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ABSTRACT

In recent experiments in air with femtosecond milsegnificant depolarization effects in nonlineagime were
observed. We use the generalized cubic type narliyeand investigate how this operator influentes vector field
polarization. A vector set of nonlinear differeht@muations describing the evolution of the maid aignal is derived.
The polarization properties of the components cfaefields are investigated numerically.
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1. INTRODUCTION

It is well known that during nonlinear propagationisotropic materials the nano- and picosecondrlasises preserve
their linear and circular polarizations. In the easf elliptical polarization the electrical fieldeetor rotates
proportionately to the differences of the intersitand the phases betweenBhandE, components®. The rotation of
the field vector is homogeneous over while beant gpofile. The preserving of linear and circularlgrization and
vector rotation in the elliptical case are reswdfsMaker and Therhune (MT) type nonlinear operattescribing

propagation of narrow bandqandps) laser pulses.
In recent experiments in air with femtosecond esilsignificant depolarization effects were obsetv@tiese
results cannot be obtained by MT type approximatir this reason we use the generalized cubicimenaniity of the

type n, (E EE)E and investigate how this nonlinearity influencestbe vector filed polarization. We found that the

generation of optical signal wave spectrally shiftgith GHz delay towards the higher frequenciepassiblé. To
investigate the polarization properties in the pescof such generation we derive2+3 vector system of nonlinear
differential equations describing the evolutiontleé main and signal waves. This system is invetgiyaumerically.
The numerical simulations show that the rotatioglamf the electrical field vector is differentedch point of the spot
with maximum in the pulse center.

2. POLARIZATION PROPERTIES OF NARROWBAND PUL SES

The propagation of picoseconds laser pulses isriesc correctly in the frames of Maker and Therhugpe
polarization

PJ"T:nZ[(EEE*)E%E[E)E*} @)

where N, is the nonlinear refractive index. The electrigeld E atone carrying frequencgy, hasx andy components
and can be presented by

A&exp[i(koz—a)ot)]+cci+& exp{i(kozz—wot)}ccy, @

where A and A/are the amplitude components of the pulse. Theespanding nonlinear system of amplitude
equations written in dimensionless form and Gatileaordinate systenz' (= z—vgt; t' =t) is

E=
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where = kozdgn2|AO| is the nonlinear coefficientfi, =g k, is the main wave number, is the waist,

n t2
B =24 |24 = koVe Ko, Zgq = Kodg is the diffraction lengthz, = é is the dispersion lengthy,, is the group
velocity, kg is the group velocity dispersion. The last nordineerms in equations (3) correspond to the degsmer
four-photon parametric mixing (FPPM) processes.
The rotation of the electrical field is connecteifhvthe energy exchange between the amplitude coeme A, and

A/ of the pulse due to FPPM. The nonlinear systenad#)its the Manley-Row conservation law of totagrgy U (t)
u (t):U (t)+u (t) =const 4)
whereU ”“AJ dxdydz andU, J‘J‘HA,‘ dxdydz are energies of the corresponding components of

the electrical f|eId The variation of the energi}each component is presented by the followinggraks

SR S (A2 - AA7) vy, B (K - KA )aayie o

If we present the component8, and A/ of the amplitude function through their modulesi avthasesq, and 73
correspondingly the energy variations (5) of baimponents take the form

oU, (t) _ ou,(t) _2 ol wal

o = I sin(an - ag) axayaz, =B =] i 22 @) avayez o

The energy of each component is constant wher 24, — 26, = 0 (i.e.¢, — ¢, = 0 — the case of linearly polarized pulse)
or A¢g == (i.e ¢« — ¢y = w2 — the case of circularly polarized pulse) anere¢his no energy exchange between the

functions A, and A/ . The absence of energy exchange leads to preservation of the linear and circular polarizations.
WhenA¢ = 29, — 2p, # 0 (i.e the case of elliptically polarized pulskg tenergy of each component is not constant and
we observe an exchange of energy between the amfpltomponents approaching its maximumgf= 24, — 2p, = n/2,

i.e. if the phase difference dg — ¢, = n/4. The energy exchange leads to rotation of the electrical field vector in the case
of eliptical polarization.

2.1 Numerical smulations

In order to investigate the polarization dynamié¢sh®e electrical field we treat numerically the tinear system of
differential equations (1) using an algorithm basadhe split-step Fourier method.

