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Superconducting qubit lifetimes must be both long and stable to provide an adequate foundation for
quantum computing. This stability is imperiled by two-level systems (TLSs), currently a dominant loss
mechanism, which exhibit slow spectral dynamics that destabilize qubit lifetimes on hour time scales.
Stability is also threatened at millisecond time scales, where ionizing radiation has recently been found to
cause bursts of correlated multiqubit decays, complicating quantum error correction. Here, we study both
ionizing radiation and TLS dynamics on a 27-qubit processor, repurposing the standard transmon qubits
as sensors of both radiation impacts and TLS dynamics. Unlike prior literature, we observe resilience of
the qubit lifetimes to the transient quasiparticles generated by the impact of radiation. However, we also
observe a new interaction between these two processes, “TLS scrambling,” in which a radiation impact
causes multiple TLSs to jump in frequency, which we suggest is due to the same charge rearrangement
sensed by qubits near a radiation impact. As TLS scrambling brings TLSs out of or into resonance with
the qubit, the lifetime of the qubit increases or decreases. Our findings thus identify radiation as a new
contribution to fluctuations in qubit lifetimes, with implications for efforts to characterize and improve
device stability.
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I. INTRODUCTION

The drive to build a superconducting quantum com-
puter has led to rapid increases in both the number of
qubits in a device and the lifetimes, T1, of those qubits.
The increase in lifetimes has been remarkable given the
sensitivity of the qubits to environmental noise [1]. This
sensitivity can be harnessed by using the qubits as sen-
sors to better understand the noise. For example, two-level
systems (TLSs) are currently a dominant loss mechanism
in superconducting qubits but superconducting qubits are
also useful to study TLSs [2]. A key diagnostic tool has
been TLS spectroscopy, in which T1 is measured as the
frequency of the qubit is swept [3–7]. An individual TLS
can be resolved as a dip in T1 as the qubit is tuned to
the TLS frequency. Spectroscopy has revealed that TLSs
can drift, appear, and disappear over time [6–8]. When a
TLS moves into resonance with a qubit, T1 can be sup-
pressed by an order of magnitude in a modern device [7,8].
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This instability in T1 is a threat to quantum computers:
when lifetimes decrease, either the computation suffers or
the device must be taken off line and retuned, potentially
by changing the qubit frequency or by relearning a noise
model for error mitigation [9]. Therefore understanding
TLS dynamics is important for improving superconduct-
ing quantum processors. Prior work on TLS dynamics has
focused on the interactions between TLSs [10,11]. In this
model, each high-frequency TLS (i.e., TLSs that are near
resonant with the qubit frequency) is coupled to many
low-frequency TLSs that occasionally flip states due to
the ambient thermal energy, perturbing the high-frequency
TLS. Evidence for this model has been observed in both
superconducting qubits [6,7,12–14] and resonators [11,15–
17]. However, TLS-TLS interactions, via either electric
or elastic dipole interactions, are very short range [12,18]
compared to the large size of the transmon capacitor pad-
dles (approximately 100 µm) or the Josephson junction
(approximately 100 nm), so it is unlikely that multiple
high-frequency TLSs would interact with the same set
of low-frequency TLSs. Therefore, the interacting-defect
model would struggle to explain simultaneous dynamics
in multiple high-frequency TLSs.

Improvements in T1 have helped to reveal previously
unobservable decoherence mechanisms, such as the impact
of ionizing radiation [19–21]. Ionizing radiation generates
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quasiparticles (QPs) that poison the device, creating a
transient dip in T1, but in the literature [19–23], the magni-
tude and duration of the dip vary widely. On multiqubit
devices, the QPs can poison many qubits at the same
time, potentially the entire chip, generating correlated
errors that quantum error-correction algorithms struggle
to correct [22–25]. Unfortunately, background radiation
is ubiquitous. γ rays and cosmic ray muons cannot be
easily shielded and small amounts of α and β radiation
sources could even lurk inside the device packaging. In
one recent experiment, background radiation, which hit the
chip on average every 10 s, suppressed T1 to less than 1 µs,
and rendered the entire chip unusable for about 100 ms
[23,26]. Therefore drastic steps have been proposed to mit-
igate these potentially catastrophic events, such as moving
the experiments deep underground [21], adding potentially
lossy QP traps [24,27–32], and distributing the quantum
information across multiple chips [33,34].

In this paper, we repurpose the standard qubits of a 27-
qubit IBM Quantum Falcon R6 processor as multiphysics
sensors—electrometers to detect the impact of radiation
and spectrometers to monitor TLS dynamics—to study
the effect of radiation not only on the qubits but also on
the TLS. In Sec. II, we report localized multiqubit offset-
charge jumps consistent with the impact of radiation. In
contrast to previous reports [22–24], in Sec. III we observe
minimal reduction in T1 during impact, showing the poten-
tial for superconducting qubits to be robust against ion-
izing radiation. No special measures are taken to shield
the device or to mitigate QPs, suggesting that a combina-
tion of materials, packaging, and architecture determines
the susceptibility of the qubit to radiation. However, we
sometimes observe an unexpected long-lasting change in
T1 after the radiation impact. In Sec. IV, we show that
an impact can scramble the TLS spectrum, by which
we mean that several TLSs that are near resonant with
the qubit appear, disappear, or change frequency at the

same time. Because scrambling involves multiple high-
frequency TLSs, the interacting-defect model is insuffi-
cient to explain these dynamics. In Sec. V, we suggest
that the offset-charge jumps and TLS scrambling can both
be explained by charge rearrangement after the radiation
impact event. We thus identify a new mechanism con-
tributing to fluctuations in T1 over time, defining a new
focus for research to improve stability of superconducting
quantum processors.

