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The results are given of an investigation of the increase in the transparency (bleaching) in the region of 
electron cyclotron absorption of an electromagnetic wave traveling in a plasma along an inhomogeneous 
magnetic field. It is shown that measurements of the absorption of electromagnetic waves in a plasma 
subjected to a magnetic field of known geometry can be used to determine the electron density. 
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1. INTRODUCTION 

An inhomogeneous magnetized plasma i s  character- 
ized by the existence of zones (barriers) of total absorp- 
tion or  strong collisionless attenuation of waves travel- 
ing in it. It is interesting to create conditions in a plas- 
ma that facilitate the penetration of a wave field in the 
form of undamped oscillations (bleaching). The need for  
such a bleaching is frequently encountered when hf and 
microwave methods a re  used to heat a plasma in ther- 
monuclear experiments. 

There a re  various ways of bleaching which can be di- 
vided arbitrarily into local and nonlocal. The local ef- 
fects a re  realized under the conditions of validity of the 
hydrodynamic approximation. One should mention here 
particularly the penetration of a large-amplitude field 
into an opaque medium and wave t rans f~rmat ion .~ '*~]  
Plasma bleaching occurs a s  a result of transformation 
of oscillations because the region of a plasma under 
discussion becomes transparent to the secondary wave 
formed a s  a result of such transformation. 

The nonlocal effects a r e  the echo-type kinetic phe- 
nomena in which plasma memory elements in one of the 
microscopic oscillations of the distribution function be- 
comes manifest. In contrast to the homogeneous case, 
an inhomogeneous plasma may exhibit linear echo ef- 
fects, such a s  nonlocal reflection of waves and their re- 
generation behind the wave barrier.  We shall consider 
the bleaching effect in a region of electron cyclotron ab- 
sorption a s  a result of interference of waves reflected 
from the cyclotron resonance points in a plasma sub- 
jected in an nonmonotonically varying magnetic field. 

2. THEORY 

scribed below. An electromagnetic wave travels from 
the left to right and i ts  frequency is w varying from 
we,, to we,, where weo and we, a re  the minimum and max- 
imum electron cyclotron frequencies, respectively. 
Under these conditions there a re  two points of electron 
cyclotron resonance in the plasma, o = we@), separa- 
ted by a distance I .  The resonance at the first  point can 
be treated in the same way a s  in the case of a linearly 
decreasing magnetic field when a wave travels in the di- 
rection of reduction in the field. It has been s h o ~ n f ~ * ~ ]  
that under these conditions there is partial absorption 
of a wave without refIection. At the second point the . 
resonance occurs when a wave travels in the plasma in  
the direction of increase in the magnetic field. Under 
these conditions there is partial reflection of an incident 
electromagnetic wave. If the electron density in the 
plasma is sufficiently high, the wave is practically to- 
tally reflected. The phase of the wave changes by the 
angle Acp a s  a result of such reflection. 

If there a re  two resonance points separated in space, 
a wave reflected from the point 2 reaches the point 1 
and the latter is the reflection point fo r  the wave be- 
cause it now travels in the direction of increasing mag- 
netic field. A characteristic capture of oscillations in- 

FIG. 1 .  Variation of the electron cyclotrcm frequency we 
We shall consider the profile of a plasma-confining along the z axis of the system. The total absorption region 

magnetic field (Fig. 1) used in the experiments de- is shown shaded. 
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side a trap then takes place. Clearly, if the phase shift 
of the oscillations is kl+ Acp = nn, where k is the wave 
vector and n is an integer, natural cyclotron oscilla- 
tions a re  established in the trap. This is accompanied 
by an increase in the wave transmission coefficient, 
i.e., by bleaching. 

Using the random phase approximation (the electron 
revolution phase is destroyed by each passage through 
the resonance region) and assuming that v < c/L, where 
v is the electron collision frequency, and L = B"(dB/dz) 
at z=zr,, where L is the characteristic size of the in- 
homogeneity of the magnetic field, we find that general 
expressions obtained by ~ i m o f e e v ~ ~ ~  allow us to deduce 
the following values for the transmission r ,  reflection 
5, and absorption q coefficients of an electromagnetic 
wave: 

Here, w, is the electron plasma frequency, the para- 
meter used above is 

p - n ~ ~ . = L / o c ,  (2) 

and 

is the phase shift (advance) of oscillations in a magnetic 
trap; r denotes the gamma function. The last two 
terms on the right-hand side of Eq. (3) describe the 
change in the oscillation phase on reflection of a wave 
from a resonance point. 

