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現代科學與實驗
為甚麼伽利略是現代科學之父？

越重的東西
掉的越快

與重量無關

d∝t2

科學實驗
與
量測



光速的量測
與

愛因斯坦相對論
相對論的唯一重要假設 

光速恆定: c=constant

Michelson-Morley 最有名的”失敗”的實驗: 
企圖透過量測光速的相對變化,推算出以太風

完了！
量不出以太風

怎麼量光速
都一樣?!

反而成功的奠定了相對論的基礎



精密量測與基本物理
高能量 high energy ⎯ 高精密度 high precision

當精密度達到一定程度之後, 桌上型的精密量測
也能探測到大型加速器所研究的基本物理



桌上型高能物理
-----尋找電子電偶極 EDM

e …….一個電子之中還有什麼

已經發現超過100年了 我們對它還不是很了解

第一個故事.........



The Grail of AMO physics
-----EDM電子電偶極-----

它存在嗎?------------Is there an EDM?
它長的如何?  How large will it be?



宇宙的存在與對稱性的破壞

宇宙誕生的Big Bang 
初期物質與反物質一樣多 
(兩者對稱 CP symmetry)

物質與反物質相遇就會互相湮滅
那宇宙目前為何能存在? 

猜測物質與反物質應該不是完全對稱的
CP violation



若是基本粒子具有永久電偶極P-odd, T-odd

或是 具有內部結構基本的粒子?

CP violation 與電子電偶極



EDM 的基本量測方法

Ed 
(ml=0)

τ=dL/dt=d×E

Z
ωd (ml=1)=dE/L

同時外加一個平行與反平
行的磁場 可使極微小的ω
較易量到     ω= ωz ±ωd

簡單來說, 就是量測：在電場與磁場同方向與反方向作用下, 有沒有不同。
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電子EDM的理論預測與實驗進展

電子電偶極的存在超越了目前被接受的標準模型Standard 
Model, 將可提供一個目前宇宙為何能存在的解釋

真的很小



質子 Proton 
所有物質的主要組成p, n, e。
但我們真的了解質子嗎？

Classification: Baryon 
Composition: 2 up quarks, 1 down quark 
Particle statistics: Fermionic 
Symbol(s): p, p+, N+ 
Theorized: William Prout (1815) 
Discovered: Ernest Rutherford (1919) 

Mass: 1.672621637(83)×10−27 kg
Mean lifetime: >2.1×1029 yr (stable) 
Electric charge: 1.602176487(40)×10−19 C
Charge radius: 0.877 (7) fm
Magnetic moment: 2.792847351(28) μN 
Magnetic polarizability: 1.9(5)×10−4 fm3 
Spin: 1⁄2 Isospin: 1⁄2 Parity: +1
Electric dipole moment: <5.4×10−24 e·cm 
Electric polarizability: 1.20(6)×10−3 fm3 

其實....對它的大小
不是很清楚

第二個故事.........



回到最簡單與最基本
-----現代物理的起點

H …….氫

一個電子+一個質子



Rosetta stone

The key to 

decode the secret 
of ancient Egypt.  
Idiomatic as 
something that is a 

critical key to the 
process of decryption or 
translation of a 

difficult encoding of 
information.

氫原子

解開現代物理世界

祕密的羅賽塔石

氫原子光譜
的解碼

是量子物理之鑰

從波爾的原子模型

到  量子電動力學

Ｈ



150年來的氫原子光譜量測

21st century



那麼….現在為什麼還要研究氫原子

檢驗量子電動力學QED ---真的那麼準嗎?到底
有多準?當誤差出現之時就是”新物理”出現的時候了!

檢驗廣義相對論 ---反物質的世界是不是跟我們一
樣?如果一樣,那麼為什麼這個世界不是各50, 50?

探索量子色動力學QCD ---到目前為止我們根本
不知道一堆夸克要怎麼在一起?

物理常數是不是常數 ---以前的氫原子光譜跟現
在一樣嗎?



