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Simple, Calculable, Systems

» Full quantum, ab initio, no tunable parameters > Test of bound-state QED 3 o
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€ Fine structure constant, o ~ 1/137 » Determination of R (r,), a, my/m,
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Proton Structure from the
Measurement of 2S-2P Transition
Frequencies of Muonic Hydrogen

Science 399,417(2013)
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m, IS 207 times that of electron

Proportlonal tom3
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n-H :Strongly increased sensitivity

--About 10/
H : can achieve very high precision

--About 101

in agreement with re(d) = 2.130(10) fm (49) from
electron-deuteron scattering but more than an
order of magnitude more precise. The CODATA
(7) value re(d) = 2.1424(25) fm 1s in disagreement,
because it 1s dominantly based on the 7c dis-
crepant rE( p) value of CODATA combmed W1th

Proton Slze Puzzle
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4 7 4 w a0 The tension between the two approaches determining r,
and ry has not been fully resolved. In fact, to obtain
consistency among the many input data that contribute to
the determination of R, I and r4, a multiplicative expansion
factor of 1.6 is applied to their uncertainties. Further experi-
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Hydrogen spectroscopy data Deuterium spectroscopy data
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Nuclear Radius of p-He*
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u-He*/He

Testing fundamental interactions on the helium atom

Krzysztof Pachucki,! Vojtéch Patkés,” and Vladimir A. Yerokhin?
» Physical Review A 95,062510 (2017)
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Normalized signal (a.

Nature (2021) 589 527

uHe* 25 = 2P, ) —f— u'He

b uHe* (2S5 — 2P, )

a-particle charge radius (fm)
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Test of fundamental physics can be obtained
not only from the hydrogenic systems

but also from the few body atomic
Systems, such as He and He-like ions.

Find New Physics Iin He and He-like System
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® |sotope Shift and Differential Nuclear Charge Radius

' o ' P st1597 ot Nat Phys s41567 (2018) » Differential Nuclear Charge Radius
From 2°5-2'S'IS PRL 119, 263002 (2017)
VU, 2018 PRL 108, 143001 (2012)
ST PRL10B,14300L(012) 3 goz oy 2
‘e, [From23S-2°PIS )
Florence, 2012 ? Science 333, 196 (2011) -
| ! » Most Difficult Terms Drop Out
From 235-2'S1S PRL 74, 3553 (1995)
VU, 2011 Loy From235-2°P IS o .
N.Texas, 1995 » Sufficient to Compare with u-He
From electron scattering | .
, i > Results from 2S-2P Different from 21S-23S
From nuclear theory
1 | 1 | 1 1
00 1.05 1.10 1.15 » Need More Independent Experiment to Test

dr* [’He-*He] (fm?)
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: : [Shui-ming Hu, Zheng-Tian Lu, Zong-Chao Yan,
Laser cooling based atomic beam system ;¢ phys. China, 2009.4(2), 165]

Siorn- Ciostadh Physical Review A 91, 030502(R) (2015)
o N\ Pump Probe  Slitl

Pre-Cooling
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23S metastable I
helium beam
Based on Optical Pump-Probe Sterm-Gerlo UGS
y »3p _ 23S helium
: Pump Laser ——— 4 — Atoms can directly
| gt —_— detect by the MCP
I / Probe Laser
o 4
m=+1 2381 m=+1
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23P, -23P Fine-Structure Splitting Measurement

0.1 g T T T T T 0.1 0 - 5
' ' ' " — ' » The uncertainty of the v, interval is reduced to 0.13kHz
B i ; 2°P T
0.01 o Breit, Araki o o3p EXS_OW 0.01 . : : :
; » Confirmation of the a®Ry QED corrections
13 [ Houston 1E-3 . .
Lamb Jr. » Would allow an independent determination of the o
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Physical Review Letters 118,063001 (2017) 152s 38,
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Uncertainty Budget of 2S-2P transition frequency Measurement

T T T T T
Nat Phys s41567 (2018)

. - . —4— From 23S-2!S1IS
PRL 119, 263002 (2017)
Correction uncertalnty Rel.uncertalnty VU. 2018 T
cience 2 (.
kHz kHz 1012 ISJRL 74,33353531 516992531 Y
[
- 1.8

Work of 2017  ,,, From23s-2°PIS

Uncertainty

Statistics 0.50 ke Florence, 2012 -
Frequency calibration - 0.55 2.0 P X
First-Order Doppler - 1.00 3.6 %ﬁgiﬁ'zls IS Fom2is2ps
Line-Profile - 0.40 1.2 S
Second-order Doppler VAV 0.15 0.5 e ——
Laser Power - 0.10 0.3 = =

From nuclear theory

Quantum +0.60 0.10 0.3 . ! . ! . !
Interference .00 1.05 e 1.10 i 1.15
Scattering light - 0.05 0.2 or” ['He-"He] (fm")

Zeeman effect : 0.01 004 Design New Experiment Method

Light-force-induced shift +0.5 0.8 3 .
Recoil shift -42.20 : Systematic effect:

Total -40.90 16 2 > First Order Doppler Effect:
Physical Review Letters 119, 263002 (2017) > Light Force shift
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Bright, Speed-adjustable atomic beam of metastable helium PRA 101, 053824 (2020)

LN,

50m/s-500m/s Speed-adjustable atomic beam
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> Longitude velocity:50m/s to 500m/s

. >Reduce one order of first order
doppler

>Speed adjustable atomic beam

» Better determine the uncertainty
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v" Bright atomic Beam, SNR~300/min

v" Reduce the laser power need, push the line-width approach 1.6Mhz

v Adjustable longitude velocity, better determine the systematic error
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Intensity (arb.units)
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Natural Line-Width: 1.6 MHz

Lorentz width ~ 1.63 MHz
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Uncertainty Budget of 2S-2P transition frequency Measurement

S
[kHZz] [kHZz] [10-19]
: 0.50 1.8
- 0.55 2.0
- 1.00 3.6
: 0.40 1.2
+0.70 0.15 0.5
- 0.10 0.3
: 0.05 0.2
- 0.01 0.04
+0.5 0.8 3
42.20 :
-40.90 1.6 5.0
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® First Order Doppler
0

AVD:kU'e

No Doppler cancel
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: Probe Laser
I

Atomic Beam

|
|
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:Probe Laser
|

With Doppler cancel

Atomic Beam

]
6 4 -2'0
Frequency(MHz)
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< Probe laser

® First Order Doppler

Avp = =kv -«
Vp > v

Atomic beam

10urad correspond to about 3kHz derivation

» Cancel Mechanism

v' Cat’s eye optical method v" Active Feedback method
Fiber
ll 11 T Beam Splitter Achromatic lens
mism—) Atomic beam _,/ .................................... “:“\
B l Collimator Fiber head -—-TF
111l ; MFD7.7um : IAtomic beam
| — -
\I\ l ll / Detector *
V1 _ .
\“I , Focus=f | — ! Waist
Physical Review Letters 92,023001 (2004) r o |

Can. J. Phys. 83,301 (2005) :
Physical Review Letters 105,123001 (2010) Opt RS L A U50)
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Systematic effect :First Order Doppler Effect

670 F
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V=109 m/s

V=219m/s
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b=
'

V =300 m/s

Af =k -
» Tune to different velocity
» Better estimate the effect of
doppler
» Consistent with 2017 result
» The derivation Is not from

doppler effect
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Uncertainty Budget of 2S-2P transition frequency Measurement

S
[kHZz] [kHZz] [10-19]
: 0.50 1.8
. 0.55 2.0
- 1.00 3.6
. 0.40 1.2
+0.70 0.15 0.5
- 0.10 0.3
: 0.05 0.2
: 0.01 0.04
+0.5 0.8 3
42.20 :
-40.90 1.6 5.0
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® Light Force Induce Shift

(a) Interaction
Lasers Stern-Gerlach '1—'

| Detector
I- Tk

Slitl Slit2 ¥

a

Counts

He*
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= @ d g
Arbitarv Unit Arbitarv Unit
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Systematic effect :Light-Force-Shift

Prober Laser g '
|

Af =k-D

He Beam

PHYSICAL REVIEW A 107, 042811 (2023)

Editors’ Suggestion

Doppler-free spectroscopy of an atomic beam probed in traveling-wave fields
Jin-Lu Wen (&4 3%)©,! Jia-Dong Tang (J5%#%),? Jun-Feng Dong (3 {211%) ©,' Xiao-Jiao Du (Ft/)ifF),*
Shui-Ming Hu (§17K),>" and Y. R. Sun (Fh3F) 031
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Aspheric lens
GT
[ =g ' B
d g s

Collimator
I— PI

...............................

Probe 1

Detector v

Chopper 1

Waist |:
I -

PI Chopper 2
Detector ‘ H
i:1 Probe 2
. Fiber head N2 T i
PBS Collimator MED7 7um “H‘ [T} i ] PZT-H
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PRA 107, 042811 (2023)
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Systematic effect :Light-Force-Shift
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Systematic effect :Light-Force-Shift

[ T | y T y T y T y T y ]
5F _

o} I S S— » Stand-Wave vs Traveling-Wave
% ; > Estimate Light-Force-Shift
2 3 :
st % 1 >Consistent with 2017 result
5 e N 1 »The derivation is not from Light-
25 _ ¢ (Probe 1 +Probe 2)/2 _
HL Y probes +_ ]  Force-Shift

Power (uW)

*
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Systematic effect :Geometry effect from the slit

» Move Slit Position
» Change Slit Size

Test Potential Systematic Effect From Stern-Gerlach Exp.
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Systematic effect :Geometry effect from the slit

