New jou r“al Of PhYSics Deutsche Physikalische Gesellschaft @ DPG I0P Institute of PhySiCS

The open access journal at the forefront of physics

PAPER « OPEN ACCESS You may also like

. L - Quantum logic and entanglemen
Image-charge detection of the Rydberg transition nedta Fcerg s oo and
. . . ) fidelity
of electrons on superfluid helium confined in a Xiao-Feng Sh
microchannel structure ecoan: eneray ranster n calsions|
between polar molecules and Rydberg

atoms
To cite this article: S Zou and D Konstantinov 2022 New J. Phys. 24 103026 F Jarisch and M Zeppenfeld

- Nondestructive detection of polar

molecules via Rydberg atoms
M. Zeppenfeld

View the article online for updates and enhancements.


https://doi.org/10.1088/1367-2630/ac9696
/article/10.1088/2058-9565/ac18b8
/article/10.1088/2058-9565/ac18b8
/article/10.1088/2058-9565/ac18b8
/article/10.1088/1367-2630/aaf02e
/article/10.1088/1367-2630/aaf02e
/article/10.1088/1367-2630/aaf02e
/article/10.1088/1367-2630/aaf02e
/article/10.1209/0295-5075/118/13002
/article/10.1209/0295-5075/118/13002

10P Publishing

® CrossMark

OPEN ACCESS

RECEIVED
8 July 2022

REVISED
12 September 2022

ACCEPTED FOR PUBLICATION
30 September 2022

PUBLISHED
21 October 2022

Original content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOL.

New J. Phys. 24 (2022) 103026 https://doi.org/10.1088/1367-2630/ac9696

Published in partnership
with: Deutsche Physikalische
Gesellschaftand the Institute
of Physics

Deutsche Physikalische Gesellschaft @ DPG

New Journal of Physics

The open access journal at the forefront of physics 10P Institute of Physics

PAPER

Image-charge detection of the Rydberg transition of electrons
on superfluid helium confined in a microchannel structure

S Zou and D Konstantinov™

Quantum Dynamics Unit, Okinawa Institute of Science and Technology (OIST) Graduate University, Okinawa 904-0495, Japan
* Author to whom any correspondence should be addressed.

E-mail: denis@oist.jp

Keywords: surface-state electrons on liquid helium, two-dimensional electrons systems, Rydberg states of orbital motion, image-charge
detection, electron spin qubits, superfluid helium

Abstract

The image-charge detection provides a new direct method for the detection of the Rydberg
transition of electrons trapped on the surface of liquid helium. The interest in this method is
motivated by the possibility to accomplish the spin state readout for a single trapped electron, thus
opening a new pathway towards using electron spins on liquid helium for quantum computing.
Here, we report on the image-charge detection of the Rydberg transition in a many-electron
system confined in an array of 20 ym wide and 4 m deep channels filled with superfluid helium.
Such detection is made possible because of a significant enhancement of the image-charge signal
due to close proximity of trapped electrons to the electrodes embedded in the microchannel
structure. The transition frequency of electrons in the range of 400-500 GHz is highly controllable
by the dc bias voltages applied to the device and is in a good agreement with our calculations. This
work demonstrates that microchannel structures provide a suitable platform for electron
manipulation and their quantum state detection, with a feasibility of scaling the detection method
to a single electron.

1. Introduction

Electrons bound to the surface of liquid helium present an extremely clean quantum system. The bound
states of such surface electrons (SE) are formed due to a weak attractive force from the image charge inside
the dielectric liquid and a strong repulsive barrier at the vapor—liquid interface. In such an image potential,
the quantized (Rydberg) states of the electron motion perpendicular to the surface have a hydrogen-like
spectrum, with an effective Rydberg constant on the order of 1 MeV, while the motion parallel to the
surface is free. The system is free of disorder and impurities [1]. At sufficiently low temperatures below 1 K,
the scattering of electrons is predominantly from the thermal oscillations (ripplons) of the liquid helium
surface [2]. This leads to extremely high mobility of SE and relatively long coherence time of their motional
states [3, 4]. Moreover, the very weak intrinsic spin—orbit (Rashba) interaction and the magnetically-clean
environment of superfluid helium-4 result in extremely long coherence time of the spin states of SE [5].
This presents SE on superfluid helium-4 as a very attractive system for realizing qubits for quantum
computing, with several theoretical proposals presented over the past years [3—6].

