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> Postseletion effect & 23S-23P transition frequency of 4He

» Magneto-Optical Deflection method for 3He measurement



Background

Helium @ &

e Transition frequency — 812 = r# — 1,2

« FS of 23P — Fine-structure constant
* High-n Rydberg — Ionization energy

* Tune-out wavelength

‘He 2150 | Pachuc.ki (2017) | }@ Lichten (1991)
' ' e Sansonetti (1992)
| ® ' @ Bergeson (1998)
I Drake (2008) | # Clausen (2021) 1s2s
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Background |I-".QF
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Hellum |SOtOpe Shlft ]H I+ échull;llalnnl("Hc.IZUZS)II-I*i:I ! l !
) ] (“'_ e) & Krauth (*He, 2021) E
* More precise than one nuclide : i
23S _ 218 ] : Steinebach (prel. 2026)
» N & Pachucki (2026)
Het— He™ — = ; ‘i A & Muli (2025)
5Ef5 = A‘Eisol.3 - AEisofor' = C(ST ' m g@\ (21 (2“25)
Ei(‘He) — B1(*He)  point-charge Rengelink (*He, 2018) | Werf (*He, 2025)
leus & Rooij(*He, 2011)  + & & Rengelink (‘He, 2018)
E(*He) E1(3He) e 106 i
6r? = r2(3He*t) — r2(*He?™) ] i
P e S ——A——Rooij (2011) ° ;
;S y AEg(PHe) TA EZP -
92 381 (Cen.)—"““' A theor. 23S _ 23P |
% .................................................................................. I (poiht;ch_al-ge 7) i':l'lH 2017) i
4 T heng e, ,
238, —.. 1. A B CHe) ) nucleus) & Cancio Pastor (*He, 2012) | F&{ Cancio Pastor (2012)
Shiner (1995) o4
Phys. Rev. Lett. 134, 223001(2025) | I | Tonization Energy (2025)
. : v— 121S-3'D (2020)
* p-He* and 23S-2!S almost in agreement | Elastic Electron Scattering (2015)
o L ! : ! . | ! : | : L
* Need more transition to confirm 1.00 1.02 1.04 1.06 1.08 1.10 1.12

or’[ry, - 2] (fm?)



Former Experiment

TG
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Spectroscopy experiment in a helium beam

* Transverse Cooling and active deflection

* Single state detection by OP and SGM

1.6 kHz precision for 23S-23P in 2017, but deviated nearly
50 kHz from saturation fluorescence result.

* Mainly originated from first-order Doppler

Magnetic shield

Spectroscopy
Optical pumping

RF Discharge Deflection
Collimation

Source Corrections Af(lo)
Statistics 0.45
First-order Doppler
Second-order Doppler +0.70 0.15
Frequency calibration 0.55
Quantum interference +0.60 0.10
Laser power 0.10
Zeeman cffect 0.01
Recoil shift —42.48

Line profile 0.30
Light-force-induced shift +0.50 0.80
Total 276 734 477)704.0 1.6
Cancio Pastor et al. 276 734 477)752.5 2.1

Phys. Rev. Lett. 119, 263002 (2017)
Phys. Rev. A 99, 032506 (2019)
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Former Experiment |I-".QF

Reduce influence of Doppler effect

: kv 3
* Doppler shift Av = >
27‘[ a
¢ !
v ~
* Residual Doppler shift 6vp = vy— - Y
* Reduce longitudinal velocity using Zeeman slower from 700 m/s [ Velocity (m/s)
100 200 300 400
0.8 - T T T T T T T T
to 50 ~ 450 m/s
—e—v= 65m/s
. . —O— v =108 m/s
» Evaluate error by velocity extrapolation o6r Ay = 180 mis
% —*—v =240 m/s
= —u—v =310 m/s
\ Deflection Stern-Gerlach E 04 + —C—v =380 m/s
Slit 1 Magnet ) —e—v=433m/s
T Slower l Mcp <
o—r"*'_' s00e00OTVe ood r‘ 0.2 -
e ad "
__"“Nr" ‘ Slit 3 | i A
2D-MOT Pump it N
2D-MOT Probe 650 700 750 800 850 900 950

Relative frequency (MHz)
Phys. Rev. A 101, 053824 (2020)



Former Experiment

Doppler-free spectroscopy in traveling-wave fields

* Standing-wave: envelope of both sides

» perpendicular to atomic beam

» balanced power on both sides

PMF

Aspheric lens

Probe BS AOM @
—’X .................... .

