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We present a variant of the time-orbiting potential trap suitable for Bose-Einstein condensate atom
interferometers, which provides weak, cylindrically symmetric confinement as well as support for the
atoms against gravity. This trapping configuration is well-suited for the implementation of a compact
atom interferometer based gyroscope. The trap is made up of six coils, which were produced using
photolithographic techniques and take up a modest volume of approximately 1 cubic inch inside
a vacuum chamber. The trapping frequencies and thermal characteristics of the trap are presented,
showing cylindrical symmetry and scalability of the trapping frequencies from 1 Hz to 8 Hz in the
symmetry plane. [http://dx.doi.org/10.1063/1.4973123]

I. INTRODUCTION

Atom interferometers have demonstrated a tremendous
potential for high precision measurements of inertial effects.
For example, they have been used to measure the phase
shifts of matter waves arising from the acceleration due
to gravity and from rotations of the interferometer.1 In the
case of rotations, the phase shift is directly proportional
to the area enclosed by the interferometer branches.2 Atom
interferometers are attractive for the implementation of
compact gyroscopes because they offer nearly 1010 times the
sensitivity to rotations compared to optical interferometers
when middle-weight atoms and visible light are used with the
same enclosed area.3
An early atomic gyroscope implemented by Gustavson
et al. used a thermal atomic beam as the wave source
and required a several-meter-long chamber to accommodate
the interferometer due to the large velocity of the room
temperature atoms.4 While this approach offered impressive
sensitivity, it does not lend itself to portable devices, which
are desired for applications such as inertial navigation. One
possible means of reducing the size of an interferometer is to
use cold atoms, either from a Magneto-Optical Trap (MOT) or
a Bose-Einstein Condensate (BEC), as the matter-wave source.
Condensates offer the easiest motion control because of their
very narrow momentum spread and because they can be
deflected to large angles, which allows for the implementation
of complex interferometer geometries that enclose large areas
with a compact apparatus.
Several groups are pursuing confined atom interferometers using cold atoms for the purpose of a compact gyroscope.
Early attempts at implementing a confined interferometer were
performed in a linear trapping potential, where the atoms
were tightly confined in all but one direction.5,6 While these
experiments demonstrated a closed-loop geometry, which
would be sensitive to rotations, the atomic trajectories were
far from the optimal circular path.
0034-6748/2017/88(1)/013102/6/$30.00

Magnetic ring traps7–9 and stadium-shaped traps10 have
been implemented to produce area-enclosing interferometers
with circular (or near-circular) paths; however, the area
enclosed by an interferometer made in these types of traps
is difficult to scale without modification to the coils producing
the confining potentials. These traps produce a circular trajectory by providing tight confinement in the radial direction
at a fixed radius. Therefore, initial velocity in the tangential
direction around the ring appears as an angular velocity and
is indistinguishable from rotation, which causes fluctuations
in the initial velocity to induce phase noise. Alternatively, an
interferometer can be implemented using atoms progressing
through a circular trajectory in a cylindrically symmetric
harmonic trap.11 This configuration does not suffer the same
sensitivity to the initial velocity since the atoms are free
to oscillate in the radial direction, thereby causing initial
velocity effects to largely cancel out.5 Furthermore, this
trap configuration allows the enclosed area to be varied by
adjusting the confinement strength. An interferometer based
on this approach has not yet been demonstrated.
In this paper, we present a magnetic trap suitable
for condensate interferometers, which operates in a TimeOrbiting Potential (TOP) configuration.12,13 A conventional
TOP trap already provides a cylindrically symmetric trapping
potential. However, a useful Sagnac interferometer implemented in a harmonic trap requires very weak harmonic
confinement, with oscillation frequencies of a few Hz or lower,
so that an atomic trajectory enclosing a large area can be
achieved. When a conventional TOP trap is made sufficiently
weak, the atoms are pulled a significant distance from the trap
center by the force of gravity, and eventually fall out of the
trap. For instance, a trap with an oscillation frequency of 1 Hz
would be suitable for an interferometer of 1 s duration, but
would lead to gravitational sag by a distance of 25 cm. This is
typically much larger than the achievable trapping volume.
The field configuration described here provides a magnetic gradient to compensate for gravity, so that the trap
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center is invariant as the confinement strength is reduced.
The technique is similar to that used by Reeves et al.,13
but unlike that work we achieve cylindrical symmetry. We
discuss the design and construction of the trap and characterize
its thermal performance. The trap was tested using a 87Rb
condensate and the oscillation frequencies were measured in
situ. We observe scalability of the trapping frequencies from
1 Hz to 8 Hz in the horizontal plane of interest. These results
are presented and future experiments using this apparatus are
described.

