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Abstract We report on the implementation of a thin wire
Paul trap with tungsten wire electrodes for trapping ions.
The ion trap geometry, though compact, allows large
optical access enabling a moderate finesse Fabry—Perot
cavity to be built along the ion trap axis. The design allows
a vapor-loaded magneto-optical trap of alkali atoms to be
overlapped with trapped atomic or molecular ions. The
construction and design of the trap are discussed, and its
operating parameters are determined, both experimentally
and numerically, for Rb". The macromotion frequencies of
the ion trap for *>Rb™ are determined to be f, = 43 kHz for
the radial and f, = 54 kHz for the axial frequencies, for the
experimentally determined optimal operating parameters.
The destructive off axis ion extraction and detection by ion
counting is demonstrated. Finally, evidence for the stabil-
ization and cooling of trapped ions, due to ion—atom
interactions, is presented by studying the ion-atom mixture
as a function of interaction time. The utility and flexibility
of the whole apparatus, for a variety of atomic physics
experiments, are discussed in conclusion.

1 Introduction

Trapping and cooling of ions have enabled the study of
many interesting problems, ranging from sensitive tests of
QED, fundamental interactions, quantum simulators for
magnetism, quantum computation, etc. [1-4]. On the other
hand, magneto-optically trapped (MOT) cold atoms and
Bose—FEinstein condensates have enabled the study of
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quantum nature of interactions at very low temperatures
[5, 6]. Hybrid traps simultaneously trapping ions and cold
atoms open the possibility of relatively strong interactions
in dilute gas systems [7]. Applications ranging from col-
lision studies and few particle processes to ultracold
chemistry [8—16] have been experimentally demonstrated
with the mixed ion—atom experiments.

These hybrid traps utilize a linear Paul trap [17-19] as
this gives the large amount of optical access required. Here,
we develop a modified quadrupolar Paul trap using thin
tungsten wire electrodes with large optical access such that
it is geometrically consistent with the requirements of the
experiment. The design of this ion trap is inspired by a
configurationally similar wire trap for neutral cold polar
molecules [20]. Further, the precise design of the trap is
motivated by the need for overlapping the trapped ion—atom
mixture with the mode volume of a moderate finesse optical
cavity, so that entirely new methods of manipulating and
detecting the mixtures can be developed. In this paper, we
present the ion trap, its numerical and experimental char-
acterization, and demonstrate that this is a robust system for
experiments with trapped ion—atom mixtures.

2 Ion trap
2.1 Overview of the trap

The ion trap described here is at the heart of the compact
setup along with a magneto-optical trap (MOT) and a
Fabry—Perot cavity housed in a Kimball Physics'™ vacuum
chamber with sixteen CF16 and two CF100 ports. The
instrument is designed to trap alkali and alkaline earth ions
as well as their molecular ions. The ion trap is constructed
at the geometric center of the chamber such that it is well
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overlapped with the MOT and the cavity axis. The pre-
sence of the wire trap does not prevent the formation of a
typical, vapor loaded MOT at the center of the chamber.
The creation of a MOT within this wire trap structure and
the strong coupling between the MOT atoms and the cavity
have been demonstrated and characterized in at length Ray
et al. [21]. However, in that article, the presence of the wire
trap had not been explicitly discussed, as the emphasis was
on the collective strong coupling of the laser cooled atoms
and the Fabry—Perot cavity. Here, we remark that the dif-
fraction effects of these wires does not hinder the formation
of the MOT. We also ensure, by design, that the center of
the MOT is not occulted by the shadow of the wires. This
results in the creation of a well-behaved and characteriz-
able MOT [21]. Here, we focus on the performance of the
ion trap for mixed ion—atom species experiments keeping
in mind the other aspects of the apparatus.

