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ABSTRACT

With the demand for scalable cryogenic microwave circuitry continuously rising, recently developed flexible microwave striplines offer the
tantalizing perspective of increasing the cabling density by an order of magnitude without thermally overloading the cryostat. We use a
superconducting quantum circuit to test the thermalization of input flex cables with integrated 60 dB of attenuation distributed at various
temperature stages. From the measured decoherence rate of a superconducting fluxonium qubit, we estimate a residual population of the
readout resonator of (2.2 =0.9) x 1073 photons and we measure a 0.28 ms thermalization time for the flexible stripline attenuators.
Furthermore, we confirm that the qubit reaches an effective temperature of 26.4 mK, close to the base temperature of the cryostat, practically
the same as when using a conventional semi-rigid coaxial cable setup.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0243116

The growing size of cryogenic quantum processors' ~ and detec-
tor arrays’ ~ requires an increasing microwave circuitry density for
readout and control. Possible strategies to cope with this challenge
consist in frequency or time-division multiplexing,'”""* which are,
however, limited by the available bandwidth and the finite lifetime of
the measured states. This motivates the demand for increasingly
denser cryogenic microwave circuitry compatible with high-coherence
devices,"” for which new platforms based on photonic links'*"* or
flexible microwave striplines'* > have recently been developed.

Flexible striplines with integrated microwave attenuators and fil-
ters promise to increase the cabling density by at least one order of
magnitude compared to conventional coaxial setups. Here, we use a
superconducting fluxonium qubit in a circuit quantum electrodynam-
ics (QED) readout architecture to measure their in situ thermalization
time and contribution to photon shot noise dephasing. We show that
the flexible stripline thermalizes with a time constant of 0.28 ms,
almost a factor of two faster than cryogenic coaxial attenuators in a
similar setup, and we measure residual photon populations of
(2.2%0.9) x 10>. These findings, combined with the fact that we do
not observe any detrimental effects on the superconducting device,

encourage the use of flexible striplines at scale in future quantum pro-
cessor setups and large detector arrays.

In the last two decades, superconducting qubits have emerged as
one of the most promising candidates for future large-scale quantum
processors.' ~ One reason for this development is the steadily increas-
ing qubit coherence time, nowadays exceeding a few hundred micro-
seconds.”” " This improvement also results in a higher sensitivity to
dephasing, a measure for fluctuations of the qubit frequency, that orig-
inates from a multitude of different noise sources.” ** The standard
tool to read out quantum information in circuit QED is the dispersive
coupling of the qubit to a readout resonator or cavity,34 which, how-
ever, adds another noise source for dephasing. This so-called photon
shot noise arises from the fact that each photon in the resonator
changes the qubit frequency by the dispersive shift y/27.”> *® In this
way, fluctuations in the average resonator photon number 7 directly
translate into qubit dephasing.

Excess photons in the resonator originate from heat loaded in
attenuators or filters anchored at higher temperature stages, transmit-
ted via the microwave lines in form of blackbody radiation™
[Fig. 1(a)]. In experiments with resonators in the gigahertz (GHz)
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FIG. 1. Cryogenic microwave setup and resonator—qubit device. (a) Principle of measuring the thermalization of input chains. Microwave power dissipated in the attenuators
generates local heating which radiates toward the resonator—qubit device, deteriorating its performance. (b) Microwave setup with a direct current (DC) line for magnetic flux
biasing of the fluxonium, and three microwave lines for qubit control as well as readout signal input and output. The input chain is implemented either as a coaxial cable with
SubMiniature A (SMA) connectorized attenuators or a flexible coplanar stripline (“flexiine”) with integrated attenuators (model Cri/oFlex®™ 3, see Ref. 26). Both readout assem-
blies contain a total of 60 dB attenuation, distributed at various temperature stages. The coaxial attenuators at 20 mK were additionally thermalized via a copper braid (see the
supplementary material). The coaxial lines are thermalized to the 40 mK intermediate stage using Ag-plated Cu wires and contain a 12 GHz low-pass filter anchored at 20 mK.
To thermalize the flexline, we use custom-designed thermal clamps at 80K, 20K, 4K, 200 mK, and 20 mK, as detailed in the supplementary material. In the output chain,
signals are amplified by 60dB using a high-electron-mobility transistor (HEMT) at 4K and a room-temperature amplifier. The sample is surrounded by an aluminum
and mu-metal shield, as used in Ref. 27. (c) Simplified electrical circuit diagram of the fluxonium with inductance La = Lq + Ls, capacitance Cq, Josephson energy E,, and
external flux bias @eyt. The qubit is coupled inductively to a readout resonator with fundamental mode frequency f.. The readout resonator is coupled via the capacitance C; to
the microwave lines. (d) Measured resonator and qubit frequencies f; 4 as a function of the external flux ®cy. From the fit (dashed line), we extract the qubit parameters (see
Table 1). The inset highlights the avoided level crossing between the qubit and resonator modes. (e) Two tone spectroscopy of the qubit around @/ Py = 0.5.

