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ABSTRACT

We present a method for in situ temperature measurement of superconducting quantum circuits, by using the first three levels of a transmon
device to which we apply a sequence of p gates. Our approach employs projective dispersive readout and utilizes the basic properties of
the density matrix associated with thermal states. This method works with an averaging readout scheme and does not require a single-shot
readout setup. We validate this protocol by performing thermometry in the range of 50–200 mK, corresponding to a range of residual
populations 1%–20% for the first excited state and 0.02%–3% for the second excited state.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065224

Superconducting qubits are one of the most promising candi-
dates as the basic element of future quantum computers. The progress
of the last decade has resulted in a significant increase in their coher-
ence times to tens of microseconds,1–3 in a reduction of errors caused
by interaction with the environment through the implementation of
reset protocols4–9 and error-correction protocols10,11 and in an
enhancement in readout fidelity up to 99.6%.12–15 However, the exact
mechanisms that limit further improvements in superconducting
qubit systems are still not fully understood; one possibility is the
spurious excitations caused by microwave noise, infrared radiation
from hotter stages of the dilution refrigerators or poisoning by quasi-
particles.16–19 To mitigate these effects, a range of experimental techni-
ques have been deployed—the use of cryogenic filters and attenuators,
infrared absorbers, radiation and magnetic shielding of samples, with
the goal of reducing the temperature of the electromagnetic environ-
ment and the quasiparticle population. Here, we introduce a protocol
for evaluating the effective temperature of a superconducting qubit.
Our method can be readily used as a diagnostic tool for qubit thermal-
ization and line integrity in quantum computing applications. An
important application is quantum thermodynamics,20–22 where con-
trolling the effective temperature of the circuit can be used to drive
quantum engines.

The state of the electromagnetic environment of the qubit is
described by an effective temperature, which characterizes the thermal

equilibrium between the qubit and the environment and, thus, defines
residual populations of former. There are several ways to estimate this
effective temperature from the residual populations of qubit’s states,
assuming a Maxwell–Boltzmann distribution. A straightforward
method is to use a single-shot readout. In this case, the residual proba-
bilities can be directly calculated from measurement statistics, pro-
vided that the states can be discriminated with sufficiently good
precision. Another technique, also based on single-shot readout, uses
the correlations between responses corresponding to the ground and
excited states.23 However, the implementation of a single-shot readout
scheme requires a good quantum limited parametric amplifier and
additional components.24–26 An alternative approach uses a three level
system, where the Rabi oscillation amplitude between the first and the
second excited state depends on the residual population of the first
excited state.4,27 However, this method is highly sensitive to the read-
out signal parameters. Finally, a thermometry technique for propagat-
ing waves in open-waveguides28 can be used to characterize the
temperature of the electromagnetic field, but this method requires a
dedicated sample design.

Here, we propose an in situ method for measuring the effective
temperature, which utilizes only p pulses and requires measuring only
the average responses in the dispersive readout limit. Therefore, this
method could be implemented without a specialized setup or sophisti-
cated measurement techniques. In addition, determining the
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temperature does not rely on qubit state tomography: In our protocol,
we measure the cavity responses after applying six different drive
sequences that swap the populations of the three-level system, in our
case defined by the first levels in a transmon device. A simple linear
relationship is found between some of these responses, and the coeffi-
cient of proportionality is determined only by the thermal level occu-
pations. Therefore, as the method does not rely on full state
tomography or on the knowledge of the pure state responses, it is
more resilient to noise and drifts, which are commonly present in
superconducting artificial atom experiments. Moreover, since only p
pulses are utilized, the proposed method is robust against dephasing
and, if the pulses are much shorter with respect to the relaxation time,
also against decay.

