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The study of structured laser beams has been one of the most active fields of research for decades, particularly in
exploring laser beams with orbital angular momentum. The direct generation of structured beams from laser
resonators is deeply associated with the formation of transverse modes. The wave representations of transverse
modes of spherical cavities are usually categorized into Hermite-Gaussian (HG) and Laguerre-Gaussian (LG)
modes for a long time. Enormous experimental results have revealed that the generalized representation for the
transverse modes is the Hermite-LG (HLG) modes. We make a detailed overview for the theoretical description
of the HLG modes from the representation of the spectral unitary group of order 2 in the Jordan—Schwinger map.
Furthermore, we overview how to derive the integral formula for the elliptical modes based on the Gaussian
wave-packet state and the inverse Fourier transform. The relationship between the HLG modes and elliptical
modes is linked by the quantum Fourier transform. The most striking result is that the HLG modes can be
exactly derived as the superposition of the elliptical modes without involving Hermite and Laguerre polynomials.
Finally, we discuss the application of the HLG modes in characterizing the propagation evolution of the vortex
structures of HG beams transformed by an astigmatic mode converter. This overview certainly provides not only
a novel formula for transverse modes, but also a pedagogical insight into quantum physics.
Keywords: transverse mode; spherical cavity; Hermite-Gaussian mode; Laguerre-Gaussian mode.
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The quantum harmonic oscillator is an indispensable
paradigm to understand the concept of quantum-classical
correspondence, quantized radiation fields, and quantum
optics. The eigenmodes of the two-dimensional (2D) quan-
tum harmonic oscillator can be analytically solved as
Hermite-Gaussian (HG) modes with rectangular sym-
metry or Laguerre-Gaussian (LG) modes with circular
symmetry?. Since the paraxial wave equation for the
spherical laser cavity is identical to the Schrodinger equa-
tion for the 2D harmonic oscillator, the HG and LG
eigenmodes play an important role in exploring the laser
transverse modesZ?. With the advent of end-pumped
configurations, the high-order HG modesZ?¥ and LG
modes®™ can be efficiently generated in diode-pumped
solid-state lasers. The Ince-Gaussian (IG) modes, another
form of eigenfunctions to the paraxial wave equation, have
been recently introduced™ and been also experimentally
observed in stable resonators®Y.

The study of optical pattern formation has been one
of the most active fields of research for decades2 2. Based
on Hamilton’s optico-mechanical theory2Z'| modern
laser resonators have been widely used to analogously ex-
plore the formation of quantum coherent waves in the
mesoscopic regime22, There are some intriguing fea-
tures in the spatial structures of high-order transverse
modes, such as low divergence of Bessel beams, orbital
angular momentum (OAM) of helical beams, free
acceleration of Airy beams®, and evolution of light pulse
in a nonlinear laser cav1ty[4° Moreover, several interest-
ing issues for generating optical vortices have been
explored, such as the formation of vortex lattices in
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transverse-mode-locked processing2). the phenomenon

of Berezinskii—-Kosterlitz—Thouless phase transition®2Y,
and twisted speckle patterns2.

The general forms characterizing scalar monochromatic
optical waves are complex-valued functions that can
be expressed as the real and imaginary parts. Intersections
of nodal lines of real and imaginary parts are isolated
zeros, so-called phase singularities®. Since singular points
are surrounded by a circulating phase, they are typically
related to the formation of optical vortices®. Conse-
quently, the terms phase singularity and optical vortex are
often used interchangeably. Optical vortex beamsZ2
carrying OAM can be used in various fields2Y, including
optical tweezersZ® trapping and guiding of cold
atoms ¥ radio communications™®), and quantum infor-
mation processing@] Several techniques have been pre-
sented to create optical vortex beams®%, Abramochkin
and Volostnikov originally used an astigmatic mode con-
verter (AMC) formed by a matched pair of cylindrical
lenses to generate the so-called Hermite-LG (HLG)
beams”. The HLG beams, a continuous evolution be-
tween HG and LG beams, can successively be realized by
rotating the cylindrical lens about the optical axis by an
angle £.

Ellipses are the classical periodic orbits in the 2D iso-
tropic harmonic oscillator. Pollet et all theoretically
exploited the special unitary group of degree 2 [SU(2)]
coherent state to demonstrate the quantum wave func-
tions localized on elliptical orbits. It has been universally
found that quantum wave functions localized on classical
periodic orbits are associated with striking quantum
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phenomena such as conductance fluctuations in meso-
scopic semiconductor billiards™Z2 oscillations in photo-
detachment cross sections™/, and shell effects in metallic
clusters™, In laser physics, we have experimentally used
a diode-pumped solid-state laser to observe the elliptical
modes corresponding to the SU(2) coherent state™™.
Mathematically, the SU(2) elliptical mode is a superposi-
tion of the degenerate HG modes™. We have recently veri-
fied that elliptical modes and HG modes can form a
quantum Fourier transform pair®’. From the representa-
tion of the quantum coherent state, we have inventively
derived the elliptical mode to be as an integration of
the 2D Gaussian wave packet over the elliptical orbit
without involving the HG modes. The derived integral for-
mula can be extensively employed to compute not only
elliptical modes but also HLG modes in a supereffi-
cient way.

