AMO Summer School 8/23/2019

First lecture:

Precision measurement in atomic physics
---selected topics

Second lecture:
Laser spectroscopy of simple atoms
---work performed at NTHU
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ON GROWTH
AND FORM

The Complete Revised Edition

Thompson, D'Arcy Wentworth

On Growth and Form, 1917
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...numerical precision is the

very soul of science... DArcy Weneworth Thompson
. V.




How precise?

Magnetic moment of electron,

g_ (exp) = 2.00231930436146(56)

27°m e*
h’c

Rydberg constant =

=109,737.31568160(21)

Electric dipole moment of electron
|d.| <1.1x107%° e:cm

Time variation of fine structure constant
2
oo/a = (-1.6 £ 2.3)x10Y/ /year a = e%c ~ %37

[1] D. Hanneke et al., Phys. Rev. Lett. 100, 120801 (2008)
[2] 2018 CODATA value (2019)

[3] The ACME Collaboration, Nature 562, 355 (2018)

[4] T. Rosenband et al., Science 319, 1808 (2008)
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Classical measurements
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Outline

Historical Review:

Precision measurement lead to new physics
Modern approach: resonance and frequency
measurement

Selected topics
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Resonance Method
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First Motivated by Stern-Gerlach experiment, 1922

First atomic spectroscopy by resonance method
NMR, Rabi and Ramsey, 1934-1939
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Electric Quadrupole moment of Deuteron discovered
Nuclear force is Non-central! Tensor force
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J. M. Kellogg, I. I. Rabi, N. F. Ramsey, and J. R. Zacharias Phys. Rev. 57, 677 (1940)



The Lamb Shift
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Willis Eugene Lamb
Nobel Prize in 1955

"for his discoveries concerning
the fine structure of the
hydrogen spectrum"




QED
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Quantum Electrodynamics

The most precisely tested theory

\

Sin-Ichiro Tomonaga (Eizk#—BB ), Julian Schwinger, Richard P. Feynman
Nobel Prize in Physics 1965

"for their fundamental work in quantum electrodynamics, with deep-
ploughing consequences for the physics of elementary particles"



Selected topics in precision measuremeént

Hyperfine structure: probing nuclear moment

Test QED: the g-2 of electron and muon

Strong interaction: size of proton

Time and frequency standard: making a better clock
Constancy of fundamental constant: can speed of
light change?

New source of CP violation: electric dipole moment

of electron and nucleon



Hyperfine structure

Nuclear magnetic moment

F=1+) fﬁ

a and b constant

magnetic moement anti-parallel migznetic moment parallel

AE, .. =1aK +;b%K(K+1)—2|(| +1J(J +1)
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Magnetic octupole moment

Observe magnetic octupole moment of 133Cs

V. Gerginov, A. Derevianko, and C. E. Tanner, PRL 91, 072501 (2003)

5 =2 21128
133 Cs 6 P ~ 251,0916(20) MHz . l % _—
S op 3/2 ¥2D1.EE?1{11}MH2 : F' __ g
151,2247(16) MHz 2 ’}
2
\ ,}iw .

s (mV)
w

IR 3TN —IT+1)JI+1) o '”9 ‘“*‘W““‘"‘"‘“

Hdipolc =al-J, HQuzu:lrupalc =b 2‘”\2} — I)J(lf — l) » 0 100 20?q y(Mim)J
. {10 ) 20T - TP+ 21 D3I+ DI + 1) + 10 + 1) + I+ 1) + 3] = 510+ 1)J(J + 1)}
octupole = € 17— D2 —D)IJ — DT —1) |

5 40
Avsy =5a+3b+—=c + (=0.000520 MHz),

a (MHz) b (MHz) ¢ (kHz)
50.288 27(23) —0.4934(17) 0.56(7)

2 88
Avg =da—Zb—=c + (+0.000119 MHz),

5 88
Avy =3a=Sb+—c + (+0.000401 MHz)




Magnetic octupole moment

Observe magnetic octupole moment of 8/Rb

from spectroscopy of hyperfine intervals
V Gerginov, C E Tanner, W R Johnson, Can. J. Phys., 87(1): 101-104 (2009)

Large deformation for some heavy nuclei

Comparison to nuclear shell model




; “=s.' DEPARTMENT OF
National I'sing Hua Us

Hyperfine anomaly
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Blue points: Grossman et al., PRL 83, 935938 (1999)
Red points: new measurements at TRIUMF ( error as of May 30, 2013)
Dashed line: magnetization radius = charge radius, normalized to *'Fr

3Fr ground state: Duong, et al. Europhys. Lett., 3(2), 175-182 (1987)
205Fr ground state: Voss, et al. To be published.