Consider a three-level system in thermal equilibrium with its
environment at a temperature T. The density matrix reads

bq ¼ pe j gihgj þ pejeihej þ pf j f ihf j (1)

where jhg; jei; jf i are, respectively, the ground, the first excited, and
the second excited states, with corresponding populations pg, pe,
and pf. Thermal equilibrium means that bq is diagonal, and the residual
populations are defined by the Maxwell–Boltzmann distribution

pg ¼
1
Z
e�

Eg
kBT ; pe ¼

1
Z
e�

Ee
kBT ; pf ¼

1
Z
e�

Ef
kBT ; (2)

where kB is the Boltzmann constant, T is the effective temperature, Ei
with i 2 fg; e; f g are the energies of the corresponding states, and
Z ¼

P
i exp ½�Ei=kBT� is the canonical partition function.

For a transmon device, the readout of these three levels is imple-
mented through the projective measurement operators29

cMI ¼ uI
g jgihgj þ uI

ejeihej þ uI
f jf ihf j; (3a)

cMQ ¼ uQ
g jgihgj þ uQ

e jeihej þ uQ
f jf ihf j; (3b)

where cMI ; cMQ are measurement operators, corresponding to the I
and Q quadratures of the measured signal: These quadratures are

denoted by uIðQÞ
i for the corresponding states. More precisely, in this

formalism, uIðQÞ
i is the I(Q) quadrature of the measured signal if the

device is prepared in the state jii. Note that uIðQÞ
i are time-dependent

functions, which makes the operators dMIðQÞ also time-dependent.
The averaged measurement result of an arbitrary state is defined

as follows:

hIi ¼ Tr bqcMI

� �
;

hQi ¼ Tr bqcMQ

� �
:

(4)

For a thermal state bq, the measurement outcome becomes

hIi ¼ pgu
I
g þ peu

I
e þ pf u

I
f ; (5a)

hQi ¼ pgu
Q
g þ peu

Q
e þ pfu

Q
f : (5b)

If the pure state responses uI=Q
g;e;f were known, one could in

principle extract the thermal populations by linear regression.
However, in the averaged readout scheme, only the ensemble aver-
age is accessible.

To overcome this difficulty, we propose to measure the responses
after applying certain pulse sequences that swap the populations of
three level systems in the density matrix Eq. (1). As we will see, the
protocol allows us to eliminate completely the unknown responses

uIðQÞ
i . Let us denote the pulse swapping the ground and first excited

state populations as pge and that swapping the first and second excited
states as pef. All used sequenced are summarized in Table I. For exam-
ple, when a single pge pulse is applied, one gets the state bq ¼ pe j gihgj
þpg j eihej þ pf j f ihf j, and according to Eq. (5), we get the output of
the I-quadrature as peuI

gðtÞ þ pguI
eðtÞ þ pfuI

f ðtÞ. Here, we note that,
in order to implement the protocol and the proposed sequences of
gates, the second excited state should be accessible by dispersive
readout.

In general, the responses uðtÞg;e;f ¼ uðtÞIg;e;f þ iuðtÞQg;e;f can be
understood as vectors in an infinite-dimensional (with respect to time)
vector space over a complex I þ iQ field. For the sake of simplicity,
from now on, we present all the expressions for the I and Q compo-
nents separately. From this point of view, the differences of some of
these responses can be classified according to the collinearity criterion.

For example, the difference of xIðQÞ0 � xIðQÞ1 ¼ ðpg � peÞðuIðQÞ
g

�uIðQÞ
e Þ and yIðQÞ0 � yIðQÞ1 ¼ ðpg � pf ÞðuIðQÞ

g � uIðQÞ
e Þ can be seen as

two collinear vectors in the space spanned by uI;Q
g;e;f and which lie along

the direction uge ¼ uIðQÞ
g � uIðQÞ

e . Therefore, xIðQÞ0 � xIðQÞ1

¼ ðyIðQÞ0 � yIðQÞ1 Þ pg�pepg�pf , and it is possible to determine the coefficient

of proportionality AIðQÞ ¼ pg�pe
pg�pf along the direction uge, without

knowledge of the pure state responses. Similarly, A is also the slope

between either yIðQÞ0 � xIðQÞ2 and xIðQÞ0 � yIðQÞ2 , along the direction ugf

or the slope between yIðQÞ1 � yIðQÞ2 and xIðQÞ1 � xIðQÞ2 along the direc-
tion uef .

