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This research enhances quantum states detection, crucial for scalable quantum computing, addressing
major scientific challenges. It also benefits fields requiring high-sensitivity low-temperature
measurements, such as astrophysics and materials science, driving scientific and technological
progress.

Our project successfully developed a two-stage cryogenic amplification
scheme, significantly enhancing the sensitivity and bandwidth of quantum state detection for
electrons on liquid helium. This method achieved a constant gain of 40 dB over a frequency range of
100 kHz to 100 MHz, enabling the accurate detection of Rydberg states.
This advancement addresses critical challenges in quantum computing, paving the way for more
efficient and densely packed qubit arrays. Additionally, the improved detection methods have broader

applications in fields requiring high-sensitivity measurements at low temperatures, such as
astrophysics and material science. The project™s findings contribute significantly to the
development of scalable quantum computers and other advanced technologies.
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Quantum computing is poised to revolutionize various fields by performing complex
computations far beyond the capabilities of classical computers. This revolutionary potential
stems from quantum bits (qubits) leveraging quantum superposition and entanglement,
enabling exponentially greater computational power. The development of practical quantum
computers hinges on the ability to reliably read out and manipulate qubits. Among various
qubit platforms, surface electrons on liquid helium (SELH) stand out due to their
exceptionally high electron mobility and minimal environmental noise, making them ideal
for guantum computing applications.

Despite these advantages, the practical use of SELH has been limited by significant
challenges in detecting quantum states of single electrons. Existing methods have struggled
with sensitivity and scalability, impeding progress toward practical SELH-based quantum
computing. This project aimed to address these challenges by developing advanced detection
and manipulation techniques for single-electron quantum states on liquid helium, thus
contributing significantly to the field of quantum computing.

The primary objective of this project was to enhance the detection and manipulation of
quantum states in single electrons on liquid helium. This involved:

*Implementing Cryogenic Amplification: Employing an advanced amplification scheme to
minimize noise and improve signal fidelity.

*Developing High-Sensitivity Detection Methods: Utilizing advanced nanofabrication
techniques to create devices capable of detecting quantum states with high sensitivity.
*Exploring Quantum State Manipulation: Designing micro-resonators for the precise
manipulation of quantum states, facilitating the development of scalable quantum computing
architectures.

These advancements were expected to overcome existing limitations in SELH qubit
technology, paving the way for more efficient and scalable quantum computers.

-Cryogenic Amplification:

To enhance the sensitivity and bandwidth of quantum state detection, the project
successfully implemented a two-stage cryogenic amplification scheme. The first stage
involves a home-made heterojunction bipolar transistor (HBT) amplifier placed close to
the signal source to reduce parasitic capacitance and noise. This stage operates at
low power dissipation (approximately 90 uW) and is located at the still plate of a
dilution refrigerator. The second stage utilizes a commercial cryogenic amplifier (CMT-
CITLF1) positioned at the 4-K plate, providing a high gain of 40 dB over a wide
frequency range (100 kHz - 100 MHZz).

-Nanofabrication:

The project aimed to leverage state-of-the-art nanofabrication techniques to develop
high-sensitivity detection devices. The primary focus was on creating radio-frequency
single-electron transistors (rf-SETs) using electron-beam lithography and shadow
evaporation techniques. These devices are crucial for detecting the quantum states of
single electrons with unprecedented sensitivity. However, due to limited time and
resources available to the Principal Investigator (P1) following a change in research
role, these steps could not be completed as planned.

The project also aimed to explore the use of micro-resonators for manipulating quantum
states. These resonators were to be fabricated using microfabrication techniques and
designed to achieve localized excitation of single electrons without affecting
neighboring qubits. However, due to the same constraints of time and resources, this
aspect of the project could not be completed within the project period.



-Detection Method:

The project successfully developed and implemented a two-stage cryogenic amplification
scheme (Figs. la and 1b). This method significantly improved the sensitivity and
bandwidth of quantum state detection. Figures 2a and 2b show the difference in
sensitivity between amplified measurements using one-stage versus two-stage methods,
achieving a constant gain of 40 dB over the frequency range of 100 kHz to 100 MHz.
Notably, without amplification, the signal cannot be detected with a voltage measuring
lock-in amplifier. This advancement enables the accurate detection of Rydberg states
of single electrons on liquid helium.

Experimental Validation: The enhanced detection method was experimentally validated,
demonstrating effective readout of Rydberg states. This validation confirms the
feasibility of using SELH for practical quantum computing applications.

V4K Plate

CITLF1

Still Plate

HBT Amplifier

o | Cold Plate

o S 1:. ’i’-:-‘_:": = Mixing Chamber
- i =TT - B Plate

Fig. 1: a) Schematics of the experimental setup for the two-stage amplification showing
the first-stage HBT amplifier attached to the still plate by a copper link, and a
commercial amplifier (CITLF1l) attached to the 4-K plate.
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b)Two-stage amplifier circuit. The image-charge signal Vac due to pulsed MW-excited SE
is capacitively coupled to and amplified by a two-stage amplification scheme
(HBT+CITLF1). The amplified signal is measured at the room temperature using a
conventional lock-in amplifier that is referenced by the modulation frequency of the
pulsed MW-excitation.
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Fig.2 a)(right)voltage signal amplified by the two-stage amplifiers and measured by
the lock-in amplifier for SE at 7 = 220 mK for different modulation frequencies of the
applied pulse-modulated MW. b) (left) Voltage signal amplified by only the HBT-based
amplifier measured by the lock-in amplifier for SE at 7 = 200 mK for different
modulation frequencies at similar MW frequency.

-Possible Impact

Quantum Computing: The project"s advancements address critical scalability challenges
in quantum computing. By enabling the accurate detection and manipulation of quantum
states in electrons on liquid helium, the project paves the way for more efficient and
densely packed qubit arrays.

Broader Applications: Beyond quantum computing, the improved detection methods and
cryogenic amplification techniques have broader applications in fields requiring high-
sensitivity measurements at low temperatures. Potential applications include
astrophysics, material science, and other areas where precise detection of small
signals is essential.

-Unanticipated Findings

Enhanced Stability: An unexpected yet significant outcome of the cryogenic
amplification scheme was the enhanced stability of the measurement system. The low-
power dissipation and effective noise reduction contributed to reducing thermal
fluctuations and environmental noise, thereby improving the overall reliability of the
detection method.
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