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ABSTRACT

Two separate non-linear effects which influence pulsed
laser propagation and target interaction have been studied,
€.g., laser supvorted combustion wave (LSC) propagation and
laser-induced gas breakdown. A theoretical model describing
LSC propagation and which includes the non-linear contribu-
tions of the plasma transport and thermodynamic coefficients
throughout the wave profile has been developed. The model
is one-dimensional and the system of equations is solved by
use of the method of quasilinearization. The model utilizes
the deflagration approximation which implies that pressure
balance with the atmosphere exists. Numerical results of cur
calculations are in good quantitative agreement with available
experimental data. Further numerical calculations have been
performed by use of a one-dimensional, variable area hydro-
dynamic code. It is found that a precursor shock wave which
is driven by the LSC wave precedes the LSC wave and that attain-
ment of pressure balance with the atmosphere does not occur on
a time and spatial scale consistent with experimental observa-
tions. These calculations have been performed including radial
rmass loss and beam divergence effects. It is postulated that
two-dimensional flow effects in the vicinity of the target,
which have not been specifically included in the calculation
may be important. Inclusion of such effects on an ad hoc

basis results in good correlation with experimental data.

Experiments have been performed to determine the effect
of particulate matter on laser-induced air breakdown for Nd
laser wavelengths (1.06u) and for pulse widths of 30 nsec.

We have measured breakdown thresholds for air in the presence

of 5102 and carbon fibers of 9u, 6.6y and 68y diameters. It
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nas been found that, as for interaction at 10.6u, the break-

down thresholds are reduced due to the presence of particulate

nmatter. Furthermore, the results obtained by us at l1.06p arc
consistent with previous measurments at 10.6u assuming that

the breakdown threshold scales inversely with the square of
the laser wavelength.
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1. INTRODUCTION AND SUMMARY

The work described in this report was performed at
Systems, Science and Software (S?) during the period
21 December 1973 through 21 June 1974 on Contract No.
DAAHO01-74-C-0386. The objective of the work is twofold;

(1) to develcp a theoretical model including a description

Bl o e o

of the various non-linear effects for laser supported com-
bustion wave (LSC) propagation, and (2) to perform measure-
ments at 1.06u to determine the effect of particulate matter
on laser-induced air breakdown. The latter work was performed
by S® personnel at the Battelle Columbus Laboratories under

a subcontract from §°.
, [1-61]

Cdh | et o R i 2

Previous wor has shown the existence of LSC

W e T

waves initiated at target surfaces for laser fluxes as low as
4><104 watts/cm2 for CO2 laser radiation. The existence of
such wave phenomena has important implications regarding the
delivery of laser radiation directly to the surface since the
[4] argued that the propa-
gation and structure of such waves could be adequately

waves are highly absorptive. Raizer

described by a one-dimensional model which included propaga-

tion of the wave away from the surface by thermal conduction.
lle utilized a linearized analysis of the gasdynamics conser-
vation equations to obtain estimates for the wave velocity

as a function of the incident laser flux. The work at Mathe-
(3] showed that the LSC wave velo-
city was much greater (about an order of magnitude) than could
be predicted from Raizer's theory, and that the velocity did

matical Sciences Northwest

e

not scale with flux according to Raizer's prescription. Sub- :

sequently, we pointed out that in addition to thermal conduc-

tion, the transport of thermal radiation in the vacuum ultra-
: [4,5]

violet region was the dominant wave transport mechanism.
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Indecd, the order of magnitude discrepancy with experiment
was removed. However, our analysis was also based on a
linearized model. The present work, which is an extension

of of our previous work, removes the linearized assumptions
and includes the non-linear variation of transport and thermo-
dynamic coefficients in the analysis. Two separate analyses
are presented in Chapters 2 and 3. 1In Chapter 2, we utilize
the method of quasilinearization to solve the LSC propagation
problem. It is shown that the non-linear features of the
problem are profound and that by taking them into account,

good agrecment is found with the MSNW[3] experimental results,

However, this work utilizes the deflagration approxima-
tion, i.e., the pressure ahead of and through the wave is
approximated as a constant. To verify this assumption and to
study the importance of potential 2-D effects, we describe in
Chapter 3 some numerical calculations based on a one-dimensional
variable-area hydrodrnamics code. These calculations indicate
that a precursor shock wave exists ahead of the LSC wave, thus
jeopardizing the validity of the deflagration approximation.

It is shown that radial expansion of the laser-heated plasma
beyond the confines of the laser beam is not a significant

loss mechanism. However, we do find that the presence of the
target results in higher wave velocities than are predicted

by previous analyses. These velocities are higher than those
observed experimentally[3] at similar distances from the tar-
get. We conclude that mass loss from the plasma in the vicinity
of the target must be responsible for this more rapid attainment
of pressure balance with the atmosphere. Upon presuming on an
ad hoc basis the presence of such a loss mechanism, our calcu-
lations are in good agreement with the MSNW data as well as

with those results described in Chapter 2.
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Finally, in Chapter 4, we discuss measurements per-
formed by us at 1.06u to determine the wavelength and pulse
length scaling which exists between 10.6u and 1.06u and for
pulse length variations between 300 nsec and 30 nsec. We per-
formed measurements on SiO2 and carbon fibers in an air environ-
ment and find significant reductions in the laser-induced break-
down threshold from the clean air value. For example, we find
for a 68u carbon fiber a reduction in breakdown threshold to

2.3><l0lo watts/cmz. A full order of magnitude less than the

clean air value.

It is shown that the breakdown phenomena at both 10.6yu
and 1.06u are similar and that the breakdown thresholds (for
a particular pulse length) scale as the inverse square of the
wavelength. This conclusion is consistent with arguments

based on inverse bremsstrahlung as the dominant absorption
process.

il L e g 1 e
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2. HONLINEAR THEORY OF LASER SUPPORTLD CO'IBUSTION WAVLES

Aok INTRODUCTION

It has been observed experimentally[l’2’3]

that a sub-
scnic wave can propagate and is supported by the addition of
energy, e.d., laser radiation. The earlier theoretical work
on laser supported combustion wave (LSC) propagation was
based on a one-dimensional linear theory including thermal
conduction as the only cnergy transport mechanism.[4] Later,
it was pointed out by Boni and Su that thermal radiation in
tiic vacuum ultraviolet (VUV) spectrum is the dominant energy
transfer mechanism.[sl Depending upon the absorption coeffi-
cient in the VUV band, we have demonstrated that the wave
veliocity can vary linaarly (when the vacuum ultraviolet pre-
cursor is not optically thick) with the incident flux or as

a square root function of the incident laser flux (when the
precursor can be considered as optically thick).[6] However,
all the above results are based on analyses which result

from a linearization of the governing equations., In order to
obtain a better understanding of the interaction between the
laser radiation and gasdynamic processes involved in LSC pro-
pagation, a detailed treatment of the problemn, which includes
a description of the various non-linear effects is required.
In this report, we first set up a nonlinear mathematical model
for a one-dimensional steady state LSC wave propagating into
air with real gasdynamic properties. Then we proceed to solve
the problem by use of the method of quasilinearization,[7]
which has been used quite extensively in boundary layer

theory.[a’g'lol

Since the equation is nonlinear, there are
certain difficulties associated with the process of obtaining
a convergent solution. We discuss these difficulties and

finally present some solutions and compare with available
experimental data.
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2.2 FORMULATION OF TIIE PROBLE!NM

Assume a parallel, axially-symmetric laser beam with an
intensity lower than the breakdown flux (< 107 watts/cmz) inci-
dent onto a partially absorbing gas. Since the laser radiation
cannot support a laser supported detonation (LSD) wave, any
initial shock waves present due to target interaction have pro-
pagated far beyond the light-absorbing plasma. Therefore, we
assume that the pressure in the absorption wave has equilibrated

with the ambient and a constant pressure process is obtained.

Although it has been suggested that two-dimensional ef-

! Sl 3 g ]
fects are 1mportant,[ in this study we assume a one-dimension

planar geometry in order to simplify the problem. However,

the heat diffusion through the radial direction will be approxi-

mately included as Raizer suggested.[4] In Section 3, the two-
dimensional (2-D) effects are studied by using a quasi one-

dimensional approach and discussed.

We assume for the present that a continuous laser
source is used such that the LSC can propagate at a steady
speed, Vo into the ambient gas with density I and tempera-
ture To' Accordingly, coordinates are transformed into
the wave frame (Figure 1), In this coordinate system, the
continuity equations can be simply integrated to give:

Pu = p v ’ (1)
where p and u are the density and local velocity at any posi-

tion in the wave. The energy equation can also be written as

dF
S Tl N1 S
c Ei) Ix Y I I (2)

o Sl e b by A et e T Ty R ey B T W S — T




Figure 1 Schematic diagram for the propagation of LSC.
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where h is the specific enthalpy and Ac is the thermal conduc-
tivity. In the above equation, radiative transport is in-
cluded through the terms Fr which is the integrated flux, and
¢ which is the incident laser flux. The term jc represents
the volumetric encrgy loss through the lateral surface of the
light channel. Assuming the plasma in the light channel to
behave like a heated cylinder with strongly cooled walls, one
can show that the two dimensional heat loss by conduction

through the channel walls can be approximated as

re

AfAdT
C
(®)

jc B Rz ’ (3)

where A is a constant of order of unity.[4]

The volumetric laser heating term obeys the following
transport equation;

d¢ _ .
ax - k¢
with the boundary condition ¢ = ¢o at x = -« and kL is the

linear absorption coefficient (cm-l).

The are three boundary conditions which the systen of
cquations (1) and (2) must satisfy. At the far upstream
boundary, the gas is cold at a temperature To, and also the

thermal flux vanishes, i.e.,

| (4)
at x = -
g% =0 (5)

T,

TP S
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On the other hand, far downstream, the energy gain through
absorption of the laser energy must be balanced by the energy
loss through radiation and conduction; therefore

g% = 0 e (6)

lience the problem becomes an eigenvalue problem. A unique
solution exists only at a discrete value of the velocity, Vo

which is the eigenvalue. This velocity is the one at which
the wave propagates.

240 & RADINTIVE AND GASDYNAMIC PROPERTIES OF THE PLASMA

In a high-temperature plasma, the absorption coefficient
of the laser light with frequency v is dominated by the free-
free bromsstrahlung radiation of electrons in both the ionic
and atomic fields. The absorption coefficient for ionic
bremsstrahlung may be calculated by the Kramer's formula,
corrected for stinulated emission given below,[ll]

1/2 2_6
_4 21 Z%e _o—hv/k?
kL =3 (?m) s RO [ ] {7
e hem v

lilere G i1s the Gaunt factor
. (8)

Assuming for the present that the state of ionization may be
described by the Saha equation,[ll] the number density of

electrons (Ne) or ions (N+),can then be calculated according
i
to

2 3/2
He e 2 mekT gi e-I/kT
N=-2H 2 g g
e h a
8
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wvhere 4 is the total number density (N = P/kT), where P is the

total pressure due to atoms, ions, and electrons. The ratio

g+/ga is approximately 1.9 for air, whereas the averaged
ionization potential is given as 14.4 eV.[4]

As we have demonstrated before,[5] thermal radiation

processes are very important for the gas in the temperature

range from 1 eV to 2 eV. Since radiative properties are fre-

quency dependent, it is common practice to use a step model
(or a band model) in most of the high temperature gasdynamic
calculations. Such a model consists of a different constant

mean absorption coefficient in various frequency ranges. 1In

this report, for simplicity, we adopt the two-step absorption
coefficient model (Figure 2) to investigate the nonlinear
effects of LSC wave propagation. Accordingly, the integrated
radiative flux can be separated into two parts, F = Fl+F2,
where Fl covers the visible and infrared portions of the
spectrum, and F2 covers the vacuum ultraviolet (VUV) portion

of the spectrum. The linear absorption coefficients, kl and

k2, by using Allen's data[lzl can be simply correlated as[l3]
(at p = 1 atm)

r 43 ) !
k, = 0.00255 —) cm 1130 A < A < = (9)
1 ) SRR
10
T _0.71 —l .
k, = 1.776 cm 0<A<1130A ,  (10)
2 o8 SN

It can be seen that for a wave thickness of a few centimeters

the long wavelength radiation can be considered as transparent,
whereas for the VUV portion, the gas is not strictly optically
thick. 1Iowever, it can be shown by a simple calculation based
on the exact integral expressions, that the flux calculated by

the optically thick band approximation overestimates the radia-

tive flux by at most a factor of two in the temperature range

e ol e i
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Figure 2 Schematic diagram of a two band absorption coeffi-
cient model.
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of interest. It is our purpose in the present report to
develop a simple numerical scheme in solving the LSC wave
problem. Therefore, the simple optically thick band approxi-
mation is adopted in this report. llence the radiative flux
divergence in Equation (2) can be expressed as[S]

dx
where Ar is the radiative conductivity defined as:

4 9B,
3k2 d

20 o17 "™ (ui + 4ud 4 120% + 24u; + 24) . (12)
2

Also u; = hvl/kT and V1 corresponds to the vavelength

A = 1130 A. The term jr represents the transparent cooling

part. Since 95 percent of the blackbody energy falls within

the visible and IR spectrum for the temperature range of

interest, we simply approximate the cooling term as

4k, '/N [Bv(T) - B,(T) dv]
(o]

.
4ckl(¢ —TO) (13)

For the thermodynamic properties of high tenperature
air, it has been demonstrated by Su[14] that a simple power
law correlation can retain both reality znd sinplicity. Under

a constant pressure process (p = 1 atm), the enthalpy can be
correlated as

2
h = 5,036 x 101l (LEQ) cm?/sec?

