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We investigated the nonsequential double ionization (NSDI) in Ar by two-color elliptically polarized laser field with
a three-dimensional (3D) classical ensemble method. We study the relative phase effect of NSDI and distinguish two
particular recollision channels in NSDI, which are recollision—impact ionization (RII) and recollision-induced excitation
with subsequent ionization (RESI), according to the delay-time between the recollision and the final double ionization. The
numerical results indicate that the ion momentum distribution is changed and the triangle structure is more obvious with the
decrease of the relative phase. We also demonstrate that the RESI process always dominates in the whole double ionization
process and the ratio of RESI and RII channels can be influenced by the relative phase.

Keywords: nonsequential double ionization, two-color elliptically polarized laser field, recollision-impact ion-
ization, recollision-induced excitation with subsequent ionization

PACS: 32.80.Rm, 42.50.Hz, 42.65.Ky

1. Introduction

As the development of the laser technology, people pay
more attention to the dynamics of the atom and the molecule
when they exposed to the strong laser field. There are many
new physical phenomena can be found when the intense laser
fields interact with atoms or molecules, such as high harmonic
generation (HHG), 11 NSDI, 2 and above-threshold ionization
(ATI).[34

In the past decades, NSDI attracted much attention in
strong field physics.>% Because the correlation plays a sig-
nificant role in the NSDI process, many researches about
NSDI focused on electron correlation,!”! such as angular

8-101 and recollision, =131 ¢zc.

correlation!
In recent years, various kinds of combination of the laser
fields have been used to study the above phenomena. For ex-
ample, the polarized two-color laser field allows us to control
electron dynamics in NSDI.[?! The counter-rotating two-color
circularly polarized (TCCP) laser field is also a hot topic due
to achieving bright circularly polarized HHG!'*'8 and low
energy structures (LES)!"?! as well as controlling electron—ion
recattering. %%
The NSDI process can be explained by a three-step

model. [21-22

! First, when an atom or molecule is exposed to
a strong laser field, an electron can be liberated by tunneling
ionization. Then the released electron is accelerated by the
laser field and it may be driven back to the parent ion. The

returning electron recollides with the parent ion in-elastically,

DOI: 10.1088/1674-1056/ab5d03

resulting in NSDI.[?3-2%] The two electrons of the NSDI pro-
cess are highly correlated due to the recollision process.

A great number of experimental and theoretical stud-
ies have been performed to explore the correlated dynam-
ics of the electron pairs in NSDI. The two kinds of NSDI
channels can be distinguished by the delay-time, which is
defined as the time interval between the recollision and the
final double ionization. The process for longer delay-time
is defined as recollision-induced excitation with subsequent
ionization (RESI). Accordingly, the direct ionization channel
with prompt NSDI is defined as recollision—impact ionization
(RIT).126:27]

The counter-rotating and co-rotating two-color laser
fields with so many variable parameters, such as the relative
intensity, the relative phase, and the polarization, enable us
to shape the laser pulse and control electron ionization dy-
namics. Recently, the NSDI process in counter-rotating and
co-rotating two-color laser fields are investigated experimen-
tally and theoretically.!?-34! It is found that the intensity ratio
and the intensity of the laser field could influence the double
ionization probability and the correlation effect, whatever the
counter-rotating or the co-rotating laser field.

2. Theoretical model

In this paper, we apply the 3D classical ensemble model
to investigate the relative phase effect of Ar in NSDI by two-
color elliptically polarized laser field. The classical ensemble
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model has been used before.[20-32:35

1Tt has been widely recog-
nized as reliable and useful approaches in exploring electron
dynamics in NSDI. In this model, the evolution of the three-
particle system is described by the Newton’s equations of mo-
tion (the atomic unit (a.u.) is used throughout until stated oth-
erwise)

dr;

E:_V[Vne(ri)+vee(rlyr2)]_E(t): (1)
where the subscript i = 1,2 is the label of the two electrons
and r; is the coordinate of the i-th electron. The potentials
Vae(ri) = =2/7/r? +a% and Vee (r1,12) = 1/1/ (11 —r2)2 +b?
represent the ion—electron and the electron—electron Coulomb
interactions. The softening parameter a = 1.5 is introduced
here to avoid autoionization. The electron—electron softening
parameter b is included primarily for numerical stability and
here it is set to be 0.05.

