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The dependence of changes in the relative intensity and the spectral degree of coherence on the
refractive-index Cf, of biological tissues, space correlation length ¢, and wavelength 4 of the
Gaussian Schell-model (GSM) vortex and non-vortex beams in biological tissues has been studied.
It is shown that the intensity distribution of GSM vortex beams passing through the biological tissues
undergoes several stages. The bigger C 5 is, and the smaller g is, the quicker the intensity evolution
is. The attenuation of intensity for GSM vortex beams is much slower than that of non-vortex
beams, thus the beam quality of the former is better than the latter. When propagating through the
biological tissue, the phase singularities of GSM vortex beams will appear. As the propagation dis-
tance increases, the position of the phase singularities will shift, and these points will disappear where
the changes in the spectral degree of coherence of GSM vortex beams are consistent with those of
GSM non-vortex beams. At the same propagation distance, the bigger C 5 is, and the smaller g,
and 1 are, the shorter the distance between the phase singularities and the z axis is, when the prop-
agation distance z is in the range of 0—50 um.
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1. Introduction

With the development of molecular biology and medicine, a great many of significant
technologies have been developed, such as laser-induced breakdown spectroscopy,
image reconstruction techniques, synchrotron radiation microanalysis, nanoscale sec-
ondary ion mass spectrometry and laser ablation inductively coupled plasma mass
spectrometry [1, 2]. It is beneficial to understand the living tissues for providing a good
insight into the physiological and pathological changes in animal tissues [3], develop
tissue image technology and improve medical instruments, and so on [4—6]. On the
other hand, because the optical properties of the tissue can be displayed by the optical
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parameters of light beams propagating through biological tissues, for example, as a very
important characteristic parameter of optical field, the change in the spectral degree
of coherence is directly related to the changes in optical properties of medium and plays
a great part in estimating the structure and function of the biological tissue. By means
of measuring and analyzing a variety of mammalian tissues, in 1996 ScumMiTT and KumMAR
pointed that the spatial correlations in the refractive indices of different tissues have
similar properties and reported the power spectrum model of mammalian tissue [7].
Recently, by virtue of the power spectrum, many studies have been devoted to the sto-
chastic properties of electromagnetic beams propagating through biological tissues.
ZHou et al. researched the spectral shift of an electromagnetic Gaussian Schell-model
(GSM) beam propagating through tissues and pointed out that the spectral shift from
the blue-shift to the red-shift is closely dependent on the parameters of the tissue [8].
The change difference in statistical properties between the anisotropic and isotropic
electromagnetic beams passing through the biological tissues has been compared and
illustrated by numerical calculations [5]. The effect of the upper dermis of human on
the state of polarization and coherence of a random electromagnetic beam also has been
investigated [9-11]. The effects of partially coherent model and parameters of biolog-
ical turbulence on the average intensity and spreading of the GSM, Laguerre Gaussian
Schell model and Bessel Gaussian Schell model beams have been studied [12].

As far as we know, a great number of researches on propagation properties are con-
cerned the non-vortex beams propagating through biological tissues [3—11], while those
referred to the vortex beams propagating through biological tissues are scarce [13].
There, the influence of the topological charge on the normalized spectral density dis-
tribution and the spectral degree of coherence of stochastic electromagnetic vortex
beams in biological tissue has been researched. We also have investigated the changes
in the degree of polarization of random electromagnetic GSM vortex beams in biolog-
ical tissues and found that on the same conditions the changes in generalized degree
of polarization are more complicated than those in one point degree of polarization,
and the changes in one point degree of polarization are more complex than those in
the on-axis degree of polarization [14]. Given the significance of the visualization and
quantification of morphologic features of living tissues to biomedical diagnosis [15],
in this paper, we have studied the intensity and coherence properties of vortex beams
propagating through biological tissues. The analytical propagation expressions of the
cross-spectral density matrix elements for GSM vortex beams with topological charge
m = =1 through biological tissue are derived based on the extended Huygens—Fresnel
principle. The dependence of the evolution of intensity distributions of GSM vortex
beams propagating through biological tissues on the species of biological tissues,
wavelength and space correlation length of beams, the distance between two field
points and propagation distance has been discussed by numerical examples. As well
as, the changes in the spectral degree of coherence also have been demonstrated in the
similar means.
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2. Theoretical model

