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Microwave photonics lends the advantages of fiber optics to electronic sensing and communication
systems. In contrast to nonlinear optics, electro-optic devices so far require classical modulation fields
whose variance is dominated by electronic or thermal noise rather than quantum fluctuations. Here we
demonstrate bidirectional single-sideband conversion of X band microwave to C band telecom light with
a microwave mode occupancy as low as 0.025 =+ 0.005 and an added output noise of less than or equal to
0.074 photons. This is facilitated by radiative cooling and a triply resonant ultra-low-loss transducer oper-
ating at millikelvin temperatures. The high bandwidth of 10.7 MHz and total (internal) photon conversion
efficiency of 0.03% (0.67%) combined with the extremely slow heating rate of 1.1 added output noise
photons per second for the highest available pump power of 1.48 mW puts near-unity efficiency pulsed
quantum transduction within reach. Together with the non-Gaussian resources of superconducting qubits
this might provide the practical foundation to extend the range and scope of current quantum networks in
analogy to electrical repeaters in classical fiber optic communication.
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I. INTRODUCTION

The last three decades have witnessed the emergence
of a great diversity of controllable quantum systems, and
superconducting Josephson circuits are one of the most
promising candidates for the realization of scalable quan-
tum processors [1]. However, quantum states encoded
in microwave frequency excitations are very sensitive to
thermal noise and electromagnetic interference. Short dis-
tance quantum networks could be realized with cryocooled
transmission lines [2], but longer distances and high den-
sity networks require coherent up-conversion to shorter
wavelength information carriers, ideally compatible with
existing near infrared (1550 nm) fiber optic technology.
So far, no solution exists to deterministically interconnect
remote quantum microwave systems, such as supercon-
ducting qubits [3] and hybrid devices like quantum dots
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or spins in solids [4—6] via a room-temperature link with
sufficient fidelity to build large-scale quantum networks
[7,8]. Solving this challenge might not only facilitate a new
generation of more power efficient classical microwave
photonics [9], but eventually also enable quantum secure
communication, modular quantum computing clusters, and
powerful quantum sensing networks.

An ideal quantum signal converter [10] follows uni-
tary dynamics, i.e., it is bidirectional, and exhibits a total
conversion efficiency close to unity nyt ~ 1 for quantum
level signals with a minimum amount of added noise ref-
erenced to the input port Ny, = Nowt/ Mot << 1 over a large
instantaneous bandwidth that allows for fast transduction
compared to typical qubit coherence times.

Many different platforms are already being explored for
microwave-to-optical photon conversion [11,12]. Electro-
optomechanical systems have shown efficiencies up to
Nt = 47% [13,14], but typically suffer from a lim-
ited bandwidth in the kilohertz range, and added noise
Nin > 30 due to residual thermal population in the low-
frequency mechanical mediator that is efficiently cou-
pled to the microwave mode. Electro-optic [15-19] or
piezo-optomechanical [20—22] conversion can be faster,
but the conversion noise properties have not been
quantified. Facilitated by efficient photon counting and
low duty cycle operation, unidirectional transduction of
quantum level signals [23,24] has also recently been
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shown. Nevertheless, ground-state conversion has not been
demonstrated in a bidirectional interface so far.

In this work we present such a device operating con-
tinuously with a microwave mode occupancy N, < 1 for
a pump laser power of up to P, = 23.5 uW. Compared
to the current benchmark for a general purpose quantum
interface [13], we show close to ground-state operation,
resulting in extremely low conversion noise of Nyy <
0.074 photons at the output and achieve that with a 10°—10°
times higher bandwidth. This is at the expense of a lower
efficiency, resulting in a significantly larger equivalent
input noise Ny,. Nevertheless, the measurement of ground-
state initialization is an important stepping stone in order to
convert nonclassical states with high fidelity in the future.

Compared to previous transducers in this limit [23,24]
we show continuous-wave bidirectional operation result-
ing in orders of magnitude higher integrated bandwidth
(100% duty cycle). While Mirhosseini et al. [24] up-
converted a localized phononic qubit excitation in a fully
integrated on-chip platform, we demonstrate conversion
of propagating classical fields entering via a fiber or
coaxial port from either side. Most importantly, our mod-
ular approach [25] is expected to be fully compatible
for future operation with high coherence superconducting
qubits without affecting the qubit state—a crucial require-
ment to entangle qubits and optical photons. The presented
device therefore represents a versatile microwave pho-
tonic transceiver that can transmit and receive classical and
quantum information in either direction.

The physics of the presented device is based on a triply
resonant electro-optic interaction as proposed in Refs. [26—
30]. The specific experimental implementation relies on
an ultra-high quality factor, millimeter-sized, crystalline
lithium niobate whispering gallery mode resonator that is
resonantly coupled to a superconducting three-dimensional
(3D) microwave cavity similar to earlier bulk [15,31,32]
and on-chip [16—19] electro-optic experiments without
conversion noise characterization. The large size and heat
capacity allows for extremely slow thermalization times,
which are about 107 times slower compared to state-of-
the-art microscopic microwave devices pulsed with about
103 times lower power [24]. This is expected to result
in a higher duty cycle at the same temperature and effi-
ciency, which might ultimately lead to a significantly
higher channel capacity in the context of pulsed conversion
of quantum states.

II. THEORY

Electro-optic converters make use of the nonlinear prop-
erties of noncentrosymmetric crystals to couple optical
and microwave degrees of freedom. Our resonant trans-
ducer has two high-quality-factor optical modes whose
frequency difference matches the resonance frequency of
a microwave mode. The system’s interaction Hamiltonian

is given as [27]
If]int = hg(&e&pai + 21121}7210), (1)

where a., a,, and a, denote the annihilation operators for
the microwave, optical pump, and optical signal mode,
respectively. This Hamiltonian describes two reciprocal
three-wave mixing processes that involve creation and
annihilation of photons while respecting energy conser-
vation. The nonlinear vacuum coupling rate g for this
interaction depends on the material’s effective electro-
optic coefficient » and the spatial overlap of the three
modes [15]

EpE
pco
g=r
Ee

with mode frequency wy, relative permittivity &; and per-
meability u; = 1, effective mode volume Vi, and nor-
malized spatial field distribution v defined such that the
single-photon electric field for mode k € {e, p, 0} can be
written as E(7) = v/ hwy/(2eoer Vi) Wi (7). All three modes
are whispering gallery modes (WGMs) [33] whose spa-
tial field distribution can be separated into cross-sectional
and azimuthal parts  (r, z, ¢) = Wi (r,z)e "¢ The inte-
gral in Eq. (2) is nonzero only if the azimuthal numbers
of the participating modes fulfil m, = m, 4+ m,., which
is also known as phase matching or angular momentum
conservation.

In our conversion scheme we drive the mode a, with a
bright coherent tone @, — «,, which simplifies Eq. (1) to

hewewy,w,
8eo VeV, Vo

/ v @)

A

Hint = hapg(aeaz + aZ&o) (3)

This is known as the beam splitter Hamiltonian and it cor-
responds to a linear coupling between the optical mode
a, and microwave mode a.. From the enhanced coupling
rate o,g, we define the multiphoton cooperativity as C =
4|otp|2g2 /(koke), where k, and . are the total loss rates
of the optical and microwave modes, respectively. The
multiphoton cooperativity is the figure of merit in most
of the resonant electro-optic devices, both for frequency
conversion and entanglement generation [15,16,28,34].

