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Kinetic inductance traveling-wave parametric amplifiers (KI-TWPAs) offer broadband near-quantum-
limited amplification with high saturation power. Because of the high critical magnetic fields of high-
kinetic inductance, KI-TWPAs should be resilient to magnetic fields. In this work, we study how magnetic
field and temperature affect the performance of a KI-TWPA based on a thin-NbTiN inverse microstrip with
a Nb ground plane. This KI-TWPA can provide substantial signal-to-noise-ratio improvement (ASNR) up
to in-plane magnetic fields of 0.35 T and out-of-plane fields of 50 mT, considerably higher than what has
been demonstrated with TWPAs based on Josephson junctions. The field compatibility can be further
improved by incorporating vortex traps and by using materials with higher critical fields. We also find
that the gain does not degrade when the temperature is raised to 3 K (limited by the Nb ground plane),
while ASNR decreases with temperature, consistent with expectations. This demonstrates that KI-TWPAs
can be used in experiments that need to be performed at relatively high temperatures. The operability of
KI-TWPAs in high magnetic fields opens the door to a wide range of applications in spin qubits, spin
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ensembles, topological qubits, low-power NMR, and the search for axion dark matter.

DOI: 10.1103/pp6n-9vzj

I. INTRODUCTION

Kinetic inductance traveling-wave parametric amplifiers
(KI-TWPAs) [1] have emerged as promising technology
that can offer large instantaneous bandwidth, high dynamic
range, and near-quantum-limited added noise [2—5]. They
are already becoming established for the readout of arrays
of energy-resolving single-photon-counting superconduct-
ing detectors, such as microwave kinetic inductance detec-
tors [6,7] and transition edge sensors [8]. The low added
noise makes them, in principle, suitable for supercon-
ducting qubit readout [9], but the higher pump powers
compared to those of Josephson TWPAs (J-TWPAs) may
present practical challenges.

Although J-TWPAs have undergone substantial devel-
opment [10—14], KI-TWPAs offer four distinct advantages:
higher saturation power, magnetic field resilience, higher-
temperature operation and higher-frequency operation.
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The resilience of KI-TWPAs to magnetic fields can be
attributed to two factors: the inherently high critical fields
of high-kinetic-inductance materials (e.g., NbTiN or TiN,
as opposed to predominantly aluminum-based Josephson
junctions) and the absence of the Fraunhofer effect, which
in Josephson junctions can cause oscillatory suppression of
the critical current at millitesla-scale fields [15]. SQUID-
based J-TWPAs [12,14] are often sensitive to submil-
litesla out-of-plane fields. The impressive field resilience
of kinetic inductance materials has already been shown
in recent works on cavity-based kinetic inductance para-
metric amplifiers [16-21]; however, these amplifiers suffer
from lower bandwidths and saturation power compared to
KI-TWPAs because of their resonant nature.

There is already a growing number of experiments that
employ TWPAs and require relatively high magnetic fields
at the samples [22—28]. In addition, there are many exam-
ples of experiments that would benefit from a TWPA, e.g.,
in superconducting qubits [29-35], quantum dots and spin
qubits [26,36-—38], spin ensembles or low-power NMR
[23,39,40], topological qubits [27,28], as well as hybrid
setups including mechanical [41,42] and magnonic degrees

© 2026 American Physical Society
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of freedom [43,44], and the search for axion dark matter
[24,25,45,46].

KI-TWPAs based on NbTiN can also operate at higher
temperatures because of the high critical temperature of
NbTiN, making them more versatile. In the future, they
might replace commonly used cryogenic HEMT amplifiers
in some use cases, with similar performance at a fraction
of the power dissipation [47].

Here, we characterize the performance of a KI-TWPA,
with NbTiN as the microstrip layer and Nb as the ground
layer, as a function of temperature and different magnetic
field directions. We measure both gain and signal-to-noise-
ratio (SNR) improvement, ASNR, which quantifies the
improvement over the subsequent amplification chain. We
find that the KI-TWPA maintains a significant improve-
ment in SNR (>3 dB) up to 1.2 K, although higher tem-
peratures increase the idler noise because the input port
of the device is terminated at the variable-temperature
stage. The temperature dependence of the unpumped trans-
mission of the TWPA can be modeled using Mattis-
Bardeen theory with temperature-dependent suppression
of the superconducting gap. Similarly, ASNR can be mod-
eled by assuming an ideal four-wave-mixing parametric
amplifier cascaded with a second amplifier, demonstrating
near-quantum-limited noise.

We next study the effect of magnetic fields, both
in-plane and perpendicular. We report an order-of-
magnitude improvement in field resilience over J-TWPAs
in the bottleneck field directions. Critically, ASNR
measurements reveal that practical amplifier performance

can degrade before gain degradation becomes apparent,
emphasizing the importance of measuring both metrics.
The magnetic field dependence shows behavior that can-
not be explained simply in terms of gap suppression by
the field. In fact, considerable hysteresis with the magnetic
field indicates that vortex dynamics in the niobium ground
plane, but likely also in the narrow center conductor, play
a dominant role. While we do not develop a quantitative
model that includes vortex dynamics, the measured per-
formance thresholds provide clear operational guidelines.
With the demonstrated field resilience, KI-TWPASs can be
incorporated into most experimental setups in which the
amplifier can be mounted at some distance from the mag-
net [15], especially when stray fields are predominantly
in-plane.

II. EXPERIMENTAL DETAILS

An optical image of the TWPA chip is shown in
Fig. 1(b), with an enlarged view showing the inverse
microstrip with modulated capacitive stubs [Fig. 1(c)]. The
device design is identical to that presented in Ref. [3].
In summary, the device is a kinetic inductance photonic
crystal TWPA in an inverted microstrip geometry. The
transmission line is a thin film of NbTiN with protruding
capacitive stubs. The length of the capacitive stubs is peri-
odically modulated to introduce a bandgap in the device
transmission around 12 GHz. The device ground plane is
a 200-nm-thick niobium film. We operate the TWPA in
the four-wave-mixing mode by injecting pump frequencies
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(a) Measurement setup with diplexers for coupling the pump tone in and out and for idler thermalization. After the TWPA,

there are circulators and a HEMT amplifier in the cryogenic signal chain. (b) Microscope image of the TWPA showing a meandering
microstrip. Magnetic field directions B, By 1, and B> are related to the device geometry. (c) Enlarged view of the microstrip region
showing the capacitive-loading stubs with modulated length for bandgap engineering. (d) Representative SNR-improvement ASNR
and gain G curves for the indicated pump settings at zero field and base temperature. Here ASNR is the difference between gain and
added noise. The shaded region indicates the 3-dB bandwidth, where the (slightly smoothed) ASNR exceeds the ASNR mode minus
3 dB. (e) Histogram of all ASNR values (bar plot) and smoothed cumulative distribution (pink line plot). The ASNR mode is defined
as the point of maximum slope of the smoothed cumulative distribution. The mode is used as a robust way to estimate a noisy plateau

value.
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below the bandgap. Magnetic field directions relative to the
TWPA chip are also indicated in Fig. 1. A more detailed
description of the device is provided in Appendix A. In the
main text, we focus on the out-of-plane direction, B, and
the in-plane direction along the long axis of the chip, B,
data for B, can be found in Appendix E 2.

Using a combination of diplexers (DPX1 and DPX2)
before the TWPA, we supply the pump tone and sig-
nal tones to the device. Additionally, we provide a cold
termination (7 < hwiqer/kg) at the input of the device
over the idler band to keep the device quantum limited.
Using a third diplexer, identical to DPX1, at the output
of the device, we terminate the idler frequencies and the
pump tone at a higher dilution-refrigerator stage to reduce
the heat load on the mixing chamber and to prevent the
following amplifiers from saturating. This pump-output
and idler-output termination should help reduce the added
noise of the amplifier, even if we cannot terminate it
at the mixing-chamber temperature because of cooling-
power limitations. Coupling out the TWPA pump tone
from the signal line is also important, as it would otherwise
saturate the subsequent amplifiers. Given high attenuation
on the input line, we could not straightforwardly measure
the saturation power of the TWPA in this setup. How-
ever, previous measurements of a similar device showed
a 1-dB gain compression with 15 dB of gain at an input
power of —58 dBm [3]. A more detailed description of the
measurement setup is provided in Appendix A.

