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Chapter 1

Introduction

The BTEC thermal model is a 1-D and 2-D cylindrical coordinate system simulation of optical radiation and radio
frequency thermal interaction with tissues. The code supports the illumination of tissues by sources, the temperature
response from the linear absorption of optical radiation, and analysis of subsequent damage. The model takes its name
from the four primary authors of the model: Buffington, Thomas, Edwards, and Clark, although many others have
contributed.

Finite difference numerical methods are employed in the solutions of heat transfer. An alternating-direction-implicit
(ADI) finite difference method is employed in the solution of the heat equation in 2-D, while a Crank-Nicholson
Method is employed in the 1-D solution. The BTEC simulation can be configured with a source term defined by a
single or by multiple emitters, such as laser, RF, or broadband. The BTEC can also compute a source based on the
initial electric field profile and a refractive index distribution.

The tissue simulation is represented as a one-dimensional stack of homogeneous layers along the z-axis. Each layer
can have differing thermal, optical, and physical properties. The linear absorption coefficient of each layer defines the
energy transfer from the optical source to the tissue. Boundary conditions along the axial and radial (2-D) coordinates
may be selected as a sink (temperature held constant) or as a combination of surface boundary conditions (convection,
radiative, or evaporative).

The BTEC model currently employs a single rate-process model of thermal injury. User-defined parameters for dam-
age rates and activation energies as a function of temperature can be programmed for each tissue type or layer used. A
number of damage integral values or temperature shift searches are available in order to estimate damage thresholds
or for comparison to experimental data.

1
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Chapter 2

One-Dimensional Heat Equation

2.1 Heat Equation

The BTEC model employs a Crank-Nicholson Method [9] for the solution of the time-dependent, one-dimensional
heat transfer problem. A detailed derivation of the method is presented below.

The formulation begins with the time-dependent heat equation expressed in equation 2.1:

ov(r, 1)
ot
Here, p(r) is the material density, c(r) is the specific heat, and «(r, v) is the thermal conductivity. The expression v(r, t)

is the temperature rise and g(r, f) is the source, or driving term. The source term contains the effect of an optical or
radio-frequency source along with the effects of perfusion (blood flow).

p(r) c(r) =V . [«k(r,v)Vv(r,1)] + g(r, 1) 2.1

The product rule is used to expand this equation, yielding

ov(r, 1)
ot

equation 2.2 can then be expanded for one-dimensional Cartesian coordinates using the following:

p(r) c(r) = Vk(r,v) - Vv(r, 1) + k(r,v) V2u(r,v) + g(r, 1). 2.2)

Ok
Vk=—23% 2.3
K=o % (2.3)
0
V=2 2.4)
ox
&%y
Viy = — 2.5
™ 2:5)
Utilizing Equations 2.3, 2.4, and 2.5, the expanded heat equation is
ov(x,t)  Ok(x, 1) dv(x, 1) 0*v(x, 1)
p(x)c(x) - ox Fra K(x, 1) Fra g(x, 0. (2.6)
3
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2.2 Finite Difference Representation

The expanded heat equation from equation 2.6 is transformed to a finite difference representation. Space is discretized
such that calculations are computed from an indexed position, x; where

i=0,1,..M-2,M-1.
This spatial representation yields a finite difference representation:
1 1 2,141 | 2
v -yt OV + 0 V! ‘(5xv;’+ + 0!

,O[C[iTti = 0K 5 K 3 + &

2.7

In equation 2.7, the Crank-Nicholson Method is used. The forward finite difference at time ¢, and backward finite
difference at time ¢, are averaged in the Crank-Nicholson Method.

By multiplying equation 2.7 by 2 the expression

2pic;
% (V;H—l - vf’) = O,k; OV + 8ok SV + K OV + 1 62V + 2g; (2.8)

is found. Next, to group known and unknown terms, all v;’” terms are moved to the left hand side (LHS) and all v}

terms are moved to the right hand side (RHS):

2pic; V;H'l _
At

2pici ,

(0uki 6.7 + 2! = + Ouk; 6V + K 62V + 28 (2.9)
The derivative operators on v are expanded for final simplification using stretchable finite differences. Stretchable
finite-derivatives are used if a non-uniformly spaced grid is desired. Finite differences are used to represent continuous
derivatives in discrete computational space. Table 2.1 shows finite difference operators that will be used. Due to the

size of the equations, the calculations are presented in two parts, the LHS and the RHS.

Operator | Un-stretched | Stretched

. Jirr—fio1 Axi Axis=Axio ¢ _Axiy o
Orfi 7] moan Jinl ¥ R ae Ji T Anan fin1

5/2(ﬁ fixt —i,);i*'ﬁf]

2 2 2
Ax;Axiy ﬁ+1 Axiy Axi_ f’ + AxiAx;_ ﬁ’l

Table 2.1: Finite Difference Operator Table for 1-D Heat Equation
Here £ is a constant step size between points and the Ax’s are defined as
AXi = Xip1 = Xi-i
Axip = Xip1 — x;

Ax,-_ = Xi — Xj-1-.

4
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Left-Hand Side of 1-D Finite Difference Form
The LHS is defined as

2pic;

LHS; = T2
At

vl — (6XK,~ S/ + K,'c?)z(vl'-”l).

Expanding the operators on v,

2 n+1 2 2
— K ntl gy = el
ki [AxiAx,-+ Vsl Ax,-_Ax,-+ ! AxiAxi_ Vil

and collecting similar v terms, the expression

LHS; = [26; + OxkiAx; 1V

- AX,‘AX,’+
[ZPiCi OxkilAxiy — Ax;] - 2Kz]

At Axi_Axiy

n+1
i

" a2 Oukidi] i

is found. Now, if the following constants are defined,

1
ay = - Ay (2= Oukilhxis]

bl = 2pic;i  Ouki[Axi — Axi ] = 2k
Y Ax;i_Axis

1
L
= 2i+ 6XiA i
tor Ax,-Ax,u,[ K, KiAx;_]

the LHS can be represented in a simplified format:

_ L _n+l L_n+l L n+1
LHS; = apv') + bV + vl

Right-Hand Side of 1-D Finite Difference Form
Following the same formulation as for the LHS, the RHS becomes

2pi¢ o

RHS; = =52=vi + 8k 6.7 + ki 3V + 2g;.

The operators on v are expanded to form

20i¢;
RHS; = —V!
At !
5 Axi_ T Axi+ - A.X,'_ Ax,'+ n
Ki Vi ;= Vi
AX,’A)CH i+l AX[,AXH ! AX,’AX,‘, i1
2 2
+ K; V- v+ !
K AX,‘AX[+ i+l A)C[,AXH ! AxiAx;, Vl]:|
+2g

5
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and then by collecting similar v terms, the expression

is found. Again, the constants

RHS,; = AxAxi, [2k; + O kiAx;_] Vlr-lJrl
2pic; N OxkilAxiy — Axi ] = 2K |,
V.
At Axi_Axi; !
+ AxiAx,-_ [2K,' — 6XK,'A)C,'+] V;q_l + 2g,
af = ! [26; — O kiAxit]
i = AxiAxi_ i xR+
bR = 20ici  Oxki[Axiy — Axi ] — 2k
! At Axi_Ax;y
R 1
= ——— 2k + O0xkiAxi_]

! Ax,-Axi+

are defined so that the RHS can be simplified to

RHS; = afv;’_l + bfv:-' +cfv 4 2g

i Vi+l

Combining Equations 2.16 and 2.23 the simplified set of equations appears as

L n+1

a;v;

-1 T

L. n+l L. n+l _ R R R n
bV + Vil = aivii + bV + vy

i+

2.3 Solution Matrix Representation

+ Zgi.

(2.19)

(2.20)

2.21)

(2.22)

(2.23)

(2.24)

The RHS of equation 2.24 can be found explicitly everywhere and is a constant to be calculated. For this derivation
when a boundary is encountered, the edge point will be held at zero. This is the simplest boundary condition and will
hold the edge values to zero. In the future, these edge points will need to be modified for other boundary conditions.
The LHS of equation 2.16 must be solved implicitly using the Thomas algorithm [9]. Below in equation 2.25 is the
matrix representation of the tridiagonal system that must be solved:

- L L
b
ay b

L
Oa2
| 0

0
L

€

L
¢
as

0 1r +1 7

V8+1

Vrll+1

& : VSH
L L A
b3 5 3

. ’ 0 irl
L L L Vi

ay_, b R C i v%:ll

0 ay, by, 1Y VM

RHS
RHS,
RHS,
RHS 5

RHS y-
RHS y

(2.25)

In equation 2.25, it is assumed that v_; = 0 and v,;4; = 0. This is the simplest boundary conditions corresponding to

a sink. Other boundary condition are possible by modifying the terms by, co, ay, by, RHS o, and RHS y;.

6
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2.4 One-Dimensional Boundary Conditions

24.1 Constant Temperature Boundary Condition

Also known as the sink boundary condition, this is the simplest of the boundary conditions. This boundary condition
holds a boundary temperature change equal to zero. In this model, the constant temperature boundary condition
implies that

% =0. 2.26
Xboundary ( )

where Xpoundary €an be Xy OF Xpax. In the BTEC 1-D Thermal Model, this boundary condition is implemented as an
option for use on both surface boundaries.

2.4.2 Insulating Boundary Condition

The insulating boundary condition implies that no energy flows through a boundary. This is translated mathematically
to imply that the temperature gradient is equal to zero at the boundary:

o =0 (2.27)

X
Xboundary

2.4.3 Convective Boundary Condition

The convective boundary condition is a linear boundary condition for which the rate of energy loss on the boundary is
proportional to the temperature difference from the ambient temperature. The proportionality constant has a value in
power per area per degree and is known as the convective heat transfer rate, &,:

P
L == ve) (2.28)
Xmin
8
Xl - (2.29)
ax xmax

Here v is the temperature on the surface and v, is the external ambient temperature.

2.4.4 Radiative Boundary Condition

A radiative boundary condition follows a Stephan-Boltzmann law where the energy loss rate per unit area is propor-
tional to the difference between the surface and ambient temperatures to the fourth power:

i =oe(T* - TH (2.30)
ox

Xmin

T is in units of Kelvin and 7', is the effective ambient temperature. The effective ambient temperature is a value which
is slightly larger than the ambient temperature and corrects for heated air from the surface [5].

This boundary condition is a non-linear boundary condition which cannot easily be represented in a finite difference
implementation. The following Taylor approximation is used to linearize the boundary condition [6]:

T - T*~4T*(v-v,) (2.31)

Also, the heat transfer coefficient can be defined as

h, = 4eoT?3. (2.32)
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The linearized radiation boundary condition equation can be written as

P
Pid IRV (2.33)
6)C Xmin
and
L (2.34)
ax 'xmaX

2.4.5 Evaporative Boundary Condition

The Lewis analogy for evaporative loss is implemented in the model as an optional surface boundary condition. The
method has been employed to include the energy loss from surface evaporation as a function of ambient temperature
and relative humidity:

ov
Ka N —Ovap (2.35)
ov
— = 0w 2.36
K[)x Xmin Q ' ( )

2.4.6 Combined Boundary Conditions

As these surfaces have differing signs for outward-facing unit normal vectors, energy flows will be described with
opposite signs:

ov
Ko~ = he(V = Veo) + h(v — v,) + Qvap (2.37)
0x Xmin
ov
—K—- = he(V = Veo) + h(v — v,) + Qvap (2.38)
Ox|,
max

In addition, values of emissivity and convective heat transfer rates (4. and /.) may have differing values, if material
properties differ at the two interfaces.

2.4.7 Boundary Condition Derivations

In order to apply the boundary conditions to the Crank-Nicholson Method, the derivatives in Equations 2.37 and 2.38
need to be approximated with a finite difference and then solved for the fictitious points v_; and v,,. This needs to be
done for v"* and v**1, Lastly, to be able to switch any of the three boundary conditions on or off, three variables a, b,
and ¢ will be added:

0
K—V = ah,(V — Vo) + D (v — v,) + cQyqp (2.39)
0x Xmin
—K@ = ah,(V — Vo) + D1 (v — v;) + cQyqp (2.40)
ax -xmax
To find v, the following formulation is used:
Y=y
Ko———+ = ah(V§ = Veo) + b, (v = v,) + ¢Quap(V}) (2.41)
X1 — X1
Let
8
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1
Vi =V - B—O[ahe(vg — Veo) + bI, (v — ;) + ¢Quap(vp)]

and then rearrange terms to obtain

Vi =+ (ah Voo + bhyv,) — O(ahe + b )V — ﬂiogmp(vg).

Finally let

qr = ah,vs + bh,v,,

q>» = ah, + bh,,
and
n q
Vo= Vl ,3_ ﬁ ﬁ Qvap(V())

For v}, the result is very similar:

qr 92

V=V, -V - Qm(v" )
M M-2 ﬁM—l BM—] M-1 ﬁ . P 1
To find v"*! use
VIIH—1 B VTI—l _ _ n+l n+1
Ky——————— = ahe(Vn Vo) + bh (V V) + CQvap(V() ).
X1 — X1

In order to find v*{! and v4;", the value of Q,,,(v"*") must be approximated using the Taylor series:

7 n QV{I n
Qvup(y +1) ~ pr(v )+ — ( ! Vn)
VI‘L
For more simplification, let
d va
y = |
dv Y

By putting in the approximation and rearranging terms,

n+1 Vn+l _ —[Clh (vn+l _ Voo) +bh (Vn-%—l _ Vr) + CQvap(Vn) + }/(VVH—I

can be found. Next use ¢, and ¢, to once more simplify the answer:

o, 4 @ty 7
V’1+1=Vn+l+_0+_ Qva (V)
! ! Bo  Po Bo B

Again, the v”“ point is very similar:

S n+1 YVM-1 qr q2 yvn+]
M

Vavn
- ﬁM—1+,3M1 Bu-1 M ,B—Qp( )

9
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(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

2.51)

(2.52)

(2.53)

(2.54)



2.5 Boundary Condition Implementation

With all the fictitious end points found, they can be placed into the Crank-Nicholson Method.
Start with equation 2.16 at i = 0:

LHS = afv"t' + b5yt + chv! (2.55)

Incorporating equation 2.53 into equation 2.55 yields

+
LHS = (bé - _Clzﬁ yaé)vﬁ” + (ch + agt!
0

. (2.56)

+ ’Z—Z(VVS +qr— CQvap(Vg))~

Note that the last term in equation 2.56 needs to be moved to the RHS because it does not have a v**! term. This
results in the final LHS in being

+
LHS, = (bg - qzﬁ—yaé)vg” T (ck + aby 2.57)
0
Start with equation 2.23 ati = 0:
RHS = agvfl + bgvg + cgv’l’ +2go (2.58)

Putting equation 2.47 into equation 2.58 yields

RHS = (b§ - Z—zag)vg +(cF+ afy!

R (2.59)
2 (g = cOup )2
+ —(qr — cOvap(v, .
Bo q pVo))=80
The piece from the LHS is added on. Then
RHS o = (bg - g_zag)vg s (e +
. 3 (2.60)
+ 20 g, = c0upO) = v + s = cQuap) + 280
ﬁo 7 vap\Vo ,80 0 r vap\Vo
is found. For M — 1, the LHS is
+
LHS y_y = (cky_, +ak,_ Wil + (bﬁl_l - qﬁz—lyc;_l)v;;_ll 2.61)
M—
and the RHS is
RHS vt = (g + diyy Wy o + (bﬁ—l - 18214_2_‘15—1)"341
. . (2.62)
F M (0, V) = 2 (e + 4 = cQup (Vi) + 280
ﬁMfl r vap\V p—1 ﬂM—l M-1 r vap\” M-1
10
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Chapter 3

Two-Dimensional Heat Equation

3.1 Heat Equation

Beginning with the two-dimensional heat equation in cylindrical coordinates,

v kodv 0 [ Ov o[ ov
— =+ —[k— |+ = |k— ]+ A .1
P = T or " or (K(?r)+ 0z (Kaz)+ G-

where k = k(z) is the thermal conductivity of the tissue, measured in [ ¢ = c(2) is the specific heat of the tissue

e
emsC )

measured in [gic], p = p(z) is the density of the tissue measured in [%], v = v(z, 1, 1) is the temperature rise at the

coordinate (z,r,t) [°C], and A = A(z, r, t) is the source term in units of [C nf%]'

The numerical approach used in the BTEC is that of Peaceman Rachford [8] and utilizes a split time step to alter-
nate between radial and axial derivatives.

3.2 Finite Difference Representation

Simple numerical central-difference derivative approximations are shown below for both first and second order deriva-
tives. They are shown first for a uniform grid and then for a stretched grid.

3.2.1 Uniform Grid

First Partial Derivative
OV Vil —Vj-1
A b S 3.2
or 2Ar (32)

Second Partial Derivative

— = (3.3)

3.3 Non-Uniform Grid

In order to extend physical space out in the radial direction without using vast computational space or making the
grid spaces about the axis too large (where the highest concentration of points are needed in order to model a beam
accurately), a stretched grid is required. The following finite differences are geared to handle the variable step sizes in
r. The notation used is defined below:
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Ar=rj —riq
Ar+ = I"j+] - Fj

AV,ZVJ'—}’];]

3.3.1 First Partial Derivatives

v Vil —Vj-
A b S S it 4
or Ar 34

3.3.2 Second Partial Derivatives

v _[vin—vi vi—vjia]2
or? Ary Ar_ Ar

(3.5)

3.3.3 Simplified Notation

The finite difference approximation for the numerical solution of the heat equation requires the following terms (from
11.13): v(z,r, 1) _>V?,j

r —r;j=0,1,2,....N
z —z;1=0,1,2,...M
A(z,r,t) —>Al’.fl.

