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Surface-electrode ion trap with integrated light source

Tony Hyun Kim,? Peter F. Herskind, and Isaac L. Chuang
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77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA

(Received 25 March 2011; accepted 3 May 2011; published online 27 May 2011)

An atomic ion is trapped at the tip of a single-mode optical fiber in a cryogenic (8 K)
surface-electrode ion trap. The fiber serves as an integrated source of laser light, which drives the
quadrupole qubit transition of *¥Sr*. Through in situ translation of the nodal point of the trapping
field, the Gaussian beam profile of the fiber output is imaged, and the fiber-ion displacement, in units
of the mode waist at the ion, is optimized to within 0.13 = 0.10 of the mode center despite an initial
offset of 3.30*=0.10. Fiber-induced charging by 125 uW of 674 nm light is observed to be
~10 V/m at an ion height of 670 um, with charging and discharging time constants of 1.6+0.3 s
and 4.7*=0.6 s, respectively. This work is of importance to large-scale, ion-based quantum
information processing, where optics integration in surface-electrode designs may be a crucial
enabling technology. © 2011 American Institute of Physics. [doi:10.1063/1.3593496]

An array of trapped ions in optical cavities, connected by
a network of optical fibers, represents a possible distributed
architecture for large-scale quantum information processing.;1
(QIP). Due to the necessity of efficient light collection, laser
cooling and qubit state manipulation, the realization of a
quantum network or processor at the level of tens and hun-
dreds of qubits strongly motivates the integration of optics in
surface-electrode ion traps.2 However, the potential benefits
of integrated optics have long been overshadowed by the
challenge of trapping ions in the proximity of dielectrics,” as
well as the difficulty of guaranteeing good spatial overlap of
the trapped ion with the field mode of the integrated element.

In the past, there have been demonstrations of integra-
tion of bulk mirrors,*® multimode (MM) optical fibers,’ and
phase-Fresnel lenses® into radio frequency (rf) traps with
three-dimensional electrodes. More recently, integration of
MM fibers”'" and microscopic reflective optics11 for collec-
tion of ion fluorescence has been demonstrated in microfab-
ricated surface-electrode traps. Complementing such efforts
on light collection, the present work demonstrates light de-
livery through an integrated single-mode (SM) fiber in a
scalable, surface-electrode design, and an in situ micrometer-
scale positioning of the ion relative to the integrated struc-
ture. Future developments in optics integration, such as mi-
crocavities for the realization of quantum light-matter
interfaces,""'? or lensed fibers for faster gate times and opti-
cal trapping of ions," will employ sub-10 um waists,'" un-
derscoring the importance of in sifu ion positioning.14

We report on the construction of a fiber-trap system, and
demonstrate the ability of the integrated light source to drive
the 674 nm quadrupole transition of 33Sr*. The 674 nm tran-
sition is of particular interest in QIP with trapped ions, where
it serves as the optical qubit,15 as well as in metrology, where
it constitutes an optical frequency standard.'® The ion-fiber
spatial overlap is optimized in situ by micromotion-free
translation of the ion using segmented rf electrodes. We use
this technique to map out the Gaussian profile of the fiber
mode along a single transverse axis. With the ion over the
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center of the mode, we quantify the magnitude and timescale
of fiber-induced charging.

Fiber-trap integration is achieved by embedding the fiber
within the trap substrate. Figure 1(a) shows a schematic of
the ion trap design, which is a modified version of the
surface-electrode point Paul trap described recently.17 The
center, grounded electrode has a diameter of 1.1 mm. The
elliptical rf pad has major- and minor-axis diameters of 5.9
mm and 2.8 mm, respectively, and is shifted by 500 wm
along the minor-axis relative to the center of the ground
electrode. Electrode gaps are 100 um. This design achieves
an ion height of 670 wm and the electrode asymmetries
uniquely define the principal axes of the trap, which are tilted
by 30° in the yz-plane for achieving projection of the cooling

Cooling
(422/1092 nm)

1092
092 nm 4D5/2§

4D;;

FIG. 1. (Color online) (a) Schematic of the surface-electrode ion trap with
integrated optical fiber. The *¥Sr* qubit laser is delivered axially (along z)
through the fiber, while Doppler cooling beams propagate horizontally along
é,—¢,. (b) Alignment of the optical ferrule with respect to the trap elec-
trodes. The ferrule is rotated until the fiber is aligned with the minor-axis of
the trap. (c) Fiber-trap system mounted on a CPGA and installed on the 8 K
basplate of a closed-cycle cryostat.