In the following, we need figures of merit for the ampli-
fier performance to characterize the temperature and field
dependence. We focus on the insertion loss, the true gain,
the SNR improvement, and the bandwidth. The way we
define and calculate these figures of merit from the data
is illustrated in Figs. 1(d) and 1(e). Calibration measure-
ments with a short cable in place of the TWPA provide
a reference for calculating the true gain and added noise
from the measured S;; and noise spectrum. True gain is
the net signal amplification relative to this bypass connec-
tion, inherently accounting for the device insertion loss.
We calculate ASNR as the difference between gain and
added noise. Crucially, we optimize the pump power P,
and frequency f, by maximizing the mean ASNR in the
4-8-GHz band, (ASNR),_gqgy, (for data on the pump
optimization, see Appendix B). For the field and tem-
perature dependence, we optimize the pump settings at
every temperature or magnetic field. We then extract the
typical value of ASNR(f) by approximating the ASNR
mode—the most commonly occurring value. Figure 1(e)
shows a measured-data histogram and cumulative proba-
bility distribution. Relative to the ASNR mode, we define
the 3-dB-bandwidth BW3 4g by smoothing the ASNR data
and finding ranges of frequencies where ASNR exceeds
the mode value minus 3 dB. The bandwidth regions need
not be continuous; when referring to BW34g in frequency
units, we sum the disjoint frequency regions. However, the

bandwidth is typically continuous for the optimized pump
settings. All quoted bandwidths are based on ASNR, not
on the gain profiles. We then show the mean values of
ASNR and true gain within the bandwidth: (ASNR)gy
and (G)gw. The error bars in the plots below represent the
25th and 75th percentiles of the data within the bandwidth.

III. TEMPERATURE DEPENDENCE

We begin by discussing the KI-TWPA temperature
dependence and the model that describes TWPA S,; as a
function of T; the model provides insight into the underly-
ing physics and will help us better understand the magnetic
field dependence. Figure 2(a) shows (TWPA S51)4_gGrzs
the transmission calibrated against a bypass cable, as a
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FIG. 2. (a) (TWPA S,1)4_ggn, versus temperature 7' showing

a plateau up to about 3 K. (b) True gain within the bandwidth,
{G)pw, versus T, showing a plateau up to 4 K. Around 3 K, the P,
(optimized at every temperature) increases, likely compensating
for the increased insertion loss. (¢) (ASNR)gy versus 7, showing
a decrease in line with a model based on an ideal four-wave-
mixing parametric amplifier with input noise. Above 7'= 2.5K,
it drops below 0dB. (d) BW345 versus 7. Bandwidth increases
when optimized P, increases at high 7" and then drops.
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function of temperature 7. There is no significant change
in the transmission of the device up to 3 K. Here we show
only the (TWPA S»1)4_ggn, data for a reduced tempera-
ture range, where the TWPA still provides gain; the full
dependence on frequency and temperature can be found in
Appendix C.

We modeled the temperature dependence using Mattis-
Bardeen theory of ac conductivity [48], taking into account
the temperature dependence of the gap (Appendix D), and
found qualitative agreement. The surface impedance of
both superconductors (Nb and NbTiN) is calculated using
this model, which reveals that changes in the ground-
plane surface resistance as a function of temperature
dominate the change in (TWPA S51)4_gGp,- Thus, a fully
NbTiN-based device would likely operate beyond 4 K with
minimal loss.

Now we turn from the insertion loss to the TWPA per-
formance based on the aforementioned figures of merit.
Figures 2(b) and 2(c) show (G)gw and (ASNR)gw versus
T. The gain maintains similar values up to 4 K, but the opti-
mized P, starts to increase around 3 K, consistent with the
increasing insertion loss. The bandwidth initially shows a
slight increase and then increases further when the optimal
P, increases at high T.

We can model the temperature-dependent ASNR of
the parametric amplifier cascaded with a second ampli-
fier to check whether it is consistent with expectations
and to estimate the TWPA added noise. In this case,
the second amplifier is the HEMT amplifier shown in
Fig. 1. Additional noise of the room-temperature ampli-
fier should be negligible because of the high gain of the
TWPA and the HEMT amplifier. In this experiment, we
vary the temperature of the mixing chamber, where the
signal and idler inputs of the TWPA are thermalized.
The HEMT is thermalized at the 4 K stage. Its tempera-
ture stays approximately constant during the temperature
sweep; thus, we assume a constant noise temperature.
The parametric amplifier provides a true gain G, which
is measured. We can estimate the temperature depen-
dence of the added noise from the signal and idler ports
at frequencies given by 2f, = fgnal + fidler- The added-
noise temperature at the signal and idler bands is given
by Tsignal = (Fba)signal/kl?)(1 + 2n(a)signal, Teff)) and Tidler =
(hwidier/ k) (1 + 2n(w;dier, Ter)), Where n(w, Te) is the
Bose-Einstein occupation number and 7o = max (7, Tiin)
includes a minimum-noise floor Ty, to account for the
low-temperature plateau in ASNR [see Fig. 2(b)]. Using
Friis’s formula [49] for cascaded amplifiers, the total
parametric amplifier noise temperature 7, = Tiignal + Tidler
gives an SNR improvement

1
ASNRgg = 101og;, (T T+ 1/Gr ) (@)
P n mear

Fixing the TWPA gain at 12 dB, close to the measured
values, we can fit this model to the data and find good
agreement [see Fig. 2(c)]. The fit yields a second-amplifier
noise temperature of Thyg = (12.9 £ 0.3) K and Ty, =
(0.48 +0.05) K. For the TWPA, T, corresponds to
approximately 1.7 added-noise photons at 6 GHz, which
is in the expected range for a KI-TWPA [3]. The 13 K
noise temperature of the second-stage amplifier exceeds
the specified noise temperature of 3K for the HEMT.
This elevated noise temperature was also confirmed by
a y-factor measurement of the setup without the TWPA,
where we varied the mixing-chamber temperature and thus
the HEMT input temperature. Using the Friis formula for
lossy cascaded systems, approximately 3.9 dB of loss at
4 K would increase the effective noise temperature from 3
to 13 K. The specified total insertion loss of the diplexer
plus circulators would be around 1.6dB. Additionally,
there are eight SMA connectors between the sample and
HEMT, which could account for another 1.6 dB of loss.
The amount of loss needed to explain the noise tempera-
ture would be at the high end of what we expect, especially
given that the diplexers and circulators are nominally ther-
malized to the mixing-chamber stage. It is also possible
that the HEMT is biased slightly suboptimally. Likely a
combination of these effects leads to the elevated noise
temperature we estimate for the HEMT.

IV. IN-PLANE MAGNETIC FIELD DEPENDENCE

The in-plane magnetic field dependence of the TWPA
is shown in Fig. 3. Figure 3(a) shows (TWPA S21)4_sGpy
versus B, color coded by sweep direction to reveal
hysteresis. For in-plane fields, the device insertion loss
recovers its initial value when scanning back to zero field.
Wider-range scans and detailed insertion-loss data are pre-
sented in Appendix E, showing that TWPA S, is fully
suppressed around 1.5 T, close to the critical field B, of nio-
bium (cf. Fig. 11 in Appendix F). Data for the B , direction
show less pronounced suppression and hysteresis, indicat-
ing possible magnet-to-sample misalignment, as it is not
obvious that the two directions should differ based on the
sample geometry.

