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Abstract

The propagation of a focused laser beam in a magnetically confined plasma is
studied using ray tracing techniques The transport of beam energy along rays in a
vacuum is described in terms of a phase space distribution function which includes the
beam diffraction effects Solutions for ray trajectories in the plasma are solved for
various density profiles. These solutions are used to match into corresponding density
distributions within the medium. Energy deposition and ponderomotive forces are
evaluated accordingly Program packages are designed to be used with the magnetic shell

flux code developed by McMullin Miiroy and Cap jack
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Chapter 1 ,

introduction

1.1 Significance Qf the problem

The u/tihgatnon of y;sers as energy sources for heating p,la.smas in & thermonuclear
fusion reaction has been studied .extensively in the past years J Nuckolls et al’
proposed the scheme of using laser beams to heat plasmas confined within a spherical
pellet inertial confinement). while Dawson’ et al reported the feasibility of haating
magnetically confined plasmas by lasersilaser heating with magnetic confinament) In both
schemes. as the laser beam propagates within the plasma energy 1s transf»prrved to the
medium The plasma is heated up upon absorbing the energy and as a rasult,
thermo-expansion of the plasma will take piace. The disturbance in the plasma density
affects the refractive index and hence a changé in the propagation ofvthe beam This, in
turn, will change the heating pattern for the plasma and a self-consistant system will be |
set up between the plasma and the U’arﬁ‘ln order to understand the heating mechanmism. it
's essential to study the problem of iaser beam propagation w thin a plasma medium
Before introducing the research objectives, a survey of the recent investigations on this

probiem will be carried out in the following section

1.2 Review of past work *~ _

in 1874, Humphries® studied the propagation of a laser bear par‘all;al to the
magnetic field in 8 8 pinch plasma column He found that wavegundé type s‘olutions‘are '
necessary for describing the beam condmon within a8 plasma which was assumed to have |
a radially parabolic density profile. Mam etal * used the method of normal mode analysis
to describe laser beam propagation wnthm a plasma column having a parabohc density
variation They evaluated the maximum number of modes that can be'trnppod wiﬁjih the
plasma Their analysis showed that the beam propagates periodically along the column *
Feit etal*. . . ' developed a self-consistent treafrﬁent for the relation betweety Iasgr |
beam propagation and plasma hydrodynamics. They found that the baam trapr;ed itsé}f as
it heats up the medium. in their further investigations, they showéd. that an axial density



changes were also found in the beam after it traversed the column They also studied the
case of a beam propagating through a region with an eleétron density profile determined
from a éetniled tme-dependent hydrodynamic calculation. The beam was found to exhibit
aperiodic properties along the column but remained trapped McMullin etal’ used normal
mode analysis to derive a general expression for the field of a’laser beam in a qdédratic
waveguide. The electric field amplitude was shown to exhibit periodic property along the
column. For an axially varying parabolic density profile, the electric field was expressed
as a linear combination of the normal modes for a quadratic profile. They found that the
electric field of the beam displays aperiodic axial variation.

Instead of using wave optics to treat the problem, Steiﬁhauer and Ahlstrom?®. 1
made a detailed study on the problem by means of geometrical optics. They considered
the propagation of rays along a cylindrical plasma column with azimuthal symmetry. They
found that rays wbuld oscillate within a plasma column which has a parabolic density
profile with an on axis minimum. The baam trapping phenomena were experimentally
observed by several research groups!?. 1.\ )

Dudder and Henderson!$ developed a two qimensional (rachal and axial) simulation

odel, RAMSES, for studying the propagation of a laser pulse through a background gas
r plasma Ray optics was used in the model. The ray tquctories were soived 'from the
ray equaﬁo\n‘ Hubbard and Montes!¢ also developed a progrém to trace the beam in a
continuousty va'rying refracting medium. They used the method of TayI.Qr exbansion about
the initial position to approximate the new ray position. Acccording to tﬁe analysis, by
knowing the refractive index of the medium, its gradient, the co-ordinates and tangent
vector of an init.al pou* on the ray, the co-ordinates of the ray path can be found.
However, diffraction anc phasé information of the radiation were not included in the
program and the " tial positions and directions of the rays were chosen in a definite .
pattern. , o | » .
Rinker and Bohannon!’ recently presented a description of the fi;tite size focal
~spot of a laser beam. Rays were chosen to be normally distributed at the focal plané sO
that a Gaussian beam intensity profile was ensured at the spot In the analysis, the rays are
traced within a cylindrical symmetric medium by means of a two step procedure. The

- . . . Q
first step gives the ray positions at the boundaries of a plasma zone and.the second step

02



computes the ray path within the zone. Their overall treatment does not include the
diffraction effects of the beam

Tappert!' developed a method to trace rays for a focused laser beam with the
inclusion of diffraction effects. Formulae were derived for the spread of ray angles that
yield the correct diffraction patterns for coﬁerent and partially coherent beams. With th's
method, the size of the beam was found to reach the diffraction limit in the case of an

ideal lens.

1.3 Purpose of present work
The purpose of the present work is to investigate the propagation of a focused
laser beam in a plasma confined within a solenoidal magnetic field by using geométrical
optics. The use of ray optics to describe beam propagation gives an alternate approach
for obtaining the propagation behaviour of the heam The objective can be divided into
three parts: o
1. Description of a focused /aser beam in vacuum using "ray optics
By using rays to describe the focusing action of an ideal lens, one has to
solve the probiem of ir)wifinite intensity at the focus as all rays will merge into that
point Tappert suggested including the diffraction effects of a focused beam in the
ray trécing technique so that a finite size focal spot can be attained. Based upon this
idea, rays emerging from a coﬁverging lens are assigned a direction which deviate
from the direction pointing at the focus. This deviation is chosen to follow a
Gaussian distribution With such chosen directions, rays will spread out at the focus
in a2 Gaussian manner, avoiding the problem of infinite intensity. H
2. Beam propagatian within a magnetically confined plasma column
The propagation of the beam within the plasma are studied in terms of ray
optics. Past work has been done for the case of a parat‘aolic density profile. The
present objective is to trace rays within the plasma which has an arbitrary profile.
This tracing is intended for implementing the magnetohydrodynamic(MHD) code for
' a plasma column developed by McMuliin, Milroy and Capjack . In the code, the
spatial beam intensity profile and hence the laser power is assumed to be a

constant of time within the column. This assumption does not include the effect of
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a changing refractive index which alters the beam profile The tracing routine will be
used to modify the laser power computation routine in the MHD code by including
refractions. in this way, a more realistic simulation of the plasma can be obtained

3 Calculation of absorbed energy and ponderomotive forces

Upon knowing hc w the beam propagates inside the colﬁmn, energy

deposition and absorption Ca;a be described more accurately. An energy absorption
packagé is designed based upon the computed ray trajectories, since energy
interchanges are taken place along the ray paths Moreover, the MHD code is also
designed for studying the magnetohydrodynamics for a gas target, the
ponderomotive force becomes an important component af fecting the dynamics of
the .plasma as high intensity laser beams are used in this case.

Discussions ;nd derivations of the above ob jéctives are presented in the
following chapters. In chapter two, an explanation of Tappert's diffractive ray tracing
technique is given. Here, rays can be chosen accordingly to simulate a focused.laser
beam propagating in vacuum. Cases for coherent and incoherent Gauﬁsian beam are
presented. The propagation of these rays inside the plasma is discussed in chapter three.
Solutions to the ray trajectories in regions with different densities are derived. Chapter
four gives a discussion on the energy absorption and ponderomotive forces within the
plasma. Energy absorption is based on inverse Bremétrahlung process. Derivations of
ponderomotive forces are based on the work of Chen. The conversion of the analytical
results obtained in previous chapters into numerical computations is presented in chapter
tive. Descriptions of program routines for generation of ray locations and directions, ray
tracing and energy absorption are given and discussed. Results computed for a tested -
density profile within the plasma column ar‘e discussed in chapter six.

CGS units are adopted throughout the work, except power is given in watts. -



Chapter 2
Diffractive ray tracing
The focusing action of an ideal converging lens can be determined by tracing rays
according to the theory of geometrical optics ideally, rays paralle! to the optical axis of a
converging lens will all converge t.o the focus resulting with an infinite intensity at that
point However, according to the theory of diffraction’, a light beam paralle! to the optical
axis of the lens is not focused to just a point but to a sizable area The beam intensity at

the geometrical focus is found to be

. 2
= (T2 A 2
L= G
A fkr
where A is the amplitude of a spherical wave front, er at unit distance from the

source; fLand a are focal length and aperture of lens respectively. ) is the wavelength of
the incident beam. As can be seen from the expressign, the focal intensity goes to
"infinity as the wavelength i goes. to zero which is the basic assumption used in
geometrical optics.

A more accurate description of the lens focusing action can be provided by the
ray tracing techniques if the diffraction effects are incorporated into the picture. This
chapter discusses how rays can be chosen to take the diffraction effect into account by
introducing the idea of a phase space distribution function. Based on this function,
formulae for ray directions and for beam size are derived for ‘a beam with a Gaussian
amplitude and a coherent phase in the first case and an incoherent phase in the second
case. Section 2.1 explains how the radiation energy of a beam can be distributed into |
particular locations and directions according to the above disfribution function. This latter
function for a Gaussian beam will be derived in section 2.2. Section 2.3 discusses how
the distributed radiation energy can be assigned to rays with particular directions and
locations. It aiso gives a description of the ray distribution at the lens and focal planes.
Section 2.4 discusses the distribution function for a Gaussian beam with incoherent

phases due to instrument limitations.




2.1 Tappert's phase-space distribution function

in this section, Tappert's phase space distribution function is defined. The
significance of this function in the ray tracing technique is discussed The energy density
and energy flux of a laser beam are found to be the zero and first moments respectively
of this function with respect to direction g

In conventional ray tracing of light propagation through a converging lens, each
point at the lens plane can be associated with a ra;l directed towards the focu§ so that all
rays will meet at one spot In order to obtain the dif fraction limited focus size, the
directions of rays were chosen in such a way that not all the rays would intersef:t at the
focus. Tappert's phase space distribution function provides a method of solving this
problem. |

Before defining the distribution function, a review on the derivation of energy
flux and energy density from Helmoltz equation for the vacuum case is given in here for
future reference.

The wave equation for a laser beam propagating in vacuum is given by the

Helmoltz equation -
v2E + k2t = 0

. . A
E = e(Flexp(ikeT - fut) 2.1.1)

where: is the propagation vector in vacuum,and lkl=w/c; wis the angular frequency of

the wave; C is the speed of light; T is the position vector of a wavefront at a distance r

from the source. Through assuming that the wave propagates primarily along the 7

-
direction, E is taken to have the form

-+ -+
E = e(x,y,z)exp(ikz - fut)

\

By using the parabolic approximation (which states that the axial field amplitude variation

(2.1.2)

over a wavelength is much smalier than the variation over the axial scale length,that is ,

32¢ Jd€E .
(-3—27 <« k‘%_z' )eq (2.1.1) is then reduced to

j2¢e 1 932¢ 0 . {2.1.3r
— . =7 =

where

N4



By taking the Fourier Trnnsform of eq. (2.1.3) with respect to kK = ka + ky3 and
using the boundary conditions : (1)at infinity, the integrals of g—; ond € vanish over a
surface'perpendicular to the direction of propagation (see footnote) , the equation

becomes

de 2 s
= <a"k e
4z toF | (2.1.3a)
On solving eq (2.1.3a} with the boundary condition that the electric field at the lens plane

is c(x,y,zo), the solution of the transformed equation is

eF(kx.ky,z) = cF(kx.ky.zo)exp[-azki(z-zo)]

{2.1.4)
-where
] o, ® + > -+ -+
cF(kx,ky,z) = -2—1‘—_°f°_f®exp(ikl°)g)c(x‘,z)d2x‘
1 ' ' {2.1.5)
2 & : .
a 21k
By taking the inverse Fourier transform of eq (2.1.4) and applying the convoiution
theorem, the arﬁplitude of the electric field at 2>zis given by
e(x,y,z) = F—H -fmc(;' z,)ex [“‘ Xy - X)) 42k
il ni 2-245) .. 4’70 P 22-20 Jd%x;
(2.1.6)

According to the electromagnetic theory, the time average energy density U and flux § ‘

of the radiation field which is characterized by eq (2.1.2) are

] -
U= B € 2
n ! ' (2.1.7)

(2.1.8)
where § is 3% , 3_
2 ax1 + 5 y‘T .
These two quantities can be evaluated in terms of the integral derived in eq. (2. 1.6). The

The boundary condition can be imposed because of the finiteness of field energy. At any
time t, the wavefront from a source reaches a distance ct If the boundary is taken to be
further than ct, the field will be zero.



derivation of § is given in Appen;iix( 1).

Instead of obtaining the energy density and fiux by directly evaluating eq (2.1.7)
and eq (2.1.8) with the electric field given by eq (2 1.6), Tappert introduced the idea of
using a phase space distribution function to evaluate the quantities. This distribution
function was originated from Wigner? who introduced it in finding the probability of a
particle having its location and momen'tmn defined simultaneously.

Adopting this idea from Wigner?,?, Tappert'was able to describe the propagation
of beam energy in terms of a set of rays continuously distributed over space and

directions by using a phase space distribution function in the form

)

f(X,.0,2) = WN "2, e"(u* te(x, -— X 02)e* (X, i) (21.9)

e(i,z) is defined in eq. (2.1.2); 3‘_ is a two dimensional unit vector whose x and y

components denote the direction cosines of the ray direction (see fig. 2.1)

; u = sinoecos
- X ¢

Uy = sinesin¢ .-

For rays propagating close to the axis of propagation, the magnitude of 34_,"&5

A2+ u?

0,1 = AT AT
= |sine| = o
—
For small angle 0 , the magnitude of u ,_q:proxlmately equals to the angle which is the
angle the ray subtends at the z-axis. ‘

. This function gives a description of the disfribution of beam energy over space
and directiori“The amount of beam energy which is located at the point .(x y) and
propagstes in ;e direction u u;}z is determined from the function. The trajectory which
is traced out by :nis pack of energy is a ray with defined origin X and direction U+ 7
'l_’q:pert‘s functior s a real function and may take negative values. It has the f‘ollowing

properties: )



(0.0,0)

Figure 2.1 Co-ordinate system adopted for rays.

Y
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When it is integrated over all transverse directions Ub it gives the snergy density

over 8 volume element at location (i;_,z), that is,
] - g -+
U(%g,2) = g— gf("uuuz‘)d?ui. (2.1.10)

which after substituting f from eq (2 1.9), gives

]
U, z) = B-f I mﬁd? *I1f-1 ekl - x‘-c(xl-]xl, z)e* (R4gfl, 2) 420,

1 k2 'Sinkx sinky
ok ky'

(;;_'%:X:' -Z)c*(;ﬁ%;}_.z)dx'dy'

Since the amplitude of the eiectric field is assumed to vary slowly over a

wavelength the field can be considered constant over the region of integration
'1T
'[ ). The vaiue of the electric field at x =0 is taken to be the field value

throughout the region ( = r . -R- ). Thus, the integral can be approximated as

k
U(x_L. z) '(“)T[U s1nkx sinky ]dx dy' e(x‘,_,z)e*()g,z)
. f.,z) *(%y,2) smk '4sink
. 8: Ifj _Y sm X_d dy
g".5422k24n2‘cx4.22
8x w2 8kZ gn

.which is the energy density.
When u *f is integrated with respect to u‘Lx , u.Ly the transverse flux components of
the light beam along x , y directions is obtained

-+ . -+ -+
3.(x2) = L4 L,f(  oUys2)u d?u, (2.1.11)
The aforemented statement is verified by substituting f into eq. (2.1.11) giving



M

3 (X .2) = 8—:}— 1:{:d)<'dy'c(ﬁ-%—-ﬂ.z)c*(xL 3%} ,2)

g '.*' x'+
P Ly T e “dau, du

]J.x

2.1.12)

Consider the x component of S

_;

'—5,'7[de'd_y'e(.)t_L i,,z X_L*'Z

Sx(X,2)

]ue X+uyy

~1 X "Ly

'%Fr%?ffdxdye( 75.)( ;1;,1)‘

-00 ~0

- ‘
* [ u k.Lx du feikulyy du

-] .LX
= _g_ -'2‘- [:[:dx dy'e(x 2¢'Z) (;J_%;_L',z)
L d felku,X du 2sinky
dx' 3 ik 11X ky'
£ sinkx' Ko

& o dx Txr X
x fs—l-r-‘-‘ﬁx—e 21’2 g* (x 47 ' 2)dy!
Bythemetéument as in (i),

> k 24 n > ] . 1 , .
S, (x/,2) = 8%'(27) TFF{, E(x—-z-x Y5y 'z)y'=0

< et (xnpxt gy 2), o[ SR gy
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E—<?_) TET{ f sinkx ct*dx ]

~ Since the field is assumed to vary slowly in space, the derivative of the product of

the field amplitudes. —a-iﬁ-(ce*) can be considered constant and taken to be the

value at x'=0, Thus, after integrating.

S (X .L'z) ST '}T_B%r(“*),x'w

X

Similarly, for the y component of §
-+ = .C 1 9 ( *
Sy(xL.z) Br 1k a3y '°F 1,y’=0
-By adding the x and y components, the transverse flux component is given by

-+
| §_L= Sx? + Sy‘]
c 1 . '
b -GJ.(CC*LWO.)"“O

-

-

By using the transform of the co-ordinates,

7516(7;-%}10»2)' = -%ﬁe(h-%—‘ij.z) : (2.1.12a)
.ﬁi.e*(;(-‘- ]}_L',z) ﬂ*(} +—'ﬁ' ) (2'1.;2b)
V2 =472 | 2113
the transverse fiux vector becomes >
S r’z"fe"‘ - E*VS* '=0,y'=0 (2.1.14):

The variation of the distribution function along a trajectory can be found by

“differentiating eq. (2. 1.9) with respect to z, that is,
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Multiply eq (2.1.3) by c*and its complex conjugate by €,

ac

Tetss 2“&5 =0 (2116)
Bc -’2 *

-Tess k_Lc 0 (2117

eq (2 1.15) becomes

B

2 ' 1kU X 2 _ 2
(2"72&(’ (cV -oervie) 2118

And from eq (2,1.12) and eq (2.1.13), of becomes

af

82z
— J. ‘L * - t 2 -~
T T L, e A €ry %e) 2119
Integrating each term by parts and using the boundary condition tix,y,z) =0. one gets
B X+ - ox

y-b—co

of _ Kk 2,2 S ew TKUIX Vo,
3z = T2 O LLLT (a2 ™% ey a2ty
- [CL07) (ce U5 cna2i ]

(2.1.20)
Expanding the integrand,
af_ k 4] “*> > i*v.*,-ww
3z ZI:L:(H)‘?[:*UL-V_LC - Uerde ku, Xig
(2.1.21)

From eq (2.1.12a) and eq {2 1.12b), replace 3, by 3,

of  -k2 T I SN ik, - X
57 - awells PXER 5 ) + efl, - ve*)Jetur A

-k2 - - Lo e
T D00 Jeer)elhiur Xigdy

or

af - n !
az - W Wf , S (2.1.22)



Using the method of characteristics in partial differential equations to solve eq

{2.1.22), the corresponding characteristic equations for eq (2 1.22) are

u.L X

Ly

R e Mg
L]
(=

=4 (2.123)

where t is a parameter. On integrating, the solution to eq. (2.1.23) is,
= +cC
X u.l. Xt 1
W y = u, yt + ¢
. = +
2=t g (2.1.24)
This set of equations denotes a parametric curve on which eq (2. 1.22) is satisfied in
other words, the value of f remains constant along this set of curves.
By using the initial conditions for x, y, z, namely, at t=0, X=X 0¥ =Yy z=zo,the
family of curves can be written as
x = xytu ot
Y=Y + uLyt o ]
= + ‘
b4 Z, t
(2.1.25)
Through replacing t with 22, from the last equation of (2.1.25), the above equations

become

X = xo + ULX(Z"Zo) 3

¢ | oy =g+ (zozp)
(2.1.26)

Cr, in vector notation,

- -+ -+ -
X = x5 + uy(z-2p) (2.127)



v

Since accordng to mg (2 1.22) f remains unchanged slong the path, one can write

f( 0* U (l zo) u ul) - f(xLO'u.L' ZO) (2 128)

By substituting for the arguments of f from eq (2 126). eq (2 1.28) bacomes
./ -

Fx,. U, 2) v F(x U (2-25), . Zy) (2 1.29)

The path given by eq (2 1.26) may be ragarded as a trajectory for eéhergy pnckets with

the sama mitial positions X 10 8nd the same initial direction u

2.2 Tappert's distribution function of a coherent Gaussian beam

In this section, the phase space distribution function for a coherent Gaussian
beam is derived. From this distribution function. the average directions of the rays, beam
energy density and spot size are deduced

Under the tar fiald approximation, the wave amplitude of a collimated Gaussian

laser bsam before passing through 8 converging lens at a distance zofrom the lens’, 1s

given by,
- 2 -
(xiy.2q) * éw ] 1{kzg~¢) -r2 /w2 (2) -1k /2R (z,))
0 {22 1)

where ;\If.cg~
¢~ tan (w-*?
™

2

'KW
Rlzg) = 200 1+ (53)7]

wi(z,) w2[1+(--9——)2]

rés x2 4 y?

r<<R and wo is the bearn waist of the lasar.
On passing through the lens which is assumed to be thin, the field amplitude just after the ~

lens(z=z]), becomes(sea Appendix 2

e(hy‘.ll) = Eoe

D
1 ~1(kz-e)

where Eons

222 2
rifag gmikrt/2f 2.2.2)
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8y s w(zo) ; fLis the focal length of the lens.
By substituting this expression into eq. (2.1.9), the distribution function at a

particular point (nyo,z]) becomes

il o a0 S0 2oy,
, an ., 2,2 = u ) u +-2
: f(xo,yo.u W2 ) = 021' 0, 2"0/30 e 2 XT e Yy f

(2.2.3)

At any particular location on x—y plane(constant r), the function has a maximum value at

~.

{2.2.4)
This shows that most of the radiation energy at location()b. yo) is associated with the ray
pointing towards the focus (see fig. 2.2), while the rest of the radiation energy will be
spread around this ray according to the distribution function given in eq. (2.2.3). By taking
the first moment of f U2 ), the average direction of the rays at the point {x_y ,z.)
"b‘b“kyﬁ ge direct Y point by?y
is ‘

[ fu f(xo,_yo,u Uy 02 )Ydu du.y ~Xg

< U > =

X l{ f(’_‘O’-YO’ux’uy’ZJ)du du-y fL
s ﬁ[:_tiyf(xo,yo,u U, 2 )du du _ Yo
y L] f‘(xo.,_yo,u ,uy.z )du duy 1tL
| y (2.25)

which is the peak value of f(yUyO, {Lyz.,) Thus,the average direction of the rays is the
durectnon along which most rays will follow Moreover, this direction is the same as that

for a single ray emerging from the point (x_y ) passing through the focus. Thus, the beam

oY%
focusing action can be described in terms of a collection of rays.
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— 3¢

Lens plane Focal plane

Y
N

Figure 2.2 Spread of rays at foca! plane.
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By using egs.(2.1.10), {2.1.11), the energy density and transverse flux components

of the beam at a point (nyo) are given as,

|E2|k2a2
U(XnsYnozy) = 1 ——————\0 0
0'70°" B en
-kzaé X Yo
—.H(u +___)2+ (u +__)2]
2 x f “y f
L L duxdu-y

“9p2/a2
e 2'PO/“"‘O

[Lle
13N ~2rg/ag ' | (2.2.6)
8
21292 _9p2/22
IEOI kZaZ . 2rg/ag

T 2r

C

-
S'L(XO"YO’Z])

-kzaé x0 _yo
—7 0,50 g

L[

T 2
x (ux1+uyJ )duxdu.y

L L - (2.2.7)
The distribution function'from the iens plane onward can be derived by

substituting eq. (2.1.26) into eq. (2.2.3)

=2[ (x- -y ))2
vy

f(xnyouxluyoz) = _‘?"_—e O

-Z(y-u_y(z—zo))2 -kzasl x-ux(z—zo))2 :
va u +
X e a9 e 2 X fL
k2242 - -
k a0:u Y uy(z zo))2 |
: 2 Vy f ;

-Expanding the exponent and combining terms in x’,y’,ux.uy, eq. (2.2.8) becomes
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]

23252 =2(x%y?)  -kZa2(z), . x_ .\,
[Eql*k*ag 7= (U ETEY)
2

a4(z) e

-k232
k—;—m‘(“y"r{‘z‘)‘) 2 (2.2.9)

f(x,y,ux,u ,z{

x e
where
z-2 4(2-20)2
02(2) = a3L(1-—2)24 — -0
L 0
2oz 8(z-2.)2 (22.10)
(1-—-L) 20— 0
fL kYaB
Flz) = £, T ]

2-z, 8 '
1- ' ] ) (2211

By substituting for f from eq (2.2.9) into eq. (2.2.5),the average value for u)'(u.y are

evaluated to be ’

<u > = '
X Flz) 22.12)

<y >=FTLT- . .
y 4 ' (2.2.13)

Moreover,by similar integration procedure 2s in eq. (2.2.6), and eq. (2.2.7), the energy

density and transverse flux components are found to be

. IEy |2 2/,2
: > _ 0 -2r</fa%(z
\ U(X_Laz) = e ( ) . (2.2.14)
7,08 = gy 2e 2/ r{—yl
ACH B0 J (2.2.15)

where ri=x+y?

From eq. (2.2.10) the minimum spotsize is found to be

4f2/k2a2
a2, = L%
min 4?E
1 o |
0 A (2.2.16)
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at an axial distance

R T
1+ p‘Lt
3 (2.2.17)
From such a distribution function, the beam size at the focus reaches a limit which
is goverhed by the wavelength of the beam Moreover, the beam is focused within a
focal region with radius a min located at a distance slightly less than the focal length of the

lens.

2.3 Ray description of a coherent Gaussian beam

in this section, Tappert's distribution function is represented as a8 sum of energy
packages. Each of these packages is associated wifh a particular direction and iocation,
determined from a sampling of Tappert's distribution function. These sampled values give
the Iinitial directions and locations of the rays.

As shown in the previous section, the energy flux of a laser beam can be
evaluated from the first moment of the dist;'ibution function. This evaluation involves an .

' integration over a continuous variation of transverse directions and positions. However,

in using rays to trace the bropagatio'n of beam flux, a finite set of discrete directions and
locations is chosen sin;:e only a finite number of rays can be used for describing the
beam. These fayé provide trajectories for the propagation of energy ﬁux (macrophotons)
(see fobtnote). The total energy flux over an area can be found by summing over éll the
macrophotons passing through that area '
| Based on this |dea the distribution function is expressed in terms of a sum of
macrophotons defined in particular locations and directions. The dlstnbutnon function at

the lens plane can be represented as

The term, macrophotons are used in the work of Dudder and Henderson. "The term
represents a group of photons. .
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f(Xy Uyazy) = jg] wj62(;_;_' LJ.)GZ(L- G_LJ.) (2.3.1)
where ;‘Lis the position vector of a macrophoton; i, is the direction vector of the
macrophoton; w jis the amount of energy carried by the macrophoton; N is the number
of macrophotons describing the laser beam; 6%s a two dimensional delta function. By
substituting eq. (2.3.1) for f in 8q. (2.1.10), the energy density is found to be

-+ ] -+ - -+
U(x,, ZJ) = 5y [ flx, Uy, z]) d’u,

N
] -+ =+ > ng e
= gﬂ‘jz]wjéz(xl_- ‘Lj)'[ 62(“_‘__’ U‘Lj) dzuL

N

1 > '
= w: 82(xy- Xys)
97521 J J (2.3.2)
The power flowing across an area AA along the direction of propagation is
_ -+ + 2 _
P =[S - 2d°x=[5S, dxdy
-+ - - -
where S=$L+Szand z is the unit vector along the direction of propagation. From
Appendix 1, the z-component of Sis
N
SZ = cU(x_L,z] )
Therefore, the power is given by -
>
P = fAAcU(xL, z,) dxdy
From eq. (2.3.2),
P=cf o E‘w s2(%, - %,.) dxdy
. - R~ . N * - lo
. Nl
- c
= B Z wj
J=1 (2.3.3)

where N' denotes those macrophotons lyirg within an area AA.
As discussed previously, rays emerge from each pQint on the lens plahe as a

bundie. Each of these rays will be assigned a particular direction. The choice of these
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directions is based on a Gaussian distribution of the directions of rays around the -
average direction of the ray bundle. As will be shown next, for such a choice, ‘the baam
intensity profile at the focal plane will also follow a Gaussian disfribution.

Let U be a random variable representing the set of transverse directions of rays.

Recalling from eq. (2.2.5) that the average transverse direction of a set of rays emerging

from a point (nyO) at the lens plane is
~(xg7 + o)
< UL> = 0 O
. rl_
(2.3.4)
For each ray, the direction will be
-+ U -
u= < > 4+ A .
Lot = 2.35)

->
where AU, is the direction deviation from the average value. By combining eq. {(2.3.4) and

eq. (2.3.5), the ray direction is given by

-+ '(XOT + yoj)
h f +bu,
L . {2.3.6)

The location of such a ray at the focal plane will be
> >
Xy = uf + -XO? + _yoj'

-
= Ay f .
Ll (2.3.7)

According to eq (2.3.7), the ray location is only proportional to the deviation of the ray
direction from the average value. For a ray with an average direction <U,>, it crosses,the.
axis of propagation at the focal plane. Rays with directions other than this will résume a
location different from the origin. Since the number of rays decreases in a Gaussian
manner with respect to the deviation of directions, the number of rays which resume

locations away from the origin will consequently vary in a Gaussian manner.

2

2.4 Ray description of an incoherent Gaussian beam .

In this section, the phase space distribution function and the formula for the beam

J width of an incoherent Gaussian beam is derived. The expreésion for the distribution

vEa -
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function is found to be very similar to that for the coherent case exc;ept for a coberence
factor. This factor accounts for the de’gree of coherence of the electric fields at
different locations at the lens plane.

| In practice, the beam can hardly be focussed to the diffraction Iimited spotsize
due to instrumental limitations and imperfections. According to Tappert. these defects
can be incorporated into the phase fluctuations of the electric fiéld amplitudes at the lens
plane. With such phase fluctuations, the field diffraction pattern at the focus changes.
The energy distribution at the focus and accordingly, the spotsize can then be varied.

Phase fluctuations are accounted for by considering an ensemble (see footnote)

of fieids at the lens plane. Each member of the ensemble consists of electric fields over
the plane transverse to the beam. A random phase is associated with the electric field at
each location on the plane. As a result, the electric field amplitude used in eq (2.1.9) is
‘replaced by the average of the ensemble of field amplitudes. Upon substitution, the phase
space distribution function then becomes |

-> 2w s kLS o 1a -+
< f(XL,!"'l,Z) > = E‘:Tsz@dzxie1kud.&e(x-%xi -Z)E*(Xi’*‘]gi’i,lb 24

where the brackets,< > denote ensemble averages of the bracketed quantity. The energy

density and flux of the field are respectively

1 3,1+ +  <Jel2s
< U > = o=f [ <f(x,,u;,2)>d2u,=
Sr-1la & (24.2)
g» c (11 o+ o 2 .
<§>= §-;f_1f_ usflx, ,u,z)>d?u \
(24.3)

i -+
g7 7% <(efier - )

By applying this idea of random phase to a Gaussian heam, the electric field amplitude at

the lens plane will be'g.ivan by

-r2/af -ikr2/2f
e(x.y,z]) = Epe e

e o ol ¥x,y)
€€ (2.4.4)

L e'l\i'(x,y)

~ where ¥(x, y) is the random phase of the electric field at the location (x.y): €,is the

v ——

An ensemble is a coliection of identical systems



-r? -jkr2?

2a02 HL .
quantity Eoe e . Although the phase values are regarded as random, they are

assumed to be Gaussianly correlated in a small area with radius L within the beam cross
sectional area Within such a region, the phase value at any point (x,y) is given by

-(x-x ) 2+(y-y )2
v(x,y) = vpe L?
!

N

{2.45)
where (xcycf is the location at which the phase value is maximum. The phase values are
assuméd to be isotropic inthe sense that the values within a localized area of radiufs L do
not change regardiess of the location of the area within the beam. Under such,
‘assumption, for any two points within the beam, the correlation function between the
phase values is given by : ) .
L qex )y (xp=x_ )"+ (y,7y,)?

