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Iso-variance-matrix Laguerre-Gaussian superpositions corresponding to fundamental Laguerre-Gaussian
modes are constructed and propagated numerically through atmospheric turbulence. The fact that these
superpositions are iso-variance-matrix with the corresponding fundamental Laguerre-Gaussian mode ensures that
both the superposition and the corresponding Laguerre-Gaussian mode evolve identically at the level of second
moments on free propagation. Consequently they share the same “divergence” and “twist” which remains invariant
on free propagation. The robustness of twist associated with such superpositions on passage through atmospheric
turbulence is studied. It is found that, for Laguerre-Gaussian superpositions of the form f(p)exp[if], the twist
parameter is generically robust. For other iso-variance-matrix Laguerre-Gaussian superpositions, it is found that
the twist is not equally robust on passage through atmospheric turbulence. We illustrate superpositions for which
the fluctuation of twist is significantly higher than its corresponding iso-variance-matrix Laguerre-Gaussian
mode, on passage through atmospheric turbulence, over short distances.
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I. INTRODUCTION

The twist of a paraxial light field [1] has been explored
recently for its possible application in free space optical
communication [2-7]. In the important work of Ref. [6], the
robustness of twist associated with a Laguerre-Gaussian mode,
on passage through atmospheric turbulence, was numerically
demonstrated. And this suggested its suitability in signaling
through turbulent atmosphere. In Refs. [7-13] the twist
associated with superpositions of paraxial light fields was
explored. And more recently, superpositions of Laguerre-
Gaussian modes have been used in free space communication
[14].

In this work, we explore the robustness of twist of
superpositions of Laguerre-Gaussian modes and compare it
with that of a fundamental Laguerre-Gaussian mode, on
passage through atmospheric turbulence. To render such a
comparison possible, we ensure that such a superposition
shares its variance matrix with its corresponding fundamental
mode. That is, the superposition is iso-variance-matrix with a
fundamental Laguerre-Gaussian mode, and the light fields are
identical at the level of second moments.

Given that the variance matrix of a Laguerre-Gaussian
mode at the waist plane is purely dependent on the mode
numbers and the width of the mode at the waist plane [see, for
instance, Eq. (30)], having the variance matrix of a superpo-
sition to be equal to that of a fundamental Laguerre-Gaussian
mode at the waist plane ensures that the superposition and the
fundamental mode have the same width at the waist plane.
Further, since the variance matrix evolves covariantly under
free propagation [15,16], their variance matrices are identical
at all transverse planes, and consequently, the width of the
fundamental mode and its iso-variance-matrix superpositions
are identical at all transverse planes. In other words, such light
fields “diverge” identically on free propagation, in the absence
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of atmospheric turbulence. Moreover, the twist parameter
which is identical for such light fields remains invariant on
free propagation [17].

On free propagation through atmospheric turbulence, the
variance matrix of a light field does not transform in a covariant
manner, and the twist parameter is no longer invariant. It is
nevertheless possible that the robustness of the twist parameter
of the associated light field is dependent on its initial waist
plane width (divergence of the light field in the absence of
turbulence). Having a superposition to be iso-variance-matrix
with a fundamental Laguerre-Gaussian mode ensures that,
if there are any differences in the robustness of the twist
parameter between such a superposition and its corresponding
Laguerre-Gaussian fundamental mode, they are due to reasons
other than the width (divergence) of the light field. In fact,
we may note that the composition of the phase as leading to
the net “twist” can be very different in such superpositions,
in comparison to its corresponding Laguerre-Gaussian mode
[8-11,18-20], even if they share their variance matrices. For
instance, for the Laguerre-Gaussian mode as in Eq. (7), the
field amplitude is a product in the variables p and 6, with the 6
dependent variable in the form of exp[i2m6]. On the contrary,
for a corresponding iso-variance-matrix superposition, the net
twist is 2m; however, since the transverse field amplitude is
a superposition, it is possible that the phase factor leading to
the twist is not in exp[i2m6] form. The goal here is to explore
the differences if any between such twists, on passage through
atmospheric turbulence. For the sake of simplicity we restrict
our analysis to superpositions that are composed of only two
modes, as detailed in Sec. IV.

The paper is organized as follows. In Sec. II, we give
a brief introduction to Hermite-Gaussian and Laguerre-
Gaussian modes. In Sec. III, we give an introduction to
variance matrix which is relevant for the present context. In
Sec. IV, we construct superpositions of Laguerre-Gaussian
modes that share their variance matrix with some of the
lower-order fundamental Laguerre-Gaussian modes. Here first
superpositions of Hermite-Gaussian modes that share their
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variance matrix with a fundamental Hermite-Gaussian mode
are constructed, and then, using the methods outlined in
Refs. [21-24], the variance matrices of the corresponding
Laguerre-Gaussian superpositions are constructed. In Sec. V,
the numerical simulation of the passage of these superpositions
through atmospheric turbulence is carried out. The turbulence
is assumed to be strong Kolmogorov, and the distance of
propagation is set to 1 km for all the examples. Plots of
twist and its fluctuation on propagation through atmospheric
turbulence are presented for several examples. We finally end
with some concluding remarks in Sec. VL.

II. HERMITE AND LAGUERRE GAUSSIAN MODES

The Hermite-Gaussian modes which are solutions of the
paraxial wave equation [25] can be written in the transverse
coordinates x and y as

Woin, (X, 35 2) = Yy, (x,¥5 2) €xpli @, y;5 21, 9]
with
Yy, (0, Y5 2) = W, (x5 2P0, (93 2) 2
and
2 2
Px.yi0) = % i +m e, 3
where
I 3 2
o= (2) () . (22) oo ()
T 2mnglw, w, w?

“4)

Here v,,,(y; z) is the same as v, (x; z) with x and n; replaced
with y and n,, H,, (.) is Hermite polynomial of order n;
with n;, n, taking integer values >0, A = 5—, where A is the
wavelength, z is the distance of propagatlon from the waist
plane, R, is the radius of curvature at a given z, w, is the width
of the light field at a given z, and (n; 4 ny + 1)¢; is the Gouy
phase picked by the light field on propagation [25]. The width
w, and radius of curvature R, at a given z are related to the
width of the light field at the waist plane wy as

2 2
w? = wé[l T <i> ] R. =z[1 T (Z—> ] )
Zr Z

where z, = ”—wz is the Rayleigh range of the light field. Note
that ¢, = tan’l( ) As is well known, the Hermite-Gaussian
modes W, ,,(x, y z) form an orthonormal basis in a transverse
plane for a given z [25], and they satisfy the orthogonality
relation:

[o.¢] oo
/ / nlnz(x y Z)\Ij”3n4(‘x y Z)dx dy - 871])13 nang -« (6)
o0 J =00

The solutions of the paraxial wave equation which possess
circular symmetry in the transverse plane are given by
the Laguerre-Gaussian modes which can be written in the
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transverse variables p = /(x2+ y2) and 0 = tan‘l(f) as
[23,25]
U(p.052) =V jm(p.0:2)expli p(p.0: )1, (7)

where
1 2|m|

T ot |2 [UImDE (Ve
D= Tw (G mit ]\

2p o*

2lm|
xLJ ""'(w )exp(—ﬁ>
Z Z

x expli2m 0] exp[—i x (j,m)], ()
with
xGum) = %[20 —lml) = (j —m)] ©)
and
2
$(p.0:2) = m @)+ .. (10)

