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Introduction §5

Electron EDM

EDM : Permanent Electric Dipole Moment

Standard Model(SM) : Beyond SM :
Higher order loop calculation SUSY particle
|, <107 ecm ~1010 times larger than SM

W
Weak boson §
quark 1 ~ N

electron

[ EE

e bino e symmetry
m, 5 1 TeV\? |d.|<10-2% cm corresponds to
d, ~eX IYe = 10""ecm x ( M ) SUSY mass M>103TeV

Pospelov, M. & Ritz,. Ann. Phys. (N. Y). 318, 119-169 (2005).

Sensitive EDM search corresponds to heavy SUSY search
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Introduction 6

The electron EDM search

Experimental upper limit

Energy Id| -
< 8.7 x102% ecm
e
+ Fundamental The ACME Collaboration et a/, Science 343, 269 (2014)
CP-odd phase
10-20§\CS\I\I\\|\I\\|I\I\|I\\I|I
- ° Cs Cs fountain
102 . e h
,g Cse ! o GdFeGar
QCD 5 Coe o Xe & TIF .
i = 107 TIFe®
. p— F [ ]
E Cse. YbF
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E 10-26 : . = Tl YbF
nuclear . " : * o
- © ® Beam experiment
10-28 3 ® Cell experiment ThOse
EDM ® Solid target experiment
1030
1960 1970 1980 1990 2000 2010
tomi Paramagnetic Diamagnetic Year
a Omli atom and molecule atom EDM ] ]
EDM Xe, Hg, Ra Atomic and molecular beam experiments
ellidr e improved electron EDM upper limit

Fr (This talk)
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EDM search using beam

Short Rd, =d, =N =)+ pB, -B)
Non-uniformity of

interaction time E,.+E_

4 magnetic dipole moment

the fields

aghnetic - .
field B field E

t_s Atomic/Molecular beam t_>
g,,
+
Parallel _ Anti-parallel
hy, =—u-B, —-d, -E, Time reversal hv =-u-B +d,-E.
A
1 I
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Introduction

EDM search using trapped atom

h(v+ _V—) + IU(B+ _B—)

Rd, =d, =—
© A E,+E_
: Electric
Magnetic -
field BERG ‘.f'f'dE 4)
4 - §
ST Time reversal
—-atom : v —|—
Parallel Anti-parallel
v,=—u-B —d, -E, hv =—u-B +d, - E
Long interaction time Optical lattice
(~sec) o -
o d Q.Q' d - low collision rate
Slow velomty Collision o O

- small Doppler effect

|
v'VvV'v
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Francium EDM

Heaviest alkali metal Large enhancement of
Availability of laser cooling the electron EDM
and trapping
| dqs = Rd,
EDM measurement Atomic EDM €4 ¢
using optical lattice 1000
d 900 e B. M. Roberts et al. (2013) 0
800 e S. G. Porsev et al. (2012) Fr
g g¥o G G - 5 700 — |
d ' E 600 o Nataraj, Sahoo, Das, Mukherjee 5
' v ' ' % 500 o
vyv o d
S 300
No stable isotope:-: 2 200 e
210Fy =3.2 min * 100 Rb @
211Fy =3.1 min 0 o
212Fr =20. min 0 20 40 60 80 100

Atomic number
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Fr-EDM prOjeCt Precision

spectroscopy

Spectroscopy

100 MeV18Qd+
beam accelerated

e 1)
¥ by the AVF Cyclotron /
>
e ciejf/y

High intensity
Frion beam

\- o ~ v 4 High efficient \ /
Nuclear Fusion \ Laser trapplng A

ooling

Extraction and RS and trappmg
transportation of ions

lon-to-atom
conversion
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Status of Fr-EDM project

