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We demonstrate full frequency conversion in the microwave domain using a Josephson three-wave
mixing device pumped at the difference between the frequencies of its fundamental eigenmodes.
By measuring the signal output as a function of the intensity and phase of the three input sig-
nal, idler and pump tones, we show that the device functions as a controllable three-wave beam-
splitter/combiner for propagating microwave modes at the single-photon level, in accordance with
theory. Losses at the full conversion point are found to be less than 10~2. Potential applications of
the device include quantum information transduction and realization of an ultra-sensitive interfer-

ometer with controllable feedback.

PACS numbers: 42.65.Ky, 42.25.Hz, 85.25.Cp, 42.79.Fm, 85.25.-]

A quantum information transducer capable of convert-
ing the frequency of a quantum signal without introduc-
ing noise is one of the desirable modules in quantum
communication [1, 2]. With such a device, one could
teleport quantum superpositions of ground and excited
states of qubits from one system to another one with
a different transition frequency, without loss of coher-
ence. If a quantum signal can be routed through different
frequency channels, optimization of quantum calculation
and communication can be advantageously separated.

The simplest scheme for performing frequency conver-
sion is pumping a dispersive medium with nonlinearity
X2 at precisely the frequency difference between the in-
put and output frequencies [3-10]. Such nonlinear pro-
cess known as parametric frequency conversion holds the
promise of converting the frequency in a unitary, there-
fore noiseless, manner, namely, without adding loss or
dephasing to the processed signal [11]. In the optical do-
main, although the intrinsic conversion process can be
unitary [12-15], technical issues such as filtering the con-
verted signal from noise photons generated via Raman
processes and residual pump photons can limit the practi-
cal end-to-end conversion efficiency. In the microwave do-
main, nonlinear elements used in mixers, such as Schot-
tky diodes are by contrast intrinsically dissipative and
inevitably lead to unacceptable conversion losses. This
raises the question as to whether a unitary full conversion
of an input signal can be realized practically.

Here, we show that such noiseless full conversion is
possible in the microwave domain by operating a dissipa-
tionless three-wave mixing element known as the Joseph-
son parametric converter (JPC) [16-18], in a regime of
conversion without photon gain. The JPC performs fre-
quency conversion from 8 to 15 GHz with losses below
0.05 dB at full conversion, as opposed to a typical loss
of 6 dB in microwave mixers. We reveal the unitary na-
ture of the JPC conversion by utilizing wave interference
between the three incommensurate frequencies interven-
ing the device. The coherence of the conversion process

is thus verified without having to face the challenge of
calibrating the transmission between different input and
output lines of disparate frequencies.
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FIG. 1: (color online). In a 3-wave coherent converter, the
scattered beams have different frequencies which we indicate
using different colors: violet, green and red. Panel (a) de-
picts a nonlinear dispersive medium operated as a full fre-
quency converter for the incident violet and green beams.
Panel (b) depicts a splitter modified into a perfect mirror
which constitutes the 2-wave analogue of the full frequency
converter. Panels (c) and (e) introduce the relationship be-
tween frequency conversion and 3-wave interference. By oper-
ating the device, shown in panel (a), as a 3-wave 50/50 beam-
combiner, one can coherently interfere two equal photon flux
beams (green and violet) with disparate frequencies via fre-
quency conversion through the third beam (red). Conversely,
in a 2-wave coherent beam-splitter /combiner, complete inter-
ference can take place (panels (d) and (f)) when two equal
intensity beams with the same frequency are incident at the
beam-splitter.

To introduce the requirements obeyed by the proper-
ties of unitary frequency conversion, we compare, in Fig.
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FIG. 2: (color online). Panel (a): circuit diagram of the JPC
device. The JPC consists of two half-wave microstrip res-
onators denoted (S) and (I) which resonate at fg = 8.402 GHz
and f;r = 14.687 GHz with bandwidths of 95 MHz and 270
MHz respectively. The two resonators intersect at a Joseph-
son ring modulator (JRM), which consists of four nominally
identical Josephson junctions. The JRM is biased near half
a flux quantum. Both S and I modes are excited differen-
tially, while the pump (P) mode is commonly driven. Thus, S
and P share the same spatial input ports and are fed through
the difference (A) and sum (X) ports of a 180 degree hybrid.
Panel (b): false color optical micrographs of the JPC device
and the JRM.

