<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

De Rooij, S. A. H., Baselmans, J. J. A., Bueno, J., Murugesan, V., Thoen, D. J., & De Visser, P. J. (2025). Volume
dependence of microwave-induced excess quasiparticles in superconducting resonators. Physical Review Applied,
24(2), Article 024007. https://doi.org/10.1103/6h78-ypgn

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1103/6h78-ypgn

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

PHYSICAL REVIEW APPLIED 24, 024007 (2025)

Volume dependence of microwave-induced excess quasiparticles in
superconducting resonators

Steven A.H. de Rooij®,">" Jochem J.A. Baselmans®,"? Juan Bueno,? Vignesh Murugesan, '
David J. Thoen®,! and Pieter J. de Visser®!-*
' SRON—Netherlands Institute for Space Research, Niels Bohrweg 4, 2333 CA Leiden, The Netherlands

2Faculty of Electrical Engineering, Mathematics and Computer Science, Delft University of Technology,
Mekelweg 4, 2628 CD Delft, The Netherlands

M (Received 12 March 2025; revised 2 June 2025; accepted 10 July 2025; published 5 August 2025)

The presence of quasiparticles typically degrades the performance of superconducting microwave cir-
cuits. The readout signal can generate nonequilibrium quasiparticles, which lead to excess microwave
loss and decoherence. To understand this effect quantitatively, we measure quasiparticle fluctuations and
extract the quasiparticle density across different temperatures, readout powers, and resonator volumes.
We find that microwave power generates a higher quasiparticle density as the active resonator volume is
reduced and show that this effect sets a sensitivity limit on kinetic inductance detectors. We compare our
results with theoretical models of direct microwave photon absorption by quasiparticles and conclude that
an unknown, indirect mechanism plays a dominant role in quasiparticle generation. These results provide
a route to mitigate quasiparticle generation due to readout power in superconducting devices.

DOI: 10.1103/6h78-ypgn

I. INTRODUCTION

Superconducting devices have found numerous appli-
cations, ranging from advanced quantum circuits to the
most sensitive radiation detectors. Quasiparticles (i.e., bro-
ken Cooper pairs) generally degrade the performance of
these devices as they introduce microwave loss, decoher-
ence [1], and reduced detector sensitivity [2]. The quasi-
particle density exponentially decreases with decreasing
bath temperature, but is typically observed to saturate at
low temperatures [3,4]. Multiple sources of quasiparticle
generation have been identified and mitigated, including
cosmic rays [5,6], radioactivity [7], and stray light [8].

We focus on the quasiparticle generation by the
microwave signal used to read out the superconduct-
ing devices [9]. The on-chip power of this readout sig-
nal (Preaq) induces two nonlinear effects. The first is a
nonlinear kinetic inductance effect. The kinetic induc-
tance increases quadratically when the current becomes a
significant fraction of the critical current. This nonlinear
inductance is used in parametric amplifiers [10] and tun-
able resonators [11]. It is an effect of the acceleration of the
Cooper pair condensate. The second effect is the absorption
of microwave photons by quasiparticles [12,13], result-
ing in a redistribution to higher energies [14,15]. At low
temperatures, this can lead to an increased quasiparticle
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density. Direct pair-breaking by microwave photons is not
possible because their energy (hwy) is much smaller than
the gap energy (2A). However, when the quasiparticle
relaxation rate is small compared to the photon absorp-
tion rate, quasiparticles can absorb multiple microwave
photons. As a result, redistributed quasiparticles with ener-
gies greater than 3A can emit phonons with gap energy
greater than 2A to break Cooper pairs. This leads to
an excess quasiparticle density at low bath temperatures,
which increases with Peaq [9].

Superconducting resonators are particularly sensitive to
both these effects, since P..,q accumulates to an internal
power, Piy X QPyeq, Where Q is the quality factor. The
quality factor is typically limited by the coupling quality
factor, Q., which is usually greater than 10*. Resonators
are widely used in quantum circuits and as ultrasensi-
tive radiation detectors spanning millimeter-wave to vis-
ible wavelengths, known as microwave kinetic inductance
detectors (MKIDs) [16]. To reduce two-level system noise
(TLS), MKIDs are typically operated at a high Pj, [17],
just below the bifurcation power, PPif. At PPIf the nonlin-
ear kinetic inductance causes hysteresis in the resonance
curve [18]. At such high Pj,, we expect quasiparticle
redistribution effects to become important as well.

Another common approach to improve the sensitivity of
MKIDs is reducing the absorption volume [19]. However,
in Ref. [20] it is observed that decreasing V' by a factor of 7
does not increase the sensitivity when driving close to P2,
At the same time, the quasiparticle recombination time is

© 2025 American Physical Society
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Generation-recombination noise measurement on hybrid superconducting resonators. (a) Diagram of one of the resonators

studied. The central line of the inductive part is a narrow (1.7 pwm) Al line of various lengths. At the end of the inductive section, a
twin-slot antenna is patterned in the NbTiN, which is not used in the measurement. The gaps to the NbTiN ground plane are 2 pm
for the inductive section. The NbTiN shunt capacitive part has a 40-pum-wide central line and 8-um-wide gaps. We measure the
forward transmission and calibrate it to the resonance curve to obtain 4 and 6. (b) Energy diagram of the relevant processes regarding
quasiparticles (red), Cooper pairs (blue), phonons (green), and microwave photons (orange). By analyzing correlations in §4 and 6,
we extract information about the quasiparticle generation-recombination process. (c) Measured cross-power spectral densities for one
of the resonators, at different bath temperatures. From a fit (dashed line), we obtain the quasiparticle density and effective lifetime.

observed to decrease with decreasing volume. That points
toward a volume-dependent excess quasiparticle density,
since the quasiparticle lifetime and density are inversely
related. This raises the question: how are the excess quasi-
particle density, MKID sensitivity, readout power, and
resonator volume interrelated?

