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• How to get quantum wire from OPO 

• Experimental Setup 

• Experimental Progress 
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Background • Cluster states definition  

• Quantum computer with Qbits and Qmodes 

• Optical Parametric Oscillator (OPO) 



Quantum Computer 

Classical Computer 

Classical Bit: either 0 or 1 

Quantum Computer 
Qbit (Qubit): either 0 or 1, or a superposition of both 
 
|𝝋 > = 𝜶 |𝟎 >  +𝜷 |𝟏 >        ( 𝜶 𝟐+ 𝜷 𝟐 = 𝟏)     

A quantum computer with n qbits can be in an arbitrary superposition of up to 𝟐𝒏 
different states simultaneously, while a classical computer can only be in one of 
these state at any one time. 



Quantum Computer 

The unit 
Optical Modes 
(amplitude, 
phase) 

Qbit 

Discrete Variable 

𝜶|𝟎 >  + 𝜷 |𝟏 > 

 |+ > =  (|𝟎 > +|𝟏 >)/ 𝟐 

|− > =  (|𝟎 > −|𝟏 >)/ 𝟐 

𝑷𝒂𝒖𝒍𝒊 𝒁 =
𝟏 𝟎
𝟎 −𝟏

 

𝒁 |𝟎 > = |𝟎 >, 𝒁 |𝟏 > = −|𝟏 > 
𝒁 | +> = | −>, 𝒁 | −> = | +> 

𝑷𝒂𝒖𝒍𝒊 𝑿 =
𝟎 𝟏
𝟏 𝟎

 

𝑿 | +> = +>,𝑿 −> = −| −> 
𝑿 |𝟎 > = |𝟏 >,𝑿|𝟏 > = |𝟎 > 

𝑯𝒂𝒅𝒂𝒎𝒂𝒓𝒅 𝑯

=
𝟏 𝟏
𝟏 −𝟏

 

𝑯|𝟎 > = |+ > 
𝑯|𝟏 > = |− > 

Qmode 

Continuous Variable 

|𝐪 > 

|𝐩 > 

𝐞𝐢𝛅𝑸 𝐪 > = 𝐞𝐢𝛅𝐪 𝐪 > 

𝐞𝐢𝛅𝑸|𝐩 > = |𝐩 + 𝛅 > 

𝐞−𝐢𝛆𝐏|𝐩 > = 𝐞−𝐢𝛆𝐩|𝐩 > 
𝐞−𝐢𝛆𝐏|𝐪 > = |𝐪 + 𝛆 > 

 

𝐅𝐨𝐮𝐫𝐢𝐞𝐫 𝐓𝐫𝐚𝐧𝐬𝐟𝐨𝐫𝐦 

|𝐪 > =   𝐞−𝐢𝐩𝒒|𝐩 > 𝐝𝐩 

|𝐩 > =   𝐞𝐢𝐪𝒑|𝐪 > 𝐝𝐪 

𝑄 =
1

2
(𝑎+ + 𝑎) 

𝑃 =
𝑖

2
𝑎+ − 𝑎  



Quantum Computer 

Quantum 
computer  
models 

Circuit Model 

Measurement-based Model: 
One way quantum computer 

Inputs 
Gates/Circuits Outputs 

Cluster States 

A method of quantum computing that first makes 
an entangled resource state, a.k.a. Cluster State, 
and then performs measurements on it.  

 

definition 





One-way quantum computing in the optical frequency comb   
N.C. Menicucci, S.T. Flammia, and O. Pfister PRL 101, 130501 (2008)  

Parallel generation of quadripartite cluster entanglement in the optical frequency comb 
M. Pysher, Y. Miwa, R. Shahrokhshahi, R. Bloomer, and O. Pfister PRL 107, 030505 (2011) 

Our way of making Cluster State :  
VERY SCALABLE in a single OPO (Optical Parametric Oscillator) 

Go further: Making bigger cluster state  

Quantum wire Cluster State 

15 Square cluster states got in a single OPO 

..… ..… 
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Background (OPO) 

Optical Parametric Oscillator (OPO) 
 
 
 
 
 
 

 

 

 

 

 

 
                                        

 
 