Fiber head W41
MFD7.7um 2

Collimator
I— PI

Detector _

[— PI
PBS Collimator

Fiber head

T Detector

Aspheric lens

Detector ‘

MFD7. 7um “ ”
T

PLL

PI

' Probe 1

Chopper 1

Waist |

Chopper 2

lrobe 2
H PZT-H

PI

Amplitude [a.u.]

Detuning, A/T

* Traveling-wave: fit on each side and average

» switch choppers to detect on each side

» keep overlapping with feedback loops



Former Experiment |I-".QF

Doppler-free spectroscopy in traveling-wave fields

Expand laser incident range

Lower power dependence and insensitive to speed

¢ = 7.8 + 6.9 prad, comparable to standing-wave methods

Influence of Doppler effect < 1 kHz

600 —_— 1 ' 1 v v T v T v 1
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. L < 1k .
g 0 -% 30t 1 & == E %} } %
[ — 3 * st el %
R (@] * -
= 200 g L S S ~~eep 9
% 400 5 007 Ll 1 ¢ E % ‘;'F -----
[ 3 *ie - ? """"
_ 5 >
_ 600 5 o s ., 1 £t .
o —
E a ¥ * = 4 Probe Both, Expt. Q“é r E § % 1
2 30 T-120F o * @ Probe Ave, Expt. ] 5L |
= 20 [ a . A Probe Both, Modeled
E ol 2 150 Standmg'ane v Probe Ave, Modeled
- B N N 1 N 1 L 1 L
E 100 200 300 400 0 100 200 300 400
: : Velocity (m/s
Doppler Shift (kHz) Velocity (m/s) ty (m/s) 8

Phys. Rev. A 109, 042811 (2023) (Editors’ Suggestion)



\

Postselection effect & 23S-23P frequency of “He II.'A.QF

Postselection effect

* By changing the position of the slit, the scanning frequency and recording the

number of atoms, a series of spectrum can be obtained i

Slit 3
—
y Stern Gerlach Magnet \ .
% p : \ . S
" Probe 2 \ s
o . \
Slit 2 \ ’: o ’. \ .
Slit 1 B ‘ ...._..- e -
® * S Detector
]
°
A °
°
° e
S 9,
Probe 1 / % \ 238,
IM;}  |-1) 0)  |+1)



Postselection effect & 23S-23P frequency of 4He [ Aal:

Postselection effect  SameFreq
* Measure at every pos. and average data with the same frequency 4 1 (NLHN2+N3+N4)/4
 Aslitin front of the detector or not causes 50 kHz deviation. ~ |- s Freq
T @ With Slit ]
) N1
— 2 F _ > Freq.
= _
E/ I g : Ave. . N2
= l Lo _
"% 0F - > Freq.
3 —
=¥ No Slit ]
- & |
| %ﬁL |
40 50 60 70

Relative Frequency (kHz) 10



Postselection effect & 23S-23P frequency of “He

Postselection effect
e Simple model: Only atoms with an initial velocity v; = —vp HLL can pass through the slit.

* Both sides are redshifted, and postselection shift cannot be eliminated

4 L
4 L
lProbe2 nlivk 2o
___________________ 1% v
e & Vi + Vgp = Vf
‘‘ O kv R L
V; 1 Vf = AV__n _mcz1€+ch
Probe 1



Postselection effect & 23S-23P frequency of “He II'@F

Postselection effect

* Theoretical explanation of postselection and simulations with Monte-Carlo wave function method

* Correction of previous results by +55(2) kHz

q | | N |
| I-

002
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PS Theo.| |
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Phys. Rev. A 112, 052814 (2025)
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Postselection effect & 23S-23P frequency of “He

