Pis’ma v ZhETF, vol. 78, iss. 9, pp. 1093 { 1096 cfl 2003 November 10

Influences of diffusive reflection intensity and pulse shaping of ultra-short laser on turbid media

L. Wang^{1)}, M. Zhao^+

Department of Applied Physics, Beijing University of Technology, 100022 Beijing, China

+Physics Department, Hebei Normal University, 050016 Shijiazhuang, China

Submitted 1 September 2003

The in‚uences of the absorption ¯a, the scattering ¯s and the anisotropy coe‹cient g on the optical properties of ultra-short pulse in turbid media has been simulated that is based on the di¸usive approximation theory. The laser pulse intensity will be attenuated and the di¸usive scattering pulse shape will be widened in the turbid media. The various medium parameters have di¸erent in‚uence on the re‚ection of the laser pulse. The intensity loss of the di¸usive re‚ection light is obtained when the ¯a and ¯s is increased in turbid media. The pulse width is rapidly increased of the di¸usive re‚ection pulse far away from the incident point and the same time the pulse time are delayed have been numerical simulated in the boundary condition of semiin˛nite homogenous media.

PACS: 42.65.�k

1. Introduction. In turbid medium, the picosecond (ps) laser is scattered and absorbed due to the in-homogenous and absorption characteristics of the medium. The diffusive scattering is mainly existed when the red and infrared radiation incident to the turbid material [1], it is the statistics reaction of the interaction between the ps laser and absorption medium that is the parameters of a scattering intensity and pulsewidth by the properties of a tissue optics and scattering of the pulse laser in the diffusive reflectance and transmittance [2]. The widely increasing application of ultrashort pulse laser in diagnostic and therapeutic medicine has obtained the need to determine noninvasive the optical parameters of turbid medium by the interaction of the medium and radiation light [3, 4]. These properties have been devoted to the measurement of the optical properties of turbid tissue specimens, and the detection of diffusion reflected and transmitted light have been studied by authors [5]. Recently, the relationship has been researched in the absorption and scattering coefficient of tissue and the spatial dependence of diffusive reflecting near a finite light resource [6, 7]. Theoretical studies of light pulse propagation in multiple scattering media based on the diffusion approximately theory have been researched by Shimmer [8] and Furutsu [9]. The time resolved reflectance of a plane wave has measured by Shimizu et al. [10] from suspensions of microspheres and suggested that this technique might be used to determine the optical properties of tissue. The

1)e-mail: Lwang.1@bjut.edu.cn

studies of time resolved reflectance and transmittance for the noninvasive measurement of tissue optical properties have produced by Patterson et al. [4]. In vivo technique for a small source. In this paper, the laser pulse energy will be attenuated in the turbid media and the pulse shape will be changed by scattering and absorption. Besides, the diffusive scattering widens the ultra-short pulse. The various medium parameters have different influence on the reflection of the laser pulse. Based on the diffusion approximation theory, the boundary condition of semi-infinite homogeneous media by a small narrow line-width laser beams, the influence of the absorption μ_a, the scattering μ_s, and the anisotropy coefficient g on the ultra-short pulse in the condition has been obtained.

2. Theoretical analysis and numerical simulation. The biological tissue is made of the cells of different size and composition that is called turbid media [3]. The spectral ranges from about 600 to 1300 nm are of particular interest wavelengths, since at these wavelengths the absorption of light by most soft tissues is a minimum [11]. The relatively low absorption in this so-called “therapeutic window”. The optical properties information of the turbid medium is shown in the diffusive reflection and transmittance light. The geometry of narrow line width ultrashort pulse beam is normally incident on the surface of a semiinfinite homogeneous tissue slab that is shown in Fig.1a. We simulated a practical in Monte Carlo methods in which a ps as produced on turbid tissue surface of semiinfinite medium by a small narrow linewidth pulse beams, the diffusion equation of

