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Laser-induced charging of microfabricated ion traps
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Peter F. Herskind, and Isaac L. Chuang
Center for Ultracold Atoms, Research Laboratory of Electronics and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Received 30 July 2011; accepted 11 October 2011; published online 16 November 2011)

Electrical charging of metal surfaces due to photoelectric generation of carriers is of concern in

trapped ion quantum computation systems, due to the high sensitivity of the ions’ motional

quantum states to deformation of the trapping potential. The charging induced by typical laser

frequencies involved in Doppler cooling and quantum control is studied here, with microfabricated

surface-electrode traps made of aluminum, copper, and gold, operated at 6 K with a single Srþ ion

trapped 100 lm above the trap surface. The lasers used are at 370, 405, 460, and 674 nm, and the

typical photon flux at the trap is 1014 photons/cm2/sec. Charging is detected by monitoring

the ion’s micromotion signal, which is related to the number of charges created on the trap.

A wavelength and material dependence of the charging behavior is observed: Lasers at lower

wavelengths cause more charging, and aluminum exhibits more charging than copper or gold. We

describe the charging dynamic based on a rate-equation approach. VC 2011 American Institute of
Physics. [doi:10.1063/1.3662118]

I. INTRODUCTION

Microfabricated ion traps are promising candidates

for realizing large-scale quantum computers.1 Recent

efforts have concentrated on development of multi-zone

surface-electrode ion traps with small trap sizes,2,3 so that

traditional microfabrication techniques can be employed.

The typical ion-to-metal distance in these traps is on the

order of 10–100 lm, small enough that the trapped ions are

sensitive to surface effects such as electric-field noise (caus-

ing anomalous heating) and localized charging of the trap

electrodes or substrate. While anomalous heating of ions

trapped in microfabricated traps has been studied extensively

both by theory and experiment,4–6 laser-induced charging

has only seen a few systematic experiments recently. So far,

laser-induced charging has been studied on the glass sub-

strate of planar gold traps,7 on copper traps including insula-

tors brought closer to the trap surface,8 and aluminum traps.9

Several unknown issues, including material dependence and

the role of oxide layers on the metal, remain. For example,

no such studies of charging have been done on aluminum

traps with varying oxide layers, or comparisons made

between different electrode materials with the same experi-

mental setup.

The lasers used for any typical ion trap experiment span

a wide range of wavelengths. In a microfabricated trap, they

are much closer to the trap surface, and as traps become

smaller in size, it is increasingly difficult to avoid scatter

caused by lasers illuminating the trap. In some experiments,

lasers are deliberately shone onto the trap for the purpose of

micromotion compensation.10 This could be expected to

cause buildup of electrical charges on the trap surface due to

the photoelectric effect. The typical shortest wavelengths

needed for ion traps range from 194 nm for Hgþ to 493 nm

for Baþ, corresponding to 6.4-2.5 eV. Typical work func-

tions for metals used for ion traps such as Au, Ag, Al, Cu,

etc are �4 eV or higher, but may change due to surface

effects such as the presence of an oxide layer.

The choice of material for ion traps is an important con-

sideration. Gold has been a popular choice due to its chemi-

cal inertness, and it has a high work function of greater than

5 eV, but is incompatible with traditional CMOS fabrication.

Consequently there has been some interest in using alumi-

num2 or copper for microfabricated ion traps, which can take

advantage of sophisticated CMOS fabrication techniques.

Pure aluminum has a high work function at 4.2 eV and is

expected not to release electrons when illuminated with light

at 405 nm for Srþ. However, aluminum is also known to

quickly form a native oxide layer, Al2O3, which may lower

the work function and thus make it susceptible to blue light.

Such effects have been observed in previous studies of the

photoelectrochemical effects of blue light on aluminum and

other materials.11,12 Local charges formed on the Al2O3 may

not dissipate, changing the trapping potential and leading to

excess micromotion,13 which can affect the stability of the

trap.

