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Mbl aHaNn3Mpyem la3epHble COMTOHbI (CONUTOHbI B J1a3epe UIN 1a3epHOM cpefie C HACbILLALWNMCS
nornoweHnem) ¢ ¢asoBbIMU U/MUAN NONAPU3ALMUOHHBIMU CUHTYIAPHOCTAMU. TaKMe CUHTYNAPHOCTM 0bnaaatoT
TONONOrMYECKOM 3aLUMLLEHHOCTbIO, YTO BaXKHO A1 MHPOPMALIMOHHbBIX NPUNOKEHUN.




dazoBble U NONAPU3ALIMOHHbBIE CUHTYIAPHOCTY

N3nyyeHne 61M3KO K MOHOXPOMATMUUYECKOM NIOCKOM BOIHE (KBAa3MONTUYECKOE, UM NapaKCcManbHoe NpubamnkeHune)

1. 30n1uposaHHble ¢ha3osblie cuHzynapHocmu. Ana ckanapHoro nons (cywectseHHa TO/NIbKO OA4HA ero
nonApM3aLMOHHAA KOMNOHEHTA) HaNPSA*KEeHHOCTb MOKeT obpauwlaTbca B O B HEKOTOPbIX TOYKax. B aTux
TOo4YKax ¢asa usnyyeHua He onpegeneHa. MNpun obxone BOKpYr Hee Mo 3aMKHYTOMY KOHTYpPY (ecnm TouKa
n30nnpoBaHHan) ¢asosbin Haber 6D =27m, m=0,+1, +2,... (m — Tononoruyeckunit 3apag,).

2. lMonapusayus B obLlem cyvae snnNTUYECKas, XapakTepumsyeTca HanpaBaeHUeMmM rMaBHoOM ocu
NONAPU3ALMOHHOrO 3/11MMNCa U HanpaBJeHNEM BPaLLEeHUA BEKTOPA INEKTPUYECKON HANPAXKEHHOCTU MO
annvncy (npasas v neBasd nonapusauma). MonapmsaumoHHaaA CUHIYNAPHOCTb BO3HUKAET Npu IMHENHOM
nonspu3aLnm, Koraa HanpasaeHue BpallleHMa He onpeaeneHo (L-ToYku nam AnHnmn), u Ana Kpyroson
NoNApPU3aLINM, KOTrada HeNb3A BblAeNUTb raBHYo ocb (C-Touku). Mpu 0b6xoae BOKpYr N301MPOBAHHOM
TOYKM NONAPMU3ALUOHHOMN CUHTYIAPHOCTU HanpaB/iEHUE INMaBHOM OCK NOBOPAYMBAETCA HA Lienoe Uamn
nonyuenoe uncno obopotos (~ «mHaekc MyaHkape» 7). (Bosnee moyHo, lyaHkape eosopum o
CUH2YAIAPHOCMAX BEKMOPHO20 10711, A Y 2/08HOU OCU 371aUrNca HanpassaeHue 08y3HAYHO)

or
. VAR NI N NN UHpaekce MyaHKape xapakTepuayeT
INNNNTUYECKAA, IMHEUHAA U
CUHIYNAPHOCTb MHANBUAYA/IbHbIX
KpyroBas (UMpKynspHasn) / o
N30NMPOBAHHbIX TOYEK UMK BCEM

nonAapusauna, PasnnyHbl B PasHbIxX
NPOCTPAHCTBEHHbIX TOYKAX

CTPYKTYPbI, €C/I1 KOHTYp 06xoaa
OXBaTbIBAET BCE 3TN TOUKMU

Ruchi, P. Senthilkumaran, and S. K. Pal, “Phase Singularities to Polarization Singularities,” Int. J. Optics 2020, 2812803 (2020).
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|. Scalar Tubular Laser Solitons

Continuous medium: a linear matrix with embedded centres of two types — '

active (laser gain) and passive (saturable absorption). - ————— - - -
Distance between the centres << carrier wavelength. Fast response of the

centres on laser radiation.