II. DESIGN

In this section, we describe the proposed fields and the
potential that they create as well as our implementation of
the trap. Since it is not possible to create a magnetic field
maximum in a volume devoid of currents, the atoms must
be prepared in a field-minimum seeking state for which
a spherical quadrupole field can be used to trap them at
the center of two coils.14 If the atoms are cold enough to
approach the field zero in this trap, they can be expelled
from the trap due to non-adiabatic spin flips, the so-called
Majorana losses.15 A TOP configuration avoids these losses
and also provides some immunity to stray magnetic fields,
since the time-average dipole moment of the atoms is zero.
For these reasons, a TOP trap is an attractive option for our
implementation.

A. Theory of operation

The principle of operation of a TOP trap is to apply a
rotating bias magnetic field in addition to a spatially varying
field thereby causing the field zero to move around in space.
In a conventional TOP trap, a dc spherical quadrupole field
is used in conjunction with a bias field that rotates in the
symmetry plane of the quadrupole field.12 If the motion of the
field zero is faster than the atoms can follow and well below
the Larmor frequency so that the spin state can be maintained,
then the atoms will see the time average of the potential from
⃗
the total magnetic field, B,
⃗ = m F gF µ B⟨| B|⟩.
⃗
U = ⟨−⃗µ · B⟩

(1)

Here m F is the magnetic quantum number, gF is the Landé
g-factor for the hyperfine level, µ B is the Bohr magneton,
and the angular brackets represent the time average over many
cycles of oscillation. Since the spin remains aligned to the bias
field, weak stray fields far from the rotation frequency will not
contribute an energy shift since they will tend to average out
over many cycles.
We propose a field configuration that combines an
alternating spherical quadrupole field and a rotating bias field
where the vector traces out a spherical surface. The total field
is given by
⃗=B
⃗bias + B
⃗quad,
B
where bias and quadrupole are parameterized as

(2)

*.sin(Ω1t) cos(Ω2t)+/
⃗
Bbias = B0 .. sin(Ω1t) sin(Ω2t) // ,
cos(Ω1t)
,
* x/2 +
⃗quad = B ′ cos(Ω1t) .. y/2// .
B
1
.
/
, −z -

(3)

(4)

Here B0 is the bias field strength, B1′ is the quadrupole
field strength, and z is taken to be vertical (opposing
gravity). The rotation frequencies Ω1 and Ω2 are taken to
be incommensurate. To find the potential, we calculate the
average magnetic field. To second order, this yields
(
)
B1′2 7 2 1 2
1 ′
⃗
ρ +
z ,
(5)
⟨| B|⟩ = B0 − B1 z +
2
B0 128
16
where ρ2 = x 2 + y 2. From this average field, we can see
that the resulting potential is cylindrically symmetric in the
horizontal plane. Including the effects of gravity, the total
potential is given by
1
1
1
µ z B1′ z + mω2ρ ρ2 + mω2z z 2.
(6)
2
2
2
Here m is the mass of the atom and µ z = m F gF µ B is the
effective magnetic moment. By adjusting the quadrupole
strength such that B1′ = 2mg/µ z , the atoms will be supported
against gravity. The trapping frequencies are given by

Utot = µ z B0 + mgz −

 1/2

2µ z * 7 B1′2 +

,
(7)
ωρ = 
 m , 128 B0 -

 1/2
2µ z * 1 B1′2 +

ωz = 
(8)
 m , 16 B0 -
and can be adjusted by varying the bias field strength.
The field configuration described in Equation (3) and (4)
can be achieved with three orthogonal pairs of coils, such that
one pair of coils is aligned with each axis (x, y, and z). The
pair along the z direction will supply the quadrupole field and
then all six coils will be used to produce the rotating bias field.
The currents required to produce the fields in the coil pairs are
given below
I x = I0 sin(Ω1t) cos(Ω2t),
I y = I0 sin(Ω1t) sin(Ω2t),
Iz+ = (I0 − I1) cos(Ω1t),
Iz− = (I0 + I1) cos(Ω1t).

