
Larsen et al., Sci. Adv. 12, eaec3179 (2026)     3 June 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 7

P H Y S I C S

A chip-scale atomic beam for nonclassical light
Braden J. Larsen1,2,3*†, Hagan Hensley1,2,3†, Gabriela D. Martinez2,3‡, Alexander Staron2,3,  
William R. McGehee2, John Kitching2,3, James K. Thompson1,2,3*

Nonclassical light is a critical resource for a broad range of quantum technologies and fundamental science. How-
ever, leading platforms such as laser-cooled atoms and solid-state systems both present substantial challenges to 
scalability due to complexity and spectral drift. Here, we demonstrate a hybrid approach using a chip-scale ru-
bidium beam coupled to a high-finesse cavity–quantum electrodynamics (QED) system. Specifically, we generate 
nonclassical light and observe optical nonlinearities at the few photon level. This is achieved without degradation 
of the cavity-QED system. By demonstrating the compatibility of these two technologies, we open a path for dis-
tributed sources of nonclassical light and set the stage for using cavity-QED to enhance the performance of chip-
scale magnetometers and atomic clocks.

INTRODUCTION
Rapid progress is being made across multiple disciplines to generate 
nonclassical light for a broad range of scientific applications, includ-
ing quantum networks (1), computing (2), metrology (3), and tests 
of quantum foundations (4). Integrated solid-state systems have made 
progress (5, 6) but can suffer from spectral drift (7) of the photons 
that they emit and require cryogenic environments. Laser-cooled and 
trapped atoms (8–10) sidestep spectral drift but at the cost of a high 
degree of complexity, with optical and vacuum systems covering 
multiple optical tables. The complexity of both platforms remains an 
open challenge for scaling these systems for scientific and techno-
logical applications.

In parallel, there has been renewed recent interest in examining 
whether room-temperature atomic vapors or fast atomic beams can 
be used as a platform for cavity–quantum electrodynamics (cavity-
QED). Using hot atoms has shown the ability to provide technologi-
cal and scientific solutions, including phase coherent atomic driving 
(11), mapping the vacuum state of the cavity mode (12), and per-
forming optical magnetometry (13). To enhance scalability, many 
groups are pursuing integrated chip-scale devices that interact with 
atomic vapors (14–17) with applications such as electrometry (18), 
magnetometry (19, 20), inertial sensing (21), and atomic clocks (22, 
23). A recent innovation has been the development of a fully en-
closed and compact Rb beam source, whose collimation is achieved 
using etched micrometer-sized channels (24). This type of source was 
used recently to realize a chip-scale microwave atomic beam clock 
using Ramsey coherent population trapping (25).

Here, we demonstrate a hybrid approach combining a chip-scale 
atomic beam source and a freestanding optical cavity. Specifically, 
we demonstrate the first capabilities of such a hybrid system by gen-
erating nonclassical light and optical nonlinearities at the few pho-
ton level. This approach offers a scientifically enabling high data rate, 
here emphasized by the fact that we can observe both a nonclassical 
second-order and third-order Glauber coherence. We further exploit 
the third-order coherence to realize a heralded sub-Poissonian light 

source. We observe that the optical cavity is not degraded when the 
atomic beam is introduced, avoiding a challenging problem when 
coupling thermal vapors to nanophotonic optical devices. Further-
more, the success of this hybrid approach will also provide a path to 
enhance other atomic-based quantum science and technologies, such 
as clocks, field sensing, and inertial sensing, by greatly enhancing 
state preparation, manipulation, and measurement. Although our 
device is not yet a fully chip-scale vacuum system, innovations in 
integrated mirror substrates (26) provide a path forward for even 
greater integration of this hybrid approach for reducing complexity 
and enhancing scalability.

