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Experimental realization of a rotating radio-frequency ion trap for precision metrology
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We discuss the experimental realization of a rotating radio-frequency (rrf) trap, proposed by Hasegawa
and Bollinger [Phys. Rev. A 72, 043403 (2005)]. Compared to a traditional linear rf (lrf) Paul trap, the rrf
trap is a closer analogy to the popular mechanical lecture demonstration for a Paul trap. In an ion trap with
realistic, nonideal electrode geometry, the rrf trap averages over angular variations in the effective potential.
This averaging provides more uniform confinement and reduces ion loss compared with the lrf trap at equal
trap strength near the center. This feature makes the rrf trap configuration advantageous for precision metrology
applications, such as electron electric dipole moment (eEDM) measurements.
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Introduction. Radio-frequency (rf), or Paul, traps allow for
confinement in all three directions. Since three-dimensional
ion confinement using purely electrostatic fields is not a so-
lution of Laplace’s equation, linear rf (lrf) ion traps utilize
alternating confining and anticonfining potentials oscillating
along the x and y axes as shown in Fig. 1(a). The rapidly
oscillating fields drive micromotion, and this micromotion
in the field gradient results in an effective secular confining
potential. Since their introduction in the 1950s by Wolfgang
Paul [1], lrf ion traps have been used in many applications,
including quantum computation [2–7], atomic clocks [8–12],
and physical chemistry [13–15].

A familiar Paul trap lecture demonstration is based on a
rotating, saddle-shaped surface [16]. An object constrained
to the surface by gravity and surface forces experiences a
potential that rotates with time as in Fig. 1(b). About 20 years
ago, Hasegawa and Bollinger proposed an analogous rotating
rf (rrf) ion trap [17]. At the rf frequency, the conventional lrf
potential flaps between two axes, whereas the rrf potential
rotates. Prior to this work, no experimental realization of an
rrf ion trap has been reported in the literature. This could be
because an rrf ion trap is experimentally more complex, re-
quiring multiple phases of rf voltages on multiple electrodes.

In this paper, we revisit this proposal and present an exper-
imental realization of the rrf ion trap, verifying the predicted
dynamics outlined in Ref. [17]. Furthermore, we demonstrate
a practical advantage of the rrf trap for precision metrology: it
reduces inherent trap-depth anisotropies in eight-rod trap ge-
ometries used for precision spectroscopy of trapped molecular
ions.
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Our group at JILA recently constrained the electron’s elec-
tric dipole moment (eEDM) to |de| < 4.1 × 10−30 e cm
using molecular ions in an lrf trap [18] and is attempting
to further extend the precision [19,20]. Statistical sensitivity
scales as

√
Nτ , where N is the number of detected ions and

τ is the coherence time. Therefore, we aim to trap as many
ions as possible while suppressing unwanted ion-ion interac-
tions by adiabatically reducing the secular frequency, which
lowers the ensemble temperature and density. We distinguish
between the tightness of ion confinement proportional to the
secular frequency at the trap center and the effective depth
of the trap set by the total energy required to escape the trap
via the lowest saddle point. While loose confinement can be
advantageous for reducing interaction-driven decoherence, it
also makes the ions more vulnerable to confining-potential
inhomogeneity: the effective trap depth becomes shallower,
which increases ion loss. The rrf trap mitigates this tradeoff
by averaging over certain static inhomogeneities and anhar-
monicities, yielding a deeper effective trap depth for the same
tightness of confinement.

Theory and experimental realization of the rrf trap
a. Idealized trap potentials. In an ideal lrf ion trap, an

ion experiences a dc axial potential �z and an oscillating ra-
dial quadrupole potential �lrf given in cylindrical coordinates
(r, θ, z) by

�z = −Vdc

r2
a

(r2 − 2z2),

�lrf = Vrf

r2
r

r2 cos (2θ ) cos (2ωt ), (1)

where Vdc and Vrf are the dc and the rf voltages applied, ra and
rr are effective axial and radial dimensions of the end caps
and radial electrodes, and 2ω = ωrf is the rf frequency [17].
By contrast, in an rrf trap, the rf radial potential rotates with
time as [17]

�rrf = Vrf

r2
r

r2 cos [2(θ + ωt )]. (2)
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(a)

(b)

FIG. 1. The landscape of the oscillating component of the poten-
tial of (a) the linear rf ion trap and (b) the “mechanical” Paul trap
at selected times. (a) The potential is confining (anticonfining) along
the x-axis (y-axis) at ωrft = 0. A quarter period later, the potential
landscape is flat. Half a period later, the potential flips its sign. The
saddle flaps along the x and y axes. (b) The potential rotates. The
same rotating pattern appears in the rrf ion trap.