10

11




fron Predvoditelev's[lsl data (Figure 3). 7%he thermal conduc-
tivity of high temperature air has been calculated by

Hanson.[16]

As one can see (Figure 4), the data are highly
oscillatory because of the changes of chemical composition
with temperature. Iliowever, because of the range of interest
(1 ev > T > 2 eV) and simplicity, calculated Ar (according
to Equation 12) and Ac are combinad and correlated to two
single exponential functions as shown in Figure 4,

8 e6.4(T/104-1.75)

A(T) = 2.,2x10 erg/sec cm °K)

T < 17500 °K

8 e3(T/1o4-1.75)

= 2.2x10 erg/sec cm °K

T > 17500 °K

On the other hand, in the conductive energy loss term jr
Cquation (3), Ac is simply correlated by the following for-
rmula as in Reference 17 (Figure 5):

A 0.129 x 10

7
. 0 erg/sec cm °K .
(cosh 5(-3)- 1.45)
10

2.4 THEORY OF QUAJILINEARIZATION

Because of the inherent nonlinearity of the LSC wave
problern, as described above one has to resort to numerical
integration of the governing differential equations. The
principal difficulty in numerical analysis of this problen
is the split, two-point nature of the boundary conditions.
Since initial conditions are required to start the numerical
integration, a guess based on physical intuition of the ini-
tial condition has to be made. In general, however, after

the numerical integration, the boundary conditions on the
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end point are not satisfied. In order to satisfy the second
boundary condition, onz must iterate until convergence, within
some predetermined accuracy criterion, is obtained. A common
nethod is to obtain additional solutions with different ini-
tial guesses, followed by inverse interpolation or extrapola-
tion on the boundary value attained at the end point. Another
nethod, called successive substitution, involves solving for
the highest derivative and substituting the results successive-
ly into the right hand side starting with an approximation
that satisfies the boundary conditions. Both methods require
a reasonable approximation to the boundary condition in the
first method and functions in the second method. Without a
sufficiently good initial guess, the processes may diverge or

converge very slowly. Such a technique is not, in general,
desirable.

Quasilinearization may be viewed as an extension of ‘
Hewton's method for the solution of algebraic equations to the
solution of differential equations.[7] This method has been
widely used in solving boundary layer problems[s’g’lol and
has been demonstrated to be a powerful method for handling
split point boundary conditions.

Consider a system of nonlinear first order ordinary
differential equations:

dyi

I= = fi (yl'yzoocyn) i = l"20¢on 5 (15)

where ¥i is the ith dependent variable, and x is the indepen-

dent variable, where some of the boundary conditions speci-
fied at x = 0,

]
(o3}

y; (0) i=1,20002 , (16)

and some are specified at the other boundary, x = a,

yi(a) = Bi 1= 42+1,*+sen . (17)

16
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The (k+1) approximation to the solution, y£k+1), can

be obtained by expanding the right-hand side of the equation
about the kth approximation and retaining only the linear

terms:
k+1 n k
dy’ If, (y7)
1 k 1 k+1 k
= £, (y") + 2: [y- - y-]
d a oy .
X i j=1 95 J )
i=1,2,e0en . (18)

This equation is linear in yk+1, and the system of equations
can be solved by any standard nunerical integration routine.
Also, since it is a linear equation, the principal of super-
position can be applied.

A particular solution, Pi(x), may be obtained by inte-
grating the entire equation, starting with the initial condi-
tions:

y; (0) = P, (0) = 0 il = WWaheitan L (19)

“hen one homogencous solution is obtained for each of the n

boundary conditions with the initial conditions:

yi(O} = Hij(O) = Gij i,j =1,2,++¢n (20)

where dij is the Kronecker delta, dij = 1 when i = j and

..
1]
particular and homogeneous solutions satisfy the boundary

= 0 when i # j. The requirenent that the sums of the

conditions determines the combination constant Cj:

n

vilere bi = 0 for i = 1,2,+++2, and bi = a for i = +leeen,

T -
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1 3 k+1 .
The new approximation, y + 1s then calculated at each
point by surming the stored values of P and II
+
¥ = p ) + Z C G, (22)

j=1

or by obtaining the initial condltlons in this way and inte-
grating forward.

lotice that if the particular solution, P, is required
to satisfy the % known initial conditions, then there are
only (n-%) remaining boundary conditions to satisfy, br there
are only (n-%) homogeneous equations to solve, which dras-
tically reduces the integration time.

Combining Equations (1), (2) and (11) gives a second
order nonlinear equation governing the propagation and struc-
tue of the LSC wave.

d dr dl L
dx [(}‘cw‘r) 53?] " PsVo 5}% Sk (22a)
i
]
lere Xc’ Xr’ h, kL¢, je and j are all complicated, non-linear
functions of T, Défining A=A ctA, and j =3 cti,s it is shown
in Appendix A that Equatlon (22a) can be rewrltten as
l

d2Tk+l %+l

iz . pk gT L rka+l i Sk -0 (23)
xl
dx
for -® < X < + w, yiere
k _ kar™ | kk .k

Details of the method|of solution and it's associated diffi-
culties appear in App(ndix A. The interested reader should
refer to that sectioniof the report for further discussion

of the implementation.of the method of quasilinearization and

its intricacies. '
|
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2.5 RESULTS AND DISCUSSIOW

Before we discuss the results of nonlinecar calcula-
tions, let us briefly describe some of the linear results
from References 6 and 17 which will be used for comparison.
For a linear model, Equation (2) can be simplified as

2 P

v C
a°T o o p dT G ,
= - - T=20 for T < 7,
dx2 ) dx X

X <0 2 (25)

with boundary conditions

T =0 at X = =

All the coefficients in Equation (25) are constants. Compar-
ing Equation (25) with Equation (22a), one recognizes that
CpT is equivalent to k(T) and GT is equivalent to

jC(T) + jr(T). Since Equation (25) is a linear equation,

it can be solved analytically to give

A -1/2
ot = Ao ko, Jl ] A (1 261y (1 _eTy )
14
= pon AcTin X; kL¢o kL¢o

(26)

where Tin is the ignition temperature at x = 0 (usually

il = 12,000 °K). The temperature profile is given by the

in
equations

-allxl

P =T, e X < 0
in

o eazx + kL¢o/A azx
in a,a, e = 1) x>0 ,

L=
I

19




V.
1

o e o TR STy T e it ot s il L o
AR s arepeomgeen- i

T

R-2344

vhere

l -

==
8 PoVoCp , (vaocp) , %

2\

Again, to present some of the nonlinear calculations,
we perform calculations for the experiment of Bunkin, et il'[l]
They indicate that for an experiment utilizing Nd laser-
irradiated air, the tenperature (T,) in the downstream portion
of the wave is estimated around 18,000 °K for P =1 atm. The
laser power was 1,100 kw incident onto a 0.25 cm spot which
yields a flux of ¢o = 2.ZSXl07 watts{gmz. lThe measured laser
absorption coefficient is about 7x10 cnm ~. Therefore in
the downstream portion of the wave, the absorbed radiative
energy can be approximated as kL¢ S l.57><105 watts/cm3, where
in the upstream, practically no energy is absorbed (or kL = 0).
Using averaged values of ], Cp and G, the energy losses
through radiation and conduction account for 21.6% of the
total energy absorbed. With these losses the velocity pre-
dicted by the linear theory is about 9.36 m/sec.[6] The temn--
perature profile is then calculated from Eq. (27) and plotted
in Figure 6. f%he wave front thickness is greater than 10 cm
and the temperature reaches 54,000 °K (this can be seen simply
by letting d7/dx = 0, and then T, = kL¢o/G). Now let us
exanine the nonlinear effects on the LS5C wave by gradually
replacing the linear coefficients in Eq. (25) with the corres-
ponding nonlinear terms. By introducing the real equation of
state (curve B in Figure 6), the wave front spreads even rore
(final temperature reaches 54,000 °K at a distance of about
35cm downstream), due to the fact that most of the energy
absorbed in the wave front is used to ionize the gas first

20
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Figure 6 Nonlinear effects of various terms in Equation 22a.
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- following three cases a) kL¢o = 2.5><105 watts/cm3 and ‘ %
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instead of increasing the temperature linearly as in the ideal
gas law.  ilext, the radiative energy loss in the lincar equa-
tion is replaced by the real loss; Eq. (13). %his has a tre-
lnendous influence on the temperature profile (curve C in

Figure 6) since the real radiative loss term is proportionate

to U rather than T. This effect reduces the downstream ten-
perature from 54,000 °K to about 26,000 °K, and at the same

time the wave front thickness is reduced to 4 cm. The tem-
perature profile steepens even more as the nonlinear diffusivity
[A = AC(T) + Ar(T)] is introduced (curve D in Figure 6). It

cai be seen that a definite wave front is formed within about

2 cn. Finally, with the nonlinear conductive loss included
(curve L in Figure 6), the downstream tenperature drops even
further, to a reasonable range T« 19,400 °K. From the above
discussion, it is clear that the nonlinear radiative and con-
ductive diffusivity establish the shape of the wave front
whereas the radiative and conductive loss nmechanisms deter-

mine the final temperature profile behind the wave. The

wave speed predicted by the above cases varies from 4.0 m/sec
(case E) to 13.2 m/sec (case D). We will discuss more about !
the wave velocity in the next few paragraphs. ' ?

Figures 7 and 8 compare the energy balance for the ;

R = 0.125 cm [where R is the radius of the spot, Eq. (14)],
b) kL¢o l.57><105 watts/cm3 and R = 0.125 cm and |
c) kL¢o = 1.57x10° watts/cm3 and R = 0,25 cn.. We plot the
temperature profiles of the above three cases in Figure 7.

The wave fronts are almost exactly the same whereas the down-
stream temperatures in the three cases are different. With 3
high absorbed energy, Case A shows a higher temperature than ﬁ
Case B. However, with the different spot size, the temnpera-
ture of the LSC wave with lower energy addition (Curve C) can
be higher than the temperature profile with larger energy

22 -
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addition (Curve A). It is not surprising, since the conduc--
Live energy is inversely proportional to thec spot size, l.c
jr N l/Rz. Thercfore in Case C the conductive loss is only
about one fourth of the loss in case A. Figure 8 shcws the
comparison of absorbed energy, radiative loss term and con-
ductive loss term for all three Cases. For Cases A and B
the conductive losses are comparable while the radiative
losses show a tremendous difference. This effect is in
part due to the smaller thermal conductivity at higher tem-
perature (see Figure 4) and the strong temperature depen-
dence of the radiative energy loss. The absorbed energy in
Cases B and C are the same, however, Case B is dominated by
conduction loss and radiative loss dominates for Case C. It
is interesting to notice that the area of kL¢O - jr—jc of
Case A and C are about the sane. This is the reason way the
tenperature profile are about the same for Case A and C
shown in Figure 7, even though their dominant loss mechanism
is different. §ince the wave velocity depends upon the

anount of energy transported from downstream to upstream, we

T IR peey
T T A g AT T Y L7 (RE{ PR YT T O R T el Lo d L ap Stl B i
i i s i e : H .

L

expect that the wave speeds for Case A and C will be similar.

In fact, we obtain v, = 10.2 m/sec for Case C and = 9.3
m/sec for Case A. Notice that the slope of Curve C in
Figure 7 is slightly greater than the slope of A therefore
the wave speed of C is also slightly higher despite the
larger absorbed energy in Case A. Curve C‘has a much slower

velocity; v, o 4 n/sec due to smaller gradient at the wave
front.

Figure 9 summarizes our calculations for the wave
velocity as a function of absorbed energy with various bean
radii. As R decreases, conductive energy loss through the
radial direction increases. When jr becomes the dominant
loss mechanism the wave velocity decreases drastically with

decreasing radius. This effect can be seen more clearly in

25
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Figure 10 where wave speed is plotted as a function of radius
with various absorbed energy levels as a parameter. When the
spot size is larger than one centimeter (or R > 0.5 cm) the
bean radius has little effect on the wave propagation speed.

In fact, for all practical purposes, the velocity can be pre-
dicted without including the conductive energy loss for

R > 0.5 cm in most cases (except at very low kL¢O). The rea-
son for neglecting jR for R > 0.5 cm is obviously shown in
Figure 8, Case C where the radiative energy loss term dominates

the conductive energy loss even at R = 0.25. In the range

for R < 0.5, in general the velocity varies from linear to s
square term of radius (Figure 10). It is also interesting to
note that for most of the cases, the wave speed is neither in
the linear regime (vo a kL¢o), nor square root regime

(Vo ¢ kL¢o), but is proportional to (kL¢o) :

For comparison, the prediction of wave speed from a
linear model is also plotted in Figure 9. It is shown that -
tile wave speed has a square root dependence on kL¢o if kL¢o :
is large, and a linear dependence close to the threshold as
previously discussed. Judging from the simplicity of the :
lincar theory, the prediction of wave speed has a reasonable

agreenent in comparison with the nonlinear theory, except

for the cases where R is very small. However, as we pointed %
out before,[S] a correct value of R is not very well defined |
in a focused laser beam. Conductive loss calculated in

Eq. (3) is strictly applied only to cylindrical-like plasma.

R N

Therefore, for a simple estimate of wave propagation velocity
it is our opinion that either a phenomenological analysis or :

a linear model is sufficient.