- ) = 2 ;W2 7
ooy ) = rllldxdyevge L e z
-] )
‘. eEEY{(xz'x]) + (yZ'y])ZJ -
-r'2/91 2 " v
e T2 ‘ oS
(2.4.6)

R P N A
The correlation function for the phases at aﬁy two points is readily seen from eq. (2.4.6)
to be dependent only upon the distance between them.
Howaever, this correlation’function can be formulated according to the concept of

eno&mble average as follows. Let the continuous range of possibie values of ¥ be Yy
'] 2 wa .etc. The phase for the slectric field in each member of the ensembie can take any
of the values. Consider the phase values of each member at any two particular points
(xl,yl) and ("2'Vz)- Let ¢; be the random variable to denote the set of phase values at
.y}, ®2to denote those at (E,yz). Since the phase values sre restricted only to the set of

¥ vaiues mentioned, the values of ¢, and @, will lie.within the range of the v values as
Wwell. A joint probability distribution function, Py "2(‘,] WoiXymXy ¥ pmY )can then be set
up for the product of the randpm variables ®;&; . ‘*1 , ¥ ) are the values taken by

¢ 1, ¢, respectively;and (x Z_X'l)' {y z-y ) represent the épa_tia! difference between the

1

n



25 .

two points. Thus, the ensemble average of $1¢2 or <$142> can be calculated in terms

of this distribution function as follows:

b0 ‘}:f:“] "2”0102“’1 2W23Xp=Xy Y pmYy )y, dy, -
- (2.4.7)

2 2
where v? =< 1 >or< ®; >because &) and ¢, have the same kind of

distribution. Since as it was mentioned earlier, the range of ¢ values is the same as that

for ¥, the average of the product W(x] y])w(x2 2; for a memb@r’ of th;s ensemble is the
same as the ensemble average. From eq. (2.4.6), the average of ‘Hx] Y] MXZ 2

over all points within the beam is the correlation function for the phase values at (x],y])

and ("z'yz)' Thus, the ensemble average of ¢ ¢, is equivalent to the correlation function,
that is,

P(x X10Y2" y] I:I:W]WZ 0,0 (W}t*z;xz'x]:yZ y])dw]dWZ
(2.4.8)

The distribution functiong‘ for 1 and @; are chosen to be.Gaussian so that

Tappert's distribution function c#\n be simplified. The joint probability distribution function

!
for 838, has the following form:
/ v
/! ,
/

® (111 a"z;xz':x] i.VZ"y'I )

i _
s Z Vivy V3
A1 4 W2 V2
e ey A R i a2
e 27 %Y g ¥0

a3 ATk, X2 -¥7)
(2.4.9)

The marginal probability, F;;( ¥,) will be
- 1 4.
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;\)PO](“ ) = I:PO] QZ(W] -*Z;XZ'X] oyz".y] )dWZ

2 - 2
-[f% 20(x,-x, .ze =¥ ¥ %, f%]
%o ¥ ¥0

ZFI ’92(’(2")(] ’.YZ’.V] )]

Le X dv,

. 2R/ TR XYy~ ¥y)

- - - 2
S (p(X5-X1 s¥p=¥1 )4y = ¥5)
vl T-0%{X,-%1,Y5"¥1)
0 2t
o 2

2"‘4’8'/1 'DZ(XZ‘X] ayz‘.Y]Y

‘% / 245 (2.4.10)
wo"zT

4

»

" Hence the set of phase values represented by the random variable g.'(x . y) foliows a

Gauss:an distribution as expected. This Gaussian property of ¢ ,9ives the average value of

4 to be
e gk e e
'w /2 . -1 2
0 . e quf
(2.4.11)
From eq. (2.4.4) and eq (2.1.9), for a member of the ensemble the phasé space
qistribution function is '
Cf(X LT, ,z) = W{ [[d2X'e kil x-'-s:](xl -2-)& z)s](x + -2~J_,z)
iLu(%,- ‘—i"w( +380] |
I ™ ' \ (2.4.12)

x e

Moreover,the ensemble average of f(iﬁuz) may be derived as follows. Since the range

of values of vy is always the same for any point in x~y plane, the values of \P(?L- Jz-'ii)
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and  ¥(xX, + ]'") ¢an be represented by +, snd ¢ respectively. In this case, the joﬁ\t

probability distribution function given previously becomes P"l °2(&] VoiXey').

i(o]-o

The ensemble average of < e 2) > is given by

1(¢1—o2)

Substituting for P (¥3,9,3x',y") from eq (24.9)
0.9, Y02 X ‘

(v -v,) ,
172 ot
P°1°2(¢'],w2,X,,Y )dw]de

| , ey uy-uy) 2
\ oA 2
“o.) 1(47-v,) mg{ SN EFL A I

L e

21”116'/1 - DQ(X.'.V')

-1 r (p(l" )\P]"‘l‘z)z’
) Zwaw] T-02(r")

2 wévi-pzfr" )

= [[F

<0]¢2 >

~fd¢]dw2

(24.13)

dw]dwz

(2.414)

. 1 1
where p(r') = -—;3—— ‘and —J (x—-x-(x+2x))2+(y 5Y =ty +5vh2 lntagratmg

eq. (2.4.14) with respect to ¥ <@ M] 2 )>bOCOmes

i(e-0,)  Yo(1-e(r')/2 110 Dy -4/ 243

> = o e
vprem . C
-v3(1-0(r")) (2.4.15)
= e
For large values of y*<.< 2" > is small as long as (1~ p(r) is close to one.
0

From eq (2.4.6), the Taylor expansion of the correlation function about zero is

. r'2
p(r') =1 - Nz

,(24.16)

By replacingpl(r) in eq. (24 15) with eq (2.4.16), the phase factor in the integrand of

<f(>g4,ua,z)> that is, N

y: 2
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< f(KL- d,2) > = 1‘—7712[:d2? ejku & Loy (%, 2% 12).
X cf(i{g-fg.zke >
becorﬁes 4
_ i(e,-9,) r'242/9) 2
J ce V% A
(2.4.18)

\

Following from this result, the distribution function at the lens plane is evaluated to be

(2.4.19)

. , E.|2k2D2a -2r2/a2 . X v
<f(x vu ,Z] >=I_Q.|_____0 r/a _T-{(UX ?L—'F(u + L)J

" .

where D = ~—o_
A2t
For zero values of Wo, D becomes one and perfect coherence of the beam results. On
the other hand, for non—-zero values ofx wo, D is less than one, and phase coherence will
be imperfect.
éy substituting for kD by k eff - the distribution function at the lens plane

becomes .
2
-2r2 Kerrdd &
e » - ol 2y
18,2 Zn e De L
" : (2.4.20)

And at any-z-plane, the function becomes

: lEgi2kz 22 320 -kéifs(z)f(ﬁ X )2 *-;{-7 )2)
M effo (2)e z Tz YTz

<fx, ou ,2)> =
RN

(24.21)
where_
22 = 201 iz-zo)2 . 4(2-20)2] ‘
a¢(z) = a )
. 0 ?L Eeszaou | - | (2.4.22)

- and ¢ 4
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£
.
- - 2
| 0 -2, \ 4(2 zo)
L kerrdp
Fz) = f [— 7, A7 ]
T-———1 + )
, fL effio (2423)

1

The introdui:!ion of phase incoherence into the electric fieid amplitudes at the iens pisne
alters the size of the beam along the path of propagation as well as the focal distance.
The incoherence factor D provides a means to adjust the beam size at the focus.

In conclusion. the phase space distribution function for a radiation field allows
one to allocate the field energy into various rays of which positions snd directions can be
defined Moreover, by using this function, the directions of the rays are distribmed in

[

such a way that s diffraction limited focal region can be reconstructed from the rays.



Chapter 3
Beam propagstion in a refractive medium
In this chapter, the derivation of the ray equation is carried out and soluti‘ons for
this equation are given for different profiles. These profiles are used to implement the

density values calculated from Milroy's laser heated solenoid model.

3.1 Derivation of ray squation

In this section, the éeneral equation for the traj“ectories traced by energy packets
(photons) is derived. .

Light propagation within a refractive medium can be described in terms of the
motion of quasi—particles as long ss the angular freduency, w .of the guasi—particie
varies sufficiently slowly with respect to time andcspace:,?. 3 This condition ensures that

the wavepackets are localized in space. Equations of motion of the wavepacket are

i+

-+ -+ ' .
g—;-f o= Bulk,r,t (3.1.1)
ak
dk _ ¢ . _au(k,7,t) .
gt k- = : (3.1.2)
Eq (3.1.1) can be re-expressed as
i .+ - '»
T el T re gﬂ = v = P4 '
| core | oK )_ka vg vgn (3.1.3)
where
. %= R/ ‘ (3.1.4)
and ’ |
e : « | 15
_ Vg "3k ., @315
v <G
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\

As will be shown, eq (3.1.1) can further be expressed in terms of the refractive index

of the medium*. To start with, eq. (3.1.4) is differentiated with respect to time, giving

+ -+

k =k + ko (3.1.6)

By combining with eq (3.1.2), the equation becomes
ki = -V w - ki S BY)

By taking the dot products of eq (3.1.2) with -l:

-k,'kz-k’--a—u)-‘

¥

A (3.1.8)
r
then e _
*
kQ = --ﬁrw + (3 . ﬁrw)-is
e @Y
Q= 1 + "
. , (3.1.9
Let the refractive index be q (@ ,r.t). The spatial gradient of o is
=Y (ck
) b= T
(A
- ck[—T) _ 121 3
ck[ T " n%w ar ]
R
-ckvrq
— :
= (3.1.10)




» ->
Also, the gradient of w with respect to k is

dw

oo
ok ak '_q(w,r,t)

A -
where k is the unit vector of k and

But,
I >
—] = =V

Substituting eq.'(3. 1.11) into eq. (3.1.10), we get

+ kv
VP? - n qu
-v
Yo | oz
k n rll

(v.a
n

A

In a plasma medium, the index of refraction is

w? *,t .
aitat) = /o - et

Vv

-> . r -
v - 4TI

[3rn - (a - %’rq)a’]
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3.1.11)

(3.1.12)

(3.1.13)
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-
where qée('rt,t) = h_N"(,'D‘t‘)si snd N(T,t) is the electron density (cr?), me is
the electron mass. Becauseeof the extremely short time for light to traverse the plasma
medium, the plasma density does not change fast enough to give a significant change in
the refractive index of the medium. The plasma refractive index can be considered as
constant within the time of traversing and regarded as dependent only on space.

By substituting for r/ into eq (3.1.11), the group velocity is found to be

v = 1(Fu)c : (3.1.14)

Eq. (3.1.13) thus becomes

rs + -+ - -+
@=clvn-(a-vndal (3.1.15)
By multiplying both sides by 1 c. which is the velocity in the, médium,

nch = eV - ge2(d - T g)d

~and using the expression for group vélocity,

>
“ r=79=v95=qc5'
then
P
~+ = 2 _ - . . -
vgn nc4v n (vg vrvg)n
But,
dv.
> -
. Vg ° -Grvg 3?9
- Hence,
G 8 =nc2v
vgﬂ + Vg | nesven
div @) 5,
=23 nz
dt. 2 'r
>
dr _c2 2 ,
=5 , (3.1.16)



34

According to the above equation, as long as the refractive index is spatially

known at the instant the rays traverse the medium, ray paths can be traced.

3.2 Adoption of co-ordinate system
In this section, the choice of co-ordinate systems used for solving the ray
equatioﬁ is discussed.
The beam behaviour within a cylindrical plasma column is traced. Due to cylindrical
symmetry of the column, cylindrical co—ordinate system is adopted. The ray equation can

be expressed into its components as,

\

2 2 2 . )
d‘r = ¢ Q__(Izl). + reZ (3.2.1)

dat¥ = 7 3r

.
g.éL_@l = 0 - (3.2.2)

%i_g - %2_ _g_'zﬁ(bil \ (3.2.3)
where 6 is the angular velocity of the ray. The refractive index is taken to be azimuthally
independent Eq.(3.2.2) indicates that the angular velocit.y component of the rays is a
constant of motion due to the assumption of the azimuthal independence of the
refractive index. Angular momentum of the ray is thus conserved.

In certain density profiles used later in this work, it will be more convenient to -
express the velocity components in the Cartesian co—ordinates for solving the ray

&

equation. These components are given by

a .
N
x

_¢? 3n2(x,y,z e

a-fz—r-rl—g';‘h—l (3.2.4)

’ &y - & mixy,r) 3.25)
dtZ =727 T oy (3.2
d?z _ c?2 m2(x,y,z (3.2.6)

a
A
"
X
N
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3.3 Choice of density profile

In this section, the ray equation is solved for different refractive indices which

are determined from the density of the plasma confined in the solenoid The behaviour of

the ray is discussed accordingly. .
In solving the ray equation within a plasma region, it is necessary to know the

spatial variation of the refractive index in that region. The refractive index for a plasma is

given as ;
/

W -+ .
pe, . /1-Mr) @3

where

2
N(rl is the plasma density at a distance T from the origin ;Ngis the critica! density, ;—w—
w is the angular frequency of the }aser The refractive index at any point is thus
determined directiy from the plasma density at that ppmt

"tn McMullin and Milroy’s simulation work,the plasma region is divided into meshes
by means of a two-dimensional grid structure. The characteristics of the plasma such as
‘energy, temperature and density are evaluated at the centre of the grid cells. Thiese
physical quantities are hence known only at discrete po¥ttions. in order to trace the beam
trajectory within the plasma simulated by the MHD code, a knowledge of the density’
variation between any two adjacent cells is eseential Moreover, if the density variation is
known to be a continuous function of position, the ray equation can be solved to glve a
continuous solution for the path between two adjacent grid cells.

Since plasma densities are only evaluated at the centres of the grid cells,
-appropriate continuous functions have to be used te describe the density variation
between adjacent ones. The choice of such functions is deduced from the physical
behaviour of-the plasma when heated by means of a laser beam. These functions give a

profile descrlptlon of the plasma densuty in the corresponding region.
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y
Density profiles which are functions of'the square or inverse square of radial
distance are used since thgy can give a suitable description for the density hollow
created by a laser beam within the plasma c;;lur;_{n Such a choice also enablas the ray
equation to be solved analytically. The density profiles are assumed to be azimuthally
independe;t as a result of cylindrical symmetry of the plasma column.

Four different kinds of density profiles are adopted in accordance with the radial

density changes at adjacent grid cells. They are as foliows:

[}

: 2
No(l + 3-2) (3.3.2)

dN(r) d’N(r)
dr > 0, dr- > 0, N(r) 0

M

' 2

T N (- =) (3.3.3)

H
-4

(3) dzf,r) <0, dz'fjg) > 0, N(r)

: a ’ .
) . dN!r‘z < 0’ Nir . .\(Y‘) = N (-I + 3) {3.3.5)
dr d 3 =4

a-5 (3.3.4)

| These profiles'are fitted into corresponding regions wherever the density differences
satisfy the conditions for gg andv g-;ﬁ .

The suggested profiles are used to approximate various regions of the laser
heated plasma column (fig. 3.1). The density distribution across the column can hence be
approximated by segments of continuous functions. The core part of the column is
described by & parabolic-well corresponding to a density hollow created by laser heating
(profile #1 in"fig. 3.1) préfile. Further from the core, the plasma density reaches a

_ maximum due to the accumulation of plasma particles resulting from radial expansion of
the plasma The région between this density maximum and the parabolic well is simulated -
with profile #2 in fig. 3.1. Beyond this point, the plasma density de'é:rea§'es gradually.. This
region is approximated by profile #3 in fig. 3.1. On getting closer to the wall of the
solenoid, pfofile #4 in fig. 3.1 is used The density distribution across the column is thus
described by segments of continuous: functions. ‘ | |

. With the refractive index given as in eq. (3.3.1), {r becomes the radial distance

only. because of azimuthal and axial independence), the ray equation, as derived from eq.

'



N(r)

Density

radius 7

Figure 3.1 Radial density profiie of the column

—
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(3.2.1), eq (3.2.2) and eq. (3.2.3), becoclnes

d2r _ _ c? dN(r <5
a7 " TN dr T (3.36)

2'
d(reg) . 0 (3.3.7)

£2-0 (3.38)

Eq (3.3.7) and eq..(3.3.8) can be solved, with given initial ray conditions, for the

(o]

angular velocity and the axial position. in what follows, the solutions of the
differential equation for the radial position in different profiles are discuésed

as follow:

{3.3.1) Parabolic radial profile
This profile is applied to the regions between two adjacent grid cells

2 .
where gg-'(_—r--)>0 and d ?_ r Otregion 1 of fig. 3.1). The.parabolic profile is

Nr) = Wl + B0 = w1 + 2

where NO "0 are parameters determinad from fhe boundary conditions of
Nir);and r is the radial distance. This profile applies frequen:y ir e region

(3.3.1.1)

near the axis of the plasma column. In Cartesian co-ordina:e< the equations of

motion are
& x CZNOX ) i
- = 02y 3.3.1.2)
dtc aiN
0'c
2 2N
Y- —r ﬂy = 0%y (3313
0'c :
d22 e
=0 - (3.3.1.4)
W-Whel'e CzN'
02 = __2__0
aoN
¢

The solution for these equations is that of a simple harmonic motion With

initial conditions,



t=0,x=)by=)b,t=i<0§=io.

&3
where

-
on

x
xocos(Qt) + —(?-sin(ﬂt)

oo .
_yocos(Qt) + & sin(t)

-2, sin(Rt) + Xg cos(2t)

-2y, sin(at) + 9o,°°s(”t)

r2 V2
2—0- + 787" + Bsin(2at + ¢)

2 2
r vOr)

g GR-
" [( X0%p *yoyo)
20000

~

b

re ("o"o;ydyo 2
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3315)
(33.1.6)
(33.1.7)
(3318

(3.3.1.9)

The sinusoidal variation of the ray path with time indicates that the ray is

trq:ped within the medium. A real solution for r? is guaranteed when B<r6/2+v6

120%The last condition will depend on the mntnal conditions of the ray. A

negative solution for r? indicates that the ray is not lsunched at the right
position or direction and that the ray cannot qo through the medium. From eq.

(3.3.1.9), the maximum and minimum radial dis’fances are given by

|

I
!



40

v

on

r . -
+ B (+ for maximum; - for minimum)

2
r
,‘2__2_Q+

3]

\A

(3.3.2) inverse pm"nbolic increasing profile
" This profile is used wherever the density difference between any two
adjacqnt grid cells satisfies the conditions gg_&ﬁ >0 Snd%@%o. The region
defined withinradius ry . r, (region 2 of fig. 3.1) can be approximated by
' this profile. The profile i
, Q]Z
Mr) = %0 - &) @321
with r#0. Ny, 2, sre cons_;ants dqarminéd from the boundary conditions of Nir)
in the regﬁon under consideration. On substituting for Nir) from eq. (3.3.2. 1) into

. the ray equation, the solution expressed in cylindrical co—ordinates, is

d?r _ C2N1a12 2 '
datZz =~ T Ncr3 Y
2N a2 .
=(pz_ﬁ.a.l)1 '
N, . rs . (3.3.2.2)

d(r2) _ . 4 (3.3.2.3)

dt
, - ,dt =0 | (3.3.2.4)
With the initial conditions, t=0, r=g 8= éO' p=r 9 (),'vr =Vgr - the radial velocity
: »
is found to be N '
My I Q_YL 2 - 2 $ - 11 1 - 1 '
=) -t -Gy - (3.3.25)

By integrating this equation with respect to time, the expression for the radial
position can be obtained Cases for outward radial acceleration and inward

radial acceleration are considered as follows:
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(i) For the case %f outward radial acceleratnon the quantity
c<asN
p? - —....Ll is positive. The corresponding solution for the equation

is o }{ %aiN, c2aiN,
t = [£fr2(r3vd + (p?——))-r( (PP~
cza?N N 0 N
Y‘ +(P 2 ¢ ¢ ‘
riy2
C . 0 Or
) c2a1] N]
2y2 -
roVort (P : ) (3.3.2.6)

for v0r>0, t takes the positive root; for V0r<0’ t takes the negative root The .

radial distance is given by

] oo SNy Rl
r =//‘ Tra, L P )ro+Fg(roV0r*p N
(rgvr P~
C
riv. 1
2
X (tL 2 OrczéYN] )’J

rovs +p2-—ﬁ:———
With an initial inward radial velocity, the ray will move towards the axis of
propagation until it reaches a minimum radial position where it is refracted
away from the axis. From eq. (3.3.2.5), one can deduce that the minimum radial

position of the ray is

\ c2a2N
rolp2—x )
czazN l]

1M )2

(3.3.2.7)

min

(e

(i) For the case of inward radial acceleration, that is p2-—-N—c——-< 0,

the square of radial position will be given by

a ' 232N
, 1 . 1 - i ceaiy 2
r2.= czazn L vz (rgvhe-Ip? )
22 «[p2emeeidy 0 c
Or N,
. (3.3.28)
rdv 2a2N
~ Tovor I b
x (bt ") el PP

2¢2 .| D2
0L
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When ravg. - |p2

» This implies that rays of whnch the mmal locations and dnrectnons satisfy these

>0 and v, _is <0, the solutnon of r is imaginary.
or

conditions, cannot penetrate this reg;on
(3.3.3) Parabolic decraasing rndi‘al profilo

This approximation is used in regions where the spatial density
variation follows the relations dN(r)/dr <0 and d’N(r)/dr*>0 (region 3 of fig. 3.1).
A possible region in the density well is beyond where the plasma density
reaches its maximum (region bounded by the radii rp #nd ryin fig. 3.1). The

density profile is expressed as

r2
N(r) = N, (1 - ‘;%') (3331)
Solution for the ray path expressed in Cartesian co-ordinates, is
io 4] ' ,
x = == sinh(at) + xy cosh(at) (3.3.3.2)
’o
y = 7= sinh(at) + y, cosh(gt) (333.3)
X = iocosh(nt) + nxosinh(nt) (3.3.3.4)
y = 540cosh(nt) + rzyosi‘nh(nt) ~ (3.3.35)
. ‘\/'
r2  y2 r2 y2
2.¢(.0_0Or 0 Or
r ( 5 2?2"'[) + ( T W)COSh(ZQt) ,
(3.3.3.6)

)sinh(Zﬂt)ww

XXty
ek Yo¥o

wherg X

are initial iti ol = leyly? = wiev2
1Y the initial positions of the ray:; = WY x0+y0,

0
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- C2N2 N
< = w;io,io are the initial velocities. |

Depending on the initial conditions of the ray. the ray will ~=verse in
this rﬁgion radially inward or radially outward. If all terms in eq (3.3.3.6) sre
positive, the radial distance will increase directly with t The ray will leave the
region gradually and will not be trapped. r2will beco ne negative according to
the initial ray conditions. A negative value for r? indicates that the ray may
Iaunch into the plasma region such that it is reflacted off When the ray goes

radially inward, the minimum radial distance that the ray wull upproach 1s,

? 2 2 2 ' Y
( r vOr) +/r0 + vOr) 2 . ( X0X0+y0y0) 2
"min '2_ a2 7 W, ! 3337
which can be seen to be dependent on the initial position and velocity of the

ray.

(3.3.4) Non-paraboiic decreasing radial profile
' This profile fits into the region where the raiations %—éﬂ <0 and
2
g?giﬂ < 0 holdiregion 4 of fig. 3.1). The density profile in the ragion is

. o o,
given as
<

a2 ;
N(r) = Ny( 1+ -3 | 334.1)

3

with r£0. By using cylindrical co-ordinates and initial conditions Yor T the

. radial location of the ray trajectory is given by

2a"’N
P — "2(92+—--)+~7—(r2 Y
(r2v2 +p2+._.ﬂ.§__§)2
c
riv._° Y
+* 0 Or 2
x (t CYB§N )?)

2v2 4p24e3.3
"0'0r PR (334.2)
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Through comparing the two expressions for r given by eq. (3.3.4.2) and eq
{3.3.2.6), it can be noted that only the term (p*+c’ajNy/Nc) 1s changed Similar
results ca(n thus b_e concluded for the inward radial velocity case. The ray will

approach its minimum radial distance, according to the relation,

c2a§N3,
3 (p2r—g=)
2 . c
"min 22 i 67%§N3
rovortPw — ‘
e ‘ (3.3.4.3)

The adoption of the four profiles for describing the plasma density in
the column is initiated from the density well shown in fig. 3.1. Regions within
the plasma column are matched to the corresp.onding density profiles
according to the sign-of the density gradient #nd the derivative of the density

gradient within that region. The density gradient conditions %-(ﬂ >0 or <0 and
d3N(r
dr »
density profiles to be used in computing the ray trajectories. In previous work*.

the derivative of the density gradient >0or <0 determine the type of

¢ -7,only parabolic profiles were assumed within the column. The
corresponding ray path is sinusoidal as v&gas discussed in section (3.1).
However,in McMullin and Miiroy’'s MHD code, the plasma density profile is
arbitrary ar;d determined only through a self-consistent set of fiuid equations.
Both parabolic and non—parabolié' profiles are used for simulatirng the density

distribution. Such choice elimin:tes the use -\numerical methods to solve the

ray equation. However, corresponding parameiters for various profiles are

needed to be evaluated for each set of d/ ity values calculated from the

MHD code. The axial density variation js/assumed to be siow so that ﬂwére’ is no
signific.ant change over one axial gr{é distante. This assumption is valid as long
as there is no abrupt axial density change encountered, ot‘herwiseA axial density

variation has to be included. : ,

4 | e



fChapter 4
) Laser power absorption and ponderomotive forces
The deposition of laser energy within the plasma medium is discussed in this
chapter. The ponderomotive force due to high laser intensity is considered as well. In
section 4.1, the distribution of power among rays is discussed. and in section 4.2 an
account of the absorption mechanism involved in the energy transfer process is given.
Moreover, the ponderomotive force due to inhomogeneous laser intensity distribution is

considered in section 4.3.

-4.1 Power carried by individual rays

In this section, methods of distributing the radiation power among the rays are
briefly discussed

In & cylindrical co—ordinate system, the radial power of a Gaussian beam at a
radial distance r, can be obtained by integrating the intensity distribution I(r) over the
cross sectional area with radius r.'From eq. (2.2.2), the émplitude of the Gaussian beam

across a transverse cross section at the lens plane is

-r?

o wi(z
le(r, zo)"=ﬂ?wl L 2]
0 (4.1.1)

The intensify of the beam transmitted through ah area of radius r is

r
' 12 Vy o
erolc(r , ZO)' r'dr'l,

I(r)

-2r'
r LN
waol 2 1 evqZp) pigp

O~ mzfzos
2

-2r
Z

{4.1.2)
where |y is the total intensity. - ' i
The power transmitted through this area is .

a5 : y
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P(r) = %—Eﬂ
‘ cI -2r2 .
0 -e “’2(20) ) (4.1:3)

This power can be distrlbuted among the rays;irpulating the beam by using the

distribution function derived for an incoherent Gaussian beam (eq. 2.4.19), namely,

2w

. 1B |2k2D?aZ
< Fxya,y,2) > = ——T e
-k2p2a2 (4.1.4)

—'2'—'[ +r(—7)2+ u +F{—T)2]

‘ X e
The energy density associsted with a ray at a location (x,y) and a direction (u X ,uy) is
evaluated from eq. (4.1.4) and is given by I<f>du , . Power transmitted along the axial
direction is given by 8_: j <f>du, ,where ¢ is the speed of light The power carried by a
ray can be determined directly once its position and direction are known. The set of rays
used for describing the beam can be determined in two ways. Firstly, the positions and
directions of the rays can be preset so that the ray density is constant across the beam.
The associated‘ power carried by each ray is then evaluated from eq (4.1.3) in terms of
its predetermined position and direction. Alternatively, the rays can be assumed to carry
equal power. The power density within a certain beam area is determined by counting tﬁg
number of rays within the area Locations and directions of the the rays can be N
determined according to ‘a random Gaussian distribution which will be discussed in

section 5 1.

4.2 Derivation of the absorption coefficient along a ray

In this section, the coefficient of absorptioh in a plasma along unit length of the
rays is derived. The power absorbed along a ray is then evaluated. . Y

For the case of laser heated solenoid, the plasma absorbs laser energy through -
the process of inve}seTBremsstrahlung This process dominates over other laser heating
mechanisms(see footnote) because laser intensity is in the order of less than 10u-10%
W/cm? which is not strong enough to initiate other heating processes. ‘

From Johnston and Dawson?, the absorptnoncoeffucnent per unit length for this * * . }5‘
process for an incident monochromatic beam wave with a wavelength of 10.6 , is

Anomalous ion and electron heatmg resulting from parametric excitation of plasma
instabilities
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-30 5 _
_ 8.67x10 %eznx 1nA cm 1

a 3 wos ‘
T (- -7 (4.2.1)

w

where

A [2.19x103xTe%\(cm)

7 , 1.14Acm_Te ]
' The absorption coefficients along ray paths can be found by considering
" absorption on small segments of the trajectory. This is explained as follows. For a ray
segment of length ds, the associated absorption coefficient within a grid cell(see.
footnote) is
dK = K_ds
a - (4.2.2)

Also ds is the length of the trajectory travead by a photon in a time dt, at a velocity niric

(nlr} is the refractive index of the medium). The equation can thus be written as

v

dk = K n(r(t))c dt : (4.2.3)°
where r(t) is the radial position of the photon at time t The power transferred to the

medium within this segment ds is

dP(r,t) = -Kan(r(t))cP(r,t)dt ‘ 4.2.4)

Since the time interval(dt) for the beam to propagate along a distance ds within
the plasma column is relatively short (10! sec. ) compared to the puise width of the
laser(in.the order of 10~ sec), the beam power from the iaser zan be regarded as
constant over the time (dt) for traversing the distance ds. The amount of power

left,F;.,after a time dt is

The plasma column is divided into tiny volumes by a mesh. Each volume is termed as a
grid cell. ? .
9
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Pe dt
/ d_gé_r(% - [ Kk n(r(t))cdt’ ‘ (4.2.5)
P 0 |

3 | -] K n(r(t))cdt
Pelrgtdr,t+dt) = P (rg,tyle é an(r(t))cat 4.2.6)

where P, (ro to) is the beam power at time toand location o Withjn the time interval dt,

the input beam power is assumed to be constant with time and has the value P (ro 0

The amount of absorbed power is

Pabs = Pi(rO’tO) - Pf(r0+dr:,t +dt)

dt

= P;(ry 'ty Y1 - e_{> X n(r(t))Cdt'

0

4.2.7)

The beam loses AP.,_.,s watts for each traverse of the distance ds.

4.3 Calculation of ponderomotive forces '
In this section, the ponderomotive force is derived accordlng to Chen's analysis?.
As a laser beaM is focused onto a plasma medium, the intensity at the focal region
is extremely high. The electromagnetic field which is proportional to intensity rises
significantly. The consequent effect is that the field imposes a, strong Lorentz force on ‘
the particles leading to a charge separation which bundies up eleétrbﬁﬁ and ions into

discrete regions. This force acting on an electron ,with mass meg, located at r is

dvy o ey L1 o :
my(gy) = -el E(r) + < v x B(r) ] @31

where Elr} is the electric field of the radiation ; Vis the velocity of the electrons. With an

incident eiectric field given as
(4.3.2)

> > ‘ T
(E(ryt) = Eg(r)cos(uyt)
v <> & ’
where '"0 is the angular frequency of the incident wave. Es( r)is the electric fieid with
spatial dependence only.~The corras;;onding‘ magnetic field is found from Maxwell's

equation
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B(r) = <= ¥ x £ (V)si
B(r) ” vV X Es(r)sm(mot)

) 4 -+
To the first order, the force on an electron st location r can be evaluated by taking E at

4.3.3)

e -
the initial position r , and neglecting the term v x B since it is smaller than E by a factor

of v/c. The force is

(4.34)
On integrating, and using the initial conditions that the electron has a zero velocity and

locates at the maximum amplitude of oscillation, the first order velocity perturbation is

+(]) _ -8 +
v == g Es(r)sm(wot)

e (4.3.5)

and upon further ntegration, the first order displacement perturbation of the electron

from the position o is,

V) 20) o e 22
ér = fV dt = 'm—e—w%—{s(r‘)COS(wot) {4.3.5a)
.
By using the veiocity, and a first order expansion of E(?) in eqg. (4.3.1) about the electron -

-
¢

-initial position o @ second order approximation of the force is found to be

-+ 2) ‘
E\L . - -+ . -+ > > l +(]) > >
m. (57 el{sr - v)E(rg) + o v''/ x B(ry)] 436

where V? is a second order correction term to velocity V. By taking the time average of
eq. (4.3.6), and using eq. (4.3.3), (4.3.5),and (4.3.5a),the average non-linear force on an

electron is thus

» MR

> - -+ +
fNL = Me<dt - m w2 ? [(Es° V)Eg + Eg x v x EJ]

_ 4.3.7)
- -»> > -+ -+ -5
The Evs xV xEg fqrce component (which is equal to E¢x 'k x Eg upon Fourier

transform) acts along the direction of propagation and causes both electrons and ions to

Y
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move along the direction of propagation, while the (g' . ; fé' denotes the force
component acting along the direction of the electric field vector. This force pushes the
plasma to bubdle up in a direction perpendicular to the direction of prc;pagation. As a
result, the formation of a low density region along the column is enhanced.(see footnote)
This causes a change in the refractive index which will cause the beam to be focused and

defocused as it propagates within the medium. Using the vector identity,

'l+ _ - . g - + = -»>
7t = (B V)Eg Es“v"gs
the ponderomotive force per unit voiume is given by Chen, . \}\\
g2 2(y
P - B ) .
41rN0e 2 NL wg 16 (4.3.8).
where w;e' = T’ mg is the electron masstois the plasma density. However,
e . .

the intensity of the radiation fieid is also given by .

- el Ep(ry)]2

4.39) -
b4 .
where n) is the index of refraction of the medium.
The ponderomotive force thus becpmés
o —ﬁr“'ze vl |
F = v{— . ' P}
NL Y (1o (4.3.10) -

0
Due to cylindrical symmetry, there is no azimuthal intensity gradient for the beam

within the plasma So only radial and axial Fcompo‘nents of the ponderomotive force have

to bé considered. The relevant components, in_ cylindrical co-ordinate system, are

.

