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1. INTRODUCTION

xHE stratification of the positive column of a dis-
charge in a gas is the most readily observed type of
waves and instabilities in a plasma. Nonetheless, this
phenomenon has not been described even in the most
complete review articles dealing with plasma wave phe -
nomena and instabilities, whereas plasma waves and in-
stabilities observed in the main only during the last 10-
15 years in connection with investigations of hot plas-
ma have been so thoroughly investigated that they are
already described in textbooks. This is all the more
strange, since striations, both standing and, more fre-
quently, moving, are encountered in a discharge plasma
so frequently, that it is precisely the stratified positive
column which is the typical form of a discharge plasma
of most gases or their mixtures.

One of the reasons for the little attention paid to
striations lies in the physical nature of this phenom-
enon. The waves causing the stratification phenomenon
belong to a special and rather peculiar class of wave
phenomena. Their mechanism cannot be reduced to any
of the presently known ones. The stratification mech-
anism does not contain a parameter similar to the mo-
mentum (as is the case, for example, with acoustic and
other waves), and the principal role in the propagation
is played by the change in the ionization rate in the
plasma. Waves causing the stratification can therefore
be called ionization waves. We shall adhere to this no-
menclature in the present article.

The exceptional nature of ionization waves is r e -
flected in the character of the wave equation describing
them, which contains only the first derivative with r e -
spect to time. The wave solution is due to the integral
term, which expresses the change in the rate of ioniza-
tion in the plasma. Attempts to interpret striations as
acoustic waves, electroacoustic waves (ion sound), lon-
gitudinal electric waves connected with Langmuir oscil-
lations of the electron or ion gas, etc. turned out to be
unproductive in light of new experimental results with
artificially excited striations, although satisfactory
agreement was obtained at first glance with data ob-
tained by measurements of spontaneously existing s t r i -
ations.

In addition, ionization waves differ from all other
types of waves primarily in the abundance of dispersion
relations. This could be observed only by artificial ex-
citation of ionization waves, whereas an investigation of
spontaneously existing striations, in which the majority
of workers were engaged, gave not even the least hint
of the complexity of their phenomenological picture (in
particular, concerning the direction of the group veloc-
ity, which is usually opposite that of the phase velocity)
and did not make it possible to determine the source of

the striations and the method of their self-excitation.
For example, many workers considered striations mov-
ing from the anode to the cathode to be the results of
localized self-exciting oscillations in the anode region
of the discharge, and the decisive role of the plasma in
the occurrence and the description of the properties of
the striations long remained unclear.

Thus, the phenomenological complexity of the ioniza-
tion waves, and at the same time the rather unique phys-
ical'mechanism of their occurrence and propagation,
have greatly hindered their explanation, and for a long
time it was difficult to establish a common point of view
even among those who directly investigated the stratifi-
cation phenomenon. The situation changed only in r e -
cent years, and at present the ionization mechanism of
striations is universally accepted. Recently, practical
interest also increased in ionization waves and the as -
sociated longitudinal instability of the discharge plas -
ma, since they produce harmful effects in gas lasers.

In the present article we present (following a histori-
cal summary) a review of the phenomenological prop-
erties of ionization waves in different gases, and show
their main laws. Principal attention is paid to experi-
mental work on artificially produced ionization waves of
small amplitude. From among the investigations of
spontaneously-existing ionization waves, we cite only
certain most important results. Nor do we discuss ex-
perimental research on those wave phenomena in the
plasma, in which the ionization interpretation of the
waves is not obvious (as for example cl8> la'19> 81» 116~
us, 163] j a n d w h i c h t h e a u thors attribute to different
mechanisms. One cannot exclude the possibility that
some of these wave phenomena will nevertheless turn
out to be connected with ionization mechanisms, but at
the present time there are not enough data for such a
statement.

In the technical part, principal attention is paid to an
illustrative physical explanation of the main mechanism
of propagation of ionization waves and of their instabil-
ities.

Through the courtesy of the authors who furnished
preprints of their papers we were able to include, be-
sides papers published in 1966, also data obtained in
1966 and contained in still unpublished works. This has
greatly supplemented, in particular, the review of the
phenomenological properties of ionization waves.

2. HISTORY OF THE INVESTIGATIONS

Spontaneously-existing moving ionization waves
(moving striations) were described by Wullner (1874),[2:

followed by Spottiswoode (1876).c3~7:l Stationary ioniza-
tion waves (standing striations) were described in 1843
by Abria/13 although this phenomenon was probably al-
ready known to Faraday.
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By now there are approximately 400 papers devoted
to the stratification of a discharge plasma. A charac -
teristic of papers published prior to 1950 is that they
deal with waves—moving or standing—which exist in the
discharge spontaneously, without attempts to produce
them by external artificial means. In this respect, the
earliest papers""10 ' 24' 25' 27> 28 '32 '33] present the most
abundant and systematic experimental material, al-
though the employed experimental devices (stroboscope,
rotating mirror) were very simple. However, the r e -
sults obtained in the self-excitation modes are difficult
to interpret, as a rule: the wave amplitude is usually
large, the waveform differs greatly from sinusoidal,
the luminescence accompanying the waves frequently
falls between the regions of the peaks of the radiated
light, and the charged-particle concentrations differ by
a factor of several times at the minimum and maximum
of the wave (see, e.g. , : 3 ) 14) 2 3 : ) .

The picture is further aggravated by observation of
several types of waves that exist simultaneously111'12'
15>1Ti by observation of a double structure of the sta-
tionary waves/9 '10> 35J by the ambiguity of the measure-
ment results (which in the case of large-amplitude
waves depend on the history of the occurrence of the
discharge, on the magnitude of the discharge current,
and on the pressureL452), and by the irregularity of the
waves and the oscillations associated with them.138-1

In spite of these difficulties, certain authors suc-
ceeded in obtaining repeated, simple, and at the same
time sufficiently general results. Pupp[20> 24' 25) 27 '28 '
3 2 '3 3 ] investigated systematically the properties of io-
nization waves in inert gases at currents on the order
of several amperes, and established the limit of their
spontaneous existence (now called the Pupp limit) (see
also Fig. 2). He also found a number of simple empiri-
cal relations between the velocity and wavelength in in-
ert gases, on the one hand, and the discharge conditions
on the other (current, pressure, column diameter, type
of inert gas). Working close to the limit of spontaneous
existence of the waves, Pupp obtained consistently r e -
peated results, and the waveform was close to sinusoi-
dal. He also established that ionization waves are not
generated by oscillations of the anode potential drop:
after these oscillations were suppressed by means of
an auxiliary discharge at the anode, the waves continued
to exist and to have the same parameters as before. The
independence of the ionization waves of the oscillations
in the anode region was also demonstrated by Van Gor-
cum:[34] The positive column was homogeneous imme-
diately after the ignition of the discharge, and the lay-
ered state set in with a delay on the anode side. The
velocity, frequency, and length of ionization waves as
functions of the discharge conditions, as well as the in-
teraction between the ionization waves and the anode
oscillations, were investigated in C4'14'15> 18 '19 ' 21) 22> 31J

(see also t48 '67 '68]). probe measurements were made
of the temperature and density of the electrons at dif-
ferent locations in the striation.[8"10 '24)33J

Concluding the stage of research of spontaneously
existing waves were the investigations of Donahue and
Dieke.c38' 46] They used for the investigations a modern
oscilloscopic technique with photomultipliers, and ob-
served rapidly moving pulsed disturbances (inappro-
priately called negative striations, although their wave-

length is usually larger than the length of the tube),
propagating against the direction of motion of the ordi-
nary striations—in the direction of the anode. On the
basis of abundant experimental material they concluded
that the stratification of the column is a typical and
most common phenomenon for a discharge plasma.

A new stage of research with artificial formation of
waves began with the investigations of B. N. Klyarfel'd
and A. A. Zaitsev. Klyarfel'dt42;l dealt essentially with
stationary ionization waves. In some mixtures, for ex-
ample in a mixture of neon with hydrogen, Klyarfel'd
was able to obtain weakly damped (towards the anode)
stationary waves, which could be destroyed (on the an-
ode side) by applying a negative voltage to the probe or
by an external magnetic field. In the same manner he
succeeded in a number of cases to set the stationary
waves into motion, or else to stop moving waves. In the
homogeneous sections of the column, Klyarfel'd pro-
duced artificial waves by means of a crossing discharge,
a transverse magnetic field, or by narrowing the column
with the aid of a circular aperture. He observed in hy-
drogen also ionization waves moving towards the anode.
Klyarfel'd concluded from these experiments that there
is no fundamental difference between stationary and
moving striations—they are periodic repetitions of a
local perturbation in the plasma in the direction of the
electron drift, and he regarded them as a phenomenon
with large amplitude. Zaitsevt40> 43> 52J investigated
moving ionization waves and induced them externally
either with the aid of an auxiliary internal electrode, or
by modulating the discharge current with an alternating
voltage having a frequency close to the frequency of the
waves. He was also able, at a sufficient perturbation
amplitude, to synchronize spontaneously existing waves
with an external disturbance. In the regime without
self-excitation, he artificially produced ionization waves
of different frequency, and measured their velocity with
the aid of a rotating mirror or a stroboscope, thereby
performing the first measurements of the dispersion of
ionization waves.

A pulsed perturbation having an amplitude known to
be small (in order to obtain a linear phenomenon) was
used by the present author.c56j 57>60:l The method of
pulsed small-amplitude perturbation made it possible
to produce a transient ionization wave (stratification
wave; see Fig. 4 below), which contains complete infor-
mation concerning the dispersion. It turned out that the
group velocity of the ionization waves is directed from
the cathode to the anode, whereas the phase velocity
(the velocity of the striations themselves) is directed
towards the cathode. Different types of such inverse
ionization waves were obtained: for example, in neon
two are observed simultaneously/60 '753 and in some
cases even three types of ionization waves,[83] differing
from each other only quantitatively. Besides the in-
verse ionization waves, which are typical of inert gases,
the small-pulse perturbation method revealed in hydro-
gen direct waves, in which the group and phase veloci-
ties are directed towards the anode.c74] It was estab -
lished for all these waves that they can be amplified in
the group-velocity direction, and that self-excitation
sets in if the amplification is large enough: the pertur-
bation is transported at the group velocity with an ever
increasing amplitude towards the anode, from which it
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goes back to the cathode region, but not through the
plasma (the transport of the perturbation does not take
place at the phase velocity), but through the external
circuits by means of current oscillations.'60] The de-
scribed feedback scheme was confirmed by many ex-
periments/53 ' 72> 95> 100> 104>129] and was proved quite i l-
lustratively by means of artificial feedback using a high-
frequency barrier that kept the waves from reaching
the anode region.cl25] Only absolutely unstable ioniza-
tion waves (see Sec. 3F) or stationary striations can
occur spontaneously without feedback.

