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An essential component for quantum-enhanced measurements with free electrons is an electron
resonator. We report stable guiding of free electrons at 50 eV energy for up to seven round trips in a linear
autoponderomotive guiding structure, which is realized with two microstructured printed circuit boards that
generate the required electromagnetic fields. Free electrons are laser triggered from a sharp tungsten needle
tip and coupled in at the front of the electron resonator with the help of sub-nanosecond-fast switchable
electron mirrors. After a variable time delay, we open the rear electron mirror and measure the number of
trapped electrons with a delay-line detector. We demonstrate, simulate, and show ways of optimizing an
electron resonator in simulations, which will help enable “interaction-free” measurement setups, including
multipass and quantum-Zeno effect based schemes, helping to realize the quantum electron microscope.
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Electron microscopy relies on one-time electron-sample
interaction. The success of this imaging modality has been
tremendous, a recent example being the spectacular surge of
cryoelectron microscopy, which has enabled atomic reso-
lution of biologically relevant molecules [1,2]. However,
even this imaging technique cannot record an image of one
individual molecule with atomic resolution as the electron
beam destroys the sample before sufficient information can
be gained [3]. Hence, many molecules of the same type are
partially imaged, the results of which are processed with
computational algorithms.

To enable the imaging of damage-sensitive specimens and
to facilitate true single-particle imaging, new imaging meth-
ods must be developed. One of them is multipass imaging,
which relies on a single electron interacting with the sample
multiple times and thereby accumulating a larger phase shift
than just with a single passage [4]. Another proposed scheme
is the interaction-free measurement, which is based on the
quantum Zeno effect, where the electron interrogates the
sample multiple times [5-8]. An interaction-free measure-
ment has been realized with photons [9] and a first step has
been taken with a single pass “interaction-free” measurement
with electrons [10]. An enhancement resonator for multiple
reflections is key in achieving sufficiently high efficiency.
Here, we demonstrate a first electron resonator for electrons
having a central energy of 50 eV: we show controlled and
repeated reflection of electrons and measure the coupling
efficiency to the mode, which is an important step toward
coherent electron beam manipulation. Our approach can be
directly scaled up to 5 keV [11,12] and is directly applicable
with minor changes.
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Our resonator relies on the principle of the electrody-
namic Paul trap, that features a stable ion confinement in
three dimensions, see Fig. 1(a) and [13,14] and has been
shown to work for electrons likewise [15—17]. Technical
limitations in driving frequencies of Paul traps, in turn,
limiting the maximally guidable electron energy led us to
pioneer the use of a static electric potential from micro-
segmented electrodes. Here, the moving electron with
velocity v, samples a polarity, altering at a period length
Lp that generates an autoponderomotive radially confining
Paul-trap-like pseudo-potential, see Figs. 1(c) and 1(d). The
electron motion-induced autoponderomotive angular driv-
ing frequency @ then results as
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We optimize the autoponderomotive geometry and
voltage for guiding of up to 5 keV electron energies,
see Refs. [11,12].

To form a resonator for electron bunches, a linear
autoponderomotive guiding structure is complemented
with switchable mirrors at both ends. The experimental
setup is comprised of (i) a laser-triggered source for
electron bunches, which are injected into the resonator
formed by (ii) a switchable input mirror, (iii) an electro-
static autoponderomotive electron guide, and (iv) a switch-
able output mirror. The transmitted electron bunches are
recorded on a (v) delay line detector (DLD).

As an electron source (i), we employ a tungsten needle
emitter biased with the acceleration voltage U,, and an

© 2024 American Physical Society


https://orcid.org/0000-0002-9261-9040
https://orcid.org/0009-0000-7474-2259
https://orcid.org/0000-0003-1325-1768
https://orcid.org/0000-0003-4757-5410
https://ror.org/00f7hpc57
https://ror.org/042nb2s44
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.255001&domain=pdf&date_stamp=2024-06-17
https://doi.org/10.1103/PhysRevLett.132.255001
https://doi.org/10.1103/PhysRevLett.132.255001
https://doi.org/10.1103/PhysRevLett.132.255001
https://doi.org/10.1103/PhysRevLett.132.255001

PHYSICAL REVIEW LETTERS 132, 255001 (2024)

