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Superconducting qubits are among the most advanced candidates for
achieving fault-tolerant quantum computing. Despite recent significant

advancements in the qubit lifetimes, the origin of the loss mechanism for state-
of-the-art qubits is still subject to investigation. Furthermore, the successful
implementation of quantum error correction requires negligible correlated
errors between qubits. Here, we realize long-lived superconducting transmon
qubits that exhibit fluctuating lifetimes, averaging 0.2 ms and exceeding

0.4 ms - corresponding to quality factors above 5 million and 10 million,
respectively. We then investigate their dominant error mechanism. By intro-
ducing novel time-resolved error measurements that are synchronized with
the operation of the pulse tube cooler in a dilution refrigerator, we find that
mechanical vibrations from the pulse tube induce nonequilibrium dynamics in
highly coherent qubits, leading to their correlated bit-flip errors. Our findings
not only deepen our understanding of the qubit error mechanisms but also

provide valuable insights into potential error-mitigation strategies for
achieving fault tolerance by decoupling superconducting qubits from their
mechanical environments.

Superconducting qubits have become a viable platform both for
scientific and technological applications, ranging from fundamental
quantum optical experiments’, hybrid quantum systems® to quan-
tum information science®. In particular, they have attracted much
attention in fault-tolerant quantum computing, achieving important
milestones, including the realization of high-fidelity quantum gate
and readout on a multiple-qubit system*?, the reports of quantum
supremacy®’, and the demonstrations of surface codes®'. Despite
such encouraging progress, realizing large-scale superconducting
quantum computing is still an outstanding challenge®. Although
quantum error correction promises reliable and scalable quantum
computing, it strictly requires the physical errors of a large number
of qubits to be sufficiently smaller than a certain threshold, and,
more importantly, to be uncorrelated'>".

Since the physical errors in superconducting qubits are dom-
inantly limited by their coherence***, considerable efforts towards
improvements in the qubit lifetimes have been made using insights
from diverse fields”, ranging from classical and quantum circuit
engineering®?® to material science?”. However, it still remains
unclear whether the qubit lifetimes can be enhanced steadily. In
addition, more coherent superconducting qubits are more sensitive to
small changes in their environments”, imposing a challenge on their
scalability. For instance, when a superconducting qubit is dominantly
coupled to a few two-level systems (TLSs), its relaxation time is largely
fluctuating®®?’. More recently, it has been reported that the absorption
of ionizing radiation generates high-energy phonons in a qubit sub-
strate, which leads to nonequilibrium quasiparticles, causing corre-
lated charge-parity switching®® and energy relaxations® of
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superconducting qubits. To verify fault tolerance, it is, therefore, more
and more important to characterize a highly coherent multiple-qubit
system more carefully, i.e., not only reporting their averaged coher-
ence times but also studying the time and frequency dependence, as
well as confirming the absence of correlated errors. Indeed, such
characterizations have revealed dominant loss mechanisms and sour-
ces of fluctuations in superconducting qubits, such as surface dielec-
tric loss®®, TLSs***"33, nonequilibrium quasiparticles®**, and ionizing
radiation®* %,

Here, we realize long-lived superconducting transmon qubits
based on niobium capacitor electrodes with the average and the
longest lifetimes exceeding 0.2 ms and 0.4 ms, respectively, and report
a new source of correlated bit-flip errors, caused by mechanical bursts
generated by the pulse tube cooler of a dry dilution refrigerator®. This
is revealed by a novel time-resolved analysis of the residual excited-
state probabilities and quantum jumps of multiple qubits, which are
synchronized with the operation of the pulse tube cooler. Although the
origin of the mechanical sensitivity of long-lived superconducting
qubits could not be determined unambiguously in this work, our
observations are consistent with quasiparticle- and TLS-mediated
qubit decays to phononic baths*>*., Moreover, these findings suggest
future strategies for fault-tolerant superconducting quantum com-
puting, including the development of acoustically shielded super-
conducting  devices*”*, mechanical shock-resilient sample
packaging**¢, and a vibration-free dilution refrigerator*’*’,

Results

Long-lived superconducting transmon qubits

We develop superconducting transmon qubits, each formed by a sin-
gle Al/AlO,/Al Josephson junction shunted by a Nb capacitor, fabri-
cated on a high-resistivity silicon substrate (see the fabrication details
in Supplementary Note 1). Figure 1a, c show an optical micrograph of a

fabricated multiple superconducting qubit device and its equivalent
circuit model, respectively, including four frequency-fixed transmon
qubits (Qo—Qs) with resonance frequencies ranging from 4.8 GHz to
6.2 GHz and anharmonicities of —~0.26 GHz on average. As the metal-
substrate interface of the Al film fabricated by a lift-off process can not
be as clean as that of the Nb film directly sputtered on the silicon
substrate, we minimize the area of the Al electrodes and bandage
patches™ to reduce the energy participation ratio in the interface (see
Fig. 1b). To realize multiplexed dispersive readout, all the qubits are
individually coupled to A/4 readout resonators with different reso-
nance frequencies around 7 GHz, sharing a A/2 Purcell filter’. The filter
is connected to a feed line, along which frequency-multiplexed control
and readout signals are sent. The filter is designed to have a 7 GHz
resonance frequency and a 300 MHz bandwidth, suppressing the qubit
radiative decay rates to a level of O(10 Hz). The state-dependent dis-
persive shifts and the readout resonator bandwidths are designed to
be O(1MHz). Note that the different dispersive shifts of the readout
resonators for the first and second excited states enable us to distin-
guish between the readout signals corresponding to the first three
states (G, E, and F) in a single shot. See Table 1 in Method for the full
characterization of the system parameters.