Here Lz‘m‘ m|(-) is the Laguerre polynomial with radial and
a21muthal indices j and m, with j taking the half integer values
0,2,1,..., and m taking the values —j, —(j —1),.

for a given j, and w, and R, are as defined in Eq. (5)
for the Hermite-Gaussian situation. The Laguerre-Gaussian
modes ¥ im(p,0;z) too form an orthonormal basis in a
transverse plane for a given z [25]. It may be noted that the
Laguerre-Gaussian modes listed in Eq. (7) can be represented
alternatively as \Il;p(p 0; z), with azimuthal and radial indices
[, p assuming purely integer values [25], with p = j — |m| and
[ = 2m. In this work, we will primarily use the j,m indices,
while listing the necessary conversion as and when required.

Given that both the Hermite-Gaussian and the Laguerre-
Gaussian modes form an orthonormal basis, it is natural
to expect that they are related to each other by a unitary
transformation. Clearly, by Egs. (10) and (3), the phase
¢(p,0;z) is identical to ¢(x,y;z) for ny,ny, and j,m such
that j = (ny + n2)/2, and this suggests that, for a given z,
V(0,05 2) is asuperposition of W, ,,(x,y; 2) withn; 4+ ny =
2j.The explicit representation of such a unitary transformation
was detailed out in Refs. [21-23], which we briefly summarize
below.

Define the position and momentum operators 1n the
position representation as X = x, y =y, p, = —l?l ~, and
Py = —ik%. The lowering operators at the waist plane (z =0)
are defined in terms of the position and momentum operators
as [22]

~ 1 Wo
ay = —x+i Opx, (11D
wo 2X
~ 1 n WO (12)
a, = — i—py,
y Wo y 2% Py

with the corresponding raising operators defined respectively
as d, and E;[,. As is well known [21-23], the raising and
lowering operators can raise and lower the mode numbers
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of the Hermite-Gaussian modes (in the waist plane) as

Vi T, (6,330), - (13)
AxYniny (X,930) = /110 -1y (%, 73 0), 14
Vi W1 (6,330), (15)
Ay Ynmy (%, 0) = /N2y -1 (x, 33 0). (16)

Two unitary operators of interest for the present work are
the free propagation unitary operator and the mode conversion
operator. The free propagation unitary operator relates a
transverse paraxial light-field amplitude at a particular z
coordinate, say zi, to the transverse field amplitude at another
z coordinate, say z,. Define the unitary operator [26]

aiwn]nz(xvy;o) =

Zl\;wnlnz(xvy;o) =

Us(z) = exp|: 2K(px + 7, )} (17)
with zo — z; = z. We then have
Vniny (%,332) = U p(2) Wy, (x,y5 0) (18)
and
Vim(p,052) = U () jm(p,50). (19)

It may be noted that, while in Egs. (18) and (19), the
unitary free propagation transformation is stated only for the
Hermite-Gaussian modes and the Laguerre-Gaussian modes,
the relation, as in Eq. (18) or (19), holds in general for any
paraxial light-field amplitude.

The mode conversion operator relates a Hermite-Gaussian
mode at a particular z coordinate to a corresponding Laguerre-
Gaussian mode at the same z coordinate. Say we are interested
in this relation at the waist plane. Now define the operators 7,
Jz, and J3 as

I = i[ala, —ala), (20)
1, = \@ata, +ata 21

2 z[ayax + axay]9 ( )
= t[ala, —ala,), (22)

which obey the SU(2) algebra [23]. Now define the unitary
matrix [23]

U(a, B,y) = exp(—iaJy) exp(—ifJ3) exp(—iy J1),  (23)

which is an infinite-dimensional representation of the SU(2)
group, in the Euler parametrization. With Up defined
as Up =U(/2,7/2, — m/2), we have [23] J,,,(,o 0;0) =
UoWy,n,(x,y;0), with j = (n; + ny)/2 and m = (n; — ny)/2.
Equivalently,

U im(0,050) = Ugty, (2,5 0). (24)

That is, Uy is the unitary transformation that converts a
Hermite-Gaussian mode to a Laguerre-Gaussian mode, at the
waist plane.

III. VARIANCE MATRIX OF THE GAUSSIAN MODES

A useful method to characterize a paraxial light field is
through its variance matrix. The variance matrix is defined
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through the second moments of the position and momentum
operators on the field amphtude Define the operator array
{61,6,63,64} = {X,Px.y.Py}. Now given a transverse field
amplitude W(x,y;z), for instance, as in Eq. (1), Aé, is
defined as Aél = é, (E,) with the expectation value (S,) =
S [ W (x,ys2) & W(x,y;z)dx dy. Then the entries V;; of
the variance matrix V corresponding to the transverse field
amplitude W(x,y;z) are defined as the expectation values
Vij = (AgAgj), with i, j taking values from 1 to 4 [15]. In
a more explicit form, the variance matrix V corresponding to
W(x,y; z)is defined as a4 x 4 matrix which is written in block

form as
Vll V]Z
V= [Vn V22:|’ (25)

with

LAz, Am} 06)

V2 _ l({iAy: 5({AV,Apy}) ’ 27
2 y7 pV}) <Ap}>

and

vz |:<(AFEA§) (AXADy) :| (28)

AVAD:)  (AP:ADY) ]

Here {.} denotes the anticommutator, and V! = (V12)T,

With this, the variance matrix V,,,, corresponding to
the Hermite-Gaussian mode v, ,,(x,y;0) and the variance
matrix Vj,,, corresponding to the Laguerre-Gaussian mode
w im(p,0;0) are evaluated to be

<2n1:1>w3 0 0 0
0 (2n1u;1)x2 0 0
Vnmz = 0 @+ Duw? s
0 0 Tﬂ 0
0 0 0 (2n2+21)k2
wy
(29)
—(2j+41)w3 0 0 mi
. 0 SRR 0 0
; = 0 . .
J 0 —mx (21411)103 0
mi 0 0 M
U)O
Now the twist parameter t, which is defined as
1 oy o~ A~
T = —((ATAD) — (AFAPY), (31)

is contained in the variance matrix and it is essentially the
difference between the off-diagonal entries of the V!> block
[see Eq. (28)]. It is easily seen that for transverse field
amplitudes which have their first moments {(é,)} to be zero,
the twist parameter T = 2(]3)[see Egs. (22), (11), and (12)],
and when rewritten in the radlal coordinates, this reduces
to the expectation value (—z 7) [22,23]. For example, for
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the transverse field amplitude in Eq. (8), i.e., the Laguerre-
Gaussian mode, T = (—i%) = 2m [the same as contained
in the V), block of its variance matrix in Eq. (30)]. In this
sense, the twist parameter t captures the amount of phase
dislocation (see Ref. [1]) available in the Laguerre-Gaussian
mode. More importantly, it represents the orbital angular
momentum carried by the Laguerre-Gaussian mode as it
propagates in the z direction [21].