2 : _ N

-+ w
= e 3, Ia . .
(FNL)r w§ --FF(nc)r ~ 4.3.11)

. Plasma heating is the major factor for this formation.

<
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az'nc . 143.12)

A A \
where r, z are unit vectors in radial and axia! direction respectively. These force

components can be known once the spatial variation in the beam intensity is known.



Chapter 5
Computationa!-method
Numericalltreatr'nent of the analytical results in chapteré three and four are dealt
with in this chapter. Program packages are designed for computing ray distributiéns,
density gradients, ray paths within plasma- medium, power absorption along the paths and
ponderomotive forces. These packages are designed to replace the laser profile routine

used in the magnetic flux shell code.

5.1 Ray distribution package

In this section, the distribution of locations and directions of the rays is deduced
from the distribution function for a ;:oherent gaussian beam. Ray locations and directions
are distributed according to a Gaussian distribution function.

Beam propagation is simulated in terms of bundles of ray\s. From the discussion in
section (4.1), rays can be either chosen to carry poWer which varies according to a.
Gaussian distribution or to carry equal power. For rays carrying different power,the
Idcations and directions must be predetermined. However, for rays carrying equal
power.the locations and directions are so chosen that the number of rays varies
accorging to 2 Gaussian distribution function. This scheme is explained as follows.

The initial powor(Pw; ) for each ray is just the beam power(Po) at the lens plane

8t time t averaged over the total number of rays (N o )Thatis,

“

P, =P N

0 avg 0

5.1.1)

From Tappert's phase~space distribution function for an incoherent beam at the

lens plane,namely,

f(x,y, LI ) =

..2‘ 24,)!2) -k2; 202
IEq |2k2a202 a —-:—-[(u +——)2+(u 71)2]
___._2_____

(5.1.2)

the beam power density evaluated at the pqint (x.y) is

52
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1

-2(x%+ k2a202
1 |E0|2k202a6 Y —-2—[(u* + u+rz):‘|j d
u au
Y

POoy) = Gy fy ~2—0 e

’

(5.1.3)
If there are Nix,y)dxdy rays passing through an infinitesimal area dxdy at location (x,y,z] L

the beam power can be expressed as

P(x,y)dxdy = PavgN(x,_y)dxdy
(5.1.4)

By comparing eqs.(5.1.3) and (5.1.4), the number density of rays passing through the

point can be seen to be given by

CIE |2k202 5 f]f _T__[(u + r){-(u + T-Y- L du dXdy

N(x,y)

| Cs2(xZy?) -k2D2a2
_ ClEpl2ke0%ag g [ e-*‘z'—(l("x*“ff)j
- | u
: B"Pan b | E- . X
-k202a
A1 "fL)
*,{]72‘;'9 Y duy ] dx dy

(5.1.5)

The expression shows that the total number density of rays is distributed gaussianly with }
respect to locations and directions. - W \

In actual simulation of the laser beam, a set of rays is chosen such that they are
gaussianly distributed over the lens ‘pl'ane. Moreover, the directions of the rays are so
selected that tfle number of rays will be gaussianly distributed about the direction
pointing towards the focus.- ,

Such choice is achieved by using a normal random deviate generator. The
generatér will generate numbers which are normally distributed. A set of such.numbers is

designated to each of the locations x, y and directions ux.'uy. For the x, y locations, the
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generated numbers are scaled according to the laser beam width to give actual spatial ray

locations. For the directions, U, . uy, the generated numbers n,. ny sre transformed to

the real ray directions through the relations

no= (us+ )ka D
x L | 5.1.6)
= X
n, (uy+ fL)kaoD
6.1.7)
These relations are deduced from the cumulative normat distribution function used in the
: namely, (fig. 5.1) |
<« . .
—
= & -%; eT dT
(5.1.8)

From eq. (5.1.5), {he range of values for u, uyin the integraﬁds is between (~1,1). A
comparuson of this function with t-e mtegrands over u_ uy in eq. [5.1.5), shows that as
long as the value of t is within the interval (.t'HT—)kaOD for P (t) assumes values
between A and B), oqs (5.1.6), (5.1.7) are valid. )

Under this scheme, much flexibility is provided for the choice of rays. Since only
a finite nuﬁtf)er of rays are used, a variable ray distribution will prevent a localization of

heated regions within the plasma. -

5.2 Solenoid grid package Y- .
in thns sectnon the choice of grid structure used for defining ray posmons is

discussed.

' In the plasma column, cylindrical symmetry is assumed. A two dimensivonal

numerical grid in radial and axial direction iS uéed. Since this package is designed for

implementation in the shell MHD code, the chosen grid ‘structure is the same as that used

in that code. In the MHD code, the radial grid la{lers are made up of coaxial magnetic

shells(Fig 5.2).In this package, the radii of the shells are taken to be the same és the radii
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of the magnatic flux shells for the purpose of matching the plasma parameters in the
MHD code. Each shell is divided into two subshells so that density gradienta-can be
evaiuated in each half of the shell. in the ITHshell the bens:ty gradient in the outer half
shell is dvfferant from that in the inner haif shell due to different values for calculating
the gradient The donsny pradient in the outer half shell is determmed by the difference in
densrtves in the ITHand {1+ 1) THghall layar. while the density graduent within the inner half
shell is obtained from the difference batween densities in the | THand (I- 1) THghell (fig.

5.3).

.
5.3 Density gradiant package

. In this section, the fitting of dansity prof:les between any two adjacent grid celis
is discussed. By mlculatmg the density gradient changes between grid cells which are
radially adjacent to each other, the appropriate profiles can be chosen’ corraspondmgly. )

From the MHD code, values of plasma density are obtained f;ar the center of each
grid cellisee footnotel. The radial density gradient between two adjacent cells located at
radial distances r1 r 2 from :he axis is detarmined from the plasma densities N], N2 in
these two cells. Once the density gradient of the plasma in a certain region is known, the
appropriate density profile can be chosan correspondingly. the solution of the ray
equation for this chosen profile can be used to describe tha propagation,of aray. In
order to determine the proper density profile, the first and second derivative of the
density with respect to radial distance, d",," gfg?(;l
of pro%iles is based on the conditions N r) >Oor<0and der'” >0 or <0. The -

are calculated since the choice

R v cbrrespondmg profnles sre listed as follow:(soa fig.3.1)

dN 2N
(1 a——>0, 3?71'"0’ N(r) = NO(] + %)

. 22 ‘
(2) g.ﬂ, . f—ﬁ-—g-<0, N(r) = N](] - ;‘.}) i 4
3

_____ _ _ Quwf

A cell is bounded by two radial and o dxial magnetic shell boundaries.
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{3) -g-g<0:,%2;_-;.>0; N(r) = Nz“ - ;r%) .

2 . , ' az
@ R0, LR <0, M) = N1+ D)
The pﬁrameters N;. 8 . i=0,1.2,3,can be evaluated by knowing the densities in any two

radially adjacent celis(with known radii). .

’

The density curve fitting method, however, does not give a good approximation
for the density vaiues at fegions where there is a transition from one den;jty profile to
another. As shown in figure 5.4, the kind of curv; used to approximate the density
variation betv”en r, can be Nd1+r’/ad or N (l-a’/r’) similarly in regions between radii
3 and E,profalcs NZ( 1 —r’/qz) or Ns(lﬂélr') can bo used, For these regions, profl.les used
in the shell lyindwmext to this region (in the first case, shell with radius less tha- e in the
second case, dﬁll with radius less than r, ) are chosen as the fitting ggoi'ir'es .

5.4 Ray tracing package .

in-this section, methods of trachg & rays through the piasma are discussed. Ray
locations at the grid boundaries are computed. Rays staying m{"n innermost shell are’
specifically discussed

This package gives a routine of tracing rays through the plasma com by
locating the points which the rays intersect with the cell boundaries. Moroover
absorption coefficient are calculated within each cell. '

As soon as the rays reach the Column, their radial locations arqtracked down to
the correspondmg grid cell. Knowmg whoch cell the ray hits, its subsequent path can be
traced through the applucmon of the ny equatnon as discusged in section 3.1.

Within each cell, the density is assumed to vary uéqrding to one of the profiles -
gtven in section 3 1. The subsequent ray path will be govornod by the solution
' corresponding to that particular profile. Ray locau&s are evalusted at the points where

P ' ~rays intersect with the coll boundasries. At eaqp such intersecting point, the velocity

conponents are evaluated so as to give tpe initial conditions ‘for the ray ontoriﬂg into
mother region with a different refract!va ndox )

,{4
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As the initial and final locations of a ray within a cell are known, the associated

absorption coefficient can be found from eq. (4.2.2),

As As At .
[, dK = jo Kyds = f Kyn(r(t))cdt

]
(5.4.1)

wh‘ere. f( is the absorpt'on coefficient per unit length; At is the time fop gu ray to
traverse from the nitial ~osition to the final position(or a distance &¢ @){

As can be set. .. om the solutions .of the ray equation forg o_nt profiles, the
‘radial positions of a ray is a direct fx;nctibn of time. Knowing the tima of traverse over a
cell, the ray location can be determined. in order to find the traversing time, the final
radial position of a ray is taken to be the cell radius(fig. 5.5). Corresponding time is . ":‘. T
calculated from the equations derived in section 3.1. The ray advances an axial aistanc;q/ ‘fg.%
of vat in a time interval of At If this axial distance is less than ar; axial grid interval, it " %..
indicates that the ray will cross the radial grld boundary before lt crosses the axial grid
boundary (fig. 5. 4) On the other hand if the calculated axial dustance 5 larger than the |
axial gr@ separation, the ray wull cross the axial grid boundary before I?' crosses the.fadial
one. Thé'time'is then changed to that for the ray to travel over one axial grid Jhstan
The radial distance corresponding to this time can be evaluated from'tb&ray s?lu’aj

- Axial and radial distances are thus known. The angular position can also be found from

the equation

rig = rég&‘}

: At e o

0= *+ [ —-2— dt " a _

_ ‘ ' o % o (5.4.2)

where bé are the mmal radial ray locatron and angular velocity respectively. The three

spatial co-ordinates of a point on a trajectory can be comple;ely defmed

When a ray reaches the inner most shell, the ray path:remains straight since. there

is no change in refractive index within the core and the ray is not rafrécted Ray locations

’ at{tt;’e boundary points and at the close‘sg point to the axis have to be folmd differently.

The ray path is illustrated in fig 5.6.
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Figure 5.6 Ray path in the central core.of the plasma column.
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It should also be noticed that the radial velochonent is taken to be negative
if the ray travels towards the axis, otherwise positive. The absorption path for calculating
the absorption coefficient is the magnitude of the ray segment between the initial and
final ray locations within a cell. The time taken for a ray to traverse from one side of the

core boundary to another side is .

V]2 (5.4.3)
-> .
where R] is the radial position of the ray at the shell boundary; V is the velocity within the

core and at the boundary. The time taken for a ray to traverse from the boundary to a

point which is closest FO’W)&S‘\,;S

tmin.dist. N v |2 : \ : {5.4.4)

A

With this time and the velocity at the boundary of the core, locations of the closest point

can be determined as

fin = @ i
. = vt ., - + B |
min min.dist. 1 (5.4.5)

Depending on the velocity components of a ray, there are three types of rays.

Rays with a non-zero angular velocity will spiral in a trajectory forgging a helix around the '

axis of propagation and approach a position close to the axis but never through it
because of the finite angular momentum of the ray. Rays without an angular velocity
component, will go through the axis. Finally, rays that have only a non zero axial velocity

component will propagate along the axis. ) ‘

+
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8.5 Absorptidn packaga'
This package caiculates the power, sbsorption along a ray. Power exchanges are
only encountered in those cells through which rays pass.
Power absorption in the ITH cell can be calculated from eq. (4.2.7), namely,
oty
-jo Kan(r(t) Jedt
8Pabs = Pilrgstgll 1 - e - Y-RY

where P (ro, to) denotes the power carried by the ray before it traverses the ITHceII; tg

is the time at which the ray advances to the ITHceII; o (to) is the radial position of the
ray before it enters the |TH cell; At is the time taken to traverse through the cell.

The temporal power profile of the laser beam follows the one used in the MHD

»

code. It is approximated as straight line segments as'ashown in fig. 5.7. In the MHD code,
the temporal change of the plasma behaviour is calculated at discrete time values(or
hydrodynamic time steps, AtMH D)(see"}ootnote). Power is assumed tc: remain constant
within a hydrodynamic time step. It is only changed when the hydrodynamic time steps
are altered. This assumption is valid as long as the size of a time step is much less than
the pulse width. For the case of a short solenoid (5¢cm in length,ion and electron
temperature of 1eV), the step size is in the order of 10~ sec. and the pulse width is in

the‘order of 10~ sec. Thus, the assuma ion is a reasonable approximation. As the plasma

becomes hotter, the step size even o] o aller since the particles become more

-

" energetic and their velocities thus beéo%e higher. : e
The advancement of the beam is simulated in terms of & number 6f beam time

steps, At LASEFJR which is the time for the beam to propagate over one cell. Within one .

hydrodynamic time step, the number of beam time'steps is

oAt
w = StMHD

8% AsER 552
3

The hydrodynamic time step(A tapap ) is the time interval within which the plasma is taken
. to be stable. This time is bounded by the time for the plasma fluid element to traverse
over a grid cell radiglly or axially. Namely, & t\pHD= AR/vmaor AWpD= Ax/vgwhere
AR, 8 x are’the radial/and axial grid size; Vmais the ma?v_-neto—acoustuc velocity,

w

(val+val)/( 1 +v, /c?);vp. is the Alfven velocity, BY/ ion Mijon ; Vsis the sound velocity,
,/ie Tmg. In :ctqal runs, the time step is adjusted to be less than 50% of these limits.
v ‘ .
?»

%
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Figure 5.7 Temporal power profile of the laser beam.
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The absorbed energy in a cell can be calculated as follows. The initial energy

carried by a ray in any hydrodynamic time step is (7

E = At X PMHD
MHD MHD {5.5.3)

where PM is the laser power of the ray in a particular MHD step. Having this energy

HD

divided among the M beam time steps, the initial energy which the ray carries is -
_ “twip > Punp

LASER , M

E

P

) AtLASER * TMHD (5.5.4)

This amount of energy will be the input energy for each laser time step. The energy
deposited in an individual cell will be governed by an equati?n similar to eq. (5.5.1), that'is,
‘ ' at '
-f Kan(r(t))cdt

- e O
Eps = Es[1-€ | -]

ab (5.5.5)

3

"where E; is the energy associated with the ray before it enters into the ITHcell and is
At

- ]0 Kan(r(t))cdt
equal to Ei-] e

. The tot\al amount of energy absorbed in a cell will
be the sum of all the absorbed energy céntributed from each ray passing thrcugh the
cell. | : , - 3;5 | '
5;6 Ponderomotive force package

In this section,the ponderomotive force in éach cell through which the ray passes
is comp’u_i_gjd from the energy intensity gradient across the grid cells.

From eg. {4.3.11), (4.3.12), the radial and axial force components are given as

-w?

- e aly
(FNL)r wf 5?'(nc) _ ' T (4.3.11)
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= e 9,1
(Fy), = mg— =) 3.12)

Through using finite difference scheme, the force components in the cell labelled with

. ‘ ‘,’_rﬂ;
2 I -1 L) §

grid co-ordinates (N,M) are

-
Upper “Low 1
)y = 3or R
NL'r = 205 "Ryeq - Ry N MC (5.6.1)
- 2 TRight™ Tleft 1
= 7 - c :
L2 Tg’wo TS BRI M (5.6.2)

where | opeR "LOW" RIGHT "LEFT‘re radiation intensities at the cell boundaries located
at radial distances R, , 'RN . and axial distances Zyy, 1. Z ), respectively; nwis the

N

‘refractive index in cell located at grid position (NM) (fig. 5.1).

The intensities at the cell boundaries are taken to be the averages of the cell
centre values of two adjacent cells. Thus, for cases of TUPPER and 'LOW Lthey are’

given as

1

=] ,
Tupper ~ 2 ( INH.M * N.M)

1
Left 2 N,M ’ (5.6.3)

where N;M are subscripts referred to the corresponding grid cell.

For cells ibcated at the plasma boundary, they are not completely surrounded by
) dther cells. At the outermost radial boundaries, the intensities are tak®¢y as half the value

at the centre. At both ends of the column, the intensities at the outermost boundary are

taken to be that o‘f the beam.
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Chapter 6
Computational results
In section 6.1, plots for ray trajectories in a vacuum, and plots for the spatial
distribution of ray locations and energy are given and discussed. in section 6.2, the
simulation of a typical plasma density profile from the data obtained from the shell MHD
code is discussed Ray trajectories are computed»within a plasmabcolumn for the
assumed density profile in section 6.3. The behaviour of the rays within the medium is
also discussed. In section 6.4, the energy distribution in the plasma is presented in terms
of the ray distribution at various axial positions along the column. Finally,‘ the absorbed
energy and ponderomotive fofces within the plasma are illustrated with the three

dimensional plots.

6.1 Ray propagation in vacuum

In this section, trajectories of rays propagating in vacuum , the spatial
distributions of the rays and the radial variation of beam power are plotted and
discussed. .

A.sample of 100 rays is used to simulate the beam. Beam power is dividéd
equally among the rays. A lens of Scmiradius) eperture and a focal length of 150cm is

chosen. Transverse locations and directions of the rays at the lens plane are determined

from a random Gaussian distribution function as explained in section 5.1. The locations of .

the rays along the direction of propagation are determined from eq (2.1.26) given in
chapter two. The ray trajectories in vacuum are shown graphically in fig. 6.1 from which
it is clear that the def&y of rays is higher in the axial region. Such a ray distribution
results from a Gaussian choice of the intensity profile for the beam. The nonzero radial
position of the rays at the 'ocus(sh_ovh in Fig. 6.1) is due to the inclusion of diffraction
effects.

A plot of the square of the average radial distance of all rays is given as a 0
function of axial distance in fig. 6.2. The tra jectory shows axial symmetry about the
focus. In fug 6.3, there is aﬁﬁmmum for the square of the half power beam radius at the

focal distance. The half power beam radius at the focus is calculated to be 4.88 x

.10 -cm This finite beam size is a result of the inclusion of diffraction effects.
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The distribution of ray locations at the lens plane an& the focal pim' are shown in
figs. 64 and 6.5 respectively. According to the diagrams, the spread of rays at.the focal
piane is shown to have a similar pattern as that at the iens plane. This implies that the .
locations of rays have a Gaussian distribution at the focal plane. An analysis on the radial
power distribution confirms the above conclusion

The power distribution profile at the lens plane and the focal , ~ s are obtained
by counting the number of rays within a circular srea of radi'us r. Since each ray carries
equal units of power, the total number of rays represe:nt the total units of power within
the region This is presented as cumuistive histograms in figs. 6.6 and 6.7. The average
deviation of the power values from those caiculated directly from a Gaussisn intensity
profile is about 0.3%, indicating that the rays st the focal plane follow a Gaussian
distribution ’ ""

The square of the average radial distance of the rays sround the fgcus for an
incoherent beam (incoherence factor=0.5) is shown in fig. 6.8 and the half power radius
is given in fig 68. The spotsize (radius 8.77 x 10-'cm) is sbout twice as much as that for
the coherent beam case. A plot of the power distripution is also éiven in fig 6.10. The
degree of incoherence can be used as a means for sitering the size of the beam st the

focus. 4

s.z‘"SimuI-u;n of the density plzofilc
In this section, a plasma dens:ty profile used for tostmg the ray tracing routme is -

constructad from the density values computed from MWM et al’s MHD code for a |

short laser heated solenoidiGcm . in length and - Scm. in ndlus) The plasma is assumed to - o

have an initial density of 2.0 x 10" cm= and is confined t&. magnetic field of 100

kilogauss. The laser power is assumed to mo Imoarly from O at t=0 to- 100MW at t=10ns

and then remains constant A typical density, grofile ¥ ebhsvuctad from the density-

values computed at time 1.2 x 10"sbc. The. density vaiues at sn axisl dastance of

0.917cm from the laser entry end ars listed in the following table: N

.
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Table 1

Radial position(cm)  Density( x 10"/cm )

(M 01330 ,, 1182 -
@ 02745 - 1656 | Y
@) cazp 246 oty
@) 06720 226 w
5 09740 20 . | | S e

The density variation between the first and second Ioca“p? is ?‘ tted with the profile h{Q’
<1+r’/ad For the second and third Iocatlons ihe profile, N1 (1-&’/.—2) is used. Followmg the |
o ,
- same prdcedure, the rest of the data are fitted with the correspondlng proﬁles,N2 o

41—r’/az)cnd N (1+yr’) This smulated profnle is lllustrated in fng 6 1.

Lt

.

- _

»‘lz}’ . b r ) [ '
) " t ‘ ’ _ N
6.3 Ray Tracing in tho plasma column '
In this sec on the rad:al Iocataons of rays propagatmg in various regions of the

,':“ i
i é otted and dcscussed The rad:al componerits of the rays are

plasma col RS
AR - P :
calculated accor,dmg 1o the ray eqw'glutnons for the danslty profiles in various
w A !
regions. g
1. Rays with radially. outward ve/ocity componeh;s ' °

The radial components of the ray trajectories within the plasma for rays .
havmg an initial radial outward velocnty are shown in figs. 6.12-t10 6.17. Ths plasma
‘column is assumed to be placed 10cm béhind the focus to ensure that the rays wullw
diverge before they enter into the medium. .

In fig 6.1 2 the radi al component of the ray ﬁ'ajacfory within a radial  *
-parabollc density proflle(see region 1 |n fig. 6.11) is shown The initial transverse -
co-ordmates and diroctnons of tha ray are x-0219cm y—-O 114cm, u, -O 0147

y——o 715 x 10d The sinusoidal fluctyatvon of the radial comgonent of thé ray
A along the plasma column shows.that tha ray is trapped within the rogion A full -
= lllustratnon of the ray prq@at@g‘ the column is.given in fig. 6. 13 The ray
A gyrates around ﬁre axis of propagatuon and traces a heﬁx with an osc:llatmg radius.

[
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This gyrating ray trajectory shows that beam focusing and defocusing takes place

in the px.m density region. *

: Q’f =
s in the following, the resu!t

ined by the ray tracing technique is
compared with those obtained f normal mode analysis developed by
McMullin Capjack and James. From the normal mode analysis, the axial period of

beam intensities within a parabolic density profile is

Q

welrsz)
N 4
k(z)cnanlz)t _ =0 ,
, 070 z=0,r 6.3.1)
where )
4neN ,(0 0)
2 - e’
el - 20
_z=0 €
. 1
w2 ]2 S} s

I 83

- . < ' o @'
nent used in the followmg density profsle‘,

ao(z) is th'e‘o;ef'

-~

N (Y‘ Z) NO(O Z) [1+ —3-(—)-]
andN(Oz) is the axial density, _
For the special case of axially independent plasma density, 8q.(6.3. 1) becomes -

LI
”"LQ “(ﬁﬁ . ¢ -

KZ_-E.(_O_)__.E__ l o 2
‘ ©0%0'" r=0 Lo, . 832

| By substituting for No =0.997 x 10%/cme ldO)"O .338%nd up.(0)=5 63 x 101’ sec- in
the above equation, the axul period of osccﬂe’aon is found to be 6. 028cm From the ray
" trd¥thg co”utatlon the period is calculated to be 6. 1678¢m which is wmnrR 2% srror
with the }E.wcuuwfrom eq (632 The pQﬂod obtained from the ray eacmg
’techmque is furtﬂer compared wrth that deered by- Mnm Results show a small
PY - . .



Q ‘ 82
d;ecrepency of 25%. Thus, thus rﬂ tracing method gives consistent descrnptlon of the
beam propegatmg ina Meduum wltge pearabolic density profile.

In fng 6.14 and fig. 6.15, the ra&el variations of two rays propagating in the .
region w_here the plasn‘\a denslty venes according to the relation N’ (1 ~e;/r’) (see region 2
in fig. 6.11) are shown The case in which the ray penetrates into a region where the
plasma density is close to the p_eek value is displayed in fig. 6. 14, The initial locations and
directions of the ray are’x=-0.396cm, y=0.149m_1,u,(=-0.026§, uy=0.0.103. The plasma
density in this region is too high for the ray to be trapped As a result, the ray propagates
rad}ally outward and eﬁtefe into another regibn with a radially decreasing plasma density,
where the ray is further refrectedoff the column &

In fig. 6.15, the ray propagstes cloes to region 1(see fug 6 1 1. The initial
locations and directions are x=0. 09‘1cm y=0. 295cm u,=0.646 x 10-%,u y=0.199 x 10-’
The plasma density is high enough to ;:euse tbtel ref )ﬁ‘x‘m of t@e ray. Consequently, the
AR 'on where it is trapped. .

»

in fig. 6.16, the radal compon% the ray is seen to increase as the ray

"

ray penetrates into the perebohc de

propagates wrthm reglon 3 (see fig. G,
dlrgctuons of the @re x=-0 22cm ;
refracted off the'plasma column due p .

o Thevemeonofﬁ\endielcomponebntu,
propagates elong the plasma column if it initially lies close to the ,p;esma penphery (see

»x=‘°; y‘—-p.ozes.;rba_rav"is
.tuve index

- région 4 m ﬁg )6 11). The ray locations enﬂ“dur ] chosen to ba x=0.822cm,
- y=-0. 731ém,u,=0.0551 Uy =-00487. The piot 3 Wit the ray prop-g“ only

. wnthm the outside core of the column eﬂ cennot penetrate mto the plesme column

2. . Reys wah radlally mward ve/oc/ty components
' B £ thns sectign, rays wi pmal radially inward veloctty are traced elong
the plasma column in various, regnops The plaeme column ;s essumed to be

pleced 10cm'in frorit of the foous. Rays are thus ensured to bﬁ:onvergmg by the

N +

v fime they reech the column , ‘ R T 51«
™ fugs 18 the radial compment of the ray Iocatlon in be,;perabohc densrty
regnon (see i’egaon T mﬂgs 11). is shown The mmat locat:ons m«gﬁrectnons are; -
‘x-O 287cm. y =088 x 10"cm u,(-—O 192.x 10" u =-0 465.x JD" Ih:;per[oq of -

. »

- . . v, v . . . 0y -

. - . . . N s - . :
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oscillation 1s found to be 5.48cm. A comparison to the period derived from eq

{3312}, namely,

2T

= £ -

. v
Zpemod A

b4
i

~A&=

c°N
/ 0
where § is 32N V2's 29 x 10%cm/sec Ny is 0.897 x 10"/cm*a is 0.337.M is
agN. 0 0 -
9.94 x 10%/cm’ ( for A= 10‘6/um ) and ¢ is the speed of hght, shows a 13%%

di‘-ere~-e This deviation arised from the choice of density profiles in the
corresponding region. In this case, the plasma density in the region into Which the
ray enters is approximated by a non—parabolic increasing density profile However,
the density is assumed to vary according to a parabolic increasing density profile
This mismatch of density profile leads to the above deviation

In fig 6.19, a ray which enters the plasma core from region 2(see fig 6 11)
is displayed The initial locations and directions of the ray are x=—0.43cm,
y=-O. 13cm;, u,=0.2868 x 107, uy=0,8241 x 107. The ray approaches the inner
core region gradually , reaches a minimum radial position and then exits the column
This phenomenon is indicated by a change in radial distance of the ray.

The behaviour of the rays when they enter into region 3 and region 4 (see
fig 6.11) are revealed in fig 6.20 and fig 6.2 1. The initial locations and directions
for the ray in fig 6.20 are x=0.404cm, y=0.513cm,ux=-0‘027,uy=—0.q34 and
those in fig. 6.21 are x=-0.831cm, y=0.731cm, ux=0.055,uy=—0.049. As the rays
approach the column axis, they enter into a medium of which the refractive index

gradually decreases. Eventually, the rays are totally reflected off the column. )

6.4 Absorbed energy and ponderomotive forces

In this section, the distribution of rays along the column is presented-in terms of
their locations at various transverse planes. The Magnitudes of the absorbed energy and
ponderomotive forces for a beam simulated with 10 rays are presented in terms of
three dimensional plots.

Distributions of rays in the transverse planes located at the axial distances,

2=0.0cm, 1.25cm, 2.5¢m, 3.75¢m and 5.0cm from the left end of the plasma column are
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shown in figs 622 to 626 Cases for converging rays (figs 6 22a-6.26a) and diverging
rays (fig 6.22b-6 26b) are compared From figs 6 22a to 6 26a, the distribution of ray
locations indicates that the rays are focused and defocused as they propagate slong the
column At z=125cm and 5 Ocm, almost all rays propagate within the first shell in the
column, showing that the beam 1s focused at these locations

From figs 622b to 6.26b, the behaviour of the rays is seen to be very similar to
the set of rays displayed in figs 6.22a to 6 26a However, more rays are also seen to
spread over the periphery of the column. This is a consequence of the divergence of the
rays which implies that a higher proportion of the rays is distributed away from the
column axis

The absorbed energy and ponderomotive forces associated with rays focused at
the centre of the column are illustrated in figs 6.27 to 629 In fig 627, the absorbed
energy per grid cell peaks at z=1.25cm and z=4 4cm. This maximum absorption is only a
consequence of the rays concentrating at those locations and does not imply that strong
absorption occurs in those regions Moreover, the amount of absorbed energy in a cell at
z=1.25cm is just slightly higher than that at z=4 4cm. This is due to the smal! and
approximately equal magnitude of the absorption coefficients at both locations When the
beam reaches the location at z=1.25cm, the beam power is not strongly absorbed and
most of the power is transmitted down the column. At z=4 4cm, the input beam power
does not decrease significantly. Moreover, due to the approximately equal ébsorption
céefficient, the absorbed power is about the same.

Plots of radial and axial ponderomotive forces along the column are shown in fig
6.28 and fig 6.29 Both forces have maximum magnitudes at the region with the highest

radiation intensity. Negative amplitudes imply that the forces and radial displacement are

' In opposite directions. With an input laser intensity of 1.0 x 10*watts, the maximum

magnitude of the radial and axial ponderomotive forces are found to be 0.198 x 10*
({dynes/cm’) and the axial ponderomotive force to be 0.54 x 10 ! (dynes/cm %)
respectively. By comparing these values to the hydrodynamic force(for T=100eV.dN
/dr=8.8x10'" /cm*,over a scale length of 0.05cm, k=1.6 x 10-’erg/eV.dP/dr=k T(dN
/dri=1.41 x 10° dynes/cm?), the ponderomotive forces are far smalier than the

hydrodynamic ones. These force components will become significant when the laser -



intensity beacomes much higher
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absorbed energylJoules) X 10

Figure 6.27 Distribution of absorbed energy within plasma column (with beam focused at
the middle of the column).
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1

.Figure 6.28 Distribution of axial ponderomotive force within the column.
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Conclusion

The propagation of a focused laser beam in a vacuum and in a plasma medium is
investigated by using a ray tracing technique which accounts for the diffraction effects
of the beam The effect is introduced by means of a phase—space distribution function
which was suggested by Tappert‘]’he distribution function provides a range of values for
the ray directions so that rays are not focused at one point, but are spread out at the
focal region If the laser beam intensity assumes a Gaussian profile at the lens plane, rays
will be then distributed across the focal plane in a Gaussian manner. Results show that
this method can generate rays which give the dif fraction limited focal spot size. Optical
defects such as aberration, are modelied by introducing an incoherence factor into the
distribution function. By means of this factor, the focal spot size can be adjusted to meet
experimental measurements.

Rays are traced through the plasma by means of analytic methods. The ray
equation is solved for different kinds of refractive index profiles. Ray trajectories within
the medium are traced in terms of these solutions. Since the plasma density is spati‘ally
non—homogeneous, approp}'iate density profiles are used to describe the density in
various regions. Corresponding ray path solutions are used A testing density profile with
an on-axis minimum obtained from an MHD simulation of a laser heated plasma confined
by a solenoidal magnetic field is used as a sample run for the ray tracing package. Results
indicate that rays are trapped within régions with a parabolic radial density variation; rays
are reflected off axis when they propagate in regions having a radiaily decreasing density
profile. Focusing and defocusing effects of the beam within the predefined profile are
shown by the distribution of ray locations at various axial planes.

The plasma density profile used in the simulation is assumed to be a.xially
independent However, in actual plasma density distribution evaluated by the shell code,
the density varies axially as well. In the ray tracing routine, this axial density change is
taken into account by the appropriate fitting of density profiles over the grid cells. Since
the choice of density profiles is determined by the density values in the grid cells, any
variations in density values will give different choices for the density profiie.

An extension of the ray tracing technique to gas target experiments will be of

interest and use for future research. For the gas targets, there are no magnetic fields
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confining the plasma and as a result, the plasma expands freely in all directions upon
heating The rays will intersect the plasma boundary at different locations in subsequent
times‘ Moreover, because of the high plasma density, rays can be scattered as they reach
the region with critical densities. The problems of a moving plasma boundary and beam
scattering are significant factors to be considered in the ray tracing program for gas
target experiments.

Throughout the analysis, the spatia! distribution of the laser beam is assumed to
be composed of the fundamental Gaussian mode. In a real situation, the beam may have a
different mode structure miied together(see footnote) and cyiindrical symmetry no
longer holds. The intensity of the beam is expected to vary with angular and radial
positions. Thus, the choice of ray locations and directions are determined by the radial
and azimuthal co-ordinates. Consequently, the number of rays required for simulation will
be increased significantly and will increase the operating cost of the simulation program

considerably. Further investigation on this problem is needed.

