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Abstract
- //‘
" The goal of this experiment was the creation of large numbers

of electrons and helium (235) metastables through the use of four
microwave cavity discharges. The desire for gas Ilcnization independent
of the exciting field stems (1) from the increased efficlency available
when lower exciting fields can be used, and (2) from the stabilizing
effect of independent electron density control. The desire for helium
metastable production stems from (1) additional electron creation via
Penning fonization in a helium afterglow, and (2) increased metal-vapor
laser pumping effliciency. -The mlicrowave cavity discharge technique

Is shown to produce on the order of 5 x 101d helivm metastables per
cubic centimeter and 5 x 3016‘electrons per cubic centiater. The
effective inrreasa of the recombination coeffirient due to electron

cooling by added nitrogen was shewn. And the discovery of negative

~ absorption of the 38893 line In & pure helium afterglow was made.
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MICROWAVE EXCITATION

OF LASER GASES

1. Introduction

The CO, laser was limited to low power until Terrill A. Cool
first researched the sdvantages (Ref 11) of a flowing gas laser system
and who, with Shirley, showed marked gain increases in a CO, system by
flowing the gas mixture at high velocities (Ref 12). Investigation
revealed that the wall dominated laser plasma had an electrical to
optical conversion efficiency limited by the wall temperature. The
convective laser, however, utilized gas convective cooling to maintain
cool gas tranSlatlonal temperature while still allowing high vibrational
temperature. Since Cool's discovery, power levels up to 27 kilowatts of
continuous power have been reported using convective subsonic systems
(Ref 6).

Convective flow has not been the complete answer to high power
laser systews. The attempted scaling of the convective laser has
resulted In the onset of plasma instabilities with increased gas pres
sures and/or volumes because at lower electric field to pressure ratios
glow-to-arc transitions have become more'probable. And with the onset
of arc, laser power terminates because of gas heating and redistributed
electron energies (Ref 13:733). ‘

According to Nighan (Ref 41), plasma instabilities depend directly
on the response of the electron density to plasma disturbances. There-
fore If the electron density were controlled from outside the lasing

region, higher power densitles in lasers would be possible.



Such electron density control has been accompl[shed using
electron beams operating independently of the primary plasma exciting
field. Photoionization has been used by Levine and havan to control
electron density (Ref 31). And in 1971 Ganley, et al., reported
electron density tailoring by neutron Irradlattoﬁ to enhance Co2 laser
output (Ref 20).

One important goal of thls project has been to separate control
of the electron density from the primary exciting fleld. With the
ability to control independently the electron density one galns control
over plasma Instabilities that depend on the electron density.
Additionally, the electron energy distribution can be optimized because
independent céntrol of the electron density allows the energizing source
to be chosen to fit the specific transition reaction.

A second Important goal of thie nrojert has heen to optimlze the
density of the He(23S) metastable. For many lasing media (He-Ne, He-Hg,
He=-Se, He;Cd. etc.), the population density of the He(23S) determines
the efficiency of the laser because the Penning lonization process (to
be discussed later) is the pump for the upper laser level.

The approach for achieving Independent electron density control

and optimization of He(23S) production was the same. The approach was :

. e

to use a microwave cavity operating at 2.45 GHz to excite fast flowing
He. This process gives large numbers of both electron: and He(23$)
metastables in the afterglow. The electron density may be multiplied i
by the Penning process with N2 in the afterglow under the proper
conditions. And the overall parameters of microwave power, flow velocity

of hellium, pressure In the reactlon zone, and gas mixture must be

= . - e = * -



chosen to obtain the desircd response.

Because the parameters for electron oroduction were multiplied by
the number of piroresses occurring simultaneously, the theory will be
broken down into three parts: (1) a description of the glow discharge,
(2) an introduction to Penning fonization, and (3) a description of
the Independent lonization control concept. Following the theory will
be the analysis of the reactive species interaction, the methods for
making the measurem.nts of the Interactions, the experimental results,

and finally conclusions and recommendations.
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Il. Introduction to the Glow Discharge

As was stated, the theory will start with the glow discharge.

A description of the position of the glow discharge on the current-
voltage characteristic relation will be followed by a classification
of parts, a graphic description, and finally the fonization balance
equations.

The characteristic relation of current and voltage describes for
some gas at some pressurc the sum of all ionizing reactions occurring
In that gas. A typical curve Is aiven In Figure 1. Not cii of the
reglons are of interest here and only the saturation currents leading
to self-sustained discharge and subsequent glow will be discussed.

The saturation current reglon Is characterized by a linear current
ramp for vhich all electrons emitted by the cathode are ultimately cui-
lected by the anode. An external source of lonization must be provided
at the cathode (such as photolonization) so current will flow. Should
the external source be removed the saturation current would essentially
cease. An inherent requirement on the electrons In the saturation
region Is that the drift velocity gained from the applied electric field
be slow enough to avoid inelastic ionlzing collisions with the background .
gas. Should the electron drift velocity become fast enough to produce
large quantities of secondary electrons through inelastic lonlzing
collisions, a self-sustained discharge will resuit. The self-sustained
discharge requires no external source of electron production and will
Increase In current to the limit of the external clrcuit. lon-neutral

collision processes and cathode processes dominate the Jischarge.
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If the external circuit will allow, the self-sustained discharce

/

will become the glow discharge. The glow discharge is characterized
by a nearly uniform current density and voltage In tée positive column.
As shown by Figure 2, the glow discharge is often divided into seven
separate regions. Some glow discharges have all the regions readily
discernible while others seem to have only the positive column. A
brief description of the seven regions may be found in the references
(Ref 7). For our purposes only the positive column has similar general
parameters to the concepts to be described.

