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Abstract. Josephson parametric amplification is a tool of paramount impor-
tance in circuit-QED especially for the quantum-noise-limited single-shot read-
out of superconducting qubits. We developed a Josephson parametric amplifier
(JPA) based on a lumped-element LC resonator, in which the inductance L is
composed by a geometric inductance and an array of 4 superconducting quan-
tum interference devices (SQUIDs). We characterized the main figures of merit
of the device, obtaining a —3 dB bandwidth BW = 15 MHz for a gain G = 21 dB
and a 1 dB compression point Pjgg = —115dBm. The obtained results are
promising for the future use of such JPA as the first stage of amplification for
single-shot readout of superconducting qubits.

1 Introduction

Josephson parametric amplification has received growing attention in the last decade in the
field of circuit quantum electrodynamics (circuit-QED) [1-3] becoming a fundamental tool in
superconducting quantum information research [4—14]. By parametrically modulating the in-
ductance of one or more Josephson junctions, it is possible to amplify an incoming microwave
signal by adding only the minimum amount of noise allowed by quantum mechanics. The
major application of this is single-shot readout of superconducting qubits [15].

The mechanism of Josephson parametric amplification can be described in complete analogy
to the one of optical parametric amplification, routinely used in laser laboratories [16, 17]. In
optics, the refractive index of a non-linear crystal is parametrically modulated in time with a
pump field at frequency w), in order to amplify an input optical signal at frequency w,, with
the creation of an idler field at frequency w;. Analogously, in superconducting circuits, the
non-linear inductance of one or more Josephson junctions is parametrically modulated with
a pump field in order to amplify an input signal in the microwave regime, by creating an
additional idler field through a wave-mixing process.

The gain process in Josephson parametric amplification can be enhanced by using essentially
two approaches; the first consists in embedding the Josephson non-linear elements in a mi-
crowave resonator which works in reflection and defines the bandwidth of operation of the
amplifier (resonant-JPA) [4—11]; the second approach instead uses a very large number (typ-
ically hundreds) of Josephson elements in a long microwave coplanar wave guide working in
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transmission, exploiting a long co-propagation of the pump field through the non-linear ele-
ments (Josephson travelling wave parametric amplifier, JTWPA) [14, 18]. Here we focused
on the first approach that has the advantage to require a much simpler fabrication process and
can potentially provide a broadband gain (hundreds of MHz) if an appropriate impedance
engineering is adopted [19].

Depending on the pumping scheme, resonant-JPAs can be further divided in two main cate-
gories that we could define current-pumped JPAs and flux-pumped JPAs [11, 20]. In current-
pumped JPAs [4, 9, 21, 22], the AC pump signal is directly sent through the resonator,
which includes one or more Josephson junctions, leading to a four-wave-mixing process
Qwp = w, + w;) due to the fact that the inductance L is proportional to the square of the
driving pump current [20]. On the other hand, in flux-pumped JPAs, one or more supercon-
ducting quantum interference devices (SQUIDs) are embedded in the resonator; in this case
the inductance can be modulated by varying the magnetic flux threading the SQUID loops,
generating this time a three-wave-mixing process (w, = w; + w;) because the inductance L is
directly proportional to the driving current [20]. This last approach has been demonstrated in
several labs [6-8, 10] and has the advantage that the pump signal doesn’t travel through the
resonator but it goes through a distinct flux-line, avoiding in this way any noise-contributions
from the pump to the amplified signal.

We developed a flux-pumped JPA based on a well established design [10] developed in the
Quantronics lab in Saclay, with the target to obtain 20 dB of gain and a minimum band-
width of 10MHz. The main difference from the Saclay design is the operational frequency
range (our JPA is tunable in the 8-10 GHz range, while the one in [10] works in the 4-6 GHz
range). These paremeters have been chosen in order to use the JPA, in future experiments,
as first stage of amplification for the readout of a superconducting qubit based on a coaxial
architecture recently developed in our lab in Oxford [23]. The basic unit of this architecture
is made of a superconducting qubit and a linear resonator which are placed on the two oppo-
site sides of a single chip, allowing out-of-plane readout and easy scalability to large arrays
of qubits [23]. We configured the JPA design in order to obtain gain in the frequency range
(8-10 GHz) which correspond to the resonant frequency of our coaxial linear resonator [23].
In the following, the fabrication details and the characterization measurements of the devel-
oped JPA are shown.

