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Abstract. We report on trapping of clouds of electrons in a cryogenic planar Penning trap at 77 < 100 mK.
We describe the experimental conditions to load, cool and detect electrons. Perspectives for the trapping
of a single electron and for quantum information processing are given.

PACS. 37.10.-x Atom, molecule, and ion cooling methods — 03.67.Lx Quantum computation architectures

and implementations

1 Introduction

In recent years, we have seen important progress in de-
veloping a quantum processor. Among the most advanced
technologies are single ions in linear Paul traps. However,
the hard problem of scalability of these devices remains, as
we typically need to scale the system down to micrometer
and even sub-micrometer size to construct a multi-qubit
device. Strongly connected is the question of coherence:
the lifetime of a superposition state needs to preserve a
fixed phase relation over timescales much longer than the
gate operation time. However, with the reduction in size
of a quantum processor, the carriers of qubits come closer
to the control electrodes so that any fluctuating electric
fields are strongly limiting any processor already in the
100 pm range. It has been observed that decoherence ef-
fects are drastically reduced when operating the device at
low temperatures [1,2]. These findings have triggered ideas
for systems having the potential to avoid these problems.

We aim at employing single electrons confined in static
Penning traps for quantum computation [3,4]. Electrons
offer a two-level qubit system by the two spin orientations
in a magnetic field. The cyclotron motion in a magnetic
field of a few tesla can be cooled via synchrotron radia-
tion and it has been experimentally demonstrated [5] that
the cyclotron degree of freedom can be brought into the
quantum mechanical ground state when the environmen-
tal temperature is kept below 100 mK. Electrons remain
in this state for practically unlimited time. For a transfer
of information between different qubits, realized by two
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single electrons stored in two different traps, an electric
transmission line may transfer the voltage fluctuation in-
duced in the trap electrodes by the electron oscillations.
In the present paper we describe an experiment with a
planar Penning trap geometry [6]. Arrays of planar traps
for single electrons might satisfy two demands in develop-
ing a quantum processor: scalability and long coherence
times [7]. The purpose of this article is to demonstrate
the first experimental results with a planar Penning trap
working inside a dilution refrigerator and to address fu-
ture experimental challenges. After introducing the exper-
imental setup, we describe the observation of a cold cloud
of electrons. Pointing out the limitations of the present
setup, we give an outlook to the trapping of a single elec-
tron and coupling of two qubits.

2 Experiment with planar traps
2.1 The Penning trap

A classical three dimensional Penning trap [8] consists of a
quadrupole electrical potential ¢ provided by a voltage
U applied between a ring electrode and two electrically
isolated end cap electrodes of hyperbolic shape, and a su-
perimposed constant magnetic field By along the z-axis.

5(p,2) = (07— 2:7). (1)

The characteristic dimension of the trap electrodes is de-
noted by rg. For a properly chosen polarity the electric
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Fig. 1. (a) Sketch of the experimental setup: the planar trap consists of a central circular electrode on ground potential
surrounded by two rings at voltages U; and Us. The signal from the central electrode is resonantly enhanced, amplified in
two stages and recorded on a spectrum analyzer. (b) Photo of the front and back side of the planar Penning trap used in the
experiment. (c¢) Noise spectrum of the LC-circuit taken at 7'~ 100 mK. A resolution bandwidth of 30 kHz is indicated by a
grey bar, this setting was used for the experiments described below.

field serves as confinement between the two end cap elec-
trodes in the axial-direction (the z-axis) while the mag-
netic field prevents electron escape in the radial direc-
tion p. The equation of motion in this potential can be
solved analytically and split into three harmonic oscilla-
tions at the frequencies

Wi R we — w? /2w, (2)
w_ &~ w? /2w, (3)

w, = \/2eU/md? (4)

where w, = eBp/mc is the free electrons cyclotron fre-
quency, wy is called the reduced cyclotron frequency,
w_ the magnetron frequency and w, the axial frequency.
Characteristic values for these frequencies in our trap with
planar geometry [6] are wy/(27) ~ 60 GHz, w_/(27) ~
30 kHz and w,/(27) ~ 60 MHz when we apply a voltage
U ~ 7V and a magnetic field By of 2.2 T.