Diagrams of different mode structure are given in fig. 4.12 in 'An introduction to optical
electronics’ by A Yariv. -

\'*/
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Appendix 1

1.1 Derivation of Poynting vector in q.(2.1.8)

Assume that the electric field vector E has components Ex,-ézwhere i ; | << lf |
X
A A
= +
£ Exx Ezz
From Maxwell's equation,
-
V-E =0
we get
3
_afi + _Ez_ =0 M
ax 9z
%k _ -3,
X 74
Let Ex = E(x.y,Z)e1(kz-u’t) - (2)
Therefore, equation{1) becomes
F2 . . e dlke-ut)
x x

i 2 _i(kz-ut)
Ez kK x© (3)

Again from Maxwell's equation,

1 28
-GX‘E‘-E%'{



With

B - b'(x.y,z)ei(kz’“t)

[ R L
w

->
Substituting E with 8q.(2) and (3),

E - -icr EZC + (ix - il)y _ X’Z‘]
why 3z ax y
s ~iceiaZe 2 3e _ 1 3%, &
T[kaxay x + (ke 2 EW) y
Dropping the second order derivative of ¢,
’i(kZ“wt)

107
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Assume
€12 > |2 |er2E) 5> lj3ey 2ty
Then,
S gr Relle]? § - forde g4 1220 g
m =g Llel? e el - o2 f4 (28 - iy )
= %; ['clzf + 1k e%%i g e%ﬁ*-y (e*%i X + e*g; 98}
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Appendix 2

2.1 Derivation of the slactric field after the lens plane
The far field approximation of the electric field of a laser beam at a distance of z

from the source is given as’

r?  jkr?

1 i(kz-e(z)) e‘wzhi e 2R(2)

U(F,Z) =/= e
—TT (1)

where

¢ = tan'](z‘—z-;)

™0
R = —) 2
(z) = z[1 + (5)2]
wi(z) = W1 + (225)2]
) z
r = x2+y2 and r << R

W, is the beam waist of the laser.
If a thin lens is placed at a distance zq from the origin. the field amplitude of the light

beam is
: . r2 _ikr2?
1 -1(kzo-¢(zo)) wz(zoi ‘ ?RZZOS
U(r,zo) = /= e e e
. T W ZO

(2)
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On passing through the lens, the field amplitude becomes

__r? ikr?
_ 1 ilkzyme(zy)) WTZT 2R(Z)
U(r,Z]) "/}Zme e e

(3)
where R (z] )is negative (by convention) since the beam converges. But the radius of
curvature of the wavefront is related to the focal length of a thin iens by

1 - 1T 1.4]
RT 2 ) RT 205 fL
(4)
The field becomes
) -r2[ 1 __dk Kk ]
ulrazy) = /2 1 ST el TR ARG
h) sy e e
s}

Since the lens is assumed to be thin, the axial distance and spotsize are approximated as

2n < 2y, w(zo) = w(z])

The field becomes

' 1 ik ik
5 1 -ilkzg-e(zg)) ‘rz[wz(zd7 Yot o
ulr,z;) =/;"20 e e L %0

(6)

As zo>>1 for far field, .

' , - ] ik
=/§w ; e'i(kzo"o(zo)) . rZ[WZ(Z(p * ZfLJ
u ( 0) 3



Let

: _/f 1 —i(kzo-w(zo))
= /= e
0 W ZO

the electric field becomas

-r2  -ikr

wi(z,) 2f
u(r ,z]) = EO e 0 e L

(7
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Appendix 3
3.1 Program listings and flowcharts 4
( START }
READ DATA GENERATE A
FQR LASER TESTING DENSITY

D PLASMA
PARAMETERS

WRITE LASER
AND PLASMA
PARAMETERS

PROFILE

GRID STRUCTURE
COMPUTAT ION
FROM GIVEN
G6RID CONDITION

POWER
INITIALIZATION
(PWINIT)

RAY GENERATION
AT LENS PLANE
(DRAY)

DENSITY GRADIENTS
IN BETWEEN CELLS
CALCULATED

{DNGR)

.

RAY TRACING
ROUTINE WITH-
IN PLASMA

e

ENERGY AND
PONDEROMOTIVE
FORCE COMPUT -
ATION

CHART 1. PROGRAM FOR TESTING SUBROUTINE PACKAGES

)
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POWER IS
- INITIALIZED
T0 ZERO

WRITE POWER,
ENERGY

CHART 2. POWER INITIALIZATION ALGORITHM A



READ IN DATA
TO DEFINE
THE PROPA-

CALCULATION OF
PARAMETERS FOR
WAVENUMBER AND
SPOTSIZE

e

TO GENERATE RAYS
WITH PARTICULAR
LOCATIONS AND
DIRECTIONS

¥

START

.

TO TRACE THE RAYS
IN VACUUM

DEFINING PARA-
METERS FOR DEN-
SITY PROFILE

i

CALCULATE BEAM
SPOTSIZE, AND
ALLOCATE RAYS IN-
TO APPROPRIATE
REGIONS

P
CALCULATE DENSTTY
AND TEMPERATURE
IN THE 1ST GRID
COLUMN USING VAR-
IOUS DENSITY PRO-
FILES

¥

%

CALCULATE POWER
DISTRIBUTION BY
COUNTING-NO. OF
RAYS WITHIN DE-
FINED REGIONS

ASSIGNMENT OF
DENSITY AND
TEMPERATURE
ALONG THE. COLUMN

CHART 3. RAY GENERATION ALGORITHM
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CHART 4. DENSITY AND TEMPERATURE PROFILE ALGORITHM



START

NORMALIZATION OF
RADIUS

¥

DIVIDE SHELLS
’ INTO TWO SUB-
SHELLS J

WRITE VALUES
OF RADII

CHART 5...FINE GRID STRUCTURE ALGORITHM



DENSITY AND RAD-
1US DENORMALIZA-
TION

COLUMN 1,
LAST COLUMN

1ST SHELL

WRITE NO,N,
AF FOR INDI-
VIDUAL CE

COMPUTE DENSITY

70 THE DES-
IRED SHELL

COMPUTE THE DEN-

SITY GRADIENT BE-
TWEEN THE PRESENT
SHELL AND THE

ONE QUTSIDE 1IT

DENSITY
GRADIENT< 0

GRADIENT AT
BOUNDARY SHELL

COMPUTE AO,NOD,
N FOR BOUNDARY
SHELL

CHART 6. ALGORITHM FOR COMPUTING DENSITY GRADIENT

116



L

COMPUTE NO,A0Z,
n* N FOR THE
PROFILE

No(1+RZ/R0%)

i

COMPUTE NO,A0Z,
N FOR THE PROFILE

NO(1+A0%/R?)

3CR0,

N

COMPUTE AO
AN

WNO,

O

COMPUTE AOZ,NO,
N

O

17



to initialize
laser power,
energy

ray=1,total
no.

print data
for energy

—

| calculate initial
power and energy

calculate ponder-
omotive forces

compute energy
and power and
store in the

corresponding

- CHART 7. ENERGY ABSORPTION ALGORITHM
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START

CALCULATE AVE-
RAGE BEAM INTEN-
SITY IN EACH
CELL

2ND SHELL LAY-
ER TO 29TH
LAYER

CALCULATE POMWER,
VELOCITIES IN
UPPER,LOWER,LEFT,
AND RIGHT CELLS;
INTENSITY GRAD..

CALCULATE RADIAL
AND AXTAL POND-
EROMOTIVE FORCE
AT THE INNERMOST
LAYER

CALCULATE RADIAL
AND AXIAL POND-
EROMOTIVE FORCE
AT THE OUTERMOST
LAYER

P

CALCULATE FORCES
AT COLUMN 1,
LAST COLUMN AND
CORNER CELLS

hed

PRINT PONDER-
OMOTIVE
FORCES

CHART 8. ALGORITHM FOR PONDEROMOTIVE FORCE
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START

DENORMALIZATION
OF TEMPERATURE
MARK=0

P

MARK=MARK+1

MARK>TOTRAY

CALCULATE AN
% vof) lvx le |vZ .

P

.SCAN OVER WHICH
SHELL THE' RAY
HITS

| S

NO

PARABOLIC DE-
CREASING DENSITY
PROFILE ALGOR-
ITHM (33)

{(r00)

NON-PARABOLIC
DECREASING PRO-
FILE ALGORITHM

PARABOLIC IN-
CREASING DENSITY
PROFILE ALGOR-
ITHM-(311) =

NON-PARABOLIC
INCREASING DEN-
SITY PROFILE
ALGORITHM{100)

CHART 9. RAY TRACING PROGRAM ROUTINE

-
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CALCULATE CONST.
D,ANGLE §,RADIAL
VELOCITY VR

STEP UP SHMELL
NUMBER

*ALGORITHM FOR
RAY WITH RADIAL
QUTWARD VELOCITY “

ALGORITHM FOR
RAY WITH RADIAL
INWARD VELOCITY

CHART 10. ALGORITHM FOR LOCATING RAY IN THE REGION WITH DENSITY N0(1+R2/A01)



CALCULATE
MOMENTUM, RADIAL
VELOCITY

STEP UP SHELL

POSITION=R e NUMBER

AND Vo

ALGORITHM FOR
RAY WITH RADIAL
OUTWARD VELOCITY

ALGORITHM FOK
RAY WITH RADIAL
INWARD VELOCITY

CHART 11. ALGORITHM FOR LOCATING RAY IN THE REGION WITH DENSITY N0(1+A02/R2)
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EYALUATE CORSTS. |
RE V2, XVy+YVy

A7 o u
IN EQN.(3.3.3.6)

ALGORITHM FOR
RADIAL INWARD
VELOCITY

NO

ALGORITHM FOR™
RADIAL OUTWARD
YELOCITY

CHART 12. ALGORITHM LOCATING RAYS IN THE REGION WITH DENSITY N0(1-R2/A02)

$
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START

PRINT ALL
TRAJ. DATA

DATA FOR
RAY TRAJ.>100

(30)
| ALGORITHM FOR
Ny (14R¢/A02)

(101)
' ALGORITHM FOR
N.(1-A02/R2)

(35)"
ALGORITHM FOR
Ng(1-R2/A02)

(111)
ALGORITHM FOR
Np(1+A02/R2)

CHART 13. ALGORITHM FNR RAYS GOING RADIALLY QUTWARD
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| ALGORITHM FOR
1ST LAYER(9)

DATA FOR

4 PRINT ALL
RAY TRAJ.>10§

TRAJ. DATA

(42)
| ALGORITHM FOR
No(1+R2/A02)

(103)
| ALGORITHM FOR
No(1-A02/R2)

(41)
| ALGORITHM FOR
No(1-R2/A02)

(113) |
ALGORITHM FOR
No(]+A02/R2) . . o ) ‘ g

CHART 14. ALGORITHM FOR RAYS GOING RADIALLY OUTWARD

=2



CHART 15. ALGORITHM FOR RAYS WITH RADIAL OUTWARD VELOCITY IN THE REGION WITH

CALCULATE CONST.,

2. Ruax: Ryext
-
RnexT™RsmELL

'// (8)
ALGORITHM FOR
MAXTMUM RADIAL
DISTANCE

70

CALCULATE TIME OF
TRAVERSE, AXIAL
DISTANCE, AXIAL
YELOCITY

(6)
ALGORITHM FOR
HITTING AXTAL
GRI1D BOUNDARY

AXIAL
DIST. = GRID
BOUNDARY

CALCULATE ABSORB
COEF., V g Ny X
Y. 8, Vg, 0, R2’

STEP UP SHELL
NUMBER

GIVE MESSAGE
FOR SHELL NO.

SHELL NO.
> ASSIGNED

REACHING LIMITED

VALUE
RETURN TO ALGOR-
ITHM FOR OUTWARD
RADIAL VELOCITY SR

DENSITY N (]+R’/A0”)

i

126



CHART 16. ALGORITHM

CALCULATE CONST
R492-C2NpAD2/N,

RNEXT™RsHELL
3

YES

7

CALCULATE TIXE oF
TRAVERSE ,AXTAL
VELOCITY,AXIAL
DISTANCE

CALCULATE ABS.
COEF.,O,VR VX‘

VY. X, Y

'3

STEP UP SHELL
NUMBER AND
RETURN TO ALG.
FOR OUTWARD RAD.

VELOCITY

FOR RAYS WITH RADIALLY QUTWARD VELOCITY IN THE REGION

ALGORITHM FOR
NEGATIVE CONST.
(105)

ALGORITHM FOR -

AXIAL GRID BOUND.

(102)

WITH DENSITY PROFILE Ny (1+A0%/R2)

o
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y
RNEXT® RSHEL%#

¥

CALCULATE TIME
OF TRAVERSE

1S SOL'N
IMAGINARY?

CALCULATE AXIAL
VELOCITY, AXIAL
DISTANCE

1

AXTAL DIST>
=AXTAL GRID
BOUNDAR

NO

GIVE MESSAGE
THAT NO SOLUTION
FOR RAY TRAJEC-
TORY

PRINT DATA
FOR RAY

YES ALGORITHM FOR -
AXIAL GRID
BOUNDARY (11)

CALCULATE ABS.
COEF., Vy VX, Y,
é,vR,e, R?

']

STEP UP SHELL
NUMBER AND" RETURN
TO ALGORITHM FOR
OUTWARD RAD.VEL.

WITH DENSITY PROFI

CHART 17. ALGORITHM FOR RAYS WITH RADIALLY OUTWARD VELOCITY IN THE REGION

LE No(l-R°/Ao’)
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CALCULATE RHIN

¥

RNEXT=RsueLL

YES

NO

CALCULATE TIME

OF TRAVERSE,AXIAL
VELOCITY,AXIAL
DISTANCE

CALCULATE' ABS.
COEF., ¥y, Vy.X,

2
.v,e.vR.é.R 6

x

STEP DOWN SHELL
NUMBER AND RETURN
TO ALGORITHM FOR
INWARD RADIAL

YELOCITY

ALGORITHM FOR

FINDING MINIMUM

RAD%A% POSITION
7

ALGORITHM FOR
RAY HITTING
AXIAL GRID
BOUNDARY

CHART 18.ALGORITHM FOR RAYS WITH RADIALLY GUTWARD ELOdITY IN THE REGION

WITH DENSITY PROFILE N0(1+R’/ )
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EVALUATE CONST.

852 2,2
R"G°-CAGN /N

ALGORITHM FOR
YES NEGATIVE CONST.
(107)

NO

CALCULATE Ry
RNExT = RoneL

ALGORITHM FOR
COMPUTING MIN.
RADIUS (106)

YES

NO

CALCULATE TIME
OF TRAVERSE,

AXTAL VELOCITY,
AXIAL DISTANCE

ALGORITHM FOR
RAYS HITTING

THE AXIAL GRID
BOUNDARY (1021)

CALCULATE ABS. STEP DOWN SHELL

COEF. oVpaVraVys NUMBER AND RETURN
Vy XY TO ALGORITHM FOR
s INWARD RAD.VEL.

CHART 19. ALGORITHM FOR RAYS WITH RADIALLY INHARB VELOCITY IN THE REGION
WITH DENSITY PROFILE NO(I-AO /R¢)
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RyEXT=RshELL

Y

CALCULATE RMIN

WRITE MESSAGE
AND PRINT DATA
FOR RAYS

ALGORITHM FOR

FINDING MINIMUM

RADIAL POSITION
(43)

CALCULATE TIME
OF TRAVERSE-AXIAL
VELOCITY ,AXIAL
DISTANCE

AXTAL
ST.=AXIAL
1D BOUND,

DI

ALGORITHM FOR
RAYS HITTING
THE AXIAL GRID
BOUNDARY (11)

CALCULATE ABS.
COEF.iVX:VY,VR,X,

. Y,0,R°9,8

L

STEP DOWN SHELL
NUMBER AND RETURN
TO .ALGORITHM FOR
INWARD RADIAL -
VELOCITY:

_CHART 20. ALGORITHM FOR RAYS WITH RADIALLY ‘INWARD VELOCITY IN THE REGION
WITH DENSITY PROFILE No(l-RZ/Ao ) .
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RnExT"Rmax
—

CALCULATE TIME
OF TRAVERSE.VZ

ALGORITHM FOR
RAYS HITTING
GRID(AXIAL)
BOUNDARY (6)

CALCULATE ABS.
COEF.., Vy,V,,V

JUR
X,Y.0,8,R%

ALGORITHM FOR
| RAYS GOING RADIAL
-LY OUTWARD

ALGORITHM FOR
RAYS GOING RADIAL
~LY INWARD

CHART 21. ALGORITHM FOR FINDING MAXIMUM RADIAL POSITION IN THE REGION WITH
DENSITY PROFILE N0(1+R2/A02)
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Z=AXTAL DIST. OF
AXIAL GRID BOUND
- CALCULATE TIME |-
OF TRAVERSE,RAD-
IAL DISTANCE
- ¥

CALCULATE ABS.
COEFu ’ VX'VY'VR'

X,Y,8,0,R20

|

]

INCREASE CuL.
NUMBER

PRINT DATA
FOR RAYS

T

ALGORITHM FOR
RAYS WITH INWARD
RADIAL VELOCITY

ALGORITHM FOR
RAYS WITH OUT-
WARD RADIAL ’ :

VELOCITY ..

~

CHART 22. ALGORITHM FOR RAYS KITTING AT AXIAL GRID BOUNDARY
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CALCULATE RZ STEP UP SHELL
Fuax NUMBER

PRINT DATA
FOR RAYS

YEs | Ryax™! - OE6

NO
: ’ 2 RETURN TO ALG.
Ruax™ J Raax FOR RAYS WITH
OUTWARD RADIAL
3 VELOCITY
Ruext RsueLL
ALGORITHM FOR
RAY'S RADIAL
POSITION>
(108) Fuax
N - .
CALCULATE TIME
OF TRAVERSE, . “
AXIAL VELOCITY, : .
AXIAL DISTANCE
(KIAL DISTN yps | ALGORITHM FOR \
=AXIAL GRID | RAY HITTING
BOUNDARY AXIAL GRID : ' .
BOUNDARY (109)

CALCULATE ABS.
COEF.,Vp ¥y Vy» )

VT,X,Y,O

CHART 23. ALGORITHM FOR RAYS PROPAGATING IN THE REGION WITH DENSITY
PROFILE NO(1-A02/R2) [CONSTANT < 0, V> 0]



\\x

CALCULATE THE

AT THE AXIAL
6RID BOURDARY

AXIAL DISTANCE

&

CALCULATE TIME

DISTANCE ,ABS.
COEF.,V, V1,V

OF TRAVERSE,RAD.

vv,x,y R*7T*"x*
P

STEP UP SHELL
COLUMN NO.

PRINT DATA
FOR RAYS

RETURN TO ALG.

4 FOR RAYS WITH

RADIALLY OUTWARD
VELOCITY

CHART 24. ALGORI?HM FOR RAY HITTI!G
DENSITY PROFILE ‘NO{1-A0</R

IAL GRID BOUNDARY IN THE REGION WITH
) -[CONST>0, Vg> 0]

135



AXTAL DISTANCE
=AXIAL GRID
BOUNDARY

)

CALCULATE TIME
OF TRAVERSE,
RNEXT' ABS . COEF.

P

CALCULATE V,, vY
Vpr X, Y, 8, R2¢

P

STEP UP COLUMN
NUMBER

COL. NO.
> COL ND

PRINT DATA
| FOR RAYS

RETURN TO ALG.

| FOR RAYS WITH

RADIALLY 'INWARD
VELOCITY

RETURN'TO ALG.
FOR RAYS WITH
RADIALLY OUTWARD
VELOCITY

CHART 25. ALGORITHM

FOR RAY-HITTING AXIAL GRID BOUNDARY IN THE REGION WITH

DENSITY PROFILE NO(1-R2 /AO )
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CALCULATE RMIN

Pe
RNEXT™RSHELL
NEXTTTSHELL
YES | ALGORITHM FOR
M FINDING MIN.
RADIAL POSA-
R0 TION (120)

CALCULATE TIME
OF TRAVERSE,

AXTAL VELOCITY,
AXIAL DISTANCE

ALGORITHM FOR
RAY HITTING
AXTAL GRID
BOUNDARY (1091) .

CALCULATE ABS.
COEF., VR.VX.Vy.
X,Y,8,

STEP DOWN ONE
STEP

—
RETURN TO ALG.

FOR RAYS WITH
RADIALLY INWARD

VELOCITY
_CHART 26. ALGORé;nM FOR RAYS REACHING IN;HUM RADIAL DISTANCé IN THE REGION 5
: WITH SITY PROFILE NO(1-AO%/R¢) [CONSTANT <0

; -



Ruext™ Ruin

P

CALCULATE TIME
OF TRAVERSE,

AXIAL VELOCITY,
AXIAL DISTANCE

CHART 27. ALGORITHM

=AXIAL GRID
BOUNDARY,

ALGORITHM FOR
| RAY HITTING AT
THE AXIAL GRID

CALCULATE ABS.,
COEF., Vo, V.V,

VT,X,Y.Q

+

RETURN TO ALG.
FOR RAY WITH
RADIALLY OUTWARD
VELOCITY

FOR FINDING MINIMUM RADIAL DISTANCE IN THE REGION WITH
DENSTTY PROFILE NO(1-A02/RZ) [CONSTANT >0, Vo< 0]

<BOUNDARY (102)
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AXTAL DISTANCE=
AXIAL GRID BOUND-
ARY

3

CALCULATE TIME OF
TRAVERSE, RNEXT’

ABS.COEF., vva‘

Ve.X,Y,0
*

N

STEP UP COLUMN

NUMBER ‘ ,
: B
OLUMN NO.
| PRINT DATA
=END OF COL. FOR RAYS

—

RETURN TO ALG.
FOR RAYS WITH
RADIALLY INWARD . .
VELOCITY G

CHARPT 28. ALGORITHM FOR RAYS HITTING AXIAL GRID BOUNDARY- IN THE REGION WITH
DENSITY PROFILE NO(1-A02/RZ) [CONSTANT>O, VR< 0]
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Ryexr” Poax
¥

CALCULATE TIKE
OF TRAVERSE,
AXIAL DTST..GWVT

VX.Vy,I,Y.ABS.Cq
"
RETURN TO ALG. L]

FOR RAYS WITH
RADTALLY YNWARD

VELOCITY
\

}
GYPRT 29. ALGORITHM FOR RAYS ATTAINING THE MAXIMUM RADIAL DISTANCE IN
THE REGION WITH DENSITY PROFILE NO{1-A0Z/RZ)
[CONSTANT <0, % 0]

AXTAL DYSTANCE
=AXTAL GRID

CALCULATE TIME
OF TRAVERSE.R"E

ABS . COEF. 8,V
Ve, Vo X, Y
AT

XT
V7|

STEP UP COLUMN
NUMBER

PRINT DATA
FOR RAYS

RETURN: TO ALG.
FOR RAYS WITH
RADJALLY OUTWARD
VELOCITY,

N

CHART 30. ALGORITHM FOR RAYS MITTING AT THE AJIAL GRID BOUNDARY IN THE
REGION WITH DENSITY 'PROFILE NO(1-A0</R2)
[CONSTANT< 0, V> 0]



CHART 31.

Ryexts Ruin

—

CALCULATE TIME
OF TRAVERSE,

AXIAL VELOCITY,
AXTAL DISTANCE

ALGORITHM FOR

RAYS HITTING AT
AXIAL GRID '
BOUNDARY (11)

CALCULATE ABS.
COEF..VX,VY,VR.O.

X,Y

-

ALGORITHM FOR
RAYS WITH RADIAL-
LY OUTWARD VEL.

ALGORITHM FOR RAY ATTAINING HINIHUM RADIAL DISTANCE IN THE REGION
WITH DENSITY PROFILE NO(1-R2/A02)
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AXIAL DISTANCE=
AXIAL GRID
BOUNDARY

*

CALCULATE TIME OF
TRAVERSE ,RADIAL
DISTANCE ,ABS.COEF
VR'VT'VX‘VY’X'Y'

+

STEP UP COLUMN
.NUMBER

PRINT DATA
| FOR RAYS

COLUMN NO.
LAST COL~

RETURN TO ALG.
"FOR RAYS WITH
RADIALLY INWARD
VELOCITY

CHART 32. ALGORITHM FOR RAYS HITTING THE QXIAL GRID BOUNDARY IN THE REGION
WITH DENSITY PROFILE NO(1-A0¢/R%)
[ CONSTANT<O, S 0]
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" CALCULATE TIME
OF : TRAVERSE FROM
ONE CORE BOUND-
ARY TO ANOTHER

-~

)

CALCULATE CORR-
ESPONDING AXIAL
s DISTANCE AT CLOSA
EST RAD. DIST.

CALCULATE RADIAL
DISTANCE AT AXIAL
GRID BOUNDARY
(94)

AXIAL DISTN_YES
=AXJAL GRID

BOUNDAR

NO T
CALCULATE THE CALCULATE THE
MINIMUM RADIAL ABS. COEF.

-{ POSITION (96) T

¥

STEP UP COLUMN
NUMBER

CALCULATE 6, ABS]
COEF., NEXT AXIAL
POINT AFTER THE
MIN. POINT

DIS

PRINT DATA
FOR RAYS

CHART 33, ALGORITHM FOR DETERMINING RAY LOCATIONS WHEN THE RAYS REACH =~ - -.
_ THE INNERMOST CORE ‘ .
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AXIAL DISTANCE=
AXIAL GRID
BOUNDARY VALUE

P2

CALCULATE o,
ABSORPTION COEF.

STEP UP COLUMN
NUMBER

PRINT DATA
| FOR RAYS

OLUMN NO.
>LAST COL.

CHART 33A

CALCULATE RADIAL
DISTANCE, 6,
ABSORPTION COEF.

CALCULATE THE'— ‘ .
AXIAL DISTANGE OF :
THE RAY (995)

RAY HITS
1ST SHELL

STEP *UP SHELL
NUMBER

=

RETURN TO ALG.
FOR RAYS WITH
RADIALLY OUTWARD
VELOCITY

CHART 338 L 3



AXIAL DISTANCE=
AXIAL GRID
BOUNDARY VALUE

¥

CALCULATE X,Y,R,
8,ABS.COEF.

¥

STEP UP COLUMN
NUMBER

COLUMN NO.
> LAST COL

GO TO 995

CHART 33C

YES | FOR RAYS

CALCULATE X,Y,
8, R, ABS.COEF.

~

%

STEP UP SHELL
LAYER

']

RETURN TO ALG.
FOR RAYS WITH
RADIALLY OUTWARD
-VELOCITY

CHART 33D

PRINT DATA

-~
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Rypxr™ RADIUS

OF 1ST SHELL
P

CALCULATE TIME
OF TRAVERSE,
AXIAL DISTANCE

AXIAL DIST
AXIAL GRID
BOUNDAR

AXIAL DISTANCE=
AXIAL GRID
BOUNDARY VALUE

K]

CALCULATE X,Y,0,

_CALCULATE X,Y,R,

ABS. COEF. 8, ABS. COEF.
* )
STEP UP SHELL STEP UP COLUMN
'Y
RETURN TO" ALG. oL N0;

FOR RAYS WITH
RADIALLY OUTWARD
VELOCITY

CHART 34. ALGORITHM FOR COMPUTING RAY TRAJECTORY WHEN RAY LOCATES INITIALLY

IN THE INNER CORE

LAST COL.

PRINT DATA
FOR RAYS
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R=RyIn

']

CALCULATE TIME
OF TRAVERSE,

AXIAL VELOCITY,
AXIAL DISTANCE

-

AXIAL DISTS
AXIAL GRID
“\BOUNDAR

It

CALCULATE ABS.
COEFFICIENT, ©

PRINT DATA
FOR RAYS
(666)

CHART 35. ALGORITHM FOR RAY REACHING M NIMLM RADIAL DISTANCE IN THE REGION
WITH DENSITY PROFILE NO(1-A02/RZ) [CONSTANT<O, VR< 0] :

~
“~



am g

Rg® 0. 8,= 0,
1,0

[

CALCULATE TIME
OF TRAVERSE OVER
1 6RID CELL

I

CALCULATE AXIAL
DISTANCE Z, ABS.
COEFFICIENT

N

STEP UP COLUMN
NUMBER

COLUMN 'NO.
LAST cot.

PRINT DATA
FOR RAYS
(666)

CHART 36. ALGORITHM FOR RAYS WAVELLING ALONG THE AXIS OF PROPAGATION
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C PROGRAM FOR INITIALIZING THE INCIDENY BEAM POWER =

148

NAMELIST /MAIDAT/TIME,STEP,NBOUND,PWR1,PWR2,PWR3 T1.T2,7T3,74,
*NX,M,Z RO, TO,LO,NO,VLAS ,XMIN,LAMDA ,DTL ,MRMAX , XLAS,DX ,TL,F, AO,
‘TDTRAV EN1

REAL LAMDA,LO,NO.R(30,60).N(30,60),TE(30,60),EP(30.60), pwn(ao 60)

INTEGER STEP,XMIN,Z, TOTRAY

COMMON /LASP/L3.RLO.BMS,NCRIT.TL,DTL,MRMAX
DATA PWR/1800*0.0/,.EP/1800%0.0/

READ(S ,MAIDAT)

WRITE(6,MAIDAT)

CALL PWINIT(PWR1,PWR2,PWR3,T1.72,73, T4, TIME,EN1)

CALL DRAY(F,LAMDA, AO, TOTRAV)

IF (STEP.EQ.1) GOTO 1

CALL MHDDEN(R,N,TE.NO,RO,NX . M)

CALL GRID(R,NX.RO)

CALL DNGR(R.N,LAMDA ;NX,RO,NO)

CALL RAYABS(M,NX,TE,TO,LAMDA,LO.Z,XLAS VLAS,TIME DX XMIN)

1 CALL ENERGY(TIME,STEP,XMIN,NX,XLAS,VLAS,DX, EP PWR,6N)

STOP
END

SUBROUTINE PWINIT(PWR1,PWR2,PWR3,T1 72,73, T4, TIME EN1)

REAL INDEX
COMMON /DRAYP/X0(100),Y0(100), THETAX( 100) . THETAY (100).P(100),TOTRA

*Y ENIN,P{ EN(100)

(o}
C TEMPORAL BEAM PROFILE IS SECTIONED INTO FOUR PARTS--T1,72,73,74

C

v

1IF (TIME.GY.T1) GOTO 15 -
Pi=PWRI*TIME/T1

ENO=P {*0.5*TIME

ENIN=ENO~EN1

EN1=ENO

GOTO

15 IF (TIME.GT.T2) GOTO 16

P1=PWR 1+ (PWR2-PWR1)*(TIME-T1)/(T2-T%)
ENO=(TIME+TIME-T1)*0.5*PWR 1+ ((PWR2- pwn1) (TIME-T1)/(T2-T1))*0.5*(T.
*IME-T1)

ENIN=ENO-EN1

EN1=END

GOTO 1

16 IF (TIME .GT. T3) GOTO 17

P1=PWR2+(PWR3-PWR2)*(TIME-T2)/(T73-T2)

ENO= (TIME+TIME-T1)*0.5*PWR1+(TIME-T1+TIME-T2)* (PWR2- PVR1)‘O 5+0.5*
*(TIME-T2)*(P1-PWR2)

‘ENIN=ENO-EN1

EN1=ENO

GOTO

17 IF (TIME.GT.T4) GOTO 18

P1=PWR3~-PWR3I*(TIME-T3)/(T74-73)
ENO~(TIME+TIME-T1)*PWR{1%0.5+(TIME-T1+TIME-T2)*0.5*(PWR2~ PWR1)+(TIM

*E-T2+TIME-T3)*0. 5'(PUR3 PWR2)-(P1-PWR2)*0.5*(TIME-T3) &
ENIN=ENO-EN1
EN1=ENO
GOTO 1~
18 P1=0.0

1 WRITE(6,601)P1,ENIN

601 FORMAT(/'POWER=’ ,E10.3,/, 'INITIAL ENERGY" E10.3)

RETURN
END

ra
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SUBROUTINE FOR GENERATING A SET OF RAYS FOLLOWING THE GAUSSIAN
DISTRIBUTION

DEVICE {:STORE R**2,2

2:STORE AVERAGE R**2,2Z

3:STORE NO. OF RAYS WITHIN REGION, RADIUS SQUARE

4:STORE X,Y CO-ORDINATE OF VARIOUS RAYS

6:L1ST OF DATA FOR RAY POSITIONS ,NO.OF RAYS IN DISTINCYT REGION
7:STORE X & CD-ORDINATES OF VARIOUS RAYS AT LENS PLANE

B8:STORE T SVERSE DIRECTIONS OF RAYS~-TRETAX,THETAY

(o]

:STORE 3DB POWER POINTS,2

SUBROUTINE DRAY(F,LAMDA AD,TOTAL)
DIMENSION X(100).Y(100) . THETAX(100) . THETAY(100).NPT(50).P(100).
*RSQ(50) .RNEW(50, 100)
DOUBLE PRECISION DSEED.DELT
REAL LAMDA,
INTEGER TOTRAY.TOTAL -~
NAMELIST /RAYDAT/ N,DSEED.NRING,NPLANE,NEXTRA NPLAN1,FACTOR
COMMON /DRAYP/X.Y,THETAX,THETAY P TOTRAY,ENIN.P1.EN(100)
READ(5,RAYDAT)
TOTRAY=TOTAL
WN=2+3. 14159/ (LAMDA* 1 . OE-4)*FACTOR
WNAO=WN*AD
FSPOT=F/WNAO
DZ=F/(NPLANE*{.0-1.0)
NRINPS¥NRING+5
WRITE(6,604)DSEED,FSPDT,AD
604 FORMAT(/‘'DATA FROM PROGRAM DRAY’,/'DSEED=’.D15.8./,. 'FOCAL SPOT SI2
*E=’ E15.8,/.'BEAM RADIUS AT LENS PLANE=’ E15.8)
TO GENERATE ALL RAY LOCATIONS AND DIRECTIONS AT LENS PLANE
THE CHOICE OF RAY LOCATIONS AND DIRECTIONS OBEYS A GAUSSIA
N DISTRIBUTION. SUBROUTINE GGNML GIVES A RANGE OF RANDOM
NORMAL DEVIATES WITHIN THE RANGE (0O.1)
CALL GGNML (DSEED.N,X)
CALL GGNML(DSEED,N.Y)
CALL GGNML (DSEED,N,THETAX)
CALL GGNML(DSEED,N,THETAY)
TO CONVERT THE NDRMALIZED VALUES TO ACTUAL VALUES
RAY DIRECTIONS ALWAYS TAKE OPPOSiTE SIGNS TO LOCATIONS
DO 201 I={,N_
X(I)=X(1)*AD/1.4142136
THETAX(I)=THETAX(1)/WNAO/1.4142136-X(1)/F
Y(I)=Y(I)*AD/1.4142136
THETAY(I)=sTHETAY(I)/WNAD/1.4142136-Y(1)/F
P{(1)=P1/(N*1.0)
. EN(I)=ENIN/(N*1.0)
WRITE(4,401)Xx(1).Y(1)
WRITE(8,401)THETAX(I),THETAY(I)
401 FORMAT(2E18. 10)
201 CONTINUE

NPLANE~NPLANE+NEXTRA

FINALZ=(NPLANE*1{.0-1.0)*D2

DO 202 J=1,N .

