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OPTICAL LATTICE CLOCKS
BEYOND THE QUANTUM PROJECTION NOISE

NON-DESTRUCTIVE DETECTION
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OPTICAL LATTICE CLOCKS

m Atoms loaded from a MOT to an optical lattice
formed by a 1D standing wave

Optical
latttice

m Probing a narrow optical resonance with an
ultra-stable “clock” laser

m Stabilize the clock laser on the narrow
resonance
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OPTICAL LATTICE CLOCKS

m Atoms loaded from a MOT to an optical lattice
formed by a 1D standing wave

m Probing a narrow optical resonance with an
ultra-stable “clock” laser

m Stabilize the clock laser on the narrow
resonance

COMBINE SEVERAL ADVANTAGES:

m Magic wavelength for
m Optical clock unperturbed trapping

m Large number of atoms (10%) m Developed in many

m Lamb-Dicke regime laboratories (Sr)

insensitive to motional effects m = good candidates for a
new Sl second
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STRONTIUM OPTICAL LATTICE CLOCKS AT SYRTE

Sr1

STABILITY
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10-17 Il L
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AcCURACY (in 10718)

Effect Correction Uncertainty
Black-body radiation shift 5208 20
Quadratic Zeeman shift 1317 12
Lattice light-shift —30 20
Lattice spectrum 0 1
Density shift 0 8
Line Pulling 0 20
Probe light-shift 0.4 0.4
AOM phase chirp -8 8
Servo error 0 3
Static charges 0 1.5
Black-body radiation oven 0 10
Background collisions 0 8
Total 6487.4 41
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)

J. Lodewyck et al., Metrologia 53, 1123 (2016)

R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

R. Le Targat et al. Nat. Comm. 4 2109 (2013)

4x10™

2x10™

-2x10"

Frequency difference Sr2-Sr1 (Hz)

Measurement #

Srp - Srp =
1.1x 10710 4+2 % 107 (stat) £ 1.6 x 10~ *(sys)

Repeated agreement:
Sry-Srp = (2.3+£7.1) x 1077
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

m Record absolute frequency measurement by comparing
with Cs and Rb microwave fountains

m  Continuous operation of two Sr clocks over periods up
to 3 weeks

i

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017) o o .

J. Lodewyck et al., Metrologia 53, 1123 (2016) 67% to 92% uptime
R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

(2013)

R. Le Targat et al. Nat. Comm. 4 2109 (2013
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

m Record absolute frequency measurement by comparing
with Cs and Rb microwave fountains

m  Continuous operation of two Sr clocks over periods up
to 3 weeks

m  Optical to optical clocks comparison with a Hg OLC

o o7 o ot

L
Tete
Hg/Sr = 2.62931420989890915
+5 x 10~ (stat) & 1.7 x 10~ 10(sys)

Best reproduced frequency ratio

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017 (with RIKEN, Tokyo)

(2017)

J. Lodewyck et al., Metrologia 53, 1123 (2016)

R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

R. Le Targat et al. Nat. Comm. 4 2109 (2013)
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

m Record absolute frequency measurement by comparing
with Cs and Rb microwave fountains

m  Continuous operation of two Sr clocks over periods up
to 3 weeks

m  Optical to optical clocks comparison with a Hg OLC

m  First international comparison between optical clocks
— all optical comparison with phase compensated fibre
links

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)

J. Lodewyck et al., Metrologia 53, 1123 (2016)

R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

R. Le Targat et al. Nat. Comm. 4 2109 (2013)

PTB, LPL and SYRTE established a 1415 km
long optical fibre link and performed in 2015 the
first direct comparison of optical clocks at
continental scale

Statistical uncertainty 2 X 10~ after ~ 1 hour
150 hours of data

SrpTe/SrsyrRTE — 1 = (4.7 £ 5.0) x 107
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

m Record absolute frequency measurement by comparing
with Cs and Rb microwave fountains

m  Continuous operation of two Sr clocks over periods up
to 3 weeks

m  Optical to optical clocks comparison with a Hg OLC

m  First international comparison between optical clocks
— all optical comparison with phase compensated fibre
links

m Bounds on tests of Local Lorentz Invariance with
remote clock comparisons (with LPL, PTB and NPL)
correction to relativity: |a| < 108