As schematically shown in Fig. 1d, the fabricated device is mounted
at the mixing chamber stage (-10mK) of a dry dilution refrigerator,
enclosed in a multilayer shielding: copper radiation shields and magnetic
shields of aluminum and mu-metal. The transmon qubits are character-
ized using a nearly quantum-limited broadband Josephson traveling wave
parametric amplifier JTWPA)®, allowing us to perform the simultaneous
single-shot readout of the qubits by frequency-multiplexing’. The read-
out errors of the G states, primarily determined by separation errors,
yield $0.08% for Qo and <0.04% for Qy, while those of the E (F) states,
primarily influenced by state-flip errors, yield 2% (5%) for Qo and <5%
(8%) with additional influence from separation errors for Q; (see more
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Fig. 1| Long-lived superconducting transmon qubit device based on Nb capa-
citor electrodes. a False-colored optical micrograph of a superconducting device,
consisting of four transmon qubits (yellow, Qp—Qs) with individual readout reso-
nators (green) coupled to a shared Purcell filter (red). b False-colored scanning
electron microscope images of an Al/AlO,/Al Josephson junction (blue) shunted by
a Nb capacitor (yellow) on a silicon substrate (gray). ¢ Equivalent circuit of the
device. d Simplified cryogenic wiring. e, f Time traces of the excited-state

probability of qubit Qo, showing the longest measured values of the relaxation time
and the Ramsey and Hahn-echo dephasing times. g Long-term stability of the
relaxation times of the four qubits. The middle panel shows the magnified plot for
the gray region of the left panel, where the dots are the results obtained from the
individual time traces, while the solid lines are their smoothed data with a 5h time
window. The right panel shows the height-wise normalized histograms.
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Table 1| System parameters

Parameter Qo Q Q2 Q3

Qubit frequency, wq/2mm (GHz) 4794064 +8x10° 5.20603+2x107° 5.721+1x10™* 6.23127 +3x10°
Anharmonicity, o/2m (GHz) -0.272 -0.266 -0.263 -0.250
Relaxation time of E, T; (ms) 0.21+0.06 0.18+0.05 0.04+0.005 0.08+0.02
Ramsey dephasing time of G-E, T+ (ms) 0.1£0.05 0.06+0.03 0.02+0.01 0.06+0.03
Echo dephasing time of G-E, T, (Ms) 0.29+0.09 0.22+0.07 0.08 +0.01 0.08+0.03
Relaxation time of F, T,z (ms) 0.1+£0.02 0.08+0.01 - -

Simulated Purcell limit (ms) 127 35 26 0.2
Resonator frequency, w./2r (GHz) 7.07605 6.97984 6.885998 6.797376
External coupling rate, Kex/2m (MHz) 1.85 1.06 0.102 0.52
Internal loss rate, k;,/2m (MHZ) (ON(] <0.01 0.02 0.01
Dispersive shift for E, yge/2m (MHz) 0.65 0.95 1.7 6.6
Dispersive shift for F, ygr/2m (MHZ) 1.04 1.55 - -

Readout cavity photon number for G 27+0.9 0.7+0.3 - -

Readout cavity photon number for E 5+2 3+1 - -

Readout cavity photon number for F 6+2 241 - -

The dispersive shifts, denoted by yge (xar). are the frequency difference between the resonators with the qubits in the G and E (F) states.
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Fig. 2 | Out of equilibrium dynamics of a transmon qubit, induced by
mechanical vibrations from the pulse tube cooler. a Pulse scheme and simplified
experimental setup for simultaneously recording both the vibrational noise gen-
erated by the pulse tube cooler (PT) and the single-shot qubit readout outcomes.
b Time traces of the acceleration of the vibrational noise with the pulse tube cooler
on (orange) and off (blue), and c the amplitude spectral densities (ASD) of their
absolute values. The fundamental frequency of the harmonics is approximately
1.4 Hz. d Time traces of the readout quadrature amplitudes and e their ASDs.
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The black dashed lines show a threshold to distinguish between the G and E states
and one between the E and F states, respectively. The quadrature amplitudes are
normalized by the G-state quadrature standard deviation. The same normalization
is carried out in every single-shot data in this work. f Histograms of the qubit
readout quadrature amplitudes when the pulse tube cooler is on and off. The solid
lines are the mixture of Gaussian distributions fitted to the histograms in order to
obtain the occupation probabilities.

details in Supplementary Note 3). To suppress thermal and backward
amplifier noises, the input and output lines are heavily attenuated and
isolated, respectively, while both are equipped with low-pass filters and
eccosorb filters (see more details in “Methods” section).

Figure 1e, f show the time traces of the excited-state probability of
the transmon qubit with a resonance frequency of 4.8 GHz (Qo),
showing the longest relaxation times (7;=0.45+0.04 ms) and the
longest Ramsey and Hahn-echo dephasing times (7>-=0.18 + 0.02 ms
and T, =0.37 £ 0.08 ms), respectively. Our observations confirm that
coherence improvements are still possible with widely employed
superconducting material systems involving Al/AlO,/Al Josephson
junctions and Nb electrodes fabricated on a silicon substrate?.

As shown in Fig. 1g, we measure the long-term stability of the
relaxation times of the four qubits, showing significantly large fluc-
tuations, especially for the longer-lived qubits (Qo and Q) with average
T, of approximately 0.2 ms and relative standard deviations of 30%,
while Q, and Q5 with average T; of 0.04-0.08 ms exhibit smaller rela-
tive deviations of 10-20%. The Allan deviation analysis of the fluctua-
tions implies that the relaxation times of our long-lived transmon
qubits are mainly limited by TLSs* (see Supplementary Note 2).