While unique transport properties of a many-electron system on liquid helium had been extensively
investigated in the past [7], methods for the quantum state control of SE, in particular at the level of a single
electron, were not sufficiently developed. The lack of such methods presented the main obstacle towards the
realization of the above proposals for qubit implementation. Very recently, a readout of the quantized states
of the trapped lateral motion was demonstrated for a single electron on superfluid helium [8] and on solid
neon [9]. In these experiments, the electrons were confined in an electrostatic trap integrated into a circuit
quantum electrodynamic architecture [10]. The above works present the first significant advance towards
qubit implementation using SE, with a further promise to realize coupling between the motional and spin
states of an electron, thus a readout of its spin states [6].
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An alternative approach for the spin-state readout was recently suggested by Kawakami et al who
proposed to use a coupling between the spin states of an electron and the Rydberg states of its vertical
motion [11]. The idea of readout is based on a relatively large difference between the spatial extension of the
electron wavefunction above the liquid surface for an electron in the ground state and the first excited
Rydberg state, respectively. Thus, in the presence of a sufficiently large gradient of an applied magnetic field,
for example created by a magnet placed in proximity to SE, an electron in different Rydberg states will
experience different values of the mean magnetic field, resulting in distinct Zeeman splitting of their spin
states. Consequently, the transition frequency between the ground state and the first excited Rydberg state of
an electron will depend on its spin state. Then, the Rydberg transition can be excited spin-selectively by an
applied resonant microwave (MW) radiation providing that the above difference in the Zeeman splitting
exceeds the Rydberg transition linewidth. In other words, the spin state of an electron can be determined by
detecting its Rydberg transition.

For this purpose, a new method of direct detection of the Rydberg transition in SE, the image-charge
detection, was developed [11]. The idea of this method is also based on the difference in the spatial
extension of the electron wavefunction above the surface for different Rydberg states. A change in the
Rydberg state of an electron causes a corresponding change in the image charges induced by the electron in
surrounding metal electrodes. Thus, the Rydberg transition in SE can be detected by measuring the image
current at one of the electrodes. The proposed method was successfully demonstrated by placing a large
number of SE in the middle between two plates of a parallel-plate capacitor separated by a distance
D = 2 mm and measuring the image current induced in the plates by SE in response to a pulse-modulated
MW excitation at the modulation frequency ~100 kHz. For liquid helium-4, the mean distance between an
electron and the liquid surface is equal to 11.4 and 45.6 nm for the electron occupying the ground state and
the first excited Rydberg state, respectively, with the corresponding difference Az ~ 34 nm [1]. Thus, each
excited electron causes a change in the image charge at the bottom and top plates of the capacitor equal to
dq = FelAz/D, respectively, where e > 0 is the elementary charge. This amounts to |dg| ~ 10~ e for the
setup used in [11]. For about 10® electrons used in the experiment, this produced a current on the order
10 pA, which was directly measured using a lock-in amplifier.

The ultimate goal is the image-charge detection of the Rydberg transition of a single electron. The
simplest improvement towards increasing the sensitivity of the proposed method is immediately seen, that
is increasing the change in the image charge |dg|. As follows from the above discussion, this can be done by
decreasing the distance D between the capacitor plates. Unfortunately, for a parallel-plate capacitor partially
filled with liquid helium this distance cannot be made less than ~1 mm, the capillary length of liquid
helium, otherwise the capacitor will be completely filled with the liquid by the capillary action [12]. For this
reason, other electrode structures have to be sought, for example, a coplanar capacitor covered with a
superfluid helium film, as was suggested in [11]. An alternative approach is to use the so called
microchannel devices, which have been very useful to study the transport properties of SE on superfluid
helium [13-16]. Such a device consists of an array of microchannels, with a typical channel depth
d ~ 1 pm, which can be filled with the superfluid helium-4 by the capillary action. SE floating on the
surface of superfluid helium inside a channel are capacitively coupled to the metal electrodes comprising the
top and bottom of the channel, therefore they are expected to produce a change in the image charge
induced at one of the electrodes equal to |dg| = keAz/d ~ 10~2e, where k is a numerical factor order of
unity, which is determined by the ratio of the capacitive coupling of SE to each of the two channel
electrodes. Thus, the sensitivity of the image-charge detection method is expected to be enhanced
thousandfold for SE in a microchannel device comparing with the previous experiment [11]. In addition,
the microchannel devices present several other advantages towards spin-state control and quantum
computing. The micromagnets [17], which are required to introduce a sufficiently strong magnetic field
gradient, can be easily integrated to the microchannel structure, therefore can be placed in close proximity
to SE. It was also demonstrated that, for the sake of increasing functionality of a device, the microchannel
geometry can be easily integrated with other useful mesoscopic devices, for example, the single-electron
transistor [18, 19], point-contact constriction [20], superconducting coplanar waveguide resonator [8, 9],
and charge-coupled device (CCD) [21]. The latter is particularly attractive towards realization of a
quantum-CCD architecture for scalable quantum computing [22, 23]. Finally, the Rydberg resonance of
SE confined in a single 4 ym deep channel was recently observed by an indirect resistive detection method,
thus showing feasibility of the Rydberg state detection in such a system [24].

