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Electrons and ions trapped with electromagnetic fields have long served as important high-precision
metrological instruments, and more recently have also been proposed as a platform for quantum
information processing. Here we point out that these systems can also be used as highly sensitive
detectors of passing charged particles, due to the combination of their extreme charge-to-mass ratio and
low-noise quantum readout and control. In particular, these systems can be used to detect energy
depositions many orders of magnitude below typical ionization scales. As illustrations, we suggest some
applications in particle physics. We outline a nondestructive time-of-flight measurement capable of sub-eV
energy resolution for slowly moving, collimated particles. We also show that current devices can be used to
provide competitive sensitivity to models where ambient dark matter particles carry small electric
millicharges <e. Our calculations may also be useful in the characterization of noise in quantum computers

coming from backgrounds of charged particles.
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Detection of moving electrically charged particles is a
ubiquitous problem in physics. Most charged particle
detectors are based on ionization or scintillation of a
detector medium, leading to detection thresholds on the
order of eV. In the past few decades, semiconducting and
superconducting devices based on lower energy excitations
have been proposed with thresholds down to the meV range
[1-4]. However, for particles that interact via long-range
forces like the Coulomb force, the predominant signal may
occur in the center-of-mass or other collective mode of an
object, which can have extremely low energies. As an
example, several of us have recently proposed [5] and
demonstrated [6] the direct monitoring of impulses deliv-
ered to the motion of a macroscopic mass as a pathway
toward ultralow threshold detection in optomechanical
systems [7].

Here we point out that analogous techniques can be
applied to electrical interactions of charged particles with
single trapped ions and electrons [8—10]. The achievable
detection thresholds can be below the ueV scale. Since the
electric force is long ranged, even a single electron can offer
substantial interaction cross sections at sufficiently low
detector thresholds, leading to remarkable detection reach.
We focus primarily on electrons, since their extreme
charge-to-mass ratio (at least 103 higher than any ion)
means that they set a fundamental sensitivity floor achiev-
able with the known particles of nature. However, the basic
results carry over to ions by simply rescaling the electron
mass m, — m;.,. We also note that the same results would
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apply to any other long-range forces coupling to these
systems, not just electromagnetism.

Electrons confined in Penning traps [8,10] have a long
history in metrology, notably in precision measurement of
the electron magnetic moment [11,12]. Electrons in both
Penning and radio-frequency (rf) Paul traps have also
been proposed as qubit systems which could enable
very fast gate times in quantum computing [13-15], with
single-electron trapping having been recently achieved
experimentally in a room-temperature rf Paul trap [16].
This offers the exciting possibility of utilizing quantum
information techniques to enhance the sensitivity of the
device [17,18].

As an example highlighting the extreme sensitivity of
these devices, we consider the application of a single-
electron sensor to searches for dark matter (DM) candidates
with small electric charge ¢ < e [19-23]. Such “milli-
charged” dark matter (mDM) can arise in models with weak
mixing between the photon and hidden-sector forces [24],
and has received significant recent interest to possibly
explain [22,25,26] an anomalous measurement in the 21 cm
emission of cosmological hydrogen by the Experiment to
Detect the Global EoR Signal (EDGES) collaboration [27].
We show that a single electron in a typical trap configu-
ration, utilizing only ground-state cooling and single-
quantum (“’single-phonon’) readout, would be capable of
searching novel parameter space in viable scenarios in
which ~1% of dark matter consists of particles with
charges ~1% of the electron charge.
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Trapped electrons as impulse detectors.—Both Penning
and Paul traps produce electron (or ion) motion which is
well described by harmonic oscillations. Penning traps use
a static, axial magnetic field combined with a static electric
quadrupole potential to trap the electrons. Paul traps instead
do not use a magnetic field but rather a combination of a
static electric quadrupole potential and rapidly varying
drive field. Time averaging over the drive produces
dynamical stability. Electron motion in the Penning trap
is characterized by the axial, cyclotron, and magnetron
frequencies (w,, ®., ®,,); Paul traps are characterized by
three frequencies w,, w, ~ w,, as well as the micromotion
drive frequency Q. In either case, the frequencies are
tunable; in Penning traps ,, < @, < @,.

