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W Check for updates

The coupling of microwave and optical systems presents animmense
challenge due to the natural incompatibility of energies, but potential

applications range from optical interconnects for quantum computers

to next-generation quantum microwave sensors, detectors and coherent
imagers. Several of the engineered platforms that have emerged are
constrained by specific conditions, such as cryogenic environments,
impulse protocols or narrowband fields. Here we employ Rydberg

atoms that allow the wideband coupling of optical and microwave
photons at room temperature with the use of amodest set-up. We present
continuous-wave conversion of a13.9 GHz field to a near-infrared optical
signal using an ensemble of Rydberg atoms via a free-space six-wave
mixing process designed to minimize noise interference from any nearby
frequencies. The Rydberg photonic converter exhibits a conversion
dynamic range of 57 dB and a wide conversion bandwidth of 16 MHz.
Using photon counting, we demonstrate the readout of photons of
free-space 300 K thermal background radiation at1.59 nV cm ™ rad /2 s™2
(3.98 nV cm™ Hz"?) with a sensitivity down to 3.8 K of noise-equivalent
temperature, allowing us to observe Hanbury Brown and Twiss interference
of microwave photons.

Coherent conversion between energetically separated domains of
microwave (MW) and optical radiation is a demanding issue at the
frontier of photonics and quantum science. With the recent progress
inthe field of quantum computing’, the most disruptive solution would
be arealization of optically connected qubits, which would offer the
prospect of hybrid quantum networks” and the quantum internet’.
Several other rapidly developing fields would also greatly benefit from
MW-photonic conversion in the near term even with noisy perfor-
mance, including fundamental*®and observational radioastronomy’"’,
terahertz imaging'® and next-generation MW sensing".

Various approaches to the MW conversion task have been pre-
sented using piezo-optomechanics*™”, electro-optomechanics'®?,

magneto-optics* 2, electro-optics®°, vacancy centres* and Rydberg

excitons*. Several notable works have realized MW conversion in
Rydbergalkaliatoms® ¢, This flexible medium provides a multitude of
possible conversion modes with resonant transition frequency scaling
as 1/n®for consecutive principal quantum numbers n, and transition
dipole moment scaling as n?, thus allowing excellent sensitivity and
subsequent efficiency of conversion. Owing to their MW transitions,
Rydbergatoms also have a history of being used in extremely impact-
ful experiments in MW cavity quantum electrodynamics with atomic
beams® . So far all of the works realizing MW-to-optical conversion
have required carefully engineered systems, either in the form of devel-
oped transducer structures, cryogenic environments or laser-cooled
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Fig.1|Room-temperature MW-to-optical converter. a, Illustration of awarm
vapour Rydberg converter: a circularly polarized MW field enters a rubidium
vapour cell, where Rydberg-state atoms, excited in aninteraction region defined
by three laser beams, contribute to the conversion process and generate a

signal beam. The arrows represent the wavevectors k of the interacting fields
obeying phase-matching principles. A constant supply of ground-state atoms is
ensured by the Maxwellian distribution of velocities, resulting in a continuous
process without the need for atomic trapping or repumping. b, *Rb energy-
level structure employed in the conversion process. Three strong fields (probe,

C
3 1080 — Conversion
3 —ur
= 05
£ / \
5
S o0
£ 1.0 | B5p=20 <21 MHz
E
5 05
®
0] T T T
-20 0] 20
Sp (2 MHz)
T 10 185=0 — Conversion
s — T
g 7%—’
S
o
C
()
% 1.0 - Agsp = 20 x 2 MHz
E
5 0.5
®

-20 0 20 40
Bp (2m MHz)

coupling and decoupling) are applied to the atomic medium in the near-
resonant scheme. Introducing the MW field (13.9 GHz) results in a converted
emission (signal) at the 776 nm transition. Optimal transduction is ensured with
sign-matched otransitions (between the states of maximal Fand mquantum
numbers). ¢, Comparison of measured EIT and conversion in the domain of probe
field detuning (6,) for resonant and 55°Ds, level-detuned cases. a.u., arbitrary
units. d, The same EIT and conversion relation predicted by the numerical
simulation. ¢,d, Red shading signifies the total conversion signal photon rate
withrelation to its zero background.

atoms. The optical interconnection of remote qubits will necessitate
a system offering uncompromising performance, but many applica-
tions could benefit from noisy converters availablein the near term. In
this case, itis of particular benefit to employ a simple system, prefer-
ably operating at room temperature. Recent works have shown that
many quantum devices canbe based on hot atomic vapours, including
quantum memories*®*, single-photon sources**** and photonicisola-
tors**, With astronomical MW measurements in mind, it is also worth
remembering that atomic vapours already play an invaluable role in
satellite navigation as a part of atomic clocks®.

