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Evidence of sympathetic cooling of Na* ions by a Na magneto-optical trap in a hybrid trap
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A hybrid ion-neutral trap provides an ideal system to study collisional dynamics between ions and neutral
atoms. This system provides a general cooling method that can be applied to species that do not have optically
accessible transitions and can also potentially cool internal degrees of freedom. The long-range polarization
potentials (V oc —a/r*) between ions and neutrals result in large scattering cross sections at cold temperatures,
making the hybrid trap a favorable system for efficient sympathetic cooling of ions by collisions with neutral
atoms. We present experimental evidence of sympathetic cooling of trapped Na* ions, which are closed shell
and therefore do not have a laser-induced atomic transition from the ground state, by equal-mass cold Na atoms

in a magneto-optical trap.
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I. INTRODUCTION

Hybrid traps are ideal experimental systems for studying
collisional dynamics between neutral atoms and atomic or
molecular ions. Trapped cold ions are potential candidates
in studies related to precision measurements [1,2], quantum
computing [3,4], and ultracold quantum chemistry [5—12]. In
most of these applications the trapped ions are required to be
cooled to low temperatures to extend their storage times and
spectroscopic resolution. Various cooling mechanisms such as
laser cooling [13,14], resistive cooling [15,16], sympathetic
cooling by other cotrapped cold ions [17-19], or buffer gas
cooling [20-22] have been regularly implemented.

As originally proposed by Smith e al., our hybrid trap
consists of a magneto-optical trap (MOT) concentric with and
encompassed by a linear Paul trap (LPT) [23,24]. The hybrid
trap apparatus has recently been used in several experimental
measurements of charge-exchange rate constants [7-9] and
creating a cold molecular-ion source [25]. Using localized
cold or ultracold atomic gases to cool ions in a hybrid trap
has been investigated using cold atoms from a MOT (cooling
to a steady state of 200 trapped Rb™ ions) [26] or a Bose-
Einstein condensate (BEC) (for a single ion) [10-12]. This
paper describes experimental evidence of effective cooling of
an initially large population (~10°~10*) of Na™ ions by elastic
scattering and resonant charge-exchange collisions with cold
equal-mass Na MOT atoms in a hybrid trap.

Sympathetic cooling is achieved when the translational
kinetic energy of one gas is reduced by elastic, inelastic, and
charge-exchange collisions with another colder gas [19,27].
When collisionally cooling one ionic species of mass m; with
another pre-cooled ionic species of mass m¢, experiments
[18] and simulations [28] have demonstrated that a wide
range of mass ratios m;/m¢ can be cooled using this ion-ion
sympathetic cooling technique.

In the case of sympathetic cooling by a neutral buffer
gas, as first demonstrated by Major and Dehmelt [22], the
cooling is limited by the ratio between the ionic (m;) and
the atomic (m,4) masses. Only when m;/m4 > 1 can the
cooling overcome the atom-ion rf heating [29]. More recent
theoretical work suggests that the buffer gas mass ratio may go
as low as m;/m4 > 0.65 [20]. However, unlike a buffer gas,
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which is dilute and extends throughout the trapping region,
a MOT is very dense, localized cloud of neutral atoms. As a
result, certain approximations made in Ref. [22] that lead to
my/m4 > 1 do not apply [26]. Therefore, ion collisions with
the MOT result in little to no atom-ion rf heating until the
ions secular motion amplitude is smaller than the radius of
the MOT. This allows ions to be sympathetically cooled by
equal-mass neutral atoms [10,26,27].

Sympathetic cooling is advantageous because it can be
applied to atoms and molecules that do not have optically
accessible transitions [13,14,24] and has been theorized to be
able to cool the internal degrees of freedom of molecular ions
[24,30]. Since Na™ is a closed-shell ion, the conclusions of this
study should be applicable to other atomic and molecular ions
that do not have a laser-induced transition. Lastly, sympathetic
cooling with a MOT is useful in that it doubles as an efficient
source of atomic or molecular ions [25] and a refrigerant for
those equally massive or more massive ions.

