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A general scheme for the investigation of scattering by a chiral sphere under arbitrary monochromatic laser beam
illumination is presented. The scattered and internal fields are expanded by using appropriate spherical vector wave func-
tions, and their expansion coefficients are determined by the boundary conditions and the projection method. Targeting
multiple incidence forms such as Gaussian beam, Hermite—Gaussian beam, doughnut mode beam and zero-order Bessel
beam, the influence and propagation of near-surface intensity field for a chiral sphere are analyzed. These properties are
very important for studying the properties of chiral media, and for manipulating the optical tweezers and super-resolution

imaging of particles.
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1. Introduction

After decades of development, laser technology has
spread widely into a variety of applications like atmospheric
detection, biotechnology, chemical technology, laser optical
tweezers and laser radar detection. In order to precisely de-
scribe and manipulate lasers, the demand for an in depth un-
derstanding of the interaction between laser beam and material
has become increasingly urgent. The chiral particle, especially
the chiral sphere, has become one of the widely used theo-
retical models due to its ability to accurately describe light-
particle interactions. Many macromolecules and biological
structures in nature, including haze and aerosol, are, in gen-
eral, composed of chiral media, which leads to multiple in-
triguing effects when interacting with light. Light scattering of
symmetric chiral sphere under different forms of light beams
is important for laser radar transmission mode selection, tar-
get recognition, microwave technology, atmospheric science,
laser tweezers and laser field acquisition efficiency research.
Using vector wave functions, Bohren analyzed the scattering
of plane waves by spheres with inherent optical activity.[!]
Since then, structured laser beams have been utilized to in-
vestigate various fields with practical significance, like optical
capture and manipulation,? atomic optics,*! and imaging.!!
The scattering of Hermite—-Gaussian beams from the chiral
sphere has been studied by calculating the multipole field un-
der the incidence of conventional Hermite-Gaussian beams. 5!

DOI: 10.1088/1674-1056/28/6/064210

The analytical solutions for the scattering of chiral spheres ir-
radiated by Gaussian and Laguerre—Gaussian beams have been
documented.!®8! In all these papers, the incident electromag-
netic (EM) fields were expanded into an infinite series of par-
tial or spherical vector wave functions (SVWFs), which are,
however, usually difficult to obtain, especially for a large num-
ber of structured laser beams. In this paper, a general expres-
sion of EM field scattered by a chiral sphere being irradiated
by an arbitrary monochromatic laser beam is given, for which
the incident EM field only needs to be explicitly described.

The rest of this paper is organized as follows. In Sec-
tion 2, a theoretical calculation method for the scattered field
of chiral spheres irradiated by monochromatic laser is pro-
posed. In Section 3, numerical results of the normalized in-
ternal and near-surface field intensity distribution (FID) are
given for Gaussian, Hermite-Gaussian, doughnut mode and
zero-order Bessel beams (ZOBB). The effects of different light
fields on propagation are analyzed. Finally, we draw some
conclusions in Section 4.

2. Formulation

As a schematic diagram, figure 1 shows a chiral sphere ir-
radiated by a monochromatic laser beam, which propagates in
free space and along the positive 7’ axis in the Cartesian coor-
dinate system O'x'y'7’ (laser beam coordinate system). A chi-
ral sphere is attached to the system Oxyz (parallel to O'x'y'7),
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with origin O located at (x{,,y(,z,) in O'x’y’Z. In this pa-  tem Oxyz in the following form:

per, the time-dependent part of the EM field is assumed to be o n
exp(—ior). =E Y, Y [amMo (kor) +bunNiiy (kor)], (D)

n=lm=—n

HS:_lTTZ Z amn m<n)(k0"°)+bman(n (k()r)} (2)
0 p=1m=—n

where kg = ®. /o€ and My = +/ Lo/ & are the free space wave

2 number and characteristic impedance, respectively, and a,,,
and b,,, are the expansion coefficients.

The constitutive relations of a chiral medium can be de-

scribed by!®7!
D =¢ge&E+ix/Uu/eoH, 3)
B =¢gye.H +ix\/ o/ E, ()

where K, U, and & are the chirality parameter, relative perme-
ability, and permittivity of chiral medium, respectively.

