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We report continuous measurements of quasiparticles trapping and clearing from Andreev Bound
States in aluminum nanobridge Josephson junctions integrated into a superconducting-qubit-like de-
vice. We find that trapping is well modeled by independent spontaneous emission events. Above 80
mK the clearing process is well described by absorption of thermal phonons, but other temperature-
independent mechanisms dominate at low temperature. We find complex structure in the depen-
dence of the low-temperature clearing rate on the Andreev Bound State energy. Our results shed
light on quasiparticle behavior in qubit-like circuits.

Non-equilibrium quasiparticles (QPs) in superconduct-
ing quantum circuits can hinder device operation, limit-
ing coherence in most qubit architectures [1, 2] and induc-
ing correlated, difficult-to-correct errors across multiple
qubits on the same chip [3, 4]. The QPs are generated by
non-thermal mechanisms such as pair-breaking infrared
photons [5] or energy dissipation from local radioactivity
and cosmic rays [2]. Significant non-equilibrium QP pop-
ulations with fractional densities xqp ∼ 10−9 − 10−5 are
ubiquitously observed [5–8] and have proven difficult to
eliminate. Mitigation strategies such as improved light-
tight shielding [5], input/output filtering with infrared
absorbers [7, 9, 10], and device engineering [11–17] have
reduced QP densities over the last decade. Many works
have probed QP populations by detecting single charge
tunneling across Josephson junctions [1, 7, 15, 18–22] or
observing QPs trapped inside the Andreev Bound States
(ABS) of a junction [23–27]. These ABS provide a com-
plementary measurement of QP behavior, and can be
used as qubit modes themselves [28, 29]. In many im-
plementations the ABS qubit relies on a non-equilibrium
QP trapping in order to initialize the state; such qubits
are vulnerable to additional trapping events and to acci-
dental clearing of the QP from the ABS. There is thus
a great need to better understand the behavior of QPs
in ABS and the mechanisms for QPs transitions between
ABS and bulk continuum states.

In this letter we investigate the electron-phonon inter-
actions involved in trapping a quasiparticle into / clearing
a quasiparticle from an Andreev Bound State. We show
continuous, real-time measurements of ABS trapping dy-
namics as a function of ABS energy and device tempera-
ture in a superconducting-qubit-like device. We find that
QP trapping is consistent with independent spontaneous
emission events from a bulk QP population that is a com-
bination of a temperature-independent non-equilibrium
background and a thermal equilibrium density. We fur-
ther find that QP clearing from an ABS is consistent with
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a process dominated by absorption of a thermal phonon
at temperatures above 80 mK. At low temperatures, we
find evidence that absorption of microwave photons by
trapped QPs is the dominant clearing mechanism, even
at low drive powers. We analyze the mean QP occupancy
of our ABS device and find independent confirmation of
our trapping and clearing models. Our results shed light
on quasiparticle behavior in ABS and in qubit-like cir-
cuits in general.

To study QP trapping, we require a circuit ele-
ment which is sensitive to the occupation of single
electron states with tunability below the superconduct-
ing gap. We find such an element in the aluminum
nanobridge Josephson junction, an all-superconducting
junction which was shown [30–32] to follow the KO-1
current-phase relation [33] while providing several hun-
dred conduction channels. Each conduction channel
hosts a pair of ABS with energies

EA(δ) = ±∆

√

1− τ sin
δ

2
(1)

measured from the Fermi energy. The transparency τ
is the probability that an incident Cooper pair is trans-
mitted across the junction and δ is the phase bias across
the junction; ∆ is the superconducting gap. For short
(. 100 nm) aluminum nanobridges, τ approximately fol-
lows a Dorokhov distribution with a strong preference
to be 0 or 1 [31, 34]. When occupied, each ABS in a
given channel carries equal and opposite contributions to
the supercurrent. The negative state is usually occupied
while the positive state is unoccupied. However, the pos-
itive ABS dips below the gap ∆ when both δ and τ are
nonzero, making it energetically favorable for a quasi-
particle above the gap (i.e. in the bulk continuum) to
relax into the ABS and become trapped. When this oc-
curs the supercurrent contribution of the given channel
is cancelled and the channel is “poisoned". This is the
mechanism of our detection: the Josephson inductance
becomes a function of the number of trapped quasiparti-
cles.

