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Ultra-Short Pulses With High Repetition Frequency
in Transmission Plasmonic Systems
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Abstract—Ultra-short pulses with high repetition frequency have
great application prospects in the field of nano-optics. Here, in the
case of continuous wave incidence, the femtosecond pulses with
THz repetition frequency are achieved in the transmission system
consisting of quantum emitters (QEs) and plasmonic resonators.
The generation mechanism of the ultra-short pulses with high rep-
etition frequency is elucidated by semi-classical model. Attribute to
the presence of the two-level QEs, the field amplitude in plasmonic
resonator is oscillating with time, resulting in the transmittance
of the system behave as the form of pulse oscillation. Moreover,
the pulse repetition frequency and extinction ratio can be freely
controlled by the incident light intensity and QEs number density
to obtain the required ultra-short pulses at nanoscale. This also
has potential applications in high-speed signal processing fields
and generating optical clock signals that can be used in optical
computing.

Index Terms—Femtosecond pulses, THz repetition frequency,
plasmonic resonator, quantum emitters.

I. INTRODUCTION

R ESEARCH on nanolasers has made great progress since
Bergman and Stockman proposed the concept of spaser

(Surface Plasmon Amplification by Stimulated Emission of
Radiation) in 2003 [1], [2], [3], [4]. However, achieving ultra-
short pulses with high repetition frequency is still one of the
main topics to be investigated and resolved urgently in the
field of nano-integrated optics. Photonic crystal (PC) nanolasers
operating under electrical injection inevitably introduced both
scattering and absorption losses, which also has complications
of poor heat conduction and low mechanical stability [5], [6].
The miniaturization of semiconductor nanowire lasers is limited
by the diffraction limit, so it is extremely difficult to further
reduce the resonator size [4]. Many studies show that metal-
based nanostructures become the key ingredient to solve this
problem [7], [8], [9]. Because of they have ability to break the
diffraction limit [10], and the light can also be localized to the
nanoscale, thereby enhancing the interaction between light and
quantum emitters (QEs) [11], [12]. And the investigations on
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the coupling between metal-based nanostructures and QEs also
indicate that the hybrid system of plasmonic resonator and QEs
is very competitive for obtaining ultra-short pulses with high
repetition frequency at the nanoscale.

Meanwhile, the interaction between light and QEs is studied
deeply and comprehensively in recent years [13], [14], [15],
[16], and the strong coupling between metallic nanostructures
and QEs has been experimentally realized [17], [18]. The ul-
trafast Rabi oscillations between excitons and plasmons were
also observed in metal nanostructures with J-aggregates [19].
Whereafter, Demetriadou et al. investigated the spatiotemporal
dynamics and control of strong coupling in plasmonic nanocav-
ities [20]. Liu and Ren et al. studied the strong interaction
between light and QEs in open plasmonic nanocavity systems
[21], [22], and very significant Rabi splitting were observed
at room temperature. These investigations laid the foundation
for the interaction between light and QEs to be applied in
nano-integrated optics. And we find that the coupling between
plasmonic resonators and QEs can also be used to obtain fem-
tosecond pulses with high repetition frequency in the case of
continuous wave incidence, which is rarely reported in plas-
monic resonator systems. Moreover, traditional methods are
unable to satisfy the application requirements of many high-
speed signal processing fields at the nanoscale, such as optical
communications [23], optical interconnection [24], [25], [26],
[27], and on-chip sensing [28], [29], [30], [31]. So, femtosecond
pulses with high repetition frequency are highly desirable at
nanoscale.

In this paper, we find that the coupling between QEs and
plasmonic resonators can also be used to generate femtosecond
pulses with THz repetition frequency in the case of a continuous
wave input. The transmission response of the hybrid system are
numerically and theoretically studied. Under the weak excitation
limit, obvious mode splitting appears in the transmission spec-
trum of the system, which indicates that the coupling between
the plasmonic resonators and QEs is prominent. However, when
the intensity of the excitation light is relatively strong, the QEs
in nanowire will oscillate between the upper and lower energy
levels. This means the output power of the QEs is in the form of
oscillation, which resulting in the transmittance of the system
also oscillate with time in the form of pulse. Moreover, the pulse
repetition frequency and extinction ratio can be freely controlled
by the incident light intensity and the QEs number density to
achieve the required pulse form. This provides a method to
obtain ultra-short pulses with high repetition frequency at the
nanoscale.
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Fig. 1. (a) Schematic diagram of the hybrid system of plasmonic resonator and
QEs. The complex dielectric function of the QEs is described by the Lorentz
model [33]: ε(ω) = ε∞ − fω2