The positive column is a conducting path from the Faraday dark
space to the anode. Much work has been done on the positive column
because of ltg uniformity. As Figure 3 shows, the positive column Is
non-varying over its entire length. Charge density in the positive
column Is zero because the electron density equals the ian density Nn
net recombinations take place and do net negative ions exist.

From the brief description of the positive column and Figure 3,
a short treatment of the reactions in that region is now undertaken.
The discussion will be limited to the positive column and the following
assumptions will be made to greatly simplify the equations:

1. No net charge density

2. Steady-state condition (n' = he)

3. No negative ions.

h. Clrcular cross section with radius large compared to the
electron mean free path.

5. No charge on the column's radial edge.

6. No end effects.

|
z
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The first assumption allows one to set the time rate of change
of electron (or ion) density to zero. Writing the first moment of the
Boltzmann transfer equation for the species 'a'one gets

-+ (a,b)

N +7-NU =38 m
a aa coll

where ﬂ. = time rate of change of species'a'number density, N‘ = specles

(a,b) _

a number density, ﬁ; = the average flow of species 'a} and scoll

the collisional process that creates or destroys species a through a
collisional reaction with species b. Using the first two assumptions

equation (1) maybe written

Y- Naﬁa =2 scoll(.’b) (2)
This could be the continuity equation for electrons If we knew
the electron production and loss reactions that make up zscoll(a'b)'
Some posslblg electron production and loss reactions are: (1) impact
lonization and three body recombination, (2) associative ionization
and dissociative recombination, (3) photolonization and radiative
recombination.

Impact ionlzation and three body recombination can be written

&8s a reversible reaction palr
X+yYTIXt+es+y

where it Is not necessary that the reaction proceed in both directions

at the same rate. Two forward going special cases of this type of



v/ra/js=o — v

reaction aré important here: electron Impact fonization and the Penning

effect.

Electron impact ifonizatlion could be written as above by replacing
Yek!' for "Y', This impact is Inelastic and occurs only for electrons
of kinetlc energy equal to or greater than the lonization potential of
the gas particle 'X".

The Penning effect is written by showing "Y' as a long-1ived
excited gas atom (or molecule) as Y#. When 'X" is some atom (or mole-
cule) with an ionization potential lower than the metastable energy
level of "'Y*" then the Penning reaction may proceed. This type of
reaction has not been known to be directly reversible although three
body recombination is an Indirect reversal.

Associative fonlzation and dissociative recombination are written
X+v2xy +e

The forward going reaction is Important in helium metastable collisions
(sort of a self-Penning process) and for hellum has been shown to
transition into assoclative lonization from impact fonizatlion with
increasing pressure. The reverse reaction is an important electron
loss mechanism for electrons of energy less than the ionlzation potential
of "Xy,

Photolonléatlon is not highly probable when the ionization energy
required Is 25eV (corresponds to 50k A 1ight). However, the reverse
reaction, radiative recombination, is a definite l1ikellhood in hellﬁm

fon states and is an electron loss mechanism.

10
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The particular processes which occur among helium and electrons
and which lead to electron creation or annihilation are the following:
(1) Ground state atom - energetic electron collisions
He('Sy) + e* + He' + 2e - AE,

lonfzation from the ground state In hell m requires 24.58 electron volts.

A much easier fonlzation occurs from the next reaction.
(2) Excited atom - energetic electron collision
Hex + ek + He' + 2e - o€,

In this case lonlzatlon from the lowest energy state above ground

requires only about 4.8 eV.
(3) Excited atom - excited atom collision

Het + Het - He('S ) + He' + e + o€,

»He++e+AE
2 i

This process has two possible product configurations but the net effect

is still the production of an electron.
(4) lon-slow electron capture and radiative recombination

He+ +e =+ He + hy
+ Hex + hv' vicy - !

He * + o = 2Hex + hv! : '

ST SR
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Obviously an electron loss process, the first formula could additionally

{ lead to resonant radiatlion trapping for which no change in electron
number could be detected. The last two processes would yield the same
detectable information for electron number density: loss of an electron.

One might argue that the second fonization of helium is another

production method of electrons. But since a total enercy of 70eV is
required for the second lonization (Ref 46:780), this process will be
lgno.red.

Having discussed the possible processes for electron gains and

losses, It Is now possible to write an equation for £ § (e,b).
b coll
(e,b)
TS = v n +v n +v N =v n
b coll ne e me e mm m le e

where the symbois are defined as follows:
\ = collision frequency for ionization of neutrals by
ne electrons

v = collision frequency for lonization of metastables
me by electrons

v = collision frequency for metastable-metastable !
mm lonization

\ = collision frequency for electron capture by ions {
n = npumber density of electrons

n = pumber density of metastables

For some general collision frequency vg the cross section for the

appropriate reaction ar may be related by i

12 | .
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= o, Ol

V « NV O
9 rrgr

where n = reactant species, v = average relative velocity between
r rg
the reacting bodies. An an example, v should be written
ne

v =n v 0 where | = {onlzation and
ne n neli

n = neutral number density.
n
Then writing the summation again, one substitutes in the appropriate

cross sections as follows:

(e,b) - = - ™
LS =n{hv 0 +nv 0'~-nv 0d)+nd o
b e nneli mme | i lec m mm |

For the above equation, n = number density of ions, 0 = capture cross
section, and the ¢ annotated with primes indicates th:t the particular
ionizing cross secilons for different reacting species are not In
general the”same.

The next subject should be the left side of equation (2) where if
isothermal conditions are assumed (p = nkT) and Fick's law is used

(Y = -DVn) one obtains
V.nu=V - V= -y. (D) = -DV2n

for VD = 0, where D = the diffusion coefficient.