II. DEVICE DESIGN AND MEASUREMENT

To answer this question, we measure the quasiparti-
cle density in Al sections of different volumes, which are
embedded in a NbTiN microwave resonator [see Fig. 1(a)].
The NbTiIN (normal state resistivity pxy = 158 w2 cm,
critical temperature 7, = 14.6 K, thickness d = 110 nm)
[21] is sputtered on a c-Sapphire substrate and patterned
using a reactive ion etch as a large shunt interdigitated
capacitor (IDC) [22] to decrease the impedance of that
section. By changing the length of the IDC fingers we
set the resonance frequency, wg/(27), between 4.5 and
6.5 GHz. The resonator is capacitively coupled to the trans-
mission line with a coupling bar, which sets Q. between
30000 and 100000 for the resonators studied here. The
inductive section is a coplanar waveguide (CPW) with a
sputtered and wet etched Al central line (oy = 0.7 L2 cm,

T. = 1.18 K, d = 40 nm), which is shorted at the end to
make a quarter wave resonator.

In our analysis, we assume that we effectively probe
an Al resonator with a volume equal to the volume of
the Al strip. This is justified by the fact that the sensi-
tivity to quasiparticles in the Al is significantly greater
than for quasiparticles in the NbTiN, since the current den-
sity in the Al is uniform and much greater than in the
NbTiN. The quasiparticles in the Al are confined in the
strip, because of the larger gap energy of NbTiN. Fur-
thermore, the microwave photons in the resonator mainly
interact with the quasiparticles in the Al, because of the
high impedance of the Al line and small Al volume com-
pared to the NbTiN volume [23]. See Appendix A for
an estimate of the quasiparticle sensitivity and photon
interaction in the Al versus the NbTiN.

We probe the resonator at its resonance frequency with
Pread, resulting in an internal power [24]

hwg
Py = —(npn) =
T

207
70
where (n,n) represents the average number of photons

in the resonator. O = (1/Q. + 1/0;)~" the loaded qual-
ity factor, with Q; the internal quality factor. We measure

(1)

P reads
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the forward transmission and calibrate it with respect to
the resonance circle in the 1Q plane, to obtain the normal-
ized amplitude (§4) and phase (6) [25]. §4 corresponds to
changes in the dissipation (i.e., §(1/0;)), induced by the
quasiparticles, and 6 to changes in the kinetic inductance
(i.e., dwy), induced by Cooper pairs [see Fig. 1(b)]. We
record noise in 54 and 0 at different bath temperatures and
calculate the cross-power spectral density, shown in Fig.
1(c) [9]. As we select for correlated changes in §4 and 9,
we effectively probe the generation-recombination process
[9]. This process is characterized by a Lorentzian spectrum
[4,26],

Ssa9(@) =

4(8Ng,) o [dSA do } @

1+ (012)? | dNgy dNg,

Here, Ny is the average number of quasiparticles inside
the Al volume and 7y, is the effective quasiparticle recom-
bination time. We measure the term inside the brackets,
that is, the amplitude and phase responsivities to changes
in quasiparticle number, independently, by sweeping the
bath temperature for 7 > T /5 and recording the change in
resonance frequency (wp) and internal quality factor (Q;)
[27]. From the same measurement, we obtain the kinetic
inductance fraction, o [28], which is between 2% and
8% for the devices studied here. With the responsivities
known, we fit Eq. (2) to the data to obtain 7 and (8Ng,).
An example fit is shown in Fig. 1(c).

The quasiparticle fluctuation variance is given by
(8Ng)) = 2RNg 7z /V[29], where R = 2A%/((kzTe)’ NoTo)
is the recombination constant renormalized for phonon
trapping (indicated by the bar). Here, kp is the Boltz-
mann constant and Ny = 1.72 x 10* peV™! pm™3 is
the single spin density of states at the Fermi level for
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Al [30]. For A, we use the Bardeen-Cooper-Schrieffer
(BCS) result, 2A = 3.52kpT.. Ty = To(1 + Tesc/Tpp) is the
renormalized electron-phonon time constant, with 7y =
438 ns describing the electron-phonon coupling strength
and 1, = 0.28 ns the phonon pair-breaking time in Al
[30]. Tesc is the phonon escape time, which we get from a fit
to the high temperature data of r;p = Tgp(1 + Tese/Tpb) /2,
with 7, = 1/(2Rnl)), where n]_ is the thermal quasipar-
ticle density [black line in Fig. 2(a)]. The fit is shown in
the insets of Fig. 2 and results in T = 0.42 + 0.07 ns.
From an analytical calculation of the phonon transparency
of the Al-Sapphire interface [31,32] we find 7. = 0.40 ns,
which is consistent. Combining these results, we can
extract the quasiparticle density, ng, = Ngp/V from the
measured variance.

The expression we use for the variance has recently been
calculated in Ref. [29] and includes the effects of quasi-
particle generation by microwave readout power. When
phonons dominate the quasiparticle generation, it results in
(NZ,) = Ngp, because in this regime 7/, = 1/(2Rngp) [26].
When microwave power dominates, however, an excess
quasiparticle density absorbs more microwave power,
which results in a higher variance of (N(fp) = 2Ny, and

5 = 1/(Rngp).