Ion-neutral interactions at low energy are dominated by the
long-range polarization potential V oc —a/r*, where « is the
dipole polarizability of the neutral species. The collision cross
sections between ions and atoms are considerably larger than
the cross sections between two neutrals at cold temperatures
[24,31,32]. We previously investigated the feasibility of sym-
pathetic cooling of Na™ and Ca™ ions by a Na MOT via SIMION
simulations [27]. In this simulation paper, we considered
both elastic scattering and resonant charge exchange for Na™
cooling by aNa MOT and only elastic scattering for the cooling
of Ca't by a Na MOT. In both cases effective cooling should be
achieved. This paper shows evidence of sympathetic cooling
for the Na™ case.

It was shown in [26] that resonant charge exchange can play
an important role in equal-mass ion-neutral cooling within a
hybrid trap. For our system, the charge-exchange cross section
is slightly less but comparable to that of Rb™-Rb [26,31]. The
dominant cross section is always elastic scattering within the
relevant temperature range [31]. The role of charge-exchange
collisions may be even more important to our system compared
to the Rb-Rb™ experiment, since elastic scattering for Na is
smaller (the elastic cross section scales like (na?)!'/3 [31]).
However, as we found in our simulations for Ca*, which only
included elastic scattering and demonstrated better cooling
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than the Na' case, charge exchange is not required to
sympathetically cool ions with the hybrid trap.

This paper is organized as follows: In Sec. II, we discuss
our experiment, which includes a description of the apparatus
as well as trap-loss mechanisms. Trap-loss mechanisms are
important to understand the results of our experiments, which
are presented in Sec. III. We conclude in Sec. IV.

II. EXPERIMENT

A. Apparatus

The hybrid trap consists of a Na MOT concentric with an
ion cloud confined within a linear Paul trap.

A standard Na-type I MOT [27,33-35] is formed as shown
in Fig. 1. In addition to the anti-Helmbholtz coils required for
the MOT, magnetic shim coils are also placed outside the
vacuum chamber, enabling the MOT to be translated for better
overlap with the ion cloud. A Na source (Alvatec or SAES)
inside the vacuum chamber provides the ~1000 K background
Na gas from which the MOT is produced. The vacuum
chamber was maintained at a constant pressure on the order of
~107 Torr by continuous pumping with an ion pump.
Using standard fluorescence measurements taken with a
photomultiplier tube (PMT) and/or a complementary metal
oxide semiconductor (CMOS) camera [36,37], a peak MOT
density of ~10'° cm~ was inferred for the type-1I MOT.

The release and recapture [38] technique was implemented
to measure the MOT temperature, which was found to be
0.2(1) mK. The model typically used with this measurement
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FIG. 1. (Color online) Diagram of the hybrid trap apparatus. A
Na MOT (orange) is formed concentric with an ion cloud (gray)
inside a segmented linear Paul trap (LPT) with six 589-nm MOT
beams (yellow) and a pair of anti-Helmholtz coils (exterior to the
chamber). A 405-nm beam (blue) aligned colinearly with one of
the MOT beams is used for REMPI. Fluorescence measurements of
the MOT can be made with a photomultiplier tube (PMT) or a CMOS
camera. An electrically biased mesh is placed between the LPT and
the Channeltron electron multiplier (CEM) which is used for ion
detection. Inset: Axial view of Paul trap with Cartesian coordinate
system.
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assumes ballistic expansion of the MOT cloud, which in a
hybrid trap is impeded by the LPT apparatus. Atoms are
reflected back into the recapture region by the trap electrodes,
systematically lowering the effective temperature measured.
Therefore, the measurement was considered a lower limit
of the actual MOT temperature, which is likely an order of
magnitude higher [35,39].

The Na™ ions necessary for this experiment are captured
by utilizing an LPT. Our LPT consists of four segmented
metal rods assembled as shown in Fig. 1 and discussed in
further detail in Ref. [27]. The four center segments, termed rf
segments, are used for radial confinement of charged particles,
while the eight end segments (four on each end) are used for
axial confinement. The rf segments are supplied with a voltage
of the form £V, cos Q¢, with the voltage on the pair of rods
along the x; axis 180° out of phase from the voltage on the
pair along the x, axis. This configuration effectively creates
a rotating quadrupole saddle potential at the center of the
LPT [13,40-43]. Unless otherwise specified, the amplitude
was set to Vi = 36 V and the driving frequency was set to
Q/2m =729 kHz. Confinement along the axis is provided by
adc potential Vg = 35 V on the end segments with the center
segments at dc ground.

