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What is “SIZE”

Coulomb interaction

Distribution of charge density
y

r2E = ∫
d3r r2ρ(r)
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Electron as a probe to 
nuclear structure

• Two approaches to detect of nuclear 
structure (size: charge distribution)

• Scattering: model-dependent 

• spectroscopy: high precision transition 
energy measurement.



Why lithium?

• The “simplest” “complicated” 
atomic system

• Many isotopes, various nuclei 
with the same electronic 
structure (6,7,8,9,11Li)  

It can be calculated, but not trivial
Recently, the electronic wave function has been constructed using “Hylleraas coordinates” (Yan & Puchalski)

Isotope shift (stable 6,7Li) can be utilized 
to study nuclear structure

3 electrons + 1 nuclear= 4 body system

Only 3 elements (H, He, Li) that we, physicists, fully understand 



Theoretical background

nuclear-related
Energy shift

Mass effect

Size effect

Lithium

Transition energy = QED + Nuclear Structure

Absolute transition energy → Higher order bound QED test(εHO)
Isotope shift (relative) → charge radius difference 
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Halo nuclear of 11Li

• Theory or experiment?

• Naturally occurred 6,7Li can be used for 
a test with a high precision

R. Sanchez et al, PRL 96 033002

Experimental 
(GSI)

cluster model

Dynamic correlation model

Halo



Partial Energy level of lithium

Two-photon 
transition

|1〉

|2〉

|3〉
W12 W21

A23

A31

Ionization limit

W =ion ionσ Φ

(a)

GSI experiment
(laser ionization)

Free from the first order Doppler shift!



Spectroscopy with Optical 
Frequency Comb

Link to Cs clock 
(primary standard) on satellite

150kHz

This set the ultimate limitation of our accuracy
,σ=75 kHz.



Li 2s-3s spectrum 
High signal rate, low laser intensity, more symmetrical 

(No complicated model is needed, less systematic error)



Systematic effects and uncertainty

Linear Extrapolation to zero power

Final accuracy is limited by the laser linewidth (σ=75 kHz)

f(I)=f0+k×I

TABLE I. The uncertainty budget of the absolute frequency
measurement

Effect (source) (MHz)
Statistic 0.08 ∼ 0.32
AC Stark shift (intensity fluctuation) < 0.02
First order Doppler (beam collinearity) 0.088
Frequency comb < 0.005
Second order Doppler (velocity of atom) negligible
Total 0.1 ∼ 0.33

Correction for the AC Stark shift



Results
Isotope Frequency (MHz) Ref.
7Li F = 2–2 815 617 949.98(10) this work

F = 1–1 815 618 567.23(14) this work
C. G. 815 618 181.45(8) this work

815 618 181.57(18) [13]
815 618 185.2(30) [12]

theory 815 618 149.0(300) [3]
815 618 170.0(180) [4]

6Li F = 3/2–3/2 815 606 668.99(22) this work
F = 1/2–1/2 815 606 844.40(33) this work
C. G. 815 606 727.46(18) this work

815 606 727.71(24) [13]
815 606 731.4(30) [12]

Isotope Shift −11 453.99(19) this work
−11 453.85(19) [13]
−11 453.734(30) [12]
−11 453.983(20) [2]
−11 453.95(13) [15]

suspicious!?

1. improved by a factor of 2.5

2. The accuracy is much better than theory, whose higher order QED 
calculation should be improved
3. Isotope shift in agreement with previous measurement



Charge radius difference (7Li-6Li) 
The comparison of the measurements with various transitions 

Ours
e-scattering

It is hard to say that the measurements are converged



• The accuracy of the absolute transition 
energy of atomic lithium 2s-3s has been 
improved.

• Higher order theoretical calculation is 
required for testing QED with the 
experimental results.

• The resulted charge radius difference is 
consistent with most of previous 
measurements. Certain suspicious 
measurement should be ruled out.



Prospect on Charge radius 
measurement of atomic lithium

LB

YW

?????

p

Transition
�� jk

�MHz�
�Ejk

�MHz� Cjk

Li+�2 3S1-2 3P0� 34747.73±0.55 34740.17±0.03 9.705

Li+�2 3S1-2 3P1� 34747.46±0.67 34739.87±0.03

Li+�2 3S1-2 3P2� 34748.91±0.62 34742.71±0.03

Li�2 2S1/2-3 2S1/2� 11453.95±0.13 11453.01±0.06 1.566

11453.734±0.030

Li�2 2S1/2-2 2P1/2� 10533.160±0.068 10532.17±0.07 2.457

10533.13±0.15

10534.039±0.070

Li�2 2S1/2-2 2P3/2� 10534.93±0.15 10532.57±0.07 2.457

10534.194±0.104

N l th



Precision Laser Spectroscopy  
of muonic atom 



 Proton
Size does matter!  

