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Modeling phonon-mediated quasiparticle poisoning in superconducting qubit arrays
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Correlated errors caused by ionizing radiation impacting superconducting qubit chips are problematic for
quantum error correction. Such impacts generate quasiparticle (QP) excitations in the qubit electrodes, which
temporarily reduce qubit coherence significantly. The many energetic phonons produced by a particle impact
travel efficiently throughout the device substrate and generate quasiparticles with high probability, thus causing
errors on a large fraction of the qubits in an array simultaneously. We describe a comprehensive strategy for
the numerical simulation of the phonon and quasiparticle dynamics in the aftermath of an impact. We compare
the simulations with experimental measurements of phonon-mediated QP poisoning and demonstrate that our
modeling captures the spatial and temporal footprint of the QP poisoning for various configurations of phonon
down-conversion structures. We thus present a path forward for the operation of superconducting quantum
processors in the presence of ionizing radiation.
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I. INTRODUCTION

High-energy particles from background radioactivity or
cosmic-ray muons impacting superconducting qubit arrays
present a significant challenge for implementing a fault-
tolerant quantum processor [1–6]. A typical γ ray from
background radioactive contamination hitting the qubit chip
deposits energy of order 100 keV in the Si substrate [3]. This
generates a significant number of electron-hole pairs near the
impact site, some of which recombine, while others travel
distances of a few hundred µm before trapping on defects in
the Si, thus causing a reconfiguration of the offset-charge en-
vironment for any qubits near the impact site [3]. Such charge
jumps can cause rearrangements of the local two-level system
defects near a qubit, shifting the qubit frequency and affecting
qubit coherence [7]. More importantly, the generation of these
electron-hole pairs is accompanied by the emission of many
energetic athermal phonons, which travel throughout the en-
tire volume of the substrate. Because these phonons generally
have energies well above the superconducting energy gap on
the device layer, whenever they scatter within the supercon-
ducting electrodes they will break Cooper pairs and generate
nonequilibrium quasiparticles (QPs) with high probability.
Transient elevations in QP density in superconducting qubits
reduce coherence and enhance the probability of qubit errors.
Because of the spread of pair-breaking phonons throughout
much of the chip, these QP-induced errors can be correlated
across a significant portion of the processor, which current

error correction schemes such as the surface code [8] are
unable to mitigate.

Software-based approaches to dealing with these corre-
lated errors based on modified error-correcting protocols have
been proposed recently [9–11]. However, due to the added
complexity of these schemes, practical approaches for mit-
igating the QP poisoning in hardware are desirable. While
operation in facilities deep underground can shield against
cosmic-ray muons [4], and the use of thick Pb layers can pro-
tect from environmental radiation sources outside the cryostat
[2], these approaches are not always practical; additionally,
non-negligible radioactive contamination can also be present
in the cryostat and device packaging itself. Some suppression
of quasiparticle bursts in superconducting resonators has been
achieved by adding small islands of a lower-gap superconduc-
tor onto a chip [12,13], which down-convert the energy from
the phonons below the superconducting gap of the device.
More recently [14], some of us demonstrated the use of thick
normal-metal islands on the back side of a multiqubit chip
opposite from the device layer, following a scheme proposed
in Ref. [15]. This resulted in a reduction in the rate of two-
and threefold correlated errors by two orders of magnitude.
Understanding the details of the phonon dynamics and QP
generation is crucial for further improvements to strategies for
mitigating QP poisoning and developing optimal qubit array
layouts.

In recent years, a sophisticated numerical tool, GEANT4
Condensed Matter Physics (G4CMP), has been developed
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for simulating the phonon and charge dynamics in dielectric
crystals at millikelvin temperatures, primarily for designing
cryogenic dark matter detectors [16]. Building on the capa-
bilities in GEANT4 for modeling interactions of high-energy
particles and matter, the G4CMP package incorporates the
relevant solid-state physics to simulate large crystalline sub-
strates, as well as the response of superconducting electrodes
on the surfaces for phonon and charge sensing. Here we apply
this software tool to study the phonon and charge dynamics
in Si chips containing superconducting qubit arrays. This en-
ables us to explore the effectiveness of different strategies for
mitigating phonon-mediated QP poisoning and to quantify the
spatial footprint, magnitude, and temporal dynamics of QP
generation following an impact event.

We describe the typical device layout and the application
of G4CMP to simulate phonon dynamics and QP generation
in our superconducting qubit system in Sec. II. Here we
model our experimental measurements of phonon-mediated
QP poisoning with direct phonon injection using on-chip
tunnel junctions, both from our prior work in Ref. [14] and
measurements of new devices with different configurations
of phonon mitigation. We use a model for computing the
local QP density in the qubit electrodes on the device layer
from the numerically modeled phonons to capture the ex-
perimental response. In Sec. III we present measurements of
QP charge-parity switching rates, a measure of QP poisoning
levels from background events including high-energy parti-
cle impacts, for the various devices with different phonon
mitigation strategies. Building on the successful modeling of
our direct phonon-injection measurements for various device
configurations, in Sec. IV we simulate the spatial and tem-
poral dynamics of QP generation across a chip following
a high-energy particle impact for the various QP mitigation
strategies. From this modeling, we extract the spatial footprint
and temporal dynamics of the QP poisoning for the various
device configurations.

II. MODELING PHONON INJECTION EXPERIMENTS

G4CMP is a Monte Carlo–based simulation software tool
that models electron-hole (e−/h+) pair production from high-
energy particle impacts in dielectric crystals at cryogenic
temperatures and their subsequent transport, recombination,
and phonon production and the resulting phonon dynamics.
Additionally, G4CMP models QP production and scattering in
superconducting films from energetic phonons (see Ref. [16]
and Appendix A for more details). In this work we extend the
software to also include phonon scattering in normal metal
films (see Appendix A). QP production is modeled by an
energy-flow Monte Carlo simulation between a population of
phonons and QPs. This model does not currently account for
QP diffusion or recombination, which, as we discuss later, will
not significantly limit the relevance of our model.

This work is focused on modeling QP production in four
experimental superconducting qubit devices with different
levels of phonon mitigation. Each chip consists of an 8 mm
× 8 mm Si substrate of 525-µm thickness (Fig. 1) with the
Si crystal orientation such that the 〈110〉 crystal planes are
parallel to the substrate edges. Each device contains an array
of up to six charge-sensitive transmon qubits and has a Nb
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FIG. 1. Experimental device geometry and examples of simu-
lated phonon tracks. (a) Schematic of physical device geometry
under controllable phonon injection via a square bias pulse of length
Tpulse to an on-chip tunnel junction. (b) G4CMP simulation of a
single injected phonon in a device with a Nb ground plane and no
down-converting film. (c) Diagram of the physical device with the
resulting electron-hole pair and phonon production from a γ -ray im-
pact. (d) Display of 5% of the simulated phonon tracks resulting from
the initialization of a single e−/h+ pair of energy 3.6 eV. Note that the
color for the phonon tracks in (b) and (d) coincides with the phonon
polarization: longitudinal (magenta), slow transverse (yellow), and
fast transverse (green).

ground plane, resonators, and qubit capacitor islands, plus Al-
AlOx-Al Dolan-bridge style Josephson junctions [17]. Two
of the devices are from Ref. [14]: one with no back-side
metallization (non-Cu-A) and one with a 10-µm-thick back-
side Cu film patterned into an array of 200-µm islands with
50-µm spacing (10-µm Cu) for suppressing qubit damping by
the lossy transmission-line mode that would be formed oth-
erwise [15]. Two new devices have the same layout as those
in Ref. [14]: one device also has no back-side metallization
(non-Cu-B); the other device has 1-µm-thick Cu islands with
the same geometry as the 10-µm Cu chip (1-µm Cu).

