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The changes in the on-axis polarization state of random electromagnetic Gaussian Schell-model
vortex beams propagating in biological tissues have been studied. In different media propagation,
the bigger C% is, the earlier the appearance of the inflexion points in the on-axis degree of the po-
larization P(0, 0, z) is. As the propagation distance increases, the values of the on-axis orientation
angle 6(0, 0, z) undergo several processes: at the beginning they are positive, then gradually in-
crease to the maximum, jump to a negative value, finally tend to a fixed value. The bigger C % cor-
responds to previous jumping position. In the entire propagation, the values of the on-axis ellipticity
€(0, 0, z) are larger than the initial one. There exists a phenomenon that the values of P(0, 0, z),
0(0, 0, z) and £(0, 0, z) keep their extremes in a length of propagation distances for the far infrared
beams. The maximum of P(0, 0, z) is the smallest and the jumping range of (0, 0, z) is the largest
for the ultraviolet beams. Compared with 6,,, > o, the changes in magnitudes in P(0, 0, z) are more

obvious when o, < g,,, the changes in 6(0, 0, z) are just the reverse for g, < o,,.

Keywords: random electromagnetic vortex beam, biological tissue, the state of polarization.

1. Introduction

The propagation properties of a laser beam passing through the media are closely con-
nected with the optical properties of the media. Thus the beams propagation is one of
important research fields in optics, and the optical characteristics changes of the media
can be reflected by the propagation properties changes of a laser beam through the me-
dia, which becomes a significant project in optical medicine [1-3]. The polarization
of light is the basic property of light, which is a manifestation of correlations involving
components of the fluctuating electric field at a single point or two points [4]. In 2005
WESTPHAL and HELL pointed out that the orientation of the linear molecular transition
dipole is of great effect on the spatial resolution in stimulated emission depletion
fluorescence microscopy [5], so it is important to know the state of polarization of the
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polarized part of the beam at a point and its changes on propagation. In 1996 ScamITT
and Kumar reported that the power spectrum model of mammalian tissue can be
described mathematically by a model that resembles the classical Kolmogorov model
of atmospheric turbulence [6]. Based on the unified theory of coherence and polariza-
tion [4], some works have been devoted to the changes in the state of polarization of
random electromagnetic beams in biological tissues. Such as the change in the state
of polarization of isotropic random electromagnetic beams passing through biological
tissues [7, 8], the change in the degree of polarization of anisotropic random electro-
magnetic beams passing through biological tissues [9], and so on. However, lots of
researches concern the non-vortex beams, those referring to the change in the state of
polarization of vortex beams are scarce.

The vortex beam is a singular beam endowed with the screw wavefront disloca-
tions, topological charge and optical vortex, which has attracted attention and found
extensive applications in optical communications, quantum information and entangle-
ment, and microparticle manipulation and trapping [10—16]. The influence of both the
topological charge and the correlation length of the beam on the degree of polarization
of stochastic electromagnetic vortex beams has been studied [17]. In this paper, based
on the extended Huygens—Fresnel principle, the analytical expressions of the cross-spec-
tral density matrix elements for random electromagnetic Gaussian Schell-model (GSM)
vortex beam propagating in biological tissues are derived. The dependence of the
changes in the on-axis polarization state of random electromagnetic GSM vortex
beams propagating in biological tissues has been studied by means of numerical cal-
culations, including the structure constant of the refractive index C ,2, of biological tis-
flges, the wavelength 4, the spatial correlation length o, of beams, and the propagation

1stance z.

2. Theoretical model

The cross-spectral density matrix of random electromagnetic vortex beams at the
source plane z = 0 is expressed as [18]

VVxx(sla sza O) VV;cy(sla sz’ 0)

W(Sl,Sz,O) = (1)
VVyx(sla S27 0) VVyy(sla 525 0)
where
W,(s1, 85, 0) = (E; (51, 0)E; (55, 0)), i,j=xp (2)

where E, and E, denote the two components of the electric field; s;= (s, 55,) (/=1
and 2) is the two-dimensional position vector at the source plane z = 0. The asterisk and
angle brackets stand for the complex conjugate and ensemble average, respectively.
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The elements W;(s,, s, 0) of the cross-spectral density matrix of random electro-
magnetic GSM vortex beams at the source plane are expressed as [19]

Iml
Wl-j(sl, $,,0) = Al.AjBl-j [slxszx 51,8, t zsgn(m)slxszy — lsgn(m)szxsly]