0= U() - UAC + COS (Qt)
—®y = —Uy + Unc - cos ()
Un + Us(t)

m U
mU
ground
V(z)

o
f»x
chip 2

% (transparent)

mirror 1

pass
single
roundtrip

mirror 2

FIG. 1. (a) Sketch of a conventional, fully three-dimensional
linear Paul trap with switchable end-cap mirrors on either side.
(b) The electrostatic counterpart of the conventional radio-
frequency-driven or microwave-driven system makes use of
segmented electrodes at static potentials. This concept works
for electrons moving up and down between the end caps: in the
frame of the moving electron, these static fields transform into an
alternating potential, forming the transverse autoponderomotive
electron trapping potential. (¢) Chip-based, planar realization of
the structure shown in (b) based on two opposing substrates with
the electrodes projected onto them. The second chip (chip 2) is
indicated transparently to provide a clearer view of the electrode
layout. (d) Autoponderomotive potential in the linear guiding part
of the resonator, not to scale [the yellow substrate in (c) is ~6 cm
wide, for reference]. Guiding of electrons with an energy of up to
5 keV has been demonstrated in a comparable autoponderomo-
tive structure [11,12]. In this Letter, we demonstrate that such a
guide can be transformed to work as a resonator by adding
switchable end-cap electron mirrors, the electrodes for which are
shown in green (top) and red (bottom). The electron mirrors each
consist of three electrodes at static potentials with the central one
fed with a fast switching signal of a homebuilt GaN FET pulser
situated next to each mirror (see Supplemental Material [18]).
This central potential provides the mirror potential, which can be
quickly switched on and off. Right next to the planar chips, we
show the simulated mirror potentials V(z) in the open state (blue)
and closed state (orange). The blue arrow indicates straight
electron transmission with both mirrors open, whereas the orange
path depicts one round trip, for which both mirrors have to be
switched in a sequence as discussed in the main text and outlined
in Fig. 2(b). More details including pictures of the resonator can
be found in Supplemental Material [18].

extractor voltage U,,, set to suppress field emission, see
Fig. 2. A pulsed laser beam triggers electrons from the
tungsten needle tip and generates electron pulses [19-21].
The high voltage pulses for the electron mirrors are
generated in a pulse generator with a minimal switching
time of 10 ns, see Supplemental Material [18]. The laser
pulses at a central wavelength of 515 nm and an energy of
~5.2 nJ are derived from a frequency-doubled ytterbium
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FIG. 2. (a) Sketch of the experimental setup consisting of, from
left to right, a femtosecond laser-triggered electron source,
extractor, and ground aperture, the on-chip resonator, and the
delay-line detector (DLD) inside of an ultrahigh vacuum cham-
ber. A pulsed laser beam illuminates a tungsten tip biased at
U, = —50 V to generate electrons with 50 eV kinetic energy.
(b) Mode of operation: electrons enter the resonator via mirror 1
(open) and can either pass mirror 2 at f, (upper case in the right
box). A straight pass is performed. Alternatively, the electrons
reflect from mirror 2 when it is closed at t = ¢, (lower case). If the
electrons return to mirror 1, they reach it at 7, + % trr- Mirror 1 is
already closed and the incoming electrons are reflected. When the
electrons reach the second mirror again, they can be coupled out
of the resonator, by opening mirror 2 at ty + fgy. We refer to this
as 1 round trip, even though the electrons have passed the
resonator 3 times. Alternatively, if no voltage pulse is applied to
mirror 2, the electrons are reflected back to the still-closed mirror
1 to perform an arbitrary amount of further round trips.

femtosecond fiber laser running at 1 MHz pulse repetition
frequency with a pulse duration of < 400 fs. This generates
a pulsed electron beam with an energy of eU, = 50 eV
and an energy spread of 0.7 eV, leading to an electron pulse
length of about 1 ns measured by time-of-flight evaluation
at the DLD.

