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Coaxial-resonator-driven rf (Paul) trap for strong confinement
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We describe a variant of the quadrupole rf (Paul) ion trap capable of localization of a trapped ion to
much less than an optical wavelength (Lamb-Dicke regime). The trapping potentials are generated by a
high-g, vacuum-compatible, quarter-wave resonator driven at about 240 MHz. The binding strength of
the trap has been characterized. The trap contains compensation electrodes which allow the cancella-
tion of stray static electric fields within the trap. Secular frequencies of tens of megahertz have been
achieved for trapped magnesium and beryllium ions.

PACS number(s): 32.80.Pj

I. INTRODUCTION

In this paper we describe an ion trap apparatus capable
of very strong confinement. Strong confinement is impor-
tant in several applications. In optical atomic spectrosco-
py, strong confinement allows the attainment of the
Lamb-Dicke condition whereby the extent of the atom's
motion is less than A/2n, w.here A, is the wavelength of
the exciting radiation [1]. Attainment of the Lamb-
Dicke condition is important because it suppresses
broadening due to the first-order Doppler effect, which,
in harmonically bound atoms, takes the form of rnotion-
induced sidebands [2—5]. It also suppresses the fiuctua-
tions of the "carrier" from measurement to measurement
[6]. More recently, strong confinement has been suggest-
ed as a way to observe the effects of super and subradi-
ance for two closely spaced atoms under well-controlled
conditions [7].Achievement of the Lamb-Dicke limit also
suggests experiments on single-atom cavity QED and
nonclassical atomic

fluorescence

features under con-
trolled conditions [8,9].

With strong confinement, we should be able to achieve
resolved sideband cooling [10,11] using allowed electric-
dipole transitions. Previously, resolved sideband cooling
has been achieved using weakly allowed optical transi-
tions [11]. For resolved sideband cooling, we require that
the trap is made deep enough that the atom oscillation
frequencies (co, , i =x,y, z) satisfy co, ))y, where y is the
linewidth of the transition. Use of resolved sidebands on
allowed electric-dipole transitions has the potential ad-
vantage that cooling to the ground state of motion can be
achieved very rapidly. Resolved sidebands should also
facilitate precise measurement of the lifetimes of rapidly
decaying levels by measuring the linewidth of the
resolved carrier.

In a Penning trap [12], single-ion confinement is limit-
ed by the strength of binding along the magnetic-field
direction, which we can characterize by the (harmonic)
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binding frequency co, . For stable trapping in the radial
direction, we must have co, (co, /v'2, where co, is the ion
cyclotron frequency. This implies 2m.v, =co,
(2 ' QB/M, where Q is the ion charge, B is the
magnetic-field strength, and M is the ion mass. For
B = 10 T, Q = le, and M =9 u (e.g., Be+ ), v, ( 12 MHz.
In this paper, we discuss only the Paul trap because, for
practical field strengths, the binding should be stronger.

For a single ion bound in a quadrupole rf Paul trap
[12], the axial or z frequency co, must satisfy co, (A/2,
where 0 is the rf drive frequency. If we assume that the
static potential applied between the electrodes is zero,
then, at the Mathieu stability limit (q, =0.908) [12,13] in
an axially symmetric trap, co, (max) =A/2 and the radial
secular frequency is given by co„(max)=0. 35co, (max).
The maximum secular frequencies can then be character-
ized by the expression for v, (max) [12,13]

n/2~ 1 «o
2 2~d p 0.908M

' 1/2

where Q is the ion charge, Vo is the peak rf potential ap-
plied between the ring and end caps, M is the ion mass,
and dp is the characteristic trap dimension. For a trap
with hyperbolic electrodes, 2dp =—rp+2zp, where rp is the
inner radius of the ring electrode and 2zp is the inner
end-cap to end-cap distance. Using Q =le, M=9 u,
Vo=2 kV, and do=0. 15 mm, we find v, (max)=164
MHz and v„(max) =58 MHz. These conditions would al-
low resolved sidebands on the S~P transition in Be+,
where y/2m=?9. 4 MHz. If we assume v„=58 MHz and
the ion is cooled to the ground sate of motion, the Lamb-
Dicke parameter is 2nxo/A, =0.063, where xo is the
spread of the zero-point wave function.

