http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Investigations of the dielectronic recombination of phosphorus-like tin at the CSRm

Xin Xu(#3%), Shu-Xing Wang(VE 45 %), Zhong-Kui Huang( £ ), Wei-Qiang Wen(# ff5%), Han-Bing
Wang(7E#£7K), Tian-Heng Xu(#: k), Xiao-Ya Chuai(%K2ir), Li-Jun Dou(Z i), Wei-Qing Xu(fx ),
Chong-Yang Chen([% & [H), Chuan-Ying Li(Z=1% %), Jian-Guo Wang(E & [H), Ying-Long Shi(Jii 5 %),
Chen-Zhong Dong(i /=41), Li-dJun Mao(E 32.%), Da-Yu Yin(BiA%EE), Jie li(ZEA), Xiao-Ming Ma( 5 %),
Jian-Cheng Yang(# %), You-Jin Yuan(J5if i), Xin-Wen Ma(53#i 30), Lin-Fan Zhu(k #R %)

Citation:Chin. Phys. B . 2018, 27(6): 063402. doi: 10.1088/1674-1056/27/6/063402

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Positronium formation for positron scattering from metastable hydrogen

Lin Lin(#k7), Hong-Nian Wang (V£ %:4E), Li-Guang Jiao(£F)5¢)
Chin. Phys. B . 2017, 26(3): 033401. doi: 10.1088/1674-1056/26/3/033401

Theoretical study on photorecombination of C V.ion

Ma Kun, Xie Lu-You, Zhang Deng-Hong, Dong Chen-Zhong
Chin. Phys. B . 2015, 24(7): 073402. doi: 10.1088/1674-1056/24/7/073402

Dielectronic recombination and resonant transfer excitation processes for helium-like krypton

Hu Xiao-Li, Qu Yi-Zhi, Zhang Song-Bin, Zhang Yu
Chin. Phys. B . 2012, 21(10): 103401. doi: 10.1088/1674-1056/21/10/103401

KLL dielectronic recombination process of He-like to O-like xenon ions

Zhang Deng-Hong, Shi Ying-Long, Jiang Jun, Dong Chen-Zhong, Fumihiro Koike
Chin. Phys. B . 2012, 21(1): 013402. doi: 10.1088/1674-1056/21/1/013402


http://cpb.iphy.ac.cn/EN/abstract/abstract72129.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract69581.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64706.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract50224.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract26530.shtml

Chin. Phys. B Vol. 27, No. 6 (2018) 063402

Investigations of the dielectronic recombination of phosphorus-like
tin at CSRm*

Xin Xu(¥#)"2, Shu-Xing Wang(VE453%)"2, Zhong-Kui Huang(#% E5)3, Wei-Qiang Wen (3 fi7#)°,
Han-Bing Wang(Y£7£K)?, Tian-Heng Xu(f&: K #7)°, Xiao-Ya Chuai("#H%F)>*, Li-Jun Dou(= i #)>*3,
Wei-Qing Xu(#: 2)°, Chong-Yang Chen(f4#EFH)®, Chuan-Ying Li(ZEf£%)7, Jian-Guo Wang(E & [H)’,
Ying-Long Shi(Jifi’i J)®, Chen-Zhong Dong(# /2 #l")°, Li-Jun Mao(E 2%)%, Da-Yu Yin(BUA%E)?,
Jie Li(Z=A)3, Xiao-Ming Ma(Z5¢)3, Jian-Cheng Yang(# % )3, You-Jin Yuan(J5i 45 k)3,
Xin-Wen Ma(#730)>", and Lin-Fan Zhu(4 Ak %)L+

1 Hefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China

2Synergetic Innovation Center of Quantum Information and Quantum Physics, University of Science and Technology of China, Hefei 230026, China

3Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

4School of Physical Sciences, University of the Chinese Academy of Sciences, Beijing 100049, China

> Shanghai EBIT Laboratory, Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Fudan University, Shanghai 200433, China

6Nat1'onz11 Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230026, China

" The Key Laboratory of Computational Physics, Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

8Institute for Fundamental Physics, Tianshui Normal University, Tianshui 741000, China

