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Fic. 3—The HCl band at 3.46 p, mapped with 7500-line grating. HCI at
atmospheric pressure. .

Energy

What are the important issues?
Line position, Intensity and Shape
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The dawn of Quantum Mechanics!




High resolution laser spectroscopy

A downward transition
involvas amission ol
a photon of enerngy:
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Given the expression for the energies of the hydrogen electron states
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Schrodinger Equation : H\P — ELIJ = Wavefunctions and Eigenvalues

2 2 2
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2 nhepg na
E=——Z;“§E =-136Z eV r= z =7
h'eg 2 Znme
I
ag = 0.529 A = Bohr radius
Spin Orbital interactions { 3p2p,,, 34°Dysz

352812 T 3d2D3,2
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Transition Probabilities, Selection Rules '
<>
E (n,))
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Microwave transition
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0 £ i Wlm Splithing. sppectrun o T2 W Hanscoh, Srarnford Linie)

It provided a high precision verification of theoretical calculations
made with the quantum theory of electrodynamics.
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NIST ‘Quantum Logic Clock’

1070 nm
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The ratio of aluminum and mercury single-ion optical clock frequencies

Var+ IVyg+ 18 1.052871833148990438(55),

5.2x101/
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High-Precision and High-Resolution Laser Spectroscopy
on Magneto-Optical Trap of Cesium Atoms

Atom number 4x10°%, Cloud size 5 mm, Density 5x101%/cm3

Atom temperature (Time of flight) : 100 uK

Differential Saturation Absorbtion Spectrum

N = T SIS N
T T T
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Magneto-Optical Trap of Cesium atoms

Anti-Helmholtz Coils
P 2
S| O
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Energy level diagram

MOT laser
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M
. Anti-Helmholtz lﬂ

Coil for MOT
-/ ND filter

Cold Cs Atom
: /e

EIT setup

Cs vapor cell PD1

[— —B"‘." R
l} RSN i
ChopPPer Req filter

:MOT
y Laser

Ring-Dye laser
(RoC) N/

Precision measurement

17




. 2 @& i s
% 7 mﬁ“(‘ I‘:“}ﬁ ﬁmiﬂﬁrqﬁmuﬂ:: s

"
Visible Cs MOT

Visible Cs MOT :

Probe laser transition
6p °P,,,) —[10d *D;,)
563.6nm

Atom number ~10°

Temperature~200pK
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Frequency Tunat

560~630Nnm
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Trap Loss
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Atomic Transitions

4000

Intensity (a.u.)

1000 |

3000 M
—1 A J— 26MHz
2000 WP U

0
1709637 17006371 17

External Scan

96.372 17096.373 17096.374 17096.375 17096.376 17096.377 17096.378

Dye Laser Frequency (cm™)

2008/12/28

20



2008/12/28 21



Resu ItS Electromagnetically induced transparency (EIT) has been observed
in a cascade system of laser-cooled Cs atoms.

|6S S, F = 5>_) |6p Py F o= 4>_) |1IS 28”2’F>

we: 10mW/cm?, wp: 1.5mW /cm’
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Probe power vs. Probe detunlng

65 °S,,,F =5)—>|6p °P, ,,F =4) >|11s 7S, ,,F), we: 10mW/em?

Intensuty(arb. unit.)
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Numerical Simulation

65 °S,,.F =5)>|6p °P,,,F =4) >|11s S, ,,F), we: 10mW/em’
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Calibration procedure
05100203. scn oW/17. 6mW 11s ESNE
cm ! A=-10MHz (v/c) cm !
[2_RBeferencql, Experent(Gllz ] (=299792458 | deviation
peakl 17399. 45226 521622. 82650 | 17399. 46462 0.01236
2 117399, 45607) 521622, 94250 | 17399. 46848 0.01241
3 117399, 45968] 521623. 05150 | 17399. 47212 0.01244
4 117399, 46159) 521623. 11650 | 17399. 47429 0.01270
5 | 17399. 46625) 521623, 24150 | 17399. 47846 0.01221
7 117399, 46826] 521623, 30850 | 17399. 48069 0.01243
8 |17399.47123) 521623. 39950 | 17399. 48373 0.01250
Average( A) 0.01244
Stdev. () < SMHz
EIT 221621, 62660 '17399.42559
EIT-A 17399. 41316

