
Rev. Sci. Instrum. 92, 023201 (2021); https://doi.org/10.1063/5.0038005 92, 023201

© 2021 Author(s).

Switchable damping for a one-particle
oscillator 

Cite as: Rev. Sci. Instrum. 92, 023201 (2021); https://doi.org/10.1063/5.0038005
Submitted: 17 November 2020 . Accepted: 02 January 2021 . Published Online: 11 February 2021

 X. Fan, S. E. Fayer, T. G. Myers,  B. A. D. Sukra, G. Nahal, and G. Gabrielse

COLLECTIONS

 This paper was selected as an Editor’s Pick

https://images.scitation.org/redirect.spark?MID=176720&plid=1087099&setID=375687&channelID=0&CID=358626&banID=519992918&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=1f4f1f55bac6985dab6b4a604f5223c966464746&location=
https://doi.org/10.1063/5.0038005
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=rsi
https://doi.org/10.1063/5.0038005
http://orcid.org/0000-0003-3639-3478
https://aip.scitation.org/author/Fan%2C+X
https://aip.scitation.org/author/Fayer%2C+S+E
https://aip.scitation.org/author/Myers%2C+T+G
http://orcid.org/0000-0003-0839-6604
https://aip.scitation.org/author/Sukra%2C+B+A+D
https://aip.scitation.org/author/Nahal%2C+G
https://aip.scitation.org/author/Gabrielse%2C+G
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=rsi
https://doi.org/10.1063/5.0038005
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0038005
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0038005&domain=aip.scitation.org&date_stamp=2021-02-11


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Switchable damping for a one-particle oscillator

Cite as: Rev. Sci. Instrum. 92, 023201 (2021); doi: 10.1063/5.0038005
Submitted: 17 November 2020 • Accepted: 2 January 2021 •
Published Online: 11 February 2021

X. Fan,1,2,a) S. E. Fayer,2 T. G. Myers,2 B. A. D. Sukra,2 G. Nahal,2 and G. Gabrielse2,a)

AFFILIATIONS
1 Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Center for Fundamental Physics, Northwestern University, Evanston, Illinois 60208, USA

a)Authors to whom correspondence should be addressed: xingfan@g.harvard.edu and gerald.gabrielse@northwestern.edu

ABSTRACT
The possibility to switch the damping rate for a one-electron oscillator is demonstrated for an electron that oscillates along the magnetic field
axis in a Penning trap. Strong axial damping can be switched on to allow this oscillation to be used for quantum nondemolition detection of
the cyclotron and spin quantum state of the electron. Weak axial damping can be switched on to circumvent the backaction of the detection
motion that has limited past measurements. The newly developed switch will reduce the linewidth of the cyclotron transition of one-electron
by two orders of magnitude.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038005

I. INTRODUCTION
A single isolated trapped particle is an ideal system to test

predictions of the Standard Model (SM) of particle physics involv-
ing magnetic moments and charge-to-mass ratios of the electron,
positron, proton, and antiproton.1–6 After decades of agreement, the
measured electron’s magnetic moment in Bohr magnetons μ/μB

2,3

now disagrees with the SM prediction7,8 by 2.4 standard deviations.
This discrepancy at the 3 × 10−13 level has stimulated many new
theoretical investigations.9–15

The electron measurements were done with a single electron in
the magnetic field and electrostatic quadrupole potential of a Pen-
ning trap.2,3 Quantum jump spectroscopy of fully resolved quantum
levels of the cyclotron and spin motion with an electron cooled to
0.1 K was key.16 The detection backaction uncertainty that remains
must be reduced to improve the accuracy of the measurements to
investigate the intriguing discrepancy between prediction and mea-
surement. This work is a demonstration of a 200 MHz electronic
switching system at cryogenic temperatures developed to accom-
plish this. It will make it possible to resolve the quantum energy
levels of the electron’s axial motion for the first time.17,18 The har-
monic oscillation along the magnetic field direction is a detection
motion used for quantum nondemolition (QND) detection19–21 of
the quantum cyclotron and spin states.22 The cryogenic switching is
between weak axial damping to circumvent all detection backaction
and strong axial damping to make a one-particle signal large enough
to observe.

