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Parametric amplifiers play a crucial role in modern quantum technology by enabling the enhancement of
weak signals with minimal added noise. Traditionally, Josephson junctions have been the primary choice
for constructing parametric amplifiers. Nevertheless, high-kinetic inductance thin films have emerged
as viable alternatives to engineer the necessary nonlinearity. In this work, we introduce and character-
ize a kinetic inductance parametric amplifier (KIPA) built using high-quality NbN superconducting thin
films. The KIPA addresses some of the limitations of traditional Josephson-based parametric amplifiers,
excelling in dynamic range, operational temperature, and magnetic field resilience. We demonstrate a
quantum-limited amplification (>20 dB) with a 20-MHz gain-bandwidth product, operational at fields up
to 6 T and temperatures as high as 850 mK. Harnessing kinetic inductance in NbN thin films, the KIPA
emerges as a robust solution for quantum signal amplification, enhancing research possibilities in quantum
information processing and low-temperature quantum experiments. Its magnetic field compatibility and
quantum-limited performance at high temperatures make it an invaluable tool, promising advancements

in quantum research.
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I. INTRODUCTION

Parametric amplifiers (PAs) are essential tools for
enhancing and consequently detecting weak quantum sig-
nals, including single photons and complex quantum
states, which are central to the exploration of quantum
phenomena [1,2]. These signals contain crucial informa-
tion about the studied quantum systems. However, their
inherently low intensity poses a significant challenge for
accurate measurement [3]. Within the microwave fre-
quency spectrum, parametric amplifiers facilitate precise,
rapid, and high-fidelity single-shot measurements for a
broad spectrum of systems, including superconducting
qubits [4,5], spin qubits based on quantum dots [6—8], spin
ensembles [9—12], and nanomechanical resonators [13,14].

While cryogenic amplifiers based on CMOS or HEMT
technology thermally anchored at 4 K have traditionally
been employed in most microwave readout architectures in
quantum sensing and computing [15], they introduce sub-
stantial noise, which in turn impacts the fidelity of single-
shot readout processes [4]. In stark contrast, parametric
photon conversion offers a highly effective alternative for
achieving substantial amplification with minimal added
noise, ultimately constrained by the fundamental principles
of quantum mechanics [3].
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Beyond their primary function of amplification, para-
metric amplifiers emerge as invaluable tools for generating
nonclassical radiation states. Specifically, they excel in
producing squeezed coherent radiation or squeezed noise
below the vacuum level [16—18]. Quantum squeezed states
are of significance as they play a crucial role in increasing
the signal-to-noise ratio of measurements. This improve-
ment goes beyond the constraints of the standard quantum
limit [19], enabling enhanced detection sensitivity [18]
and facilitating the implementation of secure quantum
communication protocols [20].

At the core of parametric amplification lies the exchange
of energy between two distinct tones: the pump and the
signal, taking place within a nonlinear medium [21]. To
efficiently convert energy from the pump to the signal
and achieve a significant parametric gain, it is essential to
maximize the interaction time with the nonlinear medium.
Parametric amplifiers can be categorized into two primary
types based on the approach used to extend this interaction
time: resonant-type and traveling wave-type amplifiers [2].
Resonant amplifiers achieve prolonged interaction times
by using resonant structures, while traveling wave-type
amplifiers (TWPAs [22]) allow the co-propagation of the
pump and signal through a long, nonlinear transmission
line. In general, TWPAs offer broader bandwidths com-
pared to resonant amplifiers [23]. However, it is worth
noting that TWPAs tend to introduce slightly more noise,
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often in the range of single-digit photon numbers, com-
pared to their resonant counterparts [2], which typically
operate closer to the quantum limit with an addition of
approximately 0.5 photons [24].

Both categories of parametric amplifiers can operate in
either the four-wave mixing (4WM) or three-wave mixing
(3WM) modes, determined by the device’s order of nonlin-
earity. In 4WM mode, the amplification process involves
four photons (2hw, = hw, + hw;), whereas 3WM mode
amplification relies on a three-photon interaction (hiw, =
hwg + hw;), where wy for k = p, s, i denotes the frequen-
cies of the pump, signal, and idler waves, respectively [25].
The three-wave mixing operation offers enhanced effi-
ciency in separating the pump and signal tones, simplifying
the pump-filtering process [26].

The most widely adopted microwave parametric ampli-
fiers leverage the inherent nonlinearity of Josephson
junctions. Josephson junction-based parametric amplifiers
(JPAs [24] and JTWPAs [22]) have demonstrated excep-
tional quantum-limited or near-quantum-limited paramet-
ric amplification capabilities. However, these amplifiers
necessitate magnetic shielding due to their extreme sen-
sitivity to even minor magnetic fields, primarily arising
from the low critical field of aluminum Josephson junc-
tions [27]. The presence of a magnetic field significantly
degrades the performance of Josephson junctions, impos-
ing strong constraints on their compatibility with other
quantum technologies, such as spin qubits [28] and spin
ensemble quantum memories [9,10], which heavily rely on
external magnetic fields for operation. This inherent sus-
ceptibility poses substantial challenges in realizing on-chip
integration of Josephson junction amplifiers [8], which
would enable the reduction of cable losses.

Recent advancements have brought forth significant
improvements in parametric amplification techniques that
exploit the nonlinearity inherent in kinetic inductance
(high L) in thin “dirty” superconducting films [29]. Both
resonant [30] and traveling-wave [31] configurations have
been successfully demonstrated. Notably, a significant
breakthrough has been reported, demonstrating the use of
dc bias current to activate a three-wave mixing process
in kinetic inductance parametric amplifiers (3WM KIPA)
[12,25,32,33]. However, until very recently, relatively little
attention has been directed towards studying the magnetic
field resilience of these systems [34—36].

The nonlinearity responsible for parametric amplifica-
tion in high-L; thin films arises from the relation between
kinetic inductance and current [37]. This expression is
typically approximated as a quadratic term of nonlinear-
ity, denoted as Lyo[1 + (/ /I.)*], where Ly represents the
zero-current kinetic inductance and I, is the critical cur-
rent. This term is analogous to the nonlinearity observed in
optical Kerr media, known as self-Kerr, which is responsi-
ble for four-wave mixing processes. However this relation,
in the presence of both direct and high-frequency current

components, modifies into

TR 0 R
Ly =Lio 1-{—&-{' ST (H)
[ A R

Here, /i and [, represent the contributions of direct
current and microwave current.

The classical Kerr Hamiltonian, which can be described
as

1 1o K s
Hyen/h = w,a'a + Ka'a + Ea a'aa, 2

where o, is the resonant frequency and K is the self-Kerr
term, can be modified by the introduction of a dc current
I4c to become the Hamiltonian for the kinetic inductance
parametric amplifier (or KIPA):

* K
Hxipa/h = Ad'a + %a” + %az + EaTaTaa. (3)

Here, A = w, + 84c + 8,0 + K —w, /2, & is the three-
wave mixing pump strength defined as [32]

1 Zged i

—1 e, (4)
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where v, is the phase difference between the pump and
signal tones. The presence of a dc current component in
Eq. (3) effectively reduces the degree of nonlinearity of
the system, introducing alternative terms that are linear in
the number of photons in the Hamiltonian, thus leading to
three-wave parametric processes [25].

Compared to the Josephson parametric amplifiers,
KIPAs offers several advantages. In particular, some
thin films disordered superconductors such as NbN and
Nb-Ti-N have already proven exceptional resilience to
in-plane magnetic field [38,39]. Furthermore, they also
present an high critical temperature 7¢ [40], low fabri-
cation complexity, and a significantly lower nonlinearity
compared to Josephson junctions [35]. A reduced non-
linearity results in a larger critical current, expanding
the dynamic range and saturation power [32], all at the
expenses of a typically larger static power dissipation. In
this context, employing a KIPA with three-wave mixing
processes simplifies pump filtering. This prevents poten-
tial saturation or damage to subsequent amplifiers in the
amplification chain caused by the pump being within the
HEMT bandwidth.

