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Abstract

Pursuing a study concerning the evaluation of Beam Shape Coeffi-
cients (BSCs) of Laguerre-Gauss beams, after having dealt with the case
of beams freely propagating, the present paper establishes finite series
expressions to evaluate the BSCs of Laguerre-Gauss beams focused by a
lens, which have the known advantage of speeding up computations with
respect to the use of numerical quadrature techniques and which may
deal with the limitations of localized approximations in the case of beams
exhibiting topological charges and/or axicon angles.

Keywords: Generalized Lorenz-Mie theories; Extended Boundary Con-
dition Method; structured beams; T-matrix; beam shape coefficients; finite se-
ries; Laguerre-Gauss beams.

1 Introduction.

When dealing with T-matrix methods for the scattering of light and other
electromagnetic radiation by particles, such as analytical Generalized Lorenz-
Mie Theories (GLMTSs) for particles having a sufficient degree of symmetry
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to allow for the use of a method of separation of variables [1], [2], [3], or semi-
analytical Extended Boundary Condition Method (EBCM) for arbitrary shaped
particles [4], [5], in particular in the case of structured beams as reviewed in [6],
electromagnetic fields may be expanded over a set of vector wave functions [7].
In spherical coordinates, expansions are carried out over a set of Vector Spherical
Wave Functions (VSWFs) and expansion coeflicients are expressed in terms of
coefficients known as Beam Shape Coefficients (BSCs) usually denoted as g;'7
and g,'rp (TM: Transverse Magnetic; TE: Transverse Electric).

The original method to evaluate the BSCs of electromagnetic beams is by
using quadratures, e.g. [8]. In the case of Laguerre-Gauss beams, either freely
propagating or focused by a lens, there is little chance to analytically solve
the quadratures to obtain closed form expressions. Hence, quadratures to the
evaluation of BSCs of Laguerre-Gauss beams have to be carried out numerically,
which is a time-consuming process. To circumvent this difficulty, we may think
of using a localized approximation (with several variants) which may speed up
the computations by several orders of magnitude as reviewed in [9], see also [10]
for an up-dated terminology, and [11], [12] for complements. Unfortunately, it
has recently been demonstrated that any existing localized approximation has
a limited domain of validity when dealing with helical beams, i.e. having a
topological charge [13], as is the case for Laguerre-Gauss beams whether they
are freely propagating [14], [15] or focused by a lens [16].

In the case of Laguerre-Gauss beams focused by a lens, there is another
limitation due to the fact that field expressions contain axicon angles which are
not involved in the case of Laguerre-Gauss beams freely propagating. The fact
that the occurrence of axicon angles implies a limited domain of validity of any
existing localized approximation has been well documented in a series of papers,
namely [17], [18], [19], [20], [21].

The arsenal of methods to evaluate BSCs however contains another tech-
nique to speed up the evaluation of BSCs, namely the use of finite series which
is a rigorous analytical method [22], [23]. Up to recently, finite series expressions
were known only in the case of Gaussian beams, and the method has been given
up due to the success encountered by the use of localized approximations. In
2009, one of us [24] wrote that the finite series technique seemingly now pos-
sessed only a historical interest. Indeed, after the original papers [22], [23], the
use of finite series has been rather scarce and, as far as we know, limited to three
papers, two in an acoustical context [25], [26], and one in an electromagnetic
context [27].

The time-consuming character of numerical evaluations when using the quadra-
ture method, and the limitations of localized approximations in the case of
beams exhibiting axicon angles and/or a topological charge, generated a re-
newal of interest in the use of finite series to the evaluation of BSCs. The case
of Laguerre-Gauss beams freely propagating, exhibiting a topological charge
(but without any axicon angle), has been considered in two papers, namely
[28] establishing the finite series expressions required to numerically implement
the method and [15] dealing with a numerical comparison of three remodel-
ing methods (quadratures, localized approximations, finite series) in the case of



paraxial Laguerre-Gauss beams freely propagating (which do not exactly sat-
isfy Maxwell’s equations due to their paraxial character). It was concluded that,
notwithstanding a disadvantage of the finite series method, namely its lack of
flexibility insofar as it requires a fairly heavy analytical work before numerical
implementation, it is to be favoured with respect to the other methods.

This last result implies that, after having examined the case of Laguerre-
Gauss beams freely propagating, it is worthwhile to deal with the case of
Laguerre-Gauss beams focused by a lens. The present paper is therefore devoted
to the building of finite series expressions in the case of Laguerre-Gauss beams
focused by a lens which, in contrast with the case of beams freely propagating,
exhibit both a topological charge and axicon angles.

Up to now, we have expressed our motivation to the study of the finite se-
ries method to evaluate the BSCs of Laguerre-Gauss beams. This motivation is
reinforced by the many applications of such beams, in particular due to the fact
that they possess a helical wavefront allowing for the transfer of angular momen-
tum to an illuminated object, e.g. Padgett and Allen [29] who discussed orbital
angular momentum associated with helical wavefronts and applications, Garbin
et al. [30] who experimentally and numerically studied the scattering of highly
focused Laguerre-Gauss beams by dielectric and metal spheres, O’Holleran et al.
[31] who provided a 3D view of optical vortices associated with Laguerre-Gauss
modes, Friese et al. [32] who studied the transfer of optical angular momentum
to trapped absorbing particles, a study relevant to the field of optical infor-
mation. Laguerre-Gauss beams were discussed as well in the framework of a
review devoted to optical tweezers by Molloy and Padgett [33]. Other applica-
tions concerned quantum information and the entanglement of the polarization
of a single photon with its orbital angular momentum by Nagali et al. [34],
entanglement again but involving many orthogonal quantum states rather than
only two states by Mair et al. [35], object identification by measuring the joint
orbital angular momentum spectrum of two-photon states by Uribe-Patarroyo
et al. [36], optical traps to study vortices in Bose-Einstein condensates by Tem-
pere et al. [37], optical communication systems in atmospheric turbulence by
Malik et al. [38], use of vortex masks to observe dim exoplanets by Foo et al.
[39], to provide a few examples without pretending to exhaustiveness.

The paper is organized as follows. Section 2 establishes the field expressions
under a formulation which is tailored to the use of the finite series method.
Section 3 recalls a background concerning the method to be used to establish
finite series expressions. Section 4 deals with TM-BSCs and Section 5 deals with
TE-BSCs. Handling finite series expressions requires to deal with recurrence
equations which are examined in Section 6. Section 7 is a conclusion. The
reader who would like to omit the details could simply use Eqs.96, 102, 131, 140
for TM-BSCs and Eqs.165, 176, 200, 207 for TE-BSCs.



2 Field expressions of Laguerre-(Gauss beams fo-
cused by a lens.

Expressions for Laguerre-Gauss beams focused by a lens are available from
Van de Nes et al. [40], see also van de Nes and Torok [41] and Toérok and Munro
[42]. In the present paper, we rely on [40] who expressed the field components
in terms of cylindrical coordinates (p, ¢, z) using a time-dependence of the
form exp(—iwt) which is opposite to the one usually chosen in GLMT (we shall
have later to deal with this issue). The field expressions are claimed to be for
nonparaxial beams exactly satisfying Maxwell’s equations, e.g. [40], page 682,
line 6 after Eq.(16).

