) 32 2 3R Acta Phys. Sin. Vol. 73, No. 20 (2024) 204205

£

B DEFEFHFHTE

BESNERI DB T RTF AT HME
Y D2# Tk fE > D2# AR EEDDT T H D2 A E D)1

1) ("hERRFE B M 2 AR QTSR B 5 R F A FY R E R SR s, R 430071)
2) (PERFERRE, 5
(2024 4E 9 A 3 HILE; 2024 4F 10 A 11 AU EHEH)

100049)

FET D TR R BRSO O BT AR kT B Bl S v ARG 0 A R R R ) R
fifk Rt SR BB, DN I 28 32 SR TE . AR, A TR R 2 E R BRIT TR AL T S AN B, b B aE Y
R 28 58 G IR IR BELA LN RS B JE— 2D 4R T R BN 2 — . SRR, BE T A U iR U B A 7 A A 5
B2 2 EAR T G R D A I K 8 BRI ok TR RO ML L SRR T T R I, B SN G Y e R I T =
12 nm, f AR mW 2, 20900 2 0.3 MHz; M8 58 S0 Bt 59 48 5 LA IR m] LS 3 kHz 1 90 0t 1
R RE, HH A DI A 8 ) 8 5 B W 58 gk B AR SCHE A 201 /0 v 1 D3 i 52 A/ Dl BOK 4 16 500 AR 5G4
ARIT kSO I RE. B SEH A 415 T B 7 TR R EOC TS IR p R S BRSNS AN B
TSR FOR SO Uy vk, RIS AR B BT AR 1 U5 i R 5 A I B i L 8 5 AR AR Al
TEIT 5 ARG A T3 B 7 T T 8 A0 v 7 I 1R 0K 4 1 38 52 30 0 DA R A NS 8 1 BRI 355 T A B

FEREIRE, VARG 8877 1 AR AR AR OG5 v T i ) F EEALIE 5 i 4 Hh ROk AR JR B

KR DR TET RO, BRIMUR, ISR, s e

PACS: 42.62.Eh, 32.30.Jc, 42.65.-k
CSTR: 32037.14.aps.73.20241231

1 5

DHTIET TR R — B R B
ENSUETROE SR/ SN A1/ RN - SN
i N o RN b = R S 50
R, HFT SR RO H B, SR AR el g o, Big
PR TT, , BETAETET  TAR
R TIN5 E AR ) L 1208 AR AR
Py e 0o gt i Al Ay L R R M FR 1Y
HETFBL APy R AT — AL i =T

uil1¥

DOI: 10.7498/aps.73.20241231

PR B OGIEIN R, 78 b A AR R gk b, R
AR B G B — LA A W A 1 R R 1
HU H o0 i ny 23, et 7 A By
M EA—— T IS B, 1s—2s/2p BR
IR ARG B i, R T WA RS AR, B
#1312 (quantum electrodynamics,
QED) #g gy - HJLAEE, RT PRz
W RIS, RESLE S X BLAEAN A A 2 D
i QED FR By AR BEA I | BT AR L AT R AR R
/A OB [ TR AR SE 5:12-16],
ADHLF IR Y 1s BUE AR, SRR EAE

* R EHRBRERS (HEES: 12121004, U21A20435, 12393823, 92265206, 12174402, 12393821). F ERIEBE R 552 R BT
e LW (B JH e LI (LS 0920000) A ERFFBERE SRR T U AR BN (HEHES: YSBR-055) % B iAYEL.

# RS DT
T W(EVEE . E-mail: hualq@wipm.ac.cn
T BIEMEE. E-mail: xjliu@wipm.ac.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

204205-1


http://doi.org/10.7498/aps.73.20241231
https://cstr.cn/32037.14.aps.73.20241231
mailto:hualq@wipm.ac.cn
mailto:hualq@wipm.ac.cn
mailto:xjliu@wipm.ac.cn
mailto:xjliu@wipm.ac.cn
http://wulixb.iphy.ac.cn
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

