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constraining the available secular trap frequencies, and causing
motional decoherence. This paper is a quantitative study of anisotropic
potential effects in twelve different surface traps (CO1-C12) with single
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Koz B;;O & significantly high correlations between zone count and harmonicity (r

=,935), trap depth (r =.963) and maximum trap frequency (r =.975). A
linear regression equation showed that the anisotropy ratio 1 accounts
for the variance of harmonicity due to 99.3 (R 2 =.993, p <.001). The
ratio of the anisotropy decreased monotonically with the N = 3.41 in
singlezone design to N = 1.11 in ninezone designs, respectively, as the
harmonicity was increased by 72.4 to 96.8. Multizone architectures
provided a 112.4% increase in trap depth, 383.3% increase in
maximum trap frequency and 76.2% decrease in the motional heating
rate as compared to the singlexone baseline. Analysis of variance (one-
way) showed that the difference in harmonicity between the groups of
zones was highly significant (F(5, 6) = 812.34, p <.001). These results
give good empirical evidence to the use of multizone electrode design as
the main approach to counteract the effects of anisotropy on the
performance of planar surface ion traps.
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INTRODUCTION

One of the most promising hardware platforms to
realise scalable quantum information processors,
atomic clocks and quantum-enhanced sensors is surface
ion traps (Bruzewicz et al., 2019; Drmota et al., 2023).
Surface electrode traps are also compatible with
microfabrication, wafer scale integration and can be
loaded with on-chip photonic and electronic devices,
unlike three-dimensional Paul traps, which use radio-
frequency (RF) and direct-current (DC) electrodes
patterned on a single planar substrate to create
pseudopotential fields and trap ions (Niffenegger et al.,
2020; Mehta et Surface traps are unique in these
properties, and have been used to build multi-zone
quantum registers with many-qubit algorithms.

Even though surface traps have a promising future in
technology, it is challenging on a fundamental physical
level: the geometry of planar arrays of electrodes
the trapping

potential. The (intrinsic) inequality in the restoring

invariably introduces anisotropy in
forces acting on a trapped ion, which occurs due to all
electrodes being in a common plane, causes an
anisotropy ratio N = Wr/Wa that is significantly non-
unitary in single-zone configurations (Brownnutt et al.,
2015; Labaziewicz et al., 2008). This anisotropy is a
distortion of the harmonic approximation, on which
the canonical account of ion motion in a Paul trap is
based. Leaving the potential well out of ideal
harmonicity results in the secular motion of the ion
taking on higherorder anharmonic components,
resulting in a frequency pulling, amplitude dependent
frequency changes, and increased vulnerability to
motional decoherence (Berkeland al., 1998;

Blakestad et al., 2009).

Direct and harsh operational implications are directly

et

linked with the deterioration of harmonicity. The
depth and curvature of the trapping potential limit the
maximum possible secular trap frequency wWmax;
anharmonic distortions decrease both, placing an
effective limit on Wmax which prevents quantum gate
operations being as fast as possible (Leibfried et al.,
2003; Monroe and Kim, 2013). Fast sideband cooling

to close to the motional ground state as well as the

909

realization of two-qubit entangling gates with high
fidelity high

frequencies. At the same time, anisotropy-induced

and low gate times require trap
harmonicity breakings increase the interaction of the
noise of the environmental electric field with the
motional state of the ion, thus increasing the motional
heating and lowering coherence times (Brownnutt et al.,
2015; Turchette et al., 2000).

Another key approach to alleviating the anisotropy
effect has been suggested and tested as multi-zone
electrode architectures (Stick et al., 2010; Moehring et
al., 2011; Lekitsch et al., 2017). The electrostatic
potential landscape can be manipulated with more
degrees of freedom by partitioning the electrode
structure into DC zones that can be addressed
independently, leading to reduced eta, enhanced
harmonicity, and at the same time, higher trap depth
and ion height out of the substrate. An increase in ion
loading efficiency and background-gas collision
resistance is made possible by the deeper traps, and a
decrease in the noise of the electric field at the ion
position is made possible by a larger ion-electrode
separation, which varies as d -4 in case of surface noise
sources (Deslauriers et al., 2006; Daniilidis et al., 2011).
Despite a general acceptance of the qualitative
advantages of multizone designs, there has not been a
strong, quantitative, multi-parameter study tracking
harmonicity, trap depth, ion height, maximum trap
frequency, heating rate, coherence time and gate
fidelity across a systematically varied array of counts of
zones in the literature. This gap is addressed in the
current study through the analysis of twelve surface
trap configurations ranging in the number of electrode
zones (one to nine) and yielding statistical regression
models, correlation matrices and group comparisons all
of which together lead to defining the quantitative
relationship between the number of electrode zones
and all the significant performance indicators.

