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SECTION 1
INTRODUCTION
The maximum power density attainable in externally sustained molecular laser

discharges is usually dictated by the occurrence of glow collapse and/or arcing.
The erratic and unpredictable nature of this phenomenon severely hinders the develop-

ment of large scale, high power electric laser systems. In a previous investigationl

the causes of thermal instability in externally sustained discharges were analyzed
for conditions typical of cw, convection cooled COo lasers. It was found that such
discharges are thermally unstable and that the magnitude of the instability growth
rate is exceptionally sensitive to the nature of the electron loss process.

In the present investigation a similar analysis is applied to high energy CO
electric laser discharges. The primary objectives of this study are: (1) iden-
tification of the physical mechanisms from which instabilities arise for low
temperature-high pressure CO laser operating conditions; and (2) identification of
the plasma properties which impact on the development of thermal instabilities. The
information so generated should assist in identification of means to extend and/or
enhance the stable operating range of externally controlled CO laser discharges.

Most of the details of the theoretical formulation used have been reported
;,~r"3\/iousl_'f.l‘‘4 In Sec. 2 those specific features which are unique to CO electric
lasers are treated, particularly, vibrational-translational energy relaxation under
conditions such that the vibrational energy distribution is highly nonBoltzmann:
and electron-molecule super-elastic collisions which are important when a sig
fraction of the molecules are vibrationally excited. A very brief review of the
linear stability model used in this analysis is also presented. Thermal instability
growth in CO lasers and the factors influencing this phenomenon are presented in
letail in Sec. 3. There it is shown that changes in the nature of electron-ior
recombination greatly influence the magnitude of the instability growth rate.

Because of the importance of recombination, positive ion chemistry is discussed i
csome detail in Sec. 4. On the basis of available experimental data related to ion
identification in high pressure gases it is argued that positive ion species typical
of CO laser conditions will be clustered, and that the ion species will be dominated
by impurities in the gas mixture, especially water molecules. In view of the
importance of the electron loss process on thermal instability growth, and the myriad
of factors affecting cluster ion recombination in a vibrationally active gas, this
conclusion is of particular importance. Indeed, on the basis of this study the need
for a greatly improved understanding of cluster ion production and loss mechanisms

in discharges becomes apparent.
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SECTION 2

PLASMA ANALYSIS

Rigorous formulation of the criteria for the occurrence of instability in gas
mixtures containing several molecular species is a formidable problem. In order to
retain a manageable analytical model it has been assumed that the only molecular
species in the discharge is CO in an atomic diluent such as He or Ar. Rotational-
translational equilibrium has been assumed to exist at the gas temperature, T. The
resulting conservation equations for the neutral particle number density and the
translational-rotational and vibrational energy densities for a convection discharge
are then expressed,l’z’h

B +n¥-y=0, (1)

n /
D—l)t(nET)+(nET+P)V-¢JA= xV2T+ T—Jn; E’V +nen(y1,/n)k1'e . .\2)
DDT mEy) + NmEWV U =Nnen (v, /N) kTg— :—v"lr Ev (3)

where D/Dt = 3/>t +U ¢V, U is the mass average velocity of the gas, n and n, are
the total neutral particle number density and molecule density, respectively, K

is the thermal conductivity of the gas, and Tyr is the temperature dependent time
characterizing vibrational-translational relaxation, i.e., Tyt - = NKyps with kyp

the effective rate coefficient for V-T energy relaxation. The average translational-
rotational energy per particle, ET, is given by, 2

E1=(3/2 Xq + 5/2 Xm)KT

S TN



where X_ and X are the atom and molecule fractional concentrations. In order to
facilitate comparison with the formulation of Ref. 1, the average vibrational energy
per CO molecule, EV’ will be related to an effective vibrational temperature defined
by the expression,

By = KTy .

Regarding the electron properties in Egs. (1)-(3), n_ is the electron density, T is
the generalized (nonBoltzmann) electron temperature 2,3, and v, and vp are the
electron temperature dependent collision frequencies for vibrational excitation and

gas translational heating, respectively.
The corresponding particle conservation equations for electrons and negative
)

ions are written,™

BE *NeV U + T (Nele) = Nenk; = NgNpkr —Nenkg —Nen kg, +Mnnkg + NS¢

Dn - 2 i L e
_D'n +npV U +V - (ny Un) -nenk0|+ Nen kc,2 NaNpky =Npnky , (5)
= n_ and n_ are the negative ion and positive ion number densities (n, =1

e
&

U, and U, are the electron and negative ion drift velocities, and the indicated
ure weﬁgh%ei rate coefficients are those for single step ionization by low
energy electrons (k;), electron recombination (k;\, dissociative attachment (kg
three-body attachment (k,,), detachment (kg), and ion-ion recombination (k;\. 0
The quantity 5, represents the electron production rate due to the external source
of ionization; generally ng, >> nenkj for the conditions of primary interest.

/'y

Detailed discussions of the approximations and formulation leading to Hgqs. (1)-
ac applied to this problem are presented elsewhere,l=% Also, the specific feature
of the charged particle collision processes represented in Hgs. (4) and (5), have
been discussed in considerable detail in Refs. 3 and 5.
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2.1 Application to CO Laser Discharges

2.1.1 Vibrational Energy Relaxation

Probably the most important feature distinguishing CO electric discharge lasers
from otherwise similar CO, lasers is the highly nonBoltzmann vibrational energy
distribution characteristic of the anharmonic pumping effect. Although the form
of the vibrational energy distribution changes in response to variations in any of
the variables Tg» Ne, T and n, V-V energy exchange processes are sufficiently fast
(€ 10-° sec) so that the vibrational distribution can be assumed to respond to
disturbances in plasma properties in a quasisteady fashion. This permits deter-
mination of an effective rate coefficient for V-T energy relaxation.