Measure hyperfine constant of isotopes

Magnetic radius #electric radius



Hydrogen HFS
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hyperfine structure splitting

spin parallel =1 span anti=parallel F=0
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http://en.wikipedia.org/wiki/File:Fine_hyperfine_levels.png

HFS and Zemach moment

calculable unknown

[ T
Enes = 1+ Agep + AR +A )E

m m
where E_ = iagﬂBﬂp e P - = known
3 (m,+m)
A=A, + A calculable
o @a a6
<r>, ZG G 1_ Zemach moment,

Ty Q g to be precisely determined



What is g-factor?
The magnetic moment of the
electron is proportional to the
electron spin

A _ 18
w9

Classical non-relativistic g=1

In QM, Dirac Theory predict g=2
In reality, g=2.002319304



d g factor

Vacuum is not real vacuum
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Why measure g factor

Test QED
Search for structure of electrons

g can be expanded as a function of o

2 3
9_ 1+ Cz(gj +C4(gj +C6(gj +......
2 T T T

+ a,ur + ahadronic+ a

weak

@= e%c ~ %37

ol =137.035 999 074 (44)
D. Hanneke, S. Fogwell, and G. Gabrielse, PRL 100, 120801 (2008)




Measure electron in bound system ({37 i v
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Measure g in free space

Spin precession (Larmor) frequency

e
fw, =m.Q- it - B He = 2m

Calibration of magnetic field by cyclotron frequency:

il
o. € M 0 :

Measurement performed on a sing B
electron in Penning trap




Current status

g-2 experiment of electron and muon:

g, (exp) =2.00231930436146(56)
g.(th) to determine fundamental constant

g, (exp) =2.0023318416(12)° } -
gu (th) 220023318£(13)* G deviation

G.W. Bennett et al., Phys Rev Lett 92, 161802 (2004)

Muon g-=2 at Fermilab data taken



Size of proton

Fundamental quantity bothering for decades

Very important for nuclear calculation

Lattice QCD not able to calculate precisely

Charge radius of proton by electron scattering

Electron beam

detecto

G2 (Q)+ Q)| o
do _(do) JEE amE Q° 2 2y an?
(dQ]Rosenbluth_(deMott * GM (Q ) tan (6/2)

Simon et al, (1980) R, = 0.862(12) fm
. Sick, (2003). R, = 0.895(18) fm

'




Nuclear size effect

E
A
> T
P
S
a) point nucleus b) finite size nucleus
V~ -1/r

transition from s to p state
— decrease transition frequency



Laser spectroscopy method

Measure H transition frequency 1s —2s at 121 nm,
uncertainty: (th) 16 kHz, (exp) 22 kHz

—> charge radius of proton R .. = 0.883(14) fm

Lack of precision (only1~2%) very annoying!

Kirill Melnikov and Timo van Ritbergen, Phys. Rev. Lett. 84, 1673(2000)




Nuclear size effect

-R, L
E(S)~—3"+- 5 L =(8172 +1.56 -1,")MHz

Two unknowns: R, and r,

0.883(14) fm, hydrogen spectroscopy, ENS Paris

C. Schwob et al., Phys. Rev. Lett. 82, 4960 (1999).
K. Melnikov and T. van Ritbergen, Phys. Rev. Lett. 84, 1673(2000).

0.890(14) fm, hydrogen spectroscopy, MPI Garching

T. Udem et al. Phys. Rev. Lett. 79, 2646, (1997).

0.862(12) fm, original electron scattering result
G.G. Simon et.al. Nucl. Phys. A 333, 381 (1980)

0.895(18) fm, re-analysis of world data

1. Sick, Phys. Lett. B 576, 62-67 (2003)

0.879(8) fm, new experiment by GSI

J. C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010)
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Optical frequency measurement

Precision Spectroscopy of Atomic Hydrogen 23
af
(0.424 pm)
KNbO4 | SHG SUM] LiNbO5
F I -BBO 0.243 pm [1S-2S Two-Phot
0.848 pm reqguency - wo-Photon
af Diode Laser counter J) Spectrometer
Af=2.116 THz
> f1gog = 28f - 4Af
LilOg LT =2486.061 THz
1.696 um Relerence cavily need 243 nm
2f Color Center Laser 7 s 7F - Af

laser light

0.484 pm /0,486 ym
Dve Laser

3.392 pm
HeMe - Laser

88 376 181 590. 67 (+ 0.15) kHz
(210713

CHy - stabilized HeNe-Laser

Fig. 4. The first 1992 Garching frequency chain for the measurement of the 15 — 25
transition in atomic hydrogen (&: phase-locked loop, SHG: second harmonic generation)
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Muonic atom result

m“/me"’ 200 o 472-667/22
Bohr radius °  m.e?