By embedding a DC SQUID with symmetric aluminum
nanobridge junctions in a λ/4 coplanar waveguide res-
onator, we are able to measure the trapping of a QP as a
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FIG. 1. (a) Images of similar device: a λ/4 resonator is grounded through a DC SQUID with a pair of symmetric aluminum
nanowire junctions. These junctions are approximately 25 nm × 8 nm × 100 nm. (b) The readout drive ωd is generated at
room temperature and attenuated along the path through the dilution refrigerator to the base stage. At 30 mK, pair breaking
photons on all inputs and outputs are reduced by K&L 12 GHz low pass filters and Eccosorb CR110 infrared absorbers. The
signal circulates to reflect off our device and pass through a 5.85 GHz low pass filter. The signal is then amplified by a
travelling wave parametric amplifier (TWPA) whose pump is inserted via a directional coupler. The signal exits the dilution
refrigerator receiving further amplification by a HEMT at 4K and a series of low noise amplifiers at room temperature. The
signal is homodyne demodulated by an IQ mixer and the resulting quadratures are digitized after 15 MHz low pass filtering. A
Keithley Sourcemeter sends DC current along the dashed path to a coil in the device package and a VNA is used to measure
the resonance as a function of flux.

resonant frequency shift of the resonator. This allows for
a high bandwidth, continuous measurement of the ABS
occupation in a qubit-like circuit using a standard disper-
sive measurement setup [27]. A constant flux bias on the
SQUID introduces a constant, symmetric phase bias to
the junctions δ = πφ (where φ is the applied flux in units
of flux quanta), tuning the ABS energies. The fundamen-
tal mode f0(φ) of our resonator is flux tunable from 4.301
GHz to 4̃.25 GHz with a linewidth κ = 2π×250 kHz and
the shift due to trapping a single quasiparticle χ(φ)/2π
ranges from 100 kHz to 400 kHz. A device image and
wiring diagram are shown in Fig. 1.

We perform continuous microwave reflection measure-
ments on our device which is mounted in a dilution refrig-
erator with a base temperature of 30 mK. The reflected
signal is homodyne demodulated with an IQ mixer and
the two quadratures of signal are recorded as a gapless
voltage record in 3 s segments by an Alazar 9371 digi-
tizer operating at 300 MHz sample rate. This is down
sampled to 1 MHz sample rate to ensure sufficient SNR
for our later analysis; low-power data sometimes requires
further downsampling to maintain an SNR greater than
3. Data was collected and processed in this way over a
range of parameters: the dilution refrigerator tempera-
ture, the ABS energy, and the applied microwave power.

For brevity, we restrict ourselves in this analysis to a con-
stant power of -133 dBm (∼ 25 photons) at the device.
This power was chosen as it gives reasonable SNR at all
flux values, but is always at least 6 dB below the power
at which we start to observe a power-dependent resonant
frequency shift due to the nonlinearity of the nanoSQUID
inductance [32]. More details on data collection are given
in the Supplement [35].

We take the downsampled IQ voltage record and fit it
to a Hidden Markov Model (HMM) [36, 37]. The HMM
fits the data to two modes with Gaussian-distributed
voltage emissions, corresponding to the “hidden” state
of the resonance with 0 or 1 trapped QPs. While there
is evidence of periods when there are 2 trapped QPs,
these are rare enough that they do not affect the anal-
ysis, and so we neglect them [27]. The HMM also fits
a matrix of transition rates between hidden states, as-
suming a Markovian process of switching between states.
These transition rates are parameters of the model and
are used in the majority of our analysis. The fit modes
and transition matrix are then used in a maximum a
posteriori probability estimation procedure to assign a
hidden state to every data point. Our HMM uses the
Viterbi algorithm to perform this estimation, finding the
series of hidden states that is most likely to generate the
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observed data. Thus we use the HMM to transform the
IQ voltage time series into time series of the number of
trapped QPs (either 0 or 1 in this analysis) and we obtain
the rates of QPs trapping and clearing from the HMM fit.
A more detailed explanation is given in the Supplement
[35].

