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Dielectronic recombination (DR) is one of the dominant electron—ion recombination mechanisms for most highly
charged ions (HCIs) in cosmic plasmas, and thus, it determines the charge state distribution and ionization balance therein.
To reliably interpret spectra from cosmic sources and model the astrophysical plasmas, precise DR rate coefficients are
required to build up an accurate understanding of the ionization balance of the sources. The main cooler storage ring
(CSRm) and the experimental cooler storage ring (CSRe) at the Heavy-Ion Research Facility in Lanzhou (HIRFL) are both
equipped with electron cooling devices, which provide an excellent experimental platform for electron-ion collision studies
for HCIs. Here, the status of the DR experiments at the HIRFL-CSR is outlined, and the DR measurements with Na-like
Kr?>* jons at the CSRm and CSRe are taken as examples. In addition, the plasma recombination rate coefficients for
Arl2H:14+ Cald+164+.17+ N;jl9+ and Kr®+ jons obtained at the HIRFL-CSR are provided. All the data presented in this
paper are openly available at https://doi.org/10.57760/sciencedb.j00113.00092.

Keywords: dielectronic recombination, storage ring, highly charged ion, electron cooling, precision spec-

troscopy
PACS: 34.80.Lx, 36.20.Kd, 95.30.Dr, 98.58.Bz

1. Introduction

Electron interactions involving highly charged ions
(HCIs) are of fundamental importance in many applied
physics, including astrophysics!! and fusion sciences.!?! The
collisional processes dominate the charge state distribution
and electromagnetic radiation in plasma. Note that the heavy
HClISs in a fusion plasma can serve as an indicator for diag-
nosing the electron density and temperature on the one hand
and quench the fusion reactions on the other hand. Accu-
rate knowledge of the recombination rate coefficients and ion-
ization cross sections are the cornerstones for understanding
and diagnosing the state of the astrophysical and fusion plas-
mas. Electron—ion recombination occurs via radiative or di-
electronic transitions. Figure 1 presents the schematic diagram
for the dielectronic recombination (DR), which is completed
when the doubly-excited intermediate state formed in the res-
onant electron capture is followed by radiative decay to a sta-
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bilized state.

The importance of DR in plasma was first recognized
by Burgess in 1964.5] Different theoretical approaches have
been developed to calculate recombination rate coefficients for
HCIs since then.[*~7] Effective theoretical calculations can al-
most satisfy the massive demands of recombination rate coef-
ficients in applied physics. For instance, the rate coefficients
produced by the AUTOSTRUCTURE code are used in mod-
eling collisional- and photo-ionized plasmas.[®! However, rea-
sonable approximations are necessary for a theoretical model
or computational code to improve feasibility and efficiency,
while approximations will inevitably introduce some errors.
Inaccurate data entering the models will forward false con-
clusions about the observed spectra.!®! State-of-the-art theo-
retical codes usually use energy levels from standard atomic
databases to calibrate the calculated data to generate recom-

bination rate coefficients with acceptable accuracies. More-
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over, low-lying DR resonances are very sensitive to the en-
ergy levels. Reproducing the resonances at very low collision
energies around the threshold remains a challenging task.!*]
A slight shift in the low-lying DR resonances would translate
into remarkable deviations in the derived plasma recombina-

tion rate coefficients.l'! In addition, the notable differences

between the experimental and theoretical DR rate coefficients
in complex open-f shell ions are still not fully resolved.!'?!
Thus, benchmark experiments not only supplement the atomic
database with reliable rates but also serve as benchmarks for

developing and improving the theoretical methods and mod-

els.

o O
AE(',U!'(‘
—— —_——
Xrt+ e~ [X a1+ XD+ 4n.hy [X(a=D+]*
Dielectronic Radiative (d)
(a) capture (D) tabilization ~

Fig. 1. (a)—(c) Schematic diagram of the DR process. Step (a)—(b) represents the dielectronic capture: a free electron is resonantly captured
into a Rydberg state with simultaneous excitation of a bound electron, and a doubly excited intermediate state is formed. Step (b)—(c) depicts
the subsequent radiative stabilization: the intermediate state stabilizes via photon emission. (d) The DR resonant condition and the relationship
between the measured DR spectrum and the electronic structure of the intermediate-state ions. In the DR process, the core excitation energy
AEcore equals the sum of the Rydberg electron’s binding energy ERrydberg and the DR resonance energy Eres.