DO 203 I=NPLAN1,NPLANE

DELT=(I-1)*D2*1.000

XNEW=X(J)+THETAX(J) *DELT

YNEW=Y(J)+THETAY(J)*DELT

RNEW(I-NPLAN1+1,J)=XNEW**2+YNEW=*2

DELY 1=SNGL(DELT)

IF (ABS(DELY1-FINALZ).LT.10E-3) WRITE(7.701)XNEW.YNEW
70t FORMAT(2E18.10)
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72 WRITE( 1, 101)RNEW(I~-NPLANT+1 J) DELT
73 : 101 FORMAT(2E18. 10)
74 203 CONTINUE : /
75 X(J)=XNEW
76 Y(J)=YNEW
77 202 CONT INUE
78 L e et L T
79 c _ TO CALCULATE THE AVERAGE SPOT SIZE AT EACH AXIAL PLANE
80 o AND NO. OF RAY POINTS WITHIN A DEFINED BEAM AREA AT A
81 c PARTICULAR PLANE
82 Cmmmmm oo e e e e e e e e e e e e eeemeeon -
83 . DO 204 I=NPLAN1,NPLANE
84 RSQSUM=0.0
85 DELT=(1-1)*D2*1.0D0
86 WRITE(6,606)
87 606 FORMAT(/’ AVE. SPOT SIZE’,5X,’ AXIAL DISTANCE’)
88 G m mm e b
89 C AVERAGE SPOTSIZE SQUARE
90 Cmmmmm e m m e e e e e e e e e e e o e mmmo—eeoo
91 DO 205 J=1,N
92 T 20% Rsosun-nsosuu*nnew(x NPLAN1+1, J)
93 QAVE =RSQSUM/(N*1.0)
.94 . §(2.101)RSQAVE ,DELT
a5 - E(6,101) RSOAVE,DELTY
s 96 oI - — = = = = == e~ e S e e e oS oSS s seceeos
gﬁ, ESPOND ING RADIAL DISTANCE
P 000 R R R R e e T e e R PP

'v-ﬁSPOT‘“!*(DELT F)“Z/VN"2/FSPOT"2
SO=SPOTSQ/NRING .

1017 ' 206 K=1 INPS
- 102 - PN O(K)-k'spxso-
103 TNPT(K)=0 ’
104 QONT INUE
105 Cmm e m o mm = o s o e e o o o e e e e o e SCoeoeecseeseooo-
106 [0 TO CATEGORIZE RAY Locnrxows INTO VARIOUS REGIONS
107 L T T T kT T e
108 00 207 L=1 ,N
109 . DO 208 M=1 _NRINPS
110 IF (RNEW(I-NPLAN1+1,, ' GT.RSQ(M)) GOTO 208
111 NPT(M)=NPT(M)+1
112 GOTO 207
113 208 CONTINUE
114 207 CONTINUE : ) .
115 Lo LT e e L L L PP
116 c . SUM UP POINTS AT CORRESPONDING -RADIUS
117 o T D e e T et
118 X WRITE(6,607)
119 - 607 FORMATY(//"’ RAY PTS. DISY. ‘.’ RADIUS SQUARE -,
120 * ‘THEORETICAL POINTS')
121 SUM=0.0 -~
122 VAR=0.0
123 00 209 II=1,NRINP5S
124 SUM=SUM+NPT(11)
125 - RAD=*N*( 1-EXP(-RSQ(I1)/RSQAVE))
126 : VAR=VAR+(RAD-SUM)**2/RAD**2
127. WRITE(3,101)SUM RSQ(IT)
128 ) IF (ABS(SUM-63.0).LE.2.0) HRITE(1O 101)250(11) DELT
128 ‘WRITE(6,605)SUM,RSQ(I1),RAD
130 605 - FORMAT(3E18. 10)
131 209 CONTINUE
132 VAR=VAR/NRINPS
133 WRITE(6,608)VAR
134 608 FORMAT(/’VARIANCE=’ E15.8)
135 204 CONTINUE
136 RETURN

137 ~ END
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C SUBROUTINE FOR CALCULATING DENSITIES AND TEMPERATURE IN EACH CELL
C AND THE CORRESPONDING RADIUS .

Cc DEVICE 2:DENSITY VALUE ,NORMALIZED RADIUS,
Cc 6:LISTING OF DATA
[ t1:TAPE DEVICE

SUBROUTINE MHDDEN(R,N,TE,AXIDEN,PASRAD,2STEP,PLASEL)
REAL R(30,60).N(30,60).7E(30,60)

INTEGER 2STEP,PLASEL

DR=PASRAD/(PLASEL*1.0)

A1=0.337769221*+*2

A2=0. 185919614 *2

AJ=1.8B7404451%*2

A4=0.356427765%+2

DO 201 1=1.6

R(I.1)=I*DR/PASRAD

Cc CCR-~-CELL CENTRE RADIUS
C N--~ PARABOLIC DENSITY PROFILE

CCR=(1-0.%)*DR
N(I,1)=(1+CCR**2/A1)*0.997362083E 18
TE(I,1)=50/(1+EXP((CCR-2.0)/0.1))
201 CONTINUE
DO 204 I=7.9
. R(I,1)*1*DR/PASRAD
CCR=(1-0.5)*DR
N(I.1)=(1-A2/CCR**2)*3 0%9522465F 18
TE(I, 1)=S0/(1+EXP((CCR-2.0)/0.1))
204 CONTINUE
DO 205 I=10, 14
R(1,1)=I*OR/PASRAD
CCR=(1-0.5)*DR
N(I,1)=(1~CCR**2/43)*2 588205127€18
TE(I,1)=50/(1+EXP((CCR-2.0)/0.1))
205 CONTINUE
DD 206 I=15,30
R(I,1)=I*DR/PASRAD
CCR=(J-0.%)*DR
N(I,1)=(14A4/CCR**2)*1. T63802596E 18
TE(I,1)=50/(1+EXP((CCR-2.0)/0.1))
20€ CONTINUE

D0 202 U=2,2STEP
DD 203 I=1,PLASEL
R(I.J)=R(I,1)
N(I,J)=N(I.1)
TE(I,J)=TE(I.1)

203 CONTINUE

202 CONTINUE
WRITE(6,604) ,

604 FORMAT(/'DATA FROM PROGRAM:RICKMHODEN')
WRITE(6,605)AXIDEN,PASRAD, ZSTEP ,PLASEL

605 FORMAT(/‘AXIAL DENSITY(NORMALIZED)=’ . E15. 8,/.'PLASMA RADIUS*‘,E15.
*8,/, 'AXIAL STEPS*’ 13,/,'PLASMA SHELLS=’,13/)
WRITE(€,602) .

602 FORMAT(’ SHELL Ronus(NonuAszzu) *,5X,* SHELL DENSITY ‘. Sx.’'SHEL
*L TEMPERATURE’)
WRITE(6,603)(R(X,1) ,N(I,1),TE(I,1),1=1,PLASEL)

603 FORMAT(E15.8, 15X ,E15.8.7X,E15.8)
DO 20 I=1,PLASEL
RN-R(!.')‘PASRAD—O.S‘DR’
WRITE(2, TO3)IN(1, 1) .RN

103 FORMAT(2E18.10)

20 CONTINUE
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TO STORE UNFORMATED DATA ON TAPE

WRITE(11) N
RETURN
END

ALGORITHM FOR DIVIDING THE PLASMA LAYERS INTO FINER
SHELLS (2 SUBSHELLS FOR EACH LAYER)
SUBROUTINE GRID(R,NX,RO)
DIMENSION RDENOR(SO 60) R(30.,60)
REAL N <
NAMELIST /GRIDAT/LASHEL

LASHEL---NO. OF PLASMA SHELLS TAKEN FOR A FINER DIVISION
COMMON /GRIDP/R2(60.60).0MEGA(60,60), LASHEL
READ(S,GRIDAT)
WRITE(6,GRIDAT)
DO 208 u=1,NX
DO 209 I=1,LASHEL
RDENOR(1,J)=R(I,J)=RO
209 CONTINUE
208 CONTINUE
DO 201 U=1,NX

DIVIDE EACH OF THE 3RD AND ABOVE PLASMA LAYER INTO 2 SMALLER
LAYERS

DO 202 I=3,LASHEL

DRI=RDENOR(I,J)-RDENOR(I-1,J)

DRIM1=RDENOR(I-1,J)-RDENOR(I-2,J)

DRS=DRI+DRIMI

RMID=(DRI/DRS )*RDENOR(I-1,dJ)+(DRIM1/DRS)*RDENDR( 1, J)

I2Mi=2*~1

12M2%2*1-2 . /r\\“\\ ‘ g

_R2(12M1 J)=RMID { '

R2(12M2,J)=RDENOR(I-1,J) \\w

202 CONTINUE O

- - e e e - T - T e A e e e e e e - A e e = e e A S e e e S e =

R2(2,J)=RDENOR(1,4.)
R2(3,J)=0.5*(RDENOR(2,J)+RDENDR( 1, u))
R2(60,J)*RDENOR(30.y)

201 CONTINUE
WRITE (6,601)

601 FORMAT(‘SHELL LAYER',5X,’ SHELL RADIUS ')
LIMITw2*L ASHEL
DO 203 I=1, LIMIT
WRITE(6,602)1,R2(1,1)-

602 FORMAT(BX,13,5X,E15.8)

203 CONTINUE
RETURN
END
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SUBPROGRAM FOR CALCULATING DENSITY GRADIENT AND REFRACTIVE INDEX BET-
WEEN TWD KNOWN DENSLTIES

NeNO( 1+R**2/A0°**2)
CONSTANTS NOI,ADI ARE COMPUTED FOR THE [V‘LUATION OF OMEGA {THE

‘SPATIAL FREOUENCY)

T T e e e e e e e e e e e e e e e e e c e "V M - e o e e o e o e o

C

C

C

C A PARABOLIC INCREASING DENSITY PROFILE IS USED FOR APPROXIMATION. NAME L ¥
C

9

C

C

211
210

c-_-_

SUBROUTINE DNGR(R,N,LAMDA NX RO.NO)
DIMENSION RDENOR(30,60),N(30.60).K(30.60)
INTEGER ZSTEP,FLAG -

REAL N_NOI LAMDA ,LAMTA NDENOR,NO,KA
NAMELIST /DNGDAT/FRACTN

T o e e e e e e e - e e m - e~ e T s e v e e e m e v . e = s e -

COMMON /GRIDP/R2(60,60) ,OMEGA (60,60}, LASHEL

COMMON /DNGRP/R1(60,60),CRIDEN,FLAG(&0.60)

COMMON /DNGRP 1/NDENOR{30,60)

COMMON /ABSOB/ADISQ(60.60).NOI(60.60),LOCX(100.100).LOCY( 100, 100 .
*KA (100, 100)

READ(5 ,DNGDAT)

WRITE(6,DNGDAT)

LAMTA=_AMDA*1 . OFE-4

CRIDEN=9. 1095E~28°3 . 14159+9 OE20/(LAMTA*2*(4 B0O32€-10)""2)

....................................................................

DO 210 J=1,NX
DO 211 I=1 LASHEL

RDENOR(I.J)=R(1,J)}*RO
NDENOR(1,J)=N(1,J)*NO

CONTINUE

CONT INUE

LIMIT=LASHEL-2

DO 205 J=1,NX

SLOPE1=N(2.U)-N(1,J)

SLOPE3=SLOPE 1

DO 201 I=1,LIMIT

SLOPE2=NPI+2 JU)-N(I+1 1)

12M1=2°]~1

12=2°]

12P1=2e1+1

IF (SLOPEY.LT.O.0.0OR.SLOPE2.LY.0.0) GOTO &

e e e e e e - e e e m e . Y A e R e e e e e m W e e e Y o v . o

TEST FOR DENSITY AT BOUNDARY REGION BETWEEN TWO SHELLS
IF(SLOPE2.LT.SLOPE Y. AND.SLOPE3 LT. SLOFFi) GOT0 1 -
IF (SLOPE2.LT. SLOPEi) GOTO0 2
GOTO {

IF(SLOPE1.GY.0.0. AND SLOPE2.LT.0.0) GOTO 2

IF (SLOPE1.LT.0.0.AND .SLOPE2.GY.0.0) GOTO 4

IF (SLOPE2.GT.SLOPE1.AND.SLOPE3.GT._SLOPE1) GOTO 3
IF (SLOPE2.GT.SLOPE1) GOTD 4

GOTO 3 .

. - - . - - . .- ——————————— - - -

P P e o e e e o o o o o = o e e v N R S e v e e o e T e A e - - e

SLOPE3=SLOPE ¢
SLOPE 1=SLOPE2
AOISO(12,U)=(NOENOR(T,J)*R2(12P1,J)**2-NDENOR(I+1,.J)*R2({I2M1 U
‘)“2)/(NDENOR(I*1 J)-NDENOR(1,4))
NOI(12, u)-Nosnoa(x u)/(1¢nz(12u1 JIe2/A01%0(12.0))
OMEGA(12,U)»SQRT(NOI(12, u)-ozzo/(cntuEN-AOlso(xz J)n))
RI(I2,U)=SORT¢1-NOI(12,J)7/CRIDEN)
FLAG(IZ2,J)=1 ”
ADISQ(12P1,J)=A0ISO(12.V)" L
NOI(I2P1,J)=NOI(12,V)
OMEGA(I2P1,J)=0OMEGA(I2,U)
RI(I2P1,J)=RI(12,4)
. .‘."}
»
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(A “ FLAG(I2P1,J)sFLAG(I2.U)

72 GOTO 201 '
73 o e e T TP
74 c NON-PARABOLIC mcnnsmc DENSITY APPROXIMATION
75 (o e ittt it LT PR R
76 -2 SLOPE3=SLOPE1
77 SLOPE 1=SLOP .
78 TERM {1 =NDE 1+1,J)/R2(12~1,J)**2
79 TERM2*NDENOR{I . J)/R2(12P1,U)**2
80 AOISQ(12,U)=(NDENOR(I+1,J)-NDENOR(T,J))/(TERMS-TERM2)
81 ADISQ(12P1,J)=ADISQ(12.J)
82 NOI(12,J)=NDENOR(I.u)/(1-ADISO(12.U)**2/R2(12M1, u)--u
83 NOI(I2P1,U)=NOI(12.J)
84 RI(12,J)=SQRT(1-NOI(12,J)/CRIDEN) .
8s RI(I2P1,J)=RI(12.J) *
86 FLAG(12,U)=2 ‘- . -
87 FLAG(I2PY, u)-ruc(x: J) : '
88 GOTO 201 '«
89 B e bt ettt Temees-son-
20 c PARABOLIC DECREASING DENSITY' APPROXIMATION
91 B e et R T T
92 3 SLOPE3=SLOPE 1
93 LOPE 1=SLOPE2
94 0ISQ(12,J)=(NDENOR(1,J)*R2(12P1,J)**2-NDENOR(I+ 1, J)*R2(12M1 J)"*
95 *2)/(NDENOR(1,J)-NDENOR(I+1,J))
96 NOI(12, u)-mznoa(l JY/(1-R2(12M1,J)**2/A0150(12.4))
97 ONEGA(12,J)=SORT(NOI(I, u)'szzo/(caxomuo!sonz J))) >
98 R1(12.J)=SORT(1-NOI(12,U)/CRIDEN)
99 FLAG(12,U)=3 ,»
100 . ADISQ(I2P1,U)=A0ISQ(12,V) .
101 ) - NOI(I2P1,J)sNO1(12,d) g
102 !~ OMEGA(12P1,;J)=OMEGA(12.J)
103 RI(I2P1,J)=R1(12,4)
104 FLAG(12P1,U)=FLAG(1: V).
105 GOTO 201
106 o e e R e T
107 c NON-PARABOLIC DECREASING DENSITY Appnoxmnm .
108 R e ittt TR P TR e L EE L PR
109 4 SLOPE3*SLOPE 1 . *
110 SLOPE 1=SLOPE2 - T
111 A 1=NDENBR(T,J)/R2(12P1,y)**2
12 T IT2eNDENOR(I+9,J)/R2(12M1,J)**2
113 ADISQ(I2,J)=(NDENQR(I+1,J)-NDENOR(1,u))/(T1-T2)
114 ADISQ(I2P1,J)=A01 12,9) ’ ® . L
1s NOI(12, )-wsuon(x U)/(1+ADISO(12.U)/R2(12M1,4)**2) R
116 NOI(I2P|1,J)=NOI{12,V) R
117 85(12,J)*SORT(1-NOI(12,U)/CRIDEN)
118 RI{(12P1,J)*R1(12,V) . *
119 . FLAG(12,J)=4 Ve
120 FLAG(I2P1 ,J)=FLAG(12, Jf .
121 201 CONTINUE
122 © SLOPE 1=NDENOR(LASMEL , u)-wsnon(usnn 1.J)
123 IF (SLOPE1.LT7.0.0) GOTO 7
124 - TERM1=NDENOR(LASHEL ,J)/R2(LASHEL®*2-3,J)**2
125 - TERM2eNOENOR(LASHEL - 1,J)/R2(LASHEL*2-1,U)**2
126 AOISQ(LASHEL®2-2,J)" (mcnod’(l.fsuﬂ. u)-mzNDNLASHEL 1.J))/
127 *(TERM1-TERM2)
128 > NOI(LASHEL*2~2,J)=NDENOR(LASHEL - 1 u)/(i;qoxsp(ususuz -2.J)=*
129 *2/R2(LASHEL®2-3,J)°°2) . ¥ :
430 . FLAG(LASHEL®2-2,4)*2 ST
131 RI(LASHEL®*2-2, d)-son('-nox(usun-z z d)/caxoeu)
132 - QOT0 8 )
133 .7 TT=NDENOR(LASHEL-1,J)/R2(LASHEL*2p4.,J)**2
134 - T2=NDENOR (LASHEL . u)/u(z-usnew‘l"o)"a
‘1438 - - . AOISQ(LASHEL*2-2, d)-(wtuuuusust c)-m:noa(usus;. =1, u))
136 */(T1-72)
137 - NOICLASHEL "2~ 2 J)-mem(LmﬁL-i u)/( qux;O(ususL':-z J)":
138 */R2(LASHEL*2-1,J)**2) ‘o
139 - RI(LASHEL®*2-2, J)'SOITH-NJX(LAS&ELQ 2. d)/c&uoeu) .
140 B FLAG(LASHEL‘2 -2,J)=4" ‘ . .

0 s
=y . , P
[N o .

|
. B
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®
N

141 8 AOISO(LASHEL®*2-1,J)=ADISQ(LASHEL*2-2,U)
142 AOISQ(LASHEL®2,U)=A0ISQ(LASHEL*2-2,J)
143 NOI(LASHEL®2-1,J)=NOI(LASHEL®*2-2,J)
144 NOJ (LASHEL®*2,J)=NOI(LASHEL*2-2,V)
145 RI(LASHEL®*2-1,J)=RI(LASHEL*2-2,J) '
146 RI(LASHEL®*2,U)*RI(LASHEL*2-2,V)
147 FLAG(LASHEL*2-1,J)=FLAG(LASHEL*2-2,J)
148 FLAG(LASMEL*2,U)=FLAG(LASHEL*2-2,J) ,
149 e R R e T PP
150 c THE INNERMOST SHELL IS ASSUMED TO HAVE A PARABOLIC DENSITY
151 c THE OUTERMOST SHELL IS ASSUMED TO HAVE A NON-PARABOLIC
152 c DECREASING DENSITY PROFILE
153 B s et e L T e e T T T
154 AOQTSQ( 1,U)«FRACTN*R2(1,U)**2/(1-FRACTN)
185 NOI(1,J)sFRACTN*NDENOR(1,J) :
156 . OMEGA(1,J)=SORT(NOI(1,U)*9E20/(CRIDEN*ACISO( .J)))
157 . RI(1,J)*SORT(1-NOI(1,J)/CRIDEN)
158 L FLAG(Y )=t . e
159 " 'DMEGA(2°LASMEL ,4)=0.0
160 : EGA(Z*LASHEL-1,JU)=0.0 o
161 . ¢ . BMEGMEPLASHEL-2,J)=0.0 s,
162 . ° 205 CONTINUE ’ ;
163 T€(6,601) _

Ma Ot FORMAT(‘ FLAG *,5X, 'REFRACTIVE INDEX’ ,5X,"’ ADI**2

RO | .«4@‘ s’ BX,’ o NOI 1)
7 166 ‘v | LASH2=2°LASHEL
TR AR DO 206 I=1,LASH2 . .
, res WRITE (6,607) FLAG(I,1),RI(I,1),A0ISO(I,1),NOI(1, 1) «

~ 169 . - 602 FORMAT(B8X,I13,9X.E16.8,5X E15.8,5X E15.8)
170°. . . 206 CONTINUE,

REZE N RETURN ©.
172 END

S et

& b
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END OF FILE
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SUBROUTINE ENERGY(TIME,STEP, XMIN NX,XLAS,VLAS,DX,EP,LASPWR,N)
REAL LASPWR(30,60),EP(30,60),KA, N(30 60), PONOR(30 60).PONDZ(30,60)

208
207

1
601

INTEGER TOTRAY,STEP,X RXMIN,6XMIN
COMMON /LASP/LS RLO,BMS NCRIT,TL,DTL,MRMAX
COMMON /PWRAY/AD

COMMON /ABSOB/AOISQ(60,60),NOI(60,60).L0CX (100, 100),LOCY(100, 100)

* KA( 100, 100)

COMMON /DRAYP/XO( 100),Y0(100), THETAX(100),THETAY(100),P{ 100). TOTRA
- *Y ENIN . 1. EN(100)

COMMCN /RAY ENP/NPTS(100), VSUM( 100)
IF (STEP . EQ 1) GOTO 1
‘DO N7 Y=t 6D

00. 2 ° 2
LASPW! 0.0 L
EP(I,4)*0.0 , ‘0%,:\‘;
CONT INUE )

CONT INUE'

WRITE(6,601)
FORMAT(/’ CELL LOCATION ’,5X,‘ POWER IN CELL ',
*5X,ENERGY IN CELL ‘.5X,/.3X,'X’,7X,'Y") .

202

204

DO 204 MARK=1,TOTRAY

NLAS=60 Il

JU=NPTS (MARK) - 1

PIN=P(MARK)/NPTS(MARK)
ENINI=EN(MARK)/NPTS(MARK » ‘
LIMIT=NPTS(MARK)

DO 202 K=2,LIMIT

POWER=PIN

ENER=ENINI

IF (LOCX(MARK,K-1).LT.LOCX(MARK.K)) GOTO 2
IX=IFIX((LOCX(MARK, K-1)-1)/2.0)+1%

GOTO 3

IXsIFIX(LOCX{(MARK K-1)/2.0)+1

{

L
LASPWR(IX,LOCY(MARK,K-1))=LASPWR(IX,LOCY(MARK K- 1) P+POWER !

*)))
ENER=ENER*EXP (-KA (MARK ,K))
POWER=POWER*EXP( -KA (MARK ,K))

CONT INUE

CONTINUE
DD 205 J=1,60 .

00 206 I=1,30 : .
IF (LAspr(x.d).NE.o.o.an (1.J).NE.O.0) GOTO 4
GOTO 206
WRITE(6,602)1,J,LASPWR(I,J),EP(I,J)
FORMAT(1X,13,5X,13,8X,E15.8,5X,EJ5.8. SXE15. a)
CONTINUE
CONTINUE =
WRITE(12) EP S

CALL PONDER(LASPWR,VLAS,NLAS,DX,PONDR, PONDZ)
RETURN
END

EP(IX,LOCY(MARK K~1))=EP(IX,LOCY(MARK, K-1))+ENER*( 1~ EXP( KA(MARK K
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c PROGRAM FOR CALCULATING THE RADIAL AND AXIAL PONDEROMOTIVE FORCE
c IN INDIVIDUAL CELLS
C _______________________________________________________________________
SUBROUTINE PONDER(P,VLAS,NLAS,DX,PONDR,PONDZ)
REAL P(SO,GO).PONDR(30.GO).PONDZ(30.GO).LASHEL.NDENOR,AVEI(SO.GO
*)
COMMON /cnxop/nz(so.so),ouEGA(eo.so).LAsHEL
COMMON /DNGRP/RI(60,60),CRIDEN, FLAG(60,60)
COMMON /DNGRP {/NDENDR(30.60)
C _______________________________________________________________________
c TO FIND PONDEROMOTIVE FORCES AT THE CELLS AWAY FROM THE
c BOUNDARY )
c _______________________________________________________________________

DO 201 y=1,NLAS
DO 202 I=2,30
AVEI(I.J)-P(I.J)/(S.14159'(R2(2‘l.d)“2-R2(2‘(1—!),d)“2))
202 CONTINUE
AVEI(1,U)*P(1,J)/(3.14159*R2(2,U)**2)
201 CONTINUE ¢
NLASM{=NLAS- 1
DO 203 J=2,NLASM1 °
DO 204 1=2,29
PIU=O.S*(AVEI(I+1,J)+AVEI(I,J})
PIL=O.5*(AVEI(I,J)+AVEI(I-1,4)) ’ .
cu-VLAs'sonT(1-0.5-(~0£NOR(1,u)+~oEN0R(141,0))/CR105N)
CL-VLAS‘SQRT(1-0.5‘(NDENOR(I.d)‘NDENOR(I-1,d))/CRIDEN)
PILEFTR(AVEI(I,U-1)+AVEI(1,U))*0.5
PIRITER(AVEI(I,U+1)+AVEI(I.JU))*0.5 -
CLEFT-VLAS‘SORT(1f0.5‘(NDEN0R(l.d-1)0NDENOR(I,d))/CQIDKN)
CRITEtVLAS‘SORT(1-0.5‘(NDENOR(I.d+1)+NDENOR(l.d))/CR)QEN)
DIDR=(PIU/CU-PIL/CL)/(R2(2*1,U)-R2(2*(1-1).4)) AHERG
DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX .
PONDR(1,J)=~0.5*NDENOR(1,dJ)/CRIDEN*DIDR*{.0E7 '
PONDZ(1,J)=-0.5*NDENOR(I,J)/CRIDEN*DIDZ*1 OFE7 N
204. CONTINUE - ¢ » -
C‘"‘““‘"“"“‘“""“"""‘""“""“"; __________

c TO FIND VALUES AT THE INNERMOST LAYER

o LAYER 7§ .

C _____________________________________________________________________
PILEFT=(AVEI(1,J-1)+AVEI(1,U))*%0.5
PIRITE=(AVEI(1,U+1)+AVEI(1.J))*0.5 :
CLEFT=VLAS*SORT(1-0.5*(NDENOR(1,U-1)+NDENGE(3.J))/CRIDEN)
CRITE=VLAS*SQRT(1~0.5%(NDENOR( 1, J+1)+NDE 1,J))/CRIDEN)
DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX ‘

PONDR(1,J)=0.0 m
PONDZ(i.d:)--O.S‘NDENOR 1,J)/CRIDEN*DIDZ* 1.0

c TO FIND POND. FORCES FOR LAYER 30

PILEFT=(AVEI(30,J-1)+AVEI(30,J))*0.5
PIRITE=(AVEI(30,U+1)+AVEI(30,U))*0.5
CLEFT-VLAS‘SORT(1-0.5‘(NDENOR(30.J-1)*NDENOR(SO.J))/CRIDEN)
CRITE-VLAS'SORT(1—0.5‘(NDENOR(30.J¢1)*NDENOR(BO.J))/CRIDEN)
DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX
PONDZ(30,U)=-0.5*NDENOR(30,J)/CRIDEN*DIDZ*1.0E7
PIU=0_S*AVEI(30,J)
PIL=0.5*(AVEI(30,J)+AVEI(29.U))
CU=VLAS*SQRT( 1~0.5*NDENOR( 30, J)/CRIDEN)
CL-VLAS‘SORT(1—0.5‘(NDENOR(30.d)‘NDENOR(zs.d))/CRIDEN) ;
DIDR=(PIU/CU-PIL/CL)/(R2(60,U)-R2(58.)) ’ : Qﬂ?
PONDR(30,J)=-0.5*NDENOR( 30, J) /CRIDEN*DIDR* 1 .0E 7

203 CONTINUE o

P

c POND .FORCES AT COLUMN ONE

(o e e R L T, e e kb ko e e e e mamem .
‘DO 207 1=2.29 )
Pru-o.S-(Avsl(I+1.1)+Aver(xcg)) -
PIL=O.5*(AVEI(I,1)+AVEI(I-1"1)) =
cu-VLAS°SORT(1-0.5‘(NDEN0R(I.1)+N0£N0R(1+1.1))/cn105~)

-~

w
’

