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Dynamics and resonance fluorescence from a superconducting artificial atom doubly driven
by quantized and classical fields
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We report an experimental demonstration of resonance fluorescence in a two-level superconducting artificial
atom under two driving fields coupled to a detuned cavity. One of the fields is classical and the other is varied
from quantum (vacuum fluctuations) to classical by controlling the photon number inside the cavity. The device
consists of a transmon qubit strongly coupled to a one-dimensional transmission line and a coplanar waveguide
resonator. We observe a sideband anticrossing and asymmetry in the emission spectra of the system through a
one-dimensional transmission line, which is fundamentally different from the weak-coupling case. By changing
the photon number inside the cavity, the emission spectrum of our doubly driven system approaches the case
when the atom is driven by two classical bichromatic fields. We also measure the dynamical evolution of
the system through the transmission line and study the properties of the first-order correlation function, Rabi
oscillations, and energy relaxation in the system. The study of resonance fluorescence from an atom driven by
two fields promotes understanding decoherence in superconducting quantum circuits and may find applications
in superconducting quantum computing and quantum networks.

DOI: 10.1103/PhysRevResearch.6.033064

I. INTRODUCTION

Resonance fluorescence is one of the most fundamental
physical phenomena, and comes from the interaction between
two-level atoms and classical fields. Early discussions of
resonance fluorescence were based on a natural atom and
a single-color classical driving field. Under strong resonant
drive, the emission spectrum from a two-level atom shows
a Mollow triplet [1-3], which was first observed in natural
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atoms [4,5] and then found in other systems such as trapped
ions [6,7] and molecules [8]. It has been experimentally
shown that resonance fluorescence is associated with nonclas-
sical properties of light, i.e., photon antibunching [9,10]. With
the advancement of quantum technology, various quantum
artificial systems such as quantum dots [11-13] and supercon-
ducting artificial atoms [14—17] have been extensively utilized
to study resonance fluorescence and the nonclassical property
of photon antibunching [17-20]. Applications of resonance
fluorescence include the detection of quantum states [7,21],
sensing for absolute calibration of power [22] and multiplexed
photon counting [23]. Recent experimental studies have also
unveiled the quantum entanglement features of resonance
fluorescence, and shown its potential in entangled photon
sources [20,24].

The interaction between a cavity and an atom presents
another most fundamental model in quantum optics and serves

Published by the American Physical Society
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as a basic building block in various quantum applications. The
introduction of a cavity, or more generally the modification
of the environment photonic density of states, offers valuable
means to control the properties of atoms and contributes to
the development of quantum technologies. When a two-level
atom is strongly coupled to a single-mode cavity, the emitted
photon by the atom can be stored in the cavity and transferred
back to the atom. In the time domain, such strong coupling
leads to the coherent energy exchange between the atom and
the cavity, and exhibits Rabi oscillations. In the frequency
domain, the atom energy levels are dressed by the lowest
Fock states of the cavity, resulting in vacuum Rabi splitting
[2]. When the coupling strength is not strong enough, the
spontaneous emission rate of the atom could be modified by
the cavity, which is known as the Purcell effect [25].

Dressing of atoms by both classical driving fields and
quantized cavity vacuum fields significantly alters atom prop-
erties, motivating investigations into doubly dressed atoms by
both driving and cavity fields from both fundamental and ap-
plied perspectives. The modulation of resonance fluorescence
in a system, where an atom is resonantly coupled to a single-
mode cavity, has been theoretically [26] and experimentally
[27] demonstrated. The linewidth of sidebands in this system
is determined by the coherent coupling strength between the
atom and the cavity, rather than the atom’s decay rate. The
presence of a cavity mode when an atom is detuned with
a single-mode cavity results in the modification of a single
fluorescence sideband [28,29]. In the strong-coupling regime,
each Mollow triplet splits into multiplets and the emission
spectrum becomes asymmetric [30]. In the weak-coupling
regime, only the sideband emission enhancement effect was
experimentally observed in the quantum dot system [31]. Pre-
dictions also suggest that the fluorescence linewidth can be
reduced below the vacuum level in a squeezed vacuum field
environment [32,33], and complete fluorescence elimination
can be achieved with bichromatic laser fields [34-37].

Superconducting qubits, among various natural and artifi-
cial atoms, offer a unique experimental platform for studying
fundamental light-atom interactions. With the progress in
superconducting quantum circuits [14,38,39], investigating
quantum optics on-chip using superconducting artificial atoms
has become feasible by appropriate design circuit parameters.
Experimental explorations of resonance fluorescence from
strongly coupled artificial atoms to one-dimensional open
space [16,17] and chiral artificial atoms [40] have been con-
ducted. Here, we study a system that the atom formed by the
transmon qubit is strongly coupled to a single-mode cavity
and a transmission line simultaneously. First, we observe the
resonance fluorescence of the atom-cavity coupled system,
which has multiplet peaks and explain it with doubly dressed
state theory. The spectrum here is different from the Mollow
triplet and has splitting in sidebands when the driving strength
is equal to the detuning between the atom and the cavity. This
is caused by the strong coupling between them. Moreover, the
relative amplitudes of the sidebands are asymmetric.

We use time-domain measurement to study the dynamic
properties of the system, including the first-order correlation
function, Rabi oscillations, and spontaneous emission pro-
cess. We find that these processes are modulated by a classical
driving field and a cavity field simultaneously. In order to

spatially separate the atom’s drive and output signals, the drive
of the atom is added from the cavity port. Through applied
measurement, we find that our driving method only affects
the coherent properties of the atom, but does not affect its
incoherent properties. Finally, we study the influence of pho-
tons inside the cavity on the resonance fluorescence spectrum
by pumping the cavity and compare the results with the case
when the cavity is in the vacuum. When the photon number
inside the cavity becomes so large such that the splitting sub-
levels overlap, we find that the resonance fluorescence spectra
approach the results in Ref. [34] in which the atom is driven
by two classical driving fields.

