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SECTION 1

INTRODUCTION

The optical properties of a medium can be altered by a laser beam of
sufficient intensity. This alteration can range from relatively small changes
in the index of refraction leading to diffraction effects to complete breakdown
of the propagating medium. Thus, the interaction between a laser beam and
the surrounding environment can impose limitations on the size and intensity

of the beam that is to be used for a given purpose.

In the case of air, laboratory experiments with the 10. 6 4 radiation
from a COZ laser have shown that atmospheric breakdown occurs at an inten-
sity of approximately 2 x 109 watta/cmZ for sea level density (Ref. 1). It is
shown in Section II that this is about the saine intensity predicted by theoret-
ical considerations if it is assumed that initially there is one free electron

3
v per cm .

Further experiments indicated that the bre'akdown threshold for air
could be as low as 108 wattl/cmZ (Ref. 2). Since the later experiments were
carried out with air under normal conditions while the earlier experiments
used cleaner air wneeting laboratory standards, it was postulated that the
lowering of the breakdown threshold was due to the presence of an increased

amount of contaminants in the dirty air.

Contaminants such as quartz (SiOZ) and sapphire (Alzos) are assumed
to be present in the form of solid particles ranging in size from 1 4 to 100 4
radius. These particles absorb energy, finally reaching the vaporization
temperature and moving out into the air. Because of the higher absorption

of energy the contaminants can provide the initial source of electrons lead-

ing to atmospheric breakdown.

The purpose of the present study is to develop a model suitable for




M

investigation of the effects of contaminants on atmospheric breakdown. This
model utilizes where possible, the known material properties of the contam-
inant particle to determine the absorption of the laser energy and the subse-
quent heating. A one dimensional Lagrangian hydrodynamic code, CELAB %
(Contaminant Effects on Laser Air Breakdcwn), has been developed to com-

pute the motion of the vaporized material.

Semi-emperical expressions for the relevant molecular cross sections
are developed to describe the interactions between the free eleccrons from
the contaminant particle and the atmosphere. The calculated values for the

cross secticns are compared with the latest data available and found to give

reasonable results over a wide range of eslectron energy.

The results of preliminary calculations on quartz (SiOz) and sapphire
(A1203) particles of varying sizes indicate that atmospheric contaminants are
' an important factor in the laser induced breakdown of air. First, they supply
' a substantial density of free electrons for the coupling of laser energy.
, Secondly, because of the relatively high density of the solid contaminant, the . .
local degree of icnization in the neighborhood of the evaporated particle will
be high making the electron-ion interaction the dominant elastic collision
process. This, in turn, increases the rate at which an electron gains energy

from the laser and decreases the breakdown threshold intens ity.

‘b




- SECTION I1

AIR BREAKDOWN ANALYSIS

The intensity of high-power laser beams propagating through the
atmosphere is limited by atmouspheric breakdown. For the 10. 6-micron
radiation of the COZ laser, experiments on ordinary laboratory air show
that breakdown is initiated at laser powers of about 2 x 109 wattl/cmz. If
it is assumed that there is an initial density of free electrons in the focal
vulume of the laser beam then the breakdown process can be described by
electron cascade theory (Ref. 3). In this theory, the free elect¥ons in the
focal volume of the beam absorb energy by inverse bremsstrahlung. When
the rate of energy absorption is large enough for an electron to reach the

icnization energy during the laser pulse duration, there follows a net rate

of growth for the free electron population. If this growth rate exceeds the
ratc of loss of electrons to attachment, diffusion, etc., then the electron
density increases with increasing time and breakdown of the gas is taking
place. The breakdown of the gas is complete when the growth rate is large
enough that complete ionization takes place within the time of the pulse dur-

ation. The process can be described by the rate equation, ‘
t
(7 - @ )at
| N_(t) = N _(0)e (1)

where Ne(t) is the time dependent electron density, y is the growth rate,

and @ is the loss rate. Assuming that the rates are constant over the dur-
ation of the laser pulse, the criterion for breakdown requires that the growth

rate satisfies the condition

v e @
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At standard temperature and pre.uure conditions (STP) in air, complete

breakdown requires

where it has been assumed that a nomi=al value of Ne(O) =1 c:m-3 exists
and Ne(tp) =3 x lO19 cm-3. In the remainder of the report, the term .
""breakdown'' will always refer to complete breakdown unless otherwise
specified. .