An OPO converts an input laser wave (called “pump”) into two output 

waves of lower frequency by means of second order nonlinear optical 

interaction, when two conditions are satisfied:                                 
                                        

𝜔1 +𝜔2 = 𝜔3 
𝒌𝟏 + 𝒌𝟐 = 𝒌𝟑 

Pump 

ω3 

ω2 

ω1 

Nonlinear Crystal 



Background (EPR) 

𝐻 = 𝑖ℏ𝜒 𝑏𝑎1
+𝑎2

+ − 𝑏+𝑎1𝑎2  

Solving the Heisenberg Equations  𝒊ℏ𝒂𝒋 = [𝒂𝒋, 𝑯] we 

obtain the following equations:  

𝑎1 = 𝜅𝑎2
+,  𝑎1

+ = 𝜅𝑎2 

 𝑎2 = 𝜅𝑎1
+,  𝑎2

+ = 𝜅𝑎1   

Pump 

ω3 

ω2 

ω1 

Nonlinear 

Crystal 
Treat pump classically, 𝑏 = 𝛽𝑒𝑖𝜑, 𝑡𝑎𝑘𝑒 𝜑 = 0 

𝐻 = 𝑖ℏ𝜅 𝑎1
+𝑎2

+ − 𝑎1𝑎2       𝜅 ≝ 𝜒𝛽 

Solve coupled equations 

Initial conditions 
𝑎1 𝑡 = 𝑎1(0) cosh 𝑟 + 𝑎2

+(0) sinh 𝑟  
𝑎2 𝑡 = 𝑎1

+(0) sinh 𝑟 + 𝑎2(0)cosh (𝑟) 
(𝒓 ≝ 𝜿𝒕) 



Background (EPR) 
𝑎1 𝑡 = 𝑎1 cosh 𝑟 + 𝑎2

+ sinh 𝑟  
𝑎2 𝑡 = 𝑎1

+ sinh 𝑟 + 𝑎2cosh (𝑟) 

𝑎𝑗 =
1

2
𝑄𝑗 + 𝑖𝑃𝑗  

𝑎𝑗
+ =

1

2
𝑄𝑗 − 𝑖𝑃𝑗  

𝑷𝟏 𝒕 + 𝑷𝟐 𝒕 = [𝑷𝟏 𝟎 + 𝑷𝟐 𝟎 ]𝒆−𝒓  → 𝟎 
𝑸𝟏 𝒕 − 𝑸𝟐 𝒕 = [𝑸𝟏 𝟎 − 𝑸𝟐 𝟎 ]𝒆−𝒓  → 𝟎 

𝑟 ≝ 𝜅𝑡    𝑟 𝑖𝑠 𝑠𝑞𝑢𝑒𝑒𝑧𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 

Pump 

ω3 

ω2 

ω1 

Nonlinear 

Crystal 

Entanglement witnesses for EPR Pair 

ω1 ω2 

EPR Pair 

rewrite 

𝑷𝟏 𝒕 − 𝑷𝟐 𝒕 = [𝑷𝟏 𝟎 − 𝑷𝟐 𝟎 ]𝒆𝒓→ 𝒊𝒏𝒇  
𝑸𝟏 𝒕 + 𝑸𝟐 𝒕 = [𝑸𝟏 𝟎 + 𝑸𝟐(𝟎)]𝒆

𝒓 → 𝒊𝒏𝒇  



Background (Optical Frequency Comb) 

Pump 

ω3 

ω2 

ω1 

Nonlinear 

Crystal 

OPO 

For an optical beam to be “resonant” in a cavity, constructive interference 
is needed, which requires the optical path difference between each 
transmitted beam is an integer multiple of the wavelength:  

𝟐𝑳 = 𝒏𝝀 

𝜆 =
𝑐

𝑓
 

𝒇 = 𝒏 
𝒄

𝟐𝑳
= 𝒏 𝑭𝑺𝑹 (

𝒄

𝟐𝑳
≝ 𝑭𝒓𝒆𝒆 𝑺𝒑𝒆𝒄𝒕𝒓𝒂𝒍 𝑹𝒂𝒏𝒈𝒆) 

