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Summary. — In the present paper a general model of plasma instabilities
in high-power, e-beam-sustained €O, laser amplifiers is presented togethier
with & detailed discussion of some experimental cases. ThLis model
improves the Haas-Nighan one by allowing explicitly for the various
degrees of vibrational freedom and taking into account the laser field.
The above model has been used to test the degree of thermual aud
ionic instability of an EDCL device using four-component gas mix-
tures (CO,-Ny-He-CQ). The stabilizing effect of the laser beam intensity
has been assessed, thus finding a dramatic reduction of the growth
rate of thermal instabilities.

1. - Introduction.

In high-power electrie-discharge couvection lasers (RDCL) the separation of
the plasma ionization from the electron temperature is generally achieved by
using a beam of high-energy electrons to create o uniformn ionization through-

('} Work supported by the C.N.R. project on high-power lasers.
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out the volume of the plasma. By using the high-energy clectrons to provide
the ionizmion; the clectron temperature is varied independently by adjusting
the electrie field (for reviews see ref. (-9}, If the clectron temperature is kept
so Jow that the ionization due to the discharge electrons is small compared to
the ionization due to the high-energy electrons of the beam, the discharge
remaing uniform over ihe range of pressures investigated. Stable digcharge
beliavionr is obtained when the volumetric electron loss rates due to electron-
ion recombination and clectron-neutral attachment equal the volumetric sec-
ondary electron production rate.

The electrical power deposited in the plasma is limited by the onset of
insfabilities which manifest themsclves in the form of discharge collapse from
a uniform diffuse glow into a constricted arc {see ref. (+7) for the influence of
gas recireulation on the occurrence of plasma instabilities in self-sustained
(0, lasers).

The optical output power obtainable from these devices scales with the
cleetrical power input, As the discharge power is increased beyond some levels,
laser efficicncy falls oft rapidly due to gas heating effects and decrease of E/an.
Consequently, the discharge specific power cannot be made indiscriminately
farge. The most prominent instability mode in the externally ionized discharge
is the streatner, first observed by DovcLas-Hamirtoy and Maxt (°). Moving
striations in CO, laser mixtures were first observed in a self-sustained convee-
tion discharge by NIGHAN ef al. (*) in 1973. Attemipts to explain streamers
611 the basis of eleetron reproduction rates have been made by many authors
(sce, e.g., RoGoFr (1) and models for formation and propagation have been
proposed (). Measurements of streamer behaviour in nitrogen discharge have
been made by DoucLas-Hadymrrox and Maxt (1?). Present theories indicate
that negative-ion formation in the discharge system and its coupling with the

(y A, J. D= Marta: Reciew of high-power CO, lasers, in Principles of Laser Plasmas,
edited by G. Bexkerr (New York, N. Y., 1976).

) J. D. DAvGUERTY: fdectron beam ionized lasers. in Prineiples of Laser Plasmas,
edited by G. DEXEFI {New York, N. Y., 1876},

(%) K. Syrtir and R. M. Tnomsox: Computer Modeling of (as Lasers {New York,
X.Y., 1978).

(33 C. 0. Browx: Bull. Adwm. Phys. See., 16, 215 (1971).

(5} A. C. Ecksrern and J. W. Davis: Adppl. Phys. Lett., 19, 101 (1971).

{8y A. C, Desksrrr and J. W, Davis: A.C.E., 21, 25 (1972). -

(*y A. C. EcksrETH and P. R. BroskUk: paper No. 72.723, American Institute of
Aerconautics and Astronautics, New York, N. Y. (1972} )

() D. H. Dovcras-Hayirrox and 8. A, Maxy: dppl. Phys. Lett., 23, 508 (1973).
() W. J. Wircaxp and W. L. Nignax: Appl. Phys. Lett., 22, 583 (1973).

(%) G. Rogorr: Phys. Fluids, 15, 1931 (1976).

(*) A. GarscapDpEN, I, Brerzinger and 1. C. SiMoxEN: Phys. Fluids, 12, 1833 (1969).
{2} D. H. Douvcras-llamiLtox and & A, Maxi: J. Appl. Phys., 45, 4406 (1974).
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electron temperature are instrumental in the reduced stability limits (52},
A way to control the formation of negative ions consists in adding some other
gases, such as CO, to the usual components CO,: N, He. In addition to the
fonic instability, HaAs and N1GHAN have shown that the so-called thermal
instability mode is always present and ean be only contrasted by increasing
the flow veloeity.

The primary objective of the present paper is to extend the instability
analyses of Haas () and Nighan (1518) by accounting for the different vibra-
tional modes of a CO,-N,-He-CO gas laser mixture, while the secondary
objective is to calculate and discuss the growth times of the most dangerous
instability modes that likely oceur in some typical e-beam-sustained €O, lasers,
Particular attention is paid to the stabilizing effect of the laser beam. A Plasma
model similar to that developed by Haas ( ), and simplified by Ni1cmax (1),
has been adopted. The plasma paramneters {sccondary ionmization and attach-
ment coefficients, ete.) have been calenlated by using a four-component Boltz-
mann numerical code, which has been tested by a Monte Carlo simulation
of the discharge.

In contrast to Haas (%), the model discussed in the following alows for
the various vibrational modes. By considering a system whose only com-
ponents are atoms and diatomic molecules of a single type, the thermal in-
stabilities discussed by Haas and NIGHAN depend on one vibrational tem-
perature only. In the CO, system, however, there are at least two vibrational
temperatures, In the present model both these temperatures have been con-
sidered. Starting from the Aluid dynamic and kinetic equations and making
use of the linear perturbation theory, we have obtained a system of equa-
tions governing the temporal and spatial evolution of the perturbation ampli-
tudes of the electronic density and the vibrational and electronic tempera-
tures. This set of equations has been used to eliminate the perturbation am-
plitudes and shown to result in a fifth-order equation for the growth rates of
thermal and ionie instabilitics. The coefficients of the equation arc expressed
in terms of the (theoretically) predicted steady-state plasma properties.

The stabilizing effect of the laser beam has been studied introducing a
radiation beam of constant intensity. The luser beam depopulates by stimulated
emission the upper laser level, thus providing an additional channel for the
disposal of the vibrational energy stored in the CO, asymmetrie stretching mode
without heating the gas,

{**) W. L. Nicuax, W. J, WiEGaND and R. Haas: Appl. Phys. Leti., 22, 579 (1973).
(**} R. Haas: Phys, Rer. 4, 8, 1017 {1973).

(%) W. L. Nreuax and W. J. WrIEcaxp: Phys. Rer. .4, 10, 922 {(1974).

(') W. L. Niguax: Phys. Rev. A, 15, 1701 (1977).