Our experimental Josephson elements have Al films of
thickness 40 nm (80 nm) for the bottom (top) electrode. Be-
cause the superconducting gap of Al depends on the thickness
of the film d , we use the formula presented in Ref. [18],
�Al(d ) = �bulk + ad−1, where �bulk is 180 µeV and a is
600 µeV nm, to estimate �junc in the junction electrodes. We
take the gap of the simulated Al junction electrode to be the
average of the gap in the top and bottom films, 191 µeV, with
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FIG. 2. Schematic of relevant QP and phonon processes. Fea-
tures are not to scale. (i) QP recombination and emission of 2�

phonon. (ii) Pair-breaking and QP generation from phonon with
energy � 2�. (iii) QP relaxation and phonon emission. (iv) QP
trapping in region of reduced superconducting gap. (v) Phonon
transmission/reflection at interface. (vi) Phonon escape at chip
edges. (vii) Phonon scattering and down-conversion with conduction
electron in normal metal.

a total thickness of 120 nm. We simulate the qubit Josephson
junction electrodes to be 10 × 10 µm2 patches of Al on the
top surface of the substrate at the location of each qubit. This
is larger than the 5 × 1 µm2 footprint of our actual qubit
junction electrodes on the experimental devices, allowing us
to improve the computational efficiency where we gain more
QP generating events for fewer event trials, assuming the
phonon flux is uniform within a small region of the device
layer. This geometric factor of 20 is accounted for as a scaling
of the number of QPs generated on each junction throughout
our modeling analysis. In our experimental devices, ∼99% of
the device layer is covered with the ground-plane material,
and thus we model the top surface as a continuous film of the
ground-plane Nb, with 10 × 10 µm2 apertures at the locations
of the Al junction electrode patches. In the experimental de-
vices, the size and spacing of the Cu islands results in ∼64%
coverage of the back-side surface with metal; our G4CMP
simulations match the experimental geometry for these
islands.

Our experimental devices are mounted in machined Al
sample packages with small amounts of GE varnish adhesive
applied at the corners of the substrate. The ground plane of
the device layer is connected to the sample packaging with
a series of Al wirebonds around the perimeter. Both the GE
varnish and wirebonds connect the substrate to the packaging,
thus acting as channels for phonons to escape the Si substrate
[15]. The details of these phonon loss channels are specific
to our experimental devices and are not readily modeled in
the G4CMP software package. We approximate this phonon
loss as a uniform escape probability on the substrate edges
(four 525 µm × 8 mm planes). For our simulations, we use
the phonon escape probability on the vertical boundaries as
a free parameter within the G4CMP simulation to model the
recovery timescale following an injection pulse in our experi-
ments. Figure 2 depicts the phonon loss at the chip boundaries,
as well as the various other phonon and QP processes that are
relevant to our modeling effort.

The normalized quasiparticle density xqp, defined as the
ratio of the volume density of QPs to the volume density of
Cooper pairs, can be both quantified experimentally and ex-
tracted numerically from G4CMP simulations with additional
modeling. Here we develop and demonstrate the validity of
this modeling. We first consider the phonon injection exper-
iments from Ref. [14], with a 10-µs pulse at 1 mV to the
on-chip injection junction followed by measurements of qubit
T1 at varying times after the end of the pulse. Without struc-
tures for phonon down-conversion, we observe a substantial
increase in the relaxation rate ��1 = 1/T1 − 1/T b

1 , where T b
1

is the baseline relaxation time with no explicit injection. A
quasiparticle tunneling through the qubit Josephson junction
can absorb energy from the qubit and cause premature re-
laxation, and, therefore, a change in relaxation rate can be
directly related to the density of excess QPs from the injec-
tion: xqp = π��1/

√
2�Alω01/h̄, where ω01 is the qubit 0-1

transition frequency [19]. In the injection measurements on
the non-Cu-A chip, the xqp level extracted from the measured
��1 data reaches a maximum of ∼7.5 × 10−6 approximately
30 µs after the end of the injection pulse before recovering
back to the baseline level with a time constant of 60 µs
(Fig. 3). We model this experiment in the G4CMP simula-
tion by initializing a large number of phonons Ns

ph of energy
2�junc with a random downward angle from the location of the
injector junction [Fig. 1(b)]. From the simulation, we acquire
the number of QPs created on each junction electrode Nqp

versus time t , which we use to define a time-dependent QP
generation term g(t ) in the following model of the normalized
QP density xqp in a qubit electrode:

dxqp

dt
= −rx2

qp − sxqp + g(t ), (1)

where the QP recombination rate r for Al ranges from
1/(100 ns) to 1/(10 ns) [20–23] and s is the QP trapping
rate due to microscopic variations in the superconducting
gap [22,23], or possibly the different gaps from the bilayer
nature of the Al junction electrodes [18,24]. As we will show,
recombination is likely negligible compared to trapping for
the relatively low xqp levels in our injection experiments,
but we nonetheless include it for completeness, although the
precise value of r used in our modeling does not affect
the fit significantly. As described earlier, G4CMP does not
model QP diffusion, and consistently with that, Eq. (1) is a
zero-dimensional treatment of xqp in each electrode, with g(t )
determined by Nqp(t ) following the QP energy cascade in the
electrode. We estimate that the QP diffusion time throughout a
junction electrode is of the order of 10 ns; since this timescale
is much shorter than that associated with trapping (see end
of this section), neglecting QP diffusion here is a reasonable
approximation (see Appendix H).

To relate the QP generation rate g(t ) to the phonon injec-
tion and subsequent dynamics, we assume the time-dependent
generation rate in Eq. (1) can be written as a convolution of a
response function h(t ) with the phonon injection rate Iph(t ),

g(t ) =
∫ t

dτ h(t − τ )Iph(τ ). (2)

The G4CMP simulation initializes all phonons at t = 0, and,
thus, the simulation results correspond to a delta function
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FIG. 3. Simulations of phonon injection measurements. (a) Dis-
tribution of the number of quasiparticles Nqp generated on the
simulated junction patch at the location of Q4 for a device with
no back-side metallization (non-Cu-A). Simulated phonon injection
includes 108 phonons of energy 2�Al. This distribution is used to
define the time-dependent QP generation rate g(t ) for the QP density
modeling. Inset is the number of quasiparticles generated at the Q3

location for a device with 10-µm-thick islands (10-µm Cu) from
a simulation of 109 phonons. (b) Experimental data points from
��1(t ) measurements following phonon injection pulse converted to
xqp(t ) from Ref. [14]; solid lines are resulting simulated curves from
G4CMP for Q4 on non-Cu-A device (red diamonds) and 10-µm Cu
chip (blue triangles).

phonon injection rate Iph(t ) = Ns
phδ(t ), where Ns

ph is the total
number of phonons simulated. Figure 3(a) shows an example
histogram of Nqp(t ) for the Q4 qubit electrode on a device
with no back-side metallization for Ns

ph = 108 phonons, all
initialized at t = 0; the inset to Fig. 3(a) is a plot of the
same quantity for a device with 10-µm Cu back-side islands,
with Ns

ph = 109, showing dramatically fewer QPs produced
by phonon impacts. The quasiparticle generation rate will be
g(t ) = Nqp(t )/(ncpV �t ), where V is the volume of the elec-
trode (1 × 5 × 0.12 µm3), ncp (4 × 106 µm−3) is the Cooper
pair density, and �t is the bin width of the histogram. Thus,
from Eq. (2), we obtain the response function as h(t ) =
Nqp(t )/(ncpV �tNs

ph ). With this result and after discretizing
Eq. (2), we arrive at the following formula relating the gen-
eration rate due to an arbitrary injection pulse to the simulated
Nqp:

g(ti ) =
∑
j<i

Nqp(ti − t j )

ncpV Ns
ph

Iph(t j ). (3)

To connect our simulation results to experimental measure-
ments and to account for the nonzero width of the injection
pulse, we need to define the proper experimental phonon

injection rate Iph(t ) in Eq. (3). In contrast to the delta function
phonon injection rate in the previous paragraph for deriving
the response function h(t ), the experimental injection pulse
has a nonzero duration Tpulse. For an injection pulse at a
junction bias Vb, the number of broken Cooper pairs per unit
time will be Ipair = Vb/2eRn, where Rn is the normal-state
resistance of the injector junction. The resulting two QPs
from each broken Cooper pair have a total energy eVb. In
the experiment, Vb = 1 mV, corresponding to ∼5.5�Al. When
eVb > 4�Al, at least one of the two QPs from each broken
Cooper pair can have sufficient energy to emit a 2�Al phonon
when scattering down to the gap edge. Thus, at Vb = 1 mV we
create pair-breaking phonons via both QP recombination and
scattering. To account for this, we simulate an energy cascade
of broken pairs of energy 1 meV in a zero-dimensional Monte
Carlo scheme, identical to the one described in Appendix A 2.
We find that for every broken pair of energy 1 meV, we emit
1.673 pair-breaking phonons (Eph � 2�Al). With this result
and the fact that our injection pulses are square pulses of
length Tpulse, we arrive at the following phonon injection rate,