regime, the residual 7 is observed to be between 2 X 10~* and
2 x 1071,7""" orders of magnitude larger than the expected ~1078
when in thermal equilibrium at 20 mK. While the lower observed limit
corresponds to dephasing rates that are on the edge of measurability
with state-of-the-art superconducting qubits,”’ coherence times are
usually dominated by photon shot noise in the upper limit. It is thus
crucial to ensure that new microwave input chains do not degrade
qubit performance by causing excessive photon shot noise-induced
dephasing.

Here, we exploit photon shot noise to quantify the thermalization
of different microwave input chains. In addition to the passive heat
load from higher temperature stages, the attenuators in the input chain
are also heated by readout and control pulses. This active heat load
generates additional photon shot noise-induced dephasing,”*” which
we use to quantify the thermal contact between the attenuator and the
cold plate. In separate cooldowns of our dilution refrigerator (model
Sionludi XL, see Ref. 48), we compare the performance of two micro-
wave input chains, a conventional coaxial cable and a flexible stripline
[Fig. 1(b)]. The microwave setup following the input chains remains
unchanged in both cases. Furthermore, we use a separate drive line for
qubit manipulation and a DC line for magnetic flux biasing.

In order to assess information about photon shot noise, we use a
superconducting quantum circuit consisting of a fluxonium qubit,
inductively coupled to a resonator [Fig. 1(c)], implementing the disper-
sive readout scheme. As described in the supplementary material, we
fit the qubit state-dependent response of the readout resonator
to extract the resonator linewidth x/27 and the dispersive shift y /2,

i.e, the resonator frequency difference for the qubit in the ground or
excited state. The qubit spectrum is depicted in Fig. 1(d), while a close-
up around its first-order flux-insensitive point ey /Py = 0.5 is shown
in Fig. 1(e). Here, ®¢y denotes the external magnetic flux threading
the fluxonium loop and @ is the magnetic flux quantum. Relevant
parameters of the resonator-qubit system are summarized in Table I.
To infer the photon shot noise due to passive heat load in the
flexline setup, we perform energy relaxation, Ramsey and echo mea-
surements over a course of 12h in an interleaved manner [Fig. 2(a)].
The measured energy relaxation rates I'} and decoherence rates
I';/*™ fluctuate within 2% and the qubit frequency, extracted from
the Ramsey fringes, is stable within a few kHz [Fig. 2(b)]. We estimate
photon shot noise-induced dephasing rates I'; =~ I', =1, —I';/2
by using I', = 'S to extract the fast components of the phase noise
that can be associated with the photon shot noise. This results in
I's /2n = (2.7 = 1.1) kHz, which we convert into residual photon
numbers 7 = (2.2 = 0.9) x 1073, which is in the lower range of what
is commonly observed in the community.””™* For this, we follow the
derivation in Refs. 49 and 44 that connects photon shot noise-induced

TABLE |. Parameters of the resonator—qubit device.

f: (GHz) «/2n(MHz) y/2n(MHz) Lél(nH) Cy (fF) E; (GHz)