The wire trap consists of 4 square-shaped loops of
tungsten wires of diameter 80 um, separated by 1.5, 3 and
1.5 mm, respectively, and held taut by winding over a
scaffolding provided by four stainless steel (SS316) rods in
quadrupolar geometry (Fig. 1a). The wires are electrically
isolated by ceramic spacers. The inner two wires are sup-
plied with a time varying radio-frequency (rf) voltage, and
the outer wires are held at a constant DC voltage with
respect to the experimental ground. The rods around which
the wires are wound can themselves be biased in order to
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Fig. 1 a Side and axial view of the ion trap containing 4 square-
shaped tungsten wires wound over four quadrupole rods A, B, C, and
D. The outer pair of wires are biased with constant voltage Ve, and
the inner pair of wires are biased with a time varying radio-frequency
voltage V¢ at frequency v, All dimensions are in mm. b Potential
profile in XY and XZ planes passing through the trap center. The
spatial extent of the stable trapping region is contained within the
dashed line, the criterion for which is discussed in Sect. 2.8
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influence the position and trajectory of ions. These are
normally kept at the ground potential while the trap is in
operation and can be rapidly switched to appropriate DC
voltage to extract the ions onto a channel electron multiplier
(CEM). Care is taken to screen the voltage on the piezo
stack, attached to one of the mirrors of the cavity, from the
trapping volume. The appropriate voltages and the fre-
quency for trapping are determined by simulations apriori
and then validated by experiments, as elaborated in sections
below. The design and trap characteristics are simulated in
SIMION™ and Mathematica™. Potentials were generated
using SIMION™ for the inner and outer pair of wires. The
entire potential environment of the vacuum chamber
including the CEM is simulated, so that the boundary
conditions for the trap operations were realistic. The
potential array is then imported into a Mathematica script,
where the ion trajectories for single ions as well as multiple
ions are solved for, with the desired accuracy.

2.2 Creation of cold Rb atoms and daughter ions

The magneto-optical trap has been a common technique for
creating cold atomic ensemble. In our setup, a MOT of
85Rb atoms is created at the center of the chamber (which is
also the center of the ion trap)—using three mutually
orthogonal pairs of counter propagating laser beams
intersecting at the center. The gradient magnetic field for
the MOT is produced by coils situated outside the vacuum
system, which can be aligned to match the centers of the
various traps in the experiment. The presence of the mul-
tiple non-magnetic electrodes and structures in the close
vicinity of the MOT capture volume does not have sig-
nificant adverse effects on the laser cooling process [21].
The ion trap is loaded with ions created by 2-photon
jonization (TPI) [22] of ®Rb atoms in the MOT. The
ionization potential (IP) of Rb atom is 4.18 eV [24]. The
two photons for ionization here come from the MOT laser
(1.59eV) and a blue laser (Toptica Ibeam smart
A =473 nm / 2.63 eV). Since the MOT cooling laser is
just slightly red detuned with respect to the atomic transi-
tion, 58 /,(F = 3) < 5P3»(F = 4), the process is 1 + 1
resonant TPI. The sum of the energy carried by the red and
blue photons is ~4.22 eV, slightly higher than the IP of
the Rb atom. The ions created have kinetic energy com-
parable with MOT atoms upon ionization. Since these ions
are created from the MOT which is aligned to be at the
geometric center of the ion trap, loading of the ion trap is
very efficient. The daughter ions can easily be accumulated
in the ion trap. However, with the passage of time post
ionization, the ions are subjected to various heating
mechanisms and therefore require a cooling mechanism to
continue remaining trapped. When held together with the
parent cold atoms, the ions are sympathetically cooled [16,
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23]. This leads to stabilization in trapped ion number and
long lifetime of the ®Rb™ ions in the present setup, which
is demonstrated below.

2.3 Trapping the ions

While the atoms are ionized, the trap should be operational
to contain the ions. The trapping potential is generated by
applying a rf voltage (V,f) on the inner pair of wires. This
produces a time varying saddle between the radial and the
axial directions, as shown in Fig. 1b, providing an effective
trapping potential for the ions. A DC voltage on the outer
pair of wires can be applied to modify the trap depth in the
radial and axial directions. Also, an asymmetric DC volt-
age combination can be used to translate the ion trap center
along the axis in order to have maximum overlap with the
MOT atoms. The time varying rf signal is produced in a
function generator (Agilent: 33512B) and amplified using a
wide band rf amplifier (Krohn-Hite: 7602M). The typical
range of the parameters used for trapping ions is
400 kHz < v < 600 kHz and 70 V < Viy < 120 V. The
static voltage on the outer pair of wires is in the range
=15V < Vogter < 10 V.