In this work, we study the charging behavior of alumi-

num, copper, and gold microfabricated traps when illumi-

nated with lasers at 674, 460, 405, and 370 nm. All traps are

operated in a cryogenic system at 6 K. Charging is measured

by observing the micromotion amplitude of a single trapped
88Srþ ion and relating it to ion displacement. In the alumi-

num traps, we find a wavelength dependence of the charging

behavior: the laser at 405 nm charges the trap noticeably on

timescales of minutes, whereas minimal charging is observed

with 460 nm and 674 nm lasers over the same timescales.

Copper traps exhibit charging at all wavelengths. No charg-

ing is observed at any of these wavelengths for gold traps,

but some is observed at 370 nm. A schematic of our charging

laser and trap geometry is shown in Fig. 1.a)Electronic mail: sxwang@mit.edu.
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We describe these experiments beginning in Sec. II,

which covers the physical model, the charging dynamics

using rate equations and the measurement method. Section

III covers trap fabrication and the experimental setup and

measurement. Section IV describes the results and presents

numerical estimates for the relative charging of different

materials and wavelengths.

II. MODEL

We postulate a basic model of the charging process as

the photoelectric effect on a metal modified by a thin-film

oxide layer, similar to the approach taken in Ref. 8. Electron-

hole pairs are created near the metal-oxide interface with an

initial rate that is proportional to the power of the incident

light. As electrons accumulate in the oxide layer, the charg-

ing rate decreases due to screening. At the same time, the

electrons diffuse at a rate set by the material properties of

the oxide layer. We assume that the dissipation of holes in

the metal is much faster than the rate of electron diffusion

and screening, due to the higher conductivity of the metal.

Based on the simple picture of the photoelectric effect

modified by oxides, one would expect that light of lower

wavelength and materials with oxide layers or lower conduc-

tivity would charge more.

Here we describe the relations between the measured

quantities and physical parameters in the model (see Fig. 2)

and the rate-equation model used to fit the time evolution of

the charging behavior. Section II A defines the micromotion

amplitude, relating it to the ion displacement and electric

field. Section II B describes the conversion from ion dis-

placement and electric field to a quantitative estimate of

charges on the trap. Section II C describes the charging

dynamic using a charge accumulation rate, a dissipation rate,

and screening rate as parameters that leads to a rate equation

for fitting to the measured micromotion amplitude versus

time.

A. Micromotion and ion displacement

The dynamics of a trapped ion is described in Ref. 13

and the relevant parts are summarized here. The motion of

a single trapped ion in a Paul trap with a quadratic pseudo-

potential is characterized by a low-frequency “secular”

oscillation and an oscillation called “micromotion” at the

frequency of the applied rf field. For a surface-electrode trap,

the trapping potential is slightly modified,14,15 but the nature

of the motion (with two characteristic frequencies) is the

same. The intrinsic micromotion that occurs when the secu-

lar motion carries the ion through the nodal point of the rf

field (rf null) is small and will not be of concern in this work.

We focus on the “excess” micromotion discussed next.

Assuming the ion is initially located in the rf null such

that no micromotion is present, any additional charges gener-

ate an electric field that displaces the potential minimum

point such that the ion is no longer located in the rf null.

With an ion displacement of Dd, the micromotion amplitude

is qi

2
jDdj along the direction of displacement, where qi is the

Mathieu q parameter along the same axis. This excess micro-

motion cannot be significantly reduced by Doppler cooling

because it is driven by the rf field.13 Experiments generally

seek to minimize micromotion due to its effect on spectral

properties of the ion,13 but here we take advantage of the

well-defined temporal behavior of micromotion to discern

small displacements in the ion position. This technique is

closely related to the Doppler velocimetry technique that has

recently been used for ultra-sensitive force detection in Pen-

ning traps.16

Micromotion of the ion is measured using the fluores-

cence detection method13 (see Fig. 3). A photomultiplier

tube (PMT) detects fluorescence of the ion, and single pho-

ton arrival times are binned to 3 ns bins. This is fast enough

to capture the modulation of the fluorescence due to the

Doppler shift at near the rf drive frequency of the trap, which

is typically between 34-37 MHz. The amplitude of these

oscillations, A(t), gives a measure of the amplitude of the

micromotion along the propagation direction of the cooling

laser and is obtained by performing a fast Fourier transform

of the PMT signal. This observed amplitude is proportional

to the ion displacement Dd, as verified by two calibration

measurements described in detail in Section III C. The

micromotion amplitude is observed to vary linearly with the

applied voltage on one of the compensation electrodes (elec-

trode 1, see Fig. 1), and the ion displacement also varies line-

arly with this voltage.