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 20 (2024) 204205

FHi; T 28 BB AR AR, X BB 4k TE
2 (AR T2 8 1.3 Hz, A5 7210 8.1 Hz, &
BFYR 84 Hz, #E T8 318 Hz 55), BHIL, K
B 1s—2s BRI QED 500 . mkG
) 2 A% g P AR AR 2. 2005 AR5 DU/R ) 3
22 AR F Hansch HZHI A 1718 JL 4k — B %
FT HJRT 1s—2s BRIEMUCR M &, I ih i 4t
TORS B B H AR BOR T A AR HR T
1s—2s BRI EWO I~ 2 243 nm 196+, FIH
7 LR B I TR 5 A0 1 BB A RV RT S 3 A A
ORI, Rz B R B HAL D AR, A
JR . AT B A, WGPk, AR+ A
BF BT 1s—2s BRI 20 B 75 B 2 4
120 nm 9, 61 nm [ F1 41 nm 29 56T, X B
F AR A L v 1 LI O A8 X LS IR U B
XEER R 1s—2s BRIEAHORS 25 0 54 1 57 3 %
RGP, R BEXE DL — 2D

BT, SR AN BOG A MR AR 122 Ry A 5
AR 23 TR X — R BT R T BB, i)
AN CAEURR (RIS AN ) 8RR
JiE X 0K Bl RADEA A S ik i B RS THE R 45 A
WOCIR B AR 5T 2 U 7 A et 7R, DA T S
e AT 2T ANp B B 52 A B e Ak, IR AT
B IABE 7GR AL SEREE, SO 2
SEOMBBE, N I ) B R S Y B B RS X
Al G A gh . St PR RN 28 T), IR
50 B K T 2 12 nm A AT 24 S U R ] 3|
mW B2 29 R 5En] & 0.3 MHz 247 29, E N
58 AN B AR ol 23 D i T L. TR 2R Ak B iy
R S TR B BB e )/ NS IR AN oot T alt )]
ANk, SR R OB R SR AL BT
S5 FEE 3 PR OGS B BT A R Y
kg FE D L. 32005 AT L sd o P8 5 Fh -6 8
STRAE AR P Bk ERT (<ns), 38 0] DLl
TR B R O R Ik o 14 92 B DT S B Uk 5 D' 1
IR (>100 ns) F945, HobiEH%0] & kHz
TG T R, A5 R TR YIRS E K RE
TR ARAT I 178 23 55 A B

I AR 28 A0 G Ay 48 55 A - Jre 2’ - Ji
THE R i 38 A0 O IR 4O BRI 9 4
BT U RS . Haas 25 2931 3R F1 FH#L 2841
TR R A AT 61 nm B 1s—2s BRIT, PASE
IRBR AT A AR (1) v A B N, 4 B B R AR ik

HIFF DR QED BRSSPI ARG 0. 1A B I & 2
BT 61 nm f 1s—2s BKiE, [RAE & Dreissen
S 212832 e R EL AR, HER IR 28 P 55t
k5%, [FIEF, Semczuk20 o, %48 B 1) 1s—
2s BRI JRIT T R SES A5, AHOCH B PR 3 T
YEC 2 5¢ . Chen 5 B3 [F S8 2] 1 1s—2s BRIT
BOAG 2 T e T R TAE. BRIbZ AN, RS
AT AR S G A 1 S
R B0l S BE T TAER TR, itk — b et
W2 B b L IR R R AR H OGN R 25 E T
R4 .

2 BRI BOR E MR

SEEMC SR AN B 7R R TEOGIR (MHz (L)
RS . fELLAMRAT WL B, FRATAT LB A
S AR S SO CIRIR BN AR AR, S A Lk
IR SEELBE R AR SR, BT R TAE A R
TER SR A B AR FE AR UL, iR 7 R A
B ST, AP AR R T AR s U I
3, SRS S A M B 2R R TG

SIS U A B e R K S0l U ) 0 Y 5
IRF) 101 W /em? LI 308 3% SR Ot xE DL SE
PLATUEE DGR, FEUR ) TRb R 2240, B2 R ik
$F kHz 1 20 5003 1 DK Ok SE B (B
5, PR R X A X O G R DR BRAN  ]
m, #E 1 kHz EEFCR T, 1 mJ fkopag ot
PR EA 1 W, AR K HI7ER T 100 fs,
[ AR B AELE/NT 0.1 mm? AYFE B, il
DLk B 5 YOI L R I 0GR, SR, 1 kHz &
A NTR XS N R I (BT BE A 1 kHz. TR &
U SR B A8 o i 13 | L 1 5 e Mg 7 X L 5 4 41
i, ARFAIK SO 7 A ik 2P XE LR
FE(EE L R AT Rt 4514