We propose to exploit quantum control and readout of
the electron motion as a sensitive impulse detector.
Consider cooling the motion on an axis of our choice,
with frequency o, to near the ground state |0). Suppose a
rapid impulse is then delivered to the electron, imparting
energy AE. If AE = w, energy levels above the ground state
will be populated. If some event, for example, a particle
collision, transfers momentum A p to the electron, this will
impart energy AE = Ap?/2m,. Thus, the fundamental
detection threshold of a single-electron detector is of order

ApsoL = /2hm,o. (1)

This is precisely the “standard quantum limit” (SQL) for
momentum detection using a harmonic oscillator [7,28,29].
In terms of energy transfer, Eq. (1) translates to a detection
threshold simply given by the trap frequency. For electrons
trapped in the 10 MHz—10 GHz range, this corresponds to
threshold energies around neV — peV, far below ionization
levels. With ions, these frequencies can be down to the 10s
of kHz (see, for example, Ref. [30]), which would produce
similar momentum thresholds (1) as the increased mass
competes with the decreased frequency.

The essential duty cycle of a detector of this nature
would proceed in three steps. First, we prepare the motion
near the ground state |0). The system then evolves for some
time Atr. After At has passed, we estimate the change in
momentum. A detector “click” occurs if this momentum
change is greater than the threshold (1) [31].

We remark that the fundamental assumption we make in
what follows is simply that we can measure changes in
momentum at or near the SQL in a bandwidth similar to w.
Thus, both the preparation and measurement elements can
be relaxed to include higher temperature initial states and/or
less effective measurement, so long as near SQL-limited
momentum measurement is achieved. This has been
demonstrated, for example, using both nondemolition
[12] and projective [32] measurement of the oscillator
level. In addition to achieving measurement errors at SQL
levels, the primary experimental requirement is that the
heating rate (in phonons per second I'y) should be small.

Defining the quantum quality factor Q = @/I"y, our duty
cycle is bounded by Ar < Q/w, so that we will not obtain
spurious clicks due to heating.

We substantiate these generic requirements by examining
the cryogenic electron Penning trap in [12], in which the
150 GHz cyclotron mode was monitored via quantum
nondemolition measurements. This device satisfies all of
the above requirements, and has Q sufficiently high such
that the effective “duty cycle” defined above can be on the
order of days. Scaling this setup to lower-frequency modes
[to lower the detection threshold (1)] should be feasible. In a
typical cryogenic ion trap with a d~ 50 um spacing
between the ion and the electrodes, the phonon heating
rates are of order a few phonons per second at trap
frequencies ~1 MHz are of order a few phonons per second
[33,34], with a corresponding quantum Q > 10°. These
rates should scale roughly as 1/d* [35] and linearly in
m, [ Moy, SO to achieve arate of a few phonons per day would
require building a trap with d = O(cm). Typical dimensions
of Penning traps approach this size and indeed the Baryon
Antibaryon Symmetry Experiment (BASE) collaboration
finds heating rates of 2 quanta/day for the 18 MHz cyclo-
tron motion of an antiproton stored in a cryogenic Penning
trap with d = 1.8 mm [36].

Charged particle detection.—We now specialize to the
case of a passing electrically charged particle y of mass m

7
and charge g,. The Coulomb force between this and the

electron has magnitude F = A/r>. We will use “natural”
units A =c=e=1, so A=aq, in terms of the fine
structure constant a.

Let b denote the impact parameter between y and the
electron, and v the relative initial velocity (see Fig. 1). We
can define a “fly-by time” 7z = b/v, during which the
majority of the impulse is transferred. The simplest case,
which we will assume here, is that 7 < ;! for all the trap
frequencies (including, in the Paul trap, the micromotion
drive frequency Q [37]). With the typical velocities and
impact parameters of interest here, this should be valid for
modes with frequency below around 100 GHz. In this limit,
the electron is essentially a free particle during the collision,
and we have simple Rutherford scattering.

electrodes
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—

FIG. 1. Kinematics of a scattering event in a Paul trap. The
charged particle y impinges on the trapped electron with impact
parameter b and velocity v.
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The events with the lowest momentum transfer will be at
a large impact parameter. This will produce small-angle
scattering, for which the momentum transfer is

A
Ap=—. (2)
We note that Eq. (2) is true even for relativistic velocities
v & ¢ [38], although for sufficiently low velocity it breaks
down because the incoming particle will not have enough
kinetic energy.

We can combine (1) and (2) to estimate an effective cross
sectional area, o, through which a passing particle will be
detectable above threshold. Setting these equal and solving
for the impact parameter gives

/12
— 2 2
Ocff = drb- = 47'[)('0 F

2
~ 40 nm? x 2 x (1 GHZ), (3)

1}2 @

where x5 = 1/2m,w is the size of the ground-state wave
function of the electron. These cross sections are suffi-
ciently large to allow even a single trapped ion or electron
to detect interesting fluxes of charged particles.

