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outputs at efficiencies of >20% are possible if improvements in UV
source brightness can be achieved.

The dynamics of the plasma generation\ in the UV sustained mode are
similar to those of the electron beam Xontrolled discharge; the voltage
applied to the main discharge electrodey can be reduced below that
required for a self-sustained avalanche Mode. The principal advantage
realized in this approach is complete condrol of the main discharge by
the UV source at all times during operation. The attractive feature of
UV-sustained as opposed to e-beam sustained operation is the simplicity
of construction. Specifically, a foil is not required and the high
voltages needed to give efficient electron penetration of the foil are
not necessary.

The principal accomplishments of the program are as follows:

a. Understanding of the basic processes responsible
for the plasma conditioning

b. Construction and testing of small, medium, and

large scale devices to establish the operating
\ and scalability parameters for the UV sustained
} technique.

c. Development of a scaling model.

\) L

?;me specific results are:

o Energy extraction >400 J in an 8 x 20 x 100 cm3
discharge volume in a 20 ySec pulse with ~12%
overall efficiency using an unstable resonator b

i SN

o Media quality better tha||(>\/30 at 10.6 qm agt!

. R \Gf"bivi .!\)

o Small signal gain uniformity of 5% in electrode gap
dimension and 25% in discharge width dimension

L ¥

nieront

o Gain magnitude of(=0.85% cm typical
dpr rod
o Mean free path for UV photons of 8 cm typical.
S/ \“

Based on the results achieved on this program, it is béT1eved that using
present UV sources the UV sustained plasma conditioning téchn1que is a
viable alternative to e-beam sustained system for medium power appli-
cations. Furthermore, with improvements in UV source techndlogy the
UV sustained approach will be competitive for mu1t1k11030ule\h1gh
power app11cat1ons In both cases the simplicity of the UV SUSta1ned
approach is a significant advantage.
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I INTRODUCTION AND SUMMARY

The primary objectives of this program were to establish whether
a CO2 laser plasma, suitable for high power energy extraction, could be
generated by the UV sustained technique, and to determine the scalability
limits of the technique. These objectives were met and laser pulses with
energies greater than 400J were extracted from a UV-sustained CO2
laser. A scaling model was developed which established that multikilo-
joule outputs at efficiencies of >20% are possible if improvements in UV
source brightness can be achieved.

The dynamics of the plasma generation in the UV sustained mode
are similar to those of the electron beam controlled discharge; the
voltage applied to the main discharge electrodes can be reduced below
that required for a self-sustained avalanche mode. The principal
advantage realized in this approach is complete control of the main dis-
charge by the UV source at all times during operation. The attractive
featurc of UV -sustained as opposed to e-beam -sustained operation is the
simplicity of construction. Specifically, a foil is not required and the
high voltages needed to pive efficient electron penetration of the foil are
not necessary,

The principal accomplishments of the program are as follows:

a. Unde rstanding of the basic processes responsible
for the plasma conditioning

b. Construction and testing of small, medium, and
large scale devices to establish the operating and
scalability parameters for the UV sustained
technique

C. Development of a scaling model.

Some specific results are:
. - 3

° Energy extraction >400 J in an 8 x 20 x 100 cm
discharge volume in a 20 usec pulse with ~12%

overall efficiency using an unstable resonator

3 Media quality better than \/30 at 10.6 um
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° Small signal gain uniformity of 5% in electrode
gap dimensicn and 25% in discharge width

dimension
° Cain magnitude of ~0, 85%/cm typical
° Mean free path for UV photons of 8 cm typical.

Based on the results achieved on this program, it is believed that using
present UV sources the UV sustained plasma conditioning technique is a
viable alternative to e-beam sustained systems for medium power
applications., Furthermorec, with improvements in UV source t~chnology
the UV sustained approach will be competitive for multikilojoule high
power applications. In both cases the simplicity of the UV sustained

approach is a significant advantage,




1I. OVERVIEW OF THE PROGRAM

The research effort described here was carried out during the
period from January 1973 to July 1976,

The objectivers of this program were to investigate ultraviolet
(UV) photoionizatic plasma conditioning techniques and to demonstrate
UV sustained electr.:al discharge atmospheric pressure CO2 laser
pertormance.

The crucial questions that needed to be answered through the
rcsearch conducted during this program were (1) whether an electron
dencity sutficient to sustain the discharge in a CO2 laser mixture can
be produced by a UV photoionization technique; specifically, plasma
densities of greatcr than 10]‘2 elect“cms/crn3 over pulse lengths of
20 psec or longer must be attained, and /") what the scalability
parameters were for such a technique,.

