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Fig. 1. DR process for Li-like ions: (a)—(b) The resonant electron capture process; (b)—(c) the radiative stabilization process;

(d) schematic diagram of measurement for DR spectrum.
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Fig. 2. (a) Precision measurement of hyperfine splitting of Li-like Sc!®* ions at the TSRP); (b) precision measurement of isotope

shift of Li-like Nd*"* ions at the ESRE7.
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Fig. 3. DR experiment setup at HIAF-SRing.

VR AR T AN A e L RS A Y
FEL L 4 90 ) L s AT JR v B P XU 1 S A
WIEEOIIE; 2) T ARV AR A, T
R TR T B v A S AL A e T, DT S 3
[ Z8 R R Al BE B R BUR TS i, Bl A T
FEMSE L H B TR T 25 5ot
*E%E%‘ﬁﬂ%? B T AR S Y s B,

1 (0 R, T4 R B 0 o T A
f (v, v) IR, -5 A HAR A o A FR BT
o= [o0) vindn @

HH f (vo, v) JEH T HLU L F o IR BE 43 A7 5 HL R
b H T AR R A A T AR TR ) P B S
BT, I 2.2 97, S TR A IR E
A7 2 I V10 22 v B 43

1/2
Me Me
27‘C/<iBT// > 2nkgT |

f (vo,v) = (

mev?
2kgT'|

me(vy — U0)2

(3)

LA BT, kT 48300 P SRR 60 3L FE . A1
WRLEE, T kg ABURZESHEL, vi, vy 20 H T
SRR ) e R T OO, A R AR T A
e AR L

Horb Eg MIRAER; Lo N AARTE; o0 A IERE

THI0T A B AR, B iR T élX)!EE?ELn/\}E
BT 6 BUpREL, ] LIS B FRAN SR IGE 1 A A7 2
ljj:—ﬁt 37].

a(Ey) = ﬂi‘f{gexp( _0%05 )

v4€% + vy v4€? — g
) [erf< IS ) +erf( o€ )] )
Hirr,
oy = (2ksT)y 1 /me)'?, € =

Vq = (2Ed/me)1/2,
DR PRECH

erf (z / exp(—
f

PO 52 45 33 RO 5 XU B 5 L3R
A7 B AR G, i 5 FHOR A C. TEA AR
FORTAEL R, S T DR T VA AU A A
Pk, 15822 PR erf () AOE(ETHA0 2 SCHR [38]
ARSI, TR H, 52 SRR 45 R 1) 37 I 5iR JiE
)38 35 4 AR X IS 4L S B AE HFET FAC (flexible
atomic code) 715, HAKMTH 4015 7T 2% SCHR
[39, 40].

(1-1T),/T)"?,

2.2 BRBEFHBLMBFREEEL
HIAF-SRing [ XL F & G 5 55 2% v e 45 1

043101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 4 (2025) 043101

T ¥4 P~ 8 R A DX A0 P 4 R ik A
119 J5E PR AT A A B P SROURLEE B G 4 i
IR A LT EE YISO R 1. %
FL TR AR B f 46, F R R S B KT s 24
F0.2 A, BFHRPPERELN r = 4 mm, WIEHEE
YR kT oy = 0.1 eV, ¥ BE 43 A7 46 22 s i =65 70

(a) 1.5
1.2

0.9}
~ 0.6
0.3}

0

» T

T

Fl 4 (a) @A TFIEERITNAERUY B, 4R S
B oA (b) B8 L 730 A9 i 7 o BRI R
T3 2 G35 T K R R R RS S RESRAERTE, T
PEAT R R BRSO 2 I K. SR 5 Sk RO TRy
EIReIRU

Fig. 4. (a) Designed adiabatic magnetic field B, and adia-

batic parameter £ of ultracold electron-target as a func-
tion of position in the electron-target; (b) schematic illus-
tration of an electron beam emitted from a thermionic cath-
ode within an ultracold electron-target as it traverses the
magnetic field. Under the influence of the guiding magnetic
field, the electrons undergo Larmor precession and adiabat-
ic expansion. The green arrows indicate the direction of

electron motion.
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Fig. 5. (a) Transverse kinetic energy of the individual elec-
tron and transverse temperature of the electron beam as a
function of electron beam energy. The black dashed line in-
dicates the transverse kinetic energy of individual electrons,
while the red curve represents the transverse temperature of
the electron beam. The electron beam maintains adiabatic
motion within the magnetic field when the energy of the
electron beam is below 80 keV. (b) The longitudinal tem-
perature of the electron beam as a function of electron

beam energy.
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erf (1;(16;//32@()) — 1. (14)