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)

J. Lodewyck et al., Metrologia 53, 1123 (2016)

R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

R. Le Targat et al. Nat. Comm. 4 2109 (2013)
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RESULTS

m  First agreement between two OLCs with an uncertainty
beyond the accuracy of microwave clocks

m Record absolute frequency measurement by comparing
with Cs and Rb microwave fountains

m  Continuous operation of two Sr clocks over periods up
to 3 weeks

m  Optical to optical clocks comparison with a Hg OLC

m  First international comparison between optical clocks
— all optical comparison with phase compensated fibre
links

m Bounds on tests of Local Lorentz Invariance with
remote clock comparisons (with LPL, PTB and NPL)

m First contribution to TAl with optical clocks

Included in Circular T 350 (Feb. 2017) as a
non-steering contribution

P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)

J. Lodewyck et al., Metrologia 53, 1123 (2016)

R. Tyumenev et al., New Journal of Physics, 18 113002 (2016)
C. Lisdat et al., Nat. Comm. 7 12443 (2016)

R. Le Targat et al. Nat. Comm. 4 2109 (2013)
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OPTICAL LATTICE CLOCKS
B BEYOND THE QUANTUM PROJECTION NOISE

NON-DESTRUCTIVE DETECTION
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QUANTUM PROJECTION NOISE: STATISTICAL MODEL

ATOMIC RESONANCE

11

N le) <

/\/V\»IWO =
) ‘0 w

wo

Each atom answers |f) or |e) (projection of the wave packet)

= SNR ~ 1
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QUANTUM PROJECTION NOISE: STATISTICAL MODEL

ATOMIC RESONANCE

11

N le) <

/\/V\»IWO =
) ‘0 w

wo

Each atom answers |f) or |e) (projection of the wave packet)
= SNR ~ 1

SOLUTIONS:

m Increase the number of particles N = +//N improvement
m Increase the integration time 7 = y/7/ T, improvement

Quantum projection noise limited frequency instability

1 1 T
O'y(T) ~ E ﬁ 7, Q = quality factor
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QUANTUM PROJECTION NOISE IN CLOCKS

MICROWAVE ATOMIC FOUNTAINS

m Q=10 N =a few 10°
= QPN limit: o,(7) = a few 107/,/7

m Experimentally realized

mQ=afew 10" N=1
= QPN limit: o,(7) = 10715//7

m Experimentally realized

OPTCA LATTICE CLOCKS

m Q= afew 10*, N = 10*

m QPN limit: oy (7) =107 /\/7

] Experiments Iimited at o,(t) =101/ /7
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QUANTUM PROJECTION NOISE IN CLOCKS

MICROWAVE ATOMIC FOUNTAINS

m Q=101 N = a few 10°
= QPN limit: o,(7) = a few 107/,/7

a Move to lower |nstab|I|t|es
m Achieve the QPN limit in OLCs

m Develop quantum protocols to

overcome the QPN
- y<7 Vv

m Experimentally realized

OPTCA LATTICE CLOCKS

m Q= afew 10*, N = 10*

m QPN limit: oy (7) =107 /\/7

] Experiments Iimited at o,(t) =101/ /7
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QUANTUM PROJECTION NOISE: A SPIN MODEL
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QUANTUM PROJECTION NOISE:

T
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TWO LEVEL ATOM

A SPIN MODEL
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QUANTUM PROJECTION NOISE: A SPIN MODEL
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QUANTUM PROJECTION NOISE: A SPIN MODEL
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QUANTUM PROJECTION NOISE
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QUANTUM PROJECTION NOISE: A SPIN MODEL
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SPIN SQUEEZING

V4

m [, b =ik~ i%
n=ALAL>Y
m Similar to [X, P] = ih systems

m Quantum harmonic oscillator
m Quantum optics
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SPIN SQUEEZING