II1. RESULTS AND DISCUSSION

Figure 2(a) shows ng, obtained in this way, for one
resonator and various Pi,. At high temperatures ng, is
equal to the thermal quasiparticle density, which verifies
the method we use to extract ngp. At high Pj, and low
temperatures, ng, saturates at a value that increases with
increasing Piy. The inset shows the results for r&"p from
the same fits, which saturate for low temperatures at lower
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FIG. 2. Results of the noise measurements for (a) the smallest Al volume resonator at various internal signal powers and (b) various
Al volumes when the microwave signal power is close to the bifurcation point. Error bars indicate statistical fit errors [see Fig. 3(c)]
and are smaller than the data points for most data points. The insets show the results for the effective quasiparticle lifetime, obtained
from the same measurements. The black line in the insets is a fit to r;p(T) = Tgp(D(1 + Tese/Tpp) /2, With Teee = 0.42 £ 0.07 ns as only
free fit parameter. The error indicates the spread in fit results for the different resonators. We get 7, and 74, (7) for Al from [30].
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FIG. 3. Excess quasiparticle density due to microwave power compared to kinetic equation calculations. (a) Comparison with the
numerical study of Ref. [14] [Eq. (5)]. The solid line is Eq. (5) with 1, from Ref. [33] for Al. The dashed line is with 7y, = 4 x 1074
as a fit parameter. The data points are the low temperature data of Fig. 2(b) using the same color coding for the device volume and
with the error bars given by the standard deviation of the three lowest temperature points. The x axis is Paps/V [see Eq. (4)] with O;
from measurement. The inset shows the saturated effective quasiparticle lifetime from Fig. 2(b) on the same x axis as the main panel,
compared to the expected effective lifetime from g, = 1/ (I_?na‘,) with 724 = 4 x 107* as the dashed line. The dotted line includes an
additional relaxation channel with a time constant of 2 ms. (b) Comparison with the analytical description in Ref. [23] [Eq. (9)] without
fit parameter. The main difference is that in Ref. [23] the authors use an analytical expression for the quasiparticle-photon coupling

constant, allowing Py as parameter, as opposed to P> in Ref. [14]. The data points are the same as in (a), but on a different x axis. The

inset shows the internal quality factor normalized to the quasiparticle density and resonator properties, Qi = Qiaxhwong, /(2Ny A?), on
the same x axis as the main panel. The dots are measured values, including Q; from a separate measurement and rg, from the main
panel. The solid line is the prediction for the quasiparticle creation regime and the dashed line for the redistribution regime, both from
Ref. [23]. As the measured values are consistently lower, a process different from quasiparticle dissipation is likely to limit Q;.

values for higher Pjy. This aligns with Ref. [9], confirming
that the microwave power induces excess quasiparticles.
Figure 2(b) shows ng, for various Al volumes when
Pj¢ is close to P}’nif, that is, in the high-microwave-power
regime. We estimate the bifurcation power for the kinetic

inductance nonlinearity as

term [12,13], which is proportional to the quasiparticle-
photon coupling constant cgﬁot. The authors of Ref. [14]
gflot by equating the absorbed power
by the quasiparticles (P}r ) to the power lost due to inelas-
tic scattering (both quasiparticle-phonon scattering and
recombination). They take P, as input parameter in the
model. The dissipated power density in a resonator can be

calculated as [24]

implicitly determine ¢

. V.
PUIf — 0.64NyA2 22 3)
0

nt 2
Oy

This expression is derived in Appendix B for a quarter-
wave resonator with uniform current density.

We observe from Fig. 2(b) that the excess quasiparti-
cle density is higher and the effective quasiparticle lifetime
decreases for the smaller Al volumes. We conclude that
the quasiparticle generation by microwave readout power
is more effective at small Al volumes.

Pabs _ 2Q2 Pread _ ”Pint
yvoo00 Voo

4)

If O; is dominated by quasiparticle losses (i.e., 0; = OF),
PP is equal to P and can be obtained from mea-
surements. The power lost due to inelastic scattering is
obtained from the numerical calculations.

A. Excess quasiparticles due to dissipated microwave This results in two regimes. At high bath temperatures,

power

To quantify this statement, we compare these results
to theory. In Ref. [14], the authors numerically study the
kinetic equations describing the phonon and quasiparticle
distribution functions in a nonequilibrium state [34]. The
readout power effects are included via a microwave drive

thermal quasiparticles are redistributed to higher energies
due to P away from A, and Q; increases (“redistribution
regime”). At low bath temperatures, Py, induces excess
quasiparticles and Q; decreases (“quasiparticle creation
regime”). These two regimes are experimentally observed
in Ref. [15]. The dependence of wy on Py, was observed to

024007-4
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be much stronger than expected from the excess quasipar-
ticle density [15]. This was later identified as a nonlinear
kinetic inductance effect [35,36].

Here, we focus on the quasiparticle creation regime. In
Fig. 3(a), we show the excess quasiparticle density, ng, =
Ngp — ngp, from Fig. 2(b) as a function of the absorbed
power density [P,,s/V, see Eq. (4)].

In the quasiparticle creation regime, the excess quasi-
particle density is predicted to be [14]

o 5 NG

o \/ 7 Ping 8(1 + Tese/ 7o) N3 Ak

Ngp = 1/ 24
oV

where g = 3.4 x 10" W/m®/K for Al [14], which
describes the power flow density from the quasiparticles to
the phonons. If only recombination (and no phonon scat-
tering) were taken into account, this would equal £*° =
2mkg(2NyA)*R = 2.7 x 10" W/m?/K (see Appendix B
for a derivation). The parameter 1,5 in Eq. (5) is the frac-
tion of the phonons with an energy greater than 2A, which
can be interpreted as a pair-breaking efficiency for the
absorbed microwave power in the quasiparticle system. It
has been numerically calculated in Ref. [33]. For Al in our
Paps/V regime we get oo = 0.20 — 0.013, which results
in the black line in Fig. 3(a). This prediction clearly does
not describe the measured quasiparticle density. If we use
N as fit parameter, we obtain 7, = 4 x 10~#, shown by
the dashed line in Fig. 3(a). This value for 1,5 is compa-
rable to the values found in Ref. [9] (where this parameter
is defined as ne,q). This description satisfactorily explains
the data and we thus conclude that the excess quasiparticle
density follows the dependence ng; o< v/ Paps/ V.

This dependence results in a quasiparticle lifetime scal-
ing as 7y, & 1/ngp o< o/Pavs/V. We verify this in the inset
of Fig. 3(a). The dashed line is given by 1/ (Rng’];), with
ngy from Eq. (5) with o4 = 4 x 107, The deviation from
the dashed line at low P,,s/V could be due to additional
quasiparticle relaxation channels, such as recombination
in impurities [37,38] or disorder-induced gap inhomo-
geneities [39,40]. To account for that, we included a satu-
ration lifetime of 2 ms in the dotted line, which is a typical
value for Al [38]. The dotted line describes the data well,
which supports our conclusion that ng; o< /Pavs/ V.