Bquation (3) shows that the vibrational power balance for a uniform steady
state plasma can be written in the form,

Ncoly
VT

nen (vy/n)kTe = 2 Mg MK o3 Me g T AMKTy & (6)

where the dependence of the V-T relaxation coefficient on T,, n,, T, and n is indicated.

In order to determine the rate coefficient kVT as defined by Eq. (6), steady state

CO vibrational energy distributions and energy transfer rates were determined
numerically using a molecular kinetics model.” A CO:He mixture in the proportions
0.1:0.9 was used; and the ranges of variables covered were: T, 50-100°K; Ngy, 2 X 101t
-2 x 1012 cm‘3; P, 50-200 torr; and Tg, 0.4-1.5 eV, These properties correspond to

electrical power densities in the 50-2000 Wem™3 range. For the purpose of illustration,

computed vibrational population distributions for conditions typical of this analysis
are presented in Fig. 1.

In order to assess the effect of changes in plasma properties on vibrational
energy relaxation, each of the variables Tg, ng, T and n was varied independently
about the following base (or reference) values: Te = 0.56 eV (i.e., E/n = 1.0 x
1016 vem?); Ng = 7.5 X 101t om=3; Ty = 65°K and nj = 1.U48 x 1019 em=3, Numerical
evaluation of the steady state CO vibrational energy distributions and the corres-
ponding vibrational energy density, Ev, then permitted determination of kyp as defined
by Eq. (6). Effective V-T rate coefficient data obtained on this basis are presented
in Fig. 2. Examination of this figure shows that kyp increases with both T, and Ng.
This reflects the fact that as the amount of vibrational excitation increases, the
anharmonic pumping effect drives energy to higher vibrational levels from which V-V-T
and V=T relaxation is more effective. As the neutral number density is increased
the energy stored in vibration per molecule simply decreases with a corresponding

1
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Figure 2, Computed variation of the effective V-T energy transfer

coafficient for a CO=He (0,1:0.9) mixture. Reference conditions are
indicated by the arrows.




decrease in vibrational relaxation., Of particular interest is the fact that as

gas temperature is increased, anharmonic pumping of energy to higher levels is less
affective, leading to a decrease in the vibrational relaxation rate coef

efficient At
much higher temperatures kyp ultimately tends toward the Landau-Teller value, Eym(T)
(l—exp(-e/kT))’l, as &; tends toward a Boltzmann distribution. Under certain =
conditions such a negative temperature dependence of va(T\ could have a signifiecant
effect on thermal stability since an increase in T results in a decrease in th

effective vibrational relaxation rate coefficient, i.e., negative fe

The k.., data presented in Fig. 2 are found to exhibit a monotonic dependence on

the variables ngs T and n. Therefore, application of perturbation theory to

s. (1)~(3) can be simplifed by expressing the V-T rate coefficient in the form,

The values o = 0.5, 8 = -1.15 and ¥ = -0.5 are found to yield a very good fit to th
numerical data shown in Fig. 2.

.1.2 Superelastic Collisions

In addition to its usual dependence on T,, the electron vibrational excitatio

roefficeient, w,/n, also depends on n,, T and n because of their impact on T,. As T,
Sreasas \a is reduced as a consequence of electron-molecule superelastic colli
the ba of numerical cxperimentation it was found that within the range ci

rariabl ribed previously, the dependence of the vibrational n coeffi-
nt on c¢h in n_, T and n was relatively weak. However, % o) rer-

2lastic collisjions on vV/n as T, 1s varied was found to be much r > pronounced,

reflect v

ing the highly nonlinear dependence of vibrational excitation on elec Y
energy. The data presented in Fig. 3 show the resulting effect on v /n of variati
in T_. The values of effective vibrational temperature corresponding to the referen
values of n_., T and n are also given in the figure.

In order to simplify formulation of the stability analysis, the rate coefficient
Fig. 3 (including superelastic collisions) have been approximated by the
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Ficure 3. Computed electron-molecule vibrational excitation coeffi-
cient in a CO-He (0.1:0.9) mixture at the reference conditions with and
without the influence of superelastic collisions.




expression,

; / \
vy(Te, Ty)/n = (vy(Te)/N), l|_(___) l , (8)

where [ = 0.8 has been found to yield a very good fit to the numerical results.

2.1.3 Electron-Ion Recombination

For high pressure-low temperature conditions positive ion species will be
clustered 19 with the likelihood that no single species of ion dominates over the
entire range of conditions encountered. Further, the magnitude of the recombination
coefficient of clustered ions can vary significantly, even among members of the
same famil,v.O Therefore the effective recombination coefficient ki should be
expressed in the form,

ke - 2!: £, k,‘?l %

. . . . . . AL .

where f. is the fractional concentration of the Jth ion species and ks 1
v . . . S . . Y s

corresponding recombination coefficient. By assuming that the electron te

lependence of the various ion sp2cies is the same k; can be approximated b

expression,

9]

the
nperature

¥

N ;he
ke (Te,T)= k(T )(l>8 (10)
r e, r e Tc .