2.1 Electric field.

The electric field may be written in terms of cylindrical coordinates as [40],
[41]:

E= %Epz,o(a,ﬂ) + iEpL_z(oz +i8,ia — B) + iE[)l,Q(a —if,—ia—3) (1)
in which:
ENA
Epj(a,8) = / Epij(n)e TR (ax + By) T4 (np) (2)
0
+ g ellio = B)e™ s (o)
— (i + B)e’? Ty j41(np)] bn
with:
k.
Epi(n) = Zk 1+ (1- \j\)f]upza(n)%[b(n)]exp[—C(n)] (3)
and:
k
a(n) = (n= By)!" (4)



k. = k2 — 12 (8)

In the quadrature of Eq.2, Van de Nes et al. [40] denoted the variable
of integration as k, having the meaning of a radial wavenumber. Insofar as it
is actually a dummy variable, we preferred to denote it as . The latin symbols
X, y and z denote unit vectors along the Cartesian axis. The greek symbols «
and ( denote states of polarization, along x and y respectively. .J,,(.) are Bessel
functions of the first kind and L (.) are generalized Laguerre polynomials defined
as follows [43], [44]:

L= () o )

in which () denotes a binomial coefficient. The "usual" Laguerre polyno-
mials L, (z) are L} (z). The associated Laguerre polynomials can be evaluated
recursively from the first two polynomials as follows:

Lo(z) =1 (10)
Li(z)=141—=z (11)
(@) = (4 — gwg,l(m) — B,L\ () (1)
in which:
Ap = QP_T}H (13)



(14)

Furthermore, according to the authors kg is given by /k/zp, in which
2p is the Rayleigh range. This Rayleigh range may be written as zy = kw3 /2,
e.g. page 2 of [45] to be compared with Eq.(4.38), page 102, of Gouesbet and
Gréhan [3]. Introducing the beam shape factor s = 1/(kwy), also called the
confinement factor, e.g. [3], we obtain ks = v/2/wp. Finally, R; is the focal
length and N A is the numerical aperture of the imaging system.

To proceed further, we now need Cartesian components. Introducing:

Byn) = 5= tmaln) L )] expl—c(n)]e!'7e™= (15)

the Cartesian components are found to read as:

kENA
£ = [ B+ Fuime + TR0 - F)e ) (o)
0
+ 2P0 Byee s oan
kENA i . i
B o= [ BB+ 2+ 0 - e e an
0
+ TR0 By s
kN A
B.= [ By 2ilia— D i) — Ga+ ) atapldn (1)

0

We now express these results in spherical coordinates (7,0, ¢). For this,
we introduce the fact that:

ks V2



so that we now have:

aln) = ("2 Rp)l1 = (Vans )" (20)

b(n) = n? k2 R = 277282R3' (21)
kS 2 P2

c(n) = QkQRf =1’s R (22)

Let us note that Eq.3 for E; ;(n) used in [40] is different from the one
used in Eq.(3) of [41].The ratio of E,; j(n) of Eq.3 over the one of Eq.(3) of [41]
is found to be equal to il_lRf/\/l + 0¢; and can be absorbed in Ey. Then, to
get rid of irrelevant constants, we introduce an electric strength Ey according
to:

Eo = i(_1)1)

Nt ks(V2sRy)! (23)

m(p + Ill)

and recall, for further use, that Hy/Ey = /¢/u. We then obtain the electric
field components in terms of spherical coordinates according to:

I+1
ol

E}(n) = By—mm=== Ly, [b(n)] exp[—c(n)]e" e/ VF*mreosd(24)

=

kN A
52 _ 2 .
B, = [ Bywla(+ Y5 rsing) (25)
0
; /12 — 2 ,

_'_a—;zﬁ(l_ ? iU e 2 T, _o(nrsin 0)

— /2 — 2
+2 215(1— ? iU V€2 Jy 4o (nrsin 6)]dn



L2 _ 2
B, = [ Bwsa+ YT a0rsin) (26)
0
oy — 2 _,2 ,
+za2 B(lf kk U Ye 2 ], _o(nrsin6)
o — 7_,2
za2 6(1— kk 1 V€2 Jiyo(nrsin 0))dn
ENA
E, = /E;,(n)%[(ia—ﬁ)e*lefl(nrsinG)—(ia—«—ﬂ)eleH(nrsinH)]dn (27)
0
2.2 Magnetic field.

Similarly, the magnetic field is expressed as:

1 1 P 1 . .
H= inl,o(a,ﬁ) + Zle,,g(a +iB,ia — B) + inLg(a —if,—ia— 8) (28)

in which:

kNA

E
Hyf0.0) = = / Eril0) jerayeviv (20)

{(—ﬂx +ay) (2K —1%) it (np)
o (Cetiy) (i — B)e™ iy (1p)

—(x = iy)(ia+ B)e** Jip 42 (np)] |
—nk.z[(a+i8)Jij_1e” " (np) + (o — iB)e"* Jiy i1 (np)] rdn

in which we used the same notations than for the electric field, including
Eq.3 for Ey; ;(n). Let us also introduce :

n\ll-‘rl

Hﬁ(n) = WQLV’W)} exp[—c(n)] (30)



From Eqs.28 and 29 we then establish :

kNA

o 52 _ 2
/ HOHIIj(n)ed‘peZV Rz 4 y¥ou ) (31)
0

[le,O(O‘aﬁ)]m - k

{=B2k* —0*)Ji(np)
2
+ (i — B)e™7Jia(np) — (i + B)e™* Jia(p)] Y

kN A
k2 — 2

Hus@®l = [ Hojmee Vol - YEST) (@)
0

{=B2k* = n)e " J1_a(np)
+ 0 l(ia = B)e™ " Ji-a(np) — (icv+ B)Ji(np)] Y

kENA
k2 — 772

Huz@ )l = [ Hlme eV - YET) g
0
—B(2k* = n*)e*? T2 (np)

{
+%2[(ia — B)Ji(np) — (ia+ B)e* Jira(np)]}dn

from which we obtain [Hy _o(a + 8, i — B)]a, [Hp2(a —i8, —ia — B)]s
and, eventually:

kNA
H, = / HOHIl)(n)eiltpei\/k;Z,UQz (34)
0
(Bl + Y02 ) 1 - VT
R R A
e C )@k — )

— 2 Tia(np)lie+ )1+ L) — (1 - Y



For the y-component, we first write:

kNA

L e 2_ 2
Ho(and)l, = [ HoHjmeeVF iy VEZT, (3)
0

{a(2k* — n*)Ji(np)
in? ) )
+%[(m — B)e* Ji_a(np) + (i + B)e** Jiia(np)] }dn

kNA

. A 2 12
H,i ()], — / HoHl (n)eie eV —P=( - VI 17
0

—T) )

{a(2k® — n*)e > J1_2(np)

+%[(ia = B)e” " Ji_a(np) + (i + B)Ji(np)]}dny

kN A

[le,2(0é7ﬂ)]y = /HoHIl)(U)eil“"ei\/mz(l_
0

k27,r]2

—) e

{2k = *)e*? Ji4a(np)
+5-[(ia = B)i(np) + (i + B)e"™? Jia(np)] el

from which we obtain [Hp _o(a + i3, ia — B)ly, [Hp2(o — 18, —icc — B)]y
and, eventually:

kENA

H, = / HoH! (n)eiteeivVk>=n* (38)
0
(S hmpal(+ YTy op gy (- VT
et ap)ia — AP0+ YT — (1= YEZ o2
L )i+ DL+ YT - (= YT o2y

10



Finally, for the z-component:

ENA 41 — B

Huole D) = [ B L b espl-clle eV oo (39
0
(1 Pyl i) 22 (n0) + (@ = 18" (o) by
ENA 77‘”“ — 1

Hp, o /Ho n)] exp[—c(n)]ePeVE T Zm (40)
(- —V’“,j”m(a iR sl1p) + (@ — iB)e 1 )y
ENA 77‘”“ B L

Hpi2(c, 5)]. / Hy k\/§ n)] exp[—c(n)]eFeVE T Zm (41)
(1= Y (a4 38)6 i () + o= iB)e* s )]

from which we obtain [Hy; _o(a + 98,10 — 8)],, [Hp2(a —i8, —ia — B)],
and:

kNA

[1]+2 o _
H - / S I el-cle eV
L0+ Y (a4 i) s () + (0 = i8)e o ()]

+(1 - W)[(a +iB)e " Ji_1(np) + (o — iB)e" Jiy1 (np)] }dn

which simplifies to:

[(e +iB)e™ " Ji—1(np) + (a — iB)e™ Jisr(np)ldn

11



3 Neumann expansion theorem (NET) and NET-
procedure.

In this section, we express the Neumann expansion theorem (NET-theorem)
and the NET-procedure to be used to derive the finite series expressions to the
evaluations of BSCs.

