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Fig. 1. The energy levels of atomic helium.
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Fig. 2. Relative uncertainty of the experimental re-
sults and theoretical predictions for the 23P; fine-

structure splittings of helium.
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back laser, DFB), i1z ot i) 51 5 0] DL 8l e
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He* M! om
— ' Z;f .
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Fig. 3. (a) Experimental scheme of the atomic helium beam; (b) optical layout; (c) beatnote

diagram of the probe lasers and the reference laser.
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BT T 99%, 1 2 SIS K.
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4 23Pg23Py WL I IS (a) 2%
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Fig. 4. Experimental procedure for 23P¢—23P5 fine-
structure splitting measurement: (a) Optical pump-

ing; (b) spectroscopy probe.
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W B MUE V)% % ECDL1 8 ECDL2, #2437l 5
238,—23Py M123S,—23P, BRI IR, kI ik
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KB, ARG U PR L T B AL 8 o A . A
Ja, o A 1R B SCERIE I O ARR fo, fa, HBA
R 20 25 16 53 22 voo B AT DASR IR I AN HH 0 A 26 11
ZE1H:

vo2 = fo — fa. (8)
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RN B 3E, L FE T LLE &, E5 A2,
RO b T« 0] s S R BE A, A R BRI
FeAH B T BB 3, X R 112 BT A
Sy B S5 P A 12820 gk A IV 37 AR N 28 R
ANBREE ) S AE A, AHER I, MBE0ERIE R
BT, K45 AR RS AR AR, AT 3G 0 R 1
B, B IE  IERT, KA1 iR ARG RS R L,
TR ST 15, 3 45 A% S EUIE O 4
%, 5IRATFE R 5 B Sl ) i 0 5 — 2.

134
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Fig. 5. Dependence of the measured frequency in-
terval on the probe laser power. The inset shows the

values extrapolated to zero-laser-power limit.
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P2 (<A R [l S 5687 A< JE Sk [l 558 7) 383 147 T 2R
AR, DURCIRES T A 45 SR AE S50 1R 2270
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T AR 37 98 T B wop Bl g S5 2R, TTIEL 6 BT,
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U, 22BN R GuiR 2 DTk B 2k B T REA I
G R DL S Wl re R TR IR R 22, BRATT Al BN mgo 1)
TR 60 Hz.

132
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= 1 ?
§ 130 1 1 1
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Fig. 6. The (a) vo2 splitting and (b) v12 splitting ob-
tained at different magnetic fields. The values are cor-

rected with the calculated second-order Zeeman shifts.
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FAVIE T B2 8k B A A8 T 2 4R 5E 2 2 T
f BT T35 28 A R B4 DU 7 A DY g 4%
B g9, AR v T 1 AE 1) 46 I 200 8 A S AE (1) 3
b MBOH R 2 S |2) LR, @ik 5 E
T EAE B AT DUENIE, 7857 A (1) 9Ok
I 1 (0) BRI RR R, SAFLE (1) — |2) — |0) Al
1) — [3) — |0) i/ MBI, BT kX5 0) &L
T JE R T 5ok B TR @ E, BE .
B NMIRAEE T HAREERMER, T 208 fi 3
PR AE T R BT RN, (HA2E IIE K York K221
Hessels #5245 t, 45050 ()0 245 FEIA B — € “&
G W, X AR AT R, B R
2 7] LLiEL Rule of the thumb (524 30) At 5
I fwij, 9)
H I'/on = 1.62 MHz A1 i 2 H AR 2L T w”jj
FHAB B RE LB RE. M (9) A HEF , BIAE X T
RE 2% [ [ it 1400 % B 2R 2k T8 118G 48 45 14 73 &2
viz(wij /27 ~ 2.3 GHz), & TR N WA T
dvqr ~ 1 kHz HI5ZM. K AR 245 2147 T kHz B
K EE GG 45 R, BV USSR 1) s e 10 2T
LA .

21 X 6VQI =

—_—
' hA
2 — 3
(23Py, m=—1) '
I + Rwag
L — \
(23Py, m=—1) || \ \
I \
| AN
1 AN
| hwr, \\
| \ \
| I'Yzal \\ \ Yoo
Va1 1 \ \
I Y30 \\
I W\
3 Na
[1) |0)
(238, m=—1)  (23S;, m=0)

K7 DUReZE T TR R
Fig. 7. The four-level model for the quantum inter-

ference effect.