() Y. L. N1cuax: Phys. Rev. A, 16, 1209 (1977).

(**) W. L. Nicnax: Stability of high-power molecular laser discharye, in Principles of
Laser Plasmas, ediled by G. BEKEFI (New York, N. Y., 1976).
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The organization of the present paper is as follows. In sect. 2, the partiele
and photon kineties in gas lasers is discussed. The laser system model is
illustrated in seet. 3. Fluid dynamies and moleentar kinetics of a four-com-
ponent €O, laser are discussed in sect. 4. A linearized stability analysis is
presented in scet. 5. Seetion 6 contains a detailed account of the 1|u1;101'i031
determination of the plasma parameters which control laser stability. Tn the
same seetion the results of some numericul caleulations are also presented and
discussed.

2. — Particle and photon kineties in gas lasers.

In EDX-type CO, lasers & glow discharge is the mechaunism responsible for
heating the gas mixture and, eventually, generating electrons. These undergo
collisions with molecules of the luser mixture and thereby convert some of
their energy into molecule translation, rotation, vibration and electron-binding
energy. A macroscopic description of these processes requires averaging each
type of collision over the veloeity distribution both of electrons and heavy
particles, The velocities of these components undergo continucus redistribu-
tion, subject to ensuring on the average a) zero overall charge, by stationary
total energy, ¢ conservation of the mean number of particles. A slight de-
parture from the equilibrivin configuration ean be described by a set of rate
oguations.

2°1. Vibrational excitation by clectron ecollisions. — The electron-M, collision
process ix deseribed by a reaction of the type

It
(1) ‘)*-\Iz(?’)}__“f"":'lp"j,‘)[‘:(v’:kl)y
e T

where M,(¢) denotes a diatonic molecule (i.e. Ny, CO, Oy, NOj having v quanta
of vibrational energy. As a result of the cellision, the molecule jinips to the
next higher energy level.

In Q,, N,, CO and NO molecnles, vibrational excitation occurs through
the formation of a megative ion, fairly stable as a result of shape resonance
(see ref. (). Triatomic molecules, such as CO,, also undergo a similar process.
The lifetime and energy of these resonances affect the behaviour of the cross-
seetions and rate constaniz of these excitation processes.

(*) G. J. ScuuLz: A review of vibrational ezcitation of molecules by clectron impact al
low energies, in Principles of Laser Plasmas, cdited by G. BEKEFI (New York, N. Y., 1976).
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’ partlcl‘e ! 2°2, Electron energy distribution. — Reaction (1) is the main channel through
model is - i which the laser is pumped: the electrons, accelerated by the E field, impart
our-(.ton?- some of their electric energy JE to the gas mixture by exciting N, (v = 0)
1313’51§ 5 "11 molecules to the v = 1 level. Assessing the fraction of power that is converted
:umerical to vibrational energy requires the knowledge of the electron velocity distribu-
In the : tion f (v.). If we assume single seattering, that the mutual repulsion between
uted and clectrons is negligible (low electron density) and that the distribution laws 1.
of the molecules over the various vibrational levels are known, we may cal-
culate f, by solving a Boltzmann eguation in which the cross-sections for
elastic collisions (Q_), involving only momentum transfer, and the cross-
sections for inelastic eolisions {vibrational excitation ¢,, ionization @, at-
tachment Q) occur as known functions of ",.
wsible for Matters are considerably simplified if the distributions f. for atoms and
undergo molecules are assumed to be Mazwellian, at temperature 7. Once 7. is known,
some of . the rate constants k7, kD and k, corresponding to the forward processes may
~binding be calculated by numerical means. In the case of electron collisions of rela-
ing each tively high energy, to a good approximation collisions of the second kind, in
d heavy which energy is transferred to the electrons by a heavy particle, may be
distribli- neglected. Such an approximation is tantamount to setting the backward
ationary rate constant &, egual to zero in eq. (1),
light de-
o of rate

2'3. Molecular collisions, — Vibrationally excited N, molecules transfer their
energy to CO,, whieh is brought to the 00° Jevel, From this point, the con-
trolling role in the process is no longer held by electron-molecule collisions,
collision but it is taken over by molecule-molecule collisions. The interaction be-
tween N, and CO, is described by the equation

(2) Ny(v = 1) 4 €0,(600) %mw = 0) 4+ CO,{001) .
b

" quants In this case, both directions of the reaction are possible and the rates koand k,
S to the are related to one another by Arrhenius law kufk, = exp [~ E LT}, where

the activation energy E, cquals — 14 em!, I is the Boltzmann constant and
through T is the temperature of the reaction partners,
‘sonance The energy transferred to CO, tennds to be redistributed, as a result of col-
3:3:5::‘ lisions, among the various levels {V-V transfer) and to be converted to tra sla-

tional and rotational energy (V-T transfer). The populations of the various

levels may be assumed to be deseribed by Boltzmann distributions, each vibra-

tional degree of frecdom of the laser mixture being associated with its own

] temperature. As a result, the Boltzmann equation for molecules reduces to a
;f"Pl“;_‘fG‘;‘ system of rate equations for the traslational and vibrational temperatures.
v ' In particular, this system will contain terms conneeted with photor-molecule
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collisions, whicl govern the origin and evolution of an clectromagnetic field
within the laser cavity. This photou collision model for the interaction with
radiation implics the assumption that coherence effcets are absent and radia-
tion is isotropic. The former of these assumptions cannot be removed by any
ad hoe correction, whereas the latter can be correcied by dividing the Einstein
coefficients by 47,

24, Rate equations aud stability. — The analysis of an electric-discharge laser
reduces to solving a set of Boltzmann equations for electrons, photons and the
vartons vibrational degrees of freedom, regpectively. The form of these distri-
bution funetions is deeided by the vibrational temperatures and the cor-
responding Boltzmann equations reduce to rate equations. In particular, the
Boltzmann equation for the laser field photons, because of the near monochro-
matic conditions, reduces to the I(r) radiative-transport equation within the
optical eavity, filled by a medinm whose gain depends on the same I(r) and the
saturation intensity f,.

Once the set of kinetie equations has been solved, it will be possible to
caleulate for a given discharge volume geometry the beam power as a func-
tion of the electric power delivered and the thermo-fluid-dynamic parameters.
To complete the picture, the stability of the system as a whole must be analysed.
In fact, sinee not all of the guantities whiclh influence the output power lend
themselves to being centrolled, their possible fluctuations need to be taken into
account. Should o regenerative process initiate, the state of the system is
likely to underge profound modifications, including those which will ecanse
kasing to cease. In the worst cases, the glow discharge may collapse and go
over to an arc discharge.