The dorminant loss meéhanilm in air is 3-body attachmen-t to

molecular oxygen,

2

02+M+eao'+M (4)

where M is a third body. The rate for this process is (Ref. 4)

-1

@ ~7.5 X107.(p/p°)z sec (5)

where Po is the sea level density. At STP conditions,

7

y ~7.5% 10 +:—5' sec.1 (6)

P

Thus, for very long pulses, the threshold growth rate for breakdown is _
7=7.5x10" sec”! (7)

while for pulses in the nanosecend range

y ...:_5 - (8)
P
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J CROSS SECTIONS

a. Vibrational Excitation

The vibrational excitation of Nz by electron impact has been
studied quite extensively both experimentally and theoreticali - (Ref. 5).
In the theoretical analysis, it has been assumed that the vibrational excita-
tion takes place through the formation of a compound negative ion state.
Figure 1 shows the total cross section for the excitation of the first eight
vibrational states. It should be noted that the interaction, having a peak at
an energy of ~ 2.3 ev, is a resonant interaction having a cut off at ~3.5 ev.
For the calculations to be carried ouf in this report, an adequate represen-
tation can be obtained by considering the cross section as a constant

g, ~ 3 x 10.16 over the energy range 1.9 <¢ < 2.8 ev.

"b. Electronic Excitation

The determination of the absolute value of the cross sections fér
the excitation of molecular electronic lavels poses a difficult probiem both
experimentally and theoretically. The 1.108t frequently quoted _v.iluen for
N, and 0z are those given by E.:ngelhardt. Phelps, and Risk (Ref. 6) for Nz
and Hake and Phelps (Ref. 7) for O.. The method used by these authors is
to numerically solve the time-and space-independent Boltzmann equation
for the elgctron energy distribution function. Averages over this distribu--
tion function determine transport coefficients which are, in turn, compared
with experiment. Appropriate adjustments are made to the cross sections
until a satisfactory fit with the experimental data for the transport coeffi-
cients are obtained. The thresholds for the‘ various cross sections are
obtained from other experimental data. The cross sections giving the best
fit to the experimental transport coefficients over a wide energy range are
then plotted. |

More recently, Borst (Ref. 8) has made an experimental .deter-

mination of the absolute cross sections for the éxcitation of the AB}'.::.




alu‘ and Es}:; states of Nz. Ajello (Ref. 9)'h1|.alao made measurements
of the cross section for the excitation of the a Ilg state of N‘.,'.. There‘
appears to be substantial disagreement between the two meanarements. The
experimental data will be shown in appropriate portions of ¢his section
whez;e comparisons are to be made‘with calculated values of the cross
sections. | . .

An approximate method for the calculation of the relevant cross _.
aections can be obtained from classical mechanics. The transfer of energy

between two electrons is

. 2 : :
A¢ = ¢ sin” §/2 (9)
where ¢ is the kinetic energy of the incident electron and ¢ i; the scatter-
ing angle. The relation between the impact parameter, energy, and scat-

tering angle is (Ref. 10)

2
,=2°—€- cot 6/2 (10)
hence,
be = —S— (11)
1 +——§——4"4
e

where b is the impact parameter and e is the electronic charge.

According to classical mechanics, the cross section is defined
by the integral
b

M
| a(e)=2ﬂf bdb = b, / (12)
%

W RSN TN e

where bM is the maximum value of the impact parameter for the particular

interaction process under consideration. For electronic e:;cii:gtion. the

7

N




required value of the impact parameter can be determined from equatibn

(11) by setting A¢ = €

where €, is the excitation energy. Equation (14) has a peak value at ¢ = Zex

giving a peak value of the cross section

ﬂe4

Ox(ztx) * 3
l6¢
x

Equation (14) seems to give reasonable behavior for singlet--

1

singlet transitions such as 12:+ + a Hg. However._ for the singlet-triplet

transitions such as 12: ;—0 A32::. equation (14) does not fall off rapidly enbugh

with increasing energy. The functionab.form for the triplet excitation cross

section is

ahal 2

G (0 < 0y [ale - ¢ ))e ¢ (16)

where 9, and a are constants to be determined.
The maximum value for the cross section given by equation (16)

obccurs at the energy

= +
‘M ‘x




&

Setting 0" Z(x so that the peak cross section occcurs at the same energy

as predicted by equation (14) gives the result a = ¢,; , and

€-¢ - ele
) o " (17)

Ox(t) =0, o

Setting ¢ = Z(x in equation (17) and equating the resulting cross section to

the peak cross section given by equation (14) leads to an expression for Oy

4

" .
0, =0.461 & (18)

‘x
and
4 - ¢/
o (e) = 0.461 -:E; (; - (x) g (19)
X

Equations .(14) and (19) will be used to calculate the various electronic exci-
tation processes of interest in this report and the results compared with

existing experimental data and the results of other calculations.

(1) Nitrogen Cross Section for A38: State

The excitation energy for this state is about i " 6.7 ev
(Ref. 11); hence, the calculated peak value of the cross section will occur
at ¢ = 13.4 ev and the peak value of the cross section calculated from

equation (19) is ox(qu) =9.1x 10-17cmz.