The rest of this paper has the following structure. The
Literature Review places the current work in the
context of literature available about anisotropy,
harmonicity, and multizone trap design. The trap

configurations and data parameters, as well as statistical
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approaches, are described in the Methods section.
Results section of the paper shows the findings of all
the ten figures of the analysis. Conclusion encapsulates
conclusions about the implications and future research.
LITERATURE REVIEW

Scalability and Architecture of surface ion traps
Surface electrode ion traps emerged out of the need to

which

macroscopic three-dimensional Paul traps (Kielpinski et

overcome scalability issues, existed with
al., 2002). The pioneer microfabricated surface trap was
reported by Chiaverini et al. (2005), since the
photolithographic features could be made small
enough to form electrode structures with tens of
micrometre heights to trap individual ions. Subsequent
studies by Seidelin et al. (2006) and Labaziewicz et al.
(2008) were able to optimise the fabrication of surface
traps in gold-on-quartz and silicon substrates with 30
8m and features of the resulting anomalous heating
rates, respectively. Not only did these initial results
indicate that surface trap can be scaled to a larger size
and geometry, but they also showed that the anisotropy
penalties were extremely large in planar geometry.,

Britton et al. (2006) proposed the concept of junction
arrays (also known as multiple trapping zones), in
which the ion-transport channels bridge two or more
trapping zones, and permits manipulation of spatially-
separated ion chains. Hensinger et al. (2006) and, more

Lekitsch (2017) the

architecture to a modular design of a faulttolerant

recently, et al extended
quantum computet, which is based on interconnected
surface trap modules. Multizone electrode concept is

of the of

architectures since it aims at achieving a balance

one fundamental principles these
between competing needs of tight ion confinement,
low anomalous heating, and high gate fidelity.
Anisotropy of Potentials and Harmonicity

Many groups have theoretically analysed the physics of
anisotropy in planar electrode traps. Wesenberg (2008)
obtained analytic expressions of the pseudopotential of
surface  electrode and

arbitrary geometries

wr/Wa is

demonstrated that the scaling factor n
constrained geometrically, which cannot be broken

without out-of-plane electrode structures. Berkeland et

910

al. (1998) experimentally quantified the sensitivity of
ion micromotion to RF electric field inhomogeneity
and found that even the smallest non-ideal harmonic
confinement results in measurable changes in
micromotion amplitude and repercussions in the form
of second-order Doppler shifts.

A detailed review of the motional heating in ion traps
by Brownnutt et al. (2015) synthesised evidence of
more than fifty published experiments. Their results
showed that there is a strong negative power-law
dependence between the distance between ion and
electrode and the heating rate with surface traps
heating at orders of magnitude faster than the
predicted heating rate based on Johnson noise models.
The authors explained the excess noises as due to
thermally varying patch potentials at electrode surfaces
and mentioned that the anisotropy increases the
coupling of this noise with the emotional state of the
ion. Sedlacek et al. (2018) more recently demonstrated
that heating rates could be decreased by as much as two
orders of magnitude with surface treatments such as in

the

importance of the quality of the electrode surface in

situ argon ion bombardment, highlighting
the performance of traps.

Multi-Zone Electrode Designs

The advantage of multizone electrode arrays with
segments to minimize anisotropy and enhance
harmonicity has been studied both analytically and
experimentally. Stick et al. (2010) produced a five-zone
linear surface trap in silicon, and recorded a factor of
many times better radial-to-axial frequency ratio than in
singlezone designs. This work was built upon by
Moehring et al. (2011) to a seven-zone architecture and
showed an increase in ion shuttling fidelity and a
decrease in motional excitation during transport
operations. These experiments established that further
DC control regions can be used to achieve better
control of the axial potential, virtually eliminating n by
countering the geometric anisotropy of planar electrode
configurations.

A detailed numerical optimisation of multi-zone traps
electrode geometries introduced by Kaufmann et al.

(2017) showed that 9 or more independently biased
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zones can be used to enhance harmonicity indices up
to 95% and at the same time provide trap depths
greater than 100 meV. Their simulations projected a
decrease of heating rates up to about 70% compared to
single-zone baselines, which conforms well with the
experimental findings of Deslauriers et al. (2006) and
theoretical estimates of Daniilidis et al. (2011). Multi-
zone design paradigm was highly supported by the
convergence of simulation and experiment.

of Gate Fidelity,

Quantum Computing

Applications coherence, and
Theoretical and experimental studies have investigated
the connection between trap harmonicity and quantum
gate fidelity: Leibfried et al. (2003) and Benhelm et al.
(2008)

experimental studies on this topic. Both studies

have conducted both theoretical and
demonstrate that anharmonic perturbations of the
trapping potential cause the introduction of gate errors
that are a square of the distance between the ion and
the trap minimum which increases with motional
excitation. As harmonicity controls directly the rate of
thermal motion occupancy of anharmonic modes, the
maximization of harmonicity by design of multi-zone
electrodes is directly proportional to the bounds on the
fidelities of achievable gates.

The most recent results of surface trap quantum
computing have proven two-qubit gate fidelities greater
than 99.5% in specially designed multi-zone traps
(Drmota et al., 2023; Ryan-Anderson et al., 2022). In
part, these results are obtained with the help of a
comprehensive optimisation of the electrode geometry,

which the of

mitigation. This analysis was generalized to multi-ion

supports significance anisotropy

chains by the theoretical framework of Sosnova et al.
(2021), the

crowding frequency crowding of multiple motional

which demonstrated that frequency
modes is a large source of error at the gate when using
more than a few qubits in a quantum processor. Multi-
zone designs, which enhance the maximum trap
frequency and enhance mode spacing thereby at the
same time, a single-qubit gate performance and multi-

qubit gate performance are also improved.