We investigate the relative phase effect along z direction
in each pulse of the two-color elliptically polarized laser field
which can change the ellipticity of the laser field. The electric
field of the two-color elliptically laser pulse is given by

E
Et) = 1+07Ef(f)[005(wrl+¢o)y
+sin(@;t + Qo + AQy) 2], 2)
Eo(t) = 75 f(0)eos(ant+ 290}y

—sin(pt + 200 + A@y) 2], 3)

where y and z are the unit vectors along the y and z direc-
tions, respectively. Ej is the laser intensity and g is the
electric field amplitude ratio between the second harmonic
laser pulse and the fundamental laser pulse. The electric field
amplitude ratio 95 is chosen to be 1.4, which ensures that
the probability of double ionization reaches the maximum. 136!
f(t) = sin®(zt /nT) is the envelope of the laser pulse and T is
optical cycles (o.c.) of the fundamental laser field. The full du-

ration is four optical cycles (n =4). ¢y is the carrier-envelope

phase (CEP) which is set to be a random number, while A,
and A, are relative phases between z direction and y direc-
tion in each pulse, we set AQ =A@ = A@,. @ = 0.0584 a.u.
and @, = 0.117 a.u., which correspond to the wavelength of
the fundamental (780 nm) and the second harmonic (390 nm)
laser fields.

In our calculation, the initial condition for Eq. (1) is that
evolution ensemble starts to form a classically allowed posi-
tion of the energy. For Ar atom, the energy is —1.59 a.u.,
which is approximately equal to the sum of the first and sec-
ond ionization energies. We can obtain the stable momentum
and position of the two electrons by assigning the available ki-
netic energies and the directions of the momentum vectors of
two electrons randomly in the field-free case. The double ion-
ization event is defined as the energies of these two electrons
are larger than zero at the end of the laser fields.

3. Results and discussion

Figure 1 shows the Lissajous figures of the electric field
for three different relative phases. We can control the ellip-
ticity and the shape of the laser field by changing the relative
phase. From the Lissajous curves we can see that the elec-
tric field reaches maximum for three times in one optical cycle
(o.c.) of the fundamental laser field. Figure 1(a) shows that the
Lissajous figure traces out a triangle structure while one of the
tips is short at the relative phase 0.47. The short tip represents
that the electric field is short-lived. Figure 1(b) shows that the
triangle shape of the Lissajous curve is distinct although one
of the tips is narrow at the relative phase 0.27. However, the
electric field value in the narrow tip is higher than that in the
short tip as shown in Fig. 1(a), which results that the proba-
bility of the double ionization is enhanced. Figure 1(c) shows
that the triangle shape of the Lissajous curve is distinct at the
relative phase 0.07r, which means that the threefold symmetry
of the electric field is pretty well.

Ap =04m

E./a.u.

(a)

Ap =0.27 Ap =07

(b) (©

Ey/a.u.

Ey/a.u.

Ey/a.u.

Fig. 1. The Lissajous figures of the electric field for three different relative phases.

Figure 2 shows the double ionization (DI) probability of
Ar as a function of the laser intensity in two-color elliptically

polarized laser field with different relative phases. We can

see that a “knee” structure occurs and the shape of the knee
structure is changed with varying the relative phase, which

means that the relative phase can affect the double ioniza-
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tion probability of Ar in counter-rotating two-color laser field.
When the relative phase is 0.07, the knee structure is nar-
row and increased sharply with the laser intensity increasing.
When the relative phase is 0.27, the knee structure is changed
slowly compared with that at the relative phase 0.0r. When
the relative phase is 0.47, the changing of the knee structure
is the most slow and a smoother platform in the knee struc-
ture emerges, which is in agreement with the Lissajous curves
as shown in Fig. 1. There is a little bit difference with that
demonstrated in Refs. [26,37], where the curves of the knee
structure in the few-cycle elliptically polarized laser pulse and
linearly polarized laser pulse for different CEPs twist together,
which illustrates the CEP effect of NSDI.
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Fig. 2. Double ionization probability of Ar as a function of the laser
intensity in counter-rotating two-color laser field with three different
relative phases (logarithmic coordinate is used).

