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Abstract : 

Dispersion of naves» excited by the helical structure 

in a plasma column and the heating of a tail of the elec

tron distribution function is studied at frequencies below 

the electron plasma and the electron cyclotron frequency* 
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1. Introduction. 
z 

In the regime of parameters 1 ^ / ^ ^^/ \%f^t'' 

in a magnetoactive plasma column the excitation of 
quasi-electrostatic Trivelpiece-Gould (T-G) modes and 
of whistler modes can be expected. Here afar is the 
electron cyclotron frequency, tt^c Is the electron 
plasma frequency and W is the frequency of the incident 
electromagnetic wave. These waves were teoretically and 
experimentally studied, e.g. in [l - 7J . Some teoretical 
and experimental papers about different aspects of the 
excitation of these waves in a plasma column by helical 
coils has been published [в - 12j . 

It is the purpose of this paper to compare the disper
sion curves computed from linear wave propagation theory 
with the measured wavelengths of waves, excited in the 
plasma column by a helical coaxial structure. Special 
attention is paid to the transition region between the 
electrostatic and whistler modes. The second aim of our 
study was to find the conditions for the production of 
energetic tails of electrons and the localisation of the 
heating regions in the cross-section of the plasma colum. 

2. Linear theory. 

Dispersion equation of the waves in a plasma column 
in a homogeneous magnetic field can be written in the 
following form [2, 7 J : 
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( i ) 

where 4j i ^ are the components of the refractive index 
parallel and perpendicular to the vector of the external 
magnetic field Оф • 
пишС**Ли / nj.*C/^ » where ke t k± are the 
corresponding wave numbers and С is the velocity of light, 

From the fact, that electrostatic and whistler waves are 
described by the same dispersion equation it follows that 
a transition region between T-G waves and whistler waves 
exists. 

Near the plasma resonance, the dispersion equation 
(1) can be approximated for kM

 >>^^*/^]r/ ЪУ tne 
following expression: 

(2) 
This is the well known dispersion equation of electrostatic 
waves as given by Trivelpiece and Gould [l] . 

In the region of high densities (for к±«2-4ф/£*/ )• 

the approximation equation 
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represents the dispersion relation of the whistler wave. 
In these expressions: 

k.- ir/A. 
Л9 - wavelength in vacuum 

/А»щ= the m-th root of the Bessel function ^цС^) ~& 

lp = radius of the plasma column 
By the condition %. = 2.M0 /EnJ , the critical plasma 
density a. A4-

(4) 

is defined, in vicinity of which the transition between 

the electrostatic wave and whistler wave takes place 

Instead of making these rough approximations, we 
have computed the exact values of Я/; from the eq. (]) 
for two values of **£-&, Ц^ = 2, in the density region 

. Only the dispersion curves for 

**44/ - 1 . 
2\ 1.4'f 2.0, relevant to our experiments 

are plotted in Pig. 1. 

3. Experimental setup. 
j?he experiments were carried out in the slightly 

modified ER-3 device. Plasma is generated in pulses 
of 2 msec length by a heated cathode, coaxial plasma 
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source, as descvibed in more details in [.13 J . The plasma 
diffuses from the source along the magnetic field through 
a region of differential pumping into the uniform magnetic 
field section. Here the plasma column fills in the quartz 
tube of the inner diameter of 4,4 cm and the outer diame
ter 5 cm. 

The uniform magnetic field can be increased up to 
0.2 Tesla. The neutral gas pressure at the entry of the 
quartz tube was 1 to 2x10 J mbar. The density of plasma, 
averaged over the whole circular section of •'•he tube was 
adjustable from 10 1 0 to 10 1 2 el cm"3. 

The quartz tube was surrounded Dy the coaxial helical 
structure (Pig. 2a), made of 6x1.5 mm copper band, the 
pitch of which is p = 1.1 cm and the total length of which 
is 11.2 cm. The details of construction can be seen in 
Pig. 3. In contradiction to [9j where the feeding coaxial 
line was connected to the two neighbouring conductors of 
the helix, in our structure only the central conductor of 
the feeding line was connected to the helix directly. 

