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ABSTRACT

Mode conversion near the upper hybrid resorance frequency and electron
heating are studied using a one-dimensional electromagnetic relativistic
particle code. It is found that for a sufficiently small pump field E .
Eg/4nnTe & 0.01, electron heating is localized in a region near the electron
cyclotron layer where the pump frequency is equal to the local electron
gyrofrequency. For stronger pump fields, electron heating takes place more or
less uniformly across a region between the upper hybrid resonance .ayer and
the cyclotron layer. In addition, a significant fraction of electromagnetic
energy associated with the pump is found to be reflected back into the vacuum
from a region in the plasma near tne upper hybrid resonance layer for both

2 2
strong (Eo/4ﬂnTe = 1) and weak pumps (Eo/4nnTe << 1],
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I. INTRODUCTION

Mode conversion at the upper hybrid layer has been studied extensively by
means of linear theory,1'3 nonlinear theory4 and with conputer simulations.5
It has been peinted out that an extraordinary wave normally incident along a
decreasing magnetic field mode converts into a short wavelength electrostatic
wave at the upper hybrid layer. The mode-converted electrostatic wave
propagates back toward the high magnetic field side until it is absorbed at
the electron cyclotron layer where the wave frequency is equal to the electron
gyrofrequency. At the upper hybrid layer where a short wavelength, large
amplitude electrostatic wave is generated, however, a linear theory may not
adequately describe the process, and nonlinear effects must be taken into
account in order to estimate the limiting amplitude and the efficiency of
energy conversion to electrostatic waves.

We have studied wave propagation and electron heating in some detatil
ucing a one-dimensional electromagnetic relativistic particle simulatlion
model. We find in the simulation that an extraordinary wave launched from the
high magnetic field side suffers little attenuation at the cyclotron layer
before reaching the upper hybrid layer where the mode conversion takes
place. The mode-converted electrostatic wave propagates backwards, causing
substantial heating of electrons. When the pump amplitude is sufficiently
small, EZ2/4mnT, ¢ 0.01, electron heating is localized near the cyclotron
layer. For stronger pump amplitudes, substantial electron heating takes place
more or less uniformly across a region between the upper hybrid layer and the
cyclotron layer. 1In addition, a significant amount of electromagnetic energy
is found to be reflected back from the plasma near the upper hybrid layer.

The reflected electromagnetic waves eventually leave from the plasma back into

the vacuum region.
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II, SIMULATION RESULTS

The one-dimensional electromagnetic, relativistic particle code used in
the simulation is similar te that of Lin® where a slab of electrons with
uniform density, n(x), is embedded ir an inhomogenecus dc vacuum magnetic
field, BD(x)E. Ions are immobile in this model, eliminating certain classes
of nonlinear processes associated with the mode conversion. The magnetic
field decreases linearly with distance, and the nonrelativistic electron
gyrofrequency is wy = 2.5 at the left boundary of the plasma and wg = 1.5 at
the right boundary in units used in the simulations. The plasma density is
uniform across the slab, and the electron plasma frequency is "’pe = y2.

The total simulation length is 1024 grids, L = 1024A, where the initial
electron Debye length is I/./Eg. The plasma slab is located at between
X = 256A and X = 768A, and the antenna is at x = 216A. The antenna is located
in the vacuum region at the high magnetic field side at a distance trom the
plasna a little greater than one half of a pump wavelength. Such a distance
is necessary for the measurement of radiation coming from the plasma slab.
The antenna consists of a sheet current, Jy exp(iwot), oscillating at the pump
frequency w, = 2.25 located at a computaticnal mesh point. Absorbing boundary
conditions are imposed on the electromaghetic fields at both the left and
right boundaries and are achieved by the use of lamp functions.® The speed of
light is taken ¢ = 204 K;pe, where E;pe is the average plasma frequency
including the vacuum region and is taken to be unity in the code. From these
numbers, one finds that the cyclotron layer (“’c = "’o) is located at x = 3844,
and the cold plasma upper hybrid resonance layer [mg = “’ﬁe + mﬁj at x =
640A. The model is depicted in Fig, 1.