A SCHR [86] 45t 07 3%, T RLS H 2T
B 7 DU RE 2 2 0 I 6 AR K O R, TR R |0) 3

= NES,AZSS5HOHEAER, FIEERAMR &
R 1), |2) Al |3) 2 A TTRk R A

2, 2 2
5 P12 — i—=p21 + Y2s1p22 +1i—-p13

2 2

Q*
2
+ Y3—-1033, (10a)

P11 =1i——

P31 + Y231 (p23 + p32)

) 25 .
P12 = 172(/)11 — pa2) — (% + 1A)p12
Y23 23

— g sy

25 {29

P22 = 7/721 - 17/)12 — Y2P22

- %(P% + p32), (10c)

Q* 5 2

_ _ 123 _it%2
2 (Pn P33) 5 P12 —1 5 P23

(723 i(A+ w23)> P13, (10d)

23 o3 {25
P23 = I*Pm - 7(/’22 + p33) — 1*P13
2 2 2

+ .
- (72 5 1 —|—1w23)p23, (10e)
Q* 023

2 P31 — 17013 — Y3P33

- %(023 + pa2). (10f)

o, Ay Ok R, Q2 N Bk Rabi Al %R
woz/(2m) = 2.291 GHz N |2) 5 |3) & 1 g 2K [H]
B, ~viy AR 2. %07 2 40 (10) #F AT B0 ME K f#,
BREMAFKEEATI)S KA EE, po =
1 — p11 — p22 — ps3, WAL UG B A poo(Q),
R A] DATS 21 23S, —2 3P BRI G HE ORI
%, W2 &1 TP RN 51 R AR Svqr .

X1 2381—23P, BRIE, A TR T FEA (10)
F T2 530 M, FEIAws = —ws,
|Qg|2 = |93\2 Fﬁu2381*23P2E}E .7'3%%%
VRN B 5l R RS drvqre = —dvqra, 5 dvqia
g, WO T 23P1—23P, 3 2R, IX T A RS
ToIEAAHLTH.

g5 G AT ST Sk A, IR A U UL &5
WEISFTR, 23P1—23P, WM& T T W IE
N +1.21(10) kHz. Xf T 23Po—23P, 73 &, T
2381 (m = 0)—23Py (m = 0) BRIE A AR AR

iT, R R T B R 23P A1 23P, I TR, FUE
*%U R R v FIBIEN +0.08(3) kHz.

P32, (10b)

P13 =

P33 =
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Fig. 8. The calculated quantum interference shift for v2

N

Laser power/pW
o o

2 4 6 8 10
TL/llS

splitting, the shaded region stands for the experimental

conditions.

225 HtFARKE

B Bk o 3 A R GRS, A LR %
T o] BEARAE B R G im 22, R H B JARR BN, A
R EATDO R 4 25 1) 43 2400 0T ek B 1) 52 35 7

1) TR xS R

BT AR W & A A8 € /£ EOM i 7
1) ECDL ¥t #8 347 e ik R0, R4 Hian ik 2
TN S EF T 40 dB, O ZE A B A
Ao MR (10 Hz), HEAWRZXH G HOLEZ
B AEAE BN AN KT B, A5 0] e X I & 45 S 3
s, IR M & OG0 2 W 2 W] — SCERIE
2381—23P, Mt PUR V) BOE TG I, &
Ja o BAUA P AL TS oGy Sl P ) T
Tor B PRI R FR 1, 72 S8 15 2230 B Y H s
RILH E AR

2) ZH0G

X BIRATH FE AR HOEI ac Stark 27, H 32 #
DR OR B T B BRI X 35 50 cm Ab Y pump $O%.
H1 T pump WOG A A LR B, 2B IA R
X 5 75 20 A B RO, I H pump BOG DI #
ANF 1 mW, B pump 0% 5 2H ac Stark 4
] LLZARE AT

3) WOt Iz

AT 75 7[R WO IR A AN AL 15 R 52,
FHE 23S (m = +1)—2°Py(m = 0) BKiL, REHK
ATE R 2 B R IR O (o) 5 R 7 3Lk, HEXN T
RAWMIEIE (1), 2351 (m = +1)—23Py(m = +1) M
2381 (m = 0)—23Py(m = 0) BRITHAERI K. %
FE B 2 B W35 N 5—20 Gauss FI1H ML T, X4k

BRITTE 61 AT DLk 58 42 X 4y (B 10 £ B 28 2k
70 I N [ A2 el O R 7 7 Q- A B i N
10 Hz.

4) VA m = +1

KEFZRERARETYIGESREm, ik 8%
AN 7] B pump 0% I B8 B (0F), F-ATT AT DL IE B
2381 (m = 1) BENVIEE. TEHIEREH,
SRR YIIE S m = 18T TR, BAT10 5
Gim = —1Mm = +1 G FME, HimZERN
38(60) Hz. KX T HAIIEDS m = £1 44K 1 R4t
e, AL AR 7 F IR 40 Hz.

2.3 SLWERSXTLEE

KT voo M KRG RZEWMR 1FTH. vy
itk 2 8 0.06 kHz, & 4% 2 K I ACT- BE N
0.11 kHz, voo #2152 4 (31908130.98 4 0.06(stat) +
0.11(syst)) kHz, X ¥5 B 4 ppb, A4 T foks
g s R (WK 2). WE9HRRER HiZ LI 4
5 Shiner i 78 41 2010 4F £ T #UR T H K #OE
W aE 1 5] 76 10 R4 (0.27 4 0.30) kHz, {H2&
55 Gabrielse #f 7 41 2005 4 1 1 W% Yig ok 1% 45 5 B
A1 4o 2 (4.20 + 0.94) kHz, 5 Hessels #f 72 41
2001 4F i e 1 7 vk b L OS2 AT AE 2,60 M %
(2.55 £ 0.96) kHz. 1ZsL5 45 R 5 2010 4 HH 1
o"m M QED 1B IEFE R 25 00 FE A A3 AR F AT, 2
4 (0.22 £ 0.13exp £ 1.7tneo) kHz.