The present work explores the behavior of three quan-
tities derived from HMM analysis as a function of ABS
energy and temperature. Γtrap is the rate of QPs relaxing
from the bulk into available ABS of the junction, Γrelease

is the rate of clearing QPs from ABS to the bulk, and n̄
which we call the mean occupation is the time average
of the number of trapped QPs. Γtrap and Γrelease are
found from the off-diagonal elements of the HMM tran-
sition matrix—that is, they are parameters of the model
used to extract the ABS occupation time series—while
n̄ is found from averaging the extracted QP occupation
time series over the full 3 second record.

We begin our modeling with the trap rate. Assuming
trapping events are independent of each other and spon-
taneous emission dominates the QP relaxation into the
ABS, each QP in the bulk has a temperature-independent
trapping rate. This implies the overall trap rate is sep-
arable: Γtrap(∆A, T ) = f(∆A)x(T ), where x(T ) is the
fractional quasiparticle density and ∆A ≡ ∆−EA is the
trap depth. We take the limit τ → 1 as the Dorkhov dis-
tribution ρ(τ) is sharply peaked at 0 and 1, and channels
with 0 transmittivity do not contribute to the transport.
The fractional quasiparticle density should be the sum of
a non-equilibrium background xne and a thermal popu-
lation:

x(T ) = xne +

√

2πkBT

∆
exp

(

−∆

kBT

)

. (2)

We expect that most bulk QPs are near the gap energy, so
for spontaneous emission we take f(∆A) ∝ ∆3

A. Putting
this together, we obtain a model for the trap rate

Γtrap = β∆3

A

(

xne +

√

2πkBT

∆
exp

(

−∆

kBT

)

)

(3)

where β, ∆, and xne are the free parameters. To improve
the quality of our fit, we take advantage of the low tem-
perature saturation of trap rate Γ0

trap(∆A) ≈ β∆3
Axne

for T ≤ 120 mK. We first subtract Γ0
trap(∆A) from Eq.

3 and fit the resulting quantity to find the gap ∆ and
scaling factor β. Next we divide Eq. 3 by Γ0

trap(∆A)
and fit this normalized rate with the fractional non-
equilibrium density xne as the only free parameter. This
fitting procedure is covered in detail in the supplement
[35]. In Figure 2, we show the full model (Eq. 3) using
the combined results of this fitting procedure. We find
β = 8.73±0.68×1015 MHz/eV3, xne = 8.50±0.10×10−7,
and ∆ = 185.0±1.5µeV. We note that the fractional non-
equilibrium density xne is quite high compared to recent
works [2, 7, 8] which show a fractional density on the or-
der of 10−9. Our setup uses light-tight radiation shields

FIG. 2. Measured trap rate (circles) and model (solid lines).
The dependence on the trap depth ∆A is shown on the left,
while temperature dependence is shown on the right. We
note the peak in 30 mK data around 9 GHz on the left was
observed as a period of significantly larger than normal mean
occupation which lasted approximately 1 hour in laboratory
time. The source of this peak has not been found and it is
not reproducible.

on all stages of the fridge, with Berkeley Black infrared-
absorbing coating [38] on the interior of the 100 mK and
mixing chamber shields. In addition, the sample pack-
age is mounted inside of an Amumetal 4K shield with a
tin-plated copper can nested inside, also with a Berkeley
Black interior coating. We use custom-made Eccosorb
filters as well as K&L 12 GHz low-pass filters on all in-
puts and outputs. A full diagram is available in shown
in Fig. 1. We suspect that our device geometry may
contribute to the higher-than-expected density, as large
areas of low-gap superconducting aluminum are galvani-
cally coupled to the SQUID. It also may be the case that
our filtering is insufficient, as recent results have shown
evidence that even very extensive filtering does not fully
remove stray infrared light [39]. We see no significant
dependence of the trapping rate on the drive power, and
so it is unlikely that our drive is generating additional
QPs.