From Eq. (1), to achieve strong confinement, we re-
quire large values of Vp and small values of dp. Implicit-
ly, we assume that Q is adjusted to give stable trapping,
that is, Q) 2', . Large values of Vp can be limited by
electric-field breakdown or arcing. Also, if the high volt-
age is generated external to the required vacuum enclo-
sure for the trap, the voltage at the trap is reduced by the
capacitance of the vacuum feedthroughs. This problem
becomes more dificult for the required high values of Q.

As the trap dimensions are reduced, it becomes more
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difficult to machine the desired electrode shapes. This
problem can be minimized by using simpler electrode
shapes where the leading anharmonic terms in the trap
potential can be nulled for appropriate electrode shapes.
For example, nominally quadrupolar electrodes with sim-
ple conical surfaces can be used [14]. "Planar" traps
formed with holes in parallel plates [15,16] or with con-
ducting rings [16] simplify construction even further.
These electrodes have the advantage that they can be
made small by using lithographic techniques [16].

As multielectrode traps (such as the conventional
quadrupole trap) become smaller, the relative electrode
positions also become more difficult to maintain. One
way to eliminate this problem is to keep either the ring or
end-cap electrodes small and let the complementary
electrode(s) recede to large distances. The Paul-Straubel
or "ring" trap [17] is essentially a ring electrode with the
end caps at large distances. This trap has been analyzed
[16,18,19] and demonstrated for Ba+ ions [18] and In+
ions [19]. For this kind of trap, an efficiency e can be
defined as the ratio of the rf voltage required in a quadru-
pole trap with hyperbolic electrodes to the voltage re-
quired in the ring trap (of the same internal ring diame-
ter) which gives the same secular frequency. References
[16,18,19] find e in the range of 0.1 —0.2. In a similar
spirit, Janik, Prestage, and Maleki [20] have analyzed the
case of a linear trap with two and three electrodes rather
than four electrodes as for the quadrupole linear trap.
For the two-electrode trap they find e =0.25.

The "end-cap" trap is complementary to the Paul-
Straubel trap in that it has closely spaced end cap elec-
trodes with the ring receding to infinity. Schrama et al.
[19] analyzed and demonstrated a version of this trap us-
ing Mg+ ions. They find an efficiency e in the range of
0.2—0.5. Both the Paul-Straubel or ring trap and the
end-cap trap additionally provide a more open optical ac-
cess for collecting ion fluorescence light than the conven-
tional quadrupole trap.

In the work described below [21],we discuss a strategy
for achieving large values of Vo and 0 and small values
of do in a trap with nominal quadrupolar geometry where
@=1.

II. DESCRIPTION

The trap described here is very simple; it consists of
two thin sheets of metal: the first, the ring, has a hole,
the second, perpendicular to the first, has a slit and acts
as the end caps. The arrangement is illustrated in Fig. 1.
One trap constructed with this geometry is used for trap-
ping Mg+ ions and has a ring inner diameter 2ro of 0.43
mm. The end-cap slit width 2zo is 0.32 mm. The
molybdenum sheet from which the trap was constructed
was 0.13 mm thick. As shown in Fig. 1, the relative posi-
tion of the trap electrodes is maintained by ceramic posi-
tioning rods.