A recent quantum calculation establishes the theoretical basis
for circumventing detector backaction.17,18 The calculation shows

that reduced axial damping makes it possible to resolve a cyclotron
resonance for each individual axial quantum state. The backaction
effect is circumvented insofar as the cyclotron excitations that take
place during the fraction off the time that the backaction fluctuations
take the axial motion into its ground state can be resolved.

Section II is a brief summary of the detector backaction that
must be eliminated; it does not repeat the derivations and calcula-
tions recently reported.17,18 Section III presents the detection cir-
cuitry and calculations of its effect on the electron axial motion.
Section IV provides the first demonstration of the circuitry being
used to change axial damping and expected line shape. An overview
of the experimental apparatus within which this circuit was used is
in Refs. 23–25. Section V presents a summary and conclusions.

II. QND DETECTION AND BACKACTION
The QND detection of the quantum cyclotron and spin states

(described elsewhere in detail17,18) is summarized briefly here to
provide the context needed to discuss the detector.

The energy eigenstates of the electron in the Penning trap are
direct products of independent cyclotron, spin, and axial eigenstates,
designated by their quantum numbers ∣nc, ms, nz⟩. For an electron
cooled to 0.1 K, only three cyclotron and spin states are populated.
Two are cyclotron ground states (with cyclotron and spin quantum
numbers nc = 0 and ms = ±1/2), both stable for years or more. One is
a spin down cyclotron excited state (with ms = −1/2 and nc = 1) that
has a damping time due to cavity-inhibited spontaneous emission of
typically 5 s.26,27 The energy eigenvalues for these eigenstates are

Rev. Sci. Instrum. 92, 023201 (2021); doi: 10.1063/5.0038005 92, 023201-1

Published under license by AIP Publishing

https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0038005
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0038005
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0038005&domain=pdf&date_stamp=2021-February-11
https://doi.org/10.1063/5.0038005
http://orcid.org/0000-0003-3639-3478
http://orcid.org/0000-0003-0839-6604
mailto:xingfan@g.harvard.edu
mailto:gerald.gabrielse@northwestern.edu
https://doi.org/10.1063/5.0038005


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

E(nc, ms, nz) = ̵hωc(nc +
1
2
) +
̵hωsms + ̵hωz(nz +

1
2
)

+
̵hδc(nc +

1
2
)(nz +

1
2
) +
̵hδsms(nz +

1
2
), (1)

where ̵h is the reduced Planck constant and the last line is due
to a magnetic bottle gradient22 that is introduced to couple the
cyclotron and spin states to the axial states. The magnetic bottle
parameters, δc and δs, are the shifts of axial frequency for one-
quantum cyclotron and spin transitions, respectively.17,22 It is a
QND coupling that does not change the energy eigenstates for the
system.16

The magnetic bottle gradient is essential for detecting the quan-
tum spin and cyclotron states of the electron because it couples the
axial frequency to the cyclotron and spin energy. From Eq. (1), we
see that axial frequency shifts,

Δωz = (nc +
1
2
)δc +msδs, (2)

reveal changes in the cyclotron and spin quantum numbers. Mea-
suring the axial frequency is, thus, a QND detection that does not
itself change the quantum state. Compared to the spin and cyclotron
frequencies in the best measurement,2

ωs/(2π) = 150.5 GHz, (3)

ωc/(2π) = 150.3 GHz, (4)

ωa/(2π) = (ωs − ωc)/(2π) = 173 MHz, (5)

the corresponding magnetic bottle shifts are very small, with

δs/(2π) = 3.872 Hz, (6)

δc/(2π) = 3.868 Hz, (7)

δa/(2π) = (δs − δc)/(2π) = 0.004 Hz. (8)

The frequencies for the spin and cyclotron differ only by 1 part per
1000 since g/2 ≈ 1.001. If these tiny shifts are detected, the QND
coupling keeps the axial detection motion (and the transistor ampli-
fier to which it is coupled) from altering the quantum state of the
spin and cyclotron motion.

