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ANCTRACT

The status of the current work cu ruby laser induced yas ionizontion
is reported. Experimental measurement:c of the focused spot diarmeter,
breakdown emission, ionization times ard nonattenuation ionization are
The theoretical study results obtained to date in the ureas

presented,
and the extension of the ricrowave

of nonlinear ionization initiation
breakaown theory are discussed.
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I. TINTRODUCTION

A. PURPOSE

This is the second technical documentary report for contract numter
AF30(/02)3332 under the sponsorship of the Rome ‘ir Developrient “enter, he
period of work covered is from 11 August 19¢4 to 1l December 1974, The status
of the current work, results ol'tained %o date, and future mrk to be perform~d

are disnussed,

“his contract is for the investigation and study of the lLreakdown (ioniza-
tion) mechanisms of gascs at optical/infrared frequ~ncies. The investization
includes both theoretical and experimental research, ising lasers, into *he
power densities required to ionize air between aho:it 1000 pounds per snaire inch
an? lC—( millireters of mercury, and the mechanisms responsiile fer <:ct. ioniza-
tion., \pproaches employed account for mechanisms of btreakdown of severil pure
~ases 1nd gas nixtures chosen 'y the researchers, as well as air. Ionization
!5 determined as a function of tirme, pas ionization pot-ontials, pressure, fre-
quener of incident L:am, presence of outside agents (contiiner :mlls, surfaces,

ionizing radiation), ind other pertinent paramcters.

B. PROGRAM

‘s shown in th~ pas ionization program flow diagram, figure I-1, two
parallel prorrams were conducted, one for experirents and the other for theornti-
cal studies., A continuous interchange exists hetwren the experimental ind
study areas, permitting theory to help guide the experimental approach and the

experimental results to help develop and confirm the theorctical des-riptions.

-



r- EXPERIMENTS

EXPERIMENTAL

-

STUDIES

INVESTIGATE

NON-LINEAR
IONIZATION
INITIATION

MECHANISMS

DEVELOP AND
EXTEND BREAXDOWN
THEORY

CORRELATE
EXPERIMENTAL
RESULTS WITH

BREAKDOWN

THEORY

|
!
|
|
|
|
L

| |
| SET-UP | |
|  caveraTion | THEORY |
| i '
| | MEASUREMENTS ,l
NET IONIZATION | *l
| RATES l
l STATISTICAL |
I TIME LAGS I
| EXTENSION OF I
NET IONIZATION
| | mate ExperiMenTs l
WAVELENGTH,
POWER DENSITIES,
TIMES,
PRESSURE ,
GASES,

PRO.ESS DESCRIPTION

Figure I-1,

Gas lonization Program

S



"asicrlly, two types of experiments are to be performed: (1) the measure-
ment of the net ionization rates and (2) the statistical time 1lags. The
critical nature of the experiments required first an experimental setup
calibration. Tor program expediency, the net lonization rates experiments
are divided intc two phases, The first phase determines these rates for a
few representative gases at selected gas pressures and allows the basic
mechanism to he isolated early in the program, thus aiding the theoretical
analysis. The second phase extends these rate measurements for the full range

of pressires and gases,

The first set of net ionization rate experiments :{s to determine the rate
of ionization buildup once the process is initiated. If 1t is exponen-
tial, the mechanism can be characterized as an avalanche-type process
similar to the well-known microwave breakdown. However, if the buildup is
linear, the ionization rate must depend on a differert type of mechanism, At
th~ high power densities required for optical breakdown very high field
streng‘ s exist., These fields may be sufficient to induce direct ionization
of the gas molecules by photons, rather than depending upon the collision mechanism

that accounts for microwave treakdown.

The statistical time lag experiments are to determine how the ionization
process is initiated. The avalanche ionization buildup, which depends upon
initial ions being present within the volume subject to the electric field,
furnishes the electrons that start the ionization process. The random nature
of the ion distribution in the gases should cause a statistical time lag in the
icnization initiation for those mechanisms that depend upon their presence, If
the intense optical field can directly ionige the gas molecules, a much less

statistical effect in the ionization initiation will be observed.