The dimensionless Mathieu parameters q and d are defined as

q = 4q0Vrf

m0ωrf
2rr

2
,

d = 4q0Vdc

m0ωrf
2ra

2
, (3)

where q0 is the charge of the ion and m0 is the mass of the ion.
The q parameter describes the strength of the rf electric field
while d describes the applied dc quadrupole field.

Ion motion in an idealized lrf trap has been discussed
extensively (see, e.g., Refs. [21,22]). For an rrf ion trap,
Hasegawa and Bollinger solved the equations of motion in
the rotating, time-varying potential in Ref. [17]. In both lrf
and rrf traps in the small-q limit, the transverse motion sep-
arates into a fast micromotion at ωrf and a slower secular
motion. In an ideal lrf potential of Eq. (1), the two trans-
verse secular modes are degenerate, with the eigenfrequency
ω0 = (ωrf/2)

√
q2 − d . One convenient basis for these degen-

erate modes is clockwise (CW) and counterclockwise (CCW)
circular motion. In practice, however, static transverse stray
fields (often well approximated by an x2 − y2 quadrupole
term) lift this degeneracy and select two orthogonal linear
normal modes, typically aligned close to the x or y axis, result-
ing in two distinct secular frequencies ωx �= ωy. In this case,
the mode axes are fixed in the laboratory frame, and generic
excitations lead to beating between the two linear modes.

In the rrf trap, the degeneracy is lifted intrinsically by the
rotating rf drive. For a finite value of q, the two transverse
secular eigenmodes are split even in the absence of static
transverse fields. To leading order in q, the CW and CCW
eigenfrequencies are [17]

ω± � ωrf

2

(√
q2 − d ± q2

2

)
. (4)

FIG. 2. Schematic of the trap. (a) Axial view of the electrodes
and (b) side view of the electrodes. dc voltages are applied to the
rings to produce the potential �z approximated by Eq. (1) near
the trap center. For ion detection, ejection voltages are pulsed onto
the rings to accelerate the ions axially from the trapping region and
onto an imaging ion detector, not shown. The rods provide radial
confinement and the rotating polarizing electric field required for the
eEDM measurement. For details of the electrode construction, see
Refs. [19,23,24].

Because the rrf eigenmodes remain CW and CCW, a linearly
polarized excitation along the x or y axis can be viewed as
an equal-amplitude superposition of these eigenmodes. The
resulting transverse motion stays linear, oscillating at ω̄sec =
(ω+ + ω−)/2, but its axis rotates slowly in the xy plane at the
precession rate ωprec = (ω+ − ω−)/2. Exciting instead a pure
CW or CCW mode produces a stable circular trajectory.

b. The JILA eight-rod trap. Figure 2 shows our trap
geometry. A neutral beam of ThF arrives in a supersonic
expansion with Ne and is ionized at the trap center by
resonance-enhanced multiphoton ionization (REMPI), using
schemes developed in Refs. [25–29]. At the end of an experi-
ment, an axial field accelerates the ions toward a microchannel
plate (MCP), reached after about 170 μs. Capacitive and
phosphor-screen readouts provide the time-of-flight and radial
profiles, respectively [30].

Unlike standard four-electrode lrf traps, our trap utilizes an
eight-rod geometry to generate the highly uniform, rotating
polarizing bias electric field necessary for our precision mea-
surement. Each rod pair, comprising diametrically opposed
rods, is driven separately, giving us full control of both ampli-
tude and phase between rod pairs. Opposite rods are in phase
for radial confinement and π out of phase for the polarizing
field. A home-built direct digital synthesis system generates
eight independently phase-controlled rf signals, one for each
rod. Each signal is amplified through a resonant drive circuit
[19,23]. The typical rf drive frequency is ωrf/2π = 50 kHz,
with a peak-to-peak amplitude of approximately 30 V.

c. Ion dynamics in the rrf trap. In our experiment, ions are
excited with a relatively weak transverse electric field pulse
along the x axis (or y axis), which prepares a linear super-
position of the two circular eigenmodes within the harmonic
region of the trapping potentials. The resulting transverse mo-
tion oscillates at ω̄sec = (ω+ + ω−)/2, with a slow precession
at ωprec = (ω+ − ω−)/2. Figure 3 shows that both ω̄sec and
ωprec vary with q in excellent agreement with Eq. (4). Equiva-
lently, the transverse motion can be interpreted as that in an lrf
trap in the presence of an effective axial magnetic field [17].
For a precession frequency of 200 Hz, the effective magnetic
field is about 60 G for our ThF+. dc potentials of the form
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FIG. 3. Mean secular frequency ω̄sec (top) and precession fre-
quency ωprec (bottom) as a function of Mathieu parameter q,
measured after a weak x-directed kick. Solid curves show Eq. (4),
evaluated using calculated trap parameters with no fit parameters.
Standard errors along either axis are smaller than the markers. Over
this range, ωprec is quadratic in q.

x2 − y2, unless shimmed away, can obscure magnetic-field-
or rrf-induced CW/CCW splitting.