2 Circuit design and fabrication parameters

The design of the JPA is shown in figure 1-(a). The LC resonator is made of a capacitance
Cr = 2751F, composed by two interdigitated capacitors, and an inductance L, composed
by a meander of inductance L, = 0.27nH and an array of 4 SQUIDs of inductance Ly. Fi-
nally a 50 Q coplanar wave guide is coupled to the resonator by an interdigitated coupling
capacitor of capacitance Cc = 36fF. The resonance frequency can thus be expressed as
fr = 1/4/(Ly + La)(Cc + Cr).

The device has been fabricated through a single-step electron beam lithography on a 5 x 5 X
0.5 mm sapphire chip, pattering the whole structure by evaporating a 100 nm aluminum layer.
The SQUIDs, composed by a 8um X 11um superconducting loop with two identical junctions
with nominal area of 1.8 um?, have been fabricated with a double-angle evaporation tech-
nique. The measured room-temperature resistance of a single SQUID is Rsquip = 100+10Q,
from which we infer the single-junction critical current I¢c = 2.7 + 0.1 uA.

Once the design of the LC resonator is fixed, the single-junction critical current remains the
most important degree of freedom in the fabrication. Indeed, from /- one can calculate the
Josephson inductance of a single junction Lj; = ®y/(2nl¢), where @ is the magnetic flux
quantum.
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Figure 1. (a) CAD design of the JPA circuit. The coloured part indicates the aluminum layer and the
white part indicates the sapphire substrate. A 50 Q coplanar wave guide, where the w; signal travels,
is coupled to an LC resonator via a coupling capacitor C.. The capacitance of the resonator is given
by Cr and the inductance is given by the geometric inductance L, and the Josephson inductance of an
array of 4 SQUIDs shorted to ground. The pump signal, at frequency w,, is sent through a flux line that
is distant 15 pm from the SQUIDs. (b) Schematic drawing of the cryogenic experimental set-up.

Once Lj; is known, it is possible to estimate two important parameters for the JPA. The first
one is the single SQUID g parameter [24], which takes into account the finite loop inductance
of each SQUID and is defined as 8 = L;y,p,/L;1. It is desirable to keep this parameter low in
order to avoid hysteresis problems of the SQUIDs [24, 25]. In our case, estimating the loop
inductance as 1 nH per um, we obtain § = 0.30 + 0.01.

The second important parameter is the so called participation ratio of the Josephson induc-
tance L;, which is defined as p = L;/L, where L is the total inductance. In detail, the
Josephson inductance can be expressed as follows [10],

N Ly
=N tn ()
2 cosx+§sin2x

where N indicates the number of SQUIDs and x = 7®/®, with @ the applied magnetic flux.
On the other hand, the total inductance is,

LZLg+LA, where Ly ZgNle +L;. )

Using the above expressions (full derivation in [10]) we can estimate the participation ratio,
obtaining in our case p = L;/L = 0.44 + 0.1. It is also desirable to keep the p parameter
low because it quantifies the Kerr non-linearity of the resonator [9], that, in flux-pumped JPA,
should be kept low since it leads to saturation effects of the gain reducing the dynamic range
[9-11]. It should be noticed that another way to decrease the Kerr non-linearity and increase
the dynamic range of the amplifier is to increase the number of SQUIDs in the array [9, 10].

3 JPA characterization measurements

In this section we present the results of the JPA characterization measurements; in particular
we show the characterization of the resonance frequency as a function of the DC flux, the
gain-bandwidth characterization and the dynamic range characterization.

