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Abstract

The temporal stability and reproducibility of qubit parameters are critical for the long-
term operation and maintenance of superconducting quantum processors. In this work,
we present a comprehensive longitudinal characterization of 27 frequency-tunable trans-
mon qubits spanning over one year across four thermal cycles. Our results establish a
distinct hierarchy of stability for superconducting hardware. We find that the intrinsic
device parameters determining the qubit frequency and the baseline energy relaxation
times (T1) exhibit high robustness against thermal stress, characterized by frequency de-
viations typically confined within 0.5% and non-degraded coherence baselines. In stark
contrast, the environmental variables, specifically the background magnetic flux offsets
and the microscopic landscape of two-level system (TLS) defects, undergo a significant
stochastic reconfiguration after each cycle. By employing frequency-dependent relaxation
spectroscopy and a quantitative metric, the T1 Spectral Topography Fidelity, we demon-
strate that thermal cycling acts as a “hard reset” for the local defect environment. This
process introduces a level of spectral randomization equivalent to thousands of hours of
continuous low-temperature evolution. These findings confirm that while the fabrication
quality is preserved, the specific noise realization is statistically distinct for each thermal
cycle, necessitating automated recalibration strategies for large-scale quantum systems.

Keywords: superconducting qubits; thermal cycling; two-level systems; qubit stability

1. Introduction
The transition of superconducting quantum computing from prototype demonstra-

tions to large-scale processors [1–4] marks a pivotal shift in research priorities [5]. Early
research established coherence in isolated devices [6–8], whereas current efforts must ad-
dress the long-term stability and reliability of integrated systems [9–12]. The operational
requirements for maintenance and upgrades subject these systems to repeated thermal
cycling. This process introduces significant environmental variability, a challenge that
parallels the stability issues explored in other solid-state architectures, including semi-
conductor quantum dots [13,14]. Large thermal swings between room temperature and
millikelvin conditions are known to modify material properties, including inducing chip
strain [15–17], rearranging trapped vortices [18,19], and shifting microscopic defects [20,21].
These potential perturbations represent a critical challenge; however, systematic studies
quantifying their impact on device parameters remain notably absent.

Entropy 2026, 28, 296 https://doi.org/10.3390/e28030296

https://crossmark.crossref.org/dialog?doi=10.3390/e28030296&domain=pdf&date_stamp=2026-03-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://orcid.org/0000-0002-3563-2687
https://orcid.org/0000-0003-2809-6158
https://doi.org/10.3390/e28030296


Entropy 2026, 28, 296 2 of 10

Previous studies on the effect of thermal cycling on two-level systems (TLSs) have
primarily focused on tracking discrete, strongly coupled defects [22] or have used ther-
mal cycling as a tool to remove a strongly coupled TLS [23]. In addition to strongly
coupled TLSs, a weak TLS bath surrounding a qubit forms a dense spectral background
that fundamentally determines the baseline energy relaxation time (T1) [24] and device
stability [20]. Nevertheless, the influence of thermal cycling on the off-resonant, weak TLS
ensemble is less explored. A systematic understanding of how this collective environment
responds to thermal cycling, specifically whether its global spectral landscape is preserved
or randomized, is still lacking.

This work systematically characterizes the stability of superconducting qubits based
on a longitudinal dataset obtained from 27 selected qubits over one year and across four
thermal cycles. By shifting the focus from discrete strong defects to the collective spectral
topography of the TLS bath, we introduce a quantitative metric, the T1 Spectral Topography
Fidelity (STF), to evaluate correlations in the qubit relaxation landscape. Our results reveal
a clear hierarchy of stability. While the intrinsic hardware parameters that determine
qubit frequency remain highly stable, the microscopic environment undergoes significant
stochastic reconfiguration after each thermal cycle. We demonstrate that a single thermal
cycle reshuffles the spectral landscape to an extent comparable to thousands of hours
of continuous low-temperature evolution. Notably, no observable qubit degradation is
attributed to the thermal cycling process itself. Overall, this study provides detailed insights
into how thermal cycling affects superconducting quantum processors and underscores the
necessity of adaptive recalibration protocols for scalable quantum systems.