The first year program to investigate these questions consisted
basically of the following three tasks:

1, Determination of the emission spectrum of UV

spiark sources operated in CO, laser mixture, and
other gas additives

2. Development of seeding technique. which will
improve the photoionization efficiency of the
laser medium

3. Evaluation of UV photoionization sustained CO,
laser gas discharge characteristics and laser
performance by mears of small signal gain and
laser power output measuraments,
c : . . a1 ;
During the first reporting period results were obtained on tasks
one and two. The principal results, plasma densities required
12 3 Rt
(ne = 10 rlectrons/cm” for >20 psec), were demonsirated, emission
s -ectra of spark discharges were obtained, and a mixture mean-free
path of 8 cm was conjectured for n appropriate mixture of COZ, NZ’
He and seed gas. Based on these results, baseline operating conditions
for laser ges mixtures, sced gas concentrations, and UV intensities were

established., These werc then used as a guideline for laser measurements

il



(Task 3) reported during the second reporting period. 2 The principal
results obtained during the second reporting period were the demonstra-
tion of laser output energy up to 50 J/1 atm, in a 37 psec (total) pulse
lengthina 2.5 x 15 x 50 cm3 device in a completely UV sustained mode
of operation,

With the successful demonstration of extraction energies

50 ., 1 atm in a long pulse, the objective of the next phase of the program

- was directed toward an understanding and demonstration of the scalability

i limits of the UV sustained scheme. This was accomplished by the test-
§ ing of a large-scale (20 x 20 x 100 cm3) discharge device,

%%’ During the third3 and fOurth4 reporting period measurements of
Zé input loading, spatially and temporally resolved small signal gain, and
% power extraction using a stable cavity were performed on the large-

scale device, An extraction energy of 200 J was obtained usine a stable

cavity in a configuration for which the electrode gap spacing was adjusted

to 6 cm. Based on the measured mode volume, this represents an

—
= =
=
=
=
B
E
=
=

! extraction energy density of 28 J/1 atm. Numerous comparisons of the

experimental results with an established CO, kinetic code were made.

- =

Gain measurements taken in both the discharge width and electrode gap

i

| spacing dimension indicated good uniformity and led to expectations of
continued scalability.

During the fifth5 reporting period, detailed measurements of
media quality were made. In addition, preliminary power extraction
data using an unstable resonator was made. An extraction energy ot
nearly 300 J was obtained with the 6 cm gap spacing. The media quality,

inferred from holograms taken, indicated better than \/30 at 10,6 pm

for regions unaffected by UV and cathode waves and A/8 including such
waves,
In addition, during this reporting period, a scaling model for .
the UV -sustained laser was developed. This model used the results of
the large-scale experiments as benchmarks {or scaling., Using the
model, we precdicted the characteristics of a high average power

UV -sustained laser.
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The two principal results from the model were:

1. Using the present UV source configuration (those
employed on the large scale device) scalability to
8 cm with energy densities of ~50 J/1 can be
achieved for 5-m gain path devices.

A 2. Improving the source brightness by approximately a
a factor of two allows scalability to gap heights
>20 cm with energy densities of >50 J/1 and
overall efficiencies of >20% for 5 m gain path.

During the last two reporting periods (including the present
report) work focused on demonstrating maximum energy extraction with
the large scale device and on preliminary experiments at attempting
to achieve improvements in the UV source performance. At the
completion of the contract an output energy of greater than 400 J has

sk
been demonstrated with an overall efficiency of nearly 12% — results
competitive with e-beam sustained devices, and consistent with the
scali: 7 model predictions (to be discussed).

The remainder of this final report is divided into six sections

followed by one Appendix., In Section III, the basic photoionization pro-
cesses relevant to the UV -sustained CO2 lacer‘are described using
simplified models. Section IV discusses the small and medium scale
device experiments aimed at establishing input energy loadings possible
with the UV sustained scheme. Section V describes the design of the
large-scale device and Section VIgives the results obtained from the
device. In Section VII the scalability model for a UV-sustained laser is

described. Finally, in Section VIII some preliminary results at attempts

to improve the UV source performance are described. In Appendix A a
description of the cquations used in the scalability model described in
Section VII is given., All of the major results, previously reported in

. references 1 through 6, are included in the following sections.