RESULTS
Chip-scale atomic beam
The miniature atomic beam source is shown in Fig. 1A. The device 
is a modification of the chip-scale atomic beam devices that have 
been used to realize a miniature atomic beam clock (24, 25), here 
adapted to provide an atomic beam through the center of an optical 
cavity. The beam source consists of a silicon wafer with an internal 
reservoir that contains a Rb vapor. A microchannel array is etched 
into the silicon surface and is fed by the vapor to produce a series of 
atomic beams along the axis of the microchannels. The device is en-
closed by two layers of borosilicate glass. One glass layer is anodi-
cally bonded to the silicon to form a hermetic seal, while the other is 
mechanically affixed to the structure to allow for easy loading and 
reloading of alkali metal into the device. The beam source is placed 
inside an actively pumped vacuum chamber, and the atomic beams 
are aligned with the cavity opening.

The microchannel array consists of 10 rectangular channels spaced 
by 150 μm center to center. Each channel has a length of 3 mm and 
a square cross section of 100 μm by 100 μm. The channels’ aspect 
ratio (ratio of length to width) is 30, which creates atomic beams 
with a half-angle divergence of roughly 33 mrad (27). Rubidium is 
introduced into the beam device using Rb molybdate Zr/Al pill-type 
dispensers, which are thermally activated using laser heating to pro-
duce pure Rb metal (28), as described in Materials and Methods. 
Once the Rb is deposited, the beam device is resistively heated up to 
180°C to control the Rb vapor pressure within the vapor cell region. 
For most of the work here, we operate at source temperatures be-
tween 40° and 70°C, where the total atomic flux from the array varies 
from 1010 to 2 × 1011 s−1 . A single Rb pill contains 0.4 mg of natural 
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abundance Rb, and this is expected to sustain source operation at 
70°C for ~5 months. Future devices could incorporate 10 of these 
millimeter-scale pills for source operation lasting ~4 years at 70°C.

Optical cavity
Our Fabry-Pérot microcavity is similar to those of (29–34). More 
advanced and integrated designs (35–38) could be considered for 
future work, but the goal in the present context is to understand 
whether low-transmission mirror coatings that are common to all of 
these other approaches are compatible with the miniature beam 
source at a level sufficient to produce nonclassical light fields.

For the results presented here, we used two different cavities that we 
will refer to as A and B. All mirrors used were either low or high trans-
mission, with power transmission of 2 × 10−6 and 40 × 10−6 , respec-
tively, at the atomic transition wavelength λa ≈ 780.2 nm. For cavity A, 
we use two low-transmission mirrors so that light exits the cavity equally 
from both mirrors. For cavity B, we use one low- and one high-
transmission mirror so that most of the light exits via the high-
transmission end. Both cavity lengths were set to L = 80(5) μm , and 
their resonance frequencies were tuned near the 87Rb D2

|
|5

2 S1∕2, F= 
2⟩→∣52P3∕2, F

� =3,2,1⟩ transitions (Fig. 1C), which have a decay rate of 
Γ ≈ 2π × 6.1 MHz (39). The fundamental transverse electromagnetic 
(TEM00) mode had a waist of w0 = 22.3(4) μm at λa . For cavities A 
and B, respectively, the measured cavity linewidths are κ∕2π = 33(1) 
and 13(1) MHz, indicating per mirror power loss coefficients of 
15(3) × 10−6 and 1(1) × 10−6 . Their corresponding finesses are A = 
0.6(1) × 105 and B = 1.5(1) × 105.

The atom-cavity system operates in the strong-coupling limit as 
characterized by the single-particle cooperativity C = 4g2

0
∕κΓ≫ 1 , 

where 2g0 is the vacuum Rabi frequency describing the coherent 
atom-cavity interactions (40). In the limit κ ≫ 2g0,Γ , the coopera-
tivity characterizes the probability Pc = C∕(1+C) that an atom in 
the optically excited state decays to the ground state by emitting a 
photon into the cavity (41). Given the cavity effective mode volume 
V = πw2