2. Experimental Setup
We performed the characterization on a superconducting quantum processor with

a flip-chip architecture. The device comprises two stacked chips fabricated on sapphire
substrates: a top chip and a bottom chip. The top chip integrates 66 aluminum-based
frequency-tunable transmon qubits together with 110 tunable couplers, while the bottom
chip houses the readout and control circuitry and is electrically connected to the top chip
through indium bump bonds. Each qubit is controlled via a combined line for microwave
drive and flux bias. Qubit state measurement is performed using dispersive readout
through a resonator coupled to a Purcell filter. For this study, we selected a diverse subset of
27 qubits, labeled Q1 to Q27, for longitudinal stability analysis. The assembled chip is wire-
bonded into a gold-plated copper package mounted on the mixing chamber of a dilution
refrigerator. To shield the flux-tunable qubits from external magnetic noise, the sample
holder is enclosed in a magnetic shielding cover. All input and output measurement lines
are heavily attenuated and filtered at multiple thermal stages to suppress thermal and
photon shot noise. During the entire characterization period, the base temperature of the
system was maintained at approximately 20 mK.

With the device installed in this stable cryogenic environment, our systematic stability
investigation spans approximately one year and encompasses four separate thermal cycles.
Here, a thermal cycle refers to the process of warming the system to room temperature,
above 290 K, and subsequently cooling it back to the base temperature. The longitu-
dinal dataset tracks the evolution of the 27 qubits across these four thermal cycles of
varying durations.

3. Results and Discussion
We begin by evaluating the stability of the static parameters across the four thermal

cycles. For each cycle, we performed flux-dependent spectroscopy to characterize the
qubit frequency response. Fitting the measured spectral arches allowed us to accurately
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determine the sweet-spot frequency ( f max
01 ) and its corresponding flux bias offset (Imax

b ) for
each qubit. The evolution of these parameters for a subset of 11 qubits (Q1–Q11) is depicted
in Figure 1, which displays the maximum qubit frequency ( f max

01 ) and the magnitude of
deviation in the sweet-spot flux bias offset (|∆Imax

b |), both referenced to the cycle-1 baseline.
As shown in Figure 1a, f max

01 exhibits high stability. Excluding a single outlier
(Q7 in cycle-4), the frequency deviations |∆ f max

01 | for all qubits across all cycles remain con-
fined within a narrow band of ±20 MHz. Given that the typical f max

01 for these symmetric-
junction transmons is around 4.5 GHz, this corresponds to a relative variation of less than
0.5%. The maximum frequency of a transmon qubit is governed by its Josephson energy EJ

and charging energy EC, following f max
01 ≈

√
8EJ EC − EC [25,26]. Consequently, variations

in f max
01 serve as a reliable indicator of the structural integrity of the core quantum hardware,

which encompasses both the lithographic capacitor geometry and the Josephson junction
tunnel barriers. Given that thermal cycling is unlikely to affect geometric capacitance signif-
icantly, the observed stability of f max

01 suggests that the aluminum oxide tunnel barriers are
highly robust and can withstand the substantial mechanical stresses induced by repeated
thermal expansion and contraction.
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Figure 1. Systematic characterization of parameter stability across four thermal cycles for 11 transmon
qubits (Q1–Q11). (a) Evolution of the maximum qubit frequency deviation, ∆ f max

01 . Values are relative
to the thermal cycle-1 baseline. (b) Evolution of the absolute sweet-spot flux bias offset, ∆Imax

b .
The colored dashed lines track individual qubits, revealing stochastic fluctuations.

In stark contrast to the stable qubit frequencies, the flux bias offsets exhibit significant
stochastic fluctuations. The magnitude of these deviations, |∆Imax

b |, for the same qubit
subset is presented in Figure 1b. For instance, qubits Q10 and Q11 show pronounced
deviations during cycle-2 and cycle-3, reaching offset magnitudes as large as approximately
0.12 Φ0. This fluctuating behavior of Imax

b is a characteristic signature of dynamic flux
trapping and subsequent reconfiguration processes within the device [18,19]. Such behavior
aligns with the view that thermal cycling can act as a reset mechanism for the magnetic
environment of the chip.