Ŕĺśĳňă ć ĘİŠŤ šőň 78 ćżŕ. 9 { 10 2003 1093

Fig.1. Diagram of ultrashort pulse incident on semiin˛nite and in˛nite homogeneous tissue: (a) and (b)

the diffusive photon fluency intensity ϕ(r, t) can be written [4] 1 ν ∂ ∂t ϕ(r, t) − D∇^2ϕ(r, t) + μ_αϕ(r, t) = δ(0, 0) (1) where D = [3(μ_α + (1 − g)μ_s]�^1 is the diffusion coefficient, μ_a is the linear absorption coefficient, μ_s is the linear scattering coefficient, g is the mean cosine of scattering angle, v is the speed of the light in the tissue, and δ(0, 0) is an isotropic point photon source. It may be shown that in a semiinfinite turbid medium the solution of Eq. (1) is

Φ(r, t) = ν(4πDνt)�^{3/2} exp ( − r^2 4Dνt − μ_aνt ) . (2)

All the incident photon is initially scatted at a depth z_0 = [(1 − g)μ_s]�^1 so that the actual source becomes the simple delta function described above. Patterson [4] et al. have shown that a useful assumption is that ϕ(r, t) = 0 on the physical boundary z = 0. The fluency rate per incident photon can then be written in cylindrical coordinates as the sum of contributions as follow Φ(ρ, z, t) = ν(4πDνt)�^{3/2} exp(−μ_aνt)× × { exp [ − (z − z_0)^2 + ρ^2 4Dνt ] − exp [ − (z + z_0)^2 + ρ^2 4Dνt ]} . (3) The number of photon reaching the surface per unit area per unit time is |J(ρ, 0, t)|^2, which can be calculated from Fick’s law [12]: J(ρ, 0, t) = −D∇Φ(ρ, z, t)|_{z=0}, which leads to the final expression for the reflectance (ρ, t) that is ultra-short pulse incident to the semiinfinite homogeneous tissue medium R(ρ, t) = |J(ρ, 0, t)| =

= (4πDν)�^{3/2}z_0t�^{5/2} exp(−μ_aνt) exp ( − ρ^2 − z^2_0 4Dνt ) . (4) Where ρ^2 ≫ z^2_0 is noted that the observation is known lim d dt log_e R(ρ, t) = −μ_aν. (5)

From Eq. (5), the absorption coefficient of the tissue can be determined from the asymptotic slope of the curve of the log_e R(ρ, t) versus time t. The speed of light depends on the index of refraction n = 1.4 of the tissue which is known to a few percent, v = 0.214 mm/per second [13].

The propagation scattering coefficient μ_s can also be calculated using the log_e R(ρ, t) versus t in the slope is zero and the t_{max}. Solving Eq. (4) can be written the expression

(1 − g)μ_s = 1 3ρ^2

(4μ_aν^2t^2_{max} + 10νt_{max}) − μ_a. (6)

The optical properties of a semiinfinite slab of tissue from Eq. (5) and Eq. (6) could in principle be obtained by simulated the diffusive reflected light some distance

Fig.2. Intensity of backscattered light versus position of incident photon medium

from the source as a function of time. The total diffusive reflection rate R(ρ, t) can be obtained from the spatial integral of R(ρ, t)

R(t) = 1_∫ 0 R(ρ, t)2πρdρ =

= (4πDν)�^{1/2}z_0t�^{3/2} exp(−μ_aνt) exp ( − z^2_0 4Dνt ) . (7)

Ŕĺśĳňă ć ĘİŠŤ šőň 78 ćżŕ. 9 { 10 2003

Influences of diffusive reflection intensity and pulse shaping . . . 1095

Fig.3. Curves of di¸usion re‚ection intensity

Fig.4. Curves of backscattered light intensity versus ¯s

This expression agrees with the results of Patterson [4] et al. that for a non-absorption medium the total diffusive reflectance should depend on t�^{3/2}.