The trap is placed inside the inner vacuum chamber
(IVC) of a dilution refrigerator, no additional vacuum
chamber is installed. A sketch of the setup is shown in
Fig. 1la). The Penning trap itself consists of three con-
centric disk-electrodes, which are fabricated on standard
FR-4 (epoxy) substrate, a 35 pum thick copper layer cov-
ered with a thin (0.5 pm) layer of gold. The electrodes
are surrounded by a grounded plane. The innermost elec-
trode is DC-grounded and is used for pick-up of the image
charges induced by an electrons axial motion, while the
other two electrodes serves to create the trapping poten-
tial. Voltages U; and U, are generated by 25 bit resolution
low noise voltage source and applied to these electrodes.
The diameter of the central electrode and the width of the
trapping electrodes are equal to 2 mm. The total diame-
ter of the trap including the surrounding grounded plane

is 36 mm. The width of the gap between adjacent elec-
trodes is about 100 pm. Low-pass filters and bias tees are
placed on the back side of the trap and serve to feed in
RF-excitation and DC signals. Metallized holes (vias) are
used in this design to connect the top and bottom surfaces
of the trap chip.

The outermost ring electrode (see Fig. 1) is split to
allow magnetron excitation. The trap is installed on the
bottom of the LC-resonator can, which is thermally con-
nected to the mixing chamber. The inductance of the res-
onator is formed by a copper coil wound around a teflon
cylinder mounted inside the copper can. The capacitance
of the resonator is given by the stray capacitance (few pi-
cofarads) of the total setup and the input capacitor divider
of the preamplifier. The quality factor of the LC-resonator
at an operating temperature of 100 mK is about 1200, the
resonance frequency is tuned to wyc = 27 x62.2 MHz. The
values of L and C are chosen such that the resonance fre-
quency of the tank-circuit is close to the calculated value
of w,. This tank circuit serves for a non-destructive elec-
tron detection.

The induced signal from the axial motion of trapped
electrons is picked up by the resonator and processed by a
low-noise HEMT-preamplifier [9], which is installed on the
mixing chamber, then amplified by an additional 20 dB
cryogenic amplifier mounted on the still plate at 0.7 K.
The signal is then detected by a spectrum analyzer. The
observed thermal noise of the LC-resonator is about 10 dB
above the background noise. Under standard operating
conditions at 100 mK, the power dissipation of the first
amplification stage is about 90 pW. The cooling power of
our dilution refrigerator is 130 pW seemed to be sufficient
to work out the heat generated by the preamplifier. The
noise temperature of the amplifier has been measured to
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be about 5 K. It is also possible to work at even lower tem-
peratures down to 50 mK by reducing the drain-current of
the preamplifier, at the price by decreasing the observed
signal-to-noise-ratio by about 4 dB.

For an excitation of the axial and magnetron degrees
of freedom we apply signals from the top of the cryostat
to the trap. The axial excitation is applied to the second
ring, the magnetron excitation is applied to one of the
halves of the outermost electrode.

A tungsten field emission point is installed above the
trap and serves as a source of electrons. A small aper-
ture is used to create an extraction field and as a guide
for the emitted electrons. We capture secondary electrons,
which are created by collisions of primary electrons with
the residual gas.

2.2 Loading and detecting of an electron cloud

The planar trap is operated with both voltages U; and U,
are set to +7 V and we calculate an axial potential with
a depth of 4.5 eV. The super-conducting magnet is set to
persistent mode at a magnetic field of 2.2 T and the am-
plifiers to standard operating conditions. The amplitude
of the tank-circuit signal is measured with a spectrum
analyzer at zero-span mode at a resonance frequency of
62.2 MHz with a resolution bandwidth (RBW) of 30 kHz,
later referred to as the axial signal, Figure 1c.

To load electrons into the trap we apply for 1 to 2 s
a DC-pulse of 800 V to the field emission point, which
causes the spectrum analyzer signal to increase by a few
dB, see Figure 2. After switching the field emission point
off, the signal does not disappear but starts to increase on
a time scale of seconds, giving evidence that electrons are
trapped.

Initially trapped electrons are at high temperatures.
The anharmonicity of the trapping potential results in an
oscillation frequency below the detection frequency of the
resonance circuit. The number of electrons at the begin-
ning is large, therefore some of them oscillate in resonance
with the detection circuit. A few seconds later, the elec-
tron cloud looses energy via its interaction with the tank-
circuit and cools down. The electrons oscillation frequency
increases and approaches the LC-resonance, here the axial
signal reaches its maximum. Then the signal rapidly falls
down to almost zero. The cloud of electrons cools down
even further, the energy spread becomes smaller, the in-
duced axial signal shifts out of resonance and we observe
a rapid fall-off.

