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Electrons trapped on the surface of superfluid helium have been thought of as a useful resource for quan-
tum computing. Such electrons show long coherence of their surface-bound (Rydberg) states combined
with their easy electrostatic manipulation. Recent proposals have explored the possibility of coupling the
spin state of an electron and the state of its quantized motion, with the promise of a highly scalable two-
dimensional architecture for a quantum computer. However, despite recent progress in the detection of
quantized lateral motion of electrons using a circuit-QED setup, manipulation of a small number of elec-
trons and their quantum state detection remains a challenging problem. Here, we report on the detection
of the Rydberg transition of electrons on superfluid helium in an on-chip microchannel device in which
electrons are moved and trapped by a set of electrostatic gates. A highly sensitive image-charge detection
system allows us to not only resolve the transition spectra of such electrons, but also perform the device
characterization. The demonstrated sensitivity shows the feasibility of detecting the Rydberg transition of
a single electron, which can open an alternate pathway for a nondestructive spin-state readout.
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I. INTRODUCTION

Electrons bound to the surface of liquid helium have
been considered to be a promising resource for quantum
computing [1-5]. The surface-bound states (also referred
to as the Rydberg states [6]) of such electrons are formed
due to a long-range polarization attraction to the dielec-
tric substrate and a short-range repulsion from the helium
atoms [7]. Thanks to the pristine host environment free of
impurities and defects, the system is known for its very
high mobility [8—10] and predicted spin coherence time
exceeding 100 s [4]. Significant recent progress has been
achieved by trapping electrons and detecting the quantized
states of their lateral motion using a circuit-QED setup
[11,12]. A remarkable result was achieved by employing
a similar method for electrons trapped on solid neon [13],
demonstrating the coherence time of lateral motion states
of the order of 0.1 ms [14]. Moreover, a recent theoreti-
cal study suggests coupling the spin of an electron to its
Rydberg states as a new pathway towards building a scal-
able architecture of high-fidelity spin-qubit gates [15,16].
While this is a promising approach toward a fault-tolerant
quantum computer consisting of millions of qubits, it is
still very challenging to realize the spin-state readout and
manipulation of electrons on such a large scale. It was pro-
posed to detect the spin state of a coupled Rydberg-spin
qubit nondestructively by detecting its Rydberg transition
[15]. Since the typical Rydberg transition frequency is of
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the order of hundreds of gigahertz, the developed methods
of the circuit-QED based on a superconducting coplanar
waveguide (CPW) resonator are not suitable for such a
high frequency. Thus, a new method must be developed
to detect the Rydberg transition of a single electron to
realize the single-spin readout and spin-qubit logic gates.
Moreover, a new experimental platform has to be sought
to realize the manipulation of a large number of electrons
towards building a scalable architecture of logic gates.

A new method for image-charge detection has recently
been realized to detect the Rydberg transition in a large
ensemble (about 10%) of electrons on liquid helium [17].
The method exploits an occurrence of the image cur-
rent induced by the excited electrons in a metal electrode
placed close to the electron system. Despite its concep-
tual simplicity, this method proved to be a valuable tool
for studying nontrivial dynamics of the photoexcited elec-
trons on liquid helium, such as the excited-state relaxation
due to interaction with surface vibrations (ripplons) [18]
and the thermoelectric (Seebeck) effect in a correlated
electron system [19]. A recent experiment with electrons
confined in an array of 4-um-deep channels filled with
superfluid helium also suggested a route towards improv-
ing the sensitivity of the image-current detection and a
possibility to use such a setup for scaling the detection
method towards a single electron readout [20]. Devices
composed of microchannels filled with superfluid helium
(also referred to as microchannel devices) have been used
to study the transport properties of surface-bound elec-
trons for decades [21-26]. In such devices, the number
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of electrons confined within a channel can be electrostat-
ically manipulated with the gate electrodes in a manner
reminiscent of a semiconductor-based field-effect transis-
tor (FET) [27]. Electrons can also be transferred along
the channels in the manner of a classical charge-coupled
device (CCD), demonstrating an unprecedented efficiency
of 99.99999999% [28]. Such an exquisite purely elec-
trostatic control over the system could be very useful to
build a large-scale quantum computer, providing that a
robust control and readout of electronic quantum states is
established [29-31].

In this work, we demonstrate the implementation of a
microchannel FET-like trapping device with an image-
charge detection system to detect the Rydberg transition
in a small ensemble of electrons trapped and manipulated
in a single 10-pum-wide and 100-pwm-long channel trap.
We find that the evolution of the transition Stark spec-
tra with applied gate voltages is described well even by
a simple analytical model of a uniformly charged helium
surface. The observed spectra also reveal some unexpected
details about the charge depletion and trapping inside
the channel, compared with what is usually learned from
conventional transport measurements. An apparent incon-
sistency with the current-voltage characteristics of the
device is clarified by the finite-element modeling (FEM)
of the trapping potential in the channel. Because of the
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very high sensitivity of our detection system based on a
superconducting helical resonator, we were able to observe
the transition signal from a few excited electrons, with
the total number of electrons in the trap estimated to be
around 100. The demonstrated sensitivity of our image-
charge detection system shows the feasibility of detecting
the Rydberg transition of a single electron, which would
open a pathway for single-spin detection and realizing
spin-qubit gates in a trapping device. Together with the
microchannel device capabilities of the precise control of
electrons and seamless integration of on-chip device with
CMOS technology, this can open an alternate pathway for
realizing a large-scale quantum computer.

II. EXPERIMENT
A. Setup and methods

The experimental setup consists of a microchannel
trapping device for electron manipulation and an image-
charge detection system for their sensing (see Fig. 1). Our
microchannel trapping device shown in Fig. 1(a) has a
standard FET source-gate-drain structure composed of two
identical arrays of 20-wm-wide and 700-pum-long chan-
nels, which serve as two reservoirs (source and drain)
for electron storage, connected by a single 10-pum-wide
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Experimental setup. (a) False-color micrograph of the microchannel device for electron storage and manipulation. Two