The initial ratio of the electron thermal speed, Vyr to the speed of

light is taken ve/C = 0.05, corresponding to a plasma temperature slightly
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higher than t ke¥. The strength of the pump may be given by the ratio of the

oscillating speed v, = & Eo/mmo to the thermal speed of electrons, and four

different pump strengths are considered here. The first {Case 1) is vo/vt
0.88, the second {Case 2) is v, /vy = 0.44, the third (Case 3} is v /v, =
0.176, 1@ the fourth (Case 4) is wv,/v, = 0.088, The pump strength can
alternatively be given by the ratio of the pump wave energy density o the
electron thermal energy density, E§/41mTe- In terms of this parameter, the
four cases correspond to Ez/dﬂnTe = 0.98, 0,245, 0.039, and 0.0098,
respectively. we shall degcribe the strong pump case first followed by the

weaker pump cases.

2 =
A. Case 1: v, /c = 0,044, v /v = 0,88, E:G/thmTe = 0.98
Let us first study a strong pump case. Figure 2 shows the instantaneous

profile of the electrostatic, E and electromadnetic, Ey, fields befeore,

- - , - =1
t = 140 mpe1' and after the mode conversion, t = 400 NPE + Here all the

w !

fields are normalized to the dc magnetic field at the center of the plasma
column, % = S12A. WNote at the speed of light c = ‘2DA:.\PE the electromagnetic
wave would have propagated as much as 2800a by ¢t = 140 ;'p;] ¢ much farther than
the system size, L = 1024p, if no plasma existed. Instead, both the group and
phase velocities of the pump wave become smaller as the wave front approaches
the upper hybrid resonance layer. The induced electrostatic field associated
with the upper kybrid pump wave becomes larger in time as more and more
electromagnetic energy is converted into the electrostatic wave. Near the
resonance layer, the wavelength of the electric fields is slightly shorter
than the free space wavelength. Mode conversion to shert wavelength
electrostatic waves has not taken place at t = 140[,,,}?8.l , shown in the top

panel, while at t = 400:’;:e-' , shown in the bottom panel, the mode-converted
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waves have reached the cyclotron layers.

The mode-converted electrostatic wave propagates toward the high magnetic
field side with a group velocity on the order of the electron thermal speed
unti) it reaches the cyclotron layer where strony absorption takes place. The
instantaneous plots of Ex and Ey at t = !I()();Jpe-1 , where the converted
electrostatic waves reached the cyclotron layer, are shown in the bottom panel
of Fig. 2. Note that IE:y is no longer as noherent as it was in the top panel
of Fig. 2 for the incoming pump wave. Spectrum analysis reveals that, at this
time, a significant amount of incident wave energy is reflected back to the
high magnetic field side. The electrostatic fieid, E,, becomes essentially
turbulent, with many modes at different wavelengths excited and propagating 1n
both directions.

Figure 3 shows the corresponding phase space plots of the electruns ar
t = 1405[)3'1, top panel, and t = ‘IOOZ»PE'1 at the bottom panel. Here v, and v,
represent the x- and y- components of the momentum Py» py, divided by the non-
relativistic mass me At t = 140[;,?8'1' both v, and vy show distincr

modulation by the large amplitude wave, vD/vt = 0.88. In addition, a clear

sign of the acceleration in v, = Vv, space is seen near the cyclotron laver at

Y
x = 3844, This 1is evidence for the electron cyclotron rescnance at the
gyclotron layer associated with the right-hand component of the pump wave.
While the right-hand component vanishes at the cyclotron layer in a cold
plasma theory, inclusion of finite-gyro radius effects leads to a small but
nonzero comgponent.

Heating of electrons at t = 400:;98_1 after the mode conversion 1§ shown
in the bottom panel of Fig. 3. MNote the ccherent structure of the modulations
seen at earlier times is gradually thermalized for both Vy and Vyr It is

clear that significant electron heating can take place nore or less uniformly

I



across a broad region between the upper hybrid layer and the cyclotron layer
with a strong pump. Note large acceleration near the cyclotron layer, wy =
Waor generates a group of energetic electrons associated with the cyclotron
damping.