Iph(t ) =
{

1.673Ipair, 0 � t � Tpulse

0, otherwise.
(4)

We next use Eq. (3) with Iph(t ) from Eq. (4) to compute
g(t ), which we then include to solve Eq. (1) for xqp(t ) using
a simple forward Euler method. In Fig. 3(b) we show the
simulation results of an injection experiment for one of the
qubits on the non-Cu-A chip and a qubit on the 10-µm Cu
device in black compared to the corresponding experimental
data from Ref. [14]. For the simulation results, the t = 0
point is redefined to be the end of the injection pulse of
duration Tpulse to match the convention in the experiment.
In the modeling based on Eq. (1), we treat the QP trap-
ping rate s as a free parameter for fitting the data. We use
a fixed QP recombination rate r of 1/(10 ns). For the case
of Q4 on the non-Cu-A device shown in Fig. 3(b), we find
s = 4.5(2) × 10−2 µs−1. From similar analysis for Q2 and Q3,
we obtain an average trapping rate of s = 4.8(2) × 10−2 µs−1,
which is consistent with results from other QP poisoning
measurements of planar multilayer qubit devices [25,26]. We
use a value of 5 × 10−2 µs−1 for s in the modeling of phonon
injection for the 10-µm Cu device. There is a dramatic dif-
ference between a device without back-side metallization and
with 10-µm Cu islands in response to the phonon injection
pulse, consistent with the Nqp(t ) histogram in the inset of
Fig. 3(a). Thus, the simulation routine we have developed
captures this significant variation in device response to the
injected phonons. In Fig. 4 we present phonon injection data
for two qubits on the non-Cu-B chip and two on the 1-µm Cu
chip (see Appendix D for injection data on all six qubits on
each chip). For both devices, we inject phonons from the on-
chip tunnel junction indicated in the figure insets and measure
��1 during and after a phonon injection pulse for the closest
(Q6) and furthest (Q1) qubits from the injector junction. Note
that the data at negative times on the delay axis correspond to
measurements of ��1 during the injection pulse. In Fig. 4(a)
we inject with Tpulse = 30 µs on the non-Cu-B device, and in
Fig. 4(b) we inject for Tpulse = 150 µs on the 1-µm Cu device;
the longer pulses for the 1-µm Cu chip are possible because
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FIG. 4. Experimental and simulated QP response to phonon injection for different qubit locations and phonon mitigation. xqp(t ) from
measurements of ��1 following an injection pulse for qubit closest to injector junction (left) and furthest from injector junction (right) for
(a) non-Cu-B chip (red) and (b) 1-µm Cu chip (light blue). Note order-of-magnitude different scales for xqp axis between plots in (a) and (b).
Black lines correspond to simulated xqp(t ) with fits to experimental data, as described in text.

of the weaker QP poisoning resulting from the phonon mit-
igation. The longer pulse allows us to observe the saturation
of xqp during the pulse, at a level that is roughly an order of
magnitude lower than the maximum xqp for injection on the
non-Cu-B chip.

The fit curves from the xqp(t ) simulations are shown in
black (Fig. 4). We again observe good agreement between
our experimental and simulated xqp(t ) response. The aver-
age trapping rate for all six qubits on the non-Cu-B device
is 5(1) × 10−2 µs−1 and for the 1-µm Cu chip, the average
trapping rate is 3.5(8) × 10−2 µs−1. The modest variations in
trapping rates between the two device configurations are likely
due to random variations in growth conditions for the junction
electrodes during fabrication of the two different wafers. The
simulations also capture the position dependence in the peak
level of xqp, including the larger variation in xqp levels between
the near and far qubits for the 1-µm Cu chip compared to the
device with no back-side metallization. The lower levels of
xqp in the 1-µm Cu device compared to the non-Cu-B chip
under longer injection pulses indicate that a 1-µm Cu film is
effective for down-converting phonons and attenuating their
propagation from the injection site. For the qubit closest to the
injector junction on the device with 10-µm-thick islands, our
modeling predicts a saturation level for a long injection pulse
of xqp ∼ 10−7. We were unable to experimentally measure
such a small xqp response [Fig. 3(b)], indicating the 10-µm
film outperforms the 1-µm one.

III. MEASUREMENTS OF QP CHARGE-PARITY
SWITCHING

As described in Sec. II, we compare three experimental de-
vice configurations with different levels of phonon mitigation.

In addition to the measurements of ��1 under direct phonon
injection in the previous section, another important technique
for characterizing QP poisoning involves measuring QP
charge-parity switching rates on a qubit island [27–32]. Thus,
we perform the same series of measurements as in Ref. [14]
of QP charge-parity switching due to background events,
including both single-qubit parity switching rates �p and
correlated parity switching for pairs of qubits. Experimental
details of these measurements are included in Appendix E.

In Fig. 5 we show the measurements of QP charge-parity
switching rates �p from the power spectral density (PSD) of
the parity-switching time trace data and the corresponding
Lorentzian fits [27] (Appendix E). The �p value for the de-
vice with 1-µm-thick Cu back-side islands is ∼1/(15 s). This
parity switching rate is more than five times lower than the

10-2 10-1 100 101

Frequency (Hz)

100

101

10-1

10-2

10-3

PS
D

(1
/H

z)

FIG. 5. Experimental QP charge-parity switching power spectral
densities. Measurements with no direct phonon injection for three
device configurations: non-Cu-A [14] (red), 10-µm Cu [14] (blue),
and 1-µm Cu (new) (light blue). Solid black lines are Lorentzian fits
to extract �p.

024519-5



E. YELTON et al. PHYSICAL REVIEW B 110, 024519 (2024)

10-4

10-3

10-2

10-1

100
Ra

te
 (s

-1
)

(a) (b)Non-Cu-A/ 1 μm Cu/ 10 μm Cu/

FIG. 6. Experimental QP charge-parity switching rates. (a) Simultaneous repeated measurements of two qubits—single-qubit and twofold
QP parity switching rates—for three different device configurations: non-Cu-A [14] (red), 10-µm Cu [14] (blue), and 1-µm Cu (new) (light
blue). Solid bars depict observed switching rates; hollow bars depict extracted rates for poisoning events (e.g., γ -ray impacts); horizontal
lines indicate the expected background coincidence rates (see Appendix E). (b) Device layout location of qubit pairs for simultaneous parity
switching measurements on each chip.

device with no back-side metallization (non-Cu-A) but not as
low as the device with 10-µm Cu islands on the back side; �p

for the qubits on the non-Cu-B chip is less than a factor of
two different from the non-Cu-A device (Appendix E). These
�p levels follow the trend we observed for the xqp response
on these various devices under controlled phonon injection.
We note that sources other than background radiation may
also contribute to the measured �p, including IR photons
[24,33–35] and phonon bursts from stresses at the substrate
attachment points [36]. In our new experiments, the non-Cu-B
and 1-µm Cu devices have identical sample packaging and the
same cryogenic environment as the non-Cu-A and 10-µm Cu
chips measured in Ref. [14]. We observe that the rate of large
offset charge jumps (>0.1e) on the new devices is within a
factor of two of the rates reported in Ref. [14], indicating that
these chips all experience a similar radiation background.

