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The Scintillation index of a higher-order laser beam in turbulent biological tissue is formulated and evaluated.
Behaviors of the scintillation indices of various higher-order beams against the tissue turbulence parameters of the
strength coefficient of the refractive index fluctuations, fractal dimension, characteristic length of heterogeneity,
small length-scale factor, and the source size, tissue length, and wavelength are examined. Fluctuations in the inten-
sity are also investigated when various types of tissues, such as the intestinal epithelium (mouse), liver parenchyma

(mouse), and upper dermis (human), are excited by different higher-order laser beams.
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1. INTRODUCTION

The interaction of optical waves with biological tissues is becom-
ing important in diagnostics and treatment issues. Propagation
properties of different optical beams in a turbulent tissue
medium are studied [1-9]. In these works, in a turbulent tissue,
beam spreading and wander of partially coherent Lommel-
Gaussian beams [1], propagation properties of anomalous
hollow beams [2], coherent Laguerre—Gaussian beams [3], laser
array propagation through liver [4], characteristics of partially
coherent circular flattened Gaussian vortex beams [5], annular
beam in liver [6], propagation of stochastic electromagnetic
vortex beams [7], statistical properties of anisotropic electro-
magnetic [8], and propagation properties of hollow Gaussian
beams [9] are reported.

Intensity fluctuations quantified by the scintillation index
are evaluated in different turbulent media for many different
types of optical sources. We have recently explored the field
correlation characteristics of multimode beams in tissue turbu-
lence [10], from which field correlations of higher-order optical
beams in tissue turbulence can be obtained.

In turbulent tissue, scintillations of optical waves are evalu-
ated in weak [11,12] and in any strength of turbulence [13].
Finally, we have summarized the tissue turbulence in general and
its effects on optical waves in a recent review paper [14].

In this paper, we formulated and evaluated the scintillation
index in turbulent tissue when higher-order optical excitations
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are used. Variations of the scintillation against the source, tissue,
and turbulence parameters are exhibited. Our results are also
applied to some specific tissue types. Findings in this paper
will be of use to researchers who study tissue engineering in
diagnostics, imaging, and treatmentapplications.

2. FORMULATION
A higher-order mode source field is given by [15]

u(s) = Hy (s /) Hy(sy Jas) exp [<0.502 (2 +5 )] (1)

where s = (s, 5,) is the transverse source coordinate, H,(-)
and H,(-) are the Hermite polynomials, 7» and m being the
mode numbers of the higher-order mode laser beams in x and
y directions, and e, is the Gaussian source size denoting the
radius.

Previously, we have obtained the log-amplitude correlation
function B, for a general-type beam propagating in turbulence
[16]. A special case of the general beam is the higher-order
mode. It is known that in weak turbulence, the scintillation
index is given by m* = 4B , [17], where B, is the correlation
function of the log amplitude of the random field fluctuations at
the origin of the observation plane, originating from the tissue
turbulence, and 7* denotes the scintillation index occurring
as the result of randomly fluctuating fields in the tissue due to
tissue turbulence.
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To find the field at the receiver pointr = (p, 2) = (p.. py, 2)
in the absence of turbulence, the Huygens—Fresnel principle is
employed. By defining this field as the free-space field, #** (p, z),
and using the source field for the higher-order mode beam given
inEq. (1), #"(p, 2) is found to be

k exp(z kz)

2miz

uS(p, 2) = / / &S H, (5. fay) Hy (s, /)

X exp[—O.Sasz(Ji + syz)] exp[;—i(s — p)z] ,

(2

where £ =25 /X is the wavenumber, and A is the beam wave-
length. By performing the integration over s = (s, s, ) through
the help of Eq. (7.374.8) of Ref. [18], and after rearrangements,
u"S(p, z) is obtained as

uS(p, 2)
k ,.kz( y )“’*’"W [ 0.5ka 2, , ]
= —¢ —_— e p— . +
V* J/* xp V* (]7 p}')
HAF o ) P 1pe | B (v ) ™1, )