Writing out the entire equation for electrons, one finds

2n = :; NV o +nv o'-nv o\n+n2 o" (3)
e 'D. nne i mmei ilec] e m mmi

13
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The electron number density is coupled to the metastable density only
because ﬁl = he for zero net charge density and "e',‘l’ and n, << nn
for partially ionized gases. Assuming n, = constant then Vznn = 0,

For the metastable continuity equation, one has

2 = -1 v 5 - -
vén D, ["n"evneom +nngv 9 "m“e"me"s] (k)
where

D, = thermal diffusion coefficient

o, = cross section for metastable production

og = cross section for superelastic collision

0. = cross section for capture leading to metastable

production

At thls peoint one would be tempted to dicregard the relative
veloclity and cross sections in the separate terms and say that since
Ny >> Ngs Ny, Ny, the last two terms could be dropped. And Indeed for
slightly ionlzed gases where n, ~ 101€ and ng = n, ~ 1019, and where
O differs from Or O by less than two orders of magnitude, then the
last two terms may be disregarded, since the relative velocity between
an electron and fon or metastable is the same.

The equation for metastables becomes then

2n = -l y '
Vén,, Dt NpNeVne®™ (5)

which can be solved by separation of variables. Assume n = R(r)e(¢)
2(s) and the general solution is

. 2ikz
Ny, = 2 CkJo(lkr; e (6)

14
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where cylindrical coordinates have been used and angular symmetry

~ assumed. The separation constant

' -
k2 = k'2 - .Et n“nevne O (7)

follows directly from writing

-knz._f'_l =

Inspection of equations (3), (6) and (7) will show that a
numerical solution to the continuity equation for electrons would be
preferred.

At this point a discussion of the Penning ionization principle

will be undertaken before returning to the ionization balance equations.

15




I11. [Introduction to Penning lonization

Suppose that some given gas, A, has a higher metastable energy
state (not lonized) than the ionization energy state of some second
gas, B. The consequence of a collision between A in its excited
metastable state A* and B in any state below its lonization energy
state Is the transfer of energy from A* to B resulting in ground state

A and lonized B. This chemical reactlon process may be symbolized:
Ax+B>A+B 4+ e

Any energy in excess of the ionization energy of B may go into Internal
energy of B (If a mslecule). or into electron gas heating (kinetic
energy of e), or into both.

'f the ejected electron has sufflcient energy to escape the
attraction of the fonized B, it diffuses rapidly through the neutral
gas. And If the overall concentration of electrons and ifons is low,
the electror lifetime is long meaning it Is avallable for further
collisions with the neutral gas.

The process jJust described is called Penning ifonization. Reveral

of the Penning process Is either through radiative recomblnation
+
B  +e+B* + hy

or dissociative recombination

B,* + e+ BX + B*

or charge transfer

At 4B ax 4+t

16
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Because the Penning process is reversible and energy level dependent,
it would be appropriate to discuss the various rétes at which the
Penning process proceeds and is reversed. Since the rates are de-
pendent upon the reacting species and their probability of collision,
a speclfic témperature will be picked for the reactant species chosen.
The first reactant will be helium. Helium has a Penning process
with itself when the colliding molecules are both excited to as low as
the first state above ground. The first state above ground is a 23§
state and has an excitation energy of 18.8 eV. Obviously two He(23S)
atoms colliding have total energy In excess of the 24.58 eV that it

takes to fonize one of the He atoms. The process is symbolized:
He*(235) + He*(235)2mm—p He' + He + e + AE(0-i4.5e¢V) (Ref 28) i
Het (23S) + He (g.s.)—-.uez" + e + AE(15eV)

(Hornbeck-Molnar Process)

(Ref 28 and 16) 3

The cross section for the above reactions was given by Phelps and Molnar N
(Ref 42) to be 107" cm? at 300°K and the effective rate coefficient by F
3 E
Miller, Verdeyen and Cherringtun (Ref 38) was given as 1.8 x 1079 €™ . 3
- sec 1

The second reactant species will be the ﬁltrogen molecule.
Nitrogen was chosen for several reasons. First, it has a rather large
cross section for ionization with the He (23S) excited atom. Second,
there are no reaction channels in competition with the Penning process

as there are in 0, (Ref 43). Third, a mixture of He-Ny-CO, has
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important implications in high power lasers.

The specific Penning process with N, is the following:
He(235) + N, + N, + (822, %) + He + e

For this reaction the lonizing transitica occurs when an electron from
nitrogen tunnels into the empty Is helium orbital. The 2s electron
escapes the helium and the electron exchange mechanism leaves a ground
state helium, lonized nitrogen and a free energetic electron (Ref 43).
Application of the Franck-Condon principle (Ref 23:194) to the reacting
species implies that the free electron leaves with about 0.2eV for No+
vibrational excitation to the v = 3 state.

According to Richardson and Setser (Ref 43) the statment that an
He*-N, collision leads to the 322u+ state of N2+ Is incomplete. The
relatlve clectronic state populations of N2+ ars divided ameng X2£g+,
Azwu, and Bzzu+ states In the percentages 35:24:41 respectively. That
woula say that the exiting electron may have energy from ~ 0 to hsev,
The energy of the free electron is .mportant when considering the elec-
tron energy distribution function, but for the purpose of generating
electrons the mere fact of being free Is sufficient. Therefore rather
than use the rate coefficient for each specific electronic excitation,
only the overall rate coefficient for the Penning process will be used.
This coefficient from M. Cher and C. S. Hollingsworth Is k = (1.0 £ 0.3)
x 10710 cm3/molecule sec at 300°K measured at 1-2 torr (Ref 10).

bne last finding of Cher and Hollingsworth is noteworthy: the

rate coefficlents are not functlons of pressure but depend on temperature.