In this article we exploit the Schwinger’s SU(2) trans-
formation® to systematically overview the wave represen-
tation of the HLG transverse modes of spherical laser
resonators. The SU(2) representation for the HLG modes
analytically connects the HG and LG modes through the
rotational transformation on the Poincaré sphere. On
the other topic, we review the wave representation of the
elliptical modes by extending the one-dimensional (1D)
Schrodinger coherent state to the 2D coherent state.
The integral formula of the elliptical modes is comprehen-
sively derived as the integration of the Gaussian wave
packet over the elliptical trajectory. We further exploit
the quantum Fourier transform to decompose the HG
mode as a coherent superposition of elliptical modes cor-
responding to a bundle of elliptical orbits. We also over-
view that the decomposition of the HG mode can be
extended to express the HLG mode as a coherent super-
position of elliptical modes corresponding to a bundle of
elliptical orbits under the SU(2) transformation. The over-
whelming superiority of representing the HLG modes
based on the elliptical modes is the direct manifestation
of the wave-ray (quantum-classical) connection without
involving the special functions of Hermite and Laguerre
polynomials. Finally, we overview how to employ the
wave representation of the HLG modes to characterize
the propagation evolution of the vortex structures of HG
beams transformed by a single lens AMC with arbitrary
angle ¢. Since laser modes with OAM have been inten-
sively studied over the past few years®22 the present
analysis certainly provides not only a pedagogical insight
into quantum physics but also a novel formula for gener-
ating optical vortices.

The transverse modes in the spherical cavity are iden-
tical to the eigenfunctions in the 2D isotropic harmonic
oscillator. In terms of the ladder operators, the Hamilto-
nian of the 2D isotropic oscillator is given byJ

H,= (aJ{al + a;aQ + Dhw,, (1)
where a; = (z + ip,), GT1 = (z—ip,), ay = (y +ip,), and
ag = (y—ip,) are ladder operators in the quantum

harmonic oscillator, 7 is the reduced Planck constant, and
w, is the natural frequency. The eigenfunctions of H, are
given by2¥
HG) /~ ~
o (3,7) =

;M2

(2t Lyl ) ~1/2 3_(‘%2%2)/2]{”1 (7)H,,(1),
(2)

where n; and n, are the quantum numbers, z = z\/pw,/h
and y =y /pw,/h are the dimensionless variables for
the zy space, u is the oscillator mass, and H,(-) is the
Hermite polynomials of order n. In laser physics, the eigen-
functions in Eq. (2) are usually called the HG modes. Due
to the symmetry of rotational invariance, the representa-
tion of the eigenfunctions of H, can be generalized by per-
forming the SU(2) transformation of HG modes.

Schwinger utilized the Jordan map to work out the
theory of quantum angular momentum and proposed
the J; operators aslLi2

Jy = (alay + a;‘ll)/2
Jy = —i(a]{aQ — onCLI)/27

aéag)/Q.

—~ N
[ N SN V)
= I =

J3 = (%al

The J; operators satisfy the usual angular-momentum
commutation relations, i.e., Lie commutator algebra
(i, J;] = ig; ;) Jy, where the Levi-Civita tensor & is
equal to +1 and —1 for even and odd permutations of
its indices, respectively, and zero otherwise. Note that
the J; operators can be expressed as the image of the Pauli
matrices 6 of SU(2) in the Jordan map: J = af(6/2)a. It is
known from classical mechanics that an arbitrary rotation
of a rigid body can be expressed in terms of the Euler ro-
tations. In quantum mechanics, the rotation operator is
given by R,(¢) = eI to express a rotation through
an angle ¢ about an arbitrary axis n. Due to the rotational
invariance, the operator H, commutes with the rotation
operators J: [H,,J] = 0. The result of [H ,, J] = 0 indicates
that [H,, e " J] = 0. The HG modes in Eq. (2) can be
considered as the eigenstates along the J5. The generalized
eigenfunctions of H, can be generated by performing the
rotational transformation as®

~ o~ o o G)/~ ~
W\ (7,7) = e 7y 107, ), (6)

where a and f can be imaged as the azimuthal and polar

angles for a point on the Poincaré sphere. The eigenfunc-
a,

tions yy,” ,1)2 are named the HLLG modes due to the property
that they can be employed to link the HG modes to the LG
modes by a continuously rotational transformation.

To expand the HLG mode w(,ff/i)z (Z, ) with the basis of
the HG modes [y/(n}f% (%, 9)], the ladder operators are used
to express the HG mode WEE%}(@ ) as

(a))" (a)™ ey, - -
ny.

Q) e~
ngﬁl,7z3($v y) =

3
S
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From Egs. (6) and (7), the expansion of the HLG mode
u/%{f‘(i,b)z(:%, y) involves the property

e efz'/}JQ( aT1 )m

_ (e—zan e GI i emJg)m e—iaty o—iBJs (8)

Equation (8) can be further developed to obtain
el e P (al)" (a])" = (b)) (W)™ e e P, (9)

where

bi — gials g—if ai B> 6ia];;) (10)
bg — gialy g—ipJ a; s giady (11)

Using Egs. (8)—(11) and
el e Wy 5 5) =iy (D), (12)

the HLG modes can be derived ast?

()™ ()™ e

Vil gt ¥

Note that Eq. (12) comes from the property of rota-
tional i 1nvarlance of ground state V/O%G (z,9). The ladder
operators b and b can be explicitly given by

bl = al ei/2 cos (g) + ab e/ sin (‘g); (14)

bl = —al e~a/? sin(g) + ab e/2 cos (’g) (15)

Substituting Egs. (14) and (15) into Eq. (13), the HLG
modes are explicitly expanded as®

W (7,9) =

;M2

(Z,9). (13)

N N
a, o~ —iNa isa J2 HG g
yl @) = e Ny e dy (B i (3,7),
—0 27 92 ’

(16)

where N — m = n;, m = ny, and the expansion coefficients
N

di
Aof-

[90]

., are the Wigner d-matrix elements given by

)

—75 7777L

min(m,N—s) .
(=1)"/(N — m)!m!(N — s)!s!

vemeBm—s N —s—o)lol(s—m+ v)!(m—ov)!