For each chip, we also monitor simultaneous QP charge-
parity switching events for similarly spaced pairs of qubits
on each experimental device configuration, which we plot in
Fig. 6. We digitize the parity switching data and then count
coincident rising/falling edges to extract observed parity
switching rates (details in Appendix E). The parity switching
rates for the single-qubit measurements agree with the rates
extracted from the PSD fits in Fig. 5. For twofold correlated
parity switching, the 1-µm Cu device exhibits a switching
rate over 20 times below that of the Nb chip with no explicit
phonon down-conversion (non-Cu-A). As demonstrated in
Ref. [14], the 10-µm Cu device has an even lower twofold
parity switching rate, more than two times lower than the
1-µm Cu chip. We will show in the following section that these
trends are consistent with our modeling of QP poisoning from
γ -ray impacts, including the further improvement in phonon
down-conversion efficiency on moving from a 1-µm-thick Cu
back-side film to 10 µm.

IV. QP POISONING FOOTPRINT IN QUBIT ARRAYS

With the ability to compute xqp(t ) in a qubit junction elec-
trode from a simulated injection of pair-breaking phonons, we
next model xqp(x, y, t ) for a hypothetical dense qubit array
following a typical γ -ray impact. A γ -ray scattering in the
device substrate causes an e− to be directly excited into the
conduction band leaving a hole h+ [16]. This energetic e−/h+

pair ionizes subsequent e−/h+ pairs in an energy cascade
resulting in a population of Nγ

eh e−/h+ pairs [37]. We initialize
e−/h+ pairs at a particular location in the device substrate that
coincides with an impact site. We simulate a large number
of e−/h+ pairs Ns

eh and bin the resulting number of QPs
generated on each qubit electrode versus time Nqp(t ). Similar
to our simulations of phonon injection from on-chip tunnel
junctions, we use 10 × 10 µm2 patches of Al embedded in
openings of the same size in the Nb ground plane to model
the qubit junction electrodes. The array of junction electrodes
are spaced center-to-center by 200 µm. We note that this simu-
lated spacing is denser than typical arrays of planar transmons.
However, this spacing allows finer resolution of the xqp foot-
print without altering the ground-plane boundary conditions
since the grid of 10 × 10 µm2 simulated junctions covers only
∼0.2% of the area of the top side of the device substrate.
We assume all of the e−/h+ pairs produced by the γ impact
are initialized at the same time, which we define to be t = 0.
The conversion from the simulated phonon dynamics and QP
production to g(t ) is more straightforward compared to our
earlier modeling of phonon injection with a nonzero junction
bias pulse width [Eq. (3)], and can instead be expressed as

g(t ) = Nqp(t )

Ns
ehncpV �t

Nγ

eh, (5)

where Nγ

eh is the number of e−/h+ pairs generated by a single
γ impact; the remaining parameters are the same as defined in
Eq. (3). As described in Ref. [37], for recoil energies beyond
∼50 eV, each of the e−/h+ pairs has energy ∼3.6 eV, cor-
responding to a kinetic energy of 2.43 eV after overcoming
the Si band gap. The total number of e−/h+ pairs generated
can be calculated by the ratio of the energy deposited to the
energy per pair. We consider a deposition energy of 100 keV,
based on the analysis in Ref. [3] that estimated this to be
the average characteristic energy deposited from a γ impact.
This leads to Nγ

eh = �100 keV/3.6 eV� = 27 777. In order to
statistically sample the entire state space of initial charges
from the impact energy cascade, we initialize the Ns

eh e−/h+
pairs, each with a randomized momentum direction and with
the kinetic energy of the pair randomly distributed between
the hole and electron. For a more detailed discussion of this
initialization see Appendix A 1.
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FIG. 7. Visualizing QP poisoning following simulated γ impact. Modeled xqp(x, y, t ) across dense qubit array on 200-µm grid at four
different times following initial impact at center of chip. (a) Device with no back-side metallization. (b) Device with 10 µm-thick Cu islands
on back side of chip.

Following the evolution of the e−/h+ pairs and the result-
ing pair-breaking phonons, we solve Eq. (1) for xqp(t ) at each
simulated junction electrode location, resulting in xqp(x, y, t )
across the top surface of the chip. We run the simulations
for various combinations of back-side metallization and metal
thickness for the various experimental devices; in addition,
we consider a case with superconducting Ti back-side islands.
In this last case, we have not yet measured an experimental
device, but the small-gap Ti superconductor makes an inter-
esting comparison with the normal metal Cu islands. These
simulations are intended to be applicable to a generic su-
perconducting qubit array; however, parameters such as the
phonon loss channels and the QP trapping rate s are based
on our experimental data for the devices described earlier;
these quantities may differ depending on device fabrication
and sample packaging details. Figures 7(a) and 7(b) shows
the resulting xqp(x, y, t ) at four instants in time following a γ

impact in the center of the chip for two simulated devices; one
has no back-side metallization and the other has 10-µm-thick
Cu islands on the back side with the same geometry as our 1-
µm Cu and 10-µm Cu experimental chips. The center of each
pixel on the plots coincides with the position of a simulated
qubit junction electrode. Immediately following the impact,
we observe a significant peak in xqp, as high as 6 × 10−4,
near the center of the grid for all simulated devices. Without
explicit phonon down-conversion, such as the chip with no
Cu or Ti on the back side, the significantly elevated xqp level
spreads rapidly and fills the entire chip, remaining high even
100 µs after the impact. In contrast, on the device with 10-µm
Cu back-side metallization, the region of high xqp is confined
to a few mm of the impact site, and xqp across the chip
recovers to typical background levels in under 100 µs. The
simulated device with 10 µm of Cu also exhibits features with
elevated xqp extending diagonally away from the impact site

at short times. This behavior is related to the phonon caustics
corresponding to preferred directions of phonon propagation
for this particular crystal orientation of the Si substrate (see
Appendix F) [16,38,39].

In Fig. 8 we show example xqp(t ) responses in the qubit
array for both the device with (blue) and without (red) 10-
µm-thick Cu islands for a qubit near the impact site (x =
400 µm, y = 200 µm) (solid line) and a qubit far from the
impact site (x = 3800 µm, y = 200 µm) (dashed line). For the
device without a down-converting film we see xqp rise at each
qubit location, however, for the device with 10-µm-thick Cu
islands we see a similar response for the qubit close to the im-
pact site, although there is a faster recovery, but, importantly,

Time (μs)

(i)

(i)

(ii)

(ii)

(i)

initialization

(ii)

FIG. 8. Simulated xqp response from γ impact for two qubit
locations. Plot of xqp(t ) response for a location (i) near the impact
site (solid lines) and (ii) far from the impact site (dashed lines). Red
lines correspond to device with no back-side down-converting film;
blue lines correspond to chip with 10-µm-thick Cu back-side islands.
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FIG. 9. QP poisoning footprint simulations. (a) Modeled foot-
print of xqp and corresponding suppresion of T1 immediately
following typical γ impact at center of chip on dense qubit arrays
for four different combinations of back-side metallization; line-cut
taken along y = 0. (b) Footprint of QP poisoning region extracted
from (a) using 10-µs threshold for T qp

1 plotted as a function of time
following initial impact.

there is almost no rise in xqp for the qubit at the edge of the
device.

We compare the profiles of the simulated QP poisoned
region immediately after the γ impact by plotting horizontal
linecuts xqp(x, y = 0, t = 1 µs) for the various device config-
urations [Fig. 9(a)]. While all of the modeled devices exhibit
roughly the same peak xqp for qubits close to the impact site,
the devices with the most effective phonon down-conversion
have xqp levels away from the impact that are one order of
magnitude lower compared to the chip with no back-side
metallization. From the simulated xqp(x, y, t ) distributions, we
can also compute an instantaneous relaxation time due to QPs
at each lattice site; we plot the corresponding T qp

1 values on
the right vertical axis in Fig. 9(a), where we assume ω01/2π =
5 GHz. We define the QP poisoning footprint as the spatial ex-
tent of the region where T qp

1 falls below a threshold, which we
choose here to be 10 µs, indicated by the gray dashed line. In
Fig. 9(b) we plot this QP poisoning footprint along the y = 0
linecut of T qp

1 values below this threshold versus time after the
impact for the various device configurations. For the chip with
no back-side metallization, the footprint rapidly expands to
fill the entire chip and only recovers ∼150 µs after the impact.
Devices with some form of explicit phonon down-conversion
have much smaller poisoning footprints and recover more
quickly. For the most effective phonon mitigation (2-µm Ti
or 10-µm Cu on back side), the maximum poisoning footprint

is 3 mm, only ∼14% of the chip area; this footprint shrinks to
zero in under 100 µs.