Here we employ a hot-atom system for the task of MW-to-optical
upconversion. We demonstrate as a proof of concept that the Doppler-
broadened rubidium energy-level structure is well suited to produc-
ing atomic coherence resulting in an MW-to-optical converted field.
Furthermore, we take advantage of the straightforward nature of
the hot-atom approach to present a continuous-wave realization of
free-space MW field conversion, in contrast to previous approaches®
in cold atomic media, which had to operatein theimpulse regime due
tomagneto-optical trap operational sequences. Despite the simplicity,
we achieve an excellent MW conversion dynamic range, descending
down to the thermal limit, where we are able to measure the autocor-
relation function of free-space MW thermal photons. The conversion
bandwidthis on parwiththebestresults obtained with other wideband
conversion media'*'"***?°, We present the means to tune the conver-
sion band beyond this, and we discuss methods to extend the dynamic
range and surpass the thermal limit.

Our idea is based on extending the robust two-photon Rydberg
excitationschemeinrubidium, utilized in the measurement of Autler—
Townes splitting of electromagnetically induced transparency (EIT) in
MW field electrometry*®*” and atomic receivers**°, We introduce an

additional near-infrared (at the higher limit of telecom O-band) laser
field, transferring atomic population fromaRydberg state and enabling
emission at the 5?D;, > 5°Py;, (776 nm) transition. This scheme allows
robust conversion—free from both noise interference and strong classi-
calfields spectrally close to the signal field. This realizationis all-optical
and no ancillary MW field is necessary, further simplifying the set-up,
as well as broadening its potential applications. We also avoid using
ultraviolet fields (employed in the recent work of Kumar et al.>®), which
are particularly problematic both in terms of the generation of narrow-
band continuous-wave laser beams and in their destructiveimpact on
optical elements and thus the lifespan of the device.

Results

Conversioninwarm Rydberg vapours

Room-temperature atomsinvapour cells are easy to harness experimen-
tally, yet they provide limited options for full quantum control due to
Dopplerbroadening and collisions, whichmayinfluence Rydberg atoms
inparticular. We therefore start by showing that the room-temperature
atomicvapours are adequate to facilitate the Rydberg-assisted conver-
sion process. In our demonstration, a cylindrical vapour cell served as
ahot-atom Rydberg converter (Fig. 1a; see Methods and Extended Data
Fig.1for the full set-up of the converter). Three focused optical fields
determined aninteraction region, where ground-state atoms were sup-
plied from the remainder of the cell viathermal atomic motion, assuring
that neither depletion nor other long-term time-dependence occurred,
thus enabling a continuous-wave operational framework. These fields
combined with a MW field realized coherent (for the measurements
of coherence see Supplementary Section 4) six-wave mixing (Fig. 1c)
with emission at 776 nm. We utilized sign-matched o transitions with
thelargest dipole moments (maximal total angular momentum Fand
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Fig.2|MW-to-optical conversion with 57 dB dynamic range. a, Conversion
response to the applied MW field intensity from the thermal noise level
(2.1x10% phot s™, including thermal radiation and added non-thermal noise,
orange solid line) to the conversion saturation limit (1.5 x 10° phot s *) and the
orange shading signfies the paramter region limited by thermal radiation.

The observed non-thermal added noise is at the level of a noise-equivalent
temperature Ty = 53 K (gray dashed line) and can be further filtered down to
Txe = 3.8 K(blue dashed line). b, Relative conversion efficiency (thermal noise
subtracted) with asignal-to-noise ratio >1 and relative efficiency >0.5achieved

over a57 dB dynamic range of the MW intensity from 4.0 x10°t01.9 x 10* W m™
(blue shaded region). The efficiency is normalized to the highest measured value.
In both panels we compare the results with a theoretical curve, where the overall
efficiency is the only free parameter. The saturation intensity is well reproduced,
along with the shape of the curve. The error barsinaand b are calculated from
the photon-counting standard deviation, v/72 (with thermal radiation treated as
added noise), where in each case f2is explicitly noted as photon-counting rates on
theyaxis, and from the propagation of the calibration’s standard deviation.

its projection m-quantum numbers) driven by circularly polarized
fields. The conversion scheme constituted a closed cycle without the
need for repumping. The conservation of energy and momentum,
governing the wave mixing process, ensured that the temporal and
spatial properties of the converted photons were preserved. In contrast
to previously presented conversion schemes® ™, this scheme did not
require additional MW fields, and all of the introduced optical fields
were sufficiently spectrally different to be separated with the use of
free-space optics, evenina collinear configuration.

Considering field detunings from the energy-level structure, we
observed that, similarly to ref. 35, the best conversion efficiency was
achieved for off-resonantrealization, as shownin Fig. 1d in relation to
the EIT effect. Here the detuning applied to the Doppler-broadened
level structure, involving a range of atomic velocity classes. We found
that the detuning from level 55°D;,, played animportant role inincreas-
ing the efficiency of the conversion, yielding a nearly fivefold improve-
ment in efficiency at detuning Assp = 20 x 2t MHz in comparison with
the resonant case.