N ) e N

N
The expression of Wigner d-matrix elements dy v in
2 ST m

Eq. (17) is particularly important for calculating HLG
modes straightforwardly.

Figure 1 shows the calculated patterns of HLG modes
1//571 n)z(x, y) with n; = 3 and n, = 8 for various values of
and f. It can be seen that the HLG modes with ¢ = 0 and
p =0, i.e., along the J3 axis, correspond to the HG modes
w19 (%, 7). On the other hand, the HLG modes with a =
/2 and f = x/2, i.e., along the J, axis, correspond to the
LG modes q/%% (Z, §). Note that the azimuthal quantum
number of LG modes is determined by [ = ny — n; and the
radial quantum number is given by the smaller of n; and
ny. In the J; J3 plane (a = 0), the HLG mode can be found
to represent a continuous rotation of the HG mode from
zy (0° and 90°) to diagonal (45° and 135°) symmetry by
varying the angle of f from 0 to z/2. In the J,J3 plane
(a = /2), the HLG mode represents a continuous trans-
formation from the HG mode to the LG mode by varying
the angle of g from 0 to z/2. In the J, J, plane (8 = z/2),
the HLG mode represents a continuous transformation
from the diagonal HG mode to the LG mode by varying
the angle of f from 0 to z/2. The OAM per photon for
the HLG mode 1//53’7/522(5, 7) can be analytically found
to be given by <L,> = hi(n; — ny) sinasin . Except for
a =0, the HLG mode represents a feature of the travel-
ing wave. By superposition between the HLG mode and
its complex conjugate, the representation of the stand-
ing wave can be given by Re[y/% 722(33 7)] as well as
Im[l//%1 n)o(z ¥)]. The wave patterns of the standing HLG
mode corresponding to the results in Fig. 1 are shown
in Fig. 2. Note that the standing HLG modes are fre-
quently observed in spherical laser cavities with symmetry
breaking. Furthermore, the standing HLG modes are
equivalent to the IG modes. The advantage of the HLG

(avﬂ):(0,0):.::(a,ﬂ) :(gyoj

Fig. 1. Calculated patterns of HLG modes y/(,fff,’ll(i, y) with n; =
3 and ny = 8 for various values of @ and f on the Poincaré sphere.
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(a,)=(0,0)

(a.p)=(7/2,7/8)

(a,)=(7/2.27/8

(a.f)=(x12,37/8)

Fig. 2 Calculated patterns for the btandmg waves given by
Re[l//nl n)z(L 7)] (golden color) as well as Im[y/nl n),(z 7)] (green
color), corresponding to the results in Fig. 1.

expression in Eq. (16) is analytical in terms of the Wigner
d-matrix elements.

To begin with, it is introduced that the eigenmodes of
the 1D quantum harmonic oscillator can be expressed as
an integral of the 1D Gaussian wave-packet state over a
trajectorial period. Then, this idea is extended to verify
that the elliptical mode can be derived as an integral of
the 2D Gaussian wave-packet state over the classical orbit
by applying the inverse Fourier transform to the time-
dependent coherent state of the 2D harmonic oscillator.
The quantum Fourier transform is further used to derive
that the HG mode can be completely expressed as a super-
position of the elliptical modes, corresponding to a bundle
of elliptical orbits.

Considering the 1D quantum harmonic oscillator with
the natural frequency w, the eigenfunctions in the 1D har-
monic oscillator are given by
—i(n+1/2)wt

V(7. 1) = wa(Z)e

1 i )
— 7]_11”(5:) e~ /2 g—i(n+1/2)wt (18)

NeEING

The generating function for the Hermite polynomials is
given by2!

X _n

_ 2 z T ~
e T = ZEHTL(.Z‘) (19)
n=0

Note that the generating function is valid for all com-
plex values of 7. Setting 7 = u/v/2 and multiplying the

term e~ (1""+7)/2 on both sides of Eq. (19), after some rear-

rangement and in terms of y,(Z), the generating function

can be used to express the Gaussian wave packet as
g(i; u) = g 1/A o (B=2V2ui -+ uf) /2

[s9)

2y (7). (20)

:0

The representation of the wave function ¢(Z;u) is
related to Schrodinger’s coherent state. Substituting
u=+/Ne "9 into Eq. (20), the wave function g(7; u)
can be rewritten as
—[Z—V2Re(u)]* /2

—1/4 i V21Im(u) efiR,e(u)Im

9(Tu) =7
Lwt/2 Z

This equation indicates that the wave function g¢(Z; u)
with u = v/ Ne @) ig the coherent superposition of all
time-dependent eigenstates ¥, (Z, t). Clearly, the intensity
|g(7; u)|? represents a Gaussian wave packet with the cen-
tral peak to mimic the classical motion Z = v/2Re(u) =
V2N cos(wt + ¢), where the phase factor ¢ is related to
the initial position.

Next, we discuss how to extract the eigenfunction w,, ()
from the Gaussian wave packet ¢(Z; u) via the concept of
the inverse Fourier transformation. For the sake of brev-
ity, we substitute u = v/ Ne "@*) into Eq. (21) to obtain

7N/2 7m¢\{; ( ) (21)

9(Tu) =2/ e—<5c2-mq@+u2+\u|2>/2

—N/%-fnvﬁwn@)e—m‘n (22)

n=0

where the variable 0 ranges from 0 to 2z. Using the
orthogonal property where

1 . !

o ), =049 = 5, 4, (23)
the inverse Fourier transformation with © = v Ne ® can
lead to

L[ iNO N2 N2
2 ), 9(Tu)e™dl = —=e Py (T).  (24)

Consequently, the eigenfunctions y,(Z) with n = N can
be expressed as

) VN g 1/4 T _Poaviand?
wy(Z) = N2, N (277/ e 7 ezNﬁdﬂ)- (25)

Equation (25) is exact for calculating the eigenfunctions
wy(Z) for any order N. Although the inverse extraction
is straightforward in the 1D harmonic oscillator, the ex-
tension to the 2D or higher-dimensional systems can
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provide an important insight into the connection between
the quantum eigenstates and classical periodic orbits.