As discussed in Refs. [6]—[8], the SVWFs of the first kind
The scattered fields by the chiral sphere can be expanded  can be used to expand the fields within the chiral sphere (in-

by using the SVWFs of the third kind with respect to the sys-  ternal fields) as follows:
|

Fig. 1. Chiral sphere illuminated by monochromatic laser beam.

“E Y Y {em MU (kyr) + N ()] dn M (k) — N (k)] )
n=lm=-—n
:71—2 Z {Com[ M) (ki) + Nt (k)] = dyun [ M) (k1) — Nt (k)] }, ©)

where 11 = No+/ U/ & and kg = ko( /& L K). represented by
The SVWFs of the first or third kind in Egs. (1), (2), and Fx (ES+ Ei) — P EY atr=rp
Egs. (5) and (6) indicate that the radial dependence functions Fx (HS+H i) =Fx HY, atr=ry, )

in them are respectively the spherical Bessel or Hankel func-

. R where E' and H' are the incident electric and magnetic field,
tions of the first kind.!"!

and ry is the sphere radius.

The boundary conditions over the sphere surface can be Substituting Eqs. (1), (2), (5), (6) into Eq. (7), we have
|

Fx EO Z Z [amnM;(r?) (kOrO) +bmnM:1(n3) (kOrO)] + 7 x E' |r:r0

—rXEOZ Z {Cmn mn k+r0)+Nm(n)(k+VO)]+dmn[Mm<n)(k rO) Nnr1(nl>(k770)]}» 8

EO*Z Z {Cmn k+r0)+Nm<n>(k+r0)]_dmn[Mm(n)(k r()) -va(n)(k rO)]} C))

n=1m=—n

By substituting spherical harmonic functions Y,,,(68,¢) = P"(cos8)e!™? into the vector spherical harmonics (VSHs) de-
noted as m,,(0,¢) and 1,,,(6, @), the latter can be written as

P’ (cos0) » dPP(cosB) , imo
— 1
sin @ 0 de oe™ (10)
dPj(cosB) o . Pl(cosB) +] 6
A VI A
064210-2
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If equations (8) and (9) are multiplied (dot product) by the VSHs m._,,,,(0,¢) and n_,,,/ (6, ¢), and then are integrated over
the sphere surface (the projection method), we can obtain

1

bmn€n<k0”0>_Cmngrj(k—s-ro)"'dmngr:( _r) = 27E,], 5= Unns 12
. -1
amnh <)(k0r0) Cmn.]n(kJrrO) dmn]n(k 0) 2nEol, ana (13)
mn
Mo i
amnén(kOrO)_cmnné+(k+r0) Ann 5 (k 0) 27TE01;,mU2m (14)
(1) Mo T] —i b
bonhy ’ (koro) — con— Jn(kiro) + dpn — ju(k—r — Vo (15)
(koro) ! Jn(kiro) + ! Jnlk—ro) = StEST,,
m ‘
where I;,, = (—1)"2n(n+1)/(2n+1), and / / E'|,—ry X Ny Fsin0d0d9, (19)
1 d (1)
k korohy, ’ (k 16 i ..
En(koro) = koro d(koro)[ orohn (koro)], (16) U'?"’:/o /0 N0H |,y X Ty - Fsin0dOd@,  (20)
1 d . T 2 .
S (st0) = T iy Karodn(kerol) 0D = [ [ meH |y < -psinededg. @)
2T .
i :/0 /0 E' |r=ro XMy - Fsin0dOd9, (18)‘ In deriving Egs. (12)—(15), the following formula are used:
T [dP;,™(cosB) dP/"(cos0) ,P,™(cos0) P (cos0)] . 0, n' #n,
= 22
/0 [ 6 a6 " sine sing | S0de=a (22)
T [dP,™(cosB)P™(cos®) P,;™(cosO) dP™(cosB)] .
6d6 =0. 23
/0 m[ 6 sin@ sin@ ag " 23)

The validity of theoretical procedures above can be easily proved. The incident EM fields are expanded, as usual, in terms
of the SVWFs of the first kind as follows:

EOZ Z e Mo (kor) + Gl N (o), (24)
n=lm=-—n
:—1E0—Z Z e N (kor) + Gl Mo (ko)) (25)
n 1m=—n

By substituting Egs. (24) and (25) into Egs. (12)—(15) and then considering Egs. (22) and (23), the relationship can be
readily obtained among the expansion coefficients of the incident laser beam, internal and scattered fields, which is equivalent to
the exact analytical solution following the generalized Lorenz—Mie theory (GLMT),%1%111 'j ¢ Egs. (20)—(23) in Ref. [6].