4

S % Energy level g --_°> _™
. 2(4mg,h)? n
Wave function W(r)~ a ¥%e /%

muondecay 1 —> e VY Energy shift due to nuclear size™ () (r?)
Sensitivity ~ (m,/m,)?

r, =0.84184(67) fm
Pohl et al., Nature 466, 213, 2010

r, =0.84087(39) fm
Antognini et al., Science 339, 417, 2013

Problem in old hydrogen experiments?
Thomas et. al, arXiv:1903.04252 (2019)
r, =0.877(13) fm by 1S-3S spectroscopy




Frequency standard

Clock uncertainty (s/day)
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Figure: S.A. Diddams et al.,Science 306, 1318, 2004



Why better clock?

When you measure something very precisely, new
physics will come out by itself!
Applications:

® GPS

® Test special relativity, gravitational red-shift

® Gravitational wave radiation in binary pulsar

® Test linearality of qguantum mechanics

® Variation of fundamental constant



Microwave Cs clock
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Frequency comb: pioneering work by T.W. Hansch and J.
Hall made frequency measurement possible

Frequency Comb basics

2Ap
—> -

=N @, + a)offset
@, : 50MHz ~ 1GHz

n
1
:' it
1
.d 11 'll' " ] F \
] .
3 11 B P
1 1 h
il '|'| {‘ll
Fourier
transformation .
@,

Determined by cavity
length

(Doffset:
measured by f-2f

technique

—Pwr‘(— w

Picture from Th. Udem, R. Holzwarth,
T.W. Hansch, Nature 416, 233, 2002




Optical Atomic Clock

Trapped ions: Hg*, Ca*, Sr*, Yb*, Ba*, In*, Al*.....
Long interaction time, can be laser cooled
Single ion detection, poor S/N

Trapped neutral atoms: Ca, Sr, Yb, Mg, H.....
Large number of atoms, very high S/N
Complicated systematics

Precision ~ 1018 (Hz1/2)



How optical clock work

Z A

Detector
—_

532 THz
7~ B

Probe laser AOM

Femtosecond laser
frequency comb

Al ‘ | 11,

/

Servo to

atom signal

|

~J -

-7 0
Afy064 (H2)

PMT
LA

X2

1064 THz ‘) ’;"’ 4\

lon trapb

Light shutter

Cooling/detection laser

1546 THz

i

S.A. Diddams, J.C. Bergquist, S.R. Jefferts, C.W. Oats, Science 306, 1318, 2004



Constancy of Fine Structure Constant ¢

“= e%c ~ %37

ol = 137.035 999 074 (44)

How constant is the constant?

Two reports show the constant may
change in time

Oklo phenomenon
Quasar spectra
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The Oklo Natural Nuclear Reactor

Natural nuclear reactor 1.9 billion years ago
235 abundance very low

Fission of 23°U, neutron slowed by water
n+1%Sm — 159Sm + vy, E, =97.3 meV

% 10* Calculate(0'149> as a function of resonance energy
12 T T B T T T
10F S 2% T=300-800 K 1
_ s
c 8 7
©
2
A B
2
o 4
\Y,
2
O The uranium isotopes found at Oklo strongly
0. resemble those in the spent nuclear fuel

generated by today’s nuclear power plants.

1499Sm isotope abundance, — neutron absorption cross section o,
From 6., —> AE,, assume reasonable T

AE, A« .
11IMeY o AEr<0.1eV, Ao/a <10
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Quasar Absorption Spectra

" P32
E~ (a2)? { %P1 /s

fine structure

doublet (@) =)

& H emission from quasar

‘Metal’ absorptlon lines ]
L Redshift
W02 0.6 1 2 3
[ o 21cm/molecular Rl s |
i e many—multiplet
“7‘ ~ alkali—doublet
3500 4000 4500 5000 SSOO 6000 ',C_>
Wavelength (Angstroms) X ol =
=
Aa/a z t g
(7.2+1.8)-10°° 0.5-2.6 0.38-0.82 : 1
— (6.4+1.4)-10716 /yr

1 I { ! 1 I ! 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fractional look—back time

(1) Atoms located in different regions with different velocities
— different Doppler red shift