3.1 Neumann Expansion Theorem (NET).

Although the way to use the NET, relying on Neumann or Bessel function
expansions, has already been published in the literature, e.g. [3], pp. 121-124,
[28], and references therein, it is concisely reproduced here for the convenience
of the reader. It starts with a result published by Watson [46], pp. 524-525. Let
us consider an equation of the form:

321/29(96) = Z Cnpy1/2(T) (44)
n=0

in which J,,41/2(.) are classical half-order Bessel functions (with = not to
be confused with the Cartesian coordinate) and g(x) is a function (not to be
confused with a BSC, which also uses the symbol g). The Maclaurin expansion
of the function g(x) reads as:

g(z) = Z bnx™ (45)

n=0

Then the NET states that the coefficients ¢,, are given by:

<n/2 1
1 r(+n-
=)y ginam a0 =m), (46)
m=0

m!

in which T is the celebrated Gamma function satisfying I'(n) = (n — 1)! and
I'(z+1) = 2I'(z). We then have two ways of expressing the coefficients ¢,,, either
from the Bessel function expansion of Eq.44 or from the Maclaurin expansion
of Eq.45, using Eq.46. Equating the two resulting expressions will allow one to
establish finite series expressions for the BSCs. This is done using what may be
called the NET-procedure.

12



3.2 The NET-procedure.

Before explaining the NET-procedure, we have to introduce what we call
the P- and N-conventions, "P" standing for "Positive" and "N" standing for
"Negative". The P-convention and the N-convention assume that we deal with
a time-dependence of the form exp(iwt) and exp(—iwt), respectively. The letters
P and N may be used between parentheses to specify which convention is to be
used. For instance the electromagnetic fields derived in Section 2 may then be
more explicitly denoted as E(N) and H(N). Conversely, the NET-procedure
described in the present subsection relies on the use of the P-convention which
is the usual convention used in GLMT.

The procedure then starts with the expressions of the radial electric E,
and magnetic H, field components in spherical coordinates (r, 6, ¢) which may
be expressed as, e.g. Eqgs.(3.10) and (3.19) of [3]:

E(P)\ _ ( Eo(P) )\~ V3
w 77?7 (P) n(n + 1) 1 m ;
? < gngi;f‘;(P) >T\II£L)(kr)Pn |(cos 0) exp(imep)

in which Eo, Hy are field strengths, g;'7,(P) and g;'7(P) are the BSCs to
be evaluated within the framework of the NET-procedure, k is the wavenumber,
oM (.) denote the first-order spherical Bessel functions also denoted as ji, (.), and
Pi™(.) are associated Legendre functions defined by using Hobson’s notation
[47]. Furthermore ¢?* (with pw standing for "plane wave") denotes expansion
coefficients which appear in the Bromwich formulation of the classical Lorenz-
Mie theory [48] according to:

(=)™ 2n+1
pw _ 4
“n ik n(n+1) (48)

Afterward, we discard the p-dependency by using the orthogonality relation:

27
/ expli(m — m")pldp = 278,mm (49)
0

to obtain:

13



/0 " ( EIZE];)) )exp(—imw)dw (50)

— T EO(P) - P g:z (P) n(n+1) (1) r |m| cos
= 2 < (P)> Z n (g:lr?:;]\;(p) ) r \I’n (k )Pn ( 6.)

n=|m|

in which we took account of the fact that P\ = 0 if n < |m|. The next
step is to discard the #-dependency as well. This may be done in two ways. The
first way is to specify 8 = 7/2 in Eq.50 and to invoke the following relations for
associated Legendre functions [47]:

n4m

+m — 1l

m(0) = (1) 2 ( n —m) even
P (0) = (-1) 2 (i) ( ) (51)
P™(0) =0, (n—m) odd (52)
in which:
n!éfl)ll.!3;5.i.n } (53)

to be completed with, for a better-looking expression:

n+1

272 _n
N=—T(=+1 54
= =G +1) (54)
Furthermore, we have [46], [49]:
D) () = [~
WO (kr) = \[ o4 ) (55)
Eq.50 may then be rewritten as:
2 E.(0=7/2,P) :
1/2 ™ _
(kr) /0 < Ho(0 = 7r/2 P) )eXp( ime)de (56)

m P
cxenn 1) ((ETED ) POy

(53

=|m]|, (n m) even

14



Later on, this equation, specified for the Laguerre-Gauss beams under
study, will be given the form of Eq.44 and will allow one to express the BSCs
using finite series expressions, with however the restriction that we must have
(n —m) even. For (n —m) odd, Eq.50 is differentiated with respect to cosf, in

order to take advantage of the relations:

AP (cos 0
w]ws 6—0 =0, (n —m) even

dcosf
A \COSY)y (4 -
[ dcosf Jeoso=0 = (=1)"= 2%%(%%)!7@ m) odd

Then, instead of Eq.56, we obtain:

(k‘r)l/z/o ﬂr[ﬁ ( EILE]P;; )]9_7,/2 exp(—imep)dy

()5 e () e

P
( ) n=|m|,(n—m) odd In,TE

which will later be given the form of Eq.44 and will allow one to obtain finite
series expressions for the BSCs of Laguerre-Gauss beams for (n —m) odd.

3.3 Relationships between P- and N-conventions.

In the sequel, instead of using Eq.47, we found convenient to use:

QZ"TE(N) r

(57)

(60)

v ( gn,TM(N) M\I}S) (k;r)P?llm‘ (COS 9) exp(zmtp)

(59)

}cos GZOJn+1/2(kT)



Inserting Eq.61 into Eq.60, taking the complex conjugate from the re-
sult, changing m to (—m), substracting from Eq.47, and using Eq.48, we obtain:

(e )= o () o

As a remark, let us immediately note that we shall find, in the present
paper, that BSCs with the N-convention will be different from 0 only for m =
l+1and m=1—-1. Eq.62 then implies that BSCs with the P-convention will
be different from 0 only for m = —/ —1 and m = —[+1. This is indeed what we
observed using quadratures and localized approximations with the P-convention,
see Eqs.(47)-(48) and Table 2 in [50].

4 Transverse Magnetic Beam Shape Coefficients.

4.1 (n-m) even.

We start from Eq.56 specified for the electric field and rewritten using the
N-convention:

(kr)l/Q/ ' rE.(6 = 7/2,N)exp(—imy)dp (63)
0
= 7T‘/%EO(N) Z ch'n(n + 1)9:;?TM(N)P7|1M‘(O>Jn+1/2(kr)

n=|m/|,(n—m) even

From Eqgs.16 and 17, we readily establish expressions for E,(6 = 7/2,N)
and E,(0 = m/2,N) and, converting cos. and sin. to exponentials, we find:

B,(0 = 7/2.N) = Ey(V)[(FDie' 0% 1 ()07 (61)
in which:
y RN A 2 _ 2 2 _ 2
(F =25 [ Bl + Y + (0= Y o)
0 (65)
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kNA

(7)1 = 52 [ mia+ =) + (0 - Yo gl
0
(66)
with:
i1
Fin) = LL[b(rm) expl—<(n)] (67)
k2 _ 772