The above discussion suggests that SE confined in microchannels could become a valuable platform for
the electron spin detection and spin qubit implementation, provided that the detection of their Rydberg
transition is clearly demonstrated. Here, we report on the first image-charge detection of the Rydberg
transition in SE confined in a microchannel structure consisting of an array of 20 m wide and 4 pym deep
microchannels. An image-current signal from approximately 10° electrons, whose Rydberg resonance is
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Figure 1. Schematic view of the image-charge detection method (a) and its equivalent Norton and Thevenin electric circuits,
(b) and (c), respectively. The image current i, at the channel electrode is generated by the pulse-modulated MW excitation of
SE in the channel with the modulation frequency wy,.

excited by a pulse-modulated MW radiation in the frequency range 400—500 GHz, is converted to voltage
by a two-stage cryogenic amplifier and recorded at room temperature by a lock-in amplifier. The
microchannel device used in our experiment shows high-level control of the transition frequency of
confined SE via the Stark shift of the Rydberg energy levels. Further improvement in the image-current
detection circuit promises the feasibility to enhance sensitivity of our method to the detection of a single
electron. Thus, our work demonstrates that SE on superfluid helium confined in a microchannel device
present a suitable platform for realizing the quantum state detection in electrons on helium for their qubit
implementation.

2. Method

2.1. Image-charge detection
A schematic view of the image-charge detection method, as well as its equivalent electric circuit, for SE on
superfluid helium confined in a channel are shown in figure 1. Figure 1(a) schematically shows the
cross-section of a channel of depth d filled with superfluid helium. Electrons trapped on the surface of
helium are capacitively coupled to the channel and guard electrodes at the bottom and top of the channel,
respectively. A positive dc bias voltage Vi, is applied to the channel electrode to create an electrostatic
confining potential for SE. For the sake of simplicity, we assume that the guard electrode is grounded.
Excitation of SE by the pulse-modulated MW radiation with the modulation frequency w, causes an ac
current 7o, in the channel electrode due to the periodic variation, also with the frequency wp, of the electric
charge induced in the electrode. This current flows to the detection circuit via a coupling capacitance Ci,
which forms a bias-T with a resistor at the dc voltage source. Thus, the voltage at the channel electrode is
given by Vi, + tour, where 1,y is the ac voltage induced by iqy.

The total electric charge at the channel electrode is given by (Q + g), where Q = Cy(Veh + ton) and Gy
is the capacitance between the channel and guard electrodes determined by the channel geometry, while g is
the image charge induced by SE. Thus, the output current is given by

dQ+q) __ duow _dg

Lout = dr 0 dr dr (1)

The variation of the image charge at the channel electrode due to excitation of SE can be estimated as

Aq = pyNe0q = —py,NekeAz/d, where N, is the total number of SE in the channel and p,, is the fraction
of these electrons that is excited by the MW radiation. For the microchannel geometry used in our
experiment, we estimate x = 0.8 [24]. For the pulse-modulated MW excitation, the corresponding current
is given by i = —(dq/dt) = —Aquw,,. Thus, as follows from (1), an equivalent electric circuit of our setup
can be represented as the Norton circuit with an ideal current source i, see figure 1(b). Here, in addition to
the coupling capacitance C;, we included a parasitic capacitance C,, which in our experiment is mostly
determined by the capacitance of a cryogenic cable connecting the microchannel device to the detection
circuit.

2.2. Detection circuit

In the experiment reported here, we used a two-stage cryogenic amplifier that detected the voltage signal
oy due to the image current 7., with a subsequent detection using a room-temperature lock-in amplifier
referenced at the modulation frequency wy,. A detailed description of the amplifier circuit is given elsewhere




10P Publishing New J. Phys. 24 (2022) 103026 S Zou and D Konstantinov
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Figure 2. Schematic view of the microchannel device (a) and its optical microscope image showing the bonding pads (b). The
inset is SEM micrograph zooming the middle segment of the microchannel array.