FIG. 1. (Color online) Diagram of charging experiment setup (not to scale).

The 4 DC compensation electrodes are labeled 1, 2, 3, 4. The charging laser

is displaced along the x axis as shown by x0 ¼ 25lm, such that the ion’s dis-

placement has a non-zero projection (dotted line) along the direction of the

cooling laser. The axes’ origin is taken to be the point along the charging

laser’s waist nearest to the ion (end point of the right arrow of x0).

FIG. 2. Block diagram illustrating the conversion between the measured

quantity, micromotion amplitude A(t), and the desired quantities, (a) ion dis-

placement Dd and (b) total charge Q.

104901-2 Wang et al. J. Appl. Phys. 110, 104901 (2011)
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B. Ion displacement and charge distribution

In the approximation of a harmonic potential, the ion

displacement Dd can be related to the electric field E at the

ion location generated by the laser-induced charges as

Dd ¼ eE � x̂=mx2, where e is the ion’s charge, m is the ion’s

mass, and x is the secular frequency along the direction of

the ion’s displacement.13 For simplicity we only consider the

ion displacement along x̂, the radial axis parallel to the trap

surface (axis x in Fig. 1), so that all the analysis can be done

in the one-dimensional model.

The laser-induced charges are located above a conduct-

ing surface and thus should be considered to be dipoles, due

to the image charge induced in the conductor.8 The size of

the dipole rd in the expression for the dipole moment, qrd, is

unknown and thus the number of dipoles created by the laser

cannot be easily determined with the techniques described

here; however, a rough estimate of the order-of-magnitude

of the charge generation rate can be obtained by bounding

the dipole size by twice the thickness of the oxide layer. For

aluminum, the thickness is taken to be 3-5 nm from the liter-

ature.17 The growth of oxide on copper is not self-limiting as

in aluminum, and thus its thickness is difficult to estimate; it

is assumed that gold has no native oxide layer.

The spatial distribution of the laser-induced charge is

taken to be an area of dipoles as follows. The laser intensity

distribution on the trap at grazing incidence can be approxi-

mated as a line with constant intensity along the trap axis and

Gaussian distributed intensity profile along the axis perpendic-

ular to it, with waist (radius) x0. The Rayleigh range of all

charging lasers is longer than the length of the trap, so intensity

variations along the axial direction can be ignored. We approx-

imate the distribution of charges created on the trap as a Gaus-

sian along the radial direction and constant along the axial

direction, directly proportional to the laser intensity. Let p be

the dipole moment density, which is related to the charge den-

sity r as p¼ rrd where rd is the size of the dipole. The poten-

tial due to such an infinite Gaussian line of dipoles is given by

Vlineðx0; y0Þ¼
1ffiffiffiffiffiffi
2p
p

r

ð1
�1

e
�2x2

x2
0

py0

2pððx� x0Þ2þ y2
0Þ�0

dx; (1)

where x0 and y0 are the horizontal and vertical displacement

of the charges from the ion, respectively (see Fig. 1), and �0

is the vacuum permittivity constant.

To summarize, from the ion displacement Dd we obtain

the electric field and thus the potential created by the laser-

induced charges at the ion’s location. By assuming a spatial

distribution, the potential can be converted to dipole and

charge density.