In this study, we introduce a quantum-noise-limited
3WM resonant KIPA based on high-L; NbN thin films and
assess its performance under various conditions, includ-
ing large in-plane magnetic fields and high temperatures.
Following an overview of the device and its performance
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characterization under conventional operational conditions 11. DEVICE DESIGN
(low t,emperature al.ld zero field), e 1nvest1ge}te. how t'he The device is structured as a half-wave, coplanar waveg-
KIPA’s key properties, such as noise characteristics, gain-

. . . uide resonator embedded into a stepped-impedance filter
bandw1dt.h P roduc‘f, and saturation power, evolve Wlth (SIF, [41-43)), as illustrated in Figs. 1(a)-1(c). Our design
changes in magge‘uc field and temperature. The amph.ﬁer is fully compatible with readout configurations in either
presents a saturatlop power of —66 dBm, a ga1n-bandw1.dth transmission or reflection modes. This additional layer of
product of approximately 20 MHz, and quantum-noise-  fiexibility can prove extremely beneficial for chip integra-
limited noise performance across diverse operational con-  ion of parametric amplifier operating in high magnetic
ditions. These exceptional NbN KIPA performance char-  fie]ds, for instance, when coupled to spin qubits. This is
acteristics are maintained even in the presence of in-plane  particularly advantageous, as conventional resonant para-
magnetic fields up to 6 T (the maximum field available in

_ : metric amplifiers used in reflection necessitate microwave
our experiment) and operating temperatures of up to 850 circylators in the amplification chain, many of which are
mK, slightly above 15% of T¢.

not compatible with magnetic fields.
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FIG. 1. Device and experimental setup. (a),(b) Device schematic. The amplifier is integrated into a stepped impedance filter (SIF)
and coupled to 50-2 microwave ports in a Fabry-Perot configuration. The SIF consists of cascaded A/4 CPW sections of impedance
Z; (yellow) and Z;, (blue) of 450 €2 and 900 €2, respectively. (c) Device SEM. False-color scanning electron micrograph of the device
sections Z;, (in blue) and Z; (in yellow). (d) Simplified experimental setup. Schematics representation of the experimental setup used
to characterize the device in transmission. Signal, pump, and dc bias current are combined at base temperature using a bias tee and
a diplexer (see Appendix B 1 for further details). The variable temperature source (VTS) is used for characterizing the KIPA noise
temperature. SMU, VNA, and SA stand for source and measurement unit, vector network analyzer, and spectrum analyzer, respectively.
(e),(f) dc characterization. Magnitude response |S,;| of the device in transmission at various bias currents /p;,s. We measure the resonant
frequency shift of the device as a function of /.5, and extracted a switching current /g, of 182 A (dashed white line) and a critical
current 7, of 345 uA (red line, representing the fit of Eq. (6)).

024011-3



FRASCA, ROY, BEAULIEU, and SCARLINO

PHYS. REV. APPLIED 21, 024011 (2024)

In the attempt of reducing the static power dissipation
of the KIPA, we utilize NbN as the nonlinear medium
due to its lower critical current density and higher sheet
kinetic inductance (L;g) compared to the more com-
monly used Nb-Ti-N films [25,32]. These characteristics
result in enhanced self-Kerr nonlinearity and enable a
more compact device design. Our films are deposited via
bias-sputtering [40,44] on high-resistivity Si wafers (p >
10 k2 cm) with a thickness of 13 nm, resulting in a sheet
kinetic inductance of Ly g = 100 pH/[] and typical critical
temperature 7¢ = 5.6 K. The devices are patterned with e-
beam lithography and etched with fluorine chemistry in a
reactive ion etcher. Further details about device fabrication
can be found in Appendix A.

As detailed in Refs. [12,32], the inclusion of the SIF
allows to partially decouple the resonator from the feedline
at high frequency while maintaining a galvanic connection,
needed to apply the necessary dc bias to the resonator for
establishing 3WM processes. By embedding the resonator
between two SIFs, we effectively create a Fabry-Perot cav-
ity, with the SIFs acting as the microwave equivalent of
Bragg mirrors [45]. The SIFs are composed of a series of
quarter-wave sections alternating between high- and low-
impedance segments [see Figs. 1(a) and 1(b)], designed to
create a stopband at the central frequency of the KIPA. The
external coupling coefficient « for this Fabry-Perot cavity
is determined as follows (refer to Appendix B 3):

2
7T Zer T Z" 1
K=——wy)= —

47 4 7 2,2, 5)
where wg represents the common resonant frequency of all
sections of the SIF and the main cavity, Z, corresponds
to the impedance of the resonator, Z, is the environment
impedance, Z; (Z;) is the low- (high-) impedance seg-
ment of the SIF, and n; (n;) is the number of low- (high-)
impedance sections within the SIF.

To significantly enhance the overall device’s resilience
to both parallel and perpendicular magnetic fields, we
design the stepped impedance filter using coplanar waveg-
uide sections with thin and narrow center conductor. Con-
sequently, we achieve relatively large impedance of 450
and 900 2 for the Z; and Z;, sections, respectively. Given
the large number of SIF pairs (5.5 on each side of the
cavity), and considering the cavity’s impedance as Z, =
900 2 and its resonant frequency wy/2m = 5.75 GHz,
we expect an external coupling rate x /27 of 19.8 MHz,
corresponding to a coupling quality factor Q. = 290.

III. CHARACTERIZATION AT OPTIMAL
CONDITIONS

The measurements are conducted inside a BlueFors
LD250 dilution refrigerator equipped with a fast sample
exchange system (FSE), as illustrated in Fig. 1(d). A first

estimation of the critical current of the device is obtained
by monitoring the frequency shift of the transmission peak
of the KIPA with respect to dc bias [see Figs. 1(e)}-1(f)].
The central resonator functions as a half-wave resonator,
exhibiting peak transmission at its resonant frequency. By
tracking the frequency shift of the transmission peak and
considering the relation [46,47]:

nq—1/n

o)) e
Li(0) L

with n = 2.21 for T/T¢ < 0.1, we determine a resonator
critical current 7, = 345 A [see red line in Fig. 1(e)]. At
the same time, the maximum operational bias current, also
known as switching current (/g ), is as large as 180 pA.
This large ratio of switching-to-critical current highlights
the high quality and uniformity of the deposited super-
conducting film [47], enabling the tuning of the KIPA
frequency up to 400 MHz, equivalent to approximately 7%
of the KIPA resonant frequency.

To minimize the contributions of higher-order nonlin-
earities, we characterize the amplifier at a static bias con-
dition of I, = 80 wA. Lower [, would require higher pump
power to achieve the desired amplification levels. We esti-
mate the four-wave mixing strength (i.e., the self-Kerr
nonlinearity, K) as

3 fiw?
K=-2"% _ 0133 Hg, 7)
8 LI

given the total resonator inductance L, = 82.4 nH. This
value is significantly smaller than the cavity coupling «,
satisfying the condition x /|K| < 1. Therefore, as |§| — «,
which is the condition that maximizes 3WM gain (see
Appendix B 4], the KIPA parametric process is predomi-
nantly dominated by 3WM [25].

To determine the optimal pump frequency, we moni-
tor the KIPA gain in the vicinity of half-pump frequency
using a relatively low pump power to prevent the induction
of self-oscillations (which can occur when |§| > « [48]).
We set the offset between the probe frequency and the
half-pump frequency to guarantee nondegenerate amplifier
operation, ensuring insensitivity to pump phase. Interest-
ingly, we observe that in our system, the optimal pump
frequency is slightly redshifted compared to the transmis-
sion peak. This deviation arises from our design choice of
using similar conductor widths for the SIF and the cen-
tral resonator, making the device more resilient to magnetic
fields, a key objective of our study. However, this design
choice also leads to a situation where the application of
a dc current to power the device results in higher current
density in the Z, sections compared to the Z; sections due
to their narrower conductor widths. Consequently, the res-
onant frequency of the Z;, sections shifts more rapidly than
that of the Z; sections. As a result, the resonant frequency
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of the main cavity ends up being offset from the transmis-
sion peak of the Fabry-Perot cavity, resulting in insertion
loss. While this effect is suboptimal for amplifier operation,
a straightforward solution would be to design the central
resonator and the high-impedance sections at a slightly
higher frequency than the low-impedance sections. This
adjustment would compensate for the frequency mismatch
caused by dc biasing.

