
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Relaxation of the Excited Rydberg States of Surface
Electrons on Liquid Helium

Erika Kawakami, Asem Elarabi, and Denis Konstantinov
Phys. Rev. Lett. 126, 106802 — Published  8 March 2021

DOI: 10.1103/PhysRevLett.126.106802

https://dx.doi.org/10.1103/PhysRevLett.126.106802


Relaxation of the Excited Rydberg States of Surface Electrons on Liquid Helium

Erika Kawakami,1, 2, ∗ Asem Elarabi,1 and Denis Konstantinov1, †

1Quantum Dynamics Unit, Okinawa Institute of Science and Technology, Tancha 1919-1, Okinawa 904-0495, Japan
2PRESTO, Japan Science and Technology (JST), Kawaguchi, Saitama 332-0012, Japan

(Dated: January 19, 2021)

We report the first direct observation of the decay of the excited-state population in electrons
trapped on the surface of liquid helium. The relaxation dynamics, which are governed by inelastic
scattering processes in the system, are probed by the real-time response of the electrons to a pulsed
microwave excitation. Comparison with theoretical calculations allows us to establish the dominant
mechanisms of inelastic scattering for different temperatures. The longest measured relaxation
time is around 1 µs at the lowest temperature of 135 mK, which is determined by the inelastic
scattering due to the spontaneous two-ripplon emission process. Furthermore, the image-charge
response shortly after applying microwave radiation reveals interesting population dynamics due to
the multisubband structure of the system.

Electrons trapped on the surface of liquid helium pro-
vide us with a unique two-dimensional electron system
(2DES) [1, 2]. The bound states of the electron mo-
tion perpendicular to the surface are formed due to, on
one hand, the attraction of the electron to a weak image-
charge inside the liquid and, on the other hand, the hard-
core repulsion from the helium atoms, which prevents the
electron from entering the liquid. The Rydberg states of
such confined one-dimensional (1D) motion share certain
similarities with the atomic spectrum of hydrogen [3–
7]. At the same time, these surface electrons (SE) can
move freely parallel to the surface, which results in the
subband structure of 2DES. Unlike 2DES formed in semi-
conductors, SE on liquid helium are free from any crys-
tallographic defects and impurities of the substrate. Due
to the pristine nature of this system, interest in using
quantum states of SE as quantum bits has been recently
growing [8–14]. In particular, spin states of SE are ex-
pected to have longer coherence times than in any other
solid-state materials [15]. Although directly accessing the
spin states of SE in an experiment is considered challeng-
ing [15], this task can be greatly facilitated by utilizing
the coupling between the electron spin state and the elec-
tron motional state [12, 16]. Therefore, elucidating the
mechanism which governs the relaxation and dephasing
of the motional states of SE is of fundamental impor-
tance.

It has been theoretically demonstrated that the relax-
ation and dephasing of the electron motional states hap-
pen due to the elastic and inelastic scattering of SE from
the excitation of liquid helium [1, 10, 17–21]. There are
two distinct liquid helium temperature ranges in this sys-
tem. For high liquid helium temperatures T , the scatter-
ing is dominated by helium vapor atoms above the liquid
[17, 18]. For T sufficiently below 1 K, where the con-
centration of vapor atoms becomes small, the scattering
is mostly due to the capillary waves (ripplons) excited
on the surface of the liquid [18–21]. The rates of both
the elastic scattering by vapor atoms and that by ther-
mally excited ripplons decrease with decreasing T and

become extremely small in the milli-Kelvin range. Such
mechanisms of elastic scattering were experimentally es-
tablished by measuring the electron mobility and coincide
well with the theory [17]. Contrary to that, much less is
known about the inelastic ripplon scattering rate, which
governs the dissipative processes in SE at low T , such as
the energy relaxation of the motional states. In terms
of using the Rydberg states as qubit states, studying the
mechanism of the inelastic scattering process is impor-
tant because it directly affects relaxation and dephasing
of the Rydberg states [10, 17, 19–21].