However, the QND coupling does not prevent a backaction that
shifts the cyclotron and anomaly frequencies in proportion to the
axial energy. This parallel detection backaction is an unavoidable
consequence of the QND coupling. The physical reason is that axial
motion through the magnetic bottle gradient changes the magnetic
field in which the cyclotron and spin motions evolve. The backaction
shifts from Eq. (1) are

Δωc = (nz +
1
2
) δc, (9)

Δωa = (nz +
1
2
) δa. (10)

With δc needed to detect the quantum states (above), the backaction
shifts are large. The range of excited axial states is given by the size
of the average axial quantum number for a Boltzmann distribution,

n̄z = kBT/(̵hωz) ≈ 10 (11)

for ωz/(2π) = 200 MHz and a detector temperature of T = 0.1 K.
The backaction cyclotron linewidth, greater than n̄zδc, limited the
accuracy of past electron measurements.

Since the magnetic bottle shift δc cannot be reduced without
making it impossible to detect the cyclotron and spin state, it is
advantageous to find a way around the backaction linewidth. The
cyclotron width produced by the axial ground state (nz = 0) is the
axial decoherence width n̄zγz , where γz is the damping rate for the
axial oscillation energy due to the detection circuit. The proposal in
Refs. 17 and 18 is to make n̄zγz much less than the cyclotron fre-
quency shift [Eq. (9)] between the axial ground state and the first
excited state,

n̄zγz ≪ δc. (12)

In this “strongly dispersive regime,”28 the broad cyclotron resonance
of width greater than n̄zδc is resolved into individual resonance lines,
each of which corresponds to a particular axial state and quantum
number. Measuring the resonance line that corresponds to the axial
ground state, with nz = 0, will make it possible to determine the
cyclotron frequency that is shifted only by the zero point motion of
the axial oscillation (see also Sec. IV).

To realize this proposal for circumventing the detector back-
action requires that the axial damping caused by the detector γz be
reduced during the time that one-quantum cyclotron transitions are
driven. However, since the induced signal across a detection circuit
is proportional to the axial damping rate, this rate must be switched
back to a higher value during the time of the measurement that the
cyclotron quantum state is read out. The axial damping rate was
γz/(2π) = 1 Hz in the best measurement,2 so it requires about two
orders of magnitude of reduction to achieve Eq. (12). The rest of
this paper is a proposal for switching the axial damping constant,
a first demonstration of such switching, and a concluding estimate
of the improvement in electron and positron magnetic moment
measurement that should now be possible.

III. DETECTION CIRCUITRY
A. Impedance and damping

The axial motion of a trapped electron along the direction of
a strong magnetic field within surrounding trap electrodes is repre-
sented in Fig. 1(a). This motion induces a 200 MHz electrical current
in the frequency dependent impedance Z(ω) of an attached elec-
trical circuit that can be switched between two circuit states. The
electronic switch between the two circuit states is a high electron
mobility transistor (HEMT) in series with capacitor Ctuning. This
switch is shown within the dashed rectangle, and its operation will
be described presently (Sec. III C).

The first state of the circuit [Fig. 1(b)] is a purely resistive cir-
cuit impedance R that pertains at the circuit’s resonant frequency,
which is made equal to the electron oscillation frequency. This resis-
tance is due to the unavoidable loss in the circuit and the effective
input resistance of the HEMT, rather than from a physical resis-
tor that soldered into the circuit. The value of R is largest when
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FIG. 1. (a) The electron trap and RF electronic circuit used to detect its axial
motion. The switch HEMT model is used in Sec. III D. The electron sees the
effective circuits when the HEMT in the dashed box is biased off (b) or on (c).

the losses are the smallest. The largest possible R is desired because
this maximally damps this motion and produces the largest possible
oscillating voltage that can be Fourier transformed to determine the
axial oscillation frequency (Sec. III B).