MOT(Trap Loss)

021621 66980

17399. 42603

MOT- A

17399. 41360
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Frequency Comb

tE(w)
%
ny wrtweg Nygwrtweg
*E— -
2(ny wrtweg)
A V/V — 1 X 1 0—]2 heat frequency
2(nwrtweg) =(ngwrtwe) = Weg
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Trap Loss 85 S,y F =4

Cqypling
Ti :Sapphire

Repump|
laser |

6s 281/7
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Decay fluorescence

Fluorescence intensity
[.

6S

455 456 457 458 459 460
Wavelength (nm) 59
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Chop Mode
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Suppression

6p 2|:)3/2 A F=5
/ Probe laser
852nm
6s S, , Y p=4
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Suppression & Recovery

Coupling laser
Ti :Sapphire

6p 2Ps/z F=5 ’

P

Probe laser

6s°S,, — F=4
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Suppression & Recovery

Coupling 30 mW
_ ~ . . .. . Probeoff
o ‘f;ﬁmﬁkf%*‘w&ﬁé\tfw

.‘ *®

Probe on .

-50 0 50 100 150 200

Coupling detuning (MH?Z)
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8s°S,, — F=4
Coupling laser
Ti :Sapphire
6p Py, —F=5
Probe laser |3 :"-::‘3'
6s°S,, Y F=4 v
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Power dependence

Coup,iwobe 25uw

83 2S1/ 2 A F=4

— Coupling laser

Ti :Sapphire
0.8 mW

6p 2I:)3/2 X F=5

MMM ::.’.:

Probe laser |8 r.-:

WMMWW ':":
0.15 mW 63 281/2 \4

GNP IN0000000050000000000000000080000000000000000

50 25 0 25 50
2008/12/28 Coupling detuning (MHz) 34



Transmission (arb. unit)
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8-
~
S 85 °S —4
L Lasers linewidth=500 kHz 12 FE=
\E_/ 6+ Coupling laser
= el Ti :Sapphire
o Red: 200 kHz
E 4+ 6p 3/2 —}FZS
S
. E _ - Weak probe approximation Probe lasef
— of--"" (lasers linewidth=0)
v T v T v v v v v ! 6S 281/2 ~ F=4
0 1 2 3 4 3)

Q. (MHz)

Laser linewidth serves as a de-coherence source.
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Ho = (T +V )y, =E,(R)y,
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O —— Eigenvalues of Harmonic Oscillator

1

Vibrational Mode E,=(v+ E)ha)

A

>
—_ E

Eigenvalues as a Rigid Rotator

3 33 +nR’
21 21

Rotational Mode
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SRS s

Dunham Coefficients

T, = 2(v+%) [J(J+1)—-A*]

Lower terms of Dunham Coefficients (Y )

Harmomaj\lN 2 3 4 ...
Oscillator
BER2 @ 7,

S
--Parts of
..Anharmonicity
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I Art Laser

Laser

Verdi-10] |

Dye-ring
Laser

I Interface Box I_

I Computer I I

PMT+FiIter'

Heat Pipe Oven

PMT+Filter

Lock-in
Amplifier

Chopper

_| Controller

System accuracy ~0.03cm!