9Key Laboratory of Atomic and Molecular Physics and Functional Materials of Gansu Province, College of Physics and Electronic Engineering,
Northwest Normal University, Lanzhou 730070, China

(Received 31 January 2018; revised manuscript received 9 March 2018; published online 10 May 2018)

The electron—ion recombination for phosphorus-like '2Sn33* has been measured at the main cooler storage ring
of the Heavy Ion Research Facility in Lanzhou, China, employing an electron—ion merged-beams technique. The abso-
lute total recombination rate coefficients for electron—ion collision energies from 0 eV-14 eV are presented. Theoretical
calculations of recombination rate coefficients were performed using the Flexible Atomic Code to compare with the exper-
imental results. The contributions of dielectronic recombination and trielectronic recombination on the experimental rate
coefficients have been identified with the help of the theoretical calculation. The present results show that the trielectronic
recombination has a substantial contribution to the measured electron—ion recombination spectrum of ''28n35* . Although
areasonable agreement is found between the experimental and theoretical results the precise calculation of the electron—ion
recombination rate coefficients for M-shell ions is still challengeable for the current theory.
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1. Introduction

When a free electron collides with an ion, the ion may
capture the free electron through a non-resonant photon emis-
sion process called radiative recombination (RR), or through
the resonant processes called dielectronic recombination (DR)
where the ion is simultaneously excited. For the DR process,
a single electron of the ion is excited and the recombined ion
becomes doubly excited, then it stabilizes through radiative
decays later. The DR process is commonly considered as an
inverse Auger process. DR is the dominant electron—ion re-

combination process in many plasmas, thus it is of consider-
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able importance for understanding the basic atomic collision
phenomena.l!'=3! The dielectronic recombination also plays a
crucial role for accurate plasma modeling and spectral analy-
sis in astrophysics depending on its strong impact on the level
populations and the ionization balance of plasma.l*>! In the
DR process, to form a doubly excited intermediate state, the
sum of the binding energy of the recombined state and the ki-
netic energy of the incident electron must match the excitation
energy of the inner shell electron of the ion. Thus accurate
measurements of DR resonances can be applied to probe the

many-body, relativistic, and quantum electrodynamics (QED)
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effects and can offer critical examinations among state-of-the-
art atomic structure theories.!®”] On the other hand, it also
can be seen from the previous electron—ion recombination ex-
periments that the theoretical calculations still have problems
in reconstructing the experimental results for open M-shell
ions. %91 Therefore, the experimental measurements for multi-
electron ions are of importance for further theoretical improve-
ment.

It should be noted that for the higher order resonant
capture of a free electron, two bound electrons can be si-
multaneously excited, leading to trielectronic recombination
(TR).1'O!1] Recent investigations revealed that TR is compa-
rable or even overwhelms the first-order DR process for some
ionic species in light elements, and then becomes the dominate
ion-electron recombination channel.['?! However, the trielec-
tronic recombination of the electron—ion collision experiment
has been investigated mostly on the Be-like ion, and the clear
identification of the TR contribution has not been observed on
the complex highly charged ions yet, to the best of our knowl-
edge.

Over recent decades, the field of recombination of highly
charged ions with free electrons has reached an unforeseen
level. Electron—ion recombination experiments employing the
merged-beam technique at heavy-ion storage rings equipped
with electron coolers are developed at several places, in-
cluding TSR at MPIK in Heidelberg,'*! the ESR at GSI
in Darmstadt, 14! Germany, the CRYRING in Stockholm, 19!
Sweden, and also the main cooler storage ring (CSRm) of
the Heavy Ion Research Facility in Lanzhou (HIRFL) at the
Institute of Modern Physics (IMP),!'%] China. These experi-
ments are particularly sensitive to the resonance energies and
widths in the near zero relative energy region, %7 therefore,
have a potential for high-resolution spectroscopy of the multi-
excited states.!!3291 It is important to note that, the electron—
ion recombination experiments on highly charged ions have
also been performed at electron beam ion traps (EBIT);[21->2]
details of the DR experiments at EBIT can be found in the
literature. 232!