2442 2
ST +s S, —S
X exp|— L exp ——(—I———Zl— 3
w2 2062 )
0

i

where 4; is the amplitude of the electric field-vector component, E;, and Bij are corre-
lation coefficients between two components E; and E;, w,, is the waist width, o;; is re-
lated to the spatial correlation length; sgn(m) denotes the sign function; m specifies
the topological charge, and in the following we take m = +1. For m = 0, Eq. (3) reduces

to those of random electromagnetic GSM vortex-free beams,

' si+ 3 (s;—5,)°
Wi (s),8,,0) = 4,4,B,exp|— S| eXp > 4)
wg 2al.j

Based on the extended Huygens—Fresnel principle [20], the elements of cross-spec-
tral density matrix of random electromagnetic GSM vortex beams propagating through
biological tissue can be expressed as

2
W,‘j(pp P z) = {3%] dezplj"[dzpz VV,’j(sp $5, 0)

X exp{;_l;[(pl - 51)2 —(py— 52)2}}(6)([) (P, 81) +w(py $5)D) Q)

where the p, and p, is the position vector at the z plane, the relationship between the
wave number k and the wavelength 4 is k = 2@/4, w denotes the random part of the com-
plex phase of a spherical wave propagating through the biological tissue, and (-) im-
plies the averaging over the ensemble of the statistical realizations of the random
medium and can be written as [21]

<CXP[V/*(91, s tw(p,, Sz)]>

1 =3
= exp{4n2kzzj d dkk@(K){lJoOt(plpz)Jr(lt)(sls2)|ic)}}
0 0
(6)
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where J, is the zero-order Bessel function, and @(x) is known as the power spectrum
of the index of refraction fluctuations. As for a variety of mammalian tissues such as
human skin, the expression of @(x) is written as [6]

4n(dn2yL3(L— 1)

D(x) = (7

(1+x2L2)°

where L, is the outer scale of the refractive-index size, the parameter ( is related to
the fractal dimension of the tissue and is an indication of the classical turbulent behav-
ior of tissue, and (8n?) is the ensemble averaged variance of the refractive index.

In Eq. (6), the expansion of Jy(x) can be expressed as [9]

(1) (x/2)"

J()(x) = Z

T (m)

When we will take the front two items as its approximate expression, then the expres-
sion of {exp[y*(p,, s;) + w(p,, s,)]) can be rewritten as

;o Jxl <o ®)

(exply*(p, 5)) + w(pyy ;) s#[(pl = p2) (P~ p2)(5 = 5,) + (5,5,
0
©)

where

py = 022(C2k2%z) " (10)

means the coherence length of a spherical wave propagating through turbulence, C,f is
the structure constant of refractive index describing the strength of biological tissue
turbulence, whose expression is

(3n%)

S (11)
122 -0)

C? =

where L is the outer scale of refractive-index size, {is related to the fractal dimension
of biological tissues, (8n?) is the ensemble-averaged variance of the refractive index.
C2? = 0 for the free space. In order to facilitate the calculation, two variables of inte-
gration are introduced:

_Sits _
us=s-—— V=5-%5 (12)
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and substituting Egs. (3) and (9) into Eq. (5), we obtain

2
3 k ik 2 2
VV,'J'(Pp Py z) = AiAjBij(zan eXp|:—Z(P1_Pz):|

2

X exp p_lz(P% B pg)]”dzujjd%[(uz _ VT) — i(uxvy - uyvx)}
0

2 2 ik
X exp|——u; - _ﬂi} eXp [_aifv)zc - aijvﬂ xp [_7“("2 - pl)}

k ik 1
X exp|——~ v(p, + pl)} exp {—LZ-HV} exp [——;V(pl - Pz)}

i Po
ik ik 1
X exp 2_V(P2 + Pl)} exp [—_“V} exp[——zV(Pl B Pz)] (13)
L 42 z Po
where
A B E (14)

2 2 2
2wy 20}; P0

Recalling the integral formula [22]

) 5 2 [n (q ”E[%} 1 p ¢
jx exp(—px~ + 2gx)dx = n’expﬁjjg{;j 2 (n—2k)'k! {4q2J

k=0
15)

the analytical expression of the cross-spectral density function of the GSM vortex
beams propagating through the biological tissue can be obtained by tedious and
straightforward integral calculations for Eq. (13):