In classical mechanics, the general periodic orbits in the
2D isotropic harmonic oscillator are the elliptical orbits.
To construct the complete quantum-classical correspon-
dence, we apply Schrodinger’s coherent state to the 2D
harmonic oscillator to derive an integral representation
for the elliptical mode related to the classical trajectory
manifestly. Exploiting Schrodinger’s coherent state in
Eq. (20) and the separable property, the time-dependent
coherent state for the 2D harmonic oscillator can be ex-
pressed as2tl

~ - 1 PoavVBn it P P-2vEu il
9(T, g, up, ug) = \/_Ee : . 2
Sy Pt e )
n;=0 'n2:()\/_' 712 1,M2 \ % 5
(26)
where u; = /Nje™* (ot+¢) Uy = \/“‘671 wl+es) . Ny, and

N, are related to the oscﬂlatlon amplitude, and ¢, and
¢, are related to the initial position. Clearly, the Gaussian
wave-packet state ¢(Z, 9, uq, u) in Eq. (26) can reveal the
time-dependent quantum-classical correspondence.

Since the ellipticity of the classical orbit depends only
on the relative phase between ¢; and ¢, the parameters
u; and uy are conveniently expressed as

w] [/ Nye i@+ @7
w | T | NG iO-4r2) |
where the variable 0 ranges from 0 to 2z, and the phase
factor ¢ determines the ellipticity. Substituting Eq. (27)

into Eq. (26), the wave function ¢(Z, ¥, u;, us) can be
rewritten as

g(xa Y, Uy, Ug)

1 i2—2\/§uli+u%+\ul\2 J272\/§u2p+u§+\u2\2

= —¢€ 2 e 2
Nz
nl 2

© © 7 7 N +V2 (HG)
_ § : 2 : 1 2 12 —i(ny+ny)0
- 2 Ynyn, (33 y) ()

1: 2:

—i(m—n2)¢p/2 (28)

The wave function ¢(Z, ¥, ui, u) is the time-dependent
coherent state that can be expressed as the superposi-
tion of the stationary coherent states with different eigen-
values m; + my. By using the inverse Fourier transform
and Eq. (23), the stationary coherent state with eigenvalue
ny 4+ ny = Ny 4+ N, can be expressed as an integral form®:

1

27 )
——1/1 9(%, 9y uy, ug) N FN0d0. - (29)

(DNI,NZ(ZI}7 @7 ¢) = 2z ),

Exploiting the new index K to specify the group of the
degenerate HG modes z//(nl,{ %2(57, y) with n; = Ny — K and

ny = Ny + K, the stationary coherent state @y, v, (7, , $)
can be derived as

Dy N, (T,7,0)
:i 2”Le iz—’zﬂuln;ru?ﬂul\ze @272\/5@?1@\@\2 ei(Nﬁ-Nz)Gdg
\/;_7;
B N { N(lNl—K)/ N(N2+K)/ e
¥, (N, —K)! \/(Nz‘i'K)
x e i N°)¢/21//§v —)KN2+K($ ye ¢}- (30)

For a given (N, Ny, @), the spatial intensity of the sta-
tionary coherent state ®y, y,(Z,y,¢) is exactly concen-
trated on the elliptical orbit. The summation expression
in Eq. (30) is exactly the same as the representation of
the SU(2) coherent state™ that is calculated by using
N+ Ny+1 degenerate HG modes y/ﬁf)mﬁ}((a:, y).
Here, we remarkably verify that the stationary coherent
state @y v, (Z, 7, ¢) can be expressed as an integral of the
Gaussian wave-packet state over a trajectorial period. The
numerical computation in Eq. (30) can be simply and ef-
ficiently performed without the need of calculating HG

modes 1//5?1(?]( N, +x (T, §). More importantly, the quantum-
classical correspondence can be manifested in the Gaus-
sian wave-packet state in Eq. (30).

The discrete Fourier transform { Fy, F';, - -+, F i} of adis-
crete function {fy, f1, -+, fnx} and its inverse are given by

Fls: R an —i2znk/( N+1) (31)
N

fn _ Z er’L'Zﬂnk‘/(NJrl). (32)
k=0

The quantum Fourier transform is a discrete Fourier
transform upon the quantum state. From Eq. (30), it
can be found that the stationary coherent state
@y, n,(T,7,¢) consists of Ny + Ny+1 degenerate HG
modes Iyglﬁ)K N, +x (T, ¥), with the weighting coefficient in-
cluding the relative phase term e ?. For the case N+
Ny = N, we can use the concept of the discrete Fourier
transform to divide the phase factor ¢ into N + 1 different
values as ¢, = 2zn/(N + 1) with n=0,1,---, N. Based
on Egs. (31) and (32), the set {®y, v, (Z, 7, ¢,)} is a com-
plete basis that can be employed to represent the degener-

ate HG mode 1//5\11{1?)1(7 N,k (%, y) by means of the inverse

quantum Fourier transform. The inverse Fourier transform

for Eq. (30) can be derived as

N(lNl—K)/Q N(N2+K)/2

; eiN]—;NZwS\I/{ G)K Ny+k (2, 9)
VN = K)! (N, + K)! =K.
Ly Y (N1 —Ny—2K) b, /2
N—_|_1n O¢N1,N2(x, U, d,)e W2, (33)
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Without loss of generality, we can use Eq. (33) for
K =0 to express the HG mode 1//(1&?]\),2(55, y) as