Here, we present absolute rate coefficients for electron—
ion recombination of P-like tin measured at the main cooler
storage ring CSRm and calculated using the FAC code. The

35+ ;

relevant channels for DR of the 1'2Sn?7 jon are:

Sn*** (3s23p’nl),

Sn*** (3s3p*nl),
34+( 23p23dnl)
n**" (3s3p*3dnl),

e +Sn7* (3s73p° [455 ) — ()

and the channels for TR of the '12Sn7 ion are:

Sn34+ (3s%3pnl),
n*" (3s3p*nl),
n*" (3s23p?3dnl),

Sn34+ (3p°nl),

(
(
(
(

e  +SnHt (352317 [4S3/2]) @)

Sn34+ 3s3p>3dnl),
n*** (3s23p3d?nl),

Sn34+ 3p*3dnl),

Sn3** (353p?3dnl).

Since the '"2Sn*3* jon has a complex electron struc-
ture and a considerably heavy nucleus, the present experi-
mental result serves a valuable examination to the theoretical
calculations of the relativistic many-body perturbation theory
(RMBPT) and radiative QED theory. Here, we report the first
measurement of the electron—ion recombination spectrum of
the ''2Sn** ion. The paper is structured as follows. The ex-
perimental setup and the measuring procedure are described in
Section 2. In Section 3, we briefly explain the theoretical cal-
culation using the FAC code. In Section 4, the data analysis is
discussed, and then the experimental results are presented and
compared with the theoretical calculation. A brief summary is

given in Section 5.

2. Experimental method

This experiment was performed at the CSRm at the In-
stitute of Modern Physics (IMP) in Lanzhou, China. A de-
tailed description of the experimental setup and method for
DR experiments at the CSRm has already been given in
the literature.!!%2°] Here, we will only briefly describe the
electron—ion recombination experiment with P-like '2Sn®>*
at the CSRm. The ''2Sn*>* ions were produced by an elec-
tron cyclotron resonant ion source and accelerated by a sec-
The ion

beam was then injected into the CSRm for recombination ex-

tor focused cyclotron to an energy of 3.7 MeV/u.
periments. The current of ion beam in the storage ring was
enhanced by multiturn injection and e-cool stacking, then the
typical beam current of 50 pA-60 pA was achieved corre-
sponding to about 6 x 107 ions stored in the ring. The ion beam
was cooled in phase space by a 3-kV e-cooler to optimize its
quality through merging it with a velocity matched electron
beam over an effective interaction length of 4 m, then the rela-
tive momentum spread can be reduced to about 2 x 10~4.1271 In
addition, the electron beam used for cooling the ion beams was
also employed as the electron—target for recombination exper-
iments. The recombined ions in the e-cooler changed their
charge states and were separated from the initial ion beam by
the first dipole magnet downstream from the e-cooler, finally
they were detected by the movable scintillator particle detector
(YAP:Ce + PMT) with a 100% detection efficiency.*®!
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In the experiment, after each multiturn injection, the ion
beam was cooled for about 2 s before data acquisition to en-
sure the ion beam quality. During the measurement, a time
cycle of a 10-ms detuning with the electron beam energy de-
viating from the E. followed by a 190-ms electron-cooling to
maintain the ion beam quality was applied. The relative en-
ergy scan is accomplished by changing the cathode voltage of
the electron cooler in the 10-ms detuning period. Considering
the lifetime of the ion beam, the time-length of the injection
period and the statistical uncertainties of the counts, a measur-
ing time of 35 s for each detuning voltage is chosen along with
a voltage step of 1 V.

The counts of recombined '2Sn*** jons recorded by the
detector can be transferred into the total recombination rate
coefficient o according to the following formula:

o= Ryiz
Nine(1 —BiBe)L/C’
where R is the counting rate of recombined ions, and A is the

3)

number of stored ions. 7. is the density of electron beam, and
L =4.00 m is the length of interaction zone and C = 161.00 m
is the circumference of the CSRm.