23S-23P transition frequency of “He

* To avoid postselection: slits are aligned before the probe laser

* Measure under different velocities, incident angles, and powers

* Reach sub-kHz precision for the first time

s j Source Corrections Af(lo)
] Statistics 0.22
<714 F - |
E } E { ] First-order Doppler 0.82
> s o~ i}i } E Second-order Doppler 0.01
= - ~-L .
% -~ ,,% E ] Frequency calibration 0.06
3 J
= 712 b E I . _: Quantum interference +0.06 0.02
g B Model Constant
= y0 712.44537 + 0.06566 . Laser power 020
< Reduced Chi-Sqr 11.29207 g
o R-Square (COD) 2.54396E-10 § .
e 711 | Equation oAb E { - Zeeman effect 0.01
A 713.33062 +0.2442 N
L Redncad chisar | oSt - Recoil shift —42.48 0.01
- R-Square (COD) 0.0784 .
ne T Total 276 764 094 712.45  0.86
0 100 200 300 400
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Postselection effect & 23S-23P frequency of “He

23S-23P transition frequency of “He
* Consistent with saturation fluorescence and theory
 Isotope shift: 2.6 with u-He *

W Theo.
® Expt. This work #
Pachucki et al. (2021)
| = |
I I
Zheng et al. (2017) @} 0

Zheng + Correction

Cancio Pastor et al. (2006) H

| |
| ® |
Shiner et al. (1994)

0.55 0,60 0,65
Centroid Freq. - 276, 736, 495 (MHz)

0.50 0.70

(u—lHe)I+

& Krauth (“He, 2021) D |

T " I g =\ Tk
Schuhmann (®*He, 2025)-0

d
1

2°S-2'S q
E
Rengelink (‘He, 2018) |
& Rooij(*He, 2011)
— A

F——=&A——Rooij (2011) !

M

e ———————————e—g——" ).
TSR

Steinebach (prel. 2026)

Werf (*He, 2025)
& Rengelink (*He, 2018)

23S -2°P ?

: Ly
Zheng (*He, 2017)
& Cancio Pastor (*He, 2012) q
Shiner (1995) &4

o1

Wen (*He, 2025)

& Cancio Pastor (*He, 2012)

| F®i Cancio Pastor (2012)

——=— Ionization Energy (2025)

: v—

12'S-3'D (2020)

.Elastic Electron Scattering (2015)

: Ll

1.00 1.02 1.04

1.06
or’[ry - ;] (fm?)

1.08

1.10  1.12
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Postselection effect & 23S-23P frequency of “He II'@F

Postselection effect

« Spatial effects caused by slits or small holes also " al Ll l“i Wire“
. . [y - SN 3"
appeared in other experiments —/\"1 " H Iﬂ«_l "I_ i
: e ; . =+1
* Considered in 10nization energy measurement He (2s) - - ‘ e

=O,i1 =6 Laser
Phys. Rev. A 111, 012817 (2025) " s

Frequency
DA H(1S) Cell
Counter | potodiode odeney (1%)

- D. Shiner, et al. Phys. Rev. Lett. 73, 3553 (1995)

[_1 1
| Cavity Ll PMT —to
’\““‘———___‘ ; § D% 0 RN G G «1] | pump CO, Laser CO, Laser

Primary Laser ‘I - X N IBU'IdUP cavity| Pre-pump Detectipn Channeltron

6? c::, % § H % rf Spectroscopy j Deflector

, @ Region @ l @ \'\
— L o Y = = -
1 NN e — _—
Reference Laser 2 i { Y
‘ @ “\ @ ; Stark Faraday
R . i
e Shielding | Detector rf Pre-pump rt Post-pump \\ Tonizer Cup
Tellurium H tH sk ;?\ Region Region
Spectrometer | & H - ?ﬁt Ve Collimator Collimator
Prisn~" \G

H(2S) Atomic Belam

- E. A. Hessels, et al. Phys. Rev. A 46, 2622 (1992)

- D. J. Berkeland, ef al. Phys. Rev. Lett. 75, 2470 (1995) -



Magneto-Optical Deflection method for 3He

Measure 3He with SGM
* Deflectionin SGM dueto ] = 1/2

* More sensitive to postselection

* Distribution changs with beam velocity

,_.
i
—

V=390 m/s

A 4 4 » & =

V =340m/s| 1
V =365m/s| 1

V=415m/s| T
V=445m/s| 1
V=470 m/s| ]

