
The electron beam produced at the cathode is guided by magnetic field, then
merges with ion beam at the straight section of 4.0 m. The electron-beam
is then separated from the ion-beam by the magnetic guiding field and col-
lected by the anode. In a dipole magnet downstream to the electron cooler
the recombined ions are separated from the primary ion beam, and then
counted by a scintillator detector.

The ion beams have been cooled for several seconds
by employing electron cooler (EC-35) before starting a mea-
surement until the beam profile reached to their equilibrium
spread. The electron-beam was confined at the cathode sec-
tion of the electron cooler with magnetic field of 125 mT and
adiabatically expanded at the cooler section with 39 mT, re-
spectively. This expansion gives rise to cold electron beam for
high resolution spectroscopy. The magnetically confined elec-
tron beam at the cooler section has a radius of ∼ 25 mm, with
a typical electron density of 1× 106 cm−3. Besides electron
cooling, the electron cooler is also used as an electron target
during the electron–ion recombination measurement. For a
change of the electrons energy from cooling energy, the de-
tuning system has been applied to the cathode of the electron
cooler. For introducing non-zero mean relative velocities be-
tween the electrons and ions, the electron energy was stepped
through a preset range of values different from the cooling en-
ergy during the measurement cycle. The measurement cycle
includes different detuning voltages of 1 V in laboratory sys-
tem. In each measurement interval, the electron energy was
detuned for 10 ms and again set to the cooling energy (Erel = 0)
for 90 ms or 190 ms in order to maintain a good ion-beam qual-
ity. The recombined ions formed in the merging section were
separated by the first dipole magnet downstream the electron
cooler and detected by a scintillator detector.[30]

At storage rings, the recombination rate coefficients α

measured at scanning energy Erel, between electron and ion
is determined by

α(Erel) =
R

Nine(1−βeβi)
· C

L
(3)

with R denoting the electron–ion recombination count rate, Ni

is the number of stored ions, ne is the density of electron beam,
L = 4.0 m is the length of the effective interaction section and
C = 161 m is the circumference of storage ring. βe and βi

correspond to the velocities of electron and ion beams respec-
tively. The estimated systematic uncertainty in CSRm exper-
iment is 30%. The experimental rate coefficient is related to
the cross section as

α(E) = 〈υσ〉=
∫ +∞

−∞

υσ(υ) f (υ ,T‖,T⊥)d3
υ , (4)

where f (υ ,T‖,T⊥) is a flattened Maxwellian distribution that
is characterized by the longitudinal and transverse tempera-
tures of the electron beam[31]

f (υ ,T‖,T⊥) =

√ me

2πkBT‖
exp

[
−

me(υ‖−υ)2

2kBT‖

]

× me

2πkBT⊥
exp
(
−

meυ2
⊥

2kBT⊥

)
. (5)

In Eq. (5), T⊥ and T‖ are the transverse and longitudinal tem-
peratures to the motion of the electron beam direction respec-
tively. kB is the Boltzmann constant, me is the mass of elec-
tron. The theoretical approach for possible explanation of the
experimental results is given below.

3. Theoretical approach
The calculation of the RR cross section is based on the

modified semi-classical formula of Bethe & Salpeter in this
work. RR of high-Z bare ions with cold electrons can be
treated within the non-relativistic dipole approximation. Bethe
and Salpeter derived a simple formula for RR cross section
calculation,[32]

σ
RR(n,Erel) = (2.105×10−22 cm2)

E2
0

nErel(E0 +n2Erel)
. (6)

In this case the E0 = q2R is the binding energy of the ground
state electron in H-like ions with charge q and Rydberg con-
stant R = 13.6 eV, Erel is the kinetic energy in electron–ion
center-of-mass frame, the electron capture by a bare ion pro-
duces a hydrogenic state with principal quantum number n.
The total cross section is then given as

σ
RR(E) =

nmax

∑
n=1

σ
RR(n,E), (7)

where nmax is the maximum principal quantum number, re-
lated to the ionization limit of the dipole magnet in experi-
mental setup. The classical expression given in Eq. (6) is only
valid for high quantum number n � 1, and in limit of low
electron energies Erel = Z2/n2Ry. The classical approach was
corrected by introducing the correction factor Gn(Erel), which
are usually weakly dependent on energy. This factor is known
as Gaunt factor in literature and provides the correction for the