Effect of pulse tube cooler on qubit excitations
We perform the single-shot readout for the longest lifetime transmon
qubit (Qo). As shown in Fig. 2a, we apply 2.5 ps long readout pulses
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Fig. 3 | Mechanically induced correlated qubit excitations. a Height-wise nor-
malized 2D histograms of the simultaneous readout quadrature outcomes for
qubits Qo and Q, with the pulse tube cooler off and on, where the number of data
points are approximately 3 x 10° and 107, respectively. b Time trace of the accel-
eration of a referential pulse tube vibrational noise within one period and c the
result of its time-frequency analysis. There are two phases in one cycle of the pulse
tube operation: helium gas flow in (red shaded) and out (blue shaded). d Time-
resolved E- and F-state probabilities for Qp and Qy, time-aligned to the referential
vibrational noise. The dots and lines are the raw data with a1 ms time resolution and
their smoothed data with a 5 ms time window, respectively. e Mutual information as
a function of time within the one vibrational period, obtained from the time-
resolved simultaneous single-shot data for Qo and Q,. The blue solid line is the time-
resolved MI, while the orange dashed line is the non-time-resolved one. The con-
fidence interval of one standard error is shown with the shaded region.

repeatedly with aninterval of 1 ms (=5 times larger than the average T;),
which is sufficiently long to prepare the qubit in the equilibrium. In
addition to the conventional qubit measurement setup, we anchor an
accelerometer on the top plate of the dilution refrigerator, converting
the pulse tube vibrational noise to a voltage signal. The converted
signal is acquired by an oscilloscope that is operated synchronously
with the qubit readout sequence via a trigger signal generated by the
qubit measurement setup, enabling us to simultaneously record both
the vibrational noise and the single-shot readout outcomes.

Figure 2b, d show the synchronized time trace records of the
vibrational noise and the qubit single-shot readout quadrature ampli-
tudes, respectively. When the pulse tube cooler is on (orange), the
qubit is more frequently excited to the first excited state (£), even to
the second excited state (F), while with the cooler off (blue), it mostly
remains in the ground state (G). Here, we obtain the data with the pulse
tube cooler off by deactivating it temporarily without affecting the
base temperature (=5 min). Note that the readout signals for the £ and
F states of Qq can be distinguished well in one quadrature projected in

an optimal phase. Importantly, when the pulse tube cooler is on, the
qubit becomes excited periodically in time, synchronized with the
periodic vibrational noise. Figure 2c, e show the amplitude spectral
densities of the vibrational noise and the qubit readout quadrature,
respectively, showing both have harmonics with exactly the same
fundamental frequency of approximately 1.4 Hz when the pulse tube
cooler is on. Note that we show the spectral density of the absolute
value of the raw vibrational data to capture the pulse tube repetition
frequency (see Supplementary Note 7).

Figure 2f shows the histograms of the readout quadratures (the
number of each data =3 x 10°) with the pulse tube cooler on and off. To
mitigate the readout separation errors, we obtain the occupation
probability in each qubit state by fitting the histogram to a mixture of
multiple Gaussian distributions. When the pulse tube cooler is swit-
ched off, we achieve a high initialization fidelity of 99.88% (Pr= 0.12%)
by passive cooling, where the corresponding effective temperature is
Tere =34 mK, although the base temperature is approximately 10 mK.
Importantly note that the excited-state probability due to the state-flip
error induced by the readout backaction is < 0.02%, not dominantly
limiting the residual qubit excitation (see Supplementary Note 3). In
contrast, when the pulse tube is on, the qubit is excited to the F state
with a higher probability (P-=1.25%), and even the occupation prob-
ability in the F state is not negligible (Pr=0.15%). More interestingly,
the occupation probability distribution is not in the thermal equili-
brium, i.e., the effective temperature is Ter=53 mK for the G-E transi-
tion, while Tr=102 mK for the E-F transition. This implies that the
qubit is not simply excited by a local thermal heating of the environ-
ment, but it is excited by nonequilibrium dynamics of the mechanical
vibrations generated by the pulse tube cooler.

Mechanically induced correlated excitations

We study the existence of correlated excitations for two of the long-
lived qubits, Qo and Q; with the average T; = 0.2 ms, by simultaneously
reading out both states with a frequency-multiplexed readout pulse.
Figure 3a shows the 2D histograms of the simultaneous readout out-
comes of approximately 3 x 10° and 10’ measurements when the pulse
tube cooler is off and on, respectively. Note that the different numbers
of data points are due to the limited measurement time when the pulse
tube is switched off. As shown in Fig. 3a, we can obtain the excited-
state probability for both qubits, or the probability when the state is
found in the E or F states (G), by using only the real part of the readout
complex amplitude. To quantitatively study the correlated excitations,
we use mutual information (MI) in the unit of bit, which is defined as

P(X) - P(Y) @

1=>"P(x,Y)log, [ PX.)) } .
Xy

Here, P(X,)) is the joint probability of qubit Qg in the X’ state and qubit
Qq in the ) state, while P(X) and P()) are the marginal probabilities of
Qo in X and Q; in ), respectively, where X and Y canbe Gand G=F or
F. This quantifies how much information about the excitation of one
qubit we obtain from the other qubit (0</<1 bit). We correct the
systematic bias and obtain the standard error on the estimated MI with
the method described in ref. 53. For the case when the pulse tube
cooler is off, the Ml is /<107 bit, while that with the pulse tube on is
found to be /=0.00278 bit (orange dashed line in Fig. 3e), showing
there is a significant correlation in their excitations that are induced by

the pulse tube mechanical vibrations.
To investigate the origin of the correlated excitations, we develop
a time-resolved analysis of the qubit excited-state probabilities, syn-
chronized with the periodic vibrational noise generated by the pulse
tube cooler. Using the protocol shown in Fig. 2a, we repeat a sequence
consisting of approximately 4000 multiplexed readout pulses (=4 s in
total) while simultaneously recording the vibrational noise. Since the
starting time of each sequence is not synchronized with the phase of
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=2

—_ T T T
B qo0h Te/2r=098 | N Tp/2n=818 | N Tp/2n=130
= +0.08kHz +0.32kHz +1.7kHz
2107 4107 -1
2 10§ 1107k -
j)
(=] Lty moy L 1 1
0.0 25 0.0 0.2 0.0 0.2
T1o'y Te/zm=0.048 { o1l Te/2r=33 | 10°F rpjam=12 A
= +0.009kHz| +1.1kHz +4kHz
2107 {107 1
@ 10 F 1 10'F J
j
o n 1
0 50 0 o 100 0.2
Dwell time in G (ms) Dwell time in E (ms) Dwell time in F (ms)
2
10°F T T T T T T g
3 f g E
¥ W/WMM,/\/\/WMN\'\/\/
= E /A r*i
g 0 : o 6]
c ! — Ef
2 ! — F ]
E : ol
I 1 Y
= 1 7]
1
1