(3)

where y =k —ia %z, i = (—=1)%5, and * denotes the com-
plex conjugate. By employing the free-space field, #/(p, z)
in Eq. (3), the field at the receiver plane in the presence of
turbulence is given by the Rytov method as [16]

u(p, 2) =u"(p, 2) exp[¥ (p, 2)] , )
where
¥ (p, 2) = x(p, 2) +:5(p, 2)
J
" 2uB(p. 2) Jy
 oxp(ik|r—r'])

|t —r|

dSV/nl(p/, Z/) uFS(p/, Z/)

(5)

is the complex amplitude fluctuation in turbulence, x (p, 2)
and S(p, z) are the log-amplitude and phase fluctuations,
respectively, and #™5(p’, 2/) is the field in free space (i.e., in
the absence of turbulence) at r' = (p’, &) = (p., p;, ).
Note that the integration in Eq. (5) is taken over the volume

e, d’r' = dp.dp,dz, and n; is the random part of the

refractlve index, which 1s [16]

m (g%, py 7)

:/ / CXp(inP;“r‘iKle;) dZn(ny K},, Z/)9 (6)

where k, and k, are the spatial frequencies in x and y directions,
dZ,(ky, Ky, 2) is the random amplitude of the spectrum of
the refractive index fluctuations where the integrations are
implicit with respect to k, and «,. By applying the paraxial

exp(‘z/i\r rl) Eq (5)

approx1mat10n to Green’s functlon term
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substituting Egs. (3) and (6) into Eq. (5), and performing the
dp;dp;, integrations through the use of Eq. (7.374.8) in [18],
the fluctuations of the complex amplitude in turbulence at the
receiver plane are found at z= L, where L is the tissue length.
Thus, the found ¥ (p, 2) is for higher-order optical beams. The
remaining part of the derivation follows the similar steps as in
Appendix A of Ref. [19] [starting from Eq. (A5)], where the free-
space field, #/5(p, z), given by Eq. (3) of the current paper, is
used instead of the free-space field, #/° (p, z) used in Ref. [19].
We prefer not to repeat the lengthy derivation in the current
paper, but utilizing the formulation in Appendix A of Ref. [19],
the log-amplitude correlation function for the higher-order
beam in turbulence is presented which reads as

T
= tmom,or

L 00 2
X {/ dnf Kcdke de[V(n, k, ©)V(n, —k, )
0 0 0

+ [V, , <p)|2]d>n(:<)} :
(7)

Thus, the scintillation index of the higher-order beam in
tissue turbulence is written as m* = 4 B, Here, 1 is the distance
parameter along the propagation axis, Re denotes the real part,
|-| represents the absolute value,

V(n, k, ) =ikexp[—0.5:(kB) " (L — ) (ka} + in)k?]

X Hn[(lg*)_las (77 - L)K cos (P]

X Hy,[(B*) e, (n — L)« sin g,
@)

where B = ka?+iL, and @, (k) is power spectrum of tissue
turbulence expressed as [20,21]

SPT(Dy/2 —K*1;
c ( f/) exp K=o , (9)
73/226-PN2 (1 + K2/[2)Df/2 8Iln2

P, (k) =

where S is the strength coefficient of the refractive index fluctu-
ations, D is the fractal dimension, /, is the characteristic length
of heterogeneity, 1 is the small length-scale factor, and T'(:) is
the gamma function.

3. RESULTS

In this paper, the results are obtained through theoretical analy-
sis and MATLAB simulations. The figures in this section are
drawn by numerically evaluating B,, which is provided in
Eq. (7) in order to obtain the scintillation index m* = 4 B,,.

All the mode numbers, 7, m, and the other necessary
parameter values, are given in the legends and the horizon-
tal axes of the figures. If not indicated in the legends of the
figures, parameter values used are §= 1074, D = 2.67,
/. =10.24 um, o =1 pum, A =0.633 um, L =3 cm [except
in Fig. 2(b), L=5cm], and &, =+/AL. In Fig. 8, scintilla-
tions of higher-order beams in some specific tissue types are
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Fig. 1.  Scintillation index in tissues versus S for different
higher-order modes.
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Fig. 2. (a) Scintillation index in tissues versus ¢, for different

higher-order modes. (b) Scintillation index in tissues versus «;, for
different higher-order modes atlarger L and larger o, .

also examined. These tissue types are intestinal epithelium
(mouse), liver parenchyma (mouse), and upper dermis (human)
with turbulence parameters of Dy=2.67, /. =11.48 um;
Dy=2.60, [, =1024 um; and Dy =2.67, [, =524 um,
respectively [22].