Their range of pressures covered .64 to 2.03 torr but their data

-
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displayed no significant rate coefficient variation with pressure.
Reversal of the Penning self-ionization in helium Is possible

through the coupled process collisional-radiative recombination

He' + e =+ He* + hv
+
He 4+ e + e + Hex + e

through disscclative recombination

+

2 + e + He* + He

He
or In the presence of another gas through charge transfer
Hez* + N, + N2+ + He* + He

For the charge transfer reaction above, Rolden, et al. (Rei 5) gives 2
reaction rate constant of 12.5 x 10710 cm3/sec. For dissociative re-
combination Johnson and Gerado (Ref 29) have shown that the effective
rate coefficient for Hez+ production from metastable-metastable col-
lision Includes the reversal (dissociative recombination) rate coefficient.
As such small errors will be introduced when dissociative recombination
Is neglected. Lastly for the collisional-radiative recombination
coefficient, Bates et al. (Ref 2) calculated it to be 1.8 x 1078 cm3/sec
and Cher, et al.(Ref 9) experimentally determlnqd it to be 8.9 ¢ 0.5
x 1079 en¥/sec at T, of 300°K and n_ of 1.6 x 1011/cm.

Reversal of the Penning process for nitrogen in the heliun

nitrogen mix would come from radiative recombination

Nzt'-"'l'e-bﬂz.'ﬁl;\)
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but the process is too slow to effect large changes in the reaction

region used here and will be lIgnored.

Knowing the applicable processes it is now worthwhile to discuss

the external control concept.

20
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IV. Description of Experimental Concept for

Independent lonlzation Control

Probably the first indication that tailoring of the electron den-
sity Independent of the energizing field would increase the efficiency
of lasers came from Ganley In 1971 (Ref 20), when he showed efficiency
increase from neutron irradiation. Other external controls have been
attempted Including plasma jets, UV, and electron beams.

The experimental concept for lonization control independent of
the energizing fleld came from A. Garscadden and P. Bletziner of the
Aerospace Research Laboratories. The concept uses three separate pro-
cesses: microwave discharge lonfzation, Penning ionization, and gas
dynamic (convective) cooling.

Microwave discharge ionization is accomplished by flowing a gas
(helium in this case) through an operating microwave cavity. Electron
impact fonization occurs between the few naturally existing electrons
and the gas particles. Subsequent electron impact ionization by the
secondary electrons thus created leads to gas breakdown. Additional
collisions lead to additional electron creation but the electron losses
also Increase until a steady state Is reached. The steady state achieved
Is a function of pressure, flow velocity, Impurity concentration, gas
temperatur:, and microwave power.

Penning lonization has been discussed previously and only'thc
reminder that In helium self-ionlzation via the Penning process is
highly likely need be mentioned.

Convective cooling is somewhat complicated for the particular

conflguration used in this project, but for the purposes of this
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explanation is simply the extraction of heat by removal of the unusable
thermallzed species. |

The external control concept can best hbe demonstrated by an
example. The obvious example of interest is the C0;-N,-He mixture.

The discussion will proceed from knowing that the addition of N,
increased the upper laser level pumping efficiencies and the addition
of hellum depopulates the lower CO, vibrational energy level.

For the alven mixture, calculations by Fowler (Ref 17) have shown
that optical power density Is a function of the square of the neutral
gas density at constant electron-neutral ratio and constant gas tem-
perature. Scaling the power means scaling the density at constant gas
temperature. 'However, to maintaln gas temperature the excess heat must
be conducted away. For closed non-flowing or slow-flowing systems
conduction means wall-dominated thermal conduction where practlcal tubes
sizes for short conduction times are of the order oﬁ 1 cm erlus (Ref
§r:10).

So, using a | cm radlus tube and liquid nitrogen wall cooling
scaling cculd be attempted at higher densities (hence higher pressures).
For the optimun fleld to pressure ratio (E/P) of ten to fifty volts per
cm-torr, a one meter laser at 200 torr requires 200,000 volts minimum.
Arc discharges occur long before 200 kilovolts is reached and arc dis-
charges do not efficiently pump the CO, laser.

One way to avoid the 200 kilovolt fields required for a 200 torr
on: meter laser would be ‘0 excite the gas transverse to the optic axis
rather than along the axis. Transverse excitation reduces the required

voltage by two orders of magnitude, but,because of the Increased
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particle number density with increased pressure, a glow-to-air transi-
tion becomes more probable at lower values of E/P (Ref 13:733).

Rather than increase E/P, a way to reactivate the upper laser
levels of CO, is sought. The main problem is the deactivation of
trapped energy. Convective coéllng sweeps trapped energy.ln low lying
excited states (specifically the 010 of C0,) from the reacting region.
The ground state CO2 swept in can be activated and the lasing process
repcated. By lust such a technique continuous wave operation of the
CO, laser at atmospheric pressure has been achieved (Ref 36). Further,
T. Cool has demonstrated a 415% gain coefficient increase by convective
cooling in Co, (Ref 12).

The next step Is to change the gas impedance by utilizing
preionization. As was mentioned, various techniques in addition to
microwave discharge ionization are pussible. Electron beams have given
the best results to date. However, electron beams (e-beams) require
extremely high voltages and massive equipment. Microwave (uw) dis-
charge ciec¥ron production presents a very attractive alternate since
It requires lower voltages and much less massive equipment.

