Tabletop particle physics:
Measuring the electron-EDM with cold molecules
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NL-eEDM: A Nikhef research programme started in 2017.
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...using molecules and lasers!




s the electron round”
The Electric Dipole Moment of the electron (eEDM)
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An EDM would arise
along the same axis as
the electron’s spin. -~
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The Standard Model has problems: it can not explain matter-antimatter asymmetry.
electron-EDM experiments test the extensions that aim to fix this problem!
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Probing physics at high energies: 3 10 30 TeV




How to measure a dipole moment?

—ffective electric field

£
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0 . .
polar 0 10 20 30
molecule
Applied electric field (kV/cm)
Solution:
However, electron also has use electron embedded
precession! magnetic dipole moment INn a polar molecule!
(and charge!) We have selected BaF
Enhances E

Shields B



How the electron-EDM measurement is done with BaF molecules

AT, - Lifetime ~ 50 ns
, 04 0.07% 4%
A A 31T um

Lifetime ~ 5 US

Electronic ground state

v'=0

Vibrational
ground state



Energy level structure of the BaF molecule

~15 GHz
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How to read out small energy shifts:
spin interferometer

HV
Molecular beam




Interferometer phase ¢ = (£deEest F upB)T /I
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after slide by Ed Hinds
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Increasing the ecDM sensitivity

Measure shift of molecular energy level
that correlates with electric field direction reversal
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Coherent interaction time

statistical error: o4 =

Effective electric field
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lowards longer coherent interaction times

fast beam slow beam
T~ 1-2ms T~ 15 ms
L~05m L ~05m
v ~ 250-500 m/s v ~ 30 m/s
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Main challenge:
how to maintain N while increasing t

Strongly connected to choice of molecule!

fountain

7 ~ 100 ms

L ~05m

slow vertica

beam

trap

7~ 1-10 s
L ~0.5mm
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molecules trapped In
laser focus

Demonstrated first
molecular fountain:
PRL 117 253201 (20106)
Rick Bethlem



Combining three recent experimental breakthroughs
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cryogenic sourcev guide decelerator laser cooling state preparation interaction optical detection
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~0 meter

Using BaF molecules, we can create a very intense, slow and cold beam

We aim for 5.10-30 e.cm in the first generation of the experiment
Published paper with full details of proposal: Eur. Phys. J. D 72:197 (2018)




cryogenic source  guide decelerator
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Molecular beams

SUPErsonic Cryogenic

Aims: Aims:

- Intense, fast beam (~ 600 m/s) - Intense, slow beam (~180 m/s)

- Very short pulse - High N: 4x10°/shot in the desired state
- Use to test lasers systems, - Use for eEDM measurement

state manipulation and
interaction zone




BaF supersonic beam
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Aggarwal et al, the NL-eEDM collaboration, Only lowest three rotational

Phys. Rev. A 100, 052503 (2019) states populated laser frequency (arb.units)




Cryogenic beam
'S operational!

Cryogenic beam

- Evaporating SrF2 salt target

- Neon carrier gas

- Absorption, 1 cm from cell
- Fluorescence, 30 cm from cell
- Translational Temp ~10 K

- Velocity 150-200 m/s

Fluorescence (arb.units)

Absorption (arb.units)

Cryogenic source signal

Fluoresoenceé
e T Absorption i
0 0,5 1,0 1,5 2.0 25

Arrival time (ms)




Iraveling-wave decelerator
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Main aims:

.. - Capture as many molecules as possible from cryogenic beam
- "= Bring average beam velocity from ~180 to ~30 m/s
- Keep all molecules during deceleration



Traveling-wave decelerator
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Traveling-wave decelerator

Fluorescence detection

Barium
Pulsed valve target

Ablation laser Detection laser




Traveling-wave decelerator

Fluorescence detection

Barium
Pulsed valve target

Ablation laser

Detection laser




Traveling-wave decelerator

Fluorescence detection

Barium
Pulsed valve Decelerator

Ablation laser

Detection laser
Challenges for heavy diatomic molecules:

Heavy -> long decelerator
Rotational structure -> limited Stark shift




Challenge: Stark curves of heavy diatomic molecules

Limited force, because only low fie
At higher fields, the trajectories in the dece
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ds can be used.

erator become unstable.