II. CHARGE DETECTION OF RADIATION
IMPACT EVENTS

First, we briefly review the dynamics of radiation
impacting a superconducting qubit chip as described in
the literature [19,22–24,35]. We do not deliberately intro-
duce any radioactive sources [19,21], so we consider only
background radiation. Multiple layers of shielding pro-
tect our device from low-energy photons such as thermal
radiation from the higher-temperature stages [36–38] and
also attenuate any α or β radiation coming from outside
the qubit packaging. However, γ rays and cosmic ray
muons or neutrons cannot be easily shielded and small
amounts of α and β sources can exist in the qubit pack-
aging. Here, we discuss the impact of a γ ray but the
impact of other forms of radiation would be similar. The
likely radioisotopes in the vicinity, such as 40K, 232Th, and
238U in building materials such as concrete, emit γ rays
with an energy of order 1 MeV [19,21,22]. At these ener-
gies, Compton scattering is the most likely interaction of
the γ ray with the substrate, as shown in Fig. 1(a). Dur-
ing Compton scattering, the γ ray ionizes a silicon atom,
ejecting an electron with an energy of the order of 100
keV [22]. This high-energy electron initiates a cascade
process, scattering off of atomic electrons and generating
a large number of electron-hole pairs [Fig. 1(b)]. As the
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FIG. 1. A schematic of a typical γ -ray impact. The device consists of a qubit chip bump bonded onto an interposer. Each chip
includes a thin patterned niobium film (gray) on a silicon substrate (pink). (a) Impact: a γ -ray Compton scatters off of a silicon atom,
ejecting an electron. (b) Transient: the transient response of the device after the impact. [Defects and TLSs are not shown in (b) to
avoid clutter.] The electron scatters off other atoms in the substrate, generating electron-hole pairs. Relaxation and recombination of
the electrons and holes creates phonons that propagate outward, potentially for several millimeters, creating QPs when they hit either
the ground plane or a qubit. The bump bonds provide both a lower-gap material, which may trap QPs, and a thermalization path for the
phonons. (c) Quasistatic: after the transient response, most of the charges recombine but some of the electrons and holes get trapped at
defects, resulting in a long-lasting charge rearrangement, which is sensed by both the local TLS and by the offset charge on the qubits.
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electrons and holes relax and recombine, they emit pho-
tons and phonons. The phonons downconvert in energy
until they travel ballistically through the silicon, poten-
tially for several millimeters [29]. When a phonon reaches
the superconductor at the surface of the silicon, it can break
Cooper pairs, generating QPs, which are a source of loss
for the qubits. Because the phonons can travel for mil-
limeters, many qubits may be simultaneously poisoned by
the QPs, resulting in correlated energy-relaxation events
[22–24]. As shown in Fig. 1(c), the electrons and holes that
do not quickly recombine will diffuse with a characteristic
trapping length of a few hundred microns until becoming
trapped in the substrate or at the surface, resulting in a
long-lasting charge rearrangement that can be sensed by
nearby qubits.

Radiation impact events can be detected using different
techniques, so we choose on the basis of the capabilities of
our quantum processor. The low-Q (Q ∼ 1200) resonators
used for fast readout rule out impact-detection meth-
ods based on changes in kinetic inductance [20,21,39].
Another method, monitoring for bursts of correlated qubit
decays indicative of QP poisoning, has been demonstrated
in a similar-scale quantum processor [23]; however, when
we attempt this method, we are not able to resolve any
events. Instead, following Ref. [22], we use the qubits to
sense the abrupt changes in the local charge environment
caused by an impact. The energy levels of the trans-
mon, which retains the charge-qubit Hamiltonian, weakly
depend on the local charge environment, quantified by the
offset charge, ng0. Therefore, a change in offset charge
causes a small change in the qubit frequency, which can
be detected by a Ramsey measurement. We do not make
offset-charge-sensitive transmons, so our qubits do not
have enough charge dispersion to easily detect an offset-
charge jump [22]. However, the higher energy levels have
larger charge dispersion [Fig. 2(b)], so we use the ef qubit
subspace instead [40].

The experiment to detect an offset-charge jump is shown
in Fig. 2(a). First, measurement M0 followed by a con-
ditional X pulse if the qubit is in |g〉 prepares the qubit
in |e〉. An Xef /2 pulse rotates the qubit from |e〉 to the
equator of the ef Bloch sphere, after which a fixed-delay
Ramsey experiment is performed. Driving the Xef /2 pulses
at the mean transition frequency ω̄ef causes the transmon
to evolve around the equator of the Bloch sphere during
TRamsey at the detuning ωef (p , ng0) − ω̄ef , where p is the
QP parity. Because we only want to detect offset-charge
jumps and not QP parity flips, here the two QP parities are
symmetrically detuned above and below ω̄ef , so they yield
the same measurement result [Figs. 2(b) and 2(c)]. Simi-
lar sequences, replacing the second Xef /2 with Yef /2, have
been used to measure the QP parity [40,41]. At the end
of the experiment, we map the state back to the ge sub-
space and measure the qubit (M1), where P(M1 = 1) =
(1 + cos(εef cos(2πng0)TRamsey/2))/2, in the absence of
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FIG. 2. Ramsey-based offset-charge jump measurement. (a)
Measurement conditional X prepares the qubit in |e〉. Xef /2 −
idle − Xef /2 performs a fixed-delay Ramsey sequence on the ef
transition, with an idle time of 2 µs. The sequence −X − Xef
maps the ef subspace to the ge subspace for Ramsey mea-
surement M1. A conditional X then returns the qubit to |e〉
and a 40-µs delay between repetitions provides a fixed-delay
T1 measurement using the outcome of M0. (b) An exaggerated
transmon energy-level diagram showing the dependence on the
unitless and periodic offset charge, ng0. For any ng0, there are two
ef -transition frequencies (purple), one for each QP parity, sym-
metrically detuned about the mean transition frequency ω̄ef . (c) A
Bloch-sphere illustration of the qubit state evolution during the
early part of the Ramsey sequence, showing rotation along the
equator at equal rates but in opposite directions depending on the
QP parity. (d) A single-qubit trace of P(M1 = 1) as a function of
the experiment time, showing a jump 23 s into the experiment.
Here, the 1 × 106 repetitions are grouped into 200 time bins to
compute probabilities.

decoherence. Our transmons have ef charge dispersions
εef /2π ∼ 800 kHz. For fixed TRamsey, offset-charge jumps
appear as abrupt jumps in P(M1 = 1), as shown in
Fig. 2(d). Because the relationship between P(M1 = 1)

and ng0 is nonlinear and periodic, the magnitude of the
change in P(M1 = 1) during a jump does not reliably indi-
cate the magnitude of the change in ng0. Therefore, we
cannot use the magnitude of the change in P(M1 = 1) on
different qubits to triangulate the location of the impact.