The developments of crossed-beams and merged-beams
techniques have promoted the experimental determination of
DR rate coefficients.[!3-15] Heavy-ion storage rings equipped
with electron coolers are capable of providing a cold electron
beam and a high-quality ion beam, which facilitate the preci-
sion DR spectroscopy investigation under the merged-beams
arrangement. In particular, storage ring DR experiments have
been recognized as a unique method to obtain low-lying DR
rate coefficients. In general, the cold electron beam from the
electron cooler also serves as the electron target in addition to
the role of the coolant. In recent decades, several storage rings,
including the TSR at MPIK in Heidelberg,'®! ESR at GSI in
Darmstadt,'”) and CRYRING at MSL in Stockholm!8! have
been dedicated to DR measurements. Rate coefficients for var-
ious ranges of HCIs have been determined by employing the
merged-beam technique (see Refs. [1,16,19] and references
therein). More recently, the main cooler storage ring (CSRm)
and the experimental cooler storage ring (CSRe) at the Heavy
Ion Research Facility in Lanzhou (HIRFL) started contribut-
ing DR rate coefficients for HCIs. Recombination experiments
with 30Ar!S+ 40 A2+, 13+, 14415+ 400y 14+.16+,17+ S6pe17+
BNil%*, and 7°Kr?>* ions[?*2! have been accomplished at
the CSRm in the past few years, and the first calibration ex-
periment with Na-like Kr>>* ions has been successfully per-
formed at the CSRe.!*"!

In this paper, the recent progress on DR experiments at
the HIRFL-CSRm and CSRe is overviewed.
the DR experimental method and basic data analysis are in-

In Section 2,

troduced. Here, we select the Na-like Kr2>* ions as an exam-

ple to illustrate the experimental techniques at the CSRm and
CSRe, respectively. In Section 3, the theoretical calculation of
the DR cross section by using the flexible atomic code (FAC)
and the conversion to the rate coefficients are outlined. The
experimental results, including the DR rate coefficients and
corresponding plasma recombination rate coefficients (PRRC)
for the Na-like Kr*>* ions, are presented in Section 4. In Sec-
tion 5, a compilation of the PRRCs for different HCIs derived
from the measurements at the HIRFL-CSR is provided. Fi-
nally, a conclusion and perspective are presented in Section 6.

2. Experimental method and data analysis

The cooler storage rings at the Heavy-ion Research Facil-
ity in Lanzhou (HIRFL-CSR) were installed in 2007 at the In-
stitute of Modern Physics, Chinese Academy of Sciences. The
overall layout of the HIRFL-CSR is shown in Fig. 2, including
the electron cyclotron resonance (ECR) ion source, the sector-
focused cyclotron (SFC), the separated sector cyclotron (SSC),
the main cooler storage ring (CSRm), the radioactive beamline
RIBLL-2, and the experimental storage ring (CSRe). Based
on the electron cooling devices at the CSRm and the CSRe,
low-energy (Ug < 1.5 kV) and high-energy (Ug < 15 kV) DR
experimental platforms for HCIs have been built. Here, Uy is
the output voltage of the electron energy fast detuning system.

Since the first calibration DR experiment with Li-
like Ar!'>* jons at the CSRm in 2015,/ DR rate coeffi-

cients of a series of HCIs, including 40 Ar!2+13+:14+ [21-23]

40Cqla+ 16417+ [24-26]  S8NGIO+ (28] 112gp35+ 1311 4pg
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BRr2+[29 jons, have been successfully obtained at the

CSRm. These works have accumulated extensive experience
and technical reserves, which also support the extension of
DR experiments to the CSRe. At present, all the installation
and commissioning have been completed and enabled the DR
measurements. In particular, the combination of “CSRm +
RIBLL2 + CSRe” provides an opportunity to perform DR

experiments with heavy stable HCIs and even radioactive ion
beams (RIBs).

Here, the DR measurements of Kr® " ion were selected as
examples to illustrate the experimental method at the storage
ring CSRm and CSRe. The parameters of the DR experimental
setups at the HIRFL-CSR are listed in Table 1.

Electron =1
beam

Ton beam

DR experimental setup at the HIRFL-CSRe

Recombined ion beam
= A (z-1)+

Recombined
ion beam A =D*

Detector \

Primary beam A4~

Electron cooler @CSRm (EC-SS)

Fig. 2. The schematic view of the HIRFL-CSR facility combined with the DR experimental setup at the CSRm and the CSRe. The moveable
particle detectors are installed downstream of the electron cooler. The recombined ions formed in the merged region are separated from the
primary ion beam by the dipole magnets and counted by the particle detectors.

Table 1. The parameters of the DR experimental setups at the CSRm
and CSRe.

