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A known source of decoherence in superconducting qubits is the presence of broken Cooper pairs, or
quasiparticles. These can be generated by high-energy radiation, either present in the environment or
purposefully introduced, as in the case of some hybrid quantum devices. Here, we systematically study the

properties of a transmon qubit under illumination by focused infrared radiation with various powers,
durations, and spatial locations. Despite the high energy of incident photons, our observations agree well
with a model of low-energy quasiparticle dynamics dominated by trapping. This technique can be used for
understanding and potentially mitigating the effects of high-energy radiation on superconducting circuits

with a variety of geometries and materials.
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The quantum coherence of superconducting (SC) circuits
has steadily improved in recent years [1-4]. This has
enabled them to not only become one of the leading
quantum information processing platforms but also a
crucial ingredient in a variety of hybrid devices aiming
to combine superconducting circuits with other quantum
systems [5,6]. However, understanding and mitigating the
sources of decoherence in SC circuits is still an important
effort in this field, particularly when considering hybrid
systems where new components and degrees of freedom are
introduced.

One significant decoherence mechanism is the breaking
of Cooper pairs in the superconductor, creating so-called
quasiparticles [7-9]. The presence of quasiparticles can lead
to both energy relaxation and dephasing of qubits [10-16].
These effects were studied using controlled injection of
quasiparticles near Josephson junctions with microwave
drives [17,18]. It has also been shown that quasiparticles
generated by high-energy particles, such as high-energy
photons or the products of radioactive decay [19], can even
result in correlated errors between multiple qubits [20-24],
which is especially detrimental for quantum error correction
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protocols [25]. To mitigate these detrimental effects, pre-
vious studies have focused on shielding SC circuits from
environmental high-energy radiation [19,26-28]. However,
quasiparticle densities measured are still orders of magni-
tude higher than predicted at thermal equilibrium [29,30]. In
addition, hybrid devices such as microwave-optical quan-
tum transducers require the introduction of a large number of
optical photons near SC circuits, which can lead to signifi-
cant additional decoherence [6,31-33].

In this work, we introduce high-energy radiation in the
form of an infrared laser beam in the vicinity of a SC qubit
to systematically investigate the impact of incident photons
on qubit properties. We vary not only the power and
duration but also the location of the laser beam relative
to the qubit, demonstrating temporal and spatial control
over the generation of quasiparticles. We show that the
qubit’s excited state lifetime is modified by the incident
light, but recovers about an order of magnitude faster than
in previous experiments with microwave induced quasi-
particles in a similar device [17]. We find that the recovery
dynamics of the qubit coherence are well described by a
model of quasiparticle population decay through trapping
and recombination [17].

Experimental design—Our device consists of an alumi-
num transmon qubit on a sapphire substrate [1] situated in a
3D aluminum microwave cavity at the base plate of a
dilution refrigerator operating around 10 mK. Holes in the
walls of the cavity allow laser light to enter and exit the
cavity, as seen in Fig. 1(a). Light from a 1550-nm-wave-
length laser is guided into the dilution refrigerator via an
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FIG. 1. Schematic of the setup. (a) An infrared laser beam
enters its microwave cavity via holes in the walls, reaching the
qubit chip. Transmitted light is sent to a collimator (output fiber)
and used to construct a low-resolution picture of the qubit.
(b) Diagram of the three positions of the laser beam used in this
work, labeled A, B, and C. The aluminum pads, as well as the
laser spot size and relative locations, are roughly to scale.

optical fiber and focused into the cavity to a beam waist of
47 pm at the plane of the qubit. Variable optical attenuators
(VOAs) and a fiber-coupled acousto-optic modulator
(AOM) are used to control the power and duration of
the laser pulses. At the base plate of the dilution refrig-
erator, the fiber is glued to an input lens and mounted on a
motorized tip-tilt stage that allows us to change the position
of the laser spot. A fiber coupler is used to collect the light
that exits on the other side of the cavity. By changing the
position of the laser beam and measuring the transmitted
light, we can take low-resolution images that we use to
position the laser beam relative to the qubit (see
Supplemental Material [34], Secs. C and D).