氫原子的超精確頻率量測

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

1.4×1014



Bound QED的理論限制
以最簡單的原子系統為檢驗

氫原子(ep) 1S-2S躍遷中的

1S Lamb Shift (所有能階中最大):

目前理論的極限所在

不確定的 <r2 >

(質子的電荷分布半徑)



目前理論與實驗精確度的比較

由於理論的精確度受制於<r2>，使得無法進行真正的
Bound QED test

實驗進展

理論限制



目前各質子<r2>的實驗結果
實驗誤差在2-4%間

transition energy=theory + proton size

proton size=transition energy - theory
氫原子無法再繼續檢驗QED
反而成為質子大小的量測



Recognized value of 
proton charge radius

• H-spectroscopy (CODATA): 0.8768±0.0069 fm

• Electron-proton scattering  : 0.897 ± 0.018 fm

• 0.8% accuracy

The Committee on Data 
for Science and Technoloy



奇異原子 = Exotic atom
•字典說: Exotic=外國來的, 異國情調的, 奇特
的, 脫衣舞孃的

•含有電子、質子、中子等長半衰期以外的
粒子(如 µ、π)所組成的原子系統,稱為奇異
原子
渺子氫原子：Muonic Hydrogen: µ- P+

(µ 比電子重200倍的短命電子,生命期只有0.000002秒)

質子

電子

氫原子渺子渺子
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Figure 1: (a) About 99% of the muons proceed directly to

the 1S ground state during the muonic cascade, emitting

“prompt” K-series X-rays (blue in Fig. 4). 1% remain in

the metastable 2S state. (b) The µp(2S) atoms are illu-
minated by a laser pulse at “delayed” times (red region

in Fig. 4). If the laser is on resonance, delayed Kα X-

rays are observed. (c) Vacuum polarization dominates the

Lamb shift in µp. The proton’s finite size effect is large.

vacuum polarization which shifts the 2S binding energy

towards more negative values (Fig. 1(b)). Its uncertainty

of 0.005meV is dominated by the proton polarizability

term13 of 0.015(4)meV. The µp fine and hyperfine split-
tings (due to spin-orbit and spin-spin interactions) are an

order of magnitude smaller than the Lamb shift (Fig. 1(c)).

The second and third terms in Eq. (1) are the finite size

contributions. They amount to 1.8% of ∆E, two orders
of magnitude more than for H.

For more than forty years the µp Lamb shift has been
considered one of the fundamental experiments in atomic

spectroscopy, but only recent progress in muon beams

and laser technology made such an experiment feasible.

We report on the first successful measurement of the µp
Lamb shift. The energy difference between the 2SF=1

1/2

and 2PF=2
3/2 states of µp atoms has been determined by

means of pulsed laser spectroscopy at wavelengths around

6.01µm. This transition was chosen because it gives the
largest signal of all six allowed optical 2S-2P transitions.

All transitions are spectrally well separated. Data were

also taken for another 2S-2P transition in µp which will
be reported elsewhere.

The experiment has been performed at the πE5 beam-
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Figure 2: Muons entering the final stage of the muon

beam line pass two stacks of ultra-thin Carbon foils (S1,

S2). The realeased electrons are separated from the slower

muons by "E × "B drift and are detected in plastic scintil-

lators read out by photo multiplier tubes (PM). The muon

stop volume is evenly illuminated by the laser light using

a multipass cavity.

line of the proton accelerator at the Paul Scherrer Insti-

tute (PSI) in Switzerland. We have built a new beam line

for low-energy negative muons (∼ 5 keV kinetic energy)
which yields an order of magnitude more muon stops in a

small low-density gas volume than a conventional muon

beam18, 19. Slow µ− enter a 5 Tesla solenoid (sketched in

Fig. 2 and described in the methods section) and are de-

tected in two transmission muon detectors, generating a

trigger for the pulsed laser system.

The muons are stopped in H2 gas at 1 hPa, whereby

highly excited µp atoms (n ≈ 14) are formed20. Most of
these deexcite quickly to the 1S-ground state21, but ∼1%
populate the long-lived 2S-state22 (Fig. 1 (a)). A short

laser pulse with a wavelength tunable around λ ≈ 6 µm
enters the mirror cavity surrounding the target gas volume,

about 0.9 µs after the muon stop. 2S→ 2P transitions are

induced on resonance (Fig. 1 (b)), immediately followed

by 2P→ 1S deexcitation via emission of a 1.9 keV X-ray

(lifetime τ2P = 8.5 ps). A resonance curve is obtained
by measuring at different laser wavelengths the number

of 1.9 keV X-rays which occur in time-coincidence with

the laser pulse. The laser fluence of 6mJ/cm2 results in a

2S-2P transition probability on resonance of about 30%.