7.458 4.10 —2.70 176 5.73 16.6
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FIG. 2. Fluxonium qubit measurements using the flexible stripline readout at ®ey/®o = 0.5. (a) Interleaved measurements of I'y relaxation (pink), I', Ramsey (red), and
echo (magenta) dephasing rates over 12h. Gaussian distribution fits yield values of Ty /27 = (76.0 = 1.4)kHz, T /2r = (53.3 = 0.6)kHz, and [ /2n
= (40.7 = 0.9) kHz, respectively. Photon shot noise-induced dephasing rates I'; (black) are calculated from the extracted I'y and I" §°“° values as described in the main text
and converted into resonator photon numbers n according to (2). The dashed line indicates the mean value of I'; or n and the horizontally filled area their = 1o range, as
stated in the main text. (b) Qubit frequency extracted from Ramsey fringes fluctuates within a standard deviation of 1.0 kHz around the average qubit frequency f. (c) The inset
shows the pulse sequence for the measurement of attenuator thermalization time. We send a DC pulse of duration e, in the readout line to heat the attenuators, followed by a
variable wait time t;,, before a standard Ramsey sequence. The markers correspond to photon shot noise-induced dephasing rates I'; as well as (d) qubit frequency shifts
Afy 5 extracted from Ramsey measurements. The black lines show a fit with common temperature relaxation time 7o = 0.28ms for all heat pulses, following Egs. (1)

and (3).

dephasing I'; and an AC Stark shift Af; of the qubit with the average
photon population 7 in the resonator,

. 2 .
. K iy 4iy

Iy + 2miAfq = = 1+=
it 2milfq =5 <+K)+K

i—1]. (1)

The frequency shift Af; = Afqsn + Afqo consists of a photon number-
dependent term Afy; and the Lamb shift Afyo = (x/27)/2. In the
regime of || < k, we can write the following in the limit of small pho-
ton numbers # < 0.1:

Ty + 2milfy; = ——

7xz—+lz(}{+il€)ﬁ. 2)

In order to evaluate the thermalization of the flexible stripline, we
implement the pulse sequence illustrated in Fig. 2(c). Before each repe-
tition, we couple a DC pulse into the input chain with a combiner to
actively heat the attenuators. This heat pulse has a power of 4 dBm
before entering the cryostat, corresponding to a heat input of 0.25 uW
on the dilution stage attenuator and orders of magnitude larger in
amplitude than what is used for the readout pulse. We then wait a vari-
able time #.,, before performing a Ramsey sequence, from which we
can infer the excess photon shot noise and the temperature of attenua-
tors. After each repetition, we wait 2 ms to prevent cumulative heating.
To extract I';, we subtract from all measured decoherence rates I'; the
same offset value such that, for large .01, 'z corresponds to the aver-
age value found in Fig. 2(a). Extracted values for I'; and Afy; as a
function of t, are depicted in Figs. 2(c) and 2(d) for three heat pulse
durations, the € [0.5, 5, 50] ps.

We model the data using Eq. (1), assuming the input chain is a
blackbody radiator with effective temperature T and Bose-Einstein
distribution npg(T). We associate the temperature-dependent photon

number 7(T) = npg(fy, T) with the blackbody radiation at frequency
f = f- This temperature rises from its thermal equilibrium T by AT
and relaxes exponentially with a time constant 7., after the heat

pulse,
. hf: o
7 (teool) = <6Xp (m) — 1> with

t
T(teool) = Teq + AT exp (f —1) ,

Teool

(©)

where kg and h are the Boltzmann and the Planck constants,
respectively.

After a heating pulse, the thermalization of the flexible stripline
temperature is modeled by a simultaneous fit of the measured relaxa-
tion curves I'; and Afy 5 to Egs. (1) and (3), yielding a common time
constant T, = 0.28 ms for all three values of fhey [Figs. 2(c) and
2(d)]. In Eq. (3), we fix the equilibrium temperature Teq = 58 mK of
the blackbody, corresponding to the mean residual thermal photon
population in Fig. 2(a). The fit yields temperature differences AT
= [24, 55, 114] mK. As shown in the supplementary material, we
repeated the same experiment for the coaxial cable setup, resulting in a
time constant of 7., = 0.55ms. This indicates that the flexible stri-
pline integrated attenuators are at least as well thermalized as the coax-
ial cable attenuators.