Parameters (unit) CSRm CSRe
Storage ring circumference (m) 161.00 128.80
Ion beam energy range (MeV/u) 6-50 25-400
Effective interaction length (m) 4.0 4.0
Electron beam energy (keV) 4-35 10-300
Detuning voltage range (kV) —15t015 —15t015
Magnetic expansion factors 1-4 1-10
The maximum magnetic field at the gun re- 125 500
gion (mT)

The magnetic field at the cooling section 30-150 50-150
(nT)

Transverse temperature (meV) 30 200
Longitudinal temperature (meV) 0.1 1

For the DR experiment of Na-like Kr?>* at the CSRm,
the primary ion beam was produced by the electron cyclotron
resonance (ECR) ion source and accelerated to an energy of

4.98 MeV /u in the SFC. During the experiment, the stor-
age ring was operated in DC mode, i.e., the accelerated ion
beam was injected into the CSRm to accumulate a maximum
beam current of ~ 200 pA, corresponding to 2.60 x 10% ions
stored in the ring, and the measurement was carried out within
the beam decay time. Before data recording, the stored ion
beam was cooled for about several seconds by merging with
the velocity matched (Bion = Be) electron beam over an effec-
tive interaction length of L = 4.0 m, achieving a longitudinal
momentum spread of about Ap/p =~ 2.0 x 1074, The elec-
tron beam emitted from the cathode of the cooler was adi-
abatically expanded from the magnetic field of 125 mT at
the gun section to 39mT at the guiding section, with which
the perpendicular electron beam temperature was reduced to
kgT, =~ 30 meV.[?"! The longitudinal electron beam temper-
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ature of kp7j| ~ 0.8 meV was achieved by accelerating the
beam energy to the cooling point.!?’! The electron beam at
the straight section was confined to a diameter of ~ 52 mm
with a typical spatial density of 9.62 x 10® cm~3. The relative
collision energy between the electron and ion beams is zero
at the velocity-matched cooling condition. Nonzero collision
energies in the center of mass (c.m.) frame were realized by
loading offset voltages to the cathode HV to vary the elec-
tron beam energy according to a preset timing sequence. As
shown in Fig. 3, the offset energies quickly switched between
the positive and negative detuning for 10 ms, and long cool-
ing periods of 190 ms were applied after every detuning. In
this approach, the ion beam quality can be maintained dur-
ing the measurement. The experiment covered the detuning
voltages from 0 V to 1000 V, with an equidistant step of 1 V
in the laboratory frame. The measurement for each detuning
step can be normally accomplished within a single injection
cycle. Downstream of the electron cooler, the formed recom-
bined ions were separated from the primary ion beam in the
bending magnet and detected by the particle detector (YAP:

Ce) with nearly 100% efficiency.[??]

10 ms

3 4
190ms 1 2
1 2 u
5 6

10 ms

Positive

Negative

Detuning voltages

Measurements cycles

Fig. 3. Typical timing sequence for the DR experiment of Na-like Kr2>*
ions at the CSRm and CSRe. The inset shows an enlarged view of a sin-
gle measurement cycle.

For the DR experiment of Na-like Kr?>* at the CSRe, the
experimental method was similar to that at the CSRm. The
ion beams of Kr?>* were accelerated again in the CSRm and
reached an energy of 80 MeV /u. The accelerated ion beam
was transferred into the CSRe before the measurement cy-
cle and cooled by the velocity-matched electron beam from
the 300 kV electron cooler EC-300. The accumulated beam
current reached an intensity of 450 pA, corresponding to
1.23 x 10® ions stored in the CSRe. The precooling of the
Kr?>* ion beam at the CSRe required 10 s since the beam en-
ergy was much higher than that at the CSRm. After electron
cooling, the momentum spread of the Na-like Kr>>* ion beam
was reduced to Ap/p ~ 1.75 x 107*. In the merging section,

the electron beam was confined to a diameter of ~ 54 mm
with a typical spatial density of 7.25 x 10% cm~3. The same
detuning strategy as the CSRm was adopted, while the up-
per limit of the detuning voltage at the CSRe can be boosted
to £15 kV. In the present experiment, the detuning energy
range is up to 5000 V, which corresponds to a collision en-
ergy of ~ 150 eV between electron and ion beams in the c.m.
frame. During the measurement, the DC transformer (DCCT)
and Schottky spectral analysis system were used to monitor the
ion beam current and momentum spread (Ap/p) in realtime.
The horizontal and vertical ion beam profiles were observed
by residual gas ionization profile monitors. Electron and ion
beam position monitors (BPMs) were applied to observe the
relative position between the electron and ion beams in the
merged region, thereby keeping the electron and ion beams
parallel to each other and along the central axis of the cooler.
To detect the recombined ions, a plastic scintillation detector
(PSD) and a position-sensitive multiwire proportional cham-
ber MWPC) were developed and installed downstream of the
electron cooler at the CSRe."*"! The photographs of the de-
tector pocket, PSD, and MWPC are presented in Fig. 4. The
position-sensitive MWPC detector enables real-time monitor-
ing of the recombined ion beam profile and spatial distribu-
tion. Note that the recombined ion beam profiles are generally
identical to the primary recombining ion beam profiles. There-
fore, the primary ion beam profile was monitored by the po-
sition signals, with which the accelerator staff had optimized
the beam diameter of Kr?>* ions from about 50 mm to about
4 mm. Figures 5(a) and 5(b) present the accumulated beam
profile for the injections and the cooled beam measured by the
MWPC detector. Since the ion beams are electron-cooled, the
recombined ions were well confined in the active area of the
MWPC detector, which ensures a complete collection of all
the recombined ions in the DR experiments.

