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We consider the dynamics and stationary regime of a capacitively-shunted transmon-type qubit
in front of a mirror. The qubit is affected by probe and dressing signals. By varying the parameters
of these voltages and then analyzing the probe signal (reflected by the “atom plus mirror” sys-
tem), it is possible to explore the system dynamics, which can be described by the Bloch equation.
The obtained time-dependent occupation probabilities are related to the experimentally measured
reflection coefficient. The study of this type of dynamics opens up new horizons for better under-
standing the “qubit plus mirror” circuit properties and the underlying physical processes, such as

Landau-Zener-Stiickelberg-Majorana transitions.

I. INTRODUCTION

Topics related to quantum computing are attracting
considerable attention [1-5]. One of the most promis-
ing building blocks of such devices are superconduct-
ing qubits (see, e.g., [6-8]). These can be operated at
nanosecond scales with milli-second coherence times [9],
are controlled by microwaves and have lithographic scal-
ability [10]. Therefore, investigations of superconducting
qubits could help the development of quantum comput-
ers.

A superconducting qubit in a semi-infinite transmis-
sion line [11] is important for quantum electrodynamics,
especially waveguide quantum electrodynamics (WQED)
[12-14]. For example, in Ref. [15] it was found that a
transmon qubit embedded at the end of a transmission
line can amplify a probe signal with an amplitude gain
of up to 7%; while a single quantum dot [16] and natural
atoms [17] show the signal amplifications at much lower
levels: 0.005% and 0.4%, respectively. The investigation
of our system can also address interesting physics issues
in WQED, including: dynamics in atom-like mirrors [18],
collective Lamb shift [19], generation of non-classical mi-
crowaves [20], dynamical Casimir effect [21], cross-Kerr
effect [22], photon routing [23], probabilistic motional av-
eraging [24], etc.

Driven quantum systems can be described in terms of
Landau-Zener-Stuckelberg-Majorana (LZSM) transitions
[25-28]. If driven periodically, these experience interfer-
ence. The corresponding LZSM interferometry is impor-
tant for both studying fundamental quantum phenomena
and as a convenient tool for characterizing quantum sys-
tems. The use of LZSM interferometry for controlling
quantum dynamics was studied in Refs. [28-34]. Quan-
tum logic gates can also be implemented using LZSM

dynamics [35].

In a preceding work, Ref. [36], we explored LZSM in-
terferometry spectroscopically, i.e. in the frequency do-
main. Taking advantages of the strong coupling between
propagating fields and qubits, as well as the ease of fabri-
cation, circuits with superconducting qubits in front of a
mirror provide a versatile platform to study the dynamics
of LZSM interference, as compared with other quantum
two-level systems.

The rest of the paper is organized as follows. Sec. II is
devoted to the description of the experiment. In Sec. IIT
the theoretical aspects of the problem are described; we
introduce the Hamiltonian of the system and the equa-
tion of motion which was solved to obtain the quanti-
ties shown. Sec. IV presents our results: the comparison
of the theory and the experiment is given; the general
patterns of the system are described and explained; ad-
ditional results are given in Appendix A. In Sec. V we
present our conclusions.

