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ABSTRACT

We present the design and fabrication of an endcap-type Paul trap. The trap is designed for studies with Ca* and Yb*. The design, fabrication
process, and characterization are presented in detail, with a focus on trapping a single compensated ion at the rf node. A custom-built
imaging system of NA = 0.14 and magnification of ~22x performs close to the diffraction limit and resolves multi-ion clusters. Controlled
ion loading and characterization of the trap are performed using *’Ca*. The experimentally determined quadrupole coefficient of the trap is
~0.3, which is very close to the design value. The relative frequency shift along the spectroscopy beam due to excess micromotion is at the
level of 3.5 x 107'® for *°Ca*. Applications of this trap encompass single-ion-based optical frequency standards, tests of fundamental physics,
the study of mesoscopic Coulomb clusters, and the controlled interaction of a single ion with co-trapped atoms.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0334531

. INTRODUCTION

Atomic and molecular ions trapped in a radio frequency (rf)
Paul trap can be isolated from the environment and laser-cooled,
enabling better control over the system’s state, longer trapping
lifetimes, reduced systematic effects, and longer coherence times.
These properties make it one of the ideal platforms for pre-
cision spectroscopy and atomic clocks,' " tests of fundamental
physics,””"" quantum computation and simulations,” " study of
phase transitions in mesoscopic systems, 17 and trapped ion-atom
interactions.”’”

The endcap trap®® is a geometrical variation of the classical
ring-type Paul trap,”” where the ring electrode is replaced by coaxial
shields placed around the endcap electrodes (see Fig. 1). This modi-
fication provides better optical access for cooling, probe beams, and
imaging systems, albeit at a reduced quadrupole efficiency. Due to a
single rf null point in the trapping region, its application is mainly
limited to single-ion precision spectroscopy””'”" and tests of fun-

damental physics.”""* However, the scope of this trap geometry can
be extended to attempt qubit operations in 2D and 3D crystals in
the presence of micromotion, "’ study of Coulomb crystals in a 3D
trap,’"***" interaction between a single ion and a cloud of trapped
atoms, and portable optical clocks.®’

In this article, we describe the design details of the complete
apparatus, including the parameters considered for the trap elec-
trode design and assembly process, the vacuum system, the rf drive
circuit, and the imaging system. By loading and exciting the motion
of a single ion, the trap is characterized against its design para-
meters. Next, excess micromotion compensation is performed in
3D, and the relative frequency shift due to residual micromotion
along the spectroscopy beam is evaluated. We then demonstrate the
performance of a custom-built lens system by resolving the struc-
tural transitions of multi-ion clusters. The characterization results of
the apparatus make it suitable for performing precision spectroscopy
and studying controlled interactions using Coulomb crystals.
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FIG. 1. (a) 2D schematic diagram of the trap electrodes showing the relevant
design parameters. (b) Top panel: M2 tap holes on one face; bottom panel: slit
on the perpendicular face to align the inner electrodes. (c) Central plane view of
the designed trap.

Il. ION TRAP APPARATUS
A. Trap design

The endcap-type trap™® consists of a pair of coaxial cylindrical
electrodes (inner electrodes) surrounded by a pair of concentric con-
ical outer electrodes, as shown in Fig. 1. Inner electrodes carry the rf
voltage, and the outer conical electrodes are at ground potential or
biased with a dc offset.

Critical electrode dimensions, shown in Fig. 1, 21y, 221, 211, and
2z are decided by a combination of optimization of the quadrupole
coefficient, minimization of the contribution from higher-order
multipole terms, reduction of deposition of loading material on
the inner electrodes, and machining viability of electrode dimen-
sions. Since the full width half maximum of the atomic beam at
the trap center is 0.96 mm,*” we fix 2zp = 1 mm (see Fig. 1) to
avoid coating of the inner electrodes in the long run. The distance
between the inner and the outer electrode (2r;) is optimized to min-
imize the trap capacitance and optimize the quadrupole coefficient.
The value of the quadrupole coefficient is maximum for 2z; = 2zo.
However, it comes at the cost of a high contribution from higher-
order multipole terms.®' The separation between conical electrodes
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(2z1) is increased until the change in the higher-order multipole
contribution is sufficiently small with further increase.