When biasing the KIPA with a current of 7, = 80 pA,
the transmission peak shifts to wpea/27 = 5.689 GHz,
while the optimal pump condition is identified at w), /27 =
11.347 GHz, implying a central resonator frequency of
w,/2m = 5.6735 GHz. This difference results in an inser-
tion loss in transmission of approximately 7 dB, equivalent
to 10log(n) of —3.5 dB on each side of the main res-
onator. This insertion loss will significantly impact the
noise temperature estimation of the device, as will be
demonstrated later.

A detailed explanation of the measurements setup is
provided in Appendix B 1. The gain characteristics of the
KIPA are presented in Fig. 2(a) and studied across increas-
ing pump powers, ranging from —46 to —43 dBm at the
device input. The data are fitted to the input-output relation
[32] adapted for cavity measured in transmission, leading
to the signal gain equation (see Appendix B 4):

K2k +y)/2 —ik(A+w—w,/2)
24+ [Cc+y)/2 —i(w — @, /2)]* -

glw) = A 3

&>

The gain-bandwidth product, GBP = VGswsa ~ K,
where G is the power gain and dw;gp is the 3-dB band-
width of the amplifier, is estimated to be 21.3 +0.6

MHz, in excellent agreement with the expected value (see
Appendix B 3).

KIPAs can also be operated as phase-sensitive ampli-
fiers in the so-called degenerate mode [32]. When the
signal corresponds to exactly half the pump frequency,
i.e., when w; = w), /2, the signal and idler tones interact,
either constructively or destructively. This phenomenon
gives rise to the capability of the device as a phase-
sensitive amplifier, referred to as degenerate amplification.
In this condition, following the same formalism presented
in Ref. [32], Eq. (8) becomes

k(2K 4+ ) /2 + ik A + ik |E|e” VP
A2+ [@k+ )27 - g |

le(Wp)l = ®

where v, is the relative phase between the pump and signal
tones. The phase-amplification characteristic of our KIPA
is reported in Fig. 2(b). Operating at a relative phase v, =
/2 [, = 0], more than 30 dB of gain (nearly 6 dB of
deamplification) is achieved.

Another figure of merit of parametric amplifiers is their
power handling capabilities, also known as saturation,
which is characterized by the so-called one-decibel (1-
dB) compression point. We measure the 1-dB compression
point by modulating the signal power in nondegenerate
mode [see Fig. 2(c)], i.e., for o, = w, /2 + dw, with dw =
10 kHz small enough to ensure nondegenerate operation.
At a gain level of roughly 21 dB, we observe 1-dB com-
pression point of approximately —86 dBm, leading to a
saturation power of roughly P;4g = —65 dBm. This sat-
uration power is roughly 3 orders of magnitude larger than

(@ 45 (b) 4 .
40+ @ _
52 £
lD
37 £ g
< S
© a
_30p % % A : -
g :
20 o 2
£ 20} (c) Relative Phdbe z/; (md) %‘
S 40 ! £
T 3 45
15 /\ 530 L - . '—é
10} M//w.:\\ S0l e | d
Sk Siof »
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FIG. 2. KIPA characterization at T4y = 10 mK and B = 0 T. (a) Gain profile and gain-bandwidth product. Phase-insensitive gain of
the KIPA as a function of signal frequency w for different pump powers (as indicated by the colorscale). The data are fitted with Eq. (8)
to extract the gain-bandwidth product. (b) Degenerate operation. Phase-sensitive gain behavior obtained operating at w, = w, /2 and

modulating the pump phase ,. The phase response has been aligned such that v,

= 1 /2 corresponds to maximum gain. (¢) Saturation

power. Phase-insensitive saturation power measured as signal-power-dependent gain for different pump powers. The red dashed lines

represents the Py 45 = —65 dBm saturation threshold.
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the saturation power of typical Josephson-junction para-
metric amplifiers [49]. We expect to increase this value
up to 6 dB by operation the device in degenerate mode

at y, = /2.

IV. NOISE PERFORMANCE

An essential aspect concerning parametric amplifiers, as
previously mentioned, relates to noise performance. Reso-
nant parametric amplifiers based on Josephson junctions
conventionally approach the quantum noise limit of 0.5
added photons when functioning in nondegenerate mode.
In contrast, the achievement of such capabilities in KIPAs
is relatively recent [34,35].

In evaluating our amplifier’s noise characteristics, we
perform noise thermometry calibration with a commer-
cial variable temperature source (VTS), as indicated in
Fig. 1(d), supplied by BlueFors [50]. The VTS is mounted
to the 100-mK stage of the cryostat, thermally weakly con-
nected and far from the sample holder to prevent radiative
and conductive heat exposure to the device. First, we per-
form an accurate calibration of the losses associated with
the microwave components and cables placed between the
VTS and the cryogenic HEMT low-noise amplifier [see
Figs. 3(a) and 3(b)]. Then, we sweep the temperature of
the VTS from 100 mK to 2 K in four steps, which is used

(@) (c)
I
VTS HC &2 S% C
%nk %n,,
o> o> 2
“ “W, Q%
2
(b) 10° 10 S
a :;:::m & _;:;T;:MT g
B ===Tkiea < fangow Tiiea Qo—
%) 10' - -soL 'y Y -
2 AN
= 10°]
orproriey Seoora IR S .
1 —1
10 573 10 573
w2 (GHz) w2 (GHz)
FIG. 3.

to fine control the input noise power radiated to the device
Iiy. Following the same protocol described in Ref. [50],
we monitor the output power Py, with a spectrum ana-
lyzer, operated at B = 100 Hz bandwidth and averaging 20
waveforms to reduce measurement noise. A detailed quan-
tification of Tj,, taking into account cryogenic components
losses (1.) and device insertion loss (1), is reported in
Appendix B 8.

The KIPA noise temperature Txipa is extracted accord-
ing to

P out
GtothB

Tokg
Guemr G’

= Tin + Taad + (10)

where T,qq¢ = Txipa + Tuemt/G is the added noise to the
measurement extracted by fitting the output power relation;
Tuemt = 1.95 K is the calibrated HEMT noise temperature
closely aligned to the value provided by the factory (see
Appendix B 8); Ty, is the noise temperature of the room-
temperature electronics; Gygmr (G) is the HEMT (KIPA)
gain at the specific frequency under study; Gy is the total
gain from the output of the KIPA to the spectrum ana-
lyzer, calibrated to be 68.2 dB (see Appendix B 1); and
B is the integration bandwidth of the spectrum analyzer.
Figure 3(b) provides insight into the increased noise level
depending on the VTS temperature, as observed through

1200
2.00
1000} = s
Ty s = 286 & 114 mK
<
800} >
g 1.35
<
o)
600 g
S
400+ ] E 0.71
<
200 b
0.10
0 L L L ! S |
00 02 04 06 08 10 12 14

Input Noise Temperature Tin (K)

Noise. (a) Noise measurement schematics. Top: schematic representing the cryogenic components in series between the VTS

and the HEMT (see Appendix B 1 for further details). Bottom: equivalent diagram of the cascaded transmission efficiencies and gains.
ne (n1L) 1s the global attenuation of the cryogenic components (is the insertion loss of the KIPA); G (Gy) represents the KIPA (HEMT)
gain. (b) Noise floor acquisition. All noise measurements are conducted using a spectrum analyzer operating with a bandwidth of
100 Hz, averaging the noise power spectral density over a range of 10 kHz. The power output is then converted in noise temperature
according to Eq. (10). In the insets: measured power spectral density in the presence of a coherent tone to calibrate the KIPA gain. In
blue (yellow) the noise spectra acquired with VTS temperature of 100 mK (2 K), highlighting the difference in noise floor. (c) KIPA
noise temperature. Power output [measured according to (b)] in correspondence of different VTS temperatures. The red dashed line
represents a linear fit according to Eq. (10) to estimate the added noise Toq4. The extracted KIPA noise temperature at maximum gain
frequency is Txpa = 286 £ 114 mK, which is remarkably close to the quantum limit of half a photon. Inset: estimated equivalent
noise photon number as a function of frequency. The shaded areas represent the error associated to the estimate, taking into account
insertion-loss asymmetry as explained in Appendix B 8. The dashed red line represents the half-photon quantum limit.
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measurements conducted with the spectrum analyzer. As
shown from Fig. 3(c), the extracted noise temperature of
the KIPA is 286 + 114 mK, equivalent to 1.04 &£ 0.41
photons, of which 0.5 are from the vacuum and 0.54 +
0.41 are added from the parametric amplifier, approaching
the quantum limit of 0.5 photons. Similar noise perfor-
mance have been extracted when operating the amplifier
in reflection configuration (see Appendix B 11).