5\_.
-
m

s

Transition rate (kHz)

|EN.
\’\/\MnW/\«,..\vv,z,‘ [ NN
G—-F |\

V

FRTTTTTRR R TTTT A

10_ I I I I I I
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

o
3

The histograms are normalized by the height at the first dwell time bin for every
event time. f, g Time-resolved dwell-time distributions for G, E, and F, and for
different times specified with dashed lines in (h). The black lines are the fitting
results. h Time-resolved total transition rates from the G, £, and F states to the other
two (I, I';, and I'p), respectively, time-aligned to the referential periodic vibrational
noise (orange). i Time-resolved individual transition rates among the G, E, and F
states. The shaded regions in (h, i) depict the errors obtained from the fitting errors
of the dwell-time distributions and the statistical errors of the conditional
probabilities.

the periodic vibrational noise, we need to time-align every time trace of
the single-shot data with respect to the periodic vibrational noise. To
this end, we first specify one period of the vibrational noise as a
reference, as shown in Fig. 3b. Then, we time-align every trace of the
single-shot outcomes by maximizing the cross-correlation of the
simultaneously recorded vibrational noise with the referential one.
Consequently, we can accumulate a sufficient number of the single-
shot outcomes at an arbitrary time of interest within the vibrational
period to obtain the time-resolved excited-state probabilities of the
qubits. Figure 3d shows the results of the time-resolved measurements
of the E- and F-state probabilities for both qubits, obtained from the
sequences repeated approximately 3000 times. Although the two
operational phases of the pulse tube cooler exhibit similar vibrational
noises, the qubits are frequently excited only during the gas-flow-in
phase, significantly deviating from thermal distributions. Figure 3c
shows the result of the time-frequency analysis of the vibrational noise,
by taking a short-time Fourier transform with a 5ms Hann window,
revealing there is a difference between the gas-flow-in and out phases.
However, there is no clear correlation between the time-resolved
excited-state probabilities and the result of the time-frequency analy-
sis up to 50 kHz. This could be because superconducting qubits can be
excited by giga-hertz or higher frequency vibrational noise that cannot
be measured by the accelerometer as long as a multi-phonon

excitation process and local heating do not play a dominant role.
Moreover, we find that the £- and F-state probabilities of both qubits
are increased synchronously from their lowest values (Pg=0.2% and
Pr=0.005%) by a factor of approximately one hundred and one
thousand, respectively. This implies that the two qubits are dominantly
excited by the common mechanical vibrations via their pho-
nonic baths.

Figure 3e shows the time-resolved MI as a function of time within
the one vibrational period, which is obtained from the time-resolved
multiplexed single-shot readout outcomes for the two qubits using Eq.
(1). The time-resolved MI (blue solid line) consistently exhibits smaller
values compared to the non-time-resolved counterpart (orange
dashed line). This implies that individual qubit excitation events are
not strongly correlated, while the excited-state probabilities vary in
time synchronously between the qubits due to the global effect of the
pulse tube mechanical vibrations, explaining the existence of the
correlation observed in the non-time-resolved data.

Mechanically induced correlated quantum jumps

Next, we study the mechanical effect on quantum jumps of the
transmon qubits, i.e., the pulse tube effect on their transition rates
among the G, E, and F states. As shown in Fig. 4a, we repeat a sequence
to continuously monitor the states of Qy and Q; about 3000 times**,
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while simultaneously recording the vibrational noise from the pulse
tube cooler. Each sequence consists of approximately 5x10° succes-
sive 2.5 s long multiplexed readout pulses with an interval of 3 ps,
corresponding to alength of =1.5 s. Here, we will first focus on the time-
resolved measurement of the transition rates of qubit Qq (Fig. 4), and
then study the existence of a correlation in quantum jumps between
Qo and @ (Fig. 5).

In a similar manner to the previous time-resolved measurements,
we can time-align every continuous monitoring trace with respect to
the referential periodic vibrational noise, displayed in Fig. 3b. As shown
in Fig. 4b, every time-aligned trace contains several quantum jump
events, from which we sample the event time (vertical dashed line) and
the dwell time (a double-sided horizontal arrow) for the G, E, and F
states, individually. Figure 4c-e show the 2D histograms of the event
time and the dwell time for the three states, respectively, where each
histogram contains >10° dwell events.

To determine the transition rates among the G, E, and F states in a
time-resolved fashion, we calculate the distribution of the dwell time in
each state at a time of interest within the vibrational period. Namely,
the time-resolved dwell-time distributions are obtained by using the
dwell events within a bin centered at the chosen time. In addition, the
bin width for all three states is set to be proportional to the average G
dwell time around the chosen time. This is because the time resolution
of the measurement of the transition rate for the G state is limited by
the inverse of the rate, approximately corresponding to the average of
the G dwell time. Furthermore, the number of the E (F) dwell events
within a bin width of the average E (F) dwell time (fundamental time
resolution) is not sufficient, requiring a wider bin width to accumulate
more data points, and eventually limiting the time resolution.

Figure 4f, g show examples of the time-resolved dwell-time dis-
tributions in the three states at the times specified with the dashed
lines in Fig. 4h, respectively. As exemplified by the G dwell-time dis-
tribution in Fig. 4g, some dwell-time distributions display two distinct
characteristic timescales, for which an unambiguous reason is not
identified in this study. However, similar phenomena are observed in
various superconducting qubit systems, potentially linked to none-
quilibrium quasiparticle dynamics®’. To include this effect and
accurately obtain the transition rates, we fit each dwell-time distribu-
tion to two distinct models: an exponential distribution and a mixture
of two exponential distributions, and choose the fitting model with the
lower Bayesian information criterion value (see more details in Sup-
plementary Note 3). As shown in Fig. 4h, this analysis results in the
time-resolved total transition rates from the G, E, and F states to the
other two (', ', and T'p), respectively, as a function of time within one
period of the vibrational noise.

