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We report the results of two-photon-excited fluorescence (TPEF) measurements of the 5S1=2 → 5D5=2

transition of 85Rb and 87Rb cooled in a magneto-optical trap. We observe TPEF at excitation powers
as low as 1 μW or fluxes as low as 2.98þ1.37−0.94 × 1018 photons cm−2 s−1 (85Rb) and 3.31þ2.21−1.33 ×
1018 photons cm−2 s−1 (87Rb). Our results demonstrate that optically cooled Rb is a promising platform
for observing sensitive two-photon spectral signatures at low photon fluxes.
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I. INTRODUCTION

Atomic rubidium (Rb) is of interest for optical clocks
[1,2] and frequency standards [3,4], matter wave interfer-
ometers and field sensors [5–8], quantum simulation
[9,10], and is a resource for quantum computation [11].
Recently, Rb has gained attention as a medium suitable for
probing the validity of entangled two-photon absorption
(ETPA) [12–14]. ETPA occurs when an atom or molecule
is driven by correlated photon pairs rather than classical
light. The spectral-temporal correlations inherent in the
two-photon state of light lead to a linear scaling of a
nonlinear process. When compared with classical light,
entangled photon pairs may provide a significant enhance-
ment in the low intensity regime. Such an enhancement, if
measurable, may be useful for applications relying on two-
photon absorption, particularly where photodamage is of
concern [15–17].
With the success of early experiments by Georgiades

et al. on two-photon absorption driven by narrow-band
squeezed light [18] and Dayan et al. on second harmonic
generation from a broadband pair source [19], attention
shifted to fluorescent dyes using the broad bandwidth
entangled pair sources (either from a bulk or periodically
poled crystals), in which the broad bandwidth became a
common “feature” for ETPA. Such studies report detecting
ETPA with an enhancement many orders of magnitude
above the classical result [20–26]. These results have been
called into question by others who either do not measure an
ETPA signal [27–29] or provide alternative explanations

such as hot-band absorption or single-photon scattering for
signals which first appear to be ETPA [30,31]. Compared
with recent experiments using molecular dyes, Rb offers a
unique regime of parameter space that can be leveraged to
increase the detection capabilities and therefore the meas-
urement of ETPA.
For ETPA, Rb is advantageous because the linewidths of

atomic transitions are orders of magnitude smaller than the
linewidths of electronic transitions of fluorescent dyes in
room temperature solvents. As a result, the two-photon
absorption (TPA) cross section is on the order of 1012GM
(1 GM ¼ 10−50 cm4 s photon−1), which is approximately 8
orders of magnitude larger than the cross section for typical
molecular systems. This large TPA cross section is of
immense relevance for ETPA, since very low intensities are
needed to witness an enhancement. Second, when pumped
degenerately from the ground state (5S1=2) to the two-
photon excited state (5D5=2) the first photon makes a tran-
sition near the 1.06 THz detuned real intermediate state, see
Fig. 1 and Table III for a comparison across alkali atoms.
When compared with continuous wave classical light
exciting a degenerate two-photon transition, the broadband
nature of the ETPA photons from the SPDC process [32,33]
leads to spectral overlap and thus resonant excitation of the
intermediate state increasing the excitation rate and there-
fore its quantum advantage [12].
For investigations of ETPA, it is crucial that the system

under review is well known and can be modeled so that
one can accurately predict the results of experiments.
For molecular systems, this is often difficult, as they are
typically large, complex molecules with many degrees of
freedom, and other physical mechanisms, such as aggre-
gation, may be present. On the other hand, the properties
of Rb are extremely well documented due to its many
applications in quantum sensing [5,6] and precision time
and frequency calibrations [1–4]. Together, these proper-
ties make Rb an ideal candidate for making nonlinear
quantum-optic calculations.
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Generally, there are two types of experiments that are
conducted with Rb atoms. Atoms can be in hot vapor cells
or can be cooled in a magneto-optical trap (MOT). MOTs
allow the confinement of millions of atoms to a small
region of space. With a focused excitation beam, this
increases the detection capabilities of the experiment for
lower incident powers. For example, in an earlier study
that motivated our work, Georgiades et al. took advantage
of a MOT to study two-photon excitation using a narrow-
band nondegenerate squeezed-light source in Cs, showing
a linear power dependence to the fluorescent counts [18].
In his graduate thesis (starting on page 30), Georgiades
discussed the advantages of the MOT as compared with
the hot vapor cell for two-photon studies, including not
requiring the use of counterpropagating beams, MOTs not
suffering from Doppler broadening, and the atoms being
well localized [35].
Hot vapor systems suffer from Doppler broadening,

effectively reducing the rate of excitation by 2–3 orders of
magnitude with a classical beam as the bandwidth of light
can be far less than the atomic linewidth. For classical
TPA, a standard technique to circumvent the limitations
due to Doppler broadening is to use counterpropagating
beams. On the other hand, photon pairs used for ETPA
usually involve correlated degenerate photons with fre-
quencies that add to the same value with a bandwidth much
less than the natural linewidth. Consequently, ETPA is
uniquely poised to be negatively affected by broadening
mechanisms such as Doppler broadening. Since the inci-
dent intensities are already very low, these effects may be
large enough to suppress any measurable signal [12].
Further, unlike classical light where photons can be
sent into counterpropagating directions, one cannot “sort”
correlated degenerate photons with equivalent polariza-
tions as in Type-0 or Type-1 crystals such that the photons
from a pair are counterpropagating while maintaining the
spectral-temporal correlations. Finally, spectral shifts from
Doppler broadening, which could modulate the absorption
rate [35], and “incoherent” two-photon absorption of the

photon pairs [12] must be considered in hot vapors. In a
MOT, however, the incoherent TPA rate is negligible due
to the absence of substantive Doppler broadening [12].
To improve detection capabilities and remove the effects

of Doppler broadening, we present an analysis of Rb driven
by classical TPA in a MOT cooled down to temperatures in
the μK regime. Despite its potential, there are few reports of
two-photon-excited fluorescence (TPEF) from ultracold Rb
atoms [3,4]. Previous works have reported TPEF of ultra-
cold Rb down to 10 mW powers, which correspond to
fluxes on the order of 1020 cm−2 s−1 [3,4]. In this report,
we demonstrate TPEF power dependence of ultracold Rb
down to excitation powers of approximately 1 μW or fluxes
as low as 2.98 × 1018 cm−2 s−1. This sensitivity in flux is
better than any previously published atomic two-photon
study by over a factor of 10-fold, or a factor of > 100-fold
in terms of counts, since the TPEF counts scale quadrati-
cally with power. Additionally, this sensitivity is approx-
imately 5× greater than that reported in the best molecular
ETPA studies to date [30]. Our results demonstrate that the
Rb MOT is a promising platform for low-flux TPEF to be
used for observing novel nonlinear phenomena like ETPA.
The outline of this paper is as follows: In Sec. II, we

provide an outline of our procedure with results provided
in Sec. III. Our concluding remarks are presented in
Sec. IV with various supplementary information provided
in appendixes.