B. Limiting MKID sensitivity

The sensitivity of a power-integrating MKID is mea-
sured as the noise equivalent power (NEP). This is ulti-
mately limited by the fluctuations of quasiparticles in the
absorber volume [2], NEPGr = 2A /npp/ngpV/ Top where
npb 1s the pair-breaking efficiency of pair-breaking pho-
tons [41]. In the quasiparticle creation regime, this is
thus limited by the excess quasiparticles generated by the
microwave probe. To suppress other noise sources such

as TLS and amplifier noise, typically a high probe power
is chosen. If we assume the internal microwave power
to be the maximum before bifurcation, Py = Pibnif [Eq.
(3)], the internal quality factor is limited by quasiparticles,
0= Q?P, and kpT < (A, huwp), we can estimate this to be

(see Appendix C)

. A3 T
NEPUf — 3728 |2 V20 (6)
Npb \ AR Oay

Substituting 724 = 4 x 1074, ny, = 0.37 [20,41], and the
material and resonator parameters from Ref. [20], we
obtain 1.8 x 10720 W/+/Hz. Ref. [20] measured a simi-
lar value 3.1 x 1072° W/+/Hz for all resonators, while the
design parameters (V, wo, O, and oy) vary significantly.
According to Eq. (6) the quasiparticle-limited NEP should
vary as /Vwo/(Qax). This factor is approximately con-
stant for all resonators in Ref. [20], which suggests that
fluctuations of the microwave-induced excess quasiparti-
cles limit the NEP of small volume MKIDs driven at high
readout powers. This limit can be relaxed by decreasing the
factor /Vwy/(Qay) in the MKID design. However, this
will decrease the maximum internal power, since PRI oc
Vawo/ (Qaﬁ) (Eq. (3), and in turn increase TLS noise [42].
Therefore, to improve the NEP of MKIDs further, both
the factor +/Vaw,/(Qay) and TLS noise must be reduced
simultaneously.

C. Microscopic mechanism for excess quasiparticles

From Fig. 3(a), we concluded that P,/V generates
excess quasiparticles with an efficiency n,,. However, it
is not clear which microscopic mechanism is responsible
for this. The authors of Ref. [23] pursued an analyti-
cal approach to solving the kinetic equations, preserving
the microscopic nature of direct photon absorption. They
explicitly calculate the quasiparticle-photon coupling con-
stant [43] for (npn) > 1 as the ratio between the photon
absorption and the normalized power dissipation in the
resonator,

qp
ap Pabs UN/Ul 1 O’N/O'l ~ [0}

= — = — ~ . 7
o = T p 2NV O 2hNeP - 2rNgVA” )

where the last approximation is valid for kpTes < A,
which introduces a maximum error of 7% for our measure-

ments. With cgﬁot known explicitly, they derive a temper-

ature (kzT.,)?/(kzA?), which separates the redistribution
from the quasiparticle creation regime when compared to
the bath temperature. kg7, characterizes the width of the
quasiparticle distribution function and is given by

1/6
kg T, 1057 [ kzT,\* hty
(e () )

024007-5
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Assuming hwg < kT, < A and that the nonequilibrium
phonons with energies below 2A have little effect on
the quasiparticle distribution (both valid for Al at the
microwave powers considered here), they come to an
explicit expression for the excess quasiparticle number at

low temperatures,

ksT.\"/? 14 (kgT,\ >
n = 0.42T NoA £ X eXp | —/ — 5 .
ap Tob A 5\ A

€

This expression depends on experimental parameter Py in
contrast to Eq. (5), which depends on the estimated param-
eter Pjr.. We compare Eq. (9) to the data in Fig. 3(b),
without fit parameters. The variable on the x axis combines
the resonator-dependent variables in Egs. (7) and (8).

We observe a much higher excess quasiparticle density
at low microwave power densities than predicted by Eq.
(9). A similar discrepancy is observed in Ref. [23], when
comparing Q;(Piy) to the measurements of Ref. [15]. This
suggests that the quasiparticle generation at low temper-
ature and readout powers involves a different mechanism
than direct photon absorption. From Fig. 3(a) we know
that such a mechanism should be dependent on readout
power, with an efficiency of only 4 x 10~* with respect
to the absorbed power.

The authors of Ref. [29] proposed pair-breaking pho-
tons generated by the signal generator as an additional
mechanism. In Appendix E, we exclude this hypothesis by
measuring the attenuation of several microwave compo-
nents in the setup at frequencies above the gap frequency
of the Al, which results in a total attenuation of the order
of —300 dB. We also exclude pair-breaking photons radi-
ated from other parts of the microwave chain. Therefore,
the pair-breaking mechanism is likely to be related to the
microscopics of the resonator.

To identify possible pair-breaking mechanisms in the
resonator, we show the measured Q;, normalized to quasi-
particle density and resonator properties, in the inset of Fig.
3(b). The solid black line is the prediction of Ref. [23] for
OP in the quasiparticle creation regime and the dashed
line is for the redistribution regime. The expressions are
given in Appendix D. Both these predictions are higher
than the measured Q;, which implies that the Q; is not
limited by quasiparticles (i.e., O; # O), but by another
dissipation mechanism. This could, for example, be TLS
loss in the inductor, which would locally heat the Al and,
indirectly, generate quasiparticles. Further study of differ-
ent quasiparticle generation mechanisms, both theoretical
and experimental, is needed to identify such a mechanism.

Apart from this, the kinetic inductance nonlinearity
could also play a role. Effects of the condensate are more
likely to dominate at low quasiparticle densities [44]. Phys-
ically, the microwave drive broadens the coherence peak

and creates an exponential-like tail in the density of states
[35,36]. This causes the sharply peaked nonequilibrium
distribution function to be broadened as well. A theory
incorporating both the nonequilibrium density of states and
redistribution effects is still lacking.