The recovery timescale from this modeling is much shorter
than the ∼25 ms recovery time on the qubit array from
Ref. [1], which had an Al ground plane. However, the re-
covery timescale we extract from our model is consistent
with the measurements in Refs. [3,7,14] that each used a
Nb ground plane. Besides the differences in ground-plane
metal, our modeling indicates at least two key factors that
can influence this recovery timescale: the QP trapping rate
s in the junction electrodes and the phonon loss probability
at the chip boundaries (Appendix D and Fig. 12), which can
depend on details of the fabrication and sample packaging. In
the present work, we have not considered devices with an Al
ground plane. QPs have a significantly larger diffusion foot-
print in an Al film compared to Nb (see Appendix H). Thus,
one would need to account for QP diffusion in the ground
plane in order to extend our modeling to devices with an Al
ground plane.

V. CONCLUSION

We have demonstrated a realistic model of phonon-
mediated QP poisoning in superconducting qubit arrays using
G4CMP. Our simulations capture the behavior from our ex-
periments of direct phonon injection with on-chip tunnel
junctions for several different configurations of back-side
metallization. We also observe that the simulated size and
recovery of the QP poisoning footprint after a γ impact is
consistent with our measured trends of multiqubit coincident
charge-parity switching rates due to background radiation,
which is likely dominated by γ rays, on the different exper-
imental device configurations. Thus, we are able to quantify
the effectiveness of various strategies for down-converting
the energy from pair-breaking phonons. By extending our
modeling approach to a dense grid of hypothetical qubits and
simulating the burst of phonons following a γ impact, we
are able to characterize the footprint of QP poisoning, cap-
turing dramatic differences between the various approaches
to phonon mitigation. Our modeling and experimental results
thus inform designs for future superconducting qubit arrays
and phonon-based sensors of rare events.
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APPENDIX A: G4CMP MODELING

As mentioned in the main text, G4CMP models the gen-
eration and transport of both e−/h+ pairs and phonons from
ionizing radiation in crystals at cryogenic temperatures. For a
detailed overview of the capabilities of this software, we refer
the reader to Ref. [16]. In this Appendix, we discuss details
relevant to modeling e−/h+ pairs and the subsequent phonon
burst generated from a γ -ray impact event. In addition, we
discuss the film boundary conditions that capture phonon
down-conversion and QP production.

1. γ-ray Impacts

Previous work using GEANT4/G4CMP to model a device
with a similar geometry, packaging, and cryostat environment
found that a γ ray of energy ∼1 MeV deposits on average
∼100 keV in the substrate, while cosmic-ray muons and
their secondary γ rays deposit ∼460 keV [3]. Impacts due
to photons or high-energy electrons will directly excite an
electron e− into the conduction band of Si, leaving a hole
h+ without depositing energy via lattice vibrations (prompt
phonons) [16]. This energetic e−/h+ pair, the so-called initial
hot carrier, ionizes subsequent e−/h+ pairs in an energy cas-
cade where the total number of e−/h+ pairs created is Neh =
Er/εeh(Er ), where Er is the recoil energy deposited from an
impact and εeh is the average e−/h+ pair energy. In the high-
energy limit (Er � 50 eV), εeh is constant at ∼3.6 eV [37].
Electrons can emit phonons via intervalley scattering, and
both electrons and holes can emit phonons when they recom-
bine; both processes are modeled in G4CMP [16]. Simulated
particles in Geant4 and G4CMP do not interact, therefore
charges are modeled to recombine with some pre-existing
partner charge. When this occurs, half of the band-gap energy
(1.17 eV for Si) is emitted via phonons at the Debye frequency
(15 THz for Si). These phonons initially transport diffusively
and quickly transition to ballistic transport as the phonons
relax in energy. This transition occurs since phonon scat-
tering rates from isotopic scattering and anharmomic effects
strongly depend on phonon energy [16]. Because particles
in G4CMP are not mutually interacting, our modeling of the
e−/h+ pair burst from an impact event focuses on character-
izing the phonon production and subsequent dynamics from
a single e−/h+ pair of energy 3.6 eV. The band gap in Si is
1.17 eV, and, thus, the 2.43 eV of kinetic energy is uniformly
distributed between the electron and hole. Following initial-
ization, the electrons and holes undergo transport until they
either trap on a defect in the crystal with a probability set by
the trapping length λtrap or encounter a boundary of the Si
substrate. We use λtrap = 300 µm, which was determined in a
study of a similar device in Ref. [3].

2. Film boundaries

The superconducting and normal metal film boundaries in
our simulation perfectly absorb any e− and h+ that make it
to the boundary without getting trapped in the Si. However,
phonons of sufficient energy can scatter and down-convert in
the metal films. A pair-breaking phonon (Eph � 2�, where
� is the superconducting gap) entering the superconducting
film from the substrate has a probability to traverse the film

thickness and return to the substrate without breaking a
Cooper pair given by

Pescape = exp

[
− 2l

λ(Eph)

]
, (A1)

where λ is the energy-dependent phonon mean free path and l
is the distance the phonon will travel, which is twice the film
thickness d . The factor of 2 in the numerator results from the
integration over all possible angles of phonon incidence on the
film. The phonon mean free path for both a normal metal and
a superconductor is λ = νs/�, where νs is the isotropic speed
of sound in the film and � is the pair-breaking rate �b

ph(Eph )
for a superconducting film or the phonon-electron relaxation
rate �N

ph−e for a normal metal film. To calculate the phonon
pair-breaking rate in a superconducting film, we use the best
linear approximation over the range 2� to 10� for the energy
dependence of the rate, which can be expressed in terms of
the spectral density S+ in Eq. (90) of Ref. [40] (cf. Eq. (8)
in Ref. [15]): �b

ph(Eph) = (1/τ
ph
0 ){1 + 0.29[(Eph/�) − 2]}

where τ
ph
0 is the characteristic phonon lifetime in the su-

perconductor [16,20]. For a normal metal film, the phonon
scattering rate has the form �N

ph−e = aω, where h̄ω is the
phonon energy and a is a dimensionless parameter (see
Appendix B 2 for details). If the phonon does undergo a
pair-breaking scattering event, two QPs are generated in the
superconducting film, where the energies are given by an
accept-reject loop according to Eq. (19) of Ref. [16]. These
QPs subsequently relax to the gap edge via phonon emission,
where the resulting energies are selected via an accept-reject
loop given by Eq. (20) of Ref. [16]. If either of the emitted
phonons has energy � 2�, they can break another pair and
this cycle continues until the resulting phonons are below 2�

and all QPs have energy <3�. There is a probability for the
phonons to escape the film during the energy cascade, which is
set by Pescape from Eq. (A1) with the parameter l uniformly set
to 3d/2 (d/2) if the phonon is directed away from (toward) the
substrate, with the assumption that the scattering events occur
at the center of the film. Once the QP production simulation
finishes, the phonons that return to the substrate are again
modeled as three-dimensional (3D) particle tracks and the
energy deposited Nqp� in the film is recorded, where Nqp is
the number of QPs generated by the scattering event.

The simulated normal metal film follows the steps in the
Monte Carlo QP energy cascade described previously for a
superconducting film, but we take the limit of � → 0. Thus,
following the approach of Ref. [15], the first step in the energy
cascade following the scattering of a phonon of energy Eph

results in two excitations (an electron and a hole) whose en-
ergy is a uniform random distribution of the incident phonon
energy. The generated excitations of energy below 2�junc are
no longer tracked since they do not have enough energy to
generate a pair-breaking phonon in the simulated junction
material with superconducting gap �junc. The other excita-
tions of energy Ee are modeled to relax via phonon emission,
where the energy of the emitted phonon Eph is chosen by an
accept-reject loop using the function

f (Eph|Ee) = Eph(Ee − Eph )2, (A2)
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FIG. 10. Transverse elastic waves at the interface of two semi-
infinite media. (a) Transverse elastic wave with its polarization
perpendicular to the plane of incidence (TH) resulting in a reflected
and transmitted TH wave. (b) Transverse elastic wave with the polar-
ization is in the plane of incidence (TV) resulting in a set of reflected
and transmitted longitudinal (L) and TV waves.

which is simply taking � = 0 in Eq. (20) from Ref. [16]. The
excitation then has energy Ee − Eph. This cascade continues
until all excitations and phonons in the film have energy below
2�junc. The phonons also have a probability to escape the
film and travel back into the Si, as described earlier for a
superconducting film. Note that for this case, the mean free
path λ(Eph) in Eq. (A1) is given by the isotropic sound speed
divided by the phonon-electron relaxation rate.

