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We have illuminated a thin-film superconducting Al lumped-element microwave resonator with
780 nm light and observed the resonator quality factor and resonance frequency as a function of
illumination and microwave power in the 20 to 300 mK temperature range. The optically-induced
microwave loss increases with increasing illumination but decreases with increasing microwave power.
Although this behavior may suggest the presence of optically activated two-level systems, we find
that the loss is better explained by the presence of nonequilibrium quasiparticles generated by the
illumination and excited by the microwave drive. We model the system by assuming that the illu-
mination creates an effective source of phonons with energy higher than double the superconducting
gap and solve the coupled quasiparticle-phonon rate equations. We fit the simulation results to our
measurements and find good agreement with the observed dependence of the resonator quality fac-
tor and frequency shift on temperature, microwave power, and optical illumination. Examination of
the model reveals approaches to reducing optically-induced loss and improving the relaxation time

of superconducting quantum devices.

I. INTRODUCTION

Superconducting materials that are cooled far below
their transition temperature T, can exhibit very low lev-
els of dissipation at microwave frequencies. Although the
remaining dissipation can be very small, it can still limit
the lifetime of superconducting qubits'? and the perfor-
mance of microfabricated superconducting resonators®*
and kinetic-inductance radiation detectors®® operating
in the 0.01 K to 1 K temperature range.

Over the last decade, a range of devices and materi-
als have been explored to understand what is causing the
residual loss. This has yielded dramatic reductions in loss
and three main physical mechanisms have been identified.
First, coupling to bias lines or other microwave modes
can cause loss that is independent of rf power. Second,
charged two-level systems (TLSs) present in dielectric re-
gions can couple to a device’s electric field, causing loss.
TLS loss exhibits a distinct power-dependent saturation
behavior® "8 that leads to a characteristic decrease in
loss with an increase in temperature or microwave power.
Third, dissipation can be caused by quasiparticles which
can be created by thermal effects, stray light, radiation,
or other mechanisms®'®. Quasiparticle generation from
ionizing radiation or photons provides the physical ba-
sis for superconducting radiation detectors®%1%14  and
is also relevant to some proposed hybrid quantum sys-
tems in which a superconducting device must function
in close proximity to optically trapped atoms!'®'7. There
has also been renewed interest in the role of quasiparticles
as a loss and decoherence mechanism in superconduct-
ing qubits!® 29, Although qubits operate at the single-
photon level, there is also interest in applying high rf
powers to qubits and their readout resonators for both
readout?! and gate coupling??.

In this work, we report measurements on a lumped-
element superconducting microwave resonator that is em-

bedded in a 3D cavity with extremely weak coupling to
the fundamental mode of the cavity. This arrangement is
similar to that used in 3D transmons?3. Illuminating the
resonator with optical photons, we observe a decrease
in its resonance frequency and an increase in loss. We
find that this photo-induced loss decreases with increas-
ing rf drive, much as one expects for loss from coupling
to an ensemble of TLSs?4. However, we argue below that
the power-dependent loss is actually due to the subtle
behavior of nonequilibrium quasiparticles'®. We discuss
modelling of the power-dependent optically-induced loss
and resonator frequency shift as a function of temper-
ature, optical power, and rf power. Comparing our re-
sults to those expected from TLSs and to those expected
from quasiparticles, we conclude that the data are better
explained by nonequilibrium quasiparticles. Finally, we
examine some of the factors in the model that affect the
loss, and suggest approaches for reducing it.

II. LOSS FROM TWO-LEVEL SYSTEMS

The internal quality factor @; of a superconducting
microwave resonator can be found from

Q7' = Qrig+Q, +Qu, (1)

where QT1s is the quality factor from two-level systems
in the dielectric regions of the resonator, @4, is the
quality factor from quasiparticles, and @ is the power-
independent quality factor from coupling to other mi-
crowave modes or other loss channels.
The inverse quality factor at frequency f,. produced by
an ensemble of TLSs can be written as”?4
Q-1 = Ftan(d) tanh(h f,./2kT) ©)
s T4+ (Vems/Ve)?
where F' is the resonator’s dielectric fill factor, tan(d) is
the dielectric loss tangent, T is the temperature, Vims




is the rms voltage across the capacitor at frequency f,
and V. is the characteristic saturation voltage for the
TLSs in the dielectric. V;2 , is proportional to the rf drive
power Py, and thus Eq. (2) shows decreasing loss with
increasing power. Eq. (2) also yields TLS loss that de-
creases with increasing temperature. These dependences
of the loss on power and temperature have been used
as qualitative and quantitative signatures to distinguish
TLS loss from other mechanisms. While significant devi-
ations from Eq. (2) have been observed?®26, these have
been understood to arise from TLS interactions®”-2® or a
distribution of TLS dipole moments®®.