N

-
.
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71 CLeVLAS*SQRT( 1-0.8*(NDENOR(I, 1) +NDENOR(I-1,1))/CRIDEN)
72 PILEFT=AVEI(I, )
73 PIRITE=(AVEI(I,2)+AVEI(1,1))*0.5
74 _ CLEFT-VLAS‘SORT(i -0.5*NDENOR(1I, 1)/CRIDEN)
75 "CRITE=VLAS*SQRT(1-0.5*(NDENOR(I,2)+NDENOR(I,1))/CRIDEN)
76 OIDR=(PIU/CU-PIL/CL)/(R2(2*1,1)-R2(2*(1-1),1))
77 DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX
78 PONDR(1I,1)=~-0.5*NDENOR(I, 1)/CRIDEN*DIDR*1.0E7 "
719 " PONDZ(I,1)-—o.liNQEN0n(1,1)/cn105~~oxoz-1.057
80 C-lomm e B et e T Lt e
81 c TO FIND roncss AT COLUMN NLAS C
82 o i T e ettt et T T yup
83 : PXU-O.5‘(AVEI(I01.NLAS)+AVEI(I.NLAS))
84 PIL=0.5*(AVEI(I,NLAS)+AVEI(I-1,NLAS))
85 ’ CU=VLAS*SQRT( $-0.8*(NDENOR(I, NLAS)*NDENOP(I*! NLAS))/CRIDEN)
86 CL=VLAS*SQRT(1-0.5* (NDENOR(I,NLAS)+NDEMOR(I - 1 Nus))/cnxofn) N
87 PILEFT=(AVEI(I, NLAsu1)+Av51(x NLAS))*0.5 )
88 . PIRITE=AVEI(I,NLAS)*0.5
89 CRITE=VLAS*SQRT( 1-0.5*NDENOR(1,NLAS)/CRIDEN)
90 CLEFTaVLAS*SQRT(1-0. 5‘(NDENOR(I NLAS )+NDENOR( I ,NLASM1))/CRIDEN)
91, . D!DR-(PIU/CU-PIL/CL)/(R2(2‘l.NLAS)-R2(2‘(I-1),NLA&)) ’
92, DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX
93 PONDR(I,NLAS)=-0.5*NDENOR(I ,NLAS)/CRIDEN*DIDR*1.0E7
g4 PONDZ(I,NLAS)#~0.5*NDENOR(I ,NLAS)/CRIDEN*DIDZ*1.0E7
95 © 207 CONTINUE, ‘ﬁ%& )
96 o e e bkt ettt T
97 c TO FIND FORCES AT CORNER CELLS ‘
28 o et e et et
99 PIU=0.5*AVEI(30,NLAS)
100 PIL=0.5*(AVBI(30, NLAS)+AV£1(29~NLAS))
101 CU=VLAS*SQRT( 1-0.5*NDENOR(30,NLAS)/CRIDEN)
102 CL=VLAS*SQRT( 1-0.5*(NDENOR(30,NLAS)+NDENOR(29,NLAS))/CRIDEN) v
103 PILEFT=(AVEI(30,NLASM1)+AVEI(30,NLAS))*0.5 ,
104 PIRITE=AVEI(30,NLAS)*0.5
105 CRITE=VLAS*SQRT(1-0.5*NDENOR(30.NLAS)/CRIDEN)
106 CLEFT=VLAS*SQRT( 1-0.5*(NDENOR(30,NLAS )+NDENOR(30, NLASHi))/CRIDEN)
107 DIDR=(PIU/CU-PIL/CL)/(R2(60,NLAS)-R2(58,NLAS)) 5
108 DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX '
109 PONDR (30,NLAS )=-0.5*NDENOR{ 30, ,NLAS)/CRIDEN*DIDR* 1.0E7
110 PONDZ(30,NLAS )=-0. s*ugznbn(ao NLAS)/CRIDEN*DIDZ*1. OE7
1114 o bt Y ettt R e L
112 c TO FIND POND. ronges AT CELL(1,30) : L
113 LR bt D e R i C LT LT
114 PILEFT-(AVE!(1.NLAS"1)*AVEI(1.NLAS))‘O.5
115 PIRITE=AVEI(1,NLAS)*0.5
116 CRITE=VLAS*SORT( 1-0.5*NDENOR( 1,NLAS)/CRIDEN)
117 CLEFT=VLAS*SQRT( 1-0.5*(NOENOR( 1 NLAS)+NDENOR{ {, NLASM1))/CRIDEN)
118 . oloz-(P:RITE/cnxTE-vxLEFT/CL!FTS/ox
119 PONDR( 1 ,NLAS)=0.0
120 . PONDZ( 1,NLAS)=-0. s°uoeuon(1 NLAS)/CRIDEN*DIDZ2*1.0E7 _
121 Cmmmm e e e e mm R i T T pup,
:gg g ) TO FIND POND. FORCES AT CELL(30.1)
124 _ PIUO.5*AVEL(30,1)
125 PIL=0.5*(AVEI(30,1)+AVEI(29, 1))
126 CU=VLAS*SQRT (1-0.5*NDENOR( 30, 1)/CRIDEN)
127 - CL=VLAS*SORT( 1-0.54(NDENOR( 30, 1)+NDEN0R(2Q‘1))/CQXDEN)
138 PILEFT=AVEI(30,1)
129 P:R!TE-(AVEI§30 2)+AVEI(30, 1))*0.5
130 ° CLEFT=VLAS*SORT( 1-0.5*NDENOR(30. 1) /CRIDEN)
131 ° - CRITE=VLAS*SQRT( 1-0.5*(NDENOR( 30, 2)*Nosnon(zo.1))€'hrneu) )
132 DIDR=(PIU/CU-PIL/CL)/(R2(60.1)-R2(58.1)) '
133 . DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX
134 ., > PONDR(30, #)=-0.5*NDENOR(30, 1)/CRIDEN*DIDR* 1 .0E7
:g: . Ponoz(so 1)=~0.5*NDENOR(30, 1)/CRIDEN*DIDZ*{.0E7
:g; Y:' ‘{* . T nw POND . Foncss AT CELL(1.1) '
139 ‘».‘ PYLEFT=AVEY(4.1) . _
140 k"*v!hxre-(lvtxil 2)¢AVEI(1,1))%0.5 o :
I | . . .
, .‘,Y”
4. 4‘11 s'

. ”J ) 4
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141 CLEFTaVLAS*SQRT(1-0.5*NDENOR( 1, 1)/CRIDEN)

142 - CRITE=VLAS*SQRT(1-0.%* (NDENOR(1,2)+NDENOR( 1. 1))/CRIDEN)
143 DIDZ=(PIRITE/CRITE-PILEFT/CLEFT)/DX

144 ; PONDR( 1, 1)=0.0 R

145 PONDZ( 1, 1)=-O.5*NDENOR( 1, 1)/CRIDEN*DIDZ*1.0E7

146 WRITE(6,600)

147 600 FORMAT(/’CELL LOCATION’,5X,‘RADIAL POND.FORCE’,5X, 'AXIAL POND.FORC
148 *E‘,/,3X, X’ ,8X,‘Y")

149 DD 205 J=1,NLAS

150 DO 206 I=1,30 : ;

151 IF (PONDR(1,J).EQ.0.0.AND.PONDZ(1.J).€0Q.0.0) GOTO 206
182 WRITE(6,601}1,U,PONDR(I,U),PONDZ(1,J)

153 601 FQRMAT(I4,2X,14,10X,E15.8.6X.E15.8)

154 206 CONT INUE

185 205 €ONT INUE

156 WRITE(13) PONDR

157 WRITE(14) PONDZ

158 RETURN

159 END

END OF FILE
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SUBPROGRAM FOR FINDING THE RAY PATH IN A PLASMA COLUMN WITH A GIVEN

SITY DISTRIBUTION

GEOMETRICAL APPROACH IS USED

INTERSECTING POINT BETWEEN THE TRAJECTORY AND THE HORIZONTAL

OR VERTICAL GRID TS COMPUTED

SPATIAL. ADVANCEMENT OF THE RAY IS DONE BY INCREASING THE RADIAL

DISTANCE UNTIL MAXIMUM VALUE 1S ACHIEVED
THE ANALYTICAL EXPRESSIONS USED ARE BASED ON A PARMPOLIC DENSITY

DISTRIBUTION
BOTH CARTESIA+ AND CYLINDRICAL CO-ORDINATES ARE USED

SUBROUTINE RAVABS(M.NX1.TDENOR.TO.LAMTA.ZL,ZATOM,;;A$.VLAS.TIME.

*DX.XMIN) .
DOUBLE PRECISION"X.Y,VX,VY OHETAY DHETAX.DTZ.DTR,Y112,FETAS

DOUBLE PRECISION FETA2 FETA3,FETA4

" DIMENSION R1( 100, 100),THETA( 100, 100).2( 100, 100),TE(30.60).

C--—-

)

13

14

*TDENOR(30,60)
REAL MTHETA NOI,LAMDA,LAMTA KA
INTEGER. FLAG, TOTRAY ,MARK , ZATOM, XMIN ,RXMIN
COMMON /GRIDP/R2(60,60) OMEGA(60,60),LASHEL
COMMON /DNGRP/RI(60,60),CRIDEN,FLAG(60,60)

COMMON /DRAYP/X0(100),.Y0(100), THETAX(100).THETAY(100).P(100).TOTRA

*Y,ENIN,P1, EN(100)

COMMON /ABSOB/AOISO(GO 60), Nox(so 60),L0CX( 100, 100).LOCY( 100, 100) .

*KA (100, 100) .

COMMON /LASP/L3,RLO,BMS NCRIT,TL,DTL,MRMAX

COMMON /RAYENP/NPTS(100).VSUM(00)

EXTERNAL FETA
EXTERNAL FETA2
EXTERNAL FETA3
EXTERNAL FETA4

g INITIALIZATION
- - - E e e - [ T T S i — - - — - -———— -
NX=NX 1 .
C=3.0E10 . =
LAMDA Aytnwa OE-4
po 2??%{#1 TOTRAY
vsuM(1)=0.0

B R i b e R R R

D0 205 J=1,NX
DO 206 I=1,M

TE(1,J)=TDENOR(I,J)*TO

CONTINUE._

CONTINUE

MARK=0

MARK=MARK+ 1

IF (MARK.GT.TOTRAY) RETURN

KA{MARK, 1)=0.0

IF (XO(MARK).EQ.O.O.AND.YO(MARK).£Q.0.0. AND . THETAX (MARK) . EO 0.0.AN
*D.THETAY(MARK).EQ.0.0) GOTO 110

X=X0(MARK ) ;

Y=YO(MARK)

R1(MARK, 1)-SORT(XO(HARK)‘XO(MARK)*VO(NARK)'VO(MARK))

THETA (MARK, 1) =ANGLE(X,Y)

3F (THETAX(MARK).EQ.0.0.0R.(THETAX(MARK).EQ.0.0. AND THETAY(MARK)-E
*0.0.0)) GOTD 13

DTHETA-ATAN(THETAX(“ARK)/THETAV(HARK))

GOTO 16 ;-

VX=0.0 .

VY=C*SIN(THETAY(MARK) ) . ‘
V2=C*COS( THETAY (MARK) ) *
GOTO 15 . . -
VX=C*SIN(THETAX (MARK)) .

VY=0.0 .

VZ=C*COS(THETAX(MARK))

GQTO 15

e
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127
128
129
130
1314
132
133
134
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16

HTHETA'SORT(THETAX(NARK)‘THETAX(HARK)*THETAY(NARK)'THETAY(MARK))
VY=C*SIN{MTHETA)*COS(DTHETA)
DHETAY=THETAY (MARK) \

VY HAS THE SAME SIGN AS VECTOR ITHETAY
VY=DSIGN(VY ,DHETAY) :

VX=C*SIN(MTHETA)*SIN(DTHETA)
DHETAX=THETAX{MARK)

C .....................................................................

15

VX HAS THE SAME SIGN AS VECTOR THETAX

VX=DSIGN(VX,DHETAX)

VZ=C*COS(MTHETA)

Z(MARK,1)=0.0

DZ=ZL/NX1 '
ANGVEL-VX‘COS(THETA(MARK,1))-VV‘SIN(THETA(MARK.1))
Juy=1

Je=1

LAST=2*LASHEL

C-~-=~~ eeilmmccmeememm-mm——memeemmessesmeSeSesSC--coSoSSomoToSSSEEEmET

c --------------------------------------------------------------------

100

33

34

3

SCAN OVER WHICH PLASMA SHELL THE RAY HITS

IF (R1(MARK,1).GT .R2(LAST,1)) GOTO 38
IF (R1(NARK.1).GT.O.AND.R1(“ARK.1).LT.R2(1.1))GOT0 1
DO 201 Il=2,LAST

IF ((Rl(MARK.t).GT.R2(11—1.1).0R.ABS(§1(MARK.1)-R2(II-1.1)).LT.1.0
'E-3).AND.(R1(MARK.1).LT.R2(II,1).OR.ABS(R2(II,1)-R1(MARK.1)).LT.1W

*OE-3)) GOTO 2

GOTO 201 , .
I=11 :
GOTO 31

CONTINUE

I=1

LOCX (MARK , 1)=I

LOCY(MARK , 1)=J

IVAR=FLAG(I,J)

 CHODSE THE APPROPRIATE KIND OF DENSITY PROFILE
GO TO (311,100,33, 100),IVAR
TERMi-(X‘X*Y'Y)/2-(VX'VX*VV‘VY)/(2‘0MEGA(I.d)‘OMEGA(I.d))
TERM2=(X*VX+Y*VY)/OMEGA(I,J)
D*SQRT(TERM1*TERM1+TERM2* TERM2)
PHI=FI(TERM1,TERM2)
GOTO 234
ANGMOM=R { (MARK , 1 ) *ANGVEL
GOTO 34 ) . . :
TERM1s (X*X4Y*Y ) /24 (VX*VX4VY*VY)/(2*OMEGA( L. U} MEGA(I.J))
YERM2=(X*VX+Y*VY)/OMEGA(I,J) ) %;?

TERHS-R1(MARK,JJ)‘R1(MARK.Jd)+(VX'VXOVY‘VV)/ OMEGA(1,J)*OMEGA(].J)

*)-TERM1 :

IF (TERM2.LT.0.0) GOTO 4

GOT0 3 .
VR-VX'SI”(THETA(MARK,JJ))*VY'COS(THETA(NARK.UJ))
IF(ABSCR!(NARK,1)-R2(I.1)).LT.1.0E-3.AND.(VR.GT.0.0)) I=1414

Ju=Jdd+ 1

IfF (JU.GT.100) GOTO 37

1F (1.EQ.1) GOTO 9893 . -
IVAR=FLAG(I.J) :

GO T0(30,101,35,111),1IVAR

3

PP pEPIp R SR it ahitatatedeidededeind el bttt
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201
202
203
204
205

206
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RAY CALC.(UP) WITH A PARABOLIC INCREASING DENSITY
PROFILE APPROXIMATION N=NO( 1+R**2/A**2)

C ------------------------------------------------------------- - - -

30

36

TERM{=(X*X+Y*Y)/2- (vx-vx+vv'vv)/(2'onEGA(I u)'DMEGA(I J))
TERM2=(X*VX+Y*VY)/OMEGA(],J)
D=SORT(TERMI*TERMt+TERM2*TERM?2)

PHI=FI1(TERM{, K TERM2)

RMAX=BIGR(R1(MARK ,JuU~-1),.VX,VY,D,1,4)

R1(MARK ,JJ)=R2(1,J)

IF (R1(MARK,JJ).GT.RMAX) GOTO &
TR=RTIME(R1(MARK, JU-1),R1(MARK ,JJ) VX, VY, 1,JU,PHI D)
VZ=DSORT(RI(I.JU)*RI(]1,U)*9.0D20-VX*VX-VY*VY-OMEGA(I J)*OMEGA(I, J)
«*R{(MARK, JU=-1)*R1(MARK JuJ-1)"*1.000)

Z(MARK, JU)=VZ*TR+Z(MARK ,JJ-1)

IF (Z(MARK,JJ).GT.J*DZ) GOTO &

VSUM(MARK ) »VSUM(MARK ) +VZ

CALL ABSORB(MARK,R1(MARK, JJU-1),Z(MARK, JJ-1),DZ,TR, VX, VY, PHI, LAMDA.
*TE,D,[,U,UJ,.2ATOM)

VXO=VX :

VYO=VY

VX=XVEL(X, vxo TR, 1,J)

VYsYVEL(Y,VYD,TR,I J)

x-xcoon(x.vxo.vn,x,d)

Y=YCOOR(Y,VYD.TR,I,J)

GOTO 36

RAY CALC.(UP) WITH A PARABOLIC DECREASING DENSITY
PROFILE APPROXIMATION N*NO(1-R**2/A**2)

e o e om o n > - - A e A e 4 = - o e " S = = e A Y A e M - e M T e e e S T e e e e W e e

N ,

R1{MARK,JU)=R2(1,J) !
TERM1-(X'X#V'V)/2+(VX‘VX#VY'VY)/(Z'OMEGA(I J)*OMEGA(I.J))
TERM2=(X*VX+Y*VY)/OMEGA(],J)

TERM3=R 1 (MARK , JJ ) *R1{MARK, JJ )+ (VX*VX+VY*VY)/(OMEGA( T, J)*OMEGA(T J)
*)-TERM1

TERna-TERni—(vx-vx¢VY'vv)/(DMEGA(1 J)BMEGA (1. U))

NC=0

TR*HTIME(TERM1, TERM2 , TERM3, I, ,NC)

IF (TR.LT.0.0.0R.NC.EQ.1)GOTO 39
VZ=DSORT(RI(I1.J)*RI(I,d)*9D20-VX*¥X-VY*VY+OmGA(T,J)*OMEGA(];, V)
ssR{(MARK, JJ-1)*R1(MARK, JU-1)*1.000)
Z(HARK.JJ)'VZ‘TR#Z(MAQK.Jd-1)

IF(Z(MARK,JJ) .GT J*DZ) GOTO 11

VSUM(MARK ) =VSUM(MARK)+VZ

CALL ABSOB1(MARK,TR,VX,VY, ,VZ LAMDA, TE,
*TERM1,TERM2,1.U.UJ, ZATOM Z(MARK Ju-1),D2)

VXQ=VX

VYD=VY

VX=HXVEL(X,.VXD,TR.1,V)

VYsHYVEL(Y,VYD,TR.1.V)

X=HXCOOR(X,VXOD,TR,1,J)

v-choon(v.vvo,TR.l,u)

THETA(MARK, JU)=ANGLE (X, Y)

VR=VX*SIN(THETA(MARK ,JJ) }+V S(THETA(MARK . UJ)) ;
ANGVEL=VX*COS(THETA(MARK ,JJ) ) ~VY*SIN{THETA (MARK ,JJ) Y
ANGMOMSR {1 (MARK , JU) *ANGVEL e

LOCX (MARK , JuJ) =1 ¢

LOCY{(MARK, JJ)=J

Ia]+s

IF (1.GT.LAST) GOTO 32

GoTOo 3

[ L L O R T - -

. RAY CALC.(UP) WITH A NON-PARABOLIC INCREASING
DENSITY PROFILE N=NO(1-A**2/R**2)
CONST>0.0 OR <0.0, VR>0.0
. CONST = (ANGMOM* ANGMOM-9E20°NO1 (1,4)*A0ISQ(I,J)/CRIDEN)
IF(CONSY.LT.0.0) GOTO 10S
R1(MARK,JJ)=R2(1,4)
TR-TIMEPP(R1(MARK JU-1),R1(MARK,UJ),VR,CONST)
VZ=SQRT((RI(I,J)*3E10)*=2-VR*VR- (Auenon/nt{nARx Ju- 1))-*2)

?r“
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ZAMARK , JU) =VZ*TR+Z (MARK . JU~1)
IF (Z(MARK,JJ).GT.J*D2) GOTD 102
VSUM(MARK ) = VSUM( MARK }+VZ
CALL ABOB2P (MARK,R1(MARK,JU-1),Z{MARK,Ju-1),DZ,TR,VR,CONST, LAMDA,
*TE,.I.J,.JU,ZATOM) ,
DTR=TR*1.000
1F (IVAR.EQ.2) GOTO 1121 . _
CALL DOG32(0.DO.DTR.FETA3,Y112)
GOTO 1122
1121 CALL DQG32(0.DO,DTR,FETA{.Y112)
1122 THETA(MARK, JJ)=THETA(MARK, JU~1)+Y 1 12*ANGMOM
VR-SORT(VR‘VR-CONST'(1/(R1(HARK.dd)‘Ri(MARK.dJ))~‘/(R1(MARK,JJ-1)'
*R1(MARK JJU-1))))
VT =ANGMOM/R t (MARK , JJ)
VX=VR*SIN(THETA(MARK,JJ) )+VT*COS( THETA (MARK , JJ) )
VY=VR*COS (THETA (MARK , JJ) ) -VT*SIN( THETA(MARK , JJ))
X=R1(MARK,JU)*SIN(THETA(MARK , JJ))

YoR1(MARK, JU)*COS{THETA (MARK , yJ))
LOCX(MARK , JJ) =1
LOCY{(MARK , yJ) =y
1=+
IF (1.GT.LAST) GOTO 32
GOTO 3 e
G m e m e e e e e e e e e e e U
c RAY CALC.(UP) FOR A NON-PARABOLIC DECREASING PROFILE
c N=NO(1+A**2/R**2)
c .......................................................................
111 CONST={ANGMOM*ANGMOM+9E20*NOT (1,U)*ADISO(1.U)/CRIDEN)
GOTO 112

32 WRITE(6.604)
604 FORMAT(/'*#==+ THE RAY GOES OFF THE PRESCRIBED PLASMA SHELLS FOR
*BEAM CALCULATION #*9ses:/) .
GOTO €66
39 JJ=Jyu-1
© WRITE(6.,606)
606 FORMAT(/‘®%*s%s RAY DDES NOT PENETRATE THE PLASMA sevenr/)
GOTO €66
37 Ju=du-1
WRITE(6,610) :
610 FORMAT(/ *%%%s ATTENYION---STORAGE FOR RAY LOCATION OVERFLOW ***+=
*, INCREASE STORAGE '/) ’
GOTO 666 '

38 WRITE(6.611) s
€11 FORMAT(/ ' **s**ATTENTION---RAY IS OUT OF THE PLASMA SHELLS RANGE***

ts e l/)
GOTO 12
L b
C RAY GOES TOWARDS INNER _SHELLS
S i L T
4 IF (1.EQ.1) GOTO 9
JUusJy+1
IF (UJ.GT.100) GOTO 37
IVAR=FLAG(1.,J)
GO TO (4#,:903,41,113),1VAR
Crermrmcccna P 3 /S e e e e e rr e r e e .- ——————
Cc RAY CALC.(UP) WITH A PARABOLIC INCREASING DENSITY
(o PROFILE APPROXIMATION NeNO(1+R**2/A%+2)
Crewane R N s e e e e e e r c e e enr e e e - -~ o

42 TERHi-(X'X‘Y")/2-(VX'VX*VY‘VY)/(Z‘OMEGA(I.d)'OMEGA(I.d))
TERM2= (X*VX+Y*VY)/OMEGA(I,J)
D=SQRT(TERMI*TERM1+TERM2*TERM2 )

PHI=FI(TERM{,TERM2)

RMIN=SMALR(R1(MARK,JU-1),VX, VY .D.1.U)
R1(MARK,JJ)=R2(1-1,J)

IF (R1(MARK,JJ).LE.RMIN) GOTO 7 .

TReRTIME (R1(MARK, JU-1) R1(MARK,JJ) . VX.VY,1,J,PH].D)
VZ=DSOQRT(RI(I,J **2*9D20-VX*VX-VY*VY-OMEGA(1,J)*OMEGA( T, J)
**R1(MARK, JJ-1 )81 (MARK , yU-1)*1 .0D00)

Z(MARK, JJ)*VZ*TR+Z(MARK, Ju-1)

IF (Z(MARK,yJ).GT.J*DZY GOTO 6

i< N



347

\

MARK )=V Y+v2
CALL ABsoas
*TE.D,.1,JU.UJ,
X0=VX ‘

VYO evY
VX®XVEL(X,VXD,TR,1,4)
VY=YVEL(Y,VYO,TR,I.J)
X=XCOOR(X,VX0,TR,1,J)
Y*YCOOR(Y,VYD,TR,1,J)
GOTO 40

165

(MARK ,Ju-1),Z(MARK, dd 1).DZ, TR, VX, VY PHI,LAMDA,

RAY CALC.(UP) WITH A PARABOLIC DECREASING DENSITY
PROFILE APPROXIMATION NwNO(1-R**2/A**2)

o e v Y e e e A = e o aa v e e A e e T s = e = e e e e e~ e e =

41

40

1041
1042

R1(MARK, JU)sR2(1-1,U)
TERMIw(X*X4+Y*Y) /24 (VX*VX+VY*VY)/(2*OMEGA( T, J)*OMEGA(] ,U))
TERM2=(X*VX+Y*VY)/OMEGA(I,J)

If (TERM1.LT.TERM2) GOTO 39

TERM3=R1(MARK, JU)**2+(VX*VX+VY*VY)/OMEGA(], J)**2~-TERM1
TERMA=TERM1-(VX*VX4+VY*VY)/(OMEGA (I ,J)*OMEGA(] JU))

RMIN=TERM1{- (VX*VX+VY*VY)/OMEGA (] ,J)**2+SORT(TERM1**2-TERM2**2)
IF (RMIN.LT.0.0) GOTO 39

RMIN=SQRT(RMIN)

IF (R1(MARK,JJ).LT. RMIN) GOTO 43

NC=0

TR=HTIME(TERM1, TERM2, TERM3, I, J,NC)

IF (TR.LT.0.0.0R.NC.EQ. 1) GOTD 39
VZ=DSQRT(RI(I,J)**2*9D20~VX*VX~VY*VY+OMEGA(] ,J)*OMEGA(].J) .
**R{(MARK ,JJ-1)*R1(MARK, JJ~1)*1.000)
Z(MARK ,JU)=VZ*TR+2Z(MARK, Jy-1)
IF(Z(MARK,JJ).GT.JU*DZ) GOTO 11
VSUM(MARK ) = VSUM(MARK )+V2

CALL ABSOBS(MARK,TR,.VX,VY.VZ.LAMDA, TE,
*TERM1 TERM2,1.J,.JJ.ZATOM, Z(NARK JU-1),02)
VX0=VX

VYO=VYy
VX=HXVEL(X ,VXO, TR, ¥ J)
VY®HYVEL{Y.VYO, TR, I 1)
X=HXCOOR(X, VX0, TR, I..)
Y=HYCOOR(Y. VYO, TR,1.J)
THETA(MARK, JU)=ANGLE(X,Y)
VR*VX*SIN(THETA(MARK, JJ) )+VY*COS(THETA(MARK ,JJ))
ANGVEL»VX*COS(THETA(MARK, JJ) ) -VY*SIN(THETA(MARK . JJ))
ANGMOM=R 1 (MARK , JJ ) * ANGVE L

Is]-1

LOCX(MARK . uJ)=1

LOCY(MARK ,uJ )=y

‘GOTO 4

“RAY CALC.(DOWN) WITH NON-PARABOLIC INCREASING PROFILE
N=NO( 1-8+*2/R**2)
VR<0.0, co~sv>o 0, 0R<0.0

CONST*(ANGMOM'ANGMOM -9E20*NON(TI, d)‘AOISO(I J)/CRIDEN)
IF (CONST.LT.0.0) GOTO 107

RMIN*SORT ((R1(MARK, JU~1)**2%CONST )/ ((R1(MARK,JJ~1)*VR}**2+CONST))

R1(MARK,JJ)=R2(I-1,J)

IF (R1(MARK,JJ).LT.RMIN) GOTO 406

TR=TIMEPN(R1(MARK ,JJ-1) ,R1(MARK,JJ).VR,CONST)
VZ=SQRT((RI(I,U)*3E10)**2-VR*VR-( ANGMOM/R 1(MARK , Jy-1))*+2)
Z{MARK , dd)-vz'TR*Z(NARK JJ-1)

IF (2(MARK,JU).GT.J*DZ)GOTD 1021

VSUH(NARK)-VSUM(MARK)*VZ -

CALL ABOB2P(MARK,R1(MARK,JJ-1), 2(MARK,JJ-1),DZ.TR VR, CONST, LAMDA,

*TE.I1.J,JUJ,ZATOM)
DTR=TR*1.0D0

IF (IVAR.EQ.2) GOTO 1041

CALL DQG32(0.D0,.DTR,FETA4,Y112)

GOTO 1042

CALL DQGS32(0.DO,DTR,.FETA2,Y112) ,
THETA(MARK , JJ) =THETA(MARK , JJ- 1} +¥ 112*ANGMOM
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VR=-SQRT(VR*VR~CONST*( 1/R1(MARK,JJ)**2-1/R1(MARK ,JJ-1)**2))
VT =ANGMOM/R 1 (MARK , JJ)
VX=VR*SIN(THETA(MARK ,JJ) )¥VT*COS(THETA(MARK . JJ))
VY=VR*COS(THETA(MARK ,UJ) )-VT*SIN(THETA(MARK.JU))
XuR1(MARK , JU)*SIN(THETA(MARK . JJ))
Y*R1(MARK,JU)*COS(THETA(MARK ,JJ))

Iel-1

LOCX(MARK , JJ) =1

LOCY (MARK , JJ) =y

GOTO 4

RAY CALC.(UP) WITH NON-PARABOLIC DECREASING PROFILE
N=NO( 1+A**2/R**2)

CONST= (ANGMOM*ANGMOM+9E20*NDI (1,J)*A0ISO(1.J)/CRIDEN)
GOTO 104

RAY REACHES MINIMUM/MAXIMUM
N=ND( 1+R**2/A**2)

R1(MARK, dd)'RMXN

GOTO 8

R1(MARK, JJ)=RMAX

TR=RTIME(R1(MARK, JJU-1),R1(MARK,JJ) VX ,VY.I.J.PHI.D)

VZ=DSORT(RI(I,JU)**2°9D20-VX*VX-VY*VY-OMEGA(].J)*OMEGA(].J)

**R1(MARK, JU- 1)'-2-1 000)

Z(MARK ,JU)=VZ*TR+Z(MARK , JU-1)

IF (Z(MARK,JJ).GT.Jy*DZ) GOTO 6

VSUM(MARK ) = VSUM(MARK ) +V2

CALL ABSORB(MARK,R1(MARK, WJJ-1)  Z(MARK  JJ 1) 17 TR, VX, VY,PHI,LAMDA,

*TE.D.1.V,uJ, ZATOM)

VXO=VX

VYO=VY

VX=XVEL(X,VXD,TR.1.4)

VYeYVEL(Y,VYD.TR.I,J)

X=XCOOR(X,VX0,TR.1.vU)

Y=YCOOR(Y,VYD,TR.1,4)

THETA(MARK , dd)'ANGLE(X Y)

VR=0.0

ANGVEL *VX*COS(THETA(MARK,JU/)-VY*SIN(THE TA(MARK , JJ))

ANGMOM=R 1 (MARK , JJ ) *ANGVEL

LOCX (MARK , JJ) =1 )

LOCY (MARK , JU) =y

IF (R1(MARK,JJ-1).GT R1(MARK,JU)) GOTO 3

GOTO a4

R1(MARK, JJ)=RMIN
TR=0.25*ALOG(ABS(TERM1+ABS(TERM2))/(TERM1-ABS (TERM2))) /OMEGA(T.J)
VZ=DSORT(RI(1,J)*RI(I.J)*BD20-VX*VX-VY*VY+OMEGA(I, J)'OMEGA(I J)
**R1(MARK, JU- 1)‘R1(MARK JJ-1)*1.000)

Z(MARK, dd)-VZ‘TR*Z(MARK JuJ-1)

IF(2(MARK,JJU) .GT .J*DZ) GOTO 41

VSUM(MARK ) =VSUM(MARK )+VZ

CALL ABSOB1(MARK,TR,VX,VY VZ, LAMDA,TE,

*TERMY  TERM2,1,U,UJ,ZATOM, Z(MARK, JU-1).DZ)

VX0=VX

VYO=vY

VX=HXVEL(X,VX0.TR,1.4J)

VY=HYVEL(Y,VYD,.TR.I, V)

X=HXCOOR(X,VX0,TR,1,4)

Y=HYCOQR(Y VYD, TR, 1,4)

THETA(MARK, UJ)=ANGLE(X,Y)

vn-vx-sxn(rHETA(uARk JU) )+VY*COS(THETA (MARK , JJ))
ANGVEL-VX‘COS(THETA(MARK JJ))- VV'SIN(THETA(MARK Ju))
ANGMOM=R 1 (MARK , JJ ) *ANGVE L

LOCX{MARK , UJ ) =1

LOCY(MARK , JJ) =y

-GOTO 3
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RAY HITS AT VERTICAL BOUNDARY . e
N=NO( 14R**2/A**2) &

2(MARK, JJ)=J*D2

TZ=(Z(MARK,JJ)-Z(MARK, JU-1))/V2 o« v
R1(MARK ,UJ)=DSQRT (R1(MARK ,JJ-1)**2/2.DO+(VX*VX4VY*VY)/(2°OMEGA(] J
*)*OMEGA(1,U))+D*1 . 0ODO*SIN(2*OMEGA(],J)*TZ+PH]))

CALL ABSORB(MARK, R1(MARK, JJ-1), z(uARK JU-1).D2.TZ VX, VY PHI LAMDA,
*TE.D.I,J,JJ,.ZATOM)

VXO=VX

VYO=VY

VX=XVEL(X,VX0,TZ,.1,4)

VY=YVEL(Y,VYOD.TZ,1,4)

X=XCOOR(X.,VXD.TZ,1,J)

Y=YCOOR(Y,VYD,TZ.1,J)

THETA(MARK , JJ)=ANGLE(X,Y)
VRaVX*SIN(THETA(MARK,JU))+VY*CC~ THLTAIMARK , JJ))
ANGVEL=VX*COS(THETA (MARK . JJ))-VVY*SIN( "HETA(MARK, JJ))
ANGMOM=R 1 (MARK , JJU)*ANGVEL

VSUM(MARK ) =VSUM(MARK )+Vv2

Jry+ 1

LOCX{MARK ,UJ) =1

LOCY (MARK ,JJ)=J

IF (J.GT.NX) GOTO 666

IF (VR.LT.0.0)GOTO 4

GOTO 3

g g g

Z(MARK , JJ) sy
TZ=(Z(MARK, JU)>Z(MARSR, yU-1))/V2
ARG=SINH(2*OMEGA(I,U)*T2)

R1(MARK, dd)‘DSORT(TERM!‘(1¢DSORT(101 ODO®*ARG*ARG) )+ TERM2* ARG~ (VX*"
*2+VY**2)/OMEGA(I JU)**2)

CALL ABSOB1(MARK,TZ,VX,VY VZ,LAMDA TE,
*TERM1 TERM2.1,J.JJ,ZATOM,  Z(MARK JU-1),02)
VSUM(MARK )} s VSUM(MARK ) +V2Z

VXO=VX

VYOsVY

VX=HXVEL(X,VX0,TZ,1,J)
VY=HYVEL(Y.VYD.T2Z.1.J).
X=HXCOOR(X.VX0,T2,.1.J)
YeHYCOOR(Y,VY0,T2,1.J)
THETA(MARK , JU)=ANGLE(X.,Y)

VR=VX*SIN(THETA(MARK , JuJ) )+VY*COS{ THETA(MARK . JJ))
" ANGVEL =VX*COS(THETA(MARK,JuJ) )}-VY*SIN(THETA(MARK, JJ))

ANGMOM=R 1 (MARK , JJ ) *ANGVEL
Jeds )
LOCX(MARK ,JJ) =]

LOCY (MARK , JJU )=y

IF (J.GT .NX) GOTO 666

IF (VR.LTY.0.0)GOTOD 4

GOTO 3 ‘

- = - — = e = = = = e . T = -

Z(MARK ,JJ)=J*D2Z
TZ=(Z(MARK,JU)-Z(MARK,JJ-1))/VZ

TEMP I=(R1(MARK,JJ-1)*VR)**2-ABS(CONST)

TEMP=(TZ+R1(MARK, JJ- 1) *R1(MARK , JU-1)*R1(MARK , JU- 1)-vn/TEup1)--2
TEMP=TEMP 1*TEMP {*TEMP/R1(MARK , JU-1)**2
TEMP=TEMP-ABS(CONST ) *R1(MARK ,JU-1)**2

R1(MARK, JJ)=SQRT (TEMP/TEMP 1)

CALL ABOB2N(MARK,R1(MARK,JuJ-1),Z(MARK.UJ~1),.DZ,TZ,VR,CONST LAMDA,
*TE,I.J,JJ, ZATon)

DTZ=TZ*1.000

CALL DOG32(0.DO,DTZ.FETA1,Y112)

THETA(MARK , JJ ) =THETA(MARK , JU- 1)‘Y1|2‘ANG~DN
VSUM(MARK ) =VSUM(MARK ) +V2Z
vnfgonr(veovn¢nas(consr) (1/RI1(MARK , JJ)**2-1/R1(MARK ,JJ-1)°**2))

’



559

-

VT=ANGMOM/R 1 (MARK  JJ)

VX2VR*SIN(THETA(MARK,UJU) )*VT*COS(THETA(MARK  JJ))

168

VY= VR*COS(THETA(MARK ,JJ)})-VT*SIN(THETA(MARK JJ))

X*R1(MARK ,JJ)*SIN(THETA(MARK JU))
Y*R{(MARK, JU)="COS(THETA(MARK JJ))
Jsde .

