(parity nonconservation, PNC)
[1,2] (cesium) (thallium) [3,4]
(standard electroweak model)

[5.6]
(transition-amplitude)
(Stark-effect) (hyperfine constant)
(Isotope-shift)
PNC
(hyperfine splitting, HFS)
[4.5]
6Py,  6P3p
[7] 1 kHz
7Sy

6Py 7Sk Hyperfine splitting
(selection rule)

03T 2057 1.1

1950



F=1 L
A o
7S12 f e - A F=1
L 12.3 GHz L
P! | | 12.2 GHz
L ' |
I [ F=0 | [
f | | S F=0
| |
S o
' ! | ' ' |
I | | I I |
' : | ! : |
| |
378 nm B : : : A: C: :
| DI : | | E:
I | FI I I |
I | | I I |
I | | I I |
' ! | ' ' |
! : | ' : |
' | ' |
[ | 1.25GHz [ _
o F=1 A F=1
' T |
I I |
6P112 | | 21.1 GHz
| 21.3 GHz !
L F=0 F=0
205 -
Tl 203 Tl
1.1 6Py 7Sk
1.2 A F
Hyperfine splitting
Ref.[7] 2Tl 2Tl 7Sy, Hyperfine splitting 122945MHz  12180.5
MHz
Ref[7] 2Tl 2%°TI 6Py, Hyperfine splitting 21310.835 + 0.005 MHz
21105.447 + 0.005 MHz



1522 MHz 1634 MHz 1844 MHz

—) —> —>
A B C D E F
203.|_I 205TI 203TI 205TI 203TI 205TI
}‘ 12294.5 MHz + 21310.835 + 0.005 MHz .‘
}‘ 12180.5 MHz + 21105.447 + 0.005 MHz >{

12 6Py22> 7Sy

Ti:sapphire LBO
(Enhance Ring Cavity) 377nm  351nm

(Isotope-shift) (Hyperfine splitting)



2.1

6Py
[15°25°2p®3d'%45?4pP 400 4f1455750° 500657 6p

377 nm 6P12 1S 7Sy2
6Pz2 6P12 > 7S12
6P3» 351 nm 6Ds/2
6Pa»

7S 6P32

6P12> 7S

21 Hyperfine splitting
6Py2(F=0) 7S2(F=1) 6P32(F=2)
6Ds/2(F=3)

7Sz

21



2.2

221 (natura linewidth)
F
1
7S12
Y
2
6Pz
vy 1
A 4 \ 4
1
6P12
Y 0
2 5
1 | 1 1 |
| | |
a1 ai13 az1 az3
ai2 az2
7 8
4.999x10 1.062x10
2.2
2.2 7S12 6Pz 6Py a1 a2 as
D1 & a3 Einstein A coefficient
Einstein A coefficient
A® E;A i :L:i.ki.;im:é A,
t ttotal t tz t3 k
2.5 1S, ® 6F),
7S, ® 6P, 1 2
(1+2+1) (5+1+2) Einstein A coefficient
499”10 1.062" 10°® 1 2 7S
6Py, 6Py 6P,

7S.L/2 ® 6|:?I.IZ 7S1/2 ® 6P3/2

Einstein A coefficient

a,, =4.999" 10" % =1.24975" 10°s? | a,, =1.062" 10°” g = 6.6375 10's™




a,, =4.999” 10"" % =24995" 10's* | a,, =1.062" 10%" % =1.3275 10" s?
a, =4.999" 10"" % =124975" 10's™" | a,, =1.062" 10°” é =2.655"10"s™
7S12(F=1) A
_ [} _ _ -, 8 -1 _ 1
A - a Ak _a11+312 +a21+azz =1.1743" 10°s _t_
total
1 - 71
w=-—=t ___ =851571" 10’s
A total
f = -13553" 107!
2
7S 13.553MHz A vdue
( )
( ) f 2
f = 13953MHz _ o ooy
6.777 MHz 7S
2.2.2
VIV V] +vK W,
W, =W, + kxv