It is clear that the counter-rotating two-color laser field
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has no simple clearly polarized direction, so we explore the
electron correlation by recoil momentum distributions of the
ion. Because the net momentum of the electroneutral ion—
electron system is zero, so we can obtain the relationship
D2+ = _(pel +p62)-[36
distribution with three different relative phases at the end of

| Figure 3 shows the ion momentum

the laser pulse in counter-rotating two-color laser fields at the
laser peak intensity Iy = 0.2 PW /cm?, and the red lines rep-
resent the negative vector potential —A(¢) of the electric field.
For the relative phase A¢@ = 0.4x, figure 3(a) shows that the
shape of the ion momentum distribution is consistent with the
negative vector potential which looks like number “8” with a
small titled angle. Figure 3(b) indicates that one of the side
of the 8 shape of the negative vector potential is wide and the
other side is narrow for the relative phase Ap = 0.27. It also
shows that the distribution of the ion momentum is coherent
with the shape of the negative vector potential. For the rela-
tive phase Ap = 0.07, figure 3(c) shows that the shape of the
ion momentum distribution depicts a triangle structure which
is in agreement with the shape of the negative vector poten-
tial. The similar phenomenon is demonstrated in Ref. [32]
when the amplitude ratio of the electric field between the sec-
ond harmonic laser pulse and the fundamental laser pulse is
changed in the TCCP laser field. It is illustrated that the shape
of the ion momentum distribution coincides with the shape of
negative vector potential.

The Coulomb repulsion energy will increased instanta-
neously when the recollision process happened between the
two electrons. We define the recollision time (#) as the instant
when the repulsion energy reaches its maximum. The final
double ionization time (#py) is defined as the instant when the
two electrons finally become free. The delay-time (fp; — f;)
is defined as the time interval between the recollision and the

final double ionization. [20-37]

0.7
0.8
£ 0.9

B0

—-0.5 0.5 1.5
Dy/a.u.

—-1.5

Fig. 3. Ion momentum distributions at the end of the laser pulse with three different relative phases in counter-rotating two-color laser fields at the laser
peak intensity o = 0.2 PW /cm?. The red lines represent the negative vector potential —A(r) of the electric field.

Figure 4 shows the double ionization time fpy versus the
recollision time ¢, for three different relative phases. The black
solid line is the diagonal of the picture which represents the

recollision time is equal to the double ionization time. The

detail of the graph is shown in the inset of Figs. 4(a)-4(c).
Figure 4(a) shows that the whole cluster is far away from the
diagonal at the relative phase Ag = 0.47. Figure 4(b) shows

that the whole cluster is split into several stripes and one of

013203-3
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the stripes is near the diagonal as indicated in the red arrow at
the relative phase A@ = 0.27, which means that the delay time
can be separated to several parts. The recollision time near the
double ionization time and far from the double ionization time
can be recognized by the delay-time. In Fig. 4(c) we can also
see that the whole cluster is split into several stripes and one of
the stripes is closer to the diagonal as indicated in the red arrow
at the relative phase A¢ = 0.0x. From Fig. 4 we can conclude

that the relative phase will affect the double ionization event.

Figure 5 shows the counts of the delay-time with three
different relative phases. It indicates that the counts reach its
first minimum (as shown by the red arrows) around 0.1 o.c.—
0.2 o.c. at three different relative phases, which separates the
shorter and longer delay-time clearly. Therefore we define
the RII channel as the ionization process with the delay-time
shorter than 0.18 o.c., while the RESI channel is defined as the
ionization process with the delay-time longer than 0.18 o.c. as
demonstrated in Refs. [26,37].

4 (a) Ap=04r (b) Ap =0.27 (c) Ap =07
3 - - -

< of - v - 7
B Z » /|| B 0-6
, / 0.7
r I I 0.8
0.9
0 . - - . - . - - 1.0

0 1 2 3 4 0 1 3 4 0 1 2 3 4
t,/o.c. t./o.c. t,/o.c.

Fig. 4. The double ionization time (ipy) versus the recollision time (#,) for three different relative phases. The insets show the details of the graph.
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Fig. 5. Counts of the delay time for three different relative phases. The RII and RESI channels can be distinguished by the first minimum of
the statistic results. The first minimum position is indicated by the red arrow.