It is important to study the amount of wave energy absorbed in a plasma
and ireflected back intt vacuum in order to estimate the efficiency of
heating. Let us first decompuse the waves into the left- and right=going
components, This can be done first by filtering the field at each grid point
wlth the pump fregquency Weyr

t

2 iw t
Ey(mo,x) =T ] Ey(t,x} et ae . (1}

2 1 t
1

and then Fourier analyzing Ey(“’o' %) in k-space,

L .
1 -ikx
Eylwolk) =1 fo Ey(mo,x)e d¥ . (2}

The distribution of Ey with respect to k provides information about the
amplicude of reflected and transmitted waves. This analysis may bhe carried
out over the entire plasma column or locally. Similar didgnostigs can be
carried ount for the electrostatic field. Frequency analysis indicates that
essentlally all the wave energy is at the pump frequency w = w,r and very
little is left for the harmonics.

Figure 4 shows the k-spectrum obtained by integrating Bj. (2]} over the
entire plasma slab for both longitudinal, Ex(“b'k)' left column, and
transverse, Ey(u’o'k]' right column, fields at different times. The pump wave,
Ey(mo,k), has two distinct peaks at the mode numbers slightly higher than the

free gpace wavenumbers ko = tmo/c corresponding to m =~ + 18. In addition, a
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sharp peak near kK = D is seen for both Ex and Ey corresponding to the average
field of the system, which does not wvanish for non-pericdic boundary

conditions. At earlier times, t = 200 ap;1

., shown by the top panel, most ot
the wave energy is at k = u /c corresponding to the pump wave propagating lnto
a plasma slab. The smaller peak at k » - wo/c for EY corresponds to the wave
propagating to the left from the antenna, and such left-going waves are
apsorbed at the boundaries.

At time t = 400._—.,1:’;I given by the middle panel when the mode~converte
waves reached the cyclotron layer as shown in Fig. 3, a significant number of
reflected electromagnetic Waves are seen and become larger than the incoming
waves at time t = E:OOl_upe_1 , shown in the bottom panel. It 1s clear that tne
conversion to electrostatic short wavelength waves from long wavelengry
electromagnetlc waves is not 100%.

E the electrostatic field, shown in the left column vf Fig. 4, behave:,

ot
quite differently from 1ts electromagnetic counterpart. At an early tiae, t
200&pe". shown at the top panel, the spectrum has a well-defined ped¥ near =
corresponding to the extraordinary punp wave, As the mode cunversion proces.
taxes place, the spectrum spreads to botn short and long wavelengths in byt
directions of propagation so that it hecomes quite broad as seen in the mi.id!.-
and bottom panels, showing a sign of strong plasma turbulence.

In order to study the reflected wave energy quantitatively, the time
z7seraged Poynting energy flux, Px = cEsz/4n, is measured at a vacuum reqlon

bewwzen the antenna and the plasma at different times. Thils was done by tairs!

decomposing E, and B, into left and right propagating components and then

Y
calculating the flux, The results are shown in Fig. 5. Poynting flux 1s

normalized to the flux at the antenna. Soli@ circles correspond to the right

going waves and open circles are for left going waves. It 1s interesting tu
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observe that little reflection takes place until ¢t = 4503,1;‘9'1 when a
significant amount of energy is radiated back to the wvacuum region. Local
diagnostics for the Poynting flux confirm that the incident extraordinary wave
is partially mode converted to electrostatic waves and partially reflected

near the upper hybrid layer., This is discussed in the next case,

B. Case 2: v /¢ = 0.022, V /v, = 0.44, T 2/4mT, = 0,25

When the pump amplitude is reduced, plasma heating and the propagation
speed of the reflected wave towards the high magnetic field side become
slower, The general physical picture of mode conversion and wave reflection,
however, remains the same, Using the same simulation parameters as 1n Case 1
except that the pump strength is reduced by a factor of 2, the second
slmulation is carried out,

Figure 6 shows the instantanecus fields E, and E, at t = 400;;[__);1 .
Comparing Fiq., & with Fig. 2, we note that the mode-converted wave has not
reached the cyclotron layer yet in this example (while it took only t =
30‘J_mp: for Case 1). The reason for this is that the group velocity of the
¢lectrostatic Bernstein wave is on the order of the electron thermal speed so
that the propagation velocity of tne electrostatic waves becomes smaller as
the heating associated with the mode conversion becomes smaller. The
1ncoherent nature of Ey shown in Fig. %{b} indicates the presence of a
significant amount ©f reflection near the resopance lavyer.

