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PhD Status Update:

Phase Noise Cancellation
for Links in Networks of Optical Clocks

"’ DESY.
An ¥ QUANTUM

Jonas Kankel

from the "Quantum Sensing Group”:
Steven Worm, Enrico Brehm, Luis Hellmich, Cigdem Issever, Lakshmi Kozhiparambil, Ullrich Schwanke, Christian Warnecke, Yang Yang
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> Motivation:
Dark matter detection with atomic clocks

> Phase noise cancellation (clock comparison)



Optical atomic clocks

* Clock = periodic, well-known
process in nature

Currently: 1 second =
Ceasium mircowave clock 'ticking' 9 192 631 770 times

* Optical clock:

* Offerincreased precision
"higher frequency (>300THz) - higher precision” My group's goal:

* Excite narrow optical transition O(<1Hz) build an optical clock
with finely tuned laser



Motivation: Ultralight dark matter ... >~
and a-variation

108 10¢ 104 102 10° 10 108 10%2 10% 10% 10 f(Hy)

Compton
frequency

particles

1022 1018 104 1070 1076 102 _10° 10* 10® 108 10% 10%2 M(eV)

W Credit: N. Sherrill

Our region of interest ~ coherently oscillating field



Motivation: Ultralight dark matter .. >~
and o-variation k-

Energy states of
atom, ion or molecule
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Fundamental constants (a, ) Interaction with DM particles Interaction with DM particles
vary slowly with time (transient events) (constant density in

Earth's neighborhood)



Motivation: Ultralight dark mattef ..
and a-variation k¢

Energy states of
atom, ion or molecule

A

)

Clock
transition

B

time

>

Fundamental constants (o, )
vary slowly with time

time

>

Interaction with DM particles

(transient events)

A
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—P>
time

Interaction with DM particles

(constant density in

Earth’s neighborhood)

to detect a variation
we need to compare
to something stable,
..e. another clock:

Vclockl /Vclock2
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| i i ccinrii M/
Phase noise from fiber transmission .., 77

* Clock comparison requires
frequency transmission:
usually via fiber @ 1550nm

* Vibrations, temperature
fluctuations, optical

components, ... £ e
- Phase noise 2 Goal: 2. WM
frequency instability £ M M
10 -5 0 5 10
Frequency [Hz]
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..with a Michselson interferometer

Shift freg. & Long arm of interferometer (to remote lab)

adjust for noise \

Short arm (local)



PNC test setup stand




PNC test setup stand

Multi-instrument
(Oscilloscope, Phasemeter, PID, etc.)

A=1550nm,
Linewidth: ~100Hz

Faraday mirror
(remote end)

Faraday m|rr0r (Iocal end) :

Fiber Michelson-interferometer uses RF beat note to identify & correct for phase noise
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Goals and open questions

* Optimize performance

* Test longer 25km fiber connection
(Physics Dept. Adlershof < Telekom Labs Berlin-Mitte)

* Make packaged, reproducible version
* Prepare lab for clock

* Dark matter sensitivity estimates

11
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Backup
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Backup: ULDM theory

QED Lagrangian

1

L= 15(7/7“(% o m)lb o CIT;VM!DAM o Z /u/F'uV

Lagrangian for a scalar field ¢ coupling to photon and electron fields
/

Lo = (0,9)(0") = V(9) — gt + <= Fruy P

Modified QED Lagrangian

Lo —i (1= (50)"d(™) P = e (14 (50)"d3) ) i

Finestructure constant a and electron mass me effectively become functions of ¢

a(6) = ao (1+ (k0)"d" ) me(6) = meo (1+ (r0)"dSs))

Coupling parameter

o 1
m”dg )= — k= VarG =
An V2 Mp

D. Kimball, The Search for
Ultralight Bosonic
Dark Matter, 2023
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Backup: Highly charged ions (HCIs) . >

* HCls are interesting as clock reference,
due to strong binding
of electrons to the nucleus:

a8
/
L

. CF15+ .
* Suppression of systematic effects Credit: QSNET.org

* Some transitions very sensitive to o

* However: \

hard to produce & handle Atom/Ion | Ayransition | K< K% 1:Ethrcmcemen’r
' actor
most transitions in XUV Sr 698 nm | 0.06
Ybt 467 nm | -5.95

Cflot 618 nm 47
Cfl7+ 485 nm | -43.05
229Th ~8 eV < 10°
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Backup: HCls's suppression
of systematics

Second-order Stark shift ~1/Z}
Blackbody shift ~1/Z}
Second-order Zeeman shift suppressed®
Electric quadrupole shift ~1/72

Fine structure ~ 227 [(Zion + 1)
Hyperfine A coefficient ~Z7 (Zign+ 1)

Berengut et al. 2012
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Backup: PNC test setup - Performﬂ

Phase noise Beatnote linewidth
10—6-
—— 10m, free 0- — free
1078+ — 100m, free m stabilized
10-10 —— 100m, stabilized =207
—40-
N 10-12- 7
= E —60+
210714+ 5 —80-
E b, E
& 10-16- 9 ~100-
1018~ —120-
10—20_ —140-
: : : —160-
1072 103 104 —-40 =20 0 20
Frequency (Hz) Frequency (Hz)
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Backup: Loop characterization

Frequency Response Measurements (100m)

60- —— Closed-loop response
— Closed-1
2 40+ TTTT digczerba:é)epreject.
o 20+ —— Open-loop gain
ER -
S —201 '
o
S —40-
—60
1801 PP “
5 90 Im'( 1 \'“IHi "
°
¥ 0
2
o
fil
—180+ - T T 1
102 10* 10° 10°

Frequency (Hz)
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Highly charged ions (HCls)

* HCls are interesting as clock reference,
due to strong binding
of electrons to the nucleus:

a8
/
L

15+
CF Credit: QSNET.org

* Suppression of systematic effects

* Some transitions very sensitive to o

* However: \

hard to produce & handle Atom/Ion | Ayransition | K< K% 1:Ethrcmcemen’r
. . ! actor
most transitions in XUV Sr 698 nm | 0.06
Ybt 467 nm | -5.95

Cflot 618 nm 47
Cfl7+ 485 nm | -43.05
229Th ~8 eV < 10°
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Backup: QTF-Backbone

* QTF:
Quantum channel,

time & frequency
distribution

»=nx QTF Pathfinder
w—— QTF Phase 1

= QTF Phase 2
QTF Phase 3
@ QTF-PoP locations

. other locations

>

QTF-Backbone
Proposal

20



Backup: QSNET

Yb* (467 nm)
e Sr (698 nm) 006 | 0
Cs (32.6 mm) 2.83 1
NPL :;E,Eu CaF (17 pm) 0 0.5
b Uos N, (2.31 um) 0 05
SradK A wtw|Cf(618 nm) 47 0
e Cf7* (485 nm) 435 0

Barontini et al., 2022
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