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Two-photon transitions of Cs atoms

Cs 6s-8s  TPTs

Cs 6s-7d  TPTs

Outline

32010/4/30

What is spectroscopy?

Energy

Intensity

What are the important issues on the spectrum?  
Line position, Intensity and Shape
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Measurement of the hyperfine structure of the
6s - 7d(J=3/2, 5/2)

transitions by two-photon spectroscopy 

6s-8s Two-photon transition in Cesium
(Cell at 50.0°C)

Two-Photon Spectroscopy
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Two-Photon Transition probability
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Two-Photon Transition/ Doppler Free
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Two-Photon Transition/ Doppler Wings
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Cs 6s-8s two-photon
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Cs 6s-8s two-photon
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Two-Photon Transition/ Expt spectrum

6s|F=4> 8s|F=4> 

Natural Linewidth Doppler Width
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Experimental Setup
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Light Shift or AC Stark Effect
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5.5 Data: Data1_REF
Model: Lorentz
Equation: y = y0 + (2*A/PI)*(w/(4*(x-xc)^2 + w^2))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00246
R^2 =  0.99556
  
y0 1.31507 ±0.00129
xc 20.63868 ±0.0021
w 2.33378 ±0.0066
A 13.35931 ±0.02964

Y 
A

xi
s 

Ti
tle

X Axis Title

 REF

0 5 10 15 20 25 30 35 40

0

1

2

3

4

5 Data: Data1_MAIN
Model: Lorentz
Equation: y = y0 + (2*A/PI)*(w/(4*(x-xc)^2 + w^2))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00294
R^2 =  0.99648
  
y0 0.11939 ±0.00136
xc 20.69873 ±0.0016
w 1.96973 ±0.00496
A 14.82555 ±0.02878Y 
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Light Shift Measurement

y = -2.3839x + 104.32

R2 = 0.9791
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5 measurements on each data point for giving laser power.

Light shift for Cs 8S level is   26.8
mmmW

Hz
−
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Two-Photon Transition in a cell

Lorentzian 
Line Shape
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Natural Linewidth Determination
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Data: Data1_MAIN
Model: Lorentz
Chi^2/DoF = 0.17741
R^2 =  0.99652
  
y0 1.16139 ±0.01065
xc 22.52368 ±0.00164
w 2.02994 ±0.00508
A 118.01945 ±0.22817
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Fit with Lorentzian
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Natural Linewidth Determination
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Fit with Lorentzian (5 measurements per data point). 
Power Broadening, Laser linewidth, Collision Broadening…?
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Natural Linewidth Determination/Fit with Voigt

The observed spectrum is fitted with a Voigt Distribution to separate the
Lorentzian width (Natural linewidth) and Gaussian width (other broadenings).
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Voigt profile 
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Natural Linewidth Determination
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Fit with Lorentzian (5 measurements per data point). 
Power Broadening, Laser linewidth, Collision Broadening…?

χ2 is half of those fit with Lorentzian

χ2 is one third
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Natural Linewidth Determination
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Natural Linewidth (Lorentzian) is 1.51 MHz
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Natural Linewidth Determination
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Lorentzian width is around 1.5 MHz.
Gaussian width increases with laser power.
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Power Broadening 
A steady state of two-level system:

Special mode of laser is Gaussian

232010/4/30

Pressure broadening

Pressure broadening

y = 0.0371x + 1.9611

R2 = 0.9952
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Pressure broadening/Voigt fit

Collision broadening should be Lorentzian???
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Pressure (Collision )broadening

262010/4/30

Pressure (Collision )broadening

272010/4/30

Pressure (Collision )broadening

282010/4/30

Pressure (Collision )broadening

(i) natural broadening (which (involves OR affects )the lifetime of the            
excited level)

(ii) collisions (pressure broadening)
(iii) the finite interaction time (transit-time broadening, mainly in beam 

experiments, and (unimportant OR not important ) here)
(iv) the second-order Doppler effect 
(v) instrumental width (laser bandwidth)
(vi) external Fields (Zeeman and Stark effects)
(vii) residual Doppler broadening (if the beams are not exactly counter-

propagating),
(viii) power broadening (related to the saturation of the transition)
(iv) the A.C. Stark effect (a shift caused by the electric field of light in the 