L/(ω
2 − ω2

L + iγω). The insulator is set to air
with a refractive index of 1. The metal around the VG cavity is silver. The widths
of waveguides S1 and S2 are h1 = 50 nm and h2 = 50 nm. The length and height
of the rectangular cavity are L = 640 nm and H = 280 nm, respectively. The
width and depth of the VG cavity are w1 = 50 nm and d = 102 nm, the bottom
width is w2 = 10 nm. The diameter of the nanowire is 16 nm, and the distance
from its bottom to the bottom of the VG cavity is b = 34 nm. (b) Distribution
of electric field |E| on center line q (in the left inset of Fig. 1(a)) at different
wavelengths. (c) and (d) Distribution of the electric field components |Ex | and
|Ey | at the resonant wavelength of 850 nm.

Compared with our previous work [32], a rectangular cavity is
added to the plasmonic coupling system in this paper. Due to the
presence of the rectangular cavity, not only the effective mode
volume of the V-groove (VG) cavity is enormously reduced
which could improve the coupling strength between the VG cav-
ity and QEs, but the coupling decay time between the VG cavity
and the waveguide is also increased greatly. The improvement of
coupling strength and coupling decay time has great advantages
in obtaining pulses with high repetition rate, and the required
QEs number density is reduced by an order of magnitude. This
is very advantageous for preparing corresponding devices in
experiments. In addition, some new research content has been
added in this paper, such as how to control the duration of pulses
and the spectral characteristics of pulses.

II. STRUCTURE AND FIELD DISTRIBUTION

The investigated hybrid system of plasmonic resonator and
QEs is shown in Fig. 1, which consists of two waveguides,
a rectangular cavity, a V-groove (VG) cavity and a nanowire
embedded with two-level QEs. The incident wave is continuous
wave (CW) in transverse magnetic (TM) mode, which is input

from the waveguide S1 on the left. The aim of our investigation is
the influences of the incident light intensity and the QEs number
density on the transmission response of the hybrid system in the
case of continuous wave incidence together with the evolution
of the transmittance over time.

In order to obtain stronger coupling between the plas-
monic resonator and QEs, the electric field distribution without
nanowire in VG cavity is investigated first. Fig. 1(b) shows the
pseudo-color image of the electric field distribution on the cen-
terline q of the VG cavity in Fig. 1(a) utilizing two-dimensional
FDTD method, the incident light intensity is set to 1. Fig. 1(c)
and (d) respectively show the distribution of the electric field
components |Ex| and |Ey| in the plasmonic resonator when the
incident light wavelength is 850 nm. The electric field energy in
plasmonic resonator is mainly concentrated in the VG cavity, the
energy in rectangular cavity is close to zero, and the electric field
component in VG cavity is mainly |Ex|, component |Ey| is almost
zero. Therefore, in order to obtain stronger coupling between
plasmonic resonator and QEs, the transition dipole moment of
the QEs should be as parallel as possible to the x-axis.

III. WEAK EXCITATION LIMIT

Before studying the transmission response of the hybrid
system between plasmonic resonator and QEs, it is necessary
to investigate the transmission response of the system without
nanowire in VG cavity in order to obtain the coupling parameters
between the waveguide and the resonant mode in plasmonic res-
onator. These coupling parameters are necessary for analyzing
the evolution of the transmittance with time in Section IV. When
the two waveguides are symmetrical about the rectangular cavity
and equal in width, according to the multimode interference cou-
pled mode theory (MICMT) [33], the transmission coefficient
of the coupled system can be expressed as follows

t =
∑
m

2eiϕm

−i (ω − ωm) τm + 2 + τm
τm0

(1)

where,ωm is the resonant angular frequency of the m-th mode of
the plasmonic resonator. τm is the coupling decay time between
the waveguide and the m-th resonant mode, τm0 is the decay time
of the internal loss. ϕm is the total phase difference between the
waveguide and the m-th resonant mode. The transmittance of
the coupled system is T = |t|2.