Continuous-wave conversion

Atomic conversion processes arise from atomic coherences, which in
quantum mechanical approaches can be derived from state density
matrices p. With the incident weak MW field £y, and strong driving
fields we obtained an optical steady-state coherence p,and thus expected
emission of thesignalfieldtobe £ ~ ps = Tr(|S*Ds)2) (5*P3/2| ) ~ Enw-
The time evolution of the atomic state is governed by the Gorini-
Kossakowski-Sudarshan-Lindblad equation:

[H,p] + £[P],

0p = 0

1
in

where 0, is derivative over time, H is the Hamiltonian and £[-]isasuper-
operator responsible for spontaneous emission and other sources of

decoherence. Inourapproach for conversion, we considered the den-
sity matrix to be in a steady state, 3,0(¢t) = 0, similarly to EIT-based
Rydbergelectrometry systems. We employed the steady-state solution
ofthe Gorini-Kossakowski-Sudarshan-Lindblad equation as the basis
for the parametric numerical simulationused asanaid tointerpret the
experimental results we present. We considered a range of atomic
velocity classes contributing to the conversion process and took into
account the shape of the interaction volume. We found that the conver-
sionwas facilitated by p,. Remarkably, parises partially due to decoher-
enceandtheinflux of ground-state atomsinto the interactionregion.
Ourapproach canbe compared with the pulsed approach to con-
version, which requires tailoring of the Hamiltonian H(¢) (for example
by sequentially turning on the driving fields and enabling the conver-
sion for a short time only) to maximize the coherence, and in conse-
quencethe conversionoutput. Thisapproach, showcased particularly
inref. 35, canbeimplemented in Doppler-free cold-atom systems and
leads to high local conversion efficiency, albeit for limited operation
timesasshortas1/1,000 of a10 mstime sequence. The potential appli-
cations are thus narrowed down to those where the converter can be
triggered by a short signal or the aim is to convert a strong classical
field. Our continuous-wave approach addresses this gap, enabling
uniform, trigger-free conversion of weak or asynchronous signals.

Dynamic range and efficiency

Using a single-photon counter, we measured the converter’s response
to MW field intensity. As shownin Fig. 2a, the converted signal ranges
from 2.1 x10*to 1.5 x 10° photons per second (phot s™). We identified
theupper bound as saturation from energy-level shifts due to Autler-
Townes splitting, and the lower limit as free-space thermal MW photons
coupling to the converter. We adjusted for other sources of noise and
directional and polarization coupling to the converter (see Extended
DataFig. 2 for directional characteristics) and the measured conversion
band. Theelectric field spectral density level of the observed thermal
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Fig.3|Wideband conversion of MW thermal radiation at the single-photon
level. a, The dependence of the conversion on MW field detuning (red curve)
reveals abandwidth of I, =16 x 2t MHz FWHM. The interdependence of the
detunings on the MW and decoupling fields shows that with commensurate
detuning of the decoupling field the tunable bandwidth of conversion (dark
curve) canbe broadened to 59 x 2t MHz FWHM. This is in agreement with the
general theoretical prediction from the numerical simulation (inset). b, Photon
autocorrelation (homodyne) measurements yield the second-order
autocorrelation function g of the thermal MW photons, confirming the
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conversion of quantum thermal state. This experimental result agrees perfectly
with parameter-free theory prediction based on the conversion band and
measured noise properties. ¢, g?(0) decreases with the introduction of coherent
state photon rate 71 .p,, in agreement with the theory. The error bars presented
are calculated from /71 and the propagation of the calibration’s standard
deviationinrelation to the thermallevel. d, Introducing a far-detuned

(Aw =4[, = 64 x 21t MHz) coherent MW field with rate 7o, ~ Ay induces
interferencein the autocorrelation function, with abeat modulation frequency
equal to the detuning.

radiation, 1.59 nV cm™ rad ™2 s 2 (isotropic, both polarizations), agreed
very well with the theoretical prediction of 1.64 nV cm™ rad s ™2 (see
the Methods for the derivation). We note, however, that such aremark-
ableagreement occurred for the model that was simpler than the reality
of the experiment; that s, the presence of the MW antenna near the
converter was notaccounted for. Nevertheless, we were able to confirm
the matching of two fundamental references for the MW field intensity,
namely the thermal bath and the Autler-Townes splitting.

We determined the efficiency of the implemented conversion:
Fig. 2b shows a relative conversion efficiency of >0.5 and a signal-
to-noiseratio of >1(in relation to thermal noise) for 57 dB of MW inten-
sities (from 4.0 x10° t0 1.9 x 10 W m?), which we identified as the
converter’s dynamic range. The data are presented as normalized to
the highest measured value. The converter’s response to the MW field
and conversion efficiency were well predicted by the numerical simula-
tion, where only the overall efficiency was parametrically matched.