We run the jump detector simultaneously on qubits
across the chip to identify radiation impact events.
Figure 3(a) shows the connectivity of half of the qubit chip;
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FIG. 3. Simultaneous offset-charge jumps. (a) A map of the
physical layout of half of the device. The Ramsey-based jump
detector is run on a set of next nearest neighbors (colored
squares), while the other qubits are idled (black squares). (b) The
results of a jump-detection run for nine qubits on the right half
of the device. Simultaneous jumps are observed on six out of
the nine qubits but not on any on the left half of the device (not
shown). As seen on the map, the qubits that jumped are localized
in the upper right portion of the device (colored gradient), which
we attribute to a radiation event impacting that region.

the other half is similar. Dark lines between qubits indi-
cate couplings via bus resonators that mediate two-qubit
gates. These couplings induce a small shift in the qubit fre-
quency that depends on the state of its neighbors. To avoid
contamination of the Ramsey phase by this interaction, we
restrict the simultaneous jump detection to a set of 17 non-
neighboring qubits (0, 2, 4, 5, 6, 9, 10, 11, 13, 15, 16, 17,
20, 21, 22, 24, and 26), while the remaining ten qubits are
idled. The results from one run of the jump detector are
shown in Fig. 3(b). About 11 s into the run, simultaneous
jumps can be seen on qubits 0, 2, 4, 6, 9, and 10, while no
jumps are observed on qubits 5, 11, and 13 or any of the
qubits on the left half of the chip (not shown). The qubits
that jumped are localized to a small area of the chip, with a
radius of a few millimeters, as shown by the colored back-
ground in Fig. 3(a). Random coincidence cannot explain
simultaneous jumps on so many qubits in a small por-
tion of the device (Appendix A 1), so these qubits must be
sensing a common change in the local environment. While
models of offset-charge drift have traditionally focused on

local charge rearrangement very close to an island such as
a TLS dipole flip, metallic grain charging, or a fluctuat-
ing patch potential [42–46], these models fail to explain
simultaneous discrete jumps on qubits that are millime-
ters apart and well isolated by ground planes (Fig. 1). We
thus attribute these multiqubit jumps to radiation generat-
ing large charge rearrangements in the substrate, which are
not as effectively screened by the ground plane. As further
evidence that the jumps we observe are due to radiation, in
Appendix A 2 we show that the rate of events we extract
from our device is consistent with values from the litera-
ture. In our device, the typical spacing between physically
adjacent qubits is 1–2 mm, which has been too distant to
detect simultaneous jumps in prior experiments [22,47];
however, the effective sensing distance of a transmon will
depend on the geometry and layout of the qubit, the sub-
strate thickness, and the isolation of the qubit from the
ground plane and so will vary from device to device. In
our device, each qubit sits in a (650 × 650) µm2 pocket
in the ground plane, with a 90-µm separation between its
two niobium capacitor pads, each 500 µm long and 50 µm
wide. The significantly larger physical size of the trans-
mon pads in this work, as compared to Refs. [22,47], is the
simplest explanation for the larger sensing distance but it
is also possible that the charges diffuse further in the sub-
strate after the impact in our device as compared to the
literature.

III. TRANSIENT EFFECT ON T1

Having demonstrated the detection of radiation impacts,
we next look for a reduction in T1 due to the QPs generated
by the impact. The pulse sequence in Fig. 2(a) uses a 40-µs
delay between repetitions as a fixed-delay T1 measure-
ment, acquired in M0, interleaved with the jump detection.
This sequence is repeated 1 × 106 times per experiment,
which lasts 44 s. We run this experiment on the above set
of non-neighboring qubits 500 times, resulting in a total
“detector time” of over 6 h. As detailed in Appendix A, we
use a matched filter and thresholding to detect multiqubit
jumps and calculate the most likely time step of each jump,
tdetect. We consider two jumps simultaneous if the extracted
tdetect on the two qubits are within 10 ms of each other.
Using a selective threshold value, we detect 43 multiqubit
jumps comprising a total of 108 single-qubit jumps. For
those 108 events, we then look for excess decays during the
fixed-delay T1 measurement. In Fig. 4, we plot P(M0 = 1)

for 50 ms before and after the jump using the tdetect that we
have determined earlier as the reference for the time of the
jump. The overline is to indicate that data from multiple
qubits are averaged together. Excess loss due to transient
QP generated during an event will show up as a dip in this
plot, with a width set by the timing precision of the jump-
detection algorithm and the duration of the reduction in
T1 [22].
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FIG. 4. The search for excess qubit loss associated with multi-
qubit offset-charge jumps. Collecting the 108 constituent single-
qubit jumps, we average the probability of the qubit remaining in
|e〉 after the 40-µs delay between shots. We show P(M0 = 1)

(blue) for (a) 5 ms and (b) 50 ms before and after tdetect, the
time step of the jump as determined using the jump-detection
algorithm. Smoothing with a Gaussian filter with a sigma of ten
data points (0.44 ms, orange) helps to show the absence of a
trend. Excess qubit loss due to transient QPs corresponds to a dip
in this plot. We see that P(M0 = 1) for the data point immedi-
ately after the extracted tdetect is suppressed by 4.9σ compared to
the background. This is consistent with a small amount of qubit
loss induced by a short-lived excess of QPs.