Either e-beam or uw electron production techniques offer
essentially the same final result: maintenance of electron-ion pairs
against volume losses in dense plasmas. The decoupling of electron
production from éhe energizing electric field additionally leads -to
stability in the discharge.

This last statement may be seen by reference to Figure 1. It can
be seen that for any saturation current curve that the number denslty of

electrons remains approximately constant so long as breakdown voltages
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are avoided. For current density Je given by
Je - -Neq ueE

the current becomes primarily a function of the electron number density
N, alone since the charge q and the electron mobility u, are constants
and the applied electric field E Is less than the breakdown field Eb'
Therefore, fluctuations In E along the saturation current curve have
little effect on the electron number density. In contrast, if the glow
region Is the region of operation (for a plasma dependent primarily on
the applied field) small fluctuations in applied field lead to large
fluctuations in clectron number density.

The use of helium for electron production has two advantages.
First, the metastable levels He(23S) and He(2'S) are sufficiently
energetic to lonize any atom or molecule except neon. Second, the
electron-metastable reaction In helium leads to either He* and hence
additional electrons or to ground state helium and a high energy
electron, both beneficial responses.

By mixing hellum metastables with nitrogen in the afterglow (a
region wﬁere high temperature electrons and metastables are de-excited
by collisional and radiative combinations after exiting an excitation
region) additional electrons are produced. And as Benton, et al., have
shown the additional electrons are not negligible (Ref 3:208).

Harkening back to the example then, the iaser system proposed
would be convectively cooled, pre-ionized by microwave discharge
lonlzation In helium, then further lonized by Penning lonization in

the after glow of the microwave discharge as in Flgure-h.
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Fig. 4. A Proposed Laser System
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The convective microwave-Penning lonization control technique
has #n additional advantage in molecular lasers worthy of mention:
efficiency of vibrational population pumping. Because the electrons
are produced independent of the laser exciting field, low distributed
fields may be used to preferentially charge vibrational states through
elastic collisions (Ref 41:16).

In order to better Illustrate the last statement, Figures 5 and
6 are presented.

From Figure 5 one sees that pumping of the upper laser level of
CO, Is effected by a .29 eV vibrational energy N, molecule. Since (1)
the relaxation time of N,(v = 1) at a few torr is greater than 8 seconds,
(2) the average thermal energy (kT) of molecules is around .025eV, and
(3) the energy difference between the v = 1 in N, and the (001) in €O,
Is about .0022eV, large cross sections tor collisions of the second
kind are possible due to near perfect energy coincidence.

As shown In Figure 61 for lonlzation the lowest field to number
density (E/ﬁ) ratio Is about 12 x 10-16 v-cm?, At this E/N, thirty-four
percent of the applied power is transferred into all vibrational states.
At an E/N of 3 x 10716 v-cm?, the fractional power transferred into all
vibrational states is ninety-nine percent. Therefore using the lower
E/N, energy is not wasted pumping unwanted vlbratfonal or electronic
energy states.

Presuming that some Justification for examining this external
control concept has been shown, the experimental method of choice will

be described and the results given. . )
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V. Analysis of Metastable He(23S) in the Afterglow

Figures 7 and 8 describe the gas flow geometry. Complications
in the flow arise from the discontinuous nature of the geometry, but
these problems will be avoided in this treatment.

Bolden, et al, solved the basic high speed flowing problem
(Ref 5:47), albeit subsonically, and the exhaust flow here (1.23 x 10%
cm/sec) compares favorably with theirs (1.393 x 10 cm/sec) assuming
both gases fill the tube. Therefore the Bolden, et al. solution for the
axfal variation of fon density will be used to describe the metastable
and electron density variations substituting the appropriate diffusion
coefficients Qhere required.

The metastable density n, may be described by a continuity

equation of the form

ang - (m, b)
+ . =" S ’
at LS ﬁ coll
(m,b)
Letting E S = n 2k_be the primary loss for metastables (Ref
coll m-m

28:A1019) and the metastable current density be given by

- - DFP ' =
Iy = oy - g2 Wng) = ngU_

Then the continuity equation Is written for steady state conditions as

n. v anm _D v2n - n 2k, = 0
m 3 tvaz FEEZ' L
29
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The solution for this equation Is given by Bolden, et al (Ref 4:63)

as (azimuthal symmetry assumed)

v I /aor) , Sk
[+, P )
) av av

o ©

z-zo
Vav

The terms are defined as follows:

(ngd ~ metastable density at &
L
[ny] ~ metastable density from source at %o
o
:9. ® ratio of bulk velocities at £ ande,
v
)
Dm ~ metastable diffusion coefficient
Pav pressure at the midpoint of £ and £,
a ®  tube radius
n ~  metastable flow rate
k * rate coefficient for metastable-metastable
" ionization
v - | b
v.v . average velocity between 2 and Lo
A ~ elgenvalue component (Ref 5:50)
v ~ elgenvalue component (Ref 5:50)

Similar equations may be written for the axial variation of

electron density.
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GEPXPH/74-5 7 T 'ﬂ

an - . (e b)
-—Q— . Y z 4
5t * 7 N T b Seon

S (enb)
£ >cot = n 2k - nngk,

b)
oV Va"g - DaP2 w25 -1 s (e, = 0 steady state
n, 2z t 3z P e coll 4

v AD_P \y
; o = az , (k.n;~ k A
[ne]z - ,[nejo — GXPt [;5:,- "T—"a Gav ri m

In the solution, it has been assumed that although the known electron

creation destruction processes are more extensive than those given by

E S ”(e,b) only those shown contribute significantly to this experi-
co

ment. The additlional terms are defined as follows:

["e]z - electron density at £
n ] - electron density at £

e o o
D. = ambipolar diffusion coefficient for electrons
kn - rate coefficient for ion-electron

recomblination
" ) helium ion flow rate
33
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An initlal calculation ofi[nsz

In] =10"cm™3
nm o
Yo =1.0
Ve
- Sﬁ torr
D, P, 490 £
a2 = ,166 cm?
ky, =1.8x10"°&m
sec
L, = 4 em
k = 8.9 x 1079 cm
‘L, r sec
o= 1.72 x 106 cm~2 sec”!

