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Loading and characterization of a printed-circuit-board atomic ion trap
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We demonstrate loading of 88Sr* jons into a 0.5-mm-scale printed circuit board surface-electrode ion trap.
We then characterize the trap by measuring the secular frequencies and comparing them to a three-dimensional
simulation of the trap, and by measuring the stray electric fields along two of the trap’s principal axes.
Cancelling these fields by applying additional voltages enables a hundredfold increase in the trap lifetime to

greater than ten minutes at a vacuum of 10~ torr.
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Surface-electrode ion traps [1-4] offer significant poten-
tial for realizing complicated geometries needed for large-
scale quantum computation [5]. Their advantages include
greater ease of fabrication than three-dimensional (3D) lay-
ered planar traps [6—8] and the ability to integrate control
electronics below the electrode surface [9].

Here, we present an atomic-surface-electrode ion trap re-
alized as a printed circuit board (PCB). PCB traps have pre-
viously been demonstrated with charged microspheres at
moderate vacuums [2] and we show that the same technol-
ogy can be used to build atomic ion traps at UHV. Although
the size scale of a PCB ion trap is not suitable for large-scale
quantum computation, PCB traps can be constructed at a size
scale similar to current ion-trap quantum-information experi-
ments and may allow few-qubit ion traps to be readily real-
ized. Additionally, the ease of fabrication allows for the rapid
testing of new trap geometries and ion shuttling techniques.

In this Brief Report, we demonstrate the loading of stron-
tium ions into a ~I1-mm-scale PCB surface-electrode trap.
Following the design of a traditional four-rod linear Paul trap
system [15], the trap is mounted in a standard UHV chamber
pumped down to ~ 107 torr, loaded with 885+ by electron-
impact ionization of neutral atoms from a resistive oven
source, and driven by an externally mounted helical resona-
tor. A controlled buffer gas environment of up to 107* torr of
ultrapure helium may be provided though a sensitive leak
valve, monitored with a Bayard-Alpert ion gauge.

Our surface-electrode ion trap has five electrodes [1,2]:
one center electrode at ground, two at rf potential, and two
segmented dc electrodes (Fig. 1). The electrodes are copper,
deposited on a low-rf-loss substrate (Rogers 4350B), and
fabricated by Hughes circuits following standard methods for
microwave circuits. In the loading region, slots are milled
between the rf and dc electrodes to prevent shorting due to
strontium buildup. The inner surfaces are plated with copper
to minimize trap potential distortion due to the accumulation
of stray surface charges. The electrical connections are made
to the trap by ultrasonically soldering Kapton-coated Cu
wires to the pads using 80/20 Au/Sn solder.

We note that standard PCB fabrication techniques can
generate traces on the order of 100 um, producing a trap of
similar size to other ion traps used for quantum information
[3,4,6—8]. However, the minimum slot size commonly avail-
able is =500 wm, and in the case of our trap was 850 um
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(Fig. 1). Choosing a standard slot size minimizes the amount
of custom fabrication required. The only modification of the
standard PCB is the polishing of the trap surface to a 1 um
finish to reduce laser scatter into the detector.

Ions are detected by laser-induced fluorescence of the
main 422 nm 58,,,— 5P, transition of strontium [15], us-
ing either an electron-multiplying CCD camera (Princeton
Instruments PhotonMax) or a photomultiplier tube
(Hamamatsu H6780-04). A laser tuned to 1092 nm addresses
the 5P,,,—4D;,, transition to prevent shelving from the P
state to the metastable D state. The two external cavity laser-
diode sources are optically locked to low finesse cavities
[16]. Typical laser powers at the trap center are 1.2 mW at
1092 nm and 20-50 uW at 422 nm.

