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Integrating alkali atomic vapors with nanophotonic devices offers a scalable route to quantum technologies
that leverage strong atom-photon interactions. While there have been many approaches to such integration,
the general reliance on traditional glass vapor cells, distilled alkali metals, and epoxy sealing limits
reproducibility and scalability. Moreover, mitigating adverse Rb-photonics interactions is essential,
particularly as devices become more compact and the alkali source lies in close proximity to the photonic
elements. Here, we demonstrate the successful operation of compact and fully integrated devices that
combine silicon nitride photonic integrated circuits (PICs) with microfabricated borosilicate vapor cells and
pill-type rubidium (Rb) dispensers through hermetic seals via anodic bonding. We show how successful
operation hinges on optically activating the dispenser in a low-power pulsed mode, releasing controlled
amounts of Rb vapor on demand while mitigating photonic degradation. Simultaneously, a counter-
propagating desorption laser completely suppresses Rb-induced losses and enables waveguide-based
atomic vapor spectroscopy. Using this approach, we demonstrate repeatable control of vapor density by
tuning activation pulse length, duty cycle, and device temperature. These results establish a compact,
manufacturable, and scalable vapor-PIC device, and set the stage for future demonstrations in cavity

quantum electrodynamics, quantum nonlinear optics, and chip-scale atomic sensors.

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Integrating thermal atomic gases with photonic circuits paves
the way for compact, chip-scale devices incorporating light
sources, atomic media, routing, filtering, interference, and detec-
tion, thereby enabling deployable atom-light-interaction-based
technologies such as precision sensors, frequency references, and
nonlinear optical systems. Alkali atoms such as rubidium (Rb)
are of particular interest due to the wide range of experiments
and applications they support [1]. Various systems have been
put forth to enable interactions of alkali vapors with guided
optical waves, including tapered nanofibers [2-8], hollow-core
fibers [9-16], hollow-core waveguides [17], and photonic inte-
grated circuit (PIC) waveguides [18-25]. PIC-based devices have
recently attracted particular interest due to the varied ways in

which they control optical fields [18, 20, 23, 26], the ability to real-
ize strongly enhanced light-matter interactions in PIC resonators
and waveguides [22, 23, 25], the straightforward collection of
light that has interacted with the atoms, and the potential for
integration with complementary components, particularly in
silicon nitride photonics [27-31]. Ideally, hybrid vapor-PIC sys-
tems should be created through scalable fabrication processes,
using an alkali metal source that is straightforward to handle
and incorporate within such a fabrication flow.

In ref. [32], we demonstrated a process for creating fully-
integrated vapor-PIC devices, where silicon nitride PICs are
anodically bonded to borosilicate glass vapor cells that incorpo-
rate Rb “pill” dispenser sources (a similar effort has also recently
been reported [33]). Such Rb sources, which consist of a mixture
of rubidium molybdate and zirconium and aluminum powders,
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are commercially available, atmosphere stable, and require only
a simple infrared laser activation mechanism for releasing Rb
after completed fabrication. As a result, they are now commonly
used in applications such as atomic clocks, magnetometers, and
wavelength references [34—41].

Using the above platform, in this work, we focus on near-
field interactions between Rb vapor and the evanescent field of
air-clad PIC waveguides. We demonstrate the operation of such
vapor-PIC waveguides by employing multiple strategies to limit
the impact of adverse Rb-PIC interactions. We start by consid-
ering the most straightforward approach, in which the Rb pill
source is activated with a standard process similar to that used
in the above applications, and show that it results in a significant
increase in the propagation loss of the air-clad PIC waveguide
(> 1750dBcm™1), so that only very short waveguides (on the
order of ~ 100 pm in length) are viable for waveguide-based
Rb spectroscopy. We then consider methods to overcome such
Rb-induced PIC loss, through experiments that study simulta-
neous Rb pill activation, free-space Rb spectroscopy, and PIC
waveguide spectroscopy. We demonstrate that the combination
of low-power pill activation with a counter-propagating des-
orption laser sent through the waveguide results in waveguide
losses that are not degraded by pill activation (to within our mea-
surement uncertainty), thereby enabling waveguide-coupled Rb
spectroscopy. Moreover, we characterize the attributes of this
low-power activation approach, which consists of a transient
decay of the spectroscopic signal that depends on laser pulse
power and duration. We show that the Rb vapor density can be
controlled by laser activation parameters, with cell temperature
providing additional control, and that through repetitive pulses,
a quasi-steady density regime can be achieved. Our results are
of particular relevance to quantum optics within vapor-PIC sys-
tems, including recent studies pointing to near-term opportuni-
ties in strong coupling cavity quantum electrodynamics between
single photon and single vapor-phase atoms [25, 42—-44].

2. VAPOR-PIC DEVICE

The devices are fabricated according to the process described in
detail in Riley et al. [45]. Briefly, each device consists of three
main units that are assembled via anodic bonding and shown
schematically in Fig. 1(a). From bottom to top, we have the
PIC, which serves as the base of the device, an ultrasonic ma-
chined borosilicate glass frame, which forms the cell walls, and a
borosilicate glass lid, which forms the cell top. The layers are se-
quentially anodically bonded to form a hermetically sealed vac-
uum cell device with dimensions of 12 mm x 16 mm x 3.5 mm.
Fig. 1(b) shows a photograph of a completed device. During this
process, a RboMoOy Zr/ Al pill-type dispenser for generating Rb
vapor (upon laser activation) is placed in a side chamber which
is connected to the center chamber with a right angle channel.
The dispensed Rb vapor contains both naturally occurring 8°Rb
and 8Rb isotopes.