We then insert Eq.64 into Eq.63, use Eq.48 and rearrange to obtain:

i(kr) 2 kr [T

Fl ei(l-i—l)ga + Fl _ ei(l—l)tp e—inupd 68
v [(Fy) (Fp)-1 ] ¥ (68)
= Z (—3)"(2n + 1)9:ZTM(N)P7|1m‘ (0)Jpg1/2(kr)

n=|m|,(n—m) even

To get rid of the integral over ¢ in Eq.68, we then use the orthogonality
relation of Eq.49, and introduce & = kr to obtain:

i\/z$1/2x[(Fé)16m,l+l + (le))—l(sm,l—l] (69)
= > (=)™ (2 + 1)grar (N) Py (0) T 412 ()

n=|m/|,(n—m) even

We now have to distinguish three cases, as follows.
First case : m=1+1,1>0
Eq.69 becomes (introducing an extra-subscript "p" for further conve-

nience) :

oo

z'2[g(2)], = Yo )@ Do (NP (0) T 2(a) (70)
n=I+1,(n—1) odd
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in which we recall that [ is an index for the Laguerre-Gauss function in Eq.3
and:

Hence :

n = (=1)"(2n+ D]yt (NP (0), n > 1+ 1, n — 1 odd (72)

¢, = 0 otherwise (73)
For the sequel, we shall use Egs.10-12 and [43]:

xn+2s

oo _1)s
In(z) = 2::0 (9'((71—1—)8)'2"""25 (74)

We are now going to evaluate the coefficients b,,, starting with p =0, 1
which shall initialize recurrence relations. For p = 0, we have from Eqs.71, 67,
65 and 10:

9o = iy Za(F)s (75)
in which :
(EY) “_MT I eeplmem 1+ g (1 YR = (P,
= xpl—e(m)][(1+ ) A+ (A=) e
N
0 (76)

Eq.75 contains the quantities xzJ;(nz/k) and xJi42(nz/k) that we are
now considering. From 74, we have :
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l+2S 1 xl+2s+1

M8

ai(nz/k) =

s' l—l— s) 20428
s=0
71)(n -1)/2 (77)n71 1 n
n—Il— n—Il— 1. n—
Wy (DN R 2
(et g
= e(n; 0,1, .., 1) == ——— ()"
; (== + ==k
We conveniently introduce the notation :
N
T O () ()
Hence, we have :
S /IR S
xJi(nz/k) :nz::os(n;O,L J)EL 1(k) 12n_1x
Similarly, we establish :
= 1
xJipa(nz/k) = Zs(n;O, 1.0+ 2)F,ll+21(Z) _12n71x”
n=0
and, for further use :
S 2 Myne1_ L n
vJia(na/k) =Y e(n;0,1,...,1 - 2)Fjlj(%) 12”_135
n=0

Inserting Eqs.79 and 80 into Eqs.75-76, we obtain :

[g(x)]o = 2\/>alﬁz2n Tle(n;0,1, ..., F._ Ap

+e(n;0,1,...,1 + 2)FL2 B2

n—1

19
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in which :

kN
[1]+1 52 _ 2
n n N\ M\n—
B, = [ o[-l - YT iy p=0 (s1)
k2_n2
0
Hence :
_
o = iy 2O 0,1, D FL A (55)
™

+e(n;0,1,...,1 +2)F 2 Bl

For p = 1, the procedure is similar. To begin with, we have :

[9(z)]1 = i\/zx(th (86)

in which :

pll+1 k2 — 2

ENA
—if
(F]) _a—i I

Then, using Eq.11 instead of Eq.10 :

[2a—if &= 1
lg(z)]: = (l—l—l)[g(:c)]o—z\/; 5 b > 2%1[g(n;o,L...,z)F,lHA;'ﬁa(n;o,1,...,1+2)F7§t213mx"
n=0

(88)

20
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in which :

kN
[]+1 2 —
n n "\ Myn—
v/ WL b)) expl—<n) 1+ . p>1
2 k k
0 -n
(89)
kA [2+1 k2 — 2
n n —-n N\n—
By, = / —=0(1) L}, [b(1)] exp[—c(n)][(1 =Y ———) ()", p > 1
0 n
(90)
Hence, recalling Eq.82, we obtain :
. 2 a—1 n n
b = i) 20 P o L DEL [0 DA - AR (O

+e(n;0,1,...,1 +2)F2[(1 + 1)B}, — B}

For the general case, starting from :

l9(2)], = i\/zx(Fé)l (92)

and using Eq.12, we arrive to a fairly obvious generalization of Eq.88 reading
as, forp>1:

2p— 141 p—1+1
lg(@))p = ———9(@))p—1 — ——I9(@)]p—2

p p

_;\/;oz 2%6 > Gt B0, L DFLAf, +e(ni0,1, L+ 2)FLE

n=0
Hence :
2p—1+1 p—1+1
[bn]p = T[bn]pfl - T[bn}ZFZ (94)

i [2a—iB
Ve [e(n;0,1, ... )F,_ A} +e(n;0,1,...,1 + 2) FLH3 B

21
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Knowing the b,,’s, we know the b,_s,,’s and have a new expression for
the ¢,’s, namely :

<n/2
F 5+ n—
Z 22+n 2m n )[bn—zm]p (95)

m!

Then, using Eqs.72, 95, 51, and rearranging, we have:

n—=I1—1Y) <n/2 T 1
1+1 VT i (P5) 1ipom (5 £ —m)
5kt (00l = 5055 (0 e 32 T by
(96)
Second case : m=1—-1,1>0
Instead of Eqs.70 and 71, we now have :
g@h= Y. )"+ DgadePa (0 Jugage(z)  (97)

n=Il—1,(n—1) odd

in which :

l9(2)], = i\/zx(F,i)—l (98)

Comparing (Fé)l and (Fé)_l, see Egs.65 and 66, we see that, from the
previous case, we have to change (a—if) to (a+1i8), and xJi12(x) to xJj_a(z),
i.e. we have to use Eq.81 instead of Eq.80. We also have to change (I + 1) to
(I —1). Hence, Egs.85, 91 and 94 are changed to :

C2a+1 n
[bn]O = Z\/; on ﬂ[g(n; 0,1,.., Z)F'IlL—l 10 (99)
+e(n;0,1,...,1 — 2)F- =2 BR]

b = 02 0, P A - A7) (100

27L
+e(m;0,1,...,1 = 2)F, 7 [(L+ 1) Bjy — Bji]}
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2p— 141 p—1+1
buly = s = T s (101)

_l’_
p\/;O‘an[e(n,o WDFL_ A 4 e(n;0,1,..., 1 — 2)FL=2 By

Then, proceeding as in the first case, we obtain:

<n/2
- -7 ﬁ ntl-1 n l+1 n—an F( + n— )
[giz/,Zl“MUV)]P =1t 7(_1) 2 n+l Z 22+ am m [bnf2m]
(102)
Third case : m=1—-1,1=0.
This case corresponds to m = —1. From the fact that the formulation

involves P! rather than P, this case identifies with the first case for m =1,
that is to say with the first case for [ = 0. The result for the present third case

is then obtained by forcing [ = 0 in the r.h.s. of Eq.96 leading to:

1 <n/2 n
T e D I e L )

(103)

Note however that the corresponding recurrence equation Eq.101 is not
valid for | = 0 (and incidently for [ = 1) as well due to the inefficient definition
of the expression £(n;0,1,...,1 — 2)Fl 1 involved in it. This difficulty may be
overcome by rederiving the Correspondlng results using however the relation
J_n(z) = (=1)pJn(z). The cases | = 0 and 1 are therefore to be viewed as
special cases which would deserve a particular study which is postponed to
future work. These remarks are valid as well for three other "third cases"
described below.

4.2 (n-m) odd.