630 mm
£ 120 m
g Et -
o )
<t

(a)

L

&"(

" 4

Particle detector pocket at the CSRe

(b)

10 mm
Plastic scintillator detector (PSD)

[—120 om 629 mm
N

Multi-wire proportional chamber (MWPC)

40 mm

Fig. 4. (a) The movable rectangular tube-like particle detector pocket
at the CSRe. (b) and (c) Photographs of the assembled PSD and the
MWPC at the CSRe. For more details, see Ref. [30].
The original data recorded in the experiment were de-
tuning voltages and recombined ion counts, which need to be
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transformed into collision energies and rate coefficients. The
relative collision energy between the electron and ion beams
can be calculated by

Eel = \/mgc“ +m?c* + 2mem; Yo Yic* (1 — BePicos 0)

—mecz—micz, (D)
where m. and m; are the rest mass of the electron and ion, re-
spectively. c is the speed of light in the vacuum. . and 7 are
the Lorentz factors of the electron and ion beams, respectively.
ve = Pec and vio, = Pic are the velocities of the electron and
ion beams, respectively. 0 denotes the angle between the elec-
tron and ion beams. Note that the space charge effect should
be taken into account, while the drag force effect is negligible
in the calculation.

20 |-(a) 100
80
10
g 60
E o
S 40
—10F
3 20
—20F
| ' | ' | ' | ' | ' | 0
20| (b) 100
I 80
10k
ER 60
g o}
S| 40
I 20
| | | | ' | ' | 0

—-30 —20 —-10 O 10 20
Fig. 5. The beam profile and spatial distribution of the recombined ions
measured in realtime by the MWPC detector at the end of beam injec-
tion and after electron cooling for 10 s, respectively.

The merged-beam DR rate coefficients in a storage ring
experiment at a collision energy E can be deduced from the
measured counting rate R(Ey) of recombined ions via

R(Erel) g
Nine (1 - ﬁiﬁe) L’

where N, is the number of stored ions. n, is the spatial density

o (Erel) = (2)

of the electron beam. L is the effective interaction length, and
C is the circumference of the storage ring. Note that the recom-
bined ions via resonant excitation, radiative decay, or charge
exchange with residual gases cannot be resolved by counting
the rates, and the deduced rate coefficients consist of the res-
onant DR, continuum RR, and a linear background. Usually,
the RR rates and residual background can be simulated by the
following empirical formula: 33!
(2%}

14 03 Ee) + 04E>,’

rel

ORR+BG (Erel) = 0o+ Q1Ep + (3)

where o; (i = 0-4) are fitting parameters. The measured rate
coefficients, where no DR resonances were encountered, can
be used to determine the parameters by least-squares fitting.
The empirical formula usually works well when there are no
low-lying DR resonances below 1 eV. Otherwise, the low-
energy RR rate coefficients would be difficult to simulate since
the tails of DR resonance features complicate the fitting pro-
cess. In this case, the RR rate coefficients can be calculated
with a modified semiclassical Bethe & Salpeter formula for

s.13% The calculated RR rate coefficients and a

hydrogenic ion
linear function are used as substitutes for deducing the pure

DR rate coefficients.

3. DR cross section calculation and the conver-
sion to the rate coefficients

To comprehensively understand the measured DR rate co-
efficients at the CSRm and CSRe, the FAC is used to generate
the DR cross-section.[23-2528:291 The theoretical methods of

u.435] Here,

FAC are described in detail in the references of G
we just give a very brief introduction to the theoretical treat-
ment.