The PIC waveguides are created in a 250 nm thick silicon
nitride layer created through low pressure chemical vapor de-
position, electron-beam lithography, and reactive ion etching. A
selective SiO» top cladding surrounds the entire PIC layer apart
from regions where evanescent interactions with the Rb vapor
are desired [25]. We use a chemical mechanical polishing pro-
cess to smoothen and planarize the oxide-clad regions, which
are additionally coated with amorphous silicon, so that they
can support a hermetic seal during subsequent anodic bonding.
Devices contained on the 12mm x 16 mm die include 600 nm

Borosilicate glass

Rubidium pill

L__ Borosilicate frame
with sputtered
amorphous Si top
layer

Photonic integrated
circuit (PIC) with
sputtered
amorphous Si top

PIC devices (physics chamber)
Rb pill (side chamber) :

Fig. 1. Hybrid device that integrates an atomic vapor cell, Rb
pill source, and a photonic integrated circuit. (a) A borosil-
icate cover glass, micro-machined borosilicate frame, and

a photonic integrated circuit (PIC) are anodically bonded
together along with a miniature Rb pill to form a compact
“vapor-PIC” package. (b) A photograph of a device after bond-
ing and Rb pill activation.

width waveguides with 60 pm and 3 mm long air-clad regions
and fully oxide-clad waveguide-coupled grating out-couplers.
The gratings have a uniform period of 440 nm and are simulated
to diffract light off the chip at an angle of 10° with respect to
normal incidence. These photonic devices interact with Rb va-
por in the center chamber designated as the physics chamber in
Fig. 1(b).

Before discussing the operation of the above devices in de-
tail, we provide some context with respect to other vapor-PIC
devices that have been studied in recent years. In general, one
can describe such devices based on a number of key charac-
teristics, including: (1) PIC device designs, (2) vapor-PIC in-
tegration approach (i.e., bonding technology) and size, and (3)
alkali vapor source. Both early work on chip-integrated hollow-
core waveguides [18, 19] and more recent studies with PIC SiN
waveguides [20, 25, 46] have utilized epoxy seals to hand-blown
gas cells that are filled via Rb distillation. Anodic bonding ap-
proaches have also been used, both in a triple-stack configuration
in which the cell frame is fused to a glass tube leading to a Rb
reservoir [23, 47], as well as in configurations in which the PIC
is bonded to a larger glass cuvette that is attached to a UHV
apparatus and alkali source for cold atom applications [48]. In
contrast, we combine PIC waveguides with a standard anodic
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Fig. 2. Experimental setup and schematic for simultaneous Rb pill activation, Rb density assessment, and PIC waveguide ab-
sorption spectroscopy. (a) Photograph of a device in setup: The device rests on a heated copper sample mount while the lensed fibers
couple light in and out of the device. A D-mirror and lens guide the 980 nm activation beam onto the Rb pill. (b) Side view schematic:
the device (green/white) containing the Rb pill (pink) rests on top of a temperature-controlled copper base heater (orange). A

980 nm activation laser (black arrow) is amplitude-modulated, as indicated by the square-wave inset, and focused onto the pill
under a microscope camera. A 780 nm probe laser is split (50:50) with one arm coupled through a lensed fiber into the PIC waveg-
uide, and the other interrogating the free-space Rb vapor. Probe light reflected from the chip exits upward to detector D1. (c) Top
view schematic: two lensed fibers couple light in and out of the PIC waveguide (green/white): the 780 nm probe (red arrow) and

a counter-propagating 801 nm desorption laser (magenta arrow). Probe transmission is measured by detector D2, while the des-
orption beam prevents Rb buildup on the waveguide during pill activation. The region of the device where the waveguides are
air-cladded and interact with the Rb vapor is highlighted with dashed circle. (d-f) lllustrations showing three different measurement
methods: free-space interrogation of Rb using reflection off the chip (path length of 4 mm), free-space interrogation using a fully
oxide-clad, waveguide-coupled grating out-coupler (path length of 2 mm), and interrogation by the waveguide evanescent field

(interaction length of 60 pm or 3 mm).

bonding process that enables incorporation of a compact vapor
cell and commercially available Rb pill source. Our standalone
devices have an approximate volume of 57 mm? that is more
than one order of magnitude smaller than the ~ 1480 mm?3 vol-
ume of epoxy-bonded devices incorporating small glass-blown
cells [25]. We note that similar compact PIC-vapor cell devices
made at a wafer-scale through anodic bonding have recently
been reported [33]; however, as discussed in the next section,
both works suffer from waveguide degradation under typical
Rb pill activation.