APPENDIX B: SIMULATION PARAMETERS

G4CMP captures phonon transport physics at interfaces
with transmission and either specular or diffuse reflection
probabilities. In our modeling, we simulate only diffuse re-
flection at all boundaries. Phonons are modeled to reflect
diffusively due to the rough vertical boundaries from dicing
the device and the unpolished back-side surface. The absorp-
tion probability pabs is the probability of transmission from
Si to a device-layer film. In general, this depends on both the
polarization and angle of incidence of the phonon. We can
represent the phonons as elastic plane waves incident on an
interface of two semi-infinite media, which is in close analogy
to electromagnetic waves incident on an interface. However,
elastic plane waves differ in that a longitudinal polarization
is allowed. The simplest case is the transverse horizontal po-
larization (TH), diagramed in Fig. 10(a), where the incident
wave polarization direction p̂ is perpendicular to the plane
of incidence (the x̂-ẑ plane in Fig. 10). Due to the continu-
ity conditions of the displacement vectors and the material
stress tensor in both the normal and tangential directions to
the interface of the media, the displacement vectors of the
waves produced from this incident wave can only be in the
same direction as the incident wave [41]. Therefore, only TH
waves are produced. The situation becomes more complicated
when the incident wave displacement vector has a nonzero
component along the normal direction ẑ of the interface. This
is the case for the transverse vertical polarization (TV), shown
in Fig. 10(b). If the incident wave displacement vectors have
components parallel and perpendicular to the interface normal
ẑ, both a longitudinal (L) and TV wave can be produced from
the incident wave, and as a result, four waves are produced

TABLE I. Simulation parameters.

Material

Parameter Al Nb Ti Cu

ρ (g cm−3) [43] 2.7 8.58 4.5 8.93
νT (µm ns−1) [44] 3.251 2.168 3.33 2.38
νL (µm ns−1) [44] 6.808 5.139 6.254 4.828
νs (µm ns−1) 3.58 2.44 3.60 2.61
ηT [41,42] 0.776 0.736 0.776 0.727
ηL [41,42] 0.98 0.835 0.939 0.826
pabs 0.795 0.745 0.792 0.736
� (µeV)a 180c 1538 59 —
τ

ph
0 (ns)b 0.242 0.00417 0.414 B 2

aValues are calculated from Table IV of Ref. [45].
bValues for Al and Nb are from Table II of Ref. [20]. See discussion
in Appendix B for values for Ti and Cu.
cIn general, the gap of Al is simulated to be thickness dependent [18].

from the scattering site. A third case occurs when the incident
wave has a longitudinal polarization, where the displacement
vectors are in the same direction as the wave vector. The
scattering of such a wave can also produce four waves for
similar reasons as in the TV case, where there exists a set of
longitudinal and transverse vertical waves.

In G4CMP we set simple absorption/reflection probabili-
ties for the phonons when they scatter off the device films. We
follow Ref. [41] and compute the angle-averaged transmis-
sion probabilities for incident transverse horizontal, transverse
vertical, and longitudinal waves [42]. For incident transverse
phonons, we consider the polarization direction relative to the
plane of incidence to be randomly distributed between 0 and
π/2. As a result, the transmission probability of transverse
waves ηT is the arithmetic mean of the angle-averaged TV and
TH cases [41]. We then take the absorption probability from
the Si substrate into a film to be the sum of the angle-averaged
transmission probabilities (ηT and ηL) weighted by the density
of states for the phonons within the substrate

pabs = DOSSi
T ηT + DOSSi

L ηL, (B1)

where DOSSi
T (DOSSi

L ) is the density of states of transverse
(longitudinal) modes in Si and ηT (ηL ) is the transverse (longi-
tudinal) angle-averaged transmission probability from Si into
the film. Note that the above calculation approximates the two
media as isotropic and assumes the interface between the two
media to be perfectly smooth. This calculation is an approxi-
mation for the reflection/absorption simulation parameters at
the interfaces and is not intended to be a detailed physical
description of the phonon scattering at arbitrary interfaces,
which is beyond the scope of our present work.

We use a similar scheme to define the isotropic speed
of sound νs in defining the phonon mean free path in both
superconducting and normal metal films. We weight the sound
speeds of the various modes by the density of phonon polar-
izations within the Si:

νs = DOSSi
T νT + DOSSi

L νL, (B2)
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where νT (νL ) is the transverse (longitudinal) mode sound
speed in the material. See Table I for values of simulation
parameters used to model device films.

1. Phonon lifetime τ
ph
0 in Ti

For the superconducting films modeled in this work, we
use the phonon lifetime from Table II of Ref. [20] (see
Table I). The phonon lifetime is defined to be

τ
ph
0 = h̄N

4π2N (0)〈α2〉av�
, (B3)

where N (0) is the single-spin density of states at the Fermi
energy, N is the atomic density of the material, and � is the
superconducting gap at T = 0. Note that 〈α2〉av is given by

3〈α2〉av =
∫ ∞

0
α2(�)F (�)d�, (B4)

where α(�) is the matrix element of the electron-phonon
interaction and F (�) is the phonon density of states. The
square of the matrix element α2(�) can be extracted from
measurements of α2(�)F (�) via tunneling experiments and
then dividing out F (�) from neutron scattering data [20,46].
To our knowledge, there is no published tunneling data for Ti,
but there does exist neutron scattering data [47].

For the case of Nb, in Table II of Ref. [20] tunneling data
was not used and α2(�) was approximated to be constant and
its value was estimated with the mass enhancement factor λ =
1.84. The mass enhancement factor is defined as

λ =
∫ ∞

0
2
α2F (�)d�

�
, (B5)

which is twice the inverse moment of α2F (�) [45].
For Ti, we also assume α2 to be constant so that we can

rewrite Eq. (B5) for α2 as a function of λ and the phonon
density of states F (�). Using numerical integration of the
phonon density of states F (�) data from Ref. [47] and a
value of λ = 0.38 from Table III of Ref. [48], we find that
〈α2〉av = 1.3 meV. We then use values of the single-spin elec-
tron density of states N (0) and the atomic density N from
Table VI in Ref. [49]. We assume Ti to be a weakly-coupled
superconductor, with � = 1.76kTc and Tc = 0.39 K from Ta-
ble VI in Ref. [49]. We then arrive at a value of τ

ph
0 = 0.414 ns

for the phonon lifetime of Ti, which is roughly a factor of two
longer than the phonon lifetime in Al [20].

2. �N
ph−e for Cu

The electroplated Cu films on our experimental devices are
relatively clean, with RRR ∼42 [14]. Therefore, to estimate
the phonon lifetime for our simulations, we assume a pure Cu
film and use the Debye model. In a clean conductor, primarily
longitudinal phonons scatter from electrons. The decay rate
for a longitudinal phonon in a clean normal conductor in
the low-temperature limit for a phonon of energy h̄ω can be
written as

�N
ph−e = πβL

νL

νF
ω, (B6)

where νF is the Fermi velocity, βL is a dimensionless coupling
constant given by (2εF /3)2N (0)/2ρν2

L , εF is the Fermi energy

TABLE II. Qubit parameters for the non-Cu-B and 1-µm Cu
devices. Note that similar data for the other devices (non-Cu-A and
10-µm Cu) is reported in Ref. [14].