As is well known, when a paraxial light field is transformed
unitarily as in Egs. (18), (19), and (24), its variance matrix
transforms in a corresponding covariant manner [16,27]. For
instance, when v, ,,(x,y; z) and ¥, (0,6; 0) are transformed
as in Egs. (18) and (19),

Vany = SV, ST, Vi — 57V, 8T, with

§¢ = (32)

SO o=
SO =N
(=l e )
—_—2N O O

Similarly, when ¥, ,,(x,y; 0) is transformed to Izjm(p,é; 0) as
in Eq. (24), their variance matrices are related as [24]

Vim = SoVumSa,  with

10 o0 =

wo

Sy = —
T V2lo0 = 1 o

(33)

In fact, the relation in (33) gives us a simple method to
evaluate the variance matrix of a Laguerre-Gaussian mode
starting from the variance matrix of a Hermite-Gaussian mode,
which is more easily evaluated as in Eq. (29) through use of
the relations in Eqgs. (13)—(16). We will make effective use
of the relation in (33) in evaluating the variance matrices of
elementary superpositions of the Laguerre-Gaussian modes,
in the next section.

IV. VARIANCE MATRICES OF GAUSSIAN
MODE SUPERPOSITIONS

Having obtained the variance matrices of the elementary
Gaussian modes, we now explore variance matrices of their
superpositions. The motive here is to first construct transverse
field amplitudes that are elementary superpositions of the
Hermite-Gaussian modes such that their variance matrices
are identical to that of a standard Hermite-Gaussian mode
as in Eq. (29), at the waist plane. And then make use of
the relations in (33) and (24) to construct superpositions
of Laguerre-Gaussian modes whose variance matrices are
identical to that of a standard Laguerre-Gaussian mode, at
the waist plane. In such a construction, we then will have
by the relation in (32) that the variance matrix of such a
Laguerre-Gaussian mode and its corresponding superpositions
are identical at all transverse planes.

PHYSICAL REVIEW A 95, 043836 (2017)

Consider the superposition of two Hermite-Gaussian modes
in the waist plane:

Y= Clwn]nz(xvy; 0) + Cﬂbmm(x’y; 0), (34)

with complex c¢; and c,. We may without loss of generality
assume that |c{|? + |c2|> = 1. The variance matrix of such a
superposition can be written in block form as

Vll V12
— 14 12
Vy = [Vil v | (35)

Let the variance matrix of any Hermite-Gaussian mode with
mode numbers 7, and n, be written in block form as

Vll Vl2
Viins = V”;{” V"gz’“ : (36)

niny niny

The motive here is to construct superpositions i such that
Vi = Viusne. The following three situations can arise in the
superposition ¢ of Eq. (34). We can have both n; # n3 and
Ny # N4, Or n| # n3 but ny = ny, or n; = n3 but ny # ny.

Now consider the first situation with n; # n3 and ny # ny.
By making use of Egs. (13)—(16), it can be readily seen
that the first-order moments of ¥ {(X)y.(3)y,(Px)y.(Py)y}
are all equal to zero. Here the subscript ¥ indicates that
the expectation value is evaluated on the transverse field
amplitude . Further, by use of Egs. (13)-(16), we have
sUAT APy =0, 3({AT. APy =0, (AF?)y = |ei|?
(A/x\2>n1nz + |6‘2|2<A3€\2),,3,14, and (Aﬁi)d/ = |C1|2(Aﬁ§)n1nz +
|2 (AP ) nyny- Similarly, (AF?)y = |c1P(AF)n, + leaf?
(A )n, and (ADD)y = le1X(ADDmm + 2> (AP nsns-
Here the subscript n;n; denotes that the expectation value
is evaluated on the Hermite-Gaussian mode ¥,,,,,(.). We thus
have the blocks V,;' and V}* to be diagonal, and making use
of Eq. (29) on these blocks, we have

le1*n1 + |ea|*ns = ns, 37

le1|2na + |ea)*ng = ne. (38)

Now by Egs. (37) and (38), the situation when the difference
of at least one of the mode numbers is 1 is ruled out, since
averaging n; and n; = 1 or np and n, £ 1 will not result in an
integer. In the remaining possibility where the modulus of the
difference of both of the mode numbers is definitely >1, it is
found that {(X¥)y.,(XPy)y,(YDx)v.(PxDy)y} are all equal to
zero by the application of Egs. (13)~(16), and hence V,;* = 0.
That is, when both

Iny —n3| > 1, |na—ng|l>1, (39)

V2 =0, we can write Vy = [c1* Vi, + (21 Vasny = Virsng»
provided we are able to solve for ¢; and c; such that Eqs. (37)—
(39) are simultaneously satisfied. With this, a superposition
which shares its variance matrix with V,,,,, can be written as

I//ley’z;,mm = Cl‘ﬁnlnz()“y; 0) + CZanm(xvy; 0). (40)

Here the superscript nsng in the left-hand side (LHS) denotes
that the superposed field amplitude shares its variance matrix
with V., (x,y;0), and the subscript n;n,,n3n4 denotes that it
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TABLE I. Here we list the iso-variance-matrix superpositions
of the Laguerre-Gaussian modes corresponding to ns ng = (10) and
(21). The second column specifies the Hermite-Gaussian superposi-
tion as in Eq. (40), the third column specifies the coefficient ¢; as
in Egs. (40) and (41), the fourth column specifies the corresponding
Laguerre-Gaussian superposition as in Eq. (41) in the j m notation,
and the fifth column specifies the same in the / p notation. The sixth
column specifies the possibilities if available.

ns ne Tj3ms T3 p3
S. no. nng, n3ng €1 Jimuy, jamy wll il p2 nz
~L11 ~
1 10 n—1 22 10 3
00,70 n 00,42 00,70
~31 ~
21 n—1 22 11
2 00,2nn n woo, 3,,1 % 00,nn 2
1 ~31 ~1
3 n— 22 2
1il,lO n+ln n w% %Jl+%% '//10.1;1
31
21 n—2 ) T
4 0l,n1 n I/jl;‘ ntl n—1 I/j—l().n—ll 3
222 2
21 2 =33 Tl
n— 22
5 W]I,nl n—1 wlo’%%ﬂ 0l,n—11 4
21 1 =33 T
n—
6 20,2 w0 Vi V2o 3
21 1 33 711
7 40,02 \/; 1l’zz,lfl 40,-20
31
21 2 7232 711
8 Whe i Tiiia W
22272
21 1 ~33 T
22
9 w30,]2 \/; W%%%% 1p3o,—1|

is composed of ¥, (x,y;0) and V,,,,, (x,y; 0). Now applying
Eq. (24) on Eq. (40), we obtain

