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ABSTRACT

Experimeptal 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 nicroﬁave reflection technigues,
increases with che 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
have been reported on the nonliaear phenome‘nal'2 associated
with microwaves in collisionless plasmas. These phenomena
were reiated %o the parametric decay processes.

In 1969, Gekker and Sizukhin® measured the reflection
coefficient of high-power microwgves 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 refiection coefficients from the
plasma decreased with increasing incident power. The
aﬁomalous absorption they observed was attributed by Kaw
et ale 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 becomee more o 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 tha nonlinear gkin effect of high-power microwave



incident on & 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.

II. THEORETICAL COMSIDERATIONS

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 2 collisionless plasma above
the cut-off demsity. Taking into account the radiation
pressure on the plasma due to the electromagnetic field,

the phase angle 8 of the reflection coefficient is given by

cos’E= -Ln[ /- b/ (wr/wy] (1
where

b=4(E/E. ), E=2muwn /€,

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

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



by (mp/w)2 = h/(1 - eP), uhich becomes, respectively,
1/(2 ~ b/2 + *++) and b for b «< 1 and b >> 1. Equation (1)

reduces to the linear relationship

COS(8/2)= w/wp , (2)

when b approaches zero. In Fig.l, 6 vs (wpiw)2 are shown
which are obtained from Eq. (1) for varicus b's. It isg
worthwhile noting that the differences between Eq. (1} and
Ec.(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
skii depth as the depth at which the field bécomes 1/e of
its surface value. Instead the skin depth 4 is defined7

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

d= -E(o)/:—glm =7;- cot—ég- (3)
0 )
where ko is the wavenumber in vacuum. Hence, the skin
depth d can be known from the measurerment of Y. It is
obvious from Fig.l and Eq.(3) that the skin depth @ would
increase with b for a given (mp/m)z.
Vhen E(z) is relatively smaller than E.» E(2) is

expreued6 as

Et2)=EAR (1w sech[Kozkwpwr™/ - ] @




where

A=In——F— J_ a@ = b/[(wp/es= I)[1+/1-2b/wp /)’ ]
It is easily zhowr that 0 < a < 1 and A < 0. Equation (4]
is the stationary envelope soliton whose half width and
position xp of the vertex are, regpectively, given by the -1z
skin depth d in the cold plasma, i.e., d = ko-lﬁmp/m)z -11 7,
and xp = dA < 0. When b approaches zero, Eq.(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 obvious that the field in the plasma does not
fall off exponentially, although BEg. (4) is not exact where
E(x) = E_.

In what follows, we modify the Silin's formula, Eq.(1l),
to include the longitudinal magnetic field, in order to
compare with orr 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, Et 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, Bt and ez, of
the reflected waves from the plasra having right and left-

hand circular polarizations, respectively, evein though the



waveguide cross section is rectangular. Using the expres-
sions for circularly polarized waves, Er,i = Ex ¥ iBY, it
is easily shown that the phase shift € of a reflected wave,
which is linearly polarized with the same direction of

polarization as the incident wave, is given by

cos™ =L ( coszg-' + cos’—zg-‘- ) (5)
The angle & in Eg.(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 cosg(er'z/Z) = (1% w /w)/
(mp/w)z. where W is the electron cyclotron frequency.
Subgtituting these exprezsions into Eq.{5), vne 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
Pitaevskii}o we write, in our notation, the density correc-

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

L BE L _EE ) (e

=

'f(E}.Ei)=:QX%)[_2£5? |~ S0 | + W, /)

instead of Eqg.{(2.3) of Ref.6. Egquation (6) results in a
set of nonlinear differential equations11 in E,. and E, which
cannot be separated out unless some assumption is made ahout

the field amplitudes. We therefore make three different




assumptions, i) lEzl >> |Er|. ii) IErl = IEEI and iii)
lEr{ >> IEEI in the plasma. Consequently, we obtainl?
the focllowing expression for & in each case, using Egs. (1},

(5). (6) and Er'n(O) = 2E:i cos(GIIQ/Z), as
i) 0058 2L {(/-sko |- L (ragupn| 1 aml) ¢
2~ 2 (b 6 (Wp/)) }, 7)

ii) COS’.@.z_.’."_("i___ﬁ'i’"f ofj-—_b ][ _ b } ..
2= 25 " { (l+w¢,iq)(a+/a,f/ -adiogal) (8)

and

iii)cos‘-gz-z%{( l-wc/w)ﬁrf[/ -(d-»%)d +( /+wc/a))£'”[/ i a)[))t b]} (9)

Above three egquations 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 cn 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 question
is left, in general, unsclved at this moment, an example of
the possible modifications on the diagram is here presented.
Considerations are limited to the case of parallel propaga~-
tion, i.e., k//8B. 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 givenL by




28r,2_ _ 130/ __b
05" Gt = - ) (10

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

by

b

/- eXp[-b/( 15 wc fw)] (an

(Wp/w )2=
]

which becomes (wp/w)z = b for b >> 1. Then, the cut-off
density is independent of the value of the magnetic field
for strong incident powers. The cut-off lines calculated
from Eq.(11) for various b's are shoﬁn in Fig.3. The upper
and lower half planes correspond, respectively, to the
right and left-hand circularly polarized waves. As jis
shown in Fig.3, tine plane is divided into three regions A,
B and C. The regions A, B and { 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 Pig.3, by the dashed

13

line in the linear theory. Bquation (11) predicts that

the cut-off Jine moves toward the high densities, when b

increases.
A dominant nonlinear phenomenon associated with large

amplitude whistler waves may be the amplitude oscillationsl‘

due to the particle trapping. The wavelength A of the

amplitude coscillations is givenl‘ by




(12)

//\ \/;IJGJ§;f2| ’

where
71::‘E!S g, Iiie .()‘ 42!34 € [Plo
w V= mV ¢
B. and P are, respectively, the magnetic field and the

1
bPoynting vector of the whistler waves. The experiwental

conditions, where the amplitude oscillations can be cbserved,
are estimated in Pig.4. The obligue solid .ines 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 Acol. > 10 {(cm} is shaded.
The amplitude oscillations may be observad 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.