The initial field of a Gaussian vortex beam at the plane z = 0 reads as [16, 17]
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where s = (s,, s) is the two-dimensional (2D) position vector, sgn specifies the sign
function, m is the topological charge, w, denotes the waist width of the Gaussian part.
By introducing a Schell-correlator [18], the cross-spectral density function of the
GSM vortex beams at the source plane z = 0 is expressed as
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wheres; = (s;,, 5;,) (1= 1, 2) is the 2D position vector at the source plane z= 0, o, denotes
the spatial correlation length, and the topological charge m in following we take
m==x1. When m = 0, Eq. (2) will reduce to cross-spectral density of a GSM (non-vor-
tex) beam, i.e.,
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According to the extended Huygens—Fresnel principle [ 19], the cross-spectral den-
sity function of GSM vortex beams propagating through biological tissues is expressed as

Wp, pyz) = ( k )ijdzslndzszW(o)(sl,sz,O)
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where p; and p, are the position vectors at the z plane, z is propagation distance of
a beam propagating in the biological tissue, k is the wave number related to the wave-
length A by k =2m/4, y denotes the random part of the complex phase of a spherical
wave propagating through the biological tissue, and (- ) implies the averaging over the
ensemble of the statistical realizations of the random medium and can be written as [20]
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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 [7]

4n(dn*yLi(c—1)

(1+ k2L

D(k) = (6)

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 behavior
of tissue, and (8n2> is the ensemble averaged variance of the refractive index.

In Eq. (5), the expansion of Jy(x) can be expressed as [5]
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and we will take the front two items as its approximate expression, then the expression
of (exp[y™(p;, ;) + w(p,, s,)]) can be rewritten as
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where C,Z, is named as the structure constant of the refractive-index of the biological
tissues, whose expression is

2
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To calculate conveniently, introducing two variables of integration
u=—= 11a
3 (11a)
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Substituting Egs. (2), (8) and (11) into Eq. (4), we obtain
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where
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and the symbol F corresponds to m = =1 at the source plane. Making use of the integral
formula [21]
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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 straightfor-
ward integral calculations
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According to the symmetry, b, d,, and g, also can be obtained by the replacement of
picand p, in b, d, and g with py, and p»), respectively.
For GSM vortex beams propagating through the biological tissue, the average in-

tensity at the z plane can be obtained by substituting p; = p, = p in Egs. (15)—(24):
1(p,2) = W(p, p, 2) (25)

as well as the spectral degree of coherence in the propagation field at a pair of field
points (p;, z) and (p,, z) has been given by [22]

W(py, Py, 2)
#(pys Py 2) = -2 (26)

JI(py, 2) JI(py, 2)

3. Evolution of the intensity distribution

We choose the upper dermis of human, deep dermis of mouse and intestinal epithelium
of mouse as the specimens of numerical calculation. According to Eq. (10) and the data
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in [7], the three refractive indices of the biological tissues mentioned above are obtained
as C2 =0.44x 1072 pm™!, C? =0.22 x 102 um™!, and C? =0.06 x 107> pm!, re-
spectively.

The changes in relative intensity /(p, z)/I(p, 0),.« (the intensities ratio, at propa-
gation distance z, /(p, z) and the maximum value at the source plane /(p, 0),,,,) of
a GSM vortex beam and a GSM non-vortex beam propagating through different
biological tissues are shown in Fig 1. The calculation parameters are 4 =0.6328 um,

=50 um, 0y =0.5 pm and C> =0.44 x 10> um ' in Fig. 1a, C; =0.22 x 1073 um™!
in Flg 1b and C =0.06 x 107> um‘l in Fig. 1¢. As can be seen from Figs. la—lc, at the
initial plane the GSM vortex beam presents a dark core, whereas the GSM non-vortex
beam presents a Gaussian profile. As the propagation distance z increases, the relative
intensity values of both the GSM vortex beam and GSM non-vortex beam will decrease

— GSM non-vortex beam 1.0 a
-- GSM vortex beam 1.0
1.0

% 1.0

g
S 7
= 0.5 0.1 0.0 0.1 z=45um
N
s

0.0 o 100 0.1 z=20 pm
0.1 00 0.1 z=0

p [mm]