[25]. The first stage of the amplifier was located in close proximity to the experimental cell, with an
estimated parasitic capacitance of the connecting cable C, ~ 20 pE. The two-stage amplifier provided a total
voltage gain of ~100.

For the sake of comparison between our theoretical estimations and experimental results, it is
convenient to transform the Norton circuit given in figure 1(b) to its Thevenin equivalent shown in
figure 1(c), with an ideal voltage source u = i/ (w,,Cy) = —Aq/Cy. Assuming that the first stage of the
cryogenic amplifier has an infinitely large input impedance [25], the voltage signal u,,, at the input of the
amplifier is given by uo, = uCy/(Cy + Cp,) = —Aq/(Cy + C,). Note that the same result can be also

obtained from (1). Thus, we obtain
_ pnNereAz

Uout = m- (2)

To estimate the magnitude of the expected measured signal, we take Az/d = 1072, N, = 10°, p,, = 0.1
(10% population of the excited Rydberg state), and Cy = 1.3 pF, which is estimated from the device
geometry, thus obtaining 1y, ~ 5 V. This corresponds to an expected lock-in output signal of 0.5 mV.

2.3. Microchannel device

A schematic view of the microchanal device used in our experiment, as well as its optical and SEM
micrographs, are shown in figure 2. The device consists of an arrays of 47 connected channels, each 20 ym
wide, arranged in parallel. The whole structure is fabricated on a silicon substrate using UV lithography
methods and is composed of two thin patterned gold layers separated by an insulating layer of hard-baked
photoresist with a thickness d = 4 pm, which defines the depth of the channels. The channel array is
divided into three segments, each having a length of 1.7, 0.6, and 1.7 mm, respectively. The decomposition
into segments is defined by the structure of the bottom layer, which is divided into three electrodes
separated by 2 um wide gaps to form bottom electrodes for each of the three segments. The corresponding
dc bias voltages applied to these electrodes are denoted as Vig, Vrr, and Vg, see figure 2(a). The two

1.7 mm long segments serve as left and right electron reservoirs (LR and RR, respectively) which are
connected by the third 0.6 mm long middle segment. The top gold layer consists of a single electrode, the
guard electrode, which lies in the plane of the liquid helium surface. The guard electrode defines the
channel boundary and, together with the bottom electrodes, serves to provide the confinement of SE inside
the channels and their tuning to the Rydberg resonance via the Stark shift, as will be discussed in section 3.
The corresponding dc bias voltage applied to this electrode is denoted as V.

2.4. Device operation
The microchannel device is mounted on a printed circuit board (PCB) and bonded with the conducting
pads of PCB using a 50 ;m diameter gold wire, see figure 2(b). PCB is placed inside a leak-tight copper cell
and is connected to the control and detection circuits via hermetic SMP connectors mounted at the top
flange of the cell. The cell is cooled down below 1 K at the mixing chamber of a dilution refrigerator.
Helium-4 gas is condensed into the cell, such that the liquid level is placed slightly below PCB, and
superfluid helium fills the channels of the device by the capillary action. The surface of liquid in the
channels is charged with electrons produced by the thermionic emission from a tungsten filament placed
about 1 mm above the device, with the applied bias voltages Vig = Vgg = Vi, = 1 Vand Vg =0 V.
The Rydberg transition of SE in the microchannel device is excited by the pulse-modulated MW
radiation, which is supplied from a room-temperature source, guided into the cryostat through an
overmoded (WR-28) stainless steel waveguide and sent into the experimental cell through a tapper
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Figure 3. In-phase voltage signals recorded by the lock-in amplifier referenced at the modulation frequency wy, /2w = 100 kHz
versus the bottom electrode voltage Vit = Vig = Vrr = V. Each trace is recorded with a fixed value of the MW frequency
w/2m given in the plot legend.

waveguide transition. The MW power measured at the output of the source was about 1 mW in the
frequency range 350—-500 GHz, while the total transmission loss of the waveguide system was measured to
be about —10 dB. The MW power at the location of the microchannel device inside the cell could not be
directly measured but is estimated to be in the range 10—100 p/W.

