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Experiments have been carried out on the breakdown dynamics and the formation of an ionized 
region in the field of a current-carrying loop in a large magnetic confinement system filled 
with background plasma. The loop radiates in the lower-hybrid frequency range. Breakdown is 
observed to generate a strong local perturbation of plasma: ANIN = lo2, ATeITe - 50. 
The perturbed region has a transverse dimension roughly equal to the antenna diameter. Along 
the direction of the magnetic field, this region is localized between the magnetic mirrors. 
The density begins to increase throughout the volume of this magnetic tube at the instant at which 
the field arises at the antenna. Analysis of experimental data leads to the conclusion that the 
primary cause of the fast ionization along the magnetic force tube is the excitation of an intense 
beam of lower-hybrid plasma waves. 0 1995 American Institute of Physics. 

1. INTRODUCTION plasma, we placed six inductors in a uniform arrangement in 

The problem of efficiently depositing electromagnetic 
energy in a plasma is of much importance to the efforts to 
achieve rf heating, to excite intense plasma turbulence, and 
to perturb geophysical processes in the earth's ionosphere 
and magnetosphere in order to study plasma-wave phenom- 
ena and wave-particle interactions. Of particular interest in 
the problem of artificially altering the parameters of the iono- 
spheric and magnetospheric plasma is the development and 
refinement of methods for "active" plasma diagnostics. 

Experiments which have been carried out'-6 in space 
and in the laboratory have shown that electromagnetic waves 
generated in the rf range by an on-board dipole antenna can 
be a method for generating strong perturbations of the 
plasma and for stimulating precipitation of high-energy elec- 
trons and ions. Laboratory e ~ ~ e r i m e n t s ~ ' ~  have demonstrated 
local heating and the formation of controllable plasma for- 
mations can be achieved in a magnetized plasma in the field 
of a dipole antenna radiating in the lower-hybrid frequency 
range. In the present paper we are reporting a study of lower- 
hybrid breakdown in the field of a current-carrying loop. 
This study was carried out in a large magnetic confinement 
system filled with a background plasma. Our major goal in 
this study was to learn about the spatial dynamics of the 
plasma formations generated in the field of the current- 
carrying loop. 

2. DESCRIPTION OF THE EXPERIMENTAL APPARATUS 

The experiments were carried out in a mirror magnetic 
confinement system in a vacuum chamber 10 m long and 3 m 
in diameter (Fig. 1). The length of the magnetic confinement 
system was L = 3.5 m, its diameter was D = 1.5 m, its 
mirror ratio was a = 2, and the maximum magnetic field at 
the mirrors was B, ,,, = 750 G. A background plasma was 
produced in the system by creating an induction discharge in 
argon at a pressure P = 5 X torr. In an effort to achieve 
a fairly uniform longitudinal distribution of the background 

- 

several cross sections of the confinement system. These in- 
ductors, 1.2 m in diameter, were connected to three rf oscil- 
lators, each with an output power P= 1 MW. 

All the measurements were carried out with decaying 
quasisteady background plasma (the typical decay time was 
T,,, = 1.5 ms) at electron and ion temperatures T,,, = 0.5 eV. 
The radial profile of the plasma density was approximately 
parabolic: N,= ~,,,,(l -@r2), where N,,,,=4X 10" 
cmP3, p-' 0.6 m, and r is the distance form the axis of the 
confinement system. A perturbed region was created in the 
background plasma by arranging the breakdown of gas in- 
jected into the plane of the loop, which was at one of the 
magnetic mirrors, near the surface of the lower-hybrid reso- 
nance w> a,, = (%e%i)1'2,wp, %= %e (wpe is the electron 
plasma frequency, %, is the electron cyclotron frequency, 
and %i is the ion cyclotron frequency). The loop had a ra- 
dius a = 9 cm. The plane of the loop was oriented perpen- 
dicular to the magnetic field lines. The power fed to the 
antenna was PA = 0.5 MW at the frequency f = 5 MHz. 
The rf current pulse length was either T~ = 100 or 600 ps. 
The amplitude of the current in the antenna was IA ̂- 100 A. 
In this case the electron oscillation energy E- in the vicinity 
of the loop was on the order of the ionization potential of the 
gas, I" 15.8 eV. 