So far we have not included in our analysis the non- :
linear variation of absorption coefficient, and have treated

the cases where absorbed flux can be approximated as kL¢o'
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It is unfortunate that we have found that there exists a
strong singularity downstream if the flux at any point is

treated as

-}[z k(T)dx

¢(x) = ¢_e .

As the LSC wave propagates the incident flux is absorbed by
the wave front, and therefore attenuated by the hot plasma.
When most of the incoming energy is absorbed, the temperature
at the far downstream is expected to decrease as shown in
Figure 1. Hence there is a maximum temperature existing in
the downstream. At that maximum temperature the gradient of
the temperature profile is zero; dT/de = 0. Then the
derivative of ¢ with respect to T (where T is treated as an
independent variable in the method of quasilinearization) is
singular at Sp ¢ i.e.,

d_
dx 4T

llence the method of quasilinearization fails to apply in the

region around X

Although the nonlinear absorption effect has not been
included, we feel that we have already demonstrated the impor-
tance of energy loss mechanisms and the diffusive effects in
predicting the temperature profile and wave velocity of a
LSC wave. We feel that the parameter kL¢O (or the total
absorbed flux) is a useful parameter in interpreting any
experimental data. For example the data of LSC experiments

(3]

performed by Klosterman, et al., using a co, laser inci-
dent on an AL target in air has been plotted on Figure 9 with

an estimated absorption coefficient of order unit.. It shows

29
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very good agreement with the non-linear theory, especially

the dependence on the absorbed flux.

In conclusion, we have used the method of quasilineari-
zation to study nonlinear effects of a propagating LSC wave.
It is found that nonlinear effects are very important in pre-

dicting the temperature profile and has less effect in calcu-

T T e S i (Y T TNT o cy (M s 7L, TR S WLIVSINT

lating the wave velocity. However, for any spot size which

is smaller than .5 cm, the conductive heat loss through radial
direction dominates the temperature profile and thereby affects
the wave speed. It is found that at higher absorbed flux

level ki ¢, > 1x10°
cm) a simplified linear theory or phenomenological analysis L

watts/cm3 and large beam diameter (R > 0.5

can be used in predicting the wave velocity.
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3. A JUMERICAL STULY OF SOE POTEITIAL
TWO=-DIIIENSIONAL AND TARGLET-TIWDUCLED HYORODYHAIIC
EFFECTS 0Ol LSC WAVE PROPAGATION

INTRODUCTION

In Section 2, and in our previous studies, w2 have pre-

sented a ticorctical forimwulation which seens to adequately
reproduce the experinentally observed features of LSC wave
propagation. In particular, it is shown in Figure 9, that

our model, which includes radiative pre-heating as the pri-
mary transport mechanism of the wave predicts bLoth the magni-
tude and scaling of LSC velocity with absorbed flux reasonably
accurately. Furtiermore, we €iuow in Figure 10, that the vari-
ation of wave velocity with beam radius can be approximated

as nearly linear for a small range of beam radii ncar the LSC

[3b] Vle also indicate lower thco-

thresnold as found by (IGHW.
retical predictions for the LSC velocity than experiment at

the larger beam diameters. Since the experimental data arc

sparse and the beam radius variation is not great, the transi-

tion to independence of vV, on bean radius has not yet been

verified experimentally. As has been stated, this model !
enbodies three principal simplifying assumptions. They are

(1) the model is one dimensional, (2) the deflagration

approxiiation is used, i.e., the wave is in pressure balance

with tihe atmosphere at p = 1 atn, and (3) the wave is far

from the target so that wave interactions with the solid

boundary imposed by the target are negligible.

In spite of the previously mentioned reproduction of
the experinental observations by our model, ticre are certain
frature:n of the experinental observations which are not pre-

(3]

dicted. As has been pointed out by Klosterman and Byron,
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a simplified one-dinensional theory produces results for the
wave propagation velocity whichh are less tnan the experinental
crieasurenents. Including all of the non-lincar effects and
associated loss mechanisns, however, we find the theoretical
predictions of velocity to be in reasonable agreement with

the experimental cbservatuions, c.f., Figure 9. Since a 1-D
tiecory should place an upper bound on the LSC velocity,
Klosterman and Byron argue that 2-D effects nust be respon-
sible for their observed discrepancy. The small discrepancy
in itself i: little reason for concern, but as has been shown,[3]
the discrepancy becomes larger as the laser beam diameter is
increased - in apparent disagreenent with physical intuition.
Indeed, nolographic records obtained in the excell-nt study

by .SUW indicate that the wave front is anything but planar,

and 1-b, and that the LSC vave does expand radially beyond

the diancter irradiated by the laser beam. ©Thus, a nore
detailed investigation into the 2-bD effects on LSC vave propa-
gualion Ls in order. Also, certain other fcatures, such as

Larget cffcects have not yet been studied.

In summary, 2-D effects can be produced by the follow-

ing mechanisms:

l. A focused laser beam geometry, wherein the
LSC wave propagates from regions of higher
laser fluence into regions of lower laser
fluence.

2. Due to non-perfect attainment of pressure
balance with the atmosphere, on the time
scale of the interaction, regions of higlher
than atiwospheric pressure can exist in the
heated plasma. IHence, the plasma can expand
radially, thus reducing the nass of gas
hecated by the laser bean.

3. The incident laser pulse is not necessarily
spatially uniform as a function of radius.
Typically the bean is Gaussian, Or near-
Gaussian. Thus, the central portions of the
wave are subject to greater heating than the

o o b e
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periphery, resulting in radial gradients in
the thermodynamic and kinematic variabhles.

It is not clear to us, however, that thesec are the only
clfects which may result in inadequacies of the 1-D theories
Lo reproduce all details of the experimental observations.
one additional feature of the model which warrants further
investigation is tnat associated with the target-free propa-
yalion assumption. Thus, two additional complications nay

arise. 7hey are:

4. As the ambient gas is entrained by the LSC
wave, it is accelerated sharply. .ear a
solid surface, the heated gas is accelerated
into the surface, stagnating at the center-
line and then flowing radially out across
the surface. This in itself, is a 2-D ef-
fect. llowever, a 1-J effect results as well.
Tt Sl

5. A compression wave which propagates back onto
the target surface is reflected by the surface
(since zero axial velocity must obtain at the
wall) and propagates back toward the propa-
gating LS8C. llence, an LSC which lies within

a round trip acoustic transit time from the
target is subject to acceleration by the re-
flected wave. This wave can propagate at a
steady velocity and thus appears independent
of the target, however, the velocity of such

a wave can be as much as an order of magnitude
higher than the free-space LSC wave subject to
the same laser flux.

While a detailed study of each of these effects is re-
quired before firm conclusions regarding their relative and
abhsolute importance can be reached, we have not carried out
suchh an exhaustive study here. A full 2-D treatment is re-
quired. Instead, we have chosen to investigate a subset of
these effects from which pertinent conclusions can be reached
i/ use of a quasi- one-dimensional code; i.e., 1-D, but vith

variable laser beam area. ilence, we address in the following
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sections, items (1), (2) and (5). Our cffort is directed to
an understanding of the propagation of LSC waves and not on
tae lgnition per se. llence, in our numerical calculations

as discussed in Section 3.2, we assume that a partially ion-
ized plasma which has been produced by cnergy transport fromn
the heated target exists in front of the target. The results
of our calculations, which are prescnted in Section 3.2 and
3.3 arc bascd on modification of a onc-dimensional, variable
arca code, HIELVA, developed previously by Chapman at S3.[20]
Our modifications to this code for the present study arc

detailed in Section 3.4.

3.2 TLECHNICAL DISCUSSION Al RESULTS

Calculations were performed on a laser supported comn-
bustion wave propagating down a cylinder or concidal frustrum.
Tae shape of these geometrical volumes is determnined by the
characteristics of the assumed focusing system of the laser.
The initial conditions for such a system arc shown in Figure
11. lere, we have the laser shining from the right onto the
ambient gas. It passes, virtually unattenuated, through the
cold zone, and is absorbed in the transition and hot zones.
The hot zonc is initially set to some appropriatcly high ten-
perature (e.g., 15,000 °K) and the teuperature is allowed to
decline linearly through the transition zone to the ambient
temperaturce of 300 °K. The lenyth of the transition zone
(typically, one centimeter) and the initial tempcrature of
the hot zone was not found to be very critical in the final
results obtained.

One of the critical parameters of the calculation is
the initial size of the hot plasma, e.g., the ignition mech-

anism. The reason for this sensitivity is due to the compli-

cated gasdynamical wave interactions which will now be dis-

cussed.




Focused

Plan View

CARGET

- i ient gas
tiot Initial Cold non-absorbing ambient g

Flasma

N T G T R, U T Y

LSC Transition
Zone

Figure ll. Geometry for variable-arca uLSC wave propagation
calculation.
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We illustrate the evolution and propagation from an
initially hot plaswa of length 1 cm in Figurc 12(a)-(d).
llere, the laser is incident at a flux of 3/105 watts/cm2
onLo a focal spot of 0.25 cm radius. he laser is assumed
to be unfocused here, i.e., the incident rays are parallel.
As the laser is turned on, the plasma begins to expand by
hydrodynamic processes and the LSC wave front begins to
form by radiation transport into the cold gas ahead. The
radiation front (or inverse bleaching wave) compresses and
accelerates the gas ahecad of it. The acceleration leads to
the formation of a gasdynamic shock. Illence, there exists
tvo transition regions in the flow field - the gasdynanic
precursor shock and the LSC which serves as a "leaky piston"
and supports the shock wave. Sinultaneously with the forma-
tion of the LSC front and the precurser shocl vave, a shock
i formed at tihe front surface of the plasna which propagates
back toward the target surface. This shock is formed as a
result of the momentum imparted to the plasma surface by the
gas which expands away from its surface due to the deposition
of laser radiation and subseﬁuent acceleration away from the
target by the precursor shock. Since the flow velocity behind
the LSC front is directed to@ards the target, the shock easily
propagates back and reflects:from the target surface. The
shock then propagates back tﬂrough the plasma, but cannot
overtake the LSC or precursoé shock due to the high flow
velocity of the plasma towasz the target. However, the exis-
tence of the trailing shock %arves to "tell the flow ahead"
of the presence of the wall. EThis can be seen in Figure 12(d),
where the LSC velocity increehes sharply at about the time
the secondary shock reflects ffrom the target surface. Two
important conclusions are appirent fron Figure 12(d); (1) the
reflected shock communicates lhe presence of a target (reflec-~
ting surface) to the LSC Waveiﬂhich propagates at a higher
velocity than if the surface wire absent, and (2) the precur-
sor shock propagates at constaxi velocity with the energy re-
quired to support such propaga&ion supplied by the piston (LSC)
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via the absorption of laser radiation. It can bc shown that
Lhe riechanical energy is a small fraction of the total energy
ansorbed by the plasma. Furthermore, the prescnce of the pre-
cursor sinock produces a high pressure, aigh density region
into which the LSsC propagates. The formation and propagation
of the LSC~shock is shown in Figure 12(a)-(c) where we plot
tewperaturce and pressure as a function of distance fron the
target for tines of 22.02, 66.48 and 146.3 pscc respectively.
Lt can be scen that the LSC wave Propagates into a "modified
anblent" pressurc of about 2.5 atm, as opposed to the one
atriosphere assumption implicit in the comnon deflagration
assumption. llowever, it can be secn that the pressurc is
maintained nearly constant throughout the wave wiich is con-

sistent witih the deflagration approxinmation.

Before leaving Figure 12, an additional featurec is in-
cluded on Figure 12(d) which should be noted. We have shown
the position of the LSC front as deternined arbitrarily from
the location of the 8,000 °K isotherm, i.e., the position of
maxirium brightness to the visible detector. Also, for con-
parison ve show the position of a trailing conpression front
witich in fact corresponds to the region of maxinun tenpera--
ture behind the wave. The separation between thie two corres-~
ponds to the region of pPhoton absorption and thus is the
absorption length of the laser radiation.

For purposes of comparison, we include in Figure 13, :
an analogous calculation at a laser flux of 5><lO5 watts/cmz. 3
Due to the larger laser flux, it can be scen that the secon- 4
dary shock reflects from the target in a shorter time. Also,
we include on Figure 13(c) in addition to the tenperature ;
and pressure, the density profile. The existence of the pre- |
cursor shock is evidenced by the sharp rise in p and p at
about 9.6 cm. The pressure renains constant at about 3.5 atm.

through the LSC wave front, whereas the density decrcases
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sharply as the temperature increcases due to laser heating.
lividence of subsecquent compression of the plasma is apparent

a5 the wave cools behind the maximum temperaturce region.

A summary of our calculations is shown in i'igure 14,
witcre we plot LSC wave velocity as a function of flux. For
comparison, we plot the experimental correlation curve ob-
tained at USNW;[3b] v = 13 Fpd (cm/scc) for flux density
F(kw/cmz), pressure p(atm) and beam diameter d(cn) for

p=1atmand d = 0.5 cm.

The first observation is that our computed velocities
arc considerably higher than the experimcental curve. This is
duc directly to the influence of the target on our calculated
results. As we have indicated in Figures 12 and 13, the tar-
get influence persists to distances of at least 10 cm and a
tinne scale of at least 200 usec after LSC formation. The
151 measurcments were made at similar times and distances
and it was maintained that "target free propagation" was
obscrved due to the steady propagation of the LSC. This dis-

crepancy with experiment will be di. 'ussed in Section 3.3.