The left panel of Figure 2 shows a peak in the 30 mK
data near 9 GHz. This anomaly was present in the trap
rate and mean occupation, while the release rate was
marginally increased. We attribute this to a temporary
increase in the bulk QP density, as repeated measure-
ment under nearly identical conditions did not show this
effect. The period of increased trapping lasted for ap-
proximately one hour with no change in fridge conditions
and no obvious environment factors to blame. We note
the duration of the effect is too long to be caused by
adhesive strain [40] or a strong cosmic ray [41].

We now turn our attention to Γrelease. To promote a
trapped QP from ABS to the continuum of states above
the gap, sufficient energy (at least ∆A) must be absorbed.
In a well shielded dilution refrigerator, we expect this
energy to come from the absorption of phonons. The
clearing rate due to electron-phonon interactions should
be linear in the phonon density,

Γphonon(∆A, T ) ∝ ρǫ≥∆A
(T ), (4)
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where ρǫ≥∆A
(T ) is the density of phonons with energy

exceeding the trap depth. In the supplement [35], we
integrate the Debye density of states and Bose-Einstien
distribution over energies exceeding the trap depth to
obtain the model for QP clearing due to phonons:

Γphonon(∆A, T ) = αT 3

[

−

(

∆A

kBT

)2

ln

(

1− e
−∆A

kBT

)

+
2∆A

kBT
Li2

(

e
−∆A

kBT

)

+ 2Li3

(

e
−∆A

kBT

)

]

. (5)

In the above, Lin(x) is the polylogarithm function of or-
der n and α = CABS→bulkk

3
B/2π

2
~
3ν3 is an overall scal-

ing factor; ν is the speed of sound in our sample and
CABS→bulk relates the ABS clearing rate to the phonon
density. The formal foundation for CABS→bulk is a mat-
ter worthy of study as it represents the coupling between
ABS and an incoherent bath.

In our measurements, we observe that the release rate
saturates at T ≤ 60 mK to a value which depends on
the power of our microwave readout tone, suggesting
that low-temperature clearing is dominated by driven
electron-photon interactions. This is surprising because
a single readout photon (≈ 4.27 GHz) has insufficient
energy to clear the ABS trap (∆A(φ) > 5 GHz ∀ mea-
sured φ). It may be the case that nonlinear processes in
the resonator or transitions to intermediate ABS medi-
ate this process, which will be the subject of future work.
Accounting for this readout-dominated electron-photon
clearing, we can model the total release rate as

Γrelease(∆A, T ) = ΓRO(∆A) + Γphonon(∆A, T ), (6)

where the electron-photon clearing rate ΓRO is the sub-
ject of future work. For now, we take advantage of the low
temperature saturation Γ0

release ≈ ΓRO to eliminate this
photon contribution and maintain focus on the electron-
phonon clearing rate. Our model is

Γrelease(∆A, T )− Γ0

release(∆A) ≈ Γphonon(∆A, T ) (7)

which is equivalent to the right hand side of Eq. 5. We
keep ∆ = 185µeV and fit Eq. 7 with α as the only free
parameter as shown in Figure 3. We obtain α = 38.51±
0.36 MHz/K

3
. Clearly the high temperature release rate

is dominated by a thermal distribution of phonons, but
this result shows that non-thermal sources may dominate
at typical qubit operating temperatures. We point out
that the 240 mK and 260 mK data in the top left panel
show some clipping of the release rate data to the 1 MHz
sample rate – A limitation of our measurement rather
than a physical effect.

Our last feature of interest is the mean occupation n̄,
which is taken directly from the extracted time series of
ABS occupations, not from HMM parameters. We start
with a simple sum over weighted probabilities:

n̄ =
∑

i

iP (i), (8)

FIG. 3. (top) The measured release rate vs trap depth and
temperature. The top left panel shows structure in the trap
depth dependence which is attributed to the driven electron-
photon interactions which dominate at low temperature. In
the top right panel, the low temperature saturation is visible.
The grey dashed line indicates the cutoff temperature (90
mK) for the fit. (bottom) The measured release rate minus
the low temperature saturation is shown as circles, while the
phonon clearing model (Eq. 7) is shown as solid curves.