In this case the excitation of a discrete spectrum 
of Eigenmodes can be expected. The gratest retardation 
should take place for the TV -mode, in which case 

Лц = 2p = 2.2 cm. 
Theoretical and experimental study of the dispersion 

properties of the helical retarding structure of relative
ly large diameters was carried out on the helices wound 
up on dielectric cylinder with various values of dielect
ric constant £ [l3J • 
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In our experiment the helical structure was fed by 

a CW magnetron of 2 klV nominal pov/er at the frequency of 

2350 MHz aprox. The magnetron was modulated in pulses of 

1 msec length with a repetition frequency of 1 to 50 Hz, 

equal to the repetition frequency of the plasma, source. 

The optimal matching of the helical structure in the pre

sence of the plasma can be achieved v/ith the aid of triple 

-stub matching element (Pig. 2a) in the feeding line. The 

incident and the reflected power v/as measured by two cali

brated directional couplers and the load v/as isolated from 

a power source by means of a waveguide circulator. 

The mean plasma density v/as measured by the 8 mm 

interferometer near to the helical structure. At the axial 

distance of approximately 25 cm a miniature multigrid ele

ctrostatic analyzer, movable accross the diameter of the 

plasma column was placed. 

A short Langmuir probe of 3 mm length, v/ith coaxial 

feeding line could be shifted along the z-axis from the 

center of the helical structure outside. The radial and 

axial position of the probe, respectively, were monitored 

on the x-axis of the oscilloscope. 

Microwave signal from the probe was fed to one arm 

of a coaxial magic T and the phase was compared with the 

reference signal from the feeding line to the structure. 

The typical space correlation curve measured in this way 

is given in the Pig. 2b. 
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4. Experimental results. 

The values of parallel refractive index, correspon

ding to the measured wavelengths of the waves in the plas

ma column excited by the helical structure are compared 

in Fig. 4 with the dispersion curves computed from eq. (1). 

For three different values of the magneti-* field 

( **%* = 1.2* 1.4» 2.0), the density was varied in the 

region / - ^f^/uj *" ^ ¥ . The density value from 

the eq. (1) is to be compared to the averaged value of 

the density over the whole circular cross section of the 

plasma column in experiment. The dispersion curves in Fig. 

4 are computed for Hj. s2. , which corresponds to the 

lowest symetrical mode and the radius of a = 4 cm. 

(Inner radius of the coaxial cylindrical shield of the 

helix.) 

The experimental points correspond to the wavelengths 

determined from space correlation measurements with the 

probe at the radius of 1 cm approx., starting from the 

central plane of the structure, as shown in Fig. 2b. The 

spatial correlation outside the structure was distinctly 

lower. It was not much difference between the measvttments 

with and without the coaxial wavemeter, acting as a filter 

in one arm of the phase discriminator. 

Similar results for M**/ui = 1.8 measured in broa

der density region 7^ are compared in Fig. 5 

with the computed dispersion curves for 7LM = 2 and tlM s5. 



The profiles of the plasma column, as measured by 
the miniature multigrid analyzer, movable across the 
diameter, for the density at the axis of N e o = 6x10 
el cm are shown in Pig. 6. In the Pig. 6a is the profile 
measured for the voltage at the analyzing grid V. = 0. 
By the full line is drawn the profile of the plasmp. column 
from the* source only and the dotted line is the profile, 
measured during the applied heating pulse. It can be seen, 
that the profile does not change much by the application 
of the HP power of Рщ, = 1 KW. 

In the following parts of the Pig. 6 are the profiles 
of electrons with the parallel energy B/;> 25 eV, E^> 
50 eV and Вд> 100 eV. The real density profile of the 
electron density could be obtained by a correction for 
the longitudinal energy of electrons. 