—
=
—

Amplitude (x10*counts/s)
o
|

b 4
L} »¥ ¥
c ¥ @
s v"v QQQQ”::Cd““*

65 66 67 68 69 70 71
Slit3 Position (mm)
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Deflection

Deflection (mm)

o L
T

—
oS
T

wh

—-— m.f:_l
— m‘jr:()
— m_;=—|—l

— =12, mp=41/2 - =32 mp=+1/2
F=3/2, mp=+43/2 wem F=3/2 mp=—-1/2
m— F =112, mp=—1/2 wem F=3/2 mp=-—3/2

1
-
<o

100 200 300 400 500

Flight Distance (mm)
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Magneto-Optical Deflection method for He

Deflection Distance(cm)

MOD method for 2He

» Radiation force of laser on atoms to deflect
* only one sub-state is deflected.
* High uniform magnetic field to spatially separate

* ~3400 Gauss permanent magnet \c ) A

23S (F=1/2, mg= —1/2)

2.0 | — 2351(F=1/2,mg= —1/2) mrp =+ 3/2
— 235(F=3/2,ms= +3/2)
— 2351(F=3/2,mg= +1/2)

1.5

2351(F=3/2,mr= —1/2)
23S1(F=1/2, mr= +1/2)

1.0

0.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Free Flight Distance (m)

Other substates / 222
0.0 | L —
Pump

— 23p,

— 23 P,

oo 2% 235,
Deflection
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Magneto-Optical Deflection method for 3He II.'A.QF

* Within the central area (20%20x20 mm) Il xl—»z |
uniformity #£0.6% (3397.1 to 3440.3 Gauss) U - [E =
. N Wl [
* Compress or stretch due to the gradience e
* Can be fully detected (D~40mm) — No postselection
my = +1, Exp. my=+1, Sim. m; =—1, Exp. m. v (n/s) my =0, Sim.
10F ; 1 F 1t 1T § -
315
—~ 5F 1 F 1 F 1 F - -
g
£ of 1T 1T 1T 3101 i
= | I 11 11 i /
305
-10F 1 F 1t 1 F . ¥ .
0 5 0 5 10 105 0 5 10 0 5 05 10 0 5 05 10 10 5 0 5 10

X (mm) X (mm) X (mm) X (mm) X (mm) 3



Magneto-Optical Deflection method for 3He II.'A.QF

MOD method for 2He

* Almost fully deflected on resonance, residual due to imperfect optical pumping

(a.u.)L0

my= +1

Laser off A= -30MHz A=-20MHz A= -10MHz A=+15MHz

171—=80.3% ' - 17799.6%

Laser off A= +30 MHz A=+20 MHz A=+12 MHz L A=0MHz A=—-15MHz

J

Deﬂection Laser Frequency —
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Magneto-Optical Deflection method for 3He

MOD method for 2He

* Measurement for *He with MOD method and evaluation of systematic errors are ongoing

1.0 | ' | ! | ! | ! | ! | ! | ! |

\

0.8

<
=
]

02

mp = —3/2 mg = +3/2
0 1 L ] 1 1 1 1 1 1 1 1 1 1 1 1

20 40 60 80 100 120 140 160
Rel. Freq. (MHz)




Moving to Shenzhen ",'.ﬂl:

"""""""" ::: . i wDrkufz;lf.':m:;“i:i[swu 1 Deflection Slit 1 Steﬁa(g}s:tac}l T_
Eu * s * o Slower MCP \
_ - % J" Pfump SMQ‘] "
e " e et " \‘

— 2009-2015 2015-2017 2017-2023 2024-NoW m=—
» Proposal » 4He 2°P interval to 2ppb » New setup with Zeeman slower » Check systematic errors
» Setup building » Measurement of 23S-23P » Reduce Doppler effect » Measurement of “He/*He

TR - —— .
eeecteeteee wia I 9
. :ﬂi_____; 2 .
= Transverse Zeeman slower
A% cooling
2D MOT

Acta Phys. Sin. 73,150201(2024)
Acta Phys. Sin. 74,183103(2025) 21
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Appendix

Proton Size Puzzle
* 1, differed in pH/H/e-p scatt.

