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Detection of the Rydberg states of electrons 
on superfluid helium confined in 
microchannel devices

Public presentation 2022/07/12Shan Zou



Electrons on liquid helium system 
A new platform for quantum computing?
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Goal: Realizing sensitive quantum state detection of electrons on helium for qubit implementation

Motivations

 

 

 

 

 

 

 

 

Quantum bit (qubit)

Advantages:
Large scalability
Mobile qubits 
Full electrical controlFirst proposal: P. Platzman and M. Dykman, Science 284, 1967 (1999)

Quantum computation platform

G. Popkin, Science 354, 1090 (2016)

Superconducting circuit Trapped ions Silicon quantum dots Vacancies in diamond
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Qubit implementation

Electron on helium system for qubit implementation
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Quantized lateral motion: 
Fock states

Trap

D. Schuster, et al., PRL 105, 040503 (2010)
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Quantized vertical motion: 
Rydberg states

Charge Qubit 

Platzman and Dykman, Science 284, 1967 (1999)

Spin Qubit 

S. Lyon, PRA 74, 052338 (2006)

𝐸 | ↑ ⟩

| ↓ ⟩
Δ𝜔

Spin-Orbit coupling
D. Schuster, et al., PRL 105, 040503 (2010)

E. Kawakami et al., PRL 123, 086801 (2019)

1 eV
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Quantized lateral motion of a single electron

MW: microwave       CPW: coplanar waveguide      circuit QED: circuit quantum electrodynamics 
D. Schuster, et al., PRL 105, 040503 (2010)
G. Koolstra, et al., Nat. Comm 10, 5323 (2019)
X. Zhou, et al., Nature 605, 46 (2022)

Circuit QED architecture 
with electron on He/Ne surface

Coupled with

Trapped states with quantized lateral motion

MW photons (5-10 GHz) provided by CPW 

𝑇2
∗ = 50 𝑛𝑠

𝑇2 = 220 𝑛𝑠

Time-domain characterization

𝑇1 = 15 𝜇𝑠

Rabi splitting
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Quantized vertical motion of a single electron

Stark effect

Circuit QED ? MW photons > 100GHz

Lack of sensitive state-readout method! 

E. Kawakami et al., PRL 123, 086801 (2019)

𝑔𝜇𝐵𝐵𝑧(𝑧2)

𝑔𝜇𝐵𝐵𝑧(𝑧1)

𝐵𝑧 𝜕𝑧𝐵𝑧 ≠ 0

He Co Micromagnet

ℏ𝜔+ ℏ𝜔−

𝑧2

𝑧1

z

Proposal for spin-state detection
(spin-orbit coupling)

Substitutions:
(1) Image charge measurement
(2) Conductivity measurement

𝜔− −𝜔+ ≃
𝑔𝜇𝐵𝜕𝑧𝐵𝑧Δ𝑧

ℏ
> linewidth of Rydberg resonance

Rydberg states

MW (0.2-1 THz)

He

𝑧2

𝑧1

z

Δ𝑧 = 35nm
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Project 1

Rydberg state 
detection
(conductivity 
method)
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In-plane motion:
Nondegenerate 2DES 

𝑎

Electron solid

Bragg Cherenkov (BC) effect:

nonlinear mobility of electron solid in response to the external driving field

1.1 Background
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𝐸ext

𝑣𝑒

𝑣𝐷𝐿

𝑣𝐷𝐿 = 𝑣𝑒 < 𝑣𝐵𝐶

𝐸ext

𝑣𝐷𝐿 = 𝑣𝑒 = 𝑣𝐵𝐶 𝑣𝑒 > 𝑣𝐵𝐶

𝐸ext

𝑘max = 2𝜋/𝑎 𝑣𝐵𝐶 ≡ 𝑣𝐷𝐿
max ∝ 𝑘max

1/2

𝑣𝑒

𝐸ext

Electron liquid 

𝑣𝑒

𝑣𝐵𝐶
𝐸ext

Phase diagram

Kinetic energy: 𝑘𝐵𝑇

Coulomb interaction: 1/√𝑛𝑠

Liquid

Solid

Dimple lattice

Ω𝑘 = 𝛼/𝜌 𝑘3/2

𝛼: Surface tension of helium          𝜌: density of liquid helium    



1.2 Microchannel devices
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1.2 Cryogenic setup

MW

He

PCB

Mixing Chamber
30 / 150 mK
15 / 500 µW

Still
0.5 / 1 K
~ 50mW

4K Plate
~0.4 W

50K Plate

Dilution refrigerator (BlueFors DL 400)Experimental cell

device

PCB

He

MW

Filament



Excitation induced conductivity change

Solid state

limitations:

1.3 Rydberg states detection (conductivity change)
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ΔI

MW

Center channel

Helium-4

𝐼

𝑉𝑑

Vch

solid

x

z

y

liquid

Liquid Solid

Vch=0.7V Vch=0.88V

𝑣

𝐹e

𝐹m𝑩
- - - - - - - -

+ + + + + + +

+ -

(1) Sensitive to the B field

Hall effect

Cross-sectional profile of electron density and holding field

Δ𝐸⊥ =30 V/cm

Inhomogeneous broadening approx. 10 GHz

S. Zou et al. JLTP (2022)

(2) Many-electron effect

cannot scale down to 
single electron  
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Project 2 

Rydberg state 
detection 
(Image-charge 
method)
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2.1 Image charge method

𝑞𝑏 =
ℎ

𝐷
𝑒

𝑞𝑡 =
𝑑

𝐷
𝑒 𝑞′𝑡 =

𝑑 + Δz

𝐷
𝑒

𝑞′𝑏 =
ℎ − Δz

𝐷
𝑒

𝐷

𝑑

ℎ

+

-

+

-𝑒 𝐷

𝑑

ℎ
Δz

+

+

- -𝑒

Δ𝑞𝑏 = 𝑞′𝑏 − 𝑞𝑏 = −
Δz

𝐷
𝑒 ≃ −10−5𝑒Δ𝑞𝑡 = 𝑞′𝑡 − 𝑞𝑡 =

Δz

𝐷
𝑒 ≃ 10−5𝑒

Change of image charge

Experimental results

𝑒 : Elementary charge
E. Kawakami et al Phys. Rev.Lett.123.086801 (2019)

𝐷 = 2mm

𝑖𝑡

𝑖𝑏

𝐷 = 4 𝜇m𝐷 = 2mm (Δq ≃ 10−5𝑒) (Δq ≃ 10−2𝑒)

microchannel deviceParallel-plate capacitor

108electrons



2.2 Image charge detection using microchannel device
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 𝜇
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C1 Vb

Δ𝑞 ∝ 𝑛𝑒Δ𝑧

Lock-in

C0

Cross sectional view of the microchannel device

105electrons

S. Zou and D. Konstantinov, arXiv 2207, 03737 (2022)



2.3 Improving Signal to Noise Ratio (SNR)
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2.3 Improving SNR
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Optimization of the helical resonator

Figures provided by Dr. M. Belianchikov in OIST

Optimization step 1 2 3

Q0 at 4K 800 1441 18692

Reduce # of rows of electrons in central channel

Vch

~ 100 electrons

Vga

~ 2000 electrons

Vch

Vga

Central channel

gate gate

Δ𝑧
MW

4
 𝜇

m

20 𝜇m

C1 Vch

C0

𝑅dc

Helical    
resonator
Q0=18692

Vga

𝜙(Vga)



Summary
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E. Kawakami et al., PRL 123, 086801 (2019)

𝑔𝜇𝐵𝐵𝑧(𝑧2)

𝑔𝜇𝐵𝐵𝑧(𝑧1)

𝐵𝑧 𝜕𝑧𝐵𝑧 ≠ 0

He Co Micromagnet

ℏ𝜔+
ℏ𝜔−

𝜔− − 𝜔+ ≃ 𝑔𝜇𝐵𝜕𝑧𝐵𝑧Δ𝑧/ℏ ≃ 2𝜋 × 300MHz

𝑧2

𝑧1

z

Δ𝑧 = 35nm

Proposal for spin-state detection

(1) Two simple methods to measure the Rydberg 
excitation of  electrons the microchannel device 

(2) Increased sensitivity using the helical 
resonator (approx. 100 electrons)

Outlook
(1) Scale down to single electron to be used in 
quantum computing 

(2) Spin-state detection mediated by Rydberg 
excitation
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Project 3 

Novel 
transport 
phenomenon
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Novel transport properties 
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Lumped circuit model

ΔI

BC plateau

MW

2nd order 
plateau

?

scope
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10 mV

20 mV

15 mV

Lock-in measurement Oscilloscope measurement

S. Zou et al. PRB, 104 045427 (2021)



Novel transport properties
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S. Zou et al. PRB, 104 045427 (2021)

𝐸ext 𝐸ext

Electrons stick to DL

Repetitive stick-slip motion

Electrons depinned from DL



Conclusion
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• Rydberg state detection: Conductivity measurement

• Rydberg state detection: Image-charge measurement

• Norvel transport properties: repetitive stick-slip motion

PhD projects:
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