“The efficiency in this device was low because of limited gain: scaling
the present device in length (along the optical axis) would increase the
efficiency to ~20%.
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III1. BASIC PHOTOIONIZATION PROCESS

A, Introduction

In this section, we discuss the basic photoionization processes
involved and requirements associated with the production of UV photo-

ionization sustained discharges in high pressure CO.2 lasers, Ultra-

violet radiation from an efficient source propagates into the laser dis-

charge volume and photoionizes a fixed number of neutral CO? laser

-

gases and low ionization potential seed gas molecules in this region.

The resulting ionization background of electrons serves to condition,

"{ both spatially and temporally, the main discharge plasma.

., Once a uniform electron density has been established, plasma
conditioning in the main discharge is maintained by the application of a
voltage below that required to preduce avalanche condition., The dynam-
ics of the plasma in this mode are then similar to that of the electron-
beam controlled sustainer discharge. In this configuration, the high

energy electron beam is replaced by a low energy photon preionization

source, The principal advantage realized in this mode of nonavalanche
operation is the complete control of the main discharge by the UV source
at all times during this discharge sequence.

One of the primary goals of the work has been to understand the

scaling limits of the UV sustained conditioning scheme. To achieve this

goal required an understanding of the basic processes responsible for

the plasma conditioning in this new UV sustained discharge mode. This

'. has been carried out during this contract. In particular, UV photoioniza-
3 tion mechanisms, plasma discharge properties, and CO‘2 laser processes
J have been studied. That work is aiscussed in this section.

First, a description of the two possible photoionization

TN
—

mechanisms — single-step and multi-step mechanisms is presented,

A simple point source description of the UV source is used to facilitate

T

understanding. A numerical example of single- and two-step processes

T
! L

in a system seeded with nitric oxide (NO) is then discussed. From

T TR
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these studies we find that the key parameters for the photoionization

are
° Single -step or multi-step processes
° Emission spectra of source
. Absorption spectra of gas
° Mean free path of laser gas mixture
° Wavelength range responsible for the
photoionization.

Experiments were performed to establish these parameters. Two of
these — photoionization yield and emission measurements are presented
next. From these experiments it has been established that

° Single-step photoionization of the added seed
gas is the dominant mechanism

° The mean free path is approximately 8 cm for
useful laser mixtures

° Because of absorption by CO,, the emission spectra
of the source, and the iopization potential of the
sced gas — 1200 to 1700 A is the useful wavelength
region

. Emission spectra using N, gas provides the
best spectral match to the seed gas.

Having established these mechanisms the photoionization model can then
be ~oupled with the discharge and laser processes to develop a scaling
model. However, to develop a consistent scaling model requires certain
experimental measurements to be used as check points for the model.
Extensive measurements using small to large scale devices have been
completed and are discussed in Sections IV and VI. The development
and discussion of the scaling model will be presented in Section VII after

a discussion of these pertinent results,

R 0




B. Single Step Ionization Model

The most elementary photon preionization laser configuration
* considered for analysis is shown in Figure III-1. We assume a point
source of photons radiating a total spectral power P (v, t). The actual
source configuration may be synthesized by a superposition of such point
source solutions., Later the solutions will also be generalized to cylin-
drical and planar sources.
The photon flux ¢ with frequency v that reaches position z is

given by

P(v, t) e-“(z)Z (1)
41 hv ZZ

®(v,z,t) =

where p(z) is the photon attenuation per unit of length in the gas. The

number of electrons S; (v, z, t) produced per second by direct single

step photoionization in an elemental volume located at z is then
| Silviz,t) = o.(v) n_@(v, 2z, t) (2)

where cri(v) is the cross section for photoionization, and ng is the gas

density, It will also be useful to introduce the concept of a photon

.

mean free path Qp(v) through the relation

Ty = v = o) : 3)
p

The total electron generation rate is given by the sum of all

i spectral contributions from the source

g | ¢ Si(z,t) = / Si(v, z, t) dv (4) :%
Eé ‘o
E {
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The quantity of prime intercst is the photoelectron density
ne(z, t) generated by the preionizer source. This quantity is obtained

by solving

on
c

o ) 2
T (z,t) = Di(z,l.) - an

- po, *t DVZne . (5)

The dominant loss mechanisms for electrons are due to recombination
(anez) and attachment (Bnc). Diffusion effects (DVZne) can be neglected
at high gas pressures. Partial solutions for this differential equation

are given in Table III-1,

TABLE III-1

Photoelectron Density Relationship in Recombination
and Attachment Dominated Cases