The second state of the circuit is effectively a capacitance and
resistance in parallel [Fig. 1(c)] that is intended to couple as weakly
as possible to the electron motion. The high frequency current that
the electron motion induces in the circuit flows primarily through
the capacitor. Very little signal voltage is produced so that this cir-
cuit state is not useful for detection. Because very little power is
dissipated, there is also very little damping of the electron motion.
This circuit state is extremely useful for spectroscopy just because the
electron motion is so weakly coupled to the circuit that the electron
motion is perturbed very little.

With no detection circuit attached, the harmonic oscillation of
a particle displaced from equilibrium by z is described by the familiar
equation of an undamped harmonic oscillator with

d2z
dt2 + ω2

z z = 0. (13)

The axial oscillation frequency, ωz , is determined by the DC bias
voltages applied to the trap electrodes and by the geometry of the
trap electrodes.26,29,30 It was at ωz/(2π) = 200 MHz in the most
recent experiment.3 Using the complex circuit notation, the real
displacement z is given by

z = Re(z[ω]eiωt
), (14)

where z[ω] is a complex. Equation (13) becomes (−ω2
+ ω2

z) z[ω]
= 0. The familiar solution is a free oscillation at frequency ωz whose
fixed amplitude and phase are described by the complex z[ωz].

The detection circuit is attached to the trap electrodes, as shown
in Fig. 1(a). The top electrode is the detection endcap of the trap. The
ring electrode to which the circuit is attached and other electrodes

are grounded for frequencies at or near the axial frequency, ωz . The
DC lines needed to bias the trap electrodes and those for biasing the
two high electron mobility transistors (FHX13LG from Fujitsu) are
omitted because they are designed to not affect the RF behavior of
the circuit. These bias lines for the HEMTs, and all leads entering the
cryostat, are carefully filtered to keep external noise from heating the
trapped electron.

The oscillation of a particle with charge e induces an oscillatory
displacement current that flows through the electrodes and circuit,

I =
eκ
2z0

dz
dt

, (15)

where z0 is a trap dimension and κ is the fraction of induced charge
determined by the trap geometry.26 In the complex circuit notation,
with I = Re[I[ω]eiωt

],

I[ω] =
iωeκ
2z0

z[ω]. (16)

The imaginary number indicates that the current is 90○ out of phase
with the electron oscillation that induces it.

An oscillatory voltage V[ω] is induced between the detection
endcap and the ring when the induced current flows through the
circuit. This creates an electrical force on the particle of charge e,
−eκV[ω]/(2z0), that opposes the motion. The circuit presents a
complex impedance, Z(ω), across the two trap electrodes to which it
is connected, whereupon V[ω] = I[ω]Z(ω). The equation of motion
for the particle with mass m and the circuit together is

[−ω2
+ ω2

z + iω
Z(ω)

m
(

eκ
2z0
)

2
]z[ω] =

F[ω]
m

(17)

or

[−ω2
+ ω2

z + iωγz
Z(ω)

R
]z[ω] =

F[ω]
m

, (18)

where a driving force F = Re[F[ω]eiωt
] is included and the constant

γz =
1
m
(

eκ
2z0
)

2
R (19)

is the damping rate of electron motion coupled to a resistive
impedance R. We will take R to be the maximal resistive impedance
of the detection circuit. In Eq. (18), the circuit impedance Z(ω)
is scaled by this maximal resistance. The damping rate for general
impedance is given by γz × (Re[Z(ωz)]/R), and the suppression
parameter

η =
R

Re[Z(ωz)]
(20)

defines how much the damping is suppressed for general Z(ω) from
its maximum value R.

B. Maximal coupling
The maximum coupling of the electron axial motion and the

detection circuit takes place when the HEMT switch within the
dashed box in Fig. 1(a) is biased “off,” with a gate-to-source volt-
age of VGS = −1 V typically. The effective impedance of the HEMT
and Ctuning together is then large enough that it can be neglected in
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determining the impedance that the detection circuit presents to the
electron axial motion.

