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A low-power reversible alkali atom source
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An electrically controllable, solid-state, reversible device for sourcing and sinking alkali vapor is
presented. When placed inside an alkali vapor cell, both an increase and decrease in the rubidium
vapor density by a factor of two are demonstrated through laser absorption spectroscopy on 10-15s
time scales. The device requires low voltage (5 V), low power (<3.4 mW peak power), and low
energy (<10.7 mJ per 10s pulse). The absence of oxygen emission during operation is shown
through residual gas analysis, indicating that Rb is not lost through chemical reaction but rather by
ion transport through the designed channel. This device is of interest for atomic physics experi-
ments and, in particular, for portable cold-atom systems where dynamic control of alkali vapor
density can enable advances in science and technology. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4986197]

Systems based on precision atomic spectroscopy cur-
rently enable some of the most precise measurements of time,
frequency, rotation, and acceleration.' In many of these sys-
tems, the use of atoms cooled to microkelvin temperatures by
lasers results in considerably improved performance, espe-
cially in terms of accuracy. Almost all cold-atom systems
must be operated in a controlled laboratory environment,
in part because the density of the alkali vapor from which
the cold atoms are captured must be kept below about
4x10°cm™>. Vapor cells containing room-temperature
atoms have been scaled-down® for miniature traditional
atomic clock implementations* and applications outside the
laboratory. Similar work to miniaturize cold-atom systems is
ongoing.””’ Controlling the alkali vapor density can be a sig-
nificant challenge for cold-atom system applications outside
the laboratory, because the density can be disturbed by long-
term effects (e.g., gradual loss of alkali atoms to pumps or
getters) as well as short term effects (e.g., changing tempera-
ture affecting equilibrium alkali vapor pressure). Capturing,
cooling, and sustaining a population of cold atoms are only
possible at alkali densities below 4 x 10° cm ™. Furthermore,
the loading time of any cold atom trap is strongly dependent
on the alkali density.® A significant step toward overcoming
these challenges would be the ability to control the alkali den-
sity inside a vapor cell over relevant time scales with a
reversible, electronically actuated alkali source.

The density of a single-component vapor in thermal
equilibrium with a macroscopic amount of solid or liquid is
approximately an exponential function of inverse tempera-
ture within relevant temperature ranges. Alkali vapor pres-
sure therefore can be increased or decreased by adjusting the
cell temperature and, in equilibrium, is determined by the
coldest point on the vapor cell walls. Using this to control
alkali vapor density has the disadvantage of requiring active
heating or cooling of the cell, which requires considerable
power and is usually quite slow. Departures from the solid-
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vapor or liquid-vapor equilibrium vapor pressure can be
obtained in several ways. For example, the cell can be irre-
versibly pumped, either actively (e.g., a vacuum pump) or
passively (e.g., graphite), reducing the vapor pressure to a
steady-state value balancing the pumping mechanism and
evaporation from the solid or liquid source. However, irre-
versible pumping requires the introduction of additional
atoms when high densities are required. Vapor pressures
below the single-component solid-vapor or liquid-vapor
equilibrium values can also be achieved through multicom-
ponent alloys and intermetallics’ or by limiting the alkali
wall coverage to submonolayer or few monolayer equivalent.
The density can be increased using a spatially separated
heated region (e.g., an alkali dispenser'”'" or an atomic
beam'?) or through the localized production of alkali atoms
using a chemical reaction.® Light-induced atomic desorp-
tion (LIAD) can also increase the alkali vapor pressure by a
factor of ten or more'*' and has been used to increase the
loading rate of magneto-optical traps on the time scale of
100 s.' Pulsed alkali dispensers'’™'® and double magneto-
optical trap (MOT) chambers>® have also been explored for
introducing and controlling alkali atom vapor density.
However, none of these methods meet the requirements of
being fast, reversible, low-power, miniaturizable, and
contaminant-gas free which are necessary for control of
atomic vapors for portable cold atomic physics applications.
Solid ion conductors when coupled to a pair of electro-
des control the flux of alkali ions in the solid state.*’ When
one of the electrodes is permeable to alkali atoms, these
devices can be used to increase alkali vapor density.** %
However, the operation temperatures, voltages, and power
draws remain too high for portable applications. The lowest
reported operation parameters to date for a solid ionic con-
ductor alkali source are 120 °C and 50 V.>* This required 35
mW to operate the device in addition to the power required
to maintain the device at 120 °C. This previous work also
shows alkali vapor pressure reduction under reverse bias and
concludes that this demonstrates alkali absorption at high
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activation voltages (130 V) and with widely spaced Pt elec-
trodes. In this work, we report a solid-state electrochemical
device that employs a distinctive electrode and demonstrates
bidirectional rubidium vapor changes without oxygen emis-
sion. The electrodes used here support the transport and
interaction of the electrons, ions, and neutrals necessary for
the electrochemical oxidation of rubidium atoms across a
large fraction of the device area. This enables low voltages
and when combined with a “burn-in” period to remove water
prevents the evolution of oxygen, which we have observed
can cause artificial reduction in the alkali density through
chemical reaction.