0
L∕4 and dipole moment for the 87Rb D2 cycling transition 

∣F = 2,mF = 2⟩ → ∣F� = 3,mF� = 3⟩ , the vacuum Rabi frequency at 
an antinode on the cavity axis is 2g0 = 2π × 52(2)MHz , yielding peak 
cooperativities of C = 18(2) and 35(3) for cavities A and B, respectively. 
As the atoms transit the standing wave cavity mode, the coupling 
will vary with position as

where z is the position along the cavity axis and x is the position 
along the atomic beam direction. To account for the inhomoge-
neous coupling of atoms within the standing wave profile of the cavity, 
we define an effective vacuum Rabi frequency 2geff =

√
3∕8 × 2g0 = 

2π × 32(2)MHz and a time-averaged effective atom number Neff for 
a two-level atom (see Supplementary Materials), in a fashion remi-
niscent to the effective couplings used in cavity-aided spin squeez-
ing (42–44).

Interfacing the atomic source with the cavity
The output of the Rb source is 10 mm from the cavity mode. The 
angular alignment of the atomic beam is precise to within a few mil-
liradians, tuned using a dispersive feature in the cavity probe trans-
mission (45), as described in the Supplementary Materials. The 
mean thermal velocity of v ≈ 290 m∕s at 70°C gives an average cav-
ity transit time of tT ≈ 150 ns across the cavity mode diameter 2w0 . 
The root mean square (RMS) angular divergence of the atomic beam 
is calculated from the linewidth of the 85Rb F = 3→ F� = 4 transi-
tion as measured using fluorescence spectroscopy (Fig. 1D). Just 
before the cavity, the RMS angular divergence of the full atomic 
beam is 43(3)mrad . However, the portion of the beam that passes 
through the cavity has an RMS angular divergence of only 8(2)mrad 
such that the RMS displacement along the cavity axis ẑ  is only 0.23λa 
per mode waist w0 traveled along x̂.

Demonstrating the atom-cavity coupling
As seen in Fig. 1E, the atom-cavity coupling hybridizes the atomic and 
cavity modes, leading to a series of avoided level crossings in the mea-
sured cavity-probe transmission of cavity A (Fig. 1A) versus probe 
frequency (46), with the cavity resonance frequency ωc varied over a 
range spanning the 87Rb ∣F = 2⟩ → ∣F� = 3,2,1⟩ transitions between 
sweeps. As the cavity comes into resonance with each transition, the 
single cavity resonance frequency splits into two normal modes.

In Fig. 2A, we observe the hybridized modes (sometimes called 
polaritons) when we set the cavity to resonance with the ∣F = 2⟩ → 
∣F� = 3⟩ transition ωa . Neff and geff are defined so that the frequency 
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Fig. 1. Experimental setup. (A) The compact atomic source (gray box) produces a thermal atomic beam (blue spheres) by feeding an atomic vapor of Rb through a mi-
crochannel array (inset), which propagates through an optical cavity formed by two high-finesse mirrors (white cones). Atoms are excited using a weak probe beam, while 
the photons transmitted through the cavity are collected using a photodiode (gold). (B) Diagram of the atom-cavity interactions and dissipation mechanisms. 87Rb atoms 
(blue spheres) in F = 2 are coupled to the cavity mode (red ovals) at the vacuum Rabi frequency 2g(r) . Excitations in the atom-cavity system are dissipated through 
atomic spontaneous emission at rate Γ or cavity power decay at rate κ . (C) 87Rb D2 transition hyperfine structure. (D) Fluorescence spectroscopy of the atomic beam per-
pendicular to its direction of propagation. The 87Rb and 85Rb D2 transitions are characterized 10 mm before (red) and after (blue) the optical cavity. (E) The normal mode 
splitting of the atom-cavity system on the three allowed 87Rb F = 2 → F

� hyperfine transitions.
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splitting or vacuum Rabi splitting (VRS) of the two hybridized modes 
is 2geff

√
Neff . We vary the Rb source temperature and measure the 

splitting to determine Neff as a function of temperature. The scaling 
of Neff matches the behavior of the known Rb vapor pressure curve 
(47) up to a constant scale factor (Fig. 2B). We can also resolve the 
separation of the VRS peaks for Neff ≈ 1 . The full width at half maxi-
mum (FWHM) linewidth of each hybridized normal mode is predicted 
to be (κ+Γ)∕2 = 2π × 19.5(5)MHz compared to the measured line-
width 22(1)MHz , which we attribute to additional broadening from 
Poisson variance in the atom number.