It is well known that there are many resonant modes in
plasmonic resonator. In order to facilitate theoretical analy-
sis, the transmission coefficient of each mode is set to be
tm = 2eiϕm/[−i(ω − ωm)τm + 2 + τm/τm0]. Here, we only
consider two resonant modes that have great impact on the
transmission coefficient of the system. One of them is the
resonant mode in the VG cavity (the distribution of the electric
field component has been shown in Fig. 1(c) and (d)), which
could be called TMv mode (the field is represented by a1) and
the resonant wavelength is 850 nm. Another resonant mode is
the TM1,0 mode (the field is represented by a2) in the rectangular
cavity, of which the resonant wavelength is 1390 nm and the field
distributions of |Ex| and |Ey| are given by Fig. 2(a) and (b). It can
be seen from Fig. 2(a) and (b) that the electric field component
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Fig. 2. (a) and (b) The distribution of the electric field components |Ex| and |Ey |
at the resonant wavelength of 1390 nm. (c) The simulation (blue) and theoretical
(red) curves of the transmittance of the coupled system without nanowire in
VG cavity. The fitting parameters are τ1 = 56 fs, τ2 = 13 fs, τ10 = 100 fs,
τ20 = 120 fs, ϕ1 = 0.4π, ϕ2 =−0.5π, respectively. (d) The simulation (blue)
and theoretical (red) curves of the transmittance of the hybrid system with
nanowire in VG cavity. Here, the lorentz model parameters of the nanowire are
ε� = 1.4, f = 0.4, ωL = 2.10 × 1015 rad/s, γ = 3.85 × 1013 rad/s, respectively.
The coupling strength is g1=9 × 1013 rad/s. Since the nanowire is placed in
VG cavity, the coupling decay time of the TMv mode slightly changes to τ1 =
50 fs, while other fitting parameters remain unchanged.

of the TM1,0 mode in rectangular cavity is mainly |Ey|, and
the component |Ex| is almost zero. In the range of 600 nm ∼
1600 nm, the transmission response of the system is mainly
affected by these two resonant modes. So, the transmittance of
the system can be simplified as T = |t1 + t2|2. Fig. 2(c) shows
the simulation (blue line) and theoretical (red line) results of the
transmittance, in which there are two peaks on the transmittance
curve. The position of the first peak is at 854 nm which can
be adjusted by the depth of the VG cavity [35], but the width
has almost no effect on it. The position of the second one is at
1386 nm and can be adjusted by the length of the rectangular
cavity, the height has almost no effect on the position of the
second peak [35]. The parameters of the coupling system without
nanowire in VG cavity can be obtained by fitting the theoretical
curve to the simulation curve. But for the hybrid system with
the nanowire placed in VG cavity, the coupling parameters are
slightly different. Based on the research above, we need to
further obtain the coupling parameters of this hybrid system
for the investigation in Section IV. So, next investigated will be
the transmission response of the hybrid system under the weak
excitation limit when there is a nanowire embedded with QEs
placed in the VG cavity.

The QEs system can be described by Bloch equation, the
dipole transition equation of the system can be expressed as

dρeg
dt

= − (iωA + γA) ρeg + iW (t)
∑
m

gm√
ε0Em

vac

am (2)

where, ρeg is the dipole transition density matrix element, ωA is
the resonant angular frequency of the QEs, γA is the decay rate.
W(t) is the population difference function, gm is the coupling

strength between a single QE and the m-th mode in plasmonic
resonantor,Em

vac is the vacuum field of the mth mode. According
to the Heisenberg operator equations [36] and multimode inter-
ference coupled mode theory (MICMT) [34], it can be obtained
that

dam
dt

= −
(
iωm +

1

τm0
+

1

τm1
+

1

τm2

)
am

− igm
√
ε0E

m
vacρeg

+ κm1bm,1+ + κm2bm,2+ (3)

b1− = − b1+ +
∑
m

κ∗
m1am (4)

b2− = − b2+ +
∑
m

κ∗
m2am (5)

where, bi± =
∑

m bm,i± are the field amplitudes in each wave-
guide (i = 12, for incoming (+) or outgoing (−) from the
resonator),κm1 = eiθm1

