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Electric dipole moment (EDM)
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time reversal
spin : s=>-s

d # 0 : Violation of T
= Violation of CP (CPT theorem)

EDM : d=d

M. Pospelov and A. Ritz,
Annals of Phys. 318, (2005) 119-169
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EDM upper limit (ecm)

d=10"2" e-cm
E=10kV/cm
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Detection of an EDM

H=—pn-B-d-E
Energy shift upon an E-field reversal Energy levels for a spin 1/2
(foracaseof u>0,d>0)
E/IB E//-B B=0 B=0 B=+0
H =—-uB—dE H=-uB+dE __1 E=0 E//B E//-B

! "

Shift in a precession frequency E

b 2uB+2dE

+

, _ 2uB~2dE

(E//B) (E//-B)

the difference = signal of an EDM

4dE
h

Desires long precession times => Spin maser

Av=v, —v_ =




Key issue for a high-sensitivity EDM
detection:

— Realization of a long precession time

‘Spin maser’ state
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Spin maser

@ >°Xe polarization vector P =(I)/I L
@ Static field By= (B,, B,, B)

@ P follows the Bloch equations:

relaxation term ]
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Spin Maser

@ Now we devise the transberse part of I
the Bfield, B (¢), to follow P,

B,(1) < P, (1)
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dP P

Y 9P +aPP -, (L) B=%p
dz ’ T, oy
dP P a

y _ Ty _

o, efirallh T (2) B, =—;Px
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q; = BRRRR )= (B-R)G. @) b =775

Taking (1) +i (2) and setting P.(r)+iP,(1)= e P, (t)

dP 1) . .
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dpP -2 P '
d;Z—O!Pl —Ti+(PO—PZ)G. (3)
dP dP
The steady state solutions [d—; =0 and x t = O].
( . . . = e e GT
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-Non-trivial solution: | |B[" = ¢ P ————|, P" =i, with o=w,.
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Maser oscillation
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Spin maser

“Optically coupled” spin maser
with a feedback field generated from optical spin detection

@'2°Xe nuclear spin polarization
by optical pumping

Pumping and B, Static magnetic field : B, ~ mG
neaxationfelicel iR : Feedback system l
/::‘7 \\\\ . 1 1
AW 0| E(Qbe light/" et @ Optical detection of the spin
Feedba precession

|

@ Generation of a feedback ﬁeld}

ML i
Photo § 7
diode V¢ %% it l

1) umping light precession signal { @Self-sustained spin precession }

B,

Realization of maser oscillation at very low fields (< mG)
Suppression of drifts in the B, field => Suppression of drifts in v



Spin polarization of 12°Xe and Optical detection of nuclear precession

Spin polarization of 122Xe

Optical pumping Rb atom
5I:)1/2 6_

D1 line: 794.7 nm

;
55, 00— -0000—
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Spin-echange in Rb-Xe

Rb 129
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Detection of precession of 122Xe

Transverse polarization transfer :
129Xe nuclei - Rb atoms (re-pol)

Probe laser beam : Bo

single mode diode laserf ___________________________

(7947nm) 7 AT
v

¢L

Circular polarization * Detector

(modulated by PEM)

After
half-period precession

.




Setup for the maser experiment

magnetic shield (4-layer) Solenoid coil (static field)
Si photodiode - permalloy Bo "B, =30.6 mG (/=7.354 mA)

*Bandwidth : 0 ~ 500 kHz -

\ ‘ f

A4 plate

Heater
T=70°C

spin precession signal

N
\_ Pumping laser
A =794.76 nm
(Rb D1line)
AL =3 nm
129%e gas cell 129%e - 230 torr rower=iLW
---------- s N, 1.100 torr Probe laser
18 mi Rb:~ 1mg E -DFB laser
Pyrex glass *A = 794.76 nm
............ SurfaSil coating (Rb D1line)

AL =8.4X%X10%nm
-Power : 15 mW



Magnetic Shield
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Maser oscillation
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Frequency determination

P i PhotoDiode Lock-in Amplifier output
B - detector V. V.
—5 @@@ =5 .— v, 35.1Hz b | l
.................... LO c k_ i n C_CU 0 : -'.. -‘.
amplifier & ol E AL LE ]
V ref 35HZ Vout - VO - Vref 25000 15;:)5 15:310 15:315 15:320 15:325 15030
SUnER v . Reference frequency Time [s]
Generator

* Lock-in amplifier output signals

VX = COS( 272.(Vref B VO)Z + (¢ref B ¢O))
Vy =8IN(27 (Vi = Vo)t + (drer — #5))

Phase [rad]

*Phase

e 1 Vi (1)
¢ () = tan v ()

v, Xe precession freq.