3. CHALLENGES WITH RUBIDIUM PILL - PIC INTEGRA-
TION

We begin by considering the operation of the air-clad PIC waveg-
uides when the Rb dispenser pill is laser activated according
to a standard procedure utilized for vapor cell clocks, magne-
tometers, and related technologies [49-51]. In this procedure,
hereafter referred to as standard activation, the Rb pill is ac-
tivated using a high power (= 1W) heating laser at 980 nm,
focused on the pill for 5 s to 10 s, to dispense Rb vapor into
the cell. It is then inserted in an experimental setup in which
a 780 nm tunable laser is coupled into and out of the device
with lensed optical fibers (similar to that shown in Fig. 2(a)), and
we start by considering device transmission when the laser is
tuned off-resonance of any Rb transition (confirmed using a ref-
erence Rb cell). Unfortunately, we find that standard activation
of the Rb pill results in near-total loss of transmission for the
waveguides with 3 mm long air-clad region. This is presumably
caused by the activation having released a significant amount
of Rb that sticks onto the PIC waveguides and increases their

propagation loss, in particular considering the short (< 5 mm)
separation between the pill and waveguide regions. However,
short waveguides with a length close to 100 pum, exhibit non-zero
transmission. Their insertion loss increases significantly, by a
magnitude of ~ 10.5dB for a 60 pm waveguide (1750 dBcm ™).
Here we define the insertion loss as 10 x log(Pyut/ Pi;) where Py,
and Py,; are power through the input facet and power out of the
output facet of the waveguide, respectively. We plot the inser-
tion loss of the waveguide as we adjust the device temperature
from 150 °C to 300 °C in Fig. 3. Though the loss remains roughly
constant for different temperatures after Rb pill activation, we
do observe a weak correlation between the higher temperature
and lower losses. This suggests that after the first drastic in-
crease in loss, there is no further increase in loss with more Rb
in the vapor phase, and rather, that higher temperatures may
enable some desorption of the Rb.

An inset in the same plot also shows the Doppler-broadened
absorption spectrum of the Dy manifold at 240 °C taken through
the 60 pm long waveguide. Despite the high temperature, the
spectroscopy laser is not completely absorbed at the atomic res-
onances due to the short interaction length, though the high
temperature also results in a large Doppler broadening of the
lines. A stronger contrast at lower temperatures requires longer
interaction lengths and hence operation of the waveguides with
longer air-clad regions. Given the losses observed above, re-
alizing operation of the longer waveguides within the current
device architecture requires a more careful evaluation of the
Rb pill activation process. A similar conclusion was made in
ref. [33], where large PIC waveguide propagation losses were
suffered after stable Rb pill activation, limiting device lengths to
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Fig. 3. Loss induced by standard activation that results in a
stable vapor density. Temperature dependence of the total in-
sertion loss at 780 nm, away from any Rb transition, of a 60 pm
long PIC waveguide before and after Rb is introduced. The Rb
vapor is generated using a Rb pill dispenser after heating with
a strong 980 nm external laser (~ 1 W). After Rb introduction,
there is an ~ 10.5dB increase in insertion loss of the waveg-
uide. Inset: Doppler-broadened absorption spectrum of the
D, manifold through the waveguide at 240 °C. The error bars
represent 1 dB measurement uncertainty, and are one standard
deviation values associated with coupling variation.

a few hundred micrometers at most.

4. CONTROLLED RUBIDIUM PILL ACTIVATION

The above results suggest that limiting the amount of Rb re-
leased from the pill during activation may limit PIC degradation.
Of course, it is also essential that the activation release sufficient
Rb for spectroscopy experiments. To balance these considera-
tions, in this section we first describe an experimental apparatus
that enables Rb pill activation while simultaneously monitoring
the free-space Rb absorption signature and the PIC device per-
formance. We then describe how low-power activation of the
pill allows for operation in a transient regime, how repetitive
pulsed operation of the activation laser maintains a quasi-steady
Rb density, and how the cell temperature affects Rb density.

A. Setup for PIC monitoring during Rb pill activation

The fabricated device is interrogated using the setup whose
schematic is shown in Fig. 2. The sample sits on a temperature-
controlled copper base heated above 100 °C in an attempt to
prevent Rb from sticking to the PIC. A 980 nm "activation laser"
is focused onto the Rb pill using a f = 50 mm lens to a spot
diameter of ~ 1mm. By adjusting the angle of a D-mirror, as
confirmed by an imaging system fixed above the device, we
direct the beam on the pill (Fig. 2(a)-(b)). The activation laser
is modulated at different power levels to enable the controlled
release of Rb, as described in the following sections. A 780 nm
probe laser is split for free-space and waveguide spectroscopy of
the Rb vapor. Two lensed fibers are used to couple light in and
out of the waveguide while the other half of the light is reflected
off the chip surface for free-space spectroscopy. In addition to the
free-space spectroscopy from above the chip (Fig. 2(d)), we also
have waveguide-coupled on-chip gratings that can project light
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upwards, through the cell (Fig. 2(e)). We also employed a 801 nm
desorption laser through the waveguide, counter-propagating
relative to the 780 nm probe (Fig. 2(c)), to prevent Rb adhesion
to the PIC waveguides (to be discussed in section 5).

B. Low-power activation and transient Rb density

As discussed earlier, standard activation of a Rb dispenser pill
usually involves application of a single high power laser pulse
that deposits a Rb reservoir in an auxiliary chamber connected to
the physics chamber. The initial high power pulse also generates
enough Rb to coat the inner glass walls with several monolayers
of Rb [52], resulting in the cell’s equilibrium Rb vapor pressure
being governed by the cell temperature. Unfortunately, this
single high-power activation severely degrades our photonic
devices, as evidenced by a catastrophic increase in insertion loss
shown in section 3.