Overall, we have identified the following pairs of differences:

A ¼ xI Qð Þ
0 � xI Qð Þ

1

yI Qð Þ
0 � yI Qð Þ

1

¼ yI Qð Þ
0 � xI Qð Þ

2

xI Qð Þ
0 � yI Qð Þ

2

¼ yI Qð Þ
1 � yI Qð Þ

2

xI Qð Þ
1 � xI Qð Þ

2

¼ pg � pe
pg � pf

;

B ¼ xI Qð Þ
1 � yI Qð Þ

1

yI Qð Þ
0 � xI Qð Þ

2

¼ xI Qð Þ
2 � yI Qð Þ

2

xI Qð Þ
0 � xI Qð Þ

1

¼ xI Qð Þ
0 � yI Qð Þ

0

yI Qð Þ
1 � yI Qð Þ

2

¼ pe � pf
pg � pe

;

8>>>>>><
>>>>>>:

(6)

where column-wise ratios of responses are given along the directions
of uge; ugf , and uef , correspondingly.

TABLE I. Sequences of operations used for the temperature measurement protocol.

Sequence Outcome Label

No pulses pgu
IðQÞ
g þ peu

IðQÞ
e þ pfu

IðQÞ
f xIðQÞ0

pge peu
IðQÞ
g þ pgu

IðQÞ
e þ pfu

IðQÞ
f xIðQÞ1

pge pef peu
IðQÞ
g þ pf u

IðQÞ
e þ pgu

IðQÞ
f xIðQÞ2

pef pgu
IðQÞ
g þ pfu

IðQÞ
e þ peu

IðQÞ
f yIðQÞ0

pef pge pf u
IðQÞ
g þ pgu

IðQÞ
e þ peu

IðQÞ
f yIðQÞ1

pef pge pef pf u
IðQÞ
g þ peu

IðQÞ
e þ pgu

IðQÞ
f yIðQÞ2
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The coefficients of proportionality A and B are uniquely deter-
mined by the temperature T and the transition frequencies �hxge

¼ Eg � Ee and �hxgf ¼ Eg � Ef

A ¼
1� exp �hxge=kBT

� �
1� exp �hxgf =kBT

� � ;
B ¼

exp �hxge=kBT
� �

� exp �hxgf =kBT
� �

1� exp �hxge=kBT
� � :

8>>>><
>>>>:

(7)

From Eq. (7), it is possible to determine the temperature T,
assuming that the transition frequencies are known.

Note that in principle, one could introduce also the coefficient

C ¼ xI Qð Þ
1 � yI Qð Þ

1

xI Qð Þ
0 � yI Qð Þ

2

¼ xI Qð Þ
2 � yI Qð Þ

2

yI Qð Þ
0 � yI Qð Þ

1

¼ xI Qð Þ
0 � yI Qð Þ

0

xI Qð Þ
1 � xI Qð Þ

2

: (8)

However, it is easily verified that

C ¼
pe � pf
pg � pf

¼
exp �hxge=kBT

� �
� exp �hxgf =kT

� �
1� exp �hxgf =kBT

� � ; (9)

therefore, C ¼ A � B, and therefore, it does not provide an indepen-
dent measure of the temperature but can be used to estimate the accu-
racy of the protocol, which is discussed further in the supplementary
material. Finally, we note that the protocol uses only p pulses; there-
fore, it should be insensitive to qubit dephasing and to a large extent
also to qubit relaxation, since the duration of the p pulse is typically
much smaller than the T1 time.