The detection circuit is constructed so that the reactance of the
inductor L = L1 + L2 cancels the reactance of the capacitance of the
circuit at the oscillation frequency of the electron oscillation, ωz .
Near to this frequency, the circuit acts as a pure resistance, Z(ωz)

= R. When the induced current flows through the resistance, the I2R
loss removes energy from the axial motion of the electron. Since
Z(ωz) = R, the damping rate from Eqs. (18) and (19) is γz . Exper-
iments have shown that R > 60 kΩ suffices so that the one-particle
signal can be Fourier transformed to ascertain that oscillation fre-
quency.2 Shifts in this measured frequency signal one-quantum
transitions of the spin and cyclotron motions.16,17

If there is no driving force (i.e., F = 0), an initial displacement
z̃0 of the particle from equilibrium damps exponentially as

z = Re[z̃0 eiωz t
]e−

1
2 γz t . (21)

The amplitude and energy of this free oscillation damp with time
constants 2/γz and 1/γz . A resonant driving force F0 cos(ωzt)
applied for a time t ≫ (γz)

−1 sets up a steady state,

z =
F0

mγzωz
sin(ωzt). (22)

The driving force equals the damping force for this steady state. The
steady-state signal, because it does not damp out, can be averaged to
determine the electron’s axial oscillation frequency as accurately as
needed. In principle, increasing the drive force F makes the ampli-
tude of the driven particle to be arbitrarily large. In practice, the
oscillation amplitude and, hence, the particle velocity must be kept
small enough so that the particle oscillation remains in the harmonic
potential region near the center of the trap.

The maximum power dissipated by the current flowing through
the resonant detection circuit is

P = mγz ż2. (23)

For constant oscillation amplitude, P is proportional to γz . The cryo-
genic detection circuit is designed to make R as large as possible,
thus maximizing both the damping rate γz and the signal power. The
circuit with its HEMT amplifier is designed to maximize the signal
power sent out of the dewar to be Fourier transformed to determine
the electron axial oscillation frequency ωz .

The detection circuit resonant at the electron oscillation fre-
quency acts as a simple resistance R through which the induced
current flows. This current would primarily flow through the capac-
itance between the trap electrodes, Ctrap = 8.2 pF, except that a paral-
lel inductor L = L1 + L2 = 70 nH cancels the reactance of the capac-
itor to prevent this. (The canceled capacitance also includes small
contributions from the distributed capacitance in the inductor and
from the input capacitance of the amplifier HEMT that is outside
the dashed box in the circuit). The inductor is tapped such that
L1 = 55 nH and L2 = 15 nH to match the impedance of the tuned
circuit and HEMT amplifier. The tapped inductor is a 78Ω coaxial
transmission line resonator, tapped at 15 cm out of its total length
of 20 cm. The mutual inductance between L1 and L2 is negligible in
such a resonator.

The resistance R is due to the RF losses that cannot be avoided
in the circuit, Rloss, along with a contribution from the input
impedance of the amplifier HEMT and the switching circuit. No
explicit resistive element is added to the circuit. Since R = QωzL, the
effective value of this resistance is determined by the measured res-
onance frequency, ωz , the measured inductance L = L1 + L2, and the
quality factor of the LCR circuit that is determined by the observed
resonance width. For these demonstration experiments, we typically
observed Q = 800 and R = 83 kΩ.

C. Minimal coupling
While one-quantum cyclotron and spin transitions are being

driven to make a magnetic moment measurement, high R and
high γz are not desirable. These would cause the backaction of
the strongly coupled detector upon the electron. As a result, the
electron’s axial amplitude fluctuates within a magnetic field gradient,
causing fluctuations of the electron cyclotron and spin frequencies.