Recombinatioci Attachment
Dominated Case Dominated Case
L,
t [ -
Electron density ne(max) tan h = ne(max) \l-e T
r
[nc (z,t)]
A
Max. electron (S_i)l/2 Si
density « §)
[ne (max)]
o /2 1
Rise time (tr) 51 (E)
Decay time (tD) - L . to (l) =t
an (z,t) B B
¢ = Recombination coefficient
B = Attachment coefficient
Si = Photoionization Rate
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C. Two-Step lonization Process

In the multi-step process, the first step is a photoinduced
transition to an intermediate excited state in the molecule and the second
or third step being a photoinduced transition from the excited state to
the ionization continuum. Consider a two-state system where Nj and
Ny
tively. Let ¢0 and cbl be the photon flux densities at frequencies Yo

are the population density in the ground and excited states respec-

and Y that pump the excited level and the ionization continuum as
shown in Figure III-2. If the cross-sections for photoexcitation and
ionization are T and Y respectively, the equation governing N1 and

the photoelectron density n_ are

dN | N
& 7 No%% - w0 Nia% (8)
dne 2

T = Nyo% - eng - Png (9)

where T is the lifetime of the intermediate excited states, « is the
electron-ion recombination coefficient and f is the attachment coeffi-
cient. Here again like in the single step process, the terms Nl, n
d)o and ¢1 are functions of the spatial coordinates. The term Nlcrl 1
in eq. (8) takes into account the loss of molecules in the excited state
due to photoionization,

If we assume ¢ and ¢:1 are applied at t = 0 and are slowly

varying functions in time, the solution of eq. (8) becomes

) (1+01¢1T1)t. 4
N = M 1 - e Tl (10)
1 (T+o,6T . :
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For t >, the maximum steady state density of the excited level is
given by

- Ng%%om .

Mmax) = T+o87)

Note that as ¢1 o, becomes greater than I/Tl' the value of N

1 1(max)

decreases. This condition requires a relatively large UV photon flux

density (¢1). For a case with o = 10"17 cm2 and T = 107" sec, the

crossover point occurs when ¢1 = 1/ % U 10'24 photons/cmz, or
1 M’W/cm2 of photons in the 2000 A wavelength range. If the relaxation
time T, is larger, the crossover point would occur at a correspondingly

smaller d)l value,

1, Partial Solutions for (1/ Ve« 9 &

In the limit where (l/Tl) <« 9 ¢l, the intermediate excited

state simply becomes

9%
Nl(max) = N0 ’ 0151 (12)
Substituting this cquation into eq. (9), we obtain two solutions:
Recombination Dominated Case:
_ L
ne(t) = ne(max)a tanh(ta) (13)
where
T N.o o ¢ ¢ /2 )
_ 10017071
n (max) =
e o o
> (14)
: 1
ta = ————(————
an max)a )
14
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Attackment Dominated Case:

ne(t) = ne(max)‘3 I:l - exp(t-—;)} (15)
where
o (max) = 0% 1%%
e B B
(16)
- 1
tp =

These expressions reduce to the same form as those solutions of single

step ionization process discussed before,

2. Partial Solutions for (1/,,) » % &

In the opposite limit (1/_rl > 'Tl ¢1), the solution takes on a

simpler form:

Recombination Dominated Case:

- t
ne(t) = ne(max)o tanh (t“-)
where
1/2 (17)
N
o ey = | N0%%
e o o
1
'« © an (max)
e o
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Attachment Dominated Case:

ne(t) = ne(max) tl = exp(-%)
ne(max) = Nogod)_O_ (18)
- 1
‘s T B

In the last two equations, the terms related to photoionization of
the excited state do not appear. This results from the fact that the
excited state is efficiently pwuped to ionization continuum by an intense
UV radiation. The net photoionization rate is simply controlled in this

case by the generation rate of the intermediate state,

D. Photoabsorption in a CO, Laser Medium

A summary plot of the photoabsorption cruse sections of the
principal gas constituent (COZ)’ is shown in Figure III-3 ovar the spectral
range extending from 200 to 2000 10\ For wavelengths shorter than
900 fo\, the absorption in CO2 results mainly from the photoionization
process, In this region the photon mean free path (fp) is extremely
short. At 1l atm, fp< 107 ¢m. Even if the gas number density of CO,
is reduced by an order of magnitude to 0.1 atm (which is the approxi-
mate CO2 concentration in a iypical laser gas mixture), the mfp does
not extend beyond a few millimeters,

