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ZENON ZAKRZEWSKI, HELENA MURLAK

Gdansk Lublin

Studies of Small Amplitude Ionization Waves in an Axially Magnetized
Plasma of the Helium Discharge *

The experimental studies of the influence of an axial magnetic field on the propagation parameters
of ionization wave are described. :

The presented results were obtained in a helium discharge. They are compared with the predictions
of the simple hydrodynamic theory as developed first by Pekarek and Krej&i [12, 13]. This theory
was extended here to take into account the influence of an axial magnetic field.

1. Introduction

Little work has been carried out to study, both experimentally and theoretically, the
influence of an axial magnetic field on ionization waves (striations) in the positive column.
Effects of such a field on the frequency and velocity of striations were investigated in an
early work of Zaitsev and Vasilyeva [1]. Few other works are discussed in the review
article by Oleson and Cooper [2]and also in the papers of Sato [3] and Duncan and
Forrest [4]. There are, however, still insufficient data for a detailed description of the
behaviour of the ionization waves in a magnetic field.

On the other hand, the ionization waves in the absence of magnetic field have been
intensively investigated theoretically and experimentally for the last twenty years. It seems
that this phenomenon is recently quite well understood and described, although some points
still require further elaboration. General concepts and clarification of the issue have been
made possible mainly due to the results achieved by Pekarek and co-workers (see the
successive review papers [2] and [5+8]).

Hitherto, the detailed theories of ionization waves have been elaborated only for some
particular cases: for argon at high current densities by Wojaczek [9] and for neon and
helium at low discharge currents by Pekarek and his co-workers [10, 11]. The theories
for neon and helium are based on a direct solution of the Boltzmann equation for the ele-
ctron gas and require numerical computation for the comparison with an experiment.

The physical nature and basic properties of the ionization waves can, however, be found
using much simpler procedure, based on the hydrodynamic description of the discharge

* Praca wykonana w ramach problemu resortowego PAN-19, grupa tematyczna 4.
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plasma. This has been done first by Pekarek and Krejéi [12] [13] and further developed
by Garscadden et al. [14, 15]. The continuity and momentum equations for both ele-
ctrons and ions, Poisson equation, simplified electron energy equation and Schottky’s
model of diffusion were used. It is believed [8, 14] that this hydrodynamic theory does
describe most of the experimentaly observed features of the ionization waves.

In this paper the measurements of the frequency and wavelength of the artificially
excited ionization waves in an axial magnetic field are presented. The experimental results
are compared with the predictions of a simple hydrodynamic theory modified to account
for the influence of magnetic field.

The next section contains the description of the experimental arrangement and proced-
ure. In section 3 the theoretical model is suggested. The results of measurements are pre-
sented and discussed in section 4. The conclusions form the last section 5.

2. Experimental arrangement and procedure

The described experiments were carried out in an axially magnetized glow discharge
plasma in helium. The essential parts of the experimental apparatus are shown in Figure 1.
The discharge tube length is about 300 cm between hollow electrodes and its diameter
is 57 mm. This tube is inserted into a magnet 170 cm long. The axial magnetic field in
the central 120 cm section of the tube is uniform (4 1 %) and variable up to 2.5 kGs (0.25 T).
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Fig. 1. The simplified diagram of the experimental apparatus

S

The discharge was run at defined pressure within the range of 0.1 - 1 Tr. The discharge
current was electronically stabilized and centinuously variable up to 250 mA.

Pekarek type [2] waves of stratification were excited in the positive column by applying
a short (several ps) pulse to the auxiliary ring electrode placed near to the cathode end
of the tube. The light perturbation connected with the excited wave was detected by pho-
tomultipliers situated outside the magnet coils and magnetically shielded. This light pas-
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sed along a flexible light-guides from a collimators to photomultipliers. The collimators
were placed on a carriage which could be driven axially.