Unlike the cavity mode, each atom can carry only one optical 
excitation. This is reflected in the nonlinear transmitted power versus 
probe power beginning at an intracavity photon number of roughly 
3(1) (Fig. 2, C and D), known as the critical photon number n0 
(40, 48, 49). This few-photon optical nonlinearity could be used for 
optical switching at the few photon level.

Second-order coherence
The nonlinearity of the atoms is next used to realize a nonclassical 
light source. We reduce the Rb source temperature to lower the effec-
tive atom number to Neff ≈ 0.1 , limiting the likelihood of two atoms 
transiting the cavity mode at the same time. Cavity B’s resonance 
frequency is tuned to resonance with ωa . The atoms are now directly 
excited at frequency ωa using a laser beam along − ŷ  (see Fig. 3A) 
with a Rabi frequency of Ω = 2π × 36+5

−18
MHz.

Photons exiting the cavity are sent to a nonpolarizing 50/50 beam-
splitter, and each output is directed to a single-photon counting 
module (SPCM). The detected photons’ statistics are characterized 
using the second-order correlation function g (2)(τ) (50). Given the 
detection of a photon at time t, g (2)(τ) gives the relative likelihood to 
detect a second photon at time t + τ compared to what we would ex-
pect if the arrival times of photons were uncorrelated or Poissonian. 
g (2)(τ) > 1 indicates that a second photon is more likely to arrive than 
for Poissonian light, whereas g (2)(τ) < 1 indicates that a second pho-
ton is less likely to arrive than for Poissonian light.

The measured g (2)(τ) in Fig. 3B features a bunched envelope that 
asymptotes to 1 at large τ . Within this envelope, a central feature 
appears as a dip with an FWHM of tdip = 28(3) ns and a local mini-
mum g (2)(0) = 3.13(1) . This feature violates the classical inequality 
g (2)(0) > g (2)(τ) , certifying that the light source is nonclassical (51). 
The dip conceptually arises from the time scale for the atom to re-
turn to the optically excited state after it has emitted a photon. The 
minimum value of g (2)(0) is limited by the probability of multiple 
photons being deposited in the cavity at the same time. This can hap-
pen because of either the finite storage time 1∕κ of the cavity or be-
cause of multiple atoms transiting the cavity at once.

The characteristic timescale for the bunching envelope is that 
of the atom number fluctuations or the average atom transit time 
tT ≈ 150 ns (51). The red dashed curve of Fig. 3B shows the expected 
g (2)(τ) if the atoms were classical linear scatterers transiting the cavity 
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√
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taken at detunings corresponding to the blue and red lines in (C). These data were also taken with Neff ≈ 2.
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with random atom arrival times, following the thermal atomic ve-
locity distribution and the measured angular beam divergence along 
the cavity axis. This model generally reproduces the shape of the 
bunched envelope but does not display a central dip.

Modeling the full shape requires capturing the nonlinearity of 
the atoms, which we do using a Monte Carlo wave function (MCWF) 
simulation (the dashed blue line in Fig. 3B), as described in the Sup-
plementary Materials. The values of g0 and Ω are adjusted to better 
describe the observed dip. We also observe how varying the cavity 
linewidth and atomic beam flux affects g (2)(τ) . These simulations 
support the physical intuition that the finite cavity-linewidth κ is the 
primary limitation on the minimum value of g (2)(0) because the as-
sociated storage time 1∕κ blurs the time dynamics.

