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ABSTRACT OF THE DISSERTATION

Trapping Electrons in a Monolithic PCB Paul Trap

by

Zijue Luo

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2026
Dr. Boerge Hemmerling, Chairperson

Ton traps are one of the most mature physical platforms for quantum information process-
ing. The mainstream two-qubit gate of trapped ion qubits depends on the secular motional
frequency, which is the main bottleneck for the speed of trapped ion qubits. This inspired
the idea to trap electrons, particles with a much smaller mass than ions, to improve the
speed of gates. Electrons also have other advantages such as a natural two-level system and
laser-free detection and manipulation, but they also face challenges in high RF frequencies
and new schemes for cooling and detection. In this dissertation, I designed and realized a
monolithic PCB linear Paul trap with a half-wave resonator with a resonance frequency of
~1.7 GHz, and 20 DC electrodes with tracks of equal length for multipole control, which
eliminates the need of mechanical assembly and would be beneficial to cryogenic experi-
ments. The design is validated by ANSYS HFSS simulation for the resonator and Maxwell
simulation for the electrode control. Using this monolithic PCB trap design, we success-
fully trapped electrons, characterized the dependence of trapping signals on experimental

parameters, and investigated the stray field and trapping thresholds. We also conducted

vi



thorough measurements of the electrons’ motional frequencies and lifetimes. We found axial
motional frequencies of the electrons up to 2w x55 MHz and radial motional frequencies up
to 2rx90 MHz, as well as a lifetime of 2.13 ms. In addition, I introduced ideas to improve
the trap design and presented an outlook for cryogenic trapping and non-destructive spin

readout of trapped electrons.
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Chapter 1

Introduction

Quantum information processing is a promising technique with the potential to
provide advantages in applications such as computation [1,2], simulation [3,4], and commu-
nication [5,6]. To realize these advantages, a physical platform that can reliably maintain,
control, and measure the quantum state is required [7]. Trapped ions are one of the most
well-established physical platforms in the field [8], providing extraordinarily long coherence
times [9], high-fidelity control [10], and well-developed techniques for cooling [11], manufac-
turing [12], and readout [13].

The success of trapped ions naturally motivates the question of whether this frame-
work of charged-particle quantum computing developed for ions can be extended to elec-
trons. Electrons have several properties that are advantageous for quantum computing: a
much smaller mass that supports faster operations [14-16], a simple two-level structure that
fundamentally prevents state leakage to a third state [17-20], and a laser-free protocol for

cooling, state control, and readout [14,15,17,21,22].



Despite these advantages, trapped-electron quantum computing faces its own chal-
lenges. The lighter mass of electrons requires a higher-frequency RF drive for stable con-
finement [23], and the Doppler cooling developed for trapped ions is not applicable to
electrons [21,23]. These constraints call for an alternative roadmap to trapped-electron
quantum computing.

In this dissertation, I first establish the theoretical foundation for trapped ions and
trapped electrons in Chapter 1. I then introduce our roadmap to trapped-electron quantum
computing in Chapter 7?7, and discuss our trap design in Chapter 2 and the experimental
system for trapping in Chapter 3. After that, I present the results of the trapping experiment

in Chapter 4. Finally, I outline our future plans in Chapter 5.

1.1 Ion Traps

The Earnshaw theorem forbids trapping of charged particles by purely static elec-
tric fields [24]. To overcome this obstacle, two approaches have been developed: the Paul
trap, which confines particles with time-varying electric fields [25], and the Penning trap,
which confines them with a combination of static electric and magnetic fields [26]. Of these,
the Paul trap is the most prevalent geometry used in quantum information processing. It
is also the foundational technology we use for electron trapping.

In this section, we first discuss the three-dimensional trap, the canonical design of
the Paul trap, in Sec. 1.1.1. We then extend the analysis to linear traps, the most practical
design for the QCCD architecture, in Sec. 1.1.2. Finally, we summarize the foundations of

trapped-ion quantum information processing in Sec. 1.1.3.
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Figure 1.1: Geometry of the classical design of Paul trap. (a) 3D view of the trap electrodes.
(b) 2D Cross-section in the r—z plane.

1.1.1 Paul Traps

The Paul trap was invented by Wolfgang Paul in the 1950s, initially designed as
a quadrupole mass filter and later as a three-dimensional trap [27]. This invention earned
Paul a share of the Nobel Prize in Physics in 1989 [25]. The limitation mentioned above is
that a static electric field in free space can never produce a local minimum of the potential
energy. The Paul trap addresses it by using oscillating electric fields. In this design, the
trap geometry never generates a local minimum. Instead, it generates a saddle point of
the potential energy and drives it faster than the particle can escape. As a result, when
averaged over the drive period, the particle experiences a net restoring force towards the
saddle point, as if the point were a potential minimum.

The classical design of the Paul trap is shown in Fig. 1.1. It consists of three
electrodes whose surfaces are hyperboloids: a ring electrode of inner radius rg, and two
endcap electrodes separated by 2z along the axis of rotation. The dimensions are designed

to satisfy 2 = 222 to match the equipotential surfaces of an ideal quadrupole field [28]. A



voltage U + V cos(Qt), an RF drive with a DC bias, is applied between the ring electrode
and the two endcaps. For atomic ions, the RF amplitude V is typically tens to hundreds
of volts and the drive frequency /27 is typically 10-100 MHz [8]. At these frequencies,
the free-space wavelength is several meters, far larger than the trap dimensions, which
means the field is quasi-static with respect to Maxwell’s equations and can be obtained
from electrostatics at each instant. The applied voltage thus produces the potential

22 —|—y2 — 222

O(x,y,2,t) = (U + V cos(Q2t)) 27’% ,

(1.1)

which satisfies Laplace’s equation V2® = 0 at every instant [29]. The solution (1.1) makes
the physical picture clear. At any instant, the potential is a saddle, confining the particle
in the radial plane while expelling it axially, or vice versa. The RF drive exchanges these
two roles at frequency 2. The DC voltage U acts as a static bias to this effect, and the
direction in which it strengthens or weakens the confinement depends on its sign.

The motion of a particle with mass m and charge e in this potential obeys Newton’s
second law mii = —e d®/0u in each direction u € {x,y,z}. Substituting the potential of
Eq. (1.1), the three equations of motion decouple from each other, and each takes the form

of the Mathieu equation

d>u Q2
2 +r [y, — 2qy cos(Qt)] u = 0, (1.2)
with the dimensionless parameters
a, 4eU q- 2eV (1.3)
Qa =y == —————" = = —-—= .
v 2 m§2r3’ o =4y 2 mQ*rd

These two numbers fully determine the motion of the trapped particles. The physical

parameters of the particle and the trap (m, e, U, V, Q, ry) affect the motion only through



their influence on a, and ¢,. This makes these two parameters the key quantities in trap
design. In most experiments, particles are trapped in the regime of |a,|,¢2 < 1, where the

lowest-order solution of the equation is

u Q 2
w(t) 2 up cos(wat + ) [1 v % Cos(Qt)} o we= et %“ < Q. (14)

From this solution we can see that the motion divides into two components: a slow har-
monic oscillation at frequency w,, called the secular motion, and a fast oscillation at the
drive frequency € on top of the secular motion, with an amplitude ¢,/2 < 1 times the
instantaneous displacement of the secular motion, called the micromotion [29,30].

The micromotion predicted by the solution above is unavoidable, because it orig-
inates from the RF field, the source of the confinement itself. It is usually small since its
amplitude is proportional to the secular displacement, and a trapped particle stays mostly
near the trap center, where the RF field is minimal. However, in practice, a second con-
tribution called excess micromotion arises when stray static fields displace the equilibrium
position of the particle away from the trap center, or when the RF phases on the electrodes
are inconsistent. This excess micromotion does not scale with the secular motion, and
therefore does not vanish near the trap center like its intrinsic counterpart.

This distinction matters because micromotion modulates the particle velocity at €.
This causes first- and second-order Doppler shifts that broaden and shift spectroscopic lines,
limits the efficiency of laser cooling, and degrades the fidelity of quantum gate operations
[30-32]. For the intrinsic micromotion, these effects diminish as the particle is cooled toward
the trap center. The excess part instead persists, and it eventually dominates the residual

motion and limits the cooling itself. Excess micromotion must therefore be minimized, which
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Figure 1.2: Stability diagram of the Mathieu equation. (a) Stability chart of a single
Mathieu equation in the (g, a) plane; shaded bands are stable. (b) Lowest stability region
of the three-dimensional Paul trap in the (¢.,a,) plane. A particle is trapped only in the
overlap of the axial band (solid boundaries) and the radial band (dashed boundaries). For
a, = 0 the trapping region extends to ¢, ~ 0.908.

can be done by applying compensation voltages to the electrodes [30]. Such micromotion
compensation is a standard preparatory step in any high-fidelity trapped-ion experiment.
However, the oscillatory solution of Eq. (1.4) does not exist for arbitrary (ay, qy)-
In general, solutions of the Mathieu equation can be either stable or unstable. In unstable
solutions, the distance of the particle from the trap center grows exponentially until the
particle is lost. The boundaries between the two classes of solutions split the (a,q) plane
into stability regions and instability regions, known as the Mathieu stability diagram, shown
in Fig. 1.2(a). In practice, experiments operate almost exclusively in the lowest stability
region, labeled I in Fig. 1.2(a). For a = 0, this stability region extends to ¢ < 0.908 [29].
Moreover, a particle is trapped only if the parameters of all three axes lie simultaneously

within a stable region. With the factor-of-two relations of Eq. (1.3), the overlap of the axial



and radial stability bands forms the trapping region shown in Fig. 1.2(b). In experimental
terms, moving along the ¢ axis corresponds to changing the RF amplitude V, and moving
along the a axis corresponds to scanning the DC bias U on top of the RF signal.

While the Mathieu formalism above gives the full dynamics, most of the analysis
involved in real experiments does not require such detailed information. For this reason,
researchers simplified the mechanism into a classical model of an engineered potential min-
imum, known as the pseudopotential approximation. This approximation holds because
in most quantum information experiments, particles are deep inside the lowest stability

< 0.4, where the secular motion is far slower than the drive (w, < Q). In this

~

region, q,
regime, if we average the motion over one period of the drive to eliminate micromotion,
then the remaining secular motion will evolve as if in an effective static potential, called the

pseudopotential (or ponderomotive potential) [33]:
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This is a harmonic well whose oscillation frequencies reproduce the secular frequencies of

Eq. (1.4),
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Equation (1.6) exposes a design trade-off of the three-dimensional Paul trap. A positive
U provides axial confinement but radial anticonfinement, so a larger RF amplitude V is
required to restore the radial confinement. The resulting harmonic confinement makes a
trapped ion an exceptionally clean realization of the quantum harmonic oscillator, and the
pseudopotential is therefore the standard working model for quantum information experi-

ments [31].



However, as we mentioned above, the pseudopotential approximation averages the
motion over a drive period. This makes the model incapable of capturing the micromotion
of the ions and its consequences. Whenever the investigation targets the micromotion and

its impact, the analysis must return to the full dynamics of Eq. (1.2).

1.1.2 Linear Paul Traps

While the three-dimensional Paul trap contains all the essential physics of RF
confinement, it is inconvenient for quantum information experiments in two ways. First,
its RF field vanishes at a single point, so at most one ion can be held free of intrinsic
micromotion. When several ions are loaded, their mutual Coulomb repulsion pushes them
away from the null point, and every ion picks up micromotion. Second, the electrodes
enclose the trapping region almost completely, which leaves little room for laser access. The
linear Paul trap removes both problems. Its RF null is not a point but a line along the
trap axis, so a whole string of ions can sit on the null [34], and its open geometry lets laser
beams reach the ions both along the axis and from the side. For these reasons, the linear
trap has become the standard choice in quantum information experiments [29].

Fig. 1.3 shows a common realization of the linear Paul trap. Four parallel elec-
trodes are placed symmetrically around the trap axis at a distance rg, forming two opposing
pairs. One pair carries the RF drive and is continuous along the axis, so it provides the
same radial confinement over the whole trapping region. The other pair is held at static
voltages and is cut into segments, so that each segment can be biased individually. These
voltages build the potential well along the axis. The linear design thus splits the task of

trapping into two nearly independent parts: the RF field confines the particle in the radial
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Figure 1.3: Geometry of a linear Paul trap. Four parallel rod electrodes are placed sym-
metrically around the trap axis at a distance rg and form two opposing pairs. One pair
carries the RF drive and is continuous along the axis, so the radial confinement is uniform
over the trapping region. The other pair is segmented into DC electrodes; biasing the outer
segments relative to the center segment creates the potential well along the axis. The RF
null is a line along the axis, which allows a string of ions to be trapped.

(z—y) plane, and the DC electrodes confine it along z. This is in contrast to the 3D trap,
where the axial confinement came from a DC bias on the same electrodes that carry the
RF drive.

Historically, this linear geometry is even older than the 3D trap. Paul’s original
device was the linear quadrupole mass filter, in which ions travel along the axis while the
RF field confines them radially. Since the Mathieu parameters scale inversely with the mass,
scanning U and V along the operating line a/q = 2U/V admits ions through the filter one
mass at a time [25]. This is the core principle of the quadrupole mass spectrometer, and
this geometry later developed into the most prevalent design in charged-particle trapping.

Theoretically, a set of perfect electrode surfaces should be hyperbolic cylinders
that follow the equipotential surfaces of a two-dimensional quadrupole field. However, in

practice, cylindrical rods, machined blades, or flat metal strips are more common because



Figure 1.4: Common linear Paul trap geometries. (a) A segmented-blade trap. (b) A
microfabricated surface-electrode trap. (c¢) An additively manufactured (3D-printed) trap.
Panel (a) reproduced with permission from Springer Nature: J. Hong, M. Kim, H. Lee,
and M. Lee, “Numerical investigation of a segmented-blade ion trap with biasing rods,”
Appl. Phys. B 129, 16 (2022) [36], under licence 6290451316215. Panel (b) reproduced
from S. Hong, M. Lee, H. Cheon, T. Kim, and D.-i. Cho, “Guidelines for designing surface
ion traps using the boundary element method,” Sensors 16, 616 (2016) [37], licensed under
CC BY 4.0.

they are much easier to manufacture. Near the trap axis, they still produce a field that is
approximately quadrupolar. The price is that the field deviates from the ideal quadrupole
field away from the axis, which appears as anharmonic terms in the trapping potential [35].

Most modern ion trap designs keep the logic of the linear Paul trap: an RF
structure for radial confinement plus segmented DC electrodes for axial control. They
differ mainly in how the electrodes are made and arranged. Fig. 1.4 shows three common

examples. Blade traps replace the rods with machined blades whose sharp edges face the
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trap axis, which opens a wider solid angle for laser access and imaging [36,38]. Surface traps
place all electrodes in a single plane and hold the ions above the chip. The planar layout
allows fabrication by lithography, which supports small feature sizes and large numbers of
electrodes. This makes surface traps a leading candidate for scalability [12,39,40]. Printed
circuit board (PCB) traps, on the other hand, pattern the electrodes as copper traces on
one or several circuit boards, so the trap can be produced by standard commercial PCB
manufacturing technology [23,41]. This is the approach taken in this dissertation. Finally,
3D-printed traps build the electrodes by additive manufacturing, which allows microscopic
three-dimensional geometries that planar fabrication cannot reach [42].

We now return to the four-rod trap of Fig. 1.3 and put it on the same footing as
Sec. 1.1.1. The RF pair is driven with a voltage U + V cos(Qt), where the DC bias U is
kept here for generality. Near the axis, the resulting potential is

22 — o2

203

Oz, y,t) = (U + V cos(Qt)) , (1.7)

where pg is the effective field radius, a length fixed by the electrode geometry. For ideal
hyperbolic electrodes, it equals the electrode-to-axis distance rg. Compared with the
quadrupole potential of the 3D trap, this field has no z dependence at all, which means it
exerts no axial force, and thus its null is the whole line x = y = 0 instead of a single point.

Inserting Eq. (1.7) into Newton’s second law gives a Mathieu equation for each

RF controlled direction,

Py 02
2 + T [y, — 2qy cos(Qt)] u = 0, u € {x,y}, (1.8)
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Figure 1.5: Lowest stability region of the linear Paul trap in the (q,a) plane. Because
(ay,qy) = (—az, —qz), the y stability band (dashed boundaries) is the mirror image of the
x band (solid boundaries) about a = 0, and the trapping region formed by their overlap is
symmetric about the ¢ axis. On the a = 0 line the trapping region extends to g ~ 0.908.

with the parameters

4eU 2eV

Qe = —Qqy =

— mT2p(2). (1.9)

G = 0y =

The two directions obey the same equation with opposite signs, (ay,q,) = (—az, —¢z)-
Therefore, in the stability diagram, the y band is the mirror image of the x band about the
line a = 0, which makes the trapping region, the overlap of the two bands, symmetric about
the ¢ axis in this layout, as shown in Fig. 1.5. In quantum information experiments, the
RF electrodes usually carry no DC bias, so a = 0. The operating point then lies on the ¢

axis, where the trapping region extends to ¢ < 0.908, the same limit as in the 3D trap [29].