Based on this protocol, we implement two experiments using a
standard low-temperature cryogenic setup with microwave wiring for
input lines and with a heterodyne readout. The samples consist of a
transmon device coupled to a microwave coplanar resonator, which is
used for dispersive readout. The energy levels of the transmon can be
flux-tuned through a filtered DC flux bias line. The sample is ther-
mally anchored to the mixing chamber of a dilution refrigerator and
isolated from the output line by two circulators working in the 4� 8
GHz range. The readout pulse duration is 2 ls, and the transmitted
signal is amplified by 30 dB with a cryogenic amplifier at the 4.2K
stage and by room-temperature amplifiers by 60 dB. After the demod-
ulation to an IF frequency of 50MHz, the in-phase and quadrature
components (IQ) are amplified by a low-bandwidth amplifier and dig-
itized with 1 ns resolution with a data acquisition board (more infor-
mation in the supplementary material). We calibrate the p pulses for
e–g and e–f transitions by standard Rabi experiments, and we use
them to define the sequences of the population swapping operations
described in Table I. The excitation pulses are generated by an arbi-
trary waveform generator and mixed with a local oscillator (LO) fre-
quency in an IQmixer.

The pulses have Gaussian envelope and a duration between 56
and 120ns, and the cross-excitation due to low transmon anharmonic-
ity fge � fef � 300 MHz was negligible. We measure the response for
each of the sequences, obtaining the IQ values of readout pulse. Each
response is measured 60 000 times and averaged. The total attenuation
is the same for both experiments and adds up to 75 and 73dB for the
readout and drive lines correspondingly. In the main text, the temper-
atures are determined using only the I quadrature data, while in the
supplementary material, for the error estimations, both the I and Q
data are used.

The goal of the first experiment is to test the protocol. We use a
sample with Ec=ð2pÞ ¼ 360MHz and Emax

J =ð2pÞ ¼ 10.013GHz, and
the readout resonator at fr ¼ 7:75 GHz. For the drive and readout
lines, we use an attenuation of 30 dB at the mixing chamber stage
(MXC). The effective temperature is measured as a function of flux
bias at fixed base MXC temperature.

The measured coefficient AI is shown in Fig. 1. In this figure, each
point is obtained from a measurement of four readout traces xI0; x

I
1; y

I
0,

and yI1 at a certain time. The differences xI0 � xI1 and y
I
0 � yI1 are shown

in the inset, where the oscillations at the IF frequency clearly visible,
with the time interval used for the linearity check delineated by dashed
lines; further examples of measured responses could be found in the
supplementary material. To extract the slopes, we implement the
Deming regression approach,30 which considers noise in both X and Y
axes. This approach relies on the assumption that errors in two-
variable models are independent and follow a normal distribution law.
We find that the extracted slope value 0.9936 is very close to 1, as one
could check from Eq. (7), which implies that we expect a low tempera-

ture, since limT!0þ A ¼ limT!0þ
1�exp ð�hxge=kBTÞ
1�exp ð�hxgf =kBTÞ ¼ 1.

In Fig. 2, we show the extracted temperatures as a function of
flux bias (qubit frequency). The results are in a good agreement with
the base temperature of refrigerator and lay in the range of earlier
reported temperatures, measured by other methods.4,23–27 In thermal
equilibrium with the environment, characterized by flat spectrum, the
temperature should not depend on the transmon frequency.31 We see
only a small variation of temperature, which proves that sample 1 is
generally well thermalized and the applied pulse sequences do not

FIG. 1. Experimental verification of the linearity implied in Eq. (6). The bright green
line is obtained by the linear regression algorithm resulting in a slope AI ¼ 0:9936.
The plots show the differences between the I-quadrature time-domain traces
xI0 � xI1 and y

I
0 � yI1, with the range of data used for extracting the slope shown by

blue dashed lines in the insets. The raw data of readout signals are shown in the
supplementary material.
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influence it significantly. The slight dependence of the effective tem-
perature could be explained by the frequency dependent attenuation
of the control lines. The spikes near xge=2p ¼ 5:6� 5:7 GHz are
most likely artifacts due to an imperfect calibration of p pulses.

The validity of our method is verified by a simulation of the sys-
tem, where we model the Lindblad master equation with Boltzmann
distribution for thermal photons; more details are presented in the
supplementary material.