Secondly, we show two velocity curves entitled long
zonc and short zone. The long zone calculation corresponds
to an initial plasma length of 7 cn, whercas the second
curve corresponds to a short zone of 1 cm length. The long
zone curve shows a lower propagation velocity than the short
zone calculation. This result indicates the sensitivity of
the calculated results to the initial (ignition) conditions.
The long zone case remains more free from the target
(although not entirely free) than the short zone due to the

longer tine for the secondary shock to reflect from the wall
and its attenuation.

Finally, we numerically "force" the computer code to
reproduce the deflagration approximation (of constant onc
atnosphere propagation) by artificially compelling the pres-

surc to remaind at one atmosphere. This technique serves
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Lwvo purposes; (1) by maintaining the pressure at one atnos-

£ SEhl i Ca iy ala e O ol

phere, shock fornation and target induced hydrodynanic pro-
f cesses are elininated, thus the target free propagation mode
15 reproduced, and (2) mass is "artificially" lost from the

systoem, albeit at a rate which is not necessarily real. The

T e,

results obtained by this method of solution reproduce the
AGWU correlation rather well. Finally, we also show for coi-
parison, results from our non-linear solution obtained by

the uasilinearization model discussed in Section 2. Both

calculation techniques reproduce tlie results identically.

One further calculation was performed in which we
placed a constant pressure (1 atm) boundary condition on the
left end of the "tube", i.e., at the target surface. The
scecondary wave is thus not allowed to reflect. Results ob-
taincd by this technique lie nidway between the "long zone"

and "pressure uniformly equal to one atmosphere" results.

: In order to convince ourselves that the initial ten-
; perature distribution was not too artificial and not having
;' an exaggerated effect on the fluid dynamics, a calculation
was performed for fifteen microseconds with the pressure

held to one atmosphere, and then the calculation was con-

tinued in the normal way. The results seem to be quite

sinilar for thermodynamic profiles and for the LSC wave tra-

jectory.
3.3 DISCUSSION OF FOCUSED GEOIETRIC AIlD LATERAL EXPAIISION
EFFLECTS

As was indicated in Section 3.1, two potential 2-D
effects which we have studied are expansion due to focused
lascr beam geonetry and radial expansion of the plasma

beyond the confines of the laser channel.
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If the beam is focused, the laser flux will be greater
near the focus (say at the target surface) than at sonc dis-
Lance away frowm the target. The LSC will thus propagate into
regions of lower flux, thus explicitly reducing the veloéity.
Fur thermore, due to the nonparallel channel into which the
L5C propagates, the area through which flow occurs increases.
The flow process corresponds to variable area flow in a
channel with hecat addition. Since the flow is subsonic, the
arca increasc reduces the flow velocity. Results obtained
from a series of calculations arc slhiown in Figure 14. Herc
we plotted the position of the LSC front for the same lascr
flux at the focus but for channels with divergence half-angles
of 0°, 2.58°, and 5.43° respectively. As can be seen, the
trajectories are very similar for about the first 20 Usec of
propagation. After that, however, the LSC velocity becones

progressively smaller as the divergence angle is increased.

In order to interpret these results, we nust separate
the effect of the reduced flux at a particular channel loca-
tion from the purely hydrodynamic effect of increased channel
arca. If v = Fr where F is the laser flux and r the channel
radius, we find that simply from the reduced flux, that for
a divergence half angle of v5°, we would expect a velocity
reduction of about 75% from the velocity of constant area
flow. Within the uncertainty of locating the position of
the front., we find from Figure 15, that the velocity reduc-
Lion 1s about the same. We conclude, therefore, that the
radial hydrodynamical expansion due to thc increased channel

area has negligible influence on the propagation velocity.

One further aspect of two-dimensional flow was studied.
That is the radial expansion through the lateral boundaries
of the propagation channel defined by the laser. As was indi-
cated earlier and as is evident from Figures 12 and 13, the

pressure behind the LSC wave and between the precursor shock
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and the LSC wave is considerably greater than atmospheric.
Juce to this pressure difference, it is expected that flow
will be induced in the radial direction. 1In order to obtain
4 reasonable estimate - or to establish an upper bound on
this cffect - we chose to implement the nodel which is pre-
sented in Appendix C. We reason that the maximum velocity

at which the flow could expand rapidly would be if the pres-
sure in the cylindrical plasma would induce a cylindrical
blast wave which propagates radially away from the plasma.
The model presented in Appendix C was used to calculate the
velocity at the channel boundary induced by such an outwardly
propagating blast. This velocity is then used to compute the
mass convected through the lateral channel boundary, which is
thus removed from each computational zone during the calcula-
tion. This model was used for all of our calculations, thus
its effect is included in all of the results included herein,
¢.¢., Figures 12, 13, 1l4. Accordingly, we find that even
including such radial mass loss from the flow field, our
calculations do not agree with the MSNW correlation (except
for the p = 1 atm calculation). This indicates that the
radial mass loss is not adequate to reduce the pressure
benind the precursor shock-LSC system over the distance and
time scale for which the calculations were performed; i.e.,

" 200 wsec and 10 cm from the target. That this is true can
be scen from Figures 12 and 13 which indicate that the pres-
surc levels remain high over the duration of the calculation.
For instance, we find that for the case shown in Figure 3
(5><105 watts/cmz, R = .25 cm), the mass loss rate from a

zonc between the shock and the LSC is of order 0.5 gramns/sec.
Since the mass per zone is about lO><lO_5 grams, the charac-
teristic decay time, 10x10"° grams/0.5 grams/sec = 2x10” %

sec, is about 200 usec. That is, about 200 usec subsequent
to passage of the wave. We find no evidence of a signifi-
cant pressure reduction behind the wave in our calculations,

however. But, we do find that the combined effect of a
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tadial velocity and radial conduction is of suflicient magni-
tude to produce a plasma extending beyond the confines of the

ligyht channcl as found in the holograms and framing photo-
graphs obtained by MSNW.[3a’b]

We are thus faced with the conclusion that according
to our numerical calculations, the 2-D effects of radial
flow and channel expansion due to the focal geometry are not
adequate to explain the experimental results obtained by
JA54W. However, use of the deflagration approxination brings
our calculations into good agreement, thus indicating that
any target effects present in the 1SV experiments are small
indced. We must therefore conclude that according to the
vxperimental data, more target decoupling occurs in reality
than is predicted by a one-dimensional calculation. The two-
dinensional expansion over the target surface nust weaken the
reflected shoclk wave and result in additional decoupling over

the time scale of the experiment.

In order to model this phenomena, a 2-D calculation is
desirable. llowever, we feel that the stagnation point flow
field is undoubtedly highly complicated by turbulent mixing
with the expanding target material. A calculation of this
complicated phenomena, including a reasonable description for
the target vapor-shock wave interaction is beyond the scope
of the present study. Further work in this area 1s necessary

before such a computation will bear any resemblance to reality -
and thus be worth pursuing.

At the present time, however, for the purpose of
systems studies, interpretation of data and experimental guid-
ance, we feel that either our non-linear model, or the one-

dimensional variable area model described herein when coupled

with the deflagration approximation is adequate. Inclusion of
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non-liacar cffects and loss termns remove most of the discre-
pancies noted by MSNW. The results obtained by us as dis-

E cussed in this section and in Section 2 seenm to be physically
‘ consistent, and when interpreted properly are consistent with

experimental observations.

One area which has not been studied, however, and which
could be addressed by technique such as those described in
Section 3, is the transition from LSC to the LSD mode. This
could be very important for systems implications when using
repetitively pulsed lasers operating at low cw, but high-
peak powers. We have shown the existence of a precursor
shock whose strength increases with increasing laser fluence.
The eclectron-cascade breakdown behind the precursor shock is
responsible for absorption in thce shock zone and ultimate
decoupling of the shock from the LSC. The flux region above
about 5/-106 watts/cm2 will thus be dominated by this transi-
tion regime which evidences combined LSC and LSD phenomena,
and must he studied by numerical techniques due to the com-

plexity of the hydrodynamic processes involved.

3.4 THE CO/MBUSTION WAVE MODIL

The problem was solved from the numerical integration

of the Lulerian conservation equations for mass,

%% + Ve(pu) =0 , (28)

for momentum,

J (pu) 5
T———+V(pu)+\7p=0 ’ (29)

and for cnergy,

J
_é%gl + V'(pgc) + pv'g + V°g =0 ’ (30)
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where p is the density, u is the velocity, p is the pressure,
¢ is the specific internal energy and q is the generalized
heat flux (from radiative absorption and conductive and radia-

tive conduction).

To integrate these terms numerically, an integration
scheme developed by Chapman[zo] has been used. The scheme used
is explicitly given by Chapman and differs in the integration
of his Equation 3.21:

(Mn+l en+l R R )
2= u<jf%At it: Jvi/ C+W+ L

where C is the conduction term,

n+l _

3 n-!;
= (pUeA)j (pUeA)j

W is the work tern,

_ n+; ( n+; _ n+%)
W = PQj+% Aj+lUj+l AjUj

and L is the term peculiar to the LSC problem,

L = JR + JC + CR + CC + A (34)

llere JR and JC are the leakage of energy from the section by
lateral radiactive and conductive diffusion, CR and CC are the
transmission of energy between mesh cells by radiative and
conductive diffusion,

%[(AR)n+l Bs v (AR)?+1 A.][Tn+l _ 9*1]

j+l 75 j j+l

= Toayn+l 4 L o yntl A ][hn+l =




_ ‘ n+l n+l ][ n+l n+l]
Co = ;P*c)j+1 gy + 05 Ay |{ei] - (36)

J J

_ n+l _ n+l ][ n+l _ r1n+l]l .
ch)j Ay - 050 Ay |7 i

and A is the absorption of energy from the laser beam

+1

A = l-exp -K? ax  AFRTL A

Fj+l is the laser flux impinging on mesh cell j from the
direction of j+1. The flux is attenuated by the formula

Fn+1 _ p-n+l

n+l
it S Fj+1.bhfexPéKj+l Axﬂ Aj+l/Aj p (38)

where F?Ii = Fo’ the incident flux. The notation used in

defining C and W are given by Chapman and the formulas for

the terms contained in L are given in Section 3.2 of Boni,
. [(17]
Cohen and Su.

The energy difference equation is solved iteratively

since W and L are functions of egii. This is due to the

fact that the work term contains pressure,

Pn+l = p n+l n+l
ORI Chog 541

and L is a functior of the temperature,

Tn+l _ n+l n+l
3+ = (5, v o)

These two intrinsic functions are determined, in the case of
air, by a simple fit to Predvoditelev's data,[lS]

e = 5.036%10° 7% - p/p

’

Jj+1 i+l ' (37)
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for temperatures greater than 2000 °K, and by a perfect gas

approximation for lower temperatures,
e = % kT :

This cquation of state is plotted in Figure 16. The pressure
is given by the formula

p = (ne + nm)kT r
where ne and nm are the densities of free electrons and mole-

cules, respectively. The density of free electrons is calcu-

lated assuming Saha equilibrium

2 372
n _ 2(2mekT) Ei - L/KT
nm—2ne h2 9,
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4. EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF PARTICULATE
MATTER ON SHORT WAVELENGTH PULSED LASER PROPAGATION

4.1 INTRODUCTION AND BACKGROUND

During the past several years, theoretical work at
)
S’[“zl as well as work at the Air Force Weapons Laboratory[23]

has been reasonably successful as a framework for the inter-
pretation of obsservations based on dirty-air breakdown experi-
ments conducted at Avco-Everett Res

earch Laboratory[24], Lin-
coln Laboratory[25]

and at United Aircraft Research Labora-
Theoretical calculations have been performed

which are based on a model of particle induced breakdown which
considers vaporization of the particle due to laser heating,
followed by an electron cascade process initiated either in

the heated particle vapor or in the adjacent air which has

been shock-heated as a result of the rapidly expanding particle
vapor. It has been pointed out that this picture of the dirty-
air breakdown problem is similar in many respects to the target-

interaction problem except for the different geometry and

spatial scale. Indeed, the experimental LSD thresholds as

observed by Hall for plane-target interactions —

"infinite
diameter particles"

— are about the same as those observed in
above mentioned air breakdown experiments.
a5 we have pointed out previously[26]

Lhe Specifically,
the laser fluence associ-
ated with containment breakdown in air and for the LSD thresh-
olds are both of order 10 joules/cm? for

pulse times of order
107

sec and are consistent with an infinite diameter particle
it has been shown both theoreti-
cally and experimentally that the breakdown threshold for a
particle-laden atmosphere may be several orders of magnitude
less than the clean air breakdown threshold of about 3 x 10°
watts/cm? for CO, wavelengths depending on pulse length and

the particulate concentration and particle size distribution.
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The main thrust of the effort in the community over
the past several years has been to correlate and to under-
stand both the long-pulse and short-pulse experimental data
for CO, laser propagation, i.e., at 10.Gyp including the effect
of atmospheric particulate impurities. However, since it has
been shown that high fluence CO, laser propagation through
the atmosphere is limited due to non-linear effects, viz,
thermal blooming and gas breakdown, and that more optimum
propagation characteristics may exist at reduced wavelengths,
a large amount of work has been initiated to develop a high-
intensity laser source which operates efficiently at wave-
lengths lower than 10.6u. Accordingly, a significant amount
of work has gone into developing chemical lasers, such as the
DF laser, cold cathode electron beam stimulated lasers such
as the CO laser, hybrid chemical-electrical excitation lasers,
and finally most recently, relativistic electron beam stimu-
lated lasers which operate in the visible and UV regions of

the spectrum.