II. EXPERIMENTAL SETUP AND MODEL

The device is composed of a half-wavelength one-
dimensional (1D) coplanar waveguide (CPW) resonator and a
transmon qubit, which are strongly coupled through a capaci-
tor as shown in Fig. 1(a). In addition, the transmon is strongly
coupled to a 1D waveguide simultaneously. The transmon
has a SQUID loop which is used to tune its transition fre-
quency from 27 x 7.511 GHz to lower ones. Because the
anharmonicity is around —27 x 625 MHz, the transmon can
be treated as a two-level system with ground state |g) and
first excited state |e). In this experiment, we fix the transition
frequency of the transmon to w, /27 = 6.814 GHz by adjust-
ing the flux in the SQUID loop. The dephasing rate of the
transmon at w, is y» = y1/2 + y, = 2n x 2.8 MHz, where
1 is the energy relaxation rate and y,, is the pure dephasing
rate. Y1 = y. + ¥, is formed by the relaxation rate through
the transmission line y, and the nonradiative relaxation rate to
the environment y,,. y, is the intrinsic dissipation of the qubit
and is affected by multiple environmental factors, which is
difficult to avoid [41,42]. y,, mainly comes from the 1/f flux
noise. These parameters are estimated by fitting the emission
spectrum (see below). As the the emission efficiency of the
transmon through the transmission line is n = y, /2y, = 62%,
¥e/2m = 3.5 MHz, which helps with the collection of the
emitted signals from the transmon. The frequency of the CPW
resonator is w./2mw = 6.777 GHz and thus the red detuning
with the transmon is Ag/2m = 37.0 MHz. The decay rate
of the resonator is /2w = 1.5 MHz. The coupling strength
between the resonator and the transmon is g./2m = 7.5 +
1 MHz. All related detailed information of these parameters
is given in Appendix A. The measurements are performed in
a dilution refrigerator with the base temperature about 20 mK.

Our system can be schematically described as shown in
Fig. 1(b). The driving field for the two-level atom is applied
through the cavity at frequency w,; with driving strength €2..
The full Hamiltonian of the system with the rotating wave
approximation of wy is

H—Aa’La—i—ﬁa—i— (@'o +ao)+&(a+a+)
= Q¢ 5 %z 8¢ - + ) s

(D
with A,/c = w4/ — wy. a is the annihilation operator of the
cavity mode, o_ = |g)(e| and o = |e)(g| are the ladder op-

erators of the atom, and o, = |e)(e| — |g)(g| is the population
operator of atom. In addition to coupling with external driv-
ing field and cavity field, the atom also couples with the
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FIG. 1. (a) Optical image of the fabricated device. The cavity is a coplanar waveguide (CPW) resonator. The transmon qubit acts as an
artificial atom with tunable transition frequency. The inset shows the scanning electron microscopy of the SQUID. (b) A system with an
atom coupled with a cavity and a waveguide simultaneously. The cavity acts as an engineered environment of the atom and can affect the
fluorescence spectrum of the atom. (c) The energy level diagram for drive dressed states of the transmon and the ground states of the cavity
mode. The cavity mode frequency Ay is red detuned to the transition frequency of the transmon, and coupling between the cavity and the
dressed transmon is suppressed due to detuning. (d) The energy level diagram for the doubly dressed system, when €2 = Ay. The colored lines

with arrows show the allowed transitions.

continuum modes of a waveguide. The corresponding system
dynamics could be described by the master equation

p = —ilH. pl+ L.D(0_)p + y,Dl0)p + 5D@p. @)

where D(A)p = 2ApAT — ATAp — pATA is the Lindbald op-
erator, with the qubit energy relaxation rate y; = 3.6 MHz
and pure dephasing rate y, = 1.0 MHz. Output signals from
the atom are collected directly through the waveguide, which
could suppress the influence of the strong input drive on the
output signals when the driving field is applied through the
cavity side, because the cavity acts as a filter in the obser-
vation of the atom spectra due to |w; — .| > «. Therefore,
according to the input-output theory, the collected signal could
be obtained as byt = /Ve/20_.

Under an external strong driving field, the cavity field could
be approximated as a sum of a classical field and a weak
cavity mode excitation as a — o + a, with the steady-state
drive field « = —./2A.; then the Hamiltonian becomes

A
H=A.a"a+ Taaz +g.(a'o_ +aoy) + gea(o_ +oy).

3

Consequently, the model can be divided into two parts, the
conventional atom-cavity photon coupling and the strong
drive with the Rabi frequency 2 = 2g.« applied to the atom.
In our experiments, the drive is resonant with the atom w; =
w, and the cavity mode is largely detuned; thus A, =0
and A, = —A¢ = w. — wy. The transition from Eq. (1) to

Eqg. (3) can be understood in the way that the cavity field
is divided into the classical and fluctuation parts. These two
equations are equivalent for the calculation of the steady-state
fluorescence spectrum, because they are consistent in the de-
scription of photon fluctuations. But when studying the time
evolution of the system, the influence of classical coherent
photons cannot be omitted as we show in Sec. IV. Note,
the mean photon number (n) we mention below refers to the
fluctuation photons in the cavity.

From the Hamiltonian in Eq. (3), our system provides
a versatile platform to investigate the dynamics of dressed
atoms. When the cavity mode is largely off-resonant with the
atom, the model is equivalent to the conventional fluorescence
resonance. Figure 1(c) illustrates the energy diagram, with the
driving field dressed atom states, which are expressed as

L
V2

with eigenenergy E; y = Nwg — (—1)'Q2/2 for N photons in
the driving field. The cavity Fock state transitions are red
detuned from dressed-state transitions, and their couplings
are neglected. There are three different transition frequencies
wg and wy £ Q2 between the dressed states, manifesting the
Mollow triplet emission spectrum in fluorescence resonance.

When the dressed-state transition is near-resonant with
the cavity mode, i.e., driving strength Q = A, the ener-
gies of |2, N,n) and |1, N — 1, n + 1) are degenerate. Here,
li,N,n) = [i, N) ® |n) with [i, N) given in Eq. (4) and |n)

i, N) = —=[lg, N) = (=D'le, N =], i = {1,2}, (4
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the Fock state of the cavity field. In this case, the driving
field dressed atom is further dressed by the cavity Fock states,
resulting in doubly dressed states

1
V2

and the corresponding eigenenergy is Ey +, = Nwg — (2n —
1)Q2/2 + g14/n, with g; = g./2. In Fig. 1(d), we show the en-
ergy levels of the whole system with 2 = A, when the mean
photon number (n) of the cavity is less than 1. Seven peaks
are expected in the emission spectrum for this situation, which
can only be resolved in the case of g; > k, y. When increas-
ing the cavity excitation with (rn) > 1, this model approaches
the two classical driving fields applied to the atom, and there
will be more emission peaks as observed in Ref. [34].

