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% Molecular lons
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Molecules provide large Trap molecular ions to probe
effective electric fields for long time
— » Trap lifetime of many seconds
Ejgp =10 Vllgm « Science state lifetime 2.1(1)s
|Eeff| > 10" V/cm * May trap many ions in thermal
cloud 1~10 K
Q-doublet Our choice:

« Switch E-field with AOM frequency ' HfF*

G. H. Sandars, Physics Letters 14, 194 (1965).
A. Hinds, Physica Scripta T70, 34 (1997).

P.
E.
D. DeMille, et al., Physical Review A 61, 1 (2000).
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& Talk Overview

® Introduction

® Experimental Details

® Ramsey Spectroscopy

® Systematic Errors

® Current eEDM Measurement
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& Apparatus
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Secular trap motion at wg..~ 2n(4 kHz)
“RF” micromotion at w,f = 2n(50 kHz)

Rotational micromotion at w,.,; = 2n(250 kHz)

Rotating magnetic field: not sensitive to DC fields
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& Experiment Sequence

phase evolution

stop ions =~ 500 ms kick to MCP
< >

dissociation

population
transfer

ionization
depletion
depletion

ablation

t=0 ~100 ms ~700 ms ~800 ms

9/21/2016 William Cairncross — EDMs from Molecular lons




& State Transfer

/=5
I=4
. | 3 X -
| A [= F=1/2
Xizb" 5 =0 -
R el I At =3/2
T —
HfF* |
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mg=-3/2 -1/2 1/2 3/2
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mg=-3/2 -1/2 1/2 3/2
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mg=-3/2 -1/2 1/2 3/2
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Z=I
n .
D

39ultpBy + 2d Eegs

391upB; — 2d Eegs — I

T=-
A Q=+1)

9/21/2016 William Cairncross — EDMs from Molecular lons




_)
Hr — —Ww J « Rotation and Q-doubling couple

states of opposite m and Q

* Presence of F=1/2 hyperfine level

—_— AT creates doublet dependence 8A
\ & Rotation - Disadvantages
N lQ-douinng » Potential source of systematics?
— * Added complexity
T power T « Advantage: Method for pi/2 pulses!
Hu/l — 1 S(QF + 5gF_),LLBBr0t + 2degeff A + 0A
eff 9 A+ A 3(gF + 5gF),LLBBrot + Qdegeff
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& Ramsey Sequence

Transfer lasers

prepare

population in a

single pair of
Stark states

Transfer
N
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& Ramsey Sequence

Optically deplete /
the population of

one mg level using
strobed circularly

polarized light

Transfer
A A
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& Ramsey Sequence

/2 pulse puts system
into the superposition /\
' Qo ¢

2

3
mF=—_)+ 2

mp = +_)

Transfer
A A
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Free evolution

Transfer = 3 B.+ 2d.E
A A GuMpDr eleff
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& Ramsey Sequence

A second m/2 pulse projects
the phase onto population /\ .
o O:

AP « cos(A¢)

Transfer = 3 B.+ 2d.E
A A GuMpDr eleff
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Ramsey Sequence

Optically deplete ¥
population out of oﬁ
one of the my levels AP « cos(A¢)

Transfer = 3g,UgB, + ZdeEeff

A A
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& Ramsey Sequence

Dissociate all of the ions
inthe J = 1 level, and o N

count Hf* ions in the trap L
Ol 19 Timgo(us) 21 22
Transfer = 3 B.+ 2d.E
A A GuMpDr eleff A A
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Fractional population difference

7= 1800(1000) ms, f = 22.87(5) Hz, ¢ = 0.03(1) rad, offs = 0.01(3), C = 0.62(6)
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_qu | | | | | | | |
0 50 100 150 200 250 300 350 400

Free-evolution time (ms)
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& Limits to Coherence

« Ultimate limit: 3A, state lifetime
« Collisions and inhomogeneity N

103 S
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\\\
102 N

Coherence time (ms)

10’
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| P

Coherence time (ms)
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Trap Time (s)

1.0 Y
Erm (V/cm)
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1. Measure initial phase and phase at long time
2. Compare upper and lower transitions