LOCX(MARK , JJ) =1

LOCY(MARK, JU )=y

IF (J.GT .NX) GOTO 666

GOTO 3

1091 Z(MARK,  AJ)=u*D2
T2o(Z(MARK , JJ)~Z(MARK JU-1))/VZ

TEMP 1= (RY(MARK, JJ-1)*VR)**2-ABS(CONST)
RK . UU-1)*R1(MARK ,JJ-1)*R1(MARK , JJ-1)*ABS: .- ) /TEMP 1)~

TEMP=(TZ-R
*e2

TEMP=TEMP1*TEMP 1*TEMP/R1(MARK JU-1)**2

TEMP=TEMP-ABS(CONST)*R1(MARK .JU-1)**2

R1(MARK , JJ)=SQRT(TEMP/TrmP 1)

~

CALL ABOB?N(HARK.R1(NAR'.Jd—i).l(NARK.dd-1)_DZ,TZ,VQ.CONST.LAﬂDA,

STE.1.J.JJ.ZATOM)
OTI=T2*1.000
CALL DQG32(0.DO.DTZ.FETA2.Y112)

THETA(MARK , JU)=THETA(MARK ,JU-1)4Y 112*ANGMOM
VR¥~-SQRT(VR*VR+ABS(CONST)*(1/R1(MARK  JJU)**2-1/R1(MARK  JJ-1)**2))

VIvANGMOM/R 1 (MARK , JJ)

VX»VR*SIN(THETA(MARK ,UJ) )+VT*COS(THETA (MARK . JJ))
VY*VR*COS{THETA(MARK ,JJ) )-VT*SIN(THETA(MARK JJ))

X2R1(MARK , JU)*SIN(THETA(MARK . JJ))
YoR1(MARK , JJ)*COS{ THETA(MARK ,JJ))
Jnd+

LOCX{MARK ,yJ)=1

LOCY (MARK ,UJ)=J
VSWM(MARK ) =VSUM(MARK )+V7

IF (J.GT _.NX) GOTO 666

GOTO 4

N=NO( 1-A**2/R**2), DR N=NO(1+4A=**2/R**2)  CONST>0 O, VR>0.0

102 Z(MARK, JU)=u*D2
TZ2{Z(MARK JUJ)-Z(MARX JJU-1))}/VZ
TEMP 1=(R1(MARK, JJ-1)2VR)**2+CONST

TEMP= (TZ+R1(MARK, UU-1)*R1(MARK . JJ-1)*R1(MARK  JJ- 1)‘VR/TEMP!)"2

TEMP=TEMPI1*TEMP 1*TEMP/R1(MARK , Ju-1)**2

TEMP=TEMP+CONST*R 1 (MARK ,JJ-1)*R1(MARK Ju-1) -

RA(MARK, YJ)=SQRT(TEMP/TEMP 1)

CALL ABOB2P(MARK R1(MARK,JUJ-1),Z(MARK,JU-1),DZ,72Z, VR CDNST LAMDA |

*TE.I.J.JJ,.ZATOM)

THETA(NARK JU)=THETA(MARK  JJ~- 1)*ANGHOM'TR/R1(MARK Jd)"2

VSUM(MARK ) =VSUM(MARK ) +V2

VR*SQORT(VR*VR~CONST*( 1/R1(MARK J)**2- ‘/R!(iARK Ju-1)*+2))

VT s ANGMOM/R 1 (MARK , JuJ)
VX*YR*SIN(THETA(MARK , JU))+VT*CC"

X=R1{MARK, dd)'SIN(THETA(MARK uJ)).
Y*R { (MARK , JU ) *COS{ THETA (MARK , JU)
U=+ 1 o

LOCX (MARK , JJU) =} :

LOCY (MARK , JJ) =y
IF (J.GT.NX) GOTO 666 : .
GOTo 3 Y

102 % Z(MARK ,JJ)=u*D2 .
TZ=(Z(MARK ,UJ)~Z(MARK .JU-1))/V2
TEMP ta (R1(MARK ,Jy-1)*VR)**24CONST

" SETA(MARK. JJ))
VYSVR*COS(THETA(MARK , JJ)) - vv-SW THETA (MARK , uu))

<

TEMP=(TZ-R1(MARK , Juy-1)*RTIMARK , JU- 1) %R 1 (MARR, Ju- 1)‘ABS(VR)/7EMP1)'

..2

?

A
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{
1

b . <
$60 TEMPoTEMP {STEMP 1*TEMP/R1(MARK ,JU-1)**2 ‘ .
86 1 TEMP=TEMP+CONST*R1(MARK, JJ-1)*R 1 (R, yu-1) 1 .
862 R1(MARK,JJ)*SORT(TEMP/TEMP 1) : ’ #
863 CALL ABOB2P(MARK ,R1(MARK,JJ-1),Z(MARK,JJ-1).DZ,TZ VR, CONST, LAMDA, .. Y
864 o OTE,1,J,JJ,ZATOM) oo
L] DTZ=T221.000
566 CALL DQG32(0.DO,DT2.FETAI. Y112) -
867 CTHETA(MARK, JJ) s THETA (MARK , UJ-.1) ¢ ANGMOM® Y 112
568 VSUM(MARK ) = VSUM( MARK ) +¥Z
869 VR=-SQRT(VR**2-CONST*(1/R1(MARK .UJ)**2-1/R1(MARK, Uy- 1)--2)) .
570 VT=ANGMOM/R 1 (MARK ,JU) ¢ 3 N
871 VX=VR*SIN( THETA(MARK , Ju) }+VT*COS( THETA(MARK , JJ) ) TR G
572 VYeVR*COS{ THETA(MARK , Ju 1) -¥T*SIN( THETA{ MARK , JJ)) @& o
573 ’ XoR t (MARK , JU)*SIN(THETA (MARK ,JJ))
574 YaR1(MARK, JU)*COS( THETA(MARK ,JJ)) L%
578 * Juysi o
876 LOCX (MARK , JJ) =1
877 LOCY,(MARK , JJ) =y
578 . IF (J.GT.NX) GOTO @66
879 GOTO 4 h3
880 ) Comc--ecececccccceedcmcmeccarecceomae B R e
881 c FIND MAX. /um RADIUS FOR THE PROFILE
582 c N=NO(1-A**3/R**2) ,
883 [
584 c CASE 1 : CONST<0.0 OR 0.0. VR>0.0. FIND MAX. RADIUS
585 € ~vemcemccoccmcre e ccaas R Rt
586 ;105 IF (R1(MARK,yu-1).LE.R2(1.J)) VR=ABS(VR)
s87 - RMAX =R { (MARK , Ju-1)**2*ABS(CONST )/ (ABS(CONST ) - (R1(MARK, Ju- 1)~
888 *VR)$%2) . o,
sa9 IF (RMAX.LT.0.0) GOTO 1052
890 RMAX=SORT(RMAX )
891 GOTO 1081 .
892 1052 RMAX=1.0F6 R . , o
593 - 1051 R{(MARK,JJ)=R2(1,J) ’ , -
594 IF (RU(MARK,.JJ).GT .RMAX) GOTO O
9% TR=TIMENP TR 1 (MARK , JU- 1) R 1 (MARK {.n VR, cousr) '
896 ’ VZ=SORT((RI(1.J)*3E10)**2-VR* VR~ mcnon/gumnx Yu- 1))-'2)
597 Z(MARK , JJ)=Z(MARK, - 1)+V2eTR -
‘898 S1F- (Z(MARK ,JJ) .GT.J%DZ) GOTO 109 . ..
899 CALL ABOB2N(MARK.R1(MARK, JJ- 1)J(nn« JJ: z.n.vn.cousr.uno@.
600 *TE.1,J.Jd,ZATOM) - o . o
. 601 DTR=TR{.000 ) . “‘, .- : LT
€02 . CALL DQG32(0.DO,DTR.FETAT1, vnz) S v A
. 603 . vsun(unxkvsuﬂ(mnx)wz- FS . S T e
604 THETA(MARK , JU) = THETA(MARK:, JJ- 1)4Y 112*ANGMOM g ’ L
805 VRsS n(vn-vnuas(consn*(|/m(nm< UJ)*22-1/R1(MARK  Ju- 1)-°2n -
606 L VTe 1(MARK, JU), - Y , -
607 VX=VR* tn(mx w))*VT‘cos(mEn(nmx JJ)) s - - AR
608 - VYsVR*COS(WETA(MARK, JJ) ) - vT'st(mtn(nmx yJg)) : - e
€09 X=R1(MARK , *SIN(THETA(MARK ,JJ)) *
610 Y=R 1 (JARK, JJ)*COS( TH n(ums,uu)) o . , ..
611 LOCX (BIARK ,JJ)=1 = - o S
612 © LOCY (MARK , JJ) =g .
613 . S Isleg . »
614 1IF (1.GT.LAST) GOTO 32 :
615 GOTO 3
. 616 C mrreccnncrcccncmcercc s e e mccccaraw reeden i e e cc s e r e r e e
© 617 c CASE 2 : NsNO(4- A"!/R“2$ consuo 0. VR>0.0, FIND MAX. RADIUS
618 C ~momcccrcmmeeeea L ettt R Yeotocooooo-
619 108 R1(MARK, JJ)=RMAX ‘ ' : > :
620 . TR=TIMENP(R1(MARK JJ=1) ,R1(MARK, dd) vn consr) :
621 VZSERT((RI(I, 0)03510)“2 ~VR*VR- (manon/m(man JU-1))e*2) 7
622 . Z(MARK, JU) =VZTR+Z (MARK, Ju-1) ‘ _
‘623 IF (Z(MARK,JJ).GT.Jy*DZ) GOTO 109
624 . CALL ABOB2N(MARK, m(unx JU- 1) Z(MARK, .;a—n DZ.TR,VR.CONST,LAMDA,
625 ) *TE,1.J,JUJ,.ZATOM) . ,
626 OTR=TR*1.000 ' -
627 CALL DOG32(0.DO,DTR.FETAS, vnz) _ : -
628 . VSUM(MARK ) s VSUM(MARK ) +V2 0 . - .
€29 THETA (MARK , JU) s THETA (MARK , JU- 1) 471 125 ANGMOM , : \

630 VR=0.0



6523
€54
€55

656

657
€58
i J659
€60

662

e

€63
€64

. 667

2, 678

r:!?

682

v 683

684
68s
€86

687"

688
688
690
691

. 692
693
694

. 695
696

697

698
699
700

. 668

T o0aon

& L

VT =ANGMOM/R 1 (MARK , JJ)
VX=VR*SIN(THETA(MARK,JJ) )+VT*COS(THETA(MARK, JJ))
VY=VR*COS(THETA(MARK,JU) ) -VT*SIN(THETA(MARK  JJ))
X=R1(MARK, JU)*SIN(THETA(MARK, Ju))
YoR1(MARK,JJ)*COS(THETA(MARK , JJ))
LOCX(MARK , JJ) =1

LOCY(MARK ,UJ) =y

...................................................................

‘;RNIN-ABS(ANONOﬂ/(RX(l J)*3E10))

RA{MARK, JJ)=R2(1~-1,J)

£ IF (R1(MARK,JJ).LT.RMIN) GOTQ 120

TR=TIMENN(R1(MARK,JJ-1) ,R1(MARK,JJ), VR CONST) .
VZeSQRT((RI(I, J)’3E!0)“2 VR*VR- (ANGMOM/Rl(NARK JU-1))**2)
Z(MARK ,JJ)=VZ*TR4Z(MARK ,JJ-1)

1IF (2(MARK,JJ).GT.JU*DZ) GOTO 1091

CALL ABOB2N(MARK ,R1(MARK,JJ~1),Z(MARK, yu-1) DZ.TR,VR,CONSY, LAMDA,
*TE,1,J,UJ,ZATOM)

DTR=TR* 1. 000

. CALL DQG32(0.DO.DTR,FETA2.Y112)

- NSUM(MARK ) = VSUM(MARK )+ V2 . ..
THETA(MARK , JU) »THETA (MARK , JJ- 1) +Y 1 12*ANGMOM
va--sonr(vn~vt‘ls§(co~sr)-(t/nt(nARx UJI*22-1/R1(MARK ,JU-1)"*2))
VT = aNGMOM/R 1 ( MAWK , UJ)

. JVXeVRSIN(THETA(MARK uu)i?“NPCDS(THETA(n;nK w))- ¥

o~

VY=¥R*COS(THETA(MARK, uu))-v#-sng(rust(utnx uu)) &
X=R{(MARK ,UJ) *STN( THETA (MARK, UOF) <1 \ te
Y=R1(MARK, Jd)‘COS(THETA(NARK wh T

Jml-1 [ . » »
LOCX (MARK Yy )e ]

LOCY (MARK , yu) =y

GoTo 4

3'CASE 4 :N=ND(1- “AT*2/Re*2), oousr>o‘g ‘vn<o O. FIND MIN.. RADIUS
| N=NO(14A®*2/R**2)x

RY(MARK , JJ)=RMIN

'ITR-TINEPN(R1(MARKﬁUJ 0, n1(nAnx aa) VR.CONST)

\DTR-TR'1 OOO .1

VZ=SORT((RI(I,VU)* 3£10)" =?R'VR (Aucnon/n1(nAnx yJ- 1))'-2)

Z(MARK, uu)-vz'rn~z(nan *, -3) R B
% 102 . ;

1)SZ(MARK . Ju=1) .DZ. TR, VR, EoNsT, LAMDA

*TE,1,U.Ju, ZATOH)

.

4

CALL D0OG32(0.000, DTR TA2 Y112)

VSUM(MARK ) sVSUM (MARK ) +VZ ' . ,

HETA A(MARK , UU) = THETA (MARK , uu-1)¢v113~a~cqph : ‘
VR=0.0 . :
VT=ANGMOM/R 1 (MARK , Ju) .

VXaVR*SIN(THETA(MARK JJ))*V13COS(THETA(NARK JJ))
VY=VR*COS( THETA(MARK, JU) ) -VT*SIN( THETA(MARK . JJ))
X=R1(MARK ,JJ)*SIN(THETA(MARK,JJ))

‘YeR { (MARK, ud)‘COS(YHETA(IARK Jd)) v
LOCX(MARK ,JJ)=1 <« - .

“ LOCY(MARK, JJ) =y .

120

GOTD 3 ' o .
WRITE(6,612)

612 FORHAT(/ sserepiy REACHES THE LOUEST LIH!T AND ROTATES AROUND THE

‘AXIS“""/)
R1(MARK , JJ ) =RMIN
rn-TaIENN(R1(nARK JU-1) ,R1(MARK,JJ),VR, CONST)

Y

. VIwSORT((RI(1,J)*3E10)%*2-VR*VR- (ANcnon/R1(uARK dd 1))*»2)

Z(MARK, dd)-VZ‘TR*Z(NARK Ju-1),

IF (Z(HARK JJ).GT.J*DZ) GOTO 1091
CALL ABOB2N(MARK , RI¥(MARK,JU-1), z(MAnx JJ-1),D2,.TR,VR,CONST ,LAMDA
*TE.I1,J,JJ,ZATOM) & # .

-

b
"\5‘. N

J

»

&~
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171

e

b}
0% VSUM(MARK ) *VSUM(MARK ) +V2
702 THETA(MARK , JJ)=THETA (MARK , JU~ 1)+ ANGMOM* TR/R 1 (MARK , UU) **2
703 .. GOTO 666
L B i R e LR PP PR PP
M8 ¢ C ALconnm FOR FINDING RAY LOCATIONS WHEN IT REACHES THE INNER
7 c **  MOST CORE SHELL
707 L e L e L e oo
708 9 JJU=UU+1 7 , T
709 ¢ IF (JJ.GT.100)60TO 37 : _ _ e
710 8 VDOTReX*VX+Y*VY ' o
AR TR1=DSORT{VDOTR*VDOTR+(R2(1,U)*R2(1,J)-R1(MARK ,JU-1)2*2)* (VX*VX+VY
712 *evY)) :
713 3 TR{=-VOOTR-SIGN(TR{,VDOTR)
714 L TRISTRI/(VX*VX4YY*VY)
718 . TR=-2*VDOTR/(VX**2+VY*e2)
716 VZ=DSQRT(RI(J,J)*RI(1,J)*QE20-VX*VX-VY*VY) ﬁ &
717 Z(MARK , JJ) =R (MARK , JU-1)+VZ*TR/2
718 IF ‘(2(MARK,JJ).GT.J*DZ) GOTD 84
719 .2G0T0 96 ,
720 *. ¢ -—-’----------------‘ -------------------- R e s----
721 * ¢ ‘hv H!TS v RTICAL BOUNDARY BEFORE 1T REACHES THE nmmun ~
722 ,7 € =-=bocemecce e e oo oo c e m s s me o e s m s s oo s me s e e '
123* 77 " g4 Zimark. oo el
' 724 el TZ=(Z(MARK, JJU)-Z(MARK  JJ-1))/VZ :
728 VSUM(MARK) = vw(mm()w; : .
126 . T XaX+VXSTZ & 2,
727 VayevYeTZ .
728 Di(MA?K,q . .
729 ; THETA(MA
120 ¥ “A1=2 . 19ES i"sM'reu d))'LAMDA
731 « A2%1.HAE4°LAMOASTE(T, ™ ‘ ‘
732 . ALAMDASALOG(AMIN®(M1.A2)). > R (B
» 733 ©" A3e8.6TE-20°LAMDASLAMDA®ALAMDM/TE(1,u):
734 / KA(MARK gttt )=AISNOI (1, J)**2°3E10T2/SORT(1-NDI( 1, J)/CRIDEN)
135 Jmged o . oy 9 .
736 “LUOCX (MARK , Ju )=1 . - . N 4
737 LOCYEMARK , UU) =y . i&.- < .
=738 IF (JBY.NX) GOTO ee€¥ & : S
739 GoTo 9 ° . : R & _
740" P L R e e T Rl S S v
241 & TO TALCULATE THE ummuvﬁal!xm IN R I & W
742 Cro-m--eem--o-oco- R bR L PP T Ao mmmeee- L R R :
143 0 Gae x-xovx-ralz ’ : -4 ¢
744 YeY+VY*TRAR . ~ S ‘ B
745 R1(MARK, ou)-osonr(xuzwnz) ) v &-}@ L
746 ‘D THETA(MARK, JJ)=ANGLE(X,Y) ¢ L& .
747 CA1%2 {9E3°TE(H{, d)'soat(‘rs(t d))‘LAMDA
748 A2+ 1. 14E4*LAMOASTE (W) - _ . ’
749 T ALAMDA®ALOG( Al '1.12))
750 T 'A3=8 _BTE-30%LA AMDA *ALAMDA/TE(1.J)
1 %~ ‘KA(MARK,JJ)=A3NOI (Y, u)"z':gﬁ_to-('rn/z)/som(ﬁvw.q)/cnmzw)
2 TR2=TR S .
% 153 s LOCX (MARK , dd)-i . ! . _ B
* 154 ‘" «LOCY(MARK,JJ)=y ‘ _- _ S © AT
785 ., VSUM(MARK ) s VSUM(MARK }+V2 . - e ) :
756 L e e taitbdats R L EE T -~
%7 . ¢ X0 LOCATE THE NEXT POINT AFTER HAVING nsacuea THE MINIMUM.
758 c POINT V.
759 C —--mrememccme e B e L LT P EER L PRSP L L L L L
760 994 Ju=uua ' ' _
761 If (UJ.GT.100) GOTO 37 o . . - R
762 Z(MARK, JJ)=Z(MARK, Ju-1)+V2*TR2/2 B
763 89 'IF (Z(MARK,JJ).GT. woz) GOTO 97 ~ o
764 ' GOTO 88 » T
765 LR T T T it
766 c RAY HITS vsancu. BOUNDARY BEFORE IT RE HES THE SHELL SURFACE
767 T e T D LD e D
768 " 97 Z(MARK,JJ)=u*DZ : :
769 TZ=(Z(MARK,JJ)~ Z(MARK Yu-1))/VZ
770 - XeX4VX*TZ - R
-\ ; . ’ . v‘
N -\ \ . .
v l :



771
772
¥¥3
774
778
176
777
778
779
180

78
18-
TR
~56
‘87
788
789
790
781
792
795
794
795
796
197

798
798

‘801

802

803 .

804

8ok

8Q7

808
8089

.810

811

813.

814

‘815
r 816

817
818
819
820
821
822

823

824
825
826
827
828

828

830

831

832
833
834
83%
836
837

838 _

- 839

[y

.

h e

YeY4yYeTZ O
VSUM(MARK ) »VSUM(MARK ) +VZ

R1(MARK, JJ)=DSQRT(X*X+Y*Y)
SHETA(MARK, JU ) =ANGLE(X,Y)

A1=2 19E3°TE(1,J)*SQRT(TE(1,J))*LAMDA
A2+ 1, 14E4*LAMDATE(1.0)
ALAMDA=ALOG(AMINM(A1,A2)) *

A3=8 E7E-30*LAMDA*LAMDA*ALAMDA/TE(1,J)
KA(MARK JU)=A3*NOI (1, u)--ﬁ-atto'Tz/sonT(1 ~NOI1{(1,J)/CRIDEN)

Jsut e

LOCX (MARK , JJ) =1
LOCY (MARK , JJ)=J
IF (J.GT . Nx) ‘G070
TR2TR2-2*T2

GOTO 894

172

&

C

C TO FIND THE POINT SYMMETRIGAL TO THE FIRST ENTRY POINT AT THE ) G
C . ) INNER MOST CORE (ITS RADIUS MIGHT

c
o

187

SHELL)

BE SMALLER THAN THAT OF THE”

t-1.] X-X*VX
Y=Y4VY

*TR2/2
*TR2/2

VSUM(MARK ) »VSUM(MARK )+VZ
R1(MARK ,JJ)=DSQRT(X*X+Y*Y)
THETA(MARK, JJ ) =ANGLE(X,Y)

A1=2 19E3*TE(1,U)*SQRT(TE(1,J))*LAMDA
A2%1 14E4*LAMDA*TE(1,J)

ALAMDA

=ALOG(AMINI(AS, A2))

o

A3w8.67E-~30°LAMDA*LAMDA*ALAMDA/TE (4, u)

KA(MARK,JJU)=A3*NOI(1, d)"2‘3E10‘(TR2/2)/SQRT(1 NOI(1 d)/CﬂIDEN)“ .

LOCX(M

ARK,JJ) =1 . v -

LOCY(MARK,JJ) =y

I=2
GOTO 3

IF (ABS(R1(MARK,JJ)- ai(} d‘i;GT.i.OE-
Iod Q » %

4) GOTO 92 . .
-+ » - kt.’,f

S At R e P , '
[9 THE SVMMEThICAL PQ}NT IS NOT RIGHT AT THE 1ST SHELTLAVYER BUT N .

o WIT

92 7220
995 Jus=Ju+

~IF (uy.
ot }zmnx.

HIN IT

1
GT.100) GOTO 37
YU)=Z(MARK, JU=-1)+VZ*(TR1-TR)

IF .(Z(MARK,UJ).GT.U*DZ) GOTO 991

GOTO 9

92

T --ebeons VSRR
c © RAY HITS THE COLUMN serogéyxr RERTHES. THE SYMMETRICAL POINT

991 2(

AJ)=J*0Z "~

T22=(2TMARK, UJ) - Z(MARK.dd-i))/VZ

X=X+VX
YsY4VY
VSUM(M

’ RAMARK , JU) =DSQRT(X*X+Y*Y)
_— T TA(IARK JU)=ANGLE(X,Y)
‘e A1e2 19EI*TE(1,J)*SQRT(TEES, d))'LAMDA

A2=1.1
N ALAMDA

A3=8 . E7E-30*LAMDA*LAMOA®ALAMDA/TE(1,J)

*722
127
ARK ) s VSUM(MARK ) +VZ

.

SE4*LAMDA*TE(1.J) .
=ALOG(AMINI(AY,A2))

s KA(MARK,UU)=A3*NQI(1,U)**243E10°T22/5

Jud+1

J -

LOCX(MARK, JJ)=1
C LOCY(MARK,JV)=y
IF (J.GT.NX) GOTO 666

TR'TQ*TZZ
GOTO 985 L & -
[ B P oy g g gy gy
Cc ot R‘V HITS AT THE 1ST SHELL L‘VER
L s L e L T0 SUNEE RN
N\

QRT(1-NOI(1,J)/CRIDEN) = - T

S g;.»«m%ét,



841

842
843
844
845

848
849
850
851
852
853
854
885
856
857
858
859

861
862
863
864

894"

895

- 896
- 897
- 898

899
800

801
902
203
804
905
806
807

809

"y

'

840 -

.

e

»

992 X=X+VX*(TRt-TR)

605

.993

Yuy4+vys(

TR1-TR)

VSUM(MARK ) » VSUM(MARK ) +VZ
R1(MARK,JJ)=R2(1,V)
THETA(MARK, JU)=ANGLE(X,Y)

A1=2 19E3*TE(1,J)*SORT(TE(1,J))*LAMDA

A2=1 14E4*LAMDA*TE(1,V)
ALAMDA=ALOG(AMIN1(A1,A2))
AJ=8.67E-30*LAMDA®LAMDA*ALAMDA/TE(1,J)
KA(MARK , JU)=A3*NOI(1,J)**2*3E10*(TR1~TR)/SQRT(1-NODI(1,J)/

*CRIDEN)

WRITE(6,605 )MARK, J KA (MARK, JJ)

1e2

FORMAT(/‘ABS.COEFF . (' .12

LOCX (MARK ,JJ)=1
LOCY (MARK ,JJ)=J

GOTO 3

2,7)=" ,E1S

R1(MARK,JJ)=R2(1,4)
TR=(R1(MARK,JU)-R1(MARK,JU-1))/(VR*RI(1,J))

Z(MARK , JU) =2 (MARK , JU-1)+TR*VZ*RI(1,J)
1F (B{MARK,JJ).GT.J*DZ) GOTD 896
VSUM(MARK ) s VSUM( MARKY +v2

X=X4+VX*TR*RI(1,.J)
YsY+VY*TR*RI(1.J)

i

THETA(MARK , JU) =ANGLE (X, Y)

A1=2 16@3*TE(1,J)*SQRT(TE(Y, d))'LAMDA .
A2=1 14E4“LAMDA*TE(1.J) .
ALAMDA=ALOGCAMINI(A1.A2)) -

A3=8 .67E-30*LAMDA*LAMDA*ALAMDA/TE(1,J)
KA(MARK , JJ)=A3*NOI(1,J)**2°3E10*TR/SQRT(1-NDI(1, u)/cnloeu)
WRITE(6,605)MARK,J ,KA(MARK, JJ)

1=2

LOCX(MAR
LOCY (MAR
GOTO 9§98

896 Z(MARK, -
T22=(Z(MARK, UU)-Z (MARK, uu 1))/(Vi'RI(1 u))
\xivx'tth J)‘TH

‘,. ysysyys
MSUM(
R1(MARK, dd)-osonr(x'x‘v-v)

THETA(MA
A1=2.19E

K,Ju)=1
K,JJ)=J

XU*D2Z

1)*T22

RK, YU kRAN
3*75(&! gsony)rsu J))*LAMDA ~ "

(MARK )+VZ L 4

LW

LE(X,Y)

A2s1, 14£I‘LAMDA'TE(1
ALAMDA-ALOG(AﬂxN1(A1 A2))
A3=8.67E- SO‘LAMDA'LAMDA'ALAﬂOA/TE(1 J)

KA (MARK , dd)'AS‘N01(1 d)"2‘3E10'TZZ/SORT(1 NOI(1, d)/CQIDEN)

LIS
LOCX (MAR
LOCY(MAR
IF (J.6GT
“duEJU
IF (VJ.G
GOTO 993

K.JJ)= l
K, JJ)=J °
.Pg)'coro

»

66 . - -

T.700) GOTO 37 *

Je i s

" g’iL?NX

ﬂl(lARK
THETA(MA

1

1)%p.0
RK, 1)-0 o

Z2(MARK, %)-O 0

LOCX(MAR
LOCY (MAR

1701 JUu=ud+1
1IF (JJ.GT.100) GoTo 37

‘TZ=D2/(V
S5 A MARK.
, 7utTA(nA

K, f)=1
K, 1)-1

Z*RI(1.V))

RK, Ju)-o 2

173

.8) EL




3
< ©

ot

965
866
967
968
969
970
971
972
973
974 -
975
976
977
9178

78

%a!“
S82-

Z(MARK, JJ)=Z (MARK, JU-1)+D2
VSUM(MARK ) =VSUM(MARK ) +VZ
A1=2 19E3*TE(1,J)*SORT(TE(1.J))*LAMDA
A2=1 14E4°LAMDA*TE(1,J).
ALAMDA=ALOG(AMINI(A1,A2))
A3=B.6TE-30*LAMDA®*LAMDA*ALAMDA/TE(1,J)
KA(MARK,JJ)=A3*NOI($,U)**2%3E10*T2/SQRT(1-NOI(1.J)/CRIDEN)
Usd+ i
LOCX (MARK ,JJ) =1t
LOCY(MARK ,JJ) =y
IF (J.GT.NX) GOTD 666
GOTO 1101

666 NPTS(MARK)=yy
WRIGEY.6.601)MARK

174

601 FOR (/'DATA FROM PROGRAM: IAYABS' /*RAY*,1X,13/’ RAD.POS. '.2X. s2" Ty
*ANG.PDS. 2)( %
*‘AXIAL POSI. X,'ABS.COEF. ' ,2X,’'X CELL 'LOC.’, 2X, ELL LOC. e

WRITE(6,602) (R1(MARK J) . THETA(MARK,J), 2(MARK, u) ‘KA (MARK ,J), Locx(M

*ARK,J),LOCY(MARK,J) J=1,JJ)

L Y

€02 FORMAT(E10.3,2X,E10.3,2%,E10.3,2X,€10.3,2X,7X,13,2X,7X.13) & e
WRITE(2,603) (R1(MARK,J).Z(MARK.J).J=%d) L

603 FORMAT(2E18.10) AT N
vsuu(uARK)-vsuu(nARK)/uu ol : -
GOTO, 12 ) *
END o POt

REAL FUNCTION' X (X VX T.1. d)

‘ L, DOUBLE PRECISIOI - v -

COMMON /GRIDP/R!(GO GO) OMEGA (€60, ‘GO) LASHEL

XVEL-'QNEGA(I u)tx-st(ongcA(x d)'T)*VX‘CDS(OMEGA(I J)*T)

REAL FUNCTION SMALR(R, vx vx,o 1,J) .
DOUBLE PRECISION VX, VY ot e
COMMON /GRIDP/R2(60,60), onecA(eo so) LASHEL - R
SMALR=R**2/ ¢(vx'-3*vv~:i:§(2'onscA(x u)-*z)-o

. 1F (SMALR, SMALR=0 i N
 SMALR=SQRF(SMA s o - :
RETURN . X B
-END .o - .
5 ’

RETURN " kA L
“gND ® o
Crrmtcmenadla ..3 ----------------------------------------------------------
C Y VELOCITY ALGORITHM" <
L e el T e L E DT
“ R NCTION YVEL(Y.VV.T,I, d) o
T D PRECISION-Y % . ~ <.
"o 7GRIDP/R2(60,60) ,OMEGA (60, &0), LASHEL
YVEL=-OMEGA(I, u)ﬂv#”esul J)°r)+vv-cos(ochA(1 J)*T)
nswunu
END % S
C--—o* ------------------------------------------------------------------
C ° X COORDINATE ALGDRITHM . .
C--nm-- R it T . e ———— L
'REAL FUNCTION XCOOR(X,VX,T,1,J)
DOUBLE PRECISION X ‘
COMMON /GRIDP/R2(60,60).0OMEGA(60,60),LASHEL
xcoon-x-cos(onecA(I J)*T)+VX*SIN(OMEGA(1, J)*T)/OMEGA(I,J¥
* - 'RETURN , _
Commmn ET? __________________________ R A .
c Y COORDINATE ALGORITHM
Crmrrrrttrnc e ccccmct e e r e cct et b e e e r e e e — - ——————— ——— - ————— - - - —
REAL FUNCTION YCOOR(Y, vv T,1.4)
DOUBLE PREGISION Y .
- COMMON /GRIDP/R2(60,60),0MEGA(60,60),LASHEL "< ‘
~ YCOOR=Y*COS(OMEGA(I, d)‘T)*VV'SIN(OMEGA(I J)*T)/OMEGA(1,J) .
- RETURN ) . -
. END ( . .
Comemccrccccrcanaa - - - - e - - — - - - - = - . - - =
c © - MINIMUM RADIUS ALGORITHM ) .