parallel-channel arrays (green) serving as the source and drain of the FET are connected by a central channel (enclosed in the dashed
rectangular) where the number of electrons can be varied by dc bias voltages applied to the gate electrodes. (b) Enlarged image of the
central channel showing the gate electrode structure composed of three electrodes (door, trap, and door) in the bottom layer and two
split-gate electrodes (on two sides of the channel) in the top layer. Further details of the material and fabrication procedure are provided
in Appendix A. (c¢) Three-dimensional rendering of the cryogenic image-charge detection setup. The helical resonator consists of a
solenoid superconducting coil, one end of which is grounded, while the other end is soldered to the core PCB. The electrical connection
between the core PCB and chip PCB is provided by SMP bullets, as shown. (d) Equivalent electrical circuit of the detection system,
including signal and noise sources, as described in the text. The shielded helical resonator is modeled as a parallel LCR circuit, where
L represents the inductance of the solenoid coil and C accounts for the combined capacitance between adjacent turns and between the
coil and the surrounding shield.
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and 140-pm-long central channel (gate) where the elec-
tron number can be electrostatically controlled. The struc-
ture is fabricated on a high-resistive silicon chip using
maskless UV lithography. It comprises two gold layers
of 50-nm thickness and a 1.5-pm-thick insulator layer
between them. The bottom gold layer consists of bias-
ing electrodes that define the bottom of the reservoirs and
the central channel. A distinctive feature of our trapping
device is a three-electrode structure of the central chan-
nel bottom layer, which consists of two 22-um-long door
electrodes separated by a 100-pwm-long trap gate elec-
trode [see Fig. 1(b)]. In the experiment described here, the
two door electrodes are connected to form a door gate.
The top layer defines the channel structure and consists
of two electrodes, the guard and split gate, to confine
electrons in the reservoirs and central channel, respec-
tively. The insulator layer, made of hard-baked photoresist,
is etched down to the bottom metal layer using the top
metal layer as a hard mask. The chip is mounted on
an FR4 printed-circuit board (PCB) inside a leak-tight
experimental cell attached to the mixing chamber of a
dilution refrigerator and partially filled with liquid helium
[see Fig. 1(c)].

The image-charge detection setup is an improved ver-
sion of that previously reported [32]. At the heart of the
method is a cryogenic image-current amplifier represented
by a superconducting helical resonator. Our resonator com-
prises a coil inductor with inductance L = 4.15 mH made
of copper-clad-free NbTi wire (bare diameter 50 pm) with
polytetrafluoroethylene (PTFE) insulation (Supercon Inc.)
enclosed in an Nb shield [see Fig. 1(c)]. One end of the
inductor is ac grounded, while the other is connected to
the dc biased trap gate of the microchannel device inside
the cell. Together with the self-capacitance of the coil
and parasitic capacitance of the cell, the inductor forms
a parallel RLC (tank) circuit resonating at the frequency
fo ~ 1 MHz. The high impedance of the tank circuit at
resonance R is used to convert the image-current signal
is induced at the trap gate of the microchannel device by
the photoexcited electrons to a voltage signal isR, which
is capacitively coupled to a cryogenic low-noise ampli-
fier (LNA; CX-4, Stahl-Electronics). To resonantly detect
the image current of electrons induced by the photoex-
cited electrons above the trap gate, the millimeter-wave
(mm-wave) excitation from a room-temperature source
transmitted into the cell via a waveguide is pulse modu-
lated (PM) at the frequency fi, = /o (the duty cycle of 15%
was used to reduce heating of the cell by the radiation). The
voltage signal at the LNA output is detected using a lock-in
amplifier referenced at the modulation frequency f;,. Thus,
the lock-in output signal Vp o i senses the image-current
signal due to electrons. This was confirmed by observing
zero signal Vp when all electrons were removed from the
device.

B. Measurement sensitivity

To estimate the sensitivity of our detection method, it
is important to account for all sources of noise in the sys-
tem. The equivalent circuit of our image-charge detector is
shown in Fig. 1(d). The image-charge signal is represented
by an ideal current source is in parallel with the cell capac-
itance C,¢ and the superconducting tank circuit RLC. The
latter is connected via a coupling capacitance C, = 1 pF
to the amplifier with input resistance Ry, and input capac-
itance Ci,. The input resistance Ry, > 40 MS2 contributes
negligibly to the circuit. Therefore, it will be omitted from
further consideration. According to the standard model
[33], the internal sources of noise at the input of the LNA
can be represented by an ideal voltage source ¢, and an
ideal current source i, connected to the LNA input in series
and in parallel, respectively. Together with the thermal
noise of the tank circuit at resonance, the spectral density
of the total voltage noise at the input of an ideal amplifier
in Fig. 1(d) can be written as [34]

el = dkgTR? + 2R «c* + €2, (1)

where T is the temperature of the tank circuit, kg is the
Boltzmann constant, and k = C./(C. + Cj,). Note that the
above expression is valid only in a narrow frequency range
near the resonance frequency of the tank circuit given
by fo = [27/L(C + Ceen + Cc|[Ci)]~", where the capac-
itance C.||Cy, is given by the series combination of C. and
Cip.

A detailed account of the contribution from the three dif-
ferent terms on the right-hand side of Eq. (1) is given in
Appendix B (see Fig. 11 therein). From this analysis, the
coupling coefficient « = 0.033 is also determined. From
this information, we can estimate the sensitivity of our
detection system. The image-current signal i produces the
voltage signal isRx at the amplifier input; see Fig. 1(d).
The corresponding signal-to-noise ratio (SNR) is given
by SNR = iRk /,/e? B, with €2 given by Eq. (1) and B
is a measurement bandwidth. Note that both the numera-
tor and denominator of the above expression for the SNR
depend on the coupling coefficient «. Thus, the value of «
can be optimized to give the maximum value of the SNR.
Using Eq. (1), it is straightforward to find that the optimal
coupling is given by x = /e,/(i,R). Using the estimated
values for e, and i,, as well as R =32 MQ at T =23
mK (see Appendix B), we obtain « = 0.029, which is very
close to the actual value of « in our setup.

With the measured value of €2, = 0.36 nV?/Hz at T =
23 mK (see Fig. 11 in Appendix B), SNR = 1 corresponds
to the current signal i; = 0.57 fA measured with the band-
width of 1 Hz. Given the distance between the helium
surface and the trap electrode d = 1.5 um, we can estimate
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the corresponding image-current signal due to the Ryd-
berg transition of an electron induced by PM mm-wave
excitation at the modulation frequency f;, = 863.55 kHz
as mwefmPe.(Az/d), where Az ~ 10 nm is the difference
between the mean values of the vertical coordinate of the
electron occupying the ground state and the first excited
Rydberg state and P, is the probability to occupy the
first excited state [17]. Assuming that P, = 1, we obtain
is &~ 2.9 fA and, using the above noise estimate, we obtain
SNR = 5 for the detection of a single-electron transition
with the measurement bandwidth of 1 Hz. In reality, the
occupation probability P, depends on other experimen-
tal parameters. For the measured image-current response
averaged over many microwave pulses, P, is given by
the matrix element p;, of the reduced density operator of
the system. Its dynamics is governed by the optical Bloch
equations and explicitly depends on the Rabi frequency of
the mm-wave excitation and coherence rate of the Rydberg
states due to the interaction of electrons with the ripplon
bath. Unfortunately, the Rabi frequency cannot be pre-
cisely measured in our experiment, and only its estimation
from the measured input mm-wave power can be made.
This is discussed further in Sec. 111 B below.