8 10x10° 4 6 8 10x10°

electric field strength (V/m) electric field strength (V/m) electric field strength (V/m) electric field strength (V/m)
2 2 1
NDj3 OH °Ml3;,  SrF 2% SrO 'S
3.5 Debye

Limited force: -> a long decelerator



Travellng-wave decelerator has been built and w _orks'

"3"* 9899

e 05... i, S

‘
——

The electron-EDM program:
Table-top particle physics




Schematic picture of the setup

Fluorescence
detection

Valve (=200 K)

Skimmer

Ablation . VOO Detection laser
laser (1064 nm) Traveling-wave Stark decelerator (8 modules, 336 rings each, total length 4 m) (663 nm)
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DC guiding

(2}
_—
c
>
o
(&)
c
O
[ ]
o
L
o

6000
arrival time (us)

time-of-tlight profile



14

12

10

1

t=0.0s

velocity, m/s

14
12

10

(o))



AC quiding
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AC quiding
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Deceleration of Srk from a room-temperature valve
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Decelerator length: 2 m



Decrease of acceptance with deceleration strength just as expected:

B B

~ Measurements § § . Simulations . |
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Photon counts
W)
S
S
S
3 3
Acceptance (mm~(m/s)” )

5 10 15
Time of flight (ms) Deceleration (km/s?)

J. E. van den Berg et al, JMS (2014
A decelerator of length 4.5 meter will have a 10% transmission efficiency
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Deceleration of SrF from a cooled valve

. 80
Experiments
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Decelerator length: 4 m




400_
350
85% of the energy of the : &
' | 300 4.0 meter decelerator
molecules is removed! : SN e o
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Curren status: 50 }5‘*
: - OH
- 4.5 m decelerator operational -0 | | | |
- Working towards stopping SrF "0 50 100 150 200

Mass (amu)

- 2 Cryogenic sources operational

Mathavan et al, ChemPhysChem. 17, 3709 (2016)




decelerator laser cooling  state preparation

| aser cooling of molecules

200000000000000

200000000000000 1

Aim:
- Stop the slow beam from transverse
Spreading

Status:

- Laser system has been set up
- (Calculated properties of BaF molecule
- Setting up experiments now!

Decay ratio’s for BaF sufficient for rapid (2 ms, 2000 photons) transverse laser cooling

Y. Hao, A. Borschevsky et al, NL-eEDM consortium, J. Chem. Phys. 151, 034302 (2019)



state preparation interaction optical detection ‘ n te ra Ct I O n Z O n e

Aim:

- Polarise the molecules using a strong
electric field, while providing a very stable,
uniform and weak magnetic field

- Longer interaction time results in more
stringent requirements on the magnetic field

(z/4 B-field is 600 pT = 6 microG)

Detector count rate

-B B

Applied magnetic field

Status: Interferometer phase ¢ = (£dcEcrr F upB)T'/h
- Magnetic shielding almost complete and delivered
- Performing a study dedicated to systematic effects




Future: towards longer conerent interaction times

fast beam slow beam
t~1-2ms t~15ms
L~05m L ~05m
v ~ 250-500 m/s v ~ 30 m/s
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Main challenge:
how to maintain N while increasing t

Strongly connected to choice of molecule!

fountain

t ~ 100 ms

L ~05m

slow vertica

beam

trap

t~1-10 s
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Demonstrated first
molecular fountain:
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NL-eEDM: the team Postdoc and tenure track

PhD students

Postdocs

Students
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Thank you!



Numbers

Table 1. The estimate of the number of molecules that can be detected per repetition of the experiment. We aim to run the
experiment at 10 Hz.

Item Number  Units Resulting # mol./shot
Source 10'° Molecules /shot
0.005 Extraction efficiency from buffer gas cell
: : 1 9 . .
0.24 Fraction in v =0, N = 2 5 x 10'Y from source; 4 x 10” in desired state,
y ] y
0.3 Fraction in low-field seeking states Vieng =(180 £ 50) m/s, Virans==230 m/s.
Decelerator 0.002 Fraction in velocity acceptance
0.3 Fraction in spatial acceptance
0.7 Efficiency of deceleration relative to guiding 2 % 10°, Vieng=(30 4 6) m/s, Virans==+5 m/s.
Laser cooling 0.8 Laser cooling efficiency
. . .r '3 3}
0.7 State transfer efficiency 9x 107, Viong=(30£6) m/s, Virans==20.2 m/s.
Interaction zone 0.8 Transmission and state transfer efficiency
: n 5
1.0 Detection efficiency 7 x 10°

EPJD 72:197 (2018)