A C-shaped frame is used to secure the inner electrodes in posi-
tion. An L-shaped fork is used to mount the conical electrode shield.
The rf voltage to the trap is provided via the C-shaped frame. The
L-shaped fork shields the effect of the mounting frame at the trap
center.”” Thus, only the electrode geometry is considered for sim-
ulating potential and analyzing the contribution of multipoles. An
electrostatic simulation is performed in COMSOL® 5.6 to generate
the potential in the trapping region. Considering the rotational sym-
metry about the z— axis and the mirror symmetry about the z = 0
plane present in our system (check Fig. 1), the potential generated in
the trapping region will be of the following form:

A A
¢(r,z) = Ao + —22(2z2 -)+ %(824 +3rt =242
2z, 8z,

—66(1626 - 5¢° =120z + 90r*2’

20
+ 2 (1282° + 35" — 17922%°
1282
+3360z'r" - 11202°°)
+ 10 (2562 — 63 — 57602°r
256 Z
+201602°r* - 16800z"r° — 31502°1"), (1

where r* = x> + % A is the quadrupole coefficient; and A4, As,
Ag, and Ay are higher-order multipole coefficients. The value of
the fitted quadrupole coefficient (A») for our designed trap is ~0.3;
A4/Az N 0.008, A6/A2 N 0.089, As/Az N 0.009, and Alo/Az ~ 0.013.

B. Material selection

Ideally, the trap’s metal parts should be easy to machine and
have high electrical conductivity, low thermal emissivity, and high
mechanical strength. High electrical conductivity decreases Joule
heating, and low emissivity reduces the blackbody radiation shift.
Molybdenum (Mo), tungsten (W), tantalum (Ta), copper (Cu), and
copper chromium zirconium (CuCrZr) were the high-purity materi-
als accessible. Among these available materials, and considering the
above-mentioned properties, Mo was chosen for the electrodes and
CuCrZr was chosen for the frame and other connecting parts. The
surface of the inner electrode close to the ion is polished to reduce
emissivity.

The power loss per unit volume in a dielectric placed in an ac
field** is directly proportional to the frequency of the electric field,
f; the relative permittivity of the dielectric, & tan(d), where & is
the dielectric loss tangent; and square of the electric field amplitude,
|E|*. The high relative permittivity of insulators increases the capac-
itance of the trap system. Insulators are made as thin as possible to
decrease the system’s capacitance. High relative permittivity results
in a higher current through the metal parts, thus increasing Joule
heating. Fused silica and sapphire are the most preferred insulator
materials; in our case, fused silica is used as the insulator material. A
detailed comparison of the properties of metal and insulator parts is
provided in Dolezal et al.®
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C. Trap assembly

The trap frame guides all the alignments. The coaxiality of the
inner electrodes is maintained by the frame that holds the electrodes.
Transition fit is used to position the inner electrodes in the frame. An

M2 tap hole and a slit on the face perpendicular to the tap hole face 05
are made for fine adjustment of the coaxiality, as shown in Fig. 1. The T oo
slit acts as a flexure spring, holding the electrode in its final position. s
To maintain concentricity, fused silica spacers are used to position % —o4
the outer electrode with respect to the inner electrode. Fused silica or S —os
Macor® insulators isolate the outer electrodes from the trap frame u§ —08
in the non-critical parts. The electrode dimensions are inspected A 10
using a coordinate measuring machine, and the measured dimen- -12
sions are compared with the design dimensions presented in Table . 0 20 40 60 80 100

Molybdenum is a porous material and achieving a very smooth sur- Probe Position (um)

face after grinding is very tricky. Hence, mechanical polishing is
performed to reduce the roughness of the surfaces facing the ion.
Polishing significantly reduces the rms surface roughness, but some
scratch-dig features remain. It is characterized using an atomic force
microscope (AFM). The root mean square roughness of the worst
patch (100 x100 ymz) of one of the electrodes’ surface is 208 nm and
a part of this region is shown in the AFM image (Fig. 2).