The switchable electrostatic mirrors [(ii) and (iv)] on each
end of the autoponderomotive guide consist of three electro-
des with a width of 8 mm (y direction) and alength of 1.3 mm
(z direction), see Fig. 1(c). These three mirror electrodes are
separated from each other by 0.25 mm, creating a charged
particle mirror of 4.9 mm depth in the z direction. The outer
electrodes U; and U, are on a constant potential. Each
central mirror electrode is supplied with a combination of a
constant voltage U, and a time-dependent switching
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FIG. 3. Electron resonator results. (a) Electron count rate depicted as a function of the opening time of mirror 2, i.e., of the mirror delay

time 7. It takes the electrons about 10 ns to arrive from the tip at the resonator entrance (first mirror) and about 20 ns to cross the
resonator. The mirror operation takes about 10 ns, see Supplemental Material [18]. The first electron peak results from the electrons
passing the resonator in transmission mode at = (32.5 & 0.2) ns, i.e., mirror 2 just acts as a temporal filter for the incoming electrons.
The electron count rate is high, as a lot of electrons do not get coupled into the resonator and create a high secondary electron
background. It is lowered at 10 ns due to mirror jitter hindering electrons from coupling into the resonator and crosstalk to the DLD
shortly reducing its sensitivity (dip at 10 ns). The detector’s background count rate without mirror operation is > 2—4 counts/s. After
that, the electrons have to perform a single round trip, which is reflected by the peak at (74.8 & 0.2) ns. The blue line labeled 7, displays
the first round trip [it is obtained from panel (b) right below]. The subsequent peaks correspond to more round trips, with matching
colors for mirror delay (a) and the respectively recorded time-of-flight spectrum (b). We note that the equidistant peak heights shrink less
than exponential with each round trip, which is mainly due to loss at the mirrors (see text and Supplemental Material [18] for details).
(b) Time-of-flight spectra recorded at each respective mirror delay z; with i € [0...7] with a value in bin standardized with the sum of all
bins as probability. The colors correspond to the colors in panel (a): for instance, the first peak results from a time of flight measurement
with 7 = (32.5 £ 0.2) ns, the second peak from 7z = (74.8 £ 0.2) ns, and so on. The insets show electron trajectories for up to three
round trips. Unwanted mirror 2 leaks are marked by the faint gray arrow. (c) Fitted maxima position from panel (b). We clearly see an
equidistant peak distribution with increasing mirror delay 7, evidencing a nearly constant round-trip time of Ty = (42.7 & 1.7) ns.

voltage U,. The resulting mirror potentials in on and off state
are indicated in both Figs. 1(c) and 2(b). We employ
homebuilt high voltage GaN FET pulsers [22] supplying
the central electrode of the electron mirrors with static
voltages U, of up to —1000 V bias and a time-dependent
pulse with an amplitude U of up to +80 V.

For the autoponderomotive Paul-trap-like guide (iii) in
between the electron mirrors confining the electrons
transversely, two rows of 80 rectangular electrodes are
placed in the center of both chips. Each electrode has a
width (y direction) of 1.3 mm and a length (z direction
along which the electrons propagate) of 0.4 mm. They are
separated by 0.6 mm (z direction), which leads to a period
length of L, = 2 mm. A grounded metal coating surrounds
them at a distance of 100 pm to prevent charging of the
nonconductive FR4 carrier substrate. Neighboring electro-
des are supplied with the two constant guiding voltages
+U . along the z direction typically in the range of several
10 V up to several hundred volts.

After the output mirror is opened, the electron
bunches are recorded at a RoentDek delay-line detector (v)
with a time resolution of < 1 ns and spatial resolution
<0.1 mm [23]. All this results in a Ly = 87.95 mm long
electron resonator.

In the experiment, the 50 eV electron pulses are fed into
the resonator potential with electrostatic double deflectors.
Initially, the relative timing of the voltage dip opening the
input mirror is optimized toward the laser pulse for optimal
electron transmission. This input mirror delay is kept
constant throughout the measurement and needs adjustment
only when we vary the electron energy eU 5. With the output
mirror closed, the electrons are reflected back to the input
mirror, which by the return of the electrons at its position has
been switched to a closed state as well, see Fig. 2(b). Hence,
the electrons also turn around at the input mirror to again
travel in positive z direction toward the detector.

By varying the opening and closing times of output
mirror with respect to the laser pulse and the fixed time
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delay of the input mirror, we can store the electrons for an
arbitrary amount of time z and thus round trips in the
resonator. We can now vary when we open the outcoupling
mirror (mirror 2), which we do after an arbitrary time
delay 7 with respect to the opening time of the in-coupling
mirror (mirror 1). The electrons are coupled out of the
resonator when the output mirror’s potential is lowered.
Their transverse position and arrival time are recorded at
the DLD.