12



Deep inside the stability region (¢ < 0.4), we can again average the motion over

one period of the drive, as in Sec. 1.1.1. The RF field then reduces to the pseudopotential

2v2

\I]rf($7 y) =

which is a two-dimensional harmonic well with the secular frequency

o q<2 _ eV
T2 T V2m0s

(a = 0). (1.11)

The RF field alone confines the two radial directions equally. We write w,q with a subscript
zero because the DC field will shift the actual radial frequencies away from this value.
Axial confinement is provided by the DC electrodes. Since the trapping region
contains no charge, the DC potential obeys Laplace’s equation. A powerful tool to describe
such a field is a spherical multipole expansion about the trap center [43]. Keeping multipoles

up to the second order, we have

T z
quc(x,y,Z) :C“‘Ex*‘}'Eyg‘i‘Ez*
To To To (1 12)
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where 7y is the length scale of the multipole expansion, a fixed length determined by the
trap geometry.

Coefficients in the expansion have different physical meanings. The constant C' is
an offset on the potential and has no effect on the motion. The three dipole terms F,, F,,
E, describe a uniform electric field at the trap center along the three directions. They shift
the equilibrium position of the particle without changing the shape of the well, and could
increase excess micromotion if the equilibrium position is pushed off the RF null. A stray

field from patch potentials or nearby dielectrics [44,45] enters the expansion in exactly the
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same way, so applying dipole terms of the opposite sign pushes the particle back onto the
RF null line [46]. The five quadrupole terms U; to Us set the curvatures of the potential.
Among them, U is the term used for axial confinement since it has a curvature along the z
direction. However, this term also has an inverse curvature in the other two directions. Uy
curves the two radial directions with opposite signs, and the cross terms Us, Uy, Us rotate
the principal axes of the well away from x, y, z.

Adding the DC curvatures to the RF pseudopotential of Eq. (1.10) gives the final

secular frequencies of the linear trap,

4eU 1 2eU
2 2 2 2 2 1
w, = mr% ) Wey = Wi =~ 5 Ws + 2 (1.13)

Two points are worth noting here. First, the radial frequencies are not set by the RF field
alone. The U, term, which confines the particle axially, anticonfines it radially and lowers
both radial frequencies. This is forced by Laplace’s equation, which requires the three
curvatures of 4. to sum to zero. Second, the U; term can be used to control the splitting
between the two radial frequencies, and the splitting is theoretically zero when no U; field
is applied.

The expansion of Eq. (1.12) stops at the second order, which is enough to place the
well and set its frequencies. It also tells us that 8 DC electrodes are required for full control
of the trapping position and strength. The constant C' is left out of the count because
it has no effect on the motion and does not need to be controlled. When finer control of
the well shape is needed, the expansion is simply carried to higher order. The third- and
fourth-order coeflicients describe the anharmonicity of the potential, and including them in

the control scheme lets the voltages be chosen to null the anharmonicity over the region

14



the particle explores. However, controlling higher-order multipoles would require more DC
electrodes as well.

The multipole expansion can also be developed into a method to control the DC
field with the electrode voltages directly. Since the electrostatics is linear, the potential of

N electrodes held at voltages Vj, is

N
Dac(P) =D Vi ¢(7), (1.14)
k=1

where ¢y, is the basis potential of electrode k, which means the potential produced when
electrode k is held at 1 V and all other electrodes are grounded at 0 V. The basis potentials
are fixed by the electrode geometry alone, so they can be computed once for a given trap
design with a numerical field solver in advance. A widely used solver in the trapped-ion
community is a Python-wrapped package based on the boundary-element method (BEM),
developed by the National Institute of Standards and Technology (NIST) [47]. The BEM
approach is well suited to the open geometries of ion traps and supports a large number of
DC electrodes [48]. However, in this work, where only a single trap-center spot is controlled,
we use the more classic finite-element solvers of Ansys [49, 50].

Each basis potential ¢, from the solver is then expanded with the basis functions
of Eq. (1.12) in a small region around the trap center. The expansion reduces the simulated
function ¢ to a handful of numbers, namely the multipole coefficients that electrode k
produces per volt. These numbers can be organized into a compact form. We first collect
the coefficients of all electrodes into a matrix M, called the multipole matrix, whose entry

M. is the coefficient of multipole n produced by electrode k at 1 V. We then denote the
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voltages applied to the N electrodes as a vector V= (Vi,...,Va)T. Multiplying the two

gives the multipoles of the total potential,
g=MV, (1.15)

where ¢ = (B, Ey, E;, Uy, .. .,Us)T is the multipole vector, in which the constant C' is
dropped since it does not need to be controlled. The multipole matrix therefore has the
size 8 X N.

However, in the experiment, we need the map in the opposite direction: pick
the multipoles and ask for the voltages. A linear trap usually has more electrodes than
multipoles (N > 8). This means the multipole matrix M is not a square matrix and thus
not invertible. Nevertheless, solutions for the voltages still exist, but they are not unique.
The standard solution for this situation is the Moore-Penrose pseudoinverse M [51]. This
matrix is computed once from the simulated M and can be used to calculate the control

voltages V from the target multipole vector ¢:
V =M*é,. (1.16)

We call M the control matrix of the trap. The pseudoinverse resolves the ambiguity in a
convenient way. Among all voltage sets that realize the target exactly, it returns the one
with the smallest voltages. If the target cannot be reached exactly, it returns the closest one
in the least-squares sense. In both cases, this default behavior is exactly what one wants
from a control matrix. For this reason, this approach is selected as the DC control method
for this dissertation.

The multipole language also brings in one operation we have not met yet: shuttling,

which moves the particle along the trap axis. In practice, the voltage sets that place the well

16



at a series of closely spaced positions along the path are solved in advance, and interpolating
between them in time produces a smooth waveform that carries the well, and the particle
with it, to the target position [52]. Shuttling is what enables the segmented, multi-zone
traps of the QCCD architecture, in which ions are shuttled between separate regions for
storage, interaction, and readout [40,53].

In short, the linear Paul trap separates the two jobs of confinement: an RF field
holds a string of ions radially, and a set of segmented DC electrodes shapes the potential
along the axis. The trap developed in this dissertation is built on this design, and both its
RF drive and its DC control follow the schemes described in this subsection. The concrete
implementation of the multipole control method in our trap, including the simulated basis
potentials and the hardware that generates the voltages, is described later in this disser-
tation. The quantum information operations built on top of these tools are the subject of

Sec. 1.1.3.

1.1.3 Trapped-Ion Quantum Information Processing

We now have all the tools to hold a string of ions. A linear Paul trap confines
them on its RF null line, and the control matrix shapes the DC potential around them.
Holding the ions, however, is only the starting point of quantum information processing. To
serve as a quantum processor, a physical system must further provide a well-defined two-
level system as the qubit, together with the means to initialize it, read it out, and apply
a universal set of gates [7]. Trapped ions meet the first requirement with their internal
electronic states, and the choice of the pair of states as qubit states determines what type

of qubit it is. Optical qubits encode information in a ground state and a metastable excited
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state of the ion, separated by an optical frequency of hundreds of THz. The classic example
is the S}/ and Dy, states of 40Ca™ [54]. The transition between them is dipole-forbidden,
so the upper state decays only after 1.17 s on average [55]. Compared with the microsecond
time scale of gate operations, this lifetime is not a practical limit for the circuit depths
of today’s experiments. However, it does set an upper limit on the qubit’s memory time,
which the other qubit types below do not have. The transition is driven directly by a laser.
Since the qubit coherence can never outlive the coherence of the laser that drives it, the
laser must be stabilized to an extremely narrow linewidth, for example below 20 Hz in
a representative “°Ca® system [56]. Hyperfine qubits use two hyperfine ground states of
an ion with nuclear spin, such as "'Yb™, 43Ca™, or Bet [57-60]. Their GHz splitting is
driven by microwaves or by two-photon Raman transitions, and in magnetic-field-insensitive
clock states the coherence time can exceed one hour [9]. Zeeman qubits, on the other hand,
use two Zeeman sublevels of the ground state, with a splitting, usually at the MHz scale,
introduced by an externally applied magnetic field [61,62]. They have the simplest level
structure among ion qubits, while being sensitive to the strength of the external magnetic
field. In all three cases the qubit is carried by internal states of a single ion, and the
rest of this subsection follows one ion species through a complete experiment to make the
requirements concrete.

We choose 0Ca™ as the example. Its level structure and the relevant transitions
are shown in Fig. 1.6. A thermal beam of neutral calcium atoms is excited by a 423 nm
laser and then ionized by another laser at or below 390 nm. The ion is then captured by

the trap, while the freed electron simply escapes. This approach is isotope-selective if the
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Figure 1.6: Energy levels of “°Ca® and the transitions used for trapping, cooling, and
qubit operations. Doppler cooling and fluorescence detection use the 397 nm Sy /5 — Py /9
transition with the 866 nm repumper; the optical qubit and sideband cooling use the narrow
729 nm Sy 3 — Ds/o transition; the 854 nm laser resets the Dj/y state. The inset shows
the two-photon photoionization of neutral calcium (423 nm + a second photon at or below
the 390 nm threshold).

laser linewidth is below 400 MHz, because the resonance frequency of the neutral atom’s
1Sy — 1Py transition shifts with the isotope [63].

The freshly loaded, hot ion is then Doppler cooled on the strong Sy, — P/
transition at 397 nm. During the cooling process, the P/, state occasionally decays to
the metastable D3/, state, so an 866 nm laser is applied to repump these ions back to
the cooling cycle. However, Doppler cooling alone cannot cool the ion to its motional
ground state, because its final temperature is bounded from below by the Doppler limit,
which is set by the natural linewidth of the cooling transition [64]. The motional mode
relevant to quantum-gate operations is therefore further cooled close to its ground state
using resolved-sideband cooling, a technique first demonstrated with trapped Hg™ ions [11].
For 9Ca™ [54], a narrow-linewidth 729 nm laser is tuned to the red motional sideband of

the Sy — Ds ) transition, driving [S}/2,n) — [Ds/p,n — 1). This transition removes one
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motional quantum from the selected mode. Because the Dj/, state is metastable and does
not decay sufficiently rapidly for efficient cooling, an 854 nm quench laser transfers the
population to the short-lived P3/; state (|Ds/o,n — 1) — [P3/5,n — 1)). Spontaneous decay
from the Py, state returns the ion to the S;/, state while approximately preserving the
reduced motional quantum number. Repetition of this cooling cycle removes one motional
quantum per cycle and reduces the mean phonon occupation to 7 < 1, corresponding to a
high probability of occupying the motional ground state. After sideband cooling, coherent
qubit rotations are driven on the carrier of the same 729 nm transition |S} j9,n) <> [D5/2,n),
which changes the internal qubit state without changing the motional quantum number.
The red-sideband and carrier frequencies are typically addressed using the same stabilized
729 nm laser, with the required frequency shifts selected by an acousto-optic modulator.
The qubit readout process is nondestructive and unusually intuitive, as the method directly
visualizes the ion’s qubit state as a bright or dark spot in a fluorescence image. During
readout, the ion is illuminated at 397 nm. The ion repeatedly scatters photons if it is in the
S1/9 state, which makes it bright. When the ion is in D5 /o, the excitation does not happen
and the ion stays dark. During this process, the 866 nm repumper is also applied, since the
scattering cycle driven by the 397 nm laser passes through the P, state and can leak into
D3 5. This protocol is now very mature and has reached fidelities of over 99.99% [13,65].
In addition, the 854 nm laser used in the sideband cooling cycle is also used for resetting

the D5/, state after the operations on this ion are done.
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With initialization and readout in place, single-qubit gates are easy to realize.
They are resonant Rabi oscillations driven at 729 nm. Single-qubit gates are the most reli-
able operation of the platform [66-68]. The hard part is the two-qubit gate. The Coulomb
interaction between two ions is strong, but it does not depend on their internal states, so by
itself it produces no conditional dynamics. The solution is to route the interaction through
the motion. The ions in a string share collective secular modes, and a state-dependent
optical force can excite a shared mode conditioned on the qubit states. The shared mode
therefore works as a quantum bus, and the bus connects any pair of ions in the same string
regardless of their positions. This is what provides the all-to-all connectivity within an ion
string. Two-qubit gates over this bus have been realized with 4°Ca™ ions [69].

The first protocol to run a gate over this bus was proposed by Cirac and Zoller in
1995 [70]. When two ions are confined in the same trap, their Coulomb interaction gives rise
to collective two-ion motional modes, such as a center-of-mass (COM) mode and a stretch
mode. One of these modes can be selected as a temporary quantum bus between the ions.
The gate proceeds in three conceptual steps. First, a sideband pulse on ion 1 excites the
selected two-ion mode conditionally on the state of ion 1. For example, with the mode
initially in |[n = 0), the pulse leaves |S)1|0) unchanged but maps |D)1]0) to [S)1|1). The
state of ion 1 is therefore temporarily encoded in whether the shared mode contains zero
or one motional quantum. Second, a pulse is applied to ion 2 whose action depends jointly
on the state of ion 2 and on whether the motional excitation is present. The selected joint
state undergoes a complete excitation cycle and returns to its initial population with a phase

factor of —1, while the other joint states remain unchanged. Finally, the first mapping is
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reversed, restoring the qubit state of ion 1 and returning the motional mode to |n = 0). The
motion is therefore used only as a temporary mediator and is disentangled from the ions at
the end of the sequence, while the conditional phase acquired by one two-qubit basis state
remains. This produces a controlled-phase gate with a conditional phase of w. Controlled-
phase gates form a more general family, in which the conditional phase can take any value.
The 7 case realized here is exactly the controlled-Z gate, up to single-qubit rotations. The
protocol requires ground-state preparation of the selected motional mode and individual
addressing of the two ions. It was realized experimentally with 4°Ca™ in 2003 [71].

The ground-state-cooling and individual-addressing requirements of the Cirac—
Zoller protocol motivated the Mglmer—Sgrensen (MS) gate, which uses the same collective
motional bus in a different and less demanding way [72-74]. Rather than encoding one
qubit temporarily in the collective motional states, the MS gate applies a bichromatic field
to both ions. The field contains two coherent frequency components placed near the red
and blue sidebands of a selected collective motional mode but with a small detuning ¢
from the exact sideband. Acting through the two sidebands at once, the light exerts a
state-dependent dipole force whose sign is set by the ions’ internal states. Because the
two components beat at the detuning ¢, this force oscillates in time and drives the chosen
motional mode around a closed loop in phase space rather than simply heating it. The
frequencies, amplitudes, phases, and duration of the light are carefully designed such that,
at the end of the pulse, the motional trajectory closes and the mode returns to its initial
state with no residual spin—motion entanglement. Meanwhile, the area enclosed by the

loop imprints a geometric phase that depends on the joint state of the two qubits. One
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difference from the Cirac—Zoller case deserves attention. The force does not distinguish the
qubit states |S) and |D) themselves but their superpositions, so the conditional phase is
acquired in a rotated spin basis. In the computational basis the MS gate is therefore not a
controlled-phase gate. Its native action coherently flips the two qubits together, for example
driving |SS) and | DD) into a superposition of each other, which entangles the ions directly.
With the loop area chosen appropriately, a single pulse turns a computational basis state
into a maximally entangled state. The resulting operation is equivalent to the controlled-Z
gate up to single-qubit rotations. Two-qubit gate fidelities have reached 99.9% with this
approach [10,75].

Unlike the Cirac—Zoller protocol, the MS gate does not require the selected mode
to begin exactly in |n = 0), because the accumulated phase is geometric and depends only
on the enclosed area. This significantly relaxes the cooling requirement of the Cirac—Zoller
protocol, making the MS gate easier to implement and more robust. It has become the
most common two-qubit gate in experiments today.

Both the Cirac—Zoller and the MS gate rely on spectrally resolved coupling to a
selected collective motional sideband, and this reliance introduces a characteristic speed
limit. A control pulse of duration T has a frequency bandwidth of order 1/7T, so shortening
the pulse broadens its spectrum. If the pulse becomes too short, it can no longer distinguish
the target motional sideband from the carrier transition or from the sidebands of other col-
lective modes. Such a pulse drives unwanted transitions and leaves residual spin—motion
coupling behind. The achievable gate speed is therefore constrained by the motional fre-

quencies and by the frequency separations between nearby normal modes [31]. In practice,
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with secular frequencies of a few MHz, high-fidelity gates typically take tens to hundreds of
microseconds. Higher motional frequencies provide larger spectral separations and permit
shorter sideband-selective operations. The secular frequency thus sets the operation speed
of the processor. By the results of Sec. 1.1.2, it scales as \/% at fixed trap geometry and
voltage, so the charge-to-mass ratio of the particle sets this speed.