G) ~ ~

v, (3 9)
1

CN, NZN_'_IZ(DN NZ T, ZJ’(ﬁn)

n=0

Ni=Na)¢u/2 - (34)

where

]\/le/2 A]\/'NZ/2 Ni+Ny -
B e . 35
Ni,Ny (m VN,! ) (35)

Equation (34) indicates that the HG mode 1//5511(3\),9 (Z,7)
can be interpreted as a summation of the generalized
elliptical modes ®y, ,(Z, ¥, ¢,), which are given by an
integral of the Gaussian wave-packet state over the
classical orbit, as shown in Eq. (30). More remarkably,

Eq. (34) provides a general expression for the HG mode

l,llgvl ]372(73 ) without involving the Hermite polynomials.

Figure 3 shows the calculated results for l[/SV ) (i, )
and cDNth(z U,¢,) by using Egs. (30) and (_) with
(N{,N;)=(3,4). The superposed elliptical modes
@y, n,(T,7,¢,) can be seen to have different ellipticities
and different directions for the major axes.

Figures 4 and 5 show the calculated results for the
higher modes with (N, Ny) = (7,8) and (N, N,)=
(3,12). The range for the ellipticities of the superposed el-
liptical modes @y, v, (Z, ¥, ¢,) can be found to be consis-
tent with the shape of the spatial pattern |1//N ]\), (z,9)|.
In addition to the HG modes, the same approach based
on the generalized elliptical modes can be exploited to re-
present the generalized HLG modes. Replacing the HG

D, (55 p=27/4)

O

Dy (X 5,¢=37/4) @, (F 7 p=7/4)

vy (5.3)

Dy, (5,7, p=47/4)

@, (T g=57/4) O, (EF.4=Tr/4)

D, (X, 7,4=067/4)

Fig. 3. Calculated results for wg\l{{(‘}\)/ (z,9) and @y, v, (7, ¥, ¢,) by

using Egs. (30) and (34) with (N17 N,y) = (3,4).

b=m/8

b=15= /8

¢=11x/8 ¢=13n/8

$=127/8

Fig. 4. Calculated results for wN ]\), (z,9) and @y, v, (7, ¥, $,) by
using Egs. (30) and (34) with (Nl, Ny) = (7,8).

modes WSE,{%}(:}: y) with HLG modes I//EL, n),(x y) in
Eq. (26), the HLG-based coherent state is given by2&

SN U Uy uPnl (gp)
l‘ ~ o~ _ 1 2 . 7/1 _l 7/2 - a" o~ o~
g(‘ /j)(‘r7 Y, ulaU’Q) - E § T '6 2 l/lm-,”z(xv Z/)
n1=0ny=0 LGERYALPL

(36)

By wusing the ladder operators, the coherent state
3PN (%, 7, u1,u) can also be derived as a Gaussian
wave-packet state moving in the elliptical trajectory.
Substituting Eq. (11) into Eq. (36), the coherent state
9PN (Z, 7, uy, us) can be expressed as

$=7n/8

-
-
e

$=8%/8

DNNND

-
-
ST T

$=9n/8

¢=11n/8 $=13n/8

$=12n/8

Fig. 5. Calculated results for wg\l,{c}\), (z,9) and @y, v, (7, ¥, ¢,) by
using Egs. (30) and (34) with (N1 Ny) = (3,12).

091404-6



COL 18(9), 091404(2020)

CHINESE OPTICS LETTERS

September 2020

g(a.ﬂ)(i. @7 Uy, u?)

_ZZ% u?

n1=0 ny=0

(P R) 7251y (0F) "2y (7, ).

(37)

The product of the infinite double series in Eq. (37) can
be simplified as a single infinite summation by rearranging
with n; + ny = N. The result is given by

iyt (unb] + wb))" ey -

g(a'ﬂ)(i‘v @7 Uy, u?) = Z € N' WU,’O (CE7 y)

N=0
(38)

Using Egs. (14) and (15) to replace b| and b} with ] and
a; the coherent state g®#)(Z, 7, uy, uy) can be rewritten as

PN
P (vyal + vaal)
7 B L

N!

Q). ~
0@ 9),

g(a.ﬂ)('%a @a Uy, u?) = Z €
N=0
(39)

where the transformation between (u;, uy) and (v, vy) is
given by

o) e,

U2 e@/? sin (g) €'/? cos (é—})

By expressing the summation in Eq. (39) back to the
product of the infinite double series, the coherent state
9PN (%, 7, uy, us) can be written as

((1/)’)( aya ulv“?)

—(|vy |2+ vy |2 1 o (HG) /~ ~
o+ /2 (g™ () "y 19 (7, 7).

my;=0my=0

(41)

From Eq. (26), the coherent state g'*) (%, 7, u;, uy) in
Eq. (41) can be analytically given by

1 Fo2VBu it o P 52yl g
= —e6 2 € 2

g(a,ﬂ)(%7 :Nyv Uy, u?)

