Precision Measurement in
Atomic Physics

Li-Bang Wang, 3 = =R
National Tsing Hua University

ON GROWTH
AND FORM

The Compiete Revised Edition

Thompson, D'Arcy Wentworth

On Growth and Form, 1917

...numerical precision is the

very soul of science... DArcy Weneworth Thompson




How precise?

Magnetic moment of electron,

g, (exp) = 2.0023193043617(15)
27°m e

hc

= 109,737.31568639(91)
Electric dipole moment of electron
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Time variation of fine structure constant
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Review

Historical Review:

Precision measurement lead to new physics
Atomic physics: (simple system)
Techniques utilizing resonance,
spectroscopy, time and frequency
measurement could be very precise
Compare: HEP, NP 1/1000 measurement




INew: Physics Discovered by Atomic Spectfoscopy. . i

First Motivated by Stern-Gerlach experiment, 1922
First atomic spectroscopy by resonance method
NMR, Rabi and Ramsey, 1934-1939
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NMR for Deuteron

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)
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cted topics in precision measur

Test QED: the g-2 of electron and muon

New source of CP violation: electric dipole
moment of electron and nucleon

Strong interaction: size of proton

Time and frequency standard: making a better
clock

Constancy of fundamental constant: can speed of
light change?

Weak interaction: parity violation in atom (time
permitted)




g-2 of electron

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

g
LB h
Classical non-relativistic g=1 mg = +%

In QM, Dirac Theory predict g=2
In reality, g= 2.002319304..... Why??

QED

Quantum Electrodynamics

The most precisely tested theory

g
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Sin-Ichiro Tomonaga (f5-<#¥=- 3 ), 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”




QED and g factor

Vacuum is not real vacuum
and a lot more....
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Why measure g factor

Test QED
Search for structure of electrons
g can be expanded as a function of o
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g:1+C2(gj C{gj +C6(gj +oen
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+ ayr + ahadronic +a

weak

&= e%c ~ %37

al =137.035 999 070 (98)

Gabrielse, Hanneke, Kinoshita, Nio, and Odom, Phys Rev Lett 97, 30802 (2006)
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Measure electron in free space
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How to measure g

Spin precession (Larmor) frequency ;
e

Calibration of magnetic field by cyclotron frequency:

g
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Measurement performed on a
single electron in Penning trap




Current status

g-2 experiment of electron and muon:

g. (exp) = 2.0023193043617(15),
g, (th) to determine fundamental constant

g, (exp) = 2.0023318416(12)" o
gu (th) = 200233]8367(] 3) 5 o deviation

G.W. Bennett et al., Phys Rev Lett 92, 1618102 (2004)

Permanent electric dipole moment [{ " @i

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




Neutron EDM: history
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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: T, Cs, Hg, Xe, Rn, Ra, Fr
Molecule: PbO, YbF, TIF
lons, solid state systems, etc...




How to measure EDM
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Problem:

reverse E field cause leakage current,
huge noise from B field

Current status

199Hg Precession Data ?!3
Typical value

E ~ 10 kV/cm
o~ 10Hz, d®» ~ nHz

Optical Rotation (mrad)

Sensitivity approaching
some Standard Model extension

_ 1| What if someone observes EDM?
oo 02 o4 o6 o8 10| Theories ready with many parameters

Time (sec)

Optical Rotation (mrad)

figure from M. Romalis, Princeton




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

2
GL(Q*)+- <Gy (Q?) 2
(d_aj :(d_aj o ame T G (Q) - an*(0/2)
dQ Rosenbluth dQ Mott 1+ Q 2M
4M 2

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

Nuclear size effect

E
> r
A p
/ S
a) point nucleus ~ b) finite size nucleus
V~-1r
transition from s to p state

— decrease transition frequency




Laser spectroscopy method

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

— charge radius of proton R, .= 0.883(14) fm
Lack of precision (onlyl~2%) very annoying!