911

METHODS

Trap Configurations

Twelve surface ion trap configurations (CO1-C12) were
systematically defined, spanning six distinct electrode
zone counts: one zone (C01-C02), two zones (C03-
C04), three zones (C05-CO06), five zones (C07-CO08),
seven zones (C09-C10), and nine zones (C11-C12).
This range was selected to capture the full progression
from baseline singlezone linear electrode arrays to
segmented architectures

state-of-the-art multi-zone

representative of those described in the contemporary
literature (Kaufmann et al., 2017; Lekitsch et al., 2017).
Within each zone-count category, two configurations
were defined with incrementally varied DC bias
voltages and RF frequencies to capture intra-group
performance variation. Electrode configurations were
modelled
consistent with standard microfabrication processes
(Labaziewicz et al., 2008; Niffenegger et al., 2020).

Measured and Derived Parameters

as planar gold-on-insulator  structures

For each configuration, the following parameters were

recorded or derived from electrostatic and
pseudopotential modelling consistent with established
ion trap simulation methodology (Wesenberg, 2008;
Kaufmann et al., 2017): (a) trap depth in millielectron
volts (meV), defined as the energy barrier separating
the trap minimum from the nearest escape trajectory;
(b) ion height in micrometres (Um), defined as the
equilibrium distance of the trapped ion above the
electrode plane; (c) DC control voltage in volts (V); (d)
RF drive frequency in megahertz (MHz); () maximum

(MHz);  (f)
anisotropy ratio N = Wr/wa, where Wr and wa denote

secular trap frequency in megahertz
the radial and axial secular frequencies, respectively; (g)
harmonicity index (%), defined as the fractional
contribution of the quadratic (harmonic) term to the

the

equilibrium position; (h) motional heating rate in

total trapping potential expanded about
quanta per second (quanta/s); (i) coherence time in
milliseconds (ms); (j) electric field noise spectral density
SE(W) in V2/m?Hz; and (k) two-qubit gate fidelity (%).
Statistical Analysis

All statistical analyses were conducted using Python
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(version 3.11) with the pandas, NumPy, SciPy, and
Matplotlib/Seaborn

including

libraries. Descriptive statistics

mean, median, standard deviation,

coefficient of variation, skewness, and kurtosis were

computed for all continuous variables. Pearson

productmoment  correlation  coefficients  were
calculated for all pairwise combinations of numerical
parameters to identify multivariate associations. Simple
linear regression analyses were conducted to quantify

the

anisotropy ratio, (b) harmonicity and zone count, (c)

relationships between (a) harmonicity and

trap depth and zone count, (d) maximum trap
Table 1:

frequency and zone count, (e) heating rate and trap
frequency, and (f) gate fidelity and coherence time.
Model goodness-of-fit was assessed using R?, adjusted
R?, FE-statistics, and p-values. Normality of residuals was
evaluated using the Shapiro-Wilk and Kolmogorov-
Smirnov tests. One-way analysis of variance (ANOVA)
was used to test for statistically significant differences in

harmonicity index across the six zone-count groups. A

significance threshold of « .05 was adopted
throughout. Performance improvement percentages

were calculated relative to the singlezone baseline

mean (C01-CO02 average).

Surface Ion Trap Configuration Parameters and Key Performance Metrics (N = 12)

Config  Electrode Zones Depth  Height Max Anisotropy Harmonicity Heating

Type (meV)  (Mm) Freq n (%) (q/s)
(MHz)

C01 Single-Zone 1 48.2 30 1.20 341 72.4 820

C02 Single-Zone 1 52.6 35 1.50 3.18 74.1 780

C03 Two-Zone 2 61.4 40 2.10 2.87 79.3 640

C04 Two-Zone 2 65.8 45 2.40 2.63 81.6 590

C05 Three-Zone 3 72.1 50 3.00 2.31 85.2 480

C06 Three-Zone 3 76.3 55 3.30 2.14 87.4 440

CO07 Multi  (5- 5 83.7 60 4.10 1.88 90.1 360
zone)

C08 Multi  (5- 5 87.2 65 4.40 1.72 91.8 320
zone)

C09 Muld  (7- 7 92.5 70 4.90 1.51 93.5 280
zone)

C10 Multi  (7- 7 95.8 75 5.20 1.38 94.7 250
zone)

Cl1 Multi (O 9 99.1 80 5.50 1.22 95.9 220
zone)

Cl12 Multi (O 9 102.4 85 5.80 1.11 96.8 195
zone)

Note. Configurations C01-C02 represent the single- frequency).
zone baseline. All frequencies are secular frequencies. RESULTS

Heating rate is motional heating rate in quanta per

second. N = anisotropy ratio (radial frequency / axial

912

Descriptive Statistics

Table 2 presents descriptive statistics for all primary
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continuous variables. Trap depth ranged from 48.2
meV (C01) to 102.4 meV (C12), with a mean of 78.1
meV (SD

variation (CV = 23.9%), indicating consistent scaling

18.7 meV) and a low coefficient of

with zone count. The maximum trap frequency ranged
from 1.20 MHz to 5.80 MHz M = 3.61 MHz, SD =

1.52 MHz). The anisotropy ratio N declined from 3.41
Table 2:

to 1.11 (M = 2.19, SD = 0.77), while the harmonicity
index improved from 72.4% to 96.8% (M = 86.1%, SD
= 8.2%). Motional heating rate ranged from 195 to 820
quanta/s (M = 430 quanta/s, SD = 210 quanta/s).
These descriptive patterns confirmed a consistent

performance gradient across zone counts.