This means the secular frequency acts as a speed limit for the platform. Ap-
proaches that work around this limit do exist. The fast-kick gate proposed by Garcia-Ripoll
abandons the sideband-selective drive altogether and entangles the ions with a train of short,
strong state-dependent momentum kicks, which steers the motion around a closed loop with-
out resolving any sideband [76]. Nonadiabatic shaped-drive gates keep the spin-dependent
force of the MS gate but allow multiple motional modes to participate [77]. Rydberg-
interaction gates step outside the motional bus entirely and entangle the ions through the
strong dipolar interaction between trapped Rydberg ions [78]. While these solutions exist,
each of them still faces its own challenges. The fast-kick gate remains experimentally de-
manding because it requires precise control of many ultrafast pulses and specialized laser
hardware, and it comes with a trade-off on gate fidelities [79,80]. The trade-off on gate
fidelities also applies to the other two approaches [77,78]. None of these approaches has
widely displaced the MS gate so far, and most experiments today still run the MS gate or its
variants. The secular frequency therefore remains a very important speed limit in practice.

The same motional spectrum that limits the speed of sideband-resolved gates also
limits how far a single ion string can be scaled. As more ions are added, the number of

collective modes increases and their frequencies become more closely spaced, making it
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harder to address one mode without disturbing the others [8,31]. The smaller ion spacing
also makes individual optical addressing more susceptible to crosstalk [81,82]. Moreover,
as the ion chain gets longer, it becomes structurally unstable and undergoes a linear-to-
zigzag transition, placing a practical limit on the size of a single linear crystal [83-85]. The
trapped-ion community addresses this problem with the quantum charge-coupled device
(QCCD) architecture [40,53]. Instead of extending one ion string indefinitely, a QCCD
processor divides the system into many short strings and shuttles selected ions between
trapping zones. In this way, interactions can still be performed with the relatively simple
mode spectrum and low error rates of a small ion crystal.

QCCD addresses the scaling limitations of a single ion string, and commercial
quantum computers have been demonstrated based on it [86,87]. However, it does not
remove the trapped-ion platform’s reliance on multiple laser wavelengths and optical con-
trol channels, whose delivery across a large processor remains a major engineering chal-
lenge [88,89]. Some approaches replace laser-driven coherent control with microwave or
radio-frequency fields, including MAGIC and oscillating near-field-gradient schemes [90-92].
These methods are applicable to microwave-accessible Zeeman and hyperfine qubits and re-
move the need for optical gate beams, but laser light is still required for loading, cooling,
state preparation, and fluorescence readout [89]. Integrated photonics instead retains the
optical operations and routes the required wavelengths to the ions through on-chip waveg-
uides, making it applicable to all qubit encodings and experimental stages that require

light [93,94]. This approach does not eliminate the optical scaling problem entirely, as
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low-loss multi-wavelength delivery, independent control of many optical channels, optical
crosstalk, and charging of exposed dielectric structures remain important challenges [95-97].

The optical control of trapped ions relies on their rich atomic level structure, such
as cycling transitions and metastable levels. The same structure introduces costs as well.
The spontaneous decay involved in readout and cooling creates the need for additional
repumping lasers, and every level beyond the two qubit states is a possible destination for

population that leaks out of the computation.

1.2 Electron Traps

Electrons, the main topic of this dissertation, are a newly emerging physical plat-
form for quantum information processing, with the potential to be fast and reliable. Elec-
trons in Paul traps have the potential to preserve most of the advantages of ions, such
as long storage and coherence times, high-fidelity operations, and the QCCD architecture,
while being faster and quantum mechanically more stable, with laser-free addressing. In
this section, I provide an introduction to electron trapping and quantum information pro-
cessing in Sec. 1.2.1, and an overview of the field of trapped-electron quantum information

processing in Sec. 1.2.2.

1.2.1 Why Electrons?

The electron was among the first charged particles to be stored with electromag-

netic fields. In 1936, F.M. Penning added an axial magnetic field to a low-pressure discharge
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tube, so that the electrons inside travel along much longer paths before they reach an elec-
trode [98]. Inspired by Penning’s discharge geometry, Dehmelt later combined it with a
static quadrupole potential which confines the electrons’ motion along the axial direction,
and developed it into a precision instrument that stored electrons for spectroscopy in the
1960s [33,99]. Later in 1973, a single electron was isolated and stored in a device following
the same principle, and was observed continuously through the image current induced on the
electrodes by its axial motion [100]. This device was later widely called the Penning trap,
and the trapped particle became known as geonium. In 1977, the motional frequency and
spin state of the single electron were measured nondestructively with high precision [101].
The nondestructive approach for electron spin readout is later known as the continuous
Stern—Gerlach effect [102,103].

Over the following decades, the single particle trapped in a Penning trap grew into
one of the most precisely examined objects in physics. The geonium experiments compared
the g factors of the electron and the positron [104], and later generations of the experiment
resolved the quantum structure of the cyclotron motion itself, observing quantum jumps
between the lowest cyclotron Fock states with quantum nondemolition measurements [105].
The same degree of control produced the modern values of the electron magnetic moment,
with relative uncertainties of 0.28 parts per trillion in 2008 [106] and 0.13 parts per trillion in
2023 [107], and the agreement of these values with quantum electrodynamics stands among
the most stringent tests of any physical theory. For this dissertation, the message of these
experiments is a different one. A single electron can be stored for months and controlled at

the level of single quanta [99]. However, these experiments were never aimed at quantum
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information processing. Each of them operates one electron in one precision trap deep inside
a multi-tesla solenoid, optimized for spectroscopy rather than for computation.

The success of electron trapping with the Penning trap naturally raises the question
of whether trapped electrons can be used as qubits. Throughout the history of quantum
information science, multiple proposals have been made. Around 2000, Mancini, Martins,
and Tombesi proposed quantum logic with a single trapped electron, encoding qubits in its
spin and in its motional states [108,109]. However, in traditional single-particle Penning
traps, each electron is stored in a large apparatus, which is a barrier to scaling up to many
qubits. Several proposals have been made to address this issue. Ciaramicoli, Marzoli, and
Tombesi proposed a scalable architecture based on a linear array of individually addressable
Penning microtraps, with one electron confined at each site [16]. In addition, a planar
Penning trap, with all electrodes fabricated on one chip surface, was designed as the unit
cell of such arrays [110,111]. However, single-electron detection in such planar traps has
never been demonstrated, due to challenges stemming from the anharmonicity of the planar
trap potential [112,113]. Another route to electron qubits is to use electrons in solid-state
materials. Spin qubits in semiconductor quantum dots were proposed in 1998 [18] and
demonstrated down to the single-atom level in silicon [19]. In addition, other techniques
such as electrons floating above the surface of liquid helium, held there by their image
attraction, were proposed as qubits as well [114,115]. The Paul trap route, however, is
relatively new. Its proposals also use the electron spin as the qubit encoding, and couple the

electron’s image currents to superconducting electronics for cooling and detection [22]. Spin
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readout and addressing are realized by applying oscillating magnetic fields or magnetic field
gradients [116]. We will discuss the details of the Paul trap route roadmap in Chapter ??.

The appeal behind all of these proposals rests on the three characteristics of elec-
trons. First, electrons keep the established strengths of trapped charged particles. They
are strictly identical particles held in ultra-high vacuum, with potential trapping lifetimes
over a second, and their spin is expected to support long coherence times [17]. In addition,
the electron mass is about 1/(7.3 x 10%) times that of a *°Ca* ion. According to Eq. (1.11)
and Eq. (1.9), under the same stability parameter ¢, the secular frequency scales as \/%,
so the electron’s motional frequencies are expected to be 270 times higher than those of a
40Ca™ ion, enabling much faster quantum gates. Second, the electron’s spin-1/2 is a perfect
two-level system, and all electrons are intrinsically identical. This means we do not need
to worry about leakage to a third state or about manufacturing variations between qubits.
In addition, the electron spin qubit can be controlled by only electronic signals such as
microwaves, which removes the complexity of the laser system, a major source of challenges
in trapped-ion experiments.

However, these advantages come with technical challenges that need to be over-
come. The simple two-level structure of the electron also means that the traditional Doppler
cooling and sideband cooling are not applicable. The electron also has no cycling transition
for fluorescence readout of the quantum state. This means we need to develop new methods

for cooling and readout, which will be discussed in Chapter 6.
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1.2.2 Current Status of Trapped Electrons

In the last two decades, electron qubits have moved from proposals to experimental
research along several different routes. These experiments can be roughly divided into three
different kinds: surface confinement, Penning traps, and Paul traps. Surface confinement
has two major directions, using liquid helium and solid neon respectively. In the direction of
liquid helium, an electron is attracted by the image charge it induces under the surface of the
liquid, and therefore floats at a height of a few nanometers above the liquid helium surface.
In this setup, electrons have successfully been coupled to a superconducting resonator,
which enables manipulation and detection of the electron with electronics [117]. The solid
neon direction, on the other hand, uses the same principle of image charge attraction but
replaces the liquid helium with a solid neon film. In this direction, electrons have successfully
been engineered into qubits [118,119]. Both of these techniques use the motional states
of the trapped electrons to encode the qubit states. Another major direction towards
trapped-electron quantum computing is the Penning trap, the oldest approach used to trap
electrons. In this direction, single electrons have successfully been trapped recently [120].
The third approach, the Paul trap, which is the main topic of this dissertation, is relatively
new but advancing steadily. In 2021, the UC Berkeley group trapped electrons at room
temperature using a linear trap assembled from three PCBs [23], and in 2025, the University
of Tokyo group realized non-destructive detection of the existence of a trapped electron in
a 3D trap [121]. However, when pushing the experiment towards trapping at cryogenic

temperatures, they encountered issues of thermal contraction because mechanical assembly
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is involved in their designs. This raises the idea of developing a monolithic PCB trap that

is free of mechanical assembly, which is the topic of this dissertation.
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Chapter 2

Single-PCB Electron Trap

In order to realize the monolithic PCB electron trap, the board must deliver all
the fields required for trapping: a radio-frequency (RF) drive at gigahertz frequency that
generates the radial pseudopotential, and a set of direct-current (DC) voltages that provides
axial confinement and stray-field compensation. In addition, the board must allow free-space
access for the electrons to be created and trapped, as well as a clear path to extract them for
detection. The basic idea of the monolithic trap design is therefore to arrange the trapping
slit and the RF and DC electrodes in a compact area on a single PCB. In this chapter,
we discuss the details of this PCB design in Sec. 2.1, present the simulation of the trap in

Sec. 2.2, and present the experimental characterization of the trap in Sec. 2.3.

2.1 Trap Design

Our electron trap is made of a single printed circuit board (PCB) with two

conductive layers, as shown in Fig. 2.1. The PCB is fabricated out of a 30 mil thick
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Figure 2.1: (a) 3D model of the printed circuit board electron trap. The RF signal for the
Paul trap is delivered to the board by an SMA-connected feedline (left side of the board),
which is capacitively coupled to an on-board RF resonator. Electrons are trapped near
the end of the resonator, at the center of the elongated plated slit. The DC signals are
delivered by a D-sub connector (right side of board). (b) Zoomed view of the slit. The
numbers 01 to 10 denote the DC electrodes on the top layer; a set of identical electrodes,
11 to 20, is located on the bottom layer. The slit is surrounded by a plated sidewall and a
metal annular ring. (c¢) Schematics of the top (red) and bottom (blue) layers of the board.
The RF signal is delivered by a coplanar RF resonator capacitively coupled in parallel to
a feedline on the bottom half of the board. The DC signal traces are routed such that all
have an equal length. Each DC trace has an added capacitor that acts as a low-pass filter.

Rogers RO4350B substrate (1 mil = 25.4 pm) with two 35 pm thick copper layers and fin-
ished with electroless nickel immersion gold (ENIG) plating. Six mounting holes are placed
on the board to mount it inside the vacuum chamber, with the spacing between them cho-
sen to be integer multiples of 0.5 inch, which is compatible with the mounting hole spacing
of the vacuum chamber platform. In the final assembly, the board is sandwiched between
two copper shielding plates that enclose the trap region. The RF simulations in Sec. 2.2.1
include these plates.

The board consists of two parts: a half-wave RF resonator on the left half, and 20

DC electrodes on the right half arranged around the trapping slit, ten on each copper layer

33



(Fig. 2.1(b)). Electrons are confined at the center of this elongated, side-plated slit cut into
one end of the RF resonator, so both the RF and DC signals are routed to the slit. The
signals enter the board through SMA connectors and a D-sub connector. The insulating
cores of the SMA connectors are made of PTFE, which has the highest outgassing rate
among the materials inside our vacuum chamber. Its outgassing is one of the factors that
limit the base pressure of about 10~® Torr. If lower pressure is needed in the future, materials
with lower outgassing rates, such as PEEK or ceramic, would be required. The ground
planes of the RF part and the DC part of the board are separate, and as a result the region
near the slit is not covered by a ground plane. This design was originally intended to avoid
mixing the RF and DC grounds. However, in later experiments, we found that it exposes
bare dielectric surfaces on the trap that can hold charges and cause stray fields [44,45]. A
future revision should therefore use a single unified ground plane instead.

To eliminate any ambiguity in directions in the following discussion, we define a
right-handed coordinate system centered on the trap, with £ normal to the board surface
and pointing towards the top layer, ¢ in the board plane along the width of the slit pointing
from electrode 03 to electrode 08, and Z along the slit pointing from electrode 05 to electrode
01 (see Fig. 2.1(b) for the electrode numbering). The RF pseudopotential thus confines the
electrons radially in the £—gy plane, while the combined DC fields provide axial confinement
along 2.

The RF subsystem consists of a half-wave coplanar resonator which is capacitively
coupled in parallel to a feedline, both of which are designed as grounded coplanar waveg-

uides (GCPW) with via fencing [122]. The resonator has a total length of 5.0 cm, which

34



corresponds to a designed resonance frequency of 1.87 GHz for both ends open. Here we use
the design dielectric constant €, = 3.66 of the RO4350B substrate [123]. The corresponding
effective dielectric constant is €. = 2.57, and the impedance of the resonator is Zy = 46.9 ).
The widths of the RF resonator and the feedline are 54 mil and 60 mil, respectively, and
their gaps to the ground plane are 10 mil and 5 mil, respectively. In addition, a soldering
pad is placed at the midpoint of the resonator and is currently connected to the ground
plane with a 10 pF capacitor, as suggested by colleagues at UC Berkeley. For the half-wave
mode with both ends open, the midpoint of the resonator is a voltage node, so a connection
to ground at this point does not disturb the trapping mode. The purpose of this connection
is to fix the electric potential of the resonator, which is also the RF electrode of the trap,
and to suppress spurious modes that have a voltage antinode at the center. The capacitor,
however, provides a ground connection only at RF, while the DC potential of the resonator
remains floating. In principle, it would therefore be better to replace the capacitor with a
direct short to ground, which also pins the DC potential of the RF electrode. The trap of the
UC Berkeley group is grounded in this way through a tap at the center of its resonator [23].

The feedline has an impedance of 39.7 2 and terminates in two SMA connectors
soldered onto the trap board. Tapers are applied to smooth the impedance transition along
the feedline and minimize reflection. The RF drive enters from one of the SMA connectors,
and part of its power is coupled to the resonator. The residual power is transmitted and
leaves the trap from the other SMA connector. This output is monitored by a spectrum
analyzer (discussed in Chapter 3). The quality factor of the resonator is characterized in

Sec. 2.3. This design couples the RF power from the feedline to the resonator and creates a
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Figure 2.2: Photo of the trap slit under an optical microscope. A discontinuity in the trace
width is visible at the boundary between the slit section and the rest of the resonator.

standing wave whose maximum voltage is located at the ends of the resonator, and therefore
delivers the maximum RF voltage to the trap center at the designed resonance frequency.
As shown in Fig. 2.1(b), the slit that is cut into the resonator is a slotted pad
with a drill width of 48 mil bounded by an annular ring of 3 mil. The resulting outer width
of the slit section is 48 + 2 x 3 = 54 mil, which matches the width of the waveguide for a
continuous transition to the trap region. The slit sidewalls are plated, so the RF electrode
wraps around the trap center on all sides and provides confinement in the two directions
transverse to the slit. A continuous ground plane on the back of the board (Fig. 2.1(c))
serves as the reference for the GCPW resonator and the feedline. This ground plane breaks
the symmetry between the two sides of the board along . This asymmetry is reflected in
the simulated radial pseudopotential (Sec. 2.2.1) and in the top- and bottom-layer entries

of the DC control matrix.
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The DC subsystem consists of 20 electrodes arranged in four rows, each containing
five electrodes. These electrodes are arranged symmetrically along the slit in both the top
and bottom layers of the board, with one row on each side of the slit on each layer, as
shown in Fig. 2.1(b). The ten electrodes lying on the top layer are labeled 01 to 10 and
the ten on the bottom layer are labeled 11 to 20. The clearance between the DC electrodes
is 4 mil, and the clearance between DC traces and the ground plane is 8 mil. The DC
electrodes are routed to a 25-pin D-sub breakout connector, and each trace has a 10 nF
ceramic capacitor to filter high-frequency electrical noise. In addition to delivering static
voltages for axial confinement and stray-field compensation, these electrodes are also used
to deliver an extraction pulse for electron detection and a radio-frequency tickling signal
for probing the secular motion of the electrons. These signals are added to the DC voltages
with bias tees. All DC traces therefore have the same length, so that the propagation delays
of all channels are equal. The routing of the traces, on the other hand, is not symmetric.
We minimize the directly facing area between the traces to reduce the crosstalk between
the channels.