Cavity 

… … 

Optical Frequency Comb 

FSR 

𝒇 

… 

L 



Z 

How to Generate the Quantum Wire Cluster State 

5 4 3 2 1 -1 -2 -3 -4 -5 -6 0 

Optical Frequency Comb (OFC) of an  
Optical Parametric Oscillator (OPO) 

ZZZ 
Pump 

ωp 

ωi 

ωs 
Nonlinear Crystal 

𝜔𝑖 + 𝜔𝑠 = 𝜔𝑝 

𝒌𝒊 + 𝒌𝒔 = 𝒌𝒑 
YYY 

Y 



How to Generate the Quantum Wire Cluster State 

𝒂𝟎𝒀 

𝒂𝟎+ =
𝟏

𝟐
(𝒂𝟎𝒀 + 𝒂𝟎𝒁) 

𝒂𝟎𝒁 

𝒂𝟎− =
𝟏

𝟐
(𝒂𝟎𝒀 − 𝒂𝟎𝒁) 

Quantum wire 
Cluster State! 

-3        2       -1       0         1     

Z 

Y 

measurement 

Z+Y 

Z-Y 

Original entanglement witnesses: 
𝑸𝒎𝒁 − 𝑸𝒏𝒁 → 𝟎 
𝑷𝒎𝒁 + 𝑷𝒏𝒁 → 𝟎 𝒂𝟎𝒁 =

𝟏

𝟐
(𝒂𝟎+ − 𝒂𝟎−) 

𝒂𝟎𝒀 =
𝟏

𝟐
(𝒂𝟎+ + 𝒂𝟎−) 

New entanglement witnesses: 
𝑸𝒎+ − 𝑸𝒎− − 𝑸𝒏+ −𝑸𝒏− → 𝟎 
𝑷𝒎+ − 𝑷𝒎− + 𝑷𝒏+ − 𝑷𝒏− → 𝟎 

After beam splitter 

After phase shift 
and some algebra 



How to Verify the Quantum Wire Cluster State 

𝑸𝒎+ − 𝑸𝒎− − 𝑸𝒏+ − 𝑸𝒏− = 𝒆−𝒓 → 𝟎 
𝑷𝒎+ − 𝑷𝒎− + 𝑷𝒏+ − 𝑷𝒏− = 𝒆−𝒓 → 𝟎 
𝑸𝒎′+ +𝑸𝒎′− − 𝑸𝒏′+ +𝑸𝒏′− = 𝒆−𝒓 → 𝟎 
𝑷𝒎′+ + 𝑷𝒎′− + 𝑷𝒏′+ +𝑷𝒏′− = 𝒆−𝒓 → 𝟎 

Homodyne Detection  

- 

Local Oscillator 

Signal 𝒂 

𝛽𝑒𝑖𝜙  
phase scanning 

𝑁− = 𝛽(𝑎𝑒−𝑖𝜙 + 𝑎+𝑒𝑖𝜙) 
𝝓 = 𝟎:  ∝ 𝑸  

𝝓 =
𝝅

𝟐
:  ∝ 𝑷 

𝑺 = 
𝟐𝟎 𝐥𝐨 𝐠 𝒆−𝒓   𝒅𝑩 

ZZZ EPR squeezing measurement 

If the Local Oscillator has two frequencies, 
we could measure: 

𝑷𝟏 𝒕 + 𝑷𝟐 𝒕 = [𝑷𝟏 𝟎 + 𝑷𝟐 𝟎 ]𝒆−𝒓  → 𝟎 

If we use two homdyne detectors together, 
we could measure: 

If there is no signal -> vacuum input: 
 𝑵− = 𝜷𝑿𝒗𝒂𝒄  
(Shot Noise) 

To measure its entanglement witnesses 



Experimental Setup 

L1 

- 

L2 
𝑤2 

𝑤2 
𝑤1 

𝑤1 

𝑤2 𝑤1 

O
P
O 

HWP 

Polarizer 

DET. 