As far as the absolute efficiency is concerned, several teams
adopted an approach where the reference MW photon rate is taken
from theintensity multiplied by the area of the interaction medium** .
Care must be taken when interpreting this area-normalized efficiency,
as the interaction region is substantially subwavelength for the MW
fields. By adopting the same approach, we obtained a3.1 + 0.4% atomic
efficiency (see Supplementary Section 1for the estimation). We were
alsoableto use our fullmodelto give atheoretical prediction (assuming
nosignal depletion) for the area-normalized efficiency of 2.8 + 1.6% (see
Supplementary Section1for calculation), which matched the observed
value. We expect that for our case, as well as previous free-space experi-
ments, this efficiency would be achieved if the MW mode was confined
to the interaction volume, for example by means of a waveguide. For
port-coupled or cavity-based conversion®® the absolute efficiency can
be estimated unambiguously.

Conversionband

Using a single-photon counter we measured the conversion’s depend-
ence on the MW frequency in the linear response regime (Fig. 3a),
arriving atabandwidth I, = 16 x 2t MHz full-width at half-maximum
(FWHM). Further explorations revealed interdependences on the MW
and decoupling (1,258 nm) field detunings that could be utilized as a
means of fine-tuning the converter to incoming MW fields. We show
that with such a procedure we were able to widen the tunable conver-
sion bandwidth up to 59 x 2t MHz FWHM.

Photonic conversion of thermal radiation

We performed single-photon autocorrelation measurements
(Fig. 3b) of the thermal radiation signal, confirming the Hanbury
Brown and Twiss effect of thermal photon bunching (g®(0) > 1) for
MW photons. The results obtained experimentally agreed perfectly
with the parameter-free theory drawn from the Wiener-Khinchin
theorem:

gy ® =5 [ Is@re o, @

whereg® is first order autocorrelation function (in this case of thermal
signal), Tis time delay, |S(w)|? is the normalized (/%7 |S(w)?dw = 2m)
power spectral density, showninFig. 3a, measured under the assumption
that the thermal radiation has white noise characteristics locally, and w
is angular frequency of signal. Following naturally from this,
gt(h”(r) =1+ |gt(;)(r)|2. Toarrive at the theoretical results presented in
Fig.3b, we considered both the thermal radiationand non-thermal noise
presentin the system (see Methods for details). An alternative parametric
fitting of the exponent function, g@(1) = 1 + (g@(0) — e~27/7 yields
£2(0)=1.868 + 0.035and a coherence time 7,=26.0 + 1.5 ns.
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Fig. 4| Atomic bright resonances enabling the conversion process.

a, Measured conversion in the domain of bare-state detunings from energy levels
55°Ds,, and 54°F;, (other detunings being near zero), revealing the underlying
bright resonances |B+)and |B—). From this measurement we obtained the
optimal level detunings 455, =16 x 21t MHz, 4, = 0. b, The same conversion
interdependence predicted by the numerical simulation.

Nextweintroduced aresonant coherent MW field of comparable
strength to the thermal field in terms of the converted photon rates
A.onfor coherent photons and 7, for thermal photons. We estimated
22(0) for consecutive measurements (Fig. 3c) in agreement with the
theory. Interestingly, the introduction of astronger but Aw far-detuned
coherent field, while keeping 7., ~ iy, led to a beat modulation of
the autocorrelation function (Fig. 3d). Specifically, in this case:

g =1+ % (’ D(r) + e""‘”'z - 1), 3

where gfl?(r) = A(T)e~@oT , A(7) is a real function (being the result of
equation (2)) and w, is the mean frequency of the conversion band.
The beat modulation is at the frequency of the detuning Aw = w — w,.

Noise figures

With no external field applied to the converter, we observed photons
that, by disabling each field and cross-correlation analysis, we identi-
fied as consisting of 85% thermal radiation, 13% fluorescence of optical
elements induced by the 480 nm laser field and 2% other noise. This
proportionresultedin anoverall 5.7:1signal-to-noise ratio; as the signal
is thermal in this case, we could translate this straightforwardly to a
noise-equivalent temperature Ty = 53 K. As the added noise is wide-
band, we utilized additional cavity-assisted filtering of the thermal
signal, improving the ratio to 77:1, thus Ty; = 3.8 K. We present these
valuesinFig.2aasareference to the converter’s response characteris-
tics. See Supplementary Section 2 for a cross-correlation analysis and
comparison of different sources of noise.

Observation of bright resonances

Following the short demonstration of the level-detuned working
regime (shownin Fig. 1d), we explored the dependence of the conver-
sion on the detunings from bare atomic levels—realized with propor-
tional detunings of the fields. We found this domain to be the most
convenient to operate in, as it naturally obeys the conservation of
energy in six-wave mixing. In general, with a hot-atom system, the
Doppler effect prevents interpretations as simple as in the cold-atom
case.However, in our case, we found that the Doppler effect was mostly
cancelled by the selection of velocity classes in the two-photon
process: that is, with probe and coupling fields. We expect that the
conversion loop was composed of two dressed-state subsystems:
the three-level system dressed by the coupling and probe fields, and
the two-level system dressed by the decoupling field. By scanning
the 455, level detuning, we observed resonances corresponding to two
bright states: the simplified and unnormalized eigenstates given by