* H-D Isotope shift ry*-r*is consistent

e 28 forHorD

T T — T T T 1
0.88 - } { { { -
0.87 - -

fé- - electronic A

« 0.86 atom data —

& i { i
0.85 - -
0.84 |- [ = _

| I R T ST ST

1 T 1T T T T " 1
2.16 - -
215 -

E _ ) electronic _

£ 214 I I I atom data

L i s
213 - o
212 - -

I I 1 |

2010 2014 2018
year

Rev. Mod. Phys. 97, 025002 (2025)

2002 2006 2022

MCODATA2022
& CODATA2018
—&— CODATA2014
—&— CODATA2010
WuH(2013)
WpH((2010)
|®] 2S-6P(2026)
|- 2S-nS(2026) A CODATA
| @ I B pH spect.
2S Tonization(2024) —e—25-8D(2022) | ® Hspect.
- 1S-35(2020) V¥ e-p scatt.
| # |2S-2P(2019)
| @ | 1S-3S(2018)
@ |2S-4P(2017)
| ¥ |PRad(2019)
| ¥ |JLab(2011)
———MAMI1(2010)
| 1 1 | L 1 L | 1 1 | 1 L N | 1 N L |
0.81 0.83 0.85 0.87 0.89 0.91

Proton charge radius r, (fm)
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Appendix

Postselection effect

 Fit at each position, and the
final result is independent of

the position.

t Pos. (mm)

* Average all the counts at the .

1

S1

same frequency and then fit,
corresponding to the case
without slits.

 Same data, the deviation
between the two methods is

approximately 50 kHz.

o

—2

-3

0 3

Rel. Freq. (MHz)

Rel. Freq. (MHz)

Slit Pos. (mm)

A Probe l

v Probe2
® Ave.

—0.06

0

0.06

Rel. Freq. (MHz)

.

—0.06

0

0.06

Rel. Freq. (MHz)
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Appendix

IS

Postselection for 23 P fine-structure

A kv oL,
V=—T7T—=— 14
T mc2f+L ¢
h L
6V02 = —mm vg—v22)~ — 13 Hz
. EIIXp | ! I ! I ! !

Include Q. I. Corr.

Theo.

Hessels (1-2) 2018 + (0-1) 2024 #
This work |—e—
Zheng 2017 |@|

Shiner 2010 m

—e—] '
Gabrielse 2005

124

126 128 130 132
Voo - 31, 908, 000 (kHz)

* vy, 1s least affected by quantum interference (<100Hz)

* 630 Hz deviation (4.30) between Laser and Microwave

measurements
| T
Hessels (1-2) 2018 + (0-1) 2024
o o
-— 436 —
Zheng 2017
—e—

Shiner 2010 + Q. I{Corr.
I - I

I . . ) . I
131 132

Vs - 31, 908, 000 (kHz) 27




Appendix

nspoo -
Systematics S’ 0o f } { '_
S _'
 Statistics: Intercept of constant fit i ii}j\? 3
2 b T~
. . . . 712 | E\ T~
* First-order Doppler: Intercept of Velocity extrapolation linear fit £ { |
s IR
2 [ A 7713.33()‘62 + 0.244% :
v r Rcduccl}ischi—sqr 0003?1‘.1%355532}3 : 1
* Second-order Doppler: Af = — pyre fo jof DA ]
0 100 200 300 400
. Velocity (m/s)
* Freq. Ref.: H maser and comb
13 Source Corrections Af(lo)
Af =2 %107 x 276 THz = 55 Hz Statistios 02
e Recoil: mAv = hk, mAUZ/Z — hAf First-order Doppler 0.82
Second-order Doppler 0.01
he 2 Frequency calibration 0.06
A f = = 42 .48 kHz Quantum interference +0.06 0.02
meO Laser power 0.20
Zeeman effect 0.01
Recoil shift —42.48 0.01
Total 276 764 094 712.45 0.86
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Appendix |I-"a':

2P, 2P, an
Zeeman Effect g
2P, 2P, — ’, -+ \ —
» (alculate Zeeman shift coefficient from Lander PP — — Ph— = —
[ )
[ 1
3 3 I AR
factor g 25 m=2 m=-1 m=0 m= m=+ S m=-2 ;1':_.1 m=0 m=t] m=+2