The experimental data of Borst (Ref. 3) place the peak
at ¢ ~ 11 ev, which is in reasonable agreement with calculated value. The
measured value of the peak cross section is Oy = (5. 3f ;g) X 10'”cmz.
The upper limit is very close to the calculated value.




The calculated peak value of Engelhardt, et al. (Rcf. 6) is

1é’cmz. but their peak occurs at about 7. 5 ev, whici is about

g ®0.6x 10
4 ev lower than the experimental value. The calculated value of Chung and
and Lin (Ref. 12) has a peak value at about 11 ev, but their calculated peak

cross section is ox ~ 121 x 10-16cmz.

The cross section used by Kroli and Watson (Ref. 11) for

excitation of the NZ(A32: ) level is °

c;‘(t) = 3,45 x 10-16 (e - 0.7) e €/6'7.c'nz (20)

where ¢ is in units of ev. This is to be compéred with the equation used in

T N SR SRR i T H W TR g e L e, e TR —" e
.

this report,

s

V

- ¢6.7 cmz

'ox(() =1.01 x 10.16 (€-6.7) e (21)

Thus, Kroll and Watson obtain a peak cross section about a factor of

3 higher than obtained in the present calculation.  This is attributed to the
fact that Kroll and Watson multiplied by a scale factor to give the measured

low-frequency breakdown threshold in air.

Various excitation functions for the A3}:: state of NZ are com-
pared in figure 2. The peak value error bar given by Borst is shown to.
indicate the ﬁmgnitude of the experimental uncertainties involved. The
values of Kroll and Watson equation (20) are not plotte& since they a:re

similar to those for equation (21) except off scale a factor of about 3 higher.

(2) Nitrogen Cross Section for -B:‘sl'lg State

The excitation-energy for this state is about 7.4 ev, giv-
ing a peak value of the cross section at 14.8 ev of 7. 5 x lo-ncmZ calcu-
lated from equation (19). Chung and Lin (Ref. 12) repbrt both a corrected:

experimental excitation function for NZ and a theoretical one. These are

"o

10

M- wM
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shcwn in figure 3. Also shown is the theoretical curve obtained from equa-

tion (19) which is numerically

-¢/1.4

°x(‘) =7.16 x 10'”(¢ -7.4) e (22)

(3) Nitrogen Cross Section for C3Hu State

The excitation energy for the C3I'Iu state is about 11.2 ev
giving a peak value of the cross section at 22. 4 ev of 3.3 x 10-17ev. Chung
and Lin (Ref. 12) report excitation functions for this state both experimen-
tal and theoretical from other sources as well as their own theoretical
values. These are shown in figure 4 along witﬁ the m:periméntal values
reported by Engelhardt, Phelps and Risk (Ref. 6). For this case, equation

(19) becomes numerically :

- elll.2

(,x(g) =2.15x10° (¢ - 11.2) e (23)

values from which are shown for comparison in figure 4. ‘It can be seen
that in this instance the peak appears somewhat aha.rpez; at lower energies

than given by tke classical form of equation (23).

(4) Nitrogen Cross Sections for the a.III8 State

- The excitation energy for the alﬂg state is about 8.4 ev.
For this state, as discussed above, the form of equation (14) is appropri-
ate. The peak cross section in this instance occurs at 16. 8 ev with a value
of 5.8 x 10-17c'mz. ~Chung and Lin .re'port a theoretical excitation function
for this state, and experimental values are reported by Engelhardt, Phelps
and Risk (Ref. 6), by Ajello (Ref. 9) and By Borst (Ref. 8), all of which are

shown in figure 5. The numerical form of equation (14) for this case is

ax(q) =1.94 x lo-ls(c - &4)’/(.2 ' . (24)
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Values obtained from this equation are also shown in figure 5 for compari-

sons.

c. lonization

Exteénsive data exists for ionization cross sections in both nitro- o
gen and oxygen. Values obtained from a summary of these data are shown
in figures 6 and 7. Approximate empirical forms waich fit these data rea-

sonably well at least over the peak are for Nz:

D=9 - - ¢/5¢. {
o (d = 1.76 10713 ( 3 )e . " (25)

€

where ¢ = 15. 58 ev, the ionization threshold for Nz. For 0Z the empirical

equation is:

€-¢; ) - e/.15ci’
e (26) i

o, {e) =5.10x 10716 (—-——

€

where ¢ - 12. 06 ev, the icnization threshold for Oz. Values obtained
from these two empirical equations are shown for comparison in figures

6 and 7. \_

d. Total Scatteriﬁg

The total N, scattering cross section .reported by Golden (Ref.
13) is shown in figure 8. For comparison, an empirical fit is also shown

calculated from the formula.
-2( 2 5)z -15 -
gT(¢) = [1 +2e “\€ X ]x 10 (27) l /

All of the empirical formulae described above are approximate,

but considering the large uncertainties present in much of the experimental

16 l
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data available, these formulae are useful for purposes of estimation.