II. EXPERIMENT

Our device consists of a transmon qubit, embedded at
a distance (L ~ 33 mm, where the resonant frequency
corresponds to 1.84)) of a finite quasi-one-dimensional
transmission line with characteristic impedance Z; ~
50€, as shown in Fig. 1 (a,b). The transmission line al-
lows the formation of standing EM waves along the trans-
mission line, therefore, the voltage field strength experi-
enced by the qubit can be controlled by the location of the
qubit in the transmission line, as illustrated in Fig. 1(a).
In principle, we could have used a short instead of an
open end for the transmission line. However, this changes
the boundary conditions. In particular, the phase of the
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Figure 1: Device and its characterization. (a) Conceptual sketch of the device: a two-level atom, point-like object (denoted by
Q), is coupled to a semi-infinite transmission line waveguide. The atom is located at a distance L ~ 33 mm (1.84), indicated by
the red curve, 1.75\50de, indicated by the blue curve) away from the mirror (capacitance). A pump tone with frequency wpump
is applied to modulate the transition frequency of the two-level atom. A weak probe tone with frequency wy, is applied to the
atom-mirror system to measure the reflection coefficient. (b) Micrographs of the device. The magnification of the active qubit is
shown to the left, where the superconducting qubit is intentionally designed to be weakly coupled to the transmission line. The
weak coupling enables us to measure the temporal dynamics with a nano-second digitizer. This is the main difference between
this work and a previous one [36] which focused on the stationary regime. A capacitor to ground, which creates an antinode
voltage field at the end of the transmission line and acts as a mirror, is shown to the right. The transmission line ends in
another qubit, which is designed for another experiment and is not participating in the experiment (because it is far detuned).
(c) Contains a scanning-electron-microscope picture of the qubit dc-SQUID which enables flux tunability. (d) The experimental
setup shows the probe tone and pump tone being applied to the atom-mirror system. Panels (e) Vector Network Analyzer
[VNA], Signal Generator and (f) Arbitrary Waveform Generator [AWG], Local Oscillator[LO], Analog-to-Digital Converter
[ADC] show the setup for Figs. 2, 3 and Figs. 4, 5, 6, 7 respectively.

tuned by the external magnetic flux ® of a magnetic coil.
The detailed measurement setup is presented in Fig. 1(d).
Here wy, is the probing frequency (indicated by red color),
a continuous wave created by the vector network analyzer

incident wave acquires a 7 phase shift, instead of a zero
phase shift. And the voltage at the end of transmission
line would be at the node instead of at the antinode. Fig-
ure 1 (c) contains a scanning-electron-microscope picture

of the qubit de-SQUID which enables flux tunability. We
only consider the lowest two energy levels of the trans-
mon, and neglect all the higher levels. The energy split-
ting of the two-level atom is fuww1o(®) ~ \/8E;(®) Ec—Ec,
with charging energy E¢ (which is approximately equal
to the anharmonicity), Ec = ¢?/2Cs, where e is the el-
ementary charge and Cx is the total capacitance of the
transmon, and the Josephson energy Ej, which can be

or the microwave pulse from the arbitrary wave genera-
tor; we input the continuous wave with pump frequency
Wpump by the RF source (indicated by purple color).



Parameter Description Value in Ref. [36] Current value
Wnode Node frequency 27 x 4.75 GHz 27 x 4.38 GHz
w10 Qubit frequency ~ Wnode 21 x 5 GHz

0 Pump amplitude ~ 21 x 0.1 GHz < 27 x 40 MHz
Wpump Pump frequency < 2w x 0.1 GHz 2w x 1~ 15 MHz
Wp Probe frequency ~ Wnode 21 x 5 GHz

Iy Relaxation rate < 27w x 5 MHz 27 x 0.28 MHz
Iy Pure dephasing rate ~ 2m x 3 MHz 21 x 0.61 MHz
I';=T1/24T, Decoherence rate ~ 27 x 5.5 MHz 27 x 0.75 MHz

Table I: Comparison of parameters between this work and a previous one, Ref. [36].
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Figure 2: Reflection coefficient (magnitude response in red
and phase response in black) as a function of probe frequency
wp for a weak probe (—166 dBm), see Fig. 1(e) with pump off.
Data is shown by circles and the solid curves are the fit, using
a similar fitting method as in Ref. [37].