V. SQUEEZING BELOW VACUUM

A perfect degenerate parametric amplifier is a device
capable, at its degenerate frequency w = w), /2, to amplify
one of the signal quadratures and deamplify the other
without introducing noise [51]. Given that our device
is both quantum-noise-limited and exhibits substantial
phase-sensitive amplification [see Fig. 2(b)], we investi-
gate the feasibility of generating squeezed states below the
vacuum.

The amplification process of the vacuum state due to the
KIPA is depicted in Fig. 4(a). Any signal output from the
KIPA is subject to attenuation n = n, x ny. before being
further amplified by the HEMT low-noise amplifier, due to
lossy cables and cryogenic components between the two
amplifiers, as shown in Fig. 3(a). To quantify the extent of
squeezing in the parametric amplifier, we examine the two
quadratures of the incoming vacuum field as

a+a'
Xin =

5 Y= (1D
We conduct the preparation of a vacuum squeezed state
by turning on the KIPA in degenerate mode and measuring
the two quadratures of the vacuum at room temperature.
In Fig. 4(b), we present the distributions of the squeezed
vacuum quadratures (depicted in red) and compare them to
the distributions of the normal vacuum (depicted in blue),
i.e., the signal obtained with the amplifier turned off. The
variance of the squeezed quadrature [51] measured at room
temperature is quantified as (see Appendix B 4)

(X2 = GuGyn (X2) + Gu(Gy — Dnn,s

1 n
+ GuGxnn, + Gu(1 — 1) (Z + 7”)

+ (Gg — Dny. (12)

In this equation, Gy is the gain of the quadrature X,
and n,, and n, are defined in Eq. (B17). Assuming very
low-temperature operation of the loss channel, an overcou-
pling regime (n, ~ n, ~ 0), a large HEMT gain (Gyx —
1)/Gy ~ 1, and knowing that the input variance to the
KIPA is the vacuum (i.e., <X12,in> = <X22,in) = (sz) = j—‘),
we can compare the variance of the measured output states
with the KIPA turned on and off to obtain the squeezing
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FIG. 4. Vacuum squeezing. (a) Squeezing schematics. Dia-
gram of cascaded gain and attenuation and equivalent schematic
depicting the evolution of a squeezed state of vacuum. »; repre-
sents the added photon number by the ith element. (b) Squeezed
vacuum. Measured vacuum (blue) and squeezed vacuum (red)
states. Histogram of the X and Y quadrature signals measured at
room temperature with the spectrum analyzer. Also in blue and in
red, the distributions along the two quadratures for vacuum and
squeezed states, respectively. (¢c) Measured squeezing S. Squeez-
ing value S, as defined in Eq. (13), as a function of pump power
P,. Taking into account both losses () and HEMT noise (ny),
we derive the maximum measurable squeezing S|uyin = 0.9897
(red dashed line). From Eq. (13), we extract a maximum deam-
plification gain Gy = —2.95 dB. The last point at P, = —44.8
dBm shows the triggering of the self-oscillations described in
Ref. [48].

factor S:

X2 lon  Gxng+ Gy — Dnmea+ (1 —n)j 41

S=-——%
(Xout> |0Ff

1
Z"‘I’IH

(13)

Using this relation, we can extract the squeezing gain
Gx. Due to both attenuation mechanisms [10log(n) =
—4.5 dB] and noise contribution from the HEMT (ny =
nmwu/2 = 3.25 photons), we find that the maximum mea-
surable vacuum squeezing [18] for large gain (|§| — «,
see Appendix B5) is S|nin = 0.9897. This value is very
close to our maximum measurement of squeezing S, as
shown in Fig. 4(c). We extract a maximum deamplifica-
tion gain Gy = —2.95 dB using the model described by
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Eq. (13), which is close to the theoretical limit of —3 dB
(see Appendix B5).

VI. EFFECTS OF MAGNETIC FIELD

We examined the impact of an in-plane magnetic field
B on the KIPA performance by using a 6-1-1 T magnet
(three-axes magnet from American Magnets), integrated in
our cryogenic system. The primary effect of an increasing
magnetic field consists of suppressing the superconducting
gap A, as described by the equation:

B 2
A(B) = Ao,/ 1 — (B_c) , (14)

where B¢ represents the critical magnetic field, and A
is the superconducting gap at zero field. To ensure the
amplifier operates within a safe range of biasing currents,
particularly when exposed to high magnetic fields, we con-
duct this study at a lower biasing current of [, = 50 pA.
We performed a sweep of the in-plane magnetic field By,
ranging from 0 to 6 T in increments of 100 mT. Figure 5(a)
presents the KIPA gain at half the pump frequency plotted
against the magnetic field. After stabilizing the magnetic
field, we initiate the measurement with modest pumping
power, gradually increasing it until identifying the optimal
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pump frequency that guarantees a 20-dB gain. This pro-
cess was automated to efficiently find the optimal pumping
conditions.

As illustrated in Fig. 5(a), the optimal pump frequency
exhibits a trend with increasing magnetic field, resembling
the behavior of the resonant frequency (see Appendix B 6),
with the addition of occasional jumps. While we acknowl-
edge that standing waves in the input, output, and pump
lines play a relevant role, we believe this effect may be
enhanced by the different magnetic field dependence of
wider and narrower sections of the SIF. In fact, as previ-
ously mentioned, biasing the device with a dc currect leads
to a faster redshift of the narrower sections of the KIPA,
specifically the Z, and Z, segments, in comparison to
the Z; segments. Because the low-impedance sections are
inherently more susceptible to magnetic fields due to their
wider cross section, particularly in cases of slight magnetic
field misalignment (estimated to be around 0.92 + 0.07° in
our system), they undergo a stronger redshift under large
magnetic fields. This ultimately results in the resonant fre-
quency of the lower-impedance section of the SIF crossing
the KIPA resonance, impacting the stability of the opti-
mal pump frequency, which experience abrupt jumps in
correspondence with those crossing points [see inset of
Fig. 5(a)].

The evolution of the saturation power P 4g and the gain-
bandwidth product GBP are reported in Figs. 5(b) and 5(c).
Gain and saturation power measurements were conducted
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Magnetic field characterization. (a) Optimal pump frequency. Nondegenerate gain as a function of pump frequency (w, /27)

and parallel magnetic field B} obtained as explained in the main text. Inset: optimal pump frequency at each magnetic field, obtained
as explained in the main text. (b)-(d) Magnetic field performance. Measured saturation power P 4 (b), gain-bandwidth product GBP
(c) and KIPA noise temperature Txipa (d) as a function of magnetic field. The red dashed line represents the half-photon quantum
limit. The error bars take into account both fitting uncertainty and contributions from insertion loss asymmetry, as explained in the

Appendix B 8.
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at intervals of 100 mT. The KIPA exhibited robust perfor-
mance up to 6 T, maintaining a stable Pjqg &~ —66 + 4
dBm and a GBP of roughly 20 MHz. However, in cor-
respondence of the magnetic fields of By =2.1,3.3,3.7
T, we observe abrupt jumps in both P4 and GBP. We
attribute these sudden changes in device performance to a
combination of magnetic field-induced crossings and the
presence of standing waves in the pump and signal lines,
which lead to inaccuracies in estimating the optimal pump
frequency of the amplifier [see inset of Fig. 5(a)].