p, n, e  

Charge radius: 0.877 (7) fm
Magnetic radius: 0.867(28) fm 

+



• H-spectroscopy: 

rE=0.8775(51) fm( )

• e-p scattering: 

rE=0.879 (9) fm( )

1 =0.000000000000001
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21st century



 
The flagship of the precision measurement

By T. Hansch  
(Max-Planck-Institut für Quantenoptik )

1.4×1014



Test Bound QED 

using the simplest atomic system 
(ep) 1S-2S  

1S Lamb Shift ( ):

Test bound QED using electronic 
hydrogen is limited by the 

knowledge of the proton size <rrrr2 > 
radius of charge distribution

Experimental 
precision

finite size 
effect limit

H spectroscopy become a precision measurement of proton size



Recognized value of 
proton charge radius

• H-spectroscopy (CODATA): 0.8775±0.0051 fm

• Electron-proton scattering  : 0.897 ± 0.018 fm

• 0.8% accuracy Can we do it better?

The Committee on Data 
for Science and Technology



 = Exotic atom

• : Exotic= , , 
,  

•
(  μ π) ,
 atoms beyond periodic table 

Muonic Hydrogen: μ- P+ 

What is muonic hydrogen?

Mμ=200Me

τμ=2.2μs



Lamb shift and rP

2S1/2

2P1/2

2P3/2

 F=0

 F=0

 F=1

 F=2

 F=1
 F=1

23 meV

8.4 meV

3.7 meV
fin. size:

206 meV

50 THz

6 μm

(c)

S state

P state

Electronmuon

More sensitive to the 
structure of proton !!!!

ΔE=209.9779(49)-5.2262 rP2 +0.0347 rP 3 meV



7077777777700000



Principle 
Cascade and detection mechanism 
µ-

n=14

2S
2P

1S

2keV X-ray
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4
1
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510  events6101.02

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4
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10

210

310

410

510  events6101.3299%
1%

6µm
2keV X-ray

Signal!!!

Prompt X-ray

delay X-ray

Hydrogen



Two major technical 
challenges

• Muonic hydrogen: Produce slow muon that 
can stop in low pressure hydrogen gas.

• Light source: 6µm laser source, powerful, 
well-controlled frequency, triggered on 
demand. 

<5keV

1 hPa

0.2 mJ

Δt<1μs



Generation of Cold muonic hydrogen





Results

laser frequency [THz]
49.75 49.8 49.85 49.9 49.95
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e-p scattering

CODATA-06 our value

O2H
calib.

49881.88±0.76GHz2S1/2 (F=1)→2P3/2 (F=2):

rpp=0.84184(36)(56) fm

R. Pohl et al., Nature 466, 213 (2010)



• 0.84184 fm<0.8768 fm, 4%

10-15m

0.00000000000000084184 

, 

, 

The Committee on Data 
for Science and Technology



Dirac+Bound-state QED

Hyperfine 
(proton magnetic moment)

Proton finite size effect

+

+

2P3/2

2S1/2
one-photon two-photon

elastic (rE3 third order Zemach)
inelastic (Polarizability)

rE2

ΔE=209.9779(49)-5.2262 rE2 +0.0347 rE 3 meV

F=2
F=1

F=1

F=0

Contributions to transition energy 



Hyperfine structure

 charge radius
 magnetic radius

rZ ¼ ∫d3r∫d3r′r′rE(r)rM(r − r′) Zemach radiiDEth
HFS ¼ 22:9763(15Þ − 0:1621(10)rZ þ DEpol

HFS

1

4
hns þ 3

4
hnt ¼ DEL þ 8:8123ð2ÞmeV

hns − hnt ¼ DEHFS − 3:2480ð2ÞmeV

DEth
L ¼ 206:0336(15Þ − 5:2275(10Þr2E þ DETPE

• Hyperfine splitting  
•  proton magnetic moment + magnetic distribution rM



ν

μ

μ

ν

μ

μ

DEexp
L ¼ 202:3706(23) meV

DEexp
HFS ¼ 22:8089(51) meV

charge radius magnetic radius

fm¼ 0:84087(39) fmrE rM = 0.87(6)

A smaller proton size is confirmed. Accuracy is improved by 1.7 
times. The hyperfine structure issue is settled 

Aldo Antognini et al. Science 339, 417 (2013);



most 
accurate 
constant

Impacts
H-spectroscopy QED

α R∞ rP
QED

(unbound)

electron g-2
(ion trap)

muon g-2

e-p 
scattering

muonic 
hydrogen

most 
accurate 
theory

+

10 973 731 568 155(10) m-1

rPR∞



What is wrong?

• Experimental systematic effect? 

• Theocratical inaccurate calculation?

molecular perturbation? ppµ or µpe?
Ruled out by three-body calculation

J.-P. Karr, L. Hilico, Phys. Rev. Lett. 109, 103401 (2012).

Shape? polarizability?Two-photon exchange?