II. EXPERIMENTAL OVERVIEW

Here we provide an overview of our experiment (sche-
matic shown in Fig. 2). An Infleqtion mini-MOT V2
dispenses Rb (natural isotope abundance) at an ultralow
pressure (nTorr) into a sealed, optically transparent glass
cell. Taking advantage of the natural isotope composition,
we created MOTs of both 85Rb and 87Rb. In brief, trap and
repump diode lasers with frequencies either locked to 85Rb
and 87Rb (see details in Appendix A) were sent into the
MOT to optically cool and keep atoms in a single hyper-
fine ground state (5S1=2 Fg ¼ 3 for 85Rb, and 5S1=2 Fg ¼ 2

for 87Rb). We used an optical chopper to activate and
deactivate the trap and repump beams with a 50–50 duty
cycle, providing a time window for probing the MOTwhen
all atoms were in the ground state (when the beams were
disengaged). This cycle produced a steady-state MOT. The
number of trapped atoms in the MOT was determined via
absorption using a separate probe laser for imaging during
the time window when the trap and repump beams were
blocked (see Appendix A).
Two-photon excitation of the MOTwas performed using

a laser (778.1 nm) locked via Doppler-free two-photon
spectroscopy to the strongest two-photon transition
of each isotope 85Rb ð5S1=2; Fg ¼ 3 → 5D5=2; Ff ¼ 5Þ
and 87Rb ð5S1=2; Fg ¼ 2 → 5D5=2; Ff ¼ 4Þ. Using a
motorized waveplate controller and Glan-Taylor polarizer,

FIG. 1. The energy level diagram of the 5S1=2 → 5D5=2 two-
photon excitation of Rb (natural linewidth of 667 kHz). Branch-
ing ratios and radiative linewidths (calculated from the radiative
lifetimes) [34] are reported. The narrow two-photon detuning
(1.06 THz) between the virtual state and the nearest P state is
depicted, in addition to the larger detuning (8.21 THz).
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the power of the beam could be varied for power
dependence studies. After the Glan-Taylor polarizer, a
50–50 beam splitter was used as a pickoff to monitor the
beam power, while the remainder of the beam was sent into
the MOT. After the beam splitter, a quarter-waveplate was
used to create circularly polarized light. Fluorescence was
collected orthogonally to the excitation using a custom-
designed two-lens system that focused light into a photon-
counting PMT. The fluorescence signal was time-gated
(synchronized with the optical chopper) to analyze data
only when the trap and repump beams were blocked.

The TPEF experiment was fully automated using 5 s on
(excitation beam delivered)-off (excitation beam blocked)
cycles. A block averaging time of 400 s of the two-photon
fluorescent counts was selected by taking Allan deviation
measurements (Appendix E, Figs 7, 8). Additionally, the
total collection time was capped at 4 h as the Allan devia-
tion of the PMT dark counts (evaluated with the lasers used
to make the MOT) deviated from linearity beyond that
time. Data processing was performed using hand-coded
PYTHON scripts for all measurements (two-photon power
dependence studies, absorption imaging, etc.).

III. RESULTS AND DISCUSSION

Fluorescence collection methods are less prone to error
and can achieve higher sensitivities than absorption
approaches (as demonstrated by our group, up to a factor
of 103 to 104 better in the context of the two-photon cross
section) [36]. We thus utilized the TPEF method [37] to
determine the two-photon absorption cross section of Rb.
The TPEF method involves measuring the power-depen-
dent fluorescence of the sample [37]. Power-dependent
TPEF spectroscopy was performed on the trapped Rb
atoms. For both 85Rb and 87Rb, the log-log plot of the
power dependence had a slope of 2.0, within statistical
significance, Fig. 3. This indicates that the fluorescence
originates purely from TPA.
Using the y-intercept values from the fit and param-

eters from the experiment (such as the atom number,
MOT dimensions, and beam waist; full parameters
shown in Appendix D), the two-photon cross section
(δ) of each Rb isotope was calculated. For 85Rb, the two-
photon cross section was 1.07� 0.20 × 1012GM, Table I.
The 87Rb two-photon absorption cross section was
2.64� 0.49 × 1012 GM, Table I.

FIG. 2. Schematic for two-photon excitation of the Rb MOT.
GT = Glan-Taylor polarizer.

FIG. 3. Log-log power-dependence plots for (a) 85Rb and (b) 87Rb. Linear fits of the form y ¼ mxþ b in log10-log10 space give, for
85Rb: m ¼ 2.041� 0.023, b ¼ −38.000� 0.445; and for 87Rb: m ¼ 2.018� 0.004, b ¼ −37.554� 0.078. A slope consistent with
m ≈ 2 indicates fluorescence arising purely from two-photon processes. The noise floor is indicated by the solid black line; points
whose error bars cross this line are not statistically significant.
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The two-photon cross-section measurement has four
main sources of error: the log-log fit intercept, the spot
size, the atom density, and the collection efficiency (see
Appendix D). The statistical uncertainty of the log-log fit
is quantified by the 1σ uncertainty of the fitted y-intercept,
yielding 6% for 85Rb and 1% for 87Rb (for this calculation,
the plus-minus value is first exponentiated to linear space,
then an average of the percent error is reported). Fitting in
log-space amplifies uncertainties, and this error is small
relative to the other parameters. For example, the focused
spot size, calculated from the beam dimensions before the
focus and taking into account the M2, has 10% error. The
atom density also has approximately 10% error, which
largely stems from error in determining the atom number
(calculated via absorption imaging). Given the OD range
of our experiment (up to ODs of 5), 10% error is expected
[40] and would require advanced techniques to reduce
further [41,42]. Finally, the collection efficiency error
(12.4%) is determined from Zemax modeling (see
Appendix G). We designed the fluorescence collection
with two lenses to operate over wide offsets with minimal
effect on the collection efficiency (Appendix G), and the
error is comparable to other MOT experiments [43].
In addition to error sources, since the measured two-