TPT)[20]. 
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Cs 8s natural Linewidth

The second-order Doppler effect is approximately 162 Hz 
2 8

2
2 02 8 -9

200m/ 3 10 m/s( ) 162
3 10 m/s 822 10D

u sf f Hz
c m

×
Δ = =

× ×
�

Ti:sapphire laser (Coherent 899-29) used in this study has a linewidth of 
500RMS kHzνΔ =

data fitting yields a standard deviation of approximately   80 kHz 

Error arises from the laser frequency drift during the scan through a 2 MHz spectrum
10 kHz 

Lorentzian width (WL, 1.53 MHz) 
convolution of the 500 kHz laser bandwidth and Errors 

natural linewidth of 1.03 (+20)MHz. 
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Measurement of the hyperfine structure of the
6s - 7d(J=3/2, 5/2)

transitions by two-photon spectroscopy 

Two-Photon Spectroscopy

312010/4/30

2/16S 4=F

3=F

fluorescence

5=F

2=F

1=F

6=F

2/37D
2/57D

29.13023 1×−cm
24.13034 1×−cm

2/36P 2/36P

135.11732 −cm

105.1302 −cm155.1291 −cm

135.11732 −cm

2/1,2/37P

Energy levels of 6s-7d 2-photon transitions
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Verdi ‐
10 

Ti‐sapphire
899‐29

Chopper

Cs Cell

f=15cm
f=15cm

PMT

LOCK‐in 
Amp1

Temperature 
controller

computer

EOM

Calibration setup

VCO
150MHz

GPS Stabilized 10 MHz Oscillator
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TPT signals of 7D5/2
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090225112.99/550C2.09/650C146mv1000v20mv100ms200MHzF=4
+EOM

File nameTemp
REF

Temp
MAIN

PowerHigh
Voltage

Sensitivity
PMT

Time C
PMT

Scan6S1/2

-7D3/2

Date

11

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0
- 1 . 5

- 1 . 0

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

D a t a :  D a t a 1 _ B
M o d e l :  p e e a k 8
W e i g h t i n g :  
y N o  w e i g h t i n g
  
C h i ^ 2 / D o F =  0 . 0 1 9 3 4
R ^ 2 =   0 . 9 3 5 3 6
  
Y a - 0 . 1 1 2 1 3 ± 7 2 7 0 . 3 0 5 9 1
A 1 1 2 . 7 0 0 7 9 ± 0 . 2 1 9 7 8
W 1 3 . 8 6 4 4 7 ± 0 . 0 8 9 3 4
C 1 2 5 . 5 6 4 6 ± 0 . 0 2 9 5 9
Y b - 0 . 1 1 2 1 3 ± - -
A 2 1 0 . 8 8 3 3 9 ± 0 . 1 9 3 4 9
W 2 3 . 1 4 5 5 6 ± 0 . 0 7 5 9 9
C 2 3 8 . 5 5 2 4 2 ± 0 . 0 2 5 4 9
Y c - 0 . 1 1 2 1 3 ± - -
A 3 1 5 . 2 1 3 6 1 ± 0 . 2 2 1 8 7
W 3 3 . 9 7 7 2 8 ± 0 . 0 7 7 7 8
C 3 5 5 . 2 5 2 1 2 ± 0 . 0 2 5 9 4
Y d - 0 . 1 1 2 1 3 ± - -
A 4 9 . 4 9 1 8 9 ± 0 . 1 9 7 9 2
W 4 3 . 2 2 2 7 9 ± 0 . 0 9 1 2 6
C 4 7 6 . 2 7 2 5 4 ± 0 . 0 3 0 8
Y e - 0 . 1 1 2 1 3 ± - -
A 5 7 . 3 6 0 1 6 ± 0 . 1 9 3 0 5
W 5 3 . 0 4 6 5 8 ± 0 . 1 1 0 5 4
C 5 1 1 1 . 3 5 9 6 6 ± 0 . 0 3 7 7 4
Y f - 0 . 1 1 2 1 3 ± - -
A 6 7 . 7 6 1 8 ± 0 . 1 8 3 9 2
W 6 2 . 8 3 4 9 4 ± 0 . 0 9 4 8
C 6 1 2 2 . 2 7 9 0 8 ± 0 . 0 3 2 8 8
Y g - 0 . 1 1 2 1 3 ± - -
A 7 8 . 0 8 4 1 8 ± 0 . 2 0 4 3 4
W 7 3 . 4 2 3 3 6 ± 0 . 1 2 0 1 6
C 7 1 3 9 . 2 6 2 7 ± 0 . 0 4 1 4 4
Y h - 0 . 1 1 2 1 3 ± - -
A 8 5 . 8 6 5 4 3 ± 0 . 2 0 2 7 7
W 8 3 . 3 0 3 0 3 ± 0 . 1 5 9 8
C 8 1 5 8 . 9 4 2 3 8 ± 0 . 0 5 5 5 5
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S c a n  f r e q u e n c y ( M H z )