I/Vij(pla p27 Z)

ik 1
= A;4;B;; exp [—E(P% -p3) - — (P - Pz)z} |:Ml — M, - M+ MJ

Po
(16)
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where
k*b.b d? + d? d;+d}
M, = ___x_x_(i+x_yJ expﬁ__x___y_] (17a)
4zzal.jc c c? c
2.2 2. 2
oo K (L+ gf+ngeX (gﬁgyJ
2 2 2 P 2
32z°f f f
2
wo | k2 2 k2 2
X GXP{T{—;‘(PH—M) - 7(p1y—/'2y) H (17b)
ik*w,g. d_b [ wik? ) 2 d?
M; = 08y%x s exp|— § (plyf,ozy)2 exp[g—y—i- X (17¢)
422./2arl-jf3c3 L z . / ¢
ik>wyg.d,b [ wik? 5 gz
M, = —L 2 —exp| - o (P P2 exp e (17d)
422./2arijf3c3 L . ¢
2
c= 2 +_k (17¢)
wg 4zzal.j
B w%k2
S=ayt = (17f)
k? ik 1
d, = 2 3 (P1x+P2x)+Z(l + 2}(/’1;5_,02)5) (17g)
a;;z 2a;; py
ik 1 wik*
gx - 4Z (p]x+p2x)+ 2[ 422 _p_(z) (plx_pr) (17h)
1 [k 1 ?
i .
b, = exp [—(p tp) 5 (Pi—p )} (171)
X {4&17 2z 1x 2x p(z) 1x 2x

According to the symmetry, d,, g, and b, can be obtained by the replacement of p;,
and p,, with p,,, and p,,, respectively.

Based on the unified theory of polarization and coherence, the degree of polariza-
tion P(py, Py, z) of the random electromagnetic GSM vortex beam propagating through
the biological tissues can be expressed as [18, 23]
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4Det[W(Pp 92, Z)]
Tr[W(p,, p,» 2)1

P(p,py2) = Jl - (18)

where Det and Tr denote the determinant of the matrix and the trace of the matrix, re-
spectively.

The orientation angle (p;, p,, z) is made by the major axis of the polarization
ellipse with the x-direction, and the expression can be written as [18]

2Re[W,,(py, Py, 2)] J (19)

1
opy, pr,z) = —arctan[
b WP P2 2) = W, (Pys Pas 2)

2

The ellipticity €(p;, p,, z) can be used to describe the shape of the polarization el-
lipse, and the formula is given as [18]

8([)1, P2 Z) = Aminor/Amajor’ 0<e<l (20)

where A,,ior and A4y, are the major and minor semi-axis of the polarization ellipse,
respectively, and can be expressed as

2 2 2 2
A/( Wxxf Wyy) + 4|ny| + ”\/( Wxxf Wyy) + 4|Re(ny)|
2

2
Amajor(pl’ Py Z) =
(21a)

s J( W W, + 40,7~ J( W= W)+ 4[Re(W,,)|’
Aminor(pl’ p2’ Z) B

(21b)

When p; = p, = 0, Egs. (18)—(20) reduce to the on-axis state of polarization
P(0, 0, 2), (0, 0, z) and €(0, 0, z) of the random electromagnetic GSM vortex beam.

3. Numerical calculations and analysis

It is important to know the state of polarization of the beam at a point and its changes
during the propagation. We select the upper dermis of human, the deep dermis of mouse
and the intestinal epithelium of mouse as the specimens of numerical calculations, and
investigate the changes in the on-axis state of polarization of the random electromagnetic
GSM vortex beam passing through the biological tissues. The corresponding changes
in free space also have been discussed. According to Eq. (11) and the data in [6],
C,Zl =0.44 x 1073 pm™" in upper dermis of human, Cﬁ =0.22 x 107 pm™" in deep der-
mis of mouse, Cﬁ =0.06 x 1073 um™" in intestinal epithelium of mouse and Cﬁ =0
in free space have been obtained.
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Figure 1 shows the changes in the on-axis degree of polarization P(0, 0, z), the
on-axis orientation angle #(0, 0, z), the on-axis ellipticity £(0, 0, z) of the random
electromagnetic GSM vortex beam passing through the biological tissues with the
propagation distance for different constant of the refractive index Cﬁ of the structure.
The calculation parameters are 4, = 4, = 0.5'2,B_ = B,=1,B,,= By, = 0.3exp(in/3),
oy, = 0.15 pm, o,,, = 0.225 pm, o, = 5, = 0.25 pm, wy = 2 pm, 4 = 0.6328 pm, which
satisfied the conditions in [24]. From Fig. 1 we see that the propagation media have
no effect on the changes in P(0, 0, z), (0, 0, z) and (0, 0, z) at the beginning. With
the increment of the propagation distance z, the values of P(0, 0, z) firstly decrease
and again increase to maximum, the bigger is the Cﬁ, the stronger is the biological
tissue turbulence, the earlier is the appearance of the inflexion points in the on-axis
degree of the polarization P(0, 0, z), the smaller is the maximum, and the shorter is
the corresponding propagation distance. Finally P(0, 0, z) keep the maximum in the
free space, whereas it gradually decrease until it tends to a fixed value in the biological
tissues. As the propagation distance increases, the values of 8(0, 0, z) undergo several
processes: at the beginning they are positive, then gradually increase to the maximum,
next jump to a negative value, and finally tend to a fixed value. Bigger C 5 corresponds