We performed measurements with the laser beam
focused onto three different locations during a single
cooldown, as shown in Fig. 1(b): Position A is on the
aluminum pad of the qubit, position B is on the edge of the
qubit pad, and position C is on the sapphire substrate,
approximately 200 pm below the qubit.

The energy of infrared photons (~h x 193.4 THz) is
orders of magnitude larger than the superconducting band
gap 2A of aluminum (A = h x 46.9 GHz, for thin-film
aluminum [1]). An infrared photon impinging on the device
creates high-energy excitations in the superconducting film
and substrate, which are converted into a large number of
low-energy quasiparticles through a cascading microscopic
process consisting of scattering interactions involving
phonons, electrons, and other quasiparticles [40]. The
number of low-energy quasiparticles then decreases over
time due to two main processes: First, quasiparticles can be

individually trapped at the edges of the superconductor or
in vortices caused by residual magnetic fields. Second,
these electronic excitations can recombine into Cooper
pairs, releasing their energy mostly via phonon creation and
returning to the superconducting condensate [41].

The light-induced quasiparticle density in the vicinity of
the transmon’s Josephson junction xI, can be directly

ap
inferred from the measured decay rate I' of the transmon’s

excited state via I' = Cxlf, + I'p. Here C = |/2w,A /7%,

where @, is the frequency of the qubit transition and A is
the superconducting energy gap [10]. 'y is the intrinsic
decay rate of the qubit in the absence of laser light, which
can be due to a constant background quasiparticle density
in the material or other sources of decay such as dielectric
loss. In our experiment, we measure the qubit energy
relaxation time 7y = 1/I", from which we extract xiﬁ, using
C=~2rxx7.774 GHz and T'j measured in the absence of
laser light. Measurements using a continuous wave (cw)
laser allow us to observe the effect of absorbed light on the
steady-state quasiparticle density, while measurements
using a laser pulse allow us to study the recovery dynamics
of T, over the timescales in which quasiparticles are
trapped or recombine [17].

Results—Using the cw laser, we find that an increase in
the laser power P, incident on the qubit leads to a shorter
T,, as shown in Fig. 2(a). The data are fitted to a model
where the light-induced quasiparticle density depends
linearly on the optical power, i.e., xiq‘}) = PPy, with p
being a conversion constant between optical power and
quasiparticle density. We provide more information about
our model in Sec. B of the Supplemental Material [34].

We perform this measurement with the laser located in
positions A, B, and C and find a hierarchy of conversion
constants given by ug = (1.61 £0.06) x 107> nW~! >
pa = (1.75 £0.09) x 107% nW~! > pe = (2.96 £ 0.07)x
1078 nW~!. Position C is the least sensitive to the optical
power, which is unsurprising since the laser is focused on
the substrate. While most of the light passes through or is
specularly reflected at the sapphire-air interfaces and exits
through the cavity holes, some diffusely scattered light can
remain in the cavity and eventually impinge on the qubit.
The 7, measurements at position A show a higher
sensitivity to the optical power than at position C because
we are shining the light directly onto the superconducting
film. The reflectivity of the Al film at 1550 nm is 97.5%
[42], so we believe that most of the light is reflected
backwards and leaves the qubit environment through the
input hole of the cavity. Surprisingly, we find that when the
laser is focused at the edge of the qubit (position B), T'; is
more sensitive to laser power than the other two cases. We
speculate that this is because light incident at the border of
the qubit diffracts, leading to more photons scattered
toward the qubit or remaining in the 3D cavity instead
of exiting through the holes. A second possibility would be
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FIG.2. Measurements with cw laser radiation. (a) 7' times as a function of laser power, for positions A, B, and C. Inset: The same data
with scaled power axes. The power axes are scaled for positions A and B by the ratios p,/uc ~# 59 and pg/uc ~ 544, respectively.
(b) Decay rate of the qubit and the corresponding calculated induced quasiparticle density as a function of power for the laser in
positions A, B, and C, illustrating the linear dependence of I" with the optical power. Power axes of positions A and B are scaled by the
same ratios as in (a). (c) Ramsey measurement of the decoherence time (circles), 27" (solid line), and inferred dephasing time (squares),
for the three different positions. (d) Shift of the qubit frequency from its value with the laser turned off. The power axes are again scaled
for positions A and B, using the same ratios as in (a). In (a) and (d), the error bars for each data point represent the standard deviation of
ten sequential measurements taken at each optical power; in (b) the error bars are propagated from data in (a); in (c), the error bars are
calculated using ten sequential measurements and propagation of the error bars in (a).

