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and Collimated Laser Beam
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Abstract: In this paper, the schematics of a linear Paul trap, designed using Solid works are presented. A careful procedure followed
during electrode alignment, under the microscope, is discussed in detail. The assembled linear Paul trap is then characterized using a
collimated 369 nm laser beam and the results are presented, analyzed, and discussed. The trap geometric parameters found in this work
help guide the trap compensation with static potentials and characterization of the stability diagram of the ion trap.
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1. Introduction

The earliest ion traps were developed in the 1950s and1960s
by Wolfgang Paul [1] and Hans Dehmelt [2]. Over time, ion
traps proved to be very useful tools for studying various
physical systems including quantum information processors
[3], [4], [5], quantum simulators [6], [7], ion cavity QED
[8], [9], frequency standards [10], [11]. There are different
designs of ion traps, each of which is suited for some
particular purpose. For instance, chip or microfabricated ion
traps [12], [13] are well-suited for quantum information
processing which require large arrays of traps to scale up
information capacity. In some designs, the ion trap is placed
in an optical cavity and this boosts the fidelity and speed of
the trapped ion qubit measurement through the Purcell effect
[14], [15]. There are approaches for ion trap designs with
enhanced optical access including traps with one ring
electrode or two opposing endcap electrodes or even planar
trap geometries. The authors in [16] present a design of
anion trap combined with a reflective parabolic surface with
trap electrodes, thus, enhancing the efficiency of
fluorescence collection. This parabolic trap design covers a
solid angle ofZmsteradians and allows precise ion placement
at the focal point of the parabola [16].

a) Earnshaw’s Theorem
According to Earnshaw’s theorem it is impossible to trap
ions in a stable spatial equilibrium using only static electric
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fields, so either a combination of electric and magnetic
fields could be used (i .e. Penning traps) or a time-varying
electric field could be used (i.e. Paul traps) [17]. This can be
illustrated with an example of a charged particle supposedly
trapped in a three dimensional harmonic electric potential of
the following form [18],

ple.y.z) =ax® + By  +yz° (1)

According to Maxwell’s equation the divergence of electric
field (i.e.E(x.y.z) = Fg(x.y.2)) in the absence of charge
vanishes, that is,

V.ECe.y.z) =dAplr.y.z) =2 + 8 +y) =0 (2

This divergence implies that one of the components of the
field has to be non-confining whenever the other two are
confining. To prevent a charged particle from escaping
along the non-confining field direction, the fields must be
switched back and forth to alternate between confinement
and non-confinement thus, resulting in trapping with
electrodynamic fields.

b) Linear Paul Trap

A schematic of a linear Paul trap is shown in Figure 1 below
with axes and electrodes labeled.
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Figure 1: A schematic diagram of a linear Paul trap’s cross-sectional view (left) and lateral view (right)
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In the schematic diagram above, the xy-plane is also referred
to as the radial plane while the z-axis is referred to as the
trap axis. Compensation electrodes used for biasing the trap
are not shown in this schematic diagram. When powered up
with appropriate potential sources, a linear Paul trap
produces a harmonic electric potential with static and time-
varying components as shown below [18],

ple.y. z.t) = par (e y. 2. ) + gz (3. 2) (3)
withgzz (x. v, 2. £) and @z (x. v. z) being,
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¢) Trapped lon Dynamics
The resulting Matthieu equations below govern the motion
of a trapped ion [18],
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Where Q and Vgzz are the angular frequency and amplitude
of the radio frequency drive respectively, e and m are the
charge and mass of the trapped particle respectively, Vz- is
the static endcap potential, L is endcap to endcap spacing
and Zr, define the spacing between two diagonal RF
electrodes. A dimensionless factor & accounts for
geometrical imperfections of the endcaps, which lead to
experimental deviations from the pure quadrupole field [18].
The electric potential inside the trap resembles a saddle
rotating at the RF drive frequency.l.