To extract the individual transition rate from the X’ state to the )
state (Iy_,) based on the inferred total transition rate
(Ty=Ty_y+Ty.z), we utilize the probability of eventually transi-
tioning to ) conditioned on dwelling in X', where X, Y and Z traverse
the G, E, and F states. Since the conditional probability of the event

yields I, /T », which can be experimentally inferred as the number
of the X dwell events resulting in transitions to ) divided by the total
number of the X dwell events, we can determine I, _, ,, as the product
of the total transition rate I, and the conditional probability ', y,/T .
Note that we correct a nontrivial effect of the readout separation
errors on the inferred transition rates. See more details in Supple-
mentary Note 4.

Figure 4i shows the time-resolved transition rates among the G, E,
and F states. The transition rates exhibit a dynamic pattern consistent
with the previously described behavior observed in the excited-state
populations (Fig. 3d). In detail, they show an interval where the pulse
tube mechanical vibrations induce significant increases in all the
transition rates, including the direct transition processes between the
G and F states. Interestingly, a nonnegligible direct transition process
between the G and F states is observed even in the “quiet” period, when
the pulse tube effect is minimal. This can be explained by readout-
induced higher-order transitions®™ or auxiliary mode-assisted two-
photon transitions*’. Finally, in the “quiet” period, the decay rates of
the E and F states are larger compared to those in the free evolution
(the inverse of the respective relaxation times). We attribute such
increases to the readout-induced state flip®°.

Using the same continuous monitoring data, we further study
whether there is a correlation in quantum jumps between qubits Qg
and Q;. When the qubits are continuously monitored for a certain time
interval, an error, corresponding to a state transition, will occur with a
finite probability. For simplicity, we do not distinguish between the £
and F states in the correlation analysis (G=E or F). We chunk the
continuous monitoring data and classify them into 16 possible events:
the 2 possible initial states {G,C} and the error occurrence within the
time interval {-,x} for each of the 2 qubits. Here, “-" stands for the
occurrence of no bit-flip event, and “x" stands for the occurrence of at
least one bit-flip event. As shown with an example in Fig. 5a, we can,
therefore, calculate a 4 x 4 matrix of the error probabilities at a specific
time interval.

To quantitatively study the existence of correlated bit-flip errors
during continuous monitoring, we use mutual information (MI),
defined in Eq. (1), using the 4 x 4 error probability matrix in this case.
The MI corresponds to a quantitative value of the amount of the cor-
relation in the quantum jumps, i.e., how much information about the
occurrence of a bit-flip error in one qubit we can obtain from the other
one (0 </<2 bit). Figure 5b presents the MI of the bit-flip error prob-
abilities between Qg and Q; as a function of the time interval, showing
the maximum of /= 0.1328 bit at 2.5 ms. It clearly shows that there is a
correlation in the quantum jump events between the two qubits, which
corresponds to the existence of a correlated error in their gates.

Effect of a controlled mechanical shock

To rule out that the qubit excitations are due to possible electrical
noise produced by the pulse tube cooler, we mount on the top plate of
the dilution refrigerator an electric hammer based on an electro-
magnet (see Fig. 6a). In this manner, we generate a purely mechanical
shock by a pulsed DC current in the electromagnet, synchronized with
the qubit readout sequence via a trigger signal. We simultaneously
record both the vibrational noise and the qubit single-shot readout
outcomes while the pulse tube cooler is deactivated.

Figure 6b, ¢ present the time traces of the acceleration generated
by the controlled mechanical shock and the result of the time-
frequency analysis, respectively, showing a broadband impulse shock,
followed by a damped oscillation at eigen frequencies of the refrig-
erator. Figure 6d shows the time-resolved £- and F-state probabilities
of qubits Qo and Q;, measured synchronously with the mechanical
shock. The excited-state probabilities are obtained from the single-
shot outcomes of approximately 10* measurements for each time of
interest with a 10 ms time resolution. Note that we accumulate 1 ms
time-resolved data sets for 10 ms to obtain a sufficiently large number
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Fig. 6 | Qubit excitations induced by a controlled pure mechanical shock.

a Pulse scheme and simplified experimental setup for simultaneously recording the
qubit single-shot readout outcomes and a vibrational noise generated by a con-
trolled mechanical shock. In addition to the oscilloscope setup for the vibration
measurement, an AWG sends a synchronized switching signal to trigger a current in
an electromagnet, leading to a mechanical shock. b Multiple time traces of the
acceleration signal generated by the controlled mechanical shock and c the result
of time-frequency analysis of one of them. d Time-resolved £- and F-state prob-
abilities for qubits Qg and Q;, synchronized with the controlled mechanical shock
while the pulse tube cooler is deactivated. The dots and lines are the raw data with a
10 ms time resolution and their smoothed data with a 50 ms time window,
respectively.

of data points to characterize the small F-state probabilities. We
observe that both qubits are similarly excited purely by the mechanical
shock, while its effect on the microwave bath is negligible (see Sup-
plementary Note 6). This implies that possible electrical noise gener-
ated from the pulse tube cooler does not dominantly contribute to the
qubit excitations. Interestingly, the qubits are not excited more fre-
quently by the electric hammer when compared to the case of the
pulse tube mechanical shock although the hammer mechanical shock
is larger even when the mechanical shocks for the two cases are
compared at the qubit device at room temperature (see Supplemen-
tary Note 7). We believe that this is because giga-hertz or higher fre-
quency vibrational noise, which can not be characterized by the
accelerometer and could be different between the two cases, needs to
be responsible for the qubit excitations.