P (5) A TT7:
)= 228 g ()

meo? & ot

Eq4 —E0>

X (1+1) ocexp (— T, (15)
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gi b, W A RIE Ry

a (Ey) kT (16)
0, Ey > Ey.
ARG ASKTFRIGE R, PR i R B B0
EATE N

AEJ_ =1In (2) kBTJ_. (17)
2) M kgT. — 0, BIT, — 0B, & sRE IR
(eSS
5(z) = lim ——exp (-{f) (18)
1

- Ti—>02TL

Hr = mev? /(2ks), FRA £ (vo,v) dv, #RJG

N M
3 )

me \/% 2
€
f (vo,vy) dvyy = <2nkB) i

me(v// — U0)2

xexp{

PR (2) A5 153 B0 7 2 & LRI T D
Hr

(Eo — Eo)” T . (20)

a(Ep) x exp[ - 1EahsT),

AE/eV
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10-3 L ) ! ) ) ) )
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Energy/eV

[l 6  SRing (ZL A 54k) il CSRe (W (A 524R) WA T2
B ERIARER PR S - B TR R Z A OC R
TR bR TR R (ks Ty ) AR (ks T))) X 5258
53 PER TR SRing 7E IR BE AL 7 85 T il 48 X Ak (meV )
TR AR S 1 R e 43 Bk

Fig. 6. Energy resolution of DR experiments as a function
of electron-ion collision energy at the storage SRing (red
solid line) and CSRe (blue solid line). The figure also shows
the contributions of transverse temperature (kg7 ) and lon-
gitudinal temperature (k7,) to the experimental resolu-
tion. The DR experiment demonstrates ultra-high energy
resolution in the low-energy electron-ion collision region
(meV-level).

PR [ 38 B S B e A 5
AE; =4,/In(2) EqksT). (21)
Zi b, WHFRE AR I AE -
AE = \/[In(2) kT +16In (2) EghoT)y.  (22)

¥ 6 78 T SRing Al CSRe |0 7 & &
SIS e 7 PR Bif Al A B B OC R 5 CSRe M L,
SRing [ XM FE A LI ERE o0 B LSl T
1—2 AN B T, JF HAERRE L+ B - hilf i
(meV 4% X3 Al = I RE R 43 HF, 24 3.5 meV.
PRI, 5250 1) BE i 0 PR AT R4 fE o DX Sk 3] e
1R, X FE B AZ R )Y B A S, U LR S A SR
RAEXTFRUERY. A Al AR I B N, BE A Ar PR
TR, FBAZ Y R A R AE Y L RS2, I
s 4R 85 ) & B0 A X ke A

32 BFHEMNBFREENVNBFES
AR IE R 220

Kl 7(a) FIEL7(b) IR T AN HL - SR %
XA 5 A5 LRI AL 8 R A2 e, PS4
U LR G BB By = 20 meV, R S = 1x
10718 em?-eV . YA T HIHNAIREE kg T /) =0.1 meV
ANAR, B )R kT =5 meV I K F Ol 10 Ml
20 meV B, JLHRIGE I 7 T 20 A0 T, 06 {32 T
TR YA AR RE ks T = 5 meV AE, L
L keT ;) = 0.1 meV HERF 0.5 A1 1 meV i}, 3
PRUE R FE GO B WL 0T, WEAELBHT I, 151 7(c) i
/"1 SRing 5 CSRe TEHFE LA E - AU {H X
e 2558 oK, T SRing ML F & ALK 1Y AE
Iy PEHE CSRe $27F T 1—2 MRS, RILAE SRing
- BEAE TE M 5 B RIEE, T CSRe T WL E)
X—IE. X —X R B T SRing £ fig it 7 B %
J7 T E RS

3.3 XEEETHNBRFESRIE

T LB BT 29X U Ol
#F SRing 1 HEFT R0 T4 45 55 W05 R BLAY 5
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* 3k
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e” + ATt (2s) — (23)
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BOR N, Hrp L iRIE A RE T By = 20 meV , BRI S = 1 x 10718 cm?-eV . (b) HL FHURE [l W B kpT . = 5 meV A4S, ARl fiy i, F o
YARHRE ksT )y = 0.1,0.5, 1 eV X R FE G IERIRIHR R A0, HA RSN AR Fres = 20 meV , BIE S = 1 x 10718 cm?-eV .
(c) SRing Fl CSR 7EAR [F) Fe 4R A B L (3L 4R 1%, H b SRing 1 19 B FHORIER kpT 1 =5 meV, kpT )y = 0.1 meV , 1fif CSRe 1y H
FHIRE R kgTL = 80 meV, kT ;) = 1 meV

Fig. 7. (a) Effect of different transverse temperatures of the electron beam, kg7, = 5,10,20 meV , on the DR peak shape and rate
coefficient when the longitudinal temperature kg7, = 0.1 meV is constant, with the resonance energy FEy = 20 meV and strength
S =1x 10718 cm?-eV. (b) Effect of different longitudinal temperatures of the electron beam, kgT; =0.1,0.5,1meV , on the DR
peak shape and rate coefficient when the transverse temperature kT, = 5 meV is constant, with the resonance energy
FEq=20meV and strength S =1 x 10718 ecm?.eV. (c) Simulation peaks of SRing and CSRe at the same resonance energy, the
temperatures used for SRing and CSRe are kgT| =5 meV, kg7, = 0.1 meV and kgT| = 80 meV,kgT ;; =1 meV , respectively.