AT Moy Rk BEAT T R 5 M
B, fE i KW P d W E N (2291177.56 +
0.08(stat)+ 0.18(syst)) kHz. 53A12015 4F {45
B ((2291177.69 + 0.36) kHz) HI#F & 7). (55—
FER A, PIIRSEER IR A SR S AR S AR AN,
XWAEIARG WA EEM T EG . R, A
B oA 3B th T UG, W F v 3, S8 IER
TR J5 1% S0 45 AR AT S A3 H 1, it
— PRI T BT RN BB

X T sEgn g R, H SR E B R R
K. Pachucki BZ AN, %45 RxF T F —Fr QED £
WHETIERE T2 EEMEFE L KiEET
AT o HHINEREE2 x 1077 K. [,
23Po—2 3Py FE A& 1 43 2L AR T &5 5250 25 2
FEE AR U, X O SR 5T A 2 T QED 2 iR
TR R R T (U0 Li, Be) A54045 3R T 7] fE.
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#1

AT 23P ; KA B voo Rl vro RZER (FAAL: kHz)

Table 1. Uncertainty budgets for the fine-structure splittings vp2 and v12 of helium (in kHz).

Source V02 Av(lo) V12 Av(lo)
Statistical 31908130.90 0.06 2291176.35 0.08
Zeeman effect 0.06 0.09
Laser power 0.06 0.06
First-order Doppler 0.03 0.03
Stray light 0.02 0.02
Laser polarization 0.03 0.08
Initial states 0.04 0.04
Quantum interference +0.08 0.03 +1.21 0.10
Total 31908130.98 0.13 2291177.56 0.19
oz = 23Py — 25P, Vg = 23P; — 23P,
I - F—————— | Theory
Pachucki-2010 &% Pachucki-2010 &%
<+ Corrected values
USTC-201789 @ * UnconreetedValies fof (157201786 | Laser
= USTC-2015)| Laser
N. Texas- 201051 F——=— | N. Texas-2000 128]| Laser
Harvard-2005 *!) = Harvard-2005 01 | SAS
—e =
York-200112% = York-200052 | MS
| " | " | " | | | " | " |
126 128 130 132 174 176 178 180

v02-31908000/kHz

112-2291000/kHz

9 SURT 23P; WAL SRR TN 5 S g A5 R LN (SAS, MO E; MS, fisoti)

Fig. 9.

fine-structure splittings of helium.

3 4B F238 2P KT ENE

3.1 SLWHE

AR T 2352 3P BRIE A0 2 il £ (1) S5 6 B
W 10 Frw, 5 23P ;) 68 G0k 41 25 1 o 24 5 56 B
K B S5 38 AR, 3 X RILE T 65 S
()51 N BL S ER I ' 6 1 ek, (£ 23S—23P BRIT
AR, FRATT BT SR )% 2 48 e gk R AE
2351 (m=0)—23Pq (m = 0) BKiE (K 11 (a)), ZEK

Comparisons of the experimental values and theoretical predictions for the 23P

I U Ak R T LUK SR T 38 A1 3 AT T AE 2381 (m
+1) feg b PL23S,—23P BRI NI, 4
25 fm PR 6 AT BRI B, LA SR m = —1
m = +1BRIE (B 11 (b)), XERE PR 5 2
m = £1ANERIT OGS, W 12 B,

I E m = 1 BERRE IR B, FoATTAT LA
133 — P 2E 2 A0A%, AT S 1k 37 B (RN, H
Fm = £1 B F34E, W] DR — B 2E 2 208K,
P I B B I B 22 AR T VE, AT LA E
T RO AR
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fcro
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Optical
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x|x |

Stern-Gerlach
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R ———<r
He" beam — — — — — XX I E sl F
f f BY i1 Slit 2
mod in
Collimation Deflection sIinioiin
feedback

K10 235—23P BRITHARN 2 it BoR s

Fig. 10. Experimental setup for measurement of the 23S-23P transition frequency.