The Mattis-Bardeen model that describes temperature
dependence can be modified to include field-dependent gap
suppression; however, it does not adequately describe the
in-plane field dependence of TWPA S;;. Simple gap sup-
pression with field would predict only an abrupt change
near B., whereas we observe gradual degradation at much
lower fields. Still, the model qualitatively reveals some of
the effects that the field has on the device. In the model, the
surface inductance changes by roughly an order of magni-
tude, both with temperature and magnetic field, but induc-
tance changes do not dominate the TWPA S,; suppression.
Moreover, unlike temperature, magnetic-field-induced gap
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FIG. 3. (a) The B, dependence of TWPAS,,;. The sweep
direction is color coded to reveal the hysteresis. (b) Correspond-
ing gain curves at different B} ;. Pump settings are optimized at
every field; data are selected for optimum (ASNR),_g gy, Data
points are color coded for P,, and lines indicate sweep direction:
higher B ; requires higher P,, consistent with increased inser-
tion loss. The hysteresis is also visible in the gain curves. (c)
(ASNR)gy versus B i, following the gain curves. (d) BW3gp
at different B ;, showing an initial increase and then a decrease.
BW3 g is maximized at B ; ~ 0.2 T, while gain and (ASNR)gy
remain similar to their zero-field values. BW;4g shows clear
hysteresis.

suppression alone does not increase surface resistance
(except near B,).

Two effects can explain the additional change in surface
resistance observed in the experiment: the presence of vor-
tices and their motion in the niobium ground plane (partly
due to field misalignment), or screening currents from flux
penetration that enhance pair breaking. Advanced models
that account for vortices can describe field dependence in
superconducting resonators [50], and field-dependent gap
changes could help constrain parameters, as in Ref. [15].
The reasonable agreement for the temperature depen-
dence suggests that the modeling approach is sound,
but it requires better niobium ground-plane impedance

modeling. However, unknown misalignment complicates
this, since B and B| dependencies differ significantly. We
therefore focus on measured performance thresholds rather
than pursuing quantitative modeling of the magnetic field
dependence.

Figure 3(b) shows the corresponding gain curves at dif-
ferent B); values. The gain is optimized at every field
value, and the plotted data are selected for optimum
(ASNR),_g GH,- Data points are color coded for P,, reveal-
ing that, in general, higher B); requires higher P,, in
line with the increased insertion loss. Figure 3(c) shows
(ASNR)gw as a function of B ;, which follows the gain
curves. Figure 3(d) shows BW34p at different B ; val-
ues, showing an initial increase with field followed by
a decrease. At By ~ 0.3 T, BW34g is maximized, while
the gain and (ASNR)gyw remain similar to their zero-
field values. The increased bandwidth likely results from
field-induced losses suppressing internal reflections and
impedance mismatches within the TWPA. Because the
KI-TWPA experiences small but finite reflections at its
terminations, the high parametric gain leads to cavity-like
standing-wave structure in the gain spectrum, which lim-
its the contiguous “usable” bandwidth. Additional internal
loss reduces the effective loop gain of these unintended
resonances, thereby suppressing the gain ripples they pro-
duce. This reduction in cavity finesse broadens and flattens
the gain profile, so the measured bandwidth (defined by
a minimum gain and maximum ripple) increases slightly
despite the lower overall gain. Given that the net gain
(G)gw and (ASNR)pyw remain similar and the bandwidth
increases, while (TWPA S51)4_sgr, slightly decreases,
these losses are evidently compensated. The BW3 45 shows
clear hysteresis correlated with the changed insertion loss
(likely correlating with the larger optimum P),).

V. OUT-OF-PLANE MAGNETIC FIELD
DEPENDENCE

The out-of-plane magnetic field dependence of the
TWPA is shown in Fig. 4. Figure 4(a) shows the B,
dependence of (TWPA S31)4_ggu,- The hysteresis is much
more pronounced than for B) ;. The TWPA S, for a wider
field range can be found in Appendix E. Overall, this
hysteresis is similar to what has been observed in super-
conducting resonators [51]. It appears that after scanning
to high B, the initial TWPA S, is not fully recovered,
but the transmission does recover when scanning slightly
past zero field. We have dc measurements of B, along the
B, axis for a film similar to the niobium ground plane
(Appendix F); we estimate B, to be in the range 1.5-1.9 T,
much larger than the fields at which transmission is sup-
pressed here. This, combined with the pronounced hystere-
sis, indicates that the dominant physics is due to vortices
rather than gap suppression. While theoretical frameworks
exist for modeling field-dependent superconductor losses
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FIG. 4. (a) The B, dependence of (TWPA S5)4_ggu,- The

hysteresis is much more pronounced than for B ;. (b) Corre-
sponding gain curves at different B,. The gain remains stable
until a steep drop around 60 mT. Upon the downward sweep,
the gain returns only after passing through zero field, around
B, ~ —10mT, and behaves similarly for the subsequent upward
sweep. (c) ASNR versus B, already decreases while gain
remains stable, suggesting added noise consistent with vortices
effectively raising the amplifier temperature. The initial ASNR
is not recovered in subsequent sweeps. (d) BWs4p at different
B, , increasing until a sudden downturn at 60 mT. Hysteresis is
not pronounced for BW3; gg.

and hysteresis [51], and there are field-dependent complex
surface-impedance descriptions that include vortices (see
Kwon et al. [50], whose approach could be integrated into
ours in Appendix D), these models require many parame-
ters (vortex viscosity, pinning potentials) and assumptions,
e.g., about the current distribution in the ground plane.
Observed catastrophic flux avalanches [52] could also
complicate quantitative modeling, which we therefore do
not pursue here.

Figure 4(b) shows the gain curves at different B . The
gain remains stable up to around 60 mT, where a steep drop
is observed. This drop could be due to vortices entering the

NbTiN microstrip: the field H; at which vortices are stable
in the center of a strip of width /# and coherence length &
is given by (see Ref. [53] and the references therein)

20y . 2W

H, = i In— pord 2
which in our sample (W = 340 nm, & = 4.9 nm based on
the critical-field value extrapolated at low temperature; see
Appendix F) is of order 43 mT. If cooling occurs in a
field below this value, as in our experiment, no vortices
are expected to be present in the strip; an energy barrier
impeding vortex entry is present even above this field,
but it decreases with increasing field or in the presence
of currents, e.g., the currents due to the pump. There-
fore, at sufficiently high field H > Hy, a configuration
with vortices in the microstrip could be realized. Based
on this estimate, improving the field compatibility could
be achieved by reducing the microstrip width. However,
this quickly becomes challenging from a fabrication per-
spective. Upon the downward sweep, the gain returns only
around B; ~ —10mT, when the vortices created in the
preceding upward sweep are expelled; the behavior is sim-
ilar for the subsequent upward sweep. Figure 4(c) shows
the SNR improvement as a function of B, , which already
decreases while the gain remains stable. This suggests that
the vortices reduce the SNR by adding noise, rather than
by reducing the gain or increasing the insertion loss. The
ASNR starts to drop steeply already around 50 mT. The
initial SNR improvement is not recovered in the subse-
quent sweeps. Figure 4(d) shows the bandwidth at different
B, increasing until a sudden downturn at 60 mT. Hystere-
sis is not pronounced for the bandwidth, likely because
the bandwidth is not directly field dependent, but rather
depends on the optimized P,.

In summary, for the B, dependence, the (G)gw and
(ASNR)pw plateaus align, while for B;, ASNR decays
before the gain does. This indicates that vortices may effec-
tively add noise rather than simply adding attenuation. This
is also apparent when comparing the (TWPA S21)4_sGH,
values at which (G)gyw plunges for in-plane versus out-of-
plane fields.

VI. CONCLUSION AND OUTLOOK

We have shown that a kinetic inductance TWPA pro-
vides substantial SNR improvement in in-plane magnetic
fields of up to 350 mT and in out-of-plane fields of up to
50 mT, an order-of-magnitude improvement over the bot-
tleneck fields demonstrated for J-TWPAs (3 mT for the
in-plane direction and 5 mT for the out-of-plane direction)
[15]. With this operating range, it could be used in high-
field experiments without magnetic shielding if positioned
at some distance from the magnet center. The bandwidth
can actually improve at intermediate in-plane fields with
similar gain and added noise. We attribute this to increased
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TWPA loss suppressing pump reflections and improving
device performance.

