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The propagation of hollow Gaussian beams in strongly nonlocal nonlinear media is studied in detail. T'wo analytical

expressions are derived. For hollow Gaussian beams, the intensity distribution always evolves periodically. However the

second-order moment beam width can keep invariant during propagation if the input power is equal to the critical power.

The interaction of two hollow Gaussian beams and the vortical hollow Gaussian beams are also discussed. The vortical

hollow Gaussian beams with an appropriate topological charge can keep their shapes invariant during propagation.
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1. Introduction

In past several years, the so-called dark hollow
beams with zero central intensity have attracted much
attention because of their wide applications in atom
optics.' =3 Experimentally, various techniques have
been used to generate various dark hollow beams.[*~6!
Theoretically, several models are introduced to de-
scribe dark hollow beams. A useful mathematical
model, i.e. the hollow Gaussian beam,[” is introduced
to describe the propagation of dark hollow beams and
analyse guiding, focusing, and trapping of ultracold
atoms, even Bose—Einstein condensates. Subsequently
Deng et al.l® calculated the propagation factor of hol-
low Gaussian beams. Gao et all” studied the non-
paraxial propagation of hollow Gaussian beams. Wu
et al.l'% described the vectorial structure of hollow
Gaussian beams in far field. More recently, Liu et
al.') demonstrated how to generate hollow Gaussian
beams by phase-only filtering. So far the propaga-
tion properties of the hollow Gaussian beams have
been investigated through several optical systems (or
in some media) such as a paraxial misaligned optical
system,['? an apertured paraxial optical system,?!
fractional Fourier transform system,' a turbulent
atmosphere, '] a uniaxial crystal,[*%l and so on.

On the other hand, an important class of material
systems is the nonlocal media. Such nonlocality arises
in several branches of physics, ranging from Bose—
Einstein condensates to atomic vapour.'7=21 If the
characteristic length of the material response function
is much longer than the beam width, these media can
be called strongly nonlocal nonlinear media (SNNM).
In optics, strong nonlocality can be encountered in
several materials, for example liquid crystals!'920 and
thermal media.?!! Recently, the beam propagation in
SNNM has also been paid increasing attention due to
its intriguing properties different from those in local

a.22734 To the best of our knowledge, the prop-

medi
agation of a hollow Gaussian beam in SNNM remains
unexploited. In this paper, the propagation of hollow
Gaussian beams in SNNM is investigated in detail.
Two analytical expressions describing the propagation
of hollow Gaussian beams and the beam width are de-
rived. The interaction of two hollow Gaussian beams

and the vortical hollow Gaussian beams are also dis-

cussed.
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2. Analytical expressions of hol-

low Gaussian beams

The propagation of the (1+42)-dimensional op-
tical beams in nonlocal nonlinear media is gov-
erned phenomenologically by the nonlocal nonlinear
Schrodinger equation (NNLSE)

o0
2ikno 5~ +noV3 &+ 2k*And = 0, (1)
z

where ¢ = @(r) is the complex amplitude of the light
field, r is the two-dimensional transverse coordinate
vectors, k is the wave number in the media without
nonlinearity, ng is the linear refractive index of the
media, V3 = (97 + 97) is the two-dimensional trans-
verse Laplacian operator. The nonlinear perturbation
of the refractive index An can be generally expressed
as

+oo
An = ng/ R(r — )| o(r, 2)[2d*r, (2)

— 00

Fou{ O(x0,y0) Nz, y) = expli(a — 7/2)]

where ny is the nonlinear index coefficient, and R(7) is
the normalized symmetrical real spatial response func-
tion of the media. If R is a delta function, equation (1)
degenerates to the well-known nonlinear Schrédinger
equation in the local nonlinear media.

For the strongly nonlocal case, the NNLSE can
be deduced to the linear Snyder—Mitchell model which
can be expressed in the form in cylindrical coordinates
(r,0,2),

Yoz Tror T orz 12 962
—k2y? Pyr?d =0, (3)

where v is a material constant associated with the re-
sponse function R, and P, is the input power. Because
the Snyder—Mitchell model is a linear model, the lin-
ear method can be employed to investigate the beam
propagation in SNNM.[23:24] Tt has been demonstrated
that the beam propagation in SNNM can be regarded
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as a self-induced fractional Fourier transform![23:35]
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where .Z,{-} represents the fractional Fourier transform, a = v/Pyyz is the transform order, w? = 1/(kvv/Fp).
In cylindrical coordinates, equation (4) can be rewritten as
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The optical field distribution of hollow Gaussian beams at the source plane is given by!]

