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Classicals. quantunsensors

Task:build the bestclockin the world
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Pendulum
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Atom
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J

Highestaccuracy

Hightransitionfrequency

Narrowtransition

Largesignal

Undisturbedby other atoms

No Doppler shift

LU

opticaltransitions
mHzlinewidth
usemanyatoms
usegas ofatoms

atmobkto standstill
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Opticalclockscheme

Frequencyeference
ultracold Sratomsin lattice

Clockwork
optical frequency comb

| i,

Frequency

translates optical frequency
into microwave frequency
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~ (

>~ ”
-
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laser




Atominterferometry

Atom interferometer Lasennterferometer

| A

DJ

atoms Zﬁ&qb

° o
. = 7
aser
pulses' '
time ” Gravitationanavedetgg:tion

position
.
o
4\
>
HH

Detectionof

A acceleration (gravity gravitygradien
A rotation

Alsoprofits from ultracoldatoms

The Virgo collaboration/CCO 1.0



Applications

Fundamentakcience DARK
ENERGY

Beyond Standard Model physics
Tests of relativity

Do fundamental constants change?
Dark matter searches

QED tests

DARK
MATTER

NORMAL MATTER

Exploremany-bodyphysics

happening in guantum sensors:
LAY Y2RStaxz 3l dAaSs

Astronomy Jun Ye, AnMaria Reygroups

Infrasound gravitational wave detectors A
Verylong baseline interferometry

Society
Network synchronization
Navigation
Underground exploration

NASA Event Horizon Telescope



Outline

LKSrbeam inthe dark ContinuousvaveBEC

Continuousvaveatom laser

frequency& time acceleration& rotation



Optical ancatom lasers

Laser Advantage®f lasers
Better
A brightness
A divergence
A spatial mode structure

A coherence

Light Matter Potential for squeezing

Opticallaser Atom laser

Lasernterferometer Atom interferometer

N.P. Robins et alAtom lasers: Production, properties and prospects for precision inertial measurdéthgaRep 529, 265 (2013



Creatingan atom laser

Optical cavity Atom cavity (trap)
Pumping

replenish atoms
o
L 00
° @ - - e
® o
Pumping ) |——wbu0y | 9K g
Gain Gain - -
(e.g. stimulated emission)  (e.g. Boseenhanced scattering)
Outcoupler Outcoupler

(e.g. transfer to
untrappedstate)

N.P. Robins et alAtom lasers: Production, properties and prospects for precision inertial measurdéthgaRep 529, 265 (2013



ContinuousvaveBEC

Atom cavity (trap)

Pumping

replenish atoms
) o

Gain
1) (e.g. Boseenhanced scattering)

N.P. Robins et alAtom lasers: Production, properties and prospects for precision inertial measurdéthgaRep 529, 265 (2013



Stateof-the-art: pulsedatom laser

[ Laser ) Evaporative (" Bose Einstein) [

cooling cooling condensation

Outcoupling | (&) Depletion)

o7 (| VS

AN J

w >

L time
Laser emission

Quastcontinuousmode ofoperation

A BEQreationtakesseconds
A BEC decays by e.g. molecule formation
A atom laser pulse << 1s

Bad for precision measurement:

MIT Munich  NIST A Loss of phase coherence

1997 1999 1999 A Pulsed operation introduces noise (Dick effect)
A Low average flux




X .
Our goalcontinuousatom laser

>

Steps towards goal

PeriodicallyreplenishBEC

Continuousevaporation

Pumpingmechanism

Continuoudrap loading

[ Laser ) Evaporative (" Bose Einstein)
cooling ,\cooling condensation
L]
HHW o/.\ .. ." \./
3 °‘:'.° outcoupling
\ J 2
space

-

Challenges

A Poor laser cooling performance
of alkalis and chromium

A BEC incompatible with laser cool

\_

~

iy

Ketterlegroup, Scienc296, 2193 (2002)

GuéryOdelin group, PR A2, 033411 (2005)
Raithel group, PR 23, 033622 (2006)

Close groupnature physics4, 731 (2008)

Pfau,Griesmaiegroup, New J. Phy4.5093012 (2013)
Klemptgroup, J. Phys. 83, 165301 (2015)