I'n the numerical analysis to follow To has been taken as HSOK and the exponent & has
been varied parametrically. Sections 3 and L treat the matter of electron recom-
bination for CO (and COE) laser conditions in considerable detail.




2.2 Linear Stability Theory

Linear perturbation theory has been found to be exceptionally useful as 2 means
for revealing the basic causes of plasma instability in molecular discharges.
Detailed discussions of this method as applied to laser discharges are presented
elsewhere,l” Certain features of the analysis which are unique to the present
treatment of CO laser discharges are briefly discussed in the following paragraphs.

2.2.1 Fractional Derivatives of Rate Coefficients

It has been shown that the sensitivity of plasma processes to small changes
in properties such as electron temperature and gas temperature can exert a profound
influence on plasma stability, especially in externally sustained discharges. J
The nature and sensitivity of such variations is conveniently expressed in terms
of the fractional, or logarithmic, derivative of electron rate coefficients with
respect to electron temperature, i.e.,

| ()

Qo
Pl
n
g2
2
b
IRDRpp—

Thus, k (or v) is 2 number, the magnitude and sign of which reveal the nature of
the response of a process to a small local change in electron temperature.

In the present analysis Ky exhibits a dependence on Ngs T and n in addition
to its dependence on Tes Eq. (7). It is easily shown that the corresponding
fractional derivatives with respect to these varijables are simply o, B, and v,
respectively. Similarly, the fractional derivative with respect to gas temperature
of the recombination coefficient, k?,is 5.

2.2.2 Ilectron Témperature Perturbations

In volume-dominated molecular gas discharges, the characteristic time for
electron energy relaxation is very short compared to the time required for the
charged particle densities to change, so that electron energy kinetics respond to a
disturbance in an effectively quasisteady manner on the time scale of importance.
On this basis, the first order quasisteady form of the electron energy equation has
been used along with Poisson's equation to obtain a relationship coupling disturbances
in electron temperature, electron density, and neutral density.l’ In the present
investigation this procedure has been modified somewhat to account approximately for

10




the dependence of electron energy loss on vibrational temperature, i.e., the

of superelastic collisions (Eg. (8)). For conditions such that the electron

fractional power transfer to vibration is near unity, the resulting expr: i
. . )

v Ine ertiir 1@ dn " n m S o -

relating perturbations in I'ys Ngy 0 and T, 1.,1

Te 1+ b,— D, cos2¢/ Ne |+ Uy~ Um COS2 ¢

Tex .{ -2cos?¢ Nek 2 sin’¢ ny
n

g g
C(Ty/10%) (I-(Ty/10%)7) ' Tvy
Ty

A A
I+ vy— vy COS2¢

~2cos?¢ | nek [—2sin®\ ny L (Ty /1045 T
vy e v, Wl (i —(tyz10%8) Tv

id T, are the amplitudes of the k'th Fourier

-4
,1-4

1 properties

energy

notation

respect to electron temperature as described previously. In this

is the angle between the direction of the zeroth order (anticipated
- . . ¥ - . 1 ) :
electric field and the wave propagation vector k.~

With the considerations discus above providing the basis for the approach
linear stability analysis is applied to Hgs. (1)-(5) as desecrit

previously.~~ " This procedure results in the following system of first order

equations relating the perturbation amplitudes

n 18 i I and Tg,
il > n]._ls y;.ﬁ, k? Vi ? 13
anticipated steady state properties:

11




Nn T n n i
( ko4 .k_) Yy = 2k [_e(nko'+ e %’; np k',.]

Np T e Nn
Ane [ Ng i Ne (nkna +n%kg.) T.ik_[ﬂﬂ-(nk ?\ +n2k ,l\( )] (1)
- Tn.. [—n-E- npkr + ﬁ'r—" n ol 02]+ Te nn 0‘ Ql 02 02
Tk i & o Ne 2K
= T npkr (l +kr)+nkd kd + n_n n 02 ’

"

Tk Tk kk? _ JE Fo(i-v/10%®)(2 - F
F% F [— nCp nCpT [ i=/i0%°)(2-B+y)+ "']

Tvk | Fy JE a JE Nek 4
S (oot [ e o oot} s

+ Tek (FT(H";/T)+FVRVT"_(TV/'04)C))] 2
Te

Ty T
Ky, = _i":_[r I-(T. /'04); (2-B+vy)-F ]
Te P 7 | Rgiln (-0 ) e

PNS
L(Tv/109 ” i)

e RWYE (g 1008 [14»
Tv xmnkTv ( k ) (l—(Tv/|04)€)

Fv JE . LT
+ X;_nl:_TT('—(TV/'OA)C)[ e ii=a)+ W(I"VV_RVT)] >

where Y is the growth or damping rate of coupled disturbances in Ngs Ny Ty Tys

and T_. In the derivation of these equations it has been assumed that first order
pressure fluctuations are very small, a condition permitting replacement of n /n

by -Tk/T. This approximation is valid as long as the characteristic time for the
lissipation of acoustic disturbances is much less than the time required for evolution
of disturbances in thermal and vibrational energy density, a condition usually
satisfied in cw or quasi-cw convection discharges.