These estimates assume that the momentum transfer due
to scattering is entirely delivered to the mode of interest
(say, the axial mode). For the Coulomb interaction, this will
be the case only if the particle y is incoming with velocity
transverse to this axis. Thus if we know the direction of the
incoming particles, this alignment is the optimum configu-
ration. If we are instead trying to detect particles with
unknown or random incoming directions, we will be
sensitive only to a fraction of the incoming particles:

fa(Ap) =/1—Apd/Ap*. (4)

This natural (and tunable) anisotropy enables directional
sensitivity of the detector and is thus a feature in applica-
tions like dark matter searches.

As an illustration, Fig. 2 shows the expected sensitivity
for a trapped electron or ion to a given flux of background
electrons. These could arise for example from cosmogenic
or radiogenic particles (e.g., the ~10° cm™? day~! astro-
physical muon flux) hitting the trap and causing showers of
slow electrons. Alternatively, local sources of radioactivity
may produce secondary low-energy particles at non-
negligible fluxes, including secondary electrons or slow-
moving recoiling daughter ions from decays on electrode
surfaces. While such radioactivity has been considered as a
possible source of errors in superconducting qubits [39,40],
here we see that this may also eventually be a consideration
for trapped electron or ion based systems.

One possible application of such a detector could be to
time-of-flight measurements of slowly moving charges in
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FIG. 2. Detectable levels of flux of ambient charged particles
(here taken to be electrons), as a function of the ambient
particle’s kinetic energy. Each curve represents a trap with an
electron or ion (here we use beryllium [41] to illustrate) with
various frequencies. A background of electrons with the flux
shown will produce impulses above threshold (1) at a rate of
1 event/day.

order to measure their kinetic energy [42,43]. For example,
one could use a retarding potential to slow electrons
produced in nuclear reactions into a collimated beam. To
resolve the energy of particles in the beam, one could use a
coincidence measurement with a pair of trapped-charged
devices spaced at distance L. The single-shot measurement
time to resolve an SQL fluctuation is a single trap period
AT =2rx/w [29]. A coincidence measurement would
then be able to determine » up to an error of order
Av = LAT/T? = v>AT/L. Resolving a y particle’s energy
to precision AE = m,, vAv would thus require a baseline of
order L = (2E)*?AT/m'/> AE. For example, determining
the energy of an E ~ 1 eV electron at a resolution of AE =
1 eV could be achieved with a pair of 100 MHz traps
spaced at 10 mm.

Sensitivity to mDM.—As a possible application of these
ideas, we now consider detection of an ambient background
of dark matter particles with small charges ¢, < 1. Other
DM-electron couplings—for example, coupling to electron
number L, [44], or via a massive mediator [45]—would
have a similar detection reach, as long as the range of the
force is longer than the cross section (3).

Our detection target is thus an approximately homo-
geneous distribution of mDM particles, with positive and
negative charges in arbitrary proportion. We assume these
all have the same mass m,. Astrophysical observations
independent of the detailed nature of dark matter indicate
that the average dark matter mass density should be
around 0.3 GeV/cm® [46], so the number density of

mDM particles is
1 GeV
(Fo). 5)
X

Here f, <4 x 1073 [22] is the fraction of DM which is
charged. These charges will deliver random impulses on

0.3
n)(:mqux
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our detector. Let f(v) denote their velocity distribution.
The number of events, per unit time and momentum
transfer, is given by the Rutherford formula

dR 274>
m = n;(A—pﬂ?(AP)- (6)

Here n(Ap) = [° dvf (v)v~! parametrizes effects from
the velocity distribution, and v,,;, = Ap/m, is the mini-
mum incoming velocity kinematically necessary to produce
akick Ap to the electron [47]. Integrating (6), multiplied by
(4) for single-axis monitoring, from Ap = Apy, upward,
will produce the total number of events, per unit time,
above the detection threshold Apy,.