The lifetime of the µp 2S-state τ2S is crucial for this

experiment. In the absence of collisions τ2S would be

equal to the muon lifetime of 2.2µs. In H2 gas, however,

the 2S-state is collisionally quenched, and τ2S ≈ 1µs at
ourH2 gas pressure of 1 hPa

22. This pressure is a trade-off

between maximizing τ2S and minimizing the muon stop

volume (length∼1/pressure) and therefore the laser pulse

energy required to drive the 2S-2P transition.

The design of the laser (see Fig. 3 and the meth-

ods section) is dictated by the need for tunable light

2

S state

P state

Electronmuon

More sensitive to the 
structure of proton !!!!

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



23

渺子比電子重兩百倍，更靠近質子
兩百倍，能更敏銳地偵測到質子的
大小。

1/200

為甚麼是渺子氫原子？



Principle
Cascade and detection mechanism 
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n=14
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Figure 3: Laser system. The cw light of the Ti:sapphire

(TiSa) ring laser is used to seed the pulsed TiSa oscillator.

A detected muon triggers the Yb:YAG disc lasers. After

second harmonic generation (SHG), this light pumps the

pulsed TiSa which emits 5 ns short pulses at the wave-

length given by the cw TiSa laser. These short pulses

are shifted to the required λ ≈ 6µm via three sequen-

tial Stokes shifts in the Raman cell. Frequency calibration

is always performed at λ = 6µm.

output within τ2S after a random trigger by an incom-

ing muon with a rate of about 400Hz. The cw light at

λ ≈ 708 nm of a tunable Ti:sapphire (TiSa) laser is pulse-
amplified by frequency-doubled light from a cw-pumped

Yb:YAG disk laser23, 24. The cw TiSa laser is locked to a

Fabry-Perot cavity (FP) with a free spectral range (FSR)

of 1497.332(3)MHz. The pulsed light25, 26 is shifted to

λ ≈ 6µm by three sequential vibrational Stokes shifts in

a Raman cell27 filled with H2.

Tuning the cw TiSa at λ ≈ 708 nm by a frequency dif-
ference ∆ν results in the same ∆ν detuning of the 6µm
light after the Raman cell. During the search of the res-

onance we scanned the laser in steps of typically 6 FSR

≈ 9GHz, not to miss the 18.6GHz wide resonance line.
The final resonance scan was performed in steps of 2 FSR.

For the absolute frequency calibrationwe recorded several

absorption spectra of water at λ ≈ 6 µm, thereby elimi-
nating possible systematic shifts originating from the TiSa

laser or the Raman process. By H2O absorption we also
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Figure 4: Summed X-ray time spectra recorded on reso-

nance (top) and off resonance (bottom). The insets show

the same data. The laser light illuminates the muonic

atoms in the laser time window t ∈ [0.887, 0.962] µs in-
dicated in red. The “prompt” X-rays are marked in blue

(see text and Fig. 1).

determined the laser bandwidth of (1.75 ± 0.25) GHz at
6µm.

For every laser frequency, an accumulated time spec-

trum of Kα events is recorded using large-area avalanche

photo-diodes28 (LAAPDs). Their time and (relative) en-

ergy resolution for 1.9 keV X-rays is 35 ns and 25% (full-

width at half maximum), respectively. The resulting X-

ray time spectra are shown for laser frequencies on and

off resonance in Fig. 4. The large “prompt” peak contains

the ∼ 99% of the muons which do not form metastable

µp(2S) atoms and proceed directly to the 1S ground state
(Fig. 1(a)). This peak helps to normalize the data for each

laser wavelength to the number of µp atoms formed, e.g.,
due to varying measurement times per laser frequency.

The 75 ns long laser time window, in which the laser in-

duced Kα events are expected, is indicated in Fig. 4. We

have recorded a rate of 7 events per hour in the laser

time window when on resonance. The background of

about 1 event/hour originates mainly from falsely iden-

tified muon-decay electrons and effects related to delayed

muon transfer to target walls.