II1. EXPERIMENTAL RESULTS

15

A steady-state highly-ionized plaama of the Institute

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 unpiform magnetic field B of




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

Ne (cm-32 and the electron temperature Te(eV) vs the dig-~
charge current Id () are shown in Pig.S. The electron
densities meapured by the Langmuir probe just in front of

the target are in agreement, within a factor, with those
obtained from the microwave re‘flections3 for & small incident
power. A standard X-band rectangular waveguide with a water
cooled target is inserted axially inte “he plasma.

A zchematic diagram, how  the skin depths in the waveguide
are measured, is shown in Fig.6. A quartz block of 1.1 cm
thickness i3 placed in the waveguide to make the plasgma
boundary clear and sharp. The plasma in the waveguide seems
to be uniform in the axial directicn, because the experi-
rental 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 launzhed into tha plasma
repeatedly thrcugh the power divider and the standing wave
detector.

The reflected powers from and the transmitted powers
throiigh the plasma are measured for aa 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 cf the target. An example is shews in Fig.7.
Both signals are small near the electren cyclotron regsonance
at B = B, = 3345 (G). Thua, the microwaves are absorbed in
the plasma at the reeonance. The propagation of whistler

waves with little attenuation is observed, when B » Bc'

- 10 ~




The wave patterns are recorded using the usual microwave-
interferometer circuit and the boxcar integqrator. The
erxample 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 calrulated dis-
persion relations of whistler waves in a c¢old plasma. The
dashed lines are calculated ones where the effects of the
left-hand circularly polarized field E, are taken into
account. Since the observed values are close to the solid
lines rather than the dashed lines, the effect of E, can be
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.
Xt is confirmed that the wavelengths and the attenuations
of the whistler waves are unchanged for a wide range cf
incident powers. The collisional damping of the waves can
be completely neglected. The attenuation observed near the
cyclotren rescnance is due to the cyzlotron 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 N, 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 iinearly when the
position of the plunger is changed. Calibrating for the
nonlinearity of the shifts, the phase angles cof reflection
from the plamsa are derived. The result is shown in Fig.10,
The phase angle decreases for a given B and Id' as the
incident power increases. When the neutral pressure is

1 Torr, the change of 8 is in opposite

increased to 10~
way to that in Fig.l0, 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 Pig.10 axe clearly due 0 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 Te = 8 (eV). The solid line is thé linear rela-
tionship calculated from Eq.(2). Calculated lines from
2gs.(7) and (9) are not shown, since they are very close to
the solid line. Equation (8) is the closest to the experi-
wental values among the three eguations. This suggests that
the assumption IErl = IELI. from which Eq. (8) is derived,
holds approximately in our experiment. 1In other words, the
result suggests that an enhanced penetration of Er occurs in
the plasma for the high power incident microwaves, since the
inequality |E_| < |E;| holds at the cut-off region for both
the waves in the lincar theory.

Using the boxcar integrator, the plasma parameters "e
and 'I'e 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 ia Fig.13,
where the microwave pulse of 15 kW becomes transparent

even for (mp/w)z > 1. The probe measurement will be reliable
even in the microwave field, since the high frequerncy drift
velocity of electrens, 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
steady state value}6 This fact is further evi.'ence 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/w and/or
vti/w, where Vea and V,; are the thermal velocities of
electrons and ions, respectively. ©Cn tha other hand, the
skin depths arc much smaller than VieT and smaller than
Veils where 1 is the time width of the microwave pulse.
Therefore, Eq.(6) can be reasonably appliadlﬂ to our experi-
ment.

Gurovich and Karpmanl7 analysed an electromagnetic
envelope soliton propagating in a high denslty plasmae. In
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). Our
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 cf the CMA diagram
presented in Fig.3 can be observed experimentally, since
it 1s a generalized version of the nonlinear skin effect

verified in the present article.

- 14 -
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Fig.l.

Fig.2.

Fig.3.

Fig.%.

Fig.S.

Fig.6.

Fig.7.

Fig.8.

Fig.9.

Fig.10.

Pig.ll.

PIGURE CAPTIONS

Calculated values of the phase angle 6 of reflec-
tion coefficient vs (wp/m)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, (em™3) ana T, (eV) vs I (A}.
Block diagram of the experimental set up.

Measured lRi2 and |'r|2 vs B {Gauss). inlz and lle
are not calibrated for each nther.

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

Measured values of 0 vs discharge current Id for
various incident powers. Experimental set up
where the skin depths in the wavequide are meas-
ured is shown in the inset.

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

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

Fig.13.

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

Change of the plasma parameters due tc the inci-

dence of high power microwaves.
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