12
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THERMAL INSTABILITY

3.1 Basic Considerations

3.1.1 Steady State Properties

: Lo . ]
Numerical experimentation carried out previously™ has shown that onc

of steady state plasma properties such as pressure, gas mixture, electron
electron density., and electrical power density have been established, ths

bility is far more sensitive to specific microscopic details of electron
and loss processes than to variations in the values of macroscopic plasma conditior
Thus, Ey establishing reasonable values for the steady state properties the influence
on thermal instability of changes in those processes affecting electron production
and loss and vibrational relaxation can be examined in detail.

I[n this investigation conditions were selected so as to be repreSc:tw'ite of

an externally sustained CO laser plasma in a supersonic flow. Conditions at the dis-
charge inlet were taken as P = 100 Torr, Lo = U,Oj, ”O = 107 em/sec, with CO and e
-in the proportions ).l - 0.9. The external ionization source, S_, was assumed to be

uniform throughout the volume. For these conditions the flow is supersonic with the
gas density and flow velocity essentially independent of position in the dischar

region. presents computed spatial variations of T and e for representative
conditior this example electrons were assumed to be lost by recombination
depending e, with the result that the electron density and electron tempers

ture are both lﬂuepeﬁdeqf of position.

[he required electron collision frequency data for the CO-He 0.1:0.9 mixture
considered in this analysis were computed and are presented in Fig. 5, while the cor-
responding fractional derivatives for this mixture are shown in Fig. ©. The factors
influencing the magnitude and electron temperature dependence of these data are well
understood and are found to be generally similar for a variety of mixtur?s of igpor—
tance in CO laser applications. It is worth pointing out however, that My and v,
exhivit very large variations in the region of electron tempersture for which vibra-
tional excitation is most efficient.

3.1.2 Hlectron Ion Recombination Data

Processes involving CO itself should lead to no net negative ion production in
laser discharges."3 Further, in this analysis it is assumed that the impurity
e(CO0)., which is invariably present in 4010'1‘, can be reduced to a level such tha

Z . . . . 3 y . . .
electron dissociative attachment involving I'e(a‘,u)5 is unimportant, i.e., < 10 ppm.
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Ficure 4. Compu‘ed spatial evolution of T, and T from the discharge

entrance for the base mixture and initial presgure of Figs. 1-3 and the
following conditions: E/n = 0.88 x 107" Vv em”, Uy 10° em/sec and
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laser power; in the presentation of all subsequent data such will be
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With this proviso, the negative ion concentration should be relatively low in CO
laser plasmas (nn/ne << 1), with electron loss dominated by recombination. Figure
7 provides a summary of nearly all the molecular recombination coefficient data
available as a function of electron temperature (Maxwellian energy distribution).
These data along with their sources, are discussed in Ref. 9.

Recently, measurements of electron recombination under ambient pressure and
temperature conditions have been carried out using N7, COlO, and COo laser mix-
tures. These data were obtained under conditions generally similar to externally
sustained laser discharges, and fall within the shaded region of Fig. 7. In the
N2 and CO measurements the positive ions were assumed to be Nu* and CO*.co, respec-
tively, or perhaps higher order polymers. In these measurements the electron energy
distribution was not Maxwellian. Thus, in Refs. 10, 13, and 14 recombination coef-
ficients are presented as a function of mean or characteristic electron energy, a
circumstance that could introduce as much as a factor of 2 variation in the inferred
z: value even for the same ion.

Of particular importance to this study are the data of Ref. 10 for CO which are
specifically indicated in the sha?gd region of Fig. 7. The inferred recombination
coefficient in CO exhibits a Tg~ variation (i.e., Z? = -1.5) and will be used as
a reference in the stability computations to be discussed in subsejuent sections.

3.2 Thermal Instability Growth Rates

Following fthe procedure described in detail in Ref. 1, Eags. (13)-(1l6) were
numerically solved in terms of the anticipated properties in the discharge region.
For all conditions examined the plasma was found to be thermally unstable (v > 0),
having a growth rate strongly peaked in the direction normal to the electric field
(o= 90°). This behavior is indicative of vibrational/thermal instability driven by
disturbances in electron-molecule vibrational excitation.l!

(W0

.2.1 Growth Rates

Presented in Fig. 8 are computed thermal instability growth rates as a function
of &§/n corresponding to the plasma conditions discussed in preceding sections. These
ralculations (curve a) show that as the electrical power density increases in the
100-1000 W/em~3 range the time characterizing the growth of thermal disturbances
v=l) decreases from approximately Lp‘3 to 107" sec. The rather sharp increase in
the growth rate in the 500-700 H/cm'j range reflects the onset of ionization due to
low energy electron impact. As pointed out previousl:,‘,l avalanche ionization become
significant as regards thermal instability growth when the steady state contribution
of low energy electron-molecule ionization is only about 1 percent of that due to the
external source (this point is indicated by the arrow in the figure).
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normal to the electric field (p = 90 ) for the base condi‘icns of

Figs. 1=l and a source function, 5., of 3.k x 107 sec™l.

generated using the ki data of Ref. 10 obtained in CO under aimost

density conditions; the growth rate computed on this basis will

Curve a was

reference for all subsequent comparisons. Curve b was generated usi
o L N -~ —_—
constant k. value of 2.0 x 107/ sec 1 em?
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For the purpose of comparison Fi%. 8 also shows the growth rate computed using
a constant value of 2 x 1077 sec'l cm” for the electron recombination coefficient,

-

LS K% = 0. Clearly, the effect on the growth rate is very significant resulting
in a factor of 2 to 3 decrease in v over the range of variables considered. Numer-
ical experimentation with the exponents @, B8 and v (Eq. (7)), which reflect the
sensitivity of V-T relaxation to changes in ng,, T and n was found to have a far
smaller effect on the growth rate. In fact, taking kyp as a constant having a mag-
nitude consistent with the reference conditions indicated in Fig. 2 was found to
have a small effect compared to reasonable variations in the electron recombination
coefficient.