C. Device characterization

Reliable control of the superfluid helium thickness
inside the channels is an important prerequisite for success-
fully trapping and manipulating electrons. In the exper-
iment, the condensed helium gas admitted into the cell
through a capillary line fills the bottom part of the cell
below the chip, while the interior of the cell becomes
coated with the superfluid film due to the van der Waals
interaction, the film thickness being determined by the
height H with respect to the bulk liquid. In our setup,
the filling of the microchannel device can be accurately
monitored by observing the downshift of the resonant fre-
quency of the tank circuit fy, which is sensitive to the
change in capacitance due to the dielectric liquid inside
the channels. Figure 2 shows the circuit’s resonant fre-
quency versus the volume of superfluid helium inside the
cell calculated from the amount of He gas admitted into
the cell. The cell temperature was maintained at 7 = 290
mK throughout the liquid helium insertion process. Three
distinct regimes, I, I, and I1I (highlighted by color), can be
observed. With a small amount of liquid condensed inside
the cell, a thin, unsaturated van der Waals film evenly
coats the channel walls (regime I in Fig. 2), and the res-
onance frequency remains high. An abrupt drop occurs
when the film saturates and starts filling the groves by the
capillary action. A concave meniscus of liquid with radius
R =o0/pgH, where p and o are the density and surface
tension of liquid helium, respectively, is formed inside the
groves. The meniscus radius increases as the distance H
decreases with increasing bulk helium level, thus gradually

874.85 lff .
874.80 - .
Ny [
< 874.75- |
~ 7
874.70 1 b
874.65 N
0 1 2 3 4 5 6

Superfluid volume (cm™2)

FIG. 2. Tank-circuit response to superfluid helium inside the
channels showing the dependence of the resonant frequency on
the amount of helium admitted into the cell. Different regimes of
channel filling (I-III) are discussed in the text.

shifting the frequency fy downwards (regime II in Fig. 2).
The observed frequency shift of around 30 Hz in this fill-
ing regime is of the same order as what is expected from
(1 x 10~*)-pF capacitance change for the trap electrode
estimated from FEM. Finally, we observe another abrupt
drop when the whole device becomes uniformly covered
by the superfluid helium (regime III). This behavior is very
similar to that observed by employing a superconducting
CPW resonator [11].

The above procedure establishes a suitable regime for
the confinement and manipulation of electrons in the
device. In the experiment described here, the cell is filled
with about 4.5 cm® of superfluid helium and the liquid
surface is charged with electrons produced by thermionic
emission from a tungsten filament placed about 2 mm
above the device. During the charging, a dc bias voltage
Vies 18 applied to the reservoir electrodes and is main-
tained constant during the measurements. To check the
device’s FET performance, the standard Sommer-Tanner
(ST) method is used [35]. A sinusoidal driving voltage
of 20 mVyys at a frequency of 18.66 kHz is applied
to one of the reservoir electrodes (source), while an ac
current induced by the motion of surface electrons is mea-
sured at another reservoir electrode (drain) using a room-
temperature transimpedance amplifier (FEMTO DHPCA)
followed by a lock-in amplifier. A nonzero voltage signal
Vst can be observed, providing that there is conduction
of electrons between the source and drain through the
central channel, which depends on the number of elec-
trons in the channel. The latter can be varied by the dc
bias voltages applied to the gate electrodes of the chan-
nel. Figure 3(a) shows the color map of the ST signal vsr
plotted versus the trap-gate voltage Vi, (horizontal axis)
and split-gate voltage Vs, (vertical axis), while a fixed bias
voltage Vioor = 0.5 V is applied to the door gate. An abrupt

054026-4



IMAGE-CHARGE DETECTION OF ELECTRONS ON HELIUM. ..

PHYS. REV. APPLIED 23, 054026 (2025)

(a)

5
4
< S
= €
o -0.3 8 <
N
2
1
0.0 01 02 03 04 05
Virap (V)
(b)  open door
o —e(aVy+BV,g)
closed door and depletion
. °
B eeeererer e ; 2
-eVe
“eV, T
FIG. 3. (a) Color map of the Sommer-Tanner signal through

the central channel versus the trap bias voltage Vi, (hori-
zontal axis) and spit-gate bias voltage Vg (vertical axis). The
dashed (white) line represents the channel conduction threshold
as defined in the text. The data are taken at 7'= 220 mK. (b)
Simplified representation of the electron potential energy along
the central channel (solid line) due to the biased gate electrodes
and the electron potential energy in the reservoirs (dashed line)
for two voltage configurations (open and closed door) described
in the text. The maximum energy of electrons in the trap, at which
the electron depletion occurs, is indicated by a dotted line.

drop of the measured signal to zero indicates the deple-
tion of electrons above the trap gate. The dashed line in
Fig. 3(a) indicates the conduction threshold defined as the
gate voltages at which the ST signal drops below 0.2 mV.
To understand the devices’ operation, it is instructive
to consider a single-electron potential energy in the chan-
nel; see a schematic representation in Fig. 3(b). Here, the
electron potential energy due to the applied bias voltages
is represented by a solid line. The electric potential on
the surface of uncharged liquid above the trap electrode
is given by a Vi, + BVse, Where @ and B =1—«a are
the positive weighted contributions to the total capacitance
between the surface and the trap and split-gate electrodes,
respectively, while the electric potential at the charged sur-
face of liquid in the reservoirs is denoted by Vj. Because

the number of electrons in the reservoirs is very large, ¥y
can be considered independent of bias voltages applied to
the gate electrodes of the central channel. There are two
distinct voltage configurations that we refer to as the open
door and closed door. In the open-door configuration [see
Fig. 3(b)], a sufficiently large positive bias Voo is applied
to the door-gate electrodes to lower the electron poten-
tial energy above this gate so that electrons are admitted
into the channel from the reservoirs. Making a simpli-
fying assumption that electrons are distributed uniformly
above the trap gate, forming a parallel-plate capacitor with
the electrode, we can establish the following analytical
approximation for their areal density [23]:

= L @Viap + BVeg — Vo) 2)
ns_()leda trap sg 0)-

Here € = 1.056 is the dielectric constant of liquid “He
and €y = 8.85 x 10'? F/m is the permittivity of free space.
The conductance threshold is determined by the condi-
tion o Virap + BVse = Vo, corresponding to n, = 0. Above,
we assumed that the liquid depth in the channel is equal
to the channel height set by the resist thickness d. The
data shown in Fig. 3(a) are taken for the open-door con-
figuration. According to the above expression, the mean
slope of the conduction threshold line in Fig. 3(a) pro-
vides us with a rough estimate for@ ~ 0.7 and 8 ~ 0.3. In
this voltage configuration, the density of electrons above
the trap electrode can be varied by varying Vi, and Vg
according to Eq. (2). Alternatively, in the closed-door con-
figuration, we apply a negative bias voltage Vyoor Such that
the door region is completely depleted of electrons and a
fixed number of electrons above the trap gate is isolated
from the electrons in the reservoirs. It is clear that in this
case, the electric potential of electrons in the trap V, differs
from ¥y and varies with the applied voltage Vi,p. How-
ever, the electron potential energy —el, cannot exceed the
potential barrier imposed by the negatively biased door
gate because, in this case, some electrons will escape from
the trap into the reservoirs. Such a depletion process is
illustrated in Fig. 3(b).

