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Fig. 1. Schematic of DR of Z9% ions: (a) The first reson-
ance step, in which the ion captures a free electron and sim-
ultaneously excites an inner shell electron, resulting in the
formation of the autoionized state [Z(q_1)+]** ; (b) the
second step, in which the ion is deexcited to the stable state

by radiative decay.
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Fig. 2. Schematic view of the DR experimental platforms at
the storage ring CSRm and CSRe.

# 1  CSRe I Kn®" B TR TR SIS

Table 1.  Parameters of the DR experiment of Kr»*

at CSRe.
S S%EE (CSRe)
TEFFFR A /m 128.8
AHEAEHHCBE /m 4.0
BFIRAER/(MeVu) 80
BT AR/ pA 300—450
HL AR /mA 287.5
HLFHOREAE /em 2.60
R 1] LTI /meV 75.14
A H TR /meV 1.26
WHIBE R /G 390
X R /G 1250
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i T R RE R R ST, T LU i 300 kV RH
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Fig. 3. (a) Schematic diagram of the high voltage power supply modulation system of the CSRe; (b) the timing sequence of electron

beam detuning voltage which is used in the DR experiment of Kr¥+.
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Fig. 4. Physical view of the MWPC detector, the black

dashed box shows the delayed read-out circuitry.
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Fig. 5. Experimentally measured beam profiles before and
after electron-cooling by the MWPC detector.
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Fig. 6. (a) Counts of recombined ions detected by the ion
detector as a function of the electron beam detuning
voltage; (b) total recombined rate coefficient at the center-
of-mass collision energy; (c) the absolute DR rate coeffi-
cient by subtracting the contributions of the background
and RR. In addition, the red curve in the inset of panel (b)

is the fitting results.
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Fig. 7. Experimental (dotted blue line) and theoretical (red
solid line) dielectronic recombination rate coefficients of the

Na-like Kr?»*+ ions. The shaded part is the part with

An =1 core excitation.
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LI UL A A RS BT R A R L

Table 2.  Comparison of experimental measurement fitting results with theoretical calculations.

i ILPRAEHE feV FEYRIEE /(101 eV-cm?)
MRS — —
FAC S2Hy FAC SEHy
4528, jo)dd; 5 (J = 2) 1.530 1.695-:0.001 75.2 93.840.6
3d[Dy0)8s (J = 1) 2.090 2.11940.009 7.1 8.440.6
3d[Dy 085 (J = 2) 2.405 2.573+0.001 62.2 56.140.6
3p[*Py2]13s 3.869 3.804-0.049 15 1.9+0.6
3d[*Ds5)8s (J = 3) 4.530 7.3
3p[P1 5] 13Dy 2 4.565 4.4
Blend 4.543 4.56140.012 11.7 17.4+1.2
3(1[2D3/2]8P1/2 (J=2) 4.660 6.4
3d[’Dy )85 (J = 2) 4.690 11.0
3d[*D39l8p1/e (J = 1) 4.754 3.9
Blend 4.693 4.78940.013 21.2 15.8+1.2
3d[*Dy2|8Dss 5.338 5.216+0.021 14.8 13.8£1.7
3p[2P, 5] 13d 5.3847 5.44840.032 7.2 11.5+1.4
3p[2P, o] 13f 5.838" 5.74740.029 12.4 13.9£1.5
3p[°P, 5]131 (1= g) 6.003* 6.000+0.006 40.4 44.741.9
3d[*D;|8p1 /s (J = 2, 3) 7.1290 7.15440.022 14.6 12.541.3
3p[Py 0] 125 (J = 1, 2) 7.465 7.49440.095 2.0 6.842.3
3d[D;/]8psys (J = 2, 3, 4) 7.705 7.76740.034 26.8 18.6£2.2
4528, jp)dfy (] = 2) 8.129 8.16140.028 37.9 39.245.2
3d[’D;]8ps)s (J = 1) 8.063 2.3
3p[2P3/] 12Dy 12 8.245 2.2
3p[Py 5] 12p32 (J = 1,2, 3) 8.4042 3.8
3d[2Dy 5] 8y 8.596 12.7
Blend 8.466° 8.39140.045 21.0 20.145.2
4s[?S, joJdf; o] = 3) 8.880 8.79040.010 53.9 58.241.3
3d[?Dy 5] 855 8.813¢ 21.1
3p[Pyp]12d 9.404 8.9
Blend 8.988% 9.1434+0.014 30.0 41.24+1.3
48[28, o4t (J = 4) 9.577 9.54640.018 65.7 60.6:4.0
48[2S, o4f5 ) (J = 3) 9.737 9.84240.023 55.8 75.143.2
3p[Pyo)121 (1= f) 10.1392 10.13840.020 77.5 67.0+3.8
3d[Dy)o)8F 10.7212 10.6944:0.041 39.8 51.942.0
3d[?D; )8 11.2272 11.22440.023 33.1 58.342.8
3d[’Dyl81 (1= g) 11.3132 11.50440.009 70.7 60.3+4.5
3p[2P, 5]14d 12.4432 12.73240.044 3.5 10.1£1.7
3p[2P, )14 (1 = f) 12.9072 13.10140.013 19.4 41.0+1.4
3d[?Dy o|8F 13.276° 13.61640.018 25.4 39.241.8
3d[’D; )81 (1= g) 13.770° 13.96440.006 83.4 67.54+2.2
4p[°Py p)4ds (J = 3) 16.337 12.3
4p[°Py p)4ds ) (J = 2) 16.500 4.0
Blend 16.377¢ 16.4824-0.013 16.3 14.1£1.0
3p[2P;5]13p 17.4912 17.360.14 2.4 2.0£1.0
3p[2P, 5] 15p 17.601° 17.7440.12 0.8 3.040.8
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#* 2 (%) SRS SIS TSN I