A
k
- Deelector = ‘[r
X/ @ =my+k-v
2.3
k:v>0
w, W, (k:v<0)
E = E,exp(iwt - kx)
Y
wi=w- k:v
w( (eigenfrequency) w,
W =W,
W, =W, +K>v
(k:v>0) (k:v<0)
v
,-" —
o« k
>
0,
W' =0, —!E_vﬁ
W, =, +k-v
2.4
+Z
k=0 +0j +k,k |K=2p/I W, =w, +kxv

vV, 0 &, 0
Wam%a+i+ Dw =w,¢—=~+
e Cg eCg



VZ VZ + dVZ E ni (VZ)

2

n (v,)dv, = N gy,

3 Z
Ei N; = ¢n(v,)dv,
v, = (2KT/m)"? m K (Boltzmann’ s constant)
v, = (C/W,)dW  w, =Wl +22 N (v,)av,
e C z
W w+dw
é
n(W)dw = N — C egbw W)
g p
P(w) dw
n, (w)dw
- 8%(W w,) 9

| = e
(w) =1,exp Wﬂﬂ

(Gaussian profile)

dwo =24 In2wev, / c= g——\/8kTIn 2/m

DD

eCg
(Doppler width) 1/(4In2)=0.36
I (w)
-W. )0
) =10 eg- (O.SGdV%[), p
d,p w, (T /m)"?
d.o (Avogadro number)N
R=Nak
= (2w, /CW2RT IV M
c R d,p

d,=7.16"107V~T/M [HZ]



223

PMT
< d > Laser
A N
AN
i Filter
P RA 0<¢
\
A \—\
bT B

oven X

25
(oven)
p A
(mean free path)
10 "torr
z g +£dqg
N(@) cosgy A B
z -ef£q£f+e
(collimation ratio)
vV, b
X =tane =—
v, 2d
V
V.
V.
B b A b<<d e<<1
g<<1 coscl B (flux density)
A r= (z2 + xz)”2 z



v, = (2KT/m)"?

n(v)dv
n(v,r,q)dv=C_C C?iq nvle (v/vp)zdv
¢ (normalization factor)

n n=cnv)dv

w X
A v
w§
Wé:wo-kx‘/:Wo'ka k=|k|
dv, =dw, /k
dw,
X-Z y
€ X2 U
P(w) = Pexpé C\? (W, X) qu
6 X1 g
DX = X2 - Xl
DP(W) = P, - P(%,,W) Lo
e’ @- x
a(w,x) = ¢ n(v,., ¥)s (w,v,)av,
+¥é)(2 l:l
DP(W) = R, BNV, s (w,v,)dx)idv,
'¥§X1 g

vV, =(X/r)v® dv, = (x/r)dv cosq =z/r

3 Vx el><IO[- (er/XVp)Z]de

n(v,,x)dv, :Cnxivz
S (W’Vx)

10

VvV v+adv

(4/ —\/a)vb3

N =nv = cvn(v)dv

VX :(W- Wo)/k

10—15W

n(v, r,q)dv



Y (Lorentzian)

9/2)°

S (W1Vx) =S 0 (W_ WO - kv)()2 +(g/2)2

=5 oL(W - Wp,0)
n(v,, x)av, s w,v,) DP(w)

wee exp[— c?Dw2(1+ zzlxz)lwzvz] u
DP(W) = a, BcPW’ 0 0 Pl dx¢dDw,
L O T - ) @D g

a, = Rns 09032/(«/5ViW§) Dw, =w§ - Wy =V,Wo/C W =W, + ky,
W, 0 ¥ Dw,, - ¥
+¥

X X =-rdne x,=+rdne

é 5 U
N - 0 -
a JBw-whQ,

P éwow sne;q 2
DP(W):a2(¥‘3 & . i Zzudw(gt aZ:aiaecg 8
v W-w§)”+(9/2) 220, g
Voigt Lorentzian  Gaussian Lorentzian
(natural linewidth) Gaussian Doppler
Voigt
[9]
4.1 4.2 4.3 Lorentzian
Gaussian fit Voigt  fit fit
A B
sne=v,/v=b/2d Dw,
Dw, =Dw,sne Dw, = Z\NO(VDIC)M
Dw,, Dw,, * A B

