Marianna Safronova

| _thorium

nuclear clock

Department of Physics and Astronomy
Q-SEnSE University of Delaware, Delaware

An NSF Quantum Leap Challenge Institute

®g_o
099%0g% o, .

00¢ "

o.o.o

@

[ ]

]

L]

erc

....
e 00 o
[ ..

®e0
‘oo
* e

e
‘eoe®

’ence & Te I:hﬂﬂlﬂ%q

European Research Council



74
!J/"

Beam of
silver atoms

-

Oven [\

|
with silver — L. { '

Observed
pattern

Puzzles of atomic spectra

" #



Lasers

Navigation Spectrometers, other detectors Nuclear technologies
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Fundamental physics postulates

Fermions: spin = 1/2 particles

4 Position invariance Lorentz invariance

A

xm rotations »
r  w boosts

iggs Boson:

spin=0
'] fundamental
| | scalar particle

Weak equivalence principle
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100 years ago: quantum mechanics was a solution to
problems of that time (atomic spectra, etc.) revolu

fundamental physics
tionizing our technology
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The landscape of dark matter masses

"WIMP City

The WIMPzilla

keV MeV H PeV
100 GeV



_ _ Fermi velocity for DM with  mass <10 eV is higher than
Particle dark matter detection: our Galaxy escape velocity.

DM particle scatters and deposits energy
We detect this energy

7 : A Mfier. i _ -. ; Escape velocity
mass ~ GeV - Te : R ;
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Milky Way
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phonons
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Ultralight dark matter has to be bosonic.

Image credits: CDMS: https://www.slac.stanford.edu/exp/cdms/
https://astronomynow.com/2016/04/14/speeding-binary-star-discovered-approaching-galactic-escape-velocity/



# #

_ _ Fermi velocity for DM with  mass <10 eV is higher than
Particle dark matter detection: our Galaxy escape velocity.

DM particle scatters and deposits energy
We detect this energy
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Ultralight dark matter has to be bosonic.

Image credits: CDMS: https://www.slac.stanford.edu/exp/cdms/
https://astronomynow.com/2016/04/14/speeding-binary-star-discovered-approaching-galactic-escape-velocity/
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The key idea: ultralight dark O(t) =~ ¢ocos(myt)

matter (UDM) particles behave In

_ |  ~10%2 /m.c
a “wave-like” manner coh (® /mc)

N

UDM: coherent on the scale of detectors or dB

networks of detectors.
o ~ \/2pDM/ M

Need different detection strategies from /
particle dark matter.
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coh

Dark matter
Dark matter mass
density

Dark matter
field amplitude



B-field —
A

- Are
@ fundamental Y
constants & O
constant? \
(. ~ \

Axion "+

Power

Frequency

Precession of Induced equivalence

| Driving currents in electromagnetic Modulate the values of the principle-violating
nuciear or systems, produce photons fundamental “constants” accelerations of matter
electron spins ’
% Magnetometers, Microwave cavities, Trapped ions & oth er qubits, Atom interferometers,

Laser interferometers (includes GW detectors), Optic  al cavities, Atomic, molecular, and nuclear clocks,
Other precision spectroscopy

RMP 90, 025008 (2018)

Picture sources and credits: Wikipedia, Physics 11, 34 C. Boutan/Pacific Northwest National Laboratory; adapted by APS/Alan Stonebraker, modulate the
values of the fundamental “constants” of nature
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Coupling of scalar UDM to the standard model: K — (\/§MP1)_1
O(t) =~ ¢gcos(myt)
l ) photons electrons ~ gluons quarks
, d F FHv B dgﬁ‘g G Ganv
ﬁﬂ‘ﬁ — K:¢ < [ € “;l/ — dme mewewe T 2;: _|— Z dqnq + r)/frn ) ’I’I’quqwq
X i ) q=u,d,s

a

® ’ /(def(t)» a (1+ kdf (t)) m, ® m+ /(mquf( )

Scalar UDM will cause oscillations of the electromagnetic fine-structure constant a, strong
Interaction constant and fermion masses

m, mq Key point: different (types) of clocks have
, different sensitivity to different constants
mp L QCD Observable: clock frequency ratios

Dimensionless constants: &,
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K(Sr')=0.4 1 K(Hg):O.8, K(YbOED =1

K(YB'=0.3 g

K(Hg")=-2.9

-6

Safronova et al.,

K(Yb E3)=-6>
PRL120, 173001 (2018

K(Yb 4f**6s6p’ P~ 4f “6s°H )=15

K(AI")=0.01,K(Sr) = 0.06,K(Cd ) = 0.
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Future clocks:
K(Cf* /Cf*") » 110

Nuclear clock K =72




Dark matter field
couples to
electromagnetic
interaction and
“normal matter”

Fundamental nuclear energy
coupling levels will oscillate
constants and so clock
mass ratios frequencies will
now oscillate oscillate

f=2m/mg [Hz] my [eV]
1 MHz 4 x 1072

1 kHz 4 x 10712

1 4 x 1071

1 mHyz 4x 10718
1070 4% 10~2!

