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eEDM searching experiments
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Requirements on the molecules for eEEDM measurement

subject reason, comment

1 Polar molecule | Internal electric field : E,

N

Unpaired electron | un-cancelation of d,

3 Heavy element | Large relativistic effect gives an enhancement of E;

4 Large E,, Depends on not only the nucleus but SOMO

5)| Close parity states | Easy to molecular orientation

6 g-factor Smaller is better because of immune on B-fluctuation
7 Isotope Larger natural abundance

8

nuclear spin Smaller is better because of hyperfine splitting

Large is better, but not easy to prepare a big amount

9 Number of mol. . .
of radicals at the observing state.

10)| Lifetime of state | Upper limit on observation time

11/ Relaxation time T, T,

12 | Easy and safe material to handle at laboratory. Non-toxic. Non-radio active




3-D mapping of detection sensitivity

1) Sensitivity in the gas phase
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Strategies for eEDM measurement using molecules

Direct measurement

Ag=|d E, 4

e

= 1le28 [ercm] x 100 [GV/cm]
~ 103[Hz]

Ultra high resolution
spectroscopy

Cold molecules
in the gas phase

Phase (time developing) measurement
Ramsay Resonance
YbO, ThO BiO beam/trap
HfF* trap

Indirect measurement

Change in thermal population

~ 1019 . 10-13[K]
~ -
Aan ;—;1 debery
kT "o
~ 108 ~ 1[K]

Non-spectroscopic measurement
Metric of physical quantity except energy
ex.)Magnetization

Solid phase
in para-H, crystal

Ultra high-sensitive
Magnetometry of
HgH/p-H, crystal




Gas Phase

Solid Phase

Comparison among the candidate molecular system

Improvement
Electronic  N-  |sotope Teoh o g-factor | D, | [
molecule . Spin Abundance s] Eett” Teon™ N2 ] [e-cm] Method optical Group
lattice [s]
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1) eEDM searching experiments

using
Bi1O beam

Molecular beam experiment used in YDBF by Hinds group (2011)

Probe fluorescence

detector r.

Pump fluoresence
detector E field plates

Radio-frequency

Yb target
k y out/in

. Skimmer @ Radio-frequency

Solenoid g
_— in/out
@Ablation laser beam
| J \ J \ J \ )
Y Y Y Y
1)Radical 2)Preparing 3)Interaction 4)Detecting
generation initial state region final state
|-1) + [+1) |-1) + l44]+1)

Selecting the hyperfine-resolved single quantum state for the measurement. }

Choosing the electronic transition for manipulating the initial state.

@2 How to generate the BiO radical beam

MDlLaser

Spectroscopy




Spectroscopic Studies on BiO
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Producing and detection of the BiO radicals in a cell@T=300K

Bi + O, = BiO + O

DC 800 V 50 mA |||
I
LL

:
| Det B | <4l Ar02

vacuur% white cell i - maccae;thode Ll 0, 30 mTorr
y Ar 340 mTorr

pump 800C

| |
multi-pass absorption cell




Observed Spectrum of BiO in the visible region
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Hyperfine analysis for the A, state

Hyp = al,L,+bd-S+ c1,S,+-d(0} I_S_ + A2 1.S,) + eQq3IZ — 1) /41(2/-1)

n.spin — e.orbit e.spin — n.spin diag.| | e.spin — n.spin off-diag. n.Q-pole diag.

Fermi contact
Basis function : Hund’s case ag : 1J, A, 2 |, F) =) 20 x 20 matrix elements for a F state

Molecular constants determined [cm™]

~

Constants A, WIT | (v=3) A,(v=3) X1 X,201 1 (v=0) *2
T, 15588.54880(8)? 15588.24 -
B 0.241156(4) 0.2415(2) .30408148(1)
D x 107 2.49(4) 3.01 (42) 2.36428(3)
p (0.03798 (3) -0.051(34) @©0.185372(9) Perturbing X state?
g X 10 - -3.67(398) - 13(50)
a/2-(b+c)/4 0.025(1) - 0.04544(1)
d 0.02408 (2) - 0.118836(1)
eQq (©0.019 (3) - ©0.141(5) Z_’j is inverted
A = -2666 fixed*2
\. J

P 1R.F.Barrow, W. J. M. Gissane and D. Richards, Proc. R. Soc. Lond. A (1967)

P2 E.A. Cohen, et. al . Mol. Spectrosc (2006)



Candidate transition for the eEDM measurement

Energy diagram of the lowest state
Simulated spectrum of the lowest rotational transitions
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Current status : LIF detection in a supersonic jet with laser ablation

Bi/O, buffer gas — BIO for the beam experiment

YAG

Bi,O,/H, buffer gas — BIO for the pH, experiment

Buffer gas
Pulse Valve

Bi,0; rod

YAG 532 nm

10 mJ/pulse

LD
641nm
15588cm1




2) eEDM searching experiments
using
HgH in p-H, crystal

Change in thermal distribution

10-28[e-cm]

plde " Ejn | 107 (K]

An =

FIG. 1 (color online). Scheme of searching for EDM of an n nO
electron with diatomic radicals embedded in a matrix of rare-gas \
atoms. A polarizing electric field E is applied to the matrix. As a S 19
result, molecular CP-violating magnetic moments u“* become ~ 106 - ~ 10
oriented and generate ultraweak magnetic field BY. By mea-

suring B¢F, one places constraints on ¢eEDM.