IV. CONCLUSION

To conclude, we have shown that microwave readout
power generates a higher excess quasiparticle density in
resonators with a smaller active volume, which scales
as ngy K /Pint/(0i¥). The generated quasiparticles limit
the sensitivity of MKIDs, which can only be mitigated
by simultaneously reducing «/Vwy/(Qax) in the MKID
design and the TLS noise. The microscopic mechanism for
the quasiparticle generation is unknown, but acts locally
at the active resonator volume. A complete microscopic
understanding needs a treatment of the nonequilibrium
effects of multiple microwave power absorption channels.
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APPENDIX A: QUASIPARTICLE SENSITIVITY
AND PHOTON INTERACTION

Since we probe a hybrid NbTiN-Al superconducting res-
onator, we are in principle sensitive to quasiparticle density
changes in both the NbTiN and Al sections. In this section
we will show, however, that we are only sensitive to quasi-
particles in the Al section. Additionally, we will show that
the photons in the resonator effectively only interact with
the quasiparticle in the Al. This justifies the simplification
of regarding the resonator as a pure Al resonator, with a
volume equal to the volume of the Al inductive strip.

To lowest order in temperature and resonance fre-
quency (kgT < hw < A) the quasiparticle sensitivity of
the amplitude 64 and phase 6 for thin films (with a
thickness much smaller than the penetration depth) is
proportional to [27,46,47]

d(@4,0) a0 [2A ok
0% — .
dngp aNoAV howo — Ny/A

In the last expression, we only kept the material-
dependent parameters. The denominator, Nyv/ A, is

(A1)
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roughly 7.0 times bigger for NbTiN, since A ~ 1.76kgT,
and N)®TN =37 x 10* peV™' pm=> [48] and N{M =
1.7 x 10* weV~! wm=3 [30]. The kinetic induction frac-
tion, a, can be obtained from simulation in the following
way. We first simulate the full resonator and find the reso-
nance frequency, fr.s. We set the sheet kinetic inductance to
their nominal values, Ly, = hRy/(mw A) [49], where Ry is
the normal state resistance. Then, we set the sheet kinetic
inductance of the NbTiN or Al to 0 and find the reso-

nance frequency for that case, £,2. We obtain the kinetic

induction fraction from the equation o = 1 — (fres/freos)z.
We simulate the resonators with longest and shortest Al
sections with SONNET [50]. The resulting current density
(with nominal kinetic inductance) is plotted in Fig. 4. We
find &N°TIN = 0.12 and o = 0.094 for the long Al res-
onator, and ap""™ = 0.11 and o = 0.024 for the short
one. These Al kinetic induction fractions are consistent
with the measured values from the change in resonance
frequency [28], which range from 2% to 8% for the short
and long Al section resonators, respectively. Comparing
the NbTiN and Al values, the kinetic induction fraction of
NbTiN is at maximum roughly 5 times higher. The total
sensitivity [Eq. (A1)] is 1.5-5.5 times higher for Al.

Furthermore, the sensitivity to the quasiparticle density
is dependent on the squared current at that location 7% (x)
[24,51]. To take this into account, we square the simulated
current density from SONNET (Fig. 4) and sum the NbTiN
and Al parts individually. The squared current density is
22 times higher in the long Al section and 3.2 times higher
in the short one, compared to the current density in the
NbTiIN. Thus, we are more sensitive to quasiparticle den-
sity changes in the Al than in the NbTiN, by a factor of 130
for the long Al section resonator and a factor of 4.9 for the
short one.

Within the Al wire, the current will be nonuniform over
the wire length, since the wire has some capacitance in
addition to the inductance and therefore electrical length.
When we assume a sinusoidal current distribution over the
wire, we can determine an effective quasiparticle volume

as
Vett = b " sin? (x)dx
Ve oL Jrja—wyL/vy,
1 in(2woL
_ L sin(2wy /vph), (A2)
2 4a)0L/vph

where L is the inductor length, wy = 27 f; is the angular
resonance frequency, and vy, is the phase velocity of the
hybrid NbTiN-Al CPW transmission line. The integration
limits go from the phase at the NbTiN connection to the
short (with a current maximum, so a phase of 7 /2). We
obtain vy, from a SONNET simulation of just the inductive
CPW line. For the resonator with the longest Al section,
this results in a fraction Veg/V & 0.95. This is consistent

with the simulation shown in Fig. 4(a), where the current
density squared on the left-hand side of the Al strip is
approximately 95% of the current on the right-hand side.
Therefore, we ignore this effect and assume that the cur-
rent in the Al wire is uniform, such that we are equally
sensitive to all quasiparticles in the Al.

Additionally, the photons in the resonator will interact
mainly with the quasiparticles in the Al. The relative pho-
ton occupation in the NbTiN capacitive part and the Al
inductive part can be estimated by considering the res-
onator as two connected transmission lines (Fig. 5). We
disregard the effect of the coupler, since the coupling is
weak (O, > 30.000). The ratio of internal power is given
by PS./PE = ZL\VEP )(ZelVi ) [27,52], with V{ and V)
the voltage wave amplitudes in the capacitive and induc-
tive part, respectively. The voltage on the connecting point
of the two transmission lines (black dashed line in Fig. 5)
must be the same, 2V cos(Bclc) = —2jV] sin(B.lL). On
resonance, the sum of the input impedance from the dashed
line, looking to the left and looking to the right, should be
0 (transverse resonance technique [52]), jZ¢/ tan(Bclc) =
jZp tan(Brl;). Combining these two equations gives

P _ Zc (_COS(WL))z ~ 2 (A3)
PL o Zp \sin(Bcle) Z

The last approximation holds if most of the electrical
length is in the capacitive section. This is the case for
the resonators considered here, since, for the longest Al
section, (cos(B:l)/sin(Bclc))? ~ 1.2. This results in a
fraction Pﬁt /P, ~ 0.24, meaning that most of the photon
occupation is in the inductive Al section.