I1I. DEVICE

The electro-optic transducer consists of a z-cut lithium
niobate (LiNbO3) whispering gallery mode (WGM) res-
onator, with major radius R = 2.5 mm, sidewall surface
radius p &~ 0.7 mm, and thickness d = 0.15 mm. It is fabri-
cated using diamond polishing pastes of different grain size
[35], and is coupled to a superconducting aluminum cav-
ity as shown in Fig. 1(a). The top and bottom rings of the
cavity are designed to confine the microwave mode at the
rim of the WGM resonator and maximize the spatial mode
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FIG. 1.

(a) Exploded-view rendering of the electro-optic con-
verter. The WGM resonator (light blue disc) is clamped between
two aluminum rings (blue shaded areas) belonging to the top and
bottom parts of the aluminum microwave cavity, respectively.
Two gradient index (GRIN) lenses are used to focus the opti-
cal input and output beams (red) on a diamond prism surface
in close proximity to the optical resonator. The microwave tone
is coupled in and out of the cavity using a coaxial pin coupler
at the top of the cavity (gold). The prism, both lenses, and the
microwave tuning cylinder (gold shaded area inside the lower
ring) positions can be adjusted with eight linear piezo position-
ers. (b) Optical reflection spectrum of the WGM resonator at
base temperature (approximately 7 mK). The optical pump mode
at w,/(2mw) ~ 193.5 THz (green) and the signal mode (blue)
are critically coupled and separated by one free spectral range
(FSR, dashed lines). On resonance 38% of the optical power
is reflected without entering the WGM resonator due to imper-
fect optical mode overlap A (horizontal dotted line). The lower
sideband mode (red) is chosen to couple to a mode family of
different polarization, which splits it and facilitates the single-
sideband selectivity of the converter. (c) Reflection spectrum of
the microwave cavity at base temperature (approximately 7 mK)
for the tuning cylinder in its up position (blue line) and in its
down position (red line). With a tuning range of approximately
0.5 GHz we can readily match the cavity frequency with that of
the optical free spectral range FSR/(27) = 8.818 GHz (dashed
line).

overlap with the two optical modes. Here we use type-0
frequency conversion, where all the participating waves
are polarized parallel to the material’s optic and symmetry
axis, addressing the highest electro-optic tensor component
of LiNbO3;. We work with two optical modes of the WGM
resonator that are spectrally separated by the resonator’s
optical FSR as shown in Fig. 1(b). The pump mode has
an azimuthal number m, &~ 20 x 10* and the signal mode
m, = my, + 1. The m, — 1 mode’s participation in the res-
onant interaction is suppressed due to its avoided crossing
with another mode family [15], leaving only two opti-
cal modes in the process. We use an antireflection-coated
diamond prism to feed the optical pump into the optical

resonator via evanescent coupling. The prism is attached
to a linear piezo positioning stage that allows us to accu-
rately tune the extrinsic optical coupling rate xex, in situ.
The continuous-wave optical pump is an approximately 10
kHz linewidth coherent laser tone that is locked to the reso-
nance of the optical pump WGM at w,, /(27) ~ 193.5 THz
for conversion measurements. The cryostat optical input
line consists of a single-mode fiber with a GRIN lens at its
end to focus the optical beam at the prism-WGM resonator
coupling point. The reflected optical pump is collected
with a second GRIN lens and coupled to the output line
fiber for further measurements at room temperature.

At base temperature (approximately 7 mK) we measure
an optical mode separation FSR/(27) = 8.818 GHz and
an intrinsic optical loss rate ki, , = 9.46 MHz, which cor-
responds to a quality factor Oy, , = 2.0 x 107—a reduction
by a factor 10 (5) from the measured room-temperature
value outside (inside) the microwave cavity. The chosen
optical pump and signal modes have a contrast of 62%
at critical coupling (Qex.o = Oiny), as shown in Fig. 1(b),
due to an imperfect spatial field mode overlap A% = 0.38
between the optical WGM and the optical input beam (see
Appendix B). In this work we keep the optical system
critically coupled to maximize the optical photon num-
ber for a given input power. The optical signal at w, =
w, + FSR for optical to microwave conversion is created
using a suppressed-carrier single-sideband modulator and
sent through the same optical path as the pump tone; see
Appendix A.

The chosen microwave cavity mode undergoes one
oscillation around a full azimuthal roundtrip (m, = 1), and
its frequency is matched to the optical FSR in order to
fulfil the conditions of phase matching and energy conser-
vation. We use an aluminum cylinder centered below the
WGM resonator and attached to a vertical piezo positioner
that shifts the microwave resonance frequency w,./(27)
from 8.70 to 9.19 GHz at base temperature, as shown in
Fig. 1(c). Microwave tones are sent to the device through
a heavily attenuated transmission line and subsequently
coupled to the cavity via a coaxial pin coupler mounted
in the top part of the cavity, as shown in Fig. 1(a). The
reflected microwave tone and the down-converted opti-
cal signal pass two circulators before amplification and
measurement with a vector network analyzer (VNA) or
an electronic spectrum analyzer (ESA); see Appendix A.
From the VNA reflection measurements, we extract the
resonance frequency w,, the intrinsic loss rate ki, = 6.7
MHz, and the extrinsic coupling rate xex, = 3.7 MHz of
the microwave resonance mode.

IV. BIDIRECTIONAL CONVERSION

In our system the microwave-to-optics and optics-to-
microwave photon conversion efficiencies are equal [28].
The total input-output electro-optic photon conversion
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efficiency, defined on resonance, is given as

4C

XY “)

Ntot = NeNo A?

with coupling efficiencies 1y = kexi/kx and ki = King +
Kex k- We determine the bidirectional conversion efficiency
of the device Nt = /MeoNoe» independent of the specifics
of the measurement setup [36], such as the optical and
microwave input attenuations S, 83 and output amplifica-
tions B, B4 (see Appendix D). Performing four indepen-
dent measurements of the coherent scattering parameters
S5 |? o |aout/@iny|* with i,j = {e, 0} for every optical
pump power setting

n =\/|Seo(w0)|2|Soe(w0)|2 — ,317760,34,33770@,32
TV 1See (@) PISo0 (@) 2 BiB2BsBs
Q)

we obtain the in-situ calibrated device efficiency 7y from
the optical fiber to the microwave coaxial line. Here the
optics-to-microwave |S,,|> and microwave-to-optics |S,.|>
power ratios are measured on resonance wy = ., ®, and
the reflected optical |S,,|?> and microwave |S,.|*> tones
are measured at a detuning such that |wa — wg| > k., ko,
respectively. For higher accuracy, we take into account
frequency-dependent baseline variations using the full
measured reflection scattering parameters.