Figure 5 shows the measured 2S − 2P resonance

curve. It is obtained by plotting the number of Kα events

recorded in the laser time window, normalized to the num-

ber of events in the prompt peak, as a function of the laser

frequency. In total we have measured 550 events on res-

onance, where we expect 155 background events. The
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A detected muon triggers the Yb:YAG disc lasers. After

second harmonic generation (SHG), this light pumps the

pulsed TiSa which emits 5 ns short pulses at the wave-

length given by the cw TiSa laser. These short pulses

are shifted to the required λ ≈ 6µm via three sequen-

tial Stokes shifts in the Raman cell. Frequency calibration
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Fabry-Perot cavity (FP) with a free spectral range (FSR)

of 1497.332(3)MHz. The pulsed light25, 26 is shifted to

λ ≈ 6µm by three sequential vibrational Stokes shifts in

a Raman cell27 filled with H2.

Tuning the cw TiSa at λ ≈ 708 nm by a frequency dif-
ference ∆ν results in the same ∆ν detuning of the 6µm
light after the Raman cell. During the search of the res-

onance we scanned the laser in steps of typically 6 FSR

≈ 9GHz, not to miss the 18.6GHz wide resonance line.
The final resonance scan was performed in steps of 2 FSR.
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absorption spectra of water at λ ≈ 6 µm, thereby elimi-
nating possible systematic shifts originating from the TiSa
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Figure 4: Summed X-ray time spectra recorded on reso-

nance (top) and off resonance (bottom). The insets show

the same data. The laser light illuminates the muonic

atoms in the laser time window t ∈ [0.887, 0.962] µs in-
dicated in red. The “prompt” X-rays are marked in blue

(see text and Fig. 1).

determined the laser bandwidth of (1.75 ± 0.25) GHz at
6µm.

For every laser frequency, an accumulated time spec-

trum of Kα events is recorded using large-area avalanche

photo-diodes28 (LAAPDs). Their time and (relative) en-

ergy resolution for 1.9 keV X-rays is 35 ns and 25% (full-

width at half maximum), respectively. The resulting X-

ray time spectra are shown for laser frequencies on and

off resonance in Fig. 4. The large “prompt” peak contains

the ∼ 99% of the muons which do not form metastable

µp(2S) atoms and proceed directly to the 1S ground state
(Fig. 1(a)). This peak helps to normalize the data for each

laser wavelength to the number of µp atoms formed, e.g.,
due to varying measurement times per laser frequency.

The 75 ns long laser time window, in which the laser in-

duced Kα events are expected, is indicated in Fig. 4. We

have recorded a rate of 7 events per hour in the laser

time window when on resonance. The background of

about 1 event/hour originates mainly from falsely iden-

tified muon-decay electrons and effects related to delayed

muon transfer to target walls.

Figure 5 shows the measured 2S − 2P resonance

curve. It is obtained by plotting the number of Kα events

recorded in the laser time window, normalized to the num-

ber of events in the prompt peak, as a function of the laser

frequency. In total we have measured 550 events on res-

onance, where we expect 155 background events. The
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十年的實驗挑戰

·高密度的慢速渺子束
·特製的雷射光源
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Generation of Cold muonic hydrogen
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Figure 5: Resonance. Number of events in the laser time

window normalized to the number of “prompt” events as a

function of the laser frequency. The fit is a Lorentzian on

top of a flat background. The predictions for the line po-

sition using the proton radius from CODATA1 or electron

scattering10 are indicated. One of the calibration measure-

ments using water absorption is also shown.

fit to the data is a Lorentzian resonance line on top of a

flat background. All four parameters (Lorentzian ampli-

tude, position and width, as well as background ampli-

tude) were varied freely.

We obtain a centroid position of 49881.88 ± 0.70
(stat) GHz. The resulting width is 18.0 ± 2.2GHz, which
compares well with the expected value of 21 ± 1 GHz re-
sulting from the laser bandwidth and Doppler- and power-

broadening of the natural line width of 18.6 GHz. The

resulting background amplitude agrees with the one ob-

tained by a fit to data recorded without laser (not shown).

An elaborate line shape model, where the Lorentzian is

corrected for the laser pulse energies which have been

recorded for each laser shot, gives the same result. We

obtain a chi-square value of χ2 = 28.1 for 28 degrees of
freedom (dof). A fit of a flat line, assuming no resonance,

gives χ2 = 283 for 31 dof, making this resonance line
16σ significant.