In experiments, the gas was injected by means of a con- 
trolled vacuum valve which made it possible to turn on the 
antenna at various values of the pressure (AP = l0-~-10-~ 
torr), with various distributions of the gas density. Figure 2 
shows curves of the time evolution (of the gas pressure AP, 
of the magnetic field B,, and of the rf voltage pulses) to 
characterize the operating conditions of the apparatus. Also 
shown in this figure is the typical distribution of the gas 
pressure in the system, which was measured with a movable 
PMI-10 gauge. The charged-particle density was measured 
by a six-channel microwave interferometer at the wavelength 
A, = 8 mm and by microwave-resonance probes. In studying 
the heating of the plasma electrons we used symmetric 
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FIG. 1.  Experimental layout and arrange- 
ment of the diagnostic apparatus. 1-Gas in- 
jector; 2-multichannel microwave interfer- 
ometer; 3-microwave-resonance probe; 
4-multigrid probe; S-double probes; 
6-multichannel electron-energy analyzer; 
7-antenna; 8-geometric arrangement of 
the cross sections of the lower-hybrid reso- 
nance, with w = a,,; Here Po = 8 X 

torr. 

probes positioned along the radius in several cross sections 
of the confinement system. The joint measurements by the 
interferometric and probe methods, along with the good re- 
productibility of the plasma parameters in each working 
cycle of the apparatus, made it possible to study the space- 
time evolution of the perturbed region. Energy spectra of the 
accelerated charged particles generated in the confinement 
system as a result of the rf breakdown were measured by a 
multigrid probe, which was moved by varying its radial po- 
sition and angle 6'. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

When the pulse of rf current flows through the loop, we 
observe a pronounced increase in the plasma density and 
temperature in the vicinity of the loop. The rise time of the 
discharge and the maximum values of the density and tem- 
perature of the charged particles depend strongly on the den- 
sity of injected gas. Figure 3 shows the time evolution of the 
plasma density, AN(t), measured at various distances from 
the loop by the multichannel interferometer. In analyzing the 

interferograms we allowed for the time evolution of the 
transverse profile of the perturbed region and of its size. 

Tables I and I1 show the basic relations and parameters 
of the plasma in the background region (a) and in the per- 
turbed region (b). It can be seen from Table I1 that the 
charged-particle density near the antenna, under the condi- 
tions AP = torr and 7~ = 690 ,us, rises by more than 
two orders of magnitude, while the electron temperature rises 
by a factor of 30. At pressure AP = torr the density 
increases by an order of magnitude, but the temperature rides 
by a factor of 60. Estimates show that in the first case the 
relations vzfflo S 1 and lzff 6 a, hold, while in the second 
the relations vzff/w 6 1 and lzff * a, hold, where vzff and 
lzff are the effective collision rate and mean free path of the 
electrons in the perturbed region. 

It follows from the probe measurements that the per- 
turbed region in the direction perpendicular to Bo is smaller 
than the antenna diameter during the operation of the source 
and that this size decreases slightly with distance form the 
antenna. Figure 4 shows some typical radial profiles of the 
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FIG. 2. Operating conditions of the apparatus. Shown 
here is the time evolution of the magnetic-field ampli- 
tude B ,  and of the injected-gas pressure AP near the 
source, of the amplitude of the rf voltage at the induc- 
tors, U ,  and of that at the antenna, U, . The inset at the 
upper left shows the profile of the pressure of neutral 
particles along the axis of the system. 
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FIG. 3. Time evolution of the charged-particle density in the perturbed 
region of the plasma at various distances from the source (7, = 100 ps, AP 
= 1.5 X ton). I-z = 23 cm; 2-75; 3-105; 4-185 cm. The dashed 
line shows the background-plasma density. 

current density as measured by a double probe operating un- 
der saturation ion-current conditions, I,,, - N a, at a dis- 
tance of 125 cm (along the axis of this system) at the time t 
= 560 ps (with 7, = 100 ,us. The longitudinal dimension of 
the perturbed region during the operation of the source de- 
pends on both the length of the rf current pulse in the an- 
tenna and the pressure of injected gas, AP, but it is less than 
the distance between magnetic mirrors (Fig. 5, a and b). 

Turning to the dynamics of the breakdown, we focus on 
the case of primary interest (from the standpoint of active 
experiments in the ionospheric plasma): that in which the 
conditions vZfflo < 1 and 1~~ a. hold in the perturbed 
region of the plasma. It follows from the experimental data 
that in the initial stage of the breakdown a fast ionization 
mechanism operates along the magnetic force tube. The 
charged-particle density begins to rise at the time at which 
the field is turned on at the source, both in the vicinity of the 
source and at fairly large distances away from it ( I  > 100 
cm; Fig. 3). In the cross section 1 = 185 cm, however, which 
is beyond the lower-hybrid-resonance plane, the density be- 
gins to increase at a time At = 150 p s  after the beginning of 
generation. 