The integrations over the sphere surface in Eqgs. (18)—(21) are numerically evaluated, e.g., by Simpson’s 13 rule in our

programming with MATLAB, for which the integration expressions are provided for two examples as shown below.

T op2n /P . P i

e, — _/ / (E'Gd"d(ecose) _|_E(‘pi(—m)”si(§(;se>> e " sinedede, (26)
2 " "(cos 0) ; dP;m(COSG) —im¢

/ / (Eel T )e nodods. 0

where Ejy and Ej; are respectively the 6 and ¢ component of E'.
From Egs. (12)—(15), the expansion coefficients can be determined as follows:

1

? ( ’I;:zln Trgn Tnﬁn Trﬁlln ) ’ (28)
n

(amn bun Cn dm") -
where
_ ) Moy®
T, = hy " (koro)n(koro) [1 + ( n ) }En

- 2?10 { [0 (koro)) &, (kir0)&, (k—ro) + E2(koro) ju (ks 7o) ju(k—r0) }, (29)
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1 , . 2
T = 5t | (U <1><k0r0)+1v,’;n§n(k0r0)]%a+ [lu,gnh;”(kor())_vmn(@) & (ko) | E
20 V! (oro) & (ko) (-r0) =007, Enlkoro) (K ro) ko) (30)
1
nt1)n = M{ [Vrfmén(kerO) +iUn2nh£ll)(k0r0)} :’,’OF + [U;mh< )(k()rﬂ)(:],,o) lvﬁngn(kor())}En
2 [V ()&, (K r0)8, (ko) = U alboro ko) (k- ro)] (31
1
Tin = s L Usahh (Roro) 17,08 koro)] [ i) (o) 26, (k-ro) — & oo ko)
+ [VeaEalkoro) + iUBhi (koro)] [ 15 (oro) & (ko) — én(koro)% inle-ro)] }- (32)
1
T = m{[w <])(koro)+1thn§n(koro)] X [5n(koro)jn(k+ro) —hgl)(koro)%if(k#o)}
+ [Vinalhoro) #0308 horo)] [ 08 (koro) & (k- ) = Koro) (k)] (33)
En = nlks r0) &y (k1) + jn(k-ro) &5 (k- r0), (34)
Fo = k)& (k-ro) = jo(k-ro)& (ks ro). (35)

By substituting a,,, and b,,, into Egs. (1) and (2), and
cmn and d,,;, into Egs. (5) and (6), the scattered field and the
internal fields can be obtained.

3. Numerical results

In this paper, the normalized internal and near-surface
FID are calculated, which are defined by

|EY/Eo* = (EX|)* + [EY I + |ES P/ |Eo*  (36)

and

2 (|EL+Es|” + |Eh + E5 >+ |ES + E3 )
a |Eo|?

(E'+ E®)
‘ Eo

(37
where the subscripts r, 0, and ¢ denote the r, 8, and ¢ com-
ponents of the electric fields, respectively.

When studying the scattering of laser beams by spheri-
cal objects, [©
the incident beams with SVWFs.

I the usual analytical method needs to expand
As common laser beams,
such as Gaussian beam, Hermite—Gaussian beam, Laguerre—
Gaussian beam or Bessel beam, can be only described approx-
imately to a higher degree to satisfy Maxwell equations, which
makes them very difficult expanded with SVWFs. According
to previous researches, in this paper we present the projec-
tion method, i.e., multiplying both sides of the EM bound-
ary conditions by VSHs and integrating them on the spherical
surface. It is only necessary to know the expression of the
beam description, rather than to obtain the SVWF expansion
of the beam. The results obtained by the projection method are

in agreement with those obtained by the analytical method,

which have been verified by the theoretical and numerical
results of Gaussian beams with known SVWF expansions.
The scattering of common beams (Gaussian beam, Hermite—
Gaussian beam, Laguerre—Gaussian beam, and Bessel beam)
by chiral spherical objects is calculated. Unlike the scattered
far-field reported in most of published papers, the near-field
and internal-field characteristics of the chiral sphere irradiated
by EM beam are studied in detail in this paper. These prop-
erties are very important for studying the properties of chi-
ral media, and also for manipulating the optical tweezers and
imaging the particles with super-resolution.