The trap is mounted at the end of an ultrahigh-
vacuum-compatible coaxial quarter-wave resonant
transmission line. This oxygen-free high-conductivity
copper quarter-wave line is installed inside a vacuum en-
closure which has fused silica windows to allow the pas-

sage of uv laser beams for cooling and probing the atom
and resonance Auorescence light from the ions. The
transmission line is resonant at a frequency of approxi-
mately 240 MHz and has an unloaded quality factor Q„
on the order of 2000. The transmission line is excited
with a small loop antenna at the base of the transmission
line. The area of the loop is adjusted so that, on reso-
nance, the antenna plus resonator presents a 50-Q load to
the driving amplifier. With some care adjusting the cou-
pling, voltage standing-wave ratios of less than 1.05 can
be achieved. With 1 W of incident rf power, the calculat-
ed rf trapping voltage Vo at the trap is about 700 V peak,
neglecting the trap capacitance and end eQects of the
resonator. From the modeled trap parameters (Sec. III)
and the measured secular frequencies (below), we calcu-
late the actual voltage between the ring and end caps to
be Vo-—600 V for 1 W of incident power. We have been
unable to apply voltage much beyond 1 kV due to a vacu-
um discharge problem which we are attempting to solve.

One advantage of this type of design results from the
fact that the rf voltage at the vacuum feedthrough is
small, thus minimizing problems associated with high-
voltage breakdown at or before the feedthrough as well as
reduction of the resonator Q by the vacuum feedthrough.
An extension of the design would be to mount the "ring"
electrode at the antinode of a half-wave transmission line
resonator with the end caps attached to the outer wall of
the transmission line. This geometry would allow a
direct current to be passed through the ring electrode to
evaporate any contaminants on the trap ring [18].

Uncontrolled static electric fields arising from contact
potentials or charged patches can cause significant prob-
lems in miniature rf traps. These fields displace ions from
the zero of the rf trapping fields, thereby leading to un-
desirable increases in the "micromotion" amplitudes [18].
A common scheme for dealing with these problems is the
introduction of "compensation electrodes, " which are
used to cancel the stray electric fields in the trapping re-
gions. We have included compensation electrodes, simi-
lar to those used by Nagourney [22], in the manner
shown in Fig. 1. Static potentials applied to various com-
binations of the compensation electrodes allow for can-
cellation of static electric fields in an arbitrary direction
in the trapping region.

With zero static potential between the electrodes and
in the pseud opotential approximation, the secular
(motional) frequencies of a trapped ion can be expressed
as

&2Q Vo
Mi —AI.

mdoA
(2)

where a; is a numerical constant for ion motion along the
ith axis (i =x,y, z; see Fig. 1). In the case of a quadrupo-
lar hyperbolic ion trap, the constant e; is —,

' for the x and
y directions and 1 for the z direction. The trap described
here breaks the symmetry about the z direction, causing
co & co~. In the pseudopotential approximation, with
zero static electric field between the trap electrodes,
co +co =co, . Measured ion motional frequencies for this
trap fall in the ratios of cu„/cu, =0.40 and ~ /co, =0.60.
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The secular frequencies of trapped Mg+ ions were mea-
sured by monitoring the intensity of scattered laser-
coo ing ig1' 1' ht (A, =280 nm) as an rf drive was applied to

r theone of the compensation electrodes and swept over t e
f range which included the secular motion re-
quencies. Data taken with a single trapped Mg ion
and Vo-—450 V at frequency 0 are shown in Fig. 2. The
measurements of ion secular frequencies at a given rf
voltage in 0 yield the efficiency of this trap relative to the
normal hyperbolic rf trap. From these measurements, we
can assign a trap efficiency factor e of about 0.9 for the
axial (z) direction of this trap. This compares favorably
with the efficiency factor of about 0.13 for the single-ring
trap [18] and between 0.2 and 0.5 for the multiring trap
[16],or end cap trap [19]. We have constructed a similar
but slightly sinaller trap (ro=0. 15 mm, zo 0. 10 mm,
for Be+ ions; this trap has demonstrated confinement

f 50 MHzwith secular axial frequencies in excess o 5 z
(0/2m =230 MHz), the largest secular frequency report-
ed to date to our knowledge. Previously, secular frequen-