(a) 2P (b) — 29P, 3.2 ARFRED

// \\ \\ // e EJRATAT LS A ORI NS 7 1A, 8
/ \ \/ BOCPER S IR 7 A B3 5 LUE B — B 2 58
298, ¥ ~_ - 235, RN, ABAE SEBR A O h X AR HME L I, R 9 A1 T8
et e W ARAIE O 5 J5T 0 9 A REMORS B 2076 90°. LA
F11 23S—23P BRIEMMRNESLI T (a) S5 B v = 1000 m/s (5B T g 18t B e A
iE; (b) iR o L o
Fig. 11. Experimental procedure the 23S-23P tran- E 00 = 1 mrad E@{)ﬂiﬁ%éé, /th{fj\[ﬁﬁ.ﬁqj‘Uiﬁ%ﬁéE
sition frequency measurement: (a) Optical pumping; 1%*2
(b) spectroscopy probe. Sf = sin(éQ)% ~ 1 MHz. (11)
g 8 ECACH 72 R <ok lml Bt 772X, ik
3 o WALRETT I AH S O 5 IR A AR, T 00
2 PR by = —ko, BT DUIRVH F— B 2 5 ) 4ike
£ Af =5f1+0f = sin(60)§ - sin(é@)% —0. (12)
i {ELR A AT BRATE WO 5 56 80 “ L, B
D (RUEFT MR 2 10 U B, e A A, 7T
3 002 T SERe '"' — DA B, R0 S5 5 NS O6 Z TR A7AE e II0RE 1
B S TR %, K 8RR 2 AR
Relative frequency/MHz
Afres, DOP — 6fl + 6f2
12 23S—23P BRFHMIEIL _ in(50 v (50 G 13
Fig. 12. Spectrum from a single scan. N Sln( + E)a B Sln( )ﬁ - ﬁg. ( )
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M(13) AR A HEF R RO 2 8 7 1R
e = 10 pyrad MIAHERE, W& OB Z 2 H
3kHz 2 Z. IR AR 28 8 iR 2 £ 2T
BOGZ [RIAEEE, EARZ R Z 1 HI1E 1 kHz LA
T, & ELRIIE e i KA 3 urad.

ik, FRATTR FH PR AAS [8] 1 77 1 DL SE B O 1)
mEEEES. MR IRE (cat’s eye), B
P R AT D22 L SCHR [30,43), 1% 07 K2 Re de it
1—3 prad PHERL L. “HHRVE” MO0 7E T B 145
GAR DN o RV E IS S 7S =Y P R |
FTFIACA L T B AR R R R b — > ) B
BOGR S HEE MRS, 2 NNEZRFIEK, Bl
HATSER T HA R 5 A

BRAAE 2017 4 4 H A <R HR 2 AT 8 48
23 d DGR, A5 R 13 23R, N
T DL S R R R 5 NN i 2, 7
TR R B SEE 21, 2 F 38 R IRVE” G BR 4 i,
FRE B, RAelE. MEI13 T LE B, AR
VA7 B AE S50 1R 22 T Rl AN AR A B I i 5

715

Active fiber-based

}” h}f}ﬁ{ﬁ} {} : ﬁ# Wfﬂﬂ%

690

April 2017
13 i A R A« Bl IR HEAT O DU
B R

Fig. 13. Comparisons of independent measurements

July 2017

of the transition frequency using two different ap-

proaches.

(B IE A0 i AT U, R HRVE” o e AT REAFAE R
Gifi 2, DR G A 46 SOk [20] 32 H vk, R T —
B F B O A R B 2 2 B RO (i
K10 o). FLREAC S B8 O 00 <3 il i 3R 7 05 ik,
X S B AR AT Bl S AR R, AR O IR
PR (B B b, e 2 SR R B U R
IFE T A A < E3h Bk #5471 11 d B8
KA. WX L4 Ao AT 30 B, Msik
B “ LB IAFHE” 145 R AT <A IRV 1 45 R A

R (LB 13). PR IR0 (0 25 1.1(2.1) kHz,
FEIRZEV0 L2 P IR R B S5 2.

N T VERFRAR B 2 N 5 R 1 R SR
72, JATE eI 23S 23P BRIT (10— B 2 W 82K
7 ] B R DX ek 23S 7 ST 1 2 ) Sl P 4 AT
EERYN DAL EX IR TN =p LR i
ELF A 2R S K NI AR 00 TR W 25 20 3°. Rk
JEFH N v = 1000 m/s, H—Fr 2 5% N

Af = sindf - % ~ 48.3 MHz, (14)

AR KT H AR TE (1.6 MHz), UH 3° 241
NS A2 RA 23 18 R 53 A

A TRATIN R A5 2 23S, 2557 9 ) 34 5 A
14 bRy B RN, ST R
700 m/s, 3 A, Voigt A I i/ 4 9 4
9150 m/s. R R ZE FERE T 10% KA
JEMEARZE, R Z B PO E N £70 m/s.

1.0

® Umean = 700 m/s
081 o ean = 570 m/s
® Uiean = 830 m/s

0.6

Intensity /arb. units

0.4

0.2

1.0

S e

—_1.0kt 1 | | | | | | E
300 400 500 600 700 800 900 1000 1100

Velocity /m-s—!
Bl1a BB o AN R e £ B T S 7 A 20 1l T 5
vy AR R AEAR RS AT TG L A AR
Fig. 14. Top, the longitudinal velocity distributions

|
o
)

Freq. deviation/kHz

under different conditions; bottom, the frequency cen-

ters measured under each condition.