Some efforts on extracting the inelastic scattering rate
from indirect measurements had been made. The intrin-
sic spectral linewidth of the Rydberg states should be
determined by the inelastic scattering rate at sufficiently
low T [7]. However, the inhomogeneous broadening of the
spectral lines prevents us from extracting this rate with
good precision by the conventional spectroscopic meth-
ods. In a typical experiment, due to a nonuniform electric
field exerted on SE, the inhomogeneous broadening is of
the order of 1 GHz [16, 22], which is about three orders
of magnitude larger than the inelastic scattering rate as
will be shown later.

The effective electron temperature Te should be also
determined by the inelastic scattering rate via the en-
ergy balance equation [23]. Te can be extracted from
the mobility measurement under microwave (MW) radia-
tion [18, 24]. However, it relies on a complicated relation-
ship between the electron temperature Te and the mobil-
ity of SE and thus is questionable. Although an improved
method to measure Te, which is based on the thermoelec-
tric (Seebeck) effect, was recently demonstrated [25], it
is limited to the high-T regime.

In this Letter, we report the first direct observation of
the relaxation of the Rydberg state of SE on liquid 3He
in a wide range of T . This observation becomes possible
thanks to the significant improvements in image-charge
detection [26]. The relaxation times extracted from the
decay signals show a cross-over between vapor-atom and
ripplon scattering regimes and reach the maximum value
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of about 1 µs at the lowest T = 135 mK used in the exper-
iment. By comparing the measured signals and our theo-
retical calculations, we attribute this time to the inelastic
scattering due to the spontaneous two-ripplon emission
process. Moreover, we demonstrated that, at sufficiently
low T , the image-charge signals become saturated shortly
after applying the MW radiation due to the saturation
of the population between the two lowest states. The
signals eventually increase due to the subsequent leaking
of the SE population to higher excited Rydberg states.
SE are formed on the surface of liquid 3He [27]. The

surface of the liquid is set approximately midway be-
tween two circular electrodes of a parallel-plate capacitor
with capacitance C0. As SE are excited from the ground
(n = 1) state to higher (n ≥ 2) Rydberg states, they
cause a change in the image-charge in the electrodes [16].
Whereas in the previous experiment the time-averaged
image current was measured using a lock-in amplifier [16],
in this work we measure a real-time image-charge re-
sponse by employing a two-stage cryogenic broadband
amplifier [26]. The first stage, which is located close to
the capacitor, converts the image current into a volt-
age signal of which the upper bound of the bandwidth
exceeds 100 MHz. The total gain of our circuit is 1.
Thus both the voltage signal amplitude before amplifica-
tion and the measured voltage signal can be written as
∆q/(C0 + Cp), where Cp ∼ 10 pF is the total parasitic
capacitance of our circuit and ∆q (−∆q) is the change in
the image-charge in the top (bottom) capacitance plate
due to excitation of SE to higher Rydberg states. As was
shown previously [16], the image-charge change can be
represented as

∆q =
ensC0

ǫ0

∑

n

(〈z〉nn − 〈z〉11) ρnn, (1)

where e is the elementary charge, ns is the density of
SE, ǫ0 is the vacuum permittivity, 〈z〉nn is the average
electron coordinate perpendicular to the surface of liquid
for an electron occupying the n-th Rydberg state, and
ρnn is the fractional occupancy of the n-th state. From
the above equations, it is clear that the real-time voltage
signal can capture the excited-state population dynamics
in SE, providing that the detection bandwidth is large
enough compared to the excitation and relaxation rates
in the system.
In the experiment, SE are excited by the pulse-