photon cross section depends on the on-resonance fluo-
rescence rate, it is significant that the MOT two-photon
excitation linewidth should be considered in interpreting
the cross-section values. The observed two-photon line-
widths in the MOT (1.5� 0.1 MHz, Appendix C) exceed
its natural 5D5=2 linewidth of 667 kHz. This is likely due to
magnetic-field effects that arise when the MOT coils
remain on during the probe, of which we provide calcu-
lations in Appendix H. In this configuration, the atoms
occupy a distribution of magnetic sublevels mF, each of
which experiences a different Zeeman shift in the quadru-
pole magnetic field. Even within the small excitation
volume set by the tightly focused 778 nm beam
(w0 ≈ 6.5 μm, zR ≈ 0.17 mm), the applied gradient of
approximately 14 G=cm produces a field variation of
order 0.2 G across the interaction region. When combined
with the finite local field (approximately 0.1–0.2 G),
this leads to a corresponding multicomponent Zeeman

manifold in which different mF → mF00 two-photon path-
ways are shifted by several hundred kilohertz relative to
one another. Smaller contributions from residual Doppler
broadening, pressure broadening, and power broadening
also add in quadrature, but these effects are minor
compared with the magnetic field-induced broadening
(see Appendix H).
Although the broadening would be dominated by inho-

mogeneousmechanisms, it is useful to estimate an effective
TPAcross section thatwould be inferred if the full linewidth
were treated as homogeneous broadening of a single
Lorentzian. Under that assumption the on-resonance
response scales inversely with the linewidth, so rescaling
from ΓMOT ¼ 1.5� 0.1 MHz (Appendix C) to the natural
5D width Γnat ¼ 0.667 MHz [34] multiplies the extracted
cross section by the factor ΓMOT=Γnat ¼ 2.3� 0.2.
Applying this factor with error propagation to ourmeasured

values yields natural-width upper limits δðnatÞ85 ≈ 2.40�
0.49 × 1012 GM and δðnatÞ87 ≈5.94�1.17×1012 GM, where
these values should be interpreted as upper bounds, Table I.
To our knowledge, only two prior experimental studies

have reported two-photon cross sections for the same
5S → 5D transitions in rubidium, both using linearly
polarized excitation, Table I [38,39]. Saha et al. report a
value of δ ¼ 1.28 × 1012 GM for 85Rb in a fiber-guided
geometry, while Zapka et al. find δ ≃ 1.0 × 1012 GM for
87Rb in a vapor cell. Both earlier works employ analysis
frameworks that normalize the extracted cross section to
the natural homogeneous linewidth (including transit-time
and Doppler contributions in the fiber experiment). The
natural linewidth two-photon cross section estimates lie
in the same 1012 GM range as these earlier 85Rb and 87Rb
studies, Table I. Finally, we used circularly polarized
excitation, which increases the two-photon excitation rate
1.75-fold [44] and would contribute to the higher cross-
section bounds.
Having measured the two-photon cross section of

the cold Rb atoms, the sensitivity (the lowest power
and fluxes to produce a signal with confidence, taking
error into account) was determined. The power sensiti-
vity of the measurement above the noise floor was

TABLE I. Experimental two-photon cross sections inGM(1 GM ¼ 10−50 cm4 s photon−1) for Rb 5S → 5D5=2. All
reports in Table I used the two-photon excited fluorescence to determine the cross section. Saha et al. and Zapka et al.
used linearly polarized excitation in their studies. In this study, we used circularly polarized excitation, which increases
the two-photon excitation rate up to 1.75×. Detailed measurement parameters for our work are given in Table IV.

Reference Isotope Method δ (GM)

Saha et al. [38] 85Rb Fiber linear polarization 1.28 × 1012

Zapka et al. [39] 87Rb Hot vapor linear polarization 1.0 × 1012

This work 85Rb MOT circular polarization Measured ð1.07� 0.20Þ × 1012

Natural ð2.40� 0.49Þ × 1012

This work 87Rb MOT circular polarization Measured ð2.64� 0.49Þ × 1012

Natural ð5.94� 1.17Þ × 1012
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1.01þ0.46−0.32 μW (85Rb) and 1.12þ0.74−0.45 μW (87Rb), respec-
tively (see Table II and Appendix F, Fig. 9). These limits
are > 100× lower than was demonstrated in fiber [38],
more than 1000× lower than has been demonstrated in
alkali hot vapor [13], and more than 1000× lower than
previously demonstrated in an ultracold MOT [3], Table II.
For 85Rb and 87Rb, the flux sensitivity was 2.98þ1.37−0.94 ×

1018 photons cm−2 s−1 and 3.31þ2.21−1.33 × 1018 photons
cm−2 s−1, respectively. When compared between previous
Rb studies (Table II) and across ETPA studies [27,30,47], the
sensitivity in flux is better than other previously published
studies (for ETPA studies nearly 5× improved) [30]. While
Rb density in the MOT (2.22 × 1010 cm−3) is substantially
lower thanmolecular systems (for example, a 1mMmolecu-
lar concentration corresponds to 6.02 × 1017 cm−3), the
>1010 larger cross section pushes the measurement sensi-
tivity into a new regime.
Our results indicate that ultracoldRb is a promisingmodel

platform for studying low-flux two-photon effects like
ETPA. For example, using periodically poledKTP (ppKTP),
we have produced up to 750 nWof Type-0 SPDCwhen using
a 389 nmseed (doubled from the 778.1 nm frequency-locked
laser). This result, consistent with reports from literature,
would produce a flux of 2.22 × 1018 photons cm−2 s−1
assuming an equivalent spot size to the classical beam.
Using two SPDC crystals or double-passing SPDC photons
through the MOT would push the flux above our limit of
detection. In practice, however, focusing of a highly poly-
chromatic source like SPDC is challenging (for example, at
present, we have found we can focus the SPDC to approx-
imately 50 μm). Future work is aimed to systematically
study and optimize SPDC, and in tandem with theory, to
measure an ETPA signal in the MOT platform.