Investigations of ionization waves by the pulse exci-
tation methods were carried out also inc 71> 77> U2> 144J

and elsewhere.
Direct measurements of the dispersion of ionization

waves by means of a perturbation having a time perio-
dicity, following Zaitsev, were performed by Woja-
czek,'71 '88] Ruthscher,'105'1321 Pfau,[94'139] and a num-
ber of other investigators.'95 '138 '147] Measurements of
the dispersion in hydrogen and nitrogen1-943 also demon-
strated quite clearly the so frequently emphasized14'5>

42,82] fun(jamenta 1 similarity between moving and sta-
tionary striations: if the dispersion curve is extrapo-
lated, it reaches the k axis (or the A. axis) precisely at
the point corresponding to the length of the stationary
striations (see Fig. 12 below). Consequently, both phe-
nomena belong to the same dispersion curve.

Ionization waves were obtained, both at pressures in
the diffusion regime and at pressures on the order of
10'3 mm Hg, by Barrett'154 '159 '179] in mercury vapor
and striations in neon were investigated at somewhat
higher pressure (1.8 x 10"2 mm Hg). Pfau and Rut-
scher1-158-1 observed ionization waves in inert gases at a
pressure on the order of 102 mm Hg simultaneously
with thermal contraction of the column.

Thus, ionization waves were obtained so far in a
pressure region from 10"3 to 102 mm Hg and at cur-
rents from fractions of a milliampere to about ten am-
peres in different gases, gas mixtures with metal va-
pors, and in mercury vapor.

Abundant experimental material has been accumu-
lated by now on artificially produced ionization waves,
and is described for the most part in Sec. 3.

Many authors undertook to explain the mechanism of
stratification of the positive column and to present its
theory. Thomson himself113'2S] obtained a (spatially)
periodic solution of simplified equations for a positive
column, and identified the solutions with stationary
striations. Druyvesteyn'29'30-1 succeeded in obtaining a
solution of more accurate equations in the form of mov-
ing waves. However, the experimental material avail-
able before 1954 did not yield enough reference points
for the theory, and sometimes even led to errors (e.g.,
the statement that a large pressure amplitude is neces-
sary, that the amplitude of the waves in the column is
constant, etc.). From the point of view of modern knowl-
edge of ionization waves, the closest to reality from
among the earlier theories is that of Druyvesteyn, who
obtained in essence the correct dispersion, provided
his work is supplemented by suitable calculation. The
theoretical papers of the Forties and of the early Fif-
ties'36 ' 37>39' 41> 44> 49~51> 54> 58> 61~661 came much closer to
the solution of the problem of the physical mechanism

of stratification, in spite of the fact that in many of
these papers no account was taken of some process of
importance to the propagation of ionization waves (most
frequently the dependence of the ionization coefficient on
the electron temperature, as in c62"63^ Or pair colli-
sions in general, :39] etc.).

Based directly on the recent experimental data ob-
tained by the method of artificial pulsed-wave excita-
tion are the papers, '69 '85] proposing a chain of micro-
physical processes occurring in a plasma and causing
stratification via ionization, with allowance for the r e -
laxation time of the space charge. In particular, the ex-
istence of two types of waves (slow and fast) is explained
as being due to parallel action of two ionization mech-
anisms (direct and stepwise) with different rates of
equilibrium establishment. A further development of
this theory is contained in t103'106' 114> 127>142], where the
physical mechanism of the ionization waves is consid-
ered first by using a simplified plasma model1-103' mei

and then with account taken of other processes of im-
portance for the occurrence of these waves.'114'127> 142].

Also based on new data concerning the dispersion
properties of striations are the theoretical papers t78 '87 '
89-91, 93, 101, 102, 107, 109, 115, 141, 147, 153, 155, 171, 178] T nar -
ticular, Rother,'89 '90 '91: Wojaczek,'93' 102> 155''178] and
Nedospasov and Ponomarenko'141J start out with very
complete systems of equations and aim to obtain dis-
persion relations that are known from experiments with
artificial excitation of the waves. However, only Woja-
czek got as far as a numerical solution that turned out
to reflect correctly the properties of the ionization
waves in argon at large currents near the Pupp
limit.'178]

The equation for ionization waves'127 '142] was used
also by Barrett'159 '179] and Righetti et al.'161] to explain
measurements made on the backward waves in the r e -
gion of low pressures, and by Garscadden et al.'157'160>

174] to explain the forward waves observed in a con-
tracted column by Pfau and Rutscher.'158]

3. EXPERIMENTAL RESULTS

A. Types of Waves

By now, a large variety of phenomenological types
of ionization waves has been found: backward waves
with phase velocity v directed opposite to the group
velocity u (i.e., v/u < 0), forward waves (v/u > 0) with
phase velocity larger than the group velocity (v/u > 1)
or smaller than the group velocity (v/u < 1) (in absolute
magnitude) and also a number of intermediate types of
waves. To facilitate the description of the experimental
results, we first present a classification of the different
types of ionization waves, and introduce notation for
them in accordance with the main phenomenological
properties. As is well known, these properties are de-
scribed by the dispersion equation

F (Q, K) = 0,

which connects the complex frequency

with the complex wave number

(3.1)

(3.2)
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AT=- k + iy. (3.3)

Equivalent information is yielded also by the real
function S(z, t) of the spatial coordinate z and the time
t, describing the transient wave process (the magnitude
of the perturbation of the medium at the point z at the
instant of time t) that develops after a local perturba-
tion of the medium in the form of a Dirac pulse:

5(z,^0)=-8(z). (3.4)

The transient wave S(z, t) is connected by means of the
Fourier integral (see [109>115])

S(z, 0=-Re-5=- '-W+V dk (3.5)

with the dispersion equation (3.1), if the latter is writ-
ten in the form of two equations for the real frequency
a; and the time increment as a function of the real wave
number k at y = 1, i.e.,

a----a(k), (3.6)

q>-<?(*)• '(3.7)
The plot of the time increment </?(k) of the ionization
waves has—in all the cases known so far—a simple
form with a maximum for a definite "optimal" wave
number k (see Fig. 23 below), and if this maximum is
sharp, then only sections with a wave number close to
ki appear in the transient wave S(z, t), just as in the
direct measurement of dispersion. In such a case, the
dispersion and the increment are described with suffi-
cient accuracy by the relations (see [109:)

: (0, + «; (k - fc,) f y Ml (k ~
3 . 8)

where (3(/?/3k)k = 0, thus determining kx, and
(3 V/9k2)k < 0. The integral (3.5) is calculated in this
case accurately and gives the transient wave in the
form1109'115]

5(z, <) = : • r a p - -
46,(

where
(3.10)

6, = —" 291
i|) = a r c t g I J-1

The group velocity of the maximum of the wave packet
ux and the phase velocity at the center of the packet vx

are connected with the dispersion by the relations

«!=«;, (3.11)

v< = lt- (3.12)

A practical method of calculating the dispersion from
the parameter of the transient wave is given in [ ls0].

Table I contains eight out of the sixteen possible phe-
nomenological types of waves with group velocity dif-
ferent from zero (u^ 0), and without an inflection point
in the measured section of the dispersion curve. The
remaining eight possible types are mirror images of
the first eight types with respect to the t axis (or k
respectively).

Osc

FIG. 1. Scheme for excitation of transition ionization waves
(after [56.60'73 ]) and obtaining their space-time sweeps
(after [164'177]). A - anode; C - cathode of discharge tube; RE - ex-
ternal ring electrode; PG - pulse generator; Ph - photomultiplier;
P - wire-wound voltage divider; V - input of vertical amplifier of oscil-
loscope Osc; B - input of beam-brightness modulation; S - input of
beam sweep synchronization.

B. Artificial Excitation and Measurement of the
Parameters of Ionization Waves

Figure 1 shows one of the variants of a scheme for
artificially exciting transient ionization waves in a
plasma. [56 '60 '73] The method of obtaining their oscillo-
graphic space-time sweep, developed by Stirand, Krejci,
and Laska/164 '177J is also clear from the figure. The
plasma is perturbed locally by a brief pulse (or jump)
of voltage applied to an external ring electrode RE. (A
similar perturbation can be produced by a short-dura-
tion high-frequency field of a resonator/7 9 '8 0 ] by a
short-duration change of the current/60-1 by an auxiliary
internal electrode/88 '111J or by a magnetic field of an
external coil.1117'126> 170>179]) The wave propagates from
the place where the ring is placed, and the change of
plasma glow, which accompanies the wave, is received
with a photomultiplier Ph. The signal modulates in this
case (see [164 '177] the intensity of the beam of the oscil-
loscope, the time sweep being triggered by a pulse that
serves simultaneously as the perturbation. A wire-
wound voltage divider P supplies the vertical beam-
deflection voltage, and the oscilloscope beam moves in
a vertical direction in synchronism with the photomul-
tiplier that moves along the tube. The successively pro-
duced individual horizontal strokes form on the oscillo-
scope screen the entire space-time sweep of the wave.
The picture is equivalent to that obtained in a rapidly
rotating mirror, but, of course, the electric method of
obtaining the picture has better time resolution and
higher sensitivity. A similar scheme can be used to in-
vestigate the self-excited waves, if the oscilloscope is
synchronized by a signal from another stationary photo-
multiplier or by the oscillations of the discharge volt-
age. If the plasma is perturbed not with pulses having
a low repetition frequency but with a signal having a
frequency close to that of the striations, then it is pos-
sible to induce artificial waves that are periodic in
time, and to measure, by varying the perturbation fre-
quency, the corresponding wavelength A = 2w/k and the
spatial gain y by means of conventional oscillo-
grams. [71 '105]

In some cases, photoelectronic converters were also
used.cl37 '140 '151) 172J In addition to measuring the oscil-
lations of the light intensity, measurements were also
made of the oscillations of the electron density and of
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Table I. Types of Ionization Waves
Type
desig-
nation

FA

n

n

Bi

B~A

Z~D

ZA

Transition wave

z~0

z>0

z~C

/
t

t

s

/ r

t

Dispersion

a)

a,

Id

Plasma

Hydrogen I74'94'108], mixture
of hydrogen with inert gas ['2 ° ],
deuterium [*8S]

Hydrogen, deuterium [18S1

Nitrogen with traces of
hydrogen [186], argon at
thermal contraction ['5 8 ]

Neon [158], argon [184], mix-
ture of neon with hydrogen ("Fig.
lla, 13, and also [>»0,i3a,i6«])

Inert gases (UO'U1] (Fig. 5),
nitrogen [94>139-161], oxy-
gen [139.1"], mercury va-
por (143,179]

Mixture of neon with hydro-
gen [120.168] (Fig. lib), hy-
drogen [1851

Hydrogen [18S)

All the forward waves (v/u > 0) are designated F, the backward waves (v/u < 0)
are marked B. Waves whose phase velocity passes through zero (vt = 0) are designated
by the letter Z.

The indices of the corresponding letters denote the following: upper right: "+" —
positive group velocity (i.e., by definition, directed from the anode to the cathode),
"—" — negative group velocity; lower right: A—phase velocity in the transition wave
accelerates in time in the direction of the group velocity, D—phase velocity deceler-
ates (e.g., the symbol F0 denotes a forward wave in the direction of the anode with
a phase velocity that decelerates in the direction of the group velocity. The symbol
B^ denotes a backward wave towards the anode, having a phase velocity that in-
creases in the direction of the anode. Since the wave is backward, the increase of
the phase velocity in the direction of the group velocity corresponds here to a
decrease of the absolute magnitude of the phase velocity in the course of time.