Strong electron heating takes place between the resonance and cyclotron

! . as shown in Fig. 7, where bulk heating as well as a

layers at t = 1500u,pe
high energy tail are clearly observed. This heating is similar to that of

Case 1, and hoth cases demcnstrate that heating can tak: place more or less

uniformly between the resonance layer and the cyclotron layer.
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The strong turbulent nature of the longitudinal field, E,, and large
amounts of reflection can again be seen as shown.in Fig, 8. Comparing Fig, 8
with Fig. 4, we note the qualitative features of hoth cases are similar with
respect to wave reflection. The primary difference is that it takes a longer
time to generate the reflection for & weaker pump, The measurements of the
Poynting flux at the vacuum region between the antenna and the plasma boundary
shown in Fig., 9 indicate reflection of significant amocunts of electromagneti«
energy back into the vacuum region at t a 800&p;1 r 1in agreement with the
spectrum ana.ysis of Fig. 8.

In oraer to locate the reflection point of the electromagnetic waves 1n
more detail, local Poynting flux is time-space Fourier analyzed, 4as shown 1n
Fig. 10. This is done by first dividing the total system lenyth L = 1u24p
1n*o elght seygments, each having 128p width. At each segment, the Poynting
flux, cEyBZ/dn, 18 Fourier decomposed into left- and right-going waves at
@ = w,e Three segments centered at x = 120 (left column), x = 448BpA {(middie
column), and x = 5767 (right column) are shown at t = Zqofupe_1 {top panel) and
t = 464;;pe-‘ (bottom panel}. Let wus first study the bottom panet,
t = 4b4ﬁpe-1- At three locations shown in (d), (e), (f), both left- and
right-going waves are observed. The sharp peak near m = -4 corresponds to the
free space wavelength of the pump frequency, k = -, /C- At = 320A, the
Poynting flux going to cthe left is larger than that going to the right, whi (e
the fluxes are comparable at x = 448A. At x = 5764, the dominant peak has
long wavelength, Kk << mo/c, whiie the reflected waves are larger than the
right-going waves. Beyond the resonance layer, very little enerdy is founo.
In contrast the top panel at t = 240wpe shows that while a reflected component
may  exist even at this early time the transmitted wave clearly is dominant

{panel (c)l. It is clear from these observations that both left- and right-
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yoing electromagnetic waves exist simultaneocusly between the pump antenna and

the resonance layer.,

C. Case 3: v/c = 0.0088, v /v, = 0.176, E,?/4nnT, = 0.038
Wwith the further reduction of pump amplitude, the propagation speed of

the mode-convertea waves becomes still slower, confirming that the propagation

speed is of the order of the electron thermal speed. Figure 11 shows the
instantaneous temperature protiles, T, 'ry, at t = mooibp'e]. (a), (b), and
2000y ;1, {c), (d), where the temperature is defined as the average kinetic

energy normalized by the initial kinetic energy. The reflected waves are
opserved to have reached the cyclotrion layer at t = IOOU;,p:. Again the
heating takes place at a reygion between the rmsonance and cyclotron layer and
is not localized at the c¢yclotron layer as 1s shown for the stronger pumyp.

As in the other two cases, reflection of the electromagnetic wave 1s seen
again shown in Fig. 12. The amplitude of the veflected wave near the
resonance layer becomes about the same as the incident wave's by t =
16005p;1; The electrostatic field again shows a complex spectrum. Long and
short wavelengths are seen clearly indicating the presence of mode converted
short waves as well as extraordinary waves, hoth propagating in the two

directions. Figure 13 shows the Poynting flux measured at the vacuum with a

significant reflection as before,

D. Case 4: v /c = 0.0044, Vg/v, = 0,088, EZ/4nnT, = 0.0098

The last example considered is Ffor the smallest pump amplitude,
Ecz,/4"“Te = 0,0098, which is comparable with laboratory experiments. First we
shall study the heating of electrons as shown in Fig. 14. The neasured

—
temperature profiles, Tx(x) and Ty(x), are shown at t = 90().,;Pe , top panel
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(a}), (b), and 1600&pe_1,bottom panel, (c), (d), in this case. At