We then characterized the energy relaxation time T1 over four thermal cycles.
In Figure 2, the T1 evolution for 11 qubits across four thermal cycles is illustrated. Al-
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though thermal cycling can cause variations in qubit T1, we find that it does not alter
T1 dramatically. For instance, high-coherence qubits like Q8 and Q14 maintain their average
performance levels (∼35µs and ∼30µs, respectively) consistently across the intervening
thermal cycles. This suggests that the primary loss channels, likely dominated by dielectric
loss at the interfaces and in the bulk substrate [27–29], are structural in nature and remain
unaffected by the thermal stress of warming and re-cooling. In contrast, the significant gap
between the mean and maximum values highlights the impact of transient defects. Taking
Q8 in thermal cycle-4 as an example, while its mean T1 is ∼40µs, its maximum observed
T1 reaches nearly 70µs. The maximum values represent “clean” moments where the qubit
frequency is temporarily detuned from strong TLSs, whereas the mean values include the
penalty of random TLS coupling.
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Figure 2. Statistical characterization of energy relaxation time (T1) stability. (a) Inter-cycle T1 stability.
For each qubit, the bar height represents the mean T1 value calculated from multiple measurement
sessions conducted within a single thermal cycle. The star marker (⋆) indicates the maximum T1

value observed among those sessions in the same cycle. (b) Intra-cycle T1 stability. For each qubit,
the multiple bars represent individual measurement sessions taken sequentially within one thermal
cycle. For each session (bar), its height corresponds to the mean T1, and the associated star marker
denotes the maximum T1 measured within that specific session.

Notably, we observe a “recovery” behavior in several qubits (e.g., Q4, Q7, Q13, etc.).
These qubits exhibited suppressed mean T1 values in a specific cycle (e.g., thermal cycle-3)
but recovered to high-coherence levels in the subsequent thermal cycle-4. This reversibil-
ity strongly supports the hypothesis that inter-cycle variations are driven by transient
environmental configurations rather than permanent material degradation.

To isolate the source of these fluctuations, we compare the inter-cycle data with intra-
cycle statistics shown in Figure 2b. Here, multiple measurement sessions were performed
sequentially within a single representative thermal cycle. The temporal variance observed
within this single thermal cycle is strikingly similar to the variance observed across different
thermal cycles in Figure 2a. Even within a stable cryogenic environment, qubits such as Q8
exhibit large fluctuations between the mean and maximum T1 (with peak values reaching
nearly 80µs). This result implies that the instability in coherence is not driven by the
thermal cycling process itself, but rather by the continuous spectral diffusion of microscopic
TLS defects [30,31]. These defects fluctuate stochastically in frequency over time, drifting in
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and out of resonance with the qubit [20]. The “baseline” quality of the device is preserved,
and the observed instability is dominated by the intrinsic glassy dynamics of the TLS
bath [20,30], which operates independently of the macroscopic thermal history.

To understand the microscopic origins of the coherence fluctuations, we move beyond
single-point statistics to frequency-dependent relaxation spectroscopy. By stepping the
qubit frequency f01 and measuring the decay dynamics at each point, we generate a time–
frequency spectrogram that acts as a unique “fingerprint” of the local defect environment.
To quantify the stability of the qubit’s microscopic environment against the fluctuating
background of TLS defects, we analyze the reproducibility of these frequency-resolved
measurements. We treat the raw time–frequency data as a matrix, Φ, with dimensions
Nτ × Nω. Here, each element Φij represents the qubit population P(ωj, τi), mapping the
interaction strength between the qubit and its local defect bath across both the frequency
(ω01) and time (τ) domains.