Figure 4 shows the transverse ion trajectory following an
x-directed kick. Just before ejecting the ions for imaging, we
quasiadiabatically ramp down the rf amplitude, suppressing
the micromotion so that it is not visible in Fig. 4. The ap-
proximately 17-petal pattern is consistent with simultaneous

FIG. 4. Transverse ion trajectory beginning approximately 4 ms
after an x-directed kick. Darker color indicates later detection. Lines
connect successive points, and the data are smoothed with a three-
point moving average. The y axis is stretched to reflect the 1.5:1 x-
to-y magnification ratio of the imaging system.

CW and CCW excitation, with eigenfrequencies differing
by about 12%. This corresponds to ωprec/2π ≈ 120 Hz and
ω̄sec/2π ≈ 2000 Hz and is different from the alternating lin-
ear and circular motion one observes in beating between x̂ and
ŷ eigenmodes.

Implications for precision measurements in nonideal
geometry

a. Pseudopotential in nonideal trap geometry. Our ion
trap, as shown in Fig. 2, was carefully designed to pro-
vide a rotating polarizing bias electric field required for
the eEDM measurement with 0.01% uniformity. However,
it was not optimized to give perfectly harmonic rf confine-
ment. To operate this eight-rod structure in a traditional lrf
quadrupole configuration, the rods are driven with a phase
pattern of {0, 0, π, π, 0, 0, π, π}. Because adjacent rods must
be grouped in phase to approximate a four-pole geometry, this
inherently produces a trap that is cylindrically symmetric only
for small displacements. The anharmonic terms are highly
anisotropic, characterized by a weak axis between adjacent
electrodes held at the same instantaneous potential. When the
trap confinement is loosened to minimize ion-ion interactions
during precision spectroscopy, our ion cloud expands and
samples regions where the fields deviate from the perfectly
harmonic, idealized rf potentials discussed in the section The-
ory and experimental realization of the rrf trap idealized trap
potentials. Instead of using the idealized rf potential, one can
use a pseudopotential approximation to compute an effective
potential. This approximation is widely used in rf trapping and
is valid when the drive frequency is large compared to the
secular frequencies and the micromotion amplitude is small
on the spatial scale over which the field varies [21,22,31]. A
convenient way of expressing the rf drive is

E(r, t ) = Re[E0(r)eiωrf t ],

where E0(r) can be a complex spatial amplitude. In the pseu-
dopotential approximation, the time-averaged micromotion
leads to a time-independent effective potential that is propor-
tional to the square of the rf field amplitude [22,31,32]

Ups(r) = q0
2

4m0ωrf
2

E0(r) · E0(r)∗ = q0
2

4m0ωrf
2
|∇�0(r)|2,

(5)

where E0 = −∇�0 and �(r, t ) = Re[�0(r)eiωrf t ]. With the
rf drive E(r, t ) written in a complex form, it is clear that
the pseudopotential approximation applies not only to the lrf
potential, but also to the rrf potential where the difference
between them is that the rrf potential has a complex amplitude
�0(r) with azimuthally varying phase. More specifically, the
rrf potential of Eq. (2) can be written as

�rrf (r, θ, t ) ∝ r2 cos (2θ + ωrft ) = Re[r2ei2θ eiωrf t ].

With �0(r, θ ) ∝ r2ei2θ , the corresponding pseudopotential is

Ups(r) ∝ |∇�0|2 = (|∇�c|2 + |∇�s|2), (6)

where �c ∝ r2 cos (2θ ) and �s ∝ r2 sin (2θ ).
Using the pseudopotential approximation, the relevant

measure of confinement and effective trap depth is the quan-
tity |∇�0|2. We now evaluate this quantity for our eight-rod
geometry used in the experiment. We drive our eight radial
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FIG. 5. Squared transverse rf-field amplitude, proportional to the pseudopotential Ups ∝ |∇�|2, of the lrf and rrf trap configurations.
(a) Electrode phase patterns and the three geometric cuts, labeled (i)–(iii), for the lrf configuration. (b) Surface plot of |∇�lrf |2 in the
transverse plane. (c) Corresponding one-dimensional cuts along (i)–(iii). The grey curve shows a quadratic reference fit near the trap center.
(d) Electrode phase pattern and the three geometric cuts, labeled (iv)–(vi), for the rrf configuration. (e) and (f) Surface plots of |∇�c|2 and
|∇�s|2, respectively. (g) Average of the two quadratures as the total rrf field curvature |∇�rrf |2 = (|∇�c|2 + |∇�s|2)/2. (h) Corresponding
one-dimensional cuts along (iv)–(vi). Note that the shallowest cut in this trap is deeper than that in the lrf trap.

electrodes with fixed phase offsets. For the lrf configura-
tion the electrode phases are {0, 0, π, π, 0, 0, π, π}, while
for the rrf configuration they are {{0, π/2, π, 3π/2, 0, π/2,

π, 3π/2}}, as shown in Figs. 5(a) and 5(d), respectively. Fig-
ure 5(b) shows the transverse profile of |∇�lrf |2, a quantity
to which the pseudopotential is proportional, for the lrf con-
figuration. The effective trap depth is not azimuthally uniform
and is shallowest along cut (i), which passes between the two
electrodes held at the same instantaneous potential.