Even though the model in Eq. (3) fits the data, this is only a first-
order approximation. While all attenuators in our setups are thermal-
ized to temperatures T < 10K, in which case both heat capacity and
conduction in metals are dominated by electrons,” so thermalization
is independent of temperature, this model ignores two factors. First,
the non-linear relationship between T and # implies that even attenua-
tors that thermalize with the same rate will contribute with different
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FIG. 3. Comparison of conventional coaxial cable (magentag and flexible stripline (yellow) setups. (a) Temperature Ty as a function of the qubit frequency f;, extracted from

Gaussian mixture fits of measured /Q distributions. We fit 10

points for the coaxial cable and 5 x 10* for the flexible stripline. The dashed lines indicate the mean temperature

values Ty and the horizontally filled areas the * 1o range, as stated in the legend. The inset shows a measured /Q distribution using the coaxial line setup at ®g, /Py = 0.5,
as indicated by the arrow. For better visibility, only a subset of 2000 points is shown. The quadratures are normalized to the square-root of the number of measurement photons
Nmeas = Nictmeas /4, approximated for negligible internal resonator losses, where n is the average number of photons in the resonator and fmeas the duration of the readout
pulse. The black circles indicate the 24 regions centered on the pointer states (black markers) corresponding to the qubit in the ground state |g) and the excited state |e), as
indicated by the labels. (b) Rates (with vertical errorbars from the fit) extracted from energy relaxation, Ramsey as well as echo experiments in the vicinity of ®/®y = 0.5,

for both the coaxial cable and the flexible stripline setup.

time constants to the photon shot noise decay, depending on their
respective temperatures. Second, the hot electron effect’”* and
increased Kapitza phonon-phonon boundary resistance™ decrease
heat conduction at temperatures below a few hundred millikelvin. At
different times along the temperature relaxation curve, the photon
shot noise might be dominated by attenuators anchored to different
stages of the cryostat. Therefore, the extracted values of Teq and AT
from the fit of the measured data in Figs. 2(c) and 2(d) should be seen
as effective parameters characterizing the entire input chain. Future
work should develop a more realistic and complex input chain thermal
model, where the contributions of each element in the chain to the
total photon shot noise are considered independently.

Further comparative measurements with the two input chains
show no significant differences in qubit performance (Fig. 3). This
includes an extraction of the qubit temperature Ty from IQ distribu-
tions over a range of qubit frequencies f; € [0.285,1.23] GHz,
obtained by sweeping @y [Fig. 3(a)]. We find T for both setups to be
almost constant over the whole range and close to the ~ 20 mK tem-
perature of the dilution stage: (26.4 *2.0) mK for the flexline setup
comparable to (30.4 = 1.4) mK for the coaxial cable setup. The minor
difference in T is in the range of commonly observed fluctuations
between cooldowns. The uptake in T, for both setups as the qubit fre-
quency decreases below 0.4 GHz or increases beyond 1 GHz could be
explained by the fact that the qubit population approaches either 50%
or zero, respectively. In both cases, the extracted temperature becomes
susceptible to rare out-of-equilibrium excitations, for example from
ionizing radiation”* or readout quantum-demolition effects.””
Moreover, the dispersive shift for large f; drops to 1/3 of the value at
the lowest f;, making the readout more challenging. In the literature,
typical values for Ty fall in a wide range between 20 and 60 mK.""** "
Finally, Fig. 3(b) shows that the energy relaxation and decoherence
rates of the qubit near @y /Py = 0.5 remain unchanged between the
two setups within our measurement accuracy.

In conclusion, when using a flexible stripline assembly to connect
a qubit readout input chain from room temperature to the dilution

stage of a cryostat, we observe a residual population of the readout res-
onator of (2.2 £ 0.9) x 1072 photons, a 0.28 ms thermalization time
of the flexible stripline attenuators, and an effective qubit temperature
of 26.4mK, close to the temperature of the dilution stage.
Furthermore, we observe no significant differences in qubit perfor-
mance when using flexible striplines or conventional coaxial cables.
The heating pulse methodology presented here can serve as a simple
health check for other groups to test the thermalization of their input
chains. These results encourage the use of flexible striplines in future
cryogenic microwave setups, enabling at least an order of magnitude
increase in the density of microwave input circuitry, paving the way
for increasingly complex superconducting detectors and quantum
devices.

See the supplementary material for the following: comparison of
the experiments with the coaxial cable setup, similar to the ones
shown in Fig. 2, illustration of how the resonator linewidth and the
dispersive shift were extracted, presentation of experiments on
clamping flexible stripline samples, including a description of the
setup, a theoretical model, and a discussion of the measured data,
and details on both the flexible stripline as well as the coaxial cable
input chain setups.
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