The ion momentum distributions of double-ionized elec-
tron shown in Fig. 3 can be further separated into two parts
(RII channel and RESI channel), which is shown in Fig. 6. The
upper row shows the ion momentum distributions that the de-
lay time is longer than 0.18 o.c., while the lower row shows the
ion momentum distribution for which the delay time is shorter
than 0.18 o.c., they correspond to the RESI and RII channels
respectively. For the RESI channel [as shown in Figs. 6(a)—
6(c)], most of the ion momentum is mainly distributed around
the origin, it clearly shows an anticorrelation between the two
electrons. For the RII channel [as shown in Figs. 6(d)-6(f)],
most of the ion momentum is mainly distributed far away from
the origin which indicates that the two electrons are in the cor-
relation. The relative phase could influence the delay time, as
discussed above. The shorter delay time makes the two elec-
trons escape from the core almost with the same time, and they
are both driven by the external field, thus the ionized electrons

are in the correlation.

To explain the difference mechanisms in the two channels
of NSDI clearly, figures 7(a) and 7(b) show the typical energy
trajectories of the RESI and RII at the relative phase 0.4,
the red dashed line and blue dotted line mark the energies of
the two electrons, respectively. Figure 7 also shows the time
evolution of the repulsion energy which marked by the black
solid line. The recollision occurs where the repulsion energy
reaches the maximum. From Fig. 7(a) we can find that one
electron with the positive-energy emerges and another elec-
tron oscillates at the excited bound state after recollision. And
then the double ionization occurs, which is the RESI process.
From Fig. 7(b) we can find that the two electrons with positive-
energy emerge after recollision, which shows that the return-
ing electron collides strongly with other electron and transfers

enough energy to make it ionized directly in the RII process.
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Fig. 6. Ion momentum distributions for different relative phases. The upper row shows the RESI channel and the lower row shows the RII channel.
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Fig. 7. Two typical energy trajectories of RESI and RII channels. The
black solid line marks the repulsion energy between the two electrons.
The red-dashed line and blue-dotted line mark the energies of the two
electrons, respectively.
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Fig. 8. Ratio between definite ionization mechanism and total ioniza-
tion versus relative phases. The dominant of the RESI is obvious.

Figure 8 shows the ratio between the RESI (RII) and the
total ionization versus relative phases. It is shown that the

RESI process always dominates in the whole double ioniza-
tion and the RESI channel (the RII) channel can be influenced
by changing the relative phase. For example, at the relative
phase 0.4w, the ratio of the RESI channel reaches its mini-
mum and the ratio of the RII channel reaches its maximum; at
the relative phase 0.87, the ratio of the RESI channel reaches
its maximum and the RII channel reaches its minimum. There
is a little difference with that demonstrated in Ref. [26], where
the ratio between definite ionization mechanism and the total
ionization in few-cycle elliptically polarized laser can be con-
trolled by changing CEPs and the two ratios are comparable.

4. Conclusions

In conclusion, with the 3D classical ensemble method,
we investigated the mechanism in NSDI of Ar by few-cycle
counter-rotating two-color laser field. The Lissajous figures
show that the amplitude of the electric field is changed with
the relative phases, which will influence the double ionization
probability. The numerical results show that ion momentum
distribution for three different relative phases is in agreement
with the shape of the negative vector potential, which is used
to illustrate the correlated electron emission in the NSDI pro-
cess. To further investigate the relative phase effect, we sepa-
rated the ion momentum to RII channel and RESI channel due
to the delay time. The ratio of RII channel and RESI chan-
nel can be influenced by the relative phases, while the RESI
process always dominates in the whole double ionization.

References

[1] Zhao Y T, Ma A Y, Jiang S C, Yang Y J, Zhao X and Chen J G 2019
Opt. Express 27 034392

[2] Luo S Q,Ma X M, Xie H, Li M, Zhou Y M, Cao W and Lu P X 2018
Opt. Express 26 13666

013203-5


http://dx.doi.org/10.1364/OE.27.034392
http://dx.doi.org/10.1364/OE.27.034392
http://dx.doi.org/10.1364/OE.26.013666
http://dx.doi.org/10.1364/OE.26.013666

Chin. Phys. B Vol. 29, No. 1 (2020) 013203

(3]

[4]
[3]
(6]
(71
(8]
(9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]

[18]

[19]

[20]

Becker W, Grasbon F, Kopold R, MiloSevi¢ D B, Paulus G G and
Walther H 2002 Advances in Atomic, Molecular and Optical Physics
48 35