1, a 3-wave coherent converter and a 2-wave coherent
beam-splitter. Panel (a) depicts the desired case of uni-
tary full frequency conversion of an incident propagat-
ing beam, i.e. a violet (high frequency) to a green (low
frequency) beam, obtained by pumping a dispersive xo
medium with a red beam whose frequency is precisely the
frequency difference. In panel (b) we depict the 2-wave
analogue of such a device, that is the total reflector whose
input and output beams have the same frequency and
magnitude but propagate in different directions. Panels
(c) and (e) depict the same 3-wave coherent converter
shown in panel (a), now operated at the 50/50 beam-
splitting point. At this working point, the device trans-
mits half of the power of the input beams (green and
violet) and converts the frequency of the other half using
the third red (pump) beam. Hence, panel (¢) and panel
(e) describe destructive interference scenarios for the two
equal photon flux input beams, resulting in the suppres-
sion of the output green and violet beams respectively.
They also illustrate, (1) for a lossless destructive inter-
ference to take place between two frequencies, the power
must be entirely converted to a third frequency, and (2)
the output beams of such a device depend on the phases
of all incident coherent beams. For further clarification
of the role of the relative phases, we also show in pan-
els (d) and (f) the 2-wave analogues of the destructive
interference scenarios shown in panels (¢) and (e).
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FIG. 3: (color online). (a) Reflection and conversion mea-
surements of the JPC. The reflection (conversion) parameter

I7|? (|¢'|*), drawn as filled red (blue) circles respectively, is
measured at the signal port as a function of the normalized
applied pump power. In the reflection (conversion) measure-
ment a signal (idler) tone is applied at fs (fr) and the pump
frequency is set to fp = fr — fs. The cyan filled circles
represent the sum |r|*> + |¢/|°. The red and blue lines cor-
respond to theory expressions (see supplementary material):

n2 _ ]2 t[2\2 2 _ 7122 122
[t']" =4]p" /(L +|p[)? and [r[* = (1= |p"[*)?/(1+[p")*.
Panel (b) plots using red (blue) circles the relation between
the dimensionless parameter |p"|? (| pt|2) employed in the fit
of the reflection (conversion) data, and Pp/Ppo. The black
line corresponds to the relation |p|> = Pp/Ppo. The red and
blue curves are polynomial fits. (c) Signal flow graphs of the
JPC in the conversion mode. In the reflection and conversion
measurements shown on the left and the right, equal coherent
beams are applied to the signal and idler ports, respectively.

Akin to the conceptual 3-wave converter depicted in
Fig. 1, the JPC is a non-degenerate device with spa-
tial and temporal separation between the idler and sig-
nal modes. Its input and output fields share however the
same spatial port as shown in Fig. 2 (a) and must there-
fore be separated using a circulator. The idler and signal
modes of the JPC are differential modes of the microstrip
resonators of the device which intersect at a Josephson
ring modulator (JRM) [17], as shown in Fig. 2 (b). The
third mode supported by the device is a non-resonant
common-mode drive (pump), whose frequency fp is set
to either the sum of the idler f; and signal fg frequencies
or their difference. In the case where the pump frequency
satisfies fp = fr + fg, the device serves as a quantum-
limited amplifier which can be used to readout the state
of a solid state qubit in real time [19, 20]. In the present
case where the pump frequency verifies fp = f;r — fs
(fr > fs), the device operates in frequency conversion
mode with no photon gain. In this mode, as opposed to
amplification [16], the device is not required, according
to Caves theorem [21] to add any noise. Note that this
working regime has been recently the subject of several



works in the areas of telecommunication and quantum in-
formation processing in optics [4-6, 22-24]. Also, in the
recent work done at NIST [8, 9], the authors paramet-
rically converted photons of different frequencies inside
a microwave resonator coupled to a de-SQUID. Phonon-
photon parametric frequency conversion is also at play
in the active cooling of a micro- or nano- mechanical res-
onator modes [1, 25, 26]. In our work, by contrast, it is
photons from two different spatial and temporal modes
that are interconverted.