s} b

20

P(0, 0, 2)
6(0, 0, z) [deg]

103 104 107" 100 10" 102 10° 10*
z [um]

R —C2=0

¢« C2=0.06 x 107 ym™’
—--C2=0.22x103 ym™
—-- C2=0.44x103 ym™

£(0, 0, 2)

10t 100 10 102 10° 10*
z [um]
Fig. 1. The changes in the random electromagnetic GSM vortex beam with the propagation distance z in

the on-axis (a) degree of polarization P(0, 0, z), (b) orientation angle £(0, 0, z) and (¢) ellipticity £(0, 0, z)
for the different structure constant of refractive index C2.
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to previous jumping position, for example, the jumping position of Ci =0,0.06 x 107>,
0.22 x 1073, and 0.44 x 1073 pm™" is 1.84, 1.82, 1.79, and 1.74 pm, respectively. In the
entire propagation, the values of e(0, 0, z) are larger than the initial one, which indicates
that the propagation can enhance the on-axis ellipticity of beams.

The changes in the on-axis degree of polarization P(0, 0, z), the on-axis orientation
angle 6(0, 0, z), the on-axis ellipticity £(0, 0, z) of the random electromagnetic GSM vor-
tex beam passing the upper dermis of human have been plotted with the propagation
distance for different wavelength A in Fig. 2. The calculation parameter is Cﬁ =0.44
x 1073 pm™, the other parameters are same as in Fig. 1. Herein 2 = 0.325, 0.6328, and
10 um denote the ultraviolet, visible, far infrared lights, respectively. The beams of 0.325
and 0.6328 pm can be generated by He-Cd laser and He-Ne laser, respectively, and the
beam of 10 pm is so similar to the wave emitted by the biological tissue that it is named
as “the life light wave”. As suggested in Fig. 2, the initial values of P(0, 0, z), (0, 0, z)
and (0, 0, z) have nothing to do with the wavelength A. With the propagation distances
increasing, the bigger 4 is, the earlier the appearance of the inflexion points of P(0, 0, z),
6(0, 0, z) and (0, 0, z). During the propagation, the changes in P(0, 0, z), 6(0, 0, z)
and (0, 0, z) display a phenomenon that the values keep the extreme in a length of

P(0, 0, z)
6(0, 0, z) [deg]

102 10" 10° 10" 102 10® 10* 10° 102 10" 10° 10" 10%2 10® 10* 10°

z [um] z [um]
—— A=0.325ym
+ A=0.6328 pm
—-- A=10pum

€(0, 0, z)

102 10" 10° 10" 102 10® 10* 105
z [pm]
Fig. 2. The changes in the random electromagnetic GSM vortex beam propagating in upper dermis of

human with the propagation distance z in the on-axis (a) degree of polarization P(0, 0, z), (b) orientation
angle 6(0, 0, z) and (c¢) ellipticity (0, 0, z) for the different wavelength A.
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propagation distances for the far infrared beams. It is attributed to the fact that the far
infrared light has so similar wavelength (1 = 10 um) to the wavelength emitted by
biological tissue itself that the tissue molecule resonance takes place. The maximum
of P(0, 0, z) is the smallest and the jumping range of (0, 0, z) is the largest for the
ultraviolet beams. The reason can be that the protein molecules in biological tissues
have strong absorption to ultraviolet light.