A. Characterizing the qubit by single-tone scattering with a
weak probe

We characterize our qubit by a single-tone scattering
with a weak probe, see Fig. 2. Fitting the magnitude
and phase response of the reflection coefficient r by us-
ing the circle fit equation Eq. (1) [38] one could extract
the resonant frequency wyg, the relaxation rate I'y and
decoherence rate I's:

Iy
I's + i(wp — wlo) ’

(1)

here r is defined as the reflected field amplitude divided
by the incoming field amplitude. The extracted values
are the following: wyo/27 = 5GHz, I'; /27 = 0.28 MHz,
and I'y /27 = 0.75 MHz. These parameters will be used
in the theory later. Note that we assume the incoming
amplitude to be the same as the reflected amplitude when
the qubit is detuned. By using two-tone spectroscopy, we
know that Fc/h (anharmonicity) = 220 MHz (data not
shown), which is much larger than any Rabi frequency
in this work, and our two-level atom assumption is valid.

From wyg and E¢, we know that Ej/h = 15.5 GHz.

B. Reflection coefficient versus pump power and probe
frequency

We apply both probe and dressing (pump) signals to
the transmission line and the on-chip flux line (which
modulates the transition frequency of the qubit), respec-
tively. We then measure the reflection coefficient r in
the (steady state) frequency domain, see Fig. 1(e). Both
frequency and power for the pump tone and probe tone
are all tunable. Here, we scan the frequency of probe wy,
frequency of pump wpump, power of pump Ppymp, and
measure the reflection coefficient |r| with a fixed power
of the weak probe tone.

The results are shown in Fig. 3. In each subplot of
Fig. 3, we fix the pump frequency, vary the pump power
(y-axis) and probe frequency (z-axis). We see a LZSM
interferometry pattern, where we clearly observe multi-
photon resonances, which occur at w, — wip = Aw =
kwpump, where k is an integer number. From the ex-
perimental and theory plots, one can calibrate the Rabi
frequency and the pump power. In addition, from these
plots it is possible to extract qubit parameters, such as
the relaxation rate I';, pure dephasing rate I'y, and de-
coherence rate I's. The parameters obtained are shown
in Table I. Note that the & = 0 transition is observed
because we tune the qubit frequency away from the node
frequency, similar to Fig. 5(c) in Ref. [36]. If the qubit is
at a node then a transition for k = 0 is not observed (see
Fig. 5(b) in Ref. [36]).

As shown in Fig. 3(b), the higher pump powers allow
to resolve more side-bands, visible there up to k = £5.
The experimental LZSM interferometry pattern shown
in Fig. 3(a,b,c) matches very well with the theory in
Fig. 3(d,e,f). Also one can see the drift on the multi-
photon resonance at high power in (c¢), which is due to
flux drift (caused by environmental background flux), be-
cause the resonance frequency is controlled by the flux.
Detailed calculations are shown in Sec. III. Since we are
using a weak probe, the upper-level occupation probabil-
ity Py is low.
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Figure 3: LZSM interferograms. These are shown via the dependence of the reflection coefficient |r| on the pump power
Poump and probe frequency wp at fixed pump frequency wpump for a weak probe P, = —152dBm in the top panels (a,b,c)
for the experimental measurements. While the bottom panels (d,e,f) show the theoretically calculated upper-level occupation
probability Pi as a function of the probe frequency wy, and the pump amplitude ¢ for G(wp/27 = 5 GHz) = 27 x 0.7 MHz.
The qubit is irradiated by a pump with frequency (a) wWpump/27™ = 1 MHz, (b) wpump/27™ = 5MHz, (¢) wpump/27 = 10 MHz. In
(c), the drift on multi-photon resonance at high power is due to flux drift.

C. LZSM interferomentry of the system in the stationary
regime

In this subsection we give a brief comparison with pre-
vious related research, in Ref. [36]. The main difference
between these two studies is that in the previous exper-
iment the qubit was located in the node [blue curve in
Fig. 1(a)], thus it was "hidden” or ”decoupled” from the
transmission line. In other words, the qubit was exposed
to the electric field, but could not experience the electric
field because the qubit was located at the node. By tun-
ing the qubit to the node frequency, we could decouple
the k£ = 0 side-band and could now see the other side-
bands.

