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Compatibility of Trapped Ions and Dielectrics at Cryogenic Temperatures
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We study the impact of an unshielded dielectric—here, a bare optical fiber—on a “°Ca* ion held several
hundred microns away in a cryogenic surface electrode trap. We observe distance-dependent stray electric
fields of up to a few kV/m due to the dielectric, which drift on average less than 10% per month and can be
fully compensated with reasonable voltages on the trap electrodes. We observe ion motional heating rates
attributable to the dielectric of ~#30 quanta per second at an ion-fiber distance of 215(4) pm and ~1.5 MHz
motional frequency. These results demonstrate the viability of using unshielded, trap-integrated dielectric
objects such as miniature optical cavities or other optical elements in cryogenic surface electrode ion traps.

DOI: 10.1103/wj8m-1nlq

Trapped ions are a leading platform for scalable quantum
computation [1-3] and realize some of the most accurate
optical atomic clocks [4—6]. Because they can be entangled
with optical photons serving as “flying qubits,” trapped ions
are also promising candidates for the “stationary qubit”
nodes of a quantum network [7-9]. Their long coherence
times [10] and high-fidelity quantum logic operations
[3,11,12] are advantageous for entanglement distillation
and entanglement swapping protocols [9,13], and they
can be directly used in distributed quantum computing
systems [14] and networks of entangled atomic clocks [15].

Bell states of remotely entangled trapped ions have been
created with fidelities up to 97%, and fidelities above
99.9% appear feasible [16]. However, photon collection
efficiencies have limited entanglement rates to 250 s~!
between systems separated by a few meters [17], far below
the 10-100 kHz rate at which local quantum gates are
typically performed [1-3]. Reference [17] used a high-
numerical-aperture (NA) lens to collect photons emitted
from the ion, with a net collection efficiency up to 10%
after coupling the light into a single-mode fiber [18]. High-
finesse optical cavities with a small (<10 pm) mode waist
are an attractive alternative that can provide near-unity
collection efficiency [19]. However, realizing the requisite
high finesse becomes increasingly difficult for longer
cavities. Shorter cavities with smaller micromachined
mirrors, potentially on the ends of optical fibers, thus
could be advantageous [20-29].

Trapping an ion in a shorter cavity brings it into closer
proximity with the dielectric cavity mirrors and substrates,
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which as insulators can host static and oscillating charges
on their surfaces and in the bulk. This can present a
challenge, as ions are highly sensitive to the resulting
electric fields [30-33]. The question of system compati-
bility with nearby dielectrics is relevant not only to trapped
ions, including trap-integrated optical cavities [22,34-38]
and trap-integrated laser delivery and fluorescence collec-
tion optics [39-51], but also to any electric-field sensitive
system such as neutral Rydberg atoms [52,53] or Casimir
force measurements [54]. Conductive coatings such as
indium tin oxide can reduce charging but also introduce
optical loss that prevents their use in high-finesse optical
cavities [55,56]. Previous room-temperature experiments
have measured large stray electric fields near unshielded
dielectrics that drift over hours and displace the ion by
hundreds of microns [57]. These stray fields are caused by
charges that accumulate on the surface of the dielectric.
Thermally activated fluctuators inside the dielectric bulk
radiate oscillating electric fields that cause ion motional
heating; the heating rate of 7 x 10* quanta/s at a 1.6 MHz
mode frequency for a 250 pm ion-dielectric separation
measured in Ref. [58] is high enough to impede ground
state cooling, reduce coupling to the optical cavity [19,59],
and impact the fidelity of ion-ion remote entanglement
[16,60,61] and local two-qubit gates [62—64]. While these
studies were carried out at room temperature, cryogenically
operated ion traps are becoming increasingly common due
to a variety of advantages [1,33,65—68] and may exhibit
different behavior for trap-integrated dielectrics.

Here, we report measurements of trapped ion behavior in
the presence of a nearby unshielded dielectric at cryogenic
temperatures. We use a linear surface-electrode ion trap
operated at ~6.5 K with a bare optical fiber placed on top
of the trap chip and aligned along the trap axis. We

determine the three-dimensional stray electric field E at
various ion-fiber distances d, compensate it using voltages

© 2026 American Physical Society
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FIG. 1. Schematic of apparatus and relevant mechanisms.