Finally, we characterize the added noise of the KIPA
Txipa in magnetic field, following the same procedure
previously described. Initially, we extract Txpa at inter-
vals of 500 mT, and above B; = 4.5 T, with steps of
approximately 200 mT. The estimated Tpa 1S presented in
Fig. 5(d). The associated error bars encompass both fitting
uncertainties and contributions from insertion loss 7y [see
Fig. 3(a) and Appendix B 8]. The amplifier consistently
demonstrates noise performance approaching the quan-
tum limit across the entire range of investigated magnetic
fields, establishing it as a compelling device for applica-
tions in high magnetic field environments. This resilience
to magnetic fields can be attributed to negligible magnetic
field-induced loss when compared to the external coupling
rate of the KIPA [39].

VII. OPERATION AT HIGH TEMPERATURE

To conclude our study, we conduct measurements of
the KIPA at higher temperature. An ideal superconducting
parametric amplifier should not be significantly affected by
changes in operating temperature, as long as superconduc-
tivity is preserved. The added noise photon number of the
resonant KIPA [52] is given by

_ K
n= Apath +

14
Ndevy, 15
K+)/ K+)/ dev ( )

where n represents the average photon population in the
resonator, k (y) is the coupling or external (internal)
loss rate, and n(7) = 1/[exp (hwy/kgT) — 1] is the average
photon number estimated using the Bose-Einstein distribu-
tion, which is applicable to both the signal at temperature
Tvatn and the device at temperature Tyey. In order to ensure
proper quantum-limited operation, the radiative cooling
condition needs to be satisfied, implying that 7 ~ ny,y,.
This condition is typically met when the amplifier oper-
ates in the overcoupling regime, where « > y. However,
when the KIPA operates at temperatures that are a relevant
fraction of the critical temperature, the quasiparticle popu-
lation becomes noticeable as a dissipative channel, leading
to an increase in the loss rate y [40].

The operation temperature of the amplifier was con-
trolled by gradually warming up the mixing chamber stage
of the cryostat. This was performed by modifying the cool-
ing power of the dilution unit, by adjusting the switch

heater of the mixing chamber stage, effectively tuning the
thermal contact between distillation and mixing chamber
stages. The cryostat was stabilized at each designated tem-
perature for 2 h before proceeding with the measurement,
to ensure minimal thermal drift.

As the mixing chamber stage is warmed up, it becomes
crucial to consider all the noise contributions of lossy
cryogenic components. Adapted schematics depicting the
cascaded transmission efficiencies and gains are presented
in Fig. 6(a). The added noise, Taqq4, previously defined in

Estimated temperature at device T, (K)

0.01 0.687 1.110  1.394 1.878
1500t . — " —
0.85
<
£ 1000
£ + t
2 500F
} _________ +_ I S S ] A
0 | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Temperature Tyxc (K)
FIG. 6. Characterization at high temperature. (a) High-

temperature noise schematics. Top: schematic representing the
cryogenic components in series between the VTS and the HEMT,
including the contribution of the hot attenuator (corresponding
to the 20-dB attenuator of the line Input 2 in Fig. 8, anchored
at MXC). Bottom: equivalent diagram of the modified cascaded
transmission efficiencies and gains, leading to the added noise
temperature Eq. (16). (b) Noise temperature behavior. KIPA
noise temperature as a function of nominal (7yxc, bottom x
axis in black) and estimated device (74ey, top x axis in red, see
Appendix B7) operation temperature. The data in blue corre-
spond to noise mesurements performed in the FSE, while the
datapoint in yellow to the device anchored to the still stage of the
cryostat. From the FSE data, we notice that the KIPA maintains
quantum-limited performance (red dashed line corresponding to
half photon at w/2m = 5.75 GHz) up to Tmxc > 500 mK, cor-
responding to Ty, > 687 mK. To further confirm this, we later
characterized the KIPA anchoring it at the still stage of the cryo-
stat (i.e., at T4y = 850 mK) and we obtained a noise temperature
of 304 mK, very close to the quantum limit of the half-photon
(yellow datapoint, see Appendix B 11 for further information).
Please be aware that the yellow datapoint pertains exclusively
to the T4y axis. Therefore, no conclusions should be drawn by
comparing it with the mixing chamber temperature stage Tyixc-
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Eq. (10), now becomes

Taemr  Ta 2 2
Todd = —[1 - 1— G
add "G +nG[ Ne +ne (1 —ni) +n°G]
+ Tkipa. (16)

Here, T,y is the attenuator temperature, assumed to be
equal to the mixing chamber temperature due to the
strong thermalization between the two. This adapted model
allows us to extract the effective added noise of the KIPA
(Txipa) When operating at higher temperatures.

In Fig. 6(b), we observe that Tixpa remains close to the
quantum limit until the temperature of the mixing chamber,
denoted as Tvixc, exceeds 500 mK. Beyond this point, we
observe a gradual increase in Txpa. This evolution can be
attributed to the presence of quasiparticles, which have a
notable impact on the internal quality factor of an NbN
resonator when the temperature exceeds 15% of its critical
temperature (7¢) [40].

However, when considering the resonator frequency
shift (as shown in Fig. 11), we can estimate a higher oper-
ational temperature, denoted as Ty, for the device hosted
in the FSE as compared to the mixing chamber temper-
ature (Tyxc). This temperature difference may arise due
to significant temperature gradients between the mixing
chamber and the FSE system, particularly when reducing
the cooling power at the mixing chamber. Assuming that
the resonator frequency shift provides a more accurate esti-
mate of the effective device temperature compared to the
thermometer installed at the mixing chamber (Tyxc), we
can infer that the device exhibits approximately quantum-
limited-noise performance up to an operational temper-
ature of approximately 1.11 K. To further validate the
noise performance of the KIPA, we conducted character-
izations by mounting the device on the still plate of our
cryogenic system, achieving a stable operational temper-
ature of approximately 850 mK. Detailed results of these
measurements are presented in Appendix B 11, providing
confirmation of quantum-limited-noise performance at this
temperature.

VIII. CONCLUSIONS

In conclusion, our study offers a comprehensive explo-
ration of the capabilities and performance of a kinetic
inductance parametric amplifier (KIPA) based on high
kinetic inductance superconducting NbN thin films. This
investigation highlights the outstanding performance of the
NbN KIPA, particularly when operating near its critical
conditions. The KIPA consistently approaches the quan-
tum noise limit, maintaining a stable maximum gain, gain-
bandwidth product, and saturation power even under the
influence of a 6-T in-plane magnetic field and at temper-
atures up to 850 mK. Furthermore, we have demonstrated
its ability to generate vacuum squeezed states, confirming

the KIPA’s quantum-limited-noise performance. One of
the remarkable features of the presented NbN KIPA is
its wide-frequency tunability range of approximately 400
MHz (approximately 7% of the KIPA resonant frequency),
deriving from the high quality and uniformity of the
deposited superconducting NbN film.

The KIPA’s primary strength lies in its potential for
integration into a wide range of experimental settings. Its
ability to operate at or near the quantum noise limit up to
850 mK, combined with its compatibility with large mag-
netic fields, positions it as an ideal candidate for integration
with spin-based quantum technology. Notably, quantum
dot-based spin qubits have recently demonstrated function-
ality at temperatures as high as 4 K [53], opening exciting
opportunities for direct on-chip integration.