In the measurement, we vary the electron mirror 2 delay
7 and thus storage time from —10 ns to 349 ns, see Fig. 3.
We observe clear equidistantly spaced maxima of electrons
on the DLD, corresponding to the increasing number of
round trips of the electrons.

To gain more insights, we can record a time-of-
flight measurement for each specific z, i.e., the time
between opening mirror potentials 1 and 2. We start the
time-of-flight counter with the laser pulse triggering
the electron emission and stop it when an electron hits
the detector.

The time-of-flight results are shown in Fig. 3(b). We
observe eight distinct maxima, again corresponding to the
increasing number of round trips of the electrons in the
resonator, starting with direct transmission of the electrons
through the resonator appearing fully open after 32.5 ns.
The peak at 74.8 ns time-of-flight corresponds to the first
round trip inside of the resonator, 118.6 ns to two round
trips, 162.4 ns to three, and so on. Up to seven electron
round trips have been detected. The count rate decays in a
less-than-exponential fashion, and we measure an average
in- and outcoupling loss of 75% per round trip from the
data shown in Fig. 3(a) and in Supplemental Material,
Fig. 1.

We obtain the resonator round-trip time by evaluating the
differences of the optimum mirror delays z of the voltage
pulses opening the mirror. In this way, we measure a mean
round-trip time of T = (43.8 £ 4.8) ns. Using the center
of the peaks in the time-of-flight measurements using a
Gaussian fit leads to an even more precise result:
Trr = (42.7 + 1.7) ns. Slight variations might be induced
by unwanted acceleration due to not fully decayed electric
field transients from fast GaN FET pulser’s switching. Both
results are in excellent agreement with the expected result
of Try = Lg/v, = (41.9 £ 0.4) ns for 50 eV electrons and
a resonator length of Ly = 87.95 mm.

We model the details of the electron trajectories at the
coupling into the guide, the mirror reflection, and inside the
guide with the commercial software COMSOL and CPO [24].
From these particle tracking simulations, we infer that the
highest number of round trips requires an electron beam
alignment better than 20 pm with respect to the resonator
axis. In addition, if the electron trajectory enters the
resonator under an angle of < 1°, the maximum number
of round trips is three. With a simulated collimated 2-pm

beam, we find a significantly reduced loss of around 8% per
round trip; see Supplemental Material [18], Fig. 1. This
indicates that the resonator incoupling puts stringent
requirements on the electron beam. However, most of
the electron losses are due to imperfect electron trajectories
in y direction after reflection from the mirrors, such that
most electrons are lost in the +y direction and almost none
inside the guide or in x direction, see Supplemental
Material [18], Fig. 6. The simulation and its results are
discussed in more detail in Supplemental Material [18].

To summarize, we demonstrate the first linear autopon-
deromotive resonator for 50 eV electrons, trapping them for
up to 7 round trips, which amounts to a trapping length of
about 1.4 m. As the preferred direction in our autoponder-
omotive guiding structure renders this task nontrivial, our
results represent a substantial step toward a guided electron
resonator with long electron storage finesse (many round
trips). For the first time, the in- and outcoupling loss into
the mode could be measured to be 75% in qualitative
agreement with detailed charged particle simulations. In
comparison, the first multireflection time-of-flight ion mass
spectrometer achieved three round trips with an average
loss of 57% [25]. Today’s multireflection time-of-flight ion
mass spectrometers are capable of measuring a mass
spectrogram after 600 round trips [26,27]. Based on this
Letter, we aim to improve the mirror geometry using on-
chip lenses to reduce round-trip losses. Additional simu-
lations showed improvement for a smaller electron input
beam of 2 pm opening another potential vector of approach
toward a better resonator. With an increased resonator
length, it could be operated up to electron energies of 1 keV
using even the same GaN FET pulsers. With other
geometries, we expect much higher high voltage break-
down limits, rendering this scheme scalable to higher
electron energies well suited for imaging applications.
Last, with an elevated mirror electrode, we expect further
improved resonator behavior. These improved resonators
are key for quantum-enhanced measurement protocols for
electrons, like interaction-free measurement in the quantum
electron microscope or multipass transmission electron
microscopy. The grounded spaces between the guiding
structure, which reduce the height and apparent driving
frequency, are placeholders for possible insertion positions
of samples. The technical realization is subject to future
experiments. We also foresee these resonators to enable
complex electron wave function shaping due to repeated
laser interaction and quantum interference [28,29].
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