In this work, we tuned slightly away from the node
frequency [red curve in Fig. 1(a)], and we see the time
dynamics of the k& = 0 photon-dressed resonance. The
advantage of shifting slightly away from the node fre-
quency is in obtaining a long coherence time To = 1/15 ~
1/2m x 0.75 MHz ~ 212ns (see Table I), which is impor-
tant to observe the time dynamics of the photon-dressed

resonance, using a finite-time-resolution digitizer.

The time domain measurements were not made in
Ref. [36], because the relaxation rate and pure dephasing
rate were much higher than in the current work, where
the qubit-transmission line coupling is intentionally de-
signed to be weak. Regarding the relaxation time and
pure dephasing time in Ref. [36], we could not resolve
these with a finite bandwidth digitizer (5ns resolution),
because the dynamics was too fast.

Also, compared to the preceding work, the coupling
capacitor to the transmission line is decreased because
of the intended and desired weak coupling, where the
relaxation rate is smaller and the coherence time is larger.
This allows us to reveal the dynamics with a nano-second
digitizer. In order to keep the same charging energy,
which determines the anharmonicity, we have to increase
the shunt capacitance to keep the same total capacitance.
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Figure 4: Coherent dynamics of the transmon qubit: dependence of the reflection coefficient |r| (the upper-level occupation

probability Pi) using the probe power P,

= —146dBm [G(wp/2m =

5 GHz) = 27 x 1.4 MHz] and the pump power

Poump = —78.5dBm (6§ = 10 MHz) on the probe frequency w, and time ¢t. Plots (a,b,c) present experimental results, (d,e,f)
show plots built by data computed theoretically. The qubit is irradiated by a pump with frequency (a) wpump/27 = 5 MHz, (b)
wWpump /2™ = 10 MHz, (¢) wpump/27m = 15 MHz. Panels (d-f) show the corresponding data computed theoretically for the qubit

upper-level occupation probabilities P;.

D. Temporal dynamics of the atom-mirror under both pump
and probe signals

We study the time dynamics of the atom-mirror sys-
tem under both probe and dressing (pump) signals. In
particular, we send a probe square pulse (Gaussian rise
~ 10ns) to the transmission line and continuous sinu-
soidal wave pump to the on-chip flux line, see Fig. 1(f).
We measure the reflection coefficient as a function of time
and probe the frequency for a weak probe under the in-
fluence of a fixed pump power and fixed pump frequency.

In Fig. 4, each plot is taken at a fixed pump power
Poump = —78.5dBm and pump frequency. Note that
Wpump/2m = 5 MHz for panels (a,d); wpump/2m = 10 MHz
for panels (b, e); and wpump/27™ = 15 MHz for panels (c,
f). The probe pulse starts at the beginning of the plot
at t = 0. In Fig. 4 (a,b,c) the reflection coefficient re-
veals a transient dynamics starting at ¢ = 0. This tran-
sient dynamics, affected by the initial conditions, ends
up in a stationary solution, determined by the competi-
tion of driving and relaxation. In addition, we see the
time dynamics of the multi-photon resonances, which oc-

cur at Aw = kwpump, labelled by k = —2,—-1,0,+1, +2.
And the multi-photon resonances are slightly asymmetric
around k£ = 0. All of these features are consistent with
the theory described in Sec. III.

In Fig. 5, by taking line cuts of Fig. 4, we show detailed
features of the transient dynamics at various fixed pump
frequencies wpump. Moreover, in Fig. 6, we also fix the
pump frequency to 10 MHz and vary the pump power in
(a,b,c). We see the multi-photon resonances, occurring
at k = —1,41, becoming weaker and weaker from (a) to
(¢), as the pump power decreases.