The solutions obtained were:

In] = 6.9 x 1010 at 2 torr

L

[n] = 6.4 x 1010 at 2 torr

ey

If the pressure Is changed from 2 torr to 4 torr and the eigen-

some indication of the solution validity.

Bl |

and [n ] was made to glve
L2 )

The values used were

A= 3.66

(Ref 5:50)
V= .628
Pav = 2 torr

fig = 1.72 x 108 cm™3 sec™?

v =58 x 10% em/sec
av

- szfi torr
DGPZ 588_ sec °

rnel = 10" cm™3
)

i o oo s AR Tinias . 58
o~

values for this pressure are substituted, the solutions become:

In.] = 8.3 x 1010 at &4 torr

L

= 8.0 x 101" at 4 torr
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It is seen that the solutions tend to the values of [nm] and
()

[ne] for increasing pressure measured at the same point. for an
o

Increase in length of from 4 c¢cm to 12 cm, the electron number density

solution Is for a uniform pressure of 2 torr

n] = 2.6 x 1010 at 2 torr
€12

This will be discussed later.
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VI. Analysis of He(23s) in Presence of Nitrogen

In the Afterglow

The addition of nitrogen to the flowing afterglow has three dis-
tinct effects. One, it destroys helium metastables. Two, it destroys
helium ifons. Three, for the proper combiration of parameters it enhances
electron production. Therefore a new helium metastable continuity
equaiion and sclution are necessary. The new equation will change only
in the term & scoll(m’b)' This has the effect of changing only the

reactant term in the exponential of the solution. The final solution

for the concentration of helium metastables is

Vo e, .V wn s ko)l
(] = (og] 72 exp | -t g (e ) | =2
I3 o av av av

The terms are as defined earlier and additionally kp is the Penning
lonization rate coefficient for N, In He* and 6n is the nitrogen flow
rate.

The electron density requires a new solution because of the

additional creation source. That solution Is:

v P .t . i
- -(ka_ +kn, ~knh ¢
Cnel = [ne] (v‘°)exp’ [i“i‘ el R T |
L o\'e av av
. 2-20 i
Vav
and kr is the recombination rate coefficient for electrons with helium. b
: : ;
3
The value of k_ is from Cher and Hollingsworth 1 x 10710 &0, :
P sec ]
The nitrogen flow rate is from 6 x 1016 to 2 x 1019 cm™3 sec™!. 1
|
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It is easily seen then that the Penning process easily dominates its
term and at slower velocitles begins to dominate the system.
For the assumed values of the metastable solution in the last

section, a calculation made for n, with nitrogen introduced leads to
(n,] = 6.8 x 1010 @ 2 torr
y

a decrease of 1.5%

This will be discussed later also.
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Vil. Absorption Technique for Measuring He'(23S) Density

The absorption technique for measuring the relative helium triplet
metastable density is well known. Essentially the absorption is deter-

mined from the equation ,

- -al
l‘ loe

whers 'L denotes the intensity of the transmitted light which travelled
a distance £ through the absorbing medium, 'o' is the undiminished
light intensity, and a is the absorption coefficient. The absorption

coefficient of Zemansky (Ref 47) is

3
L A2fe (uznz) N
) = g-\Z ;,.-) ; b

= 7.7 x |o'7v°(r/n)*, v_ Is the

where the Doppler line width Av o

D
center of the line, N is the number density of absorbing bodies, and
ng/gz) is calculated from (Ref 4:63) to be 2.6096 x 10 8 sec @ 293°K.

The metastable density by re-arrangement is

The measurements for absorption were made with the equipment

* 4

] ] 8 Tg e [ T
() (35 () cosvoen o i) y
Len ! T)# (2.5534 x 10") cm™3 ;
() ()" |
3
where A, = 3889A. §

set-up in Figure 9. The first lens had the capillary at its focus.
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Parallel 1ight entered the mixing tube, was partially absorbed, upon
exit was reflected, and finally ;efocussed onto the s#ectrometer slit.
The spectrometer acted as a bandpass filter for 3889& light and fed
the photomultiplier tube.
The 3889A line is a 33P + 235 transition In helium for which
33P has no other allowed transition. A check was made to Insure any
emission from the flowing afterglow at this wavelength was accounted
for.
Runs were made using only helium at various pressures, mass flow
rates, and applied microwave powers in order to characterize the
He(23S) density for these parameters. Then nitrogen was mixed by way of
a cross feed tube and the helium metastable density (and electron den-
sity) taken to give the loss of metastable density for various nitrogen
mass flows.
A check to verify that indeed the nitrogen 3914A line was not
adding to the 3889A 1ine (that the spectrometer had sufficient
resolution) was made. No overlap was found and the absorption measure-
ments were deemed valid.
Verification checks with the Ne 5689.8A line for metastable
density were run but are not included because of incomplete data. R
Additionally, the 3914A line of the first negative In N2+ was taken for 3
verification of Penning lonization and metastable destruction but are |
not Included because of lack of time. . 1
A sample calculation was made for the metastable density and the

calculation with its assumed values are given as follows:




——-—f—umz(nnms———-———ﬁ—q.____v__v S

{1 nTo ) (2.5534 x ro")(l)i
n = \‘; "Te- 8 M
o
at 273 k

h = (-;-m n .I..D.) ""(2.55314.,( wu'n)(z%l )

i

- (zn }g) (1.01 x 1012) ¢m™3

at 77°k

=
|

! " -3
(I.n-r%) (5.35 x 10") cm
To the.accuracy of the first two decimals, the natural
logarithm of the quotient lollz and the decimal equivalent of the per- 5
N cent absarption are the same. Therefore, a first estimate may be A
(‘ obtained by taking the percent absorption decimal equivalent from one
of the graphs and replacing the 2n ('o/'g) by this number to obtain a
metastable aensity.