√
2/τm1 andκm2 = eiθm2

√
2/τm2. In

the weak excitation limit, QEs are basically in the ground state
[36], which means W(t) = −1. The coupling strength between
QEs and the resonant mode in plasmonic resonator is closely
related to the field distribution. Fig. 2(a) and (b) show the
distribution of the electric field components |Ex| and |Ey| at
the resonant wavelength of 1390 nm, from which it can be
found that the electric field energy of the TM1,0 mode is mainly
concentrated in the rectangular cavity, the energy in VG cavity
is almost zero. Since the nanowire is placed in VG cavity,
the coupling between QEs and TM1,0 mode is approximately
zero. We can ignore the coupling between the QEs and TM1,0

mode, and only consider the coupling between QEs and the
TMv mode of which the resonant frequency is very close to
that of the QEs. For symmetrical system τm1 = τm2 = τm, the
transmission coefficient expression of the hybrid system can be
expressed as follows

t =
∑
m

2eiϕ1 (−iΔA + γA)(
−iΔ1τ1 + 2 + τ1

τ10

)
(−iΔA + γA) + τ1g21

+
2eiϕ2

−iΔ2τ2 + 2 + τ2
τ20

(6)

Here ΔA,1,2 = ω − ωA,1,2, ϕ1 = θ11 − θ12, ϕ2 = θ21 − θ22.
Fig. 2(d) shows the simulation (blue) and theoretical (red) curves
of the transmittance of the hybrid system with the nanowire in
VG cavity embedded with QEs. Obvious mode splitting appears
in the transmission spectrum, and the distance between the two
split peaks (80 nm) in Fig. 2(d) is much larger than the full width
at half maximum (FWHM) (42 nm) of the transmission window
of TMv mode in Fig. 2(c), which indicates that the coupling
between QEs and the TMv mode of VG cavity is strong coupling.
By curve-fitting, the coupling and internal loss decay time of the
TMv mode can be obtained as τ1= 50 fs and τ10= 100 fs, which
will be used in the research of the non-weak excitation limit in
next section.
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IV. NON WEAK EXCITATION LIMIT

The above analysis and study is performed under the weak
excitation limit the case of which the incident light intensity is
very weak. As the incident light intensity is stronger, the QEs in
the nanowire no longer remain in the ground state. This means
the population difference operator W(t) cannot be approximated
as a constant −1, but a function changing with time, and the
transmission coefficient expression (6) is no longer applicable.
In this case, the QEs in nanowire is described by Bloch equations

dW

dt
= 2ΩR (t) [U sin (ΔAt)− V cos (ΔAt)] (7)

dU

dt
= −ΩR (t)

2
W sin (ΔAt) (8)

dV

dt
=

ΩR (t)

2
W cos (ΔAt) (9)

where, ΩR(t) = −μ ·ψ(r)|a(t)|/(�√ε0) = χ|a|, μ is the tran-
sition dipole moment of a single QE (take 0.5 enm in this
article), is the normalized distribution function of the elec-
tric field. (W,U,V) is Bloch vector, W = ρee − ρgg , V =
(ρeg − ρge)/(2i). When the system is at resonace (ΔA = 0)
and the initial condition is W(0) = −1, V(0) = 0, the solutions
of the Bloch equations are

W (t) = − cos

(∫ t

0

ΩRdt

)
(10)

V (t) = −1

2
sin

(∫ t

0

ΩRdt

)
(11)

If the mode volume of the TMv mode in VG cavity is Veff, the
equivalent number density of QEs in the nanowire is n = N/Veff,
then the output power density of the nanowire embedded with
QEs is

pQE = −n�ωA
1

2

dW

dt
= −n�ωA (ΩR/2) sin

(∫ t

0

ΩRdt

)