 B

75MHz
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09022306
~09022312

2.99/550C2.09/650C146mv950v20mv10ms200MHzF=3
+EOM

File nameTemp
REF

Temp
MAIN

PowerHigh
Voltage

Sensitivity
PMT

Time C
PMT

Scan6S1/2

-7D3/2

Date

07

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0
- 2

- 1

0

1

2

3

4

5

6

D a t a :  D a t a 1 _ B
M o d e l :  u s e r 7
W e i g h t i n g :  
y N o  w e i g h t i n g
  
C h i ^ 2 / D o F =  0 . 0 4 2 3 2
R ^ 2 =   0 . 9 4 4 1 8
  
Y a - 0 . 1 3 4 2 4 ± - -
A 1 2 . 6 4 4 8 5 ± 0 . 2 2 1 9 8
W 1 2 . 0 8 2 5 5 ± 0 . 2 4 2 3
C 1 1 6 . 9 9 0 0 3 ± 0 . 0 8 3 1 3
Y b - 0 . 1 3 4 2 4 ± - -
A 2 8 . 3 5 8 0 8 ± 0 . 2 7 0 0 8
W 2 2 . 9 7 1 6 4 ± 0 . 1 3 2 2 1
C 2 2 8 . 5 4 9 9 1 ± 0 . 0 4 4 9 2
Y c - 0 . 1 3 4 2 4 ± - -
A 3 1 3 . 4 7 4 5 4 ± 0 . 2 3 6 3 4
W 3 2 . 3 4 3 9 7 ± 0 . 0 5 7 2
C 3 4 2 . 8 2 8 9 ± 0 . 0 1 9 7 1
Y d - 0 . 1 3 4 2 4 ± - -
A 4 2 8 . 1 3 4 7 5 ± 0 . 2 4 9 4 2
W 4 2 . 5 6 2 0 2 ± 0 . 0 3 1 5 9
C 4 6 0 . 7 6 3 6 9 ± 0 . 0 1 0 8 9
Y e - 0 . 1 3 4 2 4 ± - -
A 5 1 . 9 0 2 9 3 ± 0 . 1 7 2 4 2
W 5 1 . 2 7 0 9 ± 0 . 1 7 9 3 3
C 5 1 0 0 . 9 2 1 3 7 ± 0 . 0 6 9 2 5
Y f - 0 . 1 3 4 2 4 ± - -
A 6 5 . 6 0 9 1 1 ± 0 . 2 4 3 7 6
W 6 2 . 4 3 9 5 ± 0 . 1 5 2 5 7
C 6 1 1 4 . 4 4 0 7 6 ± 0 . 0 5 4 2 7
Y g - 0 . 1 3 4 2 4 ± 1 4 9 3 8 . 8 1 2 2 6
A 7 8 . 9 7 4 8 5 ± 0 . 2 3 8 4 2
W 7 2 . 3 2 2 3 9 ± 0 . 0 9 0 4 1
C 7 1 3 2 . 1 7 7 4 5 ± 0 . 0 3 2 7 6
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S c a n  f r e q u e n c y ( M H z )