In the manufacturing process, PCB manufacturers usually have a minimum annu-
lar ring requirement to ensure the quality of the plating. Our design requires an annular
ring of only 3 mil, which is smaller than the guaranteed capability of several manufacturers.
We ended up using Sierra Assembly, who confirmed that they could fabricate this annular
ring. However, there are still some imperfections in the slit, as shown in Fig. 2.2. The slit

section came out slightly wider than the rest of the resonator, which could affect the RF
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Figure 2.3: Ansys HFSS model used for the RF simulation. The trap board is sandwiched
between two copper shielding plates. Both the feedline and the resonator in the RF part
are modeled in detail, including the via shielding. The SMA connectors are replaced by two
simple wave ports. The slit region is also modeled according to the actual structure, includ-
ing the DC electrodes and traces. DC traces far away from the center slit are neglected.

performance. We have not investigated this in detail because the trap performs well, and

we leave possible investigation and improvements to future work.

2.2 Trap Simulation

2.2.1 RF Simulation

The RF resonator is the crucial part of the trap, since it delivers the RF pseu-
dopotential required for electron trapping. In order to predict and optimize its performance,
we perform electromagnetic simulations with Ansys HFSS [49], which solves the full-wave
Maxwell’s equations. The model used in HFSS is shown in Fig. 2.3. The RF feedline, the

resonator, and the structure near the trap center are modeled carefully to resemble the
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Figure 2.4: Simulated S parameters of the single PCB trap. (a) Magnitude and phase
of the transmission So1. (b) Magnitude and phase of the reflection Si;. (c) Absorption
A =1—]51]? — |S21%. Two resonances are predicted, at 1.753 GHz and 1.854 GHz.

actual design, including DC traces and via shielding. Mounting holes, the SMA connectors,
and other structures far from the trap center are simplified or omitted.

In the design optimization phase, we need to simulate and verify multiple designs
and find optimal parameters. Therefore, the dimensions of the 3D model are fully param-
eterized and can be scanned automatically. The difficulty I encountered during the design
validation and parameter optimization is the computation cost: each simulation typically
takes 20 minutes to 2 hours, which makes a grid search over all parameters unrealistic. For
this reason, I only performed single-parameter scans or combined grid scans over 2 or 3 pa-
rameters in the optimization stage. This means the design is not globally optimal, and the
interaction effects among parameters remain unexplored. To investigate these interactions
and achieve a better design, more efficient approaches such as Design of Experiments (DoE)
or optimization algorithms could be employed in the simulation, integrated in a PyAnsys

script.
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Figure 2.5: Pseudopotential near the trap center, calculated for an RF input power of 4 W
at the input SMA connector. Pseudopotential and its anharmonicity along (a) the x axis
and (b) the y axis. (c¢) Pseudopotential in the x—y plane.

The S parameters of the final design of the trap are shown in Fig. 2.4. Two reso-
nances are predicted, at 1.753 GHz and 1.854 GHz. The absorption coefficient is calculated
from the conservation of energy Ei, = Fref + Ftrans + Fabs, Where Ei, represents the input
RF energy, and Fief = [S11?Ein, Eirans = |S21|?Fin, and Eu,s = AEy, are the reflected,
transmitted, and absorbed energy, respectively. Both predicted resonances are close to the
design value of 1.87 GHz calculated from the length of the resonator, and the resonance at
1.854 GHz lies closest to it. The double resonance behavior could be due to the plated slit
built for the trap center, which effectively creates two resonators, one whose length includes
the slit and one whose length does not. However, this is only a hypothesis and has not been
verified.

The S parameters provide the resonance frequency and the Q factor of the res-
onator, which are crucial performance metrics for our trap. The ultimate purpose of the
design, however, is to deliver the pseudopotential required to trap the electron. According

to Eq. (1.10), the main target we need to optimize is the magnitude of the RF electric field
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near the trap center. Therefore, I exported the magnitude of the electric field near the trap
center from HFSS, computed for an RF drive amplitude of 1 V. Since the field scales lin-
early with the drive amplitude, I scale the exported field to the amplitude v/2PZy = 20 V,
which corresponds to an input power of P =4 W (36 dBm) into the Zy = 50 Q feed. The
pseudopotential is then calculated from the scaled field. Fig. 2.5 shows the resulting pseu-
dopotential, and Table 2.1 shows the parameters calculated based on it. The trap depth is
588 meV along Z, set by escape through the saddle point normal to the board, and 684 meV
along g, set by hitting the plated slit sidewalls. The depth is evaluated separately for the
two escape directions of each axis, and the smaller of the two is quoted here. These depths
are large compared with both the room-temperature thermal energy kg7 ~ 25 meV and the
typical initial kinetic energy of the photoionized electrons of about 10 meV (Sec. 2.2.3). The
secular frequencies are obtained from a quadratic fit to the pseudopotential within £0.2 mm
of the trap center. They correspond to a stability parameter of ¢ = 2v/2w, /Q ~ 0.25, where
Q) is the RF drive frequency. This is well below the stability boundary of ¢ ~ 0.908. We
quantify the anharmonicity as the deviation of the simulated pseudopotential Ups from the
fitted harmonic potential. The 5% anharmonicity distance listed in the table is the distance
from the trap center beyond which this deviation exceeds 5% of the harmonic term. From
the results in the table, we can see that the pseudopotential is relatively symmetric along
the y axis but has a significant asymmetry along the z axis. This is expected from the

top—bottom asymmetry introduced by the back-side ground plane (Sec. 2.1).
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Table 2.1: Predicted parameters based on the simulated pseudopotential at P, =4 W

Parameter Unit  Value
Trap depth +x meV 661
Trap depth —z meV 588
Trap depth +y meV 689
Trap depth —y meV 685
Secular frequency w, /2w MHz 157.6
Secular frequency w, /27 MHz 161.2

5% anharmonicity distance +z mm  0.319
5% anharmonicity distance —z mm  0.264
5% anharmonicity distance +y —mm 0.414
5% anharmonicity distance —y ~mm  0.416

2.2.2 DC Simulation

We have designed the DC electrodes near the trap slit to deliver the electrostatic
potential that confines the electron along the Z axis. The voltages applied to the electrodes
are determined with the multipole control method introduced in Sec. 1.1.2. The multipole
matrix M of Eq. (1.15) maps the 20 electrode voltages of our trap to the 8 controlled
multipoles ¢ = (E,, By, E., Uy, . .., Us)T, and the control matrix M+ of Eq. (1.16) maps a
target multipole vector back to the electrode voltages.

Following this scheme, the goal of the DC simulation is to compute the multipole
matrix M of our trap. To this end, we apply 1 V to one electrode at a time while keeping the
other 19 electrodes grounded, export the electrostatic potential near the trap center, and
expand it in multipoles about the trap center. The electrode geometry near the trap center
is mirror-symmetric with respect to the 2—2 plane, and the asymmetric routing of the DC
traces is far enough from the trap center to be neglected. We therefore obtain the potentials
of electrodes 0610 and 1620 by mirroring those of electrodes 01-05 and 11-15, so 10 high-

precision simulations are needed in total to construct M. I used Ansys Maxwell [50] for
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the electrostatic simulation and automated it with PyAnsys. I then exported the potentials
from Maxwell and performed the multipole expansion with the PaulTrapAnalysis package
developed by the Héffner group at UC Berkeley [124].

Table 2.2 shows the maximum voltage V.x required among the 20 electrodes
to generate one unit of each multipole, and the maximum multipole Chax We can apply
to the trap center within the +10 V output range of the control DAC. The maximum
|Uz| we can reach is 0.407 V/mm?. This is below the magnitude of the operating value
Uy = —0.60 V/mm? used in our earlier electron-trapping tests with the three-layer trap of
the UC Berkeley group [23], and extra headroom on top of that is needed for stray-field
compensation. For this reason, we developed a DC amplifier circuit with a gain of 4.3,
which increases the maximum output voltage from +10 V to +43 V. Some channels are
limited to =30 V by the voltage ratings of their components. The amplified range increases
the reachable |Us| to about 1.75 V/mm?2. We will discuss the details of this amplifier box

in Sec. 3.4.2.

Table 2.2: Maximum voltages required to generate each multipole

Multipole Unit Vinax (V) Chax (£10 V output)

E, V/mm 8.55 1.169
E, V/mm 32.3 0.309
E, V/mm 23.4 0.427
Ui V /mm? 5.92 1.688
Us V /mm? 24.6 0.407
Us V /mm? 6.90 1.449
Uy V /mm? 32.3 0.309
Us V/mm? 9.45 1.058
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Figure 2.6: DC control matrix for the PCB trap. Each column represents the control
voltages required to generate a unit of a multipole.

Fig. 2.6 shows the final control matrix M ™. This matrix is stored in a text file
called the C-file (control file) and is referenced during experiments to set the electrode
voltages.

The multipole expansion also provides a route to control the anharmonicity of
the axial potential. If the expansion is carried beyond the second order, the higher-order
coefficients describe the anharmonic terms of the potential, and the same control scheme
can be used to set these coefficients to zero while generating the desired Us. This control

comes at a cost. Exact control of all multipoles up to a given order requires at least as many
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electrodes as controlled coefficients: 3 for the first order, 8 up to the second order, and 15
up to the third order. Controlling higher orders therefore requires more DC electrodes, and
the voltages required to reach the same Us also increase. If, on the other hand, the number
of electrodes is smaller than the number of controlled coefficients, the pseudoinverse realizes
the target only in the least-squares sense, and extending the control to higher orders brings
limited benefit. With its 20 electrodes, our trap can in principle control all multipoles up

to the third order.

2.2.3 Electron Trajectory Simulation

The RF and DC simulations verify the pseudopotential and the control scheme
of the electrodes, which ensures that we can trap electrons with our trap design. In the
real experiment, however, we need to accelerate the electrons towards a detector in order
to verify that we have actually trapped them. Therefore, an electron trajectory simulation
is performed here for two purposes. First, it verifies that electrons trapped near the trap
center can be guided towards the microchannel plate (MCP) detector [125] and generate a
signal. Second, it determines their flight time, which sets the time scale of the detection
sequence.

The detection geometry consists of three main components: the trap board that
confines the electrons, an MCP detector, and a copper mesh between the trap board and
the MCP. The mesh and the MCP are located 10 mm and 20 mm away from the trap center,
respectively. During the experiment, voltages of around 130 V and 400 V are applied to
the mesh and the front plate of the MCP, respectively. The extraction works by applying a

negative voltage pulse to DC electrodes on the side of the board facing away from the MCP,
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which kicks the electrons out of the trap and accelerates them towards the MCP. The mesh
in between acts as an intermediate acceleration stage that improves the detection efficiency.
The simulation must therefore include three sources of electric field: the pseudopotential
generated by the RF trap drive, the electrostatic potential generated by the DC voltages
applied to the 20 electrodes, and the guiding potential generated by the mesh and MCP
front voltages. One complication is the limited region of validity of these field data. The
pseudopotential and the DC trapping potential are high-precision data localized near the
trap center, and they are not available far from the trap center. More importantly, the
pseudopotential approximation only holds where the motion of the electron separates into a
secular motion plus a micromotion, which is the case only near the trap center. To deal with
this issue, I separated the three sources of field and computed the trapping potential only
in a cubic box with an edge length of 0.6 mm centered at the trap center. This approach
is reasonable since the trapping fields decrease rapidly with distance from the trap center.
The electric field exported from Ansys is only available on a grid of points, so I applied
cubic interpolation to enable the evaluation of the electric field at arbitrary positions. The
simulation is performed with Uy = —0.5 V/mm?, Viyeen = 250 V, Vircp = 300 V, an RF
input power of 4 W, and an extraction pulse of —20 V acting on DC electrodes 03 and
08. The mesh and the MCP are modeled as solid equipotential rectangles of 5 x 5 mm?
and 10 x 10 mm?, respectively, so the geometric transmission of the mesh is not modeled.
Electrons that leave the 16 x 16 x 22 mm? simulation volume are counted as lost. The
extraction pulse is treated as an extra static voltage acting on the two electrodes because

its length of 900 ns is much longer than the typical flight time of the electrons.
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Figure 2.7:  Electron trajectory simulation. Case 1 is the normal case for the electron
trapping experiment. Case 2 is an extreme case with electrons dispersed over a larger
volume with higher initial velocities. (a) Electron trajectories of 500 electrons in the two
cases. (b) Total flight time of the electrons from the trapping region to the MCP. (c) Spatial
distribution of the electron arrival positions on the MCP. The sample size for (b) and (c)
is 10000. The simulation is performed in the presence of the extraction pulse (—20 V on
electrodes 03 and 08).

Fig. 2.7 shows the results of these simulations for two cases of initial electron
distributions. In both cases, the initial velocities and positions of the electrons follow

normal distributions. Case 1 uses o, = 0.2 mm and E} = %mevfms

= 10 meV, where vypng
is the root-mean-square velocity. These values correspond to the expected initial cloud size
and kinetic energy of the electrons created by photoionization (Sec. 3.1.1). Case 2 uses
or = 0.3 mm and E; = 1000 meV as an extreme case. From the results, we know that in

the normal case, 9992 out of 10000 electrons reach the MCP, with an average flight time

of 4.17 ns, mostly hitting the center of the MCP. Even in the high-energy case, 8637 out
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of 10000 electrons reach the MCP, with an average flight time of 4.09 ns but with more
scattered arrival positions. As a consistency check, an electron starting at rest at the trap
center and accelerated only by the simulated mesh and MCP voltages would reach the MCP
in about 3 ns. The slightly longer simulated flight time reflects the additional time needed
to leave the trap region. This result tells us that the detection system properly guides the
trapped electrons towards the detector, and that the electrons arrive at the detector within
a flight time that is negligible compared with the 900 ns extraction pulse in the experiment

sequence (Sec. 3.3).

2.3 Trap Electrical Characterization

Simulation only provides us with predictions of the trap performance, and does
not account for many complex or unpredictable factors, such as model simplifications and
manufacturing errors. For this reason, we need to measure the electrical properties of the
trap to see if the trap behaves as the simulation predicts, and to correct for any deviation.

The DC part of the trap only requires reliable connectivity, which is easy to val-
idate. Therefore, the main part of the electrical validation falls on the RF resonator. The
first step is to verify that the resonance exists.

Fig. 2.8 shows the temperature distribution across the trap board when the board
is driven on resonance and 400 MHz off resonance, with images taken every minute for
5 minutes. It is clear that when the trap is driven on resonance, the temperature near
the resonator is significantly higher than in the other parts of the trap. Off resonance,

the temperatures of the feedline section and the resonator section are similar. This means
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Figure 2.8: Thermal camera images taken over 5 minutes. In the upper row, the trap
is driven 400 MHz away from the resonance frequency. In the lower row, it is driven on
resonance.

that when on resonance, the RF power is coupled into the resonator and dissipated there,
making the resonator the major heat source, while when off resonance, the power is not
coupled into the resonator, so most of the power is simply transmitted through the trap
board, and the dissipation on the trap occurs mainly on the feedline. This confirms that
the fabricated board has the designed RF resonance.

After validating the existence of the resonance, we next perform a thorough mea-
surement of it for a quantitative analysis of the trap and a comparison with the simulation.
The device used for the measurement is a NanoVNA-F V3 vector network analyzer. Fig. 2.9
shows the result of the measurement. The resonance is observed at 1.752 GHz in this ab-
sorption spectrum, which matches the predicted frequency of 1.753 GHz from the simulation

almost perfectly. The side mode at 1.854 GHz does not appear in the measurement. We

49



(b) (c)

I -160 — A=1-|su]*-|sal?
| —80 054 @ trap mode: 1.752 GHz
- o) L _ = 0.4
190 D \ 10 > <c(
o S o
- o = Bos
» N F-140 ' §
-220 O o g
© s <02
F-170
14
— Isal ~T-250 I -200 °
==+ arg Sy
0.7 T T T T T T 0.0 T T T
14 16 1.8 2.0 14 16 1.8 2.0 14 16 18 2.0
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Figure 2.9: Measured S parameters of the single PCB trap. (a) Magnitude and phase
of the transmission So1. (b) Magnitude and phase of the reflection Si;. (c) Absorption
A =1—]51]?> —|S21/%. Only one resonance, at 1.752 GHz, is observed.

have not investigated the reason, because this mode does not affect our experiment, which
operates on the 1.75 GHz resonance.