For the incidence of a fundamental Gaussian beam
(TEM(())(C),) mode focused laser beam) described by the
Davis—Barton third-order corrected expressions (see Ap-
pendix A),[!>'¥l the normalized internal and near-surface
FIDs for a chiral sphere are shown in Fig. 2. Numerical re-
sults show that the incident Gaussian beam is focused within
the chiral sphere when propagating. Comparing with Fig. 2(b),
the chiral sphere in Fig. 2(c) deviates from the Gaussian beam
center. Although the focal position is unchanged within the
chiral sphere, the normalized FIDs become asymmetrical and
the maximum intensity is reduced by about 70%, which is suit-
able for the stable capture of particles in the optical tweezer
system.

As discussed in Ref. [14], expressions of EM components
for a higher-order Hermite—Gaussian beam can be derived by
'y

taking transverse derivatives of TEM,” * as

am 8"TEM(()§’y/)

«y) _
TEM,,,” ' = FEm I
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Fig. 2. (a) Normalized FID for TEM&‘;) mode focused laser beam (wy = 21) in X' Oy’ plane. Normalized FIDs in x'O’Z’ plane for chiral sphere (koro = 37,
& =4, i, = 1, k = 0.5) illuminated by the above focused laser beam respectively with (b) (x{, =y = z; = 0) and (c) (x{, = 24, y; = 2y = 0).

Figure 3 shows the normalized internal and near-surface FID for a chiral sphere under the illumination of a TEM%) mode

Hermite-Gaussian beam. It is demonstrated in Fig. 3(c) that the FID profile is symmetrical about origin O, while for the case of
a dielectric sphere the FID profile is symmetrical about the axis 0'y’.[13]

0.8+
a
m 0.6+ (a)
ol
Q
= 044
]
£
o 0.2
z.
0
5
5
v
Ao
O@l‘/I -5 _g ,S[‘Naﬂe
5
9 0.9
8 = 0.8
< 7 0 0.7
o0 [=]
g 6 9 0.6
< S 0
o) 5 > 0.5
> @
§ 4 E 0.4
£ 3 = 0.3
b 2 0.2
1 0.1
-5
-5 0 5 -5 0 5

z'/wavelength z'/wavelength

Fig. 3. (a) Normalized FID for TEM%) mode Hermite—-Gaussian beam (wy = 21) in the x’O’y’ plane. Normalized FIDs (b) in the x'O’Z’ plane and (c) in the
x' 0y plane for the same model as in Fig. 2 (koro = 37, & =4, pi, = 1, ¥ = 0.5), illuminated by the above Hermite—Gaussian beam (x{, =y, = 2, = 0).

Any Laguerre-Gaussian beam can be expressed in a sum of Hermite—Gaussian beams,!'* in which various doughnut mode
beams are of particular interest. Figure 4 shows the normalized internal and near-surface FID for a chiral sphere illuminated by a
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radial doughnut mode beam created by TEME;;d) = (TEM%) + TEM(()yll))/ /2. Comparing with the normalized FID in Fig. 4(a)

for the doughnut mode beam, in Fig. 4(c) periodical max and min field distributions along the radius direction arise in the FID.
Figures 2(a)-4(a) display the intensity distributions for different types of beams. For each case, the beams described by
Figs. 2(a)-4(a) have the same total power, and the beam waist is assumed to be wy = 2A. Figure 2(a) shows that the maximum

intensity occurs at the point (x' =y = 0), and Fig. 3(a) at the point (' = £0.707, y’ = 0) and Fig. 4(a) at a radius of ¥ = 0.707
from origin O'.