Device Qubit f01(GHz) T1(µs) δ f (MHz)

Non-Cu-B Q1 4.60 44(12) 3.075
Q2 4.58 31(6) 1.80
Q3 4.11 22(2) 4.95
Q4 4.32 26(3) 5.80
Q5 4.10 10(1) 8.00
Q6 4.18 44(4) 4.44

1-µm Cu Q1 4.62 18(3) 2.78
Q2 4.30 24(2) 14.8
Q3 4.32 24(4) 3.85
Q4 4.36 17(3) 5.77
Q5 4.34 19(2) 5.40
Q6 4.32 22(3) 3.51

[50]. From Ref. [51], Cu has the following values: εF = 7 eV,
νF = 1.57 × 106 m/s, and N (0) = 1.12 × 1047 J−1 m−3.
With this, we arrive at βL = 0.16, and 1/�N

ph−e = 1.2 ns for a
phonon of energy 2�Al in Cu.

APPENDIX C: EXPERIMENTAL DEVICE PARAMETERS

Qubit parameters for the non-Cu-B and the 1-µm Cu de-
vices can be found in Table II. Similar data for the non-Cu-A
and the 10-µm Cu devices are reported in Ref. [14]. The
resistance Rn for the injector junction used to inject phonons
for the measurements shown in Fig. 4 and Fig. 11 in the
non-Cu-B (1-µm Cu) device is 6.9 k� (5.5 k�).

APPENDIX D: INJECTION EXPERIMENTS

We perform controlled phonon injection experiments on
all six qubits on the two new experimental devices for this
work, where we previously focused on measuring only three
qubits in Ref. [14]. This allows for a detailed study of the ��1

response versus distance from the phonon injection location.
We find that the qubit closest to the injection location (Q6)
experiences the highest level of xqp relative to the other qubits
in the array for both devices. However, we need a much
longer injection pulse to see a measurable effect on ��1 for
the 1-µm Cu chip compared to the device without back-side
metallization (non-Cu-B). In Fig. 11 we see the measured
and simulated xqp(t ) response to an injection pulse for all six
qubits on both the non-Cu-B and 1-µm Cu chips. From our
modeling of our experiments, we arrive at trapping rates s that
are comparable to measurements of other planar multilayer
qubits [25,26,52,53]. We note that slower trapping rates have
been observed for single-layer, all-Al qubits measured in 3D
cavities [23,24].

Our measurement sequence of the increase in qubit re-
laxation rate ��1 = 1/T1 − 1/T b

1 under controlled phonon
injection involves biasing an on-chip tunnel junction with a
square pulse of length Tpulse and amplitude 1 mV. After this
pulse, we measure the qubit T1 via a sequence of idle times
after an X pulse. We interleave measurements without biasing
the on-chip junction to determine the baseline coherence time
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FIG. 11. Experimental and simulated QP response to phonon injection for all qubits on the non-Cu-B and 1-µm Cu devices. (a) Measured
(red) and simulated (black) xqp(t ) for all six qubits on the non-Cu-B device for a 30-µs pulse. The resulting trapping rates from fitting the
simulation curve to the data are in each figure. (b) Pulse sequence for the non-Cu-B injection. (c) Physical location of qubits relative to the
injector junction Jinj. (d) Pulse sequence for phonon injection in the 1-µm Cu device with a 150-µs injection pulse. (e) The measured (light
blue) and simulated (black) xqp(t ) from the 150-µs pulse in the 1-µm Cu device. Note different scales for the xqp axis in (a) and (e).

T b
1 . In this work, we present values of ��1 at negative delay

values, corresponding to T1 measurements during the pulse.
One potential issue arises because our measurements of ��1

are not instantaneous in time, since for each T1 we measure
a range of delays after the X pulse up to 100 µs. This means
that the measured T1 values are sensitive to excess QP density
during this time range. To counteract this effect, for the T1

measurements during the pulse, we end the injection pulse
when we apply the X pulse to excite the qubit for the T1

measurement. We average 20 rounds of this experiment so that
our data is not sensitive to fluctuations in the baseline T b

1 .

1. xqp fit parameters

When simulating the xqp response for each qubit during
controlled phonon injection, we introduce two free param-
eters: the wall absorption probability and the QP trapping
rate s. The inclusion of the wall absorption probability
accounts for the escape of phonons from the substrate via
Al wire-bonds that surround the top-side of the device layer,
GE-varnish that adheres the device to the machined Al box,
and scattering from the rough vertical boundaries of the
device due to dicing of the wafer into chips. We find that a
probability of 2.5% best captures the shape of our measured

024519-12



MODELING PHONON-MEDIATED QUASIPARTICLE … PHYSICAL REVIEW B 110, 024519 (2024)

Delay (μs)

Delay (μs)

(a)

(b)

μ
μ
μ
μ

μ

FIG. 12. Dependence of injection response on QP trapping and
phonon loss. Example of simulated xqp(t ) curves for Q4 on the non-
Cu-A chip (see Fig. 3). (a) We vary the value of the trapping time s−1

while keeping the wall absorption constant at 2.5%. (b) We vary the
wall absorption probability in various G4CMP runs while keeping
the trapping time s−1 constant at 20 µs.

xqp(t ) response following an injection pulse. Because the
QP trapping rate depends on microscopic details in a given
physical device, we set this to be a free parameter when fitting
the measured xqp(t ) response. These two parameters influence
the shape of our modeled xqp(t ) response in different ways
(see Fig. 12). The value of s influences the saturation level
(∼g/s) and the characteristic recovery time. A reduction in
the wall absorption probability increases the phonon lifetime
in the substrate, which in turn increases the overall number of
phonons incident at the qubit junction. However, for simulated
devices with a down-converting film on the back side, the
xqp response is relatively insensitive to the wall absorption
probability since the phonons are being down-converted
much faster than they leave the substrate via the vertical
boundaries.

As described in the main text, our modeling of the
phonon injection experiments based on Eq. (1) is insensitive
to QP recombination due to the relatively small xqp lev-
els. For our devices, we find a typical trapping rate to be
5 × 10−2µs−1. For a recombination rate of 1/(10 ns) based
on prior measurements in the literature [20–23], the trapping
and recombination terms in Eq. (1) become comparable at
xqp ∼ 5 × 10−4. Therefore, trapping is the dominant process
when modeling our injection experiments, where the highest
xqp level we measure is ∼1.8 × 10−5. For the modeling of
the typical γ -ray impacts, a qubit directly above the impact
location experiences a peak in xqp at 6 × 10−4 and from Fig. 8
we can see that the qubit close to the impact location [position
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FIG. 13. Example of structure from phonon caustics. (a) Spatial
distribution of phonon absorption locations on the top-side surface
from a simulated burst of 20 million phonons initialized at the center
of the top-side surface of the substrate with a random downward
angle. (b) The xqp poisoning distribution in a simulated device with
10-µm-thick Cu back-side islands at t = 0.5 µs after a γ impact at
the center of the chip.

(i)] reaches a maximum xqp of 5.6 × 10−5. Thus, recombina-
tion is comparable to trapping for qubits closest to the impact
site for short times after the impact, although trapping is the
dominant process for most qubits in the simulated array away
from the impact. Therefore, we include the recombination
term in our modeling of both the phonon injection and γ

impact processes, although it only plays a role for a small
fraction of the qubits.

APPENDIX E: DETAILS OF QP CHARGE-PARITY
SWITCHING MEASUREMENTS

In the main paper, we present experimental results for de-
vices with a six-qubit array of charge-sensitive transmons: the
non-Cu-B and 1-µm Cu chips. To compare these new devices
to those described in Ref. [14], we use identical measurement
sequences described in that prior work. We utilize the charge
dispersion δ f of our transmons to probe the charge-parity
state of our qubit islands as a measure of QP poisoning in
our qubits. We use a modified Ramsey sequence consisting
of an X/2 pulse, idle for 1/4δ f , and finally a Y/2 pulse
that maps the even and odd parity states to either the 0 or
1 state [14,27,28,30]. We repeat this sequence 20 000 times
with a repetition period of 10 ms. We create a digital time
trace of this data using a simple threshold technique and then
compute a PSD of the resulting digital signal. After averaging
PSDs from multiple 20 000 single-shot experiments, we fit a
Lorentzian to the spectrum, as done in Ref. [27]

Sp( f ) = 4F 2�p

(2�p)2 + (2π f )2
+ (

1 − F 2
)
�t, (E1)

where �p is the characteristic parity switching rate, F is the
parity sequence mapping fidelity, and �t is the repetition
period of the measurement. For all six qubits on the non-Cu-B
device, we found an average �p of 0.6(1) s−1, which is within
a factor of two of the non-Cu-A data from Ref. [14].