For a quantitative comparison between the measurement and the simulation, we
model the resonator as a hanger resonator coupled to a feedline [126]. In this model, the

forward transmission coefficient So; of the RF transmission is described by

So1(w) = g(w) - @77 (1 -1 2%;(2//80 — 1)> , (2.1)

where Q., Q;, and ()1, are the coupling, internal, and loaded quality factors of the resonator,
following 1/Qr = 1/Q; + 1/Q., wp is the resonance frequency, 7 is the transmission line
delay coefficient, « is the initial phase, and ¢ is the asymmetry parameter. To account for
the frequency-dependent transmission-line loss, we introduce a linear magnitude correction
g(w) = a — bw/2m to the model. By fitting Eq. (2.1) to the complex-valued simulated
and measured Sy; (shown as power coefficients in Fig. 2.10), we extract the resonance
frequency wy, the quality factors Qr, Q., and @Q;, and the asymmetry parameter ¢, listed

in Table 2.3. Note that the frequency quoted above, 1.752 GHz, is the position of the
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Figure 2.10: Comparison of the (a) simulated and (b) experimentally measured reflection,
transmission, and absorption coefficients of the trap. The transmission (reflection) power
coefficients t = |So91|? (r = |S11]?) are extracted from the S parameters measured between
the two SMA connectors (shown in Fig. 2.1). The absorption coefficient is calculated using
the conservation of energy 1 — |S11|? — |S21/2.

absorption maximum, while the fitted resonance frequency is wy/2m = 1.746 GHz. The
fitted quality factors of the fabricated trap deviate significantly from the simulation. The
loaded quality factor is Q1 = 40.7, compared with the simulated value of 124. Since the RF
voltage delivered to the trap center depends on the quality factors, we use the fitted values

to correct the secular-frequency prediction of Sec. 2.2.1.
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Table 2.3: Fitted resonator parameters

Parameter Simulation Experiment
wo /27 (GHz) 1.753 1.746
QL 124+1 40.7+£0.9
Q. 618 + 2 207 +4
Qi 156 +£1 5142
a 1.31+0.01 1.14 +0.01
b (GHz™ 1) 0.020 £ 0.003  0.109 &+ 0.004
a (deg) 16.1+0.4 4.8+04
7 (ns) 0.307 £0.001 0.336 = 0.001
¢ (deg) —2.4+0.2 1.0£1.0

To relate the fitted @) factors to the secular frequency, we note that for an on-
resonance hanger resonator, the stored energy as a function of the input power P, and the

resonance frequency wy is given by [126,127]

2 Prf

Eres = 2QLWOQ .
c

(2.2)

Under the pseudopotential approximation, the trapping motional frequency is proportional
to the RF voltage amplitude at the resonator, w, o< Uy o v/ Ee. Combining this with

Eq. (2.2) yields w, o« Qr/v/Q.. Therefore, the corrected prediction @, follows from the

a)r QL exp Qc sim
= wbew [Wesim _ () 565 2.3
Wr sim QL,sim Qc,exp ( )

where the subscripts exp and sim denote the values fitted from the measured and simulated

simulated value wy gim as

Sa1, respectively. Applying this correction to the simulated values, we predict the corrected

radial frequencies @, ~ 27 x 89.0 MHz and w, ~ 27 x 91.1 MHz at an input power of 4 W.
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In addition, we can apply a similar correction to the trap depth using the fitted quality

factors. The corrected trap depth follows from

= 0.319. (2.4)

™ - 2
D - Eres < QL,exp ) Qqsim
Dsim Eres,sim

QL,sim Qc,exp

Therefore, the corrected trap depth D is 211 meV along the +2 direction, 188 meV along
—, 220 meV along +y, and 219 meV along —g¢ at an input power of 4 W at the input SMA
connector of the trap.

In summary, the fabricated trap board shows the designed RF resonance, and
its measured S parameters allow us to correct the simulated secular frequencies for the
lower quality factor of the fabricated resonator. Together with the DC control matrix and
the trajectory simulation, this completes the electrical verification of the single-PCB trap.
Trapping electrons with this board requires a vacuum system, an electron source, and the

drive and detection electronics. These are the subject of Chapter 3.
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Chapter 3

Room-Temperature Setup

After introducing the trap board I designed, I now present the experiment system
built to support the electron trapping experiment. In the electron trapping stage, our
experiment is carried out in a room-temperature ultra-high vacuum (UHV) environment
with multiple subsystems, including the electron source and laser system, the trap drive,
hardware control and synchronization, and electron detection, as shown in Fig. 3.1. All of
these subsystems must work together to make electron trapping happen. In this chapter, I

introduce the details of these subsystems.

3.1 Electron Source and Vacuum System

3.1.1 Electron Source

To trap electrons, we first need to generate them. There are multiple ways to

generate electrons, such as simply heating a filament [128]. However, electrons generated
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Figure 3.1:  Overview of our experiment system. The system hardware can be roughly
divided into three parts: the vacuum chamber, the laser system, and the electronic control,
each with its own power supplies. These systems need to work together synchronously and
run experiments planned in batches, which is realized by the software system.

by these traditional approaches usually have too much kinetic energy. More importantly,
these electrons are generated outside the trapping potential, which means they inherently
have a potential energy higher than the trap depth. To handle these problems, we need
either to cool the free electrons after their generation, or to generate low-energy electrons
right at the trap center. Fortunately, there is a well-established approach that satisfies the

second requirement [23].
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Figure 3.2: Electron generation scheme for our experiment. Field-induced ionization of a
calcium atom via a Rydberg state. Two photons, at 390 nm and 422 nm, are used to excite
the calcium atom.

The idea is to use the same approach that the ion trapping community widely uses
to generate calcium ions, but to keep the ionized electrons instead. As shown in Fig. 3.2,
the calcium atom is first excited to its first excited state by a 422 nm laser. Then, instead of
directly photoionizing the electron to the continuum with a 375 nm laser, we use a 390 nm
laser to further excite the atom to a Rydberg state. The electron in the Rydberg state is only
loosely bound and is easily ionized by our RF drive field (the main resonance at ~1.75 GHz)
used for electron trapping. This route provides us with electrons that carry almost no excess
energy from the laser beams. The velocity of the free electrons generated by this approach
is expected to be similar to the velocity of the calcium atomic beam. Therefore, the ratio
of their kinetic energies is approximately the ratio of their masses, Ej . = (me/mca)Ek, Ca-
For example, if the temperature of the calcium oven is 750 K [63,129], the energy of the
electron would be 1.33 ueV. For comparison, an RF photon at around 1.75 GHz carries an
energy of 7.24 pueV. This means the electrons generated by this approach have energies on

the peV scale, far below the trap depth of 188 meV calculated in Sec. 2.3.
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Figure 3.3: Layout of our vacuum chamber. Four pairs of windows define four directions
of the vacuum chamber, separated by 45° and taken by the trap board, the laser beams,
the Ca atomic beam, and the electron flight trajectory for detection, respectively.

Experimentally, this approach is realized by using two laser beams to excite a
calcium atomic beam. To be specific, a resistive thermal oven filled with calcium granules
is used to generate the calcium atomic beam [130], whose direction is controlled by an
aluminum iris. Two laser beams are overlapped and delivered perpendicular to the atomic
beam to minimize the Doppler shift. The two beams cross at the center of the trap slit,
which is exactly our trap center. Therefore, the calcium atoms fly to the trap center, are
excited to the Rydberg state, and are then stripped of one electron by the RF trap drive.
We need to turn on the oven, both lasers, and the RF drive simultaneously to generate the

electrons.
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Ca Fluorescence

Figure 3.4: Fluorescence of the calcium atoms on the 422 nm transition. An excited
calcium atom emits one 422 nm photon each time it relaxes to the ground state. The
fluorescence only happens where the calcium atomic beam and the laser beam overlap. It
spreads over a long distance across the vacuum system, which means the calcium atomic
beam spreads over a large range even though we have limited it by an iris attached to the
oven.

3.1.2 Vacuum Chamber

As shown in Fig. 3.3, our electron trapping experiment is carried out in a UHV
chamber pumped down to approximately 10~ Torr. This UHV chamber is maintained by
a two-stage pumping system. A foreline is first pumped to a pressure of around 10~3 Torr
by an Agilent IDP-7 scroll pump, and the vacuum chamber, connected after the foreline,
is further pumped to 10~® Torr by an Agilent TwisTorr 305 FS turbo pump. The foreline
level is separated from atmospheric pressure by KF flanges and monitored by an MKS 275
mini-convectron gauge, and the UHV chamber is isolated by copper gaskets and monitored
by a HORNET IGM401YED ion gauge.

The main components of the UHV chamber are purchased from Kimball Physics

and Kurt & Lesker, together with a few customized components. The chamber has four
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directions defined by its four pairs of windows, with a 45° angle between neighboring direc-
tions. Taking the trap board as the reference and counterclockwise in the top-down view
as the positive direction, the laser beams and the Ca atomic beam for electron production
(introduced in Sec. 3.1.1) fall on +45°, respectively, perpendicular to each other. The mesh
and the MCP, on the other hand, are placed on the line of +90° for electron detection. To
be specific, the trapped electrons are ejected from the trap by an extraction pulse applied
to the trap DC electrodes, accelerated towards a mesh at high voltage, and then further
accelerated towards the MCP detector. All four directions intersect at the central axis of
the vacuum chamber, where our trap center lies, accessed through the plated slit. The
chamber is designed to have four safe high voltage (SHV) feedthroughs for the high-voltage
supplies of the mesh and the MCP, two SMA connectors for the RF drive of the trap, and
one 25-pin D-sub feedthrough for the DC electrodes of the trap. The trap board, the mesh,
and the MCP are held on an aluminum platform with a mounting-hole array at 1/4 inch
spacing. The thermal calcium oven is attached to one of the chamber’s window ports with a
spring whose direction can be controlled by three adjustable screws. With these screws, we
can adjust the orientation of the calcium atomic beam to optimize its alignment for the best
electron creation. The oven has two metallic pin feedthroughs outside the vacuum chamber,
which enable us to feed current into the oven inside the vacuum. The current is driven by
a BK Precision 1745A linear power supply, optionally with an extra BK Precision 1672 in
parallel if a current larger than 10 A is required. Fig. 3.4 is a fluorescence photo taken for

the 'P; to 'Sy transition, which only happens when atoms are excited by the 422 nm laser.
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Therefore, it represents the intersection between the calcium atomic beam and the laser

beam, and it shows that the calcium atomic beam is still spread out even after the iris.

3.2 Laser System

The laser system is crucial for electron generation because it excites the calcium
atoms to the Rydberg state. Our laser system is shown in Fig. 3.5. The system needs
to deliver frequency-stabilized laser beams precisely to the trap center, with the ability
to switch the electron creation process on and off. Therefore, a Toptica DL Pro and a
MOGLABS LDL, both external cavity diode lasers (ECDLs), are used to generate the
422 nm and 390 nm laser beams required to excite the calcium atoms to the Rydberg state.
The laser power at the ECDL output is 10 mW for the 422 nm laser and 4 mW for the
390 nm laser. A pair of cylindrical lenses is placed after the 390 nm light source to correct
the elliptical output mode of the 390 nm laser. Each beam then goes through a pickup
that sends ~1% of its power to a Bristol Instruments 871 wavelength meter for frequency
locking. The main power of the 390 nm beam then goes through a Brimrose TEF-85-20-
390 acousto-optic modulator (AOM), while the 422 nm beam travels directly. Both beams
are later coupled into single-mode fibers that send the light to the delivery section. To be
specific, the fibers are 12-inch-long Thorlabs SM300 for the 390 nm beam and SM400 for
the 422 nm beam, with FC/APC connectors. The fiber only accepts light that is carefully
aligned to it. Therefore, by coupling the first diffraction order of the 390 nm laser into the
fiber and applying amplitude modulation to the AOM’s RF drive with a pulse signal, the

first order of the diffracted light can be turned on and off, which switches the 390 nm laser
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Figure 3.5: Laser system of our experiment. Solid lines represent laser beams, dashed lines
represent communication between software systems, and dotted lines represent electrical
signals. The system is physically separated into two sections. The source section contains
the lasers and their control system, and the delivery section contains the components that
merge the beams and finally deliver them to the trap center. The two sections are connected
by single-mode fibers. Some functional parts such as beam expanders and mode-matching
components are not shown in this flowchart.

" Feedback
Arduino k- === PID } - Wavemeter
: " Frequency

PID Status ;! Setpoint

e Lporueueesereserernens 422
Feedback 1:
1

Experiment *==35 Laser Server

o)
w
w2

on and off on the experiment side. The fiber coupling is the main source of the beams’
power loss and requires careful optimization. If the fiber coupling is carefully optimized,
we can reach a maximum output power of 2 mW for the 422 nm beam and 700 W for the
390 nm beam at the fibers’ output.

In the delivery section, the main goal is to merge the beams and deliver as much
laser power as possible precisely to the trap center. For this reason, we selected a polar-
izing beam splitter (PBS) with half-wave plates to merge the laser beams. The PBS is a
specialized beam splitter with a coating that has high reflectivity for one polarization and
low reflectivity for the other. Therefore, if the two beams enter the PBS from two differ-
ent directions, with one beam mostly reflected and the other mostly transmitted, they are
merged into the same direction. The key to this procedure is to control the polarization of

the beams, which is realized by the half-wave plates. The residual power from the merging
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is sent to a photodiode for power monitoring. After merging the laser beams, we need to
focus them onto the trap center. The focusing of a Gaussian beam by a convex lens follows

the formula

A

7rw1’

(3.1)

wo =

where wyq is the beam waist after focusing, w; is the beam radius at the convex lens, A
is the wavelength of the beam, and f is the focal length of the lens [131]. This means
that for the same beam and lens, the thicker the beam at incidence, the smaller the beam
waist at the focus. With the 250 mm focal length convex lens we have and an incident
diameter of 1.2 mm, the beam diameter at the focal point would be 103 pm for the 390 nm
laser and 112 pm for the 422 nm laser, which is below the 5% anharmonicity distance
calculated in Sec. 2.2.1. However, in reality, there are imperfections in the beam mode as
well as misalignment of the position along the beam’s propagation direction, which make
the actual beam waist at the trap center larger than this theoretical value. A smaller beam
diameter means the electrons are created closer to the trap center and therefore have lower
kinetic energy, so we want to focus the laser beams as tightly as possible. For this reason,
I introduced a Galilean beam expander that expands the beam diameter by a factor of 2,
and measured the beam diameter at different distances with a Thorlabs BC207VIS beam
profiler. The final beam diameter achieved is ~80 pm for both the 390 nm and 422 nm
lasers. To be able to adjust the focal point of the laser beams, we use a 3D stage to hold
the final focusing lens.

Even though we have successfully delivered the laser beams to the trap center

with the control needed, the laser is a sensitive system that is easily affected by small
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temperature fluctuations, current noise, or minor mechanical instabilities. This makes the
output frequency of the ECDL drift constantly with time. This is the reason why we pick
up a fraction of the laser power for the wavemeter frequency measurement. We have a
feedback control system with a software proportional, integral, and derivative (PID) core,
which collects the frequency setpoint from the experiment control system and the measured
frequency from the wavemeter to calculate the feedback signal. This signal is then sent to
an Arduino DAC that generates the feedback voltage for the lasers. Therefore, we can keep
the laser frequency fixed at our setpoint and keep the atom excitation constantly active. In
practice, we observed that the electron creation process is sensitive to the frequency of the
422 nm laser at 709.07824 THz, which matches the measured energy levels of the calcium
atom [132], but insensitive to the frequency of the 390 nm laser. For this reason, we usually
lock the frequency of the 422 nm laser only, but our system has the ability to lock both
lasers simultaneously. The phenomenon that the electron creation is not sensitive to the
frequency of the 390 nm laser could be due to the high density of Rydberg states, together
with the AC Stark effect that further splits each of them into tens of levels spread across

the spectrum.

3.3 Timing Sequence

To verify electron trapping and perform experiments on top of it, we need an ex-
periment sequence that is capable of both. We followed the experiment sequence developed
by our colleagues at UC Berkeley [23]. Fig. 3.6 shows the timing sequence of our experi-

ment. The experiment is divided into three phases: loading, waiting, and extraction. In
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Figure 3.6: Time sequence of the electron trapping experiment. The experiment can be
divided into three phases: loading, waiting, and extraction.

Time

the loading phase, the 390 nm laser is turned on to generate electrons near the trap center.
Some electrons created in this phase are loaded into the trapping potential, and the others
that are not captured fly away, with some guided towards the MCP and detected. We
expect a moderate number of electrons to be detected during this phase. In the waiting
phase, the 390 nm laser is switched off and the electrons are held inside the trapping po-
tential. This is the key verification of electron trapping, showing whether the electrons are
kept by our trap. This is also the key phase for carrying out experiments. For example,
we can modify the duration of this phase to check how long we can store the electrons, and
we can also apply an RF excitation (tickling) to the trapped electrons to investigate their
motional frequencies. The trapped electrons can leak naturally or be excited by the applied
RF excitation and leave the trap in this phase, which leads to electrons being detected
during it. The extraction phase lies after the waiting phase. After holding the electrons
for a period of time, we apply a pulse to our DC electrodes to kick the electrons out of the
trap towards the MCP. If electrons are stored inside our trap, we should immediately see

a spike in the electron signal, according to the simulation results in Sec. 2.2.3. With this
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Figure 3.7: Schematic diagram of the experiment. The oven provides a thermal beam of
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experiment sequence, we can verify the trapping of electrons and perform measurements of
their properties. The sequence also makes the control requirements of our system clear. We
need precise timing control of the 390 nm laser, the tickling RF signal, and the extraction

pulse.