Atomic, molecular,

—t

‘Eint

J Series of frequency ratio measurements

Measure ratios of
clock frequencies
over time (or

clock/cavity).

Discrete Fourier
transform of time
series gives a
frequency peak

Dark matter Compton frequency
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Scalar-EM coupling, d,
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arXiv:2203.14915
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Ultralight DM limits: https://cajohare.github.io/Ax jonLimits/

[[_A9D] 498



7 #

(a) Zero-dead-time differential spectroscopy

'.Clocklaserl \\\m 5.1 [ r
'./ V

-

Dark matter oscillation frequency (Hz)
10°  10° 10* 10° 102 107 10° 10" 107

(t)

g2(t)
Sensitivity
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Time Frequency

-17
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(b) Narrow band dynamical decoupling
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Time Frequency -18
10 °°F :

(b) Broad band dynamical decoupling
1
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S
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Time Frequency

M. H. Zaheer, N. J. Matjelo, D. B. Hume, M. S. Safronova, D. R. Leibrandt, arXiv:2302.12956, in press, PRA (2024)
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Measurements beyond the quantum limit

o 16 o, T~
010 Ca
«© AMicrowave clocks e \
210" ®Optical clocks o \,
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Year \ ~I13 4542 TB’
\
\ =82 A
\ v = ’t t> |l -
\ .
¥

Entangled clocks



Prospects of a thousand-ion Sn  2* Coulomb-crystal clock with sub-10  -1®inaccuracy

1=0: 112, 114,
116, 118, 120,
122, 124 (126)

1=J=F=0 no linear Zeeman or quadrupole shifts
=-0.96(4) a,> no micromotion shiftat /(2 )= 225(5) MHz,
5 1018 room temperature BBR shift
7.5 stable even isotopes ideal platform for new boson searches
+10 stable enough (over 1 sec)

A 1000-ion clock
4 1018
Sy,proj([) _T

David R. Leibrandt, Sergey G. Porsev, Charles Cheung, and Marianna S. Safronova,
Nature Communications 15, 5663 (2024).
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Thorsten Schumm, TU Welin
Ekkehard Peik, PTB

Peter Thirolf, LMU
Marianna Safronova, UD
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“Unlikely cancellation” argument
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Too much cancellation to compute Coulomb energy dif

EE -
4+ 78 "9
3<5=>: ( 6 a6

han=pE, 22 L= %
a

ference accurately enough:

() 8CF9 6 = - 11 E 'GH/ )EG8 0!70H 7 "9)E
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2 2 Lo 2, .2
<r >: rer@dt =—(%¢ +C )
° K
2 3 2 2 2
Q=2 r'B(cogg y ¢ M r:E(C —a)
1/3
272 (1- €°
Coulomb energy: _397 ( ) In 1+e
o R 2e 1- e
e? =1 a’ R, is the equivalent sharp spherical radius Rg’ = a‘c



Result: m easured ratio of the quadrupole moments is

Q,/Q,=0.57003 2

A < ,; *-(C ~* 3 +6 % @L F ' +
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DE. :<r2>ﬂ1?f§> [ZEZ? +Q, jﬂTcEgZ %?) DE_ =-485 Mev[z<rr2;>+11.3 Mevg—in- 1

DE. =-0.154 19 MeV + 0.208 ¥MeV = 0.049 }®eV

DE,
K= =-1840Q 230 24300 490) = 5900(2
8.3% &/ q 9) " q ) (2309

<r2> term Q,temM  Beeks at al., arXiv:2407.17300 (2024)



_ 1+ " bY . are deformation parameters and Y ,( ) are
r(Q) — Rs n no(Q)

o spherical harmonics

R, is defined by normalizing the volume to that rr (r ) d3 =1
of the spherical nucleus with equivalent sharp
spherical radius R,

For a pear shaped nucleus with quadrupole and octupole deformation, N = 3.