A typical ease of instability arises when the laser is switched on. As long
as the eleetrie power remains below a certain threshold, the glow discharge
will be stable even though without photons. On execeeding the threshold, the
glow discharge becomes unstable, the system evolving towards a different
state in which photons are also present. The population inversion builds up
as the clectron temperature increases, Slight field strength fluctuations, due
to spontancous photon emission by excited molecunles, initiate an amplifica-
tion process that alters the composition of the initial system (it adds a high
photon concentration to the electrons and heavy particles, the only components
initially present) and modifies the populations of the various levels. If care
Is taken to let the electric power grow slowly enough for the system to evolve
through successive states of equilibrium, the beam power will be found to
increase steadily. Eventually a sccond thweshold is exceeded as evidenced by
large intensity fluctuations, an indication that the system is approaching an
unstable configuration beyond which the laser source becomes unable to per-
form regularly and efficiently. '
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3. — Laser system model.

The laser medium response to the variation of one of the local state pari-
meters may give rise to a regenerative process involving & signifieant part of
the same medium and leading to a permancnt alteration of the system. Similar
effects occur when the system is found under unstable equilibrium eonditions. In
a continuous medium the classification of the various types of instabilities which
can arise requires more attention than is required for systems having a diserete
number of degrees of freedom (see ref. (*-24)). The role of eonvective effects has
been extensively discussed by STURROCK (sec ref. (*1)), The velocity with which
& perturbation propagates may, in fact, be found to be smaller than the medium
recyeling velocity; in this ease the perturbation is eliminated by convection
and its negative effect on the overall system stability is neutralized. This
mechanism lends itself to be used as a meauns for dynamically stabilizing an
intrinsically unstable system. 1t is well known that, in any case, by whatever
means the state parameters are controlled, the laser mixture will always exhibit
some measure of thermal instability. To prevent the glow discharge from col-
lapsing, we can only act on the recyeling flow veloeity and thereby ensure that
the residence time in the cavity is smaller than the perturbation build-up time,

Among the various parameters that define the state of fhe system, the
beam power is the most significant. Thus, in characterizing the system cqui-
librium, possible beam power fluctuations should be taken into account, also
in view of the fact that their magnitude is corrclated with the distance from
the nearest nonequilibvium configuration. How matters stand in this respect
is well exemplified by what occurs in a common phase transition,

Turbulence in a fluid is fairly well characterized by the spectrum of its
density, pressure or velocity fluctnations. The case of radiation emitted by a
lasing medium is pot dissimilar as, generally speaking, its spectrum is very
narrow and it is this narrowness which accounts for many of the merits of
laser devices. While turbulence associated with density fluctuations is respon-
sible for thermo-fluid-dynamic dissipative elfects, turbulence of the cavity
field promotes power redistribution over several transverse modes, which
detracts from transverse coherence of the wave front of the radiation.

When the lager system approaches a configuration corresponding to the
transition to a different macroscopic state, the spectrum of the radiation
emttted undergoes profeund alterations. Near the laser oscillation threshold,

{**) C. Norumaxp, Y. Pomeav and M. G. VELarDpE: Fer. Mod. Plys., 49, 581 (1977).
(*1) F. Car: Handbeok of Plasma Instabilitics (New York, N. Y., 1978).

(3*) I'. GraxpsponrrF and 1. PRIGOGINE: Thermodynamic Theory of Structure, Stability
and Fluetuations (London, 1971). .

(*%) Imstability of continuous systems, in Twlam Sympesium Herrenale, 1969, cdited by
H. Lerrusrz (Berlin, 1971).

(**} D. D. Joseeu: Stability of Fluid Motions, Vol. 1, I1 {Berlin, 1976),
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the speetrum is still bread enough to prevent resolving any particular spee-
tral structure. Above threshold, there will be a line spectrum, denoting the
presence of several modes which cseillate independently of one another and
contribute incoherently to the formation of the overall speetrum. This is further
evidenee for instability, the impossibility to lock the various modes with one
another, so that we must resign ourselves to having the power distributed over
several modes, to the detriment of the peak power obtainable, Often, in addi-
tion to fluctuations due to different modes beating with one another, mechanical
vibrations contribute to further increuse fluetuations by making the oplical-
cavity length to vary with time, A distinet feature of the latter speetrun-
broadening mechanism is the fact that it nced not necessarily be associated to
any instability, in the sense which is commonly attributed to this term. An
analogous situation oeecurs with recycling-flow lasers where, under certain
conditions, the beam power is modulated at a frequency which is a multiple
of the reciprocal of the laser channel transit time. In these lasers, such a flue-
tuation iz also a comparatively steady feature, though its magnitude may
occasionally become so Inrge to convert the c¢.w. to a pulsed laser. This be-
haviour of recyeling-flow lasers is due to competition between a) the mixture
regencralion proeesses {with supply of fresh lasing material) and ») relaxation
processes due to the same laser ficdd and to collisions processes involving ac-
tive molecules. A somewhat similar picture occurs with relaxation oscillations
engendered by gain inhomogeneity.

Al of the above instability mechanisms involve the cavity field and, in
accord with the general classification scheme suggested by LERNERT {see
ref. (21}), may be classified as photon-medinm—type instabilities.

Lasers may also present other instabilities, due to gas-dynamical or plasma-
chemical factors. In these cases, the extent of unbalance will again be ap-
parent as heam power fluciuations, even though in this respect the role of the
field is merely passive. A detaited analysis of the various instabilities of this
type, that may oceur in electrically excited molecular flow Iasers (with either
seli-sustaining or electron-beam-assisted discharges), was first given by Haas
il then improved by Nicuax. Allowing for the characteristic parameters of
these systems, they sueceeded in elassifving the instabilities in terms of charac-
teristic frequencies, build-up times and onset mechanisms. NIGHAN showed,
i particular, that ionic-type instabilitics (due to negative-ion generation and
nentralization processes in the discharge) and thermal instabilities (due to local
increase of the translational temperature) are the main mechanisms respon-
sible for the origin of striations and filaments and for glow discharge collapse,
respectively. All these effects conspire in setting a limit to the maximum
density of the clectric power delivered to the mixture with the consequent
Lmitation of the obtaimable optical power. _

Whereas ionje-type instabilities affect the beam only slightly, thermal-type
instabilities involve the whole system and make the beam to follow the same
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changes of the other parameters. Negative-ion attachment instability is ap-
parent in a certain hardness of the discharge, which will exhibit striations; by
contrast, thermal-type instability develops almost exponentially with time,
leading to a fast collapse of the glow discharge, which wounld turn into an are
discharge were it not for gas-recycling flow which ecuts its diffusion, thus
enabling the laser to work.