(2) Isotopic abundance in the past may change
— shift the position of absorption line

(3) Magnetic field shift the energy levels by Zeeman effect



Results From Searches for do/dt = o P HY

Ao/ per year method quantity ref
-(2.3 +0.7/-0.3) 10"/ Oklo nuclear reactor a(m /A geq) 1
< (0.8) 10" Oklo nuclear reactor a(m /A geq) 2

(7.2 £1.8) 1076 Quasar spectra o 3

(6.4 £1.4) 107 Quasar spectra o 4

(0.6 £ 0.6) 1016 Quasar spectra a 5

(4.4 £1.6) 1076 Quasar spectra o 6

(-2.7 £ 2.6) 10> Dy atomic beam a 7
(-0.9 £ 2.9) 103 Opt-H & Cs 8ciMy/m o8 8
(0.3+2.0) 10 OptYbt & Cs Ecm/m,al? 9
(0.02 £0.7) 10> Rb < Cs e/ S a0 10
(-6.2 £ 6.5) 10" Opt-Hg" & Cs &csime/m,ab0 11
(-1.6 £ 2.3)10" Opt-Hg" < Opt-Al* a 12

[1] S. K. Lamoreaux and J. R. Torgerson, Phys. Rev. D 69, 121701R (2004).
[2] Y. Fuijii et al., Nuclear Physics B 573, 377 (2000).

[3] J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001).

[4] M. T. Murphy, J. K. Webb, and V. V. Flambaum, Mon. Not. R. Astron. Soc. 345,609 (2003).
[5] R. Srianand et al., Phys. Rev. Lett. 92, 121302 (2004).

[6] M. T. Murphy, J. K. Webb, and V. V. Flambaum, astro-ph/0612407 (2006).
[7] A. Cingdz et al., Phys. Rev. Lett. 98, 040801 (2007).

[8] M. Fischer et al., Phys. Rev. Lett. 92, 230802 (2004).

[9] E. Peik et al., Phys. Rev. Lett. 93, 170801 (2004).

[10] H. Marion et al., Phys. Rev. Lett. 90, 150801 (2003).

[11] T. M. Fortier et al., Phys. Rev. Lett. 98, 070801 (2007).

[12] T. Rosenband et al., Science 319, 1808 (2008)



Laboratory Test

Frequency Shift [Hz
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Laboratory and controllable test strongly desired
Ultra-cold trapped ions and atoms best testing ground

For Aala=10"",

0

q
DB/’Z
- SR

+ 2 o
Ra Sl/2 - D3/2

excited state

P,
T1+ 18, - °P,

Yb

=

VvV + Av

\ground state /




Results From Searc

nes for doi/dt
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Ao/a per year method quantity ref
-(2.3 +0.7/-0.3) 1017 Oklo nuclear reactor o(m /A g g)®? 1
< 0.8 10" Oklo nuclear reactor a(m /A ged)®? 2

(7.2 £1.8) 1016 Quasar spectra a 3

(6.4 £1.4) 1076 Quasar spectra o 4

(0.6 £ 0.6) 1016 Quasar spectra a 5
(4.4 £ 1.6) 10716 Quasar spectra a 6
(-2.7 £ 2.6) 10> Dy atomic beam o 7
(-0.9£2.9) 10 Opt-H & Cs gc/me/ M0 8
(0.3 +2.0) 10> OptYb* < Cs Ecm/myol? 9
(0.02 £ 0.7) 105 Rb « Cs 9o/ | 10
(-6.2 £ 6.5) 107 Opt-Hg" & Cs EcM/m a0 11
(1.6 £2.3)1077 | Opt-Hg* < Opt-Al* a 12

[1] S. K. Lamoreaux and J. R. Torgerson, Phys. Rev. D 69, 121701R (2004).
[2] Y. Fuijii et al., Nuclear Physics B 573, 377 (2000).

[3] J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001).

[4] M. T. Murphy, J. K. Webb, and V. V. Flambaum, Mon. Not. R. Astron. Soc. 345,609 (2003).
[5] R. Srianand et al., Phys. Rev. Lett. 92, 121302 (2004).

[6] M. T. Murphy, J. K. Webb, and V. V. Flambaum, astro-ph/0612407 (2006).
[7] A. Cingdz et al., Phys. Rev. Lett. 98, 040801 (2007).

[8] M. Fischer et al., Phys. Rev. Lett. 92, 230802 (2004).

[9] E. Peik et al., Phys. Rev. Lett. 93, 170801 (2004).