Based on inverse bremstrahlung scaling as discussed in
Appendix D, it is anticipated that breakdown thresholds at
rcduced wavelength should scale directly with the square of
the laser frequency w. Accordingly, the non-linear problem
associated with gas breakdown may be less restrictive at lower
wavelengths and a higher fluence laser pulse nuay be propagated.
Furthermore, it is expected that the breakdown threshold flux
increases as the laser pulse length becomes shorter. These
observations follow from the classical limit of a simple
energy balance equation, c.f. Appendix D, which relates the
rate of growth of average electron energy to the electromag-
netic field of the laser.

It is obvious that many potentially complicated effects
could and have been included in calculations such as those
carried out by us previously for CO) laser interactions. How-

ever, the utility of a simplified approach is highly desirable.
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The importance of timely, accurate and relevant experimental
data in the guidance and formulation of theoretical model
development is recognized as essential for the attainment of
a reliable solution to the objectives of the DARPA laser pro-
gram. For this reason, and because of the importance of ob-
taining answers to the wavelength and pulse length scaling
question, we have performed a small number of measurements
rclated to dirty-air breakdown at Nd-laser wavelengths. The
choice of the Nd laser (1.06u wavelength) was based on the
availability of an operational, high fluence laser facility
at reduced wavelength and pulse length so that interim informa-

tion could be obtained prior to the availability of appropriate
gas laser systems.

Experimental data are obtained and results presented
for breakdown of filtered air, Si02 fibers (9u) and carbon
fibers (6.6u and 68u) by 30 nsec, 1.06u laser pulses. It is
shown that the results correlate well with data obtained at
10.6u and that the breakdown thresholds scale, within the
experimental uncertainties, with the square of the laser fre-
quency between 1.06p and 10.6u. The lowest thresiiold measured
is for the 68y carbon fiber and is 2.3 x 19!'° watts/cm? for
the 30 nsec pulse length. Lower values are expected for
longer pulses. The smaller diameter impurities result in in-
creased breakdown thresholds approaching the flux limited value
of 3 x 10'! watts/cm? for clean air. As has been found for
Lreakdown at 10.6u, we find an independence of breakdown

threshold on the material composition of the impurity.
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4.2 EXPERIMENTAL

The test matrix included a limited number of experiments
related to dirty-air environments but was principally concerned
with breakdown of single, small diameter fihers. We performed
measurements on SiO, fibers (9u diameter) and carbon fibers
(6.6 and 68u diameter) in both air and argon atmospheres. In
addition, the breakdown threshold for filtered air (0.1u fil-
ters) was measured. As mentioned, the experiments were con-
ducted by S*® at the Battelle Columbus Laboratories on the CGE
640 Nd: Glass facility with the laser operated in the single
pulse, 30 nsec FWHM mode. This facility is capable of pro-
ducing up to 450 joules at 30 nsec, although we used signifi-
cantly less energy in our experiments. A schematic layout of

the experimental arrangement is shown in Figure 17.

A one foot diameter, one foot high, evacuable metal
cylinder was used as the test chamber. The chamber was
cquipped with a number of ports around its circumference for
diagnostic access. The main laser pulse is brought into the
chamber unfocused, with a diameter of 7 cms. All of the beam
focusing was performed inside the chamber with a lens of focal
length 3 meters. An extension port to facilitate the long
focal length lens was provided. The flux density at the focal
volume was varied by changing the laser operating parameters,
i.e., by varying the energy input and number of amplification
stages, rather than by repeated changes of the focusing lens
and/or the size and location of the focal volumes which was
maintained constant thrcughout the experiment. TLaser bean
diagnostics include incident energy, beam size and spatial
distribution, and tine dependence of the incident pulse. “The

incident energy and pulse time dependence and focal position
was nonitored for each shot.

Diagnostics of the breakdown event for each shot in-
cluded the following: (1) a measurement of the transmission

of the pulse through the focal region, and the tirie dependence

56

i Sl o) oo ok L




2 g

T

-

-

R-2344

ssoTpN1s umopi[edIq I03 jusuebueiie Tezusurtasadx]

zeser

*LT 2aInbTa

911-9l1

4 e

I0IITIT

Js3a3nos
ittt

/

1537173

spoTpoloyd

Gy

To3ands zosel pasind pp
rrrag

IDFBLUTIOTED == “

AIIIv S

N
S EYS ﬁv ﬁ
SpoTpoloyd .ﬁ”nluuv

|
|

2poOITOIT

=l

eIowes
e I13s

wESNE B A Bal A el S B KR RS S RIoN s et

i st e G S

f///////MHMHHHMme

SPOTRO3IOY4

I~
4
%

5¢

1




of the transmitted pulse, (2) a measurement of che time-
resolved emission from the breakdown region, (3) open-shutter
photography of the breakdown region, (4) streak camera photo-
graphy of the breakdown region, and (5) time resolved cross

beam absorption by use of a He-Ne laser.

It was determined that the transmitted laser pulse
and plasma emission measurements were good indicators of the
breakdown event. The streak camera records were useful in
establishing the location of plasma luminosity at distances
away from the fibers; however, a time-delay fault in the
camera (of 123 nsec) did not allow the plasma motion during
the laser pulse to be measured. Since the program funding
provided for only a one week stay at Battelle, the problem
was not resolved and accordingly the streak camera records
voere of limited usefulness. One additional difficulty encoun-
tered with the experinent was with the cross—bean transmission
Nneasurenent. It was discovered that due to a predominance of
fiber material in the plasma, plasma emission at 6328A was
sufficiently great that meaningful absorption measurements
could not be obtained. 1In retrospect, a polarizer placed in
front of the photodiode should be adequate to eliminate the
unpolarized plasma emission from interference with the polar-
ized He-Ne radiation.

In any event, good and reproducible data were obtained
on laser transmission through the focal volume, plasma emis-
sion and open shutter photography. By a combination and inter-
comparison of these diagnostics we could determine whether
breakdown occurred and at what time during the pulse, the per
cent transmission through the focal region and the shape of
the breakdown plasma so produced. A)so, measurements of the
plasma emission have been found to be useful indicators of
breakdown and correlate well with the through-transmission
measurements. Due to the emission from the heated and vapcr-

izing fiber, the emission level increases during the laser
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pulse and then decays well after the laser is turned off.
However, the initiation of gas breakdown causes a significant
incrcase in the emission level over and ahove that present
due to fiber heating and vaporization. The duration of the
"blasma flash" then indicates both the existence and the

duration of the breakdown plasma.

The size of the laser beam at the focal point was
measured by calibrated "burn paper." It was determined that
the focal spot was 0.075 cm in diameter (mean diameter for
a slightly oblong spot of .070 x .080 cm) at the one-half

power point.

4.3 EXPERIMENTAL RESULTS

First of all, we discuss features of our observations.
For the air breakdown experiments, a typical plot of the
incident and transmitted laser pulse and the plasma luminosity
trace is shown in Figure 18. It is shown that breakdown
occurs very near the peak power point as evidenced by the sharp
reduction in the transmitted pulse trace. The plasma luminos-
ity trace indicates that the emission increases to a maximum
and then decays over a time period of about 1 psec. This
value of decay time is typical of all our results. The photo-
diode used to monitor the plasma emission was displayed on a
much longer time scale than the laser pulse, thus the emission
rise time was not determined. The ma.imum value of the plasma
intensity and the decay time were the primary parameters of

interest.

Two separate methods were utilized to establish the
breakdown threshold and will be illustrated for the case of
the filtered air. First of all we plotted the percent trans-
mission thrc *gh the focal region as a function of energy
incident onto the focal spot. As is shown in Figure 19, the

transmission remains at a constant high value until the
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15 joule point, at which a sharp break occurs and the trans-
mission drops rapidly to less than 10%. Also on Fiqure 19, we
plot the emission from the breakdown region ns measured by a
monitor photodiode. It is seen that below 15 joules, no de-
tectable radiation is emitted, whereas for laser energies
greater than 15 joules, the emission from the plasma rises
rapidly as the laser fluence is increased. This is the visible
spark or flash which occurs upon breakdown. It is believed
that these two methods utilized simultaneously (along with the
observation of a sudden drop in the transmitted laser pulse
trace) present a clear and unambiguous determination of the

existence of breakdown.

The energy of 15 joules onto a focal spot area of
4.4 x 107°% cm? for a 30 nsec pulse yields a breakdown threshold
of 1.1 x 10'' watts/cm?. Since the focal spot diameter is
about 0.075 cm, it is believed on the basis of theoretical cal-

[22]

culations that diffusion losses are negligible. The value
for breakdown threshold is about a factor of 2-3 lower than
the commonly accepted value for clean air. Even though we
filtered the inlet air by use of a 0.1y filter and evacuated
the test chamber before admitting the test gas, the reduction
in threshold from the clean air value indicates that presence
of some impurity particles of diameter as great as lu. This
observation is not surprising, if one recognizes that the focal
volume subject to the breakdown fluence in our experiments was
relatively large due to the use of a three meter focal length
lens. Thus the peak intensity region was over 1 cm long and
the presence of a very low number densitv of impurities could
lead to the existence of containment particles within such a

large focal volume. For instance, with a focal volume of

4 x 107? cm?, a particle number density of about 2.2 x 102 cm™?

would lead to the existance of one particle within the focal
volume. Indeed, the open shutter photographs indicated that the

breakdown region was not localized to one spot from shot to
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shot for the air shots, indicating the presence of particles
within the focal volume. Also we saw cases of more than one
breakdown within the focal volume. (Placement of the fiber
within the focal volume, however, always localized the break-
down origin at the fiber.) 1In any event, the purvose of mea-
suring the air breakdown threshold in these experiments was

to characterize the environment in which the fiber breakdown
experiments would take place. It has been shown that the back-
ground gas breakdown threshold is considerably greater than
that measured for the smallest fiber and thus does not affect

determination of the particle induced breakdown thresholds.

Subsequent to characterizing the background gas environ-
ment, we proceeded to determine the breakdown threshold of the
SiO2 and carbon fibers. A data reduction technique similar to
that described previously for the filtered air was enployed.
“he only significant difference between the data reduction pro-
cedure for the fibers and that for the air is that the fihers
affected the nature of the plasma emission curves due to the
heating and vaporization of the surface of the fibers. 1In-
stead of a non-detectable level of plasma enission until break-
down occurred, it was noted that the plasna enission rose slow-
l'y with increasing laser fluence. Then, at the tihreshold, a
break in the curve occurred and the enission rose much more

rapidly with increasing laser fluence.

One other interesting feature of the transmission curves
is illustrated in Figure 20 for the case of the 63u carbon
fiber. lere, we present two transmitted pulse curves, illus-
trating the behavior very near the breakdown threshold. It
15 shown that just under threshold, breakdown begins at the
peak pover point. Howaver, the breakdown is not self-sustain-
ing and dissipates quickly as the laser fluence decreases.

“lhie plasma cnission renains low as is shown.

Just slightly over thresiiold, however, the breakdown

begins before the peak power point is attained. liigh beam
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attenuation is maintained throughout the laser pulse. 1In the
example shown, the threshold is not exceeded by much, however,
and partial transmission is recovered as the laser fluence

decreases. Also note the significant increase in rlasma emis-

sion in the "just over threshold" case.

A further increase in laser fluence produces full break-
down and the transmitted pulse remains near zero for the full
duration of the laser pulse. Near zero transmission implies
full blocking of the beam, which indicates that the breakdown
pPlasma expands rapidly to fill the cross section of the focal
volume and subsequently propagates up the beam as a LSD wave.
The open shutter photographs show a bright luminous column of

diameter equal to the focal diameter propagating up the beam
towards the laser source.

In any event, we have established the breakdown thresh-

old for 58y carbon, 6.6y carbon and 9u Si0, fibers as 2.3 x 10!°
watts/cm?, 4.6 x 10'° watts/cm? and 6.1 x 10° watts/cm? respec-
tively for the fibers placed in air.

The carbon fiber experiments were repeated in a fil-
tered argon environment also. 1In plotting the % transmission
and plasma emission curves versus incident laser fluence, it ?

was not possible to distinguish any difference for the break-

down thresholds between the fibers located in air or in argon.
This result is consistent with previous measurements[zsl where
it was found that the breakdown threshold in No and Ar were

practically identical for a background pressure of one atmo-
sphere.

b il T R

Ak ki Eanc L

In Figure 21, we summarize our results and compare with

tiiose of other investigators. First of all, we use the results
of Lencioni[29]

B

who correlated the available data at 10.6u to
obtain a plot of breakdown flux versus laser pulse length, in- ;

TR

cluding the dependence on particle size. 1In order to compare
with the 1.06u data, we have scaled the 10.6u curves by a
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factor of 100. The curve shows two distinct regimes corres-
ponding to short and long pulse propagation. For short pulse
propagation, i.e., < 10~° sec, the constant energy regime
exists. The curve shown has a slope of 1000 joules/cm?. For
pulse times greater than 1 nsec, the curve breaks and makes a
transition to the constant flux regime. It is shown that the
effect of increasing particle diameter is to decrease the
threshold and to increase the pulse duration at which transi-

tion to the constant flux regime occurs.

The data obtained by us is plotted at the 30 nsec pulse
duration. As can be seen, within the experimental error, which
is estimated to be about *+30%, our results indicate that the
1/)° scaling according to the inverse bremsstrahlung arguments
seems to he valid. In addition, results recently obtained by

Lencioni[30]

(after our experiments were completed) indicate
that 1/A% scaling is valid. One very important feature to
note here is that in addition to the fact that both our work

and the work of Lencioni[30]

verifies the 1/)? scaling, pulse
length scaling information can be obtained as well. Once
again, then, we have indication that the breakdown threshold
versus pulse length curves are similar for both 1.0€u and 10.6y

with the appropriate wavelength scaling included.