Forward waves F differ qualitatively if their group velocity is larger than or smal-
ler than the phase velocity (in absolute magnitude). This difference is connected
with transition from the normal (v/u > 1) to the anomalous dispersion (v/u < 1).
Inasmuch as so far all the observed ionization waves F" have v/u > 1, and the F
waves have v/u < 1, we do not designate this difference by any additional index.
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p, mm Hg
a'

70

70''

70

^ ^

• •

• •

•

70* 70 ' 70''

I, A
70

F I G . 2 . R e g i o n s o f d i s p e r s i o n m e a s u r e m e n t s o f i o n i z a t i o n w a v e s i n

n e o n a t d i f f e r e n t p r e s s u r e s a n d c u r r e n t s ( s e e T a b l e I I ) . R e g i o n s w i t h o u t

s p o n t a n e o u s l y e x c i t i n g w a v e s : I — a c c o r d i n g t o [ 8 4 ] ; l a — a c c o r d i n g t o

M i c h e l [ 9 5 ] ; I I I - a c c o r d i n g t o P u p p [ 2 4 ] . I I - r e g i o n o f s e l f - e x c i t i n g

w a v e s ; I V - r e g i o n o f B a r r e t t ' s m e a s u r e m e n t s [ 1 7 9 ] . ( F o r r e g i o n s w i t h -

o u t s p o n t a n e o u s l y e x i s t i n g w a v e s i n d i f f e r e n t g a s e s s e e a l s o [ 1 2 8 - 1 3 1 ] . )

t h e e l e c t r o n t e m p e r a t u r e i n t h e w a v e b y m e a n s o f h i g h -

f r e q u e n c y 1 1 2 3 ' 1 3 0 ' m > 1 3 6 ' 1 4 8 ' 1 5 0 ] a n d p r o b e m e t h o d s . 1 5 9 '
7 0 , 1 5 2 , 1 8 1 ]

C . N e o n a n d O t h e r I n e r t G a s e s

F r o m t h e p o i n t o f v i e w o f t h e p r o p e r t i e s o f i o n i z a -

t i o n w a v e s , n e o n i s t h e m o s t i n v e s t i g a t e d i n e r t g a s .

F i g u r e 2 s h o w s , i n t h e " c u r r e n t - p r e s s u r e " p l a n e , t h e

r e g i o n s i n w h i c h t h e i o n i z a t i o n w a v e s w e r e m e a s u r e d ,

t h e l i g h t c i r c l e s d e n o t i n g r e s u l t s o f m e a s u r e m e n t s m a d e

w i t h a r t i f i c i a l l y e x c i t e d w a v e s . T h e m e a s u r e d s e c t i o n s

( o r t h e p o i n t s i n t h e c a s e o f s e l f - e x c i t e d w a v e s ) o f t h e

d i s p e r s i o n c u r v e s a r e s h o w n i n F i g s . 3 a a n d b ( s e e a l s o

T a b l e I I ) . A l l t h e o b s e r v e d i o n i z a t i o n w a v e s a r e b a c k -

w a r d o n e s , o f t h e t y p e B " 1 , a n d i n m o s t c a s e s B A , i . e . ,

t h e p h a s e v e l o c i t y i n c r e a s e s t o w a r d s t h e a n o d e . S a m -

p l e s o f t h e s p a c e - t i m e s w e e p s o f t h e s e w a v e s a r e s h o w n

i n F i g s . 4 a n d 5 . B o t h f i g u r e s s h o w t h e g r a d u a l s t r a t i f i -

Wtt

2S-705

Z

15

7

as

XXIV

nx * J

1

T

ss 4
b )

? X *

f/t, o n '

F I G . 3 . E x a m p l e s o f r e s u l t s

o f m e a s u r e m e n t s o f d i s p e r s i o n

i n n e o n ( t h e p o i n t s w i t h o u t

c u r v e s c o r r e s p o n d t o m e a s u r e -

m e n t s i n t h e s e l f - e x c i t e d r e g i m e ) .

T h e s y m b o l s f o r t h e e x p e r i m e n t a l

p o i n t s c o i n c i d e w i t h t h o s e o f

F i g . 2 ( s e e T a b l e I I ) . I n d i v i d u a l

m e a s u r e m e n t s a n d r e f e r e n c e s a r e

l i s t e d i n T a b l e I I .

F I G . 4 . T r a n s i t i o n i o n i z a -

t i o n w a v e ( s t r a t i f i c a t i o n w a v e )

o f t y p e B " i n a p o s i t i v e - c o l u m n

p l a s m a i n n e o n . T u b e d i a m e t e r

1 c m , p r e s s u r e 2 m m H g , c u r -

r e n t 2 . 6 m A ( w a v e v e l o c i t y u =

- 2 0 0 m / s e c , p h a s e v e l o c i t y o f

s t r i a t i o n s 2 9 m / s e c ) . T h e p e r -

t u r b a t i o n w a s r e a l i z e d i n t h i s

c a s e b y a j u m p o f t h e d i s c h a r g e

c u r r e n t . T h e p h o t o g r a p h w a s

o b t a i n e d w i t h t h e a i d o f a

r o t a t i n g m i r r o r [ 5 6 , s 7 , 6 0 j

c a t i o n o f t h e c o l u m n f o l l o w i n g t h e p e r t u r b i n g p u l s e . ( T h e

p o s i t i v e c o l u m n w a s h o m o g e n e o u s p r i o r t o a p p l i c a t i o n

o f t h e p u l s e . ) A t t h e p o i n t o f p e r t u r b a t i o n , t h e f i r s t l a y -

e r i s p r o d u c e d i n s t a n t a n e o u s l y , a n d t h e s u c c e e d i n g l a y -

e r s a r e p r o d u c e d w i t h a d e l a y i n t h e a n o d e d i r e c t i o n ,

a l t h o u g h e a c h o f t h e m i n d i v i d u a l l y m o v e s i n t h e o p p o -

s i t e d i r e c t i o n , i . e . , t o w a r d s t h e c a t h o d e . T h e t r a n s i e n t

p r o c e s s — t h e s t r a t i f i c a t i o n w a v e — d e v e l o p s i n s u c h a w a y

t h a t t h e i n i t i a l l o c a l a p e r i o d i c p e r t u r b a t i o n i s g r a d u a l l y

r e p r o d u c e d w i t h a l t e r n a t i n g s i g n ( i . e . , t h e l i g h t r e g i o n

i s f o l l o w e d b y d a r k r e g i o n , t h e d a r k o n e b y a l i g h t o n e ,

e t c . ) w i t h i n c r e a s i n g l y s h o r t e r d i s t a n c e t o t h e a n o d e ,

f o r m i n g a l a y e r e d s t r u c t u r e , a n d i n e a c h l a y e r t h e a m -

p l i t u d e f i r s t i n c r e a s e s , r e a c h e s a m a x i m u m , t h e n d e -

c r e a s e s a n d t h e l a y e r v a n i s h e s . W h e r e a s t h e c u r v a t u r e

o f t h e p h a s e t r a j e c t o r i e s c a n n o t b e d e t e r m i n e d r e l i a b l y

f o r t h e w a v e o f F i g . 4 , t h e w a v e o f F i g . 5 s h o w s c l e a r l y

t h e b e n d i n g o f t h e p h a s e t r a j e c t o r i e s ( t y p e B A ) -

I n a d d i t i o n t o t h e i n d i c a t e d s l o w ( o r p _ ) t y p e o f i o n i -

z a t i o n w a v e , t w o f a s t t y p e s o f i o n i z a t i o n w a v e s o f t y p e

B " , d e n o t e d r a n d s , w e r e a l s o o b s e r v e d i n n e o n a t l o w

c u r r e n t s . B y c h o o s i n g c a r e f u l l y t h e c u r r e n t a n d t h e

p r e s s u r e , i t i s p o s s i b l e t o f i n d t h e p l a c e o n t h e ( I , p )

d i a g r a m ( F i g . 2 ) w h e r e a l l t h r e e w a v e s ( p , r , a n d s )

a r e e x c i t e d s i m u l t a n e o u s l y w i t h a p p r o x i m a t e l y t h e

F , cm

K a

t, 10" 3

F I G . 5 . T r a n s i t i o n i o n i z a t i o n w a v e o f t y p e B ^ m n e o n , t a k e n b y a n

o s c i l l o g r a p h i c s p a c e - t i m e s w e e p m e t h o d . T u b e d i a m e t e r 1 . 6 c m , p r e s -

s u r e 1 . 9 2 m m H g , c u r r e n t 5 . 5 m A . V e l o c i t i e s a t c e n t e r o f p a c k e t :

u = - 2 9 0 m / s e c , v = 3 9 m / s e c ( o n t h e l e f t s i d e o f t h e p h o t o g r a p h — d i s -

t a n c e m a r k e r s ) . T h e e n d i n g o f t h e p h a s e t r a j e c t o r i e s i s c l e a r l y s e e n .

( P h o t o g r a p h b y K . M a s e k , f r o m t h e f i l e s o f t h e P h y s i c s I n s t i t u t e o f t h e

C z e c h o s l o v a k A c a d e m y o f S c i e n c e s . )
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Table II. Dispersion measurements of ionization waves
in the positive column in neon

(pertains to Figs. 2 and 3)

Designation
of experi-

mental points

A
9

G

0

•

V
X
ffi
0

V

[7]
i i
•

Number of curve
or point

I

II

III

IV

V
VI

VII
VIII

IX
X

XI
XII

XIII
XIV

XV

XVI

XVII •)
XVIII

XIX*)
XX

XXI
XXII

XXIII

XXIV **)

XXV • • • )

1*)

3
4
5
co
7
8
9

10
11
12
13
14

15
16

17
18
19
20

Pressure,
mm Hg

2.6

1.4

1.4

1.8

7
5.5
3

5 - 7
4 - 7
4 - 7
4 - 6

1 . 4 - 3
2
2
5

1.7

3.23
3.23
1.7
1.7

1.15
1.15

1.9

(18—26). 10-3

50

7

3
3
3

2

2

1.9

2.1
1.9

3.2

*)One measurement, two waves.

Current, mA

1.5

6.1

5

1.5

10
10

1.0
0.6
0.4
0.3
0.2
4
1.5
1
0.55

4

10
10
0.35
0.35

7
12

4200

6000

60

1.7

1.1
1.1
0.35

2.6

2.6

2.05
3
4
5
6

2630
5750

10
10
3
1.3

Tube diameter,
cm

3.5

2.2

2

2,5

2

1.8
1.8
2
2

2.6
2.6

3.1

5

8

0.6

1.14

1

1.1

1,1

4.55

1

Reference

43

139

105

132

95

121

130

122

182

111

154, 179

158

75

76

60

S3

84

119

S3

**)One curve was obtained with the aid of experimental points from four differ-

ent measurements. Magnetic field applied.