The first step for loading a surface-electrode trap is the
determination of the ideal compensation voltages needed to
offset the inherent electrode asymmetry. We determine these
potentials numerically (using CPO, a boundary-element elec-
trostatic solver [17]), by computing the rf and dc potentials
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FIG. 1. (Color online) (a) Photograph showing the top electrode
plate mounted 6.3 mm above the trap. The top plate has a slit for
ion fluorescence detection. (b) Layout of trap electrodes, each la-
beled with the voltage applied; all but V¢ are dc. The space around
the long electrodes (V,; and V) has been milled out. Coordinates
referenced as shown define the origin at the trap center and on the
chip surface. (c) Charge-coupled device image of trapped strontium
ions.
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FIG. 2. Cross sections of the pseudopotential along the x and y
directions for V;=1260 V at Q/27=7.6 MHz, V,=110V, and
V3=-50 V. The two figures (a) and (b) correspond to Vi, voltages
of —25.4 and 15 V, respectively. Micromotion compensation is ex-
pected in the —25.4 V case, but with a depth of only 1 eV, while the
uncompensated 15 V case has an expected depth of 5.4 eV. The
position of the rf null is indicated in each plot by an “®.”

(¢pscos Qr and ¢y.), which give the secular potential
=02V p|>/4mQ*+ Q Py, Where m is the ion mass and Q
is the ion charge. Typically, V,; is of 500—1200 V amplitude
at (1/27=7.6 MHz, and dc electrode voltages (as defined in
Fig. 1) are V4,=V5=0V, V,=110 V, and V3;=-50 V.

Surface-electrode ion traps have a unique property com-
pared to symmetric 3D Paul traps that the trap depth can be
increased by applying a voltage V,, to the plate above the
trap that moves the trap minimum away from the rf null.
Although this increases micromotion, it can be a useful tool
to increase loading efficiency. Shown in Fig. 2 is a cross
section of the secular potential in the £-y plane, at z=0, for
two different values of V,,,. As demonstrated in Fig. 3, with
these voltages and V,,=—25.4 V applied to the top elec-
trode, the trap should be compensated with a trap depth of
1.0 eV. The trap depth can be increased to 5.4 eV by setting
Viep=15 V, at the cost of increased micromotion.

These ideal compensation voltages often differ substan-
tially from actual ones, due to the presence of unknown stray
charges in the trap [10-12]. By measuring the change in ion
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FIG. 3. Calculated values of trap depth (hollow circles) and ion
displacement from the rf null (solid diamonds) as Viep 1s varied. As
trap depth is increased, the displacement of the ion cloud from the
rf null leads to increased micromotion.

cloud position with pseudopotential depth [10], the magni-
tude of the stray fields can be measured and the trap can be
directly compensated.

An accurate value of the stray dc field can be calculated
from the cloud motion using the following model. The
electric field along a coordinate x, at the rf node, is well
approximated by E(x)=Ey+Ex. For an rf pseudopotential
with secular frequency , the ion motion follows
mi+mw*x+eE(x)=0, which results in a new secular fre-
quency w;=+(w*+eE,/m), and a new cloud center position
xo=eEy/ mwf. By measuring both the secular frequency and
the ion center, one can determine E.

We experimentally determine E, by measuring the cloud
center position as a function of applied voltages. The
1092 nm laser is configured to illuminate the entire trapping
region, while the 422 nm laser is focused to a 60 um spot;
the focal point is translated in the X-y plane by using a pre-
cision motorized stage. Ion cloud fluorescence intensity,
measured by the photomultiplier tube, is recorded as a func-
tion of laser position, and fit to a Gaussian centered at the ion
cloud position [18]. This measurement is then repeated at ten
different rf voltages, and a linear fit of the cloud center po-
sitions to 1/ w% determines the dc field value E. w; is deter-
mined by applying an oscillating voltage on Vs of 250 mV
and observing dips in the ion fluorescence.