One expects that optical illumination would increase
the effective temperature of the TLSs, as has been re-
ported, for example, for Nb on Si resonators under 635
nm illumination®’. Increased temperature would reduce
the TLS-induced loss due to the tanh factor in Eq. (2).
One might also expect that photoabsorption could acti-
vate a TLS that was otherwise not contributing to the
loss. However, photoabsorption could also remove TLSs
from the bandwidth of the resonator, leading to reduced
loss. Since the TLS asymmetry energy is expected to be
uniformly distributed?*, we would not expect photoab-
sorption to produce a net change in the number of active
TLSs in the bandwidth of the resonator. Thus, the net
effect of optical illumination should be to reduce the TLS
loss.

III. LOSS FROM NONEQUILIBRIUM
DISTRIBUTION OF QUASIPARTICLES

To find the expected rf loss produced by quasiparti-
cles, we will need to find the distribution of quasiparticles
f(E) as a function of the quasiparticle energy F, the rf
power, the optical power, and the temperature. We will
also need to find the distribution of phonons n({2) as a
function of the phonon energy 2 because quasiparticles
can change energy by emitting and absorbing phonons,
and the rate depends on the phonon distribution. To
model the effect of light being absorbed in the supercon-
ductor, we include optically-induced pair-breaking in the
simulation.

Goldie and Withington have described a numerical
procedure for finding f(F) and n(Q2) in a superconduc-
tor under a microwave drive>" using a set of kinetic equa-
tions initially derived by Chang and Scalapino3? (see Ap-
pendix). With Guruswamy, they have extended their
approach®334 to include effects of pair breaking for pho-
tons with energies up to about 10A, where A is the su-
perconducting gap. However, in our case we used op-
tical photons with an energy of approximately 1.6 eV
~ 9000A. For such energetic photons the effects on
the superconductor are similar to adding a source of hot
phonons®34736, Accordingly, we extend Goldie et al.’s
approach by using a heating model that accounts for op-
tical radiation by introducing a phonon generating term
with an effective temperature Tog determined by the op-
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FIG. 1. Diagram showing model for steady-state power flow in
the quasiparticles and phonons in a thin-film superconducting
resonator under optical illumination.

tical power.

Figure 1 shows the thermal model of our system. Mi-
crowave power P,y is absorbed by the quasiparticles,
which can exchange energy with a bath of phonons with
distribution n(2). The phonons are also connected to
a thermal bath and an effective hot phonon source that
accounts for optical absorption. As described by Chang
and Scalapino®?, the absorbed optical power P,y acts as
an additional phonon generating source term

_ nopt(QaTeff) ) (3)

Te

dn(Q)
dt

opt

Here 7, is the escape time for phonons to leave the super-
conductor and go into the substrate®”. We use a version
of the Parker heating model® and set

0, for Q@ < 2A
nopt(QaTcﬁ') = {1/(eQ/kBTeff _ 1)’ for 2 > 2A’ (4)

Although ngpt takes the form of a Bose-Einstein thermal
distribution with effective temperature Tog for Q > 2A,
it is not a thermal distribution since nqp; = 0 for 2 < 2A.

To use Eq. (4) we need to establish a connection be-
tween Teg and the absorbed optical power Py,. Con-
sidering the steady state power flow in the system (see
Fig. 1), the optical power Py transferred to the phonon
distribution n(Q) by nep is

Popt(Tes) V/OoonD(Q)QnWt(Qjcﬁ)’ (5)

Te
where D(Q) = 9N;Q?/Q3, is the phonon density of states,
N; is the atomic density of Al, V' is the volume of Al in
the resonator, and Q2p is the Debye energy for aluminum.

Assuming the light is perpendicularly incident on the su-
perconductor, the absorbed optical power is

Popt =€eloptA, (6)



where € is the emissivity of the aluminum film, I, is the
incident optical intensity, and A is the illuminated area
of the resonator.

To find the microwave loss from f(E), we note that
the complex conductivity of the superconductor is ¢ =
o1 — ioy and for frequencies f, < 2A/h is given by3®

Ul(fr) _ 2 = _
. fth/A dE[f(E) — f(E + hf,)] p(E)

x hy(E,E+hf), (7)

UZ(fr) _ 1 4 _ 7E
e /A B )

x hi(E,E + hf,), (8)

where o, is the conductivity of the normal state, the
coherence factors hy and h_ are given by

halB.E) = (1% 55 ) o). o)

and p(E) = E/vE? — A? is the normalized density of
states of the quasiparticles. From ¢, we obtain®
Q;pl =101/09, (10)

and the fractional frequency shift in the resonance fre-
quency

Sfr/fr = 2do2/202, (11)

where 0oy = 092 — 02,9 and o3 o is the imaginary part of o
for Iopy = 0, rf drive power Py = 0, and bath temperature
T, = 0. a7 and as are scaling factors that are expected
to be equal to the kinetic inductance ratio Ly /(Ly + L),
where Lj, is the kinetic inductance of the resonator, and
L the geometric inductance of the resonator3?.

