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ZENON ZAKRZEWSKI. HELENA MURLAK

Gdansk Lublin

Stułlies of Smatrl Amplituile lonization Waves in an Axially Magnetized
Plasma of the flelium Discharge8

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

The presented results were obtained in a helium discharge. They are comparŃ with thę predictions
of the simple hydrodynamic theory as developed first by Pekarek and Krejći I12, 13l, This theory
was extended here to take into account the inffuence of an axial magnetic field,

1. Introduction

Little work has been carried out to study, both experimentally and theoretically, the
inffuence of an axial magnetic field on iónization waves (striations) in the positive column.
Effects of such a fięld on the frequency and velocity of striatiorrs were investigated in an
early work of Zaitsey and Vasilyeva [1]. Few other works ate discussed in the review
article by Oleson and CoopetB]and.also in the papers of Sato [3] and Duncan and
Forrest [4J. There are, however, stiil insufficient data for a detailęd description of thę
behaviour of the ionization waves in a magnetic fięld.

Cn the other hand, the ionization waves in the absence of magnetic field have beęn
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 clarificŃion of the issue have been
made possible mainly due to the results achieved by Pekarek and co-workers (see the
succęssivę review papors [2] and [5+8]).

Hitherto, the detailed theorięs of ionization waves have been elaborated only for sorne
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, l1]. The theories
for neon and helium are based on a direct solution of thę 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 ihe discharge

* Praca wykonana w ramach problemu re§ortowego PAN-I9, grupa tematyczna 4.
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110 Z. Zakrzewski, H. Murlak

plasma. This has been done first by Pekarek and Krejći [l2] tl3] and further developed
by Garscadden et al. [14, 15]. The continuity- and momentum equations for both ęie-
ctrons and ions, Foisson equation, simplified elęctron enelgy equation and Schottky's
model of diffrrsion were used. It is believed [8, 14] that this hydrodynamic theory does
describe most of the experimentaiy observed f,eaiures of the ionization waves.

Ilr t}ris paper tlre neasuręments of the frequency and wavelength of the artificially
excited ionization waves in an axial magnetic field are presented. The experimęntal results
arę eompaIed with the predictions of a simple hydrodynamic thecry rnodified to account
for the influence of magnetic field.

The next section contains the description of the experinrental arrangement and proced-
ure. In section 3 the theoretical moclel is suggested. The results of, rneasurement§ are pre-
serrted and discussed in section 4. The conclusions form thę iast section 5.

2. Experimenta} arrangement and procedure

The described experiments were carried out in an axially magnetized glcw discharge
plasnra in helium. The essential paris of ilre experimerital apparatus are shown in Figure 1,

The discharge tube length is about 300 cm betweęn hollow electrodes and its diameter
is 57 rnm. This tube is inserted irrto a magnet 170 crn long. Tiie axial rnagnetic fięld in
thecentrai 120cmsectianof thetubeisuniform(*lfl)atdvarialrlę wpto2.5 kGs(0.25 T).

T0 E,vs. B RECORDER

TO A DOUBLE PRO8E
clRculT AND REc.

To VAoUUM
APPARATUS

TRIGGERlNG

Dc. soURcE__
AX|AL PoS.

X- AX|S

Y-AXls

AMPL|TUDE vs. POSI- EXC|TAT|ON
TloN REcoRDlNG

of tlre experinrental apparatus

REGISTR. oF §PACE-
TiF1[ D|AGRAMS

Fig. l. The simplified diagram

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

Fekarek type [2] waves of'stratification vzere excited in tlre positive column by applying
a short (several ps) pulse to the auxiliary ring electrode placed near to the cathode ęnd
of the tube. The light perturbation connected with thę excited wave was detected by pho-
tomultipliers situated outside the magnet coils and mągneticaliy shielded. This light pas-
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sed along a flexible light-guides from a collimators to photomultipliers. Thę collirnators

were placed on a carriage which could be driven axially.

During each run all the discharge parameters and the magnetic field intensitY were

fixęd, The main restllts of measurements were directiy photographed from the oscillos-

cope screen in a forrn of well known time-space diagram. The applied procedure was

identical as that described by Śtirand et al. [16], Słlch diagrams yield, among o'|"h€r

parameters, also the frequency and r,vaveięngth of the ionization wave oi tlre greatest

amplification (srnallest atlenuation).
hhe possibility of excitatiqn of ttre wave with a sinusoidal signal using an A.F. power

generator was also provided. This was used for measurement of dispersion curyęs in the

magrretic field.
Iu both casęs of the pulse and harmonic excitation ihe axially movable light detector

was used to verify the constancy of the amplification factor along the tu.be axis. This waY the

possibility of occurrence of nonlinear effects was avoided.