Furthermore, the quasiparticle-photon interaction is
much stronger in the Al section. As mentioned in the
main text, the interaction strength can be estimated by
cgﬁot ~ agwy/(2rNgAV) [23]. This expression has the
same dependence on oy, Ny, and A as Eq. (Al), which
slightly favors interaction with the Al quasiparticles. How-
ever, there is an additional factor ¥ in the expression for
Copor- This is the volume that the quasiparticles occupy,
which is much larger for NbTiN (see Fig. 4). Therefore, a
photon is much more likely to interact with a quasiparticle
in the Al than with a quasiparticle in the NbTiN.

These two conclusions—that the photon occupation is
larger and the photon-quasiparticle interaction is stronger
in the Al section than the NbTiN section—justify the
simplification of considering the resonator as purely Al
when applying the photon-quasiparticle physics described
in Refs. [14,23,29].

APPENDIX B: BIFURCATION POWER
ESTIMATION

When a superconducting microwave resonator is driven
above a certain power, the transmission curve becomes
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FIG. 4. Current density at resonance from a simulation using SONNET [50] for (a) the longest and (b) the shortest Al sections. The
insets show a zoom-in of the inductive section. The colorbar relates to both panels.

hysteretic [18,53]. A resonator in this state is referred to
as “bifurcated” and the internal power at which this started
to happen we call the “bifurcation power” or P}’;f .

This behavior can be modeled as a classical Duffing
oscillator, with a nonlinearity parameter a that describes
the resonance frequency shift in number of linewidths
when driving at resonance. For a > 4+/3/9 = 0.77 the
resonator is bifurcated [18,53].

For the kinetic inductance nonlinearity, a depends on the
ratio of the current density in the resonator over the critical

lC : lL

Zr, BL

FIG. 5. Transmission line model for the hybrid NbTiN-Al res-
onator. The NbTiN capacitive and Al inductive parts are modeled
by a transmission line with lengths /- and /;, characteristic
impedances Z¢ and Z;, and phase constants B¢ = a)/vlﬁ1 and

BL=w/ v]fh. The inductive part is shorted to make a quarter-
wave resonator. The physical structure of the transmission lines
is shown below. The characteristic impedances and phase veloci-
ties are obtained from a simulation in SONNET. For the inductive
Al line this results in Z; = 83 Q and vlfh = 1.0 x 10® m/s. For
the NbTiN capacitive part this is done by simulating one element
(highlighted in the dashed red line) and extracting the PI-model
parameters as shown on the left. This way, Z¢ = +/L/(C| + ()
and vyp = I'/+/L(C; + C3), where [’ is the length of the element.
This results in Zo = 17-25 Q and v;:h =2.54.0 x 107 m/s,
varying with capacitive finger length (see Fig. 4).

current density in the superconductor, jy/j., where jj is the
maximum current density in one cycle. We will first find j
as a function of internal microwave power, Piy.

The internal power is given by [24]

woEes _ 1 g
4rm 2nm QO

Pint = Preada (Bl)

with m = 1/4 for a quarter-wave resonator (and lumped-
element resonator) and m = 1/2 for a half-wave. wy is the
angular resonance frequency, and QO = (1/0Q. + 1/0)) " is
the loaded quality factor with Q. the coupling quality fac-
tor and Q; the internal quality factor. E.s is the energy
stored in the resonator, which can be expressed as

1
Eres = (nph>hw0 = Eng,

(B2)
with (nph) the average number of photons in the resonator,
h the reduced Planck constant, L the total inductance, and
Iy the maximum current in the inductor over one cycle.
In this equation, we assumed the current to be constant
over the inductor wire and that all inductive energy in
the resonator can be described by a single lumped ele-
ment inductor with inductance L (for a justification of this
assumption, see Appendix A). If we considered a com-
pletely distributed resonator, that is, a transmission line of
finite length, there would be an additional factor of 1/2 in
Eq. (B2). For now, we consider a quarter-wave resonator
and setm = 1/4.
Combining Egs. (B1) and (B2), we see that

. 27TPint
Jo= Loy (dw)?’

where jo = Ip/(dw) is the current density, d is the wire
thickness and w is the wire width. The total inductance can

(B3)
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be calculated using

=B L"’Si,
Ok ok W

(B4)

with / the wire length, oy the kinetic inductance fraction,
Ly the total kinetic inductance, and Ly, the sheet kinetic
inductance. In the thin-film local limit we have L;, =
1/(doywy) [24], and at low temperatures, kzT < A, the
imaginary part of the complex conductivity equals o, =
A /(hwopn) [49], with py the normal state resistivity.
Putting this together, we find

. 47'[2 A OlkPim
Jo = — 57— .
oN hwo  V

(B5)
The critical current density is given by [54—56]
. JTA3N() .
Je=0.59 = 0.59/,, (B6)
hion

where j, is defined as the square-root term by convention.
Because we assume that the current density is uniform over
the wire, this critical current is given by the depairing cur-
rent. If the wire were not straight, but had constrictions,
sharp turns, or were wider than the penetration depth, the
critical current would be reduced [55,57].

To first order, the kinetic inductance changes with (uni-
form) current as Ly (j) = L (0)(1 + 0.069( /j.)?) [35,58]
under an ac field, which coincides with the dc case when
we take jums = jo/v2 = jae [54,58]. This results in a frac-
tional frequency shift compared to the zero current case
[59] given by

dw _ (0478 8Lk
wo |p, 2 Li(0)
j 2
= —0.0350, (J—‘))
Ol2P' t
=12k B7
N() VA2w0 ( )

Finally, bifurcation occurs when dw/wy = —0.77/0 [18,
53], which results in

. %
Ppoif — O.64N0A2a2—w0, (B8)

int
k
and for the microwave power on the readout line [see Eq.
(BD],
Va)o Qc
A

This equation agrees closely with the resonator data from
the main text (see Fig. 6).