While this KI-TWPA is not as field compatible as some
demonstrated parametric amplifiers [16—20], it offers larger
bandwidth and saturation power. The field compatibility
is mostly limited by vortex losses due to the absence
of vortex-trapping structures [54,55]. Our findings also
suggest that reducing the microstrip width would likely
improve the out-of-plane field compatibility; ultimately,
this is limited by lithography, requiring the reliable real-
ization of ~ 100 nm structures over the millimeter-scale
length of the TWPA. Using an NbTiN or NbN ground
plane with vortex traps could improve the in-plane field
compatibility to several tesla. Out-of-plane fields will
remain limiting: even thin-film NbTiN resonators with
100 nm width and distant ground planes show order-of-
magnitude decreases in quality factor at 0.4 T [56].

The temperature dependence of the KI-TWPA shows
effective operation up to 3K, consistent with expecta-
tions given that the signal and idler input noise also scale
with temperature in this experiment. The SNR improve-
ment over the HEMTs is lost around 3 K for this reason.
Whether mounting the TWPA at the cold plate (approxi-
mately 0.3 K) or still stage (approximately 1K) could be
beneficial depends on the second-stage noise temperature:
with our measured Tgecong ~ 13 K, the ASNR at 1 K is still
about 4 dB, but with an optimally biased state-of-the-art
HEMT approaching 1.5 K noise temperature, the TWPA
might not provide an improvement. However, the TWPA
pump power does not necessarily have to be completely
dissipated at the same temperature stage, but can instead be
terminated elsewhere, as in this work. Similarly, the idler
and signal band do not have to be thermalized at the same
stage as the TWPA, which could restore the noise advan-
tage even if the TWPA is mounted at higher temperature.
Superconducting cables make this possible because they
combine low loss with low thermal conductivity. Mount-
ing at different stages can be useful for a variety of reasons,
e.g., distance from a magnet or space constraints at the
mixing chamber.

Although this work presents data from a single device,
we find that key limits in the temperature and magnetic
field dependence can be understood based on design and
material parameters. Therefore, our work can guide the
design of future devices with higher magnetic field and
temperature limits. The demonstrated magnetic field and
temperature performance already showcase the potential of
KI-TWPAs to replace or complement existing amplifiers in
demanding experimental setups.
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DATA AVAILABILITY

Datasets, analysis code, and code for the TWPA model
are made available as PYTHON files and Jupyter notebooks
that reproduce the figures of this manuscript [57]. The
setup was controlled using QCoDeS [58] drivers, and the
measurements were run using Quantify-core [59].

APPENDIX A: DEVICE DESCRIPTION AND
MEASUREMENT SETUP

The device is a kinetic inductance traveling-wave para-
metric amplifier fabricated at the NASA Jet Propulsion
Laboratory, similar to the device described in Ref. [3],
based on design ideas outlined in Ref. [60]. It consists
of a microstrip transmission line with an NbTiN cen-
ter conductor (35nm thick, 340nm wide) and an Nb
ground plane (350 nm thick), separated by a 100 nm-thick
amorphous-silicon dielectric layer. The kinetic inductance
at low field and temperature predominantly stems from
the center conductor. The center conductor has periodic
capacitive-loading structures to engineer a bandgap around
12 GHz, which enables phase matching for four-wave mix-
ing when pumped near the band edge. Neither the center
conductor (which has wider areas at the launchers) nor
the ground plane incorporates vortex-trapping structures,
as the device was not specifically designed with magnetic
field compatibility in mind. This also explains the choice
of niobium as the ground-plane material. Because of the
high charge-carrier density of thick niobium films, their
kinetic inductance can be neglected, simplifying the design
and modeling of the device. While an NbTiN ground plane
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would improve the field compatibility and allow higher-
temperature operation, the design would require more
complex modeling of the kinetic inductance contribution
of both layers, in particular because the current density in
the ground plane would not be uniform. Our work therefore
provides a baseline for future KI-TWPA designs optimized
for field compatibility.

The device is mounted in a copper box that is thermally
anchored to the mixing chamber of an Oxford Instruments
Triton 400 dilution refrigerator inside a fast-loading puck.
A 6 T-1T-1T vector magnet provides magnetic fields, with
the 6 T axis corresponding to B (see Fig. 1). The align-
ment of the device to the magnetic field axes is imperfect;
based on previous experiments, the misalignment is esti-
mated to be below 2° [33,34], but it could be greater here
because the TWPA might not be perfectly aligned to the
box, as it is glued in place. Some observed hysteresis
is likely intrinsic to the vector magnet, but most of the
observed effects originate from the device itself.

The measurement setup is shown in Fig. 5. Two diplex-
ers (DPX1) sandwich the TWPA to couple the pump in and
out, preventing saturation of subsequent amplifiers. These
commercial diplexers are not specified for cryogenic oper-
ation, but they do not show strong changes in transmission
during cooldowns. An additional diplexer (DPX2) ther-
malizes the idler band at the TWPA input to the mixing
chamber. The frequency ranges of the diplexers limit £, to
approximately 9—11 GHz.

The pump power P, is specified throughout this work
as the power at the microwave source (approximately
15dBm). The line has one attenuator of 20dB at the
4 K stage, but including approximately 20 dB of losses in
stainless-steel coaxial cable and additional components, P,
at the TWPA input is approximately —25 dBm. We did not
prioritize calibrating lines for accurate device-power esti-
mation. We also did not prioritize estimating the saturation
power in this study, as for our planned typical use case, the
TWPA saturation power is sufficiently large that it would
not be a limiting factor. We took some VNA power scans
to look for saturation effects and did not observe satura-
tion up to the maximum VNA output power of 10 dBm
(approximately —60 dBm at the TWPA input), consistent
with expectations. Measurements of the TWPA gain were
generally performed with a probe power of —40 dBm at the
VNA, corresponding to approximately —110dBm at the
TWPA input, which gave sufficient signal-to-noise ratio
for the measurements and is far below the expected sat-
uration power. Faramarzi et al. [3] found that the output
saturation power is approximately 20 dB below the pump
power. Since at higher fields and temperatures we find that
the required pump power increases, one could speculate
that saturation power increases as well, but we do not have
measurements to confirm this.

The thermalization of the termination of the pump
tone after the TWPA requires careful consideration for
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° eysig o
E5A071C ENA +0UT Ny N9000B CXA )

dc Block
Inmet 8039

cold

plate 200 mK
mixing
chamber

20 mK

Oxford Triton 400

FIG. 5. Schematic of the cryogenic measurement setup,
including input and output lines, attenuators, circulators, and
the amplification chain. The circulator at the TWPA output
enables transmission and reflection measurements without inter-
nal switching. Signal, pump, and idler routing through diplexers
is necessary because of the high pump power and in order to ther-
malize the idler input to the mixing chamber. Diplexers marked
DPX1: low band up to 7.5 GHz, high band 10.5-20 GHz. DPX2:
low band up to 11 GHz, high band 14-30 GHz.

KI-TWPAs. The significant pump power cannot be ther-
malized at the mixing chamber, as it would exceed the
cooling capacity even in large cryostats. We attached ther-
malization to the cold plate, though in retrospect, still-stage
thermalization would be preferable to reduce the cold-
plate heat load. As the mixing-chamber temperature also
increases with pump power, we capped P, at 17 dBm to
maintain base temperatures below 50 mK.