When operated in conversion mode and under the stiff
pump condition, the JPC can be described as an effective
two-port beam-splitter whose scattering parameters can
be adjusted by varying the pump tone of the device. In
this mode, part of the incoming wave at the idler (signal)
port is transmitted to the signal (idler) port after being
downconverted (upconverted), via emission (absorption)
of pump photons, while the remaining part is reflected
off the idler (signal) port.

In Fig. 3 (a) we display measurements of the reflection
parameter |r|* at the signal port (filled red circles) and
the idler-to-signal conversion parameter |#'|> (filled blue
circles) as a function of the normalized applied pump
power Pp/Ppg, where Ppg is the pump power at which
|r|? is minimum. In the reflection measurement, a coher-
ent tone at fg = 8.402 GHz is applied to the signal port
with input power Psyg = —123 dBm, which corresponds
to about 0.1 photons on average in the signal resonator,
while in the conversion measurement an equivalent co-
herent tone at fy = 14.687 GHz is applied to the idler
port (as shown in panel (c)). The frequency of the ap-
plied pump tone is fp = 6.285 GHz. Both measurements
are taken using a spectrum analyzer centered at fg in
zero frequency span mode. The output power measured
as a function of Pp/Ppg is normalized relative to the
reflected signal power obtained with no applied pump
power. There, the JPC has unity reflection, which can
be measured within £0.5 dB accuracy due to a finite
impedance mismatch in the output line.

As can be seen in Fig. 3, the splitting ratio between
the converted and reflected portions of the beam is set
by the device parameters and the pump amplitude. By
varying the intensity of the pump, the splitting ratio of
the device can be changed continuously from zero con-
version and total reflection, to complete conversion and
perfect absorption. It is important to mention that the
input power applied to the idler port in the conversion
measurement is set to yield, at the 50/50 beam-splitting
working point, the same signal output power as the one
measured in reflection for Pgq. It is remarkable that with
this single calibration of input powers, which balances
the output at the 50/50 beam-splitting point, the de-
vice satisfies quite well the equation of conservation of
total photon number |r|* + [t|* = 1 (Jt| = |¢|) in the
range Pp/Ppy < 1 (see the cyan circles). When the
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FIG. 4: (color online). Interference fringes of the reflected
signal and the converted idler measured at the output of the
signal port, at fs, as a function of pump power and phase.
The top (bottom) dashed line indicates the full conversion
(50/50 beam-splitting) working point where the interference
contrast is lowest (highest). For Pp/Ppo > 1 (|p> > 1) a
phase shift is observed in the interference pattern due to the
change in the sign of the reflected signal amplitude, in accor-
dance with theory (see supplementary material).

critical power is traversed Pp/Ppg 2 1, we observe a
progressive breaking of unitarity |r|> + |¢/|> < 1. This
can be explained by increased nonlinear effects at ele-
vated pump powers, resulting in frequency conversion to
higher modes of the system. However, we find that in
the vicinity of Ppg, the conversion loss, defined as the
deviation of |r|* 4 |#/|* from unity, to be less than £10~2
within +2.5% accuracy. We also observe a slight shift in
power between the peak of the conversion and the mini-
mum of the reflection data. The solid blue and red curves
drawn using the equations shown in the legend of Fig. 3
(a), correspond to theory expressions to the conversion
and reflection data respectively (see supplementary ma-
terial). In panel (b) we plot, using filled red and blue
circles, the dimensionless pump power parameters | pr|2
and \pt|2, which are used to fit the reflection and con-
version data as a function of Pp/Ppg. The solid black
line satisfying the relation | ,0|2 = Pp/Ppy, corresponds to
the expected dependence of |p|* on Pp/Ppq for the ideal
JPC model with stiff pump approximation. The solid red
and blue curves are polynomial fits to the |p"|* and | pt|2
parameters. The fits satisfy three important properties:
(1) they pass through the origin (|p™* > =0 for Pp = 0),
(2) they have a leading linear term in the limit of small
pump powers, (3) the fits for |p"|* and | pt|2 coincide for
Pp/Ppy < 1. They, therefore, show that the parameter
|p|2 is in fact a renormalized pump strength, at least for
PP/PPO <1