For detecting simultaneous charge-parity switching events,
we follow the data analysis routine done in Ref. [14]. We
repeatedly measure the background charge-parity for ∼16.5
hrs for the 1-µm Cu device with a repetition rate of 10 ms. We
use a hidden Markov model to digitize the parity switching
data. As in Ref. [14], we define simultaneous parity switches
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FIG. 14. QP poisoning distribution following off-center γ impact. Modeled xqp(x, y, t ) in qubit array identical to one shown in Fig. 7 with
the impact site at x = y = −3 mm. (a) Device with no back-side metallization. (b) Device with 10-µm-thick Cu islands on back side of chip.

to occur when edges of the digitized data fall in the same win-
dow �tw = 400 ms. Note that this window of 400 ms is much
smaller than the shortest charge-parity lifetime of ∼2.7 s
(non-Cu-A, with no back-side metallization). The probability
of a random coincident parity switch occurring on both qubit
i and qubit j within �tw is given by (ri�tw )(r j�tw ), where
ri is the parity switching rate of qubit i. Using this, we define
the random background switching rate to be the probability
of a twofold coincident parity switch randomly occurring in
our detection window divided by the duration of the detection
window (ri�tw )(r j�tw )/�tw. The extracted poisoning rates
(open bars) in Fig. 6(a) were computed as done in Ref. [14],
however, the inverted set of equations is much simpler for an-
alyzing simultaneous switching on a pair of qubits compared
to a group of three qubits:

pobs
A = 1

2 (pAB + pA)

pobs
B = 1

2 (pAB + pB)

pobs
AB = 1

4 (pAB + pA pB). (E2)

Note that the factors of 1/2 and 1/4 account for the fact
that we can only detect an odd number of changes in the
charge-parity state between measurements. Thus, on average
we observe half of the parity-switching events for a single
qubit.

APPENDIX F: PHONON CAUSTICS

The modeling of phonon transport within G4CMP only
supports the ballistic transport of acoustic phonons. The direc-
tion and magnitude of the velocity of these particles is given
by the phonon group velocity 
vg = ∇kω(
k), where ω is the
angular frequency and 
k is the wave vector. In general, the

dependence of the phonon’s angular frequency on the wave
vector comes from the wave equation that governs phonon
transport:

ρω2ei = Ci jml k jkmel , (F1)

where ρ is the mass density, 
e is the polarization vector,
and Ci jml is the elasticity tensor [16]. Due to anisotropy in
the elasticity tensor Ci jml , the group velocity is generally not
in the same direction as the crystal momentum h̄
k. Thus,
phonons initialized with a uniform distribution in 
k space will
not result in a uniform distribution of ballistic phonon group
velocities. The resulting structure in the spatial distribution
of the phonon directions can be seen in Fig. 13(a) where
we initialize 20 million phonons at the center of the top-side
surface of the Si substrate with a random downward direction
for 
k. In this case, the top-side film is set to be perfectly
absorbing. Figure 13(a) shows the distribution of phonons
absorbed on the top-side surface and agrees with the phonon
caustic structure described in Ref. [16,38,39]. We see similar
structure in the xqp response in the modeling of a dense qubit
array following a γ impact, where in Fig. 13(b) we plot the
xqp response in the simulated junctions at 500 ns after a γ

impact of 100 keV. Phonons are modeled to reflect diffusively
due to the rough vertical boundaries from dicing the chip and
the unpolished back-side surface. Thus, a phonon will have a
random direction in 
k after each reflection. Therefore, we ex-
pect the phonon distribution to most closely reflect the caustic
structure at early times after a particle impact. Such structure
in the QP poisoning pattern due to the phonon caustics may
be an important consideration in designing future layouts of
dense qubit arrays.
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APPENDIX G: MODELING OFF-CENTER
PARTICLE IMPACTS

The xqp density plots shown in Fig. 7 are due to a simu-
lated particle impact at the center of the device. In general,
we would expect each impact to occur at a random location
within the device substrate. It is important to know if the
shape of the xqp response varies depending on the position
of the impact. To test this, we simulate a particle impact at
the x = y = −3 mm location shown in Fig. 14. We observe
a similar spatial and temporal xqp response at this off-center
impact location compared to an impact at the center, as in
Fig. 7. In this case, the vertical wall boundaries are much
closer to the impact location, but this proximity does not
appear to affect the resulting xqp distribution.

APPENDIX H: QP DIFFUSION

In this work, we have neglected the possibility of QP dif-
fusion within the ground plane. Because all the devices in this
work have a Nb ground plane, no QPs will be produced in the
ground plane for injected phonons of energy 2�Al. However,
the phonons generated from a γ impact do have sufficient
energy to break pairs in the Nb ground plane, thus we must
justify leaving out QP diffusion more carefully for these sim-
ulations. In general, the QP diffusion constant depends on the
QP energy Eqp:

D(Eqp) = Dn

√
1 −

(
�

Eqp

)2

, (H1)

where Dn is the normal state electronic diffusion constant,
and � is the superconducting gap energy [21]. For large QP
energies, the diffusion constant approaches the normal state
diffusion, and for QPs at the gap edge the diffusion constant
approaches zero. In a superconductor, energetic QPs relax
to the gap edge via phonon emission. The rate for this pro-
cess depends on the characteristic electron-phonon time τ

qp
0 .

An approximate form of this QP relaxation rate is presented
in Eq. (5) of Ref. [15] for a weakly coupled superconduc-
tor: �s

qp ∼ (1.8/τ
qp
0 )[(Eqp/�) − 1]3 (an exact formula for this

case can be found in Appendix B of Ref. [18]). We define
a characteristic QP lifetime as 1/�s

qp. Thus, we define an
energy-dependent QP diffusion length as

√
D(Eqp)/�s

qp(Eqp).
This diffusion length depends only on QP energy and mate-
rial parameters. We measured the resistivity of our fabricated
Nb films at ∼10 K to be 6.07 μ� cm, which results in a
normal-state diffusion constant of 0.88 µm2 ns−1. This diffu-
sion constant is roughly an order of magnitude lower than for
an Al film with a normal state diffusion constant of 6 µm2 ns−1

FIG. 15. Characteristic diffusion length. Comparison of char-
acteristic diffusion lengths for both Al and Nb films versus QP
energy in units of the respective superconducting gap � for each
material.

[21,54]. Similarly, the electron-phonon time for Nb is 0.15 ns,
which is three orders of magnitude lower than the time for
Al of 440 ns. Both of these material parameters result in a
significantly lower characteristic QP diffusion length in a Nb
film as compared to an Al film.

In Fig. 15 we plot the characteristic diffusion length for
both a Nb and Al film as a function of QP energy Eqp (in
units of the gap � for each material). For both cases, as Eqp

approaches �, the characteristic diffusion length diverges;
although the diffusion constant D, Eq. (H1), goes to zero,
the relaxation rate �s

qp vanishes faster than D. However, this
apparent divergence is eventually cut by, for instance, finite
temperature effects (as QPs can be excited by absorbing ther-
mal phonons), the possible recombination between two QPs,
or mechanisms causing broadening of the superconducting
density of states. The plot shows that in Al, QPs with energy
up to several � diffuse over lengths of at least a few µm;
therefore, treating our 5-µm-long Al junction electrodes as
zero dimensional (that is, hosting a uniform QP density) is
a good approximation. For Nb, the diffusion length remains
below 10 µm down to energies of order 1.06� (note that
for Nb, density of state broadenings on the order of several
percent have been reported in the literature [55,56]); even for
the simulations with dense arrays of qubits, their distance
is much longer than 10 µm, so we expect diffusion not to
play a significant role. Conversely, in an Al ground-plane QPs
with energy below 1.28� would diffuse over the interqubit
distance of 200 µm, and hence it may not be possible to ignore
diffusion in such a case.
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