Three types of tissue that are the intestinal epithelium
(mouse), liver parenchyma (mouse), and upper dermis (human)
are employed in Fig. 8 only. In the remaining figures, general tis-
sues (not specific types) with the mentioned realistic turbulence
parameters are investigated. That is why in the captions of the
remaining figures, just “tissues” are stated. In Fig. 1, being valid
for all the higher-order modes, the scintillation index increases
as the strength coefficient of the refractive index fluctuations
increases. At a fixed value of the strength coefficient of the
refractive index fluctuations, Fig. 1 shows that the scintillations
become larger for high orders. However, this trend depends

on the source and tissue parameters. To clarify this, Figs. 2(a)
and 2(b) are provided. Figure 2(a) is drawn versus relatively
smaller source sizes at the tissue length of 3 cm, and it is shown
from Fig. 2(a) that the trend in Fig. 1 is valid, i.e., larger mode
numbered higher-order modes attain larger scintillations. In
Fig. 2(a), the trend of the scintillations of higher-order modes
against the source size is that the scintillations increase at the
relatively smaller source sizes. When the source size is further
increased, the scintillations tend to decrease. This trend is due
to the intensity profiles of the higher-order modes. In the case
of the Gaussian beam (7 = m = 0) in Fig. 2(a), the trend of the
scintillations along the whole range of the source sizes is a con-
tinuous increase, which checks the classical result that in weak
turbulence, scintillations continuously increase from spherical
to plane wave. However, in Fig. 2(b), which is drawn at larger
source sizes and at the tissue length of 5 cm, a transition of the
trend is observed. At relatively smaller source sizes, the trend
is the same as in Figs. 1 and 2(a), i.e., larger scintillations occur
at higher-order modes with larger mode numbers. Figure 2(b)
reflects that as the source size becomes larger, the trend reverses
and this time smaller scintillations occur at higher-order modes
with larger mode numbers. The reason to choose L =3 cm
in Fig. 2(a) is to keep the scintillations in the weak turbulence
regime. When L in Fig 2(a) is chosen to be 5 ¢m, then the scin-
tillations well exceed the unity, which does not fall in the weak
tissue turbulence. The reason to choose L =5 c¢m in Fig. 2(b)
is that the transition of the trend in the scintillations is much
more evident as compared to the case when L is chosen as 3 cm.
Additionally, for the source sizes in Fig. 2(b), the scintillation
values still remain in the weak tissue turbulence regime. Figure 3
indicates that the scintillations of all the higher-order modes
increase when the fractal dimension increases. For the parame-
ters chosen in Fig. 3, itis observed that modes with higher-order
numbers have larger scintillations. Parameters chosen in Fig. 3
and in the other figures in this section (except in Fig. 8) are for
general tissue types, i.e., not for a specific tissue, with the men-
tioned realistic turbulence parameters. Figure 4 shows that in
the tissues having longer tissue length, any higher-order beam
will have alarger scintillation index.

As shown in Fig. 5, scintillations of all higher-order optical
beams increase as the characteristic length of heterogeneity
increases. For the chosen source, tissue, and turbulence
parameters, at the same characteristic length of heterogeneity,
higher-order modes with larger mode numbers exhibit larger
intensity fluctuations. When other parameters are kept fixed,
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Fig. 3. Scindillation index in tissues versus D for different higher-
order modes.
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Fig. 6 reveals that an increase in the wavelength, i.e., a decrease
in the operating frequency, reduces the scintillations, and this
trend is valid for all the higher-order modes. Again, by keeping
the other parameters fixed, an increase in the small length-scale
factor will reduce the scintillation index of all the higher-order
modes, as shown in Fig. 7.