N

(42)

Equation (42) indicates that ¢“#(Z, %, us, uy) is a
Gaussian wave packet with the central peak moving in
the elliptical orbit of 7 = v/2Re(v;) and § = v2Re(v,).
The stationary elliptical mode derived from the wave
packet ¢‘@?)(Z, 9, uy, uy) can be given by

a.ff ~ o~ 1 2 ~ ~ N
Ol (33 8) =5 [ 9y, ) N
(43)

The OAM per photon for the elliptical orbital mode
d)gglﬂ])vz(w U,¢) can be found to be

<L,> = h[(n; — ny)sinasin g
+2/nny(cosasing + cosfsinacosp)].  (44)

Following the derivation given in Egs. (33)-(35

), the
HLG mode 1// N, Jg)(m ) can be derived as

U/S\(flxﬂl)vz(i" y)= CNI N2N+IZ N1 Nz i @745”)@77(1\[1—]\72)(/7”/2‘

(45)

Equation (45) indicates that the HLG mode
‘I’g{flﬁ ) 2(ﬂc y) can be interpreted as a superposition of the

generalized elliptical modes <I>§\,1'J)V2 (Z, 7, ¢), corresponding

to a bundle of elliptical orbits.

The numerical demonstration is the modes

<I>§€,’lﬂNz(x U, ¢,) with a = /2 and = z/2. For this case,
the mode V’Svlz)\u(xa ) is the LG mode w§V|,1>V2($’ ).

Figure 6 shows the calculated results for @%lﬁ ])\,2 (Z, 7, ¢y)
by using the integral formula in Eqgs. (42) and (43) with
(N1, Ny) = (3,12), (@) = (x/2,2/2), and ¢, = n/8
with n=20,1,---,15. The calculated elliptical modes
(I>§vl N, (@, U @) with (a,f) = (7/2,7/2) can be seen to
have different directions for the major axes, but their
ellipticities are the same. Applying the calculated
@531/}1)\,9(5:, U,¢,) to Eq. (45), the resulting pattern for

1//5\‘;1/} 1)v2 (Z, ), as shown in the central part of Fig. 6, can be

seen to be the LG mode w%ﬁ% (z,7y). Both y/%l%z (z,7) and

<D§‘V’1ﬁ }\,2(55, U, ¢,) are the features of the traveling waves.

The representation of the standing waves can be given

¢=mn/8

$=157/8

$=107/8

¢=11n/8 $=137/8

$=12n/8
Fig. 6. Calculated results for y/N /1, (z,y) and dJ(“/} (Z,7,¢,)
by using Egs. (43) and (45) with (a,p) = (7[/2 ﬂ/2) and
(N1, Ny) = (3,12),
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b=n/8

¢=87/8 P

$=157/8
$=97/8

¢=107/8

b=117/8

b=12n/8 ¢-137/8

Fig. 7. Calculated results for the standing waves of
Re[l//gv1 )2(~ 7)] and Re[® 5\(,11/3)\,2(37:7 U,&,)] corresponding to the
traveling wave shown in Fig. 6.

by Re[wN v, (%, )] and Im[y/A%C[z, (Z, §)], which are super-

- B) 1~ ~

7.3, ,)) and Tn[@77), (2. 5. ,)].
results for the standing waves
(Ni,N,) =(3,12) are shown

posed by Re[® ;ﬂNq(

The calculated
Relyy N, (7, 7)]  with
in Fig. 7.

Figure 8 shows the case for the calculated results with
(N1, Ny) = (4, 11), (a,p) = (27/5,27/5), and ¢, = zn/8
with n=20,1,---,15. The calculated elliptical modes
CDE(;I/}NZ(EJ 7, ¢n) With (a,p) = (2x/5,2x/5) can be seen
to have different ellipticities and different directions for
the major axes.

PP ()

$=147/8
ryrryy= $=137/8
Fig. 8. Calculated results for y/aﬂ) (z,y) and (Dﬁ/}}v)(ﬂ,@, dn)
by using Egs. (43) and (45) with’ (a,p) = (277/5 27/5) and
(N1, Np) = (4,11).

Abramochkin and Volostnikov originally used an AMC
formed by a matched pair of cylindrical lenses to generate
the so-called HLG beams®. The HLG beams, a continu-
ous evolution between HG and LG beams, can succes-
sively be realized by rotating the cylindrical lens about
the optical axis by an angle ¢, as depicted in Fig. 9. The
LG modes are just the HLG modes with { = z/4. The
HLG modes in the successive transformation lying be-
tween the HG and LG modes display a plentiful evolution
of point dislocations and edge dislocations. The AMC
mode converter was later used to generate the light fields
with nonzero OAM%, The traditional AMC needs two
precisely spaced and aligned cylindrical lenses®%. A
modified AMC based on a single cylindrical lens was dis-
covered to generate the optical vortex beams more quickly
and effectively2%. Here, we make a review to theoreti-
cally characterize the propagation evolution of the vortex
structures of HG beams transformed by a single lens AMC
with an arbitrary angle?.

The laser beam corresponding to the HG mode with the
transverse indices of m and n in the forward propagation is
given by

v (2, y, 2)
_ WEL%) (%, §) e i(n+1/200c.4(z) g=ilm+1/2)0c,(2)

> eikxz/QR‘,(z) eikyZ/QR!/(z)’ (46)

where Z = v2z/w,(2), § = V2y/w,(2), w,(2), and w,(z)
are the beam radii, 6 ,(2) and 6 ,(2) are the Gouy
phases, and R,(z) and R, (z) are the wavefront curvatures.
The configuration for creating a vortex beam from an HG
beam with a single cylindrical lens is shown in Fig. 9(a).
The key feature is that a spherical lens is used to focus the
input HG beam to have a new waist at a distance f just
ahead of a cylindrical lens with focal length f and a new
Rayleigh range zp equal to f. To derive the HG beam
transformed by a single lens AMC with arbitrary angle
{, the eigenfunction basis needs to change from the xy-
Cartesian coordinate system to the z’y/-Cartesian coordi-
nate system in which the origin is kept fixed and the z/
and ¢ axes are the active and inactive components,