Our tricks

Strontium

Goals of baseline experiment

A BEC by removing entropy from
gas using only laser cooling

A BEC in thermal contact with
laser cooled gas
\§ J

Lasercooling

- Transparencypeam Dimpletrick
on narrowtransition

Increase
Coolto BEC ProtectBEGrom photons phasespacedensity



X . .
Narrow line cooling

1P
1
<«<— 2 mMm—>

blue MOT
461 nm
30 MHz

hot blue MOT cold red MOT
T ~ ImK T~1pK
PSD ~ 18° PSD ~ 18

D



Cooling in trap

_

dipole trap ﬁ ;ng_EJE 1
cooling laser



BEC using dimple trick

_—
T~1pK

dipole trap PSD ~ 0.1

—\v/p&ential



BEC using dimple trick

_
T~1pK

dipole trap PSD > 2.6

potential
«—— BEC




X
Transparency beam

*

dipole trap ﬁ
cooling laser

A coolinglaser

1
= Mential

1 Pl
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X
Transparency beam

_

dipole trap E] transparencypeam
cooling laser

A coolinglaser
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? Mential
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X
Transparency beam

_

dipole trap E] transparencypeam
cooling laser

|

|

coolinglaser

1
? Mential

transparencypeam

1 Pl
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~

transparency

J

Ii
ornN
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X
Transparency beam

_ 4 5 )

1P
dipole trap transparencypeam L
transparency
cooling laser

” J

Ii
ornN

A coolinglaser

'S
potential
«—— BEC!

transparencypeam

without with
transparencypeam



X
Transparency beam

—_— 1 33‘ \
dipole trap transparencybeam ! —
transparency
. )
Laser cooling to BEC A—
” Phys. Rev. LetL.10, 263003 (2013) / e
red MOT

A laser cooling alone removes entrop
A quantum gas in laser cooled cloud

. :

«— BEC!

S

without with
transparencypeam

transparencypeam



Continuous atom laser

Newrequirements
1) Pumping: replenish atoms

ChallengeBEC noprotectedfrom blue photons

4 N




Blue stray light protection

Srbeam blue Zeemarslower
/ ”'\ red 2D molasses

atomicheam | |
_— continuouswave BEC

red MOT dipoleguide future
red Zeemanslower atom laser

ChallengeBEC noprotectedfrom blue photons

4 N




Design and construction

Srbeam Zeemarslower
/ “~ red 2D molasses
atomicbeam

H
continuouswave BEC
dipoleguide  future

red MOT
red Zeemarnslower — atom laser

5 = 5
E I v
<
\
)

ey S



Design and construction

Srbeam
Zeemanrslower
source

blue 2D MOT

/

o —

“~—~ red 2D molasses

atomicbeam

/

red MOT

continuouswave BEC
dipoleguide ‘ future

red Zeemanslower

atom laser




Dipole guide to darkness

bright region(lasercoolingbeamsg darkregion
35 mm
<€ >
slowerbeam
dipoleguide
push beam

Guidedbeam
Atomflux =9 x 16 84sr/s
Speed =9 cm/s
T, = 0.9K

transport, vert




Dipole guide to darkness

bright region(lasercoolingbeamsg darkregion

35 mm
<€ >

slowerbeam
dipoleguide

push beam

Top View

Side View
Guidedbeam
Atomflux =9 x 16 84sr/s
Speed =9 cm/s
T, = 0.9K

transport, vert




BEC in steadstate?

In situ

18 msexpansion







BEC detection

Image after 18mexpansion 2.4s

Thermal fit

Lo

3 Gaussians Gausgube

Fitresidue




BEC detection

Image after 18msexpansion 2.4s

Thermal + BEC fit

o

3 Gaussians Gaussube + TF

Fitresidue




BEC formation arXiv:2012.07605

(o) — —
(&) o (&)

BEC atom number (104)

o
o

[0 Phase-space density 4 BEC atom number Histogram of 208 runs
for thold =15s
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Characterization of steachtate ArXivi2012.07605

BEC: N = 7.4(2.4) X #Bratoms
Replenishment rate Toatoms/s

Dimple  N=6.9(4)x20 T, = 1.08(3)K

Reservoir: N =7.3(1.8) x°10
Loadingrate 1.1(4) x 1Patoms's

A Model assuminghermalizedgasdoesnot describedata.
Model assumingenhancedoccupationof highertrap statesfits data.

Signatureof driven, dissipativanature of systen?