033401-3



Chin. Phys. B Vol. 29, No. 3 (2020) 033401

deviation of Bethe & Salpeter classical approach from quan-
tum mechanical approach for low n RR. Thus, the RR cross
section for hydrogenic ions into a bound nl state is given by

σ
RR(E) = 2.105×10−22 cm2×

nmax

∑
nmin

kntn
q2R2

nE(q2R+n2E)
, (8)

where the value of the principal quantum number nmax was de-
termined by field ionization in the dipole magnet, for different
ions the nmin and nmax values should be different as for Ni19+

the summation was carried out from nmin = 2 to nmax = 96.
The R is the Rydberg constant, q is the effective charge, the
constant tn accounts for partly filled shells, the kn = Gn(0) is
the Gaunt-factor. The value of Gaunt factor in this work was
calculated by following the prescription of Anderson & Balko
(1990). The calculated RR cross section later is convoluted
by the experimental electron velocity distribution (see Eqs. (4)
and (5)). After convolution, the RR rate coefficient was mod-
ified with a factor which was obtained from the fitting of the
experimental data. This modification of the calculated RR rate
coefficient by a factor to achieve the matching, indicate that us-
ing of hydrogenic approximation for non-bare multi-electron
system is not appropriate.

In the present experiments all of the ions which have been
measured are non-bare and the contribution from DR reso-
nance process could not be avoided. Therefore, the DR pro-
cess must be considered in the theoretical calculations for bet-
ter investigation of the electron–ion recombination spectra at
very low energy range. The theoretical calculations of DR for
Be-like Ar14+ and Be-like Ca16+ have been performed by us-
ing distorted-wave collision package AUTOSTRUCTURE.[33]

For the Li-like Ar15+ and F-like Ni19+ the FAC[34] was used
to calculate DR resonance cross sections. It should be noted
that the difference between these two codes are described in
Ref. [35] The integrated DR cross section for state d can be
written as

σ̂d = a2
0

gd

2gi

2π2}R
Ed

Aa(d→ i)∑ f Ar(d→ f )
∑ kAa(d→ k)+∑ f ′Ar(d→ f ′)

, (9)

where gi and gd are the statistical weights for the initial and
intermediate states, R is the Rydberg state, a0 is the Bohr
radius,Ed is the resonance energy, i, d, and f denote the initial,
intermediate, and final states respectively. Ar and Aa are the ra-
diative and autoionization rates respectively. The k denotes all
the possible states by autoionization of the intermediate states.
The total cross section for DR is given by

σ(E) = ∑
d

σd(E). (10)

The details about the DR calculation method for Be-like
Ar14+, Be-like Ca16+, and F-like Ni19+can be found in
Refs. [2,36,37]. Instead of separate calculations of RR and

DR contributions, the total recombination rate coefficient can
be derived by adding the continuous RR background to the DR
spectrum including the AUTOSTRUCTURE and FAC calcu-
lations.

4. Results and discussion
Figure 2 shows the absolute recombination rate coeffi-

cient for Be-like Ar14+, Li-like Ar15+, Be-like Ca16+, and F-
like Ni19+ ions as functions of electron–ion collision energies.
The electron–ion recombination spectra include RR and DR
and cover the energy range of 0 meV–1000 meV in the cen-
ter of mass energy frame. In Fig. 2(a), the total experimen-
tal recombination rate coefficient is represented by connected
black solid circles, dashed violet lines denote theoretical RR
rate coefficient. The green solid lines denote the sum of calcu-
lated RR and DR rate coefficients, which was obtained from
the convolution of calculated RR and DR cross section with
the anisotropic electron velocity distribution. However, a very
large discrepancy can be found between the experimental re-
sults and the theoretical calculations, because the theoretical
results of DR rate coefficients have very large uncertainties
for multi-electron ions in low energy range. For accurate de-
termination of the electron beam temperature in each experi-
ment, we fitted each spectrum with several DR resonance line
profile. In the fit for each line profile the corresponding cross
sections were convoluted with the same function as shown in
Eq. (5), which can be rewrite as

αd(υ rel) =
σ̂dυd

meσ2
⊥ζ

exp
(
−

υ2
d−υ2

relζ
−2

σ2
⊥

)
×
[

erf
(

υrel+υdζ 2

σ‖ζ

)
−erf

(
υrel−υdζ 2

σ‖ζ

)]
, (11)

where σ̂dυd =
∫

αd(υ0(E0))dE0, υd represents the relative
velocity related to the resonance energy Ed , ζ is given as
ζ =

√
1−T ‖/T⊥, and σ‖,⊥ is σ‖,⊥ =

√
2kT ‖,⊥/me.