C. Charge accumulation and dissipation

Let Q(t) be the amount of charge present in the oxide

layer generated by a laser incident on the trap as a function

of time, with Q(0)¼ 0. The charging rate is modeled by two

processes. Let K be the (constant) rate of charge accumula-

tion due to the incident laser. The presence of existing elec-

trons modifies the charging rate over time due to screening,

represented by a rate �dQ. Discharging through the oxide

can be modeled by �cQ where c is a constant set by material

properties.7 Solving the rate equation _Q ¼ K � dQ� cQ
with Qð0Þ ¼ 0 gives QðtÞ ¼ K

dþcð1� e�dt�ctÞ. The time con-

stant for this charging/discharging process is then

s ¼ 1=ðdþ cÞ. At 6 K the conductivity of insulators is

expected to be lower than at room temperature, leading to a

longer time constant of discharging. Figure 4 illustrates the

model and rates.

Let A(t) be the measured micromotion amplitude as a

function of time and A1 be the limiting value of A as t!1.

The relation between the measured micromotion amplitude

A(t) and charge Q(t), therefore K and A1, is obtained as fol-

lows: micromotion amplitude! voltage on compensation

electrode! ion displacement and electric field! dipole

density! charge density! total charge (see Fig. 2). The

measured micromotion amplitude versus time can thus be

written as

AðtÞ ¼ A1ð1� e�
t
sÞ; (2)

where A1 is the saturated micromotion amplitude (as

t!1) and is proportional to the term K
dþc. We use this

FIG. 3. (Color online) Measurement of micromotion sig-

nal. (a) Diagram of an ion executing micromotion along the

direction of a Doppler cooling laser beam. (b) Typical scan

of the fluorescence curve. The dotted line between (a) and

(b) indicates the ion’s scattering rate in the absence of

micromotion. (c) The oscillating fluorescence signal due to

Doppler shift from the micromotion. Photon counts are nor-

malized. (d) Fast Fourier transform of the fluorescence sig-

nal normalized to total fluorescence. The maximum value

gives the micromotion amplitude.

FIG. 4. Illustration of rate constants in the model of charge accumulation

and dissipation. K is the rate of electron creation, �dQ is the modification to

the charging rate due to screening, and �cQ is the rate of discharging

through the oxide.
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phenomenological model to fit the experimental data of

micromotion versus time and extract the values of Dd at sat-

uration (corresponding to A1) and the time constant s.

Finally we estimate the initial charging rate K and the charg-

ing efficiency g, the latter defined as the number of charges

created per photon at t¼ 0.

III. EXPERIMENT

The fabrication of the surface-electrode traps used in

this work follows the standard optical lithography procedures

described in Sec. III A. The experimental setup and measure-

ment method are described in Sec. III B. Section III C

describes the calibration measurements to convert the

observed micromotion amplitude to ion displacement and

electric field.

A. Trap fabrication

We fabricate 1 aluminum, 1 copper, and 2 gold traps for

the charging tests described here. In addition we fabricate 2

aluminum traps with additional deposited layers of oxide in

thicknesses of 10 and 20 nm. The traps are of a 5-rod sur-

face-electrode design.18 All traps are fabricated with optical

lithography on 0.5 mm-thick quartz substrates. The alumi-

num trap with no additional oxide layer is made by first

evaporating 1 lm of aluminum on the substrate at a rate of

0.45 nm/s. After lithography using NR9-3000P photoresist,

the trap is patterned with wet chemical etch using Transene

aluminum etchant type A. No attempt is made to modify the

native aluminum oxide formed via contact with air between

fabrication and testing. Aluminum traps with extra layers of

deposited oxide are fabricated using the lift-off process.

After lithography on photoresist, 400 nm of aluminum is

evaporated at a rate of 0.33 nm/s, followed by 5, 10, or

20 nm of Al2O3 at a rate of 0.11 nm/s. After fabrication, the

traps are coated with a protective layer of photoresist. Cop-

per and gold traps with electrode thicknesses of 400 nm are

fabricated using a very similar lift-off process, except that a

10 nm initial layer of Ti is needed for adhesion during evap-

oration. Photos of the traps are shown in Fig. 5.