***)Contracted column, mercury-vapor pressure on the order o f 1CF4 m m Hg.

same amplification. This case is shown on the oscillo-
grams of Fig. 6 (plotted in the usual manner). Both os-
cillograms show packets of the same three waves p, r,
and s, but the time sweep of the lower curve is faster.
Figure 7 shows the p, r, and s waves in a space-time
sweep (on two photographs with different sweep veloci-
ties) together with the calculated sections of the disper-
sion curves. The parameters of these waves (of type
B") are given in Table in . The p, r, and s waves
should apparently be described by three individual dis-
persion curves (this follows also from the existence of
two:146] or even three11821 types of stationary waves in
neon).

Novakc99J found in the case of the three types of
waves, p, r, s in neon (Fig. 8) that the product of the
optimal wavelength kL = 2n/\1 and the electric field Eo
in the column is a constant quantity, so that the poten-
tial difference Vx per wavelength in the low-current
region is characteristic of a given type of wave:

X , £ 0 = n . ( 3 . 1 3 )

T a b l e I V g i v e s t h e v a l u e s o f t h e p o t e n t i a l p e r w a v e -

l e n g t h f o r t h e i o n i z a t i o n w a v e s i n n e o n , h e l i u m , a n d a r -

g o n . T h e l a w ( 3 . 1 3 ) h o l d s n o t o n l y i n a w i d e r a n g e o f

p r e s s u r e s , c u r r e n t s , a n d c o l u m n d i a m e t e r s , b u t a l s o

w h e n t h e c o l u m n i s p l a c e d i n a s t r o n g m a g n e t i c f i e l d o r

i s e x p o s e d t o p o w e r f u l l i g h t o f c o n s t a n t s p e c t r a l c o m p o -

s i t i o n : llB91 a c h a n g e i n t h e f i e l d E o b y e v e n a f a c t o r o f

2 r e s u l t s i n t h i s c a s e i n a n i n v e r s e l y p r o p o r t i o n a l

c h a n g e o f t h e o p t i m a l w a v e l e n g t h . T h e l a w o f c o n s t a n t

FIG. 6. Oscillograms of packets
of p, r, and s waves in neon. Top and
bottom-the same phenomenon; on
the lower photograph the sweep rate
is larger. Tube diameter 1.1 cm, pres-
sure 2.0 mm Hg, current 3.6 mA
(according to [83]).
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Designation
of experi-
mental points

•

+

•
o
•
o
•
•

Vumber of curve
or point

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Pressure, mm Hg

9.8
10.3
3.9
3.9
3.9
2.1

21.9
21.9
53.2
1.6
1.6
1.2
5
9
1
0.48
0.48
2.2
0.74
0.74
11
21.9

: Current, mA

45
18
16
30
65
12
40
40
40
10
10
10
1
5

750
5,7
6

110
76
50
15

27,5

Tube diameter,
cm

2.5

1,9
1,9
3
3

2,5
0.7-1,5
1 —1.8
0.9-1.3
0,6-1.6
0.6-1.6

2,5
2.5

Reference

9?

133

134
114

137
147

86
98

I—XXV—dispersion curves measurement by the method of sinusoidal excitation.
1—16—dispersion curves obtained by the method of stratification wave;
17—42—experimental points determined from self-excited waves.

potential per wavelength does not hold for large cur-
rents (on the order of several amperes).

When the current and gas pressure are varied, the
parameters of all three waves change without jumps,
but in different manners for different types of waves:
thus, for example, the phase velocity of the r and s
waves and their amplification with increasing current
decrease, while those of the p wave increase. In the
middle of the region I (or la) on Fig. 2, all three waves
are strongly attenuated.

Figure 9 shows a comparison of the velocity of the
fast ionization waves in neon with the velocity of the
atomic ions, calculated from the measured electric

a/, sec
a-w5'

FIG. 7. Space-time sweep of p, r, and
s waves in neon (a, b) and corresponding
dispersion curves (c). Tube diameter
1.0 cm, neon pressure 2.0 mm Hg, cur-
rent 3.4 mA. Photographs a) and b) dif-
fer only in the rate of the time sweep.
(Photograph by K. Masek, from the files
of the Physics Institute of the Czecho-
slovak Academy of Sciences.)

field and the assumed ion mobility. The velocities do
not agree, although their order of magnitude and the
character of their dependence on the current are the
same (Table V).

Under the influence of light of constant spectrum
composition, which lowers the concentration of the at-
oms in metastable states, the amplification of the slow
wave decreases and that of the fast wave increases.n6}

Cooling the gas to liquid-nitrogen temperature slows
down the wave peak, and conversely, accelerates the r
and s waves:183] (see Table V). This favors the as -
sumption [69:l that the p-wave is due to changes in the
density of the atoms in metastable states.

In the case of large currents in excess of the Pupp
limit, the picture of the ionization waves in neon is
much simpler: a single wave of the type B^ is always
observed, and the absolute magnitude of the group ve-
locity of the wave is always approximately equal to the
phase velocity, i.e., u «« —v. The measured part of the
dispersion curve is represented in this case in the
(w, k) plane by the equilateral hyperbola

3 •

Z -

c )

O 7 Z 3 4 5 S 7 B 9 70 £,s/cm

F I G . 8 . D e p e n d e n c e o f w a v e l e n g t h o n t h e e l e c t r i c f i e l d i n t h e p o s i -

t i v e c o l u m n o f n e o n f o r p , r , a n d s w a v e s . E x p e r i m e n t a l p o i n t s o b t a i n e d

a t p r e s s u r e s f r o m 1 . 0 m m H g t o 5 . 5 m m H g , c u r r e n t s f r o m 0 . 2 m A t o

8 . 0 m A , a n d t u b e d i a m e t e r s f r o m 1.1 c m t o 2 . 1 c m ( f r o m [ " ] .
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<nk = const. (3.14)

Table VI lists numerical values of the wave param-
eters near the Pupp boundary in neon. The amplifica-
tion curve has in this region a rather sharp maximum.

The same dispersion law (3.14) was observed also
for ionization waves in neon at low pressures on the or -
der of 10~2 mm Hg and at a current on the order of sev-
eral amperes1154 '179] (see Figs. 2 and 3). In this case
the <p(k) curve is quite flat, and no gain is usually ob-
served. To decrease the attenuation, a longitudinal mag-
netic field on the order of 15 Oe was applied to the
plasma in these cases. To obtain a sufficiently distinct
signal, a synchronous amplification technique was em-

Table III. Parameters of three si-
multaneously excited waves of

Type B" in neon
Tube diameter 1 cm, current3.4mA,

pressure 2 mm Hg (see Fig. 7)

it m/sec

Tyrie
wave
P
r
s

u, m/sec

-231
—1570
—4520

v> m/sec

37.2
330
840

X, cm

1.37
1.72
2,78

*, cm'1

4.58
3,65
2.26

FIG. 9. Dependence of phase veloc-
ity v of fast ionization waves in neon
on the discharge current (upper curve);
lower curve—calculated velocity of
atomic ions. Neon pressure 1.9 mm Hg,1
tube diameter 1.1 cm (from [84 ]).

5 I, mA

ployed. Table VII shows certain numerical parameters
of these waves as given by Barrett.:179:1

In other inert gases in the region near the Pupp
boundary, the position does not differ qualitatively from
that observed for neon. Only waves of one type are ob-
served here, with dispersion wk » const. In the region
of pressures near 1 mm Hg and of low currents 1 -
10 mA only one wave of the B A type was observed so
far in helium/92 '173} three waves were observed in a r -
gon111843 (just as in neon), while krypton and xenon have
in this region only self-excitated striations. The region
of very low pressures was investigated by Barrett in
argon. He found that at currents on the order of 5 A and

Table IV. Vales of potential per wavelength (Novak's
constants) VA for Ne, Ar, and He (in volts)

Gas

Ne

Ar

Type of wave
p

9.2

6.7

12.67

9.5

6
19.48

12.0

Reference

90

184

Gas

He

Type of wave
p

-14.2

r s
30.05

Reference

99
Unpub-
lished
measure-
ments by
V.Perina

Table V. Measurement of parameters: Wavelength A,
phase and group velocity v, u—for different types of
ionization waves of type B" in neon (I—current, Eo—
electric field intensity, Tg—temperature of neutron

gas, p0 = 298 p/Tg.—reduced pressure).

A. Influence of irradiation (tube diameter 1.14 cm)

Type of wave

Non-irradiated
gas

Irradiated
gas

I,mA

p

1.1

1,1

s

0.35

0.35

P0.
mm Hg
p

-

•

-

Eo. v/cm

p

7.56

7.66

s

9.53

9.67

X, cm

p

1.22

1.17

•

2.10

1.99

v, m/sec

p

13.50

14.80

s

730

736

u, m/sec

p

-81.40

-84.00

e

-3150

-2890

B. Influence of cooling (tube diameter 1.6 cm)

Type of wave

Tg -= 298° K

I

p

8.4
8.4

mA

r

6.0
6.0

Pa,mm Hg

p

1.9
1.9

r

1.2
1.2

*..

P

4.77
5.34

//cm

<•

4.92
5.17

p

1.95
1.76

cm

2.73
2.52

v, m/sec

p

58.4
41,1

r

525
620

u, m/sec

p

—273
—199

r

-1350
-1630
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Table VI. Numerical examples of ionization wave
parameters near the Pupp boundary in neon

Type of
wave
B-A

Tube
diameter,

cm
3.1

Cur-
rent,
mA
4200

Pressure,
mm Hg

1,9
m/sec

to —80
from —180

m/sec
<150

>̂ cm

to 5.4
from 8,3

pressures 10 2 mm Hg there exist simultaneously two
ionization waves of type B^. : 1 5 4 ' "9}

D. Transition from the Backward Wave B" to the For-
ward Wave F". Connection with Stationary Striations
In the current range from 0.1 mA to 1 mA and at pres-

sures 1—3 mm Hg, where backward ionization waves of
type B" are observed in neon, forward waves of the type
Ff) with v/ < 1 were observed in hydrogen.^7*} In a mix-
ture of neon with hydrogen it is possible to observe
both backward B ' and forward F" waves/120 '132 '188]

These waves are smoothly transformed into each other
when the concentrations of the mixture components are
varied. At the transition point there is observed a
transition wave Zp, the phase velocity of which re -
verses sign. The transition is shown for three ratios of
the mixture components in Figs. lOa-c. The sections
of the dispersion curves obtained from the parameters
of the transition waves are shown in Fig. 11 by the
heavy curves.