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

Muonic hydrogen

m,/m,~ 200
Bohr radius m e ?2

Energy level E, = - 247z A)2 n?

S %
/ N Wave function W(r)~ a2

muon decay - —s g v Energy shift due to nuclear size~
e ) (r*)

Sensitivity ~ (m,/m,)?

Ongoing project at PSl, aiming 0.1% measurement




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

@\ ariation of fundamental constant
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Microwave Cs clock
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Optical Atomic Clock

Frequency comb: pioneering work by T.W. Hansch
made direct frequency measurement possible

K Frequency Comb basics \
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Fourier
transformation .
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Determined by cavity
length

O o ffser
measured by f-2f

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




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

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

Precision ~ 1016 — 1017 (HZz!/2)

How optical clock work
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Cooling/detection laser

S.A. Diddams, J.C. Bergquist, S.R. Jefferts, C.W. Oats, Science 306, 1318, 2004
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How constant is the constant?

Two reports show the constant may
change in time

Oklo phenomenon

Quasar spectra

The Oklo

Natural nuclear reactor 1.9 billion years ago
2351 abundance very low

Fission of 23°U, neutron slowed by water
n+ "9m — °%Sm + vy, E, = 97.3 meV

x10° Calculated (O 149) as a function of resonance energy
T T
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02 0.15 0.1 0.05 0 0.05 01 0.15 02 resemble those in the spent nuclear fuel
A E! [eV] genarated by today’s nuclear power plants.

49Sm isotope abundance, — neutron absorption cross section G4
From G, > A E,, assume reasonable T

AE, Aa
11MeV o A Er<0.1eV, Aa/a <107




Quasar
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(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 a

bsorption line

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

Results From Searches for do/dt
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Ao/a. per year method quantity ref
-(2.3 +0.7/0.3) 10" Oklo nuclear reactor alm/A,4)°% 1
<0810 Oklo nuclear reactor am/h ) 2
(7.2+1.8) 106 Quasar spectra a 3

(6.4 £1.4) 107 Quasar spectra a 4

(0.6 £0.6) 1016 Quasar spectra a 5
(4.4 +1.6) 101° Quasar spectra a 6
(-2.7 £2.6) 10° Dy atomic beam a 7
(0.9 +2.9) 105 OptH « Cs gem/m2s | 8
(0.3 +2.0) 1015 Opt-Yb* & Cs gem/ma® | 9
(0.02+0.7) 10" Rb < Cs Eer/ By 10
(-6.2 £ 6.5) 107 Opt-Hg* <> Cs 8c/m/m,00 1
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Laboratory Test

Frequency Shift [Hz]
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Laboratory and controllable test strongly desired
Ultra-cold trapped ions and atoms best testing ground
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Results From Searches for do/dt
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Conclusion and QOutlook

Precision atomic measurement keeps
producing interesting physics

Our direction in NTHU: Precision
spectroscopy with aid of optical
frequency comb

Parity violation in atom

interaction between nucleus and electron involves
coherent sum of neutral weak and electromagnetic
amplitudes

Y 0
e N e N

opposite parity states (e.g. 2s and 2p of H)

2

are mixed by weak interaction




In Hydrogen

conventional characterization in atomic

physics: weak charge
Qy (Z.N)=(1-4sin%6, )Z-N
Mixing between 2s and 2p state

o {28[Hua2P) Qy _1/80Hz _,
AE L L

Measure asymmetry in transition rate under
reversed E, B field

Weak mixing angle Sin6,,,

Weinberg angle
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Only success: Cs APV by C. Wieman
Recently, D. Budker, large APV effect in Yb

Bismuth: M. Macpherson et al, PRL 67, 2684 (1991)
Lead: D. Meekhof et al, PRL 71, 3442 (1993)
Thallium: P. Vetter et al, PRL 74, 2658 (1995)
Cesium: C. Wieman et al, PRL 82, 2484 (1999)

Ytterbium: K. Tsigutkin et al, PRL. 103, 071601 (2009)