Modified scheme: the medium is enclosed in a cavity of length L. E(r,t) = Re[e, E(r,t)exp(ik,z —iw,t)] (1)

The previous scheme: the limit L = infinity.

an — carrier frequency, ko — carrier wavenumber, t — time, z — distance along the axis, r = (X,y,2),
ex — unit vector of the radiation polarization (linear), E — slowly varying envelope

Scal . i oir OF N 1 OF 0%E
calar governing equation: 2iko | — —r
0<d, , <<1-coefficientsof angularand frequencyselectivity, V2 =0/ax*+0%/oy* f(l)= —1—1i°| + 1+g|0/ "

| =s|Ef - intensity, v, —group velocity, D, — coefficient of quadratic dispersion

oo — coefficient of nonresonance absorption (in the matrix), ao and go — coefficients of small-signal
absorption and gain, b — ratio of saturation intensities for gain and absorption.

+ (1= id)VEE = (1 - id)Dy = = 2ikoaof(IEIDE (2

(small detuning between
working frequencies of
active and passive
centres)



Unbounded and bounded medium

Unbounded medium: 3D - 2D

oE, | . . 0°

5_23:[0 "’dL)Vi "’(' +dl)?]E3 u f(l E3 |2)E3 r=t-1 /VQT
Ey(r,7,2)=E,(r. z)exp(-iQ), 1. =(xy)

ok, . .

B (40 )V + ENE, f=1-(+d)0

Known are many solutions of this 2D-problem.

Structures with axially symmetric intensity distributions

E,(r.7.2)=E;(r.p.z)=A,,(r)exp(-iK  ,z+imp)
m=0,+1 +2,... - topological index
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Linear stability analysis: Unstable structures
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Bounded medium: Finite length L of the cavity

Stable if L<L,. Fig.2
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For larger L, the symmetry
of the structure is lost and
the vortex line bends.

Fig. 3

Vortex line

Isointensity surface

For m > 1 the vortex line splits
into m spirals (m = 2, 3)

Tubular solitons represent
an intermediate class of
solitons between 2D abd 3D



Il. Vector solitons. Model and governing equation

OE Wide-aperture semiconductor laser with vertical-cavity
+

ot

— (| + d )ViE+ + [ f (| ) + &0 f+(| ’ Ol )] E+ resonator (VCSEL). Spin-flop model: [San Miguel M.,
- - - Feng Q., Moloney J.V. Phys. Rev. A 52, 1728 (1995)].

Approximation of fast medium response.

E,(x,y,t) — envelopes of the electric strength circular polarization components,
| = \EJZ + ‘E_‘Z — the total intensity,
Sl = %(‘E_‘z —~ ‘Ef) — difference of intensities,

£—the ratio of two relaxation rates, a small parameter, 0< ¢ <<'1,

f(l)=-1- % + (1_ ia) 9o , o — alpha-factor (~ frequency detuning)
1+ 1+ Dl
g, zhsl+b%s1°

5fi(|’5|):(1_ia)1+b| 1+ &bl

Equations are invariant to phase shifts in each component, “incoherent coupling.”

We consider cavities with sufficiently short length, L << L__, mean-field approximation

cr’

Eizi(ExiiEy)
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Experimentally available are
different polarization
components, and they have
different singularities.



Degenerate case: €= 0 (~ dissipative Manakov system)

ok . 2 2
f=f=1) w  —==(i+d)VIE.+ F(DE o I =EL+[E] ©
Known are many types of scalar solitons, e.g. B iVt _ 4imp _
those with axially symmetric intensity distribution E,=E, (I’, (o)e E. (r’ gp) =€ m| (I’)COS&’, E_=0

Examples of transverse distribution of intensity for symmetric scalar solitons

t = Denaz E_ininuzl, t = BEAAR E_lninmzl, t & SOEEE

a6

With increase of m,
radius of intensity ring
increases and domain of
stability decreases. The
scalar solitons, even
independently to their
stability, serve as the
basis for construction of
vector solitons.




Degenerate case: £=0 (i d)VIE S TME W 1+ [ @

There is a family of solution of Egs. (1) E+ (r,
with a continuous parameter @, angle
of rotation in the space of intensities (I, ,1_)

)=e"A, (r)cosé,

)=e"""A (r)sing

S

(3)

m
—~~
o
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For @=0, wor /2, - 7 /2 polarization is circular. ;‘
For &= 7 /4 or —7/4 the polarization is linear, radial, the P

Poincare index = 1. The field Cartesian components ‘

|7l P o 0=1n/a

. 2

E, =v2A (r)cos(ng), E,=~2A (r)sin(ne). (4) 3

4

Therefore, Ex = 0 on the line x = 0 — not isolated phase 4
singularity (~ edge dislocation). For circular polarizations 2(1)

one can see an isolated phase dislocation with topological = 1

charge +m and -m. ¥e :

-10 P

For other values of @the phase singularity is isolated./;0 j

20 10 0 10 20

All these structures are stable in the framework of Egs. (1).