(/30 .~

O~
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1.5 NHz 3.5 NHz 5.5 NHz

Fr equency
FICx. 2. Response of a single Mg+ ion to an oscillating po-

tential a plied to one of the compensation electrodes shown in
Fi . 1. The cooling laser for Mg+ ions is tuned several
linewidths to the red of the S&y2~ P3yg transition. W
ion is excited by the oscillating electric field, the Doppler shift
caused by its increased velocity leads to an increase in Auores-
cence scattering. The three resonances shown correspond to ex-
citation of the three secular frequencies co„, co~, and co, .
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cies of approximately 10 MHz have been reported for
Ba+ ions [16,18]. In this second trap the secular frequen-
cy was inferred by measuring the ion-ion spacing at low
rf-drive levels, which calibrates the "spring" constant of
the trap, and then scaling the spring constant to higher
rf-trapping voltages. This measurement, coupled with
the modeled electric potential in the trap (below) and the
results from the first trap using trapped Mg+, allows
the assignment of the secular frequencies at arbitrary
values of the rf-trapping voltage. The secular frequencies
will be limited by the requirement that co, (0/2 for
stable trapping (Mathieu stability limit). To increase co„
one must increase 0; one way this can be accomplished
with no change to the apparatus is by driving the
transmission line at the first overtone, thereby raising 0,
and hence the limit on co„by a factor of 3.

III. MODELING

This trap design does not lend itself well to analytic
methods of solution for the electric potential in the trap-
ping region, so the trap potential must be modeled using
a computer program which can describe the full three-
dimensional extent of the trap electrodes. We have per-
formed modeling of the three-dimensional trap structure
using the MAFIA [23] computer program.

The ring and end-cap electrodes of the Mg+ trap
were discretized on a cubical mesh whose overall side was
1.02 mm on a side with a distance between individual
mesh points of 0.013 mm. The mesh axes lay along the
same coordinate system as the trap coordinate system
shown in Fig. 1, with the origin centered on the trap.
The compensation electrodes were not included in the
model. The mesh spacing was chosen so there were a
sufficient number of mesh points to describe the smallest
feature of the trap. The electrostatic field was then calcu-
lated and the secular frequencies determined from the
field. The calculated motional frequencies are in the ra-
tios ro„/cu, =0.44 and co~/co, =0.63, in reasonable agree-
ment with the measured ratios of co„/co, =0.40 and
co /co, =0.60. The relatively coarse grid used in the trap
modeling limits the accuracy of the modeled trap poten-
tial thus causing the calculated co and co to not sum ex-
actly to co, .

Higher-order terms in the potential are also of impor-
tance. These have also been estimated by fitting the
MAFIA results to the expansion (in spherical coordinates)

4&(r, 8,$)= Vo g C2„
n=0

2tl

P2„(cosg) .

As a result of the reAection symmetry in z, the odd order
terms in the expansion have been eliminated. The con-
stant C2 is the coefficient of the quadrupolar trapping po-
tential and is of order 1. The C4 term in the expansion,
the lowest-order correction to the described quadrupole
potential, is less than 0.3. Higher-order even terms in the
expansion have not been calculated.

Due to the small size of the trap, significant misalign-
ment of the trap electrodes is a possibility. To determine
the sensitivity of the trapping potential to this effect, pos-
sible misalignments of the components of the trap were
modeled. Several cases where the end caps were shifted
up to 0.13 mm relative to the ring in the y and z direc-
tions were computed. This distance corresponds to about
one-third of the ring diameter and represents a "worst"
case misalignment. The predicted motional frequencies
for maximal misalignment differed by less than 5%%uo from
the frequencies for the aligned case. This calculated shift
is approximately the uncertainty introduced due to
discretizing the trap on the finite mesh used. Therefore,
it seems that small misalignments of the trap electrodes
do not significantly alter the characteristics of the trap.

IV. CONCLUSIONS

This trap has demonstrated the highest secular fre-
quencies for trapped ions reported to date and can be ex-
tended to even higher frequencies. Unlike some other
designs, it retains the trapping efficiency of conventional
hyperbolic quadrupolar designs, thereby allowing larger
traps to be built to achieve a given secular frequency and
thus relaxing dimensional tolerance requirements. Use of
a coaxial-resonator-based design minimizes problems as-
sociated with high-voltage breakdown and facilitates the
attainment of high values of the drive frequency Q.
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