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2. 銫原子能階與物理定律 

1. 精密量測如何幫助我們了解物理定律 

3.雙光子量子干涉與精密量測 



首先，你需要一個穩頻雷射 

1. 精密量測如何幫助我們了解物理定律 



Laser  Optical frequency 2.5*10-14@30 s 

~150 Hz frequency uncertainty 

Frequency-dependent 

error signal  

(Absorption, dispersion, and so on) 

interact with matter 

electronics for 

feedback 

control 

Principle of laser stabilization 

超高同調性光源 

Ultra-high Coherence light source 

 cesium 6S-8S  

dipole not allowed transition 

我們的實驗為例 

PZT Lock 

PZT + AOM 
off lock 

Opt. lett. 32, 563 (2007) 

S/N=1800 @ 30 ms 



穩頻雷射的好處： 

雷射功率: 32 W 

鈦藍寶石雷射:~300萬台幣 

雷射頻率穩定度:  

1 MHz  

(未穩頻) 

雷射頻率穩定度:  

0.0003 MHz 

(穩頻於光學共振腔) 

雷射功率: 0.03 W 

半導體雷射:~3萬台幣 

 

Opt. lett. 36, 76 (2011) 



From: JHall @JILA  

To: <wycheng@gate.sinica.edu.tw> 

Sent: Wednesday, January 12, 2011 5:22 AM 

Hi Wang-Yau 

I like you first day of the New Year article in Opt Lett. Looks like some good results  

from intensity measurements. It would really be neat to have the lasers  

frequency-locked to a cavity when looking at the dispersion of the two-photon  

transitions. I think that it should be a good S/N highway, but only if one is at shot noise 

 stability level. I had a wonderful week with Mikhail Gubin here, in discussions about  

measuring dispersion signals. As you probably know, they are basically at the  

Schawlow-Townes linewidth limit of their HeNe- intracavity CH4 systems. But to make 

 it mechanically stable they fold the cavity, and the scratches on the fold mirror make  

an extra little interferometer that can vary, even if the overal cavity length is stabilized.  

So they have ~1E-14 at 1 s, or better, but it doesn't improve very much with averaging. 

I'm getting ready to try my new Anti-RAM strategy out on Iodine, back to rf sideband  

spectroscopy to make the RAM effects much bigger. Basically even with the right  

alignment, the EOM makes <1E-4 RAM ( a lousy ADP crystal with many scratches  

on the faces) with the exit beam then passing an AOM and then entering a fiber.  

After the fiber we take a sample and check for RAM, feeding back I and Q onto the  

AOM intensity (working as a subtractor). I need to clean up some rf pickup issues  

before the stability tests will be definitive. Anyway, it's certainly  

fun to play in the labs! 

J 

John Hall 看到我們工作的感觸 

mailto:wycheng@gate.sinica.edu.tw


把劍磨利，有時勝過千軍萬馬 



一個很好的註腳 



穩頻雷射在基礎科學之貢獻 (小錢做大實驗) 

• 電子結構之檢測 

– (Nature 473, 10104(2011)) 

• 質子大小之檢測 

– (Nature 466, 09250(2010)) 

• 電弱理論之檢測 

– (Science 275, 1759 (1997)) 

• 實驗室重力紅移 

– (Nature 463, 08776 (2010)) 

• 夸克質量變化之檢測 

– proposed, Phys. Rev. A 79, 054102 (2009)； 

 

 



Iodine standard 

Linewidth : 23 kHz  
Hg+ clock 

Linewidth : 6.7 Hz  

strontium clock 

Linewidth :  mHz  

穩頻雷射拿來做光鐘 

http://en.wikipedia.org/wiki/File:JILA%27s_strontium_optical_atomic_clock.jpg
http://en.wikipedia.org/wiki/File:JILA%27s_strontium_optical_atomic_clock.jpg


2. 銫原子能階與物理定律 

銫原子，原子核重而穩定 



 Cs 6S-8S 躍遷與絕對頻率量測 
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 Cs 6S-8S 躍遷絕對頻率量測之重要性 (一) 
基礎科學 

clock transition 

• 銫原子S-軌域，適合藉由長期觀測絕對頻率，以推測重原子核質
量是否隨時間變化 Proposed in Phys. Rev. A 79, 054102 (2009) 