Where i is the axial coordinate (z) index, j is the radial coordinate (r) index, and »n is the time index representing
the time step At, from an initial condition.

The derivation will be simplified further by using the following defined terms:

20:c;
B=p =%

n’=n+% n=n+1

Ak; = Kip1 — ki1

Arj=rj —rj Azi =z — iy
Ary =rj—rj Ar_=rj—rjiy
Azy = Zi1 — 3 Az =z -z

t, = nAt, (assuming equally-spaced time steps)

12
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3.3.4 Finite Differences

The terms required to represent the two-dimensional heat equation in a finite difference form become

k (Ov\[" K; i N
4t IR o
9 Ka_v ! _ Vil Vi _"Z.f“’ﬁj—l 37)
or \ or i Ar;j Ar, Ar_ ’
9 (Ka_v)” _ 2 Vieg " Vi Vi T Vi1
9z \ 0z)|; i Az; Az, Az_
0K [ N
+A_Z2<Vi+l,j_yi—l,j> 3-8)
av|” ,
el = A0 ). (3.9)

Axial Boundary Condition
Due to the symmetry of an axial problem

i 0 3.10
ar 10

By evaluation of equation 3.10 using the finite difference representation from equation 3.6, the following relationship
can be found across the r = 0 boundary:

Vio =V (3.11)

This is convenient because the v_, point doesn’t exist in the problem space and is just considered a “phantom point.”
Also, because of the symmetry of the problem, the phantom grid spaces are evaluated by

Ar_ = Ar,

3.12
Ar =2Ar, . ( )

Applying Equations 3.11 and 3.12 from above to equation 3.7, the radial second derivative finite difference approxi-
mation at r = 0 becomes

a ( ov\"
or Kar 0

The relationship in 3.10 does not, however, imply that the equation 3.6 goes to 0 as % does not necessarily equate to 0.
To find this relationship, L’Hospital’s Rule is utilized:

2K,'
- Ar? (

Vi = vgo) } (3.13)

1dv v
im-— = —
—0 rOr  Or?

Combining equation 3.13 and equation 3.14, the first derivative finite difference approximation at r = 0 becomes

k(9
r \or

(3.14)

n

- AZ_Z(V;{] ) - (3.15)
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3.3.5 Finite Differences with Simplified Notation

The simplified finite difference expressions are substituted into the heat Equation 3.1. Note that there will be a separate
expression for j = 0 because of the » = 0 boundary condition:

i=0
7 n’ n 4Ki n
B; (V:',o - ":‘,0) = A2 (Vi,l - VZO)
+
L2 (V?n,o ~Vio  Vio~ V?I,O)
Az; Azy Az-
0K .
+ A2 (V:"+1,o - V:'—I,O)
+ A;f;)
(3.16)
j=12,.N-1
n (. n Vn _ Ki Vn vn
B; (Vi,j_ i,j) = , ( N i,j—l)
riAr;
N 24; Vi T Vi B Vij T Vijo
Ar; Ar, Ar_
. 2« Viag ~Vij B Vij T Vicn
Az; Az, Az
6K n n
+ A_Zz (Vi+1,j - Vi—l,j)
+ Al
(3.17)

3.3.6 First Half of Peaceman-Rachford
The Peaceman-Rachford method consists of a split time step. The derivation of the first half of the time step is outlined
in this section. It is an advantage to symbolically represent all of the radial differential operators as D, and the axial

operators as D, so the problem can be represented in a familiar matrix-vector language.

Equations 3.16 and 3.17 are rearranged to yield
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4K,' 4K,‘

n
12

Bivio =Bivio

V. — —V.
Ar? -1 Ar? i0
2k; , 2kK; , 2kK; , 2k; ,
+ Ly Lyl o+ V=V
AZiAZ+ VH—I,O AZiAZ+ 1,0 AZiAZ— i+1,0 AZiAZ—Vl’O
OK 0K
+ A_ngi+1,o T A2 1o
+ A?,/o
, 2K; 2k; 2kK; , 2kK; oK) .
| - —— + —— V|- = |V
lvl,() ( AZiAZ— ] l 1,0 (AZ[AZ+ AZiAZ—) ,0 ( AZiAZ+ Azlz) i+1,0
4; 4k;
v (A )yt e,

oK 2K; , 2k [ 1 1 y oK 2K; y
- Vet ”v" +— |Vt - — V!
( A AZiAZ_ ] i-1,0 (ﬂ AZ; (AZ+ Az_ )) i,0 [ Ale AZiAZ+) i+1,0

4 (3.18)
K
' v+ + A"
(ﬁ AJr) i,0 (Az) i1 i,0
j=1,2,.N-1
, K Ki
o pnan o — o 7L g T
ﬁl i,j ﬂz i,j rjAerz,]Jrl rjAerl,]—l
+ 2K,' n 2Ki 2K,’ noy 2K,' o
Vo4 — S = V.. A
ArjAr, L+l ArjAry Y ArjAro Y ArjAr- bi=l
2kK; 2K; 2k; 2k;
+ ——t Ly~ Lyt Lyt
Az, T Az, T Aadal T BnAzl
oK 0K
+ AZ;V?H,J'_ AZ;V?—l,J
. i
, 2k; oK) . 2k; 2kK; , 2k; oK) .
AV Lo+ 4+ L 4 LW+ |- L,
Fiviy ( AziAz Azl.z) h (AZiAZ+ AZiAZ_) b ( AziAz, Aziz]v”l”
i 2k; 2k; 2k; ; 2k;
PRI VA B VN PN PO
g riAr;  ArjAr_ ] " ArjAr,  ArjAr_) " riAr;  ArjAr, )
0K 2k; 2k [ 1 1 , 0K 2k; ,
— - : +— +— |+ - |V, .
(Azi2 AziAz- ) (ﬁ Az (AZ+ Az_)) b [ AZ AZiAZ+] HLJ (3.19)
Ki + 2K,‘ o " ﬁn 2K,‘ 1 n 1 noy 2K,' Ki n +Anl '
= [——— RO T — — ||V, = Vi, T,
riAr;  ArjAr_ bi-l YA \Ary  Ar_]) Y \ArAre riAr L+l b
15
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In order to simplify the matrix representation, the following terms are defined:

1 — [« _ 2« 2 :( n 2K, ( _)) 3 —(_k _ 2
6Zi - (Az[z AziAz_) 62!' - Az, + Az 621‘ - A2 AziAz,
1 — —(pn _ 4K, 3 Axi
ori, =0 = (ﬁ ) ory = A
1 — Ki 2k; 2 — (pn 2K, 1 1 3 _ 2 _Ki
ori; = (r,-Ar, Ar,Ar_) or; = (ﬁi ar; (Ar,, s )) or; =\ aran r_,-Ar_,-)
Substitution of these simplification variables into 3.18 and 3.19 yields
_ 2 .n 3 .n n
oz V! 0t oz Vzo +062)V} 10 = OrigVip + 017 vig + Aip (3.20)
v
6zl i 11+6zlvl]+6z, l+1] 6r,jv7] 1+5"UVU+5V,]V,J+1+Ai,j~ (3.21)
In matrix-vector notation, the first P.R. step becomes
D" =DV + A" (3.22)
m = DV + A"
ork. 61 0 0
Wi B0 TR0 Yio Aip
6r.1 6;’.1 6r.1
Wi i, i, i, Vil Ai,l
Wi 1 2 3 Vi A;
0,2 0 6ri’2 (5r[.’2 (Sri’2 i2 i2
= +
0 A
Wi N-2 2 3 Vi,N-2 i,N—2
wl STy O iN-2 or, V-2 vl Al
| WiN-1 ] L Vin-1 1 | Ain-1 |
0 0 6;’1.’1\,_1 6ri,N_1
DV = w,
ros 2 3
61{ 6z£ O3 0 Vi W
6Z2 522 6Z2 V2,j wy,j
1 2 3 Vo i w3 ;
0 o6z 0z5 oz J 3,J
. 0
1 2 3 VM-2.i Wpm-2,j
0Zn_,y 6211‘4_2 6z12w72 , J . .
L Vm-1,; 1 | wm-1,5 |
0 0 0Zp_y 0%y | J J

3.3.7 Second Half of Peaceman-Rachford

Now equations 3.16 and 3.17 can be arranged into the form of the second half of the Peaceman-Rachford step. This is

done in the same manner as the first half of the P.R. step.

j=0
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” / 4ki o Ak

"n Y _ n 1
Bivio=BiVio = ——=Vii— 3V
Ary Ars
. n’ . n’ . n’ . n’
. 2K,Vi+170 ~ 2K,Vi’0 ~ 2K,Vl.’0 2K,Vl._1’0
Az Az, AzAz,  AzAzl AziAz-
n n'
. 0KV 10 B 0KV o
AZ? AZ?
w
+ Al
" 4k; " 4dk; "
Biviy+ _; Vip + __; Vi =
’ Ary) © Ary) ©
, 2k; 0K , 2K; 2K; , 2K; oK , ,
. N ! 4 i n 1 n
v+ — - — |Vt |— - —— |V | —— + — |V, + A
i 7,0 (AZiAZ— Ale i—1,0 AZiAZ+ AZiAZ— i,0 AZ;’AZ+ AZ? i+1,0 i,0

=5

(ﬁn+ 4Ki) ,,+( 4,<,-)
A — |V -y, =
PAR) A2

0K N 2K; . I 7 2k [ 1 N 1 "oy 0K N 2K; HA
_ —_ V. Ve, — — — | V: —_— — |V ;
A AziAz- =10 R0 Az \ Az Az )]0 A Azhz, #+1,0 770

j=1,2,.N-1
" , K; , K; ,
BV = ——V - — V)
Bl i,j Bz i,j rjArj i,j+1 rjArj i,j—1
i 2Ki ./. _ 2K,' V':l/-— 2Ki V(".-i— 2K,' Vrf/‘
ArjAr, Lyl ArjAr, Y ArjAro Y ArjAre hj=1
+ 2K,‘ Vr.z/ o 2K,‘ V’-1/4— 2K,‘ va‘_{_ 2K,‘ V'./', .
AziAz, "N AziAzy Y Az Y AgiAz T
N OK OK
—_—y = =V .
2 i+l j 2 7i-1,j
Az Az;
o
+ Ai’j

” K; 2K; " 2K; 2K; ” K 2K; "
| —— — Y U L ——— - ! n
Pivij (rjArj ArjAr_ ) Lt (ArjAr+ ArjAr_ ) b ( riArj  ArjAry ) Vi jrl

B+ 2k; 0K S 2k; 2k; "o, 2k; N 0K | v AT
=B, —— P — — V. — V. o
R\ AziAz A2 ) Azidz,  Azdz | \Azdz,  AZ2) T
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K; 2kK; ” 2kK;
- vn + (l +
(rjArj ArjAr_) b1 (ﬂ’
0K 2Ki ’
=|-— 4+ T+ 8 -
( Ale AZiAZ_ ) Vl—l,] (:Bt

i1 . 1 "
= — v =
Arj\Ar,  Ar_)] "

2k; ( 1 N 1 -
— ||V,
Az, Az, Az )] Y

2Ki
ArjAr,

0K N
AZ

Again, in order to simplify the matrix representation, the following terms are defined:

1ok, 2 2
9z —( az t Az,»Az,) oz =

- .
oriy=0 oriy =

I — & _ 2 2 —
or; = (r,»Ar,» ArjAr ) or;,

n 2 (1, 1
(ﬁ,» A (Az+ tac ))

7 4k;
(g1 + 2)

oy 2 (1, 1
(:8 Ar; (A Y >)

Substitution of these simplification variables into 3.23 and 3.24 yields

1

_ A
6r10 _(

2
Ary

3 —(__ 26 _ _ki
6ri,j_< ArjAry )

"
6r0v +6r v’0—6z VL ]O+6zlvlo+6z Vz+10+Azo

orly

1

In matrix-vector notation, the second P.R. step becomes

w1,j
w2,j
ws,j

Wp-2,j
| wy-1,j ]

)
6ri‘0

6r11
i

0

n 2 n
jl]1+6lj l]+6rljvij+1 (SZVI1]+5Zlv7]+6ZlV?+lj+A”.
D" = Dy’ 4 A"
W=Dy + A"
- 2 3 n
6z(1, &3 03 0 Vi, Al,j
b
6Z1 621 6Z1 V2,j Az}j
1 2 3 % A%
0 o6z, 6z; ¢z J 3,j
+
. 0 ,
1 2 3 YM-2.i A" .
0Zy 6z1114_2 6112‘472 ) J A%_l’j
L VMm-1,j | )
0 0 0z Oy | ] L Am-1,j |
DV =w
6r 0 0 . .
6r or Vio wi0
i1 Vil Wi 1
1 2 3 Vi w;
(5ri’2 6ri’2 6rl.,2 i2 i2
.. . 0
1 3 ViN-1 Wi N-1
Sriy, O iN-2 or V-2 vl wl
L Vin-1 | | win-1 |
0 0Nt TNy
18
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2Ki
Az;Az,

3 =Sk
0z; _(Azlz+

K ) "
T A | i
riAr;

)V:+l J A"

2K,‘
AziAzy

)

rjArj

(3.24)

(3.25)
(3.26)

(3.27)



3.4 Boundary Conditions

34.1 Constant-Temperature Boundary Condition

Also known as the sink, this is the simplest of the boundary conditions. This boundary condition holds a boundary
temperature change equal to zero. In the model, this implies the following:

.., = 0 (3.28)
V,, = 0
Y, = 0 (3.29)

In the implementation of the BTEC Thermal Model, this boundary condition has been implemented for optional use
on all boundary surfaces.

3.4.2 Insulating Boundary Condition

The insulating boundary condition implies that no energy flows through a boundary. This is represented mathemati-
cally as a zero temperature gradient at the boundary:

ov

— = 0 3.30
orly,,. ( )
v

- = 0

0z,

ov

— =0 3.31
0Z Zmax ( )

Applying a central finite difference to equation 3.30, it is found that
Vin = Vine (3.32)

where 7,,,, corresponds to j=N-1.

The first half-time step in the finite difference Peaceman Rachford Method (implicit in z) is

n
i—

1 2.1 3.1 _ 1 n 2 n 3 n n
0z Viiy not 0% VN + 02 Vi yoy = 0T N Vinea + OFn_Vinoy T 08 noy Vi + Al - (3.33)

Incorporating equation 3.32 into 3.33, the following relationship is derived to be implemented for an insulating bound-
ary condition:

1. 2.0 3.n _ 1 3 2 .n n
SV oy + OV + 0TV oy = (0 4+ 01 ) Vi + OrE Vi + AT (3.34)

The second half-time step of the Peaceman Rachford Method (implicit in ) has the finite difference representation
shown below:

1 n” 2 n” 3 n” _ 1. 2.0 3.0 n
OF; N1 ViN—2 + O Vinoy T 01 N Vi = 02 Vil yog + 0% VN + 02 Vi vy + AN (3.35)

i—

Applying equation 3.32 into 3.35, the following relationship is derived to be implemented for an insulating boundary
condition:

1 3 N 2w _ el 20 3 Y
(5ri,1v—1 + 5’i,1v71) Vinoa F 0N Vinot = 0% Vi yoy + 0% Vinoy + 0% Vi o T Al (3.36)
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3.4.3 Convective Boundary Condition

The convective boundary condition is a linear boundary condition for which the rate of energy loss on the boundary
is proportional to the temperature difference from the ambient temperature. The proportionality constant has a value
in power per area per degree and is known as the convective heat transfer rate, /.. In the case of the 2-D model, this
boundary condition has been implemented as an optional boundary condition for the z,,;, and z,,,, surfaces:

Kgi/ =h,(V — Vo) (3.37)

Zmin

Here, v, is the ambient temperature, relative to the baseline tissue temperature.

3.4.4 Radiative Boundary Condition

A radiative boundary condition follows the Stephan-Boltzmann law where the energy loss rate per unit area is propor-
tional to the difference between the absolute surface and ambient temperatures to the fourth power:

K@ = et -6 (3.38)
Ox

Komin

The temperatures, 6 and 6,, are the surface temperature and effective ambient temperature, in Kelvin. The effective
ambient temperature is slightly higher than the actual ambient temperature, and corrects for heated air from the surface.
This boundary condition is a non-linear boundary condition which cannot easily be represented in a finite difference
implementation.

3.4.5 Evaporative Boundary Condition

The Lewis analogy for evaporative loss is implemented in the model as an optional surface boundary condition. The
method has been employed to include the energy loss from surface evaporation as a function of ambient temperature
and relative humidity:

ov
Kﬁ_z = Qvap (3.39)

Zmin

3.4.6 Combined Boundary Conditions

In order to implement a meaningful surface boundary condition for the 2-D model in cylindrical coordinates, it is
important to place surfaces at the minimum and maximum z coordinates. As these surfaces have differing signs for
outward-facing unit normal vectors, energy flows will be described with opposite signs:

Kg—y =he(v—ve) + 0-5(94 - 9?) + Ovap (3.40)
Z|,
ov 4 4
—Ka— =he(V=Voo) + 00" = 0)) + Oy (3.41)
ré

Zmax

In addition, values of emissivity and convective heat transfer rates may have differing values if material properties
differ at the two interfaces. The implementation at the z,,;, surface within the finite difference method are considered
and then the additional parameters required for code implementation are examined.
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3.5 Boundary Condition Implementation

In the BTEC (2-D) Peaceman Rachford Method, there is an alternating-direction implicit method. For each half time
step, the system of equations implementing boundary conditions is different. The half-step implicit in z is considered
first. The following equation utilizes the notation for differential operators.