What is desirable during the time that these quantum transi-
tions are being driven is the smallest possible circuit resistance and
axial damping rate, γz . Heater or varactor-based tuners have been
used previously in different environments.31 However, in a 0.1 K
apparatus at 5 T, switching the resistance of the circuit from a high
value to a low one is not a trivial task. The solution explored here
is the use of an electrical HEMT switch [within the dashed box in
Fig. 1(a)] that can be switched rapidly and reliably with the low heat
dissipation needed to operate at 0.1 K.

A HEMT gate-to-source voltage of VGS = 0 V makes the HEMT
act like a small resistance. It is in series with a capacitor called
Ctuning. Its major effect is tuning the detection circuit’s resonant fre-
quency to a much lower value. For example, for a typical value Ctuning
= 22 pF, ω′0/(2π) = 172 MHz, with a parallel resistance R′ = 3.4 kΩ
and quality factor Q′ = 45. The current induced by the electron oscil-
lation at ωz , thus, sees an effective detection circuit that is a resistor
R′ in parallel to a capacitor C′ [Fig. 1(c)]. The effective damping
resistance Re[Z(ωz)] is reduced by ∼300, and the damping rate γz
is reduced by a factor of η = R/Re[Z(ωz)] ≈ 300. In Sec. III D, we
experimentally determine the parameters of this effective circuit.

D. Optimization of the tuning capacitor
The value of the capacitor Ctuning must be experimentally opti-

mized since at 200 MHz, the stray capacitance and inductance mod-
ify the nominal component values. When the HEMT switch is biased
off, Ctuning must be small enough so that its reactance keeps the
biased-off HEMT drain-to source resistance from unacceptably low-
ering R, γz , and the detection sensitivity. At the same time, Ctuning
must be large enough that its reactance and the low drain-to-source
resistance of the biased-on HEMT will reduce γz as much as possible.

With a low loss capacitor substituted for trap electrodes for the
optimization measurements, the effective resistance on resonance
was about 83 kΩ. The circuit was located in a dewar that could be
cooled as low as 3.1 K by using a pulse tube refrigerator in a 0 T to
6 T solenoid magnet. A network analyzer injects a small drive into
the dewar and circuit through the weak coupling of a capacitive
divider made with 0.2 pF and 100 pF capacitors (Fig. 2). The detec-
tor of the network analyzer is similarly weakly coupled to the circuit.
The weak couplings increase the impedance of the 50 Ω input and
output lines to Z′0 ≈ (100 pF/0.2 pF)2

× 50 Ω = 12.5 MΩ. The loss
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FIG. 2. Circuit to measure the impedance Z(ω) of the resonance detection circuit.

and phase shift of the cables are calibrated by shorting them by using
a straight connector. As in the two port shunt-through measure-
ment,32 when ∣Z(ω)∣≪ Z′0, the transmission Vout/V in is a function
of the impedance of the resonance circuit Z(ω), given as

Vout

Vin
=

Z(ω)
Z′0 + 2Z(ω)

. (24)

Thus, the impedance Z(ω) can be calculated from the transmission
amplitude and phase.

Figure 3 shows the optimization for T = 3.1 K and 5 T. Z(ω) is
measured from Eq. (24). The reduction in the damping resistance as
the HEMT is switched on, at the frequency ωz = (2π) × 215.3 MHz,
is given by Eq. (20) with R = Re[Z(ωz)]off,

η =
Re[Z(ωz)]off

Re[Z(ωz)]on
. (25)

For a small Ctuning = 2.1 pF in (a), the resonance shifts slightly down-
ward as the HEMT is switched on, and the damping of an electron
oscillation at 215.3 MHz is reduced by η = 38. For a large Ctuning
= 180 pF in (b), the resonance shifts downward much more when
the HEMT is switched on, and the damping of an electron oscillation
at 215.3 MHz is reduced by η = 330. In this case, most of the current
induced by an electron oscillation at this frequency goes through the
capacitance in Fig. 1(c) rather than through a damping resistance.