Normalized FID

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

2'/wavelength
y'/wavelength

-5 0 5

z'/wavelength z'/wavelength

Fig. 4. (a) Normalized FID for TEM{(;:d) doughnut mode beam (wo = 21) in x'O'y’ plane. Normalized FID (b) in the x' O’ plane and (c) in the ¥’ O'y’ plane
for the same model as in Fig. 2 (koro = 37, & =4, w, = 1, k = 0.5), illuminated by the above doughnut mode beam (x6 = yf) = zf) =0).
The EM field components of a ZOBB propagating along the positive 7’ axis in O’x’y’7’ have been given in Refs. [15] and [16].
Figure 5 shows the normalized internal and near-surface FID in the x’O'Z’ plane for a chiral sphere illuminated by a ZOBB with
a half-cone angle y. From Fig. 5 we can see that the focal region outside the chiral sphere is far from the chiral sphere, and more

focal regions appear as well. Thus, the gradient distribution of field intensity is more evident, which is beneficial to cancelling
the scattering force and realizing particle capture.

0.30
= 0.25 .
: i
K> 020 2
o =
)
g 0.15 %
=~ =
N ~
0.10 B

0.05

—4 —2 0 2 4
z'/wavelength z'/wavelength

Fig. 5. (a) Normalized FID in xX'O'7' plane for ZOBB. (b) Normalized FID in xX'O’7 plane for the same model as in Fig. 2 (koro = 37, & =4, y, = 1,
Kk = 0.5), for chiral sphere illuminated by ZOBB (y = 7/3, x{, = y; = 2, = 0).

In Figs. 3— 5 the chiral sphere is located in the middle  served. The numerical results based on Fig. 3 show that the

of incident EM field. As a result, a symmetrical distribu-  focused intensity of Hermite-Gaussian beam decreases and its

tion of the field intensity on both sides of the 7’ axis is ob-  intensity gradient increases obviously when compared with
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the scenarios of Gaussian beam. The symmetrical distribu-
tion of the light field on both sides of the central axis is ben-
eficial to the formation of a balanced light field. Numerical
results based on Fig. 4 show that the intensity of focused beam
is between the intensity of Hermite—Gaussian beam and the
intensity of Gaussian beam, and the gradient distribution of
intensity is stronger than that of Gaussian beam and weaker
than that of Hermite—Gaussian beam. Numerical results based
on Fig. 5 show that compared with the fundamental Gaus-
sian laser beam, Hermite—Gaussian beam and doughnut mode
beam, the ZOBB beam has a focal region that is located in the
center of chiral sphere, and the intensity of the light field de-
creases. For a ZOBB, the gradient distribution of the intensity
is more obvious, and the resultant gradient force potential trap
enables us to capture the particle conveniently.

4. Conclusions

According to the field expansions in terms of the SVWFs,
EM boundary conditions and projection method, a general ap-
proach to the accurate calculation of scattering from a chiral
sphere is presented and verified. The normalized FIDs of inter-
nal and near-surface field are calculated for a variety of struc-
tured beams, e.g., the fundamental Gaussian beam, Hermite—
Gaussian beam, doughnut mode beam and ZOBB. The focus-
ing position and intensity distribution due to the illumination
of different light field are analyzed. This work provides a
general solution to arbitrarily structured laser beam scatter-
ing from a chiral sphere, and is of significance in relevant
fields of atmospheric detection, biotechnology, chemical tech-
nology, laser optical tweezers, laser radar detection, efc.

Appendix A

Third-order corrected expressions for the EM field com-

/
ponents of a fundamental Gaussian laser beam (TEM((;(C))

mode focused beam) in O'x'y'7, developed by Barton and

Alexander,[12-14] are written as

El=E[l +52(iQ°p" — 0*p* —20%E))|wpe s, (Al

E, = —Eps*20%Enype’t/”, (A2)

El = Eo[s20& +5°(2i0*p*E —60°p%E)|wpe'S/%,  (A3)

H! = —%HoszzQzén‘I/OCig/sz, (A4)

0

Hj = %[l +52(10%p* — 02p2 — 20" ) woe ¢/, (A5)
0

H] = %[ﬂQn +53(2i0*p*n —60°pn)]woe 't/ (A6)
0

where & =x'/wo, n =y'/wo, { =2/ (kwp), p* =&+ n?, Q=
1/(i—28). s = 1/(kwo), and wo(&,1,¢) = iQexp(~ip2Q)
are the non-dimensional parameters, and wy is the beam waist
radius.

By considering the duality principle, i.e., replacing E in

Egs. (A1)-(A6) by —H, H by E, & by o, and o by &,
third-order corrected expressions for a TEM(%> mode focused

Gaussian beam can be conveniently obtained.
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