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Abstract Short-pulse lasers have been used for diagnostipgses and treatment of
tumours in biological tissues in the last few dex=adlhe transmitted and reflected signals
are strongly influenced by the optical propertidgime tissue, namely the optical thickness
of the medium, the scattering albedo, and the sdaty phase-function. The purpose of
this work is to investigate this dependence by meainthe numerical solution of the
transient radiative transfer equation. This equatis solved using the discrete ordinates
method, and the numerical solution is compared Wwihchmark results evaluated using
the Monte Carlo method. The spatial, temporal amgdar discretizations are carried
out using the finite volume method along with teeosmid-order accurate CLAM scheme,
the second-order Runge-Kutta scheme and thguadrature, respectively. The Henyey-
Greenstein scattering phase-function, characterizby its asymmetry factor, is
considered. When the asymmetry factor is highpa grid is required and the scattering
phase function needs to be normalized to obtairaerurate solution. The calculations
are performed for a cubical domain with a shortgmilaser incident on one of the faces.
The collimated incident radiation is uniform in ggaand Gaussian in time. The results
show that the intensity of the transmitted signed¢réases with the increase of the optical
thickness, and increases with the increase of thed» and/or asymmetry factor. The
reflected signal is approximately independent of thptical thickness of the medium,
increases with the increase of the albedo, and ekses with the increase of the
asymmetry factor.
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1. INTRODUCTION

Short-pulse lasers provide many possibilities fppligations in materials processing [1],
rapid prototyping [2], optical communication [3]ptacal measurements [4], biomedical
imaging, diagnosis and treatment [5]. Short-puéseils have emerged in the last 20-30 years
as an effective tool in biomedical diagnosis amghtinent. The number of people suffering
from tumours all over the world is very large, ahtd number is unlikely to decrease in the
middle term. Therefore, the diagnosis of tumoursfimajor relevance, and short-pulse lasers
may be used for that purpose. Although continuoaseMasers are often used in medicine,
short-pulse lasers have the advantage of delivahegrequired amount of energy to the
desired zone to be probed or treated (e.g., a tynm@ short time period, and therefore are
less aggressive.

In the case of ultrafast pulse lasers, with a domatranging from picoseconds to
femtoseconds, the thermal relaxation time of thelogical tissue is several orders of
magnitude greater than the pulse-width, so thah#a affected zone affected is limited to the
laser region, and the increase of temperature ef rteighbouring tissue is negligible.
Moreover, the rise of temperature in the mediunosssmall to affect light propagation, and
in particular the back-scattered and transmittedrlaignatures, which are useful for diagnosis
purposes. Therefore, most studies that investiha&tdight propagation in tissues consider the
medium as cold, and are just concerned with theoeah signature of the laser.

The scattered temporal signature persists for @ fione, compared with the pulse width, and
depends on the optical properties of the mediunmduwrs have optical properties different
from those of healthy tissues, and the back-seatteansmitted signals are different
depending on the size and location of the tumodr][6However, because of the highly
anisotropic scattering nature of biological tissugisect reconstruction methods cannot be
used, and an inverse-based reconstruction technsjueeeded to estimate the optical
properties of the medium based on the back-scdt@md/or transmitted light. This method,
referred to as diffuse optical tomography, is aidghexample of a non-invasive diagnosis
method that uses short pulse lasers [8-9].

In this context, this work is concerned with thgastigation of the reflected and transmitted
signals from a short-pulse laser in a medium withical properties typical of biological
tissue, and on the influence of these propertieghose signals. We are not concerned with a
real application in the present paper, but thetghedium term objective is to investigate the
use of short-pulse lasers for diagnosis and |laskreed hyperthermia therapy of skin tissue.