We can vary the interaction time with the cavity using velocity-
selective optical pumping of atoms from the ground state F  =  1 
(which does not resonantly interact with the cavity) to F = 2 (which 
does resonantly interact with the cavity). In Fig. 3C, we show the 
measured g (2)(τ) with no selection and for vs ≈ 78 and 553 m/s. The 
observed bunching timescale changes by ≈ 2 without changing 
the width of the nonclassical central feature, as shown in Fig. 3D.

Third-order coherence
The thermal atomic beam source affords a high data rate of ≈ 105 
photon counts/s at 65°C, which is integrated for 8 hours to produce 
the data shown in Figs. 3 and 4. This is sufficient to characterize the 

photons’ third-order correlation, g (3)
(
τa, τb

)
 (50) (see Fig. 4, A and 

B) using three SPCMs labeled a, b, and c to avoid detector dead time. 
The measured g (3)

(
τa, τb

)
 shown in Fig. 4C also displays bunching 

due to the random transit times of the atoms through the cavity. The 
sixfold symmetry corresponds to the six permutations of labels 
for the three detected photons. Classical light obeys the relation 
g (3)

(
τa, τb

)
≤ g (3)(0, 0) , which our measured g (3)

(
τa, τb

)
 violates as 

seen in Fig. 4C and as emphasized by a cut along the white dashed 
line τa = τb shown in Fig. 4D. For comparison, the results in Fig. 4 
are in good agreement with the corresponding correlation func-
tions computed using the same MCWF simulations from the pre-
vious section.

Heralded second-order coherence
With a thermal atomic beam, we do not have the degree of control 
over the atoms that would be needed to suppress fluctuations in 
atom number. However, because we are not probing along the cavity 
axis, the detection of a photon from the cavity acts as a signal that 
there is an atom in the cavity. Thus, we can postselect on the pres-
ence of an atom in the cavity by requiring the detection of an initial 
cavity photon. In practice, this allows us to use the g (3)

(
τa, τb

)
 data 

to form a heralded second-order correlation measurement (52, 53) 
shown in Fig. 4E that is sub-Poissonian g (2)

h

(
τa, τb

)
< 1 within the 

dashed red region. Explicitly, the heralded correlation function is 
calculated as
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Fig. 3. Nonclassical light. (A) An excitation beam overlaps with the cavity mode to continuously excite atoms during their transits. The cavity output is collected on two 
single-photon counting modules (SPCMs). (B) Measured profile of g(2)(τ) (black dots). The g(2)(τ) displays a bunched profile and a nonclassical dip within the bunched 
envelope that is centered at τ = 0 . The dashed blue line is a Monte Carlo wave function (MCWF) simulation; the details of which are explained in the Supplementary Ma-
terials. The dashed red line is a classical model for the bunched envelope, ignoring the nonlinearity of the atoms. (C) Velocity-selective pumping. Relying on the Doppler 
shift, we use optical pumping to pump atoms into F = 2 with a desired velocity. Profiles of g(2)(τ) are shown with no optical pumping (purple), vs ≈ 78 m∕s (blue), and 
v
s
≈ 553 m∕s (pink). (D) The width of the bunched envelope changes to reflect the transit time, while the width of the nonclassical dip is constant to within measurement 

uncertainty.
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Here, detector c is taken to be herald detector, and correlations 
are calculated between the other two detectors a and b conditioned 
on the prior arrival of a photon in c. The heralded second-order cor-
relation is a function of two times, τa being the time difference be-
tween photons c and a and τb between photons c and b (Fig. 4B). 
Each M represents the number of single ( Mc ), double ( Mca,Mcb ), or 
triple photon detections ( Mcab ), with double or triple coincidences 
occurring on different detectors at time differences τa and τb.