In Fig. 2(a) we show the measured values of the total
conversion efficiency 7y (light blue) and the calculated
internal conversion efficiency 7in = Mot/ (MenoA?) (dark
blue) together with Eq. (4) taking into account measured
cavity linewidth changes (red lines) as a function of the
incident optical pump P,. As the pump power increases,
the conversion efficiency departs only slightly from the
expected linear behavior for the low cooperativity limit
(C < 1) (dashed lines). For P, ~ 700 uW (arrow), 7o
drops because the aluminum cavity undergoes a phase
transition from the superconducting to the normal con-
ducting state, which is accompanied by a sudden increase
of kine; see Appendix C. The highest conversion effi-
ciency 7w = 3.16 x 107 is reached for the maximum
available pump power P, = 1.48 mW that our laser can
provide, where the refrigerator base plate reaches a steady-
state temperature of 7y = 320 mK, which corresponds to
a minimal microwave mode occupancy of Ny = 0.36 in
continuous-wave mode.

From the measured values of the bidirectional conver-
sion efficiency 1, and coupling rates ki, . at each optical
pump power P,, which is related to the drive strength and
pump photon number 7, = |a|* = 4P, A’kex o/ (hw,k2),
we extract the values of the multiphoton cooperativity in
the system, ranging from C = 3.24 x 10~ for the low-
est to C=1.68 x 107° for the highest P,. From this

(a) 210
Eos
11 206 _ It Blen N
<04
g0.2
107"+ © 0.0 o o ! _
. 40 20 0 20 40
£ 4ol (@-00)(2m) (MHz) |
S
103} ]
104" ]
1075 [~ L L I I 3
0.001 0.010 0.100 1.000
P, (MW)
(b) o

N
=)

Posa (dBm/20 MHz)
IS
o

-10 -5 0 5 10
(w-wp)/(27m) (GHz)

8.78 8.80 8.82 8.84 8.86
wl(2rm) (GHz)

FIG. 2. Bidirectional microwave-optics conversion. (a) Mea-
sured photon conversion efficiency 7 (light blue points) and
inferred internal device efficiency 7yt = Mot/ (NeNoA?) (dark
blue points) together with theory (red lines), i.e., Eq. (4) tak-
ing into account measured cavity linewidth changes. The dashed
lines are linear fits for the ten lowest power data points, respec-
tively. The arrow marks the input power where the aluminum
cavity goes from super to normal conducting. The inset shows
the measured and normalized coherent optics-to-microwave con-
version power ratio for P, = 18.7 uW and P, = 267 nW, as a
function of the detuning between the optical signal frequency
and w, (blue points) together with theory, Eq. (6) (red line),
indicating the conversion bandwidth B/(27) = 9.0 MHz. (b)
Measured optical power spectrum for microwave-to-optical con-
version at P, = 1.48 mW. The weak coherent microwave tone
P, = 1.0 nW generates two optical sidebands (blue and red) with
a suppression ratio of SR = 10.7 dB. The center and sideband
peaks are proportional to the intracavity pump 7, and converted
optical signal n, photon numbers, respectively. The noise floor
is set by the resolution bandwidth. (c) Measured power spec-
trum for optical-to-microwave conversion at P, =2.35 uW.
The weak optical input signal P, = 161 nW generates a single
coherent microwave tone at @, — w),. In this particular example
n. = 1.2 intracavity microwave photons are generated with an
incoherent noise floor Py o, corresponding to an added output
conversion noise of Noy = 0.4 photons s~! Hz™! in the center of
the microwave cavity bandwidth.

we deduce the maximum internal photon conversion effi-
ciency nin = 4C/(1 4+ C)? of 0.67%. We find very good
agreement between the measured conversion efficiency
and Eq. (4) (solid red lines) for g/(27) = 40 Hz, close to
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the directly measured (simulated) value of 36.1 Hz (36.2
Hz) at room temperature.

The normalized optics-to-microwave conversion as a
function of the optical signal frequency is shown in the
inset of Fig. 2(a). The solid red line corresponds to the
theoretical expectation for the conversion spectrum [28]

1S; (0 — wo)?
1S (0)1?

_ [(1 4o - 600)2)2 L Ho—00k,+ Ke)z]_l |

Koke 2

(6)

2
KoKe

where k., and «,/(2w) =18.92 MHz are indepen-
dently extracted from direct reflection measurements. The
bandwidth B/(2r) =9.0 MHz at P, = 18.7 uW with
k./(2mw) =11.32 MHz is in excellent agreement with
the theoretical model for both conversion directions (see
Appendix D). Here B/(27) increases from 8.51 MHz (cal-
culated, x, = 10.45 MHz) for the lowest to 10.68 MHz
(measured, k, = 14.85 MHz) for the highest optical pump
power.

Selective up-conversion is an important feature of
electro-optic transducers, because of the intrinsic noiseless
nature of the up-conversion process. In Fig. 2(b) we dis-
play the measured microwave-to-optics conversion power
spectrum corresponding to the highest pump power. Sin-
gle sideband conversion with a suppression ratio of 10.7
dB in favor of up-conversion can be observed. This is
expected from the asymmetric FSR in our WGM resonator
due to the splitting of the lower sideband mode as shown
in Fig. 1(b). The generated microwave output power spec-
trum from the optics-to-microwave conversion is shown
in Fig. 2(c), where the peak at the center represents the
coherently converted signal power at the microwave cav-
ity output and the broadband incoherent baseline is due to
the thermal noise added to the microwave output as a result
of optical absorption.

V. ADDED NOISE

The optical pump causes dielectric heating due to
absorption in the lithium niobate. In addition, stray light
and evanescent fields can lead to direct breaking of Cooper
pairs in the superconducting cavity. Both effects cause an
increased surface resistance and in turn a larger microwave
cavity linewidth «i, . (see Appendix C). The optical heat-
ing causes an increase of the microwave cavity bath N, and
the microwave waveguide bath N, both are related to the
incoherent microwave mode occupancy

N, = nerg + (1 = ne)Ny, (7)

which leads to radiative cooling [37,38] for Ny < Nj.
The two bath populations are directly accessible via the

detected output noise spectrum given by

4Kin,eKex,e

Noet(@) = —sineene
det(w) Kg +4a)2

(Nb - ng) +ng +Nsys (8)

in the low cooperativity limit. The conversion noise at the
output port of the device Noyt = Nget — Nsys in units of
photons s~! Hz! is related to the measured power spec-
trum Pgsa via Nget(w) = Ppsa(w)/(hw,Bs). Here Ngys =
12.74 £ 0.36 and B4 = (67.05+£0.16) dB are the cali-
brated noise photon number and gain of the measurement
setup as referenced to the converter output port.

In Figs. 3(a)-3(c) we show the measured noise spec-
trum obtained by normalizing with a no-pump baseline
reference measurement when the sample is cold Ny =
NisysPsa/Pesap,=0) for three different pump powers with
the same y-axis scale and no signal tone applied. For the
lowest pump power P, = 0.23 uW, only the Ny, off-
set is discernible [dashed black lines in panels (a)~(c)].
For the intermediate power P, = 14.82 uW, the total
output microwave noise Ny = 1.01 £ 0.07 appears as
a Lorentzian curve (blue line) with a broadband noise
background Ny = 0.13 4= 0.04 (red dashed line). For the
largest applied power P, = 1.48 mW, we observe a max-
imum of Ny = 5.51 £0.20 and N,z = 1.64 £ 0.08, sig-
nificantly hotter than the dilution refrigerator base plate
at Ny = 0.36. This is expected for a steady-state local-
ized heat source, such as the optically pumped dielec-
tric resonator, which has a finite temperature-dependent
thermalization rate to equilibrate with the environment.