The complete trap assembly is first aligned under a high-
magnification imaging system to adjust the coaxiality of the elec-
trodes. When the best alignment is achieved, scanning electron
microscope (SEM) imaging is performed to quantify it. A small
quantity of Torr Seal® is applied at the edge of the mating surfaces
of the inner electrodes and the trap frame to retain the alignment
during the baking process. SEM images of the aligned trap assembly
are shown in Fig. 2. The trap is mounted inside a spherical octagon
chamber from Kimball Physics, Model No. MCF450-SphOct-E2A8, d
with the help of groove grabbers. A high-voltage feedthrough from MM | gg o mioooky A Date 12 0t 2023 w
VACOM, CF16-HV20S-1-CE-CU24, provides the rf connection to
the trap body. High transmission Corning HPFS 7980 windows
are used for sending beams and collecting fluorescence. A titanium (b)
sublimation pump, along with a non-evaporable getter ion pump,
NEXTORR 100-D, is used to achieve the final pressure of ~2 x 10710
mbar. Figure 3 shows the trap mounted inside the vacuum cham-
ber, including the compensation electrodes used to compensate for
excess micromotion (EMM) in the radial plane. The EMM along the
axial direction is compensated using the conical electrodes.

D. Drive circuit

A helical resonator drives the trap in the frequency range of
18-19 MHz. It helps in matching impedance for efficient transfer
of the applied power to the trap. Impedance is matched by chang-
ing the distance between the main coil and the antenna coil.® The
schematic of the resonator is shown in Fig. 4. The voltage applied
across the trap is measured using a voltage probe®” with an effective

200 pm EHT = 10.00 kV Signal A = InLens Date :12 Oct 2023
— 61 WD = 9.1 mm Mag= 88X Time :17:28:31

TABLE I. Design and machined dimensions of the trap electrodes. All dimensions are (C)
in mm.

FIG. 2. (a) (Top) AFM image of a selected region of the worst patches of an
inner electrode. (Bottom) Surface profile along the line shown in the top image. (b)
Design 0.920 1.50 0.500 1.00 SEM image showing dimensions of the inner electrode and the distance between

. them in the aligned assembly. (c) SEM image showing the alignment of the outer
Machined ~ 0.905,0.908 1.48,1.51 0.460, 0.468 1.03 electrode with respect to the inner electrode in one direction of the trap assembly.

Parameters  2ro (mm) 2r; (mm) (z1 —20) (mm) 2z (mm)
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FIG. 3. (a) Complete vacuum setup.
(b) A close view of the trap assembly,
with connecting wires mounted inside the
chamber.
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FIG. 4. (a) Schematic diagram of the helical resonator. Parameters of the resonator are d = 53 mm, D = 90 mm, dy = 6 mm, b = 80 mm, = = 10 mm, d; = 31 mm,
7, = 5 mm, and daz = 2 mm. The number of turns in the main coil and the antenna coils are 8 and 2, respectively. (b) Voltage measured across the probe at different drive

frequencies.

capacitance of 1 pF, added in parallel to the trap. The voltage probe
has two capacitors, 1 pF and 1 nF, in series. The voltage applied to
the trap is sampled across the 1 nF capacitor in the ~1/1000 ratio.
It is also used to characterize the resonator; the transmitted volt-
age across the probe is shown in Fig. 4. In the loaded case, Q is
~115 and the resonant frequency is ~18.4 MHz. An rf choke, con-
sisting of two 22 yH inductors in series, is added after the resonator
to apply the dc offsets to the trap. After the addition of the choke,
the resonance frequency of the trap changed to 18.26 MHz. All
compensation and ground electrodes are capacitively grounded

using a parallel combination of 0.1 and 1 pF capacitors to discharge
the pickup voltages.