An important question is how simulation of the diffusive reflection are affected by μ_a, μ_s and g in a semiinfinite tissue material. According to the theoretical analysis and computer simulation from Eq. (4). We have obtained the theoretical curves of the backscattering intensity of diffusive reflectance light caused at the different transport simulation P , μ_a, μ_s and g as shown in Fig.2, Fig.3, Fig.4 and Fig.5. From Fig.2 and Fig.3,

Fig.5. Curves of intensity and scattering g

Fig.6. Curves of pulse shaping with incident position into medium

it can be clearly shown that the affect of the absorption coefficient versus the intensity loss of the diffusive reflection light, which is decreased when the μ_a, μ_s. The backscattered intensity is increased when g is increased and μ_a is small, as shown in Fig.4, and Fig.5. From Fig.2 to Fig.5, it is shown that the intensity of diffusive reflection is very use to obtain the physical parameters of the optical properties in the internal turbid medium. The pulse width of the diffusive reflection pulse is affected by the optical parameters of the turbid medium, the pulse width is rapidly increased of the diffusion reflection pulse laser far away from the incident point and the same time the pulse time are delayed as shown in

Ŕĺśĳňă ć ĘİŠŤ šőň 78 ćżŕ. 9 { 10 2003

Fig.6. The pulse-width of the reflection light is narrowed in Fig.7. The time delay of the diffusive reflection light

Fig.7. Di¸usion scattering pulse shaping and intensity versus ¯a

Fig.8. Curves of pulse shaping versus ¯s

caused by the μ_s is increased as shown in Fig.8. The pulse width of the diffusion reflection light is rapidly narrow and the time delay of the reflection pulse at g is increased as shown in Fig.9. From Fig.2 to Fig.9, it is shown that the interaction of the ultra-short pulse and the turbid tissue is very used as researching the optical parameters of the turbid medium.

3. Conclusions. The purpose of this paper has been researched the relations of diffusive reflection rate

Fig.9. Curves of pulse shaping versus g

R(ρ, t) and optical properties in turbid media. The results of principle simulation have corrected in coherence with experiments [14] by computer numerical analysis. It is calculated that the parameters μ_a, μ_s and g in the tissues use a indirect and lossless methods according to the theory foundation. It is useful for the development of laser biology and medicine measurement.

1. V. G. Peters, D. R. Wyman, M. S. Patters et al., Phys.

Med. Biol. 35, 1317 (1990).

2. A. Ishimaru, Appl. Opt. 28, 2331 (1989). 3. B. C. Wilson and S. L. Jacques, IEEE J. Quant. Electr.

26, 2186 (1990).

4. M. S. Patterson, B. Chance, B. C. Wilson, Appl. Opt.

28, 2331 (1989).

5. Y. Kuga, A. Ishimaru, and A. P. Bruckner, J. Opt. Soc.

Am. 73, 1812 (1983).

6. R. Hemenger, Appl. Opt. 16, 2007 (1977). 7. S. L. Jacques, Appl. Opt. 28, 2223 (1989). 8. A. Ishimaru, J. Opt. Soc. Am. 68, 1045 (1978). 9. K. Furutsu, J. Opt. Soc. Am. 70, 360 (1980). 10. K. Shimizu, A. Ishimaru, L. Reynolds et al., Appl. Opt.

18, 3484 (1979).

11. J. L. Bulnois, Lasers Med. Sci. 1, 47 (1986). 12. J. j. Duderstadt and L. J. Hamiton, Nuclear reactor analysis, Wiley, New York, 1976, p. 140.

13. D. T. Delpy, M. Cope, P. Vanderzee et al., Phys. Med.

Biol. 33, 1433 (1988).

14. X. L. Wang, B. H. Li, and S. S. Xie, J. Optoelectron.

Laser 12, 418 (2001) [In Chinese].

Ŕĺśĳňă ć ĘİŠŤ šőň 78 ćżŕ. 9 { 10 2003