The latter instability dees affect the radiation emitted, whose speetrum is
found to be altered. The study of this effect is accordingly important for the
purposes of a more correct analysis of the laser radiation apectrum. Specific
questions are how does the saturation intensity, the line width, the beam
power, ete. vary as a function of the electric power supplied to the laser. Un-
fortunately, these guestions can only be answered in gualitative terms. The
only possible theoretical predictions have to do with the likely increase or
decrease of these quantities for given variations of the electric power and of
other parameters,

As already mentioned in the introduction, it is the purpose of the present
Paper to analyse a laser system model containing a number large enough of
parameters of state to account for the main types of instability. In particular,
we have striven to account for the laser beam coupling with the reeycling flow
and for the consequences of the ionic and thermal instabilitics investigated by
Hias and N1GHAN, In contrast to Haas, the present model allows for the various
degrees of vibrational freedom explicitly, two distinet aims being envisioned.
In the first place, by considering a system whose only components are atoms
and diatomic molecules of a single type, in the Haas-Nighan model there is
no difficulty in defining a vibrational temperature. In the CO, system, how-
ever, there are at least two vibrational temperatures, each exceeding the
traslational temperature. That corresponding 1o the 10°0 lower laser level
lies between 400 and 600 K, whereas that of the upper level may reach 5000 K.

A CO400°1) molecule transfers its energy first to the lower level 100 via
the almost resonant VV reaction CO,(0001) — €O,(110). Then C0,(110} loses
its vibrational energy by a VT collision with a partner M, mostly He. This
two-step process is characterized by two rate constants, namely Ly and kg,
which have a different dependence on the translational temperature 7. Con-
sequently, when this complex process is reduced to an equivalent VT relaxa-
tion, the values of the relaxation and its temperature derivative are not
clearly defined, '

A way out of the deadlock should be sought by tracing back Haas® ap-
DProach and trying 1o remove as many as possible of the simplifying assumptions.
Tt should also be mentioned that Haas-Nighan model considers no effeets due
to energy transfer, whereas it cannot be ruled out that communication among
degrees of freedom at different temperatures might contribute to reduce some
of the detrimental effects predicted by Haas. At the same ﬁiue, the gencral
lines of the present analysis have been kept fairly close to those of Haas-Nighaa,
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mainly for the purpose of facilitating comparison with their expressions and
eguining a better understanding of the new faets emerging from the considera-
tion of a larger number of degrees of freedom.

4. — Themrctical analysis.

As already mentioned, the present analysis is aimed to extend the Haas-
Nighan model of discharge instabilities in €O, EDCL devices. It relies on a
set of equations which cun be conveniently separated into three major parts:
fluid dynamics, molecular kincties and discharge characteristies (see, e.g., (*)).
The attention will be focused on the second part, where the complex evolution
of the CO,-N,-CO-He system comes into play, thus making the departure
from the above model more striking.

4'1. Fluid dynamics. ~ Due to the different roles played by negative and
positive ious, a sct of density equations for the main electrically active spe-
cies is nsed:

D
3 = 4 AN = 0
(3 i + u ’

T} ' 1 '] | 3
{+) Tt i+, NVen - V(i uy) = wnk - ngn kg k4 Sy
_ I3 .
(5) i b, Vo 4+ V(g u,) = ngank, — ngn bl - nanky

D
(6 7 e - n, V- L+ V(nu,) =

N . & . 0 4 271 : - H
= n nk; — n ki — nonk, —nnk,, + nonky = S,

where D/Dt = ¢/ct + u-V, u is the mass average veloeity, u,, u, and u_ are
the diffusion veloeities of the ionie speciecs and electrons. The rate coeffi-
cients & represent the main ion production and loss processes: clectron im-
pact lonization of molecules (&), clectron-molecules attachment (&), two-
body electron-ion recombination (A7), positive-ion-negative-ion recombina-
tion ()} and detachment by neutral impact (k). Ionization of electronically
excited species has been omitted for simplicity. An independently controlled
source of ionization and excitation in the form of an e-beam has been designated
by 8,,.. For the operating conditions of typical e-beam lasers, S, is given by

xt” e

(7) 8

xd

= 3.92:104 pj, E27(6.9X o 4 3.7X + 4X o+ 0.65X ) em2 571,

2%y M. J. Yoper, H. H. LEexER, J. H. Jacor and D. R. House: J. Appl. Phys., 49,
3171 (1978).

. ) \
’- A

-
'
-

IONIC AND

B, being
and p the
tion of th

Due to
neutral (9
in turn, it

The m

(3)

where 4 i
acting on :
are the ki
proximate
reads (see

42 N
many aut’
the energ:
these equ:
rotational
of energy
laser level
loss mech:
CO to the

of freedon

b
(9) D
B
am 5

In the t
thermal co
constant.

electron er
cnergy che

(**) J. 0.3
amd Liguid-



[ARTELLUCCI

cssions and
- considera-

the Haas-
relies on a
ajor parts:
e, e.4., (3).
x evolution
+ departure

gative and
active spe-

‘w’kd + S:xl H

and u, are
rute coeffi-
lectron im-
(k,), two-
recombina-
ctronically
- controlled
designated
is given by

o) Pm'3.S'I .

[, Phys., 49,

1
-

H
“
;
-
1
%
1

-

i g

I‘ /
N -
N ;
! ot N '
f 4 h
. \ “
‘. _Qllm._‘w. e [ N _
IONIC AND THERMAL INSTABILITIES ETC. 123

E,, being the e-beam energy in keV, j__ the relative current density in mA/em?
and p the gas pressure in Torr. X, will indicate hereinafter the concentra-
tion of the molecular component A.

Due to the fast electron relaxation processes, the plasma is assumed to be
neutral () on the time scale of the instabilities discussed in this paper. This,
in turn, implies V-E = 0.

The momentum equation is expressed by

D
() emuz—w+;cVﬂu+(uB+§y)T(V-u)+ch,

where g is the mass density of the mixture. The contribution of the force
acting on the space charge (cf. ref. (*4), eq. (5)) has been neglected. poand up
are the kinematic and bulk viscosity coefficients, respectively. u can be ap-
proximated by the Sutherland equation, which for the mixtures of interest
reads (see ref. (™)) p == 1.44-10-5T¥(111 + 7).