The theoretical studies are divided into three areas. Two of the study
areas began in the early part of the program (i.e., the investigation of the
non-linear ionization initiation mechanisms and the development and extension
of the "reakdown theory). The third study area correlates the experimental
res'ilts with breakdown theory. If disagreement is evident, the theory will be
rnodifi~d to agree with the experiments to obtain a quantitative description of

the breakdown mechanisms.

C. 3TATUS

‘t the end of this reporting period, measurements of the focused spot
diameter for several lenses were completed, Data on breakdown emission from
‘repon during and after laser irradiation were obtained., Ionization times
versus electric field for different focal spot diameters were also recorded for
Arpon. Treakdown measurements were obtained for heliwm, Charge collection
measurements were made at very low alr pressures to try to determine the
ionization build-up process. Tixperiments have begun using a variable pressure

test cnll.

The theoretical studies considered both the non-linear ionization initiation
nechanisms and the extension of the microwave breakdown theory. Attempts to
find useful expressions for the rates of non-linear ionization have continued
but without success. Investigation of the rate of photon absorption in free-free

transitions has continued.



ITI. OSUMMARY AND CONCLUSIONS

A. PPOCESS DRSCRIPTION

The theoretical and experimental data available at present are consistent
with the following sequence of events, It appears that the growth of lonization
begins with the production of a small number of electron-ion pairs from impuri-
ties or from the main gas by a non-linear or multi-photon process. The electron
and ion density then begins to grow by an electron multiplication, or avalanche
process, which probably involves multiphoton photoionization of excited atoms.
“hen a very small fraction of the gas is ionized (e.g., less than one part in
108 at atmospheric pressure), space charge effects become large enough to reduce
ti.e electron loss and increase the rate of electron nultiplication. Finally,
when the gas is nearly completely ionized, the absorption of laser energy in
electron-neutral collisions is augmented by absorption in electron-ion
collisions and in some cases by absorption by excited atoms. This final stage

prodiuces the observed absorption of the laser beam and most of the light output.

.« TXPERDMENTAL 'IORK

"he process of gas ionization shows a threshold dependence upon the in-
tensity distribution in the laser beam, Since significant changes in the in-
tensity distribution can cause significant changes in spot size, care must be
taken to monitor these variations. Secondly, spot size for short focal length
lenses cannot be determined from a knowledge of beam divergence, thus making
accurate measurements of spot size an important parameter to define experimentally.
Reducing the spot size Ly use of a 5,08 cm focal length lens lowered the time

of Lreakdown for a given field strength as compared to that for a 3.3 cm lens,



Nesults of the work done in helium indicate that the spectral emission
of the plasma differs for the various gases. The easily ionizable mercury

vapor had no detectable effect on the breakdown time in helium,

3 THEORETTCNE WORK

Tvidence 1s prescnted that the absorption of relatively high encrgy
photons in free-free transitions may in some :ases lead to smill (-~ 307) but
possibly siesnificant deviations in the rate 5f growth of an electron avalanche
from that predicted by an appropriate extension of the microwave theory, i.e.,
the continuous form of the Roltzmann equation., This evidence i3 obtained by
solving the difference form of the Boltzmann equation in hoth the steady state
and time dependent cases for various simple models of the electron-atom or
electron-ion collision processes., liowever, since direction and magnitude of
the deviation depend upon the model used and since several important effects

are not incliuded, further comparisons of the two theoriss are desirable.

Additional calculations of the excitatior, ionization, and diffusion
coefficients are presented and used to compute avalanche growth times and
approximate curves of the laser intensity required for breakdown as a function
of gas density. In general the agreemsnt between theory and experiment is within
a factor of two in laser intensity or LO¥ in laser electric field intensity.
There are, however, systematic deviations between theory and experiment which

should be explored further.