The goal in the second experiment is to demonstrate that the
effective temperature can be controlled relatively independently from
the temperature of the mixing chamber (MXC). The motivation comes
from quantum thermodynamics, where superconducting-circuit based
Otto engines32 and Stirling engines33 have been proposed theoretically.
In these experiments, it would be useful to have access to and set in a
straightforward way the temperature of two reservoirs, the hot and the
cold one. Here, we show that by appropriate wiring we can have a rela-
tively high temperature for the transmon, while at the same time
maintaining the MXC as the cold bath.

For these measurements, we have used a sample with Ec=ð2pÞ
¼ 350MHz and Emax

J =ð2pÞ ¼ 20.412GHz, while the resonator fre-
quency is fr ¼ 4:906 GHz. To achieve a higher effective temperature,
the previous 30 dB of attenuation in the input line at the mixing
chamber stage has been reduced by 15 dB, which results in a worse
thermalization of the line and exposes the qubit to the thermal and
non-equilibrium noise coming from the upper stages.34 We

observe an increase in the effective temperature of the transmon to
about 160 mK.

Next, the effective temperature sensed by this sample is mea-
sured as a function of the base stage temperature; the results are
shown in Fig. 3. We observe that the effective qubit temperature
increases linearly with the MXC temperature. We have found that
the slope in this linear dependence is approximately 1/3; therefore,
Teff � TMXC=3þ 155 mK.

In the inset of Fig. 3, we present the results of monitoring the
effective temperature at a fixed MXC temperature of 13 mK over 15 h.
The temperature is roughly constant, except for the observation of a
switching event at 7.5 h, most likely similar to the ones reported before
in the literature.19,35–39

Above TMXC � 170mK; the effective temperatures estimated by
A and B diverge. This can be understood as a consequence of the
decreasing relaxation and coherence times at finite temperatures, and
as a consequence the fidelities of drive and readout pulses decrease. To
support this claim, we perform measurements of relaxation times. In
Fig. 4, the relaxation times of the first and second excited states as a
function of MXC temperatures are shown. Indeed, at MXC tempera-
tures above 170 mK, the T1 times drop significantly, which roughly
coincides with the start of divergence seen in Fig. 3. This behavior is
well explained by models taking into account quasiparticle generation,
see, e.g., Refs. 19 and 40, which predict a drop in T1 at temperatures
very close to what we see in Fig. 4. A slight increase in the relaxation
time for the second excited state has been observed in other experi-
ments,41 and it is explained by non-equilibrium quasiparticles.

In summary, we have proposed and demonstrated an in situ
method to extract the temperature by applying a sequence of p gates
to the first three levels of a transmon. The protocol is based on a stan-
dard setup, employing averaged readout for the transmon states, does

FIG. 2. (a) Effective temperature extracted from the responses A (blue circles) and
B (red squares), see Eq. (6), for experiment 1 together with the residual populations
of the state jei (green dots) and jf i (magenta dashes). Note that the residual popu-
lation on jf i remains below 0.03%. (b) Standard deviation of the effective tempera-
ture obtained from six realizations of each measurement.

FIG. 3. The effective temperature in experiment 2 as a function of the base stage
temperature (MXC). The inset shows the monitoring of effective temperature at a
MXC temperature of 13 mK over 15 h, showing the appearance of jumps.
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not require single-shot measurements, and it is robust against certain
types of noise, such as relaxation and decoherence. The extracted tem-
peratures are in the expected range, agreeing with previously reported
effective temperatures of the same type of qubits. We have also shown
that this allows for either the diagnosis of thermal radiation coming
from the hotter stages of the fridge or the use of this radiation as a
thermal reservoir for thermodynamic quantum engines.

See the supplementary material that covers the details of the mea-
surement procedure, a multilevel model of the transmon circuit
including dissipation,42,43 as well as a simulation of the temperature
sensing protocol in the Qutip package.44 Finally, a discussion of the
main source of errors is presented.
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