(12)
Equation (12) shows that the coupling between QEs and the VG
cavity will make the QEs system to absorb or release energy, this
energy will be converted into the electromagnetic field energy
in VG cavity. This is equivalent to adding an additional field
aQE, which is a stimulated radiation field and in phase with a1.
Then, the total field in the VG cavity is a = a1 + aQE . Since the
output power density of the QEs system induces an additional
field aQE, it is necessary to make the following corrections to
the coupled mode theory (CMT) equation

da1
dt

= −
(
iω1 +

1

τ10
+

1

τ11
+

1

τ12

)
a1 + κ11b1+ + κ12b2+

(13)

b1− = −b1+ + κ∗
11a (14)

b2− = −b2+ + κ∗
12a (15)

For symmetrical systems, when the excitation light is resonated
with the QEs and only injected from waveguide S1 (that means

b2+ = 0), according to the power conservation

|b1+|2 + pQE = |b1−|2 + |b2−|2 + 2

τ10
|a|2 + d|a|2

dt
(16)

Then, the following equation on the electric field amplitude can
be obtained

d |a|
dt

+

(
2

τ1
+

1

τ10

)
(|a| − |a1|)

+
χ

4
sin

(∫ t

0

ΩRdt

)
n�ωA = 0 (17)

At this time, the transmittance of the hybrid system can be
expressed as

T =

∣∣∣∣ b2−b1+

∣∣∣∣
2

= T0

∣∣∣∣a (t)a1

∣∣∣∣
2

(18)

T0 is the transmittance of the system without QEs in nanowire.
Equation (18) shows that the transmittance of the hybrid

system can be obtained as a function of time after solving
the changing field amplitude |a(t)| from (17). Moreover, the
relationship between the field amplitude |a1| and the incident
light intensity is Iin = c|a1|2/(neffT0), which indicates that
the transmittance of the hybrid system is also related to the
incident light intensity, c is the speed of light in free space, neff is
the equivalent refractive index of the waveguide. Based on (17)
and (18), next investigated will be the influences of the incident
light intensity and the QEs number density on the transmittance
function of the hybrid system in the case of continuous light
input.

Since the transmittance of the hybrid system is oscillating with
time, two important parameters to describe the oscillation will be
studied — pulse repetition frequency (PRF) and extinction ratio
[EXT = 10log10(Tmax/Tmin)]. The pseudo-color diagrams of
the dependence of PRF and EXT on the incident light intensity
and the QEs number density are shown in Fig. 3(a) and (b).
Firstly, the point B (170, 1.8) is taken as an example to elucidate
the formation mechanism of the femtosecond pulses with high
repetition frequency.

The curve of the transmittance changing with time under the
condition of point B is shown in Fig. 3(c). According to the
expression (12) of the output power density, the phase function
is defined as ϕ(t) =

∫ t

0 ΩRdt. According to the phase function,
a period can be divided into three stages. The duration from 0
to t1 is called stage I. In stage I, 0 < ϕ < π, then pQE < 0.
This indicates that the QEs are absorbing energy, the total field
amplitude |a| = |a1| − |aQE | < |a1|, and it is known that T <
T0 from the transmittance expression (15). The duration from
t1 to t2 is called stage II. In stage II, π < ϕ < 3π/2, pQE > 0.
This indicates that the QEs are releasing energy, the total field
amplitude |a| = |a1|+ |aQE | > |a1|, the transmittance of the
system T > T0. The duration from t2 to t3 is called stage III.
Stage III is approximately the time mirror of stage II.

From 0 to t3 is a pulse period. At the beginning, all QEs are
in the ground state, due to the interaction between QEs and VG
cavity, the QEs will absorb energy. Until the time of t1, all QEs
have transitioned to the excited state, the process of the QEs
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Fig. 3. (a) and (b) Pseudo-color diagrams of the dependence of PRF and EXT
on the incident light intensity and the QEs number density. (c) and (d) Time
evolution curves of the transmittance and the population difference function
W(t) at point B. The equivalent refractive index of the waveguide is neff =
1.32, initial transmittance is T0 = 0.5. The nanowire is placed at the position of
ψ(r) = 1.