The averaged data (Fig. 4) are well described by a Gaus-
sian distribution centered about a constant background
level of P(M0 = 1) ≈ 0.7 (corresponding to an average
T1 ∼ 100 µs), except for the point immediately after t =
tdetect, which is 4.9σ below the mean. Since the nearby
data points do not indicate a broader dip, either the data
point is somehow spurious or it suggests that loss occurs
only in a very short interval around the impact, e.g., QP
poisoning that recovers within the 44-µs repetition time.
To help assess the feasibility of our scheme resolving a
real single-point feature, in Appendix A 4 we analyze sim-
ulated data and find that in some conditions the analysis
algorithm can indeed be accurate to within a few time
steps. Appendix A 3 also shows how the depth of the dip
depends on the threshold used to declare a jump.

The absence of a sustained dip in Fig. 4 demonstrates
the resilience of our quantum processor to the impact of

radiation. We do not take any special measures to shield or
reduce environmental radiation [19,21] or add any struc-
tures specifically to reduce the impact of transient QPs
[24,27,28,31,32,47–49]. In Appendix A 1, we show that
the impact rate that we measure is very similar to previous
measurements. Therefore, the robustness of T1 to radia-
tion must derive from the packaging, design, or materials
of the device. These qubits consist of niobium capacitor
pads with aluminum leads for the Josephson junction. The
bump bonds provide both a path for thermalization [24]
and a lower-gap trap for QPs from the niobium ground
plane. Going forward, additional reports will likely eluci-
date which variables determine the severity of the impact
of radiation.

IV. EFFECT ON TLSs

While looking for a transient hit to T1, we note that occa-
sionally the T1 of an individual qubit changes suddenly
after a multiqubit jump. Unlike the transient dips previ-
ously discussed, here the T1 is stable at the new value,
which can be higher or lower. Next, we show that this
is due to radiation “scrambling” the TLSs on a qubit,
simultaneously changing the frequency of several TLSs
near resonance with the qubit. When the scrambling brings
a TLS into (out of) resonance with the qubit, the qubit
T1 decreases (increases). After the scrambling, the TLS
spectrum is stable, so T1 is stable at the new value.

We use TLS spectroscopy to monitor TLSs near reso-
nance with the qubit. During TLS spectroscopy, the qubit
frequency is swept and when the qubit is brought into
resonance with a TLS, the two hybridize, decreasing the
qubit T1 [3–7]. Our transmons are not flux tunable but
can be tuned via the Stark shift to probe TLSs using
the pulse sequence shown in Fig. 5(a) [8,50]. A Stark
tone amplitude 	s shifts the qubit frequency by 
ωq =
α	2

s/2
s (α + 
s), where α is the qubit anharmonicity
(typically, α/2π = −295 MHZ) and 
s is the detuning
of the Stark tone from the unshifted qubit frequency.
With fixed detuning (
s/2π = ±50 MHz), we step 	s to
sweep the Stark-shifted qubit frequency from 
ωq/2π ≈
−20 MHz to +20 MHz. Figure 5(b) shows one example
of P(MS = 1) as a function of 
ωq. We linearly ramp 	s,
resulting in the quadratic spacing of 
ωq in the horizontal
axis. Dips in P(MS = 1) indicate excess loss attributable
to TLSs. To look for changes in the TLS spectroscopy
coincident with multiqubit jumps, we interleave the TLS
spectroscopy with the jump detector [Fig. 5(a)]. Each iter-
ation consists of two parts: TLS spectroscopy, in which the
amplitude of the Stark pulse is swept in 251 steps, and 251
repetitions of the jump detector. A conditional X followed
by a 20-µs delay prepares the qubit for the next repeti-
tion. This 24-ms sequence is repeated 10 000 times, taking
a total of 4 min. We repeat the experiment 172 times for
over 11 h of “detector time.” A modified jump-detection
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FIG. 5. Interleaved TLS spectroscopy and jump detection. (a)
At each iteration, TLS spectroscopy (upper sequence) is executed
by ramping the amplitude of the Stark pulse to sweep the qubit
frequency, before being measured during MS; then the jump
detector (lower sequence) is repeated 251 times, before being
measured during MR. A conditional X to reset the qubit and a 20-
µs delay follow each measurement. Each 4-min run consists of
10 000 iterations of this sequence. (b) A TLS spectrum, showing
P(MS = 1) as a function of the qubit Stark shift, averaged over
all 10 000 iterations. Dips, such as that at 
ωq/2π = −14 MHz,
correspond to excess loss when the qubit is in resonance with a
TLS.

algorithm (Appendix B) run on the Ramsey-jump sequence
identifies 656 multiqubit jumps. Interleaving the jump
detector and the TLS spectroscopy allows us to look for
changes in the TLS spectra associated with these multi-
qubit jumps and thus look for the impact of radiation on
the TLSs in the device.

The three columns of Fig. 6 show three examples of TLS
scrambling, each coincident with a multiqubit jump. In the
top panel of Fig. 6(a), we plot the output of the jump detec-
tor for one run on qubits 0, 4, and 9, all of which experience
a simultaneous jump 180 s into the experiment, indicat-
ing a radiation impact event. Interleaved TLS spectroscopy
(middle panel) shows that the event coincides with abrupt
changes in the spectral signatures of multiple TLSs (dark
horizontal bands). The TLSs are stable both before and
after the event. The dynamics during scrambling are too
fast to resolve in this experiment. Note that prior to scram-
bling, when there is no Stark shift (	S = 0), T1 suffers due
to a TLS near resonance with the qubit. The scrambling
brings that TLS out of resonance, with P(MS = 1) increas-
ing from 0.45 to 0.62, resulting in a long-lasting change
to T1. The other two columns in Fig. 6 show two addi-
tional examples of TLS-scrambling events. As in the event
in Fig. 6(a), the event in Fig. 6(b) shows a long-lasting
change at 	S = 0, with P(MS = 1) increasing from 0.44 to
0.60 but the event in Fig. 6(c) does not show a long-lasting

change at 	S = 0, with P(MS = 1) remaining unchanged
at 0.62 before and after the jump.