The data obtained, shown in Fig. 4, give an excellent
match of the cloud intensity to a Gaussian fit, allowing mea-
surement of the cloud center to within £0.5 wm. Thus, the
measurement of electric fields is precise to about £10 V/m
at zero electric field. From these electric-field measurements,
we determine the required compensation voltages to be
Viep=1.0£0.1 V and V5=1.3+£0.3 V. The estimated residual
displacement of a single ion at these voltages is less than
0.2 um. A common feature of electron-impact ionization is
that the compensation values change with time. We find that
for this trap the values of V,,, and V5 change by £1 V over
ten loads. The nonlinear dependence of the dc electric field
along y on the top electrode voltage is due to the strong
anharmonicity of the trap in the vertical direction, unac-
counted for in the simple linear model employed in the
analysis.
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FIG. 4. Measurement results showing compensation of micro-
motion in the trap at a buffer gas pressure of 1X 107 torr. (a)
Cloud intensity profile along the y axis, fit to a Gaussian, for a
representative value of the y compensation voltage, Vi, (b) Linear
fit of the cloud center position versus lla)%, where w; is the secular
frequency of the ion motion, yielding the electric field along y at the
tf node. (c) Plot of the J electric field as a function of the Vi,
compensating voltage, showing that the stray field is minimized at
Viep=1.0 V. (d) Plot of the % electric field as a function of the
middle electrode voltage Vs, showing compensation at Vs=1.3 V.

At the ideal compensation voltages Vs=0V and
Viep=—24.5 V, the electric field should be zero. By measur-
ing the actual electric field at these values, the magnitude of
the stray field can be determined. At V5=0V and with
E,;=0 (Viop=1V), the stray field along £ was measured
to be 30 V/m. The trap was unstable for V,,,;=-24.5 V and
the stray field was estimated by linear extrapolation
to be E,~2000 V/m from Fig. 4(c). This is in order-of-
magnitude agreement with a parallel plate model,
Ey=Vexpt— Videa—V1)/d=4200 V/m, where Vi, is the ex-
perimentally determined compensation value (V,,,=1.0 V),
Videa 18 the ideal compensation value (V,,=-24.5 V), and d
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is the distance between the top plate and the trap
(d=6.3 mm).

The secular frequencies differ from our model at the
5-10 % level, with greater differences along y, presumably
due to the larger y stray fields. For example, at one specific
set of trapping voltages (V4=950V, V,=V,=Vs=0V,
V,=V3=20V, V,,,=10 V), we measured secular frequencies
of w,/27=580 kHz and w,/27=840 kHz. These deviate by
6 and 12%, respectively, from the predicted values of 543
and 742 kHz.

Also, as noted above, a stray field can rapidly reduce the
trap depth. The abnormally large stray field required the use
of the helium buffer gas in order to have sufficient signal and
lifetimes to measure the field [13,14]. We used a helium
pressure of 107> torr. The UHV lifetime in the absence of
helium was less than 10 s. Once the field had been compen-
sated, ion lifetimes at 107 torr were greater than ten min-
utes.

The pressure in this setup was limited by residual buffer-
gas pressure and not the trap material. Rogers 4350B is made
from FR4, which has been shown to have a low outgassing
rate after bakeout [19]. We tested the vacuum properties of
the PCB trap in a chamber with a 40 1/s ion pump and found
that a pressure of 2 X 107'° torr was obtained after five days
of baking at 170 °C. This pressure is sufficient for few-qubit
ion trap quantum information experiments.

The difference between measured and ideal compensation
voltages is evidence of anisotropic stray fields, caused by
undetermined surface charges. The estimated stray fields
along X are comparable to those reported for 3D traps [10].
However, the stray fields along y are ten times larger. The
26 V difference between the calculated and measured values
of Vi, at compensation suggests significant electron charg-
ing on either the trap surface, the top plate, or the top obser-
vation window.

In summary, we have loaded a PCB surface-electrode ion
trap, demonstrated that well-known compensation methods
can be used in combination with collisional cooling to null
even large stray fields, and measured pressure-limited trap
lifetimes. PCB ion traps allow for the rapid prototyping and
testing of different surface-electrode geometries, and may
serve as a convenient architecture for studying ion motion in
surface electrode traps and the loading of ions into micro-
structured trap arrays.
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