Result S —

po 0.1231+ 9.314e-09

25000 T p1 1.131+ 0.001014
ZDMIO;
15000 —
10000—
EUINIL

1] SN 10000 150010 20000 25000 30000

Time [rad]

fitting function

f(x)=2max+b

Aa= 9.3x10° Hz
freq. precision




Beat frequency [mHz]

Frequency and amplitude fluctuations

Array-type laser

Frequency variation (100 sec) Amplitude variation (100 sec)
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Siganl [V]

Spin maser

frequency precision
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Ongoing developments

-Pumping laser

- Polarization in double cell

"B, stabilization

- Simulation study of frequency precision

-Magnetometry



Pumping lasers
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Result : drifts in amplitude

Lock-in Amp output

Signal [V]

Ratio ([Vi _Vave]/ Vave)

R at | 0 ( [V| _Vave] /Vave)
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Lock-in Amp output
v, (t ) = Vamp 005[277 (VXe ~ Vier )t + (¢Xe — Qe )]
V(6= Vi COS[27(v e = Vi + (Be = b )= 71 2]
=V SIN[27(Ve =V )+ (Be = et )]

amp

= Vo = V2O +V2(0)

RatIO ([VI _Vave]lvave)

Ratio ([Vi _Vave]/ Vave)

Array laser
02k Entries 400001
E Mean  0.001367
0.1F RMS ___ 0.01564
0.0 ?
0.1F
02F _
E. [ [ | 11 —~
0 2000 4000 6000 4 times
Counts
: worsened
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0.2 Entries 400001
Mean 3.172e-05
0.1 RMS 0.0640
0.0
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2000 4000 6000
Counts



Future

Spherical cell

*good symmetry

*Reflection e
= lowering of the

pumping efficiency?

Cubic cells

Introduction of a narrow-line laser
 (TA DFB, TOPTICA)

Power: ~430 mW
line width : ~ 4MHz
(cf. pressure broadening ~ 7.5 GHz)

20 times enhanced pumping efficiency
" ~10"sec™

=> suppression of amplitude fluctuations
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Determination of poraization

129X e magnetization M

M ocyPN oV

> E-Br L

P : Polarization

k . Boltzmann constant
B, : Holding field

vy :Gyromagnetic ratio
T, - Temperature

V. Signal

N : Number density

Proton (in water) spin polarization

_E

1 N = Ne T
M= * * E =1ynB,
E+

1 $$ ;; N, = Ne T
mZ:+§

E+:_%7/hBO
]Dpzu:tanh 7p
N, +N_

B

0 j ~3.06x10°°
Tk

B, =0.869 [mT]

¥, =2.675 X 108 [rad/T-

s]

T, = 290.5 [K]



signal [u V]
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15

10

0
5|
-10 |

A5 T

225 |

-30

25 3

V=273 + 038

20 F .

30 EEEET

T 2imm

time [5]
NMR signal from /

protons in water
21:1m\“

Fitting function

0o 1 2 3 4 5 o - "™ - n

—17.2 + 0.1 mV
-

time [s]

129Xe NMR signal



Cell test bench

pick-up coil EEEE g

Current problems

pick-up coil [HE S TW7a
—IE O FHLEDME Y, FHEE 2N R, IRE 2580

pick-up coil 23R | V LB
—NMR¥ 7 F /L & [F LB TH HRFY 7 )L 2t material :
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New system

RF a1V
pick-up a1V

71l
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Drifts in frequency and solenoid current
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Current stabilization

New current source ADCMT R6161
Deviation from the preset value (7 mA) is fedback

(-

W
o LERE
l feedback j

Current: ~7m A
Stability: 5 ppm/day




Stability of solenoid current
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Simulation study of the frequency precision

Incorporate the phase and amplitude fluctuations of the maser signal.