(9)

Here I0 produces the bias field (B0) and I1 produces the
quadrupole field (B1′). The coils along the x and y directions
have the same current in both coils and are oriented to produce
fields in the same direction. The coils along the z direction
need to be driven independently to allow both the quadrupole
and bias field to be produced.
To this point, we have neglected the curvature of the bias
field, which will also contribute to the trapping potential to
second order. If the curvature along the axis of the coils, γ, is
included for a pair of coils along the z direction, for example,
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the field produced from those coils is given by
−γzx/2
*.
+/
⃗biasz = B0 .
−γz y/2
// .
B
(10)
.
2
2
2
,1 + γz /2 − γ(x + y )/4If the bias curvature is included for all three pairs of coils and
they are assumed to have identical characteristics, then the
resulting potential is again of the form in Equation (6). Now
the trapping frequencies are instead given by

2µ z
ω ρ = 
 m

2µ z
ω z = 
 m

 1/2
B ′2
* 7 1 − γ B0+ ,
, 128 B0 16 -
 1/2
B ′2
* 1 1 + γ B0+ .
8 -
, 16 B0


(11)

(12)

B. Implementation

We were faced with several constraints due to the
configuration of the apparatus we used to produce 87Rb
condensates. We elected to construct the three pairs of
orthogonal coils inside our vacuum chamber because of the
limited space outside the chamber. The inside of the vacuum
system limited the maximum size of the coils. Ultimately,
the electrical power required to produce the desired trap
characteristics was reduced since the coils were in closer
proximity to the atoms. We manufactured the coils on directbond copper clad aluminum nitride (AlN) substrates.16 The
AlN substrates had a thickness of 0.63 mm. Six identical coil
boards were produced to be used in the trap. Each board had
a copper spiral with 7 turns on each side as well as mounting
holes and through holes for optical access. These features
can be seen in Fig. 1. The spiral patterns were produced via
photolithographic mask transfer and wet chemical etching.
The copper traces have a rectangular cross-section that is
0.125 mm thick and 0.4 mm wide. The spirals have a pitch of
0.7 mm per turn. The coils on each side of the boards were
connected by a small via wire at the center of the spiral traces.
Each board has a resistance of 0.25 Ω and an inductance of
3.3 µH.
We decided that the coils would be mounted on a cube
with 21 mm per side so that the entire trap would fit inside
the vacuum cell. The entire trap was modeled numerically
including the spiral geometry of the coils and it was determined
that we needed field strengths of about B0 = 15 G and
B1′ = 30.5 G/cm to achieve the trapping characteristics that
we desired. The currents necessary to reach these fields were

FIG. 1. Coil Pattern. The gray area shows the copper pattern etched on each
side of the coils. The inner radius of the spiral pattern is 4.96 mm and the
outer radius is 10.24 mm. The black areas represent holes that are drilled
through the aluminum nitride substrate by abrasive machining.

calculated to be I0 = 5 A and I1 = 4 A. At these currents, the
average power dissipated in constant operation is 11 W. This
numerical model yielded a curvature of the bias due to each
coil pair of γ = 4.0 cm−2. A means to dissipate this power
was required to reduce heating during operation. Therefore,
the coils were mounted on a sintered boron nitride (BN) cube
with 21 mm per side. BN has very good thermal conductivity
for an insulator (similar to AlN) and also has a very low
thermal expansion coefficient. This helps to mitigate thermal
fluctuations of the field strength during operation of the trap.
The cube trap is attached to a four inch long arm made of BN
using a Vespel screw to help reduce the effects of eddy currents.
A single loop of wire was wrapped around the head of this
Vespel screw to be used as an antenna for evaporative cooling.
The BN arm section mounts to a ten inch long aluminum arm,
which in turn mounts to a vacuum flange. The support structure
and electrical connections to the coils are shown in Fig. 2. All
of the electrical feedthroughs are provided on the vacuum
flange, so the entire trap and support structure can be easily
removed from the vacuum chamber. Each coil is soldered to its
own twisted pair using a vacuum compatible solder (Multicore
HMP 1.5% Ag, 97.5% Pb, 1% Sn) which has a working
temperature of 255 ◦C. Each twisted pair connects to a pair of
electrical feedthroughs on the vacuum flange so that they can
be connected outside the chamber in the desired configuration.
To create the currents in (9), specialized electronics were
developed. We generate voltages proportional to the desired
currents and then use those signals to drive voltage-controlled
current sources. To produce the voltage signals, two Agilent
(Model 33210A) function generators were used to produce
cosine signals at Ω1 and Ω2. AD711 operational amplifiers
were used to buffer the output of each function generator and
also to phase shift each signal by 90 ◦to produce sine and cosine
signals at both frequencies. These quadrature signals were
then multiplied together using precision analog multipliers