[10] H. Marion et al., Phys. Rev. Lett. 90, 150801 (2003).

[11] T. M. Fortier et al., Phys. Rev. Lett. 98, 070801 (2007).

[12] T. Rosenband et al., Science 319, 1808 (2008)




1957 Landau first pointed out the electric dipole
moment (EDM) of a fundamental particle would
suggest P and T violation

v P ¢ d: electric dipole moment
ﬂ d = vector
+ u: spin or magnetic moment
—y T = pseudo-vector, (like r x p)

figure from Wikipedia ¢u



http://upload.wikimedia.org/wikipedia/commons/7/7f/NEDM_P&T_violation.png

Neutron EDM Upper Limit [ecm]
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http://upload.wikimedia.org/wikipedia/commons/f/f2/NEDM_limit_history.png

CP violation without strangeness

Matter—antimatter asymmetry suggest

another source of CP violation

Electron: intrinsic ?

Quark: intrinsic ?

Neutron/proton:

from quark EDM ? New interaction?
Atoms, molecules:

large enhancement factors

Atoms: Tl, Cs, Hg, Xe, Rn, Ra, Fr
Molecule: PbO, YbF, ThO
lons, solid state systems, etc...



Problem:

figure from M. Romalis, Princeton

reverse E field cause leakage current,

huge noise from B field
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Current status

199Hg Precession Data 7'53
Typical value
E~10kV/cm

o~ 10Hz, 0® ~ nHz

s

Qs b v
0 50 100

Time (sec)

Optical Rotation (mrad)

w0 20 Sensitivity approaching
some Standard Model extension

What if someone observes EDM?
4 os os 10| Theories ready with many parameters

Time (sec)

Optical Rotation (mrad)

figure from M. Romalis, Princeton
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| aser spectroscopy

Second lecture:

Laser spectroscopy of simple atoms

work performed at NTHU Physics




Atomic spectroscopy

Precision spectroscopy of simple atoms
Hydrogen: exact solution exist

Helium: numerical method

Lithium: numerical method

Remain as input for atomic calculation
Magnetic moment of nucleus

Charge radius of nucleus



Motivation

Calculable atomic structure: precision
measurement test fundamental physics
Advances in atomic theories, e.g. in H, He, Li,
He", Li*, Be™ etc...

New experimental techniques, e.g.: cold atoms

by atom and ion trap, frequency comb, exotic
atoms, etc...
What fundamental physics to study?



Atomic structure (Hydrogen)

non-relativistic

relativistic correction ~a*me? -~
4n*| (1+1/2) 2|
spin-orbit interaction ., 1 { om 3
. —a 2 . A
(L-S, fine structure) (i+1/2) 2
nuclear moment (HFS) (m]a me _[f(f_|_1) 3/2]
. J mp

, QED effect (Lamb shift) | ame i{k( = ﬂ(,+1/21)(|+1/2)}

) an’

. 2
nuclear size effect SO




National T'sing H

Muonic atom result

m, /m,~ 200 2
Bohr radius 8, — 2
= Energy level . ¢ m
/ N Wave function g
Energy shift due to nuclear size~ "
muon decay 4 —>e vV Sensitivity ~ (mM/me)2 () (r)

r, = 0.84184(67) fm
Pohl et al., Nature 466, 213, 2010

r, = 0.84087(39) fm
Antognini et al., Science 339, 417, 2013

Need more experimental verification of
atomic QED calculations
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Hydrogen isotope shift

Measure isotope shift (H-D), 1s - 2s at 121 nm
Av =670 994.33464(15) MHz

' HFS l I 'nuclearmagneticsusceptibility

nuclear mass
nuclear polarizability
nuclear size

Reference:

[1] Kirill Melnikov and Timo van Ritbergen, Phys. Rev. Lett. 84, 1673(2000)
[2] A. Huber, Th. Udem, B. Gross, J. Reichert, M. Kourogi, K. Pachucki, M. Weitz, and T.W.
Hansch. Phys. Rev. Lett. 80, 468 (1998)



Precision of Theory

Total transition frequency (optical):

QED effects

H: ~10 kHz, He: ~1 MHz, Li: > 10 MHz
Isotope shift:

Nuclear charge radius

H: ~1 kHz, He: ~1 kHz, Li: ~10 kHz
Fine and hyperfine structure :

State mixing, find hyperfine constant
H: <1 kHz, He: <1 kHz, Li: several kHz



Previous attempt for helium FS

uncertainty of theory and exp ~ 1 kHz
Discrepancy = 10 kHz and 20 kHz for 10 years
Include high-order terms (o°Ry)
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—J=0