© 2011 American Institute of Physics
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FIG. 2. Shelving rate as a function of 674 nm power coupled to the trap
fiber. Inset: telegraph log of a single ion as it is shelved into the dark 4Ds),
state by 5.4 uW of fiber light.

beam on all principal axes. The side electrodes are used for
dc compensation of stray electric fields, as well as radial
translation of the rf node by use of additional rf voltages, as
discussed later, and shown in Fig. 3. The trap is defined on a
printed circuit board (PCB) with copper electrodes on a low-
rf-loss substrate (Rogers 4350B, fabricated by Hughes cir-
cuits). The PCB includes a 400 wm diameter plated via in
the center ground electrode for the insertion of an optical
ferrule. The via is offset by 300 wm with respect to the
ground electrode to account for the displacement of the trap-
ping point that accompanies the shift in the elliptical rf elec-
trode.

The optical fiber (OZ Optics, PMF-633-4/125-3-L) is
SM for 674 nm and is conventionally prepared (i.e., cured in
fiber epoxy and flat-polished) in a stainless steel optical fer-
rule (Thorlabs, 10125A) whose tip has been machined to
match the 400 um diameter of the PCB via. Assembly of
PCB and ferrule is performed under a microscope, as in Fig.
1(b), where machining imprecision of the ferrule is evident
in the form of ~100 wm nonconcentricity between the fiber
and the ferrule. The ferrule is rotated with respect to the PCB
to place the fiber roughly along the minor-axis of the trap,
and is cured using cyanoacrylate adhesive.

The fiber-trap system is installed on a ceramic pin grid
array (CPGA) and mounted on the 8 K baseplate of a closed-
cycle c1ryostat18 as shown in Fig. 1(c). The fiber is routed
through a hole in the CPGA and a hole in a flange of the
vacuum chamber, where it is sealed in place with TorrSeal
UHYV epoxy. The trap is operated at a typical rf frequency
of 2w X6 MHz and 250 Vpp amplitude, achieving secular
frequencies of w, =27X410 kHz, w,=27 X240 kHz, and

o, =27X170 kHz We produce %8Sr* ions by resonant
ph0t010n1zat1on ' which are Doppler cooled on the
5S> 5P, transition at 422 nm, while simultaneously
driving the 4D;, <> 5P, transition at 1092 nm [see Fig.
1(a)]. Ton fluorescence at 422 nm is collected by a 0.5 NA
lens inside the chamber and imaged onto a charge coupled
device (CCD) camera and a photomultiplier tube.

Interaction between the ion and the fiber mode is dem-
onstrated using the electron shelving method.”® The ion is
driven on the 5S;/,+>4Ds), transition by 674 nm light from
the fiber while being simultaneously illuminated by the 422
and 1092 nm beams. Upon shelving to the 4Ds,, state, no
422 nm photons are scattered and the ion remains dark until
it decays spontaneously back to the 5S;,, state, as illustrated
by the single ion telegraph in the inset of Fig. 2. An effective
shelving rate can be quantified by counting the bright-to-dark
transitions per total bright time. In Fig. 2, the linear relation-
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FIG. 3. (Color online) A circuit model for implementation of two in-phase rf
drives through a capacitive network. Variable capacitor C,, is used to adjust
the rf ratio 6=V,/V,.

ship between shelving rate and 674 nm power coupled to the
fiber is shown, as expected for a weak driving field.

Because of the exponential fall-off in intensity along the
transverse plane of a Gaussian mode, a method for in situ
control of the ion position is highly desired. While dc fields
may achieve ion translation, the resultant displacement of the
ion from the rf node incurs excess micromotion that broad-
ens atomic transitions,”’ which limits the range and useful-
ness of dc translation. In contrast, micromotion-free transla-
tion can be achieved by shifting the quadrug)ole field node
itself, as has been demonstrated recently, by using mul-
tiple rf voltages applied to different trap electrodes. Here, we
utilize multiple rf sources to achieve translation of the ion in
the horizontal plane of a surface-electrode ion trap. Figure 3
shows our implementation for achieving two in-phase rf
voltages through a passive network. Capacitances C;,C,
=~ 30 pF are intrinsic to the trap electrodes and cryostat wir-
ing, as is C1,=~3 pF, which accounts for the intrinsic capaci-
tive coupling between the two electrodes. We introduce a
mechanically tuned capacitor C,=0.5-30 pF (Voltronics
Corp.) in order to adjust the ratio =V,/V,, effecting node
translation along e,+e.. With an initial height of 670 um,
the intensity variation is dominated by the displacement
along y.