The solution of the axial component of the equation of
motion is simply a harmonic oscillator with axial trap
frequency ;. On the other hand, the radial components lead
to a solution that has two modes of oscillation; one at the
trap/secular frequency <@, while the other, called
micromotion, is at the RF drive frequency. The trap
frequencies are given by [18], [19],

w; = 2\2a (12)
2 [
w =7 [T —a (13)

d) Trap Stability

The stability of Matthieu equations shown in the previous
sections is determined by the values of aand g. The stability
regions can also be shown graphically as shown in Figure
2below [19], [20].

Figure 2: Stability map of a linear Paul ion trap [19].

The overlapping regions in the stability map are regions
where the stability is achieved both axially, z and radially,
r[19], [20]. The @& and g parameters can be varied
conveniently by changing the trap frequency or RF and DC
voltages applied to the trap electrodes. This tuning of ion
trap parameters is essential when relaxing and tightening the
trap strength during the experiments. Linear Paul traps are
typically operated with a g value below unity to keep excess
micromotion reasonably small [18].

e) An Outline

The rest of this paper is organized as follows. Section Il
discusses the design of the linear Paul trap under Solid
works environment, as well as the assembly and electrode
alignment of the trap. Section Ill covers the measurements
and characterization of the trap geometry using a collimated
369 mmlaser beam. Section IV presents the mounting and
wiring of the trap. The ion trap testing is also carried out in
this section with ions presented here as an indication of
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successful trapping of Ytterbium ion. Section V concludes
this paper with a summary report of a few important
findings in this work.

2. Trap Design and Implementation

a) Design Under CAD Environment
Figure 3 below shows a side view of a linear Paul trap
design in a CAD environment.

Figure 4 below shows a cross-sectional view of a linear Paul
trap design in a CAD environment.

Figure 3: A picture of the side view of our trap design in CAD environment

rf electrodes

Figure 4: A picture of a cross-sectional view of a linear Paul trap design in CAD environment

There were no specific values of stability parameters
(mandg) aimed for during the design of our design. This is
primarily because we needed to be able to vary these
stability parameters during experiments such that we can
investigate different trapping points (stable and unstable) on
the stability map. The choice was made to set the design
parameters as follows;

e Diagonal RF electrode separation: 2, = 1 mm.
e Trap’s axial length (endcap to endcap): L = 5 mm.

e RF drive frequency range: 15 MHz = :—R = 20 MHz.

e Leave ¥z and ¥z to vary as much as possible.
e Ytterbium had been chosen as the atom to create ions
from, thus the charge to mass ratio iwas already pre-

decided.

With this set of choices, it is clear that stability parameters
(=andg) will be adjusted using the tunable voltages V- and
Vzz respectively. One limitation in the choice of trap
dimensions was that for the same stability point at a chosen
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operating frequency, a large trap would require high
voltages and that is expensive. The other limitation in our
case was that a smaller trap would be tedious to align
properly during assembly as we did all that manually under
the microscope. The next section covers the alignment of
electrodes.

b) Electrode Alignment Under Microscope
Our trap bears similarities to that used in the group of Rainer
Blatt and has good optical access with endcap electrodes

designed to shield the exposed dielectric surfaces. It was
constructed out of gold-coated, oxygen-free copper. In our
version, the RF electrodes are 200 wm thick copper sheets
clamped to stronger support. Figure 5 shows the top view of
trap electrodes seen under the microscope after being
tweaked.

The RF electrodes were positioned using a reference copper
block which allowed only a prescribed length of the
electrode to protrude out from its mounting platform. The
electrodes were then tied down with bolts to secure them in
their respective positions. The four RF electrode holders,
endcaps, and the compensation electrodes were all
assembled and held in place with stainless steel bolts on the
ceramic frame and the base copper block to give a rigid
structure. For finer adjustments of the RF and endcap
electrodes orientation, the trap was placed under the

F

A picture of our fully assembled linear Paul trap is shown in
Figure 7 below. In this picture, the top compensation
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Figure 5: Top view of our linear Paul trap as seen under the microscope

Figure 6: Side view of our linear Paul trap as seen under the microscope

microscope and tweaked with forceps while some bolts were
slightly loosened and re-tightened when the electrode is in
place. The blue rectangles are part of the tools (from the
microscope software) which were useful in detecting and
correcting the skewness of RF and endcap electrodes
relative to one another. Figure 6 below shows the side view
of the trap electrodes as seen under the microscope after
tweaking.