2 \" r2
¢(TO):CO 202 exp w2 ) (6)
0 0

where n = 0,1,2,3,... is the order of hollow Gaussian beams. If n = 0, equation (6) reduces to the fundamental
Gaussian beam. The radius of the bright ring in the irradiance distribution of a hollow Gaussian beam increases
with n increasing. Cj is a normalized constant associated with the order of n and ensures the input power to
be Py. wp is the waist width of Gaussian beam.

Substituting Eq. (6) into Eq. (5) and recalling the integral formulael®¢!

1 27
Jo(z) = —/ exp(iz cos6)dd (7)
2 0
and
° 1, _ B2/ —n—v—1 3
/ 2"tV "], (2B8y/x) dz = nlB’e B lagmn—v=1py - (8)
0

with J, (z) being the Bessel function and LY (x) being Laguerre polynomials, after tedious integral calculations,
we obtain the propagation expression as

i Con!(w'? tan )™ (w'? tan o + {)r'?
cos a(w'd tan? a + 1)(m+1)/27" | /2 sin 20(w' tan® o + 1)

2 2
O(r.0,2) } exp {_ 2(tan a+1)r

(w4 tan® o + 1)
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tan a(w™ — 1)r"?
2uw'2(w'* tan® o + 1)

X exp |i

where w' = wp/wo, ' =7 /wp.
By using the following formula,

L
on n:

—i(n 4 1) arctan (

wsaﬂ 7 (9)
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where A,,,, denotes a binomial coeflicient, equation (6) can be also expressed in another form

n

o(ro) = 5, > ()™ AL (22}%) exp (-L‘i) : (11)

m=0
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Substituting Eq. (11) into Eq. (5), after integration, we obtain the alternative propagation expression
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Equations (9) and (12) are two analytical expressions describing the propagation of hollow Gaussian beams in

SNNM.

3. Evolution of hollow Gaussian

beams

3.1. Propagation of a single hollow Gaus-
sian beam

According to Eq. (9), the intensity distribution
of hollow Gaussian beams during propagation can be
expressed as

(Con!)?(w' tan o)™
cos? a(w tan? o 4 1)n+1
tan?a+1
witanZa + 1 }
(w'? tan v + i) 7"
[w’Q sin 2 (w4 tan? o + 1)]

I(r,0,2) =

X exp [—
2

x |L L (13)

Then, one obtains the evolution of the on-axis inten-
sity
(Con!)?(w' tan a)?"

1(0,2) = .
(0,2) cos? a(w tan? o 4 1)7+1

(14)

The beam propagation in SNNM is always
periodical.?” For hollow Gaussian beams, it can be
seen from Egs. (13) and (14) that z always appears
in tan(a), therefore the beam evolution varies peri-
odically. In fact, the propagation of hollow Gaussian
beams in SNNM is the self-induced fractional Fourier
transform, as a result, the propagation should be pe-

riodical. It is known that the soliton power of the

Gaussian and higher Gaussian beams, i.e. the crit-
ical power, is Py = 1/(7%23),2%2%20 where 2R is
Rayleigh distance of Gaussian beam. Then « can be
expressed as

o= ym—, (15)
ZR

where m = Py/P,.. Hence one can obtain the evolu-
tion period of hollow Gaussian beams,

TZR
Az = N (16)
As shown in Eq. (16) that the shorter the period is,
the higher the input power is, because a higher input
power provides a stronger self-focusing.