X5 RO A P ERUE R, BT RO
(10 FE LA R B (] e, (645 2 52 21 (19 3% 7B K
K, AT AR H e 2 Vi TR i ko P R A R
EH - RSO (1A B AR P T4, 52 380 1 i 2 16
BN, LB BesE. RA R EEE IR
ARl Ak A, X 1 T BRI X 3 A R T )

i 8 S Bl 4 X6F TR 1 2 17 38 P 1 3 R 4 L 19
T AN AAE T BT AT w6 1 A R, AR Ak
Beag LA E S, A AT RE SRR DX I
) A0 A . S5 R 14 235 B, 7] LUl
WA 570 m /s B % 51 830 m /s 3 43 A 1 JL 1.
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FHRARAN A2 SR B85, RN 700 my/s Ak A %t
T AR R RAS, T 570 m/s #1830 m/s 4k,
JR TR RAH 342 %, (BIXXN T RS
R R UL AT DU 2 . RATE = FOIRE T
HATERRAE, 43 & T 1000 4H, 3500 4141 3500
4 23S,—23P JauE, B FTE A 2 [A) ) A0 A3
KA. Fe& s RANE 14 F R34 R, Kt
SIS AH B2 8] 5 K 22 AR 0.36 kHz, %558
FIE AL A 1/3, RIS R R — 23
BN AR ZE ) EFR N 1.1 kHz, %R T2 3 urad ()
REARE. X5 3CHR [30, 43) H 48 H A IR 9228 2
(1—3 prad) FISCHR [20]) HF 45 H 38 30 I 7 VL IR A
fE (2—4 prad) MHFFA.

322 ZMZEHBE

B 7 —Bh 28 BN LA, BT AR 18 RN &
B P 2 B #I38 (second-order Doppler, SOD)
PMEIEH 7 2% 18

2
o (1)

H i F o = 700(70) m/s, N IE K I HiR %
KR BRATIR A A M 2 E 88N 1B IEN
+0.70(15) kHz.
323 MELAF LA

2382 3P BRIEAR F i LA JLER 4 4l

Afcorrection,SOD =+

f: NXfrep+fCEO+fbeat+fEOM+fprobea (16)

Horh, frep M fomo 70 A D6 SRR 1) B 52590 25 A i
B, Z7E 198 MHz 152 MHz [fiT; N R
52T R T (N ~ 107, NIEEEE), 7T
DL IS 30 MHz ¥ B I THRE AL H foeas NS
FWOLE R AR E, 21560 MHz; feom N
H4F EOM B G4 2, 21816 GHz; forobe AR
MBEOEAR AL B e I HSIR ) 2 FRATT 55k itk
AR AR s, B 2978 800 MHz.

tH T ULE &K 4F T 3.6 kHz/h (< 1 Hz/s),
FATKOGTE (R SR AR I [B] AN I 80 s, RO K
EREW R Z T LA A TE. SRS AR KRR
& BRI E S8, AT IR 5%
& GPS K il dngh (SRS, FS725), Hibfafeik 5
2 x 10712@100 s. HHIRAIG HAZR S % 1R % b
B4 550 Hz.

324 EIZHRE

MG 1) oy R AF 2, 23S—23P 4
OGS O 102 23S, —23P Bk
i, XAz 7 AT DU R 1 4ol flis Je w2
EJMuAR JEAE 23S, (m = +£1) & b 4O HRE
M5 238, (m = —1)—23P; (m = —1) M
238 (m = +1)—23P; (m = +1) BKIT 4R, 7T LA
(7 Ff 45 3] P A BRIE R AR

fm=—1=f1 — Afzs, 1+ Afzs,
fr=41 = f1 +Afzs, 1+ Afzs 1,

LH, f1o9238—23P BRIEIR, A fzs 1 H—H %
iR, Afzsn N B ZEZ5E. 7T LA H, M
WERTFIME, fo = (fm=—1 + fin=t1)/2, —BT%E
AR W] AR BLARYE, i € 240085 0 mT DUIE S 5
B S TR TR IR,

AJ('correc‘cion,ZS7H = _CZS,H : BQ- (18)

DAL b H T 2 2 20087 A O 1 1R 22 AN B U T LA
JRIRSE (1 mA) LLEFEIRE (< 0.3 mG) Xf ZFhr %2
SRR, B AR 283 10 Hz.

325 kAR

152 BN 3.2.2 1 R AT LU H, SEie ok
AL G SR AN BRIT I 2 0, o —k A
TR I W5 R AR, AR E T
FOCALE . v B E TR IR 8] <ok e s
S HEOeAh T LT E BN S I EAE R, R
PN BRI U PR B AH — B, DB ULE i Hh O AR N
N E AT B I, (HSERRE L A2 PR T3
B ER, WES BRIT U R B AR AE K2 5%
fR i 22 TG IR N5 A B2 66 I A~ fig TR T AR AIEAE
0°, KA W] HE T B0H T 2 10 o AL BUR A w2
T fe 4 45 RGN — TR Gl 22, R I3 0
THIBEAME FE L L B R G0 iR 7 U A

NI FEAZASKI FR AT R B0, FATT AN A
06 FIE 2 Al 22 0.A 1E A8 B REAT BEAL, NS A Y ]
B0 prad £ 30 prad, W& Z2H 0% £ 20%. L)
S O3 B X AR S8 P RE DR IEAE NS AR 66 il 7E
+30 prad PP (O REF PIAMIE +20 kHz 1917 58), 6
b AT 1) B R 22 AN Sl 0.3 kHz, B AT
AR SIEK.