The experimental results are discussed next. %
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Vill. Exper!mental'Results - Electrical

The electron density :as determined using the experimental set-up
8 shown In Figure 10. Not shoﬁ; Is a times-ten attenuation probe that was
used for some runs. When the probe was used the data was corrected
accordingly.

The output data was a series of graphs which plotted voltage out
vs. voltage in. Because a one thousand ohm resistor was used between
the voltage out and ground, the plot for voltage out converts directly
to current. Therefore the graphs read current out vs. voltage in.

Using the relations

I = JA
J = neeut
{ E = V/d

the equation for the number density of electrons is written

where u Is the electron mobility, d is the plate separation, e is the
electron charge, A Is the plate area, V is the applied voltage, and j

Is the electron current density. The electron mobllity is given by

with my the electron mass and v, the collision frequency which Brown
(Ref 7:50) gives as 2.3 x 109p in helium with p in torr.
The same equation for electron number density applies in the

t helium-nitrogen mixtures except that the mobility must be determined

N2
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as

for electrons in a helium-nitrogen mixture. The total mubility is

assumed to follow Blanc's law from Acton & Swift (Ref 1:61)

l_ [ 3 _f_ <+ ——H.f
ut vN ul’le
2

where f = PNzl (PN2
mixture, ut is the total mobility at unit pressure, My Is the nitrogen
2

+ PHe) is the partial pressure of N2 in the total

mobility at unit pressure, and uHe is the helium mobility at unit pres-

sure. The total mobility u at some total pressure Pt is galned from

The choice of a particular point on the current-voltage char-
acteristic curve obviously determines tha calculated electron number
density. For the point choice to give comparable results, the points
must be taken from essentially comparable portions of the current-
voltage cures.

Because the addition of nitrogen in minute amounts lowers the
value of current for a given voltage but allows higher collection
voltages prior to breakdown, comparable points between pure helium and
a helium-nitrogen mixture would be the highest points in the saturation
current region of each current-voltage curve prior to the onset of the
Townsend region. .

The transition from the saturation current curve to the Townsend
discharge region is not well defined In these curves. Although it has

been implicitly assumed that the mobility Is a constant) the actual
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mobility is a function of the field to number density ratio E/N. Since
E/N is increasing as the applied voltage increases, the electron
mobility is changing also.

Without making a correc:ion for the electron mobility for each
point on each curve, it is possible to make a best judgment of the
particular point for each curve where the linear analysis for the
electron number density has broken down. By picking suck a point,
call it Pl' on the helium 1-V curve, the corresponding point, call it
Pz, on the helium-nitrogen |-V curve may be chosen by matching the
slope of the helium-nitrogen curve at P2 to the slope of the helium
curve at P‘.

This mﬁthod of point choice was followed consistently for each
pair of curves. From the chosen point the voltage and current were read
corresponding to that ooint and the electron number densitv was

calculated.

The experimental graphs are included ir the appendix. The
calculated number densities are included and are plotted against

pressure as Figures 11 through 16.
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IX. Experimental Results - Optical

The optical data was reduced using the following relation:

(c w -C W ) + (C W =-C W )X100=2% absorption
on off on on off on off off

€W -¢c W )
on off off off

The C's stand for the capillary discharge tube, the W's stand for the

‘microwave power, and the subscripts stand for the condition of each

(ex: € W - capillary on, microwave off).
on off

In the runs where nitrogen was added, two absorption measurements
were taken; one for helium only, then one for helium and nitrogen. The
percent absorption for each was plotted against the varying parameter
to indicate the metastable destruction. Electron density curves taken
at the same time are aiso plotted against the varying parameter, but
not all optical measurements (the early data for helium only) were
taken simultaneously with the electrical data.

Error'bars show the mean value and one standard deviation each
side for runs where multiple data points were taken. The charts
indicate which points are multiple plots.

The nine graphs which follow indicate relative absorption

percentages vs pressure, power or flow.
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. X. Conparlson'and Discussion '
/
/

As can be seen from Figures 11-16 the electron density is depend-

ent on the pressure and the reactant flow.

The apparent trend at 6-7 torr Is for the'electron density to
rise in pure helium as more atoms are available per second to excite by
the microwave cavity. This is reasonable since the cavity is becoming
a more efficient exciting source. Additionally, the electron production
Is seen to drop off at higher pressures but at the same flow rate. With
higher pressures, the plasma velocity is slowing considerably. The
electrons then have more time to recombine hence thelr diminution.

Flgure; 17 through 21 display the metastable density as a func-
tion of pressure where percentage absorption is used as metastable
Indlcator as was discussed earller. Ac con be seen, an Increase In

1 pressure leads to a decrease in metastable density where the metastable
Is in its own gas. The addition of nitrogen decreases sharply the
metastable density as expected. There are some further interesting
points.