system absorbing energy is over. After that, also attribute to the
interaction between QEs and VG cavity, in stages II and III the
QEs releases the energy absorbed in stage I. The field amplitude
in the plasmonic resonator will be caused to oscillate with time
by such a process of absorbing and releasing energy. Moreover,
during the whole process of stage I, the total field amplitude in
plasmonic resonator is smaller than that in stages II and III. And
it can be known combined with the integral expression of the
phase function that the duration of stage I is naturally longer than
the total durations of stages II and III, as shown in Fig. 3(c). The
collective population difference function can also be affected by
the oscillating field amplitude, of which the time evolution curve
is given by Fig. 3(d). Since the total field amplitude in stage I
is relatively small, the rate of QEs transition from the ground
state to the excited state is relatively slow, so the duration is
relatively long. In stages II and III, the total field amplitude in
plasmonic resonator is larger, the rate of QEs transition from the
excited state to the ground state is faster, thereby the duration is
shorter. This results in the transmittance of the system to behave
as the form of pulse oscillation with time. The PRF and EXT
of the pulse in Fig. 3(c) are 1.07 THz and 26 dB respectively,
and the pulse width is 88 fs. When the QEs number density is
constant, the smaller the incident light intensity, the longer the
pulse period will become, and the closer it will be to the breathing
pulse which can give rise to dense radio-frequency combs. And
recently, Wu et al. [37] present the first in-depth study of the
locking of breather oscillations to the cavity repetition frequency
in a fibre laser. Be different from them, we realize the time-
domain shaping of continuous waves by changing the intensity
of incident light and the QEs number density, which provides
another route to obtain femtosecond pulses with high repetition
frequency at the nanoscale.

The pseudo-color images of Fig. 3(a) and (b) show that the
PRF and EXT of the pulse oscillation are closely related to the
incident light intensity and the QEs number density. Next, the

Fig. 4. (a) Curves of the PRF and EXT changing with the QEs number density
when the incident light intensity is 120 MW/cm2, respectively. (b) Curves of
the PRF and EXT changing with the incident light intensity when the QEs
number density is 0.8 × 105 μm−3, respectively.

influence of the incident light intensity and the QEs number
density on the PRF and EXT of the hybrid system will be studied
respectively.

First studied is the influence of the QEs number density on
PRF and EXT when the incident light intensity is constant.
As shown in Fig. 4(a), when the incident light intensity is
120 MW/cm2, the larger the QEs number density, the smaller
the PRF and the lager the EXT. When the incident light intensity
is constant, the larger the QEs number density, the greater the
absorbed power of the QEs system in stage I, resulting in smaller
total field amplitude in the resonator, and the duration of stage
I will be longer. However, the time changes of stage II and III
are much smaller than that of stage I. Overall, the time of a
pulse period will become longer and the PRF will decrease. For
extinction ratio, the larger the QEs number density, the smaller
the minimum value of the total field amplitude in stage I, and
the greater the output power density of the QEs system in stages
II and III which results in greater total field amplitude at t2, so
the EXT will increase. When the QEs number density is close
to 0, the output power of the QEs system will also approach 0,
the field amplitude in the resonator tends to the constant |a1|, so
the EXT will approach zero and the PRF tends to a limit value
χ|a1|/(2π).

Next analyzed is the influence of the incident light intensity
on PRF and EXT when the QEs number density is fixed. As
shown in Fig. 4(b), when the QEs number density is n =
0.8 × 105 μm−3, the PRF will increase but the EXT will
decrease with the increase of the incident light intensity. When
the QEs number density is constant, the stronger the incident
light intensity, the greater the total field amplitude in all three
stages, and the shorter the time for the phase to change from 0
to 2π, and thus the PRF will increase. From (12) and (15), it can
be known that the ratio of the output power of the QEs system
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to the transmission power is inversely proportional to the total
field amplitude in VG cavity, that is pQE/|b2−|2 ∝ 1/|a(t)|. So,
the larger the total field amplitude |a(t)|, the smaller the ratio
pQE/|b2−|2, which indicates that the stronger the incident light
intensity, the weaker the influence of the QEs system on the
transmission response, and the smaller the peak-to-valley ratio of
the transmittance curve, naturally the EXT will decrease. When
the incident light intensity is extremely strong, the influence
of the QEs system on the transmission response of the hybrid
system can be ignored, the transmittance of the system becomes
the constant T0, and the PRF and EXT respectively tend to
χ|a1|/(2π) and 0.