J{?:ﬂn?,jzmz = Uow:f;l;snsmt’
where
G e = W jim, (0.0:0) + Wy (0.0:0). (A1)
Here j; = (ny +n2)/2, m; = (n; — n2)/2, j» = (n3 +ng)/2,

my = (n3 — n4)/2, and jz = (ns + ne)/2, m3 = (ns — neg)/2.
Note that Vi, = SoVisneSa . Further, Eq. (41) could be
alternatively written in the /p notation with the indices j3,m3
replaced with indices /3, p3 and so on (see Tables I and II).
The following three situations can arise in the context of

Eq. (41). When j; # j, and m| = my = m, Jl’,':f jm, €an be
expressed as the product f(p)exp[i2m#6], Wlth f(p) being a
superposition of the corresponding Laguerre-Gaussian poly-
nomials. When j; = j, = j and m; = —m, = m, J}f,’,’;f’jzmz
can be written as the product of f(p)g(@), with f(p) being
a Laguerre-Gaussian polynomial, and g(0) a superposition of
the phases exp[i2m6] and exp[—i2m#]. In the situation when
J1 # j» and my # m, 1//’]3,": j»m, cannot be written in product
form in p and 6 variables. We will illustrate all the three
situations later in the considered examples.

Now referring to Eq. (34), in the situation when n; # nj

and n, = n4, ¥ can be represented as

Y = C1¥nn,(x,¥;0) + 2%, (x,y;0)
= [c1V, (x;0) + c2¥r, (x; 0) ], (33 0).

Clearly the above superposition is in product form in the
variables x and y, and consequently the off-diagonal block

(42)
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TABLE II. Here we list the iso-variance-matrix superpositions

of the Laguerre-Gaussian mode corresponding to ns ng =

(32). The

columns are as described in the caption of Table 1.

nsne T jzms Tl p3
S. no. nyny, n3ng ‘1 Jirmu, jamy wll P12 p2 nz
32 1 3% T12
n— 2
1 1)Z,OO. 3n2n n Snon 00,n2n 2
00, 2 2
~51 ~
32 n—1 22 12
2 w01.3nn+1 n w%%.bﬂr%n*% w—lO,Zn—]n-H 2
51
n=2 ) 712
3 lpl() n+ln n l/fu 11 \//10,1n 3
272122
51
32 n—2 722 712
4 1)Dll,anln n—1 1/,10’ 3n7—l % 0l,n—1n 3
32 1 ~3% 712
n—
5 wZO,nJrZZn n 1//“ 1+311 n 1t[/20,27712+n 2
’ 2
2 =33 712
e
6 1//21 n+ln n—1 ‘/’%% ntdl 11,1n 3
~31
32 n—=3 22 12
7 02,n2 n ‘/’1_1 nign_g —20,n-22 4
2
~51 ~
32 n=3 22 12
8 12,n2 =1 W% Shoagraog —11,n-22 4
51
32 n=3 T332 712
9 22,n2 n—2 W2() 14121 wOZ,n—22 5
2 2
51
32 n—2 T2 712
10 30.3n = Vi s V30.3-n3 3
22 2 2
32 2 =33 712
n—. 2
11 31,3n =1 11’2113%3%1 12[’21,3—:13 4
32 3 ~3% 712
22
12 ¢40,08 \/; ‘/’22,474 1//40.—80
51
32 3 T332 712
13 50,05 \/; ‘/’55 5 =5 1ﬁ50.750
222 2
32 1 =33 712
22
14 1peo,04 \/; [ZE ) 1//60.—40
32 1 ~33 712
3 22
15 90,03 \/; ‘ﬁgg 33 90,-30
2222
32 2 ~33% 712
3 22
16 40,16 \/; wzzy%%s 40,-51
32 1 3% 712
22
17 50,14 \/; wéi 53 50,31
22272
32 1 "“%% 712
18 70,13 \/; Vi, 70,-21
22
~51 ~
19 32 1 22 12
40,24 2 22,31 40,-22
32 1 ~33 712
22
20 1p50,23 \/; wéi 5=l 50,—12
22272
32 3 ~3% 712
21 41,05 \/; ¢§§ 5 =5 31,-50
2222
32 1 ~33% 712
3 22
22 61,03 \/; sz 33 51,-30
222 2
32 2 ~3% 712
23 41,14 3 Vss s 31,-31
2222
32 1 ~3% T2
24 51,13 \/; V32 41,-21
32 1 =35 712
25 1p41,23 2 1//% 334t 1/’31,712

of the variance matrix V12 = 0 in this situation. For instance,
Xy = @)y Oys (XPy)y = (X)y(Py)y, and so on, and
hence {(AXAY)y,(AXADY) g, (AVADY )y, (ADLADy)y} are
all zero. Note that the first moments are not zero in this
situation.
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Now concerning the diagonal blocks Vljl and Véz, since the

superposition ¥ in Eq. (42) is in product form, we have V;;* =

o, = V. which is already in diagonal form. However,
regarding the entries of Vljl, the following observations can be
made. Consider the situation when n3 = n; + 1; the value of
%({Af,Aﬁx}),/, = 0 [Egs. (13)—~(16)] if and only if (c})*c3 —
c%(c;‘ > = 0. On the other hand, requiring the diagonal entries
of V;! to be equal to the diagonal entries of V. demands
that the ratio of (Ap2)y to (AX?), be equal to 1—7(3 [Eq. (29)].
Using Egs. (13)-(16), we find that this conditif)n is met if
and only if (¢})*c3 4 ¢j(c3)* = 0. Thus V,;! cannot be made
equal to V') ‘unless ¢; = 0 or ¢; = 0. Thus the situation n3 =
ny + lisruled out. In the situation when n3 = n; + 2, the first
moments (X) and (py) are zero, but for %({A'J?,Aﬁx})w =0,

(c1c5 — cjca) must be zero. On the other hand, demanding

that ratio of (Ap2), to (AX?), to be equal to %2 requires
0

(c1¢5 + cjcz) = 0. Thus the situation n3 = n; + 2is ruled out.