For the comparative analysis, we evaluate two spectral snapshots, ΦA and ΦB, ob-
tained either from the same thermal cycle (intra-cycle stability) or distinct thermal cycles
(inter-cycle reproducibility). Since the raw population probabilities are susceptible to sys-
tematic drifts in readout fidelity or thermal equilibrium populations, direct subtraction
is unreliable. To address this, we project the raw decay maps into a standardized feature
space via Z-score normalization. In this normalization, the elements of the normalized
matrix X′ (where X ∈ {ΦA, ΦB}) are given by:

X′
ij =

Xij − ⟨X⟩
σX

, (1)

where ⟨X⟩ and σX represent the global mean and standard deviation of the map, respectively.
This transformation effectively decouples the structural topography of the decay features
(e.g., TLS-induced relaxation streaks) from global variations in measurement contrast.

The application of this framework is visualized in Figure 3. Raw spectrograms com-
paring data from thermal cycle-4 (left) and thermal cycle-3 (right) are provided in Figure 3a,
revealing uncorrelated TLS defect positions that indicate a redistribution between cycles.
In contrast, as shown in Figure 3b, two independent measurements within thermal cycle-3
reveal defect signatures at consistent frequencies, confirming spectral stability within a
single cycle. The normalized maps in Figure 3c (corresponding to panel a) and (d) (corre-
sponding to panel b) amplify these differences. As observed in Figure 3c, the normalized
maps display no structural correlation between cycles, whereas the mirror-symmetric
patterns in Figure 3d confirm high stability within a single cycle. This comparison clearly
confirms that thermal cycling significantly reconfigures the TLS environment between
cycles, whereas the spectral fingerprint remains highly stable within a single thermal cycle.

The structural dissimilarity is captured by the Euclidean distance between the feature
matrices. In our experimental protocol, the sampling dimensions (Nτ , Nω) are kept consis-
tent across all measurement sessions to ensure that the calculated divergence is intrinsic
to the spectral landscape rather than an artifact of resolution disparity. Accordingly, we
define the normalized spectral divergence δ, as

δ =
1

Nτ Nω

√√√√ Nτ

∑
i=1

Nω

∑
j=1

(
Φ′

A,ij − Φ′
B,ij

)2
. (2)
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This quantity reflects the average contribution of each pixel to the total Euclidean distance
in the standardized decay landscape. We subsequently map this divergence to the T1

Spectral Topography Fidelity (STF), defined as

ρ =
α

δ
. (3)

Here, α is an empirical scaling factor determined to map the intrinsic noise floor of our
measurement setup to a reference scale. This normalization defines δ as a fidelity metric
ranging from 0 to 1. Consequently, ρ serves as a robust score of environmental congruence:
high ρ values denote a highly reproducible TLS distribution, while sharp drops in ρ

quantitatively reveal the reconfiguration of the spectral defect landscape triggered by
thermal cycling. While other metrics exist for quantifying TLS dynamics, such as TLS
transition frequency diffusivity [30], TLS switching rates [31], spectral density of strongly
coupled TLSs [32], and Pearson correlation coefficient [33], T1-STF provides a holistic view
of spectral stability that is directly relevant to qubit operation across thermal cycles.
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Figure 3. Comparison of frequency-dependent energy relaxation (T1) landscapes. (a) Inter-cycle
comparison: Raw time–frequency spectrograms of the excited state probability p1 comparing data from
thermal cycle-4 (left panel) and thermal cycle-3 (right panel), indicating a stochastic reconfiguration
of the TLS environment. The vertical axis represents the qubit frequency f01, and the horizontal axis
represents the delay time τ. (b) Intra-cycle comparison: Raw time–frequency spectrograms of p1 from
two independent measurements within thermal cycle-3, demonstrating the stability of the landscape at
cryogenic temperatures. (c) Z-score normalized p1 maps corresponding to (a). (d) Z-score normalized p1

maps corresponding to (b).