Briefly, due to the interaction between the QEs and the field
in VG cavity, Rabi oscillation occurs in QEs which result in the
field amplitude in the resonant cavity also behave as the form of
oscillation. In this way, the output power of the resonant cavity
also exhibit as the form of pulse oscillation. The process of Rabi
oscillation is closely related to incident light intensity and QEs
number density. Rabi oscillation can be controlled by changing
the incident light intensity and QEs number density, and then
the repetition frequency and duration of the pulse oscillation
output from the resonant cavity can be controlled. In other words,
the pulse repetition frequency can be affected by the incident
light intensity and QEs number density. When the QEs number
density is constant, the greater the incident light intensity is, the
higher the pulse repetition frequency will be. As the incident
light intensity is constant, the higher the QEs number density
is, the lower the pulse repetition frequency will be. Therefore,
the pulse repetition frequency can be controlled by changing the
incident light intensity and QEs number density.

Next, the influence of incident light intensity and QEs number
density on pulse duration will be discussed. The dependence of
the pulse duration on incident light intensity and QEs number
density is shown in Fig. 5(a). Line AB and line BC are selected
to study the changing trends of the pulse duration, respectively.
When QEs number density is n = 1.7 × 105 μm−3, the pulse
duration will decrease from 82.5 fs to 34 fs with the increase
of the incident light intensity 157 MW/cm2 to 357 MW/cm2.
When the incident light intensity is 170 MW/cm2, the pulse
duration will increase from 40.5 fs to 83 fs with the increase of
the QEs number density from 0.3×105 μm−3 to 1.8×105 μm−3.
Under the conditions shown in Fig. 5(a), the durations of the
pulses are all less than 100 fs. Therefore, the pulse duration can
be controlled by changing the incident light intensity and QEs
Number density. Moreover, the optical spectrum of the output
pulses under three different conditions of A (170, 0.5), B (170,
1.7), and C (350, 1.7) given in Fig. 5(a) are shown in Fig. 5(d)–(f).
By comparing Fig. 5(d) and (e), it can be found that when the
incident light intensity is constant, the greater the QEs number
density is, the denser the optical spectrum of the pulses will
be. By comparing Fig. 5(e) and (f), it can be found that when
the QEs number density is constant, the larger the incident light
intensity is, the sparser the optical spectrum of the pulses will
be. The pulse duration at points A and C is smaller than that
at point B, but the spectrum at point B is denser than both of
them. The reason is that the PRF at point B is smaller than that
at points A and C, while the EXT at point B is also much larger

Fig. 5. (a) Pseudo-color diagrams of the dependence of pulse duration on
the incident light intensity and the QEs number density. (b) Curves of the pulse
duration changing with the incident light intensity when the QEs number density
is 1.7 × 105 μm−3. (c) Curves of the pulse duration changing with the QEs
number density when the incident light intensity is 170 MW/cm2. (d)–(f) The
optical spectrum of the output pulses under three different conditions A(170,0.5),
B(170,1.7), C(350,1.7) shown in (a).

than that at points A and C. Therefore, the ratio of incident light
intensity to QEs Number density should be as small as possible
to obtain denser optical spectrum.

V. CONCLUSION

In summary, we studied the transmission response of a hy-
brid system consisting of plasmonic resonator and a nanowire
embedded with two-level QEs. Investigations under the weak
excitation limit show that the coupling between QEs and the
TMv mode of the VG cavity can reach the region of strong
coupling. In the case of continuous wave incidence, attribute
to the presence of QEs, the transmittance of the hybrid system
behave as the form of pulse oscillation with time. The pulse
repetition frequency could reach the magnitude of terahertz, si-
multaneously, the pulse width is below 100 fs and the extinction
ratio also reaches very high values. Furthermore, we can freely
control the pulse repetition frequency and extinction ratio by
the incident light intensity and QEs number density to obtain
the pulse oscillation required. Moreover, we also discussed the
duration and spectral characteristics of the pulses. The pulse
duration and spectral distribution can also be controlled by
adjusting the incident light intensity and QEs number density.
This provides a feasible route for achieving ultra-short pulses
with high repetition frequency at the nanoscale, which also has
potential applications in optical clock signals.
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