modulated (200 kHz) MW radiation at the frequency
ω/2π = 110 GHz, which is resonant with the n = 1 → 2
transition. The amplified voltage signals are averaged
over approximately 106 repetitions using a digital storage
oscilloscope. The recorded traces are corrected to elimi-
nate the detection circuit’s high-pass filtering effect [28].
Figure 1 shows an example of normalized voltage signals
obtained for different T in the range from 135 mK to
660 mK.
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FIG. 1. (color online) Normalized voltage signals due to ex-
citation of SE by pulsed MW radiation at frequency ω/2π =
110 GHz measured for different liquid helium temperatures
T in the range from 135 mK to 660 mK. The radiation is
switched on for 0 ≤ t ≤ 2.5 µs and is switched off for
2.5 ≤ t ≤ 5 µs. Each trace is obtained at a fixed value of
T by averaging over about 106 repetitions. The inset shows a
magnified view of the main figure in a region of t shortly after
the radiation was switched on. The details of this region are
discussed in the text.

First, let us investigate how the overall signals differ
depending on the liquid helium temperature T . During
MW excitation (0 < t < 2.5 µs), the voltage signals
grow. At sufficiently high T , they reach a constant value,
which corresponds to the steady-state population of the
Rydberg states. After MW radiation is turned off at
t = 2.5 µs, the voltage signal drops back to zero due to
the relaxation of the excited-state population of SE to
the ground state.

It is well established that SE can be strongly over-
heated by the resonant MW excitation, which causes a
significant thermal population of the higher-lying Ryd-
berg states [6, 29]. The heating is facilitated by fast
elastic scattering of the MW-excited electrons between
the subbands, such that the energy absorbed by MW
excitation is transferred into the energy of electron in-
plane motion. Moreover, electrons redistribute energy
within the same subband due to electron-electron colli-
sions, such that SE are described by an effective electron
temperature Te, which can significantly exceed the liquid
helium temperature T [29–31]. The electron-electron col-
lision rate is of the same order as the plasmon frequency
of SE and is much higher than any rate involved here
[32, 33]. As a result, SE are thermally populated to ex-
cited states, although the only transition induced by the
applied MW radiation is between the ground state and
the first excited state. As the MW radiation is switched
off, the decay of the excited-state population is governed
by the electron energy dissipation due to inelastic scat-
tering, upon which the energy of SE is transferred to the
liquid helium excitation.

In order to analyze the measured signals and extract
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the inelastic scattering rate, we performed numerical sim-
ulations and calculated the image-charge signals, taking
into account the elastic and inelastic scattering processes
due to both vapor-atoms and ripplons. We solve the cou-
pled time-dependent energy-balance and rate equations
to find the effective electron temperature Te(t) and the
fractional occupancy of the n−th Rydberg state ρnn(t)
for the pulse-modulated MW excitation [28]. SE are
excited to the first-excited Rydberg state (n = 2) via
electric dipole transition induced by the resonant MW
field. The excitation rate r can be expressed in terms of
the Rabi frequency defined as ΩR = e〈z〉12EMW/~ where
e〈z〉12 is the transition moment of an electron and EMW

is the MW amplitude, which is proportional to the square
root of the incident MW power [34]. In the simulations,
we assume that the excitation rate r has the Lorentzian
lineshape r = 0.5γΩ2

R/((∆ω)2 + γ2), where ∆ω is the
detuning from the resonance and γ is the transition
linewidth. For a given temperature T , the linewidth γ is
taken to be either the experimentally observed inhomoge-
neous linewidth or the calculated T -dependent intrinsic
linewidth [17], whichever is largest. The intersubband
transition rates, which enter into the rate equations for
the state occupancies ρnn, are calculated by taking into
account the elastic scattering due to both vapor-atoms
and ripplons [35]. The electron energy loss rates, which
enter into the energy-balance equation, are calculated by
taking into account the inelastic scattering from both
vapor-atoms and ripplons [35]. Following [19–21, 36],
we calculate the inelastic scattering rate due to ripplons
by assuming a finite value of the surface potential barrier
and taking the second-order term in the ripplon-induced
surface displacement in the interaction Hamiltonian. By
doing so, we approximate the inelastic collisions between
electrons and ripplons to the two-ripplon scattering pro-
cesses. Finally, the time-dependent image-charge signal
for a given T is calculated as

∑
n (〈z〉nn − 〈z〉11) ρnn(t).

