INSTITUTE OF PLASMA PHYSICS

NAGOYA UNIVERSITY

WAGQOYA, JAPAN



NONLINEAR SKIN EFFECT OF HIGH-POWER
MICROWAVE INCIDENT ON A
COLLISIONLESS MAGNETIZED PLASMA

* *
K. Minami, K. P. Singh,

*
M. Masuda and K. Ishii

Further communication about this report is to be sent
to the Research Information Center, Institute of Plasma

Physics, Nagoya University, Nagoya, 464, Japan.

Permanent address:
* Department of Electrical Engineering, Nagoya University,
Nagoya, 464, Japan.



ABSTRACT

Experimental results are presented which verify a
nonlinear skin effect of highfpower microwaves incident on
a collisionless, uniform plasma having a sharp boundary.

The skin depth, observed by micro@ave reflection techniques,
increases with the incident microwave power. The results
are compared with the theoretical analysis in which the
radiation pressure due to electromagnetic field is taken

into account.



I. INTRODUCTION

Interaction between a powerful electromagnetic wave
and a collisionless plasma is one of the important problems
of plasma physics, in connection with laser and/or rf
heating of plasmas. In recent years, several experiments

'“ associated

have been reported on the nonlinear phenomena
with microwaves in collisionless plasmas. These phenomena
were related to the parametric decay processes.

In 1969, Gekker and Sizukhin3 measured the reflection
coefficient of high-power microwaves incident on a non-
uniform plasma in a circular waveguide. The plasma frequency
at the maximum density was much greater than the microwave
angular frequency. The reflection coefficients from the
plasma decreased with increasing incident power. The
anomalous absorption they observed was attributed by Kaw
et al% to a parametric excitation of ion waves through
which the microwave was scattered into longitudinal plasma
modes. It should be emphasized, however, that the experi-
ment by Gekker and Sizukhin was carried out under somewhat
incomplete conditions from our viewpoint. First, the
theoretical analysis for the penetration of electromagnetic
fields becomes more or less qualitative for such a nonuni-
form plasma. Second, they detected only the amplitude of
the reflected power. Therefore, one could not know whether
or not there was nonlinear penetration for a strong incident
microwave.

In this article, we describe the experimental results

for the nonlinear skin effect of high-power microwave



incident on a collisionless plasma. Although predicted by
theory, this article presents what seems to be the first
quantitative experiment where the skin depths of the micro-
waves are observed to be dependent on the incident power.

In the present experiment, a semi-infinite uniform plasma

is used in order to make the theoretical analysis tractable.
The microwave reflection techniques5 are applied to observe

the skin depth.

IT. THEORETICAL CONSIDERATIONS

Silin6 developed a nonlinear theory for the reflection
of plane monochromatic electromagnetic waves incident
normally on the surface of -a uniform fully-ionized plasma.
Considerations are limited to a collisionless plasma above
the cut-off density. Taking into account the radiation
pressure on the plasma due to the electromagnetic field,

the phase angle 6 of the reflection coefficient is given by

COSF= ~4-An[ | = b/ (we/wy] (1)
where

b= 4 (Ei/Ec)2 ; Ec2: 2777602/( 7-6—/62 ’

wp and w are the plasma and microwave angular frequencies,
Ei and Ec are the amplitudes of the incident wave and the
critical electromagnetic field, respectively. As is shown

in Eq. (1), the cut-off density, i.e., when 6 = 0 is given



by (wp/w)2 = b/(1 - e-b), which becomes, respectively,
1/(1 - b/2 + +++) and b for b << 1 and b >> 1. Equation (1)

reduces to the linear relationship

C0S(6/2)= W/ wp (2)

when b approaches zero. In Fig.l, 0 vs (wp/u))2 are shown
which are obtained from Eq. (1) for various b's. It is
worthwhile noting that the differences between Eq. (1) and
Eq. (2) are large near the cut-off density.

The electric field? E(z), doés not necessarily fall
off exponentially in the plasma, when the nonlinear skin
effect occurs. Then, it is not practical to define the
skin depth as the depth at which the field becomes l/e of
its surface value. Instead the skin depth d is defined7

here by the slope of E(z) at the boundary z = 0 as

_ dE|  _ L 0 (3
d = ~E0/ 27|, , = T 0O )

)

where kO is the wavenumber in vacuum. Hence, the skin
depth d can be known from the measurement of 6. It is
obvious from Fig.l and Eq. (3) that the skin depth d would
increase with b for a given (wp/w)z.