When n; and n3 are such that

[ny —n3| > 2, (43)

(x) and (py)

the first moments are zero. We also

have  L({AX,AB Ny =0,  (AF?)y = |o1H(AX) 0, +
2 P(AF) s and (AP2)y = le1 (AP nn, +

2> (AP ngn,- Thus V' is diagonal, and by requiring
it to be equal to V,!!  we have

le1)?ny + |eal*ns = ns. (44)

Thus a superposition ¥ as in Eq. (42) shares its variance matrix
with ¥, (x,y;0) provided we are able to solve for ¢; and
¢y such that Eqgs. (43) and (44) are simultaneously satisfied.
With this, such an iso-variance-matrix superposition i can

be written [Eq. (40)] as 1p"l‘]5,’:22’n3n2’ and we have ijng _

nsia . . r . Jimi, jomy
S As is evident, j; # j, and m| # m, (since n; #
n3), and hence Iﬂjjf":: s
o and 6 variables.
The remaining possibility in regard of Eq. (34) is when

ny = n3 and n, # n4, and we can write the superposition i as

Y = C1Ynn,(x,y;0) + 2%, (x,y;0)
= Yu, (x; 0)c1 ¥, (¥; 0) + c2v,, (35 0)]. (45)

The superposition is in product form as in the previous
situation, except that n,n; and n3,n4 have been interchanged,
along with the variables x and y. The analysis can be carried
out as before and we have that when

Iny — na| > 2, (46)

cannot be written in product form in

and if we are able to solve for ¢ and ¢, such that
2 2
lc11°n2 + |e2|"ny = ng, 47)

we can write Vy, = [¢11*Vyn, + 1€21*Viiyn, = Vi In such a
case, the superposition i which shares its variance matrix
with ¥, ,,(x,y;0) can be written as [Eq. (40)] v, =

N'}lnz,nllu
C1Ynn (X, Y50) + C2Wn,,(x,:0), and we have ¢77" =

Jumy, jamy
e Lo : . !
Uo, 108 n,- 1t is evident that j; # jo and m; # my (since

ny # ny), and hence Wfr':?'jzmz

form in p and 6 variables.

cannot be written in product
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A. Examples

We now construct the possible iso-variance-matrix su-

perpositions corresponding to ¥,5¢ - and equivalently to

1/~/J’.fn":f’j2m2 for the choices of nsng = (10), (21), and (32).
For each of these pairs, as is evident, the net twist T = 1.

In the situation when ns ng = (1 0) for which jz ms = (% %),
since ng = 0, the only possible value that n, and n4 can take
is zero. Through solving Egs. (43) and (44), we find a one
parameter family of superpositions which can be constructed.
The modulus of the coefficient ¢; of such a superposition
[Egs. (40) and (41)] is as written in the first row of Table .

In the situation when ns ng = (2 1) for which jz m3 = (% %),
there are several possibilities. For instance, when n| # n3 and
ny # ny, the following four situations can arise, i.e., n; < ns
and n, < ng, ny > ns and n, < ng, n1 < ns and n, > ng, and
n; > ns and ny > ng. It is evident that the first and the fourth
of these situations, and the second and third of these situations,
are similar, except that n; is replaced with n3 and n, with ny.
Thus it is sufficient to address the situations n; < ns and n, <
neg, and n; > ns and ny < ng. When n; < ns and n, < ne,
n; =0 or 1 and n, = 0. Hence two one parameter family of
examples can be constructed by solving Egs. (37)—(39). They
are as illustrated in rows 2, 3 of Table 1. With n; > ns and
ny < ng, n3 =0 or 1 and n, = 0. The constructed examples
are as in rows 7-9 as given in Table I. When n; # n3 and
ny, = ng4, the only possible values for indices are n; = 0 or
1 and n, = n4 = 1, since n; < ns. Thus we can construct
two families of superpositions considering the conditions in
Egs. (43) and (44), which are as given in rows 4, 5 of Table L.
Finally, when n; = n3 and n, # ng4, it can be easily seen that
ny =n3 =ns =2 and ny = 0, since n, < ng. The family of
superpositions which can be constructed in this situation is as
listed in row 6 of Table I.

In the situation when ns ng = (3 2) for which jzms = (3 1),
as in the previous example, when n| # n3 and np # ng, it
is sufficient to consider the two cases namely n; < ns and
n, < ng, and n; > ns and ny, < ng. When ny < ns and n, <
ng, ny =0or 1 or 2 and n, =0 or 1. Thus six families of
examples can be constructed considering the conditions as
given in Eqs. (37)—(39). They are as listed in rows 1-6 of
Table II. With n; > ns and n, < ng, n3 =0 or 1 or 2, and
ny = 0 or 1, the constructed examples are listed in rows 12-25
of Table II. Thus following the conditions given in Egs. (37)—
(39), when n| # n3 and n, = ng4, the only possible values for
indices are ny = 0 or 1 or 2 and n, = n4 = 2, since n| < ns.
Thus we can construct three families of superpositions, which
are listed in rows 7-9 of Table II. Finally, when n; = n3 and
ny # ny, it can be easily seen that ny = n3 =3 andn, =0 or
1, since ny < ng. And the two families of examples that can
be constructed are as listed in rows 10, 11 of Table II.

We have the following observations in regard of all the
superpositions listed in Tables I and II. By Egs. (39), (43),
(46), and Eqgs. (11)—(16), it is easily ,yeriﬁed that for all the
superpositions, the first moments {(§;)} are zero. Thus the
twist parameter T for all these superpositions is equal to
2(J3) = (—i%). By Eq. (41), the twist parameter for such
superpositions is evaluated to be

T = 2(c1*my + |c2*my). (48)
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Thus 7 represents the “average” phase dislocation as available
in the superposition. In a different perspective, it represents
the z component of the intrinsic orbital angular momentum
associated with the superposition, as it propagates along the
z direction (see the Appendix). Further, for any superposition
as in Eq. (41), with different j; and j, indices, any relative
phase difference § between the complex coefficients ¢; and
¢ effectively rotates the transverse field amplitude by the
same amount in the x-y plane. This for instance can be
seen from the fact that such a superposition when written
in the p, 6 variables, introducing a relative phase &, simply
mounts to replacing 6 with 6 4 §. Moreover, the variance
matrix corresponding to a particular jzms as in Eq. (30),
and in particular the twist 7, is invariant under transverse
plane rotation [16,17,27]. Further, the effect of atmospheric
turbulence (which is considered in next section) on a paraxial
light field is isotropic in the transverse plane [28]. Thus in the
present context, it is sufficient to consider the situation where
¢ is replaced with |ci| and ¢, with |c;| for the purpose of
numerical simulation, which is described in the next section.

V. NUMERICAL SIMULATION OF PROPAGATION
THROUGH ATMOSPHERIC TURBULENCE

A paraxial light field, on propagation through atmospheric
turbulence, not only Fresnel propagates, but also acquires
random phases due to the turbulence simultaneously. Never-
theless, such a propagation can be modeled as a sequence
of Fresnel propagations, and random phases, acquired at
regular intervals, by the propagation of the light field on
passage through such intervals [29]. The acquired phase
in such an interval can be numerically modeled based on
Kolmogorov power spectral density. The phase spectrum of
a two-dimensional random phase is related to the Kolmogorov
power spectral density as follows [29-31]. We have

2
do(K) = §5z¢n(1<), (49)

where §, is the propagated distance through which the light
field acquires the random phase and ¢, (K ) is the Kolmogorov

PHYSICAL REVIEW A 95, 043836 (2017)

power spectral density. The Kolmogorov spectrum is written
as

¢u(K) = 0.033C2K ™7, (50)
with C? denoting the atmospheric structure constant and
K? = K} + K. Here C; characterizes the strength of the

atmospheric turbulence; for instance, C> ~ 107" m~%/% can
be deemed to correspond to “strong” atmospheric turbulence,
and C? ~ 10~!* m~%/3 can be deemed to correspond to “weak”
atmospheric turbulence [31].