N~

2.2 Electron Density Disturbances

For reasons discussed in detail in Ref. 1, the sensitivity of the growth rate
exhibited by the data of Fig. 8 to seemingly minor changes in the nature of the
electron loss process is readily understood by examination of the change in the
electron density disturbance. Figure 9 shows the computed variation of the frac-
tional electron density disturbance relative to a change in gas temperature, i.e.,
kneﬂ/ne\(fk/l\-l. corresponding to curves a and b in Fig. 8. To a first approxima-
tion the instability growth rate is related to the fractional electron density
o

c

disturbance by the expression,l

Ne, /N
JE ek/ e ; o
Yk ncpT (' & T /T ) Pgo™ (17)

Although the magnitude of \ne}/ne\ng/T\-l is small (in fact, negative) compared to
ts value in a self-sustained plasma (> 10), the increase in the electron density

disturvance caused by a recombination loss which decreases with electron temperature
is very significant. When avalanche ionization approaches 1 percent of that due to
the external source gnek/ne)(Tk/T)'l begins to increase very rapidly as is indicated

in F

(&)

g. Y.

Fen Molecular Ions

here exists considerable evidence that small quantities (< 1 percent) of 0o
added to CO laser discharges enhances their stability.lS’]—b Theoreticall” and
experimentall—b investigation of the role of Os in low pressure (10 Torr) diffusion
cooled CO laser discharges indicates that when O2 is present the initial clustered
poiitive ion species charge exchanges with O2 resultin§ in the simple molecular ion

~ . The extension of these findings to high pressure 2 o discharges is open to
juestion for reasons to be discussed in Sec. 4, Nonetheless, instability growth
rates were computed for comparison with the data in Fig. 8 by assuming that
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approximately 1 percent O, added to the CO-He (0.1:0.9) mixture resulted in conver-
sion of all positive ions to O+2. The electron recombination coefficient shown in
Fig. 7 for 02+ was used in the calculations. Because kS for O2+ is substantially
lower in magnitude than the recombination coefficient used here as a reference (from
Ref. 10), the magnitude of the external source function was reduced so as to yield
the same electron density (and power density) at an electron temperature of about
0.4 ev.

The results of this calculation are presented in Fig. 10. For the lower values
of &/n v(02+3 is very similar to curve b in Fig. 8, even though the magnitude of
k(0,) is 5 to 10 times smaller than the 2 x 107/ sec™cm” value used in the gener-
ation of curve b, Fig. 8. This reflects the fact that as long as the characteristic
time for recombination is short compared to the instability growth time (neki > y)
the electron density response will be quasisteady.l When this is the case only the
electron temperature dependence of the recombination coefficient as reflected by the
magnitude and sign of K¢ affects thermal instability growth; the magnitude of k§
itself has little or no effect. As E/n increases the data of Fig. 10 show that the
onset of avalanche ionization occurs at a lower T, value when k% for Og is used.
This is to be expected since the electron production required by the external source

is reduced as a consequence of the lower k;(og) value.

In Fig. 11 the computed growth rates of Fig. 10 are presented as a function of
electric power density. Presentation of the data in this form shows that while the
premature onset of avalanche ionization occurs at lower E/n levels when 02* is assumed
to be the dominant ion, the instability growth rate tends to saturate at higher power
density levels unlike the growth rate obtained using the reference K: value. This
behavior is a finite kinetics effect reflecting the inability of the electron density
to respond to neutral particle disturbances in a quasisteady manner, i.e..

“ekr\U;\ 5> v. When this occurs both the magnitude and the electron temperature
dependence of the recombination coefficient affect the instability growth rate.

When thermal instability growth rates were computed for the self-sustained dis-
charge conditions typical of Ref. 15 in which O, addition was found to improve plasma
stability, the finite temporal response of the electron density was found to be sig-
nificant. Indeed. the instability growth rate corresponding to a specific power
density was reduced by approximately 50 percent when Rg for O, was used in the
calculations. The computed instability growth times (v‘l\ we;g also found to be
nearly equivalent to plasma residence time in the discharge. < However, it must
* to be the dominant ion at

3

be pointed out that there is little reason to expect GE
the high pressures used in Ref. 15.

3.2.4 Uas Temperature Dependent Recombination

(o]

For the reasons given in Sec. 2 and elaborated upon in Sec. 4 the positive ion
species typical of CO and :og high power discharge conditions will be clusters.
fang tered ions have weak bond energies with the result that cluster ion equilib-
and therefore recombination, is exceptionally sensitive to variations in gas

clus
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temperature. In order to evaluate the effect of a gas temperature dependent recom-
bination loss, instability growth rates were computed for various values of the

exponent § in Eq. (10). The results of these calculations are presented
As anticipated, the effect on the instability growth rate is profound witin
ing by about an order of magnitude as ¢ is varied from O (base case) to -10.

Fig, 12,

O]
!