Probing energy range

(234,5'A, 5'IL)

— \ 3 3
( 34000 ~40300 cm* ) R (2°T1, or 3°T1,)
Dye(Ti:sapp)-Ring laser
; <[ Fluorescence
Intermediate state Detection
(B'I1) T | (29328~34278 cm™ )
! | (U.V.292~341 nm)
\:) \
Ar" laser >
} a’z *t
(19440 ~22000 cm-t )
6022.0286 cm-!
Ground state

(X'Z,)
i Experimental energy range 34000 ~40300 cm-!
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Laser Induced Fluorescence by Ar* Laser line at 496.5nm

B(7,43) —> X(v”,42/44)
B(4,30) —> X(v”,30)
B(8,28) —s X(v”,27/29)

0.1016
0.1449 X(14,42/44)
X(11,30) A A
%

0.0534
X(15,27/29)

0.0789
X(12,30)

BIIT, - X'Z,*

0.1554
X(15,42/44)
A A
0.1468
X(16,27/29)
0.0282

X(13,30)

/ 'X(14,30)

0.1082
X(16,42/44)
A A

0.1348
X(17,27/29)

0.007

2008/12/28
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S < < <

Fluorescence (arb. unit)

S

Fluorescence (arb. unit)

A typical part of fluorescence sticks spectrum converted from the raw
fluorescence spectrum of the rovibrational progressions

O4'A

41A
*31A
A3IA

g 02 02 02 09

‘ v31A

— N W0

;=42
;1=27
;1=29
;=42
; J=98

- 44)
~29)
~31)
_44)
~100)

14400 _.-=""

14500

18/12/28

14420

Ti:Sapphire detuning (cm")

14430
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Laser Spectroscopy:

The third and fourth A, states of Na,
. a pair of twins

2008/12/28 45
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Fluorescence (arb. unit)

<o

Fluorescence (arb. unit)

A typical part of fluorescence sticks spectrum converted from the raw
fluorescence spectrum of the rovibrational progressions

P
]
= c <~

14400 -~ S 14500

SJ=42~44) s
:J=27~29)
:1=29~31)
=42~ 44)
:7=98~100)

41Ag (v=5,
417, (v=6,
[&31Ag(v:2,

3IA. (v=5,
g
31Ag (v=0,

—_— O\ WO

14420

18/12/28

14430 14450
Ti:Sapphire detuning (cm™!)
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2008/

The third and fourth *A/ states of Na, : a pair of twins

40500

39500

365

355

A\
38500

37500 W

=8 35doB
——4sdgB
—>—)sdgA

Na3s+Na4f
Na3s+Na4d

Na3p+Na3p

The potential curves of 2, 3, 4 A,
states from Magnier’s Calculation.

3.5

4.5

5.5

6.5 7.5 8.5 9.5

LT O
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WAL A

4 ‘IWA"J‘AE‘ :

37900

37400

36900

36400

Term values cm-!

35900

35400

34900

0 500 1000 1500 2000 2500 3000 3500 4000
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WL A

36500

36400

36300

36200

36100

36000

35900

Term values cm-!

35800

35700

35600

35500

0 500 1000 1500 2000 2500 3000 3500 4000
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4 “‘?ﬁ"ﬁgﬂ"

AN A

120 |
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AGv+1/2

110
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100
0 5 10 15 20

Vibrational quantum number
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Rotational constants
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0.105
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0.095
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Vibrational quantum number
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The third and fourth A, states of Na, : a pair of twins

Wave-functions sharing

Pain, = asq + bibsy (3'A, obseved in 0 < v < 9)
Vna, = Chsq + dibsy  (4'Ag observed in 3 < v < 22)

al® > [b*, |d]* > |c|* E < E.:
bl > |al?, |c|?* > |d|*, in the range of E > E.:
al? ~ |b|%, |c|* ~ |d|?, E~E,,
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The third and fourth A, states of Na, : a pair of twins

38.0.

37.0 1

Energy (cm'l)x 10°
S
T

35.0

L 140 _—~

g

o
-
AE(41A Exp - 3'A Exp)(cm

g

|
[E—Y
-
o
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BRI o=a

37400

36900

v,=10

36400 V5310

Term values cm-!

35900

35400

2008/12/28 34900 54
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WL A

4 ‘lﬂaﬁ'ﬁiﬂ"“ :

35700

35680

35660

35640

35620

35600

35580

35560

35540

35520

35500

35480

35460

Term values cm-!