For the rrf configuration, as discussed above, the total
pseudopotential can be decomposed into the cosine and sine
quadratures, shown in Figs. 5(e) and 5(f), respectively. These
two quadratures are related in space by

�c(r, θ ) = �s(r, θ + π/4).

It is therefore tempting to think of the rrf pseudopotential as
a simple azimuthal average of a single quadrature. However,
the relevant quantity for the total pseudopotential is Eq. (6),

the average of the two quadratures, and is shown in Fig. 5(g).
Figure 5(h) shows the total rrf |∇�rrf |2 traces along the cuts.
Because of the averaging over the two quadratures, the cuts at
±22.5◦ are identical, leaving only two unique traces. These
traces are substantially more uniform than those of the lrf
configuration in Fig. 5(c). More importantly, the shallowest
direction in the rrf trap is deeper overall than in the lrf trap.

b. Enhancement of effective trap depth. To probe the pre-
dicted angular dependence of the trap depth, we adiabatically
apply a static dipole field that adds an additional potential

Udc(r) = −q0Edc · r,

which tilts the potential landscape. As |Edc| increases, ions
are displaced from the trap center and eventually escape, so,
by looking at how many ions survive as a function of tilt di-
rection, we measure the direction dependence of the effective
trap depth. We express the tilt as the harmonic equilibrium
displacement xeq ≡ q0Edc/(mω̄2

sec).
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FIG. 6. Ion survival as a function of adiabatic dc tilt for dif-
ferent transverse cuts. In both panels, cuts (i)–(vi) correspond to
the transverse directions defined in Fig. 5. The horizontal axis is
the applied tilt expressed as an equivalent equilibrium shift xeq ≡
q0Edc/(mω̄2

sec ). Error bars show standard errors. The dotted vertical
lines are guides to the eye. Top: cuts (i), (ii), and (iii) of the lrf
configuration correspond to azimuthal angles 0◦, 22.5◦, and 45◦,
respectively. Ion loss occurs at smaller |xeq| for cut (i), consistent with
this direction having the shallowest effective confinement. Bottom:
cuts (iv), (v), and (vi) of the rrf configuration correspond to 0◦, 22.5◦,
and −22.5◦, respectively. The loss curves occur at more similar |xeq|
across angles, indicating a more azimuthally uniform effective trap
depth in the rrf configuration.

In Fig. 6, in the lrf configuration, ion loss occurs at
different xeq for different azimuthal angles, indicating a
strong angular dependence of the effective trap depth. By
contrast, the rrf configuration effectively reduces this asym-
metry down to just two distinct axes. Because the quadrature

averaging maps the +22.5◦ and −22.5◦ directions onto the
exact same averaged pseudopotential profile, the experimental
loss curves for these two angles are very similar. Crucially,
the absolute minimum |xeq| required for ions to escape is
noticeably larger than that of the weakest axis in the lrf
configuration.

In our ion cloud, Coulomb interactions redistribute en-
ergy among translational degrees of freedom, leading to
ions exploring a wide range of trajectories over time. As
a result, long-time trap depth is governed by the lowest
available escape barrier of the effective potential, not by a sin-
gle trajectory. The anisotropy of the lrf configuration therefore
introduces “easy escape” directions that reduce this minimum
barrier and yield a comparatively shallow effective trap depth.
By contrast, the rrf configuration raises this minimum barrier
through quadrature averaging, resulting in a deeper overall
trap depth.

Discussion. The eEDM sensitivity scales as
√

Nτ , with τ

limited largely by ion-ion collisions and therefore by ion num-
ber, temperature, and confinement. The rrf trap offers one path
towards deep but loose confinement. Other options include
driving our eight rods in a hexadecapolar pattern to produce
a potential closer to a square well. We are evaluating which
approach is most promising for maximum eEDM sensitivity.
Previous eEDM systematic studies assumed lrf confinement
[33]. As discussed in the section Ion dynamics in the rrf trap,
rrf secular motion is equivalent to lrf motion in an effective
axial magnetic field of tens of gauss, at least 1000 times larger
than the physical field used in the precision measurement.
This fictitious field couples to center-of-mass motion, not
directly to electron spins. However, its sign reverses with the
rotation direction and therefore under time reversal. Because
the eEDM search probes time-reversal violation, the system-
atic implications require careful study.
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