To the same level of approximation used in deriving Eq. (17) it can b
that the fractional electron density disturbance is related to & by the e

o

nek/ne:__|_ I+8+2Q$ i $~90° . (18)
T/ T 2 v

Thus, as ¢ becomes increasingly negative the recombination loss decreases more during

a disturbance resulting in an increase in the electron density disturbance. Figure

13 presents the computed values of nge./:e)gik/f"l as a function of 5 corresponding

to the conditions of Fig. 12 at an E/n value of 1.0 x 10~1° vem® (T ~0.55 eV). T
e

Ve

increase in the electron density disturbance is dramatic indeed. These results and

those discussed in Sec. 4 vividly illustrate the importance of obtaining signif

£ 1~

icantly better information on ion loss processes in high pressure laser discharges.
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SECTION 4

POSITIVE ION CHEMISTRY
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For purposes of comparison, Fig. 16 shows measured26 values of fractional ion
concentration as a function of E/n in a Cog-Ng-He (1:2:3) laser mixture at 0.38
Torr containing Ho0 at 10-3 Torr (~ 10=° atm). Even at this low pressure the
hydrated-hydroniuﬁ series ion was found to dominate. Agreement with the analytical
data of Fig. 1 is very good at low E/n values at which Tion = Ts Measurement s/
of ion identity in CO have also been made at vsry lﬁw pressures %.01-0.3 Torr)
and at relatively low residual H,O levels (107°=10"" Torr, < 10~! atm). Even
under these conditions the dominant ion species at room temperature and a CO pres-
sure of 0.35 Torr were found to be CO+~HOO and H30+. The cluster COt-CO was
found to be the dominant ion only in a narrow range of pressures between 0.1 and
0.3 Tarrs

In light of the findings discussed in the preceding paragraphs it appears
almost certain that the experimental conditions typical of recent high pressure
recombination measuremenfslo,lS’lh are not consistent with the occurrence of
simple molecular ion species such as Nh+’ CO+-CO, or even higher order members of
these sequences. While the recombination data falling within the shaded region in
Fig. 7 are representative of electron recombination loss under conditions generally
similar to those in laser discharges, considerable caution should be exercised
when interpreting their meaning. Of course, until the ions are actually identified
experimentally for conditions typical of CO laser discharges it is not possible to
state flatly that the hydrated-hydronium sequence will be dominant. For exarmple,
even in a mixture containing only CO and He (or Ar) as major constituents the ion
clusters may be of a more complex form, €.g., H:O+-(Hﬂ0)n.(COﬁw. The presence of
other major additives such as N,, O, and H, along with the contaminant Fe(CO)_
further complicates matters especially in a discharge environmenit. For these
reasons, while the exact species of ions remain unknown, it can be concluded wit!
some certainty that relatively simple molecular ions typical of the parent =zas will
not be dominant for CO (or CO.) electric discharge laser conditions.

Y, »

b, Cluster=-Ion Recombination

The precedins conclusions are likely to have a very important bearing on C(
~

and CO» laser stability for the following reasons: (1) mcasurod“7 values of the

electron recombination coefficient for hydrated-hydronium series ious are one to

two orders of magnitude larger than simple molecular ions; (2) the electron *emper-
ature dependence of these clustered ions has recently been found to be very weak “
as indicated in Fiz, 7: and (3) the ion cluster bond enercies ~ are relatively weak
(« 1.0 eV) with the result that the quasisteady cluster ion distribution actually
obtained under specific conditions will be exceptionally sensitive to the neutral
and ion translation temperatures and almost certainly to the vibrational temperature
as well. Indeed, there is every reason to presume the electron temperature
dependence of ‘he recombination coefficient inferred from the data of Ref 10, 13,
14 also relfects variations in the ion ‘ranslational temperature and neu‘ral vibra-

tional temperature, both of which increase as E/n increases.
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4,2.1 Electron Density Disturbance

An

illustrative example of the potential influence of ion clustering on

nerma.

instability is provided by consideration of the hydrated-hydronium seauenc:
discussed above. A relatively simple expression for the guasisteady

the electron density to a disturbance in gas temperature can be derived

basis of the following assumptions: (l) all hydrated-hydronium ions have
approximately the same recombination coefficient which is much

H,0" at elevated electron temperature; and (2) only
cient depends on electron femperature (Fis. 7). On
and by using Ea. (12) to relate disturbances in electron temperature and -as ierpor-

ature, the following equation is obtained
9 b

ese
2(1-X A e
(—————( Kelkehs )+ Xc Xc k,
Nek/N _ I+ Uy +VUm ¢

I
Tk/T 2

Y ¢:90°/° ) KlA
(1= Xe)kd + x¢ k,ec

X
where X, is the fraction of hydrated ions, X _ is
with temperature, and ’ and : s
for H,0" and ' \),w, respectively. Not e Th

Shown in Fig., 17 are the quantities XC and io as a function of temperature
computed for 1 ppm H,O0 at atmospheric density.
of the recombination coefficient for Tp == ﬂ.FNoV is presented in Fig. 18. Note
that the transition from X, == 1.0 to X, < 10™“ corresponds to a two ord
tude decrease in kI which takes place over a relatively small range in tem

The corresponding effective value

Ficure 18 also shows that cluster ions dominate the recombina‘ion process when their
fraction exceeds only a few percent of the total ion concenitration.