A Futuredirection: driven-dissipativemany-body physics

BEC purityscillations Phys. Rev. Lett. 88, 170403 (200Zhys. Rev. A 93, 033617 (2016)
new critical exponents Phys. Rev. Lett. 110, 195301 (2013)
unusual quantum phases, especially in lower dimensions Phys. Rev. Lett. 118, 085301 (2017)

Drivendissipative BEGseatedwith
excitonpolaritons Rev. Mod. Phys. 82, 1482010)
magnons Nat. Phys. 4, 198 (2008)
photons Nature 468, 545 (2010)



Creating an atom laser: method 1

Atom cavity (trap)

Pumping
replenish atoms
o L

Gain
(e.g. Boseenhanced scattering)

Add outcoupling mechanism
e.g. Raman transfer tontrapped metastable state

N.P. Robins et alAtom lasers: Production, properties and prospects for precision inertial measuréthgaRep 529, 265 (2013



Creating an atom laser: method 2

Addevaporativecooling e.g.

bright region (lasercoolingbeamsg darkregion

slowdown transferdipole guide

10 cm/s <1 cm—\*/s

push beam

evaporationdipole guide

i g v e s fl (."C"/tt.,,. o (b 7 o '
B T A it o' TSy Vi T 1 T Y !‘m_
\ b ' " ;‘;ﬁ;’%’f’dn._’2’;’}"’6’(":,&9%1'”.!""1"","'.”.",'...,' \‘-u-n_;-.;‘(-.cn e 4 ;,‘x.‘. """‘ ‘ A
v A AR R % et Ve ‘
L "
5

Slowdown using e.g. Sisyphus optical lattice decelerator, Phys. Rev. A 100, 023401 (2019)
Enhance Sr laser cooling scheme, Kajorigroup, Phys. Rev. A 103, 023331 (2021)



ez Escudero atom laser lab tour:

Rodrigo Gonza

00:01:24

00:00:01
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Outline

LKSrbeam inthe dark ContinuousvaveBEC

Continuousvaveatom laser

frequency& time acceleration& rotation



Opticallattice clockscheme

Frequencyeference
ultracold Sratomsin lattice

Bluelasercoolin; (Redlasercooling; Interrogate ) (Bluelasercoolin(? (Redlasercooling; 4 Interrogate
S % S % | S % S % |
G J \L J \_ J \\ J \_ J \_ J
time
Flywheel Clockwork
optical resonator optical frequency comb

>

Frequency
keeps frequency while ultracold translates optical frequency into
atoms are prepared radiowavefrequency

laser




Challenges

Frequencyeference
ultracold Sratomsin lattice

Y4 )
Bluelasercooling Redlasercooling Interrogate (Bluelasercoolin; (Redlasercooling; 8 Interrogate

s’%“ o 5‘%‘“’“ o %

\. J \_ J \L J

only intermittently available

Flywheel
optical resonator

Clockwork
optical frequency comb

translates optical frequency into
radiowavefrequency

2,
,’lnln\‘

>

Frequency

.4
s
"

keeps frequency while ultracold
atoms are prepared

laser

not easy to operate on
moving vehicle




Ultrastableresonators %

Ultralow expansion glass cavity Silicon monocrystal cavity Crystalline mirror coatings

} 40.5 x GaAs/Aly g,Gag ogAs

1mROC

> v

25mm O

—

M_.; P : AN
Limit: thermal length changes of spacer Limit: thermal noise in coatings

PTB, & 10/ fractional laser frequency instability with a long rodgemperature cavity, Optics Lett. 40, 2112 (2015)
PTB, JILA.5> YLasers with SuthO mHzLinewidth Phys. Rev. Lett. 118, 263202 (2017)
Aspelmeyegroup, Tenfold reduction of Brownian noise in higtflectivity optical coatingsNature photonic 7, 644 (2013)



Superradiantlock @

Passiveslock Active superradiantclock

ultracold Sratomsin lattice

Y

laser

Continuouaultracoldstrontium beam in Clocklaserbeam out



Comparisorto standardlaser &

Standard laser: frequency stability from length of cavity

| good-cavity regime: kLT,
/\ |
W\/\/\/ cavity mode A
! \4 gain profile

— T ;\
wr, :(..u’
Superradiant clock laser: frequency stability from ensemble spin of atoms
| bad-cavity regime: K> I‘g
| T |
) W N N\ NANNNS cavity mode _A
A |

gain profile

WL w

Y




Activeoptical clock
Goal: photons from mHz linewidth transition

S

o O e
00°%0

Challenges: A minutes of excited state lifetime

A emission into 4p

Solution: enhance emission into single mode by superradiance

Jingbiao Chen, arXiv:physics/0512096 (2005), Chinese Science Bulletin 54, 348 (2009)
D. Meiser, J. Ye, D. R. Carlson, M. J. Holland, PRL 102, 163601 (2009)