To avoid this damage, we adopt a two-stage protocol. In
stage 1, we apply 1s laser pulses while gradually increasing
the power from 100 mW to approximately 1 W, while simultane-
ously monitoring the free-space Rb absorption spectrum from
above (see Section 4A and Fig. 2). At sufficiently high power,
an initial burst of Rb is released from the pill and detected spec-
troscopically. The power at which this occurs is typically near
1W, although it depends on the focusing conditions, which are
set by the pill orientation and placement. By monitoring the
spectroscopic signature during this gradual power increase, and
by using pulses that are much shorter than those used in the
standard activation described in Section 3, we can introduce
only the minimum necessary amount of Rb into the cell. The
released Rb vapor then rapidly adsorbs onto the cell walls. In
stage 2, we lower the activation-laser power to approximately
100 mW to 200 mW. In this regime, we can release a controlled
amount of Rb into the cell by adjusting the pulse duration. After
each pulse ends, the Rb vapor density decays back to zero.

To study the transient behavior in more detail, we followed
the temporal behavior of the transmission of the 551 5, F = 2 —
5P;/, transition in 85Rb, measured in free-space, across an inter-
val of 100 s and with a temporal resolution of 0.2 s as shown in
Fig. 4(a). With laser power of ~ 100 mW and device temperature
at 180 °C, we took four different sequences at varying activation
pulse lengths of 25, 35, 45, and 5s. Unsurprisingly, longer pulse
time yield higher densities of Rb, as reflected by a larger max-
imum transmission contrast (lower transmission value). The
transmission exponentially decreases during the duration of the
laser pulse and subsequently there is an exponential restoration
with 1/e time of ~105s in transmission after the pulse ends.

C. Achieving quasi-steady Rb density with repetitive activation

Having observed how the Rb density behaves in response to
a single activation pulse of varying duration, we next study
its behavior in response to a series of pulses. Each activation
pulse at the relatively low-power of ~ 100 mW releases a small
amount of Rb which rapidly decays. We modulate the amount
of time the laser is on (fON) and off (tOFF) to achieve a quasi-
steady density of Rb.

In Fig. 4(b), we probe the transmission of the 551 5, F =1 —
5P; /, transition in 87Rb for 300 s with the free-space configura-
tion. We show three activation laser duty cycles with tON =15,
4s,and 9 s and tOFF = 1s, and the total pulse sequence length
of 150 s. The laser power and temperature of the device are
kept constant. During the pulsing window, every tON raises the
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Fig. 4. Rubidium density control via activation laser. (a) Transient Rb density. Transmission of the 55/, F = 2 — 5P5, transition
in #Rb is monitored for 100 s in free-space (configuration in Fig. 2(d)) while a 980 nm activation laser dispenses Rb from a pill. Four
activation lengths — 2 s (dark blue), 3 s (red), 4 s (green), and 5s (light blue) — are compared at identical laser power (=~ 100 mW) and
device temperature of 180 °C. Data points (symbols) are joined by dashed lines to guide the eye. Longer activation pulse lengths
(tON) yield higher Rb vapor densities, seen as deeper transmission dips: the 2 s trace (dark blue) maintains the highest transmis-
sion, whereas the 5 s trace (light blue) shows the lowest. Upper right inset: a 0 s to 20 s zoom-in of the data reveals an exponential
drop in transmission (linear rise in Rb density) during each ON window and an exponential recovery when the laser is OFF; solid
square pulses beneath the traces indicate the programmed 2's,3 s, 4 s, and 5 s activation windows. Lower left inset: full Doppler-
broadened absorption spectrum of the D, manifold from a reference cell; the arrow marks the hyperfine line whose transmission
is tracked in the main panel. (b) Quasi-steady Rb vapor density via repetitive operation. Transmission of the 551/, F = 1 — 5P5,;
transition in #Rb is monitored for 300s in free-space while a 980 nm activation laser periodically releases Rb from a pill. Three pro-
grammed duty cycles — low (light blue), medium (green) and high (red) — are shown as solid square-wave traces beneath the data
(high level = laser ON). During the pulsing window (0 s to 150 s), a nearly constant Rb density is achieved. When pulsing stops at
t = 150, the vapor gradually re-adsorbs onto the cell walls and all traces return toward unit transmission. The transmission during
the pulsing period is fitted with a four-parameter logistic function and the transmission after pulsing stops is characterized by an
exponential. Further discussion about the fitting is present in the main text. Upper right inset: Doppler-broadened absorption spec-
trum of the D, manifold; the arrow marks the hyperfine line tracked in the main panel.

vapor density (reducing transmission), whereas each tOFF lets 2s PT model, equation 1, gives us an estimate of the interval over
the density decay (restoring transmission). Larger tON times 2z which we can expect a quasi-steady density. This is of greater
result in accumulation of larger Rb density, leading to a higher 2ss importance for higher densities of Rb where the variance in

quasi-steady density of Rb. 29 transmission within the nominally flat transmission region is

The transmission during the pulsing window (0 s to 150 s) is 200 considerably higher. For instance, the three duty cycles shown in

fit with a four-parameter logistic function 201 Fig. 4(b) have mean transmission of 0.88(1), 0.62(3), and 0.45(5).
alt) = ag+ xf 1) =2 D. Influence of cell temperature