3.4 Electronic System

The electronic system is responsible for delivering the signals required to load, trap,
and detect electrons to the trap board, for processing the signal generated by the detection,

and for the power supply and synchronization of all of these components. Fig. 3.7 shows the
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Figure 3.8: The RF drive system of the experiment. The signal is first generated by a signal
generator controlled by the experiment control system, and then goes through two amplifier
stages and is sent into the trap, and then monitored by a spectrum analyzer communicating
with the experiment control system.

structure of this system. In this section, we first introduce the delivery of the RF and DC
signals in Sec. 3.4.1 and Sec. 3.4.2, including the amplifier and bias-tee board mentioned in

Sec. 2.2.2, and then the signal processing chain in Sec. 3.4.3.

3.4.1 RF Electrode Drive

The role of the RF electrode drive is to deliver RF power into the resonator on the
trap and generate the pseudopotential for electron trapping. The RF signal is also important
for the field-induced ionization process in electron generation. The system should be able
to deliver at least the 4 W (36 dBm) of power used in Sec. 2.2.1, with the ability to monitor
the power and frequency.

Fig. 3.8 shows the structure of our RF delivery system. The signal is first gen-
erated by a Rohde & Schwarz SMB 100A signal generator, which is capable of generating
frequencies from 100 kHz to 31.8 GHz at up to 11 dBm. The signal is then amplified by
two cascaded amplifiers: a Mini-Circuits ZJL-5G+ as a preamplifier and a Mini-Circuits

ZHL-5W-422+ as a high-power amplifier. The amplifiers work near the saturation region,
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so the cable loss before the signal enters the vacuum chamber is important. We chose
KMR-240 low-loss RF cables for the transmission before the vacuum chamber to minimize
the power loss before reaching the trap board. However, this cable cannot be used inside
the vacuum chamber due to its coating material, which leaves us with a segment of RG316
cable inside the vacuum chamber that accounts for a power loss of ~1.5 dB. After reaching
the trap board, some of the power is coupled into the trap resonator, but a notable portion
is transmitted and exits the vacuum chamber. We send this part of the power to a —20 dB

attenuator array and then to a Keysight N9000B spectrum analyzer.

3.4.2 DC Electrode Drive

The DC electrodes are responsible for three different purposes: carrying the volt-
ages required for confining the electrons in the Z direction, delivering the extraction pulse
that kicks the trapped electrons out of the trap, and delivering the tickling RF signal that
excites the electrons’ motion. This means the DC electrodes need to carry both RF and DC
signals generated from different sources, which can be realized by using bias-tees. The ex-
traction pulse we apply has an amplitude of —20 V, a length of 900 ns, and rising and falling
edges of 16.8 ns, with a repetition period of several hundred microseconds. The frequency
of the tickling signal follows the motional frequencies of the electrons, which lie in the range
of 10 to 200 MHz. In addition, the DAC we use is an ARTIQ Zotino with an output range
of £10 V. According to the simulation results in Sec. 2.2.2, we need an amplifier module to
extend the output range of our DAC. This also means we need a bias-tee with a high DC

voltage rating.
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Figure 3.9: The signal processor for our DC electrodes. (a) Non-inverting DC amplifier on
every DC channel, with a gain of 4.3. (b) Power stabilizer for the board. (c) 3D preview of
the board.

For this reason, I introduced a customized PCB DC signal processor to satisfy all
these needs in our DC delivery. The DC voltages are fed into the board by a 68-pin SCSI
connector, which is compatible with the ARTIQ Zotino DAC output. On each channel,
the signal first goes through an RC filter with a cutoff frequency of 338.6 Hz, and then
through a non-inverting amplifier with a gain of 4.3 driven by a Texas Instruments OPA454
operational amplifier. On part of the channels, the signal additionally goes through a bias-
tee for superimposing RF signals on top of the DC voltages. The final processed signal
then leaves the board and enters the vacuum chamber through a 25-pin D-sub feedthrough.
The operational amplifier requires a pair of power supplies at 50 V, which is provided
by a pair of BK Precision 1623A linear power supplies at around 55 V and stabilized to
449 V through regulator circuits with an LM317T and an LM337SP. The circuit board
has six layers, and the details of the layers are listed in Table 3.1. The bias-tee I chose

for the board is a Mini-Circuits PBTC-1GW+, which has a frequency range of 0.1 MHz
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to 1000 MHz and a voltage rating of 30 V DC. The bias-tees are integrated on electrodes
01, 03, 08, 10, 12, and 19. Among them, electrodes 03 and 08 are for electron extraction,
and electrodes 01, 10, 12, and 19 represent four different positions under the symmetry of
the trap. I only chose non-center electrodes because the tickling drive should induce a field
that is not symmetric in all three directions, to make sure it can excite all of the motional

modes.

Table 3.1: Layer stackup of the DC signal processor board

Layer Purpose Material Thickness (mm)
Top Layer Components & Signal Copper  0.035
Prepreg Dielectric 3313*1 0.0994
Inner Layer L2 Power +50 V Copper  0.0152
Core Dielectric FR-4 0.55
Inner Layer L3 Power +5 V & Signal Copper  0.0152
Prepreg Dielectric 2116*1 0.1088
Inner Layer L4 Ground & Signal Copper  0.0152
Core Dielectric FR-4 0.55
Inner Layer L5 Power -50 V Copper  0.0152
Prepreg Dielectric 3313*1  0.0994

Bottom Layer  Components & Signal Copper  0.035

The performance of this PCB signal processor satisfies our needs well. All of the
20 channels have almost perfect linearity in the whole designed output range of +43 V. On
channels with bias-tees, we limit the output voltage to +30 V through software. With this
system, we can enter the target DC multipole we want to deliver to the trap center. The
software calculates the voltages required for it and handles the safety of the components.
The ARTIQ Zotino DAC then generates the voltages, which are amplified by the processor
box. Finally, the required RF signals are added on top of the correct electrodes through

the bias-tees and delivered to the trap board.
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Figure 3.10: The MCP signal processing and detection chain. A high-pass filter first
removes the high voltage (~2600 V) on the anode to extract the signal. The signal is then
amplified to be able to trigger the envelope threshold detector (ETDC), and goes through
a low-pass filter to remove the noise induced by the RF drive. The ETDC and an arbitrary
waveform generator (AWG) next turn the signal into a clean pulse, which can be stably
read out by the ARTIQ Sinara device and finally recorded as an event timestamp.

3.4.3 Detection System

The main job of the detection system is to receive electrons from our trapping
device and record them correctly. The system we use can be broken down into two parts:
one part guides the electrons towards the MCP and creates a signal, and the other part
processes this signal and finally turns it into a timestamp recorded in our experiment control
system. The part guiding the electrons towards the MCP, as we discussed in Sec. 2.2.3 and
Sec. 3.1.2, consists of the trap board, the mesh, and the MCP. The MCP is powered by
three SRS PS350 high voltage power supplies, and the mesh is powered by a BERTAN Series
230. The MCP power supplies are switching power supplies that have switching noise at a
frequency of around 16 kHz, so we added low-pass filters with cutoff frequencies below 1 Hz
on each of the high-voltage power lines. Due to its multi-channel design, the MCP has the
ability to resolve the spatial distribution of the electrons with a phosphor screen. However,
our MCP is equipped with an anode, so an electron only creates a signal on the final output

voltage. This means we only extract the arrival time of the electrons.
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Figure 3.11:  An example of the MCP signal. The signal has a main pulse that lasts around
80 ns, followed by several periods of ringing over the next ~500 ns. The amplitude of the
main pulse is around 5 mV.

A typical signal created by the MCP usually consists of a sharp initial negative
deflection with an amplitude of around 5 mV, followed by a series of successively smaller
alternating deflections that settle back to the baseline within ~500 ns, as shown in Fig. 3.11.
The amplitude and duration vary for different signal events. This signal is too weak for our
ARTIQ Sinara detector to detect, and it could trigger multiple events due to its ringing.
For this reason, we need a signal processing chain that turns this signal into identical and
clean pulses that can be reliably read out. Fig. 3.10 shows the signal processing chain we
use for this purpose. The signal is extracted at the capacitor side of a high-pass filter and
then amplified by a Mini-Circuits ZFL-500LN+ amplifier, which increases its amplitude

to ~80 mV. This amplified signal then goes through a Mini-Circuits BLP-1200+ low-pass
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filter because the RF drive induces high amplitude noise on the MCP’s raw output. This
low-pass filter has a sharp cutoff frequency at 1000 MHz, which ensures that any noise
induced by the RF drive signal is eliminated. I verified that this filter does not distort the
MCP signal by analyzing the spectrum of the raw MCP signal with the spectrum analyzer,
and I found that most frequency components of the MCP signal lie in the range of DC to
500 MHz. The filtered signal is then sent to an Analog Devices ADL5904 EVALZ envelope
threshold detector (ETDC), whose threshold voltage input is controlled by a potentiometer
and usually set at 60 mV. The output of the ETDC flips from LOW to HIGH when the
envelope of the signal input exceeds the threshold input, which turns our electron signal
into a rising edge with a fixed amplitude and speed. A RIGOL DG4162 arbitrary waveform
generator (AWG) is then triggered by the rising edge from the ETDC, which further turns
the rising edge into a standardized pulse defined by the output setting of the AWG. The
output signal from the AWG is then sent to the ARTIQ Sinara for timestamp readout, and
the SYNC output from the AWG is sent back to the ETDC as a reset signal that enables
detection of the next event. The frequency of the AWG is set to 700 kHz, which is much
higher than the average rate at which we receive events, while its period is longer than the

duration of a full signal trace to prevent triggering multiple events for a single signal.
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Chapter 4

Room-Temperature Experiments

With the electron trap board and the experiment setup in place, we next perform
the electron trapping experiment. In this chapter, we provide the experimental results of
electron trapping with our trap. Sec. 4.1 shows the initial trapping of electrons and the
dependence of electron trapping on different experiment settings. Sec. 4.2 presents the
measurement and analysis of the secular frequencies of the electron motion, and Sec. 4.3

presents the measurement and optimization of the trapping lifetime of our trapped electrons.

4.1 Commissioning and Initial Optimization

We successfully trapped electrons with our experiment system. Fig. 4.1 shows
typical data of our electron trapping experiment and its alignment with the experiment
sequence. During the loading phase, we have a uniform and moderate level of electron
detection, because, as we mentioned in Sec. 3.1.2, the region where the electrons are gen-

erated is quite spread out due to the atomic beam. This means we detect many electrons
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Figure 4.1: Sample data of an electron trapping experiment and its alignment with the
time sequence. The loading time and waiting time are both 200 us, followed by a 900 ns
extraction pulse. The data is accumulated over 400000 experiments taken with a tickling
signal on resonance with the electron motion. The main histogram is calculated from the
timestamp set with a bin width of 0.2 us, and the zoomed histogram for the extraction is
calculated with a bin width of 2.1 ns.

generated outside the trap that are guided towards our MCP detector. We call the number
of electrons detected during this phase the loading signal. In the waiting phase, we have a
low level of electron detection as a background. However, while the tickling signal is driving
the electrons out of the trap, we see a significantly higher number of electrons, and this
number decreases over time. This is because the electrons are not being generated in this
phase, so the tickling signal only increases the loss rate of the trapped electrons. Once an
electron is lost from the trap, there is a chance that it will be detected, and fewer electrons
remain inside the trap to be driven out. This results in a declining pattern that is higher

than the background. Since the electrons detected in this phase are mostly electrons lost
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from the trap, we call the number of electrons detected during this phase the lost signal. In
the extraction phase, a sharp and significantly higher spike is observed immediately when
the extraction pulse is sent. This spike is zoomed in on the right side of the figure. Almost
all electrons arrive at the detector within 100 ns after the extraction pulse is sent. These
electrons survived the whole waiting period, so we call the number of electrons detected
during this phase the survival signal. We also frequently use the ratios of the survival signal
and the lost signal to the loading signal to overcome the long-term drift of the electron
trapping signals.

The initial investigation of the dependence of our signals on the experiment pa-
rameters is done together with the initial optimization of the signal intensity. During all of
these experiments, no tickling signals are applied to any DC electrodes on the trap. Fig. 4.2
shows the dependence of the experiment signals on the amplitude and duration of the ex-
traction pulse, the frequency of the trap’s RF drive, the frequency of the 422 nm laser, the
threshold voltage of the envelope threshold detector, and the MCP front voltage.

The survival signal increases with the amplitude of the extraction pulse when the
amplitude is smaller than 10 V, and saturates after that. The loading signal, on the other
hand, does not change with the extraction pulse amplitude, which makes sense because
the extraction pulse is only applied in the extraction phase for kicking out the surviving
electrons. Experimentally, we noticed that the extraction pulse induces noise on the MCP
signal at its rising and falling edges, whose intensity is proportional to the pulse amplitude.
This requires us to use a higher threshold voltage, which filters out more real electron

signals. Therefore, based on this experiment, I use an extraction pulse amplitude of 16 V
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Figure 4.2: Electron signals versus experiment parameters. The survival signal and the
loading signal, normalized by the number of repeats, are shown versus (a) the extraction
pulse amplitude: the signal saturates when larger than 10 V; (b) the extraction pulse
length: insensitive; (c¢) the frequency of the RF drive: resonances at 1.700, 1.732, and
1.747 GHz; (d) the frequency of the 422 nm laser: a resonance at 709.07659 THz measured
by our wavelength meter; (e) the threshold voltage of the envelope threshold detector, which
requires at least 32 mV to work; (f) the voltage on the MCP front: the higher the MCP
voltage, the higher the detection efficiency.

instead of 20 V in the other measurements. Unlike the extraction pulse amplitude, both the
survival signal and the loading signal are insensitive to the length of the extraction pulse.
This aligns with the result we observed in the sample signal (Fig. 4.1), where the electrons
extracted by the pulse all arrive at the MCP within 100 ns.

The dependence on the RF drive frequency, measured from the electron trapping
signal, shows three resonances at 1.700, 1.732, and 1.747 GHz, which are close to our

simulation result. We do not know why the resonance is split into three in the electron
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trapping measurement, but based on this measurement, we chose 1.732 GHz as the RF
drive frequency for the experiments.

The 422 nm laser frequency, on the other hand, shows a clean single peak at
709.07659 THz. This result is about 1.7 GHz off from the precisely measured frequency for
this transition, which is at 709.07824 THz [132]. This is because our wavelength meter is
not aligned to an absolute frequency reference. This offset is acceptable, because we only
need to stabilize the laser frequency to maintain the transition, instead of measuring the
transition frequency.

The threshold voltage dependence shows the distribution of the signal amplitudes
of the electron events, as well as the noise level of the raw MCP signal. The noise acting on
the raw MCP signal mainly comes from the rising and falling edges of the extraction pulse,
since the other noise sources, such as the high-voltage power supplies and the RF drive,
are eliminated by the filters mentioned in Sec. 3.4.3. The scan shows that the amplitude of
the noise induced by the extraction pulse is around 32 mV. In addition to the extraction
pulse noise, the tickling signal also causes noise on the MCP signal, which can become the
dominant noise when the tickling amplitude is higher than 0 dBm. Therefore, we finally
picked 60 mV as the usual threshold for most of our experiments.

The MCP front voltage has a relatively straightforward influence on the electron
signals. The larger the MCP front voltage, the higher the electron signals. This is because
a higher MCP front voltage means a higher detection efficiency. However, part of this field

reaches the trap center and impacts our trap performance, so we do not want the MCP front
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Figure 4.3: Dependency of the electron signals on the E field. The maximum number of
electrons is not reached when zero E field is applied at the trap center, but at some nonzero
field. This suggests the existence of a stray field in our trap system.

voltage to be as high as possible even though it increases the signal. The most commonly
used MCP front voltage in our experiment is 400 V.

Other parameters, such as the oven current, the oven alignment, and the laser
alignment and overlap, have a significant effect on the trapped electron signal as well. All
three electron signals increase exponentially as we increase the oven current. However, a
larger oven current also causes the calcium filling to be consumed quickly. When running
at a current of 13 A, the oven empties within 30 minutes. Therefore, in our experiment, we
set the oven current to 7.5 A, with a 1.6 V voltage, corresponding to a 12 W oven power.
The alignments of the oven and the lasers are optimized by tuning them to the maximum

of the electron survival signal. The laser overlap is also optimized using our beam profiler.

4.1.1 Stray Field Compensation

The stray field is an important topic in Paul traps. It is caused by charging of the

dielectrics and voltage fluctuations across the conductors in the system [30,44,45]. The most
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common way to tackle the stray field is to apply an external field to compensate it, which
corresponds to the E,, E,, E, multipole components in Eq. (1.12). As shown in Fig. 4.3,
both the survival signal and the lost signal are affected by the E field components. The
survival signal has optima on all three components at a nonzero point at (—0.23,0.05,0.10),
which suggests the existence of a stray field in our system. The lost signal, on the other
hand, is mainly affected by FE,, which points perpendicular to the trap board away from
the MCP. When E, > —0.23, the same threshold as the maximum of the survival signal,
we detect significantly more lost electrons. This means the source of the stray field along
FE, is mainly the mesh. The critical point £, = —0.23 compensates the field exerted by the
mesh at the trap center, and therefore determines the direction in which the lost electrons
fly. In the £, direction, the direction of the width of the slit, the survival signal and the lost
signal show similar behavior. This is because in this direction, the shape of the potential
well distorts and becomes no longer able to confine the electrons, resulting in a drop of both
the survival signal and the lost signal. The E, direction is along the slit, so the lost signal
is not affected.