(a)

Cylindrical lens

Fig. 9. (a) Configuration of the single lens mode converter. Two
vertical lines show the positions of the beam waists produced
by the spherical matching lens and by the active axis of the
cylindrical lens with focal length f. (b) Relationship between
the zy-Cartesian coordinate system and the 2/y/-Cartesian coor-
dinate system. The 2/ and ¥/ axes are the active and inactive
components of the cylindrical lens.
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respectively, as shown in Fig. 9(b). The original coordi-
nates (z, y) of a point @ are related to its new coordinates

(¢, o) by
_ccs)isncg) (Z) 47)

¥\ [ cos¢
7 ) \sin¢
In terms of Wigner d coefficients in Eq. (17), the

N (5,9) can be

L (. 1) as?

expanded with the basis

e

Mz
N2N|<

The arrangement shown in Fig. 9(a) is used to consider
the effects of the cylindrical lens in the region of z > 0. The
beam waists in the 2’ (active) and y (inactive) axes are
separable and given by

wp(2) = woy/1+ (2 — z8) 2l (49)

wy(2) = w1+ [(2 4 2p)/ 2l (50)
Note that zp is equal to the focal length f of the cylin-
drical lens in the AMC configuration. In addition, the

Gouy phases in the z/ (active) and ¢ (inactive) axes
are different and given by

Oc () =5 +arctan [(z—2p) /e, (51)

0¢.y(2) = arctan [(z + zg)/2g). (52)

The wavefront curvatures in the 2/ (active) and ¢/
(inactive) axes are also different and given by

1 Z—2Zp
RT/(Z) (Z — ZR)Q + Z% ’ ( )
1 _ z2+ 2R . (54)

Ry(2)  (2+2p)* + 24

Using Eqgs. (49)—(54) to characterize the phase variation
for each state y/(N ng(x ¥') in Eq. (48), the wave function
for the HG beam transformed by a single lens AMC with
arbitrary angle ¢ in the propagation evolution can be

derived ast

lPme,m(xayv'Z;C)

— ¢ (N+1/2)8  (2)+0 0 (2 )/2] ( ) (:17 7e Qi Z)7 (55)
where 7’ = \/ixl/ww’(z)7 y = \/iy//wy’(z)v
Oc.x(2) —0¢y(2), and

B =2 a(z) =

Q. Y,2) ==—[2(2% + ¥?*) — zz(@* — ¥?)].  (56)

2ZR

Using Egs. (51) and (52), the Gouy phase difference
a(z) can be found to increase from 0 to z/2 for z from
0 to oo. The wave pattern of the converted beam
Wy (7, y, 2:{) is exclusively determined by the wave

function w(a‘ﬁ ) (Z,%) in Eq. (55). The representation

N—m,m

of Wy (2, 9, 2;:{) can be related to the SU(2) transform
for the HG mode 1//5\?_G> (Z,7) given in Eq. (16). Further-

$,8
more, the converted beam Wy _,, ,,(z, y, 2 {) in the far field
z = oo with ¢ changing from 0 to z/4 is associated with
the HLG beam to be transformed from the HG to the
LG beam. Specifically, the beam WYy _,, ,.(z, vy, z = 00;{)
corresponds to the HG and LG modes for { =0 and
{ = n/4, respectively. On the other hand, the phase
functions Q(7/, 7, z) in Eq. (56) resulting from the wave-
front curvatures in Egs. (53) and (54) do not involve
the overall wave patterns of the converted beams
Yy mm(®,y,2:£), but significantly affect their phase
structures in the propagation. It has been demonstrated
that the HG modes can be straightforwardly generated
from an off-axis end-pumped Nd-doped vanadate laser®<.
The laser cavity configuration is a simple concave-plano res-
onator. The laser medium is an a-cut 0.2 at.% Nd:YVO,
crystal with both side coated for antireflection at 1064 nm.
The pump source was a 2.5 W 808 nm fiber-coupled laser
diode with a core diameter of 100 pm and a numerical
aperture of 0.16. Further detailed descriptions for the exper-
imental setup can be found in the previous papers?<.

In the following, we exploit the derived formula to ana-
lyze the vortex beams that are generated from the trans-
formation of the HG beams by a single lens AMC. The
phase structures in the propagation evolution are also
numerically manifested. We first demonstrate the trans-
formation of the y/(N 0 )(x Yy, z) beam by a single lens AMC.

Figure 10 shows experimental results (first column) and
theoretical calculations (second column) for the propa-
gation evolution of the converted beam Wq(z,y, 2 ()
with ¢ = n/4. Theoretical calculations can be found to
agree excellently with experimental results for all propa-
gating positions. The third column in Fig. 10 shows
numerical results for the phase structures calculated by
0, (2,9, () = arctan [Im(¥, ,,)/Re(¥,, )], where the
relative range is given by the unit w,/v/2. It can be found
that the phase structure outside the central part at z =0
displays the hyperbolic feature. This characteristic is due
to the fact that the phase factor Q(7, ¥/, z) in Eq. (56) for
z = 0 is the hyperbolic form —(7”> — 7/?)/2. On the other
hand, the phase factor Q(Z/, ¥/, z) for z = oo is the circu-
lar expression z(7’2 + 7/?)/2z. Consequently, the phase
structures outside the central part change from the hyper-
bolic feature at z = 0 to the elliptical shape in the propa-
gation and finally to the circular form in the far field for
z — o0, as seen in the third column in Fig. 10. Near the
central part, numerous isolated singularities appear in
the phase structure for 0 < z < zp. There are N =9
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Experimental patterns ~ Numerical patterns  Phase structures

z=0.0z,

z=0.7z,

z= 1.4z,

/

z=2.1z,

Fig. 10. Experimental results (first column), numerical wave
patterns (second column), and phase structures (third column)
for the propagation evolution of the converted beam
Wy (2, y, 2;¢) with { = z/4. The number in the right side denotes
the size of the pattern with the unit w,/v/2.

z=3.5z,

z= 100z,

singularities with the topological charge one to be located
as a linear array for z > zp, as seen in the third column of
Fig. 10. In the far field, the N singularities are merged into
a single vortex with topological charge N, as the LG
doughnut beam shown in the last row of Fig. 10.