B) = $23 |52S1/2) £ /122 + 122 |S2P3)) + 02 |552Ds,,) (" denotes

complex conjugation) split by roughly Q. (as seen in Fig. 4), where
0, and Q. are the Rabi frequencies of the probe and coupling fields,
respectively. The dark state [D) = 2} |525y,,) — £2, |55*Ds,) does not
take part in the conversion process, but could be accessed in a
cavity-enhanced system to yield conversion with lower loss due to 5P;
state decay. On the other hand, as we swept the detuning 4.,
we observed broadening, rather than clear splitting into two dressed
states |+) = |542F;,) = |52Ds,,), which was due to interference of dif-
ferent velocity classes. Using numerical studies, we found that this
splitting was observed only at much higher decoupling Rabi frequen-
cies in different scans. We also note that the blue-detuned resonance
resulted in a slightly stronger conversion than the red-detuned reso-
nance, which we attribute to the interfering effect of other energy
levels (that may take part in the wave-mixing process) on the latter.
Our observations confirm that bright resonances |B+)are essential in
the conversion process. The conversion process was optimized by
accessing one of the resonances through detuning from the two-photon
resonance (and thus also avoiding the dark resonance |D)), as seen in
Fig.1c and observed in other free-space experiments™.

Discussion

The proof-of-concept warm-atomic converter presented here exhibits
flexibility in terms of a high dynamic range and wide bandwidth, which
supportsits potential for applications. We anticipate that the fields of
contemporary astronomy could benefit from conversion-based MW
photonic measurements*”’, where Rydberg atoms excel in simplic-
ity, adaptability and presented low noise figures. As the conversion
scheme utilized hereis all-optical, it can be applied in similar systems
(thatis, cold trapped atoms and superheterodyne Rydberg electrom-
etry) to avoid the introduction of noise by spectrally close fields. We
highlight many desirable properties of the converter. The ability to
perform photon counting of MW radiation at room temperature,
along with observations of Hanbury Brown and Twiss interference and
coherent-thermalinterference, isimportant, as these typically require
deeply cryogenic conditions’. The converter presents an extremely
large dynamic range and excellent bandwidth, along with many options
for both fine and very coarse tuning to different Rydberg levels. The
all-optical realization offers further prospects for applications as even
strong electromagnetic interference would not damage the device.
This could beimportant for MW-based communication, where another
advantage may come from avoiding shot noise of homodyne detection
via photon counting.

Therearenumerousissues that are outside the scope of this work
and could be explored in more detail to increase the range and effi-
ciency of the conversion. Asthermal photons are spread over the whole
conversionband, the limit approached in Fig. 2ais not fundamental—
efficient narrow spectral filtering or phase-locking measurements
could pushitdownwards, enabling detection at the single-photonlevel.
The non-thermal noise may be decreased further, for example by utiliz-
ing different optical elementsin the set-up (specifically addressing the
480 nm fluorescence) or by exploring noncollinear configurations of
thelaser fields. Various optimization efforts could also be performed
to find working points with greater conversion efficiency, although the
operational regime of warm atomic vapours and strong probe fields
does not allow for simple theoretical predictions. The converter’s
response to MW pulses is yet to be investigated, as are pulse-control
oflaser fields or coherent repumping of atomic population, although
the complexity of the set-up would theninevitably increase. The opera-
tion mode of the Rydberg converter could in principle also be shifted
to adapt to emission at the telecom C-band wavelength—specifically,
the 4°D;, to 5°P,, transition occurs at 1,530 nm.

All-optical operation could be retained when designing a set-up
that exploits the cancellation of the Doppler effect at a wider scope
(thatis, using different transitions), enabling more atoms to take part
in the conversion process. Conversely, a range of atomic velocities
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may offer the means to further widen the tunable conversion band.
We believe that with commensurate detunings of all-optical field,
the tunable conversion bandwidth could be extended to as much as
600 MHz (the width of Doppler-broadened probe absorption line); if
the neighbouring Rydberg transitions are considered, the converter
could efficiently cover the full range of MW frequencies up to 50 GHz
solely by tuning the laser fields. Such an ultrawide adaptable conver-
sionband would only be possible with warm Rydberg atomic vapours.
Finally, we also expect that the reverse process of optical-to-MW con-
version should be facilitated by our set-up via coupling of atoms to MW
resonators (see Supplementary Section 6 for details).