571 + 62V + 67

lI]j iV, lz+1/

=or) Vi ]+6r,jvlj+6r Vi +A (3.42)

The z,,;,, coordinate is indexed in the model as i = 0, such that the surface boundary condition can be represented as

1.7 3 1 .n 2 .n 3 .n n
ozgVly ; + (5101/0] + 6z0v" = 0rg Vo, jo1 T Or 1o, + 01 Vo js1 +Ap - (3.43)

The vf/l ; coordinate is a fictitious point, eliminated by solving for this coordinate in the boundary condition represen-
tation:

, , 1 , Qvap(vy ) Y(Vo )
y’il’j:VT’j+E(h1+h,.)V8’j+%+ 3 Ly [3]
The fictitious point is eliminated through substitution to eliminate v’fl ; in the finite difference representation. The LHS
of the finite difference representation at the boundary becomes

oL = V0,) (3.44)

1

P! pALH
LHS = 0, 6ZO(B(h| +h)+ I

Qvap(vg ;) ¥(vp,)
qr " PRU0,j ]—61(1)[ 0.j Vn()j:| )
B B B
The second half-time step of the Peaceman Rachford Method (implicit in ) has the finite difference representation
shown below:

) ,
Ly ¢ 6z(2)} +v1 ;|02 + 073
(3.45)

+6Z0

5",'1,]"’,"’,: L+ 6rl]vl] + 5r” ”+1 6z V: Lt 6zlzvl"l + 6zl Vl"+1 ¥ +A” (3.46)
At the minimum z coordinate boundary, i = 0, yielding
O Vi i1+ OTg Vs + O Vo 11 = 020V" 1 j + 629V + 62V;  + AG (3.47)
and the explicit boundary condition representation is
VI =+ ﬂ(hl + Vg + E + ﬁQmp(vo,) (3.48)

The boundary condition relationship in equation 3.48 is used to replace the phantom point in the finite difference
representations. The right hand side of second P.R. step then becomes

. 1 ’
RHS =V [&(‘) gl +h+ ozg| + i ;|02 + 023

(3.49)
+6

+ Qvap(v() )
ﬁ B J
The implementation of surface boundary conditions involve several functions determined by absolute temperature in
Kelvin, temperature in Celsius, or a relative temperature. The finite difference solution is implemented in terms of
change in temperature. The code tracks various temperatures in terms of the current finite difference solution or in
terms of measured temperature.

n
+A0]
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In addition, the software implementation of the surface boundary conditions will allow the user to simply switch a
given effect on or off. The code will use the same solution for any combination of convective, radiative, and evapora-
tive effects.

Various temperatures are defined to simplify the notation of the boundary conditions. Temperatures in Kelvin are
denoted by, 6, temperatures in Celsius are denoted by, 7. The convention of relative temperature has already been
used throughout this paper, and are denoted by v.

v=T-T, (3.50)
where T is the baseline tissue temperature. The relative ambient temperature is
Voo =Too — T . (3.51)

The effective relative ambient temperature is
v, =T, —Ty (3.52)

In addition, the variables a, b, and ¢ are defined to represent switch values for each of the convective, radiative, and
evaporative boundary conditions, respectively. The following intermediate values are also used to simplify notation.

h, = 4eoT? (3.53)

q2 = ahy + bh, (3.54)

qr = ahve + bh,v, (3.55)
d va

Y Bur). (3.56)

The boundary condition at the z,,;,, surface is then given by

v

K—

= ah,(v — veo) + boe@* - 6)) + cQyap (3.57)

Zmin
where a, b, and ¢ may be assigned differing values on the z,,,, surface.

The derivation of the implicit and explicit (in z) finite difference representation of the i = 0, or z,,;, grid positions are
obtained in the following equations:

vgﬁj [&3 (E + /3) + :j(dz{) +07,)

qr V"~
B B B
v"0]1+(5rojv” +(5r01v”]+l+A

52, (3.58)

Q»ap(vo ,) +

_ ool
—5”0,

Lo S s
Or0,1¥0.j-1 T 070,05 + 070, Y0 j+1

= vgjj [&0 (5ZO(E + ﬁ)
qr

g B

+ V] (62 + 6%) (3.59)

""5 Qvap(Vo ])

n
+AOJ
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The same boundary conditions at the z,,,, surface are also defined.

Note: In the BTEC model implementation, the nz — 1 index is a position on the boundary and the nz index repre-
sents a fictional or phantom grid-point, and repeats the derivation for the equations above:

+ VM 1 ]((5zM + 5ZM)

VMJ [6ZM_6ZM( ﬁ + F)
+6 Qvap(VMj) + Zvl’l (360)

[3 B B

_ 1 n 3 n
= 5rM,ij,j_1 + 6rM’ij’j + 6rM’jv"M’j+1 + AM’]

- o s
Oru Vi jo1 + 0T Virj + 0T Vi s

:v;;,j[(szgl—azm% + Vi (0% + 62} (3.61)
w625, | L 20,0 | + AL
M 8 ﬁ vap\V'p, j M,j
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Chapter 4

Source Terms and Perfusion Effects

4.1 Source Term Representation

The BTEC thermal model has the capability of using several different types of source. Ultimately, a 3-dimensional,
cylindrically symmetric, time dependent, source term with dimensions of W/cm? is needed to solve the heat equation.
All source terms (from multiple lasers, perfusion, etc.) can be summed into one function, denoted by A(z, r,t). This
function is then the single source term for the Heat Equation.

BTEC thermal can compute a Beer’s Law source based on the profile of the beam and the absorption. With the Beer’s
Law source the model is set up to compute the source term for a flat-top, Gaussian, and annular profile beams. The
BTEC model can also utilize wave propagation. The finite difference wave propagation and Hankel wave propagation
methods compute the source term based on the initial electric field distribution and the current refractive index of each
node. The refractive index varies with temperature and the source term is recomputed. The wave propagation methods
and their derivations are discussed in more detail in Chapter 6.

The heat source term for the formulation of the thermal model was examined through two differing approaches. The
different approaches are referred to as the optical model and the radio frequency model. In the optical effects formu-
lation, the time-dependent solution to the Heat Equation is determined for a source term defined by equation 4.5. A
localized heat source term estimated from a simple linear absorption is commonly used for optical frequencies. The
time dependent amplitude is assumed to be a square-pulse temporal profile with a Gaussian, top-hat, or annular spatial
distribution.

4.1.1 Beer’s Law

The 3-dimensional, time dependent, source term computed by Beer’s Law is
A(z, 1, 1) = palo(r, t)e ™ “4.1)

The exponential decay in the z direction is dependent on the absorption coefficient, y,. Iy(r, ) is the incident, spacial
beam profile. The three beam profiles mentioned are represented below.

Flat-Top
Io(r,1) = { (])" :fg “.2)
Gaussian
Io(r,f) = Ie™” 1" (4.3)
25
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Annular

_J h, osr<o;
IO(r’t)_{O, r<oy,r>os “4)

The beam radius is given by ,sigma, and the Peak Incident Irradiance is Ij.

4.1.2 SAR
A(z, 1, 1) = h(z, r)Hy(4, Hua(z, 1) 4.5)

This source term provides a time-dependent description of the linear absorption of optical energy as a function of
depth in the tissue, complete with spectral and radial dependence of energy being absorbed. The variable A refers
to the wavelength of the THz source. The function h(z, r) specifies the relative irradiance for a given position in the
cylindrical coordinate system and includes losses due to linear absorption. This term also addresses the focusing of
the beam through the tissues using a specified beam waist location and a hyperbolic function to assign beam radius
as a function of position. The function Hy(4, f) provides the maximum irradiance per wavelength division at a given
time [W/cm? /nm]. The value of u,(z, 1) represents the absorption coefficient [1/cm] at a given wavelength within the
tissue, which is determined by the tissue type at the given axial depth, z [cm].

In the radio frequency formulation of the source term, a one-dimensional Finite Difference Time Domain (FDTD)
method is used to predict the specific absorption rate (SAR) within single- and multi-layer homogeneous skin slab
models. The FDTD method is an explicit time-domain numerical approach for solving Maxwell’s equations in a dis-
cretized space[14, 11]. This method has become widely used for predicting the electromagnetic fields and energy
absorption rates within digital voxelized models. Equations 4.6-4.7 below give the FDTD update equations for the E
and H, fields, respectively:

1 n n
o [T |,
2 2
EX'k - 1 oAt EXlk + 1 oAt Az (46)
+ 5= + 5=
2¢; 2¢. |
« [ o+l n+i
g w[err
n+l_ m n m -3 3
e L | @)
P e

In Equations 4.6-4.7, o is the conductivity in Siemens per meter, u is the permeability in Henrys per meter, and o*
is the magnetic loss term in ohms per meter. The magnetic loss is assumed to be zero and the localized SAR values
within the tissue are calculated by equation 4.8. The index k represents the discretized axial coordinate, z = k(Az), and
n indicates the time step, t = n(At). The SAR value is subsequently defined from the electric field strength and the
density of the tissue, as given by equation 4.8:

olE|?
Je)

In equation 4.8, p is the density [kg/cm’], and E is the root-mean-square of the electric field.

SAR = (4.8)

4.2 Perfusion Effects

The BTEC thermal model employs a non-localized, uniform perfusion term to simulate the convective loss of energy
due to blood flow. The term physically represents a uniform constant exchange of mass at each tissue location, with the
entering mass having a temperature of the reference tissue temperature (body temperature). The form of the perfusion
source term equation is given below:

Q(Z, r, t) = _Wp(Z) C(Z) V(Z’ r, t) (49)
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The perfusion flow-rate term, w,, expressed in W/cm? /s, is assigned to each tissue layer type within the model and
added to the current source term calculated from the emitter’s properties. The values ¢ and v represent specific heat
and temperature rise in the tissue, respectively. The perfusion term, c(z), currently implemented is constant with
temperature. Typical values can be found in the text by Welch[13].
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Chapter 5

Gaussian Beam Propagation

Two forms of propagation analysis are currently employed in the BTEC model: a Gaussian Beam Propagation Method
(GBP) and wave propagation. The GBP allows for Gaussian beams to be translated through linear optics. It is mostly
used to compute the initial conditions for the wave propagators employed in the BTEC project. For the Gaussian Beam
Propagator in this project, a general expression using, the ABCD matrix method common in optical transformations is
needed to calculate how a laser beam propagates through linear geometric optics. Many books and articles solve this
problem with the condition (or assumption) that the lens or optical component is placed at the waist of the approaching
beam. The goal is an expression for an optical system placed in any arbitrary position along the approaching beam path.

The electric field E for a Gaussian beam can be defined as

Y o | &k . kr? ])
k(z —zy) — tan ( . )]+l[2R(Z)} 1[8R3(z) , 5.1

where wy is the beam diameter at the beam waist and w(z) is the beam diameter at a z[cm] coordinate defined by

2
w(@) = wo4[1+ 5. 5.2)
%
-2
w=wy|l+ w] (5.3)
7R

E = Aﬂexp ([_—;] +1i
w w

1 2
w= _[--—. 5.4
Lo
q
The Raleigh range zy can be define as
W} ww?
0 0
=—=_0 5.5
%= 1 (5.5)

The BTEC model follows the Milonni and Eberlys LASERS [4]. The “Entry” matrix in figure 5.2 is added to account
for the distance from the beam waist that the geometric optic is placed. This allows for optics to be placed at any
arbitrary position along the optical axis. This figure also shows matrix multiplication is evaluated from right to left.
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Figure 5.1: Matrix Thin Lens Formulation

“

Exit Thin Lens Entry
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o 1 Xyt am1

g

N
¥
A B | = [1d/F d+d
C D -1/f 1
Figure 5.2: ABCD Matrix Breakdown

The components for ABCD matrix are placed into the equation

_ Aqi+B
U="Ccq+D

(5.6)

and then it is set equal to the definition of ¢ ;. Equation 5.6, and the real and imaginary parts of both sides are equated:

1 1 2 1

q(z) T R@) ko)

k=—
A
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The new beam waist can be found by determining where the radius of curvature of the beam approaches infinity. By
substituting this value back into the equation for w(d), the relationship for wg can be found:

4 [ S
, V4 (Cz0—D)?+(C223)
Wy = W Ry — (5.10)
ZR ZR

Once the new spot size is known, the new Rayleigh range can easily be obtained:

. —(Azg — B)(Czp — D) + (ACzg)

0 (Czo - D? +(C223) G0

o= 2R
K (Czo - D)? +(C222)

(5.12)

By finding a general expression for the new beam waist and Rayleigh range, different optical elements can be accounted
for by using their ABCD values:

Planar Surface Thin Lens Spherical Lens
1 0 1 0 1 0
-1/f1
0 no/nl -(nl-no) no/nl
nl*R

Figure 5.3: Common ABCD Matrix Representations

Several examples of common usages of this ABCD method are shown in figure 5.3 and their parameters are outlined
below:

Planar Bound Propagation

a = >
Il
-0 o =

Thin Lens Propagation

S
Il

@)
») 1l
Il |

Spherical Lens Propagation
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A=1

B=0
_ ny; —np

anc
D=1

where R, is the radius of curvature of the lens.
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Chapter 6

Two-Dimensional Helmholtz Wave
Equation

6.1 Derivation of the Theory

It is important,before looking into the modeling methods that are used, to review how the theoretical equations were
found and what approximations were used. This chapter includes a derivation of the equation used in the FD-BPM
(Finite Difference Beam Propagation Model) starting from Maxwell’s equations.

6.1.1 Maxwell Equations

The derivation of the wave propagation equation used in the BTEC model starts with the differential forms of Maxwell’s
equations:

V-E=0 6.1)
V-B=0 (6.2)
oH
VXE=—u— 6.3
X L (6.3)
OE
VXH=e— 4
X 66t (6.4)

There is assumed to be no free current. Permittivity and permeability are assumed to be independent of time. This
is true on the time scale of light propagation. However, these properties can change on the time scale of the thermal
model and are taken into account in the changing refractive index.

To derive the Wave Equation, the curl of Faraday’s equation (6.3) is taken:

VxVxE:—Vx,u% (6.5)
VXVxA=V(V-A)-VA (6.6)

Using the vector identity 6.6 and equation 6.5:
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vwg V’E = _“a%(v x H) (6.7)

The divergence of E goes to zero from equation 6.1. Substituting equation 6.4 for the curl of H, the Wave Equation is
found.

6.1.2 Wave Equation

OE(r, 1)
VZE(r, 1) = d 6.8
(r.0) = pe— > 6.8)
This is the Wave Equation. From separation of variables a solution of the form
E(r,7) = &r)e ™ (6.9)
can be assumed.
6.1.3 Helmholtz Equation
By substituting equation 6.9 into equation 6.8,
V2E(r) + pew’&(r) = 0 (6.10)

is found. This is the Vector Helmholtz Equation in an arbitrary spatial coordinate system. It is no longer time depen-
dent.

The Scalar Helmholtz Equation is

V2E(r) + pew*8(r) =0 . (6.11)
In cylindrical coordinates the Laplacian is
0
10 ( 0A 162 0*A
VA= ——|r—|+ 545 +— . 6.12
ror (r or ) ﬂ/@(ﬁé( 07> (©.12)
Assuming a problem space with azimuthal symmetry, the ¢ derivative can be ignored.

Also, pew® = %2 = k* = kln* where k is the free space wave number and n is the refractive index of the mate-

rial. Using this and equation 6.12, the Helmholtz equation 6.11 in cylindrical coordinates is

3z 7 \ar +— +kn’E=0. (6.13)

(32_8 1(0&E &
or?

A plane wave solution of the form

&(r, 2) = W(r, 7)e komz (6.14)

is now assumed, where ny is the reference index.

Inserting the assumed solution 6.14 into the Helmholtz equation 6.13, the following equation is derived:

FY ¥ FPY 1Y L1, )
—5a +2kom o = ok o [n (r,z)—no]‘I’ (6.15)
equation 6.15 is used in two different solutions. The first is a paraxial approximation which assumes there is no strong

focusing or defocusing effects. It utilizes an approximation of an exponential operator as a rational operator. This
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approximation is known as the Caley approximation. [9] The second numerical solution allows for strong focusing
effects and utilizes Padé approximate operators. Both are based off of equation 6.15 and will be discussed in greater
detail later.

6.2 Numerical Approach

6.2.1 Finite Differences

The following finite difference approximations are used in the numerical derivations. Finite differences allow the
representation of continuous differential equations in discrete computational space. The finite- differences are shown
below for both first and second order derivatives. They are shown first for a uniform grid and then for a stretched grid.

Uniform Grid
First Order

M _Fm ¥

or 2Ar (6.16)

Second Order
82‘1’ _ leq.] —2‘1’]‘ +\Pj_1

or? N

6.17)

Non-Uniform (Stretched) Grid

In order to extend the physical space out into the radial direction without using vast computational space or making
the grid spaces about the axis too large (where the highest concentration of points are needed in order to model a beam
accurately), a stretched grid is required [3]. The following finite differences are geared to handle the variable spacial
step sizes. The notation used is defined below:

Ar=rj—rjiq

Arp =rjp1 —7;

Ar_=rj—rj

First Order P v
j+l— Y1
_—= 6.18
or Ar ( )

Second Order
62‘*1"_ Vi -¥ Y,-¥.|2

o Ar, Ar_ Ar

(6.19)

6.2.2 Boundary Conditions

These boundary conditions apply to both the Caley method and the Padé method. These methods exploit the symmetry
of a laser beam to compute a solution at the r = 0 boundary. They also allow circumvention of the division by 0 in
equation 6.15.