For calibration, we measured a “background transmis-
sion” through our setup with a short cable replacing the
TWPA in the loading puck. This background was sub-
tracted to calculate the net TWPA gain and the added
noise. To exclude the possibility that temperature or field
affects other components of the setup, we performed tem-
perature and field scans in this bypass configuration (see
Appendix H). We found negligible temperature and mag-
netic field dependence of the transmission in the 4-8-GHz
band. We attribute the small changes in transmission to the
circulators.
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APPENDIX B: TWPA PUMP SETTINGS AND
OPTIMIZATION

To optimize TWPA performance, we measured
(ASNR),4_ggn, for various P, and f, settings at base tem-
perature and zero field. The results are summarized in
Fig. 6. The choice of (ASNR),_g Gy, as the figure of merit
is practical: the lower limit (4 GHz) is imposed by the
circulator specifications, while this setup achieves poor
SNR improvement above 8 GHz. This figure of merit is a
good compromise because it rewards both a larger band-
width and a better overall SNR improvement. The data
show that the SNR improvement exhibits a chaotic land-
scape rather than a simple dependence on P, and f,,, which
complicates the optimization of these settings. While this
requires finding optimum settings that can also vary with
field and temperature, once optimum settings are found,
performance is stable over time. We also thermally cycled
the device multiple times during the weeks in which the
data presented here were taken and found that device

performance was reproducible, although optimum pump
settings varied slightly after thermal cycling.

We used the Nelder-Mead algorithm [61] to find opti-
mal P, and f, for every magnetic field and temperature,
using (ASNR), ggy, as the figure of merit. P, was lim-
ited to a maximum of 17 dBm to prevent excessive heating
of the fridge. The setup could have less attenuation on
the pump input line, and one could thermalize the pump
at the still plate to achieve better performance at points
were we reached this maximum power. We used multiple
starting points during the field and temperature scans to
avoid becoming trapped in local maxima. For the data in
Fig. 3, for example, we optimized around three different f,
values (10.3 GHz, 10.75 GHz, and 11.15 GHz). Around all
three frequencies, we could find pump powers for which
the TWPA gain was above 10 dB. The optimum frequen-
cies did not shift strongly with magnetic field. The results
of different optimizations from these slightly varied initial
conditions were consistent, showing that we indeed find
robust maxima.
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FIG. 6.

(a) Mean SNR improvement in the 4-8-GHz band, (ASNR),_gy,, versus pump power P, and frequency f, at zero field.

Measurements are indicated with black points. The color map indicates the SNR improvement of the nearest measured point, revealing
a chaotic landscape. Panels (b)~d) show (ASNR),_gpz» the mean within the bandwidth (ASNR)gyw, and the bandwidth BW3 45 for
the same data points as a function of f,, with P, color coded. With increasing f,, BW3 ¢g can be improved, but {ASNR) gy, is reduced.
This leads to optimum frequencies for (ASNR),_ggn,. (€) (ASNR),_ggn, as a function of P,, with f, color coded, showing that
there is no clear optimum power range. (f) SNR improvement versus gain, showing clearly that, for the bulk of the data, there is a
clear relationship between the two, consistent with a relatively fixed TWPA noise power. The higher-f, data show a different trend,

suggesting that the added noise for higher £, and P, is larger.
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Occasionally (ASNR),_ggu, exceeded (G)i_gGuzs
occurring when the device switched state between the gain
and noise measurements under strong drive. Thus, there are
occasional outliers in the (ASNR),_ggp, datasets, but we
generally repeated measurements, and the switches are rare
and not systematic. Figure 6(f) shows the general relation-
ship between mean gain and (ASNR),_g gy, characteristic
of the TWPA, with some outliers. High-pump-frequency
data follow a curve with lower (ASNR),_g gy, saturation,
possibly due to heating effects at higher required pump
powers.

APPENDIX C: TWPA INSERTION LOSS VERSUS
TEMPERATURE

This appendix presents detailed TWPA insertion-loss
data as a function of frequency and temperature. The
insertion loss is similar to that in the setup of Ref. [3].

Insertion loss (dB)
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Figure 7(a) shows gradual transmission breakdown, con-
sistent with the niobium ground plane 7, of approximately
9.1K.

Figure 7(b) shows mean insertion loss TWPA $51)4_g gr,
versus temperature and compares it to our model (detailed
in Appendix D). The model parameters are primarily based
on nominal dimensions and material properties rather than
a fit to the data. Only dielectric loss and a kinetic induc-
tance scaling factor for the NbTiN g, were adjusted to
match the data. The dielectric loss was assumed to arise
primarily from the thin dielectric in the inverse microstrip,
and this was adjusted to match TWPA S, (f) at low tem-
perature. ag; was adjusted to match the bandgap frequency
measured in dipstick measurements [Fig. 7(e)]. Dipstick
data were acquired before TWPA mounting in the dilu-
tion refrigerator. The need for the wy; factor could also
be due to slight variations in the NbTIN film thick-
ness or normal-state conductivity across a wafer. The
smoother TWPA S5, (f) in the dipstick data suggests that

Temperature (K)

TWPA S2; (dB)

I — Dipstick data (T = 4.2 K)
—30 F =~ Model

TWPA S; (dB)

1 " n n 1 " " n 1 n n " 1

4 6 8 0
[ (GHz)

FIG. 7. (a) TWPAS;; as a function of temperature 7 and f. (b) (TWPA Sy;)4_ggu, for different 7. Initially, there is a slight decrease
in insertion loss that could be due to TLS saturation. At higher 7, transmission breaks down because of quasiparticle losses. (c),(d)
TWPA S, as a function of /' for different 7, showing both the data and the model. The data in the top panel are the same as those in
the bottom panel but plotted on a different vertical scale. (¢) TWPA S5, as a function of /* for a dipstick measurement in liquid helium,
showing the bandgap frequency. The model including the bandgap is shown, as we chose ak; to match the data.

064052-10



TEMPERATURE AND FIELD LIMITS OF A KI TWPA

PHYS. REV. APPLIED 285, 064052 (2026)

the impedance mismatches outside the TWPA in the
dilution refrigerator (e.g., diplexers and circulators) are
non-negligible. The diplexers prevent the observation of
the bandgap in transmission measurements in the dilu-
tion refrigerator. Measuring the bandgap in transmission
without diplexers could improve our understanding of the
temperature (and magnetic field) dependence.

The model matches the (TWPA S5;)4_ggn, data rea-
sonably well, but we observe notable deviations when
considering the full frequency dependence at different tem-
peratures [Figs. 7(c) and 7(d)] rather than average insertion
loss. At low temperatures (below 2 K), an initial insertion-
loss decrease likely reflects two-level fluctuator saturation,
which is not included in the model [62,63]. At higher tem-
peratures, the data show stronger high-frequency losses.

APPENDIX D: MODELING TWPA S5,

We model the TWPA transmission S>; to understand
the temperature and magnetic field dependence, follow-
ing Ref. [64]. The model uses Mattis-Bardeen theory [48]
to calculate superconductor surface impedance and the
temperature and field dependence of the superconducting
gap. Whereas the temperature dependence is reasonably
described, the magnetic field dependence is more complex
and cannot be explained by gap suppression alone. Field-
induced gap suppression without an increase in tempera-
ture does not substantially increase the surface resistance.
Overall, the surface resistance changes significantly only
near B.. The limitations of the model in describing mag-
netic field dependence stem from neglecting vortex effects
and screening currents in the ground plane, which increase
pair breaking. More sophisticated models such as that of
Ref. [50] could describe the data by combining two-fluid
models with a Coffey-Clem model [65] for vortex dynam-
ics and losses. However, too many free parameters would
be required; we therefore do not pursue this approach, as it
goes beyond the scope of the present work.

Rather than fitting the model to the data, we choose
physically reasonable values based on nominal device
dimensions and material properties. We varied only two
parameters, the dielectric loss in the thin dielectric layer
and a kinetic inductance scaling factor ax; for the NbTiN,
to match the low-temperature insertion loss and the
bandgap frequency measured in a dipstick setup. Model
parameters and values are listed in Table I. Model code is
provided in the data and software repository accompanying
this work [57]. While a full parameter optimization could
improve the fit to the data, crucial bandgap-frequency data
that could constrain the parameters could not be measured
because of diplexers in our setup.

The calculation of TWPA S, for each frequency follows
these steps.