We simulate numerically the evolution of 3@8 laser pulse typical for atmospheric experimentthvimitial waist
do = 3 cm and longitudinal (strob) dimensiag = 9 cm with power slightly above the critical for selfefiasing. The
numerical experiments are performed with initiahdibions in the form of Gaussian pulses

o) ol
3] exdig) , A =A ex —T?’ , )

— AO _
A = Aexp 202

Proc. of SPIE Vol. 11047 110471A-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/30/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



where ¢ is the phase difference between the componéktsand A\, The values of the parametes andf3 are
y=2, £00.000z.
Linear Polarization (¢ = 0)

Figure 1 presents vector diagrams of linearly podar pulse at distances= 0 andz = 3z / 2. The vector of the
amplitude of the electrical field preserves itselin polarization and does not rotate ¥ y) plane. The same
polarization dynamics is observed in the caserclar polarizationg = =/2).
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Figure 1. Vector diagrams of the initially lineapyplarized laser pulse. Figure 1a) presents thtoveéagram of the initial
condition. Figure 1b) presents the vector diagrdter goropagation at a distan@= 3z / 2. During the nonlinear
propagation the vector of electrical field keegdiitear polarization and does not rotate xny) plane.

Elliptical Polarization

Figure 2 presents the time evolution of energygraks U, and U, of elliptically polarized laser pulse with phase
differencep = n/4. We observe an exchange of energy between tipditade component#, andA, due to the
degenerate FPPM processes.

25 U
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Figure 2. Time evolution of the energy integralsandUy in the case of elliptically polarized laser pulgée observe an
exchange of energy between the amplitude compowgrftdue) andA, (red) due to the degenerate four photon parametric
mixing processes.

Proc. of SPIE Vol. 11047 110471A-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/30/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 3 presents vector diagrams of ellipticalbtapized pulse at distancess 0 andz = 3z / 2. The vector of the

amplitude of the electrical field rotates iR, §) plane. This rotation is result of the energy exue between the
componentg\, andA,.
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Figure 3. Vector diagrams of the initially ellipaity polarized laser pulse. Figure 3a) presentsviéwor diagram of the

initial condition. Figure 3b) presents the vect@glam after propagation at a distance zg 3 2. In this case we observe a
rotation of the amplitude vector field ir, ) plane.

3. POLARIZATION PROPERTIES OF BROADBAND PULSES

In order to investigate the polarization dynami€®madband laser pulses we use the generalized polarization of
the type

n, (E EE)E . (8)

The generalized nonlinear operator (8) includes géperation of third harmonic with wave synchronisandition
w, = 3a)p, where w, is the main wave (pump) frequency aad is the signal wave frequency. The electrical field

E has the formE = Ep + ES

E = A, expli a)pt)+ A expl-i a)pt) - A, expli a)pt)+ A, expl-i a)pt) g

10
0 5 5 (10)

£ A explict) + AL exp-iwt) L expliawt)+ A, exp-iwyt) ;
s = 2 2

where A, k=p,s; | =X,y are the amplitude functions. More precise analgs@vs that the group velocity adds an
additional phase (carrier to envelope phase) inthité harmonic ternfs Therefore the spectral distance between the
pump and the signal wave is with GHz shift in &mastead on third harmoni8a)p = 3konh there is a spectral shift to

the higher frequencies proportional to the phasexgvelocity differenceay,,, = 3K, (Vph Vg ) :
Taking into account the symmetry properties ofrtbelinear susceptibility tensor

@) = @ = @ O (3,,= —2,0@ L O(= )= oy @ 4 @
O = xS = xS0 xQBw=wtw+w) =3y, xNw=w+w-w)= 25+ x5 (11)

the components of the nonlinear polarization are
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P =| 1A P2, 102 (a, Pria, 1) A+ 2l AR, 18,02 A 8,

+[A*2+ A*Z}Asﬁ Ao Ay Ay
er =| 18, Feam, 12 (A A )|a, < 2A K raa, 1AL A, A
(12)

+{ }Agy+ A ApyASA

S( [ 2 1 2 . . 1 .
Pnl = |A9< |2+2|Apx |2+§ quy |2+|Asv |2 ) A9< +§[Apx Apy+Aprpy ]Asy+§ AS< Asg/

f[manz]a,

" 2 ] 2 . . 1 .
PnTy = |Asv |2+2IApy |2+§ GAPX |2+|A9< |2 ) Asy +§[Apx Apy+Aprpy ]A9<+§ ng A;

NI

The nonlinear terms connected with energy exchabgeveen the pump and signal wave admit wavevector
mismatchAK . We neglectAK in equations (12) since to a GHZ shift betweenvages corresponddk <« 1.