Table 2 (continued). Comparison of experimental measurement fitting results with theoretical calculations.

LPRfEH eV FPRIRBEE /(1019 eV-cm?)
R AL — -
FAC L FAC Bl
Blend 17.517* 17.5794:0.036 3.2 3.3+£0.3
3p[*Py 5] 15d 18.1312 1.4
3p[*P3/5]13d 18.313* 3.6
Blend 18.262* 18.2264-0.057 5.1 7.241.4
4p[°Py pp)dds5 (/= 1) 18.466 5.2
3p[*Py9]151 (1 = f) 18.533% 8.8
Blend 18.508* 18.6094-0.031 14.0 21.6+1.0
3p[*P39]131 (I = f) 18.9307 18.9764-0.008 25.5 32.2+1.6
4p[*P3 0ldds s (J = 2) 20.038 20.162+0.022 5.1 4.240.3
4p[*Py0ldd; )5 (J = 0) 21.802 1.7
4P[2P3/2]4d5/2 (J=1) 22.054 4.2
Blend 21.984» 22.086+0.025 5.9 5.1+£0.3
4p[*Pyoldd; s (J = 3) 22.444 4.3
4p[*Pyoldd; s (J = 2) 22.502 5.4
Blend 22.476* 22.614+0.020 9.7 8.7+0.3
3p[2Py ,]161 23.005* 23.164+0.018 9.5 7.3+0.3
3p[*P3/5]14p 24.715* 1.4
3p[*P3/0]14d 25.371 2.2
Blend 25.111# 25.4804+0.052 3.6 7.1+£1.0
3p[*P30]141 (1 = f) 25.865" 25.941+0.013 20.7 21.2+1.0
3p[*Pyo]171 26.821% 26.917+0.022 7.2 7.0+0.4
3p[*Py,]181 30.020? 30.277+0.024 6.1 6.8+0.3
3p[*P3,0]151 31.348¢ 31.695+0.011 16.4 22.6+0.9
4p[*Py joldfs )y (J = 3) 32.424 1.6
3p[*Py,]191 32.739° 7.5
Blend 32.683* 32.804+0.028 9.2 9.5+0.5

2 Weighted energy: E4 = Z E4Sq4 / Z Sq

RN FAC BT AZE . nle 8 iR, B T
W A RAE IR T 10* K IR T 52560 5 Lk
HAYSE B TR R, ERE P E ORI BRI E
AE B AR AL B R 0 R BRI T AR R AT £ Lo
¥ AUTOSTRUCTURE # % Hlit . FAC Fip C lenbationt
St 1 26 B TV R HOR_E 3RO R E 0 0 EAC s
BT R R R BT TR L, B A RS, g
TERRIE/N T 100 K (IR, H12E AR 20%, 7E i HE IR o o0 107
KT 108 K /T 107 K By IX ], AHZEAF] 10%. Temperature/K
9 T 75 AR T, AT LA I B AR DGR s Kev s TSR (RESE) 5 FACK @ HELL) &
22 AN UL A 5 8 T o R 2R ok (15391, AUTOSTRUCTUREP? (i (95 4%) #Lig Tt 9 45 B 7 A
. RERBEXT L
B, i - - yy
(T) = T=3/2 ; I 15 Fig. 8. Comparision of plasma rate coefficients of sodium-
aft( ) i_zlc exp( kBT> ’ ( ) like Kr?* ions between experimental results (black solid
N . ‘ line) and calculations by FAC (red dashed line) and
Hrbe 5 B AMEZE, A AR L 3. AUTOSTRUCTURE (blue line) code.
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* 3 EES FAC BHSTTHESRIME SRR
SIS FRERREAE S, o 5 E WY
SN cm?s 15 eV, F5S5 TN 10 AR

Table 3.

coefficients of DR experiment and FAC, the ¢; are in
1

Fitted coefficients for the plasma rate

units of cm?s !, and the Fjare in eV. The numbers

in the square brackets are power of 10.