Francium production Laser cooling and trapping  Spectroscopy

v Frion source v Magneto-optical trap v Ramsey’s method
v lon transportation v Optical lattice v High voltage system
v lon purification v Magnetometer

v lon-to-atom conversion Co-magnetometer

-

S@
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Status of Fr-EDM project

Francium production Laser cooling and trapping

v Frion source v Magneto-optical trap Ramsey’s method
v lon transportation Optical lattice High voltage system
v lon purification Magnetometer

v lon-to-atom conversion Co-magnetometer

|
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Francium EDM project at CYRIC - Francium test 14
Fr |On Source o energy spectrum

201 IOFF
r 1209

mx
Fr F
2005°"Rn r

Rn

Total count

first detector

207
At L— last detector

205
At
2ipg

1L PR % 1 1O ul

55[)0' o 6000 ‘ 6500 7000 7500
o energy (keV)
Kawamura, H. et al Nucl. Instr. Meth. B 317, 582-585 (2013).

V4 1505+ (100 MeV)
Temperature dependence of Fr y|eId

I\/Iolten gold target }
5t | iJ E
works good! THES
— a4t R
3 bty
3 o 3r L
< Wom 2 2t s
1 H C ] § ¢ L
Maximum 219Fr yield: ~10° pps - e vovoe VT *
Extraction efficiency: ~14 % :
. I - 0 850 QIDO 9;50 1600
v Production of sufficient amount of Frions Farget Temperature Te (©)
v Stable operation with molten gold Master thesis Hayamizu (2012).
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Francium EDM project at CYRIC - Francium test 15

Transportatlon and purification

Wlen fllter
s e . Mass spectrum
: E ~
A e (@
QB\‘. e, | 0O SSD count
| =+ ] S
Electric field: E =
Magnetic field: B § 31 (@)
a2
n
104 (7))
B . ©
S 103 0 ©) | o
2 100 300
c Atomic mass
8102
E Fr Transport
S 10 purity efficiency
° Without Wien fl|£e£ }96 15%
1 With Wien filter 103 26%

1000

I\/Iass9Charge

v Purification of ion beam ¥ Resolve charges with high magnetic field operation

— High resolution
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Francium EDM project at CYRIC - Francium test 16

Fr magneto-optical trap (MOT)
. r W - | )

_ - = 4 = < \\f§ . 5"
COO[())’lcilr(]:gaLtTrcr)]Iasses. ¢: “““ | / .\'ﬁ‘ ,_

Quadrupole magnetic field: ..~
gathering atom :

lon-to-Atom conversion

lonization potential Work function
Fr: 4.0 eV Y: 3.1 eV -> neutralizer
Rb: 4.2 eV Au: 5.1 eV -> ionizer

v Neutralization using Y foil Rb+, Fr*

Efficiency depends on the |
condition of the target surface

v To elucidate the mechanism
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Fr magneto-optical trap (MOT)

Laser light for Fr-MOT Trapp,ng“ght

210Fr Energy Level
D2 Line

Repumping Ilght

F>=15/2

7P, F=13/2
F=11/2

$ 617 MHz

500 MHz

397 MHz

F°>=9/2 2 I\/Iaximum 3.5

Trap Repump Spectrum of lodine 46 GHz offset locking

40¢

718nm \N78AM o molecule @ ~ 219FY Trap
. : (Oth) ]
" 210F ¢ N
F=13/2 n S 10¢ :
1 /Traép a ]'Og-(b) _10th | 10t 3
781/2 46.76815 GH 08 oz " sideband : sideband ™ :
F=11/2 08 CIN 3
T 10 !
_ 04 -(©) 210Fr Repump ;
v Two offset locking systems l (10t) \k
v Determination of resonant frequency ot : T : — 't
recisely for high reproducibilit e 4202 46 ' .
P y g P y Frequency detuning(GHz) Frequency (GHz)

K. Harada, et al. Applied Optics 55, 1164-1169
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Francium EDM project at CYRIC - Rubidium test 18