We anticipate that further progress will be centred around intro-
ducing warm Rydberg atomic vapours to MW cavity systems, as this
would enhance the coupling between the MW field and atomic inter-
action volume. Our all-optical scheme is well suited to that task; in
comparison, six-wave mixing schemes involving two MW transitions
would require adoubly resonant cavity with close, but non-degenerate,
resonances. The design principles for hot-atom MW-cavity systems
can be drawn from cavity-enhanced atomic clocks. Even with moder-
ate finesse, we expect the conversion efficiency to be substantially
enhanced, probably even leading to radiative cooling of the cavity
mode via conversion. At the same time, considerable potential lies
in recent progress in the microfabrication of atomic devices*, such
as micro- and nanoscale vapour cells**** and hollow-core photonic
bandgap fibres filled with alkaliatoms™. These instruments may enable
all-fibre reproducible applications of our converter’s model, paving
the way to next-generation MW-converting sensors.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-023-01295-w.
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Methods

Density matrix calculation

As indicated in the main text, we solved the five-level Gorini-
Kossakowski-Sudarshan-Lindblad equationinthe steady state (thatis
d,p = 0). The Lindbladian was constructed from the Hamiltonian and
the jump operators using the QuantumOptics.jl package®. We next
solved for the steady state using standard linear algebra methods, find-
ing the zero eigenvalue. We employed jump operators J, for spontane-
ous decay and for transit-time decay; that is, atoms exiting the
interaction regionwith ground-state atoms entering. Each solution was
foragivenset of Rabifrequencies, detuning and a specific velocity class
v(alongthelongitudinal direction). The detunings were modified due
to the Doppler effect as AY = A, + k,v withn € {p, c, MW, d}. We next
averaged the resulting state-state density matrix p over the Doppler
velocity profile with weighting function f(v) = 'm/2nks T exp(—mv? /kg T)
(where m s the °Rb atomic mass and k; the Boltzmann constant) and
over the Gaussian profile of the beams due to changing Rabi frequencies.
Unless noted otherwise, the MW Rabi frequency was taken well below
the saturation point. Finally, we extracted the generated signal, always
plotted asintensity, as |Es|> ~ [Tr (|52Ds;2) (52P3/2| p) |? or the EIT signal as
Im (Tr (|5281/2) (5*P312| P))-

Phase matching

Efficient conversion requires all atoms interacting with the MW field
to emit in phase. This renders the phase-matching condition that
determines the conversion efficiency depending on the MW field
mode. Thus we introduced the phase-matching factor n,,,,,(6) for a
plane wave MW field E,,(0) entering the medium at angle 6 to the
propagation axis (z). The factor was then calculated by projecting the
generated electric susceptibility onto the detection mode u,, a Gauss-
ian beam focused in the centre of the cell (z, = 0) with w, =100 pm.
To obtain the projection we assumed the spatial dependence of the
susceptibility to bein the form of the product of allinteracting fields.
This is a simplification compared with the full model, as in general
the steady-state density matrix and, in turn, the coherence p,, have
amore complex dependence on strong drive field amplitudes. Nev-
ertheless, for the purpose of spatial calculations, the simplified
approach yields correct results and the susceptibility then takes on
the form:

Xo = EpEgECE Enw(6), )

with the optical fields (E,, E., E4) taken to be Gaussian beams with the
same z, and w, as the detection mode u,. We also accounted for the
relatively strong absorption of the probe field (£,) by multiplying its
amplitude by the exponential decay exp(—az) with (measured)
a =19 m™. Finally, the coefficient was calculated as the following
integral:

L/2 2n o0
R (6) = f dz f do f pdpyit, (s)
—L/2 0 0

where L =50 mmiis the length of the glass cell.

Thermal modes. We next estimated the effective field root-mean-
square amplitude due to thermal blackbody radiationin our conversion
band, which takes our converter being both polarization and wavevec-
tor sensitive into account. To do so, we followed a standard derivation
of Planck’s law; however, when considering all electromagnetic modes,
we accounted for both the polarization dependence and phase match-
ing during conversion. The effective mean-square field amplitude at
temperature 7 can be written as follows:

@€ 1
n2c3gy 41

21 i
/ dq)/ d@sin(9)|n(0)|%, (6)
o o

<E§ff> =

_ hw
T ehwl/kgT 1’

) )]

where w is the frequency of the MW field, cis the speed of light and
&, is vacuum permittivity. Importantly, 7(6) is the field conversion
efficiency coefficient that arises from projecting the MW field in
the plane-wave modes at a given angle 6 onto circular polarization
along the conversion axis and multiplying it by the phase-matching
factor:

4

@) = (cos(g) +sin (§)4> o (O)F. ®)

In fact, the efficiency |7(6)I* represents the converter reception
pattern, which we plot in the Extended Data Fig. 2. From the pattern
we saw that the contribution to the effective noise-equivalent field
at temperature T comes mostly from the phase-matched MW
coming from an almost right-angled cone with the correct circular
polarization. Finally, we referred the effective field convertible by
the atoms , /(E2;) to total root-mean-square field fluctuations V(ED,
which can be calculated by plugging in |7(8)|*> =2 (because of two
polarizations).