FIG. 2. Magnetic trap assembly. Image showing the fully assembled trap.
The coils are mounted on a boron nitride cube, which is in turn mounted to
a boron nitride arm (bottom right). This arm segment is then attached to an
aluminum extension (upper left), which attaches to a vacuum flange (not pictured). This flange also provides all of the necessary electrical feedthroughs.
The cube structure including the coils is 23 mm per side.
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FIG. 3. Block diagram for drive voltage generation circuit. This circuit
shows the configuration used to generate the necessary voltages for each
signal (X, Y, Z+, and Z-). The triangular elements represent buffer amplifiers,
the square boxes are phase shifters. The circular elements with an X in the
center represent analog multipliers. The output of the multiplier is to the right
in all cases. V0 and V1 are the control voltages for the bias and quadrupole
fields strengths, respectively.

(AD534KDZ) and were also multiplied by dc control signals
V0 and V1 to set the bias and gradient amplitudes, respectively.
The control voltages allow us to modify the field strengths in
real time. A block diagram of the signal production circuit is
shown in Fig. 3.
The signals drove voltage-controlled current sources implemented using QSC RMX850 audio amplifiers similar to the
implementation of Baranowski and Sackett.17 Transformers
were designed and constructed to match the impedances
between the amplifiers and the trap coils. Additionally,
capacitors were added in series on the secondary side of
the transformers to null the reactance for each signal such
that the load appeared to be close to a pure resistive load
at the operating frequencies. This placed the constraint on
our trap driving frequencies that the sum and difference
frequencies present in the X and Y signals needed to be within
the bandwidth of the resonant circuit we had created. This
bandwidth was measured to be approximately 2 kHz, so we
operated with Ω1 = 2π × 10 kHz and Ω2 = 2π × 1 kHz. The
current amplifier uses negative feedback to reduce fluctuations
in the currents due to temperature fluctuations of the coil
impedances and amplifier gains. The loop gain of the feedback
was limited to about 26 dB to maintain stability. The feedback
therefore reduces current errors by approximately a factor of
20. The amplifiers were configured to provide a gain of 1 A/V.
The voltage-controlled current source is shown in Fig. 4.
III. CHARACTERIZATION

In this section, we present the thermal and trap frequency
characterization of the implemented trap. We also discuss
briefly the 87Rb BEC production apparatus used for the
characterization of the trapping frequencies.
A. Thermal characterization

Before installing the trap into the BEC apparatus, we performed measurements to characterize the thermal performance
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FIG. 4. Voltage controlled current source. This circuit was used to convert
the drive signals for each phase into the currents necessary to produce
the desired fields. The RMX850 is a fully differential audio amplifier. The
transformer ratio (N1:N2) for the X and Y signals was 21:6 and it was 25:5
for the Z+ and Z- signals. The sense transformers had a turn ratio of 200:1
and the sense resistor R sense was 200 Ω for all signals, yielding a sense
voltage Vsense = 1 V/A of load current. The amplifier operated with this sense
voltage being used for negative feedback. The load current is therefore given
by Iload = (1 A/V)Vin.

of the trap and support structure. As a first step, we attached
thermocouples to several locations on the trap assembly,
including one attached to the coil furthest from the vacuum
flange where the highest temperatures were anticipated. We
used the thermocouple to calibrate the resistance versus
temperature for this coil by running a constant current through
all six of the coils and observing the thermocouple reading
and the voltage across the coil and its leads. The resistance
from the leads was approximately 10% of the total resistance
measured. From the voltage and current, we determined the
total resistance as a function of temperature. We were then
able to use this coil’s resistance to give us a measure of
the temperature once the trap was inserted into the vacuum
chamber. The measured temperature coefficient was consistent
with that of copper.
To characterize the performance under vacuum, we
inserted the trap into a vacuum chamber and evacuated it
to roughly 10−6 Torr. We connected all six coils in series
and ran a dc current through them to produce the equivalent
maximum power at full operation of the trap (11 W). The
temperature came to steady state at 148 ◦C, which is well below
the working temperature of the solder used for connecting
the coils. From this measurement, we determined that the
thermal resistance of the structure was 38 K/W which allows
a simple estimation of the steady-state temperature under
various conditions. Additionally, we turned the coils on and
off with a one-minute duty cycle, similar to that used during
expected normal operation. This allowed us to determine the
time constants for heating (69 s) and cooling (40 s). At normal
operation, the peak temperature of the trap should be between
70 ◦C and 90 ◦C.
B. Trapping potential characterization