Each electrochemical device consists of a solid ion con-
ductor sandwiched by two electrodes (Fig. 1). The ion con-
ductor is 1 mm thick sodium-beta”-alumina. Sodium-beta”-
alumina was chosen instead of Rb-beta”-alumina for ease of
acquisition; however, these devices are expected to interact
with rubidium vapor because many metal ions, including
rubidium,” are mobile in beta-alumina. The sodium present
in the beta”-alumina is not expected to affect the transport of
Rb atoms. The low vapor pressure of sodium and the selec-
tivity of laser absorption spectroscopy should permit the
observation of Rb sourcing as long as Rb sourcing experi-
ments are preceded by a Rb sinking step to load some Rb
into the device. The electrode facing the vapor consists of
two layers. The layer closest to the beta”-alumina is ~10 nm
thick glassy carbon. The glassy carbon material is chosen
because alkali atoms can intercalate and diffuse within it.
Also, graphitic carbon materials support electron conduc-
tion.”® The glassy carbon layer thickness is chosen as a bal-
ance between minimizing electrical sheet resistance and
minimizing the alkali atom capacity when it is fully saturated
with alkali atoms. Reducing the alkali atom capacity is antic-
ipated to be crucial to minimizing the time constants for
sourcing and sinking alkali atoms from the vapor because
diffusion through the glassy carbon cannot be started or
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FIG. 1. Solid-state electrochemical reversible alkali atom source and sink:
(a) schematic of two devices in a vapor cell and (b) image of two devices in
a vapor cell.
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stopped as quickly as ionic conduction. Raman spectroscopy
(Fig. 2) is used to confirm the disordered sp2 nature of the
vapor-facing electrode through the presence of broad peaks
at 1345 and 1590cm™".>” On top of this layer are 0.1 mm
wide fingers of 10nm Ti/80nm Pt. The backside electrode
consists of 0.1 mm wide fingers of 10nm Ti/80 nm Pt onto
which graphite particles in a polymeric binder are applied.
The backside electrode is encapsulated in vacuum-
compatible epoxy to prevent direct interaction between alkali
atoms in the backside electrode and the vapor.

The vapor cell includes two devices, each 3cm x 0.95 cm,
inside a rectangular glass cell (3.5cm x 1cm x 1 cm internal
volume). The two devices are positioned with their vapor-
facing electrodes facing each other and are separated by a
gap. Four polyimide-coated copper wires connect each elec-
trode to a unique pin on an electrical feedthrough. The open
end of the glass cell is connected to a vacuum system. There
is a valve for sealing off the cell containing the devices
from the rest of the vacuum system, which includes a
SAES? rubidium alkali dispenser, a turbo pump (801/s),
and a Residual Gas Analyzer (SRS RGA 300). A 795 nm
laser beam (New Focus TLB 7000) is passed through the
cell between the devices. Laser frequency modulation (FM)
spectroscopy (foq = 10kHz) is employed to quantify the
Rb vapor density between the devices as shown in Fig. 1(a)
with its 2f component and lock laser frequency with its 1f
component. After achieving a base pressure of 10~ Torr,
electrical current is passed through the SAES Rb source
emitting Rb into the system. After several hours, the Rb
vapor density is ~10'%cm ™.