It can be concluded from these results that one possible 
mechanism for the development of the discharge involves 

FIG. 4. Radial profiles of the saturation ion current Ioi - ~ f i  at various 
times during the flow of the rf current in the antenna, at a distance z = 125 
cm from the antenna (7, = 100 p, AP = 1.5 X torr). I-t = 170 ps; 
2-100; 3-40; 4-520 5-920 w. 

additional ionization in the electric field of plasma waves 
excited by the current-carrying loop. Specifically, because of 
the dispersion properties of the plasma in the lower-hybrid 
frequency range for the given source geometry [the dimen- 
sions o the current-carrying loop are a G A,,, where 
A,,=~T~(c/w)(%~/w,) is the wavelength of an electro- 
magnetic mode], an intense beam of plasma waves is gener- 
ated. This beam propagates at a small angle from the mag- 
netic field, a = w/%,, where a is the angle between the 
group velocity and the magnetic field. In the experiments the 
relation w/%, 4 1 held. It follows from estimates9 that the 
electric-field amplitude of the plasma waves at a distance 1 = 

2 m is E ,  = @ ( O W ~ ~ / C ~ ) ( J ~ ) ~ I ~  = 10 V/cm and is 
considerably higher than the amplitude of the breakdown 
field, Ebr = o l e =  -- 4 V/cm. As a result, ionization 
can occur quite rapidly at large distances from the antenna 
(at distances several times the value of A,,; Refs.9 and 10). 
At the same time, the lower-hybrid-resonance surfaces are 
reflecting surfaces at the magnetic mirrors, beyond which the 
waves in this part of the spatial spectrum (resonant plasma 
waves) do not penetrate. In this geometry we are essentially 
dealing with a quasioptical resonator for lower-hybrid 
plasma waves. In the initial stage of the breakdown, the 
background plasma is the slow-wave system. Later on, as 
nonlinear ionization process develop, this role is played by 
the self-consistent three-dimensional plasma irregularity, 
which approaches a steady state (in terms of the values of the 
temperature and density of the charged particles) in the case 
of long pump pulses. 

Another possible cause of the fast ionization might be 

TABLE I. Parameters of the background plasma. 
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TABLE 11. Parameters of the plasma in the perturbed region. 

electrons which are accelerated directly in the induction zone 
and for which the ionization length is li > 100 cm. The 
measurements taken with the multigrid probe showed that 
intense fluxes of accelerated electrons with energies up to 
and exceeding 100 eV are generated parallel to B,. Such 
electrons are also capable of causing additional ionization of 
the background plasma at a large distance (1 > 100 cm) from 
the source. 

The spatial dynamics of the development of the break- 
down in the presence of a background plasma is apparently 
affected by both the plasma-wave mechanism and the accel- 
erated electrons generated near the source. 

The further increase in the charged-particle density and 
the filling of the magnetic force tube by these particles result 
primarily from two processes: ionization of the injected gas 
cloud and quasineutral motion of plasma out of this region. 
At TA = 100 ps  the maximum density N,,, is reached after 
the rf current in the antenna is turned off. This effect can 
occur at fairly high values of the energy deposition in the 
plasma, at which the average thermal energy of the particles 
has become comparable in magnitude to, or greater than, the 
ionization energy of the atoms by the time at which the 
source is turned off. A sufficient condition here is that the 
rate of gas ionization (caused by the fast electrons present in 
the plasma) after the field at the source is turned off be 
higher than the rate at which charged particles are lost. In 
this case the losses are determined primarily by the displace- 
ment of the particles by diffusion or by quasineutral dispersal 
(depending on the relation between the electron mean free 
path I, and the length scale of the irregularity of the ionized 
region, LII) along B,. The time scale of the electron cooling 
which results from collisions with heavy particles is 
rT,=(6gff)-I = 4 ms in the perturbed region ( 6  = 2rnelMi, 
where Mi is the mass of an ion), and the time scale of the 
recombination losses is T, = 1 S. 