The total time-dependent electrical potential near the center
of the LPT due to these applied fields is approximated by
(for x12 + x% < rg

2 2
B(x;,1) ~ Vygoos (Q) A2
o
V. x2 4+ x2
+7I ;nd (x32_ 1 2>’ 1)
25 2

where x; is the magnitude of the position vector with the
coordinates given in Fig. 1 (inset), the distance between two
diagonal electrodes is 2rp = 19 mm, the length of the rf
segment is 2z9 = 48 mm, and n = 0.14 is a unitless efficiency
factor dependent on the geometry of this particular trap.

The motion of a single ion within this oscillating electric
field is described by the Mathieu equation [22]. This motion
can be divided into a slow secular motion and a rapid
micromotion at the rf driving frequency €2 [44].

The sequence of loading, trapping, and detecting the ions
is depicted in Fig. 2. Ions were loaded into the LPT via a
resonance-enhanced multiphoton ionization (REMPI) method
[45]. A laser diode at 405 nm (RGBLase LLC, 100 mW) drives
excited Na atoms into the continuum, thereby producing Na™
ions. The 405-nm laser beam is colinear with one of the MOT
beams (Fig. 1). The initial number of ions loaded within the
LPT can be controlled by adjusting either the 405-nm laser
intensity or the exposure duration #| oq.

A destructive ion detection method was employed using a
Channeltron electron multiplier (CEM) positioned adjacent to
the LPT along its trap axis as shown in Fig. 1. An electrically
biased mesh placed between the LPT and the CEM isolated the
CEM from the trapped ions, thereby ensuring that the trapping
fields were not disturbed by the high operating voltages of the
CEM.

The trapped ions are extracted by lowering V.,q closest to
the CEM from the initial 35 V to —7 V and the opposite Venq
from 35 to 0.5 V, producing a dipolar electric field between
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FIG. 2. (Color online) (a) The transistor-transistor logic (TTL)
pulse used with the 405-nm laser diode to load (loading time denoted
by f10ad) Na't ions via the REMPI method. (b) Venq of the four end
segments closest to the CEM is lowered at the time of extraction to
generate a dipolar field between the ends of the LPT to direct the
ions toward the CEM. (c) A typical ion signal from the CEM and
preamplifier.

the two sets of end segments accelerating and directing the
ions into the CEM [26,46]. The CEM signal is fed through
a preamplifier which outputs the integrated ion signal. The
amplitude (peak value) of the ion signal from the preamplifier
is directly proportional to the number of ions in the trap at
the beginning of #gxiact. Additionally, the MOT can be turned
on or off via an electronic shutter on one of the 589-nm
retroreflected beams during an adjustable percentage of the
tTrap and/or loading time f1oaq.

The number of trapped ions was determined by calibrating
the CEM to the observed photoionization from the MOT.
The photoionization rate was measured using the methods
described in Ref. [47]. This calibration is accurate to an order
of magnitude.

Operating the LPT in the presence of the magnetic field
produced by the anti-Helmholtz coils used to generate the
MOT was experimentally established to have little impact
on the trapping and detection of ions. Similarly, the LPT rf
fields did not affect the number of cold MOT atoms in any
measurable way.

B. Trap-loss mechanisms

The LPT can only trap ions whose energy is below the trap
depth. The radial and the axial trap depths [48] are defined as
eq1 Vit _ €77Vendr§

2
4 22} @

DrRadial =

and
Daxiat = neVenq. 3)
The LPT stability parameter is defined as g; = deVip [27].

m,r&Q2
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For most of the results presented in Sec. III, when
q1 ~ 0.32, Dragia =~ 2 eV. Similarly, during the trapping time
Daxial Was always ~5 eV. When an ion’s mean secular energy
rises above the trap depth due to heating within the LPT it will
evaporate from the LPT, resulting in trap loss.