2. BREAKDOWN ANALYSIS

An analysis for the determination of the threshold field leading to
breakdown will be given in this subsection. The method for solving the

kinetic equation is similar to the method used by Baraff and Buch'lbaum
p~-. (Ref. 14).

An approximate kinetic equation for electrons gaining energy at a
rate k is

3 ) £ é ,
(3 +x &)tten = stas - v _ste.t (28)

where vxi l\g‘ + vi. \g‘ and vi are the excitation and ionization collision fre-
quencies, and

g(t) = [ (v *2v,Mle, tMe . (29)

The factor of 2 enters in equationl(29) since electrons are gained in the dis-
tribution following an ionization event in which the ionizing electron is left
with energy ¢ and ionizing events in which the ionized electron has an energy
€. The approrximation for the kinetic equation assumes that the rate at
which an electron gains energy in the oscillating electric field can be repre-.
seated in terms of an "effective" dc ffeld. This approximation has been

shown to be reasonable if the radiation frequency is much larger than electron
growth rate (Ref. 14). |

Defining the Laplace transforms of the distribution function f(¢,t) and
the function g(t),
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T(e.p) =/ f(e,t) o Pt at } (30)
o
¥ glp) = f gt) ¢ at | (31)
o

= f vie) Tle. p) de
o
where W¢) = zvi(g) + vx((). Equation (28) becomes

(k i— +p+ vxi) Tlewp) = 8(e) [1 +F ()] Gy

where the assumption
f (e, 0) = 0(c) : : (33)

has been used. Dividing equation (32) by [1 + g (p)].

(k ga;+p+vxi) Glep) = 8(e) ~ (34)

where f
& (e p) » LBl (35)

1 +g(p) F

Multiplying equation (35) by W(¢) and integrating over all .
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T e e ot LT TR chm % §"§-';l-‘ B Oh . :-;.
o
E' : :
| 5 | . |
] g 1 _
E /V(()G(Cv P)de¢ 1 +§'(p) /V(f) T((OP) de (36)
k o (o]
}
E
i Using equation (31), equation (36) can be rewritten as
- ~oy = DB
E )= T (37)
where
Np) = / vie) G (e p) de | (38)
A .
E Takigg the Laplace inversion of equation (37),
Btiw
1 N‘El pt '
S —— ; d 3 L4
g(t) = > / - N e dp (39)
B-ie

Equation (39) can be integrated by closing the contour in the left half of the
complex p-plane giving

gle) = - sl 7t | (40)
aN |
g <dp >p= 4 _ :

where y is the ..ue of p for which N(p =y) = 1. Thus, ¥ is the growth rate
for electron p.* luction and is determined by the condition N(-y) =1,

Solving e.uation (34) for (e, 7.
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€

l Pa i (]
'kl(7+vxi)d‘

Gle.y) = e (a1)

SuB-t-ituting equation (41) into equation (38) and using the relation_ﬂ(y) =1,

%/ vie¢) exp [-% (?( +] vx'i(f')dc')] de =1 | L (42)
0 (+]

- €

. f/ exp [-;1' (7( +jr vxi(c')dg')]dc =1 (43)

0 -

The first integral of equation (43) integrates to unity, hence,
i :

O

y = : -' | (44)
o_ X __ ‘/"vxi(t')d.c' 3 '

[.. k Iqo de




When the energy is less than the ionization energy, the numerator

.
P

of equation (44) is zero, thurefore equation (44) can be rewritten as

. . € :

| . . l 1 -
l : -y, Adk e - .Zs_k o /vxi(t') de’ :

§ de |

L i e e e s e e S B

! -
L Y= ) r; . - (45)

where

;' ' . i L% 35
vede= [ v ierae 5 (46)

and € ¢. are the ionization and excitation energies, respectively. , )

Equation (45) can be written in terms of a mean value of the ioniza-
tion frequency, ' : 4

y=<y>e

- ;x Ae/k [
Vi

. .
l- T B] | % . (47)
where B is a correttion factor describing the deviation\of the ionization fre-
quency from its mean value. The value of B can Tange lfrom B =0, corre--
ponding to no excitation levels, to B = w, correlpondmg to an infinite exci-
‘tation frequency. In the case B = 0, the 1onization frequency will be just the

inverse of the time required for the electron to ga.m an amount of energy

equal to the ionization energy.

sy L : (48) '
i .. . .