Therefore, from the fitting of the line profile given by
Eq. (11) to the measured resonance profile, the transverse
and longitudinal temperatures of the electron beam can be
obtained,[31] as shown in Fig. 2(b). The solid red line is the
fitted results including RR + DR. It should be noted that the
first resonance peak was treated as a Lorentzian line shape
multiplied by a factor of Eres/E in each fitting.[18] The ob-
tained transverse and longitudinal temperatures of electron
beam were kBT‖ = 0.56(7) meV and kBT⊥ = 23(1) meV for
the Ni19+, kBT|| = 2.40(6) meV and kBT⊥ = 11.91(87) meV
for Ar14+, kBT|| = 0.8 meV and kBT⊥ = 40 meV for Ar15+

and Ca16+, respectively. It can be found that the experimen-
tal RR rate coefficient exceeds the fitting and theoretical re-
sults a0 at low electron–ion collision energy below 10 meV
as shown in Fig. 2(b). This effect is known as the RR rate
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coefficient enhancement, which can be written as ∆α , where
∆α = αExperiment−α0 is the difference between experimental
result αExperiment and fitting result α0. The RR enhancement
factor can be defined as ε−1 = ∆α/α0. At energies below
4 meV, the experimental rate coefficient shows an enhance-
ment (∆α) over a fitted rate coefficient (α0) by a factor of about
3.9 for Ar15+, 1.9 for Ar14+, 1.5 for Ca16+, and 2.1 for Ni19+,
respectively.

From the theoretical model described in,[38] the relation-
ship between the recombination rate coefficient enhancement
∆αRR to the main physical parameters concerning to electron–
ion recombination experiments can be written as

∆α
RR

∝ Z2+µ Bµ T−(3µ+ν+1)2
⊥ T ν/2

‖ . (12)

This is known as the scaling law for recombination in elec-
tron cooler.[5] Here Z is the charge state of the ion, B is the
guiding magnetic field in the electron cooler, T⊥ and T‖ are
the transverse and longitudinal temperatures, µ and ν are the
fitting parameters.[39] In order to compare our results with RR
enhancement effects observed from bare ions, the scaling law
has been fitted for the nuclear charge state of the bare ions in
other storage rings measurements and non-bare ions from the
present investigation as show in Figs. 3(a) and 3(b), respec-
tively.
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Fig. 2. The absolute recombination rate coefficient for Be-like Ar14+, Li-like Ar15+, Be-like Ca16+, and F-like Ni19+ respectively. (a) Comparison of
the experimental result to the theoretical calculations, the experimental data represented by connected black solid circles, the violet dashed line is for RR
rate coefficient and the green line is from theoretical data of RR + DR. (b) Comparison of the experimental results with fitted data by taking into account
of RR + DR resonances. Blue solid line corresponds to the fitting of DR. The red solid line indicates the fitted data including RR + DR, and ∆α is the
enhancement of the experimental rate coefficient over the fitted rate coefficient α0. The transverse and longitudinal temperature obtained from this fitting
are kBT‖ = 2.40(6) meV and kBT⊥ = 11.91(87) meV for Ar14+ and kBT‖ = 0.8 meV, kBT⊥ = 40 meV for Ar15+ and Ca16+, and kBT‖ = 0.56(7) meV and
kBT⊥ = 23(1) meV for Ni19+.

In Fig. 3(a), the RR enhancement factors from
CRYRING[9] and TSR are shown[5] for the bare ions. Experi-
mental uncertainty of 20% was estimated for all the bare ions
data. The red solid line is the q2.8 scaling, which is in agree-
ment with the scaling behavior found at the CRYRING by Gao
et al. (1997).[9] Figure 3(b) shows the excess RR rate coeffi-
cient ∆αRR for non-bare ions plotted as a function of nuclear
charge state of the ions q by using scaling law. The empty
green circles represent the present CSRm data for non-bare
ions with 30% experimental uncertainty. The scaling of q3.0

has been found for the excess rates for non-bare ions CSRm

data as represented with the solid red line. It should be noted
that the scaling law fitted very well to the bare ions data com-
pared with non-bare ions.