For the case (n —m) odd, instead of Eq.63, we have to use, from Eq.59:

23



(kr)'/2 /27T 74[3Er(cos 0,N)
0

5 cos 0 Jo=r /2 exp(—imep)dyp (104)
= w m apim (cos®)
= TV 27TEO(N) . (z: o Cfl ’I’L(?’L+ 1)gn,TM(N)[W]COS9:0Jn+1/2(kr)

From results in Section 2, we derive after a bit of standard algebra:

OFE,(cos0)

[W]@:ﬁ/2 = Eo[(Gfp)lei(lH)@ + (Gé)—lei(lfl)w] (105)

in which :

kENA - 2 _ 2
@ = [ e ™ eV s YE S ) (106
oo YR

) k2 ()] = 25 i () Y

kENA . 2 _ 2
G = [ e TR e =Rl + ) (07
+(1 _ 7Vk2_772

)12 ()] 4+ 23 Ji- () Y

and :

Gy (n) = Fy(n) = ——=—==Ly[b(n)] exp[—c(n)] (108)

Proceeding as in the case (n — m), we then arrive at:

12
Z\/;ml/zx[(Glp)l(Sm,l—i-l + (Gé)—l(sm,l—l] (109)

oo

\n m dP\™ (cos 6
S (i) @0t D)y 050

Joos0 Jo=r/2ns1/2(2)
n=|m|,(n—m) odd
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As before, we now have to distinguish three cases, as follows:
First case : m=1+1,1>0

Eq.109 becomes (introducing an extra-subscript "p") :

= o dP!*(cos @
Mgl = Y (Dl D) al)
n=l+1,(n—1) even
(110)
in which :
12
9@l = iy 22(GL)s (1)
Hence :
o dP*(cos®
cn = (—9)"(2n + 1)[95:%M]p[%}0:ﬂ/2, n>1+1,n—1leven (112)
¢, = 0 otherwise (113)

To pursue the calculations for the case (n —m) odd, we shall need:

= (=1)° oy 1
;132Jl(’l7.’13‘/k5> — ZS'((Z+>S)'<]€)Z+232Z+ZS$Z—&-2$+2 (114)
s=0 " ’
(nféfQ)!(l+nféf2)! k on—2

n=I[+2
G l N\n—2 1 n
= Y e(m0,1,., 1+ DF, ,(1)" e
n=0 k 2"
= 1
D Ja(nz/k) = 3 e(n;0,1, .1 + 3)th§(£)”*2 et (115)
n=0
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Iyt e (116)

xJip1(nz/k) = Z e(n; 0,1, ..., 1 + 1)FIHL T
= 1
a?Ji_a(na/k) = e(n;0,1,...,1 - 1)F}- 2(k)n 22%23:" (117)
n=0
- - n— 1 n
sl (nafk) = 3 e(n;0,1, ...yl - 1)F}L,11(Z) e (118)
n=0

Proceeding as in the case (n — m) even, we then obtain:

. 00 l
(@) = i\/zzagﬁ[z:e(n;o,l,.. z+1)F" 2on (119)

n=0
00 Fl+2
+3 e(m;0,1, ..., L+3)5; “=2 Dy
o0 I+1
,Zs(n;o,L...,H1)2::21E;g)]$n
n=0
in which:
kN A
L2 _ 2
Chy = / 1+ expl—e(m)y/ VAE — 2 (1 + Y (Dyn=2qy - (120)
0 k k k
’ [74+1 2 2 k2 —m20 m. o
Dip = n"1"" expl—c(n)]\/ VE* =1 (1—7)(? dn (121)
ENA nu|+1 n
B | expl—c(n)](1)"d (122)
2
77
leading to:
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l\D

o+ n
balo = z\[ T 1”8[ (n;0,1,...,l + 1)FL_,Cp (123)
+e(n;0,1,...,l + 3)F*2 D,
—e(n;0,1, ..., 1+ D) P B

We also obtain:

g = (+Dg(=)o (124)
oo 1
\/ilag_ﬁnzosn 0,1,. l—l—l)l;n Yo/t
Fl+2
—I—ZE(n;O,L.. z+3)2” 2pr

[ee) Fl+1
=3 e(n;0,1, .., 1) 5= LB 2"

in which we introduced, for p > 1:

Chy= [ 0" explctnlbn) by V= 7 (14
(125)
kNA _
Diy= [ 0 expleclbn) bl VI = 0= Yy 2y
(126)
ENA -l
5, = ) L )] expl—em)) Dy (127

and:
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5
ba]i = i\/;’;:f{g(n;o,l,...,Hl)F}L2[(1+1)Cﬁ)—clq] (128)

+e(n;0,1,...,1 + 3)F2[(1 + 1) D}y — DI
—e(n;0,1,...,l + )FFL 1+ 1) E} — ER]Y

For the general case, we obtain:

2p—1+1 p—1+1
l9(x)], = T[g(w)]p—l - T[g(w)]p—z (129)
i 200+ B o~ , El_,
_p\/; 5 [;E(H’OV]‘?"'?l—"_l)Wclp
1+2

e Fn72 n
4 Zg(n; 0,1,....1 + 3) on—2 Dlp
n=0

- Fl+1
_Zfz(n;o,l,...,l+1> nilElZ)}x"
n=0

2n72
and:

2p— 141 p—1+41
[bn]p = T[bn]p—l - T[bn]p—2 (130)

+e(n;0,1,...,1 + 3)FL 3D,
—e(n;0,1,.., 1+ 1) F T B

Proceeding again similarly as for the case (n —m) even, and recalling
Eq.58, we then obtain:

i"ym (-1)z  n-—I
[gijjl‘M]p = 7 ntl | 3 ( — 1! (131)
W T+ ) 2
<n/2 l
I
m)! n—2m/|p»
m=0

forn > I+1,(n—1)even, 1 >0

28



Second case : m=1—-1,1>0

Instead of Eqs.110 and 111, we now have :

> 1=1(cos
M@l =Y DRl D) ale)
n=l—1,(n—1) even
e (132)
in which :
o), = iy 2e(GL) (133)

i.e. we now use (G%)_jinstead of (GL);. Comparing Eqs.106 and 107, we see
that, with respect to the previous case, we have to change (i + () to (ic — ),
Ji42 to Jy—2 (using Eq.117 instead of Eq.115) and Jj41 to (—J;—1) (using Eq.118
instead of Eq.116). Without having to redo the computations, we then obtain:

S 00 l
lg(@)]o = i\/?o‘2 B[Ze(n;o,l,.. z+1)F" 2on (134)

n=0
Fl-2
+Z (n;0,1, ..., 1 — )"751);5
i1
+Z (n;0,1,....1 — )"721El’6]x”
210 —
[bnlo = i\/ETj[a(n;O,l,.. I+ 1)F,_5C (135)

+e(n;0,1,....,1 — 1)F: =2 Dy
+e(n;0,1,...,1 — 1) F. L Bl
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l9(=)]x

(I + Dlg(@)]o (136)

C[2ha— B F. .,
— — 00,1, ... 1
W= [g e(n;0,1,...,1+1) 5Ol

2n=
n=0

2
2

e} Fl
—|—Ze(n;0,1,.. 1—1)=n=

DTL
2 11

Fl
+Z (250,11 = 1) 5= —LEp]a"

\/;’;‘n‘f (0,1, 1+ D)FL [+ 1)Cpy —CR] (137)
—|—5(n 0,1,..., 1)FfL %[(l+1)DlO D}

2p—1+1 p—1+1
lg(@)p, = ’ —lg@)lp-1 - T[g(w)]pfz (138)
2 i = F’I{L*2 n
5 ; Z en; 071,..., 1) 27’7,72 Clp
[e'¢) F7ll
+> e(n;0,1,..., =15 2Dy,
n=0
Fi1
+ Z e(ni 0,1, 1 = 1) iy B Ja”
2p—1+1 p—1+1
[bn]p = T[bn]pfl - T[bn];P? (139)

2ia—
—\/> it E(0, 1, 1+ 1)F,_,Cp

+e(n;0,1,...,0 — 1)F. 3D},
+e(n;0,1,...,1 — 1)F, LB}

and, eventually:

30



- VL (—l)nTl_1 n—1
[g TM]p - 9l+1 F(nTl"f'%)( 9
<n/2 1
Z 2%+n72mr(§ —|—7’l'
m=0 me
forn > I—1,(n—1)even, 1>0
Third case: m=1—-1,1=0

(140)

Again, similarly as for the third case of (n-m) even, we simply have to

force I = 0 in the r.h.s of Eq.131 leading to:

- -7 ﬁ
[gn,lTM]p =1 ?(—

<n/2
Z 923 lin—2m

ﬁ
n
5 2

[\g\w V

E
2

(3 +n—m)

[bn—2mlp (141)

 om!