|
hence, ' NER AR s L e ',  | | j
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As a first approximation it will be assumed that B is small ard that the growth
rate is adequately described by :

- Ac¢/k

k .
y= — e - (50)
€

The electrons in the laser field will gain energy at some distribution

varying about the mean rate of 'energy gain. A general distribution function

of the form

n ¥ s i ..
j(k)dk=(£-) r—(l";k" Vem nk/k, gk (51).
- 1 (o)

where 5 is 2 numerical factor andko is the mean rate of energy g‘ain will be

considered. It should be noted that equation (51) satisfies the conditions

[j (k)dk =1

4 . Ty (52)
/m (k) dk =_k'°
o

If a value g = % is used etjuatipn (51) has a Maxwellian shape about the mean
energy gain. ' '

The mean growth rate is




“':'. : (53)
il where
H‘ . '.y = k/k ' (54)
|
| Making the transformation |
{ b o
( \TXA( )% ¢ ' (
= e 55)
y n ko
in equation (53) gives
( g ¥ z(" Ybe %
n nt1 s '
5o gl fetnrne, N o cosh{d ¢
T (nle, nk, .
- o i
< 1)/2 .' 2(2 ;"A‘ *
S + - - 2=t
5 iy ""ko v, Ae (". ) | k,
y=2 r(")‘i - ko cosh[(n + 1){ Je ; costhC.
’ | ~ (56)
The integral in equation (56) is a well known integral representation for a
modified Bessel function of the second kind (Ref. 15)

R
A= n ko & ntl. .
Y: 2t ('z?) Kps1(2) (57)




n \-J'xAt J ' .
z =2 ” (58)

o

Thus, one can utilize equation (57) to ltudy the average electron growth rate

for a very gencralized distribution in the rate of energy gain.

For the present study a Ma.xwellian type of diltribution function will

e i e e

be as lumed. thus,

§ - v_Ae e ol | '3
Fa %( x )[zkz(z)l (59)
i .
r" where -
' 2 ky(2) = lez— Kg p(2) =5 7 % (1432 3" z) o " (60)
B — | (61)

It should be noted that when z is large enough so that 3z” ! and 3z r

can be neglected in comparuon to unity then equation (59) has the particularly

i v_Ae i
‘y'-z(" )e‘” &5 | (62)
€ | o o

simple form

The only parameter in equations (59) and (62) which involves the laser proper--

ties is z, hence. the relation of the threshold field to the ltate of the propaga-

tmg medium can be seen qmte clearly.

Tl The rate at which an electron gains energy in the held of a laser beam '

is given by the relation
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2.2 : '
. e E ) -17 2 2, ergs : p
k0 = mez Ve " 3x10 . A ch (watts/cm’) = .(63) )

where ) is the radiation wavelength and P, as indicated, is in units of watts/

3
- : i
! cmz. Thus, in the definition of z, there is a ratio of excitation frequency to
1 total collision frequency. In a first approximation it will be assumed that _
1
’t v, g
} . Y B - Va LA
‘ and, in analogy to equation (46),
€.
b 1
c B¢ =/ o, (€) de il (65) !
€x
The electronic excitation processes to be considered are lhoyn in .

Table I along with other relevant information. The excitation of the Nz

6.1

Ex. . Ion.
Species State Energy(ev) Energy(ev)
Ax? 6.7
1
N al 8.4 15. 8
2 g .
C3ﬂ 11.2

12. 2

Ta_ble 1

Electronic Excitation Processes
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vibrational levels is assumed to have a constant cross section of

‘3 x 10-16cm2. over the energy interval 1.9 to 2.8 ev.

For the singlet transitions, the cross section is given by equation. (14).

-

Integrating over the energy interval,

| 5
4 €-¢
= e b4
%Af‘tf 7 ) de
x 3 €
S .

4 €. €. - € : .
8 [(@)-()] -
‘x ‘x € g

(singlet transition)

! The integral for the triplet transitions, using the cross section given
by equation (19),

€ .
: 4 ~ele
. -’ X &
o Ae = 0.461 T [ (€ -¢)e de
& Y

X

4 €. - ¢.le ..
=0.17 I (1,- 2.72 = ¢ ") ' (67)
‘x ‘x A

(triplet transitions)

The contributions from each of the levels is given in Table II.
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0 AG ' ' .
x
Species- State (cm-ev)
+ -4
A3): 6.38 x 10 '
u
3 -17
NZ C Hu 5.89 x 10
1 =
all 3.12 x 10 i
g
VIB. 2.70 x 10716 |
0 B:" 3.42 x 10718 ,
2 u
Table II

Contributions From Each Level

Assuming a composition of 78% Nz and 21% Oz. the total integral of the exci-

tation cross section over the energy range from threshold to ionization is,

o 8c=1.07x107"% em® - ev | (68)