Due to the symmetry of an axial laser beam,

0¥Y(r=0,2)
or -

By evaluation of equation 6.20 using the finite difference representation from equation 6.18, the following relation can
be found across the » = 0 boundary:

0. (6.20)
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¥ = (6.21)

This is convenient because the ¥ | point doesn’t exist in the problem space and is considered a “phantom point.”

The relation in 6.20 does not, however, imply that %% =0as % does not necessarily equate to 0. To find this
relationship, L’Hospital’s Rule is utilized.
10¥Y ¥
-—— = 6.22
0 rar  or 6:22)
Also, because of the symmetry of the problem, the phantom grid spaces are evaluated by
Ar_ = Ary
(6.23)
Ar =2Ar,

6.3 Caley Method

The method of interest for use in the BTEC thermal model is the Padé Method. The Caley Method was implemented
first because it was conceptually easier to understand. However, the Padé Method is a more powerful method as it
lacks the paraxial assumption. The implementation of the Caley Method gave results against which the Padé Method
implementation could be validated.

In the Caley form solution, a paraxial approximation is made to the wave equation. If it is assumed that there are

no strong focusing or defocusing effects occurring in the media, the second axial derivative can be assumed to be
negligible and dropped [2]:

o PY  10¥

; 20,2 2

—Ztkonoa—z =Szt th [n?(r.2) = 3| w (6.24)
The equation is rearranged for the ease of calculation to yield

0¥ -1 [0* 10 2l 2 )

Yoz T 2kno [arz + gy e - i v (625)

175 SN
i— =S5Y@). (6.26)
0z

In equation 6.26, an operator has been defined for ease of calculation. This § will contain the derivatives in the r
direction as well as constants. It is defined as

A -1 [8 190
5=l

= |a et kg [n?(r2) - ng]] . 6.27)

The solution to equation 6.26 is found by separating and integrating. With appropriately chosen bounds, the solution
appears as

B(r,z+ A7) = e DS W(r, 7). (6.28)
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6.3.1 Caley’s Form of the Exponential Operator

The Caley method as it is referred to here is a Crank-Nicholson Method that uses the Caley form of the exponential
operator. The Caley form is an approximation that allows the exponential operator to be represented as a rational
operator:

" 1-LiSAz
ety 2 (6.29)
1+ EZS AZ
Using the Caley relationship 6.29, equation 6.28 becomes
iS A iS A
[1+ l 2Z]\P(Z+Az)= [1—’ ZZ]‘I’(z). (6.30)

Substituting the transverse derivatives and constants contained in the S, from equation 6.27 and the finite difference
representations of these transverse derivatives from Equations 6.18 and 6.19, equation 6.30 becomes Equations 6.31
and 6.32. Equation 6.31 is the left side of equation 6.30 and 6.32 is the right side:

LHS
i+1 i+1 i+1 i+1 i+1 i+1
i (W o -
girl | ! J R | Dinl B S et S Y - _ 2] it 6.31
I T deno |\ A Ar. AT Ar o[ =il ¥ (3D
RHS
LAY lyj'n - ‘{I; ‘Pj' - ‘Pj'—l 2 1 TS'H B ‘1"3.71 2.2 2] i
lIﬂ~ _ _ B e —— k s —_ lI'ﬂ. N 632
I dkong {( Ar, Ar_ Ar r Ar 0 [n 2 no] / (032

where the following notation is again adapted:

¥(r,2) =¥,

i+1
W(r— Ar,z+ Az) = Wit}

6.3.2 System of Equations

In order to easily view the system of equations formed in 6.31 and 6.32, the equations are ordered by the ¥ values at
each point in the r and z directions.

LHS
g |82 (2 1)
U | 4kong \Ar_Ar  rAr]/
: iAZ 2
pirl ] 4 — R+ k2 6.33
J [ +4kon0(Ar+Ar+Ar_Ar on T Rm)| (033)
il [ Az 2 R
J+l | 4kono \AryAr  rAr)|
RHS
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i E"A_Z(L_L)}J,
il | 4kong \Ar_Ar  rAr
[ ~ iAz( 2 N 2
] dkong \Ar.Ar  Ar_Ar

—Kn+ kgng) + (6.34)

.| iAz 2 1
Vil \oot o

T dkong \AryAr — rAr
This is commonly referred to as a tridiagonal matrix system of equations because it can be represented in matrix form
shown in section 6.5.1.

6.3.3 Boundary Conditions

Equation 6.15 is undefined at r = 0. To circumvent this, axial equations can be added to the system of equations by

applying appropriate boundary conditions to the problem. Applying the boundary conditions from equation 6.22, S
(the A subscript denotes the axial solution) becomes

§, = L 2_62+k2[2( )] (6.35)

A= x|z YR — gl .

Using equation 6.30 and the new operator $ 4, the numerical equation at the axial boundary becomes the following:

LHS
[ inz (2
\I/l+1 _ l
-1 4kong (Ar%) "
; [ iAz 4
il 71 * o (A_ri —kin + kgng) + (6.36)
o inz 2
\Pl+1 _l_ =
1 4dkong (Ar2 )]
RHS

. iAz 2
wi |2 (2 )|
! [4’%”0 (Ari )]

AL (4, o,
wil] = B2 (2 2,k
0 [ Soro (Ari ot ¥ olto

| iAz 2
\I]l
! [4kono (Ari )]

Applying the relationship for the “phantom point™, ‘I’i_l , from equation 6.21, Equations 6.36 and 6.37 become as shown
below:

+ (6.37)

RHS

. Az [ 4
‘Pg[l - L&(—Z(_Q _kgn+k5ng) .
ofto \Ar, (6.38)
| inz 4 ’
wi .
dkong Ar+
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LHS

+

A Az [ 4
‘Pg,*‘[u 1hz (

—— = K2n + K2n?
4k0n0 Ari 0 0ro

; Az [ 4
Tl+l _ ! 0
: [ 4kono (Ari )]

The system of equations created can be represented in the matrix form shown in section 6.5.1.

(6.39)

6.4 Padé Method

The Padé method starts with equation 6.15 as well. In this case, a paraxial solution is not assumed and the second
derivative in the axial direction is left intact. Equation 6.15 is rearranged into the recursive form shown in equation
6.40 to become

iP
%_‘1’ S TR (6.40)
Z 1 + 2/(01‘10 l?_Z
where
[ 10 L, ,
P:[ﬁ+;5 +k0[n (r,z)—no] : (6.41)

6.4.1 Padé Approximate

The recursive nature of this equation along with the help of [1] yields the Padé(1,1) form solution in Equation 6.42:

iP
ENY p
- = —L‘JP\P (6.42)
¢ I+ ez

Higher-order Padé approximates are available such as the Padé(3,3). The Padé(1,1) derivation will result in solving
a tridiagonal matrix system of equations. The higher-order approximates result in solving more complex systems of
equations such as a pentadiagonal matrix system of equations.

Using a finite difference approximation to the derivative with respect to z on the left hand side and taking an aver-
age of the ¥ on the right hand side:

iP

\Pi+1 _ \I/i . \Pi+1 + \I,li
- 2o - 5 (6.43)
o
By rearranging equation 6.43, equation 6.44 can be obtained:
P!+ ikngAzPY™! + 43! = PV — iknoAzPY' + dkndW! (6.44)

Substituting the r derivatives and constants contained in the P operator, Equations 6.45 and 6.46 can be found. equa-
tion 6.45 is the left side of equation 6.44 and equation 6.46 is the right side of equation 6.44:

LHS
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02lpi+l 1 a\Pi+l

or? * r or

+ i [n2 - ng] it

. b2 JALN I e ; 6.45
+lkn()AZ [W + ; or +k(2) [nZ_n%:I‘{’+1:| ( )
+ 4!
RHS
PV 1Y St
ﬁ‘f‘;wﬁ'ko[l’l —no]‘P
. PY 1Y ; 6.46)
_lknoAZ[ﬁ‘F;E +k(2)|:n2_né]\{‘] (

+ dkgng P!
Applying finite difference approximations from Equations 6.18 and 6.19 for the transverse derivatives, Equations 6.45
and 6.46 become as shown:

LHS
o (WA W Y
— - - + kg [n - "0] P
Ar Ar, Ar_ r Ar I
i+1 i+1 i+1 i+1 i+1 i+1
+ ikngAz 2 Yo - _ YA 1 —\P’L — ¥ + k2 [n2 - n2] pitl ©4D
AT An Ar_ r Ar 0 0%
+ 4kgng P!
RHS
2 Wi - B W - L1 P - L2 [nz _ nZ]LPi_
Ar Ary Ar_ r Ar 0 o] *j
2 [~ W] [ -] L, a1 (6.48)
— ikngAz| — - + - +k —ng | ¥
1o Z(Ar [ Ar, Ar_ r Ar 0 [n no] J
+ 4y
By rearranging and multiplying by Ar, Equations 6.47 and 6.48 become the equations that follow:
LHS
29 ) P . 2ikono AP ) ikono AP
Ar_ r Ar_ r
2@l oyt
J J 2 2 _ 2] it
T A A +k0Ar[n —no]‘I‘j
2ikonoAz¥ 2ikono Az P! A (6.49)
J J . 2 2 _ 2] it
_ - - A + ikonoAzkyAr [n —nO] by
+ 4k Ary!
2L WY 2ikonoAZYT  ikono AP
+ + + +
Ary r Ary r
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RHS

29, ¥ . 2ikono ALY, . ikonoAZ¥'_,

Ar- Ar_ r
2yl it
Jj Jj 2 2 2 i+1
ZikonoAz‘Pj. 2ik0n0AZ‘Pi,' . 2 2 _ 2w
+ A + A — ikonoAzkoAr [n - ”o] \Pj
+ 4kgng Ard'’,
+ 2‘{];+1 + LP;H B 2ik0n0Az‘*I"j-+1 _ ikOnOAZ‘Y;“
Ary r Ary r

The solutions at every r position are then factored out of Equations 6.47 and 6.50:

LHS
2 1 . i+1
(E - ;) (1 + lk()n()AZ) l{lj;l
2 2 2 2 2 . 2.2 i+1
o | vyl koAr [n - ”o] (1 + ikonoAz) + 4kgnpAr | W5
. _
2 1 . i+1
+ (Am + ;) (1 + ikgnoAz) ‘I"j+l
RHS

21 _ l.
(F - ;)(1 - lk()i’l()AZ)\Pj_l

- -— 4+
Ar,.  Ar_

+

2 1 , ,~
+ (Ah_ + ;)(1 - lkonoAZ)leH

6.4.2 System of Equations

The system of equations in 6.51 and 6.52 can be rewritten as
=BT + [YBCH) + AGngAr| P + a(+)B(H)P

i

= A(DBW, + [ YB(=) + Ao Ar| P + a(+)B(—)W,

where
2 1
+) = + —
a() Argy 7
B(x) =1  ikgnpAz
_ 2 2 )
Y= A - +k0Ar[n —no]
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2 2 A
( koAr [n? - n(z)]) (1 = ikonoAz) + 4kZm3 Ar | W,

(6.50)

(6.51)

(6.52)

(6.53)



6.4.3 Boundary Conditions

At r = 0, it is again necessary to use the boundary conditions. Applying equation 6.22, the operator P4 becomes

. [28
Py = [ﬁ + kg [n(r2) - ng]} :

Applying equation 6.4.3 makes equation 6.44 become:
Py + ikngAzP P! + AnIPT! = Py — ikngAzPAY' + 4Cn3Y (6.54)

Following the same steps as for the rest of the grid points, the numerical equation at the r = 0 boundary becomes

[yB(+) + 4IGngAr| Py + a(+)p(+) ey

) , , (6.55)
= + [yB(-) + 4igniAr| W) + a(+)B(-)¥;

where

8
e
ﬁ(i) =1 % ikgnopAz
_ 4 4 2 2 2
7——E—A—u+k0Ar[l’l —I’lo] .

Again this system of equations can be written in the matrix form found in section 6.5.1.

6.5 Solving the Tridiagonal Matrix Equation

6.5.1 Tridiagonal Matrix Equation

The system of equations found in the Caley method and the system of equations found in the Padé method can be
represented in the following tridiagonal matrix form. The matrix values are the terms multiplied by the ¥ at each grid
point. These matrix values are different for each method:

r 1. . _ r ’ ’ . 1. .
b() Co 0 0 \1111 bO CO 0 0 \le+1
3 ’ ’ / 5
a by ¥ a, b \P;2+1
. i . i+1
0 a b o : ¥ 0 d b, : ¥;
1 1
ay-2 by cy- P a; b c Fira
N M=2 “m-2 Cm-2 il
| O 0 ay-1 by |V tm-1 1 |0 0 ay_, by, It Ty

This matrix can be represented in the matrix-vector notation as
AY = BY"*!. (6.56)
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6.5.2 Explicit Solution

The left side of equation 6.56 is made of known information. That side of the equation can be solved explicitly. The
computer directly multiplies all the matrix elements with the known solution and equation 6.56 becomes

® = BY*' . (6.57)
Where @ is the array result of explicitly solving the left side of equation 6.56.

6.5.3 Thomas Algorithm

Equation 6.57 can not be solved explicitly. The inverse of the matrix B could be taken and then explicitly multiplied
with array components in @ to find W, but this is computationally intensive. Instead, the Thomas algorithm [9] is
utilized. The Thomas algorithm is a fast, efficient way of solving this equation without finding an inverse. "Numerical
Recipes” contains an algorithm called tridiag that was used for this step.

6.6 Propagation using Hankel Transforms

6.6.1 Bessel Functions

Over an infinite range, [0, co], the Bessel functions form a complete set. Any arbitrary function can therefore be
represented as a linear combination of Bessel functions. The set of Bessel functions can be written as abstract ket
vectors, |/, ), of the vector space whose inner product is defined as':

8l = 2ﬂff(r)g(r) rdr (6.58)

The set |J,,) span the inner product space, or form a complete basis. The index p denotes the Bessel function order,
and v is a continuous index. Casting this into the coordinate basis gives

(HJpy) — Jp, Qrvr) .
Over a finite range [0, R], the continuous index is quantized. (v — n). The complete set over the finite range becomes

<r|Jp,n>_>Jp(%r) Vl=],2,... R

where «,,,, denotes the nth index of the pth order Bessel function. The Bessel functions are convenient to work with
because they are the eigenfunctions of the radial component of the cylindrical Laplace operator:

10 rﬁ J (ap’nr)——ai’nj (a'p,nr)
ror\or]|"""\ R "] R2P\R

or, written abstractly. ..
2

%
(r) _ pin
D |Jp,n> - R2 IJp,n>

A few properties of the Bessel functions will be useful in the following derivation. Note that in the notation used here,

@pn

(3 |Jp+1,=1) corresponds to Jp+1(ap,,,)

Closure (Continuous):

1
<Jp,v|]p,v’> = ;6 (V - V’) (659)

I'The 27 here is included with the cylindrical coordinates in mind.
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Orthogonality (Finite):
<Jp,n|Jp,m> =0 (6.60)
Normalization (Finite):

2
Lo ] 6.61)

R2
<Jp,n|~]p,n> = 7 [(EU])H,V:I)

6.6.2 Projections

The projection operators of the Bessel basis and the coordinate basis are:

IP(JV) _ |Jp,v><-]p,v|
<Jp,v|~]p,v>
[r)r]
PO =
(rlr)

A vector in the space can be represented by it’s components in the Bessel, or coordinate basis by:

lg) = f PY|g)dy
0

9 = f POlg)dr
0

Note here that over the infinite range, we have

_6(r—r)
{rir) = 2nr
o(v—v)
JolJpy)y = —
Spobpd 2ry

from the Closure equation (equation 6.59) and the definition of the inner product (equation 6.58), and the projections
of g can be written

lg) = Zﬂ'f [ X pylg)vdy
0

lg) = 2 fo [r)rig)rdr .

Over a finite range, the continuous index, v, on the Bessel functions becomes discrete, and the integral will go to a
sum. The coordinate basis vectors are still indexed by a continuous variable.

2= > Plg)

n=1

R
8) = f POlg)
0

Again, from the inner product definition and normalization integral (equation 6.61), these can be written

00 R2 Can 2
1g) = —[<—’|J,7+1,v:1>] Jlg)
; 2 2

R
&) = 2n fo I(rlg)rdr .
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From these representations, it is obvious that the sum/integral over projection operators is the identity matrix.

Two approximations will be used concerning the sum of the projection operators. The first is that of the coordinate
basis projection operators over a finite range. The operators must be integrated over to give the identity matrix, but
can be approximated by a sum:

I _ g N )l

==~ 6.62
o o T 2 i (0.62)

Next, we note that if the index, v, has a finite bound, V, then the infinite limit of the integral can be replaced with V:

foo |Jp,v><-]p,v| =T~ fv |Jp,v><-]p,v| (6 63)
0 <]p,v|-]p,v> 0 <Jp,v|~]p,v>

These will be used as approximations to the identity matrix.

6.6.3 The Quasi-Discrete Hankel Transform

The beam profile is assumed to be an azimuthally symmetric, separable, function:
¥ (r,0,2) > ¥ (r,2) > ¥ ()P (2)
The electric field distribution, and again the Bessel functions, can be written as abstract ket vectors: 2

)
T pn)

Casting these vectors onto the coordinate basis retrieves the functional representation

).