Heating mechanisms, which can result in ions being lost
from the trap, have to be overcome by the sympathetic cooling
to achieve low ion temperatures. Trapped ions decay exponen-
tially from the LPT, and ions which have been sympathetically
cooled have been demonstrated experimentally to have longer
lifetimes due to elastic scattering and nonradiative charge-
exchange collisions [31] with cold neutral atoms [22,26,49].

Ion collisions cause energy to be exchanged between their
micromotion and their secular motion, a process called atom-
ion (if the collision is between the ion(s) and atoms) or ion-
ion (between cotrapped ions) rf heating [21,42,50]. Another
ion-trap heating mechanism is excess micromotion heating
[11,44]. It is caused by imperfections in the construction or
the alignment of the trap electrodes, the relative phase of
the electric fields, and stray fields present within the trapping
region due to other electric devices as well as charge buildup on
insulating materials in the chamber. In addition to testing trap
lifetime extension via sympathetic cooling, we experimentally
found that increasing individual heating mechanisms reduced
trap lifetimes in the LPT.

Since ion-ion and atom-ion rf heating are an inevitable
by-product of ion trapping in an LPT and are dependent
on the value of the g; stability parameter [51], we had to
experimentally determine the most favorable Vi for our LPT.
In the absence of any cooling, we scanned V¢ and found the
largest ion signal and longest trap lifetime corresponded to
g1 = 0.5. Similar results were found in Ref. [52]. This is likely
due to the balance of competing factors such as single ion
stability, atom-ion rf heating, ion-ion rf heating, and trap depth.
We found that with a ¢ < 0.5 there was reduced heating (as
was seen in simulations performed in Ref. [27]), but ¢ < 0.2
would significantly reduce the trap lifetime, likely due to the
reduced trap depth. Therefore, in trap lifetime measurements,
which comprise the majority of the results in Sec. III, we use
q =~ 0.32.

In the presence of 589-nm light, Na MOT atoms (uniquely
among the alkali metal atoms but commonly in alkaline earth
atoms) are additionally subject to photoassociative ionization
(AI) reactions which produce Na,* molecular ions [53,54].
Na™ ions are produced from these Naj ions via two mech-
anisms: resonant photodissociation caused by the 589-nm
photons and collisional photodissociation caused by collisions
with excited Na(3p) atoms [55]. As a result, the Na MOT is
itself a source of Nay* and Na™ ions. Since the time of flight to
the CEM is not resolved for the two ionic species, any charged
particles (atomic or molecular) introduced during 1y, increase
the ion signal. These MOT-born ions due to Al can interfere
with the sympathetic cooling experiment by thermalizing with
the ion sample under study through Coulombic interactions,
ultimately resulting in increased ion-ion rf heating.

To quench unwanted ions from the LPT, mass selective
resonant excitation was implemented [56,57]. Figure 3(Ia)
shows the Na,* and the photodissociated Na™ produced during
ITrap from the MOT. An external ac field was introduced on the
rf trap segments in a quadrupole configuration set at the radial
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FIG. 3. (Color online) (I) (a) Na,* and the photodissociated Na™
produced by the MOT. (b) The null ion signal after mass selective
resonant quenching applied at the Na, ™ radial secular frequency. (II)
A radial ac quenching field frequency scan of Na,™ and Na™ ions
produced by the MOT due to AI. We find resonances at the Na, ™ first
harmonic at 36 £ 1 kHz, the Na, " second harmonic at 71 4 1 kHz,
and the first harmonic of Na™ at 75 4 1 kHz. (II) An illustration of
the ac side-effect heating without the MOT. (a) Relative trap loss of
Na™ ions without the ac quenching field applied to the trap segments
of the LPT and (b) with the ac field set at the radial secular frequency
of Na,* ions at an amplitude V.. = 1.8 V. (The error bars are smaller
than the data points.)

secular frequency of the trapped Na,™ ions. The amplitude
of the external ac quenching field (Vi) is set much lower
than that of the rf driving field amplitude Vi (Viee < 5%
of Vi¢) to prevent any disturbance of the trapping potential.
The frequency of the external ac quenching field was scanned
while monitoring the ion signal with the CEM, as shown in
Fig. 3(II). Ions are ejected from the trap when their secular
frequency resonates with the applied external ac field because
the ions’ energy is resonantly driven above the trap depth. Our
experimental secular frequency measurements showed good
agreement with SIMION simulations. For example, the values
for Na* wayia and wRadia found via simulations were ~36 and
~76 kHz; experimentally we found them to be 35+ 1 and
75 &£ 1 kHz, respectively.