The systematic uncertainty of our measurement is

300MHz. It originates exclusively from our laser wave-

length calibration procedure. We have calibrated our line

position in 21 measurements of 5 different water vapor

absorption lines in the range λ = 5.49 . . .6.01µm. The
positions of these water lines are known to an absolute

precision of 1MHz from the HITRAN database29, 30. The

measured relative spacing between the 5 lines agrees with

the tabulated ones. One such measurement of a water va-

por absorption line is shown in Fig. 5. Our quoted un-

certainty of 300MHz comes from pulse to pulse fluctua-

tions and a broadening effect occurring in the Raman pro-

cess. The FSR of the reference FP does not contribute,

since the FSR is known better than 3 kHz and the whole

scanned range is within 70 FSR from the water line. Other

systematic corrections we have considered are Zeeman

shift in the 5 Tesla field (< 30MHz), AC and DC Stark
shifts(< 1MHz), Doppler shift (< 1MHz) and pressure
shift (< 2MHz). All these effects are small due to the
small size of the µp atom.

The centroid position of the 2SF=1
1/2 − 2PF=2

3/2 is

49881.88 ± 0.76GHz, where the uncertainty is the

quadratic sum of the statistical (0.70GHz) and the sys-

tematic (0.30GHz) uncertainties. This frequency cor-

responds to an energy of ∆E2P−2S = 206.2949 ±

0.0032meV. From Eq. 1 we deduce an rms proton charge
radius of rp=0.84091(36)(57)fm where the first and sec-

ond uncertainties originate from the experimental uncer-

tainty of 0.76GHz and the uncertainty in the first term in

Eq. 1, respectively. Theory, and here mainly the proton

polarizability term, limits the accuracy on rp to 8× 10−4.

Our experimental precision would suffice to deduce rp to

a relative uncertainty of 4 × 10−4.

This new value of the proton radius

rp=0.84091(68) fm is 10 times more precise than the

previous world average1, but it disagrees strongly with

the values in literature: 5.2σ deviation from CODATA

value1 which is inferred mainly from H spectroscopy, and

3.1σ from the value extracted from e-p scattering9, 10.

The origin of this large discrepancy is not known. If it

comes from theory in µp, a term as large as 0.32meV

(1.6×10−3 of the total Lamb shift) must be missing. It

is quite improbable that a term of such magnitude might

have been forgotten. If the theory used to extract rp from

muonic hydrogen is correct, then the problem comes

from hydrogen spectroscopic experiments or from the

calculation of the Lamb shifts in H.

If, on the other hand, the Lamb shift calculations for

µp and H atoms are assumed to be correct, a new value
of the Rydberg constant R∞ is obtained. Combining the

precisely measured H(1S-2S) interval2 with the H(1S)-

and H(2S)-Lamb shifts calculated with our rp and the

new value of the fine structure constant31 gives R∞ =
10973731.568150(16)m−1 [1.5 ppt]. This is −113 kHz/c
or 5.2σ away from the CODATA value1, but 4.6 times

more precise.

To conclude, spectrocopy in hydrogenic atoms contin-

4

49881.88±0.76GHz2S1/2 (F=1)→2P3/2 (F=2):
rp=0.84184(36)(56) fm



experiment is now known as the Lamb shift. 
QED has made predictions of remarkable pre-
cision and was the prototype of field theories 
that followed, but its mathematical foundation 
is not secure and experimental verification is 
still being actively pursued.

Pohl and co-workers1 at the Paul Scherrer 
Institute (PSI) in Switzerland have measured 
the Lamb shift in muonic hydrogen. In muonic 
hydrogen, the electron has been replaced by a 
negative muon — a similar particle of the same 
charge but 207 times heavier and unstable. The 
muon’s larger mass gives muonic hydrogen a 
smaller atomic size and allows a much larger 
interaction with the proton, allowing the pro-
ton structure to be probed more accurately 
than by using hydrogen. This experiment has 
long been suggested as likely to give significant 
improvement in measurement uncertainty, but 
that has not been achieved until now because 
of considerable experimental difficulties.