In the FAC calculation, atomic energy levels, autoion-
ization (Al), and radiative decay rates were calculated with
a relativistic atomic-structure program. The DR resonance
strengths were calculated under the isolated resonance approx-
imation (IRA) with the distorted-wave method based on the
Dirac equation. In the calculations, the DR process was treated
as two independent steps. The first step is termed dielectronic
capture (DC), which can be viewed as the time inverse of the
Al process. In the second step, the doubly excited intermediate
states can either autoionize or decay radiatively, thereby com-
pleting the DR process. Accordingly, the DR strength via a
specific doubly excited state is the product of the DC strength
and the branching ratio of radiative stabilization. DC strength
can be obtained from the Al rates through the principle of de-
tailed balance via

“

where g; and gr are the statistical weights of the autoioniz-
ing state formed by DC and the target state before DC, re-
spectively. Ey is the electron-ion collision energy, and A? is
the Al rate. A zero-density approximation radiative branching

[10

ratiol'%! can be expressed as

_ LAy
YnAjy+LnAj,

where Aj, denotes the radiative decay rate from state i to 4 and

B (i) 5

Aé  denotes the autoionization rate. i and m represent the lev-

els below the ionization threshold and those after ionization,

respectively. [4-36]
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To compare with the experimentally derived electron—ion
recombination rate coefficients, the calculated electron—ion re-
combination cross sections should be transformed into the rate
coefficients according to the following formula:

@) = [ o f () d*, ©

—o0

where f(v,v) is the distribution function of the relative
electron—ion velocity at the c.m. frame. v is the relative
electron—ion velocity at the collision energy E.j. The velocity
distribution in a storage ring DR experiment is almost identi-
cal to the electron velocity distribution (since me < m;), which

is characterized as

L 2
_ me 2 me(V” — Vrel)
f et ) = <2ﬂkBT> exp[ 2ksT|

2
mev|
— . 7
ZkBTL> )

me

X mkeT, P (
The distribution is a “flattened” Maxwellian since the longitu-
dinal temperature kg 7| is much lower than the transverse tem-
perature kg7, . The electron temperatures in an experiment
can be determined by fitting the measured DR spectra. Usu-
ally, DR cross sections can be regarded as Dirac-6 functions
since their natural widths are much narrower than the experi-
mental energy resolutions. The measured rate coefficients for
an isolated DR resonance can be analytically expressed by en-

tering Eq. (7) and the J-type cross-section into Eq. (6)

64q Eq—Eb”
E —
% (Ere) = 2kBTL§ = p( kgT\ )
f
“ (\/ kT kBT )

E

B I'f rel -1 d
\/ kBTn‘)g kBTH 6

where & = (1 — 1T} /T1)"/2. vq is the relative electron—ion ve-

locity at the resonance energy E4q. Gy corresponds to the in-

tegrated DR cross sections. In this manner, the full width at

Kr?*+ (3p[*Py j2.3/2]nl) -
K" (3d[*Ds p50]nl)
Kr?4t (4141')™

KI'25+ (35[281/2]) +e —

Here, n is the principal quantum number of the captured elec-
tron. hv denotes the decay photons. The DR resonance posi-
tions can be estimated by the hydrogenic Rydberg formula

q2
Eres (n) = Eexc — Ryﬁ» (13)

with the Rydberg constant Ry = 13.60569 eV and primary

charge state g = 25. E¢x is the excitation energy. The formula

half maximum (FWHM) of the measured DR resonance at the
collision energy E.¢ is

AE — \/(lnz-kBTL)2+ 16102 kp T} - Exe. )

For the resonances with natural widths comparable to the en-
ergy resolutions, the §-type cross sections in the convolution
should be replaced by the following profile:

6d-Fd/27'C
(I'd/27)* + (E — Eq)?’

o(E)= (10)

where I'Y is the natural width of the DR resonance.

In addition, the recombined doubly excited ions will
pass through several magnetic fields before hitting the parti-
cle detector. The motional electric fields could ionize the re-
combined ions with a principal quantum number higher than

37
Reutoff 371

1

3

Neutoft & 6.2 x 108 (V/cm) — |
1

1)

where ¢ is the primary charge state. v; and B are the ion beam
velocity and maximum magnetic field strengths the ions will
experience. The calculations truncated at ncyf can compare
with the experimental measurements directly. The simplified
picture usually works well for the field-ionization effect, but it

[38]

fails in some cases.'”® A detailed model taking into account

radiative lifetimes of higher Rydberg states and the flight time
for the travel from the cooler to the bending magnets has been
described in Ref. [38].