E. Imaging system

The trapped “°Ca* ions are detected by the fluorescence emit-
ted at 397 nm. The imaging objective should have a high numer-
ical aperture to collect scattered photons for photon counting
with a photo-multiplier tube (PMT). The objective must also be
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FIG. 5. Schematic diagram of the fluorescence imaging system. The 4-lens objective is housed in a home-built brass tube with brass spacers. The objective guides the
fluorescence into a light-tight box, where a 70:30 beam splitter transmits 30% of the fluorescence onto an EMCCD camera and reflects 70% of the fluorescence onto a
PMT. A spatial filter before the PMT ensures a high signal-to-noise ratio (SNR) for photon counting.

diffraction-limited to focus the fluorescence of a single ion for effi-
cient spatial filtering to achieve high SNR. We have designed a 4-lens
objective with commercial AR-coated fused silica lenses with high
transmittance in the UV range. The separation between each lens is
optimized with ZEMAX to achieve a peak wavefront error of < %
The distance from the trap center to the vacuum viewport limits the
working distance to >42 mm. The design NA is 0.14, and the magni-
fication is 22x. The schematic of the fluorescence detection system
is shown in Fig. 5. A 70 : 30 beam splitter is placed at the end of the
imaging system to simultaneously observe the signal on a single pho-
ton counting PMT from Hamamatsu, H10682-210, and an EMCCD
Andor iXon 897.

I1l. TRAP PERFORMANCE AND CHARACTERIZATION
OF APPARATUS

A. lon loading and detection

The presented experimental setup is characterized using cal-
cium ions. A two-photon ionization scheme, shown in Fig. 6, is used
to create ions in the trapping region. The first laser beam drives the
48218y — 4s4p 1P, transition of calcium atoms, and the second beam
takes it to the ionization continuum from the 4s4p ' P; state. The sec-
ond beam is derived from a fiber-coupled Thorlabs LED, Model No.
MF365FP1. An 850 nm laser is a home-built external cavity diode
laser; the remaining lasers are from Toptica.

For controlled loading of ions, oven current is set to 4.1 A.
Power in the first and second ionization beams is set to 80 and
<15 uW, respectively. The detuning of the cooling beam is set to
—60 MHz, and the repump beam is tuned to the resonance. The ion

Y S 4P, -
c ~05

_5 2 4p*P,, A > On 3d2D
M :;? o £ R@p 66/7/77 52
€ = £ c Ump 3d2D,,
2 E 4s4p P, g3
° Q O
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o ¥

LY _ 4g215, 457§, ——

4 Ca 2 Cg*

FIG. 6. (a) lonization scheme of “°Ca atom. (b) Cooling and repump transitions of
40Ca* ion; an850 nm laser is used to excite 4p 2Py, transition.

loading process initiates after switching on the LED, and trapping of
each ion is registered as a jump in the fluorescence signal observed
on the PMT. The electron shelving method®® can also be used to
count the number of ions loaded in the trap. A laser at 850 nm
is added along with the cooling and the repump laser to address
3d?Dsjy — 4p2P3/2 transition. Power in the 850 nm beam is ~4 nW.
The 4p2P3/2 state decays to 45281/, and 3d*Ds)» with a branching ratio
of ~17: 1. The 3d’Ds/, is a metastable state having a lifetime of
1168(9) ms.”” When the population reaches the metastable state, the
ions become dark. In the case of a single ion, the PMT signal “jumps”
from the signal to the background level (quantum jumps). For two
ions, either it goes to the half or to the background level, depending
on the number of ions in the dark state. This technique enables us
to verify the number of ions loaded in the trap. The quantum jump
signal for a single ion is shown in Fig. 7.
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FIG. 7. (a) lon loading signal observed on the PMT. (b) False color image of a single “°Ca™* ion. (c) Quantum jumps for a single “°Ca* ion observed on PMT.
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FIG. 8. (a) Stitched images of a single
ion observed on the EMCCD camera at
different frequencies of the time-varying
voltage about the resonance. As the fre-
quency approaches the resonance, the
image of the ion begins to spread along
the x— axis. The trap drive voltage ampli-
tude is 234 V, and the applied dc offset is
—5.25 V. (b) Stitched ion images show-
ing the spread of the ion along the z—
axis as frequency approaches the reso-
nance. The trapping conditions are the
same as in panel (a). (c) Plot showing the
radial and axial secular frequencies for
different trap configurations. Experimen-
tally observed data points are denoted
by discrete points, and the dashed lines
represent the corresponding fits.
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B. Determination of the quadrupole coefficient