Pbif N()A2

read —

(B9)
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FIG. 6. Verification of Eq. (B9) with the resonators of the main

text. Pfeigd is measured by visually checking the transmission
curves at 7= 100 mK with 4 dB steps in read power, which is
indicated by the error bars. The black line is Eq. (B9) without
fit parameters, with Q. and Q from a Lorentzian fit to the same
transmission curves. o is obtained from transmission curves at
higher bath temperatures [28].

1. Quasiparticle nonlinearity

Apart from the kinetic inductance nonlinearity discussed
above, the quasiparticle redistribution effects of read power
also introduce a nonlinearity in resonance frequency [14,
23,29]. We can estimate this via the excess quasiparticle
density, as dw/wy = —axng,/(4NoA). The corrections for
the reduced gap energy and quasiparticle distribution shape
for this expression are of order unity [29]; approximately
a factor of 1.7 for the powers close to bifurcation in the
resonators considered here.

We can take rgy from Eq. (5) from the main text, if we
know Q; and X in terms of superconductor and resonator
properties. We can approximate

qu _ o 27 No A /@
! o] angy V 2A°

which holds for k3T < (A, hwy) [49].
If we assume that for X the power flow from quasipar-

ticle to phonon system is via recombination only, we can
equate

(B10)

Pips _ Anqp _ Egecfo(kBch Ngp
V UZAT;p 167T772AN0A3]€B ‘Eékp ’

(B11)

where the last expression is from Ref. [14]. nya is the

fraction of pair-breaking phonons in the nonequilibrium

phonon distribution function [14]. Solving for £ *° gives
X = 2 k(2NyA)?R, (B12)

where R = 2A?/((kzgT.)>Nyt9). For Al, this results in
2.7 x 10'° W/m? /K, which is close to the value of 3.4 x
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10'© W/m? /K from numerical calculations [14]. Combin-

ing the analytical expression for £, O, and Eq. (5)
results in
o« APt [2A ma
= e — —. B13
" = Ny AV Tivo AR B13)

Here, R = R/(1 + Tese/Tpb), With Tese the phonon escape
time, 7,, the phonon pair-breaking time, and 7, the
electron-phonon characteristic interaction time.
Combining these expressions results in a resonance
frequency shift due to the quasiparticle nonlinearity,

Sw| 2Pt M 2A
o ap o N() VAz SJTRN()A FLa)o'
From Eqs. (B7) and (B14) we thus find the ratio of

the frequency shift due to kinetic inductance effects and
quasiparticle redistribution effects to be

(B14)

Solg, 5 RNy |hA

=212 |2

8a)|qp ma wo

. (B15)

When substituting n:4 = 4 x 1074, the measured Al prop-
erties, Tese = 0.35 ns and the resonance frequencies from
the main text, we obtain 5.1—6.1 for this ratio. This implies
the two nonlinear effects are of the same order of magni-
tude and the measured bifurcation is caused by the kinetic
inductance nonlinearity that is described by Egs. (B8)
and (B9).

In Eq. (B10), we also assumed a thermal quasiparticle
distribution, which seems to be the case in our mea-
surement, as we verified in the main text. However, the
quasiparticle distribution is generally not thermal when
microwave photon absorption is considered [14,23,60].
The nonthermal distribution increases Q;, which favors the
kinetic inductance nonlinearity. See Sec. III in the main
text for a quantitative description of this effect.

APPENDIX C: NEP LIMITED BY
MICROWAVE-INDUCED EXCESS
QUASIPARTICLES

We can estimate the NEP from quasiparticle fluctuations
as [2]

2A [ngV  2A
NEPgr = — |2®° — =2, VRV,

(CDH
Mpb T;p Tpb

where we used that, in the quasiparticle creation regime,
*

the effective quasiparticle lifetime is given by, 75, =

1/(Rngp) [29]. If we use Eq. (B13), that is, assume

ksT < (A, hay), and assume PPIf from Eq. (B8) for Piy,
we arrive at

a A7 Ve

NEPYE — 0.29 _ )
or nob | AR O

(€2)

APPENDIX D: 0; WHEN QUASIPARTICLES ARE
REDISTRIBUTED

For the redistributed quasiparticle Q; in the quasiparticle
creation regime, Eq. (62) in [23] gives

qu,red.

1

3
193 A rpb( A ) NS [k5T)?

crea Ol ha)o Tesc kB T*

_ 919 A 2NoA <kBT*>3/2
=2 = =)

D1
o hwy n (D1)

qp
where we used Eq. (9) from the main text in the last
equality.

In the redistribution regime, Q; is predicted to follow Eq.
(63) in [23],

Q?p,red. (D 2)

41 A 2NjA <kBT*)3/2
-2 R _

red. ok hﬂ)o Ngp

This equation should also hold when 7, is nonthermal due
to another pair-breaking process, when setting ng, — ng;
[29].

APPENDIX E: PAIR-BREAKING PHOTON
ATTENUATION

From Fig. 3(b), we concluded that the measured
excess quasiparticle density cannot be explained by direct
microwave photon absorption by quasiparticles only. This
is a similar conclusion to that of the authors of Ref. [23]
when comparing their explicit expression for Q;(Pi,¢) with
the data from Ref. [15]. There must be an additional
quasiparticle generation effect.

Since we observe that the excess quasiparticle density
increases with increasing read power [Fig. 9(a)], as is
observed in Ref. [15], this additional generation mecha-
nism must increase with increasing read power. In Ref.
[29], the authors propose a pair-breaking photon occu-
pation number that is dependent on read power as this
additional generation mechanism. They show that they can
fit the data of Ref. [15] when they assume a pair-breaking
photon occupation in the resonator, that is a factor 10~ of
the microwave photon occupation, —90 dBc.