(17)

o

W SH M

NG

iz
i

164203-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 16 (2018) 164203

326 T THAR

WATEEE 2 873 2°P 5 KA S5 4 70 R rh 2
2R T - i w2 VAR E Ry S o K2 )
T 23S—23P BRIT, TR AR RN B SRR AT )
AU IR

{875 — % ) /&, 1F Florence K % ) 5 4
H [3067] SR B 16 R 0 7 4% R AN R L 1 7 ke
PRI (saturated-fluorescence detection), H T JiE ¥
IS T EUN 2 8 5L F 90 MHz, KOG
WL FE LA 10 MHz. HRAEEI AT (9), AHESH

10 MHz”
A= 55 am
BRI 2 07 v AT RE I NI T T 3 RN 0% 04
FIH A kHz, [, WL TOUE S ENRNE S
FR) 7332568 T B0 I AR 7 1) FERIU 5 1) 2 A) 7 L H
SRR (59901 o 5 2O R M T
BRI SEEG S8, i AR A BB, TR AR HE A8 Ak 2
BIE.

XFEATHISELS, i T E 6 4 % AE 2 MHz
B, MW bR RN B TR N AR 1 —
2 kHz, /TG T7v%. 53 AhRATIR I 1
Fe R T N A A FEEL, 1207120 TR0 I kR 1
BIFEABUR. X HIRATIE EHE TR, HiEES W
2381—23Pg 1 o BRIL BT TR B IE 45 R

Afar s, = +0.08(3) kHz,

Afqr s, = +0.60(10) kHz,

Afqrf, = —0.60(10) kHz.
3.2.7 & WA

WAL G T B P# sm, iX F 8k H T
JE - 2 18] B RIE 388 255 . N AN 2 T Ok B 1
RERE N B8, 231 g 2e O R, T AR
BT B SR EE R A 1074, FEERMA®
B R FAEN 239, A 23P ; BT 5Tk
SCHR [92) K Bt vH B 7 A AR FE R (200400 K)
2381—23P ; WL % ) J& 55 R ALK R 1k &
K, FEAESLG A RIRAE P R R IRA T B R 1%
RECHAT R 1558 PEA .

MCHR [92] Hray LA 31 = 35 (300 K) 1) 7945
¥ ZBN —1.90 MHz/Torr, Bl —14 kHz/Pa. fEA
S A R X 5k R SR AE 1070 Pa iR,
AR R S 34588 9 —0.14 Hz, 784 R0 SR T
AT LA ZNEANTT

~ 40 kHz,

(19)

3.2.8 Recoil 2 &

X T O T AT, B R TR — AT, =
RGNS SRR E SR, A FEUR TIRZ
FE T IR RIS . 1% Recoil BN IS I A

h
correction,recoil = — w3 g ~ —44. Hz.
A feorrection,recoil S 42.2 kHz. (20)

BIEMREZFERBEKAMRENRE, BT
W5 2 B R R 2 31 10710, K] 1 Recoil % B A&
BB iR 2] LA AN

3.3 SLIERMLES IR

A FEREMASGRZE, NS H23S,—
23Py (f1) BRIEAN R [ SR 2, IR 2, &M
RGN 1.4 kHz, FIXPAERES.1 x 10712, M HT
I ) SE R 2 AR S A — 1%

F2  238,—23P; WEMIRIRER (P71 kHz)

Table 2. Uncertainty budgets for the 2 338,-23P; tran-

sition frequency (in kHz).

Source Corrections Af(lo)
Statistics 0.45
First-order Doppler 1.1
Second-order Doppler 4+0.70 0.15
Frequency calibration 0.55
Line profile 0.30
Quantum interference 40.60 0.10
Laser power 0.10
Zeeman effect 0.01
Recoil shift —42.20 —

Total 276 734 477 703.8 1.4

ShA fy FEROHT I A2 16 2 3P K AN 45 0 oy B 4

R (voz, v12), WIARE fo F fo BRI INH:

fo = 276764094657.2(1.4) kHz,

fo = 276732186526.2(1.4) kHz.
Btk 2 Ab, FRATT A SR ALL Y S 58 T v 5 238, —
23P o WOE AR AT BB, BAVDHIRE T
1800 F1 2300 5Kt 1%, 43 B B 48 1= 22 43 71 8 0.90

F10.85 kHz:

fb = 2767640946579 + 0.90(stat) +

(21)

(syst)
(syst).