5 Transverse Electric Beam Shape Coefficients.

Expressions for TE-BSCs are derived similarly as for the TM-BSCs, using
H, instead of F,, and shall therefore be reported more concisely.

5.1 (n-m) even.

Instead of Eq.63, we now start from:

(kr)1/2/ WTHT(Q =7/2,N)exp(—imep)dp
0
= w21 Hy(N) Z

n=|m|,(n—m) even

(142)

chn(n+ 1) gz e(N) P (0) Ty (kr)

in which, from results in Section 2 and proceeding similarly as for the TM-

BSCs, we derive:
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H,(0=7/2,N) = Ho(N)[(H.)1e'"T1¢ + (HL)_1e'71)¢] (143)

in which :
. kNA
=2 [ B @A AG) = aaGr) By (44
6 N kENA
(1)1 = B [ B A = s Bl (145)

in which Hzﬂ(n) is given in Eq.30 and:

A= - Yy g VR0 ey (1)

k k
By =+ YTy VEZ Dy gy )

Next, inserting Eq.143 into Eq.142, and dealing with the integration
over ¢, we obtain:

i\/Zwl/Qx[(Hé)15m)l+1 + (H;;)—lfsm?l—l] (148)
=Y (0" en+ gl P 0) ()

n=|m|,(n—m) even

We now again consider different cases, using an extra-subscript p for
convenience.

First case : m=1+1,1>0.

‘We have :
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oo

' 2lg(a)], = Y. )@+ D p (NP (0) s a(2) (149)
n=Il+1,(n—1) odd

in which :
[9(x)]p = i\/ =a(H)) (150)
Then we have :
en = ()" (2n + Dgh 7 5lp P (0), n > 141, (n—1) odd (151)

¢n, = 0 otherwise (152)

We afterward express the b,-coefficients, similarly as for the TM-case,
and establish:

gl = TN k0L DR (59

in which :
kENA n 77|l|
Po= [ G e Ay (154)
kNA n 77'”
b [ G sl B (155)
and :
if—a 1 n
[bn]O = 7271-&—1 [E(n;0717"'7l)F7lL—1P)lO (156)

—e(n;0,1, ..., 1+ 2)FLH3Qu]
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For p = 1, we obtain:

9@ = (+Dg)o
= _ﬂa Z 2n1+1 [e(n; 0,1, ..., Z)FrlL—lpﬁ
n=0

e(n;0,1,...,l + 2)F Q1 |2

in which :

ri= | o

kN A 1
b [ el By

3
—~
>
V)
=
\V)
~—

Hence :

i—a 1
ﬁ 2n+1

{e(n;0,1,...,1)F"

n—1

[bn]l

[(I+ 1) Pig — Pii]

For the general case, we find:

Zp—1+1 p—1+1
p = T p1— ——— p2
l9(a) l9(a) l9(a)
p p
10 — > :En .
N pﬁ Z 2n+]_ [8(717 0? 17 ceey Z)FrlL—lplp
n=0

—e(n;0,1,...,1 +2)F: Q)]

and :

2p—1+1 p—1+1
by = 2 ), -2
iﬁ* a 1 n
*ﬁ ont1 [6(n; 0,1,.., l)F}L—lplp

—e(n; 0,1, L+ 2) F Q1)

34

(157)

(158)

(159)

(160)

(161)
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in which :

kNA 1]
P [ O et b explctn)l AGn)dn

These relations are valid for p = 1 as well by virtue of {Lp oM }p=1 =
1. These coefficients being established, we then establish:

iz (N)]p =

Second case :

n+1+1 n— <n/2
— n\/>( ) ( l 1) 2/2 +n— 277LF( +n-— )

2020 (2H 4+ 1) m!

m=1—1,1>0.

We start from:

in which :

DD G K CZ S g o) MY A () DAY €
n=I[l—1,(n—1) odd

Then we have :

Cn

(_

i0)"(2n+ 1)[gh 2 plp Py (0), n > 11, (n—1) odd

¢, = 0 otherwise
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[bn—2m]p

(165)

(166)

(167)

(168)

(169)



Next the b,-coefficients are found to be:

a+iff o~ 1
N 02n+1 [e(n;0,1,...,1)F._, P}

[9(=)]o

a+if 1 n
[bn]O = ﬁ 2n+1[E(n;(),lv"'vl)FrlL—lPlO

—e(n;0,1,...,1 —2)F'2Q1]

@) = (+Dlg(@)]o

atif = 1 .
- \/7_[_ on+1 [E(H;Oala“ﬂl)FvlL—lPll
n=0

—e(n;0,1,...,1 —2)F'2Qnt ]z

a+if 1
ﬁ 2n+1

(b1 {e(m;0,1,... ) F, [+ 1) P — Pf)

@l = 21 e, - 2 ),

p p

_a+t Zﬂ 1
2n+1

e(n;0,1,...1)F,_, P}

—a(n;o,1,.. 1—2)F,3Qp]a"

2p—1+1 p—1+1
buly = Z e = P

a+zﬁ 1
P 2n+1[( n;0,1,...,0)F}_ 1Py

—e(n;0,1,..,1 —2)F.3Q}]

36

(170)

(171)

(172)
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And the corresponding BSCs are found to be given by:

in n+l 1 <n/2
f( ) ( l+1 Z 22+n ZmF( +n— )

[gf’;’ll"E(N)]P er( m!

[bn—2m}p
(176)
Third case : m=1—-1,1=0.

Similarly as for previously encountered "third cases", the result for m =
Il — 1,1 =0 can be obtained by forcing [ = 0 in the r.h.s. of Eq.165, leading to:

i"Jr n+1 7_1 <n/2 . n—
V)l = YIRS g LGy ),
2 m= ’
' (177)
5.2 (n-m) odd.

We now start from:

™ 9H,(cosb, N .
(k:r)l/g/ 7( )]gz,r/g exp(—imep)de
0

dcosl

oo } dP™ (cos 0
_ w\/%HO(N) Z cﬁ“n(n-l—l)gy?TE(N)[ﬁ

n=|m/|,(n—m) odd

in which we evaluate, after a bit of algebra:

OH,(cosO, N ENA plil+1 .
e o = [ Ho )L bt expl—clale179)
[ Ay + e~ A ]dn

in which :
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A = G G L D) A) = T ) B = s =i8) i (/)

(180)

iz [ —ia

n .
A= ﬂm[Jl(Ufc/k)A(U)*Jl—2(77$/k)B(77)]*ﬁ(aJﬂﬁ)Jl—l(UfC/k)
(181)
Eq.179 may conveniently be rewritten as :
OH,(cos0) Ty i(l+1 T i(-1
(T gaacg Jo=nrz = Hol(H}:1e' D% + (H)_ye'=D7] (182)
in which :
e~ kENA 77|l\+1 .
)= [ m i L] explctl At (153)
Afterward, we deal with the integration over ¢ and obtain:
.2 e 5
z\/7m1/2x[(H}7)16m,l+1 + (HL)—16m,-1] (184)
™

- n m oPI™ (cos 0
= Z (=4)"(2n + 1)gn,TE[#}9=w/2<}n+1/2(x)

n=|m|,(n—m) odd

The reader being now used with the details of the procedure, we shall
be content to provide the results.

First case : m=1+1,1>0.