• 銫原子8S-軌域絕對頻率(411-nm)，與Yb+ clock (411-nm)接近，
可藉由頻率比對，觀測精細常數a是否隨時間變化。Proposed in 

Phys. Rev. A 59, 230 (1999) ) 

 



 Cs 6S-8S 躍遷絕對頻率量測之重要性 (二) 
計量學的應用 

 

• 150-Hz 光頻率穩定度已實現 

Opt. Lett., 32, 536 (2007) -- Wang-Yau Group 

 

• 光梳雷射手掌大小之參考雷射已實現  

Opt. lett. 36, 76 (2011) -- Wang-Yau Group 

 

Ti:sapphire 雷射之參考雷射  

Applied Physics B 92, 13 (2008) -- Wang-Yau Group 

 

 

 

 

若量得絕對頻率
，有機會成為手
掌大小、便宜的
二級光頻標準 

專利申請中 



To PMT Cs cell 

17 cm PZT 

Extended-cavity 

diode laser 

Opt. Lett 36, 76 (2011) 

Hand-size laser system is realized 

pattern is applied  



6S-6D, 884-nm system 
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Frequency detuning from F"=6 (MHz) 

F= 3 F'''=3 

8S1/2 

Frequency detuning from F'=2 (MHz) 
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光學游標尺 

main marker from 

884nm laser 

6S1/26D5/2;F=4~f’=6-2 

6S1/26D5/2;F=3~f’=5-1 

6S1/26D3/2;F=4~f’=2-5 

6S1/26D3/2;F=3~f’=2-5 

main marker from 

822 nm laser 

Opt. lett. 32, 563 (2007) 

30 MHz 

6S 8S 

F=3  F=3  
30ms  

time constant   

Cs spectrometer  

• 1. no 1f-2f interferometer scheme 

• 2. all comb parameters referring to 

atomic cesium transitions 
Opt. Lett 36, 76 (2011) 



170 mm 

Moveable comb clock is now under 

construction 

• 1. stable and small reference laser 

• 3. small pump laser  

• 2. small Ti:sapphire laser 

• criteria: 

• fiber laser       +  MgO:PPLN  

• +

  
  

• 10*

30 

mm 



50 cm 

55 cm 

SHG 

fiber laser 

1 W, 50 fs comb 

#2 

1 W, 50 fs comb 

#1 

green power: 8.88 W 

fiber laser based 

two Ti:sapphire 

lasers which 

were presented 

in the conference 

of ICOLS 



Three approaches on determining the absolute 

frequency of cesium atom 8S hyperfine levels 

F = 3 
F = 4 

F''' = 3 
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7P 
fluorescence 
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133Cs level diagram 
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1. By frequency comparison with standards 

(1999) 



power: 0.1~2 W; 0.38 mm waist 

cavity length was stabilized by 633-nm 

iodine-stabilized He-Ne laser 

mode number was traced by 

Rb 778-nm 5S-5D standard 

offset frequency was checked 

 H   750- nm 2S-12D transition 

Value was double checked by 

 H   750- nm 2S1/2-6D5/2 transition 

用了四個頻率標準躍遷 

來決定822 nm 頻率 



2. By direct frequency comb spectroscopy (2007) 



延
長
交
互
作
用
時
間

to
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s 

減
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中
間
態

(6
P

)之
影
響

 

82 MHz rep. 

改善ps laser絕對頻率之jitter 

ps-laser+cavity+Cs clock 

self-reference comb laser 

校正 

直接與原子作交互作用 



Table 1: Absolute frequencies of 133Cs 6S-8S hyperfine transitions  

 

*F=3  

(kHz) 

**F=4  

(kHz) 

hyperfine constant 

(kHz) 

Approach 1 417 (15)  351 (15)  219124 (7)  

Our work 347.2 (4.0)  281.2 (4.0)  219124 (2)  

Approach 2 320 (100)  260 (100)  219120 (10)  

*+364507238000 kHz; ** +364503080000 kHz; 

97 kHz 91 kHz 



3. By quantum interfered spectroscopy (2012) 

submitted to Optics Letters 



Table 1: Absolute frequencies of 133Cs 6S-8S hyperfine transitions  

 

*F=3  

(kHz) 