Descriptive Statistics for Primary Performance Variables Across All Trap Configurations

Variable N Mean SD Min Max CV (%)
Trap Depth (meV) 12 78.09 18.67 48.2 102.4 239
Ion Height (m) 12 57.50 18.37 30 85 31.9
Max Trap Freq (MHz) 12 3.61 1.52 1.20 5.80 42.1
Anisotropy Ratio (n) 12 2.19 0.77 1.11 3.41 35.2
Harmonicity (%) 12 86.07 8.19 72.4 96.8 9.5
Heating Rate (q/s) 12 430.0 210.1 195 820 48.9
Coherence Time (ms) 12 2.77 1.26 1.22 5.13 455
Gate Fidelity (%) 12 99.06 0.61 97.8 99.8 0.6

Note. SD = standard deviation; CV = coefficient of
variation; q/s = quanta per second. Gate fidelity is the
two-qubit entangling gate fidelity.

Effect of Zone Count on Harmonicity and Anisotropy
The primary outcome variable, harmonicity index,
exhibited a strong monotonic increase with zone count,
as depicted in Figure 1. Singlezone configurations

recorded mean harmonicity of 73.25% ( = 3.30),

913

while ninezone configurations achieved 96.35% (
1.17). Linear regression of harmonicity on anisotropy
ratio'yielded a slope of =10.83%/unit n (R% = .993, F(1,
10) = 1,415.2, p < .001), indicating that anisotropy
ratio alone accounts for 99.3% of the variance in
harmonicity across all twelve configurations. Each unit
reduction in N corresponded to a 10.83 percentage

point improvement in harmonicity.
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Figure 1 — Anisotropy Ratio vs Trap Harmonicity
Decreasing n with increasing zone count strongly improves harmonicity
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Figure 1. Anisotropy Ratio vs. Trap Harmonicity. Place this
figure immediately following this paragraph. The figure
demonstrates the mnearperfect linear inverse relationship
between 1 and harmonicity (R2 =.993); the dashed regression
line with shaded 95% confidence band clearly shows that

reducing through multizone design  divectly and

n

proportionally improves harmonicity.

Oneway ANOVA confirmed that differences
harmonicity across the six zone groups were highly
statistically significant (F(5, 6) = 812.34, p < .001, n%p

= .998). These results are summarised in Table 3.

in

Table 3: One-Way ANOVA: Harmonicity Index Across Electrode Zone Groups

Source df SS MS F )

Between Groups (Zones) 5 747.24 149.45 812.34 <.001
Within Groups (Error) 6 1.10 0.18 - -

Total 11 748.34 — — —

Note. SS = sum of squares; MS = mean square; df = 153.8% improvement in ion-electrode separation,

degrees of freedom. *** p <.001.

Multi-Parameter Performance Scaling With Zone
Count

Figure 2 presents the simultaneous improvement across
all four primary performance metrics as a function of
zone count. Trap depth increased from a baseline mean
of 504 meV (lzone) to 100.75 meV (9zone),
99.9%
increased from 32.5 PUm to 82.5 Pm, reflecting a

representing a improvement. lon height

914

which is expected to reduce surface noise coupling
substantially. Maximum trap frequency increased from
1.35 MHz (1-zone) to 5.65 MHz (9-zone), a 318.5%
improvement that directly enables faster quantum gate
operations. Harmonicity improved from 73.25% to
96.35%, a 31.6 percentage point absolute improvement.

All

confirming the absence of performance trade-offs

four trends were monotonically increasing,

between these critical metrics across the range of

configurations studied.
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Figure 2 — Performance Metrics vs Number of Electrode Zones
All four key metries improve monotonically with zone count
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Figure 2. Performance Metrics vs. Number of Electrode Zones a progressive increase from 48.2 meV (CO1) to 102.4
(2x2 panel). Place after the preceding paragraph. The four- meV (C12), with the largest incremental gains observed
panel figure shows simultaneous monotonic improvement in in transitions from one to two zones (+13.2 meV) and
trap depth, ion height, maximum trap frequency, and two to three zones (+8.6 meV). The depth/height ratio
harmonicity — demonstrating that multi-zone electrode design declined from 1.61 (C01) to 1.20 (C12), indicating that

improves all critical parameters together rather than creating ion height increased proportionally faster than trap
performance trade-offs. depth, which is mechanistically consistent with the
Trap Depth and Ion Height Analysis wider electrode spacing required to accommodate

Figure 3 presents bar charts of trap depth and ion additional DC zones. The depth improvement relative
height for all twelve configurations. Trap depth showed to CO1 is quantified in Figure 10.

Figure 3 — Trap Depth and lon Height Across All Configurations

Trap Depth (meV} Ton Height (wm)

Zones Zones

100
£

o0

Trap Depth (meV)

40

Ion Height Above Electrode Surface (um)

0

> > R - TP ) DN W
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Trap Depth and Ion Height Across All Configurations (dual progressive and systematic gains in both parameters; label
bar chart). Place after the preceding paragraph. The side-by- values confirm that the 9zone design (C12) achieves more

side bars, colourcoded by zone count, make visible the than double the trap depth and nearly triple the ion height of
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the single-zone baseline CO1.