‘ P FAC

! ¢ E; ¢ E;
1 1.01[-1] 37.1 4.65[-2] 24.7
2 2.28[-1] 63.9 2.07[-1] 53.4
3 1.95[-3] 1.74 7.35[-2] 92.9
4 3.30[-2] 121 1.05[-2] 6.15
5 3.99[-2] 15.5 8.90[4] 1.42
6 4.34[-2] 9.07 1.57[-3] 2.36
7 3.88[-3] 4.17 5.37[-2] 5.37

4 RAEERZ

FRATTXF 22 M B T 258 E1 6 /7 3 CSRe
(L R AR AT T T, 38 1T R e f A 2
B AR FE ARGk, T 300 kV
FERSGE, 8T HFREE YGRS RS, KRS X
M -15 kV F+15 kV B & &, e CSRm |
R T2 A5 G4 m T — 2. b,
AT H T I 24 T SR BRI #8122 22 1F
FegRm g, TR A 8. R Koo g
FHERE T ISR, M T B0 RERTER 0—70 eV
) DR 3R R 50, It 5 FAC USRS Rt 17
TR, BEBRT 3s — 31(An = 0) J#IEAN, 3s — 4l
(An = 1) W EFEL W EZORIE. XS54 1) DR
HOR RBOELAA TS, 153 T HREE A IR
B, S HESTHRS R TXT B TARAE A PR
ARG IR AR AT — 2 RS IL, L2 RS
FREAE Rk EAF SRS, S & ) DR 3
RREFHEEFIARHEE RIS FAC 1 AUTO
STRUCTURE RYHE A S5 BT S AR I

ARV SL 5 25 P R W 24 /i CSRe XU T8 A5 5L
557 5 19 B AR BE R ] R G A MWPC #0 #7
PIPERE R4, AR fe T EE M, N
AT T ORI = i S B XU T2 S H
S K 16y 588 7 i LBl ) 2RO A B i A% M
JoRORE 2 ) e S T SR T AR
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Abstract

The experimental study of precision spectroscopy of dielectronic recombination (DR) of highly charged ions
is not only important for astronomical plasma and fusion plasma, but also can be used as a new precision
spectroscopy to test the strong-field quantum electrodynamic effect, measure isotope shift, and extract the
radius of atomic nuclei. An specially designed electron beam energy detuning system for electron-ion
recombination precision spectroscopy experiments has been installed on the heavy ion storage ring CSRe in
Lanzhou, China, where the electron-ion collision energy in the center-of-mass system can be detuned to 1 keV,
and an independently-developed plastic scintillator detector and multiwire proportional chamber detector have
been installed downstream of the electron cooler of the CSRe for detecting recombined ions. The multiwire

proportional chamber detector has the ability to non-destructively monitor the profile of the ion beam in real-
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time while acquiring the recombined ion counts, providing guidance for optimizing the ion beam. On this basis,

the first test experiment on dielectronic recombination of Kr?* ions is carried out at the CSRe, and the

dielectronic recombination rate coefficients in a range of 0-70 eV in the frame of center-of-mass are measured.

In order to fully understand the experimental results, we calculate the dielectronic recombination rate coefficient

of the Kr?®* ion by using the flexible atomic code
(FAC) and make a detailed comparison with the
experimental result, showing that they are in good
agreement with each other, and only the resonance
energy values of the two resonance peaks at 1.695 eV
and 2.573 eV are significantly different. In addition,
the DR resonance energy values and intensities are

obtained by fitting the experimental results in a range

Electron

Experimental setup

The electron cooler
at the CSRe

Recombined ion
beam Kr244

Dipole magnet

' Main beam

Kr2o+

Experimental results

6 —#— CSRe — FAC (total)

of 0-35 eV, and we find that the transition 3s—4l (An il Eiig Eisjll)ooo) 113 11218
= 1) contributes significantly to the experimental ~
spectral lines. Furthermore, we compare the plasma :;” 21
rate coefficients derived from the DR rate coefficients 5 0
with those derived from the AUTOSTRUCTURE and 5 1 ; e
FAC theories, which differ by 20 percent in a \g/ Collision energy/eV
temperature range less than 10° K. The experimental g6 3PCP

i I | RV FERN PN SR TEY I A MR NR I | 392y ol
results show that the DR experimental platform of the g aq hs sl T |||||||||[|)|qu3ugll?ﬂm
CSRe has very good stability and reproducibility, and é , ] I lo 10 3dEDsolal
can provide support for the future DR experiments of 1 ’ i A s : o ~\
highly charged ion, i.e. for testing strong-field quantum 0 ol e TR

electrodynamics effect and measuring the properties of 20 30 40 50 60 70

atomic nuclei. Collision energy/eV

Keywords: dielectronic recombination, storage ring CSRe, electron cooler, multiwire proportional chamber

detector
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