In the wavelength range X > 900 ./o\, the CO2 absorption becomes
a dominant factor. The absorption due to He is totally negligible, while
the N2 exhibits relatively low absorption spectra up to the 1000 to 1100 A
range, becoming totally negligible beyond this range. Summarized in

Figure III-4 arc the expanded absorption spectrum of CO, taken with a
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high resolution (quoted resolution of <0. 2 ﬁ) instrument. This CO2
spectrum is characterized by a broad continuum with the transmission
windows occurring at A = 1200 & and A > 1600 A. The short wave-
length windows at 1200 A is relatively narrow, the 1/10 power points
occurring at 1160 A and 1275 K The corresponding peak mfp of this
window is 1 cm at 1 atm gas pressure. This mfp scales to 20 to 30 cm
for the approximate CO2 concentratoion of a few percent in a typical CO2
mixture, The window at X > 1600 A is much broader, The correspond-
ing mfp is about 10 cm in a CO2 laser mixture at 1600 ;\ and
monotonically increasing at longer wavelengths.

In the spectral region outside these two windows, the photons
cannot propagate any more than a small fraction of a cm distance from
the source, The photons in these opaque regions of 1100 A and 1300 to

1600 A cannot be used in a sizeable CO, laser system with cross-

sectional dimensions exceeding tens ofzc"ntimeters. Furthermore, the
absorption spectra in these regions result from the photodissociative
transitions (as identified in Figure III-3). From the practical viewpoint,
it is desirable to avoid wavelengths that give rise to photodissociative
reactions for many regions: (a) dissociation of the CO2 is undesirable
since the dissociation product of atomic oxygen recombine to form
molecular oxygen and produces a large increase in the electron attach-
ment coefficient in the electrical discharge; (b) since these dissociation
states do not contribute to the photoionization processes, the photon
source output should be concentrated in other useful portions of the
spectrum to increase the electrical to photon conversion efficiency of
the source. In the discussion to follow, we shall focus upon the two

(, = 1200 & and X > 1600 &) windows where the mfp's of the photons

larger than 10 cm are feasible,

£, Sample Calculation - NO Seeded Gas
A number of low ionization organic seed gases have been used
successfully for the generation of a dense plasma (:'1012 electrons/cm3)

in a CO2 laser mixture. A quantitative analysis of the photoionization
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processes involved in many of these seeded systems has been made
difficult due to the lack of pertinent data. The required lifetime infor-
mation of excited states in organic molecules is simply not available.

In order to circumvent this, we have sought and found NO, a lov’ ioniza-
tion gas whose physical properties are well known,

The nitric oxide molecule has been investigated extensively for
the past several years, owing to its importance in the upper atmosphere
study. The detailed molecular energy diagram and the measured
absorption spectrum of the NO molecules are shown in Figures III-5
and III-6, The ionization threshold value for this molecule is 9.25 eV
(or =1340 10\) whereas the lowest excited state occurs in y band
(A%25" —~ x%1) at 5.5 eV (22270 A). The photodissociation threshold
occurs at 6.48 eV (=1930 fi). Many of the measured absnrption peaks
in the 1700 to 2300 A spectral range as shown in Figure III-7 have been
identified as those resulting primarily from the four (B, y, 6 and €)
bands. Typical mfp dimensions of these peaks at the assumed seed gas
conceriration are larger than 20 cm. Some of these transitions overlap
with each other and thus they are not separable. The published absorp-
tion data and the radiative decay time inferred from the oscillator
strength of respective transitions are summarized in Table III-2, In
these we have sufficient information to compute the photoionization
electron density in a seeded CO2 laser mixture resulting from the
single step and the two-step processes,

Before we discuss the computational results, a brief mention
should be made of the basic equations governing multiple excitation
transitions, The two-step processes resulting from a finite number of
intermediate excited states can be written in the form analogous to

eq. (8) and (9):

d(N, )i
dt

N
= (UONO¢G)i - (01N1¢1)i = (—-_-r—l) : i £ N {19)

i
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TABLE III-2

Integrated Absorption Coefficient (KO) and Approximate
Lifetime (1) of NO (1700 to” 2300 A)