4'2. Molecular kinetics. — The COQ, laser kineties lLias heen discussed by
many authors. The Landau-Teller equations have been used for describing
the energy stored in the vibrational modes of CO,, N, and COQ. Implicit in
these equations is the assumption of the partial thermal equilibrinun for the
rotational and vibrational degrees of freedom. Essential to the mechanism
of energy relaxation and exchange is the photon deactivation of the upper
laser level to the lower one. When no laser power is extracted, the primary
loss mechanism is the collisional deactivation of CO.(001} by helium, X, and
CO to the (030) level. The energy transfer to and from the coupled degrees
of freedom is described by the following set of equations:

D LAl
(9 D1 (nErg) + (nEm + p) Veuw = %V T 4 pg + R (1 0) BT, + 0w :

D
(1M Y (e EF) + 0. E5V ' =

= ke ViTa f un(y/n) kT, — wa By — Ha B pvy — Na E;‘-tnm -

In the translation-rotation cnergy equation Epp=1{3— X0k, = is the
thermal conductivity, ¢ the viscous dissipation function and % the Boltzmann
constant. » (571) represcnté the translation-rotation contribution 1o the total
clectron energy exchange collision frequency oo Eopeer, represents the rate of

energy change by collisional deactivation. Following the kinetic model worked

{*¢) J. O. HirsCHFELDER, C. . Curriss and R. B. Bun: Moleewlar Theory of Guses
and Liguids (New York, N.Y., 1954).
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out originally by GORDIETZ et al, (¥) in 1968 and improved since then by many
authors in order to fit the special features displayed by different CO, laser
devices, we put

"1

- 'Y(V'[‘) ?

A Ty ,1‘ 1 L::” _'_92
a1 ]:l(m EYT) | E{(LY) PV(T))

Tl d) ' Tao( 1)

where

(12} 1T = n—l-{,\'mllfff’(’l’) - XN.K;"D'(T) 4+ X oK T) + X, K (I}

ig the relaxation time of the bending mode and, aecording to MAXNES and

SEGUIX (%), T, = 4.0 Ty Is the relaxation time of the symmetric stretehing mode.
In the vibrational energy equation E3(T.) is the average energy

(13) E(T,) = £,Q3Ts) exp [—ea/kT)

of the CO, symmetrie stretching (x = 1}, bending (a2 = 2), asymmetric (x = 3),
and N, {x = 4) and CO(ax = 5) modes. &, is the gquantum of vibrational energy
and Q37T)) the ax-mode partition function. In aceordance with the present
labelling ny = iy = Ny = g, My = Ry, a0 2y = 0y, T, represents the vibra-
tional temperature and A2 the conductivity of the -mode vibrational energy.
»y indicates the contribution to the total electron energy exchange coliision
frequency »,. With ES . B2 and Ej, . we represent the rate of change of
the o-mode vibrational energy by collisional relaxation (VT), energy ex-
change (VV) and photon emission or absorption. These quantities replace the
factor {E(T) — EJT)}{1e, describing the molecnlar kineties in the Haas
paper (cf. cqs. (6) and (8) in ref (“‘)). They are here represented by simple
expressions, that is

1 JL 71 ]':\1?{1‘1) - E\l-(T)
:Vl\‘T) = — I"\,T — -,
Heo, T1o
JE _, FELT,) — EXI)
Ewm == For= L ,
Heo, Ta0
(1'1) %‘lYT) = Et‘w'r) - E;.\-,'('\'T) =10 y
B TE o EWTO 2 BT o BTG - Boew
Hco, Tz Va Ty
0 JE o, EUT,) — Ey{T,) | »n ES(Ty) — ESa
E;'(vv) = -,
Heo, T2 Py Ts

&
(2*) B. F. Gor0ETZ, N. X, Boporky, V. V. Bokoxixov and L. A, SuerLerIN: IERE J.
Quantum FElectron., QL-4, 796 (1968).
() K. R. Maxes and H. J. Secuvix: J. dAppl. Phys., 43, 5073 {1972).
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JE EXT,) — E3 -
E%rtvwi“" F%=—M+
oo, Ty
+ EY(T,) — BYT,) + E3(Ty) — Ef-(Ti) ’
Taa Ty
(14) ’ e T 1 is A
g _JE o ENTJ— BTy ENT, - EY(T,)
Vivy) 'ncol ¥y T.a T‘s H
JE By (15) — EYT,) ENT) — FEYT,)
BYoey = — Fi o= _Tviiel T ewvita) | Svlda) o BT,
v oo, A Tsy o+ Tss ’

where JE is the electric power deposited per unit volume. The quan-
tities FL., F%, have been defined in such gz way as to result positive
under normal operating conditions of the luser. The energy E3. . stands for
hvy,{exp [0, + 6, + AE/LT] — 1}7' with AE = A(y,— v,— 1) = — 423 K, 1 is the
Planck constant, ». the frequencies of the threc vibrational modes of the CO,
considered, 0, = e./kT, and Tyt = N, AT ) {exp [— 423/ — exp[—0, — 6,])
{as regards the coefficient 4,(T), see appendix B}. Xor the laser field contri-
bution we have

Ny I

phv ¥

.
15 Elow=—2FE  — _ hy
( ) ¥iph} v, V{pk) 1?300‘ ”CD‘

the other terms being identically zero. W is the stimulated emijssion rate on
line centre, which is preportional to the pressure through the line width factor.
AN represents the population inversion, which for g simple line laser, is
given by

Nen o,
- —— : P { - R P X 1 ]
(16) AN 0.0,0. a{ (J)exp [—0,] — P(J + 1) Or exp [— 0 ]}

where P(J) = (2heB/kT)@, exp [— heBJ(J 4 1)(kT], @, =2J + 1, J = rota-
tional guantum number and B = 0.4 ¢m—1 = rotational constant. 7 is the
laser field intensity and ¢ the veloeity of light.

For typical operating conditions we can group the five modes in two sets,
labelled 1 and 3. The parameters F and relative fo these two groups will
be indicated by adding a tilde in order to avoid confusion with the initial ones.

5. — Stability analysis.

Tire search for instability modes can be based on the linear stability theory
at least for asscssing the role of the plasma p'ar-.lu)otors atid laser intensity
in controlling the threshold and the initia) growth rate. As usual we expand
the parameters in the form w(1 - y'), leading to first-order equations for the
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perturbations of the cleetron and negative-ion densities, of the {raslationa),
vibrational and eleetron temperature, Then, Fourier-transforming these egua-

tions, after some algebra (an exp [i(wf — k-r)] time and space dependence is
agsumed), we obtain the systemn

i, 1 7, 1 N oy 1 n, 1
(17} re{iy, +— 1)) = — (ul: — -} = — — :—) Moy T (— - —c) M —