I7I. A5 TONIZATION FXPRRIMFNTS*

A.  VARIATIONS L! THRWSHOLD MFASUREMINTS

The measurements of the time of breakdown in argon as determined from
the time of attenuation of the transmitted laser light versus total energy
were shown in Figures III-9, IIT-10, and III-11 of the first interim report.
In tho~e measurements a large difference in the threshold of breakdown (lowmst
energy produc.ng attenuation) existed between Figures III-9 and III-10 %~ 11.
Differences in the data due to two separate gas cells were ruled out by
interchanging the cell used to produce the data shown in Figure III-9 and
observing data similar to that shown in III-10 and III-11. Replacement of
the focusing lens was then thought to have caused the discrspancy. urther
analysis of the intensity distribution showed the real cause of the threshold
change. An analysis of the intensity distritution had shown that the effective
beam divergence varied between 2.1 and 2,6 milliradians. At that time it was
thought that this beam divergence was characteristic of the system at all
times, The analysis of the beam divergence during later experimentation revealed
that the angle of divergence was then about 0.8 milliradians. These changes
in beam divergence were observed during subsequent experiments and mesasured to
vary by as much as several milliradians. The changes seemed to accompany the
replacement of the xenon flashlamp used to excite the ruby. The variation in
the angle of divergence during the life of any one lamp seemed to be about 257,
As yet there does not seem to be a noticeable correlation between these smaller
variations in divergence angle and the small variation in time of breakdown

versus total energy.

#This work was performsd by R. W. Waynant



", MHEASURTMENT OF FOCUSED SPOT SIZE

The measurement of the focused spot size was underway at the time of the
first interim report. The measuring technique was outlined in that document.
The data for several lenses has aince been analyzed and will be reported here,
Graphs showing the diameter of the spot as a function of distance from the
center of the lens are shown in Figures III-1, III-2, and III-3. In the case
of the lenses with 12,7 cm and 5,08 cm focal lengths a glass plate was inserted
between the lens and the photographic film in order to simulate the conditions
encountered with the gas cell. This probably accounts for the fact that the
smallest measured diameter was found at distances greater than the focal length
stated by the manufacturer. Since the 3.3 cm focal length lens will go into
the stainless steel test cell, the spot size for two of these lenses were measured,
In all cases, the measured diamster of the spot siie was larger than the diameter cal-
culated from angular divergence data. This indicates that spherical abberation
in the lens plays an important part in spot size determinations.

The measurements of spot size for the 12.7 cm lens show considerable
variatfon of the spot diameter versus distance from the lens., These variations
as shown in the plot have not ‘been corrected for changes in the intensity dis-
tributions, but such correction seems only to exagerate the variations., This
would perhaps suggest that an axial variation in the focused region is being
observed. These variations were not so evident in the p.ots for the 5.08 cm and 3.3

cm focal length lenses,

C. MEASUREMEXN™ OF BREAKDOWN EMISSION FROM ARGON
Cuided by theoretical calculations which predicted short execited state
lifetimes during laser irradiation, work was done to examine the -mission from

the ionized region of the gas. In this work a monochromator was utilized to

8
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separate the spectral wavelengths of the emission with the set-up shown

in Figure III-4., Careful examination of the rate of emission during the
laser irradiation would give an indication of the mechanism by which the
ionization grows provided that a sufficiently sensitive photomultiplier was
available. An analysis of the emission from argon ionization region revealed
that the light emitted during the laser irradiation was identical to that
shown in Figure ITI-5, and was independent of the waveleagth within the
visible spectrum. Doth the risetime and the amplitude of the emission were
dependent on the amount of energy into the gas, Tne risetime of the observing
system was limited to about 6 nanoseconds by the Tektronix 585 oscilloscope
used to record the photomultiplier signal. Msasured risetimes for the initial
light emission were as fast as 20 nanoseconds for high energy shots when the
12,7 cm lens was used to produce breakdown. This risetime increased to 80
nanoseconds or more as the input energy dropped to near threshold. ‘hen
shorter focal length lenses (the 5,08 cm ani 3.3 cm) were used to produce
ionization, somewhat longer risetimes were noted, In all of this work the
pressure of the argon gas was 700 torr. At this pressure no signs of a line
spectrum were noticed. This is consistent with the results expected on the
basis of line broadening. Essentially the Ar spectrum is so dense that line
broadening of the type expected from the absorption observed would produce a
continuum, The same measurements nade in He (to be discussed below) showed
line broadening of about 100 X during the time of laser irradiation of the
gas. This same line broadening was not present after the laser irradiation

turned off.
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Additional investigations were made of the time history of emission
from the ionized volume after the laser radiation subsided. This amission
had a time history very dependent upon the wavelength being monitored. The
emission time varied from about 15 microseconds for wavelengths around 3800?\
to over 200 microseconds for wavelengths around uéoog to 56002 and then dropping
off to about 20 microseconds around 63002. A typical time resolved photograph

of the emitted light is shown in Figure III-6.