Time-resolved measurement of microwave bath

One possible process to excite the qubits mechanically is that a side
effect of a mechanical shock would change the property of the
microwave bath, leading to an increase in the microwave background
noise. For example, a change in the transmission through the filters
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Fig. 7 | Time-resolved measurement of the microwave bath. a Pulse scheme for
characterizing the qubit microwave bath, where 2.5 ps long coherent pulses are
repeated with an interval of 1 ms, synchronized with the measurement of the
vibrational noise from the pulse tube cooler. b Time trace of the acceleration of the
pulse tube vibrational noise within one period. ¢, d Transmission coefficient and
background photon noise of the microwave bath, measured in a time-resolved
fashion and synchronized with the periodic vibrational noise. The transmission
coefficient and background noise are normalized by the non-time-resolved values,
respectively. Moreover, the background noise is re-scaled to the vacuum noise level
(1/2), to be in the unit of quanta. The dots and lines are the raw data with a1 ms time
resolution and their smoothed data with a 5 ms time window, respectively.

and attenuators may alter the amount of thermal noise coming from
the higher temperature stages of the refrigerator. In addition, we use
an attenuator and a terminator made of crystalline quartz in order to
acoustically thermalize the feed line to the base temperature (see the
detailed experimental setup in “Methods” section). Such microwave
components would convert a mechanical shock to microwave noise,
eventually exciting the qubits electrically. Moreover, local heating and
a triboelectric effect could also increase the effective temperature of
the microwave bath. These concerns motivate us to perform the time-
resolved analysis of the microwave transmission coefficient (|Sy|) and
background noise of the measurement chain, synchronized with the
measurement of the periodic vibrational noise generated by the pulse
tube cooler.

As shown in Fig. 7a, we apply coherent pulses at around 7 GHz,
which are off-resonant with the readout resonators and qubits. By
measuring the average and variance of the coherent amplitude of the
pulses in a time-resolved manner (similar to the experiment for Fig. 3),
we can characterize the microwave transmission coefficient and
background noise at a time of interest within the period of the vibra-
tional noise (Fig. 7b). Figure 7c, d show the time-resolved microwave
transmission coefficient (|S,;|) and background photon noise, respec-
tively, confirming that there is no significant time variation.

Here, we can estimate at least how much background noise
increase is required to excite the qubits to the extent observed in
Fig. 3d. First, we consider the scenario that the qubits are excited by
mechanically induced microwave noise in the feedline. From numer-
ical simulations based on the finite-element method, the external
coupling rates of qubits Qg and Q; to the feed line (microwave bath) are
of the order of I',/2m =10 Hz, showing the strong suppression of the
radiation losses by the Purcell filter. In contrast, the experimentally
measured relaxation rates are of the order of 1 kHz, confirming that the
qubits are strongly under-coupled to the feed line (I',/2m=1kHz,
where I, is the qubit internal loss rate). Assuming the intrinsic qubit
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bath temperature is negligible, we can estimate the microwave back-
ground photon noise (nyg) required to have the residual excited-state
probability of P= 0.2 by using

[
P, = ex'‘bg )
£ rex(znbg + 1) + l-in (2)

This results in npg = 30.

In the scenario of an abrupt thermal heating due to the pulse tube
mechanical vibrations at the mixing chamber plate of the dilution
refrigerator, the microwave bath would undergo a heating process
analogous to that observed in the qubits. Consequently, the back-
ground microwave photon noise would be elevated to approximately
npg = 0.2 during the transient period when the qubits reach the max-
imal excitation due to the pulse tube operation, as shown in Fig. 3d.

When it is characterized by a microwave detector with a quantum
efficiency of n, the background microwave photon noise is measured
to be nnpg +1/2 in the unit of quanta (see more details in “Methods”
section). By using the relationship between the signal-to-noise ratio in
single-shot qubit readout and the readout-induced qubit dephasing,
we confirm that our microwave measurement achieves a quantum
efficiency of > 0.2 (see Supplementary Note 5). This is facilitated by
the JTWPA, operated as a nearly quantum-limited phase-insensitive
amplifier. If the microwave background noise dominantly heats up the
qubits, the measured photon noise on top of the vacuum noise (1/2),
therefore, needs to be increased to be of the order of nn,g 2 6 and 0.04
for the two aforementioned scenarios, respectively. However, there is
no increase observed at such a level in the background noise, as shown
in Fig. 7d. This confirms that possible nonequilibrium dynamics of the
microwave bath do not play a dominant role in the mechanically
induced excitations of the qubits.

Discussion

While we clearly observe that the transmon qubits suffer from corre-
lated bit-flip errors due to the global nature of mechanical vibrations,
the physical origin still remains uncertain. Here, we propose and dis-
cuss possible explanations for the mechanically induced excitations
and quantum jumps of the qubits.

First, we can rule out the possibility that the qubits are excited
by an abrupt thermal heating of the mixing chamber plate caused by
a mechanical shock. In fact, this is not consistent with the non-
thermal probability distribution of the qubit produced by the pulse
tube mechanical vibrations (see Fig. 2f). Next, we verify that the
mechanical vibrations do not affect the microwave environment
around the qubit frequencies, although they could cause a tribo-
electric effect, generating low-frequency electrical noise in cables
and degrading the coherence of a spin qubit*. Indeed, we record no
fluctuation in the transmission coefficient and background noise of
the feed line while the mechanical bursts excite the qubits (see
Fig. 7). Furthermore, the absence of variation in the microwave
background noise also supports the lack of heating of the mixing
chamber plate (thermally coupled to the microwave environment
via the attenuators). In addition, this is also consistent with the qubit
excitations caused by a pure mechanical shock, as shown in Fig. 6,
where possible electrical noise generated by the pulse tube cooler
does not play an important role in the qubit excitations. Never-
theless, our characterization does not cover the frequency range for
infrared photons, which are more sensitive to a small mechanical
displacement in microwave components and can induce a qubit
decay by breaking Cooper pairs®.