The production of the Zf) wave, which attenuates
quite weakly towards the anode (as, for example, in
Fig. 10b), is made difficult by the following circum-
stance: stationary striations, which begin from the
cathode end of the column and attenuate quite weakly
towards the anode, are produced in the column without
any external perturbation. In order to operate with a
homogeneous plasma, the waves were excited locally,
at a point located 40-50 cm away from the cathode (i.e.,
more than 50 wavelengths). At such a distance, the sta-
tionary striations are already practically unnoticeable,
and they have no influence whatever on the form of the
Z" wave (this was verified also in the following man-

FIG. 10. Ionization waves in a mixture of neon and hydrogen.
a) 71% Ne, 29% H2, total pressure 1.55 mm Hg, current 20 mA.
b) 60% Ne, 40% H2, total pressure 1.6 mm Hg, current 13.4 mA.
c) 55% Ne, 45% H2, total pressure 2 mm Hg, current 6.0 mA. Tube di-
ameter 1.7 cm. (Photographs from the files of the Physics Institute of
the Czechoslovak Academy of Sciences.) (In the upper left of Fig. 10a-
wave starting from the internal probe; the first wave in Fig. 10b is from
the ring electrode, and the second from the cathode.)

ner: the photomultiplier was fastened securely at one
point, and the ring used for external excitation of the
waves was moved). The spatial damping of the Z" wave
was identical, within the limits of error, with the damp-
ing of the stationary striations. On the other hand, the
spatial period of the stationary striations (the corre-
sponding wave number is designated by crosses in
Fig. 11 for all three measurements) coincides, within
the limits of measurement errors , with the wavelength
of Z£> at the point where its phase velocity is equal to
zero.

From this it is easy to conclude that the stationary
periodic structure occurs when a dispersion curve w(k)
crosses the k axis, i.e., passes through the point with
zero phase velocity.

When the dispersion curves for the B5 and Ff>
waves are extrapolated in Fig. 11, they cross the k axis
at a point corresponding to the experimentally observed
value of the wave number k for the stationary stria-
tions. This was already known on the basis of disper-
sion measurements made by the method of periodic (in
time) perturbationcl32] (Fig. 12).

Fig. 11 shows that the behavior of a mixture of neon
with hydrogen can be described by a single dispersion
curve: with increasing hydrogen pressure in the mix-
ture, this curve shifts towards higher wave numbers k
and simultaneously the maximum of the amplification
(the minimum of the damping) shifts in the same direc-
tion, and at a rate faster than that of the dispersion
curve itself. As a result, the point of the maximum gain
(a>i, ki) on the dispersion curve slides to the right with
increasing hydrogen content, downward along the dis-
persion curve, crosses the k axis, and enters the r e -
gion of negative values of o>.

The stationary periodic structure, produced in the
mixture in the anode direction, by any time-constant
local perturbation of the column (which may be precise-
ly the cathode end of the column), does not always at-
tenuate. To obtain the waves shown in Fig. 10, the con-
ditions (current, pressure, ratio of mixture components)
are specially chosen such that attenuation is obtained at
the point ks where the dispersion curve crosses the k
axis. By varying the current and the pressure it is easy

Table VII. Numerical examples of parameters of ioni-
zation waves in region IV of Fig. 2 (from l"92)

Type of
wave
BA

Tubediameter,cm
5

Cur-
rent,
mA
6000

Pressure,mm Hg

0.018 and
0.026

u, m/sec

to —1900
from—75 000

v, m/sec
to 600

from 50 000

\, cm

to 11.8
from 62.8
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5-10-

FIG. 11. Sections of disper-
sion curves obtained from the
photographs of Fig. 10. The
crosses denote the wave num-
bers measured on stationary
striations near the cathode

-5-10-

to obtain amplification for ks at a given mixture, i.e.,
cp(ks) > 0. In this case the stationary structure fills the
entire positive column and assumes over the entire
length of the column the well known form of the sta-
tionary striations. The amplitude of this structure is
limited by nonlinear phenomena.

E. Hydrogen

It follows in particular from recent investigations by
Stir and et al.cl85] that the picture of ionization waves in
hydrogen is highly varied (compared with all the hither-
to investigated gases). Figure 13 shows the regions of
existence of ionization waves of different types at dif-
ferent currents and pressures. At a pressure exceeding
0.7 mm Hg and a tube diameter of 2.2 cm, only waves
with negative phase velocity are observed in hydrogen
(self-excited or artificially excited of type F~), or else
a stationary undamped periodic structure. However, by
selecting the pressure and the current such as to elim-
inate the stationary undamped stratification and to make
the artificially-produced ionization waves weakly grow-
ing or weakly damped, we obtain different types of waves
and dispersions. Examples of the parameters of these
waves are listed in Table VIII.

A very interesting phenomenon is observed in the
cross-hatched region (0.25 mm Hg, 1.8 mA): whereas
a type-B^ wave is observed at a smaller current and a
type-Fj) wave at a larger one, the transition between
them does not occur via a wave similar to Zf> or Z^,
but via a unique wave which can be called a crossing
wave (Fig. 14). The corresponding dispersion curve
calculated from the wave parameters has an inflection
point precisely on the k axis (Fig. 15). The group ve-
locity of the wave is the same in the parts with positive
and negative phase velocity, and the phase trajectories
intersect, reaching zero velocity at the extreme right
part of the space-time sweep (this part of the wave,
however, is no longer resolved on the photograph). In
spite of the complicated form, the wave (Ff) x B .̂) is a
single wave, with a single dispersion curve.

/I, cm
ZS r

\2J3 -

7.5 -
W
33
ffjf
0.7
Off

FIG. 12. Extrapolation
of dispersion curves of a
hydrogen-neon mixture.
Pressure 1.8 mm Hg, cur-
rent 5 mA and 1.75 mA,
tube diameter 2.5 cm. The
extrapolated curves reach
the X axis at points corres-
ponding to the lengths of
the stationary striations
(from [132]).
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Gff

0,1
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FIG. 13. Regions with different types of ionization waves in hydro-

gen. Curve aa' corresponds to the places of constant spatial attenuation
of the standing waves, y = — 0.133 cm"1. Other curves — boundaries be-
tween regions of spontaneously existing standing waves (=), moving
waves (//), and region without self-excitation (dashed-line oblique
hatching). The individual measurements are shown by points (e.g., see
Table VIII). Tube diameter 2.2 cm (from [185 ]).

F. Oxygen

Unique ionization phenomena, not seen in other
gases, are observed in oxygen. As is well known, the
positive discharge column in oxygen can exist in two
forms/*7 '5 5 : low-gradient T-form and high-gradient H-
form. The T-form is connected without exception with
moving pulses of large amplitude.c96:l In the H-form
there are observed forward and backward waves of the
type B" and FV 1 7 6 : Diagram 16, from SabadiPs pa-
per,1-1763 shows the regions in the (I, p) plane with dif-
ferent types of waves. The measurements were made
only by the method of periodic perturbation. The curva-
ture of the dispersion curves can therefore not be de-
termined with reliability.

In spite of the fact that the propagation of the pulse
disturbances of the T-form belong undoubtedly to phe-
nomena with large amplitude, it is characterized by
simple dependences of the quantities on one another
(e.g., the pulse velocity does not depend on the pulse
frequency), and the nature of this propagation is ap-
parently connected with ionization.ll7ei

G. Waves with Positive Group Velocity

In the region of medium pressures, near 102 mm Hg
(see Fig. 2), the ionization waves appear simultaneously
with the thermal narrowing of the positive column. It is
difficult to produce here artificial excitation of these
waves in such a way as to leave their amplitude small,
and the phenomenon is made more complicated by s i -
multaneous contraction of the column, which greatly
changes all the plasma parameters. Nonetheless, Pfau

Table VIII. Examples of parameters of different
types of ionization waves in hydrogen (see Fig. 14)

Iff £U SO 40 50 ffO f,KZH

Type of
wave

F-
z-
B-

r,
mA
1.25
0.7
0.80
1.56

V,
mm Hg

1.5
0.6
0.4
0.3

Eo.v/cm

29.00
16.70
13,45
11.20

m/sec

—2890
—3510
—6060
—7340

". m/sec

-293
0

+484
-149-̂ +1620

h,
cm"1

7.66
4.62
3.43
5.52

ks,
cm"1

6.28
—

4,33
3.93
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F I G . 14 . C r o s s i n g w a v e

( F Q X B ^ ) i n a h y d r o g e n

p l a s m a . T h e l o w e r p a r t

s h o w s m o r e c l e a r l y t h e

b a c k w a r d p a r t B ^ , a n d in

t h e u p p e r p a r t t h e i n t e n s i -

fy ing p a r t , t h e f o r w a r d w a v e

F j j b e g i n s t o p r e v a i l . T u b e

d i a m e t e r 1.7 c m , p r e s s u r e

0 . 4 m m H g , c u r r e n t 1.5 m A ;

g r o u p v e l o c i t y a t t h e c e n t e r

u = - 9 3 1 0 m / s e c ( f r o m [ 1 8 8 ]X

a n d R u t s c h e r [ 1 5 8 ] s u c c e e d e d , u n d e r t h e s e c o n d i t i o n s ,

n o t o n l y i n i n v e s t i g a t i n g t h e p r o c e s s o f p r o p a g a t i o n o f

t h e s t a t e o f c o n t r a c t i o n a n d s t r a t i f i c a t i o n o f t h e c o l u m n ,

b u t a l s o m e a s u r e , b y t h e m e t h o d o f t i m e - p e r i o d i c p e r -

t u r b a t i o n , t h e d i s p e r s i o n o f t h e s e w a v e s . I n n e o n , t h e

g r o u p v e l o c i t y o f t h e w a v e s ( a n d t h e p r o p a g a t i o n v e l o c -

i t y o f t h e c o n t r a c t e d s t a t e o f t h e c o l u m n ) i s n e g a t i v e ,

a n d t h e d i s p e r s i o n h a s t h e s a m e c h a r a c t e r a s i n b a c k -

w a r d w a v e s i n i n e r t g a s e s a t l o w e r p r e s s u r e s . I n a r g o n ,

h o w e v e r , a n a n o m a l y i s o b s e r v e d , i n t h a t t h e p r o p a g a -

t i o n o f t h e c o n t r a c t e d s t a t e o f t h e c o l u m n , a n d w i t h i t

t h e g r o u p v e l o c i t y o f t h e w a v e s a c c o m p a n y i n g t h e c o n -

t r a c t i o n , h a v e a p o s i t i v e d i r e c t i o n , i . e . , f r o m t h e a n o d e

t o t h e c a t h o d e , c o r r e s p o n d i n g t o a w a v e o f t h e F + t y p e .

R e c e n t l y S t i r a n d e t a l . c l 8 6 ] w e r e a b l e t o e x c i t e i n a

n i t r o g e n p l a s m a w i t h t r a c e s o f h y d r o g e n a t r a n s i t i o n

w a v e w i t h p o s i t i v e g r o u p a n d p h a s e v e l o c i t i e s ( t y p e F ^ ) ,

e x c i t e d b y a s m a l l - a m p l i t u d e p u l s e a n d n o t c o n n e c t e d

w i t h c o n t r a c t i o n ( F i g . 1 7 ) .

T h e f o r m o f t h e c o r r e s p o n d i n g s e c t i o n o f t h e d i s p e r -

s i o n c u r v e f o r t h i s c a s e i s s h o w n i n T a b l e I . W h e n t h e

c u r r e n t a n d p r e s s u r e a r e c h a n g e d , t h e g r o u p v e l o c i t y

c h a n g e s a n d c a n b e c o m e n e g a t i v e : t h e w a v e F ^ g o e s

o v e r i n t o a B p w a v e . A t t h e t r a n s i t i o n p o i n t i t s e l f , t h e

g r o u p v e l o c i t y s h o u l d e q u a l z e r o . T h e f o r m o f s u c h a

w a v e i s s h o w n i n T a b l e I X , t o g e t h e r w i t h t h e c o r r e -

s p o n d i n g s e c t i o n o f t h e d i s p e r s i o n c u r v e .