 B

75MHz
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09022501
~09022503

2.99/550C2.09/650C57.2*2mv900v100mv30ms150MHzF=4
+EOM

File nameTemp
REF

Temp
MAIN

PowerHigh
Voltage

Sensitivity
PMT

Time C
PMT

Scan6S1/2

-7D5/2

Date

01

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
- 2

- 1

0

1

2

3

4

5

D a t a :  D a t a 1 _ B
M o d e l :  p e e a k 8
W e i g h t i n g :  
y N o  w e i g h t i n g
  
C h i ^ 2 / D o F =  0 . 0 0 3 7 7
R ^ 2 =   0 . 9 9 5 7 5
  
Y a - 0 . 1 3 2 9 3 ± - -
A 1 2 2 . 8 5 8 2 4 ± 0 . 0 8 7 8 4
W 1 2 . 8 7 4 ± 0 . 0 1 3 6 7
C 1 1 3 . 5 6 7 1 9 ± 0 . 0 0 4 2 2
Y b - 0 . 1 3 2 9 3 ± - -
A 2 1 4 . 3 4 7 5 7 ± 0 . 1 1 5 6 3
W 2 2 . 6 9 5 8 3 ± 0 . 0 2 4 6 6
C 2 1 8 . 8 0 4 5 2 ± 0 . 0 0 6 5 7
Y c - 0 . 1 3 2 9 3 ± 9 5 3 5 . 8 5 4 5
A 3 5 . 3 8 8 7 7 ± 0 . 1 5 5 1 6
W 3 2 . 3 2 5 2 7 ± 0 . 0 6 2 4 1
C 3 2 2 . 7 9 3 5 5 ± 0 . 0 1 4 8 5
Y d - 0 . 1 3 2 9 3 ± - -
A 4 6 . 8 8 2 3 4 ± 0 . 1 9 2 8
W 4 5 . 1 0 7 4 5 ± 0 . 1 4 4 7 1
C 4 2 6 . 8 0 5 1 5 ± 0 . 0 4 9 4 7
Y e - 0 . 1 3 2 9 3 ± - -
A 5 7 . 9 1 5 2 4 ± 0 . 0 7 2 7 7
W 5 2 . 1 1 5 5 1 ± 0 . 0 2 4 6 5
C 5 8 6 . 4 3 2 9 7 ± 0 . 0 0 8 0 5
Y f - 0 . 1 3 2 9 3 ± 8 8 7 1 . 4 6 3 1 5
A 6 7 . 1 5 0 2 8 ± 0 . 1 2 3 6 5
W 6 2 . 8 9 9 9 1 ± 0 . 0 5 5 9 4
C 6 9 1 . 4 1 8 8 8 ± 0 . 0 1 5 7 7
Y g - 0 . 1 3 2 9 3 ± - -
A 7 2 . 7 6 2 1 2 ± 0 . 1 7 3 2
W 7 2 . 6 2 8 4 4 ± 0 . 1 5 5 2 8
C 7 9 5 . 6 7 6 9 1 ± 0 . 0 4 0 2 2
Y h - 0 . 1 3 2 9 3 ± 6 7 3 1 . 6 4 5 8 2
A 8 1 . 9 3 6 8 2 ± 0 . 1 6 3 7 6
W 8 3 . 4 4 0 3 4 ± 0 . 3 0 7 1 2
C 8 9 9 . 2 2 6 8 1 ± 0 . 0 9 5 1 6

In
te

ns
ity

 a
rb

itr
ar

y

S c a n  f r e q u e n c y ( M H z )