The diagonal cut shown in Fig. 4F is equivalent to a heralded 
second order correlation function at τ ≡ τa − τb = 0 . The minimum 
observed g (2)

h
(0) is 0.66(1) at τh = 20 ns , confirming that we have sub-

Poissonian light. Similarly to g (2)(0) , the minimum value of g (2)
h
(0) is 

also limited by the finite decay time of the cavity, which allows for 
multiple excitations to be deposited within the cavity mode. The 
minimum occurs at τh ≠ 0 because the atom requires a finite reset 
time after having emitted the herald photon. At larger times τh , the 
atom has left the cavity such that the heralding no longer applies and 
one returns to a bunching signal once again.

The opposite diagonal cuts shown in Fig. 4G at fixed herald times 
τh is equivalent to a g (2)

h
(τ) . One sees that the light is antibunched at 

τ = 0 for τh = 25 ns with reduced bunching away from τ = 0. The 
antibunching disappears at larger heralding times τh , returning to 
the previous unheralded result (black) at τh = 500 ns≫ tT.

DISCUSSION
These results demonstrate that the miniature and mass-producible 
rubidium beam source is compatible with achieving C ≫ 1 without 
degradation of the optical cavity over time due to Rb adhering to the 

mirror surface. With the source active between 40° and 70°C for 
6 months, we observed no discernible change in the linewidth of the 
cavity at the level of ±10% , constraining the increase in losses to 
±0.5 × 10−6 per mirror/month. This would be sufficient to operate a 
cavity with a finesse of 105 for 3 years without being loss dominated.

Ultimately, this experiment serves as a first step toward creating 
a miniaturized cavity QED system with a thermal atomic beam. This 
hybrid approach demonstrates a path for enhanced scalability of dis-
tributed sources of nonclassical light. While our atomic source is chip 
scale, our optical cavity is freestanding and enclosed within a larger 
vacuum chamber. We are currently exploring the integration of these 
cavities into sealed and passively vacuum pumped chip-scale devices 
such as in previously successful work (25). We plan to anodically 
bond the cavity mirrors within the chip-scale vacuum cell and use a 
two-stage channel design [as in (24)] to minimize getter outgassing 
and Rb vapor around the cavity. This device will find broad appli-
cations in miniature atomic clocks, chip-scale magnetometers, low-
power optical switching, and generation of nonclassical light.

MATERIALS AND METHODS
Details of mirror machining
The concave mirrors with curvature Rc = 10 cm and diameter of 
Dm = 7.75 mm geometrically limit the on-axis mirror separation L to be 
L ≥ D2

m
∕4R

c
= 150 μm so that the mirrors do not touch at their edges, 

which would leave no gap for atoms to enter the cavity. To achieve 
smaller mirror separations, the 4-mm-thick fused silica substrates were 
machined to form a cone starting from their base diameter of 7.75 mm 
down to a diameter of Dm = 1.5 mm at the mirror surface. In principle, 
this allows for a minimum cavity length of L = 6 μm at zero gap.

A computer numerical control machine is used to cone down each 
mirror to the desired diameter. First, the antireflective (AR)–coated 
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(� ) measurement. (A) To measure g(3)
(
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)
 and heralded g(2)(τ) , we add a third SPCM. (B) To compare g(2)

h

(
τa, τb

)
 to nonheralded 

g(2)(τ) , we redefine our variables: τh is the wait time after the herald photon, and τ is the time difference between the two heralded photons. (C) Three-photon correlation 
g(3)

(
τa, τb

)
 : data (left) and theory (right). It can be seen that g(3)(0, 0) < g(3)

(
τa, τb

)
 for some nonzero values of τa , τb , which is also an indicator of nonclassical light. (D) A 

profile along the diagonal of (C) with τa = τb again shows g(3)(0, 0) < g(3)
(
τa, τb