11



2.3

F
1
NG
0
v l 1
b (o}
6Pl/2
v 0
a 2
1 1
a b c
26 7Sy,  6Pp
6Py,
7Sy
7S,,(F =1)® 6P, ,(F=0)
7S,(F=1)® 6P, ,(F=1) 7S,,(F=0)® 6F,,(F =1)
g=2F+1 F=1 7S,,(F=1) ©6P,,(F=1)
F=0 7S,,(F=0) 6P,,(F=0) (g=2F+1,F=0)
2.6 75,,(F =1 6P, a(6P,,(F=0)) b(6P,,(F=1))
7S,,(F=0) 6R,, c(6P,,(F =1)) 6P, ,(F=0)
7S, A75,,(F=1) 6P, (F =1) 1S,

b(7S,,(F =1)) ¢(7S,,(F=0))

F=la+b=3k
F=0,c=k
F¢=1b+c=23k¢
F¢=0,a=k¢
k,k¢= const

a:b:c=1:2:1



7S, ® 6R,, 75,,(F=1)® 6R,,(F =0)
7S,,(F =) ® 6F,,(F =1) 1 2
4.2 4.3

7S, ® 6Py,

F=lLa+b=3k
F=0,c=k
F¢=2,a=5k¢
F¢=1b+c=3k¢
k,k¢= const

ab c
a:b:c=5:1:2
2.2

2.4

P R
J 6p. . : 5+ 3 X(5/8)
6p. C 3(0.75) 3+ 3 X(3/8)
1 (0.25)
2.7
6P
6P12(F=1) 6Py (F=0) 31 6P, (F=1) 75%
6P1/2(F=0) 25%
7S 6Py, 6Py
1S12 6Py  6P3p 12

6P12(F=1) 1Sy

13



6P32(F=2) 5+3" (5/8) 6Py2(F=1)

6P
k(1+5+3+3" (5/8) +3" (3/8)) = 0.75
k = const
k=L
16
k

6Py~ 7Su2(F=1)
6P,,(F =0)p 0.25+k=0.3125p 31.25%
6P,,(F =1)P 0
6P, ,(F =) b (3+3" (3/8)k=25.8%
6P,,(F=2)b (5+3" (5/8)k = 43.0%

2.5 (optical pumping)

3+3 (3/8)

(6Py2,F=1-> 7Sy, F=1)

A A
731/2‘<

6P32 —<
Y

6P1.2 —<
\ 4

2.8 rate equation

AB coefficient 7S, 6Py 6Py

14

N4

N3

Ns

Ns

N2

N1

Einstein’s



dN,

=-B,, N, +B,,xN,x + A, xN,

dt
dN
T‘l: BZ4XN2><I - B42XN4><I - A42XN4' A46XN4' A45XN4' A41XN4
dN
= :AAG ><N4
dN
dts :A45XN4
dN,
= A, <N
dt A41 4

Einstein A coefficient

A, =1.24975" 10's™"

A, =24995" 10's™

A,=6.6375"10"s"

A,=1.3275"10"s™

B,, = 4.6" 10"

B,, =4.6" 10"

dN, dN, dN, dN, dN,
dt dt ot o

mathematica N2

Einstein A B coefficient

(6Py2,F=1)  80% N, 20% 8 10°s 2.9

Ti:sapphire laser 396887GHz

w = Frequency,,,, =3.96887" 10" 2" 2p =4.98743" 10°s™

Einstein A value Einstein B vaue Einstein

15



A B coefficient

A_mw
B p3®
3 3
B=A W - 254554 102°Ji
pZc 'S
400°C 250m/s 2mm 2.9
8 10°s 80%

J
Power, o, = XW= XX%—

S
. _Power _ xxJ/s) _ x _J
NSty = area p 10°m? p  10° nis
80% w=2" 10'15%
. X J m J J
Intensity,  =—— _x- =3 10%(—)" 2" 10®(—=) =6" 10°——
ylnput p 4 106 2S (S) (m3) mZS
Power,_ =1.88496" 10 W nw
6Py, F=1 0 optical pumping