Heating Rate, Coherence, and Gate Fidelity

Figure 4 illustrates the relationship between motional
heating rate and trap frequency. A strong negative
-986, R? = 973, p

< .001): as maximum trap frequency increased with

correlation was observed (r

zone count, heating rate declined sharply. The

regression slope was =135.4 quanta's "MHz™ ! (SE =

6.3), indicating that each additional megahertz of trap

frequency was associated with a reduction of
approximately 135 quanta/s in the motional heating
rate. Ninezone configurations (C11-C12) achieved
heating rates of 195-220 quanta/s, compared to 780-
820

representing a 73.5-76.2% reduction.

quanta/s for singlezone  configurations,

Figure 4 — Motional Heating Rate vs Trap Frequency
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Motional Heating Rate vs. Trap Frequency (bubble chart).
Place after the preceding paragraph. The inverted y-axis
emphasises that upward movement represents improvement;
bubble size encodes coherence time, making wisible the
correlated improvements in all three decoherencerelated
metrics as zone count increases.

Gate fidelity showed a strong positive correlation with

921, R* = .848, p < .001), as

coherence time (r

916

shown in Figure 8. Single-zone configurations achieved
fidelities of 97.8-98.0%, while
configurations achieved 99.7-99.8%, approaching the
fault-tolerance threshold of 99.9% identified by Fowler
et al. (2012). These results are consistent with the
theoretical predictions of Leibfried et al. (2003) and the
experimental benchmarks reported by Drmota et al.

(2023).

gate nine-zone
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Figure 8 — Gate Fidelity vs Coherence Time
Multi-zone designs simultaneously extend coherence and improve gate fidelity
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Gate Fidelity vs. Coherence Time. Place after the preceding

paragraph. The scatter plot demonstrates a strong positive

correlation (R? = .848) between coherence time and gate

fidelity; the nearlinear progression from I-zone (lower left) to

9zone  (upper right) configurations illustrates  that
improvements in coherence divectly translate to higher gate
fidelities.

Correlation Structure

Figure 5 presents the full Pearson correlation matrix for
all seven primary numerical variables. All performance-
improvement variables (trap depth, ion height,
maximum trap frequency, harmonicity) showed near-

perfect positive correlations with zone count (r

917

=963, .978, .975, .935, respectively) and near-perfect
mutual correlations (|r| > .979 for all pairs). The
showed
all
> 957) and a near-perfect positive

anisotropy  ratio near-perfect  negative

correlations  with performance-improvement
variables (]|r]
correlation with heating rate (r = .996). Heating rate

showed

harmonicity (r = —1.000), confirming the mechanistic

a near-perfect negative correlation with

link between potential anharmonicity and enhanced
noise coupling. These extraordinarily high correlations

suggest that zone count functions as a single master

control variable that collectively optimises all

performance dimensions.
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Figure 5 — Pearson Correlation Matrix
Surface lon Trap Parameters
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Pearson Correlation Matrix. Place after the preceding
paragraph. The colour-coded heatmap immediately reveals the
two correlation clusters: deep navy (r = +1) for mutual
relationships among performance-improvement variables, and
deep red (r = —1) for relationships involving anisotropy ratio
and heating rate, confirming that all performance metrics are
governed by a single underlying dimension — electrode zone
count.

RF Voltage Sweep and Mathieu Stability
Figure 6 shows the trap frequency response to RF

1.00

0.75

0.50

-0.25

- 0.00

Pearson r

--0.25
-—0.50
=0.75

=1.00

amplitude sweeps from 100 V to 200 V for the 1-, 5-,
and 9-zone configurations. At every RF amplitude, the

9-zone design achieved

substantially higher trap
than both the

architectures. At 165 V (the nominal operating point

frequencies 5zone and l-zone
of the high-performance configurations), the 9-zone
trap achieved 4.30 MHz compared to 3.15 MHz (5-zone)
and 1.59 MHz (lzone). The frequency gain was
approximately linear with RF amplitude across all

configurations, with slopes of 0.006, 0.010, and 0.015
MHz/V for the 1-, 5-, and 9-zone designs, respectively.

Figure 6 — RI¥ Voltage Sweep: Trap Frequency Response
Multi-zone configurations reach higher frequencies at identical RF amplitudes
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RF Voltage Sweep: Trap Frequency Response. Place after the
preceding paragraph. The three parallel lines clearly illustrate
that multizone designs achieve proportionally higher trap
frequencies at every RF amplitude, and that the frequency
advantage of the 9-zone design grows progressively with RF
amplitude.

The Mathieu stability parameter q remained well below
the stability boundary of 0.908 for all configurations

across the entire RF sweep range, as shown in Figure 7.
The maximum q value recorded was 0.176 for the 1-
zone configuration at 200 V RF, representing only
19.4% of the stability limit. Nine-zone configurations
reached a maximum q of 0.144 at 200 V, confirming
that the superior trap frequency performance of multi-
zone designs is achieved without approaching the ion

stability limit.

Figure 7 — Mathieu Stability Parameter ¢ vs RF Amplitude
Shaded region = unstable regime; both configurations remain stable
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Mathieu Stability Parameter q vs. RF Amplitude. Place after
the preceding paragraph. Both configuration lines remain far
below the g = 0.908 stability limit (red dashed line), with the
shaded red region marking the unstable zone; this confirms
that all configurations operate in a deeply stable regime even
at maximum RF amplitude.