In this work, we experimentally investigate the modified
properties of classical driving field dressed atoms by intro-
ducing the cavity mode, either in vacuum or classical field.
We also note that our system could be turned into a signifi-
cantly different model, by setting the atom-cavity detuning to
zero. In this case, the atom is directly dressed by the vacuum
cavity field as the system is in the strong-coupling regime,
and the vacuum-dressed atom could be further dressed by a
classical driving field. Such a different model was investigated
in Ref. [27]; the anomalous side-peak broadening in the flu-
orescence spectrum arises from relaxation transitions of the
dressed states when the atom perturbs the driven cavity.

III. RESONANCE FLUORESCENCE OF DOUBLY
DRESSED STATES

Figure 2(a) shows the change of the resonance fluorescence
spectra with the driving amplitudes /P generated from an
arbitrary waveform generator (AWG). We can measure the
spectra using a data acquisition card with the measurement
setup shown in Appendix C. The total attenuation on the input
line is about 103 dB. The spectra show a linear dependence
of /P for the distance between the central peak and the side
peaks at low driving amplitudes, agreeing with the behavior
of conventional resonance fluorescence.

When one of the side peak frequencies is near resonance
with the cavity, two anticrossings in the sidebands appear, as
shown in Fig. 2(a) with ~/P around the point marked by the
gold arrow, which corresponds to €2 = Ag. The anticrossings
are the indisputable evidence that there is strongly resonant
coupling between a sideband of the Mollow triplet and a
cavity, which agrees with our prediction shown in Fig. 1(d)
and indicates the double dressing of the atoms by the clas-
sical driving field and the vacuum cavity field. We have to
point out that our results are fundamentally different from the
weak resonant coupling between a sideband of the Mollow
triplet and a cavity in Ref. [31], where the coupling strength
g/2m = 15.3 GHz is smaller than the decay rate of the cav-
ity /2w = 36 GHz. In the weak-coupling regime, only the
atom emission rate could be significantly affected, instead of
the split emission spectrum due to the cavity dressed states.
Therefore, only the enhancement of the resonant sideband
relative to the detuned sideband in the resonance fluorescence
spectra is observed in Ref. [31], and the avoided crossing of
resonance fluorescence has yet to be demonstrated.

(zHiM 0 WS

50 -40 -30
6f (MHz)
FIG. 2. (a) Resonance fluorescence spectra of the transmon cou-

pled to a CPW cavity against /P, where P is driving power at a

room temperature. The driving frequency w, is in resonance with the

transmon. 8 f = f — w, /27 is the frequency detuning from the driv-
ing frequency. (b) A theoretical plot of the emission spectra obtained
by solving the master equation. Measured emission spectrum around

() —Ay/2m, (d) 0, and (e) Ay/2m for the situation that Q = Ay,

which is also marked by gold arrows in (a). The red dots in (c)—(e)

are the experimental data, while the solid lines are the theoretical

simulation results.

To better understand the spectra, we perform theoretical
simulations by using the master equation in Eq. (2). The
output field of the transmon qubit in the 1D waveguide is [16]

h . .
10e,1) = =2 (o (1))t (©)
bp
with the qubit placed at the position of x = 0. ¢, = 12/ is
the dipole moment and Iy is the amplitude of the input field.
The definition of stationary emission spectrum of the atom is

S(w) = 7 'lim,_, o Re / ” (o4 (D)o_(t + T))e " dt, (7)
0

where t — oo means that the state used here is the steady
state. The results are shown in Fig. 2(b). We can see that
the simulations agree well with the experimental results. The
detailed comparison between simulations and the experiment
at doubly dressed states is shown in Figs. 2(c)-2(e). We
remove coherent Rayleigh-scattered radiation [18] and cor-
related noise between the two output lines of the hybrid
coupler [43], while we preserve the incoherent emission spec-
trum. The frequency splittings of the left [Fig. 2(c)] and right
[Fig. 2(e)] sidebands are §; = g = 8 MHz ~ 2g, /27w, corre-
sponding to the green and blue transition lines in Fig. 1(c).
As shown in Fig. 2(d), around the center frequency, there
are three peaks and the distance between side peaks is §y =
16 MHz =~ 4g, /2m, corresponding to the red transition lines
in Fig. 1(c). Note that the peak heights in Figs. 2(c) and 2(e)
are asymmetric, which can be explained by different popu-
lation distributions of related dressed states. Combined with
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FIG. 3. (a) Measured real part of the two-time correlation func-
tion g(r) against +/P. (b) The simulated real part of g"(t) is
shown as a function of driving strength. (c) The contrast of measured
(red dots) and calculated (black lines) real parts of gV(t) with dif-
ferent driving strength 2. The middle line with /27 = 37.0 MHz
corresponds to the doubly dressed case.

Fig. 1(c), we can see that the right sidebands are caused by
the emissions from |N, 0) while the left sidebands are from
|N, £1). From Eq. (B25) in Appendix B, we find that the pop-
ulation of |N, £n) decreases with n. Therefore, the population
of state |N, 0) is greater than that of state |N, £1), causing
the spectrum intensity around § f = Ao/2m to be higher than
8f = —Ay/2m.

Equation (7) shows that the resonance fluorescence is ob-
tained via the Fourier transfer of the first-order correlation
function g (z) with

gV(1) = limy_, o (0 (H)o_(t + 7)), 8)

which can characterize coherence of this system. In exper-
iments, we can measure g("(r) by correlating the output
signals from the waveguide, as g'(t) o« TV(7) — F;)?(r)
with TW(r) =Y, I*(1)I(r + 7) and the correlated noise
background Fl:,)(l') (experimental details are in Appendix C).
Here, I(¢) is given in Eq. (6). We normalize g'"’(t) by setting
g (r = 0) = 1. The traces of g'"'(7) at different input driving
amplitudes /P are shown in Fig. 3(a) and each trace is aver-
aged by 1 x 10% times. Figure 3(b) is the simulation results
of gV (). It is shown that the oscillation of g (7) becomes
faster when /P increases, which is consistent with results in
the frequency domain. We also show the comparison of ex-
periments and simulations at driving strength Q/2m = 14.5,
37.0, 52.6 MHz in Fig. 3(c), which correspond to the red-
detuned sideband, resonant, and blue-detuned sideband with
the cavity, respectively. We have to point out that when 2 is
large, the mean thermal photon (n,;, ) in the cavity is not neg-
ligible because strong drive heats up the cavity. Thus, we set
(nen,c) = 0.5 in simulations to /27 = 37.0 MHz, 52.6 MHz
in Fig. 3(c), and find that it fits well with experimental results.
As shown in the middle part of Fig. 3(c), when the driving

strength Q = Ay = 27w x 37.0 MHz, the oscillations in mea-
sured g\ (7) are modulated by the cavity field and the driving
field simultaneously. It is quite different from the oscillations
in measured gV (7) when /27 = 14.5 MHz or 52.6 MHz in
Fig. 3(c).