PRL 60 1351 (1988) post-selection + HLamb Shift (included in CODATAforr,) ~ + He* Lamb Shift
VOLUME 60, NUMBER 14 PHYSICAL REVIEW LETTERS 4 APRIL 1988
How the Result of a Measurement of a Component of the Spin of a Counter | o ctogiode Flraency H(1S) Cel
Spm- 7 Particle Can Turn Out to be 100 — ; Canity PMT 1o 7 »
—— fo=zy ) Qoo g1 | pume Collimator {
Yakir Aharonov, David Z. Albert, and Lev Vaidman Primary Las‘”j 7 NN . § A»?{Bu‘ldupcavny Pre-Quencher “

Physics Department, University of South Carolina, Columbia, South Carolina 29208, and
School of Physics and Astronomy, Tel-Aviv University, Ramat Aviv 69978, Israel

(Received 30 June 1987) . Ffo\aﬁzer
E gl —o o ay

Fiber

Reference Laser RN
We have found that the usual measuring procedure for preselected and postselected ensembles of ~ 4
quantum systems gives unusual results. Under some natural conditions of weakness of the measurement, e ST | Detector b s
its result consistently defines a new kind of value for a quantum variable, which we call the weak value. Tellurium H m | N
A description of the measurement of the weak value of a component of a spin for an ensemble of Spectrometer g . p e - s D
preselected and postselected spin- ¥ particles is presented. PrisT™ %
H(2S) Atomic Bedm C
PACS numbers: 03.65.Bz
- A. van Wijnga;
Phys. Rev. A 63.012505 (2000)
* Rydberg state microwave spectroscopy
Initiol CO, Laser CO, Lpses
Deflectcr Pre-pump Detecflion peflector | ChamMEltron
‘4 rf Spectroscopy f
Maognet \ l \Ig '_EEKOI‘_V - | @ _L
N = o — \ﬁ‘ p— =
AU i CR Pt o LN TN
T\

('\;}‘ P “\‘ @ f C » Stark Faraday

\%}“ Lens Ch“ ge T rf Pre-pump rf Post-pum Tonizer Cup

Ton Ecx(ilhcnge V\ Region Region

Source ¢ Collimator Collimator

- E. A. Hessels, et al.
Phys. Rev. A 46.2622 (1992)

» Applied in quantum information, quantum metrology
» Find also existed in precision measurement

25
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Systematic effect :Geometry effect from the slit

Probe

I

Detector

S-G Mag S-G Mag

Move Slit Position - .

T > Move Slit Position - "l = osmm > Change SlitSize
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g iy i |

] L L L ] L L L 1 ' L L 1 L L L 1 L |

—4 -2 0 2 4 0 100 200 300 400
Slit Position (mm) Velocity (m/s)

*

b
(=

T—
1

—
wh
T T T T

S
Relative Frequency (kHz)

Relative Frequency (kHz)

wn
T T T




» Precision Measurement of Helium

.
| [\QI: Rl AR AR ERTRS
v | Institute of Advanced Science Facilities, Shenzhen

Remove Slit Restrictions?

1000m/s

Cosine Coil
Pre-Cooling .

Stern-Gerlach
Magnet =

» Speed Faster
» Transvers velocity larger
» Effect of SG Lower

» The Slit can not be removed

‘P‘\/““ > Speed Slower
> Transvers velocity lower
» Effect of SG Higher

> The Slit can be removed
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Systematic effect :Geometry effect from the slid

70 E — T T T T T T T T 1 E
655— No Shit 3
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» Move Slit—Different position give same result

o
TTTrT
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» With and Without slit have big difference
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Systematic effect :Geometry effect from the slit=> Post Selection

Detector

> Freq.

> Freq.

Slit2

> Freq.

> Freq.

Afl = Af2 *

O The slit selects atoms with a certain Doppler shift O Two Retro-reflect laser feel the same shift
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Systematic effect :Post Selection D R
N Same Freugency, Different Slit. F“% 1
............................ |_°T|_._|
N1+N2+N3+N4|- ) i i
> Freq. —
E Remove the slit
: A
> Freq. 'E 0 -
L Same Freq., Differ. Slit e
=
> Freq. -2 | —

5 10 15 20 25 30 35 40 45 50 55 60 65 70
lgttive Frequency (kHz)

Test Post Selection Effec
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Systematic effect :Post Selection
This Work: £(23S; — 23P,) = 276 764 094 712.73 (86) kHz

Af(lo) X. Zheng This work
Statistics 0.45 0.22
1st Doppler 1.1 0.82
2nd Doppler 0.15 0.01
Frequency 085 005
calibration
Line profile 0.3
_Quantum 0.1 0.1
Interference
Zeeman effect 0.01 0.01
Laser power 0.1 0.1
Light-force shift 0.8
Total 1.6 0.86

sa-Dong Tang For X.Zheng2017: +55.4(1.3) kHz
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More than 3o deviation still exists

21S-23S Result:
--Magic wavelength, Eliminate AC

Ordinary Helium Result :
--23S-23P and 21S-23S now consistent

u-He* compare with He :
--215-23S 3.6std

--Our combined with He-3 about 3 std
--New Physics? Need Confirmed

Jin-Lu Wen
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The 8th Chinese Conference on Precision spectroscopy of atomic systems
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