When E(z) is relatively smaller than E,, E(z) is

6
expressed  as

E(Z) = Ec\/g[/- ((U/U)P)z} SGCh [koz\/(a)}’/w)z"/ ”A] <4>




where

Na
I+I-a

A=n @ = b/[(wp/wi~ [ 1+/] - 2b/wp/w)* )
It is easily shown that 0 <a<1land A < 0. Equation (4)
is the stationary envelope soliton whose half width and
position xp of the vertex are, respectively, given by the __%/2
skin depth d in the cold plasma, i.e., d = ko-l[(mp/w)z - 11 7,
and gp = dA < 0. When b approaches zero, Eg. (4) tends to

the exponential function given by the linear theory. The
examples of the calculated E(z) from Eq.(4) are shown in
Fig.2. It is cbvious that the field in the plasma does not
fall off exponentially, although Eq.(4) is not exact where

E(x) = Ec.

In what follows, we modify the Silin's formula, Eq. (1),
to include the longitudinal magnetic field, in order to
compare with our experimental results obtained from the
plasma in a waveguide. A microwave in a rectangular wave-
guide without plasma is a linearly polarized wave, which
decomposes into right and left-hand circularly polarized
waves, Er and E, respectively, with identical phases in
time. When the skin effects occur in the plasma for both
waves, as in our experiment, the waveguide can be regarded
as over—sized? Then circularly polarized fields having
different phases in time will exist in the plasma. There-
fore, one can consider the phase shifts, Gr and eg, of

the reflected waves from the plasma having right and left-

hand circular polarizations, respectively, even though the



waveguide cross section is rectangular. Using the expres-

sions for circularly polarized waves, Er,Q = EX + iEy, it
is easily shcwn that the phase shift 8 of a reflected wave,
which is linearly polarized with the same direction of
polarization as the incident wave, is given by
c0s*L = L (o2& + cos*2 ) (5)
2 2 2 2 .

The angle 6 in Eq.(5) is observed by a standing wave
detector in the waveguide. In the linear theory, both
waves can exist independently in.the plasma, and their
phase angles are given, by cosz(er’Q/Z) = (1 + mc/w)/
(wp/m)z, where W, is the electron cyclotron frequency.
Substituting these expressions into Eg. (5), one directly
obtains Eq.(2), which is independent of the applied magnetic
field?

When the nonlinear effect is included, the circularly
polarized waves in the plasma are no longer independent of
each other. Using an expression given by Gurevich and

. . .10 . . . .
Pitaevskii, we write, in our notation, the density correc-

tion factor, f(E), due to the radiation pressure as

|2

‘Eﬂlz ) (6)

3 | =
-f(E}:Ek)_'exﬁ) 21;: (/._ak/u) | + W /W s

instead of Eq.(2.3) of Ref.6. Equation (6) results in a
set of nonlinear differential equationsll in E_ and Eg which

cannot be separated out unless some assumption is made about

the field amplitudes. We therefore make three different



assumptions, i) |E2| >> |E_|, ii) |Er| = IE2| and iii)
IErI >> IEQ[ in the plasma. Consequently, we obtaint?
the following expression for 6 in each case, using Egs. (1),

(5), (6) and Er l(O) = 2Ei cps(er,Z/Z), as

’

e ] b b
i) cos—g— —-2—5{(/-a)c/a)wn[/—(m+(1+a)c/w)j)/n[/*(w—l,/@ﬁ]}, (7)

i1) COS—-~—/ MW%W _ b
I [ (1 /w)(w,a/w)z] [/ (|-Wefw)wp/w)?) (8)

and

111)cosz ~—-{(/ wc/w)ﬂ/n[ (w/w)J’L(/*w‘/“))M[ i b]} 9)

Above three equations reduce to Eq.(2), as b approaches
zero. Nonlinear effect due to non-zero b is emphasized in
Egs. (8) and (9).

It is well known that the characteristics of the waves
in cold magnetoplasmas are summarized in the CMA diagram%3
However, it has been based on the linear treatment of wave
analysis. Hence, the diagram can be applied only for waves
of small amplitudes. What will happen on the CMA diagram
when the wave amplitude increases? Although this éuestion
is left, in general, unsolved at this moment, an example of
the possible médifications on the diagram is here presentéd.
Considerations are limited to the case of parallel propaga-
tion, i.e., k//B. Equation (1) can be modified for the
circularly polarized waves incident on the plasma with
uniform magnetic field which is applied perpendicular to
the boundary. The phase angles of reflection coefficient

are given12 by



20r.0_ _ I+wc/a) __b
€0s" == = /(| @) . (10)

It is shown from Eq. (10) that the cut-off density is given

by

b
- oXp[-b/( 17 e /)]

(Wp/w) = (1)
which becomes (wp/w)2 = Db for b >> 1. Then, the cut-off
density is indépendent of the valﬁe of the magnetic field
for strong incident powers. The cut-off lines calculated
from Eq.(11) for various b's are shown in Fig.3. The upper
and lower half planes correspond, respectively, to the
right and left-hand circularly polarized waves. As is
shown in Fig.3, the plane is divided into three regions A,
B and C. The regions A, B and C correspond, respectively,
to the whistler waves, the cut-off region and the fast
electromagnetic waves. The border line between B and C is
the cut-off line which is shown, in Fig.3, by the dashed
line in the linear theory].'3 Equation (11) predicts that
the cut-off line moves toward the high densities, when b
increases.