1 e k-t 23 In section 4C we showed that control of the quasi-steady density
where &g is the initial transmission, k(T) is temperature- 20« of Rb can be achieved by pulsing the Rb pill with differing tON
dependent reaction rate, af is the stable transmission when Rb 255 times at fixed (low) activation laser power and device temper-
density stabilizes, and t( is when the pulses start. Using the 25 ature. Now we study the influence of cell temperature on this
Beer-Lambert law, we can extend it to express the density of Rb 207 quasi-steady density and compare against the standard Clausius-

atoms over time, 2s  Clapeyron (CC) model [54] used to characterize atomic vapors.
299 We monitor the transmission of the 5515, F = 1 — 5P,

N(t) = — L In (060 + (Xif) , (2) s transition in 8Rb using free-space spectroscopy with the help of

oL 1+ e k(t=h) 201 on-chip gratings while we pulse the activation laser to achieve

where ¢ is the atomic cross section and L is the interaction length. sz a quasi-steady density of Rb (Fig. 2(e)). However, instead of
Since logistic reaction models or Prout-Tompkins (PT) models z: varying the laser on time (tON), we vary the temperature of
have been used to model chemical reactions involving thermal ss the device while keeping the laser power (=~ 100 mW) constant.
decomposition [53], it is appropriate for characterizing the de- s Fig. 5(a) shows the transmission for a duration of 400s at four
composition of the Rb pill by the activation laser. Both the s0s different temperatures: 150 °C, 160 °C, 170 °C, and 180 °C. Dur-
temperature of the pill, which is determined by experimental sz ing the pulsing window (0s to 150s), the Rb density rises and
conditions like the duty cycle and the power of the activation sz the transmission dips following the logistic model discussed
laser, and overall cell temperature impact the Rb density, as we s00 in Section 4C and reaches a stable plateau. However, increas-
explore in the next section. a0 ing the device temperature increases the reaction rate, which

Extensive chemical kinetics study of the Rb pill with energy s allows the Rb to reach a higher density at higher temperatures.
provided by the laser pulses is possible but beyond the scope 2 In Fig. 5(b), we plot the reaction rates extracted from the logistic
of this paper. However, our rudimentary analysis using the sz model fitted to the transmission during the pulsing period. The
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Fig. 5. Temperature-dependent Rb loading and unload-

ing during low power activation. (a) Transmission of the
5512, F = 1 — 5P5; transition in 87Rb is monitored for
400s in free-space using an on-chip grating coupler (Fig. 2(e))
while a 980 nm activation laser periodically releases Rb from
a dispenser pill. The solid square-wave trace beneath the data
marks the laser timing (high = ON). The device base is held at
150 °C (dark blue circles), 160 °C (red triangles), 170 °C (green
squares), and 180 °C (light blue diamonds); laser power and
duty cycle remain fixed. Scattered points are data; solid curves
are fits to the logistic model for the time interval between

0s and 1505s) followed by a single-exponential recovery for
all times > 150s. Inset: Doppler-broadened D, absorption
spectrum recorded in a reference cell; the arrow indicates the
hyperfine transition tracked in panel a. (b) Reaction rate k ex-
tracted from the 0's to 150 s fits versus base temperature. (c)
Transmission-decay rate constant obtained from fitting the

> 150s data vs. base temperature. Error bars in panels (b) and
(c) denote one standard deviation uncertainties from the fits.

trend is roughly exponential from 150 °C to 220 °C, following
the typical Arrhenius equation where In(k(T)) o« —1/T; how-
ever, after 220 °C, we see signs of plateauing. After the pulsing
stops (>150 s), the transmission recovers. The recovery is no
longer governed by equation 1; instead, we fit an exponential
function, e~/7, and extract the time constants T, where T can
be understood as a characteristic timescale for the speed of Rb
vapor pumping by the glass walls. We plot T as a function of
temperature in Fig. 5(c). We see a rough trend where T increases
after 200 °C, which implies the pumping efficiency is slightly
lowered at higher temperatures.