Some general remarks can be made about the solu-
tions. Without optical illumination (Popy = 0), de Visser
et al. have shown!'® that the loss from quasiparticles de-
pends on the rf drive power P, and the bath temperature
Ty. In Al below about 200 mK, they reported that the
loss increases with increasing drive, but at higher tem-
peratures the loss decreases with increasing drive. With
increasing optical illumination, we find the loss increases
as expected due to an increased number of quasiparticles.
We also find that this optically-induced loss decreases
with increasing microwave drive within the range of rf
powers and optical intensities that we used in our exper-
iments. The reason for this behavior is similar to the
higher temperature case described by de Visser et al.'.
In this regime the rf drive causes a redistribution of the
quasiparticles such that f(FE) increases for E > A + hf,.
and decreases for A < E < A+ hf,.. This causes a de-
crease in the term f(E)— f(E + hf,) in Eq. (7) which in
turn causes oy and 1/Qy, to decrease.

IV. EXPERIMENTAL SETUP

Figure 2 shows our experimental setup. The resonator
[see Fig. 2(a)] is about 0.4 mm on a side and has an
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FIG. 2. (a) Photograph of lumped-element resonator made
from 215 nm thick Al film showing meandering inductor L and
interdigitated capacitor C. (b) Photograph of resonator chip
mounted in cavity, illuminated by light (red spot) supplied
by optical fiber in bottom of the cavity. (c¢) Transmission
|S21]? vs frequency showing LC resonance at f = 6.720 GHz.
(d) Schematic of measurement setup showing microwave drive
line between VNA and port 1 of 3D cavity, the LC resonator,
microwave readout line between port 2 of 3D cavity and VNA,
and the 780 nm illumination line.

interdigitated capacitor with capacitance C' ~ 150 fF
and a meandering inductor with inductance L = 3.5 nH,
similar to resonators used for reading out single-electron
transistors® and for circuit QED read-out of qubits*!.
To build the device, a 215 nm Al layer was thermally-
evaporated onto a sapphire chip, patterned using optical
lithography and wet etched. The same design was used
in other work*?, except here we used a second wet etch
to remove an input/output transmission line and ground
plane, leaving just an isolated LC' resonator on an oth-
erwise bare sapphire chip. The resonant frequency at 25
mK was f, = 1/27v/LC = 6.720 GHz. The dilution re-
frigerator was thermally cycled above 1.5 K several times
during the measurements and we found that the reso-
nance frequency shifted by up to 50 kHz between cycles.

The chip was mounted into the center of a microwave
cavity [see Fig. 2(b)] that was machined from Al 6061 al-
loy and had a TE101 mode frequency of 7.50 GHz. This
arrangement provided an extremely weak coupling of the
LC resonator to the output (port 2) and input (port 1)
lines, giving Q. ~ 4.9 x 10°. Because of the 780 MHz de-
tuning between the cavity resonance and LC' resonance,
and the extremely small coupling between them, we can
treat the LC and the cavity resonances as effectively in-
dependent.

To illuminate the LC resonator, we used a diode laser
emitting 780 nm light, a wavelength suitable for hy-
brid quantum systems employing optically trapped 3"Rb
atoms'®17. Light was carried to the device via a single-
mode optical fiber [see Fig. 2(d)]. The power coupled into
the fiber was measured using a power meter connected to



one arm of a 50-50 fiber splitter. At the 4 K stage, the
fiber was wrapped about 20 times around a 2.5 cm post
to suppress multi-mode transmission in the fiber jacket.
The end of the fiber was epoxied into a hole in the bot-
tom of the cavity about 1 cm below the chip.*® The cone
of light illuminating the chip surface was about 1.4 mm
in diameter, centered on the LC resonator [see Fig. 2(b)].

The range of incident optical intensities used was
Iope = 20 to 812 aW/um? at the chip surface. This
corresponds to roughly 80 to 3200 optical photons per
second per pm? striking the Al surface of the LC' res-
onator. The total surface area of the resonator’s Al was
A~ 4.18 x 10*um?, which gave an incident power range
of 0.83 to 34 pW. As expected, no significant effect on
the temperature of the refrigerator was observed at these
small power levels.