After confirming the existence of the stray field in the experiment system, the next
natural question is whether we can simply use a constant compensation field in different
experiments. To answer this question, I measured the optimal E field under different mesh
voltages, axial confinement Us, and radial confinement RF amplitude. Fig. 4.4 shows the
result of this investigation. Since the availability of data for the three experiments is dif-
ferent, I used different approaches to extract the compensation field data. Fig. 4.4(a) is

generated by a 3D Gaussian fitting from a measurement of 200 points in the (£, Ey, E.)
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Figure 4.4: Dependence of the optimal compensation field on different experiment pa-
rameters. Compensation electric field versus (a) mesh voltage; (b) multipole Us; (¢) RF
amplitude.

space for each mesh voltage value, while Fig. 4.4(b) and (c) are measured directly by a
built-in Bayesian optimizer in our experiment system. When increasing the mesh voltage,
we require more E field in the +¢ and —2 directions, while the F, compensation remains
unchanged. For the axial confinement Us, we have a range where the compensation is rela-
tively stable, which is —0.40 < Uy < —0.20 V/mm?. Beyond this range, the compensation
field changes significantly as Us changes. In our motional frequency experiment, which is
introduced in Sec. 4.2, we keep Us inside this stable range. In this way, we can simply use
the same compensation field for all motional frequency measurements without running any
optimizer in the loop, which would raise the concern that the variables are not controlled

in the experiment.
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Figure 4.5: Trapping thresholds of the single PCB trap, with the compensation field fixed
and re-optimized. The trapping range gets significantly larger if we re-optimize the com-
pensation field. (a) Electron signals versus the RF power, measured at Uy = —0.15 V/mm?2.
(b) Electron signals versus Us, measured at an RF power of 3.47 W.

4.1.2 Trapping Thresholds

One of the important characterizations is to find the range of trapping parameters
in which we can trap the electrons. Fig. 4.5 shows the results of the measurement performed
in two different ways: holding the compensation field (E,, E,, E) fixed while scanning the
RF power (radial confinement) and Us (axial confinement), and running the compensation
field optimizer for each value of the RF power and Us. The results show significantly wider
trapping regions when we re-optimize the E field for each trapping parameter, showing the
impact of the stray field introduced in Sec. 4.1.1. The electron trapping starts to work
when the RF power is greater than 1.5 W, and the signal increases with the RF power
and saturates when it reaches 2.3 W. The axial confinement, on the other hand, starts to
work when Us is smaller than +0.05 V/mm?, and the signal quickly reaches its maximum

and holds at a stable high level, which could be due to some RF confinement in the axial

81



direction. However, when Us becomes too negative, specifically when Uy < —0.50 V/mm?,
the electron signal drops again. This is because the Us field has an anticonfinement effect

on the radial directions, as we discussed in Sec. 1.1.2.

4.2 Motional Frequencies

The motional frequency is one of the major targets we need to measure for this
project. As we mentioned in Chapter 1, the motional frequency sets the speed of MS-based
gates, and the major advantage of trapped electrons is faster operations on quantum states.
The approach we use to measure the motional frequency of the electrons is to apply an RF
signal in the waiting phase called tickling, as discussed in Sec. 2.1. For this measurement,
we use a loading time of 200 us and a waiting time of 140 us. The tickle pulse is applied
to electrode 12 for a duration of 130 us, activated 5 us after the start of the waiting phase.
If the frequency of the tickling signal matches the motional frequency of the electron, the
electron’s motional amplitude is driven larger and larger until the electron finally leaves
the trap, resulting in a drop of the survival signal and a rise of the lost signal. Therefore,
if we scan the frequency of the tickling signal, ranging from 20 to 140 MHz in steps of
0.5 MHz, we can get the motional spectrum of the electron. Two examples of the tickling
spectrum are shown in Fig. 4.6. For each trapping parameter, we repeated the experiment
multiple times to detect time drift of the experiment system and improve the quality of
the data. The experimental cycle is repeated 20000 times for each frequency point to build
up statistics. Measuring a single spectrum takes around 1 hour, which means the whole

experiment takes several days and thus may be subject to long-term environmental drift.
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Figure 4.6: Example tickling spectra and resonance extraction. Normalized lost signal (lost
signal / loading signal, panels b, d) and normalized trapped signal (surviving signal / loading
signal, panels ¢, e) versus the tickle frequency. The data used here are already processed with
baseline correction (asymmetric least squares, AsLS). (a) The comparison between the raw
signal and the AsLS-corrected signal. (b, ¢) For a DC scan point at Us = —0.22 V/mm? (RF
input power 3 W), and (d, e) for an RF scan point at P = 3.29 W (U = —0.35 V/mm?).
The result shows that the dips of the trapped signal appear at the same frequencies as the
peaks of the lost signal.
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To deal with this, we repeated the measurement of each trapping parameter 3 to 6 times in
a random sequence.

The raw tickling spectrum is the dark grey trace in Fig. 4.6(a), from which we
can already see the resonance frequencies we would like to extract. However, the raw data
contains imperfect peaks and a broad elevation near the resonance, which complicates the
peak fitting and filtering process. Therefore, I applied the asymmetric least squares (AsLS)
method [133] with A = 200, p = 0.01 for the lost signal and p = 0.99 for the survival
signal, with 10 iterations, to remove the baseline of the signal, shown as the blue trace in
Fig. 4.6. After removing the baseline from the data, we averaged the data from repeated
shots in which no long-term frequency drift happened, creating an averaged spectrum for
each trapping parameter. Then we need to extract the resonance frequency from the av-
eraged spectrum through Gaussian fitting. I built an adaptive multi-peak Gaussian fitter
that maximizes the robustness of the fitting. In each pass, it adds one peak to the model by
selecting the model with the highest coefficient of determination (R?) among 120 candidates
fitted with different initial p, and repeats this procedure until the corrected Akaike informa-
tion criterion (AICc) [134,135] starts to increase or R? reaches 0.995. This procedure can
become too time-consuming because the time complexity scales as O(N?3) as the number of
Gaussian peaks N increases. Therefore, I introduced an adaptive spectrum splitting that
splits the spectrum at a point near its center that is not on a peak. Most of the peaks on
the spectrum are finally fitted by 2 to 3 Gaussian peaks, which means we need to select the
main peak from the fitter’s output. I applied the following procedure to pick the main peak.

First, I selected the peaks that satisfy the following requirement: the relative amplitude is
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greater than 0.10, where the normalization is such that the minimum of the spectrum is 0
and the maximum of the spectrum is 1.0. The remaining peaks are then grouped by their
overlap using the criterion of |p —po| < SW , where p; and o; are the center position
and width of the i-th peak. To identify the dominant resonance peaks within each group,
we sum all Gaussians to form a composite curve and locate its local maxima. A peak is
accepted if its prominence is greater than 0.06 and its amplitude-to-width ratio is greater
than 0.06. Because the peak at the group’s global maximum naturally represents a genuine
spectral feature, it is exempted from the prominence requirement, but it must still have
an amplitude-to-width ratio greater than 0.06. This selection procedure is applied inde-
pendently to each averaged spectrum. The resulting accepted resonance peaks are marked
in Fig. 4.6(b)—(e) as downward triangles for the lost spectra and upward triangles for the

trapped spectra.
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Figure 4.7: Motional frequencies of the trapped electrons. (a) shows the motional frequency
of the trapped electrons in the axial direction as a function of |Usz|. (b) and (c) show the
motional frequencies in the radial direction as a function of the RF input power. Dashed
lines are fits to the data of Eq. (4.1) and Eq. (4.2). The error bars of the data represent the
average linewidth of the measured resonance peaks.
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After identifying the main peaks on the spectrum, we next need to identify the
axial resonance and the radial resonance and fit them with physical models. To achieve
this, we track the resonance peaks across different parameter settings (U, or RF power)
into continuous branches called “families”. Each family is initialized by seeding from its
maximum end (largest |Uz| and highest RF power), and the tracking then propagates across
successive parameter steps through a mutual nearest-neighbor assignment. For each fam-
ily, we linearly extrapolate its existing points to predict the resonance frequency g in the
next parameter step and assign the nearest peak within a 5 MHz tolerance. To avoid mis-
assignment, if two candidate peaks within the same parameter step are separated by less
than 2 MHz, both peaks are discarded. Using this algorithm, I identified the families that
represent the axial and radial motional frequencies, shown in Fig. 4.7. Part (a) shows the
axial motional frequency as a function of Us for a fixed RF input power of 3 W. We observe
axial frequencies from 27 x 40 to 27 x 55 MHz as |Us| increases from 0.25 to 0.4 V/mm?.

Following [31], we fit the result to

Waxial/zﬂ' = Qax * 'V |U2‘ — Oax (41)

and find vy = 90.68 MHz/(v/V/mm) and 0, = 0.04 V/mm?.

Parts (b) and (c¢) show two different branches of the first order radial motional
resonances. These measurements were taken at a fixed Uy of —0.35 V/mm?. Here we
observe frequencies ranging from 27 x 44 to 2w x 78 MHz and 27 x 60 to 27 x 90 MHz,

respectively. At wragial = 27 x 90 MHz, the corresponding stability parameter of the electron

trap is ¢ = 2v/2wWradial /St = 0.147. We fit the radial frequency data to

wradial/27r = Qra * \/ﬂ (42)
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which yields oy, = 40.43 MHz/vVW, 0y, = 1.03 W for plot (b), and ay, = 41.44 MHz/vW,
ora = 0.07 W for plot (c).

In Sec. 2.3, we simulated the corresponding motional frequencies of the RF pseu-
dopotential to be W, ~ 27 x 89.0 MHz and @, ~ 27 x 91.1 MHz at an input power of 4 W,
without considering the effect of DC fields. In addition, in Sec. 1.1.2, we derived the full

form of the motional frequency predictions in Eq. (1.13):

461/2 1 261/1
w?z—w wg :w2077w2:|: .

Y T z 2

mrg 2 mrg

Assuming U; = 0 and substituting Eq. (1.11), we can write the theoretical model as

Ual, (4.3)

2
Waxial Wradial (6 e
—— = auxV |Us — =« P —

2w V02|, 2m VT 202,

which means we have a prediction that
Oax = 0, Ora = a§x|U2’/2a3a'

The fitted offset 0,x = 0.04 V/mm? ~ 0. Thus, we find reasonable agreement with
the theoretical expectation of a square-root scaling with a negligible offset for the ax-
ial resonance. For the radial resonance, we first check the overall scale set by the RF
field, which enters the prediction of o, as an input. The fitted slopes a;, (40.43 and
41.44 MHz/v/W) match the Q-factor-corrected predictions from the RF simulation in
Sec. 2.3 (@,/27V4W = 44.50 MHz/vW and @,/27vV4W = 45.55 MHz/v/W) to within
9%. Both branches fall below the simulation by the same amount, which could be caused
by a deviation in the RF power delivery.

We can now test the prediction for oy, which is the part of the model that links

the radial fit to the axial one. If we use the fitted slope ay, = 40.43 MHz/vW from plot
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(b), the predicted power offset is 0., = (90.68)% x 0.35/(2 x 40.43%) ~ 0.88 W, which is close
to the fitted value of 1.03 W. If we use plot (c) with oy, = 41.44 MHz/v/W, the predicted
offset is 0,5 &~ 0.84 W, which does not agree with the fitted value of 0.07 W. This means
that for the RF power dependence, the U; = 0 model fits the axial mode and the lower

radial mode well, but it does not fit the upper radial mode.
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Figure 4.8: Dependence of the two radial branches on |Uz|. The points and error bars
are the resonance frequency data and their linewidths. The dashed lines are the U; = 0
prediction of Eq. (1.13), whose slope —a2, /2 is fixed by the axial fit of Eq. (4.1). The solid
lines are the prediction of the parasitic-U; model, which assumes U; = xUs.

To investigate the origin of the splitting between the two radial branches, we
analyzed their dependence on |Usz|. As shown in Fig. 4.8, we found that the lower radial
branch weakens as |Us| increases, with a slope of —10360 MHz?/(V/mm?), while the upper
branch remains almost unaffected, with a slope of 1425 MHz?/(V/mm?). The dashed lines
represent the predicted model of the |Us| weakening of the radial confinement, in which

both branches are predicted to have a slope of —4112 MHz?/(V/mm?). This means neither

of the two branches agrees with the prediction. However, I noticed that the average of the
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two slopes, —4468 MHz?/(V/mm?), is quite close to the model prediction. This suggests
that the |Us| dependency of one of the radial modes is “transferred” from the upper branch
to the lower branch, which also matches the fitting result that the upper branch has an
almost zero offset in its RF power dependence. Therefore, one natural hypothesis is that
a parasitic U; field is applied simultaneously when we apply Us. If we assume a parasitic
Uy = kU, then the U; term in Eq. (1.13) becomes +45w?, and the two radial frequencies

are

W4\ 2 1F¥k
(55) = ahPe— ok JUal. (4.4)

2

The two branches now fall with different slopes —15%a2,,

with their sum remaining un-
changed. We fit this model to the |Us| scan, allowing an additional static U;. The fit gives
k = 1.42 and a static U; of —0.23 V/mm?, and reproduces both branches to better than
0.7 MHz, shown as the solid lines in Fig. 4.8.

However, we have not found a physical origin of this parasitic field. At |Us| =
0.35 V/mm?, the model would carry a parasitic U; ~ 0.27 V/mm?, which is comparable to
the Us field itself. We first verified the C-file and the electrode connections, then measured
the voltage on every DC electrode at the feedthrough and reconstructed the DC potential
from these measured voltages. However, the calculation from these measurements suggests
a parasitic ratio of only U; /Us = 0.004. The simulated field of the Uy multipole is symmetric
as well, with curvatures 92 : 85 1 02 = —0.986 : —0.953 : +2.003 V/mm? per unit Us, so
the designed geometry is not expected to produce a parasitic U; either. The remaining

candidates, such as imperfections of the simulation model and manufacturing tolerances,

are orders of magnitude too small to account for a Uy that is comparable to U, itself. The
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parasitic-U; model therefore describes the data well, but without any identified source.
This means the splitting of the radial modes remains an open issue that requires further

exploration.

4.3 Lifetimes

Another important parameter for electron trapping is the trapping lifetime, since
storage is the prerequisite for performing any operation. During the waiting phase of the
experiment, the trapped electrons have a chance to leave the trap at every moment, so the

probability that the electron is still stored in the trap follows an exponential decay

p(t) = poe /7, (4.5)

where pg is the probability that the electron is trapped at the end of the loading phase, and
T is the trapping lifetime. If the electrons are still kept in the trap after the waiting phase,
they are kicked out of the trap by the extraction pulse towards the MCP. If we repeat
the experiment N times with a waiting phase duration of T, we get a survival signal of

T/7 Thus, by scanning the wait time and fitting the survival signal with

Nsurvival = Npoe™
an exponential formula, we can extract the electron trapping lifetime 7.