HgH/Ar Kozlov, et.al., PRL,97,063001(2006)
HgH/p-H, Sushkov Theoretical proposal



Realization of n=10% radicals in a matrix isolation ; HgH/p-H

HgH in p-H; crystal

p-H> Ry=1.76A
(/=0), e / /
W LED 5
I \\ 20 site

T ¥

substrate -/ ™
p-H, crystal : (1cm)3 n,,=10%°
1) Doping of Hg atom; [Hg] = 100 ppm; n,,= 10 x 10% = 109

2) Photo-chemical reaction in the crystal
Hg(*S) + hv(253nm) - Hg*(®P)
Hg*(*P) + H, — HgH(X?Z) + H(*S) (m~100% in the gas phase)
H(?S) + H(*S) — p-H,(XX) + 0-H,(X!X) < 100 ppm

Nhg = Npygp = 10 x 1028 =10%

17



Hg/p-H, crystal generation

- Cold stage

e

z 1

Al

I1
| M |

sample/p-Ho generated on substrate
by blowing of p-H, gas

p-H, gas

Hg
Radiation ;'
shield |
Hg/p-H,

CaF, crystal .
substrate Crystal through the window 13

uv




UV absorption spectrum of Hg/p-H, crystal

251.8 nm
5 —
_ Resolution
é 47 2 nm
§ 3 - 253.7 nm
© (Hg* in gas)
Hg/p-H, crystal '<CE -
thickness=0.5 mm
0_
[ [ [ [ [ [ [ [
244 246 248 250 252 254 256 258
JEE(hm)
Lfa(v)dv
Column density nL = ~4.6 x 10Y7cm™2~10%° /cc
fo(W)dv




IR absorption spectrum of HgH and HgH,, /p-H,
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j Photo-chemical production of HgH and HgH./p-H, by UV radiation

Excited by SHG of dye Laser

m= 251.8 nm 1018/CC
.- 253.7 nm
3.0
. 3 X 1018 /cc
C
S s ~13[Hg | 2
c | [ T S Assuming vibrational
2 v 130 ©  Transition moment
2 2.0+ S u = 0.1 Debye
=2 =
< >
=
1.5
+2.0
1.0—
0.3
1.0 HgH,
0.5- Hg /
HgH X 1017
- . LS 3 X107 /e 10 N HaH
= 0.0 0.03 "9
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| | | |
0 20 40 60 80
UV radiation [min]




Energy shift due to eEDM and change in thermal distribution

T=1K

HgH (X?z)

J=1/2
(N=0, S=1/2)

'T‘/"B
A d,

E.,(// PEDM)

¢ Bex

Zeeman splitting

Molecule is
alignment free
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Energy shift due to eEDM and change in thermal distribution

¢ Bex

Zeeman splitting

Molecule is
alignment free

Orientation switching

¢ EEX

Orientation switching

HgH (X?2) f@ " —

J=1/2
(N=0,$=1/2) . O
R A
1‘ Hp -
A d,
E..(// PEDM)

Ae= d, o, E;



Energy shift due to eEDM and change in thermal distribution

HgH (X?2)
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Alignment Switching

¢ EEX

¢ Bex

Zeeman splitting

Molecule is
alignment free

Alignment Switching

Boltzmann distribution

Quick relaxation by
spin-phonon interaction

p:orientation ratio

AM = (g, — g.)An

Change in magnetization
=215 4n



eEDM detection beyond 10-?8[e-cm]using the change in thermal distribution

Magnetmetory

AD o« (g, — g)An

= 2ug An
4pdeEin ng, :1019
=2x10%4an [T An =
] kT <[ T=1K

= 4x10° d. =102 (Doyle’s limit)
~1x 1016 [T] p:orientation factor 1 10

SIN@1[s] ~0.1 | 10°

1) SQUID sensitivity 101 [T/HzY/?]
Time for S/IN=1[s] 100 1012

2) Faraday effect’s sensitivity 1017 [T/HzY/2] ? (Sushkov)
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1) BiO experiment

The candidate state for EDM experiment
and laser transition is determined

2) Hg/p-H, experiment

10%7/cc of HgH radical is created in solid para-H,

Summary with a staff and students

S. Yamaguchi (M grad. )

Y. Suematsu(M?2)

A. Mizoguchi(assistant prof.)

T. Ohono (M grad.)
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