 B

75MHz
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09022506
~09022510

2.99/550C2.09/650C57.2*2mv900v50mv100ms150MHzF=3
+EOM

File nameTemp
REF

Temp
MAIN

PowerHigh
Voltage

Sensitivity
PMT

Time C
PMT

Scan6S1/2

-7D5/2

Date

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
- 2

- 1

0

1

2

3

4

D a t a :  D a t a 1 _ B
M o d e l :  p e e a k 8
W e i g h t i n g :  
y N o  w e i g h t i n g
  
C h i ^ 2 / D o F =  0 . 0 0 8 3 3
R ^ 2 =   0 . 9 9 3 5 9
  
Y a - 0 . 1 2 1 8 ± 5 1 8 9 . 2 2 7 6 9
A 1 1 1 . 9 5 4 1 8 ± 0 . 1 7 8 4 5
W 1 3 . 3 6 1 2 ± 0 . 0 5 4 6 8
C 1 2 4 . 4 0 6 1 6 ± 0 . 0 1 6 7 7
Y b - 0 . 1 2 1 8 ± 1 6 8 9 6 . 6 8 2 9 7
A 2 1 5 . 3 2 9 5 9 ± 0 . 2 9 2 2 5
W 2 3 . 0 5 2 9 3 ± 0 . 0 5 5 0 9
C 2 2 9 . 2 2 9 9 9 ± 0 . 0 1 3 5 1
Y c - 0 . 1 2 1 8 ± 1 8 9 1 1 . 2 7 5 2 7
A 3 1 1 . 5 0 0 3 2 ± 0 . 4 0 7 9 4
W 3 2 . 4 9 4 2 5 ± 0 . 0 6 8 8 8
C 3 3 2 . 6 8 4 7 4 ± 0 . 0 1 4 7 4
Y d - 0 . 1 2 1 8 ± 8 7 6 0 . 9 8 9 9 5
A 4 2 5 . 0 4 3 9 8 ± 0 . 3 6 7 9 5
W 4 3 . 8 5 5 0 9 ± 0 . 0 4 4 6 9
C 4 3 5 . 5 3 8 1 8 ± 0 . 0 1 7 8 2
Y e - 0 . 1 2 1 8 ± 2 3 6 8 7 . 1 9 4 1 4
A 5 3 . 5 8 4 1 4 ± 0 . 1 4 2 3 4
W 5 2 . 4 4 7 5 8 ± 0 . 1 0 7 8 7
C 5 9 7 . 4 7 7 3 4 ± 0 . 0 3 5 6 3
Y f - 0 . 1 2 1 8 ± 2 3 8 9 9 . 8 4 6 7
A 6 6 . 3 1 9 2 3 ± 0 . 3 2 3 7 3
W 6 2 . 8 4 6 1 7 ± 0 . 1 2 1 5
C 6 1 0 1 . 6 1 1 0 6 ± 0 . 0 3 0 9 9
Y g - 0 . 1 2 1 8 ± 3 6 2 6 2 . 4 9 9 4 4
A 7 1 2 . 6 0 7 2 1 ± 1 . 0 6 8 6
W 7 4 . 4 0 2 0 2 ± 0 . 2 2 6 5 4
C 7 1 0 5 . 9 6 8 1 ± 0 . 0 7 4 4 9
Y h - 0 . 1 2 1 8 ± 1 4 1 6 5 . 5 3 5 2 5
A 8 6 . 5 3 6 8 ± 0 . 7 8 1 3 7
W 8 2 . 9 8 4 0 9 ± 0 . 2 2 6 5 7
C 8 1 0 8 . 7 8 6 4 6 ± 0 . 0 6 2 8
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S c a n  f r e q u e n c y ( M H z )

 B75MHz
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A=8.17±0.2
B=-15.11±1

A=8.04 B=-
14.18

A=8.17 B=-
15.11

A=8.29 B=-
15.94

w/o △F3~3', only F=3、
4、5

A=8.14±0.3 
B=-15.07±2

A=7.89 B=-
13.3

A=8.14 B=-
15.07

A=8.38 B=-
16.73

F
=3

A=7.31±0.2 
B=-0.899±1.5

A=7.11 
B=1.32

A=7.31 B=-
0.899

A=7.5 B=-
1.41

w/o △F5~5', only F=3、
4、5

±7.4±2
A=7.35±0.3
B=-0.17±2

A=7.05 
B=2.01

A=7.35 B=-
0.17

A=7.6 B=-
1.85

F
=4

7D(3/
2)