The two-dimensional random phase acquired by the
paraxial light field on propagation through an interval §,
can be numerically generated using the method outlined in
Ref. [29]. This used sequentially with corresponding Fresnel
propagation, in a repeated manner, effectively simulates the
passage of a light field through atmospheric turbulence. The
grid size was appropriately chosen so that the input light field,
as well as the emerging light field, was well represented on the
grid. For the numerical simulations performed in this work,
the grid was chosen to be of size 1024 x 1024. The length
of the window was chosen as 25 cm. The propagation was
carried out sequentially on intervals of 10 m over a total
distance of 1 km, with C2 = 10712 m~%/3, corresponding to
strong turbulence. All the superpositions considered here were
assumed to start their propagation in the waist plane. The wy at
the waist plane was varied from 1 cm to 3 cm in steps of 0.5 cm
for the studied examples. The twist T of the propagated field
was estimated at steps of 10 m, for all the considered examples.
The twist T was evaluated numerically using the expression
in Eq. (31). Here, the numerical differentiation was carried
out using the finite difference coefficients given in Ref. [32]
for first-order differentiation with order of accuracy 6. And
this ensured that the twist was estimated to an accuracy in
the sixth decimal. The root mean square error in twist was

—11)2 . .
calculated as At = Z(TTT“), where t is the numerically

evaluated twist of the field propagated through a distance
d through atmospheric turbulence, 7o is the twist of the
freely propagated field amplitude at the same distance of
propagation (which is invariant), and N is the number of

12 1.2 1.2 1.2 1.2
(a) (b) (© (d) (e
11 11 11 L1 11
el el el el el
0.9 0.9 0.9 0.9 0.9
0% 025 05 075 1 0% 025 05 075 1 0% 025 05 075 1 0% 025 05 075 1 0% 025 05 075 1
d q d d d
12 1.2 1.2 12— 12—
® (® () ® 0]
11 11 11 11 11
=] | = = =
0.9 0.9 0.9 0.9 0.9
08025 05 075 1 0% 023 05 075 1 0% 025 05 075 08025 05 075 1 0% 023 05 075 1

FIG. 1. Twist t [dimensionless as in Eq. (31)], vs the distance of propagation d in km, for the Laguerre-Gaussian mode corresponding to
nsne = (10) and some of its iso-variance-matrix Laguerre-Gaussian superpositions, for 100 samples each, as the field amplitude propagates
through strong turbulent atmosphere with C2 = 10~!2 m~%/* over a distance of 1 km, for wy = 2 cm. Frame (a) corresponds to the Laguerre-
Gaussian mode corresponding to ns ng = (1 0). The frames labeled as (b)—(j) correspond to its respective iso-variance-matrix Laguerre-Gaussian

superpositions listed in row 1 of Table I, with n going from 3 to 11.
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FIG. 2. Twist t (dimensionless), vs the distance of propagation d in km, for the Laguerre-Gaussian mode corresponding to ns ng = (2'1) and
some of its iso-variance-matrix superpositions, for 100 samples each, as the field amplitude propagates through strong turbulent atmosphere
with C2 = 10712 m=2/3 over a distance of 1 km, for wy = 2 cm. Frame (a) corresponds to the Laguerre-Gaussian mode corresponding to
nsneg = (21). The frames labeled as (b)—(e) correspond to its respective iso-variance-matrix Laguerre-Gaussian superpositions listed in row 3
with n going from 2 to 5, frame (f) corresponds to the Laguerre-Gaussian superposition listed in row 5 with n = 4, frame (g) corresponds to
the Laguerre-Gaussian superposition listed in row 4 with n = 3, and frames (h)—(j) correspond to the Laguerre-Gaussian superpositions listed

in row 7, row 9, and row 8 of Table I.

samples considered. In all the examples considered, N was
chosen to be 100. The light fields were assumed to have a
wavelength A = 632.8 x 10~ m.

We now discuss the results. Figures 1 and 2 illustrate
examples drawn from Table I, and Fig. 3 as drawn from
Table II. For all the examples considered in Figs. 1-3, wy was
set at 2 cm. Figure 1 plots the numerically evaluated twist T of
the Laguerre-Gaussian mode corresponding to nsng = (10)
and its corresponding iso-variance-matrix Laguerre-Gaussian
superpositions listed in the first row of Table 1. Frame (a)
plots t versus distance of propagation, for 100 samples, for
the fundamental Laguerre-Gaussian mode. Frames (b)—(j) plot
T versus distance of propagation, for 100 samples, for the
iso-variance-matrix Laguerre-Gaussian superpositions listed
in row 1 of Table I for n varying from 3 to 11. Clearly, the
fluctuation of 7 for the superposition corresponding to n = 3
[frame (b)] is significantly higher than that of its correspond-
ing Laguerre-Gaussian mode [frame (a)]. Nevertheless, the
fluctuation in twist is seen to be decreasing with increasing
n, and becomes comparable to that of the corresponding
Laguerre-Gaussian mode, for instance, for n = 10,11. Note
that |ci| (which corresponds to the fundamental mode )
in the superposition, increases with increasing n (see row 1
of Table I). A similar analysis was performed on the n
dependent superpositions listed in rows 2—6 of Table I which
are iso-variance-matrix with the Laguerre-Gaussian mode
corresponding to nsng = (2 1) and superpositions listed in
rows 1-11 of Table II, which are iso-variance-matrix with
the Laguerre-Gaussian mode corresponding to nsng = (32),
and a significant reduction in At at a given distance, with
increasing n (though not as significant as in the examples of
row 1 of Table I), was observed for some of the examples. For
instance, it was observed in the superpositions listed in row
2 with n going from 2 to 7, row 4 with n going from 3 to 8,
and row 6 with n going from 3 to 8, of Table I. The same was
observed in the superpositions listed in row 2 with n going
from 2 to 7, row 4 with n going from 3 to 8, and row 9 with n
going from 5 to 10, of Table II.

In Fig. 2, the twist T of the Laguerre-Gaussian mode
corresponding to nsng = (2 1) and some of its iso-variance-
matrix Laguerre-Gaussian superpositions listed in rows 2 to
9 of Table I are plotted. Frame (a) plots 7 versus distance of
propagation, for 100 samples, for the fundamental Laguerre-
Gaussian mode. Frames (b)—(e) plot T versus distance of
propagation, for 100 samples, for its iso-variance-matrix
Laguerre-Gaussian superpositions listed in row 3 of Table I
with n going from 2 to 5. Note that all the corresponding
superpositions are of the form f'(p) exp[i€], and the fluctuation
of t is comparable to that of its corresponding Laguerre-
Gaussian mode. This is further illustrated in frame (a) of
Fig. 4, where the fluctuation in twist At is plotted with
respect to propagation distance for Laguerre-Gaussian mode
corresponding to nsng = (21), and its iso-variance-matrix
Laguerre-Gaussian superpositions listed in row 3 of Table I
with n going from 2 to 7. Frames (f)—(j) of Fig. 2 plot
7 versus distance of propagation, for 100 samples, for the
Laguerre-Gaussian superpositions listed in row 5 with n = 4,
row 4 with n = 3, row 7, row 9, and row 8§, of Table I. Clearly,
for these superpositions the fluctuation of 7 is significantly
higher than in the examples addressed in frames (a)—(e), and
note that these superpositions are not of the form f(p) exp[if].