IV. DYNAMIC EVOLUTION OF THE TRANSMON-CAVITY
COUPLED SYSTEM

As we mentioned earlier, Eqs. (1) and (3) are different
for the process before the artificial atom goes into the steady
state, so we use the Hamiltonian in Eq. (1) to simulate the
dynamics of the coupled system. The state of the qubit can be
characterized by measuring the signal output amplitude ()
and power P(t) through the waveguide, as I(¢) is shown in
Eq. (6) and

Py = (@)[1 T (o). ©)

In order to compare the difference of evolution between singly
dressed states and doubly dressed states, we show the evo-
lution of {(oy) =Im{(o_)} and (o;) of the qubit from the
ground state |g) to steady state when Q = 2w x 14.5 MHz
and Q2 = 27 x 37.0 MHz in Figs. 4(b) and 4(c), respectively.
We change the duration ¢ of the pump pulse to let the qubit
evolve to different states on the Bloch sphere as |, (¢)) =
cos[6,(t)/2]|0) + sin[6,(¢)/2]|1), where 6,(¢) is the Rabi an-
gle. Meanwhile, we detect the output amplitude and power of
the qubit through the waveguide in real time [Fig. 4(a)]. The
population of the qubit oscillates with certain Rabi frequen-
cies and decays before it reaches the steady state. The decay
is caused by the relaxation rate of the system. Unlike the evo-
lution of a qubit resonantly driven by a classical driving field
with 0,(t) = Q2 or of a qubit coupled to a cavity field [44,45]
with 6,(1) = | /48> + (w, — w.)?, the Rabi frequencies in our
system are complex. From the insets in Figs. 4(b) and 4(c),
we can see that there is more than one oscillation frequency.
The high and narrow central peak contains the signal of the
Rayleigh scattering part. Leaving out the Rabi frequency at

+,/4¢2 + A} ~ +27 x 39.0 MHz caused by the coupling

with the cavity, the other frequencies are equal to the peak
positions of the resonance fluorescence spectrum in Fig. 2(a)
with the same input driving strength. The measurement data
have some distortion in Fig. 4(c), caused by the limitation
of the sampling rate from our data acquisition card and the
low emission efficiency of the qubit. The black solid lines in
Figs. 4(b) and 4(c) are fittings using the master equation with
the original Hamiltonian in Eq. (1), because the drive also
populates the cavity with photons, which affects the evolution
of the qubit.

Next, we compare their different behavior in the sponta-
neous emission process of the qubit. As shown in Fig. 4(d),
we prepare the qubit into the excited state |e) with the & pulse
and measure the free evolution process of energy by collecting
the output power of the qubit with different waiting time 7'. To
obtain energy relaxation time 7; of the qubit, we fit the power
traces by exponents in Figs. 4(e) and 4(f) with e=7/71, The en-
ergy relaxation time of doubly dressed states 77 p = 180 ns is
longer than that of single dressed states 77 s = 68 ns, which is
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FIG. 4. (a) Pulse sequence of the evolution detection in (b) and (c)

and schematic evolution of the transmon on the y-z cross of Bloch

sphere. (b) Time evolution of the quantum states (o,) and (o) with /27 = 14.5 MHz. Time interval for each experimental point is 2.5 ns.
The insert is Fourier transform of experimental time evolution. (c) Time evolution of (oy) and (o) with /27 = 37.0 MHz, corresponding to
the doubly dressed situation. (d) Pulse sequence of the power trace detection in (e) and (f) and the corresponding evolution on the Bloch sphere.
(e) Single power trace at 6, = m, corresponding to the state |e) of the transmon for /27 = 14.5 MHz. (f) Single power trace at 8, = 7 for
Q/2m = 37.0 MHz. The red dotted lines and red dots here are the experimental data, while the black solid lines are the calculated data using

the master equation.

consistent with the change trend of the central peak linewidth
in Fig. 2(a) (see Appendix D). Therefore, an additional mod-
ification from the cavity can improve the energy relaxation
time of the qubit when « < y,. The solid curves in Figs. 4(e)
and 4(f) are simulation results using the master equation.

In the past 20 years, there has been significant attention
paid to the degradation of coherence or efficiency due to the
coupling of a qubit [46] or a quantum emitter [41] to unwanted
degrees of freedom, such as two-level defects or parasitic
modes in the environment. Our experiments provide a method
to ascertain whether a driven qubit or driven emitter is coupled
to unwanted degrees of freedom in the environment. As shown
in Figs. 4(b) and 4(c), we reveal the dynamics of a driven qubit
coupled to a cavity by time-domain measurements. The cavity
mode can be considered as an unwanted degree of freedom in
the environment. In Fig. 4(b), the driven qubit is still detuned
from the cavity and the qubit shows more like a free evolution
process. There is a typical Mollow triplet structure shown in
the insets. In Fig. 4(c), the driven qubit is strongly resonant to
the cavity and the dynamics have to be described by the driven
qubit-cavity coupled system. The qubit is strongly modulated
by the cavity and the spectrum structure changes drastically
as shown in the insets. In future experiments, it would be
advantageous to avoid coupling driven qubits or emitters to
unwanted degrees of freedom such as two-level defects in
the environment.

V. DOUBLY DRESSED RESONANCE FLUORESCENCE
FOR NONVACUUM STATE IN THE CAVITY

In the above experiments, the mean photon number in the
cavity is close to zero. However, with some photons in the
cavity, the resonance fluorescence spectra of the qubit-cavity
coupled system will change because more energy levels of the
doubly dressed states need to be taken into account.