(a) Top view of the surface-electrode ion trap with attached bare
optical fiber. An ion (orange circle) is loaded ~325 pm from the
optical fiber and transported to various ion-fiber distances d to
quantify stray fields and heating rates. Directions of laser beams,
neutral Ca flux, and applied magnetic field B are indicated with
arrows, and laser beam orientations at the transported ion position
are indicated with shorter arrows. (b) Stray charges on the optical
fiber surface produce a static electric field E, while thermal
fluctuators inside the bulk (cutaway view) radiate electric field
noise with power spectral density S;(w) that heats ion motion.

applied to the trap electrodes, and track an overall slow
decrease over several months in the electric field magnitude
along the trap axis. We fit the data with a simple model of
fields from charges accumulated on the fiber surface,
yielding equivalent stray charge densities similar to those
reported in Ref. [57]. We also measure motional heating
rates both along and perpendicular to the ion-fiber axis in a
plane parallel to the electrodes for different d. The
equivalent electric field noise power spectral density
Sg(w) is ~10° times lower than that reported in
Ref. [58] for equivalent distances and mode orientations,
due to a combination of the cryogenic temperature and
electric field shielding from the trap electrodes themselves.
Modeling the fiber as a body with uniform relative
permittivity €, and dielectric loss tangent tan J, we extract
the product ¢, tan 5§ = 0.0050(7).

We perform these experiments using a single “°Ca* ion
loaded into a linear surface electrode trap with a bare
125-pm-diameter optical fiber (780HP) attached to the
surface, in line with the trap axis as shown in Fig. 1(a) [69].
The trap and optical fiber are housed inside an ultrahigh
vacuum chamber and are cooled to ~6.5 K using a closed-
cycle gaseous helium flow cryostat. The rf electrodes (red)
provide confinement radially (in the y-z plane) along the rf
null line, which is along the x axis ~#45 pm above the trap
surface. Voltages applied to the segmented dc electrodes

(blue) confine the ion axially (along x) and tilt the radial
modes ~10° from the z and y axes to enable efficient
Doppler cooling of all modes. We refer to these as the
“out-of-plane” and “in-plane” radial modes, respectively.
Typical motional frequencies are 4-5 MHz in the radial
directions and ~1.5 MHz in the axial direction. A magnetic

field of B~ 0.4 mT along y defines the quantization axis.

To study the ion behavior near the optical fiber, a 4)Ca*
ion is first loaded at d &~ 325 pm by photoionizing neutral
calcium emitted from a thermal oven using 375 nm and
423 nm laser light [79]. Loading far from the fiber reduces
stray charge accumulation on the fiber surface. Voltages on
the dc electrodes are then ramped to transport the ion along
the rf null line, as close as d = 215(4) pm. Doppler cooling
and fluorescence detection are performed using 397 nm
laser light to drive the 428/, <> 4°P; ), transition along
with 866 nm laser light to repump the population out of
the metastable 32D, 2 state [59]. lon fluorescence is
collected with an objective (NA = 0.2) and detected with
either an electron-multiplied charge-coupled device camera
or a photomultiplier tube. State preparation, sideband
cooling, and coherent operations are performed using the
quadrupole 428/, <> 32Ds, transition, which is driven
using a narrow 729 nm laser locked to an ultrastable
cavity. We prepare the state 428 ,|m; = —1/2) = ||) by
optical pumping with the 729 nm laser tuned to the
428, 5lmy; = 1/2) <> 32Ds)p|m; = =3/2) transition fre-
quency and an 854 nm repump laser. Coherent operations
are then driven between ||) <> 32Ds5|m; = =5/2) = |1).
To quantify how the bare optical fiber modifies trapped-ion
performance, we carry out a reference measurement in an
identical trap without an optical fiber. The heating rates and
stray electric fields observed are consistent with prior
reports on this trap design [67,80]. Collectively, we refer
to these measurements as the “fiber-free reference.”

We use E and motional heating rates 7 as a probe of static
and dynamic properties of the dielectric. Figure 1(b) depicts
the mechanisms we consider in our model schematically.
Stray charges can accumulate on the fiber surface in several
ways. Electrons can be photoelectrically dissociated from
the fiber surface by stray laser light at 375 nm, 397 nm, or
423 nm, leaving a net positive surface charge. Additionally,
electrons dissociated from the trap electrodes or produced
from calcium atoms during photoionization, along with
calcium ions that we fail to trap or other charged particles,
could adsorb to the fiber surface. These charges are largely
immobile on the insulating dielectric, particularly at cryo-
genic temperatures, and will contribute to E at the ion
position. A single elementary charge on the end of the
optical fiber can produce |E | as large as ~10 mV/m at the
ion position for d = 250 pm.