III. EXPERIMENTAL RESULTS

A. Open door

The Rydberg transition of electrons above the trap gate
is detected by applying mm-wave excitation at a fixed fre-
quency fmm and tuning the transition frequency of electrons
by means of the Stark shift in the pressing electric field £
acting on electrons perpendicular to the helium surface.
Figure 4 shows the frequencies f,, corresponding to the
transition from the ground state (r = 1) to the first, sec-
ond, and third excited Rydberg states (n = 2, 3, and 4,
respectively) obtained by numerically solving the energy
eigenvalue equation for electrons on liquid “He. In our
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FIG. 4. Plot of transition frequencies for the four lowest Ryd-
berg states versus the pressing electric field £, . The horizontal
dashed line indicates the mm-wave frequency fim = 389.58 GHz
used in the experiment. In addition, the double-end arrow indi-
cates the pressing field for which the n = 2-3 transition is
resonant with fi,,,, = 389.58 GHz.

microchannel device, the pressing field £, experienced by
the confined electrons can be controlled by dc bias voltages
applied to the electrodes of the device. Using the parallel-
plate capacitor model employed earlier, the electric field
experienced by electrons above the trap gate can be written
as

E _Vtrap -V _eny
o d 260‘

3)

Note that this expression takes into account the contri-
butions to the electric field from both the applied bias
voltages and the positive image charge induced by elec-
trons at the gate electrodes. Together with Eq. (2), this
allows us to estimate £ . For the open-door configuration
[see Fig. 3(b)], we assume a fixed Vj set by the electrons
in the reservoirs. Excluding n; from Egs. (2) and (3), we
obtain

Vieap € B\ €V € Vo
Ei==y (1 2) <(x> a T <2a 1) a @
In Fig. 5(a), we show the image-charge signal measured

simultaneously with the ST signal shown in Fig. 3(a) and
under the mm-wave excitation at frequency fim = 389.58
GHz. The data are collected by varying the trap-gate volt-
age Vigp from 0.5 V to zero at a fixed value of V,, and
repeating this procedure for different values of V. An
image-charge signal due to the Rydberg transition of elec-
trons from the ground n = 1 state to the first excited n = 2
state is clearly observed, as indicated in Fig. 5(a). From our
calculations, this transition line corresponds to the press-
ing electric field £, = 77 kV/cm. The pressing field £,
must be maintained at a fixed value on the transition line;

A
(4]
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FIG. 5. (a) Color map of the detected signal V'p versus the trap
voltage Vip and spit-gate voltage Vi, obtained with the mm-
wave excitation at fi,, = 389.58 GHz, the reservoir bias voltage
Vies = 0.2 V, and the door-gate bias voltage Vyoor = 0.5V (open
door). (b) The log-scale plot of the data shown in panel (a).
The dashed line in both plots represents the channel conduction
threshold shown in Fig. 3(a). The data are taken at 7= 220 mK.
(c) Potential energy of an electron along the channel calculated
for two voltage configurations indicated by an open circle (solid
line) and cross (dashed line) in (b). The dash-dot line represents
the potential energy —el/ of an electron in the reservoir.

therefore, the gate voltages Vi, and Vs, must be varied
accordingly. According to Eq. (4), the relationship between
Vsg and Vip on the transition line is expected to be linear
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with the slope given by (2 — €)/(B¢) =~ a/B . The depen-
dance observed in Fig. 5(a) is also linear with the slope
equal to approximately 3, which is in reasonable agreement
with the previous estimates for & and 8 in Sec. 11 C.

In addition to the strong n = 1-2 transition, the weaker
transitions into higher n = 3 and 4 excited states are clearly
observed near the top left corner of Fig. 5(a) correspond-
ing to lower values of the pressing field £, . This is in
agreement with the calculation results presented in Fig. 4.
The image-charge detection of transitions to the higher-
excited states is facilitated by the increasing mean distance
of electrons from the surface for the higher quantum num-
bers n, which compensates the decrease of the transition
oscillator strength, as was confirmed earlier [17]. In addi-
tion, a faint transition line is observed in the bottom right
corner of Fig. 5(a) corresponding to higher values of the
pressing field E,. According to Eq. (4), the value of £,
corresponding to this line is about twice as large as that
corresponding to the » = 1-2 transition. From the calcu-
lated transition frequencies in Fig. 4 we find that, for such
a pressing field, the mm-wave frequency fim = 389.58
GHz corresponds to the transition between the first and
second excited Rydberg states (n = 2—3), as indicated by
a vertical double-end arrow in Fig. 4. It is just reason-
able to suggest that the faint transition line in Fig. 5(a)
corresponds to the n = 23 transition. Indeed, it was pre-
viously shown that, at sufficiently large mm-wave power,
transitions between the excited states can be triggered and
sustained by the resonant mm-wave-induced heating of the
electron system [36].

Unexpectedly, the Rydberg transitions are still clearly
observed even on the left side of the conduction threshold
indicated by the dashed line in Fig. 5(a), where, accord-
ing to Fig. 3(a), the trap region is supposed to be depleted
of electrons. To highlight this intriguing behavior, it is
instructive to replot the measured color map on a log scale,
as presented in Fig. 5(b). It is clear that our image-charge
detection system allows us to detect an electron signal not
only at the transition resonance of electrons in the trap, but
also far from the corresponding transition line. In particu-
lar, a broad signal on the left of the conduction threshold
(dashed) line is clearly distinguishable from the zero-signal
background. We believe that it originates from the Ryd-
berg transition of the electrons floating above the gaps
between the trap and door-gate electrodes, thus experienc-
ing a strong lateral gradient of the vertical electric field £ .
Because of the high sensitivity of our image-charge detec-
tion system, even a small number of such electrons Stark
tuned to the resonance at given bias voltages can be read-
ily detected. Notably, detecting this signal provides us with
a valuable tool for the device characterization, in addi-
tion to the conventional ST method. For example, from
Fig. 5 we can see that the Rydberg transition line of elec-
trons in the channel extends well beyond the conduction

threshold. This indicates that some electrons remain in the
trap region even though conduction through the channel
has ceased.