**F=4  

(kHz) 

hyperfine constant 

(kHz) 

Approach 1 417 (15)  351 (15)  219124 (7)  

Our work 347.2 (4.0)  281.2 (4.0)  219124 (2)  

Approach 2 320 (100)  260 (100)  219120 (10)  

*+364507238000 kHz; ** +364503080000 kHz; 



用一個EOM 

縮小雷射jitter；穩頻；掃頻；同時進行 

85 

MHz

85 

MHz



Comb laser與CW laser 拍頻 
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CTSDL 

EOM 

Comb laser and 

cesium clock 
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PDH signal with 

dithered sidebands 

sideband 抖動不影響鎖頻 

為何沒有carrier？ 



Principle of quantum interfered two-photon spectroscopy 

E = E0Cos(wct+f) 

=E0Cos(wct+MCosDt) 
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雙光子螢光訊號 

Modulation depth 1.12 



Principle of quantum interfered two-photon spectroscopy 

E = E0Cos(wct+f) 
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CTSDL 

Comb laser and 

cesium clock 

AOM 

carrier+D/2 
f=MCos (Dt) 

D=D0Coswt 

VCO 

(frequency 

dithered) 

Cs cell #2 

TA 

EOM 
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Cs cell #1 
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Current 

藉著調整D頻
率，一個點、
一個點掃頻 

雷射鎖在
crossover譜線 
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Modulation index (MI) 

為何把雷射鎖在crossover上再掃頻？ 

1. 在 modulation 小的時候，訊噪比比 1st sideband好 

2. 對modulation depth 不敏感 

0, -1 crossover 

-1 sideband 



Speaker: Wang-Yau Cheng 

Department of  Physics, National Central University 

 

雷射穩頻技術與高精密光譜  
  

Laser Stabilization and High-resolution Spectroscopy 

AMO summer school 2012 

 



精研高解析光譜就像是在畫一幅畫 



1 MHz 

吳建明作品美在哪裡？ 

 10-2的fitting殘餘  高度對稱的fitting殘餘  

將畢業之博士生 

ㄧ小點一小點的描 

(目前每步100 kHz，一
步 30 Hz亦無不可) 

 

 

中心頻率不準度: 900 Hz 

 

 



1 MHz 

吳建明作品美在哪裡？ 

 10-2的fitting殘餘  高度對稱的fitting殘餘  

將畢業之博士生 

ㄧ小點一小點的描 

(目前每步100 kHz，一
步30 Hz亦無不可) 

 

 

中心頻率不準度: 900 Hz 

 

 

我們與另外一份畫作的比較(同一條譜線) 



畫每一點時
雷射都穩頻 

最後得到高解析光譜 



預穩 光梳雷射 

重複率之 長時間 

穩定度 

銫原子鐘 
Cs clock - 

靜室 1 
( 隔音 , 溫控 , 避震 ) 

- 

台灣 中央大學 

獨特之手掌大 

小之二級光鐘  
(822 nm) 

( ) 

學共振腔 
(2 個 

縮小雷射頻寬 

提供雷射光頻率 

穩定度 到 sub Hz 

高靈敏光 

) 

有助於未來光鐘的實現，雖然目前沒有錢，沒有人 

光鐘雷射 ( 連續波 ) 
( 原始頻寬約 1kHz 到 10 MHz) 

Read out:  
Optical clock  

(例︰411 nm) 

Yb + 離子 ( 頻寬約 few  nHz 到 3 Hz) 

提供雷射光頻率 準確度 到 sub - Hz 

與其他光源 

比對、校正 

二級光鐘 

用戶 

氫鐘 
H - maser 

預穩 光梳雷射 

重複率之 短時間 

穩定度 

光梳雷射 ( 超廣頻域 ) 

搜索光譜 

靜室 2 
( 隔音 , 溫控 , 避震 ) 

提供光梳雷射 準確 重複率 
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Gergly 

Cs MOT 

Hand-size 

laser 

宥寰 

822 nm 

standard 

子維 

comb laser 建宏 

建明 

宗翰 

852 nm 

CPT 
芝佑 

聖輝 

彥龍 

theory 

modeling 

郁菁 

建中 
884 nm 

spectra 

麗晶 

• It is a team 

work ! 


