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Usnng Ultracold Molecules Produced from Laser-Cooled Atoms
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Motivation: variation of fundamental constants over time

Various theories postulates oscillating scaler field to
account for dark matter/dark energy

"Quintessence is a hypothetical form of dark energy, more
precisely a scalar field, postulated as an explanation of the
observation of an accelerating rate of expansion of the universe."

"Scalar field dark matter is a classical, minimally coupled,
scalar field postulated to account for the inferred dark
matter."
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(In both theories, frequency is set by the mass of the particle: w =

Coupling to EM fields and/or ordinary matter can cause
variation of fundamental constants over time

—>Candidates for experimental tests:
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high precision atomic spectroscopy

optical lattice clock + Cs frequency standards

Sensitive to both @ and p = %
p
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New Limits on Variation of the Fine-Structure Constant Using Atomic Dysprosium

N. Leefer,! C. T.M. Weber,” A. Cingijz,3 LR Torgerson,4 and D. Budker'~
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"Measurement of the variation of electron-to-proton mass ratio
using ultracold molecules produced from laser-cooled atoms"

J. Kobayashi, A. Ogino and S. Inouye,
Nature Communications 10, 3771 (2019)
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molecular spectra are sensitive to u = —=
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Radio-astronomical observations

~ 1019 years
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The limit of time variation of m /M (=n)

Laboratory observations

molecular spectroscopy of SF
A. Shelkovnikov et al, PRL 100, 150801 (2008)
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One can enhance the sensitivity to variation of
by using transitions between nearly degenerate levels with different symmetries
(i.e. like singlet and triplet potentials of bi-alkali molecules).
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We propose new experiments with high sensitivity to a possible variation of the electron-to-proton mass
ratio ll/ = me/mp' We consider a nearly de{rnnnrnfn nair nf malarnlar vikhratinanal lavale aanh aconniatad
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Candidates for “nearly degenerate levels” of 41K8 Rb

We need large sensitivity and non-vanishing mixing
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“Indirect” method to produce

ultracold molecules
Our initial plan
tightly-bound
Dual BEC of #1K and &Rb Feshbach molecules molecules
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Detection of small number of molecules:

Resonance-enhanced multiphoton i

o QWP
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D. Wang et al., Eur. Phys.J. D 31, 165-177 (2004)



Experimental setup

K*  Rb* KRb*
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STIRAP

e Monitored the ion counts during multiple transfers
e Recovered 53% after the double STIRAP
e One-way transfer efficiency: 73%
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Hyperfine structure of X'X*v=86 and a’x*v=16
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Microwave transition between X1X* v=86,F=0->a3X>* v=16,F=1
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Microwave transition between X1X* v=86,F=0->a3>* v=16,F=1
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Thermal diffusion of molecular cloud

Photoassociated KRb

O T ~130 uK, v~130 mm/s

@ Thermal diffusion

I ~4mm Measurement time ~16 ms
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Calibration of the magnetic field
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Ion Counts (arb. units)
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After photoassociation
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Collisional shift

When we removed the blast, atomic density
increased by more than factor of 100,
but no shift observed

|:> Collisional shift should be negligible

b==-4x1010 /cm3 D
I ::} KRb
K=--1x1010 /cm?3

After blast

-+- <107 /cm3
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Black Body Radiation shift

Potential Energy curves for KRb

Energy (cm)

30000

25000

20000 ||

15000 {1

10000 -

I T
0 5 10 15 20

Internuclear distance (A)

I 1
25 30

Ab-initio calculation of the transition
dipole moment

[R.Beuc et al., J. Phys. B39 S1191
(2006)]

BBR shift @ 300K
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Uncertainties (Error Budget)

41K87Rb (X1Z*,v=86,N=0,T=3/2,F=0,m =0
—>a3X*v=16,N=0,T=1/2,F=1,m=0)

Statistic Systematic
S/N of the signal 93 mHz -
Zeeman shift 15 mHz 1 mHz
Stark shift - 1 mHz
Reference clock - <1 mHz
BBR shift - 10 mHz
Density shift <1 mHz
Total 94 mHz 10 mHz

Of o =95 mHz

5_“=1.0x10'14
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Final result

J. Kobayashi, A. Ogino and S. Inouye,
Nature Communications 10, 3771 (2019)
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Conclusion

« We measured the variation of electron-to-proton mass ratio using
ultracold molecules produced from laser-cooled atoms

) 1du —
» Obtained result was ——= = (0.30 + 1.00gt + 0-16Sys) x10~1* /year,

U
which was consistent with zero (Nat. Comm. 10, 3771 (2019))
Outlook
Dr. Kobayashi and the machine moved to A. Ogino Dr. J. KObayaShi

Hokkaido (North of Japan). Current plan ST e N
for the 2" generation is: - - —

* increase the observation time by
trapping the molecules

* increase number of molecules by
creating from a BEC trapped in a 3D
optical lattice

* keep the repetition rate by creating
BEC via direct laser cooling