Also in Figure 21, we have included for completeness
(and to give some credibility for extending the constant energy
curve to 10 picosec) the results of two recent works. First
of all, the work of Ireland, et al.[3l] at 20 psec is in ex-
cellent agreement with the 1000 j/cm? extrapolation. The work

of McPherson and Gravel[32]

at 3 nsec is slightly lower than
the 1000 j/cm? curve. This small discrepancy is easily ex-
plainable, however. McPherson and Gravel conducted their ex-
periments with a mode locked CO,; TEA laser. The breakdown did
not occur until the 5th or 6th pulse in the train. 7™ ~y main-

tain that there is evidence that the first pulses of the train,
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while not causing visible breakdown, may have caused some pre-
ionization of the air in the focal region thus lowering the
threshold.

Finally, in Figure 22, the results presented in Figure
21 are plotted as breakdown threshold as a function of particle
diameter. Again, we scale the 10.6u results by a factor of 100
(corresponding to the 30 nsec pulse width) which are shown as

the dashed curve.

In summary, we can draw the following conclusions from

our work:

(1) There is a particle size effect on lowering the
breakdown threshold for particles between 1lu
(estimated size of the impurities present in the
filtered air experiments) and 68u. The smaller
particles require a larger investment of energy
since the rapid hydrodynamic expansion for the
smaller particles imposes greater energy loss
mechanisms. The larger particles expand more
slowly and represent a smaller loss.

(2) At least for the two materials which we have mea-
sured, there is an independence on material com-
position of the fibers.

(3) For 1 atm ambient pressure, we could furthermore
make no distinction between air and argon as the
background gas.

(4) The breakdown phenomena are similar at both 1.06u
and 10.6u and scale as 1/)? indicating that in-
verse bremsstrahlung is the dominant absorption
mechanism,

(5) Comparison of our results with those of Lencioni[30]
McPherson and Gravell32] and with Ireland, et al.[31],
indicate that pulse length scaling is similar at
both 1.06u and 10.6u.

(6) According to the scaling arguments, particulate
matter should have no effect on pulsed propaga-

tion for pulse lengths less than 1 nsec at both
1.06y and 10.6yu.
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In addition to these conclusions regarding the phenome-
nology, one can conclude that simultaneous measurement of pulse
transmission and plasma emission produces an accurate means
for determining the breakdown threshold of gaseous as well as

particle-laden atmospheres.
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APPEIIDIX A

DETAILS OF THE METHOD OF QUASILINEARIZATION
FOR APPLICATION TO THE LSC PRODLLE!

Al DERIVATION OF EQUATIONS

The theoretical basis underlying the method of quasi-
lincarization has been presented in Section 2.4. The govern-
ing differential esquation to which the method is to be applied
is Bguation (22a). For simplicity, we define A = Ac+kr and

J - Jgti.. 'Thus, Equation (22a) can be written as

B, gy W s

H

e —— ——

_{am _a%r  -1dx fdt\% PoVo dn ap kg ol
Naxr T a7 t o dTax T T -1

[\
>
Q
H
£
b

over the domain

-0 { ¥ < o N

Lquation (A-1) is a second order equation (or equivalently
two first order equations); however, we can apply the method
of quasi-linearization (Equation 22) without separating

hquation (A-1) into two first order equations; viz,

d2Tk+l - de- di+l ) di
dx2 a(éz) dx dx

oy il (Tk+l - Tk> + 1 .
In order to simplify the notation, we define

Lodir PoVo dh
P d(dT) X dr

dx

>
ol
H

- o Lldral
A dT dx



Tl g [d._z_h_ _Ladn sz_t] Po¥o az
dTi dT2 A dT df A dx
} 1_31_1_@2-;<}_<kL¢"3> —
by 972 2 dT N T A
kp9=3 aa
+ 2\ "—l:" .
)\ L

"hen for the (I+l)st iteration, LEquation (A-2) can be writtcn

as a linear sccond order differential equation

2k+l m iz
T - E - A LRI LI (A-5)

dx

— < X < ®

where

sT =P Ix + Tt - HT 3 (A-6)

Lquation (A-5) should be integrated and the boundary condi-
tions 4, 5 and 6 applied at the far upstream (x = -«) and
downstream (x = «) boundaries. In order to satisfy the boun-
dary condition at both cnds, we first integrate Lguation (A-5)
from X = 0 to -« and then from 0 to «, wherc the temperaturc
(Tin) of the wave at x = 0 is arbitrarily chosen (in many
cascs it can be chosen as the ignition temperature). Then

the wave velocity will be determined by matching the slopes

of the function at the matching point, x = 0.

In the upstream portion (0 < x < -«), Equation (A-1)

can be transformed as
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where x' = -x. Obviously, by comparison, LEquation (A-1) can
be used for both regions with negative velocity (—vo) for the
upstream portion and positive velocity (vo) for the downstream
portion. Then Equation (A-5) is valid from - <X < », with

the appropriate velocity for each region,

2—pg—£-r’l‘+s=0 (A=7)

] where superscripts k and (k+l) have been omitted for conven-
ience.

To apply the method of quasilinearization, it is re- L
yquired that a particular solution of LCquation (A-7) be inte-

grated from x = 0 to » with the initial condition

2-pg—r—i—rT=0 (A-8)

are obtained with the following two sets of initial conditions

at




By virtue of the properties of a linear cquation, the total

solution should be

T =T+ CT, + CyTy (A-9)
= (—1—'2 =q_. +C,q., + C,g (A-10)
4= 3x p 19 29 :

llow we can apply the two point boundary conditions to deter:--

minc the two constants, Cl and C2. Applying houndary condi-

tion T = T, at x = 0 to Equation (A-9) gives C, = T. , and

in . aT 1 in
applying boundary condition g = Ix = 0 at x = » determines
¢, as

2

q, (=) + Ty (@)

C, = -

2 qd(m3
Once dT/dx = 0 at x = -« is satisfied, the other boundary con-
dition, T = To at x = -», is automatically satisfied by LEqua-
tion (22). 1In practice, instecad of integrating Equation (A-5)

to infinity, one integrates to a large x where %% approaches

zero.
Since the method of quasilinearization is an iterative

scheme, an initial trial solution is guessed, then pk(x),

rk(x) and sk(x) are calculated according to Lquations 24, 25

and 27. Due to the drastic changes at the wave front, it is

fcond that the integration of Lquation (A-5) in x can be best

performed by the following simple method. First, we divide

tiic x coordinate from 0 to x_  into many intervals with dif-

ferent spacing h.  The value of h depends upon the changes

of p(x), r(x) and s(x) with respect to x. If h is small

f enough p, r and s can be considered as constants in each inter-

val. Then Equation (A-5) becomes a second order linear dif-

ferential equation with constant coefficients over each inter-

val




2

dcor, drT.
i+1 i+l - B .
= - p(xi) i - r(xi)lj+l + s(”i) =0 . (l.-12)

The solutions of the above equations are straightforviard and

depend on the values of p(xi) and r(xi). The solutions are

alh ol 9
T(xi+l) = Ae + Be + m ’

where
daT uZS(xi)
A = [— o + OL2T - ﬁ'—)—-r xi /((12 - dl) 7
ar als(xi)
= [d\ TNt Ty /(0‘2 =Bt
tndd (A-13)

For P(xi)2 + 4r(x;) > 0; and,

T(x ) = eah(Acoth + BsinBh) + ?(xi)
RN ] eriS 4

where
A= Ti = s(xi)/r(xi) ’ (A-14)
. 1 ‘dTi rAl u s(xi)
£ |dx i rixi5 } '
1
a =§-p(xl) ’
and

T T CT T T I p—— s aa telal o S

T AT g e



for p(xi)z + 4r(xi) < 0. For the homogeneous cquation (A-8h),
the above solutions are valid with s(xi) 0. After each inte-

gqration with respect to x, all Tp(xi), qp(xi), Tc(xi), qc(xi),

Td(xi) and qd(xi) values are stored. Then the constants Cl

and C2 are determined from Equation (A-11). Finally the

value of Tk+l(xi) and qk+1

(xi) are calculated according to
Equations (A-9) and (A-10) and they are ready to be substi-
tuted into Equations (A-4) (A-5) and (A-6) to calculate the
functions p, r and s. The iterative procedure continues

until a convergence criterion is reached for the constant C

2
in two successive iterations.

A2 METHOD OF SEGMENTATION

The principal numerical difficulty involved in solving a
two point boundary value problem, especially where the "other"
boundary condition has to be satisfied at a large value of
x, (or at infinity) is numerical "overflow" of the computer
during the process of integration. For example, consider the
following equation:

dy _ pdy _ 1 -
£ -p a% R+S =0 (A=15)

vy, at x=0 (A-16)
QX = = o —
= 0 at X . (A-17)

The quantities P, R and S are all positive constants. Assume
(P2 - 4R) is positive, then the solution of Equation (A-15) is

U, X Otzx
y = Ae + Be + S/R (A-18)
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Obviously, oy is a postive constant, whereas a, is negative.
After applying the boundary condition at x = =, the cogs&ant
A is set to zero, and the exponentially growing term e

will not effect the solution. However, this procedure does
no% apply for a numerical integration. Due to the fact that
the boundary condition at x = @ (or x = X_) will nou be
applied until after the numerical integration from 0 to x_
is finished, obviously, the positive oy willuciuse the inte-
gration to be terminated whenever the term e 1% is larger
than the upper limit of the computer. flence the integration
cannot be continued and the problem cannot be solved. This

is a very well knowr problem in numerical integration.

In dealing with this problem, we propose that the fol-
lowing procedure be applied to the method of quasilineariza-
tion. First, we divide the entire integration path into n
segments which are chosen such that within each segment, the
term eOLl *i+17%i) is well under the upper limit of the com-
puter. Then, two homogeneous solutions and one particular
solution can be obtained for each segment with the method

described above. The total solutions in each segment are:

Ti = Tip * Cai-1 Tic * Co4 Tia

i= 1'2'...n

Q= 955 * Coio1 et Coi Yia (A-19)
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with initial conditions

Tipin) = 0 5 ayplx; 40 =0
T.ox_ 1) =1 & g (%, 1) =0 1i=1,2,+*n (A-20)
Tid(xi_l) =0 qid(xi—l) =1 .

After each segment has been evaluated, the two point boundary
conditions can be applied to the systems, i.e.,

Tl(xo) Tl(O) = T,

in

qa, (x,0 =g (x ) =0 . (A-21)

At the same time, matching conditions are also applied ~t

each joint of every segment;

]

\
Ty(xg) = Tyq(x5)

i=1,2,¢00n-1 (A-22)
93 (%3) = ay470x5) .

Therefore there will be 2n constants Cl’ C2-°°C2n to be deter-
mined by the above 2n algebraic equations. With some simple

manipulation, Equations (A-21) and (A-22) can be written as

(A-23)




Doy = ip(x )
E qic (xi)

Since LEquation (A-24) is a tridiagonal system, it can be solved
simply and cfficiently by the following method.[l7]
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Yhe basic formula in Dquation (A-24) can be written
T

. -y + -~ - v — . 2 < RS 2 -
Am\“u—l Bnbm Lm+l 1)m a e (A-25)

How, let us assume a solution of Cn has the form as

Ca = wmcm+l * 9n ’ (A-26a)
or, for Cm~l’

‘-1 = Ym-1%m t I - (A26D)
Lliminating Cq,-1 betwveen Egs. (A-26a) and (A-26b) gives

D = A g
1 n m-n-1
B = Chay : (A-27)
AW * B, ™l Avo_1 * B

Obviously the W and 9, are
L

- 1 _
wm = T s (h-28a)
I m-1 m
D. - Ag
PR m-m-1 -
9In T Aw + B ) @rRate)
I a-1 n

To start the calculation procedure one first obscerves that
Cl = wlC2 + 9

llowever since from Equation (A-23), we know that
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It is apparent that

E" Wy =0 and g, =T, ; (A-29)

Then all the w's and g's can be calculated easily provided
that

: 1

Amwm--l i Bm

<1 .

With the definition of Am and Bm’ we can show that the above
criterion is always satisfied. Once all w's and g's are

known, it is simple to compute all constant Cn's according

to Lg. (A-26a) with C2n+l = 0.

7o denonstrate tihe above nethod we choose to solve the

following nonlinear second order ordinary differential equa-

tion
2
9—¥ = (a - 2y) ay _ b + ay2 ; (A=30)
dx? dx

with boundary conditions

Yy =y at Xx =0

where a and b are positive constants. This equation can be
P q

solved exactly[18] by defining a new dependent variable u as

. (A-31)

(\=32)
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Integration of Lquation (A-31) gives
3 u = cy e 4 b/a ’
or
dv _ ax b 2 il
T Cle + S N . (A-33)

vuc to the boundary condition at infinity, Cl is zero. There-
. 7 ax ., s
fore the exponential growing term c & is eliminated. Integra-

tion once more of DLquation (A-33) gives

v =1’2 tanh (C +\/9 x)
a a .