The cavity was mounted on the mixing chamber stage
of an Oxford Instruments cryogen-free dilution refrigera-
tor. The cavity’s input and output microwave lines were
well-isolated from thermal noise from higher tempera-
ture stages by the placement of microwave attenuators
on the input line and microwave isolators at the output
line. We used an Agilent E5071C Vector Network An-
alyzer (VNA) to measure the Sa; of the LC resonance
[see Fig. 2(c)]. We fit the in-phase and quadrature com-
ponents of the frequency-dependent background Ss; to
a 4th-order polynomial and subtracted this background.
The applied rf power Py is defined as the power at the
input port 1 of the cavity. For lower Pyt values, the LC
resonance frequency f, and () were obtained from a si-
multaneous fit of the real and imaginary components of
S91 to a Lorentzian. For higher P.¢ values, where strong
dependence of Q) on P,¢ caused the resonance shape to de-
viate from Lorentzian, we used the measured resonance
peak amplitude to infer Q/Q..

The maximum rf power we applied at the input of the
cavity depended on the temperature and optical inten-
sity. At low temperatures and low optical intensities,
the resonance peak showed switching behavior at high
rf powers due to nonlinear effects**4>. The power level
where this behavior appeared was at Py ~ —45 dBm
when I, = 0, and increased with I . For higher opti-
cal intensities, the upper limit was around P ~ —40
dBm due to the compression point of our amplifiers.
At higher temperatures (above about 230 mK), the res-
onator appeared to self-heat when driven continuously
above P ~ —b5 dBm, and this determined the upper
limit for the measurement power. We focused our mea-
surements on rf drive powers P, greater than -70 dBm,
which corresponds to about 5 x 10* rf photons in the
resonator at 25 mK. For Pt values below -70 dBm, there
was a significant decrease in @) that we attributed to TLS
loss and the resonance frequency occasionally jumped be-
tween different branches, suggesting strong coupling to
an individual TLS6.
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FIG. 3. (a) Inverse quality factor 1/Q and (b) resonance fre-
quency fr of the LC resonator vs applied rf power Py (mea-
sured at the cavity input) at listed temperatures T with no il-
lumination. Filled circles are data. Dashed curves were calcu-
lated from the nonequilibrium simulation with a background
illumination giving an effective phonon source temperature
Ter = 236 mK.

V. QUALITY FACTOR AND FREQUENCY
SHIFT AT HIGHER TEMPERATURES, NO
ILLUMINATION

The filled circles in Fig. 3 show measured results for
1/Q and f, as a function of P, for different temperatures
for no optical power applied by the fiber. The results
shown for 25 mK were averaged from multiple measure-
ments for the same P.s. We found that @ and f,. showed
negligible temperature dependence between 25 mK and
230 mK when no optical power was applied.

For comparison, the dashed curves in Fig. 3 show best
fit results for 1/Q and f,. from the nonequilibrium model.
In the simulation, we assume initial values for all of the
model parameters (see Table I), including I, P, and
Ty,. We follow the numerical procedure described by
Goldie and Withington®!' (see Appendix) to solve f(FE)
and n(Q) for the steady state condition df (F)/dt = 0 and
dn(Q)/dt = 0. From f(E) we find o1, oo using Eqs. (7)
and (8) and then use Egs. (10) and (11) to find @, and
dfr/f-. We repeat the process for a range of Py, T, and
Iopt, and then compare the results to our measured value
of 1/Q and 4 f,./ f.. We adjust the parameters and repeat
the entire process to fit the model to the entire data set
of @ and o0 f./fr vs Py, Iopt, and T .

The parameters used in the simulation are shown in
Table I. We set 1/Qrrs = 0 due to the expected satura-
tion at higher drive powers but included a constant loss
term by setting 1/Qo ~ 2.5 x 10~ 7. For these fit curves,



TABLE I. Parameters used in the nonequilibrium simulations

Symbol Parameter Value Source
A superconducting gap 167 peV fit parameter
fr rf drive frequency in simulation 28 peV/h closest 1 peV/h multiple
(= 6.770 GHz) to drive frequency
A resonator Al surface area 4.18 x 10* ym? design value
1% resonator Al volume 8.99 x 10°pum? design value
Qe external quality factor of LC resonator 4.9 x 10° fit to So1
No single-spin density of states at Fermi level 1.74 x 10'° eV~ pym™3 Ref. [31]
N;/Q3% atom density/(Debye energy)® 1.41 x 10" (eV pm)~3 Eq. (A.6)
o quasiparticle-phonon scattering time 438 ns Ref. [47]
T phonon-quasiparticle scattering time 0.26 ns Ref. [31]
Te phonon escape time 8.96 ns Egs. (5) and (6)
€ optical absorption coefficient of Al ~ 15% nominal
1/QrLs TLS loss component 0 nominal
1/Qo power independent loss component 2.5 x 1077 fit parameter
i 1/Q@ scaling factor in Eq. (10) 0.61% fit parameter
Qs 0 fr/ fr scaling factor in Eq. (11) 0.88% fit parameter
fo baseline LC' resonator frequency 6.720225 GHz fit parameter
Tes,0 effective temperature of background radiation 236 mK fit parameter
we had to set Tog = 236 mK corresponding to a back- @ et ' ' ' E
ground illumination. Overall the simulation captures the o ChSe
behavior of 1/Q and f, with changing rf drive and tem- i) o §
perature, although there are small discrepancies between B 4
the simulation and data in particular in the 240 — 260 102°F
mK range. This discrepancy may be due to approxima- 1 >