16



31 (experiment setup)
Chopper
/\ Wheel
<% I/\\ “' K
| g -
Q/ Atomic i Z » \Wavemeter
" PMT beam Ve T
| | | |
] | | £ |
! Vacuum Chamber b / ] ZI o---- 4
: . L Ref. cavity 1
! Lock-in | ______ b
: Amplifier _ _ : »| Enhance ring _Lé
! , Ti:sapphire g _ =
: : i 755 nm cavity 1 377 nm
, | " Laser 1
| | |
| | |
| | | I_ ——————————————————————————— ]
: : : ! Ref. cavity 2 !
' [ 7 .
A Al B
|
- - — |
Computer . , Enhance ring [351 nm
Ti:sapphire
Laser 2 702 nm cavity 2
31
Ti:sapphire Laser
Ti:sapphire Laser 1 755 nm
(enhance ring cavity 1) 377
nm 377 nm Chopper Wheel
PMT
(Lock-in Amplifier)
755 nm Ref. cavity 1
Ti:sapphire Laser 1 cavity

wavemeter

17




Ti:sapphire 702 nm 351 nm
377nm 351 nm (vacuum
chamber) (thallium atomic beam)

6Py 7Sz 6Pz>  6Dsp

(PMT)
3.2 (enhance ring cavity)
377nm  351nm
LBO Ti sapphire 755nm
702nm
Ti  sapphire
beam size
750mm  1000mm
beam size
2mm Mode matching
Ti sapphire 750mm
1000mm
PZT PZT
| /4 PBS
| /14
Differential Detector Differential
Detector (High voltage
amplifier, HVA) 100 PZT
PZT PID controller
PID controller

Ti  sapphire

18



702 nm 351 nm
Ti sapphire 377 nm

19



s)j0u00 | | Jojoereq } "
-ald lenuasoyIa | 1
S8d _I_ Jose
og1 L <
:  WULGE aJiyddes:i|
v wuzo/
dwy /] ~ v
‘AH \\/AAA LA wwoo0 L=}
17d < N N
ENY \V

wwog/.=4

3.2
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3.3 TEMOO
3.3

TEMOO
TEMOO
TEMOO
TEMOO
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34 3.3 TEMOO

3.2
34
3.3 TEMOO
PID controller
PZT PZT PZT
3.3
Control Box
LI a
}_2%(
Heater |
O o0
To Thallium Vapour Li——“’"——
Turbo |Pump [ Thallium
CloO ODDO+ Atomic Beam
thermocouple | 1
Ti:sapphire Laser
@377 nm & 351 nm
35
35
(thermocouple)
4740 82.70 220V



400°C
2 mm
5cm 2 mm
40~50°C
10°%~10"torr
377 nm (filter)
6P3»

251 nm 377 nm 351 nm

23

6Ds/2



1 feedthrough
220

2

3

feedthrough

4 window

24



4.1 5TI  8Py(F=1)  7Sy,(F=0)

wavemeter
396881GHz 6p,,(F =1)® 7s,,(F =0)
396887GHz 6p,,(F =) ® 7s,,(F =1) 396897GHz

6p,,,(F =0)® 7s,,(F =1)
wavemeter 1+GHz
400°C
30°C 30°C
400°C 430°C 460°C 490°C 520°C 550°C
41 42 43 400°C
F=1>F=0 F=1>F=1 F=0>F=1

5000
4.1 2500 4500 42 43
PMT
4.1 12 A B extrena
cavity FSR 300MHz 2037
(FWHM) 350 MHz 2°°T] 29.7 MHz 920.2

MHz

25



Thallium Transition GPM-?Sll2

4 T=400°C TI(205):F=0->F=1
1,..,=377.9nm
34
w:29.7 MHz

— 2 -
z TI(203):F=0->F=1
(@)
(%) 1
= w:35.0 MHz
o

0

_1 -

920.2 MHz
-2
I T I
1000 2000
Frequency (MHz)
41 400°C  2®Tl (F=1>F=0)& *°°TI (F=1>F=0)

4.1 400°C 27| (F=1> F=0)
35.0 MHz 2%°Tl (F=1>F=0) 29.7 MHz 920.2
MHz

Thallium Transition 6P -7S,,
10
1 =377.9nm TI(205):F=1->F=1
8
T=430°C
6 -
8 el sEe
5 ,| TI@03)F=1->F=1
n
E w:27.9 MHz
o 2
i w:31.3 MHz
o -
| 816.1 MHz
-2 e
-4 T i |
1000 2000