The jump-detector traces in the top row of Fig. 6 show
additional jumps that do not correspond to TLS scram-
bling. In fact, most offset-charge jumps are not accom-
panied by TLS scrambling. To determine the fraction of
multiqubit jumps associated with a TLS-scrambling event,
we use the Pearson correlation coefficient r to quantify
changes in the TLS spectra as shown in the bottom row of
Fig. 6. Pearson’s r measures the linear correlation between
two ordered data sets, x and y, and is defined as the dot
product r = x̂ · ŷ of the normalized zero-mean sets x̂ =
(x − x̄)/σx, where σx is the standard deviation of x. For
each time step, x(y) is the average P(MS = 1) for 200 data
points, 4.8 s, before (after) the time step. Pearson’s r is
1(0) if the two data sets are perfectly (un)correlated. In
the bottom panels of Fig. 6, we see the TLS-scrambling
events weaken the correlations between past and future
spectra, causing r to dip below our selection threshold of
0.4 (black dashed line). However, crossing this threshold
does not guarantee a scrambling event. For example, in the
final minute of Fig. 6(b), a single pronounced TLS under-
going diffusion near 
S = 20 MHz, presumably due to
interaction with nearby thermal fluctuators, causes r to dip
below 0.4 without TLS scrambling. Thus we observe both
single TLS diffusion due to thermal fluctuators and TLS
scrambling, which affects multiple TLSs simultaneously.

Of all r values computed for each qubit at each time
point, r only falls below the 0.4 threshold 0.06% of the
time. In contrast, one of the qubits participating in a mul-
tiqubit jump has an r below 0.4 during 34 of the 656
multiqubit jumps (5.2%). Therefore, because both multi-
qubit jumps and events where r dips below 0.4 are rare, it
is unlikely that we will observe both simultaneously with-
out a common origin. Having established that radiation is
the most likely origin of the multiqubit jumps, we infer that
radiation is also the likely origin of the TLS scrambling.

Most of the detected radiation impact events, as wit-
nessed by multiqubit jumps, are not accompanied by
detectable TLS scrambling. Also, in this data set we
observe an absence of TLS scrambling on multiple qubits
during the same event. This suggests a picture in which
the offset charge on one of our qubits can sense a dis-
tant impact event, while the TLSs are less sensitive to
distant events. We conjecture that some of the multiqubit
jumps without TLS scrambling would be due to impacts
that are not close enough to a qubit to induce TLS scram-
bling. Although this is a qualitatively plausible picture,
we highlight that it is not the only possible explanation
for this difference in response. It has been suggested in
the literature that the offset charge is not capable of sens-
ing distant charge rearrangements [47], in which case
the impact would need to generate charge rearrangement
over long distances within the chip. Long-distance charge
rearrangement is possible, either by the direct diffusion
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FIG. 6. TLS scrambling due to radiation. (a)–(c) Each column shows a TLS-scrambling event from a different run of the experiment:
(a) run 18, qubit 0; (b) run 17, qubit 6; (c) run 21, qubit 15. The time axis is shared across all panels in a column. The values in the top
and middle rows are averaged within 200 time bins to compute probabilities. The top panels show outcomes of Ramsey-jump detection
(MR). The middle panels show the evolution of the TLS spectra over time. The frequency scale is nonlinear because of the quadratic
dependence on the Stark tone amplitude. The color scale represents P(MS = 1) at the end of the 50-µs Stark tone; dark horizontal
lines correspond to excess loss when the qubit is resonant with a TLS. The bottom panels show Pearson’s r for the TLS spectroscopy
as defined in the main text. Dips correspond to sudden pronounced changes in spectral features in the middle panel. Dips crossing
the threshold r = 0.4 (black dashed line) simultaneous with a multiqubit jump are declared TLS-scrambling events. Because we have
previously established that multiqubit jumps are caused by the impact of radiation, we argue that the simultaneous TLS scrambling is
also caused by the impact of radiation.

of charges generated by the impact or mediated by the
diffusion of phonons and photons away from the initial
impact site. There could be a higher energy threshold for
the impact to scramble TLSs beyond the energy required
to cause a multiqubit jump. Alternatively, TLS scrambling
might be associated with only certain types of radiation.

V. DISCUSSION

What can we say about the interaction mechanism
underlying TLS scrambling? Although the physical ori-
gin of TLSs remains the subject of much debate [2], TLSs
are known to couple to the local electric field via a dipole
moment. Given their simultaneity, it is natural to sup-
pose that the TLS scrambling and offset-charge jumps are
both responses to the same redistribution of charge. As
shown in the insets of Fig. 1, some of the electrons and
holes generated during the impact escape recombination
and diffuse until becoming trapped at defects. This charge
redistribution will change the electric field at the TLS,
thus changing its frequency. The dipole moment of the
TLS (approximately 1 eÅ [2]) is much smaller than the
transmon dipole moment (approximately 100 e µm [51]),

potentially explaining why qubits over a large area par-
ticipate in a jump but the TLS scrambling is localized to
the TLSs in the vicinity of at most one qubit. Because
this picture predicts that some TLSs will scramble more
than others, with TLSs at the metal-substrate or substrate-
air interfaces more sensitive to charge rearrangements in
the substrate than TLSs in the junction or at the metal-
air interface, further insight could be gained by monitoring
scrambling in a setup able to locate individual TLSs within
a device [52].

Other mechanisms could also be at play. The scram-
bling could be mediated by the TLS elastic dipole coupling
to local strains. Heat generated by an impact could cause
brief expansion and thus local strain, shifting the TLS
[53], akin to thermal cycling of the cryostat. Recently,
stress-induced microfractures have been suggested as an
alternative source of phonon and QP bursts [54] but in our
architecture the electrical fields from microfractures due
to the stress at the bump bonds or niobium-silicon inter-
face are screened by the ground plane and thus unlikely to
cause the offset-charge jumps. Repeating these measure-
ments in different processors could reveal whether these
dynamics depend on the materials and architecture, as in
the case of the response to transient QPs. It would also
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be enlightening to study other types of qubits or similarly
susceptible devices such as single-electron transistors and
SQUIDs [42,55].