IV. CONCLUSION

In conclusion,we studied two-photon excitation ofRb in a
MOT. Log-log power dependence studies confirmed fluo-
rescence purely from two-photon absorption in the RbMOT

as indicated by the fitted slope of 2.We achieved aminimum
flux sensitivity of 2.98þ1.37−0.94 × 1018 photons cm−2 s−1 (85Rb)
and 3.31þ2.21−1.33 × 1018 photons cm−2 s−1 (87Rb). With a flux
sensitivity over an order of magnitude better than other
published systems (and approximately 5× improved over
deliberately optimizedmolecular ETPAstudies),we find that
ultracold Rb is a very promising platform for observing low-
flux two-photon signatures.
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TABLE II. Minimum detectable power Pmin and corresponding photon flux Φmin for atomic two-photon excitation experiments in
Rb and Cs.

Reference Species Platform Type Pmin ϕmin (photons cm−2 s−1)

Caracas Núñez et al. [13] 133Cs Hot vapor fluorescence Power dependence 10 mW 1.63� 0.11 × 1022

Saha et al. [38] 85Rb Fiber fluorescence Power dependence 200 μW 7.8 × 1021

Zapka et al. [39] 87Rb Hot vapor fluorescence Operating 60 mW 1.6 × 1021

Collins et al. [45] 85Rb Hot vapor absorption Operating 4.7 mW 6.8� 0.2 × 1019

Hassanin et al. [46] 87Rb Hot vapor IR emission Operating 25 mW 5.5 × 1020

Leng et al. [3] 87Rb MOT fluorescence Operating 20 mW not applicable
This work 85Rb MOT fluorescence Power dependence 1.01þ0.46−0.32 μW 2.98þ1.37−0.94 × 1018

This work 87Rb MOT fluorescence Power dependence 1.12þ0.74−0.45 μW 3.31þ2.21−1.33 × 1018

Note: Saha et al. used two counterpropagating 100 μW beams (total ¼ 200 μW) in a hollow-core fiber [38]. Collins et al. used
Pþ ¼ 2.9� 0.1 mW and P− ¼ 1.8� 0.1 mW for each beam [45]. Lu et al. [4] (not included in table) published a study with the same
parameters as Leng et al. [3].
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APPENDIX A: DETAILS OF EXPERIMENT

1. Cold Rb MOT

Using a standard six-beam geometry [48], we side-
locked two near-infrared lasers to the hyperfine transitions
for cooling (5S1=2F ¼ 3 → 5P3=2F0¼4) and repumping
(5S1=2F ¼ 2 → 5P3=2F0 ¼ 3) of 85Rb, respectively. For
87Rb, the corresponding cooling and repumping transi-
tions are 5S1=2F ¼ 2 → 5P3=2F0 ¼ 3 and 5S1=2F ¼ 1 →
5P3=2F0 ¼ 2. The locking of both lasers was achieved
using proportional-integral-integral loop filters, and the
MOT isotope (85 and 87) was readily selectable by tuning
our lasers to the proper transitions.
In order to selectively excite ground-state Rb atoms (as

when actively cooled the Rb atoms are optically driven
between the 5S1=2 and 5P3=2 states), we employed an
optical chopper set at 3 kHz to rapidly disengage and
reengage the cooling and repump lasers. With the optical
chopper engaged, we trapped > 107 atoms in a steady
state, which we quantified via absorption imaging of the
MOT. By synchronizing the optical chopper with time-
binned fluorescence detection (Hamamatsu H10682-210
PMT, PicoQuant HydraHarp 400), we probed the TPEF of
the ultracold Rb atoms when all atoms were in the ground
state, i.e., when the optical chopper was blocking the
cooling and repump MOT beams.

2. Two-photon excitation source (locked standard)

In the ultracold MOT, Doppler broadening is negligible,
allowing for Doppler-free excitation of Rb. Frequency
stabilization is thereby required in order to ensure that the
laser used for two-photon excitation is on resonance.
Feedback control (peak locking) was used to maintain
resonant laser excitation. To create the two-photon lock,
we used a Toptica TA-SHG pro laser (778.1 nm emission)
arranged in a Doppler-free configuration. We collected the
TPEF using a two lens-filter-PMT design orthogonal to
the hot Rb cell. The Rb cell was heated to approximately
equal to 90 °C.
Heating the Rb vapor cell increases the atomic density

in the interaction region [49]. Temperatures of approx-
imately equal to 90 °C are typically required to obtain
a measurable signal [44,50], whereas heating beyond
approximately 125 °C provides no further improvement in
borosilicate cells and may gradually deplete the vapor
through alkali-glass bonding [44,51]. We therefore operated
the cell only as hot as necessary for stable signal generation.
The cell was enclosed in a copper sheath with a side

window for fluorescence collection. A 60 W silicone
resistive heater was wrapped around the sheath and
secured with worm-gear clamps. To prevent Rb conden-
sation on the entrance and exit faces, custom copper end
caps provided thermal contact to both windows, each
containing a 2 mm beam aperture.

The assembly was supported by an Ultem cradle
mounted on a three-axis translation stage. Ultem, rated
above 170°C [52], provides both mechanical rigidity and
thermal isolation. Insulation performance was verified
using 30 kΩ thermistors placed on the cell wall and within
the cradle. After four hours at 50 W heater power, the cell
stabilized at 140°C while the cradle remained within 1°C
of ambient, confirming effective isolation.
The two-photon Doppler-free spectrum and associated

error signals used for peak locking are shown in Fig. 4. We
achieved two-photon lock linewidths of < 3.5 kHz (less
than the linewidth of the laser grating) for 85Rb and 87Rb
5S1=2 → 5D5=2 two-photon excitation. This lock stability
enables probing of our MOT cloud without deviations off
resonance.