The relaxation of the ionized region after the rf source is 
turned off depends strongly on the duration of the current 
pulse in the antenna. At rA = 100 ps, for example, the pa- 
rameters of the ionized region are such that the condition 
lelLII < 1 holds, and we observe diffusive decay of the 
plasma. An estimate of the time scale of the ambipolar dif- 
fusion of charged particles along the magnetic field, TN 

II 
;- L ~ ~ ~ , / V : ,  yields 140 ps (here via = 5 X 10) s-I is the rate 
at which ions collide with neutrals, which is determined by 
resonant charge exchange; v, = 5 X lo5 cmls is the ion 
acoustic velocity; and LII = 80 cm). This figure agrees fairly 
well with the measured value of rN = near the antenna (at 1 
= 25 cm). Far from the source ( I  > 100 cm) the decay time 

increases, reaching rN = 300 ps. The apparent reason for 
this result is the effect of the magnetic mirrors on the diffu- 
sion of the charged particles. When the length of the current 
pulse in the antenna is r, = 600 ps, the relaxation of the 
plasma density begins slightly before (at t = 400 ps) the 
source is turned off. At this time, the losses of charged par- 
ticles from the ionized region due to quasineutral dispersal 
have evidently become substantial, by virtue of the relation 
I, > LN.  There is initially a rapid decay of the density (T, < 
300 ps), and then the relaxation slows down. As a result of 
the (now) diffusive decay, the perturbed region relaxes to the 
background level. 

On the whole, the spatial dynamics of the decay of the 
perturbed region is quite complex, depending on the duration 
of the pump field, the pressure of injected gas, and the pa- 
rameters of the ionized region. We should point out that the 
plasma relaxation is accompanied by precipitation of charged 
particles from the magnetic confinement system. In the ex- 
periments, these precipitated particles were detected by a 
multichannel electrostatic energy analyzer at a distance L = 

2 m from the solenoid. 

4. CONCLUSION 

These experiments have thus demonstrated that this 
method for depositing energy in a given volume of a mag- 
netic force tube is efficient and that the deposition can be 
controlled by varying the parameters of the source, e.g., AP 
and rA. For example, the typical efficiency of the energy 
deposition for a source with AP = torr and TA = 100 
ps is 7;1 = PabJPA = ((AN)(AT))VTA'IP~ = 0.2 [here 
(AN) and (AT) are the mean values of the electron density 
and temperature in the volume (V) occupied by the discharge 
plasma]. Accordingly, sources of this type look promising for 
experiments in space, particularly in the upper layers of the 
earth's ionosphere, where dipole sources of radiation in the 
whistler frequency range are inefficient because of the small 
ratio of the wavelength of the electromagnetic wave to the 
size of the antenna and also because of the relatively low 
charged-particle density. Drawing a comprehensive picture 
of lower-hybrid breakdown in a plasma-filled magnetic con- 
finement system will of course require, in addition to a de- 
tailed theoretical analysis, a detailed study of the dynamics 
and structure of the electromagnetic field of the source, a 
study of its input characteristics, and a study of the energy 
distribution of the charged particles and of the spectra of 
noise radiation during the development of the discharge and 
after the discharge is turned off. 
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Finally, we note that the experimental data obtained in 
the present study may prove useful for planning active ex- 
periments in space. In terms of scaling properties (ope 
P W B ~  P vei & v,,, Mivia P meve) the laboratory plasma 
corresponds to the plasma in the upper layers of the earth's 
ionosphere. The particular ionization source was chosen in 
an effort to keep the refractive index (n = c / f h E M )  for the 
radiated electromagnetic waves with frequencies in the range 
OLH < 27rf < W B e  < wp, in the magnetized plasma at a 
value such that the inequalities a 4 AEM G L were satisfied. 
Such high values of the energy supplied to the source were 
dictated by the desire to maintain a value EIEb, 
= ( ~ / o ) e l J G  Elw (Ifir 21.5 eV, I? 15.8 eV) 
under laboratory and ionospheric conditions. 

FIG. 5. Longitudinal profiles of the charged- 
particle density in the perturbed region of 
the plasma at various times. a: 7, = 100 @, 

AP = 1.5 X torr. I-t = 40 ps; 
2-100; 3-150; 4-200; 5-600; 6-1000 
ps. The dashed line at the bottom shows the 
background-plasma density. b: T,, A P  = 5 
X lo-' torr. I-t = 100 @; 2-200; 
3 4 0 0 ;  4 6 0 0 ;  5-1000 ps. 
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