In Figure 2, two spectral density curves are taken with
a RBW of 30 kHz, corresponding to different values of
voltage applied on the second ring, while the voltage on
the third ring remains unchanged U, = 14 V. Curve (a)
is measured at U; = 5.2 V, which results according to our
calculations in a trap frequency of w,/(27) = 67.97 MHz.
For higher voltages, the trap is slightly steeper, and the
calculated trap frequency is w, /(27) = 66.38 MHz. There-
fore the signal reaches its maximum later in time, when
the electron cloud energy has been cooled down so far
that its axial oscillation reaches the detection resonance
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Fig. 2. Loading and trapping of clouds of electrons at dif-
ferent values of potential U;. The data (a) were recorded at
U =52V, (b)at Ui =4.8 V. The RBW was set to 30 kHz.
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Fig. 3. Evolution of the axial signal during a resonant drive.
The signal decays exponentially with a time constant of 3.5 h.

frequency. Once the axial signal is gone for a time of about
100 s after loading, we can re-excite their motion by ap-
plying a weak —80 dBm off-resonant (+60 kHz detuning)
axial drive field to the second ring. The cloud heats up, a
part of the cloud tunes to the tank resonance resonance
frequency giving once more an enhanced axial signal. After
turning the excitation off, the electrons cool down again
with a time scale of seconds. We find that the number of
electrons boiling-off from the trap decays with a time con-
stant of a few hour. This value can be used to estimate
an upper limit of the background IVC pressure at the po-
sition of the trap of 107! mbar. It was also possible to
observe the axial signal for a long time while applying con-
stantly a weak —80 dBm off-resonant (+80 kHz detuning)
drive. Data are shown in Figure 3. The axial signal decays
exponentially with a time constant of 3.5 h, confirming
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the upper limit of the background pressure. For a more
precise measurement of the pressure one has to perform a
life-time measurement with a single or a few electrons.

2.3 Anharmonicity of the axial potential

A particular feature of the planar trap used in the present
experiment is the lack of mirror symmetry around the po-
tential minimum. This makes it impossible to create a
genuinely harmonic potential. As a consequence the elec-
tron kinetic energy distribution is inhomogenously broad-
ened and a spectrum analysis within a narrow RBW of a
few Hz, as necessary for single electron detection, becomes
impossible. For our trap we expect to detect a signal for
a single electron with a RBW of a few Hz, but the broad-
ening to 1 MHz reduces this signal by a factor of 10°.

To quantify inhomogeneous broadening effects the fre-
quency distribution of electrons inside the trap is mea-
sured. We slowly sweep the electrode voltage Us and
record the axial signal. The data are presented in Figure 4.
If the trap were perfectly harmonic, one would expect to
observe a sharp peak which corresponds to a single ax-
ial oscillation frequency. In our case this peak is smeared
out giving rise to a quite broad distribution, which can not
only be associated with the large number of particles. This
distribution corresponds to a broadening of ~ 3 MHz. It
appeared impossible to adjust the voltages U; and Us to
record a narrow resonance line.

To theoretically model such a frequency broadening,
the trapping potential can be approximated by an anhar-
monic potential [10]

3 4

V(z) = ;mwzf—i—ag (7) +ey (j) , (5)
where €3, and 4 are anharmonicity parameters and taken
from an electrostatic CAD model of the trap, [ = \/h/mwz
is the spread of the electronic wave function in the ground
state and w, is the frequency of an unperturbed oscilla-
tor. The energy levels of such an oscillator are calculated
using perturbation theory. The correction to the energy
distance between adjacent levels AF,, depends quadrati-
cally on quantum number n of the oscillator [10]

15 &2 n? 4 354n2.

AE, = —
" 4 hw, 2 (6)

The frequency broadening due to the anharmonicity of the
potential Avapg can be calculated as

ow,(Ey)

Avyag ~ OF

(E2), (7)

where (E,) = kpT, is the mean electron energy. Finally,
for the frequency broadening we get

kgT. [ 15 [/ &3 \? B

For the trap geometry and parameters used in our ex-
periment a frequency broadening of v4x of about 3 MHz
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Fig. 4. Observation of an axial signal during a scan of the
voltage on the second ring (Us). Electron energy distributed
over a large energy band. The solid gray line corresponds to
the signal when no electrons are present in the trap.

is expected and is in agreement with the measured data,
see Figure 4. For optimized control voltages of Uy = -1V
and Us = 2.611 V the anharmonicity is decreased to about
10 kHz, at the cost of a reduced trap depth by a factor of
50. This value is still about 3 orders of magnitude too large
to allow observation of a single electron in our experiment.
Even with this reduction of the frequency broadening one
can not observe a single electron.

