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Jarzynski Equality
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Experimental Demonstration on Classical Equality



Quantum Jarzynski Equality

S. Mukamel, Phys. Rev. Lett. 90, 170604 (2003), H. Tasaki, cond-mat/0009244 
(2000), J. Kurchan, cond-mat/0007360 (2000).

Work in Quantum Regime    infm tEtEW 

Proof of the Equality
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Quantum Jarzynski Equality

Employing Trapped Cold Ions to Verify the Quantum Jarzynski Equality, Gerhard Huber, 
Ferdinand Schmidt-Kaler, Sebastian Deffner and Eric Lutz, Phys. Rev. Lett. 070403 (2008).



Quantum Jarzynski Equality

Adiabatic Process

Instantaneous Process
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Ion Trap

Electric Field Vectors 
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Linear Ion Trap @ Tsinghua University

171Yb+

wHF =12,643 GHz

2S1/2

F=0

F=1

wHF

wZ
wZ

wZ =1.4 MHz x B



Trapped Ion Harmonic Oscillator



Pulsed Laser Configuration



Effective Force induced by Laser beam



Pulsed Laser Configuration



Initialization – optical pumping

2P1/2

171Yb+

F=0
F=1

• Duration ~ 1 ms

• Efficiency ~ 99.5%

S. Olmschenk, et al., PRA 76, 052314 (2007)

2S1/2 F=0
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Detections
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2P1/2 F=0
F=1

171Yb+

• Duration ~ 0.4 ms

• Efficiency ~ 98.5%

S. Olmschenk, et al., PRA 76, 052314 (2007)
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Operations
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D. Leibfried, et al., RMP 75, 281{324 (2003).
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Internal and External Degree of Freedom
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Work Distribution



Proposal for the Test with Trapped Ion System

Employing Trapped Cold Ions to Verify the Quantum Jarzynski Equality, Gerhard Huber, 
Ferdinand Schmidt-Kaler, Sebastian Deffner and Eric Lutz, Phys. Rev. Lett. 070403 (2008).

5. Repeat the whole sequence from step 1

4. Project to a phonon number state, m

3. Provide Work on the System

2. Project to a phonon number state, n 

1. Prepare Thermal State



1. Prepare Thermal State

a. Prepare |n=0, motional ground state
b. Let it heat up



a. Prepare |n=0, motional ground state

Sideband Cooling
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b. Heating Mechanism

n

t (ms)

  𝑛bsbfit = 0.154 (±31)/ms

  𝑛proj = 0.132 (±4)/ms

Blue-sideband fitting

Projective measurement

Q. A. Turchette et al., Phys. Rev. A. 61, 063418 (2000).
Q. A. Turchette et al., Phys. Rev. A. 62, 053807 (2000).
C. J. Myatt, et al., Nature 403, 269{273 (2000).



Thermal State Detection – Projective measurement

n

Pn

𝑛proj = 0.157(±6)

P
n

( 
x
1

0
-2

)

𝑇eff = 480 (±8)nK



2. Project to a phonon number state, |n

5. Repeat the whole 
sequence from step 1

4. Project to a phonon 
number state, m

3. Provide Work on the 
System

2. Project to a phonon 
number state, n 

1. Prepare Thermal State

C. Shen, et al., PRL 112, 050504 (2014).



Detection of Phonon State by Projective Measurement

C. Shen, et al., PRL 112, 050504 (2014).



Experimental Procedure

1st Yes: |0
No 2nd Yes: |1

No 3rd Yes: |2
No

…

4th Yes: |3
No

…

p Carrier

p BSB

Detection



Ion-Motion Coupling: Blue Sideband Transition
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Blue Sideband Adiabatic Passage

Photon Shift Operation



Detuning

Amplitude

Phase

Δ

Ω

|↑〉

|↓〉

Qubit system in 171Yb+

Rapid Adiabatic Passage

Interaction Picture:

𝐻𝐺𝐿𝑍 𝑡 =
ℏ

2
𝝈 ⋅ 𝑩 𝑡

𝐵𝑧 = Δ 𝑡

𝐵𝑥 = Ω 𝑡 cos𝜑 𝑡

𝐵𝑦 = Ω 𝑡 sin𝜑 𝑡

J. Zhang et al., Phys. Rev. A 89, 013608 (2014).

M. V. Berry, J. Phys. A 42, 365303 (2009).
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Control of Intensity and Detuning



|n=0 Detection

After Sideband Cooling, n=0
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3. Provide Work – Displacement Operation
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5. Repeat the whole 
sequence from step 1

4. Project to a phonon 
number state, m

3. Provide Work on the 
System

2. Project to a phonon 
number state, n 

1. Prepare Thermal State

P. C. Haljan et al., Phys. Rev. Lett. 94, 153602 (2005).
P. J. Lee et al., Journal of Optics B 7, S371 (2005).



Coherent State Detection
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Work in Our System

In the rotating frame with respect to the driving laser frequency 
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Final State Measurements – Fitting Methods

5. Repeat the whole 
sequence from step 1

4. Project to a phonon 
number state, m

3. Provide Work on the 
System

2. Project to a phonon 
number state, n 

1. Prepare Thermal State eg.) ni=5, 25 s



Final State Measurements – Intermediate Work
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Final State Measurements – Non equilibrium Work

1

5. Repeat the whole 
sequence from step 1

4. Project to a phonon 
number state, m

3. Provide Work on the 
System

2. Project to a phonon 
number state, n 

1. Prepare Thermal State
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Final State Measurements – Intermediate Work
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Comparison to other estimations



Conclusion and Outlook

• We experimentally verify the Quantum Jarzynski Equality 

with our Trapped ion system

• It could be extended to the verification of the Equality in 

open quantum system
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