TABLE I. Summary of the model parameters with chosen
values.
Parameter Value Description

TWPA design parameters

w 340nm Microstrip width

t 35nm Strip thickness (NbTiN)

tq 350nm Ground-plane thickness
(Nb)

h 100 nm Dielectric thickness

d 2.21 um Unit-cell period

Astubs 59 Number of stubs per cell

Neells 80 Total number of unit cells

Iy 10.8 um Average stub length

1, 2.08 um Modulation amplitude

Material property parameters

TNCTiN 120K Critical temperature
(NbTiIN)

b 9.15K Critical temperature (Nb)

2A0/kgT, 3.5 Gap ratio (both materials)

o NoTiN 0.56x10°Sm~!  Normal-state conductivity
(NbTIN)

a)b 5%10°Sm™! Normal-state conductivity
(Nb)

K] 1.6 Kinetic inductance
enhancement factor

Er.sub 10.3 Substrate relative
permittivity

&7 super 114 Superstrate relative
permittivity

tan Sgyp 1x1073 Substrate loss tangent

tan Sguper 0.03 Superstrate loss tangent

(1) Calculate the superconducting gap A (7, B) for both
Nb and NbTiN materials (Appendix D 1).

(2) Compute surface impedances Z; = R, + jX; using
Mattis-Bardeen theory with the temperature- and field-
dependent gaps (Appendix D 2).

(3) Calculate transmission-line parameters (character-
istic impedance Zj, propagation constant y), including
kinetic inductance contributions (Appendix D 3).

(4) Use cascaded ABCD matrices to model the com-
plete device with modulated unit cells (Appendix D 4).

(5) Convert the total ABCD matrix to the Sp; parameter.

1. Temperature and field dependence of the gap

This section explains how we model superconducting
gap parameter A(T,B) as a function of temperature and
magnetic field, which is the key input parameter for the
Mattis-Bardeen surface-impedance calculations. We have
estimates for the 7, of NbTiN and Nb based on our dc char-
acterization and cooldown data (see Appendices F and G).
For NbTiN, we use 7. = 12.0K based on the cooldown
data (consistent with Appendix G), while our dc charac-
terization yielded a slightly higher value, possibly due to
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variations in film properties across the wafer or different
measurement techniques. For both materials, we assume
the BCS gap-to-critical-temperature ratio 2A¢/kgT, = 3.5
as an approximation; the actual values of 2A(/kpT, are
typically larger and can vary depending on film thickness
and quality [66,67].

For the temperature dependence of the gap, we assume

that [68]
T.
A(T) = A tanh (1.74,/7 - 1),

where T, is the critical temperature and Ay is the gap at
zero temperature. For magnetic field suppression, the func-
tional form depends on field orientation: for fields not too
close to the respective critical fields, out-of-plane fields
reduce the gap linearly as

A(BL) = Ao 1 By
J__ 0 BCJ_ b

while in-plane fields cause a Ginzburg-Landau-type gap
suppression,

B\’
A(B)) = Mg, |1 — (E) .

where B, and B, are effective critical magnetic fields in
the two directions (the effective critical fields are propor-
tional to, but larger than, the actual ones—see Ref. [15]).
We note that, for the magnetic field dependence, this form
of gap suppression is ultimately not sufficient to explain the
observed transmission loss, as discussed in Appendix E.

2. Mattis-Bardeen surface impedance

We use Mattis-Bardeen theory to calculate the surface
impedance Z; = R, + jX; for both the NbTiN strip and
the Nb ground plane, which provides the electromagnetic
losses and kinetic inductance contributions needed for the
transmission-line parameter calculations. The key mate-
rial parameters are the normal-state conductivities o, and
the superconducting gaps A(7, B), as well as the angular
frequency @ and the temperature 7. For superconduct-
ing materials with gap parameter A(7,B), the surface
impedance is calculated as

X0)
Z, =R+ jx, = |12
oy —JjJoy

where o] and o, are the real and imaginary parts of the
complex conductivity.

The numerical implementation uses dimensionless vari-
ables E:E/A, o= hw/A, and T:kBT/A, where E

is the quasiparticle energy, w is the angular frequency,
and T is the temperature. The complete Mattis-Bardeen
expressions [48,69] are

o _2 /‘” B —fE+NEE+D) +1)
o & VE - 1J(E+a)? -1
L0@=2 /—1 [ -YE+NEELD) +D
o Do VE-1VE+P-1
o _1 /“D [ -YE+MNEE+H) +1) -
- VI-EV(E+a7? -1

il

o, @

>

where f(E) = 1/(®/T + 1) is the Fermi-Dirac distribution
function, o, is the normal-state conductivity, and 6 (& — 2)
is the Heaviside step function. The second term in o rep-
resents pair-breaking processes that become active when
@ > 2 (i.e., hw > 2A). Our implementation neglects this
pair-breaking term because it is not significant in our fre-
quency range of interest (-8 GHz), where @ <« 1 for both
materials except near 7, or B.; thus, near the transition, the
model underestimates pair breaking.

The integrals are evaluated numerically using adap-
tive quadrature with physics-motivated integration points
based on the gradient of the integrand and regularization
(adding small complex numbers to the integrand) to better
handle singularities. For the thin NbTiN and Nb films used
in our device, finite-thickness corrections are applied to
account for the reduced dimensionality compared to bulk
superconductors; see the next subsection. The resulting
surface impedances Z; (strip) and Z; , (ground plane) are
input variables for the calculation of the transmission-line
parameters in the following section.

For magnetic field effects beyond gap suppression, addi-
tional terms could be incorporated to account for vortex-
induced losses and increased pair breaking, but we found
that the experimental data available would not allow for a
satisfactory understanding of these microscopic effects.

3. Transmission-line parameters of the inverse
microstrip

We calculate the distributed transmission-line parame-
ters of the inverse microstrip, characteristic impedance Z;
and propagation constant y = « + j 8, which are required
for the ABCD-matrix modeling of the TWPA unit cells.
The inverse-microstrip geometry features a superconduct-
ing strip positioned between the ground plane and the
substrate, in contrast to a conventional microstrip where
the strip is on top. The key geometric parameters of our
device are the strip width w, dielectric thickness #, strip
thickness f;, and ground-plane thickness 7,. We start with
the baseline transmission-line parameters calculated using

064052-12



TEMPERATURE AND FIELD LIMITS OF A KI TWPA

PHYS. REV. APPLIED 285, 064052 (2026)

the Hammerstad-Jensen model [70], then apply supercon-
ducting corrections to account for the kinetic inductance
contributions from both the strip and the ground plane.

The Hammerstad-Jensen model first calculates
thickness-corrected widths to account for finite conductor
thickness:

A tS/hl (1 + de >
Uy = ——1n ,
S (ts/h) coth®(v/6.517u)

1 1
Aup = (1 + ——F—= | Auy,

2( cosh«/e,—l) :

where u = w/h is the normalized strip width, ¢, is the strip
thickness, / is the dielectric thickness, and &, is the relative
permittivity.

The effective dielectric constant for the baseline geome-
try is

s,+1+g,—1 1+10 —ab
& = — R
eft0 2 2 ",
1 4 ./52)2
g1t L |t @/32)°
49 ut +0.432
+ L I (s ’
— In
18.7 181) |
0.053
b=0.564<8’ 0'9) ,
& +3

where u, = u + Au, is the thickness-corrected normal-
ized width. We use separate dielectric properties for the
substrate and superstrate: relative permittivities &, g, and
&rsuper and loss tangents tan §gy, and tan Sgyper-.

The effective dielectric constant for mixed dielectrics
is calculated by weighting the substrate and superstrate
contributions:

Eeff = Er,subqsub + Er,superdsupers

where the field-filling factors g and gguper are defined
below.
The characteristic impedance of the baseline microstrip is

1o

Z m(Ey 1 (2 2
= —— In|{ — — ,
0,base T Berto ", u,

where 1y = 377 Q is the free-space impedance and

Fy =6+ (2 — 6) exp(—(30.666/u,)" 7).