35440

35420

35400

35380

35360

35340

35320

35300
0 500 1000 1500 2000 2500
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Analysis of

SlAg state
5! [1, state
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Term Values (cm-1)

39000

38500

38000

37500
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J(J+1) — A2
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Least square fitting for Dunham Coefficients

The standard deviations excess the systematic accuracy!!
~0.03cm!

SlAg state 5'T1, state

oc=027cm’ | 0=0.39¢cm™

Is there something wrong!?
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SlAg state
5! [1, state

35+ 5d

2008/12/28 99
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: Case (d)

Case (a)
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e J7+1

Case (a)
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Dunham Coefficients for e-levels

T,; = iivij (v+%) [J(J+1)-A*]
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Br(cm )

51/

. eff level difference

9

0.0
-0.1 !
-0.2 -
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J(J+1)-A~
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0.0

-0.1

-0.2

-0.3

-0.4

-0.5
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R 10 15 20
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Corrected Description

Term(v,J) =Y Yy (v+ 1) [J(J+1) — A%
+@. J+1)— 1‘\2 {'—I—@(t: + %) +@J(J +1) — Ag]}

(0 for e parity
—1 for f parity

O =+

J, 9, L ——> Corrected Constant
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54, - Least Square Fitting

Yi; This work Carlson Mangier
Yoo 0.3625049041 % 10°(0.12x10%) 0.3625068 x 10°(0.2x10") 35991
10 0.1208880160x103(0.30x 10~ 1) 0.121014 % 103(0.1x10°) 125.2
50 -0.4220256755x10°(0.25x 10~2) -0.4185x10Y(0.3x 10~1)
o1 0.1151462792x10°(0.71x10~%) 0.11386x10°(0.1x1073)
11 -0.5711260511x1073(0.13x10~%) 0.662x1073(0.6x10~%)
;'q;  0.3764924100% 10~4(0.90%10~7) -
-y 20.1140212143x10~4(0.55x 10~5) Spllttmg constants
I -0.7582958171x1073(0.33x 10~ %)
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Eigenvalues (cm)

R. Y. Chang, T. J. Whang, C. P. Cheng, and C. C. Tsai ,J. Chem. Phys. 123, 224303 (2005).
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S (cmt)

51 I, - e/f level difference
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02k T e e
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J(J+1)-A~
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5111, - Least Square Fitting

Yi; This work Carlson Mangier
Yoo 0.3555000951 % 10°(0.59x10~1) 0.3555077x10°(0.3 % 10%) 35312
10 0.1120323209x10%(0.24x10~1) 0.112128x103(0.1x10%) 115.7
20 -0.4821718614 % 10°(0.38 x10~2) -0.5112(0.1x10~1)
o1 0.1090586962x 10°(0.20x 10~%) 0.10719(0.2x10~3)
11 -0.5971091128 % 1073(0.32x 10~7) -0.541x1073(0.5x10~%)
;'q;  0.1758320808x 10-3(0.17x 104
| G 0.7124318162x 10~>(0.71x 1075 Splitting constants
9y 0.9608208561 % 10~3(0.80x 10-8) !
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5" 11, - Regenerate the eigenvalue
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Separation constants as a function of n in ndlAg
states
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summary

Using high-resolution Laser spectroscopy

Electromagnetically induced transparency and
de-coherence effects due to laser linewidth
have been observed in Cesium atoms

Electronic orbital angular momentum L uncoupled

from its internuclear axis and

Molecular wavefunction-mixing and

amplitude-sharing between the twins states

(same symmetry) of Sodium dimer have been observed
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Thanks for your attention!

Collaboration: Thou-Jen Whang, Chemistry, NCKU

Postdoctoral : Chanchal Chaudhuri

PhD Students: Ray-Yuan Chang él%ﬁ.j[ﬁl
Yi-Chi Lee % 5.
And many master students......
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