We then apply the aforementioned T1-STF metric to the full dataset to quantify the
timescales of environmental memory. The evolution of the T1-STF within a single thermal
cycle is displayed in Figure 4a. The data reveal a clear decaying trend that is approximately
linear on a logarithmic time scale, which is characteristic of spectral diffusion in amorphous
solids [34]. Over time, slower thermal fluctuators change their states. This progressively
modifies the local dielectric environment and causes the qubit’s spectral fingerprint to
drift [30]. Consequently, even within a stable millikelvin environment, the memory of the
exact defect configuration gradually fades over hundreds of hours, with ρ decreasing from
above 0.8 to approximately 0.4.
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We extend this analysis to comparisons across different thermal cycles, as presented
in Figure 4b. Here we evaluate the T1-STF between thermal cycles 2 and 3, and cycles 3
and 4. The consistently low values, ρ ∼ 0.3, indicate that the microscopic defect landscape
becomes effectively uncorrelated after a thermal cycle. Notably, this baseline level matches
the fidelity observed after more than 1000 h of continuous evolution in Figure 4a.
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thermal cycle-2 vs. thermal cycle-3

thermal cycle-3 vs. thermal cycle-4

Figure 4. Quantitative analysis of spectral stability using the T1-STF ρ. (a) Intra-thermal cycle tem-
poral evolution of ρ. ∆t represents the time interval between two measurement sessions within the
same thermal cycle. The markers distinguish the datasets from thermal cycle-2 (stars), thermal cycle-3
(triangles), and thermal cycle-4 (circles), while colors correspond to different qubits. The horizontal
dashed gray line marks the mean fidelity level of the inter-thermal cycle data from panel (b), repre-
senting the baseline of a randomized environment. (b) Inter-thermal cycle reproducibility. The scatter
plot displays the T1-STF calculated between maps of the same qubit taken from adjacent thermal
cycles (thermal cycle-2 vs. -3, and thermal cycle-3 vs. -4). The consistently low values (ρ ∼ 0.3)
indicate that the microscopic defect landscape is effectively uncorrelated after a thermal cycle.

The comparison between intra-cycle and inter-cycle behaviour provides a key physical
insight. A single thermal cycle randomises the system sufficiently to bypass the slow
temporal diffusion process. It supplies enough thermal energy to overcome the high energy
barriers in the TLS configuration space. This achieves an environmental reconfiguration
that, according to the observed logarithmic decay trend, would theoretically require months
or years to occur via tunnelling-induced diffusion at cryogenic temperatures. Therefore,
thermal cycling acts as a stochastic hard reset, effectively erasing the specific microscopic
correlations established during the previous cycle. This also implies that even within the
same thermal cycle, the overall TLS background can change dramatically. Such changes may
arise from interactions among TLSs [35,36], drifting quasiparticle traps [37], or ionisation-
induced TLS reconfiguration [17].

4. Conclusions
Our longitudinal study of 27 transmon qubits over nine months and four thermal cy-

cles reveals a clear stability hierarchy for superconducting quantum hardware. The intrinsic
parameters that define qubit frequency ( f01) show strong robustness, with typical variations
remaining within ±0.5%. Furthermore, the baseline energy relaxation time (T1) exhibits no
signs of degradation, which confirms the structural integrity of the core fabricated elements.
In contrast, the environmental variables undergo significant stochastic reconfiguration
after each thermal cycle. These variables include the background magnetic flux and the
microscopic distribution of two-level system defects. Through quantitative analysis using
the T1 Spectral Topography Fidelity metric, we demonstrate that a single thermal cycle
functions as a stochastic hard reset. It scrambles the spectral landscape to a degree that
would otherwise require thousands of hours of continuous cryogenic diffusion. These
results have direct practical implications. They affirm the reliability of current fabrication
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techniques for long-term operation, yet they also indicate that fully automated recalibration
protocols are essential to manage the environmental randomness introduced after each
thermal cycle in large-scale systems. Additionally, controlled thermal cycling emerges as
a potential strategy to probabilistically reset problematic defect configurations. Beyond
superconducting circuits, the systematic characterization framework presented here, partic-
ularly the spectral analysis of TLS environments, may also prove valuable for investigating
stability mechanisms in other solid-state qubit implementations. Given that two-level
systems are a ubiquitous source of decoherence in disordered solid-state materials, our
findings on the thermal cycling induced reconfiguration of defect landscapes may also
provide insights for understanding stability in semiconductor quantum dots and related
platforms. By bridging microscopic defect dynamics to system-level quantum engineering,
this work provides a foundation for the adaptive calibration and maintenance necessary
for scalable quantum computing.
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