8
(a) — SRing, kpT); = 0.1 meV, kgT) =5 meV (b) — SRing, kgTy) = 0.1 meV, kgT| =5 meV
— CSRe, kgTy; =1 meV, kgT'| =80 meV — CSRe, kgT/) =1 meV, kT = 80 meV
6 Xe0+ (2py/21815) 5 USS+ (2p;52015)
I N [ Il (I A
al Lz sij2 P12 paj2 dzjz ds/2 dsj2 s f7/2
J 01 01 1,2 2 2,1 2,332 34
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B8 SUBTHEASRBE () JOH 129XeS1H BT (b) 4R 235US9+ BT [T (590410 % SRing OBHIZR, I 6.9
L8 UK CSRe MUBLILZE L, i BB (0 6 2k /R 1 FAC B2 R TR0 A5 1 10 X e, 7 52 A L IR 437 5 R o8
Fig. 8. DR experimental simulation spectra: (a) Li-like $29Xe51% ions; (b) Li-like 238U89% ions. The red solid line represents the

simulation results at SRing, the black solid line represents the simulation results at CSRe, and the black vertical lines represent the
positions and strengths of DR resonances calculated by the FAC code.
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Fig. 9. (a) Contributions of various effects to the transition energy of 2s;,5—2p; /2 and the results of current experimental meas-

urements. By utilizing the electron-target of SRing, we can measure the 2s;/5—2p;/, transition energy in **U** jons with high-

precision, which provides an opportunity for a stringent test of higher-order QED effects in strong-field. (b) DR spectrum for lithi-

um-like 23 24U89+ jsotopes.
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HUANG Houke??  WEN Weiqgiang V2  HUANG Zhongkui? WANG Shuxing?
TANG Meitang? LI Jie?» MAO Lijun? YUAN Yang!?
WAN Mengyu?  LIU Chang?®  WANG Hanbing? ZHOU Xiaopeng!?
ZHAO Dongmei')  YAN Kaiming! ZHOU Yunbin?  YUAN Youjin !
YANG Jiancheng?  ZHANG Shaofeng!  ZHU Linfan?®  MA Xinwen D?)?

1) (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)
2) (University of Chinese Academy of Sciences, Beijing 100049, China)
3) (Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China)

( Received 12 November 2024; revised manuscript received 26 November 2024 )

Abstract

Dielectronic recombination (DR) experiments of highly charged ions not only provide essential atomic
benchmark data for astrophysical and fusion plasma research but also serve as a stringent test for strong-field
quantum electrodynamics (QED) effects, relativistic effects, and electron correlation effects. High-intensity
heavy-ion accelerator facility (HIAF), currently under construction at Huizhou, China, will have a high-
precision spectrometer ring (SRing) equipped with a 450 kV electron-cooler and an 80 kV ultracold electron-
target. This advanced setup facilitates precise measurements of the DR process for highly charged ions in a
broad range of center-of-mass energy, from meV to tens of keV. In this work, we carry out the molecular
dynamics simulation of the electron beam temperature distribution of the ultracold electron-target at the SRing.
The simulation results indicate that after treatment by the designed adiabatic magnetic field and acceleration
field, the transverse and longitudinal electron beam temperature generated by the thermionic electron gun can
be reduced from 100 meV to below 5 meV and 0.1 meV, respectively. Furthermore, we analyze the influence of

this ultracold electron beam temperature on the resonance peak and energy resolution in DR experiment. The
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resolution gain at the SRing electron-target is particularly pronounced at small electron-ion collision energy,
which provides unique experimental conditions for the DR experiments. Taking lithium-like '23Xe%'* and
288U%9" ions for example, we simulate the DR resonance spectra at the SRing and compare them with the
simulated results from the experimental cooler storage ring CSRe. The results reveal that the SRing
experiments can resolve fine DR resonance structures with ultra-high energy resolution compared with those
from the CSRe. This work lays a solid foundation for precise DR spectroscopy of highly charged ions at the

SRing to stringent test of strong field QED effect and extraction nuclear structure information.
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