In Fig. 5(a), we apply an additional continuous pump
with the frequency w,. that resonantly populates the cavity.
Besides, the driving field with the amplitude /P and the
frequency w, is resonantly applied to the qubit through the
cavity. The amplitude of w). is designed to keep the mean
photon number (n) in the cavity to be 1.4. With (n) > 1, the
states |N, £2) will be present. As shown in Fig. 5(c), the
energy spacing between |N, 2) and |N, —2) is 2+/2g;, which
is not equal to the space between |N, 1) and |N, —1). The new
transitions |N, £1) — [N — 1, £2), [N, £2) — |N — 1, 1),
and |N, £2) — |[N — 1, £2) will generate new peaks in the
emission spectrum, which are marked by lines with arrows
and numbers with subscripts in Fig. 5(c). These new peaks are
located at frequencies wy; £ Ag £ (\/5 + 1)g1, wy, and wy £
Zﬁgl. However, for peaks 2; g and 3 g, the frequency spac-
ing from wy; &+ Ag is (ﬁ — 1)g; &~ 2w x 1.6 MHz, which is
smaller than the linewidth of the qubit, so they overlap with
each other and form the peaks at wy £ Ag. Therefore, we
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FIG. 5. (a) The resonance fluorescence spectra of a qubit against
driving amplitude +/P, when there is one photon stored in the cavity.
(b) The corresponding spectrum of doubly dressed states marked
by orange arrows in (a). The 6 f of the marked peaks are §fi; 1r =
+47 MHz, 6 fa 4 = £27 MHz, and 6 fip,4n = £11 MHz. (c) The
energy levels and related transitions of the doubly dressed states with
one photon in cavity.

observe the resonance fluorescence from an atom driven by
two classical fields which is similar to the results reported in
Ref. [34]. We show the corresponding measured spectrum of
the above analysis in Fig. 5(b). When the driving amplitude
of the qubit is equal to Ay, we can see 2y, 17 g, and 47 gy
in the spectrum. The spacings of these peaks from w; = Ay
and w; become larger compared to the results in Fig. 2 and
reach 27 x 10 MHz [~ (ﬁ—i— 1)gi] and 27 x 11 MHz (~
24/2g1). We attribute the peak at 8 f = — A, to the four-wave
mixing with the artificial atom [47]. Overall, the spectrum
here is very close to that of two classical driven fields in
Ref. [34] which has nine peaks. When (n) > 1, the frequen-
cies of (1,2, 3,4),.r would be wy + Ag + (v/n + 1+ /n)g
with (v/n + 1+ /n)g1 ~ 24/ng1 and (vn+ 1 — /n)g; ~ 0.
As a result, the cavity field can be equivalent to a classical
field with driving strength Q. = 2,/ng;. For our system, this
assumption holds when (n) > 1.

From Figs. 2 and 5, we can observe the resonance fluores-
cence crossover of an atom from being driven by a quantum
vacuum field and a classical field to being driven by two
classical fields through populating the photons inside the cav-
ity. The most essential difference in the two cases is that the
nonuniform energy level spacing of the doubly dressed states
caused by the coupling between the cavity and the atom and
depends on the mean photon number inside the cavity. The
coupling strength (+/n+ 1 — /n)g; will bring more peaks
and the existence of states with the cavity in vacuum field
will cause anticrossing in the emission spectrum when it is
larger than other dissipation rates in the system. However,
when (v/n + 1 — /n)g) is smaller than other dissipation rates
in the system, it shows resonance fluorescence from an atom
driven by two classical fields.

VI. CONCLUSION

In conclusion, we demonstrate the resonance fluorescence
of a transmon qubit driven by one classical field and one
quantum vacuum field of a cavity. The cavity acts as a modu-
lator of the resonance fluorescence and can induce sidebands
with asymmetric intensity of the spectrum, which has been
verified in Ref. [31]. We observe fundamentally different reso-
nance fluorescence that there are anticrossings in the emission
spectrum because the sideband of the Mollow triplet inter-
acts with the cavity in a strong-coupling regime. The results
in our experiment have not been reported by other systems
including the quantum dot system in Ref. [31]. The results
can be well explained by the theory of the doubly dressed
states. Furthermore, the distance between multimodal struc-
tures can be modulated by changing the mean photon number
inside the cavity, which is another interesting fluorescence
phenomenon modulated by a cavity. Due to the limitation of
the cavity-atom coupling strength, the driving field from the
cavity in our system is equal to a classical field when the mean
photon number inside the cavity is more than 1. Therefore,
the resonance fluorescence is similar to the emission spec-
trum reported in Ref. [34] where the atom is driven by two
classical fields.

By studying the dynamics of the transmon-cavity cou-
pled system, we measure the Rabi oscillations under different
classical driving strength and point out its relationship with
fluorescence spectra. Moreover, our experiment provides a
way to ascertain driven qubits or driven quantum emitters
coupling to unwanted degrees of freedom in the environment,
i.e., parasitic modes or two-level defects, which is harmful for
superconducting quantum computing and quantum networks.
Furthermore, we verify that the central component can have
subnatural linewidth in this system when k¥ < y. Our exper-
imental results are consistent with the theoretical models in
Ref. [30]. Through our work, the control range of resonant
fluorescence by cavity field is expanded, which helps people
to have a more in-depth and systematic understanding of res-
onance fluorescence properties under doubly driven fields.
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APPENDIX A: MEASUREMENTS OF PHYSICAL
PARAMETERS OF DEVICE

1. Transmon qubit

As shown in Fig. 1(a), the transmon qubit consists of a DC-
SQUID and a parallel capacitor. The transition frequency from
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FIG. 6. Transmon qubit reflection spectra as a function of biased
flux 8¢ dependence and fitting curves for Ey; (blue) and E}, (green)
using Eq. (A1), with ¢g = h/2e.

the state |n) to |n + 1) of the qubit can be expressed as [48]

fiwn i1 = v/8EjEc cos(md¢/¢o) — Ec(n+1),  (Al)
where 8¢ is the externally biased flux through the SQUID
loop, ¢o is the magnetic flux quanta, and E; and Ec are
Josephson energy and charging energy, respectively. In our ex-
periment, E;o/h = 13.25 GHz and E¢/h = 0.625 GHz, which
are obtained by fitting the energy spectrum in Fig. 6 with
Eq. (A1). The measured anharmonicity o, = w1 — wy at the
sweet point is equal to —E,/h.