The relative collision energy between electrons and ions

in the center-of-mass (c.m.) frame can be written as:

Eres = \/m§c4 +m?c* + 2mem; Y Yic* (1 — BePicos 0)

— mec2 — micz, @

where m. and m; are the rest masses of the electron and the
ion, 7. and % are the corresponding Lorentz factors. 3. and
Bi denote the ratios of velocities of electrons and ions to the
speed of light ¢, respectively. To vary the relative collision en-
ergy, the energy of electron beam was changed by the detuning
system from the velocity matched energy E..[>”! The electron
energy is also influenced by the space-charge potential, which

is defined as[3%!

Up = (1—£) x leremec? [1+2><1n (9) _ (r)z} 5)
eve a a

where & is a factor describing the influence of ion beam that
decreases the space-charge potential. Due to the current of ion
beam being several orders of magnitude lower than that of the
electron beam, the factor & is quite small and roughly deter-
mined as 0.07, and the error introduced by this approximation
is negligible. I, is the electron beam current which typically
equals 0.135 A during the experiment. The parameter 7 is the
classical electron radius, and r is the distance from the axis of
the electron beam, which is approximately taken as the axis of
the cooler tube. The parameter v, is the velocity of the elec-
tron beam. The term a is the radius of the electron beam in the
e-cooler which is magnetically confined to 29.5 mm, and the

term b is the radius of the cooler tube, i.e., 10 cm.

3. Theoretical method

The Flexible Atomic Code (FAC)P!l was employed to
calculate the cross-sections of the transitions in the energy
region of 0 eV-14 eV for electron—-ion recombination of
1126035+ The calculations for AN = 0 core excitations
were carried out in intermediate coupling using a configura-
tion interaction expansion for the '>Sn** 15-electron tar-
get involving an Ne-like core and valence configurations of
3s23p?, 3s3p*, 3s23p?3d, 3p°, 3s3p>3d, 3s*3p3d?, 3p*3d,
and 3s3p?3d? to which continuum and Rydberg electron or-
bitals were coupled. Since there are more than 2000 transitions
in the energy region of 0 eV-14 eV, the merged-beam experi-
ment cannot resolve the final states and all of the results that
we presented are the total recombination cross section, i.e.,
sum over all final states that stabilize through photon emission
against autoionization or field ionization in CSRm before they
are detected.

The cross section, as a function of the c.m. energy E, from
an initial state i via a doubly excited state d with a small natural
width compared with E can be represented in a good approxi-

mation by 3233

04(E) = S4L4(E), (6)

where L,;(E) is the Lorentzian line profile normalized to
JL4(E)dE = 1. S, is the resonance strength written as

g TR Ad =) LAd = f)
 28imeEg YiAa(d = k) + X A(d — f)’

Sa )
where E; is the resonance energy, and g; and g, are the sta-
tistical weights of the initial and intermediate state. A,(d — i)
and A;(d — f) are autoionization and radiative rates, respec-
tively. In the sums, k denotes all states which are attainable
by autoionization of the doubly excited states d, and f runs
over all radiative finial states below the first ionization thresh-
old. The autoionization and radiative widths are given by
I} =nY;As(d—i) and I] = hY  A:(d — f), respectively.
The total DR cross section can be obtained by summing over
all doubly excited states contributing at E,

o(E) =Y o4(E). (®)
d
The DR rate coefficient is related to the cross section by

awo) = [ o()us(v0,v)d%, ©)

where f(vo,v) is the distribution of the electron velocity v rel-
ative to the ions around the average longitudinal c.m. velocity

vo corresponding to the energy detuning Ey. For the cooled ion
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beams, the velocity distribution function can be described by
a flattened Maxwellian*¥ with different temperatures T and

T, in the longitudinal and transverse direction:

12 Y
o me ~ me(v) —vo)
2
e mev
- _ 10
2mkT, ( 2kTL> ’ (10)

where k denotes the Boltzmann constant, and V| and v, rep-
resent the longitudinal and transverse components of v. Fi-
nally, the rate coefficient for a single DR resonance from
the intermediate doubly excited state d can be calculated
analytically®]

Sava V2 — V2C_2
aa(vo) = — 527 <— 4 GS
eO0 T

[(258) (255

here v; denotes the relative velocity corresponding to the res-

onance energy Ey, and o) = (2KBTH,J_/me)1/2’ =(1-
T / TJ_)I/ 2. The estimated accuracy of the resonances energy
are about 1 eV, and the relative error of cross-sections are
about 20%.