tions inherent in our model for nqpy or the background
illumination.

To illustrate the behavior of the solutions, the solid
curves in Fig. 4 show the quasiparticle distributions f(E)
and phonon distributions n(£2) as a function of normal-
ized energy for T, = 25 mK and optical illumination
producing T, = 236 mK for several values of P.¢. These
are clearly nonequilibrium distributions with peaks ap-
pearing at energies hf, apart due to the microwave drive
term. There are also jumps in f(F) at £ = 3A and
in n(Q) at Q@ = 2A. These come from the discontinu-
ity in nepe as well as pair breaking and recombination.
f(E) generally increases with increasing Py, except near
E = A where it decreases instead [see Fig. 4(c)]. It is
this decrease that causes 1/Qgp to decrease with increas-
ing rf drive power Py¢. For comparison, the dashed green
curves in Fig. 4 show f(F) and n(Q?) for a thermal distri-
bution with 7" = 236 mK. Although this is a very coarse
log scale, the nonequilibrium n () distributions roughly
follow the thermal distribution for © > 2A, as would be
expected due to the nyp; source term.

The fact that the effective temperature with no optical
illumination (Tego = 236 mK) is much higher than the
refrigerator’s base temperature of 25 mK suggests the
presence of significant background radiation. This may
have been due to radiation from a hot finger that was
anchored at 4 K, and extended to within a few inches

FIG. 4. (a) Simulated quasiparticle distribution f(E) as a
function of normalized quasiparticle energy E/A for three
drive powers Pyt, with T, = 25 mK and Teg = 236 mK. Blue
is for P,y = —65 dBm, red is for P,y = —55 dBm, and yellow
is for P,y = —45 dBm. For comparison, green dashed curve
shows the Fermi-Dirac distribution at 236 mK. (b) Simulated
phonon distribution n(2) as a function of normalized phonon
energy Q/A. Green dashed curve is the Bose-Einstein distri-
bution at 236 mK. Other colored curves are for the same rf
powers as in (a). (c¢) Detailed view of (a) for F between A
and 2A.
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FIG. 5. Inverse quality factor 1/Q of resonator as a function
of applied rf power P, for different illumination intensities
Iope at base temperature. Closed circles are data and dashed
curves were found from the nonequilibrium simulation with
T, = 25 mK. For each optical intensity, the effective temper-
ature Tog was varied in the simulation to find the best fit.

of the cavity. This hot finger was used in a separate
experiment in the same cooldown and also caused the
refrigerator base temperature to increase from 10 mK to
25 mK.

We can approximate the effect of a 4 K source on
the cavity using the Parker heating model. We assume
the ballistic phonon limit where 7. is proportional to
thickness®” and assume the volume of Al forming the cav-
ity is proportional to the illuminated area. With these
assumptions, Eq. (5) yields an effective temperature that
is independent of the cavity dimensions. Using Iope = 15
aW /um? for black-body radiation from the 4 K hot finger
we find the effective temperature of the radiation heating
the cavity to be Teg. ~ 231 mK, which is close to the
value from our fit to the data. This suggests the hot fin-
ger caused a nonequilibrium distribution of phonons in
the cavity and the enclosed resonator.

VI. QUALITY FACTOR AND FREQUENCY
SHIFT UNDER ILLUMINATION

Figure 5 shows a plot of the resonator’s inverse quality
factor 1/Q as a function of Pyt for five different optical
illuminations. We note that for all illuminations, 1/Q
decreases with increasing rf power, with a shape that is
similar qualitatively to what Eq. (2) predicts for loss from
a TLS bath. The Py values where 1/Q starts decreasing
rapidly increases with increasing I,¢, but our analysis re-
veals that this onset appears when the rms voltage across
the capacitor V =~ 10 mV in all the curves. This behav-
ior may again suggest loss from a TLS bath, however a
critical voltage value of V,, = 10 mV would correspond to
ne ~ 10% microwave photons in the resonator. Both V.

and n. are much larger than typical for TLS loss. From
previous measurements of Al resonators with compara-
ble size and frequency®'%*8, we expect n. ~ 1 — 100 and
our high value would require a very small TLS dipole
moment or a very short TLS lifetime. Furthermore, as
discussed above we expect the loss from a TLS bath to
decrease with increasing optical intensity and we are not
aware of a mechanism that produces an increase in TLS
loss under illumination. Examination of the data reveals
that the loss increases with illumination as approximately
Igé? . This is the expected dependence for the number of
quasiparticles generated by pair breaking radiation in the
steady state*®, which suggests that the increased loss is
due to quasiparticles rather than TLSs.