Many proposed explanations for TLSs involve trapped
charges: tunneling electrons [56–58], localized metal-
induced gap states at the metal-insulator interface [46,59],
or trapped QPs [60,61]. Because these charges can be cre-
ated and destroyed during the impact, investigations of the
response of TLSs to the impact of radiation may also tell
us about the nature of the TLSs themselves.

VI. CONCLUSIONS

Using the standard transmons on a quantum processor
as an array of electrometers, we detect radiation impacts
and look for associated effects on T1. We are barely able to
resolve any transient effect, demonstrating a robustness to
radiation in contrast with the severe hit to T1 in the litera-
ture [22–24]. We do not take any steps to reduce the rate or
severity of the impacts, which suggests that the resilience
derives from the device materials and architecture and,
moreover, can be obtained without compromising the base-
line T1. These results suggest that one may hope to realize
traditional quantum error correction without the drastic
interventions suggested in the literature [21,24,27–34]

Some radiation impacts coincide with long-lasting
changes in T1, both positive and negative, which we
explain through radiation-induced TLS scrambling. These
results reveal a new type of TLS dynamics beyond the
interacting-defect model. We therefore identify radiation
as one driver of fluctuations in T1 over time, which is
a central challenge to scalable superconducting quantum
computing. Looking to the future, one can even imagine
using an ionizing radiation source to controllably reset an
uncooperative TLS spectrum plaguing a large quantum
processor, with no need for a disruptive thermal cycle of
the cryostat.

ACKNOWLEDGMENTS

The device was designed and fabricated internally at
IBM. We acknowledge the use of IBM Quantum ser-
vices for this work and these results were enabled by the
work of the IBM Quantum software and hardware teams.
This work was supported by the Intelligence Advanced
Research Projects Activity (IARPA) under Logical Qubits
(LogiQ) (Contract No. W911NF-16-1-0114). All state-
ments of fact, opinion, or conclusions contained herein are
those of the authors and should not be construed as rep-
resenting the official views or policies of the U.S. Govern-
ment. We thank Oliver Dial, Francesco Valenti, Youngseok
Kim, Sami Rosenblatt, Joey Suttle, Jared Hertzberg, Chris
Lirakis, Luke Govia, Ken Rodbell, Antonio Córcoles,
Maika Takita, and Matthias Steffen for helpful conversa-
tions, device bring-up, and programmatic support.

APPENDIX A: AUTOMATIC DETECTION OF
OFFSET-CHARGE JUMPS

Our experiments involve monitoring many qubits for
hours at a time and the large amounts of generated data
required efficient robust detection algorithms. The output
of the Ramsey-jump detector from Fig. 2(d) is reproduced
in Fig. 7(a). For plotting P(M1 = 1), the data are binned
into 200 bins. However, binning discards precise timing
information about the jump. The inset of Fig. 7(a) shows
the outcomes of the individual measurements immediately
before and after the jump. By eye, we can see that we
should be able to detect the time of this jump to within
a few time steps. To detect jumps and extract the time of
each jump, we use a matched filter with a step function
with a duration of 50 ms as the template:

Template(t) =

⎧
⎪⎨

⎪⎩

−1, −25 ms < t < 0,
0, t = 0,
1, 0 < t < 25 ms.

The cross correlation (SCIPY.SIGNAL.CORRELATE) of the
raw output of the jump detector and the template is the
result of sliding the template along the output of the jump
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FIG. 7. The jump-detection algorithm. (a) The output of the
Ramsey-based jump detector, reproduced from Fig. 2(d): the
1 × 106 shots of the experiment are binned into 200 bins to calcu-
late P(M1 = 1). The inset shows the raw output of M1 for 2 ms
before and after the jump. (b) The output of the jump-detection
algorithm after normalization by the median level, showing a
peak (which sets tdetect) corresponding to the jump in (a). The
dashed line is our default detection threshold of 14.
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detector. Absent a jump in the data, the positive and nega-
tive halves of the step function null the correlation, while
a jump causes a spike in the correlation. The problem of
step detection thus reduces to peak detection in the jump
signal, defined as the absolute value of this cross corre-
lation, which we perform via thresholding. We choose this
matched filter approach for simplicity; other techniques for
offline change-point detection can likely improve sensitiv-
ity in future studies (e.g., information might be gleaned
not only from the step in mean value when ng0 jumps but
also from the step in variance). As the analyses of the 500
experiment runs are independent, time can be saved with
parallel processing.

The choice of threshold contains two subtleties: how
to normalize signals for cross-qubit comparisons and then
how to set the overall threshold level. Instantaneous values
of ng0 and T∗

2,ef will vary over time and across qubits, caus-
ing the sensitivity of each qubit to fluctuate over time. We
find it effective to normalize the jump signal trace from
each qubit for each run by its median, such that a given
threshold value roughly corresponds to a fixed confidence
in (the SNR of) the jump signal, rather than to a uniform
magnitude of the jump signal. Then, we choose an over-
all threshold of 14, which we empirically find provides
good confidence in and time resolution of events while
still accepting enough data for further statistical analy-
sis (details in Appendix A 3). An example output of this
algorithm with a large jump signal is shown in Fig. 7(b).
A clear peak well above the threshold (black dashed line)
indicates the single-qubit jump. The time step of this peak
sets tdetect. Double counting of a noisy threshold crossing
is avoided by setting a minimum time separation of 50 ms
between detections on the same qubit, keeping the largest
peak in such cases (SCIPY.SIGNAL.FIND_PEAKS).

Finally, the identified single-qubit jumps are further
clustered into multiqubit jumps. Each jump is sorted by
tdetect into a list. Multiqubit jumps are identified when the
time between tdetect on the list is less than 10 ms. We cau-
tion that in principle this algorithm permits an edge case
where a chain of < 10 ms delays generates an arbitrarily
long single multiqubit jump but in our data all multi-
qubit jump durations are below 2 ms (median duration
< 400 μs) for our choice of threshold = 14. With that
threshold, we detect 43 multiqubit jumps, consisting of 108
single-qubit jumps.