(2
AL LEXT I PR TR TS B4 R, I %
A 40.7(2.1) kHz Al +1.1(2.1) kHz, iH{EiR
Y0 Bl A P A 7 VAN AAE T i A 22

1.3 :
£} = 2767321865273 £ 0.85(stat) & 1.3

[\
~

R 3
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F 3N He FT239,—2%Pg 1 o BRIT HISLL0 45
SRR, iR fo o8 T EE:
j— 227 +1)- f;
X274+

= 276736495600.0 kHz. (23)

MF 3 W LAE th, FRATT R 5250 45 SR AH b ]
Florence K2R 45 R, 23S—23P BRIE ) O AR
fe IMZEiLF] —49.5 kHz (200), HH1 238, —23P, Bk
TR 2L $] —94.3 kHz (2.90).

NT FHREZMmEAAAER T RESL A, e T
A0S R F A, WL LA £, LR £,

AR 2] 23P ) KA L5 # 0 2L. FRATTHE R B AR S 56 24
PR BI PR TR ER v, (0 < 5 =0,1,2),
A H Florence K 77 #0405 P 15 21 (1) 45 Rk 47 1%t
b, 2531503k 4. AHEF H, 7E Florence K21 45
R KL R vo) FFAE R AR I, (HaEX T
K 23Py BE I 43 FE voo Ml o, YIAFAE 45 kHz(30)
KA W 22, FTRE A2 T 23S, —2 3P, BRI A9 &
K BEHE 0BG (15 kHz) BTk, X il e 22—
2P BRIESAR AR rh, AT REAFAE — > 50 kHz i Aq
AR TS, %S IR A P RE Sk B T —BUREH
FEHI RS W2

#3  4He 23S1—23Pg, 1,0 BRIEMMFR LI LE T L (Hh: kHz)
Table 3. Comparison for the experimental values of the 23S1-23Pg 1 o transition frequency in “He (in kHz).

fo fi f2
USTC 2017 [59] 276764094657.2(1.4) 276734477703.8(1.4) 276732186526.2(1.4)
Florence [30:67] 276764094707.3(2.1) 276734477752.5(2.0) 276732186620.5(15.0)
fe

USTC 2017 [59]

Florence( 34 {2 IEAH)

276736495600.0(1.4)

276736495649.5(2.1)

F4 WEMRFEIRIN G AR 23P 5 KM /245 BN L (PA7: kHz)

Table 4. Comparison for the 23P ; fine-structure splittings obtained from different experiments (in kHz).

vo2 V12 Vo1
Fine-structure Exp. [30] 31908130.98(13) 2291177.56(19) 29616953.42(23)
USTC 2017 [59)] 31908130.6(2.3) 2291176.5(2.1) 20616954.1(2.1)
Difference —0.38(2.3) —1.06(2.1) +0.68(2.1)
Florence [30:67] 31908086.8(15.1) 2291132.0(15.1) 29626954.8(2.9)
Difference +44.18(15.1) +45.56(15.1) —1.38(2.9)

#5  3He, *He FINLZIIR 5% AT L4275 2 62 (RARERI AL kHz)
Table 5. Determination of the difference of squared nuclear charge radius between 3He and

4He, 6r? (units are kHz if not stated otherwise).

E(3He, 23S — 23P) (centroid) 276702827204.8(2.4) Florence 2012 [34]
—E(*He, 23S — 23P) (centroid) —276736495600.0(1.4) USTC 2017 [59]
—8Eiso (point nucleus) 33667149.3(0.9) Theory [29:58]

O —1 245.9(2.9)

C (2°S — 2°P) —1212.2(1) kHz/fm? Theory [25:60)

or2 1.028(2) fm?
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I FRATT 25600 5 (1) A He 23S—2 3P BRIEH O
B f.(*He), 454 H Cancio Pastor %l & 1] 3He
LR f.(PHe), PLK Pachucki %28 g it 55 (1 [
LS S Eigo (point nucleus), A LA1F 2 3He, *He
BIA% HELAnf A2 F 5 22 o2, [FIAL R AFE S Eigo (exp)
= E(3He, centroid)—FE(*He, centroid) Al s H{af il
U FIEERAE 6 Eigo (theo, point nucleus), P 2 2
AR H T RNV BTk (230 5). Her,
FEC T OB BUE TS AR 1 00 C(238—
23P) = 1212.2(1) kHz. [ bR FH A 5256 0 5 1)
“He BRIT w0 AW AE, R LAAS B8 1) 4% H AT 42 °F

[ 2]
From 23S—2°P IS
USTC, 20175 roq From2°S—2°PIS
Florence, 2012 34

From 23S—2'S 1S
VU, 2011140 re1 From23S—2°P IS

N.Texas, 1995 (¢!

—
From electron scattering [02:63]

From nuclear theory [64.65]

1.00 1.05 1.10 1.15
or? [*He-*He]/fm?
Bl 15 B RS ANARIF R SHe, He X HfF
1P 7 ZE S RS b

Fig. 15. Comparison of the difference of squared nu-

clear charge radius between 3He and *He using differ-

ent transitions.