P

µ

P or e

Before being radical, try to find a “patch” first
Just like a “normal” scientific research 



q q

kk

pp

�4 �2 2 4

0.2

0.4

0.66.6

0.8

1.00

Theories on high order radius
• A large tail distribution to enlarge rE3 term?X 
• e-p scattering data. C. Cloët, G. A. Miller, PRC 83,012201(R) (2011).

• chiral perturbation theory A. Pineda, PRC 71, 065205 (2005)

• Insufficient calculation on Two-photon exchange 

ΔETPE ? X
• intensively re-examined C. E. Carlson, M. Vanderhaeghen, PRA 

84,020102 (2011). & R. J. Hill, G. Paz, PRL 107, 160402 (2011). 

• constrained by heavy-baryon chiral perturbation 
theory(M. C. Birse, J. A. McGovern, Eur. Phys. J. A 48, 120 (2011)



Proton size puzzle is reinforced

Electron-proton scattering

Root-mean-square proton charge radius (femtometers)

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.90 0.91 0.92

Hydrogen spectroscopy

Muonic hydrogen spectroscopy

CODATA (2010)

Is this the only one small proton? 
1. 0.84(1) fm:  “model dependent” dispersion fit for the e-p scattering 
data.  
I. T. Lorenz, H.-W. Hammer, U. Meißner, Eur. Phys. J. A 48, 151 (2012).

2.0.83(3) fm: Lattice QCD calculation. 
P. Wang, D. B. Leinweber, A. W. Thomas, and R. D. Young, Phys. Rev. D 79, 094001 (2009)

7 σ away from 2010CODATA



Implications

• Physics in very small scale (am 10-18, zm 10-21)???

• Spectroscopy as a test of Coulomb’s law: A probe of the hidden sector, PRD 82, 
125020 (2010)

• Proton radius puzzle and large extra dimensions, LB Wang and WT Ni, arXiv:
1303.4885

• Unexplored µ-p or e-p interaction???

• Is bound state QED calculation wrong???

Some possible routes to the puzzle: 

Is there any sign shown in the past ?



IS MUON A FISHY PARTICLE?

Muon g-2 experiment is 3.2σ away from theory
Is muon fishy particle?

Hint A:

“New Parity-Violating Muonic Forces and the Proton Charge Radius”
PRL 107, 011803 (2011)

“Constraint on Parity-Violating Muonic Forces”
PRL 108, 081802 (2012)



Hyperfine interval in positronium [MHz]

a

b

Theory

203 385 203 390 203 395

DISCREPANCIES IN THE POSITRONIUM SPECTROSCOPY

But, muonium (µ+e-) is in agreement with QED theory
V. Meyer and et al., Phys. Rev. Lett. 84, 1136 (2000)
I. Fan and et al., arXiv:1310.1660(2013)—frequency comb recalibration at NTHU

Positronium 1s - 2s interval [MHz] 

a

b

Theory

1 233 607 200 1 233 607 220 1 233 607 240

1s

1983

1984 1993

1984

Hint B:        Laser spectroscopy of positronium
A purely leptonic system, no finite size effect

A cleaner test for QED

2013
U of Tokyo



A HINT  
HOW ABOUT THE  

CHARGE RADIUS DIFFERENCE

e-d scattering &     →rd2-      =(2.130)2-               =3.830(35)

Absolute size:
 μP:  rp=0.84087 fm 
 H :  rp=0.8775 fm

7σ away........... DISCREPANCY

Proton-Deutron Size difference:

μP        rp2                       (0.84087)2  

H-D  spectroscopy→rd2-rp2                                              =3.82007(65)

0.3σ only! AMAZINGLY AGREE

Hint C:



ISOTOPE SHIFT & CHARGE 
DIFFERENCE

The deduced radius difference is “almost” QED free
(QED plays no role here)

H-spectroscopy→QED+rp

D-spectroscopy→QED+rd

       rd2-rp2 

Absolute size, with QED→discrepancy
Size difference, without QED→agree → QED problematic ???

Hint C:

Isotope shift→

Let’s wait for the muonic deuterium, coming soon!



  V.S. CERN LHC

     1 : 10000



New experiments for the puzzle
• New electron scattering 

–experiments:Jefferson Lab E12-11-106 
• Elastic muon-proton scattering 

–MUSE collaboration proposes at PSI 
• Spectroscopy of exotic atoms 

–positronium(PRL109,073401), muonium(PRL, 
108,143401) 

• Spectroscopy of electronic atoms and ions 
–2S-6S/D(NPL), 2S-4P(MPQ), 1S-3S(LKB), He+(MPQ), 

H-like ion (NIST), 2S-2P(York)
90



2010 Nature 2012 Science What’s next?

•
CREMA (Charge Radius Experiment with Muonic 
Atom) )

• He+

•



http://muhy web psi ch http://www lkb ens fr/-Metrologie-Quantique-

(2001)
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