It is well-known that surfaces exposed to ordinary

laboratory environments absorb a few monolayers of hydro-

carbon contaminants within a few hours.19,20 In our experi-

ment, no attempt was made to clean the trap surfaces in situ,

so it may be argued that surface contaminants will play a

role in the charging effects that we observe. In addition, the

exposed dielectrics between electrodes have also been sus-

pected to contribute significantly to charging. To minimize

the effects of varying surface preparation, the protective

layer of photoresist on all traps is removed only immediately

before packaging and installing. The process for packaging

and installing in vacuum takes between 12-16 hr.

B. Experimental setup and methods

The trap is cooled and operated in a 4 K bath cryostat.21

Loading is done via photoionization of a thermal vapor.

Typical distance between the ion and the trap surface is

y0¼ 100 lm. Doppler cooling is performed on the 422 nm

S1/2 – P1/2 transition.22 All lasers used for trapping propagate

parallel to the trap surface. The typical axial secular

frequency is 800 kHz and radial secular frequencies are

1-1.5 MHz. A CCD camera is used to image the ion, in con-

junction with fluorescence detection by a PMT.

Lasers at 674, 460, 405, and 370 nm are used for the

charging measurements. They propagate along the axial

direction of the trap. For the measurements, they are brought

to grazing incidence on the trap as confirmed by observing

their scatter on the trap surface using the CCD camera. The

370, 405, and 460 nm lasers have a beam diameter of

100 lm and 100 lW of power. The 674 nm laser has a beam

diameter of 34 lm and power of 200 lW. Based on the ge-

ometry of the experiment we estimate the grazing incidence

angle to be no more than 1 degree. From this we can cal-

culate the peak photon flux to be �1014 cm�2 s�1. The lasers

are incident on the trap with a horizontal offset of

x0 ¼ 25ð5Þ lm from directly below the ion, such that there is

a discernible displacement of the ion along the radial axis, x.

A schematic of the trap and laser beams is shown in Fig. 1.

In the absence of deliberate charging by aligning the

laser to graze the trap surface, the ion’s micromotion signal

and compensation voltages are observed to be stable for a

long time, on the order of a day. Before each charging

measurement, the micromotion of the ion is minimized by

applying voltages on the four DC compensation electrodes.

Typically the observable micromotion along the radial or

axial direction of the trap is sensitive to a 0.01 V change in

the compensation voltages. For the measurements described

here, we focus only on the micromotion caused by the radial

displacement of the ion, parallel to the trap surface.

C. Calibration

The observed micromotion amplitude is converted to the

displacement of the ion and electric-field changes at the ion

FIG. 5. (Color online) Photographs of

(a) aluminum, (b) gold, and (c) copper

traps.

104901-4 Wang et al. J. Appl. Phys. 110, 104901 (2011)
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location via calibration measurements and modeling of the

trap potential. We calibrate the micromotion amplitude to

the voltage applied to one of the compensation electrodes, 1.

The voltage on electrode 1 is scanned and the resulting

changes in micromotion is measured as shown in Fig. 6. Lin-

ear fits to this data give the conversion between micromotion

amplitude and voltage on the compensation electrode 1,

c1 ¼ 0:24ð1Þ [au]/V. The ion displacement as a function of

voltage is also measured by applying a voltage on the elec-

trode and measuring the ion displacement with the CCD

camera. The resolution of the imaging optics is insufficient

for measuring the ion displacement directly during charging

measurements, so a larger voltage must be applied to obtain

this calibration. The ion is displaced c2 ¼ 0:75ð3Þlm=V.

From electrostatic modeling of the trap geometry, for an ion

height of 100 lm, the electric-field sensitivity is 50(2) V/m

for every 1 V applied to the electrode. From these calibra-

tion, the fitting parameter A1 can be converted to ion dis-

placement: Dd ¼ ð1=c1Þc2A1.

IV. RESULTS

In Sec. IV A we describe the material and wavelength

dependence of the observed charging behavior. Section IV B

describes the measurement to determine the sign of charge,

as well as estimates for the initial charging rate K and effi-

ciency g.

A. Material and wavelength dependence

We tested one trap each of copper, gold, and one each of

aluminum with different thicknesses of oxide layers: native

oxide, 10, and 20 nm. Aluminum traps, both with and with-

out the additional oxide layer, exhibit charging behavior

when the 405 nm laser is incident on the trap. Figure 7 shows

measured evolutions of micromotion amplitude over time as

the laser is turned on at t¼ 0 for each of the trap materials.