At the PSI, an intense source of muons is 
available. Pulses of muons are stopped in 
hydrogen gas and some produce muonic 

hydrogen, a small proportion of which is in a 
relatively long-lived (metastable) state — with 
a lifetime of around one microsecond. Within 
this lifetime, the muonic hydrogen is subjected 
to an intense laser pulse (Fig. 1), and if cor-
rectly tuned, this pulse will induce a transition 
to an upper state separated in energy from the 
initial metastable state by the Lamb shift. This 
transition is detected through the emission of 
X-ray photons as the upper state decays rap-
idly to the ground state. Detection in a narrow 
time window distinguishes these laser-induced 
X-rays from the background X-rays, from 
other unwanted states produced and from 
muon decays. Varying the tuning of the laser 
frequency over many repetitions of the muonic 
hydrogen and laser interaction allows highly 
accurate measurement of the transition energy, 
from which the proton size can be calculated.

Previously, measurements of proton size 
have been made directly by scattering elec-
trons from protons, and indirectly by spectros-
copy of atomic hydrogen. Electron-scattering 
results are complex to analyse and the data are 

inconsistent. However, the available data have 
been analysed by Sick5 to give a global result. 
Data from hydrogen spectroscopy have been 
compiled and combined with the electron-
scattering data in the 2006 CODATA review6. 
Pohl and colleagues’ new result1 is significantly 
different, by five standard deviations, from 
the result of a combination of these previous  
methods (Fig. 2).

The source of this discrepancy is currently 
unknown. The electron scattering is the most 
direct method, but the interpretation of the 
data is open to question. In both hydrogen and 
muonic hydrogen spectroscopy, long, detailed 
QED calculations are required to produce a 
proton size from the experimental data. Pohl 
et al. have detailed more than 30 terms in the 
derivation of the equation linking their transi-
tion-energy measurement to the proton size. In 
calculations of this complexity, the possibility 
of error always exists with a magnitude that is 
hard to determine. In hydrogen spectroscopy, 
different transitions have been measured to 
allow the proton size and the related Rydberg 
constant to be extracted. In hydrogen, unlike 
in the muonic hydrogen reported here, these 
require measurement to a small fraction of the 
experimental transition spectral linewidth, and 
so details of the transition must be modelled to 
a high degree of accuracy — again, a possible 
source of error.

The discrepancy is most likely to be resolved 
through future work on hydrogen, muonic 
hydrogen, muonic deuterium and similar 
‘simple atomic systems’7 — that is, systems of 
two bound particles. The simplicity of these 
systems, and hence their accessibility to calcu-
lation, allows physics to be probed, with dif-
ferent systems emphasizing different aspects 
of the physics. The hydrogen atom is the best-
known two-body system. Others under study 
— including muonium (a bound antimuon and 
an electron) and positronium (a positron and 
an electron) — probe the QED of systems with-
out nuclei. The helium ion (an α-particle and 
an electron) and antihydrogen (an antiproton 
and an antielectron) offer further insight into 
fundamental physics.

If experimental discrepancies are confirmed 
rather than errors being found, high-accuracy 
work such as that by Pohl and colleagues, not 
the high-energy collisions of giant accelerators, 
may have seen beyond the standard model of 
particle physics. 
Jeff Flowers is at the National Physical Laboratory,  
Teddington, Middlesex TW11 0LW, UK.
e-mail: jeff.flowers@npl.co.uk

1. Pohl, R. et al. Nature 466, 213–216 (2010).
2. Rigden, J. S. Hydrogen: The Essential Element (Harvard Univ. 

Press, 2002).
3. Lamb, W. E. Jr & Retherford, R. C. Phys. Rev. 72, 241–243 

(1947).
4. Dyson, F. J. Phys. Rev. 75, 486–502 (1949).
5. Sick, I. Phys. Lett. B 576, 62–67 (2003).
6. Mohr, P. J., Taylor, B. N. & Newell, D. B. Rev. Mod. Phys. 80, 

633–730 (2008).
7. Flowers, J. L., Margolis, H. S. & Klein, H. A. Contemp. Phys. 

45, 123–145 (2004).

Figure 2 | Size of the proton. A comparison of the results of different methods used to measure  
the proton size is shown: electron scattering5, hydrogen spectroscopy, the combination of these  
(both from the CODATA 2006 review6), and Pohl and colleagues’ new measurement1 derived from  
muonic hydrogen spectroscopy. The bars indicate an uncertainty of one standard deviation. The 
discrepancy of about five standard deviations between the muonic hydrogen result and the CODATA 
result, which summarizes all previous work, is clear.