The Coulomb energy is given by

3 qzzz 1 5 The nuclear properties are related to
E.=——— 1- —b- —b; the coefficients via rms and Q,
> R 4p 140 formulas
,and 5 are the quadrupole and octupole deformations, K =6300(2300

O( 3,) terms are omitted.
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Model changing octupole deformation between ground state and isomer

K = 6300+2800=910C

: 0) =
Changeinb; 1% ®DK =2800  _ 200 5806 350

_between 30p® DK = 8600
Isomer and

ground state 5% ® DK = 14%0 Larger ,of the isomer gives a positive change in K.

In this case, K will increase.
Estimate electric octupole moment Q,, =2 r°(g)P,(cosg ) ¢ ¥°r = 35 44fm

,=0.22 obtained from experimental data, ;=0.11 - 0.145 from PRC 103, 014313 (2021)

Conclusions

Need to measure <r?> difference better
Need to know at least the sign of the change in octupole deformation from ground state to isomer
Higher moments can also be important! Charge distributions is important

Need better model that can relate experimental quantities to Coulomb energy difference



What quantum technologies will be sent to space?

What new physics can one search for in space better then on Earth?

NASA Decadal Survey: Biological and Physical Sciences in Space
https://science.nasa.gov/biological-physical/decadal-survey

May 2023: Establishment of NASA Fundamental Physics Analysis group
https://www.jpl.nasa.gov/go/funpag

Europe: Community workshop on cold atoms in space (September 2021)
Cold Atoms in Space: Community Workshop Summary and Proposed Road-Map,
Alonso et al., EPJ Quantum Technology 9, 1 (2022)

Image credits: NASA, ESA
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Need to be away from Earth surface

Tests of gravity are hindered by Earth gravity

Optical time transfer to link Earth clocks Need access to variable  Long baselines: gravitational
Dark energy and some dark matter (screening) gravitational potentials waves, dark matter (especially
Tests of fundamental postulates (WEP, LLI) transients), dark energy

Sun: Dark matter halo bound to the Sun?
Extreme overdensities possible

Moon: laser ranging, low seismic activity,
permanent cryogenic environment

Asteroids: test masses NAGA Wikiedia
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Test of general relativity sensitivity 30,000
times beyond current limits.
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Picture credit; Kavli IPMU
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Detection of Relativistic Scalar Bursts with Quantu m Sensors, Jason Arakawa, Joshua Eby,
Marianna S. Safronova, Volodymyr Takhistov, and Muhammad H. Zaheer, Phys. Rev. D 110, 075007
(2024).
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Terrestrial Very-Long-Baseline Atom Interferometry: Workshop Summary, Sven Abend at al., AVS Quantum Sci.

6, 024701 (2024).

University of Delaware is member of the Proto colla  boration for Terrestrial Very Long Baseline Atom
Interferometer (TVLBAI) study. The main goals are to develop a Roadmap for the design and technology choices
for one or several km-scale detectors to be ready for operation in the mid 2030s, which is supported by the cold
atom community and the potential user communities interested in its science goals.
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PCl: a parallel configuration interaction software package for high-
precision atomic structure calculations , Charles Cheung, Mikhalil G. Kozlov,
Sergey G. Porsev, Marianna S. Safronova, llya . Tupitsyn, Andrey |. Bondarey,
submitted to Computer Physics Communications, arXiv:2410.06680 (2024).
Developer’s repository link: https://github.com/ud-pci/pClI

Neural network optimization code will be released in 2025.

Atomic data portal: https://www.udel.edu/atom
Version 3 will be released shortly.
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ERC Synergy: Thorsten Schumm, TU Wein Ekkehard Peik, PTB, Peter Thirolf, LMU,
Adriana Palffy (FAU) Q-SEnSE: Jun Ye, Dave Leibrandt, Leo Hollberg, Nate Newbury

Particle physics: Josh Eby (IPMU, Tokyo), Volodymyr Takhistov (QUP, Tokyo), Gilad Perez’ group
(Weizmann Institute of Science, Israel), Yu-Dai Tsai (UC Irvine), D @ !

Dmitry Budker, Mainz and UC Berkeley, Andrew Jayich, UCSB, Murray Barrett, CQT, Singapore, José
Crespo Lopez-Urrutia, MPIK, Heidelberg , Piet Schmidt, PTB, University of Hannover,
Nan Yu (JPL), Charles Clark, JQI, and many others!

Open postdoc position in Quantum Algorithms for
New Physics Searches with Quantum Sensors