The contribution from the Nz(c3 nu) and 02(532;) (Schumann-Runge band)

bands is negligible in comparison to the other states.

ff‘he calculated results for the complete breakdown of air, assuming |
an ‘initial electron density of one electron per cm‘3. are shown in figure 9.
The results of calculations by Canavan et al. (Ref. 16) are shown for
purposes of comparison. The agreement is relatively good but is somewhat =

higher than the quoted experimental value of p~ 2 x 109 wattl/cmz.
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Nevertheless, it is clear that the critical parameter in the determin-

ation of breakdown for a given laser frequency and intensity is the ratio

va €

v (69)

An increase in Ve corresponds to an increase in the rate at which energy is
absorbed by the elactrons. In the calculations carried out thus far it has '
been assumed that v, Was exclusively the interaction of electrons with neu-
tral particles. If a significant degree of ionization existed at the time the

e:\ergy‘wal being absorbed, this would be written

"cf\’en(”v—ei‘)' | - (70)

where Ve is the total f:ollilion frequency between electrons and neutrals and
Voi is the total collinion' frequency between elégtronl and ions. Because the
.ross section for collisions between electrons and ions, interactiqg th;ough
the Coulomb potential, is so much larger than the electron-neutral Eron
sec.ion, as soon as there is a significant degree of ionization the rate at
which energy is gained increases rapidly and the I'air will break dmyn at pro-

portionately lower power levels.

The implication of this is to lcok for some way in which the degree
of ionization /v the air is increased at relatively low power levels. This
usually ifnplien the presence of impurity particles, thus one must look at

the properties of dust particles in air.

Consider a particle in the atmosphere which is absorbing radiation.

The change in the temperature at the surface of the particle will be

c,p ~ l

AT ~ B 4 | oy %
' |
|
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where K is the absorption coefficient, ¢ is the radiation flux, c, is the
specific heat capacity of the absorbing particle, and p is the particle density.
As a typical example, one can consider quartz (SiOz) which has an absorp-
tion coefficient of K ~ 104cm-l at A ~10.6u, density p »2.7 gm/cms. and
specific heat capacity c,~ 1.3 x 197 ergl/gfn ‘K. The vaporization temper-
ature for SiOz isT =2.5 103 *K, thus, in order to raise the temper:ture
of the surface of the particle to the vaporization level in a time t~10 ec.
reqmrel a flux 9o ™9 x 107 watts/ cmz. The equilibrium electron density for

Ssz. which exists as SiO in the vapor state, can be obtained from the Saha

eduation,
2 3/2 :
Ne . [2gmiT 8, - ¢lkT
—— = 2 —————————— —_— (72)
N 2 g
n k a

where h is the Planck constant and g is the degeneracy. Solving for Ne .

Ne=-s—(§)-[-l+dl+ﬁ] . (13)

where S(T) is just the right hand side of equation (72). Taking a particle

density of N ~4 x 10zz m.3 and an ionization energy of €~ 10.8 ev, the

equxhbrium electron density at vaporization temperature will be N ~10uc -3.
While this is a significant increase in electron density, it is probably not
enough to lead to a major change in the breakdown\ power levels. Thus, one
must do a somewhat more careful study of the heating and. subsequent vapor-
ization of dust particles with particular attention ;:o various mechanisms for

eiectron enhancement.
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SECTION III . :
'THE HYDRODYNAMIC EQUATIONS

-T;vo separate models, one utilizing a single temperature for both
jons and electrons and the other model treating the temperatures separately,
have been developed for the description of dirt.y air breakdown. Fér this
report, however, only the more realistic two-temperature model has been
used for calculations. In both models a symmetry is assumed so that the
problem can be treated in one dimension. The Lagrangean form of the one-
dimensional hydrodynamic equations is used. The first three equa.tiénl are

essentially the same in both models (Ref. 17),

R . , " .
a U (74)
U __pa-1 3 ; i
at R YV (P +Q). (75)
a
1 :-l- aL - .
v c"a @ . (76)

expressing the definition of velocity U, the conservation of mom.ontuu-l and the
conservation of mass. The artificial viscosity Q is necessary for numerical
stability of the diffcrence equations discussed in Appendix I. The geometry
of the single dimension is plane, cylindrical or spherical for @ = 1, 2 or 3,

respectively, and M is the Lagrarigcan mass coordinate.

The one-temperature model is based on the assumption that the free
electrons are in thermal equilibrium with the neutral molecules and ions of.

the shock heated air and blow off vapor. The électron dénlity is determined . -
" by the Saha equation. The energy equation of hjyd,rodyna.micc is




a:_'-—av"-'a a-1 2T '
a "F 3t ekt 3 [xR. aa] (77)

. # 5
where y is the thermal conductivity, ¢ is the laser flux and K is the ‘effec- '
tive mass absorption coefficient for the material end free electrons. The
hydrodynamic description is completed by air equetion of state giving the

pressure P as a function of the density pand specific internal energy E. .