1 My Tgr 1 7 1 T Tayy
- 7l iLfe ;) 'rnTe , ‘tay,Te inde)
_(i e |2 e ey el I,

T, N, Ty T, Tas

. ngf1 1 n, 1 fe, 1 n, {1 1
(18) il + L) = [‘“' (—‘ + g) — = —;} Ry — {“ -+ = (““ + ‘”‘)} [
Ho \Ta,  Ta, n, T, By Ty Mg \T,, Ty,

e fTayre Ta,,7e ' 1 Tar , We i -
_( Te | T)iak_{;(l__T:,T)_—dﬁ—r_—}l}.;

o \ Ta, Tay Ta Ny Ty,
(19)  tpr Tye= — w2l T, — {erz - To) + Forn + () z:-.(r['\} T, o
Tio Tap
+ { n) TT‘T ‘)} T+ Prgteg + Frn(l & vgn) Tus
(20 e dn = — kil +
P2 110 = Pl — Fogl® 4 1) — Fopel? — Foper) = T‘fj L ’T(f } } T -

Fovrgr,— FunF phv, 7, T -+ '
T10 Tag Ty

. Twl‘(Tﬂ , va(Tl) , T\"(Tl)] T
e e L

(1)

-i- {I!ph“]"[wh\‘,i’g - } Lo+ Fovwtg + Fi{il =~ TTR,T,) T+ Fone iy

) . ¥
‘ % g o o3 g ¥ : mo
(—'.I) T\-’l’,-_,’[ 3 = 2::‘7‘-r 2l {‘ Iﬂgv T 1“'\'(‘-" T T:a,r) - ; th\'(2 - -thv,r}} T -
1

a ‘ W E7al
T\'('l 1) T.‘% ~ -~ Al 1'3 T"(i :3) g .
+’ F\'\‘TH,T, - + - }‘ PRV Eph\",Tl I:k - E Ry ijh\*,r, 4‘ l ah T
T3 ¥y e Ty
— ~ 7,
7 3 g 3 Al
A+ Foig + FiR( 4+ Vog,7a) Lep ;’ Pl
b 1
. 2 costg 2 sintg
(22) jek: - N 71’ck+ U Tﬁ' .
Yu,Te Vo, 1,

Here », = {0 — ik-u is the growth rate of the perturbation (propagating

along the wave vector k forming an angle ¢ with the static electric field E,
To= (k)7 = (m AD7Y, T, = (nk )7, T, = (r*F)7Y 1, = {nk)? and
i

7, = (n k})7* are the characteristic times of the processes leading to loss
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or generation of electrons, v, =aC, T/JE and 15 =n 0] T _[JE are the char-
acteristic times for heating the gas at the rate fixed by the electrical power
JE deposited in the plasma, C, is the specific heat at constant pressure and
C;, the specific heat at constant volume of the a-mode. Here and in the fol-
lowing, the logarythmic derivative of 4 quantity b with respect to a parameter ¢
is indicated by b, =&InbfdIne. F, . is a measure of the fractional power
transfer from electrons into transition-rotation excitation, F,, = > Fi ,

e

Foo=2>F: and F_ =3 Fx . I is the laser fieldi ntensity. Finally, s,

and »; are the vibrational thermal conductivities of the sets labelled 1 and 3,
respectively.

The last equation of the system has been obtained by Haas and NIGHAY un-
der the assumption of an instantaneous response of the electron energy to a local
disturbance. In this equation v, , =14 v, , - v, . cos2¢. It is worth noting
that the density fluetnation %, has been eliminated from the abeve system in
virtue of the relation n, = — 7T, which holds in the initial phase of disturbance
growth, when the pressure fluctuations are negligible.

For simplicity we have omitted the equalion relating the laser intensity
to the fluctuations of the plasma parameters and population inversion. This
is justified by the circumstance that in the initial phase of the thermul insta-
bilities, the gain of the medium can be considered to be constant. However, the
coupling of intensity fluctuations with the medium density can lead to large-
scale temporal oscillations (as predicted by DrErsexy and Dyxme (2*) and
observed by YoODER and AROQUSE (*%) in the output of high-power flowing laser
devices) causing appreciable reduction in power output and optical-beain
quality.

By simple algebra, the above system ean be given the form

(an—1iv) Y+ @Y -+ 4,7, =0,

Y+ {de— 1) Y0 + A0 T =0,

(23) Ay Y+ (A — 12v) T+ a0 T =0,

uYy + ATy + (dga— Tyv) Ty 4+ ayy =0,

O Yy + A T+ g, Ty + (05— T30 T = 0

where Yy =g+ Loy Yo=tn 4 T, A= ai— ay— e, Ayg= Ao— gy ttyy,
Ay = gy~ A3y, Apy= 43— ty; and Ay, = ag,— a;;,. The coeflicients are given in
appendix A. .

The growth rate », will be obtained by solving the characteristic equa-

(**) Y. DrEersex and A. M. Dyxuxz: JETP Lett., 39, 371 (1974).
(*") M. J. Yoprr and D. R. Auouvsk: Appl. Phys, Leit., 27. 673 (1979).
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tion D) = 0 of the above system. The search for a positive root has of 10-10 ¢
been earried vut numerically. However, as a first approximation we can as- 16275 ex
sume the instability to be either ionic or thermal. In the first case it amounts amined. s
to putting Iy = T, = 7%, and replacing D{»,) with a second-order polynomial the reque:

D, (r). The instability will be thermal when n, = 2 = 0. In such a case
D) = 0 will reduee to a third-order polynomial. In vivtue of this splitting,
we can approximately write

(24) Dy ye= D (v 3D, (1) =0.

The resulting instability will be ionie or thermal according to whether the
largest positive root of D = 0 is greater or smaller than the largest positive
root of D, — 0. The confidence in this approximation breaks down when the
growth rates of thermal and ionic instabilities become comparable.

6. — Results.

The system of cquations (30) has been used to analyse the stability regions of a
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of 10-10 em. Two gas mixtures 1) 6:34:54:6 (CO,:N,:He:CO) and 2) 7.5:23:
:62:7.5 entering the channel at a pressure of 66 Torr at 280 K have been ex-
amined. A power JE = 8.7 W/cm?® has been assumed as the factor producing
the requested pumping of the preionized medium,

a/n a/n

afr-00")

aln, afn em)

—23

—24

Eln{ta)

Fig. 2. — Calculated values of ae/n and «/n for mixture 1). k = (n/W)a/n) and
k= (n/TW){x/n).