From the baseline parameters, we extract the geometric
inductance and capacitance:

I/ . Zo base _ Zo ase A/ Eeff0
eom - 5
£ Uph,base c
C = 1 o Eeff,0

ZO,base vph,base ZO,baseC

The kinetic inductance contributions are calculated from
the surface impedances Z,; and Z;, and are added to the
geometric inductance. The surface inductance is corrected
for finite-thickness films using the Pearl effect:

t
Esurf = Uok coth (X),

where (o is the permeability of free space, A is the pen-
etration depth, and ¢ is the film thickness. The penetration
depth A is calculated from the imaginary part of the surface
impedance:

Im(Z
P m( s,s) , }\g
wo

_ Im(Zs,)
B oy

where o is the angular frequency, Z;; is the surface
impedance of the strip, and Z, is the surface impedance
of the ground plane.

The total distributed inductance combines geometric
and kinetic components:

=1 + Esurf,SO[KI + Esurf,g
— “geom >
w w

where axy is a kinetic inductance enhancement factor
for the thin NbTiN center conductor. It was one of two
parameters varied to match the model to the data. With-
out this additional factor, the TWPA bandgap in the model
would not match the helium dipstick measurement pre-
sented in Fig. 7(e). It is not unplausible that the model
underestimates the kinetic inductance. This could be due
to variations in thickness or conductivity, as there are vari-
ations in film properties across a wafer. Additionally, a
nonuniform current distribution in the center-conductor
strip could also increase the effective kinetic inductance.
We decided to include this factor rather than attempt to
adjust the nominal parameters. We also assume that the
current distribution in the ground plane is uniform across
the width of the center conductor. This is an approxima-
tion, and the current will probably spread out, especially
once A, approaches the ground-plane thickness #,. This
could partly offset increases in the kinetic inductance of the
ground plane that are expected with increasing temperature
and magnetic field.

We include both dielectric and conductor loss in the real
part o of the complex propagation constant y = o +j 8.
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The two loss contributions can be added: o = ayq + «..
Dielectric losses arise from the finite loss tangents of
the substrate and superstrate materials, weighted by their
respective field-filling factors:

11 1 w 1 + InG2
Gsub = = + = 1 —tanh | = In Esub + n(u ),
2 4 2 Esuper 14+10/u

super = 1 - qsub>

nf
g = 7 Eetr(qsub tan Sgup + Gsuper tan Ssupef)’

where ggp and ggper are the field-filling factors in the
substrate and the superstrate, respectively. Conductor
losses are calculated from the real parts of the surface
impedances:

_ RO/ wARE w
_ -

Y 8655

c

where R = Re(Z;,) and R® = Re(Z,,) are the surface
resistances of the strip and the ground plane, respectively.
These losses are incorporated into the complex charac-
teristic impedance by calculating the resistance and con-
ductance per unit length: R = «.Zy and G’ = 2aq4/Zy. The
complex characteristic impedance is then calculated:

Zcomplex — R +ij/
0 G +joC’

These transmission-line parameters (Zy, y) serve as inputs
for the ABCD-matrix formalism described in the next
section.

4. ABCD-matrix formalism to calculate S,;

Using the transmission-line parameters from the previ-
ous section (characteristic impedance Z; and propagation
constant y = « +j 8), we model the TWPA using cas-
caded ABCD matrices to calculate the overall S,;. The
TWPA modulation is implemented using a unit cell with
periodically spaced capacitive stubs.

For a transmission-line segment of length d, the ABCD
matrix is

cosh(yd)

A B _ Zy sinh(yd)
C D line_ (1/Zy) sinh(yd) )

cosh(yd)

For a capacitive stub of length /; with stub admittance
Yswo =J (2/Zp) tan(BI;), the ABCD matrix is

[A B} _ [ 1 0}

C D, Youb 1

The unit-cell structure consists of transmission-line seg-
ments with stub spacing d and contains #ngyps stubs. The

total device contains ngeys unit cells. The modulation of
stub lengths follows a sinusoidal pattern:

l,»=lo+lasin(27r ! )
Hstubs

where /; is the stub length of the ith stub, /; is the average
stub length, and /, is the modulation amplitude.

The unit-cell matrix is constructed by cascading (matrix
multiplication) the transmission line segments and stub
matrices:

Mstubs

Acell - Aline,l/Z l_[ (Astub,iAline)a
i=1

where Ay 12 represents the initial half-length
transmission-line segment. For the complete TWPA with
Neelts UNit cells, the total ABCD matrix is computed using
matrix exponentiation:

_ Heells
Atotal =A .

cell

Finally, the S,; parameter is calculated from the total
ABCD matrix assuming a 50 2 environment:

2
A+ B/Z + CZ™ + D’

S$o1

where Z5™ = 50 Q.

APPENDIX E: TWPA INSERTION LOSS VERSUS
MAGNETIC FIELD

This appendix discusses TWPA insertion loss as a func-
tion of field for the three orthogonal magnetic field direc-
tions. Although we did not find a model that describes
the data with satisfying accuracy (unlike for the temper-
ature dependence), the main features can be understood
qualitatively and generally follow expectations.

1. B) 1 direction

Figure 8 shows TWPA S, for a B | range beyond where
the TWPA provides gain (as presented in the main text), up
to transmission breakdown. Figure 8(b) shows mean inser-
tion loss (TWPA S»1)4_ggn, for different sweeps, reveal-
ing hysteresis that likely indicates that vortices play a
role, even at relatively low B ;. This at least partially
arises from misalignment of the sample plane to By ;; this
becomes clearer when comparing it to the B, direction
presented below.

Mattis-Bardeen modeling with field-dependent gap sup-
pression does not describe the data well, even if we
assume that the hysteresis is due to misalignment. While
(TWPA S51)4_gGu versus T and B appear similar, field-
dependent models predict sudden changes only near B,
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FIG. 8. (a) TWPA S, as a function of B); and frequency. (b)

Average insertion loss (TWPA S5))4_ggn, for different sweeps
of B,1. The TWPA is initialized by a thermal cycle in zero field.
The field is then ramped to 1.6 T, down to —1.6 T, and back up
past 0 T. The inset shows the magnified low-field region.

whereas we observe gradual degradation at much lower
fields. Given the likely combination of misalignment-
induced vortices, screening currents, and in-plane fields
affecting vortex dynamics, we concluded that fitting com-
plex models to the field dependence would not provide
additional insight.

2. B> direction

For the second in-plane direction, we acquired only
transmission data (no gain or ASNR measurements). Data
are shown in Fig. 9. Vector-magnet limitations restricted
the By, field range, and the TWPA would not fit into the
puck of the fridge with the 6 T axis aligned to the By
direction. Thus, measurements focused mainly on the B
direction, where the transmission through the TWPA can
be fully suppressed with field. To compare the two in-plane
field directions, Fig. 9(b) shows mean (TWPA S>1)4_sGHy
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FIG. 9. (a) TWPA S, as a function of B, and frequency. (b)

(TWPA S$1)4_3GH, as a function of B, and B ; for comparison.
Interestingly, the second in-plane direction shows less hystere-
sis and a slower suppression of (TWPA S51)4_ggn,. The different
behavior in the two in-plane directions could be due to align-
ment or due to device geometry playing a role that we do not
understand yet. (c) (TWPA S>1)4_ggn, as a function of B, in the
low-field region. When the field is swept back and forth with pro-
gressively smaller amplitudes toward zero, (TWPA S21)4_gGHz
can be slightly improved. This suggests that, after thermal cycles
at nominally zero field, the device likely has some vortex losses.

versus both B, and By ;. The field dependence is similar,
but (TWPA S51)4_gGu Suppression is less pronounced and
hysteresis is smaller for B », possibly indicating better in-
plane alignment for that direction. However, the reduced
hysteresis could also result from the smaller maximum
field before reversing the scan direction. Given the mean-
dering geometry of the TWPA (see Fig. 1), neither the B
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FIG. 10. (a),(b) TWPAS;; as a function of B, and frequency

for a downward and subsequent upward sweep. Hysteresis is
clearly strongest for B, as expected. (¢c) (TWPA S»1)4_ggn, for
different sweeps of B .

nor the By, direction is perfectly aligned with the device
current flow, and differences between the field directions
are not expected except due to a possible difference in
misalignment.