InFig. 2a we show that the thermal radiation level (without added
non-thermalnoise) corresponds to3.41x10™° W m™2or5.07 pvV cm™, as
calibrated fromthe Autler-Townes splitting at large fields. To calculate
the spectral field density, we considered the conversion bandwidth using
an integral measure f'o, = 1/ max(IS(@)|) /=, |S(@)|*dw = 17.8 x 2T MHz
toarriveat/(E2) = 480 pVcm™! (rad/s)~Y2 Thisis highly consistent with
themodel predictionof | /(£2.) = 495pVcm™ (rad/s)~2.Whenreferred
to the total field fluctuations, we obtained the results presented in
the main text, that is \/(£2) = 1.59 nV cm™! (rad/s)~"2 (measured) and
V(EZ) = 1.64nVem™ (rad/s)~2 (predicted) (for a detailed analysis of
photonrates and electric field densities see Supplementary Section 3).

Thermal and coherent state autocorrelation function

We considered the autocorrelation measurements with three different
sources of photons, defined by rates: i, for thermal state photons, i,
for coherent state photons and 7., for photons coming from wide-
band, non-interfering sources (for example, various forms of fluores-
cence). We follow the derivation presented in ref. 57 (and later
showcased in refs. 13,36) to arrive at the following general form of
second-order autocorrelation function:

e i emivr|” _ 72
|iengy) (1) + Aicone™@"| — iy,

gPm=1+ , O]

_ _ _ 2
(nth + Neon + nnoise)

where wis the coherentstate frequency. InFig. 3b,c,d fiygise/Ain = 15/85,
inFig. 3d figon/fig, = 100/85.

The gﬁl? correlation function was obtained fromthe power spectral
densityinFig.3aviathe Wiener-Khinchintheorem (equation (2)),and
then used to calculate g for comparison with the experiment. The
conversion bandwidth was measured via photon-counting detection
in the domain of the MW field detuning: we directly changed the MW
frequency fed to the antenna. The next crucial step to equate the meas-
ured conversion bandwidth with the power spectral density of thermal
radiation coupling to the converter |S(w)|* was to assume that the
thermal radiation had white noise characteristics within our band of
interest (that s, for free uncoupled radiation |S(w)|? = const). We then
arrived at the function presented in Fig. 3b.

Laser field parameters

Thelaser beams were focused to equal Gaussian waists of w, =100 pm
and combined with the use of dichroic mirrors (Extended Data Fig. 1f).
The probe beam counterpropagated with respect to the other fields
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and its transmission through the *Rb medium was then utilized as
ameans of calibration via EIT effects (Fig. 1d,e). The length of the
vapour cell was 50 mm. The collinear laser field configuration was
facilitated with 4f optical systems (not shown on the scheme) with
mirrorsatfocal planes, enablingindependent control of every beam'’s
position and propagation angle. The effective peak Rabi frequencies
used for the 780 nm, 480 nm and 1258 nm laser fields were derived
from the numerical simulation as Q,=8 x 2m MHz, Q_ =22 x 2t MHz
and Q4 =17 x 2t MHz respectively. The optimal dominant detun-
ing from the 55D level was measured as 45, =16 x 21t MHz (Fig. 4a)
and was used for the other measurements, with the other detunings
being near zero. For Fig. 1 and Extended Data Fig. 1e the MW Rabi
frequency was set to about Q,,, = 8 x 2t MHz, while for the Figs. 3
and 4a it was deep inside the unsaturated regime. For the Fig. 4a
the decoupling intensity was increased to about Q=25 x 2t MHz
peak. The calibration of detuning zero points took place at the *Rb
working temperature to account for pressure shifts of the Rydberg
energy levels.

Temperature stabilization and MW shielding

The measured optimal *Rbworking temperature, T=42 °C, was ensured
via hot air heating, as this method introduces little interference to MW
fields propagating through the vapour cell. The air was heated and
pumped through aspecially designed hollow 3D-printed resin cell holder
(Extended DataFig.1c),in which the heat exchange took place. The cell
was enclosed in a MW-absorbing shield, made from a material with
>30 dBloss at14 GHz (LeaderTech EA-LF500) with sub-MW-wavelength
apertures for optical beams; the shield also provided additional ther-
malisolation, reducing temperature fluctuations. The temperature of
the shield inside, for the reference to blackbody radiation, was meas-
ured as 26-27 °C. The helical MW antenna was placed inside the shield
and the collinear propagation was ensured with optical fields passing
through an aperture at the backplate of the antenna (Extended Data
Fig. 1f).

Frequency stabilization and calibration

Thelasersinthe experiment were stabilized (Extended DataFig.1a)toa
narrowband frequency-doubled fibre laser (NKT Photonics, 1,560 nm),
which was itself stabilized to a Rb cell via a modulation-transfer lock.
The probe laser at 780 nm was stabilized to the frequency-doubled
reference viaan optical phase-locked loop. The 1,258 nmlaser (decou-
pling), 960 nm laser (frequency-doubled to yield coupling light at
480 nm, Toptica DL-SHG pro) and 776 nm laser acting as LO were all
stabilized to the reference at 1,560 nm using independent cavities via
transfer locks. Laser fields were calibrated in low-intensity regimes
with the use of EIT effects observed inthe probe field transmission that
registered on the control avalanche photodiode (Thorlabs APD120A,
Extended Data Fig. 1f). The MW field, generated via an LMX2820
phase-locked loop frequency synthesizer, was coupled to the antenna
and spectrum analyser (Agilent N9O10A EXA) used for relative refer-
ences of the field amplitude (Extended Data Fig. 1b). The absolute
MW field amplitude was calibrated with a standard measurement of
Autler-Townes splitting*®. As a method of quantifying the convert-
er’s ability to distinguish photons from spectrally different sources,
we performed a heterodyne measurement, yielding the converter’s
signal width I';, = 86 x 2t kHz FWHM (Extended Data Fig. 1e). This
value can be interpreted as a measure of the collective laser-locking
phase noise.