The propagation of light from a laser in a tisssidéscribed by the transient radiative transfer
equation. Many numerical methods have been devéltipsolve this equation, such as the P1
approximation, the discrete ordinates method (DOMg finite volume method and the
Monte Carlo (MC) method, among others [10]. Here,will use both the DOM and the MC
method. The later is mostly used to obtain refezesmutions, while the former provides a
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better compromise between accuracy and computatiegairements. The DOM is briefly
explained in the next section, which is followedtbg description of the test case. The results
obtained are then presented and discussed, arphfigg ends with a summary of the main
conclusions.

2. THEORY

A brief overview of the discretization of the ratie transfer equation (RTE) using the
DOM is presented below. The RTE for an emittingeabgg-scattering grey medium
may be written as follows [11]:

allr,s, , , :
%%+sﬁ]l(r,s,t):—ﬂl(r ,s,t)+/(lb(r)+j—; o 1(r ,s.t) ®(s,s)dQ (1)

where I(r ,s,t) is the radiation intensity at position in directions, and at timd, |, the

blackbody radiation intensity; the speed of lightk, £ and os the absorption, extinction
and scattering coefficients of the medium, respetyi CD(s’,s) the scattering phase

function andQ a solid angle.

The spatial discretization in the DOM is obtainesing the finite volume method. Hence,
integrating the RTE in time over a control volunentred at grid nodB, and applying the
Gauss divergence theorem to the second term olefthieand side, yields

1otp(st)y, +j s I(r.st)dA=
c Jt 2)

=-BV 1p(st)+kV |bp+—VJ. p(s.t) ®(s,s)dQ’

wheren denotes the outer unit vector normal to a celkefaandV is the volume of the
control volume under consideration. Equation (2)swabtained assuming that the
radiation intensity and the radiative propertiesaen constant within the control volume,
following the standard finite volume discretizatiggmocedure. The integral along the
boundary on the left side of equation (2) is nowragimated by a summation, yielding

0
3; ISEStV+Z smuflf(st)Af: (3)

=-BV 1p(st)+kV 'bP+_V_[ p(s.t) ®(s,s) dQ’
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where subscript denotes a cell face, whose are@dsF is the total number of cell faces
of the control volume under consideration, drd) the mean radiation intensity at cell
facef along directiors.

Different methods may be employed to rel&{s) to the radiation intensity at the grid
nodes. In this work we used the second-order CLAMMese [12] which approximates
I+«(s) as a function of the radiation intensity at thredghode immediately downstream of
the cell face, denoted by subscript and at the two grid nodes upstream of the cek fa
denoted by subscripts, for the grid node closest to the cell face, &hdor its upstream
neighbour. As an example, if radiation is propagatin positive x direction, the
calculation of the radiation intensity at cell faigel/2 of the control volume centred at
grid nodei is obtained from the radiation intensities at gnmbesi+1 (D), i (C) andi-1
(V). If radiation propagates along the negatwdirection, the radiation intensity at the
same cell face;+1/2, is expressed in terms of the radiation integsat grid nodes (D),
i+1 (C) andi+2 (U). The following expressions are used to deterntime cell face
radiation intensities:

Iy +(Ic —|U)£2—uj it o< CTlu oy
Ip —ly Ip —lu

l¢ = (4)
e if 1€ g o leTluyy
Ip -y Ip —lu

The time discretization was carried out using teeosid-order explicit Runge-Kutta
scheme. Let us express equation (3) in the form

——2V=1(p.t) (5)

where

F
f('P't):—Z slo ¢ 1¢(st)Ar =BV Ip(st)+xV |b,P+%VI4ﬂ Ip(s.t) ®(s',s) d’
f=1

(6)
The time discretization then yields
15 =13 At At
P P n n.nj:n
— V=1 +—f(l 1t ),t +— 7
cAt ( P 2 VP 2) @
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Superscripts1 andn+1 denote the lower and upper limits of the timepgit.