In the experiment reported here, SE are excited by the MW radiation at a fixed frequency w, while the
resonant frequency w,; corresponding to the transition of SE from the ground state to the first excited
Rydberg state is tuned in resonance with w via the Stark shift by varying the pressing electric field E;
exerted on the electrons perpendicular to the surface of liquid [26]. This field is determined by the dc bias
voltages applied to the device electrodes, as well as by the image charges induced in the electrodes by SE.
The latter depend on the density of SE in the channel and the channel depth. The image current due to the
MW-excited electrons is measured at the bottom electrode of the middle segment, while the bias voltages
applied to the device electrodes are varied to change E| . Note that a relatively large depth of 4 ym allows us
to apply relatively large electrode voltages, thus to preserve the resolution of the transition line while
voltages are swept through the resonance. For typical density of SE in our device [24] and the total
middle-segment channel area of about 6 x 1072 cm 2, we expect to have on the order 10° electrons in the
middle segment.

3. Results

Figure 3 shows some exemplary image-charge signals from the excited SE for several values of the MW
frequency w while the Rydberg transition frequency of SE is tuned in resonance by varying the bias voltage
Viot applied to the bottom electrodes, with Vi, = Vir = Vpr = Vo and Vy, = 0. By keeping the voltages
applied to all three bottom electrodes equal to each other, we ensure that the density of electrons across all
three segments is uniform and constant, by the conservation of the total number of SE in the device. The
data reported here were taken at T = 0.2 K, which was measured by a ruthenium oxide sensor attached to
the experimental cell. At such temperature, the thermal population of the excited Rydberg states is
negligible. The in-phase voltage signal Vj is recorded by a lock-in amplifier referenced at the MW
modulation frequency wy, /27 = 100 kHz and with the time constant of 1 s. The resonant peak for each
trace corresponds to the transition of SE from the ground state to the excited Rydberg states. Note that the
observed magnitude of the image-charge resonant signal is in a good agreement with our theoretical
estimation given in section 2.1.

The position of resonance shifts towards higher values of V;,o; with increasing MW frequency,
consequence of the linear Stark shift of the Rydberg energy levels of SE [26]. Figure 4(a) shows a summary
plot (symbols) of the position of the observed resonance peaks versus w/27, which demonstrates the linear
dependence with the slope k; = 0.0077 V GHz ™! (red line). Using this result, we can estimate the average
half-width at half-maximum of the resonance peaks of about 10 GHz. At T'= 0.2 K, the intrinsic linewidth
of the Rydberg resonance, which is mainly determined by the relaxation of the excited Rydberg states due to
the scattering of electrons from ripplons, is expected to be of the order of 10 MHz [27]. A thousandfold
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Figure 4. (a) Position of the maxima of the resonance signals observed in the experiment versus the MW frequency (symbols).
The red line is a linear fit to the experimental data with the slope k; = 0.0077 V GHz . (b) Numerically calculated dependence
of the transition frequency w,; /27 of SE on liquid helium-4 for different values of the pressing electric field E, .

larger broadening observed in our experiment is due to the inhomogeneous broadening of the Rydberg
transition of SE caused by the variation of the pressing electric field E, across the channel. This result is
consistent with the numerically calculated distribution of E; for our channel geometry [24]. Note that a
typical resonance peak reported here is somewhat asymmetric, contrarily to what should be expected from
a calculated symmetric electric field distribution in the given channel geometry [24]. The asymmetry
exhibited by the resonance peaks in figure 3 is consistent with the effect of the electron—electron interaction
and can arise due to the Coulomb shift of the Rydberg resonance towards lower values of the pressing
electric field E; with the increasing excited-state population of SE [28]. This causes the centre of the line to
shift slightly towards lower values of Vo1, thus making the lower-voltage side of the resonance line to be
steeper. Note that for the typical densities of SE 5 ~ 10° cm™2 in our microchannel device [24], the
estimated Coulomb shift is on the order of 0.5 GHz, that is much smaller than the inhomogeneously
broadened linewidth of the resonance. This makes it difficult to observe the effect of the Coulomb shift
clearly. Imperfection of the channel geometry can be an additional cause of the resonance lineshape
asymmetry.