3. Absolute two-photon cross section

For a degenerate cw two-photon transition jgi → jei at
wavelength λ, the detected fluorescence count rate F (s−1)
under weak excitation is

FIG. 4. (a) Top: two-photon Doppler-free spectrum of hot 85Rb
vapor (heated to approximately equal to 90°C). FWHM (the
strongest hyperfine peak) is 3.8 MHz. Bottom: error signal
(green) used for locking. The points at which the error signal is
0.00 (dashed line) represent potential lock points. (b) Top: two-
photon Doppler-free spectrum in hot 87Rb vapor (heated to
approximately equal to 90 °C). FWHM (the strongest hyperfine
peak) is 2.4 MHz. Bottom: corresponding error signal.
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F ¼ ηB
δ

ðhνÞ2
Z

nðrÞI2ðrÞd3r; (A1)

where η is the total detection efficiency, B is the branching
ratio for the detected channel, ν ¼ c=λ, nðrÞ is the atomic
number density, IðrÞ is the irradiance, and δ is the
(molecular or atomic) two-photon cross section in GM
units (1 GM≡ 10−50 cm4 s photon−1).

a. cw Gaussian beam

For a fundamental Gaussian beam of total power P and
waist w0 at the atoms,

Iðr; zÞ ¼ 2P
πw2ðzÞ exp

�
− 2r2

w2ðzÞ
�
;

wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
z
zR

�
2

s
; zR ¼ πw2

0

λ
: (A2)

If the cloud is large compared with w0 transversely and
extends over many Rayleigh ranges (jzj ≫ zR, where I2

still contributes), we may take nðrÞ ≈ n (constant) over the
region where I2 is non-negligible. Then

Z
I2ðrÞd3r ¼ P2zR

w2
0

: (A3)

More generally, for a finite cloud between z ¼ z1 and
z ¼ z2,Z

I2ðrÞd3r ¼ P2

π

Z
z2

z1

dz
w2ðzÞ ¼

P2zR
πw2

0

�
arctan

�
z
zR

��
z2

z1

:

(A4)

If the cloud is Gaussian with FWHM sizes FWHMx;y;z,
one may approximate the density by a 3D Gaussian
and evaluate

R
n I2dV as a product of 1D Gaussian

integrals near the waist; for FWHMz ≫ zR it reduces back
to Eq. (A3).

b. Solving for δ from a log-log power scan

Experimentally, one fits F ¼ αP2
meas on a log-log plot

(slope approximately equal to 2 confirms two-photon
excitation). The measured power is related to the power
at the atoms by Patoms ¼ T Pmeas, with T ≈ 1.0254
(Table IV) accounting for the beam-splitter ratio and
losses. Because F ∝ P2, this transmission is absorbed
once into the corrected rate prefactor through the input-
loss correction α → α=T2 (Table IV), so that the fit is
expressed in terms of the power at the atoms, F ¼ αP2

atoms.
Using Eqs. (A1) and (A3):

αP2
atoms ¼ ηB

δ

ðhνÞ2 n
�
P2
atomszR
w2
0

�
;

δ ¼ α
ðhνÞ2
ηBn

w2
0

zR
: (A5)

Here n is the number density. By measuring the total
atom number N and assuming the cloud is near-uniform
across the illuminated region, we substitute n ≃ N=Vcloud.
For a 3D Gaussian atom cloud, Vcloud ¼ ð2πÞ3=2σxσyσz,
with σ ¼ FWHM=ð2 ffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
p Þ. We also use the beam size

conversions: w0 ¼ FWHMbeam=
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
.

c. Minimum statistically significant
excitation power and flux

In a log-log excitation scan, the measured fluorescence
is converted to y ¼ log10 F and plotted versus either
x ¼ log10 Pmeas or, after correcting for the beam geometry,
x ¼ log10 Φ, where Φ is the photon flux at the atoms. The
flux is defined as the laser power per unit beam area (using
the 1=e2 mode area πw2

0) converted to a photon rate,

Φ ¼ Patoms

πw2
0 hν

; Patoms ¼ Ttotal Pmeas; (A6)

where w0 is the 1=e2 beam waist radius, hν is the photon
energy at 778.1 nm, and Ttotal ¼ 1.0254 (Table IV) corrects
the measured power to the power at the atoms. This power-
per-beam-area convention matches that used by the com-
parison studies of Table II. Only data points whosemeasured
count rates lie above the experimentally determined noise
floor are included in the linear regression, but the noise
characteristics of all data points (including those below the
noise floor) are used in determining the detection limit.
Over the region used for fitting, the two-photon

response is well described by the weighted linear model

yðxÞ ¼ mxþ b; (A7)

with parameter covariance

Σ ¼
�

σ2m Covðm; bÞ
Covðm; bÞ σ2b

�
: (A8)

The 1σ uncertainty of the fitted line follows from
standard error propagation. With

gðxÞ ¼
�
∂y=∂m
∂y=∂b

�
¼

�
x
1

�
;

the variance of the fitted mean is

σ2fitðxÞ ¼ gðxÞT ΣgðxÞ ¼ x2σ2m þ σ2b þ 2xCovðm; bÞ:
(A9)
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Measurement noise, which grows rapidly as the fluo-
rescence approaches the noise floor, contributes an addi-
tional term σdataðxÞ. The total 1σ predictive uncertainty at
excitation level x is

σpredðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2fitðxÞ þ σ2dataðxÞ

q
: (A10)

Let ynoise denote the measured noise-floor level in log
space. The minimum statistically significant excitation is
defined as the smallest x for which the lower edge of the
prediction band exceeds the noise floor:

yðxdetÞ − σpredðxdetÞ ¼ ynoise: (A11)

Equation (A11) is solved numerically using a bracketing
root-finding method. Because the interpolation σdataðxÞ
incorporates all measured points, including those below
the noise floor, no additional constraint is required on the
location of xdet.
Finally, the minimum statistically significant excitation

levels in physical units are

Pdet ¼ 10 xðPÞdet ; Φdet ¼ 10 xðΦÞ
det ; (A12)

which represent the lowest excitation levels at which the
two-photon signal is distinguishable from the noise floor
at the 1σ confidence level.