During each run all the discharge parameters and the magnetic field intensity were
fixed. The main results of measurements were directly photographed from the oscillos-
cope screen in a form of well known time-space diagram. The applied procedure was
identical as that described by Stirand et al. [16]. Such diagrams yield, among other
parameters, also the frequency and wavelength of the ionization wave of the greatest
amplification (smallest attenuation).

The possibility of excitation of the wave with a sinusoidal signal using an A.F. powet
generator was also provided. This was used for measurement of dispersion curves in the
magnetic field.

In both cases of the pulse and harmonic excitation the axially movable light detector
was used to verify the constancy of the amplification factor along thetube axis. This way the
possibility of occurrence of nonlinear effects was avoided.

The measurement of the potential difference between two axially separated floating
probes yielded directly the value of an axial electric field in the column. A double probe
with an appropriate circuit served for determination of the electron temperature.

3. Theoretical model

The simple hydrodynamic theory of wave of stratification in the absence of magnetic
field has been presented [12, 13] by Pekarek and Krej¢i. They started with the equations
of continuity of the positive and negative particles and the Poisson equation. A simplified
energy balance equation for electrons was also included. The initial disturbance of den-
sity was chosen in form of a Dirac pulse. This corresponds to the experimental excitation
of a wave of stratification by a sharp pulse.

The problem is considered to beone-dimensional in the space coordinate along the
axis of the discharge in the direction from anode to cathode, and Schottky-type ambi-
polar diffusion to the walls is assumed to be established.

The basic equations are

an; o*n, de on;

1
_*(ni—ne)-'"ZuNsue’ (33)

—_‘=Di“—*_ iNs =5 Ezs“—‘

TR R LT

8ne azne an’e

E:De52—2+yeEzs—a—Z+Z,,Nsue+ZNNsne, (3b)
Oe . '

gz —4ng, (n;—n.), (30)
ou,

Ez——aue=——be, (3d)

where D;, D,, u;, u, are diffusion coefficients and mobilities for the positive ions and
electrons, respectively, 7; — the lifetime of the charge carriers to the walls, a=' — the
relaxation length of the electrons temperature and g, — the elementary electric charge,
b~3q,, ny=N,—N,, n,=N,— N, represent the change of the ion and electron concen-
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tration from the equilibrium value, e=E,—E,, u,=V,—V,, — the changes of the elec-
tric field and the electron temperature. Subscript s is used for parameters in the undis-
turbed (steady) state of the discharge.
The general discussion of the method of solution is given by Pekarek [27].
Under the assumption of small Debye length the dispersion equation takes [8, 13]
form

A
iQ=—K?D, +a+- : 3.1
jK—a
where
au=Z,bV +Z,N,, (3.2)
EZS
A=Z,baV,, (1 + ) ) (3.3)
aV
v, 1 (ot
7 ek R 3.4
¥ (6V8>s+rizs (GV)S S
av;
x = e 3.5
{5 63

v, — the ionization frequency, D, — ambipolar diffusion coefficient.
For real K=k=2r/], the real angular frequency and time increment ¢ are

Ak ,
O e

| S:eoda
{0=—k2Da+oc—a—2+k2- (3.7)

The approximate expression for the reciprocal of the electron thermal relaxation length
a was given by Granovski [17] (see also [18])

32 V..«

a= .
Sm B 4

In (3.8) x denotes the average fraction of energy lost by an electron in one collision,
determined [19] from

(3.8)

v’ES
-
where 4;=/,p is the electron mean free path at 1 Torr and 0° C and depends on the kind

of gas.
For the case of greatest amplification

(3.9)
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the wavelength and angular frequency of the wave are

1 %
ky=a <——1) : (3.11)
Ul
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p /1 *
sl ) 61
n n
where
Aity ‘
= i e = 3.13
1 ( A) (3.13)

For the sake of simplicity the subscript M will be dropped in further notation. The
values of wave number k, wavelength A and frequency f=cw/2n will correspond to the case
of the greatest amplification.