0.0 0.1 z=40 pm
0.1 z=20pm

0.1 00 0.1
0.0 0.1 z=62.5pum
z=20 pm

z=90 um

0.1

6T 00 01 z2=0
p [mm]

Fig. 1. Evolution of intensity distributions of a GSM vortex beam and a GSM non-vortex beam propa-
gating through different biological tissues (see text for explanation).
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gradually, and the intensity of beams become more and more weak. The propagation
of GSM vortex beams through the different biological tissues undergoes several stages:
a central dip, a flat-topped intensity profile, and a Gaussian profile. It can be attributed
to the diffraction of the vortex beam during the propagation. A similar evolution behavior
also can be present when a vortex beam propagates in atmospheric turbulence [23, 24]
and oceanic turbulence [25, 26]. The random media, such as biological tissues, atmos-
pheric turbulence and oceanic turbulence, will influence the evolution process of
GSM vortex beams. A comparison among the Figs. 1a—1¢ suggests that at the same
propagation distance the bigger structure constant C2 corresponds to the smaller rel-
ative intensity, which means that the bigger C is, the qulcker the evolution of intensity
distribution is. For example, the propagation dlstance of the flat-topped and Gaussian
profile is z = 32 um and 45 pm in Fig. la, z = 40 um and z = 60 pm in Fig. 1b, and
z=62.5 um and z =90 um in Fig. l¢, respectively. Therefore, the big Cf, will accelerate
the evolution process of GSM vortex beams. Compared with the GSM non-vortex
beams, the attenuation of intensity for GSM vortex beams is much slower, thus the
beam quality of the GSM vortex beams is better than that of the GSM non-vortex
beams.

Figure 2 shows the changes in relative intensity of GSM vortex beams propagating
through upper dermis of human for different values of space correlation length o, and
the other calculation parameters the same as Fig. 1a. It can be found that at the source
plane the intensity distribution is same for the GSM vortex beams with different g,
namely, the effect of space correlation length on the intensity distribution can be neglect-
ed. With increasing the propagation distance, the smaller g is, the quicker the evolution
of intensity is, and the shorter the propagation distance of the flat-topped or Gaussian
profile is. For example, at z = 20 um the GSM vortex beam related to o, = 0.05 pm
has evolved into a Gaussian profile, whereas that related to g, = 0.1 pm remains a flat
-topped profile and that related to o, = 0.5 um keeps a central dip. As for the longer
propagation distance (z =45 um), the bigger the space correlation length g, is, the larger
the maximum value of the relative intensity is, and the better the beam quality is.

Figure 3 depicts the changes in relative intensity of GSM vortex beams propagating
through upper dermis of human for different wavelength 4; the calculation parameters

1.0 — 0(=0.05 pm
6y =0.1 pm
6o =0.5 um

\rte " X 0.0 02 z=45um
RN -0100 0.1 z=32pum

-0.1 0.0 0.1 z=0
p [mm]

Fig. 2. Evolution of intensity distributions of a GSM vortex beam propagating through upper dermis of
human for different values of space correlation length g,
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Fig. 3. Evolution of intensity distributions of a GSM vortex beam propagating through upper dermis of
human for different wavelength 4.

are the same as Fig. 1a. We choose the wavelength parameters 0.325, 0.6328 and
1.06 um, which represents the ultraviolet, the visible and the short infrared beam,
respectively. It is illustrated that at the source plane (z = 0) the curves of intensity dis-
tribution are overlapped with each other, which indicates that the intensity distribution
at the initial plane is independent of the wavelength of the GSM vortex beams. At the
beginning of the propagation, for example z =20 pm, the intensity distribution among
the different GSM vortex beams displays different patterns. With increasing the prop-
agation distance, the wavelength is negligible to the intensity evolution, for example
at z =32 um and z = 45 pm, which implies that the difference of the wavelength 1 of
GSM vortex beams in intensity evolution is negligible when the propagation distance
z>32 um.