The angular discretization in the DOM is carried by replacing the RTE by a discrete
set ofM coupled differential equations that describe théiation intensity field aloni/
directions. Integrals over solid angles are repdang a quadrature of ordéf yielding the
following discretized equation for the DOM:

Im,n+1_|m,n
£ P - P v:f(lg“v”+%f(|;“'”,t”),t”+%J (8)

with

f(lg'” ) Zsmmflm”Af ﬁVImn+KV|bp+4—VZW|||n (ss)(9)

f=1 =1

where superscriph (1 < m< M) denotes thenth direction andv is the quadrature weight
for thelth direction.

When the medium is subjected to laser irradiansenahe present work, it is convenient
to decompose the radiation intensity into its eodlied component,, and its diffuse
component]q, according td(r,s,t) = I¢(r,t) + I4(r,s,t). In this case, the RTE is expressed
by the two following equations:

190 s, =-p1, (10)
c Ot
16Id ag
+slly =-Bl4 +k] +—I 4 ds +—=(s[d)l 11
c ot d Blg +Kklp 4ﬂ(c)c (11)

Subscriptsc andd stand for the collimated and diffusive componeméspectively. The
collimated component is only different from zerord the direction defined by the unit
vector s.. Equation (10) may be solved analytically, and fiedowing solution is
obtained:

()= 1 ) ex;{- I ,BdsJ 12)

where t,, =t—|r -r,,[/c andr, is the position vector of a boundary point, whene
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collimated radiation component is prescribed. Thasult is inserted in equation (11),
which is discretized as described above.

3. TEST CASE

The problem addressed in this work consists oflaccdomain of sidd=1 m, schematically
shown in Figure 1, containing a scattering and rdasg homogeneous medium and subjected to
an incident laser source propagating algrrection, while the remaining boundaries are non-
reflecting and cold (non-emitting). The medium aédg as often considered in problems of light
propagation in biological tissues, and the scaties described by the Henyey-Greenstein phase
function [11]. The intensity of the short-pulsedgsGaussian in time and uniform in space, is
given by

l(x=01)=1, exp{—4(|n2)((t—3tp)/tp)2] . 0<t<6t, (13)

wherex = 0 is the emitting wall location, arlgis the maximum radiative intensity of the pulse,
which occurs at = 3, = 1.5/5. After &, the medium is free from irradiation. In this waonle
are concerned with the temporal signature of tbe&tian leaving from the boundary opposite to
the laser sources = L, and with the reflected signal at= 0. These are quantified by the
dimensionless transmittance and reflectance signas by

T(t):h)%-[ol_-[(l)_ (Ic(x: L,y,z,t)+J.2ﬂ lq(x= L,y,z,s,t)(sm)dsjdydz (14)

1 L oL
R(t) = nE jo jo I _ lalx=0y.zst)(-sDdsdydz (15)

!
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Figure 1. Schematic of the test case.
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wherei is the unit vector in positive direction. A previously validated Monte Carlo aigjam

[13] was used to provide benchmark results. Thaadmbomain was discretized using a uniform
grid with 50x20x20 control volumes and as3 uadrature was employed for most calculations.
Exceptions will be identified in the next sectidme time step\t for the DOM was defined as
At=a.Ax/c, where the stability parametemwas set equal to 0.5.

4. RESULTSAND DISCUSSION

We first consider a medium with an optical thickmes SL = 10 and an albed@=os/ S =
0.5. The predicted transmittance and reflectangeats for the DOM and MC method are
displayed in Figure 2. The predictions are showrafoisotropically scattering mediurg=0)
and for a moderately forward scattering medigs0(3), whereg stands for the asymmetry
factor of the scattering phase function.