Inside the bulk of the fiber, an ensemble of thermally
excited fluctuators with electric dipole moments radiate a
time-dependent electric field that can excite the motion of
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FIG. 2. Distance dependence of the stray electric field E. (a) Stray field data in the x (blue circles), y (red squares), and z (purple
diamonds) directions. The fitted E,, E,, and E, are shown as lines in solid blue, dashed red, and dot-dashed purple, respectively. (b) E,
from five sequential data runs [labeled I-V, where II is the data run in (a)], with connecting lines to guide the eye, showing a slow
relaxation over several months. Some error bars are smaller than the plot markers. (c) Temperature 7 of the trap and optical fiber over the
time period of the data runs shown in (b), including both full and partial cycles between ~6 and 300 K. All error bars represent

68% confidence intervals.

the trapped ion. These electric field fluctuations can be
described by their power spectral density at the ion position

Sg(w, ) (in V2 m2Hz™') at angular frequency @ along
the unit vector ﬁ Since direct calculation of S (w, ﬁ) can be
difficult, we use the fluctuation dissipation theorem to
determine Sz (w, /3) by instead calculating the change in the

electric field from the ion Eion(?', 7') seen at position 7’
inside the dielectric bulk due to the ion being displaced

along 3 from its equilibrium position 7 [58,81]:

P 4kBT aEion.i
SE(w,ﬂ):qz—weoertan(S[/Z Za—rjﬂj

J

2
d3 7’

(1)

The integral is taken over the volume V of the dielectric
bulk, and i and j index over the three spatial dimensions.
Here, kp is the Boltzmann constant, T is the temperature of
the dielectric, g is the ion charge, €, is the vacuum
permittivity, and ¢,tand is the imaginary part of the
complex relative permittivity of the dielectric. This power
spectral density is related to the motional heating rate 7 for
a mode along axis / at angular frequency @ according
to [30,33]

7

T SE@ D)

n= (2)
where m is the ion mass and 7 is the reduced Planck’s
constant. Equations (1) and (2) connect the measured
heating rates to the intrinsic dielectric properties given
the trap and dielectric geometry. R

In Fig. 2(a), the three components of E are determined at
various ion-fiber distances by adding compensation volt-
ages to the applied voltages on the dc electrodes so that the
ion’s equilibrium position is at the rf null in the y-z plane
and the unperturbed dc well minimum in x [69]. Data for a

single ion-fiber distance were taken on the same day, while
the full set of measurements was completed within one
week. The stray fields are small enough that we can
compensate them fully in all three directions over the full
range of ion-fiber distances shown without exceeding
410 V applied to the dc electrodes. The position of the
optical fiber on the trap influences the magnitude of E. E,is
small relative to the other components due to the approxi-
mate y symmetry of the optical fiber about the rf null line,
while E, is the largest component because the field lines
from the fiber terminate in the z direction at the trap surface,
normal to the conducting trap electrodes. R
We can make a simple model for the origin of E by
assuming a stray charge distribution on the fiber with
uniform values of surface charge on the end facet, the
sidewall with y > 0, and the sidewall with y < 0, where
y =0 is along the rf null line [69]. We use electrostatic
finite element simulations to calculate the resulting field
strengths. We also assume an additional unknown uniform

“offset” field EO in three dimensions to account for the
nonzero stray field typically seen in surface electrode
traps. Fitting to the experimental data yields charge
densities o, =9.5(6)e/pm?, o 5 =47(9)e/pm?, and
o_; = —28(9)e/pm* for the three regions, respectively,
where e is the elementary charge, while the offset field from

the trap is Eo = (190 4+ 60, 20 + 50, 620 +210) V/m.
The offset field is consistent with the measured stray fields
from the fiber-free reference. Despite reduced charge
mobility at lower temperatures, the stray charge densities
on the optical fiber are of the same order of magnitude as
those imputed from room-temperature ion trap experiments
in Ref. [57]. This may be due to reduced charging
mechanisms in our setup, such as loading ions far from
the optical fiber, or due to the presence of other nearby cold
surfaces to which stray charge can adhere.
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FIG. 3. Heatingrates versus ion-fiber distance in the (a) axial and

(b) in-plane radial directions. The axial data are fit with a model
based on thermal fluctuations inside the optical fiber bulk plus a
constant heating rate from the trap (red line). The radial data are
fitted only to determine the constant heating rate from the trap,
with the fiber contribution calculated using the dielectric proper-
ties from the axial fit. The axial [radial] data are taken with
o/2rx = 1.45(5) MHz [4.5(6) MHz], where the error bars re-
present 68% confidence intervals. The fitted heating rate from the
optical fiber alone is shown in both panels (purple dashed line).

We repeat the E, measurements over multiple months, as
shown in Fig. 2(b), and observe a slow relaxation with
average drift rate < 10% per month, even over multiple
loading attempts and temperature cycles as shown in
Fig. 2(c). The long-term drift of E, and E, is similar to
that of £, [69]. We observe nonmonotonic drift around data
run IT [Fig. 2(a)], which used a higher duty cycle of 397 nm
laser exposure and a higher frequency of ion loading
attempts, both of which may have strengthened the stray
field. The increased stability of the stray fields compared to
those reported in Ref. [57] could be due to reduced charge
mobility at cryogenic temperatures.