Figure 2 shows the normalized image-charge signals
calculated for several temperatures in the range from
135 mK to 580 mK and a fixed value of the Rabi fre-
quency ΩR/2π = 40 MHz. As in the experiment, MW
excitation is present at 0 ≤ t ≤ 2.5 µs and is absent
at 2.5 ≤ t ≤ 5 µs. From the comparison with the nor-
malized measured signals shown in Fig. 1, we conclude
that the simulations account well for the observed behav-
ior. It is important to emphasize that our simulations do
not contain any adjustable parameters except the chosen
value of the Rabi frequency ΩR, which is determined by
the applied MW power in the experiment.

Second, let us concentrate attention on the decay sig-
nals observed after the MW radiation is turned off. Fig-
ure 3(a) shows the semi-log plot of the beginning of the
decaying part of the normalized measured signals shown
in Fig. 1. Although the decay does not follow a sim-
ple exponential law, in order to quantify the decay rate
we fit a part of the signal with the analytical expression
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FIG. 2. (color online) Normalized image-charge signals due
to excitation of SE by pulsed MW radiation calculated using
the state occupancies ρnn obtained by numerically solving
the rate and energy balance equations [28] for Rabi frequency
ΩR/2π = 40 MHz. The inset shows a magnified view of the
main figure in a region of t shortly after the excitation is
started.

exp (−t/τf), where τf is a fitting parameter. The fit-
ting curves are shown with dashed lines for each signal
in Fig. 3(a). The values of τf extracted from the decay
signals for each T are plotted in Fig. 3(b) as a function
of T . As T decreases, the relaxation time τf rapidly
increases for 400 . T ≤ 700 mK. In this temperature
range, the decay rate is governed by the inelastic scat-
tering of SE from vapor-atoms, whose concentration de-
creases with decreasing T according to an exponential law
exp(−Q/T ), where Q is the latent heat of evaporation
(Q ≈ 2.47 K for 3He [18]). For 135 mK ≤ T . 400 mK,
the relaxation time τf tends to saturate with decreasing
T . The longest measured relaxation time is τf ≈ 0.8 µs
at T = 135 mK. At low T , the concentration of vapor
atoms becomes so small that the inelastic scattering is
dominated by the ripplons. The conservation of momen-
tum forbids emission of a single high-energy ripplon. Ac-
cording to the theory [19–21, 36], the main mechanism of
the electron energy loss due to the ripplons is the sponta-
neous generation of two short-wavelength ripplons emit-
ted in opposite directions. The temperature dependence
of this process is much weaker than the inelastic scatter-
ing from vapor-atoms.
According to Ref. [35] the electron energy loss rate Ė

can be represented as −(ν̃r + ν̃a)(Te − T ), where ν̃r and
ν̃a are the effective energy relaxation rate for ripplon and
vapor-atom scattering, respectively, which depends in a
rather complicated way on the electron temperature and
the state occupancies. Nevertheless, it is still instruc-
tive to compare the signal-decay rates obtained from the
above fitting procedure with the rates ν̃r and ν̃a evalu-
ated at a fixed value of Te. Such numerical evaluation
can be easily done by assuming thermal state occupan-
cies according to the Boltzmanm distribution [28]. In
Fig. 3(b), the inverse rates ν̃−1

r , ν̃−1
a and (ν̃r + ν̃a)

−1
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evaluated at the stationary value of Te for SE under MW
excitation with ΩR/2π = 40 MHz are plotted by the
dotted, dashed and solid lines, respectively. The temper-
ature T ≈ 550 mK corresponds to the cross-over between
the inelastic scattering regime dominated by ripplons and
the one dominated by vapor-atoms.