The two parameters that describe the micromotion amplitude

over time, A1 (or Dd) and s, are obtained by fitting Eq. (2)

to the data. For the aluminum traps and 405 nm, typical

time constants are 400–800 s and the saturated micro-

motion amplitude corresponds to an ion displacement of

Dd ¼ 0:34ð3Þ lm at the end of the measurement time, or an

electric field at the ion location of �20 V/m. No significant

variation of the charging rate or time constant as a function

of oxide thickness is observed. The ion displacements meas-

ured here are about an order of magnitude smaller than those

reported in Harlander et al.,8 likely due to the much smaller

trap size and differences in the laser/trap geometry. The elec-

tric field is slightly smaller than that observed in Allcock et
al.,9 where again a different trap geometry and laser wave-

lengths are used.

In the copper trap, the most pronounced charging effect

is observed with the 460 nm laser. Less charging is observed

with the 405 and 674 nm lasers. The reversed wavelength de-

pendence of charging in copper, which was also observed by

Harlander et al.,8 is inconsistent with the photoelectric effect

hypothesis, suggesting other mechanisms in effect. The

charging time constant is typically shorter in copper traps,

100-200 s. The saturated micromotion amplitudes for alumi-

num is �15 times higher than copper at 405 nm and 5 times

higher than copper at 460 nm. In the gold rap, some charging

is observed at 370 nm and not observed for any other wave-

lengths tested. Fitting to the cases where the micromotion

signal appears to stay constant over the measurement time of

1000 s indicates a measurement sensitivity of 0.01 lm.

Comparisons of Dd and s for these materials and wave-

lengths are listed in Table I. Errors are estimated from

FIG. 6. (Color online) Micromotion amplitude vs voltage (relative to opti-

mal compensation) on a compensation electrode, used to convert the meas-

ured micromotion amplitude to ion displacement. Lines are linear fits.

FIG. 7. (Color online) Typical plot of ion displacement over time in (a) alu-

minum, (b) copper, and (c) gold traps showing charging dynamic for all

wavelengths: 405 nm (blue, top, solid), 460 nm (green, middle, dashed),

674 nm (red, bottom, dotted), and 370 nm (magenta, dash-dot). Data is

smoothed over 5 second intervals. Plots for 405 nm for the aluminum trap

and all wavelengths for copper are fit to Eq. (2).
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repeating the same measurements on different days with the

same trap. In some cases such as aluminum at 460 nm and

gold at 370 nm, the micromotion signal versus time appears

closer to linear, suggesting that the time constant of charging

is very long, >1000 s. These data are marked with (*) in

Table I. After blocking the beam, the micromotion amplitude

stays constant for at least 20 min, suggesting that discharging

occurs on a much longer time scale than charging. By com-

parison, in previous work the discharging time constants

were measured to be 654 s for aluminum9 and 120 s for cop-

per.8 This is consistent with the expectation that the conduc-

tivity of the oxide material becomes negligibly small at

cryogenic temperatures. Because the rate of discharge is

slow, it is possible that the charges created in one experiment

continue to contribute a screening effect to the subsequent

measurement and thus the measurements taken on the same

day are not independent of each other. To minimize such

effects, we measured the wavelength dependence starting

with the longest wavelength, and in the cases where only the

shortest wavelengths exhibited significant charging, the

screening effect should be minimal between successive

measurements.

B. Quantifying charge

The charging measurements are performed by displac-

ing the laser from directly below the ion by 25(5) lm in

order to enhance the detected micromotion signal due to ion

movement. For one aluminum trap, the measurement was

repeated with the laser displaced on either side of the ion.

From the sign of the change in compensation voltages

needed to minimize micromotion of the ion after charging,

one can determine the direction of the movement of the ion

and the sign of the charge. We find that the voltage on the

electrode closest to the charging laser needs to be increased

to re-compensate the ion, indicating that the ion moves to-

ward the electrode and the laser beam due to charging. These

observations agree with the hypothesis that the sign of the

light-induced charge is negative.