Status of Fr-EDM project

Laser cooling and trapping  Spectroscopy

v Frion source Magneto-optical trap v Ramsey’s method

v lon transportation v Optical lattice v High voltage system

v lon purification Resonant v Magnetometer

v lon-to-atom conversion Co-magnetometer
Rubidium 780 nm

—Rubidium is good for the - MOT-2

Francium 718 nm /

9
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Francium EDM project at CYRIC - Rubidium test 19

EDM measurement

h(v. —v )+ u(B. —B )
d — _ + +
» dg E iE

If v.=v=v* v, B.=B=B* 0B, E.=E=E*E

ody., >\/2[ f ] ov’ +2[ ] OB’
2F 2F

To achieve 0dp,<5%10% e cm

E >100 kV/cm and ov <10 uHz, oB <1 {T

v Precision spectroscopy v High voltage system
(Ramsey’s method) v Magnetometer
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Francium EDM project at CYRIC - Rubidium test 20

Ramsey’s method for cold atom

1.Polarize 2. I\/Iake coherence

3.Time development  4.Break
wy- w=0 coherence

1Ramsey frmge of cold 87Rb atoms
/ pulse 20 us

Wo-w=m/T

o

ttign rate [arb. unit
o
(o)}

?

v Ramsey’s method can be used for cold atom
Fringe width is now ~ kHz (for ~GHz)
v Interaction time is not enough for EDM measuremen?

=
[N

Transmi

-40 -30 -20 10 O 10 20 30 40
Detune from 6.834684 GHz [kHZz]
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Francium EDM project at CYRIC - Rubidium test 21

Laser cooling and trapping

Offline laser trapping test using Rubidium (Rb) atoms

_m Optical dipole force trap (ODT)

-

Trap using
AC stark shift

Trapped atom

v Trapping Rb atoms by ODT

v Improvement of loading efficiency % .
Cooling to lower temperature (Sisyphus cooling) ®) Q' d Q' 7

v Development toward optical lattice ' v "‘
¢ High power single mode fiber laser v v v
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Rb magnetometer

Non-linear magneto-optical rotation using

Paraffin coated

frequency modulated light (FM-NMOR) o e 13 om)
magnetic shield
5kHz FM laser light - / Zl’htotot
m etector
—I > v,
PBSZ 3-axis coil B
, A2 -
Rotation angle T
2g-1z(B,-B,) Amplifier
[ i : :
(B,)~ — AL ;- B, =n " Vg Differential signal of 8Rb
1+(2ng3$2—8,?)) : grily 2 @ 5kHz FV
gz g factor ,us: Bohr magneton, I': relaxation rate 4r N ;:+1 | |

Vs =1,
O~ 3" _y & 8EHp _
2(VS +VP) - VS VP AT VAmp(B: Bn)

Differential signal is used for the measurement

] L.ock.— in.ém.pl.ifi.er i
- sensitivity 2 mV
(500 amplification)-|

For high sensitivity | | |

1
Large slope SB ~ G_V SV 525 530 535 540 545
Small noise OB Magnetic field [nT]
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Rubidium magnetometer 24

FM-NMOR slope

laser intensity dependence

Differential signal (V-V,)

{5
oB

;

oV

85Rb n=1 NMOR slope

2l Laser light power dependence
VS_VP ~ V‘me(Bz_Bn) 03 ! ! | ! ! | "
18 ~ Pump out and relaxation
85Rb n=1 NMOR signals 025 |- A T B
1.5 T | | T T ® o § I_arge Slgnal
E 150 uW | § :
<_§ 0.3 P00 W ' r £ 0.15 § _ freee :
0 Fﬂ‘ o Large alignment
wn
2 R — o .
= . x 01 ® .
o 0.5 = % Temperature ~23C
£ = B (atomic number density~1010 cm) .
o -lr 1 0.05 I'g Laser diameter ~2 mm
-1.5 I ' ' ' ' 0 | | | | | | |
4a0 200 320 340 aal 380 a0
0 100 200 300 400 500 600 700 800