5

electrode can be seen, held down with bolts on the trap
frame.
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Figure 7: A picture of our actual linear Paul trap

The white support is made of ceramic and the copper block
underneath the trap provides more structural rigidity to the
entire setup.

3. Characterization Using Collimated Laser
Beam

a) Trap Axis Length Measurements

After the tweaking process under the microscope, we
mounted the whole trap setup on a translation stage and used
the359 mm laser beam to measure the separation between
endcaps and the separation between adjacent RF electrodes
on two sides of the trap. We moved the trap on the
translation stage horizontally and vertically, perpendicular to
the laser beam direction, and recorded the micrometer
reading upon reaching positions where half of maximum
laser beam power passed through while the other half was
blocked by the electrode. Following this procedure, the
separation between the two endcaps was found to be
2.06 mm as shown in Table 1 below.

Table 1: Laser coming from side 2 to side 1 of the trap.

Trap sitting upright on the translation stage
Endcap 1 Endcap 2 | Endcap Separation

17.212 mm | 12.150 mm 5.062 mm

b) Measurements With Trap In Upright Position

Table 2 below shows the differences in the two endcap
positions and the separation between RF electrodes as seen
from the side with the trap sitting upright and laser beam
going from side 2 to side 1 of the trap.

Table 2: The laser beam from side 2 to side 1 of the trap.
Trap sitting upright on the translation stage

Laser Beam Position | Near Endcap 1 | Near Endcap 2
Top RF electrode 22.974 mm 23.005 mm
Endcap Top Side 22.757 mm 22.832 mm

Endcap Bottom Side 22.316 mm 22.300 mm

Bottom RF electrode 22.142 mm 22.184 mm

RF electrode separation 0.832 mm 0.821 mm

From the measurement data in the table, a virtual line
joining the two end caps is angled by no more than 0.334°
to the assumed horizontal. This is an overestimation since
the measurements from one end cap to the other were
greater than 5.062 mum but for estimating the deviation
angles we used the separation of 3.062 mm to set a loose
upper bound. With respect to the same horizontal, the top
and bottom RF electrodes are angled by no more than #.373.°
and (.47 respectively. Hence the relative deviation
between the two RF electrodes as seen from side 2 of the
trap is no greater than #./23°. Table 3 below shows the
differences in the two end cap positions and the separation
between RF electrodes as seen from the side with the trap
sitting upright and laser beam going from side 1 to side 2 of
the trap.

Table 3: The laser beam from side 1 to side 2 of the trap.
Trap sitting upright on the translation stage

Laser Beam Position Near Endcap 1 | Near Endcap 2
Top RF electrode 23.002 mm 22.983 mm
Endcap Top Side 22.922 mm 22.820 mm
Endcap Bottom Side 22.260 mm 22.315 mm
Bottom RF electrode 22.212 mm 22.205 mm
RF electrode separation | 0.790 mm 0.778 mm

From the measurement data in the table, a virtual line
joining the two endcaps is angled by no greater than 0.266%
to the assumed horizontal. With respect to the same
horizontal, the top and bottom RF electrodes are angled by
no more than 0.2{/¢% and 0.080° respectively. Hence the
relative deviation between the two RF electrodes as seen
from side 1 of the trap is no greater than .73 7,

c) Measurements With Trap In Upright Position

Table IV below shows the differences in the two end cap
positions and the separation between RF electrodes as seen
from the top with the trap sitting on the side and laser beam
going from top to bottom of the trap.
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Table 4: The laser beam from side 2 to side 1 of the trap.
Trap sitting upside-down on the translation stage.