4. Results and discussion
4.1. DR rate coefficients for Na-like Kr25* ions

The obtained DR rate coefficients of Kr>>* at the CSRm
and CSRe covered the collision energy ranges of 0-70 eV, in-
cluding the significant DR channels

— Kr*** +hv, DR,
— Kr*** +hv, DR, (12)

(n > 13)
(n>38)

— Kr*** +hv, DR.

works well for resonances with free electrons captured into
high-n Rydberg states, whereas the fine structures would com-
plicate the cases for resonances into low-n states. In addition
to the resonances associated with the 3s — 3p and 3d (An =0)
excitations, DR channels via the 3s — 4/ (An = 1) excitations
are also involved in the present energy range. The background-
subtracted DR rate coefficients for the Na-like Kr>* ions at
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the CSRm and CSRe were obtained according to Egs. (1)—(3)
and are presented in Fig. 6 with black dotted and blue solid
curves, respectively. The resonant positions in the DR spec-
trum measured at the CSRe agree well with the measurement
at the CSRm, while the energy resolution at the CSRe is lower
than that at the CSRm.

—— Kr?>+ (CSRm)

76
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o) v
) 0 - b
g 0 4
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(&)
Q
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—
=t L
£ 1
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25 30 35 40 45 50 55 60 65 70
Energy (eV)

Fig. 6. Comparison between the measured DR rate coefficients of Na-
like Kr?>* measured at the CSRm and CSRe in the energy range of
0-70 eV. The black dotted and blue solid curves indicate the measured
DR rate coefficients at the CSRm and CSRe, respectively.

DR rate coefficients for Na-like Kr>>* ions have been
reported, and detailed comparisons with the FAC and AU-
TOSTRUCTURE -calculations were made in Ref. [29]. The
main findings are briefly outlined below. To make a detailed
comparison of the measured and theoretically calculated spec-

tra, the longitudinal and transverse electron beam tempera-
tures must be first determined by fitting the measured spectra
with Eq. (9). As shown in Fig. 7, the longitudinal and trans-
verse electron temperatures at the CSRm are determined to be
kgT) = 0.32 meV and kgT| = 12.50 meV by fitting the DR

7
oL ® Kr?*+ (CSRm)
| ! — Fitting curve
5 ¢
4 B a
I 4
3 _ ' kgTj = 0.32 meV
i kBTL =12.50 meV

4 o Kr?*t (CSRe)
— Fitting curve

DR rate coefficient (10~9 cm3-s~1)

kpT)=1.25 meV
kBTL =5.80 meV

Energy (eV)

Fig. 7. Fitting of the DR resonances measured at the CSRm (upper
panel) and CSRe (lower panel) below 6.5 eV with Eq. (9). The black
and blue dotted curves are the measured DR rate coefficients at the
CSRm and CSRe, respectively.
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Fig. 8. (a) Comparison between the DR rate coefficients of Na-like K>+ measured at the CSRm with the theoretical calculations by FAC in the energy range
of 0-70 eV. The Rydberg series of 3p[>P; J2lnl (n>13) and 3p[?P; s2]nl (n > 12) dominate the DR resonance structure in the measured energy range, and the
resonant positions for these two series are indicated with black and red vertical bars, respectively. The resonant positions for 3d[2D3 /2.5 /2]nl (n=8-10) are
also indicated with vertical bars in the colors green and purple, respectively. The shadow areas in blue indicate the contribution of DR resonances associated
with 3s — 41 (An = 1) excitations, and the corresponding resonant positions are also indicated with vertical bars in different colors below the curves. (b) The
same as the upper panel, but for the DR rate coefficients measured at the CSRe in the energy range of 0-70 eV.
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resonances below 6.5 eV. In the same method, the longitudinal
and transverse electron temperatures at the CSRe are deter-
mined to be kBTH =1.25meV and kg7, = 75.80 meV. Based
on the obtained electron beam temperature distribution, the
theoretically calculated electron—ion recombination cross sec-
tions can be transformed into recombination rate coefficients
according to Eq. (8).

Figure 8 presents the detailed comparisons between the
DR spectrum measured at the CSRm, CSRe, and the FAC
calculation in the energy range of 0-70 eV. The measure-
ment covered the Rydberg series involving (3p [zPl /2] nl) -
(n>13), (3p[*P3p]nl)” (n>12), (3d[*D3ps5]nl)"
(n=8—10) states and a series of (4/4/")"" resonances. The
calculated resonance positions and strengths involving the
An =0 (3s — 3p,3d) excitations agree well with the exper-
imental observations. Strong mixing and electron—electron
correlation effects may complicate the calculations of the
(4141)"" states. Previously recommended data (Altun ef al.,
2006) were found to underestimate the plasma DR rate coeffi-
cients at temperatures below 10° K, and the reason can be at-
tributed to the shifted (4/4/")"* resonances and the neglection
of the mixing effect between the low-lying DR resonances.
The improved calculation with careful treatment for the strong
mixing between the low-lying (4/4/")"" and (3Inl')™ reso-
nances can reproduce the experimental data with satisfactory
accuracy. The reported data constitute a set of reliable bench-
marks for use in plasma models and for testing theoretical

calculations.?*!

