Enabling Quantum Technologies —
From Laser Systems to Optical Clocks
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TOPTICA Photonics SE All Wavelengths. All Powers.
Diode Laser Systems 205 —-4200 nm
ps/fs Fiber Lasers 390 — 15000 nm

LU Optical Frequency Combs 420 — 2000 nm

RN CW Fiber Amplifiers 976 — 1762 nm
n . | Terahertz Generation 0.1-6THz

& @>—==  High Power Laser Diodes 630 — 1120 nm

" = | Laser Rack Systems 330 — 1770 nm

Group TOPTICA Photonics SE (1998) Graefelfing (Germany) New products (selection):
TOPTICA eagleyard, TOPTICA Projects (Germany) Er- and Tm- & Raman fiber amplifiers
TOPTICA Inc. (USA), CTL 780
TOPTICA Japan, TOPTICA China
TOPTICA SAS (France, ex Azurlight Systems)

Singe Mode Control for DL pro, ...
Clock Laser Systems

Revenue ~140 Mio € Optical Quantum Clocks &
Employees ~600 (>100 R&D) Optical Frequency Standards
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ll Qubit systems for Quantum Computing

Superconducting systems Color centers in solids Photonic devices

IBM XIE Tianyu USTC Xanadu

QUANTUM Mainz/Thomas Ruster MPI of Quantum Optics
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Evolution of laser systems for quantum

NN YOI

Research
* Table-top & modular
« Tunable & ,,lockable“ TDLS
« 20-50 GHz MHFT
« Upto 110 nm coarse/MHF
« Frequency stability: Hz..MHz
* Linewidth: Hz..MHz
« Optical frequency combs

Application / Industry

Rack-integrated & fiber coupled (330 nm to 1770 nm)
Modular, tunable & lockable as before

Tunable Diode Laser Systems & optical frequency combs
Remote control, hands-off & user-friendly

Ultralow phase noise for best fidelity

Compact solutions for sensing
@) TOPTICA



B lon-based systems for quantum computing (e.g. Ca*)

A

p3/2 « 5to 7 lasers!
« Wavelength: 375 nm .. 866 nm
4 P1/2
D5/2 « Power: mW ..few W
395nm D3/2 . F.requ.ency stability: Hz .. MHz
Linewidth: Hz .. MHz
Ca photo Optical Qubit . Phasfe_ ncl)_lse|: ultralow for high
fonization [S12) - IDs) gate fidelity !
423nm + l « Otherions: Yb*, Sr*, Ba*, Bet, ...
375nm v v S el 2

1/2 ¥ _ _
Raman QUbit |S1/2,F=4> - |S1/2,F=3>

- beta-sep. line, lw =1.8Hz@ 10 s
* integrated data for linewidth calc.
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@ TOPTICA



Neutral atom-based systems (e.g. Sr Rydberg)

5s n 38,

5p 2Py,

Metastable Raman Qubit
|1) = 5s5p 3P, < |0) = 5s5p 3P,

530 nm
592 nm

Tweezers

* Federal Ministry
Lo of Education
and Research

16 lasers

« 317 nm.. 1550 nm

« Power: mW .. 100 W

« Frequency stability: Hz .. MHz

* Linewidth: Hz .. MHz

* (Relative) phase noise:
ultralow for high gate fidelity

+ Optical frequency comb
+ High finesse optical cavity
+ Wavelength meter

Other Qubits™: other lasers

Other atoms: Rb, Cs, Yb, ...

) MUNIQC-ATOMS @ TOPTICA



B Neutral atom-based systems — lasers ALS — TOPTICA Photonics SAS (France):
High power, low noise fiber amplifiers

N " P Noise Eater

ECDL-FHG Optical frequency comb
323 ECDL-FHG Optical frequency comb

408 ECDL Wavelength meter ‘ ‘

461 ECDL Optical frequency comb & S\ : =" ALS-IR-50 ALS-IR-130

540 ECDL-SHG Wavelength meter |

592 ECDL-SHG Wavelength meter ’

665 ECDL Optical frequency comb | i ] —— 130 WFree Running

; 130 —— 130 WANRS ON

673 ECDL Optical frequency comb 135 T e T N I
- < -150 dBc/Hz from 1 kHz to 10 MHz

679 ECDL Wa\./elength meter T 140 W :

688 ECDL Optical frequency comb | B ] MM

689 ECDL Optical frequency comb == T ] “'r\m‘

690 ECDL Optical frequency comb 5 1507 L\'\\M

698 ECDL Ultrastable cavity -155 'WWWM W ad W%

707 ECDL Wavelength meter -160

717 ECDL Wavelength meter 165 - \

1550 FL GPS o L e

10° 10 10° 10® 107
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l 80W 532nm — High power and ultra low noise (<0.02% RIN RMS)