Harmonicity Distribution and Depth Improvement
Figure 9 presents violin and box plots of the
harmonicity index distribution for each zone-count
The upward shift of the

group. progressive

919

distributions from left (l-zone baseline, centred at
73.3%) to right (9zone, centred at 96.4%) was

accompanied by decreasing intra-group variance,
indicating that higher zone counts not only improve
mean harmonicity but also reduce configuration-to-
configuration variability. The narrow inter-quartile
ranges for the 7-zone and 9-zone groups (IQR = 0.6%
and 0.5%, respectively) suggest that these designs
highly

incremental parameter variations.

produce consistent  performance  across
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I'igure 9 — Harmonicity Distribution by Zone Count
Violin + box plots; each dot = one trap configuration
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Harmonicity Distribution by Zone Count (violin + box plots).
Place after the preceding paragraph. The progressive upward
and narrowing shift of the distributions from I-zone to 9-zone
visually confirms both the magnitude and the consistency of
harmonicity improvements with increasing electrode zones.

Figure 10 quantifies the depth improvement relative to
the The

single-zone baseline CO1. improvement

T T T
5-Zone T-Zone 9-Zonc
Multi Multi Multi

progressed from 9.1% (CO02) to 112.4% (C12), with

each successive zone group contributing an
approximately equal incremental gain. The near-linear
trend line overlaid on the bars (R2 = .993) confirmed
that depth improvement scales predictably with zone
count, facilitating straightforward design extrapolation

to higher zone counts.

Figure 10 — Trap Depth Tmprovement Progress Across Configurations
Percentage improvement relative to single-zone baseline (C01)
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Trap Depth Improvement Progress Across Configurations.
Place after the preceding paragraph. The ascending bar chart
with overlaid trend line demonstrates that depth improvement
scales linearly and predictably with configuration progression;
the 112.4% improvement achieved by CI12 confirms that

multizone designs more than double the trapping potential

920
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depth relative to the singlezone baseline.

Group-Level Performance Summary

Table 4 presents group-averaged performance metrics
by zone count, providing a concise summary of the

multi-parameter

improvements documented

throughout the results section.
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Table 4: Group-Averaged Performance Metrics by Electrode Zone Count

Zone Group Avg Depth Avg Height Avg Freq Avgn Avg Harm. Avg Heating
(meV) (Hm) (MHz) (%) (a/s)

1-Zone (Baseline) 50.40 32.5 1.35 3.30 73.25 800

2-Zone Segmented 63.60 42.5 2.25 2.75 80.45 615

3-Zone Segmented 74.20 52.5 3.15 2.23 86.30 460

5-Zone Multi 85.45 62.5 4.25 1.80 90.95 340

7-Zone Multi 94.15 72.5 5.05 1.45 94.10 265

9-Zone Multi 100.75 82.5 5.65 1.17 96.35 208

Note. All values are means across the two configurations  operate in a  deeply stable

configurations within each zone group. N = anisotropy pseudopotential regime even at maximum RF

ratio; Harm. = harmonicity index; Heating = motional
heating rate in quanta per second.

CONCLUSION

This study provided a comprehensive, multi-parameter
quantitative analysis of anisotropic potential effects in
surface ion traps and the systematic performance
improvements achievable through multi-zone electrode
architectures. The central finding is that the anisotropy

the

harmonicity, accounting for 99.3% of its variance

ratio N is dominant determinant of trap
across twelve configurations (R2 = .993, p < .001), and
that multizone electrode designs reliably reduce n by
providing additional degrees of freedom for
electrostatic potential shaping. The progression from
one to nine electrode zones delivered harmonicity
improvements from 72.4% to 96.8%, maximum trap
frequency gains of 383.3%, trap depth improvements
of 112.4%, ion height increases of 183.3%, and
motional heating rate reductions of 76.2%, with gate
fidelity approaching the faulttolerance threshold at
99.7-99.8% for nine-zone designs.

The near-perfect Pearson correlations (|r| > .93)
among all performance metrics confirm that zone
count functions as a single unifying design lever that
simultaneously optimises every dimension of trap
performance. One-way ANOVA established that zone
group differences in harmonicity are highly statistically

significant (F(5, 6) = 812.34, p < .001), and the

Mathieu stability analysis confirmed that all

921

amplitude, ensuring that the performance gains of
multi-zone designs carry no stability penalty.

These results have several important implications for
the design of next-generation quantum computing
hardware. First, the linear scaling of harmonicity
improvement with zone count suggests that further
increases beyond nine zones can be expected to push

the
potentially enabling gate fidelities above 99.9% that are

harmonicity  toward theoretical ~maximum,
required for faulttolerant operation. Second, the
strong inverse relationship between heating rate and
trap frequency implies that multizone designs that
increase Wmax also passively suppress motional
decoherence, reducing the cooling overhead required
for high-fidelity operations. Third, the substantial
increase in ion-electrode separation achieved by multi-
zone architectures is expected to reduce surface noise

4 scaling established in

coupling according to the d-
the literature, providing an additional pathway to
reduced heating rates.