To understand this unexpected behavior, one should
consider beyond an oversimplified model of the electron
potential energy represented by the solid line in Fig. 3(b).
To do that, we carried out a numerical FEM simulation to
calculate the distribution of the electric potential V, and
therefore the electron potential energy —eV, on the surface
of the liquid in the channel due to applied gate voltages.
In the simulation, we choose the x-y plane to be along
the liquid helium surface, with the x axis directed along
the channel and the origin chosen at the middle of the
channel, see Fig. 1(b). The simulated potential energy for
two voltage configurations corresponding to an open circle
(Vaoor = 0.5V, Virgp = 0.24 V, and Vi, = —0.27 V) and a
cross (Vaoor = 0.5 V, Virap = 0.21 V, and Vg = —0.36 V)
in Fig. 5(b) are shown in Fig. 5(c) by the solid and dashed
lines, respectively. Note that the calculated potential corre-
sponds to y = 0, that is, the center of the channel. In Fig.
5(c), the horizontal dash-dot line represents the potential
energy of an electron —el/), on the charged surface above
the reservoirs, while the vertical dotted line indicates the
position of a gap between the trap and door electrodes.
From this calculation, it is clear that, due to the convex
shape of the electric potential along the channel, which
arises due to the finite length of the trap electrode, the
electron density in the trap depletes nonuniformly along
the channel as —eV) intersects the potential energy line.
In particular, for the voltage configuration indicated by the
open circle in Fig. 5(b), when the electron density is zero
at the center of the channel and the conduction through
the channel ceases, there are electrons on both sides of
the trap region that contribute to the image-charge signal
observed in Fig. 5(b). For the voltage configuration indi-
cated by the cross in Fig. 5(b), there are still some electrons
very close to the gap between the trap and door elec-
trodes (x = 50 wm). Interestingly, for such a small number
of electrons, the detected image-charge signal Vp due to
their Rydberg excitation is strongly enhanced, as clearly
seen in Fig. 5(a). Although the origin of such an ampli-
fication of the image-charge signal is not entirely clear,
we might suggest that it comes from the suppression of
the inhomogeneous broadening of the transition line when
the number of electrons tuned in resonance with the mm-
wave excitation becomes small. Further investigation of
this interesting effect is required.

It is instructive to carry out another measurement where
the procedure is similar to that used to obtain Figs. 5(a) and
5(b), but the trap and door gate voltages are always main-
tained equal, Viap = Vioor- The results are shown in Fig. 6
where the measured image-charge signal Vp is plotted on a
log scale. As in the log-scale plot in Fig. 5(b), a broad tran-
sition line is observed, indicating the presence of electrons
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FIG. 6. (a)Log-scale color map of the measured image-charge

signal versus the bias voltages Vi, and Vi, (vertical axis)
obtained with the mm-wave excitation at fi;, = 389.58 GHz
and the reservoir bias voltage Vs = 0.2 V. Note that the door
voltage Vyoor is equal to Vi, for all points in the color map.
The dashed line represents a straight line with a slope equal
to 1. The arrows indicate voltage settings used for the poten-
tial energy plots in panel (b). The data are taken at temperature
T = 220 mK. (b) Potential energy of an electron on the surface of
liquid helium along the channel (solid lines) for the applied gate-
bias voltages (1) Viap = Vdoor = 0.15 Vand Vs, = —0.39 'V, (2)
Vip =Var =0.1Vand Veg = -0.44V, (3) Viy = Vg =0.05V
and Vsg = —0.5V,and (4) Viy = Vgr = 0.01 V and Vy = —0.55
V, which are indicated by arrows in panel (a). The dash-dot line
represents the potential energy of an electron —e¥} in the reser-
voir. The inset is an enlarged view of the energy minimum for
the voltage configuration (4).

in the trap region of the device. Surprisingly, narrow tran-
sition lines corresponding to the first and higher excited
states are clearly observed for the gate voltages where
the central channel is supposed to be completely depleted
of electrons. The lines have a linear dependence on gate
voltages, with the slope being very close to 1. These transi-
tion lines are found to extend down to large negative values
of Viap Without a significant change in slope.

As previously noted, we can account for this behavior by
considering an electric potential distribution on the surface
along the channel due to the applied gate voltages. Figure
6(b) shows y = 0 slices of the calculated electron poten-
tial energy profile on the helium surface for several sets of
gate bias voltages marked by arrows in Fig. 6(a). Note that,
for all gate voltages considered here, the electron potential
energy —eV) (indicated by the horizontal dash-dot line) is
much lower than the electron potential energy above the
trap gate. Therefore, the trap region is expected to be com-
pletely depleted of electrons. A prominent feature of the
energy plots is the presence of shallow potential minima
near the insulating gap between the trap and door elec-
trodes, whose positions are indicated by the vertical dotted
line. Such energy minima, with the depth of the order of
I meV [see the inset in Fig. 6(b)] being much larger than
the electron’s thermal energy, are capable of trapping a
significant number of electrons. The Rydberg resonance
of such trapped electrons is detected in our experiment,
thanks to the high sensitivity of the image-charge detec-
tion system. As shown later, the voltage dependence of the
transition line for such electrons is expected to be linear
with the slope equal to 1, in agreement with the result in
Fig. 6(b).

B. Closed door and depletion

In the closed-door voltage configuration, with a negative
bias Vgoor applied to the door electrode, a fixed number
of electrons can be confined and manipulated in the trap
region; see Fig. 3(b). By excluding the electron poten-
tial energy of such electrons from Egs. (2) and (3), we
obtain the following expression for the electric field £
experienced by such electrons:

+ Qo — )

IB(Vtrap - ng) s . (5)

E, =
+ d 2¢e€

If we assume that the charge density of the confined elec-
trons does not change significantly by varying the gate
voltages, according to the above equation we expect a
linear dependence between Vs, and V., on the transi-
tion line, with the slope equal to 1. Figure 7 shows the
image-charge signal versus Vi, and Vs, measured with
the mm-wave excitation at fi,, = 416.58 GHz and a fixed
door voltage Vyoor = —0.4 V. The Rydberg transition line
is clearly observed, with the linear voltage dependence rep-
resented by a dashed line. The slope of this line is equal to
1, in excellent agreement with Eq. (5). A representative
Stark spectrum Vp versus Vi, obtained at a fixed value
of Vig = —0.39 V is plotted with a solid line. The spec-
trum’s shape points out the inhomogeneous broadening of
the transition line in a nonuniform electric field £ inside
the channel, as will be discussed below.