The number of charges created by the laser can be esti-

mated by considering the trap and experiment geometry

(Eqs. (1) and (2)), assuming a linear relationship between the

initial charging rate and the laser power. Such a relationship

was observed previously.8 Figure 8 shows the result of such

measurements, but note that the slow rate of discharging in

the cryogenic environment means that measurements of

charging rate versus power may not be independent. The

data shown in Fig. 8 cannot conclusively rule out either a

single-photon or two-photon processes for the charging

effect in aluminum. Nevertheless we give an order-of-magni-

tude estimate for the number of charges produced from the

geometry as follows. The center of the Gaussian profile of

charges is located �100 lm below and 25(5) lm to the side

of the ion. The size of the dipole rd is unknown, but physical

estimates of rd’1 to 10 nm (corresponding to twice the

thickness of the oxide layer) results in a dipole density of

�4� 106 dipoles/cm2 at saturation for the data of the alumi-

num trap at 405 nm. The initial charging rate as calculated

from data fitting is K ’ 1:5�104 charges/s The charging ef-

ficiency is then estimated to be g ’ 10�10 charges/photon.

The charging efficiency for Cu and Au is not calculated since

we do not have a good estimate of the dipole length.

V. CONCLUSION

We have observed and characterized effects of laser-

induced charging on microfabricated aluminum, gold, and

copper ion traps. In aluminum, charging is only clearly

observed for the shortest tested wavelength of 405 nm, sug-

gesting a mechanism dominated by the photoelectric effect.

No significant variation is observed for aluminum traps with

varying amounts of deposited aluminum oxide. Copper traps

exhibit less charging at 405 nm, but some charging is

observed at all wavelengths. No charging is observed in gold

traps except at 370 nm, consistent with both its higher work

function compared to aluminum and copper, and the absence

of a native oxide. These measurements suggest that gold

may be a preferable material for small-scale ion trap quan-

tum computing.

In surface-electrode traps, it is difficult to avoid hitting

the trap surface during routine laser alignment when loading

ions, but with long ion lifetimes (� few hours in our system)

and otherwise stable trapping voltages, the problems with

charging may be mostly avoided. However, with lasers at

shorter wavelengths (such as those needed for most species

other than Srþ currently considered for trapped-ion quantum

computing) or smaller ion heights, the charging issue may

have greater impact. The timescales of charging observed in

TABLE I. Summary of fit parameters from charging data in aluminum, cop-

per, and gold traps. Number after “Al” indicate the thickness of additionally

evaporated aluminum oxide. Errors are estimates based on different meas-

urements performed on the same trap. Values without errors indicate that

only one measurement was done and errors from the fit are very small,

unlikely to represent actual uncertainties. Dashes (–) indicate that the fitted

charging rate is consistent with zero, given that the ion displacement at the

end of the measurement time is within the measurement resolution of 0.01

lm. Asterisks (*) indicate that fitting to an exponential function resulted in

poor constraint on the fitting parameters, and a linear fit is used with differ-

ent parameters. Circles (*) indicate that the data was not obtained.

Trap 370 nm 405 nm 460 nm 674 nm

Dd s Dd(lm) s(s) Dd s Dd s
Al * * 0.25(5) 500(70) * * – –

Al-10 * * 0.28(11) 770(140) * * – –

Al-20 * * 0.34(2) 420 * * – –

Cu * * 0.02 300(30) 0.05 80(5) 0.034 100(30)

Au * * * * – – – –

FIG. 8. Charging rate K (at t¼ 0) measured in an aluminum trap with 20 nm

of oxide on the surface, as a function of incident 405 nm laser power.
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our experiments (�100 s of seconds) are long compared to

most gate operations (�ls-ms), but become relevant in

experiments that require many repeated measurements over

long periods of time (minutes to hours), such as precision

measurements23 or process tomography.24,25 In such cases,

care should be taken to detect and correct for changes in

micromotion and ion position due to charging.
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