The electrochemical devices are wired in parallel. An
electrical open is maintained when the devices are in an
“off” state and voltage control is used when the devices are
in an “on” state. Positive voltage is defined when a higher
electrical potential is applied to the vapor-facing electrodes
compared to the backside electrodes. Current is measured
with a voltmeter across a 4.6 kQ resistor in series with the
pair of electrochemical devices.

To test for Rb sinking functionality, three square wave
pulses (+20V, 10 s duration, >230 s spacing between pulses)
are applied to the device. Finally, a much longer pulse
(4+20V, 400 5s) is applied. Throughout this entire Rb sinking
test, the SAES Rb source is continuously active and the Rb
vapor density, as determined by laser absorption, is continu-
ously recorded. The results are time shifted so that the
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FIG. 2. Raman spectrum of the glassy carbon electrode on beta-alumina.
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beginning of each pulse aligns with t=0s and are depicted
in Fig. 3. For each of the 10s pulses, a rapid drop in the Rb
vapor density for approximately 13-15 s is observed, fol-
lowed by a slow rise. For the longer pulse, the Rb vapor den-
sity drops quickly in the first 15s and continues to slowly
drop as time proceeds. In all cases, current initially peaks
and then decays as long as voltage is applied to the device
[Fig. 3(b)]. Throughout the experiment, the RGA O, signal
is monitored [Fig. 3(c)] and no significant oxygen evolution
is observed.

It is clear that stimulating the device causes rapid and
reproducible reduction in the Rb vapor density. Because no
O, emission is observed, this reduction in Rb vapor density
is attributed to adsorption, electrochemical reaction, and
sequestration of Rb atoms into the device rather than reaction
with emitted oxygen [Fig. 4(a)]. As soon as the voltage is
removed, the Rb vapor density increases. This is attributed
to Rb emission from the SAES source and from Rb desorp-
tion from the glass cell walls entering the vapor region
between the devices [Fig. 4(a)]. Higher magnitude initial Rb
vapor densities lead to larger changes in Rb vapor density,
also consistent with an adsorption process.

Rb vapor density (x10° cm-3)

£1.0 - (ii)
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"

FIG. 3. Testing of Rb vapor sinking capabilities of Na-beta”-alumina elec-
trochemical device with SAES Rb source active: (a) Rb vapor density over
time for (i, ii, and iii) +20 V, 10s pulses and (iv) 420 V, 400 s pulse; (b) cor-
responding current vs time; and (c) corresponding RGA partial pressure of
O, versus time.
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FIG. 4. Mechanisms during (a) Rb vapor sinking: (1) Rb adsorption, (2) Rb
diffusion in graphitic carbon, (3) Rb™ ion conduction in beta-alumina, (4)
Rb storage in solid graphite reservoir, (5) Electron transport in graphitic car-
bon and TiPt, and (6) Rb desorption from passive walls and (b) Rb vapor
sourcing from walls and electrochemical device: (1) Rb desorption, (2) Rb
diffusion in graphitic carbon, (3) Rb™ ion conduction in beta-alumina, 4)
Rb extraction from solid graphite reservoir, (5) Electron transport in gra-
phitic carbon and TiPt, and (6) Rb desorption from passive walls. Note that
when Rb vapor sourcing is from walls and not electrochemical device, only
step 6 is active.