D. IONIZATION TIME AS A FUNCTION OF FOCAL SPOT DIAMETTR
To obtain an indication of the effects of the focal spot diameter a

series of measurements were made using the cell filled with 700 torr of argon.
Each of the lenses whose focused spot diameter had been measured previously
were used to produce ionization. The curve shown in Figure III-7 illustratrs
the effect of spot diameter on the breakdown (attenuation) time versus peak
electric field strength, Repeated experiments have shown conclusively that
the threshold Ep for the 3.3 cm lens is, indeed, higher than the thresholds
seen for the 12.7 cm and 5.08 cm lenses. It may be that the higher threshold
is caused by an increase in tae diffusion losses which accompnay the smaller
focal diameter. This is supported by the fact that the average data for the

5.08 cm lens lies above the data for the 12,7 cm lens,

[t should be explained that in the course of experimentation, it. became
necessary to increase the triggering sensitivity. This caused the addition of
a small, constant increment in breakdown time measurements., In order tn avoid
confisior. all of the data presented has been adjusted to produce the pulse peak
at 125 nanosseconds from the start of the pulse., By doing this all data pre-

sented in earlier reports can be accurately compared.

15



Fipure III-¢ “reakdown "mission fror the I'lasma Formed 18 Arron
(20 u s/em horizontal; °v/em vertical, 45007)
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Peak electric field strength used for Figure III-7 has been calculated

using ‘-“,p - )-3—2——2_0_ (q. ITI-1)

Vv A
where
?p = peak @lectric field
P input power determined ty dividing the half-power
pulse width into the total energy
Zo ~ the impedance of free space
and A * the area of the half intensity contour computed using

A = 7d° where d is the half-intensity (3db) diameter
4 measured for each lens,

. YEASUREMENTS OF T"REAKDOMN IN HELIUM

A glass cell similar to those used for argon was constructed and filled
with 700 torr of helium. Attached to one side of this vessel was a small
enclosed capsule of mercw-y sealed so that it could be opened at the desir:d
time by a small ferrous breaker. Initially the mercury capsule remained sealed
and measurements of breakdown in helium were made. The most obvious difference
between argon and helium was that helium showed little or no sign of attenuation
of the laser light although a spark was visible and emission was measured Ly
the monochromator system. TNecause of this lack of attenuation no accurate mea-
surement of variation in the time of breakdown occurence could be made.
The time of the start of the initial light emission (from start of laser pulse)
was measured for a large number of cases, and breakdown as measured by time of
1light emissioq’seemed to occur within a few nanoseconds of the peak of the laser

pulse no matter how great the change of energy into the gas.

"ith available energy, breakdown could not be produced with the 12.7 cm
lens. .he breakdown threshold was determined by using the 5.02 cm lens and the
3.3cm lens. Knowledge of the spot size of each of these lenses enabladthe

field strength to be computed.

18



/
The threshold determined for helium using equation III-1 was 7 x 10 vol‘s/~
as compared to 3.9 x 10( volts/~n for argon. The pressure in both cases vms
770 torr; however, the 12,7 cn lens was used to determine the Ar threshold iiile

the 5,08 cm lens was nused to determine the lle threshold.

An atterpt was made to determine the effects upon breakdoim cansed !y -
large amount of mercury vapor. 7o do this the mercury ampule attached to
the ~ell was broken and the mercury vapor was allownd to mix with the helirr
gas. At room temperature and Lelow no effects in the helium breakdown were o! -
served, \fter heating the ampule to drive mercury vapor into the cell it s
possible to detect a noticeable effect on the breakdown emission, ‘'hereas 3
line spectrum was observed in pure heliuvm, a continuum became evident when mor-ir--
was added. It was observed that when the field strength was below the threshold
of helium a continuum with superimposed Hg lines was predominant whereas, wvhern
the fiecld strength was abtove the threshold for helium, the helium lines (notall:
h’F52) were superimposed on the mercury continuum. Any tendency of the rercurr
irp ity to lower the threshold could not be detected above the emission from
the Hp, It is difficult to determine whether the initiation of breakdown takes
place in the main gas (He) or in the impurities present in the main gas. The
addition of llg to easily observable pgases such as argon may give more indication

of the offects of impurities.