2°pP
0-1
_ ot LENS 2004
Experiment
o Harvard 2005
o York 2001
Theory . Pachucki 2010
° Pachucki 2006
. Drake 2002

930 935 940 945 950 955 960 965 970 975

Frewquency - 29 616 000 kHz

2°pP
1-2
o York 2009
EXperiment o Harvard 2005
—o— York 2000
e N. Texas 2000
Theory . Pachucki 2010

Pachucki 2006

Drake 2002

150 155 160 165 170 175 180 185 190

Freguency - 2 291 000 kHz
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Isotope shift

Isotope Shift  0v = OV, + OV e

Mass shift: due to nucleus recoil Field shift: due to nuclear size
........ . A ’
. SVMS oC l @ SVFS
— AA S € [P(0)]2 x B< 12>
Nuclear mass precisely known Atomic structure W(0) calculable,
H, He, Li.

This method widely used in H-D, “He-*He, and °Li-’Li and

determine the difference in the nuclear size



Helium energy levels
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Singlet-triplet forbidden transition probed
R. van Rooij et al., Science 333, 196 (2011)

Unit: nm




Motivation

Better theory
Experiments mostly performed in triplet state

Singlet-triplet forbidden transition probed
R. van Rooij et al., Science 333, 196 (2011)
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‘He 2'S,-2'P, *He 2'S,-2'P,

~ 200 MHz

Accuracy = 1012 @ 1000-sec

> Frequency

................................................................................ ,ache
OFC HSPD I}-» Frequency Offset Locking
CO, Cell - Detector Monitor

§ Tunable Frequency |

Laser | HSPD2 Offset Locking

Helium Spectroscopy :
Experiment

Pl N




Direct Absorption Spectrum

[.aser 2

National T'sing H

Power )
Stabilizer 2 e Coll > O)PD
400
2'P, (t=0.56ns) oo Joeraange power=2 W
_ N, e
2058 nm g A

2180 (t=19.6 ms) % e k! ,".

A i-%, 200 - ‘V

i RF discharge & ]
1 180 E 52 | | (h)

| | |
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Offset Frequency (MHz)
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Spectroscopic results

18000 2.0
16000 &% .
c 8
@ 14000 = - 1.5
c = N 1
5 12000 T T ol
£ 10000 e = ; }
~ 0 2 4 6 8 10
~ 8000 Time (5 3 0.5
S 6000 0 ] \ T ~ -
D 4000 S B - NANATAN AN AN ‘&;\\&\ RN ANNN ‘T NN RS
2000 - ﬁ ] K \T
5 Xy o .
0 —eceoeeeseeepsesnseeeeeest® S oerorreeeeeeeeen % _0 5 =)
2 4004 T ¥ T y T y T g T @ ] L
S 2004 — 1.0+
% 0 Rt il 1
QO  -200- - |
@ 400+ -1.5
| L) 1 ¥ 1 ) I y 1
-2000 -1000 0 1000 2000
Offset Frequency (MHz) -2.0 T - T - T T T y T
0 4 8 12 16
. Measurement Number
Source kHz
Statistical error 141 i New determination 1
OFC accuracy <5
Frequency locking stability of laser 1 and OFC <5 k1 New determination 2
Frequency offset locking stability of two lasers <2 Previous determination [5, 7] | . 1'
B e (A
Pressure shift ).3 Yerokhin and Pachucki [6]
Light intensity 418 Drake and Yan 5
Lo rake and Yan ——
rf discharge power 32 -.-.-.-.-.-.-[.]-.-.-.-.-.-.-.-.-.-.-.-.-
Zeeman effect <7 10 -9 -8 7 6 -5 4 -3 2 -1 0 1 2 3 4 5 6 7 8 9 10
Overall uncertainty 183 f-814709147.938 (MHz)

P.-L. Luo et al., Phys. Rev. Lett. 111, 013002 (2013)
First absolute frequency measurement on this transition

10 time more precise in isotope shift



Helium energy levels
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Singlet-triplet forbidden transition probed
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668 nm transition

ECDL at 668 nm locked to frequency comb
Comb — PPLN, change rep rate

31D2 (t=15.36ns) Synthesiser
4 =—1f. Lock Servo st
: re Fan-out
e Fiber Comib oL B>
668 nm r:fiber Com n I i
(1~2.2 um) //I \\\ I [] I "HS:PD
2'P, (t=0.56ns) o
A : |Frequency
Lock Servole- Offsct
2180 Locking
: RF discharge Pl 668 nm 7 5o ]
: 2 repr L 7
; : OI HWP PBS
1'S, i
- FPI, PM andWavemeter |« // Chopper == HWP
errerseeeaa s .
L ]{R'Lf- // E — PBS
— s{Lock-in e
‘fL—HXﬁ+2xﬁ]iﬁ)‘ . PBS
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Results