If R is chosen to be larger than the beam radius, the radial electric field distribution can be written as

(r,z¥) = ¥ (r,2)

() = J (“””
-
T p.n 4 R

JoX o
() = (r |Z |< ;,,:l(Jppn; (6.64)

where the sum of the projection operators has been inserted. Slight rearranging of terms gives

% <r|Jp,n>

(rwy = Y Hernl
T L,

Jpnl¥) . (6.65)

It is apparent that the sum is a Bessel series expansion of the electric field distribution. The inner product (J,, ,|'¥')
is the electric field distribution represented in the Bessel basis, and is the Hankel Transform of the original electric
field distribution represented in the coordinate basis, (7|¥). Similarly, the Hankel Transform can be expanded in the

coordinate basis:
Tpalr)<r¥)
Jpal®) = f
o= T

Using equation 6.62 to replace the integration with a sum and rearranging terms gives

= <Jp,n|rm>

Jonlt) =
Ural 0= 2 i

(rml¥) . (6.66)

2The Bessel functions are assumed to be functions of the r coordinate
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Over a finite range, equation 6.66 is an approximation of the Hankel Transform, while equation 6.65 is the Inverse
Hankel Transform. A means of numerically evaluating these transforms can be reached through a symmetric deriva-
tion.

Hankel Transform Inverse Hankel Transform
o (pn) o (Spalrm)
() = ) ————pal¥) Jpal¥) = —(rul?)
1 <Jp,n|-]p,n> b P 1 <rm|rm>
’ expand the denominator with projection operators
N (Jpn)
2 ' pal¥) = Jpalrm)
R P nlFm
2 [ Tl yrdr Z - (rnl¥)

{20 [ (rald o YT polrmyvely

Now, if the r,,’s are chosen to be Q’T, the two integrals in the
denominators reduce to the normalization equation (equation 6.61)

- J n S J nitm
L/ L —

n=1 27T <dpn|‘]p+1 v—1>] m=1 272"/72 < zp;rm|tlp+1,v=l>]

Evaluating the Hankel Transform at the same r coordinates chosen for
the Inverse Hankel Transform, gives each function in terms of the other

S 2rmlJp.n) S 2(Jpulrm)
(rul®) = )| (pal ¥y = - 7l ®)
1 27RE [ 1t i 2V (2 o]
With a little algebra, the two representation can be written in a symmetric form.
Rral¥) < 2rmlJpn) V{Jpnl¥)

K22 m)] 4 27RV 21 it )| (2 W )] (1021122

Vpal®) 2 palrim) Rr|¥)
(B per] 2 20V R (B 0| (B2 pe =] (111520
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We define two vectors and a matrix,

o Rral¥) (6.67)
" K )|
) — M (6.68)
K =)

2<rm|-]p n) (6.69)

T 27RV (W ety D (22 W )]
and the two transformations can be written as matrix multiplication:

o = T]rn,]ncD(J)
J
oY) = Tm’mq)(r)

6.6.4 The Propagator

Once the radial electric field distribution is known in terms of it’s Bessel Function components, a method referred to
as the Split-Step Method is used to solve the Wave Equation. Equation 6.15 is split into two equations,

e oYY 10% s
L +ig [P -m]® = 0
\
oY oY PY  10¥
— - 2ik —+-— =0 6.70
lir oo 0z - or? * r or (6.70)
’*Y . oY
6—Z2—21k0n06—Z+k(2) [(rn)-nj|¥ = 0 (6.71)
(6.72)

and the two are solved separately. Notice that the equation 6.70 is just the Wave Equation in a homogeneous media,
and equation 6.71 contains the inhomogeneous refractive index terms. The strategy will be to solve equation 6.70, and
step forward in the z direction by some Az. Equation 6.71 can be interpreted as a phase correction, and will be used to
adjust the phase of the wavefront, based on the refractive index profile it passed through during the Az step. Expanding
the radial electric field distribution in terms of Bessel Functions, equation 6.70 can be rewritten,

32 ol 2 0

62—21k0no(9 ‘I’(z)‘I’(r)+ oo Y@Q¥r = 0
0? . 0 Ap i o 1 S Ap i
ES 2”‘0”0&]‘“2);““17 (%)« |5+ ;5]‘?@;‘% (&) = o

With a little manipulation, the r differential operator on the right-hand side can be replaced by eigenvalues.

d* > 10 Wp i
62 2lkOnO ‘P(Z)Zak.] ( )+‘I’(z)2ak 62 ;E JP(TV) = 0
i pk Tp k
Z[az—zzkono—]\y(z)akj (224) - Z‘I’(z)ak( ) 5(%24r) = o
The Bessel Functions are linearly independent, so each index i must separately equal zero,
0? 0 2 Apk
[a . —21k0n06—]‘1’(z)ak] ( A ) ¥ )( ) akjp(%r) - 0 (6.73)
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Now Equations 6.70 and 6.73 have the same form. In general, the solution to these differential equations is:

P D e -
52~ ikonog- | fDg () =k f (D) g () =
F@ &) = f(z0) g (r) e~ Nhom =

If the function is known at some z coordinate, the propagator gives the function at all other z coordinates. Applying
this to Equations 6.70 and 6.73, an incident beam profile can be propagated a distance Az into the medium.

= ; i no)>— k)
VmWW)=T®ZwM%WWWfWMMR) (6.74)
k=1
Y (AZ) N7} (r) — lIJI (0) \IJI (r) e—ikono eiAzkon(r,Z) (675)

First the wavefront is propagated a distance Az with equation 6.74, then Equation 6.75 is used to adjust the wavefront
phase to account for the refractive index profile in the slice Az.
In terms of the vectors defined in 6.67 and 6.68, this can be written:

. . apn 2
(Dﬁl” (z+A7) = ‘DE,J) ) o tkoro ezAZ\/(kono)z—(’T)

(D,(,? (z+ A7) (Df,;) @) e—ikonoeiAzkon(r,z)

48
DISTRIBUTION A, APPROVED FOR PUBLIC RELEASE



Chapter 7

Monte Carlo Scattering

Source terms within highly scattering media are computed using a Monte Carlo simulation. The Monte Carlo approach
to photon transport uses a statistical method to compute the photon distribution within a tissue that may be scattering
the photons. The implementation in the BTEC model utilizes work by Wang and Jacques [12].

[nitia
Photons

3

Figure 7.1: Photon Launch

7.1 Theory

As mentioned, the Monte Carlo method for modeling photon transport is based on statistical distributions and random
numbers. Photons are essentially modeled as ballistic objects. A packet, or bundle, of photons with weight, w, is
launched into a tissue and propagated like ping-pong balls, randomly interacting with the tissue.

Photon propagation is done on a 3-dimensional, Cartesian coordinate system. A photon packet has a position vector,
given by the coordinate vector, r, in the global coordinate system, and a unit direction vector, n, that specifies the
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direction the packet is currently traveling. The packet propagates a distance, s, along the direction vector from rj to ry,
where r¢ is given by

e =1rj+sn. (7.1)

After each propagation, the packet interacts with the tissue, where some of the photons are absorbed, corresponding
to a decrease in the packet weight, and the rest are scattered. The packet is propagated in the new direction and the
process is repeated until all photons in the packet are absorbed.

The photon absorption is recorded on a 2-dimensional cylindrical grid. At each interaction site, the closest grid point
is determined from the r = /x2 + y? and z coordinates of the photon packet, and the absorbed packet weight is tallied
at the grid location. If the packet is determined to be outside the boundaries of the grid, then it is killed, and a new
packet is launched. Any remaining weight is added to one of three tallies, indicating which external boundary the
packet crossed (reflected, transmitted, or lateral).

As more photon packets are launched into the tissue, a photon weight distribution is compiled on the grid, representing
the number of photons absorbed at (or near) each grid point in the computational space. The distribution is initially
very discontinuous, but smooths out as more photon packets are propagated. Once photon propagation is complete,
this distribution is transformed into a photon density distribution, differing from the photon weight distribution because
of the cylindrical coordinates of the grid. The photon density distribution is normalized to the power of the simulated
emitter (minus the percentage of photon weight that was not absorbed on the grid). The resulting distribution gives the
source term for the heat equation.

The amount of computation required for the Monte Carlo simulation varies greatly with the model configuration. As a
general rule though, the amount of time a simulation requires increases with higher scattering coefficients, and lower
absorption coefficients. This happens to be the two instances in which the model is needed most, so the simulation
time is inherently long. Therefore, photon propagation is only computed when necessary. The Monte Carlo routine
only runs when the emitter is actually turned on in the thermal simulation. After the source term is computed, it is
saved, and reused for future time steps in the heat model. This method is valid as long as there are no changes in the
thermal model that will affect the propagation simulation (such as temperature dependent absorption and scattering
coefficients).

7.1.1 Photon Step Size

The distance a photon travels between interaction sites is determined by sampling the probability distribution of the
photon’s free path, s. After each tissue interaction, the photons free-flight step size is determined using the interaction
coefficient [12], u;,
—In(&)
s =
He

(7.2)

where ¢ is a random number between O and 1 that is uniformly distributed. The interaction coefficient gives the
probability interaction per unit length, and is related to the absorption and scattering coefficients of the tissue:

_ 1
Ha + Us

» (7.3)

Note that the term —In(¢) can be interpreted as a dimensionless free-flight distance. The actual step size is computed
by dividing this dimensionless quantity by the interaction coefficient of the tissue. If the photon propagates across
multiple tissues, the dimensionless step size must be scaled by the interaction coefficients of each tissue propagated
through. The actual free-flight distances through each tissue are related to the dimensionless step size by

> s = =In(@), (7.4)

where y; is the interaction coefficient of the ith tissue, and s; is the distance traveled in that tissue. Boundary interac-
tions will be discussed in section 7.1.3
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7.1.2 Tissue Interaction: Absorption and Scattering

After a step size is chosen, the photon packet is propagated that distance along the direction vector. At the new
position, part of the packet’s weight is absorbed. The absorbed weight is computed as

dw="y . (1.5)
Hi
The weight of the photon packet is decreased by this amount, while the total weight at the nearest grid point is
increased.
w=w-—dw (7.6)
A[[)1 = AL + dw (1.7
Here A has been used to denote the array corresponding to the cylindrical grid storing the photon weight distribution.

Next the packet is scattered, which just corresponds to a change in the packet’s direction unit vector. Scattering
involves two angles: a deflection angle, ® — [0, 7], and a rotation angle, ® — [0, 2r]. The anisotropy of the tissue, g,

\J

Figure 7.2: Photon’s direction n is deflected by an angle ® from the propagation axis, and rotated about the axis by @.
(Photon not to scale)

is a measure of the expected value of cos®. The probability distribution of cos® is given by
1-g°

P(cos ®) = ,
(cos ) = S =2 g cos O

(7.8)
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so for each scattering event, cos® can be randomly chosen using a uniformly distributed random number, &, between
l—g2

Oand 1: 5
1 2 ;
cos ® = 28 {] tg - 1-g+2g¢ } lfg #0 (7.9)
261 ifg=0

The second angle, @, has a uniform probability of being between 0 and 2x. The photon is just as likely to scatter left,
as it is to scatter right:

W = 2né (7.10)

A new step size is chosen, and the packet is propagated along the new direction.

7.1.3 Boundary Interaction: Reflection and Refraction

The photon packet has a possibility of intersecting a tissue boundary during a propagation step. If so, the packet
should not be propagated across the boundary transparently for two reasons. One being that the step size chosen is
only correct for the tissue at the packet’s initial position. If the packet propagates into another tissue, the step size
must be rescaled for the new tissue. Secondly, if the refractive index of the two tissues differs, the packet will either
be reflected off the boundary, or refracted across the boundary.

The probability that the packet is reflected at a given incident angle is given by the reflection coefficient:

200, _ 200 —
R(E) = 1 sin 6; - 6,) | fan 0 - 6)
2 | sin2(6; + 6,)  tan*(6; + 6,)

(7.11)

When a packet reaches a boundary, a random number, &, uniformly distributed between 0 and 1, is chosen. The
incident angle, 6;, is then computed. If & < R (6;), the packet is reflected, otherwise the packet is transmitted.

With tissue layers being perpendicular to the z-axis, reflection simply corresponds to a change in sign of the z-
component of the photon’s direction vector, and refraction is given by Snell’s Law:

nysin (01) = npsin (6,)

Care must be taken when 6 approaches 0. If the photon travels some distance, d;, before intersecting the tissue
boundary, then the distance left to travel is = s; — d;. If the photon is reflected, propagation continues in the new
direction, with the new step size, t. If the photon is refracted across the tissue boundary, the travel distance must be
scaled for the new tissue. Initially, a dimensionless step size is chosen, and scaled by the interaction coefficient of the
tissue to give an actual step size (equation 7.2). The dimensionless quantity for the distance left to travel is given by:

5" = (s1 —dv)
This quantity is scaled by the interaction coefficient of the second tissue to give the new step size:

s Hn
s=—=—(s1—d)
M2 Hn
After the boundary interaction, propagation continues. If other boundaries are hit, the process is repeated.

7.1.4 Packet Termination

Packets are terminated when their weight drops below a threshold. The threshold is set to be 0.01% of the initial packet
weight. However, the packet cannot simply be terminated once the weight drops below threshold. To conserve energy,
a method called Russian Roulette [12] is used to terminate the packet. If the packet weight is below threshold after an
absorption event, it enters a game of roulette. The packet has a 1 in 10 chance of surviving the game. If it survives, it
propagates another step, but will have to play roulette again. If it does not survive the roulette, it is terminated and a
new packet is launched.
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7.1.5 Calculating the Source Term

After a complete Monte Carlo simulation, we are left with a grid that contains the photon count at each point. This
photon count needs to be turned into a power density corresponding to the emitter power. The grid is a 2-dimensional
slice from a 3-dimensional cylinder. Therefore, the photon counts at each grid point represent the totals for a ring in
the cylinder. At a specific grid point, A[i][j], the volume of the corresponding ring is

. Arg 2 . Ar. 2 Azy + Az_
V—ﬂ[(r[l] + 3 ) —(r[l] — T) HT} .

The photon density on the 2-dimensional cylindrical grid is computed from the photon totals as

Ali](J]

VAL’

where V[i][j] is the corresponding volume element for the point A[7][j]. A[Z][j] contains the photon density, which

is directly proportional to the power density. During photon propagation, four quantities are tracked: total weight
launched, total weight reflected, total weight transmitted and total weight lost laterally. The ratio,

Ali[j] =

w; — (W, +w, +wp)
a = s
Wy

is the ratio of power deposited in the tissue to power input. To compute the power density, the photon density is
normalized to the amount of power deposited in the tissue by the emitter,

Tl 21
aP, = 271[ f A((r,2) drdz .
0 20

Integration is taken over the limits of the computational space. After normalization, the grid, A[7][/], contains the
necessary source term for the heat equation.

r(cm)
r(cm)

z (cm) z (cm)

Figure 7.3: Two computed source terms, with (left) and without (right) scattering.
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Chapter 8

Z.-scan Simulation

8.1 Background and Geometry

A z-scan experiment is commonly used to observe thermal lensing. In a z-scan experiment, a laser is focused and the
output is observed through a circular aperture. A cuvette sample is placed at different distances on each side of the
focal point. Water will be used for this discussion, although other media may be used. The requirement is that the
material’s refractive index changes with temperature. As temperature rise in the sample causes the beam to refocus
because of the refractive index change, the power transmission through the aperture is recorded. This is done with the
sample at many locations between the lens and the aperture along the beam axis, hence ”z-scan.”

Screen

Geometric Optics (Lens)

wve MGW
z < J>/
L]

GBP 2?%_“{'303,\7' Diffraction Integral

A

rA

10199la(d

Geometric Optics (Lens) Dispersive Media (Water) Circular Aperture

Figure 8.1: Typical problem geometry of a Z-scan experiment

Figure 8.1 is a simplified example of the z-scan experiment. In this figure, the laser beam comes in from the left. It
passes through geometric optics and then through the water sample. The beam passes through a fixed circular aperture
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and then is either observed on a screen or the power is measured with a detector. Again, the water sample is moved to
many positions between the lens and the circular aperture.

The BTEC model is equipped to simulate the z-scan experiment. It uses the Gaussian Beam Propagation model
discussed in chapter 5 to calculate the electric field through the linear optics and atmosphere up until the dispersive
sample. The finite difference beam propagation (chapter 6) model and the two-dimensional heat model (chapter ??)
are used together to propagate the laser through the sample and compute the temperature rise. To the right of the
sample in figure 8.1, the Kirchhoff diffraction integral is used to calculate the electric field intensity at all points. The
model can show how the electric field would look projected on a screen (see the top diagram of figure 8.1) and can
compute percent transmittance. The diffraction code numerically approximates the percent transmittance based on the
electric field distribution at the aperture plane and the aperture diameter defined in the configuration file.

8.2 Derivation of Diffraction Integral

The electric field diffraction pattern on a plane a distance d from from the imaging plane is

in
Ad

R= @ +d (8.2)

E(R,0) = —e MR D(g) 8.1)

where ¢ is the radial distance on the imaging plane.

Integrate the function over all radial input points and then integrate again over all g on the imaging surface:

E = E(r)
q np—1 2.
Do) = f 1 44 f EJo(ﬂ)rdr (8.3)
o R " Jo 1
where R is not a function of r.
Express in terms of E, noting that it is complex:
i _ 9 q np=1 2nr
ER,imag = —e "R [ 24 Im(E)Jo| = | rd 8.4
(R O)inag = ~¢ fOquo m()o(/l)l’r (8.4)
in _; q np=l 2nr
E(R,0)rea = 0 koR fo I%dq fo Re(E)JO(T)rdr, (8.5)

where Jy() is a first-order Bessel function found by a Numerical Recipes [9] algorithm called BessJo.