The off-state resonance shapes for these values of Ctuning and
others shown in (c) are fit to a Lorentzian to get the quality factor Q
needed to deduce R = QωzL [black dots in (c)]. The gray dots in (c)
are the reduction factor η determined from traces such as those as in
(a) and (b).

The impedance between the detection electrode and ground
can be analytically calculated using the electronics model in Fig. 1(a).
Ctrap, L1, and L2 are independently determined from the resonance
shape and the dimension, and Ctuning is a controlled variable here.
The drain-to-source impedance of the HEMT is modeled by a capac-
itor C and a resistor Roff or Ron in parallel (depending on VGS,
thus the switch state). We can calculate theoretical R and η from
this model for these given parameters. The measured R and η in
Fig. 3(c) are fitted by this model. As discussed above, the only free
parameters are C, Roff, and Ron. The best fit values are Roff = 65 kΩ,
Ron = 9.6 Ω, and C = 1.8 pF.

As discussed earlier, when the HEMT switch is biased off, a
large R is needed to effectively detect quantum transitions made by a
trapped electron and to effectively damp the electron’s axial motion.
Past experiments have demonstrated that 60 kΩ suffices. When the

FIG. 3. Measured Re[Z(ωz)] for a transmission line resonator with the HEMT
switch on and off for Ctuning values of 2.1 pF (a) and 180 pF (b). (c) For various
Ctuning, the measured parallel R for the HEMT switched off are the black dots, with
higher values desired. The measured reduction in the damping resistance as the
HEMT is switched on is shown in gray, with the largest value desired. The dashed
lines show the requirements for R and η, respectively.

switch is biased on, a reduction in the axial damping rate by a fac-
tor of η = 100 (or greater) is desired from Eq. (12). The R value stays
quite high over most of the range of capacitor values used. The fac-
tor η increases to a saturation value as Ctuning increases, leading us
to choose Ctuning = 22 pF for experiments going forward with this
detection circuit.

IV. DEMONSTRATION AND IMPLICATIONS
A switchable detection circuit attached to a Penning trap with

a 5.3 T field provides the first demonstration of switching the damp-
ing resistance the circuit presents to the electrons. The large signal
from the center-of-mass motion of order of a thousand electrons is
used to demonstrate that the circuit can make the desired damping
resistance changes. The Penning trap and the detector system are
cooled to an ambient temperature of 0.1 K by using a dilution refrig-
erator.24 The effective circuit resistance R is thereby kept as low in
temperature as possible to minimize the thermal Johnson noise in
the resistor that heats the electron at the same time as it damps its
200 MHz motion. Cold damping is important for both a high fre-
quency electron oscillator and a low frequency oscillator with a large
mass.33,34 To this end, the amplifier HEMT used here is operated
with a power dissipation of only about 120 μW that still heats the
circuit to a temperature of 5 K–10 K.

The resistance R used for this demonstration was only 36 kΩ
for unrelated reasons related to loading positrons into the trap. The
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FIG. 4. Demonstration of the tuning of the quality factor of a detection circuit
connected to a Penning trap. The top curve is for the HEMT biased off (with a
gate-to-source bias at VGS = −0.14 V). Each line corresponds to different S21 with
VGS reduced by 0.005 V in each step.

behavior of the switchable detection circuit was characterized by
applying an RF drive to another electrode and measuring the trans-
mitted amplitude from the detector HEMT, S21, the well-known S
parameter that characterizes the transmission of a signal amplitude
through the circuit. Figure 4 shows S21 as a function of gate-source
bias voltage, VGS, on the switch HEMT. No particle is in the trap
in this measurement. Since only the relative change in S21 is mean-
ingful, the value is scaled so that the peak value is 1. The effective
resistance R can be tuned from 36 kΩ to around 100 Ω.