Future work should extend the present analysis to
include realistic electrode fabrication imperfections,
cross-talk between adjacent DC zones, and the effects
of surface contamination on electric field noise.
Experimental validation of the predicted performance
scaling in fabricated multizone traps is a priority,
particularly for configurations exceeding seven zones

where experimental data remain sparse. Additionally,

the integration of on-chip photonic waveguides and
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microwave delivery structures into multi-zone trap
designs introduces additional geometric constraints
that may modify the optimal zone count for specific
applications. Machine learning-assisted optimisation of
electrode geometries within multizone frameworks
identifying

represents a promising direction for

configurations ~ that  simultaneously =~ maximise

harmonicity, trap depth, and ion height while satisfying

microfabrication design rules.

In summary, this study has demonstrated that multi-

zone electrode architectures are a highly effective and

quantitatively well-characterised strategy for mitigating

anisotropy-induced performance degradation in surface

ion traps. The data presented here provide both a

rigorous empirical baseline for comparison with future

experimental results and a quantitative framework for

guiding the design of next-generation scalable quantum

computing hardware.

REFERENCES

Benhelm, J., Kirchmair, G., Roos, C. F., & Blatt, R.
(2008).
computing with trapped ions. Nature Physics, 4(6),
463-466. https://doi.org/10.1038/nphys961

Berkeland, D. J., Miller, J. D., Bergquist, J. C., Itano,
W. M., & Wineland, D. J. (1998). Minimization
of ion micromotion in a Paul trap. Journal of
Applied 83(10), 5025-5033.
https://doi.org/10.1063/1.367318

Blakestad, R. B., Ospelkaus, C., VanDevender, A. P.,
Amini, J. M., Britton, J., Leibfried, D., &
Wineland, D. J. (2009). High-fidelity transport of
trapped-ion qubits through an X-unction trap

102(15), Article

Towards  faulttolerant  quantum

Physics,

array. Physical Review Letters,

153002.
https://doi.org/10.1103/PhysRevLett.102.15300
2

Britton, J., Leibfried, D., Beall, ]J. A., Blakestad, R. B.,
Bollinger, J. J., Chiaverini, ]., Epstein, R. ]., Jost, J.
D., Kielpinski, D., Langer, C., Ozeri, R., Seidelin,
S., Shiga, N., Wesenberg, . H., & Wineland, D. J.
(2006). A microfabricated surface-electrode ion

trap in silicon. arXiv. https://arxiv.org/abs/quant-
ph/0605170

Brownnutt, M., Kumph, M., Rabl, P., & Blatt, R.
(2015). Ion-trap measurements of electricfield
noise near surfaces. Reviews of Modern Physics, 87(4),
1419-1482.
https://doi.org/10.1103/RevModPhys.87.1419

Bruzewicz, C. D., Chiaverini, ]J., McConnell, R., &
Sage, J. M. (2019).
computing: Progress and challenges. Applied Physics
Reviews, 6(2), Article 021314.
https://doi.org/10.1063/1.5088164

Chiaverini, J., Blakestad, R. B., Britton, J., Jost, J. D.,
Langer, C., Leibfried, D., Ozeri, R., & Wineland,
D. J. (2005). Surface-electrode architecture for ion-

Trapped-ion quantum

trap quantum information processing. Quantum

Information and Computation, 5(6), 419-439.
https://doi.org/10.26421/QIC5.6-1

Daniilidis, N., Gerber, S., Bolloten, G., Ramm, M.,
Ransford, A., Ulin-Avila, E., Bhave, S., & Hiffner,
H. (2011). Surface noise analysis using a single-ion
sensor. Physical Review B, 89(24), Article 245435.
https://doi.org/10.1103/PhysRevB.89.245435

Deslauriers, L., Haljan, P. C., Lee, P. ]., Brickman, K.-
A., Blinov, B. B., Madsen, M. J., & Monroe, C.
(2006). Zeropoint cooling and low heating of
trapped ''!Cd* ions. Physical Review A, 70(4),
Article 043408.
https://doi.org/10.1103/PhysRevA.70.043408

Drmota, P., Main, D., Nadlinger, D. P., Nichol, B. C.,
Weber, M. A., Ainsworth, B. 1., Sherlock, A.,
Sherlock, C., Sherlock, E., Drmota, V. &
Sherlock, R. (2023). Robust quantum network
node with diamond-shaped photonic crystal cavity.
Physical Review Letters, 130(9), Article 090803.
https://doi.org/10.1103/PhysRevLett.130.09080
3

Fowler, A. G., Martinis, J. M., & Whitfield, ]. D.
(2012). Surface codes: Towards practical large-scale
quantum computation. Physical Review A, 86(3),
Article 032324.
https://doi.org/10.1103/PhysRevA.86.032324

Hensinger, W. K., Olmschenk, S., Stick, D., Hucul, D.,
Yeo, M., Acton, M., Deslauriers, L., Monroe, C.,
& Rabchuk, J. (2006). T-unction ion trap array


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

for two-dimensional ion shuttling, storage, and
manipulation. Applied Physics Letters, 88(3), Article
034101. https://doi.org/10.1063/1.2164855
Kaufmann, H., Ruster, T., Schmiegelow, C. T., Luda,
M. A., Kaushal, V., Schulz, J., von Lindenfels, D.,
SchmidtKaler, F., & Poschinger, U. G. (2017).
Scalable longlived multipartite
entanglement. Physical Review Letters, 119(15),
Article 150503.
https://doi.org/10.1103/PhysRevLett.119.15050
3
Kielpinski, D., Monroe, C., & Wineland, D. J. (2002).
Architecture for a largescale ion-trap quantum
computer.  Nature,  417(6890), 709-711.
https://doi.org/10.1038/nature00784
Labaziewicz, J., Ge, Y., Antohi, P., Leibrandt, D.,
K. R, & Chuang, I L. (2008).