H . G e n e r a l D i s p e r s i o n C u r v e

A l l t h e h e r e t o f o r e o b s e r v e d t y p e s o f a r t i f i c i a l l y e x -

c i t e d w a v e s c a n b e d e s c r i b e d — i n s p i t e o f t h e i r s u r p r i s -

i n g v a r i e t y — b y a s i n g l e f o r m o f d i s p e r s i o n c u r v e , w h i c h

c h a n g e s i t s p o s i t i o n i n t h e ( o i , k ) p l a n e w h e n t h e p l a s m a

p a r a m e t e r s a r e c h a n g e d , w i t h o u t c h a n g i n g i t s g e n e r a l

f o r m . T h e p o i n t ( w i , k j . ) w i t h t h e s m a l l e s t a t t e n u a t i o n

o/, sec

-z

\

M e m " 1

F I G . 1 5 . D i s p e r s i o n c u r v e

o f c r o s s i n g w a v e Fj-j X B ^ )

o b t a i n e d b y c a l c u l a t i n g t h e

s w e e p o n F i g . 14 . T h e c r o s s

o n t h e k a x i s c o r r e s p o n d s t o

t h e w a v e n u m b e r k s m e a s u r e d

i n s t a n d i n g w e a k l y - d a m p e d

s t r i a t i o n s n e a r t h e c a t h o d e

( f r o m [ 1 8 8 ] ) .

F I G . 1 6 . R e g i o n s w i t h d i f fe r -

e n t t y p e s o f w a v e s in o x y g e n . \ —

w a v e s o f p o s i t i v e p h a s e v e l o c i t y ;

= - s t a n d i n g s t r i a t i o n s ; II -

w a v e s m o v i n g in n e g a t i v e d i r e c -

t i o n ( t o w a r d s t h e a n o d e ) . T —

l o w - g r a d i e n t f o r m o f c o l u m n ;

H - h i g h - g r a d i e n t f o r m

( f r o m [ 1 7 6 ] ) .
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( t h e l a r g e s t g a i n q>{js) s h i f t s s m o o t h l y a l o n g t h e d i s p e r -

s i o n c u r v e w h e n t h e p a r a m e t e r s o f t h e p l a s m a a r e

c h a n g e d , c a u s i n g t h e c h a n g e i n t h e t y p e o f w a v e s .

F i g u r e 1 8 s h o w s s u c h a h y p o t h e t i c a l d i s p e r s i o n

c u r v e i n t h r e e d i f f e r e n t p o s i t i o n s r e l a t i v e t o t h e k a x i s .

T h e F A w a v e l i e s o n t h e r i s i n g p a r t o f t h e c u r v e a n d

h a s a p o s i t i v e g r o u p a n d p h a s e v e l o c i t y . T h e r e m a i n i n g

w a v e s l i e o n t h e d e c r e a s i n g p a r t o f t h e c u r v e , a n d t h e i r

g r o u p v e l o c i t y i s n e g a t i v e . I n v i e w o f t h e f a c t t h a t t h e

g r o u p o f t h e t e m p o r a l i n c r e m e n t cp(k) h a s u s u a l l y a

r a t h e r s h a r p m a x i m u m , o n l y a s m a l l s e c t i o n o f t h e e n -

t i r e d i s p e r s i o n c u r v e c a n b e m e a s u r e d w i t h o u t v a r y i n g

t h e p l a s m a p a r a m e t e r s .

T h e p o i n t o f i n t e r s e c t i o n o f t h e k a x i s a n d t h e d i s -

p e r s i o n c u r v e g i v e s t h e w a v e n u m b e r o f t h e s t a n d i n g

p e r i o d i c s t r u c t u r e t h a t a r i s e s o n t h e g r o u p - v e l o c i t y

s i d e , i . e . , t o w a r d s t h e a n o d e , f o l l o w i n g a n y c o n s t a n t

l o c a l p e r t u r b a t i o n i n t h e p l a s m a . I f < p ( k s ) > 0 , i . e . , i f

a m p l i f i c a t i o n t a k e s p l a c e i n t h i s p o i n t , a s t a t i o n a r y u n -

d a m p e d p e r i o d i c s t r u c t u r e ( s t a n d i n g s t r i a t i o n s ) i s p r o -

d u c e d i n t h e c o l u m n , w i t h a n a m p l i t u d e t h a t i s d e t e r -

m i n e d b y t h e n o n l i n e a r p h e n o m e n a a n d i s c o n s t a n t o v e r

t h e e n t i r e l e n g t h o f t h e c o l u m n . T h i s s t a t i o n a r y s t r u c -

t u r e m u s t b e d i s t i n g u i s h e d , o f c o u r s e , f r o m t h e s t a n d i n g

w a v e s w h i c h a r e p r o d u c e d , f o r e x a m p l e , w h e n t w o o p -

p o s i n g h a r m o n i c w a v e s o f e q u a l f r e q u e n c y a n d a m p l i -

t u d e i n t e r f e r e : w i t h t h e e x c e p t i o n o f t h e n o d a l p o i n t s ,

a l l t h e p o i n t s i n a s t a n d i n g w a v e o s c i l l a t e p e r i o d i c a l l y

i n t i m e . S t a n d i n g s t r i a t i o n s , t o t h e c o n t r a r y , a r e s t a -

t i o n a r y w a v e s , i . e . , a s t r u c t u r e t h a t i s p e r i o d i c i n s p a c e

w i t h o u t t e m p o r a l o s c i l l a t i o n s .

- . ',»"" sec

F I G . 1 7 . W a v e o f F t t y p e in n i t r o g e n w i t h t r a c e s o f h y d r o g e n . P r e s -

s u r e 1.1 m m H g , t u b e d i a m e t e r 2 . 3 c m , c u r r e n t 2 m A . Wave p a r a m e t e r s :

u = 1 7 8 m / s e c , v = 5 6 2 m / s e c , X = 1.8 c m ( f r o m [1 8 6 ] ) .
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Table IX. Types of ionization waves
Type
desig-
nation

(B'AXF-D)

moBi)

rransition
wave

* t

Dispersion

CL)

v

0)

//

Figure 19 shows three possible positions of the curve
of the temporal increment cp(k) for the case when un-
damped standing striations are produced. In curves 1
and 3 the maximum does not coincide with the position
of the wave number ks of the stationary structure, and
the stationary striations have a tendency to move (in
curve 3—towards the anode, in 1—towards the cathode).

The instability (i.e., the growth of the perturbations
with time) which is obtained when cp(ki) > 0 is usually of
the convective type: at the point z = 0 of the initial
pulsed perturbation, the amplitude of the perturbation
decreases and an equilibrium state is restored if the
perturbation does not repeat. Nonetheless, in some
cases the instability of the ionization waves is absolute.
This is clearly seen in the case u = 0, when the maxi-
mum of the perturbation does not propagate. In such a
case it is sufficient to have cp(k) > 0 for the point where
u = 0 to make the instability absolute: the ionization
waves are then produced spontaneously and without feed-
back through the external circuit, and it is impossible
to make the positive column homogeneous, thus making
it impossible to excite artificially waves of small am-
plitude. Apparently this was the case observed by Pfau
and Rutscher simultaneously with the contraction of the
positive column in argon after a sudden current
jump.c1583 Far from the self-excitation boundaries,
when the value of the increment cp(kx) is large, the in-
stability of the ionization waves becomes apparently ab-
solute also in other cases. The simultaneous existence
of several types of waves (e.g., p, r, s in neon) cannot
be explained by means of a single dispersion curve: in
this case, each of the forms of the waves must have its
own individual dispersion curve.

FIG. 18. General dispersion
curve (schematic). Dashed curve -
cok = const.

FIG. 19. Possible posi-
tions of time-increment
curve </)(k) for the case un-
damped standing striations.

\

4. PHYSICAL MECHANISM

A. Theoretical Approach

The wide range of ionization-wave velocities (from
10 m/sec to 103 m/sec and more) and the strong de-
pendence of their velocity on the discharge current and
on the gas pressure, completely exclude any identifica-
tion of these waves with ordinary sound waves in a neu-
tral gas. The velocity of the ion sound (electroacoustic
waves) depends on the discharge conditions, primarily
on the electron temperature, but at gas pressures on
the order of 1 mm Hg the collisions between the ions
and the neutral-gas atoms are so frequent ( >105sec"1)
that the resultant wave damping practically destroys
the wave propagation. The same holds for longitudinal
waves of the Langmuir type and Langmuir oscillations:
their frequency in the electron gas ranges from 106 to
10lc sec"1 (under conditions when striations are ob-
served), and the damping due to collisions is of the or-
der of 109 sec"1. The ion gas has a Langmuir frequency
103-105 sec"1, which is of the same order as the fre-
quency of the ionization waves, but the damping is here
of the order of 105 sec"1, owing to the high frequency of
collision between the ions and the neutral atoms. In ad-
dition, none of the indicated wave types has an instabil-
ity or a dispersion comparable with the dispersion found
in ionization waves. Single-velocity electron beams are
not retained in the plasma of the diffusion regime, and
it is impossible for wave instability (or compensation
for their damping) to occur when energy is transferred
from the beam to the wave.

Nor can the phenomena be attributed to hydromagnet-
ic types of waves, since the ionization waves exist with-
out a magnetic field. The physical mechanism of the io-

FIG. 20. Initial state of per-
turbation (schematic). n + - _£|
perturbation of ion density, ^^
n_, p, e, & - corresponding
perturbations of the electron
density, space charge, electric
field intensity, and electron
temperature, respectively.
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nization waves must therefore be sought in other proc-
esses.

There is, of course, no doubt that all the foregoing
phenomena can be obtained by solving the Boltzmann
kinetic equation for the discharge-plasma conditions.
But the difficulties are masked by the fact that in a
plasma with a low degree of ionization the collision
term is given by a very complicated expression, and
the cross sections for many types of collisions are un-
known. As a result, all the theoretical treatments de-
veloped to date were based essentially on the hydrody-
namic equations.

Assuming the neutral gas of the plasma to be weakly
ionized, it is customary in the solution to neglect varia-
tions of its density, temperature, or pressure and their
influence on the ionization phenomena. This, of course,
makes it necessary to forego an explanation of the inter-
action between the sound in the neutral gas and the ioni -
zation, which was observed, for example, in c l66]. The
continuity equation for the neutral gas and the equation
for its momentum thus do not enter at all in the initial
system of equations, and the presence of the gas affects
the values of the diffusion, mobility, and other coeffi-
cients for the charged particles.