V4
QUANTUM PROJECTION NOISE

m Symmetric uncertainty area
m Ah=Akh=/"

y = SNR = ﬁ%%::¢ﬁ (QPN)

m [, b =ik~ i%
n=ALAL>Y
m Similar to [X, P] = ih systems

m Quantum harmonic oscillator
m Quantum optics
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SPIN SQUEEZING

V4
QUANTUM PROJECTION NOISE

m Symmetric uncertainty area
m Ah=Akh=/"

y = SNR = @%Z:\ﬂv (QPN)

SPIN SQUEEZING
m Asymmetric uncertainty area
m [, h] =ik ~il mAb <Ak
n=ALAL>Y
m Similar to [X, P] = ih systems

m Quantum harmonic oscillator
m Quantum optics
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SPIN SQUEEZING

m [, b =ik~ i%
n=ALAL>Y
m Similar to [X, P] = ih systems

m Quantum harmonic oscillator
m Quantum optics

QUANTUM PROJECTION NOISE

m Symmetric uncertainty area

m AJ =0k =4/T

= SNR = 2 — /N

Vi

(QPN)

SPIN SQUEEZING
m Asymmetric uncertainty area
m Ab <AL
mLimit: Ah=2N—->AbL~1
= SNR~ N
(Heisenberg limit)
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SPIN-SQUEEZING: REQUIREMENTS

How TO ACHIEVE SPIN SQUEEZING
m Non-linear evolution (cavity back-action, interactions,. . .)

m Weak QND measurement
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How TO ACHIEVE SPIN SQUEEZING
m Non-linear evolution (cavity back-action, interactions,. . .)
m Weak QND measurement

V4 =
N QPN limited measurement
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SPIN-SQUEEZING: REQUIREMENTS

How TO ACHIEVE SPIN SQUEEZING
m Non-linear evolution (cavity back-action, interactions,. . .)
m Weak QND measurement

V4 =
PN QPN limited measurement

- Subsequent measurement correlated

\ Design a protocol to acheive a sub-QPN resolution
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SPIN-SQUEEZING: REQUIREMENTS

How TO ACHIEVE SPIN SQUEEZING
m Non-linear evolution (cavity back-action, interactions,. . .)

m Weak QND measurement

QPN limited measurement

z
¢
- Subsequent measurement correlated

Design a protocol to acheive a sub-QPN resolution

REQUIREMENTS
m low detection noise = high resolution non-destructive
(SNR < V/'N) detection

m low information loss (n, < 1)
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SPIN-SQUEEZING: REQUIREMENTS

How TO ACHIEVE SPIN SQUEEZING
m Non-linear evolution (cavity back-action, interactions,. . .)

m Weak QND measurement

QPN limited measurement

V4
"M
- Subsequent measurement correlated

Design a protocol to acheive a sub-QPN resolution

REQUIREMENTS
m low detection noise = high resolution non-destructive
(SNR < V/'N) detection

m low information loss (n, < 1)
CLASSICAL NON-DESTRUCTIVITY

m Low photon scattering = atoms stay trapped

m Atoms recycle = less dead time in the clock cycle
= reduced Dick effect
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OPTICAL LATTICE CLOCKS
BEYOND THE QUANTUM PROJECTION NOISE

B NON-DESTRUCTIVE DETECTION
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MEASURING p WITH SR ATOMS

1P1
3p. _
cooling, 461 nm Po=le)
clock, 698 nm
150 =|f)

Probing the 1Sy —1 P; transition: measure of Nisy
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DETECTION METHODS

USUAL SCHEME: FLUORESCENCE DETECTION

m Fluorescence detection

p
Lost inf ti -= ..
ost information § m Low efficiency = powerful probe beam
»3 m Destructive detection: the atoms are
% scattered and lost (n, > 1)
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DETECTION METHODS

USUAL SCHEME: FLUORESCENCE DETECTION

m Fluorescence detection

p
Lost information - < ..
§ m Low efficiency = powerful probe beam
’VVVVV\(}Q “’éﬂ/\ m Destructive detection: the atoms are
.. scattered and lost (n, > 1)