In order to get power, E is multiplied by its complex conjugate and integrated over all radial points. The variable,
E, here is still a function of the radius and theta.

EXE* = |[ER.0),,| + |ER.0); (8.6)

real imag

So from the expression:
IR, 6)=A f E*(R,0)E(R, O)rodr , (8.7)
0

A is a normalization constant with the extra r for the differential in cylindrical coordinates:
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Ttot
IR, 0);r = f E*Erydr = Pr (8.8)
0
where Py is the total power.

Integrate in parallel over all points up to the limiting aperture:

Tap
I(R,0),) = f E*Erydr = Py (8.9)
0
where P4 is the power with the limiting aperture.

Divide to get fractional intensity:

P
P—/; = D(rap) (8.10)

This is the fractional intensity (W or J) through the measurement aperture.

8.3 Results

A comparison between a z-scan experiment and the BTEC model is shown in figure 8.2.

Z-Scan 2.0 mm Sample (Water) 100ms
14 ¢

4 Experiment
13 r —— Model

12 +

1.1

1.0

09 r

0.8

Normalized Transmittance

0.7

0.6

0.5

0.4

0 20 40 60 80

Z-Scan Position (cm)
Figure 8.2: Comparison between model and experiment
The experiment was preformed with a 1315-nm laser. The water sample was 0.2 cm thick. This is initial comparisons

with some parameter adjustment to estimated material parameters. Each data point was taken with the sample at a
different position along the optical axis. At that position the transmittance was recorded at 100 ms.
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Chapter 9

Damage

9.1 Damage Integral

The current BTEC heat-transfer and thermal injury model produces a solution to the 2-D heat equation that provides
an approximate time-dependent solution of the form, 7'(z, r, t), giving the temperature distribution in cylindrical coor-
dinates at a specific time. At each point within the computational space, the model continually updates a running sum
of the Arrhenius integral given below:

T _Ea
Q(Z, V,T) ZAI(; exp(m)dt (91)

In the computational space z and r are indexed by (i, j) in a fixed coordinate space such that the values may be indexed
as

T _Eu
Q;(1)=A j; exp(RTiyj(t))dt. 9.2)

Currently, this equation is evaluated employing a simple trapezoid method which evaluates the integrand at the current
and previous time step, maintaining a running sum of the integral with time. For a given coordinate, the i, j labeling is
ignored, yielding

-k, -k,
exp(m)+exp(m)} . 9.3)

This method suffers from errors as the integrand varies rapidly, and the two points of evaluation are weighted equally,
essentially linearizing an exponential function. If this function varies such that the equality in equation 9.4 is not a
valid approximation, then the integral is not accurate. In a stretched time-step scheme where the temperature is rising
rapidly at the end of a pulse, but near the estimated damage threshold, there may be significant error as that time step
contains nearly all of the running summed value for equation 9.3:

_Eu ~ _Ea
exp(RT(T ) ~ 1+ (RT(T))T 9.4)

Obviously, improved methods are needed to accurately depict short-pulse damage thresholds, where temperature rise
is significant during a time step.

Q(r+Af) =Q(T)+%

9.2 Threshold Search

In the current BTEC heat-transfer and thermal injury model, an optional search algorithm can be used to determine the
threshold of an effect. The search algorithm adjusts the power of an emitter until the threshold criterion is met to within
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some user-specified tolerance. The optional search can determine the emitter (or combined emitter) power required
to reach a user-specified value of damage threshold or a user-specified value of temperature increase. These may be
global criteria, or specified for a certain radial extent. For example, the user may choose to evaluate the threshold
power required to obtain a damage integral value of 1.0 anywhere within the tissue, or at a specified radius, such that
a lesion size may be used as the threshold determining factor.

The current search algorithm is a midpoint-search method, with the initial search range (max, min) specified as a
user-defined input. This method continually bisects the search range until the threshold value is reached. In practice,
this method requires about 6-12 iterations in which the BTEC Thermal Model is run through the entire simulation time.
The bisection method was selected due to the strongly non-linear nature of the damage integral, for which Newton or
secant methods were unstable.

While the current search method is reliable, the currently large workload for the model running many high-resolution
serial jobs on the AFRL/RHDO clusters is significant. This is creating typical 1-2 day time for a job to reach execution
within the queues. Any reduction in search time would be significant and greatly improve turn-around and efficiency.
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Chapter 10

Stability and Accuracy

The question of stability is very important when dealing with numerical methods. Much of the discussion of stability
only applies if the problem space is one homogeneous material with sink boundary conditions. The cost of having dif-
ferent layers of materials or more complex boundary conditions introduces the possibility of weakening the numerical
strength of the method. The most important thing is to make sure that the methods are not pushed so hard that they
become unstable. Fortunately, there are some rules that should keep this from happening in most cases.

10.1 Different Types of Errors

Before looking at the method it is important to know about the two main types of errors. The total error will be the
sum of these two errors.

Round-off Error

The first type of error is round-off error. This happens because of a computer’s inability to exactly store floating point
numbers. This type of error is normally very small and does not cause a problem. However, it has been seen to effect
the solution if the solution is changing very rapidly. That is, if the maximum value of the solution changes by an order
of magnitude in two or three iterations of the method. If the solution becomes chaotic and evolves very rapidly, it is a
good idea to check if it was rounding error. The best way of checking this is to change the data type and see if where
the solution becomes chaotic changes. A solution that started to look chaotic on the sixth iteration using the double
data type should take more iterations to see the chaotic behavior using the long double data type. Reducing the size of
the time step should stop the effect of round-off error.

Truncation Error

Truncation error comes from using finite difference in place of derivatives. This type of error is represented using the
big “O” notation. In the BTEC code, the space and time finite differences are of order O(h?) when using a constant
grid spacing, h. The one-dimensional model has all the correct finite differences in space to handle stretching the grid
and stay O(h?). Of course, the & gets bigger with stretching so the error goes up. The two- dimensional model does
not use a second derivative finite difference that handles a stretched grid so its truncation error will not stay O(h?) as
the grid is stretched.

10.2 Stability of the Thomas Algorithm

Both the methods used in the BTEC code use the Thomas algorithm to solve a tridiagonal system of linear equations.
The Thomas algorithm is a non-pivoting elimination method that is very efficient for solving tridiagonal systems. A
tridiagonal system is of the form
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Ax=b (10.1)

where A is a known matrix with three diagonals, x is an unknown vector, and b is a known vector. The expanded
tridiagonal system can be seen in equation 10.2.

(b o 0 O 1« 1 1 4
ay bz C X dz
0 a3 b3 ¢ X3 ds
ar bs e X4 || da (10.2)
0
ay-1 by-1 cn-1 IN-1 d-1
0 0 ay by L w1 L dy

There are three requirements on the terms in matrix A to keep the method stable.
(i) a;<0,b;>0,andc; <0
(i) b; > —(aj4+1 +¢i-y) fori=1,2,...,N, defining ¢y = ay+1 =0
(i) b; > —(a; +¢;) fori=1,2,...,N, defininga; =cy =0

For a proof of this, please see [10]. It will be shown that these requirements effect boundary conditions and put a limit
on the how much properties of materials can change from layer to layer.

10.3 Crank-Nicholson Method

The Crank-Nicholson Method is used for the one-dimensional model in the BTEC code. The Crank-Nicholson Method
has an accuracy of O(Ax?, Af?) in time and space. It is also said to be unconditionally stability [7]. Unconditionally
stable means there is no limit on the value of » where

Atk
r=——s—u.
(Ax)*pc
The “no limit” means that r can be as large as desired and the solution will not blow up. This does not mean that the

solution will be the correct solution or even make physical sense. To insure a meaningful solution, it has been shown
that there is a bound on r [10]. This bound is

(10.3)

L
= 10.4
r< TAx ( )

where L is the length of the model. This can be restated as a limit on Az since that is the easiest parameter to change.

LA
At < =P8

(10.5)
KT

10.3.1 Layers

The previous discussion assumes no changes in material properties in the problem space, which will be referred to as
layers. Nor does it give much information on the effect of boundary conditions. To find the limits of the method with
boundary conditions and layers, the requirements on the Thomas algorithm must be applied to the method.

By applying requirement (i) of the Thomas algorithm to equation 2.25, the following is obtained using equations
(2.13-2.15):

2Ki > 6XK,'A)C1'+ (106)
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2K; > — 0 KiAX; (10.7)

2pic; S Oki[Axiy — Ax; ] = 2K;
At Ax;i_Axiy ’

The only way any of these equations will violate the requirements of the Thomas algorithm is if ,«; # 0. This can only
happen if k; is changing, which occurs on the boundary of where two layers meet. Equation 10.8 will be disregarded
because either equation 10.6 or equation 10.7 will be violated first. Equation 10.6 and equation 10.7 provide a limit on
how much the thermal conductivity can change going from one layer to another. They can be simplified by assuming
a constant grid spacing to

(10.8)

4Ki > Ki+1 — Ki—1 (109)

and

Ak; > Ki_| — Kiy1- (10.10)

This means that, as a rule of thumb, the difference in thermal conductivity between the two layers needs to be at least
less than four times the smallest of the two for the Thomas algorithm and thus the Crank-Nicholson Method to be
stable. Running the Crank-Nicholson Method shows that it becomes unstable when this rule of thumb is broken.

10.3.2 Boundary Conditions

The requirements for the Thomas algorithm were checked for boundary conditions and it was found that the boundary
conditions do not violate the requirements. In addition, according to [10] for derivative boundary conditions the Crank-
Nicholson equations are unconditionally stable. For the convective boundary condition a large number of solutions for
various values of 4, and time can be found in a transient temperature chart in figure 2-13 of [6]. These solutions can
be used to check the error.

10.4 Peaceman-Rachford Method

The Peaceman-Rachford method is unconditionally stable and has an accuracy of O(Az?, Ar?, At?) [8]. The same
conditions layer interfaces that were found for the Crank-Nicholson Method can be found for the Peaceman-Rachford.
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Chapter 11

Verification

11.1 Introduction

In order to verify the BTEC model, several validation cases were considered. Model predictions were compared to
known analytical solutions from the text. In some cases, predictions were also compared experimental results, data
from text, or with other implementations of the specific portion of the model.

11.2 Source Term Verification

To verify the calculation of the source term used in the 2-D heat model, the BTEC is run for a short time with a flat-top
beam. The source term follows Beer’s Law. The beam chosen for source term verification is 0.1 cm in diameter has
100 W of power, and a wavelength of 1315-nm. The beam was set to a zero divergence. The beam is propagated
through water for 100 us. Absorption of a 1315-nm beam in water is assumed to be 1.33 cm™..

The initial intensity is calculated by

I = — (11.1)

where P W is the beam power and r cm is the beam radius.
The source term can then be calculated by using Beer’s Law and multiplying by the absorption coefficient:
A = uglpe ™M= (11.2)
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Figure 11.1: Model calculations for a flat-top source term.
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Figure 11.2: Axial distribution of a flat-top source term.
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Souce Term versus Radial Position
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Figure 11.3: Radial distribution of a flat-top source term.

At the front of the sample (z = 0 cm), A is found to be 16934.1 W/cm? and the model predicts the same. Further into
the sample at z = 3 cm, A is found to be 313.276 W/cm? and the model predicts the same.

Source Term versus Radial Position
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Figure 11.4: Verification of Gaussian source term at an axial position of 3.0 cm
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Percent Error versus Radial Position
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Figure 11.5: Percent error between model and analytical comparisons in figure 11.4

Figure 11.4 shows an analytical solution using Beer’s Law to calculate the source term versus the model prediction.
The largest percent error between these curves is on the order of 107 %.

11.3 Thermal Diffusion Verification

To verify the thermal diffusion in the BTEC model, the one-dimensional code is checked against known analytical
solutions. Two analytical comparisons are shown below.

11.3.1 One-Dimensional Stretched Grid

The analytical solution in equation 11.3 is from [6]. It is derived for an infinite space (—co < x < o). A constant initial
temperature (Tp = 100 °C) is given for the space (0 < x < L). The analytical solution was calculated with L = 1.0
cm. The BTEC model was run with the constant temperature block from 2.0 cm to 3.0 cm. This is a 2.5 cm coordinate
shift from the analytical solution. The BTEC model utilizes a stretched coordinate grid to simulate an infinite problem
space. The coordinate shift is necessary to center the constant temperature block of T °C in the center of the uniform
grid. The analytical solution is

T(x,1) 1[ (L+x) (L—x)]
== |erf +erf , (11.3)
Ty 2 Vaat dat
where again
o= 3 (11.4)
pc

and

x =0.0628 L]

cm °C
p =10 %
— J
c =41868 |%|.
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Figure 11.6: Model verifications for simulating an infinite problem space
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Figure 11.7: Percent error for figure 11.6

11.3.2 One-Dimensional Uniform Grid

In this case, the grid is uniform and extends from 0.0 cm to 5.0 cm. The entire problem space has an initial temperature
of 100 °C and the ambient temperature is 0 °C. The left boundary is an insulating boundary and the right boundary
is convective. The convective heat transfer rate is 4, = .2 W/cm?°C. The model is compared to an analytical solution
form [6] after 5 s. The analytical solution used here is shown in equation 11.5:

T(x, 1) = 2T, i it H> cos(Bn) (11.5)
“ L(B2, + H3) + H, cos(B,L)
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Temperature versus Axial Position
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Figure 11.8: Model verifications for convective and insulating boundaries
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Figure 11.9: Percent error between model and analytical comparisons in figure 11.8

where T °C is the initial temperature of the block of size L cm and H, cm™' is a convection term and is defined by

he
H, = —.
K
The B,, terms are the positive roots of
Bmtan(B,L) = H (11.6)
and « term is thermal diffusivity and can be found by
k
a=—, 11.7)
pc
where
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he =2 A
kK =00628 |-
p =10 Lf%
¢ =41868 |;fa

The analytical solution 11.5 used for comparison with the BTEC model utilized the first 100 positive roots of equation

11.6

11.3.3 Two-Dimensional Large Beam Verification

The one-dimensional code simulates an infinitely large laser beam. In two-dimensional cases with large beam diame-
ters, the axial temperature distribution of the two-dimensional case should compare to the one-dimensional temperature

distribution.
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Figure 11.10: Temperature comparison of 1-D and 2-D along z axis
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Figure 11.11: Percent error for figure 11.10
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Figures 11.10 and 11.11 show how the axial temperatures for four different beam diameters in the two-dimensional
model compare with the one-dimensional model. Figure 11.10 shows the temperature distribution after 3 seconds and
figure 11.11 shows the temperature distribution after 10 seconds. The power density is kept constant in all runs to
I = 3.537 W/cm?. The absorption coefficient is i, = 100 cm’!.

11.3.4 Two-Dimensional Mainster Source

The Mainster source found in [3] is a constant cylindrical heat source embedded in the problem space as shown in
figure 11.12. The BTEC model has a Mainster source option. When this option is enabled, the power, P W, defined
in the emitter configuration file is used point as the source A W/cm?. The cylinder source uses the beam diameter
defined in the emitter configuration file and is only added to the layer defined with its layer type equal to 1. To produce
the embedded source, three layers are defined and the center one is defined as layer type 1 from within the layer
configuration file.

Figure 11.12: Embedded Mainster source

The analytical solution from 11.13 for this problem geometry is shown in equation 11.8:

A pc f dar 0.03 ~2 pe 0.105 2 pe
T=—,— f t_ 32 f e« d7 f e« r'dr’
4 Nrk Jo (t=1) ~0.03 0

(11.8)

The parameters used in the model for comparison to the analytical solution in 11.8 are as follows:

R, =10 [em]
h =20 [em]
R, =0.105 [em]
h, =0.06 [°C]
k =0.00586 |-
p =10 £
c =4184 |
A =4184 2]
p =1000 [L]

All boundary conditions are considered sinks in the Mainster case. The temperature recorded is the maximum temper-
ature rise and is found at the center of the heat source.
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Time [s] | Analytical Temperature [°C] | BTEC Temperature [°C] | Percent Error [%]
0.001 0.01 0.010 0.0
0.002 | 0.02 0.020 0.0
0.005 0.05 0.050 0.0
0.01 0.09 0.100 0.0003
0.02 0.19 0.200 0.0085
0.05 0.49 0.498 0.0689
0.1 0.97 0.979 0.2012
0.2 1.83 1.830 0.2180
0.5 3.831 3.848 0.4301
1.0 6.116 6.12 0.0601
2.0 8.797 8.90 1.1485
5.0 12.14 12.1 0.3678

10.0 14.15 14.1 0.3674
20.0 15.68 15.7 0.1076
50.0 17.09 17.1 0.0152
100.0 17.82 17.8 0.1348
200.0 18.33 18.3 0.1825
500.0 18.69 18.8 0.5383
1000.0 18.77 19.0 1.1805

Table 11.1: Table of values for figures 11.13 and 11.14.
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Figure 11.13: Maximum temperature rise comparison of analytical solution and BTEC predictions at different times
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Percent Error versus Time

14 L " verrortxtt

12t ]

0.8 k

0.6 b

Percent Error (%)

0.2 . . ]

0.001 0.01 0.1 1 10 100 1000
Time (s)

Figure 11.14: Percent error of BTEC as compared to analytical solution with Mainster source term

11.4 COMSOL Thermal Diffusion Comparison

The BTEC model data was compared to COMSOL data provided by Dr. Irwin Goldberg and Misty Garcia. The
COMSOL model was a two-dimensional Cartesian model with a circular source in the center. The source was a 5 mm
beam that provides 100 W/cm? as a source term for the model. A constant source in a two-dimensional model is the
same as and infinite source in a three-dimensional model. The BTEC was configured as a constant source from z = 0
cm to z = 10 cm. Only points in the z = 5 cm plane were considered. The maximum radial boundary was simulated
to be infinity as well. Several points were compared between the two models. Figure 11.15 shows two points and how
they compare between the two models.