The initial system then consists of the following:
a) the continuity equations for: 1) ions, 2) electrons,
3) atoms in excited states and, if necessary, 4) other
types of charged or neutral particles; b) the Poisson
equation, which is sometimes replaced by the quasineu-
trality requirement; c) the energy-balance equation,
usually for the electrons only. The equations are lin-
earized by introducing small deviations of the variables
from the equilibrium state, are reduced to motions with
respect to one variable—the spatial coordinate along the
discharge axis—and a solution in the form of waves
exp {i(S2t — Kz)} is introduced in the obtained system of
linear differential equations. The calculations, which
are almost always approximate, yield the dispersion
equation F(S2, K) = 0. In spite of the large number of
time derivatives, only one is taken into account in the
approximate calculation in final analysis, so that n en-
ters in the resultant final dispersion equation only in
the first degree: this precludes before hand the obtain-
ing of two separate dispersion curves and the explana-
tion of several types of simultaneously existing waves.
In addition to using the dispersion method for solving
this system, another method, particularly convenient
for the investigation of the transition wave, is used: the
system of equations is reduced to a single integro-
differential equation of the type

~= § K(z-l)n(lt)dl,
(4.1)

where K is a real function containing all the parame-
ters of the system of equations (see : 1 1 4 ' 1 2 4 ] ) . From the
form of the kernel K it is possible to determine rapidly
the character of the solution (in particular, whether the
response of the medium to a pulsed perturbation is os -
dilatory or aperiodic[114 '1453). Without entering into de-
tails, we present in what follows an illustrative physical
interpretation of the main mechanism of the ionization
waves.

FIG. 21. Time development of
perturbation, a) Initial perturbation;
b - e) states after 10"\ 5 X 10"4,
10"3, and 1.5 X 10"3 sec, respec-
tively. The dashed curves on dia-
grams a - c) correspond to a time
longer by 5 X 10"5 sec than for the
solid curves. Anode to the left,
cathode to the right. Calculated
for the following values of the
parameters: Da = 200 cm2 sec'1,
a = 1500 sec"1, A = 8500 sec"1 cm"1,
and 3^ = 0.3 cm"1.

a)

n+ (z, tl

V

-10'

d)

e)

B. Development of Wave

The physical mechanism of ionization waves is best
understood by considering the initial stage of the strati-
fication wave, for it is precisely the development of the
oscillatory process following a local perturbation that
is perfectly aperiodic in time and in space which dis-
tinguishes the stratification phenomenon in a plasma.

Let us imagine that a small local perturbation of an
initially homogeneous plasma produced in the vicinity
of the point z = 0 an excess of positive ions n+ = N+ —No
> 0 and electrons n_ = N . -No > 0 (Fig. 20). Such a
local increase in the density of the charged particles
cannot stay in the given place for a long time. If the
perturbation were not to cause a change in the ioniza-
tion rate per electron, then there would be no oscilla-
tory or wave phenomena, for the produced concentra-
tion peak would in this case gradually spread out along
the tube axis in accordance with the equation of ambi-
polar diffusion

^+ = ̂ - (4-2)

Here Da ~ kT_fi+/qo is the coefficient of ambipolar
diffusion due to the electric field of the space charge
(see Fig. 20).

However, the additional electric field due to the
space charge influences also the average energy of the
electrons: the electrons, arriving in the perturbation
region (in the direction of the arrows in Fig. 20) lose
their energy by collision as before, but as a result of
the decreased electric field in this region their energy
balance is upset and their temperature decreases. The
electrons emerging from the region of the perturbation,
in the direction of the drift in the electric field, have a
lower temperature (see lower part of Fig. 20), and only
after covering a certain distance, usually about 1 cm or
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Cathode

FIG. 22. Mechanism of phase
velocity of ionization wave.
The maximum of the electron
temperature is shifted towards
the cathode, and the ioniza-
tion shifts the maximum of
the ions to the right. The shift
towards the cathode can also
exceed n/2.

more under discharge plasma conditions, do they r e -
store the equilibrium value of the temperature corre-
sponding to the homogeneous column. Thus, the local-
ized ion and electron density perturbation at the point
z = 0 changes in final analysis the temperature of the
electrons in a region that lies already beyond the limits
of the initial perturbation, in the anode direction, and in
such a way that an increase of the concentration causes
a decrease of the temperature.

Since the ionization rate per electron in a discharge
plasma depends strongly on the electron temperature,
the production of ions and electrons in the region where
the ionization rate is reduced slows down, and conse-
quently a region with decreased carrier density is pro-
duced. Thus, the local increase of the density of the
charged particles generates gradually, by lowering the
electron energy and lowering the ionization, a region
with decreased charged-particle concentration closer
to the anode. In turn, beyond this region, a new region,
closer to the anode but with increased concentration, is
produced in the same manner. The processes repeat
closer and closer to the anode, leading to a gradual oc-
currence of regions with alternating sign of the devia-
tion from the equilibrium state.

The foregoing can be expressed mathematically in
rather simple fashion, by adding to ambipolar-diffusion
equation (4.2) a term expressing the change in the ioni-
zation rate as a function of the electron temperature:

(4.3)

where i> = k(T. —To) is the deviation of the electron
temperature from the equilibrium value kT0, and Z$
= 0Z/3^)x is the slope of the plot of the ionization
coefficient Z against the electron temperature (it is not
important here whether the ionization is produced di-
rectly or stepwise), and No is the unperturbed density
of the ions and electrons. Taking for ii> the simplified
relation given in the caption of Fig. 20, we note that
Eq. (4.3) assumes the form

for the single variable n+ (here a = Z^bjkT./q,, and
A = Z^b1(kT_a1/q0 + E,,)). A numerical solution of (4.4)
for an initial ion-density distribution in the form of a
Gaussian curve and for particular numerical values of
the coefficients is shown in Fig. 21. The solution has
indeed the character of the backward stratification
wave typical of inert gases: the group velocity is di-
rected towards the anode, a packet with optimal wave-
length is produced in the center, the phase (e.g., the
maxima of the densities) moves towards the cathode,

FIG. 23. Dispersion curve co(k) (thick line) for Da = 200 cm2 sec"1,
A = 8500 cm"1 sec"1, a! = 0.3 cm"1, and </>(k) curve (dashed) for three
different values of the parameter. 1 - Case corresponding to equations
in the caption of Fig. 20; 2 — with allowance for the thermal conductiv-
ity of the electrons at a Maxwellian distribution according to Eq.
(4.5) [16S ]; 3 - with allowance for dZ/dN. > 0.

the amplitude of the wave increases in the propagation
direction.

It is easy to see that the mechanism of phase dis-
placement is of the ionization type: the maxima of the
ionization in the waves do not coincide with the maxima
of the electron and ion densities, and are shifted towards
the cathode. As a result of this shift (Fig. 22), more
new ions are produced on the cathode side of the ion
maximum than on the anode side, and consequently the
maximum shifts towards the cathode.

Figure 22 also explains readily the mechanism of the
wave instability for the given case: at the point of the
maximum ion density the temperature of the electrons,
and consequently also the production of the ions, is
larger than in the equilibrium state. The ionization
tends in this case to increase the density of the ions
also at the location of the maximum, whereas the ambi-
polar diffusion, to the contrary, tends to equalize the
density deviations. If the effect of increased ionization
at the location of the ion maximum prevails over the
lowering of the amplitude as a result of ambipolar dif-
fusion, the amplitude of the pertubation increases and
the wave is amplified. This can occur only in a certain
wavelength interval. At short wavelengths, the influence
of the ambipolar diffusion prevails over the influence of
the ionization, and at large wavelengths the phase shift
of the electron temperature always exceeds TT/2 rela-

Cathode

FIG. 24.Scheme of possible mechanism of negative phase velocity
of ionization wave F". Whereas the maximum of the deviation of the
electron temperature i? is shifted towards the cathode and tends (by
means of ionization) to shift the maximum of the ion density to the
right, the shift of the electron density displaces (also via ionization) the
maximum of the ions towards the cathode. The result may be positive,
negative, or zero phase velocity.
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tive to the electron and ion densities, which leads to
damping rather than amplification: the ionization acts
in this case as a stabilizing factor.

In spite of its simplicity and clarity, this mechanism
of ionization instability is ineffective at a current den-
sity such that the equation for $ in the caption of Fig. 20
does not express with sufficient accuracy the energy
balance of the electron gas (primarily as a result of
neglecting the electron thermal conductivity). This sit-
uation is encountered also at currents near the Pupp
limit. In the case of a strong thermal conductivity of
the electron gas, say Maxwellian, the phase shift be-
tween the ion density and the electron temperature is
always larger than vr/2, and the instability of the ioniza-
tion waves results from an additional phenomenon,
namely the dependence of the ionization coefficient on
the electron-gas density (see below).

C. Allowance for Additional Processes

The processes represented by the equations in the
caption of Fig. 20 are expressed in simplified form,
and are accompanied in a discharge plasma by addi-
tional phenomena. Let us dwell briefly on some of
them, which can exert a strong influence on the param-
eter of the ionization waves.

First, when the electron temperature changes, a
change takes place not only in the ionization rate, but
also in the electron density, since the pressure of the
electron gas and the values of the transport coefficients
change. This leads to a broadening of the region of the
space-charge field, and is equivalent to a certain de-
gree to an increase of the Debye length for the elec-
trons.1^65' 187] Sharp gradients of the electron tempera-
ture become smoothed out by the electron thermal con-
ductivity, thus lowering the tendency to wave instability.
The use of the energy-balance equation for electrons
with a Maxwellian or near-Maxwellian velocity distri-
bution leads to the following expression for the devia-
tion of the electron temperature (see [165J)

)= -C, d\. (4.5)

Here again ax is the reciprocal of the relaxation length
of the electron temperature in the electron drift direc-
tion, b is the reciprocal of the relaxation length of the
electron temperature in the direction opposite to the
electron drift and due to the thermal conductivity of the
electron gas, and Ci and C2 are amplitudes expressed
with the aid of the electron-gas transport coefficients.

Since usually b » ax, we have

*L (4.6)

and Eq. (4.5) differs from the equation (for <?) in the
caption of Fig. 20 only in the values of the amplitudes
Ci and C2 . Although the variation of the temperature
corresponding to the Gaussian deviation of the ion den-
sity (see Fig. 20 and [165:l) is not altered appreciably,
nevertheless, in view of the fact that the amplitude C2
(which is frequently also negative) is small, the insta-
bility of the ionization waves arises when (4.5) is em-
ployed usually only when an additional instability mech-
anism acts in the plasma. In inert gases at sufficiently

large currents, a mechanism is always present as a r e -
sult of stepwise ionization. The average ionization fre-
quency per electron increases in this case not only with
increasing average electron energy, but also with in-
creasing electron density (at constant electron temper-
ature), i.e., 9Z/3N > 0—the ionization rate increases
more rapidly than the first power of the electron den-
sity.:178] As a result of this dependence, there appears
in (4.4) an additional term proportional to the concen-
tration n, which is equivalent to an increase of the co-
efficient a. It can lead to ionization instability of the
waves also in the case of appreciable thermal conduc-
tivity of the electron gas, when C2

 < 0. The curve of the
temporal increment (see Fig. 23 below) shifts upward
as a result, but the dispersion and position of the opti-
mal wave number k^ do not change.