Experimental determination of the quadrupole coefficient, A,
is necessary to compare the fabricated trap model against the
designed one. The forced oscillation method’! is used to measure the
secular frequency of a single ion in the axial and radial directions. In
this method, the trapped ion is driven by a small time-varying volt-
age and the frequency of the applied voltage is scanned. The energy
gain is maximum when the drive frequency matches the system’s
natural frequency and fluorescence from the ion drops, as shown
in Fig. 8. In the adiabatic approximation, the relation between the
drive frequency, secular frequency, and Mathieu parameters has the

following form:”
w:%\/a+q2/2, 2)

where w is the secular frequency, a and q are dimensionless Mathieu
parameters, and Q is the drive frequency. For modified trap geome-
tries, the relation between the trap parameters and the Mathieu a
and g parameters is given by the following equation:

8A,QU
2ax =2ay = -a; = —5 5,
mzy ) 3)
2 = 2o = g = 4A,QV
qx 4 =9 mzéQz >

where Q is the charge of a single ion, U is the dc voltage applied to
the trap, V is the rf voltage applied to the trap, and m is the mass of
a single trapped ion. Equations (2) and (3) are used to fit the secular
frequencies against the given trap parameters to find the quadrupole
coefficient. Experimental data points and fit used to determine the
quadrupole coefficient are shown in Fig. 8. New variables are intro-
duced in the equation used for fitting to account for the error in
the probe voltage and dc offset. The value of the fitted parameters
is mentioned in Table II. Errors mentioned in the fitted parameters
refer to the standard deviations associated with the values of the
fitted parameters.

The experimentally determined value of the quadrupole coef-
ficient is 0.300 + 0.002, which agrees with the designed parameters.
A significant variation in the probe voltage error can be attributed
to changes in the characterization environment. The probe is char-
acterized at 16 dBm, and in the setup, 40 dBm is applied across it.
The change in power dissipation across the probe can affect its value,
which in turn can alter the sampled voltage.

C. Excess micromotion compensation

Micromotion is an inherent property of an ion trapped in a
Paul trap. It can be decreased by cooling but cannot be completely
eliminated. EMM arises when the null points of the rf and stray dc

TABLE |II. Fitted trap parameters. The error values represent the standard deviation
of the fit.

Parameters Az DC offset error (V) Probe voltage error (%)

0.298(1) 0 ~1
0.300(2) 0.571(16) ~4.7

Design
Fitted
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fields do not coincide at a single point; this results in driven motion
of the ion, so cooling cannot eliminate it. The photon-correlation
method””’" is used to determine the EMM. The driven motion has a
fixed phase relation with the trap drive voltage, resulting in a correla-
tion between the fluorescence modulation due to EMM and the trap
drive voltage. The histogram of the time delay between the arrival of
a photon and the subsequent zero crossing of the RF voltage in the
negative direction has the following form:

S =S8+ AS cos (Qt - ¢), 4)

where Sy is the mean fluorescence, and AS/S and ¢ are the amplitude
and phase of the correlation signal, respectively. Three non-parallel
and non-planar beams are aligned to sample the micromotion along
all three directions. First, the correlation signal for individual beams
is measured for uncompensated cases and compensated by manually
changing the compensation and outer electrode voltages. The corre-
lation signal for the uncompensated and compensated cases along
the spectroscopy beam is shown in Fig. 9. Along the spectroscopy
beam, AS/Sy is minimized to ~0.05, which corresponds to a relative
frequency shift due to EMM at the level of 3.5 x 10™® for **Ca*.