Signal (arb. units)

Residuals

6000

Repetition Rate - 250000000 (Hz)
200 400 600 800 1000

5000 1
4000+
3000+

2000+

o Experimental Data
—— Fit curve

1000
100 .
0 ..‘i-‘.h'f i"-’Jl '.\.f.’ s 'F.'\./R".\.-J'.".ll’ e/ \".f.f!'.‘.’..\-' """""""" .-‘F'
-100
T T T T T T
448.7905 448.7910 448.7915 448.7920

Absolute Optical Frequency (THz)

f-448791399.113 (MHz)

3.5
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3.0+
2.5+
2.0+
1.5+
1.0+
0.5+
0.0+
-0.5+
-1.0+
-1.5+
-2.0
-2.5
-3.01

-3.5

T T T T T T T T T
5 10 15 20 25
Measurement Number

Source

shift  uncertainty

Statistical error
OFC accuracy

Frequency locking of ECDL and OFC

Pressure shift
Zeeman effect

Owerall

0

o oo o O

0

177
<D
<D

192
<7

268

P.-L. Luo et al., Phys. Rev. A 88, 054501 (2013)

10 time more precise than previous measurement

30 35
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This work

Our previous determination 1 [8, 9] I

Our previous detemmination 2 [8, 9]

Previous determination [1, 16] |

Yermokhin and Pachucki [2] e

Drake and Yan [1]  —e—

1110-9 8 7 6 5-4-3-2-1012 34567 8 9
f- 814709148.133 (MHz)

This work =
Previcus determination [1,3] e 28
: = | Yerokhin and Pachucki [2]
: - | Drake and Yan [1]
6 5 4 3 =2 4 0 1 2 3

f-960332041.019 (MHz)

P.-L. Luo et al., Phys. Rev. A 88, 054501 (2013)
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Precision Laser Spectroscopy
of Helium Testing QED Atomic Calculations

Helium is the simplest multi-elec-
tron atom and has been the best
testing ground for many-body QED
atomic calculations. Unlike the hy-
drogen atom, for which analytical
solutions exists, similar studies of
helium requires extensive numerical
calculations in order to determine its
electronic structures. Precision laser
spectroscopy of He can improve the
theoretical value of Lamb shift and
be used to determine the nuclear
charge radii of helium.

Recently, researchers from a multi-

had to control precisely many exper-
imental parameters, e.g., laser power
stability, magnetic field shielding,
discharge condition, and helium gas
pressure. Otherwise, any systematic
error will limit the final precision of
the measurement. A typical spectrum
is shown in Fig. 2. This represents
the first Doppler-free measurement
of the 2!8,—2!P; transition.

For the ionization energy of the olp,
state, a discrepancy of 3.5 7 with
the most precise theoretical value is
found. This is shown in Fig. 3. This

I

:ansnr 1

L Power
Ages Stabilize

Pamp

Modulatio

| [OFC J——st—sfHSPDI} {Frequency Difset Locking]
.| Tunable Frequeney |

Probe
o He Cell z—‘:—*@

e o] |

Fig. 1: Schermnatic of the experimental setup. OFC: optical
frequency comb; PD: photodetactor; HSPD: high-speed
photodetactor; AOM: acousto-optical modulator.
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Helium energy levels
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Helium-3

200 mTorr; light power=22 mW 150 mTorr; light power=48 mW

Data O Data
14000 23P _ 33D PR i Fitting Curve 6000 crossover — Fitting Curve
@ 12000 0,172 132 | »
E 50004 5 2P . -3D
] = 23p -3D 0,12 1,172
o 4000- 0,112 232
] g .
60001 e
2000 1000
0.
S sm] S 0]
=2 0 %"'—.‘M& % O-Mf‘gx—‘ e S Y e
$a § =
' 5100591 5100592 5100593 5100594 5100595 5100526 5100528 5100530 5100532 5100534 5100536
Absolute Optical Frequency (GHz) Absolute Optical Frequency (GHz)
Separation Our work Theory [5]

He 3°Dy 30 - 3Dy 110 5834.073 (0.134)  [5834.03 (0.04)

He 3°Dj3/2- 3°Ds 30 6556.458 (0.149) 6556.42 (0.03)
He 3°Dy 1/2- 3°D5 30 722.385 (0.183) 722.39 (0.04)




Spin-forbidden transition

3'D, t=15.36 ns

~100 GHz

33D1,2,3

t=13.15ns

A=587.7 nm
A~10"s™

A=587.6nm
A~10°s"

2°P,,, 1=97.95 ns

Only Doppler-broadened spectrum observed before



Spin-forbidden transition

4500 Relative polarization angle between two beams: 0 deg

| 4 - -

4000 1 He 300mTorr with Laser~1 W
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3500 -

3000'. JN 23GHz ‘

Signal (a.u.)