Here an attempt is being made to account for the influence of the axial magnetic field
on the wavelength and frequency of an ionization wave. It will be assumed, that the field
affects those parameters only through its influence on the diffusion of the charged particles
across the magnetic field. The direct effect is the change in the diffusion controlled lifetime
7, of ions and electrons. The electron temperature ¥, and axial electric field intensity
E, also vary to assure a balance in the generation and loss of charged particles. The dif-
fusion along the tube axis remains unaffected by the magnetic field and the respective
coefficient retains its Schottky value

D=u ., (3.14)

In the Schottky theory of the positive column the ionization frequency is related [19]
to the electron temperature by the equation

V.\? e
= tlz = 3.15
v;=cons (VJ) exp( Ve) (3.15)

valid for V,<V;, where V; is the ionization potential. Further it will be assumed that
this relation holds in the presence of a magnetic field.

As the recombination of charged particles is assumed to take place only on the wall,
the lifetime 7, is controlled by diffusion of these particles across the magnetic field

I AR D
L2—|—), D=—1=. (3.16)
D, \2.4 14+u,u,B
In the steady state conditions 7;,=v;". It may be shown that
V.
leg ﬁ viss (3.17)
and consequently
ey (3.18)
—a e :
a¥ Ly -
From (3.8) and (3.9) it follows that
16 E
a=—- __Z.s 3.19
nV L
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E :
and (1+i>g1.6 is a constant. As a result, the variations of the coefficient 4 with
a es,

magnetic field can be calculated from the relation
A=consta-V *vi. (3.20}

For the sake of simplicity the subscript s will again be dropped in the further nota-
tion. ¥, and E. will denote the steady state parameters. The subscript 0 will be introdu-
ced for values corresponding to the absence of magnetic field.

Under an assumption* that <1 the changes of the wavelength and frequency of
ionization waves with a magnetic field result from (3.11) and (3.12). They are, respectively,

iJng(ﬁ)* (.21

f__ a 2’70%_'102770%
e () e

The above given relations may be expressed directly in terms of the steady state plasma

and

parameters:
i: EzO Ve * XL_O. -}i, (3.23)
do \E, Vo V;
f = Ez VeO - V; . (3 24}
fo > EoVe) \Vio . : '

It fo]lowé from (3.11) that for <1 also Pekarek’s theory predicts the dispersion
relation in a simple form wk=A4, which can be written as

4x®
A—cf, B (3.25)
4 A
When the influence of 2 magnetic field is taken into account in an identical way as before,

the changes of a the slope of the dispersion curve may be directly obtained

¢ (R B (3.26)
o Vil B ¥

4. Resuits and discussion

On the grounds of the above theoretical model the knowledge of relative changes of
the electron temperature and the axial electric field are sufficient for the determination
of relative changes of the striation parameters in a magnetic field.

* The validity of this assumption will be analysed later together with the discussion of the results
of measurement.
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Here the results obtained in a helium discharge plasma at pressure p=0.45 Tr and
current /;=150 mA are presented. The changes of the axial electric field intensity under
the influence of the magnetic field will be analysed first. This will allow to find the main
features of the discharge in the steady state conditions.
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Fig. 2. The registered E.(B) curve Fig. 3. The relative changes of electron temperature

calculated from the theory of ambipolar diffusion
and measured

The registered E,(B) curve is shown in Fig. 2. The plasma is quiescent for magnetic
field intensities lower than the critical value B,. Above the critical field a macroscopic
current-convective instability [20, 21] sets up. All the further presented measurements
were performed in the region B<B,. ;

As Sheffield [22] pointed out, the relation between the electron temperature and the
axial electric field in a helium positive column may be approximated by

V,=(1.9740.07) G%) (4.1

if only 2.4<E_[p<6.5. It may be further assumed that this holds in magnetic field too.
Formula (4.1) holds in the whole region of parameters in the presented case (here

E /p=4.4). Then
B i p B Y
Veb i EzO

A NE G v,
Haliie S R (4.2)
Vio VeO VeO Ve

where the ratio V;/V,, depends only on E,q/p.
On the other hand, from the requirement that the particles lost by diffusion must

and from (3.15)

g%
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be replaced by ionization in the steady state of the discharge, one can [23] obtain:

U D Ay (&)
Yio D a

The ratio V,/V,, may be calculated by solving (4.2) and (4.3) simultaneously for a
given value of E,o/p (i.e. known V,/V,). In Fig. 3 such results are compared with V[V o
determined from the measurements of an electric field and with the results of direct me-
asurement by a double electric probe. The evident discrepancy results probably from the
simplified model used for the steady state conditions (for example the assumption of
Maxwellian distribution in the formula (3.15)). The results of direct measurement by a
double probe are in a relatively good agreement with those obtained from measurement
of the electric field. In the further calculation the last ones will be used.
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Fig. 4. The measured wavelength and frequency Fig. 5. The measured and calculated values of
of the ionization wave normalized wave parameters

In Fig. 4 the measured values of wavelength and frequency are shown. The relative
changes of the measured and calculated parameters in the magnetic field are compared
in Fig. 5. The agreement is quite good in the case of wavelength. The predicted changes
of frequency agree at the very least qualitatively with the measured ones.

The assumption that #<1, introduced a priori in the Chapter 3 can be verified now.
The theory of Pekarek predicts that a<k for a backward wave propagating in the noble
gases. From the above and (3.11) - (3.12) the following results

k kD,

e (4.4)
w w
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In the present experimental conditions there is #<0.2, and the approximation used
is acceptable. ;

It is possible [24, 25] to determine the dispersion curve parameters from a transient
wave in the case of pulse excitation. We have found, however, the direct measurement

of the dispersion curve from the behaviour of a monochromatic wave to be more precise
and convenient.
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Fig. 6. The measured dispersion curves for dif- Fig. 7. The changes of the ¢ and d coefficients of
ferent magnetic fields eq. (4.4) vs. reduced magnetic field

Typical results of such a measurement are drawn in Fig. 6. All the obtained curves
can be approximated by straight lines of equation

A=cf+d. 4.5)
The measured relative changes of the slope factor with magnetic field are compared
(Fig. 7) with those calculated from' the simplified theory (the relation (3.25) gives cfe,
calculated for k%>a?). The same theory predicts d=0. The measurements yield value
d=~8 cm independent on magnetic field.
A closer examination of the earlier results of Sato [3] and Rosenbaum [26] reveals
the similar features of measured dispersion curves: linearity and independence of the factor
d of the magnetic field. The deviation from linearity, observed by Sato at frequencies

higher than the resonant one, may be almost certainly attributed to the undesired nonli-
near effects.

5. Ceonclusion

Concluding it can be stated that the simple hydrodynamic theory of ionization wave,
presented by Pekarek and Krej&i [12, 13] and extended here to take into account the
influence of an axial magnetic field, predicts the changes of wave parameters which at
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least qualitatively agree with the measured ones. The observed discrepancies may be at-
tributed not only to the inadequacy of the simplified theory of ionization waves but also
to the crude method of determination of the discharge parameters in the steady state.

Despite the existence of the recent and more sophisticated theories of the ionization
waves the possibility of application of this simple hydrodynamic theory presents some
unquestionable advantages. It discloses the basic mechanisms of influence of magnetic
field on the striations parameters. The full quantitative description of the involved pheno-
mena can not be achieved. Nevertheless the extended hydrodynamic theory yields simple
analytical expressions for the relative changes of wave parameters in a magnetic field.
The predicted results can than be easily compared with an experiment.

Acknowledgment. The authors wish to thank Mr. J. Wasilewski for his help in pre-
paration of the experimental arrangement.
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Badanie fal jonizacji o malej amplitudzie w plazmie wyladowania jarzeniowego w He,
w podlaznym polu magnetycznym

Streszczenie

Zbadano wplyw pola magnetycznego, rownoleglego do osi kolumny dodatniej, na czestotliwosé
i dtugos¢ fal jomizacji w plazmie wyladowania jarzeniowego w He.