Figure 1 | Part of the laser system of the muonic-hydrogen apparatus used by Pohl and colleagues1.
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變小的質子

• 新數值 0.84184 fm<0.8768 fm, 小了4%

10-15m

0.00000000000000084184 公尺

精確度到達了, 尚未被研究過的極小世界

雖然不大, 確影響深遠



對原子物理的衝擊

氫原子光譜 量子電動力學

R∞ rP

muonic 
hydrogen

奇異原子

最精確的物
理常數

最精確的物
理理論

+

10 973 731 568 527(73) m-1

10 973 731 568 150(16) m-1

質子半徑R∞

？？？

？？？



在物理上的意涵

• 量子電動力學錯了嗎???

• 在極小尺度下的新物理 (am 10-18, zm 10-21)???

• 電子-質子或渺子-質子間有未知的交互作用???

幾種可能：

現在百年來的原子物理必須重新檢討



muonic hydrogen 2S Lamb shift
Collaboration 

----- 12 institutes from 6 countries
F.D Amaro, A. Antognini, F.Biraben, J.M.R. Cardoso, D.S. Covita, A. Dax, S. Dhawan,
L.M.P. Fernandes, A. Giesen, T. Graf, T.W. Hänsch, P. Indelicato, L.Julien, C.-Y. Kao, 

P.E. Knowles, F. Kottmann, J.A.M. Lopes, E. Le Bigot, Y.-W. Liu, L. Ludhova, 
C.M.B. Monteiro, F. Mulhauser, T. Nebel, F. Nez, R. Pohl, P. Rabinowitz, 

J.M.F. dos Santos, L.A. Schaller, K. Schuhmann, C. Schwob, D. Taqqu, J.F.C.A. Veloso

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



Proton Size Investigators thank you for your attention





如何量測？
待測物 終級標準量測工具

比較 校正

基本物理量: 長度 時間 質量

鉑銥合金棒

L=c×t

光速: 299792458 m/sec (定義)
銫原子鐘: 基態躍遷 (定義)

最好的量測是直接使用終級標準
也就是原子鐘



如何把頻率量好
許多物理量(能量,速度,長度..)

都可以轉換成頻率的形式加以量測

• It is measured using Primary standard
• 精確度最終將受制於量測時所使用的標準(尺)
• 使用定義時間的原子鐘來量頻率才能得到最佳精確度
 

Primary frequency standard 
(The best frequency ruler)

Cesium clock Laser

Counter

Optical Frequency Comb !!
光頻梳 2005 Noble prize

⊗
待測

用15公分的尺量台北到高雄的距離????



Conventional Frequency Chain

Primary frequency standard
Cs Clock (9.2GHz)

Optical frequency
Iodine (532 nm)

10 or more step



Direct Link with Optical Frequency 
Comb

Cs clock on Satellite

GPS Receiver Optical frequency
Comb

Optical frequency
(Visible to NIR)

Mode-lock Laser Nonlinear fiber

 Short pulse  
simultaneously output discrete 
frequency components
 in a wide range. Each one has a 
equal frequency spacing and 
with coherence

Expand the range even further
(From NIR to Green)

人造衛星

清華實驗室



What is the spectral phase anyway?
The spectral phase is the abs phase of each frequency in the wave-form.

t0

All of these 
frequencies have 
zero phase. So 
this pulse has:

   ϕ(ω) = 0
Note that this 
wave-form sees 
constructive 
interference, and 
hence peaks, at 
t = 0.

And it has 
cancellation 
everywhere else.

ω1

ω2

ω3

ω4

ω5

ω6



Now try a linear spectral phase: ϕ(ω) = aω.

t

ϕ(ω1) = 0

ϕ(ω2) = 0.2 π

ϕ(ω3) = 0.4 π

ϕ(ω4) = 0.6 π

ϕ(ω5) = 0.8 π

ϕ(ω6) = π

ω1

ω2

ω3

ω4

ω5

ω6

By the Shift Theorem, a linear spectral phase is just a delay in time. 

And this is what occurs!



輸出頻率為

與原子鐘同步
n=1,2,3…..

許多不同頻率的光形成的建設性干涉

所有的輸出頻率與原子鐘同步

Please visit Prof. Shy’s lab at NTHU phys

Mode-lock laser as frequency comb
極快的脈衝雷射將幫助我們進行精密測量



還有甚麼好量的?

•物理常數會隨時間改變嗎?
•重力常數G
•反平方定律r-2 , 還是r-2.00000001 ?
• ..........................
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