To test for both Rb sinking and sourcing functionality in
rapid succession, additional testing is conducted with the
SAES source off. Initially, the cell is loaded with Rb from
the SAES source. After the Rb vapor density in the cell
reaches 8 x 10° cm*3, the SAES source is turned off. Two
electrical signals, each followed by a quiescent period, are
applied to the device to enable comparison. First, a square
pulse of +5V for 10s is applied followed by an open circuit
across the electrochemical devices. Second, two square
pulses in immediate succession (45 V for 10 s, then —5V for
10s) are applied followed by an open circuit condition. The
results are time shifted so that the beginning of each positive
voltage pulse aligns with t=0s and depicted in Fig. 5. As in
the prior test, the RGA O, signal is monitored [Fig. 5(c)] and
no significant oxygen evolution is observed. Of note is that
only 5V is required to activate the device. The low voltage
and low current [Fig. 5(b)] result in low peak power (<3.4
mW peak power) and low energy (<10.7 mJ per 10s pulse).

Again, the application of a positive voltage reduces the
Rb vapor density over 10-15 s and this is attributed to Rb
adsorption, electrochemical reaction, and sequestration. This
decrease is similar in rate and magnitude in both cases. In con-
trast, the increase in Rb vapor pressure that starts at around
t=15s is faster and achieves a greater vapor density after the
negative voltage pulse is applied. In the case with only the
positive voltage pulse, the Rb vapor density increase is attrib-
uted to desorption of Rb from the glass cell walls. In the nega-
tive voltage pulse case, ionic transport in the electrochemical
device is reversed so that alkali ions are conducted toward the
vapor-facing electrode instead of being pulled toward the back
electrode [Fig. 4(b)]. At the vapor facing electrode, Rb" ions
can combine with electrons to form Rb neutrals. These Rb
neutrals can then diffuse through the glassy carbon layer and
desorb into the vapor. The Rb flux from this pathway in addi-
tion to the Rb desorption from the walls results in a greater Rb
vapor density change when the negative voltage is applied.
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FIG. 5. Testing of Rb vapor sinking capabilities of the Na-beta”-alumina
electrochemical device with SAES Rb source off: (a) Rb vapor density over
time for (i) +5V, 10s pulse and (ii) +5 V, 10s pulse followed by =5V, 10s
pulse; (b) corresponding current vs time; and (c) corresponding RGA partial
pressure of O, versus time.

The device test results demonstrate reversible function
that depends on the polarity of the applied voltage. When the
vapor facing electrode has a higher potential applied to it, the
RD vapor pressure decreases, and when the backside electrode
has a higher potential applied to it, the Rb vapor pressure
increases. This agrees with the expected ionic conduction
directions in the beta”-alumina. Although not individually
tested, the system level performance indicates that the back-
side electrode appears to be working as a solid-state alkali
reservoir. The mechanism is assumed to be similar to
lithium-ion graphite battery electrodes in which alkali atoms
intercalate into graphite particles.”® Furthermore, the system
level performance indicates that the glassy carbon vapor-
facing electrode is also working as intended. The glassy car-
bon allows both electron conduction and alkali neutral diffu-
sion in the same material, thus enabling a large area fraction
of the electrode that is electrochemically active. This is the
likely reason why the device studied here functions at low
voltage. This device has similar time constants compared to
LIAD," which can change alkali vapor density in as few as
10s; however, so far the maximum relative vapor density
change of this device is below that achievable with LIAD,
which can change alkali vapor density by over a factor of ten.

Appl. Phys. Lett. 110, 244101 (2017)

This device is anticipated to be useful in cold-atom sys-
tems and micro-systems. In particular, the ability to rapidly
and electrically vary the alkali atom vapor density using
milliwatts of power may enable control of alkali atom vapor
density in demanding thermal environments and over long
durations. This can be especially useful for portable cold-
atom systems. Significantly faster device operation is likely
possible with optimized electrode chemistries and designs.
Because many alkali metals, alkaline earth metals, and some
transition metals and metalloids form mobile ions in beta-
alumina, this device is useful for more than rubidium vapor.
Furthermore, the ability to rapidly vary alkali vapor density
may enable new kinds of cold atom trapping and measure-
ment sequences.
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