4. Results and discussion

The present experimental rate coefficients are plotted in
Fig. 1 along with the theoretical rate coefficients obtained
from the calculated resonance strengths convoluted with the
electron beam velocity distribution. The electron beam tem-
peratures were determined as Kg7| = 40 meV and Kp T“ =
0.8 meV in the previous experiment.['®] The DR transitions
of the ground state 3s* 3p®[*D3 5,2 Ds ,> Py /5,2 P3 5] are also
labeled in Fig. 1 (°P3 /2 series are out of the present energy
region) based on the Rydberg formula:
g\2?
En:Ew—R(f) : (12)
n
where E, is the transition energy while n represents the prin-
cipal quantum number of the bound orbit of the recombined
electron. E. is the ionized energy of the core electron. R is the
Rydberg constant and ¢ is the charge number of the ion.
Considering the high accumulated count of each point,
the statistical error remains below 1% for the raw spectrum.
The uncertainty of the ion beam current, monitored by a DC
beam-current transformer, is about 3%—5% according to its
unclarified background. The uncertainty of the electron beam
current is about 1% and the one from the corrections for the
merging and demerging of the beams is also about 1%. It
should be noted that, uncertainties introduced by some fac-

tors such as the vacuum are hard to be quantified, thus the

measurement of the reference rate coefficients oy is applied
during the experiment to estimate the influences of these fac-
tors. Qo here is the total recombination rate coefficients at
zero relative energy, which is actually dominated by the RR
rate coefficients. Due to that the RR rate coefficients decrease
dramatically when the collision energy deviates from zero, 0
is very sensitive to the variation of the experiment conditions.
During the experiment, ¢( was measured at the cooling phases
just before the detuning start for each voltage point. Accord-
ing to the variation of 0 measured though the experiment pe-
riod, a 5% error is taken into account, and the overall accuracy
of the electron recombination rate coefficient is given as 8%
safely without considering the contributions of subtracting the
RR rate coefficient and background. When they are taken into

account, an error of about 15% more should be added.

6
- | | | |
2 5 3s’3p**D,,n=19 20 21 22
g | | |
3] Q.20 3 _
. i 3s’3p**D, , n =18 19 20
44 B | |
o 1 E .
— o 3s23p* 2P, , n=17 19
~ | 1/2
2
s 34 ? g
.2 °d
& )
3 2 3
S b
) &
= 1
oo

0 3 6 9 12
Relative energy at c.m. frame/eV

Fig. 1. (color online) Comparison of the presently measured absolute re-
combination rate coefficients of 1'2Sn** ions in 0 eV-14 eV with the cal-
culation by an FAC code. The blue dots are the experimental results (the RR
rate and constant background have been subtracted). The shaded area rep-
resents the calculated total recombination rate coefficients for DR and TR.
The red solid line is the contributions of DR channels while the purple solid
line is the TR part of the calculated result. The calculated rate coefficients
are shifted for about 0.77 eV towards lower energy region for comparison.
The uncertainty of the energy scale in the electron—ion
c.m. frame is a bit more complex. During the experiment, we
varied the electron energy to find the cooling energy E. where
the velocity of electrons matches that of the ions. Thus the
cooling condition is determined experimentally and the differ-
ence between the preset value of the ion energy and the real ion
energy do not contribute to the collision energy uncertainty.
One source of the uncertainty is due to the discrepancy of the
actual cathode voltage to the preset voltage value. According
to the claimed precision of the power supply, this contribution
is estimated as 0.8% over the entire c.m. energy range. The
space-charge potential correction also offered a relative cor-
rection of about 5% to the final relative energy, so it may intro-
duce the uncertainty. A beam alignment of 6 = 0+ 0.8 mrad

is routinely achieved, which introduced a 0.15% influence to
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the collision energy. All factors discussed so far give a 1% rel-
ative uncertainty to the relative energy, and there still remains
an error of 15 meV according to the calibration of the zero
c.m. energy point.