FFENRIGREE, BEEZATRA T PR H,
ARITZE. 55 1 Fhy 582 HIER R L0400 R GAE
LR Bl 2 ISP FE 7= A A 58 A M B 24
2022 2y RERRE T ORI AR 58, T
A LM B 3R 22 AN B AL, 5 B3 H I
AP AR L 100 MHz, Bk hE /N T
1 pd, 17T LB B R R s ok S R R
BT FL R 212287381 DLR S B UG I 1 BB DGR

55 2 By 22 Rk IR A (~kHz) [

204205-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 20 (2024)

204205

TR, AR LLAN CEDS G2 8 H A% 1 ik
P 23.2728] g Tk AR ok TR — B O6HR,
HARTHEC 28 R n#es; SRR HPOoRk B TR —
ANTORUE AT M R R A4 i R kb G ROR
PRIt 3P TSR K v 2 sk v U TR e AR 7 A
LHMCHORIATF T RAFRIAE T, FTLUH T R hL
W55 (Ramsey-type) A% Gk .

T SO R TR AN E R R R RO
T IR IR ER A M B i ST AR ARG T ik

2.1  ETREINERE BB RR T

e 28 AN B B R OGS 5 2 5 ] UL I
Eﬁﬂﬁﬁ?ﬁ%?ﬁﬁ)’ﬁ%ﬁ%f@ﬁi%%?ﬁ HR 2
AR RO T R4k, S RO S
H R I HR B 3 SRR SRR 1Y
Ak, SR RS HERRI. W&l 1(a) s, AR
BE ) CRPk SN, TEARERER FIE RN 1(b)
PR WBRAR, R Z B fo=n % fi+ fo. Hrp
S ROCIK b B RAS fy by b 60 2% i AR
n KBRS S CEREOL K op Y B A R
f B A IR E AR f), 5 1(c) FismyEfhE
YA IR, B2 AL IR AN, KB A PO
DN S R 5L NS 11 U € NS5 E A
R e FCEE S AR f, R 4% T B AR fy, DA
LAV AEL n, BVATHE 250 J5 2 B REUE 2

(a) Ad >l

2A¢ —||« 3A¢ —||«

Time
(b)
fn —nf +fo

‘ ‘ ‘ ‘ ‘ ‘ | ‘*_f
“ | |1,

Frequency

Atomic energy in frequency

()

Bl EEBRERGE T EFEHRER () EESEM
AR LA B B 19 APk o (b) AR X N AR 5 (c) SR
T

Fig. 1. A schematically view of the principle of the direct
frequency comb spectroscopy: (a) Femtosecond pulse trains
after carrier-envelop phase stabilization; (b) comb teeth in

the frequency domain; (c) atomic energy level.
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Fig. 4. A schematic view of measuring the 1s—2s transition in cold Het with extreme ultraviolet comb [,
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Fig. 7. Corrections of different effects to the 1s—2s transi-
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Fig. 8. Comparison of the experimental (blue) and calcu-
lated (magenta) results of the 1s—2s transition of H atom.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules
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Abstract

Precision spectroscopic measurements on the few-electron atomic systems have attracted much attention
because they shed light on important topics such as the “proton radius puzzle” and testing quantum
electrodynamics (QED). However, many important transitions of few-electron atomic systems are located in the
vacuum/extreme ultraviolet region. Lack of a suitable narrow linewidth light source is one of the main reasons
that hinder the further improvement of the spectral resolution.

Recently, narrow linewidth extreme ultraviolet (XUV) light sources based on high harmonic processes in
rare gases have opened up new opportunities for precision measurements of these transitions. The recently
implemented XUV comb has a shortest wavelength of about 12 nm, a maximum power of milliwatts, and a
linewidth of about 0.3 MHz, making it an ideal tool for precision measurements in the XUV band. At the same
time, the Ramsey comb in the XUV band can achieve a spectral resolution of the kHz range, and may operate
throughout the entire XUV band.

With these useful tools, direct frequency spectroscopy and Ramsey comb spectroscopy in the XUV region
are developed, and precision spectroscopic measurements of few-electron atomic systems with these methods are
becoming a hot topic in cutting-edge science. In this paper, we provide an overview of the current status and
the progress of relevant researches, both experimentally and theoretically, and discuss the opportunities for
relevant important transitions in the extreme ultraviolet band.

Keywords: few-electron systems, precision spectroscopic measurements, extreme ultraviolet comb, Ramsey

comb, quantum electrodynamics (QED)
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