We associate the mechanical sensitivity of the qubits with quasi-
particle- and TLS-mediated interactions to their phononic baths. On
one hand, high-energy phonons break Cooper pairs, resulting in
nonequilibrium quasiparticles in the qubit electrodes*®’. The quasi-
particles are quickly cooled down to the lowest energy level above the

superconducting energy gap, remaining there for several tens of mil-
liseconds before recombining into Cooper pairs®?**. This none-
quilibrium quasiparticle bath could be heated by scattering with the
phonons produced by the pulse tube mechanical vibrations, resulting
in excitations or relaxations of the qubits. On the other hand, TLSs
couple to a qubit via their electric dipole-dipole interactions while
coupling to a phononic bath via their strain potential*’. Therefore, they
can mediate between the qubit and the phononic bath, resulting in the
mechanical sensitivity of the qubit. Finally, both a change in the strain®
and the saturation of the TLS bath®* can alter the coupling between the
qubit and the TLSs, leading to a fluctuation in the qubit decay rate to
the phononic bath. Additionally, the TLS model also explains the long-
term fluctuations that are observed in the lifetimes of our qubits***, as
shown in Fig. 1g.

In summary, in this work, we presented a novel time-resolved
measurement technique to study the mechanical sensitivity of long-
lived transmon qubits, synchronized with the operation of the pulse
tube cooler of a dilution refrigerator. Our results demonstrated that
the mechanical vibrations generated by the pulse tube cooler induce
dominant bit-flip errors in the qubits. Moreover, the global nature of
the mechanical bursts on the multi-qubit device causes correlated
errors among the qubits, which are detrimental to realizing large-scale
quantum computing based on quantum error correction. While the
origin of mechanical sensitivity of the qubits could not be established
unequivocally, our observations are consistent with quasiparticle- and
TLS-induced qubit decay models***, and provide valuable insights
into the loss mechanisms that limit the state-of-the-art qubit
coherence.

Our findings suggest several strategies to mitigate the mechanical
sensitivity of superconducting qubits, including the use of a sus-
pended qubit substrate with phononic crystal structures*** and
sample packages that employ both mechanical isolation and thermal
conductivity**¢, in order to isolate superconducting qubits from
mechanical vibrations. In addition, our results would emphasize the
importance of vibration-free dilution refrigerators*’™*° in achieving
long and stable coherence times in superconducting devices. More-
over, our measurement scheme revealed that superconducting qubits
become out of equilibrium within a specific time window during the
periodic pulse tube operation. This observation suggests a straight-
forward mitigation strategy: synchronizing qubit experiments with the
pulse tube operation and acquiring data only when the pulse tube
effect is minimal. We believe that these insights will be valuable for the
development of next-generation superconducting-qubit technologies
that pave the way for realizing fault-tolerant quantum computing.

Methods

System parameters

The system parameters of the multi-qubit device are summarized in
Table 1.

The qubit frequencies (w,), relaxation times (7y), and dephasing
times (7~ and T5) are obtained as the averages of the long-term sta-
bility measurement data collected over 400 h, respectively, shown in
Fig. S3 of SI, while the error bars are calculated as the standard
deviations. The longest relaxation and dephasing times, shown in
Fig. 1e, f, are observed in the first cooling down for the multi-qubit
device, while the long-stability measurement is conducted in the fol-
lowing cooling down, where the relaxation and dephasing times are
slightly degraded possibly due to additional oxidation of the Nb and Si
surfaces. The anharmonicities (a) are characterized by the E-F control
in the time domain (Qo and Q,) and the two-photon transition in the
qubit excitation spectra (Q, and Qs). We perform the F-state relaxation
measurement for qubits Qo and Q; and obtain the F-state probability
using the averaged readout complex amplitude for different delay
times. The exponential fitting to the time trace resulted in the 7; of
the F state.
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Fig. 8 | Schematic of experimental setup. Cryogenic wiring and room tempera-
ture measurement setup.

The frequencies, external coupling rates, and internal loss rates of
the readout resonators are characterized from the reflection spectra
with the qubits in the G states in continuous-wave (CW) measurement.
Since the qubits are well cooled down to their ground states in our
experimental setup, the effective intrinsic losses due to the qubit
excitations are negligible®. The dispersive shifts for Q, and Q, are
determined by the resonance frequency difference of the qubit-state-
dependent reflection spectra of the resonators in the time-domain
protocol (see Fig. S4a in SI), while those for Q, and Q5 are obtained
from the photon-number resolved qubit excitation spectra.

Cryogenic wiring and room temperature measurement setup

The experimental setup is shown in Fig. 8. The chip is fixed on a sample
table made of gold-plated Cu, wire-bonded to a PCB based on coplanar
waveguides sandwiched by double ground planes, and covered by an
Al lid (see Fig. 9b). There is an air gap designed under the chip on the
sample table to increase the frequency of spurious chip modes well
above our working frequencies®®. We thermally and mechanically
anchor the device under test (DUT) to the mixing chamber stage
(=10 mK) of a dilution refrigerator (BlueFors BF-LD250). We isolate the
DUT from environment fluctuations with multiple shielding: Al and
Amumetal-4 K shields are used for reducing magnetic noise, while a Cu
shield is used for thermalizing the qubit radiation field to the base
temperature (see Fig. 9a). In addition to the standard equipment
defined by BlueFors (300K vacuum can and 50K, 3K, and 0.8K
radiation shields, not shown in Fig. 8), an outer Amumetal shield is
equipped and thermalized to the vacuum can (300 K) while a Cu

Fig. 9 | Sample holder and package, electrichammer, and accelerometer. a Two
slots for sample holders. The DUT is mounted inside the multilayer shielding at the
bottom slot. b Multi-qubit device wire-bonded to a PCB on a sample table. An Al lid
is covered to suppress qubit radiation loss. ¢ Electric hammer based on an elec-
tromagnet. An accelerometer is attached to the jig for the hammer.