By taking into account the stepwise ionization, the
deviation of the distribution of the electron energy from
Maxwellian, and the influence of the change of electron
temperature on the transport coefficients, WojaczekU78J

obtained full quantitative agreement with experiment for
the parameters of the backward ionization wave in argon
at large currents. In spite of the complexity of the
processes taken into account, the resultant equation co-
incides with (4.4) but, of course, the coefficients a, A,
and a.x take into account all the processes indicated
above. This case of complete quantitative agreement
between the theory of ionization waves and experiment
was obtained after very laborious calculations and pre-
liminary auxiliary calculations, which turned out to be
essential, in spite of the fact that the inert-gas plasma
with a large discharge current (on the order of several
amperes) is simpler than all others and has been most
thoroughly investigated.

At low currents (on the order of several milliam-
peres or less) in inert gases, the direct ionization be-
gins to prevail over stepwise ionization.tl69:l The atoms
in the metastable states begin to play a new role: they
constitute essentially an admixture of another gas with
a very low ionization potential, and the amount of this
gas depends on the state of the plasma and vice versa.
At low currents their lifetime becomes larger than the
lifetime of the positive ions, and the gas of the meta-
stable atoms can become manifest separately. This
gives rise to a slow ionization wave. :74] The instability
of the fast wave connected with the direct ionization:84:l

should be caused in this case by the phase-shift mecha-
nism (see Fig. 22), whereas the slow wave that develops
in parallel is connected with the rate of change of the
density of the metastable, i.e., neutral atoms, and the
phase shifts in it can differ strongly from the shifts on
Fig. 22.

So far there is no consistent theory of ionization
waves at low temperatures in inert gases, and all the
more in molecular gases and mixtures. The described
mechanism, as well as Eq. (4.4) itself, which contains
only the first derivative with respect to time, reveal the
unusual character of the resultant wave: it is connected
with a relaxation process (with respect to time). The
wave solution and its oscillatory character are due to
the integral long-range term in (4.4), which expresses
the influence of the local perturbation of the ion density
on the ionization rate. Unconnected with the wave is the
motion of matter forward and backwards during the
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propagation (as, e.g., in the case of gas molecules in a
sound wave) or transversely (as, e.g., for atoms in a
transverse elastic wave in a solid). The oscillations of
the ion and electron density in the ionization wave are
not accompanied by a change of their momentum and
are not connected with the energy stored in inertial
processes.

D. Dispersion

Substituting in (4.4) a solution in the form of a wave
that is periodic in space, exp {i(wt - kz) + (pi\, we ob-
tain equations for the dispersion w(k) and for the tem-
poral increment <p{k) in the form

o = A

Aa,

t q^T (4.7)

(4.8)

Figure 23 shows a plot of w(k) for the same values of
the parameters of (4.4) as in Fig. 20, and a plot of cp(k)
for three different values of the coefficient a. Since kx
lies, at the employed numerical values, in the region of
a descending dispersion curve w(k), the dispersion cor-
responds to a backward transition wave of the type BA .

If a x « ku i.e., at relatively large relaxation lengths
of the electron temperature, the dispersion equation
(4.7) assumes the form (see ll59i)

', 4- and ak !V A. (4.7a)

The corresponding backward wave has a velocity
u « - v = -A/k2 . Such a case is observed, for example,
in inert gases at large currents.

1. Forward waves of type F* and waves with zero
group velocity. When a1 » klt the dispersion equation
(4.7) goes over into

A forward transition wave of type
v > u > 0 is obtained:

V « - y I 1 s-|

and

(4.7b)

?A with velocities

(4.9)

(4.10)

Consequently, the forward waves of type F+ (see Fig.
18) can be explained by means of the same mechanism
as the BA. waves, within the framework of the disper-
sion curve (4.7) (see Fig. 23). It is sufficient to have
the wave number k1} for which the maximum of the tem-
poral gain <p(k) is obtained, correspond to the rising
part of the dispersion curve (4.7); this can be satisfied
for the wave on Fig. 17 when

Da = 7.636-103 cm/sec a = 3.65-106 sec"1

a, = 4,846 cm = 2.004-109

Garscadden et al. :157 '1601 obtained good agreement be-
tween (4.7) and measurements of the forward ionization
wave in a contracted column. If the increment <p(k) is
maximal precisely at the place where w(k) has a maxi-
mum, then a type (FXOBA) wave is obtained with zero

group velocity at the center of the packet.
2. Forward waves of type F* and waves with zero

phase velocity. Forward waves of the F~ type with
group and phase velocities directed towards the anode
cannot be obtained from (4.7), since the dispersion
curve does not cross the k axis at all. In certain the-
ories (see, e.g., [114>175J) the phase velocity turns out to
be negative for short waves (large k), but the maximum
of the increment cp(k) lies in these cases in the region
w > 0 .

One cannot exclude the possibility that the mechanism
of negative direction of the phase velocity is connected
with a certain process which is unique to hydrogen and
oxygen, where these waves are observed. But it can
also be explained within the framework of the aforemen-
tioned processes as being due to the fact that the maxi-
mum of the ionization in a wave of type F" is shifted
with respect to the maximum of the density towards the
anode. In principle, two causes of such a shift are pos-
sible: a) the maximum of the electron temperature it-
self is shifted towards the anode; b) the maximum of
the electron density is shifted towards the anode rela-
tive to the maximum of the ions, and the effect of ioni-
zation due to changes in the electron density, which al-
ways tends to shift the phase of the wave towards the
anode, is stronger than the effect of ionization due to
the change of the electron temperature (Fig. 24).

Explanation b) is more probable, since the same
shift between the temperature and the density was ob-
served in hydrogen for standing striations as for back-
ward ionization waves in inert gases.'156 '1673 An appre-
ciable shift of the maximum of the electron density re l -
ative to the maximum of the ions can be observed either
when the wavelength is comparable with the Debye
length/1133 or in the case when the changes of the elec-
tron temperature have a strong influence on the electron
density, thus increasing the polarization and being
equivalent to a certain degree to an increase of the De-
bye length (see : 1 8 7 ]) .

A wave of type Z" is a transition between B~ and
F" waves: the maximum of polarization in the Z~ wave
should also coincide with the maximum of the density
precisely for a wave number k for which the increment
is maximal in this case.

E. Other Phenomena

In the preceding sections we touched upon only the
mechanism causing the main properties of the ioniza-
tion waves. In experimental investigations of more spe-
cific phenomena, for example the influence of the mag-
netic field on the parameters of ionization waves, the
influence of irradiation/76 '189J the influence of active
impurities1-92'132J on the properties of the waves, etc.,
it is customary to present also qualitative explanations
of the observed phenomena.

Quantitative explanations of all these relations (as
well as the law of constant potential difference per wave
length) can be expected only after a theory is developed
for ionization waves at weak currents, a development
which is still in the initial stage.

5. CONCLUSION

The nature of ionization waves or striations in a dis -
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charge plasma is due to a change of quite general proc -
esses. These are: a) the occurrence of space charge at
the place where the plasma homogeneity is locally dis-
turbed (e.g., by an excess of ions and electrons); the
charge is the result of polarization of the positive ions
and electrons, which have different velocity of free dif-
fusion and different mobility in the electric field; b) a
change of the average electron energy as a result of vi-
olation of their energy balance due to a local change of
the electric field by the space charge; c) a change of
the ionization rate together with a change of the average
electron energy; d) a gradual change (lowering) of the
ion density together with a change in the ionization
rate.

The chain of these processes leads to propagation of
the perturbation, with alternation of the positive and
negative deviations of the density and of the remaining
plasma parameters from the equilibrium state.

In order for the ionization waves to be unstable (am-
plified) it is necessary to have: e) a dependence of the
ionization coefficient Z on the electron-gas density.

In spite of the fact that main properties of the ioni-
zation waves can be explained as due to the foregoing
general processes in the plasma, an exact quantitative
explanation of the waves of all the observed types, their
numerical parameters, and dependences on the dis-
charge conditions still call in the overwhelming number
of cases for additional theoretical research.

It is possible that in more complicated plasma, such
as in a molecular-gas plasma, in a plasma with electro-
negative gas, in mixtures of different gases and vapors,
etc., the behavior of the ionization waves depends sig-
nificantly on the specific processes, such as formation
of negative ions, which change the electric field of the
space charge, on the excitation of vibrational and rota-
tional states of the molecules, which changes strongly
the form of the electron-energy distribution curve and
their average kinetic energy, on electron capture proc-
esses, etc.

There is no full assurance that the one-dimensional
approximation is sufficiently accurate for a complete
quantitative agreement between theory and experiment.

The most difficult problem is to obtain from the the-
ory the correct plot of ip(k) of the temporal increment
of the wave as a function of the discharge conditions. It
is known from the experiments that the damping or in-
tensification, and all the more the position of the maxi-
mum, are usually quite sensitive to even small changes
of the state of the plasma. Intensification (or damping)
is obtained in ionization waves as a result of many com-
peting frequently strong processes, which cancel each
other to values close to zero. It is therefore not sur-
prising that in the theory it is easier to obtain the cor-
rect form of the dispersion curve than that of the tem-
poral increment. However, it is the value of the tem-
poral increment <p(k) at the point of the maximum
which determines predominantly whether ionization
waves will appear in the discharge spontaneously or
not. Therefore an exact explanation (or even prediction
in the case of different gases and their mixtures) of the
regions of current, pressure, and tube diameter at
which ionization waves are unstable (i.e., cpikj) > 1) is
impossible at present. This situation is also due to the
fact that so far there are no exact data not only con-

cerning such parameters as the relaxation length of the
electron temperature, the lifetime of the excited levels
under plasma conditions, etc., but even the cross sec-
tions of different types of collisions and for the forma-
tion of unstable particles in a discharge plasma are un-
known. A great difficulty is caused also by the strong
sensitivity of ionization processes to the distribution of
the electron energy, which in turn depends strongly on
the type of gas and on the energy levels of its atoms or
molecules.

On the other hand, the connection between the param-
eters of the ionization waves precisely with these meas-
urable phenomena in a plasma makes it possible, in
principle, to investigate these phenomena by means of
theoretical relations at definite parameters of the ioni-
zation waves. At the present time, however, this possi-
bility is limited only by the small number of particular
cases.

In order to describe in conclusion the status of the
problem of ionization waves, we can use the following
comparison: The present situation is similar to the ini-
tial stage in the understanding of chemical reactions,
when certain simplest processes have been made clear,
the principle of chemical joining of elements is under-
stood, but the details and variety of these reactions are
not yet revealed. The comparison, incidentally, goes
deeper than may appear at first glance: the creation and
vanishing of particles of different types in the plasma
and their mutual transformation are phenomena which
are very close to phenomena of chemical kinetics not
only with respect to the form of the equations describ-
ing them, but also with respect to their very nature.
Unlike ordinary chemical reactions, for which a non-
oscillatory development and aperiodic damping are
characteristic, ionization reactions in a plasma can de-
velop in an oscillatory manner, when the rate of crea-
tion and vanishing of the particles of a definite type al-
ternately increases and decreases. This behavior is
connected with the influence of the electric field on the
rate of the ionization reactions and imparts a wave
character to the ionization reactions in a plasma.
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