It should be noted that the ''2Sn®>* resonance spectrum
is very rich and there are many satellite lines involved in the
spectrum for each n. Therefore, the individual assignments
of the recombination spectrum are essentially impossible for
this open M-shell ion. Nevertheless, we can still identify that
the 3s 3p* and 3s? 3p? 3d series are the strongest ones, and the
3s3p? 3d series is influential in some region. Comparing the
experimental rate coefficients with the shifted theoretical re-
sults, a reasonable agreement was found between them. The
calculation misses some peaks in the region lower than 0.5 eV
in Fig. 1 resulting from the energy shift for the calculated spec-
trum. Furthermore, the calculated one in this region is about 3
times of the experimental one, which can be due to the well-
known difficulty of calculating DR resonance positions at low
energies. In 0.5 eV-2 eV, the theory gives two peaks which
is similar with the experimental observation but with lower
strength. In the energy range of 2 eV-5 eV both experiment
and theory have three peaks while their positions and strengths
are different. In the energy range of 5 eV-7.5 eV, the experi-
ment shows one big peak while the theory give three. It seems
that the theory misses some transitions or underestimates the
strengths of some transitions. In the range of 9 eV-10.5 eV,
theory reproduces the experimental observation well. The the-
oretical calculations in 11 eV-13 eV are a bit lower than the ex-
perimental ones. The aforementioned differences between the
experimental and the theoretical rate coefficients are mainly
caused by the limited accuracy of the theoretical calculation,
especially for the open-M ions like 12Sn** and Fe!!*.[) The
contributions of the DR and the TR processes are recognized
from the calculated results. It can be seen from Fig. 1, the
DR process still dominates in the whole energy region while
TR channels play important roles in some regions, which in-
dicates that the TR process can also be the important path of
ion—electron recombination for multi-electron highly charged

ions.

S. Summary and conclusion

The electron—ion recombination rate coefficients of
Phosphorus-like ''2Sn*>* over the collision energy range of
0 eV-14 eV were measured at the heavy ion storage ring
CSRm with an electron—ion merged-beams technique. Theo-
retical calculations using the Flexible Atomic Code were per-
formed to compare with the experimental results. From the
calculated electron—ion recombination rate coefficients, the
TR contribution has been identified for the first time of the

complex highly charged ions, to the best of our knowledge.
It is found that TR has a substantial contribution to the mea-
sured electron—ion recombination spectrum, while DR is still
the dominate process. A reasonable agreement between the
experimental and theoretical results is found over the entire
electron—ion collision energy region. The discrepancies can
be mainly attributed to the limited accuracy of the theoretical
calculation, therefore, further efforts are greatly recommended
both experimentally and theoretically to investigate the precise
spectroscopy of electron—ion recombination for open M-shell
ions.

Acknowledgment

The authors would like to thank the crew of the Accelera-
tor Department for their skillful operation of the CSR acceler-
ator complex. One of the authors (Wei-Qiang Wen) thanks the
support by the Youth Innovation Promotion Association of the
Chinese Academy of Sciences.