In order to compare the position of the resonance signal with theory, we numerically solved the
eigenvalue problem for the quantized motion of an electron perpendicular to the liquid helium surface to
find the dependence of its transition frequency w,; on the electric field E, . The result is shown in
figure 4(b). In a given range of E| , this dependence is almost linear with the slope k, = 0.23 GHz
(V™! em™!). Assuming that the resonance signal observed in the experiment corresponds to the resonant
condition w = wy;, we obtain the linear relation between the pressing electric field E; acting on SE and the
applied bias voltage Vior, with the slope equal to k = (kjk;) ™' = 565 cm™. In [24], an approximate
theoretical relation between E; and the voltages applied to the device electrodes was established, which for

our device reads
Vi Vou V. 1
E = b"t_ﬁg_e<1_). (3)

2d 2ad d

Here, a and 3 are weighted contributions (o + 8 = 1) to the total capacitance between the charged surface
of liquid and device electrodes due to the bottom channel electrode and the top guard electrode,
respectively, while V. is the electric potential of the charged surface. For our channel geometry, we have

a = 0.8 and 8 = 0.2 [24]. To account for the experimental conditions in figure 4(a), we set Vg, = 0.
Moreover, unlike for the device with a single-channel middle segment used in [24], for the current device
with a multi-channel middle segment the potential V. depends on the value of the applied bias voltage Vi,or.
In order to find the relationship between V. and Vi,o(, we note that the electric potential of the uncharged
surface of liquid in the channel is given by V, = Vot + 5 Veu = Vbt (with Vg, = 0). The difference
between the electric potentials of the uncharged and charged surface of liquid AV = V,, — V. depends only
on the number of SE and the channel geometry, therefore is fixed during the variation of V}. Plugging the
relation V., = aVy,o; — AV into (3), we obtain

_Vbot AV 1
El— a (1—a)+7<1—£>, (4)
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Figure5. In-phase voltage signal recorded by the lock-in amplifier referenced at the modulation frequency wy, /27 = 200 kHz
versus the bottom electrode voltage Vior = Vig = Vg = Ven. Each trace is recorded for the same MW frequency w/2m =

480 GHz and different values of the negative dc bias voltage Vy, applied to the guard electrode, which is indicated (in volts) for
each trace.

which predicts the linear dependence between E| and Vi, with the slope (1 — a)/d = 500 cm™!. This is
fairly close to the experimentally observed slope of 565 cm™'. Note that in an actual device the charged
surface of liquid helium in the channel is somewhat depressed due to the force exerted on SE by the electric
field E, . The smaller value of d results in the higher value of the slope, in agreement with our result.

The above relation (3) also suggests that the resonance position in V} for a fixed MW frequency w can
be adjusted by varying the guard voltage V. Figure 5 shows the resonant image-charge signals for MW
radiation with a fixed frequency 480 GHz and for several fixed negative biases Vg,. The position of the
resonance shifts towards smaller values of Vo for more negative values of V. The plotted dependence of
Viot at resonance versus Vy, is linear with the slope very close to 1. Using the above relationship between V.
and the applied electrode voltages, with Ve = aVior + SV, — AV, we obtain from (3)

Bo= e - s S (1o ). )

20

This equation predicts the linear relationship between the pressing field E; and the voltage difference

Viot — Viu with slope equal to 3/d. This is in an excellent agreement with our experimental result shown in
figure 5, where SE are excited by the MW radiation at a fixed frequency w corresponding to a certain value
of E| , while the values of V},o; and Vy, satisfy the relation Vi,oq — Vi, =~ 1.88 V, with the slope of the linear
relationship between Vi, and Vi, equal to 1.

As mentioned earlier, in the experiments described above the bias voltages Vi, Vir and Vig applied to
all three bottom electrodes of the device were varied simultaneously to ensure that the density of SE in the
middle segment is constant during the voltage sweep. Alternatively, we can fix the dc bias Vy applied to the
reservoir electrodes and tune the transition frequency of SE in the middle segment in resonance with MWs
by varying V. In this case, the density of SE in the middle segment is expected to vary as electrons
redistribute between the middle segment and reservoirs, while keeping the total number of SE fixed.

Figure 6(a) shows the resonant image-charge signals for the MW radiation with a fixed frequency 480 GHz
and for several fixed positive biases Vg, with Vg = Vi = Vpp and V, = 0. The resonance shifts towards
higher values of Vi, with increasing Vi, while the signal amplitude decreases. Qualitatively, both effects
appear because the density of electrons in the middle segment decreases with increasing V. In figure 6(b),
we plot the position of the resonance peaks shown in figure 6(a) versus the reservoir voltage Vr. The
dependence is linear (red line) with the slop equal to approximately 0.48.