Phasedarrayof N emitters

Closer spaced than wavelength Closer spaced than wavelength Spaced wavelength/2 along axis
Random phase Same phase Alternating phase

7/\/\/?\/\/?\/\

\ WU\UU\U

Electric field

® )

(i

ll

|

Constructive interference Constructive interference
E-field ~ Sqgrt(N) E-field ~ N along axis

Random interference

Power ~ N Power ~ N2 Power along axis ~ N2

Electric field (arb. units.)



JE] Howis superradiancestablishe®




Superradiantasers @

James Thompson group, JILA: pulsed superradiance Rb Raman transition, Nature, 484, 78 (2012)
pulsed superradiance on Sr mHz transition, Science Advances, 2, €1601231 (2016)

= 3l 1z
87 .
Sr fltoms § 2 N =2 x 10° 2
- 2 s
§ ;2 2 i 12 £
= 2
— Mirrors — 2 g 1 1.5x 10 1 E,
g 1.25 x 10° g
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-l .-
E : E‘ » Time
Sh
Andreas Hemmerich group (Hamburg): pulsed Ca superradiance on 379-Hz transition, PRL 123, 103601 (2019)
Jan Thomsen group (Copenhagen): pulsed Sr superradiance on kHz transition, PR A 101, 013819 (2020)

Related: Jingbiao Chen group (Beijing): continuous Cs bad-cavity laser on 1.8-MHz transition, IEEE Trans. Ultrason. Ferroelectrics. Freq. Contr. 65, 1958 (2018)



JE1 Howcansuperradiancde maintained?




Hydrogenmaser

Continuoussuperradiantmicrowave emission, used as frequency reference

MICROWAWE
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Magnetic
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ContinuoussuperradiantSrlasers

Version 1 Version 2 Version 3
kHztransition mHztransition mHztransition
hot atomicheam continuousultracoldbeam continuousultracoldbeam

from periodicallyrefilled reservoir




V1: kHztransitionsuperradiantSr laser &

Jingbiao Chen
Active Optical Clock

arXiv:physics/0512096 (2005), Chinese Science Bulletin 54, 348 (2009)

H. Liu, S. B. Jager, X. Yu, S. Touzard, A. Shankar, M. J. Holland, and T. L. Nicholson

Rugged mHz-Linewidth Superradiant Laser Driven by a Hot Atomic Beam
PRL 125, 253602 (2020)

Keyrequirements

A sufficientatom flux

~ 102 atomd’s throughcavitymode

~ 1@ atomsin cavitymode
A low velocityalongcavity

~0.4 m/s

Expectegperformance V1.1

A Linewidth~ 10Hz
A Power ~ 100W



V1: kHztransitionsuperradianiSr laser

Jingbiao Chen
Active Optical Clock

arXiv:physics/0512096 (2005), Chinese Science Bulletin 54, 348 (2009)

H. Liu, S. B. Jager, X. Yu, S. Touzard, A. Shankar, M. J. Holland, and T. L. Nicholson

Rugged mHz-Linewidth Superradiant Laser Driven by a Hot Atomic Beam
PRL 125, 253602 (2020)




V1: kHztransitionsuperradianiSr laser &

Jingbiao Chen
Active Optical Clock

arXiv:physics/0512096 (2005), Chinese Science Bulletin 54, 348 (2009)

H. Liu, S. B. Jager, X. Yu, S. Touzard, A. Shankar, M. J. Holland, and T. L. Nicholson

Rugged mHz-Linewidth Superradiant Laser Driven by a Hot Atomic Beam
PRL 125, 253602 (2020)




V1: kHztransitionsuperradianiSr laser

Cavityfor superradiantlasing
Opticalpumpingto
upperlasingstate

Velocityselectiveoptical pumping
to metastablestate

Transversatooling

Beamoven




V1: kHztransitionsuperradianiSr laser