K:{: 2
[o) T+
Band Integratfad Radiative
(1700 to Absorption Decay Time
5 Coefficient y !
2300 ; - - sec
> ‘ (103 cm 2 atm 1) "
B( 2,0) 0.037 284
B( 3,0) 0.109 91
B( 4,0) 0.328 30
B( 5,0) 0.628 15
B( 6,0) 1.10 13
B( 9,0) 8.53 1.5
B(11,0) 8.62 1.3
B(12,0) 54.9 0.2
B(14,0) 4.77 2.3
{0, 0) 9.49 1.9
(1, 0) 18.7 0.9
(2, 0) 16.0 0.9
(3, 0) 8.57 1.6
€(0, 0)
+ (4,0) 60.4 0.2
+# (8, 0)
€(1,0)
+ (5,0 109 0.11
6(0, 0)
8 (7, 0) 59, 2 0.22
6(1,0)
+8 (10, 0) 137 0.09
6(2, 0) 65.2 0.017

*Bethke, J. Chem. Phy. 31, 663 (1959)
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i=1

where the subscript i refers to the ith excited state. The finite total of
N excited states is assumed. The first term appearing in the right-
hand side of eq. (20) represents the combined production rate of photo-
electrons through N separate excitation channels. The absorption data
summarized in Table III-2 are given in terms of the integrated absorp-

tion coefficient Koi which is defined through an expression

- Ad(e) - Ad(e)
(TgNg®e); = / a(€); —me d¢ = PRy —Ae (e
Ace
where
c«(e)i = absorption coefficient of it'h state
P, ~ partial pressure of absorbing gas
Adle) _p flux density 2 g ¢ oh )
e - P oto flux density per unit increment ot photon energy.

For the present illustration, we shall assume a simple UV
incident spectrum as shown ir Figure III-8. The shaded area represents
the CO2 abforption band. The long wavelength emission spectrum
(N > 1600 A) approximates the part of flashlamp output from a high
quality UV transmitting tube (i.e., suprasil). The spark UV source
immersed in the COZ mixture basically shows the similar characteris-
tics with a broad continuum extending from 1600 A to at least 3000 A.

The spark source used without a window material gives rise to an addi-

(o]
tional spectrum in 1200 A passband with its amplitude much lower than

that of the long wavelength region. The reduction factor 610 is introduced

in order to account for this difference; typically this value is found to

be 0.1 to 0. 3.
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The computed photoelectron densities (ne) as a function of the
incident UV intensity (IO) are plotted in Figure III-9 for both the single
and two step processes. The functional dependence of the attachment
and recombination dominated regions as discussed in Section II-B are
exhibited in this figure. At low UV intensity single step photoionization
is more efficient, At the n, = 1012 electrons/cm3 level, two step pro-
cess requires the intensity to be more than one order of magnitude
larger. As the level of ng is increased, the differencec in the required
UV intensities becomes smaller, At n, 2 1013 electrons/cm3, the two

processes will require about the same level of excitation,

F. Photoionization Yield Measurements

Having established that dense plasmas could be achieved in
seeded CO2 mixtures (see Section IV and VI), an effort to characterize

the wavclengths responsible for the observed photoionization of the

added seed gases was undertaken., A small photoionization chamber in
which the combined seed gas and laser mixture could be separated from
the spark emission chamber (sec Figure III-10) was employed, The

experiment was conducted by inserting several UV -waveclength cutoff

windows into the chamber and measuring the current drawn, using the
Faraday cage, for the various wavelength bands obtained.

The relative photoionization yield for the wavelength bands
determined by these windows was measured for Tri-n-propylamince
(ionization potential of 1720 zgs) added to a COZ/NZ/He mixture with the
results given in Figure IlI-11. These results display the fact that the
photoionization which yields the observed sustainer currents (sec
Section IV) is due to radiation with wavelengths between approximately
1200 and 1700 A, ;:’ One then concludes that apparently single-step

photoionization is the responsible mechanism for these experiments.

e .
The relative percent breakdown betwecn the wavelength regicns shown
is subject to as much as a 20% error due to the poor cutoff characteris-
tics of sapphire.
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wavelength regions for tri-n-propylamine.
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The scalability of this single-step ionization process is
determined basically by the UV photon mean free path of CO2 and Tri-
n-propylamine in the COZ/NZ/He mixture. From absorption coefficient
measurements1 the mean free path for CO2 at 0.02 atm and Tri-n-
propylamine at 0.3 Torr in the wavelength range of interest give about
an 8 cm mean free path as a realistic value that one atmosphere CO2

lasers can achieve (see Section<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>