The added conversion noise referenced to the device
output Ny (blue), the broadband waveguide noise Ny,
(red), the microwave bath N, (yellow), and mode occu-
pancy N, (green) for different optical pump powers P, are
shown in Fig. 3(d). Subphoton microwave output noise
as low as Ny = O.O3f8:0‘3‘ and microwave mode occu-
pancies as low as N, = 0.025 &£ 0.005 are achieved for a
continuous-wave pump power of P, = 0.59 uW where
the total conversion efficiency is 7yt = 2.3 x 1077, In the
low-power limit the laser fluorescence noise is found to
be a negligible contribution to the observed ground-state
occupancy and the resulting very low conversion noise, as
discussed in Appendix D.

As the pump power is increased, we observe a smooth
growth of the waveguide noise starting from an equivalent
temperature of 7, = 781?2 mK and roughly proportional
to \/E over 4 orders of magnitude. This is expected if the
effective thermal conductivity to the cold refrigerator bath
of approximately constant temperature is increasing lin-
early such that the heat flow g matches the dissipated part
of the pump power g o< P, o« T'x AT, as predicted [39]
for normal conducting metals such as the copper coaxial
port attached to the superconducting cavity.

In contrast, for the microwave bath we observe three dis-
tinct regions of heating. Up to about 2 uW, the scaling is
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FIG. 3. Conversion noise and mode population. (a){c) Measured microwave output noise spectrum (blue line) in units of
photons s~! Hz™! for (a) P, = 0.23 uW, (b) 14.82 W, and (c) 1.48 mW together with a fit to Eq. (8) (black line). In all three
panels the dashed black line indicates the measurement system noise floor Ny and the dashed red line indicates the broadband noise
offset Ny,. (d) External waveguide bath population Ny, (red), total output noise photons Ny (blue), microwave mode bath N, (yel-
low), and mode occupancy N, (green) as a function of P,. The arrows indicate values extracted from panels (a), (b) and (c), as well as
where the superconducting phase transition occurs. The error bars of Ny, and Ny at low P, are dominated by systematic errors due
to slow absolute variations of the baseline of £0.03 quanta. The error bars of N, represent the 95% confidence interval of the fit to
Eq. (8), which also dominates the uncertainty of N, since Ny, < Nj,. The error bars at high P, are dominated by the accuracy of the
Njys calibration. The shown error bars are the extrema of these absolute and relative uncertainties. The inset shows the region where the
microwave bath occupancy N, < 1 on a linear scale. The dashed gray lines indicate fitted power laws, specifically Nyg o P2'55 over

the full range of powers, N, P;'M up to P, ~ 2 uW (see inset), and N, Pg“‘s at higher powers. (e¢) Microwave output noise Noy;

measured on resonance over a 500 kHz resolution bandwidth in units of photons s~' Hz~! (blue line) on top of the measurement system
noise floor Nyys (dashed horizontal line) as a function of time. The system is excited with a rectangular optical pulse of P, = 1.48 mW
and a length of 68 s (dashed vertical lines). The arrow indicates the time of approximately 30 s when superconductivity breaks, the
cavity quality factor degrades, and the frequency detunes from the measurement frequency. This process is reversed at the end of the
pulse when the cavity tunes back and the detected noise increases temporarily. The inset shows the fastest timescale, i.e., the initial

heating rate of dN,y/dt ~ 1.1 noise photons s~

approximately linear, which is expected for local heating
with a fixed thermalization to the cold bath. The ther-
mal conductivity of superconducting aluminum far below
the critical temperature is exponentially suppressed [39],
so this thermalization could be due to radiation or direct
excitation of quasiparticles. In this important range of
noise photon numbers, a high conductivity copper cavity
might therefore show a significantly slower trend. Above
2 uW, the scaling is approximately \/PT, , which indicates
that part of the cavity, such as the small rings holding
the disk, are normal conducting. This is confirmed by
an increase in the internal losses (see Appendix C). At
P, ~ 0.7 mW we see a sharp drop in the output noise due
to a sudden increase of ki, from 8.6 to 11.2 MHz. The
temporarily slower increase of N, suggests that this is also
accompanied by a higher thermalization rate to the cold
refrigerator bath, indicating that the entire aluminum cav-
ity undergoes a phase transition at this input power. This
interpretation of the data is backed up by stable cavity
properties beyond this power (see Appendix C). The low-
est measured bath occupancies are consistent with qubit

measurements for a similar amount of shielding without
optics [40] and could be further improved with sensitive
radiometry measurements [41,42].

In Fig. 3(e) we show the time dependence of the mea-
sured output noise when the system is excited with a
resonant optical square pulse with a rise time of 1 ms.
Facilitated by its macroscopic device design with a large
heat capacity and contact surface area to the cold refrig-
erator bath, we observe that the fastest heating timescale
at the onset of the square pulse is as low as 1.1 pho-
tons s~'. Assuming—as a worst-case scenario—a linear
increase of the heating rate with the applied power, we
can project Ny < 10™* for a single 100 ns long pulse
of power 1 W. For this power C > 1 with unity internal
conversion efficiency and interesting new physics to be
unlocked. Examples include the strong coupling limit of
electro optics with a repeated coherent energy exchange
between microwave and optical photons, the emergence of
parametric instabilities and self-oscillations [28], as well
as efficient spontaneous parametric down-conversion for
deterministic entanglement generation [34].
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VI. CONCLUSION AND OUTLOOK

The presented bidirectional microwave-optical interface
operates in the quantum ground state N, < 1, as veri-
fied by measuring the minimal noise Ny, << 1 added to
a converted microwave output signal. Compared to recent
probabilistic unidirectional transduction of quantum level
signals, we show somewhat lower [24] and orders of mag-
nitude higher [23] efficiency. The very high bandwidth of
10.7 MHz for continuous-wave conversion compared to
typical 100 Hz repetition rates in previous experiments
provides a very promising outlook to be able to also verify
the quantum statistics using sensitive heterodyne [34] or
photon detection measurements [43] in the near future.

Bandwidth-matched high-power pulsed operation
schemes together with quality factor improvements based
on new materials and lower-loss clamping geometries [34],
as well as stronger coupled lower mode volume modes and
improved packaging, should also enable deterministic pro-
tocols due to the observed slow heating timescales, i.e.,
the conversion of quantum level signals with an equiv-
alent input noise Ny, = Now/Ntot < 1. This opens a long
sought for possibility to implement fast and determin-
istic entanglement distribution between microwave and
optical fields [34,43], for optically mediated remote entan-
glement of superconducting qubits [44], for extending the
range of current fiber optic quantum networks [45], and
for new multiplexed cryogenic circuit control and readout
strategies [46—48].

The data and code used to produce the figures in the
main part of this manuscript are available online [49].
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APPENDIX A: MEASUREMENT SETUP

The measurement setup used to characterize the perfor-
mance of the electro-optic converter is shown in Fig. 4.

APPENDIX B: OPTICAL RESONATOR

1. WGM resonator fabrication

The WGM resonator is manufactured from a z-cut con-
gruent undoped lithium niobate wafer. The resonator initial
dimensions are a major radius of R =2.5 mm, a cur-
vature radius of p ~ 0.7 mm, and an initial thickness
d = 0.5 mm. The lateral surface is polished with dia-
mond slurry from 9 um (rms particle diameter) down to
1 pm. Subsequently, the resonator is thinned to a 0.15
mm thickness with 5 um diamond slurry in a lapping
machine [50]. Top and bottom surfaces are then finished
by chemical-mechanical polishing.