For electrically charged DM, the details of the distribu-
tion present at a terrestrial experiment are poorly under-
stood, since these charges interact with astrophysical
magnetic fields, the atmosphere, etc. [19,22,48]. In par-
ticular, at sufficiently large charge, mDM may lose sub-
stantial energy when transiting the atmosphere and earth en
route to an experiment [23,49,50]. Such energy loss
explains the lack of direct detection limits above g, 2
10~* [45], because the subsequently slowed mDM will
have kinetic energy below existing dark matter detection
thresholds based on ionization [51-53] or excitation of
electron-hole pairs in Si [54-56]. In contrast, the substan-
tially lower thresholds possible with trapped electrons, as
well as the v~2 enhancement in the cross section (3), could
enable detection in the currently unconstrained region of
parameter space above the direct detection constraints
around 107 < ¢, < 107",

In Fig. 3 we present a pair of example sensitivities in
these two different charge regions. For charges g > 107 at
relatively heavy mass m, 2 1 GeV, DM is expected to be
captured and thermalized into the Earth [49]. For smaller
charges, in contrast, the DM should be virialized with
the galaxy. In both plots we use the highly conservative
number density (5) with f, =0.4%; in particular, the
number density for captured and thermalized mDMs
may be orders of magnitude larger [49]. Even with these
conservative assumptions, we see that a single electron or
ion monitored for a day has substantial detection reach in
novel parameter space.

Substantial improvements in cross section could be
reached with either multiple charges in a single trap,
multiple traps, or a combination, as in quantum computing.
For example, current ion traps can support crystals of >10?
charges in a single trap spaced by their mutual Coulomb
repulsion at Zum distances [64]. To illustrate the require-
ments to achieve sensitivity below the lower edge of
cosmological constraints at g, < 107'°, we also show the

sensitivity with 10° electrons [65].
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FIG. 3. Projected millicharged dark matter sensitivity with

various trap frequencies and integration times. We consider
detection along only a single trap axis (4). Top plot: high-charge
DM thermalized at room temperature [300 K] (or at liquid He
temperature [4 K]). Bottom: low-charge DM virialized to the
galaxy. Currently excluded parameter space is shaded: bounds in
light blue come from stellar astrophysics [57,58], dark brown
from cosmology (big bang nucleosynthesis and cosmic micro-
wave background Ng [57,59]), dark blue from direct detection
experiments [45], and light brown from a variety of collider
experiments [60—63].

We note two key advantages of this type of detection.
One is the inherent directional sensitivity. As described
above, the trap has tunable anisotropy between the different
axes, so directional sensitivity is possible for single events
(by measuring multiple axes) or statistically with many
events (by looking for temporal variations in the event rate
in a single axis). Second, a number of traditional back-
grounds are suppressed by the effective velocity discrimi-
nation in Eq. (3).

Such background sources include the atmospheric muon
flux described above, charged particles originating from the
plateout of Rn daughters (including from long-lived species
such as 2'9Pb) on detector surfaces, and natural radio-
activity such as fs from °K in detector materials. These
background sources have been studied in detail by rare-
event searches for dark matter and Oy decay [67-69], and
can be mitigated by material selection and handling to
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produce primary event rates subdominant to atmospheric
muons. As described above in the context of qubit errors,
production of low-energy secondary charged particles
remains an open question. Such secondaries have been
identified in precision experiments sensitive to sources of
low-energy e~ such as Karlsruhe Tritium Neutrino
Experiment (KATRIN) [70-72]. Nonetheless, given the
small trap geometries, it is expected that it is feasible to
reject a substantial fraction of such backgrounds by
surrounding the traps with traditional charged particle
detectors and vetoing coincidences with high-energy inter-
actions. Furthermore, the use of multiple electrons and
searching for “tracks” would enable robust rejection of
many backgrounds [5]. For these reasons, and the very low-
event data from existing traps [12,36], we assumed a
background-free search is possible in producing Fig. 3,
although more detailed study would be necessary in an
experimental realization.

In a very practical sense, our approach is to look for a
sudden change in momentum due to an “event,” when
compared with stochastic and quantum noise backgrounds.
The SQL is a reasonable starting point for the limits of this
type of detection. We mention however that advanced
techniques (e.g., using motional Fock states [73], squeezing
[74], or spin entanglement [75]) can push measurements
beyond this limit.

Conclusions.—Single electrons have the highest charge-
to-mass ratio known in nature. Like atoms, electrons are
universal—each has exactly the same properties—and can
be controlled and read out at the single-phonon level. Thus
single-electron systems provide a fundamental platform for
the detection of tiny impulses, well below typical ionization
energies. As a simple example, we showed that just one to a
few trapped electrons can be used to perform novel
searches for millicharged dark matter. Beyond the milli-
charged scenario, these systems can enable ultra-low-
threshold detection to any putative new long-range force
coupling to the electron or ion. With trapped ions and
electrons emerging as a platform for quantum information
processing, these systems (with either one or many charges)
also provide an opportunity to test quantum-enhanced
protocols for sensing.
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