In summary, the KIPA’s exceptional noise performance,
its capacity to handle higher saturation powers, its partial
frequency tunability, and its resilience to higher tempera-
tures and magnetic fields make it a compelling alternative
to conventional Josephson-based parametric amplifiers.
These features collectively establish the KIPA as a pow-
erful tool with the potential to advance research across
diverse domains of quantum science and technology. Its
versatility and robustness in extreme temperature and mag-
netic field conditions promise to drive innovation and
accelerate discoveries in fundamental quantum research
and applications.
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APPENDIX A: MATERIALS

1. Device fabrication

The device fabrication starts with a 2-min substrate
immersion in a 40% HF solution, effectively eliminating
native oxide and potential contaminants from the surface
of an intrinsic 2-in. Si wafer, with high resistivity (o >
10 k€2 cm) and (100) crystalline orientation. There follows
an NbN films bias sputtering [44] at room temperature
in a Kenosistec rf sputtering system, with a thickness of
13 nm. Bias sputtering offers the advantage of generating
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FIG. 7. Device micrograph. Full-size optical micrograph of
the KIPA. In the yellow frame, the 50 Q2-to-Z; transition; in the
red frame, the bending radius of the device, chosen to be much
larger than the center conductors to ensure good impedance con-
trol; in the blue frame, Z;-to-Z, transition. The small (length of
3 pwm) hyperbolic section is to minimize potential dc current
crowding effects.

polycrystalline films, which typically exhibit enhanced
device yield. Film deposition occurs at 5-pbar pressure,
with 8% N, in Ar atmosphere, resulting in films with room-
temperature sheet resistance of 250 /0], corresponding
to a sheet inductance of approximately 100 pH/LI [40].
After subsequent deposition of Ti/Pt alignment markers
by optical liftoff process, and dehydration step at 150°C
for 5 min, 50-nm-thick ZEP-502A positive e-beam resist,
diluted at 33% in anisole, is spin coated at 4000 rpm on the
wafer, and baked at 150°C for 5 min. With an electron-
beam lithography (Raith EBPG5000+ at 100-keV) step,
the device is patterned on the resist through development
in amyl acetate for 1 min, followed by rinsing in a solu-
tion 9:1 MiBK:IPA. The pattern in the resist mask is then
transferred to the NbN using CF4/Ar mixture and reac-
tive ion etching with a power of 15 W and pressure of 2
mTorr for 5 min. The resist is then stripped with Microp-
osit remover 1165 heated at 70°C. Finally, the wafer is
coated with 1.5-pm AZ ECI 3007 positive photolithogra-
phy resist for device protection and diced. A typical device
is represented in Fig. 7.

APPENDIX B: METHODS

1. Experimental setup

All the measurements are conducted in a BlueFors sys-
tem equipped with the fast sample exchange (FSE) option.
Signal generation and readout are performed with either
a two-port VNA (Rohde & Schwarz, ZNB20) or via a
rf source (Anapico, APMS12G) and a Spectrum Ana-
lyzer (Rohde & Schwarz, FSW26), respectively. The pump
tone is handled by the same RF source while the dc
bias is provided by a Source Measurement Unit (Keithley,
2604B).

The setup allows measurement of the KIPA in transmis-
sion in two different ways as depicted in Fig. 8. In the
first configuration, the input signal (see Input 1) gener-
ated by the rf source enters the cryostat and goes though
a set of cryogenic attenuators adding up to 60 dB, and a
band-pass filter (MiniCircuit, ZBSS-6G-S+) before being
rerouted to the cold-plate stage, Tcp =~ 100 mK, where the
signal is fed though a variable temperature source (Blue-
Fors, VTS). After a first circulator (Low Noise Factory,
LNF-CICIC4_8A), the input signal is then combined with
the low-pass filtered (MiniCircuit, VLFX-80+) dc signal
(from line dc In) via a bias tee (Quantum Microwave,
QMC-CRYOTEE-0.218SMA) and then combined with
the incoming 15-dB attenuated pump (Pump In) via a
Diplexer (MiniCircuit, ZDSS-7G10G-S+) before enter-
ing the KIPA. After the signal passes though the KIPA,
the pump and dc are separated using a similar scheme
and extinguished at room temperature. The output signal
follows though a circulator (Low Noise Factory, LNF-
ICICC4_8A) and an isolator (Low Noise Factory, LNF-
ISISC4_8A) before being further amplified by a HEMT
(Low Noise Factory, LNF-LNC4_8C) at the 4-K stage and
a low-noise amplifier (Agile, AMT-A0284) at RT. The sig-
nal is collected either by the second port of the VNA or the
Spectrum Analyzer connected at OQutput 1.

In a symmetrical way, the setup can be inverted so that
the signal enters via /nmput 2 and out though Output 2.
Changing the direction of pump and bias did not affect
the operation of the device, which suggest good symmetry
between the two ports of the amplifier.

2. Magnetic field measurements

Magnetic field sweeps are carried out using a Inte-
grated cryogen-free superconducting magnet from Ameri-
can Magnetics Inc. (Cryogen-Free MAxes Vector Magnet),
capable of applying magnetic fields up to 6 T in the z direc-
tion (in plane field) and up to 1 T in the x-y plane. The
magnet is integrated in the Bluefors cryostat at the 4-K
stage. During measurements, the device is placed within
the FSE at the location where the magnetic field is maxi-
mum. Each magnet lead is powered by a Model 430 power
supply from the same manufacturer, enabling the gener-
ation of a ramping current in both circuit directions to
achieve both positive and negative field values. A persis-
tent switch can be deactivated to keep the supercurrent
in the magnet coil without providing power. However,
to ensure stability of the magnetic field, in the presented
experiments the switch is always kept on. The magnetic
field reading is obtained by measuring the current in the
leads, with a resolution of a tenth of mT.

The magnetic field is adjusted to a ramp rate of 10
mT/min, with a series of measurements (optimal pump
search, gain, saturation power) automatically initiated
every 100 mT. Noise measurements are conducted at
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FIG. 8. Experimental setup. Detailed schematic illustrating the experimental setup used for noise and gain measurements. The
symmetric setup design allows detection of any device asymmetry accurately. The input lines are attenuated with 60-dB cryogenic
attenuators distributed across the several stages of the dilution refrigerator. One of the input lines is routed to the “cold-plate” stage
(typically at a temperature Tcp = 100 mK) through a 20-dB variable temperature source (VIS) [50]. The dc current is delivered
through nonattenuated and filtered SMA lines, while the device pump is routed through 15-dB attenuated lines. Both the pump tone
and dc current are combined with the signal tone at base temperature using a bias tee and a diplexer. The output line is connected
through circulators to a cryogenic HEMT low-noise amplifier anchored at the 4 K stage and to a room-temperature amplifier. An
additional 10-dB (18.5-dB) attenuation on the input lines, respectively, for signal at frequency approximately 6 GHz (approximately
12 GHz), needs to be taken into account, coming from the intrinsic coaxial lines losses.

intervals of 500 mT up to an in-plane magnetic field
strength of 4.5 T. Beyond this point, noise measurements
are done every 200 mT to ensure a more precise study.

3. Coupling of the KIPA

Following the description of a quarter-wave trans-
former, we can estimate the coupling quality factor of the

KIPA. In general, the input impedance seen from a load is
defined by [45]

Zy + iZf tan (B/)

Zin = 17 17 )
s+ iZo tan (B1)

(B1)

where Zy is the impedance of the section of length /
and complex propagation constant § = 2w /A. In the limit
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where the length of the section is either A /2 or A /4, we get

2
. ‘f .
lim Z, = = lim Z, = Z,. B2
1_11)}}4 in ZO’ 1_11)}}2 in 0 ( )

In our design, the KIPA decoupling is made from two
stepped-impedance filters, one on each side, which are
designed as a sequence of high- and low-impedance
A/4 sections, with a central resonator of length A/2 and
impedance Z,. This configuration is the microwave equiv-
alent of a Fabry-Perot cavity. The two mirrors have n; =
6 sections of Z; and n, =5 sections of Z,, hence the
impedance seen by the central resonator is

2
zZ" 1

7 2y’

Lot = (B3)

with Zy = 50 Q is the line impedance. The associated
coupling quality factor for a series circuit reduces to [45]

0. - oL, _ 47

Loty nZeﬂ“.

(B4)

Hence, for our KIPA impedance of Z, = 900 2, the cou-
pling quality factor O, = 290, which leads to a resonator
coupling k /27 = w,/27 Q. = 19.8 MHz.