To characterize the trapping potential in situ, we installed
the trap in our condensate production apparatus. This apparatus is discussed in more detail in Horne’s thesis,18 but is
similar to that described by Reeves et al.13 The apparatus
consists of two vacuum chamber sections separated by a
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long, narrow tube, allowing the sections to operate at different
pressures. In one section, we source Rb vapor with an alkalimetal dispenser. In this section, the operating pressure is
10−9 Torr and we collect approximately 2 × 109 87Rb atoms
and cool them to approximately 150 µK in a MagnetoOptical Trap (MOT). These atoms are then cooled further
by a compressed MOT stage in which the cooling lasers are
further detuned followed by an optical molasses stage. We then
turn off the MOT lasers and electromagnet coils in order to
apply a bias magnetic field followed by a pulse of laser light to
optically pump the atoms into the 5S1/2F = 2, m F = 2 ground
state. The atoms are then loaded into a dc spherical quadrupole
magnetic trap and the trap strength is increased to compress the
atoms such that they fit in the narrow tube (8 mm ID) between
the vacuum chamber sections. The atoms are transferred to
the second section by physically transporting the coils that
create the magnetic trap via a mechanical translation stage.19
The second section of the chamber has an operating pressure
of 5 × 10−11 Torr and the atomic lifetime is measured to be
well over a minute in the dc quadrupole trap with the new
trap mount in situ. This is the section of the chamber where
the new magnetic trap is installed. To produce a condensate,
we evaporatively cool the atoms in two stages. We evaporate
first in the dc trap until limited by Majorana losses. Then
we apply the rotating bias field in conjunction with the dc
field to form a TOP trap. We continue to evaporate until we
form a condensate with approximately 104 atoms remaining
at 100 nK. We image the atoms using an absorption imaging
system. From the images, we can determine the cloud position,
number of atoms and temperature.
After producing a condensate, it was loaded into the
magnetic trap adiabatically by slowly turning up the ac
quadrupole field while turning down the dc quadrupole field.
Atomic lifetimes were again measured to be well over one
minute. To characterize the trap, we first determined the
strength of the bias field B0 by performing a RF spectroscopy
measurement. By measuring the frequency at which all of the
atoms are expelled from the trap, we determined the strength
of the bias field for a given control voltage, V0, yielding a
calibration of B0/V0 = 4.6 G/V.
We then adjusted the gradient strength B1′ to null the
effects of gravity. As seen from Eq. (6), if B1′ is not properly set,
the location of the trap potential minimum will depend on the
bias strength B0. We therefore adjusted B1′ until the observed
trap center remained stationary when B0 was adjusted. The
current required to achieve this nullification was I1 = 4.0 A.
Finally, we characterized how the trapping frequencies
scaled with bias strength. To this end, we displaced the
center of the dc trap from the center of the ac trap and
then non-adiabatically transferred the atoms to the ac trap.
This induced oscillations in all three directions. We observed
the motion of the atoms using absorption imaging along two
directions and we varied the imaging delay from the time
that the trap was loaded to observe the oscillations. The
curves were fit to a sinusoidal function and the frequencies
determined. The results are presented in Fig. 5. From the
characterization results, we see that the trapping frequencies
are indeed cylindrically symmetric in the x and y directions
in general.
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FIG. 5. Measured trapping frequencies. The trapping frequencies ( f
= ω/2π) are measured in situ by inducing oscillations in the atomic motion
via non-adiabatic trap loading. The oscillations were then measured for
varying bias field strength. The curves are fits described by Eq. (13).