. In the two-temperature model, it is assumed that the electrons are in
a Boltzmann distribution at temperature Te' The electrons interact with the
neutral molecules and ions which are in a second Boltzmann distribution
with temperature T The total preuure in the momentum equation is the

sum of the partul prenuree of the electrons and ions.
P=P +P, . ' : (78)
e i . -

For notation, the neutral molecules and ions are referr‘ed to collectively as

ions. "

The energy equatiom now has separate components for the ions and

electrons,

3E,  _ .av a a-1 2T,  /m .
?=-Pi 'a—t+m- _ xiR aR +¢K +\J 2( iXEe-Ei.) (79)

L. &.a a1 Tel|, = = (PN
-1 =-pe at aT xen R +oKe-vc2(?XEe-Ei)(80)-

vxhe‘x viNe i -
= = - vE
n P a e

where Fi + i;e =P +Q, ; represents a collision frequency, ¢ is an energy,

and E is a specific energy. The subscripts c, x, aand i fepxjeeeut elastic
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collisions, excitation collisions, atta:hment, and ionization, respectively.

The change in the electron density is given by

3N 3 guy B L -
3% - P M DOR 3R +viN -vw N (81)

where De is the electron diffusion coefficient. Functional forms for these

"

parameters are discussed in the next section.

1. COLLISION FREQUENCIES

The energy losses within the electron and ion gases ar‘c_‘ expressed m
terms of the various collision frequencies averaged over some suitable dis-
tribution of energies. For the calculations to be carried out in this report,
it will be assumed that the components of the gas have a Maxwellian velocity

distribution about some temperature representative of the component under

congideration, thus

2 2
?E)
3

;’-NW €o(e)e

-¢/kT de (82)

where N is the density of target particles, m is the mass of the colliding
particle (in some cases the reduced mass), and g is the cross section for
the interaction under consideration. The integration is carried out over the

appropriate energy range.

a. Electronic Excitation

Utilizing equation (14) of Section II for the cross section for

singlet transitions,.

4 »
2 N e € - ¢ & , i
e B g [
cx(k'l‘e) 2m ¢ ! :

" - - — PR 1 - p—
e T T T P N T T N T N T L . W r g Ly wowm T -




te
K

where m is the electron mass, e is the electron charge, and. T is thc

o electron temperature. The integra.tion is straightforward,
. N o* } ¢ /KT [ ¢ /e \ e /KT
= . 5 r e X el X g [X)x e (84)
Yx e 2mkT kT_ 1\kT :
x e/ e e

(singlet transition)

where E (z) is an exponential integral of the first kind. In the .pecul case

( >>kT >
4 1 L 1
N e [#kT \° -¢ /kT :
= i = e e X © o U (85)
Yx 2 2m ; :
(x .

e ’

A similar calculation for the triplet transitions gives

L 4 r ‘ -
| X
0.340 N _ } -¢ /KT (r- ‘x"‘TeX"'+kT )
%W kT_ ¥ (z:&r)‘x A ~|i86)
! i 4

(triplet trin.igion)

b. Vibrational Excitation

'Tlie cross lectiori for the resonant excitation of Nz vibrational

levels has been assumed to be constant over the energy range of intei'elt.

henc e,

— ' 81'.'Te
vx e Nmov fm

(singlet transition)

e ST . o o om Lkl
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E -16__2
where o, "™ 3x10 "cm ., €O~ 1.8 ev and P ~2.8 ev.
t c. Jonization Frequencies
F For Nz. using equation (25) for the cross iection.
g 1. 64 x 10.15(.z 2 3 -(i/ch
- VLN, = - S N
B - b L | \3/2 fm €. M.
- el 145—
| | v kT
'y A (88)
f . W €
4 g i 5t
E - (l 9%t _J\' *6 iT
F e e
- 1+
7 X sti 2
1+ *T
e
and for Oz. using equation (26),
1.74 x 107 15¢ 2 , - -¢; /KT,
3:10.) = i € N
VitV2 3/2 fm €. m
("T 1+15 —2-
* kT
e
€. €
15 4§ 15 i
46"(1'29 kT )(“ 1 "f')
e : e :
x|1+ lS(i e . - (89)
l + ——— ; : ’
- 1)
: e
- d. Electron-Ion Elastic Collision Frequency
The elastic collision frequency for two particles interacting ' i
through a Coulomb potential can be evaluated from classical considerations -
(Ref 18).. The result, after averaging over thc relative vclocitiu is,




. 4 . i
- 4gNe
. \ V= ln A (90)
I/Z(ZkT) 3/2 . ,

where 'mo is the reduced mass and

As i‘%’ r =l | (91)

'p ® }.kT . e . (92)
41e (Ni + Ne) '

. Tl.u-. length, Ty is the well known Debye length and Ni o Ne are the ion and

. electron number densities, respectively. For the case of electron-ion

collisions, the reduced mass in equation (90) is replaced by the electron .

mass.