Photographs were taken to record the time history of the breakdown emission
of pure helium during the time of irradiation from the laser. These curves
(an example shown in Figure III-8) compare rather well with those from the breal:-
down in argon at the same pressure. A\ reccrd of the entire emissici from the
breakdown rezion of the helium is shown in Figure ITI-9. No explanation can be

offered for the shape of the emission curve at late times.



Basc]l ine
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Figu e II1-8 Dreakdown Fmission From lelium During the Time
of laser Irradiation
(50ns/cm horizontal; 5¥/cm vertical; A(BSR)



volts/enm

Figure III-9 Breakdown Fmission from Plasma Formed

in Helium
(10 us/cm horizontal; 1lv/em vertical LﬁBSX)

Portion of curve shown in ITI-8 cannot be seen in this curve
because of its sharp rise, short duration, and high amplitude.
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F.  S0MFE O7SFRVATIONS AT LAY PRESSIRN
15 pressure is lowered the diffusion loss from the breakdown region
‘omes greater, and at some pressure becomes great enough to prevent the
avalanche Luildup. If one carefully measures the number of chargesproduced
as the pressure is varied below the avalanche region an indication of the
ionization build-up process may be obtained. In order to make measurements

7

at low pressures a glass cell was constructed and evacuated to 10 ' torr.

This cell (residual gas air) had a mercury ampule and the planned work
was to increase the vapor pressure in the cell by increasing the temperature
of the mercury ampule. Ilectrodes were provided to collect the charge

produced.

“"efore thi» mercury was allowed into the cell several laser shots produced
1010 charge paiirs., After several shots this level dropped two urders of
magnitude and remained at 108 charges throughout a series of shots. Thereafter
no change was noted when the mercury was allowed to enter the cell and raised
in vapor pressure to 10-2 torr. The charge collection current was different
at all of these pressures than it was ?t 700 torr. The current had three peaks
spaced about 10us apart and increasing in amplitude with time. It is not yet
clear what causes this shape or why increasing the pressure of Hg had no effect.
Perhaps reflerted light from the rear of the cell produced photu electrons from
the electrodes which were collected. This work indicates that low pressure
investigations may produce interesting results, and may perhaps provide some
answers to the initiating and growth mechanisms provided more care in experimen-
tation is taken. Low pressure work will be continued for various other gases.

Additional precautions to eliminats unwanted variables will be taken.



G. FFFECTS OF HIGH AND LOV/ PREGSURE

A test cell (See figure III-10) capable of withstanding pressures of
1500 psi lms been constructed and is being used *to investigate gas ionization
as a function of pressure. Constructed of stainless steel, the cell is capable
of being evacuated to 10-(: mm Hg before being filled with the desired gas.
A Heise guage is being used to monitor the pressure accurately (0.5 psi) from
atmospheric to 1000 psi. An additional glass cell system capable of evacuation

9

to 107’ mm Hg has been constructed for the low pressure work. This cell and

associated equipment are shown in Figure I1II-11.

H. CONCLUSIONS
The process of gas ionization shows a threshold dependence upon the

intensity distribution in the laser beam. Since significant changes in the
intensity distribution can cause significant changes in spot size, care must
be taken to monitor these variations. Secondly, spot size for short focal
length lenses cannot be determined from a knowledge of beam divergence, thus
accurate measurements of spot size is an important parareter to be defined
experimentally. Reducing the spot size by use of a 5.08 cm focal length lens
lowered the time of breakdown for a given field strength as compared to that

for a 3.3 cm lens.

Results of the work done in helium indicate that the spectral emission
of the plasma differs for the various gases. The easily ionizable mercury

vapor had no detectable effect on the breakdown time in helium.