We plot the changes in the on-axis degree of polarization P(0, 0, z), the on-axis
orientation angle 6(0, 0, z), the on-axis ellipticity (0, 0, z) of the random electromag-
netic GSM vortex beam passing through the upper dermis of human with the propa-
gation distance for the different spatial correlation length o), in Fig. 3. The calculation
parameter is C 5 =0.44 x 107 pm™!, o, = 0.225 um, the other parameters are same as
in Fig. 1. It is noted that the changes in P(0, 0, z), (0, 0, z) and ¢(0, 0, z) also depend
on the relationship between the spatial correlation length o, and o, In Fig. 3a, when
0,y < Oxy, the change magnitude of the curve of P(0, 0, z) is more obvious than that
when gy, > oy, and the smaller o,,, corresponds to the bigger extreme of (0, 0, z). From
Fig. 3b we observe that when Opy = 0.18 and 0.2 pm, namely, Oy < O, the initial value

a
0.35¢}
> Z
< ﬁ — 0y, =0.18 ym
s = © Oy i 0.20 pm
9: 0.30 S — - -0y, =0.25 ym
o .. — 9: - Oyy = 0.27 ym
—— Oy = 0.2 ym esy
+ Oy, =0.225 ym -
095 — -0y, =0.25pym -~ :-.\\
10~ 10° 10° 10? 10° 107" 10° 10" 102 10°
z [um] z [um]
0.60
C

0.55 |
~
=)
s L.~
w

0.50 — 0, =0.2ym

+ Oy, =0.225 pm
— - Oy = 0.25 ym
0.45
107" 10° 10° 102 10°

z [um]

Fig. 3. The changes in the random electromagnetic GSM vortex beam propagating in upper dermis of
human with the propagation distance z in the on-axis (a) degree of polarization P(0, 0, z), (b) orientation
angle 6(0, 0, z) and (c) ellipticity £(0, 0, z) for the different spatial self-correlation length g,,,.



Changes in the polarization states... 307

of 6(0, 0, z) is negative. With the increment of propagation distance, (0, 0, z) changes
to the negative maximum, jump to the positive maximum, gradually decrease, and fi-
nally increase to a fixed positive one. Whereas, when o), = 0.25 and 0.27 pum, namely,
0,y > Oy, the changes in 6(0, 0, z) are just the reverse. The bigger the absolute value
of |o,, — 0y 18, the larger the change magnitude of 6(0, 0, z) is. For gy, = oy, the value
of 6(0, 0, z) is insignificant. It can be explained by Egs. (16) and (19), from which
W,, = W, can be obtained. As can be seen from Fig. 3¢, the value of ¢(0, 0, z) is a fixed
one from the beginning to the end when o,,, = g, which can be verified by Eq. (20).

4. Conclusions

The analytical expressions of the cross-spectral density matrix elements for random
electromagnetic GSM vortex beam propagating in biological tissues are derived based
on the extended Huygens—Fresnel principle, and used to study the on-axis polarization
state changes, including the on-axis degree of the polarization P(0, 0, z), on-axis orien-
tation angle 8(0, 0, z), and on-axis ellipticity €(0, 0, z). It is shown that in the different
media propagation, the bigger C 5 is, the earlier the appearance of the inflexion points
in P(0, 0, z) is. With the increment of the propagation distance, the value of (0, 0, z)
at the beginning is positive, again gradually increases to the maximum and jumps to
negative value, and finally tends to a fixed value. The bigger C,zl isrelated to the shorter
propagation distance of jumping position. The value of ¢(0, 0, z) firstly increases, again
decreases, and finally tends to a fixed one. In the entire propagation, all values of
£(0, 0, z) are larger than the initial one. During the propagation, the bigger wave-
length 4 is, the earlier the appearance of the inflexion points in P(0, 0, z), (0, 0, z) and
£(0, 0, z) is. Besides, the changes in P(0, 0, z), 6(0, 0, z) and &(0, 0, z) display a phenom-
enon that their values keep the extremes in a length of propagation distances for the
far infrared beams, which can be attributed to the fact that the wavelength of the far
infrared light is so similar to the wave emitted by the biological tissues that the resonance
with the biological tissue molecules takes place. The maximum of P(0, 0, z) is the small-
est and the jumping range of 6(0, 0, z) is the largest for the ultraviolet beams, which
may be due to the strong absorption of the ultraviolet beam by protein molecules in
biological tissues. Additionally, the changes in P(0, 0, z), 8(0, 0, z) and ¢(0, 0, z) also
depend upon the relationship between spatial correlation length o, and o,,. The change
magnitudes of P(0, 0, z) are more obvious when ¢, < o,, than those when o,, > 0,,.
The changes in 6(0, 0, z) are just the reverse for o, > o, and o,,, < o,,. The value of
£(0, 0, z) is a fixed one from the beginning to the end. The results obtained in the present
paper will supply the theoretical basis and experimental evidence for the laser param-
eters selection when the electromagnetic GSM vortex beams propagate in biological
tissues, and will be useful for the development of tissue imaging.
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