In order to quantitatively account for the observed resonance shift, we note that the density of SE in the

middle segment varies with the bias voltages applied to the device electrodes according to [24]

ns = (iiod (avch + ﬂvgu - Ve)> (6)
where ¢ is the dielectric constant of liquid helium and ¢ is the vacuum permittivity. A similar equation is
valid for the density of SE in the reservoirs, with V, replaced by Vg, owing to the fact that the electric
potential of the charged surface of liquid V. is uniform across the whole device. Thus, we can establish the
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Figure 6. (a) In-phase voltage signal recorded by the lock-in amplifier referenced at the modulation frequency wy, /27 =

200 kHz versus the channel electrode voltage V.. Each trace is recorded for the same MW frequency w/27m = 480 GHz and
different values of the positive dc bias voltage Vx = Vir = Vig applied to the reservoir electrodes, as indicated (in volts) for each
trace. (b) Position of the maxima of the resonance signals shown in (a) versus Vi (symbols). The red line is a linear fit to the
experimental data with the slope equal to approximately 0.48.
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frequency wy of the tank circuit. (c) RF reflection method for a dispersive readout of the Rydberg excitation of SE in a
microchannel. Electrons are excited by cw microwaves, while their transition probability is modulated at the frequency of the RF
driving.
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where N, is the total number of SE in the device, S¢, and Sy is the area of the charged surface of liquid in
the middle segment and reservoirs, respectively, and S = Sc, + Sg. Plugging this relation into (3) with
Vot = Ve and V,, = 0, we obtain a linear dependence between Vi and V¢, with the slope equal to
(a—1/2)a/[1/2 — (o« — 1/2)b], where a = Sg/S and b = Si,/S. For our device, we have a = 34/40 and
b = 6/40 (see figure 2(a)), which predicts the slope value equal to 0.56. This is in a satisfactory agreement
with our experimental result given in figure 6(b).

4. Discussion

The experimental results presented in the previous section demonstrate high-level control and tunability of
SE in a device comprised of an array of microchannels. The Rydberg energy spectrum of SE in such a device
is well described by simple electrostatics, giving a very good agreement with the measured image-charge
spectra. This presents SE confined in microchannels as a promising platform for further work towards
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quantum-state detection and qubit implementation with electrons on helium. In our experiment, an
image-charge signal from about 10° electrons excited by the MW radiation is readily observed with the
signal-to-noise ratio approaching 100, thus showing feasibility to scale down the Rydberg-transition
detection to a much smaller number of electrons. The most straightforward approach towards increasing
the sensitivity of the image-charge detection is to further increase the change in the image charge |dq| for an
excited electron, see the discussion in section 1, by employing a microchannel device with a smaller channel
depth d. However, this would bring electrons closer to the metal electrodes, thus shifting their Rydberg
transition frequency into the THz range due to the Stark shift by the electric field of image charges. A more
suitable approach is to increase the sensitivity of the image-current detection method employed together
with the microchannel setup. Below, we discuss two methods towards such an improvement.

From the equivalent Thevenin circuit of the setup shown in figure 1(c), it is clear that the output voltage
signal 1oy is limited by the value of the parasitic capacitance C,. In the experiment reported here, this
capacitance is about 20 pF and is determined by the capacitance of the connecting cryogenic cable. There
are serious technical limitations due to the dilution refrigerator operation which prevent us from shortening
this cable, thus decreasing the value of C,,. A better solution is to employ a resonant (tank) circuit to
eliminate the parasitic capacitance and to increase the output voltage signal. First, let us consider the
equivalent Thevenin circuit shown in figure 6(a), with a load impedance Z. As before, we assume an infinite
input impedance of the cryogenic amplifier. Then, the output voltage is given by

Zu

Uout = T 8
out [Z+ (](JJmCo)_l] ( )
Next, let us consider the load impedance in the form of a parallel LCR circuit, with
Z7' = jwmC + R + (jwmL)'. Plugging this into (8) and using u = —Ag/Cy, we obtain
—iAqwmy
Uout = /=4 9)

[j(Co + QOw (w2, — wi) + R‘l] ’

where wy = [L(Cy + C)]~Y/2. Note that at the resonance condition corresponding to wy, = wy we obtain
Uout = —jRAqw . In other words, the output voltage signal amplitude is given by iR, where i is the
equivalent Norton current (see figure 1(b)) and R is the impedance of the parallel LCR circuit at resonance.
Note that such a circuit eliminates any parasitic capacitance C, (see figure 6(b)) which can be simply added
to the capacitance of the tank circuit causing a shift in its resonance frequency wy.