Thę measuręment of the potential difference betweęn two axially separated floating

probes yietded directly the value of an axial eiectric field in the column. A double probe

v,zith an appropriate circuit served for determinątion of the electron tempefąture,

3. Theoretical model

The simple hydrodynamic theory of wave of stratifica'rion in the absence of magnetic

field has been presented [l2,13] by Pekarek and Krejći. They started with thę equations

of continuity of the positive and negative particles and the Poisson equaiion. A simPlified

ęnęrgy balance equation for electrons vlas 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 consideręd to beone-dimensional in the space coordinate along the

axis of, the discharge in the direction from anode to cathode, end Schottky-type ambi-

polar diffusion to the walls is assurned to be estabiished.

The basic equations are
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where .D;, Dn, Fi, pe arę diffusion coeffi,cients and mobitities for the positive ions and

electrons, respectively, r; - the lifetime of tlre charge carrięrs to thę walls, a-1 - the

relaxation length of the electrons temperature and qo - the elementary electric charge,

b=*qo, ni:Nr-!l[", ff":N"- N" repręsent the change of the ion and electron concęn-
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tration from the equilibrium value, e:Ez-E.", un: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

where

v 1 - the ionization frequency, Do - ambipolar diffusion coefficient.
For real K:k:2nl),, the real angular frequency and tirne increment p are

.: Ł,
a'+k'

ę: -k|Do+"-ł:-a'*k'
The approximate expression for the reciprocal ofthe electron therrnal relaxation length

a ,was given by Granovski [17] (see also [18])

32 Vn"Ka=_."+. (3.8): si a-;!'
In (3.8) rc denotes the average fraction of energy iost by an elęctron in one collisioą

determined [l9] from
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of gas.

For the case of gleatest amplification ]

(U\ :0,
\0lr)o=r*

the wavelength and angular frequency of the wave are

/1 \+k*:o(a-,),

(3,9)

where,ł,:Ź"p is the ęlectron rnean free path at 1 Torr and 0'C and depends on the kind

(3.1)

(3.2)

(3.3)

(3,4)

(3.5)

(3.6)

(3.7)

(3.10)

(3.1 1)
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whęre
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(3.18)

For the sake of simplicity the subscript M will be dropped in further notation. The
values of wave number k, wavelength 1 and frequency;f: al2n vłill correspond to the case
of the greatest amplification.

Here an attempt is being made to account for the inffuence 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 diffrrsion controlled lifetime
z; of ions and elęctrons. Thd electron temp€rature V. 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 aiis remains unaffected by the magnetic field and tbe respective
coefficient retains its Schottky value

Do=trlrV.. (3.14)

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

(3.15)

valid for T"l1Vi, where V1 is thę ionization potential. Further it wilt be assurned 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 r, is controlled by diffusion of these particles across the rnagnetic field

r.=

In the steady state conditions

and consequently

From (3.8) and (3.9) it follows that

It rnay be shown that

1/R\,
o,\n)

!js- yis .

A:ab(r-h)Z,,".
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^_16 Er"

3n Vn,

8 Prace I]!,P z, 11

(3.19)
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*a (i - ,r)=1.6 is a constant, As a result, the variations of the coefficient l with

magnetic field can be calculated from the ręlation

,4:const6.Ył+r?". (3.20}

For the sake of simpiicity the subscript s will again be dropped in the further nota-
tion. Y" 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 4(1 the changes of the wavelength and frequency of
ionization waves łvith a magnetic field result from (3.11) and (3.12). They are, respectively,

and

1 ko ao/q\Ź
-:-:- I - |).o k o \,to)

*:(;)"ęi:(Ti(?I,

i:(*.*")-(T)-,
f _(E,/.o\+/o,\*
f,-\E*y") Vl '

4n2
7:c,f , c: -: .