NON-DESTRUCTIVE DISPERSIVE DETECTION

xp m Phase shift = low power probe beam

ANANERAIA m SNR fundamentally limited by the light shot noise
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DETECTION METHODS

USUAL SCHEME: FLUORESCENCE DETECTION

m Fluorescence detection

p
Lost information --2~ -
,iﬁ b m Low efficiency = powerful probe beam
’\/V\/V\/\'/}Qﬁo AN m Destructive detection: the atoms are
4 scattered and lost (n, > 1)

NON-DESTRUCTIVE DISPERSIVE DETECTION
m Phase shift = low power probe beam

xXp . . .
ANBERAIA m SNR fundamentally limited by the light shot noise
m Classical non-destructivity

m Quantum non-destructivity: no information loss
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NON-DESTRUCTIVE DETECTION

INTEfRFEROMETER WITH HETERODYNE DETECTION
BPF f

04 m Shot noise limited SNR

m Classical non-destructivity

RMS = 20 \
o | MARAR A s Ly Avs
W Ml

01
300 200 -100 0 100 200 300
Detuning (kHz)

Transition probability

J. Lodewyck et al. Phys. Rev. A 79 061401(R) (2009)

m Longer interaction
= improved SNR (x+/F)

m Self-alignment

m Long term mechanical stability

Transmission
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EXPERIMENTAL SETUP

CHALLENGE
. .. . . to ECDL PZT atomic
m discriminate technical noises from the - P .mfere“ce
atomic signal . 922 nm" Feiom | cooling
ot A
QO
DESIGN ot B

m Bi-chromatic cavity 813 nm + 461 nm
= lattice and detection aligned

m High finesse (16 000) at 461 nm
= 100 fold increase of the SNR

m Dual mode injection
= Immune to technical fluctuations
(cavity, laser) '
= Homogeneous atom-cavity coupling FH—. atomic
signal
m Heterodyne, PDH-like, detection = vy i etomic

reference

v
phase shifter
© 202 G

synthesizer g2

close to the shot noise limit
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EXPERIMENTAL RESULTS

5 100 " Experimental data —— ] s00

3 ) Exponential fit

2w Fit by a heating function —— DETECTION SIGNAL

o0 1300 m Dynamic range of ~ 500 atoms
kS o £

&£ bl 4 2 .

N 20 % m Scattering rate well modeled

§ 20 esiduals b - . H

S I I m Immunity to technical noises

5 0 RMS at 1 s = 0.7.urad = 3.7 atoms 0 demonstrated

0 0.2 0.4 0.6 0.8 1 12
Time [ms]

J. Lodewyck — Non-destructive detection for Sr optical lattice clocks — The Quantum Revolution in Metrology 2017,/09 18/19



EXPERIMENTAL RESULTS

100

Experimental data
Exponential fit

4 500

20 Residuals 7 100

m Immunity to technical noises
demonstrated

| o

»
RMS at 1 s = 0.7 prad = 3.7 afoms
0 02 04 06 08 1 12

Time [ms]

DETECTION NOISE 6NN

i Fitby aheating function —— DETECTION SIGNAL

oo 1300 m Dynamic range of ~ 500 atoms
kS o €

g« 20 % m Scattering rate well modeled

m N = 23 atoms/,/ny

m Classical non-destructive regime
ON = 3.7 atoms for n, = 38 photons

= high resolution

m Quantum non-destructive regime
0N > 23 atoms for n, < 1 photon
= 0N < /N for N > 530 atoms.
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CONCLUSION AND PROSPECTS

REQUIREMENTS FOR A CLOCK DETECTION IN THE QUANTUM REGIME

High SNR (cavity assisted)

Low destructivity

m Homogeneous coupling

Robust for operating in a state-of-the-art optical clock
PROSPECTS

m Classical non-destructivity for an improved frequency stability

m Demonstrate quantum correlations
(technical issues for a low scattering)

m Overcome the QPN limit for the frequency stability

Post-doc position available
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