1

t = 900(]96' , both T, and T, have sharp peaks near the cyclotron layer,

¥

Wy, = Wggr aS predicted by linear theory. The temperature gradient near the
cyclotron layer is extremely large since electrons cannot leave this layer in
~qr one-dimensional model, If, on the other hand, electrons are allowed to
stream out from the cyclotron layer along the magnetic field, the resultant
temperature gradienc would remain small, At a later time, t =
1600Z,Pe_1, shown in the bottom panel, the heated region expanded although it
is still well confined near the cyclotron layer. This is in sharp contrast to
the stronger pump case where the heating layer was more or Jless uniformly
spread between the resonance and cyclotron layers as shown in Figs. 3, 7, and
1.

Wave reflection does take place even fur such a weak pump as shown in
Fig. 15 where the time averaged Poynting flux is plotted at four different
times, t = 12.5, 137.5, 412, and 1235@9‘;1. The antenna 1s located at
x = 216A where a jump of the flux to the left (negative) and to the right
(positive) directions exists. At early times, (a) and (b}, the amplitude of
the flux near the antenna is about the same for waves propagating left and
right, while at later times, (c) and (d), the Poynting flux to the right
begins to diminish t© a much smaller level compared to the left-going
component. The mechanism for reflection is not completely understood at
present, although several processes, such as nonlinear effects dus to the
large electrostatic field near the resonance layer or the inverse mode-
conversian process which converts electromagnetic radiation from the short
wavelength electrostatic waves generated by hot electrons,7 may be possible.
The sharp teaperature gradient nhear the cyclotron layer does not seem

important since the reflection takes place beyond the cyclotron layer.

— =
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IITI. CONCLUSIONS

A one-dimensional electromagnetic simulation model is used to study
electren heating and wave reflection assocliated with the upper hybrid
resonance for different pump strengths. A significant amount of
electromagnetic energy is reflected back to the vacuum region from plasma near
the resonance layer.

The fraction of reflection is rather insensitive to the pump amplitude,
For a weak pump amplitude, Eg/4nnTe ¢ 0.0, electron heating is localized near
the cyclotron layer. Significant electron heating takes place more oQr less
uniformly in a region between the upper-hybrid resonance and cyclotron layer
for larger pump amplitudes. Whether or not the results found in this paper
need modification in two-dimensions remains to be seen. In particular the
rnle of finite parallel wavelengths and the parallel electron motion are not
considered in this calculation (k” = 0)., PFurthermore, reflection and wave
propagAation in two~dimensions are certainly very important. These subjects

will be considered in the future.
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FIGURE CAPTIONS

One-Dimensicn=1 Model.

Instantaneous profiles of the electrostatic, Ex’ and
electromagnetic, E,. fields at t = 140&p;1 {top) and
4ooap;1 (bottom). Case 1.

Electron phase space plots at t = 140&9;1 {top)} and 400E;P;1

{bottom). Case 1,

Spectrum analycis for the electrostatic (left) and electromagnetic

{right}) fields at three different times. Case 1,

Poynting flux measured at the left boundary of the plasma slab.

Case 1.

Instantaneous profiles of the electrostatic, Eys and

. . - =3
electromagnetic, E, fields at t = 400mpe . Case 2,

v’

Electron phase space and the particle distribution at t =

15005 ~'. case 2.
pe

Spectrum analysis for the electrostatic (left) and electromagnetic

(right) fields at four different times. Case 2.

Poynting £flux measured at the left boundary of the plasma slab.

Case 2.
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FIG,

FIG.
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Spectrum analysis for the Poynting flux at t = 240&p;1(top) and

464ap;1(bottom) at three different locations. Case 2.

Electron temperature profile at t = 1000&5; (tep) and 20005;;

(bottom). Case 3.

Spectrum analysis for the electrostatic (left) and electromagnetic

(bottom) fields at three different times. Case 3.

poynting flux measured at the left boundary of the plasma slab.

Case 3,

Clectron temperature profile at t = 900ap;1 (top) and 1600&p;1

(bottom). Case 4.

Time-averaged Poynting flux measured locally at four different

times. Case 4.
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