A

(3.21}

t3.22}

(3,23}

(3.24\

(3.25}

The abovę given relations may be expressed directly in terms of th_e steady state płasma
parameters:

It follows from (3.itr) that for ry(l also Fekarek's tlteory predicts tlre dispersion
relation in a simple form ak:A, which can be written as

When the influęnceofarnagnetic fietrd is taken into account in an identical wayas before,
the changes of a the slope of the dispersion curve may be directiy obtained

(3.26)

d. Results and discussion

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

+ The validity of this assumption will be analysed later together with the disctlssion of the results
cf measurement.

, /V"\'E"o.vio
;":\ń) Ę ;
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Here the results obtained in a heliurrr discharge plasma at pressure p:0.45 Tr and
current I,:t50 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 thę steady state conditions.

Fig. 2. The registered Ę(,B) curve Fig. _]. The relative changes of electron temperature
calcrrlated from the theory of ambipolar diffusion

and rneasured

The registered E,(B) curve is shown in Fig. Z.The plasrna is quiescent for magnetic
field intensities lovrer tiran the critical value.B". Above the critical fięld a macroscopic
current-convective instability [20, 21] sets up. All the further presented nneasurernents
were performed in the region B<B".

As §heffield [22] pointed out, the relationbetween the electron ternperature arrd the
axial electric field in a helirrm positive column may be approximated by

(4.I\
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be replaced by ionization in the steady state of the discharge, onę can [23] obtain:

The ratio TJV", may be calculated by solving (4,ż) and (4.3) simultaneously for a
given value af E,glp (i.e. known VłlV").In Fig. 3 such results are compaled with YJY"g
determined from thę measurements of an electric field and with tlre results of direct nre-

asurement by a double ęlectric probe, The evident discrepancy results probably from the
simplified model used for the steady statę conditions (for example the assumption of
Maxwęllian distribution in the formula (3.15). The ręsults of direct męasurelnent by a
double probe are in a relatively good agreement with those obtained from męasurem.ęnt

of the electric field. In the further ealculation the last ones will be used.

i

l__,-L
l
I

N-l
z
f
dUŁ

a3o6a9{Ź
!,IAGN, FIELD e [kcs]

0123 8/P lkcs,Tr-r]

Fig. 5. Tlre mea§ured and calculated values of
normalized wave parameters

Fig. 4. The measuręd wavelength and frequency
. of the ionization wave

In Fig. 4 the measured values of wavelength and frequency afe shown. The relative
changes of tlre 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 measurecl ones.

The assumption that 7śl, introduced a priori in the Chapter 3 can be verified now.
The theory of Fekarek predicts that a<k for a backward wave propagating in the noble
gases. From the aboye and (3.11) - (3.12) thę following results

t. t,2nfrNu-
4: xDo -q,--__:.(D o)

E
Foz
J

?3
ozu]
<,20E

N
3
=eoż

(4.3)

(4.4J
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In th,e Present experimental conditions there is flś0,2, and the approxirnation used
is acceptable.

It is Possible |24,25] to determine the dispersion curve parameters from a transient
wave in the cąse of pulse excitątion. We have found, however, the direct measurement
of the dispersion curve from the behaviour of a rnonochromatic wave to be more precise
and convenient.

oła3 , B/p P<Gs.Tr.l]

Fig. 6. The measured dispersion curvęs for dif-
ferent magnetic fields

oł2345
FREąutN.gy f [kH.}

Fig. 7. The changes of the c and d coefficients of
eq. (4.4) vs. reduced magnetic field

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

),:cf+d, (4.5)

The measured relative changes of the slope factor with magnetic field are compared
(Fig. 7) with those calculated from thę sinrplified theory (the relation (3.25) gives clcg
calculated for k2>>aŻ). The same theory predicts d:0, The measulements yield value
d= 8 cm independent on magnetic field.

A closer examination of the earlier results of Sato [3] and Rosenbaum |26) reveats
the similar features of measured dispersion curves: linearity and independence of the factor
d of the rnagnetic field. The deviation from linearity, observed by Sato at frequencies
higher tharr the resonant one, may be alrnost certainly attribiłted to the undesired nonl!
near effects.

5. Conclusion

Concluding it can be statĆd that the simple hydrodynamic theory of ionization wave,
presented by Pekarek and Krejći [12, 13] and extended hęre to take into account the
influence of an axial magnetic field, predicts the changes of waye parameters which at

Io
-, _ l_-_ /

src" ,ł-qo"*oru*.o
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least qualitatively agree with the measured ones. The observed discrepancies may be at-
tributęd noi only to the inadequacy of the simplified theory of ionization wavęs but also
to the crude method of determination of the discharge parameter§ in thę steady state.