References

[1] Dubau J and Volonte S 1980 Rep. Prog. Phys. 43 199
[2] Miiller Alfred 1995 in Aromic and Plasma-Material Interaction Data
for Fusion, Nucl. Fusion 6 59
[3] Smith R K and Brickhouse N S 2014 Adv. At. Mol. Opt. Phys. 63 271
[4] Badnell N R, O’Mullane M G, Summers H P, Altun Z, Bautista M A,
Colgan J, Gorczyca T W, Mitnik D M, Pindzola M S and Zatsarinny O
2003 Astron. Astrophys. 406 1151
[5]1 Miiller A 2008 Adv. At. Mol. Opt. Phys. 55 293
[6] Schippers S 1999 Phys. Scr. T 80 158
[71 Mohr P J, Plunien G and Soff G 1998 Phys. Rep. 293 227
[8] Lestinsky M, Badnell N R, Bernhardt D, Grieser M, Hoffmann J, Lukié
D, Miiller A, Orlov D A, Repnow R, Savin D W, Schmidt E W, Schnell
M, Schippers S, Wolf A and Yu D 2009 Astrophys. J. 698 648
[9] Novotny O, Badnell N R, Bernhardt D, Grieser M, Hahn M, Krantz C,
Lestinsky M, Miiller A, Repnow R, Schippers S, Wolf A and Savin D
W 2012 Astrophys. J. 753 57
[10] Schnell M, Gwinner G, Badnell N R, Bannister M E, Bohm S, Colgan
J, Kieslich S, Loch S D, Mitnik D, Muller A, Pindzola M S, Schippers
S, Schwalm D, Shi W, Wolf A and Zhou S G 2003 Phys. Rev. Lett. 91
043001
[11] Fogle M, Badnell N R, Glans P, Loch S D, Madzunkov S, Abdel-Naby
Sh A, Pindzola M S and Schuch R 2005 Astron. Astrophys. 442 757
[12] Beilmann C, Harman Z, Mokler P H, Bernitt S, Keitel C H, Ullrich J
and Lépez-Urrutia J R C 2013 Phys. Rev. A 88 062706
[13] Schippers S 2015 Nucl. Instrum. Methods Phys. Res., Sect. B 350 61
[14] Brandau C, Kozhuharov C 2015 Springer Series on At., Opt. Plasma
Phys. 68 283
[15] Schuch R and Béhm S 2007 J. Phys. Conf. Ser. 88 012002
[16] Huang Z K, Wen W Q, Wang H B, Xu X, Zhu L F, Chuai X Y, Yuan Y
J,Zhu XL,Han X Y,MaoLJ,LiJ,Ma XM, Yan T L, Yang J C, Xiao
G Q, XiaJ W and Ma X 2015 Phys. Scr. T166 014023
[17] Kieslich S, Schippers S, Shi W, Miiller A, Gwinner G, Schnell M, Wolf
A, Lindroth E and Tokman M 2004 Phys. Rev. A 70 042714
[18] Lestinsky M, Lindroth E, Orlov D A, Schmidt E W, Schippers S, Bchm
S, Brandau C, Sprenger F, Terekhov A S, Miiller A and Wolf A 2008
Phys. Rev. Lett. 100 033001
[19] Brandau C, Kozhuharov C, Miiller A, Shi W, Schippers S, Bartsch T,
Bohm S, Bohme C, Hoffknecht A, Knopp H, Griin N, Scheid W, Steih
T, Bosch F, Franzke B, Mokler P H, Nolden F, Steck M, Stohlker T and
Stachura Z 2003 Phys. Rev. Lett. 91 073202
[20] Lindroth E, Danared H, Glans P, Pesi¢ Z, Tokman M, Vikor G and
Schuch R 2001 Phys. Rev. Lett. 86 5027
[21] Biedermann C, Forster A, FuBmann G and Radtke R 1997 Phys. Scr.
T73 360

063402-5


http://iopscience.iop.org/article/10.1088/0034-4885/43/2/002/meta
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/27/054/27054984.pdf#page=61
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/27/054/27054984.pdf#page=61
http://adsabs.harvard.edu/abs/2014AAMOP..63..271S
https://www.aanda.org/articles/aa/ps/2003/30/aa3855.ps.gz
http://www.sciencedirect.com/science/article/pii/S1049250X07550068
http://iopscience.iop.org/article/10.1238/Physica.Topical.080a00158/meta
http://www.sciencedirect.com/science/article/pii/S037015739700046X
http://iopscience.iop.org/article/10.1088/0004-637X/698/1/648/meta
http://iopscience.iop.org/article/10.1088/0004-637X/753/1/57/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.043001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.043001
https://www.aanda.org/articles/aa/ps/2005/41/aa0559-04.ps.gz
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.88.062706
http://www.sciencedirect.com/science/article/pii/S0168583X14010805
https://link.springer.com/chapter/10.1007/978-3-642-25569-4_11
https://link.springer.com/chapter/10.1007/978-3-642-25569-4_11
http://iopscience.iop.org/article/10.1088/1742-6596/88/1/012002/meta
http://iopscience.iop.org/article/10.1088/0031-8949/2015/T166/014023/meta
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.70.042714
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.033001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.033001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.073202
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.86.5027
http://iopscience.iop.org/article/10.1088/0031-8949/1997/T73/118/meta
http://iopscience.iop.org/article/10.1088/0031-8949/1997/T73/118/meta