Non-degenerate case ¢>0

It is possible to show that the previous
solutions are unstable except the case of equal
intensities of circular polarization components

Transverse distribution of intensities
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Various m, Initial field: E.(r.p) =e™A, (r), E(rp) =e™"A (r)

Radii of the intensity rings differ for different | M, |# M_|. However, due to for interaction
of the polarization components, they attract each other with formation of their joint ring,
if the difference |om|=m, —m_]| is not too large.
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Intensity distributions for scalar structures with different topological charges m



Stokes’ parameters

Se=lE. " +|E_I,
S, = 2Re(E'E.),
S, = 2Im(E'E.),
S,=|E.["-|E_[,
S =SZ+SZ+SZ,

tg2y =S, /8,

E. = A(r)

exp(im, @), E_= A(r)exp(im_g), (1)

S, =4| A(r) | cos(6me), S, =4]A(r) |’ sin(cmg),

om=m,—-m_, w=(m/2)p, (2)
n=(m —m)/2. (3)
Possible is generalization
Ay for asymmetric structures
4 x
X
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Transverse distribution of intensities
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Polarization is linear

Polarisation vector, t = 88638
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Polarization is linear

Polarisation vector, t = 80824
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Asymmetric rotating soliton m =0, m=-2 5-1

Polarization is generally elliptical, circular in two C-points, and linear at the L-line.
The L-line separates the ellipses with opposite chirality.
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BbiBOAbI

1. MpeacTaBneHbl Tpyb4aTbie CONUTOHbBI — HOBbIM TUM CKaNSAPHbIX AMCCUNATUBHBIX COTMTOHOB C Pa3MepPHOCTbIO,
npomexxytouHon mexay 2D n 3D, obnagatowmx CUHTYAIAPHOCTAMM $a3bl B BUAE BUXPEBLIX HUTEWN C Pa3/INYHbIMU
TONONOrMYEeCKMMU 3apagamun. B HeorpaHnyeHHOW cpeae OHU HEYCTOMYMBDI.

B pe3oHaTope ¢ AOKPUTUHECKON AJIMHOWN YCTOMYUBbI CUMMETPUYHbIE CONUTOHbI C MPAMOJIMHENHOWN BUXPEBOW
nnHuen. MNpu ysennyeHnm AnmHbl CUMMETPUA TEPAETCA N BUXPEBbIE IMHUU UCKPUBANAKOTCA, @ NPU HEEAUHUYHbIX
3apA4ax OHU PacWennaArTCA Ha IMHUN C eAUHUYHDBIM 3aPAL0M.

2. HalaeHbl BEKTOPHbIe AnccunaTuBHbie 2D CONUTOHBI C NONAPU3ALNOHHBIMU CUHTYAAPHOCTAMKU. OHU CTPOATCA NPU
Ha4Ya/IbHOM YC/1I0BUM B BUAE CKANIAPHbIX COIMTOHOB C OCECUMMETPUYHBbIM NPodUIEM MHTEHCUBHOCTU U
Pa3IMYHbIMM TOMONOTMYECKMMMN 3apASaAMU M U m_ ANA ABYX KPYrOBbIX NOAAPU3ALLUIKA BEKTOPHOIO CONUTOHA.
YCTOMUYMBBLIMM OKa3bIBAOTCA CTPYKTYPbI AaXKe CO CTONb 6HonblIMMUM 3apsagammn, ANA KOTOPbIX YCTOMYNBOCTb
CKaNAPHbIX CONIMTOHOB He UMeeT mecTa. [lonapmnsaumna nameHAeTca No nornepedyHomy ceyeHuto. MHaekKc MNyaHkape
YCTOMYMBLIX CTPYKTYP 77 = (m+ —m_) /2. Mopenb onucbiBaeT WMPOKOanepTypHble NOYNPOBOAHUKOBbIE 1a3epbl.

N. Veretenov, S. Fedorov, N. Rosanov. “Tubular laser solitons,” Opt. Lett. 46, No 15 (2021).
N.N. Rosanov. Dissipative Optical and Related Solitons. 2021 (Moscow: Fizmatlit, in Russian).
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