Generally, the vapor pressure or the density of Rb vapor in
a thermodynamic equilibrium with its solid, for instance in a
conventional vapor cell, is purely a function of temperature. The
vapor pressure is given by the CC relation where the Rb density
is dependent on the temperature of the cell. It is clear that we
deviate from this behavior as we have shown activation laser
power and time to be effective knobs to control Rb density at a
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constant temperature. Temperature still plays a role to control
the absolute Rb density; but ultimately, as shown in Fig. 6(a),
we can be orders of magnitude below the expected equilibrium
Rb density at a particular temperature. In the same figure, we
show that the relative increase in density with temperature (at
a starting point of 150 °C) also diverges from the standard CC
model. In Fig. 6(b), we display representative spectra at 160 °C,
200 °C, and 240 °C, where the cyan dots show experimental data
for our low power, pulsed Rb dispenser source operation, the red
dashed lines show the best fits of this data to a CC model, and
the red solid traces are the Doppler broadened spectra expected
at those temperatures under standard equilibrium conditions
with the CC model. The experimental data indicates that within
our low power activation regime, there is significantly lower Rb
density than the prediction from the standard CC model under
vapor equilibrium. That being said, when fit to a CC model,
the transmission dips in the experimental data can still be well-
aligned with the dips of the fits; however, they are narrower. This
suggests that the velocity distribution of the Rb atoms released
from the pill also deviates from the Rb vapor at equilibrium.
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Fig. 6. Temperature-dependent Rb density: comparison with
a solid-vapor equilibrium model. (a) The quasi-steady vapor
density obtained in the low power pulsed protocol of Fig. 4(b)
is measured by free-space absorption spectroscopy above the
chip (Fig. 2(d) configuration). The relative variation of the ex-
perimental density (cyan) is plotted against temperature and
compared with the standard Clausius-Clapeyron (CC) scaling
(red). Deviations grow with temperature, indicating that this
operation of the pill source departs from equilibrium-vapor
behavior. The left and right scale show the absolute Rb den-
sity for experiment and theory, respectively. Experimental
densities are more than two orders of magnitude lower than
CC values. (b) Representative spectra at 160 °C, 200 °C, and
240 °C are shown from left to right. The cyan data points are
the measurements, dashed lines are least-squares fits to the
data using a CC model, and the solid red traces are the CC
model predictions under standard vapor equilibrium condi-
tions. The experimental data show dips that are noticeably
narrower than the fits based on the CC model.
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5. PIC WAVEGUIDE OPERATION WITH THE PULSED RU-
BIDIUM SOURCE
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Fig. 7. Insertion loss of a PIC waveguide under low power
pulsed Rb activation and in-situ desorption. Total insertion
loss at 780 nm, away from Rb resonance, is monitored while

a 980 nm activation laser dispenses Rb vapor (configuration
in Fig.2(f)). When no activation laser is applied, the baseline
insertion loss resides within the black dotted lines, correspond-
ing to a baseline value of ~ 9(1) dB (=~ 5dB per facet), with
the range of values due to variation in fiber-PIC coupling. The
increase in Rb vapor density upon pill activation is directly
responsible for the rise in insertion loss (red curve); when the
activation laser is turned off, the released Rb is absorbed into
the glass frame, and the Rb-induced loss reverses. A 801 nm
desorption laser is introduced to prevent Rb from sticking to
the waveguide, with three settings compared: red curve (0 mW
of desorption laser); light blue curve (9 mW); and dark blue
curve (19 mW). For full desorption laser power (dark blue
curve), the waveguide insertion loss stays within the uncer-
tainty of the baseline level, indicating essentially complete
suppression of Rb-induced loss.

Next, we examine the use of low-power, pulsed activation of
the Rb pill as described in the previous sections in experiments
that probe the resulting Rb vapor using the evanescent field of
a PIC waveguide. Our first consideration is the impact of the
Rb vapor on waveguide insertion loss at 780 nm, non-resonant
with any Rb transition. We monitor the variation in insertion
loss, as defined in section 3, as the Rb density in the vapor—-PIC
device increases with accumulated laser activation pulses, where
the waveguide in use has a 3mm long air-clad section that is
exposed to Rb. We activate the pill as discussed in section 4C,
and compare behavior with and without the introduction of a
counter-propagating 801 nm desorption laser.

Before pill activation and Rb release into the physics chamber
containing the photonics, the PIC waveguide has an average,
baseline total loss of around ~ 9(1) dB at 780nm, where the
uncertainty is a one standard deviation value associated with
fluctuations in the fiber-PIC coupling stability. We then monitor
this insertion loss as we apply laser activation pulses to the Rb
pill (without any desorption laser). The red sawtooth, dashed
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line in Fig. 7 tracks the insertion loss of the waveguide; a de-
piction of the target activation pulses and transmission curve
is placed below it. We see that the increase in Rb vapor is di-
rectly responsible for the increase in insertion loss as evident
from the loss increasing and recovering (sawtooth pattern) as
the activation pulses are turned on and off. This interpretation
is further cemented by the total recovery of the transmission
through the waveguide after the pill activation stops and Rb
adsorbs onto the glass. The total insertion loss through the PIC
waveguide increases by more than 40 dB from the baseline value
at maximum Rb density.

To combat this catastrophic increase in insertion loss, we use
a desorption laser at 801 nm from a diode laser with a maxi-
mum power output of ~# 60 mW. However, due to the baseline
insertion loss, the total laser power in the waveguide is lower.
Assuming symmetric loss for both input and output facets, we
have approximately 4 dB to 5 dB loss for the input facet, so that
the estimated desorption laser power in the waveguide with an
input power of ~ 60 mW is ~ 19 mW. At this desorption laser
power level, we do not observe any sign of loss due to Rb (dark
blue data in Fig. 7). At a lower desorption power of ~ 9mW in
the waveguide, most of the loss due to Rb vapor introduction is
avoided. The light blue sawtooth dashed line in Fig. 7 shows the
resulting transmission characteristic, where the sawtooth pat-
tern is reminiscent of the red curve (no desorption laser), but the
amount of degradation is far less, with the maximum increase
in loss within 1 dB to 2 dB of the baseline waveguide loss.

Our adoption of a high-power laser is most similar to its use
in tapered nanofibers, where it heats the fiber and prevents alkali
accumulation [8]. In such systems, as in ours, adsorption from
the surrounding alkali vapor can degrade transmission. While
early work suggested that this mitigation mechanism might
involve LIAD, later studies showed that purely non-optical heat-
ing can also suppress adsorption [6, 55]. However, LIAD cannot
be excluded, since similar wavelengths near 800 nm have been
used in hollow-core fibers, where the reported mechanism is
LIAD [9-11, 15, 56]. Because our system is most similar to the
tapered-nanofiber case, we believe the observed desorption ef-
fect is primarily due to waveguide heating. Future experiments
using buried electrical heater coils [25, 29] and multiple laser
wavelengths at comparable powers could help distinguish ther-
mal effects from LIAD.