Because of the complexity of the intensity distri-
bution of hollow Gaussian beams during propagation,
we take the second-order moment beam width to de-
scribe the beam width. For the axisymmetric beams,
the second-order moment beam width is defined as

25 2T (r,0, 2)Pr3drd6
T 12 0 (r,0, 2)2rdrde

w?(2)

By following the method in Ref. [37], we obtain the
beam width of hollow Gaussian beams

w?(2) = wp [(2n +1) cos® (m;)
o (m;>] (18)
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According to Eq. (18), the power with which the beam
width of hollow Gaussian beams keeps invariant dur-
ing propagation, i.e. the critical power, is obtained
1
2n+1
Figure 1 gives the intensity evolution of hollow
Gaussian beams in SNNM. It shows that the intensity
evolution varies with a period of 7zgr/y/m. From 0

ch- (].9)
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z/zr =0 27 /6
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to mzr/2y/m, the beam energy converges to the cen-
tre gradually, and the maximal intensity emerges in
the central area at mzgr/2v/m. From mzgr/2y/m to
mzr/+/m, the evolution of the intensity distribution
is the inverse process of that from 0 to wzg/2v/m. At
the plane of wzg //m, the intensity distribution comes
back to the original distribution. This is identical with
the period of the fractional Fourier transform.
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Fig. 1. Evolutions of the intensity of the hollow Gaussian beam. Row 1: the transversal intensity distributions
at different distances given in the top of the figure; row 2: the transversal intensity distributions in = direction
at the distances corresponding to row 1; row 3: the evolution of the intensity of the hollow Gaussian beam (left)
and the evolution of the on-axis intensity of the hollow Gaussian beam (right). Parameters: n = 2, Py = Pge.
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Fig. 2. Evolutions of the beam width of the hollow Gaus-
sian beam for n = 2. Solid curve: Py = 0.2Pyc; dashed
curve: Py = 0.1Pyc; dash-dotted curve: Py = 0.4Pgc.

Figure 2 shows the evolution of the beam width

with different input powers. When the input power

is equal to the critical power (P, = 0.2P, for n =
2), the beam width keeps invariant during propaga-
tion. When the input power is not equal to the criti-
cal power, the beam width varies periodically during
propagation. The shorter the period is, the higher
the input power is, which is in agreement with the
evolution of the intensity. The beam width variation
of hollow Gaussian beams is similar to that of Gaus-
sian beams. The difference is that the shape of hollow
Gaussian beams does vary during propagation, how-

ever the shape of Gaussian beams remains invariant.

3.2. Interaction of two hollow Gaussian
beams

By utilizing the linear rule and the shift rule of
the fractional Fourier transform, one can further in-
vestigate the interaction of two or more beams. The

linear rule and the shift rule are given by
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Fo{Ag(&) + Bh(§)}(x) = AZ{9(&)}(z) + BFo{h()}(z), (20)
and
Folg(€+a)}(z) = exp [iasinoz (x + “Cgso‘)} Folg()}z + acosa), (21)

where A, B, a are constants. In the following the interaction of two beams is illustrated as an example.

As shown in the first figure in row 1 in Fig. 3, we suppose that the centres of two beams at the source plane
are located at (+d,0), i.e

+ )2 : 27" + )2 : 2
B4 (10, 00) = Co [(ro cosfy £ d)? + (rosinbp) } exp [_ (ro cosfg + d)? + (rgsinfp) ] . (22)

2 2
2w§ 2w§

Combining Egs. (9), (20), (21) and (22), the combined filed of the two beams, i.e. ¢4 = ¢, + ¢_ , can be
obtained as

Du(r,0,2) = ilzcon' ( 312/2 fana )”H exp [— (iw” cosa + sina)r?sin®f  id?sin 261
w*sina \ w*tana + i 202 (w2 sina + i cos @) T2
% {exp [_ (1w cos o + sinq)(r' cos® — d' cos a)? _id'r’ cosfsin a}
2w?(w'? sin v + i cos ) Qw2
‘L [(7" cosf — d’ cosa)? + r'% sin? 9]
2(2w'? sin” o + i sin 2a)

(iw? cosa +sina)(r' cosf + d' cosa)?  id'r' cosfsina
+exp [_ 2w?(w? sina + i cos @) 2w'? }
< L, [(7“’ cos ) + dcos a)? + 1’ sinzﬁ] } .