Zhang K, Liu M, Wang B B, Guo Y C, Yan Z C, Chen J and Liu X J
2017 Chin. Phys. Lett. 34 113201

Song KL, Yu WW, Ben S, Xu T T, Zhang H D, Guo P Y and Guo J
2017 Chin. Phys. B 26 023204

LiHY, Wang B B, Chen J, Jiang H B, Li X F, Liu J, Gong Q H, Yan Z
C and Fu P M 2007 Phys. Rev. A 76 033405

Becker W, Liu X J, Ho P J and Eberly J H 2012 Rev. Mod. Phys. 84
1011

Fleischer A, Worner H J, Arissian L, Liu L R, Meckel M, Rippert A,
Dorner R, Villeneuve D M, Corkum P B and Staudte A 2011 Phys. Rev.
Lett. 107 113003

Wang X, Tian J and Eberly J H 2013 Phys. Rev. Lett. 110 073001

Guo J, Wang T, Liu X S and Sun J Z 2013 Laser Phys. 23 055303

Hao X L, Wang G Q, Jia X Y and Li W D 2009 Phys. Rev. A 80 023408
Fu L B, Xin G G, Ye D F and Liu J 2012 Phys. Rev. Lett. 108 103601
Mauger F, Chandre C and Uzer T 2010 Phys. Rev. Lett. 105 083002
Zhang H D, Guo J, Shi Y, Du H, Liu HF, Hang X R, Liu X S and Jing
J 2017 Chin. Phys. Lett. 34 014206

Wul S, JiaZ M and Zeng Z N 2017 Chin. Phys. B 26 093201
Fleischer A, Kfir O, Diskin T, Sidorenko P and Cohen O 2014 Nat.
Photon. 8 543

Dorney K M, Ellis J L, Garcia C H, Hickstein D D, Mancuso C A,
Brooks N, Fan T, Fan G, Zusin D, Gentry C, Grychtol P, Kapteyn H C
and Murnane M M 2017 Phys. Rev. Lett. 119 063201

Frolov M V, Manakov N L, Minina A A, Vvedenskii N V, Silaev A A,
Ivanov M Y and Starace A F 2018 Phys. Rev. Lett. 120 263203
Mancuso C A, Hickstein D D, Grychtol P, Knut R, Kfir O, Tong X M,
Dollar F, Zusin D, Gopalakrishnan M, Gentry C, Turgut M, Ellis J L,
Chen M C, Fleischer A, Cohen O, Kapteyn H C and Murnane M M
2015 Phys. Rev. A 91 031402

Mancuso C A, Hickstein D D, Dorney K M, Ellis J L, Hasovi¢ E, Knut
R, Grychtol P, Gentry C, Gopalakrishnan M, Zusin D, Dollar F J, Tong
X M, Milosevi¢ D B, Becker W, Kapteyn H C and Murnane M M 2016
Phys. Rev. A 93 053406

[21]
[22]
[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

(31]

[32]
[33]
[34]

[35]

[36]

(37]

013203-6

Corkum P B 1993 Phys. Rev. Lett. 71 1994
Kulander K C, Cooper J and Schafer K J 1995 Phys. Rev. A 51 561

Fittinghoff D N, Bolton P R, Chang B and Kulander K C 1992 Phys.
Rev. Lett. 69 2642

Walker B, Sheehy B, DiMauro L F, Agostini P, Schafer K J and Kulan-
der K C 1994 Phys. Rev. Lett. 73 1227

Huang C, Zhou Y M, Zhang Q B and Lu P X 2013 Opt. Express 21
11382

Ben S, Wang T, Xu T T, Guo J and Liu X S 2016 Opt. Express 24 7525

HaoJ X, Hao X L, Li W D, Hu S L and Chen J 2017 Chin. Phys. Lett.
34 043201

XuTT, ChenJ H, Pan X F, Zhang H D, Ben S and Liu X S 2018 Chin.
Phys. B 27 093201

Mancuso C A, Dorney K M, Hickstein D D, Chaloupka J L, Ellis J L,
Dollar F J, Knut R, Grychtol P, Zusin D, Gentry C, Gopalakrishnan M,
Kapteyn H C and Murnane M M 2016 Phys. Rev. Lett. 117 133201