Although this technique sufficiently quenched extraneous
ions, it presented a new heating mechanism referred to as ac
side-effect heating [27]. When mass selective quenching is
implemented resonantly at the Na,* radial secular frequency,
the motion of the trapped Na™ ions is perturbed. As shown
in Fig. 3(IlI), when the MOT was turned off during f1ysp, the
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presence of the ac quenching field on the trap segments leads
to additional trap loss.

The ions created from Al within the MOT prevent us from
studying a small number of ions. Even when quenching is on,
the CEM measures a background signal from the Al ions. In
order to keep a high signal-to-background ratio, the minimum
initial number of Na* ions loaded in the trap ranged from
10° to 10*.

The amplitude of the secular field V.. must be chosen to
balance, sufficiently quenching the Na, ™ ions and minimizing
ac side-effect heating. At the value of g; for Na* that we used
(g1 =~ 0.32) we found a minimum value of V. & 1 V was
required to sufficiently quench the Na,* background signal.
We found that when V.. was increased from this minimum
value by as little as 20%, the ac side-effect heating would begin
to overwhelm the sympathetic cooling from the MOT.

Both g; and V. are inversely dependent on the mass of
the species trapped. Since Na,™ is twice the mass of Nat, it
experiences half the g; and half the trap depth experienced
by Na'. Therefore, as g; of Na' is lowered, the minimum
necessary V. is also lowered; as a result the ac side-effect
heating is also lowered. This gives further motivation for using
g1 < 0.5. Experimentally, we found that if ¢; < 0.2 the Na,™
trap depth and stability parameter are so low that the minimum
necessary Vi ~ 0V, i.e., Nay* is not trapped.

III. RESULTS

Since ground-state Nat does not have an optically accessi-
ble transition, direct fluorescence-based Doppler temperature
measurements were not possible. Instead, four different in-
direct measurements were taken to demonstrate sympathetic
cooling of Na* ions by the Na MOT.

Figure 4 shows a semilog plot of a typical ion lifetime
measurement with and without sympathetic cooling by the
MOT. The ions were initialized from the background Na
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FIG. 4. (Color online) Na* decay curves on a semilog scale have
an exponential decay showing the difference in trap loss between ions
that were sympathetically cooled by the MOT (a) and ions that were
not exposed to the MOT (b). (The error bars are smaller than the data
points where they are not visible.)
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FIG. 5. (Color online) Fraction of ions remaining in the trap, at
an initial Dgygiay & 0.6 €V, as a function of a sudden change in trap
depth (A Dgqgia) before extraction after a fixed frp = 5 s. Curve (a)
is with MOT cooling. Curve (b) is without MOT cooling. (The error
bars are smaller than the data points.)

gas, resulting in an initial time-averaged mean ion cloud
kinetic energy of ~1 eV (according to SIMION simulations).
The external quenching of Na,™ ions was implemented
during this process, and any residual background signal was
subtracted from the final experimental values to eliminate any
contributions from ions produced during ftrp. As shown in
Fig. 4, Na™ ions that were cooled by the Na MOT stayed in the
trap longer. Similar results were obtained for a smaller number
of ions in Ref. [26] with Rb™ ions and a Rb MOT.
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FIG. 6. (Color online) Ion signal (proportional to the number of
ions) plotted against the fraction of a fixed #y,, = 8 s during which
the ions were exposed to the MOT. In curve (a) the ion signal is seen
to increase linearly as MOT exposure approaches 100% of the fixed
trapping time. In curve (b) the background reading shows effective
quenching of Al MOT produced ions. (The error bars are smaller than
the data points where they are not visible.)
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The shape of the decay curves shown in Fig. 4 are typical
whether the ions are loaded via REMPI, from the MOT or the
background gas. Therefore the temperature of the source of
the neutrals from which the ions are produced has little effect
on the trap lifetime or the final temperature, as predicted in
Ref. [27].