The region of stability for a single ion is determined by
simulating the trajectories of a Rb* ion with zero initial
energy, over 200 rf cycles for a combination of V,; and
Vouter Values and checking whether it is confined within the
volume of the trap. Figure 2a, b shows the stability char-
acteristics of trapped *Rb™ ions obtained at 500 kHz rf
frequency. The approximate spatial extent of the potential
for stable ®Rb™ ion trapping is contained within the
dashed line in Fig. 1b.

2.4 Detection of ions

The lack of accessible optical transition in Rb* ion due to
its closed shell structure makes fluorescence detection
impractical. In the present experimental setup, a CEM (Dr.
Sjuts KBL10RS) is used to detect the ions. Since the cavity
and the ion trap share the same axis, axial extraction of the
ions is not possible. In this experiment, the CEM is placed
perpendicular to the cavity axis (along y-axis) at a distance
of 44.5 mm from the trap center as shown in Fig. 3a. The
CEM is housed in a metallic box, and a mesh is used in
front of the cone to shield the high voltage from altering
the ion trap potential. The CEM cone voltage is —2.4 kV,
and the mesh is biased at —120 V for efficient extraction.
The trapped ions are extracted toward the CEM by
switching the left side pair of the quadrupole rods, A and B,
to +400 V and keeping the right side pair of rods, C and D,
at 0 V (Fig. 3a). The switching of the extraction voltages
on the quadrupole rods is done using a Behlke™ (HTS-31)
high voltage switch. A symmetric potential profile along
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Fig. 2 a The region of stability for a single Rb* ion in the trap for a
combination of V., and V¢ at rf frequency 500 kHz. b Stability
plots showing maximum trappable rms velocities of a single Rb™ ion
as function of Vi for Vyyer = —5 V and v = 500 kHz. Both the
figures are obtained by solving single particle equation of motion in
the SIMION generated trapping potential as described in Sect. 2.1

the y-axis to guide the ions to the CEM with minimum loss
is maintained. The time of flight of the Rb™ ions is mea-
sured to be around 5 ps (Fig. 3b). The precise position and
width of the arrival time sequence of the ions depend
sensitively on the timing of the extraction pulse with
respect to the rf phase [19]. For the present experiment, we
have ensured that the ion extraction is maximally efficient
for detection. The precise dependence of the ion signal on
the phase at which the ions are extracted will be reported
elsewhere.

2.5 Counting the ions

To determine the number of ions extracted onto the CEM
precisely, two schemes are employed. These are the pulse
counting and the integration mode. In the pulse counting
scheme, the arrival of the ions on the CEM creates a cor-
responding train of current pulses. These are converted into
a voltage signal and measured as 8ns wide negative
irregular pulses with amplitudes ranging from a few to
several ten milli Volt per pulse. The pulse train is recorded
in a digital storage oscilloscope (DSO), and then, the
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Fig. 3 a The voltage configuration on the electrodes for ion
extraction onto CEM is shown. The blue solid lines show the ion
trajectories in the extraction field as simulated in SIMION. b illus-
trates a high density ion signal from the CEM in the pulse counting
mode. In parts of the signal, ion pileup can be seen

number of pulses is counted using an appropriately set
discriminator level [22], of approximately 4 mV in the
present experiment. Negative peaks with amplitude greater
than the discriminator level are counted while the smaller
peaks are discarded as noise. Since the data are recorded
and therefore always available, it allows for a variety of
postprocessing. A drawback of this scheme is the inability
to identify pileup of ions which occurs due to the arrival of
more than one ion within the 8ns pulse width, limiting the
reliable count rate to a few hundred ions per 10 ps. The
advantage is that a robust algorithm for pulse counting
allows data from several runs to be analyzed in a uniform
manner.