4.2. Plasma recombination rate coefficients

Plasma recombination rate coefficients (PRRC) for HCIs
in different charge states are the fundamental data needed
in the plasma modeling codes.?) In contrast to the very
narrow velocity distribution for the electrons in a storage
ring electron—ion recombination experiment, as shown in
Eq. (8), the electrons in astrophysical and fusion plasmas
characterize a much broader isotropic Maxwellian velocity
spread. Temperature-dependent plasma recombination rate
coefficients can be obtained through Eq. (7) by entering the
DR cross sections and Maxwell-Boltzmann distribution. Note
that the electron temperatures in the storage ring DR experi-
ments are usually much lower than those in the plasma, and
the measured rate coefficients a (E) are approximated equal
to o (E) - v(E). Therefore, the convolution can be simplified
as

a(T) = [a(E)f(ET)dE. (14)

where f (E,T.) denotes the electron energy distribution func-
tion at the plasma temperature 7;

2E!/2 E
ET)=——"" —— ). 15
f(E.T;) o2 <16137},)3/2exp< kBTe> 15)

The approximation a (E) =~ ¢ (E) - v(E) works well for the
DR resonances at E.s > kg7 . However, the low-lying res-
onances are broadened by the experimental resolution and
Eq. (14) will underestimate the PRRCs at low temperatures.
One should fit the experimental spectra at low energies and
use the fitted o (E) for accurate PRRCs.
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Fig. 9. Comparison of the experimentally derived PRRC with the theo-
retically calculated results. The black and blue solid curves indicate the
PRRC derived from the measurements at the CSRm and CSRe. The error
bars denote the +30% experimental uncertainty of the absolute rate coeffi-
cient measured at the CSRm. The orange solid and green dashed curves are
the AUTOSTRUCTURE calculated PRRC from Altun et al. (2006)14] and
Huang et al. (2020),1*) respectively. The red dashed curve denotes the FAC
calculation. The approximate temperature ranges where Kr>>* is expected
to form in collisionally ionized plasmas are indicated by vertical dashed bars
and associated arrows. 4142

To give an intuitive understanding, we converted the mea-
sured DR rate coefficients and theoretically calculated DR
cross sections for Na-like Kr®>* ions to the PRRC accord-
ing to Eq. (14), and the results are presented in Fig. 9. The
black and blue solid curves denote the experimentally derived
PRRC at the CSRm and CSRe in which the principal quantum
number n has been extrapolated to a very high value to obtain
the field-ionization-free plasmas rates. The error bars denote
the £30% experimental uncertainty of the CSRm measured
absolute recombination rate coefficient. Some obvious differ-
ences of experimentally derived PRRC at the CSRm and CSRe
around 10 eV are estimated to be about 10%—15%, which
is still within the experimental uncertainty. These discrepan-
cies are mainly contributed by the absolute energy scale in the
DR measurements at the CSRm and CSRe.!'!! The theoreti-
cally calculated results by the FAC and AUTOSTRUCTURE
codes are indicated with the red dashed and green dash-dotted
curves, respectively. In addition, the previously recommended
PRRC data of Kr>>* by Altun er al. (2006) are also presented
in Fig. 9 with the orange solid curve.!*! The present FAC and
AUTOSTRUCTURE calculated PRRCs have achieved good
agreement with the experimental values over the whole mea-
sured energy range within the experimental uncertainty. Al-
tun et al. also performed the calculation with AUTOSTRUC-
TURE code, and the involved electronic configurations were
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almost the same as the calculation in this work. However, ob-
vious differences can be found between these two calculated
results, especially in the low-temperature range of 0-10 eV.
The main reason is that we have included the necessary strong
mixing effects between the low-lying An = 0 (3 — 3) and
An =1 (3 — 4) DR resonances in the present AUTOSTRUC-
TURE calculation, but they were neglected in the calculation
by Altun et al. (2006).1>°!

To facilitate the use of our experimental data in astrophys-
ical and fusion plasma modeling, the experimental PRRCs are
parameterized with the following equation:

_ E;
o (1) =T Yl -exp (—kB'T )
e

where ¢; and E; are the fitting parameters.

(16)

S. PRRC from the HIRFL-CSR

Temperature-dependent PRRCs of HClIs are the funda-
mental parameter for plasma models and are of essential im-
portance for interpreting spectroscopic observations of astro-
physical and fusion plasmas. The aim of storage ring DR mea-
surements is to reduce atomic physics uncertainties in the ba-
sic theoretical methods and codes to point out the direction of
their development. Therefore, revealing the underlying causes
of the discrepancies between spectral observations and models
cannot be attributed to errors in atomic data. Table 2 lists the
fitting parameters of ¢; and E; for the experimentally derived
field-ionization-free PRRC of the relevant HCIs investigated
at the HIRFL-CSR. The fitted curves can reproduce the exper-
imental plasma recombination rate coefficients within 1%—-2%
in the temperature range between 10°~107 K.