4. Scattering parameters estimation

To estimate the transmission spectrum of the resonator,
we treat it as a cavity with input and output ports (see
Fig. 9). The evolution of the intracavity field a(?) is given
by the quantum Langevin equation:

8A a ’H >N a a
‘;(;) _ @ ihKIPA] — Ra(t) + fk1a1,in(0) + /K202, (D)
+ b, (BS)

with & = (k] + k2 + v)/2, a(?) is the resonator field, and
Q;in (1) [ZA)in(t)] is the input field coupled to the input or out-
put line (to the environment) with a coupling rate «; (y).
The input-output relations are

&1,out(t) + &l,in(t) = \/K_la(t), (B6)
&2,0ut(t) + a2,in(t) = \/K_za(t), (B7)
bow(?) + bin(t) = /7a(). (B8)

Following the same formalism as in Refs. [32,54], we
make use of the input-output relation of Eq. (B7) to link

d] Jin . éz,om
i a(r) K
A A
~— ~
Giout G

D
AN

FIG. 9. Quantum optics cavity representation. Schematic rep-

resentation of the microwave cavity described by the Hamilto-

nian Hgpa [see Eq. (3)]. The cavity is coupled to two microwave
ports in a transmission configuration.

the transmitted field @, o to the input fields. Assuming that
the two ports have the same coupling k1, = «, we find

00 (@) = g(@)a1in(®) + gi(@)a] 1, ()

+ ﬁ (2:(@ha(@) + gi(@)B}, @) )
K

+ ([g5(®) — 1]a2in(®) + gi(@)a2n(@)) ,
(B9)

where the signal g,(w) and idler g;(w) gains correspond to

_ Kk — ik (A + w)
8@ = e i (B10)
gi(w) = —iex (BI1)

A+ (& —iw) — [§F

Equation (B9) can be combined with its Hermitian conju-
gate to get the input-ouput relations for the two quadratures

A 1/, .
X2out = 5 <a’2r’0m + aZ,out)

1
=3 |:ea1 in+ € al mt \/>(ebm + e*bT

+ (e — 1)‘12 in+ (" — 1)612 1n:| >

a2,0ut>
—€ain+ ,/ (e’*bfn — &'byy)

(B13)

(B12)

Y2,0ut - 2 (a; out

1
At
2 |:€/*(11 in

+ (€ = Daj, + (¢ - 1>&z,m} :
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where € = g, + g/ and €’ = g, — g/. These two equations
can be combined with Eq. (B9) to obtain

),\(2 out> <)?1 in) (XZ in)
P =Gu|o |+ G =D~
<Y 2,0ut "\ Yiin " Yoin
(B14)

where X 1/2/b,in and ¥, 1/2/b,in are the quadratures of Bin /@1)2,in
and

G, — <Re(e)

—Im(e)
Im(e’) ’

Re(e’) (BI5)

Assuming that all quadratures of the input fields are uncor-
related and that we are operating at the point ¥, = 0 and

A = 0, the variance ()A( 2 ) is simply given by

2,0ut
(X2) = Gx (X20) + (Gx — Dngs + Gyny,  (B16)
where Gy = Re(e) and,
Gy — 1
Me2 = «/\/G:§+ | (i) » B
ny = % (Xii)

5. Squeezing limit in transmission architecture

When operating the KIPA in transmission, the maxi-
mum achievable vacuum squeezing is limited to —3 dB.
This can be explained by considering that a KIPA operated
in transmission experiences two loss channels: its intrin-
sic loss rate ¢ and the second port x. The contribution of
the second port, through 7, ,, affects the output variance
<)?2,out> as described in Eq. (B16).

This interpretation is further confirmed by looking at the
phase-sensitive gain equation [see Eq. (9)]. Assuming that
the pump is effectively operating at twice the drifted res-
onator frequency, i.e., with A = 0, Eq. (9) can be written
as

KiK + ik |E|e”Vp

ZoEr | B1®

lg(¥p)l =

where k = (2k + y)/2. To ensure that idler and signal
modes in the cavity interact destructively, we set ¥, = 0,
which leads to

kk — k€|
k2 — &2

1g(0)] = (B19)

il
(k+1&D |

From this we get that, for low pumping, || — O and |g| —
1, while for very large gain, |§| — « and |g| — 1/2.

On the other hand, operating the device in reflection
allows measurement of a much larger squeezing as long
as the overcoupling condition is satisfied. In fact, as per
Ref. [32], the maximum achievable deamplification is
given by

.
(kK + 151

Kk — k|&]
55 1
K2 — &

lg(0)| = ,  (B20)

where k = (k + y)/2. In the large gain condition for
a KIPA operated in reflection configuration, |£| — «/2
and |g| — 0, leading to a much larger upper limit for
measurable squeezing.

6. Critical magnetic field

We estimate the critical in-plane magnetic field B¢ of
our KIPA by following the shift in its resonant frequency
Aw, = w,(B) — w,p as a function of applied magnetic field
B). Here, w, represents the KIPA resonant frequency at
zero field. We assume that w,(B) is half of the optimal
pump frequency, as described in Fig. 5. By fitting Aw, (see
Fig. 10) with respect to the magnetic field, following the
equation [35]:

Aw, 7 Dé’f 1462 (w,>2 2
w48 hkgTc B\ ¢ I

(B21)

we extract a critical parallel magnetic field of B¢y = 17.32
T. Here, D = 0.5 cm? s~! is the electron diffusion coeffi-
cient, Tc = 5.6 K is the critical temperature of the NbN
thin-film superconductor [40], w, denotes the center res-
onator width, ¢ its thickness, and 65 is the magnetic field
misalignment angle, which is estimated to be 0.92 £ 0.07°.

S
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FIG. 10. Critical magnetic field. Frequency shift Aw, of the
KIPA induced by the magnetic field By, with @, = w, /2. The
red dashed line illustrates the fitting results using Eq. (B21). The
analysis yields a critical magnetic field B¢ of 17.32 T.

024011-14



THREE-WAVE-MIXING QUANTUM-LIMITED......

PHYS. REV. APPLIED 21, 024011 (2024)

7. High-temperature frequency shift

In order to estimate the effective operating temperature
of the KIPA (T4ey) When installed in the FSE and during
the temperature sweep [see Fig. 6(b)], we refer to a pre-
vious study conducted in Ref. [40]. The device resonant
frequency shift Aw, as a function of the temperature is
described by the following equation:

Aw, F8 1 hf, hf,
Aor _ Fons (pelg (Lo M\ M
w, T 2 2imkgT 2kpT

(B22)

Here, F'89 ¢ represents the contribution from two-level
fluctuators, W is the digamma function [55], « is the
fraction of kinetic inductance contributing to the overall
inductance of the device, AL /Ly represents the change in
the kinetic inductance, Li(T) = uor?(T)(I/wd), and A(T)
is the temperature-dependent London penetration depth.
As in Ref. [40], we assume that the film behaves as a
superconductor in the dirty limit. It follows that

2 2 4
ALy _ 32(T) = 31%(0) (kLT) e
Ly 22(0) A
where A = 1.764 kgT¢ is the superconducting gap and
Tc = 5.6 K is the critical temperature of the superconduct-
ing film, given that [A(T)/A(0) — 1] o« (T/T¢)? [56-58]
for T < 0.4T¢ for a superconductor in the dirty limit. In
Fig. 11 we present in blue the Aw, measured by thermally
anchoring the KIPA to the still stage Tyey = Tsinn = 850
mK (see Appendix B 11); instead the yellow data points
represent Aw, measured assuming Tg.y = Tvxc during the
temperature sweep reported in Fig. 6. The red dashed
line corresponds to the theoretical prediction of Aw,(T)
according to Eq. (B22). While the blue data point closely
aligns with the predicted value, this is not the case for
operations in the FSE (yellow points). This temperature
difference can arise from suboptimal cooling power opera-
tion conditions, potentially resulting in significant temper-
ature gradients within the mixing chamber stage. Utilizing
the measured frequency shifts, we calculate the effec-
tive Tyey in correspondence of different mixing-chamber
temperatures (highlighted in red at the top of x axis in
Fig. 6).