2(2w"2 sin? v + i sin 2cv)

(23)

As shown in Eq. (23) and Fig. 3, the propagation is periodical which is similar to that of a single beam.
Moreover, the combined intensity distribution becomes more complicated, and there occur the interference

fringes in the combined intensity pattern because of the interference of the two beams. The pattern is no longer
axisymmetric.
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Fig. 3. Evolutions of the intensity of two interactional hollow Gaussian beams. Row 1: the transversal intensity distri-
butions at different distances; row 2: the transversal intensity distributions in x direction at the distances corresponding
to row 1; row 3: the evolution of the intensity of two interactional hollow Gaussian beam (left) and the evolution of the
on-axis intensity of two interactional hollow Gaussian beam (right). Parameters: n = 2,d = £3.0wg, Py = 0.5Pc
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4. Vortical hollow Gaussian beams

Nowadays the vortical beams have also attracted much attention. If a phase factor is added to the hollow
Gaussian beams an optical vortex will be induced. One can obtain the vortical hollow Gaussian beams

®(ro) = Co 2> exp T w2 exp(2infh), (24)

2wyg 0

where n is the topological charge of the vortex.

Substituting Eq. (24) into Eq. (5) and recalling the integral formulael>®!
2
/ expli B cos(f — 6p)] exp(—inby)dby = i"2wJ,(5) exp(—imb), (25)
0
[eS) v 2
v+1,—ox® o — g _E
/0 x""e Ju(Bx)da = Wexp ( 4@) , (26)

after complex integral calculations, we obtain the propagation expression of vortical hollow Gaussian beams in
SNNM

. 2n+1
1+iw?tana on o2 r'?
) r exXp | —1

w?tana w2 sin acos ai +w’? tan )

P(r,0,2) = [ —iQnH}, (27)

cos a(w tan® a + 1
which is identical with the (0,2n) mode Laguerre Gaussian beams.?®!
According to Eq. (27), the intensity distribution is

2n /
I(r,0,z) = ! exp (— r2 ) . (28)

(w'* sin? o + cos? a)n+1/2 w't sin? o + cos? a

According to Eq. (17), the beam width is

4

w(z)? = wi(w sin® a 4 cos? a). (29)

Thus the critical input power of vortical hollow Gaussian beams is
P, = P,.. (30)

It is shown in Eq. (28) that the pattern of vortical hollow Gaussian beams keeps invariant and the on-axis
intensity always equals zero during propagation, which is much different from the general hollow Gaussian

beams mentioned in the previous section.

z/zp =0 w/4 2mw/4 3m/4

Fig. 4. Evolutions of the intensity distributions of the vortical hollow Gaussian beam for n = 1 with different input
powers at different distances. z{:{’ = zr/v/m. Row 1: Py = 3.0Pgc; row 2: Py = 1.0Pgc; row 3: Py = 0.3Pgc.
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As shown in Fig. 4, the vortical hollow Gaussian beam propagates as a soliton when the input power is
equal to the critical power (row 2), otherwise a breather comes (row 1 and row 3). The vortex of optics beams
always relates to the singularity of phase. Figure 5 gives the phase comparison between the vortical hollow
Gaussian beams and the hollow Gaussian beams during propagation. The vortical hollow Gaussian beam owns
a staircase-like phase distribution, and it is a nonlinear function of the polar angle. The intensity peak with the
larger energy moves along the phase gradient, therefore the beam has an angular momentum. As a result the
spin staircase-like phase in the ring preserves the beam shape for a hollow Gaussian beam with an appropriate

parameter n.[28:29,38]

z/zr =0 2m /4 3r/4

LT
oa

Fig. 5. Comparisons of the phase between the vortical hollow Gaussian beam (top row) and the hollow Gaussian beam
(bottom row) at different distances. Parameters: n = 1, Py = Pye.

5. Conclusion

In conclusion, the propagation of hollow Gaussian beams in SNNM is investigated in detail. Two analytical
expressions are derived. The results show that the intensity distribution of hollow Gaussian beams always varies
with a period of Az = wzr/y/m. And the evolution in the first half period is the inverse process of the latter
half period. The period is dependent on the input power. The shorter the period is, the higher the input power
is, because a higher input power provides a stronger nonlinearity. The beam width can keep invariant if the
input power is equal to the critical power, although the intensity distribution varies during propagation. The
interaction of two hollow Gaussian beams in SNNM is more complicated. There occur the interference fringes
in the combined intensity pattern. When the vortical hollow Gaussian beams with an appropriate topological
charge reduce to solitons or breathers, their critical input power is equal to the critical input power of Gaussian
beams independent of the order of beams. The difference of the phase distributions between the vortical hollow
Gaussian beams and the general hollow Gaussian beams results in the difference of their propagation properties.
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