. Pum Prob
* Average to eliminate first-order Zeeman: s N it
740

®  2nd Zeeman not Corrected

f+ - fC + aB + ,BBZ ¢ 2nd Zeeman Corrected

~
b
U

2 ﬁ\ Model Constant
— — | of 2nd Zeeman Correct A
f— - fC aB + ﬂB 5 735 Ej—u ?SIZ.?USF:(SQMS‘IECI
- Reduced Chi-Sqr 0.38698
> . S
* Need to correct the second-order Zeeman: 5 Ewsin [ y=A B Gl
g 730 - A 72182794 £ 0.29585 .
_ 2 = - B 0=0 .
fc - fO - ﬁB E [ ReducefChi—Sqr 0-043;.83;83-5}0169 i
z
—
3
2

£ = f+;rf- _p (f+—f-)2

2a

o]
o
e
=

0 5 10 15 20
Magnetic field (Gauss) 29



Appendix

TG

\

Zeeman effect
« Different g factor, and consider (g B?)? or not: 1~2 Hz

 Error from current fluctuation:

Af 6B 81 2x2x1073

2 2 =5x107*
f B I 8

Second-order Zeeman 1s about 10.9 kHz, so error from fluctuation of current is 5.5 Hz
* Residual magnet after shielding: By < 0.2 mG
fr = fo + a(B + By) + B(B + By)?
f- = fe —a(B + By) + B(B + By)?
6fp, ® —28BBy <1Hz

e Total error from Zeeman effect i1s less than 10 Hz
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Appendix

Laser power

» Reasonable for linear extrapolation below 1uW

* Linearity of power meter 0.5% , <5 nW

* Fluctuations and zero-point deviations during measurement < 5 nW

* Slope of power extrapolation < 20 kHz/uW, so total error < 200 Hz

730

Relative Frequency (kHz)
2
(=)

710

| V=147 m/s

|

Equation y=A+B*X
A 713.90311 +£1.3417
B 10.08128 + 2.45975

Reduced Chi-Sqr

0.39149

R-Square (COD)

0.84285

1.5
Power (WW)

2.0

25

3.0

Relative Frequency (kHz)

730

]
[3®]
(=)

710

V=270 m/s

Equation y=A+B*
A 713.37957+ 1.1053
B 7.16064 £ 1.60546
Reduced Chi-Sqr 0.35991
R-Square (COD) 0.87356 ]
] 1 ) ] ]
1 2 3 4 5
Power (WW)
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Appendix |I-".a':

\

Quantum Interference

* Same calculation methods with Hessels group

* Simulation Linewidth 1s consistent with the experiment at all velocities and powers

* +0.06(2) kHz for 2°S,-23P, transition

Frequency (Hz)
B T 1 S 40
|2) — _ 45
A
— m m—
1\ i -50
1\
1 M
I | - -55
i\ = - -60
1 1N = 0.6 - - -
: : : - ~ -65
& 2
|= % 0.5 - R - - - - SRR —
: i a -70
1 1
1 1 I I 1 ] 1 1 1 75
: : 6 4 2 0 2 4 6
: : Rel. Freq. (MHz) 80
vv
I I -85
|0) |1) 90

' 100 150 200 250 300 350 400
Rel. Freq. (MHz) VGIOCity (m/s)




Appendix

Measure 3He with SGM

Distribution varied with velocity
Hard to find atomic beam direction

A bigger SGM to test systematic errors
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Appendix

Preliminary result of *He with SGM in 2023 (WRONG!!!

Affected by Postselection, the Isotope shift result should be smaller
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Separation distance d (cm)

Alternative Magnet

Separation vs laser power (He-4; L = 1.1 m)
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mr= +3/2

Laser off

mr= - 3/2

Laser off

17=96.6% 7=90.1%

A= +60 MHz A= +40 MHz A= +20 MHz A=0MHz A= -7 MHz

A= —58 MHz

A= —40 MHz A= —-20 MHz

A=0MHz

A= +20 MHz
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Mmr =
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Mmr =
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