This fine control of the resistance R makes it possible to observe
the change in the axial damping rate γz with the trapped particles
[Eq. (19)]. When a cloud of N electrons is trapped, a dip appears
at the axial frequency ωz/(2π) on the noise resonance.29 The full-
width-at-half-maximum (FWHM) of the dip is Nγz , the damping
rate that we seek to be able to change. Figure 5 illustrates the change
in the dip width for the center-of-mass motion of about N ≈ 1500
electrons. The particles are trapped in a well-tuned harmonic trap,
and their magnetron motion29 is cooled to center them in the trap.
Since the amplitude of the detected signal is also proportional to
R, the signals are smaller for lower R. The baseline voltages in the

FIG. 5. Change in the dip width of a cloud with N ≈ 1500 particles. The gate volt-
age of the switch HEMT VGS is adjusted to set the R to be about 36 kΩ, 19 kΩ,
and 7.6 kΩ from left to right, respectively. The change in the dip width reveals
the change in the electron damping rate. The noise becomes relatively larger for
smaller R since the detection sensitivity is also proportional to R.

FIG. 6. Change in the dip width of four different sizes of clouds. R is set by adjusting
the gate voltage on the switch HEMT VG. Linear fittings on each cloud are also
shown.

graphs are shifted so that the baseline voltages are the same among
three. The measured damping width can then be compared to R
deduced from the S21 measurements in Fig. 4 and R = QωzL. R is
about 36 kΩ, 19 kΩ, and 7.6 kΩ from left to right, respectively. The
damping rate γz clearly reduces as R is reduced.

Figure 6 summarizes the change in dip widths for four differ-
ent sizes of clouds. R is set by adjusting the gate voltage VGS on the
switch HEMT, as in Fig. 4. The data with R lower than 7 kΩ can-
not be detected reliably because the noise resonance is too small to
observe the dips. All data are taken with the same trap voltages. The
results of linear fitting on each cloud are also shown in the graph.
The ability of tuning γz by changing R is demonstrated.

The tuning of axial damping rate γz demonstrates that the
HEMT switch is compatible with the Penning trap. The measure-
ments with a coaxial transmission line resonator (Sec. III) shows
that the HEMT-based switch has low enough loss to detect a sin-
gle particle and high enough suppression on γz . The suppression of
γz is demonstrated with trapped electrons. With these demonstra-
tions, the newly developed detector is able to reduce γz enough while
maintaining single-particle-detection sensitivity.

FIG. 7. Line shape of cyclotron transition for traditional measurement without
the switch (dashed) and with the demonstrated switch (solid) for n̄z = 10 and
δc/(2π) = 4 Hz.2 See Ref. 17 for the details of the calculation.
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According to recent calculations,17 the demonstrated switch-
able detection circuit should dramatically change the cyclotron res-
onance line shape that must be observed to measure the electron
and positron magnetic moments (Fig. 7). The dashed line shape is
what would be observed if the detection circuit was not switched,
as in completed experiments.2,35 The dramatically different series
of resonances (solid) is what is expected when the detection circuit
demonstrated here is switched on. The broad and asymmetric reso-
nance (dashed) turns into a series of extremely narrow and symmet-
ric peaks, each of which corresponds to an individual quantum state
of the axial motion. The linewidth is reduced by about two orders of
magnitude. The details of how the detection circuit is used to observe
cyclotron resonance are well beyond the scope of this report and are
discussed in Ref. 17.

V. CONCLUSIONS
A 200 MHz detection circuit that can be switched between high

and low resistive impedance levels has been developed for use at
cryogenic temperatures as low as 0.1 K. The switchable detection and
damping circuit is demonstrated by using it to change the damping
rate for the axial, center-of-mass motion of trapped electrons. The
change in the damping rate for a single electron will be about a factor
of 100 for the demonstrated circuit. According to a recent calcula-
tion, being able to switch the damping rate by this factor will make it
possible to evade the detector backaction that limited the accuracy of
earlier measurements by producing broad and asymmetric cyclotron
resonances. The switchable detection circuit thus promises to rev-
olutionize electron and positron magnetic moment measurements
made to test the most precise predictions of the standard model of
particle physics.
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