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Noiseless Linear Amplifier
Highest Quality Quantum Amplifier

𝛼𝛼

Noiseless = ???                                   
Linear = ???
Amplifier = increases amplitude. 
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Noiseless = ??? 
Linear = ???
Amplifier = increases amplitude.
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Noiseless = noise profile 
remains the same. 
Linear = ???
Amplifier = increases amplitude. 𝑔𝑔𝛼𝛼
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Noiseless = noise profile 
remains the same. 
Linear = phase insensitive. 
Amplifier = increases amplitude. 𝑔𝑔𝛼𝛼
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𝛼𝛼 = 𝑒𝑒𝑖𝑖𝑖𝑖 𝛼𝛼



Noiseless = noise profile 
remains the same. 
Linear = phase insensitive.
Amplifier = increases amplitude.
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Noiseless Linear Amplifier
Highest Quality Quantum Amplifier

𝛼𝛼𝛼𝛼

Input 
coherent 

state 

Output 
coherent 

state 

𝑔𝑔𝑎𝑎†𝑎𝑎𝑔𝑔𝑔𝑔 ∝ 𝑔𝑔𝑎𝑎†𝑎𝑎|𝛼𝛼⟩

𝑔𝑔𝑎𝑎†𝑎𝑎 = 0 0 + 𝑔𝑔 1 1 + 𝑔𝑔2 2 2 + ⋯

𝑔𝑔𝛼𝛼



Noiseless Linear Amplifier 
Applications
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• Quantum repeaters/relays
• Quantum key distribution 
• Distillation of entanglement
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Noiseless Linear Amplifier 
Applications

• Quantum repeaters/relays
• Quantum key distribution 
• Distillation of entanglement
• Probabilistic cloning
• Quantum metrology
• Quantum state discrimination
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How can we implement an NLA? 

What we want: 

𝑔𝑔𝑎𝑎†𝑎𝑎 = 0 0 + 𝑔𝑔 1 1 + 𝑔𝑔2 2 2 + ⋯

If we restrict ourselves to inputs with ≪ 1 photon then:

𝑔𝑔𝑎𝑎†𝑎𝑎 ≈ 0 0 + 𝑔𝑔 1 1
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One-Photon Quantum Scissor
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1QS ∝ 0 0 + 𝑔𝑔 1 1
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One-Photon Quantum Scissor

1QS ∝ 0 0 + 𝑔𝑔 1 1
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One-Photon Quantum Scissor

1QS ∝ 0 0 + 𝑔𝑔 1 1
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How can we amplify more than 
one photon?

𝑔𝑔𝑎𝑎†𝑎𝑎 = 0 0 + 𝑔𝑔 1 1 + 𝑔𝑔2 2 2 + ⋯



𝑛𝑛-Photon Quantum Scissor

Generalisation
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𝑛𝑛QS for Amplification

Solid lines is our 𝑛𝑛QS: 
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𝑛𝑛QS ∝�
𝑗𝑗=0

𝑛𝑛

𝑔𝑔𝑗𝑗 𝑗𝑗 𝑗𝑗

How close to ideal amplifier 𝑔𝑔𝑎𝑎†𝑎𝑎?



𝑛𝑛QS for Amplification
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Solid lines is our 𝑛𝑛QS: 

Dashed lines are an old alternative:

𝑛𝑛QS ∝�
𝑗𝑗=0

𝑛𝑛

𝑔𝑔𝑗𝑗 𝑗𝑗 𝑗𝑗

How close to ideal amplifier 𝑔𝑔𝑎𝑎†𝑎𝑎?



𝑛𝑛QS for Teleportation & Entangl. Distillation 

25

𝑛𝑛QS(𝑔𝑔 = 1) ∝�
𝑗𝑗=0

𝑛𝑛

𝑗𝑗 𝑗𝑗



Limitation 1: 𝑛𝑛QS is only up to 𝑛𝑛 photons
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cat𝛽𝛽,𝑛𝑛+1 𝛽𝛽→0
|𝑛𝑛⟩

small amplitude cat ≈ number state



Limitation 1: 𝑛𝑛QS is only up to 𝑛𝑛 photons
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cat𝛽𝛽,𝑛𝑛+1 𝛽𝛽→0
|𝑛𝑛⟩

small amplitude cat ≈ number state

Idea is to generalise resource to cat state. 

cat𝛽𝛽,𝑛𝑛+1

arXiv:2211.08035

𝑛𝑛CT 𝜓𝜓



Limitation 2: Success Probability Bounded
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increased amplitude



Limitation 2: Success Probability Bounded
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two clones

𝑆𝑆2
=

balanced 
beam

-splitter



Limitation 2: Success Probability Bounded
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Limitation 2: Success Probability Bounded
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Is a maximum success probability 
noiseless linear amplifier possible?



Limitation 2: Success Probability Bounded
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Is a maximum success probability 
noiseless linear amplifier possible?
Two hints:
1. No gain 𝑔𝑔 = 1 the success 

probability is 100%.