Despite thę ęxistence of the recent and morę sophisticated theories of the ionization
waves the possibility of aoplication of this simple hydrodynarnic theory presents some
unquestionable advantages. It discioses the basic mechanisms of inflrłence of magnetic
field on the striations paramęters. The full quantitative description of the involved pheno-
lnena can not be achieved. Nevęrtheless the extended hydrodynanic theory yields sinrple
anaiytical expressions fcr the relałive changes of wave paranreters in a magnetio field.
The predicte'd results can than be easily cornpared with an experiment.

Acknowledgmeni. The authors wish to thank Mr. J. Wasilewski for his help in pre-
paration of thę cxperilrrental a_rrangemcnt.

Rcceived by the Editor, May 1975

R.eferences

[1] A. A. Zaitsev, h{. Vasilyeva, Radiotekhnika i Elektronlka, 1,557 {19€,Z).

t2] A.W.Cooper,N.n.O1eson,|in]AdaancesiłlElectroiricsandElćctroilPhysics(ed,byL.Marton),
155 - 278, Acadernic Press 1968.

[3] M. Sato, Bęitr. Plasma Phys., 9, 37i (1969).

[4] A. J. Duncan, J. il,, Forrest, Phys. Fluids, 14 1973 (1971).

[5] L. Pekarek, Usp, Fiz. Nauk, 94, 463 (19ó8).

[6] L. Pekarek, Xth Int" Conf. on Phenomena in lonized Gases, Inv. Fapers, 365, oxford 1971.
[7] T. R,uzićka, K. Rohlena, Xlth lnt. Coni, on Fhenomena in tronizęd Gases, Inv. Papers, 6l,

Prague 1973,

[8] L. Pekarek, J. Krasa, 7th Yug. Synrp. and Summer School on Phys. Ion Gases, {nv, Papers,
rn print, Ror.inj 1974.

[9] K. Wojaczęk, Eeitr. Plasmaphys, 11, 335 (1971).

i10] K. Rohlena, T. R.uzićka, Czech, J. Phys., B Zż, 92a G972).
[11] \i. Perina, K. Rolrlena, T. Rri.icka, XIth Int. Conf. olr Phenomena in lonized Gases, Contrib.

Papers, 295, Prugrc 1973.

[12] L. Fekarek, V. I(rejći, Czech. J. Phys., B 72, 45D (1962).

[i3] L. Pekarek, V. Krejći, Czech. J. Phys., B 13,881 (1963).
Il4] A. Garscadden, F. Blętzinger, T. C. Sirnonen, Fhys. Flrrids, 12, 1833 (1969).
tl5j D. A. Lee, P. Bletzinger, A. Garscadden, J. Appl. Phys., 37,377 (1966)
it6] O. Śtirand, V. Krejói, L. Laska, Rev. Sci, Instrum.,37, 1481 (1966).
t17] S/. I-, Granovski, Der Eiektrische Strom im Gas, Chapter 8, Akademie-Verlag, Berlin tr955.
[i8] L. Fekarek, V. Krejći, Czech. J. Phys,, B nż,296 {1962).
i19] A. von Engel, Ionized Gźses, Oxford 1965.

t20] ts, B. Kadorntsev, A. V. Nedospasov, J. Nrrcl. Energy, Pai,t C: Plasma Phys., 1, 230 (1960).
t21] A. J, Duncan, ,.R. Forrest, F, W. Crawiord, S. A. Seit Phys. Fluids, 14, 1959 (1971).
[22] J. §heffieJd, Phys. Fluids, lt, ż22 (1968).

[23j S. C, Brołvn, Introduction to Eiectrical Discharges in Gases. J. Wiley 19ó6.
[24J Y. Itrejći, l-. Pekarek, Czech. J. Fhys,, B 17,443 {i967).
t25] K. Wojaczek, Bęitr. Flasma Fhys., 2, 49 (1962).
L26] K. D. Rosenbaum, Wiss. Zeitscfu. Univ. Greifswald, M 3l4, 177 (1970').

[27] L. Fekarek, Beitr. Piasrna Phys., 3, 126 (1963).