2. Optical prism coupling

We couple the optical pump into the resonator via frus-
trated total internal reflection between the prism and the
resonator surface. The optical beam coming from the cryo-
stat input optical fiber is focused to the coupling window
with an angle . &~ 50° using a GRIN lens [see Fig. 1(a)].
The reflected pump and the converted optical signal are
caught by a second GRIN lens and directed to the cryo-
stat output optical fiber. The diamond prism is an isosceles
triangle with basis angle 53° and height 0.8 mm. The
prism’s input and output sides are antireflection coated,
and it is fixed from the backside to a copper wire as shown
in Fig. 1(a). The copper wire goes through a small canal
outside the microwave cavity and is attached to a lin-
ear piezo-positioning stage (PS). This way the distance
d between the WGM resonator and the prism coupling
surface can be controlled with nanometer-scale precision.

In order to reduce GRIN lens misalignments during
cool down, we machine a single piece, oxygen-free copper
holder that has the prism-WGM resonator coupling point
at its center. Furthermore, we set up a low-temperature
realignment system that consists of two ANPx101-LT and
one ANPz101-LT PSs from attocube for each GRIN lens,
allowing us to align them in the x-y-z direction. A feed-
back algorithm tracks the overall optical transmission as
well as the optical mode contrast during the dilution refrig-
erator cooldown to 3 K where the final alignments are
performed before condensation and further cool down to
the cryogenic base temperature of about 7 mK.

3. Optical characterization

The optical resonator is characterized by analyzing its
reflection spectrum. We sweep the frequency w/(27) of
an optical tone over several gigahertz around 1550 nm and
measure the intensity of the reflected signal on a photodi-
ode (Fig. 4). In Fig. 5(a) we show the pump mode spectrum
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FIG. 4. Measurement setup. A tunable laser is equally split (50:50) into two paths at the optical coupler OC1. The upper path is
used as the optical pump and it goes through a variable optical attenuator VOAL that allows us to vary P,. The optical pump can then
be either sent directly to the cryostat fiber, or it can go first through an electro-optic modulator (EOM) in order to create sidebands
for spectroscopy calibration. The second path (horizontal) is used to generate the optical signal. It also goes through a variable optical
attenuator and is then frequency up-shifted by w, (approximately FSR) using a single-sideband EO modulator with suppressed carrier
(SSB SC) driven by a microwave source with local oscillator frequency w, (S1). A small fraction (1%) of this signal is picked up and
sent directly to an optical spectrum analyzer (OSA) for sideband and carrier suppression ratio monitoring. The rest (99%) is recombined
with the pump at OC2, sent to the fridge input fiber, and the total power is monitored with a power meter (PM). The optical tones are
focused on the prism with a GRIN lens that then feeds the WGM resonator via evanescent coupling. Polarization controllers PC2 and
PC3 are set to achieve maximum coupling to a TE polarized cavity mode. The reflected (or created) optical sideband signal and the
reflected pump are collected with the second GRIN lens and coupled to the cryostat output fiber. The optical signal is then split: 90%
of the power goes to the OSA and 10% is sent to a photodiode (PD), which is used for mode spectroscopy and to lock on the optical
mode resonance during the conversion measurement. The 90% arm is either sent directly to the OSA, or goes through an erbium doped
fiber amplifier (EDFA) for amplification, depending on the microwave-to-optics converted signal power. On the microwave side, the
signal is sent from the microwave source S2 (or from the VNA for microwave mode spectroscopy) to the fridge input line via the
microwave combiner (MC1). The input line is attenuated with attenuators distributed between 3 K and 10 mK with a total of 60 dB in
order to suppress room-temperature microwave noise. Circulator C1 redirects the reflected tone from the cavity to the amplified output
line, while C2 redirects noise coming in from the output line to a matched 50 2 termination. The output line is amplified at 3 K by a
HEMT amplifier and then at room temperature again with a low noise amplifier (LNA). The output line is connected to switch MS1,
to select between an ESA or a VNA measurement. Lastly, microwave switch MS2 allows us to swap the device under test (DUT) for
a temperature Tsoq controllable load, which serves as a broadband noise source in order to calibrate the output line’s total gain and
added noise (see Appendix D 2).

for a TE polarized tone, whose polarization is parallel
to the WGM resonator’s symmetry and optical axis. The
optical FSR for this mode is measured by superimposing
it with EOM-generated sidebands from modes one FSR
away [15] (see Fig. 4 for the EOM). The measured opti-
cal FSR changed from 8.79 GHz at room temperature to
8.82 GHz at base temperature.

To characterize the coupling to the optical system, we
measure the optical mode spectrum for different positions
of the prism, thus changing x.x ,. The normalized spectrum
of the chosen mode follows the analytical model [51]

|Soa (a) - a)o)|2 _ _ 4Kex,aA2 (Ko - AzKex,o)
1S00 (Aw)|? K3 + 4w — w,)?

, (BD
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Optical coupling. (a) Measured «,/(27) as a function of piezo voltage Vg, (blue points) and exponential fit (red line). For

large distances d o< —Vy, we find that k,/(27) = kin,/(27m) = 9.46 MHz. The lower dashed line indicates the lower limit «, = Kin .
The upper dashed line shows the critical coupling condition where iy, = kex, and k, = 2kiy, with the corresponding V4. (vertical
arrow). (b) Measured optical reflection spectrum around 1550 nm at base temperature for critical coupling [arrow in panel (a)]. Because
of imperfect optical mode matching quantified by A% = 0.38, an amount proportional to (1 — A2)? of the input power is reflected at

critical coupling (dashed line).

where the factor A describes the electric field overlap
between the evanescent tail of the beam reflecting on the
prism and the resonator mode and Aw > «k,. The exter-
nal coupling rate k., strongly depends on the distance d
between the prism and the resonator

Kex,o (d) = Kegoy eXp(—kod)a (Bz)

ex,0

where k2% = kexo(d = 0) and ko = woy/niy — 1/ [51],
nn is the refractive index of lithium niobate, and c¢ is
the speed of light in vacuum. We control the distance by
applying a dc voltage to the piezo stage d ox —Vy. and
measure the transmission spectrum. The fitted total optical
linewidth k, = kex,, + Kin, as a function of Vg is shown in
Fig. 5(a). From an exponential fit of the measured «, (red
line), we extract the offset corresponding to «in,/(27w) =
9.46 MHz. Furthermore, at critical coupling (kex o = Kino)»
we extract A2 = 0.38 from a fit to Eq. (B1) as shown in
Fig. 5(b). The intracavity photon number for the optical
pump is given by

P, A? Ahex.o
hw, k2 +4(0 — w,)?’

(@) = (B3)

where P, stands for the optical pump power sent to the
resonator-prism interface. The WGM resonators’s FSR
and linewidth do not change over the full optical pump
power range.