Table 2. Fitting parameters of the experimentally derived field-ionization-free PRRC for the HCIs measured at the HIRFL-CSR. The units of

c; and E; are cm’

sl K32 and eV, respectively. Numbers in the squared brackets are powers of 10.

Tons Ar12+ [21] Arl4+ [23] Cal4+ [24] Ca16+ [25] Ca17+ [26] Nil9+ [28] Kr25+ [29]

cl 5.12[-3] 2.44[-4] 2.58[-9] 5.02[-5] 8.42[-3] 3.40[-5] 4.47[-9]
c 2.80[-3] 5.90[-4] 3.42[-9] 6.17[-5] 5.01[-3] 3.36[—5] 1.33[-9]
c3 6.39[-4] 3.77[-3] 3.31[-10] 2.60[-3] 1.09[-3] 1.85[-4] 1.58[-7]
ca 6.60[-5] 5.14[-3] 1.04[-8] 4.54[-3] 5.84[-4] 2.34[-4] 0.15
cs 4.12[-4] 1.44[-2] 3.32[-8] 1.19[-2] 1.06[-3] 1.20[-3] 4.61[-8]
c6 2.71[-4] 2.31[-2] 1.15[-9] 2.92[-2] 2.32[-2] 4.91[-3] 4.40[-8]
c7 3.81[-2] 4.03[-2] 1.23[-10] 6.30[-2] 8.50[-6] 7.11[-3] 2.20[4]
cg 7.03[-4] 4.05[-2]
E; 22.99 0.120 5.855 0.554 21.34 0.527 3.570[-4]
E 8.370 0.278 11.84 0.038 9.845 0.164 1.300[—4]
E3 2.830 3.450 0.710 3.252 4.665 0.746 4.970[-3]
E4 0.059 1.430 32.33 1.715 1.431 2.172 1.120[2]
Es 0.356 12.45 70.18 9.230 2.162 4.991 2.200[-3]
Es 1.036 31.95 1.502 23.19 37.44 12.00 8.700[-4]
E; 60.79 57.03 0.175 57.72 0.332 0.544 7.170[11]
Eg 1.455 131.0

All the datasets presented in this paper, including the fit-
ting parameters of the experimentally derived field-ionization-
free PRRC for the Ar!2:14+ Cal4+:16+:17+ Njl9* and K25t
ions measured at the HIRFL-CSR are compiled in the supple-
mentary materials in PDF format.

6. Conclusion and perspective

In conclusion, DR experiments at storage rings not only
supplement the atomic database with reliable rate coefficients
but also serve as benchmarks for testing and developing the-
oretical codes. The HIRFL-CSRm and CSRe equipped with
electron coolers EC-35 and EC-300, respectively, which facil-
itate DR measurements under the merged-beam arrangement.
Recombination rate coefficients for numbers of ions have been
measured at the CSRm since the first calibration experiment
in 2015. More recently, the DR experiment has also been ex-
tended to CSRe for heavier highly charged ions and higher col-
lision energies. The measured DR rate coefficients at the CSRe

agree well with the measurement at the CSRm, indicating the
feasibility of the DR platform at the CSRe. Furthermore, AU-
TOSTRUCTURE and FAC codes were employed to calculate
the DR rate coefficients and compare them with the experi-
mental data. The measured DR resonances associated with
the An = 0 excitations are in fair agreement with the calcula-
tions. However, the 4/4]' resonances are not well produced,
which is likely to be attributed to an approximate treatment of
the correlation effect and the strong mixing with adjacent con-
figurations. The shifted 4/4/’ resonances are transformed into
large deviations in the plasma recombination rate coefficients
at low temperatures.

DR rate coefficients measured at the CSRm constitute
a set of reliable benchmarks for use in plasma models and
for improving atomic codes. In the future, DR rate coeffi-
cients for astrophysical-relevant light ions and iron-peak ions
could be measured at the CSRm. Precision DR spectro-
scopies and rate coefficients for heavy tungsten ions could be
approached at the CSRe. Abundant DR experiments at the
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CSRm and CSRe have laid a solid foundation and paved the
way for future electron—ion collision studies at the High Inten-
sity heavy-ion Accelerator Facility (HIAF).[*3] HIAF-SRing
will be equipped with an electron cooler and a separated elec-
tron target, which will facilitate precision spectroscopic stud-
ies and measurements at much higher collision energies.
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