Pomiary wykonano w obszarze pola magnetycznego B< B, (B. — pole krytyczne). Plazme zabu-
rzano kroétkim impulsem napiecia doprowadzonego do pierscieniowej elektrody, znajdujacej si¢ w po-
blizu katody. W tych warunkach powstawaly fale jonizacji, ktorych rozchodzenie sie badano metoda
Stiranda. Dokonano pomiaréw czestotliwoéci i dtugosci fal jonizacji w zaleznosci od pola magne-
tycznego. Przy wyznaczaniu krzywych dyspersyjnych w polu magnetycznym, fale jonizacji wzbudzano
sinusoidalnym sygnalem napigcia.

Wyniki badan doswiadczalnych poréwnano z danymi otrzymanymi z prostej teorii hydrodyna- |
micznej, zmodyfikowanej przez uwzglednienie wplywu pola magnetycznego. Przyjeto, ze pole magne-
tyczne wplywa na parametry fal jonizacyjnych wylacznie poprzez zmiany dyfuzji czastek do Scianek
rury, wywolywane przez to pole.

Przewidywane przez teorie zmiany parametrow fal sa jakosciowo zgodne z otrzymanymi wynikami
eksperymentalnymi.

Viccniemopanue HOHM3AMMORHBIX BOJIH MAJIOH AMIJTIATY IbI
B HPOS/IHGHOM MAarHUTHOM HOJI€ B HJIasMe TJICICIIEro paspsaga B He

Pe3rome

ViccnemoBaHo BIWSHAC MACHWTHOTO IIOJis, MAPAJUIEILHOrO OCH MOJOXHTEIBHOTO CTONI0a, HA 1uac
TOTY ¥ OIMHY HOHA3AMOHHBIX BOJIH B IIA3Me TIeEromero paspsina B He.

Vi3mepenns IPOU3BOUIHCH B 00J2CTH MarHUTHOTO molist B< B, (B, — xputmieckoe noie). Ilnasma
BO3MYIIATACH KDATKAM HMIYJIECOM HANDSDKEHUS, NOABENCHHBIM K KONBIECBAOHOMY 3JIEKTPOY, KOTOPBIA
Haxopmiicsi BOMm3y karoma. IIpw 5TOM BOBHMKANM MOHM3ANUOHHBIC BOJHE], DACHPOCTPAHCHHE KOTOPBIX
wccienoBaiochk 0o Merony Hitwpanna. MismMepeHo 9acTOTy ¥ [JIHHY HOHM3ALFOHHBIX BOJIH B 32BHCHMOCTH
0T MarauTHOTO 1ons. Ilpwm ompeneneHdM AECOEPCHOHHBIX KPUBBIX B MAarHHUTHOM MOJIE HOHH3AIMOHHEIE
BOJIHB! BO30YXKOAINCH CHHYCOUIOANBLHBIM CHTHAJIOM HAPSIKEHNS.

OKCOEpHMEHTANELHBIE PE3yNbTATE OBLIN CPABHEHBI ¢ NAHHLIMA MOJIyYEHHBIMH HA OCHOBE HPOCTOM
THOPOAWHAMUYECKOH Teopuu MOOuOUIMPOBAHHON IJIs y9eTa BIMAHUS MarauTHoro mnois. IlpunsTo,
YTO MATHUTHOE IOJi€ BIUSET HA MapaMeTphl HOHW3AIMOHHBIX BOJH HCKIIIOYWTENIFHO Yepe3 H3MCEHEHHS,
BBI3BIBAEMEIE [T0JIEM B Au((hy3uu 3apakeHHbIX YacTUl K cTenkam TpyOru. I[IpenckassiBacMble TEOpHEH
W3MEHECHMS TAPAMETPOB BOJIH KAYECTBEHHO COTJIACYIOTCS C MOJIYYSHHBIMHA SKCHEPHMEHTAILHBIME PE3YIb-
TATaMH.