We obtain the functions [g(z)], and the b,-coefficients reading as:

—(la+p X gn .
@) = L(Wﬁ)zwQ[E(n;o,1,...,z+1)FjLQWm (185)
n=0

—e(n; 0,1, ..., + 3)F- 2 X0
(ZO[+,8) — z" . I+1vyn
— Z 2n715(n,0, L., +D)ET Ve

n=0
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in which :

kENA n|”+1 Mmoo
Wi :/0 WGXP[—C(W)](E) A(n)dn (186)
kN A n\[|+1 n )
Y= [ el Bl (187
kNA n
Y= [ a el (188)
0
and:
—(ia+6) 1 n
[bnlo = (]62\/7?)271[5(71;07 1o L+ 1) F Wi (189)
—e(n;0,1,..., 1+ 3)F- P2 X2 ]
(ta+pB) 1 N
— Ry gm0 L L DF Y
For p = 1, we obtain:
g = (+Dlg@)o (190)

+(iac + B) z" n n
R Z:O Sz (50,1, 0+ DEL Wi —e(n;0,1, ..., 1+ 3)FI T2 X7

. oo n
+(ZO‘+6)Z L e(n;0,1,..., 1+ 1) F Ly

N P
in which :
ENA [1]+1
Wi= [ et sl (D Aldn (191)
ENA 1]+1
Xi= [ et el B (192)
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kNA
Vi = [ ) el dn (193)

and:
—(ia+p) 1 n _ ton
bl =~ e (B0 Ll DE [+ W — W] (194)
—e(n;0,1, ..., L+ 3) F 5[0+ 1) XG5 — X7}
(ia+p) 1
e gm0 L L DR+ )Y — i)
For the general case, we find:
2p—1+1 p—1+1
lg(@)l, = T[Q(w)]p—l - T[g(w)]p-z (195)
+(io+ B) o= 2"
4(;(;19\/? Z Qf_z [e(n;0,1, ...l + 1)F, W/ —e(n;0,1,....1+ 3) 5 X7]
ia+ )
k3/2pfz on—1 e(n;0,1,. ’l+1)FZHYZP
and :
2p—1+1 p—1+1
bl = L alpr = P bl (196)
+@a+p6) 1 "
W on—2 [ﬁ(n, O7 1, vy I+ ) 77,—2W — 5(7’),, 0, 1, ,l + 3)F,llt22le]
(i +pB) 1
+W2n_ls(n; 0, 1, .. l + ].)FlJrll}/lp
in which :

kNA |7 +1
Wi= [ b s b expl—cl (D2 Alndn (197
o (K

n2)1/4

>3
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kN A [1]+1
Xip= [ bl expl-cl (2Bl (199

kNA
b= [ AL, b el (199)
0

These relations are valid for p = 1 as well by virtue of {L,_ [b(n)]}p=1 =
1. The BSCs then read as:

n (-1 (el - ) L T(L+n—m)
I+1 N — ¢ 7T( 2 27+n72m 2 b
[gn,TE( )]p 2”31“(”;1 n %) 7nz=0 ml [br, 2m]p
(200)
Second case : m=1—1,1> 0.
‘We obtain:
o — = " "
[g(l’)]o = 4k2ﬁ Z om—2 [6(77,; 07 ]-7 ey I+ 1)Frl1—2WlO (201)
n=0

—£(n;0,1,...,1 — 1)FL2 X}

(i — B) = " T
o > S0, 1,0 = DFE v

n=0

in which the integrals W, X,Y are the ones previously given, and:

i —f 1" .
balo = Ww[s(n;o, L., l+1)F_Wp (202)
—e(n;0,1,...,01 — 1)F. 22 X7
(i — B) 1™ .
_Wﬁa(n;o, L..,l—DFEZ e

For p = 1, we obtain:
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[9(@)]i = (+Dlg()lo (203)

i = f) o~ " . ! n . -2 yn
~ e HZZ:O = [e(n;0,1, ..., 1+ 1)EL_ Wi —e(n;0,1,...,01 — 1)F. 73 X4

(i — B) ™ -1
+ E e(n;0,1,...,1 = 1)E, 1Y}
3/2 n—1 n

k / ﬁ n—0 2

in which the integrals W, X,Y have again already been previously given, and:

bl = Jae ;”Q{er(n 0,1, o+ DFLof(1+ Wi — W] (204
—e(n;0,1, ..., — )E.2[(1+ D)X — X1}
(ia ) 1"

e(n;0,1,...,1 = )FL L[+ )Y — Y77

RN

For the general case, we find:

2p—1+1 p—1+1
[g(x)]p = 7[9@)]1)—1 - 7[9@)]1)—2 (205)
p p
i — n — n
4k2p\f Z Sz (50,1, 0+ F!_, W —e(n;0,1,...,1 — 1)F. 3 X}
za— 1—1
kd/2pf Z on—1 TL 0,1,. Hl= )F Ilep
and :
2 —1+1 — 141
by = by = P bl (206)
4 n
0 =) 1" 01, 1+ 1)FL W —e(n;0,1,...,1 — 1)FL 22X

4k2pym 272

(i — B) 1"
WWS(H;O,L... l— )Fl 11Yva

in which the integrals W, X, Y have again already been given previously.
These relations are valid for p = 1 as well by virtue of {Lp 1o} p=1 = L.
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The BSCs then are found to read as:

in n+z n <n/2
Vi e R ). S oD +n—m)

[gib_l (N)] n [bn—2m}
TFE p 2l+1F( +l é) m! P

(207)
Third case, m=1—1,1=0.

Again, for this third case, the expressions for the BSCs are obtained by
forcing [ = 0 in the r.h.s. of Eq.200:

6 Recurrence equations.

In this section, we examine how to deal with the recurrence equations in
which [b,,], is expressed in terms of [b,],—1 and [b,],—2. We begin with the case
of TE-BSCs for (n—m) even, m = [+1,1 > 0 for which we shall provide details.

6.1 TE-BSCs, (n —m) even, m =1+ 1,1 > 0.

Eqs.154, 155, 158, 159, 163, 164 lead us to define:

kENA

ITE X 1 A

Crat) = [ s evlc () ) Xan - (209)
0

in which A(n) and B(n) are given by Eqs.146-147. From Eqs.154-155, we
have:

Py = I1P(1), Qfy = JEP(1) (210)
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and, from Eqgs.158-159, 163-164:

Pl =1 b(n) L, (b)), Q1 = JIF ()L, (b(n)], p > 1 (211)

in which we used L} (b(n)) = 1. With these notations, Eqgs.156, 160 are used
to initiate the recurrence according to:

if—a 1
[bn]O = \/77_ on+1 [6(’”“7 Oa 1) ey Z)F'rlL—IIeTE(l) (212)

—e(n;0,1, ..., 1+ 2) F\ 2 JTE(1)]

B—a 1
ba]i = Zﬁf‘)‘ S [e(n;0,1,....,)F. _ITE(1+1—1b) (213)
v

—e(n;0,1,.., L + 2)F 2 JTE (1 41 - b))

We now introduce an operator 1" such as:

[bn]p = TTE(XP(W)) (214)
in which:
TE if-—a 1 l TE
" (Xp(m) = NG Sz € 0,1, DFy 1 L= (Xp(n))  (215)

_E(n; 07 ]-7 LS l + 2)F;Lt21JgE(Xp(n))]

which is valid for p = 0, 1 with:

Xo(n) =1 = Ly(b(n)) (216)

Xi(n) =141 —0b(n) = L (b(n)) (217)
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in which we must recall L} (b(n)) = 1 and L} (b(n)) = +1—b(n)). Assuming
that Eq.214 is valid for p changed to (p — 1) and (p — 2), we afterward readily
show that it is valid Vp. The recurrence relation Eq.162 then simply becomes:

[balp = T75(Xp(n) = T"F(Ap Xp—1 (1) — BpXp—2(n)) — %b(n)Lﬁ,_l(n)) (218)

so that, instead of having to solve the recurrence relation Eq.162, we have
to solve the simpler reduced recurrence relation:

X, () = Ay X1 (n) — ByXyaln) - %bw;_l(n) (219)

with initial values given by Eqs.216-217. We shall later return to this equa-
tion.