Qe merccc e e rrrc e e r e rrc e crr e e s e e ra e, — .- -—— B L L L Ty Sy ey

| A

whna o

R A i



983
884
- T-1]
86
887
88
889
990
891
992
993
094
89% -

8gs &

997

298

209
1
1001
1002
1003
1004
100%

1007
1008

v L 1010

1041

1042 7 * "1 1081044 v P a .
. FLAG,£Q.0)GOTD 2" . o L '
71 u’n"rt& 3 o ‘

1013
1044
1018
1018

1040 ’

18
1020

. 1021

;’\.oj“\ Wawts

35§

halt 3
}
Crrrmmrmenr == LR A Rl R Ll ekttt R R i R R ’-----\
c MAXIMUM RADIUS ALGORITHM y
C ----------------------------------------------------------------------

“REAL FUNCTION BIGR(R,VX,VY,D,1,J)

" DOUBLE PRECISION VX, VY

COMMON /GRIDP/R2(60,60),0MEGA(60,60),LASHEL
BIGR-DSORT(R“2/2‘(VX“2#VV"2)/(2°OMEGA(I J)**2)+D)

RETURN
END
Comom-osemmmsmmo s iqmmm—s—snoeososoo-oooo-sooos O RCLUELSELEEETLE
Cc TXNE FOR TRAVERSING FROM SHELL TO SHELL
c-- --------------------------------------------------------------------

REAL suucvxow RTIME (RNOT,@NEW, VELX ,VELY,ID, JD,PHIOD,DD)
DOUBLE PRECISION VELX,VELY
INTEGER FLAG
COMMON /GRIDP/R2(60,60), OMEGA(60,60) , LASHEL
K3 ) 10=1D
nrxu51-nusw-~2 NOT**2/2- (VELX"2‘VELV“2)/(2‘ONEGA(ID JD)**2)
RTI sASIN(RTI Ei/DD)

CTH A TIMEY . ° _
FLAG=] RS § . )
Y00 o
3F (THETA.LT.O. o) GOT0 1 i

C se _TO CUNVERT THETA' 7O ITS “ULT!PLE ANGLE IN THE 2ND QUADRANT
¢

% c o GIVEN THEUARGUMENW OF, SXN(THETAJ S POSITIVE

3 RTIME-(RTIHEirPHTD)£(2$DNEGA(IO«JD)) ‘ , 3
IF- (RTIME.GT.0.0) RETURN - o : .o

%

-~

E1n]0*3.14159-THETA . -~
 WLAGeO ¢ . . ¢ .
f R (GgTQ;\:! v"" c. T : v q

Y memcwmcmmrm=- B T e R el btk

RS 'hm CONVERT -THETA TD ITS MULTIPLE VALUE IN THE 3RD QUADRANT
: " GIVEN THE ARGUMENT -OF SINCTHETA). IS POSITIVE

........................

€ --J-—-h---+---*----:---~-------r T
. Y2 RTIME1=10*3. 141594 THETA . . - y s :
“o" 9. FLAGR ;™ . T A A

. .. GOTO 8.+ . e )

(o ;
ﬁC",ﬁ - TO CONVERT THETA TO TS MULTIPLE VALUE IN THE 4TH QUADRARNT
¢ : GIMEN THE ARGUMENT OF SIN(IHETA) 1S NEGATIVE
C >
1 JO=1049 a .
"RTIMEY=3. 14159+AB5(THETA) : ,
5 RTIME= (RTIME 1~ ano)/(z-onscAggb JD)) - .;fyf

v , TP (RTIME BT .0.0) RETURN & T i~su

" 10=10+1 o
IF "(FLAG.EQ.0) GOTO A

c .. TO CONV - THETA TO ITS MULTIPLE VALUE IN THE 2ND QUADRANT
C s - GIV E ARGUMENT OF SIN(THETA) IS NEGATIVE R

n?an'-lo~3 14159- ABS(THETA)
FLAG=0 , P
GOTD §

¢

c TO CONVERT THETA TO ITS MULTIPLE VALUE IN THE 3RD QUADRANT
c SIVEN THE ARGUMENT OF SIN(THETA) IS NEGATIVE

¢

-------------— P et L T T -—---------------------_--------_-----

4 RTIME{=10°3. 141594ABS(THETA) .
FLAG=1 :
.. 60T 87

REAL FUNCTIDN ANGLE(X Y)
DOUBLE Paﬁcxsron XY

-~ - 4P Y P e = o Y- - A D Gp T e A = e Y T e S W W T LS e - e e e e

e
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S

- 10%6

1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095

1086

1097
1098
1099

1100

1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
11114
1142

13

1116

1117 .

1118
1119

1120
t121.
1122

1123

1124

176

[ 3 . 4
»
IF (X.EQ.O.0.AND.Y.GE.O.O)F GOTO 2
IF (X.EQ.O. NOSY.LT0.0) GOTO € -
IF (Y.EQ.O ND.X,GT10.0) GOTO 4® ¥
1F (Y.EQ.O.0.AND. ¥*L7.0.0) GOTO 7
ANGLE=DATAN(X/Y) Qﬁi
GOTO S T
NGLE=0.0 v
ETURN
GLE=3. 14159
TURN
4 ANGLE=1.870785 .
RETURN .
7 ANGLE=4_712385 e
RETURN .
5 IF (ANGLE.LT.0.0) GOTO ¢ . 2
IF (X.GT.0.0.AND.Y.GT.O. d“runn ‘ ‘
c ................ o e - > e e .. e, ————
C " ANGLE IN THE 3RD QUADRANT WITH ARCTAN(X/Y) BEING POSITIVE
€ -ememe-mmcmm—e—t—mmeemmmemememeeseoememeemeo—e—ocosoo-coscesos -
ANGLE=ANGLE+3. 14159
RETURN
1 IfF (X.LT.0.0.AND.Y.GT.0.0) -GOTOD 3 .
C --------- [ ERD Rl DL LA -—-—----—-—----------------------.—---------~-~-------l
gv ANGLE IN THE 2ND QUADRANT WITH X>0,Y<O "
ANGLES Y. 14 159-ABS(ANGLE)
neruwn ‘ _
C =rmmmme RPN pRpRpR SR R e R R L L
c ANGLE IN THE 4TH QUADRANT WITH X<O,Y>0 : .
c ......................................................................
3 ANGLE=2°3. 14159 ~ABS (ANGLE)
RETURN o
END .
o et et “epo-o-
g ALGORITHM FOR PHASE ANGLE PHI
TION FI1(T1,7T2) :
.0.0) ' GOTO 4 . . , S
T2) ' ’
' 4 Fl1 ¢ A
-3 IFf (rx @7.0.0) GOTO- 1 : '
. _IF (T1;GT.QY0.AND.T2.L7.0.0) GOTO 2 _ 4
C' -------------- e e . i - A e e W D W TR e em WA e G e e e W Ve ME Mm M e W e e e A e T e
c PHI HA® THE MULTIPLE VALUE IN THE 4TH QUADRANT FOR PHI BEING
c NEGATIVE R
C ~ecrmman eremr e e e e r e e e~ e, m - — - m—— .. ———————-— e meee mam - ———————— .
FI-2'3 14159~ ABS(FI)
. RETURN . Ay .
c --1--~——~r ------------------------------------------------------------
c - PHI HAS THE MULTIPLE VALUE IN THE 2ND QUADRANT FOR PHI BEING
c NEGATIVE .
C e e m - —— .- -
" 2 FI=3.14158-ABS(FI).
4 RETURN ‘
c --------------;”,--—---a ............................................ i
c PHI HAs THE MULT] PLE VALUEIN THE 3RD OUADRANT FOR PHI BEING
C- T
c
11F (T1.LT.0.0.AND. 12. tT 0.0) FI=3. 14159#ABS(FI)
_RETURN . L —
“END : . :
Co—sremccormnramononan= ‘---.---f-"---‘-" ------------------------------ -
ALGORITHM FOR FINDING THE TIME OF TRAVERSIgglﬁﬂiLL»
WITH A Dssssnsxnc DENSITY. N-NQ(!-R"Z/A"

REAL FUNCTIONvHT!Hf(A.B.C.I.d.NC)

COMMON /GRIDP/R2(60,60) ,0MEGA(60,60),LASHEL ,

CALL ROOT(A,.B,C,R1,R22,NC) ~ . ) N
IF (NO.EQ. 1) RETURN: - : '

IF (R1.LT.0.0.AND.R22.LT. o,o) GOTO 2

el



177

1191 Cmm o e m e e e e e e e e e e e e e
1192 c TIME FUNCTION FOR NON-PARABOLIC DENSTIY APPROXIMATION
1193 c N=NO(1-A**2/R**2)
1194 c . ‘
1195 c CONST>0.0, VR>0.0 T
1196 . € -~ mm e e e cmmmes A,
1197 FUNCTION TIMEPP(RO,R4,VR, CONST) '
1198 FACT=(RO*VR)**2+CONST
1199 TIMEPP=FACT*R1*°2-CONST*RO"**2
1200 TIMEPP=RO/FACT*SQRT (TIMEPP)-RO*RO*RO*VR/FACT )
1201 RETURN 5
1202 END ‘ *
1203 B R Rt i T
1204 c CONST>0.0, VR<D.0
1205 € mcsmmmm e memmem e “——m—-
1206 :
1207 FUNCTION TI (RO,R1,VR,CONST) :
1208 FACT=(RO™VR)¥¥P2+CONST
1209 TIMEPNsFACT*R4*+2-CONST*RO**2
1210 IF CTIMEPN.LTNO.O) TIMEPN=0.0
1211 . TIMEPN=RQ/FACT™ (- SORT(TIMEPN))‘RO‘RO‘RO'ABS(VR)/FACT
1212 RETURN } Y
1213 END : . T
1214 C ------ L L EEE LR TR PPN Sememmemmeaeanas
1218 c CONST<0.0, VR>0.0 ot
1216 N et D et i DT T PP PN R
1217, 9 ’ ‘
1218 FUNCTION TIMENP(RO,R1,VR,CONST)
1719 FACT=(RO*VR)**2-ABS(CONST)
1220 - TIMENP=FACT*R1**2+ABS(CONST)*RO**2 .
1221 . TIMENP=RO/FACT*SORT (TEMENP ) - nooao-noﬂxn/rncr
1222 _ RETURN
1223 END
1224 € —----o- " -------------------------------------------------------------
1225 c CONST<0.0, VR<0.0,
1226 o D i ittt et TR PR »
1227 ruwgrxon TIMENN(RO,R1,VR,CONST) N ¥
1228 FACT=(RO*VR)**2-ABS{CONST) @
1229 TIMENN=FACT*R1**2+ABS(CONST)gR0**2
1230 TIMENN=RO/FACT*( - SORT(TIMENN )+RO*RO*RO*ABS(VR)/FACT
1231 RETURN . ,
1232 END . - &
1233 LR e et Rt e e i
1234 c ALGORITHM FOR FINDING THE ABSORPTION COEFFICIENTS
1235 . ¢ IN THE PLASMA CELLS WITH A RADIALLY INCREASING PARABOLIC
1236 cC . DENSITY PROFILE N=NO(1+R**2/A**2)
1237 L e T it T L LT T
1238 . SUBROUTINE ABSORB(MRAY,RD,20,D2,T1.VX,VY,PHI ,LAMDA,TE.D.1.J,JJ,2)
1239 DOUBLE PRECISION DRO,DOMEGA,DAOISO, onox DD.F.Y.VX,T2,VY,
1240 *DVX ,DVY
1241 REAL NOI.LAMOA.A1.A:,LLAqu.xA.TE(so.so)
1242 NTEGER TOTRAY,,MRAY,Z
1243 TERNAL F. . ..
1244 - COMMON zA;abs/gpiso(eo €0), No;(so 60).10CX(100.100),LOCY(100.100),
1245 . *KA£100, 100§
1246 " COMMDN" /FUNCE/DRO,DVX, DVY,DOMEGA ,DAOISO,DNOI DD, F1
1247 ~ COMMON /GRIDP/R2(60.60),0MEGA(60.60), LASHEL , -
1248 o 0 SR )
1249 c 'CHANGE VALUES INTO DOUBLE PRECISION VALUES - ,
1250 2 € m-ce s e memdec s mcmecmmeecmmcmc e e
1251 DRO=R0O*1.D0 .
1252 € “OR1=R1*1.D0 ¢ .
1253 + _DADISG=ADISQ(I,J)*1.DO - )
12%4 - . DNOI=NOI(I,J)*{. Do - . -
1255 c DVZ=Vv2¥1.00~, : :
1256 C . DVT=(VX¥e24Vye22)*1.00 : S .
1287 i DD=D* 1 ;DO '
1258 .’ DOMEGK“OMEGA(I, J)*j.00 . ’

1259 72-71‘! obo | N
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1260 OVX=VX .
1261 DVY=VY
1262 FI=PHI
1263 C ~----= R T T F i et T T
1264 C k_*';llno THE INTEGRAL OF ABSORPTION BETWEEN TWO POINTS
1265 %glf~ LOCX(MRAY, UJ) DENO THE CORRESPONDING CELL IN A PLASMA SHELL
1266 ‘7 O, LAYER . ‘ .
1267 C mmmm e e D e e e e ala o
1268 . CALL DOG32(0.DO,T2.F,
1269 IF (LOCX(MRAY,Jy-1).L GOTO 3
1270 IX=INT((LOCX(MRAY, JJ~ 1)- 1)/2.0)+1
1271 €070 4
1272 IX=INT(LOCX(MRAY,Ju~1)/2.0)+1
1273 TEASeTE(IX,J)*SORT(TE(IX,J))
1274 A1=2 19EI*TE15*LAMDA :
1275 A2%1 14E4°LAMDA*TE(IX, y)
1276 LLAMDA=ALOG(AMIN1(AY,A2)) 3
1277 A3%26.01E-20°LAMDA**2* L LAMDA*2
1278 TKA=DABSY Y )*A3/TE 1S
1279 € e e e e e e e e e e e e e —— e
1280 c ' ABSORPTION COEF. IS THE SUM OF ALL SEGMENT LENGTHS WITHIN A
1281 c PLASMA CELL
1282 € m e oo e e e e eca——n
1283 KA(MRAY ,JJ)=TKA . .
1284 RE TURN ’ : &
1285 END : )
1286
1287 G e e e e e e e e e e mm oo
1288 c ALGORITHM FOR THE FUNCTION USED IN THE ABSORPTION
1289 < INTEGRAL N=NO(14R**2/A°~2)
1290 G e e e e e e e e eceeec e
1291 DOUBLE PRECISION FUNCTION F(T)
1292 DOUBLE PRECISION T,RSQ.DRO.VX,VY,DOMEGA,DNOI,DACISQ, DO
1293 COMMON /FUNCF /DRO, VX, VY ,DOMEGA ,DAOISO,DNOI DD, PHI
1294 - COMMON /DNGRP/RI (€0, 60).CRIDEN,FLAG(60.80)
1295 RSQ=DRO**2/2. ODO*(VX"?*VV“?)/(2'DOMEGA“2)*DD'1 ODO*DSIN(2+DOMEG
1296 *A*T+PHI) . )
1297 F=DNOI*{}.0DO+RSQ/DAD
1298 Fof*F
1299 RETURN , )
1300 ' .
1301 Commmmm e N QR e e e e e e e e e e e e e e o TTmTmem e
1302 . c AL INDING Aasonprron COEF. FOR A ¥ W
1303. ¢ PARASHY ENS TY PROFILE N»NO(1-R=*2/A**2) -
1304 Crmomoemmmmene R it T T TP R . S LT
1305 _SUBROUTINE ABSOB1(MARK,T1.VX,YV.VZ,LAMDA,TE. TERMY, TERM2,
1306 T4I,U,W,2.20,02)
1307 REAL NOI,LAMDA, AT, A2 LLANOA KA, TE(30.60)
1308 INTEGER Z
13089 DOUBLE PRECISION DOMEGA.DAOISO.DNOI T2.G.Y,VX. VY, VELX,VELY
1310 EXTERNAL G
1311 COMMON /ABSOB/ADISQ(60,60),N01(60,60).LOCX{(100, 100).LDCY( 100, 1oo)
1312 *KA{ 100, 100)
1313 COMMON /FUNCG/VELX,VELY ,DOMEGA,DAOISO,DNOI ,TEM1, TEM2
1314 COMMON /GRIDP/R2(60,60). OMEGA (60, 60) . LASHEL 12
1315 COMMON /omvp/xouoo) ;3( 100). mﬂuuom msnvuoo) P(1oo) TOTRA
1316 *Y,ENIN,P1,EN(100)"
1517 VELX*VX _ . , : :
1318 VELY=VY : C -*
1319 TEM{I=TERM 1
1320 TEM2=TERM2 .
1321 " DAQISQ=AOISQ(I,J)*1,D0 . pe
1322 DNOI=NOI(I,J)*1.D0
1323 DOMEGA=OMEGA(I,J)*1.D0
1324 T2=T1+*1.000 .
1325 CALL DQG32(0.D0,72,G,Y) . o o
13264 ‘. IF (LOCX(MARK,JJ-1).LT.1) GOTO 3 _ | ¢
1327 QE? IX=TEIX( (LOCX(MARK ,JJ-1)- 1)/2.0)+1 ,
1328 GOTO 4 ( : 172 0% : S
1329 JIX=IFIX(LOCX (MARK, JuU- 1 oOQ1 .
1330 ,f*t‘rsss-Ts(xx u)-sonr(re(xxab)) ST -
A
 J

f;""?

-

. Y ,:?‘n" .

.



1378
1379
1380
138 ¢
1382

- 1383

1385
1386
1387
1388
1389
1380
1391
1392
1383
1394
13985
1396
1397
1398
1389
1400
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v

A1+2 19E3"TE1S5*LAMDA

A2n 1 14E4ALAMDATR(IX V)
LLAMDA=ALOG({AMINT{A 1, A2))
A3226 .01E-20°LAYMDA**2*LLAMDA*Z

TKA‘DABS(V)'AS/TE!‘

KA (MARK , JJ) »TKA >

RETURN . -

END
(o R kL L T iy,
c FUNCTION FOR NON-PARABULIC DE/IN-CREASING DENSITY ~
c N=NO( 1-A®*2/R**2) ,CONST>0.0

c ---------------------------------------------------------------------
susnourzus ABOB2P(MRAY ,R0O,Z0,DZ.T1,VR,CONST LAMDA ,TE,1.J,JJ,2)"
DOUBLE PRECISION DRO,DVR,DCONST ,DNOI,DAOISQ.Y,F2P.T2,F2PN
DOUBLE PRECISION F2PPN,F2PNN
REAL NOI.LAMDA,TE(30,60),.KA, LLAMDA
INTEGER MRAY,Z,FLAG
EXTERNAL F2P
EXTERNAL F2PN
EXTERNAL F2PPN -

EXTERNAL F2PNN
COMMON /ABSOB/A01SQ(60,60),NOI(60.60), Locx(|oo 100),L0CY( 100, 100).
*KA{ 100, 100)
CONMON /FUNF 2P /DR, DNOI ,DAOISQ, DCONST, ovn )
COMMON /GRIDP/R2(80.60) ,OMEGA(60,60) ,LASHEL . %
COMMON /DNGRP/R1(80.60) ,ORIDEN, FLAG(€0,60) : ' -
ORO=RGO*1.DO ’ ‘
DVR=VR*1.00 . .
DNOI=NOI(I.J)*1.00 - v
DCONST=CONST*1.D0
DAOISQ=AOISQ(I.J)*1.DQ
T2T1*1.0D0 , .
IF (FLAG(I,J).EQ.4) Ga ’
If (VR.LT.0.0) GOTO . »
CALL DQG32(0.DO,T2, r
GOTO 2 )

5 CALL DQG32(0.D0.72, FQ.N‘N)
coro 2 .

6 IF LAR:LT.0.0) sotoﬁ»- s N

~caLi@IRG63210.00, T2, F2F LAy g
GOTO 2 o8 AT 4Y ’

7 CALL DQGIZ(0.DO.T2,F2PNNG y ’r“g _ ‘

2 $F (LOCX(MRAY,JU-1).LT" I "GO : L
IX* INT ((LOCX(MRAY ,yJ-1)~ 1)/2 X I W
GOT0O 4

3 IX=INT(LOCX(MRAY, Jy-1)/2. o)+1

4 TEAS=TE(IX,J)*SORT(TE(IX,J)) L

*A1%2. 19E3*TE15*LAMDA
A2% % 14E4*LAMDA*TE(IX,J) .
LLAMDA=ALOG(AMINT(A1,A2)) - % : -

7T A3%26.01E- 20‘LAMDA“;'LLAMU"Z . RO : &
‘TKA=DABS(Y)*A3/TE1S : oA . , .
KA(MRAY , JyJ)=TKA . w . . v 8
RETURN ' . (1
END *
Comopmlobmmenminon e L T

FUNCTION FOR NON-PARABOLIC DE/INCREASING DENSITY
N-NO(1-A"2/R"2) CONST<0.0

L X TOAPRpEy g s mcc e et mecc e e e e e e — .-
SUBROUTINE ABOB2N( 0,20.DZ,T1,VR,CONST 'LAMDA, TE. 1,J.UJ.2)
-DOUBLE PRECISION QROTDVR,DCONSY.DNOI,DAOISQ.Y.F2N,T2,F2P,F2PN
REAL NOI,LAMDA,TE(30:60),KA, LLAMDA o
INTEGER MRAY,Z2,FLAG »
EXTERNAL F2P
EXTERNAL. r292~
COMMON /ABSO 7onso(so €0) .NO1(60, 60),LOCX( 100, 100)., LOCY (100, 100) ,

X

*KA( 100, 100)
COMMON ¢FUNF29/DR0 DNOIJBAOISO DCONST,DVR =~ T
COMNON| {GRIDP/R2(50.60), QMEGA( 60.60) ,LASHEL . . . : P
COMMON NGaP/RI(so.so).cnxDEN.FLAe(so.so) SR
i
. N &
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1401 DRO=RO* 1.DO
1402 DVR=VR* 1.DO
1403 DNOI=NOI(I,J)*1.00 ,
1404 DCONST=CONST*1.00 g
140%° DAOISQ=ADISQ(1,J)*1.D0 .
1406 T2=T1*1.000 p
1407 IF (VR.LT.0.0) GOTO S
“1408 . CALL DOG32(0.DO,.T2,F2P,Y)
1409 GOTO 2 )
14 %0 . 5 CALL DQG32(0.DO.T2,F2PN,Y)
1411 -2 IF (LOCX(MRAY,yu-1).LT.I) GOTO 3
1412 IX=INT((LOCX(MRAY JUU-1)-1)/2.0)+1
1413 GOTO 4
1414 3 IX=INT(LOCX(MRAY.JU-1)/2.0)+1
141% 4 TEIS=TE(IX,J)*SORT(TE(IX,J))
1418 A1=s2 19E3*TE15*LAMDA
1447 A2=1, 14E4*LAMDA*TE(IX, J)
14148 LLAMDA=ALOG(AMINI(A1,A2)) ’
1419 : A3%26 B1E-20*LAMDA**2*LLANDA*Z -
1420 TKA=DABS(Y)*A3/TE15
1421 ' KA(MRAY,JJ)=TKA
1422 RETURN
1423 END .
1424 R et R ettt R e
1425 c FUNCTION F2P FOR N=NO(1-A**2/R**2)
1426 c CONST>0.0 OR <0.0 VR>0.0
1427 (o e R e R T mme e
1428 DOUBLE PRECISION FUNCTION F2P(T)
1429 DOUBLE PRECISION DRO,DNOI,DAOISO.DCONST.DVR,D1 *
- 1430 COMMON /DNGRP/RI (60 %60).CRIDEN,FLAG(60.60)
1434 . COMMON /FUNF2P/DRO,DNOI ,DADISQ,DCONST, DVR
1422 D 1=DRO*DRO*DVR*DVR+DCONST
1433 ‘rzp-(T+Dno-ono-ono-ova/o1)‘-2-01—0‘(onoa-2 :
1434 . F2P=F2P+DCONST *DRO**2 N L.
143% F2P=F2P/D1 .
1436 F2P=DNOT* ( 1-DAGISQ/F2P) ’
1437 F2P=F2P*F2P : .
1438 RETURN - ‘ : ) |
1439 END . . -
1440 Crmmmmmmmmmmmmeemeeeeecte e s e
1441 , ¢ FUNCTION FOR N=NO( {-&**2/R**2)
1442 c - CONST>0.0 OR <0.Q VR<0.0
1443 o e et B e Y R et B R
1444 *DOUBLE PREGISION FUNCTION rzPN(VV @
1445 OOUBLE PRECISION DRO,DNOI,DAOISQ:DARG,DCONST .DVR,D1’ i
1446 ‘ COMMON /DNGRP/RI (€0.60) .CRIDEN, FLAG(60,60) .
1447 COMMON /FUNF2P/0RO,DONO1,DAOISQ,DCONST ,DVR
14448 . 01-Dno-ono'ovn-ovn+oconsr
1449 : u. F2PN=(T- ono-uno-ono-pvn/o1)o~z—o1'o1/ono--2
1450 F2PN=F 2PN+DLONST*DRO**2 - ,
1481 F2PN=F2PN/D 1 @
1452 ° F2PN=DNOI* (1~ DAOISO/FzPN) . ,
1453 FzPN-r:P~-F2pN .
1454 ‘ RETURN
145% . END . . - .
1456 Commm= e e e ca e e e nea ereem—————— R
1457 <C FUNCTION rbn N'NO(14A“2/R"2) . oo - :
14%8 c CONST>0.0 VR<0.0 ' ’ o e
. 14%9 - Cm--eeee- bntetadabebebeb bl Dl ittt ettt e e bbb L b b R L regm e
1460 : DOUBLE PRECISION FUNCTION F2PNN(T) -
1461 DOUBLE PRECISION DRO,DNOI1,DADISQ,DARG,DCONST,DVR, DY '
1462 COMMON /DNGRP/R1(60, GO) CRIDEN,FLAG(60,60) - ,
1463 COMMON /FUNF2P/DRO,DNOI,DAOISG. DCONST ovn . o \
1464 \D1-DRO'DRO‘DVR'DVR+DCONQT - L . ‘
1465 . . F2PNN=(T~ Dno-oao~ono'ovnlot)--2'01001/0Ro"2 ,
.1466 szun-rszN+nc0NsT~Dno'°2
1467 F2PNN=F2PNN/D 1 . . g
1468 - F2PNN~DNDI‘(1*DAOISO/F2PNN) R
1469 . F2PNN=F2PNN*F2PNN ‘ wlts
1470 " RETURN -, , . ' -

1471 END
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1472 L it il ettt Tt R R U R
1473 c FUNCTION F2PPN FOR N=MD(14A**2/R**3)
1474 c consr»o o vn»o o]
1475 L SRRttt L LT LR P P P EEETE
1476 oouau PRECISION runcnou F2PPN(T)
1477 DOUBLE PRECISION DRO,DNOI,DADISO,DARG.DCONST,DVR.D1
1478 COMMON /DNGRP/R1( 60, €0) .CRIDEN, FLAG(6O, 60)
1479 GOMMON /ru_nrzp/ono.onox.moxso.oconsr.ovn
1480 _ ®1=DRO*DRO*DVR*DVR+DCONST
1481 ’ PN-(nono-oRo'oRo-ovn/m)"2'01-01/ono-'2
1482 + YF2PPN=F 2PPN+DCONST*DRO* *2
1402 * F2PPN=F2PPN/D1
1484 . F2PPN=DNOI*( 1ovoxso/rszn) .
140% r:»«-r:wn-r:pm G
1488 RETURN N
T 1487 END . .
1488 L et T T P g LT T P OUP R R -
1489 ¢ ABSORPTION ALGORITHM FOR N=NO(1-R**2/A**2) , ¥
1490 *©  Cm-e-meeeeae D T T e LT !
: 14914 DOUBLE PRECISION FUNCTION G(T)
J 1492 OOUBLE PRECISION T,ARG,RSQ,VX,VY,DOMEGA,DNOI ,OADIST
1493 COMMON /DNGRR/RI (60, 6Q),CRIDEN, FLAG(60, 60) .
1494 ° COMMON /FUNCG/VX, VY ,DOMEGA ,DAOISQ,DNOI , TERM1 , TERM2 )
249% ARG=DSINH(2°DOMEGAT )
1496 RSQ=TERM1¢( 1+DSQRT( unanz))‘rsmz-me (VX**24yYyse2 )/oon:ev-z
1497 . Te(1. oo-nsc/oaoxso) ) . ‘
T 1408 *G _ .
. 1489 . !rrum : .
%‘ 18500 . . . . ‘ - . . .
. 1801 .c-.-----,-.- ----- Se-ssecewememsesccachmencobonanoann bbbt bt bl
» 1802 -C mucnot FETAY FOR n-uou-A--z/n‘-z) 4 ' .
1503 c * cons‘rao o\oa <o‘b vn>o 0 .
B T N e e e SO ety mmremmemeee- Hommemonesaoeoe- .
Y e LE nzcxsxon ruucrxou FET 1(1) . -
1806 , N a LE PRECESION DRO,DNOI',DADSSO.DARG, DCONST ,DVR.D ¢ m
1507  CONMON /BNGRP/R1 (€0, 60). caxoeu FLNG($0.60) ' - :
. 1508 , COMMON /FUNF 2P /DR, DND1 mot. DCONST.OVR . . - - -
T 1809 . D 15DRO*DRO*DVR*DVRIDCONST .
1510 © RETA1=(T+DRO*DROADRO*DVR/D 4 )--m no1/ono--z
1511 FETA1=FETA {+DCONST*DRO®*2 . N
: 1512 & FETA1=D1/FETAL , e e . o
o 1513 RETURN o N g .
1514 "+ END { . % '
1518 G m e Rl B e e L LT P bt i
1516 ~ C runcnou FOR NeNO(1-A**2/R%*2)
A817 T c cousr>o o oR <o 0 vn<o o
15187 c ------- .{ ------------ commemenan T L L LT epeyau——— P LT
s PRECISION runcnon FETAI(T) -
- -1520 . m PRECISION DRO,DNOI,DAO}SQ,DARG,DCONST, DVR, 01 .
. 18528 /ONGRP/R1(60, o), caxnwcfue(do 60) : > P
1822 ¢ conuon /FUNF 2P /DRO , DNOI +DAOCISO,DCONST,DVR o
1523 . - D rSDRO*DRO*DVRIOVR+DCONST :
.o1824 FETAI=(T- -m-o«o‘nvn/m)--a-m-m/oao--z .
'y 1528 . FETA3=FETA3 NSTSDRO**2 o e
1826 ' FETA3DY/FETAY. . .o o ' "
4 1527 RETURN , ‘L : :
, 828" END S : S . .
1829, L L L Sttt ~--0--o——-------——h¢---o-\.o— ----------------------
1830 3 . mucnﬁu FOR M=NO(1+A**2/R**2 TN ol o
1831 @ ¢ CONST>0.0 VR<0.0 ;
1832 - c-------------—-—----~---,.--..-----------a.--..--..¢-_.-.---- ------------- -
1533, " DOUBLE PRECISION FUNCTION FETA4(T) :
1834° - . DOUBLE PRECISION DRO,.DNOI.DADISQ.DARG, Dcmsr.ovn D1
1538 COMMON /DNGRP/RI (60,60).CRIDEN,FLAG(60,60) . .
4536 ' " COMMON /FUNF2P/DRO .DNOI oaoxso.ncqhsv DVR
1537 . D't *DRO*DRO*DVR *DVR+OCONST ;
M} 1T r:’ru-(r-oaqtowo-oﬁo-ova/m)--z*m-mloao--z o .
1539 rsru-rsr:moconsr*m"z, L s _ Co~
1840 eru-m/rnu ) oo ; ot
1541 Emm A Y ’ '
18542 LY A
L »” roe i .
i 2



1543
1544
1545%
1346
1347
1848
1549
1850
1561
1852
1853
1554
1855
1856

FUNCTION FETA2 FOR N=NO(1+A**2/R**2)
CONST>0.0 VR>0.0

DOUBLE PRECISION FUNCTION FETA2(T) -
DOUBLE PRECISION DRO,DNOI,DAOISO.DARG,DCONST,DVR.D1
COMMON /DNGRP/R1{®80.60).CRIDEN,FLAG(60,60)

COMMON /FUNF2P/ .DNO1 ,DAOISQ.DCONST ,DVR

D 1=DRO*DRO*DVR*OVR+DCONS T*
FETA25(T+DRO*DRO®DRO*DVR/D1)*»24D 14D 1/DRO**2
FETA2=FESA2+DCONST*DRO**2

FETA2=D{/FETA2

RETURN

END