A dominant nonlinear phenomenon associated with large
amplitude whistler waves may be the amplitude oscillations14
due to the particle trapping. The wavelength A of the

amplitude oscillations is given14 by



C
= (12)
/\ NPWEQ,
where

_CHK _ Ute _eBi_ e [Puon
=%, g—T’Q'_m"m c

Bl and P are, respectively, the magnetic field and the

Poynting vector of the whistler waves. The experimental
conditions, where the amplitude oscillations can be observed,
are estimated in Fig.4. The oblique solid lines are the
constant A lines in cm. The horizontal dashed lines are
those where the attenuation distances Acol. due to the

collisions between electrons and ions are constant. The

region where A < 10 (cm) and Ac > 10 (cm) is shaded.

ol.
The amplitude oscillations may be observed in the shaded
region. In our experiment, (wp/w)2 ~ 1 and P is several

kW/cm. Then A is expected to be larger than 10 cm. The

amplitude oscillations cannot be observed in our experiment.

ITI. EXPERIMENTAL RESULTS

15 of the Institute

A steady-state highly-ionized plasma
of Plasma Physics, Japan is used in our experiment. The
plasma is produced between a hot cathode and a water cooled
anode in helium at a pressure of a few Torr. The plasma is
introduced into a glass chamber through a small hole in the

anode. The chamber is differentially evacuated to the

pressure of 10_3 Torr. A uniform magnetic field B of



several thousand Gauss is applied axially to keep the
electron density high. The values of the plasma density

Ne (cm_3) and the electron temperature Te(eV) vs the dis-
charge current Id (A) are shown in Fig.5. The electron
densities measured by the Langmuir probe just in front of

the target are in agreement, within a factor, with those
obtained from the microwave reflections5 for a small incident
power. A standard X-band rectangular waveguide with a water
cooled target is inserted axially into the plasma.

A schematic diagram, how the skin depths in the waveguide
are measured, is shown in Fig.6.. A quartz block of 1.1 cm
thickness is placed in the waveguide to make the plasma
boundary clear and sharp. The plasma in the waveguide seems
to be uniform in the axial direction, because the experi-
mental results are insensitive to the position of the quartz.
Microwave pulses of 15 kW and time width T = 1.2 usec at a
frequency of 9.37 GHz are launched into the plasma
repeatedly through the power divider and the standing wave
detector.

The reflected powers from and the transmitted powers
through the plasma are measured for an incident power at
different values of B. The transmitted power is detected
by a small wire antenna which is moved in the axial direc-
tion in front of the target. An example is shown in Fig.7.
Both signals are small near the electron cyclotron resonance
at B = Bc = 3345 (G). Thus, the microwaves are absorbed in
the plasma at the resonance. The propagation of whistler

waves with little attenuation is observed, when B > Bc’



The wave patterns are recorded using the usual microwave-
interferometer circuit and the boxcar integrator. The
example of the patterns with and without plasmas is shown
in Fig.8. The dispersion relation of the observed waves is
plotted in Fig.9. The solid lines are the calculated dis-
persion relations of whistler waves in a cold plasma. The
dashed lines are calculated ones where the effects of the

left-hand circularly polarized field E, are taken into

2
account. Since the observed values are close to the solid

lines rather than the dashed lines, the effect of E. can be

L
neglected. 1In our experiment, the wave is excited by the
waveguide into the plasma. The waves seem to be excited
very effectively, since the reflected powers from the plasma
are considerably small for wc/m > 1, as is shown in Fig.7.
It is confirmed that the wavelengths and the attenuations
of the whistler waves are unchanged for a wide range of
incident powers. The collisional damping of the waves can
be completely neglected. The attenuation observed near the
cyclotron resonance is due to the cyclotron damping.

The experiment on the skin effects is carried out in
a magnetic field 2800 < B < 3050, where the low-level
incident microwaves are almost totally reflected from the
plasma for Ne greater than the cut-off density. The stand-
ing wave patterns observed by a crystal detector through a
slotted section are recorded using a boxcar integrator.
Next, the plasma is replaced by a movable metal short
plunger, whose position simulates the density of the plasma.