From Refs. [16,49], we know that the reflection coefficient
of a waveguide coupled with a qubit can be expressed as

Ve I —idw/ys
Y 1+ Go/y)* + Q2 /(niy)

(A2)

Te =1

where y, is the energy emission rate of the qubit to the
waveguide. y; is the incoherent energy relaxation rate, and
y; is the total dephasing rate, containing the energy decay rate
and the pure dephasing rate. When the probing power is weak
(2 K y1, ¥2), 1 can be simplified as

Ve 1

_——, (A3)
v l+idw/y

~
rer'\/

that is, a circle of radius of y,/2y on a complex plane. Note
that the qubit frequency in our experiment is detuned from
the cavity, so Eqgs. (A2) and (A3) can still be used in our
system. We measure the reflection lines with probing power
from —149 dBm to —127 dBm with a step of 2 dBm, as
shown in Fig. 7(a). Fitting the data with Eq. (A2), we find that
the emission efficiency of the qubit is n = y,./2y, = 0.62,
when Q2 — 0, which is also the radius of the largest circle in
Fig. 7(a). The peak width in Fig. 7(b) corresponds to the total
dephasing rate of the atom as y, /27 = 2.8 MHz.

2. Coupling between the transmon and cavity

Figure 1(a) shows that the other side of the qubit is
connected to a coplanar waveguide (CPW) resonator, which
exhibits a frequency of 6.777 GHz and a linewidth of 1.5 MHz
according to the measurements presented in Fig. 8(a).

To obtain the interaction strength between the qubit and
the resonator, we tune the transition frequency of the qubit to
observe the anticrossing in the reflection spectrum as shown
in Fig. 8(b) and fit it with the Jaynes-Cummings model. In
this experiment, we find that the coupling strength is g./2m =
7.5 = 1 MHz. Finally, we summarize all the parameters of the
device in Table 1.

APPENDIX B: CALCULATION OF THE
TRANSMON-CAVITY COUPLED SYSTEM

1. Equivalent circuit of the system

Figure 9 shows the equivalent circuit diagram of our
device. The transmon qubit is coupled to the LC oscilla-
tor (cavity) through a capacitor C; (C, < C,, Cy); the total
Hamiltonian of the coupling circuit is [39,50]

A qf\)
A = 4E i+, — Eycosgp + =4 + 2 (B1)
2C, 2L,

where 71, = CgQA /(2eC,). E. = ¢*/2Cs, is the charge energy
and Cy = C; + 2C; is the total capacitance of the qubit. Due

(b) 1
6.82
0.8
6.784 2
0.6
: . 6.74
6.77 6.78 184 188 192
Frequency (GHz) 5¢p/dy x 10°

FIG. 8. (a) Reflection line of the cavity fitted by Lorentzian with
probing power —136 dBm. (b) Reflection spectroscopy of the trans-
mon qubit as a function of §¢ near the cavity mode.
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TABLE I. The basic parameters of the device.

Parameter Value
Qubit maximum frequency w, /27 7.500 GHz
Qubit working frequency w, /27 6.814 GHz
Qubit energy relaxation rate y; /2w 3.6 MHz
Qubit pure dephasing rate y,, /2 1.0 MHz
Qubit relaxation rate to the waveguide y, /2w 3.5 MHz
Nonradiative relaxation rate y, /27w 0.1 MHz
Cavity frequency w./2mw 6.777 GHz
Cavity decay rate «./27w 1.5 MHz
Coupling strength g. /27 7.5 MHz

to the existence of the DC-SQUID, the effective Josephson
energy E; of the qubit can be tuned by the external flux. Oy
and &, are the defined charge and flux operator of the cavity.
The defined charge number operator and phase operator of the
qubit are 2 = Q/2e and ¢ = (27 /Do) Dy with &y = h/2e.
Following the quantization procedure in Ref. [50], the conju-
gate variables can be represented by oscillator operators as

P 1/4(13*—13) o5 = 2E, 1/4(13T+13)~
2\ 2E, ’ E; ’

Op=i F’(AT ), @ —,/hz’ww)' (B2)
A =1 2Zra a), A = ) a a);

with Z, = /L, /C,. Expand cos @p to the fourth order and use
the rotating-wave approximation; the system Hamiltonian can
rewritten in the quantum harmonic oscillator bases as

N ain Ec niaian A o
A ~ hwb'b— TCbTbTbb + howd'a + hge(b'a + baby,
(B3)
where w. = 1/4/L,C, is the mode frequency of the cavity
and fiw, = /8E;E. — E.. The approximation in Eq. (B3) is

suitable when the coupling strength g, is much smaller than
the system frequencies and g, can be calculated by

o Co (BT ez (B4)
8e =@ e \2E, 2

From Eq. (B3), we can see that the transmon qubit has
a nonlinearity term which is proportional to E. and makes
its energy levels become non-equidistant. Therefore, we can

CCAC B
—A——=

CWI I Waveguide
Il

\/
N\
©
\ 2/
N\

Transmon

Cavity

FIG. 9. Circuit diagram of the device shown in Fig. 1(a).

treat the transmon qubit as a two-level atom by making
the replacements bt — 6+ =le)(g| and b—6_= |g){el.
Then we can get the Jaynes-Cummings Hamiltonian of the
system as

. i
Aic = hod'a + %az +hg@'6_+a6,).  (BS)

2. Effective driving strength for the transmon qubit

In our experiments, the driving field is introduced from the
cavity side and the driving frequency w, is largely detuned
with the cavity. The full Hamiltonian of the process under the
rotation picture of wy is

A, Q.
H=Aa"a+ -0 +gc(d'o_ +aoy) + 7((1 +a™),
(B6)

where €2, is strength of the driving field. Using the displace-
ment operator as the unitary transformation

U = D(a) = exp(aat — a*a), (B7)

and omitting the constant terms, we can obtain
T + Aa T
UHU' =A.a"a+ 702 + g.(a'o_ +aoy)
— ge(@*o_ +aoy) — A(aat + a*a)
Qe +
When o = Q./2A., Eq. (B8) will be simplified as

+ + 4 A + $2
UHU' = A.a"a+ 702 +gcla'o_ + amr)—i—g(a, +0.),
(B9)
with

Q= —2ga = —g.Q/A.. (B10)

Therefore, if the input signal is detuned from the cavity res-
onant frequency, its influence can be equivalent to the atom
using Eq. (B10).