Studies of Small Amplitude lonization Waves... l19

Badanie fal jonizacji 0 małej amplitudzie w plazmie wyładowania jarzeniowego w He,
w podłuznym polu magnetycznym

s tre s zczenie

Zbadano wpływ pola magnetycznego, równoległego do osi kolumny dodatnięj, na częstotliwość
i długość fal jonizacji w plazmie wyładowania jarzeniowego w He.

Porniary wykonano wobszarze pola magnetyczlego B<B" (Ą - pole krytyczne). Plazmę zabu-
rzantr krótkim impulsem napięcia doprowadzonego do pierścieniowej elektrody, znajdującej się w po-

bliżu katody. W tych warunkach powstawały fale jonizacji, których rozchodzenie się badano metodą
Śtiranda. Dokonano pomiarów częstotliwości i długości fal jonizacji w zależności od pola magno-

tycznego. Ptzy wyznaczaniu krzywych dyspersyjnych w polu magnetycznym, fale jonizacji wzbudzano
sinusoidalnym sygnałem napięcia.

Wyniki badań doświadczainych porównano z danymi otrzymanymi z prostej teorii hydrodyna-
miczne1, zmodyfikowanej przez uwzględnienie wpływu pola magnetycznego. Przyjęto, że pole magn€-
tyczne wpływa na parametry fal jonizacyjnych wyłącznie poprzez zmiany dyfuzji cząstek do ścianęk
rury, wywoływane ptzez to pole,

Przewidywane przez teotię zmiany pararnetrów fai są jakościowo zgodne z oźtzymanymi wynikami
eksperymentalnymi.

I4ccłe4onax§e aoril{3aqnoullbłx BoJt[I Ma,Tofr aMIIJIETyArI

B trpoAoJIbHoM MarIMTłIoM nołe B fiJra3Me TJIeX}nIero pa3pffAa B He

Pesrctiłe

łlccrre.ąosano BnR Etre MarnuTnoro noJlr, [apaJIJIeJIrHoro ocll [oJIoxIłT€JtbHoro croł6a, Ha qac
ToTy rł AJIaHy lłourrcaqfiolrnbr( BoJIH B trJIa3Me TJIeIoIqero pasplga r He.

?Isłrepenua npoll3BoAlillrcr s o6Iacrł MarHIlTHoro nołx ,B<Ę (Ę 
- rcpxrłxecroe nołe). flnasua

§o3MylqaJlacb KpaTKaM EMtIyJIbcoM HatrpflKelflIff, IIo,4BeAeHHbIM K KoILqeBtrAHoMy 9JlęKrpoAy, KoTopBń
rłaxoAl{fic{ sd:lrłsn KaToAa. IIpu sronł Bo3III{KaJTE lłollu3ąĘltonrble BoJIHEI, pacnpocTpal{enxe KoTopbtx
EccJIeAoBaJIocb IIo MeToAy lllrupau4a. łlsuepeao qacToTy tr AlII{Ey }lonlI3aq}Totll{blx BoJII{ B 3aBEcEMocTI{

oT MarHETEoro noJlr. flpu onpegenerłEl{ Aucnepcfiox}Irlx KpIłBbrx B MarH[THoM noJle goxu3aqlłolłErle
rorrrrrr eos6yxgajmcl cm{ycotrAaJIbIIbIM c[rHaJIoM lIarprxeu[r.

3r<cnćprłrrłearałbnblę pe3yJlbTarrr 6rrnrł cpaBHeHbI c AaHHrIMI{ IIoJryqeIłEbIMII lia ocrroBe npocroE
rfiApoAtuaMlłqecxoź reopr,m irło4u(Prłqrporaurłoft Arrx yIIeTa BJIErrr}lrI MarHIłTI{cro nonx. Ilpurrxro,
qTo MarEIr{TIlo€ IIoIe BI'IEeT Hą napaMeTpll IloHŁ3auIIoHHbIx BoJIIł acKJlloqtrTenbHo qepe3 Ił3MeI{€IiE I,

BbI3staaeMLIe iloJIeM B ,ła$$ysula 3apaxeHHrx sacTnq K cTeHKaM rpy6rłu. Ilpegcxasrrsaeurte reoprłeił
tr3MeIłeHIł'I napaMeTpoB BoJII{ XaqecTB€HHo ccrl]acy}otcJł c IIoryqeIłHEIMIt 5KcnepfiMeHTaJIBfrbIMIł pesyJTb-

TaTaME.