In the integration mode, the CEM signal is fed into a low
bandwidth amplifier with set amplification factor, and the
output is recorded on a DSO. The area under the curve,
measured in V ps unit, and a proportionality is established
to the number of ions detected. A calibration between the
pulse counting mode and the integration mode gives the
constant of proportionality as 5.11 & 0.23 ions per V ps.
It should be noted that this constant of proportionality is
dependent on the CEM bias voltage, the amplifier gain and
cut-off frequency. This scheme potentially allows higher
ion count rates.
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2.6 Optimal trapping conditions for Rb*

In this experiment, at a suitable rf frequency of operation
(500 kHz), the optimal trapping of the Rb™ ions relies on
two parameters, Vs and Ve, Optimal trapping conditions
should ensure long lifetime of the ions and is experimen-
tally determined in two steps. In the first set of experi-
ments, the number of trapped ions is counted as a function
of V.. The experiments are repeated at different values of
Vouter @8 shown in Fig. 4a. The shift in the trapping region
with V,uer can be explained from the stability diagram
(Fig. 2a). More negative values of V., increase the
threshold and reduce the range of V¢ for stable trap oper-
ation. The study allows us to choose V= —5 V as a
good operating point, as at this value the trap depth is close
to maximum, with a lower threshold for ion trapping and
wide range of experimentally accessible V¢ values. The
high frequency cutoff of Vi in this experiment comes from
the imperfection of the rf arising due to the gain-bandwidth
saturation of the amplifier. With the chosen value of Ve,
the number of ions in the trap, when held together with the
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Fig. 4 Variation in number of trapped ions detected as a function of
V¢ at 500 kHz for a different values of Vi, and b different trap hold
time at Vyyer = —5 V. All the above measurements were done with
the trapped ions overlapped with the cold Rb atoms in the MOT. The
standard deviation error bars are shown in b
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cold atoms, is measured as a function of V. Figure 4b
shows the results for different holdtimes. For longer
holdtime, the stable V¢ regime shinks, allowing us to find
out ~80 V as the most stable V¢ of operation for the given
trap parameters.

2.7 The secular motion and motional resonances

The dynamical trapping of ions in a radiofrequency trap
leads to motion of the ion that can be decomposed into
micromotion and macromotion. The former is induced by
the driving rf field and has the same frequency as the
driving field. The latter is a slower orbital motion caused
by the effective trapping potential. Experimental determi-
nation of the macromotion frequencies is done by first
trapping ions at the good operating point established above
and then applying a weak rf perturbation, whose frequency
is scanning, to the Vs The perturbation, when in resonance
with the macromotion frequencies, results in rapid heating
of the ions leading to their ejection from the trap. Figure 5
shows the macromotion resonance spectrum of the Rb™
ions obtained at V=80V, Voye= —5V and
vs = 500 kHz. Several resonances are identified as the
fundamental, harmonic and sub-harmonic frequencies
corresponding to the oscillation of the Rb* ions. From the
excitation spectrum in Fig. 5, we find the resonance fre-
quencies f;, and f, to be 54 and 43 kHz, respectively.

The macromotion resonance frequencies above are
independently determined from simulations. Here, the
equation of motion of a single ion is solved for 5,000
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Fig. 5 Motional resonance spectrum of trapped Rb* ions measured
at Viy =80V, Vouer = —5 V and v,y = 500 kHz. The trapped ions
are held for 10 ms during which a low power rf voltage is mixed in
with the V¢ and applied to the inner wires. The figure illustrates the
variation in the ion counts as a function of the excitation frequency,
where each point represents the average of 20 measurements,
comprising a full cycle of ion creation, trapping, excitation and ion
detection. The shaded area represents the standard deviation error.
Frequencies where the ion motion is resonant lead to loss of the ions
from the trap and consequently low ion yield detected on the CEM

cycles, in the potential obtained using SIMION™, for the
optimized trap parameters. The macro motion frequencies
in radial and axial directions are found from the power
spectrum of the particle trajectories in the corresponding
directions. The measured frequencies agree to within a few
percent with the macromotion frequencies obtained from
the ion trap simulations.