For the sake of comparison, we also plot the relaxation
time τf extracted from the simulated decay signals for
three different values of the Rabi frequency, ΩR/2π = 30,
40, and 50 MHz in Fig. 3(b). We found that the Rabi
frequency in this range provides the best correspondence
between the experimentally observed and theoretically
calculated relaxation times. We note that, although the
exact relationship between the applied MW power and
the Rabi frequency can not be accurately determined in
the experiment, the above values of Rabi frequency are
in good agreement with an earlier estimation of the Rabi
frequency which was obtained from the non-linear con-
ductivity of SE on liquid 3He under resonant MW exci-
tation [29].

Finally, we address an interesting behavior of the mea-
sured signals shortly after MW excitation is started, see
the inset of Fig. 1. Remarkably, this rather complicated
behavior is reproduced well by our numerical simulations,
c.f. the inset of Fig. 2. By analyzing the calculated state
occupancies [28], we conclude that this behavior corre-
sponds to the initial saturation of the first-excited state
population due to MW excitation and subsequent pop-
ulation of the higher-excited states. At sufficiently low
T . 400 mK, where the MW excitation rate exceeds the
elastic scattering rate, the saturation of the first-excited
state population causes a plateau in the measured sig-
nal. As time progresses, the elastic scattering facilitates
the heating and thermal population of the higher-excited
states; therefore, the signal grows towards a value cor-
responding to the steady-state population of many sub-
bands. At high T , where the elastic scattering rate ex-
ceeds the excitation rate, electrons start populating the
higher-excited states soon after MW excitation is started;
therefore the signal steadily grows towards the station-
ary value. We note that this T -dependent behavior can
be reproduced only for a certain range of the values of
ΩR, which define the MW excitation rate of SE. Thus,
the good agreement between the experimental data and
calculations provide strong support for our estimation of
the Rabi frequency in the experiment.

In summary, we described the first direct observation of
the relaxation of the excited-state population in a multi-
subband electron system on bulk liquid helium. This
allowed us to establish the temperature-dependent in-
elastic scattering mechanisms in the system, which will
determine the quality of qubits when the Rydberg states
of electrons are used as quantum bits [10]. In partic-
ular, our experimental results are well captured by the
energy dissipation mechanism due to spontaneous two-
ripplon emission [19–21, 36]. We also demonstrated that
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FIG. 3. (color online) (a) Semi-log plot of the decaying volt-
age signals shown in Fig. 1 after MW is switched off. Dashed
lines are fits with the exponential decay law exp(−t/τf ). (b)
The fitting parameter τf (open black circles) is plotted as
a function of liquid helium temperature T . The relaxation
times τf are also extracted from the simulated decay signals
(as in Fig. 2) using the same fitting procedure as in (a) and
are plotted for Rabi frequency ΩR/2π = 30 MHz (blue point-
ing down triangles), 40 MHz (purple unfilled rectangle), and
50 MHz (green pointing up triangles). The lines represent the
inverse of the energy relaxation rates ν̃ calculated according
to Ref. [35] for ΩR/2π = 40 MHz (see main text), by tak-
ing into account the inelastic vapor-atom scattering (dashed
line), the inelastic two-ripplon scattering (dotted line), and
both processes simultaneously (solid line).

the population of the two lowest states, the transition be-
tween which is induced by MW excitation, becomes sat-
urated a short time after MW radiation is started. We
note that our method of fast image-charge detection can
provide a valuable tool to study the two-level population
dynamics in SE. Although the elastic scattering makes
higher-lying Rydberg states populated in the current ex-
perimental setup, it can be suppressed by applying a suf-
ficiently strong (∼ 5 T) magnetic field perpendicular to
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the surface of the liquid [37]. Furthermore, our detection
techniques are readily applied to electrons on thin helium
film. In principle, they can also be employed in similar
physical systems such as electrons on solid hydrogen and
on solid neon [38].
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