The DOM predictions are in relatively good agreetmetith the MC reference solution,
despite a slight overprediction of the peak valfiehe transmittance and reflectance. The
transmittance is initially equal to zero, since f@ms must travel throughout the medium
before they reach the boundatry: L. The photons travel at the speed of light, andefioee
those that are not scattered in the medium neethedqual toL/c = 3.33 nanoseconds to
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Figure 2. Predicted transmittance and reflectance £ 10 andw= 0.5.
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reach that boundary, and consequently the traresmoit signal is different from zero only
after that time. However, the transmittance becoamdg significant a little later, due to the
Gaussian nature of the incident pulse. The tramanté exhibits a sharp peak and a Gaussian
like shape, due to the collimated radiation comporigat is able to travel across the medium
without being fully absorbed. Downstream of the kped the transmittance, the signal
exhibits a strong decrease, but it does not dropeto. Instead, the transmittance remains
positive for some more time, due to the contributad the diffuse component arising from
scattering within the medium, i.e., from photonattered within the medium, which take
more time to reach the boundary. When forward edaty is considered, the peak of the
transmittance increases, and so does the traneogttaereafter, due to the greater number of
photons that are scattered forward.

The reflectance signal is entirely due to photdrad aire scattered backward. Therefore, the
reflectance decreases with the increase of the ragymy factor. The intensity of the short-
pulse laser only becomes significant after 0.3 saoonds, and achieves its maximum value
at 0.5 nanoseconds for = 10. Therefore, the reflectance increases rapafter 0.3
nanoseconds, and achieves a maximum shortly &igepeak of the Gaussian pulse occurs.
Then, it decreases slowly, as the number of baekiesed photons that reach tke= 0
boundary decreases.
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Figure 3. Predicted transmittance and reflectance £ 20 andw= 0.5.
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Figure 3 shows the transmittance and reflectanca fmedium withr = 20 andew = 0.5. In
this case, the width of the Gaussian laser pulsemaller, and therefore a finer grid in
streamwise direction was used, the number of gritka being 200x20x20. This was needed
to predict satisfactorily the sharp rise of thensmittance signal when using the DOM.
Otherwise, the predictions are not satisfactoryti@aarly for g = 0.3. Despite this, the peak
of the transmittance was overestimated by about. 15%

The transmittance signal is about four orders ofmtade smaller than in the previous case,
beacuse of the stronger optical thickness of théiung and it occurs earlier since the
reduction of the pulse width implies that the pedkhe laser pulse is also attained earlier.
Accordingly, the first photons also reach the bargck = L earlier than forr = 10, and a
sharper increase of the transmittance is then wedeMhe asymmetry of the transmittance
signal is due to the role of the forward scattgshdtons, which imply that the transmittance
decrases slowly a little after the maximum has bagserved. In fact, the marked change in
the slope of the transmittance signakat3.7 nanoseconds is due to the dominant role of the
collimated radiation component before that time,contrast to the dominant role of the
diffuse component thereafter. The reflectance atdhila peak that is approximately
independent of the optical thickness of the medibumt,which occurs earlier when the optical
thickness increases, due to the reasons discubs®e,d.e., because of the shorter incident
pulse width.

Figure 4 shows the results obatined for 20 andw = 0.9. Four different values of the
asymmetry factor have been considered, ranging fanmsotropic mediumg(= 0) up to a
strongly forward scattering mediurg € 0.9). In the last case, a mesh with 200x50x%@ gr
nodes was used, and the scattering phase funcégnnarmalized according to the method
proposed by Hunter and Guo [14] for the DOM. Thiaswneeded to obtain satisfactory
results, as discussed elsewhere [15, 16]. The M@igitons exhibit small oscillations, which
are due to the statistical nature of the methoesé&hcould be eliminated at the expense of
additional computing time, but this was not deemedessary for the purpose of the present
work. In general, the DOM predictions are in gogde@ment with the MC solution. Only in
the most challenging case, corresponding $£00.9, the discrepancies are a little higher, with
the peak of the transmittance being underestimayexbout 15%.