In Fig. 3, the twist T of the Laguerre-Gaussian mode
corresponding to nsng = (32) and some of its iso-variance-
matrix Laguerre-Gaussian superpositions (Table II) is plotted
with respect to the propagation distance. Frame (a) plots
T versus distance of propagation, for 100 samples, for the
fundamental Laguerre-Gaussian mode. Frames (b)—(e) plot
T versus distance of propagation, for 100 samples, for its
iso-variance-matrix Laguerre-Gaussian superpositions listed
in row 3 with n going from 3 to 4 and row 6 with n going from
3 to4, of Table II. Note that these superpositions are of the form
f(p)exp[if], and as in the previous example, the fluctuation
of T on propagation is comparable to that of its corresponding
Laguerre-Gaussian mode [frame (a)], for a given distance of
propagation d. This is further illustrated in frames (b) and (c)
of Fig. 4. In frame (b), the fluctuation in twist A7 is plotted
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FIG. 3. Twist v (dimensionless) vs the distance of propagation d in km, for the Laguerre-Gaussian mode corresponding to nsne = (3 2)
and some of its iso-variance-matrix Laguerre-Gaussian superpositions, for 100 samples each, as the field amplitude propagates through strong
turbulent atmosphere with C? = 1072 m~%/® over a distance of 1 km, for wy =2 cm. Frame (a) corresponds to the Laguerre-Gaussian
mode corresponding to nsne = (32). The frames labeled as (b) and (c) correspond to its respective iso-variance-matrix Laguerre-Gaussian
superpositions listed in row 3 with n going from 3 to 4, frames (d) and (e) correspond to the Laguerre-Gaussian superpositions listed in row 6
with n going from 3 to 4, and frames (f)—(j) correspond to the Laguerre-Gaussian superpositions listed in row 12, row 21, row 23, row 13, and

row 14 of Table II.

with respect to propagation distance for the Laguerre-Gaussian
mode corresponding to nsng = (32) and its iso-variance-
matrix Laguerre-Gaussian superpositions listed in row 3 of
Table II with n going from 3 to 8. And in frame (c), the
fluctuation in twist At is plotted with respect to propagation
distance for the Laguerre-Gaussian mode corresponding to
nsne = (32) and its iso-variance-matrix Laguerre-Gaussian
superpositions listed in row 6 of Table II with n going from 3 to
8. Frames (f)—(j) of Fig. 3 plot t versus distance of propagation,
for 100 samples, for the Laguerre-Gaussian superpositions
listed in row 12, row 21, row 23, row 13, and row 14, of
Table II. Clearly, for these superpositions the fluctuation of ©
is significantly higher than the examples addressed in frames
(a)—(e) of Fig. 3, and note that these superpositions are not of
the form f(p)exp[i@]. We further note that for the examples
illustrated in frame (j) of Fig. 2 and frames (h) and (i) of Fig. 3,
the superpositions are in the product form f(p)g(6), with g(0)
being a superposition of the phase factors exp[+i2m#6], and
these superpositions show a significantly higher fluctuation of
twist among their respective iso-variance-matrix counterparts.

The variability of At at a given distance of propagation
for some of the considered examples is illustrated in Fig. 5.
Here, the legend (1) in all the frames of this figure corresponds
to the fundamental Laguerre-Gaussian modes corresponding
to nsng = (10), (21), and (3 2), respectively. In all the three
frames, the legends (2)—(4) correspond to various examples
as drawn from the three families (see caption of Fig. 5).
The variability in At as seen in the plots of Fig. 5 may
be contrasted with those in Fig. 4. One may further note
that the plots illustrated in frames (a), and (b), (c) in Fig. 4,
though they correspond to iso-variance-matrix superpositions
of distinct Laguerre-Gaussian modes which are of the product
form f(p)exp[if], they look similar. This is further explored
in Fig. 6.

Figure 6 plots the fluctuation of twist At with propagation
distance for some of the examples studied in Figs. 4 and 5,
for various choices of the waist plane width. For the studied
examples, wy was varied from 1 cm to 3 cm in steps of 0.5 cm.
The plots correspond to the superpositions as listed in the
caption of Fig. 6. Clearly, the variability of At with varying

_7(1) (a)

(b)

0 025

05 075 1
d

FIG. 4. Fluctuation in twist At (dimensionless) for various iso-variance-matrix superpositions of the form f(p)exp[if], with respect to

distance of propagation d in km, over 100 samples. In frame (a), legend (1) plots At vs distance of propagation d for the Laguerre-Gaussian
mode corresponding to nsne = (21) and legends (2)—(7) plot the same for its iso-variance-matrix Laguerre-Gaussian superpositions listed
in row 3 of Table I with n going from 2 to 7. Frames (b) and (c) correspond to iso-variance-matrix Laguerre-Gaussian superpositions
of the Laguerre-Gaussian mode corresponding to nsne = (32). In frame (b), legend (1) plots At vs distance of propagation d for the
Laguerre-Gaussian mode and legends (2)—(7) plot the same for its iso-variance-matrix Laguerre-Gaussian superpositions listed in row 3 of
Table II with n going from 3 to 8. In frame (c), legend (1) plots At vs distance of propagation d for the Laguerre-Gaussian mode and legends
(2)—(7) plot the same for its iso-variance-matrix Laguerre-Gaussian superpositions listed in row 6 of Table II with n going from 3 to 8. In all
these plots, wy was set at 2 cm.

043836-9



MADHU V. AND J. SOLOMON IVAN

PHYSICAL REVIEW A 95, 043836 (2017)

— » 0.15— . 0.15—
0.06} - -2 () --@ (b) . --@ (©
—@) —O) o —0) T
SO o 0.11---& Lerme T T 0.1} ---@& .~ 1
+0.04 IR 7 = -
< ’."'” ,,,// e - < ,’\"’,,,'/P/ ) P
0.02f .~ L i
e g
ot 0 0
0 025 05 075 1 0 025 0(.15 0.75 1 0 025 05 0.75 1

FIG. 5. Fluctuation in twist At (dimensionless) for various iso-variance-matrix superpositions drawn from Tables I and II against the

propagation distance d in km over 100 samples, with wy = 2 cm. Frame (a) corresponds to iso-variance-matrix superpositions of the Laguerre-
Gaussian mode corresponding to nsng = (10), frame (b) to nsng = (2 1), and frame (c) to nsne = (32). In frame (a), legend (1) plots
At of the Laguerre-Gaussian mode corresponding to nsng = (10) with distance d, and legends (2)—(4) plot the same for its respective
iso-variance-matrix Laguerre-Gaussian superpositions listed in row 1 of Table I with n going from 3 to 5. In frame (b), legend (1) plots At
with respect to propagation distance d for the Laguerre-Gaussian mode corresponding to ns ng = (2 1), and legends (2)—(4) plot the same for its
respective iso-variance-matrix Laguerre-Gaussian superpositions listed in row 4 with n = 3, row 7, and row 8, of Table I. In frame (c), legend
(1) plots At with respect to propagation distance d for the Laguerre-Gaussian mode corresponding to ns ng = (3 2), and legends (2)—(4) plot
the same for its respective iso-variance-matrix Laguerre-Gaussian superpositions listed in row 8 with n = 5, row 17, and row 23, of Table II.