In Fig. 3(b) the data for Li-like Ar15+ is away from the
fitted line significantly. It might be due to the strong contribu-
tion from low laying DR resonances to the RR rate coefficient.
These low laying DR resonances overlap with the RR rate
coefficient near to threshold which results in the rate enhance-
ment. For all other non-bare ions, the fitting is satisfactory
which shows the validity of the scaling law for recombination
experiments for both bare and non-bare ions at the storage
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rings. These findings indicate that the low-energy DR reso-
nances will overlap with the RR rate enhancement at very low
electron–ion collision. One has to be careful when comparing
the results from different facilities since the experimental con-
ditions vary drastically. The influence from other parameters
such as the transverse temperature kT⊥, longitudinal tempera-
ture kT‖, and magnetic field B has to be considered. Also one
has to take into account of this RR rate enhancement and care-
fully subtract it from DR spectra during the investigation of
the atomic structure by DR method. In addition, to the atomic
structure studies, we also use this atomic data for x-ray astro-
physical implications, the atomic databases such as AtomDB
version 2.0 and XSPEC are used for modeling astrophysical
plasmas. For these atomic databases one needs to transform
the DR rate coefficients to the plasma rate coefficient, by
convoluting it with average Maxwellian distribution. Since,
from this work we conclude that the RR rate enhancement
is concerning to the storage ring merged beams recombina-
tion method and we do not expect the RR enhancement effect
in astrophysical environment. Therefore, one should sub-
tract very carefully the RR enhancement from DR rate coeffi-
cient before transforming it to plasma rate coefficient. If the
RR enhancement effect is not carefully subtracted from the
DR spectra then the overlap between RR rate enhancement
and DR resonances close to the threshold will be translated
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Fig. 3. (a) The dependence of the RR rate coefficient enhancement ∆α of
bare-ions on charge state of ions. The violet empty triangles represents ex-
perimental data of the CRYRING[8,9] and the blue color empty square is the
TSR data.[5] The error bars represent the contribution from the uncertainty
of the excess rate, in this plot 20% uncertainty has been assumed for all the
data. The solid line is the q2.8 scaling for the bare ions. (b) The dependence
of the RR rate coefficient enhancement ∆α of non-bare ions on the charge
state q of the ions. The empty green circles represent experimental RR rate
enhancement data of the CSRm for non-bare ions. The 30% experimental
uncertainty has been taken and the solid red line is the q3.0 scaling.

into plasma rate coefficient after convolution, which will cre-
ate large uncertainties in theoretical and experimental data at
the low energy range.

5. Conclusion
In this work, a series of measurement of the absolute re-

combination rate coefficients of Be-like Ar14+, Li-like Ar15+,
Be-like Ca16+, and F-like Ni19+ have been performed at the
storage ring CSRm at Institute of Modern Physics, Lanzhou,
China. Data analysis is focused on the electron–ion colli-
sion energy range from 0 meV to1000 meV. The experimen-
tal electron–ion recombination spectra have been fitted with
flattened Maxwellian function which include the contributions
from RR and DR processes. The theoretical results for RR rate
coefficients were calculated by using modified semi-classical
formula given by Bethe and Salpeter (1957). The contri-
bution from DR rate coefficients to the recombination spec-
tra were calculated by employing AUTOSTRUCTUTRE and
FAC codes. A strong enhancement of the measured RR rate
coefficient over the fitted and calculated rate coefficients have
been observed in all recombination spectra for the collision
energies below 10 meV.

The present evaluation of the nuclear charge dependence
of the RR rate enhancement ∆α results in ∼ Z3.0 scaling for
non-bare ions. We have also compared our results with the RR
enhancement factors from other storage rings for bare ions.
Our recent findings indicate that the RR rate enhancement is
a general phenomenon found in all storage ring measurements
for both bare and non-bare ions. A smooth dependence of
RR rate coefficient enhancement on nuclear charge states has
been found for bare-ions. For the non-bare ions the RR rate
enhancement dependence on nuclear charge is not smooth,
which indicates that the enhancement is partly coming from
the low-n DR resonances located close to the threshold. In
addition, we have also pointed out that the RR enhancement
rate strongly influences the DR resonances at very low rela-
tive energies which will also be translated to the plasma rate
coefficient used for astrophysical implications.
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