Temperature Rise versus Time
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Figure 11.15: Infinite source COMSOL comparison

The models were compared in figure 11.15 at points 2.4 mm and 3.4 mm from the center of the source. The first point
would be slightly inside the source and the second is outside the source.
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11.5 Damage Integral

To validate the BTEC implementation of the Arrhenius damage integral (equation 9.1), a separate model was created
in Matlab. The model used an array of temperature versus time values to numerically compute the value of the damage
integral at each time included in the array. Temperature versus time and damage versus time arrays were created for a
specific grid point using the BTEC model. The temperature versus time array was used in the Matlab model to create
a damage versus time array which is compared to the BTEC’s damage versus time array in figure 11.16.

Damage versus Time

1.5 T T T = T
TEST MODEL
. BTEC
1r I 1
[}
g
g 05 1
< §
a
]
y;
0 o i
-0.5 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time [s]

Figure 11.16: Probability of damage comparisons between BTEC and Matlab models

This comparison was done with a constant laser source of 50 W with a beam diameter of 0.1 cm. The material had the
following parameters:

k =00628 [

¢ =4.1868 gnic
po=1345  [L].

11.6 Beam Propagation

To help verify that the beam propagation methods in the BTEC model are working correctly, three separate methods
are compared for the same case. A Gaussian beam is focused for 1 cm using the GBP, Hankel transform, and Pade
beam propagation methods and the results are compared in figure 11.17.
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Irradiance versus Radial Position
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Figure 11.17: Focused Gaussian comparison between Hankel, Pade, and GBP

To accomplish the comparison in figure 11.17, the GBP model is configured with a spherical wave front at z = 0 to be
propagated by either the Hankel or Pade method into the sample. After initial data are generated (before any heating)
with the Pade and Hankel method, data are extrapolated for irradiance at all radial positions for z = 1 cm. The model
is then configured to have the initialize GBP a plane at z = 1 cm. The GBP computes the translation of the Gaussian
beam to the z = 1 cm plane.
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Chapter 12

Configuration and Use

12.1 Overview

The BTEC thermal model is a 2-D (cylindrical coordinate system) simulation of optical-tissue thermal interactions.
The code supports the illumination of tissues by optical sources, the temperature response from the linear absorption
of optical radiation, and subsequent damage.

An alternating direction implicit (ADI) finite difference method is employed in the solution of the heat equation.
The method is commonly referred to as the Peaceman-Rachford method. The simulation can be configured with a
source term defined by a single or multiple optical emitters (laser or broadband). The tissue simulation is represented
as a one-dimensional stack of homogeneous layers along the z-axis. Each layer can have differing thermal, optical, and
physical properties. The linear absorption coefficient of each layer defines the energy transfer from the optical source
to the tissue. Boundary conditions along the axial direction may be selected as a sink (temperature held constant) or
as a combination of surface boundary conditions (convection, radiative, or evaporative).

The model is configured through three types of configuration files: (1) The main, or top-level configuration file (con-
fig.*.in) which specifies the problem geometry, simulation time, boundary condition types, and search parameters
used to find tissue damage thresholds. (2) Emitter files (*.emitter) which specify the optical emitter properties such as
wavelength or spectrum, power, spatial profile, time-dependent power, and parameters which specify time-step size in
the simulation. (3) Layer files (*.layer) which specify thermal, optical, and physical properties of homogeneous tissue
layers along with the thickness of each layer.

Running BTECthermal with the options -c¢ will generate template versions of all the configuration files. The tem-
plates are listed here.

12.2 Top-Level (config.*.in) Configuration

This is the top-level configuration file for the BTEC Thermal Model. This is the file where the user inputs the desired
overall simulation parameters:
The following is a short description of each input:

1. #KeyValue header: The first line of the config must start with the string #Key Value.

2. Dimensions: (INTEGER, 1 |2) The number of dimensions to use in the simulation. Currently, BTEC supports
1-D, and 2-D cylindrical coordinates.
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10.

1.

12.

13.

SimulationType: (INTEGER, 0 |2) This option is depreciated and should be set to 0. Previous versions of
BTEC separated Propagation emitters from the others. Propagation emitters are now implemented through the
Standard Emitter interface, and specified by the StandardEmitter entries below. However, z-scan simulations
are still invoked from here.

AxialGridType: (INTEGER, 0 [1) The user can choose to use a uniform grid (0), or stretched grid (1) in the axial
direction. In a uniform grid, the spacing between values on the axis is constant. The stretched grid adds points
to the end(s) of the uniform grid, and spacing between these extra points grows. Grid stretching only occurs at
the end of the axis, and will only be used when the boundary condition is set to a SINK for that end. It will not
be used if the end of the axis represents a surface boundary. An example of a stretched grid used by Mainster et
al. is given on pg 403 of Welch and Gemert’s book, Optical-Thermal Response of Laser-Irradiated Tissue.

Nz: (INTEGER, >1) The number of axial divisions. The axial grid will consist of this number plus one grid
points.

zMin: (DOUBLE PRECISION, >0.0) The minimum axial coordinate value. Units are centimeters (cm). This
coordinate applies to the uniform portion of the grid.

zMax: (DOUBLE PRECISION, >0.0) The maximum axial coordinate value. Units are centimeters (cm). This
coordinate applies to the uniform portion of the grid.

zStretchRatio: (DOUBLE PRECISION, >1.0) The grid spacing stretching ratio for the extended, stretched axial
grid. Each Az calculated by this ratio times the previous Az. The value must be relatively small for numerical
derivative approximations to hold, and to limit the extent of the grid. This parameter is ignored for axial grid
type of O (uniform grid), and when the minimum or maximum axial coordinate boundary condition is set to a
surface boundary condition type.

zMinBC: (INTEGER, O - 7) The axial grid may be assigned either a sink boundary condition mechanisms). Cur-
rently, the model supports the following assignments for the Minimum (and Maximum) Axial Position Boundary
Condition. Specific parameters for the boundary conditions are specified within the layer configuration files.

TYPE VALUE
SINK 0
CONVECTIVE 1
RADIATIVE 2
CONVECTIVE + RADIATIVE 3
EVAPORATIVE 4
CONVECTIVE + EVAPORATIVE 5
RADIATIVE + EVAPORATIVE 6
RADIATIVE + EVAPORATIVE + CONVECTIVE 7

zMaxBC: (INTEGER, 0 - 7) See parameter 9 for a description, the same condition types apply.

RadialGridType: (INTEGER, 0 |1) If the user selects 2 dimensions, then the second axis () can be stretched
at the maximum end. Surface boundary conditions are not implemented at the r,,,, boundary, so stretching can
always be used when specified here.

Nr: (INTEGER, >1) The number of radial divisions. The radial grid will consist of this number plus one grid
points.

rMax: (DOUBLE PRECISION, >0.0) The maximum radial coordinate, units are centimeters (cm). This coordi-
nate applies to the uniform portion of the grid. If a stretched grid is selected then additional grid points are added
to the grid with incremental spacing ratios as set below. (Nofe: The minimum radial coordinate is assumed to
ber=0.)
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

rStretchRatio: (DOUBLE PRECISION, >1.0) The grid spacing stretching ratio for the extended, stretched radial
grid. Each grid point is spaced by this ratio times the spacing of the previous grid point spacing. The value must
be relatively small for numerical derivative approximations to hold, and to limit the radial extent of the grid.
This parameter is ignored for radial grid type of O (uniform grid).

rMaxBC: (INTEGER, O |1) The radial grid may be assigned either a sink boundary condition (AT (#;,4x) = 0) or

an insulating boundary condition ( ar = 0).

or lr=rpx

TotalSimTime: (DOUBLE PRECISION, >0.0) The simulation time starts at 1 = 0.0 and runs to this user-
specified value, given in seconds.

dt: (DOUBLE PRECISION, >0.0) The simulation will make time steps of this value, unless an adaptive time
step is specified in the first emitter configuration file. In the case of an adaptive time step, this parameter is
ignored. Ideally, the time step should be set to a value much shorter than the thermal relaxation time, such that
the numerical estimates for derivatives remain accurate.

dtMax: (DOUBLE PRECISION, >0.0) In the case of adaptive time steps, the maximum time step is currently
not bounded by an estimate for stability. This parameter allows the user to limit the time step to a maximum
value if conditions of instability or inaccuracy are observed the solution.

TissueBaselineTemp: (DOUBLE PRECISION, <0.0) This is the temperature, in °C, of the tissue corresponding
to AT equal to zero in the heat equation solution. The value is typically 37.0 for body temperature.

AmbientTemp: (DOUBLE PRECISION, <0.0) This value is the temperature of the surrounding atmosphere for
conditions where surface boundary conditions are employed. The value must be present but will not be used if
both the zmin and zmax boundary conditions are set to SINK.

RelHumidity: (DOUBLE PRECISION, 0.0 - 1.0) This value is the relative humidity value for the atmosphere
surrounding the sample and is employed only for surface boundary conditions using the evaporative boundary
condition type, or combinations of surface boundary conditions using the evaporative boundary condition type.

LogDataFlag: (INTEGER, O |1) This turns logging on and off. Several files are generated when this flag is set
to 1, such as the thermal distribution at some time, the source term at some time, and so on.

Loglnterval: (INTEGER, >0) This integer specifies the number of time steps between logging. Note that in the
case of the non-uniform time step the logged data will not be equally spaced in time.

UserDamageThreshold: (DOUBLE PRECISION, >0.0) The valued used in the evaluation of the damage inte-
gral to indicated that tissue has been damaged. The damage integral is computed at each grid point during the
simulation. If the damage value becomes greater than this value, then the tissue is flagged as damaged.

DamageThresholdSearchFlag: (INTEGER, 0 |1) This sets the option for the simulation to search for a threshold
power to give a user-specified damage condition. If the user would rather find the damage given by a certain set
power and not do a search, this would be set to 0. Entering 1 indicates that a search should be done.

MinPowerRatio/MaxPowerRatio: (DOUBLE PRECISION, >0.0) These inputs are the multipliers of the power
specified for the emitter. They give the simulation bounds with which to start the search. If the threshold power
is outside of this range, the simulation will print an error message and exit.

ThreshSearchType: (INTEGER, O - 3) There are four different search types. A search type of 0 means search
for the threshold to cause damage at any point within the computational grid. A search type of 1 means to look
for a specific temperature rise at any point within the grid. A search type of 2 means to look for damage of a
given radius. A search type of 3 means to look for a given temperature rise out to a given radius. For cases
where damage is being examined, the criterion for damage is that the damage integral is greater than or equal to
1.
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28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

46.

PrimeThreshValue: (DOUBLE PRECISION, <0.0) This value depends on the search type. For a search type of
0, this parameter is not used. For a search type of 1 or 3, this is the temperature rise. For a search type of 2, this
is the radius of damage the must be present as a threshold criteria. (Note: At the current model ability damage,
area should be equal or greater to the beam area to prevent variations in thresholds with a change in the number
of grid points.)

SecThreshValue: (DOUBLE PRECISION, >0.0) This number is only used for search type 3. It is the radius at
which the temperature rise specified must occur.

ConvergThresh: (DOUBLE PRECISION, >0.0) This is the percent error in threshold criterion that the user
will allow in their results. The code will iterate until the predicted threshold criterion is within this ratio of
agreement, and stops the search.

Emitter[7]: (STRING, i =0, 1,2, ...) The string specifies the path name (relative or full) to the Emitter files. The
index { must start at 0, and increases for each Emitter.

StandardEmitter[]: (STRING, i = 0, 1,2, ...) The string specifies the path name (relative or full) to the Standard-
Emitter files. Propagation emitters and Monte Carlo Scattering emitters are implemented through this interface.
The index i must start at 0, and increases for each Emitter.

Layer[i]: (STRING, i = 0, 1,2,...) The string specifies the path name (relative or full) to the Layer files. The
index i must start at 0, and increases for each Layer.

InitialConditionsFlag: (INTEGER, O [1) This flag indicates that the user has specified the loading of an initial
temperature distribution within the solution grid. The initial condition is specified by the file below.

InitialConditionsFile: (STRING) The file containing the initial conditions temperature profile.

PropagationType: (INT) This configuration is obsolete. See StandardEmitter configuration for Propagation
emitter configuration.

NumPropSteps: (INT) This configuration is obsolete. See StandardEmitter configuration for Propagation emitter
configuration.

ApertureCoordinate: (DOUBLE PRECISION) This specifies the z coordinate of the aperture for z-scan simula-
tions.

ApertureRadius: (DOUBLE PRECISION, >0) The aperture radius for z-scan simulations.
NDiftPattern: (INT, >0) The number of points to sample in the diffraction pattern calculations.

DiffPatternMaxRadius: (DOUBLE PRECISION, >0.0) Maximum radial coordinate in diffraction pattern calcu-
lations.

ZScanStartCoord: (DOUBLE PRECISION, <ApertureCoordinate) The initial sample position for z-scan simu-
lation

ZScanEndCoord: (DOUBLE PRECISION, <ApertureCoordinate) The final sample position for z-scan simula-
tion

ZScanStepSize: (DOUBLE PRECISION, <ApertureCoordinate) Step size taken between initial and final sam-
ple positions in z-scan experiment.

ZScanLensCoord: (DOUBLE PRECISION, <ZScanStartCoord) Lens coordinate for z-scan simulations. Lens
must be placed in front of all sample positions.

ZScanLensFocalLength: (DOUBLE PRECISION) The focal length of the lens for z-scan simulations.
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12.3 Emitter (*.emitter) Configuration

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

EmitterType: (INTEGER, 1 |2) Set to 1 for laser source, 2 for broadband source.

PulseType: (INTEGER, 1 - 3) This determines of the emitter produces a single (1), square pulse ; multiple (2)
square pulses; or a user defined (3) pulse train.

FocusType: (INTEGER, 1 |2) Specifies if the focus is stationary (1) at some z position, or moves (2).

TimeStepType: (INTEGER, 1 |2) The time step can either be fixed (1), with a constant dt, or adaptive (2), where
dt grows for each time step'

ProfileType: (INTEGER, 1 |2) The beam profile can be set to a Gaussian (1), Flattop (2), Annular (3), or User
defined (4).

PeakPower: (DOUBLE PRECISION, >= 0.0) The peak power of the emitter in W.

MinWavelength: (DOUBLE PRECISION, >= 0.0) For a laser source, this is the wavelength of the laser. For a
broadband source, this specifies the minimum wavelength in the source.

MaxWavelength: (DOUBLE PRECISION, >= MinWavelength) For a Broad Band source, this is the maximum
wavelength present in the source.

DeltaWavelength: (DOUBLE PRECISION, >0.0) For a Broad Band source, the source is assumed to contain a
set of wavelength between MinWAvelength and MaxWavelength, with each wavelength having a power associ-
ated with it. This sets the resolution for the sampling of the wavelengths in the source.

BeamDiameter: (DOUBLE PRECISION, >0.0) The beam diameter. For a Gaussian beam, this specifies the
1/¢* diameter.

BeamWaistPosition: (DOUBLE PRECISION, >0.0) Z-coordinate of emitters focus. Beam will be focused at
this coordinate.

BeamDivergence: (DOUBLE PRECISION) The divergence of the beam, at the focus.

PulseDuration: (DOUBLE PRECISION, >0.0) The temporal pulse width.

PulsePeriod: (DOUBLE PRECISION, >PulseDuration) The time between the front of multiple pulses.
StartTime: (DOUBLE PRECISION, >= 0.0) The time that the emitter comes on and starts pulsing.
StopTime: (DOUBLE PRECISION, >StartTime) The time that the emitter turns off.

dtMinOn: (DOUBLE PRECISION, >0.0) The minimum time step that the adaptive time step will take when
the emitter it turned on. This is what the time step is set to when an emitter is switched on.

dtMinOff: (DOUBLE PRECISION, >0.0) The minimum time step that the adaptive time step will take when
the emitter it turned off. This is what the time step is set to when an emitter is switched off.

StretchOn: (DOUBLE PRECISION, >1.0) The stretch ratio used for the adaptive time step when the emitter is
on.

StretchOff: (DOUBLE PRECISION, >1.0) The stretch ratio used for the adaptive time step when the emitter is
off.

1dt starts at a minimum time step and grows with each time step until an emitter state changes. So if an emitter is off at some time, and turns on
during the next time step, d is reset to the minimum value.
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12.4 Standard Emitter (*.emitter) Configuration

Standard emitters are indicated in the main configuration file by the StandardEmitter[i] tag. Many of the same con-
figuration options listed in the emitter configuration also apply for the standard emitter configuration. The parameters
specific to the standard emitters are listed below.

10.

. EmitterType: (STRING) The type in the standard emitter configuration is given by a string. Currently supported

strings are "Pade”, "Hankel”, ’Scattering”.

PhotonPacketDensity: (DOUBLE PRECISION, >0.0) For ”Scattering” EmitterType. The number of photons to
launch in a 1 cm? area.