After applying the initial condition the final solution is

= 'b
5 ngo + tanh Ex

y =] —_ (A"34)

a -
a ’b
1 + 5 jo tanh ~ X

llec plot the above solution for the case where a = 10, b = 40

and Yo = 1l in Figure A-1. Also shown is the first few itera-
tions of the numerical solution by using the method of quasi-
linearization. 1ilotice that since a = 10, the exponentially
growing factor is ele. Therefore in the numerical calcula-
tion the total integration path (from 0.0 to 10.0) has to
be divided into 5 to 8 segments (the numher of segments is
determined automatically by the conputer programn whenever the
valuc of integration exceeds a prescribed linit). Without
soqnentation, the integration can only proceed to about '

1.5 without an "overflow". However, as one can scc from
Figure A-1, the siope of the first integration will not

approach zero unless the integration is carried heyond x = 6.0.

82




‘ueTqoad o1dues B 103 uoTjeziaesurTrsenb
J0 poujdw AQ UOT3FNTOS TEOTISWNU PUR UOTINTOS JOBXD UDSMRSOA UOSTIRdlIo) T°'V 2aInbtg




" ETE T — e e T, . i 2 cnd L Sl
T i x . me . "

R-2344

Therefore the method of segmentation is very important in
applying the nethod of quasilinearization to some nonlinear
equations. Also it is shown in Figure A-1 that in general
the method of quasilinecarization is a powerful nethod. With
an un-inspired guessing of the initial trial function, after
only three iterations, the numerical solution coincides with

the exact solution to within a half of one percent.

A3 HUNMERICAL INTIOD

Because of the highly nonlinear coefficients in ILqua-
tion (A-2) (sce Section 2.3), certain precautions must bhe
talken before routinely applying the nethod of quasilineariza-
tion. Since an itcrative procedure is used, the intermediate
solution will either overshoot or undershoot the exact solu-
tion. It is found that excessive overshoot or undershoot
will cause a termination of the numerical scheme. With a
large value of temperature (Ti), A can causc "overflow"
becausc of the exponential fitting of X, Iquation (14).

On the other hand, a negative 'I‘i (although it is physically
meaningless, it can occur in an intermediate stage of an
iteration scheme) will stop the calculation due to the unde-
fined operation of raising a negative nunber to a partial
powver, such as the calculation in Lquation (9). To avoid
these problems, the calculated tenperatures are forced to
exist in the range of 10 < T.l/lO4 < 0. At the same tine,
special care nust be exercised on the initial trial function.
Another problen which existed in the iterative procedure is
the zoning problen. It is found that in the iterative process,
the s{ope of the temperature, dTi/dx, can change violently
from one iteration to another before it approaches the final
solution. Due to this change, the values of o (Dquation

(A-13) and (A-14)) will becone exceedingly large such that ;

Lhe integration of q; or Ty is terminated duc to "overflow"
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within one integration step (this can not he helped by the
method of segmentation, since a segment consists of more than
onc step). Therefore a rezone capability is built in the
numerical progran to reduce the size of the integration step

to continue the integration.

As we nentioned before, because of the above nunmerical

difficulties, the initial trial function nust be carefully

selected in order to assure a fast convergent solution. To
denonstrate the method of selection of the initial trial

function, we will describe the procedure to obtain a solution

(1]

for the case of Bunkins experiment. A necodyniun laser is

incident on air with spot size R = 0.125 cn and the absorbed
flux of kL¢ > 1.57><106 watts/cm3.[6] To obtain a solution,
4 vie have to construct the initial trial function from a
i sinnler situation where the solution can be casily obtained.
l.et us rewrite the correlation function of *; Lquation (14)
as

o 4_ ;
SR 0D, < 17500 °X :

>
]

2.2x10

+3

(A.35)

4 :
8 e3(T/10 ~1.75) , T > 17500 °K i

3

Il

2.2x10

where a = 6.4. The first step consists of using an arbitrarily
chosen exponential function as the initial function for ten- ;
perature to solve the case vhere kL¢ = 1.57Xl06, a = 3 and F
neglecting the conductive energyv loss, i.e., jC = 0 (or R

equal to a large nunber, for example R = 12.5 in Equation (3))

with a given velocity V- In general, it takes about eight f
to twelve iterations to obtain a solution with less than one
percent of error in two consecutive iterations. Then by

using the final solution of the above casec (a = 3, R = 12.3)

bW G Ry

as the initial trial function we can obtain a solution within

two to eight iterations for the case where a = 3, R = 5. By

tlie same method, we then proceed to conpute solutions for

JUIST 9
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cases where a = 3, R = 1.25; a = 3, R=5: a = 3, R = ,25;
a=3,R=,125; A =5, R= ,125; a = 6, R = ,125; and

finally, for Bunkin's case where a = 6.4 and R = ,125. Usually
Usually two to four iterations are needed for each case, ex-
cept when the iterated solutions oscillate between two linits
with a very slow convergence. 7Then sn average method is used
and usually it takes about four to eight iterations to converge
to a final solution. Instead of using the ith iterated solu-
tion (Ti) as the trial solution for (i+l)th iteration, an

average metnod using (Ti+Ti_l)/2 as the trial solution for
Yi+1
Lach iteration takes about four seconds of computation time
on the UNIVAC 1108,

is utilized in order to expedite the convergence process.

As we de-cribed in Section 2.2, the LSC propagation
problen 1s an eigenvalue problemn. The propagation velocity
nmust be determined by matching the upstrean and downstrean
solutions at x = 0. All of the above described nunerical
nethods can be applied to either the upstrean solution
(negative Vo) or to the downstrean solution (positive Vo)
vith a given velocity. Then by varying the velocity, the
gradient of the tenperature at x = 0 vill change accordingly.
I"'inally, a graphical matching (Figure A-2) (or a nunerical
matching on the computer) of the slope of tho upstrean and
dounstream temperature profile deternines the propagation
velocity. With the velocity known, we then calculate the

natching tenperature profile of a propagating LSC wave.
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APPEUDIX B

USCR'S GUIDE TO PROGRAM TL'IP

TLEIP is programmed in FORTRAU IV and run on tie UIIVAC
1108. It is a double precision program. This program is
designed to solve the tenperature profile of a one-dimensional
steady state laser supported combustion wave. The numerical
nethod used in this program is the nethod of quasilineariza-
tion with the wethod of segnentation (see Appendix A). TLiP
calculates the downstream teuperature profile as well as the
upstreain tenperature proiile depending on the sign of the
given velocity. For a positive velocity the downstrean ten-
perature profile will be computed whereas a negative velocity
will give tae upstream profile. In order to obtain rapid con-
vergence, usually the initial function for any iteration is
the final solution of iteration (see Appendix A). Therefore
a tape is required to store the final solution for each case.

In the following paragraphs, we first define the input
variables and output variables. Then a typical run with
input and output will be displayed. Finally a listing of
TEAP will be included.

INPUT VARIABLLS

ASTART an integer switch.

0; the initial function is arbitrarily set in
the progran

l; the initial function is read from the tape.

i JBLOCK an integer nuaber

i When START = 1, tihe initial function will be read
§ from "JBLOCK" th block in the tape.

L 88
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I a double precision nuber.
The ignition tfmpcraturc or a starting temperature
at X = 0 in 10% oy, uspally "IN = 1,2,
RIN0} a double precision numrher.
The density of air at far upstrean.
RHO = 1,18 x 1073 g/cm3.
U a double precision number.
The given propagation velocity (cm/sec)
U > 0; downstream tenperature profilc is calculated.

U < 0; upstream temperature profile is calculated.

W a double precision nunber.

Lxponent of correlation forrmula of )} (Eq.

FLUX a double precision nunber.

Yne quantity ke (crg/cm3 sec)
o

RADIUS a double precision number.

The radius of incident laser bLbean (cm) .

1LPS a double precision number.

Convergent criterion

QUYPUY VARIABLILS

All variablec are in double precision, except K.

2 constant C2

KOLD Constant c, in previous iteration
&L X coordinate (cm)

T Particular solution, Tp

P Particular solution, qp

TC Homogenecous solution, Tc

O Honogenenus solution, A

Tenperature (lO4 °K) :

89 '?




e Tonperature gradient (104 °R/cm)

p Function p(T, dT/dx)

R Function r (T, d7/dx)

S Function s (T, dT/dx)

El k

ElL = @y when k =

when

Gl,

T2 L

o
]

az, when k =0

E2 R, when k =

i

integer switch

—
Y
i

0, exponential type solution

1, sinusoidal type solution

[ Table A.l shows a typical input data of YLMP. Jotice

that the initial trial function is read from the 9th blocik

in the tape (see Section 6 for detail of numerical calcula-
tion). Table A.2 shows the output of the calculation for the
input data shown in Table A.l.



R-2344

TABLLE B.1

TYPICAL INPUT DATA FOR TLIP

Reproduced from £
best available copy.

sINPUT
MSTART +1
JB_OCK +9

TIA
RH?

U

ax
FLUY
RAIIUS
FPS

. 1200000000CLLOGLCCD+CC
.. 130003000333012300-nNN2
160C00000GLOCOCLCCOD+ CCH
«33399939999993722990+0N1
- 1000000000000GLLLLI+ 01!
. ©500003000023033200+300
. .ggoo0coo0couLCCLOO-0C!
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K=2344

TABLL B.3
LISTING OF TEMP

EeE S TR T WP
THIS (OpE uSgs A guAS[-LxJEARlZATIOh TeentildJg Tu CURPUTE TeMPEnpaTUK,

IFPLICIT DOULLE PRECISION {A=Hs O=2}
CUUALE PReCIST )y LAMOAC ,LAMDAR
L AL ey IhE2
COMIUN/aaX/ahr
PavsorTen «Pespy, xP2x1.3, [pwllgl, InE10y10uizd0, )
COMMUN DADT,0BITVD2ADT 02807 ,0C0T,8,C
l'lAHuAC. LAMDAR. DLCDT.DLRDT|DZLCDT.DZLRUT.”"l.DNLDI.DPUT.“J.AJC.
20J0T,,0JCODT
COMMUN/TOT /XX (LP) ,TE(IP) ,uTOK(IP)
COMMuUN ,SUMK L, F((lP).Gc(IP).nC(lP),SKL(lP).rkL(lP).lT,TD.pLUX.AL(
1IP) geadD1us
COMMUL JECNS/ POIP ) REIP) ySIIP) 1N
DIMEHS|ON ]KL(<P),TP](KP).YCI(KP).WC!(NP).Qpl(kp).CUN(KPZ).A(KPA).
FARGKP2) g 0tKP 2 4y aslaP2 )y a(KP2) ,TDIIKP) ,uiDltrP)
DINCASTON (Litey, lE201P), LECIP) 4dD(IP), T (1P,
11 1S O ?((]P).T(([P).JP(IP),TP(]P).G(|QG)
VIMELSTOG HHIT4), NNIIN)
DATA NN/1.51o131.151.331.“010601053101601o12u1/
Dala mh/ e v20p=712ep=6920p=5, llD‘*olob‘3ullu-2.2-5n'2u§ln‘201o0
-1/
Bl NSO oK 1aD)
TRUYTVALEMCE (QU1 ) AX(]))
ar“Ll57/]WPUT/MSYART,T[M.RHU.U.JBLOCK.AX.RADIUS.FLUX.EPS
Pa=lvC(DTOX(IP) ) =LOCIXX(L)) 2
KPlapPe=|
KPHegpP=2
1PPe P
20 8/ ysl, xpr2
7 Con(ylsy,
21 READIS,INPUT , ENpx)IS)
JR[TL (6.[VPUT)
KCCmy
TaLel
“Cwl
Y= ATV E K
yotnusTer? Loy 1) GO TO 22
; aSH5UnE Ty ‘;MP£1A]U“E VARIES LINEARLY FheM ColdevpoN TH IT3Ceyp oY
A2=Hit(2)
M.]
]f(Ui22q027].221
22C TTl el jN=e 33
DTiwaTTinel 2L,
TTUNBD
EXTA=sjC3,
G0 Ty 222
221 TTINZ2e=T N
DT M2 e O T T 1y
TTiHa=TT N

95




Lo
N

191

24
23

Y
39

23

13

R-2344

TTunusZe

CalamC

YR )5 L)

HBnHLJ)

mine )

D0 9 jsmyN

K=X ey

AXX{l)=X

EXSEAP (= ATA® X))
TECI)RTTUN/T T [ Ne X
DIDX(1)sLTLHOEX

CONT I NUE

M=

00 Tu 23

CALL NTRAMN (l1,1.)

N0 24 K=l ,,JyBLNCK

CALL NTRAMUYI 420 W@oadst0922)
l'. ‘LQ QNL'Q 10) ”\ETURN-J
COUT INVUE

CONT indr

PRINT | ,1¢

FORMATIIOHTDR = 9,/7(1n L,1°10L1Z44))
FORMATUYCT = vy /(L H »1PIQELIUe4))
PrRINT 13

ALGEaTds D8 (T =aTlvg LOJP uUN TEMPEMATURE
PN 3 by 2 A

FURMAT (IHIy 'Cx=® DlQe4)

I (i £

con jwug

LCTa|CT ey

Pt =, PP

KLal

IKL())=]

DO 20 fal, 1P

IF (TEC]) oLLe Jo oOR o TE(]) oGTe 3eD!) GO TO 88
50 TU 89

TE(I)aTE(L1=1)

cUNTINU;

CONTINUE '

Y:"QJJ

CUMPOUTE DIFRIVvaTIVES DANT,02A0T,0B8DY,0280T,0¢CnT, Aku R

QG S lzl.l‘

[T=1

CALL DeREtTELy), CTOX())

Je®) /7

JHmuhe e

Pli)sopeller=4qe enpaT=200,8DTO0TDX(]))

ROLIE0INA(1) 8013 0 {GO(ReD24DT=DADTOORNT IS eEmy={y®D2RUT =D ITOO ) e, T
1OX(E) )= (DCDT 003 e032eUBDT) @] gCal
SUL)BPLI)IeDTUX([I+REISTE(]) =080 (1eF=HegopADT=bDTODTINX([))eLTDAL]
I)*C/t)‘lof_“’.