M5 AR 15 ] LUE 21, JATTSEI B 21 /Y
R T 235—2°P FALRMBH or?, HFFEHE T %
BKIE (Cancio Pastor [*0:34671 I Shiner [90]) )45 5,
i 25 53 B ] —0.041(4) fm? 1 —0.033(4) fm?2, B
I3 WAFAE 100 F1 80 (W22, {HZ, FRATTSETR 145 3
5 3F 233 2'SELIE (van Rooij M) [ 45 R A1 7F
GRAEE I, M2 0.001(11) fm?. (HFFEE A
(R, A S5 [F) A7 32 A0S v 5 b BT F 1K) 3 He Ho0
MK B T Florence K245 5 B TSk 45
ke, A H ATERATI AN BE T 2 I AR He,*He
2 BT AR 7 Z 1 [ 8 O A3 B ok, AR
HAEAR R TAE A 3He BRATE O AR BE AT 3R 14

Ih=

4 RESRZ

A SCIE T FRATTRIE 5T AL A SR AE AR T A
FOLE T W AR, E A He [T 2°P s BE

TGN 25 K 4r 4 A 2 23S—23P BRIEA K. Hor,
23P—2 3Py /RN E 2 130 Hz PO 254 i
FEHA ) QED TH5 05951 WK S 40 45 44 H 5 o I
% (2exp) (2T¢heo) PPb. ZRTF =M QEDEIE (a™m
BY), B TGRS T vk A 25 8 4 R E o H
¥ BEIAE 1078 ZK°F, A b CODATA HE#245 (IR 15
(2.3 x 10715 — g ZE 1, X R R 7] e 7 22
X % (R E AR R (W Lit, Bet) K4 45 4 32E 4730
&=, UHEsh &M QED BS IR . B — 7, JAl
¥ 23S—23P BRIT AN M € 22 1.4 kHz (AH XA B2
5.1 x 10712), g5 &M T, ZBEMIAN
EHEE TN E R TAZE. TR 23S Gegxt
JRF R RN U, HF BB FATA N =
HA2385—23P BKITH) o"m B QED 1B 1EH BAEIT
B SE R P20 AR O e G K B e T R FE 4T
T 10 kHz, A R S5 T 1% Hfar A0 E 2 1073,

P RS B 5608 7 1 € TR 7 A% 45 0 A
OE7/BL =S QU BNl 57 S a NI s R AN N K S R
P E (A% AT AR, B AR “ 2P AR 2 ik 42
BEFS B, AHOC AR CrE B br & F A BA e T,
HJF T 2S—nL KL 1S—3S XU TR 25— 2P
22 U fir #5129 Het B 7 1S—28 Bk i 99961 )
T Al 52 1 S 56 40 B ) p-Het 58 2S—2P 22 i fif
B 1081, B/ SR 74, 87 30 7 1) QED B iR 15
KR ES B3R m, WHS, HDY, DI P LK
Hoy 81 BONBR 724200 5240 78 i 4z 990,

SRR e [ R 27 R R 2 5 IE R SR AN 7 2R R 1 18
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SPECIAL TOPIC — Physics in precise measurements

Precision spectroscopy on the 23S-2 3P transition of
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Abstract

Precision measurement in few-electron atomic systems played an important role in testing fundamental physics and
determination of the fundamental physical constants throughout the past few decades. Atomic helium, as the simplest
multi-electron system, its energy levels can be calculated with a very high precision by means of ab-initio calculations,
and can be accurately determined using precision spectroscopy. Test of quantum theories can be achieved by comparing
theoretical predictions with experimental results. In case of any disagreement, it might imply that there are some
undiscovered systematic effects, or might signal physics beyond the standard model. Particularly, the 23P s energy level
in atomic helium is considered as one of the best atomic systems for determining the fine-structure constant «. High
precision helium spectroscopy can also be used for setting constraints on exotic spin-dependent interactions, and may
provide an accurate determination of the helium nuclear charge radius. Comparison of results from electronic and muonic
helium may provide a sensitive test of universality in electromagnetic interactions of leptons, and may help solve the so-
called “proton size puzzle”. In this paper, we summarize our recent progress on precision spectroscopy of atomic helium.
By using transverse cooling and deflection, we are able to prepare a low-noise bright source of atoms in the metastable
state 23S;. The initial state preparation is completed by optical pumping, followed by laser spectroscopy in the 23S-23P
transition. The 23Py—23P, and 2°P1-2 2P fine-structure intervals are determined to be (31908130.98 + 0.13) kHz and
(2291177.56 £+ 0.19) kHz, respectively. Compared with calculations including terms up to a"m, the deviation for the
a-sensitive interval 23Py—23P5 is only 0.22 kHz, which paths way for further improvement of theoretical predictions
and independent determination of o with a 2-ppb precision. The 23S-23P transition frequency is determined with an
accuracy of 1.4 kHz by utilizing comb-linked spectroscopy and first-order Doppler cancellation technique. Our result is
not only more accurate but also differs by as much as 50 kHz (20 o) from the previously reported result. This discrepancy
remains unsolved and indicates the need for further independent measurements. In combination with ongoing theoretical
calculations, this new result may provide the most accurate determination of helium nuclear charge radius. Prospects

for future improvements in relevant precision measurements, including simple molecules, are also discussed.
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