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LINAC Coherent Light Source (LCLS) 

www.slac.stanford.edu 

with Henry Chapman, Matthias Frank @ LLNL (2004) 



OPTICAL TRAPPING 
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TIME DOMAIN 

PRL 109, 103603 (2012) 



FREQUENCY DOMAIN 
= 0
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QUALITY FACTOR 
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FORCE SENSITIVITY 
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a.  Casimir / van der Waals forces 
b.  Vacuum friction 
c.  Nuclear spin detection         
d.  Phase transitions 
e.  Non-Newtonian gravitylike forces 
f.  Dark matter 
g.  … 

Minimum detectable force in bandwidth B : 

For                       :
 in 1 sec 
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PRA 95, 061801 (2017) 



SENSITIVITY 
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(1 mBar     10-9 mBar) (300 K     3 K) 

2720 V/m 

q min = e-/ 8 

q min = 10-7 e- 

2 oders of magnitude better than current bounds ! 



CONSTRAINTS ON DARK MATTER 
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CONTROL OF MOTION ? 

Vpot


(Arthur Ashkin, 1970) 
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DECELERATION / COOLING 

Stark decelerator (Tim Softley @ Oxford) 

Atomic coilgun (Mark Raizen @ UT Austin, 

Frédéric Merkt @ ETH ) 



PASSIVE BACKACTION 
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ACTIVE BACKACTION 
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PROBLEM STATEMENT 

focal field 
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CONTROL OF MOTION 
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Ωmod
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PARAMETRIC COOLING 



PARAMETRIC FEEDBACK 
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FEEDBACK LINEARIZED 
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CENTER-OFF-MASS TEMPERATURE 

Minimum Tc.m. :  Cooling rate (feedback gain)  = Reheating rate (collision with gas molecules)


PRL 109, 103603 (2012) 
500 µK




QUANTUM GROUNDSTATE 

Signal (area of Lorentzian lineshape)  ∞  Tc.m.       Problem : 

Mean thermal occupancy : 

Quantum groundstate : 
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ENTERING NEW HEATING REGIME 

PRL 116, 243601 (2016) 

?



www.photonics.ethz.ch 

ENTERING NEW HEATING REGIME 

PRL 116, 243601 (2016) 
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Fokker-Planck: 

Nature Nanotech. 9, 358 (2014) 

REHEATING DYNAMICS 



10-40 kHz 

31 mW 

80 mW 72 nm 

53 nm 

MEASURING PHOTON RECOIL 

www.photonics.ethz.ch PRL 116, 243601 (2016) 



MEASUREMENT BACKACTION 
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FREQUENCY DOMAIN 
= 0
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PARAMETRICALLY COUPLED OSCILLATORS 



JOSA B 34, C52-C57(2017) 
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CLASSICAL QUANTUM MECHANICS 

PRL 117, 163601 (2016) 
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CLASSICAL QUANTUM MECHANICS 

PRL 117, 163601 (2016) 
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MAPPING ON BLOCH SPHERE 
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RABI OSCILLATIONS 
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COOLING PROTOCOL 
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www.photonics.ethz.ch PRL 117, 163601 (2016) 

COOLING PROTOCOL 

Cooling limit : 
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QUANTUM COLLAPSE 

Number of coherent oscillations before recoil : Ω0 /  Γrecoil = 10 

Number of scattered photons before recoil : 109 
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??? 

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???



CONTINUOUS WEAK MEASUREMENTS 
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Stochastic Schrödinger Equation (with measurement) : 

Wiener process diffusion measurement rate 

Jacobs & Steck, arXiv: 0611067v1 (2006) 



FEEDBACK ON STATE ESTIMATE 

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???

www.photonics.ethz.ch c.f. Aspelmeyer & co. (PRL 114, 223601, 2015) 



SUMMARY 

- Trapping and cooling with a single laser beam 

- Parametric feedback (amplification and cooling) 

- Compression ratio of 106 (300 µK) 

- Ultrahigh force sensitivity  

- Nonequilibrium dynamics, coherent control, free fall, 
  multiple traps, .. 
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