3. State vectors of the doubly dressed states

We consider the energy splitting (Aw,) between the ground
lg) and excited |e) states of the transmon qubit. With a
strong driving field (w,, 2), the effective Hamiltonian of the
system is

1 Q
Hy, = EAaO—z + E(U-&- +o-),

with A, = w, — wy. The eigenstates and eigenvalues of Hy,
are

(B11)

Hg.li, N) =[Nwy — (=1)'Q]li,N), i =1,2, (B12)
12, N) =sin¢|g, N) — cos ple, N — 1), (B13)
|1, N) =cos¢|g, N) +sin¢le, N — 1), (B14)

where cos?p =1 — 24, § =2, @ =2(1+6%)"% and N
is the mean photon number of the driving field. In our ex-

periments, we let A, = 0, so cos ¢ = 1/+/2. Considering the
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dissipative coupling with the cavity (H, = w.a'a), the nonin-
teracting states have degeneracy, when w, = wg; — 2€2, as

Ein_1n+1y = Epnm =N +n)os — 2n+ D,  (B15)

where n is the mean photon number of the cavity and
[i,N,n)=[i,N) ® |n).

When including the coupling term [W = g.(a'o_ + ao )]
between the transmon and the cavity, we can expand Hy, +
H. + W under the basis vectors [|T,N —n,n, |§,N —n+
I,n—1)]" as

Ey —g1/n
H=Hy+H +W= , B16
da T + (_glﬁ Eo ) ( )

with g; = g. cos? ¢ and Ey = Nwy — (2n — 1)Q2. The eigen-

values of H are
Eyin=Nog — 2n—1DQ £ g1v/n,

with eigenstates which are also called doubly dressed states,

(B17)

IN,n) = —[|2,N — n,n) —

f

N, —n) = 7 [12,N —n,n)+|I,N—n+1,n—1)].
(B19)

I,N—n+1,n—1)], (B18)

4. Transition probabilities between doubly dressed states

The transitions between doubly dressed states are realized
through operator o, of the transmon and a' of the cavity. We
can expand o in the picture of doubly dressed states as

o4 =

> IN.a)N. nloy [N/, W) (N, 1|

n,n',N,N'

Y IN.)(N = 1n'|(N.nloy [N — 1,n')
n,n' ,N

= Z Pn.n’ NOnn' N, (Un,n’,N,N’ =0, if N’ ?é N—-1)
n,n',N

(B20)

with Pnw' N = |N7 I’l) (N - 1, I’l/| and Onnw/ N = (N, }’l|0’+|N -
1, n’). The transition probabilities caused by o are
Vanw =y N, £nlos [N — 1, £0) [ = ylo,nnl?,  (B21)

J

and can be detailed as

ylsingcosp|?, Fn' = +n=0,1, ...,

0, tn =4+n=1,2,...,

Lylsing*(1 +8,0), W =n—1=0,1,...,
Lyleospl* (1 +840), W' =n+1=1,2,....

Y+nnw =

(B22)
We can get the transition probabilities caused by a' as
Kanw =K|(N, £nla'|N — 1, £n)]?
f,n =x(n—-1)=0,
= 2(\/n—i- +.4/n), £ =+ —-1)#0, (B23)

LWt 1= ), 5 = £(n— 1) £0.

Therefore, the total decay rate of state |N, n) to lower states is

Fin =Y4n + Kin

| v/2,n#0 " 5Q2n—1),n#0
“lycos’p, n=0 0,n=0
L4 @Qn—1), n#0
_]lz1+3 ; ;
_{ ycos’p, n=0. (B24)

As shown in Ref. [30], we can find that the populations of
state |N, n) are

M, =1 l—[ y sin* ¢
- ycos¢+(2m—l)lc

=1,2,... (B2))

and I1_, = I1,,, where I is the normalization coefficient and
represents the populations of state |N, 0).

5. Asymmetry of the fluorescence spectrum

Using the quantum regression theorem, the steady-state
emission spectrum of the transmon can be simplified as

S(w) =" lim [Re / o+ r)o(t»dr]
t—00 0

0o
= ﬂ_lRe/ e ' Z 0'n,n’,N<;0n,n’,N(T)O;>sd‘['
0

n,n' ,N

(B26)

According to the derivation process of Ref. [30], the spectra
around (w, + ) are

Vunet Uy (i gy

J (B27)
VS o — 00— QEa(Wn+TE P+ Do rregn

n nr[” r n
W (B28)

1 o0
_T[yn;i[a) W, — Qo E g (Vn+1E WP+ Ty regm
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FIG. 10. Schematic diagram of the measurement setup.

with the linewidth Fi(\/mt/ﬁ) =y/24+ncforn=1,2,...
or %(% +sin® ¢) + & forn=0.

For the experimental results presented in Fig. 2, the in-
tensity of S (w — w, — Qo) depends on yy ITolx;, while
SD(w — w, + Q) depends on y; oI1;'1;. Because A = 0in
our experiment, y;0 = Yo,1 = ¥ /8 according to Eq. (B22).
However, the spectra intensity around w, — 2 is smaller
because IT; = Iy /(y + 2«) < .

APPENDIX C: MEASUREMENT SETUP AND METHOD

1. Measurement setup

As shown in Fig. 10, our time-domain measurement uses
the heterodyne demodulation setup. The input signal is gen-
erated with the single-sideband modulation technique, which
up-converts the 80 MHz signals from an arbitrary wave gen-
erator (AWG) to the transition frequency of the qubit. The
output signal from the device is transmitted through a circula-
tor and mixed with vacuum state by using a 90° hybrid coupler
at 20 mK stage. Then, the mixed signal is split into two signals
and transmitted in two channels with nominal identical gain,
respectively. The signals in the two channels are amplified by
cryo-amplifiers (HEMT) at 4 K stage and amplifiers at room
temperature. Then, we can detect the correlation function of

the output signal emitted from the device or evolution dy-
namics of the device using this Hanbury Brown-Twiss type
measurement. Before the amplified signals are collected by
the data acquisition (DAQ) card with 400 MHz sampling
rate, they are down-converted to 80 MHz. The subsequent
calculation of the correlation function and other parameters
are carried out by GPU in real time. Measurement of device
parameters in Appendix A is done by a vector network ana-
lyzer (VNA), when the single-pole dual switcher in Fig. 10 is
at position 2.