DLC pro

DL pro

DL-SHG pro

RIN (dBc/Hz)

White Paper: DEMONSTRATION OF AN ULTRA-LOW NOISE, HIGH-POWER

LASER SYSTEM AT 532 NM WITH 80 W OPTICAL POWER; Jan 2025

Output RIN
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Complete commercial quantum metrology solution

TOPTICLOCK

Optical guantum clock

« Laser-cooled trapped ytterbium ion
for high stability & accuracy
« Reliable operation in two 19"

industrial racks

Two versions
» Optical Frequency Standard (OFS)

* Optical Clock
(includes TOPTICA frequency
comb DFC)




ll Advantage of Optical Clocks

133Cs hyperfine transition: 9192 631 770.0 Hz (SI definition)
87Sr clock transition: 429 228 004 229 873.2 Hz
171Yb* clock transition (E2): 688 358 979 309 308.3 Hz
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B Applications for TOPTICLOCK

Time scales and time services

(e.g. for National Metrology Institutes, TAI contributions)

Network synchronization

Ground reference clocks for satellite navigation

Relativistic geodesy

Long-term holdover in GNSS-denied environments

Fundamental research & precision measurements

1/u du/dt (10™%yr)

http://www.scholarpedia.org/article/File:Ska_beck2.new4.jpg

Grotti et al., Nature Phys.14, 437 (2018)

Dy AlHg" Hg" Yb' E3
UCB NIST NIST PTB
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1/a doc/dt (107%/yr)

-3 -2 -1 0 1 2 3

Yb" E2
PTB

Sr
World

N. Huntemann et al.,
~Improved Limit on a
Temporal Variation of m,/ m,
from Comparisons of Yb* and
Cs Atomic Clocks”, PRL 113,
210802 (2014)
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B Evolution of clocks

133Cs hyperfine transition: 9 192 631 770.0 Hz (Sl definition)
171Yb* clock transition (E2): 688 358 979 309 308.3 Hz (~75,000 x f.)

'''''

systematic uncertainty

2020
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Optical clocks for users: industrialize — rack integration, automization, ...

Tclock

19" 19°

Yb+ clock @
. PTB Braunschweig

M~ :

TOPTICLOCK

Customer inspired
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B Optical Frequency Standard Fully Integrated into two Racks

4 )
Power DLC Pro
Entry 3 HE Clock 4 HE )
e ) « Clock Laser module with
Real-Time h ultra-stable cavity
Control
Electronics
6 HE * Physics package with
Electronics Physics single ion trap
Accessories Package
6 HE 13 HE . .
X ) » Cooling laser system with
- N all light conditioning
DLC Pro
. Clock Laser o i
Cooling 4 HE Module 4 HE Real tlm.e
electronic control system
Cooling
Lasers 3 HE
* Visual dashboard
Light Processing
Unit 5 HE on external computer
Reference
Cavity 8 HE
Wavelength q . .
Heter & HE . E total dimensions: 2m x 1.6m x 1m
\ J
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Characterization of TOPTICLOCK OFS in the Clock Hall at PTB

Nils Huntemann - 1st X
Head of Group "Optical Clocks with Trapped |...
1d G)

Physikalisch-Technische Bundesanstalt, PTB is
establishing within QU-TEST & QU-PILOT a new service
for the metrological evaluation of atomic clocks and
optical frequency standards. Just arrived is TOPTICA
Photonics's Optical Quantum Clock, standing next to
PTB's oldest atomic clock CS1. Old and new quantum
technology ticking together in great harmony @

This project has received funding from the European
Union’s Horizon Europe research and innovation
programme under grant agreement No. 101113901
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Most relevant ¥

‘B Mikhail Volkov - 1st 1d

Quantum Technologies, Photonics & Electro...

Looks amazing!

Like - €) 1 | Reply
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l TOPTICLOCK #1 at PTB — characterization vs. PTB-Yb1E3 OFS (467 nm)
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averaging time 1 [s]

Effect | 1S 0h1| Z; u "cer[tj'(i)’_‘fgi
Blackbody radiation @298 K| -491.0 17.2
Blackbody radiation (temp.) -4.3 2.3
Thermal motion (Doppler) -1.3 0.7
Thermal motion (Stark) -2.0 1.0
Excess micromotion -2.1 2.1
Second-order Zeeman (dc) | 38724 7.6
Second-order Zeeman (ac) 0.0 2.0
Electric quadrupole 0.0 2.9
Servo 0.0 3.2
Sum 3371.7 19.7

Uncertainty < 2 x 10-17 limited by accuracy of static
differential polarizability of E2 states Ao,
1 OOM better determination of Ao

. R\
leads to uncertainty < 10-17 @) TOPTICA




| Is the ophcal
clock working?

stefan.spaelter@toptica.com www.toptica.com @ TOPTICA
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