L3 Filter 
Cavity 

HWP 

Z 
Y 

P
h

ase
 Lo

ck 

Cavity Lock 

Cavity Lock 

Phase Lock 

EOM 
PBS 

- 



 Two phase lockings and two cavity lockings have to work at the 
same time 

 

 Squeezing detection super sensitive to any loss or fluctuations 
(pump shifts, LO not perfectly aligned, air drifts, etc.) 

𝑅− = 1 − 𝜂𝜉2𝜁𝜌
4𝑥

1 + 𝑥 2 + 4Ω2 

 

 OPO emits back-propagating beams 

Experimental Difficulties 



Experimental Progress 

Things I have done: 
 

 High visibility obtained for Homodyne Detection 

 SHG measurement for ZZZ and YYY crystals  

 Backward reflection reduction 

 Intracavity loss measurement  

 Lasing threshold power lowered  

 Laser problem fixed with InnoLight 

 Phase noise reduction 

 >3 dB squeezing obtained for ZZZ EPR pairs 



• Backward Reflection Reduction 

Experimental Progress 

𝑃1 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝐼𝑅 𝑡𝑜 𝑂𝑃𝑂 
𝑃2 = ℎ𝑎𝑙𝑓 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑏𝑎𝑐𝑘𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝐼𝑅 

𝑩𝒂𝒄𝒌𝒘𝒂𝒓𝒅 𝑹𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 =
𝟐𝑷𝟐

𝑷𝟏
  

P1 

P2 

50:50  
Beam 
Splitter 



P1 

P2 

50:50  
Beam 
Splitter 

Experimental Progress 

• Backward Reflection Reduction 

0
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b
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n
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ZZZ Crystal Temperature (V) 

P2 v.s. Crystal Temperature Change 

Guess: Not nonlinear effects, 
just reflection from the crystal 
surface? 

Tilt the crystal, and backward 
reflection went away! 



Experimental Progress 

• Improve the laser alignment 
Problem: Laser flashing/blinking, mode not stable 



Experimental Progress 
• Decrease the phase fluctuation 

Problem: phase lock noise was big 

Phase 
lock 
error 
signal  

 
and  

 
inter-

ference 
visi- 
bility  

 
before 

v.s. 
after 



Future work 

• Confirm the obtain of the Quantum-Wire cluster state structure 
 
• Increase the measurement range to find “how long” the wire is 
 
• Add in another OPO to make a Square Grid cluster state (Pei 

Wang) 

Thank you! 



 



Cluster States 

The definition of the standard Continuous Variable Cluster State is:  

𝒑 − 𝐴𝒒 → 𝟎 

𝑃𝑗 =
𝑖

2
𝑎𝑗
+ − 𝑎𝑗  

𝑄𝑗 =
1

2
(𝑎𝑗

+ + 𝑎𝑗) 

where p and q are column vectors of quadratures : 

matrix A is the adjacent matrix for the cluster state’s graph. 

M1 

2 
3 

4 

M2 

M3 

𝑨 =
𝟎 𝟐 𝟒
𝟐 𝟎 𝟑
𝟒 𝟑 𝟎

 
A graph 

𝑝1
𝑝2
𝑝3

 - 
0 2 4
2 0 3
4 3 0

𝑞1
𝑞2
𝑞3

→ 0 



Cluster States 

Measurement-based Model (One-way quantum computer):  

 

A method of quantum computing that first makes an entangled resource 
state, a.k.a. Cluster State, and then performs measurements on it.  

What is cluster state? 

Why important? 

It’s called “one-way” because the resource state is destroyed by the measurement. 
 



How to Verify the Quantum Wire Cluster State 

Z+Y 

Z-Y 

The way to verify the obtain of the quantum wire cluster state is 
to measure its entanglement witnesses 

𝑸𝒎+ − 𝑸𝒎− − 𝑸𝒏+ − 𝑸𝒏− → 𝟎 
𝑷𝒎+ − 𝑷𝒎− + 𝑷𝒏+ − 𝑷𝒏− → 𝟎 
𝑸𝒎′+ +𝑸𝒎′− − 𝑸𝒏′+ + 𝑸𝒏′− → 𝟎 
𝑷𝒎′+ + 𝑷𝒎′− + 𝑷𝒏′+ +𝑷𝒏′− → 𝟎 

Use Homodyne Detection to measure nullifiers  