In our experiment, the loading time is set to 200 us and the waiting time is varied
from 0 to 5 ms. For each point, 500 to 2500 averages are taken and each measurement is
repeated 100 times to build up statistics. The reason for increasing the number of averages

is to address the weak survival signal for longer waiting times. The measured survival signal

normalized to the loading signal is shown in Fig. 4.9. We fit the data with the exponential
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Figure 4.9: Trapped electron lifetime measurement. The data is fitted with an exponential
decay, which yields a lifetime of 2.13 ms.

decay mentioned above, which yields 7 = 2.13 & 0.27 ms. This lifetime is short compared
with typical trapped-ion lifetimes, which can be on the order of hours or even days. We
attribute this limitation to several factors. Imperfections in the electric fields due to finite
manufacturing tolerances can lead to anharmonicities of the trapping potential. Further-
more, with the given setup, it is very challenging to fully compensate excess micromotion
in the trap since the usual compensation techniques used in ion traps [30] are not applica-
ble. Here, we systematically scanned the compensation fields while maximizing the trapped
electron signal. However, this approach does not necessarily minimize excess micromotion.
Implementing more advanced techniques requires cooling and detection of the motion of
electrons, for which a cryogenic system will be necessary [116]. Finally, we presume that
the most likely reason for the short lifetime is that the trapped electrons are not actively
cooled in our room-temperature setup. This stands in contrast to trapped ions, which are

typically laser cooled to near the Doppler cooling limit. In our trap, the temperature of
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the electrons depends on where in the trap they are loaded. High-temperature electrons
describe large orbits and are more prone to exiting the trap when they get near the edge of

the trapping potential.
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Chapter 5

Conclusion

5.1 Summary

In this dissertation, I have designed and fabricated a monolithic PCB electron
Paul trap using standard PCB manufacturing processes with RO4350B RF substrate. The
PCB trap integrates a half-wave grounded coplanar waveguide (GCPW) resonator with via
shielding, capacitively coupled to a GCPW feedline, and 20 DC electrodes fed by signal
traces of equal length. The monolithic design eliminates the need for multi-part assembly.
Before manufacturing, the trap design is validated by three different simulations: an HFSS
simulation that validates the resonance frequency and the pseudopotential generated by the
RF supply when on resonance, a Maxwell simulation and multipole expansion that build
the control matrix for the DC electrodes, and a Python-based electron trajectory simulation
that validates the electron detection system based on the extraction pulse, the mesh, and
the MCP. The base of the experimental system is a room-temperature UHV chamber with

a pressure of ~ 1 x 1078 Torr. I also built an electron generation system using field-induced
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ionization via Rydberg states so that we can create electrons that have minimal kinetic
energy right at the trap center. On the detection side, the electron is extracted from the trap
by a fast negative pulse on the DC electrodes, then guided to the MCP detector by a mesh,
and finally processed by a signal processing chain that turns it into a timestamp signal. The
timing design of the experiment follows the sequence developed by our collaborators at UC
Berkeley. Using this system, I have successfully trapped electrons, optimized the trapping
signals, characterized their motional frequencies, and measured their trapping lifetimes.
During this process, we have generated both simulated and measured results of
our electron trap. The measured results include measurements at different levels, including
electrical characterization and trapping experiments. The resonance frequency of the trap
is consistent across these levels. In HFSS simulation, the resonance frequency is predicted
to be 1.753 GHz, matching well with the measured resonance frequency of 1.752 GHz from
electrical characterization and 1.732 and 1.747 GHz from electron trapping experiments.
The measured loaded quality factor (J1, on the other hand, is a main source of discrepancy
between the simulation prediction and measurements, which is 40.7 from electrical charac-
terization and 124 from HFSS simulation. Using these values, and the theoretical model of
the hanger resonator, I made a prediction of the electrons’ radial motional frequencies and
trap depths based on the exported magnitude of electric field near the trap center generated
by the HFSS simulation of the RF resonator of the trap. The predicted radial motional fre-
quencies of the electrons are 157.6 MHz and 161.1 MHz based on the simulated @7, of 124,

and 89.0 MHz and 91.1 MHz based on the measured @, of 40.7. The prediction based on
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the measured ()7 matches the measured radial motional frequencies from trapping experi-
ments, ranging from 44 MHz to 78 MHz and from 60 MHz to 90 MHz, clearly better. The
highest measured radial motional frequency corresponds to a stability parameter ¢ = 0.147,
which sits deep inside the stability region of the Mathieu equation. The lifetime of the
trapped electrons is measured to be 2.13 ms. Through this work, I have demonstrated that
a monolithic PCB trap can be used to trap electrons at room temperature, which shows
that electrons can be trapped with a design that does not require multi-part assembly. The
performance of our trap design is comparable to that of the three-layer trap design from
UC Berkeley, which reports radial motional frequencies of the same order of magnitude [23].
The monolithic design would be a better candidate for trapping electrons in a cryogenic
environment, because it is mechanically more stable under thermal contraction. However,
there are several known limitations of the current system. The secular frequency measured
in our design is lower than the values reported for the UC Berkeley three-layer trap, which
means there is still much room to optimize our RF resonator. For example, we can ap-
ply multi-layer PCB techniques, which integrate more than two conductor layers within a
monolithic PCB. This could enable us to choose a better geometry of RF transmission lines
and coupling that would increase the quality factor of our resonator and thus increase the
trapping pseudopotential that leads to higher secular frequencies. This approach also has
the potential to improve the DC field delivery of our trap because the DC electrodes could
have more direct access to the trap center without being shielded by the conductors of the
RF resonator. This eliminates the need for an amplifier board and enables a wider range

of DC confinement strength. The significant stray fields observed in our experiment also
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suggest that the design of the trap that separates the RF and DC grounds and leaves the
dielectric material exposed at the center of the trap is not ideal. All of this means we still
have much room to improve our trap design.

In addition to the trap improvement, trapping electrons at room temperature is
only the first validation towards the ultimate goal of trapped electron quantum computing.
The trapped electron spin qubit works in a cryogenic environment and requires methods
to cool the motional state of the electrons, to manipulate and detect the spin state of the
electrons non-destructively, and to store, move, and combine the electrons in a reliable
way. This means we still have much work to do in the future, and the next step is to trap
electrons in a cryogenic environment, and then detect the electrons in a non-destructive
way. Therefore, beyond this dissertation, we still need to push the project forward, as well
as improve the trap design to achieve better performance. In the following part of this
dissertation, I will discuss the outlook of the future development of this project, including
the potential improvement of the trap design in Sec. 5.2 and the cryogenic setup we have
already built in the lab in Sec. 6.1. I will also include some information about our future

roadmap of this project in Sec. 6.2.

5.2 Improvement on the Single-PCB Trap

The goal of improving the trap design is to overcome three main weaknesses of our
current trap design. First, I need to add shielding plates that enclose the RF part of the trap
board to make the RF resonator work well, as I mentioned in Sec. 2.1. Next, the design that

separates the RF and DC ground leaves the middle part of the board bare. This exposure of
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dielectrics creates a pool for stray charges in the design, which would contribute to the issue
of stray field we observed in Sec. 4.1.1. Besides, in the current design, the conductor of the
RF electrode blocks the direct line of sight from the DC electrode to the trap center, which
means the DC potential is partially shielded and the delivery efficiency of the electrostatic
potential we need is weakened. This leads to the introduction of the amplifier module we

have in Sec. 3.4.2.
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Figure 5.1: Examples of multi-layer stackups that integrate the shielding plates on board.
(a) Buried grounded coplanar waveguide design, which keeps the current type of trans-
mission line but integrates the shielding plates onto the trap board directly. (b) Stripline
design, which changes the type of transmission line used in the design.

Among these three issues, the problem that the separated ground increases the
stray field is relatively easy to solve. We only need to drop the design that separates the
RF and DC ground and fill the whole layer with a continuous layer of copper. Then the
stray charges that originally fall on the dielectric material would now land on copper and
be guided away. For the shielding plate, one of the possible solutions is to integrate the

shielding plate onto the trap board itself, which leads to the idea to use a multi-layer process
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for our trap design. Fig. 5.1 shows two possible layer stackups we can use for the next trap.
Both designs bury the RF resonator in an internal layer so the ground and DC signal lines
on the top and bottom layer can serve as the shielding we added in our experiment. If we
want to minimize the interference from the RF drive to the DC electrodes, we can also add
more layers that enclose the RF components on internal layers completely with separate

internal layers designated for shielding, and arrange DC signals outside of these layers.
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Figure 5.2: Backdrilling to remove the shielding effect on the DC field from the RF elec-
trode. The layer stackup is based on the buried GCPW. (a) An ordinary through hole
is manufactured first. Under this configuration, the DC line of sight is blocked by the RF
electrode. (b) The backdrilling process then removes material only above Layer 2 and below
Layer 3, with a drill width matching or slightly larger than the slot width plus the annular
ring of the RF electrode. The DC line of sight is no longer blocked.

For the problem that the DC line of sight is shielded by the conductor of the RF
electrode, a possible solution is to use backdrilling technology in the PCB manufacturing
process. As shown in Fig. 5.2, we can first manufacture a board whose center slit is an
ordinary slotted pad with a metalized annular ring, which is within the capability of the PCB
process, and then use a technology called backdrilling, which enables mechanical drilling

of controllable depth, to precisely remove the conductor and dielectric of the annular ring

down to the internal layer for the RF electrode from both sides of the PCB. Through this
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process, we can remove the part of the conductor that blocks the line of sight from the
DC electrode to the trap center, and therefore solve the issue that the DC field delivery is
shielded by the RF electrode.

On top of these three major directions of improvement, the design also has other
aspects that can be improved. For example, according to Table 2.3, the coupling quality
factor Q. is significantly higher than the internal quality factor );, which indicates that the
coupling between the feedline and the resonator is too weak. This is also the reason why
our resonance depth is only around 2 dB. If we can optimize the coupling strength between
the feedline and the resonator, we can achieve a much deeper resonance depth and therefore

a stronger pseudopotential.
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Chapter 6

Outlook

Beyond the trap design and its improvement, we have a long-term goal of turning
trapped electrons into a new platform for quantum computing. The roadmap towards
this goal is described by our collaborators at UC Berkeley [17]. The envisioned trapped
electron quantum computer operates in a cryogenic environment, with resistive cooling of
the electron, image current detection of the electron spin, and microwave manipulation
of the electron spin. Therefore, two of the most important things for the next step of our
project are to trap electrons at a cryogenic temperature, and to detect the trapped electrons

in a non-destructive way. These will be covered by the two sections in this chapter.

6.1 Cryogenic Setup

To trap electrons in a cryogenic environment, we need to build a trapping system
similar to the one we have at room temperature, including the electron source, the electron

detection, and the trap that delivers the confinement potential to the electrons. We have
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Figure 6.1: Cryogenic vacuum chamber of our lab. (a) Photo of the cryogenic chamber, the
blue box is the exterior of the chamber, with optical setup and signal feedthroughs attached
to it. (b) Structure of the cryogenic chamber. The chamber is a three-layer design, and the
designed temperature for each layer from outside to inside is 300 K, 40 K, and 4 K. The
inner layer is cooled by a pulsed-tube cryogenic refrigerator, and the outer layer is insulated
from the 40 K layer by a superinsulation film.

built some of these systems in our lab already, including a cryogenic vacuum chamber and
the detector we are going to use for the first trapping experiment. Fig. 6.1 shows the
cryogenic vacuum chamber we have built in our lab. The chamber is a three-layer design.
The outer layer is made of aluminum. It is the vacuum seal as well as the first thermal
isolation stage of the chamber, separating the interior of the chamber from the room-
temperature environment. The middle layer is also made of aluminum, with a designed
temperature of 40 K. This layer is insulated from the outer layer by a superinsulation film.
The inner layer is made of copper, with a designed temperature of 4 K. This is the layer that
is directly cooled by our refrigerator, which is a CRYOMECH PT420-RM and CRYOMECH
RM60420 pulsed-tube refrigerator backed by a CRYOMECH CPA1114 compressor and an

Optitemp OTI-30WL water chiller. The inner layer is also the layer on which we will
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install our trap and other components required for the experiment. Each of these layers
is monitored by a temperature sensor connected to a Lakeshore Model 218 temperature
monitor. Cryogenic tests show that the minimum temperature we can reach on the 4 K
layer in the chamber is 3.4 K.

The chamber is also equipped with a vacuum system that can keep its pressure at
1075 Torr at room temperature and 10~8 Torr under cryogenic conditions. The chamber
is sealed by plates and tubes with KF flanges and pumped by an Agilent TwisTorr 74 FS
turbo pump backed by an Agilent IDP-7 scroll pump. The chamber pressure is monitored
by a HORNET IGM401YFD ion gauge, and its foreline pressure is monitored by an MKS
275 mini-convectron gauge. In addition, we have also developed the ability to perform
leak checks of the chamber by equipping the chamber with an SRS RGA100 residual gas
analyzer, which enables us to locate a leak by spraying helium gas on the exterior of the
chamber and monitoring the helium signal in the RGA.

The chamber is also designed to have optical and electrical access to the interior
of the chamber so that we can send all sorts of signals required in our experiment. For
electrical feedthrough, the chamber has three 25-pin D-Sub, two SMA, and four SHV con-
nectors. On the optical side, we designed three different optical directions, two of which
are perpendicular to each other. This allows us to have the two excitation lasers involved
in electron generation cross each other instead of merging in advance, which enables us to
precisely define the location where we would like to generate electrons. All of these ports

for electrical and optical access are replaceable.
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Figure 6.2: Optical design of the cryogenic chamber. The thermal calcium atomic beam is
replaced by laser ablation of a calcium target with a YAG laser (blue). The excitation lasers
are duplexed from the same source section as the room-temperature setup, but not merged
anymore. Instead, the two laser beams now intersect at the trap center, which makes sure
electrons are only generated at this position.

We are also going to adjust the electron generation scheme in the cryogenic setup.
In addition to the plan to cross the laser beams instead of merging them, we also plan
to replace the thermal calcium atomic beam with the laser ablation of a calcium target,
because this enables us to locally create only the small number of calcium atoms required
for the experiment. A Continuum ML-II YAG laser is already deployed for this new calcium
atom source, but the target and ablation process have not been tested. These changes also
make the laser system for the cryogenic setup slightly different from the room-temperature
setup. The spatial relation between the beams in this setup is shown in Fig. 6.2. The
390 nm and 422 nm laser beams are delivered from the same laser source section as the

room-temperature setup through fibers duplexed by flip mirrors. In the phase of trapping
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tests, we plan to keep the destructive measurement of electrons, but we are also going to
replace the MCP detector we used in the room-temperature setup with a similar electron
multiplier called a Channeltron. The Channeltron also has a front-back-anode structure,
which means we do not need significant modifications to our power supply network for the
cryogenic system.

With these setups prepared, we already have the basic prerequisites for cryogenic
trapping. The next step is to test electron generation through laser ablation. To be specific,
we would need to make a calcium target and design a suitable mount inside the chamber.
In addition, we would need to be able to walk the ablation laser beam so that the laser
can ablate calcium atoms from different parts of the target. Once the laser ablation is
working, we could proceed to the next step to test trapping in the chamber, and then

develop non-destructive readout of the electron spin.

6.2 Roadmap towards Non-Destructive Spin Readout

of Trapped Electrons

After trapping electrons at a cryogenic temperature, we would proceed to the next
step, which is to switch our current destructive approach of electron detection to a non-
destructive approach that not only can verify the presence of the electron, but also read out
the spin state of the electron. Such an approach has been proposed by our collaborators at
UC Berkeley, and it is capable of both electron spin readout and cooling [17,116].

When the electron is confined inside the trap, its secular motion is an oscillation

near the trap center. This motion would induce an image current on a nearby electrode.
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The magnitude of this image current is given by I = ev/deg [26,136], where v is the velocity
of the electron, e is its charge, and deg is the effective distance from the electron to the
electrode. We can utilize this image current for our electron detection. An electrode called
the pickup electrode receives this current and couples it to a cryogenic high-impedance
LC tank circuit. Then the image current would dissipate energy in the resistance of this
circuit. Since this current is driven by the secular motion of the electron, the energy
dissipated on the tank circuit also comes from the electron secular motion. Therefore, the
electron motion is damped, which corresponds to motional cooling. The time constant of
this damping is 7 = m.d?;/(e? Re(Z)), where Z is the impedance of the tank circuit when
on resonance [136]. This technique is called resistive cooling. It has long been used in
electron trapping experiments in Penning traps [136]. Through this approach, we can cool
the electron to the temperature of the tank circuit, which corresponds to the point where
the image current is damped to a magnitude small enough that the Johnson noise becomes
the dominant current in the circuit. Using deg = 138 pm and Z = 80 k{2 as an example,
the time constant for the cooling is around 8 us. When cooled to 0.4 K, the electron has
an average motional occupation of n = 4 at a 2 GHz secular frequency [17].

The same signal and setup can not only cool the electron, but also detect the
presence and spin of the electron. To detect the presence of the trapped electron, the tank
circuit should be on resonance with the secular motion of the electron, and a low-noise
amplifier is attached to the tank circuit to extract its signal. When no electron is trapped,
the Johnson noise in the circuit would drive the tank circuit on resonance and therefore

create a Lorentzian spectrum centered at the resonance frequency of the tank circuit. When
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electrons are trapped inside the trap, the Johnson noise would drive the electron while at
the same time the electron would be cooled by the resistance of the tank circuit, and this
suppresses the Johnson noise level below its resonance peak level. On the spectrum, this is
reflected as a dip at the electron’s secular frequency. Since the resonance frequency of the
tank circuit equals the secular frequency of the electron, the final signal would look like a
Lorentzian peak with a sharp dip at its center. This technique does not require extracting
the electron towards the MCP and is therefore non-destructive. This technique requires
good harmonicity of the trapping potential because anharmonicity would make the secular
frequency of the electron drift with its motional amplitude, and therefore broaden the dip.
The dip would be undetectable if it is broadened too much. For spin readout, we would
apply an oscillating magnetic field gradient whose frequency matches the axial motional
frequency of the electron. This magnetic field gradient would then drive the electron with a
force whose direction is opposite for the two spin states. The electron therefore undergoes a
forced oscillation with a spin-dependent force, resulting in a motion whose phase encodes the
information of the spin. Since the image current is induced by the motion of the electron, we
would be able to detect the electron spin from the image current signal. This would require
us to perform parametric amplification that amplifies the electron motion while keeping
its phase, to make the image current signal detectable. The electron presence detection is
possible without a cryogenic environment, but the spin readout would require one, since it
requires that the phase signal of the electron motion is not lower than the random fluctuation
of the motion. This would be tested in our experiment after we successfully trap electrons

in the cryogenic chamber.
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Beyond the non-destructive readout of the electron spin, there are several other
things we can do to proceed towards trapped electron qubits or trap improvement. The sin-
gle qubit gate of the trapped electron qubit would be performed through a microwave signal
at around 100 MHz, and the Zeeman splitting between the spin states would be created
artificially by an externally applied magnetic field [17]. We can also employ 3D printing
technologies to manufacture our trap, which enables significantly lower anharmonicities by
allowing complex 3D structures in the trap design [42]. At that time, we would be able
to make trapped electrons into a complete physical platform for quantum information pro-

cessing, and enable faster and more reliable quantum computing.
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