2.8 Estimation of trap extent and trap depth

Finally, we determine the secular trap depth at the above
optimized operating parameters by determining the maxi-
mum spatial displacement that an ion can be subjected to,
with zero velocity, and be still be trapped. It is found from
simulations that this distance along the x and y axes is
4.2 mm and the displacement is 3.0 mm along the z direc-
tion as shown in Fig. 6. This is consistent with the poten-
tials illustrated in Fig. 1b. Substituting these values for
maximal displacement into the harmonic oscillator poten-
tial energy expression,

1
Us: = 5m(2nfe:Av)’

where m is the mass of the Rb™ ion, U, _ is the maximum
secular potential energy, f,. is the experimental secular
frequencies and A, ; is the maximum displacement in the
x and z directions, respectively, we obtain the secular trap
depth. On substitution, the secular trap depth is lower in the
z direction and has a value of U, = 0.46 eV, which can be
regarded as a reliable upper bound on the trap depth.
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Fig. 6 The time spent (Tgjec) by the ion in the trap before it ejects
when initial position is displaced along x or z direction is shown. This
illustrates the maximum extent of displacement of a trapped ion along
the x and z axis. The extreme values represent the outermost turning
point for an ion with zero velocity and therefore the overflow point of
the secular trap. The asymmetry along z axis is due to the presence of
unbiased electrodes in the setup causing a slight asymmetry in the
potential. Therefore, in the z direction, we take the lower of the two
values and define the trap extent as 3.0 mm from the origin
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Fig. 7 Plot showing ion yield as a function of hold time in absence
and presence of the MOT. Presence of the MOT leads to longer ion
lifetimes attributed to sympathetic cooling. Solid lines are exponential
fits without or with an offset for the respective experiments. The
standard deviation error bars are shown

3 Ion-atom interactions: stabilization of Rb" ions

The lifetime of the ions in an imperfect trap is finite. The
loss of ions from the trap due to heating is caused by
mainly two factors. Deviation of the trap potential from the
ideal quadrupole form and collision induced phase change.
However, when the ionic ensemble is held together with
the localized parent cold atoms, they are cooled by elastic
and resonant charge exchange collisions. This leads to
stabilization of the number of ions in the trap as has been
shown in earlier work [16, 23]. The present experimental
system, as shown in Fig. 7, shows a significant improve-
ment over our earlier work [16] in the lifetime of the
trapped ions. In the absence of the cold atoms, the ion
lifetime in the trap has improved significantly, and a much
larger fraction of ions is stabilized when held together with
the cold atoms, indicating that the combined ion—atom trap
presented here is robust. This establishes the instruments
capability for studying ion—atom mixtures within a Fabry—
Perot cavity.

4 Discussion, conclusion and science directions

The above experiment characterizes a novel thin wire ion
trap design and discusses its implementation. This com-
prises a crucial part of a versatile an atomic physics
experiment, which brings together ion and atom cooling
and trapping, cold molecules and integrates these three
systems such that they can be simultaneously in the cavity
mode volume. The configuration of ion trap described here
is conceptually adapted from the spherical Paul trap design.
This design is generic in the sense that a change in the
geometry would result in the change in the operating
voltages and frequencies for a particular ion, but could be
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expected to trap ions with comparable results. The reason
for our specific wire trap dimensions is that the present
wire trap can also be used to trap neutral dipolar cold
molecules [20], and our dimensions are adapted for this.
Here, the ion trap is characterized, optimized and operated,
allowing the simultaneous spatial trapping of cold atoms
and ions and demonstrating their interactions. These
experiments can be done in steady state, as the ion and
atom numbers can be held constant by loading and then
time evolution of the mixed system. The open geometry of
the trap enables large optical access and allows the trap to
be placed within a Fabry—Perot resonator, allowing not just
the cold atoms [21] but the ion—atom mixture to be probed
by the Fabry—Perot cavity around the trap.

In addition, our thin wire trap structure can also be used
to impose a strong, constant electric field for atom or
molecule alignment studies, using the cavity as detector. Of
course, in this case, the ions cannot be trapped simulta-
neously, due to the presence of strong constant electric
fields. This flexibility, along with the possibility of trapping
neutral molecules, sets the present thin wire ion trap apart
from the segmented electrode linear Paul trap, which is
also consistent with an axial cavity. Clearly, this combi-
nation, which allows the mixing of cold atoms, trapped and
cooled ions and good quality cavity, is formidable, and a
variety of interesting measurement possibilities are
enabled. Further, the setup allows more than one species of
ion and/or atoms to be loaded simultaneously, and the
interactions among the different species can be probed.
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