The closed-door configuration of gate voltages suggests
the following depletion procedure to control the number
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FIG. 7. Color map of the image-charge signal versus the gate
voltages Vip and Vs, obtained with the mm-wave excitation
at fmm = 416.58 GHz, the reservoir bias voltage Vs = 0.5V,
and the door-gate bias voltage Vioor = —0.4 V (closed door).
The dashed line represents a straight line with slope equal to
1. A representative Stark spectrum }p versus Vi, obtained for
Vsg = —0.39 V is given by a solid line. The data are taken at
temperature 7 = 220 mK.

of electrons isolated in the trap. Initially, the channel is
filled with electrons from the reservoirs by applying a large
positive voltage to both trap and door electrodes. Then,
the door voltage Vyoor 1S set to a negative value to iso-
late an initial number of electrons in the trap. After that,
the trap voltage Vi, is decreased to a certain value Vyep,
which we call the depletion voltage. Correspondingly, the
potential energy of electrons in the trap —eV, increases.
When it exceeds the potential barrier imposed by the neg-
atively biased door gate, some electrons escape from the
trap into the reservoirs until V, is equal to the electric
potential of the uncharged surface of liquid above the door
gate [see Fig. 3(b)]. After the depletion, the trap voltage
Virap 18 returned to the initial value, and a voltage scan
can be performed to observe the image-charge signal due
to the Rydberg transition. Note that the split-gate voltage
Vsg is maintained constant through the entire procedure. A
color map of the measured image-charge signal versus Viap
for different values of the depletion voltage Vgep is shown
in Fig. 8(a). The data are taken at a fixed door voltage
Viaoor = —0.4 V and split-gate voltage Vi, = —0.4 V. The
number of electrons in the trap decreases with decreasing
depletion voltage Vgep,. An abrupt change in the detected
signal is observed at Vg, = —0.271 V and is attributed to
an uncontrollable loss of electrons. Such a loss of elec-
trons can be occasionally triggered by external vibration
disturbances, and is not reproducible in the experiment.
Correspondingly, the image-charge signal due to the Ryd-
berg transition decreases in amplitude and the resonance
shifts towards the higher value of V. This can be easily
understood from Eq. (5). For an estimated value of o« ~ 0.7
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FIG. 8. (a) Color map of the measured image-charge signal

versus the trap voltage Vi, for different depletion voltages V.
The signal is measured with the mm-wave excitation at fp,, =
389.52 GHz, the reservoir bias voltage Vs = 0.5 V, the door
bias voltage Vjoor = —0.4 V (closed door), and the split-gate bias
voltage Vs, = —0.4 V. A representative Stark spectrum Vp ver-
Sus Vip obtained for Vg, = —0.29 V is given by a solid line.
(b) The image-charge signal measured at a fixed mm-wave fre-
quency fmm = 389.52 GHz by varying Vi, (filled circles) and
fixed trap voltage Vi, = 0.1719 V by varying fom (solid line)
for the depletion voltage Vgep = —0.2945 V. The data in both
panels are taken at temperature 7 = 220 mK.

(see Sec. I1 C), the second term on the left-hand side gives
a positive contribution to £, . As the number of electrons
decreases, the first term must be increased by increasing
Viap to maintain the constant value of £, . The transition
line also becomes narrower with a decreasing number of
electrons. Such narrowing is expected from the inhomoge-
neous broadening due to a nonuniform electric field £,
in the trap since a smaller number of electrons occupy
a smaller area in the trap. A representative Stark spec-
trum obtained for the depletion voltage Ve, = —0.29 V
is plotted with a solid line in Fig. 8(a). It is observed
that the transition line shape becomes more homogeneous
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for a decreasing number of electrons. In order to reliably
establish the relationship between the Rydberg transition
frequency f>1 and the applied bias voltage Vip, We per-
formed an independent measurement of the transition line
by sweeping the mm-wave frequency f, at a fixed volt-
age Viap and compared it with the Stark spectrum taken
at a fixed mm-wave frequency. The comparison is shown
in Fig. 8(b) where the image-charge signals measured at a
fixed mm-wave frequency fmm = 389.52 GHz and a fixed
trap voltage Vi, = 0.1719 V are represented with filled
circles and a solid (red) line, respectively. Here, the fre-
quency range on the upper horizontal axis is adjusted to
overlap two spectra. It is found that the line shapes of
the two spectra match very well, suggesting a linear rela-
tionship between fym and Vi, with the slope equal to
approximately 0.13 GHz/mV.

Finally, in order to test the sensitivity of our image-
charge detection system, we measure the Rydberg reso-
nance by decreasing the number of electrons in the trap
until the transition signal is lost in noise. Some exemplary
Stark spectra taken at Vg, = —0.2943, —0.2954, —0.2969,
—0.2983, and —0.2994 V are shown in Fig. 9. The other
conditions are the same as for the data shown in Fig.
8(a). The bandwidth for this measurement is set at about
0.2 Hz (a lock-in settling time of 2 s). The signal was
not observed for the depletion voltage below —0.2983 V,
either because it is buried in noise or the trap is completely
depleted of electrons. Note that the rms noise voltage
of approximately 0.3 WV observed for trace (5) in Fig.
9 corresponds to 0.55 nV/+/Hz of the noise voltage at
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FIG. 9. Representative Stark spectra of the electrons in the
trap for several different values of the depletion voltage, Vye, =
—0.2943 (1), —0.2954 (2), —0.2969 (3), —0.2983 V (4), and
—0.2994 (5), measured with the mm-wave excitation frequency
Jfmm = 389.52 GHz. The (1), (2), (3), and (4) traces are shifted by
20, 15, 10, and 5 'V, respectively, for clarity. The data are taken
at temperature 7 = 220 mK.