The electron meotion in the above mixtures, acted upon by the d.c. field
of the sustainer, has been studied under conditions of special interest for the
stability. Transport coefficients, i.e. electron drift velocity W, longitudinal
and transverse diffusion coefficients D and D, and ionization k, and attach-
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ment k_ coeflieients have been obtained as a function of Efn. The operating
characteristics of the mixture have also been studied by calculating the frae-
tion of clectron energy which is lost by 1) elastic collisions, rotational excita-
tion of CO., N,, CO and excitation -(17‘:‘.) of the mixed (bending and symmetric
streteching) modes of the CO,; 2) excitation (Ff\.) of the asymmetric stretching
mode of CO, and the first eight vibrational levels of N,; 3) excitation of the
first ten vibrational levels of CO (FE); 4) electronic excitation of the gases of
the mixtures and molecular dissociation of CO,, and 5) ionization of the gases
of the mixture.

k,
i£
n
0t /
2
10° | t 1 1 f ! L | L
1 2 3 & 5 6 7 8 9 0

Eintv cm?)-10'¢

Fig. 3. - Logarithmie derivative ki of the ionization coefficients for the two
mixtures 1) and 2).

The calculations liave been based on the cross-sections of Bulos and
Phelps (22) for CO,, Engelhardt, Phelps and Risk (*%) for N, and Land () for CO.
For He, the cross-sections are the same used by LowKE, PHELPS and TRwIN (34},
This means that the electrons have been allowed to underge 4 different kinds
of elastic collisions and 48 different kinds of inelastic collisions (26 vibrational

N
(®) B. Bvros and A. V. 'HELPS: Phys. Rev. A, 14, 815 (1978},
() A. G. EXGHELHARDT, A. V. PHELPS and C. G. Risk: Phys, Rev. A, 135, 1566 (1964).
{**) J. E. Laxp: J. dppl. Phys. (in print).
(*) J. J. LowkE, A. V. PueLrs and B, W, IrRwiN: J. Appl. Phys., 44, 4664 (1973).
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levels, 17 electronic levels, 4 ionizing processes and the dissociative process
e--C0, - C04-07). The electrons have been also permitted to undergo rota-
tional collisions, for which the continuous approximation has been used.

The details of the calculations have been discussed elsewhere {3%). Here
we will limit ourselves to presenting the calculated values of £= 3k7, as a
function of Ejn (see fig. 1). The function T, = T (E/n) is useful for expressing

' ’ . . .
| |

_ [

3 7 5 5 7 B 3 0
Eltvem®t 10"

Fig. 4. - Logarithmic denvatives %, p of the attachment coefficients for the
mixtures 1) and 2). .

(**) G. L. BracL1a, R. BrRuzzesE and G. L. Cararrixi: Leit. Nuovo Cimento, 25, 139
(1979).
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the logarythmice derivatives 7z, of quantities calculated as functions of H.
In fig. 2 the ionization coefficient afn = (Win)k, and atlachment coefficient
afn = (Win)k, are plotted for the mixture 1}. In fig. 3 and 4 the derivatives
of X, and k, arc given for the two mixtures. The ealeulated functions #9%
FJ F: ... are represented in fig. 5 for mixzture 1)

CoOwv =1
L Fov ]
157"
E ‘O"“
@
- 0204100
E f
) _
u
u
~
107" —
—13 I j |
10
1’ 10 0’
E/n(Ta)

Fig. 5. — Calculated net power input to various vibrational levels of CO,, N, and CO
as & funetion of E/n for mixture 1).

The translational and vibrational temperatures along the channel have
been calculated by using o numerical code LEBINT which has been developed
for-a four-component e-beam prefonized laser mixture. The transport coeffi-
cients and the excitation rates of the vibrational levels used in the LEBINT
code are a best fitting of those obtained with our Boltzmann code and those
reported by KURrzius and THOENES (*). The plasma recombination rate has
been caleulated by using some experimental data concerning the transconduc-

{**) J. Tuoexes and 8. €. Kuvrzius: EDL Performance Model, Part III, Report
No. RG-CR-75-2, Lockheed Missiles and Space Company (1976)
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¢ B _ tance of a typical EDCL device. A detailed account of this program can be
t;ns 0ﬂ"1 ./"' found in ref. (). The results of the simulation are plotted in fig. 6 for the
b eoe cient laser mixture 1).
- derivatives
:1cti0ns Ft:gl, . P ' 10
] ev| -
A
08—
0.6
K —
1200
8OO
400
f’ -
310
, N, and CO
290
A
annel have
1 developed
port coeffi- | | .
! | : | { 1 | |
e LEBINT 7% 2 ) 4 3 & em 10
- and those )
n rate has Fig. 6. — Calculated electronic (T,), vibrational (T, T,) and translational (T) tempera-
tures along the laser channel for mixture 1).
ansconduc- .

(%7} 8. MarteLLuccl, J. QUARTIERI, G. MastrocixgQur and 8. SOLIMENO: Nuovo
I11, Report Cimentfo B, 54, 99 (1879).
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The time constants Tq, Ty and 7% have been caleulated (see fig. 7) by using
these temperature profiles along the laser channel,

The roots of the instability dispersion equation D1} = 0 have been cal-
culated for different values of k. In so doing, it has also been verified that for

k'=1>0.3cm the roots are practically independent of %, as pointed out
by NieHAx,

T ilTTlll

[ T TTTITIT T

T

1078

[IERREL

al]
< w

] l | | i I | | | !
10
O Z 4 5 8 cm 10

Fig. 7. - Calculated time constants rp, ¥, and iy along the laser channel for mix-
ture 1),

In general, only one positive root has been found, The unstable mode has
resulted to be ionie for the two mixtures 1} and 2) under the referred conditions,
The relative growth rate has been shown to be strongly dependent on the
concentration of negative ions, This is clearly displayed in fig. 8, where cal-
culated values of », for different ratios 7 fn, have been plotted.

The fluctuations 7', of the vibrational temperatures and of the electronie
density n, have been caleulated for 1/, = 10-! by putting 7, = 1. The
Plots of fig. 9 confirm the relative high value of the electronic fluctuations
with respect to the translational temperature, as requested by the jonic character
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PRIPRY LI

A

of the instability mode. On the other hand, the relatively high value of T,
proves the need for decoupling the fluctuations of the lower Inser level tempera-
ture from the translational one. This provides clear evidenee to the opportu-
nity of improving the vibrational kinetic model of the Iaas-Nighan theory.
Due to the rapid increase of T, with respeet to I' during the instability onset,
the fluctuation of the laser upper-level temperature can grow so strong as to
overcome that of the electronic density. This, however, does not destroy the
ionic character of the instability which has been confirmed by solving for the
approximate dispersion equation D, (») = 0. In fact, the growth rates plotted
in fig. 10 agree with those of fig. 8.

—1

vis™")

“ | 1 ] | ! 1

—

10 0 2 4 6 8 cm 10

Fig. 8. — Caleulated growth rate of ionic instability along the laser channel for dif-
ferent coneentration of negative ions in mixture 1).