APPENDIX C: MICROWAVE CAVITY
1. Design

The conversion efficiency between the optical and
microwave modes depends strongly on the microwave

electric field confinement at the rim of the WGM resonator.
Our hybrid system, based on a 3D microwave cavity and a
WGM resonator, offers a high degree of freedom to control
the microwave spatial distribution v, (7), microwave res-
onance frequency w,, and external coupling rate xex .. We
used finite element method (FEM) simulations in order to
find suitable design parameters for the microwave cavity.

A schematic drawing of the microwave cavity with its
important dimensions is shown in Fig. 6(a). The LiNbO;
WGM resonator is clamped between two aluminum rings
(highlighted in blue). In this way we maximize the
microwave electric field overlap with the optical mode,
the latter being confined close to the rim of the WGM res-
onator [see Fig. 6(b)]. The microwave spatial electric field
distribution shows one full oscillation along the circumfer-
ence of the WGM resonator [see Figs. 6(c) and 6(d)] to
fulfil the phase matching condition. The aluminum rings
have a cut in the middle in order to maximize the field par-
ticipation factor and minimize potential magnetic losses in
the dielectric. The cavity’s cylindrical inner volume can be
tailored to achieve the desired microwave resonance fre-
quency, which can then be tuned by approximately 500
MHz in situ, by moving an aluminum cylinder placed
inside the lower ring. This allows us to compensate the
thermal contraction induced frequency shift that occurs
during cool down of the device. The top right part of the
shown top half of the cavity is cut out in order to facilitate
the assembly of the device.

2. FEM simulation of electro-optic coupling

From FEM simulations we obtain the single-photon
spatial electric field distribution given as E..(r,z,¢) =
ETEW, (1, 2)[1 + f (¢)] cos(¢), where W, (7, z) is normalized
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Microwave cavity design. (a) Computer-aided design drawing of the top part of the aluminum microwave cavity. (b) FEM

simulation of the single-photon electric field distribution of the m = 1 mode of the microwave cavity. Shown is the z component of the
field along the radial axis at z = 0 (in the center of the WGM) and ¢ = 0 [yellow dashed line in panel (a)]. The vertical dashed line
marks the position of the edge of the WGM resonator. (¢c) FEM simulation of the z component of the single-photon electric field taken
at the position of the optical mode maximum and plotted as a function of the azimuthal angle ¢ [yellow dashed circle in panel (a)].
The red line is a sinusoidal function as a guide to the eye. (d) FEM simulation of the z component of the single-photon electric field in

the z = 0 plane for the m = 1 microwave resonance.

to 1, r=./x2+y? and ¢ = arctan(y/x); see also Fig
6(d). For this simulation, we used the reported [52]
dielectric permittivity of lithium niobate at 9 GHz, i.e.,
g. = (42.5,42.5,26). The function f (¢) is symmetric and
describes the deviation of the azimuthal field distribution
from a pure sinusoidal shape, as shown in Fig. 6(c). The
optical mode is distributed along the ring {r =r,, z =
0, ¢ € [0 2]} and the maximum value of the microwave
electric field on this ring is Ee = E.z (19,0, Pmax) =
ET®W,(r,,0) = 11.1 mV/m. The optical mode being a
clockwise (C) traveling wave, we must decompose the
stationary microwave field into a clockwise and a coun-
terclockwise (CC) traveling wave in order to calculate the
coupling

Ee,z(ro, 0,0,1) = Eco[1 +f ()] cos(¢p) cos(wet)

= %[1 +f (¢)](e—i(¢—wet) 4+ ol (@—wed)
4 e—i(¢+wet) + ei(¢+wet))
=E{ +E; + Efc + E¢. (C1)

By introducing E, . (r,, 0, ¢, 7) into Eq. (2), we get (E( and
E¢ do not participate in the interaction)

0 Eeo * — i * —i
g = n?r /f;o“;p = / AV e + Y u,e Of ()],
(€2)

where n is the refractive index of the pump w, and
the sideband w,. The effective mode volumes V) are
given by the integral [dVyyy; over the respective
optical field spatial distributions v, = W, (r,6)e”" and
VY, = W, (r,0)e "+ The second term in the integral in
Eq. (C2) is zero due to the symmetry of f (¢), reducing
Eq. (C2) to

8= %nzwor%Eem (C3)
where n=2.13 (g, ~ ¢, =4.54) is the extraordinary
refractive index (dielectric permittivity) of the lithium nio-
bate at w, ~ w, = (27) x 193.5 THz and r33 = 31 pm/V
is the electro-optic coefficient. For these values, we esti-
mate ggim/(2r) = 38 Hz at room temperature.

3. Room temperature measurement of g

The system is assembled at room temperature and a
microwave tone is fed into the cavity with a coaxial
probe coupler of length 1.2 mm. By displacing the tuning
cylinder, the cavity frequency w,/(27) could be shifted
from 8.40 to 9.22 GHz, slightly shifted up compared
to numerical simulations. We attribute this to small air
gaps between the WGM resonator and the aluminum disk,
which decrease the effective dielectric constant between
the electrodes. To match the measured frequency range
exactly, we introduce an air gap of only about 1 um in
the simulations, bringing down the estimated coupling to
Zsim/(27) = 36.2 Hz.
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FIG. 7. Direct measurement of g. Measured optical mode

splitting of S/(27) = 220 MHz at room temperature, obtained
with an input power of 9.3 dBm applied to the microwave
cavity at w,. Here § ~ 4,/n,gy is related to the measured single-
photon coupling strength g,¢/(277) = 36.1 Hz via the calculated
intracavity photon number 7, = 2.3 x 10'% [46].

At w, = FSR, the microwave mode has the parame-
ters Kexe/(2m) = 2.48 MHz and «iy./(27) =29 MHz.
We infer the nonlinear coupling constant of the system
by applying a strong microwave drive tone to the cav-
ity and measuring the resulting optical mode splitting S ~

a
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FIG. 8.

4./n.gw, as described in Ref. [46]. In Fig. 7 we show a
measured splitting of S/(27) = 220 MHz for a 9.3 dBm
microwave pump power applied on resonance. This cor-
responds to g, /(2mw) = 36.1 Hz, a fivefold improvement
compared to earlier results [15], and in excellent agreement
with the simulations.

4. Microwave cavity fabrication

The microwave cavity is milled out of a block of pure
aluminum (5N). It is divided into a lower and upper part
that are closed after placing the WGM resonator and the
prism using brass screws. The internal geometry can be
seen in Fig. 6(a). When closing the cavity, the pure alu-
minum rings get in contact with the optical resonator. The
rings deform slightly, which minimizes the formation of
air gaps that would otherwise reduce g.

5. Microwave characterization

The microwave resonance tuning range is measured
with a VNA connected to the cryostat transmission line,
as shown in Fig. 4. The resonance frequency can be tuned
from 8.70 to 9.19 GHz, as shown in the main text. This
range is at a slightly higher frequency compared to the
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Microwave cavity properties. (a) Measured reflection spectra of the microwave resonance for the minimum (blue) and

maximum (red) applied optical pump powers P, together with Lorentzian fits (black lines). (b) Fitted microwave resonance frequency
w, — wep as a function of P, with the error bars indicating the 95% confidence interval of the fit. Here w, is the fitted resonance
frequency obtained for the minimum optical pump power of P, = 0.23 W. (c) Fitted microwave intrinsic loss rate ki, . as a function
of P, with the error bars indicating the 95% confidence interval of the fit. (d) The mixing chamber temperature sensor reading 7, of
the dilution refrigerator as a function of the optical pump power P, (blue points) and a power-law fit 7, o Pg"‘g to the intermediate

power range (black line).
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room-temperature range. We attribute this to thermal con-
traction that leads to small air gaps. The decay rates of the
microwave mode at the cryogenic base temperature and the
lowest optical input power are kex./(27) = 3.7 MHz and
Kine/(2m) = 6.7 MHz.