the input of an ideal amplifier (voltage gain 4 = 1200).
This is in a excellent agreement with our earlier estima-
tion of the noise spectral density in Fig. 11 in Appendix
B. The peak value Vp =2 wV of the measured signal at
Viep = —0.2983 V [see trace (4) in Fig. 9] corresponds
to an image current induced at the trap electrode iy =
Vb/(AkR) ~ 2.8 fA, with R ~ 18 MHz (see Sec. IIB).
This current is approximately equal to an estimated cur-
rent signal of 2.9 fA from a single electron excited with
probability P, = 1. For a more realistic estimation, we
have to consider the mean occupation number for the first
excited state. For the stationary state, this can be cal-
culated as py = w?/(2w? + y?) from the optical Bloch
equations, where w,; is the Rabi frequency and y is the
intrinsic linewidth. At temperature 7 = 220 mK, we cal-
culate y /2w = 10 MHz due to the quasielastic scattering
of an electron from ripplons [37]. The Rabi frequency is
given by w; = ez12Emm/h, where z1; ~ 3.6 nm is the tran-
sition moment and E,,, is the mm-wave electric field. The
power of mm-wave radiation at fy,, = 389.58 GHz emit-
ted from an open end of the WR-6 waveguide inserted into
the experimental cell was measured at room temperature
to be about P = 40 wW. Using the specified 6.5-dBi direc-
tivity of the WR-6 waveguide, we expect the electric field
Enm = 109520, /Py /(27 R%) ~ 5.7 V/m (19 = 377 Ohm
is the wave impedance in vacuum) at a distance R = 18
mm between an open end of the waveguide and the on-chip
device. This corresponds to the Rabi frequency w; /2w = 5
MHz and the mean occupation number p,; =~ 0.2. From
this estimate, the peak amplitude of trace (4) in Fig. 9 cor-
responds to about five excited electrons at a fixed value of
Virap- However, we also find that the signal is significantly
broadened. The half-width of trace (4) in Fig. 9 is approx-
imately 1.5 mV. Using the level arm between the Rydberg
transition frequency f>; and the trap-gate voltage Vip of
0.13 GHz/mV determined earlier, we estimate the transi-
tion line broadening Af>; ~ 200 MHz. This is significantly
larger than the intrinsic transition linewidth y /27 = 10
MHz, which suggests that the total signal comes from
many electrons spread over a large area of the trap and
inhomogeneously broadened by a nonuniform electric field
E |, as was discussed earlier. The total number of elec-
trons contributing to the observed signal scales as a ratio
Afr1/y =~ 20; thus, we can estimate the total number of
electrons contributing to the line shape of signal (4) in Fig.
9 to be approximately 100. The mean voltage signal due
to the Rydberg resonance in trace (4) of Fig. 9 is about
0.9 wV. Thus, with the previous estimation of the volt-
age noise of 0.3 wm, we estimate SNR ~ 3. This puts an
error bar of about 30 electrons on the above estimate for
the number of detected electrons.

We can also estimate the number of electrons lost
from the trap during depletion by considering the voltage
shift of the transition spectra in Fig. 9 as the number of
electrons decreases. According to Eq. (5), the resonance
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shifts towards higher values of Vi, in order to compensate
for the decrease in the electron density n,. From Eq. (5), the
shift of the transition resonance AVi,, ~ 1 mV observed
in Fig. 9 corresponds to a change in the electron density
Ang ~ €€0AViap/(ed) = 0.04 pm2. Taking the area of
the trap 10 x 100 = 10° pum?, this corresponds to about
40 electrons lost from the trap during each depletion cycle.
Such an estimate supports the conclusion that the deple-
tion following the acquisition of trace (4) in Fig. 9 empties
electrons from the trap, such that no transition signal can
be observed in trace (5) in Fig. 9.

IV. DISCUSSION AND CONCLUSIONS

In summary, we have demonstrated the detection of the
Rydberg transition in a small ensemble of electrons con-
fined and manipulated in a single helium-filled microchan-
nel of an electron-on-helium FET device. A three-electrode
gate structure allowed us to trap a controllable number of
electrons in the channel, while the image-charge detec-
tion system was used to record their Stark-tuned transition
spectra. Thanks to the very high sensitivity of our detec-
tion system based on a superconducting helical resonator,
we were able to observe the transition signal from a few
excited electrons, with the total number of electrons in the
trap contributing to the inhomogeneous broadening of the
resonance to be of the order of hundreds. However, we
note that, in the above estimation, we have assumed that
the inhomogeneous broadening comes exclusively from a
nonuniform clamping electric field £, exerted on the elec-
trons. One should not exclude other mechanisms that could
lead to the broadening of the single-electron transition. For
example, it has been shown that fluctuations of the helium
surface induced by the mechanical vibration of the cryo-
stat can lead to dephasing of the electronic states of lateral
motion and significant broadening of the corresponding
transition line [12]. In our case, according to Eq. (3), fluc-
tuations in the liquid depth d would lead to fluctuations
in the Stark shift of the Rydberg levels and corresponding
transition frequencies, thus producing an additional line
broadening. In particular, an rms noise in the helium depth
of the order of 1 nm due to the mechanical vibrations was
found in microchannel devices with a similar geometry as
ours [12,38]. In our setup, this will produce a broadening
of the Rydberg transition of the order of 50 MHz, which
is significantly larger than the expected intrinsic linewidth
and would contribute to the broadening observed here.
Since, for such a mechanism, the same electrons contribute
to the broadening of the transition line, the actual num-
ber of electrons in the trap will be smaller than the above
estimation.

While the sensitivity of our detection system is sufficient
to observe the transition signal due to a single electron,
providing the microwave excitation rate is sufficiently

high, the sources of extrinsic broadening have to be elim-
inated as much as possible because the line broadening
decreases the signal amplitude. Ideally, an electron’s lat-
eral motion must be quantized in a single-electron trap
to eliminate the effect of the inhomogeneous clamping
field £, [15]. In addition, the quantization of the lateral
motion suppresses the elastic scattering of electrons from
a single ripplon, thus limiting the relaxation rate of the
excited Rydberg state to about 1 MHz due to the sponta-
neous emission of two short-wavelength ripplons [15,39].
The quantization of the electronic lateral motion can be
accomplished by reducing the size of the trap electrode
to about 1 pm. A split-gate electrode structure instead of
door electrodes could be helpful for a controllable load-
ing of such a trap with electrons, as recently demonstrated
[40]. Also, the image-charge detection electrode has to be
well decoupled from the stray electrons outside the trap
because, as shown in the present work, they can contribute
to the measured image-charge signal. Other sources of line
broadening and decoherence, such as helium surface fluc-
tuations discussed earlier, must be reduced as much as
possible.

Further improvement in the sensitivity of the detection
system is achievable, in particular by increasing the quality
factor Q of the helical resonator. The strong temperature
dependence of Q below 1 K (see Fig. 11 in Appendix
B) indicates that it is not limited by losses in the super-
conducting NbTi, which has a transition temperature of
about 10 K, but rather losses in a soldered wire joint
used to attach the coil to the experimental cell. It was
shown that a loaded quality factor exceeding 10000 can
be achieved for such resonators even under strong mag-
netic fields of several tesla [41—43]. Increasing Q enhances
the resonant impedance of the tank circuit R = 27/ LQ,
and therefore SNR ~ +/R, as shown in Sec. II B. The abil-
ity to work in strong magnetic fields exceeding 1 T is
important for the proposed nondestructive detection of the
spin state of a trapped electron for quantum logic gate
implementation [15].