radiation shield is thermalized to the 10 mK stage, covering the entire
10 mK setup. The input line to the DUT is equipped with a series of
cryogenic attenuators (=72 dB in total) to suppress thermal noise from
the higher temperature stages, while the output line is equipped with
several isolators to prevent back heating from amplifiers. The readout
signals are amplified by a Josephson traveling wave parametric
amplifier JTWPA) and a high electron mobility transistor (HEMT)
amplifier in the dilution refrigerator, allowing us to realize a nearly
quantum-limited microwave measurement. The continuous pump
signal to operate the JTWPA is added to the readout chain after the
DUT via a directional coupler. We optimize the pump power and fre-
quency to maximize the signal-to-noise ratio around the readout fre-
quencies, resulting in about a 20 dB gain. In addition, all the input,
output, and pump lines are equipped with low-pass filters (LPFs) and
eccosorb filters (Eccos) to reduce the contamination of high-frequency
photons.

For multiplexed control and readout of the transmon qubits, we
employ an arbitrary waveform generator (Zurich Instruments HDAWG)
and a quantum analyzer (Zurich Instruments UHFQA) to generate,
acquire, and analyze intermediate frequency (IF) pulse sequence. We
up- and down-convert frequency-multiplexed IF signals using 1Q mix-
ers operated with continuous waves generated from a multi-channel
microwave source (AnaPico APMSI12G). The up-converted control
signal is amplified, filtered to cut the output amplifier noise around the
readout frequencies, and combined with the readout signal via a
directional coupler. The frequency-multiplexed readout microwave
signals are down-converted, amplified by room temperature amplifiers
(RTA), digitized, and, demodulated by the UHFQA, leading to the / and
Q quadratures for each readout frequency. The operation of the
UHFQA, generating and digitizing the readout signals, is synchronized
with the HDAWG via a trigger signal.

For monitoring the vibrations of the top plate of the dilution
refrigerator, we use an oscilloscope (Keysight 1000X), operated syn-
chronously with the HDAWG via a trigger signal. The acceleration of
the top plate is continuously converted to a voltage signal by an
accelerometer (KEMET VS-BV203-B) mounted on it (see Fig. 9¢). The
accelerometer can be activated with a 5V DC voltage bias (not shown
in Fig. 8). Upon a trigger signal from the HDAWG, the oscilloscope
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starts to record the converted voltage signal. The recorded voltage
signals are expressed in the unit of acceleration by using the sensitivity
of 20 mv/m/s%

For artificially generating a pure mechanical shock on the top
plate of the refrigerator, we use an electric hammer based on a circuit
consisting of an electromagnet, a 15V DC voltage bias, and an electrical
switch (see Fig. 9¢). When the electrical switch is on, a current flows in
the electromagnet, accelerating the magnet core and resulting in a
mechanical shock on the top plate. When the electrical switch is off,
the magnet core is detached from the top plate by the elastic force of a
spring. We use an AWG (Tektronix AFG3252C), operated synchro-
nously with the HDAWG, to control the electrical switch by a pulsed
voltage signal. In the experiment for Fig. 6, the electric hammer is
activated periodically with 50 ms pulsed signals with a period of 1.5s.

Quantum efficiency of microwave measurement

To exclude possible responsibility of electrical noise or local heating
for the qubit nonequilibrium dynamics, we study the effect of the pulse
tube on the background noise of the microwave bath. To achieve
nearly quantum-limited microwave measurement, we amplify micro-
wave background noise interacting with the qubit device by the JTWPA
and the HEMT amplifier in the dilution refrigerator, followed by
another amplification, demodulation, and digital sampling at room
temperature. The measurement outcome of an input noise (n;,) can be
simply described as

Moy = Cm(nin + nm)r (3)

where C;, and n, are the total scaling factor and the effective input-
referred noise, respectively, which are uniquely determined by the
combined contributions of propagation losses, amplifier gains, and
amplifier-added noises in the measurement chain. Note that the
expression is described in the unit of quanta.

For convenience, the outcome n,, is normalized by the output
noise for the vacuum input (n;, =1/2) and re-scaled to 1/2, resulting in

1
Moy =Ny + (1 _’l)i: 4)

where a quantum efficiency is defined as

12
VT ®)
Thus, the full microwave measurement chain can be effectively con-
sidered as a single quadrature detector with a quantum efficiency of 7,
or an insertion of a beam splitter with a transmittance r in front of an
ideal quadrature detector®’. Since our measurement chain adopts a
phase-insensitive amplification enabled by the JTWPA as a pre-
amplifier, the input-referred noise is limited by n,, >1/2, resulting in
n<1/2. In our analysis, we normalized the outcome by the non-time-
resolved (averaged) noise, corresponding to the possible lowest noise
since there is no significant increase in the time-resolved noise data.
This is valid as long as the measurement bath is close to being in the
vacuum at least when the pulse tube effect is minimal. A finite thermal
photon noise would affect the estimated quantum efficiency®®, which
we can safely assume is quite small given the heavily attenuated,
filtered, and isolated input and output lines.

Within this formalism, the output for the input of thermal back-
ground noise (1, =1/2 + n,g) is described as

_ 1
Ny = ’ang + 2' (6)

which are shown in Fig. 7d in the main text.

We calibrate the attenuation in the dilution refrigerator based on
photon-number resolved qubit spectra. With this, we estimate the
readout photon flux incoming to the readout cavity, resulting in the
readout-induced qubit dephasing rate. By taking the ratio of the signal-
to-noise ratio rate of the single-shot readout to the estimated
dephasing rate, we characterize the quantum efficiency of our mea-
surement chain as 7 > 0.2 (see more details in Supplementary Note 5).

Data availability

The data used to produce the plots within this paper are available on
Zenodo (https://doi.org/10.5281/zenodo.11034817). All other data are
available from the corresponding authors upon request.

Code availability
The code used to produce the plots within this paper will be available
on Zenodo (https://doi.org/10.5281/zenodo.11034817).
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