4. Absorption imaging

a. Frequency stabilization and sweeping

Absorption imaging was performed using a probe laser
(a separate laser) that was frequency stabilized to the trap
laser transition for absorption imaging by frequency offset
locking (FOL), see reference for a general FOL scheme
[53]. In brief, the repump laser was locked to its atomic
transition via side-locking. Then, using polarization beam
splitters, the repump laser and the probe laser were
combined using a 50/50 beam splitter cube (one laser sent
through each face). The polarizations of the repump and
probe laser were set to be the same in order to ensure proper
mixing [53]. The mixed lasers were fiber-coupled and sent
for detection (Vescent D2 Beat Note Detector), with a
difference in frequency on the order of 2.8–2.9 GHz (85Rb)
and 6.6 GHz 87Rb. The GHz beat note was sent into a
high frequency divider chip (ADF4007), and divided down
into the MHz regime (by a factor of 64), for comparison
to a reference (TPI 1005 synthesizer). The output of the
ADF4007 chip was sent into a loop filter. By adjusting the
reference frequency (synthesizer reference), the frequency
offset was adjusted around the Rb trap transition.
Our absorption imaging scheme was inspired by other

literature [54]. In brief, our probe laser was spatially
filtered and optically chopped out of phase with our MOT
trap and repump lasers. The probe laser was then directed
through the MOT and imaged on a camera.

b. Optical density fitting

Absorption model with fixed natural linewidth
After normalizing the data, we model the transmitted

intensity under the Beer-Lambert law with a Lorentzian
line shape of fixed full-width half-maximum (FWHM)
γ (in MHz). We use γ ¼ 6.06̄MHz and introduce a small
phenomenological asymmetry parameter s to account for
residual skew in the line:

Imodelðω; θÞ ¼ aþ exp ½−ODLðω;ω0; sÞ�; (A13)

Lðω;ω0; sÞ ¼
γ2

4ðω − ω0Þ2 þ sðω − ω0Þ þ γ2
: (A14)

Here θ ¼ ðOD;ω0; a; sÞ, where OD is the on-resonance
optical density,ω0 is the line center (in MHz), a∈ ½0; 1� is a
constant offset, and s controls weak asymmetry (s ¼ 0
recovers the symmetric Lorentzian). We use s purely as a
nuisance parameter to absorb mild nonidealities (e.g.,
residual gradients or detuning asymmetries).

Nonlinear least squares fit and constraints
For each pixel ðr; cÞ we minimize the residual sum of

squares

min
θ

RSSðθÞ ¼
X
i∈K

½Imodelðωi; θÞ − ŷiðr; cÞ�2; (A15)

over the index set K remaining after filtering and trim-
ming. We impose simple box constraints reflecting the
acquisition and normalization:

0 ≤ OD ≤ 50; min
i

ωi ≤ ω0 ≤ max
i

ωi;

0 ≤ a ≤ 1; −100 ≤ s ≤ 100. (A16)

Goodness of fit and acceptance criterion
We report the coefficient of determination

R2 ¼ 1 −
P

i∈Kðŷi − ŷfiti Þ2P
i∈Kðŷi − ȳÞ2 ; ȳ ¼ 1

jKj
X
i∈K

ŷi; (A17)

where ŷfiti ¼ Imodelðωi; θ̂Þ. If the denominator in Eq. (A17)
vanishes we set R2 ¼ −1. Fits with R2 < 0.70 are rejected
by assigning dOD ¼ 0.

Optical density map
We assemble the per-pixel estimate dODðr; cÞ into a 2D

map of size H ×W matching the input images. For a
user-specified single pixel ðr⋆; c⋆Þ, we can additionally
plot the data and best-fit fωi; ŷiðr⋆; c⋆Þg together
with Imodelðω; θ̂Þ for evaluation [such as in Figs. 5(b)
and 5(c)]. All fits use bound-constrained nonlinear least
squares (Levenberg-Marquardt-type) as implemented in
least_squares.
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Per-pixel uncertainty
For each pixel fit, the nonlinear least-squares routine

(least_squares) returns the Jacobian J of the resid-
uals with respect to the parameters, evaluated at the best-fit
θ̂ ¼ ðdOD; ω̂0; â; ŝÞ. Let riðθ̂Þ denote the residual at fre-
quency ωi, and define the residual sum of squares

RSSðθ̂Þ ¼
X
i∈K

riðθ̂Þ2: (A18)

With N ¼ jKj data points and P ¼ 4 fit parameters, we
determine the noise variance as

σ2 ¼ RSSðθ̂Þ
N − P

: (A19)

The parameter covariance matrix is then approximated
by the usual Gauss-Newton expression

Σθ̂ ¼ σ2ðJTJÞ−1: (A20)

We take the on-resonance optical-density uncertainty
for that pixel to be the square root of the corresponding
diagonal element,

δOD ¼
ffiffiffiffiffiffiffiffiffiffi
Σθ̂;11

q
; (A21)

where index 1 refers to the OD parameter in
θ ¼ ðOD;ω0; a; sÞ. This “fit-based” 1σ uncertainty incor-
porates photon shot noise, camera noise, and any residual
model mismatch that appears as scatter in the normalized
intensity. The per-pixel uncertainties δODðr; cÞ are stored
in a map of the same size as dODðr; cÞ and are used to
propagate errors to the total atom number. Pixels with
R2 < 0.70 are assigned dOD ¼ 0 but retain their formal
δOD in the error budget, so they contribute only to the
uncertainty and not to the mean atom number.

Total atom number
The total atom number N is obtained by summing the

optical density over all pixels and converting to atom
number using the resonant scattering cross section,

N ¼ Apixel

σ0

X
r;c

dODðr; cÞ; σ0 ¼
3λ2

2π
; (A22)

where Apixel is the effective pixel area in the object plane
(camera pixel area divided by the square of the imaging
magnification) and λ is the imaging wavelength. In the
analysis code we implement Eq. (A22) using a scale
factor scale ¼ Apixel=σ0.
Assuming that the per-pixel OD estimates are sta-

tistically independent, the variance of the summed OD is

Var
�X

r;c

dODðr; cÞ� ¼
X
r;c

δODðr; cÞ2; (A23)

so that

Var½N� ¼
�
Apixel

σ0

�
2X
r;c

δODðr; cÞ2: (A24)

We therefore quote

N ¼ Nest � δN; δN ¼ Apixel

σ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
r;c

δODðr; cÞ2
r

;

(A25)

as the 1σ statistical uncertainty on the atom number
inferred from the absorption image.

FIG. 5. (a) MOT absorption image with OD plotted as an
intensity surface plot. (b),(c) Fitting of example pixels used to
produce the absorption OD plot (OD reported at the top of each
figure, data shown in blue, fit shown in orange).
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APPENDIX B: TWO-PHOTON DETUNINGS

The following table reports two-photon detunings for
various alkali atoms (Li, Na, K, Rb, and Cs).