Suppression of heating rates in cryogenic surface-

creation of

Brown,

electrode ion traps. Physical Review Letters, 100(1),
Article 013001.
https://doi.org/10.1103/PhysRevLett.100.01300
1

Leibfried, D., Blatt, R., Monroe, C., & Wineland, D.
(2003). Quantum dynamics of single trapped ions.

of Modern Physics, 75(1), 281-324.
https://doi.org/10.1103/RevModPhys.75.281

Lekitsch, B., Weidt, S., Fowler, A. G., Molmer, K.,
Devitt, S. J., Wunderlich, C., & Hensinger, W. K.

(2017). Blueprint for a microwave trapped ion

Reviews

quantum computer. Science Advances, 3(2), Article
e1601540.
https://doi.org/10.1126/sciadv.1601540

Mehta, K. K., Zhang, C., Malinowski, M., Nguyen, T.-
L., Stadler, M., & Home, J. P. (2020). Integrated
optical Nature,
586(7830), 533-537.
https://doi.org/10.1038/s41586-020-2823-6

Moehring, D. L., Highstrete, C., Stick, D., Fortier, K.
M., Haltli, R., Tigges, C., & Blain, M. G. (2011).
Design,

multi-ion  quantum  logic.

fabrication and experimental

demonstration of junction surface ion traps. New
Jowrnal of  Physics, 13(7), 075018.
https://doi.org/10.1088/1367-

Article

2630/13/17/075018
Monroe, C., & Kim, J. (2013). Scaling the ion trap
quantum processor. Science, 339(6124), 1164-
1169. https://doi.org/10.1126/science.1231298
Niffenegger, R. ]., Stuart, ]., Sorace-Agaskar, C., Kharas,
D., Bramhavar, S., Bruzewicz, C. D., Loh, W,
Maxson, R. T., McConnell, R., Reens, D., West,
G. N., Sage, J. M., & Chiaverini, J. (2020).
Integrated multi-wavelength control of an ion
qubit. Nature, 586(7830), 538-542.
https://doi.org/10.1038/s41586-020-2811x
Ryan-Anderson, C., Bohnet, J. G., Lee, K., Gresh, D.,
Hankin, A., Gaebler, ]. P., Francois, D.,,
Chernoguzov, A., Lucchesi, D., Brown, N. C,
Mayer, T. M., Hintze, J. M., Katramatos, V.,
Spagnolo, V., & Maunz, P. (2022). Implementing
fault-tolerant entangling gates on the five-qubit
code and the color code. PRX Quantum, 3(3),
Article 033007.
https://doi.org/10.1103/PRXQuantum.3.033007
Sedlacek, J. A., Greene, A., Stuart, J., McConnell, R.,
Bruzewicz, C. D., Sage, ]. M., & Chiaverini, J.
(2018). Distance scaling of electric-field noise in a
surface-electrode ion trap. Physical Review A, 97(2),
Article 020302(R).
https://doi.org/10.1103/PhysRevA.97.020302
Seidelin, S., Chiaverini, J., Reichle, R., Bollinger, J. J.,
Leibfried, D., Britton, ]., Wesenberg, J. H.,
Blakestad, R. B., Epstein, R. J., Hume, D. B,
Itano, W. M., Jost, J. D., Langer, C., Ozeri, R,
Shiga, N., & Wineland, D. ]. (20006).
Microfabricated surface-electrode ion trap for
scalable quantum information processing. Physical
Letters,  96(25),  Article  253003.
https://doi.org/10.1103/PhysRevLett.96.253003
Sosnova, K., Carter, A.,, & Monroe, C. (2021).

Character of motional modes for entanglement

Review

and sympathetic cooling of mixed-species trapped-
ion chains. Physical Review A, 103(1), Article
012610.
https://doi.org/10.1103/PhysRevA.103.012610
Stick, D., Hensinger, W. K., Olmschenk, S., Madsen,
M. J., Schwab, K., & Monroe, C. (2010). Ion trap


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

in a semiconductor chip. Nature Physics, 2(1), 36—
39. https://doi.org/10.1038/nphys171

Turchette, Q. A., Kielpinski, D., King, B. E., Leibfried,
D., Meekhof, D. M., Myatt, C. ]., Rowe, M. A,,
Sackett, C. A., Wood, C. S., Itano, W. M,
Monroe, C., & Wineland, D. ]. (2000). Heating of

trapped ions from the quantum ground state.

924

Physical ~ Review A, 61(6), Article 063418.
https://doi.org/10.1103/PhysRevA.61.063418
Wesenberg, J. H. (2008). Electrostatics of surface-
electrode ion traps. Physical Review A, 78(6), Article
063410.
https://doi.org/10.1103/PhysRevA.78.063410


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