Reference

A= -1.74±0.1 
B=3.01±2

A=-1.63 
B=5.41

A=-1.74 
B=3.01

A=-1.83 
B=1.88

w/o △F5~5', only F=5、
4、3

A= -1.73±0.15 
B=3.47±3

A=-1.63 
B=5.41

A=-1.73 
B=3.47

A=-1.88 
B=0.86

F
=3

A= -1.78±0.05 
B=0.32±0.4

A=-1.78 
B=0.76

A=-1.78 
B=0.32

A=-1.78 B=-
0.13

w/o △F6~6', onlyF=6、
5、4

1.7±2
A= -1.78±0.01 
B=0.36±0.93

A=-1.78 
B=1.29

A=-1.78 
B=0.36

A=-1.77 B=-
0.73

F
=4

7D(5/
2)

ReferenceSTDEV(-)STDEV(+)EOM

392010/4/30

Determine hyperfine coupling constant
3 ( 1) 2 ( 1) ( 1)1 2

2 2 (2 1)2 (2 1)h fs h fs h fs

K K I I J J
E A K B

I I J J

+ − + +
Δ = +

− −

( 1) ( 1) ( 1)K F F I I J J= + − + − +

Magnetic dipole
coupling constant  A

Electrical quadrupole
coupling constant  B

2/16S 4=F

3=F

5=F

2=F

1=F

6=F

2/37D
2/57D

29.13023 1×−cm
24.13034 1×−cm

2/36P 2/36P

135.11732 −cm

105.1302 −cm155.1291 −cm

135.11732 −cm

2/1,2/37P

402010/4/30

Determine hyperfine coupling constant
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Determine hyperfine coupling constant

422010/4/30

Determine hyperfine coupling constant
3 ( 1) 2 ( 1) ( 1)1 2

2 2 (2 1)2 (2 1)h fs h fs h fs

K K I I J J
E A K B

I I J J

+ − + +
Δ = +

− −

( 1) ( 1) ( 1)K F F I I J J= + − + − +

Magnetic dipole coupling constant  A
Electrical quadrupole coupling constant  B

7D3/2
A= 7.55(07)
B= -0.62(87)

7D5/2
A= -1.81(05)
B= 1.01(1.06)
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Atomic Spectroscopy/Cs Dipole Trap
High-Precision and High-Resolution Laser Spectroscopy
on Magneto-Optical Trap of Cesium Atoms

Differential Saturation Absorbtion Spectrum
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F’=5 F’=4

F’=3
F’=5/3F’=5/4 F’=4/3

Atom number  4x109,   Cloud size 5 mm, Density 5x1010/cm3

Atom temperature (Time of flight) : 100 μK
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High-Precision and High-Resolution Laser Spectroscopy

AntiAnti--Helmholtz CoilsHelmholtz Coils

Magneto-Optical Trap of Cesium atoms
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Traping laser 
detune control

From ‐80MHz detune
To ‐100MHz detune

Cs Dipole Trap
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Repumping
Power control

Voltage 在0.115V時
Power=0

Cs Dipole Trap
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6000 20 20 0.1 500 20 0.1 mSec

traping

repump

AHI-coil

camera

on-resonance

Fort

traping detune trigger

repump power trigger

Cs Dipole Trap/ Time sequence
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Cs Dipole Trap /Nd:YAG, 1064nm, cw 3W, @150 μm
N: 1x105 n: 6x1010
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Thanks for your attention!

Collaboration: 黃守仁老師, Chemistry, NCKU

Postdoctoral : 李益志博士

PhD Students:  何宗勳

And many many master students……
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我們的實驗室出現在 [日本料理] 中的帥哥們…

還有平面模特兒