APPENDIX C: TWO-PHOTON EXCITATION
LINEWIDTHS AND OPTICAL CHOPPING

To excite the ultracold Rb MOT via two-photon exci-
tation, the trap and repump beams must be blocked. If an
optical chopper is not used, a significant portion of the
atom population will be in the 5P3=2 state. From a
theoretical standpoint, this is not ideal for modeling of
the two-photon transition (although basic models incor-
porating the occupied 5P3=2 state have been considered for
metrological applications) [3]. In addition, with the trap
and repump beams engaged, line-broadening (by a factor
of > 250%) is observed, as shown in Fig. 6(a) with the
87Rb isotope studied. In the case of using full-power trap

TABLE III. Degenerate two-photon wavelengths and detun-
ings of the virtual state from the nearest real state for Li, Na, K,
Rb, and Cs. A positive detuning indicates that the virtual state
lies above the nearest real state (i.e., the drive laser is blue
detuned from that intermediate state); a negative detuning
indicates red detuning. The Rb two-photon transition studied
in this manuscript is in bold.

Atom Transition λ (nm) Detuning (THz)

Li [55,56] 2S → 4S 571.3 þ78.0
Li [57,58] 2S → 3D 639.1 þ22.1
Na [59] 3S → 5S 602.2 −10.7
Na [60] 3S → 4D 578.7 þ9.0
K [61] 4S → 6S 728.4 þ20.5
K [61] 4S → 4D 730.0 þ19.7
Rb [62–64] 5S → 7S 760.0 þ10.2
Rb [38,39] 5S → 5D 778.1 þ1.06
Cs [13] 6S → 8S 822.2 þ13.0
Cs [18] 6S → 6D 883.7 þ4.13

FIG. 6. MOT excitation spectra for various conditions. (a) Excitation spectra under full trap and repump power (optical chopper
engaged). (b) Excitation spectra under full trap and repump power (optical chopper disengaged, therefore only the power broadening
component exists). (c)–(f) Excitation spectra under attenuated trap and repump powers (optical chopper engaged).
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and repump beams, in the absence of optical chopping, a
4.0 MHz linewidth is observed [Fig. 6(b)].
As discussed for the two-photon transitions of Li

[65,66] and Cs [18] atoms cooled via MOT, broadening
when the cooling beams are engaged is due to power
broadening from the cooling lasers. This is proven by
attenuating the cooling laser power [Fig. 6(f)]. At 90%
attenuation, a single Lorentzian that matches the linewidth
with the cooling beams blocked is observed. For the main

experiments in this paper (i.e., Fig. 3), the two-photon
excitation is time-gated and the data are analyzed only
when the cooling beams are blocked.

APPENDIX D: FULL LIST OF TWO-PHOTON
PARAMETERS TO CALCULATE

THE CROSS SECTION

See Table IV.

TABLE IV. Quantities required to obtain the TPA cross sections for 85Rb and 87Rb. Excitation-power correction uses the measured
chain: beam splitter mismatch, precell optics, and a single glass face. Uncertainty budgets for δ combine (in quadrature) detection
efficiency, atom number, fit intercept, and beam size contributions: 85Rb (12.4%, 8.5%, 6.2%, 10.0%) ⇒ 19.1%; 87Rb (12.4%, 9.5%,
1.2%, 10.0%)⇒ 18.6%. The power y-intercept values below were used to calculate the TPA cross section, though the flux y-intercept
values reported in Fig. 3 could also be used (for Fig. 3 the input-loss correction is applied since it is a report of the flux values at the
atoms). We note that the flux parameter is a combination of the two measured parameters of the laser power and spot size. Taking this
into account, the flux y-intercept can be derived from the power y-intercept and the calculated two-photon cross section would be
consistent with either approach.

Parameter Symbol Value

Beam and mode (common to both isotopes)
Beam FWHM at focus FWHM 7.64� 0.19 μm
Beam waist radius w0 6.49� 0.16 μm ð¼ 6.489 × 10−4 cmÞ
Rayleigh length zR 0.170� 0.009 mm
Detection and throughput (common)
Overall detection efficiency η 0.0426� 0.0053
PMT quantum efficiency ηPMT 0.284
Collection optics efficiency ηoptics 0.161� 0.020
Fluorescence filters (96% and 97%) ηfilters 0.96 × 0.97 ¼ 0.9312
Branching ratio to detected line B 0.08 (5D → 6P3=2 ∼ 30%; 6P3=2 → 5S1=2420 nm ∼ 25%) [34]
Excitation power path
(meter → atoms, common)

Beam splitter mismatch Ssplit 210.6=191.0 ¼ 1.1026
Precell optics Topt 201.5=210.6 ¼ 0.9568
Single glass face (circular polarization) Twin 0.972
Net transmission Ttotal SsplitToptTwin ¼ 1.0254
Input-loss correction (excitation) corr α → α=1.0515
85Rb (TPA measurement)
Total atom number N ð1.37� 0.12Þ × 107

Cloud FWHM ðx; y; zÞ FWHMx;y;z ð1.768; 0.462; 0.626Þ mm
Peak density n0 ð2.22� 0.19Þ × 1010 cm−3
Free fit (base-10 logs) m; b m ¼ 2.041� 0.023; b ¼ −0.279� 0.027
Fitted rate prefactor α ð5.00� 0.31Þ × 1011 s−1 W−2
Two-photon cross section δ ð1.07� 0.20Þ × 10−38 cm4 s=photon

ð1.07� 0.20Þ × 1012 GM
87Rb (TPA measurement)
Total atom number N ð7.02� 0.67Þ × 106

Cloud FWHM ðx; y; zÞ FWHMx;y;z ð1.278; 0.694; 0.694Þ mm
Peak density n0 ð9.46� 0.90Þ × 109 cm−3
Free fit (base-10 logs) m; b m ¼ 2.018� 0.004; b ¼ −0.256� 0.005
Fitted rate prefactor α ð5.27� 0.06Þ × 1011 s−1 W−2
Two-photon cross section δ ð2.64� 0.49Þ × 10−38 cm4 s=photon

ð2.64� 0.49Þ × 1012 GM
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APPENDIX E: ALLAN DEVIATION
BENCHMARKS

Allan deviation measurements, originally conceived
during the development of the optical clock [67], are a
way of benchmarking experimental stability when taking
long-term measurements. In past work [27], we have used
the Allan deviation to benchmark our experiments. Since
in this paper we collect data over extended periods, we
performed Allan deviation analysis to ensure statistical
robustness.