I t  is clear from the system (1) that for iP = on the 
transmission and reflection coefficients a re  maximal 
and the absorption coefficient of an electromagnetic 
wave is minimal. For  j3 >> 1 (i.e., when the plasma den- 
sity is sufficiently high), we find that these coefficients' 
a re  r =  (=0.25 and q=0.5. Under these conditions the 
wave amplitude r ises  strongly inside the trap and be- 
comes eB12 times greater than the amplitude of the in- 
cident wave. In the case when iP=o(n+ 1/2), the coef- 
ficients 7 and 5 a re  minimal and-the coefficient 7 is 
maximal. Then, if p>> 1, the coefficients T and 5 tend 
to zero and the oscillations a re  absorbed completely. 

In the case of a plasma inside a waveguide the sys- 
tem (1) still applies except that the parameter p is now 
replaced with pl (see Ref. 6) and the quantity k is re- 
placed with k,= (k2 - k2,r)1/2, where k, is the critical 
wave vector in the waveguide. 

3. APPARATUS AND EXPERIMENTAL CONDITIONS 

We used apparatus described by us in detail earlier.[?] 
The experiments were carried out in a glass cylindrical 
tube filled with helium, argon, o r  krypton. The plasma 
was formed by an hf oscillator with an output power of 
100 W at 40 MHz. The maximum magnetic field created 
in a solenoid was less than 2 kG and the mirror  ratios 
R=wel/weo were selected to be 1.15, 1.3, and 1.7. An 
electromagnetic wave of fixed frequency 2.92 GHz was 
excited using a low-power oscillator (up to 0.5 mw), 

which avoided any nonlinear effects. This was indicated 
also by the fact that the values of T ,  5, and 7 were inde- 
pendent of the wave amplitude. The gas pressure was 
at least 1 X lom3 T o r r  and the electron density was 
n -S 1 x 101° ~ m ' ~ .  

Under the experimental conditions the frequency of 
the plasma-probing oscillations was much higher than 
the frequency v of collisions of electrons with neutral 
atoms and the absorption of the wave due to collisions 
was negligible outside the resonance points. Since, 
moreover, the condition v<< c/L was satisfied, the col- 
lisions did not affect either the coefficient of reflection 
of the electromagnetic wave from the resonance point 2 
(Fig. 1). The mean free path of electrons was of the or- 
der  of the trap length and, therefore, the experimental 
results could be interpreted using the random phase ap- 
p r o x i m a t i ~ n . ~ ~ ~  When the electron density in an inhomo- 
geneous (in respect of the density) plasma was high, the 
upper hybrid and cyclotron resonance points were spa- 
tially separated. However, the condition w;, << wZ .: wz 
was satisfied in our experiments and, therefore, in 
spite of the plasma inhomogeneity across the magnetic 
field, it could still be described by a one-dimensional 
model and the results could be analyzed by means of 
Eq. (1). 

4. RESULTS OF MEASUREMENTS 

We studied the dependences of the transmission coef- 
ficient r, reflection coefficient 5. and absorption coef- 
ficient 7 of an electromagnetic wave on the ratio ~w/w,. 
The value of Aw was varied (Fig. 1) by altering the cur- 
rent passing through the solenoid. Since measurements 
indicated that the probe ratio remained constant and the 
electron density, a s  well a s  the value of L, changed 
only slightly, we assumed that the parameter B was 
hardly affected when Aw was varied. This variation of 
Aw made it possible to alter the distance I between the 
resonance points and, consequently, the phase a, in ac- 
cordance with Eq. (3). Figure 2 shows the results ob- 
tained for an argon plasma at a pressure of 3 X 

T o r r  for the mirror  ratio R = 1.15 and the parameter 
p=0.5. It is clear from Fig. 2 that the dependences of 
the coefficients r ,  C;, and q on AW/W,, a re  character- - 
ized by maxima and minima, in agreement with Eq. (3). 