2. Measurement method of the emission spectrum

To investigate the steady-state properties of our system, we
generate a square pulse with 6 us off and 4 us on. The off time
is long enough to ensure the qubit resets to its ground state
before being excited again. The emitted signal from the qubit
is split into two channels as 1,(¢) and I,(¢) by a hybrid coupler
with one input port terminated with a 50 €2 cryogenic termina-
tor at 20 mK. After being amplified with a gain factor g4y, the
two signals are down-converted to intermediate frequency (IF)
signals at 80 MHz by the IQ mixer and digitized by the DAQ.
Finally, the recorded IF signals are further processed by the
GPU. This concludes conducting a digital down-conversion
from 80 MHz to 0 MHz, a digital low-pass filter with the
bandwidth of 70 MHz, and correlation calculations of the two
signals S,(¢) and Sp(¢) as

rO) = [ (508 + o

= FODIFS.0] x FISy@1l,

where F means Fourier transform.
The hybrid coupler can be treated as a 50/50 beam
splitter that mixes the emission signal from the qubit

(CD)

r(t) [r(t) = /Y.0—(t)] and the noise from the terminated port
v(t), so the outputs I, (¢) can be expressed as
r(t) + iv(t) ir(t) + v(r)
L) = ——F——, L{t)= ——F—. (€2)
V2 ’ 2

Note that the influence of noise cannot be ignored during
the measurement of weak microwave signals at low temper-
ature. Marking the noise from the amplifiers as F,), we can
expressed S, (t) as [43,51]

Sar) (1) = /8aw)lar)(t) +

Therefore, the calculated cross correlation function using the
amplified modes is

ri) =i—”§“gb Ve / (04 ()o_(t + T))dt

8ty — 1F, (1), (C3)

- ivi“g” / W (O + 7))dt
+V(ga — gy — 1) f (FJ(t)Fy(t + 1))dt
i\/gagb

__Vvoass . (1) (1)
=7 ve8 (1) + F/,g (1),
where the second line in Eq. (C4) is the correlation of back-

ground noise Fl(,;) (7). F;;)(T) can be determined by detecting

(o))
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FIG. 11. (a) Measured resonance fluorescence spectrum includ-
ing Rayleigh-scattering peak (red dots) at the driving strength
Q/2m = 8.5 MHz and the simulated result using the master equa-
tion (solid line). (b) Measured Mollow triplet with different driving
strength at low power after removing the Rayleigh-scattering peak.
Red dots represent 2/27 = 8.5 MHz, green dots represent /27 =
14.5 MHz, and yellow dots represent 2/2m = 16.3 MHz. The black
solid lines represent the corresponding simulation results.

the correlation function of output signal when the input-driven
source is turned off. Then, we can get the first-order correla-
tion function of the emitted photons from the qubit as
(1) — 2
g (1) =7 (C5)
1\/8a8bYe
If the length of the detection chains behind the hybrid coupler
is different, a phase factor e should be considered into the
coefficient.
The emission spectrum can be obtained by the Fourier
transfer of the first-order correlation function, as

[TD(r) - r,gi,)(r)].

S(w) = %Re / gV(v)e @ dr. (C6)
To improve the frequency resolution A f, we need to increase
the sampling time to collect more signals when the sampling
rate is set as 400 MHz (2.5 ns for one point). In our ex-
periment, we collect 2400 points at once, half of which are
signals with AWG off and half of which are with AWG on. So
the resolved frequency resolution is A f = 0.3 MHz, which
ensures the detection of fine structures in the spectrum.

The measurement of the correlation function of weak
signals in the microwave regime is technically challenging,
because of the very poor signal-to-noise ratio affected by
the cryogenic preamplifier (HEMT) with nominal noise tem-
perature around 4.2 K. Therefore, large averaging times are
needed to get clear and reliable experimental results. To speed
up the data processing procedure, we use the remote direct
memory access technology, which transfers the data from
DAQ directly to the GPU memory via PCle bus without the
involvement of the CPU. For calculation, we use the GPU with
10 752 compute unified device architecture cores to realize
parallel processing. Here, our spectrum data are averaged
over 3 x 107 measurements within 0.85 h, mainly limited
by the pulse time. Compared to the spectrum analyzer, our

FIG. 12. (a) Linewidth of central peaks against /P in the ex-
periment. The fittings of peaks are done by Lorentzian curves.
(b) Linewidth of central peaks from simulation data. The gray dashed
line is the driving amplitude that causes the doubly dressed state.

measurement has been improved both in speed and signal-to-
noise ratio.

3. Resonance fluorescence spectrum including
Rayleigh-scattering peak

When the driving strength is weak and much less than
the detuning A between the qubit and cavity, the emission
spectrum shows the features of a traditional Moller triplet.
The spectrum of fluorescence has two components [2,3]—the
elastic Rayleigh-scattering peak at the driving frequency [the
narrow and high peak at § f = 0 in Fig. 11(a)] and the incoher-
ently scattered peaks [the broad and low-amplitude triplet in
Fig. 11(a)]. The elastic Rayleigh-scattering peak is a § func-
tion in theory and one point at § f = 0 in the spectrum due to
the limited frequency resolution of data acquisition, so we can
remove this point and focus on the incoherently scattered fluo-
rescence spectrum. The simulation line in Fig. 11(a) considers
the finite bandwidth of our measurement, which affects the
height of the Rayleigh-scatter peak. We also show the fluores-
cence spectrum at different driving strength in Fig. 11(b). The
frequency distance €2;/27 between the center peak and each
side peak has a linear dependence on the driving strength in
the emission spectrum, as 2, = 2 when the driving frequency
is equal to the transition frequency of the qubit.

APPENDIX D: LINEWIDTH OF CENTRAL PEAK

In Figs. 4(e) and 4(f), we can see that the energy relaxation
time is extended at the doubly dressed situation, which can
also be shown by analyzing the linewidth of the central peak
in the spectrum. The linewidth has a minimum value, when
the system is in the doubly dressed state as shown in Fig. 12.
The trends of the theoretical and experimental results are
similar. The changes of linewidth are caused by the dressing
effect from the cavity. This effect shows up when the driving
strength is close to the detuning between the qubit and the
cavity. However, the decay rate of cavity in our experiment
is only about 46 percent smaller than that of the qubit, so the
decrease of central peak linewidth is not very obvious.
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