APPENDIX F: TWO-PHOTON LOG-LOG PLOTS
OF POWER DEPENDENCE

The followingFig. 9 shows the two-photon log-log plots in
terms of laser power (instead of flux). The laser power in μW

is reported above each data point for ease of visualization.
Using statistical analysis, the lowest significant powers were
1.01þ0.46−0.32 μW for 85Rb and 1.12þ0.74−0.45 μW for 87Rb.

APPENDIX G: FLUORESCENCE COLLECTION
EFFICIENCY

A determination of the fluorescence collection effi-
ciency (CE) of our system was necessary (for example,
CE is required to determine the TPA cross section).
However, characterizing the MOT fluorescence collection
through use of the MOT’s own fluorescence has chal-
lenges. A one-photon fluorescence signal is not possible to
deconvolute from MOT beam scatter and excitation beam
scatter. Therefore, we determined the collection efficiency
computationally using Zemax. Zemax is a software pack-
age that allows the spatial modeling of an optics system
in a CAD-like environment, utilizing source, detection,
optical, and passive objects [68]. Light propagation is
modeled using ray tracing or wave propagation methods,

FIG. 7. Allan deviation of the PMT counts under two-photon
excitation (far above the noise floor) of the MOT. The Allan
deviation hits a minimum at approximately 400 s, which sets the
block averaging value in the study.

FIG. 8. Allan deviation of the dark PMT counts with trap and
repump beams engaged (the time-gated two-photon component
with the trap and repump beams blocked was analyzed). The
Allan deviation continues to decrease linearly until the 1–1.5 ×
104 second range, setting the maximum collection time used.

FIG. 9. Two-photon log-log plot with counts as a function of
power. (a) Two-photon power dependence of 85Rb. (b) Two-
photon power dependence of 87Rb.
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with the ray tracing option providing fast results for
macroscopic optical systems [68]. Components such as
the cell walls, coil arms, and coil housings are included in

our model, Fig. 10(a). Given physical constraints due to
the Rb cell and coils of the MiniMOT V2, Zemax was
useful in selecting compatible optics and optimizing their
positioning. Before settling on final components, manu-
facturer-supplied Zemax models were explored for various
commercial optics. At the end, we selected a 38.4 mm
diameter collimating lens because this was the largest lens
that fit in the enclosure to maximize ray solid angle.
To perform the characterization, optics elements were

downloaded and imported into the Zemax software in
nonsequential mode. The fluorescence source was mod-
eled using a source point object, 103 rays were used for
the display [Fig. 10(a)] and 106 rays were used for the
computation. The detector was simulated by creating a 2D
detector surface object with a minimum aperture 4.0 mm
radius (matching the experimental detector size of 8 mm
on the Hamamatsu PMT). Maximum collection efficiency
was 16.1% (determined by dividing the total hits on the
detector by the input number of rays, 106), as shown in
Fig. 10(b). Lens 1 and lens 2 are experimentally coupled
translationally. Varying their offset in Zemax showed
that collection efficiency is sensitive on the mm scale,
but micron-level offsets (controllable using micrometers)
allow the maximum collection efficiency to easily be
attained as shown in Fig. 10(b). Similarly, in Fig. 10(c),
the location of the fluorescent point source was varied
(with the experimentally measured value set to 0). Though
spatial sensitivity does exist, offsets up to the range of
approximately 2 mm retain collection efficiency within
80% of the maximum (of far greater magnitude than the
experimentally controllable offset).

APPENDIX H: LINEWIDTH BROADENING

This appendix contains linewidth broadening calcula-
tions for 85Rb and 87Rb.
To calculate the Doppler broadening, we assume that the

MOT has obtained the Doppler limit of 145.57 μK, which
is identical for 85Rb and 87Rb [69,70]. We then find the
Doppler broadening:

ΔνD ¼ 2ν0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT lnð2Þ

mc2

r
: (H1)

To find the magnetic broadening, we consider the
“anomalous” Zeeman splitting energies

ΔE ¼ gJμBB; (H2)

where μB is the Bohr magneton, gJ is the Landé g factor,
and B is the strength of the magnetic field. To find the
maximum broadening, we consider the maximum field
strength given the gradient of 14 G=cm (based on the
miniMOT specifications for the 1 A current that is run) and
assume excitation only happens within the Rayleigh length
of 2zR. This is denoted as the Zeeman broadening in

FIG. 10. (a) Overview of the lens system (source point, lenses,
detector, and MOT apparatus) used to collect TPEF from Rb.
(b) Collection efficiency (%) versus the offset of the two-lens
doublet (the distance between the two lenses in the doublet is fixed
to the experimental value). With optimal alignment, 16.1%
fluorescence collection efficiency is achieved. The region of
80% collection efficiency from the maximum is shown in blue.
(c) Collection efficiency (%) versus the source point offset (0mm is
the measured MOT position). The region of 80% collection
efficiency from the maximum is shown in blue. For (b) and (c)
figures the detector position is fixed at the experimental value.
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Table V. We use this same equation to find the broadening
from the finite local field in the MOT, which our
calculation determines to be 0.13 G. This value is
reasonable in the absence of using correction gradients
to shim the MOT center. This broadening is treated
separately and is denoted as local field broadening in
Table V.
Pressure broadening was calculated using the standard

formula of

ΔνP ¼ bp; (H3)

where b is an experimentally determined coefficient. For
85Rb and 87Rb, it has a value of 10ð1ÞMHz=Torr [71].
Power broadening was estimated using the time-energy

uncertainty equation

ΔEΔt ≥ ℏ (H4)

from which the estimate of

Δν
~μE

2πh
(H5)

can be derived, where E is the electric field strength and μ
is the dipole transition moment. These calculations used
reduced matrix elements [72] to provide an approximate
upper bound on the magnitude of the broadening for the
highest reported power of 37 μW.
The results of these calculations are found in Table V.

The total broadening includes the natural lifetime broad-
ening of the transition and makes the standard assumption
that broadenings add in quadrature [73].
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