Seed: (INTEGER, >0) For "Scattering” EmitterType. Seed for initializing random number generator.

NoiseReductionFactor: (INTEGER, >= 0) For ”Scattering” EmitterType. Used for smoothing the source term
for a scattering emitter near the » = 0 axis.

zResFactor: (INTEGER, >= 1) For "Pade” EmitterType. Resolution factor for Pade z axis. Pade propagation
grid requires higher resolution than the thermal grid. The propagation grid resolution is based on the thermal
grid resolution, multiplied by a resolution factor.

rResFactor: (INTEGER, >= 1) For ”Pade” EmitterType. Resolution factor for Pade r axis. Pade propagation
grid requires higher resolution than the thermal grid. The propagation grid resolution is based on the thermal
grid resolution, multiplied by a resolution factor.

. OpticsFile: (STRING) For ”Pade” and ”Hankel” EmitterTypes. If given, defines an optics setup for the Gaussian

Beam Propagation. Currently, this should be set to "EYE”, which gives an initial wavefront for the propagation
emitter corresponding to the curvature of the eye.

. P: INTEGER, >= 0) For "Hankel” EmitterType. The order of Bessel Functions to use in Hankel propagation.

This should be set to zero.

numBesselFunctions: (INTEGER, 0 - 4999) For "Hankel” EmitterType. The number of Bessel Frequencies to
use in Hankel transforms.

BesselPrecision: (STING, “’single” |’double”) For "Hankel” EmitterType. Precision to use in Bessel Function
evaluation. Double precision evaluation can require much more computational time.

12.5 Layer (*.layer) Configuration

1.

LayerType: (INTEGER) An integer that tags the layer.

Description: (STRING) A description of the layer.

Thickness: (DOUBLE PRECISION, >0.0) The layer thickness

Density: (DOUBLE PRECISION, >0.0) The layer density, given in g/cm?>.
SpecificHeat: (DOUBLE PRECISION, >0.0) Specific heat of the material.
Conductivity: (DOUBLE PRECISION, >0.0) Conductivity of the material.

ConvHeatTransRate: (DOUBLE PRECISION, >0.0) The convective heat loss from an air boundary with the
material.

. Emissivity: (DOUBLE PRECISION, 0.0 - 1.0) The emissivity of the material.

82
DISTRIBUTION A, APPROVED FOR PUBLIC RELEASE



9. BloodFlowRate: (DOUBLE PRECISION, >= 0.0) The blood flow rate, given in g/ cm’s, through the material.
Setting this to 0.0 turns off blood flow.

10. Refractivelndex[i]: (STRING) A string specifying the refractive index (n) and change in refractive index (g—;)
for a given wavelength. Values for multiple wavelength can be given by indexing with i. in the STRING,
wavelength is given first, then index of refraction, then change in index of refraction with temperature. So, for
example, if the index of refraction for the material at 2000 nm is 1.35 and it changes with temperature at a
constant rate of 0.1, the entry would be given as:

Refractivelndex[0] = 2000 1.35 0.1

11. Absorption[i]: (STRING) A string specifying the absorption coefficient of the material for a given wavelength.
Again, multiple wavelengths can be given yy indexing i.

12. Anisotropy[i]: (STRING) A string specifying the anisotropy of the material at a wavelength. Multiple wave-
lengths can be given.

13. Scattering[i]: (STRING) A string specifying the scattering coefficient of the material at a wavelength. Multiple
wavelengths can be given.

14. Reflectance[i]: (STRING) A string specifying the reflectance of the material at a wavelength. Multiple wave-
lengths can be given.

15. Temp[i], Ali], Ea[i] (DOUBLE PRECISION) These values specify the normalization constant (A) and the rate
process coeflicient (E,) for the damage integral in the material. When calculating the damage integral, the sim-
ulation will look for the two temperatures (given in Kelvin) that bracket the current temperature and use the
coefficients given for the lower bound. For example, if the following coefficients are listed in the layer configu-

ration file:
Temp[0] = 250
A[0] = 10E45
Ea[0] = 6.28E10
Temp[l] = 300
A[l] = 10E99
Ea[l] = 3.33E20
Temp[2] = 500
A[2] = 10E130
Ea[2] = 2.08E23

and the current temperature is 350 K, then the two coefficients that will be used are A = 10°° and E, = 3.33%°
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#KeyVal ue config file

Di nensi ons = VALUE # INT: nunber of dimensions in sinmulation (1| 2)
Si mul ati onType = VALUE # INT: problem (sim type (0 STD THERVAL, 1 PROPAGATI ON+THERMAL, 2 Z- SCAN)
Axi al Gi dType = VALUE # INT: 0 = UNNFORM 1 = STRETCHED
Nz = VALUE # INT: number of z grid divisions
zMn = VALUE # DBL: minimum z coordinate
zMax = VALUE # DBL: maxi mum z coordinate
zStretchRatio = VALUE # DBL: (**) z stretch ratio for non-uniformgrid
zM nBC = VALUE # INT: z min boundary condition type
# SINK 0
# CONVECTI VE 1
# RADI ATI VE 2
# CONVECTI VE + RADI ATI VE 3
# EVAPCORATI VE 4
# CONVECTI VE + EVAPCRATIVE 5
# RADI ATI VE + EVAPORATIVE 6
# ALL SURFACE 7
zMaxBC = VALUE # INT: z min boundary condition type
# SINK 0
# CONVECTI VE 1
# RADI ATl VE 2
# CONVECTI VE + RADI ATI VE 3
# EVAPORATI VE 4
# CONVECTI VE + EVAPORATIVE 5
# RADI ATI VE + EVAPORATIVE 6
# ALL SURFACE 7
Radi al G'i dType = VALUE # INT: radial grid type (0 = UNNFORM 1 = STRETCHED)
Nr = VALUE # INT: nunber of r grid divisions
r Max = VALUE # DBL: Max r coordinate
rStretchRatio = VALUE # DBL: (**) r stretch ratio for non-uniformgrid
r MaxBC = VALUE # INT: r max boundary condition type (0=SINK; 1=I NSULATOR)
Tot al Si nTi ne = VALUE # DBL: total sinulation tine
dt = VALUE # DBL: time step for fixed emtter, not for adaptive
dt Max = VALUE # DBL: maxinmumtinme step for adaptive emtter (for stability)
Ti ssueBaseTenp = VALUE # DBL: tissue baseline tenperature
Anbi ent Tenp = VALUE # DBL: anbient tenperature
Rel Humi di ty = VALUE # DBL: relative hunmidity (0 - 1.0, .6 = 60%
LogDat aFl ag = VALUE # INT: log data flag (0 = NO 1=YES)
Logl nterval = VALUE # INT: log interval in time steps (10 = LOG 1 in 10)
User DanageThr esh = VALUE # DBL: User-defined damage threshold val ue (danmge integral value)
DamageThr eshSear chFl ag = VALUE # INT: damage threshold search flag (0 = NO, 1 = YES)
MaxPower Rat i o = VALUE # DBL: (##) max power ratio for threshold search
M nPower Rat i o = VALUE # DBL: (##) mn power ratio for threshold search
ThreshSear chType = VALUE # INT: (##) threshold search type (O=damage, 1=dT, 2=Les Rad, 3=rad dT)
PrimeThreshVal ue = VALUE # DBL: (##) primary threshold value (radius, dT, radius dT)
SecThr eshVal ue = VALUE # DBL: (##) secondary threshold value (dT in Thresh Search Type 3)
Conver gThresh = VALUE # DBL: (##) convergence threshold for search (e.g. 0.05 = 5%)
Enmitter[O0] = "STRING' # STR enitter file
Layer[ 0] = "STRING' # STR layer filenanme
Layer[ 1] = "STRING' # STR layer filenanme
I'nitial ConditionsFlag VALUE # INT: initial conditions flag (0O = none, 1 = read initial conditions file)

Initial ConditionsFile "STRING' # STR initial conditions file

Propagat i onMet hod = VALUE # INT: propagation nethod (0=FDBPM 1=PADE, 2=PADE, Non- Uniform grid)
NunPr opSt eps = VALUE # INT: (++) nunber of prop steps per grid interval
Aper at ur eCoor di nat e = VALUE # DBL: (++) aperture or screen coordinate [cni
Aper at ur eRadi us = VALUE # DBL: (++) aperture radius [cni

NDi f f Pattern = VALUE # INT: (++) diffraction pattern num points

Di f f Pat t er nMaxRadi us = VALUE # DBL: (++) diffraction pattern max radius
ZScanSt ar t Coor d = VALUE # DBL: (++) z-scan start coordinate [cnj

ZScanSt opCoor d = VALUE # DBL: (++) z-scan end coordinate [cn]

ZScanSt epSi ze = VALUE # DBL: (++) z-scan coordinate step size [cn]
ZScanLensCoor d = VALUE # DBL: (++) z-scan lens coordinate [cnj
ZScanLensFocal Lengt h = VALUE # DBL: (++) z-scan lens focal length [cni

/1- Notes:

I1-  (**) Not used for uniformgrid spacing -- code sets to 1.0

I1- (##) Only Used for Threshold Searches
//- (++) Only Used for Propagation Analysis (and secondary prop grid)

//- dt is set by emtter when variable tinestep enmitters are used

/1- See docunmentation in /doc dirctory for additional parameter information

Figure 12.1: Example of the main configuration file
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#KeyVal ue enmitter configuration

" STI NG’
" STI NG’

Profil eFil ename
FocusFi | enane

Enmitter Type = VALUE #
Pul seType = VALUE #
FocusType = VALUE #
Ti neSt epType = VALUE #
Spect runiype = VALUE #
Profil eType = VALUE #
PeakPower = VALUE #
M nWavelengt h = VALUE #
MaxWavelengt h = VALUE #
Del t aWaveLengt h = VALUE #
BeanDi anet er = VALUE #
Beami st Posi ti on = VALUE #
BeanDi ver gence = VALUE #
Pul seDurat i on = VALUE #
Pul sePeri od = VALUE #
StartTime = VALUE #
St opTi me = VALUE #
dt M nOn = VALUE #
dt M nOFf = VALUE #
StretchOn = VALUE #
StretchO f = VALUE #
SARFi | enane = "STING'

Pul seFi | enane = "STING'

Power Spect runfi | ename = " STI NG'

#KeyVal ue Standard Emitter configur

# BaseEmitter Paraneters

Enmitter Type = "STING' #
Pul seType = VALUE
Spect runiType = VALUE
Profil eType = VALUE
Peak Power = VALUE
M nWavelLengt h = VALUE
rce [1/cni

MaxWavelengt h = VALUE
rce [1/cni

FocusType = VALUE
BeanDi anet er = VALUE
Beam4i st Posi tion = VALUE
Ti neSt epType = VALUE
dt M nOn = VALUE
dtM nOFf = VALUE
StretchOn = VALUE
StretchOf f = VALUE
Pul seDurat i on = VALUE
Pul sePeri od = VALUE

1 Hz, 10%duty cyle train
StartTine = VALUE
St opTi me = VALUE

# ScatteringEmtter Paraneters
Phot onPacket Densi ty = VALUE
Seed = VALUE

Noi seReduct i onFact or VALUE
density cal cul ation

# BPEnmitter Paraneters

#NunPr opSt eps = VALUE
zResFact or = VALUE

r ResFact or = VALUE
OpticsFile = "STRING' #
# Hankel Emitter Parameters

p = VALUE
nunBessel Functi ons = VALUE
Bessel Preci sion = "STRI NG’

emtter type
pul se type
focus type

for broad band source,

: profile type (1 Gaussian,

DBL: peak power of emtter [W

DBL: m num wavel ength for broad band source,
DBL

(1 Lsr, 2 BB, 3 Mistr, 4 Prop, 5 SAR, 6 MCM.)
(1 Single, 2 Multiple, 3 USER

| NT:

| NT:

I NT: (1 Fixed, 2 Mving [thernal
INT: time step type (1 Fixed, 2 Adaptive)
| NT:

I NT.

m num wavel ength for broad band source

DBL: wavel ength step to take for
DBL: beam di anet er

STR:
STR:
STR:
STR:
STR:

R

Figure 12.2: Example of the emitter configuration file

ation

STR emitter type (Scattering,
INT: pul se type
broad band source,
INT: profile type (1 Gaussian,
DBL: peak power of emitter [W
DBL: mi num wavel ength for broad band source,

INT: for

HHFHHE HHH * O HHHHH

H*

H*

name
name
name
name
name

of
of
of
of
of

DBL: m num wavel ength for

INT: focus type
DBL: beam di aneter [cn] Note:
DBL: position of beam wai st

nuneri cal

I ens])

2 Tophat, 3 Annular, 4 USER)

integration

type of wavel ength spectrum (1 Bl ack Body, 2 USER)

or wavel ength of |aser source [1/cn]

[cnml Note: this is 1/e for gaussian beam profile
DBL: position of beam wai st
DBL: divergence of beam

DBL: duration of one pul se [s]
DBL: period of pulse train [s]
DBL: tine that enmitter actually comes on [s]
DBL: tine that enmitter turns off [s]
DBL: minimumtinmestep when enmitter is on [s]
DBL: minimumtinestep when enmitter is off [s]
DBL: timestep stretch ratio when emtter is on
DBL: tinestep stretch ratio when emtter is off

sar file to use
file with tenporal

power spectrum (power vs wavel ength) file

beam profile file

focus vs tinme file

pul se profile

Propagat i on)

(1 Single, 2 Multiple, 3 USER

(1 Fixed, 2 Mving [thernal
this is 1/e for gaussian beamprofile

DBL: duration of one pul se [s]
DBL: period of pulse train [s] so,

broad band source,

INT: time step type (1 Fixed, 2 Adaptive)
DBL: minimumtinmestep when enitter
DBL: minimumtinmestep when enitter
DBL: tinestep stretch ratio when enmitter is on
DBL: tinestep stretch ratio when emtter is off

is on [s]
is off [s]

type of wavel ength spectrum (1 Bl ack Body, 2 USER)
2 Tophat, 3 Annular,

4 USER)

I ens])

taken to be the wavel ength of |aser sou

taken to be the wavel ength of |aser sou

if periodis 1, and duration is .1, this would be

DBL: tine that enmitter actually comes on [s]
DBL: tine that enmitter turns off [s]

# DBL: number of photons per square cmto |launch in beamprofile
# INT: (OPTIONAL) default: 1; seed value to initialize random number generator
# INT: (OPTIONAL) default: O; the number of interier

NT: nunber z steps for

NT: repl aces NunPropSteps
NT: same as zResFactor, but for

I NT: order
|

of Bessel

r

# STR precision to use in bessel

direction

radi al

propagator to take between thernal

function to use as propagation basis
NT: nunber of pth-order Bessel functions to use in basis

rings to average in power

z-slices (DEPRECI ATED)

# 1

# 1

# 1

STR:  Gaussi an Beam Propagation Optics Configuration File (could just specify Eye)
#

#

function evaluations (single or double

Figure 12.3: Example of the standard emitter configuration file
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#KeyVal ue | ayer configuration fil

Layer Type

Description

Thi ckness

Density

Speci fi cHeat
Conductivity

ConvHeat Tr ansRat e

Em ssivity

Bl oodFl owRat e
#Refractive index and

Refracti vel ndex[ 0]
Refractivel ndex[ 1]

e
= VALUE # INT: layer type (see layertypes.txt for list)
= "STRING' # STR layer description (retinal EP, epiderns, etc)
= VALUE # DBL: layer thickness [cn]
= VALUE # DBL: layer density [g/cn3]
= VALUE # DBL: specific heat of layer [J/g/degC]
= VALUE # DBL: conductivity [J/s/cnl degC]
= VALUE # DBL: convective heat transfer rate [J/s/cn®/degc]
= VALUE # DBL: emissivity of tissue (0 - 1)
= VALUE # DBL: blood flowrate [g/(cn3*s)]
dn/dt vs wavel ength - STR ("DBL DBL DBL"): --> "\lanbda n dn/dt"

= "VALUE VALUE VALUE"
= "VALUE VALUE VALUE"

#Absorption Coefficient vs wavel ength - STR ("DBL DBL"): --> "\lanbda \nu_{a}" [1/cnj
Absor ption[ 0] = "VALUE  VALUE"
Absor pti on[ 1] = "VALUE  VALUE'
#Scattering Anisotropy vs wavel ength - STR ("DBL DBL"): scattering angle cos by wavel ength "\l anbda \cos(\theta)
Ani sot ropy|[ 0] = "VALUE  VALUE"
Ani sot ropy[ 1] = "VALUE  VALUE"
#Scattering Coefficients vs wavel engt - STR ("DBL DBL"): scattering coeffiecients by wavel ength "\l anmbda \ mu{s}"
Scattering[0] = "VALUE  VALUE"
Scattering[1] = "VALUE VALUE"
#Ref | ectance val ues vs wavel ent gh - STR ("DBL DBL"): 0 - 1
Ref | ect ance[ 0] = "VALUE  VALUE"
Ref | ect ance[ 1] = "VALUE  VALUE"
Tenp[ 0] = VALUE # DBL: tenperature for rate ceofficients
Al 0] = VALUE # DBL: Arate coef. [1/s]
Ea[ 0] = VALUE # DBL: Ea rate coef. [J/nole]
Tenp[ 1] = VALUE # DBL: tenperature for rate ceofficients
Al 1] = VALUE # DBL: Arate coef. [1/s]
Ea[ 1] = VALUE # DBL: Ea rate coef. [J/nole]

Figure 12.4: Example of the layer configuration file
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