that photons absorbed in the substrate generate phonons,
which lead to the creation of quasiparticles once they travel
to the superconductor [25,43]. If this process is more
efficient at generating quasiparticles than light directly
incident on the superconductor, but it falls off as a function
of distance that the phonons have to travel, this would be
consistent with our observations. Finally, additional effects
at the edges, such as stronger absorption of photons due to
fabrication imperfections or local modifications of the
superconducting energy gap could also help to explain
the higher sensitivity observed with the laser in position B.
As can be seen in Fig. 2(b), the qubit decay rate and
inferred xg}, have a linear dependence on the laser power for
the three positions, and therefore all three datasets can be
collapsed onto a universal curve when the incident power is
scaled by the appropriate ratio of photon-quasiparticle
conversion constants.

Quasiparticles have already been demonstrated as an
important source of qubit decay and decoherence [12,19].
Here we decompose the quasiparticle-induced decoherence
of the qubit into contributions from dephasing and energy
decay. In Fig. 2(c), we show the effect of light-induced
quasiparticles on the 775 decoherence times of our qubit,

which decreases with higher optical powers. We can
separate the decoherence into two contributions via
1/T5 =1/T4+ 1/(2T,), where T is the pure dephasing
time. We see that while the 77 is not 7'y limited for smaller
powers, it becomes more so for higher powers. We don’t
observe statistically significant changes in the T, of the
qubit. This indicates that at high powers, the 775 becomes
increasingly limited by energy relaxation rather than
quasiparticle dephasing. The latter, in contrast to relaxation
and frequency shift (discussed next), is in general not
determined solely by the quasiparticle density [13]. In this
reference, a model considering quasi-thermal equilibrium
energy distribution with an effective temperature for the
quasiparticles predicts a negligible pure dephasing rate,
which is consistent with our measurements.

Finally, from the Ramsey measurements, we also extract
the quasiparticle-induced qubit frequency shift, éw,, as a
function of the optical power. Figure 2(d) shows a reduction
in the qubit frequency with higher powers. As described in
[10], this is another indication of an increased quasiparticle
density. We observe that the frequency shift is negative and
linear in the optical power applied, as one would expect
from a model of quasiparticle injection [see Eq. (73) of
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Time-resolved measurements at position A. (a) Protocol for measurement of qubit 7' after a laser pulse. (b) Measurement of

the qubit decay rate as a function of variable delay time 7,y Here, we use a 10 ps long laser pulse with an optical power of 1 pW. Insets:
Qubit ground state population as a function of time for two different 7. (¢) Qubit decay rate as a function of 7, for different optical

powers. The data for four powers that span five orders of magnitude are highlighted. (d) Initial injected quasiparticle density xa“p as a
function of pulse power, obtained from fitting the data in (c). The dashed line is a linear fit to the data where P, < 0.1 pW. Error bars in

(b) and (c) represent the standard deviation of measurements, while in (d), they represent the propagated error using our model and the

estimated trapping and recombination constants.

Ref. [10]]. Our linear fits in Fig. 2(d) yield slopes which are
on average 17% =+ 6% smaller in absolute value than those
expected from theory, when we convert the optical powers
to quasiparticle densities. Deviations from the model of this
magnitude have been previously observed in Ref. [17].
Based on the results of [44], the smaller slopes could be
indicative of quasiparticle heating, but it should be noted
that the regime considered there—resonators with a high
number of photons below the bandgap—is quite different
from the one explored in this work.

Next, we study the recovery of qubit lifetime after
quasiparticle creation. In Fig. 3(a), we show the protocol
we use for this experiment. The AOM creates laser pulses
with controllable pulse lengths and repetition rates. After
the pulse is sent to the qubit, we wait a variable delay time
Tope and perform a 7'; measurement.