Frequency (MHz)

4.2 B0°C Tl (F=1>F=1)& **TI (F=1>F=1)

26



4.2 430°C 37| (F=1>F=1)
31.3MHz 2Tl (F=1>F=1) 27.9 MHz
MHz
5 Thallium Transition 6PU2-781/2
44 IIaser=377'9 nm TI(205):F=0->F=1
T=400°C
3 —
< 2
> TI(203):F=0->F=1 W32.5 MHz
0
S 17
(A
0 w:37.3 MHz
-1
924.2 MHz l‘
-2
3000 | 40|00 50|00
Frequency (MHz)
43 400°C  T| (F=0>F=1)& ?%°Tl (F=0>F=1)
4.3 400°C 257] (F=0>F=1)
37.3 MHz 2°°Tl (F=0>F=1) 32.5 MHz
MHz
42 T 6Py(F=1)  7Sy(F=1)
221 6Py2(F=1)  7Suy(F=1) 6.8MHz
2.2.3 205

T =400°C =673K \%

p

V, = [2kT/m]"? = 233.164m/s

_ _ . Vv/ _p/ _
w, = 396887GHz +In2 =0.832554 sine = 4 =b24= %o

27
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924.2



—ow & /0155 =
Dw, —2W08 %[a In2 =550.7MHz

Dw, =Dw, " sne = Z\NO?%%/In 2" dne=258MHz

voigt
11
25.8+6.8=32.6MHz

Lorentzian Gaussian

(205) 6p,,(F=1)® 75,,(F =1

32.2MHz
4.3 (Isotope-shift)
| sotope shift
F=b
1 1
2a+1 2b+1
6P1/2 7S_|_/2 F=0
1 3
1.2(6Py>  7Su» )
7S1/2(205) p D-B
6P1/2(205) p F-D
781/2(203) p C- A
6P1/2(205) p E-C

05T 20371 BPy,

1S

28

=a

1

2571 20571 BPy, 7Sk



1 3
X=F - 2 HFS(7S,)(205) - 4 HFS(6R 20205)

1 3
=F-,(D-B)-J(F- D)

1 3
y=E- 2 HFS(781,2(203)) - 2 HFS(6F1/2(203))

1 3
=E-=(C- A)-2(E-C
2(C-A-2(E-C)
1 3
D=x-y=F-E-(D-C-B+A)-(F- E- D+O)

400°C
B- A=761.2MHz

F- E=9227MHz
D- C=817.3MHz

D=9227- %[817.3- 761.2] - %[922.7 - 817.3] =829.6 MHz

isotope-shift Isotope - dhift =2 D =1659.3MHz
A B C D E F 1.2

| sotope-shift 1659.0 MHz
2 MHz

6P1>-7S» Trangtion IS
1659.0(2) MHz

Ref [8] 1659.0(0.6) MHz

44
222
d,=7.16"107V~T/M [HZ]

(K)
46 AT

29



Line width (MHz)

Line width (MHz)

37+
36 -
35+
34 +
33
32 H
31+
30 +
29 H
28 —
27 +
26 —

25

Thallium Transition (205) 6P (F:1)-7Sﬂ2(F:1)

1/2

cooling process

W W W W W w w
w b 01 O N @© ©
|

N DN N W W W
N 00 O ©O O DN
| N AT I T T T Y [N S Y S [N N T T T T Y N S

N
(o]

N
[6)]

26.0 26.5 27.0 275 28.0 285 29.0

Temperature(k”z)

4.4 27

Thallium Transition (203) 6P (F=1)-7S (F=1)

cooling process

—a—

[
I

25.5

! ! ! ! ! !
26.0 26.5 27.0 275 28.0 28.5 29.0

Temperature(k )