Point



Signal (arb. units) R
s & §& 8

2

Spin-forbidden transition
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‘He 2°P.-3'D, @ 200 mTorr

0 =90deg
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2. 88 8
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Absolute Optical Frequency (GHz)

Fitting Formula

S=A[Lv —v )+ Bx DV —v )]
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Lorentzian
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Analysis helium-4

“He 2°P,-3'D, Transition MHz
Statistical value (zero light power at 300 mTorr) [510 190 516.631 (0.796)
Pressure shift 0(1.0)
OFC accuracy 0(0.002)
Frequency locking of ECDL and OFC 0 (0.002)
Second-order Doppler shift 0.004 (0.001)
Zeeman effect (residual magnetic fields < 1 mG) 0(1)

Final result (this work)

510 190 516.635 (1.796)

Previous measurement (Doppler-limited) [5]

510 190 516.5 (12.0)

Experimental determination [1-4]

510 190 516.412 (0.325)

Theoretical calculation [6]

510 190 515.98 (2.0)




ﬂ\jalysis helium-3

‘He 23P0,1 n - 31D2,3/2 Transition MHz
Statistical value (zero light power at 300 mTorr) | 510 156 738.642 (1.074)
Pressure shift 0(1.0)
OFC accuracy 0(0.002)
Frequency locking of ECDL and OFC 0(0.002)
Second-order Doppler shift 0.004 (0.001)
Zeeman effect (residual magnetic fields < 1 mG) 0(1)
Final result (this work) 510 156 738.646 (2.074)
Theoretical calculation [6] 510156 732.24 (2.0)

Separation Our work Theory [6]
‘He 3'D, - 3°D; -101144.331 (1.796) -101143.95 (0.03)
"He 3'Dy3n-3"Disp  |97448.153 (2.075) 97448.15 (0.03)
‘He 3'Dy3pn-3"Die |103282.226 (2.078) 103282.18 (0.04)
"He 3'Dy3n-3°Dasn  |104004.611 (2.079) 104004.57 (0.03)

The 37 MHz (7 o) discrepancy not seen here.



Helium energy levels
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1009 nm two-photon transition
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Lamb shift of the singlet 2S state

From singlet states
e (a)

2's, -3'D,

[2's,-2'P,]+[2'P,-3'D,]

° 1 (C)
2'S,-n'D

From ftriplet states
(d)
[2°s,-3°D.]-[2°S,-2'S]

—e—i (e)

(2351 -23p)+ 2% - 33041 - 2354 - 215¢)

(b)

2806.6 2806.8 2807.0 2807.2
Frequency (MHz)

2807.4

Y.-J. Huang, Y.-C. Guan, Y.-C. Huang, T.-H. Suen, J.-L. Peng, L.-B. Wang,

and J.-T. Shy,, Phys. Rev. A 97, 032516 (2018)
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Nuclear charge radius

This work
| s |

e -nuclear scattering®
, * i

IS(2°s, -2°P )¢

. 3
IS(2%S, - 2P )°
—e—
1S( 23S, - 2'S, I°
I & |
IS( 2°S, - 2P )2
N
1 o [ o [ M [ 1 a [ 4 1 o [
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5R? [ °He - *He ] fm?

Figure 5.13: The comparison of the determination of the § R? from our work and other measurements. (a) Shiner
et al. [61]. (b) Cancio Pastor et al. [18.19.56]. (¢) Van Rooij et al. [42]. (d) X. Zeng et al. [46]. (e) Ingo Sick [62].

To be submitted to Phys. Rev. A



Summary

Work completed
Helium singlet 25-2P at 2058nm, 2P-3D at 668 nm
Helium triplet 2P to 3D (singlet and triplet) at 588 nm
Helium singlet 25-3D two photon transition

Either resolve discrepancy or test theories

Work in progress and future work
Helium Rydberg spectroscopy
Construction of metastable helium beam

Upgrade of optical frequency comb
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