The origin of these pair-breaking photons is not clear.
Two possible sources are higher harmonics of the signal
generator, also mentioned in [29], and heating of the 10-
dB attenuator on the 100-mK stage (see Fig. 7). We show
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FIG. 7.

in this appendix that these hypotheses cannot explain the
measured quasiparticle densities.

To estimate the effect of high harmonics generated by
the signal generator, we measured the attenuation of pair-
breaking radiation by several components in our setup (see
Fig. 7). We used a Keysight-Agilent N5242A microwave
network analyzer and two Anritsu 3740A-EW modules for
frequency up-conversion to the 75—110-GHz band, with
adapters to go from WR-10 to SubMiniature version A
(SMA). We calibrated the setup with a thru calibration,
including adapters, and measured each component in Fig.
7 individually. The combined results of these measure-
ments are presented in Fig. 8. The main contributions to
the attenuation are the variable attenuator at 300 K and the
custom made low-pass powder filter [8] at 100 mK. We
measured an attenuation of —70 dB at most frequencies
for these components, which is the noise floor of the setup.
The actual attenuation is therefore likely to be higher.

On the other hand, the measurements shown in Fig. 8 are
performed at room temperature, while the components in
the setup are cooled to the temperature specified in Fig. 7.
We therefore disregard the losses in the superconducting
NbTi wires. For the copper wire, we divide the attenua-
tion (in decibels) by the residual resistance ratio (RRR),
which we assume to be 40. By doing this, we disregard
losses in the dielectric of the coax cables, which might be
significant at these frequencies. These corrections there-
fore lead to a conservative estimate of the attenuation in
the wires. The attenuation of the low-pass filter is induced
primarily by eddy currents in the metal powder dielectric,
which is a bronze-Stycast mixture [8]. This attenuation has
only a weak temperature dependence [61]. To account for
this, we assume a RRR of bronze of 3 and divide the mea-
sured attenuation by the square root of that, as the skin
depth in the metal grains scales with the square root of the
resistance. These corrections are included in Fig. 8.

The signal generator is specified to generate less than
—55 dBc in higher harmonics [62]. The average measured
attenuation in the setup is —117 dBc £10 dB (see Fig. 8).
The pair-breaking photon occupation at the chip is thus at

Diagram showing the measured components in the microwave chain from signal generator to chip.

maximum — 162 dBc. This is much lower than the required
—90 dBc [29] to explain the data from Ref. [15].

For the measurement presented in the main text, we
estimate the excess quasiparticle density generated by this
pair-breaking photon occupation via [29]

ox b £ (kgT.\’
ne =2N0A\/Z(npb)cgﬁ0t,pbr()z( X ) . (BD

Coroph = kN7 /2T NoA?V) [29] is the quasiparticle-
photon coupling constant for pair-breaking photons with
energy hwyy. (npp) is the pair-breaking photon occupation
and £ = 2A — hwpyy.

If we take for (ny,) = XPread/(hw;b), with xy = 107162,
or —162 dB, the on-chip ratio of readout power and pair-
breaking photons and hwp, = 2.8A [29], we obtain ng, ~

1073 wm™3. This is five orders of magnitude lower than
measured at these read powers [see Fig. 9(a)]. We there-
fore exclude the signal generator as pair-breaking photon
source.

Another possible source pair-breaking photons is radia-
tion coming from the 10-dB attenuator at the 100-mK stage
(see Fig. 7). We consider this the only relevant component
for heating effects, since the read power must significantly
heat the component to obtain the read power dependence
of ngy [Fig. 9(a)].

We estimate the on-chip pair-breaking power coming
from the 10-dB attenuator as one-dimensional black-body
radiation (i.e., Johnson-Nyquist noise [63]) that is attenu-
ated by the low-pass powder filter,

Pchip = -/; [m

A/h

- %] e ldf,  (E2)

where h = 2w h is the Planck constant, T, is the tem-
perature of the 10-dB attenuator, and f; = 10 GHz is the
cutoff frequency of the filter [8]. This filter shape has been
confirmed up to 10 GHz. At 80 GHz this would be a
attenuation of —45 dB, where we measured it to be at
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Measured forward transmission of the total combined microwave chain (black) and the components of the various

temperature stages, indicated by the colors. The gap frequency of the Al is indicted by the black dashed line.

least —70 dB. Thus, the filter attenuates more at higher
frequencies than we assume here.
We calculate the average photon energy as

o0 1 1 ”»
— . [ W [P 1
) =P [ [ |Gy 3] @

which results in & = 0.22. Using (npy) = hPenip/{Epn)? in
Eq. (E1), we obtain the dashed lines in Fig. 9(b). The
different lines correspond to the different resonators. We
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deem it extremely unlikely that the attenuator at 100 mK
is heated to 50 K or more, since it has a stainless steel
body that is connect directly to the cryostat 100-mK stage.
Moreover, here we did not consider the coupling of pair-
breaking photon from transmission line to the Al section
of the resonator. That would give an additional attenua-
tion of —32 dB, as estimated from a simulation of the
resonator in SONNET. When taking this coupling into
account, the dashed lines in Fig. 9(b) shift more than an
order of magnitude downwards. We therefore conclude

0 10 20 30 40 50
Attenuator temperature (K)

FIG. 9. Estimation for excess quasiparticle density due to readout power heating of the 10-dB attenuator at 100 mK. (a) The mea-
sured excess quasiparticle density from Fig. 3, with the used on-chip read power on the x axis. This shows that the quasiparticle
density does increase with increasing read power. (b) Estimation of the excess quasiparticle density from Eq. (E1) [29], when assum-
ing a heated temperature for the 10-dB attenuator given by the x axis. Different colors indicate the different resonators, as in Figs. 2
and 6. The colored areas are the measured values from (a). Since these are much larger than the predicted values (dashed lines), we
conclude that this effect is too small to explain the measured excess quasiparticle densities.

024007-12



VOLUME DEPENDENCE OF MICROWAVE-INDUCED...

PHYS. REV. APPLIED 24, 024007 (2025)

that also this mechanism is not the cause of the measured
excess quasiparticle density.
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