45 207



4.5

Atomic Beam

4.6

external cavity FSR
10MHz

0.5MHz

31

4.1

0.5



PMT Signal

4.7

Thallium Transition 6P1/2—7S

1. =377.9nm

laser

T=450°C

TI(203):F=1->F=1

12

TI(205):F=1->F=1

|

PMT Signal

T
2000

1
3000

Frequency (MHz)

4.7

Thallium Transition 6P ,,-7S,,
1., =377.9 nm
laser
T=450°C
2 4
TI(203):F=1->F=1
4 4
6 T T T 1
1300 1350 1400 1450 1500
Frequency (MHz)
48 2T

32



4.8

Thallium Transition 6P 7S,

6
1, =377.9nM TI(205):F=1->F=1
T=450°C
I
c
2
n
= 47
=
o
2 T
2700
Frequency (MHz)
49 271
49 203TI  205TI

1
2800



6P:2 7S

400°C
32MHz 6.777TMHz
25.773MHz
6Py2 7S | sotope-shift 400°C
4.3 | sotope-shift
1659.0(2) MHz
203T|
25T|(F=1>F=1) 10 MHz
0.5 0.5 MHz
6P 7Sk
enhance ring cavity Ti:sapphire
702 nm 351 nm 6Ps2
6Ds/2
12

(femtosecond optical frequency comb system)
Hyperfine splitting



1 Function generation

2 % fine 10k
s

680
%|—1 GND v+ |8 — ;
SL4 GND o, 7 93 GND
—— NC C1 O |x
2 T LIS Im
7 3 6 - SL1 +
SQ R1 0.00iUJ_ of | ADJ PW IN
Trig Out 4 =L < 1000uFt [
c13] 5V Q2
+ < +15V  Z[ 3™
~1000uF [
GND GND SL7
C14T*
Range(Rstary Switch)
o
N S 1
. = g_ GND
50K? =
F/ SL5

0.1uF

GNDGND

>
? LM741P |OUT(BNC)
— 6 1
B 5 2|
o L
IC2 GND SL3

GND

6.1 Function generation



2 PID controller

Bll01uod did 29
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(High voltage amplifier,HVA)

aND

Bjdwe abeljonybiH €9

¥1S

=70
o W ol
= [ | N >
Q _ 6 =N
Iﬁ N W_ Il
vo | . =y | o QR [
=~ N| 3
c =
o 5
o
v _|ri
Zo C
) = z1s
[
N
—
>omm\3.o|ﬁ & -
moH _||N-:w
<
aNo * <E&—=I-I18
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(photodiode detector)

J1010918p apolpoloyd 9

nE%
aNo
I
1 __o
- £-ZNS
o |~

dLPLINT I U e
L LASe ¢ _% o
- = += L-CAS
Z-I\Se ¢ P N X

Il
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(Enhance ring cavity design)

e

G4
a0
44582

2

%6

XY

39

6.5 Enhance ring cavity



[1] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L. Roberts, C. E. Tanner, and
C. E. Wieman, Science 275, 1759 (1997) [CAS]|[ INSPEC].

[2] P. A. Vetter, D. M. Meekhof, P. K. Majumder, S. K. Lamoreaux, and E. N. Fortson,
Phys. Rev. Lett. 74, 2658 (1995) [SPIRES].

[3] S. A. Blunddll, W. R. Johnson, and J. Sapirstein, Phys. Rev. Lett. 65, 1411 (1990).

[4] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov, and O. P. Sushkov, J. Phys. B 20,
3297 (1987) [ADS][ INSPEC].

[5] S. G. Porsev (private communication).

[6] P. K. Mgjumder and Leo L. Tsai, Phys. Rev. A 60, 267 (1999).

[7] A. Lurio and A. G. Prodell, Phys. Rev. 101, 79 (1956).

[8] D. S. Richardson, R. N. Lyman, and P. K. Mgumder Phys. Rev. A, 62, 012510

[9] I. Sh. Muzhdabaev, O. Tukhlibaev, A. T. Tursunov, and E. E. Khalilov Opt.

Spectrosc. 93 No.3 (2002)
[10] W. Demtroder. Laser Spectroscopy. Springer. 3" edition. (2003)