where P (i) is the probability of having i trapped QPs.
In this analysis, we are only distinguishing between 1
trapped QP and 0 trapped QPs, as the incidence of 2 or
more trapped QPs is quite rare. We can therefore assume
a stationary distribution to obtain

P (0)Γtrap = P (1)Γrelease. (9)

Plugging (9) into (8), we obtain the model for the mean
occupation:

n̄(∆A, T ) = P (0)
Γtrap(∆A, T )

Γrelease(∆A, T )
. (10)

Unfortunately, we are unable to eliminate the driven
electron-photon contribution as we did in Eq. (7) so



5

we simply leave ΓRO(∆A) as a free parameter and fit
each line cut along temperature separately. We normalize

by dividing out the low-temperature saturation (T ≤ 60
mK) to obtain the model

‖n̄∆A
(T )‖ =

1 + 1

xne

√

2πkBT
∆

e
−∆

kBT

1 + αMT 3

[

−
(

∆A

kBT

)2

ln

(

1− e
−∆A

kBT

)

+ 2∆A

kBT
Li2

(

e
−∆A

kBT

)

+ 2Li3

(

e
−∆A

kBT

)] . (11)

FIG. 4. (top) The measured mean occupation (circles) and
the corresponding fit (solid) are shown against temperature.
Note that a different fit is performed at each value of ∆A.
(bottom) The fit parameter αM vs trap depth. Stars indicate
the value of αM for the three curves of the same color dis-
played in the top panel.

We fit this independently for each trap depth, while hold-
ing xne = 8.5 × 10−7 and ∆ = 185µeV fixed. The only
fit parameter is αM ≡ α/ΓRO(∆A). The results are
shown in Figure 4. We note the characteristic dip in
mean occupation for T ∈ [80, 150] mK arises from an
increased phonon population leading to faster clearing
of ABS, while the rise for T ≥ 150 mK is due to large
population of thermal QPs.

We may check for self-consistency in our description
by examining the relationship between αM (∆A) and the
driven electron-photon clearing rate ΓRO(∆A). We di-
rectly measure ΓRO(∆A) as the low-temperature satura-
tion of the release rate and compare this with the esti-
mate obtained from α/αM , as shown in Figure 5. Note
that the former quantity comes entirely from the HMM
parameters, while the latter quantity comes from direct
analysis of the ABS occupation time series. These quan-

FIG. 5. Two sources of estimate for the rate of readout pho-
tons clearing QPs from the ABS traps. The measured low
temperature release rate (blue) and the fit parameter from the
mean occupation, shown as α/αM (orange), where α = 38.51
is found from fitting the phonon contribution to the release
rate as shown in Figure 3. We point out that these agree in
shape and magnitude despite coming from different sources.

tities agree very closely, indicating that our analysis is
robust. The driven electron-photon clearing rate has sig-
nificant structure in its dependence on ∆A which is re-
peatable. There is additional structure when one looks
at the dependence on the microwave power, which is the
focus of our future work with this system.

By utilizing the many ABS of aluminum nanobridge
Josephson junctions, we are able to measure and explain
the behavior of quasiparticle trapping in qubit-like cir-
cuits over a range of trap depth and temperature. We
show that QPs relax into traps primarily by spontaneous
emission of a phonon. The close agreement between our
data and our model suggests that most QPs entering
the trap are originally at or near the superconducting
gap ∆. This indicates that any “hot” non-equilibrium
quasiparticles are first relaxing to the gap in an inde-
pendent process before trapping or that the majority of
non-equilibrium quasiparticles exist at the gap edge, in
agreement with past results [42]. We do not see any ev-
idence of “photon-assisted trapping” (in analogy to the
photon-assisted tunneling observed in tunnel junctions)
where an infrared photon breaks a Cooper pair, promot-
ing a QP directly into an ABS. This process may occur
at lower rates, and is the subject of future work. We also
show that clearing of QPs from ABS traps at tempera-
tures above 90 mK occurs primarily through absorption
of phonons which are distributed according to the Debye
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model. Other sources, such as microwave photons, are
the dominant source of ABS-clearing energy at qubit op-
erating temperatures. Our results further elucidate the
behavior of equilibrium and non-equilibrium quasiparti-
cles in superconducting circuits.
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