In Fig. 5, we can see the line cut along Fig. 4 at
wp/2m = 5GHz. For a clearer comparison between the-
ory and experiment, the y-axis for the theoretical plots
was cropped and inverted. We see the transient dynam-
ics (oscillations with a frequency inversely proportional to
the pump frequency wpump) around Tp = 1/Ty ~ 212ns
for wpump/2m = 15MHz, where T > 27/wpump in
Fig. 5(c). When T5 ~ 27 /wpump, the transient dynamics
is not clear, as shown in Fig. 5(a). In the steady state, the
period of oscillations is the inverse of the pump frequency,
as expected. The theory plots show the upper-level oc-
cupation probability P;, where the transient dynamics is
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Figure 5: [Line cut of Fig. 4 along wp/2m = 5GHz| Coherent dynamics of the transmon qubit: dependence of the reflection
coefficient |r| (the upper-level occupation probability P;) on the time ¢ at fixed pump frequency wpump with w, /27 = 5 GHz,

P, = —146dBm [G(wp /27 =

5 GHz] = 27 x 1.4 MHz), Pyump = —78.5dBm (6 = 10 MHz). Plots (a,b,c) present experimental

results, while panels (d,e,f) show plots computed theoretically. The qubit is irradiated by a signal with frequency (a) wpump /27 =
5MHz, (b) Wpump/27m = 10 MHz, (¢) wpump/27 = 15 MHz. Panels (d,e,f) show the corresponding data computed theoretically
for the qubit upper-level occupation probabilities Pi. For a clearer comparison between theory and experiments, the y-axis of

the theoretical plots in (d,e,f) were cropped and inverted.

around 77 = 1/T; ~ 568ns. Also, for a better under-
standing of the qubit dynamics formation driven by the
flux pump, we show the case when pump is off. From
this, we learn that the features at ¥ = =1 disappear.
The corresponding plots are presented in Fig. 7 in the
Appendix.

III. THEORETICAL DESCRIPTION

In Ref. [36], the experimentally measured reflection co-
efficient |r| is associated with the theoretically calculated
probability of an upper level occupation P; (increasing P
corresponds to decreasing |r|). The computations were
done in the diabatic (charge) basis. Here we use the
same correspondence between theory and experiment and
make our calculations in the diabatic basis. The system
can be described by the Hamiltonian:

B,

Oz

Ea ®

where the diagonal part corresponds to the energy-level
modulation

H=—

O-E’

B, /h = wig + 0 sin wpympt,

3)

the off-diagonal part characterizes the coupling to the
probe signal

B, /h = Gsinwpt. (4)

To remove the fast driving from the Hamiltonian,
Ref. [36] considered the unitary transformation U =
exp (—iwpo,t/2) and the rotating-wave approximation
[39, 40] to obtain the new Hamiltonian

hAw WG
H1 —_?Uz'i_?O-a:; (5)
where
Aw = Aw+ f(1), (6)
Aw = wp — wio, (7)
f(t) = 0sinwpumpt. (8)

Here § is the amplitude of the energy-level modulation,
G characterizes the coupling to the probe signal (Rabi
frequency of the probe signal). According to Ref. [36]

G- Wp — Wnode Go, (9)

Wnode
where wyode describes the qubit position in a semi-infinite
transmission line [corresponding to the blue curve in
Fig. 1(a)], and Gy is proportional to the probe signal am-
plitude. Such a dependence causes the asymmetry about
the line wy,/2m = 5 GHz in Figs. 3, 4, 6. For the current
experiment wyede/2m = 4.38 GHz. For any multi-photon
resonance close to the node frequency, the linewidth will
be narrower. The closer it is, the narrower it is. There-
fore, it gives the asymmetry about the qubit resonance at
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Figure 6: Coherent dynamics of the transmon qubit: dependence of the reflection coefficient |r| (the upper-level occupation
probability P1) versus time ¢, using the probe power P, = —146dBm [G(wp/2m = 5 GHz) = 27 x 1.4 MHz for the theory]
on the probe frequency wy/27w. Plots (a,b,c) present experimental results; while (d,e,f) show plots built by data computed
theoretically. The qubit is irradiated by a pump signal with frequency wpump/2m = 10 MHz and power (a) Ppump = —74.1dBm,
(b) Poump = —78.5dBm, (¢) Ppump = —101dBm. The theoretical results from the qubit upper-level occupation probability P;
are shown for § = 16.6 MHz in (d), for 6 = 10 MHz in (e), and for 6 = 0.75 MHz in (f).

wp/2m = 5 GHz. Moreover, one can see that if w, = wnode
the qubit is “hidden” or “decoupled” from the transmis-
sion line, with G = 0.