FIG. 2. Dependences of the transmission r ,  reflection 5 ,  
and absorption q coefficients on the ratio Aw/wd. 
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FIG. 3. Dependences of the transmission coefficient r on 
AW/W*. The continuous curves are calculated. 11, 1') 
R=1 .15 ,  8 = 0 . 1 ;  2), 2') R = 1 . 3 ,  P=O.5; 31, 3') R = 1 . 1 5 ,  P = 1 .  

The transmission T and reflection 5 coefficients vary in 
phase but the absorption coefficient 17 is in antiphase 
with both T and 5. The interval between the maxima in 
Fig. 2 is in agreement with that calculated from Eq. (3), 
namely AZ= ~ , /2 ,  where & is the wavelength in the 
waveguide. 

Figure 3 shows the dependences of the coefficients T 

on Aw/w,, measured at a pressure of 4 x lom3 Tor r  for 
different electron densities (parameters j3) in a helium 
plasma and for different mirror  ratios R. The contin- 
uous curves in Fig. 3 are  the calculated dependences 
obtained by means of Eq. (1). A comparison of the ex- 
perimental and calculated curves in Fig. 3 shows that 
they a re  in good agreement. The curves a re  calculated 
on the assumption that j3 = const and @ - k l .  However. 
the first of these conditions i s  violated when w ap- 
proaches we, and w,: in this case the value of L and, 
consequently. the parameter j3 increases (Fig. 1). Al- 
lowance for the dependence of j3 on Aw/we, produces a 
better agreement between the calculated and experimen- 
tal dependences. The second condition applies when 
j3< 1 and it is obeyed for curves 1 and 2 shown in Fig. 3. 
For  high values of j3 (for example, in the case repre- 
sented by curve 3), we have to include all the terms in 
Eq. (3). This shifts the calculated dependence T(AW/W,) 
to the right and improves the agreement between calcu- 
lations and experiment. The new position of the maxi- 
mum of the theoretical curve 3 in Fig. 3 is denoted by 
an arrow. 

The above experiments were carried out under condi- 
tions such that the quantity v ~ / c  < 1 and plasma colli- 
sions played no significant role. However, it is inter- 
esting to generalize Eq. (1) to the case when vL/c> 1, 
which can easily be achieved under gas-discharge con- 
d i t i o n ~ . ~ ~ ]  Then, the formulas in Eq. (1) transform to 

e-2b 

T = 
l+5a'-2 jo cos 2 0  ' 

It is clear from the formulas (4) that an increase in 

0 L 
0.1 4 2 

A@/@,, 

FIG. 4.  Dependence of the transmission coefficient r on 
Am/&)*. 

the ratio vL/c reduces the bleaching of a magnetic mir- 
ror .  This is due to the fact that a s  v ~ / c  increases, 
there is a reduction in the electromagnetic wave power 
reflected from the resonance point 2 (Fig. 1) and trans- 
mitted by the plasma. An increase in the gas pressure 
in a weakly ionized plasma then increases the frequency 
of collisions of electrons with neutral atoms. If vL/c 
>> 1, the resonance points can be considered indepen- 
dently of one another and a symmetric magnetic mir- 
ro r  is then characterized by 

Figure 4 shows the dependence of the transmission 
coefficient T on the ratio AW/W,, obtained for a krypton 
plasma at a pressure of 5 X Torr, mirror  ratio 
R=1.3,  and parameter j3=0.5. The value of vL/c then 
exceeds unity. It is clear from Fig. 4 that the periodi- 
city of the dependence of T on Aw/w,, i s  no longer ob- 
served. The reduction in the transmission coefficient 
of an electromagnetic wave at low and high values of 
Aw/we0 is due to an increase in the parameter j3 when 
the frequency w approaches we, and we,, respectively. 

We shall conclude that the experimentally determined 
absorption coefficients of an electromagnetic wave in a 
plasma a re  related by a single-valued simple expres- 
sion to the plasma concentration and, if the magnetic ' 

field geometry is known, they can be used to determine 
the plasma concentration in adiabatic traps. 
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