I. FURTHER 'ORK

It is planned to investigate the entire pressure range agreed upon using
several pure gases (Argon, Nitrogen, Helium and air). Work is also anticipated
to determine the sffects of a neodymium frequency (1.06u) pulse on several gases.
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L7, RISORET L W, NS 5T TONS
A, HTRNCT [N

In previ~:s iisclissinns 1,2 nf the 'reakdown -f rases ly lasers we
have considered vari»us aspects »f the ' mpothesis that at hi, pas nressires
(~~ one half atrospl.ere and atove) the breakdown is the result of initiation
by a multi-photon ionizat'on event followed vy an avalanche type srowth of
the ionization to the observed value, In this section we will consider
further the avalanche type growth »f the ionization. We will assume that
for the gases under concideration an eletronically excited atom is rapidly
ionized by multi-photon absorption so that tiie effective rate of ionization
is equal to the rates of electronic excitation plus ionization by electron
impact. This assumption needs to be investigated further but appears to
be reasonable,

The topics to be considered in this section are:

Be Further evidence concerning the applicability of the extension of
microwave thenry tn the laser breakiown protlem as nttained from steady statn~
and time devendent treatments nf the photon absorntion nrncess using
simplified mndels for the electrnn-gas atom collisions,

C. The calculation of avalanche growth constants for Ar and H2 using
the extended microwave t':e>ry, and

D, The calculation of aporoximate cirves of t}a thrcshoid laser
intensity required for breakdown as a function of gas density, laser pulse

longth and focal spot size,

* This discussion is by A. V. Phelps,
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B, reivalence of Discrete “hoton and !'icrowave Theories

Published discissinns 3 nf laser indced trcakdown differ consideratly
as to the applicability of extensisns »f microwave thenry to optical
frequencies {nr the calcilation »f the rate »f prowth of the ionizatinn.
\la .ave s'own previnusly : that the differe-tial formulation »f the
I'oltzmann equatisn used in the m crowave calculationi is a good annrnx.-a-
tion to the difference form of the I'oltzmann equatinn anpropriate to the
absorption of photons in free-free transitions,orovided that the electron
energies of importance are large compared to the photon onergy, and that
the electron energy distribution function does not change too rapidly in
an energy interval equal to the photon energy. In practice, this means
that we expect the microwave theory to vive pood values for the rates of
excitation but possibly to yield ionization rates which are too low. As
further evidence for the correctness of this prediction we shall compare
d4irectly solutions of the difference and differential forms of the Foltzmann
equation using approximate forms fo:» the cross section for photon atsorp-
tion and electron excitatinn, ‘''sing one s:ich model we shall inquire as t»
what a steady state s»olitinn telly us atn t the rate »f excitation due tn
the 8l sorption of a finite num! er »f pnntons as commar- * *» the rate
calcilated usin the microwave theory., This investirat.on is largely in
resnonse to the suyrestion b that becaise the ionization or excitation
portential is a relativelv small multiple of the photon eneryy, the alectrons
may ;;ain sufficient energy to excite »r ionize vithout suffcrin: the
randomizing effects of lurge numbers of collisions implied by the differential

form of the Boltzmann equation., This analysis has been carried out using



rardom walk theory by Drs. . P. Gaver and J. A, llarshal of the Laboratories
".athamatics Depm‘tnent,.5 The second model allows a solution of the time
dependent difference equation,
(A) Steady State Solution

The lioltzmann equatisn on which the statistical analysis is based is
»q. (6) of ef. 1. If we assume that the slectron energy distribution
{function consists of a series of delta functions . seprrated by the nhnton

energy h‘y/, then cq. (6) of Ref. 1 becomes

d’e = = c
T s, et el F N B = AR )

4

where the index i is an integer, Pi is the fraction of the electrons with

an anergy of £i - :Lh'}) , Ai and /((i are the probabilities for the

absorption and stimulated emission of a photon by an electron with an

energy €, = ihy. From Eq. (5a) of Ref. 1 an approximation to Ai valid

for /)V(( 54'_ and lows1 is
_ Eo & :
R N T P (E2) (2)

-1

where 50 - °2E2(mw2) is the classical oscillatory energy of a free

eloctron and ’;/m (fi) is the frequency of momentum transfer scattering
collisions of electrons by the gas molecules, At present we do not have
accurate expressions for Ai and so will consider a second approximatinn

to Ai which is probably better when h ‘yand 21 are comparable, Tlis

7

relation has been sugyiested by Holstein ' and is
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In order for the electron distribnution to be limited to the discrete sect

of Pi 's the energy los: in excitatinn ex is assumed to te equal t» an

integral multinle of Ky, i.e., € /iy = H. From the detailed bala-cin

arpgument given in kq., (7) of Ref, 1, we have

! {
("."’)/m A4'--/ = /"/%

In order to simplify the problem we will assume that excitation occurs

-~
—
~—

as soon as the electron reaches the level H, This is equivalert to the
assumption of an infinite excitation cross section discussed by Allisi3
In the microwave case this approximation has been found to pgive reasonably
accurate excitation rates at electric field intenslties which are not too
higha.