In order to describe the qubit dynamics, we use the
Lindblad equation, which in the diabatic basis with the
Hamiltonian (5) has the form:

2= [Hl, ]+ZL (10)

_ (Poo  po1
where p (P31 1 — poo
that P, = 1 — pgg. The Lindblad superoperator Le char-
acterizes the system relaxation caused by interactions
with the environment,

) is the density matrix, such

o 1
La lp] = LapLy — 5 {LiLa:p} (11)

where {a,b} = ab + ba is the anticommutator. For a
qubit there are two possible relaxation channels: energy
relaxation (described by Lyelax) and dephasing (described
by Lg). The corresponding operators can be expressed

in the following form:

VTiot, = &az (12)

01 (1 0
00) %~ \o -1
relaxation, I'y = T'1 /2+ T is the decoherence rate, T'y is
the pure dephasing rate.

relax

with o = , Ty being the qubit

IV. INTERFEROMETRY AND DYNAMICS

By solving Eq. (10) we obtain P, as a function of
time ¢, pump frequency wpuymp, pump power Py, (cor-
responds to § in theory), probe frequency wy, probe
power P, (corresponds to G in theory). The occupa-
tion probability is the function of all these parameters,
P, = Pi(t, Wpump, Wp, 0, G). The dependence obtained
allows us to build, for instance, P = Pi(wp,t). Also
we can compute the dependencies for P; in a stationary
regime by making the time averaging of the results.
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Figure 7: Coherent dynamics of the transmon qubit: dependence of the reflection coeflicient |r| (the upper-level occupation
probability P;) with pump off on the probe frequency wy and time ¢ for a weak probe P, = —146dBm [G(wp/27 = 5 GHz) =
27 x 1.4 MHz] and w10/27 = 5.002 GHz. Plots (a, b) present experimental results; while (¢, d) show plots computed theoretically.
Panels (b) and (d) are line cuts of the experimental (a) and theoretical (c) plots, respectively, at wp /27 = 5.002 GHz.

Figure 3 shows a time-averaged interferogram, where
Py is a function of Pyymp and wy,. We use the extracted
parameters in Fig. 1(d), and select G(wp, /27 = 5 GHz) =
21 x 0.7 MHz in Fig. 3; G(wp/2m = 5 GHz) = 27 X
1.4 MHz in Figs. 4, 5, 6, 7 (the calibration between Rabi
frequency and power, data is not shown) for the theory
plots.

For obtaining time-averaged values, we analyzed the
curve P, = P;(t) to extract the minimal time t.,;, after
which the oscillation amplitude has no change. And then
applied averaging for the interval [tiin, tanal], Where tapal
corresponds to the time of the pulse turning off. We
determined that for our case tyi, = 1.5 ps and tgpa =
2.0 ps.

Such interferograms are useful not only for obtaining
the fitting parameters, but also they play a key role for
characterizing the system. Particularly, such kind of fig-

ures:

e allow to estimate the decoherence time of the sys-
tem. Consider cases (a) and (b) of Fig. 3. We
see that for the case (b) the peaks are separated,
while for (a) they are not distinguishable. The max-
imal frequency wpump for which we have a blurred
picture (when individual resonances are not distin-
guishable) corresponds to the system decoherence
time. So, one can conclude that Is/27m ~ 1 MHz;

e provide a tool for power calibration by interrelating
the unknown distance between the zeros along the
vertical axis in the experiment with the zeros of the
Bessel function in theory;

e provide novel opportunities for multi-photon spec-
troscopy. The resonances appear when wy, = wig =



kwpump, where k is an integer number. Or, in other
words, the system is resonantly excited when the
dressed qubit energy gap is equal to the energy of
k photons, kfiwpump [36].