FORMAT (142, sxx, Tb, uaDT, LAMDAC, DLIDT, D2LCLT, LAMDAK, DLROT,

96




53

76

176

65

64

ID2LRuT, By DisDT, D2BOTY/ 1Ay YDTUX, FrLy SKLy» DRDTy PHL, DPDTs Ady
2 DIBT,; AJC, DJEDT, €y CDT /)

CORMAT (280, 11541 /2%, 11IDICeMy 14D, N6

CONT [NUE

IWWTEORATL TO 03TALlH DTLX

X8

Kx{lizjs

PLEREE To N

TP(1l)=d,

NCi1)m0,

TL([)'].

QD(1m1.

To(l)=sd,

Nlal

NEBINLM) -}

HaHH{M)

D0 6. lml] il

[13)+1

AmAeyy

IRESL[) /R

SaLsP(l)ee2+4,01(])

[ (5AL)Y 63y639n4

HETAS 58S5QRT (=SAL)

AasoebeP (1)

IRBREDR]

leifl)=AA

1E2(1)19RETA

MKLasliKL+]

FAMEAP(AA®H]

dAsBLTA®

CaAsCOS (BA)

SEASSIN(HA)

ClerC(])

C2=lwCl])=AAeC])/BETA

D1sTO(1)

D28 {WDl1)=aA*C1)/BETA

PlaTp(])=SR

P2siwpPll=nasp i) /d4ETA
WP{T1)SEAe({AAeP 1 +BETA«P2 )0 CBA* (AAeP2=uET AR’ )eSbA)
1F (ABS(9P{11)1 +GTe 1e08 ) w0 TO 74
TP(ll)sFaA®({PleC a+P20S(34) »5R

FCOL P ISEAS{{AReC | +BETASCI®CUA*{AASC2=HETACC )e5BA)
TC(li)sEA®(CleCRRAeC2eSD5A)
WOUTL)SFASLIAA®D)+BETA®D2)*CA+(AASD2=3ETA®D]1)*SBA)
TLU(IL)BCA® () ]1eCireD20SBA)

FORMAT (14, 6014, DITe%)y 13X, DIle4)
wd Tu 69 '
SALBORRT(SaL)

ALlIs S (Pl])*SAL)

AL2=e5®(Pl])=54))

1t (l1)eQ

Mici)saLll




R=-2344

[t 20 )may 2
"RLLsinbL e ]
L21leAal2=0n"' 1
ALIHEAL L ®)
] tAl2LXP (AL Ton)
FAZ3LAP (AL 2er)
The Cl=leGCipY+Aa 2T 1) /7a20
C23lgCctpl=alpotictld)/pazy
] Dim(=QDl)eaL2eT (L)) /A2H
N2m(Wpl 1) =ALlsTp(l1))/7a2)
PIs(=QP(l)*aL2eTP(]1)=aL2%5R)/A2]
P28 (WP Ll )=Al IoTpP(|)eALL®SRR)/A2]
IP(li)saLlePleE1+AL2eP20( 2
1F (aBS(UPL11)) +6Te 1lepd ) GO TO 74
176 Teli))splerajepefa2+5R
VC(ly)=ALIsClecajvALceC2zalA2
TCllu)esClolAl+C20FERN2
MUTrEaLi®) vea  *AL2*DZ2OLA2
TOGly)sidl ot al4su20EA2
A2 FORMAT (1A 701X,0D2104))
A0 CONTINUFE
ol MisN
35 InLENL* )= P
TCIARL)=2TCO1PE
WCHUNL) = C L IPE )
TOIURLY=ETO LI
BDLIKLIS L CTPE)
TPI(NL)=TP (1P
APLUANL ) sl [PE)
KL2®nL*2
CON(L)=T}u
CONUNLZ2+})="0
¢ CONPUTE TEST VALUE K=eaQP/JdC AND TEST
73 CONTiNUF
COLD=aCUN( 2}
I (kL e ie ) qu 10 83
nl{1)=0e
AGEL)=CNI (1)
XLishp=1
DIQ 2% 1 = Ak !
o flE 2]
L2=1 4 ¢
L= =1
AplLS)sQCtLy/TCrtL)
AR{LI}=TLTL (L)
A(L] )=TCl (L)
AlL21mn L )=To(L®AR(L2:
slLyrte=1P ()
D(L2)8=QP T (L)eTPI(L)®aR (L)
YiLl)ml g/ Catl)en (L) eA(L]))
L2rsl o/ Al L2 (L) eanL2))
ALl lLtLy)=adpldoanliLgt)eniLy)
t 271 AGiLZI=eDtL2rea(L2)AGILL) ) ou(LY2)
UKL=t e/ i) evilL2=i)+dp KL

98




T L e—————

R-2344

AGERLZ)I = (@UP (KL ) =CHIRL)®AGIKLZ =11 ) aWw (KL )
VO 2.2 L=KL2,2,-]
232 CONtLImNLIeCOu( el)oanlp)
20 Tu 1tay
41 PRINT 11, (COUN (UKD yJKm Y 4L 2)
b1 FORMAT (2(3x41Ppl2e4))
PRINT 6 ot 2),C0L0,Pu]
FORMAT(Y K = Y91 PDI2e4,y? KULD = '.IPDIZ-".IK.'Pr‘I".DIZ-‘H
D0 7L gsl,rL
EK®KLGJ)
MrEINLI el )t
Ig=2ey
BE NPLY
W Tl [ =MER My
TEOL)®TR LI 4C0 (gl ®TCUI)+CONIY) oT ()
rTvX(x)=wP(1)¢cun(J:)od((l)oCON(JZ)-wntlt
i conT inJe
7C  CUNTNVE
dJo IF (iPL ot Qs IPP) GO TU 82
IPl=lPE+]
DO Bo 1=IP, PP
T€Ec)aTECIPY)
DICKi{[)aDTOX(PL)
86 PRINT 4 xx(1), TP(I).QP(IJ.TC(i).QC(I).TE(II.DTDK(I).P(I).H(l).b;l
I lELCh yIE20T) , 1D
TEST OH K
2 1F GABSOICT/4=1CT/40) «GTs 1eE=g) GO TO [42
PrRINT 3
DO 141 1= 4P, g0
PRIMT @ BRily, TV(I)-?P(IJ'TC(I)OGC(l)-Tt(Ii-”TU‘(I)-P(Ii-”(l)ob(l
PIalEiti)lr20y),1601)
il COAT fnug
192  CONYINUF
VF (aBS((CNII( 2 )=COLD)/COLD) +GTe EPS ) GO Iy 10
RS PRI 121
121 FORMAT (3X,0 [T CONVERA{LSY)
176 PR[NT 3
193 00 I43 [=1,1P,15
193 PRINT 4 XX(), TP(]’.QP([’.TQ(IJoQC(1).TE(x).D1uA(1).P([).H(I).S(l
ValEiti ezt Jet)
133 CaLL NTRAW CEE a1 Qoo e22)
IF (LQ o it o I(_;', “tTUR‘J(.‘
17C 60 Tu 2}

¢3 CONE2)= (=GP [P)acub(1)eqc{IP))/4p(IP)
125 KCuK e+

CrdKC)=cont 2)

EOLLAY G, 1) 60 TO 1727

I e JLT% ) ouu 16 Al

KCi=en (=1

KEQAmC=2

K{3sn{ =)

IF (LK(KCY oGTe (K(KCI)) %50 1O 51

[F (LKOKCY) o T, CK(KC2))u0 10 o1

29




P teRtreed oGl Cringd))gw Tu ol

CKCK®m (CK(KCI*(K(KRCIVI/2,

TF (CKCr of b JeiiZ) GO Tu 81

(AvVS ]

CONT iNUt

PRILT 132

FORMLT (1h~, 65X, *AVERAGE CONVERGENT METIOD 1S ULSF /)
KCCanC( el

PRIMT [y (CONE KD, JKE], kL2)

PRINT &, CON{ 21 ,00LD

N0 33 Jal Kt

"'"K‘AK(-(J,

'4KOIP~L(J*I)'I

J2m2e

JI=ge=|

D0 34 JaeMEK  hi
TE([)'(TP(I)*()J(Jl)OY(([J‘CUN(JZ)OTU(l)’TL(I))/Z.
3TDx.l)-(uP(l).CUN(JI)-uc:l)ocbw(d?)-uu(l)+91DA(l:)/2.
CONT InUF

CONTINUF

IF 1RE€ <4f. 39 w0 TO 3

PRI 179

FORMAT (3%, vipgps MORE AVERAGE (TER TGN

ofl Ty 478

LE InL epdertm) U Te gy

1t (KL elLCe I 0 To 29

MKL=(

TPithL)=tP(])

TCrtnL =it

TOJthLI=TIDIt )

SPI(NL)sLP (]

eclinbdsluc (1)

DIt d=uwntg)

TP(] )=,

WP(II'G.

TCtii=),

wgllr=3,

T0(1,an,

Intli=l,

L=V

INLUERL ) =

LF CIELLYY 75,7%,76w

A

50 Tu 46

Bt & sxrgig rv(1).or¢x:.(L(x).wc<l).7L(Ii.u‘(A(:).P‘l).”(!).S;I
To b gV addt@FiqgogaE g

RE TUly o

FPORMAT (Tl ,0ay0(0, FEXS'TPYy 9aytlure, YAy tiet, 9A.'u('.lf‘X.'1'.lC‘
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APPEUDIX C

APPROXIMATE TREATMLUT OF RADIAL EXPANSION

(21}

According to Baker the radial position of a cylin-

drical blast wave is given by the fornula

where Ro is the characteristic radius, a, is the speed of

sound in the ambient air, and t is the time, extrapolated to
thhe time that the shock was hypothetically initiated at a

line source.

If we assume that the radial velocity of a mass element

the shock is proportional to its radial position,

u(r)

u(r) (C-3)

The chango in mass in a cylindrical volume of radius
R and length & is given by

m = pu(R)S F (C-4)

whore p is the density (assumed constant in the cylinder) and
5 is the curved surface of the cylinder. From this formula
ve get




e e

wvhere m i1s the mass in the volume of interest.

The time for a blast wave to reach R after being ini-

tiated at a line source is

o R a (C-6)

The characteristic radius is given by Baker as

s 4EO
o BYp P

(C=7)

whera EO is the internal energy per unit length in the blast
source, p is the ambient pressure, y is the ratio of speci-
fic heats, and B is a function of y. For air, y = 5/2, and,
therefore, from Baker, B = 4. For a perfect gas

£, = (v-1)"1 kr Rzpo

- 2
(y-1) . p TR o ’ (C-8)

where p is the pressure, T is the temperature, and o is the
density of the gas behind the shock, at the time to’ 1 3€e 5

wien the shock is assumed to be started at R. Therefore,

. =
e e __ k. »
RO RJW D ’ (C-9)

o
and from Equation (C-6),

= '
t to+t

o p
B_JX_(_L_l_)_Q.,. t? (C-10)

'
ao TTpO P
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whuere t' 1s the is the time after shock is initiated at radius

The difference equations presented in Section 3.4 are

modified in the following way:
1. The continuity equation (Eq. 3.10 of Chapman)[zol

has ﬁ?+l added to the right side.

2. The momentum conservation equation (BEq. 3.1 of

Chapman) has ﬁ?+lu?+l added to its right side.

3. The energy conservation equation (Eq. 31) has
ﬁj+leq+l added to its right side.

These equations are then solved iteratively until convergence

n+l

at time t is achieved.

Since m is a weak function of the pressure, it is
assumed that only one shock is propagating from an element
at any one time. The shock is initiated whenever the ratio
p/po 1s larger than some value non’ and is turned off when

the pressure ratio returns to some other value noff' where

>

Ton noff'
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APPENDIX D

A QUALITATIVE DESCRIPTION OF
LASER-INDUCED BREAKDOWHN

In order to obtain a qualitative theoretical descrip-
Lion of the breakdown process, it is necessary to consider
the equations which govern the electron density and electron
energy gain and loss processes in the laser field. It can
be shown that the electron continuity and energy conservation

cquations can be written respectively as:

e 2 2
: I - (vi - va)Ne - DV Ne = aRNe (D-1)
and
]
g_i - [—%Z—EZ—T - 2—% L]\)c $ Ty (D-2)
m(w” + ve) £
Here
v, = ionization rate
vy = attachment rate
D = diffusion coefficient ’
up = recombination rate
{
{ E = laser electric ficld strength
m = electron mass
; w = laser frequency
§£ L electron collision frequency
Ip = ionization potential
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il

N

. electron number density

elcectron energy

In Equation (D-1), the electron density increases due to ioniza-
tions, and decreases due to attachment, diffusion and recombin-
ation processes. As shown in Equation (D-2), we consider the
¢lectron energy to increase due to inverse bremmstrahlung and

to decrease by elastic collisions with atoms (and ions) and

by inelastic processes which are here limited to ionization.

At the start of the process, the number of electrons in
the cascade increases exponentially, i.e., the rate of change
of electron density is approximately constant. Neglecting
recombination during this early phase, it can be shown that
Equation (D-1) reduces to

N (t)
e _ — - 2 . _
N = exp{vi v, = D/A e = 2 . (D-3)

where k is the number of electron generations produced during
tine t. It is common to assume that breakdown occurs once
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