The frequency of exciting collisions using the model described above
is equal to the reciprocal of the expectation value of the first passage

time ? This quantity, E(T1H), is given by 5

‘ h h fa A
E(TIH) = Z Z [#2Geo5 a7 ]

’0 3 -] j'/’- AJL

kquation (5) has been evaluated as a function of H for varinus assumed

dependence of Ai' In this discussion we will consider three cases; g



Case a) corresp.ds to the sutstitution in £q, (3) of an energy independent
freqiency -f momentum transfer collisions such as found for electron-
neitral collisinns in H2 and ”e at enerpies above a few aelectron volts,
This is expected to te the mhst rcalistic »f the mndels considered here
since electron-noutral coll.isions dominate the nhoton atsorntinn process
diring the groath of ionization., Ve note that the use of the constant
collision triuency assumption in £q. (2) for our simple model leads to

ho = 0 and trapping of electrons «t zero energy and so is unrealistic,
Cases b, and ¢) correspond to the assumption of electron scattering ty
ions in which the collision frequency is approximately inversely propor-
tional to the 3/2 power of the electron energy. i Case (c) is of interest
because it leads to Ao = @& and because it is a case which one w-ould
s L

In addition for case (c) A AR /‘(
i

expect to find treated by others,
in £q. (1) so that the electron motion in energy is a pure randon wall,
Rather than show the calculated excitation rates directly, we will compare
them with the results of the differential or microwave theory.

The sol :tion to the differential form of the Boltzmann equation fnr
the simple m.del considered here is obtained by setting the right hand

side of tq, (9) of Ref. 1 to zero, solving for f(&) and then normalizin;-.



It can te shown that this procedurc leids to the relatinn

For case (a), A(i) - &( 2 h 7) ) (“a)
Aa __'_[ZEX —& Zix +II]
= 3 (9a)

A
-/

ror case t), A (&) = A, (,’j 7&7‘)‘ ) (Ib)
A 3£x . 3/
v 2 e[S NE ) &Y

For case (c) A(‘C_) — :\c (hy/e) /2. (3¢)

~
[o%

an

—_

9t)

s
at Ae  _ 4 (& 72 (5¢)
Vi /s \hp

The ratio of the excitation frequency calculated using Eq. (%) to

that given by Eqs. (9a, b, ¢) is s »wn in Firure IV-1. The lower curve
shows that for the model of electron-neutral scattering in which the

12 the excitationn

electron collision frequency 13 indens:dent of energy,
freqiency using the discrete rodel is lower than that calculated for the
continuous model by roughly 376. In the model of electron-ion scattering

thie dashed curves show that the calculated excitatirn frequency {or the

discrete case is pererally, tut not always, higher than that calculated
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FIG'MY IV-1 Ratio of Excitation Freqiencies Calculated ty
Continuous Tl.e~ry and by Discrete Phnton
Absorption Theories
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Ly the contininis case. ior f_x/}q) 2 5 the differorce i5 less tran ¥,
oince tlese calculations show that the error resulting: from the ice Hf tee
continious theory deponds strongly on the ener;y dependence of the ats r % on
srobability, it is very desiralle to carry out calculatinns of tue ratos
of excitation using more :realistic crouss sections using the diffcrernce
form or the Loltzmann equation, oJsuch a calc:lation is bein, attemn ed tut
so fur has lteen unguccessful,
(L) Tire Depentent 5olutions

As an additional chicck on the applicatility of the extended micro-
wave theory to the prediction of the rate of growth of innizati-n due t»
the atsorption of ohntnns, we have calculated some time denencert elechron
e:.ergy distritatinon functions and excitation f{req:iencies, These ~1 a3
can then bte compared with the results of the usual microwave ti.e r>r i ich
assumes that electron energy dis*ribution is indevendent »f time. “he =»Hirl
used in these calcul~tions is more exact than that discussed above in ti.at
L. probability of an excitation collision is finitc, altinu-h >f s rple
analytical form, 13 As above, we neglect the e<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>