2. AMBIPOLAR DIFFUSION COEFFICIENT

When the Debye léngth in a plasma is small in comparison to the

characteristic diffusion length, the free éleqtron diffusion coefficient must . f

be replaced by the ambipolar diffusion coefficient. The Debye length is
defined by ' o

1 \
o " LZ , | (93) ‘ J
81Nee . 3 ‘

For typical conditions of interest, T ~ 3 x 103 ‘K, N » 10 s'cm 3. the

Debye length is TH~ 0 s The free electron dszunon coefficient under g
the same conditions will be D ~ lozcm /sec. The characteristic rela.xa-_. .

tion time of interest will be r~ 10 i sec., het;cg.
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g T |
LD~'VDeT.~10 cm. (94)

Thus, one must consider the space charge effects on the diffusion of the

electrons.

'To do 80 one notes that the effect of the space charge will be to cause
the electron to pull an ion along with it. This can be viewed as increasing
the mass of the electron in the electron diffusion coefficient by the mass of
the ion. The ion collision cross section with heavy particles will be about

twice th;t of the electron cross section, hence,

= 2D, (95)

This is correct only when the ion and electron temperatures are equal.
However, for purposes of the present report the temperatures will be close

enough over times of interest so that equation (95) can be used.

3. FREE-FREE ABSORPTION COEFFICIENT

The interaction between a current and an electric field is described

by the Maxwell's equations,

B

cvxﬁ=-aT ' (96)
rd

Reducing equations (96) and (97) to a single wave équation
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22 1 3B _ g 3 ,
vEs 5 25 2 3 (98)
c at c
where} is the current density,
7=-Nev (99)

where N is the electron density and v is the electron velocity.

The motion of an electron is an electric field is described by the equa-

tion of motion

where Ve is the collision frequency. Assuming that the vector quantities all

have the time behavior e~ @t where w is the oscillation frequency, reduces i
equations (98) and (100) |

" ei.'(\,cﬁw) . | i

vz - 53 . = -~ (101)
m(w +v) -

2 g 4q -+ AT N

v£+%ﬁ=i—zwnev . {102)
[+ [+

'Substitution of equation (101) into equation (102)

vzﬁ-l-kzg:O.
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- ane’N(y_+ 1)
k = E“i 1+i

(103)
mw(w~z+ vz)

Assuming that the second term in the square brackets is small in compari-

son to unity, one can use the usual approximation.

ZﬂezN(vc+ iw)

m 5
k~c 1l +1i 3 3 (104)
' muww +y)

The absorption coefficient will be jusi the 'imagina.ry portion of equation
(104)

2aN

i e s ] . .
Kee = T 1 % (105)
mc(w + v ) :

, 2

This is the usual form for the free-free absorption coefficient. The mass

a.bloi'ption éoefﬁciertt of equation (lb5) il just

(106)
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SECTION IV

PARTICLE DESCRIPTION AND INTERACTIONS

The size of particles in dry atmospheric aersols .range from about
0.005u to 20u. Stﬁaller particles are quickly attached to larger particles
and are found only in a region of constant production. Particles larger
than about 20y are lost by sedimentation and are found only in the vicinity
of a source. The density of particles versus radius shows a maximum
near 10p (Ref. 19). .

Air breakdown experiments have been performed on particles in the
range 40-100u (Ref 2). In order to compare our results with these ex-

periments, computer runs were made for partmlel ranging in dia.meter

from 12um to 56um.

1. © ENERGY ABSORPTION FROM THE LASER BEAM

- Euergy is absorbed from the laser beam by two processes: mass

absorption by the particle material, and inverse bremsstrahlung absorption

by free electrons. As the particles are heated and ionized, the mechanism

for absorptior of energy from the laser beam shifts f;om the first to the
second kind.

a. Mass Ablorption

In genera.l. it is necessary to know the mass: ablorptmn coeffi-
cients of the various types of dust particles which may be encountered in
the atmo-phere Specxﬁcally under conuderanqn are the materials AIZO3 "
S103. C. and NaCl as representative of the common types of particles
found in the atmo.phere The ab-orption coeﬁ1c1ent is needed as a functmn
of wavelength (at least for specific laser wavelengths of interest), as a
function of particle material temperature, and as a functmn of material

density as the part1cle <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>