For the parallel LCR circuit, a promising approach is to use a lumped-element superconducting
resonator [29]. Such resonators can be placed at cryogenic temperatures in proximity to the experimental
cell. When cooled below the superconducting transition temperature, they achieve a high quality factor
Q ~ 10*-10° at the resonance frequency wo/2m ~ 1 MHz, even in the presence of a strong magnetic field
[30, 31]. This results in a high value of the effective parallel resistance R = Quw,L ~ 10*~10° M. Even with
limitations associated with a finite impedance of the cryogenic amplifier and added losses in the circuit, this
method allows detection of the image current on the order of 10 fA [32]. In the microchannel structure
reported here, the excitation of a single electron will produce an image current i = rkewy,(Az/d) ~ 10 fA
for the MW modulation frequency wy,/(27) = 1 MHz. The above estimation suggests that such a detection
method based on a lumped-element superconducting resonator incorporated with our microchannel device
can allow us to detect the Rydberg transition of a single electron trapped in a microchannel.

Another approach towards improving the image-charge detection method is based on a dispersive
readout of the Rydberg transition, as was outlined previously [11]. In this method, we measure a change in
the capacitance due to variation of the image charge induced in the capacitor plates by SE excited by the
continuous-wave (cw) MW radiation. In order to realize this method, we connect the capacitor Cy formed
by the device electrodes in series with an inductor L and drive this tank circuit with an RF signal at the
frequency wgr close to the resonance frequency of the circuit, see figure 7(c). The ac component of the
voltage uc across the capacitor causes a periodic modulation (with the frequency wgr) of the excited-state
population p,, of SE via the Landau—Zener—Stiickelberg (LZS) transitions [33], providing that the Rydberg
transition frequency of SE is sufficiently close to the frequency of the applied MW radiation. This causes a
change in the capacitance value given by

q(t)  pnNekeAz

e~ iicd (10)

where ¢ and p; is the amplitude of the harmonic variation of uc and p,,, respectively. In order to obtain
the maximum p,, by the constructive LZS interference [33], SE must be driven through the Rydberg
resonance with an amplitude iic ~ k; Aw,; /(27), where ki is the slope of the linear plot in figure 4(a) and
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Auwy; is the broadening of the transition line. Using results of the experiment reported here, we estimate the
change in capacitance AC ~ 107!¢ F for N, = 10°, Aw,, = 10 GHz, and by assuming py = 0.1 [34]. Note
that for a single electron the inhomogeneous broadening of the transition line must be replaced with the
intrinsic linewidth due to the ripplon scattering. For sufficiently low temperatures below 100 mK, the
intrinsic linewidth is expected to be on the order of 1 MHz [26]. This corresponds to the capacitance
change of 10 aF for a single-electron excitation, which can be detected by observing the spectral shift in the
RF signal reflected from the tank circuit [35], see figure 7(c). This makes such a dispersive readout of the
single-electron Rydberg transition to be very promising. Note that in this method any parasitic capacitance
C, also contributes to the tank circuit (see figure 7(c)), therefore to the dispersive changes in the circuit.
Thus, the value of this capacitance has to be minimized. In practice, this value is limited to about 1 pF [35].

5. Conclusion

We reported on the first observation of the Rydberg transition of SE on superfluid helium in a
microchannel device by the image-charge detection method. This work is largely motivated by the
possibility for the quantum-state detection of a single electron in a nano-structured device for qubit
implementation. It is shown that the sensitivity of the image-charge detection method was enhanced
thousandfold comparing with the previous work [11] due to close proximity of SE from the electrodes in
the microchannel structure. The observed Rydberg energy spectrum can be controlled with high accuracy
by the dc bias voltages applied to the device and is in a very good agreement with our theoretical
calculations. It is shown that, by improving the image-current measurement circuit, this detection method
can be scaled down to the detection of the Rydberg transition of a single confined electron. This would
open a pathway towards the spin-state detection, which has not been demonstrated in this system yet.
Together with the high-level control of the electron transport, which was demonstrated in the microchannel
devices previously [13-16, 20, 24], our results show that SE confined in such devices present a suitable
platform for electron manipulation and their quantum-state detection, with further prospects for qubit
implementation and building a scalable quantum computer [21, 23].
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