1. Spatial and temporal jump correlations

How can we be sure that the events we identify as multi-
qubit jumps are true multiqubit jumps and not independent
single-qubit jumps, that happen by coincidence to jump
within 10 ms of each other? We support our interpretation
of detected jumps as resulting from real charging events on
the chip by looking for expected correlations in space and
time.

First, multiqubit jumps with a common physical ori-
gin should preferentially involve qubits that are physi-
cally closer together. If the multiqubit jumps were random
chance, distant qubits would be equally like to have simul-
taneous jumps as nearby qubits. For each pair of qubits
used for jump detection, we calculate their separation and
the rate at which the two qubits experience a simultaneous
jump (in units of multiqubit jump events per hour of detec-
tor time). In Fig. 8(a), we show a histogram of the coin-
cidence rate as a function of the distance between qubits.
The distribution fits a Gaussian fall-off with a σ = 1.9 mm,
indicating that the events are strongly localized. Correlated
offset-charge jumps have not been previously reported at
this length scale [22,47], though the characteristic length

(a)

(b)

FIG. 8. Offset-charge jump correlations in space and time. (a)
A histogram of the rate of simultaneous jumps for all pairs of
physical qubits used for jump detection. The first bin is empty
because there is a minimal distance of about 1 mm between pairs
of qubits. In red is a Gaussian distribution, with σ = 1.9 mm,
showing that qubits that experience simultaneous jumps are
located within a few millimeters of each other. (b) A histogram
of the time between consecutive jumps (including single-qubit
jumps not associated with a multiqubit jump). The red line is a
fit to a modified Poisson distribution, with a characteristic jump
rate = 1/(16.4 s). The fit includes a correction to account for the
finite duration of the experiment, 44 s. The Poisson distribution
fails to account for the excess of events in the first bin, which
accounts for 51% of total single-qubit jumps, indicating that the
multiqubit jumps cannot be explained as random coincidences of
uncorrelated single-qubit jumps.
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scale is expected to vary from device to device, depending
on the qubit design and chip layout.

Second, the time separation of independent random
single-qubit jumps should be well described by a Poisson
distribution but multiqubit jumps should instead exhibit
more frequent coincidences where several qubits jump
at once. For each 44 s run of the jump-detection exper-
iment, we generate a single list of the times at which
any individual qubit jumps and calculate the time delays
between consecutive single-qubit jumps within that run.
During multiqubit jumps, this time difference will be small
and can be zero. Figure 8(b) shows a histogram of these
time differences with 2-s bins. If each jump was an inde-
pendent single-qubit event, the Poisson-distributed delays
between events would follow an exponential probability
distribution with some characteristic time scale tjump. How-
ever, the histogram shows a clear excess of events in the
first bin, which cannot be explained by individual qubits
independently experiencing jumps.

While these results are qualitatively consistent with
expectations, further analysis is complicated by the possi-
bility of multiple mechanisms contributing to jump detec-
tions. In particular, single-qubit jumps can be explained by
local processes not involving radiation [42]. For example,
qubit 17 produces jumps in this data set at a higher rate than
do the other qubits, likely due to a defect coupled to the ef
transition, so this outlier qubit is excluded from this rate
analysis. Some fraction of the single-qubit jumps from the
included qubits are likely also produced by causes other
than radiation. Nonetheless, we can grossly quantify the
full distribution using the fit model

PDF(
) = Ne−
/τjump(1 − 
/T)(1 − Pcoinc) + Pcoincδ
,

where PDF stands for probability density function, 
 is
the time between events, N = 1/τjump − 1 − e−T/τjump/T is
a normalization constant, and the factor 1 − 
/T accounts
for the finite duration T = 44 s of the experiment. The
free parameters are τjump and Pcoinc, representing the excess
probability that a single-qubit jumps occurs in coincidence
with the preceding single-qubit jump (here, the excess
probability mass in the first histogram bin). To fit the his-
togram, the PDF must be converted to a probability mass
function by integrating over each bin, where we define δ


to integrate to 1 in the first bin and zero otherwise. The
simplest interpretation of the fit result is that events pro-
ducing jumps above threshold occur with a time scale of
16.4 s and many of those events cause more than one qubit
to jump, increasing the number of jump counts in the first
bin roughly tenfold from the expectation if qubits were
jumping independently.

2. Comparison of rate to literature

If we assume that all of the jumps that we observe are
due to radiation, then we can place a bound on the rate of
the impact of radiation on the chip and we can compare the
this rate to other reports for the rate of radiation impacts
from the literature, as shown in Table I. The rate of impact
from radiation will depend on many physical parameters,
including the amount and type of local radioactivity, the
amount of shielding, and the thickness of the substrate.
Remarkably, dividing the average impact rates by the rel-
evant chip sizes yields values that are all within roughly
a factor of 2. This is a striking agreement considering that
these experiments use both different hardware technologies
and detection techniques, which further supports the inter-
pretation of our jumps as resulting from radiation. It also
suggests that other differences in effects that we see, such
as the effect on T1, cannot be explained by a difference in
the rate of events.

3. Alternative thresholds

We deliberately choose a high threshold of 14 for the
jump-detection algorithm to suppress false-positive detec-
tions, especially given that the noise properties of the
device are likely to fluctuate appreciably on the multi-
hour time scale of the experiment. However, we are free
to reanalyze the same data with other thresholds to learn
how various quantities systematically vary with threshold
choice.

The top row of Figs. 9(a)–9(c) shows the equivalent of
Fig. 4 for thresholds ranging from 8 to 16. Interestingly,
the dip in T1 becomes less prominent as the threshold is
lowered, as shown in Fig. 9(d). For the smallest threshold,
Fig. 9(a), the dip all but vanishes. There are two pos-
sible explanations for this disappearance. First, a higher
threshold might select for events that generate more QPs,

TABLE I. A comparison of the impact rates of radiation from the literature, showing that the rate of events normalized by the area
of the chip that we observe is within a factor of 2 of other reports in the literature.