The curves shown in Fig. 5 are of the form of Eqs. (11)
and (12). However, we introduce fit parameters α i and βi for
each direction as shown below

 1/2
2µ z * B1′2

+
ωi = 
αi
+ βi B0  ,
(13)
 m , B0
-
where the subscript i represents x, y, and z. The values
of these constants are given in Table I. From the model in
Eqs. (11) and (12) in combination with the calculated curvature
of the bias field of 4.0 cm−2, we expect α x = α y = 0.055,
α z = 0.063, β x = β y = −0.25 cm−2, and β z = 0.5 cm−2. While
the measured values are close to the expected values, they
generally differ by statistically significant amounts. The reason
for this disagreement is not clear, but it might be caused by
anharmonicity of the trapping potential, or may be due to
magnetically induced currents between the trap coils that our
current feedback system does not completely counteract.

IV. OUTLOOK AND CONCLUSIONS

With the realization of this weakly confining and cylindrically symmetric trapping potential, we propose to implement
several rotation sensors. The simplest is analogous to the
Foucault pendulum. By inducing oscillations in the symmetry
plane, we can watch the line of oscillation rotate in the
plane just as the plane of oscillation rotates in the Foucault
pendulum. By measuring this rotation, the rotation rate of the
apparatus can be determined. For this experiment, the lifetime
TABLE I. Trap frequency fit parameters. The presented errors are statistical
errors from the fit.
Axis
x
y
z

α

β (cm−2)

0.041 ± 0.002
0.040 ± 0.001
0.053 ± 0.006

−0.309 ± 0.014
−0.281 ± 0.011
0.927 ± 0.076

013102-6

R. A. Horne and C. A. Sackett

FIG. 6. The proposed gyroscope. This diagram schematically shows the
implementation of a future gyroscope experiment. The atoms are initially
at rest in the center of a harmonic trapping potential. The atoms are then
split along the x direction and allowed to move out to their turning points.
At that time, a second Bragg pulse is applied to split the two packets in
the y direction. This results in four packets, which will then be allowed to
traverse the loop while being guided by the harmonic potential. When the
packets complete a revolution, a second pulse is applied in the y direction to
recombine the waves resulting in a dual interferometer. (Solid arrows show
one interferometer, dashed arrows another, with black and blue showing the
separate paths in each interferometer. The red arrows represent the location
and direction of the applied Bragg pulses.)

of the atoms in the trap (∼60 s) and the position resolution of
the absorption imaging setup (∼1 µm) will limit the sensitivity.
We expect to be able to measure the rotation of the Earth at
Charlottesville’s latitude (38◦).
Additionally, we propose to implement the interferometer
shown schematically in Fig. 6, which is a variant to that
proposed by Horikoshi and Nakagawa11 In this implementation, the atoms will start at rest in the center of the harmonic
trap. First, a Bragg splitting pulse will be applied along the
x direction. When the atoms reach their turning points, a
second Bragg pulse will be applied in the y direction to split
the atoms again. Four packets will be generated and will be
guided around a circular path by the harmonic potential. The
packets can be recombined at half revolutions to create two
interferometers. The Sagnac phase can be determined through
a differential phase measurement from those interferometers
with the benefit that common mode phases, from vibrations
for example, should largely cancel out. In addition, the field
configuration of this trap is highly adaptable. This enables the
symmetry of the trap to be tuned by adjusting the relative bias
strengths or relative phases to reduce systematic effects from
trap asymmetry.
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With the ability to adjust our trapping frequencies from
8 Hz down to 1 Hz, we anticipate being able to adjust our
sensitivity to rotations from 0.3 Ω E to 2 × 10−3 Ω E , where
Ω E = 7.27 × 10−5 rad/s is the Earth’s rotation rate. The total
interferometer time necessary for these measurements is 80 ms
and 1.6 s respectively, assuming a full revolution of the
atoms around the trap in both cases. This will allow us to
continuously scale from total interferometer times that have
been demonstrated for confined condensate interferometers to
very long interferometer times in the same device.20
In summary, we have demonstrated a cylindrically
symmetric magnetic trap that compensates for gravity in a
modest 1 in.3 volume in a vacuum chamber. We have shown
that the trapping frequencies are scalable from 1 Hz to 8 Hz
by the adjustment of the bias strength. We plan to use this
trap in the implementation of several compact gyroscopic
sensors and hope that this new trap might be useful to others as
well.
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