With the desorption laser in place, the increase in propaga-
tion loss of the waveguide is minimized, which allows for stable
waveguide-based spectroscopy of the Rb atoms. The strong
confinement of probe light through the waveguide translates to
much higher intensity of light experienced by the atoms com-
pared to free-space, so it is much easier to saturate the atomic
transitions. For this reason, we use a photoreceiver with sensi-
tivity at the < 100 fW level to measure the 780 nm probe light,
which is at a few nanowatts of power. This also means that, even
with a counter-propagating configuration, the desorption laser
reflection from the PIC facet of ~ 0.5 % of the incident power
can easily overwhelm the photoreceiver. Hence, the output from
the waveguide is passed through a 780 nm bandpass filter before
it reaches the photoreceiver.

In Fig. 8(a) we plot the waveguide transmission probing the
551 /2 — 5P3/, manifold through the 3 mm air-clad region while
the Rb pill is pulsed to release Rb vapor and the desorption laser
keeps Rb-induced deterioration to a minimum. Multicolored,
stacked traces show the transmission spectra in which the Rb-
induced absorption features have a contrast that increases with
longer activation laser duty cycle and therefore progressively
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Fig. 8. Rubidium absorption in a 3 mm waveguide. (a)Absorption spectra. Repetitive pulsing of a 980 nm activation laser releases
Rb from a pill while an 801 nm desorption laser prevents Rb from coating the waveguide; the resulting transmission spectra of
the 551, — 5P3,, manifold are recorded through a 3mm waveguide (Fig. 2(f)). The multi-colored traces represent successively
longer activation-laser duty cycles (see Fig. 4) and therefore progressively higher Rb densities. The traces exhibit characteristic
broadening effects due to the short transit time of the Rb atoms through the evanescent mode of the waveguide. The lower blue
trace is a reference spectrum recorded in a free-space cell with light split off from the same probe beam for comparison. (b) Temporal
evolution of the Rb vapor density. Absorption spectra are collected over a 150 s interval while a 980 nm activation laser (9s ON / 1s
OFF) periodically heats the Rb pill to generate Rb vapor. Densities extracted from each spectrum are plotted as red markers, with
one standard deviation fit uncertainties shown by the blue band. The vapor density climbs toward a quasi-steady state during
repeated heating pulses and decays once pill activation stops. Inset: expanded view of several pulses, highlighting the sawtooth
rise during each 9s ON period and the fall during the 1s OFF period.

higher Rb densities. The traces were taken at 180 °C and con-
stant activation laser power. An inverted free-space absorption
spectrum from a reference vapor cell is shown at the bottom. The
waveguide-mediated absorption features are similar to those pre-
viously observed in atomic vapor clad PIC waveguides [21, 57],
where a combination of Doppler broadening (exacerbated by the
waveguide’s non-unity effective index) and transit time broaden-
ing (due to the short transit of the atoms through the evanescent
field outside the waveguide) lead to spectral dips that are signif-
icantly broader than that of the Rb reference cell.

We can take many sequences of these absorption spectra at a
particular duty cycle, temperature, and activation laser power
as the Rb pill is pulsed to follow the temporal evolution of the
vapor density, broadly similar to transmission plots shown in
Figs. 4(b) and 5. We extract the Rb density for each spectrum in
the sequence using ratios of the transmission dip depths of the
Rb hyperfine transitions. Straightforward fitting of the spectra
is complicated by the non-standard Doppler distribution of the
atoms as discussed in section 4D. We discuss the density fitting
methods further in the supplement.

The plot in Fig. 8(b) follows the Rb density for 160 s with the
activation laser on from 0's to 150s. The duty cycle is set with
tON = 9sand tOFF = 1s. The extracted densities are plotted as
red markers while the blue band shows one standard deviation
fit uncertainties. As expected we see a fast increase in Rb density,
a quick plateau, and a fast decay after the pulsing stops. The
plot also exhibits the sawtooth pattern which appeared in the
insertion loss through the waveguide in Fig. 7. An expanded
view shown in the inset shows a clear relationship between each
laser pulse and the Rb density; the sawtooth rises during each
95 tON period and falls during the 1s tOFF period.
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6. OUTLOOK

In summary, we have demonstrated an approach that enables
near-field vapor-PIC interactions in compact, manufacturable,
and standalone devices that combine PICs with micromachined
vapor cells and commercially available Rb pill sources. After
observing that standard Rb pill activation led to irreversible and
pronounced losses in air-clad PIC waveguides, we implemented
a low-power activation method for controlled Rb release and
used a desorption laser to prevent waveguide degradation. Us-
ing this approach, 3 mm long air-clad regions show no excess
loss when exposed to Rb vapor, and waveguide-based spec-
troscopy of the Rb D2 transitions was successfully shown. In
addition, we demonstrated control of Rb vapor density, enabling
either transient bursts or quasi-steady states by adjusting the
activation laser duty cycle and power, and we characterized the
effect of temperature on the Rb density within the cell.