Reference Technology Measurement Time between Size of chip Normalized rate
impacts (s) (mm2) [10−3/(s mm2)]

This work Transmons Offset charge 16 150 0.4
Wilen [22] Transmons Offset charge 50 39 0.5
McEwen [23] Transmons Correlated decays 10 100 1
Cardani [21] Granular-aluminum resonators Resonator frequency shift 10 120 0.8
Grünhaupt [20] Granular-aluminum resonators Resonator frequency shift 20 120 0.4
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FIG. 9. Comparisons of various thresholds for the jump detection. (a)–(c) The top panels show the equivalent of Fig. 4(a) for
increasing jump-detection thresholds of (a) 8, (b) 12, and (c) 16. (d) The size of the dip increases with threshold, perhaps due to tighter
time resolution of the jump detection. The bottom panels of (a)–(c) show the equivalent of Fig. 8(b). Increasing the detection threshold
decreases the characteristic rate at which events satisfying that threshold occur.

leading to a more prominent dip in T1. Alternatively, keep-
ing only jumps with a large clear change in P(MR = 1)

during the offset-charge jump-detector experiment should
reduce uncertainty in the timing of the jump, improving
the resolution of the dip. To assess the timing accu-
racy of the jump detector, we feed numerically simulated
results of the experiment into the jump-detector algorithm
(Appendix A 4).

The bottom rows of Figs. 9(a)–9(c) show the equivalent
of Fig. 8(b) for the various thresholds. As expected, when
we raise the threshold, we see the rate of events decline,
from 6.5 s between impacts to 32 s between impacts.
Deviation of the threshold-8 histogram from the modified
Poisson fit may indicate an increasing significance of false-
positive detections. At the other extreme, the threshold-16
histogram exhibits a scarcity of detections inhibiting sta-
tistical analysis. In Table I, we use the rate τjump = 16.4 s,
using the threshold-14 value from the main text. As we
vary the threshold, τjump can change by a factor of 2 but
this does not significantly affect the comparison.

4. Simulated timing accuracy of jump detector

Figures 4 and 9 show a reduction in T1 after an impact
that consists of a single data point. However, the Ramsey-
based jump detector is probabilistic, so it is not obvious
that the time of the jump can be determined to within a sin-
gle time step even in principle. To probe the feasible timing
accuracy of the jump-detector algorithm, we generate data
from a model simulation of the experiment. In the simu-
lation, we generate a list of impact times from a Poisson

distribution of rate 1/(10 s), randomly select coordinates
on the chip for each impact, and calculate the magnitude
of 
ng0 for each impact based on the distance of each
qubit to the impact site, assuming a maximum 
ng0 = 0.1
and a Gaussian fall-off using σ = 1.5 mm. For each qubit,
ng0 is initialized to a uniformly random value and slowly
diffused with a variance of 0.1 electrons per hour. Phase
flips during Ramsey occur per a coherence time of the ef
subspace T∗

2,ef = 50 µs and each qubit measurement has
a symmetric error probability of 1.5 %. Finally, to permit
comparison with Fig. 4, each simulated impact reduces T1
of nearby qubits for a single time point, lowering T1 to 1 µs
at the epicenter with the same Gaussian spatial fall-off of
σ = 1.5 mm.

We run the simulation 250 times, half as many as in
the actual experiment, with the results shown in Fig. 10.
Because this is a simulation, we can compare the true time
of the jump, ttrue, to the time of the jump extracted from the
jump-detection algorithm, tdetect, in Fig. 10(a). Although
the tails of the distribution are very long, far from either a
Gaussian or a Lorentzian distribution, the extracted jump
times are closely peaked around the true event time, such
that very precisely resolving the time of the jump is pos-
sible. The resolution is better described by the median
absolute deviation 132 µs (which is three time steps), than
by the standard deviation 746 µs. Figure 10(b) shows the
equivalent of Fig. 4, for the simulated data. The spread in
P(M0 = 1) is reduced from the experiment, because the
simulation does not account for all sources of variation,
such as a spread in qubit T1s. Notably, we do not observe
single-time-step accuracy, as needed to explain Figs. 4
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FIG. 10. The jump detection of numerically simulated data,
for a threshold of 14. (a) Histograms of the time differences
between the times at which the analysis detects a jump event and
the true times of the corresponding simulated events. Each bin
corresponds to a single time step (44 µs). (b) The dip resulting
from a transient decrease in T1, for comparison with Fig. 4. These
results do not reproduce the single-point feature in Fig. 4 but do
suggest that few-point resolution is possible.

and 9. This may still arise from discrepancies between
simulated and experimental error processes, or perhaps the
noise in Fig. 4 could be obscuring the full width of the dip,
in which case future improvements in qubit coherence may
help reveal the full duration of the transient dynamics.

APPENDIX B: AUTOMATING DETECTION OF
TLS SCRAMBLING

For the TLS-scrambling experiment, we run the pulse
sequence in Fig. 5(a), which uses a variation on the jump-
detection sequence. The fundamental difference is that now
the Ramsey-jump-detector experiment is run back to back
251 times in between sweeps of the TLS spectra. Because
the Stark-shift measurements occupy three quarters of the
experimental time, most of the radiation impact events will
occur in between runs of the Ramsey-jump detector, so
the very precise temporal resolution of the jump-detection
algorithm from Appendix A 4 is irrelevant. Instead, we
average those 251 shots to calculate P(MR = 1) before
running a slightly modified jump-detection algorithm. We
use the same template as in Appendix A 1, except with a
duration of the template of 200 sequences (5 s), to match
the averaging time for the Pearson’s r calculation in the

main text. By feeding the averaged P(MR = 1) into the
jump-detection algorithm rather than the raw output of
the Ramsey sequence, we greatly increase the sensitiv-
ity to small jumps, at the cost of decreasing the temporal
resolution of the extracted jump time to the time to run
a single sequence (about 24 ms). We are able to use a
smaller threshold of 8 to detect a jump, because the signal
is less noisy. For this reason, we detect more multiqubit
jumps per hour than in Appendix A 1, as what would have
been classified as single-qubit jumps are here classified as
multiqubit jumps.
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