We turn now to probing the time-dependent electric field
noise from the fiber with the ion’s motion. Previous room-
temperature experiments that trapped ions near an optical
fiber found that motional heating from the dielectric was
too large to allow ground state cooling [56,58]. We are able
to sideband cool the axial and in-plane radial modes to
n < 0.1 for all ion-fiber distances shown in Fig. 3. Ground
state cooling of the out-of-plane radial mode was limited
to 7 < 0.5 by the small projection of the quadrupole
drive laser beam. The motional heating rates were deter-
mined using sideband thermometry [30,82,83] and were
taken after radial field compensation and at consistent
mode frequencies of w/2x = 1.45(5) (axial) and 4.5(6)
(in-plane radial) MHz. We measure axial heating rates

<50 quanta/s at d =215(4) pm. We observe higher
heating rates when the radial stray fields are not well
compensated, likely due to technical noise on the trap rf
drive. The minimum d in Fig. 3 is constrained by the
compensation limit of ~#4 kV/m given the dc-voltage limits
of +£10 V.

The heating rate due to the dielectric is modeled via the
fluctuation-dissipation mechanism, as described in Egs. (1)
and (2). Following the approach in Ref. [58], we compute
the integral numerically using finite-element analysis soft-
ware, using the exact surface trap geometry and optical
fiber position with all electrodes grounded. Operating at
6.5 K results in a roughly 50-fold reduction in Sg(®)
relative to room temperature. Most field lines that emanate
from the dielectric terminate on the conducting trap surface
due to the trap’s geometry relative to the fiber and ion,
reducing Sp by an additional factor of ~4(10) at
d = 200 pm (350 pm) when we include the trap electrodes
in our simulations [69].

Since, to the best of our knowledge, there are no data on the
cryogenic dielectric properties of optical fiber at megahertz
frequencies in the literature, we fit the axial heating rate data
with €, tan § as a free parameter. We also include a constant
offset 7, to account for the heating rate from the surface
trap. From this fit, we extract ¢, tand = 0.0050(7).
Assuming €, = 3.9, the room-temperature value [84], we
determine a loss tangent of tan 5 = 1.3(2) x 1073, Both the
measured heating rate at d = 330 um and the fitted value
iy, = 13(1) quanta/s are consistent with the measured
heating rates from the fiber-free reference, indicating neg-
ligible contributions from the optical fiber.

Because of the symmetry of the optical fiber with respect
to the ion, thermal fluctuations in the optical fiber con-
tribute minimally to the heating rate of the in-plane radial
mode. As a result, we model the radial heating rate data by
adding the dielectric heating, calculated without free
parameters using the dielectric properties from the axial
heating rate fit, to a constant trap background 71, , that is the
sole free parameter in the fit. We fit 7i . = 2.5(1) quanta/s.
Although other heating mechanisms, such as technical
noise or surface effects on the optical fiber, may contribute,
our data are largely consistent with the fluctuation-
dissipation model.

We also study the frequency dependence of the axial
heating rate at two fixed positions: one near the fiber with
d=1225(4) pm and another far from the fiber at
d = 325(4) pm. Far from the fiber, we fit the frequency
scaling to a power law, 7ig,, = B, with g, = —2.5(2).
In light of the asymptotic behavior of the axial heating rate
at larger d [Fig. 3(a)], we assume the frequency scaling far
from the fiber is that of the trap. This frequency scaling is
consistent with the typical frequency dependence of heat-
ing rates observed in surface-electrode ion traps [33].

Near the fiber, we treat the heating rate as a sum of
effects from the trap and fiber, each with independent
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power law frequency dependence:
;lnear(w> = Btrapwa[mp + B0, (3)

We can choose to use the values extracted far from the fiber
for the trap parameters, Byy,, = By and Qiryp = gy, yield-
ing agp, = —1.5(5). However, since the magnitude and
frequency dependence of the trap heating rate may be
ion-position dependent, we can alternatively fit the fre-
quency dependence of heating rates near the fiber to a
single power law, 7ipe; = Bpegr@®™e. This gives ae, =
—1.9(2) and is the fit included in Fig. 4. In both analyses,
the heating rate frequency scaling is consistent with
the prediction from the fluctuation dissipation theorem
of a = -2 to within the fit uncertainty.

Our results show the feasibility of trapping ions near
large dielectric objects with manageable ion heating rates
and stray electric fields, opening the door for devices such
as trap-integrated high-finesse optical cavities with ion-
mirror distances of several hundred microns. Simulations
predict that the increase in motional heating due to the
dielectric mirror coating in such a cavity should be
small [69]. With the potential for high single-ion cooper-
ativity and low motional heating rates, such trap-integrated
cavities would be suitable for high-fidelity, high-rate
quantum networking applications and cavity quantum
electrodynamics studies with trapped ions.
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