Figure 4 shows the change in shelving rate as the ion is
translated along the y-axis, across the mode of the fiber. The
dashed line represents a Gaussian beam shape indicating
good qualitative agreement with the shelving rate profile.
The beam waist (1/e*-intensity) at the ion height of 670 um
has been measured independently using an identical fiber to
be 50 wm, which is used to calibrate the y-axis in Fig. 4
assuming a linear relationship between y-displacement and
0. In units of the measured mode waist, the ion is brought to
within 0.13 =0.10 of the mode center, despite an initial dis-
placement of 3.34*=0.10 arising from trap construction.

Shelving rate (s™)

-t e
0 100 200 300 400
Transverse displacement, y (um)

FIG. 4. Measurement of the mode profile of the integrated fiber using the
ion as a probe. The dashed line is a fit to a Gaussian profile showing good
qualitative agreement with the expected profile. Calibrating the transverse
displacement by an independent measurement of the fiber mode, the initial
fiber-ion offset is roughly 160 um. Images show the relative position of a
single ion and an unfocused image of the fiker.
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CCD images show the ion displaced relative to the (unfo-
cused) image of the fiber. In all measurements, the ion was
positioned at the rf node by eliminating micromotion ampli-
tude according to the correlation measurement technique.21

The ultimate precision of tf translation is limited by the
stability and control of the relative amplitudes, and phase
offsets between the multiple sources. The position uncer-
tainty indicated in Fig. 4 is limited by the typical resolution
of our imaging system to =5 wm and is not fundamental
to the rf node translation method. In our passive implemen-
tation, we expect a fractional variation in & of o4/
=0.005%/°C given a typical temperature coefficient of
50 ppm/°C for C,, while phase error 6 arises from differ-
ential resistances of the two wire paths at 0.06° per differen-
tial ohm. With a 1 °C control in capacitor temperature and
a sub-1° phase offset, our numerical simulations imply
~50 nm rms ion trajectory amplitude at the operational
point (c) of Fig. 4. The sensitivity to rf control is trap design
dependent, and may be reduced at the cost of total transla-
tional range.

With the ion centered in the mode, we have looked for
effects of dielectric charging by the 674 nm fiber light.3 In
these tests, 125 uW of 674 nm light is coupled into the fiber
while the amplitude of ion micromotion is recorded for sev-
eral minutes to detect any dynamic shifts in the ion position
due to a possible fiber-induced generation of charge. We ob-
serve induced fields of ~10 V/m by the fiber, with charging
and discharging time constants of 1.6*+0.3 and 4.7*=0.6 s.
Following initial generation, the micromotion amplitude re-
mains constant for minutes, indicating saturation of fiber-
induced charge.

In conclusion, we have demonstrated an ion trap with
an integrated SM fiber for light delivery, and an in situ
micromotion-free optimization of the ion-fiber spatial over-
lap. The fiber has been used to directly address the qubit
transition of a single ion in the trap and, as such, the fiber-
trap system represents a step toward optics-integration for
large-scale QIP in surface-electrode designs. Moreover, our
assembly is compatible with more advanced fiber systems,
such as lensed fibers to achieve higher field intensities, or
photonic crystal fibers that propagate all relevant lasers
through a single integrated port. In a cryogenic environment,
such an all-inclusive port may eliminate the requirement of
free-space optical access, greatly reducing the heat load and
enabling sub-Kelvin trap operation in a dilution refrigerator.
An integrated trap that utilizes the fiber facet as one of the

Appl. Phys. Lett. 98, 214103 (2011)

mirrors of an optical cavity could serve as a node in a dis-
tributed QIP architecture where the photon state can be ex-
tracted through the fiber.""'?
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