Limitation 2: Success Probability Bounded
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Is a maximum success probability 
noiseless linear amplifier possible?
Two hints:
1. No gain 𝑔𝑔 = 1 the success 

probability is 100%.
2. These amplifiers are also 

teleporters. 



Limitation 2: Success Probability Bounded

35arXiv:2212.04274



36

[1] two-photon quantum-scissor NLA [2] CV-QKD protocol (using one-photon quantum-scissor NLA) 
for beating the repeaterless bound

[3] simplest purification protocols

Attend Matthew Winnel’s talk, 
Wednesday 3:15 pm QST 13, for 
more information about [3]!

[1] Guanzon, J. J., Winnel, M. S., Lund, A. P., & Ralph, T. C. (2022). Physical Review Letters, 128(16), 160501.
[2] Winnel, M. S., Guanzon, J. J., Hosseinidehaj, N., & Ralph, T. C. (2021). arXiv preprint, arXiv:2105.03586. 
[3] Winnel, M. S., Guanzon, J. J., Hosseinidehaj, N., & Ralph, T. C. (2022). npj Quantum Information 8, 129. 

Suggestions for Near-Term Experiments



Summary

Three quantum amplifiers using linear optics, which can:

[1] Amplify any state containing up to 𝑛𝑛 photons
with unity fidelity. 

[2] Amplify coherent state superpositions
with unity fidelity. 

[3] Amplify with maximum success probability.
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[1] Guanzon, J. J., Winnel, M. S., Lund, A. P., & Ralph, T. C. (2022). Physical Review Letters, 128(16), 160501.
[2] Guanzon, J. J., Winnel, M. S., Lund, A. P., & Ralph, T. C. (2022). arXiv preprint, arXiv:2211.08035. 
[3] Guanzon, J. J., Winnel, M. S., Singh, D., Lund, A. P., & Ralph, T. C. (2022). arXiv preprint, arXiv:2212.04274. 



Extra: What is an amplifier? 
Electronic amplifiers increases the amplitude of voltage/current:
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Input 𝑉𝑉 Output 𝑔𝑔𝑔𝑔



Extra: What is an amplifier? 
Electronic amplifiers increases the amplitude of voltage/current:

Quantum amplifiers increases the amplitude of quantum states:

39

Amplifier
𝑔𝑔 gain

Input |𝛼𝛼⟩ Output |𝑔𝑔𝛼𝛼⟩

Input 𝑉𝑉 Output 𝑔𝑔𝑔𝑔

(Fock 
space) 



doi.org/10.1038/nphoton.2010.260

(deterministic)

(probabilistic)
𝛼𝛼

𝑔𝑔𝛼𝛼

40

Linear Amplifier Extra Noise Success Probability

Classical 𝑔𝑔2𝛿𝛿 1

Quantum Limited 𝑔𝑔2𝛿𝛿 + 𝑔𝑔2– 1 1 ✓
Noiseless 1 ✓ 1/𝑔𝑔2

Extra: Noiseless Linear Amplifier
Highest Quality Quantum Amplifier



Extra: 1QS in Parallel
Past Solution to Move Beyond 1 Photon

1. Split up the high photon 
state 𝜓𝜓 into 𝑛𝑛 low 
photon rails.
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Extra: 1QS in Parallel
Past Solution to Move Beyond 1 Photon 

1. Split up the high photon 
state 𝜓𝜓 into 𝑛𝑛 low 
photon rails.
2. Amplify each rail. 
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1. Split up the high photon 
state 𝜓𝜓 into 𝑛𝑛 low 
photon rails.
2. Amplify each rail. 
3. Recombined into a 
complete state 1QS⊗𝑛𝑛|𝜓𝜓⟩.

lim
𝑛𝑛→∞

1QS⊗𝑛𝑛 = 𝑔𝑔𝑎𝑎†𝑎𝑎
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Extra: 1QS in Parallel
Past Solution to Move Beyond 1 Photon 



For finite 1QS, there is distortion of higher photon states. 

1QS⊗2 ∝ 0 0 + 𝑔𝑔 1 1 +
1
2𝑔𝑔

2 2 2
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Extra: 1QS in Parallel
Past Solution to Move Beyond 1 Photon 



For finite 1QS, there is distortion of higher photon states. 