Unlike the optical system, the microwave cavity’s
parameters undergo changes as a function of the optical
pump power P, applied to the WGM resonator. In Fig. 8(a)
we show the normalized spectra of the microwave reso-
nance at the smallest (blue) and largest (red) optical pump
powers together with a Lorentzian fit. From these mea-
surements we extract the microwave resonance frequency
. [shown in panel (b)] and the internal loss rates ki,
[shown in panel (c)] as a function of P,. The extrinsic cou-
pling rate ke, depends only on the fixed geometry and
is approximately constant. In contrast, «j,, increases and
w, decreases with increasing P, until the microwave cav-
ity undergoes the superconducting phase transition. Once
the normal conducting state is reached, a further increase
of P, does not lead to any perceptible change, as can be
seen in Figs. 8(b) and (c). The microwave resonance red
shift [see Fig. 8(c)] and the «;,, increase are expected due

J

[nout,a(w):| — M(a)) |:|(la) + A2Kex,0 - K0/2)(Ke/2 - lC()) + |G|2|2

nout,e (w) AzKex,eKex,a | G|2

Nino (a))
X [nm,ew))] :

where M ~Y(w) = |(—iw + ky/2) (—iw + ke/2) + |G|*?
and G = ,/n, g, with n, given by Eq. (B3).

The noise performance is one of the most important
characteristics of a quantum converter. In our system, we
consider two noise sources that affect the microwave mode.
The first one is the noise in the waveguide Ny, which can
be seen as the external bath of the 50 2 semirigid copper
coaxial port. The second noise source is given by the inter-
nal bath of the system NV, as shown in Fig. 9(a). The optical
laser noise N}, in the fiber and the internal optical bath

J

AzKex,eKex,o | G|2

[N out,0 (w)

Now(@) } =M@) [ww } Kexe — Ke/2) (i + K0/2) + |G

where Nyg(w) = [exp(hw/kpTwe) — 117" and Ny(w) =
[exp(hw/kgTy,) — 117" are wideband distributions com-
pared to kexe, such that they can be approximated as
constant.

to optically induced creation of quasiparticles in the alum-
inum cavity, as discussed for example in Ref. [17]. While
the local heating is significant, the temperature of the mix-
ing chamber plate of the dilution refrigerator follows a
slow (PS'48 at intermediate powers) rise from 7y =7 mK
up to 7y = 320 mK, as shown in Fig. 8(d).

APPENDIX D: FREQUENCY CONVERSION

1. Theoretical model

We model the input-output response of the electro-optic
system by taking into account external coupling rates kex;
and internal loss rates ki,; to the external and internal
thermal baths, as shown in Fig. 9(a). First, we define the
coherent conversion matrix as the ratio between the output
and the input photon numbers in the absence of noise

nij = nout,i/nin,j (D1)
for i,j € {o,e}. The matrix n;; is derived in Refs. [28,51]
and its explicit form is given as

AzKex,eKex,a|G|2
|(i0 + Kexe — Ke/2) (Ko /2 — iw) + |GI*?

(D2)

noise Ny, are neglected, because the former can be filtered
and hw, > kzT; see also Appendix D 5. In the low coop-
erativity limit we also neglect the thermal occupancy of
the optical mode N,,, which would contribute to the optical
output noise Noyt -

We define the noise conversion matrix oj; as the ratio
between the output noises and the relevant microwave
input noise to the system in the absence of any coherent
signal as [28,51]

A2Kin eKex 0|G|2 ng(w)
o , D3
Kinekexel (=i + /212 | Np(@) (D3)

(

The full input-output model including vacuum noise is
given as
Ny () + Noy(w) = nij (@) - mjp ()

+ oy (w) - ng,b (w) + Nyac (D4)
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FIG. 9. Electro-optic photon conversion. (a) Schematic representation of the microwave (a.) and optical (a,) modes with coherent
populations 7, and n, and incoherent occupancies N, and N, (not shown). The electro-optic coupling strength G = | /n, g originates
from the Pockels effect in the lithium niobate WGM resonator. Both modes are coupled to an internal thermal bath N, and N,
with the rates ki, ;. They are also coupled to the respective coaxial and fiber waveguides with the rates «cy ;. At finite temperature the
microwave waveguide has a thermal bath occupancy N, and also hosts the total output noise Ny, measured in the experiment. (b) The
S;; coefficients are defined between the microwave and optical input and output ports outside the cryostat (gray circles). Attenuation
for the optical input and output paths are 8y = —4.81 dB and 8, = —5.5 dB (without EFDA), or the gain 8, = +30.8 dB (with
EFDA). An observed gain saturation at high pump powers is measured and corrected. Attenuation and gain of the microwave input
and output paths are 3 = —74.92 dB and B4 = +67.05 dB, respectively. From two conversion measurements on resonance (S;; ) and
two reflection measurements out of resonance (S;;) where n; = 1, we infer the bidirectional photon conversion efficiency of the device
according to Eq. (5) and referenced to the input and output photon numbers zi, ; and nqyy ;.

with Ny, = [8:2 ] output ports; see Fig. 4. In Fig. 9(b) we present a simpli-

The device is fixed to the mixing chamber of a dilu-  fied schematic of the measurement setup, with attenuation

tion refrigerator with a base temperature of approximately ~ and gain B;, B, for the optical path and B3, B4 for the

7 mK, preventing direct access to the device’s input and ~ microwave path. We define the measured scattering matrix
including the transmission lines on resonance as

) | B22A*, — 1+ O)*By A?Br4n,n.CBs :|
|Slj (w0)| - (1 + C)2 |: ,344770776C,81A2 ﬂ4(277e — 14+ C)2ﬂ3 ’ (DS)

(

where 7; = kexi/k; and C = 4n,g?/(k,k,.) stands for the  defined as
multiphoton electro-optic cooperativity. For large sig-

nal detuning wa = w — wp > k., k, With wy = w,, ®, the [0 (@0) |12 |S,e (wp) | , 4C
ing matrix simpli ot = = oA} ———. (D7)
scattering matrix simplifies to 1Sue (@) 2[00 (@n) |2 (1+ C)2
In the limits for C < 1 this can be approximated as
) 2_|BBr O
185 (@a)? = |72 . (D6)
BaBs 2. A42
2 647707731\ g Pp
o & Ao A2C = ——H B2 (Dg)
WpkZKe

We infer the bidirectional conversion efficiency at each

optical pump power by measuring the microwave-to-optics ~ This equation is used to calculate the nonlinear coupling
and optics-to-microwave transmissions on resonance and  constant in the main text. It can also be shown that in
the microwave-to-microwave and optics-to-optics reflec-  the limit of C < 1, A <1 and 5, # 0.5, the bidirec-
tions off resonance. The total device efficiency can then be  tional efficiency can be estimated using only resonant
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measurements

|Seo (Cl)()) |2|Soe(w0) |2
|See (o) |2 [S00 (@) |2

Mot = A%, — D21, — 1)/

4C

a+or 0%

= TloneAz

where A and 7; are measured accurately from microwave
and optical spectroscopy.