For mixture 1) the approximate dispersion equation D {»r,) = 0 has ulso
been tested. The relative values of », are presented in fig. 11 for different laser
intensities. The observed drastic reduction of », for M, = 0.1 confirms the
conjecture that lasing of the active plasma produces a stabilizing effect on the
thermal modes. As a consequence, allowing the laser intensity to grow with
the electric power deposited in the plasma, the thermal collapse of the discharge
can be efficiently contrasted. .

To complete the analysis of the ionic instabilities, the derivatives of & vs. &,
have been calculated and represented in fig. 12 for the two laser mixtures.
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Fig. 9. ~ Caleulated fluctuations of the vibrational temperatuves (7, and Ty:) and
of the electronic density =,, for /i, == 10-1 for mixture 1)
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Fig. 10. -~ Growth rate of ionic instability following from the reduced dispergion equa-
tion Dy (v,)= 0. Note the good agreement wiff the corresponding eurve of fig, 8.
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ku ku,E/ki ki,f

Efniv em?) 0’

Fig. 12. - Instability region obtained by using the Nighan simplified criterion
k& g/kik) z= 2k, [0k, > 1, for the two mixtures examined,

As shown by NIGHAN, WIEGAND and Hass, the attachment must domi-
nate over the ionization during an unstable fluctuation. This leads to the
eriterion &k, /ck, > 1 for formation of striations. By using the curves of

fig. 12, the occurrence of striations can be excluded for E/n exceeding 40
townsend,
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7. — Conclusions.

In the present paper a general model of plasma instability in high-power
e-beam—sustained CO, laser amplifiers is presented together with o detailed
discussion of some experimental cases. Gur model improves that of Haas-
Nighan as the various degrees of vibrational freedom and the laser tield are
considered. '

The model has been used to test the degrees of thermal and ionic insta-
bilities of an EDCL device using 4-component gas mixtures (CO,-N,-He-('0)),
The mixtureg 1) 6:34:54:6 and 2) 7.5:23:62:7.5 have been examined.

The fifth-order dispersion equation resulting from the lincarization of the
fluid dynamic and kinetic equations is found to have only one positive (i.e. un-
stable) root. For the above laser parameters, this unstable mode has resulted
to be ionic for both mixtures,

The stabilizing effect of the laser beam intensity has also been assessed,
thus showing a dramatic reduction of the growth rate of thermal instabilitics,
Consequentiy, there is enough evidence for considering thermal instabilities of
secondary relevance with respect to the formation of moving striations in
EDCL lasers,
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APPENDIX A

The coefficients of the stability system (30) are

M, .1 1 1 2c08%¢ (107, Tenre ; Tanfe  TiTe
au=—{1+—+r,(r—+———)~—,—"°r,(—"_+——" %——’—i)},

Ny » Tay 4! Yu,1, T: Ta, L™ Ty
Ny Ty My
Ay = — ———,
Ty Tq M,
N, Tr Tr 2 sin? T T T T
@, = — {] WL ST il Znfe y Daefe | Zaefe LIl
Ne Ty Ta, LR T, T,, Ty T
=10,
a; =0,
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: APPENDIX B
- Logarithmic derivatives of some factors appearing in the stability aystem (23).
g Assuming for &} a dependence on T of the form suggested by the SRH theory
1 (B.1) kj(T)y = A} exp[— B T-1],

we have

H
{B.2) Tio,r = Tagr = — Np + e s

1+ V'm,r.)} '

where (337)

kfop ~ 1.270-10-(KT),  1.067-107%(=sH),
R = 1.270-310-(KT), 1067 -10-2(SS1),
- kS = 0.330-10-(KT),  1.067-10-%(SSH),
krgr =~ 0.666 -10-%KT), 0.747-10-%88H).

KT stands for the initials of the authors of ref. (**}. Due to the smalliness
of these factors we can put

(B.4) Tior = Tao,p == — Mp= — 1.
{1+ Vm,r,) ’ i
Analogously, for 7, and r,,, we have
3 AFE
(B.5) Tar 57
000 [ 122 2000]
(B.6) Ta,r, == T T T, |
Differentiating eq. (22) yields
heBJ(J - 1) _
T ~ =t~ 1 88110710
= Vo) 3 (B.7) Fopwr = T T
PO, S
(B.8)  Five, = = Ql.?‘, - {exp [6,—~6,] W@: - } =~ 43107,
PJ A 06 T -
(B.9) Fopwr, = éa,r. — {exp f— 0,4+ 8] ""m_, 1 =117.
i
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® RIASSUNTO

Nel presente lavoro si presenta un modello generale delle instabiiitd di plasma in un
laser a CO, di alta potenza, preionizzato a fascio elettronico, insieme con una dettagliata
dizcussione di alcuni casi sperimentali. Il presente modello & un’estensione di quello
sviluppato da Haas e poi da Nighan, dal momento che 61 tiene esplicitamente conto
dei vari gradi di libertd vibrazionali ¢ dell’effetto del campo laser. 11 suddetto modello
& state usato per analizzare il grado d’instabilith jonica e termiea in un laser del
tipo EDCL utilizzante miscele gassose quaternarie (C0,-N;-He-C0). 8i & messo elia-
ramente in luce 'effetto stabilizzante del fascio laser, mostrando la netta riduzione

del ritmo di crescita delle instabilith di tipo termico =all'aumentare dell’'intensit
del fascio.

Honnnie w Temmossie meycroiumsocTH = EDCL yerpoiteTeax, ¢ npezsoundanseit CO,
JIEKTPOHHBIM IIYYKOM, B MPHCYTCTBHM JIACPHOrO JTywa,

Pestome (*). — B 310l pabore npeanaraercs obmias MOZENb TIAIMEHHBIX HEYCTOH4H-
BoCTell B CO, na3zepHbIX YCHIIHTETAX M noapobro ofcyxaaoTca HEKOTOPBIE 3KCHEpH-
MEHTAILHEIE Ciy4aH. ITa MONENs YIyqiaeT MOAeIh Xaaca-Hurana, nonyckas B spuoM
BHIE PasTUYHbIC CTEMEHH BHOPALMOHHON cBOBOMB! M YYHTHIBAS na3zepxoe nose. Ipeano-
KEHHAN MOJENL HCHONL3IYETCA ONA TIPOBEPKH CTEHeHH TENNOBOH M WOHHON HeycTOhyu-
BoctH EDCL  ycrpoitcrea, HCHIOJIE3YIOWIETO  HETLIPEX-KOMIIOHEHTHRIE TA3Z0BBIE CMECH
(CO,—N,—He—CO). Crabmmsupyrownti  3dderT HHTERCHBHOCTH NTA3epHOTO  nyyka
NPHBOIHT K CYLIECTBEHHOMY YMCHBIUEHHIO CKODOCTH POCTa TeNNOBBIX HEYCTOHYHBOCTEL].
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