1QS⊗3 ∝ 0 0 + 𝑔𝑔 1 1 +
2
3𝑔𝑔

2 2 2 +
2
9𝑔𝑔

3 3 3

Is there a way to perform ideal NLA 𝑔𝑔𝑎𝑎†𝑎𝑎 up to 𝑛𝑛 without distortion?
Yes. 45

Extra: 1QS in Parallel
Past Solution to Move Beyond 1 Photon



Extra: 𝑛𝑛QS for Amplification

Our new protocol 
can beat the old 
one simultaneously 
in fidelity, success 
probability and 
resources. 
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Extra: 𝑛𝑛QS for Continuous-Variable Teleportation
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Solid lines is our 𝑛𝑛QS with no gain: 

𝑛𝑛QS(𝑔𝑔 = 1) ∝�
𝑗𝑗=0

𝑛𝑛

𝑗𝑗 𝑗𝑗



Extra: 𝑛𝑛QS for Continuous-Variable Teleportation
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Solid lines is our 𝑛𝑛QS with no gain: 

Dashed lines are an alternative:

𝑛𝑛QS(𝑔𝑔 = 1) ∝�
𝑗𝑗=0

𝑛𝑛

𝑗𝑗 𝑗𝑗



Extra: 𝑛𝑛QS for Entanglement Distillation

We can distil higher photon 
entanglement with our protocol. 
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Extra: Amplifier for Coherent States
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(same 𝑛𝑛-photon quantum scissor with 𝑛𝑛 = 𝑁𝑁 − 1)



Extra: Amplifier for Coherent States
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(same 𝑛𝑛-photon quantum scissor with 𝑛𝑛 = 𝑁𝑁 − 1)



Extra: Amplifier for Coherent States
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(same 𝑛𝑛-photon quantum scissor with 𝑛𝑛 = 𝑁𝑁 − 1)

Generalisation



Extra: Amplifier for Coherent States
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Which input coherent states 
𝜓𝜓 = 𝛾𝛾 = 𝑞𝑞 + 𝑖𝑖𝑖𝑖

are amplified well by 𝑁𝑁CT? 



Extra: Noiseless + Linear = Probabilistic
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Extra: Noiseless + Linear = Probabilistic

Average Clones Accounting

The no-cloning theorem means an NLA 
must fail some of the time:

𝑃𝑃success =
1
2

𝐸𝐸[𝑁𝑁clones] = 𝑁𝑁clones|success𝑃𝑃success

= 2 ∗
1
2 = 1

55



Extra: Noiseless + Linear = Probabilistic

Average Clones Accounting

The no-cloning theorem means an NLA 
must fail some of the time:

𝑃𝑃success =
1
3

𝐸𝐸[𝑁𝑁clones] = 𝑁𝑁clones|success𝑃𝑃success

= 3 ∗
1
3

= 1
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Extra: Noiseless + Linear = Probabilistic

Average Clones Accounting

The no-cloning theorem means an NLA 
must fail some of the time:

𝑃𝑃success =
1
𝑔𝑔2

𝐸𝐸[𝑁𝑁clones] = 𝑁𝑁clones|success𝑃𝑃success

= 𝑔𝑔2 ∗
1
𝑔𝑔2

= 1
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Extra: Some papers assuming 1/𝑔𝑔2…
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Extra: Simple Repeater - Rate

arxiv.org/abs/2105.03586

TMSV
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Extra: Simple Repeater - Rate

• Combines quantum distillation and 
entanglement swapping steps = no 
quantum memories required!

Equivalent   rate scaling 

TMSV

• Collaborating with DTU for 
experimental implementation.

60arxiv.org/abs/2105.03586



Extra: Simple Repeater - Amplifier Component

(noiseless linear) amplifier component                  1-Photon Quantum Scissor 1QS

61arxiv.org/abs/2105.03586



Extra: Simple Repeater - How it Works
Charlie received photon from Bob

𝑐𝑐00|0⟩Alice|0⟩Bob

success cases 

|0⟩Bob|0⟩Alice |0⟩ |1⟩

62arxiv.org/abs/2105.03586



Extra: Simple Repeater - How it Works

Charlie received photon from Alice

Charlie received photon from Bob

𝑐𝑐00|0⟩Alice|0⟩Bob

1 Alice

success cases 

(Note |2⟩Alice|2⟩Bob is not possible 
because Bob only has one photon.) 

+𝑐𝑐11|1⟩Alice|1⟩Bob

|0⟩Bob|0⟩Alice |0⟩ |1⟩

|1⟩Bob|0⟩|1⟩

63arxiv.org/abs/2105.03586



Extra: Simple Repeater - How it Works

Charlie received photon from Alice

Charlie received photon from Bob

𝑐𝑐00|0⟩Alice|0⟩Bob

error cases 
(lost photons)

+𝑐𝑐10|1⟩Alice|0⟩Bob

(dark counts)
+𝑐𝑐01|0⟩Alice|1⟩Bob

success cases 

𝑐𝑐𝑖𝑖𝑖𝑖 =
𝑓𝑓𝑓𝑓𝑓𝑓 (𝜒𝜒,𝑇𝑇𝑇𝑇,𝑇𝑇𝑇𝑇, 𝜂𝜂𝐴𝐴, 𝜂𝜂𝐵𝐵)
so we can optimise.+𝑐𝑐11|1⟩Alice|1⟩Bob

|0⟩Bob|0⟩Alice |0⟩ |1⟩

|1⟩Bob|0⟩|1⟩

64

(Note |2⟩Alice|2⟩Bob is not possible 
because Bob only has one photon.) arxiv.org/abs/2105.03586

|1⟩Alice
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