Measurement techniques

Initially, the 776 nm signal was reflected from a bandpass filter and
then passed through a series of free-space spectral filters (highpass,
lowpass and 1.2 nm spectral width bandpass) and coupled to a fibre.
Owing to the Gaussian characteristics of the beam (Extended Data
Fig.1d), coupling losses were negligible in this case (<25%). We applied

various detection methods as shown in Extended Data Fig. 1g. Addi-
tional filtering of the measurement of the noise-equivalent tempera-
ture was performed with an optical cavity (160 MHz spectral width,
80 finesse). The photon-counting measurements were performed
with a single-photon detector (ID Quantique ID281 superconduct-
ing nanowire single-photon detector) with 85% quantum efficiency,
<1Hz dark count rate and 35 ns recovery time. As the detector’s reli-
able response to incoming photons is on the order of <10’ phot s,
calibrated neutral density filters were applied to the signal above this
value. The autocorrelation measurement was performed on two chan-
nels of the single-photon detector after splitting the signal 50:50 with
afibre splitter. The heterodyne measurement was performed using
a custom-made differential photodiode with the use of 776 nm LO
laser, 20 mW power. The image of the beam profile (Extended Data
Fig.1d) wastakenona>50% quantum efficiency CMOS camera (Basler
acA2500-14gm). The measurements of temperature (including those
presented in Extended Data Fig. 1c) were performed with a calibrated
thermal camera (Testo 883).

Data availability
The data supporting the results presented in this paper are available
via Harvard Dataverse®®.
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mental dataare available fromthe corresponding author uponrequest.
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Extended Data Fig. 1| Details of the entire experimental set-up. a, Laser broadening of T;, = 86 x 2rkHz FWHM is due to collective laser-locking phase
system. A narrowband fiber laser at 1,560 nm serves as a frequency reference noise. f, Scheme of the experimental setup: probe, coupling and decoupling laser
for the entire system. The laser is amplified via erbium-doped fiber amplifier beams are combined with dichroic mirrors (DM) into a collinear configuration,
(EDFA) and the frequency is doubled using a second-harmonic generation (SHG) and focused inside a rubidium vapor cell of length 50 mm and diameter
process to 780 nm. The 960 nm external-cavity diode laser (ECDL) is amplified 25 mmwith a MW helical antenna pointed there. The circular polarization of
using a tapered amplifier (TA) and frequency-doubled via cavity-enhanced lasersis assured with quarter-wave plates (QWP). The probe (780 nm) signal is
SHG toyield a coupling field at 480 nm. The 960 nm laser is stabilized to the registered by an avalanche photodiode (APD), which enables laser calibration by
master laser of 1,560 nm using acommon cavity. A similar independent system is observation of EIT features. Converted 776 nm signal is spectrally separated and
introduced for the stabilization of decoupling (1,258 nm) laser, likewise for local coupledinto asingle-mode fiber. g, Different setups are used for detection, with
oscillator (LO) 776 nm laser. The second harmonic of the 1,560 nm fiber laser single setup being used at atime. The detection setups include direct photon
serves as a reference for offset-locking of the probe laser in an optical phase- counting with optional attenuation, cavity-filtered photon counting, photon
locked loop (PLL). b, Microwave generation system. The generated microwaves autocorrelation with two channels simultaneously, and heterodyne detection.
are attenuated adequately and split into the spectrum analyzer for power and For photon counting, a multichannel superconducting nanowire single-photon
frequency references and to the antenna. ¢, Thermal image of the cell and cell detector (SNSPD) is used. For heterodyne measurement we combine the signal
holder. The constant temperature of the cell is assured with hot-air heating via with LO using a polarization beam splitter (PBS) and split the combined signal

hollow channels in the 3D-printed cell holder. d, The generated signal light exits 50:50 with a half-wave plate (HWP) and a second PBS. The signal is then registered
the converter inabeam with a Gaussian profile shown in the image. e, Heterodyne ~ onadifferential photodiode (PD).
measurement with LO yields spectrum of the converted signal: the residual
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Extended Data Fig. 2| Converter’s spatial reception pattern. Calculated angular dependence of the MW conversion efficiency for two circular polarizations: o,
(antenna polarization) and orthogonal o_. The scale for both plots represents efficiency relative to the maximum of the g, patternin dB. The slight drop in efficiency at
0°is due to the Gouy phase of optical beams.
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