8. Noise temperature measurements: 7j,

To accurately calibrate the noise introduced by the vari-
able temperature source (VTS) at the input of the KIPA, it
is essential to precisely quantify the attenuation between
the VTS and the KIPA. The VTS connects to a port of
the circulator at the mixing chamber through NbTi coax-
ial lines, ensuring no thermalization nor attenuation of the

2 T
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N ¢ Device mounted on Still
= _ e Device mounted in FSE
= Op-=-—--- TOT T T = —es b
< ~
& o S
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] \
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FIG. 11. Temperature-induced frequency shift. Resonant fre-
quency shift, Aw, measured at various temperatures. Yellow
datapoints correspond to measurements performed in the FSE,
while the blue point represents the KIPA frequency shift oper-
ating at cryostat’s still plate. The red dashed line illustrates the
predicted shift in resonant frequency for the KIPA model based
on Eq. (B22). The findings suggest a substantial temperature gra-
dient within the system, with the FSE temperature estimated to
be significantly higher than that of the mixing chamber.

input power. Subsequently, after passing through the bias
tee necessary for device dc bias, and the diplexer used to
introduce the pump tone, the signal is injected into the
KIPA. The temperature of the VTS (Tyrts) is controlled,
allowing for the calculation of the output noise temperature
Tout, as detailed in [50]

T haws h hawg n
= —co
T 2y 2kpTvts

Geonv haw; haw;

DO oth 2
G 2k O 2 Tyrs
(B24)

Here, G.ony 1s the conversion ratio of signal and idler,
taken as G — 1 for simplicity, and G denotes the KIPA
gain. Having accurately modeled the losses attributed to
the attenuation of lines and cryogenic components at the
MXC stage, we can assess the power reaching the amplifier
using the expression:

Tin = nTout- (B25)
Here, n is defined as the product of 7, and 5y, where
ne represents the total loss from the VTS to the ampli-
fier due to electronics, given by 1. = ncc X Neoax X
ngr X Npx. The individual components of 7, include
losses from the LNF-ICIC4_8C circulator [10 log(ncc) =
—0.2 dB], losses from approximately 0.7 m of SMA
coaxial cables [10log(ncoax) = —0.6 dB], losses from
the QMC-CRYOTEE-0.218SMA bias tee [10log(ngr) =
—0.2 dB], and losses from the ZDSS-7G10G-S+ diplexer
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[101log(npx) = —0.25 dB]. Additionally, ny represents  (LNF-LNC4_8C, Low Noise Factory). The VTS tempera-
the frequency-dependent insertion loss of the amplifier. ture is systematically varied from 100 mK to 3 K in four

We assume an equal division of the total transmission  steps, following the protocol outlined in Ref. [50]. We
insertion loss of the amplifier between the two ports. Any ~ monitor the output power Py, using a spectrum analyzer
potential asymmetry that might introduce additional error ~ operating at a bandwidth of B = 100 Hz and averaging
to the input noise power estimation is duly considered by =~ 20 waveforms to mitigate measurement noise. From the
the error bars. relation

P T
—_ = Tff ' + Typwr + ke

. GiotksB
9. Noise temperature measurements: Tggyt tot"B HEMT

(B26)

To accurately assess the contribution of the noise from  Here, Tff ) represents the injected noise from the VTS
the KIPA, it is essential to quantify the additional noise  reaching the input HEMT and is given by
introduced by the HEMT low-noise temperature amplifier,

denoted as Typmt. To accomplish this, we incorporate a 50 Tff ) — 2 v, coth & (B27)
Q through in the FSE to characterize the HEMT amplifier 2kp 2kpTvrs
5 3
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FIG. 12. KIPA operation at still stage. (a) Simplified experimental setup. Schematics of the experimental setup used to characterize
the device in reflection at an operational temperature T4, = 850 mK. The second port is intentionally mismatched at cryogenic
temperature after the bias tee. (b) Gain characteristics. Phase-insensitive gain of the KIPA measured in reflection as a function of
signal frequency w for various pump powers (see colorscale). Notably, the extracted gain-bandwidth product (GBP) achieved when
measuring the device in reflection is approximately 9 MHz, which differs from the results in Fig. 2. (¢) Degenerate mode. Phase-
sensitive gain behavior obtained by operating at w; = w,/2 and modulating the pump phase 1,. The maximum deamplification
achieved is approximately —15 dB, in agreement with what is reported in Appendix B 5. (d) Saturation power. Phase-insensitive
saturation power measured as signal power-dependent gain for different pump powers. The extracted saturation is Pjgg = —63 dBm,
in line with the measurement performed at base-temperature operation. (¢) Noise performance. Power output in correspondence of
different VTS temperatures. The red dashed line represents the linear fit according to Eq. (10). The amplifier exhibits marginally worse
noise performance when operated at 850 mK, with a noise temperature of Txjppo = 304 £ 37 mK, still preserving near-quantum-limited
capabilities.
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Tuemt accounts for the excess noise from the HEMT,
while Ty, represents the room-temperature background

noise. Note that Tff ) considers cryogenic electronic losses
ne incurred twice as they appear in Fig. 3(a). From the
measurements, we extract the amplifier noise temperature
Tuemt as 1.95 K, very close to the value provided by the
manufacturer.

10. Cascaded transmission efficiency in Fig. 6

As reported in the main text, to characterize the KIPA
at higher temperature, we perform a temperature sweep
of the mixing chamber, as described in the main text.
When warming up the system, we need to consider the
contribution of noise introduced by cryogenic electronic
devices operating at higher temperatures. In fact, for each
loss channel of the ith cryogenic electronic component, the
noise propagation equation can be expressed as

Ni = niNi—1 + (1 — n)Ne;. (B28)
Here, N, (T¢,) = 1/[exp (hw,/kgT,;) — 1]. In the case of
electronics operating at T, = 10 mK, this simplifies to
N; ~ n;N;_;. However, when the electronics temperature
T, exceeds few hundreds of millikelvin, the second term in
Eq. (B28) cannot be neglected, in particular, for relatively
high insertion-loss devices.

Taking into account the losses originating from the elec-
tronics, the insertion loss of the amplifier, and all attenua-
tors influencing the noise estimation, the term representing
the added noise temperature in Eq. (10) transforms into the
expression detailed in Eq. (16). From this formulation, we
derive the noise temperature of the KIPA (Tkipa).

11. Operation at still stage

To confirm that the KIPA maintains quantum-noise-
limited performance when operated at higher temperatures,
we conducted a characterization of the KIPA anchoring it
on the “still” plate of a dilution cryostat with an effective
temperature Tgey, = Toin = 850 mK. From an operational
perspective, the still stage offers a much larger cooling
power than the mixing chamber, all while keeping temper-
atures low enough to prevent the introduction of a relevant
quasiparticle density in the NbN KIPA.

In this measurement, as illustrated in Fig. 12(a), we
install the KIPA in a cryogenic system equipped with a
VTS to investigate the noise performance of our device
while operating it in a reflection configuration. We achieve
this by introducing a mismatch on the bias tee with a 0-Q
termination. As shown in Figs. 12(b)-12(d), key parame-
ters such as gain, phase sensitivity, and saturation power
are minimally affected by the higher operation tempera-
ture. The KIPA demonstrates a gain exceeding 20 dB, clear
phase sensitivity in the degenerate mode, and a saturation
power of P;4g = —63 dBm. However, a reduction in the

gain bandwidth product is observed, shifting from 20 MHz
(in transmission) to 9 MHz (in reflection), likely associated
with an imperfect mismatch of the second port.

Concerning noise performance, minimal differences are
noted when compared to operation at base temperature,
consistent with the findings in Ref. [52]. The estimated
noise, obtained using the same procedure outlined in the
main text, is Tgppa = 304 + 37 mK, equivalent to n =
0.60 £ 0.13 added photons [see Fig. 12(e)]. Despite being
slightly higher than the value obtained at base temperature,
the device exhibits remarkable robustness to environmen-
tal temperature fluctuations when operated at 850 mK,
attributable to its large internal quality factor. However, as
soon as the temperature is increased further, quasiparticle
population start dominating the loss rate, inducing a fast
increment of y to values close to «. In agreement with the
radiative cooling condition stated in Eq. (15), this leads to
an increase in the noise temperature of the amplifier.
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