As shown by the dashed curves in Fig. 5, for the entire
range of intensities we find remarkably good agreement
between the data and fits from the non-equilibrium quasi-
particles simulation. For these fit curves, we only varied
Tog and fixed T, = 25 mK, 1/Qo = 2.5 x 10~7, and all of
the other parameters (see Table I). The range of Teog is
between 236 mK and 297 mK.

After fitting to the data shown in Figs. 3 and 5 all of the
model parameters have been determined (see Table I).
Considering the best fit parameters, the superconducting
gap A =167 peV is close to the expected value of the su-
perconducting gap in Al of 170 peV. The phonon escape
time 7, = 8.96 ns = 3474 was set to maintain power bal-
ance for the absorbed optical power for € ~ 15%. This
value is about an order of magnitude larger than the
equivalent value used by Goldie and Withington3! and
de Visser et al.'3, however it is within the range of re-
ported values for 7, for Al on sapphire”. We found that
relatively large changes in 7, resulted in relatively small
changes in o1 and g2. We also note that both a; and
ap are slightly less than 1%. This is consistent with our
rough estimate of the kinetic inductance ratio of 1 to
1.5%%.

In Fig. 6(a) we plot Tcg as a function of Iop:. The
circles are from fits to our 1/Q vs Py data (see Fig. 5
for example). For comparison we assume that the total
optical power is from the fiber and a background source.
The solid curve is a fit of the circles to the expression

Popt (chf) = opt (TCH,O) + ’7I0pt7 (12)

where Py is numerically calculated from Eq. (5), while
Tero0 and «y are fit parameters. We find excellent agree-
ment between data and simulation with Tego = 238
mK and 7 ~ 6.8 x 10> um?. From Eq. (6), we expect
v =€A=6.3 x10%> yum?. The 10% discrepancy between
the expected and the fit values of v is less than the un-
certainties in the surface emissivity € and the incident
optical intensity Iopt.

In Fig. 6(b) we compare the measured and simulated
1/Q values as a function of Iy for Py = —65 dBm and
—45 dBm. For the nonequilibrium simulation, we used
T, = 25 mK and T.g values obtained from the fit shown
in Fig. 6(a). For each Py we simulated 1/Q only for
the nine I,p¢ values where we had data and performed



0 200 400 600 800

2
IOIDt (aW/um*®)

FIG. 6. (a) Effective temperature Teg as a function of op-
tical illumination intensity Iopt. Each closed black circle is
extracted from a fit to the 1/Q vs Py data, as in Fig. 5. The
green curve is a fit of the circles to Eq. (12). (b) Inverse
quality factor 1/Q and (c) fractional frequency shift —d f/ fr
as a function of Iopy for Py = —65 dBm (blue) and —45
dBm (red). In each plot, the closed circles are measured and
the solid curves are from the nonequilibrium simulation with
T, = 25 mK and using the Teq fit values shown in (a). For
comparison, the dotted curves are from the nonequilibrium
simulation assuming simple heating with T = Teg from fit in
(a) and no illumination (Popy = 0).

spline interpolation for other values of I,p¢. There were
no additional fit parameters. The data and simulation
agree well for both P, values.

Ilumination also caused a shift in the resonance fre-
quency of the resonator. In Fig. 6(c) we compare the
measured and simulated Jf,./f, values. The difference
between the P,y = —65 dBm and P = —45 dBm curves
is very small, and the data and simulation agree well.
Given that this comparison involves no additional fit pa-
rameters, the good agreement is strong support for the
loss being due to nonequilibrium quasiparticles. In effect
we have used the resonator loss to predict the frequency
shift.

VII. COMPARISON BETWEEN OPTICAL
ILLUMINATION AND INCREASED
TEMPERATURE

The simulations are complicated and require many in-
put parameters. This raises the question of whether the

behavior can be captured with a simpler model. Gao et
al. have suggested that pair-breaking radiation produces
nearly the same effect on 1/Q and f,. as an increase in
temperature9 .