3. Switch B field sign

|
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f

nan R
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150

200

need to isolate eEDM from signals with different parity
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Frequency “Channels”
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Modeling Frequency “Channels”

By v=0,J=1 « Analytic calculations
1 Pl . Pertu_rbat.ion theory for effective
Hamiltonian between mg = £3/2
%’*’ "Z{fﬁz * Numerical modeling
Feap — - Classical motion of ions in numerically
modeled time-dependent fields
m.==32  iower m, = 312 * Propagate 12-state or 32-state effective
o= Hamiltonian

fmeas ~ \/(SQF,UBBrot T 35gF,uBBro’c + 2d e + 305001«01:)2 + (A + 5A)2

J = 39ruBBrot + - .. fB = 39ruBLur + . ..
fD = 30gruBBrot + - . . fBR = 3aWrot + . ..

fBD = 2dcEesr + 359F,UBBnr + ...
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& Systematics

® Tune parameter, model change in frequency channels

o lon position in trap

o External magnetic fields
o Electric field magnitude
o Rotation frequency

o lon density

o /2 pulse duration

(@ [
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& Systematics

® Tune parameter, model change in frequency channels

o lon position in trap
o External magnetic fields
o Electric field magnitude
o Rotation frequency

o lon density )|
o 1/2 pulse duration | i W
O .... s
' “‘\\
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& Systematics

o lon position in trap -
o External magnetic fields |
o Electric field magnitude

o Rotation frequency I |
o lon denSity N —
o /2 pulse duration e

fBR
|

|

7

o
y1
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& Systematics

o lon position in trap >
o External magnetic fields | 3 4#
o Electric field magnitude

o Rotation frequency
o lon density =
o /2 pulse duration

o |=<
H EEN \\
216 |
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& Systematics

o lon position in trap ) W (
o External magnetic fields I
o Electric field magnitude NG |
o Rotation frequency - .7 T R T
o lon density ) N ] —

o /2 pulse duration I S

-4 -3 -1 0 1 2 3 4
O 217} Bz
EEEE \
218} 1
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& Systematics

® Tune parameter, model change in frequency channels

o lon position in trap [7 e T

o External magnetic fields """ .

o Electric field magnitude <] e ]

o Rotation frequency “r ] i
o lon density T E

. 0.5 04 0.3 02 0.1 01 01 0.2 03 04 0. 3\‘ 2
— -10 — -_42 - £ L i - i >
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Modeling Frequency “Channels”

F=1/2

F=3/2

3 = = . .
Apv=0,J=1 « Analytic calculations
e « Perturbation theory for effective
—_— Hamiltonian between mg = £3/2
mg. = —3/2 f uppe m,=3/2
Q=1 Q=-1
-1/2 1/2
m_=-3/2
f lower =3/2
o — m5:1

AicSA

fmeas ~ \/(39FNBBrot =+ BdgFNBBrot :i:-—|—-

f=3g9rupBiot + ... P =3grupBu + . ..
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ASA/(Hz)? | -5.3(3) -5.27 |

50 100 0 150 200 250 300
% (Hz)
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&1 Electric field inhomogeneit

y (mm)
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& Uniform B-field systematic

fBzggF,uBBnr_l_--- 2 - . [ 1

4 * By=1Gauss
1.5¢ * By=-1Gauss -

o0 Large frequency shift in
f8 and fBR channels with
applied uniform B-field

N
)
o Scales with position of 3

lons in trap and
magnitude of B-field

-2 L 1 L ! L 1 ™~
-3 -2 -1 0 1 2 3 4

radial position (mm)
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17 =39ruBu: + ... NS

o Caused by 2nd
harmonic of E,, on
trap electrodes

Trap electrode

-0+
-20 -
0 Suppressed by feeding %0
forward at 2f,; g o0
B 50|
Lo -60 |-
o Systematic error ° ;z Y _
uncertainty < 10-3° e cm . |
-100 |

-110 : : ‘ : ‘ ‘ ‘ ! !
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
Frequency (MHz)