Next, we discuss the case of the beam transformation for
the z//%;)(:c, Yy, z) mode with n > m > 0. Figure 11 shows
experimental results (first column) and theoretical calcu-
lations (second column) for the propagation evolution of
the converted beam Wy 4(z, y, 2;{) with { = z/4. Theoreti-
cal calculations are also found to agree very well with ex-
perimental results for all propagating positions. Like the
case in Fig. 10, the phase structures outside the central
part change from the hyperbolic feature at z =0 to the
elliptical shape at z > 0 and finally to the circular form
in the far field, as shown in the third column in Fig. 11.
The phase structure near the central part can be seen
to display a 2D array of isolated singularities for a short
propagation distance z < zp. In the far field, the 2D sin-
gularity array finally evolves into a single vortex with
topological charge n — m =5, as shown in the last row
of Fig. 11.

Experimental patterns ~ Numerical patterns Phase structures

z=0.0z; S
SN

z=0.7z4

z= 1.4z,

z=2.1z,

z= 3.5z,

z= 100z,

Fig. 11. Experimental results (first column), numerical wave
patterns (second column), and phase structures (third column)
for the propagation evolution of the converted beam
Wy 4(z, y, 2:{) with { = z/4. The number in the right side denotes
the size of the pattern with the unit w,/v/2.

The following is to demonstrate the beam transforma-
tion for the square HG modes y' SL)(.T, y, z). Figure 12
shows experimental results (first column) and theoretical
calculations (second column) for the propagation evolu-
tion of the converted beam Wgs(z,y, 2 {) with { = /4.
Once again, theoretical calculations are in excellent agree-
ment with experimental results for all propagating posi-
tions. The phase structures outside the central part are
generally similar to the discussed cases for a short propa-
gation distance z < zp, and the phase structure near the
central part displays a 2D array of isolated singularities
that are distributed in a rhombus shape, as seen in the
third column of Fig. 12 for the result of z = 0.7zz. Due
to the square symmetry for the HG wﬁ}f S’L)(ac, Yy, z) modes,
all singularities annihilate, and no net vortices can exist
in the far field, as shown in the last row of Fig. 12.

We finally present the beam transformation for the
y/%H,S ) (z,y, z) modes with ¢ # x/4. Figure 13 shows exper-
imental results (first column) and theoretical calculations
(second column) for the propagation evolution of the con-
verted beam Wy 4(z, y, 2;{) with { = —5z/36. Once again,
theoretical calculations are in excellent agreement with
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Experimental patterns ~ Numerical patterns Phase structures

z=0.0z,

z= 0.7z,

z= 1.4z,

z=2.1z,

z=3.5z,

z=100z,

&)

Fig. 12. Experimental results (first column), numerical wave
patterns (second column), and phase structures (third coulmn)
for the propagation evolution of the converted beam
Yy s(, y, 2 ¢) with { = z/4. The number in the right side denotes
the size of the pattern with the unit ,/v/2.

experimental observations for all propagating positions.
The overall evolution of the phase structure in the propa-
gation is like the case of { = n/4 to display the vortex
array just behind the AMC. The phase structure near the
central part displays a 2D array of isolated singularities for
a short propagation distance z < zp. As shown in the last
row of Fig. 13, the 2D singularity array in the far field
finally evolves into a central vortex with charge one. There
are also several vortices to be distributed around the cen-
tral vortex. Due to { # /4, the topological charge of the
central vortex is different from the case with ¢ = z/4,
in which the topological charge is given by n—m =5.
Further research about the vortex distribution can be
found in a previous paper'?.

In conclusion, we have thoroughly overviewed the theo-
retical description of the HLG modes from the representa-
tion of SU(2) in the Jordan—-Schwinger map. Furthermore,
we have discussed the derivation of representing the ellip-
tical modes as an integration of the Gaussian wave-packet
state over the elliptical trajectory. We have also over-
viewed the relationship between the HLG modes and el-
liptical modes based on the quantum Fourier transform.

Experimental patterns ~ Numerical patterns Phase structures

z=0.0z,

z= 0.7z,

!
A\
z= 1.4z, : -:“3}~\\‘\\

\
X
g

\

z=2.1z,

z=3.5z,

z= 100z,

Fig. 13 Experimental results (first column), numerical wave pat-
terns (second column), and phase structures (third column) for
the propagation evolution of the converted beam W 4(z, y, 2; ()
with ¢ = —57/36. The number in the right side denotes the size
of the pattern with the unit w,/v/2.

Finally, we have exploited the wave representation of
the HLG modes to characterize the propagation evolution
of the vortex structures of HG beams transformed by a
single lens AMC. It is believed that the present review
can provide not only a complete representation for trans-
verse modes, but also a pedagogical insight into quantum
physics.

This work was supported by the Ministry of Science
and Technology of Taiwan (Contract No. 108-2119-M-
009-005).
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