4. Changes in spectral degree of coherence

The changes in spectral degree of coherence between two mixed points p; = 0 and
p,=p of a GSM vortex beam and that of a GSM non-vortex beam propagating through
the different biological tissues are plotted in Fig. 4, and the calculation parameters are
the same as Fig. 1. As shown in Fig. 4a, the spectral degree of coherence 1 (0, p, z) of
the GSM non-vortex beam decreases along with the propagation distance as the beam
size expands during propagation. It also can be seen that the spectral degree of coher-
ence of the GSM vortex beam has zero points, which implies the phase at these points
is uncertain. Such points are therefore called phase singularities of the spectral degree
of coherence [27]. One also find that the position of phase singularities of the GSM vor-
tex beam will shift with increasing the propagation distance z, and these points will
disappear, for example z > 200 um, where the change of the spectral degree of coher-
ence of the GSM vortex beam is consistent with that of the GSM non-vortex beam.
This is attributed to the fact that the biological tissue is a random media, in which the
wavefront of the GSM vortex beam will be distorted, and the destructive effect will
be more and more strong with increasing propagation distance, so the wavefront will
be broken as long as the propagation distance is long enough. The similar behavior
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Fig. 4. Changes in the spectral degree of coherence for a GSM vortex beam and a GSM non-vortex beam
propagating through different biological tissues (see text for explanation).

also can be presented when the vortex beam propagates in atmospheric turbulence [28].
From Figs. 4a—4c it can be observed that the bigger C,% is, the shorter the distance be-
tween the phase singularities and z axis (point (0, 0)) is at the same propagation distance.

In Fig. 5 we depict the changes in the spectral degree of coherence of GSM vortex
beams propagating through upper dermis of human for different space correlation
length o, and the calculation parameters being the same as for Fig. 1a. We can see
that the influence of space correlation length o, on the spectral degree of coherence is
related to the propagation distance. When the propagation distance z is in the range of
0-50 um, the GSM vortex beam with different o, is characterized by various changes
in the spectral degree of coherence. When the propagation distance z > 100 pum, the
change curves approach to the consistent distribution, that is to say, the effect of the
space correlation length on the spectral degree of coherence can be negligible.
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Fig. 5. Changes in the spectral degree of coherence for a GSM vortex beam and a GSM non-vortex beam
propagating through upper dermis of human for different values of space correlation length a;,.
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Fig. 6. Changes in the spectral degree of coherence for a GSM vortex beam and a GSM non-vortex beam
propagating through upper dermis of human for different wavelength 4.

For different wavelength 4 the changes in the spectral degree of coherence of GSM
vortex beams propagating through upper dermis of human are discussed in Fig. 6; the
calculation parameters are the same as Fig. 1a. We note that the GSM vortex beam
with different wavelength A experiences various change processes in the spectral de-
gree of coherence, and the bigger 4 is, the longer the distance between the position of
phase singularities and point (0, 0) is.

5. Conclusions

Based on the extended Huygens—Fresnel principle, the analytical expressions of the
cross-spectral density for GSM vortex beams propagating through biological tissues
are derived, and used to study the dependence of the changes in both the relative in-
tensity and the spectral degree of coherence of GSM vortex and non-vortex beams on
the structure constant C,21 , wavelength 4, space correlation length o, the two points
distance p and the propagation distance z. We find that the intensity distribution of
GSM vortex beams passing through the biological tissues undergoes several stages:
a central dip, a flat-topped intensity profile, and a Gaussian profile. The bigger C? is,
the smaller g, is, and the quicker the intensity evolution is. Besides, the smaller 4 is,
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the quicker the intensity evolution is when the propagation distance 0 <z < 20 um,
whereas the influence of 1 on the intensity evolution can be negligible when the prop-
agation distance z > 32 um. The phase singularities of GSM vortex beams will appear
when propagating in the biological tissues, and these points will disappear as the prop-
agation distance is increasing, for example at z = 200 um, where the changes in the
spectral degree of coherence of GSM vortex beams are consistent with those of GSM
non-vortex beams. At the same propagation distance the bigger C? is, the smaller g,
and 4 are, and the shorter the distance between the phase singularities and z axis is when
the propagation distance 0 <z <50 um. The results obtained in this paper may be appli-
cable in the measurement of the intensity and spectral degree of coherence when a laser
beam propagates through biological tissue and in the development of tissue imaging.
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