9/21/2016 William Cairncross — EDMs from Molecular lons



| p—

& Uniform B-field systematic

fB — 3gF,uBBnr + ... 2 . ‘ , 1

By = 1 Gauss
By = -1 Gauss -
By = 1 Gauss, 500 kHz suppressed

1.5

. & &

o Caused by 2nd
harmonic of E,; on
trap electrodes

T
o Suppressed by feeding <.
forward at 2f,

0 Systematic error
uncertainty < 10-3° e cm

_2 | 1 1 | | 1 B -
-3 -2 -1 0 1 2 3 4

radial position (mm)
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Probability
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0 1 2 3
num o from mean

4c"

5 hours of blinded data

Its
Short coherence time
Low contrast
No cuts based on &8P

r=1.5x1028 e cm
yon on arXiv

-4 -3 -2 -1 0 1 2 3 4 5

Num o from mean
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Sensitivity
improvement
2.2

1.7

15

1.2

1.2
1.25
1.05

10

Est. date

6 months

6 months

6 months

6 months

3 months

1-3 months

Improvement
O ShOl’t term lon number 5
improvements (new trap)
planned over the next Coherence time 2
~year should (new trap)
increase sensitivity s
by 1 OX lon counting 1.5
. number/MCP
o Longer term — switch =i —
to ThF+ Contrast 1.25
Dead time 11
reduction
Total
Larger Eg: 35 GV/em

Ground state 34,

https://www.skotcher.com/thor_hammer_mjolnir_marvel_minimal_element_thorium-wallpaper-14220.html
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* More uniform E
« Larger trapping volume — conservatively 10x more ions
* Reduce ion density: realize full 2.1(1) s state lifetime

rot

 Larger E . andf ., less magnetic material, improved trap symmetry

- = : ’

rot rot’
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HfF* lon Trap
Dan Gresh
Tanya Roussy

ThF and ThF* LIF Spectroscopy
Dr. Yan Zhou

Kia Boon Ng
Funding:
Marsico Foundation
Pls NSERC
& Jun Ye CRSNG

' Eric Cornell
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& Photo-ionization

lonization

Lasers
Ablation
laser Skimmers
Ar (99%) +
SF, (1%) / /
- - (@
Pulsed \ \
valve Y
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&; Photoionization

autoionization

Rydberg
States

357 nm
1Tmd

m——— [32.3]0.5

309 nm
S5 ud

X%A3,;
HfF HfF*
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& State Transfer

z Transfer
| X Lasers

Ablation
laser Skimmers
Ar (99%) +
SF, (1%) / /
e — %
Pulsed \ \
valve
+V
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& State Transfer

HfF* I S
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&) State Detection

N
X
+ Y

Dissociation
_ Lasers
Ablation
laser Skimmers
Ar (99%) +
SF, (1%) / /
P~ - (@
Pulsed
M TN N
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® Photo-dissociation

Hf + F

Kick out ions
to detector
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® Photo-dissociation

HfF +F

Signal (Volts)
on

3A1
Xlz+ 0.5¢ ‘
0 0 LL—H-A

HfF* 15 16 17 18 19 20 21 22 23 24 25
Time (uSs)
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25
o 2
| 6
>
=15
T
C
2
T N
SA
11+ 0.5
X X,
0 L L
HfF+ 15 16 17 18 19 20 21 22 23 24 25

Time (us)
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é
Signal (Volts)
o o
— N

HfF*

9/21/2016

19 20
Time (us)
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Ej 3A1, J=1, F=3/2

A, v=0,J=1, F=3/2

zﬁ £ "o upper doublet

m.=-3/2 -1/2 1/2 3/2

5 ﬁ E o= lower doublet
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& Electric Field

o To take advantage of large E. ;s we must polarize the molecule

with an electric field
Ve
°y
E —

o But because the molecule is also an ion, this won’t work

e
-
R
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& Rotating Electric Field

o Solution! Rotate the electric field

& -
—>
! >

Eﬁ
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& Depletion

F=3/2 — 5 g+, v=1J=1 —

/ \

/ / \ \

/ / O \ \
F=23/2 = = AL, v=0, J=1 .

mp —3/2 —=1/2 1/2 3/2

_ - 5r0t
63;6 nm

RHC in lab frame “Inphase” “Antiphase”
t:27rn/wrot t=2m (TL—F%) /wrot

%Q -
‘\
\\

@
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