Mancuso C A, Dorney K M, Hickstein D D, Chaloupka J L, Tong X
M, Ellis J L, Kapteyn H C and Murnane M M 2017 Phys. Rev. A 96
023402

Eckart S, Richter M, Kunitski M, Hartung A, Rist J, Henrichs K,
Schlott N, Kang H, Bauer T, Sann H, Schmidt L P H, Schoffler M,
Jahnke T and Dorner R 2016 Phys. Rev. Lett. 117 133202

Huang C, Zhou M M and Wu Z M 2018 Opt. Express 26 026045
Huang C, Zhou M M and Wu Z M 2019 Opt. Express 27 007616

Ma X M, Zhou Y M, Chen Y B, LI M, Li Y, Zhang Q B and Lu P X
2019 Opt. Express 27 001825

Xu T T, Ben S, Wang T, Zhang J, Guo J ang Liu X S 2015 Phys. Rev.
A 92 033405

Ben S, Guo PY, Pan X F, Xu T T, Song K L and Liu X S 2017 Chem.
Phys. Lett. 679 38

Zhu Q Y, Xu T T, Ben S, Chen J H, Song K L and Liu X S 2018 Opt.
Commun. 426 602


https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/10.1016/S1049-250X(02)80006-4
http://dx.doi.org/10.1088/0256-307X/34/11/113201
http://dx.doi.org/10.1088/1674-1056/26/2/023204
http://dx.doi.org/10.1103/PhysRevA.76.033405
http://dx.doi.org/10.1103/RevModPhys.84.1011
http://dx.doi.org/10.1103/RevModPhys.84.1011
http://dx.doi.org/10.1103/PhysRevLett.107.113003
http://dx.doi.org/10.1103/PhysRevLett.107.113003
http://dx.doi.org/10.1103/PhysRevLett.110.073001
http://dx.doi.org/10.1088/1054-660X/23/5/055303
http://dx.doi.org/10.1103/PhysRevA.80.023408
http://dx.doi.org/10.1103/PhysRevLett.108.103601
http://dx.doi.org/10.1103/PhysRevLett.105.083002
http://dx.doi.org/10.1088/0256-307X/34/1/014206
http://dx.doi.org/10.1088/1674-1056/26/9/093201
http://dx.doi.org/10.1038/nphoton.2014.108
http://dx.doi.org/10.1038/nphoton.2014.108
http://dx.doi.org/10.1103/PhysRevLett.119.063201
http://dx.doi.org/10.1103/PhysRevLett.120.263203
http://dx.doi.org/10.1103/PhysRevA.91.031402
http://dx.doi.org/10.1103/PhysRevA.93.053406
http://dx.doi.org/10.1103/PhysRevA.93.053406
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1103/PhysRevA.51.561
http://dx.doi.org/10.1103/PhysRevLett.69.2642
http://dx.doi.org/10.1103/PhysRevLett.69.2642
http://dx.doi.org/10.1103/PhysRevLett.73.1227
http://dx.doi.org/10.1364/OE.21.011382
http://dx.doi.org/10.1364/OE.21.011382
http://dx.doi.org/10.1364/OE.24.007525
http://dx.doi.org/10.1088/0256-307X/34/4/043201
http://dx.doi.org/10.1088/0256-307X/34/4/043201
http://dx.doi.org/10.1088/1674-1056/27/9/093201
http://dx.doi.org/10.1088/1674-1056/27/9/093201
http://dx.doi.org/10.1103/PhysRevLett.117.133201
http://dx.doi.org/10.1103/PhysRevA.96.023402
http://dx.doi.org/10.1103/PhysRevA.96.023402
http://dx.doi.org/10.1103/PhysRevLett.117.133202
http://dx.doi.org/10.1364/OE.26.026045
http://dx.doi.org/10.1364/OE.27.007616
http://dx.doi.org/10.1364/OE.27.001825
http://dx.doi.org/10.1103/PhysRevA.92.033405
http://dx.doi.org/10.1103/PhysRevA.92.033405
http://dx.doi.org/10.1016/j.cplett.2017.04.076
http://dx.doi.org/10.1016/j.cplett.2017.04.076
http://dx.doi.org/10.1016/j.optcom.2018.06.022
http://dx.doi.org/10.1016/j.optcom.2018.06.022

	1. Introduction
	2. Theoretical model
	3. Results and discussion
	4. Conclusions
	References