In Fig. 6(b) and (c) we show a comparison between this
increased temperature model (dashed curves) and our op-
tical illumination model (solid curves). For the increased
temperature model we assumed T} values equal to the
Toi fit values in Fig. 6(a). The discrepancy in ¢ f,./ f, be-
tween the two models is very small for both values of Py,
as shown in Fig. 6(c). On the other hand, Fig. 6(b) shows
that for Py = —65 dBm the 1/Q from the temperature
model is smaller than that from the data and the full
model for the entire range of I,p;. For Py = —45 dBm,
the difference between the two models is negligible be-
low Iopt &~ 300 aW/um?, while for higher intensities the
1/@Q from the increased temperature model yields sig-
nificantly smaller values of 1/@Q than we measure. This
suggests that the non-equilibrium model for nqp¢ is bet-
ter than the increased temperature model for simulating
effects produced by optical illumination.

VIII. CONCLUSION

In conclusion, we illuminated a thin-film supercon-
ducting Al lumped-element resonator with 780 nm light
and found loss that increased with illumination, but de-
creased with increasing rf drive power. While this behav-
ior mimicked the behavior of optically activated two-level
systems, it is well-explained by the physics of nonequi-
librium quasiparticles that are generated by the illumi-
nation and excited by the rf drive. We observed a strong
background radiation that we attributed to the presence
of a 4 K hot finger near the cavity. We note that mea-
surements of the rf-dependence of the photo-induced loss
could be used to discriminate quasiparticle loss from TLS
induced loss, confirm optical absorption in a resonator,
detect nonequilibrium quasiparticles, and study quasi-
particle dynamics at high rf-drive.

Examination of the kinetic equations suggest several
methods for reducing quasiparticle loss. Shielding the
device from stray light'!'2 and reducing the emissivity
of the device should obviously reduce loss. However, to
be effective, the shielding needs to protect the device not
only from stray light and background blackbody radi-
ation, but also from phonons of energy > 2A. Such
phonons could be created by the absorption of light in
the device, the shielding itself, or in other structures con-
nected to the shields or the device. Enclosing a device
in a single aluminum cavity will not necessarily protect
the device from phonons generated by light absorbed in
the exterior surface of the cavity. Using multiple layers
of normal and superconducting shielding should be more
effective at thermalizing such high-energy phonons. For
example, coating the exterior of a superconducting cav-
ity with low emissivity normal metal (i.e. gold) should
reduce optical absorption and give better thermalization



of the generated phonons, resulting in fewer high-energy
phonons reaching an enclosed device.

Minimizing the kinetic inductance ratio will reduce
the sensitivity of loss and frequency shift to tempera-
ture changes and optical illumination. On the other
hand, for kinetic-inductance detectors it is desirable to
increase the frequency shift sensitivity while keeping the
loss low. By performing simulations using different ma-
terial parameters®*, one may be able to identify optimal
materials for different purposes. While our simulations
reveal that quasiparticle loss decreases when the super-
conducting gap A increases, the kinetic inductance ratio
o and characteristic times 7, 74, and 7. also affect loss.
For example, titanium nitride, with a significantly higher
A and o compared to Al°°, would be a good candidate
for use in kinetic-inductance detectors. The rf power de-
pendent roll-off of quasiparticle loss also depends on the
material, and it may be possible to find materials with
substantially higher or lower critical power. Finally, the
use of quasiparticle traps would reduce the quasiparticle
density and its associated loss.

Despite its complexities, we note that our model is still
relatively simple in its treatment of optical effects. We
believe this approach can be extended to simulate time-
dependent behavior and can be improved by using a more
complete model of the optical absorption process3¢:°!.
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Appendix: Calculating Quasiparticle Distribution
from Kinetic Equations

Following Goldie and Withington®!, the quasiparticle
distribution f(E) obeys the kinetic equation3?

d (e ]
4 (E) =I,(E, f,) — ’7'0(]6513T)3{/0 oo

dt
< h_(E,E+Q) (F(B)[1 - J(E+Q)n()
— L= FEF(E + (@) + 1))

E—-A
+/ dQ0*h_(E,E - Q)
0

< (f(B)L = f(E - Q)n(Q) +1]
— L= F(E)f(E - Qn(Q))

+ / dQQ*h, (E,Q— E)
E+A

< (f(E)f(Q—E)[n(Q) +1]

Sl A - £ - Bn() } (A1)

Here 79 is the characteristic time coefficient for
quasiparticle-phonon scattering?” and T, is the transition
temperature of the superconductor. The term I,,(E, f,)
accounts for excitation of quasiparticles of energy E by
a microwave drive at frequency f,.3132 where

Iop(E, fr) =2B[hy(E, E+hfy) (f(E+ hfy) = f(E))

The factor B is proportional to rf power at the
resonator®32 as described further below.