All the measurements have been performed using a dilution refrigerator at the base temper-
ature of 10 mK. A schematic diagram of the experimental set-up is shown in figure 1-(b).
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The input signal is attenuated by 60 dB (see figure 1-(b)) and two circulators, working in
the 8-12 GHz range, are used to route the reflected microwave signal from the resonator to
a cryogenic high electron mobility HEMT amplifier installed at the 4K cryostat plate. The
reflected signal is measured with a Vector Network Analyzer (VNA). The pump signal is at-
tenuated by 9 dB and a high-pass filter is used (see figure 1-(b)). Finally, a superconducting
coil is used to control the DC magnetic flux. The magnetic flux ® threading the SQUIDs can
be externally controlled in two ways, by sending current into the superconducting coil placed
under the sample-holder thus generating a DC-flux, and by sending the pump time-dependent
field through the flux-line on the chip by generating an AC-flux,

O = Dpc + Dy cos (a)pt +Xx), 3)

where w,, is the pump frequency and y a phase offset.
In figure 2 we show the measurement of the resonance frequency fz as a function of ®p¢, for
Dye =0.
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Figure 2. Magnitude (a) and phase (b) of the VNA scattering parameter S,; for a reflection measure-
ment of the JPA device as a function of the current sent into the superconducting coil (x-axis) and of
input frequency (y-axis).

For each fixed current value we can estimate the resonance frequency fz and the quality
factor Q by fitting the phase data with a function g(f) = —2 arctan 2Q(f/fg — 1)), where fx
and Q are free parameters. As an example, in figure 3 we report the data and the obtained
best-fit function for @ = @/4. In this case we obtained a resonant frequency fx ~ 9.6 and a
quality factor Q ~ 74.

For a fixed @pc, it is possible to test the amplification of the system by switching on the
pump signal at a frequency f, = 2fz + 6 (where fg is the resonator frequency at that specific
®pc and 6 is the detuning from the degenerate configuration) and gradually increasing
the pump power. In figure 4 we show the gain obtained for different pump powers for a
resonance frequency fg ~ 8.4GHz. This measurement is obtained using an input signal
power (at the sample) of -120 dBm and a small detuning 6 = 10 MHz in order to avoid the
degenerate regime (6 = 0), in which the amplification is phase sensitive [10]. We observe a
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Figure 3. Magnitude and phase of the VNA scattering parameter S,; for a reflection measurement of
the JPA device for @ = ®@,/4. The dashed line indicates the best-fit function for the phase data.
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Figure 4. Gain obtained for different pump powers for a resonance frequency fr ~ 8.4 GHz. Different
colors correspond to different input pump powers at the sample. The input signal power at the sample
is Py = =20 dBm. The pump frequency is f, = 2fz + ¢, with 6 = 10 MHz

maximum gain G = 25 dB and we obtain a —3 dB bandwidth BW = 15 MHz for G = 21 dB,
which verifies our design target.

The characterization of the saturation power is shown in figure 5. We obtain a 1 dB
compression point, defined as the input signal power at which the gain decreases of 1 dB,
of Pigg = —115dBm for G = 20 dB. This result is comparable with the state of the art
of flux-pumped JPAs using arrays of SQUIDs [10]. The results of the characterization
measurements are very promising for the future use of the developed amplifier as first stage
of amplification for the readout of superconducting qubits [23].

4 Conclusions

We have realized a flux-pumped JPA based on a lumped element LC resonator and an array
of 4 SQUIDs. We characterized the amplifier performance obtaining a —3 dB bandwidth
BW = 15MHz for a gain G = 21 dB and a 1 dB compression point Pjgg = —115 dBm,
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Figure 5. Saturation power characterization. Gain as a function of the input signal power at the sample.
Different colors correspond to different input pump power at the sample. The dashed line indicates the
value of the 1 dB compression point P1gg = —115dBm for a gain of 20 dB.

which are comparable with the state of the art of flux-pumped JPAs [10]. The estimation
of the amplifier noise is subject of ongoing investigations. Overall, the performance of the
amplifier are promising for our next goal which consists in using the developed amplifier as
the first amplification stage for the single-shot readout of a coaxial transmon qubit, recently
developed in our lab [23].
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