D. Structural transitions of few-body Coulomb
crystals

The capabilities of the trap extend beyond single-ion spec-
troscopy to the study of mesoscopic few-body physics of laser-cooled
Coulomb clusters. By varying the dc voltage applied to the outer
electrodes (Uyc ), we can continuously tune the trap anisotropy para-
meter & = w;/wy, where w, and wy are the axial and radial secular
frequencies, respectively. This control allows us to deterministically
prepare N-ion Coulomb crystals in distinct 1D and 2D config-
urations, effectively creating “test targets” with tunable inter-ion
spacings to verify the performance of our imaging system.
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FIG. 9. Red and green points represent the photon correlation histogram due to the
EMM along the spectroscopy beam before and after compensation, respectively.
The red and green lines represent the fits corresponding to them.
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FIG. 10. (a) Stitched fluorescence images of two and three ion clusters, imaged from the experiments at different trap anisotropies « displayed above. For scale, the bars
on the bottom left represent 5x5 um?. (b) The 3D scatterplots from MD simulations performed at the corresponding anisotropies, including stochastic photon kicks. Their
projections onto the x-z plane are denoted by gray and are in excellent agreement with the experimental images. The grid lines are spaced at 5x5 um?. The smearing is due

to a Goldstone mode corresponding to the free rotation about the z axis.

We investigated the structural transitions of N =2 and N =3
ion clusters, where the configurations are determined by the com-
petition between the external confinement and the mutual Coulomb
repulsion. To obtain the configurations numerically, we employed
molecular dynamics (MD) simulations that integrate the equations
of motion under the full time-varying trap potential ¢(r,z) cos(Qt)
and explicitly incorporate stochastic momentum recoils from pho-
ton scattering events to model the thermodynamics of Doppler
cooling.” For a two-ion crystal in the prolate trapping potential
(a < 1), where radial confinement dominates, the ions form a
“dumbbell” along the trap axis (z). As the anisotropy is tuned to
the oblate regime (& > 1), the “dumbbell” structure is oriented per-
pendicular to the trap axis in the x—y plane. Due to the cylindrical
symmetry of the trap (wx ~ w,), this planar configuration is free to
rotate about the z axis (Goldstone mode), appearing as a ring within
the integration time of fluorescence images (Fig. 10).

For the N = 3 cluster, a richer set of transitions is observed.
At low anisotropy (& < 0.64), the ions form a linear chain. As «
is increased, the transverse confinement squeezes the chain, lead-
ing to a displacive transition at a critical value of o, ~ 0.64. At this
point, the linear chain buckles into an isosceles triangle in a plane
containing the z axis. As « is further increased to unity (a=1),
the symmetry of the potential becomes isotropic, and the cluster
transitions into an equilateral triangle for « > 1, which again set-
tles into the x—y plane for &« > 1. These observations demonstrate the
trap’s ability to precisely control the potential landscape, a prereq-
uisite for studying complex symmetry-breaking dynamics in larger
clusters.”*** Moreover, the ability to spatially resolve the individual
ions within the observed configurations, where the MD-predicted
separation is ~5 ym, directly demonstrates the performance of our
custom lens-assembly.

IV. CONCLUSION

We have presented the design, fabrication, and characteriza-
tion of an endcap-type Paul trap. Controlled loading of one or more

ions is demonstrated. The experimentally determined value of the
quadrupole coefficient, 0.300 + 0.002, is in excellent agreement with
the design value of 0.298 + 0.001. We demonstrate excess micromo-
tion minimization, which corresponds to a relative frequency shift
of 3.5 x 107" for *°Ca*. Going forward, the EMM can be minimized
in 3D with automation. Moreover, the relative frequency shift due to
EMM can be further eliminated by operating the trap at the “magic
frequency (24.801 MHz),”*® where the second-order Doppler shift
and the Stark shift due to the ac field along the spectroscopy beam
cancel each other.

We also demonstrate a controlled study of two- and three-
ion Coulomb clusters, which are very well resolved by our custom
imaging system. The planar structures of these clusters undergo free
rotation about the trap axis, illustrating the near-perfect cylindri-
cal symmetry of the trap potential. The excellent agreement between
the numerical simulations and the observed cluster configurations,
beyond two and three ions has been reported in a separate work,*
where the dynamics of octupolar structural transitions in four,
five, and six-ion clusters were studied. In addition, owing to pre-
cise control over the trap anisotropy « = w./ws, thermally activated
dynamics of the five-ion pyramidal cluster have been used to test the
multidimensional Kramers-Langer theory of reaction rates.”” These
results illustrate that the trap’s performance is optimal, enabling
both precision spectroscopy and studies of the mesoscopic physics
of Coulomb clusters.
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