Another improvement in the experimental setup can
be made by enhancing the Rabi frequency of the Ryd-
berg transition, and therefore the mean occupation number
of the excited state. In the present setup, the mm-wave
radiation is emitted from an open end of an overmoded
WR-6 waveguide terminated inside the cell at 18 mm
from the sample (see Fig. 1). Straightforward increasing
of the input mm-wave power is not allowed because the
emitted radiation, which is mainly absorbed by the inner
wall of the experimental cell, overheats the liquid helium
and significantly increases the rate of electron scattering
from ripplons and helium vapor atoms [37]. A possible
solution to increasing the excitation rate is quasioptical
focusing of mm-wave radiation onto the trapped electrons
[44]. In this approach, the mm-wave radiation propagat-
ing in free space is focused onto the trapped electrons
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by a collimating high-resistivity silicon lens, which can
simultaneously serve as a substrate for the on-chip trapping
device [45]. By integrating trap electrodes with a planar
broadband antenna, we can further enhance the electric
field strength and engineer electric field polarization for
efficient coupling of radiation with the Rydberg transition
[46].

The combination of single-electron traps with conduct-
ing channels packaged in an on-chip microfluidic device
offers the possibility for a modular approach towards
the scalability of quantum logic gates. Such an approach
is used for the proposed large-scale quantum computers
based on trapped electrons and ions, where the quan-
tum operations are limited to multiple tiny crystals that
can be rearranged by splitting and shuttling operations
[29,30,47,48]. A somewhat similar approach is undertaken
for a large-scale semiconductor quantum computer, where
shuttling spins across a chip between quantum dots might
provide a viable and CMOS-compatible way towards scal-
ability [31,49-52]. The mobile electrons on superfluid
helium present an excellent candidate to realize a quan-
tum charge-coupled device architecture, owing to the long
coherence of the spin state, insensitivity to charge noise
thanks to a weak intrinsic spin-orbit interaction, and excep-
tionally high shuttling fidelity using a simple three-phase
CCD clock sequence [4,28]. Such operations can be used
to bring a selected pair of electrons from dedicated stor-
age regions into the interaction region, where a localized
magnetic field gradient is used to entangle their spin states
[15], then moved back to storage or a spin-state read-
out region. The realization of such an architecture is the
primary motivation for our current and future work.
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APPENDIX A: MICROCHANNEL SAMPLE
FABRICATION

Microchannel devices were fabricated on high-resistivity
silicon substrates (300 pwm thick) with a 500-nm thermally
grown silicon dioxide layer. Each device consists of three
layers: a bottom metal layer, an insulating layer, and a
top metal layer. The bottom and top metal patterns were
defined using maskless photolithography, followed by the
deposition of 50 nm of gold and a lift-off process. The

(a)

1000

SA signal (nV)

Frequency (kHz)
(b) : :
1400 @
430
1200 |
_ 425
o ~~
£ 1000 0\. S
by N 120 E:’
< o0} %
~ 415
600 | \
J
400 : - 110
0.01 0.1 1 10
T (K)
FIG. 10. (a) Noise spectra of the tank circuit measured at

different temperatures at the output of the amplifier using a
spectrum analyzer. (b) Loaded quality factor of the tank circuit
obtained from the noise spectra shown in (a).

insulating layer comprises 1.6 pm of hard-baked photore-
sist. Prior to hard baking, optical lithography was used to
open contact areas to the bottom metal layer. The photore-
sist was then hard-baked at 300°C for 30 min. The top
microchannel pattern, defined in the second 50-nm gold
layer, served as a mask for O, plasma etching. Etching
proceeded until the photoresist was removed down to the
bottom gold layer, which functioned as an etch stop. Indi-
vidual chips were diced using a wafer dicing saw and
mounted onto PCBs with precut 250-pwm-deep pockets,
allowing the devices to protrude slightly above the surface.
Electrical connections between the microchannel devices
and the PCBs were established using wire ball bonding.

APPENDIX B: NOISE ESTIMATION

The noise model (1) in Sec. II B [see also the equivalent
electrical circuit in Fig. 1(d)] provides a very convenient
way to estimate different parameters of our detection sys-
tem. For this purpose, we use the tank circuit near its
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FIG. 11. Temperature-dependent contribution to the spectral

density of voltage noise at the amplifier input obtained from the
measured noise spectra (star symbols) and calculated using Eq.
(1) (open circles). The calculated contribution due to the thermal
noise of the tank circuit and the noise current of the amplifier are
plotted with open squares and filled circles, respectively.

resonance as a calibrated source of thermal noise. In partic-
ular, we measure the noise spectra at the amplifier output
for different temperatures 7 using a spectrum analyzer
(SA). The results for such measurements are shown in
Fig. 10(a). The rms noise voltage at the amplifier output
is given by ejnAdv/B, where 4 is the voltage gain coeffi-
cient of the LNA and B is the resolution bandwidth of the
SA. From the measured spectra, we can determine both the
resonance frequency of the tank circuit fo = 863.55 kHz,
which is independent of the temperature, and the loaded
quality factor Q, which shows a strong temperature depen-
dence given in Fig. 10(b). Correspondingly, the impedance
of the tank circuit at resonance given by R = 2mf)LQ,
which is indicated on the right vertical axis of Fig. 10(b),
also depends on 7. Since the noise floor of the recorded
noise spectra in Fig. 10 is independent of both the tempera-
ture and frequency in the considered range, it is reasonable
to attribute it to the voltage noise of the amplifier e,.
Using A = 1200, which is provided by the manufacturer
(Stahl-Electronics), and the resolution bandwidth of the
SA, which was set at B =1 Hz for the data presented in
Fig. 10(a), we obtain e, = 0.35 nV/+/Hz. This is in good
agreement with the datasheet value e, = 0.33 nV/+/Hz
provided by the manufacturer.

The temperature-dependent contribution to the volt-
age noise e obtained from the noise spectra in Fig.
10(a) by subtracting €2 is plotted in Fig. 11 with star
symbols. This plot is obtained by considering the peak
value of the measured noise voltage at the resonance fre-
quency fo. In order to account for the observed temperature
dependence, which stems from the thermal noise and
the temperature dependence of R, we plot the calculated

thermal noise spectral density 4kgTR«? and voltage noise
spectral density i2R?«* [see Eq. (1) in Sec. II B] in Fig.
11 with open squares and filled circles, respectively. We
consider the amplifier noise current 7, and the coupling
coefficient k to be unknown; their values are adjusted such
that the sum of these two contributions (plotted with open
circles in Fig. 11) matches the measured values. From this
fitting we find that k = 0.033 and i, = 12.5 fA/+/Hz. The
latter is in good agreement with the datasheet value i, =
11 fA/~/Hz provided by the amplifier manufacturer. The
estimated value of « suggests the input capacitance Ci, =
29.2 pF, which comes from the specified input capacitance
of the amplifier, 4.2 pF; the estimated capacitance of a con-
necting coaxial cable, 17.4 pF; and stray capacitance on the
interconnection PCB.
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