The distribution n(£2) of phonons in the superconduc-
tor obeys the kinetic equation3!:32

dn(2)  nope(Q, Ter) 1 i
dt Te - - TTeA {2/A dE p(E)
< h (B, E+9) (f(B)[1— [(E+)n(®)
— 1= FE)F(E+Q)n(Q) +1])

Q—A
+/ dE p(E)hy(E,Q - E)
A

< ([ F(E)L - F(Q = EYn(®)
L HEBHQ - B)n©@) + 1])}
+ nb(Q, Tb) — n(Q) '

Te

(A.3)

Here 7. is the escape time for phonons to leave the su-
perconductor and go into the substrate3” and 74 is the
characteristic time coefficient for phonon-quasiparticle
scattering?”. The first term on the right hand side is the
effective phonon generating source term due to the ab-
sorbed optical power P,pt. The second term on the right
hand side of Eq. (A.3) accounts for phonon-quasiparticle
scattering, phonon absorption leading to pair-breaking,
and generation of phonons from recombination. The last
term accounts for the exchange of phonons with the sub-
strate, which we assume is a thermal phonon bath with a
Bose-Einstein distribution n, (€2, T}) at bath temperature
Ty.
To use Eq. (A.2), we need to establish a relationship
between the function Iy, and the applied rf power P,
which is our measured independent experimental control
parameter. We note that I, describes the rate at which
quasiparticles with energy E are changing occupancy due
to the rf drive. We can write the power absorbed by the
quasiparticle from the rf drive as?!32

Putan — ANoV / dE Ip(E. ;) Ep(E).  (A4)
A



where Ny is the single-spin density of states at the Fermi
surface in the normal state.

Unfortunately P.f and Pt a1, are not equivalent in our
apparatus and this complicates the simulation. The
power absorbed by quasiparticles Pyt a1, is related to the
applied rf power P by!?

2Per2
QapQe’

Prf,ab = (A5)

where @ is the total quality factor of the LC' resonator,
Q. is the external quality factor, @4y is the internal
quality factor due to quasiparticles only, and 1/Q =
1/Qi+1/Q. [see Eq. (1)]. Notice that to apply Eq. (A.5)
and find Psap from Py, we would need to know Qgp,
but this is what we want the model to predict. In other
words, we need another relation for Q. This is provided
by Eq. (10).

To find Qyp and ¢ £,/ f,, we follow the numerical pro-
cedure described by Goldie and Withington3! and solve
Egs. (A.1), (A.3) and (A.4) for f(E), n(Q2), and B for the
steady state condition df (E)/dt = 0 and dn(Q2)/dt = 0.
We discretize the problem to evaluate f(E) on 1000
points from F = A to about 7A in steps of 1 peV and
n(£2) on 1000 points from © = 0 to about 6A in steps of 1
ueV. Egs. (A.1), (A.3) and (A.4) yield 2001 simultaneous
equations which we then solve using the Newton-Raphson
method with f(E), n(2), and B as the solutions.

As input to the simulations, Py ap is calculated using
Eq. (A.5), with Qg calculated from Eq. (1). For this
step we used the measured values of Py, Ty, Iopt, @, Qi
and @, while Qy was a fit parameter and we assumed

1/QtLs = 0. While A may depend on temperature, rf
drive power, and illumination intensity, for the range of
parameters we used the change in A was expected to be
much smaller than the 1 peV grid size. Hence we treated
A as a power- and temperature-independent fit param-
eter and set T, = A/1.76kg. We found 7. by setting
Pope in Eq. (5) to agree with Eq. (6) with e = 15%. We
used theoretical values3'4” for 7y and Tg, which satisfy
the relation®!

3

2 NoTp AQ3, _1 (A.6)
9NiTO(kBTc)3

Finally, we set f, in the simulations such that A f,. was the
integer multiple of 1 peV that is closest to measured reso-
nance frequency. Considering that 1 peV corresponds to
a &~ 242 MHz frequency and a 12 mK temperature, the
grid size seems coarse. Nevertheless, the solution con-
verges relatively rapidly in about 20 to 30 iterations, and
appear well-behaved.

From f(E) we use Egs. (7), (8), and (10) to find Qyp,
then use Eq. (1) to find @;. Thus we used the measured
value of (); as an input to the simulations to calculate,
among other values, the simulated value of @);. For the
equations to be self-consistent, the input and output Q;
values need to be equal. Achieving self-consistency for all
Pit, Iopt, and T values requires correct choice of the other
parameters. In principle, one could include Egs. (10) and
(A.5) with Egs. (A.1), (A.3) and (A.4) in the simultane-
ous solution of equations. This would result in @); not ex-
plicitly appearing in the simulation. However, this would
not alter the result but would increase the complexity of
the equations, especially the Jacobian which is needed in
the Newton-Raphson method.
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