Chin. Phys. B Vol. 27, No. 6 (2018) 063402

[22]
[23]
[24]
[25]
[26]
[27]

[28]

Nakamura N, Kavanagh A P, Watanabe H, Sakaue H A, Li Y, Kato D,
Currell F J and Ohtani S 2008 Phys. Rev. Lett. 100 073203

Tu B, Yao K, Shen Y, et al.2017 Phys. Rev. A 96 032705

Jorg H, Hu Z, Bekker H, Blessenohl M A, Hollain D, Fritzsche S,
Surzhykov A, Lépez-Urrutia J R C and Tashenov S 2015 Phys. Rev.
A 91 042705

Takacs E, Kimmel T D, Brandenburg K H, Wilson R K, Gall A C,
Harriss J E and Sosolik C E 2015 AIP Conf. Proc 1640 154

Huang Z K, Wen W Q, Xu X, et al. 2017 Astrophys. J. Suppl. Ser. 235
2

Bocharov V, Bubley A, Boimelstein, et al. 2004 Nucl. Instrum. Meth-
ods A 532 144

Wen W Q, Ma X, Xu W Q, Meng L J, Zhu X L, Gao Y, Wang S L,
Zhang PJ, Zhao DM, Liu HP, Zhu L F, Yang X D, Li J, Ma X M, Yan

[29]

[30]

(31]
(32]
[33]

[34]
[35]

063402-6

TL, YangJ C, Yuan Y J, XiaJ W, Xu H S and Xiao G Q 2013 Nucl.
Instrum. Methods B 317 731

Meng L J, Ma X, Parkhomchuk V V, Yang X D, Reva V B, Li J, Mao
LJ,MaXM,YanTL, XiaJ W, Yuan Y J, Xu H S, Yang J C and Xiao
G Q 2013 Chin. Phys. C 37 017004

Mohamed T, Nikoli¢ D, Lindroth E, Madzunkov S, Fogle M, Tokman
M and Schuch R 2002 Phys. Rev. A 66 022719

Gu M F 2008 Can. J. Phys. 86 675

Shore B W 1969 Astrophys. J. 158 1205

Dou L J, Xie L Y, Zhang D H, Dong C Z, Wen W Q, Huang Z K and
Ma X 2017 Eur. Phys. J. D 71 128

Poth H 1990 Phys. Rep. 196 135
Andersen L H and Bolko J 1990 Phys. Rev. A 42 1184


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.073203
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.96.032705
https://https://journals.aps.org/pra/abstract/10.1103/PhysRevA.91.042705
https://https://journals.aps.org/pra/abstract/10.1103/PhysRevA.91.042705
http://aip.scitation.org/doi/abs/10.1063/1.4905414
https://doi.org/10.3847/1538-4365/aaa5b3
https://doi.org/10.3847/1538-4365/aaa5b3
http://www.sciencedirect.com/science/article/pii/S0168900204012008
http://www.sciencedirect.com/science/article/pii/S0168900204012008
http://www.sciencedirect.com/science/article/pii/S0168583X13008562
http://www.sciencedirect.com/science/article/pii/S0168583X13008562
http://iopscience.iop.org/article/10.1088/1674-1137/37/1/017004/meta
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.66.022719
http://www.nrcresearchpress.com/doi/abs/10.1139/p07-197#.WkNaz9-WYdU
http://adsabs.harvard.edu/full/1969ApJ...158.1205S
https://link.springer.com/article/10.1140/epjd/e2017-70828-0
http://www.sciencedirect.com/science/article/pii/0370157390900409
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.42.1184

	1. Introduction
	2. Experimental method
	3. Theoretical method
	4. Results and discussion
	5. Summary and conclusion
	References