A typical measurement result is shown in Fig. 3(b). We
focus on data for the laser located at position A, but similar
results are obtained for the laser in the other positions (see
Supplemental Material Sec. H). In the first hundreds of
microseconds, we cannot measure the qubit decay rate for
higher powers, due to short 7'y times [33]. After a certain
time that depends on the pulse energy, we are able to
measure a 7| decay curve, as we show in the inset for the
first point in Fig. 3(b). Afterward, we observe a continuous
decrease in I' until it reaches an asymptote at I'y,.

We perform this experiment for a range of optical powers
while keeping the optical pulse length fixed at 10 ps. In

Fig. 3(c), we show data for a range of five orders of
magnitude in the incident optical power. All plots follow a
similar behavior, with an initial higher I', followed by a
decline that lasts between a few hundred microseconds to
slightly more than 1 ms. To understand the physical origin
of the coherence recovery, we fit the data for each power to
a model that includes trapping and recombination as
possible sources of quasiparticle density decrease.
Detailed analysis of the fitting parameters leads us to
conclude that we can use a model with a quasiparticle
trapping constant of s = 9 £ 2 kHz and no recombination,
as discussed in Secs. B and I of the Supplemental Material
[34]. This allows us to conclude that we are in a trapping-
dominated regime, leading to an exponential recovery of
the qubit decay rate

T (7op) = Cxgpe ™ + T,

(1)

as we observe in Fig. 3(b). We use this model to extract the
injected quasiparticle density at 7., =0 for each laser
power, as shown in Fig. 3(d), where we see a clear increase
in x with optical power. Both the optical power and xi},
span 5 orders of magnitude, with the latter reaching values
as high as 1072, We note that similar behavior is observed
when varying the pulse length instead of power
(Supplemental Material Sec. G [34]).

Discussion and conclusion—In this work, we introduced
a technique to create and control quasiparticle dynamics in
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SC devices. Using an infrared laser, we were able to tune
the qubit decay and decoherence rates by changing the
optical energy reaching the device. The increase in the
decay rate is directly associated with energy exchange
between qubit states and quasiparticle degrees of freedom,
which dominates over the dephasing rate.

We believe that the strong laser location dependence
observed in our experiment is a combination of two effects:
quasiparticle generation due to photons directly absorbed
by the SC layer and quasiparticle generation due to photons
absorbed in the substrate. In our experiment, we were not
able to distinguish between these two processes. However,
finding a way to measure the relative strength of these loss
mechanisms could be the focus of future investigations. A
better understanding of light-induced quasiparticle gener-
ation is particularly important for the development of
microwave-to-optical transducers based on SC qubits,
where one often needs to bring light very close to the
superconductors [31,32]. It is also important to stress that a
simple linear model of the absorption of photons, using a
conversion constant between optical power and quasipar-
ticle density, allows us to precisely describe the results of
our cw experiments. This model could be extended by
including higher energy levels of the transmon, which in
our model is treated like a two-level system.

While the cw dynamics can be explained by a linear
absorption model, the pulsed regime shows more complex
dynamics. Nonetheless, using a diffusion-free model with
power-independent trapping and recombination rates, we
were able to fit all of our results and demonstrate how the
injected quasiparticle density depends on the pulse energy.
We observe that the qubit coherence recovers with a
timescale of 7,, = 0.11 £0.02 ms, about one order of
magnitude faster than previously reported in an experiment
with a similar qubit which used microwave pulses for
quasiparticle injection [17]. This could be explained by
larger stray magnetic fields resulting in more vortices,
faster diffusion due to the higher initial quasiparticle
energy, or an altered quasiparticle mean free path.

We believe the platform we have developed can be
particularly useful to understand catastrophic events asso-
ciated with cosmic rays or environmental radiation in large-
scale SC circuits [21]. With the precise control of power,
event rate, and location of the events, we can simulate the
burst of injected particles in these circuits and evaluate the
robustness of a particular circuit to these events. Finally, in
future experiments, in situ control of quasiparticle gener-
ation could also be used to study quasiparticle diffusion in
SC circuits, contributing to our understanding of how to
mitigate their detrimental effects.
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