The second test used to demonstrate sympathetic cooling
measures the trap loss as a function of changing trap depth.
When the ion cloud is cooled by the MOT, the energy
distribution of the ion cloud changes. Therefore a hotter ion
cloud should yield a larger fraction of ions lost after a sudden
drop of the LPT’s trap depth [58].

After trap = 5 s with a Drgagial of 0.6 €V, the radial trap
depth was lowered suddenly by A Drygiy for 10 ms duration
(tprop) by reducing V. immediately prior to extraction. After
suddenly lowering V, ¢, the ions were detected using the CEM.
As A Dragial 1s increased, the ions that are not cooled begin to
evaporate from the trap at a much smaller A Dg,gi, than when
the ions are sympathetically cooled (Fig. 5).

This experiment (Fig. 5) was conducted at an initial Na™
g1 = 0.18 value, for which the Al-produced Na,* and Na™*
ions are not captured in the LPT and therefore secular
quenching was not necessary. However, this test produced
similar results at various g, fprop, and fty,p values.

The third method employed to show sympathetic cooling
was by changing the percent of trapping time an ion sample was
exposed to the MOT during a fixed #1r,p = 8 s. The ion signal
increases linearly as a function of increasing MOT exposure
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FIG. 7. (Color online) (a) Ion signal (proportional to the number
of ions) is plotted against the translated position of the MOT, which
is a caused by an applied shim coil current. Position =0 mm
corresponds to the point of maximum ion signal. A Gaussian fit
of curve (a) gives a full width at half maximum of 3.2 £ 0.2 mm.
(b) Effect of the shim coil on the trapped ions when the MOT is
not present. (¢) Background MOT-born Al ion signal showing that
translating the MOT across the LPT axis does not affect the quenching
process. Inset: Shows the MOT moving (+) to (—) as (from right to
left) viewed from the CEM. (The error bars are smaller than the data
points where they are not visible.)
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time, i.e., increased exposure time leads to a larger fraction of
ions cooled below the trap depth (Fig. 6).

The overlap of the MOT with the ion cloud, which was
demonstrated to have a significant effect on sympathetic
cooling in Refs. [10,27], was tested and provided a fourth
and final test to demonstrate cooling. Moving the MOT with
respect to the ion cloud was accomplished by using a magnetic
shim coil. The trapped ion signal is obtained after a fixed
ITrap = 7 8. As portrayed in Fig. 7(a), the ion signal reached
a maximum as the MOT was translated across the x; — x>
plane. Although the ion cloud cannot be optically imaged,
the relative MOT position at which the maximum ion signal
occurs is likely where the MOT is concentric with the ion
cloud. A Gaussian fit of curve (a) Fig. 7 yields a full width
at half maximum of 3.2 £ 0.2 mm. This measurement can be
interpreted as an upper bound of the size of the ion cloud in
the MOT translation direction. The shim coil itself does not
dramatically affect the ion signal [see Fig. 7(b)] or the resonant
quenching of extraneous ions [see Fig. 7(c)].

IV. CONCLUSION

We demonstrated sympathetic cooling of Na™ ions by a cold
Na MOT in a hybrid trap. Since the Na MOT also produces
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Na,™ and Na' ions via photoassociative ionization and
subsequent photodissociation, measures were taken to quench
this external ion production in order to demonstrate a clear
cooling effect, which we observed despite this experimental
obstacle.

Evidence of sympathetic cooling by cold MOT atoms was
investigated using four different methods. Difference in trap
lifetime, trap loss due to changing trap depth, variable MOT
exposure time, and MOT overlap were tested experimentally
and the results support sympathetic cooling of Na't ions by
an equal-mass Na MOT as hypothesized. Because of our
previously published work in simulating this system [27], this
result was surprising to us (but not inconsistent) that the hybrid
trap is able to effectively cool a relatively large number of
cotrapped ions.
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