)
 . The blue dashed curve shows the same profile for the theory. (E) A full two-dimensional 

plot of g(2)
h

(
τa, τb

)
 : data (left) and theory (right). The red region along the diagonal has g(2)

h

(
τa, τb

)
< 1 . (F) A profile along the diagonal of (E) can be interpreted as showing 

g(2)(0) as a function of the wait time τh after the herald photon. g(2)(0) drops below 1 for roughly τr < τh < tT . The blue dashed curve shows the same profile for the theo-
ry. (G) As an alternate perspective, profiles of g(2)

h
(τ) along lines of constant τh drop below 1 for small τh but approach the nonheralded g(2)(τ) in the limit of τh ≫ tT . In this 

limit, the postselection is on random time windows rather than specifically times when there is an atom in the cavity, so we recover the nonheralded bunching behavior.
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side of the mirror is waxed onto a positioning fixture with PELCO 
Quickstick 135 Mounting Wax. The high-finesse surface is then sprayed 
with several layers of clear acrylic (Krylon Industrial, ACRYLI-QUIK) 
to protect it during machining. Starting 0.5 mm from the AR-coated 
surface, a medium grit diamond grinding wheel is used to cut the 
substrate at an angle of 41.8° from the normal of the mirror surface.

We perform 12 different cuts in four sequences to bring the sub-
strate down to a cone with a diameter of 1.5 mm at the high-finesse 
surface. We check that the mirror is still waxed on the fixture between 
each cut. After machining, acetone dissolves the wax and acrylic from 
their respective surfaces.

Depositing Rubidium in source region
Rubidium is deposited in the source region using a 4-W, 975-nm 
laser from QPhotonics to heat AlkaMax pills from SAES for 15 min. 
After the pills are activated, we use a resistive cartridge heater (Thor-
labs, HT15W) to heat the entire device to temperatures between 40° 
and 180°C. This heating adjusts the vapor pressure of the rubidium 
trapped within the source, which determines the flux of rubidium 
leaving through the microchannel array. The mean thermal velocity 
of our atomic beam flux varies from ≈275 to 330 m∕s over our op-
erating temperature range. The pills can be activated up to 10 times 
using this procedure before they are depleted.

Characterizing the divergence of the atomic beam
To characterize the angular divergence of the atomic beam before 
and after passing through the cavity, we perform fluorescence spectros-
copy 10 mm before and after the optical cavity. Before the cavity, the 
85Rb F = 3→ F� = 4 transition has a measured linewidth of 40 MHz 
in agreement with (25). This is equivalent to an RMS angular diver-
gence of 43(3)mrad . A similar measurement on the atoms exiting 
the cavity gives a much smaller linewidth of 9 MHz and an RMS 
angular divergence of 8(2)mrad . The narrow cavity acts as a spatial 
filter, selecting a population of atoms with less angular divergence to 
interact with the cavity mode.

Cavity length stabilization
The cavity frequency is stabilized using a Pound-Drever-Hall (PDH) 
lock to a laser that is, in turn, locked at variable frequency offset 
from the 85Rb D2 F = 3 to F = 4 transition. The PDH laser light is 
sufficiently strong to saturate any atoms in the cavity, allowing us to 
measure the bare cavity-resonance frequency.

The PDH laser light is alternately toggled on and off for 220 μs , 
faster than the unity gain frequency of the cavity feedback loop. Sci-
ence is done during the off period, during which the field emitted 
from the opposite end of the cavity is detected on 2 to 3 SPCMs. The 
SPCMs are gated off during the PDH probe period.

Velocity-selective optical pumping
To verify that the characteristic timescale of the bunching corresponds 
to the average atom transit time, we use velocity-selective optical 
pumping to modify the shape of the peak. After optically pumping the 
population from ∣F = 2⟩ to ∣F = 1⟩ , a beam angled θ = 58(1)◦ from the 
horizontal with detuning δ from the ∣F = 1⟩ → ∣F� = 2⟩ transition is 
used to pump the atoms back into ∣F = 2⟩.

Because the velocity-selective pump has a component parallel to 
the atomic beam, we can select atoms moving at velocity vs by choos-
ing δ = v

s
cos(θ)∕λa to the red of the transition. The width of the ve-

locity selection is broadened by excitations of the atomic beam by 

the vertical component of the optical drive and through velocity 
classes that are excited on the ∣F = 2⟩ → ∣F� = 1⟩ transition.
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