In numerical and analytic simulations for more com-
plex trap geometries including many rings addressed with
different voltages U; (i = 1...6), we found that equa-
tion (6) predicts a value not better than y4z = 5 kHz
under typical operation conditions with w, ~ 100 MHz
and T, ~ 5 K.

2.4 Parametric excitation of the electron cloud

Such a strong anharmonicity of the trapping potential
allows us to observe the parametric resonance [11] of
the trapped electron cloud. The first step is to load a
cloud of electrons. A quite strong (—30 dB) excitation
is applied to the second ring along the z-axis at a fre-
qUENCY Wegze ~ 2wrco, in the experiment we use weze =
124.35 MHz. A clear sharp feature appears at the left
side of the LC-resonance at wey./2, see Figure 5. The
excitation frequency is chosen such that the parametric
resonance appears a few tens of kHz detuned from the
LC-circuit resonance frequency.

The observed parametric excitation arises from a non-
linear response of the electron cloud as the mixing product
of the frequency of the electrons axial motion with weye.
The amplitude and the width of the observed paramet-
ric resonance is thus depending on the number of loaded
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Fig. 6. Time evolution of the amplitude of the parametric
resonance. Clearly separated bursts are likely being associated
with the excitation of only a few electrons. RBW = 30 Hz.

electrons. When we reduce the number of particles, we
observe a parametric resonance as narrow as 3 Hz. At
such conditions, the excited parametric signal is not sta-
ble with time, but shows separated bursts, see Figure 6.
Each burst usually lasts a few milliseconds and then dis-
appears and appears again. Such peaks can be associated
with few electrons excitation or even perhaps with excita-
tion of a single electron. Nevertheless, it cannot be stated
as proof of a single electron excitation and detection.

3 Conclusion and outlook

To detect a single electron in a planar trap, the fre-
quency broadening Avapy has to be at most one Hertz.
Under that condition, a single electron “dip” has been
observed associated with its axial motion [13], or narrow
resonance peak has been obtained using two-frequency de-
tection method [14,15]. One way to fulfill this condition
is to reduce the axial temperature T, see equation (7).
If lowered by three orders of magnitude, from 5 K down
to values of what can be reached with powerful dilution
fridges (5 mK), one expects Ayay ~ 10 Hz. Here, the
main challenge is that the present detection technique is
based on the electrical coupling between a single electron
and the effective resistance the LC tank circuit. The os-
cillating electron acquires the temperature of this resis-
tor, which was observed to be a few kelvins [13]. The
temperature of resistor is larger than the temperature of
cryostat environment due to electrical connection of LC
tank circuit to the input of the preamplifier (see Fig. 1a),
thereby acquiring an influence of the transistor thermal
noise, which becomes a serious problem for most experi-
ments. Therefore this resistance stays at the temperature
of the pre-amplifier, which can hardly be lowered below
1K [9,13,16,17]. For example, in an experiment with a sin-
gle electron conducted in Harvard [13,18], the axial tem-
perature was about 4 K, despite all efforts. For precise
measurements, a “dark detection”-method is used, where
amplifiers are turned off during the manipulation of the
spin and cyclotron states, thus reducing the axial temper-
ature of the electron by more than order of magnitude [18].

Another way to detect a single particle is to use a trap
with improved field geometry [12]. With a proper choice of
the trap geometry and applied voltages, the anharmonic-
ity parameters in equation (6) can be eliminated giving no
frequency broadening. Nevertheless, the reduction of the
trap size to a fraction of a millimeter makes coupling to
the external tank-circuit stronger (~ 1/73) allowing us to
observe a single particle in a trap, even when its geometry
is not optimized. Under these conditions the coupling of
two individually trapped electrons by wire appears to be
feasible for quantum information processing [7,19,20].

To summarize, we have demonstrated the first pla-
nar cryogenic Penning trap working below 100 mK. With
the present trap we have succeeded in cooling and de-
tecting a cloud of electrons. The experiment requires no
additional vacuum chamber inside the IVC, contrary to
most Penning trap experiments. Our measured trap life-
time is 3.5 h, making further development of the exper-
iment towards quantum computing possible. The strong
anharmonicity of the axial potential in the planar trap
prevented us from observing a single electron but allowed
to reveal nonlinear phenomena like parametric resonance.
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