Por a fixed radial position (r = 0.5 cm) of the сив. 11 
analyzer and magnetic field changing, we obtain the depen
dence of the relative change of the collector current of 
the analyzer as a function of ш<€ /cu • In Pig. 7 this 
dependence is shown for two values of electron enevgy 
E «> 50 eV and Ъ/f ^ 100 eV. We can see from this figure, 
that for the averaged density я 6 the substanti
al heating of the tail of energetic electrons takes pla
ce at magnetic field values starting, from ee/to = 1.6, 

The necessary condition for the start of the accele
ration process of electrons is the reaching of minimum 
threshold averaged density ^fc/tu^z i i^ the plasma 
column. 
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This can be. seen in Pig. 8, where on the third trace, 
the pulse of collector current obtained from the energy 
analyzer for 3^> 100eV is shown together with the ele
ctron density from the 8 mm interferometer. The burst 
of energetic electrons is obtained after the turnon of HP 
pulse and disappears instantly, when the density sinks 
below the threshold value. Por this ригрозе we have adju-
sted the value of heating current of the cathode in the 
plasm source so that the plasma density was falling in 
time during the plasma pulse. 

5. Discussions. 
Prom the experiment it follows, that the retarding 

helical structure can excite in the plasma column waves 
2 

in the broad region of parameters 

In the experiments we have not observed in the pla
sma column waves shorter than it corresponds to the 
/Г -mode of the retarding helical structure. This is in 

agreement with theory and measurements on helices wo
und up on dielectric cylinders f14j. 

The wavelengths measured in our experiment follow 
approximately the computed dispersion curves. They fill 
up the gap at the transition between the T-G electrosta
tic modes and whistler modes. 

The experimental values of wavelengths, measured in 
the plasma column inside the helical structure show best 
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agreement with the computed dispersion ourve for the value 
fl̂  = 2, which corresponds to the .lowest mode with k^a = 2.4 
for the radius a = 4 cm (the inner radius of the cylindri
cal shield of the helix). 

By the interaction of the excited slow waves in the 
plasma column the tail of energetic electrons was produced. 
The energetic electrons were not found at ave?aged plasma 
densities lower than 

Рог the diameter of the plasma column Ifp^Xm/^ used 
in our experiment, the acceleration of electrons took 
place across the whole cross section of the plasma column. 
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Figure captions 

'scut Pig. 1 Dispersion curves 1t/f = f ^ f*/toj * computed 
fiom eq. (1) for \ = 2 and %^ = 5, for 

c€/u) = 1.2* 1.4» 2.0 as a parameter. 
Pig. 2a Ш-За device. Experimental setup. 

2b Interferometer trace of the measured plasma wave. 
Pig. 3 Details of the construction of the helical coaxial 

structure used in our experiment. 
Pig. 4 Comparison of the tle determined from measured 

values of Л ^ for ^^/cU = 1.2j 1.4» and 2.0. 
The values of densities are the values averaged 
over the whole circular cross section of the pla
sma column. 

Pig. 5 Values of n^ from experiment in the broader den
sity region j<£ "fiy&^ll , for iú%J = 1.8. 

2 
The computed dispersion curves for "K^ = 2 and 

2. 

У\± = 5 are drawn for comparison. 
Fig. 6 Electron analyzer current as a function of radius 

for /<Л =1.5 and for various electron para
llel energies. The density at the axis П -

6x10 el cm""-5. The full lines arc the profiles 
for the plasma from the source only, the dashed 
and dotted lines are for plasma column with the 
applied microwave heating pulse of Рттр = 1 Ш1. 

Pig. 7 The relative change of the collector electron 
current of the small multigrid analyzer for 
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S u > 50 eV and E ff > 100 eV at the radius of 
0.5 cm approx. 
Argon, p 0 = 10"*5 mbar, Рщ, = 2 kW, f = 2.35 GHz, 
( ***/to Л» 6. 

8 Oscilloscope traces showing the disappearing of 
energetic electrons when the averaged density-
sinks under the threshold value 

We*/u> = 1.5, Pgj, = 1 k\V, E - > 100 eV. 
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fig I 
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Fig. 4 
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