In Fig. 8, three different types of tissues are chosen that are
intestinal epithelium (mouse), liver parenchyma (mouse), and
upper dermis (human), and they are excited by various higher-
order modes. Under these conditions, the scintillations in such
tissues are evaluated. It is observed in Fig. 8 that an increase
in the strength coefficient of the refractive index fluctuations

0.2
-+n=0,m=2, Intestinal epithelium (mouse)
- n=2,m=4, Intestinal epithelium (mouse)

N’E ©n=0,m=2, Liver parenchyma (mouse) ¥
< 0.15 —n=2,m=4, Liver parenchyma (mouse) i
) Hn=0,m=2, Upper dermis (human) L
< n=2,m=4, Upper dermis (human)

0.1 ]
5 a = GL)"2, 7= 1 ﬂm‘ S
kS
€ 005l |
-5 0.05
@ [1=0.633 um, L = 3 cm
A A & 0
N e AR T e i S §
0 1 2 3
S X 1041
Fig. 8. Scintillation index in tissues versus S for different

higher-order modes and different tissue types.

causes the scintillations of all higher-order modes to increase. At
the same strength coefficient of the refractive index fluctuations
and for the same higher-order mode, the intensity fluctuates the
most in the intestinal epithelium (mouse) tissue and the least in
the upper dermis (human) tissue.

From the plots in Figs. 1 and 3-7, the expected conclusion
is that stronger tissue turbulence, i.e., a larger strength coef-
ficient of the refractive index fluctuations, fractal dimension,
tissue length, characteristic length of heterogeneity and smaller
wavelength, and small length-scale factor, results in larger
scintillations of any higher-order mode.

As apparent from Figs. 1, 2(a), and 3-8 and as explained in
the explanations of some of these figures, as the mode number
increases, the scintillation index becomes larger. However, as
also mentioned in the explanation for Fig. 1, this is not a general
trend, but the variation depends on the chosen source and tis-
sue parameters. The change in the trend is shown in Fig. 2(b).
Similarly, the trend of the scintillations against the strength coef-
ficient of the refractive index fluctuations, fractal dimension,
tissue length, characteristic length of heterogeneity, wavelength,
small length-scale factor, and the different types of tissues will
differ if the source and tissue parameters in Figs. 1, 2(a), and 3-8
are chosen accordingly.

The results presented in this paper can be employed in bio-
medical research and tissue engineering, and they will have
potential applications in determining the deterioration or dis-
ruption of biological tissue, medical diagnosis, and medical
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imaging. For a specific healthy tissue, tissue turbulence param-
eters have known characteristic values. When such a healthy
tissue is excited with a higher-order optical beam, using the
methods developed in this paper, the scintillation index can
easily be evaluated. However, in a malignant tissue, turbulence
parameter values will differ from the healthy tissue turbulence
parameter values, resulting in a different scindillation as com-
pared to the scintillation in a healthy tissue. By evaluating the
higher-order mode scintillation index in the healthy and malig-
nant tissues, the difference in the scintillation index will expose
information on the malignancy of the tissue, which can be used
to find outany anomalies in the tissue. By the application of such
evaluations, the results presented in this paper can be linked to
improving the imaging techniques or medical interventions. It
is noted that related to the results presented in this section, there
are clinical implications and practical applications in medical
imaging and biomedical research, and the references some of
which are detailed and provided in Ref. [23]. Thus, our results
in this paper will be helpful in diagnosing the malignancy in the
tissue. By utilizing the numerous intensity profiles of the higher-
order optical beam, the diagnosis in the tissue can easily be
localized, which is an important advantage of the higher-order
beams.

4. CONCLUSION

Scintillation index is formulated and evaluated when a turbu-
lent biological tissue is excited by higher-order optical beams.
Asknown, higher-order beams are optical profiles that compose
a multimode beam. The effect of tissue turbulence on the scin-
tillations shows similar behavior for all the higher-order modes,
which manifests itself as an increase in the intensity luctuations
when the strength coefficient of the refractive index fluctua-
tions, fractal dimension, characteristic length of heterogeneity,
and tissue length increase, and/or wavelength and small length-
scale factor decrease, i.e., when the tissue turbulence experiences
stronger regime.

At the same strength of turbulence in the tissue, the compari-
son of the scintillation values for the higher-order beams of dif-
ferent mode numbers depends on what the tissue length and the
optical source parameters are.

Results of our work in this paper can be employed in tis-
sue engineering research in applications, such as biomedical
diagnosis.

Disclosures. Theauthors declare no conflicts of interest.

Data availability. The data that support the findings of this study are
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