In the present case € 20, w= 0.9), the contribution of the diffuse radiatiocomponent to the
transmittance is dominant, while the collimated poment has a negligible contribution. In
fact, the transmittance far= 20 andw = 0.5 was of the order of Ppwhile in the present
case, with a much higher scattering coefficieng tinder of magnitude increases with the
asymmetry factor from 10 in the case of isotropic scattering, up t6°10 the case ofj =

0.9. In contrast to previous cases, there is ngosp@ak of the transmittance for the present
optical parameters, due to the dominance of tHes#fradiation component. The maximum
transmittance occurs progressively earlier, ansbimes more pronounced, as the asymmetry
factor increases. The reflectance displays a geatkoiccurs at the same time observedrfer
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20 andw= 0.5, i.e., the time at which it appears is iretegent of the albedo and asymmetry
factor, depending only on the optical thicknessttd medium. As the asymmetry factor
increases, the reflectance signal becomes weakdrdecays slower after the maximum is
attained.

Further insight into the influence of the opticatr@meters of the medium on the transmittance
signal is provided by Figure 5, which illustratée tinfluence of the optical thickness, the
albedo and the asymmetry factor of the scatterihgse function on the peak of the
transmittance, and on the time at which it occlrghe case of an optical thickness of unity,
the maximum transmittance is approximately indepahdf the albedo and asymmetry factor
(see Figures 5a and 5c), because the collimatep@oent is dominant in this case, while the
diffuse component plays a negligible role. When= 10, the maximum transmittance
increases slightly as the anisotropy of the phasetion becomes stronger, as formerly
observed in Figure 2, while a greater influenceliserved forr = 20 (see Figure 5a, as well
as Figures 3 and 4). The time at which the maxinmamsmittance occurs is higher foe 1
than for optically thick media, and it is approxielg independent of the asymmetry factor
for w= 0.5, while it decreases with the increase ofdblgmmetry factor foew = 0.9 (see
Figure 5b), as discussed above (see Figures 3)and 4

Figure 5(c) further reveals a consistent decredsthe maximum transmittance with the
increase of the optical thickness of the mediuroyigled that the albedo and the asymmetry
factor remain constant. Figure 5(d) shows thattilme at which the maximum occurs is
greater forr = 1 than for optically thick media. In the case 1, neither the albedo nor the
scattering phase function influence that time, bseathe collimated radiation component
prevails. In the case of optically thick media, theximum transmittance appears at a time
that marginally decreases with the increase obttecal thickness and is independent of the
asymmetry factor forw= 0.5, since the collimated component still dortesaHowever, fow

= 0.9, the diffuse component dominates, as obsemvegigure 4, and therefore the time
corresponding to the peak transmittance is larged increases with the increase of the
optical thickness.

The influence of the albedo is illustrated in Figgib(e) and 5(f). When= 10 andg = 0, the
albedo does not influence the maximum of the trattante, but this maximum appears later
when the albedo increases. When 20, the transmittance peak increases and itsreawe

is delayed with the increase of the albedo, siheecbllimated component becomes lower
than the diffuse component wheris close to unity, as previously shown in Figure 4

5. CONCLUSIONS
The DOM was used to investigate the influence @ dptical thickness of the medium,

scattering albedo and asymmetry factor of the agatf phase function on the transmittance
and reflectance signals from a short-pulse lasee fiesults were validated by means of

11
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comparison with Monte Carlo reference solutionse Tollowing main conclusion may be
drawn from the analysis carried out:

1.

2.

3.

In the case of a low or moderate optical thickn#ss,transmittance exhibits a sharp
peak, due to the dominating contribution of thdiowted radiation component over

the diffuse component. In that case, the time athvithe maximum transmittance

occurs is only dictated by the optical thicknesshef medium. The peak transmittance
decreases with the increase of the optical thickmdsthe medium, and the diffuse
component becomes dominant for strongly forwardtegag media. In the last case,
the peak transmittance occurs earlier for larggrmasetry factor of the phase

function.

The maximum transmittance increases with the isereaf the albedo and/or
asymmetry factor, except for small optical thiclg)esince in the last case the diffuse
component does not influence that maximum.

The reflectance exhibits a maximum that is independf the optical thickness of the
medium, increases with the increase of the albadd,decreases with the increase of
the asymmetry factor. The maximum reflectance a&air a time that is only a
function of the optical thickness the medium, doghe dependence of the incident
pulse width on the optical thickness.
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