Since the quartz is used before the plunger and/or the

- 11 -



plasma, the standing waves do not move linearly when the
position of the plunger is changed. Calibrating for the
nonlinearity of the shifts, the phase angles of reflection
from the plamsa are derived. The result is shown in Fig.10.
The phase angle decreases for a given B and I4, as the
incident power increases. When the neutral pressure is
increased to 10"l Torr, the change of 6 is in opposite
way to that in Fig.10, with increase in incident power,
because of the additional ionization by the powerful micro-
waves. This is the reason why we conclude that the results
in Fig.1l0 are clearly due to the nonlinear skin effect.

In Fig.ll, the experimental results of the skin effect
are compared with the theoretical predictions for b = 0.167
(thick dashed lines) and 0.230 (thick chained lines), which
correspond, respectively, to 2.9 kW and 4.0 kW of incident
powers at T, = 8 (eV). The solid line is the linear rela-
tionship calculated from Eqg.(2). Calculated lines from
Egs.(7) and (9) are not shown, since they are very close to
the solid line. Equation (8) is the closest to the experi-
mental values among the three equations. This suggests that
the assumption IErl = |Ezl, from which Eq.(8) is derived,
holds approximately in our experiment. In other words, the
result suggests that an enhanced penetration of Er occurs in
the plasma for the high power incident microwaves, since the
inequality IEr| < IEZI holds at the cut-off region for both
the waves in the linear theory.

Using the boxcar integrator, the plasma parameters Ne
and Te are measured by the Langmuir probe for various

periods after the incidence of the high power microwave

- 12 -



pulse. The examples of the probe characteristics are shown
in Fig.12. An example of the plasma parameters vs time
obtained from the probe characteristics is shown in Fig.13,
where the microwave pulse of 15 kW becomes transparent

even for (wp/w)2 > 1. The probe measurement will be reliable
even in the microwave field, since the high frequency drift
velocity of electrons, eE/mw, in the plasma is much smaller
than the electron thermal velocity. During the incidence of
the microwave pulse, Ne decreases considerably from the

16

steady state value. This fact is further evidence of the

nonlinear skin effect.

IV. DISCUSSIONS

In our experiment, the skin depths, which are of the
order of a few mm, are much greater than vte/m and/or
vti/w, where Vie and v.; are the thermal velocities of
electrons and ions, respectively. On the other hand, the
skin depths are much smaller than VieT and smaller than
VT where T is the time width of the microwave pulse.

10 to our experi-

Therefore, Eg.(6) can be reasonably applied
ment. ‘
Gurovich and Karpman17 analysed an electromagnetic

envelope soliton propagating in a high density plasma. 1In
a limiting case, they obtained an expression of the electric
field in the plasma for the stationary soliton that is just
the same as the nonlinear skin effect? i.e., Eq.(4). oOur

experimental results, that the skin depths are dependent

on the incident power, suggetst the existence of an electro-

- 13 -



magnetic field in the plasma similar to the stationary
envelope soliton.

We believe that the modification of the CMA diagram
presented in Fig.3 can be observed experimentally, since
it is a generalized version of the nonlinear skin effect

verified in the present article.
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Fig.1l.

Fig.2.

Fig.3.

Fig.4.

Fig.5.

Fig.6.

Fig.7.

Fig.8.

Fig.9.

Fig.10.

Fig.1l1.

FIGURE CAPTIONS

Calculated values of the phase angle 6 of reflec-
tion coefficient vs (wp/w)2 from Eq. (1). \
Field patterns in the plasma calculated from Eg. (4)
for various b's.

A modified CMA diagram for the parallel propagation
(k // B).

Experimental conditions at which the amplitude
oscillations can be observed. Appropriate region

is shaded.

Measured values of N_ (cm™3) and T, (eV) vs I (A).
Block diagram of the experimental set up.
Measured [sz and |T|2 vs B (Gauss). IRI2 and ITI2

are not calibrated for each other.

Observed patterns with and without the plasma.
Dispersion relation of observed waves. The solid
and dashed lines are the calculated values of
whistler waves.

Measured values of 6 vs discharge current Id for
various incident powers. Experimental set up
where the skin depths in the waveguide are meas-
ured is shown in the inset.

Comparison of the experimental results with the
theoretical predictions for the variation of 6 vs
(wp/w)z. O — a small power of the order of 10
mW, adjusted to the theoretical line for b = 0,

A — 2.9 XW to be compared with the thick dashed
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Fig.1l2.

Fig.1l3.

lines (b = 0.167), @ —— 4.0 kW to be compared
with the thick chained lines (b = 0.230).
Examples of Langmuir probe characteristics with
and without microwave pulse, which is incident
during 0 < t < 1.2 usec.

Change of the plasma parameters due to the inci-

dence of high power microwaves.
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