Fige. 19 is the fractional electron density disturbance computed
using Ea. (19) and the data of Figs. 17 and 18. In lisght of the importance of the
electron density disturbance on the growth of thermal instability as discussed in
3, these results are of considerable significance. Figure 19 shows that
when either all the ions are clustered (X

Presented in

Dec .

1 o 1) er the cluster concentration is
7' - / e - . : T
very small (X, < 10 \), (nok/ne)(lb/T) is relav!valy small as desired. However,

during the transition from clustered ions to the simple molecular ion H_O the
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magnitude of the fractional electron density disturbance reaches a value typical
of a self-sustained discharge, i.e., ~ 10. This is a direct manifest
the large difference between the recombination coefficient for clustered and molecu-
lar ions, coupled with the extreme sensitivity of cluster ion concentration to
variations in temperature.

4,2,k Steady=-State and Stability Characteristics

The results presented above show the effect on the magnitude of electron
density disturbances of the transition fromelustered to molecular ions. For the
ras translational temperature reaches approximately 750°K (Fig. 18). With the
1 possible exception of the region near boundary layers and/or electrode surfaces,
this temperature level is very much hicher than that anticipated even in CO, lasers.
However, the vibrational temperature in both Cgoand COC lasers exceeds 750K by a
substantial margin; and there is some evidence that increases in vibrational
temperature are as effective in cluster ion breakup as a high translational tempera-
ture. As an illustration of the potential influence of cluster-to-molecular ion
conversion in a vibrationally hot-~translationally cold sas, the variation of
ion fraction shown in Fig. 17 was assumed

cluster
to refer to vibrational temperature.

An effective recombination coefficient generally similar to that shown in Fig, 1°
was then used to compute both the steady state and stability characteristics for

-

the CO EDL conditions used in the analysis of Sec. 3.

Presented in Fig. 20 are computed steady state properties for representative
conditions. The most obvious consequence of the complete conversion from clustered
to molecular ions is the highly nonuniform axial variation in electron density
(and therefore current density). As the effective recombination loss is veduce

due to cluster ion disintesration,the electron density rises sign

level compatible with the H%‘ recombination coefficient. In this connection
is interesting to note that with a few ppm Fe(CO). present, attachment loss
become significant as the cluster ion concentration decreases along the flow
tion. If this occurred the transition from a recombination dominated +o an aitach-
ment dominated discharge would evolve spatially as the gas passed throuch the dis-
charge. Prior analysis has been shown that such a transition should occur ir

externally sustained CO, laser disoharaos.l

Computation of stability characteristics in the present approximation is cer- |
tainly less accurate than steady state properties, but is qualitatively illustrativ
nonetheless. Figure 21 presents the approximate thermal instability crowth rate
and fractional electron density disturbance corresponding to the conditions of
Fig. 20. The order of magnitude rise in the growth rate as a consequence of the
cluster to molecular ion transition requires no explanation in light of the previous
discussion. It is worth pointing out, however, that in this illustrative example
conditions were selected so that the transition from clustered to molecular i
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SECTION 5

SUMMARY

In this investigation the causes of instability in high power CO laser
discharges were examined. Emphasis was directed toward specific conditions of
importance in Air Force high energy laser technology programs. The principal
results of this study are summarized as follows:

(1) For the plasma conditions compatible with averase electrical power
densitiesin the kW/cm”® range, externally sustained CO laser discharces
are inherently unstable.

(2) Under the best of circumstances the time characterizine the crowth of
thermal instabilities will be on the order of 0.l msec or less at this
power density level.

(3) The single most important factor affecting the instability srowth rate
is the electron loss process; a conclusion also applicable to externally
sustained CO, laser discharges.

4}

) 1

(4) The low temperature-hish pressure conditions required for efficient hish
energy CO laser operation, combined with a very low value of fractional
ionization, define a unique environment for volume dominated molecular
discharges. Although it is possible to provide a controllable, uniform
electron source, the electron loss process is entirely uncontrolled under
the conditions typical of present AF experiments. In fact, it is prob=-
able that the nature of the electron loss process is dictated by residual
impurities.

(5) Determination of the discharce techniques and/or gas additives reaquired
to introduce the degree of control over electron loss which is comparable
to that of the electron production process requires basic information
which is presently unavailable. Until a significantly better understandins
of high pressure ion kinetics evolves, glow collapse and/or arcing will
continue to be an erratic and unpredictable phenomenon which hinders the
development of large scale, high enersgy electric laser systems.

5.1 Recommendations
This investigation has revealed the critical role plaved by electron recombina-
(5]

tion in the growth of thermal instability in externally sustained molecular dis-
charges. Earlier workd showed +he important effect of negative-ion
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APPENDIX

CLUSTER ION DATA COMPILATION

This appendix countains a summary of rate coefficients for the formation and
recombination of certain cluster ion species which may be of importance in high
power CO and CO, electric discharge laser applications. In some cases cluster bond
energies and reaction temperature dependences are also given for purposes of
comparison.

It should be emphasized that the cluster ion formation data in Sec., I of this
appendix were all obtained at low temperature (< 300°K) under conditions of thermo-
dynamic equilibrium, i.e., Te =T, = T. Also, in many of the measurements leading
to the recombination data in Sec. II the degree of vibrational excitation of the
ions was unknown.

Unfortunately there are no data of this type available for discharge conditions
representative of high power CO and CO2 laser discharges. In view of the discussion
in Secs. 3 and 4 of this report it is clear that there exists a significant gap in
the CO/COQ data base which could be of considerable importance.