waist plane width, for a propagation distance, for superposi-
tions of the product form f(p) exp[i€] illustrated in frames (b)
and (e), is comparable to that of the respective fundamental
Laguerre-Gaussian modes illustrated in frames (a) and (d).
Further note that the plots in frames (a), (b), and (d), (e),
look similar despite the fact that they correspond to different
modes. This suggests that the fluctuation of twist At with
propagation distance, for Laguerre-Gaussian superpositions
of form f(p)exp[if], may not have significant dependence
on f(p), and on the width of the light field as captured
by f(p). This may be contrasted with the plots in frames
(c) and (f), which correspond to superpositions not of the
product form f(p)exp[if], and are iso-variance-matrix with
Laguerre-Gaussian light fields of different mode numbers. We

studied other examples listed in Tables I and II in this regard,
and for the examples illustrated in frames (c) and (f), the
variability of At with varying wo was significantly manifest,
though were other examples which showed similar but lesser
variability. For examples of the product form f(p)explif],
the results were similar to those obtained in frames (b)
and (e).

VI. CONCLUSION

To conclude, we have constructed iso-variance-matrix
superpositions corresponding to some of the lower-order
Laguerre-Gaussian modes. Such a construction ensures that
the divergence of the light field on free propagation, as captured
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FIG. 6. Fluctuation in twist At (dimensionless) for various iso-variance-matrix superpositions drawn from Tables I and II against the
propagation distance d in km over 100 samples, for different initial waist plane widths (different choices of wy). Here, frames (a) and
(d) correspond to the fundamental Laguerre-Gaussian modes, frames (b) and (e) correspond to their iso-variance-matrix Laguerre-Gaussian
superpositions of the form f(p)exp[if], and frames (c) and (f) correspond to their iso-variance-matrix Laguerre-Gaussian superpositions
which are not of the f(p)exp[if] form. Frame (a) plots At of the Laguerre-Gaussian mode corresponding to nsng = (2 1) with distance d
for different choices of wy, frames (b) and (c) plot the same for its respective iso-variance-matrix Laguerre-Gaussian superpositions listed in
row 3 with n = 2 and row 8 of Table I, frame (d) plots it for the Laguerre-Gaussian mode corresponding to ns ng = (32), and frames (e) and
(f) plot it for its respective iso-variance-matrix Laguerre-Gaussian superpositions listed in row 6 with n = 3 and row 13 of Table II. The plots
corresponding to the various wy are as represented in the legends in the inset of the respective frames.
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by the second moments, is identical for all these superpositions
and the corresponding fundamental mode, in the absence of
atmospheric turbulence. All these superpositions have the
same twist which remains invariant under free propagation.
It is, however, found that the fluctuation of twist in regard
of these superpositions, on propagation through atmospheric
turbulence, can be varied. Our simulations suggest that for
superpositions of the form f(p)exp[if] the twist parameter
is generically robust. Even so, there are superpositions which
are not of the form f(p)exp[if] whose twist is as robust
as its corresponding fundamental mode, for a given waist
plane width. Nevertheless, we have superpositions for which
the fluctuation of twist is significantly higher than its corre-
sponding fundamental Laguerre-Gaussian mode, on passage
through atmospheric turbulence, and dependent on the waist
plane width. Our analysis suggests that the robustness of twist
is inherently superposition dependent, and this is definitely
relevant in the context of some recent experiments [33—44].
Further, the notion of iso-variance-matrix is useful in the
context of free space optical communication where detectors
of fixed size are used at the receiver end. A treatment along
these lines will be presented elsewhere.
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APPENDIX

A paraxial scalar field amplitude ¥ = W(x,y;z) as in
Eq. (1) can be thought of as resulting from a vector field
amplitude with fixed polarization. The vector potential asso-
ciated with such a scalar field amplitude can be written as

- i(Z—ot) .. . .
A=¢eV¥(x,y;2)e , where ¢, is the unit vector in the
transverse x direction, and w = ¢ the frequency [21]. The

electric and magnetic fields consistent with A can be written
as [45]

> v i(:—wi
E::iw[Wé1+iXEr—&}e(* ”, (A1)
X

i(3—ot)

T A2

B=—-|WVeé,+ix—e;3|e (A2)
A ay

Here &, and &5 are the unit vectors in y and z directions. Note

that £ and B in Egs. (A1) and (A2) satisfy the Maxwell’s equa-

tions in the paraxial approximation. As outlined in Ref. [21],

the linear momentum density associated with the field
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amplitude W can be defined through the Poynting vector as
- = =4 Ll = = r %
p:so(ExB):3(E X B+ E x BY)

= ia)g—zo(\IJV\IJ* —U*VY) + ;|\If|2é3, (A3)
where V stands for the transverse gradient operator given by
V=¢ % + éz%. With this, the “average” value of the linear
momentum associated with the field amplitude W is obtained
by integrating p over the transverse coordinates x, y and
given by

- we
(p) = P

Now the orbital angular momentum density associated with
the field amplitude W is given by

((Px)ér + (Py)éx + &3). (A4)

-

L=Fxp=FxeyE x B). (A5)

The average orbital angular momentum associated with the
field amplitude W is obtained by integrating L in the transverse
coordinates. In particular, by Egs. (A3) and (AS), the z
component of the orbital angular momentum associated with
field W is given by

weE

i

Clearly, for field amplitudes with first moments to be zero, by
Egs. (31) and (A6), (L3) = wept. That is, the twist parameter
7 is identified with the orbital angular momentum of the field
amplitude, as it propagates along the z_direction. Now for
field amplitudes whose first moments {(&;)} are not zero, we
can define the extrinsic orbital angular momentum as (L) =
(F) x (p), where (r) is the average vectorial displacement of
the field amplitude W, and (p) is as defined in Eq. (A4) [46,47].
Note that the x and y components of (7) are given by (25) and
(y), respectively. With this, the z component of the (L) is
given by

(L3) = —((XPy) — (¥Px)) (A6)

(LS = w—?[(ﬂ(@) — (M ()] (A7)
Further, one may define intrinsic orbital gngular momentum
associated with field amplitude W as (L) = (L) — (L)
[46,47]. With this, the z component of the intrinsic angular
momentum associated with the field amplitude W is given by
[Egs. (A6), (A7), and (31)]

(LI = (L3) = (LS) = weor. (A8

Thus the twist parameter t is identified with the z component
of the intrinsic orbital angular momentum associated with field
amplitude W, as it propagates along the z direction.
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