The system noise originates from the microwave res-
onator and waveguide baths N, and Ny, respectively. By
applying the matrix to the noise vector in Eq. (D3) we can
solve for the output noise Ny, which simplifies in the low
cooperativity limit (G? < k,k.) to

4 in,eKex,e

Nowt(w) = m

(Np — Nyg) + Nyg +0.5. (D10)

In our system the resonator bath N, is always hotter than
the waveguide bath Ny, because the dominant part of
the dielectric absorption takes place inside the resonator.
Therefore, the output noise spectrum Ny (w) always con-
sists of a Lorentzian function with amplitude N, — Ny, on
top of the broadband noise level N, as shown in Fig. 3.
Finally, following the same formalism, the integrated
(dimensionless) internal microwave mode occupancy is
given as

_ Kex,erg + Kin,er

Ke

N, = nerg + (1 - 7712)]\]b- (Dll)

2. Microwave calibration

The microwave transmission line is characterized by the
input attenuation S, the output gain B4, and the total added
noise of the output line Nyys. The output line is first cal-
ibrated by using a 50 © load, a resistive heater, and a
thermometer that are thermally connected. Weak thermal
contact to the mixing chamber of the dilution refrigera-
tor allows us to change the temperature 759 of the 50
Q2 load without heating up the mixing chamber. We vary
T50q from 21.5 mK to 1.8 K and measure the amplified
thermal noise on a spectrum analyzer. The measured power
spectral density Pgsa (w) is approximately constant around
the microwave resonance frequency w, and its temperature
dependence follows

hw,

2kpTs00

1
Pgsa = hw.BsBW |:§ coth <

> + Nadd:| , (D12)

where BW stands for the chosen resolution bandwidth,
kg 1s Boltzmann’s constant, and N,y is the effective
noise added to the signal at the output port of the
device due to amplifiers and losses. At T5oo = 0 K this
reduces to Pggp = ha)e,B4BWNsys with Nsys = Nyqq + 0.5.

In Fig. 10 we show the detected noise Nget — Nagq =
Pesa/(hw.B4BW) — N,q4q4 as a function of the load temper-
ature Tsoq. The values for gain and added noise obtained
from a fit to Eq. (D12) are 67.65 & 0.05 dB and 10.66 &
0.15, as shown in Fig. 10. The emitted black body radi-
ation undergoes the same losses and gains, as shown in
Fig. 4, except for an independently calibrated cable length
difference immediately at the sample output, resulting in an
additional loss of 0.6 &= 0.09 dB. Taking into account this
additional loss we arrive at the corrected gain and system
noise B4 = 67.05 £ 0.16 dB and Ny = 12.74 £ 0.36. For
the stated uncertainties, we take into account the 95% con-
fidence interval of the fit, an estimated temperature sensor
accuracy of +2.5% over the relevant range, as well as the
estimated inaccuracy in the cable attenuation difference.
The input attenuation is then easily deduced from a VNA
reflection measurement |S,.|* that yields B3 = —74.92 +
0.16 dB.

3. Optical calibration

The optical transmission lines consist mainly of two
optical single-mode fibers. The input optical line starts
from OC2 (see Fig. 4) and terminates at the WGM
resonator-prism interface. The output optical line is
defined from the WGM resonator-prism interface to the
OSA (see Fig. 4). From the measured external conversion
efficiencies 7 and the microwave line calibration, we can
determine the losses of the input and output transmission
lines using

P, P;
e = B210t B3 - 5
(0] e (D 1 3)
P, P;
ke = BanwotB1 bl 5
e a)O

i

w

N

—_

Nget-Nagg (photon/s/Hz)

FIG. 10. System noise calibration. Measured noise (circles)
together with a fit to Eq. (D12) (line) shown in units of photons
using Nget — Nadgd = Pesa/(Aw,B4BW) — Naqq. The dashed line
indicates the vacuum noise.
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FIG. 11. Conversion bandwidth and bidirectionality. Mea-

sured total conversion efficiency 7., (blue circles) and 7, (green
circles) as a function of output signal frequency @ (optics to
microwave, blue) or w = w, — w, (microwave to optics, green)
for P, = 18.7 uW and P,=1.48 mW. Microwave-to-optics con-
version (green) is displaced by 10 MHz for better visibility.
Dashed lines indicate the maxima of the theory curves in agree-
ment with the results reported in the main text.

where Pj,; are the input powers of our transmission lines
coming out from OC2 and S2 and P, are the measured
powers at the end of the transmission lines measured with
the OSA and ESA. The procedure yields the input atten-
uation B; = —4.81 dB and the output gain (via EDFA)
B2 = +30.8 dB. For measurements above P, = 0.1 mW,
we bypass the EDFA by switching OS2, resulting in an
output attenuation of 8, = —5.5 dB.

4. Bidirectionality

In Fig. 11 we show the measured total conversion effi-
ciency as a function of signal frequency (dots) using
Eq. (D13) together with theory (lines) using Eq. (6) in
both conversion directions for two different pump powers.
Because the optical calibration Eq. (D13) assumes sym-
metric bidirectionality we also find that the measurement
results are perfectly symmetric. Nevertheless, direct mea-
surements of B; taken at room temperature of —2.6 dB
are in good agreement with the optical calibration. We
attribute the additional loss of up to 2.2 dB to changes in
the optical alignment during the cool down, e.g., in the cold
angled physical contact fiber connector, as well as reflec-
tion loss at the first prism surface that is not included in the
room temperature calibration.

5. Laser noise

The external cavity diode laser used in this work exhibits
source spontaneous emission (SSE), which is accountable
for the finite width of the main carrier peak in Fig. 2(b).
A high resolution OSA measurement of the SSE power
density yields P, = —65.6 dBc/100 MHz (relative to the

N (s7'HZ™)

105} : No

0.001 0.010
Py (mW)

0.100 1.000

FIG. 12. Calculated noise photon numbers only due to mea-
sured laser fluorescence noise at w, + FSR. Shown are the
broadband laser noise Ny, the resulting optical mode occupancy
N,, optical output noise Nyy, On resonance, microwave mode
occupancy N,, and the resulting output noise contribution on
resonance Ny as a function of optical pump power P,. The hor-
izontal dashed line indicates a population of 1 and the vertical
dashed line the pump power P, = 23.5 uW where we measure
N, = 1 due to optical absorption heating.

carrier power) centered at the upper sideband frequency
w, + FSR. Using input-output formalism, we calculate the
resulting mode occupancies only due to laser noise as
shown in Fig. 12. All occupancies, including the optical
ones, stay below 1 for the input power range up to which
we report bidirectional conversion with mode occupan-
cies less than 1 (dashed vertical line). We find that the
impact of laser noise on the microwave population and the
microwave conversion noise is negligible due to the rel-
atively low cooperativities achieved in this work. In the
future, the laser noise can be filtered for example with a
narrow band Fabry-Pérot cavity to enable noise-free high
cooperativity conversion at higher pump powers.
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