6.2 Other TE-BSCs.

In all cases that we have to investigate, the same reduced recurrence relation
Eq.219 is obtained. The differences between the different cases are only involved
in modifications of Eqs.214-215. For the TE-BSCs, (n — m) even, m = [ — 1,
[ > 0, we obtain:

[bn}p = UTE(XP(U)) (220)
in which:
a+if 1

\/77— gn+1

—e(n;0,1,...1 = 2)F. 3T (X, (n))]

UTE(X, () [£(n;0,1, ... D F, (ITP (X () (221)

For the TE-BSCs, (n — m) odd, m =1+ 1, 1 > 0, we introduce:

(IOTE(X(H)>: /(”)n—2(k2’7_”;)1/4exp[—c(n)](j;liz;)x(n)dn (222)
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kNA

KIP = [ (a2 expl-cn) X ) (223)
0
and we have:
[bn]p = Ve (Xp(n)) (224)
in which:
VIERGm) = S a0, 4 DELLITE R 0) (229
—eni 0,1, 1 B)FLER TP (X, ()]
ia+p 1

e(n;0,1, ..., L+ 1) F L K P (X ()

- k3/2ﬁ on—1

For the TE-BSCs, (n —m) odd, m =1 —1, [ > 0, we have:

uly = W75 (X, 1) (226)
in which:
WIBX,0) = o g om0 L L+ DPLIEP () (27
76(”; 07 ]-7 7l - 1)F;L:22J3E(XP(T/))]

ia—f

1 _
NN 2n—15(”5 0,1,..., 1 = )E T KTP(Xp(n)

For the TM-BSCs, (n —m) even, m =1+ 1, 1 > 0, we introduce:

TM [1]+1
(i) = [ G s esplcta (10 ) X (229)

46



in which:

k2 _ 2
ol =1+ Y d (229)
2 _ 2
Dy =1~ VT (230)
and we obtain:
[bn]p = TTM(XP(W)) (231)
in which:
T M . 2a—1ip l TM
T (XP(T])) = 1 ; on [6(n;0717"'7Z)Fn—IIe (Xp(ﬁ)) (232)
+e(n;0,1, ..., 1+ 2) F 3 T (X, ()]

For the TM-BSCs, (n —m) even, m =1 —1, 1 > 0, we have:

[bn]p = gt (Xp(n)) (233)

in which:

Ut (X)) = i\/z“;w [0, 1, D 7Y (Xp () (234)

+e(m;0, 1, 1+ 2) F P IIY (X, ()

For the TM-BSCs, (n —m) odd, m =1+ 1,1 > 0, we introduce:

kNA
TM
(o) = [ a2 =gy expletm] (0 ) X o
0
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kNA

T™ 77'”+1
KX = [ s () esl-cmXmdy (230
0
and we obtain:
[bn]p = VTM(XP(W)) (237)
in which:
VIR ) = iy 2O 0,1, DELL T (5, () (259

+e(n;0,1, ..., [+ 3)FL2TIM (X, (n))
—e(n;0,1, ... 1+ DE KM (X, (n))]

and, finally, for TM-BSCs, (n —m) odd, m =1 — 1,1 > 0, we have:

[bulp = W (X, (n)) (239)
in which:
™ 2i0 — ﬁ I g TM
W™ (x, S £ 0,1, L+ DL 17 (X, () (240)
+‘C:(n 0717"'7 1)F£:22JZA[(XP(77))
+e(n;0,1,., L= DF KM (X ()]
6.3 Solving the reduced recurrence relation.

The reduced recurrence relation involves Laguerre-Gauss polynomials.
To get a still simpler recurrence relation, i.e. not involving any Laguerre-Gauss
polynomials, we set:

= KL, (b(n)), ¥p (241)
pn=0
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This is readily shown to be valid for p = 0, 1 with initial values given
by Eqgs.216-217, reading as:

K =1,k =0,k =1 (242)

and afterward demonstrated to be valid Vp by recurrence. Inserting Eq.241
in the reduced recurrence relation Eq.219, we obtain recurrence relations of the
coefficients ki reading as, for p > 2:

o= 0 (243)
b
— —1
kETU = AP — ,
k;)‘ = Apk]’;_l - Bpkg_Q, w=0..(p—2)

with initial values for p = 0,1 given by Eq.242. The first two lines of Eq.243
may then be rewritten as:

ky = ki=1k=0forp>2 (244)
b b
k? = 0, k‘l% = (AQ - E)akg_l = _5 for p >3

We examined whether it would be possible to solve these last equa-
tions for obtain closed form solutions. From this last investigation, it has been
found that the answer is likely to be positive but that the closed form solu-
tions obtained would be very clumsy and inefficient. We therefore believe that
Eqs.243-244 are the best which can be done.

7 Conclusion.

After the success encountered when designing finite solutions in the case
of (paraxial) Laguerre-Gauss beams freely propagating [15], [28], it has been
decided to investigate the use of finite series to the evaluations of BSCs in the
case of Laguerre-Gauss beams focused by a lens, in order to overcome the limi-
tations inherent to the use of quadratures (too time-consuming) and of localized
approximations (lack of accuracy in the case of helical beams). The present pa-
per therefore establishes the finite series expressions required to evaluate BSCs
of Laguerre-Gauss beams focused by a lens.
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Let us however note that the present work is devoted to Laguerre-Gauss
beams focused by a lens, with the restriction that we have considered BSCs
in spherical coordinates for parallel illumination, in on-axis situations. For
the sake of completeness, we now serve again comments already introduced in
[28]. and in [15]. BSCs for other kinds of curvilinear systems of coordinates
can afterward be obtained from the BSCs in spherical coordinates by using an
extrinsic method, see [51] for the definition of intrinsic and extrinsic methods,
and the introduction of [52] for a review of extrinsic methods in spheroidal and
cylindrical coordinates. BSCs for oblique illumination may be deduced from
the BSCs for parallel illumination by using rules of transformations of BSCs
under rotation of coordinate systems [53], [54], [55], [56], [57]. BSCs for off-
axis situations can be obtained from the BSCs for on-axis situations by using
translation theorems [58] or by introducing the off-axis expressions of the fields
right at the beginning of the algebraic treatment, as actually done in the case of
Gaussian beams, see [23]. The last procedure however requires an extra-algebraic
work. It is indeed a defect of the finite series technique that each modification of
the field expressions requires an extra-algebraic work before implementation in
computer programs, although it has been stated that the "whole process may
be in principle carried out in an automatic way by using a formal computation
procedure which would furthermore generate FORTRAN sources" ([3], p. 121).

A next paper shall present numerical results, including the comparison be-
tween the three basic methods used to evaluate BSCs of structured beams
(quadratures, localized approximations, finite series). Another prospect must be
mentioned. In the case of Laguerre-Gauss beams freely propagating, the expres-
sions for the electric field and for the magnetic field presented a high degree of
symmetry, so that the TE-BSCs and the TM-BSCs were related by very simple
relations. This is not the case in the present work devoted to Laguerre-Gauss
beams focused by a lens due to a lack of symmetry between the expressions
of the electric and magnetic fields. This suggests that it should be possible to
introduce improved expressions of Laguerre-Gauss beams by a symmetrization
of the fields. Such a symmetrization of fields has already been carried out in the
case of paraxial Gaussian beams described in the Davis framework [59], [60].
As a final remark related to forthcoming numerical computations, and relying
on previous works concerning the calculations of BSCs by using finite series,
particularly concerning Laguerre-Gauss beam freely propagating [15], no con-
cergence problem is expected concerning the numerical implementation of the
expressions derived in the present paper.
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