Going forward, we envision different applications that can
leverage the transient Rb densities produced by our approach.
For example, transient Rb density similar has previously been
explored in photonic band-gap fibers [9] for electromagnetically
induced transparency (EIT) and in thin vapor cells [58] to study
dipole interactions. We further expect that this mode of opera-
tion will be particularly relevant for experiments such as single-
photon sources in cavity QED [43], where atoms will transiently
interact with the confined modes of photonic devices, regardless
of whether the atomic source is a thermal vapor [25] or a colli-
mated atomic beam [44]. In addition, being able to turn off the
presence of Rb atoms entirely can be beneficial for experiment
calibration and long-term device operation. On the other hand,
transient Rb densities may not be suitable for applications that
require or benefit from a stable and continuous vapor presence,
such as frequency standards for laser locking. Future work will
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thus also focus on mitigating Rb adsorption onto glass through
atomic layer deposition (ALD) of Al,O3, which has been shown
to significantly extend vapor cell lifetimes [59].
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Enabling atom-clad waveguide
operation in a microfabricated alkali
vapor—photonic integrated circuit:
supplemental document

We provide details for the methods used to extract rubidium density from transmission spectra
recorded using a 3 mm long waveguide, as plotted in Fig. 8 of the main text. The method involves
comparing transmission ratios of the transmission dips associated with the hyperfine structure of
85Rb and ¥Rb and the Clausius-Clapeyron model.

1. DETERMINATION OF RUBIDIUM DENSITY

The alkali vapor number density (N) is an essential parameter to determine optical depth in
various experiments and is often required to model nonlinear interactions in quantum optics.
Typical experiments use a vapor equilibrium model like the Clausius-Clapeyron (CC) law to
determine N, assuming a known vapor temperature. Alternatively, vapor density can also be
easily extracted by probing the transmission spectra and fitting the Doppler broadened lines,
given that the length of the cell (L) is known.

However, in our case, we have two main reasons why these common methods fail to produce
reliable density extraction. First, due to the transient nature of the Rb vapor and compact geometry
its velocity distribution has not been characterized sufficiently well to properly to fit the broadened
lines accurately. The second reason is associated with a fluctuating background signal, which
though low in absolute power, still makes a significant impact. As outlined in the main text, we
use a high power (=~ 10 mW) desorption laser. Even in a counter-propagating configuration and
with heavy filtering, facet reflection leaks into the signal, since a highly sensitive photoreceiver is
used to measure the few nanowatts of probe light. One would assume the background from the
desorption laser can be calibrated, but the back reflection is sensitive to the lensed fiber coupling
which itself is prone to perturbations from heating effects of the activation laser. This leads to a
fluctuating background signal that makes getting accurate transmission dips over a period of a
measurement sequence lasting up to 300 s very difficult.

In this supplement we present a method to circumvent this problem. In short, we normalize
the waveguide spectrum and compare the ratio of transmission dips at D2 lines of °Rb and %’Rb
against the CC-model to infer corresponding temperature (T). The steps, divided into two parts,
are listed numerically in the following subsections.

A. Processing the waveguide spectra

1. Normalize the spectra so that the transmission range is between 0 and 1 as shown in Fig.
S1.

2. Find the dips corresponding to 55,5, F = 1 — 5P3,5 and 5515, F = 2 — 5P5; in 85Rb,
and 557 5, F = 1 — 5P3, transition in 87Rb. We will call the minimum transmission values
at these dips A,B, and C for convenience, labeled in Fig. S1.

3. Find thevalues Ry =1/(1— A+ B)and R, =1/(1—- A+ C).

B. Using peak ratios to fit temperature

1. Generate quantities r; and rp analogous to values R; and R; respectively for different
temperatures using the CC-model. These are the two blue and green curves in Fig. S2.

2. Given Rj and R; values derived from the waveguide spectra like the one presented in Fig.
S1, find T such that r1(T) = Ry and r»(T) = Ry. This is visualized by drawing horizontal
lines at y = Ry and y = R; that intersect the curves 1 and r, defined by the CC-model.

3. Next find T = T, that minimizes the function f(T) = \/(r1(T) — R1)2 + (r2(T) — R2)2. A
vertical line constructed shows that it minimizes the total distance between both curves’
actual values and the target values at T,.
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Fig. S1. Plot showing a normalized Rb transmission spectra taken through the waveguide. The
three red dots shows the visible dips associate with hyperfine transitions in 85 Rb and 87 Rb
labeled as A,B, and C.
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Fig. S2. Two temperature dependent curves are generated using the CC-model to estimate
equivalent temperature from recorded spectra.



4. T, is then converted to a Rb vapor density using the CC-model.

We use this method to generate the plot shown in Fig. 8 of the paper. As the zoomed-in inset in
the figure shows, the method is able to capture the effect of the activation laser on the relative
density of Rb vapor in the device very accurately. However, the method has a few limitations. The
first obvious limitation is that all three transitions need to exhibit a spectral dip whose amplitude
exceeds the noise level. The second, less apparent limitation comes from the narrow range over
which the curves r1(T) and rp(T) are sensitive to the change in transmission depth. At both lower
and higher temperatures the slope of the 71 (T) and r,(T) becomes small such that small changes
in transmission depth realize large temperature differences. These effects are reflected in the size
of the error bars in Fig. 8 in the main text.
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