Figure 18 shows negative absorption at sixteen torr. Figure 19
shows negative absorption also at about 18.8 torr. And Figure 17
shows negative absorption at 20 torr. At the time these anamolies
occurred the powér was changed with no other change on the system to
see If it was an error In the system. The negative absorption
Increased slightly and then decreased as power was decreased from 35.8
watts/cavity to 22.96 watts/cavity. The negative absorptlon unjformly

decreased as the power was increased to 48.70 watts/cavity. The system
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was shutdown completely and the run re-made at the specifie. power,
i flow, and pressure. The negative absorption appe.aredv each time and

at 35.75 &/min and 35.8 watts/cavity varied over a p;essure range from
about sixteen to twenty-torr. No other measurements were made.

Figures 17 and 19 show a lower pressure (é-k torr) peaking effect
that could indicate the maximum number of metastables produced as a
result of microwave excitation. This would indicate that the metastables
do not reacn a maximum number density immediately after microwave excl-
tation but some short time later. A further indication of this effect
Is seen at higher velocities (lower pressure) where the metastable
number density diminishes. At higher velocities, the He(2!S)-electron
collision process has not had sufficient time to create additional
He (23S) metastables before the reactants have passed the probing beam.

,t The hciium metastable-nitrogen interaction for varying puwer ai

constant pressure is shown in Figures 22 and 23. Also shown on the
same graphs are the variation in metastable production for varying
nitrogen concentrations. The metastable production Is maximized for
a particular power at a particular percentage of nitrogen mixed. This
can be explained by recalling that as more energy goes into the
electron gas, the electron distribution curve shifts to higher state. /

Figures 24 and 25 show the metastable production variation with
flow rate. Again peaks are exhibited.

Flgure 24 shows the electron energy distribution peak discussed
above coupled with a specific flow rate. The flow rate maximum
represents the optimum number of molecules that the cavity can excite

to a specific state (23s). The higher flow rate drop comes from the
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extra speed with which the molecules must be moved through the cavity
' to maintain the same pressure. The lower flow rate drop indicates
slower velocity, hence longer interaction time, hence fewer metastables.

From Figure 25 one sees that higher pressure decreases the
maximum number of metastables but does not shift the flow rate maximum
which was expected.

The calculations for the metastable density and electron density
from Chapter V show the expected order of magnitude agreement with
experiment for pure helium. In helium-nitrogen the electron density
sample calculation at two torr agrees in order of magnitude with
experiment also. It Is apparent then that the analysis of Chapter V
indicates the true reactive processes to an order of magnitude.

The analysis in Chapter VI showing a decrease in the metastable

t density with the addition of small amounts of nitrogen was expected and
was confirmed by experiment. Not taken Into account but demonstrated
experimenta]ly was the change of cross-section for the recombination
of slow electrons and ions as the electron temperature decreases in the
afterglow because of nitrogen addition. It was expected that the
electron number density would increase markedly with Penning ifonization
In the afterglow as nitrogen was added. This was not entlirely the
case. Some lncrgases were seen when the addition of nitrogen was less
than 0.3% (Ref Figure 14). When the nitrogen addition became 0.5%,
the cooling of the electron temperature by the nitrogen essentially
reversed the electron creation process since more slow electrons and
hellum ions were recombining than electrons were being created from the

Penning process. The net effect at greater than 0.5% nitrogen
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addition was the destruction of mgtastables and the net recombination
of electrons.

The Importance of this finding is in the unexpected degree to
which the nitrogen addition cools the electron temperature. Analyses
following this work must account for the loss of electrons due to
electron temperature cooling from the addition of other gases if correct

predictions of Penning ionization with helium is expected.
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Xl. Conclusions and Recommendations

This experiment has shown that discharges in microwave cavitles
leads to the production of helium (23S) metastables densities of about
5 x 1010 metastables/cm®. Further it has been shown that electron
densities of about § x 1010 electrons/cm® can be readily produced up
to twenty torr using the microwave cavity discharge. Thirdly, it
has been shown that minute amounts of nitrogen added to the afterglow
of 5 helium discharge Increases the clectron density due to Penning
ionization.

One important discovery was the electron-ion recombinatlion
coefficient increase due to the addition of nitrogen in the helium
afterglow. This recombination coefficient increase is due to the
more rapid cooling of the electron temperature when nitrogen Is added.

A second discovery was the observation of negative absorption
on the 3889A line In the pure helium afterglow at a 35.75 liter/
minute flow;rate, sixteen to twenty torr pressure, and 35.80 watts/
cavity microwave power.

Because of the transonic nature of the flow, the undetermined
velocity profile, the undetermined pressure profile across the reaction,

and the unusual construction of the reaction chamber, modelling the

-

plasma is extremely difficult. It is suggested therefore that a more
conventional axial flow design be constructed and the experiment be
repeated to better determine the metastable and electron production for
conventional applications. It Is further suggested that an optical
cavity be built to test for stimulated emission on the 3889A line where ;
|
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negative absorption was seen. Lastly it s suggested that a Laser
Doppler Velocimeter (LDV) be obtained to determine the areas of maximum
turbulence for optimum mixing of the helium afterglod with a Penning
gas.

Time prevented the attempted extension of'thls technique to

atmospheric pressures.
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Reproduction of Experimental |-y Curves
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David Reginald Durham was born [N DS
He graduated fron (NG N

received a Bachelor of Engineering Science in biological~-mechanics
from the University of Texas. After Officer Training School, he
attended pilot training at Reese Air Force Base. He was married [Jj
I e served as a pilot in Southeast Asia from August
1968 to August 1969. He subsequently served as an Aircraft
Commander and Mission Instructor Pilot at McCoy Air Force Base,
Florida. He entered the Air Force Institute of Technology in June

1972.
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