The system of nonlinear equations resulting from gleneralized cubic polarizatiqmz(é EE)E in Galilean frame is
2

%A, _
-ﬁT+ W j=ps m=xy. (13)

3.1 Numerical smulations

For performing the numerical simulations we useiahi330 fs pulse with waistd, = 300 um, longitudinal (strob)
dimension z, = 100xm, and spectral widtho™* >> Aw" @'~ 95 GHz. The numerical experiments are performed with
initial conditions in the form of Gaussian pulses

AX = A]QXexp(—X-'-y-'-(SZ)J eXF(|¢) , Ajy = A?y exé—x-’-y-'-(SZ)J , J =ps- (14)
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Figure 4. Energy transfer from the pump towardssigaal wave is seen from the time evolution oféhergy integralt),
and U, of main (Fig. 4a) and signal (Fig. 4b) waves ie tase of linear polarization. The absence of gnexghange
between the components of each wave is the reasgmdserving of the linear polarization.
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Linear Polarization (¢ = 0)

Figure 4 presents the time evolution of energygriis U, andU, of of linearly polarized pulses with initial amjpide
parametersA’ = AS =1, AJ =Aj =0.1for y=1.1 and £ 0.000Z. In Fig.4a) is plotted the energy of the two

components of the pump wave, while in Fig.4b) thergy amplification of signal wave components isvgh. An

energy transfer from the pump towards the signalenia observed. An energy exchange between the aosngts of
each wave cannot be observed which leads to piageo¥ the linear polarization (see Fig. 5), ilee tvector of the
amplitude of the electrical field does not rotatd, y) plane.
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Figure 5. Vector diagrams of the total electridaldf in the case of linearly polarized laser puldéig. 5a) presents the
vector diagram of the initial condition. Fig. Skepents the vector diagram after propagation astarcte ofz = 3z / 2.
During the process of amplification of the signalwe the vector of electrical field keeps its linpatarization and does not
rotate in %, y) plane.

Circular Polarization (p = n/2)

In the ideal case of circular polarization with efjunitial pump and signal amplitudes the totaktiieal field relatively
preserves the initial polarization. In the real exments the main and signal waves have differgtiani amplitudes. In

Fig. 6 the energy integralsl, and U, for the following parametensgx = Agy =1, A :&’y =0.3, y=1.8 and
£ 00.000zZ are shown.
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Figure 6. Time evolution of the energy integralsand U, in the case of circularly polarized laser puld®&& observe an
energy transfer between the pump (Fig 6a) and kpgnse (Fig. 6b) with significant exchange of enebetween the and
y components of each wave.
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An energy transfer between the pump (Fig. 6a) &gmhkpulse (Fig. 6b) is observed with significanthange of energy
between the andy components of each wave. The vector diagrams pexsén Fig. 7 show inhomogeneous rotation of
the total electrical field vector. The rotation s different at each point of the spot with nmaxin in the pulse center.
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Figure 7. Vector diagrams of the initially circulapolarized laser pulses with different amplitudEgure 7a) presents the
vector diagram of the initial total vector fieldigbre 7b) presents the vector diagram after prapagat a distance
z = 34 / 2. The rotation angle is different at each poirthe spot with maximum in the pulse center

Elliptical Polarization
In our numerical experiments most intense transf@mergy between the main and signal waves ashgéNeen theix

andy components (see Fig. 8) is obtained in the casgdlipfical polarization. The numerical simulatioase performed
with phase difference = n/4 and initial parametersy = A7 =1, A} = Aj =0.1for y=1.5 and 4 [10.000Z.
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Figure 8. The exchange of energy between the purdsignal wave as well between thesindy components separately is
most intensive in the case of elliptically poladdaser pulses. In Fig. 8a) the evolution of thenpienergy integrald, and
U, is plotted. Figure 8b) shows the evolution of tlymal energy integrald, andU,,

The rotation of the total electrical is most siggaht in the elliptical case. The vector diagramthedf initial electrical
field amplitude is plotted in Fig. 9a). Figure 9pJesents the vector diagram after propagation atistance

Z:3Zdiﬁ/2.
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Figure 9. The rotation of the total electrical field is most significant in the elliptical case. The vector diagram of the in
electrical field amplitude is shown in Fig. 9a). Figure 9b) presents the vector diagram after propagation at a dis
Z = Iy /2.

4. CONCLUSIONS

The nonlinear Maker and Therhune type polarization in the nano- and picosecond region preserves the linear ¢
polarization of the initial pulse. In the case of elliptical polarization a rotation of the polarization ellipse is Gb3dme

nonlinear generalized cubic type poIarizatimg(E EE)E in the femtosecond region includes the effects of generati
signalwave with GHz spectral shift in air. Thigeads to depolarization and oscillation of the polarization ellipse ¢

initially circularly polarizedpulse unlike the nano-and picosecondegion. The rotation of the total electricalfield is
most significant in the case of elliptical polarization.
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