V_=A4siné
A=A4,+¢(¢)
0,=0,,+27vAt+ ¢, +

peri

v AERIKE
) fluc - MR LE
b EEREE

AT ILIRIE
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¥
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Frequency Precision[Hz]

1e05

Simulation results
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1600 |
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1e-11

V_=A4siné
A=A, +¢(¢)
0,=0,,+27vAt+ ¢, + P,

[ Experiment

| Simulation

® o, G, Oy, =the experiment
Gp O, = the experiment, 6, o = x0.5
® Oa Oy Oprep =*x1/10

¢2.3x1010Hz

$2.0x10‘11 Hz  «—1.9x103% ecm

100

1000

10000

Half a day

100000

lday

1e+08

(E=10kV)

Time [s]
12days

Should reach a 10-1°Hz precision
In a 2-day measurement !!



Magnetometry; Non-linear MagnetoOptical Rotation (NMOR) on Rb atoms

Field precision required in EDM measurements

Resonant optical rotation

in Rb vapor

oF (NMOR; Nonlinear Magneto-Optical Rotation)
B +E od,, ~10"" ecm
l @ E=10kV/cm Linear polarized light
Required frequency precision k Rb atom
of =1nHz
Field [ OB ~1 pG D. Budker et al.,PRA 62 (2000) 043403.
5B ~1pG/~/Hz
Optical Pumpingmagnetometers (Rb, Cs) : 30 pG/ vHz
Advantages:
Magnetometry with SQUID:
2-3 fT/ vHz = 20-30 pG /YHz @ He temp. :
50-60 fT/ VHz = 0.5 0.6 nG/ /VHz @ lig. N, temp. ® Narrow width
ngh-Q resonator — 0.08 fT/YHz = 0.8 pG [NHz o Operation at room temp
® Jow field




NMOR

EfxfmRAXERFOHEEER

S (F=0)

0.6 =
0.4 8
0.2
0.0
020

-0.4

Rotation angle (mrad)

-0.6 ‘ :
-10 -5 0 5 10

' 2gFluBBz
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[R

1) EffmERL [C&YIREFIE alignment KEEIZHE S
— BFEFDOZEKIL linear dichroism ##D

2) [RF alignment NMEIEDEVEREEET S
— dichroism DO #H EE5d 5

3) [EIE5Y % dichroic #ZFF DR FEASERFELE—LED
HEERTRAELEERTS

HEWRRE
|+>=%qmpz+1>+|mF=_1>)
L (my = +1)=|m, =-1))

Probe laser beam
Atomic alignment

Rotating “polarizer”



Experimental setup

Rb vapor cell

Photo diode

linear polarizer

Polarization
Modulator

Diode laser with |
external cavity (Rb-D1) [._g -

B = 4




Sensitivity

1.5

I

"20100311-86_calib.dat” ——
f1

®y ——

-a.5 |

=18 =5

18 195

o

/Field sensitivity at present

o¢

Slope at 0G:

V4

=0.003 mrad

d) noise

-1
_% 5B = ¢noise (%j

V4

~

=24rad/G

= -1.2x107°[G]

Fitting function:

28 ppB. 11

Coherence effect Transit effect

ch

28rM5 1M _ 1 146 +0.004
y

) 1
[27)*" =
(r/27) 1.29x102[s"]

= 7.8 [ms]

J

Rb coherence time: ~8 ms

Already 1/400 times narrower compared to the
transit effect-NMOR
Coherence time much longer than this is realizable.

“NMOR with 1s line-width was observed”
D. Budker et al.,PRA 62 (2000) 043403.

Residual magnetic (transverse ) field
Coating procedure .....



Summary

® Precession of 129Xe spins is maintained for unlimitedly long times, by
application of a feedback field generated from optically detected spins. The
merit of this optically coupled spin maser as a scheme for the EDM search is
the capability of operation at very low B fields, as mG or below.

® Frequency precision presently reached is 9.3 nHz, which corresponds to an
EDM sensitivity of 9x10-28 ecm (E=10kV/cm).

® There still are drifts/fluctuations in the maser frequency that are correlated with
ambient temperature and noises. Improvements and further developments are
under progress.
-Reinforcement of 12°Xe polarization by introducing a narrow-line high-power
TA-DFB pumping laser
- Stabilization of solenoid current
- Stabilization of cell temperature by means of a heat transfer fluid GALDEN
- Cell development for the E-field application
-Magnetometry with NMOR
- Shell-model calculation of 122Xe Schiff moment (Yoshinaga and Higashiyama)
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