In order to see the qubit dynamics we built the de-
pendence P; = Pj(wp,t) for different pump frequencies
Wpump/2m = 5 MHz, 10 MHz, 15 MHz in Fig. 4. As
expected, for the stationary case, the resonances are ob-
served at wp = w1 £ kWpump, and the value of the reflec-
tion coefficient |r| (occupation probability P;) oscillates
with period T = 27 /Wpump-

All theoretical plots were built by solving the Lindblad
equation within the framework QuTiP (Quantum Tool-
box in Python) [41, 42]. The function mesolve(H, po,
Cops, ---) from this library takes the Hamiltonian H in
a matrix form (in our case H = Hy), the initial state of
the system pg (we assume that initially the system was in
the ground state |0)), set of collapse operators cops Which
are related to the Lindblad superoperators (11) and some
other parameters. The function mesolve(H, pg, Cops, ---)
returns elements of the density matrix p dependent on
time.

V. CONCLUSIONS

We considered the dynamics and stationary regime of
a capacitively-shunted transmon-type qubit in front of
a mirror, affected by two signals: probe and dressing
(pump) signals. The multi-photon resonance dynamics,
occurring at wp = wig £ kWpump, consists of two tempo-
ral regimes: transient and stationary. In particular, we
observed the dynamics of k = 0, £+1, 2 multi-photon res-
onances, because the node frequency is away from those
resonances. The occupation probability P; obtained by
the Lindblad equation and the experimentally measured
reflection coefficient |r| agree well with each other. Tak-
ing advantages of the strong coupling between the prop-
agating field and qubit, and the ease of fabrication, su-
perconducting qubits in front of a mirror provide a clear
platform to study the dynamics of LZSM interference, as
compared with other quantum two-level system [43].
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Appendix A: Time dynamics of an atom-mirror system
irradiated by probe and dressing (pump) signals

Here we consider one more case of studying the time
dynamics of the atom-mirror system irradiated by probe
and dressing (pump) signals. One possible approach
involves fixing the probe frequency w, and analyzing
the reflection coefficient |r| as function of time ¢, as
shown in Fig. 5. The measurements and calculations
were done for various values of the pump frequency
Wpump/2m = 5MHz, 10 MHz, 15 MHz, with w,/27 =
5 GHz. From the analysis of the plots one could conclude
that:

e the probability and the reflection coefficient oscil-
late with period T' = 27 /wWpump;

e for the pumping frequency, wpump/27 = 5MHz,
there are two kinds of peaks: high and low ones;

e the system dynamics consists of two regimes: sta-
tionary and transient ones. The stationary regime
is observed after t = 1.5 us for all the cases consid-
ered.

Figure 6 shows the dependence of the reflection coeffi-
cient |r| as a function of the probe frequency wy, and time
t. The measurements and calculations were done for var-
ious values of the pump power Pyymp (0 in the theory)
and fixed pump frequency wpump/27 = 10 MHz. From
the plots we can deduce that increasing the pump power
amplifies the resonances.

To understand better the influence of the pump signal
on the system dynamics, we also show the plots with no
flux pump. The corresponding results with 6 = 0 and
w10/27 = 5.002 GHz (in this case wyq is slightly changed
due to a slightly different flux bias) are shown in Fig. 7.
Panel (a) shows the dependence of the reflection coef-
ficient |r| on time ¢ and probe frequency wp, (c) is the
corresponding theoretical result; panel (b) is the line cut
of (a) at wp/2m = 5.002 GHz, and (d) is the correspond-
ing theoretical curve.
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