3. B, direction

The B, dependence of the TWPA insertion loss is
shown in Fig. 10. Figure 10(b) shows the strong hys-
teresis of (TWPA S31)4_ggu, as a function of B, . This

hysteresis is similar to that observed in resonators [51].
TWPA transmission is fully suppressed around 200 mT
and only starts to recover around 80 mT during the down-
ward sweep, peaking beyond zero field. The initial trans-
mission can be recovered by thermal cycling, which we
performed between all separate field sweeps. One could
also sweep back and forth with progressively smaller
amplitudes to recover the initial transmission [51], as we
observed for the B, direction in Fig. 9(c).

APPENDIX F: DC CHARACTERIZATION OF
MATERIAL 7, AND B,

To determine 7, and B, of the materials used in the
TWPA, nominally identical Nb and NbTiN films were
deposited and measured in a physical property measure-
ment system (PPMS). Four-terminal resistance measure-
ments were acquired as functions of temperature 7 and
magnetic field B,. We extract 7. from the midpoint of
the superconducting transition [Fig. 11(a)]. The plot of
T. versus B, [Fig. 11(b)] shows a linear decrease with
increasing field, similar to other thin-film superconductors
[71,72]. We estimate the zero-temperature critical field in
two ways. First, using proper extensions of the Abrikosov-
Gorkov (AG) theory of T, suppression by magnetic impu-
rities (see Chapter 10 of Ref. [69]), or equivalently the
results of Werthamer-Helfand-Hohenberg (WHH) [73] for
weakly coupled BCS superconductors in the dirty limit, the
zero-temperature upper critical field can be related to its
temperature derivative near 7:

dBe
B (0) = O.69Tc|: =7 ]T_T .

From a linear fit to the data for Nb, we thus obtain a crit-
ical field of 1.34 T; this is slightly smaller than the field
of approximately 1.5 T at which we observe full suppres-
sion of TWPA S,;. This may be due to our assumption of
negligible spin-paramagnetic effects and spin-orbit interac-
tions. Moreover, the 0.69 prefactor may not be accurate for
niobium films [74].

As an alternative to the linear fit, we fit the data using the
AG relationship between T, and the parameter « character-
izing the strength of the relevant pair-breaking mechanism
[69], using

| T. " 1 v 1 n o
n(— | = - - -4+ —

TCO 2 2 TC/TCO ’
where 1 (x) is the digamma function and 7,y = 7.(0) is the
critical temperature in the absence of pair breaking, o = 0.
For thin films in perpendicular fields, « = DeB /c, where
D is the electronic diffusion constant and B, is the mag-

netic field [69]. This makes « linearly proportional to the
applied field, with the proportionality constant determined
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FIG. 11. (a) Normalized resistance as a function of tempera-

ture 7 for Nb and NbTiN films from a similar device at different
B, . T, is extracted from the midpoint of the transitions. For
B, = 1.5T, the highest-field data point for Nb, the transition
could not be fully observed because the minimum temperature
of the measurement system was 2 K; the data were extrapolated
(dashed line) to obtain an estimate. (b) 7, at different B shows
a linear decrease with increasing field, consistent with a disor-
dered superconductor. We can estimate B. and 7, based on the
axis intersects of a linear fit for the two superconductors or the
AG model described in the text; for NbTiN, the two fits are
indistinguishable over the range of the plot.

by material properties. In practice, we write « in the form
o = B, /B. and implement this model numerically, solving
the transcendental equation and fitting our experimental
data with B, as the only free parameter while keeping 7..(0)
fixed at the measured zero-field value. This approach gives
B, >~ 1.6T, a value in better agreement with the observed
suppression of TWPA S;, even though the model does not
fit the data as well as the simpler linear fit. Measurements
also indicate that the NbTiN critical field is large enough
that it will not limit TWPA performance, since the fitted
AG value of B, for NbTiN is approximately 13.8 T (close
to the linear-fit intersect multiplied by 0.69). From this crit-
ical field value, we estimate the coherence length & via the
relation B, = ¢y/27&2, finding & ~ 4.9 nm.

APPENDIX G: 7. ESTIMATE BASED ON
COOLDOWN DATA

We can also estimate critical temperatures of NbTiN and
Nb films from S,; and S,; measurements during TWPA
cooldown. We measure Sy, using the circulator at the
TWPA output (Fig. 5). The temperature dependence of
TWPA S,; [Fig. 12(a)] shows that transmission appears
only below 9.15 K, consistent with the 7, of the Nb ground
plane (see Appendix F).

Reflection S5, [Fig. 12(b)] shows a clear transi-
tion around 12.0K, close to the 7, of the NbTIN
microstrip but slightly lower than the dc characteriza-
tion data on nominally identical films. Full reflection
before the NbTiN superconducting transition is consistent
with the resistive conducting microstrip representing an
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FIG. 12. Transmission S,; through (a) and reflection S5, from
(b) the TWPA. The critical temperatures of the different materials
are indicated. Transmission breaks down as the Nb ground plane
transitions to its nonsuperconducting state. The reflection data
clearly show when the NbTiN microstrip transitions.
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extreme impedance mismatch. However, the sudden low-
temperature frequency-dependent change in S, around
8.5 GHz results from the diplexer and has nothing to do
with the TWPA. Curiously, temperature-dependent pho-
tonic bandgap frequency likely appears as a faint reflection
peak between 9 and 12 K.

APPENDIX H: FIELD AND TEMPERATURE
DEPENDENCE OF THE SETUP TRANSMISSION
WITHOUT THE TWPA

The question arises whether setup components have
magnetic field or temperature dependence that could be
conflated with the TWPA effects. Circulators are natural
candidates, as is the superconducting NbTi cable between
the mixing chamber and the 4 K stage. Circulators have
magnetic shields, but these primarily protect other compo-
nents from circulator stray fields rather than protecting the
circulator from external fields; the shields fail at relatively
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FIG. 13. (a) Change in S,; for a bypass cable instead of the

TWPA, showing that magnetic field B ; has little effect on the
calibration. At low frequencies, the circulator band edge seems to
shift downward at higher field, actually improving transmission.
(®) (S21)4_gGuz as a function of 7 compared to the calibration
dataset. There is a loss of a fraction of a decibel, but this might
have been by a slightly loose cable. At the highest fields, some
losses increase.

low fields. HEMT amplifiers could also show magnetic
field dependence, but they are mounted far from the mag-
net center, at the 4 K stage. Stray fields in our setup were
previously reported in Ref. [15].

To estimate these effects, we also measured the bypass
configuration, where the TWPA was replaced by a short
cable, as a function of magnetic field and temperature.
The field dependence of the bypass configuration S
is shown in Fig. 13. We chose the z direction because
it corresponds to the 6 T field direction of our vector
magnet. Measurements differ by a fraction of a deci-
bel from the calibration measurements, which were taken
on a different occasion. However, except for frequen-
cies below 4 GHz (the circulator band edge), almost no
field dependence is visible. Minimal hysteresis can be
observed (we also measured while sweeping the field back
down), but overall effects appear negligible, particularly
since we exclude data below 4 GHz for TWPA figures of
merit.

]
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=
. —
4 .
- 0.5 T T T T T T (.b)
g8 oottty i
U N i
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FIG. 14. (a) Change in S,; for a bypass cable instead of the

TWPA, showing that temperature T" does not affect the calibration
in the relevant range. (b) (S21)4_g G, as a function of 7 compared
to the calibration dataset. Around 10K there is a sudden jump,
likely due to the transition of the superconducting coaxial cable
between the mixing chamber and the HEMT amplifier at the 4 K
stage. There is also likely a slight shift in the circulator band edge
with T.
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The temperature dependence of the bypass configuration
S>1 (Fig. 14) shows weak effects that similarly do not influ-
ence TWPA characterization. Small circulator band-edge
changes occur around 2 K but only for frequencies below
4 GHz. A jump at 10K is consistent with the supercon-
ducting transition of the NbTi cable between the mixing
chamber and the HEMT amplifier at the 4 K stage. At
this temperature, the TWPA shows no transmission, so this
does not affect TWPA characterization.
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