CLUSTER ION PROCESSES

5

a
Reaction Rate Coefficient Reference Notes

I. Cluster Ion Formation

A. co*. (CO), Serie

(1) co*+2co = cote.co+co 1.07(-28)T = 174°K & A ~“1.:e7,|§l <1
7.6(-29) T = 200 1 ¥ "
1.1(-28) T = 280 i g
1.2(=28) T = 300 2

(2) co'.co+aco = co+.(co)2+co 1.06(-29)T = 174°K 1" AE<Z.deV, kK~-
5.58(=30)T = 200 ;| ' '
3.86(-30)T = 280 1

(3) CO*+(CO)p+2c0~co*+(CO)3+CO 6.06(-30)T = 174K 1 AE ~.0.leV
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CLUSTER ION PROCESSES (Cont 'd)

Reaction

(17) NO'+H,0+M - NO'+H,0 +M

(18) NO™+H,0+Hy0+M = NO** (Hp0),+M

+
(19) NO"+ (Hy0)p +Hy0 +M
*NO+-G@OF?HW

e +
(20) NO - (Hp0)3+Ho0— H30 (Hp0),

+HNO,

(mjﬁ;-gf%p~%%o++m%

(22) H,0*+H 0 = H0 +OH
o+ e,
(23) H30 +H,0+N,= H (H20)2+N2

(24) H'+(H,0),+H,04N

> a9y
- }1+-(H2O)
(25) H20)3+H O+, = H' .
(Heo)u >

(26) H'.(Hp0)), +H,04N,

= H ~(H20) 5

S

Rate Coefficient Reference

=He,T=295°%% 9

3.0(-28)M =He, T =295°K 9
8.0(-28‘)Ar
1.0(-27)Ny

1.1(-27)N0

4,0(-28)M = He, T =295°K 9
1.5(- 27)

2.0(‘27)N2

1.9(-27)NO

8.0(-11), a5k 9
1.9(-9), T = 300°K 10
1.8(-9) 10
3.4(-27),(7.0(-26)) 10
2.3(-27),(7.0(-18)) 10
2.4(-27),(4.0(-14)) 10
0.9(-27),(6.0(-12)) 10

AE ~ .97eV

AE~1.57eV

AE ~ .97eV

AE ~ . Thev

AE~ .67eV
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II. Electron-Ion Recombination

Reaction

A.

(1)

c.

(5)

(6)

(7)

(9)

(10)

= e
CO" Initial Core

e + cot
e + cot. CO

Initial Core

+
e + O2

e + 05
e + O_;-O9

Hydronium Series

e +H0"
30

e “+ H3O+' (H20)

(4]
+

Hf*%%oh

D
+

+
F30 -(HQO)3

e H3o*-(H20)h

e +H.0 . (H;0)

3 5

“+
e + H.0 .(H;0),

CLUSTER ION PROCESSES (Cont 'd)

Rate Coefficient

1.0(-6)T, = 540°K

2.0(-6)T_ =T =540°K
2.2(-6)Te=:u15°x

4.0(-6)T, = 540°K
h.2(~6)Te =L1s
3.8(-6)T, =300
L.9(-6)T, = 300K
6.0(-6)T_ =205 K

7.5(-6)Te =205°K

~

< 1.0(-5)T_ = 205K

L9

Reference Notes
~e
18 }fr= -.58
S A T
19 k8= -1.6,0.1<T,
(eff) <1.0ev
20 k- =-0.56T >1000°Kk
) ig (=
7
-
21,22 kg=-1, 1000°K< T,
A <5000°K
o A 0
kr<-1,Je>5ooo K
21 ij ~0
21 "
21 8
21 :
21 #
21 "
21 "
21 2
21 o




: Ty o
ESSES ont 'd
React ion Rate Coefficient Reference Notes
. eries
12) ¢ ), 170 > %)
1 : 3= = e R 3
LS =-0) = A‘f){)o:f
, (8]
-6) =200 |
= el Al et s ks = ~
3 Hy' . ( N .0(=6)T = 300K 3 g == 0
; 3 = =
N - P \ O-— -~ Tz A
+ MKy, e (2N ATE R = 300 K 3 k= -0.05
: s
5) &+ NH| o NH 3.0(=6)T =200 2
; epihs ; =4 5 SR
ate coefficients for two-body proc:e =5 are exprassed cm 3 three-body
processes, sec -—cm-”; and four-body processes, sec tem”. For three-body reactions
; S < Y : . ) =] 2
the product k_M' saturates at a value of approximately 2-5 x 1C sec ~em” as the
pressure increases.
LY yeprysasent s the o ho*hermicis ~NE 4 ndicated ~t {ons . Tn the case of
~luster ion formation AE reflects the equired to remove the last neutral
molecule added. hus, AE provides an ate measure of the thermal stability

enerally, energies AR and _electron and gas

of the cluster ion complex.
less reliable

g A
2
temperature dependence of reactions as reflected by k® and k are much

than the magnitude of the reaction rate coefficients.

> See Ref. 24 for the equilibrium constants for the 0,-(0,) series.

. J v . .y . t ! .
i See Ref for the equilibrium constants for the H «(H.0) series.
n
. . . +
‘ he assumption that the ion species in the measurements of Ref. 19 was CO .CO

a8 indicated here is questionable. See the discussion of Sec. 4.
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