Laser Beam Position |Near Endcap 1 |[Near Endcap 2
Top RF electrode 4.640 mm 4.641 mm
Endcap Top Side 4.520 mm 4.491 mm

Endcap Bottom Side 3.908 mm 3.975 mm

Bottom RF electrode 3.815 mm 3.851 mm

RF electrode separation | 0.825 mm 0.790 mm

From the measurement data in the table, a virtual line
joining the two end caps is angled by no greater than .21 &
to the assumed horizontal. With respect to the same
horizontal, the top and bottom RF electrodes are angled by
no more than &.072% and 0.408% respectively. Hence the
relative deviation between the two RF electrodes as seen
from side 2 in an upside-down orientation of the trap is no
greater thanf.7#7, Table 5 below shows the differences in
the two endcap positions and the separation between RF
electrodes as seen from the bottom with the trap sitting on
the side and laser beam going from bottom to top of the trap.

Table 5: The laser beam from side 1 to side 2 of the trap.
Trap sitting upside-down on the translation stage

Laser Beam Position |Near Endcap 1| Near Endcap 2
Top RF electrode 5.055 mm 4.962 mm
Endcap Top Side 4.887 mm 4.760 mm

Endcap Bottom Side | 4.371 mm 4.412 mm

Bottom RF electrode | 4.205 mm 4.188 mm

RF electrode separation| 0.850 mm 0.774 mm

From the measurement data in the table, a virtual line
joining the two endcaps is angled by no greater than (.487

Steatite ceramic beads were used to provide insulation to the
bare wires to reduce the chances of unwanted short circuits.

b) lon Trapping Attempt

With all the necessary optics, RF sources, and vacuum
systems in place the assembled ion trap was able to trap
Ytterbium ions as Figure 9 below shows one of the many
successful Ytterbiumion trapping (and crystallization)
attempts.

Figure 8: The ion trap inside the vacuum chamber with the wiring to all the electrodes

to the assumed horizontal. With respect to the same
horizontal, the top and bottom RF electrodes are angled by
no more than{.033% and 0.7/93% respectively. Hence the
relative deviation between the two RF electrodes as seen
from side 1 in an upside-down orientation of the trap is no
greater than (.86.47,

d) Deductions From Measurements

Overall, the separation between RF electrodes near endcap
land endcap 2 are 0.824mm + 0.044 mm and
0.791 mm £ 0.037 mum respectively. From these figures,
we can infer that the separations between the diagonal RF
electrodes near endcapl and endcap 2 are greater than the
aimed value of 2y = Lmm by at most £7% and /2%
respectively. The angular deviations of the RF electrodes
from the trap axis are no more than £./"as viewed from both
sides of the trap while sitting upright and upside-down. The
relative angular deviation between adjacent RF electrodes is
no more than 0.2 as viewed from both sides of the trap
while sitting upright and upside-down.

4. Trap Wiring, Mounting, and Testing

a) Wiring and Mounting

After alignment of the ion trap electrodes, the trap was
mounted and clamped with screws on the rails inside the
vacuum chamber as shown in Figure 8 below.
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Figure 9: A chain of trapped Ytterbium ions

The ions were imaged using a camera and a stack of lenses,
which help capture the 369 nm photons spontaneously
emitted from the  “5,.|F = 1} — “P .|F = 0)
transition of the trapped Ytterbium ions.

5. Conclusion

In this paper, we presented the overview of the Solid works-
based design schematics for our linear Paul trap. The ion
trap parts assembly and electrode alignment under the
microscope followed this. The spacing between endcaps was
found to be 5.06 mum with an endcap-to-endcap angular
deviation of no more than 0.4°_as viewed from both sides of
the trap, upright and upside-down. The separations between
the RF electrodes near endcap 1 and endcap 2 were found to
be0.824 mm + 0.044 mm and 0.791 mm + 0:037 mm
respectively. When viewed from both sides of the trap, both
while sitting upright and upside-down, the angular
deviations of the electrodes from the trap axis and the
relative angular deviations between adjacent RF electrodes
were found to be no more than 1: 1° and 0.9% respectively.
These findings were useful in guiding the next step of trap
compensation through static potentials.
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