Magnetic field [nT]
% 150 u'W and 500 u W signals corrected for offset

v 1.2 GHz FM width is the best

Laser power[pW]

v 150 uW is the best at room temperature
v -0.6 GHz detuning from 8°Rb F=3 is the best
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Rubidium magnetometer 25

Stability of the magnetlc field

luxgate 1
L F—
A"an Val'lance OzAllan | XN magnetic shield
5
N-1 |
5 1 \
O Allan(f)— 2(N 1) P 1(8 (T) Bk I(T)) ) 3-axis colil ‘_—([)O_ThGFmOCOUIOe
Bk (T) : time averaged magnetic field b — —
Fluxgate 2
Allan variance of
the differential signal
log( O;\llan) - Differential signal X @ T T "
N Allan variance I | | | | | h
- : ; el
White noisie ng : i . i _..”.:_
@ r ' : ]
oC ﬁ inear drift % . ‘;‘.
= . . ® K N
o \/? 5 | 0e®°°%e0e
= : ° ' .‘0 :
° ® RS c>c T
[ ] : o :
CX: »Z'O .10'1 __. .............. "’ ..........
l . _t - | [ il | L il L |
og(T) T: average time Y

Average time [sec]

2" Aug. 2016 High Sensitivity Experiments Beyond the Standard Model, Quy Nhon, Vietnam



Rubidium magnetometer 26

Influence of the external magnetic field

Allan variance of

Allan variance of the differential signal and
the dlfferentlal S|gnal and coil voltage magnetic field outside of the shield
103 F T T T T T T LI T T T T T T T | T T T |
- Differential 3|gnal X@® i : = L . . i : i o
:’..‘ Coil voltage @ N 102 - - - : : o ® -
L ’Q’ _ _ ' : e® o ° o
—_— .‘ : — : ° o 00O o . W . °® ®
E ." 0( 1 o E 101 @ ° ._ ¢ : L ° 7
3102 b ' ‘. —— e 2 : 'Y EE K :
210 e VT . E o [eg. e
g | ‘e, 1 8 . o "®ge® | | ;
| A | ° 1 210 | | S q ]
c i e ; o ®e ol’ c 1'0..b uppose
= : . ® .’Q‘_' o0 ® : R = x — @« shielding factor 103 |
ol e e ' ' " . "X Rl " i Differential signal X @ '.." : ".t:
o e Fluxgate 1 @ . e .
’0, ' o OC ’\/_ - Flﬂig:tEZ o i “~’.'Q" oC '\/?
|| 1 1 || 1 1 || 1 1 I’b IA ,10_2 1 1 11 1 1 11 1 1 11 1 1 || 1 1 ’r 1 1 ||
1071 100 10! 102’ 103 104 1071 100 101 102 10° 104
Average time [sec] Average time [sec]

Magnetic field fluctuation is large on one

side of the shield » Correction coil is needed Other effect also contribute
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Influence of other parameters

Differential signal V.-V,
& S P Allan variance of

Ve -V, = Srip Viam (B. - BH) the differential signal and temperature
A TP T 103 T T
Differential signal X @ : - =
Temperature
102 £ ' :
Temperature Only Long term = - |
-> Atom density fluctuation % : P ° PRPSY
-> Absorption length = o1 ', ® °® .
-> Amplitude 7, S - "%.;
-> V-V s e,
S p < 100 i _ 1 O....
E o — .O..
Laser frequency and Intensity - | | 5
-> Absorption length and relaxation rate T’ ot -
107 100 10 10° 103 10

-> NMOR slope gy u:V,,,/ h T
> VsV

Average time [sec]
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Conclusion

- Electron EDM is a good candidate to search for the physics
beyond the standard model.

- Fr atom is useful to search for the electron EDM.
- Laser-cooled francium factory is being constructed:
Frion source
Fr transportation and purification
Frion-to-atom conversion
Fr MOT try
- Offline test using rubidium is ongoing:
Ramsey’'s method
Laser trapping (MOT, ODT)
High voltage system

Magnetometer
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