In addition to the device dependence on pump power
shown in Fig. 3, the relative pump phase plays an im-
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FIG. 5: (color online). The blue curve is a cross-section of
the interference fringes shown in Fig. 4 at the 50/50 beam-
splitting working point. The maximum and minimum points
of the curve correspond to constructive and destructive in-
terference (DI) conditions respectively. The other lines cor-
respond to different reference measurements taken under the
same experimental conditions as explained in the text. The
input beams applied in each measurement are outlined in the
table and the device cartoon on the right.

portant role as well. The downconverted idler and the
upconverted signal acquire a phase shift which depends
on the pump phase. We utilize this phase dependence
as shown in Fig. 4 in order to sensitively interfere signal
and idler beams. In this measurement, we applied two
coherent tones to the signal and idler ports, having the
same frequencies and powers as in the measurement of
Fig. 3. We have also phase-locked the three independent
coherent waves to the 10 MHz reference oscillator of a
rubidium atomic clock. The color mesh in Fig. 4 depicts
the interference fringes of the reflected and converted sig-
nals generated at the signal port as a function of Pp/Ppg
and the relative pump phase. As can be seen in the fig-
ure, the interference contrast is low for Pp < Ppg and
Pp/Ppy — 1 which correspond to almost total reflection
and conversion respectively. A maximum interference
contrast is obtained on the other hand for Pp/Pp( close
to 0.32. We interpret this point as that where our de-
vice functions as a 50/50 beam-splitter/combiner. This
is further shown in Fig. 5, where we display a cross-
section of Fig. 4 at the point of maximum interference
contrast. The wave interference modulation curve, shown
in blue, is plotted as a function of the relative phase of
the pump. The other lines represent different reference
measurements taken under the same experimental con-
ditions. The magenta line corresponds to the reflected
signal power Pg* obtained without pump or idler tones
and forms the reference level for the other measured pow-
ers. The dashed green line corresponds to the reflected
signal power obtained with no pump but with an equiv-
alent idler tone injected through the idler port. The fact
that the dashed green line coincides with the magenta
line shows that without pump the idler and signal modes
are isolated. The red line represents the reflected signal

power at the 50/50 beam-splitting working point and lies
—3 dB below the reference (magenta) line as expected.
Also, the relative power level of the peaks in the wave in-
terference curve (blue), which correspond to constructive
interference condition, lie as expected 6 dB (a factor of 4)
above the red line obtained without idler. The black line
corresponds to the noise floor measured without any sig-
nal. This noise is dominated by the high electron mobility
transistor (HEMT) amplifier noise connected at the 4 K
stage of our setup. Note that the minimum points of the
wave interference curve (blue) correspond to destructive
interference (DI) condition and coincide with the HEMT
noise floor. By calculating the ratio of the average output
power received in a destructive and constructive interfer-
ence experiments (see supplementary material), we get a
lower bound of —37.9 dB on the amount of destructive
interference achieved by the device. This is equivalent
to a coherent cancellation of 99.98% of input signal and
idler beams.

Furthermore, in a separate interference measurement
in which we varied the input power of the signal and idler
beams (see supplementary material), we find that the de-
vice can handle a maximum input power of about —100
dBm, which corresponds to an average photon occupancy
in the device of about 20 photons. Similar to Joseph-
son amplifiers, this figure of merit can be improved by
about one order of magnitude, by increasing the critical
current of the junctions [17, 18]. We also note that the
bandwidth of the present device (~ 70 MHz) is limited
by the bandwidths of the resonators. A wider bandwidth
(~ 500 MHz), could potentially be achieved by substitut-
ing the present JRM design with an inductively shunted
ring [27].

In addition to quantum information transduction, the
device has several potential useful applications, such as
cooling of a readout cavity of a qubit by swapping the
“hot” cavity photons, for instance at 8 GHz, by “cold”
reservoir photons at 15 GHz, and realization of a Mach-
Zehnder interferometer (MZI) scheme for microwaves
with real-time feedback. In the latter scheme, the de-
vice would function as an interferometric 50/50 beam-
combiner for incoming idler and signal waves. Assuming,
for example, the information is carried by the phase of
the signal in the MZI setup, while the idler serves as a
reference, the information can be decoded from the in-
coming signal by measuring the generated interference
at the signal port. Moreover, the setpoint of the device,
which yields maximum phase sensitivity, can be main-
tained in-situ by compensating the shift using the pump
phase.
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